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Abstract 

Strategy Development in Natural Product Total Synthesis: Part I. Function Driven Synthesis of 
Xiamycin Sesquiterpenoids Part II. Progress toward the Symmetry-inspired Total Synthesis of 

Melicolones A & B 

by 

Ian J Bakanas 

Doctor of Philosophy in Chemistry 

University of California, Berkeley 

Professor Richmond Sarpong, Chair 

 

Two major motivations can be attributed to natural product total synthesis: a search for function, 
and the development of strategies for complex molecule synthesis. The work described in this 
dissertation covers both topics with critical analysis of methodologies and synthesis practices.  

Chapter 1 provides a statement on the current field of total synthesis highlighting enduring 
contributions, motivations, and future directions.  

Chapters 2 and 3 focus on two total synthesis projects that arose as part of a collaboration in the 
Sarpong group with scientists at Corteva Argriscience for the identification and development of 
natural products as antifeedant molecules—a search for function. Chapter 2 describes the total 
synthesis and biological evaluation of xiamycin-type indolosesquiterpenoids utilizing a 
‘benzannulation of carvone strategy’. Chapter 3 discusses progress toward broadening this 
synthesis strategy to paspaline-type indole diterpenoids. 

Chapters 4 and 5 initiate a discussion on strategy and tactics in synthesis.  Chapter 4 focuses on 
symmetry inspired strategies and symmetry tactics, the distinction between the two, and how 
they can each be greatly simplifying in synthesis. Chapter 5 expands on classifications of C–H 
oxidation reactions, examines their use in natural product synthesis, and gives insights into their 
strategic application through case study analysis.  

Chapter 6 details progress toward the synthesis of the polyprenylated acylphloroglucinol natural 
products melicolones A & B utilizing a hidden symmetry strategy. Chapter 7 discusses a broad 
approach toward several bicyclic natural product cores through the divergent C–C cleavage of a 
common intermediate—the development of strategies for complex molecule synthesis.  

Overall, this work explores studies in indoloterpene function as well as symmetry and C–C 
cleavage strategies for complex molecule synthesis.
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Chapter 1  
A Perspective on Total Synthesis in 2022 
1.1 A short essay on the state and future of total synthesis 

The science of natural product synthesis rests on the same axis of exploration as many of 
the natural sciences. Discoveries of new species, fundamental particles, biological processes, and 
cellular structures are all driven by scientists pushing boldly into the unknown and building on 
each other’s discoveries to build a more complete understanding of the natural world. Organic 
chemistry and the science of total synthesis evolved in the same way. Our longstanding 
explorations—starting from the Wöhler synthesis of urea1 in 1828—take the form of building 
some of the most complex molecules that nature can offer. Given nearly two centuries of 
progress, the field today would be unrecognizable to Wöhler, as would the structure of benzene, 
the concept of a nucleus, and indoor plumbing—we have come a long way.  

 Many accounts,2 essays,3 and opinion pieces4 have been written on the state and future 
of total synthesis. Syntheses seem to be getting ever shorter, new methodologies open rich 
strategic avenues, and we routinely see chemists achieving the syntheses of molecules that 
possess significant bioactivity.5 Despite these successes and the outstanding challenges that have 
been laid bare, some argue that we have solved the challenge of making molecules and that total 
synthesis does not provide the same value to chemistry as it once did.4  Opinions aside, it is clear 
from the number and quality of published syntheses that the field is thriving.6 Still, I wonder if 
the return on investment of synthesis is as high as it once was. Few total synthesis campaigns 
afford the target natural product in useful yields, the number of discoveries that fall out of 
syntheses2f may have diminished as methodology development has become a dominant field 
(though this is difficult to quantify), and the challenges of the field remain daunting. What is the 
enduring value of total synthesis and how will it develop in the future? In partial answer, 
Heathcock3 notes this quote from Woodward during a time of transition in the field of synthesis:  

 

"Of course, [people] make much use of excuses for activities which lead to discovery, and the 
lure of unknown structures has in the past yielded a huge dividend of unsought fact, which has 

been of major importance in building organic chemistry as a science. Should a surrogate now be 
needed, we do not hesitate to advocate the case for synthesis.” –R.B Woodward, 19637 

  

It is clarifying in this moment, I think, to ponder what the endgame of synthetic organic 
chemistry would look like. Put simply: the ability to make any reasonable organic structure with 
ease and speed. Recent concepts in skeletal and molecular editing8—reactions which disrupt the 
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core structure of a molecule at a late-stage (think benzene to pyridine, piperidine to pyrrolidine, 
etc.)—may challenge this goal. Perhaps better then to define the endgame as: total, 
programmable control of structure and reactivity. If the purpose of synthesis lies in building 
organic chemistry as a science, then its value should be attributed to how it contributes to 
bringing us to the endgame of organic chemistry. On the road to total control, we will always 
need a means of testing new promising methodologies. Time and time again, we see that certain 
reactions routinely fail in complex settings. Problems that we have ‘solved’ in simple systems are 
exposed en route to our targets. In a simple way, use of a method in synthesis validates that 
methodology’s reliability, reproducibility, and scalability as each step relies on the material 
throughput of all prior steps. Toward predicting the outcome of a reaction, computational tools 
have become increasingly popular. As a field, we now routinely use computational tools to model 
reactions,9 predict selectivities,10 and parse out parameters that contribute to those outcomes.11 
However, while these considerations provide a sense of the energy surface of a reaction, they do 
not predict in a practical sense how well a reaction will work. Machine learning and data science 
approaches are looking to solve this problem but are still emerging.12 Shenvi and coworkers 
coined the term “chemofidelity”, 13 meaning a reaction’s robustness independent of molecular 
context. This concept is eminently useful for synthesis planning as one could favor the use of 
reactions with high chemofidelity to increase chances of success. However, there is currently no 
empirical basis for the chemofidelity of various reaction classes. A systematic review of the 
synthesis literature might illuminate which reactions have the highest chemofidelity and 
therefore inform choices made in a synthesis campaign. Machine learning and data science 
approaches will have their place in the coming age of making molecules, but in the meantime, 
the best way to determine a reaction outcome is to find a robust procedure from the total 
synthesis literature and set it up in the laboratory.   

Baran has highlighted that total synthesis papers are widely read and rank among the 
most read papers each year in the Journal of the American Chemical Society  (JACS).6 With an 
audience comes the potential for impact and education. While the reactions used in medicinal 
chemistry have remained relatively stagnant14 with only a few reactions breaking into the toolbox 
in recent years, natural product synthesis has incorporated a wide variety of transformational 
methodologies (Figure 1B).   Over the course of my chemistry career, the new reaction classes 
that have interested me most have been transition metal hydrogen atom transfer (TM-HAT)15, 
proton coupled electron transfer (PCET),16 and visible-light palladium catalysis,17 which all caught 
my eye because they changed fundamental ways I thought about reactivity. These methodologies 
allow for access to radical intermediates and/or activation of strong bonds under mild conditions 
all wrapped in interesting new reaction mechanisms that were elucidated right before my eyes 
in real time—much like history in the making. It is no coincidence that all three of these reactions 
will appear in one or more places in the following chapters; the reactions I found most interesting 
were at the forefront of my mind when tackling problems or designing a synthesis. In the same 
way, chemists who are struggling with synthesis problems are inspired by the total synthesis 
literature that they consume. 
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Strategy Innovation

A. Feedback loop of technology developments and strategy developments

B. Examples of recently developed methodologies applied to syntheses in this disseration

C. Examples of translational tools that open up areas for development
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Figure 1.1 A. Dynamic of discovery in synthesis B. Select emerging methodologies featured in this 
dissertation C. Select syntheses from Renata and coworkers and Newhouse and coworkers that 
incorporate non-traditional chemistry tools 
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 Methodologies are also designed and developed to tackle specific problems in synthesis. 
In this way, the complexity of natural products gives a clear understanding of the roadblocks on 
the way to control. An excellent illustration of this is in the work of Renata and coworkers (see 
Chapter 5 for more details) on the application of biocatalysis for selective C–H oxidation in several 
total syntheses.18 Biocatalytic C–H oxidation methods hold the promise of evolvable site 
selectivity which would unlock tremendous possibilities for synthesis planning. Toward this end, 
they have repeatedly demonstrated their ability to control selectivity in terpene scaffolds and 
leverage that oxidation in order to achieve highly efficient syntheses. These syntheses would be 
impossible without the methodology development, but the methodology is given meaning and 
direction by application. Thus, we can see a clear feedback loop in the science of synthesis (Figure 
1A). Methodological innovations unlock new strategies for total synthesis, while at the same time 
the complex problems unearthed in the process of synthesis inspire new solutions that lead to 
methodological innovations. It is impossible to know what the fields of C–H functionalization,19 
C–C bond cleavage,20 and many others would look like in the absence of total synthesis, but, at 
the very least, they are richer and better explored for it.  

With emerging methodologies and technologies, it is inevitable that synthesis will change 
in the coming years. Our group has successfully implemented and showcased C–H oxidation and 
C–C cleavage strategies. In particular, chiral pool remodeling21 and break-it-to-make-it strategies 
have found great success in recent years. In my opinion, the next dimension of total synthesis 
will incorporate translational tools, both overtly and routinely. The Renata group, as mentioned 
above, is ahead of the curve on this, regularly incorporating biocatalysis into their syntheses. The 
major roadblocks for these concepts are, of course, paucity of resources and expertise. However, 
those same barriers mean that those areas are rich for exploration. For example, a prevailing 
attitude in our laboratory was that photoredox reactions are unreliable. However, the use of 
standardized photoreactors, dozens of Kessil lamps, and acquisition of a library of catalysts have 
completely changed the chemistry that we can do—the cephanolide synthesis22 is a great 
example of this. Computer-assisted synthesis, chemoenzymatic synthesis, further application of 
electrochemical synthesis,23 photoredox catalysis,24 perhaps mechanochemistry,25 

supramolecular catalysis,26 and so on all hold real promise for exploration in coming years (Figure 
1C).  

The inherent barriers associated with new methods can even keep us from routine use of 
other useful catalysts: chiral phosphoric acids, organophotocatalysts, peptide catalysts, modern 
dinuclear metal complexes, salen complexes, and the like, as their preparation are a time and 
resource sink. Further commodification of these reagents can help to break down the barriers, 
and so can collaboration (as our group is still benefiting from several generous donations). 
Advancements in computer-assisted retrosynthesis planning,27 automation,28 and high-
throughput experimentation,29 might reduce the strain on chemists—allowing one’s effort to go 
a little further in terms of results. However, these advances have a way to go before their 
successful implementation, and even then, there will be concerns about their equitable 
distribution. Development of infrastructure for production of catalysts and equitable access to 
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these technologies will be crucial for the advancement of the field. It is very possible that there 
is a trove of extremely useful chemistry lying in wait that is kept at bay by painful catalyst 
synthesis. Part of the next era of synthesis will involve breaking down these barriers and studying 
how each of these tools can move us toward the endgame of organic chemistry.  

In my opinion, an enduring legacy of total synthesis will always be its value as a training 
field. It has long been said30 that the breadth of chemistry that a chemist is exposed to in making 
a natural product, the nature of the problem-solving that they engage in, and the repeated 
failures they experience along the way all contribute to a fantastic education in synthetic organic 
chemistry. At its core, natural product synthesis requires us to plant the flag—to point boldly at 
a target and say I will do everything I can to make exactly that molecule. I often compare it to 
going to the moon. The purpose is not necessarily to collect moonrocks, it is to build the rocket 
ship—to engineer and discover and create the technology that will take us there. Over the course 
of the next six chapters of this dissertation, I will discuss my journey to the moon—I never quite 
got to leave my footprint, but I did learn quite a bit about making engines along the way.  
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Chapter 2 
Total Synthesis of Xiamycin Sesquiterpenoids 
    2.1 Introduction to xiamycin sesquiterpenoids and synthesis plan 

The ‘xiamycin-type’ secondary metabolites (Figure 2.1) were first isolated from a range of 
Streptomyces species in 2010. These molecules represent the first examples of 
indolosesquiterpenoids from bacterial sources, and new members continue to be discovered to 
this day.1 The emerging biological activity of these indolosesquiterpenoids has sparked interest 
in employing them as a starting point for the development of pharmaceuticals and 
agrochemicals. For example, xiamycin A (2-1) displays antibiotic and anti-HIV activity,2a whereas 
its C-16 epimer, oridamycin A (2-2), exhibits modest activity against the water mold Saprolegnia 
parasitica.1b On the basis of this latter bioactivity, we have become especially interested in 
profiling the agrochemical potential of the xiamycins as fungicides against a broad range of fungal 
pathogens that significantly impact crop yields. Notably, we sought to identify new chemotypes 
active against wheat leaf blotch (Zymoseptoria tritici) which has been known to cause up to 50% 
crop yield loss in the European Union (EU).3a While there are known fungicides to combat this 
fungus, newer compounds that possess novel modes of action are critical to addressing the 
resistance shifts that continue to emerge for many damage-causing fungi.3b 

 

Figure 2.1. Selected members of the xiamycin and oridamycin families 

   

Xiamycin A and oridamycin A have drawn significant attention from synthetic chemists as 
reflected in the number of total syntheses of these molecules completed over the last five years 
(Scheme 2.1a).2 Structurally, they are composed of a challenging pentacyclic framework, 
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including a carbazole nucleus fused to a trans-decalin ring system that bears four contiguous 
stereocenters.  
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Scheme 2.1 A. Summary of selected previous approaches. B. Xiamycin family retrosynthesis from 
carvone  

Two previous syntheses of these natural products by Li and Trotta employ a 
benzannulation strategy to forge the carbazole moiety. Notably, Baran, Li, and Trotta all utilize 
polycyclizations to form the trans-decalin system.2 Our group has had a standing interest in 
divergent4 syntheses of terpenoid natural products utilizing carvone as a starting material.5 
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Carvone is of particular interest to us because of its ready availability in either enantiomeric 
form,6  and its highly modifiable cyclic structure, which allows for rapid elaboration.7 The 
syntheses that we report herein are complementary to previous approaches to the xiamycin-type 
indolosesquiterpenoids. Specifically, we begin from a cyclic ‘chiral pool’ compound (carvone), 
which obviates the need for a polycyclization to build the framework of these molecules, thus 
presenting a unique opportunity for divergence that has culminated in the synthesis of additional 
congeners of the xiamycin-type indolo-terpenoids than had been previously achieved. In our 
initial synthesis considerations, we envisioned an expansion of our reported5m ‘benzannulation 
of carvone’ strategy whereby the α-methyl group of carvone would be exploited in a C–C bond 
and concomitant six-membered ring formation. Here, we report the realization of this strategy 
in the total syntheses of xiamycins A, C, F, H (2-1, 2-3, 2-4, 2-5) and oridamycin A (2-2). As part of 
an ongoing program to identify novel natural-product derived small molecules relevant to crop 
protection, we also describe the first systematic investigation of their anti-fungal activity. 

Retrosynthetically (Scheme 2-1b), we envisioned 2-1 and 2-2 arising from a late-stage 
carbazole-forming benzannulation sequence. However, unlike in some of the previous syntheses 
of these indolosesquiterpenoids, which employed a thermally induced benzannulation, our 
synthetic plan was to effect a photoinduced olefin isomerization/6π-electrocyclization sequence 
of triene 2-6.8 Triene 2-6 would in turn emerge from the addition of an indole nucleophile to α,β-
unsaturated aldehyde 2-7. Intermediate 2-7 was traced back to known9 trans-decalin C-16 
epimers 2-8a and 2-8b from which both configurations of the C-16 stereocenter could be 
accessed, leading to the synthesis of the xiamycin and oridamycin natural product families. 
Compounds 2-8a and 2-8b are accessible through a known four-step sequence from inexpensive 
and commercially available (R)-carvone (2-9). 

2.2 Forward synthesis 

  Our synthesis studies commenced with the construction of the key trans-decalin system 
(Scheme 2). Following the precedent of Omura and Nagamitsu,9 keto-alcohols 2-8a and 2-8b were 
prepared in four steps from (R)-carvone (2-9) in multigram quantities. Evans reduction10 of keto-
alcohol 2-8a using tetramethylammonium triacetoxyborohydride (Me4NBH(OAc)3) gave the 
desired equatorial alcohol 2-10 as a single diastereomer, which was unambiguously confirmed 
by X-ray crystallographic analysis.11 Following acetonide formation, addition of MeLi to the α,β-
unsaturated ketone group yielded the corresponding tertiary alcohol as a single isomer. 
Subsequent allylic oxidation using SeO2 formed aldehyde 2-7, which was coupled with 2-lithiated 
N-(phenylsulfonyl)indole12 reagent 2-11 to produce an inconsequential mixture of 
diastereomeric alcohols in almost quantitative yield. The elimination of both hydroxy groups 
proved challenging. Under several conditions (e.g., using the Burgess reagent, MsCl/DIPEA, or 
SOCl2/py), only elimination of the secondary hydroxy group was observed. Fortunately, Martin’s 
sulfurane cleanly effected double dehydration at room temperature affording triene 6 in gram 
quantities. 
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Scheme 2.2. Synthesis of the 6π-electrocyclization precursor 2-6 

Having established an efficient route to precursor 2-6, we began to explore our proposed 
benzannulation sequence to forge the 2,3-fused carbazole.13 Due to the geometric constraint 
imposed by the trisubstituted (E)-double bond in 2-6, a thermal 6π-
electrocyclization/aromatization sequence under aerobic conditions, as demonstrated in the Li 
and Trotta syntheses of related molecules, was not successful. This prompted us to attempt a 
photochemical benzannulation14,15 wherein E/Z isomerization of the double bond could be 
effected (Table 2-1). To our surprise, irradiation of 2-6 with UVB light (310 nm) in degassed 
benzene led to the direct isolation of desulfonylated carbazole 2-12 in 28% yield as the only 
detectable product (entry 1).16 After extensive experimentation, we found that irradiation with 
UVA light (350 nm) in aq. EtOH increased the yield of 2-12 to 44% (entry 2). The solubility of the 
starting material, as well as the yield, were further increased by adding THF to the reaction 
medium (entry 3). The use of other polar protic solvents (MeOH, iPrOH, HFIP) proved inferior. 
Polar aprotic solvents such as MeCN led only to isolation of trace amounts of 2-12 (entry 4). The 
addition of water was found to be beneficial in this case (entry 5) whereas the addition of radical 
scavengers (1,4-cyclohexadiene, entry 6) to possibly capture a potentially formed sulfonyl radical 
and prevent polymerization did not improve the yields. Attempts to buffer the resulting sulfinic 
acid byproduct by the addition of base (Na2CO3, entry 7) only led to a decrease in yield. Only scant 
reports of the photochemical desulfonylation of amines and indoles are known.17 The existing 
methods rely on an initial electron transfer from an appropriate donor (e.g., amines, electron-
rich aromatics) to the excited state indole moiety. Applying these known conditions, which use 
DABCO (entry 8) and NEt3 (entry 9) as amine sources or anisole (entry 10), gave 2-12 in only low 
(5–33%) yield. While irradiation with blue LED light gave comparable yields to the optimized 
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conditions (entry 11), longer wavelength visible light did not induce carbazole formation (entry 
12).18 

 

Table 2.1. Optimization of the key photocyclization/desulfonylation reaction 

With access to carbazole 2-12 using our best conditions (entry 3), hydrogenation of the 
styrenyl double bond and subsequent cleavage of the acetonide yielded diol 2-13 in 60% yield 
over two steps (Scheme 2-3). Unfortunately, oxidation of the primary hydroxy group to give 
aldehyde 2-14 (not shown) led to substantial decomposition under standard conditions such as 
TEMPO/PIDA, presumably due to the free carbazole nitrogen. We therefore opted to install the 
aldehyde group first. Addition of 2-lithiated N-(phenylsulfonyl)indole 2-11 to aldehyde 2-7 gave 
diol 2-15, which was subjected to a one-pot double dehydration followed by acetonide cleavage 
using Martin’s sulfurane and 6M HCl, respectively, to give the corresponding triene diol (not 
shown). Oxidation of the primary alcohol group under TEMPO/PIDA conditions gave a hydroxy-
aldehyde which underwent the key photocyclization/desulfonylation to give aldehyde 2-16 in 
21% over 3 steps.19 Finally, Pinnick oxidation20 followed by hydrogenation with Pd/C reduced the 
styrenyl double bond to complete the synthesis of xiamycin A (2-1) in a total of 14 steps from (R)-
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carvone (2-9). The spectroscopic data obtained for 2-1 were identical to those reported in 
literature.4a 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.3. Completion of total synthesis of xiamycin A (2-1) 

We have also utilized the minor keto-alcohol diastereomer 2-8b in an analogous sequence 
to complete a total synthesis of oridamycin A (2-2, Scheme 2-4). Thus, subjecting minor 
diastereomer 2-8b to Narasaka–Prasad reduction21 conditions yielded boronate ester 2-17, which 
was cleaved by methanolysis on acidic silica to afford desired syn-diol 2-18 in 74% yield. The total 
synthesis of oridamycin A (2-2) was successfully completed by following the established route 
described above (i.e., steps 6–14; see the experimental section for details). 
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Scheme 2.4. Total synthesis of oridamycin A (2-2) 

In line with our initial plan, access to 2-16 has provided a common late-stage intermediate  
that we have applied to the synthesis of several other xiamycin congeners (Scheme 5). 
Specifically, we envisioned that the styrenyl double bond of 2-16 would serve as a handle for 
functionalization. Indeed, Mukaiyama hydration of 2-16 followed by Pinnick oxidation gave 
xiamycin C (2-3) and 19-epi-xiamycin C as a separable mixture of diastereomers, as well as 
xiamycin F (2-4). This sequence represents the first total syntheses of these natural products as 
well as the associated C-19 epimer of 2-3.  

 

Scheme 2.5. Completion of the syntheses of xiamycin C (2-4), F (2-4), and H (2-5) from common 
intermediate 2-16 
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As a testament to the versatility of our route, we then sought to prepare the only known 
xiamycin congener that bears an alkene functional group (i.e., xiamycin H; 2-5). Oxidation of 
alcohol aldehyde 2-16 with Dess–Martin periodinane first yielded keto-aldehyde 2-19, which,  in 
one-pot, underwent oxidative decarboxylation under Pinnick oxidation conditions to form 
xiamycin H (2-5) in 48% yield. 

2.3 Evaluation of xiamycin family antifeedant activity 

Our syntheses of the xiamycins have also provided access to a number of synthetic 
intermediates which have been screened for bioactivity. Specifically, the in vitro fungitoxicity of 
these small molecules against three agriculturally relevant pathogens: wheat leaf blotch, rice 
blast (Pyricularia oryza) and corn smut (Ustilago maydis) was evaluated.  At a concentration of 
10 ppm, it was found that none of the materials demonstrated significant activity against wheat 
leaf blotch.  Of the natural products tested, only xiamycin H (2-5) demonstrated partial (60%) 
growth inhibition of rice blast. Compound 2-7 demonstrated good activity toward the control of 
corn smut (100% growth inhibition) over other pathogens, whereas compound S2-23 (from 
hydrogenation of 2-12) demonstrated some selectivity toward the control of rice blast (70% 
growth inhibition). These initial screening data provide a promising foundation for additional 
studies to identify even more potent derivatives of this class of natural products. 

2.4 Conclusion and outlook 

In summary, we have accomplished the divergent, enantiospecific total synthesis of the 
indolosesquiterpenoids xiamycin A (2-1), xiamycin C (2-3), xiamycin F (2-4), oridamycin A (2-2), 
as well as xiamycin H (2-5) in a maximum of ten steps from known compound 2-9. A key feature 
in the formation of the characteristic carbazole moiety is a photoinduced 6π-electrocyclization 
with concomitant desulfonylation, which represents a rare example of this type of 
transformation. These syntheses proceed in a total of 13–14 steps from carvone and are highly 
scalable, providing enough material for a preliminary bioactivity screen.  Evaluation of the 
fungicidal activity of these compounds revealed that xiamycin H and some of the synthetic 
intermediates display notable inhibition of agriculturally relevant pathogens that could set the 
stage for the identification of new small molecules for crop protection. 

 The following chapter of this dissertation will discuss the xiamycin (2-1) synthesis as it 
relates to our broader studies on indole diterpenoid and indolosesquiterpenoid natural products. 
Our plan was to unify these syntheses through a common ‘chiral-pool’ approach initiated from 
(R)-carvone (2-9). Ultimately, our efforts in this regard were unsuccessful but they whole picture 
will be presented that resulted in this synthesis.  
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2.5 Experimental 

General Considerations  

Unless otherwise noted, all reactions were performed in flame or oven-dried glassware fitted 
with rubber septa under a positive pressure of nitrogen using standard Schlenk techniques. Air- 
and moisture-sensitive liquids were transferred via syringe or stainless steel cannula through 
rubber septa. Solids were added under inert gas or were dissolved in appropriate solvents. Low 
temperature-reactions were carried out in a Dewar vessel filled with a cooling agent: acetone/dry 
ice (−78 °C), H2O/ice (0 °C). Reaction temperatures above 23 °C were conducted in an oil bath or 
in a heated metal block (reactions conducted in vials). The reactions were magnetically stirred 
and monitored by NMR spectroscopy or analytical thin-layer chromatography (TLC), using glass 
plates precoated with silica gel (Silicycle Siliaplates, glass backed, extra hard layer, 60 Å, 250 μm 
thickness, F254 indicator). TLC plates were visualized by exposure to ultraviolet light (254 nm), 
were stained by submersion in aqueous potassium permanganate solution (KMnO4), p-
anisaldehyde, or ceric ammonium molybdate solution (CAM), and were developed by heating 
with a heat gun. Flash-column chromatography on silica gel was performed as described by Still 
et al.,1 employing silica gel (Silicycle silica gel, 40–63 μm particle size). Organic solutions were 
concentrated under reduced pressure on a temperature-controlled rotary evaporator equipped 
with a dry ice/isopropanol condenser. The yields refer to chromatographically and 
spectroscopically (1H and 13C NMR) pure material.  

Materials  

Unless noted below, commercial reagents were purchased from Sigma Aldrich, Acros Organics, 
ChemImpex, Oakwood Chemical, Combi-blocks, TCI, and/or Alfa Aesar, and used without 
additional purification. Solvents were purchased from Fisher Scientific, Acros Organics, Alfa 
Aesar, and Sigma Aldrich. Tetrahydrofuran (THF), diethyl ether (Et2O), acetonitrile (CH3CN), 
benzene, toluene (PhMe), methanol (MeOH), and triethylamine (Et3N) were sparged with argon 
and dried by passing through alumina columns using argon in a Glass Contour solvent purification 
system. Dichloromethane (CH2Cl2, DCM) was freshly distilled over calcium hydride under a N2 
atmosphere prior to each use. 

NMR spectroscopy  

NMR spectral data were obtained using deuterated solvents, obtained from Cambridge Isotope 
Laboratories, Inc. 1H NMR and 13C NMR data were recorded on Bruker AVB-400, AVQ-400, AV-
500, NEO-500, AV-600 or AV-700 spectrometers operating at 400 MHz, 400 MHz, 500 MHz, 500 
MHz, 600 MHz, 700 MHz for proton nuclei (100 MHz, 100 MHz, 125 MHz, 125 MHz, 150 MHz, 
175 MHz for carbon nuclei), respectively. Proton chemical shifts are expressed in parts per million 
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(ppm, δ scale) and are referenced to residual protium in the NMR solvent (CHCl3: δ 7.26). Carbon 
chemical shifts are expressed in parts per million (δ scale, assigned carbon atom) and are 
referenced to the carbon resonance of the NMR solvent (CDCl3: δ 77.16). 1H NMR spectroscopic 
data are reported as follows: Chemical shift in ppm (multiplicity, coupling constants J (Hz), 
integration) (e.g. “5.21 (t, 3 J = 7.3 Hz, 1H)”). The multiplicities are abbreviated with s (singlet), br 
s (broad singlet), d (doublet), t (triplet), q (quartet), p (pentet), se (sextet), h (heptet), m 
(multiplet) and app (apparent multiplicity). In case of combined multiplicities, the multiplicity 
with the larger coupling constant is stated first. Except for multiplets, the chemical shift of all 
signals, as well for centrosymmetric multiplets, is reported as the center of the resonance range. 
Data for 13C spectroscopy are reported in terms of chemical shift (δ ppm). Additionally to 1D NMR 
experiments, 2D NMR techniques such as homonuclear correlation spectroscopy (COSY), 
heteronuclear single quantum coherence (HSQC), heteronuclear multiple bond coherence 
(HMBC) and nuclear Overhauser enhancement spectroscopy (NOESY) were used to assist 
structure elucidation. All raw FID files were processed and the spectra analyzed using the 
program MestReNOVA 11.0 from Mestrelab Research S. L.  

Note: The AVB-400, AVQ-400, AV-500, DRX-500 and AV-600 instruments were partially 
supported by NIH grants SRR023679A, RR02424A-01, S10RR03353-01 and 1S10RR016634-01, 
and NSF grants CHE-9633007, CHE-8208992, CHE-0130862, and CHE-8703048. The AV-700 
instrument was supported by the Berkeley College of Chemistry NMR facility. 

Mass spectrometry  

Mass spectral data were obtained from the Mass Spectral Facility at the University of California, 
Berkeley, on a Finnigan/Thermo LTQ-FT instrument (ESI). Data acquisition and processing were 
performed using the XcaliburTM software. 

IR spectroscopy  

IR spectroscopic data were recorded on a Bruker ALPHA FT-IR spectrophotometer using a 
diamond attenuated total reflectance (ATR) accessory. If required, substances were dissolved in 
dichloromethane prior to direct application on the ATR unit. Data are represented as follows: 
frequency of absorption (cm−1 ), and intensity of absorption (s = strong, m = medium, w = weak, 
br = broad). 

X-ray analysis  

Single-crystal X-ray diffraction experiments were performed at the UC Berkeley CHEXRAY 
crystallographic facility. Measurements of all compounds were performed on a Rigaku XtaLAB 
P200 rotating anode equipped with a Pilatus 200K hybrid pixel array detector. Data were 
collected using Cu Kα radiation (λ = 1.54184 Å). Crystals were kept at 100(2) K throughout 
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collection. Data collection was performed with CrysAlisPro. 2 Data processing was done using 
CrysAlisPro and included either a multi-scan absorption or faceindexed absorption correction 
applied using the SCALE3 ABSPACK scaling algorithm within CrysAlisPro. All structures were 
solved with SHELXT.3 Structures were refined with SHELXL.4 All non-hydrogen atoms were 
refined anisotropically, and hydrogen atoms were either included at the geometrically calculated 
positions and refined using a riding model or located as Q peaks in the Fourier difference map.  

Note: The instruments are supported by an NIH Shared Instrumentation Grant S10-RR027172. 

UV-Vis spectroscopy 

UV-Vis spectroscopy was performed on a Varian 5000 UV-Vis-NIR spectrometer using quartz 
cuvettes with a path length of 1 cm. Data were collected using DCM as a solvent with an 
absorbance window between 230 and 650 nm. 
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Synthetic procedures and analytical data 

Synthesis of diol 2-10 

 

 

To a solution of Me4NHB(OAc)3 (10.2 g of >90% pure Acros material, 34.9 mmol, 5.50 equiv) in 
22.5 mL of MeCN (0.280 M) was added 22.5 mL of glacial AcOH (0.280 M) under N2, and the 
resulting colorless solution was stirred 30 min at room temperature, after which time it was 
added via cannula to a stirring solution of ketone 2-8a (1.50 g, 6.35 mmol, 1.00 equiv) dissolved 
in 22.5 mL MeCN at room temperature. The clear solution was stirred for 3 h at room 
temperature and then quenched by addition of sat. aq. Rochelle’s salt solution.  The resulting 
milky biphasic mixture was diluted with EtOAc and vigorously stirred for 1 h. A solution of sat. aq. 
NaHCO3 was carefully added while stirring. After the gas evolution ceased, the aq. layer was 
extracted four times with EtOAc, washed three times with sat. aq. NaHCO3, followed by sat. aq. 
NaCl solution and dried over MgSO4. This material was used in the next reaction without further 
purification. An analytical sample was prepared by flash column chromatography (PE:EtOAc = 
1:1) to afford diol 2-10 as a white solid. Suitable crystals for X-ray analysis were obtained after 
crystallization from a Hexane/EtOAc (1:1) solution. 

Rf = 0.23 (Hexane:EtOAc = 1:3), UV-active, blue spot (CAM). 

1H-NMR (600 MHz, CDCl3): δ = 6.64 (d, J = 4.8 Hz, 1H), 3.68–3.58 (m, 2H), 3.39 (d, J = 10.6 Hz, 1H), 
3.04 (br s, 2H), 2.39–2.29 (m, 1H), 2.18 (d, J = 19.1 Hz, 1H), 1.91 (d, J = 14.3 Hz, 1H), 1.79 (dd, J = 
11.5, 4.2 Hz, 1H), 1.75 (d, J = 4.0 Hz, 1H), 1.72 (s, 3H), 1.70–1.60 (m, 1H), 1.47 (td, J = 14.0, 4.0 Hz, 
1H), 1.06 (s, 3H), 0.99 (s, 3H) ppm.  

13C–NMR (150 MHz, CDCl3): δ = 205.4, 143.4, 133.2, 75.4, 69.6, 44.4, 42.9, 42.5, 31.4, 26.6, 24.1, 
17.9, 16.4, 11.9 ppm. 

IR (neat): ν = 3410, 2933, 1657, 1356, 1039, 998, 733, 544 cm-1.  

HRMS (ESI, m/z): [M+H]+ calcd. for C14H23O3, 239.1640; found 239.1640. 

[α]D
22 –21.4 (c = 1.00, MeOH); lit.9a [α]D

27 -20.3 (c = 1.00, MeOH 
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Synthesis of acetonide 2-23 

 

 

 

To a solution of crude diol in acetone (80.0 mL, 80.0 mM) was added PPTS (399 mg, 1.58 mmol, 
0.250 equiv), followed by 2,2-dimethoxypropane (7.90 mL, 63.5 mmol, 10.0 equiv) at room 
temperature. After stirring for 14 h, the reaction mixture was quenched by the addition of sat. 
aq. NaHCO3. The aq. layer was extracted three times with EtOAc, washed with sat. aq. NaCl 
solution and dried over MgSO4. After removal of the solvent in vacuo, this material was used in 
the next reaction without further purification. An analytical sample was prepared by flash column 
chromatography (PE:EtOAc = 3:1) to afford acetonide 2-23 as a white solid. 

Rf = 0.51 (Hexane:EtOAc = 2:1), UV-active, blue spot (CAM). 

1H-NMR (600 MHz, CDCl3): δ = 6.60 (d, J = 5.5 Hz, 1H), 3.52–3.47 (m, 3H), 2.34 (ddt, J = 18.8, 11.7, 
2.3 Hz, 1H), 2.02–1.90 (m, 2H), 1.73 (s, 3H), 1.67–1.55 (m, 4H), 1.41 (s, 6H), 1.19 (s, 3H), 1.07 (s, 
3H) ppm.  

13C-NMR (150 MHz, CDCl3): δ = 204.7, 142.3, 133.6, 99.3, 76.7, 71.9, 45.0, 44.5, 37.2, 31.9, 29.9, 
23.6, 23.5, 19.2, 18.5 16.5, 12.9 ppm.  

IR (neat): ν = 2989, 2943, 2864, 1672, 1444, 1392, 1205, 1042, 846 cm–1.  

HRMS (ESI, m/z): [M+H]+ calcd. for C17H27O3, 279.1960; found 279.1954. 

M.p. = 79 °C 

[α]D
22 –39.3 (c = 1.00, MeOH) 
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Synthesis of tertiary alcohol 2-20 

 

 

MeLi (8.70 mL of a 1.60 M Et2O solution, 14.0 mmol, 2.20 equiv) was added dropwise to a solution 
of the crude acetonide 2-23 in THF (63.0 mL, 0.100 M) at –78 °C. After being stirred for 1.5 h at –
78 °C, the reaction mixture was quenched by the addition of sat. aq. NH4Cl. The aq. layer was 
extracted three times with EtOAc, washed with sat. aq. NaCl solution and dried over MgSO4. After 
removal of the solvent in vacuo, the residue was purified by gradient flash chromatography 
(Yamazen, eluting with 13-34% EtOAc in hexanes) to afford 1.56 g (84%, over 3 steps) of alcohol 
2-20 as a white solid. 

Rf = 0.48 (Hexane:EtOAc = 2:1), non UV-active, blue spot (CAM). 

1H-NMR (500 MHz, CDCl3): δ = 5.29 (s, 1H), 3.52–3.47 (m, 1H), 3.46 (s, 2H), 2.02–1.90 (m, 1H), 
1.70 (s, 3H), 1.69–1.60 (m, 4H), 1.56–1.49 (m, 2H), 1.45 (s, 3H), 1.42 (s, 3H), 1.29 (s, 3H), 1.22 (s, 
1H), 1.17 (s, 3H), 1.07 (s, 3H) ppm.  

13C-NMR (125 MHz, CDCl3): δ = 138.7, 121.1, 99.2, 77.9, 77.5, 72.7, 40.8, 40.4, 37.1, 30.5, 30.0, 
23.8, 23.7, 23.1, 19.4, 18.0, 15.7, 12.4 ppm.  

IR (neat): ν = 3499, 2987, 2943, 2897, 1452, 1378, 1284, 1206, 1102, 860 cm–1.  

HRMS (EI, m/z): [M]+ calcd. for C18H30O3, 294.2195; found 294.2192. 

M.p. = 182 °C 

[α]D
22 –27.9 (c = 1.00, MeOH) 
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Synthesis of aldehyde 2-7 

 

A mixture of alcohol 2-20 (1.69 g, 5.76 mmol, 1.00 equiv) and selenium dioxide (1.60 g, 14.4 
mmol, 2.50 equiv) was dissolved in 1,4-dioxane (58.0 mL, 0.100 M) and then placed in an oil bath 
at 90 °C. After stirring for 2h, the resulting brown mixture was cooled to room temperature and 
quenched by the addition of distilled water. The aq. phase was extracted three times with EtOAc 
and the combined organic layers were washed with sat. aq. NaCl solution. The solution was dried 
over MgSO4 and concentrated in vacuo. The crude products were purified by gradient flash 
chromatography (Yamazen, eluting with 13-34% EtOAc in hexanes) to afford 0.910 g of aldehyde 
2-7 as a yellow solid and 0.370 g (73% combined yield, 2-7:2-21 = 2.5:1.0) of alcohol 2-21 as a 
yellow foam. 

2-7: Rf = 0.57 (Hexane:EtOAc = 1:1), UV-active, blue spot (CAM). 

1H-NMR (500 MHz, CDCl3): δ = 9.35 (s, 1H), 6.67 (br s, 1H), 4.20 (s, 1H), 3.55–3.47 (m, 3H), 2.42–
2.32 (m, 1H), 2.15–2.07 (m, 1H), 1.77–1.64 (m, 3H), 1.57–1.50 (m, 2H), 1.46 (s, 3H), 1.43 (s, 6H), 
1.21 (s, 3H), 1.05 (s, 3H) ppm. 

13C-NMR (125 MHz, CDCl3): δ = 196.3, 151.6, 145.0, 99.3, 77.3, 75.9, 72.5, 40.2, 39.7, 37.0, 30.0, 
29.4, 25.4, 25.1, 23.6, 19.3, 15.7, 12.4 ppm.  

IR (neat): ν = 3498, 2987, 2942, 1688, 1638, 1378, 1221, 1208, 862 cm–1.  

HRMS (ESI, m/z): [M–H]– calcd. for C18H27O4, 307.1915; found 307.1915. 

[α]D
22 –60.1 (c = 1.00, MeOH) 

M.p. = 195 °C 

2-21: 

Rf = 0.19 (Hexane:EtOAc = 1:1), UV-active, blue spot (CAM). 

1H-NMR (500 MHz, CDCl3): δ = 5.57 (br s, 1H), 4.37 (d, J = 11.6 Hz, 1H), 3.92 (d, J = 11.6 Hz, 1H), 
3.54–3.41 (m, 3H), 2.23 (br s, 2H), 2.09–1.99 (m, 1H), 1.76 (dt, J = 18.4, 4.5 Hz, 1H), 1.70–1.58 (m, 
3H), 1.58–1.50 (m, 2H), 1.45 (s, 3H), 1.42 (s, 3H), 1.37 (s, 3H), 1.17 (s, 3H), 1.04 (s, 3H) ppm. 



24 
 

13C-NMR (125 MHz, CDCl3): δ = 141.1, 125.6, 99.2, 78.9, 72.6, 65.2, 40.6, 40.3, 37.1, 30.0, 29.8, 
24.9, 23.8, 22.9, 19.3, 15.8, 12.3 ppm.  

IR (neat): ν = 3407, 2988, 2943, 2898, 2876, 1378, 1258, 1205, 1100, 1075, 859, 737 cm–1.  

HRMS (ESI, m/z): [M–H]– calcd. for C18H29O4, 309.2070; found 309.2071. 

[α]D
22 –8.0 (c = 0.80, MeOH) 

Conversion of undesired 2-21 to aldehyde 2-7 

 

 

 

 

A mixture of alcohol 2-21 (600 mg, 1.95 mmol, 1.00 equiv) and manganese dioxide (2.03 g, 23.3 
mmol, 12.0 equiv) in DCM (32.0 mL, 60.0 mM) was stirred for 16 h at room temperature. After 
filtering through celite (EtOAc eluent), the solution was concentrated in vacuo and the crude 
material was purified by gradient flash chromatography (Yamazen, eluting with 24-45% EtOAc in 
hexanes) to afford 489 mg (81%) of aldehyde 2-7 as a yellow solid. 
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Synthesis of adduct 2-15 

 

 

 

 

 

 

 

Trace water was removed from 1-(phenylsulfonyl)-1H-indole (3.65 g, 14.2 mmol, 3.50 equiv) via 
azeotropic distillation with benzene. Then, it was dissolved in THF (700 mL) and cooled to –78°C. 
A solution of nBuLi (8.75 ml of a 1.60 M solution in pentane, 14.0 mmol, 3.45 equiv) was added 
dropwise. The yellow solution was stirred at 0 °C for 1 h. During this time, trace water was 
removed from aldehyde 2-7 (1.25 g, 4.04 mmol, 1.00 equiv) via azeotropic distillation with 
benzene. Then it was dissolved in THF (20.0 mL) and added via cannula transfer into the solution 
containing the 2-lithio-indole over the course of 5 minutes at –78°C. After stirring the resulting 
solution at –78°C for 1 h, the solution was warmed to 0 °C and stirred additional 1 h before being 
quenched with sat. aq. NH4Cl. The aq. layer was extracted three times with EtOAc and the 
combined organic layers were washed with sat. aq. NaCl, dried over MgSO4, filtered, and 
concentrated. The residue was purified via gradient flash chromatography (Yamazen, eluting with 
46–67% EtOAc in hexanes) to yield a mixture of diastereomers of alcohol 2-15 as a yellow foam 
(2.27 g, 99% combined yield, dr = 3.5:1) which was used in the next reaction. Analytical samples 
were prepared via gradient flash chromatography (Yamazen, eluting with 39–59% EtOAc in 
hexanes). 

Major isomer: 

Rf = 0.36 (Hexane:EtOAc = 1:1), UV-active, blue spot (CAM). 

1H-NMR (500 MHz, CDCl3): δ = 8.11 (d, J = 8.5 Hz, 1H),  7.74 (d, J = 7.9 Hz, 2H), 7.51–7.47 (m, 2H), 
7.40–7.34 (m, 2H), 7.30–7.27 (m, 1H), 7.25–7.20 (m, 1H), 6.91 (s, 1H), 6.16 (s, 1H), 5.05 (br s, 1H), 
4.09 (br s, 1H), 3.55–3.49 (m, 1H), 3.48–3.43 (m, 1H), 3.42–3.37 (m, 1H), 2.43 (br s, 1H), 1.94–
1.84 (m, 1H), 1.75–1.66 (m, 2H), 1.65–1.62 (m, 2H), 1.61 (s, 3H), 1.59–1.53 (m, 2H), 1.46 (s, 3H), 
1.42 (s, 3H), 1.13 (s, 3H), 1.07 (s, 3H) ppm. 

13C-NMR (125 MHz, CDCl3): δ = 142.3, 141.9, 138.6, 137.5, 133.8, 129.6, 129.3 (2x), 126.4 (2x), 
125.3, 124.7, 124.0, 121.1, 115.0, 112.7, 99.2, 79.8, 77.9, 72.5, 68.1, 40.7, 40.3, 37.0, 30.0, 29.9, 
24,7, 23.8, 22.9, 19.4, 15.9, 12.2 ppm.  
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IR (neat): ν = 3418, 2989, 2944, 1447, 1372, 1173, 1091, 726 cm–1.  

HRMS (ESI, m/z): [M–H]– calcd. for C32H38NO6S, 564.2425; found 564.2414. 

[α]D
22 –42.0 (c = 1.00, MeOH) 

Minor isomer: 

Rf = 0.33 (Hexane:EtOAc = 1:1), UV-active, blue spot (CAM). 

1H-NMR (500 MHz, CDCl3): δ = 8.07 (d, J = 8.2 Hz, 1H),  7.83 (d, J = 8.2 Hz, 2H), 7.55–7.49 (m, 1H), 
7.46 (d, J = 7.6 Hz, 1H), 7.43–7.39 (m, 2H), 7.34–7.27 (m, 1H), 7.25–7.20 (m, 1H), 6.76 (s, 1H), 6.05 
(d, J = 3.7 Hz, 1H), 5.85 (br s, 1H), 3.54–3.34 (m, 3H), 3.11 (d, J= 4.9 Hz, 1H), 2.19–2.09 (m, 1H), 
1.85 (dt, J = 18.5, 4.8 Hz, 1H), 1.76 (s, 1H), 1.70–1.76 (m, 1H), 1.66–1.60 (m, 1H), 1.55–1.49 (m, 
1H), 1.47 (s, 3H), 1.46 (s, 3H), 1.43 (s, 3H), 1.20 (s, 3H), 1.07 (s, 3H) ppm. 

13C-NMR (125 MHz, CDCl3): δ = 144.1, 143.0, 138.3, 137.5, 134.1, 129.4 (2x), 129.0, 126.7 (2x), 
125.8, 125.1, 124.1, 121,3, 114.9, 111.4, 99.2, 77.9, 72.6, 66.0, 40.7, 40.6, 37.1, 30.2, 30.0, 24.7, 
23.8, 23.1, 19.4, 16.0, 12.5 ppm.  

IR (neat): ν = 3422, 2989. 2943, 1448, 1172, 1091, 738, 726, 590 cm–1.  

HRMS (ESI, m/z): [M–H]– calcd. for C32H38NO6S, 564.2425; found 564.2414. 

[α]D
22 +58.0 (c = 1.00, MeOH) 
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Synthesis of diene 2-6 

 

Martin’s sulfurane (5.00 g, 7.44 mmol, 2.40 equiv) was added as a solid to a solution of alcohol 
2-15 (1.76 g, 3.10 mmol, 1.00 equiv) in DCM (74.4 mL, 40.0 mM) at room temperature. After 
being stirred for 20 min, the reaction mixture was quenched by the addition of sat. aq. NaHCO3. 
The aq. layer was extracted three times with DCM, washed with sat. aq. NaCl solution and dried 
over MgSO4. After removal of the solvent in vacuo, the residue was purified by gradient flash 
chromatography (Yamazen, eluting with 5–26% EtOAc in hexanes) to afford 1.15 g (70%) of 
compound 2-6 as a yellow solid. The double bond geometry was confirmed by a 2D-NOESY 
experiment. 

Rf = 0.48 (Hexane:EtOAc = 3:1), UV-active, green spot (p-anisaldehyde). 

1H-NMR (500 MHz, CDCl3): δ = 8.24 (d, J = 8.5 Hz, 1H), 7.68 (d, J = 8.4 Hz, 2H), 7.50–7.44 (m, 1H), 
7.42 (d, J = 7.6 Hz, 1H), 7.36–7.24 (m, 2H), 7.24–7.20 (m, 1H), 7.08 (s, 1H), 6.54 (s, 1H), 6.51 (d, J 
= 10.1 Hz, 1H), 5.59 (d, J = 10.1 Hz, 1H), 5.29 (s, 1H), 4.84 (s, 1H), 3.61 (d, J = 10.4 Hz, 2H), 3.49 (d, 
J = 10.7 Hz, 1H), 2.11 (s, 1H), 1.92–1.80 (m, 3H), 1.73–1.65 (m, 1H), 1.47 (s, 3H), 1.45 (s, 3H), 1.15 
(s, 3H), 1.12 (s, 3H) ppm. 

13C-NMR (125 MHz, CDCl3): δ = 156.9, 138.6, 138.4, 137.2, 137.0, 133.8, 130.11, 130.0, 129.1 (2x), 
126.7 (2x), 125.9, 125.1, 124.2, 120.8, 115.4, 115.3, 113.6, 105.3, 99.5, 71.8, 49.0, 40.5, 36.9, 
34.5, 29.9, 24.2, 21.0, 19.4, 12.8 ppm.  

IR (neat): ν = 2990, 2940, 2864, 1370, 1174, 1146, 1091, 725 cm–1.  

HRMS (ESI, m/z): [M+H]+ calcd. for C32H36O4NS, 530.2360; found 530.2359. 

M.p. = 131 °C 

[α]D
22 –151.2 (c = 1.00, MeOH) 
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Synthesis of carbazole 2-12 

 

A pyrex glass tube (11 cm tall, 1 cm diameter), equipped with a screw cap, was charged with a 
solution of acetonide 2-6 (57.0 mg, 0.108 mmol, 1.00 equiv) in 5% aq. ethanol (10.7 mL) and THF 
(1.20 mL). The vessel was degassed by bubbling a stream of nitrogen through the solution for 45 
min. The pale yellow solution was then irradiated for 1 h with UV-A light (350 nm) in a Luzchem 
photobox at room temperature. After reducing the EtOH in vacuo, the residue was dissolved in 
EtOAc and water. The aq. layer was extracted three times with EtOAc and the combined organic 
layers were dried over MgSO4, filtered and concentrated in vacuo. Gradient flash 
chromatography (Yamazen, eluting with 5–26% EtOAc in hexanes) provided 19.0 mg (46%) of 
carbazole 2-12 as a yellow oil. 

The stability of the product against irradiation with UV-A (350 nm) light was confirmed by 
irradiating 5 mg of 2-33 in 5% aq. EtOH (1.60 mL, 8.00 mM) for 2 h at room temperature. After 
the work-up described above, the material was fully recovered indicating no change by TLC and 
NMR analysis. 

Rf = 0.46 (Hexane:EtOAc = 3:1), UV-active, pink spot (p-anisaldehyde) 

1H-NMR (700 MHz, C6D6): δ = 8.09 (d, J = 8.2 Hz, 1H), 7.82 (s, 1H), 7.38 (t, J = 7.5 Hz, 1H), 7.25 (t, 
J = 7.5 Hz, 1H), 7.09 (d, J = 8.0 Hz, 1H), 6.85 (s, 1H), 6.69 (dd, J = 9.3, 2.7 Hz, 1H), 6.63 (br s, 1H), 
5.70–5.65 (m, 1H), 3.68 (d, J = 10.6 Hz, 1H), 3.46 (dd, J = 11.7, 2.9 Hz, 1H), 3.28 (d, J = 10.6 Hz, 
1H),  2.08 (d, J = 12.8 Hz, 1H), 1.93–1.84 (m, 1H), 1.75–1.67 (m, 2H), 1.61 (s, 3H), 1.44 (s, 3H), 1.36 
(s, 3H), 1.18 (s, 3H) ppm. 

13C-NMR (176 MHz, C6D6): δ = 140.7, 140.5, 138.4, 131.8, 130.0, 127.4, 125.8, 124.3, 123.2, 120.3, 
119.8, 113.8, 111.0, 109.0, 99.3, 77.2, 71.9, 47.4, 38.3, 36.4, 35.1, 30.4, 24.8, 22.8, 19.5, 13.8 
ppm.  

IR (neat): ν = 3412, 2937, 2859, 1736, 1449, 1333, 1257, 1194, 811 cm–1.  

HRMS (ESI, m/z): [M–H]– calcd. for C26H28O2N, 386.2117; found 386.2120.  

[α]D
22 –105.2 (c = 1.00, MeOH) 
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Hydrogenation of 2-12 to give carbazole 2-23 

 

 

Hydrogen from a balloon was bubbled through a mixture of carbazole 2-12 (19.0 mg, 0.0490 
mmol,  1.00 equiv) and 5% Pd/C (11.5 mg, 0.110 mmol, 2.20 equiv) in MeOH (1.60 mL, 30.0 mM) 
for 1 min. The mixture was then vigorously stirred under an atmosphere of hydrogen (balloon) 
for 4 h at room temperature. After filtering the mixture through celite (EtOAc/MeOH eluent), the 
solution was concentrated in vacuo and the crude material was purified by gradient flash 
chromatography (Yamazen, eluting with 5–26% EtOAc in hexanes) to afford 15.0 mg (81%) of 
carbazole 2-23 as a colorless oil. 
Rf = 0.44 (Hexane:EtOAc = 3:1), UV-active, purple spot (p-anisaldehyde). 
1H-NMR (500 MHz, CDCl3): δ = 8.01 (d, J = 7.6 Hz, 1H), 7.93 (s, 1H), 7.84 (br s, 1H), 7.36 (d, J = 3.7 
Hz, 2H), 7.19 (dt, J = 7.7, 3.9 Hz, 1H), 7.08 (s, 1H), 3.70–3.61 (m, 2H), 3.53 (d, J = 10.7 Hz, 1H), 
3.19–3.11 (m, 1H), 3.09–2.99 (m, 1H), 2.63 (d, J = 12.5 Hz, 1H), 1.97–1.79 (m, 4H), 1.76–1.70 (m, 
1H), 1.67–1.60 (m, 1H), 1.47 (s, 3H), 1.45 (s, 3H), 1.33 (s, 3H), 1.22 (s, 3H) ppm. 

13C-NMR (125 MHz, CDCl3): δ = 141.9, 140.1, 138.2, 133.5, 125.5, 123.7, 122.0, 120.0, 119.3, 
115.4, 110.6, 110.0, 99.2, 77.5, 72.7, 46.1, 38.2, 37.9, 37.2, 30.4, 30.0, 26.6, 24.7, 19.4, 18.3, 12.4 
ppm.  

IR (neat): ν = 2989, 2940, 1465, 1379, 1242, 1108, 853, 728 cm–1.  

HRMS (ESI, m/z): [M–H]– calcd. for C26H30NO2, 388.2282; found 388.2276. 

[α]D
22 +47.7 (c = 0.60, MeOH) 
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Synthesis of free diol 2-13 

 

To a solution of carbazole 2-23 (15.0 mg, 0.0380 mmol, 1.00 equiv) in THF (400 µL) was added 
2.00 M aq. HCl (400 µL) and the mixture was vigorously stirred for 1 h at room temperature. The 
solution was quenched by the addition of sat. aq. NaHCO3 at 0 °C. The mixture was warmed to 
room temperature and additional sat. aq. NaHCO3 was added until the gas evolution ceased. Solid 
NaCl was added and the aq. layer was extracted five times with EtOAc and dried over MgSO4. 
After removal of the solvent in vacuo, gradient flash chromatography (Yamazen, eluting with 50–
70% EtOAc in hexanes) afforded 10.0 mg (74%) of diol 2-13 as a pale-yellow oil. 

Rf = 0.25 (Hexane:EtOAc = 1:2), UV-active, blue spot (CAM). 

1H-NMR (500 MHz, CDCl3): δ = 8.00 (d, J = 7.5 Hz, 1H), 7.94 (s, 1H), 7.84 (br s, 1H), 7.36 (d, J = 3.5 
Hz, 2H), 7.19 (dt, J = 7.6, 3.9 Hz, 1H), 7.07 (s, 1H), 3.84 (d, J = 10.6 Hz, 1H), 3.80–3.75 (m, 1H), 3.52 
(d, J = 10.6 Hz, 1H), 3.17–3.10 (m, 1H), 3.08–3.02 (m, 1H), 2.58–2.53 (m, 1H), 1.93–1.86 (m, 3H), 
1.81–1.76 (m, 1H), 1.75–1.69 (m, 1H), 1.55 (d, J = 10.2 Hz, 1H), 1.33 (s, 3H), 1.07 (s, 3H) ppm. 

13C-NMR (150 MHz, CDCl3): δ = 141.4, 140.0, 138.1, 133.5, 125.4, 123.6, 121.9, 119.9, 119.2, 
115.6, 110.4, 109.7, 76.9, 72.3, 44.9, 42.2, 37.7, 37.4, 31.0, 27.8, 25.8, 19.3, 11.2 ppm.  

IR (neat): ν = 3413, 2938, 2872, 1466, 1441, 1264, 1066, 1015, 732 cm–1.  

HRMS (ESI, m/z): [M–H]– calcd. for C23H26NO2, 348.1969; found 348.1963. 

[α]D
22 +58.4 (c = 0.50, MeOH) 
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Synthesis of triene 2-24 

 

 

Martin’s sulfurane (5.00 g, 7.44 mmol, 2.40 equiv) was added as a solid to a solution of alcohol 
2-15 (1.76 g, 3.10 mmol, 1.00 equiv) in DCM (37.2 mL, 80.0 mM) at room temperature. After 
being stirred for 25 min, an aq. solution of 6 M HCl (37.2 mL) was added at 0 °C. The resulting 
brown solution was  stirred at room temperature for 1.5 h before being quenched by the addition 
of sat. aq. NaHCO3 at 0 °C. The mixture was warmed to room temperature and additional sat. aq. 
NaHCO3 was added under stirring until the gas evolution ceased. The mixture was transferred 
into a sep. funnel and solid NaCl was added. The aq. layer was then extracted four times with 
EtOAc and dried over MgSO4. After removal of the solvent in vacuo, the crude material was 
purified by gradient flash chromatography (Yamazen, eluting with 50–70% EtOAc in hexanes) 
affording 1.1 g (74%) of diol 2-24 as a yellow solid in 95% purity. 

Rf = 0.22 (Hexane:EtOAc = 1:2), UV-active, blue spot (CAM). 

1H-NMR (500 MHz, CDCl3): δ = 8.24 (d, J = 8.6 Hz, 1H), 7.68 (d, J = 8.1 Hz, 2H), 7.51–7.41 (m, 2H), 
7.41–7.33 (m, 3H), 7.08 (s, 1H), 6.55 (s, 1H), 6.52 (d, J = 10.4 Hz, 1H), 5.72 (d, J = 10.1 Hz, 1H), 5.30 
(s, 1H), 4.85 (s, 1H), 3.75 (d, J = 10.4 Hz, 2H), 3.47 (d, J = 10.6 Hz, 1H), 2.47 (br s, 2H), 2.18 (s, 1H), 
1.93–1.74 (m, 4H), 1.11 (s, 3H), 1.00 (s, 3H) ppm. 

13C-NMR (125 MHz, CDCl3): δ = 156.7, 138.6, 138.5, 137.2, 137.1, 133.7, 131.1, 130.1, 129.1, 
126.7, 125.9, 125.1, 124.2, 120.7, 115.3, 115.1, 113.6, 105.8, 76.7, 71.1, 47.6, 42.0, 40.2, 33.9, 
27.5, 20.1, 11.6 ppm.  

IR (neat): ν = 3382, 2935, 1447, 1370, 1174, 1090, 725 cm–1.  

M.p. = 181 °C 

[α]D
22 –178.3 (c = 1.00, MeOH) 
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Synthesis of aldehyde 2-26 

 

To a solution of diol 2-24 (706 mg, 1.45 mmol, 1.00 equiv) in DCM (11.9 mL) and H2O (11.9 mL) 
was added TEMPO (294 mg, 1.88 mmol, 1.30 equiv), followed by PIDA (604 mg, 0.570 mmol, 1.30 
equiv) as solids in one portion. The resulting orange-brown mixture was vigorously stirred for 4 
h at room temperature before being quenched by the addition of sat. aq. NaHCO3 and sat. aq. 
NaS2O3 (ca. 4:1). The mixture was transferred into a sep. funnel and solid NaCl was added. The 
aq. layer was then extracted four times with EtOAc, washed with sat. aq. NaCl, dried over MgSO4, 
and filtered. After removal of the solvent in vacuo, this material was used in the next reaction 
without further purification. Alternatively, the sample was purified by by gradient flash 
chromatography (Yamazen, eluting with 30–50% EtOAc in hexanes) affording 564 mg (80%) of 
aldehyde 2-26 as an orange foam.  

Rf = 0.21 (Hexane:EtOAc = 2:1), UV-active, blue spot (CAM). 

1H-NMR (400 MHz, CDCl3): δ = 9.50 (s, 1H), 8.28 (d, J = 8.3 Hz, 1H), 7.70 (d, J = 7.8 Hz, 2H), 7.55–
7.45 (m, 2H), 7.36 (q, J = 7.8 Hz, 3H), 7.29 (d, J = 9.3 Hz, 1H), 6.59 (s, 1H), 6.55 (dd, J = 10.0, 2.7 
Hz, 1H), 5.46–5.36 (m, 2H), 4.93 (s, 1H), 3.96 (d, J = 9.6 Hz, 1H), 2.64 (s, 1H), 2.08–2.00 (m, 1H), 
1.99–1.83 (m, 3H), 1.76 (br s, 1H), 1.22 (s, 3H), 1.16 (s, 3H) ppm. 

13C-NMR (100 MHz, CDCl3): δ = 205.9, 155.9, 138.4, 138.1, 137.3, 136.7, 133.8, 130.1, 129.1 (3x), 
126.7 (2x), 126.4, 125.2, 124.2, 120.8, 116.1, 115.3, 113.8, 106.1, 72.0, 54.7, 45.7, 39.1, 33.8, 
27.1, 20.0, 9.8 ppm.  

IR (neat): ν = 2932, 1722, 1447, 1368, 1173, 1119, 724 cm–1.  

HRMS (ESI, m/z): [M–H]– calcd. for C29H28NSO4, 486.1745; found 486.1743. 

[α]D
22 –186.5 (c = 1.00, MeOH) 
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Synthesis of acid 2-25 

 

 

 

To a solution of the crude aldehyde in acetone (13.9 mL), H2O (6.90 mL), and 2-Me-2-butene (1.32 
mL, 17.3 mmol, 12.0 equiv) was added a mixture of NaClO2 (861mg, 9.50 mmol, 6.00 equiv, ~90% 
techn.) and NaH2PO4•H2O (1.99 g, 14.4 mmol, 10.0 equiv) at 0 °C. The mixture was warmed to 
room temperature and stirred for 2 h before being quenched by the addition of sat. aq. NaCl and 
sat. aq. NH4Cl (ca. 1:1). The mixture was transferred into a sep. funnel and solid NaCl was added. 
The aq. layer was then extracted six times with EtOAc and dried over MgSO4. After concentrating 
the solution in vacuo, the crude material was purified by gradient flash chromatography 
(Yamazen, eluting with 0–10% MeOH in DCM) to afford 569 mg (78%) of acid 2-25 as a yellow oil. 

 

Rf = 0.38 (7% MeOH in DCM), UV-active, blue spot (CAM). 

