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ABSTRACT OF THE DISSERTATION

Intramolecular Carbene Insertion into Strained Cyclopropyl C—C Bonds and Synergistic
Bronsted/Lewis Acid Catalyzed Friedel-Crafts Alkylations of Unactivated Tertiary and
Secondary Alcohols

by

Aaron Pan

Doctor of Philosophy, Graduate Program in Chemistry
University of California, Riverside, June 2024
Dr. Kevin G. M. Kou, Chairperson

Despite the plethora of synthetic and catalysis methodologies developed for the
direct activation of carbon—carbon (C—C) bonds, its direct insertion by carbene or carbenoid
intermediates is unprecedented. This is intriguing, provided the versatility of carbene and
carbenoid intermediates in inserting into strong C—H, O—-H, N-H, Si—H, and B—H bonds.
The approach detailed in this chapter entails targeting metal carbenoid insertion into
strained C—C bonds. Synthesis routes to generate substrates for metal-carbene-mediated
C—C insertions were developed. Initial studies with the diazo compounds synthesized thus
far have led to cyclization and C—H insertion products, suggesting a high barrier to C—C
insertion, despite attempts to disfavor C—H insertion.

Dual Brensted/Lewis acid catalysis involving environmentally benign, readily
accessible protic acid and iron promotes site-selective tert-butylation of electron-rich
arenes using di-fert-butylperoxide. This transformation inspired the development of a
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synergistic Bronsted/Lewis acid catalyzed aromatic alkylation that fills a gap in the
Friedel—Crafts reaction literature by employing unactivated tertiary alcohols as alkylating
agents, leading to new quaternary carbon centers. Corroborated by DFT calculations, the
Lewis acid serves a role in enhancing the acidity of the Breonsted acid. The use of non-
allylic, non-benzylic, and non-propargylic tertiary alcohols in Friedel-Crafts reactions
would give rise to synthetically-important all-carbon quaternary carbons; however, such
substrates are poorly reactive and underexplored in this area.

The intermolecular Friedel-Crafts alkylation represents a straightforward approach
to synthesizing C(sp?)-C(sp’) bonds. When readily accessible alcohols are utilized directly
as the alkylating agents, the sole byproduct generated is water. Traditional Friedel—Crafts
alkylation reactions are typically limited to alkyl (pseudo)halides and activated alcohols
that form stabilized carbocations. However, by using inexpensive and abundant ZnCl, and
camphorsulfonic acid (CSA) as catalysts, we developed a site-selective Friedel-Crafts
alkylation of phenolic derivatives with unactivated secondary alcohols. This catalytic
process favors ortho-selectivity, even in the absence of steric influence. Mechanistic
studies served to elucidate the origin of site-selectivity, favoring an Sx1 pathway in which
zinc and CSA function to scaffold both the phenolic and alcohol reactants for ortho-
functionalization. This work highlights the efficacy of simple catalysts for achieving
C(sp?)-C(sp’) bond synthesis, departing from conventional transition-metal-catalyzed

cross-coupling methods.
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Chapter 1 — Intramolecular Carbene Insertion into Strained Cyclopropyl C-C

Bonds

1.1.1 Introduction — Carbenes and metal-carbene types

Carbenes are neutral methylene motifs bearing a lone pair and a valence electron
count of six: four electrons from the two bonds and an additional two electrons from the
lone pair. In contrast to its triplet state, the singlet state is most common, resembling the
trigonal planar geometry (Figure 1.1). Carbene motifs with unfilled valence shell tend to

be very reactive and are generally unisolable, requiring synthesis in situ.

Y = %@ 2%

Singlet carbene  Triplet carbene

Figure 1.1. Carbene in its singlet and triplet state.

Within the last 4-5 decades, metal-carbenes (or carbenoids) have been developed
and studied in depth. The reactivity of such metal-carbenes can be broken down into two
main categories of carbenes: Fischer-type carbenes (electrophilic at the carbene site) and
Schrock-type carbenes (nucleophilic at the carbene site). Fischer-type carbenes commonly
involve electron-withdrawing groups as well as OR/NR; groups! attached to the carbene
site, which enhance its electrophilic nature (Figure 1.2). Fischer-type carbenes tend to
associate with late transition metals, such as rhodium, chromium, palladium, and iron. On
the other hand, Schrock-type carbenes commonly involve electron-donating alkyl or aryl

groups attached to the central carbene atom, which render it more electron-rich and



therefore increase its nucleophilicity. Most Schrock-type carbenes are associated with early
transition metals, such as titanium, molybdenum, and tungsten. This chapter will delve into

electrophilic Fischer-type carbenes, which is a major focus of this dissertation.

,-----electrophilic ,-====nucleophilic
o: O :
RWR [M] = Rh, Cr, Pd, Fe, etc. P'};\‘n/"?h [M] = Ti, Mo, W, etc.
[M] M]
Fischer-type metal-carbene Schrock-type metal-carbene

Figure 1.2. Fischer- and Schrock-type carbenes.

With a few exceptions, most metal-carbenes are too unstable to be isolable and
therefore must be generated in situ. As such, precursors to generate metal-carbenes are
utilized. The most common precursors to metal-carbenes are diazo and N-sulfonyl-type
hydrazones due to their simple synthesis routes (Figure 1.3). Diazo compounds 1.1 can be
accessed with diazo-transfer reagents, such as sulfonyl azides. It is worthy to mention the
shock-sensitive and explosive nature of many azide (and diazo) reagents, and rigorous
measures of care should be taken when handling such compounds.? Common N-sulfonyl-
type hydrazones include N-tosyl and N-nosyl hydrazones 1.2, which can be accessed by a
condensation reaction of a ketone or aldehyde with the corresponding hydrazine. These
hydrazones can be thought of as “masked” diazo compounds, where upon addition of a
base, the proton on the nitrogen of the hydrazone motif'is abstracted and the sulfonyl group
departs to generate the diazo intermediate in situ (Figure 1.4). Exposure to photochemical

or thermal conditions leads to Na) extrusion and direct formation of the requisite carbene.’
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11 1.2
diazo precursor N-sulfonyl-type hydrazone precursor

Figure 1.3. Common carbene precursors.
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R' = p-Me (tosyl)
0-NO, (nosyl)

Figure 1.4. Carbene formation from sulfonyl hydrazones.

Alternatively, the metal-carbene can be formed when a late transition metal catalyst
is added to these precursor compounds (Scheme 1.1). As a consequence of resonance
contributions, the diazo compound (1.1) exhibits carbanionic character, which engages the
metal. Formation of the metal-carbene 1.3 can occur through two generally accepted
mechanisms: backbonding from the metal center can form the carbon-metal double bond
(formally a “metal-carbene” 1.3, path A) and extrude Na(g), or Na) will leave to form a
carbon-metal ylide (formally a “metal-carbenoid” 1.4, path B). It has been observed
experimentally by Pirrung and through calculations by Nakamura that the cleavage of the
C—N bond is rate-determining in the formation of the rhodium-carbene or rhodium-
carbenoid.* Although the carbon-rhodium double bond is commonly drawn and referred to
as the metal-carbene species (1.3), the metal-carbenoid species (1.4) is the more correct

representation due to the former having 20 electrons around rhodium. Due to their



instability, they often react extremely quickly, performing a wide variety of X—Y bond

insertions (Y is most commonly H), as well as alkene and alkyne insertions.

'/, Path A
Q slow R

Rh-R R Rh Rh=
o A 2

1.3 metal-carbene

>N _ H

R” "R R)'@R\) N
1.1 \ “ Path B
PN S

R
N®
/ -
Rh-Rh—(R 20, Rh Rhg‘%
© R

1.4 metal-carbenoid

Scheme 1.1. Generally accepted mechanisms of Rh-carbene or Rh-carbenoid formation.

1.1.2 Carbene-mediated X—H, alkene, and alkyne bond activation reactions

Activation of X—H bonds by carbene insertion to form new X—CR>—H bonds are
common applications of metal-carbene reactivity (Figure 1.5). Many X—H bond insertion
strategies have been studied and implemented, including but not limited to C—H, Si-H, O—

H, N-H, and S—H bonds, as well as alkenes and alkynes.

* %
R ©| alkenes e[Rh] X H

X
Q - [Rh] —_— /é\ 7\ [Rh] — M
oralkynes R®R X=C,Si,0| R R R 'R

NSetc

Figure 1.5. Reactions of metal-carbenes with various X—Y bonds.

In 1982, Taber and coworkers® studied the reactivity of intramolecular rhodium-
catalyzed carbene C—H insertions in detail, where 5-membered rings were produced
exclusively (Figure 1.6). As long as a C—H bond is present at the position in the carbon

chain d from the carbene, the direct C—H bond activation pathway predominates regardless
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of substitution, the presence of olefins, or the carbon chain length. These results suggest
that formation of the five-membered ring predominates over cyclopropanation and

cyclopropenation even in the presence of m-systems.

(o}
H
CO;Me  Rh,(0Ac), (2 mol%)‘ ..CO,Me
DCM, rt, 30 min
5 examples R
o o (o] o (o}
.wCO,Me .wCO,Me CO,Me CO,Me CO,Me
Me_ _me

, Me _ Me /
CgHyy i-Pr Me Me
48% 55% 64% 48% 7%

Figure 1.6. Intramolecular C—H activation/cyclization to exclusively form cyclopentenones.

The mechanism of C—H insertion is thought to be concerted, however Nakamura
and coworkers® reported the possibility of an asynchronous process (Scheme 1.2);
although only one transition state is proposed (Path A, 1.5), not all bonds forming and
breaking are necessarily occurring at the same time (Path B, 1.6 — 1.7). Concerted but
asynchronous mechanisms of other reactions have been previously reported.® A similar
application to silanes is utilized, where the carbene is inserted between the Si—H bond
(Figure 1.7).

Insertion into O—H, N-H, and S—H bonds all occur through a more straightforward
mechanism (Scheme 1.3), where the nucleophilic heteroatoms first attack the electrophilic
carbene (1.8), followed by departure of the transition metal to form enolate or stabilized

carbanion 1.9, and a final proton transfer to arrive at product 1.10.
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1.5
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@ 3 3
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RZ: R J=<H . 7@ R2Z
¥H pang | RIY o O R1/l_ © <
R? Igf)/—[Rh] R [Rh] R" R

1.6 asynchronous 1.7

Scheme 1.2. A concerted but asynchronous mechanism pathway, proposed by Nakamura and

coworkers.
Rh(C,H,),Cl, (1.5 mol%) . CF3;
N [ 2H4)2Cl; SiR
2 , [ligand] (3.3 mol%) B Ph—<
R1u\n/°R + R;Si-H > R1J\n/°R [ligand] =
DCM, rt, 6 h
0 25+ examples o Fs
select examples
SlMezPh SlMezPh SiMe,Ph SiMe,Ph
OEt OEt
A 8 T
R =H, 84%, 94% ee R = CF3, 75%, 95% ee R = CF3, 72%, 93% ee 90%, 93% ee
F, 85%, 97% ee OMe, 75%, 96% ee F, 85%, 97% ee
Me, 70%, 94% ee Cl, 72%, 93% ee

Figure 1.7. Select examples of metal-carbene mediated Si—H bond insertion.

MO orz—
X=0,N, SR transfer o

H H
N2 [M]A/-l— S . x® H X
[M] <ﬂ\n/0R2 X-H [M;é}ar [M] Jﬁ/ORz proton R1><n/0R2
(o) (0]

o) ©0
1.8 1.9 1.10

Scheme 1.3. General mechanism of nucleophilic X—H bond insertions.

In 2014, Xie, Verpoort, Fang and coworkers® elaborated on the mechanism of
general O-H bond insertions from metal-carbenes’ through DFT studies. These
calculations suggest that formation of enolate 1.11 is plausible, enabled by intermolecular

hydrogen-bonding with an equivalent of alcohol (Path A, Scheme 1.4). At the



MO06/BSI/SMD//B3LYP/BSI level, dissociation of rhodium to form the enolate (1.12)
requires a high energy barrier of 25.3 kcalemol™! (Path B), while hydrogen-bonding support
drastically lowers the activation energy barrier to only 4.1 kcalemol™!, favoring the latter
pathway by 21.2 kcalemol™'. This work supports how metal-carbene-mediated O—H bond
insertions can occur at room temperature or even lower.!® The authors stated that while
other X—H bond insertions may occur similarly (X =N, S, etc.), they may not necessarily
follow the same mechanistic regime and the exact nature of the X—H bond should be

considered for subsequent mechanistic studies of new transformations.

R.__H
-[Rh] @9 e H OR
oo > 0
Ph)\/ © PhXCOZMe
Path B . OMe
ane 112
22.0 -36.3
Path A , H. _R |#
[Rh] \ RA] "% R-0| &
gy — Q[Rnj0OZH . H . Mo
—~— —~—— \ o- S 2
Ph™ “CO,Me Phxcone ph)\l/ ) Ph>\/
OMe OMe
AGgq kcalsmol! 1.1
0.0 33 08 55

Scheme 1.4. Mechanistic insights and possible intermediates in the O—H bond insertion.

In 2019, Zhu, Zhou and coworkers!! utilized a copper-borate (Tp*Cu) complex
along with a chiral amino-thiourea (CAT) catalyst to perform a highly enantioselective N—
H insertion into diazo compounds (Figure 1.8). The mechanism follows the generally
accepted pathway (see Scheme 1.3) up until enolate formation, where the proton transfer
step is key in generating enantioselectivity (Scheme 1.5). According to DFT studies, the

transition state (2.8 kcalemol™! versus 7.7 kcalsmol™') in which the thiourea catalyst acts as



a chiral proton donor is favored, obtaining enantioenriched products in high to excellent

enantiomeric excess.

CF3
Tp*Cu (5 mol%) R3 _R*
N, CAT (6 mol%) NN
OR?2 3p4 _— OR2 T *Cu— CAT =
R1”\n/ + RRINH o n R P h\ CF;
o 41 examples

select examples

oo O [:3 e
*r RN e e O Y

85%, 92% ee 91%, 91% ee R = Me, 99%, 97% ee
cyclopropyl, 76%, 95% ee

isopropyl, 66%, 96% ee

97%, 89% ee 98%, 87% ee

Figure 1.8. Select examples of metal-carbene mediated N—H bond insertion.

)SI\,Cqu* t SI,Cqu* t
R~N'H*o CuTp*-CAT ’]l N N\ N
V= —— Gl H ' H=e; Gl H R,
Et" OR ,'A; N/ H" donor Ay Oy f H* donor
0 H* acceptor H* acceptor N
AGgq kealsmol™ L _ L -
2.8 7.7

AG* ¢ kcalsmol™’ AG* ¢ kcalsmol™

Scheme 1.5. Proposed transition states for proton transfer catalysis.
In 2016, Deng and coworkers'? demonstrated further application of their

methodology in synthesizing diazo-pyranone products. They showed both an example of

rhodium-catalyzed N—H and S—H bond insertion in high yields (Figure 1.9).



Rh,(OAc), (5 mol%)

>

DCM, rt Me

X=NH,R=H;25h, 76%
S,R=Me;2h, 89%

Figure 1.9. Examples of N-H and S—H bond insertions.

Activation of olefins toward cyclopropanation is also possible!'® (Figure 1.10). As
reported by Taber and coworkers in 1982° (see Scheme 1.2), outcompeting C-H
activations over alkene cyclopropanation limits the utility of this application. Epoxidation
by carbonyl insertion can be favored over cyclopropanation, depending on the reaction

conditions and catalyst '*!* (Figure 1.11).

X
: : L
+ >
OR solvent, rt e
N, oM
OMe

e
R = Me, X = OMe, M = Rh, 79%
R =Et, X=CO,Me, M =Ir, 58%

Figure 1.10. C=C bond insertions of styrene motifs to cyclopropanate.

o
(o}
Ph 0=\ __ [Cp*Rhly]; (0.5 mol%) Ph.. 2Nome
\H)I\OMe + > 4
R DCM, rt _
N2
R =Ph, 88% R no cyclopropanation
Et, 98% observed

Figure 1.11. C=0 bond insertion to form epoxides over C=C bond insertion.

Cyclopropenation of alkynes'> achieves cyclopropenes 1.13 (Figure 1.12). Just like
with olefins, alkynes suffer from competing reactions depending on the reaction conditions
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and the alkyne motif. In some cases, 1,2-hydride shifts may occur (1.14) to afford alkenes
over cyclopropenation (1.13). With different Rh(II) complexes, Hashimoto and coworkers
found that they were able to modestly control for C=C bond insertion versus intramolecular

1,2-hydride shift in overall moderate yields.

H O Pr I o  IPr Me O j-Pr
o )\ [Rh" (1 mol%) “J]\ )\ < )\
Ph—= + ne 0”7 Nji-pr ————> Me” " 0" “i-Pr + 0~ Ni-Pr
N, DCM, —60 °C Ph H
113 1.14
[Rh"] = Rhy(S-pttl),,1.13/1.14 54:46, 48%, 53% ee
Rh,(S-tfpttl),,1.13/1.14 29:71, 26%, 42% ee
Rhy(S-tcpttl),,1.13/1.14 77:23, 58%, 85% ee
40 t-Bu 40 t-Bu
RhTQ . HBY T o T o
Rh 0'>_\N (o] Rh"o N Rh"o N
o o cl
o
F cl (of
4
L F . L Cl
Rh(S-pttl), Rhy(S-tfpttl), Rhy(S-tcpttl),

Figure 1.12. Competing C=C bond insertion versus intramolecular 1,2-hydride shift.

C—C single bond activation/insertion is a topic of growing interest but with few
ways to achieve.!®3® Most strategies to formally activate a C—C bond involve
rearrangements or activation of less benign X-Y bonds, followed by a variety of
rearrangement strategies. Strained rings, namely cyclopropyl or cyclobutyl rings, are also
utilized to take advantage of inherently weaker C—C bonds due to their extreme angular

strains.
1.1.3 C—C single bond activation reactions

Reactions involving diazo compounds performing formal C—C bond insertions

have been studied as early as 1885'® by Biichner, Curtius, and later Schlotterbeck.!” A
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diazoalkane is reacted with an aldehyde or ketone before a 1,2-alkyl or hydride shift occurs
to extrude Na),'® which is now known as the Biichner-Curtius-Schlotterbeck reaction
(Scheme 1.6). The scope of compatible ketones and diazo compounds have been improved
greatly. For example, in 2020, Krasavin and coworkers'® utilized a diazo-pyrrolidone to
generate spirocyclic pyrrolidones by ring expanding cyclohexanones (Figure 1.13). In the
case of Boc-protected diazo-pyrrolidones, cleavage of the Boc group occurred over the
course of the reaction.

0
[T \—r BFsEt,0 (33 mol%) K\N -R
+ Nzéc\\(
N DCM, 78 °Ctort, 18h

X 15 examples

select examples

_@_ (Ak KL ome

R= H70% B°° R =H, 30% 51%
OMe, 74% OMe, 43%
.............. ¢ N74°/
o)
NH (\NH |/\NH [N ™ \N-Boc
\< from N{/C\\(
o} o o)
47% 55% 36% 27%

Figure 1.13. Diazo-pyrrolidones partaking in an improved Biichner-Curtius-Schlotterbeck
reaction.

Scheme 1.6. General mechanism of the Biichner-Curtius-Schlotterbeck reaction.
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The Arndt-Eistert synthesis, developed in 1935, effects a one-carbon
homologation reaction of carboxylic acids (Figure 1.14). The carboxylic acid is converted
to an acid chloride before reacting with two equivalents of a diazoalkane, such as
diazomethane. Two equivalents are required due to the formation of HCI during the
process: one equivalent of the diazoalkane is consumed by the HCI. Alternatively, a weak
base such as EtsN can be used. With Ag>O, a Wolff rearrangement can generate a ketene
intermediate, which can be converted to the homologated carboxylic acid with water, to an
ester with an alcohol, or to an amide with an amine. Overall, this synthesis demonstrates a

formal C—C bond insertion of a carboxylic acid.

o) socl, 0 2 CH,N, ) Ag,0, H,0 H 0
—_— —_—l ’NZ —_— /C\ —_— R JJ\
R OH R Cl -HCI, CHCI; R Cc” -N, R \‘Qo ~C OH
H H,

Wolff rearrangement

Figure 1.14. Arndt-Eistert synthesis for a formal C—C bond insertion of carboxylic acids.

In 1985, Kowalski and coworkers?! developed a one-step, formal C—C bond
insertion of esters (Scheme 1.7), known as the Kowalski ester homologation. At —78 °C,
addition of (dibromomethyl)lithium, which can be prepared in situ with methylene bromide
and lithium 2,2,6,6-tetramethylpiperidine (LiTMP), to an ester will generate a mixture of
intermediates: tetrahedral intermediate 1.15, mono-enolate 1.16, and dibromo enolate 1.17.
Tetrahedral intermediate 1.15 can be converted to the mono-bromo enolate 1.16 by rapid
lithium-halogen exchange with subsequent addition of n-butyllithium. Dibromo-enolate
1.17 can also react with n-butyllithium by lithium-halogen exchange and generate ynolate
1.18. Mono-bromo enolate 1.16 does not readily react at such cold temperatures but can be

deprotonated with remaining LiTMP at 0 °C and will generate the same ynolate 1.18.
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Therefore, to ensure intermediates 1.15-1.17 all funnel to ynolate 1.18, the solution is

warmed to rt. The ynolate can generate the product cleanly after the reaction mixture is

added to an ice-cold solution of acidic ethanol (prepared by adding acetyl chloride to

absolute ethanol), followed by aqueous work-up. If the ethanol solution is added to the

reaction mixture, then it is likely that very little product is obtained?’ (Figure 1.15).

Although thermal control and slow addition of most solutions must be rigorously

undertaken throughout the experiment, the resulting product typically does not require

purification and accesses the homologation product in one step as opposed to the Arndt-

Eistert synthesis that requires several steps.

Li—OEt Li\ n-BulLi <
0> -78 °C Li—O CHBr. 05 (0] —-78°Ctort (o]
2 N
BrzHCfL—i\RJ\OEt = £ RJ\AC’;H = Iy B = )\\@,Li
R & OEt 1 lithium-halogen L' 1
o Br; r Br<
lithium- exchange
halogen 1.15 L
exchange tetrahedral intermediate Br d/bromo—enolate.
CHzBrz . Lo H\| . Ll\ LIT!VlP
+ LITMP Li—O CHBr, n-BulLi Li—0 &‘—LI o A —-78°Ctort
— — — .
R” “OEt R TOEt~ Rir\\c«"' = u \\\c\
lithium-halogen &A Cért :B R
exchange
1.15 1.16 1.18
tetrahedral intermediate mono-bromo enolate ynolate

Scheme 1.7. Mechanism of the Kowalski ester homologation for formal C—C bond insertion.

Cr 5 EtOH + AcCI
: "acidic ethanol"

"acidic ethanol"

o] :
R : Li \ R
EtOH + AcCl \ \CJ\OEt : \\c\ \ \CJ\OEt
H, :

R
118 H>

high yields very low yields

Figure 1.15. Importance of adding the ynolate intermediate to acidic ethanol.
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In 1989, Roskamp and coworkers?® developed a tin-catalyzed C—H bond insertion
of aldehydes using ethyl diazoacetate (Figure 1.16). This work was further developed in
2010 by Feng and coworkers,?* utilizing more complex diazo compounds to achieve the
first asymmetric Roskamp reaction, which is now referred to as the Roskamp-Feng reaction
(Figure 1.17). Ethyl benzyldiazoacetate or a similar a-alkyl-a-diazo ester was reacted with
an arylaldehyde with Sc(OTf); and a chiral N,N’-dioxide ligand to achieve B-ketoesters in
high yields and moderate enantioselectivity. This reaction represents a formyl C—H bond
insertion.

o o O

(o] SnCl, (10 mol%)
R)LH + HI\OEt o R OEt
N2 ! ’ H

12 examples

select examples

o) O o
Me Me O o
Me OEt
O R=Ph, 90% 80% NO>  g0o%

Me, 75%

Figure 1.16. General Roskamp reaction to achieve C—H bond insertion.

o L-Sc(OTf); (0.05 mol%) O O O

(o] R2 o
R1”\H * \[HI\OR“"’ DCM, —20 °C, 0.5-24 h R1u§(lL0R3 b e\ 0@ @0 Pr
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i-Pr i-Pr
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OMe O

omW Me PhM M
\_s H Bn H Bn H Bn

R = OMe, 98%, 79% eeR = Bn, 99%, 66% ee R=Et, 97%, 77% ee
NO,, 93%, 45% ee allyl, 96%, 40% ee i-Pr, 99%, 84% ee
Ph, 98%, 70% ee Et, 96%, 70% ee t-Bu, 95%, 90% ee

98%, 63% ee 99%, 80% ee

Figure 1.17. Chiral ligand-scandium catalyzed C—H bond insertion with a-alkyl-o-diazo esters.
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In 2013, Feng and coworkers®® expanded the reaction even further to accomplish a
formal C—C bond insertion with an yttrium catalyst and a similar chiral N,N’-dioxide ligand
(Figure 1.18). Here, an a-ketoester and an a-alkyl-a-diazo ester are utilized, in which the
diazo compound attacks the ketone carbonyl. A 1,2-aryl shift to extrude Ny affords
enantioenriched succinate derivatives in moderate to high yields. Finally, in 2023-2024,
Ryu and coworkers?® developed a formal C—C bond insertion of glyoxals (Figure 1.19),
where they were able to promote a 1,2-acyl shift over a 1,2-hydride shift.?’” This
oxazaborolidinium-catalyzed Roskamp-Feng-type reaction®® results in a-formyl-B-
ketoester products. As of now, there is no proposed rationale for why the 1,2-acyl shift was
observed over the typical 1,2-hydride shift. One possibility is that after the diazo compound
attacks the aldehyde, the hydride is not in an anti-periplanar arrangement and there is
limited freedom of rotation due to the extremely bulky nature of the Lewis acid. This could
potentially favor shifting of the acyl group over the hydride; however, there remains a lack

of mechanistic support.

o R CO,Ad L= O

0 L-Y(OTf)5 (2-5 mol%) 0
+RA A A C\n/cozme o 06 60 i-Pr

~C” TOAd r -
Ar)J\COZMe i DCM, 20-30 °C, 24-96 h N~H H-N
N, o
35 examples
i-Pr i-Pr

select examples

Me, COzAd Me, CO,Ad Me, CO,Ad Me, CO,Ad
M CcO,Me CO,Me CcO,Me
S Sl o0 SO & Sl 0 i
73%, 92% ee R = Me, 93%, 95% ee R = Me, 76%, 93% ee R = Et, 53%, 90% ee
H,C=CH, 69%, 93% ee H,C=CH, 71%, 92% ee allyl, 55%, 86% ee
OMe, 60%, 94% ee OMe, 55%, 92% ee propargyl, 65%, 91% ee
CF;, 62%, 91% ee CF,, 55%, 83% ee

Figure 1.18. Enantioselective yttrium-catalyzed formal C—C bond insertion.
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Figure 1.19. Oxazaborolidinium-catalyzed formal C—C bond insertion over C—H bond insertion.

Direct oxidative addition of transition metals into C—C bonds is a highly
challenging endeavor due to the inertness of most C—C bonds.? In most circumstances, the
reverse reductive elimination to break two C—transition metal bonds (2 x ~30—40 kcal/mol)
and form a new C-C bond (~85-90 kcal/mol) is thermodynamically favored (Figure
1.20).%° Methods and techniques to activate C—C bonds include raising the ground state of
the starting material containing the target C—C bond, such as by using small, strained rings.
Examples of C—C bond activation therefore often involve oxidative addition into strained
systems. These methods are used to overcome the unfavorable outcomes arising from

cleaving unactivated C—C bonds.

M reductive elimination : M oxidative addition [(_l )

S - -_— D) TN eeccccccc e - =1,
c e — c-C+m DB)oers zgroes n=1,2
2 x C—M bond ©Oxidative addition ¢c—C pond ~85-90: highly strained reductive elimination

* weaker C—C bonds

~30-40 kcal'mol™! kcalemol!

Figure 1.20. Normal C—C bonds are inert. Adding strain to the C—C bond can help with oxidative
addition.
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Direct oxidative addition into a C—C bond was utilized in 2021 by Dong and
coworkers® in a total synthesis of penicibilaene A and B (Figure 1.21). The group took
advantage of the strained C—C bond in the cyclobutanone motif, synthesized in three steps.
Condensation of an amine as a directing group facilitated rhodium-catalyzed insertion in
between the methylene-imine C—C bond (Scheme 1.8). This allowed for subsequent
migratory insertion of the tethered alkene into the metal-carbon bond, followed by
reductive elimination, and hydrolysis of the imine to achieve the desired tricyclic product

in moderate yield.

COZEt [Rh(C2H4)2]2C|2 (10 mol%)

[P] (40 mol%), DG (20 mol%) CO,Et Me [P1=p
2,6-di-t-Bu-pyr (50 mol%) Me 9-10 steps Me
> — > CF
Zn(OTf), (20 mol%) " OR . 33
toluene, 150 °C, 48 h 3 ¢ OH (j:l-Pr
Z

42% yield (4 mmol scale) penicibilaene A (R=H) DG =
3 steps penicibilaene B (R = Ac) N NH,

Figure 1.21. Total synthesis of two natural products through a key C—C bond insertion step.

' -Pr i-Pr

CO,Et / Me Me

N =z CO,Et
[Rh] . Z
_ . —
amine oxidative / [ﬁh] C=C bond
condensation R addition N insertion, o
I) Pr @ then hydrolysis

proposed key
intermediate

Scheme 1.8. Proposed mechanism of oxidative addition into strained ring.

A common strategy implemented to achieve formal C—C bond insertion involves
cyclobutanol derivatives. In 2012, Murakami and coworkers®! demonstrated utilizing

rhodium-catalyzed formal alkyne insertion between the C—C bond of benzocyclobutanols
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to access dihydronaphthalenols (Figure 1.22). This method bypasses the unfavorable C—C
oxidative addition by taking advantage of a more favorable 3-carbon elimination to achieve
C—C bond activation. A few years later in 2015, Sarpong and coworkers®? utilized
cyclobutanol-containing bicycles 1.19 for rhodium-catalyzed selective C1-C2 bond
cleavage via B-carbon elimination (Scheme 1.9). In addition to cyclobutanol’s inherent
ring strain (1.16), this additional strain imposed by the bicyclic system allows for selective

cleavage of the most strained bond in the system.

[Rh(OH)(cod)];
3
°"|'§z R\ (2.5 mol%) [Rh]
+ ‘
R1©j/ R4 PhMe, 100 °C. 4 h »@j/ pC R1C(/”\
12 examples elim.

select examples

aﬁ.« o

R = Me, 69% 89% R =CF3, 78% 96%, >95:5rr R =Ph, 82% 85%, 75:25 rr
CF;, 80% Cl, 85% CH,0H, 91%,
>95:5 rr

Figure 1.22. Formal alkyne insertion between a C—C bond via B-carbon elimination/C—C
activation.

[Rh(COD)(OH)], (5 mol%) selective C1-C2
 ————

bond cleavage

CgDg, 40 °C, 48 h

2—[Rh]
3
34 Me — 4 Me
>0 e >0
me” O Me” O
OR OR

Scheme 1.9. Selective B-carbon elimination of cyclobutanol-containing bicycles.
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Another more recent example in 2022 by Mao, Liu and coworkers>? takes on a more
involved strategy to synthesize oxindoles in a highly efficient manner (Figure 1.23). An
oxidative addition of palladium into the aryl iodide followed by intramolecular migratory
insertion into the alkene leads to ligand exchange with the benzocyclobutanol motif, from
which B-carbon elimination/reductive elimination allows for formal C—C bond activation
(Scheme 1.10). These methods demonstrate a great method to indirectly activate/access

high-energy C—C bonds.

Pd(OAc), (10 mol%)

|
OH o dppf (20 mol%)
> R + >
R f;l
Me Me

K3POy4 (2 equiv)
PhMe, 70 °C, 13 h

O o

Me
O O 5
N N
Me R
R = Me, 99% R =H, 89% 99% 92%
i-Pr, 99% F, 86%
Cy, 92% Me, 82%

Figure 1.23. Synthesis of oxoindoles via -carbon elimination/C—C activation.
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Z

M insertion

ligand

exchange OMe
OH
Me

Scheme 1.10. Proposed mechanism of palladium-catalyzed Heck coupling/C—C bond activation.

Several methods involving metal-carbenes have also been applied to achieve formal
C—C bond activation. In a similar strategy to Murakami and coworkers, ! Wang and
coworkers®* utilized benzocyclobutanols along with diazo compounds to achieve formal
C—C bond insertions (Figure 1.24). Following -carbon elimination, the rhodium species
can be intercepted by a diazo compound to form a metal-carbenoid complex (Scheme
1.11). This initiates migratory insertion of the carbene to form a rhodium-enolate
intermediate, which further reacts in an intramolecular aldol addition to form the final
indanol product. This method demonstrates a selective, formal C—C bond insertion between

the Cary—COH bond.
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R! [Rh(OH)(cod)],

OH R3 _CO,R* (2.5 mol%)
R? + ¢ >
N, PhMe, 100 °C, 1 h
24 examples
se/ectl\;):amp/es MQ_ ,COBn \
2 ,CO,Bn C. OH [>_ ,CO,Bn ‘—(-3)’ )
C. _OH C. OoH c
“R “Ph -
R
R = Me, 84% R = Me, 82% 87% 61%
i-Pr, 53% OMe, 83%

cyclopropyl, 68% F, 80%
Figure 1.24. Formal C—C bond homologation of benzocyclobutanols.

OH

Ph
product
e) . ligand
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migratory [Rh] [Rh] p-carbon
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carbenoid Me\C/COZB"
formation 11

N>

Scheme 1.11. Proposed mechanism.

Work by Bi, Anderson and coworkers® utilized N-nosylhydrazones, AgOTf, and

acyclic 1,3-diketones to achieve C—C bond insertion (Figure 1.25). Here, an enolizable
diketone provides the alkene for the metal-carbene to cyclopropanate. Subsequent ring-
opening via a retro-aldol process to achieve formal insertion in between the two ketones.
It is important to use acyclic1,3-diketones since it is proposed that the two oxygens of the

carbonyls coordinate to the silver Lewis acid. Cyclic 1,3-diketones do not allow for proper
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coordination of both carbonyls to the Lewis acid, thus cyclohexa-1,3-dione proved

unsuccessful under these reaction conditions.

2
Ns o AgOTf (10 mol%) o pa A ]_C'R [Ag]
NH NaH (1.5 equiv) JJ\ s 1Agl= R oD ICD taut.
N +pRs RS >R3Nc R o IO =_. i 5 < product
L . DCM, 40 °C, 18 h RTR2 PN 5 R*
R" 'R 49 examples o R R R':,R?
R4 R
select examples _ _
(o} o (0] o
(o)
Ph (o) M Ph
M Ph"“J\Cﬁ\H/ Ph)J\C PRI Ph Ph)l\cq-l\ﬂ/ ) Me)kcq-l\ﬂ/
Ph C*/H\ﬂ/ o ﬁ;\n/ Ph c/\n/ o ., o
R 0 0 H
7\ o
R
MeO
R € cl cl
R = Cl, 86% R=CO,Me, 72% R=H,78% R=S,70% 90%, 2:1 rr
I, 74% CF3, 80% Me, 52% 0, 74%
H, 86% Me, 58%
OMe, 80% Ph, 71%

Figure 1.25. C-C bond insertion of acyclic 1,3-diketones.

The same research labs utilized alkynyl N-nosylhydrazones with 1,3-diketones to
achieve C(sp?)-homologation®® (Figure 1.26). The transformation inserts a propargyl
group adjacent to a ketone, which subsequently tautomerizes to form an allene, resulting
in a formal C—C bond insertion of a C(sp?)-hybridized carbon group. Unsymmetrical 1,3-
diketones typically result in a mixture of two products, where there is a modest preference
for the homologation to occur on the more electron-rich side. Although only one (-
ketoester was tested, exclusive C—C bond insertion occurred on the side of the ketone

instead of the ester.
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A Aot
O) v)' Ph)' on
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CF3, 83%
OCF3, 80%

Figure 1.26. Formal C—C bond insertion of a C(sp?)-hybridized carbon.

1.2.1 Strategy for direct C—C bond activation

Although formal C—C bond insertion reactions through these methods continue to
expand, there is no precedence for direct C—C bond insertion via carbenes. Herein, we
propose a metal-catalyzed carbene insertion into the strained C—C bonds of cyclopropanes

or cyclobutanes (Scheme 1.12).

R R R R R R
. -~ R [Rh"] . -~ R fl"* " R R
¢ N, T > [RA] 7 ¢ v
: N, K ot
M, (n=1,2) M, M,

Scheme 1.12. Target transformation and proposed transition state.

I observed early on in a separate study that cyclopropanation of 2’-
bromoacetophenone (1.20) led to 2’-cyclopropylacetophenone (1.21) in 95% yield (Figure
1.27); however, B. Zaki, who was pursuing this substrate, converted 2’-

cyclopropylacetophenone (1.21) to diazo compound 1.22 bearing a tertiary, benzylic
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alcohol, which failed to undergo the desired C—C insertion in producing tricycle 1.23
(Figure 1.28). In the presence of Cu(OTf), and heat, alcohol 1.22 underwent 1,2-methyl
shift to produce o-methyl 1.24, or elimination to alkene 1.25, followed by
cycloisomerization to pyrazole 1.26. Similar pyrazole formation was observed by Padwa
and coworkers on a very similar ester.’” For these reasons, we turned to substrates that lack

alcohols adjacent to the diazo functional group (Figure 1.29, 1.27-1.32).

o Pd(OAc),, PCys; o
Ve + (HO),B K3PO, . Me
v PhMe/H,0, 100 °C, 18 h
Br
1.20 1.21

95%

Figure 1.27. Suzuki cross-coupling.

o HO Me O OH O
0 Cu(OTf),, A
M OR OR
€ 4 HI\OEt —_— — >
| N, Me
N,
1.21 1.22 1.24 1.23 not observed
7 g
NZ2'© taut. ~ NH
> U
CO,R CO,R
1.25 1.26
up to 50%

Figure 1.28. Side reaction with unprotected alcohol.

o O

o o 0
Ph
Nz NZ N2
1.30 1.31

\%

1.27 R=H,1.28 1.32

Ph, 1.29

Figure 1.29. Target diazo substrates.
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1.2.2 Synthesis of gem-dimethyl diazo compound 1.27

Figure 1.30 shows the synthetic route to obtain the target diazo compound 1.27.
Beginning with Meldrum’s acid (1.33), Knoevenagel condensation with acetone yielded
isopropylidene 1.34.3% By using distilled water instead of 5% aqueous NaOH solution for
the workup, the isolated yield improved from 44% to 95%. Presumably, isopropylidene
1.34 is unstable and readily hydrolyzes under basic conditions. Control experiments were
conducted to investigate this dramatic change in yield. After the reactions were deemed
complete by TLC analysis, the mixtures were divided into four equal aliquots. One aliquot
was concentrated in vacuo and, according to the literature precedence,*® quenched with 5%
aqueous NaOH solution and extracted with methyl fer#-butyl ether to afford isopropylidene
1.34 in 24% yield. Although not a practical isolated yield, this method turned out to produce
the highest purity and conversion to product by NMR analysis of the crude reaction
mixture. The next two aliquots were quenched with 5% aqueous NaOH solution before
extraction with EtOAc, resulting in 2% and 6% yield. This showed that not only does this
method result in poor yields, but there was also poor reproducibility even when performed
side-by-side. The final aliquot was concentrated in vacuo before quenching with DI water,
which after work-up, afforded product in 88% crude yield. Clearly, this method offered the
best yield, even though the crude mixture was slightly less pure (about 98% product 1.34,

2% starting material 1.33) compared to the method that produced 24% yield.

