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Abstract 

Total Synthesis of Illicium Sesquiterpenoids Through an Aliphatic 
C–H Functionalization Approach 

by 

Kevin Hung 

Doctor of Philosophy in Chemistry 

University of California, Berkeley 

Professor Thomas J. Maimone, Chair 

The Illicium sesquiterpenoids are a family of natural products exclusively produced by 
plant species in the genus Illicium. Certain species in the genus are known for their use 
as spices and fragrance, while others are notorious for their potentially lethal toxicity. In 
Chapter I, the intricate structural features of the three main subtypes of Illicium 
sesquiterpenoids, namely the seco-prezizaane, allo-cedrane, and anislactone subtype, 
along with a brief history of past isolation efforts were reviewed. Next, biological effects 
such as neurotoxicity and more importantly, neurotrophic activities and their implications 
were briefly discussed. The neuroprotective effects displayed by select sesquiterpenoids 
have led to their proposed application as small-molecule drug targets for neuro-
degenerative diseases. The apparent interplay between toxicity and neurotrophic activity 
with oxidative decorations on the carbon skeleton of seco-prezizaane natural products 
was also noted by us. This was followed by a survey of previous total synthesis 
endeavors of the seco-prezizaane- and allo-cedrane- type natural products with 
emphasis on the disparate and ingenious solutions past contributors have devised for 
the synthesis of their respective cores. Finally, the proposed biosynthetic origin of these 
sesquiterpenoids was examined with the intention of gaining critical insight for a de novo 
synthesis of these architecturally ornate natural products. 

In Chapter II, the overarching retrosynthetic analysis of our approach to the seco-
prezizaane sesquiterpenoids was presented. Whereas past synthetic efforts have relied 
on embedded oxidation states in the starting materials, our strategy incorporated various 
site-selective and orthogonal aliphatic C–H functionalization chemistry for the installation 
of the requisite oxidations on the carbon scaffold. In turn, taking inspiration from the 
proposed biosynthetic origin, the seco-prezizaane carbon system was envisioned to 
arise from the cedrane core in a biomimetic manner. Furthermore, we sought a unified 
strategy to access all members of the seco-prezizaane family of natural products. Our 
initial plan for the construction of the seco-prezizaane core through the allo-cedrane 
skeleton was presented. Although this path was fraught with challenging transformations, 
it nevertheless showed that a skeletal reorganization of the cedrane framework was 
feasible. Next, we were able to successfully arrive at the seco-prezizaane motif via a 
modified strategy involving an a-ketol rearrangement. From this scaffold, the key C–H 
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functionalization of the C-4 methine position was achieved through a non-heme iron(oxo) 
catalysis methodology. Subsequent oxidative transformations furnished (–)-14-
dehydroxydunnianin, a precursor to the natural product (–)-debenzoyldunnianin. 
Although the final late-stage C–H functionalization of the C-14 methyl position was met 
with significant difficulties, we have garnered critical insights into the reactivity of 
synthetic intermediates we have encountered along the way. 

Building upon the lessons we learned in Chapter II, the eventual first synthesis of 
pseudoanisatinoids such as (+)-pseudoanisatin and (–)-3-deoxypseudoanisatin was 
recounted in Chapter III. Instead of a late-stage C–H functionalization of the C-14 methyl 
position, we accomplished the desired transformation via an early-stage radical-
mediated methodology. This material was then carried forward under optimized reaction 
conditions following those we have discovered in the previous Chapter to allow access 
to pseudoanisatinoid sesquiterpenoids. In the process, we were confronted with 
functional group compatibility issues for the aforementioned C–H functionalization of the 
C-4 methine position. This was ultimately overcome with uncovering an optimal catalyst
and also reagent conditions for this daunting transformation after substantial
experimentation. Hence, we have demonstrated the viability of our overarching
retrosynthetic approach in utilizing two aliphatic C–H functionalizations for the synthesis
of pseudoanisatinoid natural products.

Moving forward to higher oxidized Illicium sesquiterpenoids in the majucinoid 
series, we investigated a different strategy in Chapter IV to obviate problematic 
transformations we experienced in our synthesis of pseudoanisatinoids. Both the C-14 
position and the C-4 methine site was oxygenated with a radical-mediated methodology. 
This procedure eliminated the use of the esoteric designer iron catalyst that was previous 
applied. Then, two remarkable reactions involving ruthenium and selenium for the 
installment of the prerequisite oxidation states was accomplished. The majucinoid 
scaffold was forged from the resulting intermediate through a similar but no-less 
impressive a-ketol rearrangement. A first total synthesis of four sesquiterpenoids, (–)-
3,4-dehydroneomajucin, (–)-neomajucin, (–)-majucin, and (–)-jiadifenoxolane A, along 
with a formal synthesis of (–)-jiadifenolide, (–)-jiadifenin, and (–)-(1R,10S)-2-oxo-3,4-
dehydroxyneomajucin was completed in this manner. Thus, our retrosynthetic approach 
was broadened to include entry to majucinoids in addition to pseudoanisatinoids.  

Finally, in Chapter V, we detailed our expansion of the synthetic platform we have 
designed for other Illicium natural products. A formal synthesis of allo-cedrane 
sesquiterpenoid (–)-11-O-debenzoyltashironin was realized from an intermediate 
described in Chapter IV by way of non-heme iron(oxo) C–H functionalization technology. 
Furthermore, we disclosed our efforts to polyoxygenated natural product (–)-anisatin via 
a rhodium-catalyzed C–H silylation of the C-13 methyl group, providing an avenue 
toward the last subset of seco-prezizaane-containing Illicium sesquiterpenoids. 

To conclude, we have developed a versatile synthetic platform to allow access to 
not only all of the seco-prezizaane but also the allo-cedrane families of Illicium 
sesquiterpenoids through an aliphatic C–H functionalization approach. We hope that our 
endeavors will stimulate further incorporation of this retrosynthetic paradigm in the 
broader field of total synthesis. We have also laid the foundation to support future 
interrogations into the fascinating biological properties of these natural products. 
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1.1 Overview of the genus Illicium 
 

Native to the tropical and subtropical zones, the genus Illicium is one of three genera 
in the Schisandraceae family of flowering plants. As of January 2018, there are 49 
recognized species in the genus Illicium; 42 of which are geographically distributed 
throughout Southeast Asia, while the remaining 7 are found in southeastern North 
America, Mexico and the Caribbean.1 Species in the relatively primitive genus consists 
of shrubs or small trees with hermaphrodite flowers ranging in size, shape, and color. 
The pericarp of its fruits is distinctly star-shaped and strongly aromatic, commonly 
referred to as the star anise. Several species are known to be edible, such as Illicium 
verum (Chinese star anise), with their fruits and seeds used as spice, fragrance, and 
traditional medicine in the region for hundreds of years.2 Hence, members of the genus 
that have found application are of commercial significance. On the other hand, species 
such as Illicium anisatum (Shikimi, Japanese star anise) are known for their toxicity; they 
induce convulsive activity and are potentially fatal if consumed. Since the Illicium species 
display both beneficial and detrimental biological activities (see Section 1.3), intense 
effort have been directed towards the isolation and identification of the chemical 
constituents that are responsible for these effects. There is currently growing interest in 
this field, from both biological and chemical standpoints. 
 
1.2 History and structural relationship of the Illicium sesquiterpenoids 
 

Over the past 70 years, with the advent of modern isolation and structural 
elucidation techniques, the Illiciums have been found to be rich in various prenylated 
compounds, neolignans, sesquiterpenoids, common flavonoids, diterpenoids, and 
triterpenoids.2-3 Of these natural products, the Illicium sesquiterpenoids are of particular 
interest due to their unprecedented highly-caged architectures, which are further 
decorated with varying oxidation patterns. These sesquiterpenoids are found exclusively 
in the genus Illicium, partly contributing to their scarcity. Currently, of all the 49 species, 
the following 10 species have seen the most intense isolation scrutiny, with prominent 
sesquiterpenoids bearing eponymous names: I. anisatum, I. dunnianum, I. floridanum, I. 
henryi, I. jiadifengpi, I. majus, I. merrillianum, I. minwanense, I. tashiroi, and I. verum. To 
date, there are three recognized skeletal subtypes of Illicium sesquiterpenoids: seco-
prezizaane- (1), allo-cedrane- (2), and anislactone-type (3) sesquiterpenoids; their 15-
carbon cores are shown in Figure 1.1. Our lab has placed special interest in the 5,6-ring 
fused seco-prezizaane and the allo-cedrane series, and we have compiled a 
comprehensive list containing all isolated compounds along with the species they were 
first found in and relevant biological investigations, if applicable (Figure 1.2 to 1.4 and 
references therein). Although these seco-prezizaane natural products have historically 
been categorized into subtypes based on lactonizations in the core skeleton, we opted 
for a broader approach based on oxidation states of C-11 to C-14, with further 
subcategories from lactonizations and oxidation patterns. To the best of our knowledge, 
this is the most up-to-date list as of March 2018. Other prominent members of the 
bicyclo[2.2.2]octane allo-cedrane-, and the 5,5-ring fused anislactone-type sesqui-
terpenoids are also shown in Figure 1.5. 
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Figure 1.1 Carbon skeletons of the three major types of Illicium sesquiterpenoids. 
 
Figure 1.2 (below) Comprehensive list of pseudoanisatin-type Illicium sesqui-
terpenoids.4-29 
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Figure 1.2 (continued) Comprehensive list of pseudoanisatin-type Illicium sesqui-
terpenoids. 
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Figure 1.2 (continued) Comprehensive list of pseudoanisatin-type Illicium sesqui-
terpenoids. 
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Figure 1.3 (below) Comprehensive list of majucin-type Illicium sesquiterpenoids.30-46 
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Figure 1.3 (continued) Comprehensive list of majucin-type Illicium sesquiterpenoids. 
 

 
 

 
Figure 1.4 (below) Comprehensive list of anisatin-type Illicium sesquiterpenoids.4,17,25-

26,31,43,47-59 
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Figure 1.4 (continued) Comprehensive list of anisatin-type Illicium sesquiterpenoids. 
 

 
 
Figure 1.5 (below) Select members of allo-cedrane- and anislactone-type Illicium 
sesquiterpenoids.9,17,28,43,55,57-58,60-69 
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Figure 1.5 (continued) Select members of allo-cedrane- and anislactone-type Illicium 
sesquiterpenoids. 
 

 
 

As seen in Figures 1.2 to 1.4, we have organized the natural products roughly based 
on increasing oxidation states of the main lactonized carbon skeleton, starting with the 
pseudoanisatin-type with conserved oxidations of C-11 and C-14. The majucin-type all 
bear the characteristic C-12–C-14 g-lactone without oxidation at C-13, while the 
anisatin-type possesses the distinctive spiro-b-lactone bridging C-13 and C-14. Of all 
these sesquiterpenoids, the veranisatin series are the most highly oxidized, with 
oxidation at C-12 in addition to the anisatin-type core system.53-56 Interestingly, all 
oxidizable carbon positions on the 15-carbon skeleton have been documented with 
varying degrees of hydroxylation patterns. All in all, we count a current total of 108 
naturally occurring compounds, excluding simple epimers and tautomers (60, 26, and 
22 from pseudoanisatin-, majucin-, and anisatin-type, respectively). This number, 
however, continues to grow annually. 
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pseudoanisatin (6) revised with the aid of X-ray crystallographic techniques in 1983,5-6,70 
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the field attracted the attention of the Fukuyama and Schmidt groups. Publications from 
the above groups make up the bulk of the literature until the late 2000s, establishing the 
structures of prominent members including dunnianin (9),12,18 anislactone A (10),64,66 
tashironin (11),60 merrillianolide (12),9 merrilactone A (13),67-68 jiadifenin (14),38 
minwanensin (15),11 and jiadifenolide (16).39 Interestingly, the majucinoids have been 
found primarily in I. majus and I. jiadifengpi. Since there can potentially be multiple 
lactonization sites on these sesquiterpenoids, revisions are common in this field, as 
exemplified by 9 and its O-debenzoyl derivative (Figure 1.2),18,25-26 which serves as a 
cautionary tale for synthetic chemists. More recently, the Yu, Zhang, and other groups 
from China have also entered the isolation scene, and we continue to see an ever-
expanding list of natural products. 
 

 
Figure 1.6 Timeline of isolation or structural elucidation of prominent Illicium sesqui-
terpenoid members. 
 
1.3 Biological activities of the Illicium sesquiterpenoids 
 

In addition to their ornate architectures, another reason the Illicium sesqui-
terpenoids have garnered so much attention is due to their fascinating biological effects. 
Illicium anisatum is notorious for its lethal convulsive effects on animals, made possible 
by anisatin (Figure 1.7, 4), a potent non-competitive antagonist of g-amino butyric acid 
(GABA) receptors with effects similar to that of another poison, picrotoxin (comprised of 
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such as neoanisatin (5), neomajucin (8), 2-oxo-6-dehydroxyneoanisatin (17), and 
veranisatins A-C (18-20), of which, 4, 17, and 18 were also shown to modulate GABAA 
receptor complexes.53-54 Differential biological effects between species were also noted, 
with housefly GABA receptors being inhibited by pseudoanisatin (6) at far lower 
concentrations than rat GABA receptors.8 Since the neurotransmitter GABA is often 
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thought of as inhibitory, antagonism of GABA receptors leads to over-excitation of 
neurons and ultimately, convulsions at the organism level.71 Closer analysis shows that 
binding of 4 is at or proximal to the picrotoxin-binding site deep in the transmembrane 
domain of GABAA receptor complexes, and structural similarities between the two 
substances have been proposed to contribute to their activities.8,71 Interestingly, other 
closely-related anisatinoids, majucinoids, and majucin (7) itself are expressly non-
convulsive,3,31,72 hinting at a non-obvious interplay between molecular structure and 
neurotoxicity.  

 

 
Figure 1.7 Highly toxic seco-prezizaane sesquiterpenoids. 
  

Paradoxically, certain members of the seco-prezizaane family display neuro-
protective or even neurotrophic activity. These small molecules are known to mimic 
neurotrophins, proteins that regulate the survival of developing neurons and maintain the 
health of mature ones. Specifically, compounds shown in Figure 1.8A are known to 
promote neurite outgrowth in primary cultured rat cortical neurons (PC-12 cell line) with 
increasing potency.3,39,71 Isodunnianin (21) is the solely reported pseudoanisatin-type 
sesquiterpenoid, followed by majucinoids jiadifenoxolane A (22), (2R)-hydroxynor-
neomajucin (23), (1R,10S)-2-oxo-3,4-dehydroxyneomajucin (ODNM, 24), 3,4-dehydro-
(2S)-hydroxyneomajucin (25), jiadifenin (14), and jiadifenolide (16), with the last being the 
most potent to date. Intriguingly, none of the anisatinoids are neurotrophic and the 
majucin-core is dominant in the active compounds. Other skeletal types such as 11-O-
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13)67,73 are also active, but the main modern focus remains on the seco-prezizaanes.  
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agonists also elicit an excitatory drive in developing neurons, one hypothesis is that 
neurotrophic effects might also stem from interaction with GABA receptors and the 
larger, structurally related Cys-loop family of neurotransmitter-gated ion channels.71 As 
far as we are aware of, there are currently no direct studies investigating this claim.  

 

 
Figure 1.8 Neurotrophic Illicium sesquiterpenoids. 

 
The significance of these neurotrophic small molecules cannot be overstated. 

Neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease, and 
Huntington’s disease are on the rise, and natural products that are reminiscent of 
neurotrophins have been suggested as medicinal leads.75 While all of the above in vitro 
neurotrophic studies were done on rat cortical neurons, very recently in 2016, 
jiadifenolide (16) was shown for the first time to exert its neurite outgrowth potential on 
human induced pluripotent stem cells, giving credence to possible applications.44 Given 
the breadth and depth of the subject matter, we cannot hope to provide an 
encompassing review in this brief introduction. Nonetheless, the alluring properties of 
these compounds include better penetration of the blood-brain barrier versus proteins, 
greater serum stability than biologics, and relatively low cost of manufacture; which are 
all problems plaguing current clinical treatments.74,76 Currently, there are only two 
publications detailing limited structure-activity relationship (SAR) studies on seco-
prezizaane sesquiterpenoids40,74 and two on the merrilactone system,73,77 all of which 
were supported by total synthesis efforts. The results indicated that C-10 hydroxylation 
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a full SAR map. In analogy with neurotoxicity effects, the ability to control site-specific 
placements of oxidations on the core skeletons is projected to advance further SAR 
interrogations. 
 
1.4 Previous synthetic studies on the Illicium sesquiterpenoids 
 

The Illicium sesquiterpenoids have attracted intense scrutiny from the synthetic 
community for the past 40 years, no doubt due to their challenging structures and 
captivating biological effects.78 Their highly-oxygenated caged skeletons have 
stimulated multiple creative and ingenious solutions for the construction of their cores.  

Initial forays into the seco-prezizaane sesquiterpenoids began with the anisatinoids 
in Woodward’s group in 1982,79 which ultimately proved unfruitful. Three years later, 
Kende disclosed a synthesis of (±)-8-deoxyanisatin (C-10 deoxy with modern numbering) 
in 18 steps;80 which was not a natural product but bore the anisatin core system. (–)-
Anisatin (4) was the first to fall to synthetic endeavors by the Yamada group in 1990 from 
(+)-pulegone in 40 steps,81 followed by (–)-neoanisatin (5) in 1991 by the same group.82 
Since then, a formal synthesis of (±)-8-deoxyanisatin was also reported in 2001,83 and in 
2012, the Fukuyama group disclosed a 40-step synthesis of (–)-4 via a non-obvious 
dearomative Diels-Alder strategy.84 Various other synthetic studies on the anisatinoids 
are also known.85 (±)-Jiadifenin (14) and (±)-ODMN (24) were the first majucinoids to be 
synthesized by the Danishefsky group in 2002.41,74 Over the years, they have been 
prepared on multiple occasions, including several asymmetric routes.40,86 By far though, 
jiadifenolide (16) has received the most attention, with impressive formal and total 
syntheses beginning in 2011.87 (+)-Pseudoanisatin (6), (–)-majucin (7), (–)-jiadifenoxolane 
A (22) and others have been synthesized in our lab and will be delineated in the next four 
Chapters.88 Work on other seco-prezizaane members,86c,89 including 11-O-debenzoyl-
tashironin (26),43,90 merrilactone A (13),73,91 and anislactone A (10)91i,92 have also been 
documented in the literature.  

In the next few subsections, we will explore the formal and total syntheses of 
jiadifenin (14), jiadifenolide (16), ODNM (24), and 11-O-debenzoyltashironin (26), along 
with their structurally related family members. 
 
1.4.1 Danishefsky’s 2004 synthesis of (±)-jiadifenin41 

 
Danishefsky’s pioneering synthesis of a seco-prezizaane sesquiterpenoid 

followed a conventional yet robust retrosynthetic logic, a recurring approach later 
employed in other works in the field (Scheme 1.1).  

Commercially available ketal 27 was converted into densely substituted ketone 
28 through a sequence of methylation with lithium bis(trimethylsilyl)amide (LiHMDS) and 
MeI, formylation (KOH, HCHO), protection (TBSOTf), allylation (LiHMDS, allyl bromide), 
and finally alkylation with lithium diisopropylamide (LDA) and BrCH2CO2Et in 34% yield 
over 5 steps. In order to construct the 5,6-ring fused seco-prezizaane core, 
transformation of 28 into a b-ketophosphonate intermediate (LiCH2P(O)(OMe)2, not 
shown) was first accomplished. This was followed by an intramolecular Horner–
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Wadsworth–Emmons (HWE; NaH, D) olefination to complete the 14-carbon scaffold. 
Subsequent deketalization (2 N HCl) and carbonate formation (ClCO2Et) gave carbonate 
29 in 64% overall yield over four steps. Intramolecular ketone acylation (NaH, D) of 29 
provided the g-lactone of the majucin-system, and the b-ketoester moiety was 
subsequently hydroxylated (m-CPBA) and stereoselectively reduced (NaBH4) to 
smoothly produce diol 30 in 79% yield. Exposing diol 30 to excess LDA formed a trianion, 
which was methylated (MeI) uneventfully to install the remaining carbon unit. Ozonolysis 
of the allyl group followed by oxidative lactonization under Jones conditions provided 
tetracycle 31 in 58% yield over three steps. For the chemoselective a-hydroxylation of 
the d-lactone moiety in 31, a Luche reduction (NaBH4, CeCl3) of the cyclopentenone had 
to be performed prior to exposure to Davis’ oxaziridine (NaHMDS, 32),93 leading to triol 
33 in 37% yield over two steps. Treatment of 33 again under Jones oxidation conditions 
with subsequent addition of methanol gave (±)-jiadifenin (14) in 40% yield along with 
29% of (±)-ODNM (24), which could be resubjected under prolonged reaction time to 
provide a combined 53% yield of (±)-jiadifenin (14) in 18 overall steps. A subsequent full 
account along with SAR studies was also disclosed by the authors.74 

 

 
Scheme 1.1 The Danishefsky synthesis of (±)-jiadifenin (14) and (±)-ODNM (24).  
 
1.4.2 Zhai’s 2012 synthesis of (–)-jiadifenin and (–)-ODNM86b  
 

Zhai’s strategy for these natural products involved a Pauson-Khand reaction to 
assemble the 5,6-ring fused framework followed by a coupling with an allene to install 
the remaining carbon units of the sesquiterpenoids. Starting with the coupling of lithiated 
propyne (BrCH=CHCH3, n-BuLi, CuI) and known allylic bromide 34,94 an alkyne inter-
mediate (not shown) was furnished (Scheme 1.2). This material was then subjected to 
dihydroxylation conditions (AD-mix-b, MeSO2NH2), protection of the resulting diol 
functionality (KOH, CH2I2, [18]-crown-6), deprotection of the primary alcohol group (CAN) 
and oxidation to the carboxylic acid (Jones [O]), and ester formation (DCC, DMAP) with 
(Z)-35 to give ester 36 in a high 35% yield over six steps with excellent enantioselectivity. 
Upon formation of the silyl ketene acetal (LDA, TMSCl), 36 underwent a thermal Ireland-
Claisen rearrangement through chair-like transition state 37 to provide a mixture of C-5 
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methyl diastereomers 38 and 39 after lactonization (TsOH•H2O) in a 35% combined yield 
and 7:1 diastereoselectivity favoring 38. Interestingly, the corresponding (E)-36 
compound was found to generate undesired 39 exclusively, this result was rationalized 
via an analogous transition state argument. Nevertheless, the diol functionality in the 
inseparable mixture of 38 and 39 were unveiled (Ph3•BF4) and mono-protected (TBSOTf) 
as the O-TBS silyl ethers 40 and 41 in 51% combined yield over two steps. Next, an 
intramolecular Pauson-Khand reaction95 ([Co2(CO)8], Bu3PS) constructed the 5,6-ring 
fused framework found in tricycle 42 in 67% yield along with 6% of the C-4 epimer (not 
shown). Although 40 smoothly furnished the desired product, 41 yielded the 
enyne/Co2(CO)6 complex without further cyclization. Photoirradiation of cyclopentenone 
42 in the presence of allene gave [2+2] cycloadducts 43 and 44 in 15% and 72% yield, 
respectively. The desired diastereomer 44 was carried forward by ozonolytic extrusion 
of the superfluous exocyclic methylene unit followed by retro-Claisen fragmentation with 
sodium methoxide to provide ester 45 in 89% yield without incident, thus completing the 
seco-prezizaane scaffold. The tetracyclic intermediate 31 in the Danishefsky synthesis41 
was intersected after a Saegusa-Ito oxidation (LDA, TMSCl then Pd(OAc)2, O2) of 45 and 
desilylation (TBAF). (–)-ODNM (24) and (–)-jiadifenin (14) were constructed from this 
material in 18 overall steps utilizing literature protocols for the endgame. The unique 
disconnections by Zhai for the assembly of the majucin-type core demonstrated the 
creative solutions synthetic chemists often devise when presented with a challenging 
scaffold.  

 

 
Scheme 1.2 The Zhai synthesis of (–)-jiadifenin (14) and (–)-ODNM (24). 
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1.4.3 Micalizio’s 2016 synthesis of (–)-jiadifenin and related majucinoids86c 
 

The application of an annulation methodology previously developed by the group 
and a subsequent radical-mediated cyclization cascade for the construction of the seco-
prezizaane core was the centerpiece of Micalizio’s synthesis of several majucinoids. The 
nucleophilic opening of chiral epoxide 46 with vinyl bromide 47 under the mediation of 
magnesium and CuI resulted in alcohol 48 in 59% yield (Scheme 1.3). This compound 
was then elaborated to enyne 49 in 52% overall yield via a four-step sequence of 
deprotection (TBAF) and mesylation (MsCl) of the primary hydroxyl group, epoxide 
formation (NaH), and subsequent epoxide opening with propynyl lithium. Building upon 
previous investigations from the group,96 assembly of the seco-prezizaane skeleton 
could be accomplished via a titanium-mediated [2+2+2] annulation of enyne 49 with the 
alkynyl stannane shown. Extraordinarily, 50 was formed in 73% yield as a single regio- 
and diastereomer during this process, which also constructed an all carbon quaternary 

Scheme 1.3 The Micalizio synthesis of (–)-jiadifenin (14) and related majucinoids. 
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stereocenter. From 50, protecting group manipulations (TBAF then TBDPSCl), lithium-
tin exchange (MeLi), and quenching of the resulting lithiate with CO2 accomplished the 
formation of the full sesquiterpene carbon framework. Alkylation of the intermediate 
carboxylic acid with PhSeCH2Cl provided radical precursor 51 in 31% yield over four 
steps. Subsequent dihydroxylation (OsO4) then secured diol 52. 
 Under standard radical initiation conditions (n-Bu3SnH, AIBN), transient alkyl 
radical 53 was generated from 52 and underwent a facile 5-exo-trig cyclization onto the 
neighboring tetrasubstituted alkene to provide radical intermediate 54. A hydrogen atom 
transfer (HAT) from n-Bu3SnH to 54 then gave the expected acetal 55 in 40% yield. Quite 
surprisingly, however, an equimolar amount of ethyl ester 56 was also formed via a 1,4-
HAT with the pendant dioxolane ring. Following C–O bond cleavage, a HAT process with 
n-Bu3SnH then formed the ethyl ester moiety in 56. This serendipitous oxidation of the 
acetal carbon was welcomed in the ensuing synthesis. Although the ratio of 56:55 could 
be improved to 4.7:1 upon switching to (TMS)3SiH as the H-atom donor, this change 
came at the expense of the overall yield. Thus, to maximize material throughput, both 55 
and 56 were utilized. Acetal 55 was converted into lactone 57 in 42% yield via a four-
step sequence of Swern oxidation of the secondary alcohol group, acetal removal (HCl), 
Pinnick oxidation of the resulting aldehyde group, stereoselective reduction of the ketone 
group (NaBH4), and lactonization with the carboxylic acid group under acidic conditions 
(TsOH). Similarly, 57 could also be obtained from 56 in 67% yield over three steps 
without the need for oxidation state change at the ester group carbon. From 57, 
deprotection (TBAF) and oxidation (IBX) of the resulting secondary alcohol group 
generated majucinoid 58. Saegusa-Ito oxidation of this compound then installed the 
required dehydrogenation in 59 with a 57% yield over three steps. Subsequent 
desilylation (TBAF) followed by regio- and stereoselective a-hydroxylation with Davis’ 
oxaziridine (32) completed the synthesis of (–)-ODNM (24) in 38% yield over two steps. 
Oxidation of this material as seen in previous syntheses led to (–)-jiadifenin (14) in 35% 
yield and an overall step count of 21 steps. From common intermediate 59, Luche 
reduction (NaBH4, CeCl3) of the enone group and a-hydroxylation with Davis’ oxaziridine 
(32) could provide diol 60 in 46% yield over two steps. A straightforward four step 
sequence involving a Mitsunobu inversion of the allylic alcohol group (PPh3, DIAD, p-
NO2-BzOH), inversion of the remaining secondary alcohol group (DMP then NaBH4), and 
ester methanolysis (K2CO3, MeOH) provided (–)-(2S)-hydroxy-3,4-dehydroneomajucin 
(25) in 14% yield. The Micalizio synthesis is a clear testament to the power of radical 
cyclization cascades for the construction of sterically encumbered ring systems.97 
 
1.4.4 Theodorakis’ 2011 synthesis of (–)-jiadifenolide and (–)-jiadifenin, and 2013 

synthesis of (–)-ODMN40,86a,87a 
 

The first synthesis of the highly coveted natural product (–)-jiadifenolide (16) was 
delineated by Theodorakis in 2011, a mere two years after its isolation. Forays into the 
construction of the seco-prezizaane framework began with the allylation of diketone 61 
([PdCl2(allyl)], allyl acetate, DPPE, 62) followed by Michael addition into methyl vinyl 
ketone (MVK) to provide known compound 63 in 63% yield (Scheme 1.4).98 The 5,6-ring 

17



system was forged stereoselectively through the action of D-prolinamide under extended 
reaction time to give Hajos-Parrish-like ketone 64 in 74% yield and over 90% ee. Stereo-
selective reduction (NaBH4) of the cyclopentanone group in 64, protection of the resulting 
secondary alcohol group (TBSCl, NH4NO3), carboxylation of the enone group (MMC then 
Et3OBF4), and a final methylation (TMSOTf, then TBAF, MeI) to forge a quaternary carbon 
center arrived at ester 65 in 40% yield over four steps. A five-step sequence was required 
for the formation of g-lactone 66 involving global reduction (LiAlH4), protection of the 
resulting primary alcohol group (TBSCl), oxidation of the secondary alcohol group (IBX), 
formation of an enol triflate (KHMDS, PhNTf2), and a carbomethoxylation (Pd(PPh3)4, CO, 
MeOH) followed by lactonization (TFA) in 59% yield. From 66, the d-lactone in 67 was 
constructed through epoxidation under basic conditions (H2O2, NaOH), oxidative 
extrusion of a carbon unit (OsO4, NaIO4), one-step epoxide opening from the resulting 
carboxylate (Jones [O]), and desilylation (TBAF) in 66% yield over four steps. In order to 
access the jiadifenolide (16) framework, it was found that simple m-CPBA epoxidation 
of the trisubstituted alkene in 67 from the b-face effected a spontaneous opening of the 
oxirane and the resulting allylic alcohol group engaged in a translactonization event. 

Scheme 1.4 The Theodorakis synthesis of (–)-jiadifenolide (16), (–)-jiadifenin (14), and (–)-
ODNM (24). 
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Chemoselective DMP oxidation of the remaining allylic alcohol group furnished bis-g-
lactone 68 in 38% yield over two steps. The final carbon unit of the seco-prezizaane 
skeleton was installed via a four-step sequence involving hydrogenation (H2, Pd/C) of 
the enone group in 68, silylation of the secondary alcohol group (TESOTf), formation of 
the triflate coupling partner (KHMDS, Comins reagent), and a cross-coupling with AlMe3 
under action of Pd(PPh3)4 to afford advanced intermediate 69. Upon stereoselective 
hydrogenation (H2, PtO2) and a-hydroxylation with Davis’ oxaziridine (32), 69 was cleanly 
converted into intermediate 70 as a single diastereomer. This material was not purified 
extensively and subjected under Jones oxidation to afford the natural product (–)-
jiadifenolide (16) in 33% yield and an overall 25 steps. 

In subsequent publications,40,86a the total syntheses of (–)-jiadifenin (14) and (–)-
ODNM (24) were disclosed from common intermediate 67. From this material, 
dehydration (Martin sulfurane) provided a diene intermediate (not shown) which was 
chemo-selectively hydrogenated (H2, Pd/C) to give alkene 71 in 72% yield. Allylic 
oxidation of this compound was surprisingly challenging but ultimately successful using 
a presumed Mn(V) species (TBHP, Mn(OAc)3) to secure enone 72 in 65% yield. Treatment 
of 72 with Davis’ oxaziridine (32) produced over-oxidized product 73 and desired alcohol 
74 and in 19% and 61% yield, respectively. Installment of the final carbon unit was done 
via simple methylation (LDA, MeI, HMPA) to give natural product (–)-ODMN (24) in 38% 
yield. (–)-Jiadifenin (14) was also synthesized through known protocol from (–)-ODNM 
(14) in 45% yield. Theodorakis’ work on these natural compounds established the late-
stage reactivity profiles of similar intermediates that were encountered in later syntheses.  
 
1.4.5 Sorensen’s 2014 synthesis of (–)-jiadifenolide87b  
 

Following a robust retrosynthetic disconnection for the construction of the seco-
prezizaane core, Sorensen’s approach started with a Robinson annulation of ketone 75 
(derived from (R)-(+)-pulegone) with MVK to construct Hajos-Parrish-type ketone 76 in 
82% yield (Scheme 1.5).99 This material was subjected to a four step sequence 
consisting of double deconjugative methylation (MeI, KOt-Bu), protection of the ketone 
moiety with ethylene glycol, global reduction (DIBAL-H), and Swern oxidation to afford 
aldehyde 77. Treatment of aldehyde 77 with tosylmethyl isocyanide (TosMIC) effected a 
one carbon homologation upon methanolysis of the putative N-formyl iminoketene to 
produce nitrile 78.100 Hydrolysis of the nitrile group in 78 into the carboxylic acid led to a 
spontaneous lactonization onto the trisubstituted alkene with concomitant removal of 
the dioxolane to give g-lactone 79. At this stage, the pivotal C–H activation of the b-
methyl group was carried out utilizing methodology developed in the Sanford lab.101 First, 
N-hydroxylamine was condensed onto the ketone group in 79 in 91% yield, followed by 
treatment of the oxime intermediate (not shown) with catalytic Pd(OAc)2 and 
stoichiometric oxidant PhI(OAc)2 in AcOH/Ac2O (1:1 v:v) at elevated temperature. These 
conditions led to the oxygenation of the neighboring b-methyl group to provide diacetate 
80 in 22% a single step yield. Selectivity of the critical C–H activation was low due to the 
conformation of the [4.3.3]propellane system, which led to an equal sampling of both 
methyl groups and provided equimolar amounts of the undesired C-13 diastereomer (not 
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shown) with trace doubly C–H activated material (not shown). Notwithstanding, this 
transformation could be carried out on multigram scale. From 80, reductive removal of 
the oxime group (Fe, AcOH, TMSCl) followed by enol triflate formation (KHMDS, Comins 
reagent), carbomethoxylation (Pd(OAc)2, CO, MeOH), lactonization (K2CO3, MeOH), and 
basic epoxidation (H2O2, NaOH) of the resulting enone group arrived at epoxide 81 in 
27% yield over five steps, which contained the ring system of the natural product. 
Strategies for the a-hydroxylation of the g-lactone group in epoxide 81 was found to be 
untenable due to the propensity of epoxide opening.102 Hence, an ostensible iodoso-
Pummerer rearrangement was employed for the key a-oxidation.103 Iodination (TMSCl, 
LiHMDS then NIS) of epoxide 81 provided a pair of iodide diastereomers 82, which was 
then subjected to dimethyldioxirane (DMDO) oxidation and upon exposure to base (LiOH) 
gave the desired natural product (–)-jiadifenolide (16) in 40% yield over three steps. 
Sorensen’s daring 18-step strategy, which saw the first application of an aliphatic C–H 
activation in an Illicium synthesis, will certainly not be the last.104 

 

 
Scheme 1.5 The Sorensen synthesis of (–)-jiadifenolide (16). 
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alcohol group protected (TESCl) to provide the desired C-7 diastereomer 90 in 64% yield 
over two steps. This material, in a critical reductive radical cyclization step mediated by 
SmI2, swiftly gave tricycle 91 in 51% yield as a single diastereomer, with the seco-
prezizaane framework constructed in one transformation. The diastereoselectivity was 
rationalized through the proposed samarium chelate shown. Moving forward, ketone 92 
was synthesized from 91 in 71% yield via a two-step desilylation (PPTS) and oxidation 
(PCC). Interestingly, 11% yield of the hydroxylated product 93 was observed but the 
authors were unable to improve upon the yield owing to incomplete conversion. However, 
subjecting 92 under silyl enol ether formation (TMSOTf) followed by chemoselective 
dihydroxylation (OsO4, NMO) secured 93 in near quantitative yield over two steps. Next, 
directed reduction of the ketol group in 93 (Me4NBH(OAc)3) and subsequent protection 
(TESCl) gave compound 94 in 84% yield with excellent diastereocontrol. Finally, a three-
step sequence involving dihydroxylation of the vinyl group in 94 (OsO4, NMO), oxidative 
lactonization (TPAP, NMO), and deprotection with hydrogen fluoride pyridine complex 
provided (±)-jiadifenolide (16) in 72% and an overall 23 steps. The novel reductive 
cyclization tactic successfully employed by Paterson is yet another example of forging 
congested carbon-carbon bonds through radical chemistry in complex molecule 
synthesis. 

 

 
Scheme 1.6 The Paterson synthesis of (±)-jiadifenolide (16). 
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alkyne intermediate (not shown) via the action of t-butyl-imino-tri(pyrrolidino)-
phosphorane (BTPP) and nonafluorobutanesulfonyl fluoride (NfF). Ozonolytic cleavage 
of the trisubstituted alkene group was followed by a hetero-Pauson-Khand reaction106 
(Mo(CO)6, Bu4NBr) to provide 96 in 35% yield over 3 steps. Concurrently, known 
butenolide 97 was forged via a modified procedure to accommodate large-scale 
preparation.107 Thermolysis of dioxinone 98 in the presence of hydroxyacetone provided 
a b-keto ester intermediate (not shown) which underwent intramolecular Knoevenagel 
condensation to give 97 in 45% yield over two steps upon exposure to silica gel. In an 
impressive single step, fragments 96 and 97 was merged through an initial intermolecular 
Michael addition of the extended enolate of 96 into butenolide 97 to provide transient 
lithiate 99. Then, with additional base and titanium-mediated lithiate transposition, an 
intramolecular Michael addition occurred to provide the entire seco-prezizaane skeleton 
found in tetracycle 100. This double-Michael transformation proceeded with 70% yield 
and exquisite diastereocontrol, which was rationalized either through a chelated 
transition state, or more possibly, secondary orbital overlap between lithiated 96 and 97. 
Taking inspiration from previous works, hydroxylation (m-CPBA) of 100 and directed 
reduction (Me4NBH(OAc)3) of the resulting ketol group gave diol 101. Simple a-
bromination (LDA, CBr4) of the lactone group in 101 followed by treatment with Davis’ 
oxaziridine (32) afforded the title compound in 50% yield over two steps. The expeditious 
synthesis of (–)-jiadifenolide (16) by Shenvi in a mere eight to nine steps provided an 
ingenious solution for the gram scale access of this highly neurotrophic natural product. 
 

 
 
Scheme 1.7 The Shenvi synthesis of (–)-jiadifenolide (16). 
 
1.4.8 Zhang’s 2015 synthesis of (–)-jiadifenolide87e  
 

Following in the footsteps of Paterson’s approach,87c Zhang’s route opens with 
the allylation (allyl bromide) of ketone 102 (prepared from (R)-(+)-pulegone) and then 
ozonolytic cleavage to reveal aldehyde 103 (Scheme 1.8). In a similar vein, Baylis-Hillman 
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merging (Bu2BOTf, Et3N) of aldehyde 103 and butenolide 89 provided a mixture of C-7 
diastereomeric alcohols 104 in 84% yield, which ultimately proved inconsequential since 
the secondary alcohol group was eliminated (Ac2O) to furnish an (E)-alkene intermediate 
(not shown). After dianion formation (LDA) of the alkene intermediate, DIBAL-H was 
subsequently added to chemoselectively reduce the ester group, followed by 
hydrogenation with Adam’s catalyst gave alcohol 105 in 56% yield over three steps. The 
cyclization precursor 105, when subjected under analogous conditions (SmI2, H2O) used 
in Paterson’s synthesis, provided diol 106 in 80% yield through the proposed samarium 
chelate shown in the reductive radical cyclization step. Interestingly, while Paterson 
observed a single diastereomer of the product, Zhang reported a 7:1 diastereoselectivity 
for their transformation. Subsequent Swern oxidation provided aldehyde 107 from 106 
in near quantitative yield. At this phase, the key [4.3.3]propellane system was forged 
through action of trimethylsilyldiazomethane (TMSCHN2) and n-butyl lithium (n-BuLi) to 
give tetracycle 108 in 78% yield. The authors proposed addition of TMSC(Li)N2 into the 
aldehyde group of 107 followed by a Brook rearrangement and expulsion of dinitrogen 
as a mechanism for the formal [4+1] annulation. From this material, a,b-desaturation of 
the lactone group (KHMDS, PhSeBr then oxidation) in 108 provided compound 109 in 
70-88% yield, followed by simple epoxidation (DMDO) to arrive at epoxide 110 in 80% 
yield. Exhaustive oxidation of the ether ring via in situ RuO4 gave a-ketoester 111 in 84% 
yield. Exposure to lithium hydroxide furnished (–)-jiadifenolide (16) in 71% in an overall 
13 steps from ketone 102. The formal [4+1] annulation was also demonstrated by the 
Zhang lab as a methodology to form 5-membered cyclic ethers from various b-hydroxyl 
aldehydes and ketones. 
 

 
Scheme 1.8 The Zhang synthesis of (–)-jiadifenolide (16). 
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1.4.9 Gademann’s 2016 formal synthesis of (–)-jiadifenolide87f  
 

The success of a radical cyclization disconnection logic for the total synthesis of 
seco-prezizaane sesquiterpenoids have not gone unnoticed. In a third publication 
following this maneuver, Gademann et al. disclosed a route starting with the allylation 
(allyl bromide) and ozonolysis of ketone 75 to provide aldehyde 112 in 92% yield over 
two steps (Scheme 1.9). Merging of aldehyde 112 with fragment 113 was accomplished 
through use of catalytic L-proline and Hantzsch ester as reductant to forge compound 
114 in 81% yield.108 Triflation (Tf2O) of 114 gave enol triflate 115 in near quantitative yield, 
which was then subjected to a Fürstner cross coupling (MeMgBr, Fe(acac)3) to stitch on 
the methyl group found in 116 with 96% yield.109 Samarium-mediated reductive 
cyclization of 116 produced tricycle 117 in 50% yield. The diastereoselectivity of this 
transformation was further eroded to 5:2 as compared to Paterson’s and Zhang’s 
substrate. Reduction of the ester group in 117 directly to aldehyde 107 was achieved 
through use of borane tetrahydrofuran complex in 51% yield. From 107, the formal 
synthesis of (–)-jiadifenolide (16) had been intercepted in a total of 12 steps from 75 to 
107. Further synthetic studies toward various other members of the seco-prezizaane 
family were also described in Gademann’s publication.  
 

 
Scheme 1.9 The Gademann formal synthesis of (–)-jiadifenolide (16). 
 
1.4.10 Danishefsky’s 2006 synthesis of (±)-11-O-debenzoyltashironin90a  

 
The first synthesis of an allo-cedrane member was Danishefsky’s approach to (±)-

11-O-debenzoyltashironin (Scheme 1.10, 26) featuring a dearomative transannular Diels-
Alder strategy. Starting from 2-methyl-resorcinol (118), seven steps involving ortho-
formylation (Zn(CN)2, HCl),110 phenolic protections (TsCl and BnBr, TBAI), Baeyer-Villiger 
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steps.113 The alcohol 123 was then mesylated and upon exposure to a higher-order 
Lipshutz dimethylcyano cuprate,111b a SN2’ methyl addition occurred to forge allene 124 
in 84% yield over three steps after buffered desilylation (TBAF, AcOH). In order to 
construct the allo-cedrane skeleton, diacetoxyiodobenzene (PIDA) was first utilized for 
the dearomative ortho oxidation of 124 to provide quinone ketal 125. Next, a 
transannular Diels-Alder cycloaddition took place upon microwave irradiation of 125 to 
cleanly give 126 in 65% yield over two steps, providing the entire allo-cedrane framework. 
Moving forward, a series of functional group transformations on 126 including reduction 
of the ketone group (NaBH4) followed by protection of the resulting secondary alcohol 
group (neat TMS-imidazole),114 epoxidation (m-CPBA) of the trisubstituted alkene group, 
and hydrogenation of the exocyclic methylene unit with Wilkinson’s catalyst gave 
epoxide 127 in 24% yield over four steps. Global reduction of epoxide 127 with excess 
amounts Super-hydride® (LiEt3BH) at elevated temperatures afforded diol 128 in 32% 
yield. Subsequent oxidation (DMP) of the secondary alcohol group in 128 and 
desilylation (TBAF, HF•pyridine) led to ketone 129. A final debenzylation (H2, Pd/C) 
smoothly gave the natural product (±)-11-O-debenzoyl-tashironin (26) in 91% yield over 
23 steps from 118. The hallmark of Danishefsky’s approach was a remarkable 
dearomative, transannular Diels-Alder reaction of a tethered allene that forged the entire 
allo-cedrane skeleton in a swift manner. An asymmetric approach was also delineated 
two years later in 25 steps.90b Furthermore, analog syntheses were also documented in 
the patent space.115 

 

 
Scheme 1.10 The Danishefsky synthesis of (±)-11-O-debenzoyltashironin (26). 
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1.4.11 Mehta’s 2011 formal synthesis of (±)-11-O-debenzoyltashironin90c  
 

Mehta’s route to (±)-11-O-debenzoyltashironin (26) follows the logic detailed in 
Danishefsky’s prior publication, invoking an oxidative dearomatization and a trans-
annular Diels-Alder reaction for the construction of the bicyclo[2.2.2]octane scaffold 
(Scheme 1.11). Beginning with para bromination (HBr3•pyridine) and alkylation (crotyl 
bromide) of phenol 130, aryl bromide 131 was afforded in 83% yield over two steps. 
Thermal Claisen rearrangement of 131 then gave phenol 132 in 67% yield. Reminiscent 
of the Danishefsky synthesis,90a exposure of phenol 132 to alcohol 133 in the presence 
of bis(trifluoroacetoxy)iodobenzene (PIFA) effected a dearomative coupling of the two 
fragments to produce cyclization precursor 134 in 62% yield. Simple heating of 134 
induced an intramolecular [4+2] cycloaddition to forge the bicyclo[2.2.2]octane 
framework found in compound 135 in a high 80% yield. At this stage, intramolecular 
alkene metathesis with Hoveyda-Grubbs’ second-generation catalyst completed the 
allo-cedrane core in 136 as a mixture of C-1 methyl diastereomers in 66% yield. 
Numerous functional group manipulations were required to install the correct oxidation 
states found in the natural product. First, 136 was stereoselectively reduced (NaBH4) and 
the resulting secondary alcohol group silylated (TESOTf) to provide the desired C-1 b-
methyl diastereomer 137 in 42% yield over two steps. Equimolar quantities of the 
undesired C-1 a-methyl diastereomer that was separated in the initial reduction step (not 
shown) was not carried forward. From 137, allylic oxidation (PDC, TBHP) provided a 
mixture of a,b-unsaturated enones 138 and 139 with 1:3 regioselectivity favoring desired 
139 in 59% combined yield. Treatment of 139 with Super-hydride® gave alcohol 140 in 
81% yield. In order to further fine-tune the oxidation state of the cyclopentane ring in 
140, a sequence involving elimination of the alcohol group (SOCl2), epoxidation of the 
resulting alkene (m-CPBA), and desilylation (aq. HF) afforded epoxide 141 in 64% yield 
over three steps. A final regioselective reduction (DIBAL-H) of the epoxide group in 141 

Scheme 1.11 The Mehta formal synthesis of (±)-11-O-debenzoyltashironin (26). 
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through a proposed assistance of the secondary alcohol group gave diol 142 in 87% 
yield. Lithium-halogen exchange (t-BuLi) followed by quenching with tri(isopropoxy)-
borate and subsequent oxidation (NaOH, H2O2) furnished 143, the 11-O-methyl 
derivative of tashironin (11), in 34% yield. From this intermediate, (±)-11-O-debenzoyl-
tashironin (26) could be synthesized by way of established protocol,115 thus concluding 
Mehta’s 15-step formal synthesis of the natural product. 
 
1.4.12 Shenvi’s 2017 synthesis of (–)-11-O-debenzoyltashironin and its ring-chain 

tautomer43 
 

Building upon the group’s previous synthetic efforts to (–)-jiadifenolide (16),87d a 
novel synthesis of (–)-11-O-debenzoyltashironin (26) was devised from common 
intermediate 100 (Scheme 1.12). Regioselective methylation (MeI, K2CO3) of this material 
followed by selective hydrolysis of the g-lactone group resulted in carboxylate 144. This 
intermediate was decarboxylated and ketalized with concentrated acid (2 M HCl) in a 
one-pot sequence to provide hemiketal 145 in 62% yield. Upon treatment of hemiketal 
145 with Me2N–AlMe2, the remaining g-lactone group was opened to give amide 146, 
which exists as a mixture of ring-chain tautomers with 147. Subsequent mono-silylation 
(TMSCl, Et3N) of the open-chain form amide 147 afforded O-TMS ether 148, which was 
immediately exposed to thionyl chloride to effect elimination of the tertiary alcohol group 
and provide alkene 149. This compound was further treated with trimethylorthoformate 
and acid to effect ketalization, which produced amide 150 cleanly in 42% yield after 
these transformations. Oxygenation a to the amide group in 150 proved difficult, but 
ultimately was accomplished through lithium dimethylamide deprotonation in the 

Scheme 1.12 The Shenvi synthesis of (–)-11-O-debenzoyltashironin (26) and its ring 
chain tautomer 153. 
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presence of HMPA followed by addition of molecular oxygen with triethylphosphite as 
reductant to give alcohol 151 in 82% yield and greater than 20:1 diastereoselectivity. 
Moving forward, under strongly acidic conditions, deketalization and translactonization 
of 151 arrived at pseudoanisatinoid 152 in 50% yield. This material was ultimately 
subjected to alkene hydration conditions116 (Co(acac)2, PhSiH3, O2) to provide natural 
product 3,6-dideoxy-10-hydroxypseudoanisatin (153) as a mixture with (–)-11-O-
debenzoyltashironin (26). The reaction mixture could also be treated with TsOH to 
enforce formation of 26 in 72% yield. The extension of majucinoid intermediate 100 into 
the allo-cedrane family is a major accomplishment for Shenvi’s 10 step synthesis of 26. 
 
1.4.13 Conclusion 
 

We hope that the introduction of the above Illicium syntheses, which includes 
almost 15 years of synthetic endeavors from various brilliant contributors, has 
demonstrated how far this field has advanced in terms of retrosynthetic planning and the 
overall efficiencies of the widely disparate approaches. At first glance, it may seem 
daunting to propose a de novo design when faced with all the prior, outstanding 
publications. However, there is yet another facet of the Illicium sesquiterpenoids that we 
have yet to explore, and that is how nature has been preparing these intricate structures 
from plants of humble origin. Since biomachinery is capable of assembling peculiar 
scaffolds beyond a chemist’s wildest imaginations and fabricate them with expediency, 
knowledge of the biosynthetic roots of these compounds will hopefully provide valuable 
additions to the synthetic chemist’s arsenal.  
 
1.5 Proposed biosynthetic origin of the Illicium sesquiterpenoids 
 

Sesquiterpenoids in the Illicium family are thought to arise from a unified 
biosynthetic pathway despite their seemingly dissimilar skeletons (Scheme 1.13).3,60,78 
Biochemical isoprene units derived from mevalonic acid leads to the 15-carbon farnesyl 
pyrophosphate (154), a precursor to all sesquiterpenes.117 From 154, ring formation 
begins via a series of enzyme mediated hydride shifts and cyclizations to forge the 
cedrane skeleton (157) through the intermediacy of the bisabolane (155) and acroane 
(156) frameworks. A C–C bond shift of this critical intermediate is proposed to lead to 
the allo-cedrane skeleton (2), which is believed to be a common precursor to all Illicium 
members. Ring reorganization continues via the respective bond scissions and 
rearrangements shown to provide the seco-prezizaane (1) and anislactone (3) cores from 
2. Oxidative chemistry then takes over to provide the necessary decorations on 1 to 3, 
leading to the corresponding natural products found in the three major types of Illicium 
sesquiterpenoids. Co-isolation of tashironin members along with seco-prezizaane- and 
anislactone- types were provided as circumstantial evidence in support of this 
hypothesis. However, observations such as ring-chain tautomerization of 3,6-dideoxy-
10-hydroxypseudoanisatin (153) and 11-O-debenzoyl-tashironin (26) would suggest that 
perhaps ring formation ends at 2 and all subsequent members of the seco-prezizaane 
and anislactone types are derived from the oxidatively induced skeletal rearrangements 
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of the allo-cedrane framework. To the best of our knowledge, due to the current lack of 
detailed labeling studies or genomic investigations on the genus Illicium, we consider 
both variations to be plausible mechanisms within this framework. Nevertheless, it is 
important to recognize that site-selective oxygenations along with rearrangements of 
certain key scaffolds could provide a possible entry point for the chemical synthesis of 
the Illiciums, irrespective of the specific order of events.  
 

 
Scheme 1.13 Proposed biosynthetic pathway of the Illicium sesquiterpenoids. 
 
1.6 Conclusion 
 

In this introductory Chapter, we have presented comprehensive, contemporary 
knowledge of the Illicium sesquiterpenoids both from a synthetic and biological 
perspective. Using observations garnered from works in this field as foundation, we wish 
to disclose our own efforts toward these natural products in the following Chapters, 
which has led to the successful chemical syntheses of multiple members in the family. 
We hope to shed light on the reactivity patterns of synthetic intermediates we have 
encountered in order to better understand the chemical profiles of these structures, and 
ultimately, perhaps provide access to future biological assays on these compounds. 
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2.1 Introduction 
 

In this Chapter, we will present our overall approach to the seco-prezizaane 
framework and subsequent observations and hurdles that were encountered during the 
synthetic studies. The interplay between experimental results and the evolution of our 
strategy will also be addressed. These important insights heavily influenced the eventual 
syntheses of the natural products in the following Chapters.  
 
2.2 Overarching retrosynthetic strategy 
 

Taking inspiration from the proposed biosynthetic origins of the Illicium 
sesquiterpenoids (see Section 1.5), our overarching retrosynthetic design for the entry 
into the seco-prezizaane scaffold is outlined in Figure 2.1. We stress the fact that specific 
details for the retrosynthesis were subjected to further refinement under this broad 
framework as the synthesis progressed and will be introduced when appropriate.  

We envisioned that polyoxygenated natural products such as (–)-anisatin (4), (–)-
majucin (7), and (+)-pseudoanisatin (6) could arise from site-selective and orthogonal C–
H activations of the seco-prezizaane core shown on the highlighted carbon positions (C-
4 and C-12 to C-14). Of these positions, we noted that C–H functionalization of the C-4 
junction methine was prima facie the most challenging transformation and also a 
prerequisite for the oxidative entry to all Illicium sesquiterpenoids under this approach 
since all members have this key carbon site oxidized. Furthermore, we hoped to 
incrementally increase the oxidation state of judiciously chosen intermediates for the 
eventual syntheses of natural products in an ascending fashion on an “oxidation 
pyramid.”1 The synthesis of Illicium sesquiterpenoids is a well-suited testing ground for 
this methodology due to the numerous natural products with varying degrees of 
oxygenation provided by nature. A great body of total synthesis efforts incorporating C–
H activation logic has been delineated in the literature, including Sorensen’s work on the 
Illicia,2 and the interested reader is urged to consult recent reviews of aliphatic C–H 
activations in the context of the field.3 Although there is growing distinction between 
metal-mediated inner-sphere “C–H activation” and outer-sphere or radical-mediated 
“C–H functionalization” mechanisms,4 in this text, we will use activation/functionalization 
interchangeably with reaction conditions employing transition metal species and reserve 
the phrase “C–H functionalization” for those conditions without. 
 

 
Figure 2.1 Oxidative retrosynthetic analysis of the seco-prezizaane family. 
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As for the construction of the seco-prezizaane carbon skeleton, we turned to a key 
biosynthetic intermediate; namely the cedrane skeleton and identified (+)-cedrol (158) as 
a potential chiral-pool starting material. The natural enantiomer of this substance 
correlated well with the Illicium sesquiterpenoids, thus rendering our syntheses 
enantiospecific. Another advantageous aspect of this compound was its abundance. 
This inexpensive terpene feedstock ($52 USD/kg) could be obtained in kilogram 
quantities of high purity from Texas cedarwood extracts. Hence, skeletal rearrangement 
of the methanoazulane (tricyclo[5.3.1.01,5]undecane) core into the seco-prezizaane core 
was projected from the outset. Moreover, we intended to develop (+)-cedrol (158) as a 
versatile platform of the eventual access of all types of Illicium sesquiterpenoids, thus 
unifying the chemical synthesis of this family via a biomimetic strategy.  

To conclude, whereas past syntheses have relied on embedded oxidation states in 
the starting materials (see Section 1.4), our strategy will involve extensive use of aliphatic 
C–H functionalizations on a hydrocarbon feedstock chemical. This is our contribution to 
the Illicium sesquiterpenoid synthetic field. Additionally, we will be pushing the 
boundaries of state-of-the-art aliphatic C–H activation methodologies in complex 
molecule synthesis setting. 
 
2.3 Initial forays into the biomimetic rearrangement of (+)-cedrol 
 

At the outset, we were focused on the formation of a seco-prezizaane core of the 
type shown in 159, wherein direct access to the higher-oxidized majucin core could be 
achieved. Our first approach was a biomimetic retro-aldol fragmentation of the 
corresponding allo-cedrane skeleton 160, which we hoped would be facilitated by the 
neighboring carbonyl moiety (Scheme 2.1A). Skeletal rearrangement of epoxide 161 
could, in theory, produce 160. Inspection of the cedrane literature provided a precedent 
for the proposed rearrangement from a-cedrene (Scheme 2.1B, 162).5 Under the action 
of in situ generated acylium ion (TiCl4, Ac2O), 162 engaged in an acylation of the 
trisubstituted alkene group to produce tertiary carbocation intermediate 163. Although 
the subsequent shift of the highlighted bond in 163 was most likely unfavorable based 
on a first-order analysis of the carbocation intermediates involved (excluding a 
thermodynamic ground-state analysis of the starting and resulting carbon skeleton), the 
resulting secondary cation intermediate 164 could be kinetically trapped by the pendant 
acyl moiety, thus potentially providing a driving force for the generation of 165 in 36% 
yield. We speculated strain release of an oxirane group would accomplish the same 
effect. With this in mind, we proceeded to investigate the viability of such a ring shift in 
a more elaborate substrate.  

In order to obtain an alkene functional group handle for subsequent oxidative 
transformations on the cedrane skeleton, (+)-cedrol (158) was first dehydrated to known 
compound (–)-a-cedrene (Scheme 2.1C, 162). A protocol employing hydrated copper 
sulfate and a Dean-Stark apparatus as described in the literature was found to be 
consistently reliable on large scale for the delivery of 162 in near quantitative yield with 
negligible amounts of the exocyclic alkene isomer.6 Next, we opted to regioselectively 
oxidize the endocyclic allylic position in 162 to preemptively install an oxidation state on 
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C-10. Radical conditions were well-suited for this type of chemistry and methodology 
described by Yeung involving PIDA and aqueous TBHP gave enone 1667 in 43% yield.8 
Alternatively, dirhodium caprolactamate ([Rh2(cap)4]) along with TBHP as oxidant also 
provided 166, albeit with some amounts of the under-oxidized allylic alcohol product 
(not shown).9 Moving forward, simple exposure of enone 166 to selenium dioxide at 
elevated temperature facilitated the allylic oxidation of the methyl group to furnish 
aldehyde 167 in 73% yield.10 Conversion of the a,b-unsaturated aldehyde 167 to 
carboxylic acid 168 was accomplished under mild Pinnick-type conditions in near 
quantitative yield.11 At this stage, installation of the oxirane functionality was explored 
under basic epoxidation conditions. Perhaps not surprisingly, treatment of acid 168 with 
NaOH and H2O2 gave a mere 16% yield of the desired epoxide 169, with 80% of acid 
168 recovered. Electrostatically unfavorable addition of NaOOH into the negatively 
charged intermediate from 168 was suspected to cause the low efficiency, in addition to 
steric strain of the acid group in 169 with the gem-dimethyl moiety. Extensive efforts 
were devoted to improving the yield of this transformation through organocatalysis12 or 
standard Jacobsen-Katsuki conditions,13 but these endeavors proved unsuccessful. 
Undeterred, we investigated the proposed key rearrangement of epoxide 169 to the allo-

Scheme 2.1 Initial biomimetic rearrangement of (+)-158 to the allo-cedrane skeleton. 
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cedrane skeleton. Although the presumed highly energetic transition state involved might 
seem very daunting, precedence of oxirane opening in this fashion reported by the Corey 
lab gave us some confidence.14 To our delight, TiCl4 mediated skeletal rearrangement of 
epoxide 169 furnished chloride 170 in 14% yield. X-ray crystallographic analysis was 
performed to confirm the allo-cedrane scaffold in 170 and to ascertain the diastereo-
selectivity of the secondary chloride group. This also provided evidence for the facial 
selectivity of the initial epoxidation, which unsurprisingly occurred from the more 
accessible convex face. Unfortunately, a screen of common chloride containing Lewis 
acids led to no improvement in the yield of this rearrangement. 

With chloride 170 secured, we were dismayed to find that attempts to construct the 
seco-prezizaane core from this material were met with intractable, complex mixtures of 
products (Scheme 2.1D). Standard reductive conditions15 and silver salts were briefly 
explored on 170, but none of the desired products 171 or 172, respectively, could be 
identified. This fact, coupled with the inability to increase material throughput of 170 from 
168, prompted us to explore other avenues to facilitate these challenging 
rearrangements. 

We reasoned that an allo-cedrane scaffold of the type shown in 173 could arise 
from a semi-pinacol-type rearrangement of 174 (Scheme 2.2A).16 Such a process could 
be promoted by the judicious placement of the C-7 bridgehead tertiary alcohol group 
and favorable stereoelectronic alignment of the participating bonds. In turn, a directed 
C–H activation was anticipated for the installation of the hydroxyl group from acid 168. 
We noted that the bridgehead C–H bond at C-7 is perpendicular to the alkene p system,17 
hence, standard allylic oxidation conditions were not considered. 

 

 
Scheme 2.2 Explorations into the C–H functionalization of the C-7 position. 
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To interrogate the directed C–H functionalization of the C-7 methine, photolytic 
radical generating conditions were applied to 168 with PIDA and iodine, conditions 
pioneered by the Suárez group for the iodination of C–H bonds (Scheme 2.2B).18 
Chemistry of this type had most widely been used with alkoxy radicals in a 1,5- or 1,6-
HAT fashion and, in general, examples of 1,n-HAT processes when n≠5 were 
documented but disfavored.19 Its use on benzoic carboxylic acids for the oxidative 
lactonization of an ortho benzylic position was also known,20 but aliphatic abstractions 
in a 1,4-HAT context were unknown to the best of our knowledge. Hence, it was 
unsurprising to us that vinyl iodide 175 was produced in 20% yield from 168 along with 
35% recovery of starting material. Formation of this product was presumed to proceed 
via decarboxylation of the so-generated carboxylate radical followed by recombination 
of the resulting vinyl radical with iodine, a process documented in the literature.21 Turning 
our attention to metal-mediated C–H activations, we sought the use of in situ generated 
RuO4 and [Fe((S,S’)-PDP)(MeCN)2][(SbF6)2] (176, see Section 2.5 for a brief introduction 
on non-heme iron(oxo) catalysis) for the hydroxylation of the C-7 position, methodologies 
developed by the Du Bois22 and White groups,23 respectively. Under both of these 
conditions, we observed the sole formation of epoxide 169 from 168 in 47% yield with 
[Fe((S,S’)-PDP)(MeCN)2][(SbF6)2] (176) and 21% yield with in situ RuO4. Although 
epoxidation of alkenes with iron-oxo complexes were well-examined in the literature,24 
we were still surprised to see good conversion on such a deactivated substrate like 168. 
Catalytic systems disclosed by the Yu lab involving the carboxylate salts of 168 were 
also briefly explored to no avail.25 Next, cognizant of the power of auxiliary directing 
groups in palladium catalyzed C–H hydroxylation chemistry,26 we attached 2-
methylthioaniline (177) to 168 via amide bond formation (SOCl2, Et3N then 177, Et3N) 
through the intermediacy of the acyl chloride (not shown) in near quantitative yield to 
furnish amide 178. This bidentate auxiliary was first conceived by the Daugulis group for 
C–H arylation chemistry.26a,27 Amide 178 was then subjected under C–H acetoxylation 
conditions (Pd(OAc)2, PhI(OAc)2, AcOH/Ac2O) reported by Sanford and coworkers.26b,28 
Selective palladation of the C-11 vinyl position occurred more readily over the sterically 
shielded C-7 methine C–H bond, providing acetate 179 in 41% yield. This material was 
subsequently deacetylated (K2CO3, MeOH) to provide crystalline enol 180 in 91% yield. 
An X-ray crystallographic structure was obtained from this compound to unambiguously 
confirm the C–H acetoxylation of the C-11 position. Since examples of palladium 
insertion into unactivated tertiary C–H bonds were exceedingly rare,29 we also ventured 
into bridgehead deprotonation chemistry on amide 178,30 but none of the strong bases 
shown gave the desired lithiate 181 based on D2O quenching experiments.  

Having exhausted logical strategies for the C–H functionalization of the C-7 position 
and our inability to advance (+)-cedrol (x) into the seco-prezizaane system via the allo-
cedrane scaffold with high efficiency, we were forced to reevaluate our retrosynthetic 
approach. The next section will be devoted to our successful synthesis of the 5,6-ring 
fused scaffold. 
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2.4 Construction of the seco-prezizaane core 
 

Upon closer inspection of the seco-prezizaane sesquiterpenoids, one realizes that 
the C-7 position either bears a ketone or a hydroxyl oxidation state across all members. 
Taking advantage of this fact, a structure of the type shown in 182 could conceivably 
come from a cyclic a-ketol rearrangement of the corresponding 5,5-ring fused tertiary 
alcohol 183 (Scheme 2.3A). Simple alkene oxidation of the cedrene framework followed 
by regioselective oxidation of keto-acid/ester 184 would deliver 183. Given the intrinsic 

 
Scheme 2.3 Successful synthesis of the seco-prezizaane scaffold.  
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reversibility of a-ketol rearrangements, it was difficult for us to predict a priori whether 
the equilibrium would lie towards the seco-prezizaane framework, and if so, which 
diastereomer would predominate.31 Ideally, since natural products with hydroxylations 
at C-6 consistently have the a stereochemistry, the diastereomer drawn as 182 is desired. 
Moreover, similar ring expansions in the context of D-ring homorearrangements of 
pregnane steroids proved feasibility.31-32 Promisingly, reagent choice exerted diastereo-
control over the products in these instances. However, we were conscious of the 
potential problem of selective oxidation on the C-7 position of 184, which was predicated 
on the generation of a thermodynamic enol/enolate intermediate. 

Starting with acid 168, methylation (Me2SO4, K2CO3) of the carboxylic acid group 
followed by ozonolysis and standard reduction (DMS) of the secondary ozonide 
produced a bis-diketone intermediate (not shown, Scheme 2.3B). The sensitivity of the 
diketone functionalities precluded the use of Schreiber modification protocols on the 
ozonide intermediate.33 Subsequent Pinnick oxidation and methylation (Me2SO4, K2CO3) 
cleanly provided bis-a-keto-ester 185 in 67% yield over four steps. As previously alluded 
to, the strongly electrophilic nature of the a-keto ester moieties in 185 led to a complex 
mixture when subjected to a battery of canonical a-keto hydroxylation conditions 
without the observed formation of desired alcohol 186.34 To attest to this reactivity, we 
observed the sole formation of alcohol 187 as a single isomer with the amide base LDA, 
a remarkable chemo-, regio- and diastereoselective reduction. The reduction of non-
enolizable or difficult-to-deprotonate carbonyls are far from unprecedented30b,f,35 and 
while we cannot exclude an electron transfer mechanism,36 hydride donation 
mechanisms37 were strongly suggested in other contexts.  

Faced with the recalcitrance of compound 185, we forwent the preinstalled 
oxidations and took recourse to (–)-a-cedrene (162). From this material, ozonolysis to 
known aldehyde (Scheme 2.3C, not shown, see Supporting Information),38 Pinnick 
oxidation, and methylation (Me2SO4, K2CO3) gave keto-ester 18839 in 55% yield over 
three steps without incident. At this critical stage, we once again encountered the 
demanding oxidation of C-7 in the 5,5-ring fused system. It is well documented that 
proper choice of hydroxylation strategy could regioselectively oxidize the a or a’ position 
of an unsymmetric ketone.34 In our case, treatment with amide bases, silylation 
conditions,40 or hypervalent iodine reagents41 uniformly led to the undesired 
functionalization of the kinetic C-12 methyl position of 188, in corroboration with reports 
on the steroidal pregnane motif. Upon switching to thermodynamic enolate formation 
methods with KOt-Bu and using molecular oxygen as oxidant in the presence of 
trimethylphosphite,34,42 the desired 5,5-b-ketol-acid 189 was isolated in 10% yield. This 
material could also be methylated (Me2SO4, K2CO3) in 50% yield to give 5,5-b-ketol-ester 
190. Furthermore, we were finally able to obtain the rearranged 5,6-a-ketol-ester 191 in 
8% yield, providing an entry to the seco-prezizaane core. Subjecting 5,5-b-ketol-acid 
189 to excess KOt-Bu in DMSO (see Section 3.2 for reagent influence on a similar 
substrate) was found to facilitate the desired a-ketol rearrangement via 192 to give 
rearranged 5,6-ketol-acids 193 and 194 in 8% and 44% isolated yields (5.5:1 isolated 
d.r.), respectively. Then, an X-ray crystallographic analysis was conducted on major 
diastereomer 194. The results clearly confirmed the seco-prezizaane scaffold bearing an 
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eclipsed C-6 alcohol and the adjacent ketone group with the desired a facial selectivity 
for the tertiary alcohol group. Notably, the cyclohexanone moiety was in a chair-like 
conformation and the pendant carboxylic acid side chain was situated towards the C-4 
methine unit, at least in the solid state. Next, 5,6-a-ketol-acid 194 was methylated 
(Me2SO4, K2CO3) in 96% yield to give 5,6-a-ketol-ester 191, therefore securing its 
stereochemical assignment. Finally, minor diastereomer 193 was assigned as the 
epimeric 5,6-b-ketol-acid by deductive logic.  

Although we have drawn the favored, dipole minimized transition state 192 for the 
a-ketol rearrangement in accordance with proposals from the literature, we were not 
suggesting a kinetic formation of 5,6-a-ketol-acid 194. In fact, since 5,5-b-ketol-acid 
189, 5,6-a-ketol-acid 194, and 5,6-b-ketol-acid 193 all independently returned to the 
same equilibrium mixture under the reaction conditions via NMR analysis, the evidence 
for a thermodynamic distribution of products is most certainly indisputable. 
Serendipitously, we believed the favored kinetic and thermodynamic product under this 
condition is coincidentally 194. 

Concurrent with these efforts, we also examined other oxidative approaches on 
keto-ester 191 since the efficiency of hydroxylation employing molecular oxygen resisted 
optimization (Scheme 2.3D). We discovered a three-step Rubottom-type sequence 
involving initial formation of the thermodynamic enol-acetate intermediates (not shown) 
of the C-7 position on 188 under forcing conditions (Ac2O, TsOH•H2O, D). The crude 
mixture of E/Z-isomers were epoxidized (m-CPBA) and the ketol functionality was 
unveiled upon deactylation with NaOMe. Surprisingly, this product was found to be the 
epimeric 5,5-a-ketol-ester 195 upon direct NMR comparison with 5,5-b-ketol ester 190. 
Nevertheless, subsequent treatment of 5,5-a-ketol-ester 195 under similar conditions 
for the ring shift furnished once again the desired 5,6-a-ketol-ester 191. We believe that 
reactivity of ester 195 can be reasonably transferred to the corresponding carboxylic 
acid substrate, further supporting a thermodynamic equilibrium. 

The interesting synthesis of both 5,5-b-ketol-acid 189 and its ketol epimer 5,5-a-
ketol-ester 195 led us to propose the following hypothesis. Considering that a larger 
oxidant such as m-CPBA approached the substrate from the a face, it seemed feasible 
to expect a small molecule like O2 would also favor engaging from the a face, if not 
exclusively. Hence, we believed the initial major diastereomers from the Rubottom-type 
sequence and direct oxygenation of 188 were both of the a stereochemistry. In the 
former case, unveiling of the ketol under protic conditions preserved the stereochemistry 
of the 5,5-a-ketol-ester intermediate 195. Whereas in the latter instance, complete 
deprotonation in an apotic solvent facilitated the rearrangement of the initially-formed 
5,5-a-ketol-ester 195 to the observed 5,6-a-ketol-ester 191, while the epimeric 5,5-b-
ketol-ester 190 was kinetically trapped as a lactone (vide infra) and opened to the 
observed 5,5-b-ketol-acid 189 upon acidic workup. Obviously, in lieu of computational 
simulations to ascertain the relative ground-state energies of the intermediates, our 
analysis cannot be definitive, but the hypothesis is empirically sound. 

In our oxidative inquiries on 188, we also identified a condition for the site-selective 
C–H functionalization of the C-1 position of 188 through the action of TFDO to give 
alcohol 196 in 43% yield.43 Extensive 2-D NMR spectroscopic studies including nuclear 
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Overhauser effect (nOe) experiments were conducted to support our assignment (see 
Supporting Information). TFDO was first synthesized by Curci in 1988,44 and has since 
seen many applications in aliphatic C–H functionalization chemistry.45 Our results 
corroborated well with the observed stereoretentive nature of these types of oxidations.46 
Although undirected oxidation of the unactivated C-1 position of the cedrol framework 
was a known transformation with peroxidants,47 and ruthenium22a,48 or iron catalysis,49 we 
foresee that 196 could better serve as an entry point into C-1 oxidized Illicium sesqui-
terpenoids. 

Finally, in the interest of consolidating the preparation of 5,6-a-ketol acid 194 for 
large-scale access to the seco-prezizaane system, (–)-a-cedrene (162) was reacted 
under ruthenium catalysis (RuCl3•xH2O, NaIO4) for the exhaustive oxidation of the alkene 
functionality to provide directly keto-acid 197 in 75% yield (Scheme 2.3E).38c,39,48 We then 
stumbled upon a peculiar transformation for the direct a-acyloxylation of 197. Simple 
heating of 197 with anhydrous CuBr2 at elevated temperature afforded isolable lactone 
198.50 This material could be used crude for the subsequent hydrolysis (NaOH, EtOH) of 
the lactone group to provide 5,5-b-ketol-acid 189 in 58% yield, thus, confirming its 
stereochemical assignment. As far as we are aware of, there were only three previous 
examples of this type of reactivity on aliphatic systems50b-d and one in an aromatic 
context.50a Although a radical reaction mechanism was proposed,50a,d the exact 
mechanistic detail in our system is unclear. However, bromination of the ketone group 
at C-12 is at least operative based on trace observation of this byproduct. These 
reactions were routinely conducted on gram scales with high fidelity, hence, access to 
the seco-prezizaane scaffold was achieved with reasonable efficiency. 

 
2.5 C–H activation of the seco-prezizaane framework 
 

Our next challenge was to address the aliphatic C–H activations required for 
construction of the seco-prezizaane motif. Once more, nature has already provided 
precedent for us to emulate. Carboxylate-ligated non-heme iron enzymes have long 
been known to catalyze the C–H activation of unactivated alkanes via dioxygen 
activation with high site-selectivity and substrate promiscuity;51 while the simplest non-
enzymatic iron-containing catalyst systems know to perform hydrocarbon oxidation is 
arguably Gif52 and Fenton chemistry,53 dating back for a century. Since then, the field 
has matured greatly with the discovery of elaborate polydentate amine/pyridine ligands 
that mimic metalloenzymes and support catalytic activity at the iron center.54 The 
interested reader is advised to review the cited literature for a broad outlook at the state 
of the field. Pertinent to organic synthesis, the Que, Costas, and White groups have laid 
the groundwork for developing small-molecule non-heme iron catalysts for the catalytic 
aliphatic oxygenation of molecules ranging from simple cyclohexane to complex natural 
products.55 For our purposes, we will focus on the [Fe((S,S’)-PDP)(MeCN)2][(SbF6)2] (176) 
catalyst disclosed by the White group in 2007 (Scheme 2.4A).23,56  

In general, reactivity profiles and detailed mechanisms of these iron catalysts are 
highly complex, depending on an intricate interplay of myriad factors, most notably 
ligand class, choice of oxidant, and to a lesser extent, counteranions and additives. The 
Que and Costas groups have devoted intense effort into the understanding of these 

45



effects.57 Nevertheless, a simplified mechanism for the [Fe((S,S’)-PDP)(MeCN)2][(SbF6)2] 
(176) system was proposed by White and coworkers and is shown in Scheme 2.4A.56b 
Coordination of a carboxylic acid substrate to the iron center followed by oxidation 
generates iron(oxo) complex 199. This species can in turn undergo hydrogen atom 
abstraction to form a short lived (< 1 x 10-11 s via radical clock experiment) radical species 
200. From this intermediate, White and coworkers have proposed divergent downstream 
pathways for the [Fe((S,S’)-PDP)(MeCN)2][(SbF6)2] (176) system based on experimental 
observation. The major hydroxyl “rebound” pathway from the iron center could furnish 
alcohol 201, which could subsequently lactonize to 202. On the other hand, further 
oxidation of the radical species 200 is proposed to desaturate 200 into alkene 203. 
Epoxidation and lactonization of 203 then forms an overoxidation byproduct 204. 

Scheme 2.4 C–H activation of the seco-prezizaane scaffold.  
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Whether or not the minor overoxidation pathway was operative was found to be 
substrate dependent by the authors. This framework provided a mechanistic basis for 
the formation of products 205 and 206 from acid 207 under [Fe((S,S’)-PDP)(MeCN)2] 
[(SbF6)2] catalysis. Since our seco-prezizaane intermediate 194 had a pendant carboxylic 
acid side-chain presiding over the C-4 methine position, this chemistry was well-suited 
for our purposes and we intended to fully leverage this key directing group for the site-
selective C–H activation of the C-4 position. The importance of this C–H activation for 
our overarching retrosynthetic strategy cannot be overstated (see Section 2.1). 

To begin our explorations, we initially subjected 194 to in situ RuO4 and Cu(II) 
(Cu(OAc)2, H2O2) oxidations,58 conditions known in the literature for carboxylic acid 
directed C-H activations (Scheme 2.4B). We found that both conditions gave an identical 
product 208 in 14% and 12% yields, respectively. X-ray crystallographic analysis of 208 
showed the site-selective oxidation of the C-8 position in 208 to the ketone oxidation 
state followed by C-11–C-8 hemiketalization to form a g-lactone moiety. This intriguing 
oxidation could be utilized to access C-8 oxidized Illicium natural products given 
successful optimization. Further treatment of 208 under prolonged in situ RuO4 oxidation 
furnished a 14-carbon anhydride 209 in 80% yield, much to our surprise. An X-ray 
crystallographic structure was obtained to verify our assignment. We propose that this 
species arose from the C–C bond cleavage of the ketol functionality in 208 followed by 
loss of the C-7 carbon unit and subsequent exhaustive oxidation of the C-8 position. 
Anhydride 209 could also be obtained from acid 194 directly through the intermediacy 
of 208 with lengthened exposure to in situ RuO4. Interestingly, we were also able to 
obtain anhydride 209 from acid 194 with [Fe((S,S’)-PDP)(MeCN)2][(SbF6)2] (176) and H2O2. 
However, this undesired reactivity was irreproducible due to presumed batch-related 
quality issues of the commercial iron catalyst source.  

Since we were not observing the desired reactivity with substrate 194 because of 
speculated interference of the ketol group, we elected for the silylation (TMSCl, im.) of 
the tertiary alcohol group to provide O-TMS ether 210 in 62% yield. Regrettably, but not 
surprisingly, this material gave primary iodide 211 through decarboxylation of C-11 when 
exposed to Suárez conditions (PhI(OAc)2, I2, hn) in 34% yield with 22% unreacted 210. 
However, when 210 was treated with [Fe((S,S’)-PDP)(MeCN)2][(SbF6)2] (176) and H2O2, 
we were elated to isolate 25% yield of the desired C–H activated product 212. 
Furthermore, this well-behaved substrate did not require extensive optimization of the 
reaction conditions. We discovered that simply by switching to a more flexible ligand 
system on the iron center with the readily available catalyst [Fe(mep)(MeCN)2] 
[(SbF6)2]23b,24g (213) and a slow addition protocol of the iron reagent and H2O2 oxidant,59 
we were able to cleanly obtain 22% yield of silyl ether 212 and 30% of the desilylated 
product 214 on gram scale. This remarkable C–H activation occurred readily on large 
scale with relatively high efficiency when compared to other examples in the literature. 
The crystalline material 214 was subjected to X-ray crystallographic analysis to confirm 
the formation of the desired g-lactone group and the unrearranged a-ketol 
stereochemistry, a potential problem we were conscious of during these studies. Even 
more astonishingly, we identified the overoxidation product epoxide 215 in 4% yield on 
gram scale. This impressive triple-oxidation reactivity is currently unreported in non-
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heme iron chemistry to the best of our knowledge. Two dimensional nOe experiments 
were carried out for the assignment of the b-epoxy stereochemistry (see Supporting 
Information). Based on mechanistic inquiries by the White group, we hypothesized that 
upon desaturation of substrate 210, directed epoxidation ensued from the b-face 
followed by elimination of the epoxide group to form allylic alcohol intermediate 216, a 
process documented in Theodorakis’ synthesis of (–)-jiadifenolide (16).60 From 216, 
either initial directed epoxidation would occur followed by lactonization, or formation of 
the g-lactone group preferentially with subsequent substrate-biased epoxidation to lead 
to epoxide 215. In essence, we have accomplished the pivotal C–H activation of the C-
4 position of 210 with relative ease in a combined 56% yield of C–H activated products 
212, 214-215 on gram scale. Moreover, 214 could be resilylated (TMSCl, im.) in 67% 
yield to provide more of the desired product 212, though the mechanism for desilylation 
was unclear since catalyst or oxidant did not independently react with 210. 
Notwithstanding, the foundations toward a synthesis of Illicium sesquiterpenoids have 
now been laid.  
 
2.6 Target selection – Inroads and more oxidations 

 
With copious amounts of C–H activated products 212 and 214 in hand, we were 

poised for the next phase of our investigations (Scheme 2.5A). In addition to universal 
oxidation at the C-4 position in the seco-prezizaane series, every member also 
possessed hydroxylation on the C-14 carbon unit. Therefore, oxidation of this position 
was our final obstacle. (–)-Debenzoyldunnianin (217), one of the simplest, yet still 
synthetically challenging sesquiterpenoid, was selected as a target. Our plans called 
upon the ambitious, late-stage hydroxyl-directed C–H functionalization of the C-14 
methyl group in 218 through metal-catalyzed processes61 or radical chemistry.18c,19,62 In 
turn, functional group transformations of alkene 219 was envisioned to deliver 218. To 
unveil an alkene handle from 214, a formidable elimination of the g-lactone motif was 
anticipated to provide 219. In this section, we detail our discoveries in traversing the 
oxidative landscape starting from C–H activated intermediate 214 (Scheme 2.5B).  

Intuitively, the most straightforward way of eliminating the g-lactone group of 214 
to afford 220 was either through acidic or basic media. Much to our disappointment, 
strong acids simply led to dehydration of the alcohol group to the corresponding enone 
intermediate (not shown). On the other hand, an array of bases promoted the a-ketol 
rearrangement of the [4.3.3]propellane system to the [3.3.3] framework, a process that 
has come to haunt us since its successful utilization for the construction of the seco-
prezizaane core. In the interest of preventing this undesired pathway, 214 was subjected 
to directed reduction (Me4NBH(OAc)3)63 of the ketone group followed by selective 
protection (NaH, Ac2O) of the resulting secondary alcohol group to provide acetate 221 
in 57% yield over two steps. The tetramethylammonium counterion along with low 
temperature was crucial for the preferential formation of the desired trans diastereomer. 
From this intermediate, considering the likely complications of commonly-used 
nucleophilic reagents, we chose to probe the viability of strongly electrophilic alkylating 
agents such as Meerwein’s salts for the proposed transformation.64 Gratifyingly, 
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treatment of 221 with Me3OBF4 and 2,6-di-tert-butylpyridine (222)65 led to formation of 
the desired trisubstituted alkene 223 along with a tetrasubstituted alkene product 224 
in 19% and 22% yield, respectively.66 We theorized that the tetrasubstituted alkene 
product 224 likely arose from a Grob-type fragmentation of tertiary carbocation 
intermediate 225 generated from methylation of the g-lactone motif,67 while proton-loss 
from 225 led to the desired product 223. Armed with this knowledge, the O-TMS silylated 
compound 212 was subjected to similar conditions with Proton-sponge® as base.68 The 
desired alkene products 226 and 227 were isolated in 24% and 11% yield, respectively, 
along with 37% of recovered 212 (Entry 1). Upon switching to a more soluble derivative 
Et3OPF6, we were able to realize the delivery of 228 and 229 in 40% and 18% yield, 
respectively, with minimal (17%) unreacted 212 (Entry 2). Other electrophilic alkyl  

Scheme 2.5 Oxidative investigations on [4.3.3]propellane-containing system 214.  
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sources or solvents were detrimental to the transformation. Intermediate 228 could 
subsequently be deprotected smoothly to 229 with buffered TBAF in 82% yield. 

The homoallylic alcohol group found in 229 was thought to be a convenient directing 
group for the installation of an a-epoxy motif in order to achieve a straightforward, formal 
trans-dihydroxylation of the alkene.69 Through vanadium catalysis (VO(acac)2, TBHP), 
epoxide 230 was furnished in 99% yield (vide infra on formation of 233 for confirmation 
of a stereochemistry). Since C-11–C-3 lactone bridges were documented in several 
natural products (see Figure 1.2), we exposed epoxide 230 to basic hydrolysis (KOH, 
EtOH) in the hopes for a SN2-type substitution on the C-3 carbon, which would also result 
in the desired a tertiary alcohol at the C-4 carbon as seen in many natural products. 
However, the C-11–C-4 g-lactone motif was reestablished under these conditions, and 
upon directed reduction (Me4NBH(OAc)3) of the ketol group, highly crystalline triol 231 
was obtained in 38% yield over two steps. X-ray crystallographic analysis of 231 
validated our structural assignment. In light of this reactivity, we attempted a series of 
intermolecular openings70 of epoxide 230 with various heteronucleophiles including 
iodides,71 oxygen sources,72 and thiophenol. Epoxide 230 was found to either be inert to 
some conditions even at elevated temperatures, or to reform the undesired g-lactone 
scaffold, especially under acidic conditions. Our pursuit then led us to d-lactone 232 
through directed reduction (Me4NBH(OAc)3) of 230 followed by treatment with base (NaH, 
THF) in 95% yield over two steps. It was our postulation that perhaps by rigidifying the 
carbon skeleton, we could impart the desired reactivity of the epoxy group in 232. 
Unfortunately, this proved to not be the case, as epoxide 232 remained inert to various 
intermolecular oxygen nucleophiles. Furthermore, it was discovered during the course 
of attempted isomerization of the epoxy group to an allylic alcohol functionality73 that 
simple exposure of 232 to amide base LDA afforded the unexpected cyclopropane 233 
in 71% yield. An X-ray structure was obtained to confirm this surprising product, while 
also unambiguously supporting the a stereochemical assignment of the initial 
epoxidation. Although we currently cannot rule out an electron transfer mechanism,36 
there have been two reports of intramolecular SN2-type oxirane openings at the tertiary 
center under basic conditions,74 and a proposed SN2-type reduction of epoxides at the 
fully substituted carbon.75 If no radical intermediates were involved, then we surmise that 
deprotonation at the C-10 position in 232 followed by substitution would give rise to 233. 
As for the base mediated formation of g-lactone 231 from epoxide 230, we presume a 
similar mechanism to also be operative. Moreover, subjection of epoxide 230 to refluxing 
AcOH also provided the same intermediate ketone (not shown, NMR analysis) via a 
presumed canonical SN1-type opening, giving further evidence for the a assignment of 
epoxide 230. With the prospect of a successful formal trans-dihydroxylation via epoxide 
intermediates 230 and 232 diminishing, we then explored the fruitful cis-dihydroxylation 
of alkene 229 and subsequent transformations, described in the next section. 