1H-NMR (700 MHz, CD3OD): δ = 8.19 (d, J = 8.4 Hz, 1H), 7.64 (d, J = 8.0 Hz, 2H), 7.54 (t, J = 7.5 Hz, 
1H), 7.47 (d, J = 7.5 Hz, 1H), 7.39–7.34 (m, 2H), 7.32 (t, J = 7.7 Hz, 1H), 7.23 (t, J = 7.7 Hz, 1H), 7.01 
(s, 1H), 6.62 (s, 1H), 6.51 (d, J = 9.7 Hz, 1H), 5.63 (d, J = 9.7 Hz, 1H), 5.29 (s, 1H), 4.90 (s, 1H), 4.12–
4.07 (m, 1H), 2.74 (s, 1H), 1.92–1.82 (m, 4H), 1.20 (s, 3H), 1.12 (s, 3H) ppm. 

13C-NMR (176 MHz, CD3OD): δ = 180.2, 158.7, 139.9, 139.4, 138.5, 138.1, 135.1, 133.3, 131.7, 
130.2 (2x), 127.6 (2x), 126.4, 126.1, 125.3, 122.0, 116.2, 116.1, 114.8, 105.6, 75.7, 53.6, 50.9, 
40.8, 35.2, 28.1, 20.7, 12.4 ppm.  

IR (neat): ν = 3357, 2927, 1697, 1447, 1359, 1173, 1088, 970, 748, 685 cm–1.  

HRMS (ESI, m/z): [M–H]– calcd. for C29H28NO5S, 502.1694; found 502.1681. 

[α]D
22 –173.6 (c = 0.50, MeOH) 
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Synthesis of carbazole aldehyde 2-16 

 

A pyrex glass tube (11 cm tall, 1 cm diameter), equipped with a screw cap, was charged with a 
solution of aldehyde 2-26 (90.0 mg, 0.184 mmol, 1.00 equiv) in 5% aq. ethanol (9.00 mL, 20.0 
mM). The vessel was degassed by bubbling a stream of nitrogen through the solution for 45 min. 
The mixture was then irradiated for 4 h with UV-A light (350 nm) in a Luzchem photobox at room 
temperature. After reducing the EtOH in vacuo, the residue was dissolved in EtOAc and sat. aq. 
NaCl. The aq. layer was extracted four times with EtOAc and the combined organic layers were 
dried over MgSO4, filtered and concentrated in vacuo the crude material was purified by gradient 
flash chromatography (Yamazen, eluting with 13–42% EtOAc in Hexanes) provided 23 mg (36%) 
of carbazole 2-16 as a white foam. 

Rf = 0.25 (Hexane:EtOAc = 2:1), UV-active, blue spot (CAM). 

1H-NMR (700 MHz, CD3OD): δ = 9.48 (s, 1H), 8.03 (d, J = 7.5 Hz, 1H), 7.99 (br s, 1H), 7.85 (s, 1H), 
7.43–7.36 (m, 2H), 7.22 (t, J = 6.4 Hz, 1H), 7.13 (s, 1H), 6.71 (dd, J = 9.5, 2.9 Hz, 1H), 5.66 (dd, J = 
9.5, 2.0 Hz, 1H), 3.98 (dd, J = 10.8, 4.2 Hz, 1H), 2.76 (s, 1H), 2.49 (d, J = 12.4 Hz, 1H), 2.12–2.07 
(m, 1H), 2.07–1.95 (m, 2H), 1.62 (br s, 1H), 1.34 (s, 3H), 1.19 (s, 3H) ppm. 

13C-NMR (176 MHz, CD3OD): δ = 206.3, 140.2, 139.1, 138.1, 131.2, 130.7, 127.1, 125.9, 123.7, 
123.0, 120.1, 119.7, 113.8, 110.8, 109.1, 71.8, 54.5, 44.5, 37.2, 34.5, 27.3, 22.0, 10.3  ppm.  

IR (neat): ν = 3294, 2937, 2825, 1717, 1242, 1023, 716 cm–1.  

HRMS (ESI, m/z): [M–H]– calcd. for C23H22NO2, 344.1656; found 344.1653. 

[α]D
22 –24.2 (c = 0.90, MeOH) 
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Synthesis of carbazole acid 2-27 

 

A pyrex glass tube (11 cm tall, 1 cm diameter), equipped with a screw cap, was charged with a 
solution of acid 2-25 (43mg, 0.085 mmol, 1.0 equiv) in 5% aq. ethanol (9.50 mL). The vessel was 
degassed by bubbling a stream of nitrogen through the solution for 45 min. The mixture was then 
irradiated for 1.5 h with UV-A light (350 nm,) in a Luzchem photobox at room temperature. After 
reducing the EtOH in vacuo, the residue was dissolved in EtOAc, water, and sat. aq. NaCl. The aq. 
layer was extracted six times with EtOAc and the combined organic layers were dried over MgSO4, 
filtered and concentrated in vacuo. The crude material was purified by gradient flash 
chromatography (Yamazen, eluting with 0–10% MeOH in DCM) to afford 10 mg (32%) of acid 2-
27 as a pale yellow solid. 

The stability of the product against irradiation with UV-A (350 nm) light was confirmed by 
irradiating 5.0 mg of 2-27 in 5% aq. EtOH (1.7 mL, 0.0080 M) for 2 h at room temperature. After 
the work-up described above, the material was fully recovered indicating no change by TLC and 
NMR analysis.  

Rf = 0.35 (7% MeOH in DCM), UV-active, blue spot (CAM). 

1H-NMR (700 MHz, CD3OD): δ = 8.00 (d, J = 8.0 Hz, 1H), 7.85 (s, 1H), 7.39 (d, J = 8.0 Hz, 1H), 7.31 
(t, J = 7.5 Hz, 1H), 7.14–7.10 (m, 2H), 6.70 (dd, J = 9.7, 2.7 Hz, 1H), 5.80 (d, J = 9.7 Hz, 1H), 4.18 
(dd, J = 11.7, 4.2 Hz, 1H), 2.83 (br s, 1H), 2.49 (d, J = 12.4 Hz, 1H), 2.04–1.98 (m, 3H), 1.35 (s, 3H), 
1.15 (s, 3H) ppm. 

13C-NMR (176 MHz, CD3OD): δ = 180.6, 142.0, 140.2, 139.9, 132.3, 131.0, 128.9, 126.2, 124.7, 
123.8, 120.7, 119.6, 114.1, 111.6, 109.8, 75.7, 53.5, 49.6, 38.7, 35.9, 28.5, 22.3, 12.9  ppm.  

IR (neat): ν = 2926, 1699, 1447, 1371, 1243, 1144, 1075, 734, 588 cm–1.  

HRMS (ESI, m/z): [M–H]– calcd. for C23H22NO3, 360.1605; found 360.1598. 

[α]D
22 –6.9 (c = 1.00, MeOH) 
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Alternative synthesis of carbazole acid 2-27 

 

To a solution of the aldehyde 2-16 (90.7 mg, 0.263 mmol, 1.00 equiv) in acetone (3.50 mL), H2O 
(1.75 mL), and 2-Me-2-butene (335 µL, 3.16 mmol, 12.0 equiv) was added a mixture of NaClO2 
(143 mg, 1.58 mmol, 6.00 equiv, ~90% techn.) and NaH2PO4•H2O (363 mg, 2.63 mmol, 10.0 equiv) 
at 0 °C. The mixture was warmed to room temperature and stirred for 2 h before being quenched 
by the addition of sat. aq. NaCl and sat. aq. NH4Cl (ca. 1:1). The mixture was transferred into a 
sep. funnel and solid NaCl was added. The aq. layer was then extracted six times with EtOAc and 
dried over MgSO4. After concentrating the solution in vacuo, the crude material was purified by 
gradient flash chromatography (Yamazen, eluting with 0-10% MeOH in DCM) to afford 74 mg 
(78%) of acid 2-27 as a yellow foam. 
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Synthesis of xiamycin A (2-1) 

 

Xiamycin A (2-10): Hydrogen from a balloon was bubbled through a mixture of carbazole 2-27 
(10 mg, 0.027 mmol,  1.0 equiv) and 5% Pd/C (9.0 mg, 0.080 mmol, 3.0 equiv) in MeOH (900 µL) 
for 1 min. The mixture was then vigorously stirred under an atmosphere of hydrogen (balloon) 
for 3.5 h at room temperature. After filtering the mixture through celite (EtOAc/MeOH eluent), 
the solution was concentrated in vacuo and the crude material was purified by preparative thin 
layer chromatography (10% MeOH in DCM) to afford 7 mg (70%) of xiamycin A (2-1) as a pale 
yellow solid. The hydrogenation reaction can also be performed using crude carbazole 2-27 to 
give xiamycin A (2-1) in the same overall yield (22%, 2 steps, 1 purification).                                                                        
 
Rf = 0.25 (7% MeOH in DCM), UV-active, blue spot (CAM). 
 
1H-NMR (700 MHz, CD3OD): δ =  7.97 (d, J = 8.0 Hz, 1H), 7.94 (s, 1H), 7.35 (d, J = 8.0 Hz, 1H), 7.29 
(t, J = 7.9 Hz, 1H), 7.09 (t, J = 7.5 Hz, 1H), 7.07 (s, 1H), 4.10 (dd, J = 10.5, 7.5 Hz, 1H), 3.15–3.08 (m, 
1H),  3.08–2.99 (m, 1H), 2.64 (d, J = 12.8 Hz, 1H), 2.14 (d, J = 11.8 Hz, 1H), 2.08–1.98 (m, 1H), 
1.93–1.88 (m, 2H), 1.78–1.72 (m, 1H), 1.58–1.53 (m, 1H), 1.30 (s, 3H), 1.25 (s, 3H) ppm. 

13C-NMR (176 MHz, CD3OD): δ = 181.3, 142.0, 141.8, 140.1, 134.0, 126.0, 124.6, 123.1, 120.6, 
119.3, 116.4, 111.4, 110.8, 76.3, 54.9, 47.9, 39.0, 32.1, 28.7, 26.3, 22.6, 11.4 ppm.  

IR (neat): ν = 3409, 2932, 1694, 1465, 1242, 1066 cm–1.  

HRMS (ESI, m/z): [M–H]– calcd. for C23H24NO3, 362.1762; found 362.1754. 

[α]D
22 +123.5 (c = 0.40, MeOH); lit.2a [α]D

23 +137.6 (c = 0.40, MeOH) 
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Synthesis of xiamycin C and F (2-10):  

1) Co(acac)2, 
PhSiH3, O2

2) NaOCl2, NaH2PO4

2-16

N
H Me Me

H
H

CHO
OH

N
H Me Me

H
H

CO2H
OH

R
xiamycin C R= OH (eq.), H (2-3) 
[64%, 2 steps 1.5:1 dr]
xiamycin F R= O (2-4)
[15%, 2 steps]  

Oxygen from a balloon was bubbled through a mixture of carbazole 2-16 (15 mg, 0.043 mmol,  
1.0 equiv), Co(acac)2 (3.3 mg, 0.013 mmol, 0.30 equiv), and PhSiH3 (8.0 ul, 0.067 mmol, 1.5 equiv) 
in THF (900 µL) for 1 min. The mixture was then stirred under an atmosphere of oxygen (balloon) 
for 12 h at room temperature. This mixture was then filtered through a silica plug with EtOAc and 
concentrated in vacuo. The crude mixture of diastereomeric alcohols and ketone was then 
directly subjected Pinnick oxidation conditions as the crude mixture decomposed upon all 
attempts at characterization and separation. The hydration reaction can also be performed with 
HFIP as the solvent which led to increased relative yield of the alcohols, and a shorter reaction 
time of 1 hour. 
 
To a solution of the crude aldehydes in acetone (0.8 mL), H2O (0.4 mL), and 2-Me-2-butene (115 
µL, 1.1 mmol, 25 equiv) was added a mixture of NaClO2 (27 mg, 0.3 mmol, 7.0 equiv, ~90% techn.) 
and NaH2PO4•H2O (60  mg, 0.44 mmol, 10 equiv) at 0 °C. The mixture was warmed to room 
temperature and stirred for 2 h before being quenched by the addition of sat. aq. NaCl and sat. 
aq. NH4Cl (ca. 1:1). The mixture was transferred into a sep. funnel and solid NaCl was added. The 
aq. layer was then extracted six times with EtOAc and dried over MgSO4. After concentrating the 
solution in vacuo, the crude material was purified by preporatory thin layer chromatography 
(95:5:1 DCM:MeOH:AcOH) to afford 10.4 mg (64% 1.5:1 dr)  xiamycin C (2-3) as an amorphous 
yellow solid, and 2.4 mg (16%) xiamycin F (2-4 as an amorphous yellow solid.  
 
Xiamycin C (2-3): 
Rf = 0.18 (10% MeOH in DCM), UV-active, blue spot (CAM). 

1H-NMR (600 MHz, CD3OD) δ8.00 (d, J = 7.7 Hz, 1H),7.94 (s, 1H), 7.58 (s, 1H), 7.37 (d, J = 8.0 Hz, 
1H), 7.31 (dd, J = 7.9, 8.0 Hz, 1H), 7.10 (d, J = 7.9, 8.0 Hz 1H), 4.89 (m, 1H), 4.09 (dd, J = 8.0, 6.6 
Hz, 1H), 2.63 (ddd, J = 13.2, 3.4, 3.2, Hz, 1H), 2.19 (d, J = 12.6 Hz, 1H) ,2.09 – 1.95 (m, 2H), 1.93 – 
1.82 (m, 3H), 1.75 – 1.65 (m, 1H), 1.38 (s, 3H),1.26 (s, 3H). 

13C-NMR (151MHz, CD3OD): δ = 180.4, 142.3, 142.1, 140.1, 137.9, 126.3, 124.5, 124.0, 120.8, 
119.3, 116.3, 111.5, 110.1, 76.8, 72.3, 55.1, 46.0, 39.2, 39.0, 33.3, 28.4, 26.9, 12.7. 
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IR (neat): ν = 3670, 2932, 1684, 1352, 1242, 1066 cm–1.  

HRMS (ESI, m/z): [M–H]– calcd. for C23H24NO4, 378.1711; found 378.1708. 

[α]D
22 +120.6 (c = 0.10, MeOH); lit.1c[α]D

20 +123.6(c = 0.1, MeOH) 

C19epi-Xiamycin C: 

Rf = 0.14 (10% MeOH in DCM), UV-active, blue spot (CAM). 

1H-NMR (700 MHz, CD3OD): δ =  7.97 (d, J = 8.0 Hz, 1H), 7.94 (s, 1H), 7.35 (d, J = 8.0 Hz, 1H), 7.29 
(t, J = 7.9 Hz, 1H), 7.09 (t, J = 7.5 Hz, 1H), 7.07 (s, 1H), 4.10 (dd, J = 10.5, 7.5 Hz, 1H), 3.15–3.08 (m, 
1H),  3.08–2.99 (m, 1H), 2.64 (d, J = 12.8 Hz, 1H), 2.14 (d, J = 11.8 Hz, 1H), 2.08–1.98 (m, 1H), 
1.93–1.88 (m, 2H), 1.78–1.72 (m, 1H), 1.58–1.53 (m, 1H), 1.30 (s, 3H), 1.25 (s, 3H) ppm. 

13C-NMR (176 MHz, CD3OD): δ = 181.3, 142.0, 141.8, 140.1, 134.0, 126.0, 124.6, 123.1, 120.6, 
119.3, 116.4, 111.4, 110.8, 76.3, 54.9, 47.9, 39.0, 32.1, 28.7, 26.3, 22.6, 11.4 ppm.  

IR (neat): ν = 3409, 2932, 1694, 1465, 1242, 1066 cm–1.  

HRMS (ESI, m/z): [M–H]– calcd. for C23H24NO4, 378.1711; found 378.1708. 

[α]D
22 +117.2 (c = 0.40, MeOH)  

Xiamycin F (2-4): 

Rf = 0.34 (10% MeOH in DCM), UV-active, blue spot (CAM). 

1H-NMR (700 MHz, CD3OD): δ =  7.97 (d, J = 8.0 Hz, 1H), 7.94 (s, 1H), 7.35 (d, J = 8.0 Hz, 1H), 7.29 
(t, J = 7.9 Hz, 1H), 7.09 (t, J = 7.5 Hz, 1H), 7.07 (s, 1H), 4.10 (dd, J = 10.5, 7.5 Hz, 1H), 3.15–3.08 (m, 
1H),  3.08–2.99 (m, 1H), 2.64 (d, J = 12.8 Hz, 1H), 2.14 (d, J = 11.8 Hz, 1H), 2.08–1.98 (m, 1H), 
1.93–1.88 (m, 2H), 1.78–1.72 (m, 1H), 1.58–1.53 (m, 1H), 1.30 (s, 3H), 1.25 (s, 3H) ppm. 

13C-NMR (226 MHz, CD3OD): δ = 201.1, 180.1, 147.7, 144.0, 139.6, 130.1, 129.4, 128.8, 123.8, 
122.3, 120.4, 116.2, 112.3, 110.7, 76.0, 54.3, 46.9, 38.8, 38.7, 38.3, 28.4, 24.9, 11.1 

IR (neat): ν = 3411, 2945, 1694, 1646, 1470, 1240, 1070 cm–1.  

HRMS (ESI, m/z): [M–H]– calcd. for C23H22NO4, 376.1554; found 376.1552. 

[α]D
22 +130.1 (c = 0.40, MeOH) 
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Synthesis of xiamycin H (2-5) 

 

Dess-Martin periodinane (14 mg, 0.032 mmol, 1.1 equiv) (DMP) was added to a solution of 
carbazole 2-16 (10 mg, 0.029 mmol,  1.0 equiv) in DCM (900 µL). The mixture was then vigorously 
stirred at room temperature for 30 minutes. To this mixture mixture was added acetone (900 
µL), water (450 µL) and 2-Me-2-butene (85 µL, 0.8 mmol, 25 equiv), followed by NaOCl2 (18 mg, 
0.3 mmol, 7.0 equiv, ~90% techn.), NaH2PO4•H2O (40 mg, 0.29 mmol, 10 equiv), and DMP (25 
mg, 0.058 mmol, 2 equiv). This yellow heterogenous mixture was stirred vigorously at room 
temperature for 3 hours. The reaction mixture was diluted with sat. aq. NaCl and extracted 3 
times with EtOAc. The combined organic layers were dried over MgSO4, filtered, and 
concentrated in vacuo. The crude material was purified by preparative thin layer chromatography 
(30% EtOAc in Hexanes) to afford 4.3 mg (48%) of xiamycin H (2-5) as a bright yellow amorphous 
solid.  
Comparison of the spectral data for xiamycin H to the natural sample5 showed strong agreement 
in the 1H-NMR, but poor resolution made comparison of the 13CNMR difficult (presumably due 
to its sparing solubility in CD3OD).  

Rf = 0.4 (33% EtOAc in Hexanes), UV-active, visibly yellow spot. 

1H-NMR (600 MHz, CD3OD) δ = 8.16 (s, 1H), 8.06 (d, J = 7.9 Hz, 1H), 7.42 (d, J = 8.1 Hz, 1H), 7.40 
– 7.32 (m, 2H), 7.15 (t, J = 7.5 Hz, 1H), 7.05 (d, J = 9.8 Hz, 1H), 6.76 (d, J = 9.8 Hz, 1H), 3.00 – 2.95 
(m, 1H), 2.89 – 2.82 (m, 1H), 2.71 – 2.64 (m, 1H), 2.38 – 2.32, 1.92 (s, 3H), 1.49 (s, 3H). 

13C NMR (151 MHz, MeOD) δ = 200.5, 160.2, 156.3, 142.5, 140.1, 137.8, 136.6, 130.1, 129.4, 
127.0, 125.0, 124.3, 123.4, 121.1, 120.0, 116.5, 111.8, 40.6, 35.1, 34.9, 31.3, 10.6. 

IR (neat): ν = 2932, 1644, 1602, 1558, 1465, 1242, 1066 cm–1. 

HRMS (ESI, m/z): [M–H]– calcd. for C22H18NO, 312.1394; found 312.1392. 

[α]D
22 +41.5 (c = 0.40, CHCl3)  
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Synthesis of syn-diol 2-18 

 

 

Et3B (7.81 mL of a 1.00M THF solution, 1.10 equiv) was added to a mixture of THF (56.8 mL) and 
MeOH (14.2 mL) under a N2 atmosphere and the resulting colorless solution was stirred for 1 
hour at room temperature. The solution was cooled to –78 °C  after which 1.70 g of ketone 2-8b 
(7.10 mmol, 1.00 equiv) in THF (10.0 mL) was added dropwise and stirred at –78 °C for 30 
minutes.  NaBH4 (402 mg, 10.6 mmol, 1.50 equiv) was added as a solid and the resulting solution 
was stirred at –78 °C for 3 hours.  The solution was diluted with EtOAc and quenched by the 
addition of sat. aq. NH4Cl. The aq. layer was  extracted three time with EtOAc and the combined 
organic layers were washed with sat. aq. NaCl, and dried over MgSO4. After the removal of 
solvent in vacuo the resulting boronate ester was loaded onto a silica gel column that was further 
acidifed with conc. HCl, and eluted with methanol. After removal of solvent in vacuo this material 
was used in the next reaction without further purification. An analytical sample was prepared by 
flash column chromatography (PE:EtOAc = 1:1) to afford diol 2-18 as a white solid. Suitable 
crystals for X-ray analysis were obtained after crystallization from a Hexane/EtOAc (1:1) solution. 

Rf = 0.22 (Hexane:EtOAc = 1:3), UV-active, blue spot (CAM). 

1H-NMR (400 MHz, CDCl3) δ =  6.67 (dt, J = 6.1, 1.9 Hz, 1H), 4.26 (d, J = 11.0 Hz, 1H), 3.72 (s, 2H), 
3.48 (d, J = 11.0 Hz, 1H), 3.45–3.36 (m, 1H), 2.43–2.30 (m, 1H), 2.19 (ddt, J = 19.0, 11.7, 2.5 Hz, 
1H), 1.91 (d, J = 14.1 Hz, 1H), 1.86–1.76 (m, 2H), 1.70 (dt, J = 2.8, 1.4 Hz, 3H), 1.64 (dd, J = 11.7, 
4.2 Hz, 1H), 1.51–1.40 (m, 1H), 1.21 (s, 3H), 0.95 (s, 3H) ppm. 

13C-NMR (126 MHz, CDCl3) δ = 205.2, 143.8, 133.0, 80.0, 64.4, 48.8, 44.4, 42.5, 31.5, 27.3, 23.9, 
21.9, 18.1, 16.3 ppm. 

IR (neat): ν = 3417, 2944, 1660, 1353, 1032, 991, 739, 547 cm–1.  

HRMS (EI, m/z): [M]+ calcd. for C14H22O3, 238.1569; found 238.1572. 

M.p. = 136 °C 

[α]D
22 –28.2 (c = 1.00, MeOH) 
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Synthesis of acetonide 2-28 

 

To a solution of crude diol 2-18 in acetone (98.0 mL, 80.0 mM) was added PPTS (490 mg, 1.95 
mmol, 0.250 equiv), followed by 2,2-dimethoxypropane (9.80 mL, 78.1 mmol, 10.0 equiv) at room 
temperature. After stirring for 14 h, the reaction mixture was quenched by the addition of sat. 
aq. NaHCO3. The aq. layer was extracted three times with EtOAc, washed with sat. aq. NaCl 
solution and dried over MgSO4. After removal of the solvent in vacuo, this material was used in 
the next reaction without further purification. An analytical sample was prepared by flash column 
chromatography (PE:EtOAc = 3:1) to afford acetonide 2-28 as a white solid. 

Rf = 0.49 (Hexane:EtOAc = 2:1), UV-active, blue spot (CAM). 

1H-NMR (700 MHz, CDCl3) δ = 6.64 (d, J = 5.9 Hz, 1H), 4.06 (d, J = 11.4 Hz, 1H), 3.47 (dd, J = 8.4, 
3.6 Hz, 1H), 3.28 (d, J = 11.5 Hz, 1H), 2.30 (dt, J = 18.9, 5.1 Hz, 1H), 2.16 (ddt, J = 18.8, 11.8, 2.5 
Hz, 1H), 1.96 (dtd, J = 13.2, 8.1, 4.6 Hz, 1H), 1.88 (ddd, J = 13.5, 7.9, 5.2 Hz, 1H), 1.78 (ddd, J = 
13.9, 8.4, 4.6 Hz, 1H), 1.74 (d, J = 2.7 Hz, 3H), 1.69 (dt, J = 12.0, 5.4 Hz, 2H), 1.42 (s, 3H), 1.36 (s, 
3H), 1.18 (s, 6H) ppm. 

13C-NMR (176 MHz, CDCl3) δ = 204.7, 142.6, 133.4, 99.2, 75.7, 64.2, 45.9, 44.0, 37.7, 27.8, 26.9, 
25.2, 25.1, 24.2, 23.3, 19.8, 16.5 ppm. 

IR (neat): ν = 2988, 2949, 2876, 1670, 1445, 1432, 1247, 1153, 1077, 864 cm–1.  

HRMS (EI, m/z): [M+H]+ calcd. for C17H27O3, 279.1960; found 279.1959. 

[α]D
22 –42.7 (c = 1.00, MeOH) 
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Synthesis of tertiary alcohol 2-29 

 

MeLi (10.7 mL of a 1.60 M Et2O solution, 17.2 mmol, 2.20 equiv) was added dropwise to a solution 
of the crude acetonide 2-28 in THF (78.0 mL, 0.100 M) at   –78 °C. After being stirred for 1.5 h at 
–78 °C, the reaction mixture was quenched by the addition of sat. aq. NH4Cl. The aq. layer was 
extracted three times with EtOAc, washed with sat. aq. NaCl solution and dried over MgSO4. After 
removal of the solvent in vacuo, the residue was purified by gradient flash chromatography 
(Yamazen, eluting with 13–34% EtOAc in hexanes) to afford 1.09 g (47%, over 3 steps) of alcohol 
2-29 as a white solid. 

Rf = 0.46 (Hexane:EtOAc = 2:1), non UV-active, blue spot (CAM). 

1H-NMR (600 MHz, CDCL3) δ = 5.33 (ddt, J = 3.8, 2.5, 1.4 Hz, 1H), 4.08 (d, J = 11.4 Hz, 1H), 3.51 
(dd, J = 7.9, 3.1 Hz, 1H), 3.23 (d, J = 11.4 Hz,  1H), 1.98 (dd, J = 17.4, 1.6 Hz, 1H), 1.94-1.88 (m, 1H), 
1.82-1.73 (m, 1H), 1.72-1.50 (m, 8H), 1.42 (s, 3H), 1.37 (s, 3H), 1.28 (s, 3H), 1.17 (s, 3H), 1.11 (s, 
3H) ppm. 

13C-NMR (151 MHz, CDCl3) δ 138.68, 121.41, 98.99, 78.09, 76.02, 64.14, 42.44, 39.35, 37.37, 
27.37, 26.59, 26.09, 25.19, 25.11, 23.09, 22.88, 17.97, 17.83 ppm. 

IR (neat): ν = 3511, 2986, 2961, 2952, 2897, 1454, 1378, 1250, 1098 cm–1.  

HRMS (EI, m/z): [M]+ calcd. for C18H30O3, 294.2195; found 294.2199. 

[α]D
22 –33.2 (c = 1.00, MeOH) 

 

 

 

 

 

 



44 
 

Synthesis of aldehyde 2-30 

 

A mixture of alcohol 2-29 (1.00 g, 3.40 mmol, 1.00 equiv) and selenium dioxide (940 mg, 8.50 
mmol, 2.50 equiv) was dissolved in 1,4-dioxane (34.0 mL, 0.100 M) and then placed in an oil bath 
at 90 °C. After stirring for 2 h, the resulting brown mixture was cooled to room temperature and 
quenched by the addition of distilled water. The aq. phase was extracted three times with EtOAc 
and the combined organic layers were washed with sat. aq. NaCl solution. The solution was dried 
over MgSO4 and concentrated in vacuo. The crude products were purified by gradient flash 
chromatography (Yamazen, eluting with 13–34% EtOAc in hexanes) to afford 600 mg of aldehyde 
2-30 (57%) as an orange solid, in this case no allylic alcohol was isolated. 

Rf = 0.54 (Hexane:EtOAc = 1:1), UV-active, blue spot (CAM). 

1H-NMR (500 MHz, CDCl3) δ = 9.39 (s, 1H), 6.73 (dd, J = 4.7, 2.5 Hz, 1H), 4.14 (d, J = 11.3 Hz, 1H), 
3.57 (dd, J = 7.8, 2.8 Hz, 1H), 3.28 (d, J = 11.3 Hz, 1H), 2.45 (dt, J = 20.4, 5.0 Hz, 1H), 2.26–2.16 (m, 
1H), 1.94 (dd, J = 13.7, 5.6 Hz, 1H), 1.86 –1.77 (m, 1H), 1.69 (ddt, J = 17.3, 12.1, 7.1 Hz, 3H), 1.45 
(d, J = 4.9 Hz, 6H), 1.41 (s, 3H), 1.23 (s, 3H), 1.16 (s, 3H) ppm. 

13C-NMR (176 MHz, CDCl3) δ 196.24, 151.67, 144.98, 99.27, 76.08, 75.61, 64.00, 41.22, 39.01, 
37.32, 26.45, 26.33, 26.08, 25.17, 24.92, 24.87, 18.18 ppm. 

IR (neat): ν = 3515, 2988, 2944, 2899, 1739, 1670, 1638, 1457, 1286, 1221, 1208, 1157, 863 cm–

1. 

HRMS (ESI, m/z): [M–H]– calcd. for C18H27O4, 307.1915; found 307.1916. 

M.p. = 184°C 

[α]D
22 –119.1 (c = 1.00, MeOH) 
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Synthesis of adduct 2-31 

 

 

Trace water was removed from 1-(phenylsulfonyl)-1H-indole (1.17 g, 4.55 mmol, 3.50 equiv) via 
azeotropic distillation with benzene. Then, it was dissolved in THF (30.0 mL) and cooled to –78°C. 
A solution of nBuLi (2.80  ml of a 1.60 M solution in pentane, 4.49 mmol, 3.45 equiv) was added 
dropwise. The yellow solution was stirred at 0 °C for 1 h. During this time, trace water was 
removed from aldehyde 2-30 (400 mg, 1.30 mmol, 1.00 equiv) via azeotropic distillation with 
benzene. Then it was dissolved in THF (8.00 mL) and added via cannula transfer into the solution 
containing the 2-lithio-indole over the course of 5 minutes at –78°C. After stirring the resulting 
solution at –78°C for 1 h, the solution was warmed to 0 °C and stirred additional 1 h before being 
quenched with sat. aq. NH4Cl. The aq. layer was extracted three times with EtOAc and the 
combined organic layers were washed with sat. aq. NaCl, dried over MgSO4, filtered, and 
concentrated. The residue was purified via gradient flash chromatography (Yamazen, eluting with 
46–67% EtOAc in hexanes) to yield a mixture of diastereomers of alcohol 2-31 as a yellow foam 
(661 mg, 90% combined yield, dr = 3.5:1) which was used in the next reaction. Analytical samples 
were prepared via gradient flash chromatography (Yamazen, eluting with 39–59% EtOAc in 
hexanes). 

Major isomer: 

Rf = 0.35 (Hexane:EtOAc = 1:1), UV-active, blue spot (CAM). 

1H-NMR (700 MHz, CDCl3) δ = 8.16 (d, J = 8.4 Hz, 1H), 7.80–7.75 (m, 2H), 7.56–7.50 (m, 2H), 7.45–
7.39 (m, 2H), 7.34–7.30 (m, 1H), 7.27 (t, J = 7.5 Hz, 1H), 6.94 (s, 1H), 6.19 (s, 1H), 5.15 (dd, J = 4.8, 
2.5 Hz, 1H), 4.07 (d, J = 11.5 Hz, 2H), 3.56 (dd, J = 7.7, 3.1 Hz, 1H), 3.20 (d, J = 11.4 Hz, 1H), 2.33 
(s, 1H), 2.02–1.91 (m, 2H), 1.79–1.62 (m, 6H), 1.59 (s, 3H), 1.45 (s, 3H), 1.41 (s, 3H), 1.28 (s, 1H), 
1.21 (s, 3H), 1.17 (s, 3H) ppm. 

13C-NMR (176 MHz, CDCl3) δ = 142.2, 142.0, 138.6, 137.5, 133.7, 129.5, 129.2, 126.3, 125.6, 
124.6, 123.9, 121.0, 114.9, 112.4, 99.2, 79.9, 75.7, 67.9, 64.1, 60.4, 41.8, 39.7, 37.5, 27.1, 26.4, 
26.0, 25.3, 25.0, 24.6, 22.8, 18.2, 14.2 ppm. 
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IR (neat): ν = 3460, 2986, 2933, 1447, 1372, 1173, 1091, 1020, 726, 592 cm–1.  

HRMS (ESI, m/z): [M–H]– calcd. for C32H38NO6S, 564.2425; found 564.2422. 

[α]D
22 –25.4 (c = 1.00, MeOH) 

Minor isomer: 

Rf = 0.33 (Hexane:EtOAc = 1:1), UV-active, blue spot (CAM). 

1H NMR (500 MHz, Chloroform-d) δ 8.08 (d, J = 8.3 Hz, 1H), 7.87 – 7.81 (m, 2H), 7.56 – 7.51 (m, 
1H), 7.49 – 7.41 (m, 3H), 7.30 (dd, J = 7.3, 1.4 Hz, 1H), 7.24 (d, J = 7.5 Hz, 1H), 6.78 (s, 1H), 6.05 
(d, J = 5.4 Hz, 1H), 5.82 (dd, J = 4.9, 2.4 Hz, 1H), 4.08 (d, J = 11.3 Hz, 1H), 3.54 (dd, J = 7.3, 3.1 Hz, 
1H), 3.22 (d, J = 11.2 Hz, 1H), 2.96 (d, J = 5.6 Hz, 1H), 2.14 (dt, J = 18.2, 4.9 Hz, 1H), 1.93 (d, J = 
18.0 Hz, 3H), 1.74 (dd, J = 11.7, 5.0 Hz, 2H), 1.68 – 1.59 (m, 2H), 1.44 (d, J = 16.4 Hz, 9H), 1.17 (d, 
J = 7.4 Hz, 6H) ppm. 

13C-NMR (151 MHz, CDCl3): δ = 144.2, 143.5, 138.4, 137.6, 134.1, 129.5, 129.1, 126.7, 126.2, 
125.1, 124.1, 121.2, 114.9, 111.3, 99.4, 78.2, 75.5, 66.2, 64.5, 42.1, 39.8, 37.7, 27.0, 26.3, 26.2, 
25.3, 25.1, 24.4, 23.2, 18.7 ppm. 

IR (neat): ν = 3460, 2986, 2933, 1447, 1372, 1173, 1091, 1020, 726, 592 cm–1. 

HRMS (ESI, m/z): [M+Na]+ calcd. for NaC32H37NO6S, 588.2390; found 588.2396. 

[α]D
22 +31.1 (c = 0.4, MeOH) 
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Synthesis of triene diol 2-32 

 

Martin’s sulfurane (1.43 g, 2.12 mmol, 2.40 equiv) was added as a solid to a solution of alcohol 
2-31 (500 mg, 0.885 mmol, 1.00 equiv) in DCM (8.90 mL, 0.100 M) at room temperature. After 
being stirred for 25 min, an aq. solution of 6 M HCl (8.90 mL) was added at 0 °C. The resulting 
brown solution was  stirred at room temperature for 1.5 h before being quenched by the addition 
of sat. aq. NaHCO3 at 0 °C. The mixture was warmed to room temperature and additional sat. aq. 
NaHCO3 was added unter stirring until the gas evolution ceased. The mixture was transferred into 
a sep. funnel and solid NaCl was added. The aq. layer was then extracted four times with EtOAc 
and dried over MgSO4. After removal of the solvent in vacuo, the crude material was purified by 
gradient flash chromatography (Yamazen, eluting with 50–70% EtOAc in hexanes) affording 299 
mg (69%) of diol 2-32 as an orange foam. 

Rf = 0.21 (Hexane:EtOAc = 1:2), UV-active, blue spot (CAM). 

1H-NMR (700 MHz, CDCl3) δ = 8.27 (d, J = 8.4 Hz, 1H), 7.70 (dd, J = 8.0, 1.3 Hz, 2H), 7.50 (t, J = 7.5 
Hz, 1H), 7.46 (d, J = 7.7 Hz, 1H), 7.37–7.31 (m, 2H), 7.27 (t, J = 7.5 Hz, 1H), 7.08 (s, 1H), 6.58 (s, 
1H), 6.55 (dd, J = 10.1, 3.3 Hz, 1H), 5.90 (dd, J = 10.1, 2.1 Hz, 1H), 5.32 (s, 1H), 4.86 (s, 1H), 4.30 
(d, J = 11.6 Hz, 1H), 3.62 (dd, J = 11.5, 4.8 Hz, 1H), 3.41 (d, J = 11.6 Hz, 1H), 2.26 (s, 1H), 2.07–2.01 
(m, 1H), 1.99 (dq, J = 9.1, 4.1 Hz, 1H), 1.88 (dt, J = 13.1, 3.5 Hz, 1H), 1.81 (td, J = 13.3, 3.8 Hz, 1H), 
1.34 (s, 3H), 1.06 (s, 3H) ppm. 

13C-NMR (125 MHz, CDCl3): δ = 156.7, 138.6, 138.5, 137.2, 137.1, 133.7, 131.1, 130.1, 129.1, 
126.7, 125.9, 125.1, 124.2, 120.7, 115.3, 115.1, 113.6, 105.8, 76.7, 71.1, 47.6, 42.0, 40.2, 33.9, 
27.5, 20.1, 11.6 ppm.  

IR (neat): ν = 3386, 2960, 2919, 1449, 1371, 1174, 1120, 1090, 725, 570 cm–1.  

HRMS (ESI, m/z): [M–H]– calcd. for C29H28NSO4, 488.1901; found 488.1897. 

[α]D
22 –148.0 (c = 1.00, MeOH) 
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Synthesis of aldehyde 2-33 

 

 

To a solution of diol 2-32 (210 mg, 0.440 mmol, 1.00 equiv) in DCM (3.60 mL) and H2O (3.60 mL) 
was added TEMPO (89.0 mg, 0.570 mmol, 1.30 equiv), followed by PIDA (183 mg, 0.570 mmol, 
1.30 equiv) as solids in one portion. The resulting orange-brown mixture was vigorously stirred 
for 4 h at room temperature before being quenched by the addition of sat. aq. NaHCO3 and sat. 
aq. NaS2O3 (ca. 4:1). The mixture was transferred into a sep. funnel and solid NaCl was added. 
The aq. layer was then extracted four times with EtOAc, washed with sat. aq. NaCl, dried over 
MgSO4, and filtered. After removal of the solvent in vacuo, the crude material was purified by 
gradient flash chromatography (Yamazen, eluting with 30–50% EtOAc in hexanes) affording 
aldehyde 2-33 (185 mg, 88%) as a pale orange foam. 

Rf = 0.18 (Hexane:EtOAc = 2:1), UV-active, blue spot (CAM) 

1H NMR (600 MHz, CDCl3) δ = 9.77 (s, 1H), 8.24 (d, J = 8.5 Hz, 1H), 7.67 (d, J = 7.9 Hz, 2H), 7.47 (t, 
J = 7.5 Hz, 1H), 7.44 (d, J = 7.9 Hz, 1H), 7.32 (dt, J = 14.9, 7.8 Hz, 3H), 7.24 (d, J = 7.6 Hz, 1H), 7.11 
(s, 1H), 6.64-6.58 (m, 1H), 6.57 (s, 1H), 6.08 (d, J = 10.2 Hz, 1H), 5.39 (s, 1H), 4.92 (s, 1H), 3.35 (s, 
1H), 3.22 (d, J = 10.3 Hz, 1H), 2.32 (s, 1H), 2.12 (dt, J = 13.9, 4.2 Hz, 1H), 2.05–1.96 (m, 1H), 1.92–
1.86 (m, 1H), 1.80 (td, J = 13.4, 3.7 Hz, 1H), 1.39 (s, 3H), 1.32–1.21 (m, 1H), 0.98 (s, 3H). 

13C-NMR (151 MHz, CDCl3) δ = 207.5, 154.8, 138.4, 137.7, 137.1, 136.5, 133.6, 129.9, 128.9, 
128.2, 126.5, 126.1, 125.1, 124.0, 120.6, 116.0, 115.1, 113.5, 106.9, 53.4, 52.2, 39.9, 34.0, 28.6, 
19.1, 18.9 ppm. 

IR (neat): ν = 3536,  2976, 2932, 2919, 1734, 1448, 1371, 1173, 1119, 1074, 724, 507 cm–1.  

HRMS (ESI, m/z): [M–H]– calcd. for C29H28NSO4, 486.1745; found 486.1741.  

[α]D
22 –125.6 (c = 1.00, MeOH) 
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Synthesis of carbazole 2-34 

 

A pyrex glass tube (11 cm tall, 1 cm diameter), equipped with a screw cap, was charged with a 
solution of aldehyde 2-33 (90.0 mg, 0.184 mmol, 1.00 equiv) in 5% aq. ethanol (9.00 mL, 20.0 
mM). The vessel was degassed by bubbling a stream of nitrogen through the solution for 45 min. 
The mixture was then irradiated for 4 h with UV-A light (350 nm) in a Luzchem photobox at room 
temperature. After reducing the EtOH in vacuo, the residue was dissolved in EtOAc and sat. aq. 
NaCl. The aq. layer was extracted four times with EtOAc and the combined organic layers were 
dried over MgSO4, filtered and concentrated in vacuo the crude material was purified by gradient 
flash chromatography (Yamazen, eluting with 13–42% EtOAc in Hexanes) provided 20 mg (36%) 
of carbazole 2-34 as a white foam. 

Rf = 0.20 (Hexane:EtOAc = 2:1), UV-active, blue spot (CAM). 

1H-NMR (400 MHz, CDCl3): δ = 9.96 (s, 1H), 8.06–8.02 (m, 2H), 7.88 (s, 1H), 7.39 (m 2H), 7.26 – 
7.22 (m, 1H), 7.12 (s, 1H), 6.78 (dd, J = 9.7, 3.2 Hz, 1H), 6.28 (dd, J = 9.7, 2.7 Hz, 1H), 3.41 (s, 2H), 
2.49 (dt, J = 12.7, 3.3 Hz, 1H), 2.37 (t, J = 3.0 Hz, 1H), 2.19 (dd, J = 13.0, 4.0 Hz, 1H), 2.10 – 2.00 
(m, 1H), 1.94 (td, J = 13.5, 13.1, 3.6 Hz, 1H), 1.43 (s, 3H), 1.02 (s, 3H). 

13C-NMR (101 MHz, CD3OD): δ = 208.0, 140.0, 138.0, 138.0, 130.8, 130.3, 125.7, 125.1, 123.4, 
122.9, 120.0, 119.5, 114.1, 110.6, 108.9, 52.0, 51.1, 37.8, 34.7, 28.8, 20.8, 19.0. 

IR (neat): ν = 3294, 2937, 2825, 1717, 1242, 1023, 716 cm–1.  

HRMS (ESI, m/z): [M–H]– calcd. for C23H22NO2, 344.1656; found 344.1654. 

[α]D
22 –181.1 (c = 1.00, MeOH) 
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Synthesis of carbazole acid 2-35 

 

 

To a solution of the aldehyde 2-34 (20 mg, 0.058 mmol, 1.0 equiv) in acetone (900 µL), H2O (450 
µL), and 2-Me-2-butene (152 µL, 3.16 mmol, 25.0 equiv) was added a mixture of NaClO2 (36.5 
mg, 0.406 mmol, 7.00 equiv, ~90% techn.) and NaH2PO4•H2O (80.0 mg, 0.578 mmol, 10.0 equiv) 
at 0 °C. The mixture was warmed to room temperature and stirred for 2 h before being quenched 
by the addition of sat. aq. NaCl and sat. aq. NH4Cl (ca. 1:1). The mixture was transferred into a 
sep. funnel and solid NaCl was added. The aq. layer was then extracted six times with EtOAc and 
dried over MgSO4. After concentrating the solution in vacuo, the crude material was purified by 
gradient flash chromatography (Yamazen, eluting with 0-10% MeOH in DCM) to afford 18.8 mg 
(90%) of acid 2-35 as a yellow foam. 

Rf = 0.25 (7% MeOH in DCM), UV-active, blue spot (CAM). 

1H-NMR (400 MHz, CD3OD): δ = δ 8.00 (d, J = 7.8 Hz, 1H), 7.80 (s, 1H), 7.40 (d, J = 8.1 Hz, 1H), 7.33 
(ddd, J = 8.1, 7.0, 1.2 Hz, 1H), 7.14 (ddd, J = 8.1, 7.0, 1.1 Hz, 1H), 7.09 (s, 1H), 6.60 (d, J = 9.9 Hz, 
1H), 6.46 (d, J = 9.9 Hz, 1H), 3.26 (dd, J = 12.1, 4.3 Hz, 1H), 2.38 (dt, J = 13.0, 3.6 Hz, 1H), 2.28 – 
2.17 (m, 2H), 1.92 (dt, J = 12.8, 3.8 Hz, 1H), 1.80 – 1.70 (m, 1H), 1.49 (s, 3H), 1.24–1.28 (m, 1H), 
1.04 (s, 3H). 

13C NMR (101 MHz, CD3OD):δ = 180.5, 141.9, 140.0, 139.1, 132.2, 129.8, 128.2, 126.2, 124.7, 
123.6, 120.6, 119.6, 114.9, 111.6, 109.4, 78.9, 52.7, 39.3, 36.3, 29.8, 24.1, 21.2. 

IR (neat): ν = 3403, 2982, 2970, 1736, 1478, 1372, 1244, 1042 cm–1.  

HRMS (ESI, m/z): [M–H]– calcd. for C23H22NO3, 360.1605; found 360.1601. 

[α]D
22 –123.1 (c = 1.00, MeOH) 
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Synthesis of oridamycin A (2-2) 

 

 

Hydrogen from a balloon was bubbled through a mixture of crude carbazole 2-35  and 5% Pd/C 
(32.7 mg, 0.308 mmol, 2.00 equiv) in MeOH (0.900 mL) for 1 min. The mixture was then vigorously 
stirred under an atmosphere of hydrogen (balloon) for 3.5 h at room temperature. After filtering 
the mixture through celite (EtOAc/MeOH eluent), the solution was concentrated in vacuo and 
the crude material was purified by preparative thin layer chromatography (10% MeOH in DCM) 
to afford 10.7 mg (20%, 3 steps) of oridamycin A (2-2) as a pale yellow solid.  
Rf = 0.25 (7% MeOH in DCM), UV-active, blue spot (CAM). 

1H-NMR (700 MHz, CD3OD) δ = 7.96 (d, J = 8.0 Hz, 1H), 7.96 (s, 1H), 7.34 (d, J = 8.0 Hz, 1H), 7.28 
(t, J = 7.6 Hz, 1H), 7.08 (d, J = 7.6 Hz, 1H), 7.07 (s, 1H), 3.26 (d, J = 11.5 Hz, 1H), 3.10 (dd, J = 16.2, 
4.6 Hz, 1H), 2.98 (ddd, J = 16.2, 4.6 Hz, 1H), 2.60 (dd, J = 13.2, 2.0 Hz, 1H), 2.34 (d, J = 13.2 Hz, 1H), 
2.25 (dd, J = 13.9, 6.0 Hz, 1H), 2.20-2.15 (m, 1H), 1.98-1.92 (m, 1H), 1.65–1.60 (m, 1H), 1.54 (m, 
1H), 1.51 (s, 3H), 1.29 (s, 3H) ppm. 

13C NMR (176 MHz, CD3OD):δ = 181.0, 142.0, 140.3, 140.1, 134.5, 126.1, 124.6, 123.2, 120.6, 
119.3, 117.5, 111.4, 110.7, 79.0, 54.0, 49.9, 39.9, 39.6, 34.0, 30.2, 24.8, 24.5, 22.5. 

IR (neat): ν = 3412, 2980, 1695, 1465, 1259, 1089 cm–1.  

HRMS (ESI, m/z): [M–H]– calcd. for C23H24NO3, 362.1762; found 362.1756. 

M.p. = 183 °C lit.2c M.p. = 180 °C. 

[α]D
22 +100.3 (c = 0.4, MeOH) lit6: [α]D

30 +93.3 (c = 0.2, MeOH) 
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Chemical Shifts of 1H-NMR for Natural and Synthetic Xiamycin A (2-1) 

Sarpong 

(700 MHz, CD3OD) 

Natural[1c] 

(500 MHz, CD3OD) 

Ang Li[2a] 

(400 MHz, CD3OD) 

 

7.97 (d, J = 8.0 Hz, 1H) 7.96 (d, J = 8.0 Hz, 1H) 7.97 (d, J = 8.0 Hz, 1H) 

7.94 (s, 1H) 7.91 (s, 1H) 7.93 (s, 1H) 

7.35 (d, J = 8.0 Hz, 1H) 7.35 (d, J = 8.0 Hz, 1H) 7.35 (d, J = 8.0 Hz, 1H) 

7.29 (t, J = 7.9 Hz, 1H) 

 

7.28 (dt, J = 7.0, 1.0 Hz, 1H) 

 

7.29 (t, J = 7.2 Hz, 1H) 

 

7.09 (t, J = 7.5 Hz, 1H) 

 

7.08 (dt, J = 7.0, 1.0 Hz, 1H) 

 

7.09 (d, J = 7.2 Hz, 1H) 

 

7.07 (s, 1H) 7.07 (s, 1H) 7.06 (s, 1H) 

4.10 (dd, J = 10.5, 7.5 Hz, 1H) 4.09 (dd, J = 10.5, 7.5 Hz, 1H) 

 

4.10 (dd, J = 10.4, 7.3 Hz, 1H) 

 

3.15–3.08 (m, 1H) 

3.08–2.99 (m, 1H) 

3.09 (m, 2H) 

 

3.15–3.01 (m, 1H) 

3.11–2.96 (m, 1H) 

2.64 (d, J = 12.8 Hz, 1H) 

 

2.58 (dt, J = 13.1, 1.5 Hz, 1H) 

 

2.62 (dd, J = 13.2, 3.0, 1H) 

 

2.14 (d, J = 11.8 Hz, 1H) 2.18 (dd, J = 12.6, 2.3 Hz, 1H) 2.16 (dd, J = 12.4, 1.8 Hz, 1H) 

2.08–1.98 (m, 1H) 2.00 (qd, J = 12.6, 7.3 Hz, 1H) 2.08–1.95 (m, 1H) 

1.93–1.88 (m, 2H) 1.90 (m, 1H) 

1.86 (qd, J = 13.1, 2.9 Hz, 1H) 

1.93–1.89 (m, 1H) 

1.89–1.85 (m, 1H) 

1.78–1.72 (m, 1H) 1.76 (dt, J = 12.3, 6.7 Hz, 1H) 1.78–1.70 (m, 1H) 

1.58–1.53 (m, 1H) 1.56 (m, 1H) 1.54 (dd, J = 13.0, 7.2 Hz, 1H) 
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1.30 (s, 3H) 1.28 (s, 3H) 1.29 (s, 3H) 

1.25 (s, 3H) 1.23 (s, 3H) 1.24 (s, 3H) 

 

Chemical Shifts of 13C-NMR for Natural and Synthetic Xiamycin A (2-1) 

Sarpong 

(176 MHz, CD3OD) 
Natural[1c] 

(151 MHz, CD3OD) 
Ang Li[2a] 

(101 MHz, CD3OD) 

 

181.3 181.3 181.2 

142.0 142.0 142.0 

141.8 141.8 141.8 

140.1 140.1 140.1 

134.0 134.0 134.0 

126.0 126.0 126.0 

124.6 124.7 124.7 

123.1 123.1 123.1 

120.6 120.5 120.6 

119.3 119.3 119.3 

116.4 116.3 116.3 

111.4 111.5 111.4 

110.8 110.8 110.8 

76.3 76.3 76.3 

54.9 54.9 54.9 

47.9 47.9 47.9 

39.0 39.0 39.0 

38.3 38.3 38.3 

32.1 32.0 32.0 

28.7 28.6 28.6 
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26.3 26.3 26.3 

22.6 22.6 22.6 

11.4 11.4 11.4 

 

Chemical Shifts of 1H-NMR for Natural and Synthetic Xiamycin C (2-3) 

 

Sarpong 

(600 MHz, CD3OD) 

Natural[1d] 

(500 MHz, CD3OD) 

8.00 (d, J = 7.7 Hz, 1H) 8.00 (d, J = 8.0 Hz, 1H) 

7.94 (s, 1H) 7.94 (s, 1H) 

7.58 (s, 1H) 7.58 (s, 1H) 

7.37 (d, J = 8.0 Hz, 1H) 7.38 (d, J = 8.0 Hz, 1H) 

7.31 (dd, J = 7.9, 8.0 Hz, 1H) 7.31 (dd, J = 8.0, 8.0 Hz, 1H) 

7.10 (d, J = 7.9, 8.0 Hz 1H) 7.10 (dd, J = 8.0, 8.0 Hz, 1H) 

4.89 (m, 1H) 4.91 (dd, J = 10.0, 7.5 Hz, 1H) 

4.09 (dd, J = 8.0, 6.6 Hz, 1H) 4.08 (dd, J = 8.0, 6.5 Hz, 1H) 

2.63 (ddd, J = 13.2, 3.4, 3.2, Hz, 1H) 2.62 (ddd, J = 13.0, 3.5, 3.5 Hz, 1H) 

2.19 (d, J = 12.6 Hz, 1H) 2.20 (dd, J = 12.0, 2.0 Hz, 1H) 

2.09 – 1.95 (m, 2H) 1.97 (m, 2H) 

1.93 – 1.82 (m, 3H) 1.93 (m, 1H) 

 1.89 (m, 2H) 

1.75 – 1.65 (m, 1H) 1.70 (m, 1H) 

1.38 (s, 3H) 1.38 (s, 3H) 

1.26 (s, 3H) 1.26 (s, 3H) 
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Chemical Shifts of 13C-NMR for Natural and Synthetic Xiamycin C (2-3) 

Sarpong 

(176 MHz, CD3OD) 

Natural[1d] 

(125 MHz, CD3OD) 

180.4 182.0 

142.3 142.4 

142.1 141.7 

140.1 140.2 

137.9 137.6 

126.3 126.4 

124.5 124.4 

124.0 124.1 

120.8 120.8 

119.3 119.4 

116.3 116.3 

111.5 111.6 

110.1 110.1 

76.8 76.3 

72.3 72.2 

55.1 54.8  
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46.0 46.1  

39.2 39.2 

39.0 39.0 

33.3 33.2 

28.4 28.5 

26.9 26.8 

12.7 11.9 
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Chemical Shifts of 1H-NMR for Natural and Synthetic Xiamycin F (2-4) 

Sarpong 

(700 MHz, CD3OD) 

Natural1E] 

(500 MHz, CD3OD) 

8.16–8.13 (d, J = 7.6 Hz, 1H) 8.16 (d, J = 8.0 Hz, 1H) 

8.12 (s, 1H) 8.12 (s, 1H) 

8.05 (s, 1H) 8.06 (s, 1H) 

7.47–7.42 (m, 2H) 

 

7.47 (m, 1H) 

7.47 (m, 1H) 

7.19 (td, J = 6.8, 2.0 Hz, 1H) 7.20 (m, 1H) 

 

4.13–4.06 (m, 1H) 4.13 (m, 1H) 

 

2.91 (t, J = 15.9 Hz, 1H) 2.96 (m, 1H) 

2.72–2.64 (m, 2H) 

 

2.73 (m, 2H) 

2.67 (m, 1H) 

2.57 (d, J = 11.8 Hz, 1H) 2.43 (d, J = 17.5 Hz, 1H) 

1.98–1.90 (m, 3H) 1.96 (m, 2H) 

1.94 (m, 1H) 

1.35 (s, 3H) 1.39 (s, 3H) 

1.30 (s, 3H) 1.33 (s, 3H) 
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Chemical Shifts of 13C-NMR for Natural and Synthetic Xiamycin F (2-4) 

Sarpong 

(176 MHz, CD3OD) 

Natural[1E] 

(150 MHz, CD3OD) 

201.1 201.3 

180.1 180.0 

147.7 147.5 

144.0 143.9 

139.6 139.6 

130.1 130.2 

129.4 129.5 

128.8 128.6 

123.8 123.8 

122.3 122.2 

120.4 120.3 

116.2 116.1 

112.3 112.2 

110.7 110.7 

76.0 76.8 

54.3 54.3 

46.9 46.8 
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38.8 38.7 

38.7 38.2 

38.3 38.2 

28.4 28.3 

24.9 24.8 

11.2 11.2 
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Chemical Shifts of 1H-NMR for Natural and Synthetic Xiamycin H (2-5) 

Sarpong 

(700 MHz, CD3OD) 

Natural[1E] 

(500 MHz, CD3OD) 

8.16 (s) 8.16 (s) 

8.06 (d, J = 7.9 Hz, 1H)  8.07 (d, J = 8.0 Hz, 1H) 

7.42 (d, J = 8.1 Hz, 1H) 7.43 (d, J = 7.8 Hz, 1H) 

7.36 (t, J = 7.5 Hz, 1H) 7.36 (ddd, J = 8.4, 7.2, 1.2 Hz, 1H) 

7.35 (s, 1H) 7.35 (s, 1H) 

7.15 (t, J = 7.5 Hz, 1H) 7.15 (ddd, J = 8.4, 7.2, 1.2 Hz, 1H) 

7.05 (d, J = 9.8 Hz, 1H)  7.05 (d, J = 9.6 Hz, 1H) 

6.76 (d, J = 9.8 Hz, 1H) 6.76 (d, J = 9.6 Hz, 1H) 

2.98 (m, 1H) 2.98 (m, 1H) 

2.85 (m, 1H) 2.85 (m, 1H) 

2.66 (m, 1H) 2.67 (m, 1H) 

2.35 (m, 1H)  2.35 (m, 1H) 

1.92 (s, 3H) 1.92 (s, 3H)  

1.49 (s, 3H) 1.49 (s, 3H) 
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Chemical Shifts of 13C-NMR for Natural and Synthetic Xiamycin H (2-5) 

Sarpong 

(176 MHz, CD3OD) 

Natural[1E] 

(151 MHz, CD3OD) 

200.5 200.7 

160.2 160.2 

156.3 142.6 

140.1 139.5 

137.8 138.0 

136.6 136.7 

130.1 130.3 

129.4 129.4 

127.0 127.2 

125.1 125.8 

124.3 124.4 

123.4 123.6 

121.1 121.2 

120.2 120.2 

116.5 116.7 

111.8 112.0 

111.8 112.0 
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40.6 40.7 

35.1 35.2 

34.9 35.0 

31.3 31.4 

10.6 10.7 

 

Chemical Shifts of 1H-NMR for Natural and Synthetic Oridamycin A (2-2) 

Sarpong 

(700 MHz, CD3OD) 

Natural[1B] 

(600 MHz, CD3OD) 

Ang Li[2A] 

(400 MHz, CD3OD) 

 

7.96 (d, J = 8.0 Hz, 1H) 7.93 (d, J = 8.0 Hz, 1H) 7.96 (d, J = 8.0 Hz, 1H) 

7.96 (s, 1H) 7.93 (s, 1H) 7.95 (s, 1H) 

7.34 (d, J = 8.0 Hz, 1H) 7.32 (d, J = 8.0 Hz, 1H) 7.34 (d, J = 8.0 Hz, 1H) 

7.28 (t, J = 7.6 Hz, 1H) 7.25 (dt, J = 8.1, 1.4 Hz, 1H) 7.28 (t, J = 7.6 Hz, 1H) 

7.08 (d, J = 7.6 Hz, 1H) 7.05 (dt, J = 8.1, 1.4 Hz, 1H) 7.08 (d, J = 7.6 Hz, 1H) 

7.07 (s, 1H) 7.03 (s, 1H) 7.05 (s, 1H) 

3.26 (d, J = 11.5 Hz, 1H) 3.22 (dd, J = 12.2, 4.6 Hz, 1H) 3.24 (dd, J = 12.1, 4.3 Hz, 1H) 

3.10 (dd, J = 16.2, 4.6 Hz, 1H) 3.06 (ddd, J = 16.3, 5.4, 2.3, 
1H) 

3.08 (dd, J = 16.5. 4.0, 1H) 

 

2.98 (dd, J = 16.5, 4.6 Hz, 1H) 2.94 (ddd, J = 16.3, 5.4, 2.3, 
1H) 

3.01–2.89 (m, 1H) 

2.60 (dd, J = 13.2, 2.0 Hz, 1H) 2.57 (dt, J = 13.6, 3.6 Hz, 1H) 2.59 (dd, J = 13.2, 2.0, 1H) 
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2.38–2.31 (m, 1H) 2.30 (dq, J = 12.6, 2.3 Hz, 1H) 2.38–2.26 (m, 1H) 

2.25 (dd, J = 13.9, 6.0 Hz, 1H) 2.23 (m, 1H) 2.25–2.19 (m, 1H) 

2.20–2.15 (m, 1H) 2.09 (dt, J = 12.7, 5.4, 1H) 2.19–2.06 (m, 1H) 

1.98–1.92 (m, 1H) 1.90 (qd, J = 13.6, 3.6 Hz, 1H) 1.97–1.89 (m, 1H) 

1.65–1.60 (m, 1H) 1.58 (dt, J = 13.6, 4.1 Hz, 1H) 1.59 (ddd, J = 13.6, 13.6, 3.5 
1H) 

1.57–1.45 (m, 4H) 

 

1.56 (m, 1H) 

1.48 (s, 3H) 

1.54 (dd, J = 13.0, 7.2 Hz, 1H) 

1.49 (s, 3H) 

1.29 (s, 3H) 1.26 (s, 3H) 1.27 (s, 3H) 

 

 

Chemical Shifts of 13C-NMR for Natural and Synthetic Oridamycin A (2-2) 

Sarpong 

(176 MHz, CD3OD) 

Natural[1b] 

(151 MHz, CD3OD) 

Ang Li[2a] 

(101 MHz, CD3OD) 

 

181.0 181.0 181.0 

142.0 142.0 142.1 

140.3 140.3 140.4 

140.1 140.1 140.1 

134.5 134.5 134.5 

126.0 126.1 126.1 

124.6 124.6 124.6 

123.2 123.2 123.3 
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120.6 120.6 120.6 

119.3 119.3 119.4 

117.5 117.5 117.5 

111.4 111.4 111.4 

110.7 110.7 110.7 

79.0 79.1 79.1 

54.0 54.1 54.1 

49.8 49.8 49.8 

39.9 40.0 40.0 

39.6 39.6 39.6 

34.0 34.0 34.0 

30.2 30.3 30.3 

24.8 24.8 24.8 

24.5 24.6 24.6 

22.5 22.5 22.5 
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Chemical Shifts of 1H-NMR for Omura/Nagamitsu and Sarpong’s trans-diol 

Sarpong 

(600 MHz, CDCl3) 

Omura/Nagamitsu[9a] 

(400 MHz, CDCl3) 

 

6.64 (d, J = 4.8 Hz, 1H) 6.82–6.79 (m, 1H) 

3.68–3.58 (m, 2H) 3.62–3.58 (m, 1H) 

3.39 (d, J = 10.6 Hz, 1H) 3.53 (d, J=11.2 Hz, 1H) 

3.04 (br s, 2H) 3.27 (d, J=11.2 Hz, 1H) 

2.39–2.29 (m, 1H) 2.43–2.27 (m, 2H) 

2.18 (d, J = 19.1 Hz, 1H) 2.01 (dd, J=10.9, 4.8 Hz, 1H) 

1.91 (d, J = 14.3 Hz, 1H) 1.86 (dt, J=13.9, 3.4 Hz, 1H) 

1.79 (dd, J = 11.5, 4.2 Hz, 1H), 

1.75 (d, J = 4.0 Hz, 1H) 

1.76–1.68 (m, 2H) 

1.72 (s, 3H) 1.72–1.70 (m, 3H) 

1.70–1.60 (m, 1H)  

1.47 (td, J = 13.9, 3.3 Hz, 1H) 1.47–1.39 (m, 1H) 

1.06 (s, 3H) 1.07 (s, 3H) 

0.99 (s, 3H) 0.85 (s, 3H) 
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Chemical Shifts of 13C-NMR for for Nagamitsu and Sarpong trans-diol 

Sarpong 

(156 MHz, CDCl3) 

Omura/Nagamitsu [9a] 

(101 MHz, CDCl3) 

 

205.4 207.7 

143.4 146.3 

133.2 133.7 

75.4 72.5 

69.6 65.5 

44.4 45.5 

42.9 44.0 

42.5 42.6 

31.4 32.7 

26.6 27.2 

24.1 24.9 

17.9 18.2 

16.4 16.4 

11.9 12.9 
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Fungitoxicity assessment  

The technical materials were evaluated for antifungal activity against three plant pathogens 
Ustilago maydis, Zymoseptoria tritici and Magnaporthe oryzae in 96-well microtitre plate-based 
growth inhibition assays. Test materials were prepared as 1 mg/ml stock solutions in DMSO and 
a five-fold dilution series was prepared. 2 µl of the diluted compounds were added to two 
replicate wells to deliver a final test concentration of 10 ppm once inoculated. Wells then 
received 200 µl of cells in minimal growth media containing 20 g glucose, 3 g K2HPO4 , 3 g KH2PO4 
and 6.7 g yeast nitrogen base without amino acids (BD Difco, BD291920) per liter. Z. tritici spores 
were collected from a 3-day old yeast malt agar plate that is maintained at 18°C under black light 
for 12 hours and dark for 12 hours. M. oryzae spores were collected from 12 to18-day old potato 
dextrose agar plates supplemented with 16 g per liter rice flour and maintained at 22°C under 12 
hours white fluorescent light and 12 hours dark. U. maydis spores were taken from a 24-hour 
shake flask culture in potato dextrose broth maintained at 24°C and 120 rpm. Final cell densities 
were 1 X 105 cells ml–1 (Z. tritici), 4 X 104 cells ml–1 (M. oryzae) and 5 X 104 cells ml–1 (U. maydis). 
Test plates were incubated in the dark for 48 hr (U. maydis) or 72 hr (M. oryzae and Z. tritici) at 
22oC (M. oryzae and Z. tritici) or 24oC (U. maydis), and initial and final cell density readings 
determined using a NepheloStar nephelometer (BMG LABTECH Gmb, D-77799 Ortenberg, 
Germany). Percentage growth inhibition was calculated by reference to control wells containing 
only growth media, amended with 2 ul DMSO, and inoculum. 
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Summary of bioactivity 

Compound 

 

Wheat leaf 
blotch % 
Growth 

Inhibition 
(10 ppm) 

Rice blast % 
Growth 

Inhibition (10 
ppm) 

Corn smut % 
Growth 

Inhibition (10 
ppm) 

Xiamycin H (5) 100 50 40 

25 40 0 30 

19Epi-Xiamycin C (3) 20 10 10 

8a 20 0 30 

20 10 10 0 

21 10 0 30 

7 10 10 50 

15 major 5 35 15 

8b 5 5 0 

Xiamycin F (4) 0 10 10 

Xiamycin C (3) 0 10 10 

Min triene diol 0 30 0 

16 0 30 0 

Xiamycin A (1) 0 15 5 

27 0 5 5 

13 0 30 20 

23 0 50 0 
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UV Absorption 
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Crystallographic Data 

 

Table 1.  Crystal data and structure refinement for mp001 (CCDC 1831586) 

Identification code  mp001 

Empirical formula  C14 H22 O3 

Formula weight  238.31 

Temperature  100(2) K 

Wavelength  1.54178 Å 

Crystal system  Orthorhombic 

Space group  P 21 21 21 

Unit cell dimensions a = 7.2602(5) Å α= 90°. 

 b = 8.3489(6) Å = 90°. 

 c = 20.4643(15) Å  = 90°. 