It is also noteworthy that the reaction did not require anhydrous acetone, adding to
both cost- and time-effectiveness in not needing to dry/distill the solvent nor purchase

rigorously anhydrous reagent. Moderate improvements were attained with higher
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concentrations: it was found that using 8 x acetone by weight (0.85 M compared to 0.7 M)
was most successful in producing isopropylidene 1.34 (95% yield). Any concentrations
higher than 0.85 M resulted in lower yields.

Me Me ©i
(o) (o) o, (o] Br
Me a. AcOH, Me,CO Me b. i-PrMgClI 1.35 MgCI
(o] > Me o
morpholine =~ THF, 0 °C

o) 95% Me O 88%
1.33 1.34
B o o
rMe Me c. ROH Me Me O 4 Pd(OAc), PCy; Me e e. LDA
(EtO);CH
—_— OR K3P04 R ... ..... -
J—me DMF g THF
o reflux B PhMe/H,0, 100 °C
Me r
[>—B(oH),
1.37 R = Et, 1.38, 80% R = Et, 1.42, 60%
Me, 1.41, 85% Me, 1.43, 60%
H, 1.39, 99%
Me Me O Me, Me O Me Me O Me_ Meg
f pABSA o o [RH]
OR ... | -------- I OR |..... > OR
Yo DBU, DCM [Rh]
1.45 1.46 1.47

Figure 1.30. Synthesis progress of cyclopropyl ester 1.42 and 1.43.

Conjugate arylation of isopropylidene 1.34 was achieved by its direct reaction with
Grignard reagent 1.36, formed from subjecting 2-bromoiodobenzene (1.35) to i-PrMgCl,
which produced benzylic malonate 1.37.%° Improvements from the initial isolation yield of
40% to 88% was accomplished when the Grignard reagent was titrated and determined to
be 1.2 M instead of the expected 2 M. Maintaining the reaction at 0 °C for an extended
duration (24 h compared to 1 h) showed no improvement in yield. The use of the “turbo-
Grignard” reagent i-PrMgCI+LiCl did not lead to any improvements over several attempts.

Solid magnesium(0) turnings had been tested several times in place of i-PrMgCl, however
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no product formation was ever observed. Purification of benzylic malonate 1.37 by
trituration offered similar yields to column chromatography. During trituration, the mother
liquor concentrate was repeated triturated with ether until no product remained by TLC
analysis. One advantage of the trituration method was that there was a large amount of
crude solid material obtained during this reaction (multi-gram), therefore column

chromatography was not optimal.

Ring opening of benzyl malonate 1.37 to produce ester 1.38 proved to be

challenging. Some literature procedures**4°

proceed directly to the subsequent hydrolysis
in forming ester 1.38 (Figure 1.31), carboxylic acid 1.39, or malonate® 1.40 (undesired
but observed in some reactions). Attempts were made with absolute ethanol, as well as in
combination with a cosolvent such as benzene to directly produce ethyl ester 1.38;
however, most reactions failed to produce synthetically useful quantities of product. After

concluding that this was not an effective pathway, we turned our attention to synthesizing

the carboxylic acid first and subsequently esterifying.

Br Me Me O Me Me O Br Me Me O
EtOH, PhH
j\ —_— OEt + OEt
M H*/OH", reflux
07 o7} Ve Br 0% “OEt
1.37 1.38 1.40
Me Me O
H,0, DMF, 100 °C, 12 h wOH
99% Br
1.39

Figure 1.31. Unsuccessful ring opening attempts with benzene to produce ester 1.38. Switching
to DMF was significant in successful ring opening to carboxylic acid 1.39.

27



The ring opening of benzyl malonate 1.37 to carboxylic acid 1.39 (Figure 1.31)
proceeded cleanly using distilled water*® and DMF instead of benzene as solvent, resulting
in quantitative yield. The resultant light-orange solid was pure by NMR analysis, and thus
was used directly without additional purification. One drawback of this reaction was the
usage of DMF, which was difficult to completely remove; however, the residual DMF may

be serendipitously acting as a catalyst in the next step.

Fischer esterification*! was first attempted to obtain ester 1.41. Several reaction
conditions were attempted, including using a Dean-Stark apparatus setup and toluene as
the solvent to promote azeotropic removal of water (Figure 1.32, ¢; reaction). Results of
these conditions showed ~76% conversion but with impurities that were difficult to
separate. An attempt was made to convert the carboxylic acid to an acid chloride at reflux,*?
followed by esterification with methanol, but this led to a mixture with many impurities
even after column chromatography (condition c2). A different report suggested conducting
the reaction at rt** (reaction c3); in our case, the results showed improvements in yields (up

to 85%) without the presence of impurities. The use of catalytic DMF gave similar results.

Me Me O Me Me O
Cy- c1. MeOH, PhMe, reflux, 16 h, 76% (conversion)
OH ——— OMe ¢, SOCI,, MeOH, reflux, 16 h, low yielding
c3. SOCI,, MeOH, DMF, rt, 16 h, 85%
Br Br
1.39 1.4

Figure 1.32. Conditions to esterify carboxylic acid 1.39 to ester 1.41.

Other attempts to access esters 1.38 or 1.41 proved successful and more
straightforward. The substitution of water (see Scheme 1.30) for methanol or ethanol in

DMEF solvent under otherwise similar conditions for the ring-opening reaction of benzylic
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Meldrum’s acid 1.37 afforded bromo ethyl-ester 1.38 and bromo methyl-ester 1.41
respectfully, in up to 85% yields with negligible amounts of impurities. In addition to
saving a step, purification was also not necessary. The starting material was recovered

when DMF was not present, suggesting that a polar, aprotic solvent was required.

The Suzuki reaction** (Figure 1.30, reaction d) to yield cyclopropyl esters 1.42 or
1.43 was improved from ~25% to 55-60%. Lowering the reaction temperature from 120
°C to 100 °C as well as lowering the concentration contributed to the improvement. It was
discovered that a competing reaction was occurring in the Suzuki coupling reaction
(Figure 1.33), in which migratory insertion of the ester carbonyl into the Ar—Pd
intermediate led to a five-membered ring mixed ketal that collapses to 3,3-dimethyl-1-
indanone (1.44) in up to 26% yield (Scheme 1.13). Although not reported in an
intramolecular sense, a similar intermolecular reaction involving palladium and a boronic
acid has been previously reported.*> This side reaction resulted in significantly lowered
yields of the desired product, even though the indanone was easily separable. Substituting
the ester for an amide may mitigate this undesirable pathway.
Me Me O d. Pd(OAc),, PCy; Me_Me O Me me
WOR K;PO, . OR @Q
PhMe/H,0, 100 °C
Br [o)
[>—B(0H),

R = Et, 1.38 R = Et, 1.42, 60% 1.44
Me, 1.41 Me, 1.43, 60% up to 26%

Figure 1.33. Side reaction in the Suzuki cross-coupling.
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1.44

Scheme 1.13. Proposed pathway to indanone 1.44.

Attempts were made to formylate the a-position of the ester to synthesize
dicarbonyl 1.45 and directly carry out the next diazo transfer in producing diazo ester 1.27
(Figure 1.30, reaction e). It was difficult to determine if dicarbonyl 1.45 was formed by
NMR analysis of the crude reaction mixtures due to low conversions, although 'H and '*C
NMR spectra look promising. It is possible that dicarbonyl 1.45 was produced based on
the presence of a deshielded signal at § 9.60 in the 'H NMR spectrum. There have been a
few instances where this signal remained after storing the product in the freezer, alongside
evidence of decomposition after a few weeks; thus, its stability is unknown. Due to low
crude yields and the unknown stability of aldehyde 1.45, accessing diazo ester 1.27 directly
from the crude mixture of dicarbonyl 1.45 was attempted (Figure 1.30, reaction f).
However, significant quantities of the desired product were unlikely to have formed based

on NMR analysis of the crude reaction mixture.

An alternate route that involves the iron-catalyzed alkylation of a phenolic
derivative was attempted (Figure 1.34).* Ethyl acetate (1.48) was successfully
transformed to tertiary alcohol 1.49 in 58% yield through an aldol reaction with acetone.*’
The subsequent alkylation step to combine the tertiary alcohol with phenolic 1.50 would

form the desired alkylation product 1.51, which would be triflated to arrive at pseudo-
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halide 1.52, and then cross-coupled with cyclopropylboronic acid to achieve cyclopropyl

ester 1.53.
LiHMDS o
o Me,CO Me Me O FeCls, HCI Me, Me
—_— VY Ol e » OEt
Me OEtTHF, —-78 °C HO OEt DCE, 50°C
t-Bu OH
1.48 1.49 1.51
t-Bu OH
1.50
Me Me O Me Me O
Tf,0, base Suzuki cross-coupling
_______________ . OEt . ... oo OEt
Tf
t-Bu (o) t-Bu
1.52 1.53

Figure 1.34. Alternate synthesis route involving previously developed Fe-catalysis.

Subjecting 3-tert-butylphenol (1.50) and tertiary alcohol 1.49 to catalytic FeCls
resulted in no reaction. Using one equivalent of FeCls afforded hydrocoumarin 1.54 in 26%
yield (Figure 1.35). This was concluded by the loss of the ethyl group by 'H NMR
spectroscopy and the presence of a strong carbonyl stretch at 1770 cm ™! in the IR spectrum,
which is higher in frequency than typical esters and consistent with hydrocoumarins.*® This
method can potentially be optimized to produce hydrocoumarins as an extension to the

Friedel-Crafts reactions developed over the course of my dissertation studies (see Chapters

2 and 3).
FeCl;, HCI Me, Me P Me e
Me Me o eCls,
M _— > OEt| — 8
HO OEt DCE, 50 °C 26%
t-Bu OH t-Bu (o] o
1.49 /@\ 1.53 1.54
t-Bu OH

1.50

Figure 1.35. Coumarin 1.54 from iron-catalyzed coupling reaction.
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An alternate route that took advantage of the acidic a-protons of the 1,3-dicarbonyl
present in benzyl malonate 1.37 was pursued (Figure 1.36), attempting to perform the
diazo transfer directly to access bromo-diazo 1.55. This route offered a shorter synthesis to
the desired intermediate (four steps overall) with most steps already optimized.
Unfortunately, no reactivity was observed at room temperature for the diazo transfer
reaction. It is possible that the cyclic malonate is unsuitable for a diazo transfer reaction.
A possible problem considered was that certain functional groups, especially the potential
diazonium intermediate, were not tolerated under these reaction conditions. Another
possible issue could be the base being insufficiently basic or too bulky to access the a

protons on the malonate.

BrMe Me O

Br (o)
I two steps [1] DBU, p-ABSA, MeCN Me Me
88% i )ovm 2]b MXOH DU | OMe
ase, MeOH,
Br 0 o o Mee [2] N,
1.35 1.37 1.55

Figure 1.36. Unsuccessful attempt utilizing malonate to access diazo 1.55.

Suzuki cross-coupling of 2-bromoiodobenzene (1.35) afforded the desired 1-
bromo-2-cyclopropylbenzene (1.56) in 61% NMR vyield and undesired 1,2-
dicyclopropylbenzene (1.57) in 30% NMR yield (Figure 1.37). This mixture was difficult
to separate, thus the use of less boronic acid and its slow addition may keep the
concentration of the boronic acid sufficiently low to minimize undesired dialkylation. An
interesting observation made was that the NMR spectrum of the crude mixture was cleaner
than the usual cross-coupling reaction (cf. bromoaryl-methyl ester 1.41 to cyclopropylaryl-

methyl ester 1.43, see Figure 1.30 and 1.43), likely due to the simplicity of the starting

32



material. Had benzyl malonate 1.33 been successfully converted to bromo-diazo 1.45, 1-
bromo-2-cyclopropylbenzene (1.56) could undergo Grignard coupling to access

cyclopropyl-malonate 1.58 before performing the diazo transfer to access cyclopropyl

diazo 1.27.
Me Me O
' Suzukl Grlgnard diazo transfer Me Me O
............................ »
Br Cross- add|t|on )TMe then esterification | OMe
coupling (o} N2
1.35 R =Br, 1.56, 61% NMR yield 1.58 1.27

C3Hs, 1.57, 30% NMR yield

Figure 1.37. Shorter synthesis attempt to achieve target diazo compound 1.27.

1.2.3 Syntheses of 2'-cyclopropylbenzoyl diazo compounds 1.28-1.32

To augment substrate options to test the proposed C—C bond insertion, other diazo
compounds were synthesized. Figure 1.38 shows the synthesis route to diazo-acetyl 1.28
in an overall 16% yield over 3 steps. The synthesis began with a Suzuki cross-coupling
from 2’-bromoacetophenone (1.20) to 2’-cyclopropylacetophenone (1.21), which
underwent Claisen condensation with 2,2,2-trifluoroethyl trifluoroacetate to access enol
1.59 in 50% yield. Enol 1.59 was reacted with p-ABSA and triethylamine to obtain the
target diazoacetyl 1.28 in 33% yield after purification. This diazo motif completely
decomposed over a period of two months at —7 °C, thus the material should be stored at the

enol stage (1.59) before converting to diazoacetyl 1.28.
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Figure 1.38. Synthesis route to diazoacetyl 1.28.

Figures 1.39 and 1.40 show the synthesis routes investigated to access diazo-
phenylacetophenone 1.29 in an overall yield of 15%. The synthesis began with N,O-
dimethylamine (1.60) and phenylacetyl chloride to generate methoxyamide 1.61 in 92%
yield* (Figure 1.39). Attempts to react methoxyamide 1.61 with dihalobenzene 1.35 via a
Grignard addition to access brominated phenylacetophenone 1.62 proved to be difficult,
partially resulting in reduction of methoxyamide 1.61 to N-methyl amide 1.63. Other
attempts with 1-bromo-2-cyclopropylbenzene (1.56) to form the corresponding Grignard
reagent with Mg and i-PrMgCl, followed by addition to methoxyamide 1.61 failed to

produce the arylation product 1.64, regardless of the reaction scale (up to 1 mmol scale

tested).

MeO
|
Me

1.60

[1] i-PrMgCl or Mg,

CC

Br

R=1,1.35
C;Hs, 1.56

[2] 1.61

j\/ __________ . Ph
> Me\N Ph o7 o mmmm oo - |

1

H

0 ahm

R, 97 meo., J_ph

pyridine, DCM
92%

1.63 R = Br, 1.62 1.29
(up to 20%) C3Hs, 1.64

Figure 1.39. Initial attempts diazo-phenylacetophenone 1.29.
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Taking a different approach, 2-bromobenzaldehyde (1.65) underwent a Suzuki
cross-coupling reaction to achieve 2-cyclopropylbenzaldehyde (1.66) in near quantitative
yield (Figure 1.40). The crude product was treated with benzyl magnesium chloride, which
afforded alcohol 1.67 in 41% yield after 2 steps. It was observed that the Grignard reagent
homocoupled to form 1,2-diphenylethane (1.68) in up to 18% yield, which required the use
of an excess of the Grignard reagent (over 2 equivalents) to obtain a synthetically useful
yield of alcohol 1.67. A one-pot, slow addition of benzyl chloride still showed formation
of 1,2-diphenylethane (1.68), though the reaction works without having to pre-form the
Grignard reagent. Alcohol 1.67 was oxidized with PCC to ketone 1.69 in excellent yield if
the purified alcohol 1.67 was used. If crude material was used, the oxidation still proceeds,
albeit with a drop in yield to 28%. Ketone 1.69 was converted to phenylacetyl-diazo 1.29
with p-ABSA and DBU in <36% yield over two steps; however, purification of this

compound proved difficult and clean NMR spectra could not be obtained.

9’ Suzuki H E - Bn—Bn
—_—
cross-coupling 41% over
Br two steps
1.65 1.66 1.67 1.68
(up to 18%)
(o)
pCC I _pn p-ABSA Ph
—_— —_— I
DCM DBU, MeCN N,
~36% over two
1.69 steps 1.29

Figure 1.40. Tentative successful route to diazo-phenylacetophenone 1.29.

It was initially hypothesized that the diazo compound (1.29) decomposes on silica

gel during column chromatography, thus an internal standard (1,3,5-trimethoxybenzene,
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0.33 equiv) was added to determine the approximate amount of product in the crude
mixture. The "H NMR spectrum of the crude mixture showed that, compared to the internal
standard, only about 20% of product was in the crude mixture (however this particular
reaction did not fully convert). Therefore, it was concluded that the low yield likely was
not due to decomposition during column purification. It was also observed that upon
resubjecting the reaction, heating to 50 °C drastically changed the color from bright orange
to dark purple in a matter of minutes, though it was unclear what the source of the color
was. The color returned to orange overnight, albeit very pasty instead of clear. The reaction
failed in the end, therefore it is unrecommended that the reaction be heated for future

reference.

2-Cyclopropylacetophenone (1.21, Figure 1.41) was deprotonated with NaH
before reacting with diethyl carbonate via a Claisen condensation®® to achieve ketoester
1.70. Initial purification of this crude material was somewhat problematic, thus the material
was carried forward to perform a diazo transfer with p-ABSA and DBU to obtain ketoester-

diazo 1.30 in 54% yield (over 2 steps).

o o o o (o)
NaH -ABSA
Me o ot __ P . O OEt
o) DBU, MeCN N,
)]\ 54% over two steps
121 ~ F1O" OFt 1.70 1.30

Figure 1.41. Synthesis route to ketoester-diazo 1.30.

Figure 1.42 shows the synthesis plan to access thio-diazo 1.31, which was no

longer pursued due to undesirable outcomes from metal-carbene studies of other diazo
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substrates. The synthesis of thio-diazo 1.31 began with 2-bromothiophenol (1.71), which
was readily alkylated to furnish cyclopropyl sulfane 1.72 in 80% yield.** The remaining
plan was to couple N-methoxyamide 1.61 via the Grignard reaction to cyclopropyl sulfane
1.72. A final diazo transfer reaction as previously achieved (cf. phenylacetyl 1.69 to diazo-

phenylacetophenone 1.30, see Figure 1.40) would provide thio-diazo 1.31.

0 o
Br  Br K,CO; Br 1.61 Ph Ph
c Ao A N A e - i
SH DMF S Grignard diazo transfer N,
80% reaction S S\’q
1.7 1.72 1.73 1.31

Figure 1.42. Synthesis route to thio-diazo 1.31.

In the presence of Rho(OAc)s, Rhao(TFA)s, B(CeFs)3, or Cu(OTf), with heating in
DCM, diazo ketoester 1.30 undergoes C—H insertion of the benzylic hydrogen to form
spiro-cyclopropyl 1.74 (Figure 1.43) instead of the desired C—C insertion to 1.47. Based
on these results, re-strategizing the substrate design was necessary, in which a benzyl
hydrogen was absent. Therefore, similar substrate designs as the previous cyclopropyl
diazo compounds 1.27-1.30 were sought after, where an addition substituent replaces the

benzylic hydrogen (1.75-1.78, Figure 1.44).

e T g
H
M] P L
¢ OBt Cc” “OEt
\P) DCM
H
1.30 1.74 1.47

not observed
[M] = Rhy(OAc)y, Rhy(TFA)4, B(CgFs)3, Cu(OTf),

Figure 1.43. Observed C—H insertion of metal-carbenoids to spiro-cyclopropyl 1.74 and no
desired C—C insertion to cyclobutyl 1.47.
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R= OMe175 R= 0Me176
Ph, 1.77 Ph, 1.78

(o]
Simmons-Smith R W|tt|g
key step or ellmlnatlon
R

Figure 1.44. Re-strategized substrate designs and proposed retrosyntheses.

Ph dlazo
transfer

R= Me 1.79
Ph, 1.80

1.2.4 Syntheses of quaternary-substituted cyclopropyl diazo compounds 1.75-1.78

The proposed retrosynthesis plans to generate 1.75-1.78 involved a key Simmons—
Smith reaction in forming a cyclopropyl group bearing an all-carbon quaternary center
(Figure 1.44). The olefin can be generated from an acid-catalyzed elimination reaction of
a ketal, or a Wittig olefination from the ketone. Thus, the starting material of choice was
narrowed down to 2-ketobenzoic acids 1.79 and 1.80 for synthesizing methoxy-

cyclopropyl diazos 1.75 and 1.76 and phenyl-cyclopropyl diazos 1.77 and 1.78.

The route to methoxy-cyclopropyl diazos 1.75 and 1.76 began with methylation of
2-acetylbenzoic acid (1.79, Figure 1.45) to ester 1.81, followed by ketalization (1.82) and
acid-catalyzed elimination to generate vinyl ether 1.83. The olefin was treated with Et;Zn
and CHzl> to form methoxycyclopropane 1.84 in 81% yield over four steps. This
intermediate was saponified to carboxylic acid 1.85. Conversion to the acid chloride in situ,
followed by treatment with ethyl diazoacetate (EDA) was planned to form ketoester-

derived diazo 1.86. However, upon treatment of carboxylic acid 1.85 with oxalyl chloride,
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the resulting intermediate cyclized spontaneously to spirolactone 1.87. Due to this
undesired intramolecular lactonization, methoxy-ketoester diazo 1.75 was accessed

through a different approach.

o (o] (o]
oH K2CO3, Mel O,Me (OMe);CH, H,S0O, OMe
_—_—nm >
O  DMF i, 1.5h O MeOH,40°C,20h OMe
Me Me Me OMe
1.79 1.81 1.82
o (o] (o}
TMSCI, PhCO,H OMe CH,l,, Ety,Zn, TFA OMe KOH, MeOH OH
> > _—
pyridine, 75 °C, 3 d CH; DCM,0°Ctort, 17 h dioxane
0, o
OMe 81% over 4 steps OMe 85°C,26h OMe
1.83 1.84 1.85
o o}
(CoCl),, DMF, DCM, rt, 2 h
> cl > o
then EDA, PhH, 2 h, rt \\ OMe
1.87 1.86

not observed

Figure 1.45. Synthesis route concluded to lactone 1.87 instead of methoxyketoester diazo 1.86.

The plan was to selectively reduce ester 1.84 to its corresponding aldehyde (1.88),
en-route to methoxy-phenyl diazo 1.76. (Figure 1.46). The use of two equivalents of
diisobutylaluminum hydride (DIBAI-H) resulted in complete reduction to alcohol 1.89,
while the use of 1 equivalent of DIBAI-H afforded a 1:1 mixture of starting material 1.84
and alcohol 1.89. These results suggested that selectively arresting at the aldehyde
oxidation state was unlikely with ester 1.84. Therefore, the ester was fully reduced to
alcohol 1.89 with LiAlH4, and subsequently oxidized to aldehyde 1.88 by a Swern
oxidation in 83% yield over two steps. Aldehyde 1.88 was treated with benzyl magnesium

chloride to generate alcohol 1.90 in 73% yield, followed by PCC oxidation of the resultant
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alcohol to ketone 1.91 in 89% yield. The diazo group was introduced with p-ABSA to
achieve methoxy-phenyl diazo 1.76 in 83% crude yield. Formation of the metal-carbene
with Rh2(OAc)s, [(cod)RhCl]2, (PhsP);RhCI, or CuOTf,*CsHe unfortunately afforded
complex mixtures with no observable desired product 1.92; thus, other diazo compounds

were pursued.

DIBAI-H (2 equiv) HH DMSO, (COCI), ?
OMe MeOH,-78°Ctort,3h OH -78°C,1.5h H BnMgCl
> > B —
or then Et;N 0°Ctort
LiAlH4, 0°C, 2.5h -78t0-30°C,1h 18 h
OMe 4 ; OMe o ‘ OMe o
1.84 1.89 83% over two steps 1.88 73%
(o]
PCC, DCM -ABSA c-Ph M] ,Ph
1 TTTToTtoteteeoees > C
rt, 3 h DBU, MeCN N2 DCM, rtto40°C
89% 0°tort, 15 h MeO
83% complex, unidentifiable
1 -91 1.76 mixtures 1.92

[M] = Rhy(OAc),, [(cod)RNCI]y,
(Ph3P)3RhCI, CuOTf,*CgHg

Figure 1.46. Synthesis route to methoxy-phenyl diazo 1.76. Complex mixtures with metal-
carbene reactivity.

To access ketoester diazo 1.75 (Figure 1.47), aldehyde 1.88 was treated with
methyllithium to afford alcohol 1.93 in 86% yield, followed by a Swern oxidation to
achieve ketone 1.94 in 81% yield. Ketone 1.94 underwent a Claisen condensation with
dimethyl carbonate to afford ketoester 1.95 in 91% yield. Diazo transfer with p-ABSA to
access the desired ketoester diazo 1.75 was fulfilled in 98% yield. Along with several
Rh(IT) catalysts, an abundant amount of different transition metal catalysts tested
unfortunately did not afford any desired C—C inserted product. The products that were able

to be identified (1.96-1.98) can be explained by a Stevens rearrangement-type of reaction
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pathway. These results agree with a recent study of proximal methoxy or carbonyl groups

to a metal-carbene center.’!

? DMSO, (COCl), NaH
MelLi, THF -78°C,1.5h (MeO)ZCO
—78 °C,0.5h then EtzN reflux 2h
OMe 86% —78t0-30°C,1h 91%
1.88

81%

o Q p-ABSA 0
OMe EtsN, MeCN CO,Me [M] DCM C02Me COzMe
—_— |
0°Ctort,2.5h N> 40 °C,20 h
OMe 98% MeO
1.95 1.75 1.92, 50% R = Me, 1.97, 9%
H, 198 8%
o [M]
Y] coMe [ Goame
[M]@
Me\o®
-:Nu

Figure 1.47. Synthesis to ketoester diazo 1.75. Major identifiable products involved in the metal-
carbene reactions were Stevens rearrangement-type products.

To further study the carbene reactivity, benzoyl diazo 1.99 was obtained in 23%
yield over two steps (Figure 1.48). Starting from ketone 1.94, a Claisen condensation with
2,2, 2-trifluoroethyl trifluoroacetate resulted in diketone 1.100 in 37% yield, followed by a
similar diazo transfer as before to afford benzoyl diazo 1.99 in 61% yield. A handful of
transition-metals that displayed reactivity with diazo 1.75 were examined with benzoyl
diazo 1.99, only to observe similar Stevens rearrangement-type reactivity as with ketoester

diazo 1.75 and afford isochromene 1.101 or isochromanes 1.102 and 1.103.
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1.94 1.100 1.99
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N 4 +
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Cu(OTf),, B(CsF
(0T, B(CsFs)s 1.101, 27% 1.102, 3% 1.103, 11-20%

Figure 1.48. Metal-carbene reactions with benzoyl diazo 1.99 also observed Stevens
rearrangement-type reactivity.

The synthesis route to carboxylic acid cyclopropane 1.104, en-route to diazos 1.77
and 1.78, began with a Wittig olefination of carboxylic acid 1.80 to alkene 1.105 in 56%
yield (Figure 1.49). A Simmons-Smith reaction of alkene 1.105 resulted in cyclopropane
1.104 in 67% yield. Although these two steps occurred in moderate to good yields,
purification of these carboxylic acids via column chromatography was impractical,
requiring significant time- and solvent-consumptions due to the carboxylic acid’s high
polarity. Therefore, an alternative pathway was sought in an attempt to increase yield and

efficiency, albeit with extra steps.

a Ph;PMeBr, KOt-Bu o o
oH  ELOor THF oH  CHaly, Et,Zn, TFA oH
O  3545°C48h ZCHz Do 0°Ctort, 30h
Ph 56% Ph 67% Ph
1.80 1.105 1.104

Figure 1.49. Synthesis route to carboxylic acid cyclopropane 1.104.

Carboxylic acid 1.80 was converted to methyl ester 1.106 before a Wittig

olefination to afford alkene-ester 1.107 in 21% yield over two steps (Figure 1.50). Using
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KHMDS as a stronger base did not afford better results. The exact cause of the poor yield
was uncertain. Overall, it is likely in the best interest resorting to the carboxylic acid for
this Wittig reaction. An initial attempt to cyclopropanate y,0-unsaturated ester 1.107 to
cyclopropyl-ester 1.108 was surprisingly well-behaved, resulting in a yield of 94%.
Hydrolysis of cyclopropyl-ester 1.108 afforded carboxylic acid 1.104. Formation of the
acid chloride with oxalyl chloride and DMF followed by treatment with EDA was

unsuccessful in forming 1.109, thus other routes were examined.

0 Ph;PMeBr, KOt-Bu 9
H KiCO3, Mel -Me E,0,0°Ctort, 15h OMe
(:¢ DMF i, 2 h (:¢ 21% over two steps ZCH;
Ph
1.80

Ph
1. 106 1.107
CH,l,, EtyZn, TFA OMe KOH OH (COCI)Z, DMF
> —eeeeee
DCM,0°Ctort,15h MeOH, dioxane then EDA
94% Ph 85°C, 11 h Ph
1.108 1.104 1.109

Figure 1.50. Alternative synthesis of carboxylic acid-cyclopropane 1.104. Unsuccessful attempt
to access diazo 1.109 from carboxylic acid 1.104 in one step.

Ester 1.108 was reduced with LiAlH4 to alcohol 1.110, which was then oxidized
with PCC to aldehyde 1.111 in 74% yield over two steps (Figure 1.51). Treatment with
BnMgCl afforded secondary alcohol 1.112 in 57% yield, slightly lower than anticipated
possibly due to the unfavorable steric interaction imposed by the ortho-substituted
quarternary carbon bearing the cyclopropane and phenyl ring. Secondary alcohol 1.112
was oxidized to ketone 1.113. Diazotization of the a-carbon with p-ABSA was surprisingly

robust to afford diazo compound 1.78 in 92% yield over two steps. Unfortunately,
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treatment with Rho(OAc)s afforded either cycloheptatriene 1.114 via Biichner ring
expansion or dibenzo-cycloheptane 1.115 via C(sp?>)-H bond insertion (based on the 'H
NMR chemical shifts of the involved aryl ring) in 92% yield. Rha(TFA)4, CuOTf2°CsHe,
or B(C¢Fs)3 afforded similar results with varying yields. Aryl C=C insertion or aryl C—H
insertion into the aryl ring was more facile than inserting into the cyclopropyl C—C bond.
Due to this C(sp?)-C(sp?) or C(sp?)-H insertion, further phenyl-cyclopropyl diazo

substrates were set aside to pursue other diazo compounds.

(o}
OMe L|AIH4 oH PCC, DCM BnMgCI
°025h rt3h OCtort16h
Ph 74% over two steps 57%

1.108 1.110 1.111 1.112
o}
o o} Ph o Ph.

| ) Ph
PCC g, PABSA DBU O [ [M],DCM
_ > S Ny —M8M >
DCM, rt MeCN, 9'C o \/  40°C,20h O‘ Q
15 h b boo, Q 92% (Rhy(OAC),)
H

[M] = Rh,(OACc),,

1.113 1.78 Rhy(TFA),, 1.114 1.115
CuOTf,*CgHg, or
B(CgFs)3

Figure 1.51. Synthesis route to diazo 1.78. Metal-carbene-mediated reactions failed to result in
the desired C—C bond insertion of the cyclopropyl ring.

1.3 Conclusion

Six cyclopropyl-tethered diazo derivatives were synthesized to probe the possibility
of a direct insertion into the strained C—C bonds. The proximity of the metal carbene to the
strained cyclopropane was anticipated to promote the desired reactivity. Instead,
compounds bearing or lacking benzylic hydrogens resulted in a variety of undesirable

reactivity, including C(sp®)-H insertion, C(sp*)-H insertion, and Biichner ring expansion.
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Adding a non-interfering, electron-donating functional group tethering off the cyclopropyl
ring, such as a tert-butyl group or deactivated esters/amides, may increase the possibility

of direct C—C bond insertion.
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1.5 Experimental

1.5.1 General information

Solvents and reagents

Unless noted below, commercial reagents were purchased from Sigma Aldrich,
Acros Organics, Fisher Scientific, Chem-Impex, Tokyo Chemical Industry (TCI),
Oakwood Chemical, and Alfa Aesar, and used without additional purification. Solvents
were purchased from Fisher Scientific, Acros Organics, and Sigma Aldrich.
Tetrahydrofuran (THF), diethyl ether (Et>O), acetonitrile (MeCN), dichloromethane
(DCM), 1,4-dioxane, triethylamine (Et3N), and toluene were sparged with argon and dried
by passing through alumina columns using argon in a solvent purification system. Benzene
was freshly distilled over calcium hydride under an N> atmosphere prior to each use. Unless
noted below, acetone was freshly distilled over calcium sulfate under a N> atmosphere prior
to each use. Isopropyl magnesium chloride (i-PrMgCl) reagents, ethanol (EtOH),
dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and dichloroethane (DCE) were
purchased in Sure/Seal or AcroSeal, and used directly. Deuterated solvents were obtained
from Cambridge Isotope Laboratories, Inc. or MilliporeSigma.
Reaction setup, progress monitoring, and product purification

Unless otherwise noted in the experimental procedures, reactions were carried out

in flame or oven-dried glassware in anhydrous solvents. Reaction temperatures above rt
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(19 to 21 °C) were controlled by an IKA® temperature modulator. Reaction progresses
were monitored using thin-layer chromatography (TLC) on EMD Silica Gel 60 F254 or
Macherey—Nagel SIL HD (60 A mean pore size, 0.75 mL/g specific pore volume, 517 um
particle size, with fluorescent indicator) silica gel plates. Visualization of the developed
plates was performed under UV-light (254 nm). Purification and isolation of products were
performed via silica gel chromatography (both column and preparative thin-layer
chromatography). Organic solutions were concentrated under reduced pressure on an IKA®
temperature-controlled rotary evaporator equipped with an ethylene glycol/water
condenser. Solids measured for melting point were dried under high vacuum overnight and
not crystallized.
Analytical instrumentation

Melting points were measured with the MEL-TEMP melting point apparatus.

NMR spectral data were obtained using deuterated solvents obtained from
Cambridge Isotope Laboratories, Inc, or Sigma-Aldrich. '"H NMR, *C NMR, and "’F NMR
data were recorded on Bruker Avance NEO-400 MHz spectrometer using CDCl; at 22 °C,
or Avance 500 or Avance 600 MHz spectrometers using CDCls at 25 °C. Chemical shifts
(8) are reported in ppm relative to the residual solvent signal (5 7.26 for 'TH NMR, § 77.16
for 3C NMR in CDCls).! Data for 'H NMR spectroscopy are reported as follows; chemical
shift (6 ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet,
br = broad, dd = doublet of doublets, dt = doublet of triplets, dp = doublet of pentets),

coupling constant (Hz), integration.
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IR spectroscopic data were recorded on a NICOLET 6700 FT-IR
spectrophotometer using a diamond attenuated total reflectance (ATR) accessory. Samples
were loaded onto the diamond surface either neat or as a solution in organic solvent and
the data acquired after the solvent had evaporated.

High resolution accurate mass (ESI) spectral data were obtained from the
Analytical Chemistry Instrumentation Facility at the University of California, Riverside,
on an Agilent 6545 Q-TOF LC/MS instrument (supported by NSF grant CHE-1828782).
High resolution accurate mass (EI) spectral data were obtained from the Mass
Spectrometry Facility at the University of California, Irvine, on a ThermoFinnegan
TraceMS+ GC EI/CI instrument.