 
2.7 Synthesis of (–)-14-dehydroxydunnianin and efforts at the C-14 C–H activation 
 

Since epoxide intermediates 230 and 232 were unproductive in providing the 
desired trans-diol functionality, we turned to direct Os-mediated cis-dihydroxylation 
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chemistry from alkene 229 (Scheme 2.6). Cognizant of potential facial selectivity 
problems since we required the critical a tertiary alcohol on the C-4 position, a survey of 
past Illicium syntheses revealed that similar intermediates were mostly dihydroxylated 
from the a face by osmium,76 mitigating much of our initial worries. Moving forward, we 
realized that standard catalytic dihydroxylation techniques with osmium were uniformly 
unsuccessful on 229,77 which we suspected to stem from slow cleavage of the sterically 
hindered osmate ester intermediate. We had to resort to stoichiometric osmoylation with 
OsO4 in pyridine, an observation made by others in the field.76,78 Much to our surprise 
and consternation, osmoylation of 229 followed by reductive hydrolysis79 of the stable 
osmate ester provided compound 234 as a single diastereomer in 63% yield, 
constituting exclusive b-face approach of the oxidant. Undeterred, akin to that of 
epoxide 230, an analogous d-lactone 235 was synthesized via a two-step approach 
(Me4NBH(OAc)3 then NaH) in 71% yield. This material, to our amazement, led to the 
exclusive formation of the diastereomeric all-cis triol 236 in 94% yield under identical 
conditions. An X-ray structure was obtained for 236 to secure the stereochemical 
assignment. The complete reversal in facial selectivity for the dihydroxylation was in 
accordance with Fukuyama’s account for a substrate bearing a C-11–C-7 lactone 
bridge,76a but contrary to Theodorakis’ report,78 which occurred from the b-face. The 
mysterious origin of the observed substrate-biased diastereocontrol is hypothesized to 
be a kinetic effect, since [3+2] cycloaddition of OsO4 with alkenes is not known to be 
reversible.80 

With cis-triol 236 in hand, in order to furnish C–H activation substrate 218, we had 
to realize the stereoinversion of the C-3 alcohol group. Cis-triol 236 was first oxidized 
with catalytic tetrapropylammonium perruthenate (TPAP) to avoid C–C bond cleavage 
of the 1,2-diol to produce ketol 237. This compound was then subjected to a chemo-  

Scheme 2.6 Dihydroxylation of alkene 229 and the synthesis of 218. 
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and stereoselective reduction of the ketone group through the action of lithium aluminum 
hydride (LAH) to provide (–)-14-dehydroxydunnianin (218) in 95% yield. A one-step 
transformation was also possible from 236 via triflation of the secondary alcohol group 
followed by exposure to aqueous base to deliver 218 (see Section 3.4 for analogous 
condition on a similar substrate). Mindful of the fact that ambiguities in bridging lactone 
assignments have plagued structural determination efforts of (–)-debenzoyldunnianin 
(217) and other related compounds,81 we gathered X-ray crystallographic data on 218 to 
unambiguously prove formation of the 3,4-trans-diol functionality without concomitant 
reorganization of the lactone system, at least in the solid state. At this stage, significant 
experimentation was conducted on 218 in attempts to achieve the final, challenging C–
H activation of the C-14 methyl group. We thought to leverage the close proximity of the 
b-C-3 alcohol group to assist in this process. First, we tried an array of radical generating 
conditions including formation of alkyl hypoiodite species under Suárez conditions and 
Pb(OAc)4- or HgO-mediated alkoxy radical generation.18c,62c Regrettably, we did not 
observe formation of the desired C-14-oxygenated or -halogenated products. Instead, 
we routinely detected b-scission of C–C bonds including C-3–C-4 and C-5–C-6 from the 
alkoxy radical intermediates, an undesired process well-documented in the 
literature.62a,82 We suspect that non-regioselective formation of alkoxy radicals coupled 
with their inherent instability to be a source of great disappointment for us. Interestingly, 
nitrite ester formation occurred exclusively on the C-3 secondary alcohol group with 
nitrosyl chloride gas.83 However, the nitrite ester photolysis that has seen considerable 
success in steroid chemistry was not productive in our system.84 It has been proposed 
in the steroid literature that intramolecular hydrogen atom abstraction from oxygen-
centered radicals was optimal when the carbon atom under attack was situated between 
2.5 to 2.7 Å from the initiating radical.85 In the crystal structure of (–)-14-
dehydroxydunnianin (218), the O-3–C-14 distance was determined to be 2.872 Å, a 
significant departure from the proposed upper limit. Meanwhile, the crystal structure of 
(–)-debenzoyldunnianin (217),81a available from the Cambridge Crystallographic Data 
Centre, also exhibited a similar O-3–C-14 bond length of 2.970 Å. Although this would 
seem like a contributing factor to the failure of a radical approach, we present a 
discussion in Section 4.2 with the inclusion of more data. Furthermore, attempted 
protections of the 1,3-cis-diol group in 218 was futile due to presumed steric hindrance. 
Finally, Ir- or Rh-catalyzed methodologies developed in the Hartwig lab were also 
unfruitful despite our very best efforts,61a,b,e,g with no formation of the desired oxasila-
cyclopentane. The entropic penalty for a cyclic 7-membered transition state required 
during metal insertion might have been too large with our system. With a heavy heart 
and in the face of this overwhelmingly challenging late-stage C–H activation, we found 
ourselves in a difficult position of readjusting our retrosynthetic strategy. 
 
2.8 Summary and conclusion 
 

In summary, we have achieved the synthesis of (–)-14-dehydroxydunnianin (218) 
from hydrocarbon feedstock (–)-a-cedrene (162) in 12 steps and 1.24% overall yield 
(Scheme 2.7). Through our interrogations, we have uncovered an a-acyloxylation 
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condition for the direct synthesis of 189 from keto-acid 197, followed by the successful 
reorganization of the 5,5-ring fused system to provide the seco-prezizaane scaffold 
found in 194. We have also employed state-of-the-art C–H activation methodology on 
highly-functionalized substrate 210 for an impressive 56% combined yield of C–H 
activated products 212, 214-215 on gram scale. With this material, we were able to 
accomplish the challenging elimination of the g-lactone group with subsequent 
advancement of the product to (–)-14-dehydroxydunnianin (218). Although we have not 
been able to realize the ultimate late-stage directed C–H activation of 218 to natural 
product (–)-debenzoyldunnianin (217), we were able to demonstrate the viability of our 
overarching retrosynthetic strategy to furnish seco-prezizaane scaffolds from (–)-a-
cedrene (162) with cutting-edge aliphatic C–H activation chemistry. Critical insights into 
the reactivity of intermediates en route towards a synthesis of Illicium sesquiterpenoids 
have been gained through our endeavors in this Chapter. Serving as valuable foundation, 
our work here was far from in vain, and our story continues in the following Chapters to 
eventual syntheses of several Illicium natural products.86 
 

 
Scheme 2.7 Full 12-step synthetic sequence of (–)-218 from (–)-a-cedrene (162). 
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SI 1.1 General procedures 
 

All reactions were performed in flame- or oven-dried glassware under a positive 
pressure of nitrogen or argon, unless otherwise noted. Air- and moisture-sensitive liquids 
were transferred via syringe. Volatile solvents were removed under reduced pressure 
rotary evaporation below 35 ℃. Diglyme was removed under reduced pressure rotary 
evaporation at 60 ℃. Analytical and preparative thin-layer chromatography (TLC) were 
performed using glass plates pre-coated with silica gel (0.25-mm, 60-Å pore size, 
Silicycle SiliaPlateTM or MilliporeSigma TLC Silica gel 60 F254) and impregnated with a 
fluorescent indicator (254 nm). TLC plates were visualized by exposure to ultraviolet light 
(UV) and then were stained by submersion in an ethanolic anisaldehyde solution or an 
ethanolic phosphomolybdic/cerium sulfate solution or basic aqueous potassium 
permanganate solution, followed by brief heating on a hot plate. Flash column 
chromatography was performed employing silica gel purchased from Silicycle 
(SiliaFlash®, 60 Å, 230-400 mesh, 40-63 μm). Ozone was generated with Welsbach 
Ozonator Model T-816 at 90 V from Welsbach Ozone Systems. Extended reaction times 
at low temperature were maintained with ThermoScientificTM EK 90 Immersion Cooler 
(cryocool). Reaction conditions involving slow addition of reagents were performed with 
syringe pumps model KDS 100 and KDS 200, obtained from KD Scientific. 

(+)-Cedrol purchased from Sigma-Aldrich was recrystallized from MeOH/H2O. The 
recrystallized material was found to have an optical rotation of [𝛼]$%&	= +9.6 (c 5, CHCl3). 
This value corresponds to 97% ee when compared to the Merck Index value for 
enantiopure cedrol ([𝛼]$%& = +9.9, c 5, CHCl3), and 91% ee when compared to the value 
reported by Sigma Aldrich ([𝛼]$%&  = +10.5, c 5, CHCl3). (+)-Cedrol purchased from 
Parchem was used directly as received. The crystalline material was found to have an 
optical rotation of [𝛼]$%& = +11.9 (c 5, CHCl3).  

Anhydrous tetrahydrofuran (THF), dichloromethane (DCM), dimethylformamide 
(DMF), triethylamine (Et3N) and acetonitrile (MeCN) were obtained by passing these 
previously degassed solvents through activated alumina columns. Trimethylsilyl chloride 
(TMSCl), thionyl chloride (SOCl2), and 2-methylthioaniline was distilled over calcium 
hydride prior to use. All other solvents and reagents were purchased at the highest 
commercial grade and were used as received, without further purification. Concentration 
of the reaction mixture was calculated with respect to the starting material unless 
otherwise specified. (–)-a-Cedrene,1 TFDO,2 and [Fe(mep)(MeCN)2][(SbF6)2]3 were 
prepared from their respective literature procedures. 

Proton nuclear magnetic resonance (1H NMR) spectra and carbon nuclear 
magnetic resonance (13C NMR) spectra were recorded on Bruker AVB 400 (400 MHz/101 
MHz), Bruker AV 500 (500 MHz/126 MHz), Bruker DRX 500 (500 MHz/126 MHz), Bruker 
AV 600 (600 MHz/151 MHz) NMR, Bruker AV 700 (700 MHz/176 MHz), and Bruker 900 
(900 MHz/226 MHz) spectrometers at 23 ℃. Proton chemical shifts are expressed as 
parts per million (ppm, δ scale) and are referenced to residual protium in the NMR solvent 
(C5D4HN: δ 8.74, CHCl3: δ 7.26, CD2HOD: δ 3.31), except where otherwise indicated. 
Carbon chemical shifts are expressed as parts per million (ppm, δ scale) and are 
referenced to the carbon resonance of the NMR solvent (C5D5N: δ 150.35, CDCl3: δ 77.16, 
CD3OD: 49.15), except where otherwise indicated. Data are represented as follows: 
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chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, p =pentet, dd 
= doublet of doublets, dt = doublet of triplets, m = multiplet, br = broad), coupling 
constant (J) in Hertz (Hz), and integration. D2O exchangeable signals are noted when 
applicable. Infrared (IR) spectra were recorded on a Bruker Alpha FT-IR spectrometer as 
thin films and are reported in frequency of absorption (cm–1). Melting points were 
determined using a MEL-TEMP II apparatus and are uncorrected. Optical rotations were 
recorded on a Perkin Elmer polarimeter, model 241. High-resolution mass spectra were 
obtained at the QB3/Chemistry Mass Spectrometry Facility at University of California, 
Berkeley using a Thermo LTQ-FT mass spectrometer, Waters AutoSpec Premier mass 
spectrometer, and at the Lawrence Berkeley National Laboratory Catalysis Center using 
a Perkin Elmer AxION 2 TOF mass spectrometer with electrospray ionization (ESI), 
electron ionization (EI), and chemical ionization (CI) techniques. X-ray diffraction data for 
all compounds were collected at the Small Molecule X-ray Crystallography Facility 
(CheXray) at University of California, Berkeley using a Bruker MicroSTAR-H APEX II X-
ray source. 

 
SI 1.2 Experimental procedures and characterization data 
 

Enone 166.4 Ethyl acetate (100 mL, ca. 0.5 M) was charged into a 500 
ml flask containing (–)-a-cedrene (10.0 g, 48.9 mmol, 1.0 equiv) and 
diacetoxyiodobenzene (47.2 g, 146.5 mmol, 3.0 equiv). Tert-butyl 
hydroperoxide (70 wt.% in H2O, 25.0 g, 194.2 mmol, 4.0 equiv) was 
slowly added via syringe pump in 1 h, while the suspension was stirred 

vigorously at –20 ℃ and the temperature maintained with an isopropanol bath using a 
cryocool. The pale-yellow suspension was allowed to react for an additional 11 h at –
20 ℃. The reaction mixture was quenched by slow addition of saturated aq. 
NaHCO3/saturated aq. Na2S2O3 (1:1 v:v, 300 mL) and vigorously stirred for 15 minutes 
[CAUTION: O2 evolution]. Then, the layers were separated, and the aqueous layer was 
extracted with EtOAc (3 x 100 mL). The combined organic layers were then washed with 
brine (1 x 500 mL), dried over Na2SO4 and concentrated in vacuo. The crude residue was 
purified by flash column chromatography (1% → 5% → 10% Et2O in hexanes) to afford 
enone 166 (4.64 g, 21.3 mmol, 43% yield) as a pale-yellow oil. An analytical sample was 
purified by preparative TLC (20% Et2O in hexanes). Characterization data were in 
agreement with previously reported values. [𝛼]$%& = –45.9 (c 0.17, CHCl3); 1H NMR (700 
MHz, CDCl3) δ 5.64 (d, J = 1.5 Hz, 1H), 2.32 (d, J = 4.0 Hz, 1H), 1.98 – 1.96 (m, 1H), 1.97 
(d, J = 1.5 Hz, 3H), 1.96 – 1.92 (m, 1H), 1.94 (dd, J = 11.6 Hz, 1H), 1.79 – 1.72 (m, 1H), 
1.74 (dd, J = 11.6, 4.0 Hz, 1H), 1.73 – 1.64 (m, 2H), 1.52 – 1.45 (m, 1H), 1.31 (d, J = 7.0 
Hz, 3H), 1.14 (s, 3H), 1.01 (s, 3H); 13C NMR (176 MHz, CDCl3) δ 204.0, 165.5, 125.8, 65.8, 
59.3, 58.4, 45.0, 44.2, 42.7, 39.6, 28.1, 27.3, 26.9, 25.4, 15.4; IR (thin film) nmax: 2492, 
2869, 1668, 1452, 1375, 1195 cm–1; HRMS (ESI) calcd for C15H23O1 [M+H]+: 219.1743, 
found: 219.1740.  
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Aldehyde 167. To a 500 mL flask containing enone 166 (3.0 g, 13.9 
mmol, 1.0 equiv) and SeO2 (3.4 g, 30.5 mmol, 2.2 equiv) under N2 
atmosphere was added anhydrous 1,4-dioxane (300 mL, ca. 0.05 M). 
The reaction mixture was stirred and heated to reflux at 120 ℃ with a 
condenser for 14 h. The crude mixture was cooled, filtered through a 
short pad of Celite®, washed with Et2O, concentrated in vacuo, and 

purified by flash column chromatography (1% → 5% → 10% Et2O in hexanes) to afford 
aldehyde 167 (2.3 g, 10.1 mmol, 73% yield) as a pale-yellow oil. An analytical sample 
was purified by preparative TLC (20% Et2O in hexanes) to afford aldehyde 167 as a white 
solid (mp = 41 – 42 ℃). [𝛼]$%& = –73.8 (c 0.42, CHCl3); 1H NMR (700 MHz, CDCl3) δ 9.76 
(s, 1H), 6.38 (s, 1H), 3.06 (d, J = 3.5 Hz, 1H), 2.00 – 1.95 (m, 2H), 1.94 – 1.87 (m, 2H), 
1.87 – 1.81 (m, 1H), 1.77 – 1.72 (m, 1H), 1.68 (dtd, J = 11.9, 10.6, 5.4 Hz, 1H), 1.56 (dddd, 
J = 11.9, 10.6, 8.4, 5.4 Hz, 1H), 1.31 (d, J = 7.1 Hz, 3H), 1.19 (s, 3H), 0.85 (s, 3H); 13C 
NMR (176 MHz, CDCl3) δ 203.6, 193.5, 157.9, 140.2, 68.0, 57.9, 49.6, 44.1, 43.9, 42.7, 
39.5, 28.1, 26.7, 26.6, 15.1; IR (thin film) nmax: 2945, 2872, 1684, 1455, 1098, 1004 cm–1; 
HRMS (EI) calcd for C15H20O2 [M]+: 232.1463, found: 232.1463. 
 

Acid 168. Tert-butanol (27 mL, 0.1 M) was added to a 100 mL flask 
containing aldehyde 167 (630 mg, 2.7 mmol, 1.0 equiv). A freshly 
prepared solution of NaH2PO4•H2O (3.0 g, 21.7 mmol, 8.0 equiv) and 
NaClO2 (80% purity, 3.0 g, 27.0 mmol, 10.0 equiv) in H2O (27 mL) was 
added to the reaction mixture, followed by 2-methyl-2-butene (7.2 mL, 
68.0 mmol, 25.2 equiv). The biphasic reaction mixture was stirred 

vigorously for 19 h, after which, the organic layer was separated. The aqueous layer was 
extracted with EtOAc (3 x 25 mL) and the combined organic layers were washed with 
brine (1 x 50 mL), dried over Na2SO4, concentrated in vacuo, and purified by flash column 
chromatography (5% → 10% → 20% EtOAc in hexanes) to afford acid 168 (0.67 g, 2.7 
mmol, > 99% yield) as a pale-yellow oil. [𝛼]$%& = –127.7 (c 0.35, CHCl3); 1H NMR (400 
MHz, CDCl3) δ 6.71 (s, 1H), 3.08 (d, J = 3.9 Hz, 1H), 2.06 – 1.93 (m, 3H), 1.88 (dd, J = 
12.1, 4.1 Hz, 1H), 1.85 – 1.63 (m, 3H), 1.62 – 1.51 (m, 1H), 1.31 (d, J = 6.9 Hz, 3H), 1.19 
(s, 3H), 0.98 (s, 3H); 13C NMR (151 MHz, CDCl3) δ 203.2, 171.3, 151.2, 135.1, 67.3, 57.9, 
52.5, 44.5, 43.9, 43.3, 39.5, 27.9, 26.8, 26.7, 15.2; IR (thin film) nmax: 2950, 2872, 1674, 
1455, 1256, 1235, 1141 cm–1; (ESI) calcd for C15H20O3Na [M+Na]+: 271.1310, found: 
271.1297. 
 

Epoxide 169. a) To a solution of acid 168 (186 mg, 0.75 mmol, 1.0 
equiv) in methanol (7.4 mL, 0.1 M) at 0 ℃ was added sequentially aq. 
NaOH (3 M, 1.3 mL, 3.9 mmol, 4 equiv) and H2O2 (50 wt% in H2O, 509 
mg, 7.5 mmol, 10.0 equiv). The reaction mixture was allowed to warm 
to room temperature and stirred for 7 h. Then, 1 M HCl (5 mL) was 
added and the acidic solution was extracted with DCM (3 x 20 mL). 

The combined organic layers were washed with brine (1 x 50 mL), dried over Na2SO4, 
and concentrated in vacuo. The crude residue was purified by flash column 
chromatography (10% → 20% → 30% EtOAc with 1% AcOH in hexanes) to afford 
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recovered acid 168 (149 mg, 0.60 mmol, 80% yield) and epoxide 169 (32 mg, 0.12 mmol, 
16% yield, 81% BRSM yield) as a colorless oil.  

b) Acetonitrile (5.1 mL, 0.1 M) was added to a mixture of acid 168 (122 mg, 0.49 
mmol, 1.0 equiv), RuCl3•xH2O (4.8 mg, 0.023 mmol, 5 mol%), and KBrO3 (231 mg, 1.38 
mmol, 3.0 equiv). Pyridine (4 µL, 0.049 mmol, 10 mol%) and H2O (115 µL, 6.4 mmol, 13.1 
equiv) were then added. The black reaction mixture was heated to 60 ℃ and stirred for 
12 h. Upon cooling to room temperature, the resulting mixture was diluted with EtOAc 
(5.0 mL) and water (5.0 mL). The layers were separated, and the aqueous layer was 
extracted with EtOAc (3 x 5.0 mL). The combined organic layers were washed with brine 
(1 x 20 mL), dried over Na2SO4, and concentrated in vacuo. The crude residue was 
purified by flash column chromatography (10% → 20% → 30% EtOAc with 1% AcOH 
in hexanes) to afford epoxide 169 (27 mg, 0.10 mmol, 21% yield) as a colorless oil.  

c) Acid 168 (100 mg, 0.4 mmol, 1.0 equiv) was dissolved in MeCN (0.6 mL, 0.67 
M) and [Fe((S,S’)-PDP)(MeCN)2][(SbF6)2] (17.4 mg, 0.06 mmol, 15 mol%) was added in 
one portion. H2O2 (50 wt% in H2O, 41 mg, 0.6 mmol, 1.5 equiv) was then slowly added 
into the reaction mixture along the side of the reaction vessel at room temperature. After 
0.5 h, a further portion of [Fe((S,S’)-PDP)(MeCN)2][(SbF6)2] (8.7 mg, 0.03 mmol, 7.5 mol%) 
and H2O2 (50 wt% in H2O, 20 mg, 0.3 mmol, 0.75 equiv) was added in the same manner. 
After an additional 0.5 h, the reaction mixture was concentrated directly in vacuo and the 
crude residue was purified by flash column chromatography (10% → 20% → 30% 
EtOAc with 1% AcOH in hexanes) to afford epoxide 169 (50 mg, 0.19 mmol, 47% yield) 
as a colorless oil.  

Epoxide 169. [𝛼]$%& = +13.6 (c 0.25, CHCl3); 1H NMR (600 MHz, CDCl3) δ 3.84 (s, 
1H), 2.92 (d, J = 4.5 Hz, 1H), 2.22 (d, J = 12.8 Hz, 1H), 1.94 (t, J = 10.0 Hz, 1H), 1.94 (t, 
J = 6.1 Hz, 1H), 1.78 – 1.71 (m, 1H), 1.71 – 1.66 (m, 1H), 1.62 (qd, J = 11.8, 5.1 Hz, 1H), 
1.54 (dd, J = 12.8, 4.5 Hz, 1H), 1.49 (qd, J = 11.8, 5.1 Hz, 1H), 1.22 (d, J = 7.0 Hz, 3H), 
1.14 (s, 3H), 1.11 (s, 3H); 13C NMR (176 MHz, CDCl3) δ 202.2, 173.0, 65.5, 62.5, 59.7, 
58.7, 48.9, 44.2, 42.1, 39.6, 32.8, 27.5, 27.5, 27.3, 14.8; IR (thin film) nmax: 3437, 3394, 
2950, 2873, 1705, 1455, 1249 cm–1; HRMS (ESI) calcd for C15H20O4Na [M+Na]+: 287.1259, 
found: 287.1271. 

 
Chloride 170. To a solution of epoxide 169 (15.7 mg, 0.06 mmol, 1.0 
equiv) in anhydrous DCE (0.3 mL) at –20 ℃ was added a stock solution 
of TiCl4 (7.8 µL, 0.07 mmol, 1.2 equiv) in anhydrous DCE (0.3 mL) for a 
total concentration of 0.1 M in epoxide 169. The mixture was first allowed 
to warm to room temperature then heated to 50 ℃ for 4 h. The reaction 
mixture was then quenched with saturated aq. NH4Cl and the layers were 
separated. The aqueous layer was further extracted with DCM (3 x 10 

mL). The combined organic layers were washed with brine (1 x 10 mL), dried over Na2SO4, 
and concentrated in vacuo. The crude residue was purified by preparative TLC (100% 
EtOAc) to afford chloride 170 (2.5 mg, 0.0084 mmol, 14% yield) as a crystalline solid (mp 
= 190 ℃, decomp.). [𝛼]$%& = +39.2 (c 0.12, MeOH); 1H NMR (900 MHz, CD3OD) δ 4.86 (s, 
1H), 4.77 (d, J = 2.0 Hz, 1H), 2.79 (dd, J = 15.2, 8.5 Hz, 1H), 2.19 (td, J = 10.0, 8.5, 2.0 
Hz, 1H), 2.06 (dddd, J = 12.9, 10.0, 7.6, 4.4 Hz, 1H), 1.91 (pd, J = 7.1, 4.4 Hz, 1H), 1.85 
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(d, J = 15.2 Hz, 1H), 1.76 (dtd, J = 12.9, 8.5, 4.4 Hz, 1H), 1.71 (dtd, J = 12.9, 10.0, 7.6 
Hz, 1H), 1.30 – 1.26 (m, 1H), 1.23 (s, 3H), 1.22 (s, 3H), 1.07 (d, J = 7.1 Hz, 3H); 13C NMR 
(226 MHz, CD3OD) δ 215.6, 176.4, 77.5, 66.2, 58.8, 58.7, 46.1, 43.0, 39.5, 38.5, 34.3, 
29.2, 22.8, 22.6, 18.5; IR (thin film) nmax: 3431, 2955, 2874, 1726, 1597, 1377 cm–1; HRMS 
(ESI) calcd for C15H20O4

35Cl [M–H]–: 299.1056, found: 299.1051. 
 

Iodide 175. Anhydrous 1,2-dichloroethane (2.8 mL, 0.02 M) was added 
to a mixture of acid 168 (13.6 mg, 0.055 mmol, 1.0 equiv), 
diacetoxyiodobenzene (53.1 mg, 0.165 mmol, 3.0 equiv) and iodine (14.0 
mg, 0.055 mmol, 1.0 equiv) under N2 atmosphere. The deep-purple 
reaction mixture was heated to 90 ℃ and irradiated by a 90 W halogen 
lamp for 7 h under vigorous stirring. The reaction mixture was cooled to 

room temperature and quenched with saturated aq. Na2S2O3 (15 mL). Following addition 
of EtOAc (10 mL), the layers were separated, and the aqueous layer was further extracted 
with EtOAc (3 x 15 mL). The combined organic layers were washed with brine (1 x 50 
mL), dried over Na2SO4, and concentrated in vacuo. The crude residue was purified by 
preparative TLC (5% acetone in hexanes) to afford recovered acid 168 (4.8 mg, 0.019 
mmol, 35% yield) and iodide 175 (3.6 mg, 0.011 mmol, 20% yield, 31% BRSM yield) as 
a colorless oil. [𝛼]$%& = –70.4 (c 2.2, CHCl3); 1H NMR (500 MHz, CDCl3) δ 6.60 (s, 1H), 3.09 
(d, J = 4.2 Hz, 1H), 2.14 (d, J = 11.8 Hz, 1H), 2.06 (dd, J = 9.7, 7.9 Hz, 1H), 1.94 (ddt, J = 
11.6, 5.5, 2.7 Hz, 1H), 1.81 – 1.70 (m, 2H), 1.70 – 1.62 (m, 1H), 1.67 (dd, J = 11.8, 4.2 Hz, 
1H), 1.54 – 1.46 (m, 1H), 1.28 (d, J = 7.0 Hz, 3H), 1.26 (s, 3H), 1.14 (s, 3H); 13C NMR (176 
MHz, CDCl3) δ 200.2, 139.8, 128.0, 67.6, 66.0, 58.4, 45.5, 44.0, 43.9, 39.5, 27.8, 27.3, 
26.7, 15.2; IR (thin film) nmax: 3322, 2946, 2870, 1674, 1577, 1455, 635 cm–1; HRMS (ESI) 
calcd for C14H19

127IONa [M+Na]+: 353.0378, found: 353.0376. 
 

Amide 178. i) Acid 168 (100 mg, 0.4 mmol, 1.0 equiv) was 
dissolved in anhydrous benzene (2.7 mL, 0.15 M) under N2 
atmosphere. Thionyl chloride (120.0 µL, 1.6 mmol, 4.0 equiv) was 
added and the reaction mixture was heated to 90 ℃ and stirred 
for 24 h. Then, the reaction mixture was concentrated in vacuo and 
used without further purification in the next step.  

ii) The crude mixture from above was re-dissolved in DCM (1.5 mL, 0.27 M). 2-
Methylthioaniline (75 µL, 0.6 mmol, 1.5 equiv) and Et3N (84 µL, 0.6 mmol, 1.5 equiv) were 
sequentially added and the reaction mixture was stirred at room temperature for 5 h, 
followed by direct concentration in vacuo. The crude residue was purified by flash 
column chromatography (1% → 5% → 10% Et2O in hexanes) to afford amide 178 (147 
mg, 0.4 mmol, > 99% yield over two steps) as a pale-yellow solid (mp = 89 – 90 ℃). 
[𝛼]$%& = –68.8 (c 0.24, CHCl3); 1H NMR (700 MHz, CDCl3) δ 9.01 (br s, NH, 1H), 8.40 (dd, 
J = 8.2, 1.4 Hz, 1H), 7.52 (dd, J = 7.6, 1.4 Hz, 1H), 7.33 (td, J = 8.2, 1.4 Hz, 1H), 7.12 (td, 
J = 7.6, 1.4 Hz, 1H), 6.39 (s, 1H), 3.24 (d, J = 4.1 Hz, 1H), 2.39 (s, 3H), 2.07 (t, J = 8.9 Hz, 
1H), 2.04 (d, J = 12.2 Hz, 1H), 2.00 (ddt, J = 11.7, 7.1, 3.5 Hz, 1H), 1.94 (dd, J = 12.2, 4.1 
Hz, 1H), 1.85 (tt, J = 11.7, 10.2, 5.5 Hz, 1H), 1.77 (tq, J = 11.7, 5.5, 3.5 Hz, 1H), 1.71 (qd, 
J = 11.7, 5.5 Hz, 1H), 1.59 (td, J = 11.7, 10.2, 5.5 Hz, 1H), 1.33 (d, J = 7.1 Hz, 3H), 1.23 
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(s, 3H), 1.06 (s, 3H); 13C NMR (151 MHz, CDCl3) δ 203.3, 164.6, 157.2, 138.1, 133.5, 129.3, 
128.4, 125.9, 125.1, 120.5, 67.1, 58.4, 53.3, 44.9, 44.0, 43.4, 39.6, 28.3, 27.0, 26.8, 19.5, 
15.2; IR (thin film) nmax: 2946, 2924, 2870, 1670, 1578, 1512, 1434 cm–1; HRMS (ESI) calcd 
for C22H27NO2

32SNa [M+Na]+: 392.1660, found: 392.1673. 
 

Acetate 179. In a 25 mL flask charged with amide 178 (500 mg, 
1.35 mmol, 1.0 equiv), diacetoxyiodobenzene (523 mg, 1.62 mmol, 
1.2 equiv), and Pd(OAc)2 (66.2 mg, 0.27 mmol, 0.2 equiv) under N2 

atmosphere was added AcOH/Ac2O (1:1 v:v, 6.8 mL, 0.2 M). A 
reflux condenser was attached, and the reaction mixture was 
heated to 100 ℃ and stirred for 12 h. After cooling to room 

temperature, the mixture was diluted with EtOAc and carefully quenched with saturated 
aq. NaHCO3 (50 mL). The layers were separated, and the aqueous layer was extracted 
with EtOAc (3 x 10 mL). The combined organic layers were washed with brine (1 x 20 
mL), dried over Na2SO4, and concentrated in vacuo. The crude residue was purified by 
flash column chromatography (3% → 6% → 9% EtOAc in hexanes) to afford acetate 
179 (237 mg, 0.55 mmol, 41% yield) as a pale-yellow oil. [𝛼]$%& = –86.3 (c 0.49, CHCl3); 
1H NMR (400 MHz, CDCl3) δ 9.45 (br s, NH, 1H), 8.39 (dd, J = 8.4, 1.6 Hz, 1H), 7.50 (dd, 
J = 7.6, 1.6 Hz, 1H), 7.32 (td, J = 8.6, 7.6, 1.6 Hz, 1H), 7.11 (td, J = 7.6, 1.6 Hz, 1H), 3.39 
(d, J = 4.3 Hz, 1H), 2.43 (s, 3H), 2.37 (s, 3H), 2.19 (t, J = 8.7 Hz, 1H), 2.12 (d, J = 12.1 Hz, 
1H), 2.05 – 1.96 (m, 1H), 1.93 (dd, J = 12.1, 4.3 Hz, 1H), 1.90 – 1.84 (m, 1H), 1.79 (dddd, 
J = 11.5, 8.1, 5.1, 2.6 Hz, 1H), 1.72 – 1.54 (m, 2H), 1.31 (d, J = 7.0 Hz, 3H), 1.22 (s, 3H), 
1.11 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 195.9, 168.6, 162.7, 143.9, 140.8, 138.3, 133.0, 
129.0, 126.0, 125.2, 121.3, 66.8, 57.6, 52.9, 44.2, 43.9, 43.6, 39.5, 28.1, 27.0, 26.7, 21.2, 
19.0, 15.3; IR (thin film) nmax: 2951, 2872, 1779, 1695, 1669, 1516, 1157 cm–1; HRMS (ESI) 
calcd for C24H29NO4

32SNa [M+Na]+: 450.1715, found: 450.1694. 
 

Enol 180. Acetate 179 (90mg, 0.21mmol, 1.0 equiv) was charged 
with K2CO3 (145 mg, 1.1 mmol, 5.0 equiv) and MeOH (2.1 mL, 0.1 
M) at room temperature. The reaction mixture was stirred for 3 h. 
After which, the mixture was diluted with EtOAc (5 mL) and 
saturated aq. NH4Cl was added (10 mL). The layers were 
separated, and the aqueous layer was extracted with EtOAc (3 x 

5 mL). The combined organic layers were washed with brine (1 x 10 mL), dried over 
Na2SO4, and concentrated in vacuo. The crude residue was purified by flash column 
chromatography (3% → 6% → 9% Et2O in hexanes) to afford enol 180 (73.5 mg, 0.19 
mmol, 91% yield) as a pale-yellow solid (mp = 148 – 149 ℃). A minor rotamer was 
partially resolved in13C NMR and the peaks were marked with an asterisk. [𝛼]$%& = –5.4 (c 
0.26, CHCl3); 1H NMR (600 MHz, CDCl3) δ 9.97 (br s, 1H), 8.94 (br s, 1H, D2O 
exchangeable), 8.46 (dd, J = 8.3, 1.5 Hz, 1H), 7.50 (dd, J = 7.7, 1.5 Hz, 1H), 7.31 (td, J = 
8.3, 7.7, 1.5 Hz, 1H), 7.09 (td, J = 7.7, 1.5 Hz, 1H), 3.33 (d, J = 4.5 Hz, 1H), 2.39 (s, 3H), 
2.06 – 1.98 (m, 3H), 1.93 (dd, J = 12.1, 4.5 Hz, 1H), 1.88 (dt, J = 10.9, 7.1, 5.2 Hz, 1H), 
1.79 (ddt, J = 13.4, 5.2, 3.0 Hz, 1H), 1.70 (qd, J = 10.9, 5.2 Hz, 1H), 1.65 – 1.57 (m, 1H), 
1.34 (d, J = 7.1 Hz, 3H), 1.24 (s, 3H), 1.04 (s, 3H); 13C NMR (151 MHz, CDCl3) δ 199.3, 
165.4, 148.1, 138.9, 138.8,* 133.0, 128.8, 126.2, 126.1,* 124.7, 121.7, 121.2, 121.2,* 66.0, 
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58.3, 51.1, 51.1,* 44.5, 43.9, 42.8, 39.5, 28.0, 27.1, 26.8, 18.8, 15.2; IR (thin film) nmax: 
3301, 2951, 2872, 1657, 1578, 1524, 1436, 1298, 1193, 752 cm–1; HRMS (ESI) calcd for 
C22H27NO3

32SNa [M+Na]+: 408.1604, found: 408.1601. 
 

Bis-a-keto-ester 185. i) Acid 168 (60 mg, 0.23 mmol, 1.0 equiv) was 
dissolved in acetone (2.3 mL, 0.1 M). K2CO3 (146 mg, 0.68 mmol, 3.0 
equiv) and Me2SO4 (75 µL, 0.91 mml, 4.0 equiv) were added to the 
reaction mixture sequentially and stirred for 12 h at room 
temperature. Then, 0.1 M NaOH (10 mL) was added, followed by 0.5 
h of vigorous stirring. EtOAc (5 mL) was then added, the layers were 

separated, and the aqueous layer was further extracted with EtOAc (3 x 10 mL). The 
combined organic layers were washed with brine (1 x 50 mL), dried over Na2SO4, and 
concentrated in vacuo. The crude intermediate was used immediately in the next step 
without further purification. 
 ii) The crude intermediate obtained from above was dissolved in DCM (2.3 mL) at 
–78 ℃. Ozone (90 V, 1.2 – 1.4 L/min) was bubbled through the reaction mixture with 
vigorous stirring until the solution turned light blue (ca. 5 minutes). The reaction mixture 
was then degassed with N2 until the pale blue color disappeared. Me2S (0.2 mL, 2.3 
mmol, ca. 10 equiv) was then added in one portion at –78 ℃ and the resulting mixture 
was allowed to warm to room temperature and stirred for 4 h. The crude intermediate 
was concentrated directly in vacuo and used immediately in the next step without further 
purification. 
 iii) Tert-butanol (2.3 mL) was added to the crude intermediate from above. A 
freshly prepared solution of NaH2PO4•H2O (250 mg, 1.8 mmol, ca. 8.0 equiv) and NaClO2 
(80% purity, 210 g, 2.3 mmol, ca. 10.0 equiv) in H2O (2.3 mL) was added to the reaction 
mixture, followed by 2-methyl-2-butene (0.28 mL, 2.3 mmol, ca. 10.0 equiv). The 
biphasic reaction mixture was stirred vigorously for 12 h, after which, the organic layer 
was separated. The aqueous layer was extracted with EtOAc (3 x 10 mL) and the 
combined organic layers were washed with brine (1 x 50 mL), dried over Na2SO4, and 
concentrated in vacuo. The crude intermediate was used immediately in the next step 
without further purification. 
 iv) The crude intermediate from above was dissolved in acetone (2.3 mL). K2CO3 
(146 mg, 0.68 mmol, ca. 3.0 equiv) and Me2SO4 (75 µL, 0.91 mml, ca. 4.0 equiv) were 
added to the reaction mixture sequentially and stirred for 12 h at room temperature. Then, 
saturated aq. NaHCO3 (10 mL) was added, followed by 0.5 h of vigorous stirring. EtOAc 
(5 mL) was then added, the layers were separated, and the aqueous layer was further 
extracted with EtOAc (3 x 10 mL). The combined organic layers were washed with brine 
(1 x 50 mL), dried over Na2SO4, and concentrated in vacuo. The crude residue was 
purified by flash column chromatography (30% → 50% Et2O in hexanes) to afford bis-a-
keto-ester 185 (53 mg, 0.16 mmol, 67% yield over 4 steps from acid 168) as a colorless 
oil. [𝛼]$%& = –95.6 (c 0.18, CHCl3); 1H NMR (600 MHz, CDCl3) δ 3.87 (s, 3H), 3.87 (s, 3H), 
3.62 (dd, J = 12.1, 6.9 Hz, 1H), 2.70 (t, J = 8.7 Hz, 1H), 2.56 (dd, J = 14.1, 12.1 Hz, 1H), 
2.10 – 2.03 (m, 1H), 1.91 – 1.84 (m, 1H), 1.87 (dd, J = 14.1, 6.9 Hz, 1H), 1.80 (ddd, J = 
11.9, 9.2, 5.6 Hz, 1H), 1.60 – 1.55 (m, 1H), 1.49 (dtd, J = 12.1, 10.1, 5.8 Hz, 1H), 1.08 (s, 
3H), 1.00 (d, J = 7.1 Hz, 3H), 0.71 (s, 3H); 13C NMR (151 MHz, CDCl3) δ 199.9, 195.6, 
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163.8, 163.2, 64.5, 61.4, 53.2, 53.1, 52.8, 50.2, 45.4, 36.0, 35.0, 28.3, 24.5, 24.0, 15.7; 
IR (thin film) nmax: 2956, 2874, 1734, 1453, 1275, 1084, 1028 cm–1; HRMS (CI) calcd for 
C17H23O6 [M–H]–: 323.1495, found: 323.1501. 
 

Alcohol 187. In a reaction tube containing bis-a-keto-ester 185 (5 
mg, 0.015 mmol, 1.0 equiv) in anhydrous THF (0.3 mL, 0.05 M) at –
78 ℃ was added a pre-cooled stock solution of LDA (0.28 M, 0.023 
mmol, 1.5 equiv) in THF (80 µL). The solution was allowed to warm 
up to room temperature over the course of 1 h. Then, 0.1 M HCl 
(1.0 mL) and EtOAc (1.0 mL) was added. The layers were separated, 

and the aqueous layer was further extracted with EtOAc (3 x 1.0 mL). The combined 
organic layers were washed with brine (1 x 5.0 mL), dried over Na2SO4, and concentrated 
in vacuo. The crude residue was purified by preparative TLC (50% Et2O in hexanes) to 
afford alcohol 187 (2.7 mg, 0.0083 mmol, 55% yield) as a colorless oil and as a single 
diastereomer (> 15:1 d.r.).  [𝛼]$%& = –56.0 (c 0.2, CHCl3); 1H NMR (600 MHz, CDCl3) δ 4.10 
(t, J = 7.8 Hz, 1H), 3.85 (s, 3H), 3.79 (s, 3H), 2.57 (t, J = 8.8 Hz, 1H), 2.38 (d, J = 7.8 Hz, 
OH, 1H, D2O exchangeable), 2.09 (dd, J = 13.8, 12.3 Hz, 1H), 2.02 – 1.94 (m, 2H), 1.81 
(tt, J = 9.8, 3.7 Hz, 1H), 1.73 (tt, J = 7.8, 3.7 Hz, 1H), 1.62 (dd, J = 13.8, 6.8 Hz, 1H), 1.51 
– 1.43 (m, 2H), 1.08 (s, 3H), 0.98 (d, J = 7.2 Hz, 3H), 0.82 (s, 3H); 13C NMR (126 MHz, 
CDCl3) δ 201.0, 175.9, 164.3, 72.1, 64.1, 61.7, 52.6, 52.5, 50.5, 48.8, 43.5, 37.7, 35.0, 
28.5, 24.7, 23.8, 15.7; IR (thin film) nmax: 3502, 2955, 1735, 1703, 1436, 1278, 1086 cm–1; 
HRMS (ESI) calcd for C17H26O6Na [M+Na]+: 349.1622, found: 249.1619. 

 
Aldehyde SI-1.5 (–)-a-Cedrene (100 mg, 0.49 mmol, 1.0 equiv) was 
dissolved in DCM (5 mL, 0.1 M) at –78 ℃. Ozone (90 V, 1.2 – 1.4 L/min) 
was bubbled through the reaction mixture with vigorous stirring until 
the solution turned light blue (ca. 5 minutes). The reaction mixture was 
then degassed with N2 until the pale blue color disappeared. Me2S (0.4 
mL, 4.9 mmol, 10 equiv) was then added in one portion at –78 ℃ and 

the resulting mixture was allowed to warm to room temperature and stirred for 12 h. The 
crude mixture was concentrated directly in vacuo to provide crude aldehyde SI-1 (97.9 
mg, 0.41 mmol, 85% crude yield) as a light-yellow oil, which was used immediately in 
the next step without further purification. An analytical sample was purified by 
preparative TLC (10% Et2O in hexanes) to afford aldehyde SI-1 as a colorless oil. [Note: 
aldehyde SI-1 was found to slowly air-oxidize to keto-acid 197 even at –30 ℃.] 
Characterization data were in agreement with previously reported values. [𝛼]$%& = –57.1 
(c 0.82, CHCl3); 1H NMR (700 MHz, CDCl3) δ 9.85 (t, J = 2.2 Hz, 1H), 2.78 (dd, J = 13.2, 
6.7 Hz, 1H), 2.49 (dt, J = 15.5, 2.2 Hz, 1H), 2.38 (dt, J = 15.5, 2.2 Hz, 1H), 2.18 (t, J = 
13.2 Hz, 1H), 2.15 (s, 3H), 1.94 (t, J = 9.2 Hz, 1H), 1.79 – 1.73 (m, 2H), 1.66 (dt, J = 11.8, 
5.7 Hz, 1H), 1.60 – 1.56 (m, 1H), 1.36 (qd, J = 12.6, 9.8, 6.9 Hz, 1H), 1.14 (s, 3H), 1.11 
(dt, J = 12.6, 6.9 Hz, 1H), 0.93 (d, J = 6.9 Hz, 3H), 0.90 (s, 3H); 13C NMR (126 MHz, CDCl3) 
δ  209.9, 203.8, 63.0, 59.0, 52.5, 50.2, 46.5, 44.1, 38.8, 33.9, 31.9, 29.0, 25.5, 25.0, 14.9; 
IR (thin film) nmax: 2941, 2872, 1701, 1462, 1368, 1218, 1174 cm–1; HRMS (ESI) calcd for 
C15H24O2Na [M+Na]+: 259.1669, found: 259.1665.  
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Keto-ester 188.6 i) Crude aldehyde SI-1 as prepared from the previous 
method (4.16 mg, 17.6 mmol, 1.0 equiv) was re-dissolve in t-butanol 
(175 mL, 0.1 M). A freshly prepared solution of NaH2PO4•H2O (12.1 g, 
140.8 mmol, 8.0 equiv) and NaClO2 (80% purity, 19.6 g, 176 mmol, 10.0 
equiv) in H2O (175 mL) was added to the reaction mixture, followed by 
2-methyl-2-butene (47.0 mL, 444 mmol, 25.2 equiv). The biphasic 

reaction mixture was stirred vigorously for 4 h, after which, the organic layer was 
separated. The aqueous layer was extracted with EtOAc (3 x 100 mL) and the combined 
organic layers were washed with brine (1 x 300 mL), dried over Na2SO4, and concentrated 
in vacuo. Crude keto-acid 197 (3.9 g, 15.4 mmol, 88% crude yield) was obtained as a 
pale-yellow oil which was used immediately in the next step without further purification. 

ii) Crude keto-acid 197 from the above (3.9 g, 15.4 mmol, 1.0 equiv) was dissolved 
in acetone (150 mL, 0.1 M). K2CO3 (6.4 g, 46.2 mmol, 3.0 equiv) and Me2SO4 (5.8 mL, 
61.6 mml, 4.0 equiv) were added to the reaction mixture sequentially and stirred for 3 h 
at room temperature. Then, saturated aq. NaHCO3 (200 mL) was added, followed by 0.5 
h of vigorous stirring. EtOAc (100 mL) was added, the layers were separated, and the 
aqueous layer was extracted with EtOAc (3 x 100 mL). The combined organic layers were 
washed with brine (1 x 300 mL), dried over Na2SO4, and concentrated in vacuo. The 
crude residue was purified by flash column chromatography (5% → 10% → 20% EtOAc 
in hexanes) to afford keto-ester 188 (3.58 g, 13.4 mmol, 55% yield over 3 steps from (–)-
a-cedrene) as a colorless oil. An analytical sample was purified by preparative TLC (30% 
EtOAc in hexanes) to afford keto-ester 188 as a colorless oil. Characterization data were 
in agreement with previously reported values. [𝛼]$%& = –42.4 (c 0.49, CHCl3); 1H NMR (400 
MHz, CDCl3) δ 3.65 (s, 3H), 2.69 (dd, J = 12.8, 6.3 Hz, 1H), 2.36 (d, J = 14.2 Hz, 1H), 2.29 
(d, J = 14.2 Hz, 1H), 2.24 (t, J = 12.8 Hz, 1H), 2.13 (s, 3H), 2.06 (t, J = 9.1 Hz, 1H), 1.79 – 
1.69 (m, 1H), 1.66 (dd, J = 12.8, 6.3 Hz, 1H), 1.63 – 1.51 (m, 2H), 1.35 (tdd, J = 12.5, 9.5, 
5.9 Hz, 1H), 1.16 (tt, J = 11.7, 5.9 Hz, 1H), 1.10 (s, 3H), 0.93 (d, J = 6.8 Hz, 3H), 0.84 (s, 
3H); 13C NMR (101 MHz, CDCl3) δ 210.2, 173.5, 60.9, 59.2, 51.5, 50.7, 46.5, 44.0, 41.4, 
38.0, 33.4, 31.7, 28.7, 25.2, 25.0, 14.0; IR (thin film) nmax: 2949, 2873, 1732, 1703, 1368, 
1217, 1169 cm–1; HRMS (ESI) calcd for C16H26O3Na [M+Na]+: 289.1780, found: 289.1782.  

 
5,5-b-Ketol-acid 189. a) To a solution of keto-ester 188 (500 mg, 
1.88 mmol, 1.0 equiv) in anhydrous THF/t-BuOH (1:1 v:v, 18.8 mL, 
0.1 M) under dry O2 atmosphere at 0 ℃ was added P(OMe)3 (2.2 mL, 
18.8 mmol, 10.0 equiv) and KOt-Bu (840 mg, 7.52 mmol, 4.0 equiv). 
Dry O2 gas was then continuously bubbled into the reaction mixture 
via a balloon under vigorous stirring. The reaction mixture was 

allowed to stir for 7 h, during which O2 gas was resupplied whenever necessary and the 
amount of solvent was maintained at a constant level by manually addition at regular 
intervals. Upon completion, DCM (50 mL) was added followed by 1 M HCl (100 mL). The 
layers were separated, and the aqueous layer was further extracted with DCM (3 x 100 
mL). The combined organic layers were washed with brine, dried over Na2SO4, and 
concentrated in vacuo. The crude residue was by flash column chromatography (5% → 
10% → 25% EtOAc in hexanes) to give 5,6-a-ketol-ester 191 (43 mg, 0.15 mmol, 8% 
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yield) as a white solid and 5,5-b-ketol-acid 189 (50 mg, 0.188 mmol, 10% yield) as a 
colorless oil. 

b) Crude lactone 198 (ca. 2.5 g, containing residual diglyme) as prepared from 
keto-acid 197 (vide infra) was re-dissolved in ethanol (17 mL, ca. 0.5 M). An aqueous 
solution of 1 M NaOH (25 mL, 25 mmol, ca. 2.5 equiv) was slowly added at room 
temperature and the reaction mixture was allowed to stir for 12 h. Upon completion, the 
reaction mixture was acidified with 1 M HCl (40 mL) and extracted with DCM (3 x 100 
mL). The organic layers were combined, washed with brine (1 x 100 mL), dried over 
Na2SO4, concentrated in vacuo, and purified by flash column chromatography (5% → 
10% → 25% EtOAc in hexanes) to provide 5,5-b-ketol-acid 189 (1.28 g, 4.8 mmol, 58% 
yield over two steps from keto-acid 197) as a colorless oil. 

5,5-b-Ketol-acid 189. [𝛼]$%& = –4.0 (c 0.2, CHCl3); 1H NMR (700 MHz, CDCl3) δ 
2.59 (dd, J = 9.9, 4.4 Hz, 1H), 2.57 (d, J = 14.9 Hz, 1H), 2.48 (d, J = 15.4 Hz, 1H), 2.44 (d, 
J = 15.4 Hz, 1H), 2.24 (s, 3H), 2.03 (d, J = 14.9 Hz, 1H), 1.99 (dt, J = 11.1, 6.9 Hz, 1H), 
1.89 (dtd, J = 11.1, 7.9, 6.9, 3.2 Hz, 1H), 1.71 (dtd, J = 13.1, 9.9, 3.2 Hz, 1H), 1.55 (dtd, 
J = 13.1, 8.5, 4.4 Hz, 1H), 1.46 (qq, J = 11.1, 9.9, 8.5 Hz, 1H), 0.97 (s, 3H), 0.92 (d, J = 
6.9 Hz, 3H), 0.83 (s, 3H); 13C NMR (176 MHz, CDCl3) δ 211.1, 178.7, 93.6, 59.1, 52.9, 
48.7, 46.9, 44.3, 38.9, 35.0, 27.7, 23.3, 22.4, 21.8, 14.4; IR (thin film) nmax: 2957, 2876, 
1705, 1395, 1352, 1206, 1075 cm–1; HRMS (ESI) calcd for C15H24O4Na [M+Na]+: 291.1572, 
found: 291.1571. 
 

5,5-b-Ketol-ester 190. Acetone (0.3 mL, 0.04 M) was added to a 
mixture of 5,5-b-ketol-acid 189 (3.2 mg, 0.012 mmol, 1.0 equiv) and 
K2CO3 (5.0 mg, 0.036 mmol, 3.0 equiv). Me2SO4 (4.5 µL, 0.048 mmol, 
4.0 equiv) was added dropwise to the suspension at room temperature. 
After 3 h, the reaction mixture was quenched with 1 M NaOH (1.0 mL) 
and EtOAc (1.0 mL) and the layers were separated. The aqueous layer 

was further extracted with EtOAc (3 x 1.0 mL). The organic layers were combined, 
washed with brine (1 x 5.0 mL), dried over Na2SO4, concentrated in vacuo, and purified 
by preparative TLC (30% Et2O in hexanes) to afford 5,5-b-ketol-ester 190 (1.8 mg, 0.006 
mmol, 50% yield) as a colorless oil. [𝛼]$%& = –1.6 (c 0.37, CHCl3); 1H NMR (700 MHz, 
CDCl3) δ 4.32 (d, J = 1.5 Hz, 1H, D2O exchangeable), 3.69 (s, 3H), 2.63 (d, J = 15.0 Hz, 
1H), 2.56 (ddd, J = 9.8, 4.0, 1.5 Hz, 1H), 2.43 (d, J = 15.7 Hz, 1H), 2.35 (dd, J = 15.7, 1.5 
Hz, 1H), 2.24 (s, 3H), 1.98 (dt, J = 12.0, 6.9 Hz, 1H), 1.93 (dd, J = 15.0, 3.0 Hz, 1H), 1.87 
(dddd, J = 13.2, 10.3, 6.9, 3.0 Hz, 1H), 1.73 – 1.65 (m, 1H), 1.58 – 1.50 (m, 1H), 1.41 
(dddd, J = 13.3, 12.0, 10.3, 8.4 Hz, 1H), 0.98 (s, 3H), 0.88 (d, J = 6.9 Hz, 3H), 0.80 (s, 3H); 
13C NMR (126 MHz, CDCl3) δ 211.2, 175.8, 93.6, 58.8, 52.5, 51.9, 48.7, 46.8, 44.4, 38.6, 
34.7, 27.5, 23.4, 22.2, 21.6, 14.2; IR (thin film) nmax: 3495, 3425, 2954, 2875, 1707, 1350, 
1206 cm–1; HRMS (ESI) calcd for C16H26O4Na [M+Na]+: 305.1723, found: 305.1719. 
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5,6-a-Ketol-ester 191. a) To a solution of keto-ester 188 (500 mg, 
1.88 mmol, 1.0 equiv) in anhydrous THF/t-BuOH (1:1 v:v, 18.8 mL, 
0.1 M) under dry O2 atmosphere at 0 ℃ was added P(OMe)3 (2.2 mL, 
18.8 mmol, 10.0 equiv) and KOt-Bu (840 mg, 7.52 mmol, 4.0 equiv). 
Dry O2 gas was then continuously bubbled into the reaction mixture 
via a balloon under vigorous stirring. The reaction mixture was 

allowed to stir for 7 h, during which O2 gas was resupplied whenever necessary and the 
amount of solvent was maintained at a constant level by manually addition at regular 
intervals. Upon completion, DCM (50 mL) was added followed by 1 M HCl (100 mL). The 
layers were separated, and the aqueous layer was further extracted with DCM (3 x 100 
mL). The combined organic layers were washed with brine, dried over Na2SO4, and 
concentrated in vacuo. The crude residue was by flash column chromatography (5% → 
10% → 25% EtOAc in hexanes) to give 5,6-a-ketol-ester 191 (43 mg, 0.15 mmol, 8% 
yield) as a white solid and 5,5-b-ketol-acid 189 (50 mg, 0.188 mmol, 10% yield) as a 
colorless oil. 

b) In a 25 mL flask containing crude 5,5-a-ketol-ester 195 (ca. 300 mg, ca. 1.06 
mmol, 1.0 equiv, vide infra) and KO-tBu (525 mg, 4.67 mmol, ca. 4.4 equiv) at room 
temperature was added anhydrous t-BuOH (11.7 mL, ca. 0.1 M). The reaction mixture 
was allowed to stir for 3 h, upon which 1 M HCl (50 mL) was added. The layers were 
separated, and the aqueous layer was extracted with EtOAc (1 x 20 mL). The combined 
organic layers were washed with brine (1 x 50 mL), dried over Na2SO4, and concentrated 
in vacuo. The crude residue was purified by flash column chromatography (20% → 30% 
Et2O in hexanes) to afford 5,6-a-ketol-ester 191 (247 mg, 0.88 mmol, 58% yield over 4 
steps from keto-ester 188) as a white solid (mp = 49 – 50 ℃). 

c) Acetone (0.37 mL, 0.1 M) was added to a mixture of 5,6-a-ketol-acid 194 (10.0 
mg, 0.037 mmol, 1.0 equiv, vide infra) and K2CO3 (15.3 mg, 0.111 mmol, 3.0 equiv). The 
suspension was treated with Me2SO4 (14.0 µL, 0.148 mmol, 4.0 equiv) dropwise and 
stirred for 1 h at room temperature. The reaction mixture was then quenched with 1 M 
NaOH (3.0 mL) and EtOAc (1.0 mL), and the layers were separated. The aqueous layer 
was further extracted with EtOAc (3 x 3.0 mL). The organic layers were combined, 
washed with brine (1 x 5.0 mL), dried over Na2SO4, concentrated in vacuo, and purified 
by preparative TLC (50% Et2O in hexanes) to afford 5,6-a-ketol-ester 191 (10.0 mg, 
0.035 mmol, 96% yield) as white solid (mp = 49 – 50 ℃). 

5,6-a-Ketol-ester 191. [𝛼]$%& = –26.9 (c 1.0, CHCl3); 1H NMR (500 MHz, CDCl3) δ 
3.82 (s, OH, 1H, D2O exchangeable), 3.71 (s, 3H), 3.34 (d, J = 15.4 Hz, 1H), 2.44 (d, J = 
15.4 Hz, 1H), 2.23 (d, J = 8.2 Hz, 1H), 2.21 (d, J = 14.4 Hz, 1H), 2.08 (d, J = 14.4 Hz, 1H), 
1.99 – 1.80 (m, 3H), 1.68 – 1.57 (m, 1H), 1.36 (s, 3H), 1.35 – 1.27 (m, 1H), 0.97 (s, 3H), 
0.82 (d, J = 6.4 Hz, 3H), 0.71 (s, 3H); 13C NMR (151 MHz, CDCl3) δ 215.3, 173.2, 79.9, 
51.6, 50.5, 50.1, 44.7, 41.7, 40.7, 38.6, 30.5, 23.9, 23.9, 20.9, 20.9, 19.2, 13.4; IR (thin 
film) nmax: 3481, 2956, 2877, 1732, 1709, 1194, 1133 cm–1; HRMS (ESI) calcd for 
C16H26O4Na [M+Na]+: 305.1723, found: 305.1726. 
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5,6-a-Ketol-acid 194. To a mixture of 5,5-b-ketol-acid 189 (2.6 g, 
9.69 mmol, 1.0 equiv) and KOt-Bu (3.25 g, 29.1 mmol, 3.0 equiv) was 
added anhydrous DMSO (100 mL, 0.1 M) at room temperature. The 
resulting mixture was stirred for 12 h. The reaction mixture was then 
cooled to 0 ℃ and quenched with 1 M HCl (300 mL). DCM (300 mL) 
was added and the layers were separated. The aqueous layer was 

further extracted with DCM (3 x 200 mL). The organic layers were combined, washed 
with brine (1 x 500 mL), dried over Na2SO4, and concentrated in vacuo. The crude residue 
was purified by flash column chromatography (20% → 30% → 50% EtOAc in hexanes) 
to afford two diastereomers: 5,6-a-ketol-acid 194 (1.1 g, 4.26 mmol, 44% yield) as a 
white solid and 5,6-b-ketol-acid 193 (0.21 g, 0.78mmol, 8% yield) as a pale-yellow solid 
in 5.5:1 d.r. Both pure 5,6-a-ketol-acid 194 and pure 5,6-b-ketol-acid 193 returned to 
the same equilibrium mixture when subjected back to the reaction conditions. 5,6-a-
Ketol-acid 194. White solid (mp = 155 – 156 ℃). [𝛼]$%& = –37.5 (c 0.2, CHCl3); 1H NMR 
(500 MHz, CDCl3) δ 3.34 (d, J = 15.4 Hz, 1H), 2.47 (d, J = 15.4 Hz, 1H), 2.31 (d, J = 8.2 
Hz, 1H), 2.26 (d, J = 14.3 Hz, 1H), 2.13 (d, J = 14.3 Hz, 1H), 2.03 – 1.82 (m, 3H), 1.65 
(ddd, J = 13.7, 9.5, 3.7 Hz, 1H), 1.38 (s, 3H), 1.36 – 1.28 (m, 1H), 0.99 (s, 3H), 0.84 (d, J 
= 6.3 Hz, 3H), 0.73 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 215.3, 177.7, 80.2, 50.7, 50.3, 
44.9, 41.9, 40.8, 38.6, 30.6, 24.1, 24.1, 21.1, 19.4, 13.6; IR (thin film) nmax: 2956, 2929, 
2876, 1706, 1355, 1192, 1132 cm–1; HRMS (ESI) calcd for C15H24O4Na [M+Na]+: 291.1572, 
found: 291.1568. 
 

5,6-b-Ketol-acid 193. An analytical sample was purified by 
preparative TLC (75% EtOAc in hexanes) to give 5,6-b-ketol-acid 193 
as a white solid (mp = 91 – 92 ℃). [𝛼]$%& = –22.0 (c 0.15, CHCl3); 1H 
NMR (600 MHz, CDCl3) δ 3.21 (d, J = 15.7 Hz, 1H), 2.46 (d, J = 9.0 Hz, 
1H), 2.29 (d, J = 15.7 Hz, 1H), 2.23 (d, J = 16.8 Hz, 1H), 2.14 (d, J = 
16.8 Hz, 1H), 1.98 – 1.79 (m, 3H), 1.66 – 1.57 (m, 1H), 1.35 – 1.27 (m, 

1H), 1.19 (s, 3H), 0.93 (s, 3H), 0.85 (d, J = 6.1 Hz, 3H), 0.77 (s, 3H); 13C NMR (151 MHz, 
CDCl3) δ 214.3, 179.3, 80.4, 48.3, 47.7, 43.6, 43.4, 42.6, 39.0, 30.8, 24.2, 23.7, 20.5, 17.7, 
14.0; IR (thin film) nmax: 3402, 2955, 2876, 1713, 1395, 1371, 1234, 1116 cm–1; HRMS 
(ESI) calcd for C15H23O4 [M–H]–: 267.1602, found: 267.1595. 
 

5,5-a-Ketol-ester 195. i) Acetic anhydride (15 mL, 0.1 M) was added 
to a mixture of keto-ester 188 (400 mg, 1.50 mmol, 1.0 equiv) and 
TsOH•H2O (29 mg, 0.15 mmol, 0.1 equiv). A reflux condenser was 
attached, and the reaction mixture was heated to 150 ℃ for 44 h. Upon 
cooling to room temperature, the reaction mixture was carefully 
quenched with saturated aq. NaHCO3 (100 mL) and extracted with 

EtOAc (3 x 50 mL). The organic layers were combined, washed with brine (1 x 100 mL), 
dried over Na2SO4, concentrated in vacuo, and purified by flash column chromatography 
(1% → 5% → 10% Et2O in hexanes) to afford the intermediate enol-acetates (360 mg, 
mixture of E/Z isomers, 1.17 mmol, 78% yield) as a colorless oil. 
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ii) The intermediate enol-acetates (360 mg, mixture of E/Z isomers, 1.17 mmol, 
1.0 equiv) from above was dissolved in DCM (11.7 mL, 0.1 M) and cooled to 0 ℃. m-
CPBA (77 wt%, 314 mg, 1.40 mmol, 1.2 equiv) was then added in one portion at 0 ℃, 
after which, the reaction mixture was warmed to room temperature and stirred for 3 h. 
Upon completion, the reaction mixture was quenched with 1 M NaOH (20 mL). The layers 
were separated, and the aqueous layer was extracted with DCM (3 x 20 mL). The organic 
layers were combined, washed with brine (1 x 50 mL), dried over Na2SO4, and 
concentrated in vacuo to afford the crude intermediate epoxides (386 mg, mixture of 
diastereomers) as a colorless oil.  

iii) The intermediate epoxides (386 mg, mixture of diastereomers) from above was 
dissolved in anhydrous methanol (9.7 mL) and cooled to 0 ℃. Then, a stock solution of 
NaOMe (190 mg, 3.51 mmol, 3.0 equiv) in anhydrous methanol (2.0 mL) was slowly 
added at 0 ℃, bring the concentration of the intermediate epoxides to 0.1 M. The 
reaction mixture was allowed to warm to room temperature and stirred for 0.5 h. H2O (10 
mL) was added, followed by 1 M HCl (50 mL). The layers were separated, and the 
aqueous layer was extracted with EtOAc (3 x 20 mL). The organic layers were combined, 
washed with brine (1 x 50 mL), dried over Na2SO4, and concentrated in vacuo to afford 
crude 5,5-a-ketol-ester 195 (ca. 300 mg, ca. 1.06 mmol) as a colorless oil, which was 
used immediately in the ring-shift step without further purification (vide supra for 5,6-a-
ketol-ester 191). An analytical sample was purified by preparative TLC (40% Et2O in 
hexanes) to give 5,5-a-ketol-ester 195 as a colorless oil. [𝛼]$%& = +45.0 (c 0.3, CHCl3); 1H 
NMR (500 MHz, CDCl3) δ 3.67 (s, 3H), 3.43 (d, J = 1.7 Hz, OH, 1H, D2O exchangeable), 
2.84 (dd, J = 14.4, 1.7 Hz, 1H), 2.41 (d, J = 13.8 Hz, 1H), 2.36 – 2.26 (m, 1H), 2.29 (d, J 
= 13.8 Hz, 1H), 2.27 (s, 3H), 2.08 (t, J = 9.4 Hz, 1H), 1.87 (d, J = 14.4 Hz, 1H), 1.89 – 1.80 
(m, 1H), 1.72 – 1.59 (m, 2H), 1.19 (qd, J = 12.6, 6.1 Hz, 1H), 0.92 (s, 3H), 0.92 (s, 3H), 
0.89 (d, J = 7.0 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 212.5, 174.0, 92.1, 61.4, 52.6, 51.5, 
48.6, 45.2, 42.9, 41.6, 34.1, 29.2, 29.1, 28.2, 18.4, 13.8; IR (thin film) nmax: 3508, 2951, 
2875, 1733, 1705, 1220, 1176 cm–1; HRMS (ESI) calcd for C16H26O4Na [M+Na]+: 305.1729, 
found: 305.1741. 
 

Alcohol 196. To a solution of keto-ester 188 (10 mg, 0.038 mmol, 1.0 
equiv) in DCM (0.4 mL, 0.1 M) in a reaction tube at room temperature 
was added a solution of TFDO (ca. 0.2 M, 0.23 mL, 0.046 mmol, 1.2 
equiv) in 1,1,1-trifluoroacetone. The TFDO solution was kept at –78 ℃ 
and added while cold as fast as possible. After 10 minutes, another 1.2 
equivalents of TFDO was added in the same manner. This procedure 

was repeated for six more times for a total of 9.6 equivalents of TFDO added. The 
reaction mixture was then concentrated directly in vacuo. The crude residue was purified 
by preparative TLC to provide alcohol 196 (4.6 mg, 0.016 mmol, 43% yield) as a colorless 
oil. [𝛼]$%& = –81.3 (c 0.23, CHCl3); 1H NMR (600 MHz, CDCl3) δ 3.69 (s, 3H), 3.54 (s, OH, 
1H, D2O exchangeable), 2.86 (dd, J = 12.2, 7.5 Hz, 1H), 2.76 (d, J = 17.2 Hz, 1H), 2.68 
(d, J = 17.2 Hz, 1H), 2.49 (dd, J = 14.4, 7.5 Hz, 1H), 2.13 (s, 3H), 1.94 (dd, J = 14.4, 12.2 
Hz, 1H), 1.86 – 1.83 (m, 1H), 1.77 – 1.71 (m, 1H), 1.70 – 1.66 (m, 1H), 1.64 – 1.59 (m, 2H), 
1.24 (s, 3H), 1.19 (s, 3H), 0.94 (s, 3H); 13C NMR (151 MHz, CDCl3) δ 209.7, 174.8, 81.3, 
62.9, 62.3, 54.1, 52.0, 45.3, 44.4, 40.7, 34.2, 31.9, 26.4, 26.3, 26.2, 24.6; IR (thin film) 
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nmax: 3502, 2957, 1727, 1702, 1457, 1369, 1169 cm–1; HRMS (ESI) calcd for C16H26O4Na 
[M+Na]+: 305.1723, found: 305.1720. 
 

Keto-acid 197.5b,6-7 A biphasic tri-component solvent mixture of 
CCl4/MeCN/H2O (3:3:4 v:v:v, 500 mL, 0.1 M) was added to (–)-a-
cedrene (10.0 g, 48.9 mmol, 1.0 equiv). RuCl3•xH2O (250 mg, 1.22 mmol, 
2.5 mol%) and NaIO4 (52.4 g, 245 mmol, 5.0 equiv) were then added in 
one portion. A reflux condenser was added, and the biphasic reaction 
mixture was heated to 60 ℃ for 19 h with vigorous stirring. Upon 

cooling to room temperature, the reaction mixture was filtered through Celite®. The layers 
were separated, and the aqueous layer was acidified with 1M HCl (150 mL), and then 
extracted with DCM (3 x 300 mL). The organic layers were combined, washed with brine 
(1 x 200 mL), concentrated in vacuo, and purified by flash column chromatography (10% 
→ 20% → 30% EtOAc in hexanes) to afford keto-acid 197 (9.3 g, 36.7 mmol, 75% yield) 
as a colorless oil. An analytical sample was purified by preparative TLC (50% EtOAc in 
hexanes) to afford keto-acid 197 as a white solid (mp = 71 – 72 ℃). Characterization 
data were in agreement with previously reported values. [𝛼]$%& = –56.5 (c 0.23, CHCl3); 
1H NMR (500 MHz, CDCl3) δ 2.71 (dd, J = 12.8, 6.2 Hz, 1H), 2.41 (d, J = 14.6 Hz, 1H), 
2.33 (d, J = 14.6 Hz, 1H), 2.26 (t, J = 13.2 Hz, 1H), 2.13 (s, 3H), 2.06 (t, J = 9.1 Hz, 1H), 
1.78 – 1.72 (m, 1H), 1.69 (dd, J = 13.2, 6.2 Hz, 1H), 1.65 – 1.54 (m, 2H), 1.35 (tdd, J = 
12.5, 9.5, 5.8 Hz, 1H), 1.18 (qd, J = 11.5, 5.8 Hz, 1H), 1.11 (s, 3H), 0.97 (d, J = 6.7 Hz, 
3H), 0.88 (s, 3H); 13C NMR (151 MHz, CDCl3) δ 210.2, 178.1, 61.3, 59.2, 50.6, 46.6, 43.9, 
41.3, 38.3, 33.5, 31.7, 28.7, 25.2, 25.0, 14.1; IR (thin film) nmax: 3343, 3247, 2952, 2873, 
1697, 1652, 1464, 1369, 1219 cm–1; HRMS (ESI) calcd for C15H24O3Na [M+Na]+: 275.1623, 
found: 275.1625. 
 

Lactone 198. Anhydrous CuBr2 (5.5 g, 24.7 mmol, 3.0 equiv) was 
dissolved in anhydrous diglyme (42 mL, 0.2 M) in a sealed tube, 
followed by the addition of keto-acid 197 (2.1 g, 8.3 mmol, 1.0 equiv). 
The solution was sparged with argon and the tube was quickly capped. 
The sealed tube was heated at 150 ℃ for 21 h. The reaction was 
cooled, diluted with Et2O (100 mL), and filtered through Celite®. The 

organic phase was concentrated in vacuo at 60 ℃ to afford crude lactone 198 as a 
brown oil (ca. 2.5 g, containing residual diglyme), which was used immediately in the 
hydrolysis step without further purification (vide supra for 5,5-b-ketol-acid 189). An 
analytical sample was purified by preparative TLC (40% Et2O in hexanes) to afford 
lactone 198 as a white solid (mp = 58 – 59 ℃). [𝛼]$%& = –24.4 (c 0.41, CHCl3); 1H NMR 
(500 MHz, CDCl3) δ 2.57 (d, J = 18.2 Hz, 1H), 2.55 (d, J = 18.2 Hz, 1H), 2.43 (dd, J = 13.4, 
1.6 Hz, 1H), 2.31 (s, 3H), 1.98 – 1.87 (m, 3H), 1.73 (ddt, J = 12.9, 8.9, 6.3 Hz, 1H), 1.58 
(dd, J = 13.4, 1.6 Hz, 1H), 1.53 (dq, J = 13.4, 6.9 Hz, 1H), 1.42 (dq, J = 12.9, 6.3, 5.2 Hz, 
1H), 1.21 (s, 3H), 0.89 (d, J = 7.0 Hz, 3H), 0.84 (s, 3H); 13C NMR (151 MHz, CDCl3) δ 205.4, 
170.2, 100.2, 60.5, 49.1, 48.9, 43.3, 41.8, 40.5, 36.1, 27.7, 25.9, 25.5, 23.2, 15.4; IR (thin 
film) nmax: 2965, 2874, 1741, 1713, 1249, 1222, 1083 cm–1; HRMS (ESI) calcd for 
C15H22O3Na [M+Na]+: 273.1467, found: 273.1466. 
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Ketal 208. a) Acetonitrile (0.8 mL, 0.1 M) was added to a mixture of 5,6-
a-ketol-acid 194 (20 mg, 0.074 mmol, 1.0 equiv), RuCl3•xH2O (1.6 mg, 
0.007 mmol, 0.1 equiv), and KBrO3 (37 mg, 0.22 mmol, 3.0 equiv). 
Pyridine (1.2 µL, 0.015 mmol, 0.2 equiv) and H2O (30 µL, 0.0017 mmol, 
2.3 mol%) were then added. The black reaction mixture was heated to 
70 ℃ and stirred for 5 h. Upon cooling to room temperature, the 

resulting mixture was quenched with saturated aq. Na2S2O3 (2.0 mL). The layers were 
separated, and the aqueous layer was extracted with EtOAc (3 x 5.0 mL). The combined 
organic layers were washed with brine (1 x 20 mL), dried over Na2SO4, and concentrated 
in vacuo. The crude residue was purified by preparative TLC (50% EtOAc in hexanes) to 
afford recovered 5,6-a-ketol-acid 194 (10 mg, 0.037 mmol, 50% yield) and ketal 208 (2.7 
mg, 0.010 mmol, 14% yield, 27% BRSM yield) as a crystalline solid. 

b) 5,6-a-Ketol-acid 194 (7.5 mg, 0.028 mmol, 1.0 equiv) was dissolved in MeCN 
(0.3 mL, 0.1 M). Cu(OAc)2•H2O (6.1 mg, 0.031 mmol, 1.1 equiv) and H2O2 (50 wt% in H2O, 
20 mg, 0.28 mmol, 10.0 equiv) were then added sequentially at room temperature. The 
reaction mixture was allowed to stir for 24 h. The mixture was then quenched with 
saturated aq. Na2S2O3 (1.0 mL) and CHCl3 was added (1.0 mL). The layers were 
separated, and the aqueous layer was extracted with CHCl3 (3 x 1.0 mL). The combined 
organic layers were washed with brine (1 x 2.0 mL), dried over Na2SO4, and concentrated 
in vacuo. The crude residue was purified by preparative TLC (50% EtOAc in hexanes) to 
afford ketal 208 (1.0 mg, 0.0035 mmol, 12% yield) as a white solid.  

Ketal 208. Crystalline solid (mp = 144 – 145 ℃). [𝛼]$%& = –107.5 (c 0.2, CHCl3); 1H 
NMR (500 MHz, CDCl3) δ 5.12 (br s, OH, 1H), 3.41 (br s, OH, 1H), 3.03 (d, J = 17.4 Hz, 
1H), 2.27 – 2.20 (m, 1H), 2.21 (d, J = 17.4 Hz, 1H), 2.09 (dd, J = 8.8, 1.8 Hz, 1H), 2.05 – 
1.98 (m, 1H), 1.98 – 1.89 (m, 1H), 1.74 (dddd, J = 14.9, 10.0, 5.1, 1.8 Hz, 1H), 1.43 (s, 
3H), 1.31 – 1.21 (m, 1H), 1.13 (d, J = 6.5 Hz, 3H), 1.00 (s, 3H), 0.77 (s, 3H); 13C NMR (151 
MHz, CDCl3) δ 207.8, 174.5, 102.6, 79.9, 58.9, 53.3, 44.8, 37.6, 36.5, 33.3, 23.6, 22.6, 
22.4, 18.9, 17.9; IR (thin film) nmax: 3355, 2975, 1776, 1720 1634, 644 cm–1; HRMS (ESI) 
calcd for C15H22O5Na [M+Na]+: 305.1353, found: 305.1359. 
 

Anhydride 209. Acetonitrile (0.3 mL, 0.03 M) was added to a mixture 
of ketal 208 (2.7 mg, 0.01 mmol, 1.0 equiv), RuCl3•xH2O (0.7 mg, 
0.0034 mmol, 0.34 equiv), and KBrO3 (15 mg, 0.09 mmol, 9.0 equiv). 
Pyridine (0.5 µL) and H2O (12 µL) were then added. The black reaction 
mixture was heated to 70 ℃ and stirred for 17 h. Upon cooling to 

room temperature, the resulting mixture was quenched with saturated aq. Na2S2O3 (2.0 
mL). The layers were separated, and the aqueous layer was extracted with EtOAc (3 x 
1.0 mL). The combined organic layers were washed with brine (1 x 2.0 mL), dried over 
Na2SO4, and concentrated in vacuo. The crude residue was purified by preparative TLC 
(20% Et2O in DCM) to afford anhydride 209 (2.0 mg, 0.008 mmol, 80% yield) as a 
crystalline solid (mp = 109 – 110 ℃). [Note: anhydride 209 was also synthesized from 
5,6-a-ketol-acid 194 using the C–H activation protocol but the results were 
irreproducible due to batch-related reactivity inconsistencies of commercial [Fe((S,S’)-
PDP)(MeCN)2][(SbF6)2].] [𝛼]$%& = –39.0 (c 0.1, CHCl3); 1H NMR (600 MHz, CDCl3) δ 2.97 (d, 
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J = 18.6 Hz, 1H), 2.90 (d, J = 18.6 Hz, 1H), 2.65 (t, J = 8.8 Hz, 1H), 2.27 (dp, J = 12.5, 6.7 
Hz, 1H), 2.16 (s, 3H), 1.93 (dt, J = 13.4, 6.7 Hz, 1H), 1.86 (dt, J = 13.4, 8.8 Hz, 1H), 1.72 
– 1.64 (m, 1H), 1.49 (s, 3H), 1.26 (qd, J = 12.5, 8.8 Hz, 1H), 1.04 (s, 3H), 0.95 (d, J = 6.7 
Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 216.4, 177.1, 170.2, 58.5, 58.1, 51.5, 44.8, 40.8, 
32.6, 28.0, 26.4, 25.4, 19.5, 13.2; IR (thin film) nmax: 2963, 2874, 1833, 1771, 1689, 1231, 
946 cm–1; HRMS (ESI) calcd for C14H20O4Na [M+Na]+: 275.1254, found: 275.1252. 

 
Silyl ether 210. In a 50 mL flask was charged 5,6-a-ketol-acid 194 
(500 mg, 1.86 mmol, 1.0 equiv) and imidazole (630 mg, 9.32 mmol, 5.0 
equiv). DMF (18.6 mL, 0.1 M) was added at room temperature, 
followed by anhydrous TMSCl (1.2 mL, 9.32 mmol, 5.0 equiv). Stirring 

was allowed to continue for 12 h. The reaction mixture was then quenched with 0.1 M 
HCl (10 mL) and DCM was added (20 mL). The layers were separated, and the aqueous 
layer was further extracted with DCM (3 x 10 mL). The combined organic layers were 
washed with brine (1 x 20 mL), dried over Na2SO4, and concentrated in vacuo. The crude 
residue was purified by flash column chromatography (10% Et2O in hexanes) to afford 
silyl ether 210 (400 mg, 1.15 mmol, 62% yield) as a white solid (mp = 113 – 114 ℃). [𝛼]$%& 
= –15.4 (c 0.28, CHCl3); 1H NMR (600 MHz, CDCl3) δ 3.09 (d, J = 15.2 Hz, 1H), 2.50 (d, J 
= 15.2 Hz, 1H), 2.28 (d, J = 14.5 Hz, 1H), 2.23 – 2.19 (m, 1H), 2.13 (d, J = 14.5 Hz, 1H), 
2.01 (h, J = 7.8 Hz, 1H), 1.97 – 1.84 (m, 2H), 1.81 (d, J = 13.5 Hz, 1H), 1.34 (s, 3H), 1.33 
– 1.27 (m, 1H), 0.91 (s, 3H), 0.83 (d, J = 6.8 Hz, 3H), 0.80 (s, 3H), 0.10 (s, 9H); 13C NMR 
(151 MHz, CDCl3) δ 213.3, 177.5, 84.3, 50.9, 50.2, 44.9, 42.3, 42.3, 38.9, 30.6, 24.8, 24.7, 
21.5, 20.8, 14.1, 2.6; IR (thin film) nmax: 2954, 2876, 1702, 1246, 1160, 839, 755 cm–1; 
HRMS (ESI) calcd for C18H31O4

28Si [M–H]–: 339.1997, found: 339.1999. 
 

Iodide 211. Cyclohexane (2.2 mL, 0.02 M) was added to a reaction 
tube containing silyl ether 210 (15 mg, 0.044 mmol, 1.0 equiv), 
diacetoxyiodobenzene (42 mg, 0.13 mmol, 3.0 equiv) and iodine (13.4 
mg, 54 mmol, 1.2 equiv). The deep purple mixture was irradiated with 
a 90 W halogen lamp for 4.5 h at room temperature. The reaction 

mixture was quenched by addition of saturated aq. Na2S2O3 (5.0 mL) and was stirred 
vigorously until colorless. The layers were separated, and the aqueous layer was 
extracted with ether (3 x 5 mL). The combined organic layers were washed with brine (1 
x 5 mL), dried over Na2SO4, and concentrated in vacuo. The crude residue was purified 
by preparative TLC (10% Et2O in hexanes) to afford recovered silyl ether 210 (3.3 mg, 
0.0097 mmol, 22% yield) as a white solid and iodide 211 (6.3 mg, 0.015 mmol, 34% yield) 
as a white solid (mp = 68 – 69 ℃). [𝛼]$%& = –40.5 (c 0.63, CHCl3); 1H NMR (700 MHz, 
CDCl3) δ 3.29 (d, J = 10.5 Hz, 1H), 3.15 (d, J = 10.5 Hz, 1H), 2.70 (br d, J = 14.7 Hz, 1H), 
2.43 (br s, 1H), 2.25 (br s, 1H), 2.14 – 2.05 (br m, 1H), 1.94 – 1.80 (br m, 3H), 1.44 (s, 3H), 
1.37 – 1.30 (br m, 1H), 0.93 (s, 3H), 0.88 (d, J = 7.0 Hz, 3H), 0.80 (s, 3H), 0.11 (s, 9H); 13C 
NMR (126 MHz, CDCl3) δ 212.9, 84.3, 52.0, 51.4, 44.8, 43.3, 40.4 (br), 30.3, 24.8 (br), 
21.7 (br), 21.7 (br), 20.5 (br), 14.1, 2.5; IR (thin film) nmax: 2954, 2873, 1721, 1245, 1159, 
1081, 840cm–1; HRMS (EI) calcd for C17H31O2

127I28Si [M+Na]+: 422.1138, found: 422.1138. 
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General procedure for the C–H activation reaction: 
This procedure was adapted from a slow addition protocol developed by White and 
coworkers.8 TMS protected alcohol 210 (1.1 g, 3.2 mmol, 1.0 equiv) was dissolved in 
MeCN (13 mL, 0.25 M). H2O2 (50 wt% in H2O, 1.1 g, 16 mmol, 5.0 equiv) and 
[Fe(mep)(MeCN)2][(SbF6)2] (1.4 g, 1.6 mmol, 0.50 equiv) were dissolved separately in 
MeCN (10 mL each) and taken up in syringes. The two solutions were added over the 
course of 1 h by syringe pumps. At the conclusion of reagent addition, the reaction was 
concentrated directly in vacuo and then filtered through a short pad of silica gel. The 
crude residue was purified by flash column chromatography (10 → 50% Et2O in hexanes) 
to afford lactone 212 (240 mg, 0.70 mmol, 22% yield) as a colorless oil, lactone 214 (260 
mg, 0.96 mmol, 30% yield) as a white solid and epoxide 215 (46 mg, 0.13 mmol, 4% 
yield) as a white solid. With [Fe((S,S’)-PDP)(MeCN)2][(SbF6)2] as catalyst under identical 
conditions, lactone 212 could be obtained in 25% yield. 
 

Lactone 212. In a 50 mL flask was charged lactone 214 (200 mg, 0.75 
mmol, 1.0 equiv) and imidazole (255 mg, 3.75 mmol, 5.0 equiv). DMF 
(7.5 mL, 0.1 M) was added at room temperature, followed by 
anhydrous TMSCl (0.48 mL, 3.75 mmol, 5.0 equiv). Stirring was 
allowed to continue for 12 h. The reaction mixture was then quenched 
with 0.1 M HCl (10 mL) and DCM was added (20 mL). The layers were 

separated, and the aqueous layer was further extracted with DCM (3 x 10 mL). The 
combined organic layers were washed with brine (1 x 20 mL), dried over Na2SO4, and 
concentrated in vacuo. The crude residue was purified by flash column chromatography 
(10 → 20% Et2O in hexanes) to afford lactone 212 (171 mg, 0.50 mmol, 67% yield) as a 
colorless oil. [𝛼]$%& = –3.7 (c 0.4, CHCl3); 1H NMR (600 MHz, CDCl3) δ 2.81 (d, J = 18.9 
Hz, 1H), 2.81 (d, J = 17.2 Hz, 1H), 2.57 (ddd, J = 13.7, 12.5, 6.8 Hz, 1H), 2.52 (d, J = 17.2 
Hz, 1H), 2.27 (d, J = 18.9 Hz, 1H), 2.14 (dp, J = 13.2, 6.7 Hz, 1H), 1.94 (dd, J = 13.7, 6.6 
Hz, 1H), 1.76 (dt, J = 12.8, 6.5 Hz, 1H), 1.33 (s, 3H), 1.29 – 1.20 (m, 1H), 1.13 (s, 3H), 0.99 
(d, J = 6.9 Hz, 3H), 0.91 (s, 3H), 0.13 (s, 9H); 13C NMR (151 MHz, CDCl3) δ 208.8, 175.8, 
101.0, 82.2, 50.6, 48.1, 47.2, 46.0, 39.5, 37.0, 30.9, 20.6, 19.5, 19.0, 14.5, 2.1; IR (thin 
film) νmax: 2956, 1771, 1720, 842 cm–1; HRMS (ESI) calcd for C18H30O4Na28Si [M+Na]+: 
361.1811, found: 361.1765. 
 

Lactone 214. White solid (mp = 70 – 71 ℃); 	[𝛼]$%&  = +61.0 (c 0.38, 
CHCl3); 1H NMR (600 MHz, CDCl3) δ 3.31 (br s, OH, 1H, D2O 
exchangeable), 2.84 (d, J = 18.4 Hz, 1H), 2.73 (d, J = 15.4 Hz, 1H), 2.64 
(d, J = 15.4 Hz, 1H), 2.32 (d, J = 18.4 Hz, 1H), 2.30 – 2.19 (m, 1H), 1.95 
– 1.85 (m, 2H), 1.79 (dtd, J = 15.2, 7.5, 2.8 Hz, 1H), 1.38 – 1.33 (m, 1H), 
1.33 (s, 3H), 1.22 (s, 3H), 1.05 (s, 3H), 0.98 (d, J = 6.7 Hz, 3H); 13C NMR 

(151 MHz, CDCl3) δ 212.9, 175.2, 99.5, 78.2, 53.2, 46.1, 44.9, 43.3, 39.7, 35.1, 30.3, 23.9, 
20.5, 20.3, 14.8; IR (thin film) νmax: 3467, 2956, 2875, 1760, 1711, 985 cm–1; HRMS (ESI) 
calcd for C15H22O4Na [M+Na]+: 289.1416, found: 289.1381. 
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Epoxide 215. White solid (mp = 135 – 136 ℃). [𝛼]$%& = +59.2 (c 0.24, 
CHCl3); 1H NMR (600 MHz, CDCl3) δ 3.69 (d, J = 2.7 Hz, 1H), 3.47 (d, 
J = 2.7 Hz, 1H), 3.12 (d, J = 18.2 Hz, 1H), 2.68 (d, J = 17.2 Hz, 1H), 
2.41 (d, J = 17.2 Hz, 1H), 2.24 (q, J = 7.0 Hz, 1H), 2.06 (d, J = 18.2 Hz, 
1H), 1.41 (s, 3H), 1.22 (s, 3H), 1.15 (d, J = 7.0 Hz, 3H), 1.07 (s, 3H), 
0.14 (d, J = 1.1 Hz, 9H); 13C NMR (151 MHz, CDCl3) δ 208.1, 175.0, 

95.7, 81.6, 62.3, 60.3, 48.6, 47.7, 46.1, 44.2, 42.9, 22.1, 20.2, 19.8, 11.8, 2.6; IR (thin film) 
nmax: 2952, 1769, 1723, 1424, 1375, 1247, 1185, 842, 756 cm–1; HRMS (ESI) calcd for 
C18H28O5Na28Si [M+Na]+: 375.1598, found: 375.1597. 
 