Volume 1240.44(15) Å3 

Z 4 

Density (calculated) 1.276 Mg/m3 

Absorption coefficient 0.705 mm–1 

F(000) 520 

Crystal size 0.100 x 0.040 x 0.040 mm3 

Theta range for data collection 4.321 to 68.329°. 

Index ranges -8<=h<=8, -10<=k<=9, -24<=l<=24 

Reflections collected 18197 

Independent reflections 2259 [R(int) = 0.0248] 
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Completeness to theta = 67.000° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.753 and 0.708 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2259 / 0 / 165 

Goodness-of-fit on F2 1.080 

Final R indices [I>2sigma(I)] R1 = 0.0260, wR2 = 0.0722 

R indices (all data) R1 = 0.0263, wR2 = 0.0724 

Absolute structure parameter 0.06(3) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.217 and -0.160 e.Å-3 

 

Table 2.  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) 

for mp001.  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

______________________________________________________________________________
__ 

 x y z U(eq) 

______________________________________________________________________________
__ 

C(1) 5288(2) 5140(2) 5101(1) 15(1) 

C(2) 7066(2) 5306(2) 5448(1) 18(1) 

C(3) 7040(2) 5137(2) 6180(1) 24(1) 

C(4) 8604(2) 5575(2) 5108(1) 16(1) 

C(5) 8691(2) 5723(2) 4381(1) 16(1) 
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C(6) 6795(2) 5938(2) 4064(1) 13(1) 

C(7) 5368(2) 4775(2) 4368(1) 14(1) 

C(8) 5893(2) 2982(2) 4326(1) 18(1) 

C(9) 3470(2) 5050(2) 4062(1) 16(1) 

C(10) 3543(2) 4956(2) 3315(1) 17(1) 

C(11) 4886(2) 6175(2) 3040(1) 16(1) 

C(12) 6867(2) 5959(2) 3302(1) 14(1) 

C(13) 7785(2) 4479(2) 2993(1) 18(1) 

C(14) 8024(2) 7410(2) 3077(1) 17(1) 

O(1) 3819(2) 5228(2) 5395(1) 20(1) 

O(2) 4922(2) 6145(2) 2340(1) 20(1) 

O(3) 7397(2) 8923(1) 3316(1) 20(1) 

 

Table 3.   Bond lengths [Å] and angles [°] for mp001. 

_____________________________________________________ 

C(1)-O(1)  1.227(2) 

C(1)-C(2)  1.481(2) 

C(1)-C(7)  1.530(2) 

C(2)-C(4)  1.335(2) 

C(2)-C(3)  1.504(2) 

C(3)-H(3A)  0.9800 

C(3)-H(3B)  0.9800 

C(3)-H(3C)  0.9800 

C(4)-C(5)  1.494(2) 

C(4)-H(4)  0.9500 

C(5)-C(6)  1.532(2) 

C(5)-H(5A)  0.9900 
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C(5)-H(5B)  0.9900 

C(6)-C(7)  1.550(2) 

C(6)-C(12)  1.5598(19) 

C(6)-H(6)  1.0000 

C(7)-C(9)  1.531(2) 

C(7)-C(8)  1.547(2) 

C(8)-H(8A)  0.9800 

C(8)-H(8B)  0.9800 

C(8)-H(8C)  0.9800 

C(9)-C(10)  1.531(2) 

C(9)-H(9A)  0.9900 

C(9)-H(9B)  0.9900 

C(10)-C(11)  1.518(2) 

C(10)-H(10A)  0.9900 

C(10)-H(10B)  0.9900 

C(11)-O(2)  1.4324(18) 

C(11)-C(12)  1.546(2) 

C(11)-H(11)  1.0000 

C(12)-C(13)  1.540(2) 

C(12)-C(14)  1.545(2) 

C(13)-H(13A)  0.9800 

C(13)-H(13B)  0.9800 

C(13)-H(13C)  0.9800 

C(14)-O(3)  1.429(2) 

C(14)-H(14A)  0.9900 

C(14)-H(14B)  0.9900 

O(2)-H(2)  0.88(3) 
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O(3)-H(3)  0.84(2) 

 

O(1)-C(1)-C(2) 121.06(13) 

O(1)-C(1)-C(7) 121.75(14) 

C(2)-C(1)-C(7) 117.12(13) 

C(4)-C(2)-C(1) 119.58(14) 

C(4)-C(2)-C(3) 123.13(15) 

C(1)-C(2)-C(3) 117.28(14) 

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 

C(2)-C(4)-C(5) 124.71(15) 

C(2)-C(4)-H(4) 117.6 

C(5)-C(4)-H(4) 117.6 

C(4)-C(5)-C(6) 113.13(13) 

C(4)-C(5)-H(5A) 109.0 

C(6)-C(5)-H(5A) 109.0 

C(4)-C(5)-H(5B) 109.0 

C(6)-C(5)-H(5B) 109.0 

H(5A)-C(5)-H(5B) 107.8 

C(5)-C(6)-C(7) 110.92(12) 

C(5)-C(6)-C(12) 113.20(12) 

C(7)-C(6)-C(12) 115.52(12) 

C(5)-C(6)-H(6) 105.4 
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C(7)-C(6)-H(6) 105.4 

C(12)-C(6)-H(6) 105.4 

C(1)-C(7)-C(9) 109.64(12) 

C(1)-C(7)-C(8) 104.86(13) 

C(9)-C(7)-C(8) 110.12(13) 

C(1)-C(7)-C(6) 107.11(12) 

C(9)-C(7)-C(6) 110.08(12) 

C(8)-C(7)-C(6) 114.79(13) 

C(7)-C(8)-H(8A) 109.5 

C(7)-C(8)-H(8B) 109.5 

H(8A)-C(8)-H(8B) 109.5 

C(7)-C(8)-H(8C) 109.5 

H(8A)-C(8)-H(8C) 109.5 

H(8B)-C(8)-H(8C) 109.5 

C(7)-C(9)-C(10) 111.66(12) 

C(7)-C(9)-H(9A) 109.3 

C(10)-C(9)-H(9A) 109.3 

C(7)-C(9)-H(9B) 109.3 

C(10)-C(9)-H(9B) 109.3 

H(9A)-C(9)-H(9B) 107.9 

C(11)-C(10)-C(9) 111.04(12) 

C(11)-C(10)-H(10A) 109.4 

C(9)-C(10)-H(10A) 109.4 

C(11)-C(10)-H(10B) 109.4 

C(9)-C(10)-H(10B) 109.4 

H(10A)-C(10)-H(10B) 108.0 

O(2)-C(11)-C(10) 111.80(13) 
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O(2)-C(11)-C(12) 109.17(12) 

C(10)-C(11)-C(12) 112.95(12) 

O(2)-C(11)-H(11) 107.6 

C(10)-C(11)-H(11) 107.6 

C(12)-C(11)-H(11) 107.6 

C(13)-C(12)-C(14) 105.72(12) 

C(13)-C(12)-C(11) 110.71(12) 

C(14)-C(12)-C(11) 108.07(12) 

C(13)-C(12)-C(6) 114.63(12) 

C(14)-C(12)-C(6) 108.99(12) 

C(11)-C(12)-C(6) 108.51(11) 

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 

O(3)-C(14)-C(12) 114.69(13) 

O(3)-C(14)-H(14A) 108.6 

C(12)-C(14)-H(14A) 108.6 

O(3)-C(14)-H(14B) 108.6 

C(12)-C(14)-H(14B) 108.6 

H(14A)-C(14)-H(14B) 107.6 

C(11)-O(2)-H(2) 109.6(14) 

C(14)-O(3)-H(3) 109.0(17) 

_____________________________________________________________ 

Symmetry transformations used to generate equivalent atoms:  
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Table 4.   Anisotropic displacement parameters (Å2x 103)for mp001.  The anisotropic 

displacement factor exponent takes the form: -22[ h2a*2U11 + ... + 2 h k a* b* U12 ] 

______________________________________________________________________________ 

 U11 U22 U33 U23 U13 U12 

______________________________________________________________________________ 

C(1) 20(1)  9(1) 16(1)  1(1) 0(1)  0(1) 

C(2) 23(1)  13(1) 16(1)  -2(1) -4(1)  2(1) 

C(3) 28(1)  28(1) 16(1)  0(1) -4(1)  4(1) 

C(4) 19(1)  12(1) 18(1)  -1(1) -6(1)  1(1) 

C(5) 15(1)  16(1) 18(1)  1(1) -1(1)  1(1) 

C(6) 14(1)  12(1) 13(1)  -1(1) 0(1)  1(1) 

C(7) 14(1)  13(1) 14(1)  0(1) 0(1)  0(1) 

C(8) 21(1)  13(1) 19(1)  -1(1) -1(1)  -2(1) 

C(9) 14(1)  20(1) 16(1)  -1(1) 0(1)  -1(1) 

C(10) 14(1)  21(1) 17(1)  -2(1) -3(1)  -1(1) 

C(11) 17(1)  18(1) 13(1)  -2(1) -2(1)  1(1) 

C(12) 15(1)  14(1) 12(1)  0(1) 0(1)  -1(1) 

C(13) 18(1)  20(1) 17(1)  -3(1) 1(1)  2(1) 

C(14) 20(1)  17(1) 14(1)  2(1) -1(1)  -2(1) 

O(1) 21(1)  22(1) 16(1)  -2(1) 4(1)  -3(1) 

O(2) 23(1)  22(1) 13(1)  1(1) -4(1)  -5(1) 

O(3) 27(1)  16(1) 18(1)  1(1) -7(1)  -1(1) 

 

Table 5.   Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 



78 
 

for mp001. 

______________________________________________________________________________
__ 

 x  y  z  U(eq) 

______________________________________________________________________________
__ 

 

H(3A) 8305 5050 6343 36 

H(3B) 6350 4171 6300 36 

H(3C) 6446 6078 6374 36 

H(4) 9723 5678 5344 19 

H(5A) 9280 4751 4199 19 

H(5B) 9475 6652 4266 19 

H(6) 6380 7035 4194 16 

H(8A) 5098 2361 4619 26 

H(8B) 7182 2844 4457 26 

H(8C) 5732 2605 3876 26 

H(9A) 3004 6116 4194 20 

H(9B) 2600 4233 4229 20 

H(10A) 3927 3866 3182 21 

H(10B) 2300 5158 3135 21 

H(11) 4452 7261 3176 19 

H(13A) 8082 4707 2535 27 

H(13B) 6939 3566 3015 27 

H(13C) 8918 4224 3231 27 

H(14A) 9313 7249 3220 20 

H(14B) 8022 7442 2593 20 

H(2) 4200(30) 5370(30) 2196(11) 33(6) 
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H(3) 7900(30) 9110(30) 3677(12) 34(6) 

______________________________________________________________________________
_ 

 

Table 1 Crystal data and structure refinement for IB001 (CCDC 1831587) 

Identification code IB001 

Empirical formula C14H24O4 

Formula weight 256.33 

Temperature/K 100(2) 

Crystal system orthorhombic 

Space group P212121 

a/Å 7.21010(10) 

b/Å 11.2298(3) 

c/Å 16.4264(3) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 1330.01(5) 

Z 4 

ρcalcg/cm3 1.280 

μ/mm-1 0.749 

F(000) 560.0 

Crystal size/mm3 0.05 × 0.05 × 0.03 

Radiation CuKα (λ = 1.54184) 

2Θ range for data collection/° 9.54 to 157.698 

Index ranges -9 ≤ h ≤ 9, -14 ≤ k ≤ 14, -20 ≤ l ≤ 12 
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Reflections collected 14075 

Independent reflections 2801 [Rint = 0.0452, Rsigma = 0.0303] 

Data/restraints/parameters 2801/0/182 

Goodness-of-fit on F2 1.062 

Final R indexes [I>=2σ (I)] R1 = 0.0353, wR2 = 0.0923 

Final R indexes [all data] R1 = 0.0386, wR2 = 0.0961 

Largest diff. peak/hole / e Å-3 0.20/-0.18 

Flack parameter -0.11(10) 

 
 

Table 2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for IB001. Ueq is defined as 1/3 of of the trace of the orthogonalised 
UIJ tensor. 

Atom x y z U(eq) 

O2 4401(2) 6426.1(13) 5729.1(9) 22.0(3) 

O1 5088(2) 912.8(14) 6645.0(9) 24.1(3) 

O3 1109(2) 6680.5(13) 6529.7(9) 23.6(3) 

O4 7943(2) 7212.0(16) 5574.0(11) 28.8(4) 

C4 3698(3) 2854.7(18) 6658.0(12) 17.7(4) 

C5 2253(3) 3393.7(19) 6065.1(12) 17.6(4) 

C14 1511(3) 5454.0(18) 6698.2(12) 20.0(4) 

C7 329(3) 1559.2(19) 6301.8(13) 23.0(4) 

C6 322(3) 2889.5(19) 6243.5(13) 22.2(4) 

C3 3673(3) 1496.9(19) 6553.2(12) 20.8(4) 

C11 4313(3) 5145.0(18) 5775.2(12) 19.2(4) 

C12 2290(3) 4776.7(18) 5950.4(12) 17.6(4) 

C10 5683(3) 4679.7(19) 6402.4(13) 20.7(4) 
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C8 3292(3) 3048.8(18) 7570.9(12) 22.0(4) 

C13 1114(3) 5069(2) 5193.7(12) 22.1(4) 

C9 5629(3) 3321.0(19) 6442.2(13) 20.5(4) 

C2 1862(3) 902(2) 6411.6(12) 23.4(4) 

C1 1844(4) -435(2) 6422.8(15) 28.5(5) 

  

Table 3 Anisotropic Displacement Parameters (Å2×103) for IB001. The Anisotropic displacement 
factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

O2 19.4(8) 20.2(7) 26.4(8) 4.6(6) -1.7(6) -2.4(6) 

O1 23.0(7) 23.1(7) 26.3(7) 1.3(6) 1.9(6) 4.3(6) 

O3 22.0(7) 19.3(7) 29.6(8) 0.5(6) 2.1(6) 2.8(6) 

O4 22.0(8) 33.9(9) 30.4(8) 11.3(7) -0.4(7) 0.9(7) 

C4 14.8(9) 19.0(9) 19.3(9) 0.5(7) 1.3(8) -0.3(7) 

C5 15.3(9) 18.2(9) 19.2(9) -2.3(8) -1.0(7) -0.2(7) 

C14 19.2(9) 19.4(10) 21.4(9) 0.3(8) 0.7(8) 1.0(7) 

C7 20.8(10) 23.6(10) 24.7(10) -1.7(8) 0.8(8) -6.3(8) 

C6 17.2(10) 22.5(10) 26.8(10) -0.4(8) -0.7(8) -1.5(8) 

C3 21.4(10) 21.4(10) 19.7(9) 0.5(8) 1.9(8) 2.7(8) 

C11 20.2(10) 18.1(9) 19.3(9) 1.9(8) 0.0(8) -0.7(7) 

C12 16.4(9) 19.6(10) 16.9(9) -0.1(7) -1.8(7) 0.2(8) 

C10 16.0(9) 22.3(10) 23.7(10) 2.5(8) -0.6(7) -0.8(7) 

C8 24.3(10) 22.2(10) 19.5(9) 1.1(8) 0.0(8) -0.4(8) 

C13 18.7(9) 25.2(10) 22.4(10) 2.8(8) -3.7(8) -0.8(8) 

C9 17.5(9) 20.9(10) 23.1(10) 1.2(8) 0.3(8) 2.9(8) 

C2 29.2(11) 20.9(10) 20(1) -1.0(8) 1.8(8) -4.2(9) 
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C1 36.5(12) 19.4(10) 29.7(11) -0.1(9) 0.7(10) -3.8(9) 

 

Table 4 Bond Lengths for IB001. 

Atom Atom Length/Å   Atom Atom Length/Å 

O2 C11 1.442(2)   C14 C12 1.550(3) 

O1 C3 1.222(2)   C7 C6 1.497(3) 

O3 C14 1.434(2)   C7 C2 1.341(3) 

C4 C5 1.550(3)   C3 C2 1.485(3) 

C4 C3 1.535(3)   C11 C12 1.543(3) 

C4 C8 1.543(3)   C11 C10 1.520(3) 

C4 C9 1.529(3)   C12 C13 1.540(3) 

C5 C6 1.532(3)   C10 C9 1.528(3) 

C5 C12 1.565(3)   C2 C1 1.502(3) 

  

Table 5 Bond Angles for IB001. 

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

C3 C4 C5 108.04(16)   O2 C11 C12 108.59(16) 

C3 C4 C8 104.31(16)   O2 C11 C10 110.48(16) 

C8 C4 C5 115.33(16)   C10 C11 C12 113.32(16) 

C9 C4 C5 109.43(16)   C14 C12 C5 112.68(16) 

C9 C4 C3 108.97(16)   C11 C12 C5 107.72(16) 

C9 C4 C8 110.48(17)   C11 C12 C14 111.02(16) 

C4 C5 C12 116.88(16)   C13 C12 C5 107.43(16) 

C6 C5 C4 110.30(16)   C13 C12 C14 109.61(16) 

C6 C5 C12 113.90(16)   C13 C12 C11 108.22(16) 

O3 C14 C12 113.05(16)   C11 C10 C9 110.84(16) 
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C2 C7 C6 124.08(19)   C10 C9 C4 112.04(16) 

C7 C6 C5 112.21(17)   C7 C2 C3 119.92(19) 

O1 C3 C4 120.65(18)   C7 C2 C1 123.0(2) 

O1 C3 C2 120.79(19)   C3 C2 C1 117.1(2) 

C2 C3 C4 118.33(17)           

  

Table 6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters (Å2×103) 
for IB001. 

Atom x y z U(eq) 

H5 2590.14 3063.95 5519.3 21 

H14A 362 5054.92 6883.89 24 

H14B 2424.66 5410.92 7147.05 24 

H7 -824.52 1155.06 6258.24 28 

H6A -139.39 3227.14 6762.13 27 

H6B -540.35 3136.55 5805.74 27 

H11 4669.65 4815.74 5231.66 23 

H10A 5375.54 5012.91 6943.82 25 

H10B 6950.36 4944.02 6257.08 25 

H8A 3463.11 3891.5 7706.5 33 

H8B 4143.69 2563.95 7896.86 33 

H8C 2010.59 2814.25 7688.92 33 

H13A 1500.83 4560.2 4739.71 33 

H13B 1291.47 5906.6 5045.42 33 

H13C -198.36 4926.25 5314.39 33 

H9A 6528.44 3041.79 6855.58 25 

H9B 6008.65 2991.02 5908.75 25 

H1A 567.49 -720.16 6360.58 43 
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H1B 2349.47 -719.42 6941.4 43 

H1C 2604.35 -738.12 5973.69 43 

H3 2110(50) 6990(30) 6336(18) 33(8) 

H4A 8850(50) 7070(30) 5870(20) 42(9) 

H2 5600(60) 6610(30) 5690(20) 59(11) 

H4B 8370(50) 7720(40) 5190(20) 56(10) 

Crystal structure determination of [IB001] 

Crystal Data for C14H24O4 (M =256.33 g/mol): orthorhombic, space group P212121 (no. 
19), a = 7.21010(10) Å, b = 11.2298(3) Å, c = 16.4264(3) Å, V = 1330.01(5) Å3, Z = 4, T = 100(2) K, 
μ(CuKα) = 0.749 mm-1, Dcalc = 1.280 g/cm3, 14075 reflections measured (9.54° ≤ 2Θ ≤ 157.698°), 
2801 unique (Rint = 0.0452, Rsigma = 0.0303) which were used in all calculations. The final R1 was 
0.0353 (I > 2σ(I)) and wR2 was 0.0961 (all data). 

Refinement model description 

Number of restraints - 0, number of constraints - unknown. 
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Chapter 3  
Progress Toward a Unified Syntheses of 
Paspaline-type Indole Diterpenoids and 
Xiamycin-type Indolosesquiterpenoids 
3.1 Introduction to paspaline and xiamycin natural products and unified plan 

Strategies that unify the syntheses of distinct natural product families can expedite access 
to a wide area of chemical space for exploration.1 The logic here is that until the point of 
divergence, only one synthesis route needs to be executed en route to many natural product 
targets. Our laboratory has had a broad interest in the synthesis of indoloterpene natural 
products as part of an ongoing collaboration with Corteva in the study of their anti-feedant 
bioactivities.2 Our studies focused on the indole diterpenoid (IDT) paspaline3 (3-1) and the 
indolosesquiterpenoid (IST) xiamycin A4 (3-2), which have displayed a variety of interesting 
bioactivities (Figure 3-1). Proposed to be the biogenetic precursor to many IDTs, paspaline (3-1) 
was first isolated from the terrestrial fungal endophyte Claviceps paspali in 1966. This fungus is 
known for causing ‘Paspalum Staggers’,5 which is a neurotoxic outcome that is attributed to 
tremorgenic IDTs. Interestingly, paspaline itself is not tremorgenic, but its downstream 
congeners are. In addition, xiamycin A (3-2) displays antibiotic and modest anti-HIV activity.6 

 

 

 

 

 

Figure 3.1. Targeted representatives of the indole diterpenoid and indolosesquiterpenoid 
families, paspaline and xiamycin A, respectively. 

Given that both 3-1 and 3-2 are low-oxidation level members of their respective families, 
we hypothesized that late-stage oxidations could enable access to other congeners and the broad 
profiling of the biological activity of IDTs and ISTs.7 Herein, we disclose our progress toward the 
unified syntheses of these indole alkaloids, culminating in a synthesis of xiamycin A (3-2 Chapter 
2).8 

 While there have been several elegant syntheses of both paspaline9 (3-1) and xiamycin 
A10 (3-2), a unified synthesis of these compounds is yet to be achieved. We recognized that 3-1 
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and 3-2 had similar structural elements in that they consist of terpene units that are differentially 
fused to an indole unit (Figure 3-2). These structural elements also point to their biosynthetic 
origin. Taking advantage of this recognition in our retrosynthesis, we hypothesized that the 
coupling for the indole and terpene fragments to serve as the strategic point of divergence. 
Paspaline (3-1) was retrosynthetically disconnected back to 3-magnesio indole nucleophile 3-3 
and terpenoid electrophile 3-4. Alternatively, xiamycin A was proposed to arise from 2-lithio 
indole nucleophile 3-5 and 3-4. We envisioned that 3-4 could be accessed from the chiral-pool 
terpene (R)-carvone (3-6), which our laboratory has employed as a versatile starting material in 
various synthesis.11 On the basis of this strategy, our synthesis commenced with the common 
intermediate, aldehyde 3-4, as the first goal.  

 

Figure 3.2. Unified retrosynthesis of paspaline (3-1) and xiamycin A (3-2) starting from carvone 
(3-6) 

3.2 Forward Synthesis 

(R)-carvone (3-6) was elaborated using a sequence disclosed by Omura and Nagamitsu12 
to trans-decalin 3-7 in 47% over four steps (Scheme 3-1). The primary hydroxy group of 3-7 
directed the chemo- and diastereoselective reduction of the β-disposed ketone group using 
tetramethylammonium triacetoxyborohydride to give diol 3-8.13 Subsequent protection of the 
diol with dimethoxypropane, followed by 1,2-addition of MeLi into the carbonyl of the enone 
moiety, and allylic alcohol group oxidation selective for the primary hydroxy group yielded 
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aldehyde 3-4 in 61% over 4 steps. This sequence was amenable to multigram synthesis enabling 
preparation of over 3 grams of 3-4 in a single pass. Ready access to common synthetic 
intermediate 3-4 set the stage for the planned syntheses of paspaline (3-1) and xiamycin A (3-2). 

 

 

 

 

 

 

 

 

 

Scheme 3.1. Synthesis of common intermediate 3-4 and coupling of an indole fragment at C3 

First targeting paspaline (3-1), 3-magnesio indole nucleophile 3-9 was added into 
aldehyde 3-4 to give secondary alcohol 3-10 as an inconsequential mixture of diastereomers.  
With access to sufficient quantities of 3-10 in hand, we planned construction of the trans-
hydrindane ring of paspaline (3-1) through reductive closure to arrive at the 5-membered ring. 
This transformation would entail formation of a bond between C-2 of the indole and the carbon 
bearing the tertiary hydroxy group (Scheme 3-2), that we envisioned could be constructed 
through a Friedel–Crafts type cyclization followed by reduction. We hypothesized that by virture 
of being allylic, ionization of the tertiary hydroxy group would occur easily to aid in the desired 
cyclization. However, this strategy would first require cleavage of the electron-withdrawing 
group on the indole nitrogen to render the indole fragment suitably nucleophilic for the planned 
cyclization. Treatment of 3-10 with tetrabutylammonium fluoride led to a one-pot cleavage of 
the phenylsulfonyl group as well as elimination of the pseudobenzylic hydroxy group to give diene 
3-11 in 80% yield. We found that treatment of 3-11 with aluminium trichloride (AlCl3) led to the 
desired cyclization and concurrent acetonide cleavage yielding hydrindene 3-12. However, 3-12 
was found to be highly unstable, decomposing under most subsequent reaction conditions and 
upon silica gel chromatography. We were able to reduce the double bonds of 3-12 with palladium 
on carbon (Pd/C) under an atmosphere of hydrogen. However, hydrogenation proceeded on the 
undesired face—likely steered by the 1,3-axial methyl groups of the trans-decalin—to give cis-
hydrindane 3-13. The facial selectivity observed in this hydrogenation, combined with the 
inherent thermodynamic preference14 for cis- over trans-hydrindanes, led us to revise our 
synthetic strategy to set the crucial C-6 stereocenter prior to cyclization.  
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 Aldehyde 3-4 was reduced with Pd/C under an atmosphere of hydrogen to give axially 
disposed aldehyde 3-14 (Scheme 3-2). Notably, the diastereoselectivity of this reaction was found 
to be highly dependent on the source of the Pd/C. Epimerization with DBU and heating 
exclusively gave the equatorially disposed aldehyde. However, treatment of aldehyde 3-14 with 
an excess of Grignard 3-9 led to formation of adduct 3-15 as a 4:1 mixture of diastereomers at C7 
(bearing the exocyclic hydroxy group), with full epimerization at C-6. We hypothesize that this 
outcome arises because of rapid epimerization alpha to the aldehyde group prior to addition of  

Scheme 3.2 A. Synthesis of the epi-paspaline skeleton, cis-hydrindane B. Attempted Friedel–
Crafts cyclization from lower oxidation level. 

the nucleophile, either via a retro-aldol reaction pathway or direct deprotonation. Additionally, 
the tertiary hydroxy group may direct the Grignard reagent toward an equatorial approach, such 
that only the equatorially disposed epimer participates in the nucleophilic addition. Nevertheless, 
this surprising finding obviated any need for epimerization in a separate step and allowed us to 
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investigate the key cyclization with the stereochemistry at C-6 correctly set beforehand. 
Reduction of 3-15 with lithium aluminum hydride (LiAlH4) led to cleavage of the phenyl sulfonyl 
group and reduction of the pseudo-benzylic hydroxy group to give indole 3-16. We then 
investigated the cyclization of 3-16 to give trans-hydrindane 3-17. However, treatment with a 
variety of Lewis acids did not result in the desired cyclization, but instead no reaction or cleavage 
of the acetonide was observed. This is in stark contrast to the findings of Newhouse9f and 
coworkers in their synthesis of paspaline (3-1), wherein they attempted a similar transformation 
that proceeded in low, but appreciable yield. The major difference in our system is the 
arrangement of protecting groups, which, though distal, appears to have a profound effect on 
the stereoelectronic properties of the system. Radical cyclization and anionic cyclizations were 
also attempted, but none resulted in any productive reactivity. This is likely due to the 
pronounced steric congestion of the system, posing a significant challenge for formation of the 
vicinal quaternary centers. 

At this stage, transition metal-mediated cyclizations were also attempted. The desired 
cyclization precursor was obtained from aldehyde 3-14 upon treatment with Grignard 3-18 to 
give adduct 3-19, containing a bromine at the C-2 position of the indole (Scheme 3-3). The 
pseudobenzylic hydroxy group was protected as the TBS ether and the tertiary hydroxy group 
was eliminated with thionyl bromide to give exomethylene 3-20. Treatment of 3-20 with 
Pd(PPh3)4 led to exclusive formation of carbazole 3-21, presumably through the undesired 6-endo 
cyclization followed by β-hydride elimination and subsequent elimination of the silyloxy group. 
The carbazole nucleus is found in the family of IDTs represented in the more recently isolated 
shearilicine15, a potential application of these findings.  

 

 

 

 

 

 

 

 

Scheme 3-3. Palladium-mediated cyclization to give carbazole 3-21 through undesired 6-endo 
cyclization mode. 

At this point, we aimed to apply the insights we had gained from our investigations 
toward paspaline to the synthesis of xiamycin A (3-2).8 Aldehyde 3-4 was coupled with 2-
lithiosulfonylindole 3-22 to give adduct 3-23 in nearly quantitative yield as an inconsequential 1:1 
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mixture of diastereomers. Diol 3-23 underwent double dehydration with Martin sulfurane, 
followed by one-pot cleavage of the acetonide with 6 M aqueous hydrogen chloride solution 
(HCl). Selective oxidation of the resulting primary hydroxy group yielded triene aldehyde 3-24. 
This conjugated system was primed to undergo 6π-electrocyclization, which proceeded upon 
irradiation with 350 nm light in degassed benzene. This reaction involved a photo-cascade 
beginning with alkene isomerization (to 3-25), 6π-electrocyclization (to 3-26), and a surprising 
photo-desulfonylation of the indole to give free carbazole 3-27 in 21% yield over three steps from 
3-23. Hydrogenation of the benzylic double bond and Pinnick oxidation of the aldehyde 
completed the synthesis of xiamycin A in 14 steps from commercially available starting materials, 
and in just 6 steps from our common synthetic intermediate. We were able to expand this 
synthesis to other members of the xiamycin family and test their antifeedant activities identifying 
three inhibitors of three agrochemically relevant fungal pathogens.  

 

Scheme 3-4: Total Synthesis of xiamycin A (3-2)  

3.3 Conclusion and outlook 

In summary, we have developed a unified strategy for the synthesis of paspaline-type IDTs 
and xiamycin-type ISTs. While we were able to construct the core of paspaline (3-13), the 
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undesired stereochemistry at the hydrindane ring junction was obtained. However, insights 
gained from our unified approach informed our synthesis of xiamycin A (3-2) and allowed us to 
access the natural product from the common intermediate in rapid fashion. The expedience of 
this strategic approach is a testament to the utility of unified approaches. Our approach 
commenced from the chiral-pool terpene (R)-carvone (3-6), which was elaborated to the 
common synthetic intermediate 3-4 in 8 steps. From there the judicious choice of indole 
nucleophile provided selective access to either family. These studies enabled the biological 
profiling of xiamycin natural products which may enable further exploration of IST anti-feedants. 
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3.4 Experimental 

General Considerations  

Unless otherwise noted, all reactions were performed in flame or oven-dried glassware fitted 
with rubber septa under a positive pressure of nitrogen using standard Schlenk techniques. Air- 
and moisture-sensitive liquids were transferred via syringe or stainless-steel cannula through 
rubber septa. Solids were added under inert gas or were dissolved in appropriate solvents. Low 
temperature-reactions were carried out in a Dewar vessel filled with a cooling agent: acetone/dry 
ice (−78 °C), H2O/ice (0 °C). Reaction temperatures above 23 °C were conducted in an oil bath or 
in a heated metal block (reactions conducted in vials). The reactions were magnetically stirred 
and monitored by NMR spectroscopy or analytical thin-layer chromatography (TLC), using glass 
plates precoated with silica gel (Silicycle Siliaplates, glass backed, extra hard layer, 60 Å, 250 μm 
thickness, F254 indicator). TLC plates were visualized by exposure to ultraviolet light (254 nm), 
were stained by submersion in aqueous potassium permanganate solution (KMnO4), p-
anisaldehyde, or ceric ammonium molybdate solution (CAM), and were developed by heating 
with a heat gun. Flash-column chromatography on silica gel was performed as described by Still 
et al.,1 employing silica gel (Silicycle silica gel, 40–63 μm particle size). Organic solutions were 
concentrated under reduced pressure on a temperature-controlled rotary evaporator equipped 
with a dry ice/isopropanol condenser. The yields refer to chromatographically and 
spectroscopically (1H and 13C NMR) pure material.  

Materials  

Unless noted below, commercial reagents were purchased from Sigma Aldrich, Acros Organics, 
ChemImpex, Oakwood Chemical, Combi-blocks, TCI, and/or Alfa Aesar, and used without 
additional purification. Solvents were purchased from Fisher Scientific, Acros Organics, Alfa 
Aesar, and Sigma Aldrich. Tetrahydrofuran (THF), diethyl ether (Et2O), acetonitrile (CH3CN), 
benzene, toluene (PhMe), methanol (MeOH), and triethylamine (Et3N) were sparged with argon 
and dried by passing through alumina columns using argon in a Glass Contour solvent purification 
system. Dichloromethane (CH2Cl2, DCM) was freshly distilled over calcium hydride under a N2 
atmosphere prior to each use. 

NMR spectroscopy  

NMR spectral data were obtained using deuterated solvents, obtained from Cambridge Isotope 
Laboratories, Inc. 1H NMR and 13C NMR data were recorded on Bruker AVB-400, AVQ-400, AV-
500, NEO-500, AV-600 or AV-700 spectrometers operating at 400 MHz, 400 MHz, 500 MHz, 500 
MHz, 600 MHz, 700 MHz for proton nuclei (100 MHz, 100 MHz, 125 MHz, 125 MHz, 150 MHz, 
175 MHz for carbon nuclei), respectively. Proton chemical shifts are expressed in parts per million 
(ppm, δ scale) and are referenced to residual protium in the NMR solvent (CHCl3: δ 7.26). Carbon 
chemical shifts are expressed in parts per million (δ scale, assigned carbon atom) and are 
referenced to the carbon resonance of the NMR solvent (CDCl3: δ 77.16). 1H NMR spectroscopic 
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data are reported as follows: Chemical shift in ppm (multiplicity, coupling constants J (Hz), 
integration) (e.g. “5.21 (t, 3 J = 7.3 Hz, 1H)”). The multiplicities are abbreviated with s (singlet), br 
s (broad singlet), d (doublet), t (triplet), q (quartet), p (pentet), se (sextet), h (heptet), m 
(multiplet) and app (apparent multiplicity). In case of combined multiplicities, the multiplicity 
with the larger coupling constant is stated first. Except for multiplets, the chemical shift of all 
signals, as well for centrosymmetric multiplets, is reported as the center of the resonance range. 
Data for 13C spectroscopy are reported in terms of chemical shift (δ ppm). Additionally to 1D NMR 
experiments, 2D NMR techniques such as homonuclear correlation spectroscopy (COSY), 
heteronuclear single quantum coherence (HSQC), heteronuclear multiple bond coherence 
(HMBC) and nuclear Overhauser enhancement spectroscopy (NOESY) were used to assist 
structure elucidation. All raw FID files were processed and the spectra analyzed using the 
program MestReNOVA 11.0 from Mestrelab Research S. L.  

Note: The AVB-400, AVQ-400, AV-500, DRX-500 and AV-600 instruments were partially 
supported by NIH grants SRR023679A, RR02424A-01, S10RR03353-01 and 1S10RR016634-01, 
and NSF grants CHE-9633007, CHE-8208992, CHE-0130862, and CHE-8703048. The AV-700 
instrument was supported by the Berkeley College of Chemistry NMR facility. 

Mass spectrometry  

Mass spectral data were obtained from the Mass Spectral Facility at the University of California, 
Berkeley, on a Finnigan/Thermo LTQ-FT instrument (ESI). Data acquisition and processing were 
performed using the XcaliburTM software. 

IR spectroscopy  

IR spectroscopic data were recorded on a Bruker ALPHA FT-IR spectrophotometer using a 
diamond attenuated total reflectance (ATR) accessory. If required, substances were dissolved in 
dichloromethane prior to direct application on the ATR unit. Data are represented as follows: 
frequency of absorption (cm−1 ), and intensity of absorption (s = strong, m = medium, w = weak, 
br = broad). 

X-ray analysis  

Single-crystal X-ray diffraction experiments were performed at the UC Berkeley CHEXRAY 
crystallographic facility. Measurements of all compounds were performed on a Rigaku XtaLAB 
P200 rotating anode equipped with a Pilatus 200K hybrid pixel array detector. Data were 
collected using Cu Kα radiation (λ = 1.54184 Å). Crystals were kept at 100(2) K throughout 
collection. Data collection was performed with CrysAlisPro. 2 Data processing was done using 
CrysAlisPro and included either a multi-scan absorption or faceindexed absorption correction 
applied using the SCALE3 ABSPACK scaling algorithm within CrysAlisPro. All structures were 
solved with SHELXT.3 Structures were refined with SHELXL.4 All non-hydrogen atoms were 
refined anisotropically, and hydrogen atoms were either included at the geometrically calculated 
positions and refined using a riding model or located as Q peaks in the Fourier difference map. 
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Synthetic procedures and analytical data15 

Synthesis of indole adduct 3-10 

 

 

Trace water was removed from 3-iodo-1-(phenylsulfonyl)-1H-indole 3-916 (6.31 g, 16.46 mmol, 
7.0 equiv) via azeotropic distillation with benzene. Then, it was dissolved in THF (54 mL) and 
cooled to 0 °C. A solution of EtMgBr (5.5 ml of a 3.0 M in Et2O, 16.34 mmol, 6.95 equiv) was added 
dropwise. The yellow solution was stirred at 0 °C for 20 min, then at room temperature for 30 
min. During this time, trace water was removed from aldehyde 3-4 (728 mg, 2.35 mmol, 1.0 
equiv) via azeotropic distillation with benzene. Then it was dissolved in THF (39 mL) and cooled 
to 0 °C. The solution of 3-9 and EtMgBr was re-cooled to 0 °C, then cannulated into the solution 
containing aldehyde 3-4 over the course of 5 minutes at 0 °C. The resulting solution was allowed 
to stir at 0 °C for 20 min before being quenched with sat. aq. NH4Cl. The aq. layer was extracted 
three times with EtOAc and the combined organic layers were washed with sat. aq. NaCl, dried 
over MgSO4, filtered, and concentrated. The residue was purified via gradient flash 
chromatography (Yamazen, eluting with 39-60% EtOAc in hexanes) to yield a mixture of 
diastereomers of 3-10 as a yellow foam (1.26 g, 95% combined yield, dr = 3:1) which was used in 
the next reaction.  

Major isomer: 

Rf = 0.36 (Hexane:EtOAc = 1:1), UV-active, blue spot (CAM). 

1H-NMR (600 MHz, CDCl3):  = 8.00 (d, J = 8.3 Hz, 1H), 7.90 (d, J = 7.6 Hz, 2H), 7.67 (s, 1H), 7.56–
7.49 (m, 1H), 7.47–7.40 (m, 2H), 7.33–7.27 (m, 1H), 7.26–7.22 (m, 1H), 7.21–7.14 (m, 1H), 5.69 
(s, 1H), 5.11 (br s, 1H), 3.54–3.34 (m, 4H), 2.35 (s, 1H), 1.95–1.82 (m, 1H), 1.74–1.64 (m, 3H), 
1.63–1.59 (m, 2H), 1.58 (s, 3H), 1.44 (s, 3H), 1.41 (s, 3H), 1.14 (s, 3H), 1.08 (s, 3H) ppm. 

13C-NMR (150 MHz, CDCl3):  = 141.7, 138.3, 135.6, 133.9, 129.4 (2x), 129.1, 126.9 (2x), 125.4, 
124.8, 124.4, 124.2, 123.3, 120.4, 113.9, 99.2, 79.3, 77.4, 72.4, 67.2, 40.6, 40.5, 37.1, 30.0, 29.9, 
25.4, 23.8, 22.7, 19.3, 15.9, 12.2 ppm.  

IR (neat): ν = 3423, 2989, 2944, 2902, 1446, 1370, 1082, 1035, 787, 597, 552 cm-1.  

HRMS (ESI, m/z): [M-H]- calcd. for C32H38NO6S, 564.2425; found 564.2426. 



132 
 

[]D
22 –239 (c = 1.00, CHCl3) 

Minor isomer: 

1H-NMR (600 MHz, CDCl3):  = 7.99 (d, J = 8.1 Hz, 1H), 7.87 (d, J = 7.7 Hz, 2H), 7.58 (s, 1H), 7.55–
7.50 (m, 1H), 7.47 (d, J = 7.7 Hz, 1H), 7.44-7.40 (m, 2H), 7.31( t, J = 7.7 Hz, 1H), 7.20 (t, J = 7.3 Hz, 
1H), 5.67 (br s, 1H), 5.53 (br s, 1H), 3.49–3.39 (m, 4H), 2.10–2.00 (m, 1H), 1.86–1.80 (m, 1H), 1.71–
1.61 (m, 2H), 1.56–1.50 (m, 3H), 1.43 (s, 3H), 1.42 (s, 3H), 1.16 (s, 3H), 1.15 (s, 3H), 1.04 (s, 3H) 
ppm. 

13C-NMR (150 MHz, CDCl3):  = 142.5, 138.4, 135.8, 133.9, 129.4 (2x), 129.3, 126.9 (2x), 126.3, 
125.4, 125.0, 123.7, 123.5, 120.6, 113.9, 99.2, 79.3, 72.5, 70.9, 40.8, 40.3, 37.1, 30.0, 29.4, 25.7, 
23.8, 23.1, 19.3, 16.0, 12.2 ppm.  

IR (neat): ν = 3423, 2990, 2946, 2902, 1448, 1370, 1085, 1035, 787, 594, 552 cm-1.  

HRMS (ESI, m/z): [M-H]- calcd. for C32H38NO6S, 564.2425; found 564.2426. 

Rf = 0.32 (Hexane:EtOAc = 1:1), UV-active, blue spot (CAM). 

[]D
22 –210 (c = 0.5, CHCl3) 

 

 

 

 

 

 

 

 

 

 

 



133 
 

Synthesis of diene S3-1 

 

NEt3 (0.4 mL, 2.81 mmol, 9.0 equiv), followed by MsCl (41µL, 0.53 mmol, 1.7 equiv) was added 
dropwise to a solution of 3-10 (177 mg,  0.31 mmol, 1.0 equiv) in DCM (10.4 mL, 0.03 M) at 0 °C. 
After stirring for 2 h at 0 °C, the pale yellow solution was stirred at room temperature for 
additional 2 h and then quenched by the addition of sat. aq. NaHCO3. The aq. layer was extracted 
three times with DCM and the combined org. layers were washed with sat. aq. NaCl solution and 
dried over MgSO4. After removal of the solvent in vacuo, the residue was purified by gradient 
flash chromatography (Yamazen, eluting with 33-53% EtOAc in hexanes) to afford 112 mg (66%) 
of compound S3-1 as a yellow solid. Suitable crystals for X-ray analysis were obtained after 
crystallization from a Hexane/EtOAc (1:1) solution. 

1H-NMR (600 MHz, CDCl3):  = 7.99 (d, J = 8.3 Hz, 1H), 7.90 (d, J = 7.7 Hz, 2H), 7.56–7.51 (m, 3H), 
7.47–7.42 (m, 2H), 7.34 (t, J = 7.9 Hz, 1H), 7.28–7.24 (m, 1H), 6.68 (s, 1H), 6.62 (dd, J = 10.3, 2.9 
Hz, 1H), 5.55 (d, J = 10.3 Hz, 1H), 3.7 (d, J = 10.6 Hz, 1H), 3.61 (dd, J = 11.6, 3.5 Hz, 1H), 3.56 (d, J 
= 10.6 Hz, 1H), 2.04 (s, 1H), 1.78–1.71 (m, 1H), 1.69-1.61 (m, 3H), 1.50 (s, 3H), 1.46 (s, 3H), 1.33 
(s, 3H), 1.18 (s, 3H), 0.97 (s, 3H) ppm. 

13C-NMR (150 MHz, CDCl3):  = 145.3, 138.3, 134.9, 134.0, 131.1, 129.4 (2x), 127.3, 126.9 (2x), 
126.4, 125.2, 123.9, 123.5, 120.1, 119.3, 113.7, 112.6, 99.5, 77.7, 77.5, 72.2, 47.4, 42.5, 36.7, 
30.0, 29.4, 23.9, 23.8, 19.5, 16.2, 13.6 ppm.  

Rf = 0.48 (Hexane:EtOAc = 1:1), UV-active, blue spot (CAM). 
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Synthesis of cyclization precursor 3-11 

 

 

TBAF (0.96 mL of a 1.0 M THF solution, 0.96 mmol, 4.5 equiv) was added dropwise to a solution 
of indole 3-10 (120 mg,  0.21 mmol, 1.0 equiv) in PhMe (5.1 mL, 0.04 M) at room temperature. 
The flask was placed in a preheated oil bath and stirred at 100 °C for 3 h. The resulting brown 
solution was cooled to 0 °C and then quenched by the addition of sat. aq. NaHCO3. Solid NaCl and 
EtOAc were added and the aq. layer was extracted three times with EtOAc. The combined org. 
layers were washed with sat. aq. NaCl solution and dried over MgSO4. After removal of the 
solvent in vacuo, the residue was purified by gradient flash chromatography (Yamazen, eluting 
with 33-53% EtOAc in hexanes) to afford 69 mg (80%) of compound 3-11 as a yellow oil. 

Rf = 0.45 (Hexane:EtOAc = 1:1), UV-active, blue spot (CAM). 

1H-NMR (500 MHz, CD3OD):  = 7.59 (d, J = 7.6 Hz, 1H), 7.35 (d, J = 8.2 Hz, 1H), 7.26 (s, 1H), 7.14–
7.08 (m, 1H), 7.06–7.01 (m, 1H), 6.86 (s, 1H), 6.80 (dd, J = 10.1, 2.7 Hz, 1H), 5.47, (d, J = 10.1 Hz, 
1H), 3.75–3.60 (m, 3H), 2.13 (s, 1H), 1.75–1.65 (m, 3H), 1.60–1.55 (m, 1H), 1.49 (s, 3H), 1.38 (s, 
3H), 1.33 (s, 3H), 1.14 (s, 3H), 0.99 (s, 3H) ppm. 

13C-NMR (125 MHz, CD3OD):  = 141.2, 137.6, 129.0, 128.5, 125.2, 124.6, 122.7, 120.1, 119.8, 
116.4, 113.7, 112.2, 100.6, 78.7, 78.5, 73.0, 48.3, 43.3, 37.7, 30.4, 30.1, 25.0, 24.2, 19.7, 16.7, 
13.8 ppm.  

IR (neat): ν = 3417, 3303, 2990, 2940, 2869, 1457, 1380, 1253, 1149, 759, 739 cm-1.  

HRMS (ESI, m/z): [M-H]- calcd. for C26H32NO3, 406.2388; found 406.2385. 

M.p. = 148 °C 

[]D
22 +140.6 (c = 1.00, CHCl3) 
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Friedel–Crafts cyclization to form 3-12 

 

AlCl3 (26 mg, 0.19 mmol, 4.0 equiv, dissolved in 2x 0.3 mL MeCN) was added dropwise to a 
solution of diene 3-11 (20 mg, 0.049 mmol, 1.0 equiv) in DCM (2.5 mL, 0.02 M) at –78 °C. After 5 
min, the solution was warmed to room temperature and stirred for 2 h. The resulting red-brown 
solution was then quenched by the addition of sat. aq. NaCl and the aq. layer was extracted three 
times with EtOAc. The combined org. layers were washed 4 timeswith sat. aq. NaHCO3 solution, 
dried over MgSO4, and concentrated to afford 12 mg (70%) of crude diol 3-12. The cyclized 
product proved unstable to silica and was immediately used in the next reaction.  

1H-NMR (500 MHz, CD3OD):  = 7.49 (d, J = 7.3 Hz, 1H), 7.35 (d, J = 7.9 Hz, 1H), 7.05–6.97 (m, 2H), 
6.51 (s, 1H), 6.48 (d, J = 12.6 Hz, 1H), 5.59 (d, J = 10.1 Hz, 1H), 3.78 (dd, J = 11.2, 5.2 Hz, 1H), 3.65 
(d, J = 11.3 Hz, 1H), 3.47 (d, J = 11.0 Hz, 1H), 2.71 (br s, 1H), 2.12–2.03 (m, 1H), 1.83–1.72 (m, 3H), 
1.20 (s, 3H), 0.77 (s, 3H), 0.48 (s, 3H) ppm. 

13C-NMR (125 MHz, CD3OD):  = 154.5, 149.3, 142.5, 125.7, 124.5, 123.4, 123.1, 121.2, 120.3, 
119.4, 119.3, 112.9, 73.2, 66.8, 56.3, 43.5, 43.4, 42.5, 32.3, 27.8, 18.7, 17.4, 13.8 ppm.  

Rf = 0.25 (EtOAc), UV-active, blue spot (CAM). 
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Synthesis of cis-hydrindane 3-13 

 

Hydrogen from a balloon was bubbled through a mixture of crude diene 3-12 (4 mg, 0.011 mmol,  
1.0 equiv) and 5% Pd/C (4 mg, 0.03 mmol, 3.3 equiv) in MeOH (1.3 mL) for 1 min. The mixture 
was then vigorously stirred under an atmosphere of hydrogen (balloon) for 14 h at room 
temperature. After filtering the mixture through celite (EtOAc/MeOH eluent), the solution was 
concentrated in vacuo and the crude material was purified by pTLC to afford 1 mg (25%) of cis-
hydridane 3-13 as a yellow oil. 
 
Rf = 0.29 (EtOAc ), UV-active, blue spot (CAM). 

1H-NMR (500 MHz, CD3OD):  = 7.31 (d, J = 7.5 Hz, 1H), 7.27 (d, J = 8.0 Hz, 1H), 6.99–6.90 (m, 2H), 
3.68–3.62 (m, 1H), 3.55 (d, J = 11.1 Hz, 1H), 3.36–3.32 (m, 1H), 2.75–2.71 (m, 1H),  2.70–2.66 (m, 
1H), 2.59–2.56 (m, 1H), 1.94–1.83 (m, 2H), 1.82–1.73 (m, 2H), 1.64–1.52 (m, 4H), 1.49–1.46 (m, 
1H), 1.45 (s, 3H), 0.72 (s, 3H), 0.48 (s, 3H) ppm. 

13C NMR (151 MHz, MeOD) δ 150.11, 142.87, 125.68, 120.95, 119.64, 118.96, 117.01, 112.46, 
73.73, 67.95, 67.77, 52.16, 49.80, 47.34, 44.77, 40.46, 39.19, 35.84, 33.05, 27.67, 25.07, 21.76 
ppm. 
 

HRMS (ESI, m/z): [M–2H]– calcd. for C23H30NO3, 352.2269; found 352.2271. 

IR (neat): ν = 3399, 2951, 2927, 1660, 1453, 1299, 1076, 1031, 743 cm-1.  

[]D
22 –25 (c = 1.00, MeOH) 
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Synthesis of aldehyde 3-14 

 

Hydrogen from a balloon was bubbled through a mixture of aldehyde 3-4 (107 mg, 0.347 mmol,  
1.0 equiv) and 10% Pd/C (50 mg, 0.47 mmol, 1.35 equiv) in MeOH (17.4 mL) for 1 min. The mixture 
was then vigorously stirred under an atmosphere of hydrogen (balloon) for 35 minutes at room 
temperature. After filtering the mixture through celite (EtOAc/MeOH eluent), the solution was 
concentrated in vacuo and the crude material was purified by silica gel flash chromatography 
(Yamazen 20% to 48% hexanes:EtOAc) to yield 3-14 as a white solid (92 mg, 85%, 10:1 dr).  
 
Rf = 0.25 (Hexane:EtOAc = 7:3), UV-active, blue spot (CAM). 

1H NMR (600 MHz, CDCl3) δ 10.06 (d, J = 0.9 Hz, 1H), 3.49 (d, J = 10.6 Hz, 1H), 3.47 – 3.42 (m, 
2H), 2.31 (ddd, J = 9.3, 4.8, 2.0 Hz, 2H), 2.25 – 2.22 (m, 1H), 1.64 – 1.58 (m, 2H), 1.57 – 1.53 (m, 
1H), 1.50 (s, 3H), 1.48 – 1.45 (m, 1H), 1.44 (s, 3H), 1.41 (s, 4H), 1.21 (dd, J = 12.2, 3.0 Hz, 1H), 
1.19 (s, 1H), 1.03 (d, J = 1.0 Hz, 3H), 0.92 (d, J = 0.9 Hz, 3H) ppm. 
 
13C NMR (151 MHz, CDCl3) δ 205.2, 99.1, 78.2, 72.9, 57.8, 44.2, 43.0, 37.1, 30.7, 29.9, 26.7, 23.7, 
22.0, 19.4, 18.0, 16.30, 12.3. 
IR (neat): ν = 3452, 2938, 2872, 1698, 1453, 1372, 1202, 1102, 862 cm-1.  

HRMS (ESI, m/z): [M-H]- calcd. for C18H29O4, 309.2071; found 309.2072. 

M.p. = 140 °C 

[]D
22 +16 (c = 1.00, CHCl3) 
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Synthesis of indole adduct 3-15 

 

Trace water was removed from 3-iodo-1-(phenylsulfonyl)-1H-indole 3-916 (432 mg, 1.13 mmol, 7 
equiv) via azeotropic distillation with benzene. Then, it was dissolved in THF (3.8 mL) and cooled 
to 0 °C. A solution of EtMgBr (1.1 ml of a 1.0 M in Et2O, 1.1 mmol, 6.95 equiv) was added dropwise. 
The yellow solution was stirred at 0 °C for 20 min, then at room temperature for 30 min. During 
this time, trace water was removed from aldehyde 3-14 (50 mg, 2.35 mmol, 1 equiv) via 
azeotropic distillation with benzene. Then it was dissolved in THF (1.2 mL) and cooled to 0 °C. The 
solution of 3-9 and EtMgBr was re-cooled to 0 °C, then cannulated into the solution containing 
aldehyde 3-14 over the course of 5 minutes at 0 °C. The resulting solution was allowed to stir at 
0 °C for 20 min before being quenched with sat. aq. NH4Cl. The aq. layer was extracted three 
times with EtOAc and the combined organic layers were washed with sat. aq. NaCl, dried over 
MgSO4, filtered, and concentrated. The residue was purified via gradient flash chromatography 
(Yamazen, eluting with 39-60% EtOAc in hexanes) to yield a 4:1 mixture of diastereomers of 3-15 
as an orange foam (43 mg, 48%) the major of which was used in the next reaction.  

Major isomer: 

Rf = 0.10 (Hexane:EtOAc = 7:3), UV-active, (CAM). 

1H NMR (700 MHz, CDCl3) δ 7.98 (d, J = 8.4 Hz, 1H), 7.90 – 7.82 (m, 2H), 7.74 (d, J = 7.9 Hz, 1H), 
7.57 – 7.50 (m, 1H), 7.48 (s, 1H), 7.43 (t, J = 7.9 Hz, 2H), 7.32 (t, J = 7.8 Hz, 1H), 7.24 (t, J = 7.7 Hz, 
1H), 4.86 (dd, J = 9.9, 1.5 Hz, 1H), 4.29 – 4.17 (m, 1H), 3.49 – 3.45 (m, 1H), 3.40 (t, J = 9.7 Hz, 
2H), 2.37 (ddd, J = 13.6, 9.9, 4.1 Hz, 1H), 1.70 – 1.64 (m, 2H), 1.60 (dt, J = 7.4, 3.9 Hz, 2H), 1.53 
(d, J = 9.7 Hz, 1H), 1.46 (d, J = 1.8 Hz, 3H), 1.44 (s, 3H), 1.40 (s, 3H), 1.26 – 1.22 (m, 2H), 1.15 (s, 
4H), 1.01 (s, 3H) ppm. 
 
13C NMR (176 MHz, CDCl3) δ 138.2, 135.8, 134.1, 129.4, 129.1, 126.9, 125.1, 124.8, 124.0, 
123.5, 121.2, 114.0, 99.1, 79.9, 72.8, 72.0, 44.7, 43.3, 43.0, 36.9, 30.0, 29.9, 26.7, 23.7, 20.1, 
19.4, 17.3, 15.6, 12.3 ppm. 
 

IR (neat): ν = 3346, 2988, 2944, 2834, 1655, 1447, 1373, 1176, 1120, 1019, 728, 599, 571 cm-1.  

HRMS (ESI, m/z): [M-H]- calcd. for C32H40NO6S, 566.2582; found 566.2577. 

[]D
22 –32.7 (c = 1.00, CHCl3) 
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Synthesis of cyclization precursor 3-16 
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LiAlH4 (0.54 mL of a 2.0 M THF solution, 1.08 mmol, 6.5 equiv) was added dropwise to a solution 
of indole 3-15 (94 mg, 0.17 mmol, 1.0 equiv) in THF (5.5 mL, 0.03 M) at room temperature. The 
flask was placed in a preheated oil bath and stirred at 55 °C for 4 h. The resulting yellow mixture 
was cooled to 0 °C and then quenched carefully by the addition of sat. aq. NaCl. Solid NaCl and 
EtOAc were added and the mixture was stirred at room temperature for 15 min. The aq. layer 
was extracted three times with EtOAc, then the combined org. layers were washed with sat. aq. 
NaCl solution and dried over MgSO4. After removal of the solvent in vacuo, the residue was 
purified by gradient flash chromatography (Yamazen, eluting with 25-46% EtOAc in hexanes) to 
afford 62 mg (80%) of compound 3-16 as a white solid. 

Rf = 0.6 (Hexane:EtOAc = 1:1), UV-active, blue spot (CAM). 

1H NMR (700 MHz, CDCl3) δ 7.93 (s, 1H), 7.64 (d, J = 7.9 Hz, 1H), 7.36 (d, J = 8.0 Hz, 1H), 7.19 (t, J 
= 7.5 Hz, 1H), 7.11 (t, J = 7.4 Hz, 1H), 6.98 (s, 1H), 3.51 – 3.45 (m, 2H), 3.43 (d, J = 10.6 Hz, 1H), 
3.20 (dd, J = 13.9, 2.9 Hz, 1H), 2.28 (dd, J = 14.0, 10.1 Hz, 1H), 2.07 – 2.01 (m, 1H), 1.81 – 1.74 (m, 
1H), 1.69 – 1.61 (m, 3H), 1.51 (s, 1H), 1.45 (s, 3H), 1.41 (s, 3H), 1.30 (s, 3H), 1.26 (d, J = 4.4 Hz, 
3H), 1.22 (d, J = 3.0 Hz, 2H), 1.15 (d, J = 5.1 Hz, 1H), 1.07 (s, 3H), 1.03 (s, 3H) ppm. 
 

13C NMR (176 MHz, CDCl3) δ 136.5, 127.9, 122.1, 122.0, 119.4, 119.4, 119.3, 116.0, 111.2, 99.0, 
78.2, 77.7, 73.0, 44.2, 43.2, 42.9, 37.1, 30.6, 30.0, 29.9, 29.3, 26.1, 23.9, 20.7, 19.4, 17.0, 15.4, 
12.4 ppm. 
 