X-ray diffraction data were collected on a Bruker-AXS Apex II diffractometer with
an Apex II CCD detector using Mo K radiation (1= 0.71073 A) from a fine-focus sealed
tube source. CYLview and ORTEP3 were used for graphic rendering.>* Structures were

solved by Dr. Veronica Carta (UCR).
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1.5.2 Experimental Procedures and Characterization Data

Me Me
Oj\;:/\ﬁMe AcOH, Me,CO \og\::/ Me
(o} > Me (o}
morpholine, rt, 48 h =
(o) Me O
1.33 1.34

2,2-Dimethyl-5-(propan-2-ylidene)-1,3-dioxane-4,6-dione (1.34)

To a 100 mL round-bottomed flask was added Meldrum’s acid (1.33) (4.9914 g,
34.632 mmol, 1 equiv), followed by acetone (50 mL, 8 x by weight, not anhydrous). The
resulting suspension was stirred at rt until the reagents were fully dissolved. To the resultant
clear colorless solution was added AcOH (39.8 uL, 0.696 mmol, 0.02 equiv), followed by
morpholine (54.6 puL, 0.622 mmol, 0.018 equiv). The reaction mixture was allowed to stir
at rt for 48 h. The volatile components were removed under reduced pressure to yield an
off-white, light-yellow oil. The resultant residue was diluted with distilled water (20 mL)
and then extracted with EtOAc (3 x 20 mL). The combined organic extract was washed
with sat. brine (20 mL), dried over anhydrous Na,SOg, filtered, and concentrated under
reduced pressure to yield isopropylidene Meldrum’s acid 1.34 as a white solid (6.06 g,
95%). The isolated material contained minor impurities and was advanced without further
purification. R¢: 0.39 (30% EtOAc in hexanes). 'TH NMR (400 MHz, CDCl3) § 2.51 (s, 6H),

1.72 (s, 6H). The spectroscopic data is consistent with those previously reported.!
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li-PrMgCl, 1.34 T M e 0
—_ . (o}
@B, THF M)ﬁ:e
1.35 1.37
5-(2-(2-Bromophenyl)propan-2-yl)-2,2-dimethyl-1,3-dioxane-4,6-dione (1.37)

To a flame-dried 100 mL round-bottomed flask equipped with a stir bar was added
2-bromoiodobenzene 1.35 (1.4 mL, 11 mmol, 2 equiv). The flask and its contents were
purged with N> gas. The flask was chilled to 0 °C and dihalobenzene was added THF (5
mL, 0.5 M), followed by a solution of i-PrMgCl in THF (2 M, 5.2 mL, 1.0 x 10! mmol, 1.9
equiv) and stirred at 0 °C under N> atmosphere for 0.5—1 h. At the same time, to a flask
containing isopropylidene Meldrum’s acid 1.34 (1.0111 g, 5.4895 mmol, 1 equiv) was
added THF (11 mL, 0.5 M) and allowed to stir at 0 °C under N> atmosphere until the
Grignard reagent formed completely (about 0.5 to 1 h). The solution of Grignard reagent
was slowly transferred to the solution containing 1.34 over 5 min and the reaction mixture
was left to stir at 0 °C under N atmosphere for 22 h. THF was then removed under reduced
pressure to yield a viscous light-yellow solid, which was diluted and quenched with 4 M
aqueous HCI (~8 mL) to break up the gelatinous material. The resultant acidified solution
was extracted with EtOAc (3 x 10 mL). The combined organic extract was washed with
sat brine (11 mL), dried over anhydrous Na>SOy, filtered, and concentrated under reduced
pressure to yield a yellow material that was partially solid. Purification by gradient flash
chromatography (eluted with 5-9% EtOAc in hexanes, then 30-35% EtOAc in hexanes)
or trituration (with Et;O) provided benzyl Meldrum’s acid 1.37 as a white solid (1.65 g,

88%). R¢: 0.36 (15% EtOAc in hexanes). Mp 121124 °C (lit. 127-129 °C).2 'TH NMR (500
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MHz, CDCl3) & 7.58 (dd, J = 8.1, 1.5 Hz, 1H), 7.55 (dd, J= 8.0, 1.4 Hz, 1H), 7.33 (dt, J =
7.4, 1.4 Hz, 1H), 7.09 (dt, J= 7.4, 1.5 Hz, 1H), 5.74 (s, 1H), 1.87 (s, 3H), 1.79 (s, 6H), 1.73

(s, 3H). The spectroscopic data is consistent with those previously reported.?

BfMe Me o Me Me (o}
o H,0, DMF
—_ > OH
)vMe reflux
(o) (o) Me Br
1-37 1.39

3-(2-Bromophenyl)-3-methylbutanoic acid (1.39)

To a 100 mL round-bottomed flask was added benzyl Meldrum’s Acid 1.37 (2.1533
g, 6.3110 mmol, 1 equiv), followed by DMF (25 mL, 0.25 M) and distilled water (12.5
mL). The clear light-yellow solution was refluxed for 12 h. The solution was allowed to
cool to rt before removing DMF under reduced pressure. The resultant orange oil was
quenched with 1 M aqueous HCI (25 mL) and extracted with EtOAc (3 % 15 mL). The
combined organic extract was washed with sat. brine (20 mL), dried over anhydrous
NaxSOys, filtered, and concentrated under reduced pressure to yield carboxylic acid 1.39 as
an orange-red solid (1.53 g, about 94%). The isolated material contained minor impurities
and was advanced without further purification. R¢: 0.29 (30% EtOAc in hexanes). Mp 68—
72 °C. 'H NMR (600 MHz, CDCl3) § 7.58 (dd, J= 8.0, 1.4 Hz, 1H), 7.43 (dd, J=8.1, 1.5
Hz, 1H), 7.25 (dt, J= 8.1, 1.5 Hz, 1H), 7.05 (dt, J = 8.0, 1.5 Hz, 1H), 3.15 (s, 2H), 1.60 (s,
6H). 3C NMR (126 MHz, CDCl3) § 176.9, 144.6, 135.7, 128.9, 128.0, 127.3, 122.2, 43.8,
38.5,28.4. IR (ATR): 2961, 16981 1467, 1414, 1253, 1015, 944, 759, 549, 523, 460 cm ™.

HRMS (ESI) (m/z): [M—H"] calculated for C11H12BrO2: 255.0026; found: 255.0034.
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1.39 1.41
Methyl 3-(2-bromophenyl)-3-methylbutanoate (1.41)

To a 100 mL round-bottomed flask equipped with a stir bar was added the
carboxylic acid 1.39 (0.7383 g, 2.871 mmol, 1 equiv), followed by methanol (5.80 mL, 0.5
M) and stirred at 0 °C for 5 min. To the chilled solution was added thionyl chloride (0.42
mL, 5.8 mmol, 2 eq) and stirred at 0 °C for 5 min before removing from ice bath and the
clear yellow-orange solution was stirred at rt for 18 h. The reaction was quenched with sat
aqueous NaHCOs (5 mL), followed by solid NaHCO3 (about 1 g) to neutralize the solution
to about pH 7. The resultant neutralized solution was extracted with Et;O (3 x 5 mL) before
the combined organic extract was washed with sat brine (11 mL). The organic extract was
dried over anhydrous Na>SOs, filtered, and concentrated under reduced pressure to yield a
light-orange liquid. Purification by gradient flash chromatography (eluted with 3-9%
EtOAc in hexanes, then 20-25% EtOAc in hexanes) provided methyl ester 1.41 as a clear
colorless liquid (0.66 g, 85%). R 0.27 (5% EtOAc in hexanes). 'H NMR (400 MHz,
CDCl3) 0 7.58 (dd, J= 8.0, 1.2 Hz, 1H), 7.44 (dd, J = 8.0, 1.6 Hz, 1H), 7.26 (dt, J=1.2
Hz, 1H), 7.05 (dt, J = 8.0, 1.6 Hz, 1H), 3.50 (s, 3H), 3.13 (s, 2H), 1.60 (s, 6H). 3*C NMR
(100 MHz, CDCl3) 6 172.2,145.0, 135.8, 129.0, 128.0, 127.4, 122.4, 51.3, 44.1, 38.8, 28.6.

IR (ATR): 2951, 1733, 1468, 1430, 1347, 1202, 1132, 1015, 755, 651, 458 cm™".
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Ethyl 3-(2-bromophenyl)-3-methylbutanoate (1.38)

To a 50 mL round-bottom flask equipped with a stir bar was added malonate 1.37
(1.00 g, 2.93 mmol, 1 equiv), followed by N,N-dimethylformamide (4.9 mL, 0.5 M),
followed by ethanol (5.9 mL, 0.5 M) and refluxed at 100 °C for 16 h. The reaction was
quenched with sat aqueous NaHCO3 (10 mL) and extracted with EtOAc (3 x 10 mL). The
combined organic extract was washed with sat brine (3 x 10 mL) and dried over anhydrous
NaxSOq, filtered, and concentrated under reduced pressure to yield ethyl ester 1.38 as a
yellow oil (0.70 g, about 84%) The isolated material contained minor impurities and was
advanced without further purification. '"H NMR (500 MHz, CDCl3) 6 7.56 (dd, J=7.9, 1.5
Hz, 1H), 7.42 (dd, /= 8.0, 1.7 Hz, 1H), 7.24 (dt, J = 8.0, 1.5 Hz, 1H), 7.04 (dt,J=7.9, 1.8
Hz, 1H), 3.92 (q,/=7.1 Hz, 2H), 3.09 (s, 2H), 1.59 (s, 6H), 1.01 (t,J=7.1 Hz, 3H). HRMS

(ESI) (m/z): [M+H]" calculated for Ci3H1sBrO»: 285.0485; found: 285.0494.

Me Me O Pd(OAc),, K;PO4 Me Me O Me e
Pcy;, PhMe/H,0 om
OMe > e .
[>—8(0H),
Br Y
1.41 1.43 1.44

Methyl 3-(2-cyclopropylphenyl)-3-methylbutanoate (1.43)
To a 25 mL round-bottomed flask equipped with a stir bar in a glovebox was added
Pd(OAc): (13.1 mg, 58.4 umol, 0.05 equiv), Pcys3 (25.8 mg, 92.0 umol, 0.10 equiv), K3PO4

(0.6063 g, 2.856 mmol, 3.5 equiv), cyclopropyl boronic acid (89.3 mg, 1.04 mmol, 1.3
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equiv), and methyl ester 1.41 (0.2194 g, 0.8091 mmol, 1 equiv) before removing the flask
from the glovebox. To the solids was added toluene:H>O solvent (8.1 mL 20:1
toluene:H>0, 0.2 M, sparged with N> gas) before stirring the translucent dark black reaction
at 100 °C for 18 h under inert gas. The reaction was allowed to cool to rt before quenching
with distilled water (15 mL), then extracted with EtOAc (3 x 10 mL). The combined
organic extract was washed with sat brine (15 mL), dried over anhydrous Na,SOq, filtered,
and concentrated under reduced pressure to yield a dark black liquid. Purification by
gradient flash chromatography (eluted with 4-6% EtOAc in hexanes) provided methyl
cyclopropyl-ester 1.43 as a clear colorless liquid (0.1120 g, 60%) and 3,3-dimethylindan-
1-one 1.44 as a clear colorless liquid (34 mg, 26%).

Methyl cyclopropyl-ester 1.43: R 0.48 (10% EtOAc in hexanes). 'H NMR (400 MHz,
CDCl3) 6 7.36 (m, 1H), 7.31 (m, 1H), 7.12 (m, 1H), 6.91 (m, 1H), 3.55 (s, 3H), 2.97 (s,
2H), 2.27 (dp, J=5.4, 2.8 Hz, 1H), 1.62 (s, 6H), 1.03 (dq, /= 6.4, 4.7 Hz, 2H), 0.83 (dq, J
=5.9,4.4 Hz, 2H). *C NMR (126 MHz, CDCl3) § 172.5, 146.3, 140.9, 126.6, 126.5, 125.6,
125.5,51.3,44.2,38.4,29.9, 15.1, 10.4. IR (ATR): 2951, 1732 cm™'. HRMS (ESI) (m/z):
[M+H]" calculated for C15H2102: 233.1536; found: 233.1547.

3,3-Dimethylindan-1-one 1.44: R 0.29 (10% EtOAc in hexanes). 'H NMR (400 MHz,
CDCL) 6 7.71 (d,J=17.6 Hz, 1H), 7.61 (dt, J=7.8, 1.2 Hz, 1H), 7.51 (d, J= 7.7 Hz, 1H),
7.37 (dt, J = 7.8, 1.0 Hz, 1H), 2.59 (s, 2H), 1.42 (s, 6H). 3*C NMR (126 MHz, CDCls) §
206.24, 164.02, 135.40, 135.12, 127.54, 123.65, 123.49, 53.06, 38.68, 30.12. IR (ATR):
2957, 2926, 2855, 2360, 2342, 1712, 1603, 1541, 1498, 1471, 1444, 1408, 1384, 1324,

1290, 1244, 1166, 1091, 1070, 1036, 1015, 956, 931, 880, 834, 765, 753, 700, 668, 600,
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566, 551, 544, 539, 532, 527 cm™'. HRMS (ESI) (m/z): [M+H]" calculated for C11H;30:

161.0961; found: 161.0969.

Me Me

Me Me O FeCl;, DCE
M + -
HO OEt tBu OH HCI
tBu 0o~ O
1.49 1.50 1.54

7-(tert-Butyl)-4,4-dimethylchroman-2-one (1.54)

To a 1-dram vial was added 3-tert butylphenol (1.50) (23.6 mg, 0.157 mmol, 1
equiv) followed by FeCls (25.4 mg, 0.157 mmol, 1 equiv). The solids were diluted in
anhydrous DCE (0.63 mL, 0.25 M) and charged with a micro stir bar. To the resultant
solution was added conc aqueous HCI (11.7 pL, 0.119 mmol, 0.75 equiv), followed by
tertiary alcohol 1.49 (26 pL, 0.17 mmol, 1.1 equiv) and the reaction was allowed to stir
airtight at 50 °C for 20 h. The reaction was passed through a silica plug with EtOAc and
concentrated under reduced pressure to obtain a reddish brown-black oil. Purification by
preparative TLC (eluted with 10% EtOAc in hexanes) afforded 1.54 as a light-yellow oil
(7.4 mg, 26%). '"H NMR (500 MHz, CDCl3) § 7.23 (d, J = 8.1 Hz, 1H), 7.17 (dd, J = 8.1,
2.0 Hz, 1H), 7.08 (d, J = 2.0 Hz, 1H), 2.61 (s, 2H), 1.34 (s, 6H), 1.31 (s, 9H). *C NMR
(100 MHz, CDCl3) 6 168.7,152.2, 150.6, 128.7, 124.1, 121.8, 114.3,43.9, 34.7,33.1, 31.3,
27.9. IR (ATR): 2961, 1770 cm . HRMS (ESI) (m/z): [M+H]" calculated for C11H;302:

233.1536; found: 233.1532.
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4-Acetamidobenzenesulfonyl azide (p-ABSA)

Based on a modified procedure,’ to a 200 mL round-bottomed flask (not rigorously
dried) equipped with a stir bar was added NaN3 (1.54 g, 23.7 mmol, 1.1 equiv) followed
by non-anhydrous acetone (70 mL, 0.3 M) and cooled to 0 °C. To the stirring solution was
added slowly in small portions in open air 4-acetamidobenzenesulfonyl chloride (5.02 g,
21.5 mmol, 1 equiv) and allowed the white heterogeneous solution to stir at 0 °C to rt for
45 h. The volatiles in the white solution were removed under reduced pressure. The slurry
was diluted in EtOAc (50 mL) and washed with water (3 x 25 mL) and sat brine (25 mL).
The organic extract was dried over anhydrous Na>SOs, filtered, and concentrated under
reduced pressure to afford p-ABSA as a white solid (4.57 g, about 89%). The isolated
material contained minor impurities and was advanced without further purification. 'H
NMR (600 MHz, CDCls) 6 7.91 (dd, J = 8.8, 1.3 Hz, 2H), 7.77 (d, J = 8.4 Hz, 2H), 7.41

(s, 1H), 2.25 (s, 3H). The spectroscopic data is consistent with those previously reported.?

o)
OH ©
F3C/\0J\CF3 S
Me . CF3
LDA, THF
1.21 1.59

(£)-4-(2-Cyclopropylphenyl)-1,1,1-trifluoro-4-hydroxybut-3-en-2-one (1.59)
To a 3-neck round-bottomed flask equipped with a stir bar was added ketone 1.21

(0.55 g, 3.6 mmol, 1 equiv). The flask and its contents were purged with N> gas. To the
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flask was added THF (6.9 mL, 0.5 M) and the reaction was allowed to stir at =70 °C. A
solution of LDA (2 M in solvent, 1.9 mL, 3.8 mmol, 1.1 equiv) was added and the reaction
was stirred at —70 °C for 5 min before switching to an ice bath and the reaction stirred for
an additional 25 min. To a separate 1-dram vial equipped with a stir bar was added 2,2,2-
trifluoroethyl trifluoroacetate (2.3 mL, 17 mmol, 5 equiv). The vial and its contents were
purged with N2 gas and allowed to stir at —70 °C. The enolate solution was transferred to
the 2,2,2-trifluoroethyl trifluoroacetate solution dropwise and allowed to stir to —70 °C to
rt for 4 h. The dark red-orange solution was cooled back to 0 °C before quenching the
reaction with a 5:1 mixture of Et;O and 5% aqueous HCI (8 mL) before the layers were
separated. The aqueous layer was extracted with Et2O (3 x 3 mL) and the combined organic
extract was washed with sat brine (10 mL), dried over anhydrous Na;SOs, filtered, and
concentrated under reduced pressure to yield a red-brown oil. Purification by gradient flash
chromatography (eluted with 20-30% EtOAc in hexanes) provided 1.59 as a red-orange
oil (0.44 g, 50%). 'H NMR (400 MHz, CDCls3) § 7.58-7.53 (m, 1H), 7.44 (dt, J= 7.6, 1.5
Hz, 1H), 7.31-7.23 (m, 1H), 7.12-7.05 (m, 1H), 6.46 (s, 1H), 2.29 (tt,J = 8.6, 5.3 Hz, 1H),
1.10-0.97 (m, 2H), 0.80-0.71 (m, 2H). '°F NMR (564 MHz, CDCls) § —76.4 (s, 3F). IR
(ATR): 3087, 1601, 1490, 1458, 1272, 1149, 1102, 1083, 1054, 1027, 966, 899, 8§10, 770,
751, 890, 668, 580, 625, 565, 546, 539, 531 cm™'. HRMS (ESI) (m/z): [M+H]" calculated

for C13H12F30,: 257.0784; found: 257.0782.
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OH O (o)

-ABSA
Et;N, MeCN N,

1.59 1.28
1-(2-Cyclopropylphenyl)-2-diazoethanone (1.28)

To a 1-dram vial (not rigorously dried) equipped with a mini stir bar was added
enol 1.59 (129.1 mg, 0.5037 mmol, 1 equiv). The vial and its contents were purged with
N> gas. To the vial was added MeCN (0.5 mL, 1 M), dropwise water (0.5 mL, 1 M) and
dropwise Et:N (0.65 mL, 0.77 M) and the reaction was allowed to stir at rt. To a separate
1-dram vial was added p-ABSA (156.5 mg, 0.6509 mg, 1.3 equiv) before the vial and its
contents were purged with N> gas. MeCN (0.65 mL, 1 M) was added and slowly transferred
to the black enol solution and the reaction was allowed to stir at rt for 16 h. The orangish
solution was quenched with a 6:1 mixture of Et2O and 5% aqueous NaOH (3.5 mL) before
the layers were separated and the combined organic extract was washed with 5% aqueous
NaOH (3 x 1 mL), water (3 x 1 mL), and sat brine (1 mL). The organic extract was dried
over anhydrous Na,SQy, filtered, and concentrated under reduced pressure to afford a red-
brown oil. Purification by gradient flash chromatography (eluted with 5-30% EtOAc in
hexanes) provided 1.28 as an orange oil (14.2 mg, 33%). 'H NMR (500 MHz, CDCls) &
7.38-7.30 (m, 2H), 7.18 (t, J= 7.5 Hz, 1H), 6.95 (d, J = 7.8 Hz, 1H), 5.66 (s, 1H), 1.05—
0.92 (m, 2H), 0.75-0.68 (m, 2H). *C NMR (126 MHz, CDCIl3) § 190.5, 141.9, 131.0,
128.76, 126.8, 125.5, 125.1, 56.9, 12.9, 9.5. IR (ATR): 3118, 2357, 2102, 1592, 1565,

1488, 1453, 1374, 1332, 1277, 1224, 1201, 1145, 1050, 1031, 1017, 899, 870, 811, 775,
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754,738, 707, 658, 573, 548 cm™'. HRMS (ESI) (m/z): [M+H]" calculated for C1,H;1N2O:

187.0866; found: 187.0874.

(o] OH
H Mg(s), BnCl Ph
Et,0
1.66 1.67

1-(2-Cyclopropylphenyl)-2-phenylethanol (1.67)

To a 10 mL round-bottomed flask (not rigorously dried) equipped with a stir bar
was added magnesium turnings (98.3 mg, 4.05 mmol, 2 equiv). The flask containing Mg
was flame-dried under vacuum, backfilled with N> gas, and cooled to —20 to —10 °C. To
the chilled flask was added Et2O (2 mL, 2 M) followed by benzyl chloride (0.23 mL, 2.0
mmol, 2.2 equiv) and the reaction was stirred at —20 to —10 °C for 30 min. To a separate
oven-dried 10 mL round-bottomed flask equipped with a stir bar under inert atmosphere
was added aldehyde 1.66 (0.14 mL, 1.0 mmol, 1 equiv) followed by Et,O (2 mL, 0.5 M)
and allowed to stir at rt. The Grignard reagent was added to the aldehyde via cannula and
allowed to stir at 0 °C for 30 min. The ice bath was removed, and the reaction mixture
stirred at rt for an additional 5 h. The resulting light-brown solution was quenched with a
1:1 mixture of sat aqueous NH4Cl and H>O (6 mL). The biphasic mixture was separated,
and the aqueous layer was extracted with Et2O (4 x 4 mL). The combined organic extract
was washed with sat brine (9 mL), dried over anhydrous Na,SOyg, filtered, and concentrated
under reduced pressure to yield a yellow oil. Purification by gradient flash chromatography
(eluted with 2-50% DCM in hexanes, then 5% acetone in DCM) afforded 1.67 as a faint

yellow oil (97.2 mg, 41%). 7.58 (dd, J = 7.6, 1.6 Hz, 1H), 7.36—7.30 (m, 2H), 7.29-7.24
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(m, 4H), 7.21 (dt, J="7.5, 1.6 Hz, 1H), 7.04 (dd, J= 7.6, 1.3 Hz, 1H), 5.53 (dd, J=9.1, 3.8
Hz, 1H), 3.13 (dd, J= 13.8, 3.8 Hz, 1H), 2.95 (dd, J = 13.8, 9.1 Hz, 1H), 1.92 (tt, J = 8.4,
5.4 Hz, 1H), 0.96 (ddt, J = 6.6, 5.0, 3.3 Hz, 2H), 0.75-0.61 (m, 2H). '3C NMR (126 MHz,
CDCls) & 143.6, 139.2, 138.8, 129.6, 128.7, 127.5, 126.7, 126.5, 126.2, 125.3, 71.5, 45.4,
12.8, 7.5, 7.1. IR (ATR): 3566, 3422, 3061, 3027, 3002, 2921, 2361, 2339, 1746, 1603,
1575, 1494, 1452, 1337, 1286, 1314, 1258, 1187, 1160, 1128, 1075, 1094, 1030, 949, 905,
874, 824, 754, 725, 697, 669, 635, 620, 610, 584, 548, 533, 528 cm™'. HRMS (ESI) (m/z):

[M+Na]" calculated for Ci7H1sNaO: 261.1255; found: 261.1245.

OH (o}
Ph PCC Ph
—_
DCM
1.68 1.69

1-(2-Cyclopropylphenyl)-2-phenylethanone (1.69)

To a 50 mL round-bottomed flask (not rigorously dried) equipped with a stir bar
was added alcohol 1.68 (1.2497 g, 5.2437 mmol, 1 equiv) followed by non-anhydrous
DCM (21 mL, 0.25 M). To the yellow solution was added PCC (1.1155 g, 5.2479 mmol, 1
equiv) and celite (4.01 g), and the brownish-black mixture was allowed to stir at rt for 3 h.
The mixture was filtered through a silica plug (eluted with DCM until the brown color
nears the end but does not elute out) and concentrated under reduced pressure to afford
1.69 as a yellow oil (0.9383 g, about 76%). The isolated material contained minor
impurities and was advanced without further purification. 'H (600 MHz, CDCl3) & 7.50 (d,
J=17.7Hz, 1H), 7.37-7.29 (m, 3H), 7.28-7.18 (m, 4H), 7.02 (d, J= 7.8 Hz, 1H), 4.24 (s,

2H), 2.28-2.23 (m, 1H), 0.91 (d, J = 6.8 Hz, 2H), 0.59 (d, J = 5.3 Hz, 2H). 13C NMR (126
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MHz, CDCl) 6 143.4, 139.0, 138.6, 129.4, 128.5, 127.3, 126.5, 126.3, 126.0, 125.1, 71.3,
45.2, 12.6, 7.3, 6.9. IR (ATR): 3064, 3029, 1683, 1599, 1568, 1494, 1454, 1379, 1325,
1297, 1253, 1199, 1177, 1102, 1074, 1050, 1030, 1018, 985, 932, 899, 863, 841, 824, 782,
752, 715, 695, 656, 644, 622, 602, 582, 575, 553, 539, 531 cm™!. [M+H]" calculated for

C17H170: 237.1274; found: 237.1279.

o 7 o o OH O
Me ﬂ, OEt + CC/N\OH
NaH, PhMe
1.21 1.70
Ethyl 3-(2-cyclopropylphenyl)-3-oxopropanoate (1.70)

To a 2-neck 25 mL round-bottomed flask equipped with a stir bar was added NaH
(0.3940 g, 16.42 mmol, 2.8 equiv). The flask and its contents were purged with N> gas and
added toluene (3.0 mL, 2 M). To the solution was added diethyl carbonate (1.4 mL, 12
mmol, 2 equiv) and the reaction mixture was stirred at reflux. To a separate 10 mL pear-
shaped round-bottomed flask under inert atmosphere was added 2’-
cyclopropylacetophenone (1.21) (0.9440 g, 5.892 mmol, 1 equiv) followed by toluene (5.9
mL, 2 M) before transferring the solution to the flask containing carbonate via syringe over
four min and allowed to reflux for 5 h. The dark brown-black solution was allowed to cool
to rt before slowly quenching with acetic acid (1.5 mL). Distilled H>O (7-10 mL) was used
to assist with transferring the resultant emulsion to a separatory funnel. The biphasic
mixture was separated, and the aqueous layer was extracted with Et2O (3 x 7 mL). The
combined organic extract was washed with sat brine (10 mL), dried over anhydrous

NayS0q, filtered, and concentrated under reduced pressure to yield a black oil. Purification
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by gradient flash chromatography (eluted with 1-50% EtOAc in hexanes) afforded 1.70 as
a 2.5:1 mixture of the ketoester and enol-ester as an orange-yellow oil (0.62 g, 45%). 'H
NMR (500 MHz, CDCl3) 6 7.53 (dd, J=7.7, 1.5 Hz, 1H), 7.43-7.35 (m, 1.4H), 7.32 (dt, J
=17.6, 1.5 Hz, 0.4H), 7.23 (dt, J=17.5, 1.2 Hz, 1H), 7.19 (dt, J= 7.5, 1.3 Hz, 0.4H), 7.09—
7.03 (m, 1H), 6.96 (dd, J=17.9, 1.2 Hz, 0.4H), 5.40 (s, 0.4H), 4.27 (q, J = 7.1 Hz, 0.8H),
4.19 (q, J=7.1 Hz, 2H), 3.98 (s, 2H), 2.41 (tt, J = 8.5, 5.4 Hz, 1H), 2.26 (tt, J= 8.5, 5.3

Hz, 0.4H), 1.34 (t, J= 7.1 Hz, 1.2H), 1.24 (t, J= 7.1 Hz, 3H), 1.04-0.95 (m, 3.2H), 0.73—

0.66 (m, 3.2H).
o o o o
p-ABSA
OEt 5 OEt
DBU, MeCN N,
1.70 1.30

Ethyl 3-(2-cyclopropylphenyl)-2-diazo-3-oxopropanoate (1.30)

To a 25 mL round-bottomed flask was added ketoester 1.70 (1.0757 g, 4.6309
mmol, 1 equiv). The flask and its contents were purged with N2 gas. MeCN (5.8 mL, 0.8
M) was added and cooled to 0 °C. To the solution was added p-ABSA (1.4330 g, 5.9650
mmol, 1.3 equiv) followed by a solution of DBU (0.92 mL, 6.2 mmol 1.33 equiv) in MeCN
(1.5mL, 3 M) and allowed to stir at 0 °C to rt for 17 h. The orange-red-brown solution was
quenched with 1 M aqueous NaOH (10 mL) and the resultant dark yellow-orange solution
stirred for a few min at rt in open air. The biphasic mixture was separated, and the aqueous
layer extracted with Et2O (3 x 7 mL). The combined organic extract was washed with a 1:1
mixture of sat brine and sat aqueous NaHCO;3 (12 mL), dried over anhydrous Na>SOs,

filtered, and concentrated under reduced pressure to yield a dark orange-brown oil.
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Purification by gradient flash chromatography (eluted with 5-30% EtOAc in hexanes with
1% Et:N additive) provided 1.30 as a light-yellow oil (0.65 g, 54%). 'H NMR (500 MHz,
CDCl3) 6 7.37-7.30 (m, 1H), 7.19 (d, J = 4.2 Hz, 2H), 6.97 (d,J=7.9 Hz, 1H), 4.17 (q, J
=7.1 Hz, 2H), 2.01 (tt, J = 8.4, 5.2 Hz, 1H), 1.15 (t, /= 7.1 Hz, 3H), 0.95-0.88 (m, 2H),
0.72-0.65 (m, 2H). *C NMR (126 MHz, CDCls) § 190.2, 141.9, 139.1, 132.8, 131.0,
128.8,127.1,126.8, 125.5,125.1, 56.9, 12.9,9.5. IR (ATR): 2933, 2124, 1728, 1696, 1589,
1534, 1490, 1446, 1369, 1303, 1258, 1163, 1122, 1087, 1011, 934, 899, 826, 750, 660,

633, 315, 589, 544, 528 cm ™.

o o 0O o
H
OEt Rh,(OAc), OEt
N, >
DCM
H
1.30 1.74

Ethyl 3'-0x0-2',3'-dihydrospiro[cyclopropane-1,1'-indene]-2'-carboxylate (1.74)

To a 1-dram vial equipped with a stir bar in a glovebox was added Rh>(OAc)s (1.3
mg, 2.9 umol 0.025 equiv) before the vial was removed from the glovebox and added DCM
(0.58 mL, 0.2 M) and gently sparged by N> gas. The vial was heated to 40 °C and then
added ketoester-diazo 1.30 (30.0 mg, 0.116 mmol, 1 equiv). The resulting blue-green
solution was stirred at 40 °C for 16 h. The vial was allowed to cool to rt and concentrated
under reduced pressure to afford a green oil. Purification by preparative thin-layer
chromatography (eluted with 1% acetone in hexanes X 2) provided 1.74 as a yellow oil (7.2
mg, 27%). '"H NMR (500 MHz, CDCls) § 7.78 (d, J = 7.7 Hz, 1H), 7.62 (dt, J = 7.6, 1.2
Hz, 1H), 7.39-7.32 (m, 1H), 7.00 (d, /= 7.8 Hz, 1H), 4.24 (dq, J=10.6, 7.1 Hz, 1H), 4.17—

4.08 (m, 2H), 1.68 (ddd, J=10.1, 7.3, 5.0 Hz, 1H), 1.37 (ddd, J = 9.8, 7.4, 5.2 Hz, 1H),
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1.14 (t, J= 7.1 Hz, 3H), 1.06 (ddd, J = 9.9, 7.3, 5.2 Hz, 1H), 0.98 (ddd, J=9.7, 7.3, 4.9
Hz, 1H). *C NMR (126 MHz, CDCls) § 200.8, 171.5, 158.1, 136.3, 133.9, 127.0, 124.4,

119.7, 81.6, 62.7, 30.6, 16.8, 14.3, 14.0.

o) o)
OH K2C03, Mel OMe
—_—
O DMF, rt,1.5h o
Me Me
1.79 1.81

Methyl 2-acetylbenzoate (1.81)

Based on a modified procedure,* a 50 mL round-bottomed flask equipped with a
stir bar was added 2-acetylbenzoic acid (1.79) (2.00 g, 12.2 mmol, 1 equiv), K.CO3 (2.50
g, 18.1 mmol, 1.5 equiv), and non-anhydrous DMF (10 mL, 1.2 M, sparged with N> gas),
and the resulting mixture was stirred at rt. To the white suspension was added a solution of
methyl iodide (2.28 mL, 36.6 mmol, 3 equiv) in non-anhydrous DMF (8.0 mL, 4.5 M,
sparged with N> gas) and allowed to stir at rt for 1.5 h. The volatiles in the light-yellow
solution were removed by concentration under reduced pressure and the resultant white
slurry was diluted in DCM. The solution was vacuum-filtrated, and the filtrate washed with
sat brine (10 mL), dried over anhydrous MgSOu, filtered, and concentrated under reduced
pressure to afford 1.81 a pale-yellow oil (1.88 g, about 87%). The isolated material
contained minor impurities and was advanced without further purification. 'H NMR (500
MHz, CDCl3) ¢ 7.87 (dd, J=17.7, 1.3 Hz, 1H), 7.59 (dt, J= 7.6, 1.4 Hz, 1H), 7.52 (dt, J =
7.6,1.4Hz, 1H), 7.44 (dd,J=7.5,1.4 Hz, 1H), 3.92 (s, 3H), 2.56 (s, 3H). The spectroscopic

data is consistent with those previously reported.*
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(o} o

oMe (OMe)sCH, H,S0, OMe

O MeOH, 40°C, 20 h OMe
Me Me OMe
1.81 1.82

Methyl 2-(1,1-dimethoxyethyl)benzoate (1.82)

Based on a modified procedure,” a 10 mL round-bottomed flask equipped with a
stir bar was added sequentially in open-air ketone 1.81 (0.7129 g, 4.001 mmol, 1 equiv),
trimethyl orthoacetate (0.66 mL, 6.0 mmol, 1.5 equiv), methanol (0.8 mL, 5 M), and conc
aqueous H>SO4 (1 drop, catalytic). The red solution was allowed to stir at 40 °C for 20 h.
The resultant black solution was allowed to cool to rt before quenching the reaction with
Et;N (6 mL). The mixture was stirred for a few min before washing the resultant red-orange
solution with sat aqueous NaHCO3 (3 % 15 mL) and a 1:1 mixture of sat brine and sat
aqueous NaHCO3 (10 mL). The organic extract was dried over anhydrous Na>SOs, filtered,
and concentrated under reduced pressure to yield 1.82 as an orange oil (0.8946 g, about
99%). The isolated material contained minor impurities and was advanced without further
purification. '"H NMR (500 MHz, CDCl3) § 7.53-7.47 (m, 1H), 7.42 (ddd, J=7.9, 6.4,2.3
Hz, 1H), 7.37-7.28 (m, 2H), 3.87 (s, 3H), 3.17 (s, 6H), 1.67 (s, 3H). [M+Na]" calculated
for Ci12Hi16NaOgs: 247.0946; found: 247.0939. The spectroscopic data is consistent with

those previously reported.®
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(o} (o}

ome TMSCLPhCOM OMe
OMe pyridine, 75 °C, 3 d CH;

Me OMe OMe
1.82 1.83

Methyl 2-(1-methoxyvinyl)benzoate (1.83)

To a 100 mL round-bottomed flask equipped with a stir bar was added benzoic acid
(0.50 g, 4.5 mmol, 0.2 equiv) followed by ketal 1.82 (5.01 g, 22.3 mmol, 1 equiv), and the
reaction was allowed to slowly stir while the flask and its contents were purged with N>
gas. To the flask was added pyridine (10 mL, 2.25 M) followed dropwise by TMSCI (9.0
mL, 71 mmol, 3.2 equiv) and the cloudy orange-yellow solution was allowed to stir at 75
°C under inert atmosphere for 3 days. The resultant orange-brown solution was cooled to
0 °C before slowly quenching with ice-cold 15% aqueous NaOH (15 mL) and the mixture
was stirred under open air at 0 °C for a few min before the layers were separated. The
aqueous layer was extracted with Et0 (3 x 10 mL) before the combined organic extract
was washed with a 1:1 mixture of sat brine and sat aqueous NaHCO3 (25 mL). The organic
extract was dried over anhydrous Na>SOs, filtered, and concentrated under reduced
pressure to yield 1.83 as a red-orange oil (4.13 g, about 96%). The isolated material
contained minor impurities and was advanced without further purification. '"H NMR (500
MHz, CDCl3) 6 7.70-7.64 (m, 1H), 7.48-7.42 (m, 2H), 7.38 (ddd, /=7.6, 6.6, 2.2 Hz, 1H),
439 (d,J=2.7Hz, 1H), 4.29 (d, J=2.7 Hz, 1H), 3.86 (s, 3H), 3.68 (s, 4H). HRMS (ESI)

(m/z): [M+H]" calculated for C15sH2002: 193.0859; found: 193.0869.
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OMe CHzlz, Etzzn, TFA N OMe
CHz pcm,0°Ctort, 17 h
OMe OMe
1.83 1.84

Methyl 2-(1-methoxycyclopropyl)benzoate (1.84)

To a 250 mL round-bottomed flask equipped with a stir bar under inert atmosphere
was added 1 M Et2Zn in hexanes (42 mL, 42 mmol, 2 equiv) and cooled to 0 °C. The solids
were diluted in DCM (10 mL, 2 M) followed by dropwise addition of a solution of TFA
(3.2 mL, 42 mmol, 2 equiv) in DCM (10 mL, 2 M). To the stirring solution was added
CHxIz (3.4 mL, 42 mmol, 2 equiv) and the flask was stirred at 0 °C for 20 min. To the
cooled solution was added a solution of alkene 1.83 (4.0179 g, 20.904 mmol, 1 equiv) in
DCM (21 mL, 1 M). The resultant red-black solution was allowed to gradually warm from
0 °C to rt under inert atmosphere for 24 h. The reaction was quenched with 1 M aqueous
HCI (30 mL) and the mixture was stirred under open air for a few min before the biphasic
orange mixture was separated. The aqueous layer was extracted with DCM (3 x 20 mL)
before the combined organic extract was washed with a 1:1 mixture of sat brine and sat
aqueous NH4Cl (50 mL). The organic extract was dried over anhydrous MgSOs, filtered,
and concentrated under reduced pressure to yield a dark red oil. Purification by gradient
flash chromatography (eluted with 5-20% EtOAc in hexanes) afforded 1.84 as a pale-
yellow oil (3.51 g, 81%). "H NMR (500 MHz, CDCl3) § 7.70 (d, J= 7.3 Hz, 1H), 7.44 (ddd,
J=9.0,6.9, 1.5 Hz, 1H), 7.40-7.30 (m, 2H), 3.93 (d, /= 1.2 Hz, 3H), 3.11 (s, 3H), 1.17

(q,J = 5.4, 4.9 Hz, 2H), 1.08-0.99 (m, 2H). 13C NMR (151 MHz, CDCl3) § 169.6, 138.6,
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133.1, 130.6, 129.7, 129.1, 127.8, 63.2, 54.9, 52.3, 13.9 cm™!. HRMS (ESI) (m/z): [M+H]"

calculated for C12H502: 207.1016; found: 207.1021.