Acetate 221. i) To a solution of lactone 214 (30 mg, 0.11 mmol, 1.0 
equiv) in a solvent mixture of MeCN/AcOH (3:1 v:v, 1.1 mL, 0.1 M) at –
40 ℃ was quickly added Me4NBH(OAc)3 (90 mg, 0.33 mmol, 3.0 equiv) 
in one portion. Low temperature was maintained, and the reaction 
mixture was stirred for 12 h. After which, saturated aq. NaHCO3 was 
carefully added to quench the reaction mixture. The layers were 

separated, and the aqueous layer was further extracted with EtOAc (3 x 5.0 mL). The 
combined organic layers were washed with brine (1 x 5.0 mL), dried over Na2SO4, and 
concentrated in vacuo. The crude residue containing a mixture of diol intermediates (ca. 
34 mg, ca. 2:1 d.r. favoring the trans diastereomer) was used immediately in the next 
reaction without further purification. 
 ii) The diol intermediates as obtained from above was dissolved in anhydrous THF 
(1.1 mL, ca. 0.1 M) and NaH (60 wt%, 13.5 mg, 0.33 mmol, ca. 3.0 equiv) was added at 
room temperature. After 0.5 h, Ac2O (53 µL, 0.55 mmol, ca. 5.0 equiv) was added at room 
temperature and the reaction mixture was heated to reflux and stirred for 12 h. Saturated 
aq. NaHCO3 (5.0 mL) was then carefully added to quench the reaction mixture. The layers 
were separated, and the aqueous layer was further extracted with EtOAc (3 x 2.0 mL). 
The combined organic layers were washed with brine (1 x 5.0 mL), dried over Na2SO4, 
and concentrated in vacuo. The crude residue was purified by flash column 
chromatography (15 → 25% EtOAc in hexanes) to provide acetate 221 (19.3 mg, 0.062 
mmol, 57% yield) as a colorless oil. [𝛼]$%& = –30.0 (c 0.05, CHCl3); 1H NMR (500 MHz, 
CDCl3) δ 5.10 (dd, J = 12.3, 4.9 Hz, 1H), 2.64 (d, J = 17.5 Hz, 1H), 2.37 (ddd, J = 15.3, 
9.3, 6.3 Hz, 1H), 2.33 – 2.24 (m, 1H), 2.15 (d, J = 17.5 Hz, 1H), 2.11 (s, 3H), 2.08 – 2.03 
(m, 2H), 1.97 – 1.88 (m, 1H), 1.80 (ddd, J = 15.3, 11.1, 5.5 Hz, 1H), 1.54 – 1.47 (m, 1H), 
1.51 (d, J = 12.3 Hz, 1H), 1.25 (s, 3H), 1.17 (s, 3H), 1.11 (s, 3H), 0.99 (d, J = 6.7 Hz, 3H); 
13C NMR (151 MHz, CDCl3) δ 175.4, 171.9, 99.8, 75.8, 73.9, 52.7, 45.0, 40.3, 39.1, 34.7, 
34.0, 30.4, 21.3, 20.7, 19.7, 19.5, 16.2; IR (thin film) nmax: 3462, 2959, 2925, 1763, 1739, 
1378, 1242, 1029, 981 cm–1; HRMS (ESI) calcd for C17H26O5Na [M+Na]+: 333.1672, found: 
333.1669. 

 
Alkene 224. Acetate 221 (5.7 mg, 0.018 mmol, 1.0 equiv) and 
Me3OBF4 (13.6 mg, 0.091 mmol, 5.0 equiv) were combined in a 
reaction tube, followed by addition of anhydrous DCM (0.65 mL, 0.03 
M) at room temperature. To the suspension was then added 2,6-di-
tert-butylpyridine (41 µL, 0.18 mmol, 10.0 equiv) and the reaction 
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mixture was brought to reflux for 18 h. The reaction mixture was then cooled to room 
temperature and quenched with 0.1 M HCl (2.0 mL). The layers were separated, and the 
aqueous layer was further extracted with EtOAc (3 x 2.0 mL). The combined organic 
layers were washed with brine (1 x 5.0 mL), dried over Na2SO4, and concentrated in 
vacuo. The crude residue was purified by preparative TLC (50% Et2O in hexanes) to give 
alkene 224 (1.3 mg, 0.004 mmol, 22% yield) as a colorless oil and alkene 223 (1.1 mg, 
0.0034 mmol, 19% yield) as a colorless oil. [𝛼]$%& = –20.0 (c 0.05, CHCl3); 1H NMR (600 
MHz, CDCl3) δ 4.98 (dd, J = 10.2, 2.0 Hz, 1H), 3.61 (s, 3H), 2.45 (d, J = 14.4 Hz, 1H), 2.42 
(d, J = 14.4 Hz, 1H), 2.40 – 2.36 (m, 2H), 2.22 – 2.16 (m, 1H), 2.15 (s, 3H), 2.13 – 2.03 (m, 
1H), 2.09 (s, 3H), 2.04 (dd, J = 15.6, 10.2 Hz, 1H), 1.73 (s, 3H), 1.71 – 1.65 (m, 1H), 1.64 
(s, 3H), 1.37 – 1.24 (m, 1H), 0.96 (d, J = 6.9 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 205.5, 
172.9, 170.5, 137.8, 125.7, 77.9, 51.6, 49.5, 43.9, 39.5, 35.6, 31.8, 30.4, 26.1, 23.5, 21.4, 
20.9, 14.1; IR (thin film) nmax: 2927, 1740, 1731, 1435, 1373, 1244, 1225 cm–1; HRMS (ESI) 
calcd for C18H28O5Na [M+Na]+: 347.1829, found: 347.1827. 
 

Alkene 223. [𝛼]$%& = –28.0 (c 0.1, CHCl3); 1H NMR (600 MHz, CDCl3) δ 
5.75 (d, J = 3.1 Hz, 1H), 4.94 (dd, J = 3.9, 2.6 Hz, 1H), 3.60 (s, 3H), 2.69 
(d, J = 15.6 Hz, 1H), 2.60 (d, J = 15.6 Hz, 1H), 2.51 (dd, J = 15.4, 2.6 Hz, 
1H), 2.26 (qd, J = 10.5, 3.1 Hz, 1H), 2.06 (s, 3H), 2.03 – 1.95 (m, 2H), 1.77 
(dd, J = 15.4, 3.9 Hz, 1H), 1.47 (s, OH, 1H), 1.32 (s, 3H), 1.21 (s, 3H), 1.20 
(s, 3H), 1.04 (d, J = 6.3 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 172.6, 

170.0, 152.2, 128.0, 77.9, 75.0, 51.2, 50.2, 48.3, 41.6, 38.2, 37.6, 37.1, 26.5, 24.1, 21.6, 
20.1, 13.9; IR (thin film) nmax: 3328, 1722, 1638, 1347, 1235, 1031 cm–1; HRMS (ESI) calcd 
for C18H28O5Na [M+Na]+: 347.1829, found: 347.1828. 
 
General protocol for the elimination of the g-lactone with alkyl Meerwein’s salts. 
To a mixture of lactone 212 (250 mg, 0.74 mmol, 1.0 equiv), Me3OBF4 (330 mg, 2.22 
mmol, 3.0 equiv), and 1,8-bis(dimethylamino)naphthalene (Proton-sponge®, 470 mg, 
0.22 mmol, 3.0 equiv) was added anhydrous DCM (25 mL, 0.03 M) at room temperature. 
The reaction mixture was then brought to 50 ℃ and stirred for 12 h. Upon cooling to 
room temperature, 0.1 M HCl (50 mL) was added to quench the mixture. The layers were 
separated, and the aqueous layer was further extracted with DCM (3 x 30 mL). The 
combined organic layers were washed with brine (1 x 50 mL) and dried over Na2SO4. The 
solution was then filtered through a short pad of silica gel and flushed with EtOAc, which 
was subsequently concentrated in vacuo. The crude residue was purified by flash 
column chromatography (10 → 20% → 30% Et2O in hexanes) to afford recovered 
lactone 212 (93 mg, 0.27 mmol, 37% yield), methyl ester 226 (63 mg, 0.18 mmol, 24% 
yield), and methyl ester 227 (23 mg, 0.081 mmol, 11% yield); all of which were colorless 
oils. 
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Methyl ester 226. [𝛼]$%& = –46.0 (c 0.2, CHCl3); 1H NMR (600 MHz, CDCl3) 
δ 5.69 (s, 1H), 3.57 (s, 3H), 2.99 (d, J = 12.2 Hz, 1H), 2.40 (d, J = 12.2 Hz, 
1H), 2.37 (s, 2H), 2.30 – 2.20 (m, 2H), 2.07 – 1.94 (m, 1H), 1.25 (s, 3H), 
1.20 (s, 3H), 1.11 (d, J = 6.6 Hz, 3H), 0.94 (s, 3H), 0.06 (s, 9H); 13C NMR 
(151 MHz, CDCl3) δ 214.1, 171.9, 150.6, 126.7, 83.5, 54.4, 51.3, 50.4, 49.7, 
45.4, 38.7, 38.4, 24.4, 22.4, 16.8, 13.7, 1.9; IR (thin film) nmax: 2951, 2928, 

1740, 1716 1251, 1133, 1006, 840 cm–1; HRMS (CI) calcd for C19H32O4
28Si [M]+: 352.2070, 

found: 352.2075. 
 

Methyl ester 227. [𝛼]$%& = –52.5 (c 0.08, CHCl3); 1H NMR (600 MHz, CDCl3) 
δ 5.91 (s, 1H), 3.59 (s, 3H), 2.99 (d, J = 13.1 Hz, 1H), 2.46 (d, J = 13.1 Hz, 
1H), 2.43 (d, J = 16.0 Hz, 1H), 2.42 (d, J = 16.0 Hz, 1H), 2.38 – 2.28 (m, 
2H), 2.13 – 2.07 (m, 1H), 2.07 (s, OH, 1H), 1.26 (s, 3H), 1.24 (s, 3H), 1.13 
(d, J = 6.9 Hz, 3H), 1.04 (s, 3H); 13C NMR (151 MHz, CDCl3) δ 212.4, 171.6, 
149.4, 130.3, 81.0, 53.6, 51.4, 50.2, 50.0, 44.6, 38.8, 38.6, 24.4, 21.8, 16.4, 

13.8; IR (thin film) nmax: 3483, 2928, 2851, 1715, 1436, 1195, 1167, 1080, 920 cm–1; HRMS 
(ESI) calcd for C16H24O4Na [M+Na]+: 303.1567, found: 303.1561. 

 
Ethyl ester 228. Following the general protocol with Et3OPF6 as reagent, 
the reaction conditions gave recovered lactone 212 (43 mg, 0.13 mmol, 
17% yield), ethyl ester 228 (109 mg, 0.3 mmol, 40% yield), and ethyl ester 
229 (39 mg, 0.13 mmol, 18% yield); all of which were colorless oils. [𝛼]$%& 
= –30.0 (c 0.1, CHCl3); 1H NMR (600 MHz, CDCl3) δ 5.68 (s, 1H), 4.03 (p, J 
= 7.4 Hz, 2H), 2.99 (d, J = 12.2 Hz, 1H), 2.39 (d, J = 12.2 Hz, 1H), 2.35 (s, 

2H), 2.29 – 2.22 (m, 2H), 2.06 – 1.99 (m, 1H), 1.25 (s, 3H), 1.21 (t, J = 7.4 Hz, 3H), 1.20 
(s, 3H), 1.12 (d, J = 6.5 Hz, 3H), 0.95 (s, 3H), 0.06 (s, 9H); 13C NMR (151 MHz, CDCl3) δ 

214.1, 171.5, 150.5, 126.7, 83.5, 60.2, 54.4, 50.5, 49.8, 45.4, 39.1, 38.4, 24.4, 22.4, 16.8, 
14.2, 13.8, 1.9; IR (thin film) nmax: 2954, 2924, 2853, 1736, 1716, 1251, 1133, 1012, 840 
cm–1; HRMS (ESI) calcd for C20H34O4Na28Si [M+Na]+: 389.2119, found: 389.2116. 
 

Ethyl ester 229. In a reaction tube was charged ethyl ester 228 (100 mg, 
0.27 mmol, 1.0 equiv). Anhydrous THF (1.9 mL) was added at room 
temperature followed by AcOH (50 µL, 0.81 mmol, 3.0 equiv) and then 
TBAF (1.0 M THF, 0.81 mL, 3.0 equiv), bring the total concentration of 
ethyl ester 228 to 0.1 M. The reaction mixture was stirred for 12 h. Then, 
saturated aq. NaHCO3 (5.0 mL) was carefully added followed by EtOAc 

(10 mL). The layers were separated, and the aqueous layer was further extracted with 
EtOAc (3 x 30 mL). The combined organic layers were washed with brine (1 x 5.0 mL), 
dried over Na2SO4, and concentrated in vacuo. The crude residue was purified by flash 
column chromatography (10 → 20% Et2O in hexanes) to afford ethyl ester 229 (65 mg, 
0.22 mmol, 82% yield) as a colorless oil. [𝛼]$%& = –31.1 (c 0.18, CHCl3); 1H NMR (600 MHz, 
CDCl3) δ 5.90 (d, J = 3.2 Hz, 1H), 4.04 (p, J = 7.2 Hz, 2H), 2.99 (d, J = 13.1 Hz, 1H), 2.45 
(d, J = 13.1 Hz, 1H), 2.42 (d, J = 15.6 Hz, 1H), 2.40 (d, J = 15.6 Hz, 1H), 2.38 – 2.28 (m, 
2H), 2.14 – 2.08 (m, 1H), 2.08 (s, OH, 1H), 1.26 (s, 3H), 1.24 (s, 3H), 1.22 (t, J = 7.2 Hz, 
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3H), 1.14 (d, J = 6.6 Hz, 3H), 1.06 (s, 3H); 13C NMR (151 MHz, CDCl3) δ 212.4, 171.2, 
149.3, 130.3, 81.0, 60.3, 53.6, 50.3, 50.1, 44.6, 39.2, 38.7, 24.4, 21.8, 16.4, 14.2, 13.8; 
IR (thin film) nmax: 3493, 2918, 2851, 1715, 1445, 1190, 995, 860 cm–1; HRMS (ESI) calcd 
for C17H26O4Na [M+Na]+: 317.1723, found: 317.1719. 

 
Epoxide 230. Ethyl ester 229 (10 mg, 0.034 mmol, 1.0 equiv) and 
VO(acac)2 (0.9 mg, 0.0034 mmol, 10 mol%) were dissolved in anhydrous 
benzene. TBHP (ca. 5 M in decane, 17 µL, 0.085 mmol, 2.5 equiv) was 
added at room temperature in one portion. The reaction mixture was then 
heated to 45 ℃ and stirred for 15 h. Upon cooling to room temperature, 
the solution was filtered through a short plug of Celite®, washed with Et2O, 

and concentrated in vacuo. The crude residue was purified by flash column 
chromatography (30% Et2O in hexanes) to afford epoxide 230 (10.5 mg, 0.034 mmol, 
99% yield) as a white solid (mp = 68 – 69 ℃). [𝛼]$%& = –36.7 (c 0.12, CHCl3); 1H NMR (700 
MHz, CDCl3) δ 4.13 (s, OH, 1H), 4.06 (qq, J = 10.5, 7.1 Hz, 2H), 3.67 (s, 1H), 3.25 (d, J = 
12.4 Hz, 1H), 2.54 (d, J = 18.4 Hz, 1H), 2.42 (d, J = 18.4 Hz, 1H), 2.21 (d, J = 12.4 Hz, 
1H), 2.11 (dd, J = 13.4, 7.4 Hz, 1H), 1.96 (dp, J = 10.5, 7.4 Hz, 1H), 1.72 (dd, J = 13.4, 
10.5 Hz, 1H), 1.23 (t, J = 7.1 Hz, 3H), 1.18 (s, 3H), 1.10 (s, 3H), 1.02 (s, 3H), 0.86 (d, J = 
7.4 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 210.6, 171.5, 82.6, 73.2, 60.6, 60.0, 47.6, 46.7, 
42.1, 39.3, 37.7, 36.1, 22.5, 18.8, 16.3, 14.2, 13.4; IR (thin film) nmax: 3358, 2969, 2930, 
1736, 1715, 1383, 1178, 1141, 922 cm–1; HRMS (ESI) calcd for C17H26O5Na [M+Na]+: 
333.1672, found: 333.1671. 

 
Alcohol 231. i) To a solution of epoxide 230 (10 mg, 0.032 mmol, 1.0 
equiv) in ethanol (0.3 mL) was added an aqueous solution of 10 wt% 
KOH (0.17 mL, 0.32 mmol, 10.0 equiv) at room temperature. The reaction 
mixture was stirred for 3 h. Then, 0.1 M HCl (5.0 mL) was added followed 
by EtOAc (2.0 mL). The layers were separated, and the aqueous layer 

was further extracted with EtOAc (3 x 2.0 mL). The combined organic layers were washed 
with brine (1 x 3.0 mL), dried over Na2SO4, and concentrated in vacuo. The crude 
intermediate was used immediately in the next step without further purification. 

ii) The crude residue obtained from above was re-dissolved in MeCN/THF/AcOH 
(3.8:1.3:1 v:v:v, 0.6 mL) and cooled to –40 ℃. Me4NBH(OAc)3 (26.7 mg, 0.096 mmol, ca. 
3.0 equiv) was added in one portion. Low temperature was maintained, and the reaction 
mixture was stirred for 12 h. After which, saturated aq. NaHCO3 was carefully added to 
quench the reaction mixture. The layers were separated, and the aqueous layer was 
further extracted with EtOAc (3 x 5.0 mL). The combined organic layers were washed 
with brine (1 x 5.0 mL), dried over Na2SO4, and concentrated in vacuo. The crude residue 
was purified by preparative TLC (80% EtOAc in hexanes) to afford alcohol 231 (3.5 mg, 
0.012 mmol, 38% yield) as a crystalline solid (mp = 209 – 210 ℃). [Note: epoxide 230 
when subjected to refluxing AcOH also gave the same intermediate from step i via crude 
NMR analysis.] [𝛼]$%& = –14.1 (c 0.46, MeOH); 1H NMR (600 MHz, CD3OD) δ 4.13 (d, J = 
3.9 Hz, 1H), 3.81 – 3.69 (m, 1H), 3.21 (br d, J = 18.5 Hz, 1H), 2.58 (d, J = 18.5 Hz, 1H), 
2.51 – 2.34 (m, 1H), 2.00 – 1.94 (br m, 1H), 1.90 (dd, J = 14.5, 3.9 Hz, 1H), 1.85 (dd, J = 

81



13.5, 7.1 Hz, 1H), 1.49 – 1.40 (br m, 1H), 1.28 (s, 3H), 1.22 (s, 3H), 1.19 (s, 3H), 0.98 (d, J 
= 7.1 Hz, 3H); 13C NMR (151 MHz, CD3OD) δ 179.3, 102.1, 76.8 (br), 76.7 (br), 76.5, 49.7, 
46.5, 44.4 (br), 41.9, 39.2, 38.9, 24.1 (br), 21.7 (br), 21.5, 16.2; IR (thin film) nmax: 3247, 
2994, 1749, 1458, 1229, 1145, 1066, 998 cm–1; HRMS (ESI) calcd for C15H23O5 [M–H]–: 
283.1551, found: 283.1547. 
 

d-Lactone 232. i) To a solution of epoxide 230 (1.2 mg, 0.0039 mmol, 1.0 
equiv) in a solvent mixture of MeCN/AcOH (3:1 v:v, 0.3 mL, 0.01 M) at –
40 ℃ was quickly added Me4NBH(OAc)3 (3.3 mg, 0.012 mmol, 3.0 equiv) 
in one portion. Low temperature was maintained, and the reaction 
mixture was stirred for 12 h. After which, saturated aq. NaHCO3 was 
carefully added to quench the reaction mixture. The layers were 

separated, and the aqueous layer was further extracted with EtOAc (3 x 2.0 mL). The 
combined organic layers were washed with brine (1 x 5.0 mL), dried over Na2SO4, and 
concentrated in vacuo. The crude residue was purified by preparative TLC (30% EtOAc 
in hexanes) to provide the intermediate diol. 

ii) The intermediate diol obtained from above was dissolved in anhydrous THF (0.3 
mL) at room temperature. NaH (60 wt%, 0.6 mg, 0.012 mmol, ca. 3.0 equiv) was added 
in one portion. After stirring for 1 h, saturated aq. NH4Cl (1.0 mL) and EtOAc (1.0 mL) was 
added. The layers were separated, and the aqueous layer was further extracted with 
EtOAc (3 x 1.0 mL). The combined organic layers were washed with brine (1 x 5.0 mL), 
dried over Na2SO4, and concentrated in vacuo. The crude residue was purified by 
preparative TLC (40% EtOAc in hexanes) to afford d-lactone 232 (1.0 mg, 0.0037 mmol, 
95% yield) as a colorless oil. [𝛼]$%& = –2.7 (c 0.11, CHCl3); 1H NMR (600 MHz, CDCl3) δ 
4.41 (dd, J = 3.8, 2.1 Hz, 1H), 3.42 (s, 1H), 2.61 (d, J = 19.4 Hz, 1H), 2.37 (dd, J = 19.4, 
2.1 Hz, 1H), 2.22 (dt, J = 14.0, 2.1 Hz, 1H), 2.15 – 2.11 (m, 1H), 2.09 (s, OH, 1H), 1.88 (dd, 
J = 14.0, 3.8 Hz, 1H), 1.80 (dt, J = 11.0, 7.1 Hz, 1H), 1.37 (s, 3H), 1.31 – 1.26 (m, 1H), 
1.18 (s, 3H), 0.92 (s, 3H), 0.87 (d, J = 7.1 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 171.1, 
83.5, 75.7, 72.9, 56.4, 40.4, 38.9, 35.8, 35.1, 34.3, 28.6, 25.0, 21.2, 20.9, 13.2; IR (thin 
film) nmax: 3335, 2924, 1713, 1633, 1373, 1217, 1064, 751, 647 cm–1; HRMS (EI) calcd for 
C15H22O4 [M]+: 266.1518, found: 266.1512. 
 

Cyclopropane 233. d-Lactone 232 (1.0 mg, 0.0037 mmol, 1.0 equiv) was 
dissolved in anhydrous THF (0.3 mL, 0.01 M) and cooled to –78 ℃. A 
stock solution of LDA (0.28 M, 0.011 mmol, 3.0 equiv) in THF (40 µL) at –
78 ℃ was added quickly into the reaction mixture. The solution was 
allowed to warm up to room temperature over the course of 1 h. Then, 
0.1 M HCl (1 mL) and EtOAc (1.0 mL) was added. The layers were 

separated, and the aqueous layer was further extracted with EtOAc (3 x 1.0 mL). The 
combined organic layers were washed with brine (1 x 5.0 mL), dried over Na2SO4, and 
concentrated in vacuo. The crude residue was purified by preparative TLC (100% EtOAc) 
to afford cyclopropane 233 (0.7 mg, 0.0026 mmol, 71% yield) as a crystalline solid (mp 
= 163 – 164 ℃). [𝛼]$%& = –15.0 (c 0.08, CHCl3); 1H NMR (900 MHz, CDCl3) δ 4.40 (s, 1H), 
4.22 (dd, J = 4.0, 2.2 Hz, 1H), 2.59 (dt, J = 10.7, 6.5 Hz, 1H), 2.47 (dt, J = 13.8, 2.2, 1.2 
Hz, 1H), 2.04 (ddd, J = 13.8, 4.0, 1.2 Hz, 1H), 1.70 (s, 1H), 1.63 (dd, J = 14.4, 7.3 Hz, 1H), 
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1.37 (s, 3H), 1.32 (s, 3H), 1.20 (s, 3H), 1.22 – 1.18 (m, 1H), 1.02 (d, J = 6.5 Hz, 3H); 13C 
NMR (226 MHz, CDCl3) δ 172.1, 81.9, 75.2, 72.8, 49.3, 42.9, 40.3, 40.2, 34.7, 28.6, 28.2, 
25.8, 22.8, 21.3, 14.9; IR (thin film) nmax: 3390, 2922, 1688, 1371, 1125, 770 cm–1; HRMS 
(ESI) calcd for C15H21O4 [M–H]–: 265.1445, found: 265.1442. 

 
g-Lactone 234. Ethyl ester 229 (2.0 mg, 0.0068 mmol, 1.0 equiv) and 
OsO4 (2.1 mg, 0.0081 mmol, 1.2 equiv) were dissolved in pyridine (0.3 
mL, 0.02 M) and stirred at room temperature for 12 h. After which, 
MeOH/H2O (3:1 v:v, 0.3 mL) and NaHSO3 (7.1 mg, 0.068 mmol, 10.0 
equiv) were added and the suspension was heated at 60 ℃ for 4 h. The 
pink solution was cooled to room temperature and EtOAc (5.0 mL) and 

brine (5.0 mL) were added. The layers were separated, and the aqueous layer was further 
extracted with EtOAc (2 x 5.0 mL). The combined organic layers were washed with brine 
(10 mL), dried over Na2SO4, and concentrated in vacuo. The crude residue was purified 
by preparative TLC (100% EtOAc) to afford g-lactone 234 (1.2 mg, 0.0043 mmol, 63% 
yield) as a crystalline solid (mp = 144 – 145 ℃) and as a single diastereomer (> 15:1 d.r.). 
[𝛼]$%& = +33.3 (c 0.12, MeOH); 1H NMR (600 MHz, C5D5N) δ 6.91 (br s, OH, 1H), 6.61 (br 
s, OH, 1H), 4.95 (br s, 1H), 3.20 (d, J = 17.8 Hz, 1H), 2.91 (s, 2H), 2.46 (d, J = 17.8 Hz, 
1H), 2.35 (dt, J = 13.4, 7.5 Hz, 1H), 2.11 (dt, J = 13.4, 6.7 Hz, 1H), 1.67 (ddd, J = 13.4, 
11.1, 6.3 Hz, 1H), 1.63 (s, 3H), 1.32 (br s, 3H), 1.26 (s, 3H), 0.88 (d, J = 6.7 Hz, 3H); 13C 
NMR (151 MHz, C5D5N) δ 211.9, 176.6, 96.9, 79.8, 74.3, 54.1, 46.2, 45.7, 41.8, 40.7, 38.6, 
23.1, 20.2, 20.1, 15.0; IR (thin film) nmax: 3457, 2927, 1765, 1712, 1457, 1347, 1258, 1170, 
992 cm–1; HRMS (ESI) calcd for C15H21O5 [M–H]–: 281.1394, found: 281.1391. 
 

d-Lactone 235. i) Acetonitrile/acetic acid (3:1 v:v, 1.0 mL, 0.1 M) was 
added to ethyl ester 229 (30 mg, 0.10 mmol, 1.0 equiv) at –40 ℃. 
Me4NBH(OAc)3 (81 mg, 0.31 mmol, 3.0 equiv) was then quickly added in 
one portion. Low temperature was maintained, and the reaction mixture 
was stirred for 12 h. After which, saturated aq. NaHCO3 was carefully 
added to quench the reaction mixture. The layers were separated, and 

the aqueous layer was further extracted with EtOAc (3 x 2.0 mL). The combined organic 
layers were washed with brine (1 x 5.0 mL), dried over Na2SO4, and concentrated in 
vacuo. The crude residue was then flushed through a short plug of silica gel with EtOAc 
and re-concentrated. The intermediate diol was used immediately in the next step 
without further purification. 

ii) The intermediate diol obtained from above was dissolved in anhydrous THF (1.0 
mL) at room temperature. NaH (60 wt%, 12.2 mg, 0.31 mmol, ca. 3.0 equiv) was added 
in one portion. After stirring for 1 h, 0.1 M HCl (1.0 mL) and EtOAc (1.0 mL) was added. 
The layers were separated, and the aqueous layer was further extracted with EtOAc (3 x 
2.0 mL). The combined organic layers were washed with brine (1 x 5.0 mL), dried over 
Na2SO4, and concentrated in vacuo. The crude residue was purified by flash column 
chromatography (30% EtOAc in hexanes) to afford d-lactone 235 (18 mg, 0.072 mmol, 
71% yield) as a colorless oil. [𝛼]$%& = +12.0 (c 0.1, CHCl3); 1H NMR (600 MHz, CDCl3) δ 
5.64 (dd, J = 3.2, 1.8 Hz, 1H), 4.38 (dd, J = 4.1, 1.8 Hz, 1H), 2.60 (d, J = 18.6 Hz, 1H), 
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2.41 (ddd, J = 15.8, 7.9, 3.2 Hz, 1H), 2.34 (dd, J = 18.6, 1.8 Hz, 1H), 2.12 – 2.03 (m, 2H), 
1.95 – 1.87 (m, 2H), 1.41 (s, 1H), 1.39 (s, OH, 3H), 1.22 (s, 3H), 1.10 (s, 3H), 1.00 (d, J = 
7.1 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 171.9, 154.2, 124.7, 83.5, 74.8, 45.3, 44.3, 
39.7, 38.8, 38.2, 32.6, 29.7, 24.9, 22.2, 14.5; IR (thin film) nmax: 3448, 2925, 1707, 1369, 
1215, 1090, 1034 cm–1; HRMS (ESI) calcd for C15H21O3 [M–H]–: 249.1496, found: 
249.1463. 
 

Cis-triol 236. d-Lactone 235 (17 mg, 0.068 mmol, 1.0 equiv) and OsO4 
(21 mg, 0.081 mmol, 1.2 equiv) were dissolved in pyridine (0.7 mL, 0.1 
M) and stirred at room temperature for 12 h. The crude reaction mixture 
was then concentrated directly in vacuo. After which, MeOH/H2O (3:1 v:v, 
0.7 mL, 0.1 M) and NaHSO3 (71 mg, 0.68 mmol, 10.0 equiv) were added 
and the suspension was heated at 60 ℃ for 4 h. The pink solution was 

cooled to room temperature and EtOAc (5.0 mL) and brine (5.0 mL) were added. The 
layers were separated, and the aqueous layer was further extracted with EtOAc (2 x 5.0 
mL). The combined organic layers were washed with brine (10 mL), dried over Na2SO4, 
and concentrated in vacuo. The crude residue was purified by flash column 
chromatography (50% → 75% EtOAc in hexanes) to afford cis-triol 236 (18.2 mg, 0.064 
mmol, 94% yield) as a crystalline solid (mp = 224 – 225 ℃) and as a single diastereomer 
(> 15:1 d.r.). [𝛼]$%& = –51.3 (c 0.24, MeOH); 1H NMR (700 MHz, CDCl3) δ 4.52 (ddd, J = 
9.2, 5.2, 3.8 Hz, 1H), 4.34 (t, J = 3.8, 2.3 Hz, 1H), 4.16 (s, OH, 1H, D2O exchangeable), 
4.14 (s, OH, 1H, D2O exchangeable), 2.65 (ddt, J = 17.0, 9.9, 7.0 Hz, 1H), 2.57 (d, J = 
19.6 Hz, 1H), 2.45 (dt, J = 14.3, 2.3 Hz, 1H), 2.25 (dd, J = 19.6, 2.8 Hz, 1H), 2.19 (d, J = 
5.2 Hz, OH, 1H, D2O exchangeable), 1.81 – 1.65 (m, 3H), 1.31 (s, 3H), 1.22 (s, 3H), 1.07 
(s, 3H), 0.84 (d, J = 7.0 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 171.4, 85.8, 83.6, 76.6, 
71.0, 46.7, 42.4, 40.1, 37.1, 34.6, 26.6, 22.8, 22.2, 20.9, 13.7; IR (thin film) nmax: 3429, 
3248, 2959, 1704, 1399, 1229, 1134 cm–1; HRMS (ESI) calcd for C15H23O5 [M–H]–: 
283.1551, found: 283.1547. 

 
Ketol 237. In a reaction tube containing cis-triol 236 (64 mg, 0.23, 1.0 
equiv) was added TPAP (7.9 mg, 0.023 mmol, 10 mol%), NMO (55.4 mg, 
0.47 mmol, 2.1 equiv), and 4 Å MS (70 mg). DCM/MeCN (9:1 v:v, 2.4 mL, 
0.1 M) was then added at room temperature. The reaction mixture was 
allowed to stir for 18 h. The crude mixture was then filtered through 
Celite® and concentrated directly in vacuo. The crude residue was 

purified by flash column chromatography (50% → 75% EtOAc in hexanes) to afford ketol 
237 (49 mg, 0.17 mmol, 77% yield) as a white solid (mp = 138 – 139 ℃). [𝛼]$%& = –91.4 
(c 0.07, MeOH); 1H NMR (600 MHz, CDCl3) δ 4.37 (dd, J = 3.5, 2.3 Hz, 1H), 3.52 (s, OH, 
1H, D2O exchangeable), 2.89 – 2.78 (m, 1H), 2.76 (s, OH, 1H, D2O exchangeable), 2.73 
(d, J = 19.6 Hz, 1H), 2.63 (dd, J = 19.6, 8.6 Hz, 1H), 2.46 (dt, J = 14.4, 2.3 Hz, 1H), 2.22 
(dd, J = 19.6, 2.3 Hz, 1H), 1.90 (dd, J = 14.4, 3.5 Hz, 1H), 1.74 (dd, J = 19.5, 10.6 Hz, 
1H), 1.39 (s, 3H), 1.36 (s, 3H), 1.12 (s, 3H), 1.01 (d, J = 7.0 Hz, 3H); 13C NMR (151 MHz, 
CDCl3) δ 209.6, 170.2, 84.6, 82.8, 77.3, 44.8, 41.3, 41.1, 33.8, 33.5, 25.2, 21.7, 21.0, 20.8, 
13.3; IR (thin film) nmax: 3389, 2933, 1741, 1708, 1374, 1231, 1037, 1020 cm–1; HRMS 
(ESI) calcd for C15H21O5 [M–H]–: 281.1394, found: 281.1391. 
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(–)-14-Dehydroxydunnianin (218). Ketol 237 (25 mg, 0.089 mmol, 1.0 
equiv) was dissolved in THF (0.9 mL, 0.1 M) at –78 ℃. A solution of 
lithium aluminum hydride (2.0 M in THF, 0.14 mL, 0.28 mmol, 3.1 equiv) 
was slowly added along the sides of the reaction tube. The reaction 
mixture was allowed to slowly warm up to room temperature over the 
course of 2 h. The mixture was then quenched with sequential addition 

of 2 drops of H2O, 2 drops of aqueous 2 M NaOH solution, and 1 drop of H2O. The murky 
mixture was stirred at room temperature until the solution turned clear. Then, the mixture 
was dried over Na2SO4 and concentrated in vacuo to provide (–)-14-dehydroxydunnianin 
(218, 24 mg, 0.084 mmol, 95% yield) as a white solid (mp = 73 – 74 ℃) in high purity. 
[𝛼]$%& = –29.1 (c 0.44, MeOH); 1H NMR (600 MHz, CDCl3) δ 4.31 (t, J = 2.9 Hz, 1H), 4.17 
(q, J = 6.3, 3.4 Hz, 1H), 3.31 (s, OH, 1H, D2O exchangeable), 3.28 (s, OH, 1H, D2O 
exchangeable), 3.26 (dd, J = 19.7, 2.9 Hz, 1H), 2.64 – 2.57 (m, 1H), 2.58 (d, J = 19.7 Hz, 
1H), 1.73 (dd, J = 14.3, 3.6 Hz, 1H), 1.65 (d, J = 3.4 Hz, OH, 1H, D2O exchangeable), 1.37 
(s, 3H), 1.31 (s, 3H), 1.26 (s, 3H), 1.10 (ddd, J = 14.3, 9.4, 2.3 Hz, 1H), 0.94 (d, J = 7.1 Hz, 
3H); 13C NMR (151 MHz, CDCl3) δ 172.5, 87.2, 83.1, 78.3, 78.0, 45.3, 43.2, 43.1, 37.4, 
34.5, 27.9, 22.9, 22.2, 22.0, 14.6; IR (thin film) nmax: 3390, 2959, 1707, 1374, 1040 cm–1; 
HRMS (ESI) calcd for C15H23O5 [M–H]–: 283.1551, found: 283.1548. 
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SI 1.4 X-ray crystallographic data and NMR spectra 
 

X-ray crystallographic data for 170 
 

 
 

A colorless plate 0.060 x 0.050 x 0.020 mm in size was mounted on a Cryoloop with 
Paratone oil. Data were collected in a nitrogen gas stream at 100(2) K using phi and 
omega scans. Crystal-to-detector distance was 40 mm and exposure time was 10 
seconds per frame using a scan width of 0.5°. Data collection was 99.9% complete to 
25.000° in q. A total of 16793 reflections were collected covering the indices, -9<=h<=9, 
-14<=k<=14, -18<=l<=18. 2563 reflections were found to be symmetry independent, 
with an Rint of 0.0322. Indexing and unit cell refinement indicated a primitive, 
orthorhombic lattice. The space group was found to be P 21 21 21 (No. 19). The data 
were integrated using the Bruker SAINT software program and scaled using the SADABS 
software program. Solution by iterative methods (SHELXT) produced a complete heavy-
atom phasing model consistent with the proposed structure. All non-hydrogen atoms 
were refined anisotropically by full-matrix least-squares (SHELXL-2014). All hydrogen 
atoms were placed using a riding model. Their positions were constrained relative to 
their parent atom using the appropriate HFIX command in SHELXL-2014. Absolute 
stereochemistry was unambiguously determined to be R at C1, C2, C4, C5, and C10, 
and S at C8, respectively. 
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Table 1. Crystal data and structure refinement for 170. 
X-ray ID  maimone46 
Sample/notebook ID  KH_2_Cl 
Empirical formula  C15 H21 Cl O4 
Formula weight  300.77 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P 21 21 21 
Unit cell dimensions a = 7.7264(3) Å a= 90°. 
 b = 11.6672(5) Å b= 90°. 
 c = 15.5282(6) Å g = 90°. 
Volume 1399.80(10) Å3 
Z 4 
Density (calculated) 1.427 Mg/m3 
Absorption coefficient 0.284 mm-1 
F(000) 640 
Crystal size 0.060 x 0.050 x 0.020 mm3 
Theta range for data collection 2.183 to 25.382°. 
Index ranges -9<=h<=9, -14<=k<=14, -18<=l<=18 
Reflections collected 16793 
Independent reflections 2563 [R(int) = 0.0322] 
Completeness to theta = 25.000° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.928 and 0.837 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2563 / 0 / 186 
Goodness-of-fit on F2 1.064 
Final R indices [I>2sigma(I)] R1 = 0.0256, wR2 = 0.0628 
R indices (all data) R1 = 0.0273, wR2 = 0.0639 
Absolute structure parameter -0.03(2) 
Extinction coefficient n/a 
Largest diff. peak and hole 0.243 and -0.173 e.Å-3 
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for 170. U(eq) is defined as one third of the trace of the orthogonalized Uij 
tensor. 
______________________________________________________________________________ 
 x y z U(eq) 
______________________________________________________________________________ 
C(1) 7762(3) 5612(2) 7071(1) 10(1) 
C(2) 8486(3) 4376(2) 6969(1) 11(1) 
C(3) 6985(3) 3601(2) 6710(1) 11(1) 
C(4) 5574(3) 4251(2) 6253(1) 10(1) 
C(5) 4311(3) 3585(2) 5676(2) 13(1) 
C(6) 3533(3) 4539(2) 5114(2) 22(1) 
C(7) 4901(3) 5490(2) 5033(2) 16(1) 
C(8) 6403(3) 5152(2) 5642(1) 11(1) 
C(9) 7381(3) 6119(2) 6138(1) 11(1) 
C(10) 5996(3) 5581(2) 7537(1) 12(1) 
C(11) 4664(3) 4911(2) 6995(1) 13(1) 
C(12) 9017(3) 6402(2) 7528(1) 11(1) 
C(13) 5183(3) 2676(2) 5117(2) 18(1) 
C(14) 6381(3) 7259(2) 6200(1) 15(1) 
C(15) 9053(3) 6398(2) 5645(2) 16(1) 
O(1) 9341(2) 3973(1) 7711(1) 16(1) 
O(2) 6939(2) 2586(1) 6899(1) 14(1) 
O(3) 8540(2) 7237(1) 7934(1) 16(1) 
O(4) 10664(2) 6166(1) 7382(1) 16(1) 
Cl(1) 6177(1) 4942(1) 8596(1) 18(1) 
______________________________________________________________________________
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Table 3. Bond lengths [Å] and angles [°] for 170. 
_____________________________________________________ 
C(1)-C(12)  1.514(3) 
C(1)-C(10)  1.544(3) 
C(1)-C(2)  1.554(3) 
C(1)-C(9)  1.593(3) 
C(2)-O(1)  1.409(3) 
C(2)-C(3)  1.525(3) 
C(2)-H(2)  1.0000 
C(3)-O(2)  1.220(3) 
C(3)-C(4)  1.505(3) 
C(4)-C(5)  1.536(3) 
C(4)-C(11)  1.554(3) 
C(4)-C(8)  1.555(3) 
C(5)-C(13)  1.527(3) 
C(5)-C(6)  1.537(3) 
C(5)-H(5)  1.0000 
C(6)-C(7)  1.538(3) 
C(6)-H(6A)  0.9900 
C(6)-H(6B)  0.9900 
C(7)-C(8)  1.549(3) 
C(7)-H(7A)  0.9900 
C(7)-H(7B)  0.9900 
C(8)-C(9)  1.561(3) 

C(8)-H(8)  1.0000 
C(9)-C(15)  1.536(3) 
C(9)-C(14)  1.541(3) 
C(10)-C(11)  1.542(3) 
C(10)-Cl(1)  1.810(2) 
C(10)-H(10)  1.0000 
C(11)-H(11A)  0.9900 
C(11)-H(11B)  0.9900 
C(12)-O(3)  1.218(3) 
C(12)-O(4)  1.321(3) 
C(13)-H(13A)  0.9800 
C(13)-H(13B)  0.9800 
C(13)-H(13C)  0.9800 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 
C(15)-H(15A)  0.9800 
C(15)-H(15B)  0.9800 
C(15)-H(15C)  0.9800 
O(1)-H(1)  0.8400 
O(4)-H(4)  0.8400 

 
C(12)-C(1)-C(10) 111.14(18) 
C(12)-C(1)-C(2) 112.43(17) 
C(10)-C(1)-C(2) 110.13(17) 
C(12)-C(1)-C(9) 108.54(17) 
C(10)-C(1)-C(9) 105.75(16) 
C(2)-C(1)-C(9) 108.58(17) 
O(1)-C(2)-C(3) 111.97(18) 
O(1)-C(2)-C(1) 113.27(18) 
C(3)-C(2)-C(1) 107.65(17) 
O(1)-C(2)-H(2) 107.9 
C(3)-C(2)-H(2) 107.9 
C(1)-C(2)-H(2) 107.9 
O(2)-C(3)-C(4) 125.5(2) 
O(2)-C(3)-C(2) 122.3(2) 
C(4)-C(3)-C(2) 112.11(18) 
C(3)-C(4)-C(5) 118.72(19) 
C(3)-C(4)-C(11) 103.17(17) 
C(5)-C(4)-C(11) 113.31(17) 
C(3)-C(4)-C(8) 109.28(17) 
C(5)-C(4)-C(8) 104.34(17) 

C(11)-C(4)-C(8) 107.66(17) 
C(13)-C(5)-C(4) 113.71(18) 
C(13)-C(5)-C(6) 110.7(2) 
C(4)-C(5)-C(6) 102.32(18) 
C(13)-C(5)-H(5) 110.0 
C(4)-C(5)-H(5) 110.0 
C(6)-C(5)-H(5) 110.0 
C(5)-C(6)-C(7) 107.51(18) 
C(5)-C(6)-H(6A) 110.2 
C(7)-C(6)-H(6A) 110.2 
C(5)-C(6)-H(6B) 110.2 
C(7)-C(6)-H(6B) 110.2 
H(6A)-C(6)-H(6B) 108.5 
C(6)-C(7)-C(8) 106.32(18) 
C(6)-C(7)-H(7A) 110.5 
C(8)-C(7)-H(7A) 110.5 
C(6)-C(7)-H(7B) 110.5 
C(8)-C(7)-H(7B) 110.5 
H(7A)-C(7)-H(7B) 108.7 
C(7)-C(8)-C(4) 103.68(17) 
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C(7)-C(8)-C(9) 118.70(19) 
C(4)-C(8)-C(9) 112.78(16) 
C(7)-C(8)-H(8) 107.0 
C(4)-C(8)-H(8) 107.0 
C(9)-C(8)-H(8) 107.0 
C(15)-C(9)-C(14) 105.65(18) 
C(15)-C(9)-C(8) 108.32(17) 
C(14)-C(9)-C(8) 114.31(18) 
C(15)-C(9)-C(1) 112.13(18) 
C(14)-C(9)-C(1) 110.90(17) 
C(8)-C(9)-C(1) 105.64(17) 
C(11)-C(10)-C(1) 110.22(17) 
C(11)-C(10)-Cl(1) 109.78(15) 
C(1)-C(10)-Cl(1) 111.53(15) 
C(11)-C(10)-H(10) 108.4 
C(1)-C(10)-H(10) 108.4 
Cl(1)-C(10)-H(10) 108.4 
C(10)-C(11)-C(4) 110.73(17) 
C(10)-C(11)-H(11A) 109.5 
C(4)-C(11)-H(11A) 109.5 
C(10)-C(11)-H(11B) 109.5 
C(4)-C(11)-H(11B) 109.5 
H(11A)-C(11)-H(11B) 108.1 
O(3)-C(12)-O(4) 123.1(2) 
O(3)-C(12)-C(1) 122.4(2) 
O(4)-C(12)-C(1) 114.21(18) 
C(5)-C(13)-H(13A) 109.5 
C(5)-C(13)-H(13B) 109.5 
H(13A)-C(13)-H(13B) 109.5 
C(5)-C(13)-H(13C) 109.5 
H(13A)-C(13)-H(13C) 109.5 
H(13B)-C(13)-H(13C) 109.5 
C(9)-C(14)-H(14A) 109.5 
C(9)-C(14)-H(14B) 109.5 
H(14A)-C(14)-H(14B) 109.5 
C(9)-C(14)-H(14C) 109.5 
H(14A)-C(14)-H(14C) 109.5 
H(14B)-C(14)-H(14C) 109.5 
C(9)-C(15)-H(15A) 109.5 
C(9)-C(15)-H(15B) 109.5 
H(15A)-C(15)-H(15B) 109.5 
C(9)-C(15)-H(15C) 109.5 
H(15A)-C(15)-H(15C) 109.5 
H(15B)-C(15)-H(15C) 109.5 
C(2)-O(1)-H(1) 109.5 

C(12)-O(4)-H(4) 109.5 
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_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
  
Table 4. Anisotropic displacement parameters (Å2x 103) for 170. The anisotropic 
displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
______________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
______________________________________________________________________________ 
C(1) 11(1)  8(1) 9(1)  -1(1) 0(1)  1(1) 
C(2) 12(1)  7(1) 14(1)  0(1) -3(1)  2(1) 
C(3) 11(1)  12(1) 10(1)  0(1) 4(1)  1(1) 
C(4) 11(1)  8(1) 12(1)  1(1) 0(1)  0(1) 
C(5) 10(1)  15(1) 13(1)  0(1) 0(1)  -3(1) 
C(6) 19(1)  19(1) 29(1)  3(1) -9(1)  0(1) 
C(7) 18(1)  16(1) 14(1)  4(1) -4(1)  0(1) 
C(8) 12(1)  10(1) 9(1)  0(1) 1(1)  1(1) 
C(9) 14(1)  10(1) 10(1)  2(1) 0(1)  0(1) 
C(10) 14(1)  12(1) 8(1)  2(1) 1(1)  2(1) 
C(11) 12(1)  13(1) 13(1)  2(1) 3(1)  0(1) 
C(12) 14(1)  10(1) 9(1)  2(1) 0(1)  0(1) 
C(13) 16(1)  18(1) 20(1)  -6(1) -4(1)  0(1) 
C(14) 21(1)  10(1) 15(1)  2(1) -3(1)  2(1) 
C(15) 19(1)  15(1) 14(1)  1(1) 3(1)  -5(1) 
O(1) 18(1)  12(1) 18(1)  0(1) -9(1)  4(1) 
O(2) 16(1)  9(1) 18(1)  4(1) -2(1)  -1(1) 
O(3) 18(1)  14(1) 16(1)  -6(1) 2(1)  1(1) 
O(4) 12(1)  14(1) 23(1)  -7(1) -2(1)  -1(1) 
Cl(1) 23(1)  21(1) 9(1)  3(1) 1(1)  -3(1) 
______________________________________________________________________________
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 
for 170. 
______________________________________________________________________________ 
 x  y  z  U(eq) 
______________________________________________________________________________ 
 
H(2) 9340 4382 6485 13 
H(5) 3385 3225 6035 15 
H(6A) 2469 4845 5385 26 
H(6B) 3231 4235 4538 26 
H(7A) 4407 6239 5204 19 
H(7B) 5318 5547 4431 19 
H(8) 7282 4740 5285 13 
H(10) 5574 6386 7605 14 
H(11A) 3807 5450 6750 15 
H(11B) 4040 4361 7368 15 
H(13A) 6118 3029 4783 27 
H(13B) 4330 2342 4724 27 
H(13C) 5662 2073 5486 27 
H(14A) 6985 7778 6595 23 
H(14B) 5210 7113 6416 23 
H(14C) 6311 7612 5628 23 
H(15A) 8768 6608 5051 24 
H(15B) 9811 5725 5645 24 
H(15C) 9646 7040 5926 24 
H(1) 10184 3562 7565 24 
H(4) 11287 6667 7617 24 
______________________________________________________________________________ 
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X-ray crystallographic data for 180 
 

 
 

A light-yellow plate 0.060 x 0.050 x 0.020 mm in size was mounted on a Cryoloop with 
Paratone oil. Data were collected in a nitrogen gas stream at 100(2) K using phi and 
omega scans. Crystal-to-detector distance was 60 mm and exposure time was 5 
seconds per frame using a scan width of 2.0°. Data collection was 100.0% complete to 
67.000° in q. A total of 62254 reflections were collected covering the indices, -
13<=h<=13, -13<=k<=13, -19<=l<=19. 7182 reflections were found to be symmetry 
independent, with an Rint of 0.0332. Indexing and unit cell refinement indicated a primitive, 
monoclinic lattice. The space group was found to be P 21 (No. 4). The data were 
integrated using the Bruker SAINT software program and scaled using the SADABS 
software program. Solution by iterative methods (SIR-2014) produced a complete heavy-
atom phasing model consistent with the proposed structure. All non-hydrogen atoms 
were refined anisotropically by full-matrix least-squares (SHELXL-2014). All hydrogen 
atoms were placed using a riding model. Their positions were constrained relative to 
their parent atom using the appropriate HFIX command in SHELXL-2014. Absolute 
stereochemistry was unambiguously determined to be R at C5, C6, C10, C27, C28, and 
C32, and S at C2 and C24, respectively. 
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Table 1.  Crystal data and structure refinement for 180. 
X-ray ID  maimone48 
Sample/notebook ID  KH_166_SM 
Empirical formula  C22 H27 N O3 S 
Formula weight  385.50 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  P 21 
Unit cell dimensions a = 11.2240(3) Å a= 90°. 
 b = 11.3761(3) Å b= 105.8160(10)°. 
 c = 15.9536(4) Å g = 90°. 
Volume 1959.92(9) Å3 
Z 4 
Density (calculated) 1.306 Mg/m3 
Absorption coefficient 1.643 mm-1 
F(000) 824 
Crystal size 0.060 x 0.050 x 0.020 mm3 
Theta range for data collection 2.879 to 68.282°. 
Index ranges -13<=h<=13, -13<=k<=13, -19<=l<=19 
Reflections collected 62254 
Independent reflections 7182 [R(int) = 0.0332] 
Completeness to theta = 67.000° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.929 and 0.852 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7182 / 1 / 497 
Goodness-of-fit on F2 1.042 
Final R indices [I>2sigma(I)] R1 = 0.0236, wR2 = 0.0628 
R indices (all data) R1 = 0.0240, wR2 = 0.0632 
Absolute structure parameter 0.016(3) 
Extinction coefficient n/a 
Largest diff. peak and hole 0.216 and -0.194 e.Å-3 
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for 180. U(eq) is defined as one third of the trace of the orthogonalized Uij 
tensor. 
______________________________________________________________________________ 
 x y z U(eq) 
______________________________________________________________________________ 
C(1) -1519(2) 3816(2) 4630(1) 20(1) 
C(2) -2537(2) 3870(2) 3746(1) 18(1) 
C(3) -3929(2) 3785(2) 3680(1) 25(1) 
C(4) -4463(2) 3246(2) 2774(1) 24(1) 
C(5) -3575(2) 2230(2) 2767(1) 18(1) 
C(6) -2293(2) 2776(2) 3192(1) 16(1) 
C(7) -1612(2) 3317(2) 2600(1) 15(1) 
C(8) -295(2) 3664(2) 3024(1) 16(1) 
C(9) 212(2) 3520(2) 3886(1) 17(1) 
C(10) -558(2) 2942(2) 4421(1) 18(1) 
C(11) -1378(2) 2010(2) 3861(1) 18(1) 
C(12) -978(2) 5032(2) 4905(1) 26(1) 
C(13) -1992(2) 3303(2) 5370(1) 28(1) 
C(14) -3734(2) 1580(2) 1909(1) 24(1) 
C(15) 1489(2) 3891(2) 4397(1) 22(1) 
C(16) 3260(2) 5174(2) 4359(1) 17(1) 
C(17) 3612(2) 6074(2) 3868(1) 18(1) 
C(18) 4706(2) 6693(2) 4204(1) 20(1) 
C(19) 5476(2) 6421(2) 5025(1) 23(1) 
C(20) 5135(2) 5528(2) 5501(1) 22(1) 
C(21) 4041(2) 4906(2) 5183(1) 20(1) 
C(22) 3332(4) 5615(4) 2147(2) 71(1) 
C(23) 1751(2) 10605(2) 2040(1) 17(1) 
C(24) 704(2) 10756(2) 1178(1) 16(1) 
C(25) -507(2) 11389(2) 1158(1) 21(1) 
C(26) -1424(2) 10850(2) 362(1) 22(1) 
C(27) -1156(2) 9532(2) 490(1) 20(1) 
C(28) 274(2) 9473(2) 843(1) 16(1) 
C(29) 1007(2) 9214(2) 203(1) 17(1) 
C(30) 2336(2) 8874(2) 582(1) 17(1) 
C(31) 2870(2) 8942(2) 1451(1) 16(1) 
C(32) 2058(2) 9262(2) 2037(1) 16(1) 
C(33) 784(2) 8712(2) 1657(1) 18(1) 
C(34) 2843(2) 11405(2) 2043(1) 21(1) 
C(35) 1331(2) 10878(2) 2858(1) 22(1) 
C(36) -1773(2) 8739(2) -276(2) 26(1) 
C(37) 4214(2) 8762(2) 1911(1) 17(1) 
C(38) 6166(2) 7833(2) 1788(1) 20(1) 
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C(39) 6665(2) 7091(2) 1261(1) 19(1) 
C(40) 7861(2) 6649(2) 1577(1) 22(1) 
C(41) 8577(2) 6919(2) 2407(1) 25(1) 
C(42) 8096(2) 7662(2) 2922(1) 27(1) 
C(43) 6909(2) 8122(2) 2621(1) 25(1) 
C(44) 4996(2) 5430(2) 382(2) 30(1) 
N(1) 2120(1) 4607(2) 3992(1) 19(1) 
N(2) 4937(2) 8235(2) 1455(1) 21(1) 
O(1) -2054(1) 3576(1) 1835(1) 19(1) 
O(2) 300(1) 4159(1) 2478(1) 19(1) 
O(3) 1908(2) 3547(2) 5144(1) 51(1) 
O(4) 637(1) 9354(1) -586(1) 21(1) 
O(5) 2958(1) 8577(1) -2(1) 21(1) 
O(6) 4607(1) 9066(1) 2672(1) 22(1) 
S(1) 2638(1) 6459(1) 2829(1) 21(1) 
S(2) 5807(1) 6730(1) 181(1) 23(1) 
______________________________________________________________________________
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Table 3. Bond lengths [Å] and angles [°] for 180. 
_____________________________________________________ 
C(1)-C(12)  1.527(3) 
C(1)-C(13)  1.534(3) 
C(1)-C(2)  1.556(3) 
C(1)-C(10)  1.569(3) 
C(2)-C(3)  1.541(3) 
C(2)-C(6)  1.592(3) 
C(2)-H(2)  1.0000 
C(3)-C(4)  1.534(3) 
C(3)-H(3A)  0.9900 
C(3)-H(3B)  0.9900 
C(4)-C(5)  1.528(3) 
C(4)-H(4A)  0.9900 
C(4)-H(4B)  0.9900 
C(5)-C(14)  1.524(3) 
C(5)-C(6)  1.545(3) 
C(5)-H(5)  1.0000 
C(6)-C(7)  1.500(3) 
C(6)-C(11)  1.534(3) 
C(7)-O(1)  1.221(2) 
C(7)-C(8)  1.501(3) 
C(8)-C(9)  1.348(3) 
C(8)-O(2)  1.356(2) 
C(9)-C(15)  1.503(3) 
C(9)-C(10)  1.519(3) 
C(10)-C(11)  1.524(3) 
C(10)-H(10)  1.0000 
C(11)-H(11A)  0.9900 
C(11)-H(11B)  0.9900 
C(12)-H(12A)  0.9800 
C(12)-H(12B)  0.9800 
C(12)-H(12C)  0.9800 
C(13)-H(13A)  0.9800 
C(13)-H(13B)  0.9800 
C(13)-H(13C)  0.9800 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 
C(15)-O(3)  1.220(3) 
C(15)-N(1)  1.354(3) 
C(16)-C(21)  1.400(3) 
C(16)-N(1)  1.410(2) 
C(16)-C(17)  1.410(3) 
C(17)-C(18)  1.390(3) 

C(17)-S(1)  1.7747(19) 
C(18)-C(19)  1.392(3) 
C(18)-H(18)  0.9500 
C(19)-C(20)  1.384(3) 
C(19)-H(19)  0.9500 
C(20)-C(21)  1.388(3) 
C(20)-H(20)  0.9500 
C(21)-H(21)  0.9500 
C(22)-S(1)  1.781(3) 
C(22)-H(22A)  0.9800 
C(22)-H(22B)  0.9800 
C(22)-H(22C)  0.9800 
C(23)-C(34)  1.526(3) 
C(23)-C(35)  1.535(3) 
C(23)-C(24)  1.556(3) 
C(23)-C(32)  1.566(3) 
C(24)-C(25)  1.531(3) 
C(24)-C(28)  1.584(3) 
C(24)-H(24)  1.0000 
C(25)-C(26)  1.528(3) 
C(25)-H(25A)  0.9900 
C(25)-H(25B)  0.9900 
C(26)-C(27)  1.532(3) 
C(26)-H(26A)  0.9900 
C(26)-H(26B)  0.9900 
C(27)-C(36)  1.525(3) 
C(27)-C(28)  1.551(2) 
C(27)-H(27)  1.0000 
C(28)-C(29)  1.505(3) 
C(28)-C(33)  1.535(3) 
C(29)-O(4)  1.223(2) 
C(29)-C(30)  1.500(3) 
C(30)-O(5)  1.351(2) 
C(30)-C(31)  1.353(3) 
C(31)-C(37)  1.501(3) 
C(31)-C(32)  1.518(2) 
C(32)-C(33)  1.527(3) 
C(32)-H(32)  1.0000 
C(33)-H(33A)  0.9900 
C(33)-H(33B)  0.9900 
C(34)-H(34A)  0.9800 
C(34)-H(34B)  0.9800 
C(34)-H(34C)  0.9800 

97



C(35)-H(35A)  0.9800 
C(35)-H(35B)  0.9800 
C(35)-H(35C)  0.9800 
C(36)-H(36A)  0.9800 
C(36)-H(36B)  0.9800 
C(36)-H(36C)  0.9800 
C(37)-O(6)  1.223(2) 
C(37)-N(2)  1.367(3) 
C(38)-C(43)  1.403(3) 
C(38)-C(39)  1.410(3) 
C(38)-N(2)  1.412(3) 
C(39)-C(40)  1.393(3) 
C(39)-S(2)  1.778(2) 
C(40)-C(41)  1.384(3) 

C(40)-H(40)  0.9500 
C(41)-C(42)  1.388(3) 
C(41)-H(41)  0.9500 
C(42)-C(43)  1.389(3) 
C(42)-H(42)  0.9500 
C(43)-H(43)  0.9500 
C(44)-S(2)  1.811(2) 
C(44)-H(44A)  0.9800 
C(44)-H(44B)  0.9800 
C(44)-H(44C)  0.9800 
N(1)-H(1)  0.8800 
N(2)-H(2A)  0.8800 
O(2)-H(2B)  0.8400 
O(5)-H(5A)  0.8400 

 
C(12)-C(1)-C(13) 108.52(17) 
C(12)-C(1)-C(2) 111.14(17) 
C(13)-C(1)-C(2) 112.99(16) 
C(12)-C(1)-C(10) 113.10(16) 
C(13)-C(1)-C(10) 108.97(17) 
C(2)-C(1)-C(10) 102.08(15) 
C(3)-C(2)-C(1) 122.61(16) 
C(3)-C(2)-C(6) 103.80(15) 
C(1)-C(2)-C(6) 106.10(15) 
C(3)-C(2)-H(2) 107.8 
C(1)-C(2)-H(2) 107.8 
C(6)-C(2)-H(2) 107.8 
C(4)-C(3)-C(2) 102.53(16) 
C(4)-C(3)-H(3A) 111.3 
C(2)-C(3)-H(3A) 111.3 
C(4)-C(3)-H(3B) 111.3 
C(2)-C(3)-H(3B) 111.3 
H(3A)-C(3)-H(3B) 109.2 
C(5)-C(4)-C(3) 102.77(16) 
C(5)-C(4)-H(4A) 111.2 
C(3)-C(4)-H(4A) 111.2 
C(5)-C(4)-H(4B) 111.2 
C(3)-C(4)-H(4B) 111.2 
H(4A)-C(4)-H(4B) 109.1 
C(14)-C(5)-C(4) 117.19(17) 
C(14)-C(5)-C(6) 117.14(16) 
C(4)-C(5)-C(6) 102.99(16) 
C(14)-C(5)-H(5) 106.2 
C(4)-C(5)-H(5) 106.2 
C(6)-C(5)-H(5) 106.2 

C(7)-C(6)-C(11) 108.18(15) 
C(7)-C(6)-C(5) 117.55(15) 
C(11)-C(6)-C(5) 116.32(16) 
C(7)-C(6)-C(2) 102.91(15) 
C(11)-C(6)-C(2) 104.02(15) 
C(5)-C(6)-C(2) 106.06(15) 
O(1)-C(7)-C(6) 126.14(17) 
O(1)-C(7)-C(8) 118.01(17) 
C(6)-C(7)-C(8) 115.59(16) 
C(9)-C(8)-O(2) 124.12(17) 
C(9)-C(8)-C(7) 121.22(17) 
O(2)-C(8)-C(7) 114.62(15) 
C(8)-C(9)-C(15) 126.48(17) 
C(8)-C(9)-C(10) 118.59(17) 
C(15)-C(9)-C(10) 114.93(16) 
C(9)-C(10)-C(11) 108.54(15) 
C(9)-C(10)-C(1) 111.99(16) 
C(11)-C(10)-C(1) 103.00(15) 
C(9)-C(10)-H(10) 111.0 
C(11)-C(10)-H(10) 111.0 
C(1)-C(10)-H(10) 111.0 
C(10)-C(11)-C(6) 101.23(15) 
C(10)-C(11)-H(11A) 111.5 
C(6)-C(11)-H(11A) 111.5 
C(10)-C(11)-H(11B) 111.5 
C(6)-C(11)-H(11B) 111.5 
H(11A)-C(11)-H(11B) 109.3 
C(1)-C(12)-H(12A) 109.5 
C(1)-C(12)-H(12B) 109.5 
H(12A)-C(12)-H(12B) 109.5 
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C(1)-C(12)-H(12C) 109.5 
H(12A)-C(12)-H(12C) 109.5 
H(12B)-C(12)-H(12C) 109.5 
C(1)-C(13)-H(13A) 109.5 
C(1)-C(13)-H(13B) 109.5 
H(13A)-C(13)-H(13B) 109.5 
C(1)-C(13)-H(13C) 109.5 
H(13A)-C(13)-H(13C) 109.5 
H(13B)-C(13)-H(13C) 109.5 
C(5)-C(14)-H(14A) 109.5 
C(5)-C(14)-H(14B) 109.5 
H(14A)-C(14)-H(14B) 109.5 
C(5)-C(14)-H(14C) 109.5 
H(14A)-C(14)-H(14C) 109.5 
H(14B)-C(14)-H(14C) 109.5 
O(3)-C(15)-N(1) 123.13(19) 
O(3)-C(15)-C(9) 119.77(18) 
N(1)-C(15)-C(9) 117.10(17) 
C(21)-C(16)-N(1) 123.79(18) 
C(21)-C(16)-C(17) 118.70(18) 
N(1)-C(16)-C(17) 117.50(16) 
C(18)-C(17)-C(16) 120.40(18) 
C(18)-C(17)-S(1) 119.33(15) 
C(16)-C(17)-S(1) 120.24(15) 
C(17)-C(18)-C(19) 120.40(19) 
C(17)-C(18)-H(18) 119.8 
C(19)-C(18)-H(18) 119.8 
C(20)-C(19)-C(18) 119.11(19) 
C(20)-C(19)-H(19) 120.4 
C(18)-C(19)-H(19) 120.4 
C(19)-C(20)-C(21) 121.50(18) 
C(19)-C(20)-H(20) 119.3 
C(21)-C(20)-H(20) 119.3 
C(20)-C(21)-C(16) 119.87(19) 
C(20)-C(21)-H(21) 120.1 
C(16)-C(21)-H(21) 120.1 
S(1)-C(22)-H(22A) 109.5 
S(1)-C(22)-H(22B) 109.5 
H(22A)-C(22)-H(22B) 109.5 
S(1)-C(22)-H(22C) 109.5 
H(22A)-C(22)-H(22C) 109.5 
H(22B)-C(22)-H(22C) 109.5 
C(34)-C(23)-C(35) 107.99(16) 
C(34)-C(23)-C(24) 110.46(16) 
C(35)-C(23)-C(24) 113.33(15) 

C(34)-C(23)-C(32) 113.84(15) 
C(35)-C(23)-C(32) 108.59(16) 
C(24)-C(23)-C(32) 102.67(15) 
C(25)-C(24)-C(23) 121.52(16) 
C(25)-C(24)-C(28) 103.87(15) 
C(23)-C(24)-C(28) 106.47(15) 
C(25)-C(24)-H(24) 108.1 
C(23)-C(24)-H(24) 108.1 
C(28)-C(24)-H(24) 108.1 
C(26)-C(25)-C(24) 102.81(16) 
C(26)-C(25)-H(25A) 111.2 
C(24)-C(25)-H(25A) 111.2 
C(26)-C(25)-H(25B) 111.2 
C(24)-C(25)-H(25B) 111.2 
H(25A)-C(25)-H(25B) 109.1 
C(25)-C(26)-C(27) 102.63(16) 
C(25)-C(26)-H(26A) 111.2 
C(27)-C(26)-H(26A) 111.2 
C(25)-C(26)-H(26B) 111.2 
C(27)-C(26)-H(26B) 111.2 
H(26A)-C(26)-H(26B) 109.2 
C(36)-C(27)-C(26) 116.23(18) 
C(36)-C(27)-C(28) 117.63(16) 
C(26)-C(27)-C(28) 103.71(16) 
C(36)-C(27)-H(27) 106.1 
C(26)-C(27)-H(27) 106.1 
C(28)-C(27)-H(27) 106.1 
C(29)-C(28)-C(33) 108.50(15) 
C(29)-C(28)-C(27) 117.76(16) 
C(33)-C(28)-C(27) 116.18(16) 
C(29)-C(28)-C(24) 103.72(15) 
C(33)-C(28)-C(24) 102.99(14) 
C(27)-C(28)-C(24) 105.78(15) 
O(4)-C(29)-C(30) 118.08(17) 
O(4)-C(29)-C(28) 125.27(17) 
C(30)-C(29)-C(28) 116.34(16) 
O(5)-C(30)-C(31) 123.57(17) 
O(5)-C(30)-C(29) 115.44(16) 
C(31)-C(30)-C(29) 120.87(17) 
C(30)-C(31)-C(37) 126.77(17) 
C(30)-C(31)-C(32) 118.17(16) 
C(37)-C(31)-C(32) 115.04(16) 
C(31)-C(32)-C(33) 108.12(15) 
C(31)-C(32)-C(23) 113.94(15) 
C(33)-C(32)-C(23) 102.56(15) 
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C(31)-C(32)-H(32) 110.6 
C(33)-C(32)-H(32) 110.6 
C(23)-C(32)-H(32) 110.6 
C(32)-C(33)-C(28) 101.41(15) 
C(32)-C(33)-H(33A) 111.5 
C(28)-C(33)-H(33A) 111.5 
C(32)-C(33)-H(33B) 111.5 
C(28)-C(33)-H(33B) 111.5 
H(33A)-C(33)-H(33B) 109.3 
C(23)-C(34)-H(34A) 109.5 
C(23)-C(34)-H(34B) 109.5 
H(34A)-C(34)-H(34B) 109.5 
C(23)-C(34)-H(34C) 109.5 
H(34A)-C(34)-H(34C) 109.5 
H(34B)-C(34)-H(34C) 109.5 
C(23)-C(35)-H(35A) 109.5 
C(23)-C(35)-H(35B) 109.5 
H(35A)-C(35)-H(35B) 109.5 
C(23)-C(35)-H(35C) 109.5 
H(35A)-C(35)-H(35C) 109.5 
H(35B)-C(35)-H(35C) 109.5 
C(27)-C(36)-H(36A) 109.5 
C(27)-C(36)-H(36B) 109.5 
H(36A)-C(36)-H(36B) 109.5 
C(27)-C(36)-H(36C) 109.5 
H(36A)-C(36)-H(36C) 109.5 
H(36B)-C(36)-H(36C) 109.5 
O(6)-C(37)-N(2) 123.12(17) 
O(6)-C(37)-C(31) 119.32(17) 
N(2)-C(37)-C(31) 117.54(16) 
C(43)-C(38)-C(39) 118.38(18) 
C(43)-C(38)-N(2) 123.24(18) 
C(39)-C(38)-N(2) 118.38(17) 
C(40)-C(39)-C(38) 120.03(18) 
C(40)-C(39)-S(2) 118.76(15) 
C(38)-C(39)-S(2) 121.19(15) 
C(41)-C(40)-C(39) 121.16(19) 
C(41)-C(40)-H(40) 119.4 
C(39)-C(40)-H(40) 119.4 
C(40)-C(41)-C(42) 118.94(19) 
C(40)-C(41)-H(41) 120.5 
C(42)-C(41)-H(41) 120.5 
C(41)-C(42)-C(43) 121.1(2) 
C(41)-C(42)-H(42) 119.5 
C(43)-C(42)-H(42) 119.5 

C(42)-C(43)-C(38) 120.4(2) 
C(42)-C(43)-H(43) 119.8 
C(38)-C(43)-H(43) 119.8 
S(2)-C(44)-H(44A) 109.5 
S(2)-C(44)-H(44B) 109.5 
H(44A)-C(44)-H(44B) 109.5 
S(2)-C(44)-H(44C) 109.5 
H(44A)-C(44)-H(44C) 109.5 
H(44B)-C(44)-H(44C) 109.5 
C(15)-N(1)-C(16) 127.62(16) 
C(15)-N(1)-H(1) 116.2 
C(16)-N(1)-H(1) 116.2 
C(37)-N(2)-C(38) 127.03(17) 
C(37)-N(2)-H(2A) 116.5 
C(38)-N(2)-H(2A) 116.5 
C(8)-O(2)-H(2B) 109.5 
C(30)-O(5)-H(5A) 109.5 
C(17)-S(1)-C(22) 100.24(11) 
C(39)-S(2)-C(44) 100.52(10) 
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_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
  
Table 4. Anisotropic displacement parameters (Å2x 103) for 180. The anisotropic 
displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
______________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
______________________________________________________________________________ 
C(1) 21(1)  24(1) 17(1)  -2(1) 7(1)  -4(1) 
C(2) 19(1)  17(1) 19(1)  -2(1) 8(1)  -1(1) 
C(3) 18(1)  26(1) 32(1)  -7(1) 10(1)  -1(1) 
C(4) 16(1)  25(1) 31(1)  -4(1) 4(1)  -2(1) 
C(5) 16(1)  19(1) 20(1)  -1(1) 5(1)  -3(1) 
C(6) 17(1)  13(1) 17(1)  -2(1) 5(1)  -1(1) 
C(7) 17(1)  13(1) 17(1)  -2(1) 6(1)  2(1) 
C(8) 17(1)  14(1) 19(1)  -1(1) 8(1)  0(1) 
C(9) 16(1)  18(1) 18(1)  1(1) 5(1)  0(1) 
C(10) 19(1)  20(1) 14(1)  4(1) 3(1)  -4(1) 
C(11) 18(1)  17(1) 19(1)  2(1) 5(1)  -1(1) 
C(12) 31(1)  27(1) 24(1)  -7(1) 11(1)  -8(1) 
C(13) 30(1)  37(1) 21(1)  0(1) 12(1)  -6(1) 
C(14) 21(1)  26(1) 23(1)  -4(1) 5(1)  -6(1) 
C(15) 18(1)  28(1) 18(1)  3(1) 2(1)  -4(1) 
C(16) 15(1)  19(1) 18(1)  -2(1) 6(1)  1(1) 
C(17) 17(1)  18(1) 18(1)  -1(1) 5(1)  3(1) 
C(18) 22(1)  17(1) 23(1)  -1(1) 8(1)  -1(1) 
C(19) 18(1)  26(1) 24(1)  -6(1) 5(1)  -6(1) 
C(20) 20(1)  29(1) 18(1)  -2(1) 4(1)  1(1) 
C(21) 17(1)  25(1) 18(1)  1(1) 5(1)  0(1) 
C(22) 79(2)  108(3) 18(1)  -7(2) 1(1)  58(2) 
C(23) 16(1)  17(1) 16(1)  -1(1) 4(1)  2(1) 
C(24) 18(1)  15(1) 15(1)  0(1) 4(1)  0(1) 
C(25) 19(1)  19(1) 24(1)  -3(1) 2(1)  5(1) 
C(26) 18(1)  22(1) 26(1)  -2(1) 2(1)  3(1) 
C(27) 15(1)  21(1) 23(1)  -2(1) 5(1)  1(1) 
C(28) 14(1)  15(1) 19(1)  -2(1) 4(1)  0(1) 
C(29) 18(1)  13(1) 18(1)  -3(1) 3(1)  -2(1) 
C(30) 17(1)  16(1) 20(1)  -2(1) 7(1)  0(1) 
C(31) 17(1)  13(1) 19(1)  0(1) 5(1)  1(1) 
C(32) 16(1)  16(1) 14(1)  1(1) 5(1)  1(1) 
C(33) 18(1)  15(1) 21(1)  2(1) 7(1)  1(1) 
C(34) 20(1)  16(1) 25(1)  1(1) 2(1)  -1(1) 
C(35) 24(1)  25(1) 18(1)  0(1) 6(1)  7(1) 
C(36) 16(1)  27(1) 34(1)  -9(1) 2(1)  -2(1) 
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C(37) 16(1)  16(1) 19(1)  1(1) 5(1)  0(1) 
C(38) 16(1)  22(1) 20(1)  1(1) 5(1)  1(1) 
C(39) 20(1)  21(1) 18(1)  0(1) 5(1)  0(1) 
C(40) 20(1)  23(1) 25(1)  1(1) 10(1)  4(1) 
C(41) 18(1)  30(1) 27(1)  3(1) 6(1)  5(1) 
C(42) 20(1)  39(1) 20(1)  -2(1) 2(1)  3(1) 
C(43) 20(1)  33(1) 21(1)  -5(1) 5(1)  3(1) 
C(44) 23(1)  37(1) 31(1)  -6(1) 8(1)  -5(1) 
N(1) 16(1)  25(1) 14(1)  2(1) 2(1)  -2(1) 
N(2) 17(1)  27(1) 16(1)  -4(1) 2(1)  4(1) 
O(1) 19(1)  23(1) 16(1)  1(1) 4(1)  -2(1) 
O(2) 16(1)  26(1) 14(1)  3(1) 4(1)  -2(1) 
O(3) 31(1)  87(2) 27(1)  28(1) -9(1)  -30(1) 
O(4) 20(1)  26(1) 16(1)  -2(1) 4(1)  2(1) 
O(5) 17(1)  31(1) 15(1)  -4(1) 4(1)  4(1) 
O(6) 18(1)  29(1) 18(1)  -5(1) 4(1)  3(1) 
S(1) 19(1)  21(1) 22(1)  6(1) 2(1)  2(1) 
S(2) 23(1)  28(1) 18(1)  -4(1) 6(1)  3(1) 
______________________________________________________________________________
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 
for 180. 
______________________________________________________________________________ 
 x  y  z  U(eq) 
______________________________________________________________________________ 
 
H(2) -2401 4602 3437 21 
H(3A) -4080 3271 4142 30 
H(3B) -4288 4571 3722 30 
H(4A) -5318 2958 2700 29 
H(4B) -4463 3822 2309 29 
H(5) -3721 1637 3191 22 
H(10) -16 2589 4966 22 
H(11A) -1807 1528 4206 21 
H(11B) -897 1489 3577 21 
H(12A) -1626 5547 5004 40 
H(12B) -655 5364 4443 40 
H(12C) -305 4966 5443 40 
H(13A) -1300 3228 5896 42 
H(13B) -2356 2527 5198 42 
H(13C) -2620 3827 5487 42 
H(14A) -4528 1164 1756 35 
H(14B) -3059 1013 1969 35 
H(14C) -3717 2145 1449 35 
H(18) 4931 7306 3872 24 
H(19) 6224 6843 5254 28 
H(20) 5662 5337 6059 27 
H(21) 3823 4300 5523 24 
H(22A) 4220 5790 2291 106 
H(22B) 2945 5816 1535 106 
H(22C) 3213 4777 2238 106 
H(24) 1069 11139 741 19 
H(25A) -760 11235 1696 26 
H(25B) -430 12248 1088 26 
H(26A) -1270 11134 -185 27 
H(26B) -2289 11032 355 27 
H(27) -1492 9285 983 24 
H(32) 2434 8974 2644 19 
H(33A) 263 8774 2066 21 
H(33B) 851 7877 1502 21 
H(34A) 2592 12228 2061 32 
H(34B) 3106 11268 1514 32 
H(34C) 3531 11233 2556 32 
H(35A) 2014 10725 3378 33 
H(35B) 624 10378 2867 33 
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H(35C) 1087 11706 2850 33 
H(36A) -2675 8819 -407 40 
H(36B) -1538 7920 -126 40 
H(36C) -1503 8970 -787 40 
H(40) 8191 6154 1215 26 
H(41) 9385 6600 2621 30 
H(42) 8586 7860 3490 32 
H(43) 6599 8635 2982 30 
H(44A) 5596 4852 703 45 
H(44B) 4526 5090 -175 45 
H(44C) 4427 5643 726 45 
H(1) 1779 4733 3434 22 
H(2A) 4600 8134 893 25 
H(2B) -210 4293 1995 28 
H(5A) 2481 8627 -508 31 
______________________________________________________________________________ 
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X-ray crystallographic data for 194 
 

 
 

A yellow plate 0.060 x 0.040 x 0.020 mm in size was mounted on a Cryoloop with 
Paratone oil. Data were collected in a nitrogen gas stream at 100(2) K using phi and 
omega scans. Crystal-to-detector distance was 60 mm and exposure time was 10 
seconds per frame using a scan width of 2.0°. Data collection was 99.9% complete to 
67.000° in q. A total of 28293 reflections were collected covering the indices, -8<=h<=8, 
-15<=k<=15, -19<=l<=19. 28293 reflections were found to be symmetry independent, 
with a Rint of 0.0688. Indexing and unit cell refinement indicated a primitive, orthorhombic 
lattice. The space group was found to be P 21 21 21 (No. 19). The data were integrated 
using the Bruker SAINT software program and scaled using the TWINABS software 
program. Solution by iterative methods (SHELXT) produced a complete heavy-atom 
phasing model consistent with the proposed structure. All non-hydrogen atoms were 
refined anisotropically by full-matrix least-squares (SHELXL-2014). All hydrogen atoms 
were placed using a riding model. Their positions were constrained relative to their 
parent atom using the appropriate HFIX command in SHELXL-2014. Absolute 
stereochemistry was unambiguously determined to be R at all chiral centers. 
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Table 1. Crystal data and structure refinement for 194. 
X-ray ID  maimone56 
Sample/notebook ID  KH_3_056_major 
Empirical formula  C15 H24 O4 
Formula weight  268.34 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Orthorhombic 
Space group  P 21 21 21 
Unit cell dimensions a = 7.1068(3) Å a= 90°. 
 b = 12.6007(6) Å b= 90°. 
 c = 15.9515(8) Å g = 90°. 
Volume 1428.47(12) Å3 
Z 4 
Density (calculated) 1.248 Mg/m3 
Absorption coefficient 0.723 mm-1 
F(000) 584 
Crystal size 0.060 x 0.040 x 0.020 mm3 
Theta range for data collection 4.472 to 68.331°. 
Index ranges -8<=h<=8, -15<=k<=15, -19<=l<=19 
Reflections collected 28293 
Independent reflections 28293 [R(int) = 0.0688] 
Completeness to theta = 67.000° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.929 and 0.803 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 28293 / 0 / 179 
Goodness-of-fit on F2 1.036 
Final R indices [I>2sigma(I)] R1 = 0.0529, wR2 = 0.1307 
R indices (all data) R1 = 0.0695, wR2 = 0.1426 
Absolute structure parameter 0.01(14) 
Extinction coefficient n/a 
Largest diff. peak and hole 0.218 and -0.164 e.Å-3 

106



Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for 194. U(eq) is defined as one third of the trace of the orthogonalized Uij 
tensor. 
______________________________________________________________________________ 
 x y z U(eq) 
______________________________________________________________________________ 
C(1) 496(7) 248(4) 4052(3) 22(1) 
C(2) -431(7) 1113(3) 3497(3) 23(1) 
C(3) -177(7) 930(3) 2576(3) 24(1) 
C(4) 1832(7) 709(4) 2282(3) 24(1) 
C(5) 2466(7) -347(4) 2718(3) 25(1) 
C(6) 2346(7) -222(4) 3685(3) 22(1) 
C(7) 2547(7) -1283(4) 4167(3) 27(1) 
C(8) 543(7) -1638(4) 4411(3) 27(1) 
C(9) -796(7) -741(4) 4147(3) 25(1) 
C(10) 839(6) 721(4) 4939(3) 23(1) 
C(11) 2310(7) 1578(4) 4964(3) 22(1) 
C(12) 3087(8) 1666(4) 2474(3) 29(1) 
C(13) 4527(7) -574(4) 2485(3) 32(1) 
C(14) 1274(8) -1259(4) 2356(3) 30(1) 
C(15) -2487(7) -627(4) 4733(3) 34(1) 
O(1) 1983(5) 2520(3) 4857(2) 32(1) 
O(2) 4020(5) 1229(3) 5112(2) 29(1) 
O(3) -1472(5) 954(3) 2077(2) 31(1) 
O(4) 1816(6) 597(3) 1398(2) 32(1) 
______________________________________________________________________________
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Table 3. Bond lengths [Å] and angles [°] for 194. 
_____________________________________________________ 
C(1)-C(2)  1.550(6) 
C(1)-C(10)  1.555(6) 
C(1)-C(9)  1.555(6) 
C(1)-C(6)  1.556(6) 
C(2)-C(3)  1.498(7) 
C(2)-H(2A)  0.9900 
C(2)-H(2B)  0.9900 
C(3)-O(3)  1.217(6) 
C(3)-C(4)  1.528(7) 
C(4)-O(4)  1.417(5) 
C(4)-C(12)  1.530(7) 
C(4)-C(5)  1.568(6) 
C(5)-C(13)  1.537(7) 
C(5)-C(14)  1.540(6) 
C(5)-C(6)  1.553(7) 
C(6)-C(7)  1.548(6) 
C(6)-H(6)  1.0000 
C(7)-C(8)  1.543(7) 
C(7)-H(7A)  0.9900 
C(7)-H(7B)  0.9900 
C(8)-C(9)  1.537(7) 
C(8)-H(8A)  0.9900 

C(8)-H(8B)  0.9900 
C(9)-C(15)  1.529(7) 
C(9)-H(9)  1.0000 
C(10)-C(11)  1.504(6) 
C(10)-H(10A)  0.9900 
C(10)-H(10B)  0.9900 
C(11)-O(1)  1.221(6) 
C(11)-O(2)  1.314(6) 
C(12)-H(12A)  0.9800 
C(12)-H(12B)  0.9800 
C(12)-H(12C)  0.9800 
C(13)-H(13A)  0.9800 
C(13)-H(13B)  0.9800 
C(13)-H(13C)  0.9800 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 
C(15)-H(15A)  0.9800 
C(15)-H(15B)  0.9800 
C(15)-H(15C)  0.9800 
O(2)-H(2)  0.8400 
O(4)-H(4)  0.8400 

 
C(2)-C(1)-C(10) 108.4(4) 
C(2)-C(1)-C(9) 111.6(4) 
C(10)-C(1)-C(9) 108.1(4) 
C(2)-C(1)-C(6) 114.3(4) 
C(10)-C(1)-C(6) 110.8(4) 
C(9)-C(1)-C(6) 103.3(4) 
C(3)-C(2)-C(1) 113.6(4) 
C(3)-C(2)-H(2A) 108.8 
C(1)-C(2)-H(2A) 108.8 
C(3)-C(2)-H(2B) 108.8 
C(1)-C(2)-H(2B) 108.8 
H(2A)-C(2)-H(2B) 107.7 
O(3)-C(3)-C(2) 123.1(5) 
O(3)-C(3)-C(4) 120.7(4) 
C(2)-C(3)-C(4) 116.2(4) 
O(4)-C(4)-C(3) 108.4(4) 
O(4)-C(4)-C(12) 106.4(4) 
C(3)-C(4)-C(12) 109.9(4) 
O(4)-C(4)-C(5) 111.0(4) 
C(3)-C(4)-C(5) 106.7(4) 

C(12)-C(4)-C(5) 114.4(4) 
C(13)-C(5)-C(14) 107.2(4) 
C(13)-C(5)-C(6) 108.1(4) 
C(14)-C(5)-C(6) 114.7(4) 
C(13)-C(5)-C(4) 109.0(4) 
C(14)-C(5)-C(4) 108.0(4) 
C(6)-C(5)-C(4) 109.8(4) 
C(7)-C(6)-C(5) 113.7(4) 
C(7)-C(6)-C(1) 102.7(4) 
C(5)-C(6)-C(1) 117.3(4) 
C(7)-C(6)-H(6) 107.6 
C(5)-C(6)-H(6) 107.6 
C(1)-C(6)-H(6) 107.6 
C(8)-C(7)-C(6) 106.9(4) 
C(8)-C(7)-H(7A) 110.3 
C(6)-C(7)-H(7A) 110.3 
C(8)-C(7)-H(7B) 110.3 
C(6)-C(7)-H(7B) 110.3 
H(7A)-C(7)-H(7B) 108.6 
C(9)-C(8)-C(7) 106.8(4) 
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C(9)-C(8)-H(8A) 110.4 
C(7)-C(8)-H(8A) 110.4 
C(9)-C(8)-H(8B) 110.4 
C(7)-C(8)-H(8B) 110.4 
H(8A)-C(8)-H(8B) 108.6 
C(15)-C(9)-C(8) 112.9(4) 
C(15)-C(9)-C(1) 116.7(4) 
C(8)-C(9)-C(1) 104.5(4) 
C(15)-C(9)-H(9) 107.4 
C(8)-C(9)-H(9) 107.4 
C(1)-C(9)-H(9) 107.4 
C(11)-C(10)-C(1) 114.2(4) 
C(11)-C(10)-H(10A) 108.7 
C(1)-C(10)-H(10A) 108.7 
C(11)-C(10)-H(10B) 108.7 
C(1)-C(10)-H(10B) 108.7 
H(10A)-C(10)-H(10B) 107.6 
O(1)-C(11)-O(2) 121.8(4) 
O(1)-C(11)-C(10) 124.2(4) 
O(2)-C(11)-C(10) 114.0(4) 
C(4)-C(12)-H(12A) 109.5 
C(4)-C(12)-H(12B) 109.5 
H(12A)-C(12)-H(12B) 109.5 
C(4)-C(12)-H(12C) 109.5 
H(12A)-C(12)-H(12C) 109.5 
H(12B)-C(12)-H(12C) 109.5 
C(5)-C(13)-H(13A) 109.5 
C(5)-C(13)-H(13B) 109.5 
H(13A)-C(13)-H(13B) 109.5 
C(5)-C(13)-H(13C) 109.5 
H(13A)-C(13)-H(13C) 109.5 
H(13B)-C(13)-H(13C) 109.5 
C(5)-C(14)-H(14A) 109.5 
C(5)-C(14)-H(14B) 109.5 
H(14A)-C(14)-H(14B) 109.5 
C(5)-C(14)-H(14C) 109.5 
H(14A)-C(14)-H(14C) 109.5 
H(14B)-C(14)-H(14C) 109.5 
C(9)-C(15)-H(15A) 109.5 
C(9)-C(15)-H(15B) 109.5 
H(15A)-C(15)-H(15B) 109.5 
C(9)-C(15)-H(15C) 109.5 
H(15A)-C(15)-H(15C) 109.5 
H(15B)-C(15)-H(15C) 109.5 
C(11)-O(2)-H(2) 109.5 