IR (neat): ν = 3298, 2990, 2929, 2867, 1456, 1377, 1233, 1095, 1066, 1056, 855, 739, 668 cm-1.  

HRMS (ESI, m/z): [M-H]- calcd. for C26H36NO3, 410.2701; found 410.2697. 

M.p. = 165 °C 

[]D
22 –49.3 (c = 1.40, CHCl3) 

X-ray structure: 
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Synthesis of 2-bromo indole adduct 3-19 

 

Trace water was removed from 3-iodo-1-(phenylsulfonyl)-1H-indole 3-917 (953 mg, 2.06 mmol, 
7.0 equiv) via azeotropic distillation with benzene. Then, it was dissolved in THF (7.4 mL) and 
cooled to 0 °C. A solution of EtMgBr (2.1 ml of a 1.0 M in Et2O, 2.05 mmol, 6.95 equiv) was added 
dropwise. The yellow solution was stirred at 0 °C for 20 min, then at room temperature for 30 
min. During this time, trace water was removed from aldehyde 3-14 (92 mg, 0.295 mmol, 1.0 
equiv) via azeotropic distillation with benzene. Then it was dissolved in THF (2 mL) and cooled to 
0 °C. The solution of 3-18 and EtMgBr was re-cooled to 0 °C, then cannulated into the solution 
containing aldehyde 3-14 over the course of 5 minutes at 0 °C. The resulting solution was allowed 
to stir at 0 °C for 20 min before being quenched with sat. aq. NH4Cl. The aq. layer was extracted 
three times with EtOAc and the combined organic layers were washed with sat. aq. NaCl, dried 
over MgSO4, filtered, and concentrated. The residue was purified via silica gel column 
chromatography (80% hexanes:EtOAc) to yield adduct 3-19 as a yellow foam (72 mg, 38%) 

Rf = 0.13 (Hexane:EtOAc = 7:3), UV-active, (CAM). 

1H NMR (600 MHz, CDCl3) δ 8.31 (d, J = 8.4 Hz, 1H), 7.84 (d, J = 7.3 Hz, 2H), 7.58 – 7.52 (m, 1H), 
7.45 – 7.39 (m, 2H), 7.36 (ddd, J = 8.6, 7.3, 1.3 Hz, 1H), 7.31 – 7.26 (m, 2H), 5.30 (s, 1H), 5.04 (d, 
J = 10.0 Hz, 1H), 3.41 (td, J = 20.0, 19.1, 11.1 Hz, 4H), 2.52 – 2.45 (m, 1H), 1.70 – 1.57 (m, 3H), 
1.49 (s, 3H), 1.44 (s, 3H), 1.40 (s, 3H), 1.22 – 1.15 (m, 2H), 1.13 (s, 3H), 1.08 – 1.03 (m, 1H), 1.00 
(s, 3H), 0.95 – 0.91 (m, 1H), 0.91 – 0.88 (m, 1H) ppm. 
 

IR (neat): ν = 3323, 2941, 2875, 2831, 1654, 1558, 1444, 1377, 1215, 1022, 750, 727, 571 cm-1.  

HRMS (ESI, m/z): [M-H]- calcd. for C32H39BrNO6S, 644.1687; found 644.1683. 
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Synthesis of silyl ether S3-4 

 

 

Alcohol 3-19 (8 mg, 0.0124 mmol, 1 equiv) was dissolved in DCM (0.2 mL) and moved to an ice 
bath to cool the solution to 0 °C. To this stirring solution was added 2,6-lutidine (8.6 µL, 0.074 
mmol, 6 equiv) followed by TBSOTf (8.5 µL, 0.037 mmol, 3 equiv). The reaction was stirred at this 
temperature for 3 h, then quenched by the addition of sat. aq. NaCl. The aqueous layer was 
extracted with EtOAc two times, washed further with sat. aq. NaCl, dried over Na2SO4, filtered 
and concentrated in vacuo. The crude residue was purified by preparatory thin layer 
chromatography (hexanes:EtOAc 4:1) to give S3-2 as a clear oil (3.8 mg, 40%). 

Rf = 0.63 (Hexane:EtOAc = 7:3), UV-active, (CAM). 

1H NMR (600 MHz, CDCl3) δ 8.37 (d, J = 8.5 Hz, 1H), 7.86 (d, J = 8.4 Hz, 2H), 7.80 (d, J = 5.9 Hz, 
1H), 7.56 (t, J = 7.5 Hz, 1H), 7.44 – 7.39 (m, 3H), 7.34 – 7.30 (m, 1H), 4.99 (s, 1H), 4.94 (d, J = 10.1 
Hz, 1H), 3.50 – 3.45 (m, 1H), 3.45 – 3.39 (m, 2H), 2.46 (ddd, J = 12.1, 10.2, 4.6 Hz, 1H), 1.72 (dd, J 
= 9.5, 3.1 Hz, 1H), 1.63 (d, J = 9.4 Hz, 2H), 1.52 – 1.49 (m, 1H), 1.46 (s, 3H), 1.42 (s, 3H), 1.38 (s, 
3H), 1.11 (s, 3H), 1.00 (s, 3H), 0.91 (d, J = 3.7 Hz, 2H), 0.89 – 0.84 (m, 2H), 0.76 (s, 9H), 0.05 (s, 
3H), -0.81 (s, 3H) ppm. 

13C-NMR (150 MHz, CDCl3): δ = 138.3, 138.2, 134.3, 129.3 (2x), 128.1, 127.2 (2x), 126.7, 125.7, 
124.3, 121.1, 116.0, 109.6, 99.0, 78.0, 77.6, 74.1, 72.9, 44.9, 43.1, 42.7, 36.9, 30.3, 30.0, 25.9 (3x), 
25.8, 23.8, 20.1, 19.4, 17.9, 17.6, 15.5, 12.3, –4.9, –5.3 ppm.  

IR (neat): ν = 3488, 2990, 2952, 2936, 2860, 1445, 1370, 1203, 1087, 837, 752, 723, 573 cm-1.  

HRMS (ESI, m/z): [M-H]- calcd. for C38H53BrNO6SSi, 758.2552; found 758.2545. 
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Synthesis of exomethylene 3-20 

 

 

Silyl ether S3-2 (9 mg, 0.012 mmol, 1 equiv) was dissolved in DCM (0.2 mL) and moved to an ice 
bath to cool the solution to 0 °C. To this stirring solution was added pyridine (0.02 mL) followed 
by SOBr2 (4.5 µL, 0.070 mmol, 5 equiv). The reaction was stirred at this temperature for 3 h, then 
quenched by the addition of sat. aq. NaCl. The aqueous layer was extracted with EtOAc two times, 
washed further with sat. aq. NaCl, dried over Na2SO4, filtered and concentrated in vacuo. The 
crude residue was purified by preparatory thin layer chromatography (hexanes:EtOAc 4:1) to give 
S3-2 as a clear oil (4.9 mg, 54%). 

Rf = 0.50 (Hexane:EtOAc = 8:2), UV-active, (p-anisaldehyde). 

1H NMR (700 MHz, CDCl3) δ 8.05 (d, J = 8.3 Hz, 1H), 7.89 – 7.85 (m, 2H), 7.67 (d, J = 7.9 Hz, 1H), 
7.53 (t, J = 7.4 Hz, 1H), 7.45 – 7.39 (m, 4H), 7.35 (t, J = 7.7 Hz, 1H), 7.25 (t, J = 7.5 Hz, 1H), 4.95 
(d, J = 8.0 Hz, 1H), 4.83 (d, J = 6.7 Hz, 2H), 3.52 (d, J = 7.5 Hz, 1H), 3.45 – 3.38 (m, 2H), 2.80 (s, 
1H), 2.25 (t, J = 7.6 Hz, 2H), 2.04 (d, J = 6.7 Hz, 2H), 1.76 (d, J = 9.0 Hz, 2H), 1.68 (d, J = 6.0 Hz, 
2H), 1.44 (d, J = 4.9 Hz, 6H), 1.10 (s, 4H), 1.06 (s, 3H), 0.78 (s, 9H), 0.09 – -0.06 (m, 6H) ppm. 
 

HRMS (ESI, m/z): [M-H]- calcd. for C38H51BrNO5SSi, 740.2446; found 740.2441. 
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Unexpected synthesis of carbazole 3-21 

 

Alkene 3-20 (4 mg, 0.005 mmol, 1 equiv) was dissolved in degassed PhMe (0.1 mL) within a glove 
box. Pd(PPh)3 (5.8 mg, 0.005 mmol, 1 equiv) was added, the reaction vessel was sealed and 
moved to a preheated vial block at 120 °C. The brown reaction mixture was allowed to stir 14 h 
at this temperature wherein a black precipitate formed. The crude reaction mixture was purified 
by preparatory TLC, concentrated in vacuo and evaluated by 1HNMR. The resulting impure 
mixture showed diagnostic signals of carbazole 3-21 as the sole product.  
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Synthesis of trisubstituted alkene S3-2 

 

 

LiAlH4 (0.85 mL of a 2.0 M THF solution, 1.69 mmol, 6.0 equiv) was added dropwise to a solution 
of indole 3-10 (160 mg,  0.29 mmol, 1.0 equiv) in THF (9.4 mL, 0.03 M) at room temperature. The 
flask was placed in a preheated oil bath and stirred at 55 °C for 4 h. The resulting yellow mixture 
was cooled to 0 °C and then quenched carefully by the addition of sat. aq. NaCl. Solid NaCl and 
EtOAc were added and the mixture was stirred at room temperature for 15 min. The aq. layer 
was extracted three times with EtOAc, then the combined org. layers were washed with sat. aq. 
NaCl solution and dried over MgSO4. After removal of the solvent in vacuo, the residue was 
purified by gradient flash chromatography (Yamazen, eluting with 25-46% EtOAc in hexanes) to 
afford 74 mg (64%) of compound S3-3 as a white solid. 

Rf = 0.55 (Hexane:EtOAc = 1:1), UV-active, blue spot (CAM). 

1H-NMR (500 MHz, CDCl3):  = 7.98 (br s, 1H), 7.56 (d, J = 7.9 Hz, 1H), 7.36 (d, J = 8.2 Hz, 1H), 7.18 
(t, J = 7.5 Hz, 1H), 7.12–7.09 (m, 1H), 7.03 (s, 1H), 5.29 (br s, 1H), 3.66–3.60 (m, 1H), 3.55–3.47 
(m, 2H), 3.47–3.44 (m, 2H), 2.03–1.94 (m, 1H), 1.75–1.58 (m, 4H), 1.46 (s, 3H), 1.42 (s, 6H), 1.16 
(s, 3H), 1.01 (s, 3H) ppm. 

13C-NMR (125 MHz, CDCl3):  = 141.4, 136.7, 127.6, 122.6, 122.2, 122.0, 119.6, 119.5, 115.2, 
111.2, 99.2, 78.7, 77.6, 72.7, 40.8, 40.6, 37.1, 30.3, 30.0, 29.9, 27.2, 24.4, 23.9, 23.0, 19.4, 15.9, 
12.3 ppm.  

IR (neat): ν = 3412, 2988, 2941, 2898, 1455, 1379, 1226, 1089, 859, 737, 423 cm-1.  

HRMS (ESI, m/z): [M-H]- calcd. for C26H34NO3, 408.2544; found 408.2547. 

M.p. = 196 °C 

[]D
22 –49.1 (c = 1.00, CHCl3) 
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Synthesis of branched indole S3-3 

 

Compound S3-3 (8 mg, 0.02 mmol, 1.0 equiv, dissolved in 2x 0.2 mL of DCM) was added dropwise 
to a solution of AlCl3 (10 mg,  0.08 mmol, 4.0 equiv) in DCM/MeNO2 (1:1, 1.2 mL, 0.02 M) at –78 
°C. The resulting orange-brown solution was then stirred at room temperature for 1.5 h before 
being quenched by the addition of sat. aq. NaCl. The aq. layer was extracted three times with 
EtOAc and the combined org. layers were washed 2x with sat. aq. NaHCO3 solution and dried 
over MgSO4. After removal of the solvent in vacuo, the residue was purified by pTLC to afford 2 
mg (29%) of compound S3-4 as a yellow oil. 

Rf = 0.25 (Hexane:EtOAc = 1:5), UV-active, blue spot (CAM). 

1H-NMR (700 MHz, CD3OD):  = 7.37 (d, J = 7.5 Hz, 1H), 7.31 (d, J = 7.5 Hz, 1H), 6.96–6.90 (m, 2H), 
3.70 (dd, J = 11.7, 4.2 Hz, 1H), 3.61 (d, J = 11.1 Hz, 1H), 3.41 (d, J = 11.1 Hz, 1H), 3.13–3.08 (m, 
1H), 3.03–2.98 (m, 1H), 2.57 (d, J = 16.4 Hz, 1H), 2.45–2.38 (m, 2H), 1.94–1.87 (m, 2H), 1.80–1.72 
(m, 1H), 1.70–1.66 (m, 1H), 1.28–1.24 (m, 1H), 1.10 (d, J = 7.1 Hz, 3H), 0.92 (s, 3H), 0.88 (s, 3H) 
ppm. 

13C-NMR (175 MHz, CD3OD):  = 149.4, 147.3, 141.2, 129.3, 126.1, 120.0, 119.7, 117.9, 117.6, 
112.8, 73.8, 66.7, 48.3, 44.0, 43.9, 38.0, 37.3, 32.3, 27.8, 21.5, 14.3, 12.8, 12.6 ppm.  

IR (neat): ν = 3408, 2922, 2918, 1639, 1480, 1262, 1055, 1040, 738 cm-1.  

HRMS (ESI, m/z): [M–H]– calcd. for C23H29NO2, 350.2126; found 350.2123. 

[]D
22 –23.7 (c = 0.5, MeOH) 
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Synthesis of exomethylene S3-5 

 

Alcohol 3-16 (50 mg, 0.12 mmol, 1 equiv) was dissolved in DCM (1.2 mL) and moved to an ice 
bath to cool the solution to 0 °C. To this stirring solution was added Et3N (68 µL, 0.48 mmol, 4 
equiv) followed by MsCl (10 µL, 0.013 mmol, 1 equiv). The reaction was allowed to warm to room 
temperature and stirred for 3 hours. It was then quenched by the addition of sat. aq. NH4Cl. The 
aqueous layer was extracted with EtOAc two times, washed with sat. aq. NaCl, dried over Na2SO4, 
filtered and concentrated in vacuo. The crude residue was purified by preparatory thin layer 
chromatography (hexanes:EtOAc 4:1) to give S3-5 as a yellow solid (35.5 mg, 75%). 

Rf = 0.3 (Hexane:EtOAc = 2:1), UV-active, blue spot (CAM). 

1H NMR (500 MHz, CDCl3) δ 7.60 – 7.54 (m, 1H), 7.22 – 7.17 (m, 1H), 7.11 (ddd, J = 8.0, 7.0, 1.0 
Hz, 1H), 6.96 (d, J = 2.3 Hz, 1H), 4.75 (d, J = 7.2 Hz, 1H), 3.53 (dd, J = 7.1, 4.2 Hz, 1H), 3.47 (d, J = 
10.7 Hz, 1H), 3.41 (s, 1H), 3.11 (d, J = 10.0 Hz, 1H), 2.63 – 2.54 (m, 1H), 1.90 (dd, J = 12.8, 3.4 Hz, 
1H), 1.80 – 1.68 (m, 2H), 1.61 (dd, J = 7.9, 3.6 Hz, 1H), 1.42 (d, J = 6.5 Hz, 3H), 1.14 (s, 2H), 1.06 
(d, J = 0.8 Hz, 2H), 1.01 (dd, J = 12.7, 3.1 Hz, 1H) ppm. 
 

13C NMR (151 MHz, CDCl3) δ 162.6, 136.4, 128.0, 122.0, 119.3, 119.1, 115.5, 111.2, 100.8, 99.1, 
77.6, 72.7, 50.0, 40.6, 39.1, 37.6, 36.2, 34.6, 30.0, 29.0, 24.4, 22.1, 21.4, 19.4, 12.4 ppm. 
 

IR (neat): ν = 3409, 3355, 2930, 2870, 1709, 1621, 1457, 1080, 1042, 742 cm-1.  
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X-ray crystallographic details 

Table 1.  Crystal data and structure refinement for mp001 (CCDC 1831586) 

Identification code  mp001 

Empirical formula  C14 H22 O3 

Formula weight  238.31 

Temperature  100(2) K 

Wavelength  1.54178 Å 

Crystal system  Orthorhombic 

Space group  P 21 21 21 

Unit cell dimensions a = 7.2602(5) Å = 90°. 

 b = 8.3489(6) Å = 90°. 

 c = 20.4643(15) Å  = 90°. 

Volume 1240.44(15) Å3 

Z 4 

Density (calculated) 1.276 Mg/m3 

Absorption coefficient 0.705 mm-1 

F(000) 520 

Crystal size 0.100 x 0.040 x 0.040 mm3 

Theta range for data collection 4.321 to 68.329°. 
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Index ranges -8<=h<=8, -10<=k<=9, -24<=l<=24 

Reflections collected 18197 

Independent reflections 2259 [R(int) = 0.0248] 

Completeness to theta = 67.000° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.753 and 0.708 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2259 / 0 / 165 

Goodness-of-fit on F2 1.080 

Final R indices [I>2sigma(I)] R1 = 0.0260, wR2 = 0.0722 

R indices (all data) R1 = 0.0263, wR2 = 0.0724 

Absolute structure parameter 0.06(3) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.217 and -0.160 e.Å-3 

 

Table 2.  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 

103) 

for mp001.  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

______________________________________________________________________________
__ 
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 x y z U(eq) 

______________________________________________________________________________
__ 

C(1) 5288(2) 5140(2) 5101(1) 15(1) 

C(2) 7066(2) 5306(2) 5448(1) 18(1) 

C(3) 7040(2) 5137(2) 6180(1) 24(1) 

C(4) 8604(2) 5575(2) 5108(1) 16(1) 

C(5) 8691(2) 5723(2) 4381(1) 16(1) 

C(6) 6795(2) 5938(2) 4064(1) 13(1) 

C(7) 5368(2) 4775(2) 4368(1) 14(1) 

C(8) 5893(2) 2982(2) 4326(1) 18(1) 

C(9) 3470(2) 5050(2) 4062(1) 16(1) 

C(10) 3543(2) 4956(2) 3315(1) 17(1) 

C(11) 4886(2) 6175(2) 3040(1) 16(1) 

C(12) 6867(2) 5959(2) 3302(1) 14(1) 

C(13) 7785(2) 4479(2) 2993(1) 18(1) 

C(14) 8024(2) 7410(2) 3077(1) 17(1) 

O(1) 3819(2) 5228(2) 5395(1) 20(1) 

O(2) 4922(2) 6145(2) 2340(1) 20(1) 

O(3) 7397(2) 8923(1) 3316(1) 20(1) 

 

Table 3.   Bond lengths [Å] and angles [°] for mp001. 

_____________________________________________________ 

C(1)-O(1)  1.227(2) 

C(1)-C(2)  1.481(2) 

C(1)-C(7)  1.530(2) 
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C(2)-C(4)  1.335(2) 

C(2)-C(3)  1.504(2) 

C(3)-H(3A)  0.9800 

C(3)-H(3B)  0.9800 

C(3)-H(3C)  0.9800 

C(4)-C(5)  1.494(2) 

C(4)-H(4)  0.9500 

C(5)-C(6)  1.532(2) 

C(5)-H(5A)  0.9900 

C(5)-H(5B)  0.9900 

C(6)-C(7)  1.550(2) 

C(6)-C(12)  1.5598(19) 

C(6)-H(6)  1.0000 

C(7)-C(9)  1.531(2) 

C(7)-C(8)  1.547(2) 

C(8)-H(8A)  0.9800 

C(8)-H(8B)  0.9800 

C(8)-H(8C)  0.9800 

C(9)-C(10)  1.531(2) 

C(9)-H(9A)  0.9900 

C(9)-H(9B)  0.9900 

C(10)-C(11)  1.518(2) 

C(10)-H(10A)  0.9900 

C(10)-H(10B)  0.9900 

C(11)-O(2)  1.4324(18) 

C(11)-C(12)  1.546(2) 
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C(11)-H(11)  1.0000 

C(12)-C(13)  1.540(2) 

C(12)-C(14)  1.545(2) 

C(13)-H(13A)  0.9800 

C(13)-H(13B)  0.9800 

C(13)-H(13C)  0.9800 

C(14)-O(3)  1.429(2) 

C(14)-H(14A)  0.9900 

C(14)-H(14B)  0.9900 

O(2)-H(2)  0.88(3) 

O(3)-H(3)  0.84(2) 

 

O(1)-C(1)-C(2) 121.06(13) 

O(1)-C(1)-C(7) 121.75(14) 

C(2)-C(1)-C(7) 117.12(13) 

C(4)-C(2)-C(1) 119.58(14) 

C(4)-C(2)-C(3) 123.13(15) 

C(1)-C(2)-C(3) 117.28(14) 

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 

C(2)-C(4)-C(5) 124.71(15) 

C(2)-C(4)-H(4) 117.6 
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C(5)-C(4)-H(4) 117.6 

C(4)-C(5)-C(6) 113.13(13) 

C(4)-C(5)-H(5A) 109.0 

C(6)-C(5)-H(5A) 109.0 

C(4)-C(5)-H(5B) 109.0 

C(6)-C(5)-H(5B) 109.0 

H(5A)-C(5)-H(5B) 107.8 

C(5)-C(6)-C(7) 110.92(12) 

C(5)-C(6)-C(12) 113.20(12) 

C(7)-C(6)-C(12) 115.52(12) 

C(5)-C(6)-H(6) 105.4 

C(7)-C(6)-H(6) 105.4 

C(12)-C(6)-H(6) 105.4 

C(1)-C(7)-C(9) 109.64(12) 

C(1)-C(7)-C(8) 104.86(13) 

C(9)-C(7)-C(8) 110.12(13) 

C(1)-C(7)-C(6) 107.11(12) 

C(9)-C(7)-C(6) 110.08(12) 

C(8)-C(7)-C(6) 114.79(13) 

C(7)-C(8)-H(8A) 109.5 

C(7)-C(8)-H(8B) 109.5 

H(8A)-C(8)-H(8B) 109.5 

C(7)-C(8)-H(8C) 109.5 

H(8A)-C(8)-H(8C) 109.5 

H(8B)-C(8)-H(8C) 109.5 

C(7)-C(9)-C(10) 111.66(12) 
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C(7)-C(9)-H(9A) 109.3 

C(10)-C(9)-H(9A) 109.3 

C(7)-C(9)-H(9B) 109.3 

C(10)-C(9)-H(9B) 109.3 

H(9A)-C(9)-H(9B) 107.9 

C(11)-C(10)-C(9) 111.04(12) 

C(11)-C(10)-H(10A) 109.4 

C(9)-C(10)-H(10A) 109.4 

C(11)-C(10)-H(10B) 109.4 

C(9)-C(10)-H(10B) 109.4 

H(10A)-C(10)-H(10B) 108.0 

O(2)-C(11)-C(10) 111.80(13) 

O(2)-C(11)-C(12) 109.17(12) 

C(10)-C(11)-C(12) 112.95(12) 

O(2)-C(11)-H(11) 107.6 

C(10)-C(11)-H(11) 107.6 

C(12)-C(11)-H(11) 107.6 

C(13)-C(12)-C(14) 105.72(12) 

C(13)-C(12)-C(11) 110.71(12) 

C(14)-C(12)-C(11) 108.07(12) 

C(13)-C(12)-C(6) 114.63(12) 

C(14)-C(12)-C(6) 108.99(12) 

C(11)-C(12)-C(6) 108.51(11) 

C(12)-C(13)-H(13A) 109.5 

C(12)-C(13)-H(13B) 109.5 

H(13A)-C(13)-H(13B) 109.5 
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C(12)-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(12) 114.69(13) 

O(3)-C(14)-H(14A) 108.6 

C(12)-C(14)-H(14A) 108.6 

O(3)-C(14)-H(14B) 108.6 

C(12)-C(14)-H(14B) 108.6 

H(14A)-C(14)-H(14B) 107.6 

C(11)-O(2)-H(2) 109.6(14) 

C(14)-O(3)-H(3) 109.0(17) 

_____________________________________________________________ 

Symmetry transformations used to generate equivalent atoms:  

 

Table 4.   Anisotropic displacement parameters (Å2x 103)for mp001.  The anisotropic 

displacement factor exponent takes the form: -22[ h2a*2U11 + ... + 2 h k a* b* U12 ] 

______________________________________________________________________________ 

 U11 U22 U33 U23 U13 U12 

______________________________________________________________________________ 

C(1) 20(1)  9(1) 16(1)  1(1) 0(1)  0(1) 

C(2) 23(1)  13(1) 16(1)  -2(1) -4(1)  2(1) 

C(3) 28(1)  28(1) 16(1)  0(1) -4(1)  4(1) 

C(4) 19(1)  12(1) 18(1)  -1(1) -6(1)  1(1) 
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C(5) 15(1)  16(1) 18(1)  1(1) -1(1)  1(1) 

C(6) 14(1)  12(1) 13(1)  -1(1) 0(1)  1(1) 

C(7) 14(1)  13(1) 14(1)  0(1) 0(1)  0(1) 

C(8) 21(1)  13(1) 19(1)  -1(1) -1(1)  -2(1) 

C(9) 14(1)  20(1) 16(1)  -1(1) 0(1)  -1(1) 

C(10) 14(1)  21(1) 17(1)  -2(1) -3(1)  -1(1) 

C(11) 17(1)  18(1) 13(1)  -2(1) -2(1)  1(1) 

C(12) 15(1)  14(1) 12(1)  0(1) 0(1)  -1(1) 

C(13) 18(1)  20(1) 17(1)  -3(1) 1(1)  2(1) 

C(14) 20(1)  17(1) 14(1)  2(1) -1(1)  -2(1) 

O(1) 21(1)  22(1) 16(1)  -2(1) 4(1)  -3(1) 

O(2) 23(1)  22(1) 13(1)  1(1) -4(1)  -5(1) 

O(3) 27(1)  16(1) 18(1)  1(1) -7(1)  -1(1) 

 

Table 5.   Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 

for mp001. 

______________________________________________________________________________
__ 

 x  y  z  U(eq) 

______________________________________________________________________________
__ 

 

H(3A) 8305 5050 6343 36 

H(3B) 6350 4171 6300 36 

H(3C) 6446 6078 6374 36 



156 
 

H(4) 9723 5678 5344 19 

H(5A) 9280 4751 4199 19 

H(5B) 9475 6652 4266 19 

H(6) 6380 7035 4194 16 

H(8A) 5098 2361 4619 26 

H(8B) 7182 2844 4457 26 

H(8C) 5732 2605 3876 26 

H(9A) 3004 6116 4194 20 

H(9B) 2600 4233 4229 20 

H(10A) 3927 3866 3182 21 

H(10B) 2300 5158 3135 21 

H(11) 4452 7261 3176 19 

H(13A) 8082 4707 2535 27 

H(13B) 6939 3566 3015 27 

H(13C) 8918 4224 3231 27 

H(14A) 9313 7249 3220 20 

H(14B) 8022 7442 2593 20 

H(2) 4200(30) 5370(30) 2196(11) 33(6) 

H(3) 7900(30) 9110(30) 3677(12) 34(6) 

______________________________________________________________________________

_ 
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A colorless block 0.41 x 0.28 x 0.19 mm in size was mounted on a Cryoloop with Paratone oil. 
Data were collected in a nitrogen gas stream at 100(2) K using omega scans. Crystal-to-detector 
distance was 35.00 mm and exposure time was 0.50 seconds per frame at low and high angles 
using a scan width of 0.5°. Data collection was 100% complete to 74.000° in θ. A total of 50378 
reflections were collected covering the indices -11<=h<=11, -10<=k<=11, -65<=l<=66. 4662 
reflections were founded to be symmetry independent, with an Rint of 0.0452. Indexing and unit 
cell refinement indicated a primitive, tetragonal lattice. The space group was found to be P 41 21 
2 (No. 92). The data were integrated using the CrysAlisPro 1.171.39.46e software program and 
scaled using the SCALE3 ABSPACK scaling algorithm. Solution by intrinsic phasing (SHELXT-2015) 
produced a 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. 
 
 
 
 
Table 1.  Crystal data and structure refinement for IB002_Sarpong. 
Identification code  IB002_Sarpong 
Empirical formula  C26 H37 N O3 
Formula weight  411.56 
Temperature  100(2) K 
Wavelength  1.54184 Å 
Crystal system  Tetragonal 
Space group  P 41 21 2 
Unit cell dimensions a = 9.27318(4) Å a= 90°. 
 b = 9.27318(4) Å b= 90°. 
 c = 52.9739(4) Å g = 90°. 

Volume 4555.33(5) Å3 

Z 8 

Density (calculated) 1.200 Mg/m3 

Absorption coefficient 0.605 mm-1 

F(000) 1792 

Crystal size 0.410 x 0.280 x 0.190 mm3 
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Theta range for data collection 3.337 to 74.499°. 
Index ranges -11<=h<=11, -10<=k<=11, -65<=l<=66 
Reflections collected 50378 
Independent reflections 4662 [R(int) = 0.0452] 
Completeness to theta = 74.000° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00000 and 0.71681 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4662 / 0 / 284 

Goodness-of-fit on F2 1.094 

Final R indices [I>2sigma(I)] R1 = 0.0346, wR2 = 0.0881 
R indices (all data) R1 = 0.0349, wR2 = 0.0884 
Absolute structure parameter 0.00(7) 
Extinction coefficient n/a 

Largest diff. peak and hole 0.135 and -0.162 e.Å-3 
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Table 2.  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 

103) 

for ib002_sarpong.  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

______________________________________________________________________________
__ 
 x y z U(eq) 
______________________________________________________________________________
__ 
C(1) 6288(2) 5573(2) 3724(1) 31(1) 
C(2) 5382(2) 6538(2) 3604(1) 37(1) 
C(3) 3881(3) 6400(2) 3619(1) 38(1) 
C(4) 3245(2) 5297(2) 3755(1) 33(1) 
C(5) 4133(2) 4307(2) 3882(1) 27(1) 
C(6) 5644(2) 4469(2) 3862(1) 26(1) 
C(7) 5201(2) 2538(2) 4103(1) 29(1) 
C(8) 3879(2) 3060(2) 4040(1) 28(1) 
C(9) 2453(2) 2489(2) 4125(1) 31(1) 
C(10) 1662(2) 3487(2) 4313(1) 27(1) 
C(11) 98(2) 2986(2) 4371(1) 28(1) 
C(12) 53(2) 1417(2) 4462(1) 35(1) 
C(13) -648(2) 4090(2) 4556(1) 26(1) 
C(14) -732(2) 5573(2) 4423(1) 32(1) 
C(15) -2208(2) 3621(2) 4619(1) 31(1) 
C(16) -2899(2) 4465(2) 4838(1) 30(1) 
C(17) -1940(2) 4292(2) 5067(1) 28(1) 
C(18) -1837(2) 4675(2) 5514(1) 32(1) 
C(19) -2510(3) 5665(3) 5706(1) 44(1) 
C(20) -1898(2) 3111(2) 5600(1) 36(1) 
C(21) 367(2) 4593(2) 5273(1) 29(1) 
C(22) -439(2) 4954(2) 5028(1) 26(1) 
C(23) -484(2) 6599(2) 5002(1) 33(1) 
C(24) 265(2) 4136(2) 4804(1) 24(1) 
C(25) 1824(2) 4605(2) 4753(1) 27(1) 
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C(26) 2544(2) 3656(2) 4556(1) 29(1) 
N(1) 6274(2) 3365(2) 3997(1) 30(1) 
O(1) -734(2) 3044(2) 4138(1) 35(1) 
O(2) -2625(2) 4901(2) 5285(1) 32(1) 
O(3) -381(2) 5156(2) 5488(1) 32(1) 

Table 3.   Bond lengths [Å] and angles [°] for ib002_sarpong. 
_____________________________________________________ 
C(1)-C(2)  1.381(3) 
C(1)-C(6)  1.393(3) 
C(1)-H(1B)  0.9500 
C(2)-C(3)  1.400(3) 
C(2)-H(2)  0.9500 
C(3)-C(4)  1.385(3) 
C(3)-H(3)  0.9500 
C(4)-C(5)  1.404(3) 
C(4)-H(4)  0.9500 
C(5)-C(6)  1.413(3) 
C(5)-C(8)  1.445(3) 
C(6)-N(1)  1.379(2) 
C(7)-C(8)  1.359(3) 
C(7)-N(1)  1.376(3) 
C(7)-H(7)  0.9500 
C(8)-C(9)  1.496(3) 
C(9)-C(10)  1.543(3) 
C(9)-H(9A)  0.9900 
C(9)-H(9B)  0.9900 
C(10)-C(26)  1.533(2) 
C(10)-C(11)  1.554(3) 
C(10)-H(10)  1.0000 
C(11)-O(1)  1.456(2) 
C(11)-C(12)  1.533(3) 
C(11)-C(13)  1.576(3) 
C(12)-H(12A)  0.9800 
C(12)-H(12B)  0.9800 
C(12)-H(12C)  0.9800 
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C(13)-C(14)  1.546(3) 
C(13)-C(15)  1.547(3) 
C(13)-C(24)  1.564(2) 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 
C(15)-C(16)  1.540(2) 
C(15)-H(15A)  0.9900 
C(15)-H(15B)  0.9900 
C(16)-C(17)  1.513(2) 
C(16)-H(16A)  0.9900 
C(16)-H(16B)  0.9900 
C(17)-O(2)  1.433(2) 
C(17)-C(22)  1.534(3) 
C(17)-H(17)  1.0000 
C(18)-O(3)  1.428(2) 
C(18)-O(2)  1.431(2) 
C(18)-C(19)  1.506(3) 
C(18)-C(20)  1.522(3) 
C(19)-H(19A)  0.9800 
C(19)-H(19B)  0.9800 
C(19)-H(19C)  0.9800 
C(20)-H(20A)  0.9800 
C(20)-H(20B)  0.9800 
C(20)-H(20C)  0.9800 
C(21)-O(3)  1.430(2) 
C(21)-C(22)  1.536(2) 
C(21)-H(21A)  0.9900 
C(21)-H(21B)  0.9900 
C(22)-C(23)  1.532(3) 
C(22)-C(24)  1.553(2) 
C(23)-H(23A)  0.9800 
C(23)-H(23B)  0.9800 
C(23)-H(23C)  0.9800 
C(24)-C(25)  1.533(2) 
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C(24)-H(24)  1.0000 
C(25)-C(26)  1.522(2) 
C(25)-H(25A)  0.9900 
C(25)-H(25B)  0.9900 
C(26)-H(26A)  0.9900 
C(26)-H(26B)  0.9900 
N(1)-H(1A)  0.93(3) 
O(1)-H(1)  0.92(3) 
 
C(2)-C(1)-C(6) 117.14(19) 
C(2)-C(1)-H(1B) 121.4 
C(6)-C(1)-H(1B) 121.4 
C(1)-C(2)-C(3) 121.4(2) 
C(1)-C(2)-H(2) 119.3 
C(3)-C(2)-H(2) 119.3 
C(4)-C(3)-C(2) 121.28(19) 
C(4)-C(3)-H(3) 119.4 
C(2)-C(3)-H(3) 119.4 
C(3)-C(4)-C(5) 118.90(19) 
C(3)-C(4)-H(4) 120.6 
C(5)-C(4)-H(4) 120.6 
C(4)-C(5)-C(6) 118.38(18) 
C(4)-C(5)-C(8) 134.70(18) 
C(6)-C(5)-C(8) 106.91(16) 
N(1)-C(6)-C(1) 129.56(18) 
N(1)-C(6)-C(5) 107.53(17) 
C(1)-C(6)-C(5) 122.91(18) 
C(8)-C(7)-N(1) 110.66(17) 
C(8)-C(7)-H(7) 124.7 
N(1)-C(7)-H(7) 124.7 
C(7)-C(8)-C(5) 106.27(17) 
C(7)-C(8)-C(9) 126.62(18) 
C(5)-C(8)-C(9) 127.06(18) 
C(8)-C(9)-C(10) 113.82(16) 
C(8)-C(9)-H(9A) 108.8 
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C(10)-C(9)-H(9A) 108.8 
C(8)-C(9)-H(9B) 108.8 
C(10)-C(9)-H(9B) 108.8 
H(9A)-C(9)-H(9B) 107.7 
C(26)-C(10)-C(9) 110.39(15) 
C(26)-C(10)-C(11) 111.28(14) 
C(9)-C(10)-C(11) 113.06(15) 
C(26)-C(10)-H(10) 107.3 
C(9)-C(10)-H(10) 107.3 
C(11)-C(10)-H(10) 107.3 
O(1)-C(11)-C(12) 106.72(16) 
O(1)-C(11)-C(10) 108.39(14) 
C(12)-C(11)-C(10) 111.79(16) 
O(1)-C(11)-C(13) 105.65(14) 
C(12)-C(11)-C(13) 114.12(15) 
C(10)-C(11)-C(13) 109.78(15) 
C(11)-C(12)-H(12A) 109.5 
C(11)-C(12)-H(12B) 109.5 
H(12A)-C(12)-H(12B) 109.5 
C(11)-C(12)-H(12C) 109.5 
H(12A)-C(12)-H(12C) 109.5 
H(12B)-C(12)-H(12C) 109.5 
C(14)-C(13)-C(15) 107.52(15) 
C(14)-C(13)-C(24) 112.62(15) 
C(15)-C(13)-C(24) 109.46(13) 
C(14)-C(13)-C(11) 108.52(14) 
C(15)-C(13)-C(11) 111.20(15) 
C(24)-C(13)-C(11) 107.56(14) 
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(16)-C(15)-C(13) 114.13(16) 
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C(16)-C(15)-H(15A) 108.7 
C(13)-C(15)-H(15A) 108.7 
C(16)-C(15)-H(15B) 108.7 
C(13)-C(15)-H(15B) 108.7 
H(15A)-C(15)-H(15B) 107.6 
C(17)-C(16)-C(15) 107.82(15) 
C(17)-C(16)-H(16A) 110.1 
C(15)-C(16)-H(16A) 110.1 
C(17)-C(16)-H(16B) 110.1 
C(15)-C(16)-H(16B) 110.1 
H(16A)-C(16)-H(16B) 108.5 
O(2)-C(17)-C(16) 110.08(14) 
O(2)-C(17)-C(22) 110.65(15) 
C(16)-C(17)-C(22) 112.53(15) 
O(2)-C(17)-H(17) 107.8 
C(16)-C(17)-H(17) 107.8 
C(22)-C(17)-H(17) 107.8 
O(3)-C(18)-O(2) 110.87(14) 
O(3)-C(18)-C(19) 105.41(18) 
O(2)-C(18)-C(19) 105.80(15) 
O(3)-C(18)-C(20) 111.19(16) 
O(2)-C(18)-C(20) 112.04(17) 
C(19)-C(18)-C(20) 111.20(17) 
C(18)-C(19)-H(19A) 109.5 
C(18)-C(19)-H(19B) 109.5 
H(19A)-C(19)-H(19B) 109.5 
C(18)-C(19)-H(19C) 109.5 
H(19A)-C(19)-H(19C) 109.5 
H(19B)-C(19)-H(19C) 109.5 
C(18)-C(20)-H(20A) 109.5 
C(18)-C(20)-H(20B) 109.5 
H(20A)-C(20)-H(20B) 109.5 
C(18)-C(20)-H(20C) 109.5 
H(20A)-C(20)-H(20C) 109.5 
H(20B)-C(20)-H(20C) 109.5 
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O(3)-C(21)-C(22) 110.90(14) 
O(3)-C(21)-H(21A) 109.5 
C(22)-C(21)-H(21A) 109.5 
O(3)-C(21)-H(21B) 109.5 
C(22)-C(21)-H(21B) 109.5 
H(21A)-C(21)-H(21B) 108.0 
C(23)-C(22)-C(17) 112.67(16) 
C(23)-C(22)-C(21) 107.73(15) 
C(17)-C(22)-C(21) 103.92(14) 
C(23)-C(22)-C(24) 115.49(15) 
C(17)-C(22)-C(24) 106.79(14) 
C(21)-C(22)-C(24) 109.61(14) 
C(22)-C(23)-H(23A) 109.5 
C(22)-C(23)-H(23B) 109.5 
H(23A)-C(23)-H(23B) 109.5 
C(22)-C(23)-H(23C) 109.5 
H(23A)-C(23)-H(23C) 109.5 
H(23B)-C(23)-H(23C) 109.5 
C(25)-C(24)-C(22) 113.04(14) 
C(25)-C(24)-C(13) 111.85(14) 
C(22)-C(24)-C(13) 115.33(14) 
C(25)-C(24)-H(24) 105.2 
C(22)-C(24)-H(24) 105.2 
C(13)-C(24)-H(24) 105.2 
C(26)-C(25)-C(24) 111.69(15) 
C(26)-C(25)-H(25A) 109.3 
C(24)-C(25)-H(25A) 109.3 
C(26)-C(25)-H(25B) 109.3 
C(24)-C(25)-H(25B) 109.3 
H(25A)-C(25)-H(25B) 107.9 
C(25)-C(26)-C(10) 113.71(15) 
C(25)-C(26)-H(26A) 108.8 
C(10)-C(26)-H(26A) 108.8 
C(25)-C(26)-H(26B) 108.8 
C(10)-C(26)-H(26B) 108.8 
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H(26A)-C(26)-H(26B) 107.7 
C(7)-N(1)-C(6) 108.63(16) 
C(7)-N(1)-H(1A) 127.0(17) 
C(6)-N(1)-H(1A) 123.7(17) 
C(11)-O(1)-H(1) 109.1(19) 
C(18)-O(2)-C(17) 113.47(14) 
C(18)-O(3)-C(21) 114.84(14) 
_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
  

Table 4.   Anisotropic displacement parameters (Å2x 103)for ib002_sarpong.  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) 32(1)  37(1) 24(1)  -4(1) 5(1)  -1(1) 
C(2) 49(1)  33(1) 27(1)  0(1) 7(1)  1(1) 
C(3) 46(1)  36(1) 31(1)  2(1) 1(1)  11(1) 
C(4) 31(1)  39(1) 29(1)  -2(1) -1(1)  7(1) 
C(5) 29(1)  31(1) 20(1)  -4(1) 1(1)  2(1) 
C(6) 29(1)  33(1) 17(1)  -4(1) 1(1)  2(1) 
C(7) 30(1)  36(1) 21(1)  1(1) 2(1)  2(1) 
C(8) 30(1)  32(1) 21(1)  -5(1) 2(1)  0(1) 
C(9) 31(1)  32(1) 30(1)  -5(1) 3(1)  -2(1) 
C(10) 26(1)  29(1) 25(1)  -2(1) 1(1)  1(1) 
C(11) 25(1)  36(1) 22(1)  -4(1) -1(1)  -1(1) 
C(12) 35(1)  34(1) 36(1)  -7(1) 6(1)  -2(1) 
C(13) 23(1)  35(1) 21(1)  2(1) -1(1)  2(1) 
C(14) 33(1)  39(1) 24(1)  4(1) 3(1)  10(1) 
C(15) 24(1)  47(1) 21(1)  -2(1) -1(1)  2(1) 
C(16) 24(1)  45(1) 21(1)  4(1) 2(1)  5(1) 
C(17) 28(1)  34(1) 20(1)  1(1) 2(1)  6(1) 
C(18) 32(1)  44(1) 20(1)  3(1) 0(1)  6(1) 
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C(19) 49(1)  59(1) 24(1)  -2(1) 4(1)  15(1) 
C(20) 40(1)  45(1) 24(1)  7(1) -3(1)  0(1) 
C(21) 30(1)  33(1) 22(1)  -2(1) -1(1)  3(1) 
C(22) 29(1)  28(1) 21(1)  1(1) 0(1)  4(1) 
C(23) 42(1)  29(1) 29(1)  0(1) 4(1)  6(1) 
C(24) 26(1)  24(1) 21(1)  1(1) -1(1)  2(1) 
C(25) 27(1)  30(1) 24(1)  -2(1) -1(1)  -1(1) 
C(26) 23(1)  34(1) 29(1)  -3(1) -1(1)  1(1) 
N(1) 24(1)  45(1) 22(1)  2(1) 1(1)  4(1) 
O(1) 26(1)  55(1) 24(1)  -9(1) -2(1)  1(1) 
O(2) 32(1)  45(1) 19(1)  3(1) 2(1)  12(1) 
O(3) 36(1)  38(1) 22(1)  -4(1) 0(1)  2(1) 
______________________________________________________________________________

Table 5.   Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 

for ib002_sarpong. 
______________________________________________________________________________
__ 
 x  y  z  U(eq) 
______________________________________________________________________________
__ 
 
H(1B) 7307 5658 3712 37 
H(2) 5786 7312 3511 44 
H(3) 3286 7077 3533 45 
H(4) 2225 5211 3763 40 
H(7) 5361 1716 4206 35 
H(9A) 2603 1538 4206 37 
H(9B) 1830 2340 3976 37 
H(10) 1596 4461 4233 32 
H(12A) -951 1127 4490 52 
H(12B) 590 1332 4621 52 
H(12C) 491 791 4335 52 
H(14A) -1435 6184 4510 47 
H(14B) -1032 5439 4247 47 
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H(14C) 218 6035 4428 47 
H(15A) -2813 3744 4466 37 
H(15B) -2206 2582 4662 37 
H(16A) -2988 5497 4793 37 
H(16B) -3875 4083 4874 37 
H(17) -1811 3237 5098 33 
H(19A) -2367 6669 5654 66 
H(19B) -2057 5507 5871 66 
H(19C) -3545 5462 5718 66 
H(20A) -2901 2844 5635 54 
H(20B) -1319 2995 5753 54 
H(20C) -1514 2486 5467 54 
H(21A) 459 3534 5290 34 
H(21B) 1350 5009 5267 34 
H(23A) 475 6956 4957 50 
H(23B) -780 7026 5164 50 
H(23C) -1177 6868 4871 50 
H(24) 335 3110 4861 29 
H(25A) 1831 5619 4695 33 
H(25B) 2381 4556 4913 33 
H(26A) 2714 2689 4630 35 
H(26B) 3495 4074 4513 35 
H(1) -460(30) 2280(30) 4035(6) 66(9) 
H(1A) 7260(30) 3300(30) 4028(5) 50(7) 

Table 6.  Torsion angles [°] for ib002_sarpong. 
________________________________________________________________ 
C(6)-C(1)-C(2)-C(3) -0.9(3) 
C(1)-C(2)-C(3)-C(4) 0.6(3) 
C(2)-C(3)-C(4)-C(5) 0.3(3) 
C(3)-C(4)-C(5)-C(6) -0.9(3) 
C(3)-C(4)-C(5)-C(8) 179.59(19) 
C(2)-C(1)-C(6)-N(1) 179.63(17) 
C(2)-C(1)-C(6)-C(5) 0.2(3) 
C(4)-C(5)-C(6)-N(1) -178.84(15) 
C(8)-C(5)-C(6)-N(1) 0.77(19) 
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C(4)-C(5)-C(6)-C(1) 0.7(3) 
C(8)-C(5)-C(6)-C(1) -179.71(16) 
N(1)-C(7)-C(8)-C(5) 0.0(2) 
N(1)-C(7)-C(8)-C(9) -177.68(17) 
C(4)-C(5)-C(8)-C(7) 179.1(2) 
C(6)-C(5)-C(8)-C(7) -0.4(2) 
C(4)-C(5)-C(8)-C(9) -3.3(3) 
C(6)-C(5)-C(8)-C(9) 177.18(17) 
C(7)-C(8)-C(9)-C(10) 109.2(2) 
C(5)-C(8)-C(9)-C(10) -67.9(2) 
C(8)-C(9)-C(10)-C(26) -62.6(2) 
C(8)-C(9)-C(10)-C(11) 171.98(15) 
C(26)-C(10)-C(11)-O(1) 172.06(15) 
C(9)-C(10)-C(11)-O(1) -63.0(2) 
C(26)-C(10)-C(11)-C(12) -70.58(19) 
C(9)-C(10)-C(11)-C(12) 54.3(2) 
C(26)-C(10)-C(11)-C(13) 57.12(19) 
C(9)-C(10)-C(11)-C(13) -177.98(15) 
O(1)-C(11)-C(13)-C(14) -54.50(19) 
C(12)-C(11)-C(13)-C(14) -171.43(16) 
C(10)-C(11)-C(13)-C(14) 62.18(18) 
O(1)-C(11)-C(13)-C(15) 63.57(18) 
C(12)-C(11)-C(13)-C(15) -53.4(2) 
C(10)-C(11)-C(13)-C(15) -179.75(14) 
O(1)-C(11)-C(13)-C(24) -176.60(14) 
C(12)-C(11)-C(13)-C(24) 66.5(2) 
C(10)-C(11)-C(13)-C(24) -59.92(18) 
C(14)-C(13)-C(15)-C(16) -73.07(19) 
C(24)-C(13)-C(15)-C(16) 49.6(2) 
C(11)-C(13)-C(15)-C(16) 168.27(15) 
C(13)-C(15)-C(16)-C(17) -57.1(2) 
C(15)-C(16)-C(17)-O(2) -172.59(16) 
C(15)-C(16)-C(17)-C(22) 63.5(2) 
O(2)-C(17)-C(22)-C(23) -57.09(19) 
C(16)-C(17)-C(22)-C(23) 66.5(2) 
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O(2)-C(17)-C(22)-C(21) 59.25(18) 
C(16)-C(17)-C(22)-C(21) -177.14(15) 
O(2)-C(17)-C(22)-C(24) 175.09(13) 
C(16)-C(17)-C(22)-C(24) -61.30(19) 
O(3)-C(21)-C(22)-C(23) 62.2(2) 
O(3)-C(21)-C(22)-C(17) -57.56(19) 
O(3)-C(21)-C(22)-C(24) -171.41(15) 
C(23)-C(22)-C(24)-C(25) 58.0(2) 
C(17)-C(22)-C(24)-C(25) -175.89(14) 
C(21)-C(22)-C(24)-C(25) -63.91(19) 
C(23)-C(22)-C(24)-C(13) -72.5(2) 
C(17)-C(22)-C(24)-C(13) 53.66(19) 
C(21)-C(22)-C(24)-C(13) 165.64(15) 
C(14)-C(13)-C(24)-C(25) -60.10(19) 
C(15)-C(13)-C(24)-C(25) -179.64(15) 
C(11)-C(13)-C(24)-C(25) 59.42(19) 
C(14)-C(13)-C(24)-C(22) 70.93(19) 
C(15)-C(13)-C(24)-C(22) -48.6(2) 
C(11)-C(13)-C(24)-C(22) -169.55(14) 
C(22)-C(24)-C(25)-C(26) 172.72(14) 
C(13)-C(24)-C(25)-C(26) -55.10(19) 
C(24)-C(25)-C(26)-C(10) 51.1(2) 
C(9)-C(10)-C(26)-C(25) -178.94(16) 
C(11)-C(10)-C(26)-C(25) -52.6(2) 
C(8)-C(7)-N(1)-C(6) 0.5(2) 
C(1)-C(6)-N(1)-C(7) 179.72(18) 
C(5)-C(6)-N(1)-C(7) -0.8(2) 
O(3)-C(18)-O(2)-C(17) 53.1(2) 
C(19)-C(18)-O(2)-C(17) 166.91(17) 
C(20)-C(18)-O(2)-C(17) -71.8(2) 
C(16)-C(17)-O(2)-C(18) 175.13(17) 
C(22)-C(17)-O(2)-C(18) -59.9(2) 
O(2)-C(18)-O(3)-C(21) -52.0(2) 
C(19)-C(18)-O(3)-C(21) -166.05(15) 
C(20)-C(18)-O(3)-C(21) 73.34(18) 
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C(22)-C(21)-O(3)-C(18) 57.0(2) 
________________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
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Chapter 4 
Symmetry Strategies and Tactics in Synthesis 

4.1 Introduction 

Natural product total synthesis has been described as not only a precise science, but a 
fine art as well.1 The complex structures of natural products and the methods for their 
construction have drawn interest and comparisons to architecture and other beautiful human-
made constructions.2 The art of synthesis planning also shares elements with that of classical 
games, like chess, comprising elements of strategies and tactics.3 To solve problems in chemical 
synthesis we look for tactics that lead to success in each step—not on a chess board but in the 
bonds and atoms of our molecule—and we are inspired by tactics used previously in the 
literature. This contrasts with strategies which are planned from the outset and are broader in 
scope. Though sometimes used interchangeably in the literature, tactics and strategies are 
distinct but intertwined and using definitions from the chess literature they can be defined as 
follows: 

Strategy the overall objectives of a player, which [they] will attempt to carry out 
throughout the game…The extent to which this overall plan will be carried out will depend upon 
the strength of resistance and the existence of any opportunities arising in the short term 

Tactics maneuvers to take advantage of opportunities arising in the short term... they gain 
immediate advantage if correct .4 

Classically, strategies in synthesis are displayed in retrosynthesis planning (Figure 4-1A): 
bond network analysis to guide disconnections,5 fragment recognition (find-the-carvone 
strategies that our laboratory has pursued),6 two-phase synthesis,7 bioinspired synthesis,8 and 
hidden symmetry recognitions9 to name a few are all tried and tested synthetic strategies. The 
possibilities in retrosynthesis planning are myriad, and a good strategy allows one to cut through 
the noise and select the most effective disconnections.  

Tactics are less obvious in their comparison to chess for the simple reason that synthesis 
is an experimental science. Whilst in chess one can guarantee a checkmate in 3, in the laboratory 
it is not possible to know if a new reaction will work. One exception, however, is intercepting a 
previous synthesis to complete a formal synthesis, much like hitting upon a known checkmate 
sequence, this is the exact set of moves that will take one to the target. We can recognize the 
simplifying nature of this tactic, why solve the endgame when you can utilize a prescribed set of 
guaranteed moves? Suffice to say there are many tactics in synthesis, including, but not limited 
to,  directed C–H oxidation,10 protecting group manipulation,11 and use of chiral auxiliaries (Figure 
4-1B).12 
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Figure 4.1 A. Examples of strategies in natural product synthesis. B. Examples of tactics 

One key interest of my doctoral studies has been the use of symmetry in synthesis, which 
as discussed above, is a classic strategy. However, the exploitation of symmetry is also present in 
synthesis tactics and can be helpful when navigating a synthesis campaign. This chapter aims to 
highlight syntheses where recognition of symmetry guides the major disconnections (strategy) 
and where it is employed to solve a specific problem in the synthesis (tactics). Through analysis 
and discussion, I hope to illuminate the different use-cases of symmetry and help guide future 
synthesis planning. The highlighted examples are all recent, however, the reader is directed 
toward the synthesis of paspaline from Johnson and coworkers where they define “local” and 
“global” desymmetrization methods.13 This classification was an inspiration for the following 
discussion.  
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4.2 A showcase of strategy: Sarpong total synthesis of delavatine A 

 Finding hidden symmetry elements within a natural product can be greatly simplifying, 
especially when combined with other strategies. In their total synthesis of delavatine A (Scheme 
4.1, 4-1),14 Sarpong and coworkers retrosynthetically disconnected this tetracyclic alkaloid back 
to its biosynthetic precursor, trialdehyde 4-2. The benzenoid core of 4-2 is flanked by two 5-
membered rings bearing a stereogenic methyl group but differing in connectivity. The key 
recognition was that these fragments could result from the same precursors—an element of 
functional group symmetry. Thus 4-2 could be formed from 3,5-biscoupled pyrone 4-3 through a 
ring opening 6π-electrocyclization cascade. Notably, pyrone 4-3 contains this effective element 
of symmetry about the central axis of the pyrone, thus 4-3 could be taken back to 3,5-
dibromopyrone (4-4) and nucleophilic coupling partners 4-5, which would allow for rapid build-
up of the system. 

The synthesis commenced from 3,5-dibromopyrone (Scheme 4.1B 4-4) which underwent 
sequential positional selective cross-coupling15 with fragment 4-6 to give intermediate 4-7, 
followed by coupling with 4-8 (4-6 and 4-8 were each derived from pulegone16 with differing 
oxidation states for ease of downstream reactions). In the same pot, they added NaCN to ring-
open the pyrone and then MeI to give methylated adduct 4-9 in 32% yield. Remarkably, this 
introduces all of the carbons of the natural product in a single pot, and 14 of those carbons are 
derived from the same feedstock owing to their recognition of symmetry. The key 6π-
electrocyclization was effected by soft enolization (4-10) with TBSOTf and Et3N followed by 
heating in the presence of DBU to give diester 4-11 as an inconsequential mixture of 
diastereomers. Diester 4-11 contains the complete carbon skeleton of the natural product—
formed in just two pots from 3,5-dibromopyrone. The synthesis was completed through 
reduction of the diester with LAH, Swern oxidation to give the biosynthetic intermediate, 
trialdehyde 4-2, followed by treatment with NH4OAc with heating to give delavatine A (4-1). The 
expedient nature of this synthesis is due in large part to the recognition of latent symmetry, 
which allowed assemblage of the carbon skeleton in a single step through the sequential one pot 
cross-coupling reaction. While no intermediate was overtly symmetrical, the researchers were 
able recognize pseudosymmetric functional groups that led them toward an efficient synthesis. 
Thus, their overall objective of a symmetry-guided synthesis was realized.  
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Scheme 4.1 A. Sarpong and coworkers’ retrosynthesis of delavatine A. B. Summary of the total 
synthesis of delavatine A 

4.3 Highlights in tactics: Luo batrachotoxinin A and Dai pyracurcasone syntheses 

 Luo and coworkers displayed an exquisite use of symmetry as a problem-solving tactic en 
route to their synthesis of the steroidal alkaloid batrachotoxinin A (Scheme 4.2 4-12).17 In their 
original synthesis plan (Scheme 4.2A from the Supporting Information of their communication) 
bromoketone 4-13 underwent photoredox radical coupling18 with ketoester 4-14 in the presence 
of chiral amine 4-15 to give coupled adduct 4-16 in 30% yield. They then planned to effect an 
intramolecular lithiate addition of 4-16 to give the 6,5-fused rings of the steroidal natural 
product. However, treatment of 4-16 with t-BuLi gave undesired ester migration product 4-17 as 
a 1:1 mixture of diastereomers.  
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Here they faced a real challenge: the intramolecular lithiate addition was selective for the 
undesired electrophile, but the electron-withdrawing ester of 4-14 was necessary in order to 
achieve selective radical coupling. Their elegant solution was to switch the coupling partner from 
ketoester 4-14 to bicyclo[3.2.0]octane diketone 4-18 (Scheme 4-2B). The same photoredox 
radical coupling could now be performed with an achiral amine mediator to give adduct 4-19 in 
a much-improved 70% yield. The benefit of using a symmetrical coupling partner here was two-
fold. First, the newly formed all-carbon quaternary center is not stereogenic, so there was no 
need to use a chiral amine mediator to control diastereoselectivity. Second, absent the ester, the 
reaction with t-BuLi proceeded smoothly and after treatment with TMSOTf and Et3N, gave the 
desired 6,5-fused ring system (4-20) in 25% over 2 steps. An excess of t-BuLi was required for this 
reaction as they observed deprotonation of the enolate occurred faster than lithium halogen 
exchange. The subsequent cyclization was then under the control of substrate conformation 
(described in detail in their Supporting Information). This tactic did leave behind an additional 
five-membered ring which in a sequence of 6 steps could be opened to give aldehyde 4-21. 
Reductive amination and formation of the seven-membered ring proceeded in 61% yield to give 
4-22. Schenck-ene oxidation, addition of MeMgBr, and then reduction of the amide with LAH 
gave batrachotoxinin A in 12 steps from 4-13. The synthesis could not have navigated the 
roadblock of lithiate addition selectivity if not for the clever application of the symmetry tactic. 
In this case the authors were able to take advantage in the short term of an opportunity to use a 
symmetrical building block and gained immediate advantage—a symmetry tactic. 



201 
 

 

Scheme 4.2 A. Luo and coworkers’ initial route toward batrachotoxinin A (4-12). B. Revised route 
incorporating symmetrical diketone 4-18 to solve the challenge of chemoselectivity.  

 Mingji Dai and coworkers have also used symmetry tactics in their recent synthesis of 
pyracurcasone (4-23),19 also revolving around a five-membered ring. Their synthesis commenced 
from perillaldehyde which was advanced to allylic alcohol 4-24 in 2 steps. This allylic alcohol could 
be displaced by simple, symmetrical, nucleophile 1,3-cyclopentanedione (4-25) under Mitsonobu 
conditions to selectively give O-alkylated product 4-26. Heating of vinylogous ester 4-26 in DMF 
induced a Claisen rearrangement followed by cyclization onto the acetal to give 4-28 in 48% over 
2 steps. Functional group symmetry simplifies any complications in positional selectivity or 
diastereoselectivity in this system. 1,2-Addition of lithiate 4-29 into the carbonyl group of 4-28 
followed by iron-mediated rearrangement (via intermediate 4-30) gave the key seven-membered 
ring of the natural product (4-31). The back and forth interplay between the carbonyl positions 
of the original 1,3-cyclopentanedione (4-25) highlight the potency of this symmetry tactic. It is 
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particularly clear when one considers traversing between intermediates 4-27 and 4-30, the five-
membered ring fragment must be symmetrical—otherwise, there would be massive challenges 
of positional selectivity. In three separate steps, symmetry tactics simplify the challenges that Dai 
and coworkers faced en route to the synthesis of the natural product, several congeners, and 
analogues in short order.  

 

Scheme 4.3 Dai and coworkers’ total synthesis of pyracurcasone A (4-23) utilizing symmetry 
tactics 

4.4 Conclusion and Outlook 

 This short chapter highlights the power of hidden symmetry tactics and strategies in 
simplifying the synthesis of natural products. The delavatine A (4-1) synthesis from Sarpong and 
coworkers relied on a recognition of hidden symmetry to inspire a site-selective sequential cross-
coupling that assembled the carbons of the natural product rapidly. Symmetry tactics served the 
Luo and Dai lab well in their synthesis of batrachotoxinin A (4-12) and pyracurcasone (4-23) 
through the addition of symmetric fragments that obviated challenges of site- or 
chemoselectivity. These considerations were fully on my mind as I devised a symmetry-inspired 
synthesis of the melicolone natural products (Chapter 6). 
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Chapter 5 

Strategic Application of C–H Oxidation in 
Natural Product Total Synthesis 
5.1 Introduction 

In the opening chapter of this dissertation, I expressed that the ultimate goal of organic 
synthesis is total, programmable control of reactivity. At this extreme, we would view all bonds 
as functional groups to be manipulated to our liking. Toward this end, the field of C–H oxidation 
seeks to render unactivated C–H bonds reactive and on this basis reimagine what is possible in 
synthesis. Total synthesis is the ultimate testing ground for methodology and as such, C–H 
oxidation-based strategies for the synthesis of complex natural products have gained a great deal 
of popularity in recent years.1  

In our own laboratory, C–H oxidation reactions are proving to be extremely powerful tools 
for completing various synthesis campaigns (see our recent syntheses of the longiborneol, 
cephanolide, xishacorene, and lycodine-type natural products).2 Methodological advancements 
continue to reshape the ways we make molecules, and in particular, methodologies to oxidize 
unactivated C–H bonds have developed rapidly in recent years.3 Lagging behind the 
methodological developments has been the corresponding applications in synthesis, as is often 
the case, due to barriers of practicality, and generality.4 Nonetheless, strategies such as “two-
phase” synthesis codified by Baran,5 where the cores of molecules are constructed rapidly in the 
“cyclase phase” followed by decoration of the periphery through oxidation reactions in the 
“oxidase phase”, as well as semisynthetic oxidation approaches6 among others have found 
significant purchase. C–H oxidation reactions can serve a multitude of purposes within a synthesis 
and increasingly these reactions are being included in synthesis planning. To help guide the 
utilization of C–H oxidation in complex molecule synthesis, we propose a framework for 
classifying different strategic use-cases (Figure 5.1), which captures and organizes these 
strategies on the basis of how they relate to the target structure. 