(o) (o)
OMe KOH, MeOH OH
dioxane, 85 °C, 26 h
OMe OMe
1.84 1.85

2-(1-Methoxycyclopropyl)benzoic acid (1.85)

To a 250 mL round-bottomed flask (not rigorously dried) equipped with a stir bar
was sequentially added under open air ester 1.84 (2.02 g, 0.80 mmol, 1 equiv), potassium
hydroxide (5.30 g, 94.5 mmol, 10 equiv), methanol (32 mL, 0.3 M), and 1,4-dioxane (48
mL, 0.2 M) before equipping the flask with a water condenser. The bright yellow solution
was stirred at 85 °C for 26 h. The reaction was cooled to 0 °C and quenched with 6 M
aqueous HCI until pH 1 (~20 mL). The volatiles were removed under reduced pressure
before diluting the white slurry with water (100 mL) and extracted with EtOAc (3 x 30
mL). The organic extract was washed with a 1:1 mixture of sat brine and sat aqueous NH4Cl
(50 mL), dried over anhydrous Na;SOs, filtered, and concentrated under reduced pressure
to yield 1.85 as an orange-brown solid (1.6909 g, about 90%). The isolated material
contained minor impurities and was advanced without further purification. Mp 88-89 °C.
"H NMR (500 MHz, CDCl3) § 11.78 (s, 1H), 8.05 (dt, J = 7.4, 1.5 Hz, 1H), 7.54-7.43 (m,
2H), 7.38 (dd, J=7.1, 1.7 Hz, 1H), 3.28 (d, /= 1.1 Hz, 3H), 1.33-1.28 (m, 2H), 1.07-1.03
(m, 2H). *C NMR (151 MHz, CDCls) § 168.6, 135.8, 134.0, 133.2, 133.1, 131.8, 130.1,
129.5,129.4,115.1, 64.1,55.0, 12.8. IR (ATR): 3012, 2826, 2671, 1680, 1605, 1578, 1492,

1455, 1433, 1411, 1305, 1277, 1230, 1189, 1142, 1120, 1079, 1054, 1027, 927, 904, 855,
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710, 805, 767, 750, 727, 695, 652, 591, 577, 539, 527 cm™'. HRMS (ESI) (m/z): [M+H]"

calculated for C11H303: 193.0859; found: 193.0863.

o 0

OH (CocCl),, DMF
S o)
DCM,rt,2 h
OMe
1.85 1.87

3'H-Spiro[cyclopropane-1,1'-isobenzofuran]-3'-one (1.87)

To a 25 mL round-bottomed flask equipped with a stir bar was added carboxylic
acid 1.85 (100.7 mg, 0.5237 mmol, 1 equiv). The flask and its contents were purged with
N> gas to displace air and create an inert atmosphere. A solution of oxalyl chloride (89.2
pL, 1.04 mmol, 2 equiv) in DCM (0.5 mL, 2 M), followed by one drop of DMF were added,
and the resulting yellow solution was stirred for 0.5 h at rt before removing volatiles under
reduced pressure. The resultant orange oil was redissolved in benzene (0.9 mL, 0.6 M)
followed by addition of a solution of ethyl diazoacetate (0.11 mL, 1.0 mmol, 2 equiv) in
benzene (0.9 mL, 0.6 M), and allowed to stir at rt for 2 h. The yellow solution was
concentrated under reduced pressure to yield an orange-yellow oil. Purification by gradient
flash chromatography (eluted with 2-50% EtOAc in hexanes) afforded 1.87 as a white
fluffy solid (78.9 mg, 95%). 'H NMR (600 MHz, CDCl3) § 7.92 (d, J = 7.7 Hz, 1H), 7.65
(dt, J=17.5, 1.0 Hz, 1H), 7.52-7.47 (m, 1H), 1.85-1.79 (m, 2H), 1.41-1.37 (m, 2H). 1*C
NMR (151 MHz, CDCl3) 6 170.2, 151.0, 134.3, 128.4, 126.2, 125.8, 118.0, 66.3, 14.2.

[M+H]" calculated for C11Hi303: 161.0597; found: 161.0604.
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OH
OMe DIBAI-H, MeOH N
3 h, —-78°Ctort MeO
MeO

1.84 1.89

(2-(1-Methoxycyclopropyl)phenyl)methanol (1.89)

To a 50 mL round-bottomed flask equipped with a stir bar was added ester 1.84
(0.5027 g, 2.438 mmol, 1 equiv). The flask and its contents were purged with N> gas to
displace air and create an inert atmosphere. Anhydrous DCM (4.8 mL, 0.5 M) was added
and the solution was allowed to cool to —78 °C. To the stirring solution was added over 1
h via syringe pump a solution of DIBAI-H in hexanes (1 M, 5.3 mL, 5.3 mmol, 2.2 equiv).
The colorless solution was stirred for an additional 20 min at —78 °C. The DIBAI-H was
slowly quenched over 20 min via syringe pump addition of MeOH (0.22 mL, 5.3 mmol,
2.2 equiv). A 1:1 mixture of sat aqueous Rochelle salt:Et2O (1:1, 10 mL) was added and
the mixture was gradually allowed to warm from —78 °C to rt, vigorously stirring for an
additional 45 min before the layers were separated and extracted with Et,O (3 x 3 mL).
The combined organic extract was washed with sat brine (9 mL); one drop of 1 M aqueous
NaOH was added to break any emulsion. The organic extract was dried over anhydrous
NayS0Oq, filtered, and concentrated under reduced pressure to yield a colorless oil.
Purification by gradient flash chromatography (eluted with 10-30% EtOAc in hexanes)
afforded 1.89 as a colorless oil (0.35 g, 81%).

Alternative approach: To a 250 mL round-bottomed flask (flame-dried, thick 4 cm
stir bar) was added LiAlIH4 (0.74 g, 19 mmol, 1 equiv). The flask and its contents were

purged with N> gas to displace air and create an inert atmosphere. The solids were
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suspended in Et20 (97 mL, 0.2 M) and the mixture was cooled to 0 °C. To the mixture was
added dropwise a solution of ester 1.84 (4 g, 19.4 mmol, 1 equiv) in Et,O (17 mL, 1.14 M),
which was allowed to stir at 0 °C for 3 h. The reaction was quenched pipette volume-wise
with 1:2.5 dH>O and sat aqueous NH4Cl (60 mL) (slowly until 20 mL when bubbling
significantly slowed down, then slowly poured remaining solution). The flask’s contents
were stirred for a few min under open air and filtered through a celite plug, eluting with
EtOAc. The biphasic mixture was separated, and the aqueous layer extracted with EtOAc
(3 x 25 mL). The colorless organic extract was washed with sat brine (50 mL), dried over
anhydrous Na>SQg, filtered, and concentrated under reduced pressure to afford 1.89 as a
pale-yellow oil (3.24 g, about 94%). The isolated material contained minor impurities and
was advanced without further purification. 'H NMR (600 MHz, CDCl3) & 7.42 (d, J = 7.6
Hz, 1H), 7.36-7.32 (m, 2H), 7.28 (t, J= 7.4 Hz, 1H), 4.84 (s, 2H), 3.13 (d, /= 0.9 Hz, 3H),
1.25-1.20 (m, 3H), 0.96-0.91 (m, 2H). 3C NMR (151 MHz, CDCl5) § 142.5, 136.7, 130.1,

128.9, 127.4, 64.0, 54.5, 12.6. [M+H]" calculated for C;iH;sO2: 179.1067; found:

179.1013.
i
OH  pcc,pem
—_—
MeO celite, rt, 3 h
MeO
1.89 1.88

2-(1-Methoxycyclopropyl)benzaldehyde (1.88)
To a 25 mL round-bottomed flask (not rigorously dried) equipped with a stir bar
under open air was added sequentially alcohol 1.89 (180 mg, 1.01 mmol, 1 equiv), DCM

(5 mL, 0.2 M), PCC (322.5 mg, 1.496 mmol, 1.5 equiv), and celite (1.3 g). The mixture
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was stirred at rt for 3 h and the dark-brown slush was filtered through a silica plug, eluting
with DCM before the solution was concentrated under reduced pressure to afford 1.88 as a
colorless oil 127.9 mg, 72%). The isolated material contained minor impurities and was
advanced without further purification. 'H NMR (600 MHz, CDCl3) § 10.83 (s, 1H), 7.98
(d,J=7.6 Hz, 1H), 7.53 (dt,J=17.5, 1.5 Hz, 1H), 7.45 (t,J="7.5 Hz, 1H), 7.39 (d, /= 7.6
Hz, 1H), 3.11 (s, 3H), 1.24 (dd, J = 4.4, 2.9 Hz, 2H), 1.05-1.00 (m, 2H). '*C NMR (151
MHz, CDCl3) 8 192.8, 141.6, 135.6, 133.2, 129.4, 128.6, 127.9, 61.9, 54.6, 12.7. [M+H]"

calculated for C11H1302: 177.0910; found: 177.0910.

o) OH
BnMgCl, THF Ph
—_—
0°Ctort,18 h

MeO MeO
1.88 1.89

1-(2-(1-Methoxycyclopropyl)phenyl)-2-phenylethanol (1.90)

To a 50 mL round-bottomed flask equipped with a stir bar was added aldehyde 1.88
(1.00 g, 5.68 mmol, 1 equiv). The flask and its contents were purged with N> gas to displace
air and create an inert atmosphere. To the flask was added THF (11 mL, 0.5 M) and the
solution stirred at 0 °C. To the stirring solution was added dropwise 1.37 M BnMgCl in
THF (8.2 mL, 11.3 mmol, 2 equiv) and the reaction gradually warmed from 0 °C to rt over
14 h. The yellow-golden solution was quenched with sat aqueous NH4Cl (15 mL) and
allowed to stir for a few min at rt before the solids were filtered off. The biphasic mixture
was separated, and the aqueous layer extracted with EtOAc (3 x 10 mL) before the
combined organic extract was washed with sat brine (15 mL), dried over anhydrous

NazS0Os, filtered, and concentrated under reduced pressure to afford a pale-yellow oil.
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Purification by gradient flash chromatography (eluted with 5-25% EtOAc in hexanes)
afforded 1.90 as a colorless oil (1.11 g, 73%). '"H NMR (600 MHz, CDCl3) § 7.72 (d, J =
7.7 Hz, 1H), 7.40-7.31 (m, 5H), 7.28 (t, J = 7.5 Hz, 2H), 5.73 (dd, J = 9.3, 3.7 Hz, 1H),
3.19(dd, J=13.6,3.7 Hz, 1H), 3.12 (s, 3H), 3.02 (dd, /= 13.7, 9.3 Hz, 1H), 1.28-1.15 (m,
2H), 0.93 (ddt, J = 14.9, 10.7, 5.9 Hz, 2H). 3C NMR (151 MHz, CDCl3) § 145.3, 139.4,
135.3, 129.8, 129.6, 128.8, 128.5, 126.8, 126.6, 126.4, 70.8, 63.3, 54.3, 44.6, 13.0, 12.6.

[M+Na]" calculated for Ci9H20NaOs: 291.1356; found: 291.1360.

OH (o}
Ph PCC, DCM Ph
_—
rt, 30 h
MeO MeO
1.90 1.91

1-(2-(1-Methoxycyclopropyl)phenyl)-2-phenylethanone (1.91)

To a 50 mL round-bottomed flask (not rigorously dried) equipped with a stir bar
containing alcohol 1.90 (1.11 g, 4.14 mmol, 1 equiv) under open air was added sequentially
non-anhydrous DCM (21 mL, 0.2 M), PCC (1.34 g, 6.20 mmol, 1.5 equiv), and celite (5.4
g), and allowed to stir at rt for 30 h. The dark-brown solution was filtered through a silica
plug, eluting with EtOAc and concentrated under reduced pressure to afford a yellow oil.
Purification by gradient flash chromatography (eluted with 2-20% EtOAc in hexanes)
afforded 1.91 as a yellow oil (0.77 g, 89%). "H NMR (400 MHz, CDCl3) & 7.38-7.18 (m,
8H), 7.11 (dd, J = 7.6, 1.4 Hz, 1H), 4.28 (s, 2H), 3.09 (s, 3H), 1.28-1.22 (m, 2H), 1.15-
1.10 (m, 2H). *C NMR (101 MHz, CDCls) § 205.0, 141.8, 136.9, 134.7, 130.0, 129.7,
128.5,127.8,127.8, 126.9, 126.5, 62.9, 54.8, 49.9, 14.6. [M+H]" calculated for Ci3H903:

267.1380; found: 267.1388.
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-ABSA Ph
Bn p S
DBU, MeCN N
MeO MeO
1.91 1.76

2-Diazo-1-(2-(1-methoxycyclopropyl)phenyl)-2-phenylethanone (1.76)

To a 1-dram vial equipped with a mini stir bar was added p-ABSA (234.62 mg,
0.41992 mmol, 1.3 equiv) followed by dihydro ketoester 1.91 (209.5 mg, 0.7867 mmol, 1
equiv). The flask and its contents were purged with N> gas to displace air and create an
inert atmosphere. The flask was cooled to 0 °C before MeCN (0.95 mL) was added and
allowed to stir at 0 °C. To the flask was added dropwise a solution of DBU (146 uL, 0.976
mmol, 1.3 equiv) in MeCN (0.33 mL, 3 M) and the resulting yellow solution was gradually
allowed to warm from 0 °C to rt over 15 h. The reaction was quenched with 1 M aqueous
NaOH (0.75 mL) before the layers were separated and the aqueous layer extracted with
EtOAc (3 x 0.5 mL). The combined organic extract was washed with a 1:1 mixture of sat
brine and sat aqueous NaHCO3 (1 mL), dried over anhydrous NaSOs, filtered, and
concentrated under reduced pressure to afford a bright orange oil. The oil was sent through
a short silica plug and eluted with 10% EtOAc in hexanes with 1% Et;N additive (10 mL)
and concentrated in vacuo to afford 1.76 as a bright orange oil (191.6 mg, 83%). R¢: 0.44
(10% EtOAc in hexanes). "H NMR (600 MHz, CDCl3) 8 7.66—7.53 (m, 2H), 7.44—7.35 (m,
5H), 7.26-7.21 (m, 2H), 3.14 (s, 3H), 1.14-1.06 (m, 2H), 1.02-0.95 (m, 2H). *C NMR
(151 MHz, CDCls) 6 190.2, 140.2, 136.5, 129.6, 128.9, 128.5, 128.2, 127.3, 126.6, 125.9,
125.2,63.1, 54.9, 13.8. IR (ATR): 3061, 2933, 2824, 2070, 1628, 1596, 1575, 1497, 1447,

1414, 1350, 1332, 1286, 1234, 1181, 1159, 1123, 1097, 1060, 1017, 971, 907, 878, 560,
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841, 753, 729, 707, 690, 642, 598, 583, 536, 518, 494, 414 cm™'. [M-N>]" calculated for

Ci8H1702: 265.1234; found: 265.1237.

OH
MelLi, THF Me
-78°C,0.5h
MeO MeO
1.88 1.93

1-(2-(1-Methoxycyclopropyl)phenyl)ethanol (1.93)

To a 200 mL round-bottomed flask equipped with a stir bar was added aldehyde
1.88 (5.16 g, 29.3 mmol, 1 equiv). The flask and its contents were purged with N> gas to
displace air and create an inert atmosphere. The flask was charged with THF (59 mL, 0.5
M) and the solution was allowed to stir at —78 °C. To the solution was added dropwise a
solution of methyllithium in Et2O (1.6 M, 37 mL, 59 mmol, 2 equiv) and allowed to stir at
—78 °C for 30 min. The yellow solution was slowly quenched with sat aqueous NH4Cl (80
mL) (initially bubbled, white precipitate formed) and allowed to stir for a few min at 0 °C
before the solids were filtered and the biphasic layers separated. The aqueous layer was
extracted with EtOAc (3 x 40 mL) before the combined organic extract was washed with
sat brine (50 mL), dried over anhydrous Na>SOys, filtered, and concentrated under reduced
pressure to afford a yellow oil. Purification by gradient flash chromatography (eluted with
10-30% EtOAc in hexanes) afforded 1.93 as a light yellow oil (4.89 g, 86%). R¢: 0.24 (20%
EtOAc in hexanes). '"H NMR (600 MHz, CDCl3) 6 7.58 (dd, J = 7.7, 1.3 Hz, 1H), 7.38 (4,
J=17.6 Hz, 1H), 7.31 (dd, J = 7.6, 1.4 Hz, 1H), 7.27-7.22 (m, 1H), 5.61 (q, J = 6.5 Hz,
1H), 3.10 (s, 3H), 1.57 (d, /= 6.5 Hz, 3H), 1.34—1.24 (m, 1H), 1.15-1.08 (m, 1H), 1.02—

0.94 (m, 1H), 0.92-0.86 (m, 1H)."*C NMR (151 MHz, CDCl3) 5 168.3, 146.1, 144.7,132.9,
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131.6, 130.1, 128.0, 126.9, 125.6, 125.1, 51.9, 28.8, 18.3. [M+Na]" calculated for

C12H17NaOz: 215.1043; found: 215.1042.

OH " pmso, (coc), o
Me -78°C.15h Me
then Et3N
MeO' -78t0-30°C,1h MeO'
1.93 1.94

1-(2-(1-Methoxycyclopropyl)phenyl)ethenone (1.94)

To a 100 mL round-bottomed flask equipped with a stir bar under inert atmosphere
was added DCM (2.4 mL, 3.5 M) followed by oxalyl chloride (1.1 mL, 12.5 mmol, 1.5
equiv) and cooled to —78 °C. To the flask was added dropwise DMSO (1.8 mL, 25 mmol,
3 equiv) (smoked a lot throughout) and the reaction was allowed to stir at —78 °C for 15
min. To the flask was added a solution of alcohol 1.93 (1.60 g, 8.32 mmol, 1 equiv) in
DCM (40 mL, 0.2 M) and the light yellow solution was stirred at —78 °C for 1.5 h. EtsN
(14 mL, 33 mmol, 4 equiv) was added and the solution stirred for 1 h, gradually warming
from —78 to —30 °C. The reaction was then quenched at about —30 °C with a 1:1 solution
of dH>O:EtOAc (25 mL) and allowed to stir under open air for a few min before the
biphasic mixture was separated. The aqueous layer was extracted with EtOAc (3 x 20 mL),
and the combined organic extract was washed with distilled water (2 x 25 mL), sat aqueous
NaHCOs3 (2 x 75 mL) and sat brine (30 mL). The organic extract was dried over anhydrous
NaxSQOs, filtered, and concentrated under reduced pressure to yield a yellow oil.
Purification by gradient flash chromatography (eluted with 2-30% EtOAc in hexanes)
afforded 1.94 as a yellow oil (3.93 g, 81%). R¢: 0.21 (5% EtOAc in hexanes). "H NMR (600

MHz, CDCls) § 7.38-7.30 (m, 3H), 7.13 (d, J = 7.2 Hz, 1H), 3.07 (s, 3H), 2.62 (s, 3H),
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1.20-1.15 (m, 2H), 1.10~1.04 (m, 2H). 3C NMR (151 MHz, CDCl3) § 205.3, 142.4, 136.6,
129.7, 127.8, 127.2, 127.0, 62.7, 54.6, 30.7, 14.3. [M+H]" calculated for Ci2H;502:

191.1067; found: 191.1075.

o (o] (o] OH O
Me NaH, (MeO),CO OMe . X OMe
 ————
reflux, 2 h
MeO MeO MeO
1.94 1.95
(6.25:1)

Methyl 3-(2-(1-methoxycyclopropyl)phenyl)-3-oxopropanoate (1.95)

To a 3-neck, 50 mL round-bottomed flask equipped with a stir bar was added 60%
NaH in paraffin oil (0.30 g, 7.5 mmol, 1.5 equiv). The flask and its contents were purged
with N> gas to displace air and create an inert atmosphere. Dimethyl carbonate (10 mL, 0.5
M) was added and the solution was allowed to stir at rt. A solution of ketone 1.94 (0.95 g,
5.0 mmol, 1 equiv) in dimethyl carbonate (5.0 mL, 1 M) was added and the cloudy light-
yellow solution stirred at reflux for 2 h. The red-brown solution was cooled to rt and
quenched with 1 M aqueous HCI (9 mL, until pH 1-2). The biphasic mixture was separated
and the aqueous layer was extracted with DCM (3 x 5 mL). The combined organic extract
was washed with sat brine (15 mL) and dried over anhydrous Na>SOs, filtered, and
concentrated under reduced pressure to yield a red-orange oil. Purification by gradient flash
chromatography (eluted with 10—40% EtOAc in hexanes) afforded 1.95 as an orange oil
(1.13, 91%) in ~6.25:1 ratio of ketoester to enol form. Ry: 0.22 (10% EtOAc in hexanes).
'H NMR (500 MHz, CDCls) 6 12.42 (s, 1H, enol-OH), 7.60 (dd, J = 6.6, 2.3 Hz, 1H, enol),
7.45-7.30 (m, 3.6H, enol/ketoester Ar-H), 7.10 (d, J = 7.5 Hz, 1H, ketoester Ar-H), 5.79
(s, 0.16H, enol alkene-H), 4.09 (s, 2H, ketoester alpha-C methylene), 3.80 (s, 0.48H, enol
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OMe-ester), 3.71 (s, 3H, ketoester OMe-ester), 3.18 (s, 0.48H, enol OMe on cyclopropyl
ring), 3.06 (s, 3H, ketoester OMe on cyclopropyl ring), 1.22 (q, J = 5.2 Hz, 2H, ketoester
cyclopropyl ring), 1.12 (d, J = 6.3 Hz, 0.32H, enol cyclopropyl ring), 1.08 (q, J = 5.2 Hz,
2H, ketoester cyclopropyl ring), 0.91-0.86 (m, 0.32H, enol cyclopropyl ring). '*C NMR
(151 MHz, CDCI3) 0 199.3 (ketoester), 173.1 (enol), 168.2 (ketoester), 140.7 (ketoester),
137.1 (ketoester), 136.8 (enol), 131.6 (enol), 130.5 (ketoester), 129.6 (enol), 129.4 (enol),
128.4 (ketoester), 128.2 (enol), 128.0 (ketoester), 126.8 (ketoester), 115.1 (ketoester), 92.5
(enol), 63.1 (enol), 62.7 (ketoester), 54.8 (ketoester), 54.7 (enol), 52.3 (ketoester), 51.5
(enol), 49.1 (ketoester), 14.5 (ketoester), 14.0 (enol). [M+H]" calculated for Ci4H;704:

249.1121; found: 249.1127.

R p-ABSA 9 0
OMe EtsN, MeCN OMe
0°Ctort,25h N,
MeO MeO
1.95 1.75

Methyl 2-diazo-3-(2-(1-methoxycyclopropyl)phenyl)-3-oxopropanoate (1.75)

To a 100 mL round-bottomed flask equipped with a stir bar was added p-ABSA
(1.20 g, 5.01 mmol, 1.1 equiv). The flask and its contents were purged with N> gas to
displace air and create an inert atmosphere. To the flask was added dihydro ketoester 1.95
(1.13 g, 4.55 mmol, 1 equiv) in MeCN (30 mL, 0.15 M) and allowed to stir at 0 °C. To the
solution was added triethylamine (1.9 mL, 14 mmol, 3 equiv) dropwise over 4 min. The
resulting bright yellow solution was stirred at 0 °C for 15 min. The water-ice bath was
removed and the reaction was stirred at rt until starting material was fully consumed by

TLC analysis (2.5 h). The resultant heterogeneous solution was concentrated under reduced
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pressure to yield a yellow-white solid. The solids were resuspended in DCM before the
precipitate was separated by filtration. The filtrate was concentrated under reduced
pressure to afford an orange oil. Purification by gradient flash chromatography (eluted with
10% EtOAc in hexanes in 1% Et3N, then 15-30% EtOAc in hexanes) afforded 1.75 as an
orange solid (1.22 g, ~98%). The isolated material contained minor impurities and was
advanced without further purification. Rg: 0.31 (20% EtOAc in hexanes). Mp 48-50 °C. 'H
NMR (500 MHz, CDCI3) 6 7.37 (dp, J = 7.4, 1.6 Hz, 2H), 7.26 (dd, /= 6.7, 2.3 Hz, 1H),
7.19(dd,J=7.1,1.7 Hz, 1H), 3.71 (s, 3H), 3.06 (s, 3H), 1.10-1.04 (m, 2H), 1.02—0.95 (m,
2H). 3C NMR (151 MHz, CDCl3) § 189.0, 161.4, 139.7, 136.5, 129.7, 127.7, 126.8, 63.0,

55.0, 52.2, 13.9. [M+H]" calculated for C14H1sN204: 275.1026; found: 275.1026.

(e]
CO,Me [M] DCM COZMe COZMe CO,Me
N> 40 °C,20 h
MeO
1.75

Methyl 4'-methoxyspiro[cyclopropane-1,1'-isochromene]-3'-carboxylate (1.96)

In a glovebox, a 1-dram vial equipped with a stir bar was added diazo 1.75 (9.8 mg,
0.0358 mmol, 1 equiv) followed by Rh2(OAc)s4 (0.3 mg, 0.9 umol, 0.025 equiv) and DCM
(0.35 mL, 0.1 M). The vial was capped, removed from the glovebox, and allowed to stir at
40 °C for 20 h. The green-blue solution was allowed to cool to rt and filtered through a
short silica pipette plug, eluting with EtOAc, and concentrated under reduced pressure to
yield a green-blue oil. Purification by preparative TLC (eluted with 5% EtOAc in hexanes
x 2, then 10% EtOAc in hexanes x 2) afforded 1.96 as a white solid (4.8 mg, 50%), 1.97

as a white solid (0.9 mg, 9%) and 1.98 as a colorless oil (0.8 mg, 8%).
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Isochromene ester 1.96: 'H NMR (500 MHz, CDCl3) § 7.52—7.48 (m, 1H), 7.33-7.29 (m,
2H), 6.84—6.80 (m, 1H), 3.87 (s, 3H), 3.84 (s, 3H), 1.43—1.38 (m, 2H), 1.04-0.99 (m, 2H).
3C NMR (151 MHz, CDCl3) & 162.6, 149.1, 136.0, 135.5, 130.3, 129.5, 127.6, 122.1,
120.5, 62.3, 60.7, 52.3, 14.6. [M+H]" calculated for C14H1504: 247.0965; found: 247.0971.
Methyl isochromane ester 1.97: '"H NMR (600 MHz, CDCls) § 8.09 (d, J= 7.8 Hz, 1H),
7.55-7.49 (m, 1H), 7.36 (t, J = 7.6 Hz, 1H), 6.69 (d, /= 7.9 Hz, 1H), 3.72 (s, 2H), 1.70 (s,
3H), 1.66-1.61 (m, 1H), 1.48-1.42 (m, 1H), 1.34 (dt, /= 10.6, 6.9 Hz, 1H), 1.00 (ddd, J =
10.6, 8.1, 5.5 Hz, 1H). '*C NMR (151 MHz, CDCls) § 192.0, 171.0, 144.9, 134.4, 128.3,
127.3, 126.7, 120.7, 82.7, 57.3, 52.8, 21.0, 19.0, 16.9. [M+H]" calculated for Ci4H;504:
247.0965; found: 247.0971.

Isochromane ester 1.98: 'H NMR (500 MHz, CDCls) § 8.07 (d, J= 7.9 Hz, 1H), 7.57 (4,
J="1.7Hz, 1H), 7.37 (t, J= 7.6 Hz, 1H), 6.73 (d, J = 8.0 Hz, 1H), 4.80 (s, 1H), 3.90 (s,
3H), 1.69 (ddd, J=11.1,7.9, 5.7 Hz, 1H), 1.45 (ddd, J=11.1, 8.4, 6.3 Hz, 1H), 1.39-1.32
(m, 1H), 1.18 (ddd, J=10.5, 8.3, 5.7 Hz, 1H). *C NMR (151 MHz, CDCl3) § 187.5, 169.0,
145.3, 135.2, 127.7, 127.4, 127.0, 120.9, 95.2, 56.7, 54.2, 21.1, 15.3. [M+H]" calculated

for C13H1304: 233.0808; found: 233.0791.
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(9:1)

4,4,4-Trifluoro-1-(2-(1-methoxycyclopropyl)phenyl)butane-1,3-dione (1.100)

To a 50 mL round-bottomed flask equipped with a stir bar was added ketone 1.94
(0.57 g, 3.0 mmol, 1 equiv). The flask and its contents were purged with N> gas to displace
air and create an inert atmosphere. To the flask was added THF (6 mL, 0.5 M) and the
solution was cooled to —78 °C. To the mixture was added dropwise 2 M LDA in
THF/heptane/PhEt (1.65 mL, 3.3 mmol, 1.1 equiv) and the resulting yellow solution was
allowed to stir at the same temperature for 5 min. The solution was warmed to 0 °C in a
water/ice bath and stirred for an additional 25 min. The flask was cooled to —78 °C and
added a solution of 2,2,2-trifluoroethyl trifluoroacetate (2.0 mL, 15 mmol, 5 equiv) in THF
(3 mL, 5 M) (smoked upon addition). The solution was stirred at —78 °C and gradually
allowed to warm to rt over 4 h. The yellow solution was cooled to 0 °C and quenched with
a 5:2 mixture of 1 M aqueous HCI and Et;O (5 mL), and allowed to stir under open air for
a few min before the layers were separated. The aqueous layer was extracted with EtOAc
(3 x 3 mL). The combined organic extract was washed with sat brine (5 mL), dried over
anhydrous Na>SOg, filtered, and concentrated under reduced pressure to yield an orange
oil. Purification by gradient flash chromatography (eluted with 5-20%, then 50% EtOAc
in hexanes) afforded 1.100 as an orange-red oil. R¢: 0.51 (diketone), 0.32 (keto-enol) (20%

EtOAc in hexanes). '"H NMR (500 MHz, CDCl3) & 7.68 (d, J = 7.5 Hz, 1H, enol Ar-H),
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7.52-7.47 (m, 1H, enol Ar-H), 7.47-7.37 (m, 4.2 H, enol/ketoester Ar-H), 7.35 (d, J=7.6
Hz, 0.1H, ketoester Ar-H), 7.06 (d, J = 7.8 Hz, 0.1H, ketoester Ar-H), 6.84 (s, 1H), 3.44
(s, 0.2H, ketoester alpha-C methylene), 3.16 (s, 3H, enol OMe ester), 3.10 (s, 0.3H,
ketoester OMe ester), 1.37—1.32 (m, 0.2H, ketoester cyclopropyl ring), 1.27—-1.23 (m, 0.2H,
ketoester cyclopropyl ring), 1.19-1.13 (m, 2H enol cyclopropyl ring), 0.95-0.90 (m, 2H,
enol cyclopropyl ring). '*C NMR (151 MHz, CDCls) § 190.4, 137.9, 136.3, 131.5, 130.9,

129.6, 128.5, 98.5, 62.7, 54.8, 14.2. [M+H]" calculated for Ci4H4F30: 287.0890; found:

287.0901.
o Q p-ABSA o
CF, DBU, MeCN |
—_—
0°Ctort,20 h N,
OMe MeO
1.100 1.99

2-Diazo-1-(2-(1-methoxycyclopropyl)phenyl)ethenone (1.99)

To a 1-dram vial equipped with a stir bar was added p-ABSA (0.55 g, 2.3 mmol,
1.3 equiv). The flask and its contents were purged with N> gas to displace air and create an
inert atmosphere. The vial was cooled to 0 °C and added a solution of diketone 1.100
(0.49862 g, 1.7419 mmol, 1 equiv) in MeCN (2.2 ml, 0.8 M) and dropwise addition of a
solution of DBU (0.34 mL, 2.3 mmol, 1.3 equiv) in MeCN (0.75 mL, 3 M). The yellow
solution was allowed to gradually warm from 0 °C to rt over 18 h. The dark-red solution
was quenched with 1 M aqueous NaOH (3 mL) before the layers were separated. The
aqueous layer was extracted with EtOAc (3 x 3 mL). The combined organic extract was
washed with sat brine (5 mL), dried over anhydrous Na>SQOs, filtered, and concentrated

under reduced pressure to afford a viscous red residue. Dry-loading in deactivated silica
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gel and gradient flash chromatography (eluted with 5-30% acetone in hexanes in 1% Et;N)
afforded 1.99 as a yellow solid (0.23 g, 61%). R¢: 0.24 (10% acetone in hexanes). Mp 46—
48 °C. '"H NMR (500 MHz, CDCl3) § 7.62 (s, 1H), 7.44-7.32 (m, 3H), 6.44 (s, 1H), 3.21

(s, 3H), 1.19-1.14 (m, 2H), 0.96-0.90 (m, 2H).

o OMe o)
Cu(OTf),, DCM
I (OTH), X .
N 40°C,22 h (o] o
MeO
1.99 1.101 1.102

4'-Methoxyspiro[cyclopropane-1,1'-isochromene] (1.101)

In a glovebox, a 1-dram vial equipped with a stir bar was added diazo 1.99 (9.7 mg,
0.045 mmol, 1 equiv) followed by Cu(OTf)> (1.1 mg, 3.0 umol, 0.05 equiv) and DCM
(0.45 mL, 0.1 M). The vial was capped, removed from the glovebox, and the orange
solution stirred at 40 °C for 22 h. The orange-brown solution was allowed to cool to rt and
filtered through short silica Si0; plug, eluting with EtOAc, and concentrated under reduced
pressure to yield an orange-brown oil. Purification by preparative TLC (eluted with 20%
EtOACc in hexanes x 2) afforded isochromene 1.101 as a yellow solid (4.7 mg, 27%) and
isochromane 1.102 as a yellow oil (3.4 mg, 20%).
Isochromene 1.101: Mp 103-104 °C. 'H NMR (500 MHz, CDCls) § 7.43-7.31 (m, 3H),
7.08 (d,J=17.5 Hz, 1H), 7.03 (s, 1H), 2.97 (s, 3H), 1.07-1.01 (m, 2H), 1.01-0.94 (m, 2H).
BCNMR (151 MHz, CDCl3) § 197.8, 139.5, 139.3, 138.6, 130.4, 128.4, 127.7,126.3, 62.7,
54.6, 14.6.
Isochromane 1.102: '"H NMR (500 MHz, CDCls) § 8.05 (d, /= 7.8 Hz, 1H), 7.53 (t, J =

7.5 Hz, 1H), 7.36 (t, J= 7.6 Hz, 1H), 6.81 (d, J= 7.9 Hz, 1H), 4.40 (s, 2H), 1.48-1.41 (m,
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2H), 1.17 (q, J = 5.4 Hz, 2H). 3C NMR (151 MHz, CDCl3) § 194.3, 145.2, 134.6, 130.0,
127.0, 126.8, 121.0, 72.2, 59.6, 15.9.

o o

OMe  ph,PMeBr, KOt-Bu OMe
o > CH,
Et,0,rt,15 h
Ph Ph
1.106 1.107

Methyl 2-(1-phenylvinyl)benzoate (1.107)

To a 2-neck, 25 mL round-bottomed flask equipped with a stir bar was added
Ph3;PMeBr (0.89 g, 2.5 mmol, 1.2 equiv). The flask and its contents were purged with N>
gas to displace air and create an inert atmosphere. Et20 (6.3 mL, 0.4 M) was added, and
the pasty-white solution was cooled to 0 °C before adding KO#Bu (0.2909 g, 2.592 mmol,
1.2 equiv). The resultant bright yellow solution was allowed to gradually warm from 0 °C
to rt over 15 min. To the stirring mixture was added a solution of ketone 1.106 (0.50 g, 2.2
mmol, 1 equiv) in Et2O (2 mL, 1.1 M) and the reaction mixture stirred at rt for 15 h. The
dark-green solution was filtered through a celite plug and the red filtrate concentrated under
reduced pressure to afford a dark red oil. Purification by gradient flash chromatography
(eluted with 2—-5% EtOAc in hexanes) afforded 1.107 as a red-orange oil (110 mg, 21%).
'H NMR (500 MHz, CDCl3) § 7.83 (d,J= 7.7 Hz, 1H), 7.53 (t,J = 7.5 Hz, 1H), 7.45-7.36
(m, 2H), 7.31-7.22 (m, 5H), 5.69 (s, 1H), 5.27 (s, 1H), 3.51 (s, 3H). *C NMR (151 MHz,
CDCI3) 6 168.3,149.9,142.5,141.0,131.7,131.4,131.1,129.9, 128.2, 127.8, 127.6, 126.7,

114.3, 51.8. [M+H]" calculated for C16Hi502: 239.1067; found: 239.1071.
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(0} o

OMe CH,l,, Et,Zn, TFA OMe
CH, >
DCM,0°Ctort, 29 h
Ph Ph
1.107 1.108

Methyl 2-(1-phenylcyclopropyl)benzoate (1.108)

To a 2-neck, 25 mL round-bottomed flask equipped with a stir bar under inert
atmosphere was added DCM (2.5 mL, 2 M), and the flask was cooled to 0 °C. To the flask
was added 1 M Et;Zn in hexanes (5 mL, 5 mmol, 2 equiv) (smoked as it was added). To
the solution was slowly added a solution of TFA (0.38 mL, 5.0 mmol, 2 equiv) in DCM
(2.5 mL, 2 M). To the largely colorless solution was added CHzI> (0.40 mL, 5.0 mmol, 2
equiv) and the reaction mixture was stirred at 0 °C for 20 min. To the flask was added a
solution of olefin 1.107 (2.37 g, 10.7 mmol, 1 equiv), which was then allowed to gradually
warm from 0 °C to rt over 29 h. The light-orange solution was quenched with 1 M aqueous
HCI (5 mL) and the resultant light-yellow solution was stirred at rt under open air before
the layers were separated. The aqueous layer was extracted with DCM (3 x 7 mL). The
combined organic extract was washed with sat brine (25 mL), dried over anhydrous
NaxSOys, filtered, and concentrated under reduced pressure to afford 1.108 as an orange-
yellow oil (2.45 g, about 94%). The isolated material contained minor impurities and was
advanced without further purification. '"H NMR (600 MHz, CDCls) § 7.76 (dd, J= 7.8, 1.6
Hz, 1H), 7.59 (dd, J=17.8, 1.3 Hz, 1H), 7.50 (dt, J= 7.6, 1.5 Hz, 1H), 7.34 (dt,J=7.6, 1.4
Hz, 1H), 7.20 (t, J = 7.8 Hz, 2H), 7.13-7.07 (m, 1H), 7.02-6.98 (m, 2H), 3.71 (s, 3H),

1.41-1.34 (m, 2H), 1.33-1.23 (m, 2H). '*C NMR (151 MHz, CDCl3) & 168.33, 146.12,
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144.71, 133.00, 132.87, 131.57, 130.12, 127.96, 126.87, 125.63, 125.13, 51.89, 28.80,