C(4)-O(4)-H(4) 109.5 
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_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
  
Table 4. Anisotropic displacement parameters (Å2x 103) for 194. The anisotropic 
displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
______________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
______________________________________________________________________________ 
C(1) 21(2)  22(2) 21(3)  -1(2) -1(2)  0(2) 
C(2) 20(2)  20(2) 30(3)  0(2) 0(2)  2(2) 
C(3) 31(3)  14(2) 28(3)  2(2) -4(2)  -1(2) 
C(4) 29(3)  22(2) 23(3)  -1(2) 3(2)  0(2) 
C(5) 26(3)  18(2) 30(3)  -4(2) 1(2)  1(2) 
C(6) 21(2)  21(2) 23(2)  -1(2) -3(2)  1(2) 
C(7) 28(3)  23(2) 29(3)  2(2) -1(2)  7(2) 
C(8) 31(3)  21(2) 31(3)  3(2) -1(2)  -1(2) 
C(9) 25(3)  22(2) 28(3)  0(2) -1(2)  -1(2) 
C(10) 22(3)  25(2) 23(3)  1(2) 1(2)  1(2) 
C(11) 25(3)  23(2) 18(2)  -4(2) 0(2)  4(2) 
C(12) 30(3)  24(2) 34(3)  2(2) 2(2)  -2(2) 
C(13) 33(3)  30(2) 31(3)  1(2) 4(2)  7(2) 
C(14) 44(3)  22(2) 23(3)  -1(2) -2(2)  -1(2) 
C(15) 25(3)  34(3) 43(3)  2(2) 4(2)  -5(2) 
O(1) 26(2)  23(2) 46(2)  -5(1) -2(2)  2(2) 
O(2) 24(2)  24(2) 40(2)  -2(2) -4(1)  -2(1) 
O(3) 29(2)  32(2) 30(2)  1(1) -6(1)  0(2) 
O(4) 39(2)  31(2) 25(2)  0(1) 2(2)  0(2) 
______________________________________________________________________________
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 
for 194. 
______________________________________________________________________________ 
 x  y  z  U(eq) 
______________________________________________________________________________ 
 
H(2A) -1794 1139 3624 28 
H(2B) 114 1811 3645 28 
H(6) 3404 249 3864 26 
H(7A) 3154 -1824 3808 32 
H(7B) 3327 -1182 4676 32 
H(8A) 211 -2305 4118 33 
H(8B) 461 -1761 5023 33 
H(9) -1291 -920 3578 30 
H(10A) -361 1015 5152 28 
H(10B) 1225 141 5321 28 
H(12A) 4326 1560 2217 44 
H(12B) 3230 1740 3082 44 
H(12C) 2509 2310 2245 44 
H(13A) 4900 -1265 2713 47 
H(13B) 5335 -19 2720 47 
H(13C) 4658 -583 1873 47 
H(14A) 1580 -1355 1762 45 
H(14B) -64 -1086 2413 45 
H(14C) 1548 -1915 2662 45 
H(15A) -3288 -1257 4686 51 
H(15B) -3212 5 4577 51 
H(15C) -2046 -555 5313 51 
H(2) 4790 1731 5062 44 
H(4) 709 490 1234 47 
______________________________________________________________________________ 
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X-ray crystallographic data for 208 
 

 
 

A yellow plate 0.014 x 0.014 x 0.070 mm in size was mounted on a Cryoloop with 
Paratone oil. Data were collected in a nitrogen gas stream at 100(2) K using phi and 
omega scans. Crystal-to-detector distance was 60 mm and exposure time was 10 
seconds per frame using a scan width of 2.0°. Data collection was 98.1% complete to 
25.000° in q. A total of 18986 reflections were collected covering the indices, -7<=h<=7, 
-9<=k<=9, -10<=l<=10. 2775 reflections were found to be symmetry independent, with 
a Rint of 0.0287. Indexing and unit cell refinement indicated a primitive, triclinic lattice. 
The space group was found to be P 1 (No. 1). The data were integrated using the Bruker 
SAINT software program and scaled using the TWINABS software program. Solution by 
iterative methods (SHELXT) produced a complete heavy-atom phasing model consistent 
with the proposed structure. All non-hydrogen atoms were refined anisotropically by full-
matrix least-squares (SHELXL-2014). All hydrogen atoms were placed using a riding 
model. Their positions were constrained relative to their parent atom using the 
appropriate HFIX command in SHELXL-2014. Absolute stereochemistry was 
unambiguously determined to be R at C2 and C9, and S at C5, C12, and C15, 
respectively. 
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Table 1. Crystal data and structure refinement for 208. 
Identification code  zy_072_lit 
Empirical formula  C15 H22 O5 
Formula weight  282.32 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P 1 
Unit cell dimensions a = 6.2584(10) Å a= 62.655(7)°. 
 b = 7.9523(13) Å b= 69.084(8)°. 
 c = 8.4873(13) Å g = 82.665(8)°. 
Volume 350.14(10) Å 3 
Z 1 
Density (calculated) 1.339 Mg/m3 
Absorption coefficient 0.100 mm-1 
F(000) 152 
Crystal size 0.140 x 0.140 x 0.070 mm3 
Theta range for data collection 2.872 to 26.465°. 
Index ranges -7<=h<=7, -9<=k<=9, -10<=l<=10 
Reflections collected 18986 
Independent reflections 2775 [R(int) = 0.0287] 
Completeness to theta = 25.000° 98.1 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.745 and 0.711 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2775 / 3 / 193 
Goodness-of-fit on F2 1.028 
Final R indices [I>2sigma(I)] R1 = 0.0348, wR2 = 0.0878 
R indices (all data) R1 = 0.0364, wR2 = 0.0887 
Absolute structure parameter 0.0(3) 
Extinction coefficient n/a 
Largest diff. peak and hole 0.292 and -0.196 e.Å -3 
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for 208. U(eq) is defined as one third of the trace of the orthogonalized Uij 
tensor. 
______________________________________________________________________________ 
 x y z U(eq) 
______________________________________________________________________________ 
C(1) 8645(5) 7566(4) 527(4) 29(1) 
C(2) 7654(4) 5793(4) 2365(3) 18(1) 
C(3) 6619(4) 4338(4) 2069(4) 26(1) 
C(4) 4317(4) 3553(4) 3678(3) 19(1) 
C(5) 4265(4) 4160(3) 5186(3) 14(1) 
C(6) 5056(4) 2607(3) 6794(3) 16(1) 
C(7) 7363(4) 1803(4) 6095(3) 21(1) 
C(8) 3238(4) 963(4) 7975(3) 22(1) 
C(9) 5235(4) 3446(4) 8100(3) 16(1) 
C(10) 2919(4) 3943(4) 9218(3) 20(1) 
C(11) 6902(4) 5159(4) 6850(3) 16(1) 
C(12) 6447(4) 6763(3) 5118(3) 16(1) 
C(13) 3085(4) 8235(4) 4823(3) 17(1) 
C(14) 4078(4) 7666(4) 3246(3) 18(1) 
C(15) 5680(4) 6080(3) 3951(3) 16(1) 
O(1) 6164(3) 2087(3) 9468(2) 22(1) 
O(2) 8623(3) 5260(3) 7149(2) 23(1) 
O(3) 8271(3) 8058(3) 3978(3) 21(1) 
O(4) 4456(3) 7680(2) 5891(2) 18(1) 
O(5) 1373(3) 9052(3) 5194(3) 22(1) 
______________________________________________________________________________
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Table 3. Bond lengths [Å] and angles [°] for 208. 
_____________________________________________________ 
C(1)-C(2)  1.522(3) 
C(1)-H(1A)  0.9800 
C(1)-H(1B)  0.9800 
C(1)-H(1C)  0.9800 
C(2)-C(3)  1.548(3) 
C(2)-C(15)  1.553(3) 
C(2)-H(2)  1.0000 
C(3)-C(4)  1.540(3) 
C(3)-H(3A)  0.9900 
C(3)-H(3B)  0.9900 
C(4)-C(5)  1.551(3) 
C(4)-H(4A)  0.9900 
C(4)-H(4B)  0.9900 
C(5)-C(6)  1.553(3) 
C(5)-C(15)  1.558(3) 
C(5)-H(5)  1.0000 
C(6)-C(7)  1.532(3) 
C(6)-C(8)  1.539(3) 
C(6)-C(9)  1.573(3) 
C(7)-H(7A)  0.9800 
C(7)-H(7B)  0.9800 
C(7)-H(7C)  0.9800 
C(8)-H(8A)  0.9800 
C(8)-H(8B)  0.9800 
C(8)-H(8C)  0.9800 
C(9)-O(1)  1.422(3) 
C(9)-C(11)  1.521(3) 
C(9)-C(10)  1.541(3) 
C(10)-H(10A)  0.9800 
C(10)-H(10B)  0.9800 
C(10)-H(10C)  0.9800 
C(11)-O(2)  1.212(3) 
C(11)-C(12)  1.534(4) 
C(12)-O(3)  1.377(3) 
C(12)-O(4)  1.462(3) 
C(12)-C(15)  1.551(3) 
C(13)-O(5)  1.199(3) 
C(13)-O(4)  1.358(3) 
C(13)-C(14)  1.507(3) 
C(14)-C(15)  1.539(3) 
C(14)-H(14A)  0.9900 
C(14)-H(14B)  0.9900 
O(1)-H(1)  0.85(4) 
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O(3)-H(3)  0.80(3) 
 
C(2)-C(1)-H(1A) 109.5 
C(2)-C(1)-H(1B) 109.5 
H(1A)-C(1)-H(1B) 109.5 
C(2)-C(1)-H(1C) 109.5 
H(1A)-C(1)-H(1C) 109.5 
H(1B)-C(1)-H(1C) 109.5 
C(1)-C(2)-C(3) 111.9(2) 
C(1)-C(2)-C(15) 116.5(2) 
C(3)-C(2)-C(15) 103.98(18) 
C(1)-C(2)-H(2) 108.0 
C(3)-C(2)-H(2) 108.0 
C(15)-C(2)-H(2) 108.0 
C(4)-C(3)-C(2) 107.99(19) 
C(4)-C(3)-H(3A) 110.1 
C(2)-C(3)-H(3A) 110.1 
C(4)-C(3)-H(3B) 110.1 
C(2)-C(3)-H(3B) 110.1 
H(3A)-C(3)-H(3B) 108.4 
C(3)-C(4)-C(5) 106.27(19) 
C(3)-C(4)-H(4A) 110.5 
C(5)-C(4)-H(4A) 110.5 
C(3)-C(4)-H(4B) 110.5 
C(5)-C(4)-H(4B) 110.5 
H(4A)-C(4)-H(4B) 108.7 
C(4)-C(5)-C(6) 113.40(19) 
C(4)-C(5)-C(15) 101.87(18) 
C(6)-C(5)-C(15) 117.65(17) 
C(4)-C(5)-H(5) 107.8 
C(6)-C(5)-H(5) 107.8 
C(15)-C(5)-H(5) 107.8 
C(7)-C(6)-C(8) 108.0(2) 
C(7)-C(6)-C(5) 113.84(18) 
C(8)-C(6)-C(5) 108.32(18) 
C(7)-C(6)-C(9) 108.56(18) 
C(8)-C(6)-C(9) 108.62(17) 
C(5)-C(6)-C(9) 109.33(18) 
C(6)-C(7)-H(7A) 109.5 
C(6)-C(7)-H(7B) 109.5 
H(7A)-C(7)-H(7B) 109.5 
C(6)-C(7)-H(7C) 109.5 
H(7A)-C(7)-H(7C) 109.5 
H(7B)-C(7)-H(7C) 109.5 
C(6)-C(8)-H(8A) 109.5 
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C(6)-C(8)-H(8B) 109.5 
H(8A)-C(8)-H(8B) 109.5 
C(6)-C(8)-H(8C) 109.5 
H(8A)-C(8)-H(8C) 109.5 
H(8B)-C(8)-H(8C) 109.5 
O(1)-C(9)-C(11) 108.20(18) 
O(1)-C(9)-C(10) 105.94(18) 
C(11)-C(9)-C(10) 111.9(2) 
O(1)-C(9)-C(6) 109.52(19) 
C(11)-C(9)-C(6) 106.96(17) 
C(10)-C(9)-C(6) 114.15(17) 
C(9)-C(10)-H(10A) 109.5 
C(9)-C(10)-H(10B) 109.5 
H(10A)-C(10)-H(10B) 109.5 
C(9)-C(10)-H(10C) 109.5 
H(10A)-C(10)-H(10C) 109.5 
H(10B)-C(10)-H(10C) 109.5 
O(2)-C(11)-C(9) 121.7(2) 
O(2)-C(11)-C(12) 119.0(2) 
C(9)-C(11)-C(12) 119.23(19) 
O(3)-C(12)-O(4) 109.70(19) 
O(3)-C(12)-C(11) 112.14(19) 
O(4)-C(12)-C(11) 104.73(17) 
O(3)-C(12)-C(15) 110.74(19) 
O(4)-C(12)-C(15) 104.65(17) 
C(11)-C(12)-C(15) 114.3(2) 
O(5)-C(13)-O(4) 120.7(2) 
O(5)-C(13)-C(14) 129.6(2) 
O(4)-C(13)-C(14) 109.7(2) 
C(13)-C(14)-C(15) 103.46(19) 
C(13)-C(14)-H(14A) 111.1 
C(15)-C(14)-H(14A) 111.1 
C(13)-C(14)-H(14B) 111.1 
C(15)-C(14)-H(14B) 111.1 
H(14A)-C(14)-H(14B) 109.0 
C(14)-C(15)-C(12) 99.97(18) 
C(14)-C(15)-C(2) 114.5(2) 
C(12)-C(15)-C(2) 115.23(18) 
C(14)-C(15)-C(5) 108.75(18) 
C(12)-C(15)-C(5) 112.84(18) 
C(2)-C(15)-C(5) 105.59(18) 
C(9)-O(1)-H(1) 112(3) 
C(12)-O(3)-H(3) 108(2) 
C(13)-O(4)-C(12) 109.96(17) 
_____________________________________________________________ 
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Symmetry transformations used to generate equivalent atoms:  
  
Table 4. Anisotropic displacement parameters (Å2x 103) for 208. The anisotropic 
displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
______________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
______________________________________________________________________________ 
C(1) 27(1)  26(2) 20(1)  -6(1) 3(1)  -2(1) 
C(2) 15(1)  20(1) 16(1)  -8(1) -2(1)  1(1) 
C(3) 26(1)  32(2) 21(1)  -17(1) -2(1)  -4(1) 
C(4) 21(1)  22(1) 19(1)  -11(1) -6(1)  -3(1) 
C(5) 13(1)  16(1) 15(1)  -7(1) -4(1)  -1(1) 
C(6) 17(1)  14(1) 15(1)  -6(1) -4(1)  0(1) 
C(7) 23(1)  19(1) 18(1)  -8(1) -5(1)  6(1) 
C(8) 26(1)  18(1) 19(1)  -6(1) -6(1)  -4(1) 
C(9) 16(1)  19(1) 14(1)  -6(1) -6(1)  3(1) 
C(10) 17(1)  27(2) 16(1)  -12(1) -4(1)  2(1) 
C(11) 14(1)  21(1) 18(1)  -13(1) -5(1)  4(1) 
C(12) 13(1)  15(1) 20(1)  -10(1) -5(1)  0(1) 
C(13) 16(1)  14(1) 23(1)  -8(1) -7(1)  -1(1) 
C(14) 15(1)  20(1) 18(1)  -7(1) -6(1)  0(1) 
C(15) 14(1)  17(1) 15(1)  -7(1) -4(1)  0(1) 
O(1) 21(1)  22(1) 19(1)  -5(1) -9(1)  1(1) 
O(2) 18(1)  27(1) 25(1)  -10(1) -12(1)  1(1) 
O(3) 17(1)  20(1) 24(1)  -6(1) -10(1)  -4(1) 
O(4) 17(1)  18(1) 24(1)  -12(1) -9(1)  5(1) 
O(5) 17(1)  23(1) 33(1)  -17(1) -10(1)  5(1) 
______________________________________________________________________________
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 
for 208. 
______________________________________________________________________________ 
 x  y  z  U(eq) 
______________________________________________________________________________ 
 
H(1A) 9927 7230 -340 43 
H(1B) 9188 8485 784 43 
H(1C) 7458 8123 -46 43 
H(2) 8925 5187 2864 21 
H(3A) 6379 4956 836 31 
H(3B) 7674 3294 2085 31 
H(4A) 4203 2155 4218 23 
H(4B) 3025 4085 3207 23 
H(5) 2648 4436 5765 17 
H(7A) 7681 748 7171 32 
H(7B) 8576 2797 5454 32 
H(7C) 7308 1349 5214 32 
H(8A) 3291 289 7244 33 
H(8B) 1716 1467 8303 33 
H(8C) 3549 86 9132 33 
H(10A) 2055 2774 10237 30 
H(10B) 2044 4648 8374 30 
H(10C) 3186 4723 9755 30 
H(14A) 4940 8745 2056 21 
H(14B) 2860 7194 3040 21 
H(1) 7490(70) 2440(60) 9300(60) 45(10) 
H(3) 8820(50) 8170(50) 4650(50) 24(8) 
______________________________________________________________________________ 
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X-ray crystallographic data for 209 
 

 
 

A colorless plate 0.050 x 0.040 x 0.020 mm in size was mounted on a Cryoloop with 
Paratone oil. Data were collected in a nitrogen gas stream at 100(2) K using phi and 
omega scans. Crystal-to-detector distance was 60 mm and exposure time was 5 
seconds per frame using a scan width of 2.0°. Data collection was 99.4% complete to 
67.000° in q. A total of 23277 reflections were collected covering the indices, -7<=h<=6, 
-14<=k<=14, -10<=l<=10. 2383 reflections were found to be symmetry independent, 
with an Rint of 0.0393. Indexing and unit cell refinement indicated a primitive, monoclinic 
lattice. The space group was found to be P 21 (No. 4). The data were integrated using 
the Bruker SAINT software program and scaled using the SADABS software program. 
Solution by iterative methods (SHELXT) produced a complete heavy-atom phasing 
model consistent with the proposed structure. All non-hydrogen atoms were refined 
anisotropically by full-matrix least-squares (SHELXL-2014). All hydrogen atoms were 
placed using a riding model. Their positions were constrained relative to their parent 
atom using the appropriate HFIX command in SHELXL-2014. Absolute stereochemistry 
was unambiguously determined to be R at C5 and S at C1 and C8, respectively. 
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Table 1. Crystal data and structure refinement for 209. 
X-ray ID  maimone58 
Sample/notebook ID  KH_3_087_1 
Empirical formula  C14 H20 O4 
Formula weight  252.30 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  P 21 
Unit cell dimensions a = 6.2397(4) Å a= 90°. 
 b = 11.9278(7) Å b= 103.411(3)°. 
 c = 9.1162(5) Å g = 90°. 
Volume 659.98(7) Å3 
Z 2 
Density (calculated) 1.270 Mg/m3 
Absorption coefficient 0.754 mm-1 
F(000) 272 
Crystal size 0.050 x 0.040 x 0.020 mm3 
Theta range for data collection 4.987 to 68.314°. 
Index ranges -7<=h<=6, -14<=k<=14, -10<=l<=10 
Reflections collected 23277 
Independent reflections 2383 [R(int) = 0.0393] 
Completeness to theta = 67.000° 99.4 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.929 and 0.828 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2383 / 1 / 167 
Goodness-of-fit on F2 1.065 
Final R indices [I>2sigma(I)] R1 = 0.0264, wR2 = 0.0720 
R indices (all data) R1 = 0.0268, wR2 = 0.0724 
Absolute structure parameter 0.03(5) 
Extinction coefficient n/a 
Largest diff. peak and hole 0.215 and -0.117 e.Å-3 
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for 209. U(eq) is defined as one third of the trace of the orthogonalized Uij 
tensor. 
______________________________________________________________________________ 
 x y z U(eq) 
______________________________________________________________________________ 
C(1) 2090(3) 4362(1) 6321(2) 17(1) 
C(2) 3957(3) 4852(2) 5721(2) 20(1) 
C(3) 1238(4) 4534(2) 3605(2) 29(1) 
C(4) 210(3) 4280(2) 4889(2) 21(1) 
C(5) 2844(3) 3194(2) 7018(2) 19(1) 
C(6) 1002(3) 2919(2) 7800(2) 22(1) 
C(7) 649(3) 4015(2) 8581(2) 22(1) 
C(8) 1282(3) 4983(2) 7607(2) 17(1) 
C(9) 3340(3) 2299(2) 5946(2) 26(1) 
C(10) 2761(3) 5898(2) 8531(2) 19(1) 
C(11) 4914(3) 5475(2) 9573(2) 26(1) 
C(12) 1390(4) 6486(2) 9532(2) 28(1) 
C(13) 3167(3) 6816(2) 7453(2) 20(1) 
C(14) 4842(4) 7711(2) 8034(3) 33(1) 
O(1) 3389(2) 4890(1) 4156(2) 28(1) 
O(2) 5770(2) 5108(1) 6366(2) 27(1) 
O(3) 493(3) 4470(2) 2285(2) 52(1) 
O(4) 2122(2) 6844(1) 6150(1) 23(1) 
______________________________________________________________________________
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Table 3. Bond lengths [Å] and angles [°] for 209. 
_____________________________________________________ 
C(1)-C(2)  1.515(2) 
C(1)-C(4)  1.543(3) 
C(1)-C(5)  1.558(2) 
C(1)-C(8)  1.566(2) 
C(2)-O(2)  1.187(2) 
C(2)-O(1)  1.389(2) 
C(3)-O(3)  1.188(3) 
C(3)-O(1)  1.386(3) 
C(3)-C(4)  1.490(3) 
C(4)-H(4A)  0.9900 
C(4)-H(4B)  0.9900 
C(5)-C(6)  1.522(3) 
C(5)-C(9)  1.526(3) 
C(5)-H(5)  1.0000 
C(6)-C(7)  1.528(3) 
C(6)-H(6A)  0.9900 
C(6)-H(6B)  0.9900 
C(7)-C(8)  1.562(2) 
C(7)-H(7A)  0.9900 
C(7)-H(7B)  0.9900 

C(8)-C(10)  1.547(2) 
C(8)-H(8)  1.0000 
C(9)-H(9A)  0.9800 
C(9)-H(9B)  0.9800 
C(9)-H(9C)  0.9800 
C(10)-C(13)  1.531(3) 
C(10)-C(11)  1.539(3) 
C(10)-C(12)  1.555(3) 
C(11)-H(11A)  0.9800 
C(11)-H(11B)  0.9800 
C(11)-H(11C)  0.9800 
C(12)-H(12A)  0.9800 
C(12)-H(12B)  0.9800 
C(12)-H(12C)  0.9800 
C(13)-O(4)  1.216(2) 
C(13)-C(14)  1.501(3) 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 

 
C(2)-C(1)-C(4) 102.50(15) 
C(2)-C(1)-C(5) 107.91(14) 
C(4)-C(1)-C(5) 112.78(14) 
C(2)-C(1)-C(8) 119.75(15) 
C(4)-C(1)-C(8) 110.48(14) 
C(5)-C(1)-C(8) 103.70(14) 
O(2)-C(2)-O(1) 119.15(16) 
O(2)-C(2)-C(1) 130.13(17) 
O(1)-C(2)-C(1) 110.45(15) 
O(3)-C(3)-O(1) 120.3(2) 
O(3)-C(3)-C(4) 130.1(2) 
O(1)-C(3)-C(4) 109.58(16) 
C(3)-C(4)-C(1) 105.68(16) 
C(3)-C(4)-H(4A) 110.6 
C(1)-C(4)-H(4A) 110.6 
C(3)-C(4)-H(4B) 110.6 
C(1)-C(4)-H(4B) 110.6 
H(4A)-C(4)-H(4B) 108.7 
C(6)-C(5)-C(9) 115.89(16) 
C(6)-C(5)-C(1) 101.18(14) 
C(9)-C(5)-C(1) 116.80(15) 
C(6)-C(5)-H(5) 107.5 

C(9)-C(5)-H(5) 107.5 
C(1)-C(5)-H(5) 107.5 
C(5)-C(6)-C(7) 103.90(15) 
C(5)-C(6)-H(6A) 111.0 
C(7)-C(6)-H(6A) 111.0 
C(5)-C(6)-H(6B) 111.0 
C(7)-C(6)-H(6B) 111.0 
H(6A)-C(6)-H(6B) 109.0 
C(6)-C(7)-C(8) 106.55(14) 
C(6)-C(7)-H(7A) 110.4 
C(8)-C(7)-H(7A) 110.4 
C(6)-C(7)-H(7B) 110.4 
C(8)-C(7)-H(7B) 110.4 
H(7A)-C(7)-H(7B) 108.6 
C(10)-C(8)-C(7) 114.21(14) 
C(10)-C(8)-C(1) 119.12(14) 
C(7)-C(8)-C(1) 104.10(14) 
C(10)-C(8)-H(8) 106.2 
C(7)-C(8)-H(8) 106.2 
C(1)-C(8)-H(8) 106.2 
C(5)-C(9)-H(9A) 109.5 
C(5)-C(9)-H(9B) 109.5 
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H(9A)-C(9)-H(9B) 109.5 
C(5)-C(9)-H(9C) 109.5 
H(9A)-C(9)-H(9C) 109.5 
H(9B)-C(9)-H(9C) 109.5 
C(13)-C(10)-C(11) 112.34(15) 
C(13)-C(10)-C(8) 108.77(14) 
C(11)-C(10)-C(8) 115.43(15) 
C(13)-C(10)-C(12) 104.47(15) 
C(11)-C(10)-C(12) 107.82(15) 
C(8)-C(10)-C(12) 107.31(15) 
C(10)-C(11)-H(11A) 109.5 
C(10)-C(11)-H(11B) 109.5 
H(11A)-C(11)-H(11B) 109.5 
C(10)-C(11)-H(11C) 109.5 
H(11A)-C(11)-H(11C) 109.5 
H(11B)-C(11)-H(11C) 109.5 
C(10)-C(12)-H(12A) 109.5 
C(10)-C(12)-H(12B) 109.5 
H(12A)-C(12)-H(12B) 109.5 
C(10)-C(12)-H(12C) 109.5 
H(12A)-C(12)-H(12C) 109.5 
H(12B)-C(12)-H(12C) 109.5 
O(4)-C(13)-C(14) 119.82(18) 
O(4)-C(13)-C(10) 121.02(17) 
C(14)-C(13)-C(10) 119.14(16) 
C(13)-C(14)-H(14A) 109.5 
C(13)-C(14)-H(14B) 109.5 
H(14A)-C(14)-H(14B) 109.5 
C(13)-C(14)-H(14C) 109.5 
H(14A)-C(14)-H(14C) 109.5 
H(14B)-C(14)-H(14C) 109.5 
C(3)-O(1)-C(2) 110.90(14) 
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_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
  
Table 4. Anisotropic displacement parameters (Å2x 103) for 209. The anisotropic 
displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
______________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
______________________________________________________________________________ 
C(1) 17(1)  15(1) 19(1)  0(1) 5(1)  0(1) 
C(2) 21(1)  16(1) 26(1)  -2(1) 11(1)  2(1) 
C(3) 37(1)  28(1) 24(1)  -1(1) 8(1)  -4(1) 
C(4) 22(1)  20(1) 19(1)  0(1) 2(1)  -1(1) 
C(5) 19(1)  18(1) 22(1)  1(1) 5(1)  2(1) 
C(6) 23(1)  20(1) 23(1)  5(1) 7(1)  0(1) 
C(7) 21(1)  24(1) 23(1)  3(1) 9(1)  0(1) 
C(8) 14(1)  19(1) 19(1)  0(1) 5(1)  2(1) 
C(9) 29(1)  21(1) 32(1)  -2(1) 12(1)  4(1) 
C(10) 20(1)  19(1) 18(1)  -3(1) 4(1)  1(1) 
C(11) 26(1)  25(1) 24(1)  -1(1) -2(1)  -1(1) 
C(12) 34(1)  26(1) 27(1)  -5(1) 11(1)  4(1) 
C(13) 20(1)  18(1) 23(1)  -3(1) 5(1)  3(1) 
C(14) 39(1)  26(1) 32(1)  -1(1) 2(1)  -10(1) 
O(1) 35(1)  30(1) 24(1)  -2(1) 16(1)  -7(1) 
O(2) 19(1)  27(1) 37(1)  -2(1) 10(1)  -2(1) 
O(3) 64(1)  73(1) 18(1)  0(1) 6(1)  -19(1) 
O(4) 25(1)  20(1) 23(1)  2(1) 3(1)  2(1) 
______________________________________________________________________________
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 
for 209. 
______________________________________________________________________________ 
 x  y  z  U(eq) 
______________________________________________________________________________ 
 
H(4A) -436 3518 4785 25 
H(4B) -966 4828 4929 25 
H(5) 4219 3311 7821 23 
H(6A) 1445 2309 8544 26 
H(6B) -354 2693 7060 26 
H(7A) 1592 4037 9616 26 
H(7B) -909 4086 8641 26 
H(8) -130 5362 7112 20 
H(9A) 3805 1607 6508 40 
H(9B) 4520 2563 5486 40 
H(9C) 2011 2154 5154 40 
H(11A) 5820 5109 8967 39 
H(11B) 4568 4936 10297 39 
H(11C) 5724 6110 10119 39 
H(12A) 2281 7074 10134 42 
H(12B) 958 5933 10206 42 
H(12C) 67 6820 8888 42 
H(14A) 6305 7448 7969 50 
H(14B) 4847 7877 9088 50 
H(14C) 4468 8391 7425 50 
______________________________________________________________________________ 
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X-ray crystallographic data for 214 
 

 
 

A colorless plate 0.150 x 0.150 x 0.050 mm in size was mounted on a Cryoloop with 
Paratone oil. Data were collected in a nitrogen gas stream at 100(2) K using phi and 
omega scans. Crystal-to-detector distance was 60 mm and exposure time was 5 
seconds per frame using a scan width of 2.0°. Data collection was 100% complete to 
67.000° in q. A total of 38632 reflections were collected covering the indices, -15 ≤ h ≤ 
15, -16 ≤ k ≤ 16, -19 ≤ l ≤ 19. 10524 reflections were found to be symmetry independent, 
with an Rint of 0.0769. Indexing and unit cell refinement indicated a primitive, monoclinic 
lattice. The space group was found to be P 21 (No. 4). The data were integrated using 
the Bruker SAINT software program and scaled using the SADABS software program. 
Solution by iterative methods (SHELXT) produced a complete heavy-atom phasing 
model consistent with the proposed structure. All non-hydrogen atoms were refined 
anisotropically by full-matrix least-squares (SHELXL-2014). All hydrogen atoms were 
placed using a riding model. Their positions were constrained relative to their parent 
atom using the appropriate HFIX command in SHELXL-2014. Absolute stereochemistry 
was unambiguously determined to be R at C01F, C01G, C01I, C01M, C00J, C00R, C00M, 
C00N, C00U, C00V, C00X, and C00Z and S at C013, C016, C00Y, and C00W, 
respectively. 
  

127



Table 1 Crystal data and structure refinement for 214. 
Identification code cu_kh3216_0m 
Empirical formula C15H22O4 
Formula weight 266.33 
Temperature/K 100.0 
Crystal system monoclinic 
Space group P21 
a/Å 12.8174(5) 
b/Å 13.7159(5) 
c/Å 16.1653(6) 
α/° 90.00 
β/° 103.093(2) 
γ/° 90.00 
Volume/Å3 2768.02(18) 
Z 8 
Density (calculated) g/cm3 1.278 
μ/mm-1 0.745 
F(000) 1152.0 
Crystal size/mm3 0.150 x 0.150 x 0.050 mm3 
Radiation CuKα (λ = 1.54178) 
2Q range for data collection/° 5.62 to 141.58 
Index ranges -15 ≤ h ≤ 15, -16 ≤ k ≤ 16, -19 ≤ l ≤ 19 
Reflections collected 38632 
Independent reflections 10524 [Rint = 0.0769, Rsigma = 0.0648] 
Data/restraints/parameters 10524/1/705 
Goodness-of-fit on F2 1.045 
Final R indexes [I>=2σ (I)] R1 = 0.0468, wR2 = 0.1092 
Final R indexes [all data] R1 = 0.0566, wR2 = 0.1152 
Largest diff. peak/hole / e Å-3 0.47/-0.28 
Flack parameter 0.11(12) 
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Table 2. Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for 214. Ueq is defined as 1/3 of the trace of the orthogonalized 
UIJ tensor. 
______________________________________________________________________________ 
                              x                           y                          z               U(eq) 
______________________________________________________________________________ 
O001 360.1(12) 7811.2(12) 4767.7(9) 16.6(3) 
O002 9520.1(13) 5822.8(13) 1622.9(10) 19.8(4) 
O003 5502.0(12) 5269.9(12) 693.3(10) 17.8(3) 
O004 9649.8(12) 5145.3(12) 404.1(9) 17.2(3) 
O005 5530.4(12) 2764.7(12) 5508.6(10) 18.1(3) 
O006 3895.8(13) 7793.6(13) -434.1(10) 20.1(4) 
O007 -356.7(12) 5390.6(13) 6162.3(10) 19.4(4) 
O008 522.7(13) 8428.1(13) 3538(1) 21.3(4) 
O009 10267.7(12) 2651.7(13) -957.5(11) 20.7(4) 
O00A 3710.7(13) 5283.7(13) 4559(1) 20.3(4) 
O00B 8266.8(14) 1582.4(14) -511.6(11) 25.2(4) 
O00C 7049.6(13) 4518.5(13) 1184.7(10) 23.7(4) 
O00D 7114.2(13) 2099.3(13) 6059(1) 22.8(4) 
O00E 1711.9(13) 4297.7(14) 5742.4(11) 25.2(4) 
O00F 5742.7(15) 7791.4(19) -1589.1(11) 40.4(6) 
O00G 5523.8(17) 5968.0(19) 3684.3(14) 49.4(7) 
C00H 6566.2(18) 2823.4(19) 5891.2(13) 17.3(5) 
C00I 6562.6(18) 5265.7(19) 953.9(14) 18.9(5) 
C00J 6060.8(17) 6959.9(18) 629.0(13) 14.6(5) 
C00K 5467.2(19) 7550.5(18) -945.3(14) 18.4(5) 
C00L 8829.2(17) 2291.5(18) -324.9(14) 16.8(5) 
C00M 5940.1(17) 4492.7(18) 5641.8(13) 14.6(5) 
C00N -1285.1(18) 5849.2(19) 4162.3(14) 18.1(5) 
C00O 836.0(18) 6697.8(18) 5964.4(13) 15.3(5) 
C00P 9615.2(17) 5094.2(18) 1221.9(13) 15.9(5) 
C00Q 1102.3(17) 4974.3(18) 5548.0(14) 16.1(5) 
C00R 4297.3(18) 4789.1(18) 4026.3(14) 17.2(5) 
C00S 383.7(17) 7721.6(18) 3949.8(13) 15.9(5) 
C00T 4497.0(18) 3726.1(18) 4352.0(14) 16.7(5) 
C00U 753.6(18) 5608.3(18) 6216.2(14) 18.0(5) 
C00V 4352.9(18) 7160.5(18) -960.0(14) 17.2(5) 
C00W 5022.2(18) 3730.6(17) 5326.7(14) 15.5(5) 
C00X 11176.0(19) 3125.1(19) 1066.4(15) 20.6(5) 
C00Y 5066.6(18) 6247.6(17) 420.8(14) 15.0(5) 
C00Z -74.8(18) 6109.4(18) 4384.9(13) 16.1(5) 
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C010 247.8(19) 6687.1(18) 3665.0(14) 18.0(5) 
C011 -1824.3(18) 6799.9(18) 4312.1(14) 18.4(5) 
C012 9138.5(18) 4010.8(18) -774.4(14) 17.1(5) 
C013 5.3(18) 6894.1(17) 5116.6(14) 14.2(5) 
C014 4494.0(17) 6130.9(18) -538.3(14) 15.4(5) 
C015 1977.3(18) 6889.4(19) 5849.6(15) 20.3(5) 
C016 9957.1(18) 4205.5(17) 77.4(14) 15.1(5) 
C017 7998.5(18) 4263(2) -688.3(15) 22.3(5) 
C018 -1150.7(17) 7114.5(19) 5175.0(14) 18.0(5) 
C019 4369.8(19) 6493.0(19) 1048.1(14) 19.6(5) 
C01A 614.0(19) 7384.1(19) 6656.2(14) 20.8(5) 
C01B 9684.1(19) 4070.4(18) 1528.8(14) 18.3(5) 
C01C 5199.8(18) 5510(2) -993.5(14) 20.8(5) 
C01D 1397.7(19) 5350(2) 7097.6(15) 23.0(5) 
C01E 5368.7(19) 5339.6(19) 4167.0(15) 22.5(5) 
C01F 9172.8(18) 2913.4(18) -1008.0(14) 17.3(5) 
C01G 5522.7(19) 5132.0(18) 6291.8(14) 18.7(5) 
C01H 6230.1(19) 5118(2) 4941.6(14) 21.8(5) 
C01I 5846(2) 7580.5(19) 1380.0(15) 22.8(5) 
C01J 3418.3(18) 5614.9(19) -614.3(15) 20.3(5) 
C01K 4245.6(19) 3833.3(19) 5921.3(14) 19.3(5) 
C01L 8491.7(19) 2649(2) -1879.0(14) 23.5(5) 
C01M 9982.3(18) 3440.2(18) 824.2(13) 15.8(5) 
C01N 11130.5(18) 4358.6(19) 31.2(15) 19.6(5) 
C01O 634.1(19) 5195.7(19) 4624.4(15) 22.8(5) 
C01P 5247(2) 3215(2) 3857.3(15) 22.7(5) 
C01Q 3441.3(19) 3149.4(19) 4198.3(16) 21.7(5) 
C01R 6376(2) 5691(2) 6932.0(16) 28.5(6) 
C01S -1712.9(19) 5364(2) 3302.0(15) 23.5(5) 
C01T 7012.9(19) 6261.7(19) 896.9(17) 23.8(6) 
C01U 9415(2) 4650.6(19) -1473.1(15) 23.6(5) 
C01V 11768.7(18) 4050(2) 903.1(15) 23.4(6) 
C01W 6895(2) 3863.1(19) 6083.0(17) 26.8(6) 
C01X 3682(2) 4869(2) 3099.9(15) 30.9(6) 
C01Y 9213(2) 2573(2) 594.4(15) 25.5(6) 
C01Z 3657.5(19) 7169(2) -1861.3(15) 23.6(6) 
C020 11560(2) 2653(2) 1937.3(15) 28.5(6) 
C021 5174(2) 6920(2) 1803.4(15) 26.1(6) 
C022 6228(2) 7632(2) -101.1(15) 27.6(6) 
C023 4862(2) 4410(2) 6682.7(15) 26.4(6) 
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C024 6845(2) 8019(2) 1956.7(18) 36.9(7) 
 
 
Table 3. Bond lengths [Å] and angles [°] for 214. 
 
Atom Atom Length/Å   Atom Atom Length/Å 
O001 C00S 1.335(3)   C00Q C00U 1.530(3) 
O001 C013 1.491(3)   C00Q C01O 1.508(3) 
O002 C00P 1.212(3)   C00R C00T 1.552(3) 
O003 C00I 1.329(3)   C00R C01E 1.538(3) 
O003 C00Y 1.481(3)   C00R C01X 1.530(3) 
O004 C00P 1.335(3)   C00S C010 1.490(3) 
O004 C016 1.480(3)   C00T C00W 1.567(3) 
O005 C00H 1.334(3)   C00T C01P 1.551(3) 
O005 C00W 1.476(3)   C00T C01Q 1.538(3) 
O006 C00V 1.430(3)   C00U C01D 1.518(3) 
O007 C00U 1.437(3)   C00V C014 1.561(3) 
O008 C00S 1.212(3)   C00V C01Z 1.526(3) 
O009 C01F 1.433(3)   C00W C01K 1.539(3) 
O00A C00R 1.435(3)   C00X C01M 1.552(3) 
O00B C00L 1.208(3)   C00X C01V 1.532(4) 
O00C C00I 1.214(3)   C00X C020 1.527(3) 
O00D C00H 1.211(3)   C00Y C014 1.566(3) 
O00E C00Q 1.208(3)   C00Y C019 1.533(3) 
O00F C00K 1.218(3)   C00Z C010 1.540(3) 
O00G C01E 1.209(3)   C00Z C013 1.585(3) 
C00H C01W 1.499(4)   C00Z C01O 1.545(3) 
C00I C01T 1.494(4)   C011 C018 1.527(3) 
C00J C00Y 1.580(3)   C012 C016 1.554(3) 
C00J C01I 1.557(3)   C012 C017 1.538(3) 
C00J C01T 1.534(3)   C012 C01F 1.555(3) 
C00J C022 1.550(3)   C012 C01U 1.534(3) 
C00K C00V 1.520(3)   C013 C018 1.536(3) 
C00K C022 1.491(3)   C014 C01C 1.545(3) 
C00L C01F 1.537(3)   C014 C01J 1.530(3) 
C00L C01Y 1.506(3)   C016 C01M 1.595(3) 
C00M C00W 1.570(3)   C016 C01N 1.537(3) 
C00M C01G 1.554(3)   C019 C021 1.525(3) 
C00M C01H 1.532(3)   C01B C01M 1.545(3) 
C00M C01W 1.535(3)   C01E C01H 1.501(3) 
C00N C00Z 1.553(3)   C01F C01L 1.523(3) 
C00N C011 1.521(4)   C01G C01R 1.530(3) 
C00N C01S 1.527(3)   C01G C023 1.530(3) 
C00O C00U 1.559(3)   C01I C021 1.516(4) 
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C00O C013 1.557(3)   C01I C024 1.526(4) 
C00O C015 1.538(3)   C01K C023 1.525(3) 
C00O C01A 1.537(3)   C01M C01Y 1.536(3) 
C00P C01B 1.485(3)   C01N C01V 1.521(3) 
       

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
C00S O001 C013 111.98(18)   C01V C00X C01M 102.99(19) 
C00I O003 C00Y 112.81(18)   C020 C00X C01M 116.4(2) 
C00P O004 C016 112.27(18)   C020 C00X C01V 116.2(2) 
C00H O005 C00W 112.71(18)   O003 C00Y C00J 105.38(17) 
O005 C00H C01W 110.9(2)   O003 C00Y C014 105.22(18) 
O00D C00H O005 121.3(2)   O003 C00Y C019 103.81(18) 
O00D C00H C01W 127.7(2)   C014 C00Y C00J 116.65(18) 
O003 C00I C01T 111.0(2)   C019 C00Y C00J 106.61(19) 
O00C C00I O003 121.3(2)   C019 C00Y C014 117.70(19) 
O00C C00I C01T 127.7(2)   C00N C00Z C013 102.79(18) 
C01I C00J C00Y 103.15(18)   C010 C00Z C00N 111.61(18) 
C01T C00J C00Y 103.04(19)   C010 C00Z C013 103.38(18) 
C01T C00J C01I 113.01(19)   C010 C00Z C01O 111.31(19) 
C01T C00J C022 110.4(2)   C01O C00Z C00N 111.8(2) 
C022 C00J C00Y 116.68(17)   C01O C00Z C013 115.39(18) 
C022 C00J C01I 110.4(2)   C00S C010 C00Z 106.81(18) 
O00F C00K C00V 122.4(2)   C00N C011 C018 101.80(18) 
O00F C00K C022 120.4(2)   C016 C012 C01F 109.33(18) 
C022 C00K C00V 117.25(19)   C017 C012 C016 110.24(18) 
O00B C00L C01F 121.3(2)   C017 C012 C01F 108.6(2) 
O00B C00L C01Y 119.7(2)   C01U C012 C016 109.38(19) 
C01Y C00L C01F 118.9(2)   C01U C012 C017 108.7(2) 
C01G C00M C00W 104.34(18)   C01U C012 C01F 110.54(19) 
C01H C00M C00W 115.01(18)   O001 C013 C00O 105.81(17) 
C01H C00M C01G 111.2(2)   O001 C013 C00Z 105.33(17) 
C01H C00M C01W 110.9(2)   O001 C013 C018 103.79(17) 
C01W C00M C00W 103.65(19)   C00O C013 C00Z 117.08(19) 
C01W C00M C01G 111.32(19)   C018 C013 C00O 117.19(18) 
C011 C00N C00Z 103.43(19)   C018 C013 C00Z 106.21(18) 
C011 C00N C01S 115.9(2)   C00V C014 C00Y 108.77(18) 
C01S C00N C00Z 116.4(2)   C01C C014 C00V 108.25(18) 
C013 C00O C00U 108.81(18)   C01C C014 C00Y 109.53(18) 
C015 C00O C00U 108.53(19)   C01J C014 C00V 111.74(18) 
C015 C00O C013 110.11(18)   C01J C014 C00Y 109.79(18) 
C01A C00O C00U 111.25(18)   C01J C014 C01C 108.73(19) 
C01A C00O C013 109.40(19)   O004 C016 C012 106.56(17) 
C01A C00O C015 108.73(19)   O004 C016 C01M 105.35(17) 
O002 C00P O004 121.1(2)   O004 C016 C01N 103.94(18) 
O002 C00P C01B 127.3(2)   C012 C016 C01M 116.85(19) 
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O004 C00P C01B 111.6(2)   C01N C016 C012 116.88(18) 
O00E C00Q C00U 121.9(2)   C01N C016 C01M 105.93(18) 
O00E C00Q C01O 120.1(2)   C011 C018 C013 104.00(18) 
C01O C00Q C00U 118.0(2)   C021 C019 C00Y 102.96(19) 
O00A C00R C00T 108.01(18)   C00P C01B C01M 106.78(18) 
O00A C00R C01E 104.52(19)   O00G C01E C00R 121.8(2) 
O00A C00R C01X 109.23(19)   O00G C01E C01H 119.0(2) 
C01E C00R C00T 109.75(19)   C01H C01E C00R 119.2(2) 
C01X C00R C00T 114.1(2)   O009 C01F C00L 104.86(18) 
C01X C00R C01E 110.8(2)   O009 C01F C012 108.06(18) 
O001 C00S C010 111.5(2)   O009 C01F C01L 109.99(19) 
O008 C00S O001 120.6(2)   C00L C01F C012 109.54(18) 
O008 C00S C010 127.8(2)   C01L C01F C00L 109.5(2) 
C00R C00T C00W 109.74(18)   C01L C01F C012 114.4(2) 
C01P C00T C00R 108.9(2)   C01R C01G C00M 116.0(2) 
C01P C00T C00W 110.19(18)   C023 C01G C00M 102.80(19) 
C01Q C00T C00R 110.91(19)   C023 C01G C01R 115.01(19) 
C01Q C00T C00W 109.04(19)   C01E C01H C00M 118.29(19) 
C01Q C00T C01P 108.0(2)   C021 C01I C00J 104.1(2) 
O007 C00U C00O 107.94(18)   C021 C01I C024 116.3(2) 
O007 C00U C00Q 106.42(18)   C024 C01I C00J 114.8(2) 
O007 C00U C01D 109.20(19)   C023 C01K C00W 105.16(19) 
C00Q C00U C00O 108.21(19)   C00X C01M C016 102.95(18) 
C01D C00U C00O 114.49(19)   C01B C01M C00X 111.36(18) 
C01D C00U C00Q 110.2(2)   C01B C01M C016 102.93(18) 
O006 C00V C00K 106.68(19)   C01Y C01M C00X 112.8(2) 
O006 C00V C014 108.19(17)   C01Y C01M C016 115.13(18) 
O006 C00V C01Z 109.49(19)   C01Y C01M C01B 111.02(19) 
C00K C00V C014 107.22(18)   C01V C01N C016 104.10(18) 
C00K C00V C01Z 110.85(19)   C00Q C01O C00Z 119.4(2) 
C01Z C00V C014 114.1(2)   C00I C01T C00J 107.13(19) 
O005 C00W C00M 105.58(17)   C01N C01V C00X 101.92(19) 
O005 C00W C00T 105.45(17)   C00H C01W C00M 106.38(19) 
O005 C00W C01K 106.05(18)   C00L C01Y C01M 119.0(2) 
C00T C00W C00M 116.64(19)   C01I C021 C019 102.60(19) 
C01K C00W C00M 106.24(18)   C00K C022 C00J 118.6(2) 
C01K C00W C00T 115.92(18)   C01K C023 C01G 103.69(18) 

_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
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Table 4. Anisotropic displacement parameters (Å2x 103) for 214. The anisotropic 
displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
______________________________________________________________________________ 
                    U11               U22              U33        U23              U13      U12 
______________________________________________________________________________ 
O001 15.9(8) 16.8(9) 17.3(7) -0.5(6) 4.2(6) -1.0(7) 
O002 20.7(9) 19.8(9) 20.1(8) -1.4(7) 7.2(6) 0.1(7) 
O003 15.4(8) 15.5(9) 22.0(8) 1.6(6) 3.2(6) 0.8(7) 
O004 20.2(8) 16.4(9) 16.6(7) 0.0(6) 7.6(6) 2.0(7) 
O005 14.4(8) 15.3(9) 22.5(8) 1.2(6) -0.4(6) 0.6(7) 
O006 22.0(9) 18.3(9) 20.8(8) 3.6(7) 6.2(6) 4.8(7) 
O007 16.5(8) 17.5(9) 25.3(8) 4.7(7) 7.1(6) -0.4(7) 
O008 22.0(9) 20.5(10) 24.0(8) 3.9(7) 10.4(7) 0.8(7) 
O009 16.4(8) 19.3(9) 28.6(9) -5.6(7) 9.6(7) 0.2(7) 
O00A 18.1(8) 17.4(9) 26.9(9) 3.4(7) 8.6(7) 3.0(7) 
O00B 22.1(9) 27.8(11) 26.0(9) -2.0(8) 6.0(7) -7.7(8) 
O00C 22.0(9) 20.5(10) 24.7(9) -4.7(7) -3.2(7) 5.2(8) 
O00D 20.1(9) 19.0(9) 26.8(9) -2.5(7) 0.3(7) 3.2(8) 
O00E 18.4(8) 25.3(10) 31.5(9) 4.2(8) 4.9(7) 6.0(8) 
O00F 28.7(10) 70.6(16) 22.2(9) 9.3(10) 6.2(7) -18.9(11) 
O00G 34.6(12) 63.4(17) 48.2(13) 33.4(12) 5.4(10) -11.0(11) 
C00H 13.8(11) 21.8(13) 15.2(10) -3.1(9) 0.8(8) -1.6(10) 
C00I 16.3(11) 22.2(14) 17.0(11) -6.1(9) 1.4(9) -0.3(10) 
C00J 13.7(11) 17.4(12) 11.5(10) -0.9(8) 0.7(8) -2.9(9) 
C00K 19.2(12) 20.4(13) 15.9(11) 1.5(9) 4.3(9) -4.3(10) 
C00L 8.2(10) 20.0(13) 22.5(11) 0.7(10) 4.2(8) 3.4(10) 
C00M 11.8(10) 17.0(12) 14.6(10) 0.9(9) 2.0(8) -1.6(10) 
C00N 14.1(11) 20.7(13) 19.0(11) 3.4(9) 2.9(9) -5(1) 
C00O 13.6(11) 18.4(13) 13.4(10) -1.9(9) 2.1(8) -0.3(9) 
C00P 8.7(10) 23.3(14) 16.2(10) 1.6(9) 3.9(8) 0.9(9) 
C00Q 8.5(10) 14.4(12) 25.1(11) 0.7(9) 3.1(8) -4.8(9) 
C00R 14.4(11) 19.1(13) 17.4(11) -1.4(9) 2.3(9) 0.5(10) 
C00S 9.4(10) 20.1(13) 17.5(10) 1.4(9) 1.7(8) -0.1(10) 
C00T 13.8(11) 18.7(13) 16.6(11) -2.7(9) 1.8(9) -1.7(10) 
C00U 13.7(11) 19.7(13) 19.3(11) 0.8(9) 1.1(9) -1.3(10) 
C00V 13.9(11) 21.3(13) 15.8(11) 0.5(9) 2.2(8) 0.7(10) 
C00W 13.3(11) 13.7(12) 18.8(11) -0.2(9) 2.1(9) -0.9(9) 
C00X 16.4(12) 21.6(13) 22.7(12) -1.6(10) 2.0(9) 9.3(10) 
C00Y 15.1(11) 14.7(12) 16(1) 1.8(9) 4.9(9) -0.3(9) 
C00Z 15.5(11) 18.9(12) 14.4(10) 0.4(9) 4.1(9) -0.6(10) 
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C010 14.6(11) 22.6(13) 18.6(11) -3.2(9) 7.9(9) -4.5(10) 
C011 12.2(11) 20.7(13) 22.6(11) 6.1(10) 4.7(9) -1.2(10) 
C012 17.6(12) 19.0(13) 15.6(11) 2.3(9) 5.7(9) 2(1) 
C013 13.7(11) 12.8(12) 17.3(10) 0.7(9) 6.0(8) 0.4(9) 
C014 11.4(11) 18.2(12) 16.7(11) -2.5(9) 3.5(8) -1.8(9) 
C015 14.8(11) 25.4(14) 19.6(11) 0.2(10) 1.8(9) -5.3(10) 
C016 15.8(11) 13.2(12) 17.2(11) 0.0(9) 5.9(8) 1.8(9) 
C017 18.4(12) 30.2(15) 16.9(11) 0.9(10) 1.1(9) 5.9(11) 
C018 14.8(11) 20.3(13) 20.4(11) 3.0(9) 7.2(9) 3.7(10) 
C019 20.4(12) 22.5(13) 18.4(11) 1.6(9) 9.9(9) 1.6(10) 
C01A 22.1(12) 22.6(14) 17.1(11) -1.4(9) 3.4(9) 0.3(11) 
C01B 15.9(11) 23.0(13) 18.2(11) 2.9(9) 8.7(9) 3.4(10) 
C01C 15.4(11) 27.7(14) 18.7(11) -7(1) 2.7(9) -0.1(10) 
C01D 20.9(12) 23.6(14) 22.6(12) 4(1) 0.6(9) 0.1(11) 
C01E 23.7(13) 22.8(14) 22.9(12) 5.2(10) 9.5(10) 0.3(11) 
C01F 12.9(11) 21.2(13) 18.0(11) 0.9(9) 4.0(8) 1.9(10) 
C01G 24.9(12) 15.8(12) 15.8(10) -0.9(9) 5.5(9) -3.1(10) 
C01H 20.0(12) 24.9(14) 21.7(11) -0.7(10) 7.4(9) -10.3(11) 
C01I 26.6(13) 19.8(13) 21.8(11) -8.7(10) 5.2(9) 1.9(11) 
C01J 14.0(11) 20.6(13) 26.3(12) -0.8(10) 4.6(9) -3.2(10) 
C01K 19.2(12) 20.3(13) 20.1(11) 4.5(9) 8.1(9) -0.5(10) 
C01L 23.5(13) 28.6(15) 17.5(11) -1.4(10) 2.6(9) -1.1(11) 
C01M 13.6(11) 18.3(13) 15.4(10) 1.5(9) 3.0(8) 0.9(10) 
C01N 15.6(11) 18.7(13) 27.0(12) -4.3(10) 10.3(9) -3.4(10) 
C01O 23.0(12) 22.2(14) 21.7(12) -4.2(10) 2.0(9) 7.1(11) 
C01P 23.1(13) 24.7(14) 18.7(11) -7(1) 1.3(9) 3.0(11) 
C01Q 17.1(12) 19.5(13) 25.4(12) -0.2(9) -1.6(9) -4.1(10) 
C01R 40.3(16) 22.0(14) 21.5(12) -4.2(10) 3.3(11) -7.5(12) 
C01S 17.7(12) 27.9(14) 22.9(12) -0.6(10) 0.5(9) -8.2(11) 
C01T 14.5(12) 21.5(14) 33.4(13) -5.2(10) 1.4(10) 1.2(10) 
C01U 34.0(14) 19.9(14) 18.8(11) 5.2(10) 10(1) 2.6(11) 
C01V 11.8(11) 31.5(15) 27.2(13) -9.1(11) 5.0(9) 3.6(11) 
C01W 19.3(12) 20.3(14) 35.7(14) -3.2(11) -4.3(10) 0.5(11) 
C01X 36.6(15) 30.9(16) 19.5(12) 2.5(11) -5.4(11) 3.6(13) 
C01Y 28.1(13) 25.2(15) 20.8(12) 4.7(10) 0.2(10) -9.5(12) 
C01Z 18.1(12) 30.0(15) 19.7(12) 2.1(10) -2.3(9) -3.5(11) 
C020 26.5(14) 31.8(16) 24.5(12) 3.3(11) 0.3(10) 14.8(12) 
C021 32.1(14) 28.5(15) 20.0(12) -4.5(10) 10.9(10) 2.4(12) 
C022 25.5(13) 34.2(16) 21.0(12) 4.4(11) 1.3(10) -18.8(12) 
C023 36.6(14) 26.9(15) 19.5(12) -0.6(10) 14(1) -6.0(12) 
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C024 38.8(16) 40.5(19) 29.0(14) -19.7(12) 2.5(12) -3.1(14) 
______________________________________________________________________________
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters Å2x 103) 
for 214. 
______________________________________________________________________________ 
 x        y                    z                     U(eq) 
______________________________________________________________________________ 
H006 3663 8299 -707 30 
H007 -430 4788 6225 29 
H009 10299 2071 -1115 31 
H00A 3530 5839 4358 30 
H00N -1405 5380 4605 22 
H00X 11279 2633 635 25 
H01A 926 6430 3556 22 
H01B -316 6635 3135 22 
H01C -2582 6694 4334 22 
H01D -1790 7286 3866 22 
H01E 2498 6674 6358 30 
H01F 2070 7588 5763 30 
H01G 2091 6528 5355 30 
H01U 7845 3916 -199 33 
H01V 7482 4065 -1205 33 
H01W 7943 4967 -606 33 
H01H -1346 6738 5640 22 
H01I -1246 7818 5274 22 
H3AA 3810 6975 804 23 
H 4025 5901 1213 23 
H01J -54 7190 6809 31 
H01K 548 8055 6442 31 
H01L 1206 7345 7159 31 
H01X 8988 3859 1636 22 
H01Y 10238 4009 2063 22 
H4AA 4891 5513 -1606 31 
HA 5232 4839 -781 31 
HB 5924 5785 -882 31 
H01M 1130 5724 7523 35 
H01N 2154 5506 7140 35 
H01O 1325 4651 7199 35 
H9AA 5016 5622 5963 22 
H0BA 6513 5747 5199 26 
HC 6822 4789 4752 26 
H5AA 5378 8137 1126 27 
H6AA 2910 6062 -442 30 
HD 3517 5040 -245 30 
HE 3139 5413 -1204 30 
H1BA 3590 4187 5635 23 
HF 4040 3185 6101 23 
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H01Z 8765 2989 -2319 35 
HG 7748 2844 -1913 35 
HH 8524 1943 -1966 35 
H01 11314 3950 -420 23 
HI 11268 5051 -82 23 
H01P 204 4623 4377 27 
H01Q 1237 5249 4338 27 
H2BA 4951 3282 3246 34 
HJ 5307 2522 4008 34 
HK 5958 3517 4006 34 
H3BA 2894 3541 4380 33 
HL 3554 2541 4524 33 
HM 3203 2999 3592 33 
H4BA 6786 5235 7348 43 
HN 6028 6175 7226 43 
HO 6859 6022 6633 43 
H01R -1662 5821 2847 35 
H01S -2463 5178 3251 35 
H01T -1288 4781 3256 35 
H7AA 7462 6270 473 29 
HP 7461 6459 1454 29 
H0AA 9497 5329 -1279 35 
HQ 8839 4607 -1987 35 
HR 10087 4424 -1600 35 
H1AA 11747 4556 1336 28 
HS 12524 3909 895 28 
H5BA 7535 4020 5863 32 
HT 7065 3979 6704 32 
H6BA 2971 4576 3037 46 
HU 4075 4524 2735 46 
HV 3605 5557 2934 46 
H2AA 9567 1996 903 31 
HW 8572 2713 821 31 
H8AA 2923 6985 -1848 35 
HX 3944 6703 -2212 35 
HY 3659 7824 -2102 35 
H02A 11534 3132 2381 43 
H02B 12298 2423 1999 43 
H02C 11096 2099 1990 43 
H02D 4809 7294 2179 31 
H02E 5617 6402 2138 31 
H02F 6209 8315 93 33 
H02G 6958 7511 -186 33 
H02K 5332 3977 7096 32 
H02L 4367 4756 6971 32 
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H02H 7294 7495 2260 55 
H02I 6632 8458 2368 55 
H02J 7249 8385 1613 55 
______________________________________________________________________________ 
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X-ray crystallographic data for 231 
 

 
 

A colorless blade 0.040 x 0.030 x 0.020 mm in size was mounted on a Cryoloop with 
Paratone oil. Data were collected in a nitrogen gas stream at 100(2) K using phi and 
omega scans. Crystal-to-detector distance was 60 mm and exposure time was 10 
seconds per frame using a scan width of 2.0°. Data collection was 100.0% complete to 
67.000° in q. A total of 41153 reflections were collected covering the indices, -9<=h<=9, 
-15<=k<=15, -17<=l<=17. 2672 reflections were found to be symmetry independent, 
with an Rint of 0.0377. Indexing and unit cell refinement indicated a primitive, 
orthorhombic lattice. The space group was found to be P 21 21 21 (No. 19). The data 
were integrated using the Bruker SAINT software program and scaled using the SADABS 
software program. Solution by iterative methods (SHELXT) produced a complete heavy-
atom phasing model consistent with the proposed structure. All non-hydrogen atoms 
were refined anisotropically by full-matrix least-squares (SHELXL-2014). All hydrogen 
atoms were placed using a riding model. Their positions were constrained relative to 
their parent atom using the appropriate HFIX command in SHELXL-2014. Absolute 
stereochemistry was unambiguously determined to be R at C2, C4, C5, C7, and C8, and 
S at C1, respectively. 
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Table 1. Crystal data and structure refinement for 231. 
X-ray ID  maimone68 
Sample/notebook ID  KH_4_100 
Empirical formula  C15 H24 O5 
Formula weight  284.34 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Orthorhombic 
Space group  P 21 21 21 
Unit cell dimensions a = 7.5553(2) Å a= 90°. 
 b = 13.0406(3) Å b= 90°. 
 c = 14.8215(3) Å g = 90°. 
Volume 1460.30(6) Å3 
Z 4 
Density (calculated) 1.293 Mg/m3 
Absorption coefficient 0.790 mm-1 
F(000) 616 
Crystal size 0.040 x 0.030 x 0.020 mm3 
Theta range for data collection 4.516 to 68.243°. 
Index ranges -9<=h<=9, -15<=k<=15, -17<=l<=17 
Reflections collected 41153 
Independent reflections 2672 [R(int) = 0.0377] 
Completeness to theta = 67.000° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.929 and 0.840 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2672 / 0 / 188 
Goodness-of-fit on F2 1.042 
Final R indices [I>2sigma(I)] R1 = 0.0293, wR2 = 0.0765 
R indices (all data) R1 = 0.0300, wR2 = 0.0774 
Absolute structure parameter -0.01(4) 
Extinction coefficient n/a 
Largest diff. peak and hole 0.249 and -0.181 e.Å-3 
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for 231. U(eq) is defined as one third of the trace of the orthogonalized Uij 
tensor. 
______________________________________________________________________________ 
 x y z U(eq) 
______________________________________________________________________________ 
C(1) 4649(2) 5429(1) 4175(1) 17(1) 
C(2) 3793(2) 6086(1) 4924(1) 19(1) 
C(3) 3011(3) 5298(2) 5563(1) 23(1) 
C(4) 4408(3) 4445(1) 5606(1) 23(1) 
C(5) 5410(2) 4467(1) 4674(1) 18(1) 
C(6) 7412(2) 4517(1) 4828(1) 21(1) 
C(7) 8475(2) 4904(1) 4031(1) 21(1) 
C(8) 7831(3) 5971(1) 3720(1) 20(1) 
C(9) 5824(2) 5988(1) 3448(1) 20(1) 
C(10) 3645(3) 3416(2) 5903(2) 33(1) 
C(11) 4846(3) 3598(1) 4038(2) 24(1) 
C(12) 3162(3) 3986(2) 3635(1) 26(1) 
C(13) 9066(3) 6356(2) 2983(1) 28(1) 
C(14) 5594(3) 5475(2) 2512(1) 29(1) 
C(15) 5166(3) 7102(2) 3324(1) 28(1) 
O(1) 5126(2) 6665(1) 5381(1) 21(1) 
O(2) 8457(2) 4179(1) 3304(1) 29(1) 
O(3) 8152(2) 6643(1) 4477(1) 22(1) 
O(4) 3076(2) 5015(1) 3715(1) 22(1) 
O(5) 1982(2) 3512(1) 3278(1) 38(1) 
______________________________________________________________________________
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Table 3. Bond lengths [Å] and angles [°] for 231. 
_____________________________________________________ 
C(1)-O(4)  1.473(2) 
C(1)-C(2)  1.544(2) 
C(1)-C(5)  1.566(2) 
C(1)-C(9)  1.575(2) 
C(2)-O(1)  1.430(2) 
C(2)-C(3)  1.518(3) 
C(2)-H(2)  1.0000 
C(3)-C(4)  1.535(3) 
C(3)-H(3A)  0.9900 
C(3)-H(3B)  0.9900 
C(4)-C(10)  1.526(3) 
C(4)-C(5)  1.576(3) 
C(4)-H(4)  1.0000 
C(5)-C(6)  1.531(2) 
C(5)-C(11)  1.534(2) 
C(6)-C(7)  1.515(3) 
C(6)-H(6A)  0.9900 
C(6)-H(6B)  0.9900 
C(7)-O(2)  1.433(2) 
C(7)-C(8)  1.544(2) 
C(7)-H(7)  1.0000 
C(8)-O(3)  1.444(2) 
C(8)-C(13)  1.522(3) 

C(8)-C(9)  1.570(3) 
C(9)-C(15)  1.546(3) 
C(9)-C(14)  1.551(3) 
C(10)-H(10A)  0.9800 
C(10)-H(10B)  0.9800 
C(10)-H(10C)  0.9800 
C(11)-C(12)  1.494(3) 
C(11)-H(11A)  0.9900 
C(11)-H(11B)  0.9900 
C(12)-O(5)  1.208(3) 
C(12)-O(4)  1.348(2) 
C(13)-H(13A)  0.9800 
C(13)-H(13B)  0.9800 
C(13)-H(13C)  0.9800 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 
C(15)-H(15A)  0.9800 
C(15)-H(15B)  0.9800 
C(15)-H(15C)  0.9800 
O(1)-H(1)  0.8400 
O(2)-H(2A)  0.8400 
O(3)-H(3)  0.8400 

 
O(4)-C(1)-C(2) 101.42(13) 
O(4)-C(1)-C(5) 102.80(13) 
C(2)-C(1)-C(5) 104.98(14) 
O(4)-C(1)-C(9) 107.93(14) 
C(2)-C(1)-C(9) 118.08(14) 
C(5)-C(1)-C(9) 119.19(14) 
O(1)-C(2)-C(3) 109.64(14) 
O(1)-C(2)-C(1) 109.81(14) 
C(3)-C(2)-C(1) 103.68(14) 
O(1)-C(2)-H(2) 111.2 
C(3)-C(2)-H(2) 111.2 
C(1)-C(2)-H(2) 111.2 
C(2)-C(3)-C(4) 104.39(14) 
C(2)-C(3)-H(3A) 110.9 
C(4)-C(3)-H(3A) 110.9 
C(2)-C(3)-H(3B) 110.9 
C(4)-C(3)-H(3B) 110.9 
H(3A)-C(3)-H(3B) 108.9 
C(10)-C(4)-C(3) 112.90(16) 

C(10)-C(4)-C(5) 116.77(16) 
C(3)-C(4)-C(5) 106.30(14) 
C(10)-C(4)-H(4) 106.8 
C(3)-C(4)-H(4) 106.8 
C(5)-C(4)-H(4) 106.8 
C(6)-C(5)-C(11) 113.40(15) 
C(6)-C(5)-C(1) 113.54(15) 
C(11)-C(5)-C(1) 101.53(14) 
C(6)-C(5)-C(4) 110.13(16) 
C(11)-C(5)-C(4) 113.06(15) 
C(1)-C(5)-C(4) 104.64(14) 
C(7)-C(6)-C(5) 114.92(16) 
C(7)-C(6)-H(6A) 108.5 
C(5)-C(6)-H(6A) 108.5 
C(7)-C(6)-H(6B) 108.5 
C(5)-C(6)-H(6B) 108.5 
H(6A)-C(6)-H(6B) 107.5 
O(2)-C(7)-C(6) 111.19(15) 
O(2)-C(7)-C(8) 111.50(15) 
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C(6)-C(7)-C(8) 111.48(15) 
O(2)-C(7)-H(7) 107.5 
C(6)-C(7)-H(7) 107.5 
C(8)-C(7)-H(7) 107.5 
O(3)-C(8)-C(13) 104.70(15) 
O(3)-C(8)-C(7) 105.24(14) 
C(13)-C(8)-C(7) 108.58(16) 
O(3)-C(8)-C(9) 110.65(14) 
C(13)-C(8)-C(9) 113.78(15) 
C(7)-C(8)-C(9) 113.21(15) 
C(15)-C(9)-C(14) 105.26(15) 
C(15)-C(9)-C(8) 110.78(16) 
C(14)-C(9)-C(8) 109.37(15) 
C(15)-C(9)-C(1) 109.63(15) 
C(14)-C(9)-C(1) 110.42(15) 
C(8)-C(9)-C(1) 111.23(14) 
C(4)-C(10)-H(10A) 109.5 
C(4)-C(10)-H(10B) 109.5 
H(10A)-C(10)-H(10B) 109.5 
C(4)-C(10)-H(10C) 109.5 
H(10A)-C(10)-H(10C) 109.5 
H(10B)-C(10)-H(10C) 109.5 
C(12)-C(11)-C(5) 103.39(15) 
C(12)-C(11)-H(11A) 111.1 
C(5)-C(11)-H(11A) 111.1 
C(12)-C(11)-H(11B) 111.1 
C(5)-C(11)-H(11B) 111.1 
H(11A)-C(11)-H(11B) 109.0 
O(5)-C(12)-O(4) 120.81(19) 
O(5)-C(12)-C(11) 129.08(19) 
O(4)-C(12)-C(11) 110.11(16) 
C(8)-C(13)-H(13A) 109.5 
C(8)-C(13)-H(13B) 109.5 
H(13A)-C(13)-H(13B) 109.5 
C(8)-C(13)-H(13C) 109.5 
H(13A)-C(13)-H(13C) 109.5 
H(13B)-C(13)-H(13C) 109.5 
C(9)-C(14)-H(14A) 109.5 
C(9)-C(14)-H(14B) 109.5 
H(14A)-C(14)-H(14B) 109.5 
C(9)-C(14)-H(14C) 109.5 
H(14A)-C(14)-H(14C) 109.5 
H(14B)-C(14)-H(14C) 109.5 
C(9)-C(15)-H(15A) 109.5 
C(9)-C(15)-H(15B) 109.5 

H(15A)-C(15)-H(15B) 109.5 
C(9)-C(15)-H(15C) 109.5 
H(15A)-C(15)-H(15C) 109.5 
H(15B)-C(15)-H(15C) 109.5 
C(2)-O(1)-H(1) 109.5 
C(7)-O(2)-H(2A) 109.5 
C(8)-O(3)-H(3) 109.5 
C(12)-O(4)-C(1) 111.46(14) 
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Table 4. Anisotropic displacement parameters (Å2x 103) for 231.  The anisotropic 
displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
______________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
______________________________________________________________________________ 
C(1) 13(1)  18(1) 20(1)  -3(1) -3(1)  1(1) 
C(2) 17(1)  18(1) 23(1)  -4(1) -1(1)  2(1) 
C(3) 20(1)  25(1) 24(1)  -4(1) 3(1)  -2(1) 
C(4) 22(1)  22(1) 24(1)  2(1) -2(1)  -3(1) 
C(5) 18(1)  13(1) 24(1)  0(1) -2(1)  0(1) 
C(6) 18(1)  16(1) 30(1)  2(1) -6(1)  2(1) 
C(7) 15(1)  20(1) 27(1)  -6(1) -4(1)  2(1) 
C(8) 19(1)  20(1) 19(1)  -2(1) 0(1)  0(1) 
C(9) 19(1)  21(1) 18(1)  1(1) -1(1)  3(1) 
C(10) 33(1)  27(1) 38(1)  9(1) 1(1)  -6(1) 
C(11) 18(1)  18(1) 38(1)  -8(1) -1(1)  -1(1) 
C(12) 17(1)  27(1) 34(1)  -14(1) 2(1)  1(1) 
C(13) 24(1)  33(1) 28(1)  3(1) 5(1)  -2(1) 
C(14) 23(1)  45(1) 19(1)  -2(1) -3(1)  3(1) 
C(15) 27(1)  26(1) 30(1)  9(1) 0(1)  6(1) 
O(1) 21(1)  17(1) 26(1)  -7(1) -1(1)  1(1) 
O(2) 17(1)  29(1) 41(1)  -18(1) -2(1)  4(1) 
O(3) 21(1)  18(1) 26(1)  -5(1) 1(1)  -3(1) 
O(4) 15(1)  25(1) 26(1)  -8(1) -4(1)  3(1) 
O(5) 16(1)  39(1) 60(1)  -30(1) -4(1)  1(1) 
______________________________________________________________________________
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 
for 231. 
______________________________________________________________________________ 
 x  y  z  U(eq) 
______________________________________________________________________________ 
 
H(2) 2853 6544 4672 23 
H(3A) 1874 5030 5328 28 
H(3B) 2808 5599 6168 28 
H(4) 5286 4653 6077 27 
H(6A) 7646 4968 5351 25 
H(6B) 7838 3821 4987 25 
H(7) 9730 4979 4235 25 
H(10A) 3153 3480 6513 49 
H(10B) 4584 2897 5904 49 
H(10C) 2707 3208 5485 49 
H(11A) 5750 3476 3567 29 
H(11B) 4645 2953 4376 29 
H(13A) 8639 7018 2758 42 
H(13B) 9094 5860 2487 42 
H(13C) 10261 6439 3230 42 
H(14A) 4346 5501 2334 43 
H(14B) 5981 4758 2545 43 
H(14C) 6312 5840 2065 43 
H(15A) 5854 7436 2847 42 
H(15B) 5316 7480 3890 42 
H(15C) 3912 7096 3156 42 
H(1) 4725 7247 5514 32 
H(2A) 9495 3981 3199 43 
H(3) 7222 6700 4784 32 
______________________________________________________________________________ 
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X-ray crystallographic data for 233 
 

 
 

A colorless rod 0.070 x 0.040 x 0.020 mm in size was mounted on a Cryoloop with 
Paratone oil. Data were collected in a nitrogen gas stream at 100(2) K using and scans. 
Crystal-to-detector distance was 60 mm and exposure time was 10 seconds per frame 
using a scan width of 2.0°. Data collection was 100.0% complete to 67.000° in q. A total 
of 36979 reflections were collected covering the indices, -8<=h<=8, -14<=k<=12, -
19<=l<=19. 2449 reflections were found to be symmetry independent, with an Rint of 
0.0563. Indexing and unit cell refinement indicated a primitive, orthorhombic lattice. The 
space group was found to be P 21 21 21 (No. 19). The data were integrated using the 
Bruker SAINT software program and scaled using the SADABS software program. 
Solution by iterative methods (SHELXT-2014) produced a complete heavy-atom phasing 
model consistent with the proposed structure. All non-hydrogen atoms were refined 
anisotropically by full-matrix least-squares (SHELXL-2014). All hydrogen atoms were 
placed using a riding model. Their positions were constrained relative to their parent 
atom using the appropriate HFIX command in SHELXL-2014. Absolute stereochemistry 
was unambiguously determined to be R at C1, C3, C4, C6, and C9, and S at C7 and 
C10, respectively. 
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Table 1.  Crystal data and structure refinement for 233. 
X-ray ID  maimone69 
Sample/notebook ID  KH_4_145_2 
Empirical formula  C15 H22 O4 
Formula weight  266.32 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Orthorhombic 
Space group  P 21 21 21 
Unit cell dimensions a = 6.7812(3) Å a= 90°. 
 b = 11.9069(5) Å b= 90°. 
 c = 16.4542(7) Å g = 90°. 
Volume 1328.56(10) Å3 
Z 4 
Density (calculated) 1.331 Mg/m3 
Absorption coefficient 0.776 mm-1 
F(000) 576 
Crystal size 0.070 x 0.040 x 0.020 mm3 
Theta range for data collection 4.584 to 68.461°. 
Index ranges -8<=h<=8, -14<=k<=12, -19<=l<=19 
Reflections collected 36979 
Independent reflections 2449 [R(int) = 0.0563] 
Completeness to theta = 67.000° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.929 and 0.804 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2449 / 0 / 178 
Goodness-of-fit on F2 1.067 
Final R indices [I>2sigma(I)] R1 = 0.0292, wR2 = 0.0767 
R indices (all data) R1 = 0.0308, wR2 = 0.0779 
Absolute structure parameter 0.02(6) 
Extinction coefficient n/a 
Largest diff. peak and hole 0.290 and -0.140 e.Å-3 
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for 233. U(eq) is defined as one third of the trace of the orthogonalized Uij 
tensor. 
______________________________________________________________________________ 
 x y z U(eq) 
______________________________________________________________________________ 
C(1) 5354(3) 5459(2) 6756(1) 17(1) 
C(2) 5160(3) 4305(2) 6285(1) 16(1) 
C(3) 5032(3) 4526(1) 5355(1) 15(1) 
C(4) 5909(3) 3712(2) 4721(1) 17(1) 
C(5) 5646(3) 4310(2) 3901(1) 18(1) 
C(6) 5868(3) 5575(2) 4094(1) 18(1) 
C(7) 5072(3) 5664(1) 4955(1) 15(1) 
C(8) 5270(3) 6693(2) 5474(1) 17(1) 
C(9) 4364(3) 6439(2) 6300(1) 17(1) 
C(10) 3080(3) 5060(2) 5048(1) 16(1) 
C(11) 1643(3) 5584(2) 5588(1) 17(1) 
C(12) 4519(3) 5398(2) 7617(1) 22(1) 
C(13) 3308(3) 3632(2) 6534(1) 19(1) 
C(14) 6905(3) 3544(2) 6524(1) 21(1) 
C(15) 4799(3) 6334(2) 3490(1) 23(1) 
O(1) 7359(2) 5790(1) 6868(1) 20(1) 
O(2) 7961(2) 3538(1) 4866(1) 21(1) 
O(3) -141(2) 5495(1) 5484(1) 21(1) 
O(4) 2252(2) 6228(1) 6203(1) 19(1) 
______________________________________________________________________________
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Table 3. Bond lengths [Å] and angles [°] for 233. 
_____________________________________________________ 
C(1)-O(1)  1.427(2) 
C(1)-C(12)  1.527(2) 
C(1)-C(9)  1.540(3) 
C(1)-C(2)  1.584(2) 
C(2)-C(14)  1.541(3) 
C(2)-C(13)  1.545(2) 
C(2)-C(3)  1.555(2) 
C(3)-C(7)  1.507(2) 
C(3)-C(4)  1.543(2) 
C(3)-C(10)  1.554(2) 
C(4)-O(2)  1.427(2) 
C(4)-C(5)  1.537(2) 
C(4)-H(4)  1.0000 
C(5)-C(6)  1.547(3) 
C(5)-H(5A)  0.9900 
C(5)-H(5B)  0.9900 
C(6)-C(7)  1.519(2) 
C(6)-C(15)  1.527(2) 
C(6)-H(6)  1.0000 
C(7)-C(8)  1.500(2) 
C(7)-C(10)  1.538(2) 
C(8)-C(9)  1.523(2) 

C(8)-H(8A)  0.9900 
C(8)-H(8B)  0.9900 
C(9)-O(4)  1.463(2) 
C(9)-H(9)  1.0000 
C(10)-C(11)  1.459(3) 
C(10)-H(10)  1.0000 
C(11)-O(3)  1.227(2) 
C(11)-O(4)  1.335(2) 
C(12)-H(12A)  0.9800 
C(12)-H(12B)  0.9800 
C(12)-H(12C)  0.9800 
C(13)-H(13A)  0.9800 
C(13)-H(13B)  0.9800 
C(13)-H(13C)  0.9800 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 
C(15)-H(15A)  0.9800 
C(15)-H(15B)  0.9800 
C(15)-H(15C)  0.9800 
O(1)-H(1)  0.8400 
O(2)-H(2)  0.8400 

 
O(1)-C(1)-C(12) 104.29(14) 
O(1)-C(1)-C(9) 105.61(15) 
C(12)-C(1)-C(9) 109.01(15) 
O(1)-C(1)-C(2) 112.47(15) 
C(12)-C(1)-C(2) 112.44(15) 
C(9)-C(1)-C(2) 112.48(14) 
C(14)-C(2)-C(13) 104.57(15) 
C(14)-C(2)-C(3) 113.16(15) 
C(13)-C(2)-C(3) 107.65(14) 
C(14)-C(2)-C(1) 108.73(15) 
C(13)-C(2)-C(1) 112.87(15) 
C(3)-C(2)-C(1) 109.84(14) 
C(7)-C(3)-C(4) 105.22(14) 
C(7)-C(3)-C(10) 60.31(11) 
C(4)-C(3)-C(10) 111.41(14) 
C(7)-C(3)-C(2) 125.55(15) 
C(4)-C(3)-C(2) 122.51(15) 
C(10)-C(3)-C(2) 115.93(15) 
O(2)-C(4)-C(5) 109.07(14) 
O(2)-C(4)-C(3) 110.71(15) 

C(5)-C(4)-C(3) 104.96(15) 
O(2)-C(4)-H(4) 110.6 
C(5)-C(4)-H(4) 110.6 
C(3)-C(4)-H(4) 110.6 
C(4)-C(5)-C(6) 105.03(14) 
C(4)-C(5)-H(5A) 110.7 
C(6)-C(5)-H(5A) 110.7 
C(4)-C(5)-H(5B) 110.7 
C(6)-C(5)-H(5B) 110.7 
H(5A)-C(5)-H(5B) 108.8 
C(7)-C(6)-C(15) 113.40(16) 
C(7)-C(6)-C(5) 103.00(14) 
C(15)-C(6)-C(5) 113.35(15) 
C(7)-C(6)-H(6) 109.0 
C(15)-C(6)-H(6) 109.0 
C(5)-C(6)-H(6) 109.0 
C(8)-C(7)-C(3) 119.19(14) 
C(8)-C(7)-C(6) 123.75(15) 
C(3)-C(7)-C(6) 110.56(15) 
C(8)-C(7)-C(10) 113.87(15) 
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C(3)-C(7)-C(10) 61.35(11) 
C(6)-C(7)-C(10) 111.84(14) 
C(7)-C(8)-C(9) 108.02(14) 
C(7)-C(8)-H(8A) 110.1 
C(9)-C(8)-H(8A) 110.1 
C(7)-C(8)-H(8B) 110.1 
C(9)-C(8)-H(8B) 110.1 
H(8A)-C(8)-H(8B) 108.4 
O(4)-C(9)-C(8) 109.35(14) 
O(4)-C(9)-C(1) 110.53(15) 
C(8)-C(9)-C(1) 114.18(15) 
O(4)-C(9)-H(9) 107.5 
C(8)-C(9)-H(9) 107.5 
C(1)-C(9)-H(9) 107.5 
C(11)-C(10)-C(7) 116.54(16) 
C(11)-C(10)-C(3) 123.05(15) 
C(7)-C(10)-C(3) 58.34(11) 
C(11)-C(10)-H(10) 115.5 
C(7)-C(10)-H(10) 115.5 
C(3)-C(10)-H(10) 115.5 
O(3)-C(11)-O(4) 117.39(17) 
O(3)-C(11)-C(10) 122.47(17) 
O(4)-C(11)-C(10) 120.08(16) 
C(1)-C(12)-H(12A) 109.5 
C(1)-C(12)-H(12B) 109.5 
H(12A)-C(12)-H(12B) 109.5 
C(1)-C(12)-H(12C) 109.5 
H(12A)-C(12)-H(12C) 109.5 
H(12B)-C(12)-H(12C) 109.5 
C(2)-C(13)-H(13A) 109.5 
C(2)-C(13)-H(13B) 109.5 
H(13A)-C(13)-H(13B) 109.5 
C(2)-C(13)-H(13C) 109.5 
H(13A)-C(13)-H(13C) 109.5 
H(13B)-C(13)-H(13C) 109.5 
C(2)-C(14)-H(14A) 109.5 
C(2)-C(14)-H(14B) 109.5 
H(14A)-C(14)-H(14B) 109.5 
C(2)-C(14)-H(14C) 109.5 
H(14A)-C(14)-H(14C) 109.5 
H(14B)-C(14)-H(14C) 109.5 
C(6)-C(15)-H(15A) 109.5 
C(6)-C(15)-H(15B) 109.5 
H(15A)-C(15)-H(15B) 109.5 
C(6)-C(15)-H(15C) 109.5 

H(15A)-C(15)-H(15C) 109.5 
H(15B)-C(15)-H(15C) 109.5 
C(1)-O(1)-H(1) 109.5 
C(4)-O(2)-H(2) 109.5 
C(11)-O(4)-C(9) 118.94(14) 
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_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:   
 
Table 4. Anisotropic displacement parameters (Å2x 103) for 233. The anisotropic 
displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
______________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
______________________________________________________________________________ 
C(1) 16(1)  18(1) 17(1)  -2(1) 0(1)  -2(1) 
C(2) 17(1)  14(1) 16(1)  0(1) 1(1)  -1(1) 
C(3) 14(1)  13(1) 17(1)  -1(1) 0(1)  1(1) 
C(4) 15(1)  16(1) 20(1)  -3(1) 2(1)  1(1) 
C(5) 19(1)  18(1) 17(1)  -3(1) 2(1)  -2(1) 
C(6) 17(1)  18(1) 17(1)  0(1) 1(1)  -2(1) 
C(7) 14(1)  14(1) 17(1)  1(1) 0(1)  -1(1) 
C(8) 18(1)  13(1) 20(1)  0(1) -1(1)  0(1) 
C(9) 15(1)  15(1) 21(1)  -5(1) 0(1)  -1(1) 
C(10) 15(1)  14(1) 17(1)  0(1) 0(1)  -1(1) 
C(11) 17(1)  12(1) 20(1)  3(1) -1(1)  0(1) 
C(12) 25(1)  24(1) 17(1)  -3(1) 2(1)  -4(1) 
C(13) 21(1)  17(1) 19(1)  1(1) 2(1)  -4(1) 
C(14) 23(1)  19(1) 20(1)  4(1) -2(1)  1(1) 
C(15) 27(1)  22(1) 20(1)  5(1) -4(1)  -5(1) 
O(1) 17(1)  24(1) 20(1)  -2(1) -1(1)  -4(1) 
O(2) 17(1)  19(1) 26(1)  -4(1) 0(1)  3(1) 
O(3) 14(1)  21(1) 27(1)  0(1) 1(1)  0(1) 
O(4) 15(1)  18(1) 24(1)  -5(1) 2(1)  1(1) 
______________________________________________________________________________
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 
for 233. 
______________________________________________________________________________ 
 x  y  z  U(eq) 
______________________________________________________________________________ 
 