  

Type 1: leverages newly installed oxidation to build, rearrange, or break the carbon skeleton. 

Type 2: builds a ring using the installed oxidation. 

Type 3: installs oxidation on the periphery of the target.  
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Figure 5.1 Strategic use-cases of C–H oxidation  

Use of C–H oxidations may be further classified by whether they are “directed”7 or 
“undirected.”8 We, therefore, arrive at six possible strategic classifications for a C–H oxidation 
reaction deployed in a total synthesis. We will highlight examples in the syntheses of natural 
products published in the last 3 years that utilize C–H oxidations that fall into the classification 
scheme illustrated in Figure 5.1 with an eye toward how the oxidation enables uniquely efficient 
synthesis planning. Finally, we will explore two case studies from our own laboratory where we 
will provide more insight into the underlying thought processes for planning and navigating 
syntheses completed in the group. 

5.2 Type 1 C–H oxidation 
Type 1 C–H oxidations, as defined here, facilitate the formation of core C–C bonds. As 

such, they have been more frequently deployed earlier in syntheses and have found particular 
application in bioinspired syntheses. The newly introduced oxidation can allow access to the 
shallow carbocationic landscape that natural products traverse during biosynthesis by 
intercepting biosynthesis-like intermediates. In terms of practical synthesis advantages, strategic 
use of C–H oxidations—and type 1 oxidations in particular—allows for a greatly expanded set of 
starting materials in synthesis by taking advantage of a larger pool of chiral terpenoids (the “chiral 
pool”)9 lacking the requisite oxidation. Below we will discuss several examples of Type 1 
oxidations, noting how the oxidations allow the user to transform advanced starting materials—
steroids and diterpenes—by introducing unnatural oxidation such that little synthetic effort is 
spent on elaborating the carboskeleton. C–H oxidation opens up distinct new avenues for 
semisynthesis.  

5.2A Undirected Type 1 C–H oxidation 

Site-selective undirected C–H oxidation is the ultimate enabler of synthesis planning, 
because every hydrogen can be a functional group, which opens up numerous strategic 



207 
 

possibilities. The challenge, of course, lies in gaining selectivity.8 In their synthesis of complex 
diterpenes (Scheme 5.1), Renata and coworkers leverage enzymatic and chemical methods to 
selectively oxidize 11 different positions in 4 distinct terpene scaffolds.10 Through a combination 
of enzymatic and chemical oxidations, they were able to access 8 diterpenoids in a rapid fashion 
from abundant, lower oxidation-state, terpene feedstocks. Renata and coworkers recognized the 
biosynthetic relationships between the diterpenoid families, for example ent-beyerane [3.2.1] 
bicycle and ent-atisane [2.2.2] bicycle through a Wagner–Meerwein shift (5-1 to 5-2) as well as 
the relationship between the ent-atisane and ent-trachylobane [3.2.1.0] tricycle (5-3 to 5-4).11 
Their synthesis plan started from the cheap, abundant ent-beyerane isosteviol (5-5) that was first 
converted to the ent-atisane skeleton and then to the complex ent-trachylobane mitrephorone 
A12 (5-11) through a series of bioinspired carbocationic rearrangements. Key to this strategy was 
the development of a biocatalytic, site-selective, C-12 oxidation of isosteviol (5-5) which could be 
leveraged to form the desired carbocation.   

Biocatalytic C–H oxidations are promising because of the mild conditions that are required 
in introducing an element of tunable site-selectivity.13 The enzyme active site enables the 
catalytic center (often an iron heme) to be turned over with mild oxidants and the secondary 
ligand sphere of the protein can position substrates for selective oxidation.13A That secondary 
ligand sphere can be optimized and adjusted, a paradigm with which, in theory, a catalyst could 
be tuned to selectively functionalize any position on any molecule.14 Several enzymes were 
identified from the platensimycin biosynthesis, PtmO5, PtmO3, and PtmO6, which promiscuously 
accept ent-kaurane substrates.15  Among these enzymes, the P450 monooxygenenase (PtmO5) 
was found to be effective for efficient hydroxylation of C-11 in the ent-kaurane scaffold when 
fused to the reductase domain of P450RhF to give PtmO5-RHFRed. Conversion was further 
improved upon coexpression with GroES and GroEL chaperone, and the NADPH recycling system 
Opt13. They then applied these conditions to the oxidation of the ent-beyerane isosteviol (5-5) 
which serendipitously underwent selective C-12 oxidation. Renata and coworkers hypothesize 
that this selectivity arises from the differing positioning of ent-kaurane and ent-beryane 
skeletons within the active site. Between PtmO6 and PtmO5, Renata et al. were able to site-
selectively and chemoselectively oxidize four different positions on different diterpene 
feedstocks. Isosteviol (5-5) could be selectively oxidized to alcohol 5-6 on preparative scale, 
setting the stage for the group’s synthesis of mitrephorone A (5-11). 

With sufficient access to alcohol 5-6,  Renata and coworkers initiated their proposed 
skeletal reorganization through the ionization of 5-6 with TfOH to form the ent-atisane skeleton 
upon 1,2-acyl shift and quenching of the resulting carbocation (5-7). Reduction of the ent-atisane 
ketone group with L-selectride gave alcohol 5-8, which was primed to undergo the second of two 
skeletal rearrangements. Ionic reduction with BF3OEt2 and triethylsilane gave ent-trachylobane 
acid 5-10 in 61% yield over 3 cycles through ionization of the hydroxy group and selective 
reduction of the resulting non-classical carbocation 5-9. Acid 5-10 can be elaborated to 
mitrephorone A (5-11) in just 5 additional steps resulting in a synthesis with a total step count of 
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9. Notably, this is considerably shorter than the previous syntheses (18, and 23 steps)16 owing in 
large part to the fact that Renata and coworkers start with a complete carbon skeleton.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 5.1A. Renata’s syntheses of complex diterpenes featuring multiple C–H oxidations of 
terpene feedstocks B. Carbocationic relationship between bridged diterpenes. C. The Renata 
group’s synthesis of mitrepherone A (5-11) feature a Type 1 C–H oxidation  

It is important to highlight how the available C–H oxidation methodology completely 
reshaped the optimal way to synthesize mitrephorone A (5-11). Isosteviol (5-5) is only available 
as a starting material because it undergoes selective remote C–H oxidation that enables a skeletal 
reorganization that is only possible because of a Type 1 C–H oxidation. New methodology 
informed new strategy.  

5.2B Directed Type 1 C–H oxidation 

In 2022 Heretsch17 and Deng18 published nearly simultaneous reports on the synthesis of 
spirochensilide A19 (5-15) from lanosterol (5-16) utilizing a similar strategy (Scheme 5.2). Both 
groups were inspired, once again, by the biosynthesis of this lanostane triterpenoid. On the basis 
of analyses of known congeners of lanosterol (5-16), they proposed a modified biosynthetic 
pathway (Scheme 5.2A). Lanosterol undergoes several enzymatic oxidations to give diepoxide 5-
12. Selective ring opening of the northern epoxide gives carbocation 5-13 which undergoes two 
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successive Wagner–Merweein shifts to give 5-14 bearing the distinctive methyl group patterning. 
The remaining epoxide then underwent a Meinwald rearrangement to give the eponymous 
spirocycle found within the core of spirochensilide A (5-15).  

Both groups targeted the formation of carbocation 5-13 from lanosterol anticipating that 
they could induce the same carbocationic rearrangements that occur in the biosynthesis en route 
to the natural product. This strategy would allow for starting the synthesis with all the requisite 
carbons, but necessitate a C–H oxidation of C-17. One could imagine the difficulties in undirected 
C–H oxidation at this point; multiple tertiary electron-rich C–H bonds and double bonds would 
make selectivity extremely challenging. Therefore, both groups opted to use directed C–H 
oxidations. The Heretsch commences with the cleavage of the prenyl group of lanosterol (5-16), 
taking advantage of this functional group to install the requisite directing group in the form of 
alcohol 5-17. Upon treating 5-18 with modified Suarez reaction conditions (NaI, PIDA, and visible-
light irradiation),20 an alkoxy radical is formed that undergoes a 1,5-HAT to abstract the H-atom 
from C-17. Traditionally, the resulting tertiary radical is further oxidized to either the alkyl halide 
or carbocation to which the pendent hydroxy group adds. In this case, the oxidation triggers the 
first of the two bioinspired Wagner–Meerwein shifts, leading to rearranged tetrahydropyran 
product 5-19 in 34% yield, presumably through 5-18. The second shift can be effected by 
ionization of the THP through treatment with TiCl4 yielding diene 5-20 after elimination in 
excellent yield. The final phase of their skeletal reorganization was achieved by oxidative 
rearrangement of 5-20 through treatment with NIS and AgNO3 in a THF water mixture. The 
researchers propose that this transformation proceeds by the formation of the halohydrin which 
equilibrates to the desired epoxide (similar to 5-14) which undergoes Meinwald rearrangement.  
From spirocycle 5-21, the synthesis was completed in an additional 8 steps, a sequence that is 
notably shorter than the previous 22 step synthesis,21 once again owing to the advanced starting 
position.  

The Deng group’s synthesis18 rested on a similarly effective recognition. Instead of 
triggering the rearrangements in a step-wise fashion, they endeavored to do so in a single 
operation. As such, their synthesis also commenced from lanosterol (5-16) which in 2 steps was 
cleaved to unveil aldehyde 5-22. Homologation to trifluoromethyl ketone 5-23 was achieved by 
addition of TMSCF3, and subsequent DMP oxidation in 80% yield over two steps. Yang and 
coworkers have shown that these trifluoromethyl ketones can be leveraged for intramolecular 
C–H oxidation,22 though Deng and coworkers note that the hydroxylation that they report may 
be its first application in total synthesis. Treating trifluoromethyl ketone 5-23 with oxone in 
buffered solution results in the formation of the corresponding dioxirane which undergoes 
intramolecular C–H insertion at C-17 to give the trifluoromethyl hemiketal which was saponified 
and methylated to give alcohol 5-24 in 50% over 2 steps. Alcohol 5-24 was converted to diepoxide 
5-25 in 3 steps setting the stage for the rearrangement cascade. Treatment of diepoxide 5-25 
with an excess of BF3OEt2 triggered all three of the bioinspired rearrangements to give spirocycle 
5-26 in 35% yield which was taken to spirochensilide A in 7 steps.  
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Scheme 5.2A. Proposed biosynthesis of lanostane triterpenoid spirochensilide A (5-15) B.  
Heretsch and Deng groups’ syntheses of spirochensilide (5-15) A using directed type 1 C–H 
oxidation 

When considered together these syntheses show clearly the power of Type 1 C–H 
oxidation as an entry point into carbocationic rearrangements and rearrangement cascades. In 
this way the oxidation is leveraged to reshape the carbon skeleton and build target-oriented 
complexity. While many syntheses using Type 1 C–H oxidations use them to enable such 
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rearrangement strategies, one could also envision utilizing these reactions to enable the 
introduction of additional carbon atoms through C–C bond formation. For example, a terpene 
could be functionalized using C–H oxidation, and the resulting functional handle could be used 
to synthesize sesquiterpenes or diterpenes through prenylation. In an inverse case, one could 
envision taking a readily available, larger starting material—higher order terpenoids, steroids 
etc.—which contain a target relevant subskeleton and using C–H oxidation to enable C–C 
cleavage reactions which yield a valuable, smaller intermediate.  As the collection of oxidation 
reactions grows, so will the number of strategies in synthesis planning and the complexity of our 
feedstocks.   

5.3 Type 2 C–H oxidation 
 Type 2 oxidations are defined as those that result in the formation of heterocyclic rings. 
They have found great use in the synthesis of highly oxidized terpene natural products which 
feature ether and lactone linkages as major structural elements.23 Use in this realm has been 
dominated by directed Suarez oxidations24 or carboxylate-directed lactonizations with the White-
Chen catalyst.25 These reactions facilitate the oxidative remodeling of terpenes26 and can greatly 
simplify functional group manipulation during the synthesis. Undirected Type 2 oxidations are 
somewhat rare but can be especially effective in a divergent synthesis. Importantly, a single 
oxidation can be used in a divergent fashion, leading to a variety of oxygenated functional groups. 
This is especially relevant when targeting families of higher oxidation-level natural products.  

5.3A Undirected Type 2 C–H oxidation 

In a recent synthesis from Zhang and coworkers, an incisive late-stage desaturation was 
employed in order to access several high-oxidation state illicium sesquiterpenes.27 The versatility 
of the unsaturation is evident in its use as a handle for epoxidation, hydration, and allylic 
oxidation—all of which are utilized to make natural products. Thus, they targeted late-stage 
intermediate 5-27 which underwent desaturation28 to give alkene 5-28. A strategic feature of this 
synthesis is the use of a variety of different C–H oxidations to achieve halogenation then 
elimination, hydroxylation-elimination, and direct desaturation. From a methodological 
perspective, all of these transformations are possible by targeting an electron-rich tertiary C–H 
bond. 

 The Zhang synthesis commences from (R)-pulegone (5-35) which underwent Favorskii 
ring contraction and allylation to give ester 5-34 in 85% yield as a single diastereomer over 2 
steps. This set of transformations highlights another value of their late-stage desaturation 
approach. The unactivated tertiary stereocenter of pulegone allows access to the series in an 
enantiospecific fashion and is leveraged to control the stereochemistry of the allylation, but is 
later ablated in the key desaturation step. Much like how the Type 1 oxidations enabled the use 
of unconventional starting materials, this is a case where Type 2 oxidation enables the use of an 
enantioenriched starting material where the stereocenter that drives diastereoselectivity is not 
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directly carried through to the target. Epoxidation of the tetra-substituted alkene with m-CPBA 
and oxidative cleavage of the allyl group with RuCl3 and NaIO4 proceeded with spontaneous 
lactonization to give bicycle 5-35 in 77% yield. Following a sequence of 4 steps, propargylic 
alcohol 5-36 was prepared and subjected to palladium-catalyzed borylative-cyclization29 
conditions which yielded alcohol 5-37 after an oxidative work-up. In two additional steps, 
selenocarbonate 5-38 was prepared and a radical cyclization initiated by AIBN was performed to 
close the last core ring to give 5-27 in 96% yield.  

 The key desaturation could then be studied. Initial attempts to achieve C–H  bromination 
(NBS, AIBN, refluxing CCl4) led not only to the desired C-1 oxidation, but also the undesired 
oxidation of the C-7 secondary hydroxy group. Calculated bond dissociation energies (BDEs) 
showed that this alpha-hydroxy bond was weaker than the desired C–H bond. Therefore, Zhang 
et al. investigated solvent effects, hypothesizing that tuning the electronic and steric 
environment of the secondary alcohol through H-bonding could affect the BDE and rate of 
oxidation at C-7.30  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 5.3A. The Zhang group’s plan for remote desaturation to access several illicium 
sesquiterpenes B. Synthesis of the Zhang common intermediate through C–H oxidation C. 
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Completion of merrilactone A (5-29) and anislactone B (5-30) by leveraging desaturation for 
undirected Type 2 C–H oxidation. 

Use of hexafluoroisopropanol as solvent and 312 nm light initiation immediately suppressed the 
undesired reactivity, though in moderate yield. Switching to violet LEDs (390 nm) and use of 
benzophenone as a triplet sensitizer led to the isolation of alkene 5-28 in 82% yield on gram-
scale.  

This oxidation was parlayed in a Type 2 fashion to synthesize merrilactone A31 (5-29) and 
anislactone B32 (5-30). First, alkene 5-29 was epoxidized and then treated with p-TsOH to induce 
ether bridge formation to give a heterocycle typical of Type 2 oxidation and complete the 
synthesis of merrilactone A in 13 steps33 and an excellent 23% overall yield. Mukaiyama hydration 
of the alkene group in 5-28 gave merrilactone B34 (5-30) which was converted to anislactone B 
through trans-lactonization by treatment with K2CO3 in MeOH. The late-stage desaturation also 
enabled the synthesis of two other sesquiterpenes highlighting the utility of this oxidation 
reaction. The key targeting of an electron-rich tertiary C–H bond in the Zhang synthesis planning 
was validated, and in the process, a new method for the mild violet light mediated desaturation 
was developed. 

5.3B Directed Type 2 C–H oxidation 

Type 2 C–H oxidations have seen the most application when used in the directed manifold 
owing to the strong history of directed C–H functionalization reactions dating back to classic 
studies in steroid synthesis.35 These reactions have been pivotal in many recent syntheses of 
neurotropic sesquiterpenes.23 Shenvi and coworkers recently disclosed a synthesis36 of the 
sesquiterpene picrotoxinin37 (5-39) that utilizes a Type 2 C–H oxidation to close the C-2 to C-15 
lactone. This oxidation-based transform is simplifying when compared to traditional lactonization 
transforms as it reduces the number of functional groups one must install or carry through the 
synthesis (Scheme 5.4B).  

The Shenvi synthesis commenced with an interesting strategic decision, starting with the 
aldol reaction of dimethyl carvone (5-46) to give 5-48 in 67% yield and high diastereoselectivity 
for the desired alpha epimer. The superfluous methyl group of dimethyl carvone was necessary 
for achieving high diastereoselectivity in this addition reaction. However, it needed to be 
removed later in the synthesis—unusual strategically—but possible through application of C–H 
oxidation. A two-step annulation sequence delivered bicycle 5-49. The secondary alcohol and 
isopropenyl groups were protected in 5-50 through a bromoetherification reaction with NBS in 
near quantitative yield. Conventional oxidation methodologies were employed to install the 
lactone moiety in 5-51 where the secondary hydroxy group is axially disposed and primed to 
oxidize the flanking methyl group which was accomplished using AgOAc, I2, and visible-light 
irradiation to give ether 5-52. A subsequent 3-step oxidation, radical ring opening-halogenation, 
and dehalogenation sequence deleted the extra methyl group to yield 5-53. While this deletion 
sequence required 4 steps, installing the methyl group at the outset of the synthesis enabled the 
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key diastereoselective annulation. The strategy adopted by Shenvi and coworkers constitutes an 
unexpected use of Type 1 directed C–H oxidation.  

With the extra methyl removed, the synthesis was completed by directed Type 2 C–H 
oxidation with Pb(OAc)2, CaCO3, and light to effect lactonization followed by reductive cleavage 
of the bromoether to give picrotoxinin (5-39) in 13 total steps—the shortest synthesis of this 
natural product to date.38 Key to the efficiency of this synthesis was the use of dimethyl carvone 
as starting material. The two methyl groups were installed in a single step and enabled the 
desired diastereoselectivity on the subsequent reaction. However, neither appear at the methyl 
oxidation state in the natural product. One was deleted through a Type 1 C–H oxidation, and the 
other was converted into a heterocyclic structural element with a Type 2 C–H oxidation. C–H 
oxidation strategies expand what is possible from unactivated positions and allowed for this 
counterintuitive—but highly efficient—plan.  

 

 

 

 

 

 

 

 

 

 

 

Scheme 5.4 A. The Shenvi group’s retrosynthesis of picrotoxinin A B. Oxidation-based 
lactonization disconnections compared to classical disconnection C. Synthesis of picrotoxinin A 
featuring a Type 2 directed C–H oxidation 

5.3 Type 3 C–H Oxidation 
Type 3 oxidations perhaps represent the most classical use of C–H oxidation and hold 

tremendous promise partly due to their reliability at a late-stage.39 Type 3 oxidation logic 
intersects smoothly with biosynthetic “two-phase” logic.5 In natural systems, promiscuous 
oxygenases are responsible for converting unfunctionalized metabolites to their higher 
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oxidation-level congeners. There is very sound synthesis logic here; it naturally leads to syntheses 
that are step-economic without the need for protecting group manipulations or functional group 
interconversions as one shepherds the oxidation through the synthesis. For the two-phase 
synthesis to work, however, methods for C–H oxidation must be up to the task and our 
understanding of principles leading to selectivity must be sound. 

5.3a Undirected Type 3 C–H oxidation 

Many methods have been employed that target the weakest, most electron-rich 
(hydridic), C–H bond in the molecule. Some deviation in selectivity is possible using sterically 
bulky catalysts that select away from tertiary C–H bonds.40 Other methodologies that target 
strong C–H bonds41 and primary selective functionalization42 have been developed but not used 
in total synthesis to date. As such, the current methodologies are best employed for targeting 
tertiary C–H bonds distal from electron-withdrawing groups, or proximal to electron-releasing 
groups. Several of the syntheses discussed above include examples of undirected Type 3 C–H 
oxidation. However, we will not be discussing them in detail here. For more information see the 
full papers from Renata and Zhang.10,27  

An interesting case of selectivity was explored in the context of the total synthesis of ent-
trachylobane43 natural products by Magauer44 and coworkers. This work stands as a counterpoint 
to the biocatalytic C–H oxidations explored by Renata and coworkers and highlights the different 
methodologies that can invert selectivity. The Magauer group set out to investigate the 
selectivity of chemical methods within the ent-trachylobane scaffold. The [3.2.1.0] tricycle of 5-
56 was targeted which contains various structural elements that could be oxidized. Thus, they 
commenced their synthesis from decalin 5-53 which was accessed in 8 steps from commercial 
material and was crucial in their prior synthesis of mitrephorone A (5-11).16B A five-step sequence 
advanced 5-53 to enone 5-54 which underwent Luche reduction and elimination with Burgess 
reagent to give diene 5-55 in 30% yield over 2 steps. Diene 5-55 was primed for a key Diels–Alder 
cycloaddition building the [3.2.1.0] tricycle of the family (see 5-56) in 85% yield upon heating.  

With the core of the trachylobanes in hand, Magauer et al. then explored it’s oxidation. 
Use of the electrophilic oxidant TFDO46 led to selective formation of 5-57 in 43% yield which led 
to the corresponding natural product after ester saponification. The observed reactivity can be 
rationalized by the electron-releasing nature of the cyclopropane. Electrochemical oxidation47 
showed similar selectivity, but they were able to isolate 10% of product corresponding to radical 
ring opening (not shown). Use of Ru(TMP)(CO)48 also delivered the desired ketone in 27% yield, 
as well as the lower oxidation level alcohol in 38% yield. Selectivity was changed by using the 
bulky ((R,R)-Mn(CF3-PDP) catalyst49 which resulted in the formation 5-61 containing the [2.2.2] 
bicycle characteristic of the ent-atisane natural products. This is presumably formed from 
oxidation at C-15 and radical ring opening.  
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Scheme 5.5 A. Magauer group’s synthesis of ent-trachylobane skeleton 5-36 B. Undirected Type 
3 C–H oxidation studies toward ent-trachylobane natural products 

Application of undirected C–H oxidation methodology requires analysis of substrate 
electronics. Prior studies from Baran and coworkers have shown that 13C-NMR50 shifts can be 
reliable predictors of site-selectivity, Zhang and coworkers used BDE calculations to guide their 
planning (see Section 5.2a), and Magauer and coworkers used the inherent—and atypical—
structural features of their target to their advantage. 

5.3B Directed Type 3 C–H oxidation 

 Recently, Luan51 and coworkers explored the intersection of traditional synthetic logic 
and C–H oxidation methodology to design an elegant synthesis of dalesconol A52 (5-68). This 
polyketide natural product contains three aryl ketones with o-oxidation lending very naturally to 
the use of directed C–H oxidation for late-stage manipulations using the ketone—or a derivative 
thereof—as a directing group.53 The researchers cleverly planned to do all three oxidations in a 
single operation,54 thus rapidly installing the desired oxidation in a step-economic fashion. Thus, 
they were able to design a two-phase synthesis approach.  

 The key cyclization event was effected using a Pd(0)-norbornene mediated Catellani-type 
cascade55 where aryl iodide 5-62 was coupled with bis-homopropargylic bromide 5-63 through 
activation of a C–H bond and migratory insertion across the alkyne. The key spiro-tricycle was 
then formed through a one-pot ketal cleavage/ Michael addition to give 5-64 in 64% yield. This 
cyclization is remarkably efficient for constructing the core of the molecule. Notably, the choice 
to push the C–H oxidation to the end of the synthesis allowed for simpler building blocks—
additional oxidation did not interfere with the cascade, nor did they have to expend steps to 
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install it. The wealth of known C–H oxidations directed by ketones provided many options for the 
subsequent steps, an important strategic consideration. 

 Benzylic oxidation of diketone 5-64 gave triketone 5-65. From here, one-step 
hydroxylation56 directly from the ketone were unsuccessful. As a result, triketone 5-65 was 
converted to the trioxime methyl ether 5-66 by treatment with MeONH2HCl. The oxime ether 
was found to be a suitable directing group for the hydroxylation reaction installing all three 
hydroxy groups in the product in a single step.57 The oximes were cleaved upon treatment with 
HCl giving triol 5-67 in 41% yield, which is a remarkably high yield given the 3 oxidations and 
directing group cleavages that occurred in a single operation. This rapid increase in oxidation 
clearly shows how careful synthetic planning can allow for highly efficient multiply-operative 
reactions. Advanced intermediate 5-67 was converted to dalesconol A (5-68) using a palladium 
catalyzed oxidation developed by Stahl58 and coworkers to afford the natural product in a longest 
linear sequence of 8 steps. The reverse order of operations was attempted at this stage, i.e., 
desaturation prior to hydroxylation. However, no desired reactivity was observed. The 
researchers also highlighted the power of their strategy for late-stage diversification wherein 
triketone 5-65 was sulfaminated using iridium catalysis59 to give trisulfonamide 5-70 in 84% yield. 
The tosyl groups were cleaved with sulfuric acid to give the aminated analogue of dalesconol A 
(5-71) in 98% yield. The ease with which they were able to prepare these analogues is a strong 
argument for delaying the oxidation step as late as possible into the synthesis campaign—in this 
way, diverse libraries can be produced in the fewest possible steps.  
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Scheme 5.6A. The Luan group’s synthesis of dalesconol A featuring multiple directed Type 3 C–H 
oxidations in a single pot B. Use of Type 3 directed C – H oxidation to access dalesconal A 
analogues 

5.4 Case study: total synthesis of longiborneol sesquiterpenoids 

(Written by Dr. Robert Lusi) 
A primary goal of our synthetic studies2F,G on the longiborneol sesquiterpenoids60 was to 

showcase the power of Type 3 C–H oxidations to enable divergent syntheses of related natural 
products.3H,8 Use of C–H oxidation methods in complex molecule synthesis aids the continued 
development of these methods. Such applications can highlight situations in which these 
methods are ineffective, and factors which may alter their efficacy, bringing focus to areas where 
further improvements are needed. Applications of these methods in complex molecule synthesis 
can also serve as proof-of-concept studies which demonstrate how a variety of methods can be 
employed to functionalize different positions on similar substrates.  The longiborneol family was 
an ideal target for this purpose, because it features 11 natural products which differ only in the 
oxygenation pattern of a shared carbon scaffold. Our initial retrosynthesis (Scheme 5.7A) relied 
on a hypothesis that various oxidized congeners could be accessed from the parent natural 
product longiborneol (5-74), or a derivative, by judicious application of directed Type 3 C–H 
oxidations (see 5-75). This key strategic decision would be coupled with a concise synthesis of 
longiborneol from carvone, using functionalized camphor intermediate 5-72 which was accessed 
with scaffold remodeling chemistry developed by our group.61 This combination would enable 
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concise and divergent syntheses of many members of the natural product family. We predicted 
that using selective Type 3 C–H oxidations for late-stage functionalization of the longiborneol 
core would uniquely facilitate such a synthesis because it would enable divergence of the 
individual routes at the latest possible juncture, minimizing total steps. While we were unable to 
implement every directed Type 3 C–H oxidation depicted in 5-75, we were able to oxidize every 
targeted position with a mix of directed and undirected methods. 

We commenced with the synthesis of common intermediate 5-76 from (S)-carvone (5-72) 
in seven steps. Longiborneol (5-79) was synthesized from tricycle 5-76 by hydrogenation of the 
alkene group and dissolving metal reduction of the carbonyl group. Acetylation of the resulting 
hydroxy group gave acetyl longiborneol (5-80), which we expected would deactivate C8–H 
toward certain Type 3 C–H oxidations.45 Specifically, we hypothesized that oxidation of 5-80 with 
TFDO or the White–Chen catalyst would result primarily in oxidation at C-4, the most sterically 
accessible methylene group.40 While that selectivity would not be productive for the synthesis of 
any of the targeted natural products, we also predicted that we would observe products resulting 
from oxidation at C-11, due to strain acceleration46B and the fact that C-11 is the only other non-
neopentyl methylene. In fact, oxidation of 5-80 with TFDO did lead to C-4 and C-11 oxidized 
products, but yields were low and minor side-products (oxidation at C-5 and C-3) were also 
observed (not pictured). Despite these shortcomings, the high overall yield of 5-80 from carvone 
meant that we were still able to obtain synthetically useful amounts of the C-11 oxidized 
products. Thus, TFDO mediated oxidation of 5-80 followed by cleavage of the acetate group 
yielded culmorone (5-84) and subsequent dissolving metal reduction gave culmorin (5-88). 

We next investigated whether the installation of additional functionality could enable the 
use of the TFDO Type 3 C–H oxidation in a more selective synthesis of 5-hydroxyculmorin (5-91). 
Overall, this approach would yield two natural products. Allylic oxidation of 5-81 was used to 
install a hydroxy group at C-5. While this approach differed from our goal of functionalizing all 
positions using Type 3 C–H oxidations, we found that such reactions directed from C8 functional 
groups failed to target C-5 (vide infra), and that undirected C–H oxidations led to C-5 oxidized 
products in very low yield (vide supra). Additionally, due to the presence of an alkene group in 5-
76 (formed from a Wittig reaction used to install the remainder of the carbon atoms), it was 
unlikely that any other C–H oxidation would be a superior tactical choice compared to allylic 
oxidation. Subsequent alkene hydrogenation and carbonyl reduction gave 5-hydroxylongiborneol 
(5-85). Acetylation of both hydroxy groups furnished 5-89 which we predicted would undergo 
selective TFDO mediated oxidation at C11, due to the inductively electron-withdrawing C-5 
acetate deactivating C-5, C-4, and C-3. Indeed, C-11 ketone 5-90 proved to be the only observed 
product of this undirected Type 3 C–H oxidation, and treatment with dissolving metal conditions 
cleaved both acetate esters and reduced the carbonyl group to give 5-hydroxyculmorin (5-91). 

We used directed Type 3 oxidations to target additional positions on the longiborneol 
skeleton. Hydrogenation of 5-76 followed by reduction of the carbonyl group with LiAlH4 gave 
C8-epi-longiborneol. Treatment with dimethylchlorosilane yielded 5-77. The (hydrido)silyl ether 
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group of 5-77 was then used to direct a Hartwig silylation of C12 via iridacycle 5-78.62 Tamao–
Fleming oxidation of the resulting silacycle gave C-8-epi-12-hydroxylongiborneol which was 
converted to the natural product (5-79) by DMP oxidation of both hydroxy groups and reduction 
of the resulting carbonyls. Attempts to implement a similar synthetic sequence from longiborneol 
(5-74) were ineffective, likely due to an unfavorable geometric relationship between the 
corresponding (hydrido)silyl ether and the C12 methyl group. This outcome highlights the effects 
of conformation as well as the relative positions of a directing functional group and the C–H bond 
being targeted for oxidation,63 a subtlety which is often not apparent or as pronounced in simpler 
substrates. 

Similarly, our attempts to oxidize C-15 using a Type 3 C–H oxidation directed by a 
functional group at C-8 were also ineffective. Attempts to employ 5-77 in a Rh-catalyzed Hartwig 
silylation,64 known to favor 1,4 functionalization in some cases, led only to C-12 functionalization, 
likely due to a lack of steric differentiation between C-12 and C-15. An attempted Suarez reaction 
from C-8-epi-longiborneol (not pictured) led to a complex mixture, possibly due to competitive 
β-scission of the [2.2.1]bicycle.65 Again, these challenges highlight the need to consider many 
substrate characteristics—such as relative steric encumbrance and strain energy—when 
employing C–H oxidation chemistry on complex molecules. As an alternative, we devised a relay 
oxidation strategy66 where a functional group installed at C-5 was used to direct the oxidations 
of C-14 and C-15. To implement this strategy, we synthesized acetyl oxime 5-81 in six steps from 
common intermediate 5-76. Treatment of 5-81 with Pd(OAc)2 and sub-stoichiometric quantities 
of PIDA resulted in a directed Type 3 C–H oxidation of both C-14 and C-15 to give 5-83 as a 2:1 
inseparable mixture of diastereomers,67 favoring the C-14 oxidized product. Reductive cleavage 
of the oxime,68 installation of a tosyl hydrazone group, and a LiAlH4 mediated Caglioti reaction 
led to a separable mixture of the natural products 14-hydroxylongiborneol (5-86) and 15-
hydroxylongiborneol (5-87). 

The studies described above provide useful insight into the application of the Sanford 
acetoxylation chemistry. First, difficulties encountered in installing an oxime on 5-76, to 
functionalize C12, indicate that the steric environment of the ketone precursor must be carefully 
considered. Second, while reactions similar to 5-82 → 5-83 were effective with the methoxime 
directing group originally employed by Sanford and coworkers67 we found that methoxime 
hydrolysis was difficult, leading to degradation and incomplete conversion. Examples of 
successful methoxime cleavage in complex molecule synthesis generally require harsh, acidic 
conditions69 and few other conditions for their cleavage have been reported.70 Conversely, the 
one-pot procedure used in our work2B,I allows installation of an acetyl oxime in a single step, 
which can be cleaved under milder conditions.71 Finally, 5-82 → 5-83 required sub-stoichiometric 
PIDA to slow the formation of products acetylated at C-14 and C-15. Potential formation of 
such  bis-acetoxylation products must be considered if targeting a single oxidation of a gem-
dimethyl group. While conformational rigidity of the substrate may confer selectivity, more 
flexible substrates could lead to bis-acetoxylation. 
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Scheme 5.7A. Two-phase retrosynthesis of longiborneol (5-74) sesquiterpenoids B. Synthesis of 
seven congeners using both directed and undirected Type 3 C–H oxidations 

In summary, we were able to use a diverse array of Type 3 C–H oxidations to access seven 
oxidized longiborneol congeners, which collectively feature oxidation at five distinct sites on the 
natural product skeleton. Our use of C–H oxidation chemistry enabled each of these syntheses 
to begin from common intermediate 5-76, which features the complete skeleton and only two 
functional groups. This strategy of using a minimally functionalized scaffold and applying 
divergent oxidation reactions to synthesize an array of targets fits squarely into the canon of 
“two-phase” synthesis and shows its profound utility. In general, this work reflects the synthetic 
promise of Type 3 oxidations: they can enable the synthesis of diverse targets through the late-
stage diversification of synthetically advanced common intermediates with succinct 
functionalization sequences.  
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5.6 Conclusion and outlook 
 Strategies for total synthesis that rely on C–H oxidation are continuing to emerge and are 
having significant impact. In recent years, there has been an explosion in the number of syntheses 
that incorporate C–H functionalization at the synthesis planning stage from the outset. We 
highlighted eight examples just from the last three years that utilize C–H oxidation to build the 
core of a target molecule. These functionalizations were sub-divided into either carbocyclic (Type 
1) or heterocyclic (Type 2) families or those that install oxidation on the periphery (Type 3) of an 
intermediate en route to a target molecule.  

 Latent C–H bonds are now routinely viewed as potential functional groups. This emerging 
consideration has huge implications on how we disconnect molecules. Here, we have proposed 
a framework that classifies the different strategic uses of oxidation and showed examples of 
syntheses that leverage oxidation in a variety of ways. Type 1 C–H oxidations have been 
particularly effective in bioinspired syntheses by facilitating access to biosynthesis-like 
carbocations that undergo productive rearrangements. The major strategic advantage here, 
other than mimicking nature’s reactions, is the expanded realm of choices of starting materials. 
Renata, Herestch, and Deng all show examples of efficient syntheses where little to no effort is 
expended in building the carbon skeleton because of the power of C–H oxidation to advance a 
readily available advanced intermediate. Beyond their applications in semi-synthesis, Type 1 
oxidations will have the power to transform chiral feedstocks into more complex building blocks 
through oxidation then C–C bond formation or C–C bond deletion.  

 Directed Type 2 C–H oxidations have possibly seen the most use in recent years owing to 
the powerful methodologies we have to effect this subset of C–H oxidation. New disconnections 
for the lactone and ether linkages commonly seen in higher oxidation-level terpenes have been 
enabled by developments in alcohol and carboxylate directed oxidation.  Zhang and coworkers 
showcased the versatility of desaturation as a means to achieve divergent syntheses. Ultimately, 
these later-stage oxidations build the structural complexity of the molecule while also minimizing 
functional group interconversion and protecting group manipulations. Further developments in 
this area will go hand-in-hand with developments in undirected C–H oxidation as directed 
oxidations are quite well-developed. Advances in biocatalysis and supramolecular systems can 
impart site-selectivity that is complementary to that achievable through substrate control. Zhang 
and coworkers’ BDE and solvent effect analysis demonstrated how selectivity in undirected C–H 
oxidation can be understood and manipulated and showcased how these reactions can be 
efficiently incorporated into synthesis planning.  

 Type 3 oxidations hold the ultimate promise of late-stage functionalization. Similar to the 
subset of oxidation types described above, developments in this area will be contingent on our 
understanding of undirected C–H oxidation. Methodological advances in remote 
functionalization have expanded the realm of undirected C–H oxidation considerably, but many 
of these have yet to be utilized in total synthesis. Advances in the use of transient directing groups 
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and sophisticated catalyst systems can help obviate some of the step inefficiencies that arise 
from installing and removing directing groups. Together, these two developments have long-
reaching impacts beyond natural product synthesis in the generation of libraries of lead 
derivatives, for example, in the pharmaceutical industry.  

 Taken together, we hope this framework for characterizing C–H oxidation reactions in 
complex molecule synthesis and the accompanying case studies gives the reader some insight 
into the emerging use of C–H oxidations in total synthesis. Importantly, we hope to have 
highlighted the reactions that are currently most effectively applied in synthesis, and provided a 
possible path into their future development. 
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Chapter 6 
Progress Toward the Synthesis of  
Melicolones A & B  
6.1 Isolation, biosynthesis, and previous synthesis  

 Melicolones A & B (6-1, 6-2, Figure 6.1) are rearranged polyprenylated acylphloroglucinol 
(PPAP) natural products that were isolated in 2015 from the leaves of the deciduous shrub 
Melicope ptelefolia in the southeast of China by Luo, Kong, and coworkers.1 They feature a unique 
9-oxatricyclo[3.2.1.13,8]nonane core, extensive oxidation, five stereogenic centers, and two all-
carbon quaternary centers. Interestingly, they were isolated as a racemic, epimeric, mixture 
indicative of a non-stereoselective biosynthesis. The absolute configurations of (–)-melicolone A 
(ent-6-1) and (+)-melicolone B (6-2) were proven unambiguously by x-ray crystallography. On the 
basis of previous studies where extracts from the leaves of Melicope ptelefolia have been shown 
to possess antioxidant properties, the isolation chemists tested the melicolones for their 
protective activity against oxidative stress. Melicolone B showed relatively good activity with 
nearly 100% cell viability at 5 micromolar dosing compared to the 76% viability of resveratrol as 
a positive control. The +/– series showed slightly different bioactivity levels, albeit in the expected 
variance range.  

 

 

 

 

 

 

 

 

Figure 6.1. The melicolone series of PPAP natural products. 

Luo and Kong also proposed a biosynthesis of the melicolones (Scheme 6.1). Prenylated 
acylphloroglucinol 6-3, which was detected in the producing organism, was proposed to undergo 
oxidation and subsequent prenylation to give dearomatized compound 6-4. Nonselective 
epoxidation of 6-4 could give epoxide 6-5 as a mixture of four stereoisomers which will eventually 
lead to the full melicolone series. Intramolecular 6-endo-tet cyclization could yield  6-6 containing 
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the tetrahydropyran ring. Acyloin rearrangement of 6-6 followed by oxidation could provide the 
[4.3.0] bicyclic acid 6-7. Prins-type cyclization onto the resulting ketone with concomitant 
hydration and ether bridge formation (direct etherification is also possible) could then construct 
the characteristic [3.2.1.13,8] nonane core of melicolones. Methylation of the acid at this stage 
would give the melicolones, though the isolation chemists could not rule out the possible 
incorporation of methanol during extraction.  

 

 

 

 

 

 

 

 

 

 

Scheme 6.1. Proposed biosynthesis of melicolones A & B (6-1, 6-2) 

 There exists one previous synthesis of the melicolones by Wang and Martin (Scheme 6.2) 
that was reported during the course of our studies in late 2020.2 Wang and Martin envisioned 
forming oxabicycle 6-8 through a Rh(II)-catalyzed (3+2) dipolar cycloaddition3 between enone 6-
9 and carbonyl ylide 6-10 (Scheme 6.2A). This disconnection is greatly simplifying and, notably, 
both 6-9 and 6-10 are achiral so this cycloaddition possessed the potential of rendering the 
synthesis enantioselective. Their synthesis commenced from enone 6-9, available in 3 steps from 
commercial material, and alpha-diazoketoester 6-11, which is a precursor to carbonyl ylide 6-10 
(Scheme 6.2B). After some experimentation, they determined that Rh2(NHAc)4 was the optimal 
catalyst for the desired (3+2) cycloaddition, giving bicycle 6-8 in 61% yield along with small 
amounts of the C-4 epimer (4%) and constitutional isomer (4%). The high regio- and 
diastereoselectivity was attributed to the steering of the geminal dimethyl group which favors 
reaction on the less hindered face of enone 6-9 as well as placing the side chain up and away 
from the endo C-14 methyl group. Formation of the corresponding enolate with NaHMDS 
followed by alkylation with prenyl iodide proceeded selectively from the exo face—for similar 
reasons—setting one of the all-carbon quaternary centers as a single diastereomer (see 6-12) in 
65% yield. Vinylogous methyl ester 6-12 was treated with TMSI to cleave the vinylogous ester 
and induce aldol-cyclization. Epoxidation of the prenyl group was achieved with m-CPBA in a non-
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stereoselective fashion and the synthesis was completed through acid-mediated cyclization to 
give the natural products as a 1.1:1 mixture of melicolones A:B. The group sought to render the 
(3+2) dipolar cycloaddition enantioselective but were unable to achieve this goal using previously 
reported conditions.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 6.2 A. Wang and Martin’s retrosynthesis of melicolones A & B. B. Forward synthesis 
featuring a key (3+2) dipolar cycloaddition.   

The Martin synthesis was instructive for several reasons. First, the epoxidation cyclization 
sequence to forge the polycyclic ring system of the melicolones was highly efficient and could 
prove to be a general solution to the formation of the THP ring. It also indicated that the desired 
THP (from 6-endo cyclization) was formed under acidic conditions preferentially over any THF 
rings (from 5-exo cyclization). Second, the synthesis illustrates that the (3+2) dipolar 
cycloaddition disconnection continues to be a powerful way of constructing oxabicycles. In the 
context of this synthesis, the geminal-dimethyl group steers the diastereoselectivity in 
constructing the oxabicyclic core. While this synthesis is remarkably efficient, a completely 
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stereoselective synthesis of these molecules has yet to be accomplished. This became a driving 
motivation of our synthesis. 

6.2 Anionic radical polar crossover (RPC) approach 

 My retrosynthesis planning was guided primarily by a recognition of hidden symmetry4 
within the melicolone scaffold (Scheme 6.3). The natural products (6-1 and 6-2) could be taken 
back, retrosynthetically, to carbocyclic tricycle 6-13 by removal of some of the peripheral 
functionality. I hypothesized that 6-13 could be accessed from achiral bisprenylated enedione 6-
14 through C–C bond formation from one prenyl group and C–O bond formation from the other. 
This strategy would not only allow for the rapid assembly of this key tricycle, but also, we could 
devise a method to do this in a desymmetrizing fashion and access the melicolone core in 
enantioenriched form for the first time.  

 

 

 

 

Scheme 6.3. Our hidden symmetry inspired retrosynthesis of the melicolones. 

 My first foray into this area was inspired by the pioneering work from Gansäuer and 
coworkers on the desmmetrization of meso epoxides (Scheme 6.4A).5 Use of a chiral titanocene 
catalyst allows for the reductive opening of meso epoxide 6-15 and trapping with t-butyl acrylate 
which after trapping with a hydrogen atom or reduction and protonation gives enantioenriched 
alcohol 6-16 in 61% yield and 82% ee. Therefore, I targeted meso-bisepoxide 6-17 (Scheme 6.4B) 
which could potentially undergo desymmetrizing reductive opening to give tertiary alkyl radical 
6-18 that would proceed through Giese-type radical addition into the enedione to give [3.2.1] 
bicycle 6-19. In this way, the first C–C bond of our cyclization strategy would be forged. The 
stabilized radical of 6-18 could undergo further reduction to give carbanion 6-20 which could 
engage in a bioinspired 6-endo-tet cyclization to form the THP ring of 6-13. Inclusion of a 
stoichiometric reductant and acid—to liberate the TiIV alkoxides—has been shown to allow for 
catalytic use of titanium in these reactions.6 
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Scheme 6.4 A. Precedent for reductive desymmetrization of meso epoxides. B. Proposed cascade 

 Toward this end, 1,3-cyclopentanedione (6-22) underwent bisprenylation with prenyl 
iodide and Hunig’s gase to give dione 6-23 in 70% yield on gram-scale (Scheme 6.5).7 Notably, 
this constitutes incorporation of nearly all the carbons of the natural product in a single step! 
Oxidation with phenyltrimethylammonium tribromide proceeded in 75% yield to give enedione 
6-14. Epoxidation with m-CPBA gave 1:1 mixtures of the meso and racemic diastereomers of 6-
17 in 91% yield. These diastereomers were found to be inseparable. Nevertheless, I subjected 
the diastereomeric mixture to the standard reductive radical ring opening reagents—titanocene 
dichloride reduced in situ with zinc powder—which resulted in undesired reduction of the 
enedione to give dione 6-24 in 64% yield. 
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Scheme 6.5 First attempt at reductive radical polar crossover cascade 

To overcome the challenge of the reductive lability of the enedione, I sought instead to 
access the enone variant, which would potentially be less prone to reduction. I could access 
enone 6-25 in a 4-step procedure from 6-22 (see experimental for details), albeit as a mixture of 
3 diastereomers (Scheme 6.6). These diastereomers were subjected to the same reductive radical 
opening conditions, yielding what was tentatively assigned as the C–C bond formed product 6-
26 (the complexity of the diastereomixture made analysis here difficult), as well as the over-
reduced product (6-27) which was confirmed by X-ray crystallography. Presumably, 6-27 is 
formed by the radical opening of 6-25, forming tertiary radical 6-28, followed by the desired 
radical cyclization to give 6-29. Quenching of the radical followed by a reductive opening of the 
second epoxide to give tertiary radical 6-31 and radical addition into the ketone to give 6-27 after 
alkoxy radical quenching. Analysis of this system was further complicated by the sensitivity of 6-
25 to acid through the formation of various hemiketals. All signs pointed toward a significant 
problem in this approach—an element of symmetry had been lost resulting in an inseparable 
mixture of three diastereomers. From this point I considered two plans: 1) alkylation with alkyl 
iodides that already contained stereo-defined epoxides, or 2) radical cyclizations from a lower 
oxidation state compound such as enedione 6-14. I ultimately decided to pursue the latter 
because the former was similar to work done by the Shair group on the synthesis of structurally 
distinct PPAP natural products and so while promising,8 it did not present the same opportunity 
for discovery.  
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Scheme 6.6 Successful reductive radical cyclization complicated by stereochemical complexity 

6.3 Radical Cyclization Followed by C–H Functionalization approach 

 The stereochemical complexities of the epoxide cyclization approach prompted me to 
revise our retrosynthesis to utilize the Baran reductive olefin coupling to construct the core from 
a lower oxidation level (Figure 6.6).9 Enedione 6-14 could be subjected to Fe(acac)3, PhSiH3 in an 
ethanol ethylene glycol mixture to afford the carbocyclic core of the melicolones (6-35) in a single 
step. Presumably this transition metal hydrogen atom transfer (TM-HAT) reaction proceeds 
through the formation of an iron hydride which adds across the alkene through a HAT transition 
state to yield a tertiary alkyl radical (6-33) which undergoes a Giese-type radical cyclization to 
give stabilized radical 6-34. The stabilized radical is further reduced and protonated by (or 
undergoes PCET) to give diketone 6-35. These methods have gained great popularity in recent 
years for their ability to form carbon-centered radicals under mild conditions. Furthermore, the 
dynamic nature of the metal-radical species has large implications for its behavior on the basis of 
the persistent radical effect.10 
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Scheme 6.6 Reductive olefin coupling to form the bicyclo[3.2.1]octane core of the melicolones 

While this reaction was very efficient in constructing the carbocycle, the strategy required 
oxidation of an unactivated C–H bond (Scheme 6.7). We devised C–H functionalization strategies, 
either undirected through manipulation of substrate electronics or directed using the inherent 
functional groups of 6-35 as directing groups.11 

 

 

 

 

 

Scheme 6.7 Strategic overview of C–H oxidation tactics to access melicolone oxidation level 

 First, we initiated studies on the undirected C–H functionalization of 6-35(Scheme 6.8). It 
was immediately apparent that the double bond of 6-35 would present a major obstacle as not 
only are the allylic C–H bonds activated, but also, the double bond could react preferentially with 
any electrophilic oxidant. Therefore, 6-35 was dihydroxylated using catalytic OsO4 with NMO as 
a stoichiometric oxidant to give a 1:1 mixture of hemiketal 6-36 and diol 6-37 in 83% yield. The 
α-O C–H bond of 6-36 was found to be a liability in undirected C–H functionalization reactions, 
so diol 6-37  was pursued instead and was protected as either acetonide 6-38 or carbonate 6-39. 
I hypothesized that 6-39 would be the ideal substrate and the presence of the carbonyl groups 
would inductively deactivate undesired positions. However, the substrate was found to be 
entirely too deactivated! Treatment with the White-Chen catalyst,12 TFDO,13 TBADT,14 chlorine 
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radical,15 xanthyl radical,16 NBS acetophenone and light,17 among others all led to no reaction. 
There is significant precedence for the deactivating nature of carbonyls influencing reactivity, but 
even the conditions developed by Sigman and coworkers to combat this challenge were 
unsuccessful.18 I spent some time looking to reengineer this substrate, but ultimately any 
reduction of the carbonyl groups resulted in either introduction of an oxidizable hydrogen, or 
introduction of a new electron-withdrawing group (acetate etc.).  

 

 

 

 

 

 

 

 

 

Scheme 6.8 Preparation of substrates 6-38 and 6-39 and exploration of undirected C–H 
functionalization. 

We then investigated directed C–H functionalizations as outlined in Scheme  6.7. Some 
highlights from this approach are discussed here. I proceeded from hemiketal 6-36 as it provided 
a simple way to differentiate between the two carbonyls (Scheme 6.9). TMS protection of the 
hemiketal with TMSOTf followed by LAH reduction gave alcohol 6-40 as a single diastereomer. 
Presumably the gem-dimethyl group blocks approach of LAH from the back face. We then 
investigated a series of functional handles and directing groups from this alcohol. Most notable 
among them was the halomethylsilyl group developed by Gevorgyan and coworkers.19 Alcohol 6-
40 was silylated with (bromomethyl)dimethylsilyl chloride followed by displacement of the 
bromide with NaI to give iodomethylsilyl ether 6-41 in 86% over 2 steps. This 2-step procedure 
was found to be more reproducible and efficient than the alternative 1-step procedure starting 
from (iodomethyl)dimethylsilyl chloride. Treatment of 6-42 with Pd(OAc)2, Cs2CO3, a 
bisphosphine ligand, and irradiation with blue LED presumably allows for the formation of the α-
Si radical which can undergo a 1,7-HAT to abstract a distal hydrogen. The resulting alkyl radical 
then recombines with Pd setting the stage for β-hydride elimination to achieve remote 
desaturation. Gevorgyan has shown that this reaction is selective for methylenes or methyne 
protons over methyl groups, due to the slightly lower BDE of the α-Si C–H bond (~103 kcal/mol). 
However, in this case, no desaturation was observed (6-3). Instead, dehalogenation (6-44), a 
known side product of the Gevorgyan process, was observed.  
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Scheme 6.9A. Directed desaturation studies using functional handles on the northern portion of 
the molecule B. Directed desaturation from the southern portion of the molecule 

Undeterred, we investigated the same reaction from the bottom side of the molecule. 
Acetylation of the tertiary hydroxy group of 6-36 resulted in acetate 6-45. The same 2-step 
installation of the iodomethyl silyl group could then be performed on the hemiacetal to give silyl 
ketal 6-46. Notably, Gevorgyan has yet to show this reaction from a silyl ketal, and incorporating 
it into our protective group strategy could be highly efficient (similar tactics were attempted from 
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the silyl cyanohydrin). However, the remote desaturation from 6-46 led to only undesired 
desaturation of the 5-membered ring (6-48). We anticipated this possibility since the silylmethyl 
group of 6-46 appeared equidistant from the desired and undesired positions from examination 
of simple models.  

 We hypothesized that direct formation of the alkoxy radical could result in the desired 
oxidation. Treatment of 6-40 with PIDA, I2, and irradiation with a sunlamp led to selective Suarez 
etherification to give 6-49 in 75% yield.20 While both the methyl hydrogen and desired methylene 
hydrogen could both participate in facile 1,5 HAT, the bicycle conformation clearly places the 
methyl group closer to the hydroxy group. Further selectivity in this oxidation was shown through 
lactonization to give 6-50 when the oxidant was changed from PIDA to Pb(OAc)4 along with 
adding Ca2CO3. Total conversion required the use of recrystallized Pb(OAc)4. I attempted to 
leverage this lactone through a redox-relay strategy wherein saponification and a subsequent 
directed oxidation could give the desired oxidation. However, these attempts were not successful 
and lead me to reevaluate the strategy again.  

 

Scheme 6.10 Select directed oxidation studies resulting in undesired methyl group oxidation 

6.4  C–C cleavage approach 

 My final approach was the product of a serendipitous discovery while investigating light-
promoted thiol-ene reactions of enone 6-51. After careful experimentation, I found that 6-51 
could undergo [2+2]-photocycloaddition to give tricycle 6-52 as a single positional isomer—
though at the time unconfirmed—in excellent yield (Scheme 6.11A). This inspired a new strategy: 
the extra, strained C–C bond could be leveraged as an oxidation surrogate. In this way we would 
form the C–C bond of the [3.2.1] bicycle while also functionalizing the distal carbon that we had 
targeted during the C–H functionalization studies.   

Upon forming the [2+2] photoadduct, it was not immediately obvious whether we had 
obtained the head-to-tail isomer (6-52) or the head-to-head isomer (6-53, Scheme 6.11B). It was 
more apparent that 6-52 could undergo nucleophilic fragmentation (see bolded bonds Scheme 
6.11B) to give a stabilized carbanion and deliver the desired [3.2.1] bicycle. However, after careful 
NMR analysis (and corroborating reactivity), the cycloadduct was determined to be the lesser 
desired head-to-head isomer (i.e., 6-52). Here, I applied thinking based on symmetry tactics. The 
head-to-head isomer could be converted to the enantiomer of the head-to-tail isomer through 
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protecting group manipulation due to the pseudosymmetric nature of their functional groups. 
Toward this goal, I was able to convert 6-52 to silyl cyanohydrin 6-54, but subsequent ketal 
cleavage was unsuccessful. Other explorations on this scaffold revealed several intriguing C–C 
cleavage reactions as the functionalized strained scaffold readily fragmented. These findings will 
be discussed in detail in Chapter 7.  

 

Scheme 6.11A. Discovery of a [2+2] photocycloaddition. B. Attempts to access a substrate for 
selective cleavage of the cyclobutane. 

6.5 Conclusion and outlook 

 If the goal of organic synthesis is to achieve complete programmable control of reactions, 
then the totally selective synthesis of the melicolones remains an ongoing challenge. I sought to 
take advantage of the hidden symmetry within their scaffold in designing a retrosynthesis that 
took the natural products back to achiral building blocks. The end goal of this study was to devise 
a method for desymmetrization—to do something not even nature has done—to complete a 
totally stereoselective synthesis of the melicolones.  

 My first approach utilizing a reductive radical polar crossover cyclization (Section 6.2) 
failed due to the stereochemical complexity of the system. The strategy became mired in 
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complications as protecting group manipulations were required and the advantages of a 
symmetry-based approach was lost.  

 The second approach sought to combine a rapid synthesis of the [3.2.1] tricycle with C–H 
oxidation logic to accomplish the synthesis. Enantioselective desymmetrization proved 
challenging in this system. We had envisioned the development of asymmetric TM-HAT 
transformations to achieve this goal, but the lack of precedent and a strong theoretical basis 
dissuaded us from further investigation in this direction. Ultimately, the C–H oxidation proved to 
be too challenging due to the substrate conformation and the highly electron-deficient nature of 
the scaffold. Perhaps, further developments in the oxidation of electron-deficient substrates 
would enable the successful execution this planned route in the future.  

 Our final approach fit squarely into the “break-it-to-make-it” canon of the group wherein 
a strained tricycle could undergo fragmentation to the desired core with the desired oxidation 
pattern. The promise of this strategy was two-fold, assembly of the core in an efficient fashion, 
but also the wealth of precedent on the enantioselective [2+2] photocycloaddition—ultimately 
an unsuccessful endeavor.  The desired C–C cleavage was illusive but led us to the discoveries 
detailed in Chapter 7. 

 Our symmetry-inspired approach to control in the synthesis of the melicolones was 
fraught with challenges, but also opportunities. Each approach showed definitive promise and 
given infinite time, I think each still has an opportunity to succeed. Still, these collective studies 
give us insight into the application of symmetry tactics and strategies, C–H oxidation logic, as well 
as C–C cleavage logic. Hopefully, these can inform future synthesis planning.  
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6.6 Experimental 

General Methods  

Unless otherwise noted, all reactions were performed in flame or oven-dried glassware fitted 
with rubber septa under a positive pressure of nitrogen using standard Schlenk techniques. Air- 
and moisture-sensitive liquids were transferred via syringe or stainless steel cannula through 
rubber septa. Solids were added under inert gas or were dissolved in appropriate solvents. Low 
temperature-reactions were carried out in a Dewar vessel filled with a cooling agent: acetone/dry 
ice (−78 °C), H2O/ice (0 °C). Reaction temperatures above 23 °C were conducted in an oil bath or 
in a heated metal block (reactions conducted in vials). The reactions were magnetically stirred 
and monitored by NMR spectroscopy or analytical thin-layer chromatography (TLC), using glass 
plates precoated with silica gel (Silicycle Siliaplates, glass backed, extra hard layer, 60 Å, 250 μm 
thickness, F254 indicator). TLC plates were visualized by exposure to ultraviolet light (254 nm), 
were stained by submersion in aqueous potassium permanganate solution (KMnO4), p-
anisaldehyde, or ceric ammonium molybdate solution (CAM), and were developed by heating 
with a heat gun. Flash-column chromatography on silica gel was performed as described by Still 
et al.,1 employing silica gel (Silicycle silica gel, 40–63 μm particle size). Organic solutions were 
concentrated under reduced pressure on a temperature-controlled rotary evaporator equipped 
with a dry ice/isopropanol condenser. The yields refer to chromatographically and 
spectroscopically (1H and 13C NMR) pure material.  

Materials  

Unless noted below, commercial reagents were purchased from Sigma Aldrich, Acros Organics, 
ChemImpex, Oakwood Chemical, Combi-blocks, TCI, and/or Alfa Aesar, and used without 
additional purification. Solvents were purchased from Fisher Scientific, Acros Organics, Alfa 
Aesar, and Sigma Aldrich. Tetrahydrofuran (THF), diethyl ether (Et2O), acetonitrile (CH3CN), 
benzene, toluene (PhMe), methanol (MeOH), and triethylamine (Et3N) were sparged with argon 
and dried by passing through alumina columns using argon in a Glass Contour solvent purification 
system. Dichloromethane (CH2Cl2, DCM) was freshly distilled over calcium hydride under a N2 
atmosphere prior to each use. 

NMR spectroscopy  

NMR spectral data were obtained using deuterated solvents, obtained from Cambridge Isotope 
Laboratories, Inc. 1H NMR and 13C NMR data were recorded on Bruker AVB-400, AVQ-400, AV-
500, NEO-500, AV-600 or AV-700 spectrometers operating at 400 MHz, 400 MHz, 500 MHz, 500 
MHz, 600 MHz, 700 MHz for proton nuclei (100 MHz, 100 MHz, 125 MHz, 125 MHz, 150 MHz, 
175 MHz for carbon nuclei), respectively. Proton chemical shifts are expressed in parts per million 
(ppm, δ scale) and are referenced to residual protium in the NMR solvent (CHCl3: δ 7.26). Carbon 
chemical shifts are expressed in parts per million (δ scale, assigned carbon atom) and are 
referenced to the carbon resonance of the NMR solvent (CDCl3: δ 77.16). 1H NMR spectroscopic 
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data are reported as follows: Chemical shift in ppm (multiplicity, coupling constants J (Hz), 
integration) (e.g. “5.21 (t, 3 J = 7.3 Hz, 1H)”). The multiplicities are abbreviated with s (singlet), br 
s (broad singlet), d (doublet), t (triplet), q (quartet), p (pentet), se (sextet), h (heptet), m 
(multiplet) and app (apparent multiplicity). In case of combined multiplicities, the multiplicity 
with the larger coupling constant is stated first. Except for multiplets, the chemical shift of all 
signals, as well for centrosymmetric multiplets, is reported as the center of the resonance range. 
Data for 13C spectroscopy are reported in terms of chemical shift (δ ppm). Additionally to 1D NMR 
experiments, 2D NMR techniques such as homonuclear correlation spectroscopy (COSY), 
heteronuclear single quantum coherence (HSQC), heteronuclear multiple bond coherence 
(HMBC) and nuclear Overhauser enhancement spectroscopy (NOESY) were used to assist 
structure elucidation. All raw FID files were processed and the spectra analyzed using the 
program MestReNOVA 11.0 from Mestrelab Research S. L.  

Note: The AVB-400, AVQ-400, AV-500, DRX-500 and AV-600 instruments were partially 
supported by NIH grants SRR023679A, RR02424A-01, S10RR03353-01 and 1S10RR016634-01, 
and NSF grants CHE-9633007, CHE-8208992, CHE-0130862, and CHE-8703048. The AV-700 
instrument was supported by the Berkeley College of Chemistry NMR facility. 

Mass spectrometry  

Mass spectral data were obtained from the Mass Spectral Facility at the University of California, 
Berkeley, on a Finnigan/Thermo LTQ-FT instrument (ESI). Data acquisition and processing were 
performed using the XcaliburTM software. 