18.33. [M+H]" calculated for C17H702: 253.1223; found: 253.1234.

o o

KOH, MeOH

OMe OH

>

dioxane, 85 °C, 18 h
Ph Ph

1.108 1.104
2-(1-Phenylcyclopropyl)benzoic acid (1.104)

To a 25 round-bottomed flask equipped with a stir bar in open air was sequentially
added KOH (0.44 g, 7.84 mmol, 8 equiv), ester 1.108 (239.3 mg, 0.948 mmol, 1 equiv)
non-anhydrous MeOH (3.2 mL, 0.3 M), and non-anhydrous dioxane (4.7 mL, 0.2 M), and
the reaction mixture was allowed to stir at 85 °C for 11 h. The yellow solution was allowed
to cool to 0 °C and slowly quenched with 6 M aqueous HCI to pH 1 (1.4 mL). The resultant
white slurry was allowed to stir for a few min at 0 °C before the volatiles were removed
under reduced pressure. The white slurry was diluted in H,O (2 mL) to dissolve most of
the solids and extracted with EtOAc (3 x 1 mL). The combined organic extract was washed
with a 1:1 mixture of sat brine and sat aqueous NH4Cl (3 mL), dried over anhydrous
NaxSOys, filtered, and concentrated under reduced pressure to afford 1.104 as a white solid
(217.9 mg, about 96%). The isolated material contained minor impurities and was
advanced without further purification. '"H NMR (600 MHz, CDCl3) 6 7.92 (dd, J=7.8, 1.5
Hz, 1H), 7.63 (dd, /= 7.8, 1.3 Hz, 1H), 7.37 (dt, J= 7.6, 1.3 Hz, 1H), 7.19 (t, /= 7.6 Hz,
2H), 7.10 (t, J = 7.3 Hz, 1H), 7.04—6.98 (m, 2H), 1.42 (t, J = 3.4 Hz, 2H), 1.37-1.30 (m,

2H). *C NMR (151 MHz, CDCl3) § 171.7, 146.0, 145.9, 133.3,132.6, 131.3, 131.2, 128.1,
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127.1, 125.9, 125.3, 28.9, 18.6. [M+H]" calculated for CisHisO2: 239.1067; found:

239.1073.
o]
©i2me LiAlH,, 0°C, 2.5 h ©:\AOH
Ph Ph

1.108 1.110
(2-(1-Phenylcyclopropyl)phenyl)methanol (1.110)

To a 2-neck, 25 mL round-bottomed flask equipped with a stir bar was added
LiAlH4 (0.39 g, 3.43 mmol, 1 equiv). The flask and its contents were purged with N> gas
to displace air and create an inert atmosphere. The solids were suspended in Et2O (9.7 mL)
and the mixture was cooled to 0 °C. To the flask was added dropwise a solution of ester
1.108 (2.45 g, 9.71 mmol, 1 equiv) in Et20 (32 mL) and the mixture was stirred at 0 °C for
3 h. The grey solution was slowly quenched with 1:2.5 distilled water and sat aqueous
NH4ClI and allowed to stir for a few min under open air before filtering through a celite
plug and eluting with EtOAc. The biphasic mixture was separated, and the aqueous layer
extracted with EtOAc (3 x 15 mL). The combined organic extract was washed with sat
brine (25 mL), dried over anhydrous Na>SOs, filtered, and concentrated under reduced
pressure to afford 1.110 as a light-yellow oil (1.82 g about 83%). The isolated material
contained minor impurities and was advanced without further purification. 'H NMR (500
MHz, CDCl3) 6 7.47 (dd, J=7.3, 1.7 Hz, 1H), 7.34 (ddd, J=9.6, 7.3, 1.7 Hz, 2H), 7.21 (4,
J=17.6 Hz, 2H), 7.12 (t, J=7.4 Hz, 1H), 6.96 (d, J= 7.7 Hz, 2H), 4.72 (s, 2H), 1.38 (d, J
= 4.3 Hz, 2H), 1.36-1.31 (m, 2H). [M+Na]" calculated for C16H16NaO: 247.1093; found:

247.1088.
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|
oH PCC,DCM
—_—
rt,3h
Ph 74% over two Ph

steps
1.110 1.111

2-(1-Phenylcyclopropyl)benzaldehyde (1.111)

To a 100 mL round-bottomed flask equipped with a stir bar containing alcohol
1.110 (1.82 g, 8.11 mmol, 1 equiv) was added sequentially under open air non-anhydrous
DCM (41 mL, 0.2 M), PCC (2.62 g, 12.2 mmol, 1.5 equiv), and celite (10.5 g) and allowed
to stir at rt lightly capped for 3 h. The brown solution was filtered through a pipette-sized
silica plug, eluting with 1:1 hexanes:EtOAc, and the green solution obtained in this manner
was concentrated under reduced pressure to afford a green oil (1.70 g, 94%). Purification
by gradient column chromatography (eluted with 2—10% EtOAc in hexanes) afforded
1.111 as a pale-yellow oil (1.34 g, 74%). '"H NMR (600 MHz, CDCls) § 10.58 (s, 1H), 7.94
(dd,J=17.8, 1.4 Hz, 1H), 7.64-7.57 (m, 2H), 7.43 (dt,J=7.4, 1.6 Hz, 1H), 7.22 (t,J= 7.7
Hz, 2H), 7.13 (t, J = 7.4 Hz, 1H), 6.98-6.94 (m, 2H), 1.54-1.51 (m, 2H), 1.50-1.43 (m,
2H). *C NMR (151 MHz, CDCl3) § 192.5, 147.2, 145.6, 135.3, 134.3, 131.8, 128.5, 128.0,
127.6, 125.8, 125.5, 26.5, 18.1. [M+H]" calculated for Ci¢H;sO: 223.1117; found:

223.1118.
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(o)

| OH
BnMgCl, THF Ph
_—_—
0°Ctort,16 h

Ph Ph

1.111 1112

2-Phenyl-1-(2-(1-phenylcyclopropyl)phenyl)ethanol (1.112)

To a 25 mL round-bottomed flask equipped with a stir bar was added aldehyde
1.111 (1.00 g, 4.50 mmol, 1 equiv). The flask and its contents were purged with N> gas to
displace air and create an inert atmosphere. To the flask was added THF (9 mL, 0.5 M) and
the solution was allowed to stir at 0 °C. To the flask was added dropwise 1.37 M BnMgCl
in THF (6.6 mL, 9.0 mmol, 2 equiv) and allowed to stir at 0 °C rt for 16 h. The yellow-
green solution was quenched with sat aqueous NH4Cl (13 mL) and the mixture was stirred
for a few min before the white solids were separated by filtration. The biphasic filtrate was
separated, and the aqueous layer extracted with EtOAc (3 x 7 mL). The combined organic
extract was washed with sat brine (15 mL), dried over anhydrous Na;SOs, filtered, and
concentrated under reduced pressure to afford an oil. Purification by gradient flash
chromatography (eluted with 5-20% EtOAc in hexanes) afforded 1.112 as a pale-yellow
viscous oil (0.80 g, 57%). 'H NMR (500 MHz, CDCls) § 7.66 (d, J= 7.7 Hz, 1H), 7.46 (d,
J=7.5Hz, 1H), 741 (t, J=7.5 Hz, 1H), 7.37-7.31 (m, 1H), 7.25-7.16 (m, 5H), 7.13 (t, J
=7.3 Hz, 1H), 6.97 (t, J= 8.7 Hz, 4H), 5.34 (dd, /= 9.7, 3.2 Hz, 1H), 2.78 (dd, J = 13.7,
9.7 Hz, 1H), 2.66 (dd, J = 13.7, 3.2 Hz, 1H), 1.54-1.49 (m, 1H), 1.33-1.23 (m, 3H). 13C
NMR (126 MHz, CDCls) § 145.8, 144.3, 140.9, 139.6, 130.9, 129.3, 128.4, 128.3, 127.7,
126.8, 126.4, 125.4, 125.3, 68.8, 46.7, 27.9, 18.6, 17.5. [M+Na]" calculated for

C23H22NaOs: 337.1563; found: 337.1560.
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PR pcc, pem Ph
_—
r,15 h
Ph Ph
1.112 1.113

2-Phenyl-1-(2-(1-phenylcyclopropyl)phenyl)ethenone (1.113)

To the 50 mL round-bottomed flask equipped with a stir bar containing alcohol
1.112 (0.35 g in 0.44 g product, 1.11 mmol, 1 equiv) was added sequentially under open
air non-anhydrous DCM (13 mL, 0.2 M), PCC (0.36 g, 3.82 mmol, 1.5 equiv), and celite
(1.4 g) and the reaction was allowed to stir at rt lightly capped for 15 h. The brown solution
was filtered through a silica plug (eluted with EtOAc) and concentrated under reduced
pressure to afford 1.113 a yellow oil (0.79 g, about 99%). The isolated material contained
minor impurities and was advanced without further purification. 'H NMR (600 MHz,
CDCl3) 6 7.57 (d,J=7.7 Hz, 1H), 7.46 (dt,J=7.5, 1.6 Hz, 1H), 7.43 (d, J=7.7 Hz, 1H),
7.34 (t, J=7.5 Hz, 1H), 7.29-7.19 (m, 5H), 7.14 (t, J = 6.9 Hz, 1H), 7.04—6.94 (m, 4H),
3.91 (s, 2H), 1.39-1.35 (m, 2H), 1.27 (q, J = 4.5 Hz, 2H). 3C NMR (101 MHz, CDCl3) &
203.4, 145.9, 142.3, 142.0, 134.1, 132.9, 130.7, 129.8, 128.5, 128.3, 128.0, 127.0, 126.9,

126.0, 125.5,49.6,28.2, 18.7. [M+H]" calculated for C21H210: 313.1587; found: 313.1596.

o) o)
Ph p-ABSA Ph
R —
DBU, MeCN N>
Ph Ph
1.113 1.78

2-Diazo-2-phenyl-1-(2-(1-phenylcyclopropyl)phenyl)ethenone (1.78)
To a 1-dram vial equipped with a mini stir bar was added p-ABSA (100.9 mg,

0.41992 mmol, 1.3 equiv) followed by dihydro ketoester 1.113 (101.80 mg, 0.32586 mmol,
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1 equiv). The flask and its contents were purged with N> gas to displace air and create an
inert atmosphere. The flask was cooled to 0 °C and added MeCN (0.4 ml). To the stirring
solution was added dropwise a solution of DBU (62 pL, 0.42 mmol, 1.3 equiv) in MeCN
(0.14 mL, 3 M) and the yellow solution stirred at 0 °C to rt for 16 h. The slightly dark
orange solution was quenched with 1 M aqueous NaOH (0.5 mL) before the layers were
separated. The aqueous layer was extracted with EtOAc (3 % 0.3 mL). The combined
organic extract was washed with sat brine (1 mL), dried over Na;SOs, filtered, and
concentrated under reduced pressure to afford a bright orange oil. The oil was filtered
through a silica plug (2 cm high, monster pipette), eluting with 89:10:1
hexanes:EtOAc:Et;N (10 mL) and concentrated in vacuo to afford 1.78 as a yellow oil (100
mg, about 92%). The isolated material contained minor impurities and was advanced
without further purification. 'H NMR (400 MHz, CDCl3) § 7.74-7.65 (m, 1H), 7.40-7.33
(m, 4H), 7.30 (dq, J=7.6, 1.7 Hz, 2H), 7.26-7.20 (m, 1H), 7.22-7.10 (m, 4H), 7.13-7.05
(m, 1H), 1.40-1.37 (m, 2H), 1.34-1.27 (m, 2H). *C NMR (101 MHz, CDCls) § 189.7,
144.6, 142.5, 140.6, 131.3, 130.1, 128.9, 128.1, 127.6, 126.9, 126.6, 126.6, 125.8, 125.6,

125.1,75.3,28.6, 15.6. [M+H]" calculated for C23H2;0: 313.1587; found: 313.1602.
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(o) O Ph O pp
Ph Rhy(OAc),, DCM .D O.
> or
. e B
Ph A A

1.78 1.114 1.115

11'-Phenylspiro[cyclopropane-1,5'-[6,11](metheno)benzo[/0]annulen]-12'(11'H)-one
(1.114) or 11'-Phenylspiro|cyclopropane-1,5'-dibenzo|a,d][7]annulen]-10'(11'H)-one
(1.115)

To a 1-dram vial was added diazo compound 1.78 (10.1 mg, 0.0298 mmol, 1 equiv)
and transferred into a glovebox. To the vial was added Rh2(OAc)s4 (0.3 mg, 0.7 pmol, 0.025
equiv) and DCM (0.3 mL, 0.1 M). The vial was sealed using septum-cap, removed from
glovebox, and allowed to stir at 40 °C for 19 h. The green-blue solution was cooled to rt,
filtered through a short pipette-sized silica plug and concentrated under reduced pressure
to afford a green oil. Purification by preparative thin-layer chromatography (eluted with
5% EtOAc in hexanes x 2) afforded 1.114 or 1.115 as a pale-yellow oil (8.4 mg, 92%). 'H
NMR (600 MHz, CDCl3) 6 7.65 (d, J= 7.6 Hz, 1H), 7.50 (t, J= 7.7 Hz, 1H), 7.10 (d, J =
7.9 Hz, 1H), 7.07-6.94 (m, 6H), 6.16 (t, J = 7.8 Hz, 2H), 6.11 (dd, J = 9.5, 7.1 Hz, 1H),
5.45(d,J=8.6 Hz, 1H), 1.82 (dt,J=9.8, 6.1 Hz, 1H), 0.96 (ddd, /=9.9, 6.3, 4.0 Hz, 1H),
0.92 (ddd, J=10.4, 6.9, 3.9 Hz, 1H). '>*C NMR (101 MHz, CDCls) § 199.5, 143.6, 137.6,
134.5, 133.9, 129.9, 129.9, 128.7, 128.0, 127.0, 126.9, 126.6, 125.4, 122.1, 119.0, 56.9,

26.1,23.1, 11.0. [M+H]" calculated for C23Hi90: 311.1430; found: 311.1441.
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Chapter 2 — Synergistic Bronsted/Lewis Acid Catalyzed Aromatic Alkylation with
Unactivated Tertiary Alcohols or di-fert-Butylperoxide to Synthesize Quaternary

Carbon Centers

2.1 Introduction: Friedel—Crafts alkylation

The Friedel-Crafts alkylation reaction has been studied in great depth since its
discovery in 1877 to form C(sp?)~C(sp®) bonds.! In this chapter, the focus will be on the
C(sp®) carbon, where the carbon center is an all-carbon quaternary center.

In a traditional Friedel-Crafts alkylation, an alkyl halide is treated with aluminum
trihalide in the presence of an aromatic ring, such as benzene, and results in an alkylated
aromatic ring (Scheme 2.1). The aluminum trihalide acts as a Lewis acid to extract the
halogen from the alkyl group, forming a carbocation intermediate. The nucleophilic arene
then engages the carbocation, followed by re-aromatization to result in an alkylated

aromatic ring with the release of HX as a byproduct.

O - L e S
+ 2
R
X" g3 X = halogen R®
R1
R _— R
XaAl--X \) % R3 ©)§
x AIX3

Scheme 2.1. Traditional Friedel-Crafts reaction and widely accepted mechanism.

Bromides and chlorides are often the common choice of alkyl halides due to their

high reactivity, while fluorides and iodides have potential concerns regarding cost and side
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reactions. The choice of Lewis acids may vary as well, in which a wide variety may be

used, such as iron(III), boron, titanium, etc.?

2.1.1 Traditional Friedel-Crafts alkylation reactions

The Friedel-Crafts alkylation is a classic example of an electrophilic aromatic
substitution (EAS) reaction. Electron-rich aromatic rings tend to be more reactive as long
as the electron-donating group does not interfere with the Lewis acid. One such example
was demonstrated in 2016 by Moran and coworkers® using phenols and anisoles as
nucleophiles and alkyl fluorides as electrophiles (Figure 2.1). The tertiary alkyl fluoride
reacts with borane monohydrate to generate the carbocation, which then reacts with the
electron-rich arene (Scheme 2.2). Only a small amount of borane catalyst is required due

to the formation of HF, which acts as an autocatalyst for the reaction.

B(CgF5)3°H,0 (1 mol%)

R2R3 Ar-H (3-5 equiv) R2R3
R1KF MeNO,, rt, 1 h R1KAr
22 examples

slelect examples

OMe
OH OMe Ve OMe
Me Me —
DORES: ®
R
OMe OMe
Ph Me  Ph Me Phyy\ Me Me
2 Me 2 Me Me 2 Me

95% 43% X=S§,83% R=Cl, 76% 70%
0, 32% Br, 81%

Figure 2.1. Friedel-Crafts alkylation with alkyl fluorides and catalytic borane monohydrate to
initiate the reaction.
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R ~F
R2R?
R1KF--H—OHB(05F5)3
2 p3
R><R e e hF 2R3 F--HoF
R' °F RyBHO-H--F~ ~— Ry
1
initiation auto-catalysis
R3 HO
B(CsF5)3°H,0
(CsFs)3°H3 RZJ@R1 .
EAS
R3 R2 R2 R3
hE
EAS

HO R
. \© OF-H-F
o 1®
R1
R3 R?

Scheme 2.2. Proposed mechanism. Initiation with Lewis acid followed by autocatalysis with HF.

In the same year, Lin and coworkers* employed a molybdenum complex/ortho-
chloranil-catalyzed Friedel-Crafts alkylation reaction of various electron-rich arenes
(Figure 2.2). Along with other electrophilic alkyl sources, tert-butyl alcohol or halides
afforded alkylation on the arene in varying yields, with para-alkylation being the major or
only product. In this method, the authors proposed the in sifu formation of a chloranil-[Mo]
complex 2.1 to be the active catalyst (Scheme 2.3). From here, abstraction of the hydroxy
or halide by chloranil-[Mo] complex 2.1 generates the carbocation necessary for the

Friedel—Crafts reaction.
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[Mo] = 4
[Mo] (2.5 mol%)

R Me Y
R Me Me o-chloranil (5 mol%) Me o¢ co
+ X Me cl
Me”™ "X DCE, 80°C,12h
Cl

3 equiv (X = Br, 8 equiv) o-chloranil =

\J

Cl

select examples
OH

OMe Me
Me>(©/ Me7(©/ Me>(©/

Me Me Me Me Me Me
X = Cl, 90%, 92:8 p/o X = Cl, 95%, 98:2 p/o X = Cl, 66%, 93:7 p/o
Br, 93%, 94:6 p/o Br, 98%, 95:5 p/o (8 h) Br, 70%, 97:3 p/o
OH, 6%, 1:0 p/o OH, 9%, 99:1 p/o OH, 12%, 1:0 p/o

Figure 2.2. Friedel-Crafts reaction catalyzed by a molybdenum/chloranil complex.

Ve ci
n-Bu Me ©o-chloranil Ogméﬁ\ cl Me_ Me -[Mo] Me  Ar-R Ar—tB
/1 =01 = [ = s
Me~7 Mé-co  4,-co  OC \8/9 cl MeXX Me® Me
Me o¢ co I~ Cl
2.1

Scheme 2.3. Proposed mechanism of molybdenum/chloranil-catalyzed Friedel-Crafts alkylation.

In 2022, Martin and coworkers® developed a unique carborane with a C2Bio
icosahedron-shape skeleton (Figure 2.3, B(0-Cb)3). To demonstrate its utility, a Friedel—
Crafts alkylation was carried out with 1-fluoroadamantane. B(o-Cb); acted as the Lewis
acid in this reaction, in which the carbocation is trapped by a hydride source or alkyl
benzene nucleophile. In the case of benzene, when B(CesFs); was used, no reaction was
observed. They hypothesized that the fluoride affinity in B(o-Cb)sz is much higher

compared to B(CeFs)s.
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B(o-Cb); (0.5—-1 mol%) Nu
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Me
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@
97% (NMR yield) 90% 72% 92%

[Nu] = Et;Si-H in CDCl; (0% with B(C5Fs)3)

Figure 2.3. A Friedel-Crafts alkylation utilizing a unique carborane as the Lewis acid.

Aniline nucleophiles are typically incompatible in Friedel-Crafts reactions due to
the facile, strong binding of the Lewis acid to the nitrogen, which deactivates the catalyst.
This can be resolved by using certain protecting groups, as illustrated by Shi, Zhao and
coworkers® in 2023. The iso-butyl isomer of the Boc group was used as the protecting
group on nitrogen, effectively enabling the majority of substrates to undergo Friedel-Crafts
alkylation reactions, though several other protecting groups work as well (Figure 2.4). The
Brensted acid, 1,1,1,3,3,3-hexafluoroisopropanol (HFIP), was used as the solvent in place
of a catalytic Lewis acid. The fate of the bromide upon departure with HFIP is not known,

however, it is believed that the formation of HBr is possible (Scheme 2.4).
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Figure 2.4. Friedel-Crafts reaction with a protected aniline.
. I_f'il,i-Boc - BoC
e) HN/-’-BOC %
R2 R3 -Br or HBr <
K/} H. = R2 . _
R “Br o J\
R'®R? B:—>H 3 3
F3C)\CF3 L R R? R! Rf

Scheme 2.4. Proposed mechanism, with the possibility of forming HBr assisted by HFIP.

2.1.2 Other C(sp?)~C(sp’) bond forming reactions

Cross-coupling reactions involving transition metals to form C(sp?)-C(sp?) bonds
is a vastly studied and rapidly growing field; however, cross-coupling reactions to form
C(sp?)—C(sp”) bonds are much less developed, often due to facile B-hydride eliminations
(Figure 2.5). As such, the synthesis of C(sp?)~C(sp*) bonds through cross-coupling
reactions is uncommon. One recent example from 2011 by Glorius and coworkers’ achieve
this via a nickel-catalyzed Kumada-Corriu-Tamao-type cross-coupling reaction. Along
with a nucleophilic heterocyclic carbene (NHC) ligand, ~-BuMgCl is coupled to an aryl

bromide, effectively substituting a fert-butyl group in place of the bromide (Figure 2.6).
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This method allows for the formation of C(sp?)~C(sp’) bonds under mild conditions;
however, Grignard reagents are often incompatible with many functional groups, limiting

the scope to relatively unfunctionalized coupling partners.

R p-H elimination
MY ——— R+ [M-H
H

Figure 2.5. B-Hydride elimination when a transition metal is on an alkyl group.

Ni(acac), (5 mol%), NHC (5 mol%)
t-BuMgCl (1.5 equiv)

Me =\
- Br LiOt-Bu (1.5 equiv) - B _ N@ N OH
R > Rif NHC = NN
% THF, 0 °Cto rt, 3-12 h z cl®
Me Me

26 examples

select examples MeO

OO o e ol

R = OMe, 61% R=H, 53% 47% 75% 0% R =0Me, 71%
t-Bu, 80% OMe, 60% Me, 75%
CF3, 58% Cl, 58%
CO,Et, 66% CF3, 80%
Cl, 57%

Figure 2.6. Nickel-catalyzed Kumada-Corriu-Tamao-type reaction for fert-butylation.

Complementing Friedel-Crafts reactions, which involves electron-rich aromatic
nucleophiles, is the Minisci reaction, which involves electron-deficient aromatic
electrophiles. One recent example developed in 2019 by Overman and coworkers® involves
cesium- or lithium-oxolate salts as alkylating reagents (Figure 2.7). With an iridium(III)
photocatalyst, the oxalate decomposes into two equivalents of COzg) and a tertiary carbon-
centered radical, which reacts with electron-poor heteroarenes. Chain propagation is
maintained by stoichiometric amounts of ammonium persulfate. The Minisci reaction and
the Friedel-Crafts alkylation reaction together cover all types of aromatic alkylation, from

electron-rich to electron-poor arenes.
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select examples Me
Me [o)
~N
A P Me H,N | =
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68% (X = Li) R =H, <99% (X = Li) 93% (X = Cs) R =Ph, 55% (X =Cs)
F,78% (X =Cs) Cl, 38% (X = Cs)

OMe, 51% (X = Cs)

Figure 2.7. A Minisci reaction alkylates electron-deficient aromatic rings.

2.1.3 Tertiary alcohols in Friedel-Crafts alkylation reactions

Alkyl halides may pose a serious environmental and toxic hazard,” especially at an
industrial scale, thus safer alternatives are desired. Although comparably less reactive,
alkyl alcohols have been developed as alkyl halide substitutes. Methods to increase
reactivity, or “activate” alcohols, involve increasing the labile nature of the OH group. This
involves functional groups such as benzylic alcohols, propargylic alcohols, and allylic
alcohols. Converting the alcohol to a better leaving group by acetylation or sulfonylation
is also possible.

A relatively recent example from 2006 is demonstrated by Rueping and
coworkers.!® Along with a variety of primary and secondary benzylic alcohols reacting
intermolecularly, two examples of tertiary benzylic alcohols were reported to react

intramolecularly to form fluorene products using a bismuth Lewis acid catalyst (Figure
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2.8). Although limited in substrate scope, this method highlighted the milder conditions as
opposed to the traditionally harsh conditions, such as in using super-stoichiometric sulfuric
acid in acetic acid solvent at high temperatures.'!

R R R
Bi(OTf)s (1 mol%)

R OH
O mwe - O
OMe OMe

R =Me, 79%
Ph, 95%

Figure 2.8. Tertiary benzylic alcohols undergoing intramolecular alkylation to form fluorenes.

Another  bismuth-catalyzed intramolecular cyclization to form
tetrahydronaphthalenes and bicyclic heterocycles was established in 2013 by Bunce and
coworkers'? (Figure 2.9). This method showcased the use of both activated (benzylic) and
non-activated tertiary alcohols in accomplishing cyclization in good to excellent yields.
This opened the opportunity to broaden the substrate scope to non-activated tertiary

alcohols from the typical scope of activated alcohols.

R?R3

OH
R3 Bi(OTf); (15 mol%)
R D R? > rif N
- X/Y CHClj, reflux, 0.25-0.5 h L X/Y

19 examples

select examples

Me Me Ph Ph Me  ,—CO,Me Me_Me Me Me
OO OO @6 O GO
NT
x~ R °
R=H, 96% 76% 90% X=0,95% R=H, 92%
OMe, 92% S, 88% OMe, 78%
CF;, 81% NTs, 78%

Figure 2.9. Intramolecular cyclization of activated and unactivated tertiary alcohols.
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In 2010, Niggemann and coworkers optimized a calcium-catalyzed intermolecular
alkylation of activated tertiary alcohols'? (Figure 2.10). In the presence of a phase-transfer
catalyst (BusNPFs), alkylation of nucleophilic arenes proceeded relatively quickly under
mild conditions. Calcium is an alkaline earth metal that shows growing potential as a

catalyst, as it is nontoxic, sustainable, relatively low costing, and readily available.!'*

Ca(NTf); (5 mol%) R2
N R3 R4 BuyNPFg (5 mol%) 3
R1—: + K > R R
% R SOH  DCM, rt, 1-4 h R R*
9 examples Z
select examples Me
MeO ve Me MeO vie Me Me e Me HO Me
MeO ‘
Ph
\\ \\ from
Ph Ph
MeO MeO Me Me
MeO
90% 87% 86% 86%

Figure 2.10. Calcium-catalyzed alkylation of electron-rich arenes via activated tertiary alcohols.

A Lewis-acid catalyzed Friedel-Crafts alkylation/lactonization method was
developed by Zhou and coworkers'> to form benzofuranones (Figure 2.11). Here, a tertiary
benzylic alcohol is reacted with a substituted phenol in which, based on NMR studies, a
Friedel-Crafts alkylation occurs first and followed by lactonization. Although there is
strong support for this mechanistic pathway, it was also observed by NMR that a minor
portion of the reaction mixture may lactonize first. The vastly varying reaction times could
be reasoned based on the electronic effects of the aromatic ring on the tertiary alcohol.
Strong electron-donating groups, such as oxygen, proceeded faster compared to alkyl
groups. Electron-withdrawing groups were still tolerated; however, noticeably longer

reaction times were required and in some instances, resulted in lower yields.
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R
R=tBu,85% (28h) R=Me, 61% (45h) R =Me, 94% (2 h) R = OMe, 61% (0.25 h)
Br, 60% (72 h) OH, 97% (5 h) OMe, 88% (4 h) F, 69% (21 h)
OH, 86% (3 h) F, 76% (9 h) | _

Figure 2.11. Tandem Friedel—Crafts alkylation/lactonization to form benzofuranones.

Tertiary allylic alcohols partaking in Friedel-Crafts alkylations can undergo an
allylic shift side reaction, possibly due to steric hindrance of the nucleophilic attack. An
example of this type of reaction was pursued in 2015 by Hall and coworkers!'® with a
distinctly designed boronic acid (Figure 2.12). A proposed rationale for the boronic acid
design having an ortho-hydrogen present instead of fluorine is to promote hydrogen
bonding upon complexation to alcohol (Figure 2.13). A fluorine present may suffer from
repulsive interactions when the tertiary alcohol binds the boron, thereby disfavoring the

interaction between the two compounds.
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ArB(OH), (10-20 mol%) B(OH), B(OH),

R’ Ar-H (5 equiv), HFIP/MeNO, R’ F Fa N
A(OH > Ar\)\(Re' ArB(OH), = or |®
R2 R rtor 50 °C, 1-24 h ) F F F N/CI@
23 examples R F H

select examples

R = Cy, 90% R=H, 57% R = Cy, 99% (3:2 plo) 88%
Ph, 84% Br, 96% Me, 85% (3:1 plo)
Cl, 81%

Figure 2.12. Tertiary allylic alcohols in Friedel-Crafts alkylation resulting in allylic shift

products.
R R
R : R
B(OH), H,0 fR B(OH), H,0 \fR
R._oH F H HO-B“~ i{r__on F F HO-B" .~
X + = F H ! X + ~ F ‘F
R R F F : RR F F
F F F i F F F
F ; F

Figure 2.13. Possible hydrogen bonding versus electron repulsion when alcohol binds to boronic

acid.

The use of inexpensive and readily accessible iron is often regarded as favorable

compared to other transition metals that are rare and expensive. An example of an iron-
catalyzed Friedel-Crafts alkylation of (hetero)arenes was demonstrated in 2018 by
Schneider and coworkers!” with tertiary oxime alcohols/ethers (Figure 2.14). As
mentioned previously, unprotected aniline-type arenes usually encounter compatibility
issues since the nitrogen can strongly bind and sequester the Lewis acid; however, in this
case, indole-derivatives and other (hetero)arenes are alkylated without protecting groups.

Oxime ethers were chosen to mitigate possible side reactivity of the nucleophile attacking
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the otherwise aldehyde or ketone. Oxime ethers may also contribute to carbocation

stabilization by resonance (Scheme 2.5).

R O‘N FeCl; (5 mol%) R1O‘N
||  on (Het)Ar-H (1.2 equiv) - Il (Het)Ar
AT DCM, 40 °C, 1-24 h Ar
R? R3 17 examples R? R3

select examples

H H Me
mMeo. N HO N MeO HO
N S N A N OTN
| | | —
Sia s :

) =% )

R=H, 92% 87% 83%
Cl, 99%
CF3, 93%

Figure 2.14. Unprotected indoles and other arenes partaking in iron-catalyzed Friedel-Crafts

alkylation.
. C)
|l oH INﬂ (Het)Ar-H Il (Het)Ar
Ar ¥ Q@/Ar Ar Ar
R R R R R R R R

Scheme 2.5. Possible resonance-stabilization of benzylic tertiary carbocation.

Another example of iron-catalyzed Friedel-Crafts alkylation was studied in 2019
by Cook, Baik and coworkers!® to form indolines (Figure 2.15). Unactivated tertiary
alcohols were the main focus of this study. Along with some unactivated secondary
alcohols as part of the study, intramolecular alkylation was remarkably achieved with
stereoinversion of the carbon center, as opposed to typical racemization of tertiary

carbocations. The group proposes that, upon carbocation formation, the iron hydroxide
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complex blocks the face it departs from (Scheme 2.6). Rapid attack into the carbocation
from the opposing face of the iron hydroxide complex achieves stereoinversion through an

Sx1 pathway.

, FeCl; (25 mol%) R
R\@(YOH AgSbFg (0.75 equiv) \©j>/Me
RZM g "R
NHTs . 3 AMS, PhMe, —40 °C, 20 h ¥
9 examples s

select examples

) Me mMe Me, Pr
T, K ‘e, I-
N, n-Hex N /\©\ N -
Ts R Ts

Ts
R =H, 62%, 79% ee R = OMe, 72%, 90% ee 51%, 47% ee
OMe, 63%, 80% ee OH, 60%, 70% ee
CF3, 37%, 50% ee OTIPS, 46%, 76% ee

Figure 2.15. Intramolecular alkylation of unactivated tertiary alcohol resulted in stereoinverted

products.
R OH
R Me H H
AgSbFy Mel Ve.6.© o Me
FeCl, /— 7~ "Fe(SbFg); =—= g Fe(SbFg); —> N R
-3AgClI R ~A stereoinversion Ts
NHTs NHTs

Scheme 2.6. Proposed mechanism. Potential carbocation intermediate retaining stereochemistry.

Heterocyclic quaternary carbon-containing molecules are particularly attractive in
the design of biologically relevant molecules.'” The use of heterocycles bearing tertiary
alcohols as alkylating agents to form new C(sp?)—C(sp’) bonds under mild conditions posed
a challenge for the field. Bull and coworkers® successfully demonstrated a Friedel-Crafts
alkylation with a heterocyclic tertiary benzylic alcohol (Figure 2.16). Five- or six-
membered oxygen- or nitrogen-containing heterocycles were utilized in this study with

several different Lewis acids. In some cases, the additive BusNPFs was necessary. When
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protected with CBz, nitrogen-containing heterocycles are accommodated. Only two
nucleophiles were employed, possibly to avoid or minimize site selectivity issues. Overall,
these relatively mild conditions afforded moderate to excellent yields for coupling

heterocycles to electron-rich arenes.

[cat] (5 or 11 mol%)
X n-BuyNPFg (0 or 5-5.5 mol%)
)1’ ) Ar-OR (3-5 equiv) [cat] = Li(NTf); (11 mol%)

Ca(NTf,), (5 mol%)

OH DCM,40°C,2h FeCl; (5 mol%), no RyNPFg
R! 29 examples R?
select examples Cbz
OQ(D:QH R” “ “ “OMe J“ ‘\O OMe
R = H, 45% (Li) R =H, 81% (Li) R =H, 72% (Fe) R =H, 64% (Fe, 24 h)
OMe 40% (Li) CI 87% (Fe) OMe 64% (Fe) OMe 40% (Ca)
Cl, 59% (Fe) Cl, 58% (Fe) Cl, 51% (Fe, 50 °C)

Figure 2.16. Heterocyclic tertiary benzylic alcohols partaking in a Friedel-Crafts alkylation
reaction.

Another example of heterocyclic tertiary alcohols participating in Friedel-Crafts
alkylation was developed in 2020 by Shankaraiah and coworkers?' with 3-hydroxy
oxindoles (Figure 2.17). Catalyzed by BF3*Et:O as a Lewis acid, tertiary,
benzylic/propargylic alcohols were coupled to electron-rich arenes to form 3-aryl-3-
alkynyl oxindoles via microwave irradiation. N-Alkylated oxindole derivatives operated
well under the reaction conditions. In the case of aniline-derived nucleophiles, the
toluenesulfonyl (Ts) group was utilized was necessary. Electron-withdrawing groups on

the nucleophile’s aromatic system typically halted reactivity.
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Figure 2.17. Coupling of hydroxy-oxindoles to electron-rich arenes under microwave conditions.

In 2022, May and coworkers?? coupled an aryl boronic acid to a tertiary propargylic
alcohol using catalytic GaCls (Figure 2.18). Although electron-rich aryl boronic acids
worked well as nucleophiles, electron-poor aryl boronic acids afforded non-synthetically
useful yields. At low temperatures, formation of all-carbon quaternary center product was
favored over elimination product 2.2 (Figure 2.19), although both products were observed
to a certain degree. DCE proved to be a superior solvent than DCM, which gave solely
elimination product even at low temperatures. At higher temperatures (50 °C), only
elimination product was observed with DCE. This method is a good alternative to using
expensive transition-metal-catalyzed cross-coupling reactions to form C(sp?)-C(sp?)

bonds.
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Figure 2.18. Transition-metal free coupling of aryl boronic acids to tertiary propargylic alcohols.
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Figure 2.19. Elimination side reactivity observed and favored under certain conditions.

tert-Butylation reactions are commonly performed with isobutylene in the presence
of a strong acid, such as in the synthesis of 2,6-di-tert-butyl-4-methylphenol (butylated
hydroxytoluene, or BHT).?®> Sartori and coworkers®* demonstrated a Friedel-Crafts
alkylation utilizing a solution of isobutylene in chloroform. They developed a set of
conditions to control para- versus ortho-alkylation (Figure 2.20). When using phenol,
exclusively para-alkylation occurred in 78% yield, whereas potassium phenolate afforded
predominantly ortho-alkylation. Other examples of exclusive para-alkylation occurred

with two other alkenes as well.
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Figure 2.20. Conditions for exclusive para- or ortho-alkylation.

Di-tert-butylperoxide (DTBP) as a direct fert-butylating agent has not been studied
in the Friedel-Crafts reaction, possibly due to the same challenges that unactivated tertiary
alcohols face. A patent from 2011 disclosing the invention by Warren® utilized DTBP to
react with copper complex 2.3 in forming fert-butoxy-copper complex 2.4 (Figure 2.21),
and observed the formation of two equivalents of tert-butanol as the byproduct. Among
many possible reasons, formation of alkoxy-copper complex 2.4 with DTBP may imply
the reduction of the peroxide to its alcohol component, which engages the copper complex,

though this was not specified in the invention.

Q :Cu + t-BuO-0t-Bu —[2 t-BuOH]—» Q :Cu—Ot-Bu
F;C N Fs;C N
-y -y
L J2 L 2
23 24

Figure 2.21. Example of utilizing DTBP to tert-butoxylate a copper complex in a patent.
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2.2 Alkylations with DTBP

Herein, we demonstrate a method for Friedel—Crafts tert-alkylation of electron-rich
arenes using both DTBP and unactivated tert-alkanols via dual Brensted/Lewis acid
catalysis. Their respective mechanisms were also examined. In our investigations of the
reactivity of aromatic C—H bonds under Fenton-inspired conditions, it was observed that
the treatment of 3-tert-butylphenol (2.5) and other phenolic substrates with equimolar
DTBP (2.6), trifluoroacetic acid, and catalytic FeCls led to site-selective C—C bond
formations (Table 2.1). This dual Brensted/Lewis acid catalysis exerts considerably
enhanced reactivity compared to a related iron-mediated system where the arene reagent
was employed as the solvent.?