H(4) 5183 2981 4726 20 
H(5A) 4329 4150 3669 22 
H(5B) 6667 4064 3509 22 
H(6) 7301 5773 4097 21 
H(8A) 4578 7333 5217 20 
H(8B) 6679 6894 5537 20 
H(9) 4513 7126 6644 20 
H(10) 2528 4728 4538 19 
H(12A) 5086 4750 7900 33 
H(12B) 3082 5318 7591 33 
H(12C) 4853 6088 7911 33 
H(13A) 3131 2998 6161 28 
H(13B) 2147 4121 6508 28 
H(13C) 3470 3350 7089 28 
H(14A) 6918 3442 7115 31 
H(14B) 8143 3894 6351 31 
H(14C) 6762 2812 6259 31 
H(15A) 3378 6190 3517 34 
H(15B) 5275 6178 2939 34 
H(15C) 5059 7122 3625 34 
H(1) 7979 5706 6430 30 
H(2) 8501 4156 4971 31 
______________________________________________________________________________ 
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X-ray crystallographic data for 236 
 

 
 

A colorless plate 0.060 x 0.050 x 0.020 mm in size was mounted on a Cryoloop with 
Paratone oil. Data were collected in a nitrogen gas stream at 100(2) K using and scans. 
Crystal-to-detector distance was 60 mm and exposure time was 10 seconds per frame 
using a scan width of 2.0°. Data collection was 100.0% complete to 50.000° in q. A total 
of 14347 reflections were collected covering the indices, -6<=h<=6, -13<=k<=13, -
14<=l<=14. 1442 reflections were found to be symmetry independent, with an Rint of 
0.0663. Indexing and unit cell refinement indicated a primitive, orthorhombic lattice. The 
space group was found to be P 21 21 21 (No. 19). The data were integrated using the 
Bruker SAINT software program and scaled using the SADABS software program. 
Solution by iterative methods (SHELXT-2014) produced a complete heavy-atom phasing 
model consistent with the proposed structure All non-hydrogen atoms were refined 
anisotropically by full-matrix least-squares (SHELXL-2014). All hydrogen atoms were 
placed using a riding model. Their positions were constrained relative to their parent 
atom using the appropriate HFIX command in SHELXL-2014. Absolute stereochemistry 
was unambiguously determined to be R at all chiral centers. 
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Table 1. Crystal data and structure refinement for 236. 
X-ray ID  maimone71 
Sample/notebook ID  KH_4_256 
Empirical formula  C15 H24 O5 
Formula weight  284.34 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Orthorhombic 
Space group  P 21 21 21 
Unit cell dimensions a = 7.0086(6) Å a= 90°. 
 b = 13.2650(14) Å b= 90°. 
 c = 14.9026(14) Å g = 90°. 
Volume 1385.5(2) Å3 
Z 4 
Density (calculated) 1.363 Mg/m3 
Absorption coefficient 0.833 mm-1 
F(000) 616 
Crystal size 0.060 x 0.050 x 0.020 mm3 
Theta range for data collection 4.462 to 50.489°. 
Index ranges -6<=h<=6, -13<=k<=13, -14<=l<=14 
Reflections collected 14347 
Independent reflections 1442 [R(int) = 0.0663] 
Completeness to theta = 50.000° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.928 and 0.619 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 1442 / 0 / 188 
Goodness-of-fit on F2 1.064 
Final R indices [I>2sigma(I)] R1 = 0.0358, wR2 = 0.0871 
R indices (all data) R1 = 0.0392, wR2 = 0.0903 
Absolute structure parameter 0.02(14) 
Extinction coefficient n/a 
Largest diff. peak and hole 0.329 and -0.133 e.Å-3 
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for 236. U(eq) is defined as one third of the trace of the orthogonalized Uij 
tensor. 
______________________________________________________________________________ 
 x y z U(eq) 
______________________________________________________________________________ 
C(1) 5861(6) 4195(3) 3829(3) 34(1) 
C(2) 5105(7) 3369(3) 4477(3) 37(1) 
C(3) 3666(7) 3958(4) 5048(3) 42(1) 
C(4) 4225(6) 5075(3) 5013(3) 35(1) 
C(5) 6114(6) 5091(3) 4487(3) 33(1) 
C(6) 6819(6) 6102(4) 4048(3) 36(1) 
C(7) 8595(7) 5844(4) 3449(3) 43(1) 
C(8) 8338(6) 4901(4) 2858(3) 43(1) 
C(9) 7755(7) 3963(3) 3371(3) 37(1) 
C(10) 4413(6) 4381(4) 3076(3) 36(1) 
C(11) 5125(7) 4828(3) 2214(3) 37(1) 
C(12) 4355(7) 2417(3) 4047(3) 44(1) 
C(13) 5253(7) 6670(4) 3527(3) 40(1) 
C(14) 7432(7) 6839(3) 4795(3) 44(1) 
C(15) 9277(7) 6718(4) 2871(3) 45(1) 
O(1) 4519(4) 5516(2) 5880(2) 42(1) 
O(2) 7599(4) 4769(2) 5094(2) 37(1) 
O(3) 10226(4) 5581(3) 4001(2) 47(1) 
O(4) 6955(4) 5095(3) 2133(2) 45(1) 
O(5) 4105(4) 4933(2) 1565(2) 46(1) 
______________________________________________________________________________
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Table 3. Bond lengths [Å] and angles [°] for 236. 
_____________________________________________________ 
C(1)-C(9)  1.524(6) 
C(1)-C(10)  1.533(6) 
C(1)-C(5)  1.552(6) 
C(1)-C(2)  1.555(6) 
C(2)-C(12)  1.510(6) 
C(2)-C(3)  1.534(6) 
C(2)-H(2)  1.0000 
C(3)-C(4)  1.533(6) 
C(3)-H(3A)  0.9900 
C(3)-H(3B)  0.9900 
C(4)-O(1)  1.433(5) 
C(4)-C(5)  1.538(6) 
C(4)-H(4)  1.0000 
C(5)-O(2)  1.444(5) 
C(5)-C(6)  1.572(6) 
C(6)-C(13)  1.541(6) 
C(6)-C(14)  1.543(6) 
C(6)-C(7)  1.569(7) 
C(7)-O(3)  1.451(5) 
C(7)-C(15)  1.522(7) 
C(7)-C(8)  1.540(7) 
C(8)-O(4)  1.475(5) 
C(8)-C(9)  1.517(7) 

C(8)-H(8)  1.0000 
C(9)-H(9A)  0.9900 
C(9)-H(9B)  0.9900 
C(10)-C(11)  1.501(6) 
C(10)-H(10A)  0.9900 
C(10)-H(10B)  0.9900 
C(11)-O(5)  1.211(5) 
C(11)-O(4)  1.336(5) 
C(12)-H(12A)  0.9800 
C(12)-H(12B)  0.9800 
C(12)-H(12C)  0.9800 
C(13)-H(13A)  0.9800 
C(13)-H(13B)  0.9800 
C(13)-H(13C)  0.9800 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 
C(15)-H(15A)  0.9800 
C(15)-H(15B)  0.9800 
C(15)-H(15C)  0.9800 
O(1)-H(1)  0.8400 
O(2)-H(2A)  0.8400 
O(3)-H(3)  0.8400 

 
C(9)-C(1)-C(10) 106.4(3) 
C(9)-C(1)-C(5) 109.8(3) 
C(10)-C(1)-C(5) 114.5(3) 
C(9)-C(1)-C(2) 115.6(4) 
C(10)-C(1)-C(2) 110.0(3) 
C(5)-C(1)-C(2) 100.7(3) 
C(12)-C(2)-C(3) 115.6(4) 
C(12)-C(2)-C(1) 116.4(3) 
C(3)-C(2)-C(1) 102.1(4) 
C(12)-C(2)-H(2) 107.4 
C(3)-C(2)-H(2) 107.4 
C(1)-C(2)-H(2) 107.4 
C(4)-C(3)-C(2) 107.8(4) 
C(4)-C(3)-H(3A) 110.2 
C(2)-C(3)-H(3A) 110.2 
C(4)-C(3)-H(3B) 110.2 
C(2)-C(3)-H(3B) 110.2 
H(3A)-C(3)-H(3B) 108.5 
O(1)-C(4)-C(3) 113.6(3) 

O(1)-C(4)-C(5) 109.2(3) 
C(3)-C(4)-C(5) 104.6(3) 
O(1)-C(4)-H(4) 109.8 
C(3)-C(4)-H(4) 109.8 
C(5)-C(4)-H(4) 109.8 
O(2)-C(5)-C(4) 107.3(3) 
O(2)-C(5)-C(1) 104.6(3) 
C(4)-C(5)-C(1) 102.3(3) 
O(2)-C(5)-C(6) 106.7(3) 
C(4)-C(5)-C(6) 119.7(4) 
C(1)-C(5)-C(6) 115.2(3) 
C(13)-C(6)-C(14) 104.6(4) 
C(13)-C(6)-C(7) 112.7(3) 
C(14)-C(6)-C(7) 109.1(4) 
C(13)-C(6)-C(5) 113.8(4) 
C(14)-C(6)-C(5) 109.1(3) 
C(7)-C(6)-C(5) 107.5(4) 
O(3)-C(7)-C(15) 104.9(3) 
O(3)-C(7)-C(8) 102.8(4) 
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C(15)-C(7)-C(8) 109.3(4) 
O(3)-C(7)-C(6) 110.8(3) 
C(15)-C(7)-C(6) 113.9(4) 
C(8)-C(7)-C(6) 114.2(4) 
O(4)-C(8)-C(9) 109.6(4) 
O(4)-C(8)-C(7) 110.7(4) 
C(9)-C(8)-C(7) 114.2(3) 
O(4)-C(8)-H(8) 107.3 
C(9)-C(8)-H(8) 107.3 
C(7)-C(8)-H(8) 107.3 
C(8)-C(9)-C(1) 107.1(4) 
C(8)-C(9)-H(9A) 110.3 
C(1)-C(9)-H(9A) 110.3 
C(8)-C(9)-H(9B) 110.3 
C(1)-C(9)-H(9B) 110.3 
H(9A)-C(9)-H(9B) 108.6 
C(11)-C(10)-C(1) 118.0(4) 
C(11)-C(10)-H(10A) 107.8 
C(1)-C(10)-H(10A) 107.8 
C(11)-C(10)-H(10B) 107.8 
C(1)-C(10)-H(10B) 107.8 
H(10A)-C(10)-H(10B) 107.1 
O(5)-C(11)-O(4) 117.7(4) 
O(5)-C(11)-C(10) 122.2(4) 
O(4)-C(11)-C(10) 120.1(4) 
C(2)-C(12)-H(12A) 109.5 
C(2)-C(12)-H(12B) 109.5 
H(12A)-C(12)-H(12B) 109.5 
C(2)-C(12)-H(12C) 109.5 
H(12A)-C(12)-H(12C) 109.5 
H(12B)-C(12)-H(12C) 109.5 
C(6)-C(13)-H(13A) 109.5 
C(6)-C(13)-H(13B) 109.5 
H(13A)-C(13)-H(13B) 109.5 
C(6)-C(13)-H(13C) 109.5 
H(13A)-C(13)-H(13C) 109.5 
H(13B)-C(13)-H(13C) 109.5 
C(6)-C(14)-H(14A) 109.5 
C(6)-C(14)-H(14B) 109.5 
H(14A)-C(14)-H(14B) 109.5 
C(6)-C(14)-H(14C) 109.5 
H(14A)-C(14)-H(14C) 109.5 
H(14B)-C(14)-H(14C) 109.5 
C(7)-C(15)-H(15A) 109.5 
C(7)-C(15)-H(15B) 109.5 

H(15A)-C(15)-H(15B) 109.5 
C(7)-C(15)-H(15C) 109.5 
H(15A)-C(15)-H(15C) 109.5 
H(15B)-C(15)-H(15C) 109.5 
C(4)-O(1)-H(1) 109.5 
C(5)-O(2)-H(2A) 109.5 
C(7)-O(3)-H(3) 109.5 
C(11)-O(4)-C(8) 121.2(3) 
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Table 4. Anisotropic displacement parameters (Å2x 103) for 236. The anisotropic 
displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
______________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
______________________________________________________________________________ 
C(1) 25(2)  48(3) 30(2)  1(2) 2(2)  -3(2) 
C(2) 28(3)  53(3) 29(2)  -2(2) -1(2)  -3(2) 
C(3) 35(3)  58(3) 34(3)  0(2) 2(2)  -4(2) 
C(4) 27(2)  53(3) 26(2)  1(2) -1(2)  2(2) 
C(5) 21(2)  48(3) 29(2)  -1(2) -6(2)  1(2) 
C(6) 29(3)  48(3) 32(2)  1(2) -2(2)  -1(2) 
C(7) 30(3)  62(3) 36(3)  5(3) 1(2)  -3(2) 
C(8) 28(3)  66(4) 37(2)  -2(3) 2(2)  -1(2) 
C(9) 31(3)  52(3) 28(2)  -4(2) -4(2)  2(2) 
C(10) 27(3)  52(3) 28(2)  1(2) 0(2)  -4(2) 
C(11) 23(3)  53(3) 35(3)  -5(2) 3(2)  0(2) 
C(12) 39(3)  58(3) 36(3)  -1(2) 0(2)  -2(2) 
C(13) 35(3)  52(3) 33(2)  2(2) -4(2)  0(2) 
C(14) 32(3)  54(3) 47(3)  2(2) 0(2)  1(2) 
C(15) 32(3)  66(3) 38(3)  7(2) 0(2)  -3(3) 
O(1) 28(2)  68(2) 29(2)  -6(2) 4(1)  -3(2) 
O(2) 28(2)  57(2) 26(2)  -3(2) -2(1)  1(2) 
O(3) 26(2)  80(2) 35(2)  7(2) -4(2)  -3(2) 
O(4) 28(2)  79(2) 27(2)  7(2) -4(1)  -6(2) 
O(5) 34(2)  74(2) 30(2)  5(2) -7(2)  -6(2) 
______________________________________________________________________________
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 
for 236. 
______________________________________________________________________________ 
 x  y  z  U(eq) 
______________________________________________________________________________ 
 
H(2) 6185 3172 4879 44 
H(3A) 2360 3865 4809 51 
H(3B) 3693 3713 5676 51 
H(4) 3231 5464 4678 42 
H(8) 9597 4757 2569 52 
H(9A) 8736 3790 3824 45 
H(9B) 7610 3385 2956 45 
H(10A) 3798 3729 2933 43 
H(10B) 3407 4831 3315 43 
H(12A) 4275 1882 4500 66 
H(12B) 5220 2207 3566 66 
H(12C) 3084 2544 3798 66 
H(13A) 4962 6307 2971 60 
H(13B) 5700 7351 3383 60 
H(13C) 4099 6714 3897 60 
H(14A) 7873 7471 4525 67 
H(14B) 8469 6538 5146 67 
H(14C) 6343 6976 5189 67 
H(15A) 9462 7315 3247 68 
H(15B) 8322 6863 2408 68 
H(15C) 10488 6537 2584 68 
H(1) 3508 5476 6180 63 
H(2A) 7341 4965 5616 56 
H(3) 9848 5292 4470 70 
______________________________________________________________________________ 
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X-ray crystallographic data for 218 

 
A colorless plate 0.400 x 0.250 x 0.250 mm in size was mounted on a Cryoloop with 
Paratone oil. Data were collected in a nitrogen gas stream at 100(2) K using and scans. 
Crystal-to-detector distance was 60 mm and exposure time was 10 seconds per frame 
using a scan width of 2.0°. Data collection was 97.6% complete to 68.000° in q. A total 
of 12725 reflections were collected covering the indices, -8<=h<=8, -11<=k<=11, -
12<=l<=12. 2426 reflections were found to be symmetry independent, with an Rint of 
0.0301. Indexing and unit cell refinement indicated a primitive, monoclinic lattice. The 
space group was found to be P 21 (No. 4). The data were integrated using the Bruker 
SAINT software program and scaled using the SADABS software program. Solution by 
iterative methods (SHELXT-2014) produced a complete heavy-atom phasing model 
consistent with the proposed structure All non-hydrogen atoms were refined 
anisotropically by full-matrix least-squares (SHELXL-2014). All hydrogen atoms were 
placed using a riding model. Their positions were constrained relative to their parent 
atom using the appropriate HFIX command in SHELXL-2014. Absolute stereochemistry 
was unambiguously determined to be R at C2, C6, C9, C11, and C14 and S at C7, 
respectively. 
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Table 1. Crystal data and structure refinement for 218. 
Identification code  kh_triol_thesis 
Empirical formula  C15 H24 O5 
Formula weight  284.34 
Temperature  100(2) K 
Wavelength  1.54184 Å 
Crystal system  Monoclinic 
Space group  P 21 
Unit cell dimensions a = 7.37220(10) Å a= 90°. 
 b = 9.20610(10) Å b= 93.8040(10)°. 
 c = 10.02550(10) Å g = 90°. 
Volume 678.924(14) Å3 
Z 2 
Density (calculated) 1.391 Mg/m3 
Absorption coefficient 0.850 mm-1 
F(000) 308 
Crystal size 0.400 x 0.250 x 0.250 mm3 
Theta range for data collection 4.420 to 68.235°. 
Index ranges -8<=h<=8, -11<=k<=11, -12<=l<=12 
Reflections collected 12725 
Independent reflections 2426 [R(int) = 0.0301] 
Completeness to theta = 68.000° 97.6 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00000 and 0.85152 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2426 / 1 / 197 
Goodness-of-fit on F2 1.070 
Final R indices [I>2sigma(I)] R1 = 0.0261, wR2 = 0.0686 
R indices (all data) R1 = 0.0261, wR2 = 0.0686 
Absolute structure parameter -0.09(5) 
Extinction coefficient n/a 
Largest diff. peak and hole 0.214 and -0.167 e.Å-3 
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for 218. U(eq) is defined as one third of the trace of the orthogonalized Uij 
tensor. 
______________________________________________________________________________ 
 x y z U(eq) 
______________________________________________________________________________ 
C(1) -2735(2) -6238(2) 653(2) 15(1) 
C(2) -2447(2) -6521(2) -819(2) 12(1) 
C(3) -4214(2) -6256(2) -1767(2) 10(1) 
C(4) -5177(2) -4838(2) -1395(2) 13(1) 
C(5) -5625(2) -7461(2) -1559(2) 14(1) 
C(6) -3653(2) -6330(2) -3242(2) 10(1) 
C(7) -5042(2) -5980(2) -4430(2) 12(1) 
C(8) -3829(2) -5889(2) -5630(2) 14(1) 
C(9) -1827(2) -5783(2) -5070(2) 13(1) 
C(10) -673(3) -4769(2) -5860(2) 21(1) 
C(11) -1939(2) -5431(2) -3562(2) 11(1) 
C(12) -2095(2) -3781(2) -3318(2) 13(1) 
C(13) -1626(2) -3219(2) -1921(2) 14(1) 
C(14) -740(2) -5690(2) -1230(2) 13(1) 
C(15) -308(2) -5940(2) -2672(2) 13(1) 
O(1) -1984(2) -8039(1) -981(1) 14(1) 
O(2) -3239(2) -7840(1) -3532(1) 12(1) 
O(3) -5988(2) -4654(2) -4232(1) 15(1) 
O(4) -1809(2) -1963(2) -1622(1) 19(1) 
O(5) -908(2) -4130(1) -962(1) 14(1) 
______________________________________________________________________________
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Table 3. Bond lengths [Å] and angles [°] for 218. 
_____________________________________________________ 
C(1)-C(2)  1.527(2) 
C(1)-H(1A)  0.9800 
C(1)-H(1B)  0.9800 
C(1)-H(1C)  0.9800 
C(2)-O(1)  1.451(2) 
C(2)-C(14)  1.552(2) 
C(2)-C(3)  1.580(2) 
C(3)-C(4)  1.544(2) 
C(3)-C(5)  1.544(2) 
C(3)-C(6)  1.563(2) 
C(4)-H(4A)  0.9800 
C(4)-H(4B)  0.9800 
C(4)-H(4C)  0.9800 
C(5)-H(5A)  0.9800 
C(5)-H(5B)  0.9800 
C(5)-H(5C)  0.9800 
C(6)-O(2)  1.457(2) 
C(6)-C(7)  1.552(2) 
C(6)-C(11)  1.562(2) 
C(7)-O(3)  1.426(2) 
C(7)-C(8)  1.548(2) 
C(7)-H(7)  1.0000 
C(8)-C(9)  1.547(2) 
C(8)-H(8A)  0.9900 
C(8)-H(8B)  0.9900 
C(9)-C(10)  1.520(3) 
C(9)-C(11)  1.554(2) 
C(9)-H(9)  1.0000 
C(10)-H(10A)  0.9800 
C(10)-H(10B)  0.9800 
C(10)-H(10C)  0.9800 
C(11)-C(15)  1.523(2) 
C(11)-C(12)  1.544(2) 
C(12)-C(13)  1.512(2) 
C(12)-H(12A)  0.9900 
C(12)-H(12B)  0.9900 
C(13)-O(4)  1.204(2) 
C(13)-O(5)  1.357(2) 
C(14)-O(5)  1.468(2) 
C(14)-C(15)  1.519(2) 
C(14)-H(14)  1.0000 
C(15)-H(15A)  0.9900 
C(15)-H(15B)  0.9900 
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O(1)-H(1)  0.83(3) 
O(2)-H(2)  0.82(3) 
O(3)-H(3)  0.88(3) 
 
C(2)-C(1)-H(1A) 109.5 
C(2)-C(1)-H(1B) 109.5 
H(1A)-C(1)-H(1B) 109.5 
C(2)-C(1)-H(1C) 109.5 
H(1A)-C(1)-H(1C) 109.5 
H(1B)-C(1)-H(1C) 109.5 
O(1)-C(2)-C(1) 108.73(14) 
O(1)-C(2)-C(14) 104.17(13) 
C(1)-C(2)-C(14) 109.87(14) 
O(1)-C(2)-C(3) 105.77(13) 
C(1)-C(2)-C(3) 113.15(14) 
C(14)-C(2)-C(3) 114.53(14) 
C(4)-C(3)-C(5) 104.50(14) 
C(4)-C(3)-C(6) 114.85(13) 
C(5)-C(3)-C(6) 108.63(14) 
C(4)-C(3)-C(2) 111.03(14) 
C(5)-C(3)-C(2) 110.12(14) 
C(6)-C(3)-C(2) 107.65(13) 
C(3)-C(4)-H(4A) 109.5 
C(3)-C(4)-H(4B) 109.5 
H(4A)-C(4)-H(4B) 109.5 
C(3)-C(4)-H(4C) 109.5 
H(4A)-C(4)-H(4C) 109.5 
H(4B)-C(4)-H(4C) 109.5 
C(3)-C(5)-H(5A) 109.5 
C(3)-C(5)-H(5B) 109.5 
H(5A)-C(5)-H(5B) 109.5 
C(3)-C(5)-H(5C) 109.5 
H(5A)-C(5)-H(5C) 109.5 
H(5B)-C(5)-H(5C) 109.5 
O(2)-C(6)-C(7) 100.44(13) 
O(2)-C(6)-C(11) 106.34(13) 
C(7)-C(6)-C(11) 103.53(13) 
O(2)-C(6)-C(3) 107.60(13) 
C(7)-C(6)-C(3) 120.96(14) 
C(11)-C(6)-C(3) 116.11(13) 
O(3)-C(7)-C(8) 112.07(15) 
O(3)-C(7)-C(6) 112.00(14) 
C(8)-C(7)-C(6) 102.80(14) 
O(3)-C(7)-H(7) 109.9 
C(8)-C(7)-H(7) 109.9 
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C(6)-C(7)-H(7) 109.9 
C(9)-C(8)-C(7) 107.96(14) 
C(9)-C(8)-H(8A) 110.1 
C(7)-C(8)-H(8A) 110.1 
C(9)-C(8)-H(8B) 110.1 
C(7)-C(8)-H(8B) 110.1 
H(8A)-C(8)-H(8B) 108.4 
C(10)-C(9)-C(8) 113.79(15) 
C(10)-C(9)-C(11) 116.53(15) 
C(8)-C(9)-C(11) 104.77(14) 
C(10)-C(9)-H(9) 107.1 
C(8)-C(9)-H(9) 107.1 
C(11)-C(9)-H(9) 107.1 
C(9)-C(10)-H(10A) 109.5 
C(9)-C(10)-H(10B) 109.5 
H(10A)-C(10)-H(10B) 109.5 
C(9)-C(10)-H(10C) 109.5 
H(10A)-C(10)-H(10C) 109.5 
H(10B)-C(10)-H(10C) 109.5 
C(15)-C(11)-C(12) 105.93(15) 
C(15)-C(11)-C(9) 114.52(15) 
C(12)-C(11)-C(9) 111.64(14) 
C(15)-C(11)-C(6) 109.55(14) 
C(12)-C(11)-C(6) 114.74(14) 
C(9)-C(11)-C(6) 100.70(13) 
C(13)-C(12)-C(11) 117.97(15) 
C(13)-C(12)-H(12A) 107.8 
C(11)-C(12)-H(12A) 107.8 
C(13)-C(12)-H(12B) 107.8 
C(11)-C(12)-H(12B) 107.8 
H(12A)-C(12)-H(12B) 107.1 
O(4)-C(13)-O(5) 117.54(16) 
O(4)-C(13)-C(12) 122.46(17) 
O(5)-C(13)-C(12) 119.96(16) 
O(5)-C(14)-C(15) 110.41(14) 
O(5)-C(14)-C(2) 110.74(14) 
C(15)-C(14)-C(2) 113.75(14) 
O(5)-C(14)-H(14) 107.2 
C(15)-C(14)-H(14) 107.2 
C(2)-C(14)-H(14) 107.2 
C(14)-C(15)-C(11) 107.68(15) 
C(14)-C(15)-H(15A) 110.2 
C(11)-C(15)-H(15A) 110.2 
C(14)-C(15)-H(15B) 110.2 
C(11)-C(15)-H(15B) 110.2 
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H(15A)-C(15)-H(15B) 108.5 
C(2)-O(1)-H(1) 109(2) 
C(6)-O(2)-H(2) 106.2(18) 
C(7)-O(3)-H(3) 110(2) 
C(13)-O(5)-C(14) 120.58(14) 
_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
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Table 4. Anisotropic displacement parameters (Å2x 103 )for 218. The anisotropic 
displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
______________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
______________________________________________________________________________ 
C(1) 16(1)  17(1) 10(1)  0(1) -2(1)  2(1) 
C(2) 14(1)  10(1) 12(1)  -1(1) -2(1)  2(1) 
C(3) 10(1)  10(1) 10(1)  2(1) -2(1)  0(1) 
C(4) 12(1)  14(1) 13(1)  -1(1) 0(1)  1(1) 
C(5) 13(1)  15(1) 13(1)  2(1) 1(1)  -3(1) 
C(6) 10(1)  7(1) 11(1)  -1(1) 0(1)  -1(1) 
C(7) 12(1)  11(1) 11(1)  0(1) -1(1)  -2(1) 
C(8) 15(1)  15(1) 11(1)  0(1) 0(1)  -1(1) 
C(9) 14(1)  15(1) 10(1)  0(1) 2(1)  -1(1) 
C(10) 21(1)  28(1) 13(1)  0(1) 5(1)  -8(1) 
C(11) 10(1)  12(1) 10(1)  0(1) 1(1)  -1(1) 
C(12) 14(1)  12(1) 12(1)  0(1) -1(1)  -3(1) 
C(13) 12(1)  15(1) 15(1)  1(1) -1(1)  -2(1) 
C(14) 13(1)  12(1) 14(1)  -2(1) -3(1)  2(1) 
C(15) 9(1)  14(1) 15(1)  -1(1) -1(1)  0(1) 
O(1) 18(1)  10(1) 14(1)  0(1) -4(1)  4(1) 
O(2) 16(1)  9(1) 11(1)  -2(1) -2(1)  1(1) 
O(3) 17(1)  16(1) 13(1)  3(1) -1(1)  5(1) 
O(4) 23(1)  12(1) 22(1)  -3(1) -2(1)  -2(1) 
O(5) 16(1)  12(1) 14(1)  -2(1) -4(1)  -2(1) 
______________________________________________________________________________
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 
for 218. 
______________________________________________________________________________ 
 x  y  z  U(eq) 
______________________________________________________________________________ 
 
H(1A) -3846 -6729 896 22 
H(1B) -2850 -5191 802 22 
H(1C) -1694 -6614 1207 22 
H(4A) -4348 -4015 -1479 19 
H(4B) -5530 -4901 -471 19 
H(4C) -6264 -4696 -1998 19 
H(5A) -6651 -7355 -2225 21 
H(5B) -6061 -7377 -660 21 
H(5C) -5058 -8414 -1660 21 
H(7) -5930 -6796 -4566 14 
H(8A) -4002 -6765 -6197 16 
H(8B) -4158 -5025 -6180 16 
H(9) -1289 -6776 -5127 16 
H(10A) -555 -5170 -6756 31 
H(10B) 535 -4671 -5399 31 
H(10C) -1256 -3813 -5935 31 
H(12A) -1299 -3281 -3929 15 
H(12B) -3360 -3487 -3580 15 
H(14) 320 -6056 -651 15 
H(15A) -77 -6985 -2826 15 
H(15B) 791 -5386 -2876 15 
H(1) -1190(40) -8260(30) -400(30) 26(7) 
H(2) -2720(30) -8170(30) -2850(30) 19(6) 
H(3) -6110(40) -4170(40) -4990(30) 37(8) 
______________________________________________________________________________ 
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3.1 Introduction 
 

Difficulties that we have encountered for the late-stage C–H activation of (–)-14-
dehydroxydunnianin (218) prompted us to reevaluate our retrosynthetic design (Figure 
3.1). Polyoxygenated (–)-debenzoyldunnianin (217) and similar pseudoanisatin-type 
natural products such as (+)-pseudoanisatin (6) all bear oxidations at the C-3, C-4, C-6, 
C-7, C-11, and C-14 carbon positions. (+)-Pseudoanisatin (6) was known for selective 
targeting of insect GABA receptors over rat analogs,1 therefore showing potential 
application in an agricultural context as an insecticide. Since we were already able to 
establish these stereocenters faithfully through our synthetic transformations in Chapter 
II, it seemed prudent for us to not drastically alter the overall synthetic design. Rather, 
instead of pursuing a daunting late-stage C–H functionalization, we wondered if 
introduction of the C-14 hydroxylation at an earlier stage in the synthesis was possible. 
If so, would the incorporated oxidation state exert a deleterious effect on the subsequent 
transformations we would be carrying out? What optimizations would have to be 
accomplished to accommodate said functionality? These were the major questions that 
brought a large degree of uncertainty to our planning. In this Chapter, together with 
fellow graduate student Matthew L. Condakes, specific challenges that we faced and 
the solutions we presented for the eventual synthesis of pseudoanisatinoids will be 
delineated.2 

 

 
Figure 3.1 Reprogramming of our retrosynthetic analysis for the synthesis of pseudo-
anisatinoids. 
 
3.2 Early-stage C-14 C–H functionalization of the (+)-cedrol framework 
 

Our investigations towards (+)-pseudoanisatin (6) began with the astute observation 
that the tertiary alcohol group in (+)-cedrol (158) was in close spatial proximity to the C-
14 carbon position that required oxidation (Scheme 3.1A). Conditions previously 
disclosed in the literature for this transformation employed toxic metallic reagents such 
as lead and mercury,3 or organoselenium compounds.4 With slight variations on more 
benign systems utilizing PIDA,5 we were able to achieve the desired C–H 
functionalization of position 14 to provide ether 238 in 73% yield routinely on 50 mmol 
scale (see Section 4.2 for a discussion on the dependence of 1,5-HAT on distance). The 
generally accepted mechanism of these types of reactions was thought to proceed 
through initial 1,5-HAT from the alkoxy radical onto the proximal C–H bond to generate 
a transient alkyl radical. In our case, the so-generated C–14 primary alkyl radical 
intermediate (not shown) then recombines with molecular iodine to give the primary 
iodide intermediate shown. A facile intramolecular SN2 substitution ensues to furnish the 
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ether bridge found in 238. This robust and impressive radical C–H functionalization was 
utilized to great success in our synthesis. Next, to converge with our general synthetic 
route for (–)-14-dehydroxydunnianin (Scheme 2.7, 218), the trisubstituted alkene group 
in 239 was unveiled via electrophilic alkylation of the strained ether bridge in 238 with 
methyl Meerwein’s salt and base (Me3OBF4, Proton-sponge®). This is the first instance 
of an elimination of an ether with Meerwein’s reagents to the best of our knowledge. 
Compound 239 was obtained in 97% yield on decagram scales with the methyl ether 
moiety serving as a protecting group for the primary alcohol functionality. Although a 
methyl ether moiety is generally not a frequently utilized strategy for the protection of 
alcohol groups in total syntheses due to deprotection difficulties,6 we found that similar 
derivatives of 239 bearing silyl and ester protecting groups were not viable in the 
subsequent oxidative transformations that were applied. Moving forward, the harsh 
ruthenium-mediated exhaustive oxidation of the alkene group in 239 at elevated 

Scheme 3.1 Synthesis of seco-prezizaane scaffold 246 from (+)-cedrol (158).  
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temperature was found to lead to the undesired oxidation of the C-14 position to provide 
a methyl ester moiety in addition to the desired transformation.7 Hence, this condition 
had to be performed in a controlled manner at room temperature to prevent 
overoxidation, underscoring the reactive nature of the methyl ether group under 
oxidative conditions that we had to accommodate. Nevertheless, the desired keto-acid 
240 was furnished in 72% yield on decagram scale. As for the next step employing CuBr2 
in refluxing diglyme for the direct a-acyloxylation of 240,8 complications arising from the 
presumed demethylation of the C-16 position led to significantly lowered efficiency for 
the desired process (see Section 2.4 for an analogous transformation). Several common 
amine ligands found in copper catalysis were briefly explored to no avail. We 
hypothesized that demethylation of 240 occurred through generation of HBr in the 
reaction system, and several inorganic bases were screened, which uniformly did not 
lead to improvement in the yield. Ultimately, it was discovered that tert-butanol was able 
to provide a good yield of desired lactone 241,9 presumably sequestering trace acid via 
generation of tert-butyl bromide. Recovered starting material 240, which was afforded 
as a ca. 1.1 mixture of ketone epimers, was resubjected into a second cycle to maximize 
material throughput. Lactone 241 was obtained on large-scale quantities with this 
method.  

With 241 in hand, we telescoped the hydrolysis and ring shift of this compound via 
242 into a single step through dual action of KOH and KOt-Bu in DMSO to provide seco-
prezizaane-containing diastereomers 243 and 244 in a combined 45% yield on gram 
scale.10 A slightly eroded d.r. of 4:1 was observed when compared to the analogous 
substrate in Section 2.4. Both diastereomers 243 and 244 returned to the same 
equilibrium mixture when resubjected independently to the reaction conditions, 
supporting thermodynamic control in the skeletal reorganization (see Section 2.4). An X-
ray crystallographic structure of major diastereomer 244 was also obtained to verify the 
stereochemical fidelity of the a-ketol rearrangement. Interestingly, the pedant carboxylic 
acid side chain was situated away from the C-4 position for this compound, at least in 
the solid state. At this stage, we investigated counterion and solvent effects for the key 
hydrolysis and a-ketol rearrangement of 241 with visiting student Luiz F. T. Novaes 
(Scheme 3.1B). We found that the potassium counterion (Entry 1) was superior to sodium 
(Entry 2) in terms of diastereoselectivity for the desired isomer 244. Slight deviation in 
the d.r. of crude and isolated alcohols 243 and 244 coupled with depreciation in isolated 
yield suggested material loss and/or interconversion during silica-gel purification. On the 
other hand, the lithium counterion merely provided 45% yield of recovered 241 along 
with 20% yield of hydrolysis product 242 in the protonated form, which was observed to 
spontaneously re-lactonize to 241 upon exposure to silica-gel. Potassium hydroxide 
alone was ineffective in promoting the a-ketol rearrangement (Entry 4), giving 70% yield 
of hydrolysis product. These results hinted that enhanced basicity of KOt-Bu versus the 
Na+ or Li+ counterparts or KOH was instrumental in encouraging rearrangement of 242, 
which was further aided by DMSO complexation of the potassium anion.11 Interestingly, 
the presence of [18]-crown-6 (Entry 5), a known chelator of K+,12 had little effect on the 
observed d.r. while considerable lowering the NMR yield, implying that DMSO itself was 
sufficient for the sequestering of the counterion. Next, select solvents were probed for 
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their effects on the transformation. Surprisingly, THF biased the formation of 
diastereomer 243 substantially (Entry 6). The origin of this peculiar effect was unclear, 
although the formation of a different ion-paired species in this medium compared to 
DMSO seemed plausible. Toluene, acetonitrile, and dichloromethane simply provided a 
complex mixture without observable known products (Entries 7-9), with the exception of 
57% yield of unreacted 241 in toluene as solvent. Finally, diglyme afforded the hydrolysis 
product with unsatisfactory amounts of the desired alcohols 243 and 244 in a reversed 
diastereoselectivity (Entry 10), lending evidence that complete removal of the diglyme 
solvent from the previous reaction was crucial. Hence, the use of polar, aprotic solvent 
DMSO in conjunction with KO-tBu was optimal for facilitating the desired reactivity of 
241 with good diastereocontrol of the products in a productive efficiency.  

During our subsequent interrogation of the C–H activation of the C-4 methine 
position, we discovered that the O-TMS silylated derivative of 244 provided insufficient 
stability under iron catalysis (see next Section). Therefore, we opted for the TBS 
protecting group in order to maintain decent efficiency for the critical C–H activation. 
The protecting group was installed through initial persilylation (NaH, TBSCl) of 244 at 
elevated temperature to give intermediate 245.13 This material was treated in the same 
pot with aqueous HCl to promote a chemoselective double-desilylation to afford TBS 
silyl ether 246 in 88% yield on gram scale. An interesting byproduct was discovered 
under this condition, which we will expound on in Section 5.2. With the access to large 
quantities of 246, we were poised to investigate the pivotal C–H activation of the C-4 
position. 

 
3.3 Mid-stage C-4 C–H activation of the seco-prezizaane scaffold 
 

The key carboxylic acid directed C–H activation of the C-4 methine position on 
seco-prezizaane scaffold 246 under iron catalysis was far less well-behaved than the 
corresponding substrate in Section 2.5 which gave 56% combined yield on gram scale 
(Scheme 3.2). It was found that [Fe(mep)(MeCN)2][(SbF6)2] and [Fe((S,S’)-PDP)(MeCN)2] 
[(SbF6)2] consistently gave only trace amounts of the desired C–H activated product 
247.14 Significant effort was required at this stage to reestablish decent efficiency for this 
pivotal C–H activation. First, TBHP was determined to be a superior oxidant than 
hypervalent iodine reagents, NaOCl, H2O2, AcOOH, and other peroxides. Next, extensive 
investigations into various polydentate ligand classes for the iron center were 
conducted.15 Readily available tetradentate nitrogen-containing scaffolds were 
synthesized, and the corresponding iron catalysts constructed during the course of 
these intense optimizations. While M.L.C. focused on major known classes of ligand 
subtypes, K.H. interrogated the effects of electron-donating and electron-withdrawing 
substituents on the pyridyl rings of the mep scaffold and briefly explored some Mn-
centered catalysts16 and ruthenium systems.17 We have observed counteranion effects 
of certain promising iron-ligand scaffolds. Specifically, the counteranions Cl–, [PF6]–, 
[ClO4]–, [C(SO2CF3)3]–, and [(SbF6)2]– were tested on the Fe(mep) scaffold with Cl– and 
[PF6]– offering little to no catalyst activity while the standard [(SbF6)]– derivative was 
superior. Although we have not established counteranion-activity relationships for all the 
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catalysts we have synthesized, [SbF6]– derivatives were generally superior than their Cl– 
counterparts, which showed no catalytic activity, in agreement with literature accounts. 
Finally, it was determined that a [SbF6]– derivative of iron(II) catalyst [Fe]* = [Fe((R)-
mepp)(MeCN)2][(SbF6)2], bearing a sterically-demanding pinene-based (R)-mepp ligand 
scaffold (see Scheme 3.2 box) popularized by the Costas group gave the highest yield 
of 247 (ca. 15%).18 The authors proposed that the bulky ligand scaffold disfavored off-
cycle dimerization pathways of the active iron catalyst. In further attempts to improve 
the yield of this transformation, K.H. has screened the effects of various solvents, 
inorganic acids and bases additives, and > 40 metal-based Lewis acid additives on the 
[Fe((R)-mepp)(MeCN)2][(SbF6)2]/TBHP system, totaling of over 100 different experimental 
conditions. Of these optimizations, solvents other than MeCN, redox-active metal 
additives, and all pH adjustments were detrimental. It was finally determined that additive 
TlOTf consistently increased the yield of 247 in ca. 5-10% regardless of the iron catalyst 
employed. Although it was not necessary for promoting the desired transformation, the 
nature of this additive in the C–H activation mechanism is currently unknown to us. 
Redox-active cerium(III) salts were documented to influence the redox potential, and 
therefore spin-state, upon interaction with an iron(IV) center.19 Furthermore, effects of 
other non-innocent metal ions such as Sc3+, Zn2+, Mg2+, and Ca2+ on non-heme iron 
catalysis have also been studied in other contexts.20 Because of the inherently delicate 
interplay of these catalytic systems with various experimental parameters and the lack 
of mechanistic studies on thallium(I) additives to the best of our knowledge, we are 
uncertain of the role TlOTf provides in our system. Further mechanistic work is required 
for the elucidation and deeper understanding of this intriguing phenomenon. 
Nevertheless, with Fe((R)-mepp)(MeCN)2][(SbF6)2] and catalyst, aqueous TBHP as 
oxidant, and TlOTf as additive, we could routinely obtain a 20% yield of the desired g-
lactone 247 along with 18% of recovered 246. Upon detailed scrutiny of the reaction 
mixture, C-H activated products 248 and 249 were also uncovered in 11% and 6% yield, 

Scheme 3.2 C–H activation of the seco-prezizaane scaffold 246. 
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respectively, offering a 37% combined isolable yield of g-lactone containing compounds. 
Interestingly, we did not observe any major overoxidized byproducts (see Section 2.5).21 
The isolation of demethylated materials 248 and 249, furnished through a presumed 
radical C–H abstraction pathway, was further testament to the sensitivity of the O-Me 
ether group in 246, no doubt a contributing factor to the moderate yield from this 
substrate. Likewise, the unproductive desilylation product 249 was also observed (see 
Section 2.5). The mechanism for this undesired desilylation is currently poorly 
understood; but could arise from non-directed reactivity on the silicon center. 

Fortunately, compound 247 furnished the desired trisubstituted alkene 250 in 66% 
yield with 22% unreacted 247 under analogous conditions (Et3OPF6, Proton-sponge®) to 
that detailed in Section 2.6. The isolable intermediate ethyl enol ether 251 was initially 
formed in this reaction, which could then be hydrolyzed in a controlled manner with 
aqueous trifluoroacetic acid (TFA) to prevent protonation of the newly-formed alkene 
group. The demethylated hemiketal 248 could also undergo the same operation to 
provide the O-ethyl ether derivative 252 in 53% yield. Cognizant of the reactive nature 
of the O-alkyl protecting group under various previously-used conditions (vide supra), 
we were hopeful that deprotection was at least viable. Thankfully, simple treatment of 
250 and 252 with in situ generated TMSI (TMSCl, NaI) smoothly dealkylated both 
compounds independently to provide C-11–C-14 bridged e-lactone 253 upon 
subsequent lactonization. Acetonitrile was found to be uniquely effective for the crucial 
dealkylation. Crude compound 253, as obtained from 250, was carried forth to the 
buffered desilylation (TBAF, AcOH) to provide tertiary alcohol 254 in 64% yield over two 
steps. On the other hand, 253 was generated from 252 in 70% isolated yield and 
incorporated into the synthesis for maximum material throughput. Hence, with the 
successful optimization of the critical C–H activation of the C-4 position followed by the 
unveiling of the trisubstituted alkene group found in 254, we were ready for the 
completion of the total synthesis of two pseudoanisatinoid natural products. 
 
3.4 Late-stage oxidative transformations and completion of the total synthesis of 

(–)-3-deoxypseudoanisatin and (+)-pseudoanisatin 
 

Alkene 254 was our stepping stone to the pseudoanisatinoids. From alkene 254, we 
were interested in reaction conditions that would lead to an a configuration of the C-4 
tertiary alcohol, since this motif was less investigated in total synthesis setting of the 
seco-prezizaane family (see Section 1.4). We discovered that simple hydration of the 
alkene group with molecular oxygen under cobalt(II) catalysis (Co(acac)2, O2, PhSiH3) led 
to the desired natural product (–)-3-deoxypseudoanisatin (255) in 29% yield (Scheme 
3.3).22 However, the facial selectivity of the transformation was poor, since we observed 
a 50% yield of g-lactone 249, a product arising from b-face approach, in an overall 1:1.7 
d.r. favoring 249. We have yet to examine whether the diastereoselectivity of this 
transformation can be biased with reagent control under Mn(II) and Fe(II) systems with 
non-identical steric requirements around the metal center (vide infra). 

Notwithstanding the low diastereoselectivity of alkene hydration of 254, based on 
Kende’s osmium-mediated dihydroxylation on a similar e-lactone containing substrate 
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during the course of the synthesis of (±)-8-deoxyanisatin,23 we were optimistic that 
selectivity for an a-face approach of the metal complex onto alkene p system could be 
achieved. Surprisingly, when 254 was treated with stoichiometric osmium-pyridine 
complex, we once again observed the undesired b-face approach of the oxidant (see 
Section 2.7). Upon reductive cleavage of the intermediate osmate ester, g-lactone 256 
was the sole observable and isolable diastereomer in 63% yield. X-ray crystallographic 
analysis was again utilized to confirm our assigned structure. The perplexing nature of 
the excellent facial selectivities displayed by alkenes 229, 235, and 254 is certainly worth 
closer examination to ascertain their origins. On the other hand, alkene hydration and 
dihydroxylation results on 254 suggested that there is an inherent substrate-controlled 
bias for reagents to approach from the b-face of the alkene p system in 254. In order to 
reverse this undesired selectivity, we turned to directed dihydroxylation methodologies 
in the literature.24 Directing groups for osmium-mediated dihydroxylation were known 
starting from the 1980s in the form of sulfoxides, sulfoximines, and nitro groups, albeit 
in limited scope.24b In the late 1990s, Donohoe and coworkers first reported conditions 
leveraging allylic-, homoallylic alcohols, and trichloroacetamides.25 To our delight, 
application of this methodology on 254 with precomplexed OsO4 and tetramethyl-
ethylenediamine (TMEDA) followed by reductive hydrolysis furnished the desired all cis 
triol 257 as the only observable diastereomer. The authors proposed that chelation of an 
s-donating ligand such as TMEDA to OsO4 increased electron density on the oxo ligands, 
improving their hydrogen bond accepting capability. Rate-accelerating effects of amine 
ligands in OsO4 dihydroxylation was also an additional benefit.26 The crude triol 257 thus 
obtained was of sufficient purity to be subjected under regioselective mesylation (MsCl, 
pyr.) to give isolable mesylate 258. This material was then treated with excess base (aq. 
NaOH) in a one-pot sense, followed by 2 M HCl to provide the desired seco-prezizaane 
natural product (+)-pseudoanisatin (6) in 80% yield over two steps. Due to the lackluster 
nucleophilicity of the hydroxide anion27 versus common carboxylates28 on the Mayr 
nucleophilicity scale,29 we hypothesized that the inversion of the secondary mesylate 
group in 258 proceeded through initial cleavage of the e-lactone group via aq. NaOH 
followed by intramolecular displacement of the mesylate by the resulting carboxylate. 
Treatment with protic acid then caused translactonization into the observed natural 

 
Scheme 3.3 Completion of the total synthesis of (–)-3-deoxypseudoanisatin (255) and 
(+)-pseudoanisatin (6). 
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product (+)-pseudoanisatin (6). Interestingly, attempts at utilizing triflic anhydride for the 
corresponding transformation led to a complex mixture of products.  
 
3.5 Summary and conclusion 
 

In this Chapter, we have successfully realized a de novo, fully oxidative total 
synthesis of the pseudoanisatinoid natural products (–)-3-deoxypseudoanisatin (255) 
and (+)-pseudoanisatin (6) in the seco-prezizaane family from common hydrocarbon 
feedstock chemical (+)-cedrol (158, Scheme 3.4). A net 7 oxidation state increase was 
incrementally installed onto the 15-carbon framework during this process. Building upon 
key discoveries made in Chapter II, we were able to utilize an early-stage radical 
mediated aliphatic C–H functionalization for the C-14 carbon position, followed by a mid-
stage C–H activation of the C-4 methine position through non-heme iron(oxo) catalysis. 
Other notable transformations include the direct a-acyloxylation of 240 with CuBr2 
followed by a skeletal rearrangement of the resulting a-ketol intermediate to furnish the 
5,6-ring fused core scaffold 244. Elimination of the g-lactone group in 247 was achieved 
via electrophilic alkylating agent Et3OPF6. An underutilized directed osmium 
dihydroxylation of homoallylic alcohol 254 was also incorporated to override inherent 
substrate bias. (–)-3-Deoxypseudoanisatin (255) was obtained in 0.68% overall yield in 
11 steps and the eponymous natural product (+)-pseudoanisatin (6) was synthesized in 
1.9% overall yield in 12 steps. We hope that we have further demonstrated not only the 
power, but also the limitations, of current state-of-the-art aliphatic C–H functionalization 
methodologies in a complex molecule synthesis setting. While successful application 

Scheme 3.4 Total synthesis of (–)-255 and (+)-pseudoanisatin (6). 
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under the overarching retrosynthetic strategy (see Section 2.2) was a testament to the 
utility of C–H functionalization logic in synthesis, its constraints also forced us to explore, 
and eventually expand upon functional group tolerance of these methodologies. In the 
next Chapter, we will explore our efforts in expanding (+)-cedrol (158) as a flexible 
platform for the total synthesis of other sesquiterpenoid natural products found in the 
genus Illicium. 
 
3.6 Distribution of credit and acknowledgements 

 
The underlying synthetic framework in this Chapter was based upon insights 

garnered in Chapter II by K.H. The retrosynthetic strategy was envisioned by K.H., with 
adjustments by M.L.C. and Professor Thomas J. Maimone. K.H. and M.L.C. optimized 
all synthetic transformations in a complementary fashion. Natural products 255 and 6 
were synthesized by K.H. Characterization of synthetic intermediates were performed by 
K.H. and M.L.C cooperatively. Visiting scholar Luiz F. T. Novaes of University of 
Campinas, Brazil, was credited with Scheme 3.1B. We thank Dr. Antonio G. DiPasquale 
and Nicholas S. Settineri of the Small Molecule X-ray Crystallography Facility for X-ray 
crystallographic analyses with support from NIH Shared Instrument Grant (S10-
RR027172). We also thank Dr. Laura J. McCormick of the Advanced Light Source 
Synchrotron Facility at Lawrence Berkeley National Laboratory for the crystal structure 
of 256. We are grateful for Dr. Hasan Celik, and Dr. Nanette N. Jarenwattananon of the 
College of Chemistry Nuclear Magnetic Resonance Facility and Dr. Jeffrey G. Pelton of 
the Central California 900 MHz NMR Facility for nuclear magnetic resonance 
spectroscopic assistance, wherein NIH grant GM68933 is acknowledged. 
QB3/Chemistry Mass Spectrometry Facility scientists Dr. Rita V. Nichiporuk and Dr. 
Zhongrui Zhou is credited for mass spectrometry assistance. Kevin Hung thanks Eli Lilly 
for a graduate fellowship. We are grateful to Professor Yoshiyasu Fukuyama of 
Tokushima Bruni University, Japan, for kindly providing NMR spectra of (–)-3-
deoxypseudoanisatin and (+)-pseudoanisatin. 

 
3.7 References 
 
(1) Schmidt, T. J.; Gurrath, M.; Ozoe, Y. Bioorg. Med. Chem. 2004, 12, 4159-4167. 
(2) Hung, K.; Condakes, M. L.; Morikawa, T.; Maimone, T. J. J. Am. Chem. Soc. 2016, 138, 

16616-16619. 
(3) Brun, P.; Waegell, B. Tetrahedron 1976, 32, 1137-1145. 
(4) Dorta, R. L.; Francisco, C. G.; Freire, R.; Suárez, E. Tetrahedron Lett. 1988, 29, 5429-5432. 
(5) (a) Dorta, R. L.; Francisco, C. G.; Hernández, R.; Salazar, J. A.; Suárez, E. J. Chem. Research 

(M) 1990, 1836-1854. (b) Dorta, R. L.; Francisco, C. G.; Hernández, R.; Salazar, J. A.; Suárez, 
E. J. Chem. Research (S) 1990, 240-241. 

(6) (a) Weissman, S. A.; Zewge, D. Tetrahedron 2005, 61, 7833-7863. (b) Vidari, G.; Ferrino, S.; 
Grieco, P. A. J. Am. Chem. Soc. 1984, 106, 3539-3548. 

(7) Piccialli, V. Molecules 2014, 19, 6534-6582. 

305



(8) (a) Pikishin, G. I.; Troyansky, E. I.; Svitanko, I. V. Izv. Akad. Nauk SSSR, Ser. Khim. 1981, 
1436. (b) Numazawa, M.; Nagaoka, M. J. Org. Chem. 1985, 50, 81-84. (c) Toyota, M.; 
Yokota, M.; Ihara, M. J. Am. Chem. Soc. 2001, 123, 1856-1861. (d) Hideyoshi, M.; Akinori, 
N.; Misato, Y.; Mitsuru, S. Chem. Lett. 2007, 36, 332-333. 

(9) Brill, Z. G. Total Syntheses of Ophiobolin Sesterterpenes Featuring a Strategic Radical 
Cascade. Ph.D. Thesis, University of California, Berkeley, 2017. 

(10) Paquette, L. A.; Hofferberth, J. E. The Alpha-Hydroxy Ketone (Alpha-Ketol) and Related 
Rearrangements. In Organic Reactions; Overman, L. E., Denmark, S. E., Eds.; Wiley: 2003; 
Vol. 62, pp 477-567. 

(11) Caine, D. Potassium t-Butoxide–Dimethyl Sulfoxide. In Encyclopedia of Reagents for 
Organic Synthesis; Paquette, L. A., Ed.; Wiley: 2001. 

(12) (a) Yoshio, M.; Noguchi, H. Anal. Lett. 1982, 15, 1197-1276. (b) Caine, D. Potassium tert-
Butoxide–18-Crown-6. In Encyclopedia of Reagents for Organic Synthesis; Paquette, L. A., 
Ed.; Wiley: 2001. 

(13) (a) Brill, Z. G.; Grover, H. K.; Maimone, T. J. Science 2016, 352, 1078-1082. (b) Wuts, P. G. 
M.; Greene, T. W. Protection for the Hydroxyl Group, Including 1,2- and 1,3-Diols. In 
Greene's Protective Groups in Organic Synthesis, 4th ed.; Wiley: 2011, pp 16-366. 

(14) (a) Chen, M. S.; White, M. C. Science 2010, 327, 566-571. (b) Chen, M. S.; White, M. C. 
Science 2007, 318, 783-787. 

(15) (a) Lindhorst, A. C.; Haslinger, S.; Kuhn, F. E. Chem. Commun. 2015, 51, 17193-17212. (b) 
Gopalaiah, K. Chem. Rev. 2013, 113, 3248-3296. (c) Costas, M.; Mehn, M. P.; Jensen, M. 
P.; Que, L. Chem. Rev. 2004, 104, 939-986. (d) Costas, M.; Chen, K.; Que, L. Coord. Chem. 
Rev. 2000, 200, 517-544. (e) Iron Catalysis II; Bauer, E., Ed.; Topics in Organometallic 
Chemistry; Springer: Cham, Switzerland, 2015; Vol. 50. (f) Iron Catalysis: Fundamentals 
and Applications; Plietker, B., Ed.; Topics in Organometallic Chemistry; Springer: Cham, 
Switzerland, 2011; Vol. 33. 

(16) (a) Ottenbacher, R. V.; Samsonenko, D. G.; Talsi, E. P.; Bryliakov, K. P. Org. Lett. 2012, 14, 
4310-4313. (b) Milan, M.; Bietti, M.; Costas, M. ACS Central Science 2017, 3, 196-204. 

(17) (a) Mack, J. B. C.; Gipson, J. D.; Du Bois, J.; Sigman, M. S. J. Am. Chem. Soc. 2017, 139, 
9503-9506. (b) Adams, A. M.; Du Bois, J.; Malik, H. A. Org. Lett. 2015, 17, 6066-6069. (c) 
Flender, C.; Adams, A. M.; Roizen, J. L.; McNeill, E.; Du Bois, J.; Zare, R. N. Chem. Sci. 2014, 
5, 3309-3314. (d) McNeill, E.; Du Bois, J. Chem. Sci. 2012, 3, 1810-1813. 

(18) Gómez, L.; Garcia-Bosch, I.; Company, A.; Benet-Buchholz, J.; Polo, A.; Sala, X.; Ribas, X.; 
Costas, M. Angew. Chem. Int. Ed. 2009, 48, 5720-5723. 

(19) Draksharapu, A.; Rasheed, W.; Klein, J. E. M. N.; Que, L. Angew. Chem. Int. Ed. 2017, 56, 
9091-9095. 

(20) (a) Morimoto, Y.; Kotani, H.; Park, J.; Lee, Y.-M.; Nam, W.; Fukuzumi, S. J. Am. Chem. Soc. 
2011, 133, 403-405. (b) Kal, S.; Draksharapu, A.; Que, L. J. Am. Chem. Soc. 2018, Article 
ASAP, 10.1021/jacs.1028b01435. 

(21) Bigi, M. A.; Reed, S. A.; White, M. C. Nat Chem 2011, 3, 216-222. 
(22) (a) Zweig, J. E.; Kim, D. E.; Newhouse, T. R. Chem. Rev. 2017, 117, 11680-11752. (b) 

Crossley, S. W. M.; Obradors, C.; Martinez, R. M.; Shenvi, R. A. Chem. Rev. 2016, 116, 8912-
9000. 

(23) Kende, A. S.; Chen, J. J. Am. Chem. Soc. 1985, 107, 7184-7186. 

306



(24) (a) Bhadra, S.; Yamamoto, H. Chem. Rev. 2018, 118, 3391-3446. (b) Hoveyda, A. H.; Evans, 
D. A.; Fu, G. C. Chem. Rev. 1993, 93, 1307-1370. 

(25) (a) Donohoe, T. J. Synlett 2002, 2002, 1223-1232. (b) Donohoe, T. J.; Blades, K.; Moore, P. 
R.; Waring, M. J.; Winter, J. J. G.; Helliwell, M.; Newcombe, N. J.; Stemp, G. J. Org. Chem. 
2002, 67, 7946-7956. (c) Donohoe, T. J.; Mitchell, L.; Waring, M. J.; Helliwell, M.; Bell, A.; 
Newcombe, N. J. Tetrahedron Lett. 2001, 42, 8951-8954. (d) Donohoe, T. J.; Moore, P. R.; 
Waring, M. J.; Newcombe, N. J. Tetrahedron Lett. 1997, 38, 5027-5030. 

(26) (a) Vedejs, E.; Galante, R. J.; Goekjian, P. G. J. Am. Chem. Soc. 1998, 120, 3613-3622. (b) 
Corey, E. J.; Sarshar, S.; Azimioara, M. D.; Newbold, R. C.; Noe, M. C. J. Am. Chem. Soc. 
1996, 118, 7851-7852. (c) Oishi, T.; Iida, K.-i.; Hirama, M. Tetrahedron Lett. 1993, 34, 3573-
3576. (d) Andersson, P. G.; Sharpless, K. B. J. Am. Chem. Soc. 1993, 115, 7047-7048. 

(27) Phan, T. B.; Mayr, H. Can. J. Chem. 2005, 83, 1554-1560. 
(28) Schaller, H. F.; Tishkov, A. A.; Feng, X.; Mayr, H. J. Am. Chem. Soc. 2008, 130, 3012-3022. 
(29) (a) Mayr, H.; Ofial, A. R. J. Phys. Org. Chem. 2008, 21, 584-595. (b) Minegishi, S.; Mayr, H. 

J. Am. Chem. Soc. 2003, 125, 286-295. 
 

307



 
 
 

 
 
 

Supporting Information 
for 

 
Chapter III 

 
Total Synthesis of 

Pseudoanisatinoids: 
(+)-Pseudoanisatin and 

(–)-3-Deoxypseudoanisatin 
 
 
 
 
 
 
 
 

308



SI 2.1 General procedures 
 

All reactions were performed in flame- or oven-dried glassware under a positive 
pressure of nitrogen or argon, unless otherwise noted. Air- and moisture-sensitive liquids 
were transferred via syringe. Volatile solvents were removed under reduced pressure 
rotary evaporation below 35 ℃. Diglyme was removed under reduced pressure rotary 
evaporation at 60 ℃. Analytical and preparative thin-layer chromatography (TLC) were 
performed using glass plates pre-coated with silica gel (0.25-mm, 60-Å pore size, 
Silicycle SiliaPlateTM or MilliporeSigma TLC Silica gel 60 F254) and impregnated with a 
fluorescent indicator (254 nm). TLC plates were visualized by exposure to ultraviolet light 
(UV) and then were stained by submersion in an ethanolic anisaldehyde solution or an 
ethanolic phosphomolybdic/cerium sulfate solution or basic aqueous potassium 
permanganate solution, followed by brief heating on a hot plate. Flash column 
chromatography was performed employing silica gel purchased from Silicycle 
(SiliaFlash®, 60 Å, 230-400 mesh, 40-63 μm). Reaction conditions involving slow addition 
of reagents were performed with syringe pumps model KDS 100 and KDS 200, obtained 
from KD Scientific. 

(+)-Cedrol purchased from Sigma-Aldrich was recrystallized from MeOH/H2O. The 
recrystallized material was found to have an optical rotation of [𝛼]$%&	= +9.6 (c 5, CHCl3). 
This value corresponds to 97% ee when compared to the Merck Index value for 
enantiopure cedrol ([𝛼]$%& = +9.9, c 5, CHCl3), and 91% ee when compared to the value 
reported by Sigma Aldrich ([𝛼]$%&  = +10.5, c 5, CHCl3). (+)-Cedrol purchased from 
Parchem was used directly as received. The crystalline material was found to have an 
optical rotation of [𝛼]$%& = +11.9 (c 5, CHCl3).  

Anhydrous tetrahydrofuran (THF), dichloromethane (DCM), and acetonitrile 
(MeCN) were obtained by passing these previously degassed solvents through activated 
alumina columns. Tetramethylethylenediamine (TMEDA) was distilled over calcium 
hydride prior to use. All other solvents and reagents were purchased at the highest 
commercial grade and were used as received, without further purification. Concentration 
of the reaction mixture was calculated with respect to the starting material unless 
otherwise specified. (R)-Mepp was synthesized according to the literature protocols.1 
Novel iron catalyst [Fe((R)-mepp)(MeCN)2][(SbF6)2] was prepared by adapting the 
literature protocol from a related catalyst synthesis (Scheme SI-2.1).1b,2  

Proton nuclear magnetic resonance (1H NMR) spectra and carbon nuclear 
magnetic resonance (13C NMR) spectra were recorded on Bruker AVB 400 (400 MHz/101 
MHz), Bruker AV 500 (500 MHz/126 MHz), Bruker DRX 500 (500 MHz/126 MHz), Bruker 
AV 600 (600 MHz/151 MHz) NMR, Bruker AV 700 (700 MHz/176 MHz), and Bruker 900 
(900 MHz/226 MHz) spectrometers at 23 ℃. Proton chemical shifts are expressed as 
parts per million (ppm, δ scale) and are referenced to residual protium in the NMR solvent 
(C5D4HN: δ 8.74, CHCl3: δ 7.26, CD2HOD: δ 3.31), except where otherwise indicated. 
Carbon chemical shifts are expressed as parts per million (ppm, δ scale) and are 
referenced to the carbon resonance of the NMR solvent (C5D5N: δ 150.35, CDCl3: δ 77.16, 
CD3OD: 49.15), except where otherwise indicated. Data are represented as follows: 
chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, p =pentet, dd 
= doublet of doublets, dt = doublet of triplets, m = multiplet, br = broad), coupling 
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constant (J) in Hertz (Hz), and integration. Infrared (IR) spectra were recorded on a Bruker 
Alpha FT-IR spectrometer as thin films and are reported in frequency of absorption (cm–

1). Melting points were determined using a MEL-TEMP II apparatus and are uncorrected. 
Optical rotations were recorded on a Perkin Elmer polarimeter, model 241. High-
resolution mass spectra were obtained at the QB3/Chemistry Mass Spectrometry 
Facility at University of California, Berkeley using a Thermo LTQ-FT mass spectrometer, 
Waters AutoSpec Premier mass spectrometer, and at the Lawrence Berkeley National 
Laboratory Catalysis Center using a Perkin Elmer AxION 2 TOF mass spectrometer with 
electrospray ionization (ESI), electron ionization (EI), and chemical ionization (CI) 
techniques. X-ray diffraction data for 244 and desilylated 247 were collected at the Small 
Molecule X-ray Crystallography Facility (CheXray) at University of California, Berkeley 
using a Bruker MicroSTAR-H APEX II X-ray source. X-ray diffraction data for compound 
256 was collected at the Advanced Light Source Synchrotron Facility at Lawrence 
Berkeley National Laboratory, Berkeley using a Small-Molecule Crystallography 
Beamline 11.3.1 (now replaced by Beamline 12.2.1). 

 

 
Scheme SI-2.1 Synthesis of [Fe((R)-mepp)(MeCN)2][(SbF6)2] 

 
SI 2.2 Experimental procedures and characterization data 
 

The following experimental procedures and characterization data are only 
provided for select compounds mentioned in Chapter III. All other information can be 
found in the Supporting Information of our publication3 or the forthcoming Ph.D. 
Dissertation of Matthew L. Condakes.4 

 
Alkene 239. Trimethyloxonium tetrafluoroborate (8.6 g, 59 mmol, 1.5 
equiv) and 1,8-bis(dimethylamino)naphthalene (Proton-sponge®, 12.5 g, 
59 mmol, 1.5 equiv) were combined in a 1 L flask. The solids were 
dissolved in DCM (290 mL) at 23 ℃ and then ether 238 (8.6 g, 39 mmol, 
1.0 equiv) was added as a solution in DCM (100 mL). The orange-red 

solution was heated at reflux (oil bath temperature: 55 ℃) for 12 h. The reaction mixture 
was cooled to room temperature and additional DCM (300 mL) was added, followed by 
saturated aq. NaHCO3 (500 mL). The layers were separated, and the aqueous layer was 
extracted with DCM (2 x 300 mL). The combined organic layers were dried over Na2SO4, 
filtered, and concentrated in vacuo. The crude residue was purified by flash column 
chromatography (1% → 5% Et2O in hexanes) to afford alkene 239 (9.0 g, 38 mmol, 97% 
yield) as a colorless oil. [𝛼]$%& = –93.0 (c = 0.6, CHCl3); 1H NMR (500 MHz, CDCl3) δ 5.23 

Fe
N
N NCMe

NCMe

N

N

Me
Me

Me
Me

Me

Me

(SbF6)2

Fe
N
N Cl

Cl

N

N

Me
Me

Me
Me

Me

MeNMe

NMe

N

N

Me
Me

Me
Me

a. FeCl2•4H2O,
MeCN, rt

86%

b. AgSbF6,
MeCN, rt

66%

[Fe((R)-mepp)(MeCN)2][(SbF6)2]
(R)-mepp

310



(ddq, J = 4.2, 3.0, 1.5 Hz, 1H), 3.29 (s, 3H), 3.26 (d, J = 8.4 Hz, 1H), 3.10 (d, J = 8.4 Hz, 
1H), 2.17 (dp, J = 16.8, 2.4 Hz, 1H), 1.96 (d, J = 3.8 Hz, 1H), 1.90 – 1.82 (m, 1H), 1.81 – 
1.72 (m, 2H), 1.66 (q, J = 1.9 Hz, 3H), 1.64 (dd, J = 3.8, 1.2 Hz, 1H), 1.60 – 1.53 (m, 2H), 
1.46 – 1.33 (m, 3H), 1.03 (s, 3H), 0.84 (d, J = 7.1 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 
140.2, 119.9, 81.2, 59.0, 55.8, 53.2, 52.7, 52.1, 41.2, 40.4, 38.9, 36.2, 25.3, 24.0, 20.8, 
15.5; IR (thin film) nmax: 2932, 2871, 1662, 1106 cm–1; HRMS (EI) calcd for C16H26O: 
234.1984, found: 234.1983. 

Lactone 241. Anhydrous CuBr2 (28 g, 130 mmol, 3.0 equiv) was 
dissolved in anhydrous diglyme (350 mL, 0.12 M) in a sealed tube. Tert-
BuOH (13 mL, 130 mmol, 3.0 equiv) was added followed by keto-acid 
240 (12 g, 41 mmol, 1.0 equiv). The solution was sparged with argon 
and the tube was quickly capped. The sealed tube was heated at 150 

℃ for 16 h. The reaction was cooled, diluted with Et2O (300 mL), and filtered through 
Celite®. The organic phase was washed with saturated aq. NaHCO3 (3 x 300 mL), dried 
over MgSO4, and concentrated to afford lactone 241, which was used immediately in the 
next step without further purification. Unreacted starting material could be recovered 
from the combined aqueous phases by first carefully acidifying with HCl (12 M, 150 mL) 
and then extracting with Et2O (3 x 300 mL), drying over MgSO4, and concentrating in 
vacuo. This recovered starting material, typically afforded as a ca. 1:1 mixture of ketone 
epimers, could then be resubjected to the reaction conditions. An analytical sample of 
lactone 241 was isolated by preparative TLC (35% EtOAc in hexanes) as a white solid 
(mp = 80 – 83 ℃). [𝛼]$%& = –30.6 (c 1.7, CHCl3); 1H NMR (500 MHz, CDCl3) δ 3.42 (d, J = 
9.0 Hz, 1H), 3.30 (s, 3H), 3.15 (d, J = 9.0 Hz, 1H), 2.55 (d, J = 1.4 Hz, 2H), 2.38 (dt, J = 
13.4, 1.4 Hz, 1H), 2.33 (s, 3H), 1.98 – 1.87 (m, 2H), 1.79 (ddd, J = 8.7, 7.1, 1.3 Hz, 1H), 
1.68 (ddt, J = 13.0, 8.9, 6.3 Hz, 1H), 1.62 – 1.54 (m, 2H), 1.47 – 1.39 (m, 1H), 0.94 (s, 3H), 
0.88 (d, J = 7.0 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 206.6, 170.3, 99.1, 77.5, 58.9, 55.8, 
54.5, 49.2, 43.1, 42.7, 40.3, 36.2, 27.2, 25.6, 18.6, 15.3; IR (thin film) nmax: 2934, 2976, 
1739, 1709, 1105 cm–1; HRMS (ESI) calcd for C16H24O4Na [M+Na]+: 303.1572, found: 
303.1570. 
 

Alcohol 243. KOt-Bu (9.7 g, 87 mmol, 3.0 equiv) and finely ground 
KOH (1.6 g, 29 mmol, 1.0 equiv) were dissolved in DMSO (260 mL, ca. 
0.11 M). Crude lactone 241 (ca. 8.0 g, 29 mmol, 1.0 equiv) was added 
and the resulting dark brown solution was stirred at room temperature 
for 14 h. The reaction was diluted with DCM (300 mL) and HCl (1.0 M, 

100 mL). The layers were separated, and the organic layer was further washed with HCl 
(0.10 M, 5 x 100 mL) and brine (1 x 100 mL). The organic layer was dried over Na2SO4, 
filtered, and concentrated in vacuo. The crude residue was purified by flash column 
chromatography (dry loading, 10 → 50% EtOAc in hexanes) to afford desired tertiary 
alcohols 243 and 244 (5.5 g, 18 mmol, 45% yield over two steps, 4:1 d.r.). The 
diastereomers can be separated by an additional purification (50 → 80% Et2O in hexanes) 
and both pure diastereomers can be resubjected to the reaction conditions to give again 
a 4:1 mixture of diastereomers. Alcohol 243.	[𝛼]$%& = –24.0 (c 0.4, CHCl3); 1H NMR (600 
MHz, CDCl3) δ 10.13 (br s, 1H), 4.70 (br s, 1H), 3.48 (d, J = 14.8 Hz, 1H), 3.33 (s, 3H), 
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3.29 (d, J = 8.4 Hz, 1H), 3.27 (d, J = 8.4 Hz, 1H), 3.14 (dd, J = 9.4, 2.8 Hz, 1H), 2.28 (d, J 
= 14.8 Hz, 1H), 2.27 (d, J = 13.5 Hz, 1H) 2.22 (d, J = 13.5 Hz, 1H), 2.02 – 1.95 (m, 1H), 
1.94 – 1.81 (m, 1H), 1.60 – 1.55 (m, 1H), 1.43 – 1.33 (m, 1H), 1.28 – 1.25 (m, 1H) 1.27 (s, 
3H), 0.88 (d, J = 6.5 Hz, 3H), 0.64 (s, 3H); 13C NMR (151 MHz, CDCl3) δ 212.8, 176.6, 
80.8, 78.4, 59.5, 50.0, 46.6, 43.7, 42.3, 42.1, 39.5, 31.1, 23.8, 19.0, 16.5, 14.3; IR (thin 
film) nmax: 3434, 2927, 2874, 1718 1446, 1097 cm–1; HRMS (ESI) calcd for C16H25O5 [M–
H]–: 297.1702, found: 297.1719. 
 
General procedure for the C–H activation reaction: 
This procedure is adapted from a slow addition protocol developed by White and 
coworkers.5 Silylated alcohol 246 (50 mg, 0.12 mmol, 1.0 equiv) was dissolved in MeCN 
(0.40 mL) and Tl(OTf) (21 mg, 0.060 mmol, 0.50 equiv) was added. TBHP (70% aqueous 
solution, 40 mg, 0.60 mmol, 5.0 equiv) and [Fe((R)-mepp)(MeCN)2][(SbF6)2] (64 mg, 0.060 
mmol, 0.50 equiv) were dissolved separately in MeCN (0.40 mL each) and taken up in 
syringes. The two solutions were added over the course of 1 h at room temperature by 
syringe pumps to the solution of substrate. At the conclusion of reagent addition, the 
reaction was directly concentrated in vacuo and then purified by flash column 
chromatography (10 → 50% Et2O in hexanes) to afford lactone 247 (10 mg, 0.024 mmol, 
20%), lactone 248 (5 mg, 0.013 mmol, 11%), and lactone 249 (2 mg, 0.007 mmol, 6%). 
Also isolated from the reaction was recovered 246 (9 mg, 0.022 mmol, 18%).  
 

Lactone 247. white solid (mp = 66 – 68 ℃); [𝛼]$%& = +5.0 (c 0.2, CHCl3); 
1H NMR (600 MHz, CDCl3) δ 3.54 (d, J = 10.0 Hz, 1H), 3.12 (s, 3H), 3.10 
(d, J = 10.0 Hz, 1H), 2.81 (d, J = 17.4 Hz, 1H), 2.75 (d, J = 18.6 Hz, 1H), 
2.60 (d, J = 17.4 Hz, 1H), 2.46 (d, J = 18.6 Hz, 1H), 2.41 (td, J = 13.3, 6.3 
Hz, 1H), 2.07 (dp, J = 13.0, 6.8 Hz, 1H), 1.96 (dd, J = 13.5, 5.8 Hz, 1H), 

1.68 (dt, J = 12.2, 5.9 Hz, 1H), 1.37 (s, 3H), 1.20 (qd, J = 12.8, 5.9 Hz, 1H), 1.05 (s, 3H), 
0.99 (d, J = 6.8 Hz, 3H), 0.88 (s, 9H), 0.16 (s, 3H), 0.08 (s, 3H); 13C NMR (151 MHz, CDCl3) 
δ 206.7, 176.7, 98.4, 80.4, 75.7, 58.3, 51.0, 50.3, 48.9, 47.7, 39.3, 37.8, 30.3, 26.4, 19.6, 
19.1, 15.6, 14.2, –1.7, –2.4. IR (thin film) nmax: 2956, 2857, 1774, 1717, 1638, 1464, 829 
cm–1; HRMS (ESI) calcd for C22H39O5Si [M+H]+: 411.2561, found: 411.2565. 
 

Lactone 249. [𝛼]$%& = –38.5 (c 0.1, CHCl3); 1H NMR (600 MHz, CD3OD) δ 
3.80 (d, J = 9.5 Hz, 1H), 3.59 (d, J = 9.5 Hz, 1H), 2.84 (d, J = 19.0 Hz, 
1H), 2.79 (d, J = 18.9 Hz, 1H), 2.62 (td, J = 12.8, 6.2 Hz, 1H), 2.22 (dh, J 
= 13.2, 7.0 Hz, 1H), 2.11 (d, J = 13.4 Hz, 1H), 1.98 (d, J = 13.4 Hz, 1H), 
1.81 (ddd, J = 25.6, 12.6, 5.9 Hz, 2H), 1.30 (s, 3H), 1.13 (qd, J = 12.6, 5.8 

Hz, 1H), 1.08 (s, 3H), 1.01 (d, J = 7.0 Hz, 3H); 13C NMR (151 MHz, CD3OD) δ 179.7, 106.9, 
104.5, 78.9, 72.0, 51.2, 49.6, 49.3, 48.3, 39.8, 37.3, 32.8, 18.0, 14.9, 12.7; IR (thin film) 
nmax: 3403, 2955, 2930, 1739, 1207 cm–1; HRMS (ESI) calcd for C15H23O5 [M+H]+: 
283.1546, found: 283.1532. 
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Ethyl ether 252. Triethyloxonium hexafluorophosphate (47 mg, 0.19 
mmol, 3.0 equiv) and 1,8-bis(dimethylamino)naphthalene (Proton-
sponge®, 41 mg, 0.19 mmol, 3.0 equiv) were charged into a 100 mL round 
bottom flask containing lactone 248 (25 mg, 0.063 mmol, 1.0 equiv). The 
reactants were then dissolved in 1,2-dichloroethane (2.1 mL, 0.03 M) at 
room temperature. The orange solution was heated at 85 ℃ for 12 h. The 

reaction mixture was cooled to room temperature and aq. TFA (1:1 v:v, 20 mL) was 
added. The biphasic mixture was stirred vigorously for 45 min. Saturated aq. NaHCO3 
(100 mL) was carefully added, followed by DCM (50 mL). The layers were separated, and 
the aqueous layer was extracted with DCM (2 x 50 mL). The combined organic layers 
were dried over Na2SO4 and concentrated in vacuo. The crude residue was purified by 
flash column chromatography (10% → 25% Et2O in hexanes) to afford ethyl ether 252 
(15 mg, 0.033 mmol, 53%) as a colorless oil. [𝛼]$%& = –49.8 (c 0.5, CHCl3). 1H NMR (600 
MHz, CDCl3) δ 5.75 – 5.73 (m, 1H), 4.04 (q, J = 7.1 Hz, 2H), 3.34 – 3.24 (m, 2H), 3.29 (d, 
J = 9.1 Hz, 1H), 3.15 (d, J = 9.1 Hz, 1H), 2.87 (d, J = 13.8 Hz, 1H), 2.79 (d, J = 15.2 Hz, 
1H), 2.56 (d, J = 13.8 Hz, 1H), 2.32 (d, J = 15.2 Hz, 1H), 2.31 – 2.21 (m, 2H), 2.08 – 2.00 
(m, 1H), 1.31 (s, 3H), 1.22 (t, J = 7.2 Hz, 3H), 1.20 (s, 3H), 1.11 (d, J = 6.7 Hz, 3H), 1.07 
(t, J = 7.0 Hz, 3H), 0.84 (s, 9H), 0.08 (s, 3H), –0.05 (s, 3H); 13C NMR (151 MHz, CDCl3) δ 
210.3, 172.1, 149.1, 128.7, 81.4, 75.2, 66.5, 60.0, 53.1, 50.5, 49.5, 48.8, 38.3, 38.1, 26.1, 
18.6, 18.5, 17.7, 14.7, 14.3, 14.1, –1.6, –3.4; IR (thin film) nmax: 2953, 2855, 1720, 1113, 
834 cm–1; HRMS (ESI) calcd for C25H44O5SiNa [M+Na]+: 475.2856, found: 475.2842. 
 

e-Lactone 254. Crude demethylated e-lactone 253 (ca. 28 mg, 0.080 
mmol, 1.0 equiv) and AcOH (4.5 µL, 0.080 mmol, 1.0 equiv) were dissolved 
in THF (0.40 mL, 0.2 M). TBAF (1.0 M in THF, 0.43 mL, 0.43 mmol, 5.0 
equiv) was added and the solution was stirred at room temperature for 1 
h. The reaction was diluted with EtOAc (5.0 mL) and saturated aq. NH4Cl 

(5.0 mL). The layers were separated, and the aqueous layer was further extracted with 
EtOAc (2 x 5.0 mL). The combined organic layers were washed with brine (1 x 5.0 mL), 
dried over NaSO4, filtered, and concentrated in vacuo. The residue was purified by flash 
column chromatography (25 → 50% EtOAc in hexanes) to afford desilylated e-lactone 
254 (13 mg, 0.050 mmol, 64% yield over two steps) as a white solid (mp = 173 – 174 ℃). 
[𝛼]$%& = –56.2 (c 0.5, CHCl3); 1H NMR (600 MHz, CDCl3) δ 5.81 (t, J = 2.4 Hz, 1H), 4.01 (d, 
J = 12.8 Hz, 1H), 3.91 (d, J = 12.9 Hz, 1H), 2.77 (d, J = 15.1 Hz, 1H), 2.68 – 2.54 (m, 4H), 
2.33 (dp, J = 9.7, 7.1 Hz, 1H), 2.08 – 1.97 (m, 2H), 1.36 (s, 3H), 1.31 (s, 3H), 1.09 (d, J = 
7.1 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 206.8, 172.8, 148.2, 127.1, 77.7, 74.4, 49.3, 
49.2, 48.0, 47.3, 39.7, 38.9, 16.8, 16.1, 15.3. IR (thin film) nmax: 3419, 2982, 1713, 1067 
cm–1; HRMS (ESI) calcd for C15H20O4Na [M+Na]+: 287.1259, found: 287.1236. 

 
(–)-3-Deoxypseudoanisatin (255).6 In a reaction tube containing 254 
(1.3 mg, 0.005 mmol, 1.0 equiv) was added a stock solution of 
Co(acac)2 (0.126 mg, 0.0005 mmol, 10 mol%) in anhydrous THF (0.3 
mL, 0.02 M) followed by PhSiH3 (2.4 µL, 0.02 mmol, 4.0 equiv) at 0 ℃. 
Dry O2 gas was bubble through the mixture for 1.0 minute then the 

313



reaction tube was kept in a positive O2 atmosphere. Vigorous stirring was continued for 
24 h at 0 ℃. Then, Na2S2O3 (1.0 mL) and EtOAc (1 mL) were added, the layers were 
separated, and the aqueous layer was further extracted with EtOAc (3 x 1.0 mL). The 
combined organic layers were washed with brine (1 x 5.0 mL), dried over Na2SO4, and 
concentrated in vacuo. The crude residue was purified by preparative TLC (100% EtOAc) 
to afford lactone 249 (0.7 mg, 0.0025 mmol, 50% yield) and (–)-3-deoxypseudoanisatin 
(255, 0.4 mg, 0.0015 mmol, 29% yield), both of which were colorless oils. 
Characterization data were in agreement with previously reported values. (–)-3-
Deoxypseudoanisatin (255). [𝛼]$%& = –23.1 (c 0.13, MeOH); 1H NMR (900 MHz, CD3OD) δ 
4.45 (d, J = 13.9 Hz, 1H), 3.94 (d, J = 13.9 Hz, 1H), 3.00 (dd, J = 15.9, 2.3 Hz, 1H), 2.66 
(dd, J = 15.2, 2.3 Hz, 1H), 2.57 (qd, J = 9.5, 7.1, 2.0 Hz, 1H), 2.42 (d, J = 15.2 Hz, 1H), 
2.32 (d, J = 15.9 Hz, 1H), 2.26 (ddd, J = 14.2, 11.7, 5.5 Hz, 1H), 2.08 (dtd, J = 14.2, 9.5, 
5.5 Hz, 1H), 1.71 (ddd, J = 14.2, 9.5, 3.9 Hz, 1H), 1.34 (dddq, J = 14.2, 11.7, 9.5, 3.9, 2.0 
Hz, 1H), 1.31 (s, 3H), 1.15 (s, 3H), 0.93 (d, J = 7.1 Hz, 3H); 13C NMR (900 MHz, CD3OD) δ 
208.4, 176.5, 88.4, 79.3, 71.1, 50.5, 47.9, 43.4, 41.7, 36.6, 30.5, 28.9, 17.9, 14.3, 14.0; 
IR (thin film) nmax: 3383, 2955, 1732, 1466, 1432, 1379, 1309, 1160, 1102, 1063, 918 cm–

1; HRMS (ESI) calcd for C15H22O5Na [M+Na]+: 305.1359, found: 305.1355. 
 