IR spectroscopy  

IR spectroscopic data were recorded on a Bruker ALPHA FT-IR spectrophotometer using a 
diamond attenuated total reflectance (ATR) accessory. If required, substances were dissolved in 
dichloromethane prior to direct application on the ATR unit. Data are represented as follows: 
frequency of absorption (cm−1 ), and intensity of absorption (s = strong, m = medium, w = weak, 
br = broad). 

X-ray analysis  

Single-crystal X-ray diffraction experiments were performed at the UC Berkeley CHEXRAY 
crystallographic facility. Measurements of all compounds were performed on a Rigaku XtaLAB 
P200 rotating anode equipped with a Pilatus 200K hybrid pixel array detector. Data were 
collected using Cu Kα radiation (λ = 1.54184 Å). Crystals were kept at 100(2) K throughout 
collection. Data collection was performed with CrysAlisPro. 2 Data processing was done using 
CrysAlisPro and included either a multi-scan absorption or faceindexed absorption correction 
applied using the SCALE3 ABSPACK scaling algorithm within CrysAlisPro. All structures were 
solved with SHELXT.3 Structures were refined with SHELXL.4 All non-hydrogen atoms were 
refined anisotropically, and hydrogen atoms were either included at the geometrically calculated 
positions and refined using a riding model or located as Q peaks in the Fourier difference map. 
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Synthetic procedures and analytical data 

Synthesis of bisprenylated cyclopentane-1,3-dione 6-23 

 

Synthesis of prenyl iodide: 

To a solution of prenyl bromide (20.0 g, 134 mmol, 2.8 equiv) in acetone (200 mL) was added 
sodium iodide (24.1 g, 161 mmol, 3.0 equiv). The reaction was stirred for 5 minutes during which 
a white precipitate formed. The mixture was filtered through a plug of silica and the solvent was 
evaporated carefully in vacuo. The brown crude residue was dissolved in Et2O (100 mL) and the 
solution was washed with sat. aq. NaHCO3 (50 mL) and sat. aq. Na2S2O3 (10 %, 50 mL), which 
decolored the solution from brown to pale yellow. The organic layer was dried over Na2SO4 and 
concentrated in vacuo. Crude prenyl iodide was directly used in the following reaction without 
further purification. 

Notes: Prenyl bromide and iodide decompose under moisture and air. Using freshly opened or 
synthesized prenyl bromide ensures reproducibility of experiments. Prenyl iodide is light-
sensitive and needs to be used rapidly after synthesis. Blocking light and ensuring a N2 
atmosphere reduces decomposition visibly. 

To a solution of 1,3-cyclopentanedione (S-6 4.99 g, 50.9 mmol, 1 equiv) in a THF/water mixture 
(4:1, 400 mL) at 0 °C was slowly added DIPEA (18.2 mL, 104 mmol. 2.1 equiv) and prenyl iodide 
(crude as above, 134 mmol, 2.6 equiv). The reaction mixture was allowed to warm to room 
temperature and stirred for 18 hours. THF was then removed by rotary evaporation. To the 
remaining mixture was added DCM and saturated sodium bicarbonate solution. The aqueous 
phase was extracted with DCM two times. The combined organic phases were washed with brine, 
dried over Na2SO4 and concentrated in vacuo. The crude residue was purified by flash 
chromatography (Hex/EtOAc = 9/1) to give diketone S7-7 (8.34 g, 70%). 

Rf = 0.50 (hexane:EtOAc = 10:1), UV-active spot (p-anisaldehyde) 

1H NMR (500 MHz, CDCl3) δ 4.87 (tt, J = 7.7, 1.5 Hz, 1H), 2.55 (s, 2H), 2.34 (d, J = 7.9 Hz, 2H), 1.62 
(s, 3H), 1.56 (s, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 218.0, 136.5, 117.4, 61.6, 36.8, 34.5, 26.0, 17.9 ppm. 

Spectral data consistent with those found in the literature21 
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Synthesis of bisprenylated cyclopentene-1,3-dione 6-14 

 

 

A solution of S-5 (3.00 g, 12.8 mmol, 1 equiv) in THF (130 mL) was cooled to –10 °C. To this cooled 
solution was added phenyltrimethylammonium tribromide (4.7 g, 17 mmol, 1 equiv) in four 
portions. After each addition the solution turned bright yellow and cloudy.  Portions were added 
in 30 minute intervals. Completion of the reaction was judged by TLC, around three hours. Upon 
completion the reaction was diluted with diethyl ether and quenched with sat. aq. NaHCO3 and 
sat. aq. Na2S2O3 (4:1). The layers were separated, and the aqueous layer was extracted two 
further times with diethyl ether. The combined organic layers were dried over Na2SO4, filtered, 
and concentrated in vacuo. The crude reaction mixture was purified by silica gel flash 
chromatography (gradient 5:1 pentane: diethyl ether to 1:1 pentane: diethyl ether) to yield 36 as 
a bright yellow solid (2.38 g, 80%). 

Rf = 0.5 (hexane:EtOAc = 10:1), green streak (p-anisaldehyde) 

1H NMR (700 MHz, CDCl3) δ 5.22 (tt, J = 7.5, 1.5 Hz, 1H), 3.22 (t, J = 4.4 Hz, 1H), 2.98 (t, J = 4.9 
Hz, 1H), 2.59 (dt, J = 6.7, 5.0 Hz, 1H), 2.42 – 2.37 (m, 1H), 2.30 (dd, J = 15.5, 7.5 Hz, 1H), 2.24 (dd, 
J = 12.6, 6.7 Hz, 1H), 2.09 (d, J = 12.7 Hz, 1H), 1.70 (d, J = 1.5 Hz, 3H), 1.65 (s, 3H), 1.45 (s, 3H), 
0.97 (s, 3H) ppm. 

13C NMR (176 MHz, CDCl3) δ 208.6, 207.0, 134.4, 118.5, 62.9, 61.5, 46.7, 45.7, 41.4, 32.3, 28.5, 
26.0, 21.9, 21.5, 17.9 ppm. 

IR (neat) ν: 2966, 2934, 1776, 1715, 1452, 1386, 1375, 1246, 1222, 1169, 1110, 1058, 983, 910, 
720, 647. 
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Synthesis of bisepoxide 6-17 

 

 

A flame-dried flask was charged with enedione 6-14 (50 mg, 0.22 mmol, 1 equiv) and DCM (2.2 
mL). The solution was cooled to 0 °C after which mCPBA (108 mg, 0.44 mmol, 2 equiv) was added 
in two portions. The cloudy pink reaction mixture was stirred until complete consumption of 
starting material was noted by TLC, about 2 h. The reaction mixture was quenched by addition of 
sat. aq. NaHCO3 and sat. aq. Na2S2O3, separated, and the aqueous layer was extracted three times 
with EtOAc. The combined organic layers were washed two more times with sat. aq. NaHCO3, 
followed by sat. aq. NaCl, dried over Na2SO4, filtered, and concentrated in vacuo. The crude 
residue 6-17 was sufficiently pure for use in subsequent reaction (53 mg, 91%).  

Rf = 0.2 (hexane:EtOAc = 2:1), purple spot (p-anisaldehyde) 

1H NMR (400 MHz, CDCl3) δ 7.41 (d, J = 6.1 Hz, 1H), 7.37 (s, 2H), 7.31 (d, J = 6.1 Hz, 1H), 2.64 (dt, 
J = 8.8, 4.5 Hz, 4H), 2.07 – 1.97 (m, 4H), 1.95 – 1.83 (m, 4H), 1.20 (s, 24H) ppm. 

13C NMR (101 MHz, CDCl3) δ 206.5, 206.0, 205.2, 150.1, 149.0, 147.7, 128.3, 59.5, 59.5, 58.9, 58.9, 
51.8, 51.7, 33.0 2X, 24.4, 18.5 ppm. 
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Synthesis of dione 6-24 

 

 

A flame-dried vial was charged with Cp2TiCl2 (4.7 mg, 0.019 mmol, 1 equiv), and zinc powder (2.5 
mg, 0.038 mmol, 2 equiv). The vial was evacuated and back-filled with N2 three times. Degassed 
THF (0.4 mL sparged with N2 for 2 h) was added to the flask and the mixture was stirred for 30 
minutes. The red solution quickly turned green in color. Bisepoxide 6-17 (5 mg, 0.019 mmol, 1 
equiv) was added dropwise as a solution in degassed THF (0.2 mL).  The green solution decolored 
to red upon addition, and the reaction mixture was stirred for an additional 30 min. The reaction 
was stopped by exposure to air and quenched with addition of sat. aq. Na2HPO4, filtered through 
plug of Celite, and extracted with EtOAc. The crude reaction mixture was purified by preparatory 
TLC (hexanes/EtOAc:2/1) to give dione 6-24 as a clear oil (3.1 mg, 64%).  

Rf = 0.18 (hexane:EtOAc = 2:1), purple spot (p-anisaldehyde) 

 1H NMR (500 MHz, CDCl3) δ 3.02 – 2.80 (m, 4H), 2.73 (ddd, J = 17.6, 8.5, 4.8 Hz, 2H), 2.03 – 1.86 
(m, 4H), 1.22 (m, 12H) ppm. 
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Synthesis of ketal S6-1 

 

 

To a solution of dione 6-23 (2.00 g, 8.53 mmol, 1.0 equiv) in benzene (100 mL) was added 
ethylene glycol (10.0 mL, 179 mmol, 21 equiv) and para-toluenesulfonic acid monohydrate (162 
mg, 853 µmol, 0.1 equiv). A Dean-Stark apparatus was affixed to the flask and the mixture was 
heated at reflux (oil bath temperature: 100 °C) for 18 hours. The reaction mixture was then 
allowed to cool to room temperature, whereupon sat. aq. NaHCO3 and ethyl acetate were added. 
The aqueous layer was extracted two times with ethyl acetate. The combined organic layers were 
washed with sat. aq. NaCl, dried over Na2SO4, and concentrated in vacuo to give the crude residue 
which was purified by silica gel flash chromatography  (nHex/EtOAc = 9/1). The title compound 
S6-1 (1.97 g, 7.08 mmol, 84%) was received as a colorless oil. 

Rf = 0.2 (hexane:EtOAc = 9:1), purple spot (p-anisaldehyde) 

1H NMR (600 MHz, CDCl3) δ 5.09 (ddt, J = 8.1, 6.7, 1.5 Hz, 2H), 3.98 – 3.88 (m, 4H), 2.35 – 2.29 (m, 
4H), 2.22 (ddt, J = 15.1, 6.9, 1.3 Hz, 2H), 2.04 (dd, J = 8.7, 7.7 Hz, 2H), 1.67 (q, J = 1.4 Hz, 6H), 1.56 
(d, J = 1.5 Hz, 6H) ppm. 

13C NMR (151 MHz, CDCl3) δ 217.5, 133.5, 119.3, 116.4, 64.6, 57.6, 35.3, 30.7, 28.3, 26.2, 17.9 
ppm. 

HRMS (m/z): EI [M]+ calculated for C17H26O3: 278.1882, found: 278.1880. 
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Synthesis of enol ether S6-2 

 

 

Ketal S6-1 (548 mg, 1.97 mmol, 1.0 equiv) was dissolved in THF (20 mL) and cooled to –78 °C, 
whereupon NaHMDS (1.08 mL, 2.17 mmol, 2 M in THF, 1.1 equiv) was added dropwise. The 
reaction mixture immediately turned orange and was warmed to 0 °C and stirred for 30 minutes 
at that temperature. The reaction mixture was then cooled back to –78 °C, after which TMSCl 
(263 µL, 225 mg, 2.07 mmol, 1.05 equiv) was added in a dropwise fashion. After 20 minutes at –
78 °C, the reaction was warmed up to 0 °C and stirred at that temperature for 1 h, displaying a 
slow disappearance of color. The reaction was quenched by the addition of sat. aq. NaHCO3 and 
ethyl acetate. The aqueous layer was extracted two times with Et2O. The combined organic layers 
were washed with sat. aq. NaCl, dried over Na2SO4, filtered, and concentrated in vacuo to give 
crude product S6-2. The crude product was not stable to silica gel chromatography, but was 
sufficiently pure to be used in the next step. 

1H NMR (400 MHz, CDCl3) δ 5.28 – 5.17 (m, 2H), 4.45 (t, J = 2.4 Hz, 1H), 3.89 (m, 4H), 2.30 (d, J = 
2.4 Hz, 2H), 2.22 (d, J = 7.2 Hz, 4H), 1.68 (d, J = 1.5 Hz, 6H), 1.59 (d, J = 1.3 Hz, 6H), 0.19 (s, 9H). 
ppm. 
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Synthesis of enone 6-51 

 

 

Crude silyl enol ether S6-2 (1.97 mmol, 1.0 equiv) was dissolved in 1,4-dioxane (20 mL). Pd(OAc)2 
(444 mg, 1.98 mmol, 1.0 equiv) was added and the reaction mixture was stirred for 2 hours during 
which the color deepened from orange to black. After full conversion was noted by TLC, the 
reaction mixture was filtered two times through a silica plug and eluted with Et2O to remove bulk 
palladium. The crude product was subjected to flash chromatography (nHex/EtOAc = 9/1) to give 
the title compound 6-51 (464 mg, 1.68 mmol, 85 %, over two steps) as a pale yellow oil. 

Rf = 0.35 (hexane:EtOAc = 4:1), purple spot (p-anisaldehyde) 

1H NMR (700 MHz, CDCl3) δ 7.16 (d, J = 6.0 Hz, 1H), 6.13 (d, J = 5.9 Hz, 1H), 5.09 (tdd, J = 6.4, 3.0, 
1.5 Hz, 2H), 4.06 – 3.97 (m, 4H), 2.35 – 2.31 (m, 2H), 2.27 – 2.22 (m, 2H), 1.67 (q, J = 1.4 Hz, 6H), 
1.57 (s, 6H) ppm. 

13C NMR (176 MHz, CDCl3) δ 209.2, 155.5, 133.6, 133.1, 119.9, 114.7, 65.4, 56.1, 30.7, 26.2, 17.9 
ppm. 

HRMS (m/z): EI [M]+ calculated for C17H24O3: 276.1725, found: 276.1721. 
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Synthesis of diepoxide 6-25 

 

 

A flame-dried flask was charged with enedione 6-51 (50 mg, 0.18 mmol, 1 equiv) and DCM (1.8 
mL). The solution was cooled to 0 °C after which mCPBA (88mg, 0.36 mmol, 2 equiv) was added 
in two portions. The cloudy pink reaction mixture was stirred for until complete consumption of 
starting material was noted by TLC, about 2 h. The reaction mixture was quenched by addition of 
sat. aq. NaHCO3 and sat. aq. Na2S2O3, separated, and the aqueous layer was extracted three times 
with EtOAc. The combined organic layers were washed two further times with sat. aq. NaHCO3, 
then sat. aq. NaCl, dried over Na2SO4, filtered and concentrated in vacuo. The crude residue was 
sufficiently pure for use in subsequent reaction (44 mg, 80% inseparable mixture of 
diastereomers).  

Rf = 0.2 (hexane:EtOAc = 2:1), purple spot (p-anisaldehyde) 

1H NMR (400 MHz, CDCl3) δ 7.29 (dd, J = 5.9, 3.9 Hz, 1H), 6.30 – 6.23 (m, 1H), 4.12 (tdd, J = 6.5, 
3.6, 1.7 Hz, 4H), 2.89 (dd, J = 6.5, 5.1 Hz, 1H), 2.80 (dt, J = 9.6, 5.5 Hz, 1H), 2.00 (dd, J = 14.6, 5.0 
Hz, 1H), 1.94 – 1.85 (m, 3H), 1.27 – 1.21 (m, 12H) ppm. 
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Synthesis of [3.2.1] bicycle 6-26 and tricycle 6-27 

 

 

 

 

A flame-dried flask was charged with Cp2TiCl2 (25 mg, 0.081 mmol, 1 equiv), and zinc powder 
(10.4 mg, 0.16 mmol, 2 equiv). The flask was evacuated and back-filled with N2 three times. 
Degassed THF (1.6 mL sparged with N2 for 2 h) was added to the flask and the mixture was stirred 
for 30 minutes. The red solution quickly turned green in color. This mixture of Cp2TiCl was added 
dropwise to a solution of Bisepoxide 6-25 (25 mg, 0.081 mmol, 1 equiv) in degassed THF (0.8 mL).  
The green solution decolored to red upon addition, and the reaction mixture was stirred for an 
additional 30 min. The reaction was stopped by exposure to air and quenched with addition of 
sat. aq. Na2HPO4, filtered through plug of Celite, and extracted three times with EtOAc. The 
combined organic layers were washed with sat. aq. NaCl, dried over Na2SO4, filtered, and 
concentrated in vacuo. The crude reaction mixture was purified by preparatory TLC 
(hexanes/EtOAc:2/1) to tentatively give epoxide 6-26 (15 mg, 60% as sparingly separable 
diastereomers) as well as 6-26 (1.3 mg, 5%) as a clear crystal. After 5 preparatory TLC runs, two 
diastereomers were separated from the bulk material. 

6-26 diastereomer 1: 1H NMR (700 MHz, CDCl3) δ 4.19 (d, J = 4.8 Hz, 1H), 4.01 – 3.97 (m, 1H), 
3.95 – 3.90 (m, 1H), 3.84 (dd, J = 7.5, 6.6 Hz, 1H), 3.79 (dd, J = 11.3, 5.8 Hz, 1H), 2.25 (dd, J = 15.4, 
7.4 Hz, 1H), 2.16 – 2.13 (m, 1H), 2.07 – 2.01 (m, 1H), 2.00 – 1.95 (m, 1H), 1.91 (d, J = 7.3 Hz, 1H), 
1.52 (d, J = 12.7 Hz, 1H), 1.45 – 1.33 (m, 3H), 1.34 – 1.32 (m, 1H), 1.26 (s, 3H), 1.12 (s, 3H), 1.00 
(s, 3H) ppm. 

diastereomer 2: 1H NMR (700 MHz, CDCl3) δ 4.86 (s, 1H), 4.13 – 4.10 (m, 1H), 4.03 (q, J = 7.1 Hz, 
1H), 3.99 – 3.96 (m, 1H), 3.87 (q, J = 7.1 Hz, 1H), 3.54 (d, J = 10.9 Hz, 1H), 3.49 (dd, J = 12.4, 5.6 
Hz, 1H), 2.55 (dd, J = 19.1, 7.7 Hz, 1H), 2.39 (d, J = 19.2 Hz, 1H), 2.14 – 2.10 (m, 2H), 1.93 (t, J = 
12.3 Hz, 1H), 1.29 – 1.25 (m, 2H), 1.20 (s, 6H), 1.15 (s, 3H), 1.05 (s, 3H) ppm. 

6-27 1H NMR (700 MHz, MeOD) δ 4.48 (dd, J = 10.3, 7.0 Hz, 1H), 4.00 (ddd, J = 15.1, 6.4, 4.5 Hz, 
2H), 3.97 – 3.94 (m, 1H), 3.87 – 3.80 (m, 3H), 2.23 – 2.17 (m, 2H), 1.93 (dd, J = 13.0, 6.5 Hz, 2H), 
1.69 (d, J = 7.2 Hz, 1H), 1.55 (d, J = 14.5 Hz, 1H), 1.25 – 1.21 (m, 1H), 1.15 (s, 3H), 1.10 (s, 3H), 1.00 
(s, 3H), 0.96 (s, 3H) ppm. 

The structure of 6-27 was further confirmed through                                                                                                             
single crystal  x-ray analysis from hexanes ethyl acetate mixture (vapor 
diffusion) 
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Synthesis of [3.2.1] bicycle 6-35 

 

 

To a flame-dried flask under air was added enedione 6-14 (3.7 g, 16 mmol, 1 equiv), followed by 
Fe(acac)3 (1.7 g, 4.7 mmol, 0.3 equiv), ethanol (40 mL), and ethylene glycol (10 mL). Phenylsilane 
(1.9 mL, 16 mmol, 1 equiv) was then added and the reaction mixture was moved to a preheated 
oil bath at 65 °C. Note: some H2 evolution was observed. The dark red-brown reaction mixture 
was stirred for 15 minutes at this temperature wherein full conversion was noted by TLC and the 
formation of a red foam was visible. The mixture was removed from the oil bath and cooled to 
room temperature, after which sat. aq. NaCl was added to quench the reaction mixture. The 
aqueous layer was extracted three times with EtOAc. The combined organic layers were dried 
over Na2SO4, filtered, and concentrated in vacuo. The crude residue was purified by silica gel flash 
chromatography (hexanes:EtOAc = 4:1) to give [3.2.1] bicycle 6-35 (1.5 g, 40% in 80% purity). 

Rf = 0.4 (hexane:EtOAc = 4:1), purple spot (p-anisaldehyde) 

1H NMR (500 MHz, CDCl3) δ 5.06 (ddt, J = 8.9, 5.9, 1.5 Hz, 1H), 2.77 (d, J = 18.9 Hz, 1H), 2.53 – 
2.45 (m, 1H), 2.42 (d, J = 7.7 Hz, 1H), 2.38 (d, J = 7.9 Hz, 1H), 2.28 (d, J = 7.4 Hz, 2H), 2.00 – 1.94 
(m, 1H), 1.88 (s, 1H), 1.67 (dd, J = 9.0, 1.3 Hz, 6H), 1.39 – 1.35 (m, 1H), 1.09 (d, J = 8.5 Hz, 6H) 
ppm. 
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Synthesis of hemiketal 6-36 and diol 6-37 

OsO4 (4%)
NMO (1.1 equiv)

acetone/H2O 4 h
(83% 1:1)

Me

Me

O

O
MeMe

6-35

Me

Me

O

OH
OMe

Me OH

H

Me

Me

O

Me

Me

OHO OH

6-36 6-37

 

 

A round-bottomed flask was charged with bicycle 6-35 (1.7 g, 7.3 mmol, 1 equiv) and acetone (37 
mL). No effort was made to exclude moisture or air from this reaction. N-methyl morpholine 
oxide (NMO, 3.4 mL, 7.3 mmol, 1, equiv, 50 wt% in H2O) was added followed by OsO4 (1.8 mL, 
0.29 mmol, 0.04 equiv, 4 wt% in H2O). The stirring solution briefly turned black then decolored 
to orange for the duration of the reaction. Reaction progress was monitored by TLC, judging 
completion by disappearance of starting material, approximately 4 h. The reaction was quenched 
by addition of sat. aq. NaHCO3 and sat. aq. Na2S2O3 and diluted with EtOAc. The aqueous layer 
was extracted five times with EtOAc. The organic layers were combined, washed with sat. aq. 
NaCl, dried over Na2SO4, filtered, and concentrated in vacuo. The crude residue was purified by 
silica gel chromatography (hexanes:EtOAc 2:1 to 1:1) to yield hemiketal 6-36 as a yellow solid 
(800 mg, 41%) and 6-37 as a white solid (820 mg, 42%).  

6-36 Rf = 0.4 (hexane:EtOAc = 2:1), purple spot (p-anisaldehyde) 

1H NMR (500 MHz, CDCl3) δ 3.87 – 3.80 (m, 1H), 2.44 – 2.34 (m, 1H), 2.29 (dd, J = 14.2, 7.5 Hz, 
1H), 2.17 – 2.11 (m, 2H), 1.93 (dd, J = 13.3, 7.2 Hz, 1H), 1.86 – 1.78 (m, 2H), 1.67 – 1.61 (m, 2H), 
1.32 (s, 3H), 1.13 (d, J = 1.2 Hz, 3H), 1.00 (d, J = 1.2 Hz, 3H), 0.96 (s, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 215.6, 106.6, 85.2, 71.7, 61.1, 58.6, 41.7, 35.9, 31.2, 30.3, 28.1, 27.9, 
27.4, 25.8, 25.6 ppm. 

Rf = 0.3 (hexane:EtOAc = 1:1), purple spot (p-anisaldehyde) 

1H NMR (700 MHz, CDCl3) δ 4.15 (d, J = 5.2 Hz, 1H), 2.59 (dd, J = 18.4, 6.5 Hz, 1H), 2.36 – 2.27 (m, 
2H), 2.09 – 2.03 (m, 1H), 1.90 (dt, J = 13.0, 6.5 Hz, 1H), 1.83 (d, J = 13.1 Hz, 1H), 1.77 – 1.69 (m, 
1H), 1.35 – 1.20 (m, 11H), 0.97 (s, 3H) ppm. 

The structure of 6-36 was further confirmed through single crystal x-ray analysis (vide infre) from 
hexanes ethyl acetate mixture 
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Synthesis of acetonide 6-38 

 

 

A flame-dried flask was charged with diol 6-37 (200 mg, 0.75 mmol, 1 equiv) followed by acetone 
(15 mL). To this clear solution was added 2,2-dimethoxypropane (4.6 mL, 37 mmol, 50 equiv) 
followed by pyridinium p-toluenesulfonate (10 mg, 0.037 mmol, 0.05 equiv). The clear reaction 
mixture was stirred under an atmosphere of nitrogen for 18 h. The reaction was quenched by 
addition of sat. aq. NaHCO3 and diluted with EtOAc. The aqueous layer was extracted two times 
with EtOAc. The organic layers were combined, washed with sat. aq. NaCl, dried over Na2SO4, 
filtered, and concentrated in vacuo. The crude residue was purified by silica gel chromatography 
(hexanes:EtOAc 2:1) to give acetonide 6-38 as a clear oil (160 mg, 70%). 

Rf = 0.5 (hexane:EtOAc = 2:1), purple spot (p-anisaldehyde) 

1H NMR (700 MHz, CDCl3) δ 4.13 (dd, J = 10.8, 3.4 Hz, 1H), 2.73 (d, J = 18.5 Hz, 1H), 2.59 (dd, J = 
18.5, 7.5 Hz, 1H), 2.40 (d, J = 7.4 Hz, 1H), 1.97 (dd, J = 14.0, 10.8 Hz, 1H), 1.94 – 1.89 (m, 2H), 1.55 
(ddd, J = 17.4, 13.8, 5.1 Hz, 2H), 1.33 (d, J = 15.3 Hz, 1H), 1.29 (s, 3H), 1.24 (s, 3H), 1.19 (s, 3H), 
1.11 (s, 3H), 1.07 (d, J = 10.1 Hz, 6H) ppm. 
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Synthesis of carbonate 6-39 

 

 

A flame-dried flask was charged with diol 6-37 (200 mg, 0.75 mmol, 1 equiv) followed by benzene 
(7.5 mL). To this clear solution was added carbonyldiimidazole (121 mg, 0.75 mmol, 1 equiv). The 
reaction mixture was moved to a preheated oil bath at 65 °C. The reaction mixture was stirred at 
this temperature for 24 h. The flask was removed from the oil bath and cooled to room 
temperature whereupon the reaction mixture was quenched by addition of sat. aq. NaHCO3 and 
diluted with EtOAc. The aqueous layer was extracted two times with EtOAc. The organic layers 
were combined, washed with sat. aq. NaCl, dried over Na2SO4, filtered, and concentrated in 
vacuo. The crude residue was purified by silica gel chromatography (hexanes:EtOAc 2:1) to give 
carbonate 6-39 as a clear oil (154 mg, 70%). 

Rf = 0.4 (hexane:EtOAc = 4:1), purple spot (p-anisaldehyde) 

1H NMR (400 MHz, CDCl3) δ 4.65 (dd, J = 11.1, 2.5 Hz, 1H), 2.80 (d, J = 19.2 Hz, 1H), 2.61 (dd, J = 
19.2, 7.5 Hz, 1H), 2.50 (d, J = 7.5 Hz, 1H), 2.19 (dd, J = 14.8, 11.1 Hz, 1H), 2.15 – 2.08 (m, 1H), 1.91 
(ddd, J = 13.0, 5.7, 1.5 Hz, 1H), 1.64 (dd, J = 14.6, 5.7 Hz, 1H), 1.56 (dd, J = 14.8, 2.6 Hz, 1H), 1.50 
(s, 3H), 1.43 (d, J = 5.6 Hz, 1H), 1.40 (s, 3H), 1.09 (s, 6H) ppm. 
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Synthesis of silyl ether S6-3 

 

 

A flame-dried flask was charged with hemiketal 6-36 (200 mg, 0.75 mmol, 1 equiv) followed by 
DCM (7.5 mL). To this clear solution was added 2,6-lutidine (0.52 mL , 4.5 mmol, 6 equiv). The 
clear reaction mixture was cooled to –78 °C after which TMSOTf was added (0.30 mL, 1.65 mmol, 
2.2 equiv). The reaction mixture was stirred at this temperature for 12 h. The flask was warmed 
to room temperature whereupon the reaction mixture was quenched by addition of sat. aq. 
NH4Cl and diluted with EtOAc. The aqueous layer was extracted two times with EtOAc. The 
organic layers were combined, washed with sat. aq. NaCl, dried over Na2SO4, filtered, and 
concentrated in vacuo. The crude residue was purified by silica gel chromatography 
(hexanes:EtOAc 4:1) to give silyl hemiketal S6-3 as a clear oil (300 mg, 97%). 

Rf = 0.6 (hexane:EtOAc = 4:1), purple spot (p-anisaldehyde) 

1H NMR (400 MHz, CDCl3) δ 3.75 (dd, J = 10.2, 6.2 Hz, 1H), 2.38 (dd, J = 13.7, 7.4 Hz, 1H), 2.29 – 
2.17 (m, 2H), 2.11 (d, J = 7.4 Hz, 1H), 1.83 (t, J = 2.2 Hz, 2H), 1.50 (dd, J = 12.2, 10.1 Hz, 1H), 1.29 
(d, J = 1.4 Hz, 2H), 1.24 (s, 3H), 1.17 (s, 3H), 1.01 (d, J = 7.1 Hz, 6H), 0.28 (s, 9H), 0.14 (d, J = 2.8 Hz, 
9H) ppm. 
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Synthesis of alcohol 6-40 

 

 

A flame-dried flask was charged with silyl hemiketal S6-3 (553 mg, 1.34 mmol, 1 equiv) followed 
by THF (13.4 mL). This clear solution was cooled 0 °C in an ice bath, after which lithium aluminum 
hydride (0.67 mL, 1.34 mmol, 2 M solution in hexanes) was added dropwise. After addition the 
reaction mixture was warmed up to room temperature and allowed to stir for 1 h. The reaction 
mixture was quenched by addition of sat. aq. NaCl and diluted with EtOAc. The aqueous layer 
was extracted 4 times with EtOAc. The organic layers were combined, washed further with sat. 
aq. NaCl, dried over Na2SO4, filtered, and concentrated in vacuo. The crude residue was purified 
by silica gel chromatography (hexanes:EtOAc 4:1) to give alcohol 6-39 as a white solid (510 mg, 
97%). 

Rf = 0.6 (hexane:EtOAc = 4:1), purple spot (p-anisaldehyde) 

1H NMR (700 MHz, CDCl3) δ 3.96 – 3.91 (m, 2H), 2.07 (dd, J = 14.1, 6.8 Hz, 1H), 1.97 (s, 1H), 1.95 
– 1.90 (m, 1H), 1.85 (d, J = 5.8 Hz, 1H), 1.81 (dd, J = 12.7, 6.3 Hz, 1H), 1.67 (dd, J = 13.4, 5.9 Hz, 
1H), 1.50 – 1.46 (m, 1H), 1.25 (d, J = 7.6 Hz, 5H), 1.22 (s, 3H), 1.16 (s, 3H), 0.83 (s, 3H), 0.19 (s, 
9H), 0.10 (s, 9H) ppm. 
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Synthesis of (bromomethyl)dimethylsilyl ether S6-4 

 

 

A flame-dried vial was charged alcohol 6-40 (10 mg, 0.024 mmol, 1 equiv) followed by DCM (1 
mL). To this clear solution was added imidazole (6.5 mg, 0.096 mmol, 4 equiv) and 
(bromomethyl)dimethyl silane (6.5 µL, 0.048 mmol, 2 equiv) whereupon a white precipitate 
formed.  The vial was moved to a preheated vial block at 50 °C and stirred for 14 h. The reaction 
mixture was cooled back to room temperature, quenched by addition of sat. aq. NaCl, and diluted 
with EtOAc. The aqueous layer was extracted two times with EtOAc. The organic layers were 
combined, washed further with sat. aq. NaCl, dried over Na2SO4, filtered, and concentrated in 
vacuo. The crude residue was sufficiently pure for the next reaction and unstable to silica gel 
chromatography.  

Rf = 0.5 (hexane:EtOAc = 8:1), purple spot (p-anisaldehyde) 

1H NMR (400 MHz, CDCl3) δ 3.89 (d, J = 5.3 Hz, 2H), 2.48 (s, 2H), 2.44 (s, 2H), 2.03 (d, J = 7.0 Hz, 
1H), 1.98 – 1.87 (m, 2H), 1.76 – 1.67 (m, 2H), 1.67 – 1.57 (m, 2H), 1.42 (dd, J = 12.7, 10.3 Hz, 1H), 
1.24 (s, 4H), 1.15 (d, J = 3.4 Hz, 7H), 0.80 (s, 3H), 0.28 (s, 6H), 0.25 (s, 6H), 0.18 (s, 9H), 0.10 (s, 9H) 
ppm. 
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Synthesis of (iodomethyl)dimethylsilyl ether 6-41 

 

 

A flame-dried vial was charged with crude S6-4 followed by acetone (1 mL). Sodium iodide (10 
mg, 0.067 mmol, 2.8 equiv) was added as a solid and the reaction was stirred for 24 hours at 
room temperature under air turning orange in color. The reaction mixture was quenched by 
addition of sat. aq. NaHCO3 and sat. aq. Na2S2O3 then diluted with EtOAc. The aqueous layer was 
extracted two times with EtOAc. The organic layers were combined, washed with sat. aq. NaCl, 
dried over Na2SO4, filtered, and concentrated in vacuo. The crude residue was purified by 
preparatory thin-layer silica gel chromatography (hexanes:EtOAc 4:1) to yield silyl ether 6-41 
(12.6 mg, 86%, 2 steps).  

Rf = 0.6 (hexane:EtOAc = 4:1), purple spot (p-anisaldehyde) 

1H NMR (400 MHz, CDCl3) δ 3.88 (t, J = 4.9 Hz, 2H), 2.04 – 2.00 (m, 3H), 1.94 (d, J = 14.3 Hz, 2H), 
1.81 – 1.69 (m, 2H), 1.67 – 1.60 (m, 1H), 1.44 (d, J = 10.7 Hz, 1H), 1.25 (s, 3H), 1.15 (d, J = 4.7 Hz, 
6H), 0.80 (s, 3H), 0.31 (s, 6H), 0.18 (d, J = 1.4 Hz, 9H), 0.10 (d, J = 1.3 Hz, 9H) ppm. 
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Attempted remote desaturation of 6-41 

 

 

A flame-dried vial was charged with silyl ether 6-41 (10 mg, 0.016 mmol, 1 equiv) and palladium 
acetate (0.36 mg, 0.0016 mmol, 0.1 equiv).  The vial was moved into a glove box wherein 1-
diphenylphosphino-1'-(di-tert-butylphosphino)ferrocene (0.16 mg, 0.0032 mmol, 0.2 equiv), 
cesium carbonate (10 mg, 0.032 mmol, 2 equiv), and degassed benzene (0.1 mL) were added. 
The vial was sealed and removed from the glovebox. The vial was positioned 3 cm away from a 
tuna blue Kessil lamp and irradiated for 16 h with a constant stream of air over the vial to 
maintain temperature. The crude reaction mixture was filtered through a silica plug, but no 
desired product was observed by NMR analysis. 
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Synthesis of acetate 6-45 

 

 

A flame-dried vial was charged with hemiketal 6-40 (10 mg, 0.037 mmol, 1 equiv) followed by 
DCM (1 mL). To this clear solution was added DMAP (4.5 mg, 0.037 mmol, 1 equiv) and acetic 
anhydride (175 µL, 1.85 mmol, 50 equiv). The clear reaction mixture was allowed to stir for 12 h 
whereupon it was quenched by the addition of sat. aq. NH4Cl and diluted with EtOAc. The 
aqueous layer was extracted 2 times with EtOAc. The organic layers were combined, washed with 
sat. aq. NaCl, dried over Na2SO4, filtered, and concentrated in vacuo. The crude residue was 
purified by preparatory thin layer chromatography (hexanes:EtOAc 2:1) to give hemiketal 6-45 
(9.2 mg, 80%). 

Rf = 0.5 (hexane:EtOAc = 2:1), purple spot (p-anisaldehyde) 

1H NMR (700 MHz, CDCl3) δ 3.96 – 3.93 (m, 1H), 2.75 – 2.71 (m, 1H), 2.47 (d, J = 15.3 Hz, 1H), 2.30 
– 2.27 (m, 1H), 2.14 (d, J = 7.6 Hz, 1H), 2.10 (s, 3H), 1.97 – 1.93 (m, 1H), 1.90 (dd, J = 13.0, 5.7 Hz, 
1H), 1.72 (dt, J = 13.5, 6.7 Hz, 1H), 1.65 – 1.61 (m, 1H), 1.26 (q, J = 6.5, 6.1 Hz, 2H), 1.20 (d, J = 6.5 
Hz, 1H), 1.17 (s, 3H), 1.07 (s, 4H), 0.98 (d, J = 13.8 Hz, 6H) ppm. 
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Synthesis of (bromomethyl)dimethylsilyl ether S6-5 

 

 

A flame-dried vial was charged with hemiketal 6-45 (5mg, 0.019 mmol, 1 equiv) followed by DCM 
(1 mL). To this clear solution was added imidazole (5 mg, 0.076 mmol, 4 equiv) and 
(bromomethyl)dimethyl silane (5 µL, 0.038 mmol, 2 equiv) whereupon a white precipitate 
formed.  The vial was moved to a preheated vial block at 50 °C and stirred for 14 h. The reaction 
mixture was cooled back to room temperature, quenched by addition of sat. aq. NaCl, and diluted 
with EtOAc. The aqueous layer was extracted 2 times with EtOAc. The organic layers were 
combined, washed further with sat. aq. NaCl, dried over Na2SO4, filtered, and concentrated in 
vacuo. The crude residue was sufficiently pure for the next reaction and unstable to silica gel 
chromatography.  

Rf = 0.5(hexane:EtOAc = 4:1), purple spot (p-anisaldehyde) 

1H NMR (700 MHz, CDCl3) δ 3.85 (dd, J = 9.9, 6.5 Hz, 1H), 2.68 (dd, J = 15.3, 7.5 Hz, 1H), 2.43 (d, J 
= 15.1 Hz, 1H), 2.27 (dd, J = 12.5, 6.5 Hz, 1H), 2.12 (d, J = 7.4 Hz, 1H), 2.07 (s, 3H), 2.01 (s, 2H), 
1.95 – 1.91 (m, 1H), 1.88 – 1.85 (m, 1H), 1.71 (d, J = 6.4 Hz, 1H), 1.62 – 1.57 (m, 1H), 1.15 (s, 3H), 
1.13 (s, 3H), 0.98 (s, 3H), 0.96 (s, 3H), 0.27 (m, 6H) ppm. 
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Synthesis of (iodomethyl)dimethylsilyl ether 6-46 

 

 

A flame-dried vial was charged with crude S6-4 followed by acetone (0.5 mL). Sodium iodide (5.6 
mg, 0.038 mmol, 2 equiv) was added as a solid and the reaction was stirred for 24 hours at room 
temperature under air turning orange in color. The reaction mixture was quenched by addition 
of sat. aq. NaHCO3 and sat. aq. Na2S2O3 and diluted with EtOAc. The aqueous layer was extracted 
two times with EtOAc. The organic layers were combined, washed with sat. aq. NaCl, dried over 
Na2SO4, filtered, and concentrated in vacuo. The crude residue was purified by preparatory thin-
layer silica gel chromatography (hexanes:EtOAc 4:1) to yield silyl ether 6-46 over 2 steps.  

Rf = 0.5(hexane:EtOAc = 4:1), purple spot (p-anisaldehyde) 

1H NMR (700 MHz, CDCl3) δ 4.11 (q, J = 7.2 Hz, 1H), 2.79 (dd, J = 15.9, 7.4 Hz, 1H), 2.66 (d, J = 15.9 
Hz, 1H), 2.13 (d, J = 7.3 Hz, 1H), 2.08 (s, 3H), 2.04 (s, 2H), 1.76 (td, J = 13.6, 5.9 Hz, 1H), 1.33 (s, 
6H), 1.09 – 1.05 (m, 2H), 0.98 (dd, J = 22.3, 9.3 Hz, 6H), 0.11 (s, 6H) ppm. 
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Synthesis of enol ether 6-48 

 

 

A flame-dried vial was charged with silyl ether 6-46 (3 mg, 0.006 mmol, 1 equiv) and palladium 
acetate (0.13 mg, 0.0006 mmol, 0.1 equiv).  The vial was moved into a glove box wherein L (0.0 
6 mg, 0.0012 mmol, 0.2 equiv), cesium carbonate (5 mg, 0.012 mmol, 2 equiv), and degassed 
benzene (0.1 mL) were added. The vial was sealed and removed from the glovebox. The vial was 
positioned 3 cm away from a tuna blue Kessil lamp and irradiated for 16 h with a constant stream 
of air over the vial to maintain temperature. The crude reaction mixture was loaded directly onto 
a preparatory TLC plate and eluted (hexanes:EtOAc 4:1). Enol ether 6-48 was isolated as a clear 
oil.  

Rf = 0.55 (hexane:EtOAc = 4:1), purple spot (p-anisaldehyde) 

1H NMR (700 MHz, CDCl3) δ 4.95 (s, 1H), 2.79 (dd, J = 15.8, 7.4 Hz, 1H), 2.67 (d, J = 15.8 Hz, 1H), 
2.14 (d, J = 7.5 Hz, 1H), 2.09 (s, 3H), 2.02 (dd, J = 12.9, 5.7 Hz, 1H), 1.77 (dt, J = 13.4, 6.7 Hz, 1H), 
1.33 (s, 6H), 1.00 (d, J = 8.0 Hz, 6H), 0.11 (s, 9H) ppm. 
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Synthesis of ether 6-49 

 

 

A flame-dried vial was charged with alcohol 6-40 (100 mg, 0.24 mmol, 1 equiv) followed by DCM 
(2.4 mL). To this clear solution was added PIDA (78 mg, 0.24 mmol, 1 equiv) and molecular iodine 
(31 mg, 0.12 mmol, 0.5 equiv). The solution immediately turned pink-purple in color. The stirring 
reaction mixture was irradiated by sunlamp (CFL 6 w) for 1 h. The reaction mixture was quenched 
by addition of sat. aq. NaHCO3 and sat. aq. Na2S2O3 and diluted with EtOAc. The aqueous layer 
was extracted two times with EtOAc. The organic layers were combined, washed with sat. aq. 
NaCl, dried over Na2SO4, filtered, and concentrated in vacuo. The crude residue was purified by 
flash silica gel chromatography (hexanes:EtOAc 4:1) to yield ether 6-49 (75 mg, 75%) as a yellow 
solid.  

Rf = 0.6 (hexane:EtOAc = 4:1), purple spot (p-anisaldehyde) 

1H NMR (700 MHz, CDCl3) δ 4.24 (d, J = 5.9 Hz, 1H), 3.95 (dd, J = 10.3, 6.2 Hz, 1H), 3.81 (d, J = 7.7 
Hz, 1H), 3.68 (dd, J = 7.7, 2.8 Hz, 1H), 2.28 – 2.21 (m, 2H), 1.86 (d, J = 13.2 Hz, 1H), 1.79 (tt, J = 
12.3, 6.5 Hz, 2H), 1.48 (dd, J = 12.5, 10.3 Hz, 2H), 1.41 (dd, J = 12.7, 6.5 Hz, 1H), 1.27 (s, 3H), 1.15 
(s, 3H), 0.93 (s, 3H), 0.21 (s, 9H), 0.12 (s, 9H) ppm. 

 

 

 

 

 

 

 

 

 

 



271 
 

Synthesis of lactone 6-50 

 

 

A flame-dried vial was charged with alcohol 6-40 (100 mg, 0.24 mmol, 1 equiv) followed by 
benzene (3 mL). To this clear solution was added freshly recrystallized lead tetraacetate (321 mg, 
0.72 mmol, 3 equiv), molecular iodine (184 mg, 0.72 mmol, 3 equiv) and calcium carbonate (241 
mg, 2.41 mmol, 10 equiv). The solution immediately turned dark brown pink-purple in color. The 
stirring reaction mixture was irradiated by sunlamp (CFL 6 w) for 1 h. The reaction mixture was 
quenched by addition of sat. aq. NaHCO3 and sat. aq. Na2S2O3 and diluted with EtOAc. The 
aqueous layer was extracted two times with EtOAc. The organic layers were combined, washed 
with sat. aq. NaCl, dried over Na2SO4, filtered, and concentrated in vacuo. The crude residue was 
purified by flash silica gel chromatography (hexanes:EtOAc 4:1) to yield ether 6-49 (58 mg, 56%) 
as a yellow solid.  

Rf = 0.55 (hexane:EtOAc = 4:1), purple spot (p-anisaldehyde) 

1H NMR (700 MHz, CDCl3) δ 4.60 (d, J = 6.3 Hz, 1H), 4.00 (dd, J = 10.4, 6.1 Hz, 1H), 2.60 (t, J = 6.9 
Hz, 1H), 2.39 – 2.30 (m, 2H), 1.94 – 1.87 (m, 2H), 1.67 (dd, J = 10.7, 4.5 Hz, 2H), 1.48 – 1.44 (m, 
2H), 1.28 (s, 3H), 1.18 (s, 3H), 1.12 (s, 3H), 0.23 (s, 9H), 0.13 (s, 9H) ppm. 
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Synthesis of [3.2.1.03,6] tricycle 6-52 

 

 

Irradiation precursor (12 mg, 0.042 mmol) was dissolved in degassed DCM (0.84 mL). The solution 
was moved into a Luzchem photobox and irradiated at 350 nm (UVB) for four hours. The dissolved 
crude mixtures were then purified by prepTLC (nHex/EtOAc = 9/1) to give the title compound as 
yellow oil (10.6 mg, 88%). 

Rf = 0.2(hexane:EtOAc = 9:1), purple streak (p-anisaldehyde) 

1H NMR (500 MHz, CDCl3) δ 5.32 (ddt, J = 8.2, 6.8, 1.5 Hz, 1H), 4.03 – 3.83 (m, 4H), 2.98 (t, J = 4.4 
Hz, 1H), 2.56 (t, J = 4.7 Hz, 1H), 2.37 – 2.18 (m, 4H), 2.15 – 2.01 (m, 1H), 1.71 (d, J = 1.5 Hz, 3H), 
1.66 (d, J = 23.8 Hz, 4H), 1.30 (s, 3H), 0.81 (s, 3H) ppm. 

13C NMR (151 MHz, CDCl3) δ 212.9, 132.4, 119.9, 116.5, 65.4, 65.5, 64.5, 60.0, 57.0, 44.5, 43.4, 
41.0, 31.9, 30.9, 28.3, 26.1, 25.9, 22.0, 21.0, 17.7 2X ppm. 

HRMS EI [M]+ calculated for C17H24O3: 276.1725, found: 276.1725.  

 

 

 

 

 

 

 

 

 

 

 



273 
 

Synthesis of silyl cyanohydrin 6-55 

Me
Me

Me Me

O

OO

TMSCN, nBU4NCN 

120 °C, 19 h
(76%)

6-52

Me
Me

Me Me

CN

OTMS

O

6-55  

 

A flame-dried vial was charged with cyclobutene 6-52 (30 mg, 0.11 mmol, 1 equiv), TMSCN (100 
mg, 1.01 mmol, 9.3 equiv), and tetrabutylammonium cyanide (6 mg, 0.02 mmol, 0.2 equiv). The 
reaction mixture was moved to a preheated vial block at 120 °C and stirred for 19 h. The reaction 
mixture was then cooled to room temperature and quenched by the addition of sat. aq. NaCl and 
diluted  with EtOAc. The aqueous layer was extracted two times with EtOAc. The organic layers 
were combined, washed with sat. aq. NaCl, dried over Na2SO4, filtered, and concentrated in 
vacuo. The crude residue was purified by flash silica gel chromatography (hexanes:EtOAc 4:1) to 
yield ether silyl cyanohydrin 6-55 (31 mg, 76%) as a clear oil with recovered starting material (6 
mg, 20%).  

Rf = 0.6 (hexane:EtOAc = 4:1), purple spot (p-anisaldehyde) 

1H NMR (700 MHz, CDCl3) δ 5.35 – 5.29 (m, 1H), 4.01 – 3.84 (m, 4H), 2.98 (t, J = 4.5 Hz, 1H), 2.56 
(t, J = 4.8 Hz, 1H), 2.35 – 2.28 (m, 2H), 2.26 – 2.21 (m, 1H), 2.11 (dd, J = 14.9, 7.9 Hz, 1H), 1.76 (d, 
J = 12.4 Hz, 1H), 1.70 (dd, J = 3.5, 1.9 Hz, 3H), 1.66 – 1.61 (m, 3H), 1.30 (s, 3H), 0.81 (s, 3H), 0.24 
(s, 9H) ppm. 
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X-ray Crystallographic data  

A colorless block 0.18 x 0.16 x 0.11 mm in size was mounted on a Cryoloop with Paratone oil. 
Data were collected in a nitrogen gas stream at 100(2) K using omega scans. Crystal-to-detector 
distance was 30.23 mm and exposure time was 0.50 seconds per frame using a scan width of 
0.5°. Data collection was 100% complete to 74.000° in θ. A total of 52325 reflections were 
collected covering the indices -15<=h<=15, -11<=k<=11, -17<=l<=17. 3203 reflections were found 
to be symmetry independent, with an Rint of 0.0672. Indexing and unit cell refinement indicated 
a primitive, monoclinic lattice. The space group was found to be P 21/n (No. 14). The data were 
integrated using the CrysAlisPro 1.171.40.71a software program and scaled using the SCALE3 
ABSPACK scaling algorithm. Solution by intrinsic phasing (SHELXT-2015) produced a 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.  

 

Table 1.  Crystal data and structure refinement for IB003_Sarpong. 

Identification code  IB003_Sarpong 

Empirical formula  C17 H28 O5 

Formula weight  312.39 

Temperature  100(2) K 

Wavelength  1.54184 Å 

Crystal system  Monoclinic 

Space group  P 21/n 

Unit cell dimensions a = 12.63730(10) Å a= 90°. 

 b = 9.50810(10) Å b= 114.7090(10)°. 

 c = 14.40200(10) Å g = 90°. 

Volume 1572.06(3) Å3 

Z 4 

Density (calculated) 1.320 Mg/m3 

Absorption coefficient 0.780 mm-1 

F(000) 680 
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Crystal size 0.180 x 0.160 x 0.110 mm3 

Theta range for data collection 3.920 to 74.486°. 

Index ranges -15<=h<=15, -11<=k<=11, -17<=l<=17 

Reflections collected 52325 

Independent reflections 3203 [R(int) = 0.0672] 

Completeness to theta = 74.000° 99.8 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.82376 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3203 / 0 / 215 

Goodness-of-fit on F2 1.081 

Final R indices [I>2sigma(I)] R1 = 0.0393, wR2 = 0.1020 

R indices (all data) R1 = 0.0400, wR2 = 0.1025 

Extinction coefficient n/a 

Largest diff. peak and hole 0.361 and -0.276 e.Å-3 
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Table 2.  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 
103) 

for ib003_sarpong.  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

______________________________________________________________________________
__ 

x y z U(eq) 

______________________________________________________________________________
__ 

C(1) 1317(1) 10330(1) 3805(1) 18(1) 

C(2) 703(1) 11760(1) 3614(1) 19(1) 

C(3) -594(1) 11439(1) 2927(1) 19(1) 

C(4) -1291(1) 12753(1) 2397(1) 24(1) 

C(5) -1165(1) 10853(1) 3603(1) 23(1) 

C(6) -445(1) 10366(1) 2157(1) 17(1) 

C(7) 688(1) 9508(1) 2802(1) 16(1) 

C(8) 1437(1) 9244(1) 2200(1) 18(1) 

C(9) 742(1) 8649(1) 1120(1) 18(1) 

C(10) -139(1) 7468(1) 1043(1) 19(1) 

C(11) 443(1) 6012(1) 1264(1) 24(1) 

C(12) -1100(1) 7422(1) -57(1) 23(1) 

C(13) -703(1) 7802(1) 1792(1) 18(1) 

C(14) -1366(1) 9229(1) 1613(1) 20(1) 

C(15) 218(1) 8045(1) 2895(1) 18(1) 

C(16) 789(1) 5990(2) 3810(1) 31(1) 

C(17) -294(1) 6567(1) 3880(1) 28(1) 

O(1) 1131(1) 12658(1) 3044(1) 22(1) 

O(2) -312(1) 11198(1) 1372(1) 20(1) 

O(3) 1571(1) 8208(1) 729(1) 21(1) 
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O(4) 1141(1) 7066(1) 3312(1) 20(1) 

O(5) -333(1) 8002(1) 3583(1) 21(1) 

______________________________________________________________________________
__
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Table 3.   Bond lengths [Å] and angles [°] for ib003_sarpong. 

_____________________________________________________ 

C(1)-C(2)  1.5330(16) 

C(1)-C(7)  1.5391(15) 

C(1)-H(1A)  0.9900 

C(1)-H(1B)  0.9900 

C(2)-O(1)  1.4371(14) 

C(2)-C(3)  1.5511(16) 

C(2)-H(2A)  1.0000 

C(3)-C(4)  1.5353(17) 

C(3)-C(5)  1.5376(16) 

C(3)-C(6)  1.5742(16) 

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)  1.4456(14) 

C(6)-C(14)  1.5417(16) 

C(6)-C(7)  1.5708(15) 

C(7)-C(15)  1.5399(16) 

C(7)-C(8)  1.5487(15) 

C(8)-C(9)  1.5386(15) 

C(8)-H(8A)  0.9900 

C(8)-H(8B)  0.9900 

C(9)-O(3)  1.4448(13) 
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C(9)-C(10)  1.5517(16) 

C(9)-H(9)  1.0000 

C(10)-C(11)  1.5369(17) 

C(10)-C(12)  1.5415(15) 

C(10)-C(13)  1.5545(16) 

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)-C(15)  1.5455(15) 

C(13)-C(14)  1.5581(16) 

C(13)-H(13)  1.0000 

C(14)-H(14A)  0.9900 

C(14)-H(14B)  0.9900 

C(15)-O(4)  1.4141(14) 

C(15)-O(5)  1.4308(14) 

C(16)-O(4)  1.4235(16) 

C(16)-C(17)  1.5166(19) 

C(16)-H(16A)  0.9900 

C(16)-H(16B)  0.9900 

C(17)-O(5)  1.4247(15) 

C(17)-H(17A)  0.9900 

C(17)-H(17B)  0.9900 

O(1)-H(1)  0.89(2) 

O(2)-H(2)  0.87(2) 
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O(3)-H(3)  0.89(2) 

 

C(2)-C(1)-C(7) 104.96(9) 

C(2)-C(1)-H(1A) 110.8 

C(7)-C(1)-H(1A) 110.8 

C(2)-C(1)-H(1B) 110.8 

C(7)-C(1)-H(1B) 110.8 

H(1A)-C(1)-H(1B) 108.8 

O(1)-C(2)-C(1) 110.28(9) 

O(1)-C(2)-C(3) 107.62(9) 

C(1)-C(2)-C(3) 105.07(9) 

O(1)-C(2)-H(2A) 111.2 

C(1)-C(2)-H(2A) 111.2 

C(3)-C(2)-H(2A) 111.2 

C(4)-C(3)-C(5) 106.64(10) 

C(4)-C(3)-C(2) 112.95(10) 

C(5)-C(3)-C(2) 108.55(10) 

C(4)-C(3)-C(6) 112.92(10) 

C(5)-C(3)-C(6) 115.95(10) 

C(2)-C(3)-C(6) 99.84(9) 

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 
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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(14) 107.23(9) 

O(2)-C(6)-C(7) 111.81(9) 

C(14)-C(6)-C(7) 104.11(9) 

O(2)-C(6)-C(3) 106.49(9) 

C(14)-C(6)-C(3) 121.64(9) 

C(7)-C(6)-C(3) 105.57(9) 

C(1)-C(7)-C(15) 116.33(9) 

C(1)-C(7)-C(8) 114.27(9) 

C(15)-C(7)-C(8) 104.54(9) 

C(1)-C(7)-C(6) 106.05(9) 

C(15)-C(7)-C(6) 103.39(9) 

C(8)-C(7)-C(6) 111.86(9) 

C(9)-C(8)-C(7) 113.61(9) 

C(9)-C(8)-H(8A) 108.8 

C(7)-C(8)-H(8A) 108.8 

C(9)-C(8)-H(8B) 108.8 

C(7)-C(8)-H(8B) 108.8 

H(8A)-C(8)-H(8B) 107.7 

O(3)-C(9)-C(8) 107.44(9) 

O(3)-C(9)-C(10) 112.14(10) 

C(8)-C(9)-C(10) 115.40(9) 

O(3)-C(9)-H(9) 107.2 
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C(8)-C(9)-H(9) 107.2 

C(10)-C(9)-H(9) 107.2 

C(11)-C(10)-C(12) 106.91(10) 

C(11)-C(10)-C(9) 111.77(9) 

C(12)-C(10)-C(9) 109.12(10) 

C(11)-C(10)-C(13) 111.04(10) 

C(12)-C(10)-C(13) 108.98(9) 

C(9)-C(10)-C(13) 108.96(9) 

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 

C(15)-C(13)-C(10) 112.16(9) 

C(15)-C(13)-C(14) 99.29(9) 

C(10)-C(13)-C(14) 115.78(10) 

C(15)-C(13)-H(13) 109.7 

C(10)-C(13)-H(13) 109.7 

C(14)-C(13)-H(13) 109.7 

C(6)-C(14)-C(13) 106.70(9) 
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C(6)-C(14)-H(14A) 110.4 

C(13)-C(14)-H(14A) 110.4 

C(6)-C(14)-H(14B) 110.4 

C(13)-C(14)-H(14B) 110.4 

H(14A)-C(14)-H(14B) 108.6 

O(4)-C(15)-O(5) 103.95(9) 

O(4)-C(15)-C(7) 110.60(9) 

O(5)-C(15)-C(7) 113.77(9) 

O(4)-C(15)-C(13) 118.11(10) 

O(5)-C(15)-C(13) 109.42(9) 

C(7)-C(15)-C(13) 101.39(9) 

O(4)-C(16)-C(17) 104.72(10) 

O(4)-C(16)-H(16A) 110.8 

C(17)-C(16)-H(16A) 110.8 

O(4)-C(16)-H(16B) 110.8 

C(17)-C(16)-H(16B) 110.8 

H(16A)-C(16)-H(16B) 108.9 

O(5)-C(17)-C(16) 104.22(10) 

O(5)-C(17)-H(17A) 110.9 

C(16)-C(17)-H(17A) 110.9 

O(5)-C(17)-H(17B) 110.9 

C(16)-C(17)-H(17B) 110.9 

H(17A)-C(17)-H(17B) 108.9 

C(2)-O(1)-H(1) 106.9(14) 

C(6)-O(2)-H(2) 105.7(13) 

C(9)-O(3)-H(3) 109.0(13) 

C(15)-O(4)-C(16) 108.14(9) 
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C(17)-O(5)-C(15) 105.60(9) 

_____________________________________________________________ 

Symmetry transformations used to generate equivalent atoms:  
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Table 4.   Anisotropic displacement parameters (Å2x 103)for ib003_sarpong.  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)  20(1) 17(1)  -1(1) 7(1)  -1(1) 

C(2) 19(1)  20(1) 20(1)  -2(1) 9(1)  -2(1) 

C(3) 17(1)  19(1) 22(1)  -2(1) 9(1)  0(1) 

C(4) 19(1)  21(1) 31(1)  -1(1) 11(1)  2(1) 

C(5) 21(1)  24(1) 27(1)  -3(1) 14(1)  -1(1) 

C(6) 14(1)  19(1) 18(1)  1(1) 7(1)  1(1) 

C(7) 14(1)  17(1) 17(1)  -1(1) 6(1)  0(1) 

C(8) 13(1)  22(1) 17(1)  -1(1) 6(1)  0(1) 

C(9) 14(1)  23(1) 17(1)  -2(1) 7(1)  2(1) 

C(10) 16(1)  22(1) 16(1)  -2(1) 5(1)  0(1) 

C(11) 26(1)  21(1) 23(1)  -3(1) 10(1)  1(1) 

C(12) 19(1)  28(1) 19(1)  -3(1) 5(1)  -4(1) 

C(13) 15(1)  19(1) 19(1)  -1(1) 6(1)  -1(1) 

C(14) 14(1)  22(1) 21(1)  -2(1) 6(1)  0(1) 

C(15) 17(1)  20(1) 17(1)  0(1) 7(1)  1(1) 

C(16) 26(1)  26(1) 36(1)  12(1) 10(1)  2(1) 

C(17) 40(1)  20(1) 32(1)  1(1) 22(1)  -3(1) 

O(1) 18(1)  21(1) 25(1)  1(1) 8(1)  -3(1) 

O(2) 19(1)  21(1) 18(1)  3(1) 7(1)  1(1) 

O(3) 16(1)  31(1) 18(1)  -2(1) 8(1)  3(1) 

O(4) 19(1)  19(1) 20(1)  3(1) 6(1)  3(1) 

O(5) 25(1)  20(1) 23(1)  0(1) 14(1)  -2(1) 
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______________________________________________________________________________
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Table 5.   Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 

for ib003_sarpong. 

______________________________________________________________________________
__ 

 x  y  z  U(eq) 

______________________________________________________________________________
__ 

 

H(1A) 1246 9836 4382 22 

H(1B) 2154 10445 3963 22 

H(2A) 795 12213 4270 23 

H(4A) -917 13207 2000 35 

H(4B) -1312 13410 2913 35 

H(4C) -2087 12480 1938 35 

H(5A) -1207 11596 4058 34 

H(5B) -699 10068 4012 34 

H(5C) -1953 10523 3169 34 

H(8A) 1803 10142 2143 21 

H(8B) 2070 8578 2590 21 

H(9) 285 9445 682 21 

H(11A) -107 5313 1304 35 

H(11B) 1136 6039 1915 35 

H(11C) 670 5755 713 35 

H(12A) -1416 8370 -264 35 

H(12B) -1724 6790 -83 35 

H(12C) -771 7079 -521 35 

H(13) -1233 7016 1783 22 

H(14A) -1769 9434 873 24 
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H(14B) -1953 9195 1902 24 

H(16A) 1407 5799 4499 37 

H(16B) 611 5109 3407 37 

H(17A) -998 6057 3412 34 

H(17B) -234 6490 4586 34 

H(1) 1880(20) 12800(20) 3432(16) 54(6) 

H(2) 230(17) 11810(20) 1695(15) 44(5) 

H(3) 1267(17) 8350(20) 59(16) 48(5) 

______________________________________________________________________________
__
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Table 6.  Torsion angles [°] for ib003_sarpong. 