We find that substituted phenolic and anisolic substrates generally alkylate to yield
one major isomeric product. Reactions with phenolic substrates were performed along with
L. Géttemann. Exposing 4-tert-butylphenol to DTBP (2.6) in the presence of iron(III) and
HCI catalysts yields 73% of 2,4-di-tert-butylphenol (2.7). 4-Chloro- and 4-fluorophenols
require stoichiometric iron salts to proceed and were transformed into their alkylated
counterparts 2.8 and 2.9 in 41% and 64% yields, respectively. Under these reaction
conditions, overoxidation to benzoquinone-type side-products accounts for some of the
mass balance. meta-Substituted phenols were alkylated exclusively at the less hindered
position(s) ortho to the phenolic group. Both 3-ethyl and 3-zer#-butylphenol were converted
to tert-butylated 2.10 and 2.11 in 58% and 92% yields, respectively, the latter of which was

confirmed by X-ray crystallography by V. Carta.
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Table 2.1. Scope of tert-butylation of phenolic, aryl ether, and thiophene derivatives.

Me  Me D XR?
XR?2 FeCl; (10 mol%) 10
X + ,0_ _Me > RU o
RS Me” O L2
= M e Brensted acid (75 mol%) Me Me
DCE, 50°C,2h Me
2.6
Bronsted acid = TFAP
t-Bu t-Bu t-Bu
Et OH
OH OH OH \@:
t-Bu
t-Bu Cl F
2.7,73% 2.8, 41% 2.9, 64% 2.10, 58%
20 mol% FeCl3 1 equiv FeCl3, 48 h 1 equiv FeCls, 48 h
t-Bu OH Ph OH cl OH MeO. 3_2_1_OH
T L X 191
t-Bu t-Bu t-Bu t-Bu 4 t-Bu
2.11,92% 212, 73% 213, 39% 2.14,90%
2 t-Bu Bn F
FQI-OH OH OH OH
4 6
t-Bu 5 t-Bu t-Bu t-Bu t-Bu
2.15, 13%° 2.7,22% 2.16, 44% 2.17, 26%
20 mol% FeClj 20 mol% FeClj 20 mol% FeCl;
Brensted acid = HCI® OH

Br.

J

R
oM
e (o) OMe Me
OMe
t-Bu
t-Bu -Bu t-Bu
t-Bu
2.18, 73% 219, 48% 2.20, R = Me, 83% 2.22, 45%
2.21, R=Et, 88%
Br 0o\ ’ ’
OMe o t-Bu\(:[OMe t-Bu\©:0Et
J: j /[ j -B -B
t-Bu t-Bu t-Bu t-Bu
2.23, 53% 2.24, 50% 2.25, 73% 2.26, 68%
t-Bu S
OMe OMe S,
t-Bu t-Bu t-Bu CeHis _Bu
2.27, 75% 2.28, 54% 2.29, 82% 2.30, 76%

@ 2-tert-Butyl-5-fluorophenol isolated in 5% yield. ® Combined efforts with L. Gottemann. ©
Work done by M. Chojnacka and R. Crowley III.

3-Phenylphenol was transformed into the corresponding alkylated product (2.12)

in 73% yield. The phenolic derivative bearing a meta-chloro substituent undergoes fert-
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alkylation to yield phenolic 2.13 in a modest 39% yield. Contrary to products 2.7-2.13 that
were monoalkylated at the less hindered ortho site, 3-methoxy- and 3-fluorophenol were
tert-butylated at both the 4- and 6-positions to furnish tetrasubstituted phenols 2.14 and
2.15, in 90% and 13% yields, respectively, with 1 equivalent of DTBP (2.6). ortho-
Substituted phenolic substrates were considerably less reactive but were selectively fert-
butylated para to the hydroxy group to yield 2.7, 2.16, and 2.17 in 22-44% yields using
higher iron loadings and extended reaction times.

Aryl ether and thiophene derivatives were better behaved in the dual iron(II1)/HCI
catalyzed tert-butylation reaction (Table 2.1, reactions performed by M. Chojnacka and R.
Crowley III). Anisole was converted to 4-tert-butylanisole (2.18) in 73% yield. 2,4-
Dialkylation occurred with bromopropyl phenyl ether to afford trisubstituted arene 2.29 in
48% yield, with no monoalkylation product observed. ortho-Substituted anisole precursors
were site-selectively functionalized para to the methoxy group. Unlike the 2-alkylphenolic
derivatives, which were poorly reactive, 2-methyl- and 2-ethylanisoles undergo fert-
butylation to give 2.20 and 2.21 in 83% and 88% yields, respectively. Anisole derivatives
with an aliphatic alcohol or bromo group at the 2-position were transformed to their
corresponding fert-butylated products in moderate yields (45% for 2.22 and 53% for 2.23).
New C(sp?)—-C(sp*) bond formation occurred with benzodioxole, albeit less effectively than
with anisole, producing 2.24 in 50% yield. 3-Substituted aryl ethers were functionalized
selectively to products 2.25 and 2.26 with alkylation at the ortho positions in 68—73%
yields. Selective mono-tert-butylation proceeds with 4-fert-butylanisole to deliver 2,4-di-

tert-butylanisole (2.27) in 75% yield.
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An anisole derivative bearing a pendant ester group was accommodated and 54%
of the alkylated product (2.28) was formed. In addition to anisole derivatives, thiophene
derivatives also react effectively. Treating 3-hexylthiophene with DTBP (2.6) under
iron(III)/HCI catalysis favors di-tert-butylation at both the 2- and 5-positions (2.29, 82%),
whereas the analogous reaction with benzothiophene leads to selective tert-butylation at
the 3-position in 73% yield (2.30). In contrast, the phosphoric acid-mediated direct
alkylation of thiophene derivatives with tert-butanol requires 200 °C to achieve modest
yields.?” Hojo and coworkers® were able to achieve similar yields of tert-butylated
benzothiophene 2.30 with -BuBr, albeit with superstoichiometric amounts of -BuBr (6

equiv)/other additives in CCly at 78 °C.

2.2.1 DTBP mechanistic and kinetic studies

The dual Brensted/Lewis acid catalyzed cross-coupling between electron-rich
arenes and DTBP (2.6) represents an underexplored site-selective Friedel-Crafts alkylation
process. However, the modest reactivity experienced by several substrates and the reliance
on DTBP (2.6) limit synthetic practicality. We speculate side reaction pathways arising
from radical species compromise reactivity and product yields. In a proposed pathway,
analogous to that with hydrogen peroxide (Scheme 2.7a), DTBP (2.6) can react with
iron(III) to form iron(IIl) fert-butylperoxide (2.31) and fert-butyl cation (2.32), the latter
of which can participate in the desired electrophilic alkylation. Homolysis with the former
would lead to iron(Il) and tert-butylperoxyl radical (2.33), which could abstract a hydrogen

atom from the solvent or substrate to give fert-butyl hydroperoxide (2.34), which also
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promotes this reaction, albeit less effectively than DTBP (2.6). Alternatively, iron(II)
produced in this manner, or through reduction of iron(Ill) by phenol and anisole
derivatives,>*3! can reduce DTBP (2.6) in a Fenton-like fashion to generate iron(I1I) (2.35)
and tert-butoxyl radical (2.36, Scheme 2.7b). Subsequent hydrogen atom abstraction by
the oxygen-centered radical may initiate undesirable side reactions while producing tert-
butanol (2.37), a potential precursor to the desired Friedel-Crafts reaction. We find
catalysis with FeCl, proceeds similarly to FeCls, which is consistent with a Fenton
initiation process.

(a) Me Me

H* Fel _o_ _Me Me ®_ Me
Me O\OXMe + Fell —/— ~o + \(
Me Me Me Me Me
2.6 2.31 2.32
single
electron
transfer
H,_.. O _Me hydrogen atom _O_ _Me
he) - yares °0 + Fel
Me Me abstraction Me Me
2.34 2.33
(b) Me Me
H* L0 _Me ‘o _Me
Ve~ O me * Fel —— Fe'"M><Me ’ MXM
M Me € e e
2.6 2.35 2.36
N XR?
R1—: arene HO Me hydrogen atom
'\;' PR X <
Ve Me Me Me abstraction
Me

2.37

Scheme 2.7. Proposed pathways for the decomposition of DTBP (2.6). (a) Fe(Ill) initiated
pathway. (b) Fe(Il) initiated pathway.

Along with L. Goéttemann, a kinetic analysis was undertaken to derive insight into
optimizing the C(sp?)—C(sp®) cross-coupling reaction. (Figure 2.22). 3-tert-Butylphenol

(2.5) was selected as the model substrate to react with DTBP (2.6) because no side products
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formed over the course of the reaction, thus simplifying the data analysis and interpretation.
Initial rates for fert-butylation were then measured (Figures 2.23-2.26) by varying the

concentrations of phenolic 2.5, DTBP (2.6), TFA, and FeCl; catalyst (Table 2.2).

t-Bu OH
t-Bu OH e o )M:Me FeCl; (10 mol%)
+ € —_— M
we [ ©7 Me  TEA (75 mol%) M:
Me DCE, 50 °C Me

25 2.6 21

Figure 2.22. Conditions for kinetic analysis. Combined efforts with L. Gottemann.
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Figure 2.25. Initial rates when varying [FeCls].
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Figure 2.26. Initial rates when varying [TFA].
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¥ =0.00004615x + 0.00150268
R*=0.9119192
Trial 4

Table 2.2. Kinetic data for arene alkylation with di-fert-butylperoxide.

initial rate?

Entry  [2.5]/M [2.6]/ M [FeCls]/M  [TFA]/M Mo
1 6.2 % 107 1.3 % 107! 1.3 x 102 94x10%2  031gx10*
2 1.25 x 10°! 1.3 x 10°! 1.3 x 10 94 %102  0.85 x10*
3 1.9 x 107! 1.3 x 107! 1.3 x 107 94x102  1.13x10*
4 2.5 x 10! 1.3 x 10°! 1.3 x 10 94 %102  1.5,x10*
5 1.25 x 107! 6.5 x 107 1.3 x 107 94x10%2  1.1sx10*
6 1.25 x 10°! 1.9 x 10°! 1.3 x 10 94 %102  0.66; x 10
7 1.25 % 10! 2.6 x 10°! 1.3 x 1072 9.4x10%  0.495x 10
8 1.25 x 10°! 1.3 x 10°! 6.2 x 1073 9.4 %102  0.25x10*
9 1.25 % 10°! 1.3 x 107! 9.4 x 107 9.4x10%  0.617x10*
10 1.25 x 10°! 1.3 x 10°! 1.3 x 10 47x10%  0.50, x 10®
11 1.25 % 10°! 1.3 x 10°! 1.3 x 1072 13107 0.49s x 10
12 1.25 x 10°! 1.3 x 10°! 1.3 x 10 1.9x 107 0.50, x 10®

@ Average value from 3 independent experiments. ® Average value from 4 independent

experiments. ¢ Average value from 2 independent experiments.

A first-order rate dependence on the concentration of phenolic 2.5 was observed
(Figure 2.27a). The kinetics experiments revealed a half-order dependence with respect to
the concentration of DTBP (2.6) (Figure 2.27b), suggestive of 2.6 dissociating into two
active fragments and consistent with the mechanistic hypotheses presented in Scheme 2.1.

Little change in initial rates was observed with varying TFA concentrations, which was
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interpreted as zero-order rate dependence (Figure 2.27¢). TFA may play a role in forming
the active catalyst, potentially as a ligand. With respect to FeCls, a relatively uncommon

second order dependence of rate was observed (Figure 2.27d).*
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»
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. R? = 0.3905 R*=0.9706
0 0.5 1 15 2

[phenolic 2.5]/ 10" M [DTBP 2.6]%5/ M%5
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Figure 2.27. Plots of initial rates with respect to:

(a) [3-tert-butylphenol (2.5)] indicating approximate first-order dependence, [DTBP (2.6)] = 0.13
M, [FeCls] = 0.013 M, [TFA] = 0.094 M; (b) [DTBP (2.6)]*? indicating half order dependence,
[2.5]=0.12 M, [FeCl3] = 0.013 M, [TFA] = 0.094 M; (c) [TFA] suggestive of zero-order
dependence, [2.5] = 0.12 M, [DTBP (2.6)] = 0.13 M, [FeCls] = 0.013 M; (d) [FeCls]? indicating
second-order dependence, [2.5] = 0.12 M, [DTBP (2.6)] =0.13 M, [TFA] = 0.094 M. Each data
point was measured in triplicate.

Additional evidence for the catalyst order was sought by treating the reaction
profile data to graphical analysis using the normalized time scale method.** Rather than
converting the raw data to rates, the raw concentration data of the entire data sets (i.e. [2.5])
were plotted against normalized time scales, {[FeCl3]", where ¢ = time and n corresponds
to the catalyst order when all the curves overlay on one another (Figure 2.28). Using the
data sets obtained from varying the catalyst loadings, the curves overlay when n =2, which
support a second order dependence in [FeCls] and is consistent with a tandem iron-
catalyzed process.>*3> Therein, the catalyst plays distinct roles in transforming DTBP (2.6)
into the reactive alkylating agent, potentially fert-butanol (2.37), and further activates it for

merger with the arene coupling partner. The latter activation of ters-butanol for arene
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alkylation is potentially the turnover-limiting step and would be consistent with the rate

law, k[phenol]'[DTBP]**[FeCl;]*[TFA]".
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(@) e L (b) % . (€)% m, (A)*
= 012 } s . S e . =012 M Tve,, = 012 [ u%e., = 012 - e
- . - N - N - N
0 0.115 s, 00115 | 00.115 | 00115 |
o L, o o Ay
L o1 L o011 | L o011 | L o011 |
<) o o [}
$o0.105 5 0.105 5 0.105 So.105
&= = = L
2 o1 + 2 o1 2 01 2 01 - -
0 100 200 300 0 1 2 3 4 0 0.2 04 0 0.02 0.04
2
tis tiFeCl,]' t[FeCl,]" t[FeCl,]

Figure 2.28. Plots of the normalized time scale method for determining catalyst order:
blue circle = 6.2 mM FeCls, red triangle = 9.4 mM FeCls, grey square = 13 mM FeCls.

2.3 Alkylations with fert-alkanols

Based on this mechanistic conjecture, DTBP (2.6) could be substituted with fert-
alkanols. While catalytic fert-alkylations using allylic, propargylic, and benzylic alcohols
are well precedented,!®!21315-17.1922 fey examples exist with unactivated tert-alkanols,
especially in the context of site-selectivity.?’*® We envisage that the process involving a
synergistic combination of Fe(IlI) and Brensted acid catalysts would address the synthetic
limitations imposed by using peroxides as coupling reagents, and would provide a simple
approach for directly forging C(sp?)~C(sp®) bonds with quaternary carbon centers.

We targeted the joining of 2-methyl-2-butanol (2.38) and 3-fert-butylphenol (2.5)
to investigate our hypothesis (Table 2.3). The use of 2.5 mol% FeCls and 75 mol% HCl in
DCE solvent afforded 72% yield of target 2.39 (entry 1). Only 10% of the product was
formed in the absence of HCI. In contrast to the reactions with DTBP (2.6), tert-alkylation
does not occur with trifluoroacetic acid as the co-catalyst (entry 2), while 66% NMR yield

was obtained with HBr (entry 3). Using FeCl; instead of FeCls resulted in a significant
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drop in conversion to 15% (entry 4). FeBr; (entry 5) and FeBr; (entry 6) performed
similarly to FeCls (70% yields). The use of Fe(OTf), provided modest reactivity when
combined with HCI (46%, entry 7), and no reactivity without HCI. Increasing or decreasing
the amounts of acid led to inferior 63% and 60% yields, respectively (entries 8 and 9).

Exchanging the solvent for HFIP resulted in only 13% conversion (entry 10). The
reaction proceeded similarly in chlorobenzene solvent (75%, entry 11). When performed
in toluene, moderate levels of product formation were observed (43%, entry 12); the lower
yield is attributed to toluene being reactive, which consumes a significant proportion of the
alcohol. Isopropanol and THF solvents do not promote the desired alkylation (entries 13
and 14).

Considering reagent cost and operation simplicity, we elected to use FeCls, HCI,
and DCE solvent as the optimal conditions to explore the substrate scope. These reactions
can be set up under air. Moisture does not affect reactivity and aqueous HCl can be used as
the source of Brensted acid. The unique reactivity arising from the combination of FeCls
and HCI previously observed in a cation—t polycyclization has been attributed to the

formation of HFeCls.?’
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Table 2.3. Survey of conditions for direct Friedel-Crafts alkylation with phenolic 2.5 and
alcohol 2.38.

t-Bu OH
t-Bu OH HO Et [FeX] (2.5 mol%)
©/ + X > Et
Me Me acid (y mol%)

solvent, 50 °C, 24 h Me Me

2.5 2.38 2.39
1 equiv 1.1 equiv
X acid oy VT o yield X acid® y O o4 yield

ent ent

1 Cl HCl 75 DCE 72(10¢| 8 Cli HCI 50 DCE 63

2 Cl TFA 75 DCE 0 9 Cl; HClI 100 DCE 60
3 C HBr 75 DCE 66 10 Cl; HCI 75 HFIP 13
4 Cl, HClI 75 DCE 15 11 Cl; HClI 75 PhCl 75
5 Brs HClI 75 DCE 70 12 Cls HClI 75 PhMe 43
6 B, HCI 75 DCE 70 13 Cl; HClI 75 IPA 0
7 (OTf), HCl 75 DCE 46(<5¢ |14 Clz HClI 75 THF 0

All reactions performed on 0.2 mmol scale, phenolic 2.5 (1 equiv), alcohol 2.38 (1.1 equiv),
0.25 M, 50 °C, 24 h. ® Concentrated aqueous HCI or HBr. ® Determined by NMR analysis of
the crude reaction mixture using 1,3,5-trimethoxybenzene as the internal standard. ¢ No HCI.

The ability to use tertiary alcohols enables various alkyl groups to be added (Table
2.4). Reactions with phenolic substrates were carried out along with L. Gottemann.
Alkylation of phenol (2.5) occurred selectively at the para position, affording 2.40-2.43 in
71-85% yields (2.41 and 2.43 by K. G. M. Kou). Adamantane is a privileged structure that
has earned the reputation of being a “lipophilic bullet” for enhancing pharmacological
activity®® and various methods have been devised for their derivatization,*® including a
Friedel-Crafts strategy that requires trifluoroacetic acid as the solvent.*’ Here, dual

FeCl3/HCI catalysis allows arylation of 1-adamantanol under mild reaction conditions.
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Table 2.4. Scope of dual Brensted/Lewis acid catalyzed, C(sp?)~C(sp®) coupling between
phenolic and tertiary alcohol derivatives.?

5 limitations
OH HO__~ !

FeCl t. H

OH R2 oH_) | | _oH i

RUE K uci@smorsy | R 20 orRY X :
A R®R* peE sooc.2ah R°1, R"  RroT, 15 Me Me 2.54 Me Me2.55

' ' R R : complex mixture <5% conversion;

H multiple products

OH OH OH OH
OH Me Me
Et
t-Bu Me Me

Q

2.40, 84% 2.41, 85%P 2.42, 74% 2.43, 71%° 2.44,23%
2.5 mol% [Fe] 2 5 mol% [Fe] 5 mol% [Fe] 2.5 mol% [Fe] 5 mol% [Fe]
t-Bu t-Bu t-Bu t-Bu Cl t-Bu Bn t-Bu Et
2.7, 85% 2.46, 58% 2.8, 51% 2.17,62% 2.47,81%
2.5 mol% [Fe] 1 mol% [Fe] 1 equiv [Fe], 2 equiv 2.11a, 48 h 2.5 mol% [Fe] 5 mol% [Fe]
/C[OH 7g© ))@("B“ 7g©/ 7g©/
t-Bu Ph
Me Me Me Me Me Me Me Me
2.48, 44% 2.49,67% 2.39, 83% 2.50, 72% 2.51, 37%P
10 mol% [Fe] 5 mol% [Fe] 5 mol% [Fe] 5 mol% [Fe] 2.5 mol% [Fe]
HO OH P Me
:HO t-Bu OH 0} t-Bu:
Et H =4 _>Me '
H + Me Me '
Me Me Me Me :
2.52,62% 2.53,53% : 2.5 2.56 2.57, 48% :
5 mol% [Fe] 2.5 mol% [Fe] : 2.5 mol% [Fe] '

@ Combined efforts with L. Gottemann. ® Reaction carried out by K. G. M. Kou.

Surprisingly, 1-methylcyclopentanol (2.44) turned out to be a poor alkylating agent
that only gave 23% yield of para-methylcyclopentyl phenol (2.45) even with a higher
catalyst loading. Analysis of the reaction mixture revealed the major side product to be
cyclopentene. Presumably, the dehydration pathway was facile, and the reverse hydration
step was unfavorable under the reaction conditions. Using tert-butanol (2.37), alkylation
of 4-tert-butyl-phenol furnishes di-fert-butylphenol (2.7) in 85% yield, while 4-

ethylphenol was alkylated to yield 2.46 in 58% yield at 1 mol% FeCl; loading. 4-
g
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Chlorophenol required 1 equivalent of FeCls to achieve 51% yield of 2.8. 2-Benzyl-, 2-
ethyl-, and 2-phenyl-phenol were alkylated in moderate-to-good yields (44-81%) to give
2.16, 2.47, and 2.12, respectively. Some substrates require higher catalyst loadings (e.g.,
2-ethylphenol and 2-phenyl-phenol) to achieve high reactivity but absent of a trend. Minor
amounts of dialkylation side products were isolated and characterized.

tert-Alkylation of meta-substituted phenols was examined using 2-methyl-2-
propanol (2.38). At 5 mol% catalyst loading, 3-ethyl-, 3-fert-butyl-, and 3-phenylphenol
were converted to disubstituted phenols 2.49, 2.39, 2.50 in 67-83% yields. 3-
Methoxyphenol was converted by K. G. M. Kou to 2.51 in 37% yield and alkylated
resorcinol 2.52 was synthesized in 62% yield. Unlike other meta-substituted phenols, 3-
fluorophenol was tert-alkylated para to the hydroxy group in 53% yield (2.53). When
reacted with phenol, tertiary benzylic (2.54) and propargylic (2.55) alcohols, normally
successful in Friedel-Crafts alkylations, converted to multiple products that could not be
purified to homogeneity. With dimethylvinylcarbinol (2.56), C-alkylation followed by
cyclization was observed with 3-tert-butylphenol to produce chromane 2.57 in 48% yield.

The desired tert-alkylation reactions were not restricted to phenolic compounds,
but also to anisolic and electron-neutral arenes, in which cases the combination of FeBr3
and HBr catalysts were found to be the optimal catalysts (Table 2.5). Using 2-
methylanisole (2.58) for optimization studies, it was discovered by M. Chojnacka that the
optimal condition involved FeBr; and HBr in DCE solvent, which afforded the product
(2.59) in 68% NMR yield (entry 1). While the use of FeClsz was optimal with phenolic

substrates, it decreased the conversion to 47% (entry 2), and FeBr; proved even less
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effective (31%, entry 3). Adding more HBr co-catalyst reduced product formation to 44%
(entry 4). The reaction still proceeded to 66% conversion when the acid additive was absent
(entry 5). Chlorobenzene was the only other effective solvent (63%, entries 6—9). Finally,
the reaction was run with only the Brensted (entry 10) or AICI; (entry 11). Both Friedel—-

Crafts reactions failed, with AICI3 inducing low conversion to a complex mixture.

Table 2.5. Optimization conditions with 2-methylanisole (2.58).

Me

I o OMe
©/0Me . H:Z{\: % ) >(©/
)5 jag  SOWent50°C.24n MeTh
(1 equiv) (1 equiv) 2.59
[Fe] X acid y solvent % yield?
1 FeBr; 30 HBr 15 DCE 68 (33)°
2 FeCl; 30 HCI 15 DCE 47
3 FeBr 30 HBr 15 DCE 31
4 FeBr3 30 HBr 75 DCE 44
5 FeBr3 30 HBr 0 DCE 66
6 FeBr3 30 HBr 15 i-PrOH 0
7 FeBr3 30 HBr 15 HFIP 6
8 FeBr;3 30 HBr 15 CICeHs 63
9 FeBr; 30 HBr 15 PhMe 25
10 — — HBr 100 DCE 0
11 — — AlCI3 100 DCE —*

Conditions: All reactions performed by M. Chojnacka on 0.2 mmol scale, anisolic 2.58 (1
equiv), alcohol 2.38 (1 equiv), 0.2 M, 50 °C, 24 h. * Determined by NMR analysis of the
crude reaction mixture using 1,3,5-trimethoxybenzene as the internal standard. ° 20 °C. ©

Low conversion to a complex mixture of products.
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M. Chojnacka and R. Crowley III next examined the alkylation of aryl ethers and simple
arenes (Table 2.6). 3-tert-Butylanisole was alkylated at the less sterically encumbered
ortho position with respect to the methoxy group (2.25, 75%). Swapping the methyl ether
with an ethyl ether yields product 2.26 in 86%. However, 1,2-benzodioxole (2.24) was fert-
butylated in a modest 34% yield. A primary halide tethered off the ether linkage does not
hinder the reaction and resulted in 94% yield of 2.60. A variety of tertiary alcohols were
tested to alkylate 2-methylanisole (2.58). Most of the alcohols deliver the alkylated
products (2.20, 2.59, 2.61, 2.62) in near quantitative yields (94-99%) with low catalyst
loadings: 1 mol% for fert-butanol (2.37) and tert-amyl alcohol (2.38), and 10 mol% for
methylcyclohexanol (2.63) and adamantanol (2.64). Methylcyclopentanol (2.44) and
cumyl alcohol (2.54), substrates that reacted poorly with phenol (cf. Table 2.4), require 30
mol% iron and yields alkylated 2.65 and 2.66 in 73% and 59%, respectively. Alkylation of
2-ethylanisole with methylcyclohexanol provided 2.67 in 99% yield. 2-Bromoanisole was
considerably less reactive, leading to alkylated 2.23 in 37% yield with a full equivalent of
FeBrs;. While most of the meta-substituted anisole derivatives were alkylated to 2.68 and
2.69 in moderate yields (56—60%) with catalytic FeBr3, 3-iodo-anisole requires a full
equivalent of FeBrs and furnished the product (2.70) in 20% yield. fert-Alkylation of 4-
ethylanisole led to product 2.71 in 90% yield, but 4-tert-butylanisole turned out to be a
more challenging substrate, likely owing to the added steric bulk, forming alkylation
product 2.72 in 52% yield. The reaction accommodates esters, providing product 2.73 in

50% vyield. In contrast to previously studied halogenated arenes, 4-bromoanisole was
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converted to product 2.74 in quantitative yield. Neutral arenes ortho-xylene and tetralin

were alkylated to provide arenes 2.75-2.78 in 35-97% yields.

Table 2.6. Scope of dual Brensted/Lewis acid-catalyzed, C(sp*)—C(sp®) coupling between

arene and tertiary alcohol derivatives.*

R1
1 A
X R R3 OH FeX; (cat.) , |
R23 + _— R N or
2 R4 RS HBr (15 mol%) W R2 W
DCE, 50 °C, 24 h R*R R*R
Br
MeO -Bu  EtO t-Bu ) \/H
T )9 0 °
t-Bu t-Bu t-Bu o /©/
t-Bu
2.25, 75% 2.26, 86% 2.24, 34% 2.60, 94%
30 mol% FeBr; 30 mol% FeBr; 30 mol% FeBr; 10 mol% FeBr;
OMe OMe OMe
OMe
Et Me
B M Me Me 1-ad Me
tBu e Me Me
2.20, 94% 2.59, 96% 2.61, 99% 2.62, 99%
1 mol% FeBrs, 10 mol% HBr 1 mol% FeBrsz, 10 mol% HBr 10 mol% FeBr3 10 mol% FeBr;
OMe OMe
OMe OMe
Me Me
Ph
Me Me Bt t-B B
Me Me e r
2.65,73% 2.66, 59% 2.67, 99% 2.23,37%
30 mol% FeBr; 30 mol% FeBr; 10 mol% FeBr3 30 mol% FeBr;, 75 mol% HCI
H
MeO OMe MeO N\n,CFg MeO | MeoD\
(o)
t-Bu t-Bu t-Bu 1-ad Et
2.68, 60% 2.69, 56% 2.70, 20% 2.71, 90%
30 mol% FeBrj 30 mol% FeCl3, 75 mol% HCI 100 mol% FeBr; 30 mol% FeCl3, 75 mol% HCI
1-ad t-Bu 1-ad 1-ad Br
2.72, 52% 2.73, 50% 2.74, 99%
30 mol% FeBrs, 10 mol% HBr 30 mol% FeBr; 30 mol% FeBr;
M Me M
e e
AX & X L0
Me
t-Bu Me 1-ad Me t-Bu
2.75, 88% 2.76, 35% 2.77,97% 2.78, 51%°

30 mol% FeClj3, 75 mol% HGD mol% FeBrsz, 75 mol% HCI 30 mol% FeBr3, 75 mol% HCI 30 mol% FeBrsz, 75 mol% HCI

8 Work done by M. Chojnacka and R. Crowley I11. ® Isolated as a 2.6 to 1 mixture of

product/starting material. * NMR yield.
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2.3.1 Mechanistic studies through tert-butanol kinetic studies

The kinetic profile of the reaction was examined using the method of initial and
exponential rates and by varying the concentrations of 2.5, 2.37, FeCls catalyst, and conc
aqueous HCI (Table 2.7). 3-tert-Butylphenol (2.5) was chosen because little-to-no side
products form over the course of the reaction, and no decomposition was observed. The

conversions to product 2.11 were monitored by SFC analysis (Figures 2.29-2.32).

Table 2.7. Kinetic data for arene alkylation with zert-butanol.

[2.37]/ [FeCl;]/  [HCI]/ Induction Acceleration

[2.5]/M M ] . |

M Period®/ M-s™ Phase®/ M-s”

1 63x10% 13x10" 1.3x102 94x107? 2.55x 10 1.59 x 107
2 13x10" 1.3x10" 1.3x10% 94 x107? 5.56 % 10 3.04 x 107
3 25x10" 13x10!' 1.3%x10%2 94x102 1.93 x 1076 7.45 x 107
4 13x10" 63%x10%2 1.3x102 94 x107? 9.83 x 10° 2.1p x 107
5 13x10" 1.9%x10' 1.3x10%2 94x 102 420 % 10 2.59 x 1073
6 13x10" 25x10" 1.3x10%2 94x102 1.03 x 1076 1.35x 107
7 13x10" 13x10" 3.1x10° 94x102 2.23x 10 2.16 x 107
8 13x10" 13x10" 63%x10° 9.4x102 1.75 x 1076 1.69 x 107
9 13x10" 13x10"' 94x%x10° 94x102 437 x 10 1.75 x 107
10 1.3x10" 1.3x10" 1.9%x102% 9.4 x 107 3.9;5x 10° 2.85x 107
11 13x10" 13x10" 13x102 47x10% 18.4x10° 3.35x 107
12 13x10" 13x10" 13x102 13x10" 1.9,%x10° 2.0, x 107
13 1.3x10" 1.3x10"' 1.3x10% 1.9x10" 1.95 x 10°° 2.36 x 107

Average value from: * 2 independent experiments. ° 3 independent experiments.
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[product 2.11] with respect to time using 6.3 x
102 M (0.5 equiv) phenolic 2.5 (Table 2.7, entry
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Figure 2.29. Rates of induction period and exponential phase when varying [phenolic 2.5].
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Figure 2.30. Rates of induction period and exponential phase when varying [alcohol 2.37].
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Figure 2.31. Rates of induction period and exponential phase when varying [FeCls].
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Figure 2.32. Rates of induction period and exponential phase when varying [HCI].

While the kinetics for the DTBP (2.6) system were well-behaved, the kinetics data
obtained for the alkylation process with fert-butanol were all complicated by induction
periods. This may be due to the heterogeneous nature of the reaction mixtures; the iron
catalyst does not completely solubilize. The induction periods were characterized by slow
reaction rates and lasted for 20004000 s (~30—60 min). They did not follow a trend and
were unpredictable. Even those induction periods measured within replicate runs differed
2-3 fold in reaction rates. It was observed that the acceleration phases following the
induction periods all displayed constant reaction rates (apparent zero-order dependencies),
regardless of varying arene, alcohol, iron, or HCI concentrations. The reaction rates during
the acceleration periods following the induction periods were invariably constant and do
not appear to be affected by concentrations of FeCls, HCI, phenolic substrate, or tert-
butanol, thereby resembling zero-order behaviors in all cases (Table 2.7).

Several naturally occurring compounds were subjected to fert-alkylation (Figure
2.33). Initially, the compounds tested performed poorly due to low solubility in DCE at 50
°C. However, useful yields resulted by changing the solvent to chlorobenzene and heating

to 100 "C. Thymol and sesamol were adamantylated to produce functionalized 2.79 and
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2.90 in 38% and 65% yields, respectively. The relatively more complex molecule, estrone,

undergoes fert-butylation in 40% yield (2.81) and adamantylation in 19% yield (2.82).

OH 3 FeCl; (5 mol%)
Rz—: RS . RXOH or R® \'
¥ R R5 HCI (75 mol%)

PhCI, 100 °C, 24 h R*R® R*R®
OH /0
i-Pr o
Me OH
from thymol from sesamol from estrone from estrone
2.79, 38% 2.80, 65% 2.81,40% 2.82,19%

Figure 2.33. fert-Alkylation of natural products.

To assess the stability of the tertiary alcohol under the reaction conditions, R.
Crowley III exposed 1-adamantanol (2.64) to dual Brensted/Lewis acid catalysis
conditions (Figure 34a). In the absence of the arene substrate, 1-bromoadamantane (2.83)
was isolated in 28% yield. Subjecting the same reaction to 1 equivalent of FeBrs3 increased
the yield to 87%. To probe whether the reaction proceeds through a closed- or open-shell
pathway, Crowley investigated the capturing of putative radical intermediates using
various Michael acceptors 2.84 (Figure 34b). The potential for a 1-electron reduction of
the newly formed carbon—halogen bond using an iron(II) catalyst was examined. However,
attempts to generate radical species from both 1-adamantanol (2.64) and 1-
bromoadamantane (2.83) were deemed unsuccessful as alkyl addition to the Michael
acceptors was not observed. Initially, methyl acrylate and phenyl acrylate were tested,

however both proved ineffective, as did others that were investigated.
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FeBr3 (x mol%)

(@) OH Br x= 30,28%
HBr (15 mol%) x =100, 91%
DCE, 50 °C, 24 h
2.64 2.83
(b) o
X (o) FeBr; (30 mol%)
+
\)I\OR HBr (15 mol%) ﬁ/\)LOR
DCE, 50 °C
X =O0H, 2.64 2.84
X=Br, 2.83
OH Me
OMe % Me OMe
me Me . @( FeCl, (30 mol%)
| Me HCI (75 mol%) Me
Me” “Me DCE, 50 °C Me Me
2.85 2.58 2.86
FeBr3 (30 mol%) OMe
Me. _OH OMe HBr (15 mol%)
- X :
Me Me Me TEMPO (x equiv) Me
DCE, 50 °C Me Me
2.37 2.58 2.20
x=0.3, 12% conv.
x= 1, 0% conv.
t-BuOH (2.37) (1.1 equiv) t-Bu
OH O FeCl; (10 mol%) o ?’
N > _N
OO HCI (75 mol%)
DCE, 50 °C, 24 h
2.87 2.88, 18% 2.89 not observed

Figure 2.34. (a) Fate of the alcohol. (b) Probing for a radical vs. polar pathway.

If aradical intermediate forms from alkenol 2.85, the resulting tertiary radical could

136

cyclize onto the alkene, but attempts by R. Crowley III to react alkenol 2.85 with 2-
methylanisole (2.58) resulted in a mixture of products with no indication of cyclization to
cyclopentyl 2.86. Addition of substoichiometric (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
(TEMPO) reduced reactivity to 12% conversion and stoichiometric TEMPO halted
reactivity. However, in the absence of other compelling data, this was interpreted as a
competitive interaction between TEMPO and the iron reagent that led to an inactive Fe(II)

species.*! This was supported by the lack of TEMPO-adducts observed, which were



otherwise expected to form from the quenching of arene or tertiary alkyl radical species.
While less common than TEMPO, nitroso compounds exert radical scavenging
properties.*> As such, it was rationalized that 2-nitroso-1-naphthol (2.87) could potentially
differentiate radical and polar pathways. The donating capacity of the phenolic group could
render the nitroso functionality reactive towards polar electrophiles to give oxime ether
2.88. Alternatively, radical intermediates would engage the nitroso group to arrive at
hydroxylamine 2.89. Under the reaction conditions, only oxime ether 2.88 was formed in
18% yield, with the remainder of the mass balance attributed to unreacted starting

materials. Amine 2.89 was not detected in the reaction mixture.

2.3.2 Mechanistic studies through computational studies

Prof. B. E. Haines (Westmont College) employed density functional theory (DFT)
calculations with energies refined at the B2PLYP-D3/def2-TZVPPD level of theory® to
assess the thermodynamics of closed- and open-shell pathways for activation of +-BuOH
(2.37) by FeCls through a polar pathway using eqn (2.1) (AG°/AH® = 15.8/18.2 kcal*mol™
1 or FeCl, through a radical pathway using eqn (2.2) (AG°/AH°® = 42.5/46.7 kcalemol !):

-BuOH + FeCls — -Bu* + [FeCl30H] (2.1)
t-BuOH + FeCl; — #-Bu’ + FeCl.OH (2.2)

The reaction between -BuOH (2.37) and FeCls to form fert-butyl cation (eqn (2.1))
was computed to be lower in free energy by 26.7 kcalsmol ™!, suggesting it was far more
likely to occur. Considering the reaction is run in the presence of a strong Bronsted acid,

Haines also examined how protonation of the alcohol group affects the energetics. First,
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protonation of the alcohol group by HCl is predicted to be significantly thermodynamically
uphill (AG® = 28.8 kcalemol ™). The free energy for subsequent cleavage of the C—O bond
in the presence of FeCl; and FeCl, were computed using eqn (2.3) (AG°/AH® = -5.8/—4.0
kcalemol ™) and eqn (2.4) (AG°/AH° = 40.1/44.1 kcalsmol ™), respectively:
-BuOH," + FeCl3 — #-Bu" + FeCl30H» (2.3)
-BuOH," + FeCl> — #-Bu’ + [FeCL,OH2]" (2.4)

The reaction in eqn (2.3) is lower in free energy than the reaction in eqn (2.4) by
45.9 kcalemol !, suggesting that the effect of protonating the alcohol renders the polar
pathway even more likely. Based on these studies, we propose this reaction proceeds via a
polar Friedel-Crafts type mechanism.