Triol 257. TMEDA (6.0 µL, 0.040 mmol, 1.5 equiv) and OsO4 (10 mg, 
0.040 mmol, 1.5 equiv) were combined in DCM (2.6 mL, 0.01 M) at –78 
℃, creating a bright orange-red solution. The so-prepared OsO4•TMEDA 
solution was quickly added via syringe into neat e-lactone 254 (7.0 mg, 
0.026 mmol, 1.0 equiv) at –78 ℃ and the reaction mixture was slowly 

warmed up to 0 ℃ over 2 h, upon which the solution had turned completely brown. The 
reaction was concentrated in vacuo and the crude residue was resuspended in 
MeOH/H2O (3:1 v:v, 500 µL). Sodium sulfite (30 mg) was added and the solution was 
heated at 60 ℃ for 4 h. The solution was cooled to 23 ℃ and EtOAc (5.0 mL) and H2O 
(5.0 mL) were added. The layers were separated, and the aqueous layer was further 
extracted with EtOAc (2 x 5.0 mL). The combined organic layers were washed with brine 
(1 x 10 mL), dried over Na2SO4, filtered, and concentrated to afford triol 257, a white solid 
(mp = 85 ℃, decomp.), as a single diastereomer (>20:1 d.r.), which was of sufficient 
purity to be used directly in the next step. [𝛼]$%& = –74.6 (c 0.3, 1:1 MeOH/DCM); 1H NMR 
(600 MHz, CD3OD) δ 4.66 (dd, J = 9.2, 3.8 Hz, 1H), 4.51 (d, J = 14.0 Hz, 1H), 3.95 (d, J = 
13.9 Hz, 1H), 3.06 (d, J = 15.9, 1H), 2.75 – 2.66 (m, 1H), 2.71 (d, J = 15.3 Hz, 1H), 2.40 
(d, J = 15.3 Hz, 1H), 2.33 (d, J = 15.9 Hz, 1H), 1.90 – 1.74 (m, 2H), 1.30 (s, 3H), 1.20 (s, 
3H), 0.85 (d, J = 7.0 Hz, 3H); 13C NMR (151 MHz, CD3OD) δ 207.9, 175.9, 85.6, 79.4, 70.8, 
70.7, 50.2, 47.9, 43.5, 41.0, 40.3, 35.7, 17.3, 14.3, 13.6. IR (thin film) nmax: 3358, 2954, 
2873, 1729, 1655, 1092 cm–1; HRMS (ESI) calcd for C15H21O6 [M–H]–: 297.1344, found: 
297.1344. 
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(+)-Pseudoanisatin (6).7 To a solution of crude triol 257 (7.7 mg, 
0.026 mmol, 1.0 equiv) in DCM (0.30 mL, 0.1 M) at room temperature 
was added pyridine (21 µL, 0.26 mmol, 10.0 equiv) and MsCl (20 µL, 
0.26 mmol, 10.0 equiv). The solution was stirred for 12 h, then NaOH 
(2.0 M, 300 µL) was added and the solution subsequently stirred for 
2 h. HCl (2.0 M, 5.0 mL) and EtOAc (5.0 mL) were added and the 

layers were separated. The aqueous layer was further extracted with EtOAc (2 x 5.0 mL). 
The combined organic layers were washed with brine (1 x 10 mL), dried over Na2SO4, 
filtered, and concentrated in vacuo. The crude residue was purified by preparative TLC 
(10% MeOH in DCM) to afford (+)-pseudoanisatin (6, 5.5 mg, 0.018 mmol, 80% over two 
steps) as a white solid (mp = 200 ℃, decomp.). NMR samples for this compound were 
referenced to an internal standard of tetramethylsilane (δ = 0.00). (+)-Pseudoanisatin (6) 
is afforded as ca. 5:1 isomeric mixture of the depicted structure and its hemiketal. NMR 
resonances corresponding to the hemiketal are marked with an asterisk. 
Characterization data of both compounds were in agreement with the previously 
reported values. [𝛼]$%& = +5.5 (c 0.5, MeOH); 1H NMR (900 MHz, C5D5N) δ 8.81 (s, 1H), 
7.55 (d, J = 4.7 Hz, 1H), 7.50 (s, 1H), 6.99* (d, J = 4.2 Hz, 1H), 6.06 (d, J = 13.4 Hz, 1H), 
5.19* (d, J = 13.7 Hz, 1H), 4.80 (ddd, J = 7.7, 4.7, 2.8 Hz, 1H), 4.74* (ddd, J = 7.1, 4.2, 
3.1 Hz, 1H), 4.22* (d, J = 13.7 Hz, 1H), 3.99 (d, J = 13.4 Hz, 1H), 3.90 (dd, J = 14.8, 2.0 
Hz, 1H), 3.56* (d, J = 14.4 Hz, 1H), 3.26 (dd, J = 16.1, 2.0 Hz, 1H), 2.89* (d, J = 14.4 Hz, 
1H), 2.83 (d, J = 16.1 Hz, 1H), 2.77 (d, J = 14.8 Hz, 1H), 2.75 – 2.70 (m, 2H, overlaps with 
1H from ketal), 2.67 – 2.60* (m, 1H), 2.30* (d, J = 13.5 Hz, 1H), 2.17* (d, J = 13.5 Hz, 1H), 
1.79* (s, 3H), 1.77 (s, 3H), 1.66* (s, 3H), 1.65 (s, 3H), 1.61* (ddd, J = 13.7, 10.7, 3.1 Hz, 
1H) 1.50 (ddd, J = 12.6, 9.6, 2.8 Hz, 1H), 0.89 (d, J = 6.8 Hz, 3H), 0.88* (d, J = 6.8 Hz, 
3H); 13C NMR (226 MHz, C5D5N) δ 206.8, 174.6,* 174.4, 110.7,* 92.1,* 84.7, 80.2,* 79.4, 
78.3, 73.1,* 71.6,* 69.6, 52.3,* 52.0,* 48.9, 47.8, 44.4,* 44.3,* 43.9, 43.2, 40.3, 39.8,* 35.3, 
33.8,* 19.0,* 18.5, 16.9,* 14.2,* 14.0, 13.9; IR (thin film) nmax: 3366, 2953, 2851, 1716, 
1651, 1634, 1020 cm–1; HRMS (ESI) calcd for C15H22O6Na [M+Na]+: 321.1314, found: 
321.1283. 
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SI 2.3 Natural product NMR comparison 
 
(–)-3-Deoxypseudoanisatin 1H spectra comparison: 

 

Position 
1H NMR (δ) 

Natural Sample 
(400 MHz, CD3OD)6 

1H NMR (δ) 
Synthetic Sample 
(900 MHz, CD3OD) 

1 2.55 (qdd, J = 7.0, 3.5, 1.0 Hz, 
1H) 

2.57 (ddq, J = 9.8, 9.5, 7.1 Hz, 
1H) 

2b 1.35 (dddd, J = 12.0, 9.5, 5.5, 1.0 
Hz, 1H) 

1.34 (dddd, J = 13.6, 11.7, 9.8, 
3.8 Hz, 1H) 

2a 2.07 (dddd, J = 12.0, 11.8, 3.5, 
3.3 Hz, 1H) 

2.08 (dtd, J = 13.6, 9.5, 5.5 Hz, 
1H) 

3b 1.70 (ddd, J = 13.5, 9.5, 3.3 Hz, 
1H) 

1.71 (ddd, J = 14.2, 9.5, 3.8 Hz, 
1H) 

3a 2.60a (ddd, J = 13.5, 11.8, 5.5 Hz, 
1H) 

2.26 (ddd, J = 14.2, 11.7, 5.5 Hz, 
1H) 

8b 2.41 (d, J = 15.0 Hz, 1H) 2.42 (d, J = 15.2 Hz, 1H) 

8a 2.65 (dd, J = 15.0, 1.9 Hz, 1H) 2.66 (dd, J = 15.2, 2.3 Hz, 1H) 

10b 3.00 (dd, J = 15.8, 1.9 Hz, 1H) 3.00 (dd, J = 15.9, 2.3 Hz, 1H) 

10a 2.31 (d, J = 15.8 Hz, 1H) 2.32 (d, J = 15.9 Hz, 1H) 

12 1.30 (s, 3H) 1.31 (s, 3H) 

13 1.14 (s, 3H) 1.15 (s, 3H) 

14b 4.44 (d, J = 13.9 Hz, 1H) 4.45 (d, J = 13.9 Hz, 1H) 

14a 3.93 (d, J = 13.9 Hz, 1H) 3.94 (d, J = 13.9 Hz, 1H) 

15 0.91 (d, J = 7.0 Hz, 3H) 0.93 (d, J = 7.1 Hz, 3H) 

a) This entry was incorrectly entered as δ = 2.60 ppm in the original publication. 
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(–)-3-Deoxypseudoanisatin 13C spectra comparison: 

 

Position 
13C NMR (δ) 

Natural Sample 
(101 MHz, CD3OD)6  

13C NMR (δ) 
Synthetic Sample 
(226 MHz, CD3OD) 

1 41.6 41.7 

2 28.7 28.9 

3 30.3 30.5 

4 88.2 88.4 

5 48.5 47.9 

6 79.2 79.3 

7 208.2 208.4 

8 36.4 36.6 

9 50.1 50.5 

10 43.2 43.4 

11 176.4 176.5 

12 17.7 17.9 

13 14.2 14.3 

14 70.9 71.1 

15 13.9 14.0 
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Pseudoanisatin hemiketal 1H spectra comparison: 

 

Position 

1H NMR (δ) 
Natural Sample 

(400 MHz, C5D5N + 5% 
D2O)7a 

1H NMR (δ) 
Synthetic Sample 
(600 MHz, C5D5N) 

1 2.65 (f, 1H)a 2.65 (m, 1H, overlaps with (+)-
pseudoanisatin) 

2b 2.75 (f, 1H)a 2.75 (m, 1H, overlaps with (+)-
pseudoanisatin) 

2a 1.62 (f, 1H)a 1.61 (ddd, J = 13.7, 10.7, 3.1 Hz, 1H) 

3a 4.71 (dd, J = 7.0, 3.0 Hz, 1H) 4.74 (ddd, J = 7.1, 4.2, 3.1 Hz, 1H) 

3–OH – 6.99 (d, J = 4.2 Hz, 1H) 

8b 2.22 (d, J = 14.0 Hz, 1H) 2.30 (d, J = 13.5 Hz, 1H) 

8a 2.12 (d, J = 14.0 Hz, 1H) 2.17 (d, J = 13.5 Hz, 1H) 

10a 3.51 (d, J = 15.0 Hz, 1H) 3.56 (d, J = 14.4 Hz, 1H) 

10b 2.85 (d, J = 15.0 Hz, 1H) 2.89 (d, J = 14.4 Hz, 1H) 

12 1.74 (s, 3H) 1.79 (s, 3H) 

13 1.61 (s, 3H) 1.66 (s, 3H) 

14a 5.12 (d, J = 13.0 Hz, 1H) 5.19 (d, J = 13.7 Hz, 1H) 

14b 4.17 (d, J = 13.0 Hz, 1H) 4.22 (d, J = 13.7 Hz, 1H) 

15 0.88 (f, 3H)a 0.88 (d, J = 6.8 Hz, 3H) 

a) Multiplicity not determined (signal overlap). 
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Pseudoanisatin hemiketal 13C spectra comparison: 

 

Position 
13C NMR (δ) 

Natural Sample 
(100 MHz, C5D5N)7a 

13C NMR (δ) 
Synthetic Sample 
(226 MHz, C5D5N) 

1 44.2 44.3 

2 44.4 44.4 

3 73.0 73.1 

4 91.9 92.1 

5 51.7 52.0 

6 79.8 80.2 

7 109.5 110.7 

8 39.7 39.8 

9 52.6 52.3 

10 33.7 33.8 

11 ca. 175a 174.6 

12 18.9 19.0 

13 16.8 16.9 

14 71.5 71.6 

15 14.1 14.2 

a) Assignment tentative due to poor signal-to-noise ratio. 
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 (+)-Pseudoanisatin 1H spectra comparison: 

 

 

 

 

 

 

  

Position 
1H NMR (δ) 

Natural Sample 
(360 MHz, C5D5N)7b 

1H NMR (δ) 
Natural Sample 

(500 MHz, C5D5N)7c 

1H NMR (δ) 
Synthetic Sample 
(900 MHz, C5D5N) 

1 2.80-2.55 (m, 2H) 2.65 (m, 1H) 2.75-2.70 (m, 2H) 

2 2.80-2.55 (m, 2H) 
1.55-1.43 (m, 1H) 

2.75 (m, 1H) 
1.51 (ddd, J = 13.7, 

10.1, 2.8 Hz, 1H) 

2.75-2.70 (m, 2H) 
1.50 (ddd, J = 12.6, 

9.6, 2.8 Hz, 1H) 

3 4.80-4.75 (m, 1H) 4.81 (dd, J = 7.7, 2.8 
Hz, 1H) 

4.80 (ddd, J = 7.7, 
4.7, 2.8 Hz, 1H) 

8 
3.24 (dd, J = 16, 2.5 

Hz, 1H) 
2.74 (d, J = 15 Hz, 1H) 

3.20 (dd, J = 16.1, 1.6 
Hz, 1H) 

2.76 (d, J = 16.1 Hz, 
1H) 

3.26 (dd, J = 16.1, 2.0 
Hz, 1H) 

2.83 (d, J = 16.1 Hz, 
1H) 

10 
3.88 (dd, J = 15, 2.5 

Hz, 1H) 
2.74 (d, J = 15 Hz, 1H) 

3.84 (dd, J = 14.8, 1.6 
Hz, 1H) 

2.72 (d, J = 14.8 Hz, 
1H) 

3.90 (dd, J = 14.8, 2.0 
Hz, 1H) 

2.77 (d, J = 14.8 Hz, 
1H) 

12 1.74 (s, 3H) 1.73 (s, 3H) 1.77 (s, 3H) 
13 1.63 (s, 3H) 1.63 (s, 3H) 1.65 (s, 3H) 

14 6.03 (d, J = 14 Hz, 1H) 
3.96 (d, J = 14 Hz, 1H) 

5.99 (d, J = 13.2 Hz, 
1H) 

3.96 (d, J = 13.2 Hz, 
1H) 

6.06 (d, J =13.4 Hz, 
1H) 

3.99 (d, J = 13.4 Hz, 
1H) 

15 0.88 (d, J = 7 Hz, 3H) 0.88 (d, J = 7.6 Hz, 
3H) 

0.89 (d, J = 6.8 Hz, 
3H) 

4,6–OH – – 8.81 (s, 1H), 7.50 (s, 
1H) 

3–OH – – 7.55 (d, J = 4.7 Hz, 
1H) 
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(+)-Pseudoanisatin 13C spectra comparison: 

 

 

 

 

 

 

Position 
13C NMR (δ) 

Natural Sample 
(90 MHz, C5D5N)7b 

13C NMR (δ) 
Synthetic Sample 
(226 MHz, C5D5N) 

1 40.20 40.26 

2 43.83 43.94 

3 78.18 78.31 

4 84.68 84.68 

5 48.82 48.93 

6 79.26 79.39 

7 206.54 206.78 

8 35.22 35.30 

9 47.73 47.79 

10 43.07 43.17 

11 174.25 174.36 

12 18.37 18.49 

13 13.76 13.85 

14 69.57 69.62 

15 13.92 13.85 
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SI 2.5 X-ray crystallographic data and NMR spectra 
 

X-ray crystallographic data for 244 
 

 
 
A colorless prism 0.050 x 0.040 x 0.040 mm in size was mounted on a Cryoloop with 
Paratone oil. Data were collected in a nitrogen gas stream at 100(2) K using and scans. 
Crystal-to-detector distance was 60 mm and exposure time was 5 seconds per frame 
using a scan width of 2.0°. Data collection was 100.0% complete to 67.000° in q. A total 
of 60372 reflections were collected covering the indices, -7<=h<=7, -16<=k<=16, -
22<=l<=22. 2783 reflections were found to be symmetry independent, with an Rint of 
0.0319. Indexing and unit cell refinement indicated a primitive, orthorhombic lattice. The 
space group was found to be P 21 21 21 (No. 19). The data were integrated using the 
Bruker SAINT software program and scaled using the SADABS software program. 
Solution by iterative methods (SHELXT-2014) produced a complete heavy-atom phasing 
model consistent with the proposed structure. All non-hydrogen atoms were refined 
anisotropically by full-matrix least-squares (SHELXL-2014). All hydrogen atoms were 
placed using a riding model. Their positions were constrained relative to their parent 
atom using the appropriate HFIX command in SHELXL-2014. Absolute stereochemistry 
was unambiguously determined to be R at all chiral centers. 
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Table 1. Crystal data and structure refinement for 244. 
Empirical formula  C16 H26 O5 
Formula weight  298.37 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Orthorhombic 
Space group  P 21 21 21 
Unit cell dimensions a = 6.1706(5) Å a= 90°. 
 b = 13.4053(10) Å b= 90°. 
 c = 18.2977(13) Å g = 90°. 
Volume 1513.6(2) Å3 
Z 4 
Density (calculated) 1.309 Mg/m3 
Absorption coefficient 0.786 mm-1 
F(000) 648 
Crystal size 0.050 x 0.040 x 0.040 mm3 
Theta range for data collection 4.088 to 68.414°. 
Index ranges -7<=h<=7, -16<=k<=16, -22<=l<=22 
Reflections collected 60372 
Independent reflections 2783 [R(int) = 0.0319] 
Completeness to theta = 67.000° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.929 and 0.867 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2783 / 0 / 196 
Goodness-of-fit on F2 1.063 
Final R indices [I>2sigma(I)] R1 = 0.0255, wR2 = 0.0671 
R indices (all data) R1 = 0.0256, wR2 = 0.0672 
Absolute structure parameter 0.00(2) 
Extinction coefficient n/a 
Largest diff. peak and hole 0.176 and -0.170 e.Å-3 
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for 244. U(eq) is defined as one third of the trace of the orthogonalized Uij 
tensor. 
______________________________________________________________________________ 
 x y z U(eq) 
______________________________________________________________________________ 
C(1) 2181(2) 5995(1) 3306(1) 13(1) 
C(2) 3538(3) 6823(1) 3682(1) 16(1) 
C(3) 2216(3) 7782(1) 3542(1) 19(1) 
C(4) 805(3) 7580(1) 2856(1) 16(1) 
C(5) 1390(2) 6518(1) 2589(1) 13(1) 
C(6) 2996(2) 6530(1) 1930(1) 13(1) 
C(7) 3907(2) 5454(1) 1795(1) 14(1) 
C(8) 4938(3) 5103(1) 2507(1) 14(1) 
C(9) 3488(3) 5031(1) 3162(1) 16(1) 
C(10) 129(2) 5751(1) 3758(1) 16(1) 
C(11) 423(3) 5183(1) 4467(1) 17(1) 
C(12) 4123(3) 6676(1) 4486(1) 21(1) 
C(13) 4954(3) 7241(1) 2017(1) 16(1) 
C(14) 1854(3) 6916(1) 1238(1) 16(1) 
C(15) -1022(3) 6817(1) 422(1) 21(1) 
C(16) 2226(3) 4690(1) 1537(1) 16(1) 
O(1) 1520(2) 4446(1) 4544(1) 28(1) 
O(2) -772(2) 5569(1) 5003(1) 21(1) 
O(3) -235(2) 6496(1) 1118(1) 17(1) 
O(4) 5543(2) 5481(1) 1243(1) 16(1) 
O(5) 6857(2) 4892(1) 2523(1) 18(1) 
______________________________________________________________________________
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Table 3. Bond lengths [Å] and angles [°] for 244. 
_____________________________________________________ 
C(1)-C(9)  1.546(2) 
C(1)-C(10)  1.547(2) 
C(1)-C(2)  1.552(2) 
C(1)-C(5)  1.5658(19) 
C(2)-C(12)  1.528(2) 
C(2)-C(3)  1.545(2) 
C(2)-H(2)  1.0000 
C(3)-C(4)  1.551(2) 
C(3)-H(3A)  0.9900 
C(3)-H(3B)  0.9900 
C(4)-C(5)  1.5480(19) 
C(4)-H(4A)  0.9900 
C(4)-H(4B)  0.9900 
C(5)-C(6)  1.5607(19) 
C(5)-H(5)  1.0000 
C(6)-C(14)  1.5390(19) 
C(6)-C(13)  1.548(2) 
C(6)-C(7)  1.5675(19) 
C(7)-O(4)  1.4281(18) 
C(7)-C(8)  1.525(2) 
C(7)-C(16)  1.532(2) 
C(8)-O(5)  1.218(2) 
C(8)-C(9)  1.498(2) 
C(9)-H(9A)  0.9900 

C(9)-H(9B)  0.9900 
C(10)-C(11)  1.516(2) 
C(10)-H(10A)  0.9900 
C(10)-H(10B)  0.9900 
C(11)-O(1)  1.206(2) 
C(11)-O(2)  1.3313(19) 
C(12)-H(12A)  0.9800 
C(12)-H(12B)  0.9800 
C(12)-H(12C)  0.9800 
C(13)-H(13A)  0.9800 
C(13)-H(13B)  0.9800 
C(13)-H(13C)  0.9800 
C(14)-O(3)  1.4236(19) 
C(14)-H(14A)  0.9900 
C(14)-H(14B)  0.9900 
C(15)-O(3)  1.4303(18) 
C(15)-H(15A)  0.9800 
C(15)-H(15B)  0.9800 
C(15)-H(15C)  0.9800 
C(16)-H(16A)  0.9800 
C(16)-H(16B)  0.9800 
C(16)-H(16C)  0.9800 
O(2)-H(2A)  0.8400 
O(4)-H(4)  0.8400 

 
C(9)-C(1)-C(10) 109.93(12) 
C(9)-C(1)-C(2) 113.07(13) 
C(10)-C(1)-C(2) 110.84(12) 
C(9)-C(1)-C(5) 113.22(12) 
C(10)-C(1)-C(5) 106.72(12) 
C(2)-C(1)-C(5) 102.70(12) 
C(12)-C(2)-C(3) 113.12(13) 
C(12)-C(2)-C(1) 117.55(13) 
C(3)-C(2)-C(1) 103.68(12) 
C(12)-C(2)-H(2) 107.3 
C(3)-C(2)-H(2) 107.3 
C(1)-C(2)-H(2) 107.3 
C(2)-C(3)-C(4) 106.60(12) 
C(2)-C(3)-H(3A) 110.4 
C(4)-C(3)-H(3A) 110.4 
C(2)-C(3)-H(3B) 110.4 
C(4)-C(3)-H(3B) 110.4 
H(3A)-C(3)-H(3B) 108.6 

C(5)-C(4)-C(3) 106.57(12) 
C(5)-C(4)-H(4A) 110.4 
C(3)-C(4)-H(4A) 110.4 
C(5)-C(4)-H(4B) 110.4 
C(3)-C(4)-H(4B) 110.4 
H(4A)-C(4)-H(4B) 108.6 
C(4)-C(5)-C(6) 112.51(11) 
C(4)-C(5)-C(1) 102.71(11) 
C(6)-C(5)-C(1) 117.00(12) 
C(4)-C(5)-H(5) 108.1 
C(6)-C(5)-H(5) 108.1 
C(1)-C(5)-H(5) 108.1 
C(14)-C(6)-C(13) 103.56(12) 
C(14)-C(6)-C(5) 110.39(12) 
C(13)-C(6)-C(5) 114.99(11) 
C(14)-C(6)-C(7) 110.14(11) 
C(13)-C(6)-C(7) 107.66(12) 
C(5)-C(6)-C(7) 109.89(11) 
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O(4)-C(7)-C(8) 108.52(12) 
O(4)-C(7)-C(16) 106.14(11) 
C(8)-C(7)-C(16) 109.86(12) 
O(4)-C(7)-C(6) 109.94(11) 
C(8)-C(7)-C(6) 107.40(11) 
C(16)-C(7)-C(6) 114.85(12) 
O(5)-C(8)-C(9) 123.19(14) 
O(5)-C(8)-C(7) 119.79(14) 
C(9)-C(8)-C(7) 117.02(13) 
C(8)-C(9)-C(1) 113.19(12) 
C(8)-C(9)-H(9A) 108.9 
C(1)-C(9)-H(9A) 108.9 
C(8)-C(9)-H(9B) 108.9 
C(1)-C(9)-H(9B) 108.9 
H(9A)-C(9)-H(9B) 107.8 
C(11)-C(10)-C(1) 117.78(13) 
C(11)-C(10)-H(10A) 107.9 
C(1)-C(10)-H(10A) 107.9 
C(11)-C(10)-H(10B) 107.9 
C(1)-C(10)-H(10B) 107.9 
H(10A)-C(10)-H(10B) 107.2 
O(1)-C(11)-O(2) 122.87(14) 
O(1)-C(11)-C(10) 125.37(14) 
O(2)-C(11)-C(10) 111.69(13) 
C(2)-C(12)-H(12A) 109.5 
C(2)-C(12)-H(12B) 109.5 
H(12A)-C(12)-H(12B) 109.5 
C(2)-C(12)-H(12C) 109.5 
H(12A)-C(12)-H(12C) 109.5 
H(12B)-C(12)-H(12C) 109.5 
C(6)-C(13)-H(13A) 109.5 
C(6)-C(13)-H(13B) 109.5 
H(13A)-C(13)-H(13B) 109.5 
C(6)-C(13)-H(13C) 109.5 
H(13A)-C(13)-H(13C) 109.5 
H(13B)-C(13)-H(13C) 109.5 
O(3)-C(14)-C(6) 114.03(12) 
O(3)-C(14)-H(14A) 108.7 
C(6)-C(14)-H(14A) 108.7 
O(3)-C(14)-H(14B) 108.7 
C(6)-C(14)-H(14B) 108.7 
H(14A)-C(14)-H(14B) 107.6 
O(3)-C(15)-H(15A) 109.5 
O(3)-C(15)-H(15B) 109.5 
H(15A)-C(15)-H(15B) 109.5 

O(3)-C(15)-H(15C) 109.5 
H(15A)-C(15)-H(15C) 109.5 
H(15B)-C(15)-H(15C) 109.5 
C(7)-C(16)-H(16A) 109.5 
C(7)-C(16)-H(16B) 109.5 
H(16A)-C(16)-H(16B) 109.5 
C(7)-C(16)-H(16C) 109.5 
H(16A)-C(16)-H(16C) 109.5 
H(16B)-C(16)-H(16C) 109.5 
C(11)-O(2)-H(2A) 109.5 
C(14)-O(3)-C(15) 108.94(11) 
C(7)-O(4)-H(4) 109.5 
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Table 4. Anisotropic displacement parameters (Å2x 103) for 244. The anisotropic 
displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
______________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
______________________________________________________________________________ 
C(1) 13(1)  15(1) 12(1)  0(1) 0(1)  1(1) 
C(2) 14(1)  19(1) 15(1)  0(1) 0(1)  -2(1) 
C(3) 22(1)  16(1) 18(1)  -2(1) 0(1)  0(1) 
C(4) 17(1)  15(1) 16(1)  0(1) 1(1)  4(1) 
C(5) 13(1)  14(1) 12(1)  1(1) 0(1)  0(1) 
C(6) 13(1)  14(1) 13(1)  1(1) 1(1)  0(1) 
C(7) 13(1)  16(1) 12(1)  -2(1) 2(1)  0(1) 
C(8) 16(1)  10(1) 16(1)  -3(1) -1(1)  0(1) 
C(9) 19(1)  16(1) 13(1)  1(1) 0(1)  3(1) 
C(10) 14(1)  20(1) 13(1)  1(1) 0(1)  0(1) 
C(11) 16(1)  18(1) 16(1)  1(1) 1(1)  -3(1) 
C(12) 20(1)  26(1) 15(1)  -2(1) -4(1)  -2(1) 
C(13) 16(1)  16(1) 17(1)  0(1) 2(1)  -3(1) 
C(14) 16(1)  17(1) 14(1)  3(1) 2(1)  -1(1) 
C(15) 19(1)  27(1) 16(1)  6(1) -4(1)  -1(1) 
C(16) 16(1)  15(1) 18(1)  -1(1) 0(1)  -1(1) 
O(1) 37(1)  25(1) 22(1)  7(1) 7(1)  11(1) 
O(2) 24(1)  26(1) 13(1)  5(1) 3(1)  6(1) 
O(3) 14(1)  24(1) 14(1)  6(1) -1(1)  -1(1) 
O(4) 12(1)  21(1) 13(1)  -2(1) 1(1)  0(1) 
O(5) 15(1)  20(1) 19(1)  -2(1) -2(1)  1(1) 
______________________________________________________________________________

328



 

Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 
for 244. 
______________________________________________________________________________ 
 x  y  z  U(eq) 
______________________________________________________________________________ 
 
H(2) 4927 6886 3404 19 
H(3A) 3197 8355 3455 22 
H(3B) 1286 7936 3968 22 
H(4A) -754 7620 2980 19 
H(4B) 1120 8078 2470 19 
H(5) 24 6183 2426 16 
H(9A) 4381 4879 3598 20 
H(9B) 2465 4470 3091 20 
H(10A) -608 6388 3873 19 
H(10B) -863 5361 3443 19 
H(12A) 2796 6662 4780 31 
H(12B) 5048 7227 4649 31 
H(12C) 4902 6043 4545 31 
H(13A) 5578 7382 1535 24 
H(13B) 6052 6926 2327 24 
H(13C) 4473 7866 2242 24 
H(14A) 1709 7650 1273 19 
H(14B) 2779 6769 809 19 
H(15A) -1063 7548 408 31 
H(15B) -2484 6553 344 31 
H(15C) -57 6571 37 31 
H(16A) 1755 4858 1040 24 
H(16B) 974 4702 1867 24 
H(16C) 2872 4023 1539 24 
H(2A) -641 5216 5380 32 
H(4) 6765 5540 1440 23 
______________________________________________________________________________ 
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X-ray crystallographic data for desilylated 247 
 

 
 
A colorless plate 0.060 x 0.050 x 0.030 mm in size was mounted on a Cryoloop with 
Paratone oil. Data were collected in a nitrogen gas stream at 100(2) K using and scans. 
Crystal-to-detector distance was 60 mm and exposure time was 20 seconds per frame 
using a scan width of 2.0°. Data collection was 100.0% complete to 67.000° in q. A total 
of 108342 reflections were collected covering the indices, -9<=h<=10, -25<=k<=20, -
31<=l<=31. 8537 reflections were found to be symmetry independent, with an Rint of 
0.0440. Indexing and unit cell refinement indicated a primitive, orthorhombic lattice. The 
space group was found to be P 21 21 21 (No. 19). The data were integrated using the 
Bruker SAINT software program and scaled using the SADABS software program. 
Solution by iterative methods (SHELXT-2014) produced a complete heavy-atom phasing 
model consistent with the proposed structure. All non-hydrogen atoms were refined 
anisotropically by full-matrix least-squares (SHELXL-2016). All hydrogen atoms were 
placed using a riding model. Their positions were constrained relative to their parent 
atom using the appropriate HFIX command in SHELXL-2016. Absolute stereochemistry 
was unambiguously determined to be R at C1, C5, C6, C9, C17, C21, C22, C25, C33, 
C37, C38, and C41, and S at C2, C18, and C34, respectively.  
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Table 1. Crystal data and structure refinement for the desilylated derivative of 247. 
Empirical formula  C16 H24 O5 
Formula weight  296.35 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Orthorhombic 
Space group  P 21 21 21 
Unit cell dimensions a = 8.3035(2) Å a= 90°. 
 b = 21.4423(6) Å b= 90°. 
 c = 26.1632(7) Å g = 90°. 
Volume 4658.3(2) Å3 
Z 12 
Density (calculated) 1.268 Mg/m3 
Absorption coefficient 0.766 mm-1 
F(000) 1920 
Crystal size 0.060 x 0.050 x 0.030 mm3 
Theta range for data collection 2.664 to 68.489°. 
Index ranges -9<=h<=10, -25<=k<=20, -31<=l<=31 
Reflections collected 108342 
Independent reflections 8537 [R(int) = 0.0440] 
Completeness to theta = 67.000° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.929 and 0.863 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8537 / 0 / 583 
Goodness-of-fit on F2 1.060 
Final R indices [I>2sigma(I)] R1 = 0.0407, wR2 = 0.0873 
R indices (all data) R1 = 0.0450, wR2 = 0.0892 
Absolute structure parameter 0.04(4) 
Extinction coefficient n/a 
Largest diff. peak and hole 0.219 and -0.190 e.Å-3 
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for desilylated 247. U(eq) is defined as one third of the trace of the 
orthogonalized Uij tensor. 
______________________________________________________________________________ 
 x y z U(eq) 
______________________________________________________________________________ 
C(1) -6921(4) -1949(1) 778(1) 29(1) 
C(2) -7559(4) -1608(1) 294(1) 27(1) 
C(3) -7152(4) -1903(1) -224(1) 30(1) 
C(4) -7274(5) -1371(2) -599(1) 38(1) 
C(5) -6455(4) -838(2) -310(1) 31(1) 
C(6) -7172(4) -887(1) 241(1) 26(1) 
C(7) -5972(4) -604(1) 628(1) 29(1) 
C(8) -5265(4) -1021(2) 1026(1) 31(1) 
C(9) -5179(4) -1717(2) 896(1) 31(1) 
C(10) -10038(4) -1093(1) 347(1) 30(1) 
C(11) -8841(4) -580(1) 284(1) 29(1) 
C(12) -6540(4) -192(2) -556(1) 38(1) 
C(13) -6951(4) -2663(1) 693(1) 35(1) 
C(14) -8036(4) -1817(2) 1234(1) 34(1) 
C(15) -9367(4) -991(2) 1666(1) 42(1) 
C(16) -4318(5) -2083(2) 1309(1) 43(1) 
C(17) -3605(4) 228(1) 3428(1) 30(1) 
C(18) -4358(4) -441(1) 3405(1) 28(1) 
C(19) -4025(4) -867(2) 3866(1) 30(1) 
C(20) -4439(4) -1514(2) 3674(1) 33(1) 
C(21) -3693(4) -1513(1) 3142(1) 30(1) 
C(22) -4066(4) -860(2) 2913(1) 28(1) 
C(23) -2691(4) -654(2) 2551(1) 32(1) 
C(24) -2025(4) -12(2) 2627(1) 32(1) 
C(25) -1901(4) 209(1) 3182(1) 32(1) 
C(26) -6841(4) -530(2) 2989(1) 31(1) 
C(27) -5699(4) -835(2) 2636(1) 34(1) 
C(28) -4112(4) -2073(2) 2810(1) 40(1) 
C(29) -3494(4) 451(2) 3987(1) 39(1) 
C(30) -4677(4) 696(2) 3150(1) 40(1) 
C(31) -6087(5) 859(2) 2374(2) 66(1) 
C(32) -992(4) 824(2) 3211(2) 44(1) 
C(33) -297(4) 1789(2) 569(1) 31(1) 
C(34) -1002(4) 2166(1) 1027(1) 28(1) 
C(35) -637(4) 2870(1) 1042(1) 35(1) 
C(36) -867(4) 3050(1) 1595(1) 38(1) 
C(37) -53(4) 2516(1) 1872(1) 34(1) 
C(38) -654(4) 1921(1) 1589(1) 27(1) 
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C(39) 604(4) 1392(1) 1648(1) 28(1) 
C(40) 1324(4) 1121(1) 1174(1) 28(1) 
C(41) 1421(4) 1559(1) 708(1) 29(1) 
C(42) -3484(4) 1841(1) 1353(1) 31(1) 
C(43) -2328(4) 1708(2) 1773(1) 32(1) 
C(44) -214(5) 2510(2) 2453(1) 48(1) 
C(45) -265(5) 2192(2) 83(1) 42(1) 
C(46) -1379(4) 1227(2) 456(1) 38(1) 
C(47) -2747(5) 397(2) 864(2) 55(1) 
C(48) 2318(4) 1242(2) 272(1) 37(1) 
O(1) -8292(3) -1168(1) 1272(1) 35(1) 
O(2) -9333(2) -1651(1) 323(1) 29(1) 
O(3) -11486(3) -1046(1) 401(1) 41(1) 
O(4) -4656(3) -815(1) 1416(1) 41(1) 
O(5) -4300(3) -1757(1) 426(1) 32(1) 
O(6) -4950(3) 486(1) 2647(1) 46(1) 
O(7) -6126(2) -351(1) 3423(1) 31(1) 
O(8) -8282(3) -448(1) 2923(1) 39(1) 
O(9) -1475(3) 281(1) 2271(1) 45(1) 
O(10) -1052(3) -267(1) 3451(1) 32(1) 
O(11) -1641(3) 899(1) 916(1) 39(1) 
O(12) -2765(3) 2142(1) 968(1) 33(1) 
O(13) -4913(3) 1730(1) 1343(1) 40(1) 
O(14) 1920(3) 607(1) 1172(1) 39(1) 
O(15) 2291(3) 2098(1) 873(1) 32(1) 
______________________________________________________________________________
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Table 3. Bond lengths [Å] and angles [°] for desilylated 247. 
_____________________________________________________ 
C(1)-C(14)  1.538(4) 
C(1)-C(13)  1.546(4) 
C(1)-C(2)  1.556(4) 
C(1)-C(9)  1.560(4) 
C(2)-O(2)  1.477(3) 
C(2)-C(3)  1.534(4) 
C(2)-C(6)  1.584(4) 
C(3)-C(4)  1.508(5) 
C(3)-H(3A)  0.9900 
C(3)-H(3B)  0.9900 
C(4)-C(5)  1.531(4) 
C(4)-H(4A)  0.9900 
C(4)-H(4B)  0.9900 
C(5)-C(12)  1.528(4) 
C(5)-C(6)  1.562(4) 
C(5)-H(5)  1.0000 
C(6)-C(11)  1.538(4) 
C(6)-C(7)  1.546(4) 
C(7)-C(8)  1.493(4) 
C(7)-H(7A)  0.9900 
C(7)-H(7B)  0.9900 
C(8)-O(4)  1.220(4) 
C(8)-C(9)  1.533(4) 
C(9)-O(5)  1.431(4) 
C(9)-C(16)  1.515(4) 
C(10)-O(3)  1.215(4) 
C(10)-O(2)  1.334(4) 
C(10)-C(11)  1.491(4) 
C(11)-H(11A)  0.9900 
C(11)-H(11B)  0.9900 
C(12)-H(12A)  0.9800 
C(12)-H(12B)  0.9800 
C(12)-H(12C)  0.9800 
C(13)-H(13A)  0.9800 
C(13)-H(13B)  0.9800 
C(13)-H(13C)  0.9800 
C(14)-O(1)  1.412(4) 
C(14)-H(14A)  0.9900 
C(14)-H(14B)  0.9900 
C(15)-O(1)  1.416(4) 
C(15)-H(15A)  0.9800 
C(15)-H(15B)  0.9800 
C(15)-H(15C)  0.9800 

C(16)-H(16A)  0.9800 
C(16)-H(16B)  0.9800 
C(16)-H(16C)  0.9800 
C(17)-C(30)  1.526(4) 
C(17)-C(29)  1.541(4) 
C(17)-C(25)  1.555(4) 
C(17)-C(18)  1.566(4) 
C(18)-O(7)  1.481(4) 
C(18)-C(19)  1.536(4) 
C(18)-C(22)  1.588(4) 
C(19)-C(20)  1.515(4) 
C(19)-H(19A)  0.9900 
C(19)-H(19B)  0.9900 
C(20)-C(21)  1.523(4) 
C(20)-H(20A)  0.9900 
C(20)-H(20B)  0.9900 
C(21)-C(28)  1.521(4) 
C(21)-C(22)  1.555(4) 
C(21)-H(21)  1.0000 
C(22)-C(27)  1.539(4) 
C(22)-C(23)  1.547(4) 
C(23)-C(24)  1.496(5) 
C(23)-H(23A)  0.9900 
C(23)-H(23B)  0.9900 
C(24)-O(9)  1.212(4) 
C(24)-C(25)  1.532(5) 
C(25)-O(10)  1.427(4) 
C(25)-C(32)  1.521(4) 
C(26)-O(8)  1.221(4) 
C(26)-O(7)  1.336(4) 
C(26)-C(27)  1.477(4) 
C(27)-H(27A)  0.9900 
C(27)-H(27B)  0.9900 
C(28)-H(28A)  0.9800 
C(28)-H(28B)  0.9800 
C(28)-H(28C)  0.9800 
C(29)-H(29A)  0.9800 
C(29)-H(29B)  0.9800 
C(29)-H(29C)  0.9800 
C(30)-O(6)  1.409(4) 
C(30)-H(30A)  0.9900 
C(30)-H(30B)  0.9900 
C(31)-O(6)  1.428(4) 
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C(31)-H(31A)  0.9800 
C(31)-H(31B)  0.9800 
C(31)-H(31C)  0.9800 
C(32)-H(32A)  0.9800 
C(32)-H(32B)  0.9800 
C(32)-H(32C)  0.9800 
C(33)-C(46)  1.531(4) 
C(33)-C(45)  1.538(4) 
C(33)-C(41)  1.553(5) 
C(33)-C(34)  1.559(4) 
C(34)-O(12)  1.473(4) 
C(34)-C(35)  1.540(4) 
C(34)-C(38)  1.587(4) 
C(35)-C(36)  1.510(5) 
C(35)-H(35A)  0.9900 
C(35)-H(35B)  0.9900 
C(36)-C(37)  1.515(4) 
C(36)-H(36A)  0.9900 
C(36)-H(36B)  0.9900 
C(37)-C(44)  1.528(5) 
C(37)-C(38)  1.558(4) 
C(37)-H(37)  1.0000 
C(38)-C(43)  1.541(4) 
C(38)-C(39)  1.550(4) 
C(39)-C(40)  1.494(4) 
C(39)-H(39A)  0.9900 
C(39)-H(39B)  0.9900 
C(40)-O(14)  1.209(4) 

C(40)-C(41)  1.540(4) 
C(41)-O(15)  1.431(4) 
C(41)-C(48)  1.521(4) 
C(42)-O(13)  1.211(4) 
C(42)-O(12)  1.337(4) 
C(42)-C(43)  1.487(4) 
C(43)-H(43A)  0.9900 
C(43)-H(43B)  0.9900 
C(44)-H(44A)  0.9800 
C(44)-H(44B)  0.9800 
C(44)-H(44C)  0.9800 
C(45)-H(45A)  0.9800 
C(45)-H(45B)  0.9800 
C(45)-H(45C)  0.9800 
C(46)-O(11)  1.410(4) 
C(46)-H(46A)  0.9900 
C(46)-H(46B)  0.9900 
C(47)-O(11)  1.421(4) 
C(47)-H(47A)  0.9800 
C(47)-H(47B)  0.9800 
C(47)-H(47C)  0.9800 
C(48)-H(48A)  0.9800 
C(48)-H(48B)  0.9800 
C(48)-H(48C)  0.9800 
O(5)-H(5A)  0.8400 
O(10)-H(10)  0.8400 
O(15)-H(15)  0.8400 

 
C(14)-C(1)-C(13) 106.5(3) 
C(14)-C(1)-C(2) 109.8(3) 
C(13)-C(1)-C(2) 110.2(3) 
C(14)-C(1)-C(9) 110.2(3) 
C(13)-C(1)-C(9) 111.0(3) 
C(2)-C(1)-C(9) 109.1(2) 
O(2)-C(2)-C(3) 103.8(2) 
O(2)-C(2)-C(1) 105.5(2) 
C(3)-C(2)-C(1) 116.7(3) 
O(2)-C(2)-C(6) 105.5(2) 
C(3)-C(2)-C(6) 106.3(2) 
C(1)-C(2)-C(6) 117.5(2) 
C(4)-C(3)-C(2) 104.3(2) 
C(4)-C(3)-H(3A) 110.9 
C(2)-C(3)-H(3A) 110.9 
C(4)-C(3)-H(3B) 110.9 

C(2)-C(3)-H(3B) 110.9 
H(3A)-C(3)-H(3B) 108.9 
C(3)-C(4)-C(5) 102.3(3) 
C(3)-C(4)-H(4A) 111.3 
C(5)-C(4)-H(4A) 111.3 
C(3)-C(4)-H(4B) 111.3 
C(5)-C(4)-H(4B) 111.3 
H(4A)-C(4)-H(4B) 109.2 
C(12)-C(5)-C(4) 116.6(3) 
C(12)-C(5)-C(6) 115.5(3) 
C(4)-C(5)-C(6) 103.7(2) 
C(12)-C(5)-H(5) 106.8 
C(4)-C(5)-H(5) 106.8 
C(6)-C(5)-H(5) 106.8 
C(11)-C(6)-C(7) 111.3(2) 
C(11)-C(6)-C(5) 112.5(2) 
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C(7)-C(6)-C(5) 109.4(2) 
C(11)-C(6)-C(2) 103.2(2) 
C(7)-C(6)-C(2) 117.1(2) 
C(5)-C(6)-C(2) 102.9(2) 
C(8)-C(7)-C(6) 118.4(3) 
C(8)-C(7)-H(7A) 107.7 
C(6)-C(7)-H(7A) 107.7 
C(8)-C(7)-H(7B) 107.7 
C(6)-C(7)-H(7B) 107.7 
H(7A)-C(7)-H(7B) 107.1 
O(4)-C(8)-C(7) 121.9(3) 
O(4)-C(8)-C(9) 121.3(3) 
C(7)-C(8)-C(9) 116.5(3) 
O(5)-C(9)-C(16) 109.9(3) 
O(5)-C(9)-C(8) 105.8(2) 
C(16)-C(9)-C(8) 111.5(3) 
O(5)-C(9)-C(1) 106.5(2) 
C(16)-C(9)-C(1) 114.4(3) 
C(8)-C(9)-C(1) 108.2(3) 
O(3)-C(10)-O(2) 121.0(3) 
O(3)-C(10)-C(11) 127.6(3) 
O(2)-C(10)-C(11) 111.3(3) 
C(10)-C(11)-C(6) 107.1(2) 
C(10)-C(11)-H(11A) 110.3 
C(6)-C(11)-H(11A) 110.3 
C(10)-C(11)-H(11B) 110.3 
C(6)-C(11)-H(11B) 110.3 
H(11A)-C(11)-H(11B) 108.6 
C(5)-C(12)-H(12A) 109.5 
C(5)-C(12)-H(12B) 109.5 
H(12A)-C(12)-H(12B) 109.5 
C(5)-C(12)-H(12C) 109.5 
H(12A)-C(12)-H(12C) 109.5 
H(12B)-C(12)-H(12C) 109.5 
C(1)-C(13)-H(13A) 109.5 
C(1)-C(13)-H(13B) 109.5 
H(13A)-C(13)-H(13B) 109.5 
C(1)-C(13)-H(13C) 109.5 
H(13A)-C(13)-H(13C) 109.5 
H(13B)-C(13)-H(13C) 109.5 
O(1)-C(14)-C(1) 109.1(2) 
O(1)-C(14)-H(14A) 109.9 
C(1)-C(14)-H(14A) 109.9 
O(1)-C(14)-H(14B) 109.9 
C(1)-C(14)-H(14B) 109.9 

H(14A)-C(14)-H(14B) 108.3 
O(1)-C(15)-H(15A) 109.5 
O(1)-C(15)-H(15B) 109.5 
H(15A)-C(15)-H(15B) 109.5 
O(1)-C(15)-H(15C) 109.5 
H(15A)-C(15)-H(15C) 109.5 
H(15B)-C(15)-H(15C) 109.5 
C(9)-C(16)-H(16A) 109.5 
C(9)-C(16)-H(16B) 109.5 
H(16A)-C(16)-H(16B) 109.5 
C(9)-C(16)-H(16C) 109.5 
H(16A)-C(16)-H(16C) 109.5 
H(16B)-C(16)-H(16C) 109.5 
C(30)-C(17)-C(29) 106.4(3) 
C(30)-C(17)-C(25) 110.4(3) 
C(29)-C(17)-C(25) 110.3(3) 
C(30)-C(17)-C(18) 110.5(3) 
C(29)-C(17)-C(18) 110.2(3) 
C(25)-C(17)-C(18) 108.9(2) 
O(7)-C(18)-C(19) 103.4(2) 
O(7)-C(18)-C(17) 106.0(2) 
C(19)-C(18)-C(17) 116.2(3) 
O(7)-C(18)-C(22) 104.5(2) 
C(19)-C(18)-C(22) 105.8(2) 
C(17)-C(18)-C(22) 119.2(2) 
C(20)-C(19)-C(18) 104.1(2) 
C(20)-C(19)-H(19A) 110.9 
C(18)-C(19)-H(19A) 110.9 
C(20)-C(19)-H(19B) 110.9 
C(18)-C(19)-H(19B) 110.9 
H(19A)-C(19)-H(19B) 109.0 
C(19)-C(20)-C(21) 102.1(2) 
C(19)-C(20)-H(20A) 111.3 
C(21)-C(20)-H(20A) 111.3 
C(19)-C(20)-H(20B) 111.3 
C(21)-C(20)-H(20B) 111.3 
H(20A)-C(20)-H(20B) 109.2 
C(28)-C(21)-C(20) 115.3(3) 
C(28)-C(21)-C(22) 116.4(3) 
C(20)-C(21)-C(22) 105.8(2) 
C(28)-C(21)-H(21) 106.2 
C(20)-C(21)-H(21) 106.2 
C(22)-C(21)-H(21) 106.2 
C(27)-C(22)-C(23) 110.6(2) 
C(27)-C(22)-C(21) 112.8(3) 
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C(23)-C(22)-C(21) 110.3(3) 
C(27)-C(22)-C(18) 103.2(2) 
C(23)-C(22)-C(18) 116.6(3) 
C(21)-C(22)-C(18) 103.1(2) 
C(24)-C(23)-C(22) 117.1(3) 
C(24)-C(23)-H(23A) 108.0 
C(22)-C(23)-H(23A) 108.0 
C(24)-C(23)-H(23B) 108.0 
C(22)-C(23)-H(23B) 108.0 
H(23A)-C(23)-H(23B) 107.3 
O(9)-C(24)-C(23) 121.0(3) 
O(9)-C(24)-C(25) 122.8(3) 
C(23)-C(24)-C(25) 115.8(3) 
O(10)-C(25)-C(32) 110.5(3) 
O(10)-C(25)-C(24) 106.2(2) 
C(32)-C(25)-C(24) 110.4(3) 
O(10)-C(25)-C(17) 105.2(2) 
C(32)-C(25)-C(17) 114.1(3) 
C(24)-C(25)-C(17) 109.9(3) 
O(8)-C(26)-O(7) 121.0(3) 
O(8)-C(26)-C(27) 127.1(3) 
O(7)-C(26)-C(27) 111.9(3) 
C(26)-C(27)-C(22) 106.6(3) 
C(26)-C(27)-H(27A) 110.4 
C(22)-C(27)-H(27A) 110.4 
C(26)-C(27)-H(27B) 110.4 
C(22)-C(27)-H(27B) 110.4 
H(27A)-C(27)-H(27B) 108.6 
C(21)-C(28)-H(28A) 109.5 
C(21)-C(28)-H(28B) 109.5 
H(28A)-C(28)-H(28B) 109.5 
C(21)-C(28)-H(28C) 109.5 
H(28A)-C(28)-H(28C) 109.5 
H(28B)-C(28)-H(28C) 109.5 
C(17)-C(29)-H(29A) 109.5 
C(17)-C(29)-H(29B) 109.5 
H(29A)-C(29)-H(29B) 109.5 
C(17)-C(29)-H(29C) 109.5 
H(29A)-C(29)-H(29C) 109.5 
H(29B)-C(29)-H(29C) 109.5 
O(6)-C(30)-C(17) 109.2(3) 
O(6)-C(30)-H(30A) 109.8 
C(17)-C(30)-H(30A) 109.8 
O(6)-C(30)-H(30B) 109.8 
C(17)-C(30)-H(30B) 109.8 

H(30A)-C(30)-H(30B) 108.3 
O(6)-C(31)-H(31A) 109.5 
O(6)-C(31)-H(31B) 109.5 
H(31A)-C(31)-H(31B) 109.5 
O(6)-C(31)-H(31C) 109.5 
H(31A)-C(31)-H(31C) 109.5 
H(31B)-C(31)-H(31C) 109.5 
C(25)-C(32)-H(32A) 109.5 
C(25)-C(32)-H(32B) 109.5 
H(32A)-C(32)-H(32B) 109.5 
C(25)-C(32)-H(32C) 109.5 
H(32A)-C(32)-H(32C) 109.5 
H(32B)-C(32)-H(32C) 109.5 
C(46)-C(33)-C(45) 107.0(3) 
C(46)-C(33)-C(41) 109.5(3) 
C(45)-C(33)-C(41) 110.9(3) 
C(46)-C(33)-C(34) 109.6(3) 
C(45)-C(33)-C(34) 110.5(3) 
C(41)-C(33)-C(34) 109.3(2) 
O(12)-C(34)-C(35) 103.5(2) 
O(12)-C(34)-C(33) 105.9(2) 
C(35)-C(34)-C(33) 117.0(3) 
O(12)-C(34)-C(38) 105.5(2) 
C(35)-C(34)-C(38) 105.4(2) 
C(33)-C(34)-C(38) 118.0(2) 
C(36)-C(35)-C(34) 104.5(3) 
C(36)-C(35)-H(35A) 110.9 
C(34)-C(35)-H(35A) 110.9 
C(36)-C(35)-H(35B) 110.9 
C(34)-C(35)-H(35B) 110.9 
H(35A)-C(35)-H(35B) 108.9 
C(35)-C(36)-C(37) 102.0(3) 
C(35)-C(36)-H(36A) 111.4 
C(37)-C(36)-H(36A) 111.4 
C(35)-C(36)-H(36B) 111.4 
C(37)-C(36)-H(36B) 111.4 
H(36A)-C(36)-H(36B) 109.2 
C(36)-C(37)-C(44) 116.3(3) 
C(36)-C(37)-C(38) 104.5(3) 
C(44)-C(37)-C(38) 116.0(3) 
C(36)-C(37)-H(37) 106.4 
C(44)-C(37)-H(37) 106.4 
C(38)-C(37)-H(37) 106.4 
C(43)-C(38)-C(39) 111.1(2) 
C(43)-C(38)-C(37) 112.5(3) 
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C(39)-C(38)-C(37) 109.7(3) 
C(43)-C(38)-C(34) 102.9(2) 
C(39)-C(38)-C(34) 117.3(2) 
C(37)-C(38)-C(34) 103.1(2) 
C(40)-C(39)-C(38) 118.1(3) 
C(40)-C(39)-H(39A) 107.8 
C(38)-C(39)-H(39A) 107.8 
C(40)-C(39)-H(39B) 107.8 
C(38)-C(39)-H(39B) 107.8 
H(39A)-C(39)-H(39B) 107.1 
O(14)-C(40)-C(39) 121.4(3) 
O(14)-C(40)-C(41) 122.1(3) 
C(39)-C(40)-C(41) 116.2(2) 
O(15)-C(41)-C(48) 109.9(3) 
O(15)-C(41)-C(40) 106.2(2) 
C(48)-C(41)-C(40) 110.3(3) 
O(15)-C(41)-C(33) 106.1(2) 
C(48)-C(41)-C(33) 114.6(3) 
C(40)-C(41)-C(33) 109.3(3) 
O(13)-C(42)-O(12) 121.1(3) 
O(13)-C(42)-C(43) 127.7(3) 
O(12)-C(42)-C(43) 111.2(3) 
C(42)-C(43)-C(38) 107.1(3) 
C(42)-C(43)-H(43A) 110.3 
C(38)-C(43)-H(43A) 110.3 
C(42)-C(43)-H(43B) 110.3 
C(38)-C(43)-H(43B) 110.3 
H(43A)-C(43)-H(43B) 108.6 
C(37)-C(44)-H(44A) 109.5 
C(37)-C(44)-H(44B) 109.5 
H(44A)-C(44)-H(44B) 109.5 
C(37)-C(44)-H(44C) 109.5 
H(44A)-C(44)-H(44C) 109.5 
H(44B)-C(44)-H(44C) 109.5 
C(33)-C(45)-H(45A) 109.5 
C(33)-C(45)-H(45B) 109.5 
H(45A)-C(45)-H(45B) 109.5 
C(33)-C(45)-H(45C) 109.5 
H(45A)-C(45)-H(45C) 109.5 
H(45B)-C(45)-H(45C) 109.5 
O(11)-C(46)-C(33) 108.6(3) 
O(11)-C(46)-H(46A) 110.0 
C(33)-C(46)-H(46A) 110.0 
O(11)-C(46)-H(46B) 110.0 
C(33)-C(46)-H(46B) 110.0 

H(46A)-C(46)-H(46B) 108.4 
O(11)-C(47)-H(47A) 109.5 
O(11)-C(47)-H(47B) 109.5 
H(47A)-C(47)-H(47B) 109.5 
O(11)-C(47)-H(47C) 109.5 
H(47A)-C(47)-H(47C) 109.5 
H(47B)-C(47)-H(47C) 109.5 
C(41)-C(48)-H(48A) 109.5 
C(41)-C(48)-H(48B) 109.5 
H(48A)-C(48)-H(48B) 109.5 
C(41)-C(48)-H(48C) 109.5 
H(48A)-C(48)-H(48C) 109.5 
H(48B)-C(48)-H(48C) 109.5 
C(14)-O(1)-C(15) 114.2(2) 
C(10)-O(2)-C(2) 112.6(2) 
C(9)-O(5)-H(5A) 109.5 
C(30)-O(6)-C(31) 113.2(3) 
C(26)-O(7)-C(18) 112.2(2) 
C(25)-O(10)-H(10) 109.5 
C(46)-O(11)-C(47) 113.4(3) 
C(42)-O(12)-C(34) 112.5(2) 
C(41)-O(15)-H(15) 109.5
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Table 4. Anisotropic displacement parameters (Å2x 103) for desilylated 247. The 
anisotropic displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... + 2 h k a* 
b* U12 ] 
______________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
______________________________________________________________________________ 
C(1) 31(2)  25(2) 29(2)  1(1) 3(1)  -3(1) 
C(2) 19(2)  29(2) 33(2)  -5(1) 0(1)  -2(1) 
C(3) 23(2)  32(2) 35(2)  -7(1) -2(1)  -2(1) 
C(4) 46(2)  39(2) 29(2)  -5(1) 2(2)  2(2) 
C(5) 29(2)  33(2) 33(2)  0(1) 5(1)  -1(1) 
C(6) 24(2)  24(2) 30(2)  1(1) 0(1)  -1(1) 
C(7) 27(2)  24(2) 36(2)  -5(1) 2(1)  -5(1) 
C(8) 27(2)  38(2) 27(2)  -4(1) 4(1)  -6(1) 
C(9) 28(2)  34(2) 29(2)  1(1) 1(1)  0(1) 
C(10) 27(2)  30(2) 32(2)  -3(1) 1(1)  -2(1) 
C(11) 28(2)  27(2) 32(2)  -1(1) 0(1)  -1(1) 
C(12) 38(2)  36(2) 41(2)  7(1) 9(2)  -1(2) 
C(13) 35(2)  26(2) 45(2)  3(1) 1(2)  -2(1) 
C(14) 34(2)  34(2) 32(2)  4(1) 4(1)  -4(1) 
C(15) 39(2)  53(2) 35(2)  -9(2) 8(2)  -2(2) 
C(16) 41(2)  48(2) 39(2)  6(2) -7(2)  0(2) 
C(17) 27(2)  28(2) 35(2)  1(1) 3(1)  4(1) 
C(18) 21(2)  33(2) 29(2)  1(1) 2(1)  2(1) 
C(19) 28(2)  36(2) 28(2)  2(1) 1(1)  -1(1) 
C(20) 31(2)  32(2) 37(2)  5(1) 1(1)  -4(1) 
C(21) 24(2)  31(2) 34(2)  0(1) -3(1)  0(1) 
C(22) 22(2)  37(2) 27(2)  0(1) 1(1)  0(1) 
C(23) 30(2)  40(2) 26(2)  2(1) 3(1)  1(1) 
C(24) 21(2)  38(2) 37(2)  12(1) 4(1)  6(1) 
C(25) 24(2)  27(2) 44(2)  4(1) 0(1)  -1(1) 
C(26) 28(2)  32(2) 32(2)  5(1) 0(1)  2(1) 
C(27) 27(2)  44(2) 31(2)  -2(1) -1(1)  6(2) 
C(28) 35(2)  38(2) 47(2)  -8(2) 1(2)  -3(2) 
C(29) 38(2)  34(2) 46(2)  -7(2) 4(2)  0(2) 
C(30) 31(2)  34(2) 56(2)  7(2) 7(2)  5(2) 
C(31) 40(2)  87(3) 70(3)  42(3) 5(2)  18(2) 
C(32) 33(2)  37(2) 63(2)  3(2) 6(2)  -3(2) 
C(33) 30(2)  33(2) 28(2)  2(1) -4(1)  -5(1) 
C(34) 20(2)  28(2) 35(2)  4(1) -2(1)  1(1) 
C(35) 29(2)  28(2) 48(2)  8(1) -2(2)  4(1) 
C(36) 29(2)  25(2) 59(2)  -6(2) -3(2)  0(1) 
C(37) 30(2)  31(2) 42(2)  -9(1) -5(1)  2(1) 
C(38) 26(2)  27(2) 29(2)  -3(1) -1(1)  0(1) 
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C(39) 28(2)  25(2) 30(2)  4(1) -2(1)  0(1) 
C(40) 24(2)  25(2) 36(2)  -2(1) -2(1)  -1(1) 
C(41) 28(2)  28(2) 32(2)  -3(1) 0(1)  -3(1) 
C(42) 28(2)  25(2) 40(2)  -2(1) -1(1)  0(1) 
C(43) 27(2)  32(2) 37(2)  -1(1) 1(1)  0(1) 
C(44) 47(2)  53(2) 43(2)  -16(2) -3(2)  1(2) 
C(45) 36(2)  57(2) 33(2)  10(2) -2(2)  4(2) 
C(46) 30(2)  46(2) 39(2)  -7(2) -7(2)  -3(2) 
C(47) 37(2)  33(2) 95(3)  -13(2) 1(2)  -11(2) 
C(48) 34(2)  40(2) 37(2)  -3(2) 7(2)  0(2) 
O(1) 37(1)  34(1) 32(1)  -4(1) 11(1)  -1(1) 
O(2) 22(1)  26(1) 38(1)  -4(1) 2(1)  -3(1) 
O(3) 23(1)  39(1) 60(2)  -8(1) 4(1)  -1(1) 
O(4) 44(2)  48(1) 31(1)  -7(1) -4(1)  -8(1) 
O(5) 26(1)  34(1) 35(1)  -5(1) 3(1)  -2(1) 
O(6) 37(1)  56(2) 45(1)  19(1) 0(1)  13(1) 
O(7) 22(1)  39(1) 32(1)  0(1) 4(1)  2(1) 
O(8) 24(1)  50(1) 43(1)  4(1) 1(1)  4(1) 
O(9) 40(1)  48(1) 46(1)  19(1) 10(1)  3(1) 
O(10) 25(1)  36(1) 36(1)  4(1) 0(1)  3(1) 
O(11) 34(1)  30(1) 53(1)  -2(1) -4(1)  -9(1) 
O(12) 24(1)  33(1) 40(1)  4(1) -7(1)  1(1) 
O(13) 23(1)  43(1) 54(2)  3(1) -4(1)  -1(1) 
O(14) 43(1)  27(1) 46(1)  -1(1) 2(1)  6(1) 
O(15) 25(1)  28(1) 42(1)  1(1) -2(1)  -2(1) 
______________________________________________________________________________
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 
for desilylated 247. 
______________________________________________________________________________ 
 x  y  z  U(eq) 
______________________________________________________________________________ 
 
H(3A) -6051 -2080 -222 36 
H(3B) -7927 -2237 -310 36 
H(4A) -8411 -1270 -677 46 
H(4B) -6700 -1468 -921 46 
H(5) -5288 -948 -283 38 
H(7A) -5072 -419 432 35 
H(7B) -6526 -257 807 35 
H(11A) -8875 -297 583 35 
H(11B) -9081 -335 -28 35 
H(12A) -5904 -190 -871 57 
H(12B) -6106 119 -318 57 
H(12C) -7663 -91 -635 57 
H(13A) -6763 -2875 1020 53 
H(13B) -6106 -2779 450 53 
H(13C) -8003 -2786 557 53 
H(14A) -9078 -2033 1185 40 
H(14B) -7538 -1975 1553 40 
H(15A) -10425 -1179 1603 63 
H(15B) -9470 -536 1673 63 
H(15C) -8951 -1137 1996 63 
H(16A) -4248 -2522 1208 64 
H(16B) -4918 -2048 1630 64 
H(16C) -3231 -1914 1356 64 
H(19A) -2881 -842 3970 36 
H(19B) -4712 -751 4160 36 
H(20A) -5619 -1577 3658 40 
H(20B) -3955 -1840 3893 40 
H(21) -2500 -1528 3194 36 
H(23A) -1795 -955 2588 39 
H(23B) -3089 -685 2196 39 
H(27A) -5606 -594 2315 41 
H(27B) -6071 -1262 2552 41 
H(28A) -3711 -2454 2973 60 
H(28B) -3612 -2025 2473 60 
H(28C) -5284 -2100 2771 60 
H(29A) -3267 900 3993 59 
H(29B) -2627 227 4162 59 
H(29C) -4518 370 4161 59 
H(30A) -5716 739 3333 49 
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H(30B) -4147 1109 3143 49 
H(31A) -7120 856 2555 98 
H(31B) -6234 688 2030 98 
H(31C) -5688 1288 2351 98 
H(32A) -918 958 3568 67 
H(32B) -1567 1141 3012 67 
H(32C) 94 769 3071 67 
H(35A) 480 2954 930 42 
H(35B) -1389 3103 819 42 
H(36A) -2023 3078 1685 45 
H(36B) -338 3453 1673 45 
H(37) 1124 2552 1796 41 
H(39A) 1495 1552 1862 33 
H(39B) 89 1048 1840 33 
H(43A) -2318 1256 1852 38 
H(43B) -2639 1938 2086 38 
H(44A) 382 2863 2598 71 
H(44B) 225 2119 2588 71 
H(44C) -1353 2544 2547 71 
H(45A) -13 1929 -212 64 
H(45B) 559 2517 119 64 
H(45C) -1321 2387 34 64 
H(46A) -2420 1370 314 46 
H(46B) -856 952 202 46 
H(47A) -3809 560 771 83 
H(47B) -2826 172 1189 83 
H(47C) -2369 111 597 83 
H(48A) 2415 1532 -16 56 
H(48B) 1723 871 163 56 
H(48C) 3395 1120 389 56 
H(5A) -3398 -1585 462 48 
H(10) -80 -265 3362 49 
H(15) 3208 1991 977 47 
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X-ray crystallographic data for 256 
 

 
Table 1. Crystal data and structure refinement for 256. 
Identification code  shelx 
Empirical formula  C15 H22 O6 
Formula weight  298.32 
Temperature  100(2) K 
Wavelength  1.5498 Å 
Crystal system  Monoclinic 
Space group  C 2 
Unit cell dimensions a = 11.0943(8) Å a= 90°. 
 b = 15.9054(12) Å b= 93.753(4)°. 
 c = 8.2791(7) Å g = 90°. 
Volume 1457.8(2) Å3 
Z 4 
Density (calculated) 1.359 Mg/m3 
Absorption coefficient 0.854 mm-1 
F(000) 640 
Crystal size 0.140 x 0.110 x 0.010 mm3 
Theta range for data collection 4.892 to 67.394°. 
Index ranges -13<=h<=13, -18<=k<=18, -9<=l<=9 
Reflections collected 19523 
Independent reflections 2497 [R(int) = 0.0742] 
Completeness to theta = 67.394° 98.2 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.992 and 0.845 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2497 / 4 / 202 
Goodness-of-fit on F2 1.080 
Final R indices [I>2sigma(I)] R1 = 0.0435, wR2 = 0.1027 
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R indices (all data) R1 = 0.0581, wR2 = 0.1122 
Absolute structure parameter -0.04(8) 
Extinction coefficient n/a 
Largest diff. peak and hole 0.348 and -0.275 e.Å-3 
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for 256. U(eq) is defined as one third of the trace of the orthogonalized Uij 
tensor. 
______________________________________________________________________________ 
 x y z U(eq) 
______________________________________________________________________________ 
C(1) 7217(3) 5030(2) 3283(4) 27(1) 
C(2) 7206(3) 5969(2) 2766(4) 33(1) 
C(3) 7108(4) 6553(3) 4228(5) 49(1) 
C(4) 8287(3) 6142(2) 1735(5) 37(1) 
C(5) 8498(4) 7068(3) 1382(6) 52(1) 
C(6) 7875(3) 5639(2) 201(4) 35(1) 
C(7) 6171(4) 6131(2) 1473(5) 40(1) 
C(8) 8106(3) 4712(2) 433(4) 34(1) 
C(9) 7588(3) 4357(2) 1981(4) 29(1) 
C(10) 6394(3) 3876(2) 1599(4) 36(1) 
C(11) 5494(3) 4214(2) 2674(5) 33(1) 
C(12) 8558(3) 3808(2) 2945(5) 37(1) 
C(13) 8755(4) 2923(3) 2312(6) 48(1) 
C(14) 8218(3) 3866(2) 4697(4) 40(1) 
C(15) 7979(3) 4801(3) 4859(4) 35(1) 
O(1) 9361(2) 5785(2) 2520(3) 39(1) 
O(2) 8389(2) 5951(2) -1193(3) 40(1) 
O(3) 6581(2) 5767(2) 3(3) 40(1) 
O(4) 4442(2) 4004(2) 2760(3) 42(1) 
O(5) 5968(2) 4826(2) 3639(3) 33(1) 
O(6) 7409(2) 5022(2) 6304(3) 44(1) 
______________________________________________________________________________
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Table 3. Bond lengths [Å] and angles [°] for 256. 
_____________________________________________________ 
C(1)-O(5)  1.472(4) 
C(1)-C(15)  1.551(5) 
C(1)-C(2)  1.553(5) 
C(1)-C(9)  1.592(5) 
C(2)-C(3)  1.536(5) 
C(2)-C(7)  1.539(5) 
C(2)-C(4)  1.542(5) 
C(3)-H(3A)  0.9800 
C(3)-H(3B)  0.9800 
C(3)-H(3C)  0.9800 
C(4)-O(1)  1.436(5) 
C(4)-C(5)  1.524(5) 
C(4)-C(6)  1.545(5) 
C(5)-H(5A)  0.9800 
C(5)-H(5B)  0.9800 
C(5)-H(5C)  0.9800 
C(6)-O(2)  1.411(4) 
C(6)-O(3)  1.449(4) 
C(6)-C(8)  1.506(5) 
C(7)-O(3)  1.448(5) 
C(7)-H(7A)  0.9900 
C(7)-H(7B)  0.9900 
C(8)-C(9)  1.546(5) 
C(8)-H(8A)  0.9900 
C(8)-H(8B)  0.9900 
C(9)-C(10)  1.544(5) 
C(9)-C(12)  1.564(5) 
C(10)-C(11)  1.481(5) 
C(10)-H(10A)  0.9900 
C(10)-H(10B)  0.9900 
C(11)-O(4)  1.221(4) 
C(11)-O(5)  1.345(4) 
C(12)-C(13)  1.523(6) 
C(12)-C(14)  1.525(6) 
C(12)-H(12)  1.0000 
C(13)-H(13A)  0.9800 
C(13)-H(13B)  0.9800 
C(13)-H(13C)  0.9800 
C(14)-C(15)  1.517(6) 
C(14)-H(14A)  0.9900 
C(14)-H(14B)  0.9900 
C(15)-O(6)  1.434(4) 
C(15)-H(15)  1.0000 
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O(1)-H(1O)  0.903(7) 
O(2)-H(2O)  0.901(7) 
O(6)-H(6O)  0.902(7) 
 
O(5)-C(1)-C(15) 104.4(3) 
O(5)-C(1)-C(2) 106.0(3) 
C(15)-C(1)-C(2) 116.9(3) 
O(5)-C(1)-C(9) 106.0(2) 
C(15)-C(1)-C(9) 105.1(3) 
C(2)-C(1)-C(9) 117.2(3) 
C(3)-C(2)-C(7) 111.0(3) 
C(3)-C(2)-C(4) 115.2(3) 
C(7)-C(2)-C(4) 99.1(3) 
C(3)-C(2)-C(1) 111.4(3) 
C(7)-C(2)-C(1) 110.2(3) 
C(4)-C(2)-C(1) 109.3(3) 
C(2)-C(3)-H(3A) 109.5 
C(2)-C(3)-H(3B) 109.5 
H(3A)-C(3)-H(3B) 109.5 
C(2)-C(3)-H(3C) 109.5 
H(3A)-C(3)-H(3C) 109.5 
H(3B)-C(3)-H(3C) 109.5 
O(1)-C(4)-C(5) 109.6(3) 
O(1)-C(4)-C(2) 109.4(3) 
C(5)-C(4)-C(2) 114.4(3) 
O(1)-C(4)-C(6) 111.1(3) 
C(5)-C(4)-C(6) 112.6(3) 
C(2)-C(4)-C(6) 99.4(3) 
C(4)-C(5)-H(5A) 109.5 
C(4)-C(5)-H(5B) 109.5 
H(5A)-C(5)-H(5B) 109.5 
C(4)-C(5)-H(5C) 109.5 
H(5A)-C(5)-H(5C) 109.5 
H(5B)-C(5)-H(5C) 109.5 
O(2)-C(6)-O(3) 108.0(3) 
O(2)-C(6)-C(8) 112.0(3) 
O(3)-C(6)-C(8) 108.1(3) 
O(2)-C(6)-C(4) 112.1(3) 
O(3)-C(6)-C(4) 105.0(3) 
C(8)-C(6)-C(4) 111.3(3) 
O(3)-C(7)-C(2) 104.8(3) 
O(3)-C(7)-H(7A) 110.8 
C(2)-C(7)-H(7A) 110.8 
O(3)-C(7)-H(7B) 110.8 
C(2)-C(7)-H(7B) 110.8 
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H(7A)-C(7)-H(7B) 108.9 
C(6)-C(8)-C(9) 113.2(3) 
C(6)-C(8)-H(8A) 108.9 
C(9)-C(8)-H(8A) 108.9 
C(6)-C(8)-H(8B) 108.9 
C(9)-C(8)-H(8B) 108.9 
H(8A)-C(8)-H(8B) 107.8 
C(10)-C(9)-C(8) 111.8(3) 
C(10)-C(9)-C(12) 112.4(3) 
C(8)-C(9)-C(12) 110.3(3) 
C(10)-C(9)-C(1) 102.5(2) 
C(8)-C(9)-C(1) 116.3(3) 
C(12)-C(9)-C(1) 103.3(3) 
C(11)-C(10)-C(9) 107.5(3) 
C(11)-C(10)-H(10A) 110.2 
C(9)-C(10)-H(10A) 110.2 
C(11)-C(10)-H(10B) 110.2 
C(9)-C(10)-H(10B) 110.2 
H(10A)-C(10)-H(10B) 108.5 
O(4)-C(11)-O(5) 120.1(3) 
O(4)-C(11)-C(10) 128.4(3) 
O(5)-C(11)-C(10) 111.5(3) 
C(13)-C(12)-C(14) 115.7(3) 
C(13)-C(12)-C(9) 116.7(3) 
C(14)-C(12)-C(9) 104.3(3) 
C(13)-C(12)-H(12) 106.5 
C(14)-C(12)-H(12) 106.5 
C(9)-C(12)-H(12) 106.5 
C(12)-C(13)-H(13A) 109.5 
C(12)-C(13)-H(13B) 109.5 
H(13A)-C(13)-H(13B) 109.5 
C(12)-C(13)-H(13C) 109.5 
H(13A)-C(13)-H(13C) 109.5 
H(13B)-C(13)-H(13C) 109.5 
C(15)-C(14)-C(12) 101.5(3) 
C(15)-C(14)-H(14A) 111.5 
C(12)-C(14)-H(14A) 111.5 
C(15)-C(14)-H(14B) 111.5 
C(12)-C(14)-H(14B) 111.5 
H(14A)-C(14)-H(14B) 109.3 
O(6)-C(15)-C(14) 113.8(3) 
O(6)-C(15)-C(1) 113.5(3) 
C(14)-C(15)-C(1) 104.2(3) 
O(6)-C(15)-H(15) 108.4 
C(14)-C(15)-H(15) 108.4 
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C(1)-C(15)-H(15) 108.4 
C(4)-O(1)-H(1O) 117(3) 
C(6)-O(2)-H(2O) 103(3) 
C(7)-O(3)-C(6) 109.0(3) 
C(11)-O(5)-C(1) 112.1(2) 
C(15)-O(6)-H(6O) 108(3) 
_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
  
Table 4. Anisotropic displacement parameters (Å2x 103) for 256. The anisotropic 
displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
______________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
______________________________________________________________________________ 
C(1) 24(2)  35(2) 23(2)  -3(1) 6(1)  -3(1) 
C(2) 36(2)  31(2) 34(2)  -5(1) 7(1)  2(1) 
C(3) 65(3)  38(2) 46(3)  -12(2) 14(2)  -4(2) 
C(4) 38(2)  39(2) 35(2)  2(2) 0(2)  -5(2) 
C(5) 64(3)  42(2) 50(3)  2(2) 5(2)  -13(2) 
C(6) 33(2)  40(2) 31(2)  1(2) 2(2)  -2(2) 
C(7) 39(2)  41(2) 41(2)  -1(2) 7(2)  7(2) 
C(8) 34(2)  40(2) 29(2)  -4(2) 9(2)  0(2) 
C(9) 28(2)  33(2) 26(2)  -4(2) 2(1)  0(1) 
C(10) 27(2)  43(2) 37(2)  -9(2) 3(2)  -2(2) 
C(11) 31(2)  35(2) 33(2)  -2(2) 2(2)  -2(2) 
C(12) 31(2)  38(2) 41(2)  2(2) 1(2)  4(2) 
C(13) 49(2)  43(2) 53(3)  -1(2) 4(2)  8(2) 
C(14) 39(2)  45(2) 34(2)  4(2) -5(2)  0(2) 
C(15) 36(2)  47(2) 22(2)  -3(2) 3(1)  -7(2) 
O(1) 31(1)  54(2) 34(1)  4(1) 2(1)  -8(1) 
O(2) 41(1)  54(2) 26(1)  4(1) 4(1)  -9(1) 
O(3) 32(1)  51(2) 37(2)  0(1) 2(1)  6(1) 
O(4) 30(1)  48(2) 49(2)  -7(1) 4(1)  -6(1) 
O(5) 26(1)  41(1) 30(1)  -6(1) 6(1)  -5(1) 
O(6) 45(2)  61(2) 26(1)  -6(1) 8(1)  -15(1) 
______________________________________________________________________________
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Table 5. Hydrogen bonds for 256 [Å and °]. 
____________________________________________________________________________ 
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
____________________________________________________________________________ 
 O(1)-H(1O)...O(2)#1 0.903(7) 1.907(10) 2.804(3) 172(4) 
 O(2)-H(2O)...O(6)#2 0.901(7) 1.830(14) 2.713(4) 166(5) 
 O(6)-H(6O)...O(4)#3 0.902(7) 1.895(18) 2.765(4) 162(5) 
____________________________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
#1 -x+2,y,-z    #2 x,y,z-1    #3 -x+1,y,-z+1  
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Table 7 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 
(Å2×103) for 256. 
____________________________________________________________________________ 

Atom x y z U(eq) 
H3A 7007 7135 3852 74 
H3B 7845 6509 4943 74 
H3C 6409 6389 4822 74 
H5A 8697 7368 2399 78 
H5B 7765 7310 844 78 
H5C 9168 7124 674 78 
H7A 5416 5858 1776 48 
H7B 6023 6742 1335 48 
H8A 8988 4610 484 41 
H8B 7741 4405 -518 41 
H10A 6111 3958 451 43 
H10B 6516 3267 1795 43 
H12 9345 4110 2892 44 

H13A 9438 2663 2934 72 
H13B 8928 2950 1167 72 
H13C 8026 2586 2428 72 
H14A 7488 3530 4877 47 
H14B 8890 3680 5460 47 
H15 8768 5105 4859 42 
H1O 10050(20) 5830(30) 2000(50) 59 
H2O 7960(40) 5690(30) -2010(40) 60 
H6O 6760(30) 4680(30) 6380(60) 65 

____________________________________________________________________________ 
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4.1 Introduction 
 

Our successful synthesis of pseudoanisatinoids detailed in Chapter III emboldened 
us to consider the potential transformations that were required to access more highly 
oxidized sesquiterpenoids in the seco-prezizaane family (Figure 4.1). As a natural 
evolution following our overarching retrosynthetic framework (Section 2.2), we wished to 
further expand the utility of (+)-cedrol (158) for the synthesis of C-12–C-14 g-lactone 
containing natural products in the majucin-subtype such as neurotrophic (–)-
jiadifenoxolane A (22) and the eponymous member (–)-majucin (7). For these 
polyoxygenated structures, not only did we have to maintain C–H functionalization of the 
C-14 and C-4 positions, we also had to achieve the additional exhaustive oxidation of 
the C-12 methyl group and hydroxylate the C-10 methylene site of the cedrane scaffold; 
these fears are no less daunting. Aside from unifying two subtypes of the Illicium 
sesquiterpenoids under an aliphatic C–H activation approach via access to the majucin 
core system from an abundant feedstock chemical like (+)-cedrol (158), we hope to also 
stimulate systematic interrogations into the intriguing neurotrophic activities displayed 
by various members of the majucinoids (Section 1.3). Together with investigations from 
fellow graduate student Matthew L. Condakes, we delineate our accounts for the 
accomplishment of these challenging goals in this Chapter.1 

 

 
Figure 4.1 Reprogramming of our retrosynthetic analysis for the synthesis of pseudo-
anisatinoids. 
 
4.2 C–H functionalization strategy to access the [3.3.3]propellane system 
 

Although the carboxylic acid directed non-heme iron(oxo) C–H activation of the C-
4 methine position was a central element of our synthesis of pseudoanisatinoids, this 
methodology was far from ideal (Section 3.3). The use of a non-commercially available 
designer iron(II) catalyst coupled with the low efficiency of the desired transformation on 
a highly functionalized substrate was disadvantageous for sake of overall material 
throughput. Hence, we considered alternative strategies for the pivotal C–H 
functionalization of the C-4 methine position. From (+)-cedrol (158), the radical-mediated 
C–H functionalization (PhI(OAc)2, I2, hn) of the C-14 methyl group was again performed 
to establish the key oxidation at this site at an early-stage (Scheme 4.1A).2 However, 
instead of isolating the intermediate ether 238 (Section 3.2), the crude reaction mixture 
was treated with acetic anhydride and phosphoric acid to furnish the desired 
trisubstituted alkene 259 via an ether bridge elimination in 64% yield on 120 mmol scale. 
This procedure was a modification of literature protocol,3 with the O-Ac functionality 
conveniently serving as a protecting group for the primary alcohol moiety. Diverting from 
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our synthesis of (+)-pseudoanisatin (6)4 and taking inspiration from Waegell’s work on 
simpler cedrane scaffolds,2d a hydroboration (BH3•THF) of the alkene group in 259 was 
accomplished, followed by direct oxidation of the intermediate borane (not shown) to 
ketone 260 through the action of Collin’s reagent (CrO3•2pyr.).5 Despite the step-
efficiency of the one-pot hydroboration/exhaustive oxidation procedure via chromium(VI), 
the use of excess toxic transition metal reagent was less than desirable. Alternatively, 
standard oxidation with H2O2 on the borane intermediate to deliver the a-hydroxyl 
product (not shown) was possible with careful temperature control to prevent unwanted 
cleavage of the O-Ac protecting group. This material could then be oxidized to 260 by 
Dess-Martin periodinane (DMP) in the presence of t-butanol.6 Stereoselective reduction 
(NaBH4) of ketone 260 gave b-alcohol 261 in 70% yield over two steps from alkene 259 
with the chromium oxidation maneuver or an overall yield of 62% by DMP oxidation.  

With b-alcohol 261 in hand, we were poised to leverage the close spatial proximity 
of the C-11 hydroxyl group to the C-4 methine position in 261. Taking advantage of this, 
upon formation of the alkoxy radical intermediate of 261 (PhI(OAc)2, I2, hn), a 1,5-HAT 
ensued followed by oxidative ether formation to provide 262 smoothly in 93% yield on 
gram scale. Although a 1,5-HAT in this fashion had been demonstrated on a similar 
substrate, we were able to steer clear of the use of transition row metal reagents along 
with promoting an increased efficiency of the desired C–H functionalization.2d At this 
stage, we had successfully incorporated the necessary oxygenations of the C-4 and C-
14 positions on the cedrane framework through repeated usage of conditions originally 
developed by the Suárez lab, demonstrating its potential power at site-selective C–H 
functionalizations of complex scaffolds. Furthermore, this methodology was vastly 
superior to the non-heme iron(oxo) C–H activation due to dramatically increased material 
throughput without the reliance on an esoteric iron catalyst.7  

Scheme 4.1 Multiple aliphatic C–H oxidations for formation of a [3.3.3]propellane core.  
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In light of the seemingly effortless C–H functionalizations of the C-4 and C-14 
positions through a 1,5-HAT process from the corresponding alkoxy radicals, a brief 
discussion on the efficiency of this process is warranted (Scheme 4.1B). In Section 2.7, 
we described an attempt at employing this chemistry on a highly-oxygenated substrate 
218, shown in Scheme 4.1B as its X-ray crystallographic structure. The O-3–C-14 
distance in this substrate was determined to be 2.872 Å, a significant departure from a 
proposed range of 2.5 to 2.7 Å of a 1,5-HAT from an initiating radical to the terminating 
atom through empirical observations during investigations by others on the steroidal 
framework.8 However, with (+)-cedrol (158), the analogous transformation occurred in 
high efficiency to furnish the desired ether 238 (Section 3.2). Although a crystal structure 
of (+)-cedrol was available from the literature,9 inadequate quality of the data prompted 
us to secure a crystal structure of 158 ourselves. The O-7–C-14 distance was measured 
to be 2.890 Å, also beyond the proposed upper limit. Furthermore, we conducted density 
functional theory (DFT) computational studies on 218 and 158 in order to obtain energy-
minimized structures in the gas phase at the B3LYP-D3(0)/6-31+G(d,p) level of theory 
(see Supporting Information). The energy-minimized structures of 218 and 158 showed 
corresponding O–C distances of 2.891 Å and 2.900 Å, respectively. The values were 
within reasonable range to that measured in the solid state, thus establishing the viability 
of this approach in the O–C distance estimation on other substrates. Applying energy-
minimization at the same level of theory on 261 provided an O-11–C-4 distance of 3.074 
Å, the largest value obtained of all three compounds. Since all the measured and 
calculated distances were above the maximum threshold, we propose that in non-
steroidal and rigid frameworks found in 158 and 261, a 1,5-HAT of distances up to 3 Å 
is in general possible. As for compound 218, we believe the instability of radical 
intermediates toward adjacent C–C bond scission as well as ring strain for the formation 
of the desired product to be instrumental in the approach’s demise.10 

Moving forward, in order to construct the [3.3.3]propellane system, the cleavage of 
the C-11–C-6 bond had to be achieved (Scheme 4.1A). This was attained on gram scale 
with in situ RuO4 per-oxidation of the C-11 and C-6 positions.11 This impressive 
transformation was proposed to proceed through initial hydroxylation at the C-6 site to 
provide alcohol 263, isolable at low reaction conversions. A subsequent directed C–H 
oxidation of the neighboring C-11 position ensued to give transient diol 264. Final 
oxidative scission of the C-11–C-6 bond furnished keto-lactone 265 in 72% yield.11-12 
Closer inspection of the reaction mixture revealed a peculiar overoxidation byproduct 
266 in 7% yield. This material could potentially be another entry point to further higher 
oxidized sesquiterpenoids bearing the C-1 hydroxyl group (see Section 2.4). Thus far, 
we have employed four aliphatic C–H functionalizations en route to keto-lactone 265 
from (+)-cedrol (158). Moreover, the O-Ac protecting group proved reliable in masking 
the C-14 alcohol group under strongly oxidizing conditions without incident while the O-
Me derivatives did not survive. These robust transformations allowed large-scale access 
to the [3.3.3]propellane system, which will be rearranged to the [4.3.4]propellane core 
bearing the seco-prezizaane scaffold in the next section.  
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4.3 Construction of the majucinoid scaffold and a formal synthesis of (–)-
jiadifenolide 
 
The majucinoid scaffold bears a characteristic C-12–C-14 g-lactone bridge that had 

to be forged. Inspired by Reisman’s recent synthesis of (+)-ryanodol,13 a remarkable 
oxidation of all C–H bonds a to the ketone group in 266 was accomplished under 
anhydrous Riley oxidation conditions (Scheme 4.2).14 Not only was SeO2 capable of 
oxidizing the C-12 methyl group a to the ketone into the corresponding aldehyde 
functionality,14a,15 subsequent oxidation to the carboxylic acid oxidation state was also 
facile.16 This was accompanied by desaturation at the a’ position into the corresponding 
enone to produce unsaturated keto-ester 267 upon an one-pot methylation of the acid 
moiety.14a,d,17 Hence, in a single step, a total of four oxidations including the prerequisite 
ester motif for the formation of the C-12–C-14 lactone bridge were installed on 265, 
underscoring the potential of this underutilized reagent for a rapid and efficient 
establishment of densely oxidized functionalities. Compound 267 was then treated with 
L-selectride to effect non-diastereoselective 1,2-reduction of the enone group. 
Quenching of the crude reaction mixture with KOH in methanol facilitated a cascade 
process involving isomerization of the intermediate allylic alcohols with concomitant 
deacetylation and d-lactone formation between C-12 and C-14. Enol 268 was afforded 
in 50% yield from 267 in a mere two steps and an X-ray crystallographic structure was 
obtained to verify the structural assignment. We were now poised to investigate the 
rearrangement of the 5,5,5,6-core in 268 to the corresponding 5,5,6,5 majucinoid system.  

To reconstitute the seco-prezizaane scaffold from 268, we turned to the a-ketol 
rearrangement that has served us admirably in the last two Chapters. Epoxidation of the 
C-7–C-6 double bond was found to be challenging due to the sensitive highly-
electrophilic nature of the resulting a-ketol intermediate 269 formed after oxirane 
opening. Standard epoxidizing agents were not viable because of the inherently acidic 
or basic conditions required. It was finally found that dimethyldioxirane (DMDO) could 
provide the unstable ketol 269 as a single diastereomer under neutral reaction 
conditions.18 The reactivity of ketol 269 to acidic or basic media also precluded reagent-
mediated a-ketol rearrangements.19 Fortunately, it was discovered that upon microwave 
irradiation in a,a,a-trifluorotoluene at elevated temperature, ketol 269 smoothly 
converted to the desired majucinoid scaffold 100. Although solvents such as pyridine or 
diglyme also facilitated the rearrangement, PhCF3 was found to provide 100 cleanly with 
ease of solvent removal. Intramolecular hydrogen-bonding has been proposed to 
promote these types of purely thermal conditions based on literature precedent,19 and in 
our case, the observed diastereoselectivity of the product coincided well with a 
hydrogen-bonded transition state. More stereochemical considerations conducted by 
M.L.C. can be found in our publication1 or the forthcoming Ph.D. Dissertation of M.L.C.20 
Moving forward, directed reduction (Me4NBH(OAc)3) of the ketol group in 100 produced 
trans-diol 101 as a single diastereomer in 64% yield over three steps from enol 268. This 
compound also intercepted Shevni’s 2015 synthesis of (–)-jiadifenolide (16, see Section 
1.4.7),21 thus completing a formal synthesis of the natural product in an expedient 
manner. 
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Scheme 4.2 Formal synthesis of (–)-jiadifenolide (16).  
 