________________________________________________________________ 

C(7)-C(1)-C(2)-O(1) -80.22(11) 

C(7)-C(1)-C(2)-C(3) 35.49(11) 

O(1)-C(2)-C(3)-C(4) -45.87(13) 

C(1)-C(2)-C(3)-C(4) -163.40(10) 

O(1)-C(2)-C(3)-C(5) -163.91(9) 

C(1)-C(2)-C(3)-C(5) 78.56(11) 

O(1)-C(2)-C(3)-C(6) 74.31(11) 

C(1)-C(2)-C(3)-C(6) -43.21(11) 

C(4)-C(3)-C(6)-O(2) 35.96(12) 

C(5)-C(3)-C(6)-O(2) 159.44(9) 

C(2)-C(3)-C(6)-O(2) -84.23(10) 

C(4)-C(3)-C(6)-C(14) -87.08(13) 

C(5)-C(3)-C(6)-C(14) 36.39(15) 

C(2)-C(3)-C(6)-C(14) 152.72(10) 

C(4)-C(3)-C(6)-C(7) 154.96(9) 

C(5)-C(3)-C(6)-C(7) -81.57(11) 

C(2)-C(3)-C(6)-C(7) 34.76(11) 

C(2)-C(1)-C(7)-C(15) -126.75(10) 

C(2)-C(1)-C(7)-C(8) 111.21(10) 

C(2)-C(1)-C(7)-C(6) -12.47(11) 

O(2)-C(6)-C(7)-C(1) 101.00(10) 

C(14)-C(6)-C(7)-C(1) -143.55(9) 

C(3)-C(6)-C(7)-C(1) -14.39(11) 

O(2)-C(6)-C(7)-C(15) -136.12(9) 

C(14)-C(6)-C(7)-C(15) -20.67(11) 
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C(3)-C(6)-C(7)-C(15) 108.49(10) 

O(2)-C(6)-C(7)-C(8) -24.18(13) 

C(14)-C(6)-C(7)-C(8) 91.26(11) 

C(3)-C(6)-C(7)-C(8) -139.58(9) 

C(1)-C(7)-C(8)-C(9) -170.21(10) 

C(15)-C(7)-C(8)-C(9) 61.51(12) 

C(6)-C(7)-C(8)-C(9) -49.71(13) 

C(7)-C(8)-C(9)-O(3) -169.25(9) 

C(7)-C(8)-C(9)-C(10) -43.34(14) 

O(3)-C(9)-C(10)-C(11) 37.48(13) 

C(8)-C(9)-C(10)-C(11) -85.98(12) 

O(3)-C(9)-C(10)-C(12) -80.56(12) 

C(8)-C(9)-C(10)-C(12) 155.99(10) 

O(3)-C(9)-C(10)-C(13) 160.56(9) 

C(8)-C(9)-C(10)-C(13) 37.10(13) 

C(11)-C(10)-C(13)-C(15) 69.46(12) 

C(12)-C(10)-C(13)-C(15) -173.03(10) 

C(9)-C(10)-C(13)-C(15) -54.06(12) 

C(11)-C(10)-C(13)-C(14) -177.57(9) 

C(12)-C(10)-C(13)-C(14) -60.07(13) 

C(9)-C(10)-C(13)-C(14) 58.91(12) 

O(2)-C(6)-C(14)-C(13) 108.45(10) 

C(7)-C(6)-C(14)-C(13) -10.18(11) 

C(3)-C(6)-C(14)-C(13) -128.85(11) 

C(15)-C(13)-C(14)-C(6) 36.68(11) 

C(10)-C(13)-C(14)-C(6) -83.54(12) 

C(1)-C(7)-C(15)-O(4) -74.03(12) 
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C(8)-C(7)-C(15)-O(4) 53.00(11) 

C(6)-C(7)-C(15)-O(4) 170.20(9) 

C(1)-C(7)-C(15)-O(5) 42.53(13) 

C(8)-C(7)-C(15)-O(5) 169.55(9) 

C(6)-C(7)-C(15)-O(5) -73.25(11) 

C(1)-C(7)-C(15)-C(13) 159.87(9) 

C(8)-C(7)-C(15)-C(13) -73.11(10) 

C(6)-C(7)-C(15)-C(13) 44.09(10) 

C(10)-C(13)-C(15)-O(4) -47.32(14) 

C(14)-C(13)-C(15)-O(4) -170.17(9) 

C(10)-C(13)-C(15)-O(5) -165.88(9) 

C(14)-C(13)-C(15)-O(5) 71.27(11) 

C(10)-C(13)-C(15)-C(7) 73.65(11) 

C(14)-C(13)-C(15)-C(7) -49.20(10) 

O(4)-C(16)-C(17)-O(5) -10.02(14) 

O(5)-C(15)-O(4)-C(16) 31.11(12) 

C(7)-C(15)-O(4)-C(16) 153.60(10) 

C(13)-C(15)-O(4)-C(16) -90.29(12) 

C(17)-C(16)-O(4)-C(15) -12.98(14) 

C(16)-C(17)-O(5)-C(15) 29.04(13) 

O(4)-C(15)-O(5)-C(17) -37.52(11) 

C(7)-C(15)-O(5)-C(17) -157.89(10) 

C(13)-C(15)-O(5)-C(17) 89.52(11) 

________________________________________________________________ 

Symmetry transformations used to generate equivalent atoms:  
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A colorless block 0.19 x 0.16 x 0.13 mm in size was mounted on a Cryoloop with Paratone oil. 
Data were collected in a nitrogen gas stream at 100(2) K using omega scans. Crystal-to-detector 
distance was 30.23 mm and exposure time was 0.50 seconds per frame at low and high angles, 
using a scan width of 0.5°. Data collection was 100% complete to 74.000° in θ. A total of 14728 
reflections were collected covering the indices -10<=h<=10, -26<=k<=26, -10<=l<=10. 2847 
reflections were founded to be symmetry independent, with an Rint of 0.0294. Indexing and unit 
cell refinement indicated a primitive, monoclinic lattice. The space group was found to be P 21/c 
(No. 14). The data were integrated using the CrysAlisPro 1.171.40.84a software program and 
scaled using the SCALE3 ABSPACK scaling algorithm. Solution by intrinsic phasing (SHELXT-2015) 
produced a 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.  

Table 7.  Crystal data and structure refinement for IB004_Sarpong. 

Identification code  IB004_Sarpong 

Empirical formula  C15 H24 O4 

Formula weight  268.34 

Temperature  100(2) K 

Wavelength  1.54184 Å 

Crystal system  Monoclinic 

Space group  P 21/c 

Unit cell dimensions a = 8.03280(10) Å a= 90°. 

 b = 20.9375(3) Å b= 95.3720(10)°. 

 c = 8.34830(10) Å g = 90°. 

Volume 1397.91(3) Å3 

Z 4 

Density (calculated) 1.275 Mg/m3 

Absorption coefficient 0.738 mm-1 
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F(000) 584 

Crystal size 0.190 x 0.160 x 0.130 mm3 

Theta range for data collection 4.223 to 74.488°. 

Index ranges -10<=h<=10, -26<=k<=26, -10<=l<=10 

Reflections collected 14728 

Independent reflections 2847 [R(int) = 0.0294] 

Completeness to theta = 74.000° 99.8 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.80096 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2847 / 0 / 184 

Goodness-of-fit on F2 1.081 

Final R indices [I>2sigma(I)] R1 = 0.0378, wR2 = 0.0992 

R indices (all data) R1 = 0.0397, wR2 = 0.1005 

Extinction coefficient n/a 

Largest diff. peak and hole 0.308 and -0.180 e.Å-3 
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Table 8.  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 
103) 

for ib004_sarpong.  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

______________________________________________________________________________
__ 

 x y z U(eq) 

______________________________________________________________________________
__ 

O(1) 5186(1) 5968(1) 6266(1) 23(1) 

O(2) 2366(1) 6616(1) 1333(1) 22(1) 

O(3) 5050(1) 6820(1) 2552(1) 20(1) 

O(4) 4823(1) 6156(1) -443(1) 24(1) 

C(1) 4059(1) 6160(1) 5311(1) 17(1) 

C(2) 2714(1) 6640(1) 5590(1) 19(1) 

C(3) 1067(1) 6248(1) 5710(1) 19(1) 

C(4) 1305(2) 5782(1) 7129(1) 23(1) 

C(5) -369(2) 6701(1) 5998(2) 27(1) 

C(6) 647(1) 5887(1) 4116(1) 20(1) 

C(7) 2131(1) 5531(1) 3495(1) 19(1) 

C(8) 3705(1) 5951(1) 3571(1) 17(1) 

C(9) 3399(1) 6614(1) 2783(1) 18(1) 

C(10) 2674(2) 7046(1) 4036(1) 22(1) 

C(11) 6088(1) 6278(1) 2225(1) 19(1) 

C(12) 6426(1) 6257(1) 445(1) 20(1) 

C(13) 7173(2) 6887(1) -51(2) 30(1) 

C(14) 7581(2) 5701(1) 142(1) 25(1) 

C(15) 5198(1) 5681(1) 2808(1) 19(1) 
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______________________________________________________________________________
__
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Table 9.   Bond lengths [Å] and angles [°] for ib004_sarpong. 

_____________________________________________________ 

O(1)-C(1)  1.2170(14) 

O(2)-C(9)  1.4018(13) 

O(3)-C(9)  1.4244(13) 

O(3)-C(11)  1.4490(13) 

O(4)-C(12)  1.4397(14) 

C(1)-C(2)  1.5094(15) 

C(1)-C(8)  1.5186(14) 

C(2)-C(10)  1.5492(16) 

C(2)-C(3)  1.5684(15) 

C(3)-C(5)  1.5304(16) 

C(3)-C(4)  1.5320(16) 

C(3)-C(6)  1.5399(15) 

C(6)-C(7)  1.5365(15) 

C(7)-C(8)  1.5363(15) 

C(8)-C(15)  1.5183(14) 

C(8)-C(9)  1.5452(15) 

C(9)-C(10)  1.5384(15) 

C(11)-C(12)  1.5361(15) 

C(11)-C(15)  1.5423(15) 

C(12)-C(13)  1.5232(17) 

C(12)-C(14)  1.5236(17) 

 

C(9)-O(3)-C(11) 110.36(8) 

O(1)-C(1)-C(2) 128.18(10) 

O(1)-C(1)-C(8) 126.33(10) 
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C(2)-C(1)-C(8) 105.49(9) 

C(1)-C(2)-C(10) 101.22(8) 

C(1)-C(2)-C(3) 106.38(9) 

C(10)-C(2)-C(3) 112.92(9) 

C(5)-C(3)-C(4) 108.35(9) 

C(5)-C(3)-C(6) 109.42(9) 

C(4)-C(3)-C(6) 110.98(10) 

C(5)-C(3)-C(2) 109.76(10) 

C(4)-C(3)-C(2) 109.72(9) 

C(6)-C(3)-C(2) 108.60(9) 

C(7)-C(6)-C(3) 114.54(9) 

C(8)-C(7)-C(6) 111.73(9) 

C(15)-C(8)-C(1) 115.09(9) 

C(15)-C(8)-C(7) 116.65(9) 

C(1)-C(8)-C(7) 106.51(8) 

C(15)-C(8)-C(9) 104.88(9) 

C(1)-C(8)-C(9) 99.00(9) 

C(7)-C(8)-C(9) 113.48(9) 

O(2)-C(9)-O(3) 111.42(9) 

O(2)-C(9)-C(10) 110.70(9) 

O(3)-C(9)-C(10) 109.29(9) 

O(2)-C(9)-C(8) 115.39(9) 

O(3)-C(9)-C(8) 102.51(8) 

C(10)-C(9)-C(8) 107.10(9) 

C(9)-C(10)-C(2) 105.51(9) 

O(3)-C(11)-C(12) 111.19(9) 

O(3)-C(11)-C(15) 106.45(8) 
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C(12)-C(11)-C(15) 114.26(9) 

O(4)-C(12)-C(13) 110.04(10) 

O(4)-C(12)-C(14) 109.37(9) 

C(13)-C(12)-C(14) 110.77(10) 

O(4)-C(12)-C(11) 105.82(9) 

C(13)-C(12)-C(11) 110.33(10) 

C(14)-C(12)-C(11) 110.39(9) 

C(8)-C(15)-C(11) 103.75(9) 

_____________________________________________________________ 

Symmetry transformations used to generate equivalent atoms:  
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Table 10.   Anisotropic displacement parameters (Å2x 103)for ib004_sarpong.  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) 19(1)  34(1) 16(1)  1(1) 1(1)  2(1) 

O(2) 23(1)  27(1) 16(1)  3(1) 1(1)  4(1) 

O(3) 22(1)  19(1) 22(1)  -2(1) 7(1)  -2(1) 

O(4) 20(1)  41(1) 13(1)  -2(1) 2(1)  -1(1) 

C(1) 15(1)  20(1) 16(1)  0(1) 4(1)  -3(1) 

C(2) 20(1)  19(1) 18(1)  -4(1) 4(1)  -1(1) 

C(3) 17(1)  21(1) 19(1)  -3(1) 4(1)  1(1) 

C(4) 22(1)  28(1) 20(1)  -1(1) 6(1)  -3(1) 

C(5) 22(1)  29(1) 31(1)  -6(1) 8(1)  3(1) 

C(6) 17(1)  22(1) 21(1)  -2(1) 2(1)  -2(1) 

C(7) 22(1)  18(1) 17(1)  -2(1) 3(1)  -1(1) 

C(8) 18(1)  18(1) 15(1)  0(1) 3(1)  2(1) 

C(9) 19(1)  18(1) 17(1)  0(1) 3(1)  0(1) 

C(10) 25(1)  17(1) 23(1)  -1(1) 7(1)  2(1) 

C(11) 17(1)  23(1) 16(1)  -3(1) 2(1)  0(1) 

C(12) 17(1)  27(1) 16(1)  -1(1) 3(1)  -3(1) 

C(13) 31(1)  31(1) 30(1)  2(1) 13(1)  -5(1) 

C(14) 23(1)  33(1) 20(1)  -3(1) 6(1)  2(1) 

C(15) 20(1)  20(1) 16(1)  0(1) 5(1)  3(1) 

______________________________________________________________________________
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Table 11.   Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 

for ib004_sarpong. 

______________________________________________________________________________
__ 

 x  y  z  U(eq) 

______________________________________________________________________________
__ 

 

H(2A) 3012 6902 6577 23 

H(4A) 260 5550 7227 34 

H(4B) 1615 6021 8122 34 

H(4C) 2194 5478 6945 34 

H(5A) -529 7007 5109 41 

H(5B) -101 6932 7010 41 

H(5C) -1398 6455 6060 41 

H(6A) -252 5575 4263 24 

H(6B) 206 6197 3285 24 

H(7A) 2372 5143 4151 23 

H(7B) 1829 5396 2369 23 

H(10A) 1514 7173 3668 26 

H(10B) 3360 7436 4224 26 

H(11) 7184 6324 2889 22 

H(13A) 7283 6882 -1210 45 

H(13B) 8278 6945 536 45 

H(13C) 6439 7240 203 45 

H(14A) 7061 5300 434 38 

H(14B) 8650 5756 795 38 

H(14C) 7775 5691 -1000 38 
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H(15A) 4833 5396 1896 22 

H(15B) 5940 5439 3606 22 

H(2) 3030(20) 6456(9) 600(20) 43(5) 

H(4) 5010(20) 6119(9) -1450(20) 43(5) 

______________________________________________________________________________
__Table 12.  Torsion angles [°] for ib004_sarpong. 

________________________________________________________________ 

O(1)-C(1)-C(2)-C(10) 137.16(12) 

C(8)-C(1)-C(2)-C(10) -43.78(11) 

O(1)-C(1)-C(2)-C(3) -104.67(13) 

C(8)-C(1)-C(2)-C(3) 74.39(10) 

C(1)-C(2)-C(3)-C(5) 179.90(9) 

C(10)-C(2)-C(3)-C(5) -69.95(11) 

C(1)-C(2)-C(3)-C(4) 60.95(11) 

C(10)-C(2)-C(3)-C(4) 171.10(9) 

C(1)-C(2)-C(3)-C(6) -60.52(11) 

C(10)-C(2)-C(3)-C(6) 49.63(12) 

C(5)-C(3)-C(6)-C(7) 166.99(10) 

C(4)-C(3)-C(6)-C(7) -73.49(12) 

C(2)-C(3)-C(6)-C(7) 47.20(13) 

C(3)-C(6)-C(7)-C(8) -46.44(13) 

O(1)-C(1)-C(8)-C(15) -23.73(16) 

C(2)-C(1)-C(8)-C(15) 157.18(9) 

O(1)-C(1)-C(8)-C(7) 107.21(12) 

C(2)-C(1)-C(8)-C(7) -71.87(11) 

O(1)-C(1)-C(8)-C(9) -134.90(12) 

C(2)-C(1)-C(8)-C(9) 46.01(10) 
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C(6)-C(7)-C(8)-C(15) -173.02(9) 

C(6)-C(7)-C(8)-C(1) 56.92(12) 

C(6)-C(7)-C(8)-C(9) -50.93(12) 

C(11)-O(3)-C(9)-O(2) -91.21(10) 

C(11)-O(3)-C(9)-C(10) 146.14(9) 

C(11)-O(3)-C(9)-C(8) 32.76(10) 

C(15)-C(8)-C(9)-O(2) 87.14(11) 

C(1)-C(8)-C(9)-O(2) -153.77(9) 

C(7)-C(8)-C(9)-O(2) -41.29(12) 

C(15)-C(8)-C(9)-O(3) -34.16(10) 

C(1)-C(8)-C(9)-O(3) 84.94(9) 

C(7)-C(8)-C(9)-O(3) -162.58(8) 

C(15)-C(8)-C(9)-C(10) -149.13(9) 

C(1)-C(8)-C(9)-C(10) -30.04(11) 

C(7)-C(8)-C(9)-C(10) 82.44(11) 

O(2)-C(9)-C(10)-C(2) 131.31(9) 

O(3)-C(9)-C(10)-C(2) -105.61(10) 

C(8)-C(9)-C(10)-C(2) 4.74(12) 

C(1)-C(2)-C(10)-C(9) 22.89(11) 

C(3)-C(2)-C(10)-C(9) -90.43(11) 

C(9)-O(3)-C(11)-C(12) 106.42(10) 

C(9)-O(3)-C(11)-C(15) -18.60(11) 

O(3)-C(11)-C(12)-O(4) -64.23(11) 

C(15)-C(11)-C(12)-O(4) 56.29(12) 

O(3)-C(11)-C(12)-C(13) 54.77(12) 

C(15)-C(11)-C(12)-C(13) 175.29(10) 

O(3)-C(11)-C(12)-C(14) 177.54(9) 
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C(15)-C(11)-C(12)-C(14) -61.94(12) 

C(1)-C(8)-C(15)-C(11) -84.54(11) 

C(7)-C(8)-C(15)-C(11) 149.58(9) 

C(9)-C(8)-C(15)-C(11) 23.10(11) 

O(3)-C(11)-C(15)-C(8) -4.15(11) 

C(12)-C(11)-C(15)-C(8) -127.28(10) 

________________________________________________________________ 

Symmetry transformations used to generate equivalent atoms:  
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Chapter 7 
Skeletal Diversification by C–C Cleavage to 
Access Bicyclic Frameworks from a Common 
Tricyclooctane Intermediate 
7.1 Introduction 

The structural complexity of natural products has long served as an inspiration for synthetic 
chemists to devise strategies and methodologies for their preparation.1 The three-dimensional 
topology of natural products have also expanded the chemical space for drug and agrochemical 
discovery.2 Our laboratory has been broadly interested in exploiting C–C cleavage reactions to 
forge new C-sp3 bonds in what we have termed “break-it-to-make-it” strategies.3 While not 
immediately obvious, the use of compounds containing extra C–C bonds than a desired target 
compound can be greatly simplifying in synthesis—especially if the additional bonds are easily 
introduced en route to the target structure.4 Cyclopropanation and [2+2] cycloaddition reactions 
have been a particularly effective means to arrive at these intermediates as they can form 
sterically congested C–C bonds (e.g., all-carbon quaternary centers) that are also reactive and 
can be readily functionalized.5 

Strategies to accomplish manifold C–C cleavages starting from a single substrate to access 
diverse targets remain underexplored.6 Through selective cleavage of different bonds in a single 
polycyclic scaffold, a variety of substructures bearing unique topology can be unveiled. While our 
group has explored this approach to structural diversification in the remodeling of bicyclic 
cyclobutanols derived from carvone,7 these developments have been inherently limited to the 
starting scaffold. Here, we describe C–C cleavage tactics to access new chemical space using 
topologically complex—yet simple to synthesize—molecules. 

During the course of a total synthesis (Chapter 6), we recognized that the strained [3.2.1.03,6] 
tricycle 7-1, an intermediate in our synthesis, contained distinct bicycles that corresponded to 
substructures of various natural products (Scheme 1). Through deconstruction of the [3.2.1.03,6] 
tricyclic skeleton, bicyclo[3.2.1]octane and bicyclo[2.2.1]heptane cores could be readily accessed 
through cleavage of the cyclobutane. Alternatively, bicyclo[3.1.1]- and [3.2.0]heptane scaffolds 
could be synthesized through cleavage of relatively less strained bonds (i.e., C-1–C-2, C-1–C-7 
Figure 7-1). Because all of the target bicycles are well-represented in natural product structures,8 
variations in C–C bond cleavage using 7-1 could unlock a unified strategy to these molecules. To 
be practical, this strategy would rely on: 1) the efficient and scalable synthesis of tricycle 7-1 and 
2) our ability to selectively activate each C–C bond toward cleavage. Herein, we report initial 
studies in this regard.  
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Figure 7.1. Numerous bicyclic terpene-like scaffolds comprise the tricyclic [3.2.1.03,6] core. 
Cleavage of select bonds would lead to the [3.2.1] bicyclooctane, [2.2.1] bicyclooctane, [3.2.0] 
bicycloheptane, and [3.1.1] bicycloheptane skeletons, which are all well-represented in natural 
products 

There are various possible skeletal fragmentations of 7-1. As such, we devised tactics for 
selective fragmentation as illustrated in Scheme 2. Consistent with the extensive literature on 
strained ring opening reactions,5 we reasoned that incipient charge (either positive or negative), 
or open shell intermediates would destabilize beta-disposed C–C bonds. Introducing charge at 
the desired positions (either exocyclic or endocyclic) would reduce the number of possible 
fragmentations in a pairwise fashion (see 7-2–5, Figure 7-2A). Selective C–C cleavage could be 
achieved by manipulating the functional groups in 1 (Figure 7-2B). For example, formation of 
alkoxide 7-6 could lead to selective fragmentation of the C-1–C-7 bond through a retro-aldol 
cleavage to give enolate 7-7. Alternatively, formation of a carbon-centered radical at C-7 (see 7-
8) could lead to the selective cleavage of the C-3–C-6 bond. We hypothesized that formation of 
more stabilized radical 7-9 would be reflected in the selectivity-determining transition state. 
Furthermore, the C-1–C-2 bond could be targeted through formation of alkoxy radical 7-10, 
which could undergo β-scission to form stable tertiary radical 7-11. Finally, ionization to 
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carbocation 7-12 could fragment the strained cyclobutane C-3–C-4 bond to give tertiary 
carbocation 7-13 following rearrangement. To test these envisioned fragmentations, we 
commenced with the preparation of tricycle 7-1. 

 

Figure 7.2 A. Conceptual relationship between developing charge or radical and skeletal 
fragmentation. B. Strategies for gaining selectivity in C–C bond cleavage. 

7.2 Results and disussion 

Tricycles of the general structure 7-1 were readily prepared through the [2+2] 
cycloaddition of enediones related to 7-14 (Scheme 7-1A and 7-B). In our initial designs, we 
sought to avoid issues of diastereoselectivity9 by using achiral, symmetric enediones. The 
syntheses began with prenylation10 of commercially available 2-methyl-1,3-cyclopentanedione 
(7-15), followed by desaturation with phenyltrimethylammonium tribromide to give 7-16 in 50% 
yield over 2 steps on multigram scale. The key [2+2] photocycloaddition to give 7-17 was then 
investigated (Table 1). Irradiating 7-16 using 254, 310, and 350 nm light resulted in no reaction. 
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While investigating cycloadditions using visible-light and triplet sensitizers,11 we observed 
significant conversion of 7-16. A control reaction without the triplet sensitizer led to the discovery 
that blue light irradiation alone was sufficient for achieving full conversion. In fact, irradiation at 
420 nm in DCM led to efficient photocycloaddition to give tricycle 7-17 in >95% yield. 

 

Scheme 7.1 A. Disconnection of key tricycle 7-1 using a [2+2] transform to symmetrical enedione 
precursor 7-14 B. Synthesis of enedione 7-16 

The photocycloaddition is tolerant of both air and moisture and proceeds best in aprotic solvents. 
Interestingly, the UV-vis spectrum of 7-16 shows strong absorption at the unreactive wavelengths 
of 254 nm and 310 nm, but a smaller trailing absorbance tail at 400-470 nm (visible at relatively 
high concentrations).12,13 Consistent with this absorbance profile, reaction at 470 nm proceeded 
with lower conversion, and no reaction was observed at 520 nm. The photocycloaddition reaction 
performed faithfully on larger scale, with similar efficiencies observed on gram-scale (entry 12), 
though the reaction time had to be extended significantly. Prolonged exposure to blue LED 
irradiation did lead to product decomposition (entry 13). As such, careful monitoring of 
conversion and exposure window is crucial to success (see the SI for details). The 
photocycloaddition is tolerant of both air and moisture and proceeds best in aprotic solvents. 
Interestingly, the UV-vis spectrum of 7-16 shows strong absorption at the unreactive wavelengths 
of 254 nm and 310 nm, but a smaller trailing absorbance tail at 400-470 nm (visible at relatively 
high concentrations).12,13 Consistent with this absorbance profile, reaction at 470 nm proceeded 
with lower conversion, and no reaction was observed at 520 nm. The photocycloaddition reaction  
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Table 7.1 A. Optimization of the key [2+2] cycloaddition. Percent conversion noted after 10 h of 
irradiation on 0.05 mmol scale in DCM (0.1 M). Percent yield determined by NMR. [a]Irradiated in 
a Luzchem photobox with UVA, UVB, or UVC lamps.[b] Penn photoreactor was used and 
maintained at 23 °C. [c] Average of 3 runs, 0.1 mmol scale. [d]Reaction time extended to 90 h. B. 
UV/Vis absorbance spectrum of 7-16 plotted against yield and conversion at varying wavelengths.  
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performed faithfully on larger scale, with similar efficiencies observed on gram-scale (entry 12), 
though the reaction time had to be extended significantly. Prolonged exposure to blue LED 
irradiation did lead to product decomposition (entry 13). As such, careful monitoring of 
conversion and exposure window is crucial to success (see the SI for details). 

With ready access to sufficient quantities of key tricycle 7-17, we commenced our studies on 
its fragmentation. A benefit of the “photon-only” (i.e., “reagentless”) cycloaddition is that for 
most subsequent reactions, the crude reaction mixture only needed to be concentrated and 
redissolved in the appropriate solvent. We first studied anionic opening reactions (Scheme 7-2A). 
Addition of several nucleophiles into the northern ketone group of 7-17 led to the selective 
fragmentation of the C-1–C-7 bond. Most efficient among the nucleophilic reagents that were 
employed was TMSI14 (a source of iodide), which first silylates the C-7 carbonyl group to activate 
it toward iodide addition (see 7-18). Ensuing fragmentation and hydrolysis gave [3.1.1]-bicyclic 
acid 7-20 in 78% yield over the two steps. Overall, functionalized [3.1.1] bicycle 7-20, reminiscent 
of the pinane scaffold, is accessed in 4 steps (3 purifications) from commercially available 
material. Engaging the carboxy group of 7-20 in decarboxylative cross coupling reactions15 could 
provide access to a wide range of unnatural “pinene-like” compounds possessing unique 3D-
topology and vectors for drug discovery.16  

Next, we investigated the synthesis of the bicyclo[3.2.1]octane core from 7-17. We first 
sought to identify direct methods to cleave the C3–C4 bond through the formation of a ketyl 
radical using dissolving metal reducing conditions or treatment with SmI2,

17 which led only to 
reduction of the ketone group or decomposition, respectively. We then sought to form a cation 
or radical at C-7 of 7-17. Reduction of the less-hindered C-7 carbonyl group using 1 equivalent of 
DIBAL at –78 °C yielded the corresponding alcohol in 58% as a single diastereomer. We 
investigated ionization of this alcohol to give the corresponding carbocation by treatment with 
various Lewis acids, strong Bronsted acids, as well as solvolysis after treatment with varying 
activating reagents (Tf2O, MsCl, etc.) to no avail. We then explored methods for radical formation 
at C-7. Direct halogenation of the C-7 hydroxy group was unsuccessful and so a two-step 
iodination protocol was pursued. First, the C-7 alcohol was converted to the mesylate. The choice 
of pyridine as a solvent and conducting this reaction at 50 °C were crucial to achieving full 
conversion. Reaction with sodium iodide at 120 °C at that stage resulted in keto-iodide 7-21 in 
43% yield over 3 steps as a single diastereomer. Radical dehalogenation reactions (AIBN, Bu3SnH, 
TTMSS, photoredox, etc.) of 7-21 gave nonselective mixtures of C–C bond cleavage and 
dehalogenation products. Notably, dehalogenation indicated that the putative C-7 radical was 
persistent enough to participate in a bimolecular H-atom abstraction, whereas the resulting C–C 
bond cleavage was unselective. We then sought to gain selectivity in the C–C bond cleavage of 7-
21 through metal-mediated processes. Remarkably, conditions adapted from the pioneering 
work of Gevorgyan and coworkers for palladium (I)-mediated visible-light catalysis18 resulted in 
selective cleavage of the C5–C6 bond to give diene 7-24. These oxidative additions are proposed 
to proceed through radical intermediates (7-22) and subsequent capture by Pd(I) (see 7-23). 
Sequential  β-carbon and β-hydride eliminations of 7-23 would then afford 7-24.  Notably, prior 
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studies have shown that cyclopropenyl iodides undergo radical ring opening under these Pd(I) 
conditions, which contrasts with our system where the product distribution is different than the 
free-radical reaction. The conversion of 7-21 to 7-24 is a notable example of the complementary 
reactivity of metal-radical hybrids which can undergo reactivity distinct from their free radical 
counterparts.19 Notably, conversion of 7-21 7-24 does not proceed in the absence of blue LED 
irradiation, nor in the absence of the Pd catalyst. Diene 7-24 decomposes upon prolonged 
exposure to blue LED and at elevated temperatures (>35 °C) potentially due to di-pi methane 
type rearrangements of the skipped diene. Despite these complications, [3.2.1] bicycle 7-24 could 
be isolated in 26% yield over 4 steps from 7-17.   

We have also explored fragmentations stemming from the southern portion of tricycle 7-17 
(Scheme 7-2B). Toward this goal, tricycle 7-17 was reduced with two equivalents of DIBAL at –
78 °C to give diol 7-25 (confirmed unambiguously by x-ray crystallographic analysis). Protection 
of the less-hindered northern hydroxy group proceeded selectively to give silyl ether 7-26 in 75% 
yield. Notably, stronger silylating agents such as TBSOTf gave appreciable amounts of the bis-
silylated product. Using mono-protected diol26, we explored the selective formation of an alkoxy 
radical from the C2 alcohol group, which could undergo beta-scission to yield desired [3.2.0] 
bicycle 7-28. Initial screening showed that the Suarez reaction20 gave trace amounts of the beta-
scission product. We then sought to apply conditions for proton coupled electron transfer 
(PCET)21 adapted from protocols by Knowles and coworkers.  Use of an iridium photocatalyst and 
phosphonate base presumably effected the selective activation of the O–H bond to form the 
corresponding alkoxy radical (7-27) which underwent the desired cleavage to generate the 
tertiary alkyl radical followed by trapping with TRIP-thiol to give the desired [3.2.0] bicyclic 
aldehyde. The resulting aldehyde group was found to be unstable during isolation and so one-
pot reduction with NaBH4 was undertaken. The overall sequence gave 7-28 in 53% yield from 7-
26.  

Finally, we investigated paired reactivity for C–C cleavage on the southern portion of 7-17. It 
was hypothesized that cyclobutyl carbinyl rearrangement of a carbocation or radical at C-2 would 
selectively cleave the more strained C-3–C-4 bond to form the most stable carbocation or radical. 
Unfortunately, all the methods for the generation of a radical at C-2 (via the xanthate, halide, 
etc.) led mostly to decomposition, along with trace cleavage of the undesired C3–C6 bond. We 
also prepared pivalate 7-29 in anticipation of ionization of the C-2 hydroxy group under strong 
acid; the TBS ether of 7-26 hydrolyzed under these reactions. Several Lewis and Bronsted acids 
that were tested (e.g., AlCl3, HCl, pTSOH, H2SO4) did not result in any discernible conversion. We 
observed full conversion of 7-29 to amide 31 upon subjection to H2SO4 in MeCN at elevated 
temperatures. Presumably, in this case, a Ritter reaction results from desired carbocation 30, 
which remains resistant to the desired fragmentation.22 Fragmentation of 7-17 to afford 
norbornene derivatives such as 7-32 remain the subject of ongoing studies.  
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Scheme 7.2 A. Synthesis of the embedded [3.1.1] and [3.2.1] bicycles through divergent skeletal 
fragmentation. B. Synthesis of the [3.2.0] bicycle and attempt at the [2.2.1] bicycle 
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Finally, we have also explored the formation of other cycloadducts (Scheme 7-3). bromo-
enedione 7-33 (a side product of the oxidation of 7-15 to 7-16 at higher temperature) underwent 
[2+2] cycloaddition under the same conditions in excellent yield to give a 1.3:1 mixture of 
constitutional isomers 7-34 and 7-35. Monosubstitution was also tolerated as allyl enedione 7-
36 underwent cycloaddition to give tricycle 7-37. A 1,1-disubstituted alkene to investigate 
diastereoselectivity. Styrenyl enedione 7-38 underwent cycloaddition to give adduct 7-39 as a 
single diastereomer. Relating directly to Chapter 6, bisprenyl enedione 7-40 also underwent [2+2] 
cycloaddition to give tricycle 7-41, albeit at low temperature since the cycloadduct decomposed 
under blue LED exposure at room temperature. [2+2]-Cycloadduct 7-41 possesses the carbocyclic 
core of melicolone A (7-42) discussed in Chapter 6. 

 

Scheme 7.3 Alternative [2+2] cycloaddition substrates. Reaction tolerates substitution on the 
enone as well as differing substitution on the double bond showing high diastereoselectivity.  

7.3 Conclusion and outlook 

In summary, we have achieved a blue-light mediated photocycloaddition of enediones to 
yield functionalized [3.2.1.03,6] tricyclooctanes. Recognizing that four distinct bicycles prevalent 
in natural products are embedded within this tricyclic framework, we have undertaken 
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fragmentation reactions to access these bicycles. A readily accessible tricyclooctane (7-17) was 
deconstructed into several of these bicycles, providing divergent and selective access to each of 
the target bicycles. Some key reactions that led to selective C–C bond cleavage include visible-
light palladium catalysis and PCET for the mild generation of radical intermediates. The studies 
reported here lay the groundwork for future studies in natural product synthesis wherein this 
privileged tricycle may be leveraged to achieve rapid diversification to access different carbon 
skeletons. A strategic framework for divergent C–C cleavage that relies on the recognition of 
pairwise charge relationships that form the basis of this work should aid the application of these 
reactions in synthesis planning. 
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7.4 Experimental 

General Considerations  

Unless otherwise noted, all reactions were performed in flame or oven-dried glassware fitted 
with rubber septa under a positive pressure of nitrogen using standard Schlenk techniques. Air- 
and moisture-sensitive liquids were transferred via syringe or stainless steel cannula through 
rubber septa. Solids were added under inert gas or were dissolved in appropriate solvents. Low 
temperature-reactions were carried out in a Dewar vessel filled with a cooling agent: acetone/dry 
ice (−78 °C), H2O/ice (0 °C). Reaction temperatures above 23 °C were conducted in an oil bath or 
in a heated metal block (reactions conducted in vials). The reactions were magnetically stirred 
and monitored by NMR spectroscopy or analytical thin-layer chromatography (TLC), using glass 
plates precoated with silica gel (Silicycle Siliaplates, glass backed, extra hard layer, 60 Å, 250 μm 
thickness, F254 indicator). TLC plates were visualized by exposure to ultraviolet light (254 nm), 
were stained by submersion in aqueous potassium permanganate solution (KMnO4), p-
anisaldehyde, or ceric ammonium molybdate solution (CAM), and were developed by heating 
with a heat gun. Flash-column chromatography on silica gel was performed as described by Still 
et al.,1 employing silica gel (Silicycle silica gel, 40–63 μm particle size). Organic solutions were 
concentrated under reduced pressure on a temperature-controlled rotary evaporator equipped 
with a dry ice/isopropanol condenser. The yields refer to chromatographically and 
spectroscopically (1H and 13C NMR) pure material.  

Materials  

Unless noted below, commercial reagents were purchased from Sigma Aldrich, Acros Organics, 
ChemImpex, Oakwood Chemical, Combi-blocks, TCI, and/or Alfa Aesar, and used without 
additional purification. Solvents were purchased from Fisher Scientific, Acros Organics, Alfa 
Aesar, and Sigma Aldrich. Tetrahydrofuran (THF), diethyl ether (Et2O), acetonitrile (CH3CN), 
benzene, toluene (PhMe), methanol (MeOH), and triethylamine (Et3N) were sparged with argon 
and dried by passing through alumina columns using argon in a Glass Contour solvent purification 
system. Dichloromethane (CH2Cl2, DCM) was freshly distilled over calcium hydride under a N2 
atmosphere prior to each use. 

NMR spectroscopy  

NMR spectral data were obtained using deuterated solvents, obtained from Cambridge Isotope 
Laboratories, Inc. 1H NMR and 13C NMR data were recorded on Bruker AVB-400, AVQ-400, AV-
500, NEO-500, AV-600 or AV-700 spectrometers operating at 400 MHz, 400 MHz, 500 MHz, 500 
MHz, 600 MHz, 700 MHz for proton nuclei (100 MHz, 100 MHz, 125 MHz, 125 MHz, 150 MHz, 
175 MHz for carbon nuclei), respectively. Proton chemical shifts are expressed in parts per million 
(ppm, δ scale) and are referenced to residual protium in the NMR solvent (CHCl3: δ 7.26). Carbon 
chemical shifts are expressed in parts per million (δ scale, assigned carbon atom) and are 
referenced to the carbon resonance of the NMR solvent (CDCl3: δ 77.16). 1H NMR spectroscopic 
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data are reported as follows: Chemical shift in ppm (multiplicity, coupling constants J (Hz), 
integration) (e.g. “5.21 (t, 3 J = 7.3 Hz, 1H)”). The multiplicities are abbreviated with s (singlet), br 
s (broad singlet), d (doublet), t (triplet), q (quartet), p (pentet), se (sextet), h (heptet), m 
(multiplet) and app (apparent multiplicity). In case of combined multiplicities, the multiplicity 
with the larger coupling constant is stated first. Except for multiplets, the chemical shift of all 
signals, as well for centrosymmetric multiplets, is reported as the center of the resonance range. 
Data for 13C spectroscopy are reported in terms of chemical shift (δ ppm). Additionally to 1D NMR 
experiments, 2D NMR techniques such as homonuclear correlation spectroscopy (COSY), 
heteronuclear single quantum coherence (HSQC), heteronuclear multiple bond coherence 
(HMBC) and nuclear Overhauser enhancement spectroscopy (NOESY) were used to assist 
structure elucidation. All raw FID files were processed and the spectra analyzed using the 
program MestReNOVA 11.0 from Mestrelab Research S. L.  

Note: The AVB-400, AVQ-400, AV-500, DRX-500 and AV-600 instruments were partially 
supported by NIH grants SRR023679A, RR02424A-01, S10RR03353-01 and 1S10RR016634-01, 
and NSF grants CHE-9633007, CHE-8208992, CHE-0130862, and CHE-8703048. The AV-700 
instrument was supported by the Berkeley College of Chemistry NMR facility. 

Mass spectrometry  

Mass spectral data were obtained from the Mass Spectral Facility at the University of California, 
Berkeley, on a Finnigan/Thermo LTQ-FT instrument (ESI). Data acquisition and processing were 
performed using the XcaliburTM software. 

IR spectroscopy  

IR spectroscopic data were recorded on a Bruker ALPHA FT-IR spectrophotometer using a 
diamond attenuated total reflectance (ATR) accessory. If required, substances were dissolved in 
dichloromethane prior to direct application on the ATR unit. Data are represented as follows: 
frequency of absorption (cm−1 ), and intensity of absorption (s = strong, m = medium, w = weak, 
br = broad). 

X-ray analysis  

Single-crystal X-ray diffraction experiments were performed at the UC Berkeley CHEXRAY 
crystallographic facility. Measurements of all compounds were performed on a Rigaku XtaLAB 
P200 rotating anode equipped with a Pilatus 200K hybrid pixel array detector. Data were 
collected using Cu Kα radiation (λ = 1.54184 Å). Crystals were kept at 100(2) K throughout 
collection. Data collection was performed with CrysAlisPro. 2 Data processing was done using 
CrysAlisPro and included either a multi-scan absorption or faceindexed absorption correction 
applied using the SCALE3 ABSPACK scaling algorithm within CrysAlisPro. All structures were 
solved with SHELXT.3 Structures were refined with SHELXL.4 All non-hydrogen atoms were 
refined anisotropically, and hydrogen atoms were either included at the geometrically calculated 
positions and refined using a riding model or located as Q peaks in the Fourier difference map.  
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Note: The instruments are supported by an NIH Shared Instrumentation Grant S10-RR027172. 

UV-Vis spectroscopy 

UV-Vis spectroscopy was performed on a Varian 5000 UV-Vis-NIR spectrometer using quartz 
cuvettes with a path length of 1 cm. Data were collected using DCM as a solvent with an 
absorbance window between 230 and 650 nm.  

Experimental Details 

Synthesis of prenylated 2-methylcyclopentane-1,3-dione S7-1 

 

 

A flame-dried flask was charged with 2-methylcyclopentane-1,3-dione (7-15, 5.0 g, 45 mmol, 1 
equvi) followed by acetone (200 mL). To this orange stirring suspension was added potassium 
carbonate (9.2 g, 67 mmol, 1.5 equiv) as a single portion followed by the stream-wise addition of 
1-bromo-3methylbut-2-ene (10 mL, 89 mmol, 2 equiv). The cloudy light-brown reaction mixture 
was stirred under an atmosphere of nitrogen for 24 h. The reaction mixture was then 
concentrated in vacuo, resuspended in ether, and mixed with a solution of sat. aq. NaCl. The 
aqueous layer was extracted two times with ether. Combined organic fractions were dried over 
Na2SO4 and concentrated in vacuo. The crude reaction mixture was purified by silica gel flash 
chromatography (gradient 5:1 pentane: diethyl ether to 1:1 pentane: diethyl ether) to yield S7-1 
as a pale yellow oil (5.1 g, 62%). 

Rf = 0.55 (hexane:EtOAc = 10:1), UV-active, blue spot (p-anisaldehyde) 

1H NMR (500 MHz, CDCl3) δ 4.91 (tt, J = 7.8, 1.6 Hz, 1H), 2.75 – 2.61 (m, 4H), 2.31 (d, J = 7.9 Hz, 
2H), 1.64 (s, 3H), 1.55 (s, 3H), 1.08 (s, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 217.1, 136.8, 117.2, 57.1, 35.7, 35.5, 26.0, 18.5, 17.9 ppm. 
Spectral data were consistent with those found in the literature.23 
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Synthesis of enedione 7-16 

 

 A solution of S7-1 (3.0 g, 17 mmol, 1 equiv) in THF (170 mL) was cooled to –10 °C. To this cooled 
solution was added phenyltrimethylammonium tribromide (6.3 g, 17 mmol, 1 equiv) in four 
portions after which the solution turned bright and cloudy yellow orange.  Portions were added 
in 30 minute intervals. Completion of the reaction was judged by TLC, usually three hours. Upon 
completion the reaction miture was diluted with diethyl ether and quenched with sat. aq. 
NaHCO3 and sat. aq. Na2S2O3 (4:1). The layers were separated and the aqueous layer was 
extracted two times with diethyl ether. The combined organic layers were dried over Na2SO4, 
filtered, and concentrated in vacuo. The crude reaction mixture was purified by silica gel flash 
chromatography (gradient 5:1 pentane: diethyl ether to 1:1 pentane: diethyl ether) to yield 7-16 
as a bright yellow oil (2.3 g, 78%). 

At temperatures above 0 °C bromo-enedione 7-33 was isolated in 15% yield (0.44 g) as a yellow 
solid. Lowering the temperature completely suppressed formation of this product (see below for 
analytical data).  

Rf = 0.55 (hexane:EtOAc = 10:1), UV-active, blue-green spot (p-anisaldehyde) 

1H NMR (500 MHz, CDCl3) δ 7.21 (s, 2H), 4.83 – 4.75 (m, 1H), 2.36 (d, J = 7.8 Hz, 2H), 1.58 (s, 
3H), 1.54 (s, 3H) 1.13 (s, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 208.0, 148.6, 136.4, 117.5, 51.0, 33.5, 25.9, 18.7, 17.7 ppm. 

Spectral data was consistent with those found in the literature.24 
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Preparative-scale Synthesis of [3.2.1.03,6] tricyclooctane 7-17 

 

Enedione 7-16 (1.0 g, 5.6 mmol) was dissolved in DCM (100 mL) under air in a round-bottomed 
flask. The resulting pale-yellow solution was then moved to a photoreactor containing two tuna 
blue Kessil lamps (see below). The pale-yellow reaction mixture was irradiated at maximum 
intensity under a constant stream of air to maintain room temperature. After complete 
consumption of the starting material (monitored by NMR), the now clear reaction mixture was 
concentrated in vacuo to yield title compound 7-17. 

Note: reaction time was heavily dependent on reaction scale. Reaction time was optimized for a 
given scale through careful monitoring of the reactions progress by NMR. Prolonged exposure 
increased the presence of baseline impurities and decreased yield of desired tricycle.  

Slight impurities could be washed away through washing with heptanes and filtration (the 
impurities are not soluble in heptanes) yielding pure 7-17 as a pale-yellow amorphous solid. The 
resulting tricycle was not stable to silica gel chromatography but was of sufficient purity to be 
used directly in the subsequent reactions without purification.  

Optimization scale: Reaction at 0.1 mmol was performed in Penn1A-photreactor (see below) 
Irradiation at 420 nm for 10 h led to complete conversion at this scale and set-up. Reaction 
efficiency was confirmed by NMR yield (95%, average of 3 trials).  

Rf = 0.4 (hexane:EtOAc = 10:1), green streak (p-anisaldehyde) 

1H NMR (500 MHz, CDCl3) δ 3.25 (t, J = 4.4 Hz, 1H), 3.00 (t, J = 4.8 Hz, 1H), 2.61 (dd, J = 5.2, 4.7 
Hz, 1H), 2.23 – 2.15 (m, 2H), 1.47 (s, 3H), 1.13 (s, 3H), 0.98 (s, 3H) ppm. 

13C NMR (151 MHz, CDCl3) δ 208.8, 207.1, 61.4, 59.4, 46.7, 45.6, 41.5, 35.2, 28.6, 21.9, 7.0 ppm. 

IR (neat): ν = 2970, 2880, 1737, 1726, 1453, 1367, 1229, 1217, 1145, 118, 1099, and 527. 

 

 

 



351 
 

 

 

Left: Standard Penn photoreactor setup for optimization scale. Fan 68000 rpm, Stir 909 rpm, 
LED% 100. Right: preparative-scale reaction full intensity irradiation with two tuna blue Kessil 

lamps and constant stream of air 

 

Low temperature LED setup. Cooling bath set to –30 °C and irradiated at full intensity with tuna 
blue Kessil lamp 
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Synthesis of bicyclo [3.1.1]heptane 7-20 

 

A solution of tricycle 7-17 (50 mg, 0.28 mmol, 1 equiv) in DCM  (2.8 mL) was cooled to –78 °C. 
TMSI (40 μL, 0.28 mmol, 1 equiv) was added to the cooled solution. The orange reaction mixture 
was stirred for 1 h and then quenched by the addition of sat. aq. NaCl and diluted with EtOAc. 
The layers were separated and the aqueous layer was extracted two times with EtOAc. The 
combined organic layers were dried over Na2SO4, filtered, and concentrated in vacuo. The crude 
residue was purified by silica gel flash chromatography (hexanes: EtOAc 1:2) to afford 7-20 as an 
orange oil (43 mg, 0.22 mmol, 79%). 

Rf = 0.4 (hexane:EtOAc = 1:1), yellow streak (p-anisaldehyde) 

1H NMR (500 MHz, CDCl3) δ 3.58 (t, J = 5.8 Hz, 1H), 2.92 (t, J = 5.2 Hz, 1H), 2.64 – 2.51 (m, 2H), 
2.34 (dt, J = 10.0, 6.9 Hz, 1H), 1.59 – 1.45 (m, 1H), 1.34 (s, 3H), 1.16 (d, J = 6.8 Hz, 3H), 0.77 (s, 
3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 214.6, 179.1, 60.4, 45.1, 40.5, 39.3, 37.8, 28.8, 26.1, 21.3, 14.9 
ppm. 

IR (neat): ν = 3454, 2962, 2937, 2877, 1711, 1455,1378, 1253, 1230, 1216, 1146, 1119, 1099, 
1056, 1013, 987, 953, 913, 864, 841, and 723. 

HRMS (ESI, m/z): for [M–H]– calcd. for C11H15O3 195.1027; found 195.1027.  
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Synthesis of ketoalcohol S7-2 

 

A flame-dried flask was charged with tricycle 7-17 (400 mg, 2.24 mmol, 1 equiv) and THF (22 mL). 
The clear solution was cooled to –78 °C. DIBAL (2.24 mL, 1M in hexanes, 1 equiv) was added 
dropwise to the cooled solution. The reaction mixture was stirred for 1 h then quenched by the 
addition of sat. aq. NaCl and diluted with EtOAc. The layers were separated and the aqueous 
layer was extracted two times with EtOAc. The combined organic layers were dried over Na2SO4, 
filtered, and concentrated in vacuo. The crude compound was purified by silica gel flash 
chromatography (hexanes: EtOAc 1:1) to afford S7-2 as a white solid (230 mg, 1.3 mmol, 56%).  

The further reduced diol 7-25 was also isolated in ca. 20% yield, however, a more selective 
synthesis was later developed using 2 equiv of DIBAL (vide infra). Starting material was also 
observed and recovered in ca. 10% yield. 

Rf = 0.25 (hexane:EtOAc = 4:1), purple spot (p-anisaldehyde) 

1H NMR (400 MHz, CDCl3) δ 3.57 (d, J = 1.9 Hz, 1H), 3.12 (td, J = 4.4, 1.9 Hz, 1H), 2.37 (m, 2H), 
2.18 (dd, J = 12.5, 6.6 Hz, 1H), 1.57 (d, J = 12.5 Hz, 1H), 1.29 (s, 3H), 1.08 (s, 3H), 0.75 (s, 3H) 
ppm. 

13C NMR (101 MHz, CDCl3) δ 215.6, 77.7, 57.9, 56.5, 44.4, 43.4, 43.2, 32.6, 28.4, 20.9, 10.1 ppm. 

IR (neat): ν = 3418, 2958, 2870, 1720, 1454, 1277, 1124, 1094, 1061, 877, and 564. 

HRMS (ESI, m/z): for [M+H]+ calcd. for C11H1702 181.1223; found 181.1223.  

M.p. = 68 °C 
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Synthesis of mesylate S7-3 

 

 

A flame-dried vial was charged with ketoalcohol S7-2 (160 mg, 0.89 mmol, 1 equiv) and pyridine 
(1.79 mL, 22.2 mmol, 25 equiv). Mesityl chloride (0.14 mL, 1.8 mmol, 2 equiv) was added to the 
resulting solution. The vial was moved to a pre-heated vial block at 50 °C. After three hours 
stirring at this temperature the reaction mixture was cooled back to room temperature then 
quenched by the addition of sat. aq. NH4Cl and diluted with EtOAc. The layers were separated 
and the aqueous layer was extracted two times with EtOAc. The combined organic layers were 
dried over Na2SO4, filtered, and concentrated in vacuo. The crude residue was purified by silica 
gel flash chromatography (hexanes: EtOAc 2:1) to afford S7-3 as an pale amorphous solid (200 
mg, 0.78 mmol, 88%). Notably the elevated temperature and choice of pyridine as solvent was 
crucial for reproducibility.  

Rf = 0.30 (hexane:EtOAc = 4:1), blue spot (p-anisaldehyde) 

1H NMR (400 MHz, CDCl3) δ 4.42 (d, J = 1.9 Hz, 1H), 3.46 (td, J = 4.4, 1.9 Hz, 1H), 3.04 (s, 3H), 
2.56 – 2.46 (m, 2H), 2.20 (dd, J = 13.0, 6.3 Hz, 1H), 1.72 (d, J = 12.9 Hz, 1H), 1.33 (s, 3H), 1.18 (s, 
3H), 0.80 (s, 3H) ppm. 

13C NMR (101 MHz, CDCl3) δ 210.8, 85.0, 57.2, 57.1, 43.8, 43.3, 38.7, 33.5, 28.2, 20.8, 10.1 ppm. 

IR (neat): ν = 3022, 2958, 2872, 1742, 1457, 1354, 1174, 1064, 959, 884, 856, 812, 770, 693, 
595, 561, 520, and 491. 

HRMS (ESI, m/z): for [M+Na]+ calcd. for C12H18NaO4S1 281.0818; found 281.0818. 
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Synthesis of iodide 7-21 

 

A flame-dried vial was charged with ketomesylate S7-3 (50 mg, 0.19 mmol, 1 equiv) and 2-
butanone (2 mL). Sodium iodide (87 mg, 0.58 mmol, 3 equiv) was added to the solution resulting 
in a slightly orange heterogeneous reaction mixture. The vial was sealed and moved to a 
preheated vial block at 120 °C. After 14 hours at this temperature the reaction mixture was 
cooled back to room temperature then quenched by the addition of sat. aq. NaHCO3 and sat. aq. 
Na2S2O3 (4:1) and diluted with EtOAc. The layers were separated and the aqueous layer was 
extracted two times with EtOAc. The combined organic layers were dried over Na2SO4, filtered, 
and concentrated in vacuo. The crude residue was purified by silica gel flash chromatography 
(hexanes: EtOAc 4:1) to afford 7-21 as a pale orange solid (45 mg, 0.15 mmol, 80%).  

Rf = 0.75 (hexane:EtOAc = 4:1), UV-active, purple spot (p-anisaldehyde) 

1H NMR (500 MHz, CDCl3) δ 3.98 (d, J = 2.3 Hz, 1H), 3.42 (td, J = 4.3, 2.3 Hz, 1H), 2.45 (t, J = 4.6 
Hz, 1H), 2.30 (q, J = 4.6 Hz, 1H), 1.78 – 1.72 (m, 2H), 1.31 (s, 3H), 1.16 (s, 3H), 0.80 (s, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 213.2, 58.2, 55.9, 46.8, 43.3, 41.2, 40.2, 35.2, 28.1, 19.6, 13.4 ppm. 

IR (neat): ν = 2958, 2927, 2868, 1746, 1461, 1381, 1296, 1278, 1252, 1203, 1149, 1074, 1054, 
1019, 905, 856, 836, 735, and 703. 

M.p = 40 °C 
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Synthesis of bicyclo[3.2.1]octane 7-24 

benzene (degassed), rt

60%Me Me

Me
I

O Me

Me

Me

O

Pd(OAc)2 (50 mol%)
xantphos (100 mol%)

Cs2CO3 (2 equiv)
Blue LED 

(tuna blue kessil lamp)

7-21 7-24  

Ketoiodide 7-21 (8 mg, 0.028 mmol, 1 equiv), Pd(OAc)2 (3.1 mg, 0.014 mmol, 0.5 equiv), and  
xantphos (16 mg, 0.028 mmol, 1 equiv) were added to a flame-dried vial. The reaction vessel was 
moved into the glove box, after which Cs2CO3 (18 mg, 0.055 mmol, 2 equiv) and degassed 
benzene (0.11 mL, free-pump-thaw) were added. The vial was sealed and removed from the 
glove box then moved to a photoreactor containing two tuna blue Kessil lamps (see above). The 
light orange reaction mixture was irradiated at maximum intensity under a constant stream of 
air to maintain room temperature. The reaction mixture immediately starts to darken in color 
becoming brown-black after about thirty minutes. After 3 hours the crude reaction mixture was 
removed from the photoreactor and loaded directly onto a pipette silica gel column and purified 
(pentane:ether 10:1) to afford 7-24 (3 mg, 0.017 mmol, 60% adjusted for BHT impurity (from Et2O 
stablilizer) in NMR) as a clear oil.  

Note: 7-24 is sensitive to temperature and prolonged LED exposure. Concentration on the 
rotovap at elevated temperatures (>35 °C ) led to complete decomposition. 

Rf = 0.77 (hexane:EtOAc = 4:1), UV-active, purple spot (p-anisaldehyde) 

1H NMR (500 MHz, C6D6) δ 6.17 (d, J = 6.8 Hz, 1H), 5.75 (dd, J = 6.8, 3.2 Hz, 1H), 5.43 (d, J = 9.4 
Hz, 1H), 4.90 (dd, J = 9.4, 1.9 Hz, 1H), 2.44 (dd, J = 3.4, 1.9 Hz, 1H), 1.07 (s, 3H), 1.04 (s, 3H), 0.72 
(s, 3H) ppm. 

13C NMR (151 MHz, C6D6) δ 210.2, 145.5, 137.2, 135.4, 129.4, 59.4, 47.8, 41.4, 27.3, 24.7, 14.2 
ppm. 

IR (neat): ν = 2901, 1824, 1777, 1324, 1244, 1151, 859, 726, and 588.  
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Synthesis of diol 7-25 

THF, 78 °C

94%

DIBAL (2 equiv)

Me Me

Me

O

O

Me Me

Me

OH

HO

7-17 7-25  

A flame-dried flask was charged with tricycle 7-17 (500 mg, 2.81 mmol, 1 equiv) and THF (44 mL). 
The clear solution was cooled to –78 °C. DIBAL (5.62 mL, 1M in hexanes, 2 equiv) was added 
dropwise to the cooled solution. The reaction mixture was stirred for 1 h then quenched by the 
addition of  sat. aq. NaCl and diluted with EtOAc. The layers were separated and the aqueous 
layer was extracted two times with EtOAc. The combined organic layers were dried over Na2SO4, 
filtered, and concentrated in vacuo. The crude compound was purified by silica gel flash 
chromatography (hexanes: EtOAc 1:1) to afford 7-25 as a white solid (480 mg, 2.6 mmol, 94%).  

Suitable crystals for x-ray analysis could be grown through slow diffusion from a pentane EtOAc 
solution. 

Rf = 0.55 (hexane:EtOAc = 1:1), blue spot (p-anisaldehyde) 

1H NMR (400 MHz, CDCl3) δ 3.76 (dd, J = 6.9, 2.2 Hz, 1H), 3.48 (d, J = 1.9 Hz, 1H), 2.81 (td, J = 
4.4, 1.9 Hz, 1H), 2.14 (ddd, J = 11.4, 6.9, 4.4 Hz, 2H), 1.98 (d, J = 12.8 Hz, 1H), 1.71 – 1.64 (m, 
1H), 1.14 (s, 3H), 1.13 (s, 3H) 1.04 (s, 3H) ppm. 

13C NMR (101 MHz, CDCl3) δ 79.5, 78.3, 49.6, 47.0, 45.8, 43.9, 39.0, 30.2, 30.1, 22.7, 14.3 ppm. 

IR (neat): ν = 3370, 2995, 2946, 2924, 2867, 1461, 1366, 1281, 1217, 1108, 1095, 179, 1032, and 
666. 

HRMS (ESI, m/z): for [M+H]+ calcd. for C12H17O2 181.1234; found 181.1235. 

M.p. = 89 °C 

X-ray structure:  
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Synthesis of silyl ether 7-26 

 

A flame-dried flask was charged with diol 7-25 (60 mg, 0.329 mmol, 1 equiv), DCM (3.3 mL) and 
imidazole (67 mg, 0.99 mmol, 3 equiv). To the stirring suspension was added TBSCl (60 mg, 0.40 
mmol, 1.2 equiv) upon which a white precipitate formed. The reaction mixture was stirred for 14 
h at room temperature then quenched by the addition of  sat. aq. NaCl and diluted with EtOAc. 
The layers were separated and the aqueous layer was extracted two times with EtOAc. The 
combined organic layers were dried over Na2SO4, filtered, and concentrated in vacuo. The crude 
compound was purified by silica gel flash chromatography (hexanes: EtOAc 4:1) to afford 7-26 as 
a clear oil (73 mg, 0.25 mmol, 75%).  

Rf = 0.7 (hexane:EtOAc = 4:1), UV-active, blue spot (p-anisaldehyde) 

1H NMR (500 MHz, CDCl3) δ 3.74 (dd, J = 6.6, 2.2 Hz, 1H), 3.40 (d, J = 2.0 Hz, 1H), 2.67 (td, J = 
4.4, 1.8 Hz, 1H), 2.13 – 2.04 (m, 2H), 1.86 (d, J = 12.2 Hz, 1H), 1.75 (ddd, J = 12.2, 7.3, 2.3 Hz, 
1H), 1.13 (s, 3H), 1.12 (s, 3H), 0.98 (s, 3H), 0.87 (s, 9H), 0.03 (s, 3H), 0.02 (s, 3H) ppm. 

13C NMR (101 MHz, CDCl3) δ 79.5, 78.4, 49.9, 47.7, 45.8, 44.3, 38.9, 30.6, 30.3, 25.9, 22.8, 18.2, 
14.6, –4.3, –4.7 ppm. 

IR (neat): ν = 3436, 2927, 2998, 2895, 2859, 1739, 1462, 1366, 1256, 1137, 1118, 1084, 1061, 
867, 836, and 775. 

HRMS (ESI, m/z): for [M+Na]+ calcd. for C17H32NaO2Si 319.2064; found 319.2063. 
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Synthesis of [3.2.0] bicycloheptane 7-28 

 

 

A flame-dried vial was charged with alcohol 7-26 (20 mg, 0.067 mmol, 1 equiv), 
[Ir(df(CF3)ppy)2(5,5’-d(CF3bpy)]PF6 (0.07 mg, 0.00067 mmol, 0.01 equiv), and TRIP-thiol (4.0 mg, 
0.017 mmol, 0.25 equiv) then moved into a glovebox. Therein, nBu3MeNOP(O)OMe2 (5.5 mg, 
0.017 mmol, 0.25 equiv) and degassed toluene (0.67 mL) were added. The vial was moved from 
the glovebox a photoreactor containing two tuna blue Kessil lamps (see above). The orange 
reaction mixture was irradiated at maximum intensity under a constant stream of air to maintain 
room temperature. After five hours the vial was removed from the photoreactor and placed 
under nitrogen.  

To the crude reaction mixture under an atmosphere of nitrogen was added a solution of NaBH4 
(5.1 mg, 0.13 mmol, 2 equiv) in methanol (0.13 mL). The bubbling reaction mixture was stirred 
for 30 minutes after which it was quenched with sat. aq. NH4Cl and diluted with EtOAc. The layers 
were separated and the aqueous layer was extracted twice with EtOAc. The combined organic 
layers were washed with sat. aq. NaCl, dried over Na2SO4, filtered, and concentrated in vacuo. 
The crude residue was purified by preparative thin layer chromatography (hexanes:EtOAc 1:1) to 
yield 7-28a and 7-28b as clear oils (11 mg, 0.036 mmol, 53% 1:1 dr). 