From here, Haines next sought to gain insight into the course of the reaction (Figure
2.35). He first computed the association complexes between FeCls and other components
in the reaction. All attempts to locate a structure for “HFeCls” through coordination of HCI
to the iron center of FeCls led to dissociation of the HCI upon optimization. This indicates
that HFeCly is not a well-defined minimum on the potential energy surface at this level of
theory (in the gas phase). In addition, the formation of the FeClz---Cl-H association
complex is uphill (AG®/AH® = 5.5/—1.8 kcalemol ). Haines found that the most stable 1:1
complex is between ~-BuOH (2.37) and FeCl; (~-BuOH + FeCl; — -BuOH-FeCl3) where
AG°/AH® = —-10.4/-21.7 kcalemol'. Direct ionization from this complex to form the tert-
butyl cation is significantly thermodynamically uphill (AG°/AH° = 26.2/39.9 kcalemol ™),
which is consistent with how FeCls has not been successful in catalyzing transformations

with unactivated zert-alkanols.***® Additionally, the role of HCI in this process is unclear.
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Alternatively, HCI association with --BuOH (2.37) to form a hydrogen bonded complex is
slightly unfavored (-BuOH + HClI — ¢-BuOH---HCIl) where AG°/AH° = 2.0/-5.4
kcalemol™!. However, putting FeCls near the HCI and optimizing the geometry results in
spontaneous protonation of the alcohol to form the +-BuOH"/[FeCls] ion pair. The ion
pair is lower in free energy than the hydrogen bonded complex by 12.8 kcalemol™!,
indicating that FeClz-facilitated protonation of the alcohol is competitive with direct
coordination of FeCls to ~-BuOH (2.37). From the ion pair, ionization to the tert-butyl
cation is only 7.7 kcalemol ! uphill. Thus, the combination of FeCl; and HCI provides a

low energy pathway to the formation of the reactive tert-butyl cation.

- H FeCls0H ™
FeCl, ¢ " 158
+ f‘e"{CI —
H.0 CI'Cl ygga  FeCl T
+ /
= + :
= ,Ei tBuOH
el 20 g
T N | (0]
2| s "H HCI 0.0°
E’:) —\“ \O_-' N
) ‘ A
“ /ll ,‘H:
N
-10.8 -10.4
+ H H\o',-Fecls

FeCl, ;T; /i\

Figure 2.35. Free energy profile computed using DFT calculations for the course of ionization of
t-BuOH (2.37) in the presence of the FeCls/HCI acid pair and FeCls.

The results in Figure 2.35 imply that the FeCl3 Lewis acid additive increases the
Bronsted acidity of HCI despite the lack of a discrete structure for “HFeCls”. This is

reminiscent of the HF/BF; pair that is sometimes referred to as HBF4, for which there is no
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expected discrete structure but can be qualified as a super acid.*’ Haines next sought to
quantify the extent of increased Bronsted acidity imparted by the inclusion of the Lewis
acid additive for several Bronsted acid/Lewis acid (HA/L) pairs. He used the reaction
shown in eqn (2.5), where HA is the Bronsted acid, L represents the Lewis acid additive,
and HA-L represents a complex formed between them:
HA-L+ A~ —->HA+A-L— (2.5)

The HA/L pairs studied were HCI/FeCls, HBr/FeBrs, CF3COOH/ FeCls, as well as
HF/BF; (Table 2.8). It should be noted that for the binary mineral acids studied, the HA—
L is not stable relative to the separated HA and L species and so the energy calculated from

eqn (5) corresponds with the complexation energy between A~ and L.

Table 2.8. Free energy calculated from eqn (2.5) to estimate the increased Brensted acid/Lewis
acid pairs (HA/L) discussed in this study.

HA/L AG® ApKa
eqn (2.5) (kcalemol )

HCI1/FeCls -31.4 23

HB1/FeBr; -28.6 21

CF;COOH/FeCl; —24.7 18

HF/BF3 —47.5 35

The data in Table 2.8 show that the added Lewis acid has a substantial effect on the
acidity of the Bronsted acids. FeCls provides more stabilization to the chloride ion than to
trifluoroacetate (AAG® = —6.7 kcalmol ') and more stabilization than FeBr; provides to

the bromide ion (AAG® = —2.8 kcalemol ™). In addition, the largest increase is achieved for
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the HF/BF3 pair. These results suggest a synergistic effect between the conjugate base and
Lewis acid may be a significant factor for determining the increase in Brensted acidity.

Haines next used eqn (2.6) to gain a better sense for the acidity of the HA/L pairs
relative to HCI/FeCls to assess their overall reactivity:

HA-L + FeCls— — [A-L]~ + HCl + FeCl; (2.6)

For the HBr/FeBr; pair, AG°/AH® = —2.9/-3.2 kcalemol ™!, which is consistent with
our experimental results suggesting this pair to be more reactive. However, this value is
about half as much as one would expect based on the relative pKa values of HCI and HBr
in DCE, (ApK.[DCE], HBr — HCI = 4.5).*8 The other two combinations are predicted to be
less reactive than HCI/FeCls, where the CF3COOH/FeCl; and HF/BF; combinations give
AG°/AH® = 8.4/16.8 and 7.5/7.1 kcalemol !, respectively. The former case is consistent
with experimental results from Table 2.3 (entry 2) showing no product formation with the
CF3COOH/FeCl; pair. The use of HBF4 (2.5 mol%) as the catalyst resulted in only trace
product formation (<5% by '"H NMR analysis). These results suggest that the pairing of a
Lewis acid with a Brensted acid generally increases the Bronsted acidity significantly in
organic media, and that careful choice of the pairing could provide a level of control over

the overall reactivity of the pair.

2.4 Conclusion

We have detailed mild and operationally simple reaction conditions to achieve tert-
alkylations of aromatic systems with di-fert-butylperoxide (2.6) and tert-alkanols in

forming all-carbon quaternary centers through synergistic Bronsted/Lewis acid catalysis.
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These reactions fill a gap in the Friedel—Crafts alkylation literature by enabling the use of
tertiary aliphatic alcohols that lack stabilizing aryl, alkenyl, and alkynyl substituents. We
expect that this approach will prove to be practical in installing quaternary carbon centers
when orchestrated into synthesis plans that take advantage of C—O bonds (e.g., triflyl and
methoxy groups) for cross-coupling applications.*” The use of cost-effective and readily-
available iron, alcohol and arene reagents render this methodology advantageous for all-

carbon quaternary center and C(sp?)—C(sp*) bond synthesis.
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2.6 Experimental

2.6.1 General Information

See section 1.5.1 for general information.

Reaction setup, progress monitoring, and product purification

In general, the catalytic reactions were not air- or moisture-sensitive; however, the

iron salts are hygroscopic and quickly change color when being weighed and added to the
reaction vessel. This influenced how much metal catalyst was being added because their

molecular weights increase on hydration. For consistency and rigor, the iron salts were
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weighed and added to vials inside a nitrogen-filled glovebox. For phenols, mild oxidation
during preparatory plate in open air occurred, which may discolor the final product. Unless
otherwise noted, products purified by preparatory plate were pure by NMR analysis. Solids
and amorphous solids measured for melting point were dried under high vacuum overnight
and not crystallized. Substrates 2.18-2.30, 2.58, and 2.61-2.79 were prepared by M.

Chojnacka or R. C. Crowley III and are not listed in the experimental section.

2.6.2 Dual Bronsted/Lewis acid-Catalyzed Friedel-Crafts tert-Alkylation

General Procedure A: Alkylations with di-fert-butylperoxide (DTBP)

A one-dram vial equipped with a stirring bar was sequentially added FeClsz (0.02—
0.06 mmol, 10-30 mol%), arene derivative (0.2 mmol, 1 equiv), DCE (0.8 mL, 0.25 M),
DTBP (37 uL, 0.2 mmol, 1 equiv), and TFA (11.5 pL, 0.15 mmol, 75 mol%). The reaction
mixture was heated at 50 °C for 2 h, then filtered through a 5 pipette plug of silica gel
(approximately half-filled) and eluted with hexanes/EtOAc (1:1) or hexanes/Et;O (1:1).
The solution was concentrated in vacuo and purified via silica gel chromatography to
obtain the alkylation product.
2,4-Di-tert-butylphenol (2.7)

Me
me 0.200 mmol, 1 equiv), FeCls (6.5 mg, 0.04 mmol, 0.02 equiv), DCE (0.8

Me

/@Cf: Prepared using General Procedure A with 4-fert-butylphenol (34.0 mg,
t-Bu

mL, 0.25 M), DTBP (37 pL, 0.20 mmol, 1 equiv), and TFA (11.5 pL, 0.15 mmol, 0.75
equiv) for 18 h. Purification by preparative TLC (eluted with 19:1 hexanes/EtOAc)

afforded 2.7 (9.1 mg, 22%) as a light-orange solid. '"H NMR (CDCls, 500 MHz): § 7.30 (d,
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J=2.4Hz, 1H), 7.08 (dd, J=8.2,2.4 Hz, 1H), 6.60 (d, /= 8.2 Hz, 1H), 4.63 (s, 1H), 1.42
(s, 9H), 1.29 (s, 9H). HRMS (ESI-): m/z [M—H]" calculated for Ci4H210: 205.1598; found:
205.1608. The spectral data recorded are consistent with those previously reported.*
2-tert-Butyl-4-chlorophenol (2.8)

Me
nMe mmol, 1 equiv), FeCls (32.4 mg, 0.20 mmol, 1 equiv), DCE (0.8 mL, 0.25

OH  Prepared using General Procedure A with 4-chlorophenol (25.7 mg, 0.200
A
M), DTBP (37 uL, 0.20 mmol, 1 equiv), and TFA (11.5 pL, 0.15 mmol, 0.75 equiv) for 48
h. Purified via preparative TLC (eluted with 19:1 hexanes/EtOAc) afforded 2.8 (15.1 mg,
41%) as colorless oil. Rg: 0.23 (19:1 hexanes/EtOAc). 'H NMR (CDCls, 600 MHz): § 7.21
(d, J=3.0 Hz, 1H), 7.02 (dd, J = 8.4, 2.4, 1H), 6.60 (d, J = 8.4 Hz, 1H), 4.77 (br s, 1H),
1.38 (s, 9H). 1*C NMR (CDCls, 101 MHz): § 152.9, 138.2, 127.5, 126.7, 125.58, 117.7,
34.9, 29.5. HRMS (ESI-): m/z [M-H] calculated for CioHi2ClO: 183.0582; found:
183.0590. The spectral data recorded are consistent with those previously reported.’
2-tert-Butyl-4-fluorophenol (2.9)

Me

me mmol, 1 equiv), FeCls (32.4 mg, 0.20 mmol, 1 equiv), DCE (0.8 mL, 0.25
Me

KIO: Prepared using General Procedure A with 4-fluorophenol (22.4 mg, 0.200
F

M), DTBP (37 uL, 0.20 mmol, 1 equiv), and TFA (11.5 pL, 0.15 mmol, 0.75 equiv) for 48
h. Purified via preparative TLC (eluted with 19:1 hexanes/EtOAc) afforded 2.9 (21.5 mg,
64%) as yellow oil. Rg: 0.43 (19.1 hexanes/EtOAc). 'H NMR (CDCls, 600 MHz): § 6.97
(dd, J=10.8, 3.0 Hz, 1H), 6.75 (dt, J = 8.4, 3.0 Hz, 1H), 6.59 (dd, J = 8.4, 3.0 Hz, 1H),
4.68 (brs, 1H), 1.39 (s, 9H). The spectral data recorded are consistent with those previously

reported.’
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2-tert-Butyl-5-ethylphenol (2.10)
Prepared using General Procedure A with 3-ethylphenol (24.8 uL, 0.200

Et OH
\@(me mmol, 1 equiv), FeCls (3.2 mg, 0.020 mmol, 0.1 equiv), DCE (0.8 mL,
e

Me
0.25 M), DTBP (37 pL, 0.20 mmol, 1 equiv), and TFA (11.5 pL, 0.15

mmol, 0.75 equiv). Purification by preparative TLC (eluted with 19:1 hexanes/EtOAc)
afforded 2.10 (20.7 mg, 58%) as a yellow oil. Ry: 0.36 (19:1 hexanes/EtOAc). 'H NMR
(CDCls, 500 MHz): 6 7.12 (d, J= 2.3 Hz, 1H), 6.93 (dd, /= 7.9, 2.2 Hz, 1H), 6.61 (d, J =
7.9 Hz, 1H), 4.69 (br s, 1H), 2.60 (q, /= 7.6 Hz, 3H), 1.44 (s, 9H), 1.24 (t,J= 7.6 Hz, 3H).
3C NMR (CDCl3, 126 MHz): § 152.2, 136.2, 135.9, 126.8, 126.0, 116.5, 34.6, 29.8, 28.4,
16.1. IR (ATR): 3515, 2960, 1651, 1461, 1362, 728 cm '. HRMS (ESI-): m/z [M-H]
calculated for C12H170: 177.1285; found: 177.1293.
2,5-Di-tert-butylphenol (2.11)
I . Prepared using General Procedure A with 3-tert-
o o AL \IF " '{r butylphenol (30.0 mg, 0.200 mmol, 1 equiv), FeCl3
e 4T wmertssznm o
Me =% (X-ray) (3.2 mg, 0.020 mmol, 0.1 equiv), DCE (0.8 mL,
0.25 M), DTBP (37 pL, 0.2 mmol, 1 equiv), and TFA (11.5 pL, 0.15 mmol, 0.75 equiv).
Purification by preparative TLC (eluted with 19:1 hexanes/EtOAc) afforded 2.11 (37.9 mg,
92%) as a light orange-white amorphous solid. R¢: 0.44 (19:1 hexanes/EtOAc). Mp 103—
106 °C. '"H NMR (CDCls, 600 MHz): § 7.23 (d, J= 8.2 Hz, 1H), 6.92 (dd, J= 8.1, 2.0 Hz,
1H), 6.71 (d, J=2.0 Hz, 1H), 4.80 (br s, 1H), 1.44 (s, 9H), 1.32 (s, 9H). 1*C NMR (CDCl;,
151 MHz): & 153.8, 150.5, 133.1, 126.75, 117.5, 114.0, 34.2, 31.4, 29.8. IR (ATR): 3509,

2954, 1611, 1360, 700 cm™'. HRMS (ESI-): m/z [M—H]" calculated for C14H2,0: 205.1598;
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found: 205.1608. The site-selectivity is unambiguously confirmed by single crystal X-ray
diffraction. Crystals were grown with a hexanes/EtOAc mixture.
3-tert-Butyl-5-phenylphenol (2.12)
Ph oH  Prepared using General Procedure A with 3-phenylphenol (34.0 mg,

\@“ﬁm: 0.200 mmol, 1 equiv), FeCls (3.2 mg, 0.020 mmol, 0.1 equiv), DCE (0.8
mL, 0.25 M), DTBP (37 pL, 0.20 mmol, 1 equiv), and TFA (11.5 pL, 0.15 mmol, 0.75
equiv). Purification by preparative TLC (eluted with 19:1 hexanes/EtOAc) afforded 2.12
(33.0 mg, 73%) as a red amorphous solid. R¢: 0.26 (19:1 hexanes/EtOAc). Mp 74-77 °C.
'"H NMR (CDCls, 500 MHz): § 7.62-7.53 (m, 2H), 7.44 (t, J = 7.7 Hz, 2H), 7.36 (dd, J =
7.8, 3.2 Hz, 2H), 7.14 (dd, J = 8.0, 1.9 Hz, 1H), 6.90 (d, J = 1.9 Hz, 1H), 4.96 (br s, 1H),
1.48 (s, 9H). '*C NMR (CDCls, 126 MHz): § 154.5, 140.5, 140.4, 135.4, 128.8, 127.7,
127.4,127.0,119.4, 115.3, 34.54, 29.8. IR (ATR): 3531, 2953, 1614, 1447, 1360, 700 cm™
!, HRMS (ESI-): m/z [M—H] calculated for Ci6H;70: 225.1285; found: 225.1285.
2-tert-Butyl-5-chlorophenol (2.13)

Me

me Mmmol, 1 equiv), FeCls (3.2 mg, 0.020 mmol, 0.1 equiv), DCE (0.8 mL,
Me

0.25 M), DTBP (37 uL, 0.20 mmol, 1 equiv), and TFA (11.5 pL, 0.15 mmol, 0.75 equiv).

Cl. : oH  Prepared using General Procedure A with 3-chlorophenol (21.1 puL, 0.200

Purification by preparative TLC (3 X elutions with 49:1 hexanes/EtOAc) afforded 2.13
(15.1 mg, 41%) as a yellow oil. Rg: 0.49 (9:1 hexanes/EtOAc). 'H NMR (CDCls, 500
MHz): 6 7.17 (d, J = 8.4 Hz, 1H), 6.84 (dd, J= 8.5, 2.2 Hz, 1H), 6.69 (d, J = 2.2 Hz, 1H),

5.02 (brs, 1H), 1.38 (s, 9H). '*C NMR (CDCls, 126 MHz): § 154.9, 135.0, 131.9, 128.2,
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120.7,116.7,34.5,29.6. IR (ATR): 3547, 2958, 1653, 1465, 1363, 704 cm'. HRMS (ESI-
): m/z [M=H]" calculated for C1oH12ClO: 183.0582; found: 183.0584.

2,4-Di-tert-butyl-5-methoxyphenol (2.14)

MeO OoH  Prepared using General Procedure A with 3-methoxyphenol (21.7 uL,
M M
M§>(\<IKMZ 0.200 mmol, 1 equiv), FeCls (3.2 mg, 0.020 mmol, 0.1 equiv), DCE

Me Me

(0.8 mL, 0.25 M), DTBP (37 uL, 0.20 mmol, 1 equiv), and TFA (11.5 pL, 0.15 mmol, 0.75
equiv). Purification by preparative TLC (3 elutions with 4:1 hexanes/EtOAc) afforded 2.14
(42.5 mg, 90%) as an orange amorphous solid. Rs: 0.39 (7:3 hexanes/EtOAc). Mp 95-98
°C. 'HNMR (CDCls, 500 MHz): § 7.15 (s, 1H), 6.26 (s, 1H), 4.61 (br s, 1H), 3.78 (s, 3H),
1.39 (s, 9H), 1.34 (s, 9H). '3C NMR (CDCls, 126 MHz): § 157.2, 152.7, 129.7, 126.6,
125.4, 101.5, 55.2, 34.6, 34.2, 30.2. IR (ATR): 3386, 2948, 1598, 1443, 1358, 724 cm .
HRMS (ESI-): m/z [M—H]" calculated for C1sH2302: 235.1704; found: 235.1711.
2,4-Di-tert-butyl-5-fluorophenol (2.15)

Me
Me

Me

e eMe 0.200 mmol, 1 equiv), FeCls (3.2 mg, 0.020 mmol, 0.1 equiv), DCE

;ﬁ‘: Prepared using General Procedure A with 3-methoxyphenol (21.7 pL,

(0.8 mL, 0.25 M), DTBP (37 uL, 0.20 mmol, 1 equiv), and TFA (11.5 pL, 0.15 mmol, 0.75
equiv). With no silica pipette filtration, direct purification by preparative TLC (eluted with
9:1 hexanes/EtOAc) afforded 2.15 (27.8 mg, 62%) as a colorless oil. Re: 0.44 (9:1
hexanes/EtOAc). 'H NMR (CDCls, 500 MHz): § 7.15 (d,J=9.7 Hz, 1H), 6.38 (d, J=12.8
Hz, 1H), 4.79 (br s, 1H), 1.39 (s, 9H), 1.34 (s, 9H). *C NMR (CDCls, 126 MHz): § 161.0,
159.00, 152.9 (d, /= 10.3 Hz), 130.9, 128.1, 125.5 (d, /= 7.4 Hz), 105.0 (d, J = 27.0 Hz),

34.54,34.0 (d, J=3.0 Hz), 30.3 (d, J = 3.3 Hz), 29.9. "’F NMR (CDCl;3, 376 MHz): 114.2
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(t, J=11.1 Hz). IR (ATR): 3544, 2957, 1618, 1469, 1363, 717 cm '. HRMS (ESI-): m/z
[M—H] calculated for Ci14H20FO: 223.1504; found: 223.1512.
2-Benzyl-4-tert-butylphenol (2.16)

Me

: .,OH Prepared using General Procedure A with 2-benzylphenol (36.8 mg,
Me

T Bn  (0.200 mmol, 1 equiv), FeCls (6.5 mg, 0.040 mmol, 0.2 equiv), DCE (0.8
mL, 0.25 M), DTBP (37 pL, 0.20 mmol, 1 equiv), and TFA (11.5 pL, 0.15 mmol, 0.75
equiv) for 18 h. Purification by preparative TLC (eluted with 19:1 hexanes/EtOAc)
afforded 2.16 (21.1 mg, 44%) as a yellow oil. Ry: 0.42 (19:1 hexanes/EtOAc). 'H NMR
(CDCl3, 500 MHz): 6 7.30 (t, J=7.6 Hz, 2H), 7.23 (d, /= 7.4 Hz, 2H), 7.20 (d, /= 7.3 Hz,
2H), 7.16-7.10 (m, 2H), 6.75-6.68 (m, 1H), 4.52 (br s, 1H), 4.00 (s, 1H), 1.28 (s, 9H). 1*C
NMR (CDCIs, 126 MHz): 6 151.6, 143.8, 140.2, 128.74, 128.2, 126.4, 126.2, 124.7, 115.4,
37.0, 34.2, 31.7. IR (ATR): 3525, 3027, 2960, 1602, 1453, 1363, 728 cm . HRMS (ESI-
): m/z [M—H]" calculated for C17H190: 239.1441; found: 239.1447.
4-tert-Butyl-2-fluorophenol (2.17)

oH Prepared using General Procedure A with 2-fluorophenol (18.0 uL, 0.200

m:>|’M : F mmol, 1 equiv), FeCl3 (32.4 mg, 0.20 mmol, 1 equiv), DCE (0.8 mL, 0.25
e

M), DTBP (37 uL, 0.20 mmol, 1 equiv), and TFA (11.5 pL, 0.15 mmol, 0.75 equiv) for 48
h. Purified via preparative TLC (eluted with 9:1 hexanes/EtOAc) afforded 2.17 (8.7 mg,
26%) as a light-yellow oil. R¢: 0.56 (9:1 hexanes/EtOAc). 'H NMR (CDCls, 500 MHz): §
7.12 (dd, J = 12.6, 2.4 Hz, 1H), 7.06 (d, J= 7.2 Hz, 1H), 6.95 (t, /= 9.6, 1H), 4.98 (br s,
1H), 1.31 (s, 9H). '°F NMR (CDCls, 564 MHz): § —141.2 (s). The spectral data recorded

are consistent with those previously reported.°
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General Procedure B — Friedel-Crafts Alkylations with tertiary alcohols

A one-dram vial was charged with a stirring bar and phenol derivative (0.2 mmol, 1 equiv)
and brought into a glovebox. To the vial was added iron(III) chloride (0.005 mmol, 0.025
equiv) and DCE (0.8 mL, 0.25 M). The vial was closed with a septum screw-cap and
removed from the glovebox and added sequentially in open air alcohol (0.22 mmol, 1.1
equiv) and conc aqueous HCI (37 %, 12.5 pL, 0.15 mmol, 0.75 equiv), and heated at 50 °C
for 24 h. The solution was filtered through a 5 pipette silica plug (approximately half-
filled) and eluted with 1:1 hexanes/EtOAc. The solution was concentrated in vacuo before
purification via preparative TLC (19:1 or 9:1 hexanes/EtOAc) to afford the desired product.
4-tert-Butylphenol (2.40)

OH Prepared using General Procedure B with phenol (18.8 mg, 0.200 mmol,
X©/ 1 equiv), FeCls (0.8 mg, 0.005 mmol, 0.025 equiv), DCE (0.8 mL, 0.25
M), tert-butanol (21 pL, 0.22 mmol, 1.1 equiv), and conc aqueous HCI (37%, 12.5 pL,
0.15 mmol, 0.75 equiv). Purification by preparative TLC (eluted with 19:1 hexanes/EtOAc)
afforded 2.40 (25.2 mg, 84%) as a light yellow-white amorphous solid. R 0.12 (19:1
hexanes/EtOAc). Mp 90-92 °C. 'H NMR (CDCls, 500 MHz): § 7.26 (d, J = 7.6 Hz, 2H),
6.77 (d, J = 8.6 Hz, 2H), 4.54 (br s, 1H), 1.29 (s, 9H). *C NMR (CDCl;, 126 MHz): &
153.2, 143.7, 126.6, 114.9, 34.2, 31.7. IR (ATR): 3230, 2959, 1613, 1447, 1361, 722 cm™
. HRMS (ESI-): m/z [M-H] calculated for CioH;30: 149.0972; found: 149.0978. The

spectral data recorded are consistent with those previously reported.’
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4-tert-Amylphenol (2.41)
on Prepared using General Procedure B with phenol (18.8 mg, 0.200 mmol,

Et>(©/ 1 equiv), FeClz (0.8 mg, 0.005 mmol, 0.025 equiv), DCE (0.8 mL, 0.25

Me Me
M), 2-methyl-2-butanol (24 pL, 0.22 mmol, 1.1 equiv), and conc aqueous HCI (37%, 12.5

pL, 0.15 mmol, 0.75 equiv). Purification by preparative TLC (eluted with 19:1
hexanes/EtOAc) afforded 2.41 (27.9 mg, 85%) as a pale yellow-white amorphous solid.
R 0.18 (19:1 hexanes/EtOAc). Mp 91-92 °C. 'H NMR (CDCls, 400 MHz): § 7.27-7.07
(m, 2H), 6.85-6.67 (m, 2H), 4.84 (br s, 1H), 1.61 (q, /= 7.5 Hz, 2H), 1.26 (s, 9H), 0.68 (t,
J=17.5Hz, 3H). 3C NMR (CDCls, 101 MHz): § 153.1, 141.9, 127.3, 114.9, 37.4, 37.1,
28.7,9.3. IR (ATR): 3251, 2963, 1599, 1448, 1375, 705 cm™'. HRMS (ESI-): m/z [M-H]
calculated for C11H;50: 163.1128; found: 163.1134.
2.42 and 2.92

Y e

+
Y e O/O O/%
(1 equiv) (1.1 equiv)

2.5 2.64 2.42 (4-(1- 2.92 (2,4-bis(1-
methylcyclohexyl)phenol) methylcyclohexyl)phenol)

The reaction was performed following General Procedure B with phenol (18.8 mg, 0.200
mmol, 1 equiv), FeClz (0.8 mg, 0.005 mmol, 0.025 equiv), DCE (0.8 mL, 0.25 M), 1-
methylcyclohexanol (2.64, 25.1 mg, 0.22 mmol, 1.1 equiv), and conc aqueous HCI (37%,
12.5 pL, 0.15 mmol, 0.75 equiv). Purification by preparative TLC (eluted with
19:1hexanes/EtOAc) afforded 2.42 (28.2 mg, 74%) as a pale orange-white amorphous solid

and 2,4-bis(1-methylcyclohexyl)phenol (2.92, 10.0 mg, 17%) as an orange oil.
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4-(1-Methylcyclohexyl)phenol (2.42)
oH R 0.15 (19:1 hexanes/EtOAc). Mp 106-108 °C. 'H NMR (CDCls, 500
r MHz): 6 7.24 (d, J = 8.2 Hz, 1H), 6.80 (d, J = 8.6 Hz, 1H), 4.81 (br s,
1H), 1.99—-1.91 (m, 2H), 1.54 (dt, J = 7.6, 3.8 Hz, 4H), 1.47-1.36 (m, 4H), 1.16 (s, 3H).
3C NMR (CDCls, 126 MHz): 6 153.0, 142.5,127.2, 115.1, 38.2, 37.4, 30.8, 26.5, 22.8. IR
(ATR): 3228, 2927, 1598, 1444, 1370, 724 cm'. HRMS (ESI-): m/z [M-H]  calculated
for C13H170: 189.1285; found: 189.1294.
2,4-Bis(1-methylcyclohexyl)phenol (2.92)
OH Ry 0.38 (19:1 hexanes/EtOAc). 'H NMR (CDCls, 500 MHz): § 7.30
e (d,J=2.4 Hz, 1H), 7.05 (dd, J=8.2, 2.4 Hz, 1H), 6.61 (d, J = 8.2 Hz,
1H), 4.72 (br s, 1H), 2.22-2.15 (m, 2H), 1.97-1.90 (m, 2H), 1.73 1.37
(m, 16H), 1.34 (s, 3H), 1.18 (s, 3H). *C NMR (CDCls, 126 MHz): § 151.9, 142.0, 134.6,
125.9,123.9, 116.5, 38.3, 37.5, 37.2, 26.8, 26.6, 23.0, 22.8. IR (ATR): 3529, 2922, 1605,
1447, 1374, 706 cm™!. HRMS (ESI-): m/z [M—H] calculated for CaoH200: 285.2224;
found: 285.2233.
4-(1-Adamantyl)phenol (2.43)
oH Prepared using General Procedure B with phenol (18.8 mg, 0.200
E/@ mmol, 1 equiv), FeClz (0.8 mg, 0.005 mmol, 0.025 equiv), DCE (0.8
mL, 0.25 M), 1-adamantanol (33.5 mg, 0.22 mmol, 1.1 equiv), and conc aqueous HCI
(37%, 12.5 puL, 0.15 mmol, 0.75 equiv). Purification by preparative TLC (eluted with 19:1
hexanes/EtOAc) afforded 2.43 (32.4 mg, 71%) as a white amorphous solid. R¢: 0.18 (19:1

hexanes/EtOAc). Mp 176-179 °C. "H NMR (CDCl3 400 MHz): § 7.24 (dd, J = 9.2, 2.8
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Hz, 2H), 6.80 (d, J = 8.6 Hz, 2H), 4.84 (br s, 1H), 2.12-2.06 (m, 3H), 1.89 (d, /= 3.1 Hz,
6H), 1.83—1.70 (m, 6H). *C NMR (CDCls, 101 MHz): § 153.3, 144.1, 126.2, 115.0, 43.5,
36.9, 35.7, 29.1. IR (ATR): 3248, 2900, 1597, 1446, 1367, 721 cm™'. HRMS (ESI-): m/z
[M—H]  calculated for C16H190: 227.1441; found: 227.1448. The spectral data recorded are
consistent with those previously reported.®
4-(1-Methylcyclopentyl)phenol (2.45)

on Prepared using General Procedure B with phenol (18.8 mg, 0.20 mmol,

1 equiv), FeClz (0.8 mg, 0.005 mmol, 0.025 equiv), DCE (0.8 mL, 0.25

M), 1-methylcyclopentanol (22.0 mg, 0.22 mmol, 1.1 equiv), and conc aqueous HCI (37%,
12.5 uL, 0.15 mmol, 0.75 equiv). Purification by preparative TLC (eluted with 19:1
hexanes/EtOAc) afforded a 1:3 mixture of 2.45/phenol (22.6 mg, 23% yield of 2.45) as a
yellow oil. "TH NMR (CDCl3,500 MHz): 7.20 (d, J = 8.5 Hz, 2H), 6.77 (d, J = 8.5 Hz, 2H),
5.01 (br's, 1H), 4.93 (br s, 1H), 1.91-1.63 (m, 8H), 1.22 (s, 3H). *C NMR (CDCls, 126
MHz): & 153.2, 143.9, 127.3, 114.9, 40.0, 38.9, 29.7, 23.8; PhOH 155.7, 129.8, 120.8,
115.5.
2,4-Di-tert-butylphenol (2.7)

Me
me 0.200 mmol, 1 equiv), FeCl; (0.8 mg, 0.005 mmol, 0.025 equiv), DCE

Me

/@0: Prepared using General Procedure B with 4-fert-butylphenol (34.0 mg,
t-Bu

(0.8 mL, 0.25 M), tert-butanol (21 pL, 0.22 mmol, 1.1 equiv), and conc aqueous HCI (37%,
12.5 pL, 0.15 mmol, 0.75 equiv). Purification by preparative TLC (eluted with 19:1
hexanes/EtOAc) afforded 2.7 (35.1 mg, 85%) as a light-orange amorphous solid. '"H NMR

(CDCls, 500 MHz): & 7.30 (d, J = 2.4 Hz, 1H), 7.08 (dd, J = 8.2, 2.4 Hz, 1H), 6.60 (d, J =
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8.2 Hz, 1H), 4.63 (s, 1H), 1.42 (s, 9H), 1.29 (s, 9H). HRMS (ESI-): m/z [M—H]  calculated
for C14H210: 206.1671; found: 206.1680. The spectral data recorded are consistent with
those previously reported.*

2-tert-Butyl-4-ethylphenol (2.46)

Me Prepared using General Procedure B with 4-ethylphenol (24.4 mg, 0.200

Me Me
oH mmol, 1 equiv), FeCl; (0.3 mg, 0.002 mmol, 0.01 equiv), DCE (0.8 mL,

Et 0.25 M), tert-butanol (21 pL, 0.22 mmol, 1.1 equiv), and conc aqueous HCI
(37%, 12.5 puL, 0.15 mmol, 0.75 equiv). Purification by preparative TLC (eluted with 19:1
hexanes/EtOAc) afforded 2.46 (20.7 mg, 58%) as an orange oil. Rg 0.28 (19:1
hexanes/EtOAc). 'H NMR (CDCls, 500 MHz): § 7.12 (d, J = 2.2 Hz, 1H), 6.93 (dd, J =
7.9, 2.2 Hz, 1H), 6.61 (d, J= 7.8 Hz, 1H), 4,70 (br s, 1H), 2.60 (q, J = 7.6 Hz, 2H), 1.44
(s,9H), 1.24 (t,J=7.6 Hz, 3H). >'C NMR (CDCls, 151 MHz): § 152.3, 136.1, 135.9, 126.8,
126.0, 116.5, 34.6, 29.8, 28.4, 16.1. IR (ATR): 3528 (br.), 2960, 1608, 1460, 1362, 688
cm !, HRMS (ESI-): m/z [M—H] calculated for C12H;70: 178.1285; found: 177.1292.
2-tert-Butyl-4-chlorophenol (2.8)

Me
me mmol, 1 equiv), FeCls (32.4 mg, 0.2 mmol, 1 equiv), DCE (0.8 mL, 0.25

Me

M), tert-butanol (21 pL, 0.22 mmol, 1.1 equiv), and conc aqueous HCI (37%, 12.5 uL,

/@EO: Prepared using General Procedure B with 4-chlorophenol (25.7 mg, 0.200
Cl

0.15 mmol, 0.75 equiv). Purification by preparative TLC (eluted with 19:1 hexanes/EtOAc)
afforded 2.8 (18.8 mg, 51%) as a pale-yellow oil. R¢: 0.23 (19:1 hexanes/EtOAc). 'H NMR
(CDCls, 600 MHz): 6 7.21 (d, J=3.0 Hz, 1H), 7.02 (dd, J = 8.4, 2.4, 1H), 6.60 (d, /= 8.4

Hz, 1H), 4.77 (br s, 1H), 1.38 (s, 9H). 3C NMR (CDCls, 101 MHz): § 152.9, 138.2, 127.5,
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126.7, 125.58, 117.7, 34.9, 29.5. HRMS (ESI-): m/z [M—H]" calculated for Ci0H2ClO:
183.0582; found: 183.0590. The spectral data recorded are consistent with those previously

reported.’

4-tert-Butyl-2-benzylphenol (2.16)

Me
Me

X@m‘ Prepared using General Procedure B with 2-benzylphenol (36.8 mg,
Bn

e 0.200 mmol, 1 equiv), FeCl; (0.8 mg, 0.005 mmol, 0.025 equiv), DCE
(0.8 mL, 0.25 M), tert-butanol (21 pL, 0.22 mmol, 1.1 equiv), and conc aqueous HCI (37%,
12.5 uL, 0.15 mmol, 0.75 equiv). Purification by preparative TLC (eluted with 19:1
hexanes/EtOAc) afforded 2.16 (29.8 mg, 62%) as an orange oil. Rg 0.34 (19:1
hexanes/EtOAc). 'H NMR (500 MHz, CDCls) & 7.33-7.26 (m, 2H), 7.23 (d, J = 7.4 Hz,
2H), 7.20 (d, J = 7.3 Hz, 1H), 7.17-7.11 (m, 2H), 4.52 (s, 1H), 4.00 (s, 2H), 1.28 (s, 9H).
3C NMR (101 MHz, CDCl3) § 151.6, 143.8, 140.2, 128.7, 128.2, 126.4, 126.2, 124.7,
115.4,37.0,34.2, 31.7. IR (ATR): 3425 (br.), 2960, 1602, 1452, 1363, 697 cm'. HRMS

(ESI-): m/z [M—H]™ calculated for C17H190: 239.1441; found: 239.1447.

2.47 and 2.93

FeCl; (5 mol%)
OH HO_ _Me HCI (75 mol%)
D ¢ )
Me Me DCE 50 °C

Et

(1 equiv) (1.1 equiv)
2.92 2.37 2.47 (4-tert-butyl- 2.93 (2,4-di-tert-

2-ethylphenol) butyl-6-ethylphenol)
The reaction was performed following General Procedure B with 2-ethylphenol (23.6 pL,
0.200 mmol, 1 equiv), FeCls (1.6 mg, 0.010 mmol, 0.05 equiv), DCE (0.8 mL, 0.25 M),

tert-butanol (2.37, 21 uL, 0.22 mmol, 1.1 equiv), and conc aqueous HCI (37%, 12.5 uL,
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0.15 mmol, 0.75 equiv). Purification by preparative TLC (eluted with 19:1 hexanes/EtOAc)
afforded 2.47 in 31.1 mg (30.7 mg, 86%) as a light yellow oil and 2,4-di-tert-butyl-6-
ethylphenol (2.93) in 3.1 mg (1.4 mg, 3%) as a yellow oil.