4.4 Total synthesis of (–)-3,4-dehydroneomajucin, (–)-neomajucin, (–)-majucin, (–)-

jiadifenoxolane A, and a formal synthesis of (–)-jiadifenin and (–)-ODNM 
 

From trans-diol 101, in order to reach a broad range of majucin-type Illicium 
sesquiterpenoids (see Figure 1.3), the inversion of the C-4 stereocenter to the a-hydroxyl 
configuration needed to be achieved (Scheme 4.3A). Initially, selective elimination of the 
C-4–C-11 g-lactone could proceed through exhaustive silylation of the trans-diol group 
in 101 followed by treatment with Me3OBF4 (see Sections 2.6 and 3.3). However, a direct 
transformation without protecting group manipulations was more enticing. Common 
acids and bases at elevated temperature were screened at this stage in attempts to 
optimize the desired translactonization and dehydration of 101. Strongly acidic media 
was necessary to exact this type of reactivity from 101. Although both triflic acid and 
triflic anhydride could promote formation of alkene 270, the efficiencies of both reagents 
were low (ca. 20 to 30% yield), which was further compounded with observation of 
undesired byproducts. Ultimately, it was discovered that the use of p-toluenesulfonic 
acid (TsOH•H2O) at elevated temperature with a nucleophilic solvent (n-BuOH), which 
seemed crucial to facilitate the translactonization, could provide alkene 270 cleanly in 
71% yield. On large-scale, a Dean-Stark apparatus was required to drive reaction 
equilibrium toward the dehydrated product. Conversion of alkene 270 to (–)-ODNM (24) 
and (–)-jiadifenin (14) in two and three steps, respectively, was in turn shown by 
Theodorakis et al. in 2013.22 Therefore, we have demonstrated the application of an 
oxidative strategy from the commercial chemical (+)-cedrol (158) to formally access (–)-
14, (–)-16, and (–)-24, all of which were highly coveted neurotrophic natural products in 
the majucin subtype (see Section 1.3).22-23 

Unsatisfied with the oxidation state of alkene 270 and motivated by the eagerness 
for the total synthesis of majucinoid targets that have yet to be completed, we advanced 
to the hydroxylation of the C-10 site in 270. Although this known transformation was 
accomplished through Davis’ oxaziridine in the literature,22 we found that purification of 
the organic reagent byproduct proved problematic, an issue the original authors also 
encountered. Furthermore, the unwanted reagent byproducts exerted a deleterious 
effect on subsequent transformations if carried forth with a-alcohol 271 (vide infra). 
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Hence, we investigated alternative strategies for the hydroxylation of C-10 on 270.18 
While a Rubottom-type sequence was effective at inducing this chemistry through a silyl 
ketene acetal intermediate (not shown),24 this approach was plagued with material 
recovery of 270 and the purification of the organic oxidant involved. Seeking inorganic 
reagents to obviate this issue, the enolate hydroxylation of 270 through the action of 
molybdenum (VI) complex oxodiperoxymolybdenum(pyridine)-(hexamethylphosphoric 
triamide) (MoOPH) was found to cleanly provide 271.25 In contrast to reports utilizing 
Davis’ oxaziridine, we found that the lithium counteranion was superior to sodium or 
potassium in terms of the yield of the desired hydroxylated product 271.26 Moreover, 
slightly lowered base equivalency (2.5 equiv LiHMDS) in conjunction with freshly 
prepared MoOPH reagent27 could improve the yield of 271 from 65% in our publication 
to 88%.1 Interestingly, we observed a C-10 a-ester-ketone overoxidation side-product 
(not shown) that was potentially advantageous to subsequent transformations (vide 
infra).25a,26-27 However, attempts at optimizing the formation of this compound was 
unsuccessful.  

Next, to arrive at natural products such as (–)-majucin (7) and (–)-jiadifenoxolane A 
(22), the secondary alcohol group at C-10 in 271 required inversion. Originally, this was 
achieved through a two-step oxidation (DMP) and stereoselective reduction (NaBH4) 
from the convex face to deliver isomeric alcohol (–)-3,4-dehydroneomajucin (272), a 
natural product itself.28 Unfortunately, efforts to epimerize a-alcohol 271 to b-alcohol 272 
directly under acidic or basic conditions were uniformly ineffective. In our search for a 
one-step inversion process, we speculated that a transfer hydrogenation mechanism 
through transition metal catalysis was well-suited for our purposes.29 To our delight, a 
methodology recently developed by the Hartwig group employing ruthenium catalyst 
[Ru2(PEt)6(OTf)3][OTf] and N-methylmorpholine (NMM) was found to oxidize the hindered 

Scheme 4.3 Total and formal synthesis of majucinoids.  
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secondary alcohol group in 271 to the corresponding a-ester-ketone intermediate (not 
shown).30 Subsequent treatment with isopropanol as hydrogen donor smoothly delivered 
b-alcohol 272 without incident. Improving upon our published conditions, lowering the 
loading of the dimeric catalyst to 5 mol% and a 10 mol% of NMM furnished 272 in 87% 
yield. From this late-stage intermediate, simple hydration of the trisubstituted alkene 
group in 272 via Mn(III) catalysis produced neurotoxic31 natural product (–)-neomajucin 
(8) in 50% yield as the sole observable diastereomer,32 in contrast to the poor selectivity 
seen on a similar substrate in Section 3.4. Iron phthalocyanine (FePc) was also 
competent for this transformation, albeit with poor conversion.33 We believe the caged 
architecture of the majucin scaffold presumably prevented approach of the metal 
catalyst from the undesired b face. Cognizant of other related majucinoid targets 
potentially obtainable from 272, we briefly explored further transformations from this 
material (Scheme 4.3B). Regrettably, allylic oxidation of the alkene group in 272 to 
provide 273 was fraught with difficulty due to the oxidation-prone C-10 position. Classic 
conditions utilizing manganese,22 ruthenium,34 rhodium,35 hypervalent iodine,36 and 
selenium14a,d were not fruitful. Furthermore, treatment of 272 under various singlet 
oxygen generating conditions with sensitizers such as rose bengal, methylene blue, or 
tetraphenylporphyrin failed to deliver alcohol 274.37 Meanwhile, simple osmium-
mediated dihydroxylation (OsO4•TMEDA) of 272 smoothly gave (–)-majucin (7) in 61% 
yield (see Section 3.4). An X-ray crystallographic structure was obtained for this 
crystalline material. From (–)-majucin (7), regioselective mesylation (MsCl, pyr.) of the 
more accessible C-3 secondary hydroxyl group followed by heating delivered 
neurotrophic23c target (–)-jiadifenoxolane A (22) in 92% yield (see Section 3.4). 
 
4.5 Summary and conclusion 

 
To conclude, we have demonstrated in this Chapter a total synthesis of majucinoid 

natural products (–)-majucin (7), (–)-3,4-dehydroneomajucin (272), (–)-neomajucin (8), 
and (–)-jiadifenoxolane A (22), along with a formal synthesis of (–)-jiadifenolide (16), (–)-
jiadifenin (14) and (–)-ODNM (24, Scheme 4.4). We have successfully expanded upon (+)-
cedrol (x) as a versatile synthetic platform for not only the pseudoanisatinoids (see 
Chapter III), but also the majucin-type scaffold. Two subtypes of the seco-prezizaane 
natural products in the Illicium genus have now been unified under a single oxidative 
approach. In our synthesis of the majucinoids, we have circumvented the use of a 
designer non-heme iron catalyst for the C–H activation of the C-4 methine position. 
Instead, radical-mediated strategies served us to great success in the C–H 
functionalization of the C-14 methyl site in 158 and the C-4 methine C–H bond in 261. 
Furthermore, ruthenium catalyzed C–H activation was capable of constructing the 
[3.3.3]propellane core from 262 in a transformation involving a net three oxidation state 
increase. On top of this, SeO2 oxidation of 265 provided the requisite oxidation states 
for the eventual formation of the majucin-type lactone framework. This impressive and 
productive reaction resulted in a net four oxidation state increase from 265 in a single 
step. Skeletal reorganization via the venerable a-ketol rearrangement then led us to the 
full seco-prezizaane ring system. Finally, late-stage oxidative transformations cleared the 
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path to a total of seven natural products in the majucinoid family, including the first 
chemical synthesis of (–)-3,4-dehydroneomajucin (272), (–)-neomajucin (8), (–)-
jiadifenoxolane A (22), and the eponymous member (–)-majucin (7). In total, a net 10 
oxidation state increase over 14 steps with 3.2% overall yield provided (–)-majucin (7) 
from (+)-cedrol (158). Notwithstanding the achievement of this challenging synthesis, we 
will discuss our inroads to other Illicium sesquiterpenoids in the next Chapter. 
 

 
Scheme 4.4 Main scheme for a total and formal synthesis of majucinoids. 
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SI 3.1 General procedures 
 

All reactions were performed in flame- or oven-dried glassware under a positive 
pressure of nitrogen or argon, unless otherwise noted. Air- and moisture-sensitive liquids 
were transferred via syringe. Volatile solvents were removed under reduced pressure 
rotary evaporation below 35 ℃. Analytical and preparative thin-layer chromatography 
(TLC) were performed using glass plates pre-coated with silica gel (0.25-mm, 60-Å pore 
size, Silicycle SiliaPlateTM or MilliporeSigma TLC Silica gel 60 F254) and impregnated with 
a fluorescent indicator (254 nm). TLC plates were visualized by exposure to ultraviolet 
light (UV) and then were stained by submersion in an ethanolic anisaldehyde solution or 
an ethanolic phosphomolybdic/cerium sulfate solution or basic aqueous potassium 
permanganate solution, followed by brief heating on a hot plate. Flash column 
chromatography was performed employing silica gel purchased from Silicycle 
(SiliaFlash®, 60 Å, 230-400 mesh, 40-63 μm). Reaction conditions employing microwave 
heating were performed with Biotage® Initiator EXP US Microwave Synthesizer & Initiator 
Robot Eight. Extended reaction times at low temperature were maintained with 
ThermoScientificTM EK 90 Immersion Cooler (cryocool).  

(+)-Cedrol purchased from Sigma-Aldrich was recrystallized from MeOH/H2O. The 
recrystallized material was found to have an optical rotation of [𝛼]$%&	= +9.6 (c 5, CHCl3). 
This value corresponds to 97% ee when compared to the Merck Index value for 
enantiopure cedrol ([𝛼]$%& = +9.9, c 5, CHCl3), and 91% ee when compared to the value 
reported by Sigma Aldrich ([𝛼]$%&  = +10.5, c 5, CHCl3). (+)-Cedrol purchased from 
Parchem was used directly as received. The crystalline material was found to have an 
optical rotation of [𝛼]$%& = +11.9 (c 5, CHCl3).  

Anhydrous tetrahydrofuran (THF) and dichloromethane (DCM) were obtained by 
passing these previously degassed solvents through activated alumina columns. 
Tetramethylethylenediamine (TMEDA) and isopropanol (i-PrOH) was distilled over 
calcium hydride and i-PrOH was degassed prior to use. Dess-Martin periodinane (DMP) 
was prepared from 2-iodobenzoic acid per literature procedure.1 Dimethyldioxirane was 
synthesized according to literature protocol.2 Fresh oxodiperoxymolybdenum(pyridine)-
(hexamethylphosphoric triamide) (MoOPH) was obtained via established procedure.3 
Catalyst [Ru2(PEt)6(OTf)3][OTf] was generously provided by Professor John F. Hartwig 
and Christopher K. Hill. All other solvents and reagents were purchased at the highest 
commercial grade and were used as received, without further purification. Concentration 
of the reaction mixture was calculated with respect to the starting material unless 
otherwise specified.  

Proton nuclear magnetic resonance (1H NMR) spectra and carbon nuclear 
magnetic resonance (13C NMR) spectra were recorded on Bruker AVB 400 (400 MHz/101 
MHz), Bruker AV 500 (500 MHz/126 MHz), Bruker DRX 500 (500 MHz/126 MHz), Bruker 
AV 600 (600 MHz/151 MHz) NMR, Bruker AV 700 (700 MHz/176 MHz), and Bruker 900 
(900 MHz/226 MHz) spectrometers at 23 ℃. Proton chemical shifts are expressed as 
parts per million (ppm, δ scale) and are referenced to residual protium in the NMR solvent 
(C5D4HN: δ 8.74, CHCl3: δ 7.26, CD2HOD: δ 3.31), except where otherwise indicated. 
Carbon chemical shifts are expressed as parts per million (ppm, δ scale) and are 
referenced to the carbon resonance of the NMR solvent (C5D5N: δ 150.35, CDCl3: δ 77.16, 
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CD3OD: 49.15), except where otherwise indicated. Data are represented as follows: 
chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, p =pentet, dd 
= doublet of doublets, dt = doublet of triplets, m = multiplet, br = broad), coupling 
constant (J) in Hertz (Hz), and integration. Infrared (IR) spectra were recorded on a Bruker 
Alpha FT-IR spectrometer as thin films and are reported in frequency of absorption (cm–

1). Melting points were determined using a MEL-TEMP II apparatus and are uncorrected. 
Optical rotations were recorded on a Perkin Elmer polarimeter, model 241. High-
resolution mass spectra were obtained at the QB3/Chemistry Mass Spectrometry 
Facility at University of California, Berkeley using a Thermo LTQ-FT mass spectrometer, 
Waters AutoSpec Premier mass spectrometer, and at the Lawrence Berkeley National 
Laboratory Catalysis Center using a Perkin Elmer AxION 2 TOF mass spectrometer with 
electrospray ionization (ESI), electron ionization (EI), and chemical ionization (CI) 
techniques. X-ray diffraction data for all compounds were collected at the Small 
Molecule X-ray Crystallography Facility (CheXray) at University of California, Berkeley 
using a Bruker MicroSTAR-H APEX II X-ray source.  

 
SI 3.2 Experimental procedures and characterization data 
 

The following experimental procedures and characterization data are only 
provided for select compounds mentioned in Chapter IV. All other information can be 
found in the Supporting Information of our publication4 or the forthcoming Ph.D. 
Dissertation of Matthew L. Condakes.5 

 
Ketone 100.6 Enol lactone 268 (280 mg, 1.01 mmol, 1.0 equiv) was 
dissolved in DMDO solution (ca. 0.06 M in acetone, 25 mL, 1.5 equiv) at 
room temperature. The solution was stirred for 12 h before being 
concentrated directly. The intermediate a-ketol was extremely sensitive 
and thus was not subjected to additional work-up or purification. The 

crude residue was transferred to a microwave vial and suspended in a,a,a-
trifluorotoluene (20.0 mL, 0.05 M). The vial was sealed and heated in the microwave 
reactor at 170 ℃ for 2 h. The solution was concentrated, and the crude ketone 100 was 
typically of sufficient purity to be used in the subsequent step without further purification 
(quantitative yield assumed). An analytical sample of ring shift ketone 100 was isolated 
by preparative TLC (50% EtOAc in hexanes). Characterization data were in agreement 
with previously reported values. [𝛼]$%& = –137 (c 1.0, CHCl3);  1H NMR (500 MHz, CDCl3) δ 
4.46 (d, J = 10.5 Hz, 1H), 4.33 (d, J = 10.5 Hz, 1H), 4.30 (s, 1H), 2.99 (d, J = 19.5 Hz, 1H), 
2.79 (d, J = 13.6 Hz, 1H), 2.70 (d, J = 13.6 Hz, 1H), 2.54 (d, J = 19.5 Hz, 1H), 2.08 (dd, J 
= 14.3, 5.4 Hz, 1H), 1.76 (ddd, J = 13.0, 6.0, 5.4 Hz, 1H), 1.67 (dqd, J = 13.0, 6.7, 6.0 Hz, 
1H), 1.51 (ddd, J = 14.3, 13.0, 6.0 Hz, 1H), 1.44 (s, 1H), 1.18 (qd, J = 13.0, 5.4 Hz, 1H), 
1.01 (d, J = 6.7 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 201.0, 174.1, 171.1, 96.8, 82.2, 
75.1, 52.4, 51.9, 45.6, 43.7, 37.4, 35.7, 29.5, 18.5, 13.7; IR (thin film) nmax: 3435, 2963, 
1767, 1723, 1175 cm–1; HRMS (ESI) calcd for C15H18O6Na [M+Na]+: 317.1001, found: 
317.1005.  
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Diol 101.6 The following procedure is modified from conditions reported 
in the literature for this transformation.6 Crude ring shift ketone 100 (ca. 
290 mg, 1.0 mmol, 1.0 equiv) was dissolved in MeCN/AcOH (3:1 v:v, 
10.0 mL, 0.1 M) and cooled to –40 ℃. Me4NBH(OAc)3 (1.8 g, 7.0 mmol, 
7.0 equiv) was added and the solution was stirred at that temperature 
for 16 h. The reaction mixture was diluted with EtOAc (25 mL) and 

quenched by the addition of sat. aq. NaHCO3 (10 mL). The layers were separated, and 
the organic layer was further washed with sat. aq. NaHCO3 (1 x 10 mL) and brine (1 x 10 
mL), dried over Na2SO4, filtered, and concentrated. The crude residue was purified by 
flash column chromatography (50% → 75% EtOAc in hexanes) to afford diol 101 (190 
mg, 0.64 mmol, 64% yield over three steps from 268), a white solid (mp: 183 – 185 ℃, 
bp: 212 – 215 ℃), as a single diastereomer. Characterization data were in agreement 
with the previously reported values. [𝛼]$%& = –118.0 (c 0.5, MeOH); 1H NMR (500 MHz, 
CDCl3) δ 4.31 (d, J = 9.9 Hz, 1H), 3.96 (dd, J = 11.7, 4.1 Hz, 1H), 3.91 (d, J = 9.9 Hz, 1H), 
2.84 (d, J = 19.7 Hz, 1H), 2.81 (d, J = 19.7 Hz, 1H), 2.13 (dp, J = 13.2, 6.8 Hz, 1H), 2.02 
(dd, J = 13.7, 5.6 Hz, 1H), 1.95 (dd, J = 14.4, 4.1 Hz, 1H), 1.88 – 1.72 (m, 3H), 1.27 (s, 
3H), 1.15 (qd, J = 12.5, 5.4 Hz, 1H), 1.04 (d, J = 6.8 Hz, 3H); 13C NMR (126 MHz, CDCl3) 
δ 178.2, 177.7, 100.1, 81.1, 75.1, 73.6, 50.4, 50.2, 45.0, 39.0, 38.5, 37.0, 31.4, 19.2, 15.2; 
IR (thin film) nmax: 3431, 2958, 1762 cm–1; HRMS (ESI) calcd for C15H20O6Na [M+Na]+: 
319.1158, found: 319.1151.  

 
Alkene 270.7 Diol 101 (82 mg, 0.27 mmol, 1.0 equiv) was dissolved in n-
BuOH (8.0 mL, 0.03 M) and TsOH•H2O (113 mg, 0.594 mmol, 2.2 equiv) 
was added. The solution was heated at 150 ℃ for 26 h. The reaction 
mixture was cooled to room temperature and directly concentrated. The 
crude residue was purified by flash column chromatography (30% → 

45% EtOAc in hexanes) to afford alkene 270 (55 mg, 0.20 mmol, 71%) as a white foam. 
Characterization data were in agreement with the previously reported values. [𝛼]$%& = –
70.0 (c 0.3, CHCl3); 1H NMR (600 MHz, CD3OD) δ 5.97 (dd, J = 3.4, 1.7 Hz, 1H), 4.73 (dd, 
J = 4.6, 1.5 Hz, 1H), 4.01 (d, J = 9.8 Hz, 1H), 3.74 (br d, J = 9.8 Hz, 1H), 2.70 (d, J = 18.4 
Hz, 1H), 2.42 (ddd, J = 15.3, 6.7, 3.4 Hz, 1H), 2.42 (dd, J = 18.4, 2.8 Hz, 1H), 2.19 (dd, J 
= 13.8, 4.6 Hz, 1H), 2.09 (dp, J = 10.8, 6.7 Hz, 1H), 2.04 (ddd, J = 15.3, 10.8, 1.7 Hz, 1H), 
1.89 (ddd, J = 13.8, 2.8, 1.5 Hz, 1H), 1.32 (br s, 3H), 1.06 (d, J = 6.7 Hz, 3H); 13C NMR 
(151 MHz, CD3OD) δ 178.9, 172.6, 148.0, 130.6, 81.3, 78.1, 76.7, 46.3, 46.1, 43.4, 38.5, 
38.4, 30.9, 22.6, 13.8; IR (thin film) nmax: 3412, 2958, 1772, 1739, 1366 cm–1; HRMS (ESI) 
calcd for C15H18O5Na [M+Na]+: 301.1052, found: 301.1055. 
 

a-Alcohol 271.7 Alkene 270 (48.5 mg, 0.17 mmol, 1.0 equiv) was 
dissolved in THF (1.7 mL, 0.1 M) and cooled to –78 ℃. LHMDS (1.0 M in 
THF, 0.44 mL, 0.44 mmol, 2.5 equiv) was added and the solution was 
stirred for 30 min. MoOPH (370 mg, 0.87 mmol, 5.0 equiv) was added in 
a single portion and the solution was allowed to slowly warm to 0 ℃. The 
reaction mixture was stirred for 2 h and then was quenched with HCl (1 

M, 5.0 mL). EtOAc (5.0 mL) was added and the layers were separated. The aqueous layer 
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was extracted with EtOAc (2 x 5.0 mL). The combined organic layers were washed with 
saturated aq. Na2S2O3 (1 x 5.0 mL) and brine (1 x 5.0 mL), dried over Na2SO4, filtered, 
and concentrated. The crude residue was purified by flash column chromatography 
(50% → 75% Et2O in hexanes) to afford a-alcohol 271 (45 mg, 0.15 mmol, 88%) as a 
white foam. Characterization data were in agreement with the previously reported values. 
[𝛼]$%& = –64.7 (c 0.3, MeOH); 1H NMR (700 MHz, CD3OD) δ 6.14 (dd, J = 3.8, 1.7 Hz, 1H), 
4.72 (dd, J = 5.0, 1.2 Hz, 1H), 4.05 (d, J = 1.6 Hz, 1H), 3.98 (d, J = 9.8 Hz, 1H), 3.73 (br 
d, J = 9.8 Hz, 1H), 2.79 (dd, J = 13.8, 5.0 Hz, 1H), 2.37 (ddd, J = 16.1, 7.0, 3.8 Hz, 1H), 
2.19 (ddd, J = 16.1, 11.0, 1.7 Hz, 1H), 2.10 (dqd, J = 11.0, 7.3, 7.0 Hz, 1H), 1.75 (ddd, J 
= 13.8, 1.6, 1.2 Hz, 1H), 1.30 (br s, 3H), 1.22 (d, J = 7.3 Hz, 3H); 13C NMR (176 MHz, 
CD3OD) δ 179.2, 172.5, 146.2, 134.3, 81.5, 77.18, 77.16, 70.8, 50.8, 49.5, 43.0, 38.5, 
24.5, 24.3, 16.5; IR (thin film) nmax: 3434, 2959, 1766, 1728, 1369 cm–1; HRMS (ESI) calcd 
for C15H18O6Na [M+Na]+: 317.1001, found: 317.1011. 

 
(–)-3,4-Dehydroneomajucin (272).8 Operations for this reaction were 
carried out in a nitrogen-filled glove box. a-Alcohol 271 (45 mg, 0.15 
mmol, 1.0 equiv), [Ru2(PEt3)6(OTf)3](OTf) (11.5 mg, 0.0076 mmol, 5 
mol%), and N-methylmorpholine (1.7 µL, 0.015 mmol, 10 mol%) were 
combined and dissolved in TFE/p-dioxane (1:1 v:v, 1.5 mL, 0.1 M). 
The solution was heated at 120 ℃ for 18 h. At this point, the solution 
was cooled to room temperature. Degassed, anhydrous i-PrOH (35 

µL, 0.46 mmol, 3.0 equiv) was added. The solution was heated at 120 ℃ for an additional 
5 h. The reaction mixture was cooled to room temperature and concentrated directly. 
The crude residue was purified by flash column chromatography (50% → 75% → 100% 
Et2O in hexanes) to afford epimeric (–)-3,4-dehydroneomajucin (272, 39 mg, 0.13 mmol, 
87%), a white solid (mp > 250 ℃), as a single diastereomer. Characterization data were 
in agreement with the previously reported values. [𝛼]$%& = –23.0 (c 0.1, MeOH); 1H NMR 
(600 MHz, CD3OD) δ 6.08 (dd, J = 3.3, 1.7 Hz, 1H), 4.60 (d, J = 4.0 Hz, 1H), 4.21 (s, 1H), 
3.93 (d, J = 10.3 Hz, 1H), 3.89 (d, J = 10.3 Hz, 1H), 2.33 (ddd, J = 15.1, 7.9, 3.3 Hz, 1H), 
2.29 (dd, J = 14.1, 4.0 Hz, 1H), 2.17 (ddd, J = 15.1, 10.4, 1.7 Hz, 1H), 2.10 (ddq, J = 10.4, 
7.9, 6.8 Hz, 1H), 1.94 (d, J = 14.1 Hz, 1H), 1.35 (s, 3H), 1.18 (d, J = 6.8 Hz, 3H); 13C NMR 
(151 MHz, CD3OD) δ 178.9, 176.1, 141.8, 133.7, 80.8, 78.5, 76.0, 72.3, 50.9, 46.7, 43.3, 
40.3, 32.1, 22.8, 13.5. IR (thin film) nmax: 3443, 2958, 1770, 1729, 1634, 1368; HRMS (ESI) 
calcd for C15H18O6Na [M+Na]+: 317.1001, found: 317.1004. 
 

(–)-Neomajucin (8).9 In a reaction tube containing alkene 272 (4.5 mg, 
0.015 mmol, 1.0 equiv) and Mn(dpm)3 (1.9 mg, 0.0031 mmol, 20 mol%) 
was added anhydrous DCM/i-PrOH (4:1 v:v, 0.3 mL, 0.05 M) followed 
by TBHP (ca. 5 M in decane, 4.6 µL, 0.023 mmol, 1.5 equiv) and then 
PhSiH3 (3.8 µL, 0.031 mmol, 2.0 equiv) at 0 ℃. Dry O2 gas was bubble 
through the mixture for 1.0 minute then the reaction tube was kept in 
a positive O2 atmosphere. Vigorous stirring was continued for 20 h at 

0 ℃. Then, Na2S2O3 (1.0 mL) and EtOAc (1 mL) were added, the layers were separated, 
and the aqueous layer was further extracted with EtOAc (3 x 1.0 mL). The combined 
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organic layers were washed with brine (1 x 5.0 mL), dried over Na2SO4, and concentrated 
in vacuo. The crude residue was purified by preparative TLC (50% EtOAc in hexanes) to 
afford (–)-neomajucin (8, 2.4 mg, 0.0075 mmol, 50% yield) as a white foam. NMR 
samples for this compound were referenced to an internal standard of tetramethylsilane 
(δ = 0.00). Characterization data were in agreement with the previously reported values. 
[𝛼]$%& = –45.2 (c 0.25, p-dioxane); 1H NMR (600 MHz, C5D5N) δ 8.76 (d, J = 5.0 Hz, OH, 
1H), 8.49 (s, OH, 1H), 5.73 (s, OH, 1H), 5.12 (dd, J = 3.4, 2.5 Hz, 1H), 5.02 (d, J = 11.0 
Hz, 1H), 4.67 (d, J = 5.0 Hz, 1H), 4.19 (d, J = 11.0 Hz, 1H), 3.01 (dd, J = 14.3, 2.5 Hz, 1H), 
2.90 (q, J = 8.8, 7.0 Hz, 1H), 2.40 (td, J = 11.7, 6.4 Hz, 1H), 2.29 (dtd, J = 12.2, 9.4, 6.4 
Hz, 1H), 2.00 (dd, J = 14.3, 3.4 Hz, 1H), 2.00 – 1.95 (m, 1H), 1.91 (tdd, J = 11.7, 8.8, 2.5 
Hz, 1H), 1.70 (s, 3H), 1.18 (d, J = 7.0 Hz, 3H); 13C NMR (151 MHz, C5D5N) δ 177.8, 175.1, 
83.9, 80.7, 79.7, 72.6, 70.7, 50.9, 47.5, 39.4, 31.7, 31.6, 27.4, 21.5, 14.4; IR (thin film) 
nmax: 3384, 2932, 1767, 1718, 1371, 1223, 1120, 1085, 998, 752 cm–1; HRMS (ESI) calcd 
for C15H19O7 [M–H]–: 311.1136, found: 311.1134.  
 

(–)-Majucin (7).9c TMEDA (5.6 µL, 0.037 mmol, 1.0 equiv) and OsO4 
(9.5 mg, 0.037 mmol, 1.0 equiv) were combined in DCM (3.7 mL) at –
78 ℃, creating a bright orange-red solution. The so-prepared 
OsO4•TMEDA solution was quickly added via syringe into neat alcohol 
272 (11 mg, 0.037 mmol, 1.0 equiv) at –78 ℃ and the reaction mixture 
was slowly warmed up to 0 ℃ over 2 h, upon which the solution had 

turned completely golden-brown. Water (3.7 mL) was added directly to the reaction 
mixture, followed by sodium bisulfite (40 mg, 0.37 mmol, 10.0 equiv). The resulting 
biphasic mixture was vigorously stirred at room temperature for 16 h. During this time, 
the organic layer gradually turned colorless, while the aqueous phase turned a deep 
purple. HCl (2 M, 5.0 mL) and EtOAc (5.0 mL) were added and the layers were separated. 
The aqueous layer was further extracted with EtOAc (5 x 5.0 mL). The combined organic 
layers were washed with brine (1 x 10 mL), dried over Na2SO4, filtered, and concentrated. 
The crude residue was purified by preparative TLC (100% EtOAc) to afford (–)-majucin 
(7, 7.5 mg, 0.023 mmol, 61%), a white solid (mp = 248 – 250 ℃), as a single diastereomer. 
NMR samples for this compound were referenced to an internal standard of 
tetramethylsilane (δ = 0.00). Characterization data were in agreement with the previously 
reported values. [𝛼]$%& = –60.7 (c 0.15, p-dioxane); 1H NMR (700 MHz, C5D5N) δ 8.96 (br 
d, J = 4.7 Hz, 1H), 8.41 (br s, 1H), 6.94 (br s, 1H), 5.25 (br s, 1H), 5.21 (br dd, J = 9.1, 4.3 
Hz, 1H), 5.15 (dd, J = 3.4, 2.4 Hz, 1H), 5.12 (br d, J = 10.9 Hz, 1H), 4.66 (d, J = 4.7 Hz, 
1H), 4.31 (d, J = 10.9 Hz, 1H), 3.12 (dd, J = 14.2, 2.4 Hz, 1H), 3.03 (ddq, J = 10.3, 9.1, 
7.0 Hz, 1H), 2.48 (dt, J = 12.8, 9.1 Hz, 1H), 2.22 (ddd, J = 12.8, 10.3, 4.3 Hz, 1H), 2.05 
(dd, J = 14.2, 3.4 Hz, 1H), 1.95 (br s, 3H), 1.11 (d, J = 7.0 Hz, 3H); 13C NMR (151 MHz, 
C5D5N) δ 177.9, 174.9, 82.9, 80.7, 80.0, 72.7, 72.5, 70.4, 51.6, 47.6, 43.0, 38.2, 27.1, 
20.9, 14.2. IR (thin film) nmax: 3390, 2936, 1719, 1077; HRMS (ESI) calcd for C15H19O8 [M–
H]–: 327.1085, found: 327.1082. 
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(–)-Jiadifenoxolane A (22).10 (–)-Majucin (7, 3.0 mg, 0.009 mmol, 1.0 
equiv) and pyridine (7.4 µL, 0.09 mmol, 10.0 equiv) were dissolved in 
1,2-dichloroethane (0.3 mL). MsCl (3.6 µL, 0.045 mmol, 5.0 equiv) was 
added and the solution was stirred for 2 h at room temperature. At 
this point, the reaction mixture was heated to 80 ℃ and stirred at that 
temperature for 15 h. The solution was cooled to room temperature 
and HCl (1 M, 1.0 mL) and EtOAc (2.0 mL) were added. The aqueous 

layer was further extracted with EtOAc (5 x 2.0 mL). The combined organic layers were 
washed with brine (1 x 10 mL), dried over Na2SO4, filtered, and concentrated. The crude 
residue was purified by preparative TLC (100% EtOAc) to afford (–)-jiadifenoxolane A (22, 
2.6 mg, 0.008 mmol, 92%) as an amorphous white solid. Characterization data were in 
agreement with the previously reported values. [𝛼]$%& = –62.0 (c 0.1, MeOH); 1H NMR 
(600 MHz,CD3OD) δ 4.71 (br d, J = 11.2 Hz, 1H), 4.67 (br d, J = 3.8 Hz, 1H), 4.37 (s, 1H), 
4.09 (br s, 1H), 4.01 (d, J = 11.2 Hz, 1H), 2.60 (dqd, J = 10.3, 7.1, 5.5 Hz, 1H), 2.30 (br 
dd, J = 13.2, 10.3 Hz, 1H), 2.23 (br d, J = 14.6 Hz, 1H), 2.15 (dd, J = 14.5, 3.5 Hz, 1H), 
1.34 (br s, 3H), 1.23 (dd, J = 13.2, 5.5 Hz, 1H), 1.07 (d, J = 7.1 Hz, 3H); 13C NMR (151 
MHz, MeOD) δ 178.8, 171.2, 82.0, 81.4, 81.1, 77.5, 74.9, 73.5, 51.5, 46.2, 39.9, 34.5, 
22.6, 20.1, 13.4; IR (thin film) nmax: 3434, 2959, 1766, 1738, 1012 cm–1; HRMS (ESI) calcd 
for C15H17O7 [M–H]–: 309.0980, found: 309.0979. 
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SI 3.3 Natural product NMR comparison 
 
(–)-3,4-Dehydroneomajucin 1H spectra comparison: 
 

 
 

Position 
1H NMR (δ) 

Natural Sample 
(400 MHz, CD3OD)8  

1H NMR (δ) 
Synthetic Sample 
(600 MHz, CD3OD) 

1 2.11 (m, 1H) 2.10 (ddq, J = 10.4, 7.9, 6.8 Hz, 
1H) 

2b 2.19 (m, 1H) 2.17 (ddd, J = 15.1, 10.4, 1.7 Hz, 
1H) 

2a 2.37 (m, 1H) 2.33 (ddd, J = 15.1, 7.9, 3.3 Hz, 
1H)) 

3 6.09 (d, J = 2.2 Hz, 1H) 6.08 (dd, J = 3.3, 1.7 Hz, 1H) 

7 4.62 (dd, J = 4.2, 1.4 Hz, 1H) 4.60 (d, J = 4.0 Hz, 1H) 

8b 1.95 (dd, J = 14.3, 1.4 Hz, 1H) 1.94 (d, J = 14.1 Hz, 1H) 

8a 2.30 (dd, J = 14.3, 4.3 Hz, 1H) 2.29 (dd, J = 14.1, 4.0 Hz, 1H 

10 4.20 (s, 1H) 4.21 (s, 1H) 

13 1.36 (s, 3H) 1.35 (s, 3H) 

14b 3.89 (d, J = 10.4 Hz, 1H) 3.89 (d, J = 10.3 Hz, 1H) 

14a 3.94 (d, J = 10.3 Hz, 1H) 3.93 (d, J = 10.3 Hz, 1H) 

15 1.19 (d, J = 6.7 Hz, 3H) 1.18 (d, J = 6.8 Hz, 3H) 
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(–)-3,4-Dehydroneomajucin 13C spectra comparison: 
 

 
 

Position 
13C NMR (δ) 

Natural Sample 
(100 MHz, CD3OD)8  

13C NMR (δ) 
Synthetic Sample 

(151 MHz, CD3OD)* 
1 45.3 46.7 

2 38.9 40.3 

3 132.3 133.7 

4 140.4 141.8 

5 41.9 43.3 

6 77.1 78.5 

7 79.4 80.8 

8 30.7 32.1 

9 49.4 50.9 

10 70.9 72.3 

11 174.7 176.1 

12 177.5 178.9 

13 21.4 22.8 

14 74.6 76.0 

15 12.1 13.5 

                       *Our carbon shifts were consistently 1.4-1.6 ppm higher  
  than the reported values. 
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(–)-Neomajucin 1H spectra comparison: 
 

 
 

Position 
1H NMR (δ) 

Natural Sample 
(400 MHz, C5D5N)9 

1H NMR (δ) 
Synthetic Sample 
(600 MHz, C5D5N) 

1 2.90 (m, 1H) 2.90 (q, J = 8.8, 7.0 Hz, 1H) 

2b 2.39 (m, 1H) 2.40 (td, J = 11.7, 6.4 Hz, 1H) 

2a 2.29 (m, 1H) 2.29 (dtd, J = 12.2, 9.4, 6.4 Hz, 1H) 

3 1.85 – 2.05 (m, 2H) 2.00 – 1.95 (m, 1H) 
1.91 (tdd, J = 11.7, 8.8, 2.5 Hz, 1H) 

4–OH/6–OH – 8.49 (s, 1H), 5.73 (s, 1H) 

7 5.12 (dd, J = 2.6, 2.5 Hz, 1H) 5.12 (dd, J = 3.4, 2.5 Hz, 1H) 

8b 2.00 (dd, J = 14.2, 2.6 Hz, 1H) 2.00 (dd, J = 14.3, 3.4 Hz, 1H) 

8a 3.01 (dd, J = 14.2, 2.5 Hz, 1H) 3.01 (dd, J = 14.3, 2.5 Hz, 1H) 

10 4.66 (br d, J = 4.8 Hz, 1H) 4.67 (d, J = 5.0 Hz, 1H) 

10–OH 8.78 (br d, J = 4.8 Hz, 1H) 8.76 (d, J = 5.0 Hz, 1H) 

13 1.70 (br s, 3H) 1.70 (s, 3H) 

14b 4.19 (d, J = 11.0 Hz, 1H) 4.19 (d, J = 11.0 Hz, 1H) 

14a 5.02 (br d, J = 11.0 Hz, 1H) 5.02 (d, J = 11.0 Hz, 1H) 

15 1.18 (d, J = 7.0 Hz, 3H) 1.18 (d, J = 7.0 Hz, 3H) 
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(–)-Neomajucin 13C spectra comparison: 
 

 
 

Position 
13C NMR (δ) 

Natural Sample 
(101 MHz, C5D5N)9 

13C NMR (δ) 
Synthetic Sample 
(151 MHz, C5D5N) 

1 39.4 39.4 

2 31.4 31.6 

3 31.6 31.7 

4 84.1 83.9 

5 47.5 47.5 

6 79.6 79.7 

7 80.5 80.7 

8 27.5 27.4 

9 51.0 50.9 

10 70.7 70.7 

11 174.8 175.1 

12 177.2 177.8 

13 21.4 21.5 

14 72.6 72.6 

15 14.3 14.4 
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(–)-Majucin 1H NMR spectra comparison: 
 

 
 

Position 
1H NMR (δ) 

Natural Sample 
(400 MHz, C5D5N)9c 

1H NMR (δ) 
Synthetic Sample 
(700 MHz, C5D5N) 

1 3.02 (ddq, J = 10.2, 9.5, 7.0 Hz, 1H) 3.03 (ddq, J = 10.3, 9.1, 7.0 Hz, 1H) 

2b 2.48 (dt, J = 12.6, 9.5 Hz, 1H) 2.48 (dt, J = 12.8, 9.1 Hz, 1H) 

2a 
2.21 (ddd, J = 12.6, 10.2, 4.4 Hz, 

1H) 

2.22 (ddd, J = 12.8, 10.3, 4.3 Hz, 

1H) 

3 5.21 (dd, J = 9.5, 4.4 Hz, 1H) 5.22 (dd, J = 9.1, 4.3 Hz, 1H) 

3–OH – 5.25 (br s, 1H) 

4–OH – 6.94 (br s, 1H)* 

6–OH – 8.41 (br s, 1H)* 

7 5.14 (dd, J = 3.3, 2.2 Hz, 1H) 5.15 (dd, J = 3.4, 2.4 Hz, 1H) 

8b 2.05 (dd, J = 14.3, 3.3 Hz, 1H) 2.05 (dd, J = 14.2, 3.4 Hz, 1H) 

8a 3.11 (dd, J = 14.3, 2.2 Hz, 1H) 3.12 (dd, J = 14.2, 2.4 Hz, 1H) 

10 4.65 (br d, J = 4.5 Hz, 1H) 4.66 (d, J = 4.7 Hz, 1H) 

10–OH 8.95 (br d, J = 4.5 Hz, 1H) 8.96 (br d, J = 4.7 Hz, 1H) 

13 1.95 (br s, 3H) 1.95 (br s, 3H) 

14 
4.30 (d, J = 10.8 Hz, 1H) 

5.11 (br d, J = 10.8 Hz, 1H) 

4.31 (d, J = 10.9 Hz, 1H) 

5.12 (br d, J = 10.9 Hz, 1H) 

15 1.10 (d, J = 7.0 Hz, 3H) 1.11 (d, J = 7.0 Hz, 3H) 

*Indicates tentative assignment.  
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(–)-Majucin 13C NMR spectra comparison: 
 

 
 

Position 
13C NMR (δ) 

Natural Sample 
(101 MHz, C5D5N)9c 

13C NMR (δ) 
Synthetic Sample 
(151 MHz, C5D5N) 

1 38.0 38.2 

2 42.9 43.0 

3 72.7 72.7 

4 82.8 82.9 

5 47.5 47.6 

6 79.9 80.0 

7 80.6 80.7 

8 27.1 27.1 

9 51.5 51.6 

10 70.3 70.4 

11 174.7 174.9 

12 177.6 177.9 

13 20.9 20.9 

14 72.4 72.5 

15 14.1 14.2 
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(–)-Jiadifenoxolane A 1H NMR Spectra Comparison: 
 

 
 

Position 
1H NMR (δ) 

Natural Sample 
(600 MHz, CD3OD)10 

1H NMR (δ) 
Synthetic Sample 
(600 MHz, CD3OD) 

1 2.59 (dqd, J = 10.3, 7.1, 5.4 Hz, 1H) 2.60 (dqd, J = 10.3, 7.1, 5.5 Hz, 1H) 

2b 
2.30 (ddd, J = 13.0, 10.3, 2.6 Hz, 

1H) 
2.30 (br dd, J = 13.2, 10.3 Hz, 1H) 

2a 1.22 (dd, J = 13.0, 5.4 Hz, 1H) 1.23 (dd, J = 13.2, 5.5 Hz, 1H) 

3 4.08 (d, J = 2.6 Hz, 1H) 4.09 (br s, 1H) 

7 4.66 (dd, J = 4.0, 1.9 Hz, 1H) 4.67 (br d, J = 3.8 Hz, 1H) 

8b 2.15 (dd, J = 14.7, 4.0 Hz, 1H) 2.15 (dd, J = 14.6, 3.5 Hz, 1H) 

8a 2.23 (dd, J = 14.7, 1.9 Hz, 1H) 2.23 (br d, J = 14.6 Hz, 1H) 

10 4.36 (s,1H) 4.37 (s, 1H) 

13 1.33 (d, J = 1.1 Hz, 3H) 1.34 (br s, 3H) 

14b 4.70 (dd, J = 11.1, 1.1 Hz, 1H) 4.71 (br d, J = 11.2 Hz, 1H) 

14a 4.00 (d, J = 11.1 Hz, 1H) 4.01 (d, J = 11.2 Hz, 1H) 

15 1.06 (d, J = 7.1 Hz, 3H) 1.07 (d, J = 7.1 Hz, 3H) 
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(–)-Jiadifenoxolane A 13C NMR Spectra Comparison: 
 

 
 

Position 
13C NMR (δ) 

Natural Sample 
(150 MHz, CD3OD)10 

13C NMR (δ) 
Synthetic Sample 
(151 MHz, CD3OD) 

1 34.5 34.5 

2 39.9 39.9 

3 82.0 82.0 

4 81.4 81.4 

5 46.1 46.2 

6 77.5 77.5 

7 81.1 81.1 

8 20.1 20.1 

9 51.5 51.5 

10 73.5 73.5 

11 171.2 171.2 

12 178.9 178.8 

13 22.6 22.6 

14 74.9 74.9 

15 13.4 13.4 
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SI 3.4 DFT calculation procedures and experimental data 
 
 Structures were first optimized in Maestro11 with Monte Carlo conformational 
searching using MCMM. All conformers were then subjected to further DFT optimization. 

DFT optimizations were performed using Gaussian ’1612 on the Tiger Cluster at 
University of California, Berkeley at the B3LYP-D3(0)/6-31+G(d,p) level of theory13 using 
gas-phase geometries at 298 K with neutral charge and singlet multiplicity. Optimized 
ground state structures are displayed visually and listed with energies and geometric 
coordinates. Ground state structures display no imaginary frequencies. 
 

Minimized structure and energies for 218 
 

 
 
Zero-point correction = 0.382989 (Hartree/Particle) 
Thermal correction to Energy = 0.401711 
Thermal correction to Enthalpy = 0.402655 
Thermal correction to Gibbs Free Energy = 0.339813 
Sum of electronic and zero-point Energies = -961.907079 
Sum of electronic and thermal Energies = -961.888357 
Sum of electronic and thermal Enthalpies = -961.887413 
Sum of electronic and thermal Free Energies = -961.950255 
 
# opt freq b3lyp/6-31+g(d,p) empiricaldispersion=gd3 
 
0 1 
C -0.39819300 -1.00228400 -0.02577200 
C -0.97923800 0.37272800 -0.52792300 
C -2.41488400 -0.06206600 -0.95323000 
C -2.83113500 -1.13292200 0.09357200 
C -1.54711600 -1.59048200 0.83856400 
C 1.08284600 -0.97192200 0.51711500 
C 1.95929800 -0.20513900 -0.56749200 
C 1.29872400 1.09489700 -1.12028200 
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C -0.10776700 0.89145100 -1.67015700 
C -3.45475000 1.04308500 -1.15004100 
C -1.00659300 1.49585100 0.53396300 
O 1.31380800 2.13167200 -0.11064900 
C 3.37772600 0.12209600 -0.09351700 
C 1.27316000 -0.34569200 1.92347600 
O -1.50908800 -1.08631600 2.18136400 
O -0.44817900 -1.91196100 -1.15023200 
O 2.05536600 -1.01384800 -1.77959100 
C 1.57973400 -2.43317300 0.67232200 
C 0.24547900 2.34062100 0.70414700 
O 0.32091600 3.21439100 1.53932200 
H -2.29349600 -0.57272700 -1.91218400 
H -3.33488100 -1.97514100 -0.38870800 
H -3.52844800 -0.70709800 0.82548800 
H -1.44435400 -2.68100600 0.85341000 
H 1.96577900 1.47215000 -1.89951500 
H -0.07816200 0.19508500 -2.51049200 
H -0.48397800 1.84796000 -2.05295100 
H -3.73613900 1.52715500 -0.20852400 
H -3.09535700 1.81811100 -1.83748600 
H -4.36931900 0.62194000 -1.58198100 
H -1.76949000 2.23069500 0.25854000 
H -1.28127100 1.13140700 1.52526800 
H 3.36953800 0.89556600 0.67519100 
H 3.88121300 -0.76267600 0.30874100 
H 3.95827900 0.49335200 -0.94369000 
H 2.31239100 -0.47869000 2.23568300 
H 1.06007100 0.71611000 1.99799700 
H 0.63759900 -0.85657600 2.64323700 
H -2.27551100 -1.43246100 2.65553000 
H 0.34361400 -1.76092800 -1.69370300 
H 2.74249700 -1.68109800 -1.65256100 
H 2.62140100 -2.45597400 1.00766100 
H 0.98450900 -2.93267900 1.44246600 
H 1.48718600 -3.02627700 -0.23759700 
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Minimized structure and energies for 158 
 

 
 
Zero-point correction= 0.387155 (Hartree/Particle) 
Thermal correction to Energy = 0.402426 
Thermal correction to Enthalpy = 0.403370 
Thermal correction to Gibbs Free Energy = 0.347852 
Sum of electronic and zero-point Energies = -662.202290 
Sum of electronic and thermal Energies = -662.187019 
Sum of electronic and thermal Enthalpies = -662.186075 
Sum of electronic and thermal Free Energies = -662.241593 
 
# opt freq b3lyp/6-31+g(d,p) empiricaldispersion=gd3 
 
0 1 
C -0.70351600 0.92698100 -0.52467200 
C -0.94112300 -0.48902400 0.11129800 
C -2.47845900 -0.58536600 0.37748000 
C -3.07577200 0.56042700 -0.46579600 
C -2.03369100 1.68095600 -0.33001100 
C -0.06828800 -0.43115100 1.38046800 
C 1.22078100 0.21765900 0.83448300 
C 0.63606700 1.48057400 0.08794500 
C -3.14597400 -1.94326600 0.14695000 
H -0.56669300 0.81409700 -1.60729200 
C -0.36635000 -1.59588400 -0.79967200 
C 1.97766500 -0.83821300 -0.02664400 
C 1.10039000 -1.32577000 -1.19499700 
C 2.44467300 -2.02650000 0.83625400 
O 3.15058000 -0.26494700 -0.64012800 
C 1.52508400 2.10940800 -1.00117000 
C 0.40280300 2.58777800 1.14309400 
H -2.63742600 -0.32014300 1.43323500 
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H -4.07938500 0.85086800 -0.13373700 
H -3.15749000 0.24415300 -1.51608500 
H -2.10701100 2.11521600 0.67338600 
H -2.17061700 2.49632900 -1.04858600 
H 0.07879300 -1.41019500 1.84474500 
H -0.53315000 0.20655100 2.13888100 
H 1.90517200 0.53697900 1.63402800 
H -3.07706200 -2.25762700 -0.90001000 
H -2.69341000 -2.72811300 0.76348300 
H -4.20981400 -1.89142200 0.40504600 
H -0.96067500 -1.68088400 -1.71744200 
H -0.44712100 -2.56245200 -0.28609300 
H 1.13360600 -0.56004000 -1.97362100 
H 1.55037700 -2.22355200 -1.63366100 
H 1.62053300 -2.66827200 1.15675800 
H 3.13694100 -2.63236800 0.24432200 
H 2.96865700 -1.67883500 1.73562700 
H 3.76347100 0.00190300 0.05844500 
H 2.48092400 2.44859800 -0.58873000 
H 1.75589900 1.42127400 -1.81342400 
H 1.01127500 2.98247500 -1.42293400 
H 1.36507800 2.92527500 1.54495100 
H -0.08967700 3.45600400 0.69274700 
H -0.21157200 2.26209400 1.98691800 
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Minimized structure and energies for 261 
 

 
 
Zero-point correction = 0.430894 (Hartree/Particle) 
Thermal correction to Energy = 0.450659 
Thermal correction to Enthalpy = 0.451603 
Thermal correction to Gibbs Free Energy = 0.384090 
Sum of electronic and zero-point Energies = -890.052781 
Sum of electronic and thermal Energies = -890.033017 
Sum of electronic and thermal Enthalpies = -890.032072 
Sum of electronic and thermal Free Energies = -890.099585 
 
# opt freq b3lyp/6-31+g(d,p) empiricaldispersion=gd3 
 
0 1 
C 1.05462800 -0.81801600 -0.51883200 
C 2.01673600 0.15352600 0.26359200 
C 3.43235900 -0.50243500 0.17257800 
C 3.30583900 -1.50373600 -0.99320400 
C 1.89237800 -2.07804400 -0.81279500 
C 1.39837200 0.18821800 1.67525600 
C -0.10488800 0.28355200 1.34290600 
C -0.26311300 -0.91226400 0.33214500 
C 4.63614200 0.43629300 0.06206400 
H 0.81107700 -0.36393800 -1.48316900 
C 1.94560200 1.58661200 -0.30564600 
C -0.35309800 1.74620300 0.86042100 
C 0.52283600 2.18154200 -0.34567000 
O -0.04416800 1.83162900 -1.62408400 
C -1.82149500 2.16437200 0.69432200 
C -1.46181900 -0.83431200 -0.61148400 
C -0.38637300 -2.22886600 1.13236100 
O -2.68690700 -0.87178800 0.17308100 
C -3.82106400 -0.47338200 -0.43506000 
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O -3.87239100 -0.07628100 -1.58355300 
C -4.99813000 -0.56206100 0.50595900 
H 3.56521700 -1.09678600 1.08881600 
H 4.09364300 -2.26594300 -0.98237800 
H 3.37905000 -0.96923900 -1.95135700 
H 1.89609900 -2.77236000 0.03468500 
H 1.53216700 -2.63168700 -1.68667200 
H 1.75777400 1.02966000 2.28024800 
H 1.63324900 -0.72613800 2.22852400 
H -0.74283500 0.11846400 2.21983300 
H 4.60592500 1.02945300 -0.85811000 
H 4.68953600 1.13046000 0.90856700 
H 5.56682400 -0.14210100 0.04982500 
H 2.34119300 1.62798200 -1.32593600 
H 2.57441000 2.24155800 0.30965100 
H 0.02701700 2.35252800 1.69675900 
H 0.60730900 3.27866100 -0.30991700 
H -0.84034200 2.35717500 -1.77301800 
H -2.30765400 1.70808900 -0.16936200 
H -2.40077400 1.88488300 1.58025600 
H -1.89545800 3.25339600 0.58032600 
H -1.47177900 -1.69869900 -1.28614700 
H -1.44340000 0.06593700 -1.21912400 
H -1.30110700 -2.21664600 1.73126100 
H -0.44087600 -3.08891300 0.45619300 
H 0.45692800 -2.39437100 1.80660000 
H -5.91311300 -0.31227000 -0.03072600 
H -5.06874100 -1.56739100 0.93092900 
H -4.85306000 0.13654500 1.33641300 
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SI 3.6 X-ray crystallographic data and NMR spectra 
 

X-ray crystallographic data for 158 
 

 
A colorless prism 0.400 x 0.250 x 0.200 mm in size was mounted on a Cryoloop with 
Paratone oil. Data were collected in a nitrogen gas stream at 100(2) K using and scans. 
Crystal-to-detector distance was 60 mm and exposure time was 5 seconds per frame 
using a scan width of 2.0°. Data collection was 99.5% complete to 74.496° in q. A total 
of 28928 reflections were collected covering the indices, -19<=h<=10, -19<=k<=19, -
13<=l<=13. 5517 reflections were found to be symmetry independent, with an Rint of 
0.0313. Indexing and unit cell refinement indicated a primitive, orthorhombic lattice. The 
space group was found to be P 21 21 2 (No. 18). The data were integrated using the 
Bruker SAINT software program and scaled using the SADABS software program. 
Solution by iterative methods (SHELXT-2014) produced a complete heavy-atom phasing 
model consistent with the proposed structure. All non-hydrogen atoms were refined 
anisotropically by full-matrix least-squares (SHELXL-2014). All hydrogen atoms were 
placed using a riding model. Their positions were constrained relative to their parent 
atom using the appropriate HFIX command in SHELXL-2014. Absolute stereochemistry 
was unambiguously determined to be R at C2, C5, C9, C11, C17, C20, C25, and C26, 
and S at C6 and C21, respectively. 
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Table 1. Crystal data and structure refinement for 158. 
Identification code  KH_cedrol 
Empirical formula  C15 H26 O 
Formula weight  222.36 
Temperature  100(2) K 
Wavelength  1.54184 Å 
Crystal system  Orthorhombic 
Space group  P 21 21 2 
Unit cell dimensions a = 15.67480(10) Å a= 90°. 
 b = 15.62810(10) Å b= 90°. 
 c = 11.08920(10) Å g = 90°. 
Volume 2716.49(3) Å3 
Z 8 
Density (calculated) 1.087 Mg/m3 
Absorption coefficient 0.492 mm-1 
F(000) 992 
Crystal size 0.400 x 0.250 x 0.200 mm3 
Theta range for data collection 3.986 to 74.496°. 
Index ranges -19<=h<=10, -19<=k<=19, -13<=l<=13 
Reflections collected 28928 
Independent reflections 5517 [R(int) = 0.0313] 
Completeness to theta = 74.496° 99.5 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00000 and 0.88244 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5517 / 0 / 313 
Goodness-of-fit on F2 1.041 
Final R indices [I>2sigma(I)] R1 = 0.0294, wR2 = 0.0778 
R indices (all data) R1 = 0.0296, wR2 = 0.0780 
Absolute structure parameter 0.09(5) 
Extinction coefficient n/a 
Largest diff. peak and hole 0.202 and -0.121 e.Å-3 
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for 158. U(eq) is defined as one third of the trace of the orthogonalized Uij 
tensor. 
______________________________________________________________________________ 
 x y z U(eq) 
______________________________________________________________________________ 
C(1) 1249(1) 4441(1) 2370(2) 45(1) 
C(2) 1304(1) 5223(1) 3190(2) 30(1) 
C(3) 1287(1) 6071(1) 2489(2) 33(1) 
C(4) 1595(1) 6725(1) 3415(1) 29(1) 
C(5) 2363(1) 6265(1) 3980(1) 20(1) 
C(6) 2114(1) 5299(1) 3995(1) 21(1) 
C(7) 2871(1) 4744(1) 3589(1) 27(1) 
C(8) 3687(1) 4958(1) 4294(1) 26(1) 
C(9) 3543(1) 5060(1) 5658(1) 23(1) 
C(10) 3489(1) 4186(1) 6273(2) 32(1) 
C(11) 2735(1) 5599(1) 5908(1) 20(1) 
C(12) 1965(1) 5137(1) 5347(1) 23(1) 
C(13) 2668(1) 6498(1) 5283(1) 19(1) 
C(14) 3482(1) 7046(1) 5253(1) 25(1) 
C(15) 2007(1) 7029(1) 5987(1) 26(1) 
C(16) 3432(1) 9214(1) 11410(2) 31(1) 
C(17) 3845(1) 8409(1) 11941(1) 25(1) 
C(18) 4732(1) 8605(1) 12460(2) 32(1) 
C(19) 5321(1) 8602(1) 11356(2) 30(1) 
C(20) 4955(1) 7911(1) 10494(1) 19(1) 
C(21) 4042(1) 7714(1) 10988(1) 18(1) 
C(22) 3394(1) 7623(1) 9963(1) 22(1) 
C(23) 3711(1) 7002(1) 8982(1) 23(1) 
C(24) 3374(1) 5555(1) 9845(2) 31(1) 
C(25) 4089(1) 6173(1) 9495(1) 20(1) 
C(26) 4678(1) 6363(1) 10580(1) 17(1) 
C(27) 4152(1) 6821(1) 11548(1) 20(1) 
C(28) 5419(1) 7022(1) 10390(1) 18(1) 
C(29) 5913(1) 6956(1) 9202(1) 26(1) 
C(30) 6078(1) 6875(1) 11404(2) 27(1) 
O(1) 4275(1) 5500(1) 6142(1) 30(1) 
O(2) 4578(1) 5769(1) 8561(1) 31(1) 
______________________________________________________________________________
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Table 3. Bond lengths [Å] and angles [°] for 158. 
_____________________________________________________ 
C(1)-C(2)  1.527(2) 
C(1)-H(1C)  0.9800 
C(1)-H(1D)  0.9800 
C(1)-H(1E)  0.9800 
C(2)-C(3)  1.536(2) 
C(2)-C(6)  1.556(2) 
C(2)-H(2)  1.0000 
C(3)-C(4)  1.527(2) 
C(3)-H(3A)  0.9900 
C(3)-H(3B)  0.9900 
C(4)-C(5)  1.5354(19) 
C(4)-H(4A)  0.9900 
C(4)-H(4B)  0.9900 
C(5)-C(6)  1.5598(19) 
C(5)-C(13)  1.5644(18) 
C(5)-H(5)  1.0000 
C(6)-C(7)  1.5369(19) 
C(6)-C(12)  1.5381(19) 
C(7)-C(8)  1.537(2) 
C(7)-H(7A)  0.9900 
C(7)-H(7B)  0.9900 
C(8)-C(9)  1.5382(19) 
C(8)-H(8A)  0.9900 
C(8)-H(8B)  0.9900 
C(9)-O(1)  1.4401(18) 
C(9)-C(10)  1.529(2) 
C(9)-C(11)  1.5464(19) 
C(10)-H(10A)  0.9800 
C(10)-H(10B)  0.9800 
C(10)-H(10C)  0.9800 
C(11)-C(12)  1.5377(19) 
C(11)-C(13)  1.5706(18) 
C(11)-H(11)  1.0000 
C(12)-H(12A)  0.9900 
C(12)-H(12B)  0.9900 
C(13)-C(14)  1.5372(19) 
C(13)-C(15)  1.5401(19) 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 
C(15)-H(15A)  0.9800 
C(15)-H(15B)  0.9800 
C(15)-H(15C)  0.9800 
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C(16)-C(17)  1.533(2) 
C(16)-H(16A)  0.9800 
C(16)-H(16B)  0.9800 
C(16)-H(16C)  0.9800 
C(17)-C(18)  1.535(2) 
C(17)-C(21)  1.5463(19) 
C(17)-H(17)  1.0000 
C(18)-C(19)  1.532(2) 
C(18)-H(18A)  0.9900 
C(18)-H(18B)  0.9900 
C(19)-C(20)  1.5511(19) 
C(19)-H(19A)  0.9900 
C(19)-H(19B)  0.9900 
C(20)-C(21)  1.5627(18) 
C(20)-C(28)  1.5731(18) 
C(20)-H(20)  1.0000 
C(21)-C(22)  1.5315(19) 
C(21)-C(27)  1.5382(18) 
C(22)-C(23)  1.540(2) 
C(22)-H(22A)  0.9900 
C(22)-H(22B)  0.9900 
C(23)-C(25)  1.5345(19) 
C(23)-H(23A)  0.9900 
C(23)-H(23B)  0.9900 
C(24)-C(25)  1.530(2) 
C(24)-H(24A)  0.9800 
C(24)-H(24B)  0.9800 
C(24)-H(24C)  0.9800 
C(25)-O(2)  1.4348(18) 
C(25)-C(26)  1.5463(19) 
C(26)-C(27)  1.5313(18) 
C(26)-C(28)  1.5664(18) 
C(26)-H(26)  1.0000 
C(27)-H(27A)  0.9900 
C(27)-H(27B)  0.9900 
C(28)-C(29)  1.5321(19) 
C(28)-C(30)  1.5435(19) 
C(29)-H(29A)  0.9800 
C(29)-H(29B)  0.9800 
C(29)-H(29C)  0.9800 
C(30)-H(30A)  0.9800 
C(30)-H(30B)  0.9800 
C(30)-H(30C)  0.9800 
O(1)-H(1A)  0.79(4) 
O(1)-H(1B)  0.83(4) 
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O(2)-H(2A)  0.82(4) 
O(2)-H(2B)  0.75(5) 
 
C(2)-C(1)-H(1C) 109.5 
C(2)-C(1)-H(1D) 109.5 
H(1C)-C(1)-H(1D) 109.5 
C(2)-C(1)-H(1E) 109.5 
H(1C)-C(1)-H(1E) 109.5 
H(1D)-C(1)-H(1E) 109.5 
C(1)-C(2)-C(3) 112.84(14) 
C(1)-C(2)-C(6) 116.71(14) 
C(3)-C(2)-C(6) 103.85(12) 
C(1)-C(2)-H(2) 107.7 
C(3)-C(2)-H(2) 107.7 
C(6)-C(2)-H(2) 107.7 
C(4)-C(3)-C(2) 103.35(13) 
C(4)-C(3)-H(3A) 111.1 
C(2)-C(3)-H(3A) 111.1 
C(4)-C(3)-H(3B) 111.1 
C(2)-C(3)-H(3B) 111.1 
H(3A)-C(3)-H(3B) 109.1 
C(3)-C(4)-C(5) 102.07(12) 
C(3)-C(4)-H(4A) 111.4 
C(5)-C(4)-H(4A) 111.4 
C(3)-C(4)-H(4B) 111.4 
C(5)-C(4)-H(4B) 111.4 
H(4A)-C(4)-H(4B) 109.2 
C(4)-C(5)-C(6) 105.09(12) 
C(4)-C(5)-C(13) 120.44(12) 
C(6)-C(5)-C(13) 106.96(11) 
C(4)-C(5)-H(5) 107.9 
C(6)-C(5)-H(5) 107.9 
C(13)-C(5)-H(5) 107.9 
C(7)-C(6)-C(12) 108.03(12) 
C(7)-C(6)-C(2) 114.73(12) 
C(12)-C(6)-C(2) 115.07(12) 
C(7)-C(6)-C(5) 110.43(12) 
C(12)-C(6)-C(5) 102.01(11) 
C(2)-C(6)-C(5) 105.77(11) 
C(8)-C(7)-C(6) 111.82(11) 
C(8)-C(7)-H(7A) 109.3 
C(6)-C(7)-H(7A) 109.3 
C(8)-C(7)-H(7B) 109.3 
C(6)-C(7)-H(7B) 109.3 
H(7A)-C(7)-H(7B) 107.9 
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C(7)-C(8)-C(9) 113.63(13) 
C(7)-C(8)-H(8A) 108.8 
C(9)-C(8)-H(8A) 108.8 
C(7)-C(8)-H(8B) 108.8 
C(9)-C(8)-H(8B) 108.8 
H(8A)-C(8)-H(8B) 107.7 
O(1)-C(9)-C(10) 107.74(12) 
O(1)-C(9)-C(8) 107.42(13) 
C(10)-C(9)-C(8) 110.72(12) 
O(1)-C(9)-C(11) 109.01(11) 
C(10)-C(9)-C(11) 111.15(12) 
C(8)-C(9)-C(11) 110.67(11) 
C(9)-C(10)-H(10A) 109.5 
C(9)-C(10)-H(10B) 109.5 
H(10A)-C(10)-H(10B) 109.5 
C(9)-C(10)-H(10C) 109.5 
H(10A)-C(10)-H(10C) 109.5 
H(10B)-C(10)-H(10C) 109.5 
C(12)-C(11)-C(9) 108.34(11) 
C(12)-C(11)-C(13) 100.88(11) 
C(9)-C(11)-C(13) 117.61(11) 
C(12)-C(11)-H(11) 109.8 
C(9)-C(11)-H(11) 109.8 
C(13)-C(11)-H(11) 109.8 
C(11)-C(12)-C(6) 101.43(11) 
C(11)-C(12)-H(12A) 111.5 
C(6)-C(12)-H(12A) 111.5 
C(11)-C(12)-H(12B) 111.5 
C(6)-C(12)-H(12B) 111.5 
H(12A)-C(12)-H(12B) 109.3 
C(14)-C(13)-C(15) 105.65(12) 
C(14)-C(13)-C(5) 111.28(11) 
C(15)-C(13)-C(5) 112.90(11) 
C(14)-C(13)-C(11) 116.83(11) 
C(15)-C(13)-C(11) 107.65(11) 
C(5)-C(13)-C(11) 102.71(10) 
C(13)-C(14)-H(14A) 109.5 
C(13)-C(14)-H(14B) 109.5 
H(14A)-C(14)-H(14B) 109.5 
C(13)-C(14)-H(14C) 109.5 
H(14A)-C(14)-H(14C) 109.5 
H(14B)-C(14)-H(14C) 109.5 
C(13)-C(15)-H(15A) 109.5 
C(13)-C(15)-H(15B) 109.5 
H(15A)-C(15)-H(15B) 109.5 
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C(13)-C(15)-H(15C) 109.5 
H(15A)-C(15)-H(15C) 109.5 
H(15B)-C(15)-H(15C) 109.5 
C(17)-C(16)-H(16A) 109.5 
C(17)-C(16)-H(16B) 109.5 
H(16A)-C(16)-H(16B) 109.5 
C(17)-C(16)-H(16C) 109.5 
H(16A)-C(16)-H(16C) 109.5 
H(16B)-C(16)-H(16C) 109.5 
C(16)-C(17)-C(18) 111.31(13) 
C(16)-C(17)-C(21) 113.47(13) 
C(18)-C(17)-C(21) 102.43(11) 
C(16)-C(17)-H(17) 109.8 
C(18)-C(17)-H(17) 109.8 
C(21)-C(17)-H(17) 109.8 
C(19)-C(18)-C(17) 104.19(12) 
C(19)-C(18)-H(18A) 110.9 
C(17)-C(18)-H(18A) 110.9 
C(19)-C(18)-H(18B) 110.9 
C(17)-C(18)-H(18B) 110.9 
H(18A)-C(18)-H(18B) 108.9 
C(18)-C(19)-C(20) 105.79(12) 
C(18)-C(19)-H(19A) 110.6 
C(20)-C(19)-H(19A) 110.6 
C(18)-C(19)-H(19B) 110.6 
C(20)-C(19)-H(19B) 110.6 
H(19A)-C(19)-H(19B) 108.7 
C(19)-C(20)-C(21) 105.03(11) 
C(19)-C(20)-C(28) 119.29(12) 
C(21)-C(20)-C(28) 105.94(11) 
C(19)-C(20)-H(20) 108.7 
C(21)-C(20)-H(20) 108.7 
C(28)-C(20)-H(20) 108.7 
C(22)-C(21)-C(27) 106.79(11) 
C(22)-C(21)-C(17) 116.10(11) 
C(27)-C(21)-C(17) 112.57(12) 
C(22)-C(21)-C(20) 111.50(11) 
C(27)-C(21)-C(20) 102.62(10) 
C(17)-C(21)-C(20) 106.48(11) 
C(21)-C(22)-C(23) 111.62(11) 
C(21)-C(22)-H(22A) 109.3 
C(23)-C(22)-H(22A) 109.3 
C(21)-C(22)-H(22B) 109.3 
C(23)-C(22)-H(22B) 109.3 
H(22A)-C(22)-H(22B) 108.0 
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C(25)-C(23)-C(22) 113.26(12) 
C(25)-C(23)-H(23A) 108.9 
C(22)-C(23)-H(23A) 108.9 
C(25)-C(23)-H(23B) 108.9 
C(22)-C(23)-H(23B) 108.9 
H(23A)-C(23)-H(23B) 107.7 
C(25)-C(24)-H(24A) 109.5 
C(25)-C(24)-H(24B) 109.5 
H(24A)-C(24)-H(24B) 109.5 
C(25)-C(24)-H(24C) 109.5 
H(24A)-C(24)-H(24C) 109.5 
H(24B)-C(24)-H(24C) 109.5 
O(2)-C(25)-C(24) 107.26(12) 
O(2)-C(25)-C(23) 108.13(12) 
C(24)-C(25)-C(23) 110.14(12) 
O(2)-C(25)-C(26) 109.09(12) 
C(24)-C(25)-C(26) 111.16(12) 
C(23)-C(25)-C(26) 110.94(11) 
C(27)-C(26)-C(25) 108.24(11) 
C(27)-C(26)-C(28) 100.75(10) 
C(25)-C(26)-C(28) 117.66(11) 
C(27)-C(26)-H(26) 109.9 
C(25)-C(26)-H(26) 109.9 
C(28)-C(26)-H(26) 109.9 
C(26)-C(27)-C(21) 101.63(10) 
C(26)-C(27)-H(27A) 111.4 
C(21)-C(27)-H(27A) 111.4 
C(26)-C(27)-H(27B) 111.4 
C(21)-C(27)-H(27B) 111.4 
H(27A)-C(27)-H(27B) 109.3 
C(29)-C(28)-C(30) 106.10(11) 
C(29)-C(28)-C(26) 116.49(11) 
C(30)-C(28)-C(26) 107.47(11) 
C(29)-C(28)-C(20) 110.88(11) 
C(30)-C(28)-C(20) 112.82(11) 
C(26)-C(28)-C(20) 103.23(10) 
C(28)-C(29)-H(29A) 109.5 
C(28)-C(29)-H(29B) 109.5 
H(29A)-C(29)-H(29B) 109.5 
C(28)-C(29)-H(29C) 109.5 
H(29A)-C(29)-H(29C) 109.5 
H(29B)-C(29)-H(29C) 109.5 
C(28)-C(30)-H(30A) 109.5 
C(28)-C(30)-H(30B) 109.5 
H(30A)-C(30)-H(30B) 109.5 
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C(28)-C(30)-H(30C) 109.5 
H(30A)-C(30)-H(30C) 109.5 
H(30B)-C(30)-H(30C) 109.5 
C(9)-O(1)-H(1A) 113(3) 
C(9)-O(1)-H(1B) 108(3) 
H(1A)-O(1)-H(1B) 108(4) 
C(25)-O(2)-H(2A) 110(3) 
C(25)-O(2)-H(2B) 123(3) 
H(2A)-O(2)-H(2B) 102(4) 
_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
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Table 4. Anisotropic displacement parameters (Å2x 103) for 158. The anisotropic 
displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
______________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
______________________________________________________________________________ 
C(1) 53(1)  32(1) 49(1)  -8(1) -23(1)  -2(1) 
C(2) 31(1)  28(1) 30(1)  -1(1) -9(1)  0(1) 
C(3) 38(1)  31(1) 31(1)  0(1) -14(1)  4(1) 
C(4) 35(1)  24(1) 26(1)  1(1) -9(1)  6(1) 
C(5) 24(1)  19(1) 16(1)  1(1) 0(1)  3(1) 
C(6) 25(1)  19(1) 20(1)  -1(1) -3(1)  1(1) 
C(7) 36(1)  24(1) 21(1)  -5(1) -3(1)  9(1) 
C(8) 28(1)  30(1) 21(1)  -5(1) 0(1)  11(1) 
C(9) 27(1)  22(1) 19(1)  -1(1) -3(1)  6(1) 
C(10) 44(1)  24(1) 29(1)  3(1) -6(1)  9(1) 
C(11) 24(1)  20(1) 15(1)  1(1) 2(1)  2(1) 
C(12) 26(1)  20(1) 23(1)  4(1) 1(1)  -1(1) 
C(13) 22(1)  19(1) 16(1)  1(1) 1(1)  2(1) 
C(14) 29(1)  23(1) 24(1)  2(1) -2(1)  -2(1) 
C(15) 31(1)  24(1) 22(1)  -3(1) 1(1)  8(1) 
C(16) 32(1)  24(1) 36(1)  -6(1) 1(1)  9(1) 
C(17) 27(1)  24(1) 24(1)  -5(1) 3(1)  5(1) 
C(18) 37(1)  28(1) 31(1)  -12(1) -8(1)  7(1) 
C(19) 25(1)  22(1) 42(1)  -8(1) -6(1)  -1(1) 
C(20) 18(1)  17(1) 22(1)  0(1) 0(1)  -1(1) 
C(21) 18(1)  18(1) 20(1)  0(1) 2(1)  1(1) 
C(22) 19(1)  21(1) 28(1)  0(1) -3(1)  2(1) 
C(23) 24(1)  22(1) 22(1)  -1(1) -8(1)  1(1) 
C(24) 28(1)  24(1) 41(1)  -2(1) -3(1)  -8(1) 
C(25) 21(1)  18(1) 21(1)  -2(1) -2(1)  -1(1) 
C(26) 20(1)  16(1) 17(1)  2(1) 0(1)  1(1) 
C(27) 21(1)  22(1) 18(1)  2(1) 4(1)  0(1) 
C(28) 16(1)  19(1) 20(1)  -1(1) -1(1)  1(1) 
C(29) 20(1)  29(1) 27(1)  -1(1) 6(1)  1(1) 
C(30) 22(1)  28(1) 31(1)  -5(1) -8(1)  5(1) 
O(1) 30(1)  30(1) 29(1)  -5(1) -10(1)  7(1) 
O(2) 43(1)  25(1) 24(1)  -9(1) 4(1)  0(1) 
______________________________________________________________________________
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 
for 158. 
______________________________________________________________________________ 
 x  y  z  U(eq) 
______________________________________________________________________________ 
 
H(1C) 1738 4435 1820 67 
H(1D) 719 4465 1900 67 
H(1E) 1252 3920 2862 67 
H(2) 796 5215 3735 35 
H(3A) 1674 6050 1784 40 
H(3B) 703 6207 2209 40 
H(4A) 1150 6846 4025 34 
H(4B) 1768 7267 3024 34 
H(5) 2860 6335 3422 24 
H(7A) 2727 4133 3709 32 
H(7B) 2973 4836 2718 32 
H(8A) 3931 5495 3972 31 
H(8B) 4110 4497 4159 31 
H(10A) 4044 3900 6226 48 
H(10B) 3057 3836 5867 48 
H(10C) 3330 4263 7121 48 
H(11) 2650 5662 6797 23 
H(12A) 1420 5389 5623 27 
H(12B) 1971 4518 5536 27 
H(14A) 3690 7133 6077 38 
H(14B) 3355 7601 4884 38 
H(14C) 3921 6752 4778 38 
H(15A) 1478 6700 6070 38 
H(15B) 1889 7562 5551 38 
H(15C) 2233 7164 6789 38 
H(16A) 3784 9431 10748 46 
H(16B) 3384 9653 12038 46 
H(16C) 2862 9073 11105 46 
H(17) 3471 8166 12586 30 
H(18A) 4739 9170 12863 39 
H(18B) 4907 8161 13047 39 
H(19A) 5912 8457 11594 36 
H(19B) 5321 9170 10961 36 
H(20) 4901 8164 9669 23 
H(22A) 3288 8192 9598 27 
H(22B) 2847 7411 10295 27 
H(23A) 3228 6857 8443 27 
H(23B) 4150 7294 8489 27 
H(24A) 3090 5345 9115 46 
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H(24B) 2958 5853 10354 46 
H(24C) 3615 5070 10291 46 
H(26) 4912 5815 10911 21 
H(27A) 4461 6849 12325 24 
H(27B) 3594 6537 11674 24 
H(29A) 6177 6389 9142 38 
H(29B) 6358 7396 9181 38 
H(29C) 5521 7040 8524 38 
H(30A) 5807 6971 12188 41 
H(30B) 6555 7273 11303 41 
H(30C) 6290 6285 11362 41 
H(1A) 4210(20) 5650(20) 6820(40) 18(9) 
H(1B) 4690(30) 5170(30) 6120(40) 43(12) 
H(2A) 4730(20) 5290(30) 8780(40) 32(10) 
H(2B) 4400(30) 5680(30) 7950(50) 35(12) 
______________________________________________________________________________ 
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X-ray crystallographic data for 268 
 

 
 

A colorless prism 0.060 x 0.050 x 0.030 mm in size was mounted on a Cryoloop with 
Paratone oil. Data were collected in a nitrogen gas stream at 100(2) K using and scans. 
Crystal-to-detector distance was 60 mm and exposure time was 5 seconds per frame 
using a scan width of 2.0°. Data collection was 100.0% complete to 67.000° in q. A total 
of 16873 reflections were collected covering the indices, -8 ≤ h ≤ 8, -12 ≤ k ≤ 15, -17 ≤ 
l ≤ 16. 2420 reflections were found to be symmetry independent, with an Rint of 0.0351. 
Indexing and unit cell refinement indicated a primitive, orthorhombic lattice. The space 
group was found to be P 21 21 21 (No. 19). The data were integrated using the Bruker 
SAINT software program and scaled using the SADABS software program. Solution by 
iterative methods (SHELXT-2014) produced a complete heavy-atom phasing model 
consistent with the proposed structure. All non-hydrogen atoms were refined 
anisotropically by full-matrix least-squares (SHELXL-2014). All hydrogen atoms were 
placed using a riding model. Their positions were constrained relative to their parent 
atom using the appropriate HFIX command in SHELXL-2014. Absolute stereochemistry 
was unambiguously determined to be R at C1 and C11, and S at C4 and C5, respectively. 
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Table 1. Crystal data and structure refinement for 268. 
Identification code ja7b11493_si_002 
Empirical formula C15H18O5 
Formula weight 278.29 
Temperature/K 100(2) 
Crystal system orthorhombic 
Space group P212121 
a/Å 7.1443(3) 
b/Å 12.9075(5) 
c/Å 14.2650(6) 
a/° 90 
b/° 90 
g/° 90 
Volume/Å3 1315.45(9) 
Z 4 
ρcalcg/cm3 1.405 
μ/mm-1 0.876 
F(000) 592.0 
Crystal size/mm3 0.060 × 0.050 × 0.030 
Radiation CuKα (λ = 1.54178) 
2Θ range for data collection/° 9.24 to 136.742 
Index ranges -8 ≤ h ≤ 8, -12 ≤ k ≤ 15, -17 ≤ l ≤ 16 
Reflections collected 16873 
Independent reflections 2420 [Rint = 0.0351, Rsigma = 0.0261] 
Data/restraints/parameters 2420/0/184 
Goodness-of-fit on F2 1.064 
Final R indexes [I>=2σ (I)] R1 = 0.0295, wR2 = 0.0762 
Final R indexes [all data] R1 = 0.0300, wR2 = 0.0767 
Largest diff. peak/hole / e Å-3 0.20/-0.15 
Flack parameter -0.10(10) 
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Table 2. Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for 268. Ueq is defined as 1/3 of the trace of the orthogonalised 
UIJ tensor. 
Atom x y z U(eq) 
C1 297(3) 4449.0(16) 5687.0(14) 25.5(4) 
C2 -587(3) 5391.3(17) 5215.2(14) 29.0(5) 
C3 256(3) 6289.2(16) 5767.7(15) 27.0(4) 
C4 2321(3) 5989.9(14) 5856.6(13) 21.6(4) 
C5 3478(3) 6318.3(15) 6740.2(12) 21.5(4) 
C6 5015(3) 7105.3(16) 6543.0(14) 26.0(4) 
C7 6899(3) 6331.8(16) 7763.4(13) 24.9(4) 
C8 6060(3) 5330.2(15) 7476.2(12) 23.0(4) 
C9 4430(3) 5316.0(16) 7025.5(13) 22.4(4) 
C10 3322(3) 4399.3(16) 6707.0(14) 26.4(4) 
C11 2383(3) 4770.2(14) 5792.8(13) 20.8(4) 
C12 3603(3) 4577.7(16) 4928.6(15) 28.2(4) 
C13 3968(3) 5614.6(16) 4483.0(13) 23.2(4) 
C14 -64(3) 3403.3(18) 5224.2(17) 35.5(5) 
C15 2215(3) 6722.1(18) 7534.2(14) 29.8(5) 
O1 6247(2) 7196.4(11) 7355.7(10) 29.5(3) 
O2 3249(2) 6374.8(10) 5013.2(9) 25.5(3) 
O3 8099(2) 6385.2(12) 8357.1(10) 32.7(4) 
O4 6972(2) 4459.8(11) 7751.7(10) 27.8(3) 
O5 4787(2) 5809.6(12) 3766.3(10) 31.7(4) 

  

Table 3. Anisotropic Displacement Parameters (Å2×103) for 268. The Anisotropic 
displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
C1 20.9(9) 30.6(11) 25.0(9) 5.5(8) -2.5(8) -2.8(8) 
C2 22.8(9) 36.5(12) 27.6(10) 5.3(9) -2.9(8) 2.6(9) 
C3 25.8(11) 29.7(10) 25.6(9) 3.2(8) -0.2(8) 8.1(9) 
C4 25.9(10) 20.5(9) 18.3(9) 3.4(7) 4.3(7) 1.9(8) 
C5 23.2(10) 21.1(9) 20.4(9) 0.5(7) 3.0(8) -0.1(8) 
C6 30.1(11) 20.4(9) 27.6(10) -0.2(8) 2.6(9) -2.8(9) 
C7 21.1(9) 30.7(10) 22.9(9) -6.3(8) 7.3(8) -4.4(8) 
C8 24.4(9) 25.1(10) 19.5(8) 0.1(8) 2.0(7) -1.6(8) 
C9 25.1(9) 22.1(9) 19.8(8) 2.7(7) 1.5(7) -2.7(8) 
C10 27.4(10) 21.8(9) 30(1) 5.8(8) -7.7(8) -2.8(8) 
C11 20.4(9) 18.7(9) 23.2(9) 1.5(7) -1.9(7) 0.0(8) 
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C12 28.6(10) 22.9(10) 33.2(10) -2.8(8) 5.7(9) 0.2(8) 
C13 21.1(9) 27.2(10) 21.5(9) -1.9(8) -0.5(8) 1.8(8) 
C14 29.1(11) 32.4(11) 44.9(13) 5.5(10) -13(1) -8.5(10) 
C15 28(1) 38.9(11) 22.6(9) -4.4(9) 3.6(8) 2.2(9) 
O1 30.6(8) 23.7(7) 34.2(8) -7.2(6) 1.0(7) -4.8(6) 
O2 34.4(8) 21.6(7) 20.4(6) 3.8(5) 5.6(6) 1.5(6) 
O3 26.4(7) 41.3(9) 30.5(7) -11.5(6) -0.4(7) -5.7(7) 
O4 25.3(7) 27.5(7) 30.5(7) 0.9(6) -8.7(6) -1.4(6) 
O5 31.3(8) 40.2(9) 23.5(7) 2.2(6) 8.1(6) 3.2(7) 

  

Table 4. Bond Lengths for 268. 
Atom Atom Length/Å   Atom Atom Length/Å 
C1 C14 1.525(3)   C7 O3 1.207(3) 
C1 C2 1.527(3)   C7 O1 1.342(3) 
C1 C11 1.555(3)   C7 C8 1.483(3) 
C2 C3 1.525(3)   C8 C9 1.330(3) 
C3 C4 1.530(3)   C8 O4 1.357(2) 
C4 O2 1.461(2)   C9 C10 1.494(3) 
C4 C5 1.566(3)   C10 C11 1.543(3) 
C4 C11 1.578(3)   C11 C12 1.530(3) 
C5 C9 1.517(3)   C12 C13 1.504(3) 
C5 C6 1.522(3)   C13 O5 1.205(2) 
C5 C15 1.539(3)   C13 O2 1.341(2) 
C6 O1 1.460(2)         

  

Table 5. Bond Angles for 268. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
C14 C1 C2 116.39(17)   O1 C7 C8 117.72(17) 
C14 C1 C11 116.13(17)   C9 C8 O4 123.29(18) 
C2 C1 C11 103.11(16)   C9 C8 C7 119.96(18) 
C3 C2 C1 102.37(16)   O4 C8 C7 116.61(17) 
C2 C3 C4 103.39(16)   C8 C9 C10 128.43(18) 
O2 C4 C3 106.47(16)   C8 C9 C5 120.70(18) 
O2 C4 C5 109.36(15)   C10 C9 C5 110.85(16) 
C3 C4 C5 120.47(17)   C9 C10 C11 103.99(15) 
O2 C4 C11 106.21(15)   C12 C11 C10 112.52(16) 
C3 C4 C11 105.92(16)   C12 C11 C1 115.12(16) 
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C5 C4 C11 107.56(16)   C10 C11 C1 114.61(16) 
C9 C5 C6 107.15(16)   C12 C11 C4 102.98(15) 
C9 C5 C15 110.75(15)   C10 C11 C4 105.85(16) 
C6 C5 C15 109.45(16)   C1 C11 C4 104.17(16) 
C9 C5 C4 102.82(15)   C13 C12 C11 107.14(16) 
C6 C5 C4 114.37(15)   O5 C13 O2 120.78(19) 
C15 C5 C4 112.01(16)   O5 C13 C12 128.95(19) 
O1 C6 C5 109.99(15)   O2 C13 C12 110.26(16) 
O3 C7 O1 120.21(19)   C7 O1 C6 119.10(15) 
O3 C7 C8 122.1(2)   C13 O2 C4 112.92(15) 

  

Table 6. Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 
(Å2×103) for 268. 
Atom x y z U(eq) 
H1 -237.24 4409.37 6333.97 31 
H2A -241.49 5429.75 4544.03 35 
H2B -1967.82 5379 5272.22 35 
H3A -337.61 6353.84 6392.08 32 
H3B 110.95 6951.45 5425.22 32 
H6A 5749.54 6883.13 5989.89 31 
H6B 4448.78 7787.64 6401.48 31 
H10A 2372.63 4203.56 7180.33 32 
H10B 4147.98 3797.55 6587.99 32 
H12A 4797.36 4246.86 5113.09 34 
H12B 2948.02 4115.22 4482.52 34 
H14A -1407.12 3249.88 5241.9 53 
H14B 622.38 2862.27 5561.97 53 
H14C 360.26 3425.52 4571.21 53 
H15A 1360.68 6170.7 7734.22 45 
H15B 1487.57 7315.48 7308.11 45 
H15C 2991.85 6937.42 8065.72 45 
H4 7929.01 4624.11 8059.71 42 
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X-ray crystallographic data for 7 
 

 
 

A colorless prism 0.260 x 0.170 x 0.100 mm in size was mounted on a Cryoloop with 
Paratone oil. Data were collected in a nitrogen gas stream at 100(2) K using and scans. 
Crystal-to-detector distance was 60 mm and exposure time was 5 seconds per frame 
using a scan width of 2.0°. Data collection was 100.0% complete to 67.000° in q. A total 
of 24403 reflections were collected covering the indices, -9 ≤ h ≤ 9, -16 ≤ k ≤ 15, -21 ≤ 
l ≤ 21. 3431 reflections were found to be symmetry independent, with an Rint of 0.0367. 
Indexing and unit cell refinement indicated a primitive, orthorhombic lattice. The space 
group was found to be P 21 21 21 (No. 19). The data were integrated using the Bruker 
SAINT software program and scaled using the SADABS software program. Solution by 
iterative methods (SHELXT-2014) produced a complete heavy-atom phasing model 
consistent with the proposed structure. All non-hydrogen atoms were refined 
anisotropically by full-matrix least-squares (SHELXL-2014). All hydrogen atoms were 
placed using a riding model. Their positions were constrained relative to their parent 
atom using the appropriate HFIX command in SHELXL-2014. Absolute stereochemistry 
was unambiguously determined to be R at C1, C2, C5, C8, C10, and C13, and S at C3 
and C11, respectively. 
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Table 1. Crystal data and structure refinement for 7. 
Identification code ja7b11493_si_001 
Empirical formula C15H20O8 
Formula weight 328.31 
Temperature/K 100(2) 
Crystal system orthorhombic 
Space group P212121 
a/Å 6.9941(3) 
b/Å 12.1369(6) 
c/Å 16.1722(8) 
a/° 90 
b/° 90 
g/° 90 
Volume/Å3 1372.80(11) 
Z 4 
ρcalcg/cm3 1.588 
μ/mm-1 0.130 
F(000) 696.0 
Crystal size/mm3 0.260 × 0.170 × 0.100 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 4.196 to 56.704 
Index ranges -9 ≤ h ≤ 9, -16 ≤ k ≤ 15, -21 ≤ l ≤ 21 
Reflections collected 24403 
Independent reflections 3431 [Rint = 0.0367, Rsigma = 0.0214] 
Data/restraints/parameters 3431/0/226 
Goodness-of-fit on F2 1.053 
Final R indexes [I>=2σ (I)] R1 = 0.0300, wR2 = 0.0755 
Final R indexes [all data] R1 = 0.0310, wR2 = 0.0761 
Largest diff. peak/hole / e Å-3 0.31/-0.22 
Flack parameter 0.1(3) 
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Table 2. Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for 7. Ueq is defined as 1/3 of of the trace of the orthogonalised 
UIJ tensor. 
Atom x y z U(eq) 
C1 6376(3) 6696.6(14) 6026.9(11) 11.7(3) 
C2 6079(2) 5694.8(14) 6590.6(10) 9.9(3) 
C3 7658(2) 5383.4(13) 7211.5(10) 10.2(3) 
C4 7814(3) 6218.8(14) 7933.2(11) 13.0(3) 
C5 7238(2) 4216.2(14) 7567.2(10) 10.7(3) 
C6 9254(3) 3835.7(15) 7808.7(11) 12.8(3) 
C7 9688(3) 5249.1(15) 6865.2(11) 12.8(3) 
C8 6425(3) 3353.1(14) 6953.1(11) 11.7(3) 
C9 8349(3) 3416.0(15) 5694.9(12) 13.9(3) 
C10 6986(3) 4300.7(14) 5352.7(11) 12.2(3) 
C11 5474(2) 4778.7(14) 5954.1(10) 10.3(3) 
C12 4776(2) 3772.0(14) 6434.1(11) 11.8(3) 
C13 3923(3) 5424.2(14) 5460.8(11) 12.6(3) 
C14 3312(3) 4945.1(16) 4631.7(12) 16.5(4) 
C15 4691(3) 6624.5(15) 5417.3(11) 14.3(3) 
O1 6388(2) 7728.1(10) 6456.0(9) 14.2(3) 
O2 4390.5(18) 5953.2(11) 7067.9(8) 12.2(3) 
O3 5998.6(19) 4317.7(11) 8249.4(8) 13.1(3) 
O4 9676.4(19) 3118.0(11) 8292.9(8) 15.9(3) 
O5 10580.1(19) 4417.5(11) 7400.3(8) 15.1(3) 
O6 7991.3(19) 2946.3(10) 6434.0(8) 14.0(3) 
O7 9706(2) 3106.2(12) 5302.9(9) 19.5(3) 
O8 8061(2) 5132.2(11) 4952.0(9) 16.7(3) 

  

Table 3. Anisotropic Displacement Parameters (Å2×103) for 7. The Anisotropic 
displacement factor exponent takes the form: -2p2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
C1 13.2(7) 8.4(7) 13.6(8) 0.7(6) -0.4(6) 0.3(6) 
C2 9.4(7) 9.8(7) 10.6(7) 0.2(6) 1.4(6) 1.3(6) 
C3 10.8(7) 9.0(7) 10.8(7) 1.3(6) 0.6(6) 0.8(6) 
C4 15.2(8) 11.0(8) 12.7(8) -1.1(6) -1.0(6) -0.6(7) 
C5 12.2(7) 9.9(7) 9.9(7) 0.6(6) -0.2(6) 0.3(6) 
C6 14.3(8) 12.1(8) 11.8(8) -2.9(6) -1.2(6) 1.4(6) 
C7 10.6(7) 13.7(8) 14.2(8) 2.6(7) -0.2(6) 1.1(6) 
C8 14.0(8) 10.7(7) 10.4(8) -0.7(6) 2.7(6) 0.6(6) 
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C9 15.7(8) 11.7(8) 14.2(8) -2.7(6) 0.0(6) -1.0(6) 
C10 14.0(8) 11.8(8) 10.9(8) -0.3(6) 1.3(6) -0.9(6) 
C11 11.4(7) 9.4(7) 10.0(7) 0.0(6) 0.5(6) 0.0(6) 
C12 12.8(7) 10.8(7) 11.9(7) 0.1(6) 0.1(6) -1.5(6) 
C13 11.4(8) 13.2(8) 13.1(8) 1.3(7) -1.3(6) 0.6(6) 
C14 18.3(9) 16.8(9) 14.4(8) -0.6(7) -3.7(7) -1.4(7) 
C15 16.8(8) 12.8(8) 13.3(8) 1.7(6) -3.0(7) 0.9(7) 
O1 14.2(6) 9.1(6) 19.4(6) -1.3(5) 0.2(5) -0.2(5) 
O2 11.3(6) 13.2(6) 12.0(6) 0.5(5) 2.9(5) 1.5(5) 
O3 15.3(6) 11.4(6) 12.4(6) 0.0(5) 4.0(5) -1.1(5) 
O4 17.7(6) 13.1(6) 17.1(6) 0.3(5) -2.6(5) 3.8(5) 
O5 11.3(6) 16.0(6) 18.0(6) 2.7(5) 0.1(5) 2.4(5) 
O6 16.6(6) 11.6(6) 13.7(6) -0.4(5) 1.8(5) 3.1(5) 
O7 19.1(6) 18.5(7) 20.8(7) -1.2(5) 5.2(6) 4.4(5) 
O8 21.7(7) 15.0(7) 13.5(6) 0.7(5) 6.6(5) -2.3(5) 

  

Table 4. Bond Lengths for 7. 
Atom Atom Length/Å   Atom Atom Length/Å 
C1 O1 1.431(2)   C6 O5 1.340(2) 
C1 C2 1.534(2)   C7 O5 1.469(2) 
C1 C15 1.539(2)   C8 O6 1.466(2) 
C2 O2 1.446(2)   C8 C12 1.514(2) 
C2 C3 1.539(2)   C9 O7 1.202(2) 
C2 C11 1.573(2)   C9 O6 1.348(2) 
C3 C7 1.535(2)   C9 C10 1.539(2) 
C3 C4 1.550(2)   C10 O8 1.415(2) 
C3 C5 1.557(2)   C10 C11 1.549(2) 
C5 O3 1.408(2)   C11 C12 1.528(2) 
C5 C6 1.534(2)   C11 C13 1.558(2) 
C5 C8 1.551(2)   C13 C14 1.523(3) 
C6 O4 1.208(2)   C13 C15 1.554(2) 

  

Table 5. Bond Angles for 7. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
O1 C1 C2 113.96(14)   O5 C7 C3 104.53(13) 
O1 C1 C15 111.41(14)   O6 C8 C12 111.40(13) 
C2 C1 C15 103.43(14)   O6 C8 C5 108.67(14) 
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O2 C2 C1 104.82(13)   C12 C8 C5 114.03(14) 
O2 C2 C3 106.91(13)   O7 C9 O6 118.83(17) 
C1 C2 C3 119.04(14)   O7 C9 C10 121.19(17) 
O2 C2 C11 106.42(13)   O6 C9 C10 119.93(15) 
C1 C2 C11 101.99(13)   O8 C10 C9 109.45(15) 
C3 C2 C11 116.51(14)   O8 C10 C11 112.52(14) 
C7 C3 C2 116.83(14)   C9 C10 C11 117.28(15) 
C7 C3 C4 106.22(14)   C12 C11 C10 103.74(14) 
C2 C3 C4 112.40(14)   C12 C11 C13 116.10(14) 
C7 C3 C5 102.28(13)   C10 C11 C13 110.00(14) 
C2 C3 C5 109.21(14)   C12 C11 C2 108.59(13) 
C4 C3 C5 109.29(14)   C10 C11 C2 119.44(14) 
O3 C5 C6 113.10(14)   C13 C11 C2 99.62(13) 
O3 C5 C8 109.57(14)   C8 C12 C11 107.88(14) 
C6 C5 C8 107.25(14)   C14 C13 C15 114.52(15) 
O3 C5 C3 109.02(13)   C14 C13 C11 117.03(15) 
C6 C5 C3 101.22(14)   C15 C13 C11 104.70(14) 
C8 C5 C3 116.56(14)   C1 C15 C13 106.80(14) 
O4 C6 O5 122.01(16)   C6 O5 C7 111.01(13) 
O4 C6 C5 127.38(16)   C9 O6 C8 120.28(14) 
O5 C6 C5 110.61(14)           

  

Table 6. Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 
(Å2×103) for 7. 
Atom x y z U(eq) 
H1A 7604 6610 5717 14 
H4A 8146 6947 7714 19 
H4B 8808 5976 8319 19 
H4C 6585 6262 8223 19 
H7A 9651 4994 6284 15 
H7B 10397 5954 6891 15 
H8A 5942 2717 7286 14 
H10 6241 3928 4905 15 
H12A 3687 3976 6794 14 
H12B 4345 3192 6046 14 
H13 2754 5444 5817 15 
H14A 4382 4985 4242 25 
H14B 2229 5368 4414 25 
H14C 2931 4174 4706 25 
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H15A 5124 6799 4849 17 
H15B 3676 7153 5574 17 
H1 7520(50) 7920(30) 6539(18) 38(8) 
H2 4300(40) 5510(20) 7438(18) 26(7) 
H3 5410(40) 3700(20) 8342(17) 28(7) 
H8 8280(50) 4970(30) 4500(20) 56(11) 
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5.1 Introduction 
 

The potential for (+)-cedrol (158) as a versatile synthetic platform to access all of the 
Illicium sesquiterpenoids is enormous (Scheme 5.1). In Chapter II to Chapter IV, we have 
established 158 as a viable entry point into seco-prezizaane sesquiterpenoids in the 
pseudoanisatin- and majucin-subtype.1 This was achieved through orthogonal and site-
selective C–H functionalizations of the pertinent carbon positions in each category of 
natural products. Gradually, sesquiterpenoids of increasing oxidation state have fell 
under this approach. Naturally, we contemplated advancement into the anisatinoid 
series (see Figure 1.4), arguable the most oxidatively decorated scaffold of the seco-
prezizaane family. Not only do the C-4 and C-14 hydroxylation sites have to be 
maintained once again, the key C-13 position required the carboxylic acid oxidation state. 
In addition to the seco-prezizaane targets, we also envisioned arriving at allo-cedrane 
natural products from our synthetic intermediates. The [2.2.2]bicyclic framework could 
conceivably be constructed from our pseudoanisatinoid precursors, which lack 
oxidation at the C-12 position, via ring-chain tautomerization of the C-6–C-11 bond.2 
These compounds would represent further expansion of a unified chemical synthesis of 
Illicium sesquiterpenoids from (+)-cedrol (158). 
 