Diastereomer 7-28a 

Rf = 0.65 (hexane:EtOAc = 4:1), blue spot (p-anisaldehyde) 

1H NMR (500 MHz, CDCl3) δ 3.95 (d, J = 4.3 Hz, 1H), 3.69 – 3.58 (m, 2H), 2.63 (dd, J = 10.3, 8.0 
Hz, 1H), 2.36 (t, J = 8.2 Hz, 1H), 2.25 (q, J = 8.8 Hz, 1H), 2.07 (dt, J = 12.0, 5.9 Hz, 1H), 1.64 – 1.60 
(m, 1H), 1.39 (td, J = 12.6, 8.4 Hz, 1H), 1.16 (s, 3H), 0.97 (d, J = 6.5 Hz, 3H), 0.93 – 0.84 (m, 12H), 
0.02 (s, 6H) ppm. 

13C NMR (151 MHz, CDCl3) δ 76.7, 60.6, 46.2, 45.6, 44.3, 42.0, 35.4, 34.9, 33.5, 29.9, 26.0, 18.35, 
18.2, 14.5, –4.6, –4.7 ppm. 

HRMS (ESI, m/z): for [M+Na]+ calcd. for C17H34NaO2Si 321.3220; found 321.3219.  



360 
 

IR (neat): ν = 3322, 2953, 2930, 2857, 1462, 1385, 1362, 1253, 1117, 1095, 1057, 1018, 864, 
833, 773, and 670. 

Diastereomer 7-28b  

Rf = 0.63 (hexane:EtOAc = 4:1), blue spot (p-anisaldehyde) 

1H NMR (500 MHz, CDCl3) δ 3.82 – 3.74 (m, 2H), 3.71 (dt, J = 8.3, 4.3 Hz, 1H), 2.50 (td, J = 9.3, 
5.0 Hz, 1H), 2.31 – 2.17 (m, 2H), 1.82 – 1.71 (m, 2H), 1.18 (s, 3H), 1.15 – 1.08 (m, 1H), 1.03 (d, J = 
6.1 Hz, 3H), 0.90 (s, 3H), 0.87 (s, 9H), 0.06 (s, 3H), 0.04 (s, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 81.09, 62.84, 46.70, 45.41, 44.01, 36.00, 33.35, 33.08, 26.04, 
19.58, 18.24, 17.12, –4.00, –4.16 ppm. 

IR (neat) ν: 3346, 2970, 2951, 2929, 2857, 1738, 1462, 1365, 1252, 1229, 1217, 1206, 1117, 
1094, 1058, 1018, 864, 833, 800, 773, 670, 610, and 539. 

HRMS (ESI, m/z): for [M+Na]+ calcd. for C17H34NaO2Si 321.3220; found 321.3220.  
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Synthesis of Pivalate alcohol 7-29  

 

A flame-dried flask was charged with diol 7-25 (90 mg, 0.49 mmol, 1 equiv), DCM (5 mL) and 
DMAP (72 mg, 0.59 mmol, 1.2 equiv), followed by PivCl (60 mg, 0.4 mmol, 1 equiv). The reaction 
mixture was stirred until consumption of starting material was noted by TLC, about three hours. 
The reaction mixture was quenched by the addition of  sat. aq. NH4Cl and diluted with EtOAc. The 
layers were separated and the aqueous layer was extracted two times with EtOAc. The combined 
organic layers were washed with sat. aq. NaCl, dried over Na2SO4, filtered, and concentrated in 
vacuo. The crude compound was purified by silica gel flash chromatography (hexanes: EtOAc 2:1) 
to afford 7-29 as a yellow solid (110 mg, 0.40 mmol, 80%).  

Rf = 0.50 (hexane:EtOAc = 2:1), blue spot (p-anisaldehyde) 

1H NMR (500 MHz, CDCl3) δ 4.46 (d, J = 1.9 Hz, 1H), 3.87 (dd, J = 7.2, 2.2 Hz, 1H), 2.91 (td, J = 
4.4, 1.9 Hz, 1H), 2.16 (td, J = 6.6, 4.8 Hz, 1H), 2.13 – 2.03 (m, 2H), 1.72 (ddd, J = 12.7, 7.8, 2.3 Hz, 
1H), 1.17 (d, J = 1.3 Hz, 9H), 1.12 (s, 6H), 1.00 (s, 3H) ppm. 
 

13C NMR (126 MHz, CDCl3) δ 178.5, 79.7, 78.7, 49.0, 46.0, 44.8, 43.8, 39.3, 39.1, 31.3, 30.0, 27.3, 
22.7, 14.51 ppm. 
 

IR (neat): ν = 3462, 3008, 2970, 2873, 1712, 1480, 1461, 1420, 1359, 1285, 1220, 1160, 1096, 
1031, 989, 905, 962, and 529. 

HRMS (ESI, m/z): for [M+Na]+ calcd. for C16H26NaO3 289.1774; found 289.1174. 
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Synthesis of pivalate amide 7-31  

 

A vial was charged with pivalate 7-29 (4 mg, 0.015 mmol, 1 equiv) and acetonitrile (0.3 mL). No 
effort was made to exclude moisture.  To the stirring yellow solution was added conc. H2SO4 (5 
μL). The reaction mixture was moved to a preheated vial block at 80 °C. The reaction mixture 
stirred at this temperature until complete consumption of starting material was noted by TLC, 
about 30 minutes. The reaction mixture was cooled to room temperature then quenched by the 
addition of sat. aq. NaHCO3 and diluted with EtOAc. The layers were separated and the aqueous 
layer was extracted three times with EtOAc. The combined organic layers were washed with sat. 
aq. NaCl, dried over Na2SO4, filtered, and concentrated in vacuo to give amide 7-31 (4.4 mg, 0.014 
mmol, 95%) as a white amorphous solid of suitable purity.  

Rf = 0.1 (hexane:EtOAc = 1:3), purple spot (p-anisaldehyde) 

1H NMR (500 MHz, MeOD) δ 4.52 (d, J = 1.9 Hz, 1H), 4.40 (dd, J = 7.2, 2.1 Hz, 1H), 2.93 (d, J = 2.1 
Hz, 1H), 2.43 – 2.36 (m, 1H), 2.14 – 2.06 (m, 2H), 1.93 (s, 3H), 1.76 (ddd, J = 12.7, 7.9, 2.2 Hz, 
1H), 1.16 (m, 15H), 1.05 (s, 3H) ppm. 

13C NMR (151 MHz, MeOD) δ 179.8, 176.4, 84.0, 80.6, 49.7, 46.1, 45.6, 45.0, 40.5, 40.0, 32.6, 
30.2, 27.6, 22.8, 22.1, 14.9 ppm. 

IR (neat): ν = 3452, 3010, 2960, 2930, 2871, 1730, 1670, 1480, 1462, 1289, 1217, 1166, 1030, 
992, 872, 847, 668, 587. 

HRMS (ESI, m/z): for [M+Na]+ calcd. for C18H29NaO3N 330.2040; found 330.2039. 
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Synthesis of bromo tricyclo[3.2.1.03,6]octane 7-34 and 7-35 

 

 

Enedione 7-33 (50 mg, 0.14 mmol) was dissolved in DCM (2.8 mL) under air in a 1 dr vial. The 
resulting pale yellow solution was then moved to a photoreactor containing two tuna blue Kessil 
lamps (see above). The light orange reaction mixture was irradiated at maximum intensity under 
a constant stream of air to maintain room temperature. After complete consumption of the 
starting material (monitored by NMR), the clear reaction mixture was concentrated in vacuo to 
yield title compounds 7-34  and 7-35 (50 mg, 0.14 mmol, 99%, 1.3:1). 

33 Rf = 0.75 (hexane:EtOAc = 4:1), UV-active blue spot (p-anisaldehyde) 

1H NMR (500 MHz, CDCl3) δ 7.44 (s, 2H), 4.78 (t, J = 7.9 Hz, 2H), 2.41 (dd, J = 7.8, 5.6 Hz, 4H), 
1.60 (s, 6H), 1.53 (s, 6H), 1.20 (s, 6H). 

13C NMR (126 MHz, CDCl3) δ 203.2, 200.3, 148.3, 148.1 137.2, 116.9, 52.8, 34.0, 25.9, 18.7, 17.7. 

IR (neat): ν = 2971, 2931, 2873, 1753, 1709, 1562, 1452, 1377, 1315, 1229, 1118, 1078, 833, 
790, and 413. 

34 & 35 Rf = 0.75 (hexane:EtOAc = 4:1), UV-active blue streak (p-anisaldehyde) 

1H NMR (500 MHz, CDCl3) δ 3.47 – 3.39 (m, 1H), 3.13 (d, J = 5.7 Hz, 1H), 2.94 (td, J = 5.0, 2.4 Hz, 
1H), 2.80 (t, J = 6.0 Hz, 1H), 2.33 (dd, J = 12.4, 6.5 Hz, 1H), 2.24 (d, J = 12.5 Hz, 1H), 2.19 – 2.11 
(m, 2H), 1.85 (d, J = 1.6 Hz, 3H), 1.49 (d, J = 1.6 Hz, 3H), 1.24 – 1.15 (m, 6H), 1.04 – 0.93 (m, 6H) 
ppm. 

13C NMR (126 MHz, CDCl3) δ 205.7, 203.3, 201.9, 201.0, 70.4, 68.1, 60.0, 58.2, 56.9, 54.9, 51.3, 
49.4, 46.5, 40.5, 35.5, 33.6, 28.1, 28.1, 23.4, 20.0, 7.5, 7.4 ppm. 

IR (neat): ν = 2966, 2938, 2878, 1717, 1457, 1391, 1250, 1222, 1147, 1097, 1059, 1018, 999, 
056, 913, 866, 921, 768, 660, and 597. 

M.p: 85 °C 
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Synthesis of methyl allyl 1,3-cyclopentanedione S7-4 

 

To a solution of 2-methylcyclopentane-1,3-dione 7-15 (5.0 g, 45 mmol, 1equiv) in acetone (200 
ml) was added potassium carbonate (9.2 g, 67 mmol, 1.5 equiv) in a single portion followed by 
allyl bromide (10 ml, 89 mmol, 2 equiv) dropwise via syringe. The mixture turned turbid during 
the addition of bromide. The reaction mixture was stirred under nitrogen for 24 hours then 
concentrated by rotary evaporation and resuspended in Et2O. The suspension was then by 
addition of sat. aq. NaCl. The layers were separated and the aqueous layer was extracted two 
times with Et2O. The combined organic layers were dried over Na2SO4, filtered, and concentrated 
in vacuo. The crude residue was purified by silica gel flash chromatography (hexanes: EtOAc 4:1) 
to afford S7-4 as a colorless to pale yellow oil (1.54 g, 10 mmol, 23%). 

Rf = 0.38 (hexane:EtOAc = 4:1), UV-active blue spot (p-anisaldehyde) 

1H NMR (500 MHz, CDCl3) δ 5.63 – 5.54 (m, 1H), 5.09 – 5.03 (m, 2H), 2.80 – 2.64 (m, 4H), 2.35 
(d, J = 7.5 Hz, 2H), 1.12 (s, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 216.4, 131.6, 120.0, 56.9, 40.2, 35.5, 19.0 ppm.  

Spectral data were consistent with those found in the literature23 
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Synthesis of enedione 7-36 

 

To a solution of 2-allyl-2-methylcyclopentane-1,3-dione S7-4 (1.0 g, 1 Eq, 6.6 mmol) in MeOH (45 
mL) was added copper(II) bromide (3.2 g, 2.2 Eq, 14 mmol). The resulting brown solution was 
moved to a preheated oil bath and stirred at 90 °C under an argon atmosphere. After 1 h the 
reaction mixture was cooled to room temperature, quenched with 15 mL of distilled water 
followed by 15 mL of 1 M aq. HCl solution, and diluted with Et2O. The layers were separated, and 
the aqueous layer was extracted two times with Et2O. The combined organic layers were dried 
over Na2SO4, filtered, and concentrated in vacuo. The crude residue was purified by silica-gel 
flash column chromatography (Pentane: diethyl ether = 10:1 to 4:1) to afford 7-36 as a yellow oil 
(0.80 g, 5.3 mmol, 81%). 

Rf = 0.48 (hexane:EtOAc = 4:1), UV-active KMnO4 

1H NMR (400 MHz, CDCl3) δ 7.23 (s, 2H), 5.48 (ddt, J = 17.6, 10.1, 7.5 Hz, 1H), 5.07 – 4.92 (m, 
2H), 2.38 (dt, J = 7.5, 1.1 Hz, 2H), 1.15 (s, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 207.6, 148.7, 131.8, 120.0, 51.0, 39.1, 19.0 ppm. 

Spectral data were consistent with those found in the literature23 
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Synthesis of tricycle 7-37 

 

 

Enedione 7-36 (16 mg, 0.1 mmol) was dissolved in DCM (1 mL) under air in a 1 dr vial. The 
resulting pale yellow solution was then moved to the Penn photoreactor affixed with a 420 nm 
plate (see above). The reaction mixture was irradiated at this wavelength for 12 hours after which 
it was removed from the photoreactor, and concentrated in vacuo to yield tricycle 7-37. The 
compound was unstable to silica gel chromatography, so the yield was assessed by 1HNMR, 90%.  

Rf = 0.30 (hexane:EtOAc = 4:1), streak KMnO4 

1H NMR (500 MHz, CDCl3) δ 3.29 – 3.21 (m, 2H), 3.16 (dddd, J = 10.4, 6.3, 4.6, 2.0 Hz, 1H), 2.97 
(ddd, J = 11.4, 6.6, 4.9 Hz, 1H), 2.40 (ddd, J = 12.1, 6.7, 3.0 Hz, 1H), 2.06 (dd, J = 25.5, 11.1 Hz, 
2H), 1.17 (s, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 209.7, 208.2, 60.0, 51.4, 48.0, 40.8, 38.0, 32.7, 7.3. 

IR (neat): ν = 3453, 2971, 2933, 2871, 1780, 1727, 1451, 1347, 1140, 1063, 1019, 897, 821, 779, 
703, 608, 504,  and 473 ppm. 
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Synthesis of dione S7-5 

 

A solution of 2-methylcyclopentane-1,3-dione 7-15 (1.0 g, 8.9 mmol, 1equiv) and Tetra-n-
butylammonium iodide (33 mg, 8.9μmol, 1 mol%) in dry acetone (40 ml) was added cinnamyl 
chloride (2.7 g, 18 mmol, 2 equiv) in a portion. The mixture turned turbid while the addition of 
cinnamyl chloride. After stirred for 5 min, potassium carbonate (1.8 g, 13 mmol, 1.5 equiv) was 
added to the mixture. Then it was stirred under nitrogen for 24 hours and concentrated by rotary 
evaporation and resuspended in ether. The mixture was then quenched with Brine. The aqueous 
layer was further extracted by ether. The combined organic layers were dried over Na2SO4, 
filtered, and concentrated in vacuo. The crude residue was purified by silica gel flash 
chromatography (hexanes: EtOAc 10:1 to 2:1) to afford S7-5 as a white to pale-yellow solid (1.0 
g, 4.4 mmol, 50%).  

Rf = 0.50 (hexane:EtOAc = 2:1), UV-active KMnO4 

1H NMR (600 MHz, CDCl3) δ 7.32 – 7.27 (m, 4H), 7.24 – 7.20 (m, 1H), 6.41 (dt, J = 15.8, 1.3 Hz, 
1H), 5.98 (dt, J = 15.6, 7.7 Hz, 1H), 2.82 – 2.72 (m, 2H), 2.72 – 2.64 (m, 2H), 2.51 (dd, J = 7.7, 1.3 
Hz, 2H), 1.17 (s, 3H) ppm. 

13C NMR (151 MHz, CDCl3) δ 216.5, 136.8, 134.9, 128.7, 127.9, 126.4, 122.8, 57.2, 39.4, 35.6 , 
19.2 ppm. 

 

Spectral data were consistent with those found in the literature23 
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Synthesis of enedione 7-38 

 

To a solution of 2-cinnamyl-2-methylcyclopentane-1,3-dione (S7-5 0.5 g, 1 equiv, 2.2 mmol) in 
MeOH (45 mL) was added copper(II) bromide (1.1 g, 2.2 equiv, 4.8 mmol). The resulting brown 
solution was moved to a preheated oil bath and stirred at 90 °C under an argon atmosphere. 
After 1 h the reaction mixture was cooled to room temperature, quenched with 15 mL of distilled 
water followed by 15 mL of 1 M aq. HCl solution, and diluted with Et2O. The layers were 
separated, and the aqueous layer was extracted two times with Et2O. The combined organic 
layers were dried over Na2SO4, filtered, and concentrated in vacuo. The crude residue was 
purified by silica-gel flash column chromatography (Pentane: diethyl ether = 10:1 to 4:1) to afford 
7-38 as a yellow solid (0.43 g, 1.9 mmol, 87%). 

Rf = 0.22 (hexane:EtOAc = 10:1), UV-active KMnO4 

1H NMR (500 MHz, CDCl3) δ 7.30 (dd, J = 4.6, 2.0 Hz, 7H), 7.24 (d, J = 3.0 Hz, 2H), 6.44 – 6.35 (m, 
1H), 5.91 (dt, J = 15.6, 7.7 Hz, 1H), 2.59 (d, J = 7.8 Hz, 2H), 1.24 (s, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 207.4, 148.6, 136.8, 134.7, 128.6, 127.7, 126.4, 122.9, 51.2, 38.1, 
18.9 ppm. 

Spectral data were consistent with those found in the literature23 
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Synthesis of tricycle 7-39 

 

Enedione 7-38 (22 mg, 0.1 mmol) was dissolved in DCM (1 mL) under air in a 1 dr vial. The 
resulting pale-yellow solution was then moved to the Penn photoreactor affixed with a 420 nm 
plate (see above). The reaction mixture was irradiated at this wavelength for 12 hours after which 
it was removed from the photoreactor and concentrated in vacuo to yield tricycle 7-39. The 
compound was unstable to silica gel chromatography, so the yield was assessed by 1HNMR, 85%.  

Rf = 0.15 (hexane:EtOAc = 10:1), streak KMnO4 

1H NMR (600 MHz, CDCl3) δ 7.45 – 7.38 (m, 2H), 7.36 – 7.33 (m, 2H), 7.33 – 7.29 (m, 1H), 3.48 
(s, 1H), 3.43 (dt, J = 13.3, 4.7 Hz, 2H), 3.17 (dt, J = 6.8, 5.2 Hz, 1H), 2.52 – 2.45 (m, 1H), 2.22 (d, J 
= 12.2 Hz, 1H), 1.25 (s, 3H) ppm. 

13C NMR (151 MHz, CDCl3) δ 209.2, 206.7, 140.6, 129.1, 127.4, 126.7, 59.4, 56.2, 55.1, 46.55, 
39.5, 37.9, 7.2 ppm. 

IR (neat): ν = 2965, 2931, 2870, 1762, 1732, 1602, 1498, 1450, 1261, 1181, 1097, 1044, 802, 
749, 699, 660, 597, 561. 

HRMS (ESI, m/z): for [M+H]+ calcd. for C15H15O2 227.1067; found 227.1067. 
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Synthesis of bisprenyl dione S7-7 

 

Synthesis of prenyl iodide: 

To a solution of prenyl bromide (20.0 g, 134 mmol, 2.8 equiv) in acetone (200 mL) was added 
sodium iodide (24.1 g, 161 mmol, 3.0 equiv). The reaction was stirred for 5 minutes during which 
a white precipitate formed. The mixture was filtered through a plug of silica and the solvent was 
evaporated carefully in vacuo. The brown crude residue was dissolved in Et2O (100 mL) and the 
solution was washed with sat. aq. NaHCO3 (50 mL) and sat. aq. Na2S2O3 (10 %, 50 mL), which 
decolored the solution from brown to pale yellow. The organic layer was dried over Na2SO4 and 
concentrated in vacuo. Crude prenyl iodide was directly used in the following reaction without 
further purification. 

Notes: Prenyl bromide and iodide decompose under moisture and air. Using freshly opened or 
synthesized prenyl bromide ensures reproducibility of experiments. Prenyl iodide is light-
sensitive and needs to be used rapidly after synthesis. Blocking light and ensuring a N2 
atmosphere reduces decomposition visibly. 

To a solution of 1,3-cyclopentanedione (S-6 4.99 g, 50.9 mmol, 1 equiv) in a THF/water mixture 
(4:1, 400 mL) at 0 °C was slowly added DIPEA (18.2 mL, 104 mmol. 2.1 equiv) and prenyl iodide 
(crude as above, 134 mmol, 2.6 equiv). The reaction mixture was allowed to warm to room 
temperature and stirred for 18 hours. THF was then removed by rotary evaporation. To the 
remaining mixture was added DCM and saturated sodium bicarbonate solution. The aqueous 
phase was extracted with DCM two times. The combined organic phases were washed with brine, 
dried over Na2SO4 and concentrated in vacuo. The crude residue was purified by flash 
chromatography (Hex/EtOAc = 9/1) to give diketone S7-7 (8.34 g, 70%). 

Rf = 0.50 (hexane:EtOAc = 10:1), UV-active spot (p-anisaldehyde) 

1H NMR (500 MHz, CDCl3) δ 4.87 (tt, J = 7.7, 1.5 Hz, 1H), 2.55 (s, 2H), 2.34 (d, J = 7.9 Hz, 2H), 1.62 
(s, 3H), 1.56 (s, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 218.0, 136.5, 117.4, 61.6, 36.8, 34.5, 26.0, 17.9 ppm. 

Spectral data consistent with those found in the literature25 
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Synthesis of enedione 7-40 

 

A solution of S7-7 (3.00 g, 12.8 mmol, 1 equiv) in THF (130 mL) was cooled to –10 °C. To this 
cooled solution was added phenyltrimethylammonium tribromide (4.7 g, 17 mmol, 1 equiv) in 
four portions after which the solution turned bright yellow.  Portions were added in 30 minute 
intervals. Completion of the reaction was judged by TLC, circa three hours. Upon completion the 
reaction was diluted with diethyl ether and quenched with sat. aq. NaHCO3 and sat. aq. Na2S2O3  
(4:1). The layers were separated and the aqueous layer was extracted two further times with 
diethyl ether. The combined organic layers were dried over Na2SO4, filtered, and concentrated in 
vacuo. The crude reaction mixture was purified by silica gel flash chromatography (gradient 5:1 
pentane: diethyl ether to 1:1 pentane: diethyl ether) to yield 7-40 as a bright yellow solid (2.38 
g, 80%). 

 

Rf = 0.50 (hexane:EtOAc = 10:1), UV-active blue spot (p-anisaldehyde) 

1H NMR (400 MHz, CDCl3) δ 7.23 (s, 1H), 4.76 (tt, J = 7.8, 1.5 Hz, 1H), 2.37 (d, J = 7.8 Hz, 2H), 
1.55 (dd, J = 11.9, 1.4 Hz, 6H) ppm. 

13C NMR (101 MHz, CDCl3) δ 208.0, 150.0, 136.2, 117.3, 55.6, 32.8, 25.9, 17.7 ppm. 

IR (neat): ν = 2972, 2914, 2859, 1700, 1441, 1378, 1324, 1231, 1057, 1030, 985, 836, 700,  and 
577. 

M.p: 70 °C 
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2.23 Synthesis of prenylated tricyclo[3.2.1.03,6]octane 7-41  

 

Enedione 7-40 (100 mg, 0.56 mmol) was dissolved in DCM (5.6 mL) under air in a round-bottomed 
flask. The resulting pale yellow solution was cooled to –30 °C. A tuna blue Kessil lamp was affixed 
and the solution was irradiated for 3 h (see above). After complete consumption of the starting 
material (monitored by NMR), the clear reaction mixture was concentrated in vacuo and washed 
with heptanes to yield title compound 7-41 (90 mg, 0.50 mmol). 

Rf = 0.5 (hexane:EtOAc = 10:1), green streak (p-anisaldehyde) 

1H NMR (700 MHz, CDCl3) δ 5.22 (tt, J = 7.5, 1.5 Hz, 1H), 3.22 (t, J = 4.4 Hz, 1H), 2.98 (t, J = 4.9 
Hz, 1H), 2.59 (dt, J = 6.7, 5.0 Hz, 1H), 2.42 – 2.37 (m, 1H), 2.30 (dd, J = 15.5, 7.5 Hz, 1H), 2.24 (dd, 
J = 12.6, 6.7 Hz, 1H), 2.09 (d, J = 12.7 Hz, 1H), 1.70 (d, J = 1.5 Hz, 3H), 1.65 (s, 3H), 1.45 (s, 3H), 
0.97 (s, 3H) ppm. 

13C NMR (176 MHz, CDCl3) δ 208.6, 207.0, 134.4, 118.5, 62.9, 61.5, 46.7, 45.7, 41.4, 32.3, 28.5, 
26.0, 21.9, 21.5, 17.9 ppm. 

IR (neat): ν = 2966, 2934, 1776, 1715, 1452, 1386, 1375, 1246, 1222, 1169, 1110, 1058, 983, 
910, 720, 647. 

 

 

 

 

 

 

 

 

 

 



373 
 

X-ray crystallographic data 

A colorless block 0.12 x 0.07 x 0.04 mm in size was mounted on a Cryoloop with Paratone oil. 
Data were collected in a nitrogen gas stream at 100(2) K using omega scans. Crystal-to-detector 
distance was 33.00 mm and exposure time was 3.00 seconds per frame at low angles and 13.00 
seconds at high angles, using a scan width of 0.5°. Data collection was 100% complete to 74.000° 
in θ. A total of 32348 reflections were collected covering the indices -29<=h<=27, -29<=k<=24, -
7<=l<=7. 3522 reflections were found to be symmetry independent, with an Rint of 0.0438. 
Indexing and unit cell refinement indicated a primitive, tetragonal lattice. The space group was 
found to be P 42 nm (No. 102). The data were integrated using the CrysAlisPro 1.172.42.72a 
software program and scaled using the SCALE3 ABSPACK scaling algorithm. Solution by intrinsic 
phasing (SHELXT-2015) produced a 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. 
A solvent mask was applied to remove electron density related to an unidentifiable, disordered 
outer sphere solvent molecule. 
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Table 1.  Crystal data and structure refinement for IB008_Sarpong. 
Identification code  IB008_Sarpong 
Empirical formula  C11 H18 O2 
Formula weight  182.25 
Temperature  100(2) K 
Wavelength  1.54184 Å 
Crystal system  Tetragonal 
Space group  P 42 n m 
Unit cell dimensions a = 23.5301(3) Å a= 90°. 
 b = 23.5301(3) Å b= 90°. 
 c = 5.98071(11) Å g = 90°. 
Volume 3311.31(10) Å3 
Z 12 
Density (calculated) 1.097 Mg/m3 
Absorption coefficient 0.583 mm-1 
F(000) 1200 
Crystal size 0.120 x 0.070 x 0.040 mm3 
Theta range for data collection 2.656 to 75.283°. 
Index ranges -29<=h<=27, -29<=k<=24, -7<=l<=7 
Reflections collected 32348 
Independent reflections 3522 [R(int) = 0.0438] 
Completeness to theta = 74.000° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00000 and 0.79637 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3522 / 32 / 246 
Goodness-of-fit on F2 1.086 
Final R indices [I>2sigma(I)] R1 = 0.0597, wR2 = 0.1670 
R indices (all data) R1 = 0.0646, wR2 = 0.1725 
Absolute structure parameter 0.0(4) 
Extinction coefficient n/a 
Largest diff. peak and hole 0.384 and -0.296 e.Å-3 
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Table 2.  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 
103) 
for ib008_sarpong.  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
______________________________________________________________________________
__ 
 x y z U(eq) 
______________________________________________________________________________
__ 
O(1A) 3776(1) 1465(1) 3551(4) 48(1) 
O(2A) 5827(1) 1493(1) 2226(4) 47(1) 
C(1A) 4822(1) 1381(1) 3436(6) 42(1) 
C(2A) 4277(1) 1554(1) 2229(6) 41(1) 
C(3A) 4388(2) 2168(1) 1466(6) 48(1) 
C(4A) 4398(2) 2626(2) 3355(8) 59(1) 
C(5A) 4460(2) 3215(2) 2285(11) 83(2) 
C(6A) 3945(2) 2657(2) 5163(8) 70(1) 
C(7A) 4994(2) 2385(2) 3948(8) 60(1) 
C(8A) 4961(2) 1823(2) 5239(6) 52(1) 
C(9A) 5056(2) 2174(1) 1475(8) 51(1) 
C(10A) 5243(1) 1562(1) 1595(6) 42(1) 
C(11A) 4858(2) 771(2) 4203(7) 48(1) 
O(1B) 7883(3) 3492(3) 5332(12) 46(2) 
O(2B) 6600(3) 1886(3) 4886(13) 50(2) 
C(1B) 7358(15) 2596(14) 5293(10) 43(3) 
C(2B) 7435(6) 3198(9) 4250(40) 43(3) 
C(3B) 6841(4) 3463(4) 4537(16) 51(2) 
C(4B) 6671(4) 3609(3) 6974(16) 60(2) 
C(5B) 7037(4) 3945(3) 8478(16) 61(2) 
C(6B) 6050(20) 3890(20) 6950(20) 88(7) 
C(7B) 6598(3) 2961(3) 7382(15) 55(2) 
C(8B) 7326(3) 2878(3) 7689(12) 45(2) 
C(9B) 6465(4) 2902(4) 4809(19) 57(2) 
C(10B) 6839(10) 2416(6) 4100(40) 49(3) 
C(11B) 7823(8) 2166(6) 4995(11) 60(2) 
______________________________________________________________________________
__
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Table 3.   Bond lengths [Å] and angles [°] for ib008_sarpong. 
_____________________________________________________ 
O(1A)-C(2A)  1.437(4) 
O(1A)-H(1A)  0.8400 
O(2A)-C(10A)  1.435(4) 
O(2A)-H(2A)  0.8400 
C(1A)-C(11A)  1.509(4) 
C(1A)-C(2A)  1.528(4) 
C(1A)-C(8A)  1.534(5) 
C(1A)-C(10A)  1.540(5) 
C(2A)-C(3A)  1.535(5) 
C(2A)-H(2AA)  1.0000 
C(3A)-C(4A)  1.561(5) 
C(3A)-C(9A)  1.573(5) 
C(3A)-H(3A)  1.0000 
C(4A)-C(6A)  1.520(6) 
C(4A)-C(5A)  1.535(6) 
C(4A)-C(7A)  1.554(5) 
C(5A)-H(5AA)  0.9800 
C(5A)-H(5AB)  0.9800 
C(5A)-H(5AC)  0.9800 
C(6A)-H(6AA)  0.9800 
C(6A)-H(6AB)  0.9800 
C(6A)-H(6AC)  0.9800 
C(7A)-C(8A)  1.532(6) 
C(7A)-C(9A)  1.567(6) 
C(7A)-H(7A)  1.0000 
C(8A)-H(8AA)  0.9900 
C(8A)-H(8AB)  0.9900 
C(9A)-C(10A)  1.507(4) 
C(9A)-H(9A)  1.0000 
C(10A)-H(10A)  1.0000 
C(11A)-H(11A)  0.9800 
C(11A)-H(11B)  0.9800 
C(11A)-H(11C)  0.9800 
O(1B)-C(2B)  1.42(2) 
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O(1B)-H(1B)  0.8400 
O(2B)-C(10B)  1.45(2) 
O(2B)-H(2B)  0.8400 
C(1B)-C(10B)  1.48(4) 
C(1B)-C(11B)  1.501(9) 
C(1B)-C(2B)  1.56(4) 
C(1B)-C(8B)  1.581(15) 
C(2B)-C(3B)  1.540(15) 
C(2B)-H(2BA)  1.0000 
C(3B)-C(4B)  1.550(13) 
C(3B)-C(9B)  1.598(16) 
C(3B)-H(3B)  1.0000 
C(4B)-C(5B)  1.474(12) 
C(4B)-C(7B)  1.553(10) 
C(4B)-C(6B)  1.61(3) 
C(5B)-H(5BA)  0.9800 
C(5B)-H(5BB)  0.9800 
C(5B)-H(5BC)  0.9800 
C(6B)-H(6BA)  0.9800 
C(6B)-H(6BB)  0.9800 
C(6B)-H(6BC)  0.9800 
C(7B)-C(9B)  1.577(14) 
C(7B)-C(8B)  1.732(8) 
C(7B)-H(7B)  1.0000 
C(8B)-H(8BA)  0.9900 
C(8B)-H(8BB)  0.9900 
C(9B)-C(10B)  1.503(18) 
C(9B)-H(9B)  1.0000 
C(10B)-H(10B)  1.0000 
C(11B)-H(11D)  0.9800 
C(11B)-H(11E)  0.9800 
C(11B)-H(11F)  0.9800 
 
C(2A)-O(1A)-H(1A) 109.5 
C(10A)-O(2A)-H(2A) 109.5 
C(11A)-C(1A)-C(2A) 116.4(3) 
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C(11A)-C(1A)-C(8A) 114.8(3) 
C(2A)-C(1A)-C(8A) 109.3(2) 
C(11A)-C(1A)-C(10A) 116.4(3) 
C(2A)-C(1A)-C(10A) 97.3(3) 
C(8A)-C(1A)-C(10A) 100.2(3) 
O(1A)-C(2A)-C(1A) 113.0(3) 
O(1A)-C(2A)-C(3A) 116.1(3) 
C(1A)-C(2A)-C(3A) 104.4(3) 
O(1A)-C(2A)-H(2AA) 107.6 
C(1A)-C(2A)-H(2AA) 107.6 
C(3A)-C(2A)-H(2AA) 107.6 
C(2A)-C(3A)-C(4A) 115.9(3) 
C(2A)-C(3A)-C(9A) 100.2(2) 
C(4A)-C(3A)-C(9A) 88.6(3) 
C(2A)-C(3A)-H(3A) 116.0 
C(4A)-C(3A)-H(3A) 116.0 
C(9A)-C(3A)-H(3A) 116.0 
C(6A)-C(4A)-C(5A) 108.7(4) 
C(6A)-C(4A)-C(7A) 119.2(4) 
C(5A)-C(4A)-C(7A) 109.8(4) 
C(6A)-C(4A)-C(3A) 122.5(3) 
C(5A)-C(4A)-C(3A) 108.9(4) 
C(7A)-C(4A)-C(3A) 85.8(3) 
C(4A)-C(5A)-H(5AA) 109.5 
C(4A)-C(5A)-H(5AB) 109.5 
H(5AA)-C(5A)-H(5AB) 109.5 
C(4A)-C(5A)-H(5AC) 109.5 
H(5AA)-C(5A)-H(5AC) 109.5 
H(5AB)-C(5A)-H(5AC) 109.5 
C(4A)-C(6A)-H(6AA) 109.5 
C(4A)-C(6A)-H(6AB) 109.5 
H(6AA)-C(6A)-H(6AB) 109.5 
C(4A)-C(6A)-H(6AC) 109.5 
H(6AA)-C(6A)-H(6AC) 109.5 
H(6AB)-C(6A)-H(6AC) 109.5 
C(8A)-C(7A)-C(4A) 112.6(3) 
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C(8A)-C(7A)-C(9A) 102.0(3) 
C(4A)-C(7A)-C(9A) 89.1(3) 
C(8A)-C(7A)-H(7A) 116.4 
C(4A)-C(7A)-H(7A) 116.4 
C(9A)-C(7A)-H(7A) 116.4 
C(7A)-C(8A)-C(1A) 104.0(3) 
C(7A)-C(8A)-H(8AA) 111.0 
C(1A)-C(8A)-H(8AA) 111.0 
C(7A)-C(8A)-H(8AB) 111.0 
C(1A)-C(8A)-H(8AB) 111.0 
H(8AA)-C(8A)-H(8AB) 109.0 
C(10A)-C(9A)-C(7A) 106.5(3) 
C(10A)-C(9A)-C(3A) 106.4(3) 
C(7A)-C(9A)-C(3A) 85.0(3) 
C(10A)-C(9A)-H(9A) 117.9 
C(7A)-C(9A)-H(9A) 117.9 
C(3A)-C(9A)-H(9A) 117.9 
O(2A)-C(10A)-C(9A) 113.6(3) 
O(2A)-C(10A)-C(1A) 113.4(3) 
C(9A)-C(10A)-C(1A) 96.4(3) 
O(2A)-C(10A)-H(10A) 110.9 
C(9A)-C(10A)-H(10A) 110.9 
C(1A)-C(10A)-H(10A) 110.9 
C(1A)-C(11A)-H(11A) 109.5 
C(1A)-C(11A)-H(11B) 109.5 
H(11A)-C(11A)-H(11B) 109.5 
C(1A)-C(11A)-H(11C) 109.5 
H(11A)-C(11A)-H(11C) 109.5 
H(11B)-C(11A)-H(11C) 109.5 
C(2B)-O(1B)-H(1B) 109.5 
C(10B)-O(2B)-H(2B) 109.5 
C(10B)-C(1B)-C(11B) 111(2) 
C(10B)-C(1B)-C(2B) 99.5(6) 
C(11B)-C(1B)-C(2B) 119(3) 
C(10B)-C(1B)-C(8B) 121.1(19) 
C(11B)-C(1B)-C(8B) 115.2(11) 
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C(2B)-C(1B)-C(8B) 89.2(19) 
O(1B)-C(2B)-C(3B) 115.2(15) 
O(1B)-C(2B)-C(1B) 110.3(19) 
C(3B)-C(2B)-C(1B) 102.7(13) 
O(1B)-C(2B)-H(2BA) 109.5 
C(3B)-C(2B)-H(2BA) 109.5 
C(1B)-C(2B)-H(2BA) 109.5 
C(2B)-C(3B)-C(4B) 115.4(11) 
C(2B)-C(3B)-C(9B) 100.3(10) 
C(4B)-C(3B)-C(9B) 86.8(8) 
C(2B)-C(3B)-H(3B) 116.5 
C(4B)-C(3B)-H(3B) 116.5 
C(9B)-C(3B)-H(3B) 116.5 
C(5B)-C(4B)-C(3B) 122.8(7) 
C(5B)-C(4B)-C(7B) 119.6(8) 
C(3B)-C(4B)-C(7B) 87.7(6) 
C(5B)-C(4B)-C(6B) 108.6(18) 
C(3B)-C(4B)-C(6B) 108.6(8) 
C(7B)-C(4B)-C(6B) 108(2) 
C(4B)-C(5B)-H(5BA) 109.5 
C(4B)-C(5B)-H(5BB) 109.5 
H(5BA)-C(5B)-H(5BB) 109.5 
C(4B)-C(5B)-H(5BC) 109.5 
H(5BA)-C(5B)-H(5BC) 109.5 
H(5BB)-C(5B)-H(5BC) 109.5 
C(4B)-C(6B)-H(6BA) 109.5 
C(4B)-C(6B)-H(6BB) 109.5 
H(6BA)-C(6B)-H(6BB) 109.5 
C(4B)-C(6B)-H(6BC) 109.5 
H(6BA)-C(6B)-H(6BC) 109.5 
H(6BB)-C(6B)-H(6BC) 109.5 
C(4B)-C(7B)-C(9B) 87.4(7) 
C(4B)-C(7B)-C(8B) 91.1(5) 
C(9B)-C(7B)-C(8B) 106.9(6) 
C(4B)-C(7B)-H(7B) 121.1 
C(9B)-C(7B)-H(7B) 121.1 
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C(8B)-C(7B)-H(7B) 121.1 
C(1B)-C(8B)-C(7B) 90.0(12) 
C(1B)-C(8B)-H(8BA) 113.6 
C(7B)-C(8B)-H(8BA) 113.6 
C(1B)-C(8B)-H(8BB) 113.6 
C(7B)-C(8B)-H(8BB) 113.6 
H(8BA)-C(8B)-H(8BB) 110.9 
C(10B)-C(9B)-C(7B) 103.0(11) 
C(10B)-C(9B)-C(3B) 106.0(11) 
C(7B)-C(9B)-C(3B) 85.2(7) 
C(10B)-C(9B)-H(9B) 119.0 
C(7B)-C(9B)-H(9B) 119.0 
C(3B)-C(9B)-H(9B) 119.0 
O(2B)-C(10B)-C(1B) 114(2) 
O(2B)-C(10B)-C(9B) 109.8(16) 
C(1B)-C(10B)-C(9B) 97.5(11) 
O(2B)-C(10B)-H(10B) 111.4 
C(1B)-C(10B)-H(10B) 111.4 
C(9B)-C(10B)-H(10B) 111.4 
C(1B)-C(11B)-H(11D) 109.5 
C(1B)-C(11B)-H(11E) 109.5 
H(11D)-C(11B)-H(11E) 109.5 
C(1B)-C(11B)-H(11F) 109.5 
H(11D)-C(11B)-H(11F) 109.5 
H(11E)-C(11B)-H(11F) 109.5 
_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
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Table 4.   Anisotropic displacement parameters (Å2x 103)for ib008_sarpong.  The anisotropic 
displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
______________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
______________________________________________________________________________ 
O(1A) 43(1)  54(1) 46(1)  5(1) -2(1)  10(1) 
O(2A) 46(1)  44(1) 50(1)  -2(1) -4(1)  5(1) 
C(1A) 46(2)  39(2) 41(2)  2(1) -2(1)  7(1) 
C(2A) 45(2)  41(2) 38(1)  1(1) 0(1)  7(1) 
C(3A) 57(2)  42(2) 46(2)  1(1) -4(2)  12(1) 
C(4A) 69(2)  44(2) 64(2)  -11(2) -6(2)  13(2) 
C(5A) 92(3)  42(2) 114(4)  -5(2) -10(3)  14(2) 
C(6A) 72(3)  69(3) 68(2)  -26(2) -12(2)  31(2) 
C(7A) 63(2)  44(2) 72(3)  -16(2) -11(2)  7(2) 
C(8A) 50(2)  64(2) 42(2)  -11(2) -7(2)  14(2) 
C(9A) 60(2)  36(2) 59(2)  2(2) -3(2)  3(1) 
C(10A) 46(2)  38(2) 41(2)  1(1) -4(1)  3(1) 
C(11A) 43(2)  47(2) 55(2)  11(1) -2(2)  6(1) 
O(1B) 40(3)  52(3) 45(3)  11(3) -2(3)  -18(3) 
O(2B) 55(4)  47(4) 46(4)  5(3) -9(3)  -25(3) 
C(1B) 52(9)  35(5) 42(2)  2(4) -5(5)  -6(4) 
C(2B) 44(6)  44(5) 41(5)  6(3) -6(5)  -4(5) 
C(3B) 43(4)  42(4) 67(5)  9(3) -6(3)  -1(3) 
C(4B) 63(4)  47(3) 70(5)  -5(3) 6(4)  -7(3) 
C(5B) 77(5)  41(3) 64(4)  -3(3) 8(4)  -12(3) 
C(6B) 71(15)  61(10) 132(8)  -24(13) -8(14)  -4(9) 
C(7B) 53(4)  46(4) 66(4)  0(4) 12(4)  -8(3) 
C(8B) 42(3)  48(3) 46(3)  2(2) -2(2)  -19(3) 
C(9B) 39(4)  50(4) 81(6)  1(4) -14(4)  -11(4) 
C(10B) 56(6)  43(7) 49(6)  12(5) 0(4)  -13(5) 
C(11B) 88(11)  33(7) 58(3)  -6(7) -5(10)  -4(2) 
______________________________________________________________________________
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Table 5.   Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 
for ib008_sarpong. 
______________________________________________________________________________
__ 
 x  y  z  U(eq) 
______________________________________________________________________________
__ 
 
H(1A) 3486 1510 2749 71 
H(2A) 5885 1154 2606 70 
H(2AA) 4243 1313 858 50 
H(3A) 4202 2284 34 58 
H(5AA) 4777 3210 1219 124 
H(5AB) 4536 3497 3453 124 
H(5AC) 4108 3314 1501 124 
H(6AA) 3585 2781 4500 105 
H(6AB) 4062 2929 6314 105 
H(6AC) 3895 2281 5840 105 
H(7A) 5283 2666 4476 72 
H(8AA) 4659 1838 6390 62 
H(8AB) 5328 1737 5973 62 
H(9A) 5254 2428 386 62 
H(10A) 5160 1360 161 50 
H(11A) 4611 717 5507 72 
H(11B) 5251 681 4609 72 
H(11C) 4733 519 2992 72 
H(1B) 7992 3762 4520 68 
H(2B) 6314 1803 4111 75 
H(2BA) 7523 3160 2622 52 
H(3B) 6718 3738 3357 61 
H(5BA) 7410 3761 8602 91 
H(5BB) 6861 3967 9960 91 
H(5BC) 7084 4329 7871 91 
H(6BA) 6054 4239 6064 132 
H(6BB) 5931 3977 8487 132 
H(6BC) 5776 3621 6292 132 
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H(7B) 6328 2815 8537 66 
H(8BA) 7535 3242 7802 55 
H(8BB) 7433 2618 8918 55 
H(9B) 6060 2909 4302 68 
H(10B) 6897 2412 2449 59 
H(11D) 7952 2169 3437 89 
H(11E) 7679 1787 5373 89 
H(11F) 8142 2260 5981 89 
______________________________________________________________________________
__
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Table 6.  Torsion angles [°] for ib008_sarpong. 
________________________________________________________________ 
C(11A)-C(1A)-C(2A)-O(1A) 58.2(4) 
C(8A)-C(1A)-C(2A)-O(1A) -73.9(3) 
C(10A)-C(1A)-C(2A)-O(1A) -177.5(2) 
C(11A)-C(1A)-C(2A)-C(3A) -174.7(3) 
C(8A)-C(1A)-C(2A)-C(3A) 53.2(3) 
C(10A)-C(1A)-C(2A)-C(3A) -50.4(3) 
O(1A)-C(2A)-C(3A)-C(4A) 53.8(4) 
C(1A)-C(2A)-C(3A)-C(4A) -71.3(3) 
O(1A)-C(2A)-C(3A)-C(9A) 147.3(3) 
C(1A)-C(2A)-C(3A)-C(9A) 22.1(3) 
C(2A)-C(3A)-C(4A)-C(6A) -46.9(5) 
C(9A)-C(3A)-C(4A)-C(6A) -147.5(4) 
C(2A)-C(3A)-C(4A)-C(5A) -175.1(3) 
C(9A)-C(3A)-C(4A)-C(5A) 84.3(4) 
C(2A)-C(3A)-C(4A)-C(7A) 75.4(3) 
C(9A)-C(3A)-C(4A)-C(7A) -25.2(3) 
C(6A)-C(4A)-C(7A)-C(8A) 47.9(5) 
C(5A)-C(4A)-C(7A)-C(8A) 174.1(4) 
C(3A)-C(4A)-C(7A)-C(8A) -77.3(4) 
C(6A)-C(4A)-C(7A)-C(9A) 150.5(4) 
C(5A)-C(4A)-C(7A)-C(9A) -83.3(4) 
C(3A)-C(4A)-C(7A)-C(9A) 25.3(3) 
C(4A)-C(7A)-C(8A)-C(1A) 77.2(4) 
C(9A)-C(7A)-C(8A)-C(1A) -16.8(4) 
C(11A)-C(1A)-C(8A)-C(7A) 170.7(3) 
C(2A)-C(1A)-C(8A)-C(7A) -56.4(3) 
C(10A)-C(1A)-C(8A)-C(7A) 45.1(3) 
C(8A)-C(7A)-C(9A)-C(10A) -17.9(4) 
C(4A)-C(7A)-C(9A)-C(10A) -130.9(3) 
C(8A)-C(7A)-C(9A)-C(3A) 87.7(3) 
C(4A)-C(7A)-C(9A)-C(3A) -25.2(3) 
C(2A)-C(3A)-C(9A)-C(10A) 14.8(4) 
C(4A)-C(3A)-C(9A)-C(10A) 130.9(3) 
C(2A)-C(3A)-C(9A)-C(7A) -91.0(3) 
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C(4A)-C(3A)-C(9A)-C(7A) 25.1(3) 
C(7A)-C(9A)-C(10A)-O(2A) -74.3(4) 
C(3A)-C(9A)-C(10A)-O(2A) -164.0(3) 
C(7A)-C(9A)-C(10A)-C(1A) 44.6(3) 
C(3A)-C(9A)-C(10A)-C(1A) -45.0(4) 
C(11A)-C(1A)-C(10A)-O(2A) -59.6(4) 
C(2A)-C(1A)-C(10A)-O(2A) 176.1(2) 
C(8A)-C(1A)-C(10A)-O(2A) 64.9(3) 
C(11A)-C(1A)-C(10A)-C(9A) -178.7(3) 
C(2A)-C(1A)-C(10A)-C(9A) 57.0(3) 
C(8A)-C(1A)-C(10A)-C(9A) -54.2(3) 
C(10B)-C(1B)-C(2B)-O(1B) 173.4(17) 
C(11B)-C(1B)-C(2B)-O(1B) -67(2) 
C(8B)-C(1B)-C(2B)-O(1B) 51.9(17) 
C(10B)-C(1B)-C(2B)-C(3B) 50.1(8) 
C(11B)-C(1B)-C(2B)-C(3B) 170.1(18) 
C(8B)-C(1B)-C(2B)-C(3B) -71.3(17) 
O(1B)-C(2B)-C(3B)-C(4B) -49.8(16) 
C(1B)-C(2B)-C(3B)-C(4B) 70.2(16) 
O(1B)-C(2B)-C(3B)-C(9B) -141.1(13) 
C(1B)-C(2B)-C(3B)-C(9B) -21.2(16) 
C(2B)-C(3B)-C(4B)-C(5B) 51.1(13) 
C(9B)-C(3B)-C(4B)-C(5B) 151.0(8) 
C(2B)-C(3B)-C(4B)-C(7B) -73.1(10) 
C(9B)-C(3B)-C(4B)-C(7B) 26.8(6) 
C(2B)-C(3B)-C(4B)-C(6B) 179(3) 
C(9B)-C(3B)-C(4B)-C(6B) -81(2) 
C(5B)-C(4B)-C(7B)-C(9B) -154.1(8) 
C(3B)-C(4B)-C(7B)-C(9B) -27.2(6) 
C(6B)-C(4B)-C(7B)-C(9B) 81.5(9) 
C(5B)-C(4B)-C(7B)-C(8B) -47.2(9) 
C(3B)-C(4B)-C(7B)-C(8B) 79.6(6) 
C(6B)-C(4B)-C(7B)-C(8B) -171.6(8) 
C(10B)-C(1B)-C(8B)-C(7B) -12(2) 
C(11B)-C(1B)-C(8B)-C(7B) -150(3) 
C(2B)-C(1B)-C(8B)-C(7B) 88.2(13) 
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C(4B)-C(7B)-C(8B)-C(1B) -105.3(14) 
C(9B)-C(7B)-C(8B)-C(1B) -17.7(15) 
C(4B)-C(7B)-C(9B)-C(10B) 131.8(10) 
C(8B)-C(7B)-C(9B)-C(10B) 41.4(11) 
C(4B)-C(7B)-C(9B)-C(3B) 26.4(6) 
C(8B)-C(7B)-C(9B)-C(3B) -63.9(7) 
C(2B)-C(3B)-C(9B)-C(10B) -13.3(19) 
C(4B)-C(3B)-C(9B)-C(10B) -128.6(12) 
C(2B)-C(3B)-C(9B)-C(7B) 88.8(11) 
C(4B)-C(3B)-C(9B)-C(7B) -26.5(6) 
C(11B)-C(1B)-C(10B)-O(2B) 61(2) 
C(2B)-C(1B)-C(10B)-O(2B) -172.8(18) 
C(8B)-C(1B)-C(10B)-O(2B) -78(2) 
C(11B)-C(1B)-C(10B)-C(9B) 177.3(17) 
C(2B)-C(1B)-C(10B)-C(9B) -56.9(11) 
C(8B)-C(1B)-C(10B)-C(9B) 38(2) 
C(7B)-C(9B)-C(10B)-O(2B) 74.9(15) 
C(3B)-C(9B)-C(10B)-O(2B) 163.6(13) 
C(7B)-C(9B)-C(10B)-C(1B) -44.5(17) 
C(3B)-C(9B)-C(10B)-C(1B) 44.2(18) 
________________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
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A yellow block 0.23 x 0.13 x 0.09 mm in size was mounted on a Cryoloop with Paratone oil. Data 
were collected in a nitrogen gas stream at 100(2) K using omega scans. Crystal-to-detector 
distance was 33.00 mm and exposure time was 0.50 seconds per frame using a scan width of 
0.5°. Data collection was 100% complete to 74.000° in θ. A total of 12788 reflections were 
collected covering the indices -8<=h<=8, -24<=k<=24, -10<=l<=10. 2325 reflections were found 
to be symmetry independent, with an Rint of 0.0382. Indexing and unit cell refinement indicated 
a primitive, monoclinic lattice. The space group was found to be P 21/n (No. 14). The data were 
integrated using the CrysAlisPro 1.172.42.72a software program and scaled using the SCALE3 
ABSPACK scaling algorithm. Solution by intrinsic phasing (SHELXT-2015) produced a 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 IB007_Sarpong. 
Identification code  IB007_Sarpong 
Empirical formula  C11 H13 Br O2 
Formula weight  257.12 
Temperature  100(2) K 
Wavelength  1.54184 Å 
Crystal system  Monoclinic 
Space group  P 21/n 
Unit cell dimensions a = 6.69110(10) Å a= 90°. 
 b = 19.8327(3) Å b= 99.3160(10)°. 
 c = 8.71150(10) Å g = 90°. 
Volume 1140.79(3) Å3 
Z 4 
Density (calculated) 1.497 Mg/m3 
Absorption coefficient 4.700 mm-1 
F(000) 520 
Crystal size 0.230 x 0.130 x 0.090 mm3 
Theta range for data collection 4.459 to 74.440°. 
Index ranges -8<=h<=8, -24<=k<=24, -10<=l<=10 
Reflections collected 12788 
Independent reflections 2325 [R(int) = 0.0382] 
Completeness to theta = 74.000° 99.5 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00000 and 0.75728 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2325 / 0 / 130 
Goodness-of-fit on F2 1.088 
Final R indices [I>2sigma(I)] R1 = 0.0294, wR2 = 0.0806 
R indices (all data) R1 = 0.0297, wR2 = 0.0808 
Extinction coefficient n/a 
Largest diff. peak and hole 0.452 and -0.679 e.Å-3 
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Table 2.  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 
103) 
for ib007_sarpong.  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
______________________________________________________________________________
__ 
 x y z U(eq) 
______________________________________________________________________________
__ 
Br(1) 7462(1) 6067(1) 8900(1) 20(1) 
O(1) 3697(2) 7239(1) 3871(2) 21(1) 
O(2) 10182(2) 6625(1) 6437(2) 19(1) 
C(1) 6793(3) 6506(1) 6997(2) 16(1) 
C(2) 4940(3) 6660(1) 6257(2) 17(1) 
C(3) 5115(3) 7039(1) 4815(2) 16(1) 
C(4) 7350(3) 7149(1) 4722(2) 15(1) 
C(5) 8398(3) 6745(1) 6112(2) 14(1) 
C(6) 7894(3) 7900(1) 4963(2) 19(1) 
C(7) 7935(3) 6883(1) 3191(2) 17(1) 
C(8) 7348(3) 6158(1) 2864(2) 19(1) 
C(9) 8572(3) 5631(1) 2783(2) 22(1) 
C(10) 10839(4) 5669(1) 3006(3) 31(1) 
C(11) 7703(4) 4939(1) 2387(3) 34(1) 
______________________________________________________________________________
__



391 
 

Table 3.   Bond lengths [Å] and angles [°] for ib007_sarpong. 
_____________________________________________________ 
Br(1)-C(1)  1.8620(19) 
O(1)-C(3)  1.217(2) 
O(2)-C(5)  1.205(2) 
C(1)-C(2)  1.337(3) 
C(1)-C(5)  1.497(2) 
C(2)-C(3)  1.484(3) 
C(2)-H(2)  0.9500 
C(3)-C(4)  1.526(3) 
C(4)-C(5)  1.525(3) 
C(4)-C(6)  1.540(3) 
C(4)-C(7)  1.542(3) 
C(6)-H(6A)  0.9800 
C(6)-H(6B)  0.9800 
C(6)-H(6C)  0.9800 
C(7)-C(8)  1.506(3) 
C(7)-H(7A)  0.9900 
C(7)-H(7B)  0.9900 
C(8)-C(9)  1.336(3) 
C(8)-H(8)  0.9500 
C(9)-C(10)  1.499(3) 
C(9)-C(11)  1.509(3) 
C(10)-H(10A)  0.9800 
C(10)-H(10B)  0.9800 
C(10)-H(10C)  0.9800 
C(11)-H(11A)  0.9800 
C(11)-H(11B)  0.9800 
C(11)-H(11C)  0.9800 
 
C(2)-C(1)-C(5) 111.46(17) 
C(2)-C(1)-Br(1) 127.37(15) 
C(5)-C(1)-Br(1) 121.16(14) 
C(1)-C(2)-C(3) 109.26(17) 
C(1)-C(2)-H(2) 125.4 
C(3)-C(2)-H(2) 125.4 
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O(1)-C(3)-C(2) 125.24(18) 
O(1)-C(3)-C(4) 125.52(17) 
C(2)-C(3)-C(4) 109.23(16) 
C(5)-C(4)-C(3) 102.20(15) 
C(5)-C(4)-C(6) 109.35(15) 
C(3)-C(4)-C(6) 110.04(16) 
C(5)-C(4)-C(7) 111.03(16) 
C(3)-C(4)-C(7) 112.66(16) 
C(6)-C(4)-C(7) 111.19(16) 
O(2)-C(5)-C(1) 125.62(17) 
O(2)-C(5)-C(4) 126.95(17) 
C(1)-C(5)-C(4) 107.42(15) 
C(4)-C(6)-H(6A) 109.5 
C(4)-C(6)-H(6B) 109.5 
H(6A)-C(6)-H(6B) 109.5 
C(4)-C(6)-H(6C) 109.5 
H(6A)-C(6)-H(6C) 109.5 
H(6B)-C(6)-H(6C) 109.5 
C(8)-C(7)-C(4) 113.27(16) 
C(8)-C(7)-H(7A) 108.9 
C(4)-C(7)-H(7A) 108.9 
C(8)-C(7)-H(7B) 108.9 
C(4)-C(7)-H(7B) 108.9 
H(7A)-C(7)-H(7B) 107.7 
C(9)-C(8)-C(7) 127.8(2) 
C(9)-C(8)-H(8) 116.1 
C(7)-C(8)-H(8) 116.1 
C(8)-C(9)-C(10) 124.8(2) 
C(8)-C(9)-C(11) 120.4(2) 
C(10)-C(9)-C(11) 114.8(2) 
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 
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C(9)-C(11)-H(11A) 109.5 
C(9)-C(11)-H(11B) 109.5 
H(11A)-C(11)-H(11B) 109.5 
C(9)-C(11)-H(11C) 109.5 
H(11A)-C(11)-H(11C) 109.5 
H(11B)-C(11)-H(11C) 109.5 
_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
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Table 4.   Anisotropic displacement parameters (Å2x 103)for ib007_sarpong.  The anisotropic 
displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
______________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
______________________________________________________________________________ 
Br(1) 20(1)  25(1) 16(1)  6(1) 5(1)  1(1) 
O(1) 18(1)  25(1) 20(1)  3(1) 1(1)  2(1) 
O(2) 13(1)  24(1) 19(1)  0(1) 3(1)  1(1) 
C(1) 17(1)  16(1) 15(1)  -1(1) 6(1)  -1(1) 
C(2) 16(1)  19(1) 16(1)  0(1) 6(1)  1(1) 
C(3) 16(1)  15(1) 16(1)  -2(1) 4(1)  0(1) 
C(4) 14(1)  17(1) 15(1)  0(1) 3(1)  -1(1) 
C(5) 16(1)  14(1) 13(1)  -1(1) 6(1)  -1(1) 
C(6) 23(1)  16(1) 17(1)  1(1) 3(1)  -3(1) 
C(7) 20(1)  19(1) 14(1)  0(1) 7(1)  -1(1) 
C(8) 20(1)  23(1) 15(1)  -1(1) 3(1)  -3(1) 
C(9) 29(1)  20(1) 17(1)  1(1) 5(1)  -2(1) 
C(10) 28(1)  27(1) 39(1)  -4(1) 4(1)  5(1) 
C(11) 40(1)  21(1) 40(1)  -3(1) 8(1)  -2(1) 
______________________________________________________________________________
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Table 5.   Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 
for ib007_sarpong. 
______________________________________________________________________________
__ 
 x  y  z  U(eq) 
______________________________________________________________________________
__ 
 
H(2) 3706 6546 6599 20 
H(6A) 7549 8051 5959 28 
H(6B) 7130 8165 4116 28 
H(6C) 9348 7961 4969 28 
H(7A) 7269 7166 2319 21 
H(7B) 9417 6929 3240 21 
H(8) 5937 6063 2694 23 
H(10A) 11303 5569 2020 47 
H(10B) 11416 5341 3795 47 
H(10C) 11278 6124 3350 47 
H(11A) 6222 4959 2263 50 
H(11B) 8215 4624 3226 50 
H(11C) 8108 4784 1414 50 
______________________________________________________________________________
__
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Table 6.  Torsion angles [°] for ib007_sarpong. 
________________________________________________________________ 
C(5)-C(1)-C(2)-C(3) -1.7(2) 
Br(1)-C(1)-C(2)-C(3) 177.19(14) 
C(1)-C(2)-C(3)-O(1) 178.35(19) 
C(1)-C(2)-C(3)-C(4) -2.7(2) 
O(1)-C(3)-C(4)-C(5) -175.42(18) 
C(2)-C(3)-C(4)-C(5) 5.61(19) 
O(1)-C(3)-C(4)-C(6) 68.5(2) 
C(2)-C(3)-C(4)-C(6) -110.47(18) 
O(1)-C(3)-C(4)-C(7) -56.2(3) 
C(2)-C(3)-C(4)-C(7) 124.83(17) 
C(2)-C(1)-C(5)-O(2) -173.30(19) 
Br(1)-C(1)-C(5)-O(2) 7.7(3) 
C(2)-C(1)-C(5)-C(4) 5.4(2) 
Br(1)-C(1)-C(5)-C(4) -173.57(13) 
C(3)-C(4)-C(5)-O(2) 172.25(19) 
C(6)-C(4)-C(5)-O(2) -71.2(2) 
C(7)-C(4)-C(5)-O(2) 51.9(3) 
C(3)-C(4)-C(5)-C(1) -6.42(19) 
C(6)-C(4)-C(5)-C(1) 110.16(17) 
C(7)-C(4)-C(5)-C(1) -126.78(16) 
C(5)-C(4)-C(7)-C(8) 60.6(2) 
C(3)-C(4)-C(7)-C(8) -53.3(2) 
C(6)-C(4)-C(7)-C(8) -177.40(17) 
C(4)-C(7)-C(8)-C(9) -115.6(2) 
C(7)-C(8)-C(9)-C(10) -0.3(4) 
C(7)-C(8)-C(9)-C(11) -177.9(2) 
________________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
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