 
Figure 5.1 Retrosynthetic strategy for anisatinoid and allo-cedrane targets from (+)-
cedrol (158). 
 
5.2 Formal synthesis of (–)-11-O-debenzoyltashironin 
 

Some allo-cedrane natural products bear similarity to their seco-prezizaane 
counterparts in the form of ring-chain tautomerization of the C-6–C11 bond.2 One of the 
most prominent members, neurotrophic2-3 compound (–)-11-O-debenzoyltashironin (26), 
has seen three distinct formal and total syntheses (see Section 1.4.10 to Section 
1.4.12).2,4 Due to its interesting biological activity (see Section 1.3), we selected this 
highly coveted target for our synthetic investigations (Scheme 5.1).  

In Section 3.2, we described a peculiar side product encountered during the 
silylation of the tertiary alcohol group in 244. This byproduct was determined to be C-8–
C-11 g-lactone 275 via X-ray crystallographic analysis. In order to capitalize on the 
tautomerization of C-6–C-11 for the synthesis of the allo-cedrane motif in 26 from a 
pseudoanisatinoid scaffold, the conveniently dehydroxylated C-6 position on 275 was 
deemed a suitable intermediate. Lactone 275 was only observed in trace yield from 244 
after treatment of the persilylated intermediate (not shown) with aqueous acid (HCl). Our 
efforts in the optimization of this transformation revealed that through the action of a 
strong acid (TsOH•H2O) at elevated temperature, g-lactones 275 and 276 were smoothly 
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delivered from 244 in high efficiency as a mixture of C-6 epimers with a 1.3:1 
diastereoselectivity. Two dimensional nOe analysis was performed to corroborate the 
structural determinations (see Supporting Information). Precedents in the steroidal 
literature have documented this kind of reactivity, in which an a-carbonyl halo or 
hydroxyl leaving group was displaced at the a’ position by another halide5 or acetate,6 
respectively. A SN2’ mechanism was proposed upon enolization of the a’ position,6 
although we currently could not rule out an oxy-allyl cation intermediate or an interrupted 
Favorskii-type mechanism with a cyclopropenone intermediate. Similar transformation 
involving SN2’-type oxirane opening was also reported.7 Moving forward, 275 and 276 
were exposed lithium naphthalenide ([Li]+[C10H8]•-) to unveil acid 277 as an isolable 
intermediate under reductive conditions.8 This material was then subjected to non-heme 
iron(oxo) catalysis for the carboxylate directed C–H activation of the C-4 methine 
position using [Fe(mep)(MeCN)2][(SbF6)2] (213) as catalyst and TBHP as oxidant (see 
Section 2.5 and Section 3.3).9 Desired C–H activated product 278 was obtained in 42% 
yield along with 28% yield of e-lactone 279 over three steps from 244 as single 
diastereomers without intermediate silica-gel purification. An X-ray crystallographic 
structure was secured for the highly crystalline 279 and 2D nOe experiment was carried 
out on 278 to assist in stereochemical assignment (see Supporting Information). The 
isolation of e-lactone 279, formed through initial demethylation of 277, was expected 
from our investigations in Section 3.3. Furthermore, acid 277 was far more well-behaved 
under iron(oxo) catalysis than the corresponding C-6 O-TBS substrate 246, providing 
further evidence that a ketol functionality could be detrimental by funneling starting 
material to unproductive pathways (see Section 2.5). Finally, lactone 278 was 
deprotected with in situ TMSI (TMSCl, NaI) to provide known compound 145 in 46% 
yield, an intermediate in Shenvi’s 2017 synthesis of (–)-26.2 Thus, the conversion of a 
seco-prezizaane framework to an allo-cedrane system was completed through a C–H 
activation approach from (+)-cedrol (158).  

 

 
Scheme 5.1 Formal synthesis of (–)-11-O-debenzoyltashironin (26).  
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5.3 Progress towards a total synthesis of (–)-anisatin 
 

Anisatinoids all bear characteristic oxidation on the C-13 position, mostly in the form 
of a spiro-b-lactone moiety bridging C-13 and C-14 (Scheme 5.2). Two total syntheses 
of flagship member (–)-anisatin (4) have been disclosed to date, with both totaling 40 
steps,10 in addition to Kende’s work on (±)-8-deoxyanisatin (C-10 with modern 
numbering) in 18 steps.11 With regards to the C–H activation of the C-13 site, we focused 
on hydroxyl group directed methodologies involving transition metal catalysis. A 
judiciously chosen substrate was required to confer architectural rigidity and functional 
group tolerance to accomplish this intimidating transformation. Acetate 262, our 
intermediate en route to the majucinoids (see Section 4.2), was deemed suitable. This 
material was deprotected (KOH, MeOH) cleanly to provide crystalline alcohol 280 in 91% 
yield. Next, employing methodology developed in the Hartwig lab,12 the primary alcohol 
group in 280 was first silylated via iridium catalysis ([Ir(COD)(OMe)]2, Et2SiH2) to deliver 
silica-gel stable silane 281 cleanly in quantitative yield. After complete removal of 
residual diethylsilane, dimeric rhodium catalyst [Rh(COE)2Cl]2, hydrogen acceptor 
norbornene (282), and stereochemically matched ligand (S)-DTBM-SegPhos® (283) was 
added into the crude silane 281. Under elevated temperature, C–H activation of the C-
13 methyl group in 281 occurred through six-membered rhodacycle 284.12a Reductive 
elimination from 284 provided stable and isolable oxasilacyclopentane 285 in 25% yield 
over two steps. The major undesired byproduct was determined to be non-diastereo-
selective hydrosilylation of 281 onto norbornene. Unfortunately, various other alkene-
type hydrogen acceptors were unsuccessful. Other mono- or bidentate phosphine 
ligands also did not improve upon the yield. Undeterred, Tamao-Fleming oxidation of 
285 in the absence of fluoride source gave diol 286 in 76% yield.13 An X-ray 
crystallographic structure of 286 was obtained to confirm the C–H hydroxylation of the 
C-13 position. From this material, a total synthesis of (–)-anisatin (4) through skeletal 
reorganization and further oxidative transformations are within the realm of possibility.  

 
Scheme 5.2 Progress towards a total synthesis of (–)-anisatin (4).  
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5.4 Summary and conclusion 
 

In the past four Chapters, we have accomplished a de novo synthesis of Illicium 
sesquiterpenoids according to the overarching retrosynthetic framework outlined in 
Section 2.2 (Scheme 5.3). In this process, we have successively increased the oxidation 
state of natural products we could access from hydrocarbon feedstock chemical (+)-
cedrol (158). From pseudoanisatinoids in Chapters 2 and 3, to majucinoids in Chapter 4, 
and finally forays into the anisatinoids in this Chapter, the last bastion of highly 
oxygenated seco-prezizaane targets. We have also branched into the allo-cedrane 
scaffold for natural products in the tashironin series along the way. In total, we have 
demonstrated the formal and total syntheses of 10 different Illicium sesquiterpenoids. 
The application of contemporary C–H functionalization technologies, both radical and 
transition metal mediated methodologies, were pushed to the limits and beyond in a 
complex molecule synthesis setting. Treating C–H bonds as functional groups has 
become feasible and fruitful in retrosynthetic logic.14 Furthermore, we hope that our 
endeavors could serve as groundwork for future biologic evaluations and mechanistic 
elucidations into the neurotrophic activity displayed by many Illicium sesquiterpenoids. 
Finally, with additional synthetic investigations, the outlook for a unified route to a 
plethora of Illicium natural products from (+)-cedrol (158) is limitless.  

 
Scheme 5.3 The synthetic evolution of a C–H functionalization approach for the Illicium 
sesquiterpenoids. 
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SI 4.1 General procedures 
 

All reactions were performed in flame- or oven-dried glassware under a positive 
pressure of nitrogen or argon, unless otherwise noted. Air- and moisture-sensitive liquids 
were transferred via syringe. Volatile solvents were removed under reduced pressure 
rotary evaporation below 35 ℃. Diglyme was removed under reduced pressure rotary 
evaporation at 60 ℃. Analytical and preparative thin-layer chromatography (TLC) were 
performed using glass plates pre-coated with silica gel (0.25-mm, 60-Å pore size, 
Silicycle SiliaPlateTM or MilliporeSigma TLC Silica gel 60 F254) and impregnated with a 
fluorescent indicator (254 nm). TLC plates were visualized by exposure to ultraviolet light 
(UV) and then were stained by submersion in an ethanolic anisaldehyde solution or an 
ethanolic phosphomolybdic/cerium sulfate solution or basic aqueous potassium 
permanganate solution, followed by brief heating on a hot plate. Flash column 
chromatography was performed employing silica gel purchased from Silicycle 
(SiliaFlash®, 60 Å, 230-400 mesh, 40-63 μm). Reaction conditions involving slow addition 
of reagents were performed with syringe pumps model KDS 100 and KDS 200, obtained 
from KD Scientific. 

(+)-Cedrol purchased from Sigma-Aldrich was recrystallized from MeOH/H2O. The 
recrystallized material was found to have an optical rotation of [𝛼]$%&	= +9.6 (c 5, CHCl3). 
This value corresponds to 97% ee when compared to the Merck Index value for 
enantiopure cedrol ([𝛼]$%& = +9.9, c 5, CHCl3), and 91% ee when compared to the value 
reported by Sigma Aldrich ([𝛼]$%&  = +10.5, c 5, CHCl3). (+)-Cedrol purchased from 
Parchem was used directly as received. The crystalline material was found to have an 
optical rotation of [𝛼]$%& = +11.9 (c 5, CHCl3).  

Anhydrous tetrahydrofuran (THF) and acetonitrile (MeCN) were obtained by 
passing these previously degassed solvents through activated alumina columns. 
Anhydrous THF was further degassed with argon prior to use. Trimethylchlorosilane 
(TMSCl) was distilled over calcium hydride prior to use. Lithium naphthalenide 
([Li]+[C10H8]•-) was prepared according to literature procedure.1 [Fe(mep)(MeCN)2][(SbF6)2] 
was synthesized by literature protocol.2 Catalysts [Ir(COD)(OMe)]2 and [Rh(COE)2Cl]2 was 
generously provided by Professor John F. Hartwig, Dr. Ala Bunescu, and Caleb Karmel. 
All other solvents and reagents were purchased at the highest commercial grade and 
were used as received, without further purification. Concentration of the reaction mixture 
was calculated with respect to the starting material unless otherwise specified.  

Proton nuclear magnetic resonance (1H NMR) spectra and carbon nuclear 
magnetic resonance (13C NMR) spectra were recorded on Bruker AVB 400 (400 MHz/101 
MHz), Bruker AV 500 (500 MHz/126 MHz), Bruker DRX 500 (500 MHz/126 MHz), Bruker 
AV 600 (600 MHz/151 MHz) NMR, Bruker AV 700 (700 MHz/176 MHz), and Bruker 900 
(900 MHz/226 MHz) spectrometers at 23 ℃. Proton chemical shifts are expressed as 
parts per million (ppm, δ scale) and are referenced to residual protium in the NMR solvent 
(CHCl3: δ 7.26), except where otherwise indicated. Carbon chemical shifts are expressed 
as parts per million (ppm, δ scale) and are referenced to the carbon resonance of the 
NMR solvent (CDCl3: δ 77.16), except where otherwise indicated. Data are represented 
as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, p 
=pentet, dd = doublet of doublets, dt = doublet of triplets, m = multiplet, br = broad), 
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coupling constant (J) in Hertz (Hz), and integration. D2O exchangeable signals are noted 
when applicable. Infrared (IR) spectra were recorded on a Bruker Alpha FT-IR 
spectrometer as thin films and are reported in frequency of absorption (cm–1). Melting 
points were determined using a MEL-TEMP II apparatus and are uncorrected. Optical 
rotations were recorded on a Perkin Elmer polarimeter, model 241. High-resolution mass 
spectra were obtained at the QB3/Chemistry Mass Spectrometry Facility at University of 
California, Berkeley using a Thermo LTQ-FT mass spectrometer, Waters AutoSpec 
Premier mass spectrometer, and at the Lawrence Berkeley National Laboratory Catalysis 
Center using a Perkin Elmer AxION 2 TOF mass spectrometer with electrospray 
ionization (ESI), electron ionization (EI), and chemical ionization (CI) techniques. X-ray 
diffraction data for all compounds were collected at the Small Molecule X-ray 
Crystallography Facility (CheXray) at University of California, Berkeley using a Bruker 
MicroSTAR-H APEX II X-ray source.  

 
SI 4.2 Experimental procedures and characterization data 
 

g-Lactone 275. In a reaction tube containing acid 244 (100 mg, 0.33 
mmol, 1.0 equiv) and TsOH•H2O (96 mg, 0.50 mmol, 1.5 equiv) was 
add DCE (3.4 mL, 0.1 M). The reaction mixture was heated to 60 ℃ 
and stirred for 10 h. Upon cooling to room temperature, the mixture 
was quenched with NaHCO3 (20 mL) and the layers were separated. 

The aqueous layer was further extracted with EtOAc (3 x 10 mL) and the combined 
organic layers were washed with brine (1 x 30 mL), dried over Na2SO4, and concentrated 
in vacuo. The crude mixture (98 mg) was used immediately in the next step without 
further purification. An analytical sample was purified by preparative TLC (50% Et2O in 
hexanes) to provide g-lactone 275 and g-lactone 276 in 1.3:1 d.r., both of which were 
white solids. g-Lactone 275. White solid (mp = 112 – 113 ℃). [𝛼]$%& = –124.0 (c 0.1, 
CHCl3); 1H NMR (600 MHz, CDCl3) δ 4.37 (s, 1H), 3.30 (s, 3H), 3.10 (q, J = 6.8 Hz, 1H), 
3.04 (d, J = 9.7 Hz, 1H), 2.95 (d, J = 9.7 Hz, 1H), 2.60 (d, J = 17.3 Hz, 1H), 2.55 (dd, J = 
9.0, 3.8 Hz, 1H), 2.16 (d, J = 17.3 Hz, 1H), 1.98 (dt, J = 11.1, 7.0 Hz, 1H), 1.93 – 1.82 (m, 
2H), 1.63 – 1.57 (m, 1H), 1.32 – 1.26 (m, 1H), 0.99 (d, J = 6.8 Hz, 3H), 0.99 (d, J = 6.8 Hz, 
3H), 0.61 (s, 3H); 13C NMR (151 MHz, CDCl3) δ 209.1, 175.4, 83.4, 76.0, 59.1, 55.3, 48.3, 
45.1, 44.3, 40.1, 38.1, 32.1, 23.5, 14.5, 14.3, 8.1; IR (thin film) nmax: 2926, 1789, 1722, 
1463, 1107 cm–1; HRMS (EI) calcd for C16H24O4 [M]+: 280.1675, found: 280.1679. 
 

g-Lactone 276. White solid (mp = 79 – 80 ℃). [𝛼]$%& = –32.1 (c 0.14, 
CHCl3); 1H NMR (700 MHz, CDCl3) δ 4.30 (s, 1H), 3.13 (s, 3H), 3.12 (d, 
J = 9.7 Hz, 1H), 3.09 (d, J = 9.7 Hz, 1H), 2.69 (d, J = 18.4 Hz, 1H), 2.56 
(d, J = 18.4 Hz, 1H), 2.45 (q, J = 7.2 Hz, 1H), 2.27 (dd, J = 10.8, 8.3 Hz, 
1H), 2.03 – 1.97 (m, 1H), 1.97 – 1.92 (m, 1H), 1.90 – 1.85 (m, 1H), 1.64 

(dtd, J = 12.9, 10.3, 7.0 Hz, 1H), 1.30 – 1.25 (m, 1H), 1.06 (d, J = 7.2 Hz, 3H), 1.04 (d, J 
= 7.2 Hz, 3H), 0.95 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 205.1, 175.9, 88.1, 77.2, 58.6, 
52.7, 52.5, 48.8, 44.9, 44.6, 37.9, 32.2, 28.3, 22.1, 15.2, 7.6; IR (thin film) nmax: 2927, 1777, 
1725, 1450, 1108 cm–1; HRMS (EI) calcd for C16H24O4 [M]+: 280.1675, found: 280.1675. 
 

461



Lactone 278. i) The mixture of g-lactones 275 and 276 as obtained by 
the above procedure was dissolved in anhydrous THF (3.4 mL, 0.1 M) at 
–78 ℃ in a reaction tube. A solution of [Li]+[C10H8]•- (1.35 M, 0.75 mL, 1.0 
mmol, 3.0 equiv) was slowly added into the reaction tube along the sides 
at –78 ℃. After 10 minutes, the reaction mixture was quickly warmed up 

to room temperature and immediately quenched with Et2O (5.0 mL) and 0.1 M HCl (10 
mL). The layers were separated, and the aqueous layer was further extracted with Et2O 
(3 x 10 mL). The combined organic layers were extracted with 2 M NaOH (1 x 40 mL) 
and the layers separated. The aqueous layer was then acidified with 2 M HCl (1 x 60 mL) 
and extracted with EtOAc (3 x 20 mL). The combined organic layers were washed with 
brine (1 x 30 mL), dried over Na2SO4, and concentrated in vacuo. The crude intermediate 
(98 mg) was used immediately in the next step without further purification.  

ii) The crude intermediate obtained from above was dissolved in MeCN (1.2 mL). 
TBHP (70 wt% in H2O, 105 mg, 0.81 mmol, 3.0 equiv) and [Fe(mep)(MeCN)2][(SbF6)2] (120 
mg, 1.36 mmol, 0.50 equiv) were dissolved separately in MeCN (0.8 mL each) and taken 
up in syringes. The two solutions were added over the course of 1 h by syringe pumps. 
At the conclusion of reagent addition, the reaction was concentrated directly in vacuo 
and then filtered through a short pad of silica gel. The crude residue was purified by flash 
column chromatography (20% → 40% → 60% EtOAc in hexanes) to provide lactone 
278 (41 mg, 0.15 mmol, 42% yield from 244) as a colorless oil and e-lactone 279 (23 mg, 
0.092 mmol, 28% yield from 244) as a crystalline solid. Lactone 278. [𝛼]$%& = –65.0 (c 0.4, 
CHCl3); 1H NMR (600 MHz, CDCl3) δ 3.49 (d, J = 9.1 Hz, 1H), 3.32 (s, 3H), 3.24 (d, J = 9.1 
Hz, 1H), 2.82 (d, J = 19.2 Hz, 1H), 2.67 (d, J = 18.5 Hz, 1H), 2.35 – 2.30 (m, 1H), 2.31 (d, 
J = 18.5 Hz, 1H), 2.25 – 2.20 (m, 1H), 2.18 (d, J = 19.2 Hz, 1H), 2.02 (ddd, J = 14.5, 12.5, 
6.2 Hz, 1H), 1.85 – 1.72 (m, 2H), 1.33 – 1.22 (m, 1H), 1.06 (d, J = 6.8 Hz, 3H), 1.00 (d, J 
= 6.4 Hz, 3H), 0.97 (s, 3H); 13C NMR (151 MHz, CDCl3) δ 210.2, 175.8, 100.0, 77.6, 59.1, 
50.2, 48.9, 47.9, 46.4, 44.2, 37.7, 35.4, 30.9, 15.5, 14.2, 9.1; IR (thin film) nmax: 2928, 2876, 
1759, 1709, 1455, 1259, 1198, 1104, 985 cm–1; HRMS (ESI) calcd for C16H24O4Na [M+Na]+: 
303.1567, found: 303.1563. 
 

e-Lactone 279. Crystalline solid (mp = 163 ℃, decomp.). [𝛼]$%& = –8.0 (c 
0.1, CHCl3); 1H NMR (700 MHz, CDCl3) δ 4.07 (d, J = 12.9 Hz, 1H), 3.98 
(d, J = 12.9 Hz, 1H), 2.69 (d, J = 14.6 Hz, 1H), 2.65 (dd, J = 14.6, 1.7 Hz, 
1H), 2.39 (q, J = 6.7 Hz, 1H), 2.34 (dd, J = 16.8, 1.7 Hz, 1H), 2.24 (dt, J = 
16.8, 1.7 Hz, 1H), 2.18 (dddd, J = 14.5, 11.2, 8.4, 3.2 Hz, 1H), 2.06 – 1.97 

(m, 2H), 1.87 – 1.79 (m, 2H), 1.43 (ddd, J = 14.5, 9.7, 2.4 Hz, 1H), 1.18 (d, J = 6.7 Hz, 3H), 
1.06 (s, 3H), 0.93 (d, J = 7.3 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 208.4, 172.9, 75.8, 
54.6, 46.8, 45.6, 44.4, 44.3, 43.2, 42.8, 29.2, 24.6, 22.8, 18.2, 8.0; IR (thin film) nmax: 3313, 
2966, 1736, 1696, 1376, 1195 cm–1; HRMS (ESI) calcd for C15H22O3Na [M+Na]+: 273.1461, 
found: 273.1461. 
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Hemiketal 145.3 g-Lactone 278 (10 mg, 0.036 mmol, 1.0 equiv) and 
sodium iodide (26.7 mg, 0.18 mmol, 5.0 equiv) were dissolved in 
anhydrous MeCN (0.4 mL, 0.1 M). TMSCl (45 µL, 0.36 mmol, 10.0 equiv) 
was added dropwise and the solution was heated at 80 ℃ for 45 
minutes. Upon cooling to room temperature, the reaction mixture was 

quenched with saturated aq. Na2S2O3 (5.0 mL). The layers were separated, and the 
aqueous layer was extracted with EtOAc (3 x 5.0 mL). The combined organic layers were 
washed with brine (1 x 10 mL), dried over Na2SO4, and concentrated in vacuo. The crude 
residue was purified by preparative TLC (100% Et2O) to give hemiketal 145 (4.4 mg, 
0.016, 46%) as a colorless oil. Characterization data were in agreement with previously 
reported values. [𝛼]$%& = –18.7 (c 0.31, CHCl3); 1H NMR (600 MHz, CDCl3) δ 3.85 (d, J = 
9.6 Hz, 1H), 3.68 (d, J = 9.6 Hz, 1H), 2.90 (d, J = 18.7 Hz, 1H), 2.73 (d, J = 18.7 Hz, 1H), 
2.50 (s, OH, 1H, D2O exchangeable), 2.23 (d, J = 13.8 Hz, 1H), 2.08 – 2.01 (m, 1H), 1.93 
(dt, J = 11.8, 6.4 Hz, 1H), 1.89 – 1.81 (m, 3H), 1.76 (d, J = 13.8 Hz, 1H), 1.36 – 1.28 (m, 
1H), 1.06 (s, 3H), 1.05 (d, J = 6.8 Hz, 3H), 1.00 (d, J = 7.0 Hz, 3H); 13C NMR (151 MHz, 
CDCl3) δ 176.9, 106.7, 100.9, 71.3, 50.8, 50.6, 49.9, 49.0, 43.7, 38.4, 34.9, 32.1, 15.1, 
14.4, 7.9; IR (thin film) nmax: 3402, 2937, 2880, 1746, 1644, 1265, 1196, 1015, 966 cm–1; 
HRMS (ESI) calcd for C15H21O4 [M–H]–: 265.1445, found: 265.1442.  

 
Alcohol 280. In a 25 mL flask containing acetate 262 (130 mg, 0.47 mmol, 
1.0 equiv) was added fined ground KOH (80 mg, 1.4 mmol, 3 equiv) and 
MeOH (4.7 mL, 0.1 M) at room temperature. The reaction mixture was 
stirred for 48 h. Then, 2 M HCl (10 mL) and EtOAc (10 mL) was added. 
The layers were separated, and the aqueous layer was extracted with 

EtOAc (3 x 10 mL). The combined organic layers were washed with brine (1 x 30 mL), 
dried over Na2SO4, and concentrated in vacuo. The crude residue was purified by flash 
column chromatography (20% → 40% EtOAc in hexanes) to provide alcohol 280 (97 mg, 
0.41 mmol, 91%) as a crystalline solid (mp = 54 – 56 ℃). [𝛼]$%& = –4.1 (c 0.17, CHCl3); 1H 
NMR (400 MHz, CDCl3) δ 4.15 (d, J = 4.3 Hz, 1H), 4.12 (d, J = 11.0 Hz, 1H), 3.89 (d, J = 
11.0 Hz, 1H), 2.07 (br d, J = 3.5 Hz, 1H), 1.91 (dt, J = 11.8, 3.5 Hz, 1H), 1.88 – 1.80 (m, 
2H), 1.79 – 1.63 (m, 3H), 1.60 (d, J = 10.5 Hz, 1H), 1.52 (d, J = 11.8 Hz, 1H), 1.41 – 1.34 
(m, 1H), 1.19 (d, J = 7.5 Hz, 3H), 1.02 (s, 3H), 0.92 (d, J = 6.1 Hz, 3H); 13C NMR (126 MHz, 
CDCl3) δ 101.8, 82.9, 68.0, 63.1, 54.2, 50.6, 43.6, 42.7, 41.9, 40.7, 36.3, 28.9, 22.6, 20.0, 
14.9; IR (thin film) nmax: 3318, 2950, 2868, 1452, 1326, 1036, 985 cm–1; HRMS (ESI) calcd 
for C15H24O2Na [M+Na]+: 259.1669, found: 259.1667. 
 

Oxasilacyclopentane 285. The following procedure is strictly free of O2 
and H2O and all operations were carried out inside a glovebox.  

i) In a reaction tube containing alcohol 280 (150 mg, 0.63 mmol, 
1.0 equiv) was added [Ir(COD)(OMe)]2 (2.1 mg, 0.0032 mmol, 0.5 mol%) 
and anhydrous degassed THF (6.4 mL, 0.1 M). Et2SiH2 (123 µL, 0.95 mmol, 
1.5 equiv) was then added. The reaction mixture was stirred at room 

temperature for 12 h, followed by direct concentration in vacuo to provide a crude 
intermediate that was used immediately in the next step without further purification. 
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ii) The crude intermediate obtained from above was carefully azeotroped with 
anhydrous toluene three times [Note: It is critical to remove trace Et2SiH2]. [Rh(COE)2Cl]2 
(9.1 mg, 0.013 mmol, 2 mol%), (S)-DTBM-SegPhos® (30 mg, 0.025 mmol, 4 mol%), and 
norbornene (72 mg, 0.76 mmol, 1.2 equiv) were add. Anhydrous degassed THF (12.8 mL, 
0.05 M) was then added. The reaction mixture was stirred for 0.5 h at room temperature 
then heated to 100 ℃ for 12 h. Upon cooling to room temperature, the mixture was 
exposed to ambient atmosphere and concentrated directly in vacuo. The crude residue 
was then purified by flash column chromatography (10% → 20% → 30% Et2O in 
hexanes) to provide oxasilacyclopentane 285 (51 mg, 0.16 mmol, 25% yield) as a pale-
yellow oil. An analytical sample was further purified by preparative TLC (40% Et2O in 
hexanes) to give oxasilacyclopentane 285 as a colorless oil. [𝛼]$%& = –36.7 (c 0.75, CHCl3); 
1H NMR (600 MHz, CDCl3) δ 4.76 (d, J = 10.0 Hz, 1H), 4.07 (d, J = 4.7 Hz, 1H), 3.74 (d, J 
= 10.0 Hz, 1H), 2.04 – 1.95 (m, 2H), 1.91 – 1.80 (m, 2H), 1.73 – 1.65 (m, 3H), 1.65 – 1.58 
(m, 1H), 1.57 – 1.44 (m, 3H), 1.07 – 0.96 (m, 9H), 0.93 (d, J = 5.3 Hz, 3H), 0.89 (d, J = 
15.5 Hz, 1H), 0.78 (dq, J = 15.8, 8.0 Hz, 1H), 0.72 – 0.58 (m, 3H), 0.44 (d, J = 15.5 Hz, 
1H); 13C NMR (151 MHz, CDCl3) δ 101.1, 82.8, 71.7, 62.7, 58.4, 56.9, 43.8, 42.9, 42.5, 
40.8, 36.4, 29.5, 21.1, 19.0, 14.9, 7.1, 6.9, 6.8, 5.7; IR (thin film) nmax: 2950, 2873, 1455, 
1055, 1017, 971, 813, 783 cm–1; HRMS (EI) calcd for C19H32O2

28Si [M]+: 320.2172, found: 
320.2174. 
 

Diol 286. Oxasilacyclopentane 285 (4 mg, 0.013 mmol, 1.0 equiv) was 
combined with KHCO3 (6.3 mg, 0.063 mmol, 5.0 equiv). THF/MeOH (1:1 
v:v, 0.3 mL, 0.04 M) and H2O2 (50 wt% in H2O, 10 µL, 0.13 mmol, 10.0 
equiv) were then added. The reaction mixture was then heated to 50 ℃ 
for 36 h. [Caution: Gas pressure buildup.] Upon cooling to room 

temperature, saturated aq. Na2S2O3 (1.0 mL) was added, followed by EtOAc (2.0 mL). 
The layers were separated, and the aqueous layer was further extracted with EtOAc (3 x 
1.0 mL). The combined organic layers were washed with brine (1 x 5.0 mL), dried over 
Na2SO4, and concentrated in vacuo. The crude residue was purified by preparative TLC 
(100% Et2O) to afford diol 286 (2.4 mg, 0.01 mmol, 76% yield) as a white solid (mp = 142 
– 143 ℃). [𝛼]$%& = –2.5 (c 0.16, CHCl3); 1H NMR (700 MHz, CDCl3) δ 4.42 (d, J = 10.8 Hz, 
1H), 4.16 (d, J = 4.7 Hz, 1H), 4.08 (d, J = 10.8 Hz, 1H), 3.73 (d, J = 11.2 Hz, 1H), 3.58 (br 
d, J = 11.2 Hz, OH, 1H, D2O exchangeable), 2.61 (s, 1H), 2.51 (br s, OH, 1H, D2O 
exchangeable), 1.88 (dt, J = 12.2, 3.3 Hz, 1H), 1.86 – 1.75 (m, 4H), 1.71 (dp, J = 12.3, 6.4 
Hz, 1H), 1.67 – 1.61 (m, 1H), 1.62 (d, J = 10.6 Hz, 1H), 1.60 (d, J = 12.3 Hz, 1H), 1.41 (td, 
J = 14.1, 12.2, 6.4 Hz, 1H), 1.35 (dd, J = 14.1, 7.3 Hz, 1H), 1.25 (d, J = 7.5 Hz, 3H), 0.93 
(d, J = 6.7 Hz, 3H); 13C NMR (176 MHz, CDCl3) δ 100.6, 82.8, 68.2, 68.2, 63.3, 53.4, 48.2, 
42.9, 42.6, 41.6, 40.1, 36.0, 28.1, 19.7, 14.8; IR (thin film) nmax: 3206, 2934, 2891, 1455, 
1104, 1030, 993 cm–1; HRMS (ESI) calcd for C15H23O3 [M–H]–: 251.1653, found: 251.1649. 
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SI 4.4 X-ray crystallographic data and NMR spectra 
 

X-ray crystallographic data for 275 
 

 
 

A colorless prism 0.110 x 0.080 x 0.060 mm in size was mounted on a Cryoloop with 
Paratone oil. Data were collected in a nitrogen gas stream at 100(2) K using and scans. 
Crystal-to-detector distance was 60 mm and exposure time was 5 seconds per frame 
using a scan width of 2.0°. A total of 19608 reflections were collected covering the 
indices, -9 ≤ h ≤ 9, -11 ≤ k ≤ 11, -11 ≤ l ≤ 11. 2637 reflections were found to be symmetry 
independent, with an Rint of 0.0226. Indexing and unit cell refinement indicated a primitive, 
monoclinic lattice. The space group was found to be P 21 (No. 4). The data were 
integrated using the Bruker SAINT software program and scaled using the SADABS 
software program. Solution by iterative methods (SHELXT-2014) produced a complete 
heavy-atom phasing model consistent with the proposed structure. All non-hydrogen 
atoms were refined anisotropically by full-matrix least-squares (SHELXL-2014). All 
hydrogen atoms were placed using a riding model. Their positions were constrained 
relative to their parent atom using the appropriate HFIX command in SHELXL-2014. 
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Table 1. Crystal data and structure refinement for 275. 
Identification code MLC_B_020_0m 
Empirical formula C16H24O4 
Formula weight 280.37 
Temperature/K 100.0 
Crystal system monoclinic 
Space group P21 
a/Å 8.0619(8) 
b/Å 9.8882(10) 
c/Å 9.804(1) 
a/° 90 
b/° 113.579(4) 
g/° 90 
Volume/Å3 716.30(13) 
Z 2 
ρcalcg/cm3 1.2998 
μ/mm-1 0.092 
F(000) 304.2 
Crystal size/mm3 0.11 × 0.08 × 0.06 
Radiation Mo Kα (λ = 0.71073) 
2Θ range for data collection/° 4.54 to 50.9 
Index ranges -9 ≤ h ≤ 9, -11 ≤ k ≤ 11, -11 ≤ l ≤ 11 
Reflections collected 19608 
Independent reflections 2637 [Rint = 0.0226, Rsigma = 0.0114] 
Data/restraints/parameters 2637/1/277 
Goodness-of-fit on F2 1.115 
Final R indexes [I>=2σ (I)] R1 = 0.0237, wR2 = 0.0630 
Final R indexes [all data] R1 = 0.0240, wR2 = 0.0633 
Largest diff. peak/hole / e Å-3 0.15/-0.14 
Flack parameter -0.1(5) 
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Table 2. Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for 275. Ueq is defined as 1/3 of of the trace of the orthogonalised 
UIJ tensor. 
Atom x y z U(eq) 
O1 -4527.9(11) -4957.4(9) -9528.5(9) 17.51(19) 
O2 -4845.8(12) -3496.1(9) -11346.2(10) 22.7(2) 
O3 -8030.8(11) -2909.2(8) -5484.6(9) 17.68(19) 
O4 -2876.4(12) -3961.7(10) -6788.1(10) 27.1(2) 
C5 -4325.7(15) -4471.7(12) -7035.5(13) 16.0(2) 
C6 -5376.3(16) -5198.8(12) -8499.2(13) 15.3(2) 
C7 -5362.9(16) -3910.2(11) -10430.4(13) 17.4(3) 
C8 -7203.4(15) -4862.8(11) -6559.3(12) 13.7(2) 
C9 -8179.0(15) -4238.2(12) -8137.8(13) 13.8(2) 
C10 -3967.5(17) -4916.2(14) -4420.7(13) 20.2(3) 
C11 -5228.1(15) -4349.6(12) -5938.6(13) 15.4(2) 
C12 -7309.5(15) -4637.1(11) -9245.6(12) 13.6(2) 
C13 -6921.5(16) -3428.9(12) -10069.7(13) 15.7(2) 
C14 -10213.6(16) -4588.9(12) -8940.8(13) 17.8(3) 
C15 -8125.9(16) -4340.2(12) -5561.3(13) 16.0(2) 
C16 -8505.7(19) -5953.6(13) -11786.1(15) 23.4(3) 
C17 -10491.9(16) -4997.5(14) -10519.5(14) 20.1(3) 
C18 -8835.6(18) -2398.4(14) -4545.4(14) 20.3(3) 
C19 -8685.7(16) -5637.5(12) -10330.9(13) 17.1(2) 
C20 -7318.9(17) -6413.4(12) -6524.2(14) 17.6(3) 

  

Table 3. Anisotropic Displacement Parameters (Å2×103) for 275. The Anisotropic 
displacement factor exponent takes the form: -2p2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U12 U13 U23 
O1 18.1(4) 18.3(4) 19.4(4) 1.5(3) 11.0(3) 0.8(3) 
O2 28.7(4) 20.6(4) 26.1(4) -2.4(4) 18.5(4) 1.1(4) 
O3 23.0(4) 13.6(4) 20.8(4) 1.0(3) 13.4(4) -1.6(3) 
O4 16.8(4) 39.0(6) 24.9(5) -8.7(4) 7.5(4) -2.8(4) 
C5 14.1(6) 15.6(6) 17.2(6) 2.0(4) 4.9(5) 3.1(4) 
C6 16.1(5) 14.4(6) 17.8(6) 0.6(4) 9.1(4) 0.3(4) 
C7 18.9(6) 15.0(6) 19.1(6) -2.9(4) 8.4(5) -2.7(4) 
C8 14.3(5) 12.4(5) 14.9(5) 0.6(4) 6.2(4) 0.8(4) 
C9 13.7(5) 11.3(6) 16.6(5) -0.0(4) 6.4(4) 0.5(4) 
C10 17.5(6) 25.2(7) 15.2(6) 3.5(5) 3.7(5) 0.5(5) 
C11 14.2(5) 13.2(6) 17.9(6) 0.7(4) 5.5(5) -0.8(4) 
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C12 14.3(5) 12.6(6) 13.6(5) -0.7(4) 5.4(4) 0.5(4) 
C13 17.3(5) 13.3(5) 17.5(6) -0.5(4) 8.1(5) 1.6(5) 
C14 13.9(6) 20.6(6) 18.9(6) -0.3(4) 6.5(5) 0.7(5) 
C15 18.5(6) 13.7(5) 17.7(6) -0.3(5) 9.2(5) 1.3(4) 
C16 27.0(7) 23.9(7) 20.6(6) -6.2(6) 10.7(5) -6.1(5) 
C17 15.0(6) 23.0(6) 20.2(6) -2.7(5) 4.8(4) 0.7(5) 
C18 23.1(7) 21.1(7) 19.9(6) 1.4(5) 12.1(5) -3.4(5) 
C19 17.6(6) 15.6(6) 17.4(6) -4.0(5) 6.1(5) -1.2(5) 
C20 19.9(6) 13.6(6) 20.7(6) 0.1(5) 9.6(5) 1.0(4) 

  

Table 4. Bond Lengths for 275. 
Atom Atom Length/Å   Atom Atom Length/Å 
O1 C6 1.4475(13)   C8 C11 1.5455(16) 
O1 C7 1.3532(15)   C8 C15 1.5362(15) 
O2 C7 1.2029(15)   C8 C20 1.5373(16) 
O3 C15 1.4174(14)   C9 C12 1.5606(15) 
O3 C18 1.4149(15)   C9 C14 1.5484(16) 
O4 C5 1.2048(15)   C10 C11 1.5335(16) 
C5 C6 1.5236(16)   C12 C13 1.5427(15) 
C5 C11 1.5251(16)   C12 C19 1.5483(16) 
C6 C12 1.5365(16)   C14 C17 1.5269(17) 
C7 C13 1.5120(16)   C16 C19 1.5230(17) 
C8 C9 1.5560(16)   C17 C19 1.5297(17) 

  

Table 5. Bond Angles for 275. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
C7 O1 C6 109.36(8)   C14 C9 C8 115.34(9) 
C18 O3 C15 111.21(10)   C14 C9 C12 105.60(9) 
C6 C5 O4 121.07(10)   C8 C11 C5 113.79(9) 
C11 C5 O4 121.51(11)   C10 C11 C5 109.72(10) 
C11 C5 C6 117.33(10)   C10 C11 C8 116.14(10) 
C5 C6 O1 109.82(9)   C9 C12 C6 114.35(9) 
C12 C6 O1 106.29(9)   C13 C12 C6 98.61(9) 
C12 C6 C5 110.72(9)   C13 C12 C9 114.23(9) 
O2 C7 O1 121.19(10)   C19 C12 C6 114.07(9) 
C13 C7 O1 109.31(9)   C19 C12 C9 104.00(9) 
C13 C7 O2 129.50(11)   C19 C12 C13 111.99(9) 
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C11 C8 C9 107.01(9)   C12 C13 C7 103.91(9) 
C15 C8 C9 108.61(9)   C17 C14 C9 105.72(10) 
C15 C8 C11 108.90(9)   C8 C15 O3 109.87(9) 
C20 C8 C9 114.02(10)   C19 C17 C14 103.90(10) 
C20 C8 C11 112.38(10)   C16 C19 C12 117.67(10) 
C20 C8 C15 105.79(9)   C17 C19 C12 101.80(9) 
C12 C9 C8 113.75(9)   C17 C19 C16 114.49(11) 

  

Table 6. Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 
(Å2×103) for 275. 
Atom x y z U(eq) 
H14a -10551(18) -5326(15) -8480(15) 11(3) 
H11 -5307(18) -3375(17) -5842(15) 17(3) 
H9 -8007(18) -3302(16) -7968(15) 11(3) 
H16a -9430(20) -6560(17) -12389(18) 26(4) 
H19 -8580(20) -6497(17) -9794(17) 22(4) 
H6 -5334(18) -6160(15) -8307(14) 9(3) 
H13a -7930(20) -3166(16) -10942(17) 17(3) 
H15a -7509(18) -4730(14) -4558(15) 10(3) 
H20a -6900(20) -6687(18) -5480(19) 29(4) 
H10a -3830(20) -5908(19) -4508(18) 29(4) 
H18a -8790(20) -1459(18) -4609(17) 22(4) 
H17a -11570(20) -5640(19) -10987(18) 26(4) 
H10b -2780(20) -4519(17) -4136(17) 22(4) 
H17b -10730(20) -4183(19) -11199(19) 30(4) 
H13b -6550(20) -2627(18) -9418(19) 31(4) 
H20b -6550(20) -6850(20) -6926(18) 33(4) 
H18b -8180(20) -2634(17) -3504(19) 30(4) 
H16b -8650(20) -5129(18) -12418(18) 27(4) 
H16c -7280(20) -6405(18) -11607(18) 31(4) 
H10c -4420(20) -4694(16) -3639(17) 22(4) 
H20c -8540(20) -6730(16) -7040(16) 19(3) 
H15b -9440(19) -4633(14) -5957(15) 13(3) 
H18c -10080(20) -2688(17) -4842(19) 26(4) 
H14b -10990(20) -3862(18) -8884(19) 32(4) 
 
  

470



X-ray crystallographic data for 279 
 

 
 
A colorless prism 0.280 x 0.200 x 0.200 mm in size was mounted on a Cryoloop with 
Paratone oil. Data were collected in a nitrogen gas stream at 100(2) K using and scans. 
Crystal-to-detector distance was 60 mm and exposure time was 5 seconds per frame 
using a scan width of 2.0°. Data collection was 99.5% complete to 67.684° in q. A total 
of 28219 reflections were collected covering the indices, -10<=h<=10, -14<=k<=14, -
17<=l<=17. 5484 reflections were found to be symmetry independent, with an Rint of 
0.0295. Indexing and unit cell refinement indicated a primitive, monoclinic lattice. The 
space group was found to be P 21 (No. 4). The data were integrated using the Bruker 
SAINT software program and scaled using the SADABS software program. Solution by 
iterative methods (SHELXT-2014) produced a complete heavy-atom phasing model 
consistent with the proposed structure. All non-hydrogen atoms were refined 
anisotropically by full-matrix least-squares (SHELXL-2014). All hydrogen atoms were 
placed using a riding model. Their positions were constrained relative to their parent 
atom using the appropriate HFIX command in SHELXL-2014. Absolute stereochemistry 
was unambiguously determined to be R at C5, C11, C14, C20, C26, and C29, and S at 
C2, C9, C17, and C24, respectively. 
 
  

471



Table 1. Crystal data and structure refinement for 279. 
Identification code  KH_146_2_2_3 
Empirical formula  C15 H22 O3 
Formula weight  250.32 
Temperature  100(2) K 
Wavelength  1.54184 Å 
Crystal system  Monoclinic 
Space group  P 21 
Unit cell dimensions a = 8.38830(10) Å a= 90°. 
 b = 11.55480(10) Å b= 96.3190(10)°. 
 c = 13.55300(10) Å g = 90°. 
Volume 1305.65(2) Å3 
Z 4 
Density (calculated) 1.273 Mg/m3 
Absorption coefficient 0.697 mm-1 
F(000) 544 
Crystal size 0.280 x 0.200 x 0.200 mm3 
Theta range for data collection 3.281 to 78.947°. 
Index ranges -10<=h<=10, -14<=k<=14, -17<=l<=17 
Reflections collected 28219 
Independent reflections 5484 [R(int) = 0.0295] 
Completeness to theta = 67.684° 99.5 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00000 and 0.84895 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5484 / 1 / 331 
Goodness-of-fit on F2 1.055 
Final R indices [I>2sigma(I)] R1 = 0.0285, wR2 = 0.0745 
R indices (all data) R1 = 0.0286, wR2 = 0.0745 
Absolute structure parameter -0.08(5) 
Extinction coefficient n/a 
Largest diff. peak and hole 0.185 and -0.155 e.Å-3 
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for 279. U(eq) is defined as one third of the trace of the orthogonalized Uij 
tensor. 
______________________________________________________________________________ 
 x y z U(eq) 
______________________________________________________________________________ 
O(1) 8739(2) 1907(1) 8803(1) 22(1) 
O(3) 9789(2) 3882(1) 10474(1) 22(1) 
O(4) 4220(2) 8087(1) 3565(1) 28(1) 
O(6) 6114(2) 5929(1) 4827(1) 26(1) 
O(2) 12175(2) 3208(1) 10305(1) 31(1) 
O(5) 5024(2) 6931(1) 5947(1) 34(1) 
C(7) 11181(2) 3935(2) 10063(1) 20(1) 
C(26) 3290(2) 4566(1) 3510(1) 17(1) 
C(4) 9695(2) 3599(2) 8067(1) 18(1) 
C(3) 8566(2) 2942(1) 8663(1) 16(1) 
C(6) 11393(2) 4859(1) 9300(1) 18(1) 
C(27) 1930(2) 4421(2) 2657(1) 21(1) 
C(1) 6256(2) 2891(2) 9699(1) 22(1) 
C(19) 2416(2) 6582(1) 3879(1) 19(1) 
C(14) 10638(2) 5522(2) 7505(1) 21(1) 
C(5) 10101(2) 4855(1) 8403(1) 16(1) 
C(15) 11602(2) 6620(2) 7778(1) 25(1) 
C(24) 4919(2) 5002(2) 3241(1) 20(1) 
C(11) 8560(2) 5485(1) 8601(1) 18(1) 
C(2) 7144(2) 3605(2) 8984(1) 18(1) 
C(18) 3883(2) 7066(2) 3460(1) 20(1) 
C(8) 8609(2) 4808(2) 10362(1) 22(1) 
C(20) 2556(2) 5326(1) 4268(1) 17(1) 
C(22) 4925(2) 6098(2) 5403(1) 24(1) 
C(23) 6148(2) 4939(2) 4170(1) 24(1) 
C(9) 7603(2) 4850(2) 9345(1) 19(1) 
C(28) 351(2) 4577(2) 3141(1) 25(1) 
C(17) 4790(2) 6262(2) 2831(1) 21(1) 
C(29) 842(2) 4820(2) 4256(1) 22(1) 
C(16) 6379(2) 6803(2) 2608(2) 30(1) 
C(30) 770(2) 3715(2) 4879(1) 29(1) 
C(21) 3502(2) 5295(2) 5307(1) 22(1) 
C(10) 6096(2) 5552(2) 9486(2) 29(1) 
C(12) 7693(2) 5722(2) 7562(1) 26(1) 
C(25) 5502(2) 4170(2) 2472(1) 27(1) 
C(13) 9038(2) 5801(2) 6871(1) 31(1) 
______________________________________________________________________________
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Table 3. Bond lengths [Å] and angles [°] for 279. 
_____________________________________________________ 
O(1)-C(3)  1.217(2) 
O(3)-C(7)  1.349(2) 
O(3)-C(8)  1.454(2) 
O(4)-C(18)  1.218(2) 
O(6)-C(22)  1.348(2) 
O(6)-C(23)  1.451(2) 
O(2)-C(7)  1.204(2) 
O(5)-C(22)  1.209(2) 
C(7)-C(6)  1.510(2) 
C(26)-C(20)  1.531(2) 
C(26)-C(24)  1.538(2) 
C(26)-C(27)  1.542(2) 
C(26)-H(26)  1.0000 
C(4)-C(3)  1.514(2) 
C(4)-C(5)  1.548(2) 
C(4)-H(4A)  0.9900 
C(4)-H(4B)  0.9900 
C(3)-C(2)  1.521(2) 
C(6)-C(5)  1.537(2) 
C(6)-H(6A)  0.9900 
C(6)-H(6B)  0.9900 
C(27)-C(28)  1.551(2) 
C(27)-H(27A)  0.9900 
C(27)-H(27B)  0.9900 
C(1)-C(2)  1.527(2) 
C(1)-H(1A)  0.9800 
C(1)-H(1B)  0.9800 
C(1)-H(1C)  0.9800 
C(19)-C(18)  1.518(2) 
C(19)-C(20)  1.544(2) 
C(19)-H(19A)  0.9900 
C(19)-H(19B)  0.9900 
C(14)-C(15)  1.529(2) 
C(14)-C(13)  1.546(3) 
C(14)-C(5)  1.550(2) 
C(14)-H(14)  1.0000 
C(5)-C(11)  1.533(2) 
C(15)-H(15A)  0.9800 
C(15)-H(15B)  0.9800 
C(15)-H(15C)  0.9800 
C(24)-C(25)  1.537(2) 
C(24)-C(23)  1.539(2) 
C(24)-C(17)  1.558(2) 
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C(11)-C(12)  1.537(2) 
C(11)-C(9)  1.541(2) 
C(11)-H(11)  1.0000 
C(2)-C(9)  1.555(2) 
C(2)-H(2)  1.0000 
C(18)-C(17)  1.520(2) 
C(8)-C(9)  1.536(2) 
C(8)-H(8A)  0.9900 
C(8)-H(8B)  0.9900 
C(20)-C(21)  1.539(2) 
C(20)-C(29)  1.550(2) 
C(22)-C(21)  1.506(3) 
C(23)-H(23A)  0.9900 
C(23)-H(23B)  0.9900 
C(9)-C(10)  1.532(2) 
C(28)-C(29)  1.548(2) 
C(28)-H(28A)  0.9900 
C(28)-H(28B)  0.9900 
C(17)-C(16)  1.532(2) 
C(17)-H(17)  1.0000 
C(29)-C(30)  1.536(2) 
C(29)-H(29)  1.0000 
C(16)-H(16A)  0.9800 
C(16)-H(16B)  0.9800 
C(16)-H(16C)  0.9800 
C(30)-H(30A)  0.9800 
C(30)-H(30B)  0.9800 
C(30)-H(30C)  0.9800 
C(21)-H(21A)  0.9900 
C(21)-H(21B)  0.9900 
C(10)-H(10A)  0.9800 
C(10)-H(10B)  0.9800 
C(10)-H(10C)  0.9800 
C(12)-C(13)  1.547(3) 
C(12)-H(12A)  0.9900 
C(12)-H(12B)  0.9900 
C(25)-H(25A)  0.9800 
C(25)-H(25B)  0.9800 
C(25)-H(25C)  0.9800 
C(13)-H(13A)  0.9900 
C(13)-H(13B)  0.9900 
 
C(7)-O(3)-C(8) 122.27(13) 
C(22)-O(6)-C(23) 122.39(14) 
O(2)-C(7)-O(3) 117.44(16) 
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O(2)-C(7)-C(6) 123.35(16) 
O(3)-C(7)-C(6) 119.16(14) 
C(20)-C(26)-C(24) 113.85(14) 
C(20)-C(26)-C(27) 104.25(13) 
C(24)-C(26)-C(27) 117.47(13) 
C(20)-C(26)-H(26) 106.9 
C(24)-C(26)-H(26) 106.9 
C(27)-C(26)-H(26) 106.9 
C(3)-C(4)-C(5) 116.29(13) 
C(3)-C(4)-H(4A) 108.2 
C(5)-C(4)-H(4A) 108.2 
C(3)-C(4)-H(4B) 108.2 
C(5)-C(4)-H(4B) 108.2 
H(4A)-C(4)-H(4B) 107.4 
O(1)-C(3)-C(4) 120.31(15) 
O(1)-C(3)-C(2) 122.27(15) 
C(4)-C(3)-C(2) 117.17(14) 
C(7)-C(6)-C(5) 114.44(13) 
C(7)-C(6)-H(6A) 108.7 
C(5)-C(6)-H(6A) 108.7 
C(7)-C(6)-H(6B) 108.7 
C(5)-C(6)-H(6B) 108.7 
H(6A)-C(6)-H(6B) 107.6 
C(26)-C(27)-C(28) 105.43(13) 
C(26)-C(27)-H(27A) 110.7 
C(28)-C(27)-H(27A) 110.7 
C(26)-C(27)-H(27B) 110.7 
C(28)-C(27)-H(27B) 110.7 
H(27A)-C(27)-H(27B) 108.8 
C(2)-C(1)-H(1A) 109.5 
C(2)-C(1)-H(1B) 109.5 
H(1A)-C(1)-H(1B) 109.5 
C(2)-C(1)-H(1C) 109.5 
H(1A)-C(1)-H(1C) 109.5 
H(1B)-C(1)-H(1C) 109.5 
C(18)-C(19)-C(20) 116.08(14) 
C(18)-C(19)-H(19A) 108.3 
C(20)-C(19)-H(19A) 108.3 
C(18)-C(19)-H(19B) 108.3 
C(20)-C(19)-H(19B) 108.3 
H(19A)-C(19)-H(19B) 107.4 
C(15)-C(14)-C(13) 111.41(15) 
C(15)-C(14)-C(5) 114.46(14) 
C(13)-C(14)-C(5) 103.35(14) 
C(15)-C(14)-H(14) 109.1 

476



C(13)-C(14)-H(14) 109.1 
C(5)-C(14)-H(14) 109.1 
C(11)-C(5)-C(6) 113.28(13) 
C(11)-C(5)-C(4) 109.52(13) 
C(6)-C(5)-C(4) 110.41(13) 
C(11)-C(5)-C(14) 103.02(13) 
C(6)-C(5)-C(14) 112.31(13) 
C(4)-C(5)-C(14) 107.96(13) 
C(14)-C(15)-H(15A) 109.5 
C(14)-C(15)-H(15B) 109.5 
H(15A)-C(15)-H(15B) 109.5 
C(14)-C(15)-H(15C) 109.5 
H(15A)-C(15)-H(15C) 109.5 
H(15B)-C(15)-H(15C) 109.5 
C(25)-C(24)-C(26) 108.25(15) 
C(25)-C(24)-C(23) 106.90(14) 
C(26)-C(24)-C(23) 108.83(14) 
C(25)-C(24)-C(17) 110.94(14) 
C(26)-C(24)-C(17) 111.26(13) 
C(23)-C(24)-C(17) 110.52(14) 
C(5)-C(11)-C(12) 104.32(14) 
C(5)-C(11)-C(9) 113.47(13) 
C(12)-C(11)-C(9) 117.14(14) 
C(5)-C(11)-H(11) 107.1 
C(12)-C(11)-H(11) 107.1 
C(9)-C(11)-H(11) 107.1 
C(3)-C(2)-C(1) 111.26(14) 
C(3)-C(2)-C(9) 112.36(13) 
C(1)-C(2)-C(9) 114.90(13) 
C(3)-C(2)-H(2) 105.8 
C(1)-C(2)-H(2) 105.8 
C(9)-C(2)-H(2) 105.8 
O(4)-C(18)-C(19) 120.02(16) 
O(4)-C(18)-C(17) 122.21(16) 
C(19)-C(18)-C(17) 117.49(15) 
O(3)-C(8)-C(9) 114.64(13) 
O(3)-C(8)-H(8A) 108.6 
C(9)-C(8)-H(8A) 108.6 
O(3)-C(8)-H(8B) 108.6 
C(9)-C(8)-H(8B) 108.6 
H(8A)-C(8)-H(8B) 107.6 
C(26)-C(20)-C(21) 113.32(13) 
C(26)-C(20)-C(19) 109.37(13) 
C(21)-C(20)-C(19) 110.21(14) 
C(26)-C(20)-C(29) 102.56(13) 
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C(21)-C(20)-C(29) 112.65(14) 
C(19)-C(20)-C(29) 108.39(13) 
O(5)-C(22)-O(6) 117.61(17) 
O(5)-C(22)-C(21) 122.94(17) 
O(6)-C(22)-C(21) 119.37(15) 
O(6)-C(23)-C(24) 114.09(14) 
O(6)-C(23)-H(23A) 108.7 
C(24)-C(23)-H(23A) 108.7 
O(6)-C(23)-H(23B) 108.7 
C(24)-C(23)-H(23B) 108.7 
H(23A)-C(23)-H(23B) 107.6 
C(10)-C(9)-C(8) 106.50(14) 
C(10)-C(9)-C(11) 109.01(14) 
C(8)-C(9)-C(11) 109.17(13) 
C(10)-C(9)-C(2) 110.49(14) 
C(8)-C(9)-C(2) 110.24(14) 
C(11)-C(9)-C(2) 111.30(13) 
C(29)-C(28)-C(27) 106.63(13) 
C(29)-C(28)-H(28A) 110.4 
C(27)-C(28)-H(28A) 110.4 
C(29)-C(28)-H(28B) 110.4 
C(27)-C(28)-H(28B) 110.4 
H(28A)-C(28)-H(28B) 108.6 
C(18)-C(17)-C(16) 111.17(16) 
C(18)-C(17)-C(24) 112.95(14) 
C(16)-C(17)-C(24) 115.06(15) 
C(18)-C(17)-H(17) 105.6 
C(16)-C(17)-H(17) 105.6 
C(24)-C(17)-H(17) 105.6 
C(30)-C(29)-C(28) 111.33(15) 
C(30)-C(29)-C(20) 113.62(15) 
C(28)-C(29)-C(20) 103.03(13) 
C(30)-C(29)-H(29) 109.6 
C(28)-C(29)-H(29) 109.6 
C(20)-C(29)-H(29) 109.6 
C(17)-C(16)-H(16A) 109.5 
C(17)-C(16)-H(16B) 109.5 
H(16A)-C(16)-H(16B) 109.5 
C(17)-C(16)-H(16C) 109.5 
H(16A)-C(16)-H(16C) 109.5 
H(16B)-C(16)-H(16C) 109.5 
C(29)-C(30)-H(30A) 109.5 
C(29)-C(30)-H(30B) 109.5 
H(30A)-C(30)-H(30B) 109.5 
C(29)-C(30)-H(30C) 109.5 
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H(30A)-C(30)-H(30C) 109.5 
H(30B)-C(30)-H(30C) 109.5 
C(22)-C(21)-C(20) 112.90(14) 
C(22)-C(21)-H(21A) 109.0 
C(20)-C(21)-H(21A) 109.0 
C(22)-C(21)-H(21B) 109.0 
C(20)-C(21)-H(21B) 109.0 
H(21A)-C(21)-H(21B) 107.8 
C(9)-C(10)-H(10A) 109.5 
C(9)-C(10)-H(10B) 109.5 
H(10A)-C(10)-H(10B) 109.5 
C(9)-C(10)-H(10C) 109.5 
H(10A)-C(10)-H(10C) 109.5 
H(10B)-C(10)-H(10C) 109.5 
C(11)-C(12)-C(13) 105.22(14) 
C(11)-C(12)-H(12A) 110.7 
C(13)-C(12)-H(12A) 110.7 
C(11)-C(12)-H(12B) 110.7 
C(13)-C(12)-H(12B) 110.7 
H(12A)-C(12)-H(12B) 108.8 
C(24)-C(25)-H(25A) 109.5 
C(24)-C(25)-H(25B) 109.5 
H(25A)-C(25)-H(25B) 109.5 
C(24)-C(25)-H(25C) 109.5 
H(25A)-C(25)-H(25C) 109.5 
H(25B)-C(25)-H(25C) 109.5 
C(14)-C(13)-C(12) 107.32(14) 
C(14)-C(13)-H(13A) 110.3 
C(12)-C(13)-H(13A) 110.3 
C(14)-C(13)-H(13B) 110.3 
C(12)-C(13)-H(13B) 110.3 
H(13A)-C(13)-H(13B) 108.5 
_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
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Table 4. Anisotropic displacement parameters (Å2x 103) for 279. The anisotropic 
displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
______________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
______________________________________________________________________________ 
O(1) 24(1)  15(1) 25(1)  0(1) 2(1)  0(1) 
O(3) 21(1)  27(1) 19(1)  3(1) 2(1)  -5(1) 
O(4) 33(1)  17(1) 31(1)  3(1) -1(1)  -4(1) 
O(6) 22(1)  29(1) 27(1)  3(1) -5(1)  -5(1) 
O(2) 28(1)  31(1) 33(1)  9(1) 1(1)  5(1) 
O(5) 46(1)  26(1) 27(1)  -4(1) -7(1)  -6(1) 
C(7) 19(1)  24(1) 17(1)  -1(1) -1(1)  -3(1) 
C(26) 18(1)  15(1) 19(1)  1(1) 3(1)  2(1) 
C(4) 19(1)  16(1) 19(1)  -3(1) 5(1)  -1(1) 
C(3) 17(1)  15(1) 16(1)  -2(1) -2(1)  -2(1) 
C(6) 14(1)  19(1) 21(1)  0(1) 3(1)  -1(1) 
C(27) 22(1)  20(1) 21(1)  -1(1) 0(1)  -2(1) 
C(1) 20(1)  22(1) 25(1)  -1(1) 6(1)  -4(1) 
C(19) 21(1)  15(1) 22(1)  0(1) 3(1)  3(1) 
C(14) 25(1)  20(1) 18(1)  2(1) 5(1)  -3(1) 
C(5) 16(1)  15(1) 16(1)  0(1) 3(1)  -2(1) 
C(15) 28(1)  20(1) 26(1)  3(1) 6(1)  -5(1) 
C(24) 18(1)  20(1) 21(1)  3(1) 4(1)  4(1) 
C(11) 16(1)  14(1) 24(1)  1(1) 2(1)  0(1) 
C(2) 16(1)  18(1) 20(1)  -1(1) 2(1)  -2(1) 
C(18) 21(1)  17(1) 20(1)  3(1) -4(1)  0(1) 
C(8) 21(1)  25(1) 21(1)  -7(1) 8(1)  -4(1) 
C(20) 17(1)  16(1) 19(1)  0(1) 3(1)  1(1) 
C(22) 30(1)  22(1) 18(1)  3(1) -7(1)  -1(1) 
C(23) 19(1)  26(1) 28(1)  5(1) 1(1)  3(1) 
C(9) 17(1)  17(1) 23(1)  -3(1) 4(1)  -1(1) 
C(28) 19(1)  25(1) 30(1)  -2(1) 0(1)  -4(1) 
C(17) 19(1)  23(1) 20(1)  5(1) 3(1)  0(1) 
C(29) 19(1)  21(1) 27(1)  -1(1) 7(1)  -1(1) 
C(16) 23(1)  33(1) 35(1)  9(1) 6(1)  -3(1) 
C(30) 32(1)  25(1) 31(1)  1(1) 10(1)  -8(1) 
C(21) 27(1)  21(1) 18(1)  0(1) 4(1)  0(1) 
C(10) 21(1)  21(1) 47(1)  -4(1) 12(1)  2(1) 
C(12) 24(1)  22(1) 31(1)  8(1) -4(1)  -1(1) 
C(25) 28(1)  28(1) 28(1)  1(1) 12(1)  6(1) 
C(13) 33(1)  35(1) 23(1)  10(1) -2(1)  -6(1) 
______________________________________________________________________________
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 
for 279. 
______________________________________________________________________________ 
 x  y  z  U(eq) 
______________________________________________________________________________ 
 
H(26) 3481 3786 3822 20 
H(4A) 9216 3620 7366 21 
H(4B) 10710 3158 8089 21 
H(6A) 12455 4755 9059 22 
H(6B) 11390 5625 9627 22 
H(27A) 1972 3644 2353 25 
H(27B) 2015 5013 2138 25 
H(1A) 6026 2120 9418 33 
H(1B) 5247 3278 9801 33 
H(1C) 6925 2819 10336 33 
H(19A) 1497 6624 3356 23 
H(19B) 2165 7089 4431 23 
H(14) 11288 4995 7121 25 
H(15A) 10965 7145 8146 37 
H(15B) 11865 7004 7172 37 
H(15C) 12595 6417 8192 37 
H(11) 8885 6252 8901 22 
H(2) 6376 3701 8371 21 
H(8A) 9172 5557 10477 26 
H(8B) 7875 4719 10882 26 
H(23A) 5942 4230 4545 29 
H(23B) 7236 4872 3957 29 
H(28A) -278 5232 2830 30 
H(28B) -310 3866 3057 30 
H(17) 4118 6208 2175 25 
H(29) 114 5419 4494 26 
H(16A) 7077 6912 3230 45 
H(16B) 6170 7554 2283 45 
H(16C) 6906 6290 2168 45 
H(30A) 1508 3137 4658 43 
H(30B) -325 3406 4797 43 
H(30C) 1080 3896 5581 43 
H(21A) 2778 5512 5806 26 
H(21B) 3879 4495 5454 26 
H(10A) 6404 6343 9689 43 
H(10B) 5529 5189 10000 43 
H(10C) 5392 5575 8859 43 
H(12A) 7083 6456 7555 31 
H(12B) 6941 5085 7352 31 
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H(25A) 5535 3380 2736 41 
H(25B) 6579 4399 2330 41 
H(25C) 4765 4202 1859 41 
H(13A) 8840 5240 6319 37 
H(13B) 9075 6589 6586 37 
______________________________________________________________________________ 
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X-ray crystallographic data for 286 
 

 
 
A colorless prism 0.100 x 0.080 x 0.050 mm in size was mounted on a Cryoloop with 
Paratone oil. Data were collected in a nitrogen gas stream at 100(2) K using and scans. 
Crystal-to-detector distance was 60 mm and exposure time was 5 seconds per frame 
using a scan width of 2.0°. Data collection was 100.0% complete to 68.000° in q. A total 
of 14264 reflections were collected covering the indices, -11<=h<=10, -8<=k<=7, -
15<=l<=12. 2801 reflections were found to be symmetry independent, with an Rint of 
0.0426. Indexing and unit cell refinement indicated a primitive, monoclinic lattice. The 
space group was found to be P 21 (No. 4). The data were integrated using the Bruker 
SAINT software program and scaled using the SADABS software program. Solution by 
iterative methods (SHELXT-2014) produced a complete heavy-atom phasing model 
consistent with the proposed structure. All non-hydrogen atoms were refined 
anisotropically by full-matrix least-squares (SHELXL-2014). All hydrogen atoms were 
placed using a riding model. Their positions were constrained relative to their parent 
atom using the appropriate HFIX command in SHELXL-2014. Absolute stereochemistry 
was unambiguously determined to be R at C2, C6, and C8, and S at C5, C9, and C11, 
respectively. 
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Table 1. Crystal data and structure refinement for 286. 
Identification code  KH_9_014_2 
Empirical formula  C15 H24 O3 
Formula weight  252.34 
Temperature  100(2) K 
Wavelength  1.54184 Å 
Crystal system  Monoclinic 
Space group  P 21 
Unit cell dimensions a = 8.7529(2) Å a= 90°. 
 b = 6.37230(10) Å b= 90.872(2)°. 
 c = 11.9743(2) Å g = 90°. 
Volume 667.80(2) Å3 
Z 2 
Density (calculated) 1.255 Mg/m3 
Absorption coefficient 0.682 mm-1 
F(000) 276 
Crystal size 0.100 x 0.080 x 0.050 mm3 
Theta range for data collection 3.692 to 79.004°. 
Index ranges -11<=h<=10, -8<=k<=7, -15<=l<=12 
Reflections collected 14264 
Independent reflections 2801 [R(int) = 0.0426] 
Completeness to theta = 68.000° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00000 and 0.91475 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2801 / 1 / 173 
Goodness-of-fit on F2 1.099 
Final R indices [I>2sigma(I)] R1 = 0.0320, wR2 = 0.0813 
R indices (all data) R1 = 0.0335, wR2 = 0.0823 
Absolute structure parameter 0.02(9) 
Extinction coefficient n/a 
Largest diff. peak and hole 0.164 and -0.229 e.Å-3 
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for 286. U(eq) is defined as one third of the trace of the orthogonalized Uij 
tensor. 
______________________________________________________________________________ 
 x y z U(eq) 
______________________________________________________________________________ 
C(1) 7065(3) 7372(4) 2142(2) 32(1) 
C(2) 5797(2) 6394(4) 2831(2) 23(1) 
C(3) 6253(2) 4424(4) 3494(2) 26(1) 
C(4) 4731(2) 3506(3) 3889(2) 21(1) 
C(5) 3600(2) 3964(3) 2929(2) 15(1) 
C(6) 4376(2) 5670(3) 2164(2) 18(1) 
C(7) 4674(2) 4389(3) 1092(2) 20(1) 
C(8) 3279(2) 2965(3) 1123(2) 19(1) 
C(9) 1781(2) 4219(3) 998(2) 18(1) 
C(10) 402(2) 2792(4) 789(2) 24(1) 
C(11) 1685(2) 5832(3) 1976(2) 17(1) 
C(12) 3098(2) 7245(3) 1883(2) 19(1) 
C(13) 1978(2) 4816(3) 3144(2) 16(1) 
C(14) 822(2) 3134(3) 3454(2) 20(1) 
C(15) 2011(2) 6480(3) 4079(2) 19(1) 
O(1) 3419(2) 2122(2) 2235(1) 19(1) 
O(2) 1279(2) 2058(2) 4464(1) 21(1) 
O(3) 781(2) 7957(2) 3976(1) 22(1) 
______________________________________________________________________________
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Table 3. Bond lengths [Å] and angles [°] for 286. 
_____________________________________________________ 
C(1)-C(2)  1.526(3) 
C(1)-H(1A)  0.9800 
C(1)-H(1B)  0.9800 
C(1)-H(1C)  0.9800 
C(2)-C(3)  1.534(3) 
C(2)-C(6)  1.539(3) 
C(2)-H(2A)  1.0000 
C(3)-C(4)  1.536(3) 
C(3)-H(3A)  0.9900 
C(3)-H(3B)  0.9900 
C(4)-C(5)  1.534(3) 
C(4)-H(4A)  0.9900 
C(4)-H(4B)  0.9900 
C(5)-O(1)  1.445(2) 
C(5)-C(13)  1.546(3) 
C(5)-C(6)  1.582(3) 
C(6)-C(12)  1.536(3) 
C(6)-C(7)  1.547(3) 
C(7)-C(8)  1.522(3) 
C(7)-H(7A)  0.9900 
C(7)-H(7B)  0.9900 
C(8)-O(1)  1.440(2) 
C(8)-C(9)  1.541(3) 
C(8)-H(8)  1.0000 
C(9)-C(10)  1.528(3) 
C(9)-C(11)  1.562(3) 
C(9)-H(9)  1.0000 
C(10)-H(10A)  0.9800 
C(10)-H(10B)  0.9800 
C(10)-H(10C)  0.9800 
C(11)-C(12)  1.535(3) 
C(11)-C(13)  1.558(2) 
C(11)-H(11)  1.0000 
C(12)-H(12A)  0.9900 
C(12)-H(12B)  0.9900 
C(13)-C(14)  1.524(3) 
C(13)-C(15)  1.542(3) 
C(14)-O(2)  1.442(2) 
C(14)-H(14A)  0.9900 
C(14)-H(14B)  0.9900 
C(15)-O(3)  1.434(2) 
C(15)-H(15A)  0.9900 
C(15)-H(15B)  0.9900 
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O(2)-H(2)  0.85(4) 
O(3)-H(3)  0.92(4) 
 
C(2)-C(1)-H(1A) 109.5 
C(2)-C(1)-H(1B) 109.5 
H(1A)-C(1)-H(1B) 109.5 
C(2)-C(1)-H(1C) 109.5 
H(1A)-C(1)-H(1C) 109.5 
H(1B)-C(1)-H(1C) 109.5 
C(1)-C(2)-C(3) 115.41(18) 
C(1)-C(2)-C(6) 115.49(17) 
C(3)-C(2)-C(6) 103.01(17) 
C(1)-C(2)-H(2A) 107.5 
C(3)-C(2)-H(2A) 107.5 
C(6)-C(2)-H(2A) 107.5 
C(2)-C(3)-C(4) 104.57(16) 
C(2)-C(3)-H(3A) 110.8 
C(4)-C(3)-H(3A) 110.8 
C(2)-C(3)-H(3B) 110.8 
C(4)-C(3)-H(3B) 110.8 
H(3A)-C(3)-H(3B) 108.9 
C(5)-C(4)-C(3) 104.45(16) 
C(5)-C(4)-H(4A) 110.9 
C(3)-C(4)-H(4A) 110.9 
C(5)-C(4)-H(4B) 110.9 
C(3)-C(4)-H(4B) 110.9 
H(4A)-C(4)-H(4B) 108.9 
O(1)-C(5)-C(4) 109.93(15) 
O(1)-C(5)-C(13) 106.71(14) 
C(4)-C(5)-C(13) 121.77(15) 
O(1)-C(5)-C(6) 105.64(14) 
C(4)-C(5)-C(6) 106.66(15) 
C(13)-C(5)-C(6) 104.98(15) 
C(12)-C(6)-C(2) 119.89(18) 
C(12)-C(6)-C(7) 107.12(15) 
C(2)-C(6)-C(7) 116.33(17) 
C(12)-C(6)-C(5) 104.97(15) 
C(2)-C(6)-C(5) 104.86(15) 
C(7)-C(6)-C(5) 101.36(15) 
C(8)-C(7)-C(6) 98.58(15) 
C(8)-C(7)-H(7A) 112.1 
C(6)-C(7)-H(7A) 112.1 
C(8)-C(7)-H(7B) 112.1 
C(6)-C(7)-H(7B) 112.1 
H(7A)-C(7)-H(7B) 109.7 
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O(1)-C(8)-C(7) 100.82(15) 
O(1)-C(8)-C(9) 110.06(15) 
C(7)-C(8)-C(9) 111.74(17) 
O(1)-C(8)-H(8) 111.3 
C(7)-C(8)-H(8) 111.3 
C(9)-C(8)-H(8) 111.3 
C(10)-C(9)-C(8) 112.08(17) 
C(10)-C(9)-C(11) 117.57(16) 
C(8)-C(9)-C(11) 108.93(15) 
C(10)-C(9)-H(9) 105.8 
C(8)-C(9)-H(9) 105.8 
C(11)-C(9)-H(9) 105.8 
C(9)-C(10)-H(10A) 109.5 
C(9)-C(10)-H(10B) 109.5 
H(10A)-C(10)-H(10B) 109.5 
C(9)-C(10)-H(10C) 109.5 
H(10A)-C(10)-H(10C) 109.5 
H(10B)-C(10)-H(10C) 109.5 
C(12)-C(11)-C(13) 100.79(14) 
C(12)-C(11)-C(9) 106.18(15) 
C(13)-C(11)-C(9) 112.91(15) 
C(12)-C(11)-H(11) 112.1 
C(13)-C(11)-H(11) 112.1 
C(9)-C(11)-H(11) 112.1 
C(11)-C(12)-C(6) 100.71(16) 
C(11)-C(12)-H(12A) 111.6 
C(6)-C(12)-H(12A) 111.6 
C(11)-C(12)-H(12B) 111.6 
C(6)-C(12)-H(12B) 111.6 
H(12A)-C(12)-H(12B) 109.4 
C(14)-C(13)-C(15) 108.14(15) 
C(14)-C(13)-C(5) 114.13(16) 
C(15)-C(13)-C(5) 110.80(15) 
C(14)-C(13)-C(11) 114.23(15) 
C(15)-C(13)-C(11) 111.52(16) 
C(5)-C(13)-C(11) 97.81(14) 
O(2)-C(14)-C(13) 111.25(15) 
O(2)-C(14)-H(14A) 109.4 
C(13)-C(14)-H(14A) 109.4 
O(2)-C(14)-H(14B) 109.4 
C(13)-C(14)-H(14B) 109.4 
H(14A)-C(14)-H(14B) 108.0 
O(3)-C(15)-C(13) 112.52(15) 
O(3)-C(15)-H(15A) 109.1 
C(13)-C(15)-H(15A) 109.1 
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O(3)-C(15)-H(15B) 109.1 
C(13)-C(15)-H(15B) 109.1 
H(15A)-C(15)-H(15B) 107.8 
C(8)-O(1)-C(5) 103.66(14) 
C(14)-O(2)-H(2) 105(2) 
C(15)-O(3)-H(3) 112(2) 
_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
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Table 4. Anisotropic displacement parameters (Å2x 103) for 286. The anisotropic 
displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
______________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
______________________________________________________________________________ 
C(1) 25(1)  41(1) 31(1)  3(1) 0(1)  -12(1) 
C(2) 20(1)  26(1) 22(1)  -2(1) -1(1)  -5(1) 
C(3) 19(1)  34(1) 24(1)  1(1) -3(1)  0(1) 
C(4) 22(1)  21(1) 20(1)  2(1) -3(1)  2(1) 
C(5) 18(1)  13(1) 15(1)  -1(1) 0(1)  0(1) 
C(6) 19(1)  18(1) 16(1)  -1(1) 0(1)  -2(1) 
C(7) 19(1)  24(1) 18(1)  0(1) 3(1)  1(1) 
C(8) 24(1)  17(1) 16(1)  -3(1) 1(1)  -1(1) 
C(9) 22(1)  19(1) 14(1)  1(1) -2(1)  1(1) 
C(10) 25(1)  27(1) 20(1)  -3(1) -5(1)  -3(1) 
C(11) 19(1)  16(1) 16(1)  1(1) -1(1)  2(1) 
C(12) 24(1)  16(1) 17(1)  2(1) 0(1)  -1(1) 
C(13) 19(1)  15(1) 15(1)  0(1) -1(1)  0(1) 
C(14) 19(1)  21(1) 19(1)  2(1) -1(1)  -1(1) 
C(15) 21(1)  19(1) 18(1)  -1(1) 0(1)  2(1) 
O(1) 23(1)  14(1) 19(1)  -2(1) -2(1)  2(1) 
O(2) 24(1)  18(1) 19(1)  4(1) 2(1)  -1(1) 
O(3) 25(1)  19(1) 22(1)  0(1) 5(1)  4(1) 
______________________________________________________________________________
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 
for 286. 
______________________________________________________________________________ 
 x  y  z  U(eq) 
______________________________________________________________________________ 
 
H(1A) 7434 6343 1601 49 
H(1B) 7909 7800 2638 49 
H(1C) 6665 8603 1743 49 
H(2A) 5457 7473 3380 27 
H(3A) 6922 4792 4138 31 
H(3B) 6794 3412 3014 31 
H(4A) 4822 1977 4021 25 
H(4B) 4403 4193 4587 25 
H(7A) 4677 5286 417 25 
H(7B) 5641 3586 1144 25 
H(8) 3340 1831 548 23 
H(9) 1889 5074 303 22 
H(10A) 334 2435 -6 36 
H(10B) -531 3521 1010 36 
H(10C) 520 1505 1230 36 
H(11) 712 6656 1949 20 
H(12A) 3075 8413 2428 23 
H(12B) 3200 7821 1120 23 
H(14A) -190 3793 3560 23 
H(14B) 725 2108 2837 23 
H(15A) 1950 5767 4811 23 
H(15B) 2995 7244 4059 23 
H(2) 1230(40) 760(60) 4310(30) 50(9) 
H(3) -20(40) 7610(60) 4430(30) 53(9) 
______________________________________________________________________________ 
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