4-tert-Butyl-2-ethylphenol (2.47)

Me

: :OH Re: 0.28 (19:1 hexanes/EtOAc). '"H NMR (CDCls, 600 MHz): & 7.16 (d,
Me

1 Et J=2.5Hz IH), 7.10 (dd, J=8.3 2.5 Hz, 1H), 6.71 (d, J = 8.4 Hz, 1H),
e
4.63 (br s, 1H), 2.65 (q, J = 7.6 Hz, 2H), 1.31 (s, 9H), 1.26 (t, 7.6 Hz, 3H). *C NMR
(CDClI3, 151 MHz): 6 151.1, 143.7, 129.3, 126.5, 123.8, 114.8, 34.2,31.9, 31.8, 31.7, 23.5,
14.4. IR (ATR): 3397, 2962, 1610, 1462, 1363, 752 cm'. HRMS (ESI-): m/z [M-H]
calculated for C12H170: 177.1285; found: 177.1292.
2,4-Di-tert-butyl-6-ethylphenol (2.93)

e Ve Ry 0.49 (19:1 hexanes/EtOAc). '"H NMR (CDCls, 600 MHz): § 7.20 (d,

OH J=25Hz 1H),7.04 (d,J=2.4 Hz, 1H), 4.28 (br s, 1H), 2.61 (q,J=17.5

Me Et  Hz 2H), 1.44 (s, 9H), 1.31 (s, 9H), 1.29 (t, J = 7.7 Hz, 3H). '3C NMR
(CDCl3, 151 MHz): 150.0, 142.4, 135.0, 128.4, 123.6, 122.1, 34.9, 34.5, 31.8, 30.1, 23.5,
14.1. IR (ATR): 2956, 1653, 1457, 1445, 1361, 721 cm™'. HRMS (ESI-): m/z [M-H]
calculated for C26H250: 233.1911; found: 234.1918.
4-tert-Butyl-2-phenylphenol (2.48)

Me

hﬁo"' Prepared using General Procedure B with 2-phenylphenol (34.0 mg,
Me Me

Ph0.200 mmol, 1 equiv), FeCls (3.2 mg, 0.02 mmol, 0.1 equiv), DCE (0.8

mL, 0.25 M), tert-butanol (21 pL, 0.22 mmol, 1.1 equiv), and conc aqueous HCI (37%,

12.5 pL, 0.15 mmol, 0.75 equiv). Purification by preparative TLC (eluted with 97:3
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hexanes/EtOAc x 4) afforded 2.48 (15.0 mg, 44%) as an orange oil. Ry 0.14 (97:3
hexanes/EtOAc). '"H NMR (500 MHz, CDCls) & 7.53-7.46 (m, 4H), 7.43-7.38 (m, 1H),
7.30 (dd, J = 8.5, 2.4 Hz, 1H), 7.25 (d, /= 2.5 Hz, 1H), 6.93 (d, J = 8.5 Hz, 1H), 5.08 (s,
1H), 1.33 (s, 9H). *C NMR (126 MHz, CDCl3) 6 150.2, 143.7, 137.8, 129.4, 129.3, 127.9,
127.5,127.3,126.2, 115.4, 34.3, 31.7. IR (ATR): 3415 (br.), 2956, 1600, 1463, 1363, 699
cm !, HRMS (ESI-): m/z [M-H] calculated for C16H;70: 225.1285; found: 225.1292.
2-tert-Amyl-5-ethylphenol (2.49)

gt Prepared using General Procedure B with 3-ethylphenol (24.4 uL, 0.200

HO
I:;)D/ mmol, 1 equiv), FeCl3 (1.6 mg, 0.010 mmol, 0.05 equiv), DCE (0.8 mL,
Me

0.25 M), 2-methyl-2-butanol (24 pL, 0.22 mmol, 1.1 equiv), and conc aqueous HCI (37%,
12.5 uL, 0.15 mmol, 0.75 equiv). Purification by preparative TLC (eluted with 19:1
hexanes/EtOAc) afforded 2.49 (25.8 mg, 67%) as a yellow oil. Re 0.45 (19:1
hexanes/EtOAc). 'H NMR (CDCls, 600 MHz): § 7.13 (d, J = 7.9 Hz, 1H), 6.73 (dd, J =
7.9, 1.8 Hz, 1H), 6.51 (d, J= 1.8 Hz, 1H), 4.76 (br s, 1H), 2.59 (d, J = 7.6 Hz, 2H), 1.86
(q, J = 7.5 Hz, 2H), 1.37 (s, 6H), 1.23 (t, J = 7.6 Hz, 3H), 0.70 (t, J = 7.5 Hz, 3H). *C
NMR (CDCls, 151 MHz): 8 154.1, 143.3, 131.6, 128.4, 120.0, 116.1, 37.9, 33.5, 28.1, 27.9,
15.3,9.7. IR (ATR): 3530, 2963, 1617, 1460, 1362, 727 cm™'. HRMS (ESI-): m/z [M-H]
calculated for C13H90: 191.1441; found: 191.1450.

2-tert-Amyl-5-tert-butylphenol (2.39)

Et

HO t-Bu Prepared using General Procedure B with 3-zert-butylphenol (30.0 mg,
Me: |

0.200 mmol, 1 equiv), FeCls (1.6 mg, 0.010 mmol, 0.05 equiv), DCE
Me

(0.8 mL, 0.25 M), 2-methyl-2-butanol (24 pL, 0.22 mmol, 1.1 equiv), and conc aqueous
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HCI1 (37%, 12.5 pL, 0.15 mmol, 0.75 equiv). Purification by preparative TLC (eluted with
19:1 hexanes/EtOAc) afforded 2.39 (36.6 mg, 83%) as a yellow-white amorphous solid.
Ry 0.42 (19:1 hexanes/EtOAc). Mp 56-57 °C. 'H NMR (CDCls, 600 MHz): § 7.15 (d, J =
8.2 Hz, 1H), 6.90 (dd, /= 8.2, 2.1 Hz, 1H), 6.68 (d, /= 2.1 Hz, 1H), 4.76 (br s, 1H), 1.87
(q,J=7.5Hz, 2H), 1.38 (s, 6H), 1.31 (s, 9H), 0.71 (t, J= 7.5 Hz, 3H). *C NMR (CDCls,
151 MHz): 6 153.8, 150.4, 131.4, 128.0, 117.4, 113.9, 37.8, 34.2, 33.5, 31.4, 27.8,9.7. IR
(ATR): 3473 (br.), 2961, 1608, 1460, 1361, 706 cm!. HRMS (ESI-): m/z [M-H]
calculated for C15H230: 219.1754; found: 219.1764.
2-tert-Amyl-5-phenylphenol (2.50)

pn Prepared using General Procedure B with 3-phenylphenol (34.0 mg,

HO
;;)J@/ 0.200 mmol, 1 equiv), FeCls (1.6 mg, 0.010 mmol, 0.05 equiv), DCE (0.8
Me

mL, 0.25 M), 2-methyl-2-butanol (24 pL, 0.22 mmol, 1.1 equiv), and conc aqueous HCI
(37%, 12.5 puL, 0.15 mmol, 0.75 equiv). Purification by preparative TLC (eluted with 19:1
hexanes/EtOAc) afforded 2.50 (34.6 mg, 72%) as an orange-white amorphous solid. R¢:
0.29 (19:1 hexanes/EtOAc). Mp 63-65 °C. '"H NMR (CDCls, 600 MHz): § 7.59 (dd, J =
8.1, 1.4 Hz, 2H), 7.44 (t,J=7.6 Hz, 2H), 7.38-7.34 (m, 1H), 7.31 (d, /= 8.0 Hz, 1H), 7.15
(dd,/=8.1,1.9 Hz, 1H), 6.89 (d, J=1.9 Hz, 1H), 4.91 (brs, 1H), 1.93 (d, J=7.5 Hz, 2H),
1.44 (s, 6H), 0.75 (t,J = 7.5 Hz, 3H). *C NMR (CDCls, 151 MHz): § 154.5, 140.5, 140.2,
133.7,129.0, 128.8, 127.3,127.0, 119.3, 115.1, 38.2,33.4,27.8, 9.7. IR (ATR): 3541 (br.),
2960, 1601, 1461, 1360, 721 cm™'. HRMS (ESI-): m/z [M—-H] calculated for C17H190:

239.1441; found: 239.1450.
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2-tert-Amyl-5-methoxyphenol (2.51)

Et

HO ome Prepared using General Procedure B with 3-methoxyphenol (24.8 mg,
Me: [

! 0.200 mmol, 1 equiv), FeClz (0.8 mg, 0.005 mmol, 0.025 equiv), DCE
e

(0.8 mL, 0.25 M), 2-methyl-2-butanol (24 uL, 0.22 mmol, 1.1 equiv), and conc aqueous
HCI1 (37%, 12.5 pL, 0.15 mmol, 0.75 equiv). Purification by preparative TLC (eluted with
19:1 hexanes/EtOAc) afforded 2.51 (14.4 mg, 37%) as an orange-peach amorphous solid.
Ry 0.29 (9:1 hexanes/EtOAc). Mp 33-34 °C. 'H NMR (CDCls, 400 MHz): § 7.10 (d, J =
8.6 Hz, 1H), 6.43 (dd, J= 8.6, 2.6 Hz, 1H), 6.26 (d, /= 2.6 Hz, 1H), 4.84 (br s, 1H), 3.76
(s, 3H), 1.82 (q, J= 7.5 Hz, 2H), 1.31 (s, 6H), 0.67 (t, J = 7.5 Hz, 3H). '*C NMR (CDCl3,
151 MHz): 6 158.7, 155.1, 129.1, 127.0, 105.0, 103.1, 55.4, 37.7, 33.6, 29.9, 28.1, 9.7. IR
(ATR): 3411, 2960, 1613, 1416, 1376, 737 cm™'. HRMS (ESI-): m/z [M—-H]  calculated

for C12H1702: 193.1234; found: 193.1241.

2.52 and 2.95

FeCl3 (5 mol%)

HO OH HO_ _Et HCI (75 mol%)
DS )

Me Me DCE 50 °C

(1 equiv) (1.1 equiv)

2.94 2.38 2.52 (4-tert-amyl- 2.95 (4,6-di-tert-
resorcinol) amyl-resorcinol)

The reaction was performed following General Procedure B with resorcinol (22.0 mg,
0.200 mmol, 1 equiv), FeCl3 (1.6 mg, 0.010 mmol, 0.05 equiv), DCE (0.8 mL, 0.25 M), 2-
methyl-2-butanol (2.38, 24 pL, 0.22 mmol, 1.1 equiv), and conc aqueous HCI (37%, 12.5

pL, 0.15 mmol, 0.75 equiv). Purification by preparative TLC (eluted with 19:1
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hexanes/EtOAc) afforded 2.52 (22.2 mg, 62%) as an orange oil and 4,6-di-fert-amyl-
resorcinol (2.95, 10.9 mg, 22%) as a colorless oil.
4-tert-Amyl-resorcinol (2.52)

HO on Rr 0.39 (7:3 hexanes/EtOAc). 'H NMR (CDCls, 600 MHz): 5 7.03 (d, J
;:)J@/ = 8.5 Hz, 1H), 6.35 (dd, J= 8.5, 2.6 Hz, 1H), 6.23 (d, J= 2.6 Hz, 1H),

Me
5.20 (br's, 1H), 1.80 (q, J = 7.5 Hz, 2H), 1.32 (s, 6H), 0.65 (t, J = 7.5 Hz, 3H). *C NMR
(CDCl3, 151 MHz): 6 155.3, 154.4, 129.3, 127.2, 107.1, 104.1, 37.7, 33.5, 28.0, 9.6. IR
(ATR): 3365, 2963, 1600, 1439, 1374, 704 cm™'. HRMS (ESI-): m/z [M-H]  calculated
for C11H1502: 179.1078; found: 179.1082.

4,6-Di-tert-amyl-resorcinol (2.95)

Et
Me

Et

H;;i:[c: Ry 0.37 (7:3 hexanes/EtOAc). 'H NMR (CDCls, 600 MHz): § 6.98 (s,

we 1H), 6.05 (s, 1H), 4.57 (s, 1H), 1.78 (q, J = 7.5 Hz, 4H), 1.33 (s, 12H),

Me Me

0.66 (t,J = 7.5 Hz, 6H). 3C NMR (CDCls, 151 MHz): § 152.6, 128.4, 125.6, 105.4, 37.8,
33.9,28.1, 9.6. IR (ATR): 3523, 3354, 2959, 1611, 1403, 1376, 703 cm™'. HRMS (ESI-):
m/z [M—H]" calculated for Ci6H2502: 249.1860; found: 249.1865.

2.53 and 2.97

FeClz (2.5 mol%)

HO F HO F
HO F HO.__ _Et HCI (75 mol%)
+ X —_— Et + Et Me
Me Me DCE, 50 °C Me Me Me

(1 equiv) (1.1 equiv) Me Me Et
2.96 2.38 2.53 (4-tert-amyl-3- 2.97 (2,4-di-tert-amyl-
fluorophenol) 5-fluorophenol)

The reaction was performed following General Procedure B with 3-fluorophenol (18.1 pL,
0.200 mmol, 1 equiv), FeClz (0.8 mg, 0.005 mmol, 0.025 equiv), DCE (0.8 mL, 0.25 M),
2-methyl-2-butanol (2.38, 24 uL, 0.22 mmol, 1.1 equiv), and conc aqueous HCI (37%, 12.5
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pL, 0.15 mmol, 0.75 equiv). Purification by preparative TLC (eluted with 19:1
hexanes/EtOAc) afforded 2.53 (19.3 mg, 53%) as a white amorphous solid and 2,4-di-tert-
amyl-5-fluorophenol (2.97, 8.1 mg, 16%) as a colorless oil.
4-tert-Amyl-3-fluorophenol (2.53)

F oH Ry 0.26 (9:1 hexanes/EtOAc). Mp 72-74 °C. 'H NMR (CDCls, 500
ﬁmp/ MHz): 6 7.07 (t, J = 9.1 Hz, 1H), 6.59-6.46 (m, 2H), 4.72 (br s, 1H),
1.76-1.67 (m, 2H), 1.29 (s, 6H), 0.66 (t, J = 7.5 Hz, 3H). '3C NMR (CDCl;, 126 MHz): &
163.2,161.2, 154.8 (d,/J=12.0 Hz), 129.1 (d, J=8.1 Hz), 110.4 (d, /= 3.0 Hz), 104.1 (d,
J=279Hz),37.5(d,J=3.4Hz),34.4 (d,J=4.1 Hz), 28.0 (d, /= 2.9 Hz), 9.5. ’F NMR
(CDCl3, 564 MHz): 6 107.6 (t,J=12.1 Hz). IR (ATR): 3256, 2966, 1623, 1444, 1377, 738

cm ! HRMS (ESI-): m/z [M—H]  calculated for C11H14FO: 181.1034; found: 181.1040.

2,4-Di-tert-amyl-5-fluorophenol (2.97)

Et
Me

Et

;Ji:(o; Ry 0.44 (9:1 hexanes/EtOAc). 'H NMR (CDCls, 500 MHz): § 7.01 (d,

T Kue 7= 9.6 Hz, 1H), 6.34 (d, J= 12.9 Hz, 1H), 4.76 (br s, 1H), 1.80 (q, J =
e e

7.5 Hz, 2H), 1.70 (q, J = 7.5 Hz, 2H), 1.34 (s, 6H), 1.30 (s, 6H), 0.66 (q, J = 7.5 Hz, 6H).
3C NMR (CDCls, 126 MHz): § 158.9, 152.8 (d, J=10.2 Hz), 129.0, 128.1 (d, J= 7.6 Hz),
126.2, 104.8 (d, J=27.2 Hz), 38.1,37.6 (d, J= 3.5 Hz), 34.7 (d, J= 3.7 Hz), 33.5, 28.1 (d,
J=3.0 Hz), 28.0, 9.5 (d, J = 10.2 Hz). '°F NMR (CDCl;, 564 MHz): 5 114.3 (t,J=11.3
Hz). IR (ATR): 3262, 1617, 1590, 1462, 1377, 703 cm™'. HRMS (ESI-): m/z [M-H]

calculated for C16H24FO: 251.1817; found: 251.1824.
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(E)-2-(tert-Butoxyimino)naphthalen-1(2H)-one (2.89)

o )M<6Me Prepared using General Procedure B with 2-nitroso-1-naphthol (34.7
N\° M g, 0.201 mmol, 1 equiv), FeCls (3.4 mg, 0.021 mmol, 0.10 equiv),
DCE (0.8 mL, 0.25 M), fert-butanol (21 pL, 0.22 mmol, 1.1 equiv), and conc aqueous HCI
(37%, 12.5 pL, 0.15 mmol, 0.75 equiv). Purification by preparative TLC (eluted with 4:1
hexanes/EtOAc x 2) afforded 2.89 (8.2 mg, 18%) as a bright yellow oil. Rg: 0.50 (17:3
hexanes/EtOAc). 'H NMR (CDCls, 500 MHz): § = 8.20 (d, J = 7.8 Hz, 1H), 7.56 (t, J =
7.4 Hz, 1H), 7.41 (t, J= 7.6 Hz, 1H), 7.30 (d, /= 7.7 Hz, 1H), 7.10 (d, J = 10.1 Hz, 1H),
6.81 (d, J = 10.0 Hz, 1H), 1.45 (s, 9H). '*C NMR (CDCls, 151 MHz): & = 182.1, 147.2,
136.7, 134.3, 132.1, 130.7, 129.0, 128.5, 128.2, 117.1, 83.5, 27.8. IR (ATR): 2977, 1672,
1613, 1592, 1450, 964, 680 cm!. HRMS (ESI): m/z [M+H]" calculated for C14H16sNOx:

230.1176; found: 230.1174.
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Chapter 3 — Direct Phenolic Alkylation of Unactivated Secondary Alcohols by Dual

Zinc/CSA-Catalyzed Friedel-Crafts Reactions

3.1.1 Friedel—Crafts alkylations with secondary benzyl/acyl alcohols or silyl ethers

Chapter 2 discussed the fundamental Friedel-Crafts reaction,' as well as examples
in forming new all-carbon quaternary centers. In this chapter, the focus will be on Friedel—
Crafts alkylations with unactivated secondary alcohols.

Secondary alkyl alcohols can be activated by associating the oxygen to a functional
group that increases its ability as a leaving group. One example is converting the alcohol
into an ester by acylation, as described in 2005 by Beller and coworkers.? Benzylic acetates
undergo Friedel-Crafts alkylations when treated with catalytic iron(IlI) chloride and an
excess amount of electron-rich or neutral arene (Figure 3.1). In some instances, the
secondary benzylic alcohol was also able to react with similar yields (Figure 3.2).
Although yields for most examples were excellent, a large excess of nucleophilic arene,
sometimes in solvent quantities, was required. Overall, this reaction tolerated a variety of

functional groups, which can be further derivatized if needed.

OAc FeCl3z (10 mol%) Ar

. Ar-H
Ph Me 4 equivor 0.1 M

>

[solvent], 50 or 120+ °C, 20 h Ph Me
25 examples

select examples

OMe
Me R R
j j T j " = e
Me OH S\A OH
Ph” "M Ph” "M Ph™ "Me
e e Ph” “Me Ph” “Me

97%, 0.1 M arene R = Me, 99%, DCM R =1, 88%, DCM R =H, 66%, MeNO,, 50 °C 99%, MeNO,, 50 °C
OMe, 99%, DCM CHO, 93%, MeNO, Me, 99%, MeNO,, 50 °C
Br, 86%, DCM

Figure 3.1. Friedel-Crafts alkylation of acyl benzyl ethers to nucleophilic arenes.
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FeCl3 (10 mol%)

M
X o-xylene (0.1 M) €
Ph)\R 80°C, 24 h
4 examples
Ph R
Me Me Me Me
Me Me Me Me
(o}
Ph Me Ph Ph Ph CN Ph OEt
99%, X = OAc 99%, X = OH 31%, X = OAc 98%, X = OH

99%, X = OH

Figure 3.2. Benzylic acetates and secondary alcohols for Friedel-Crafts reactions.

Another class of electrophiles reactive to Friedel-Crafts alkylation are
trimethylsilyl (TMS)-protected alcohols, demonstrated by Sawama, Sajiki and coworkers.?
In this method, a benzyl silyl ether was reacted with catalytic FeCls and a nucleophilic
arene to perform a Friedel-Crafts alkylation across a wide range of reaction times (Figure
3.3). In general, the electron-rich arenes took considerably less time to react compared to
less electron-rich or neutral arenes. Less activated benzyl silyl ethers required longer
reaction times, sometimes accompanied by a large drop in yields. Nucleophiles generally
alkylate para to the electron-donating group, likely due to steric hindrance at the ortho
position. Although less effective, unsilylated secondary alcohols were also compatible

using this method.
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FeCl3 (5 mol%)
OTMS Ar-H (3 equiv) Ar

I§

1 2 - 1 2
R' 'R DCE, rt, 0.08-24 h R' 'R

27 examples

select examples OMe

2% 37%, 24 h 91%, 0.25 h R =Me, 84%, 24 h, 9:1 p/o 56%, 24 h
OMe, 95%, 3 h, 82:18 p/o
OTBS, 65%, 0.5 h, 69:31 p/o

Figure 3.3. Friedel-Crafts alkylation with benzyl silyl ethers.

3.1.2 Friedel—Crafts alkylations with activated secondary alcohols

Activated secondary alcohols, such as benzylic alcohols, are commonly used in
Friedel-Crafts alkylations due to facile carbocation formation arising from resonance
stabilization. Along with tertiary alcohols (see chapter 2, Figure 2.12 and 2.13), Hall and
coworkers* utilized two different benzylic alcohols in their tetrafluorophenylboronic acid
catalysis (Figure 3.4). In both cases with m-xylene, substitution occurred at the more
sterically accessible position ortho to the methyl group (3.1), with miniscule amounts
(<5%) of alkylation observed in between the methyl groups (3.2). This method represents
a Friedel-Crafts alkylation using simple secondary benzylic alcohols that operate under

mild conditions and short reaction times.
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B(OH),

Me ArB(OH), (20 mol%) Me
Ar—H (2-5 equiv) F
N OH > N Ar ArB(OH), =
| HFIP/MeNO,, rt, 1 h
Z 2 F F
X 6 examples X F

Me
Me C|

Me Br MeO

88% 90%

3

select examples

R =H, 96%, >95:5 3
Br, 95%, >95:5

Me

°

Figure 3.4. Tetrafluorophenylboronic acid-catalyzed Friedel-Crafts alkylation with secondary
benzylic alcohols.

The principles of green chemistry are highly desirable and can generally apply to
all chemical subdisciplines. In 2016, Xiao, Shao, and coworkers®> demonstrated a green
Friedel-Crafts alkylation utilizing water as the solvent to couple secondary benzylic or
indolyl alcohols to indoles or other electron-rich arenes (Figure 3.5). This astonishing
Friedel-Crafts reaction is Lewis/Bronsted acid-free, a rare feature in any electrophilic
aromatic substitution reaction. The proposed rationale for the reactivity in the absence of
acid is that at 80 °C, the pK. of H20 is about 6.5, thus generating a weak acid in situ, which
can protonate the alcohol to promote the formation of the carbocation intermediate. The
nucleophilic arene is also only in modest excess with 2—3 equivalents used. In particular,
this method is compatible with unprotected indoles, which is sometimes a concern since

certain acids may react with indole derivatives.
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R3 R3
Ar-H (2-3 equiv)
/| N)_R2 - N)_R2
XN H,0, 80-100 °C N
R’ R

select examples

C) "
Me\N Me\N

— —_—

Ph
R Ph Ph
Ph
Ly QI
N N
H H
R=H, 79% R=0OMe, 95%  R=H,69% R = Br, 74% 30% 57%
Me, 94% Br, 66% Bn, 88% NO,, 70%
Ph, 90%

Figure 3.5. A green Friedel-Crafts alkylation method utilizing water as a green solvent.

In 2022, Hazra and coworkers® developed a method to alkylate electron-rich
nucleophiles with secondary benzylic alcohols containing a cyclopropyl motif via
Brookhart’s acid [H(OEt2)] [BArr*]", a unique acid generated in situ (Figure 3.6). Under
mild conditions, this remarkably fast 5-minute reaction allows for the generation of a
carbocation adjacent to a cyclopropyl group, which typically susceptible to competing ring-
opening or ring-expansion to form other products.’” Alcohols containing a strongly electron-
withdrawing group at the para position, such as 3.3, exhibited sluggish reactivity and
required higher temperatures and reaction times. They proposed that carbocation formation
is involved in the rate-determining step, supported by a Hammett study of various para-

substituted phenyl cyclopropylmethanols.
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NaBAr," (2 mol%) CF,

OH 1 M HCl in Et,0 (5 mol%) Ar ® O
’ o F = N B
RJW RJW NaBAr, a
Ar-H (1.2 equiv)
CHClg, rt, 5 min CFs Ja
37 examples
select examples OH OH
o P R.\-Me OH
e Me Me Me Me
= O ® O
SN~ OH
Ph
. Vo, IV CLY -
R OMe
94% 85% R=H,75%,60°C,5h R=H,97% 70% 81%

Me, 60%, 60 °C, 5 h F, 81%
CF3;, 3.3,81%,55°C, 1 h
Me, 80%

Figure 3.6. Cyclopropyl-containing secondary alcohols quickly reacting in a Friedel-Crafts
alkylation.

Later in 2022, Xie and coworkers® demonstrated a rhenium(VII) oxide-catalyzed
intramolecular Friedel-Crafts alkylation from secondary benzylic alcohols to form benzo-
fused bicyclic systems (Figure 3.7). Under an extremely low catalyst loading (0.02 mol%),
Re>O7 supported on silica gel (5 or 10 w/w%) was utilized to catalyze this intramolecular
dehydrative cyclization within 1 hour reaction times (longer if electron-withdrawing
substituents were present on the aromatic rings). As opposed to strongly acidic and
corrosive trifluoromethanesulfonic acid (TfOH), Re;07¢Si0> allowed for acid-sensitive
functional groups to be tolerated (Figure 3.8). Although rhenium(VII) oxide can be
expensive, low catalyst loadings as low as 0.02 mol% can be utilized to catalyze this mild

Friedel—Crafts alkylation.
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OH

[Re,0-] (0.1 mol%)
11 = = 2 >

RS | 5R* HFIP 1, 1h

Z X’Y Z 33 examples

[Re207] = R9207'Si02 (5% or 10% W/W)

select examples

R CF
O QO ® 3
D . ®
R
Co ClJC SO
) . X 0
R=H, 96% 90% X=0,98% X=0,9% R=F,81%,2h 62%, 48 h
OH, 98% NTs, 94% NTs, 96% CO,Me, 45%, 12 h
F, 89%

NO,, 89%, 2 h

Figure 3.7. Substrate scope of rhenium-catalyzed Friedel-Crafts intramolecular cyclization.

OR
|O R = Bn, 83%
[Re,07] (0.1 mol%) TBS, 780%
> TIPS, 53%

HFIP, rt, 1h O‘ MOM, 93%, —20 °C, 1:1 HFIP/DCM

TfOH (10 mol%)
N

>

7< no product observed
HFIP, rt, 1 h

Figure 3.8. Scope of acid-sensitive functional groups in the presence of rhenium catalyst versus
TfOH.

3.1.3 Friedel-Crafts alkylations with unactivated secondary alcohols

There is a large limitation in substrate scope if unactivated secondary alcohols
cannot be used in Friedel-Crafts alkylation reactions; therefore, methods to include
unactivated secondary alcohols are highly sought after. A challenge for unactivated
alkylating reagents involves the large barrier to form a non-stabilized secondary
carbocation, which requires either high temperatures or unique catalysts. A method
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developed in 2014 by Cook and coworkers’ utilize cycloalkanols as the non-activated
secondary alcohols (Figure 3.9). In the case of para-xylene, cycloheptanol and
cyclododecanol were also successful alcohols to afford 3.4 and 3.5, respectively. Mono-
substituted aryl nucleophiles afforded a mixture of para and ortho products that were
poorly selective (~1:1 mixtures), consistent with previous Friedel-Crafts reactions.!® A
drawback of this method was the necessity of super-stoichiometric nucleophilic arene (15

equivalents), which significantly limits the scope to simple arenes.

FeCl; (15 mol%)
AgSbFg (45 mol%)

OH Ar-H (15 equiv) Ar
an DCE, 80 °C, 24 h O/)n

10 examples

Me R
Me
In
n=1,83% R =H, 58% 65%, 1.5:1 2:3
2,3.4,98% Me, 76%, 3:2:1 ploim
7,3.5,97% i-Pr, 76%, 1:1 plo

Cl, 52%, 1:1 plo
Br, 51%, 1.5:1 plo
OH, 63%, 1:1 p/o

Figure 3.9. Unactivated cycloalkyl alcohols undergoing iron-catalyzed Friedel-Crafts
alkylations.

In addition to intermolecular Friedel-Crafts alkylations with unactivated secondary
alcohols, the group also developed an intramolecular Friedel-Crafts alkylations starting
from unactivated secondary alcohols (Figure 3.10). This intramolecular reaction resolves
the drawback of their intermolecular conditions in which only one equivalent of alcohol,
which implies one equivalent of arene, is needed instead of the previously required 15

equivalents of arene. The reaction time was consistently kept at 24 h, however it was noted
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that more electron-rich arenes finished within a few hours and resulted in higher yields as
expected for Friedel-Crafts alkylations. Although limited in the scope of secondary
alcohols, this method opened the doors to reacting unactivated alcohol-based electrophiles
in the Friedel—Crafts alkylation under mild conditions, tolerant of air and moisture.

FeCl; (15 mol%) A )
Me AgSbFg (45 mol%) R_:(/\Q n
> Z
OH DCE, 80 °C, 24 h

11 examples Me

F
Q /\g

select examples

Me Me Me
R Me
R = Me, >99% R=H, 72% 72%, 1:1 plo n=277%
Br, 91% Me, 50% 3, 34%
OMe, >99%

Figure 3.10. Intramolecular Friedel-Crafts alkylations with unactivated secondary alcohols.

Although it has been well known that unactivated secondary alcohols are capable
of alkylating arenes,'! methods that can control alkylation in a consistent manner without
harsh conditions are far and few between. Herein, we report a site-selective Friedel-Crafts
alkylation of phenolic derivatives with unactivated secondary alcohols through dual ZnCl,

and camphorsulfonic acid (CSA) catalysis.

3.2.1 Development and optimization studies for the coupling of 3-tert-butylphenol and

cyclohexanol

Our previous research has demonstrated the ability of Lewis acids to enhance the
acidity of Brensted acids.!? Building on this finding, we hypothesized that this co-catalysis
approach could be applied to Friedel-Crafts alkylations using unactivated secondary

alcohols. This method offers several advantages over existing approaches, including the
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use of cost-effective and readily accessible reagents: chlorobenzene instead of HFIP
solvent*® and Zn/CSA instead of Fe/Ag as catalysts.’ 3-tert-Butylphenol (3.6) and
cyclohexanol (3.7, CyOH) were selected to test for reactivity since they were readily
available and conversion to product could be conveniently quantified by NMR analysis
(Table 3.1). Catalytic amounts of Fe(Ill) salts (2.5 mol%) were initially examined with
stoichiometric quantities of HCI (2 equiv) at 140 °C. The desired alkylation product (3.8)
was formed in 50-57% NMR yields (entries 1-2). Using Lewis acid ZnCl, performed the
best, providing the product in 63% yield (entry 3). Lowering the temperature from 140 °C
to 120 °C was detrimental to yield (39%, entry 4), and increasing the ZnCl; loading to 5
mol% enhanced product formation (71%, entry 5). However, further increasing the amount
of Zn-catalyst to 30 mol% does not improve the reaction outcome (entry 6). CSA was found
to be effective at supporting this transformation, albeit providing a lower yield even when
cyclohexanol (3.7) was employed as the solvent (39%, entry 7). Solid CSA was desirable
because it addresses the concern of volatile HCI escaping from the reaction vessels at high
temperature. Reducing the amount of alkylating agent in the reaction mixture from solvent
quantities to 5 equiv improved the yield to 68% (entry 8). The reactivity was maintained
by reducing the amount of CSA from 2 equiv to 0.75 equiv, which resulted in an isolated
74% yield of 3.8 when using 3 equiv of alcohol 3.7. However, reducing the amount of acid

to 50 mol% reduced the NMR yield to 52%.
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Table 3.1. Survey of conditions for direct Friedel-Crafts alkylation.

OH MX,, (x mol%) OH
i Ho, HO HX (y mol%)
B ———
t-Bu solvent, A t-Bu
3.6 3.7 3.8
(1 equiv) (3-5 equiv)
MX, X HX y solvent  temp (°C) % yield?
1 FeCls 2.5 HCI 200 PhCl 140 50
2 FeBr3 2.5 HCl 200 PhCl 140 57
3 ZnCl, 2.5 HCl 200 PhCl 140 63
4 ZnCl, 2.5 HCI 200 PhCl 120 39
5 ZnCl, 5 HCl 200 PhCl 140 71
6 ZnCl, 30 HCI 200 PhCl 140 61
7 ZnCl, 5 (R)-CSA-H>O 200 CyOH 140 39
8 ZnCl, 5 (R)-CSA-H>O 200 PhCl 140 68
9  ZnCl 5 (R)-CSA*H,O 75 PhCl 140 (74)b<
10  ZnCl 5 (R)-CSA-H>O 50 PhCl 140 52

Conditions: reactions performed on 0.1 mmol scale, phenol 3.6 (1 equiv), alcohol 3.7 (5 equiv),
18 h. CSA = camphorsulfonic acid, PhCl = chlorobenzene, CyOH = cyclohexanol. *
Determined by NMR analysis of the crude reaction mixture using 1,3,5-trimethoxybenzene as
internal standard. ® With 3 equiv 3.7. ¢Isolated yield.

Further optimization was attempted, reacting with 3 equivalents of cyclohexanol
(3.7) instead of 5 equivalents (Table 3.2). FeCls, FeBrs, and Zn(OAc)> as Lewis acids
afforded lower yields of 54%—64% (entries 1-3), while the absence of any Lewis acid
provided product in 50% yield (entry 4). Without both the Lewis acid and Brensted acid,

the reaction did not proceed (entry 5). Increasing or decreasing the mol% of ZnCl» did not
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improve the yield (entries 6—7). An increase of CSA to 1 equivalent at 1 mol% ZnCl (entry

8) was unideal relative to optimal conditions (Table 3.1, entry 9).

Table 3.2. Optimization of the reaction conditions.

OH OH
H HO
@r . \O [catalyst] (x mol%)
+-Bu (R)-CSAH,0 (y mol%) ¢Bu
3.6 3.7 PhCI, 140 °C, 18 h 3.8
(1 equiv) (3 equiv)
Entry [catalyst] X acid y % yield?
1 FeCls 5 (R)-CSA-H>O 75 64
2 FeBr; 5 (R)-CSA<H>O 75 54
3 Zn(OAc), 5 (R)-CSA<H>O 75 62
4 — — (R)-CSA+H,0 75 50°
5 — — — — 0
6 ZnCl, 1 (R)-CSA<H>O 75 52
7 ZnCl 10 (R)-CSA-H20 75 68
8 ZnCl, 1 (R)-CSA-H>O 100 66

Conditions: All reactions performed on 0.2 mmol scale, 3-tert-butylphenol 3.6 (1
equiv), cyclohexanol 3.7 (3 equiv), 1 M PhCl, 140 °C, 18 h. * Determined by NMR
analysis of the crude reaction mixture using 1,3,5-trimethoxybenzene as the internal

standard, unless otherwise specified. ® Isolated yield.

3.2.2 Substrate scope

Reactions were carried out in a combined effort along with V. K. Nguyen, L.
Rangel, and C. Fan. Cyclohexanol (3.7) and cycloheptanol (3.9, synthesized by C. Fan)
combine with 3-tert-butylphenol (3.6) to forge alkylated 3.8 and 3.10 in good yields (69—

74%, Table 3.3). The secondary carbocation generated from tetrahydronaphthalen-2-ol
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(3.11, synthesized by C. Fan) undergoes 1,2-hydride shift to the corresponding benzylic
carbocation under the reaction conditions, which proceeds to diarylmethane derivative 3.12
in 81% yield. Acyclic secondary alcohols isopropanol, 2-butanol, and 1-adamantyl-1-
ethanol were converted to arylated products 3.13-3.15 in 54-87% yields. On a larger 1
mmol scale, the reaction proceeds with nearly equimolar alkylating agent (i.e., 1.1 equiv
of isopropanol (3.16)), leading to isopropylated 3.13 in 70% yield. Strained alcohols such
as norborneol and 2-adamantanol were found to be excellent alkylating agents for this
catalysis: equimolar quantities of reactants lead to substitution at the ortho-position of 3-
tert-butylphenol (3.6) in 82% (3.17) and 76% (3.18) yields, respectively. 3-
Isopropylphenol reacts with cyclohexanol in 49% yield and 2-adamantanol in 85% yield
to arrive at alkylated arenes 3.19 and 3.20. Likewise, 3-phenylphenol was alkylated with
I-adamantyl-1-ethanol in 38% yield (3.21) and with 2-adamantanol in 64% yield (3.22).
In general, reactions with strained secondary alcohols performed better. Substrates bearing
heteroatoms, as in those derived from tetrahydropyran or piperidine, represent limitations
in this method. Presumably, the heteroatoms can associate with the ZnCly catalyst,

sequestering it from reactivity.

The modest preference for ortho-alkylation extends to ortho-substituted phenolic
precursors that display a more sterically accessible para-site. Reaction of 2-ethylphenol
with 1-adamantyl-1-ethanol modestly favors ortho-alkylation, albeit in 34% yield of 3.23,
along with 25% ortho/para-dialkylation and 19% para-alkylation side products. A similar
reactivity pattern was observed between 2-ethylphenol and 2-adamantanol, which gave rise

to 33% of phenolic 3.24. ortho/para-Dialkylated (17%) and para-substituted (6%) phenols
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Table 3.3. Scope of Friedel-Crafts alkylations with unactivated secondary alcohols.?

: Me :
oH ZnCl, (5 mol%) OH 5 Me :
OoH (R)-CSA+H,0 (0.75 equiv) : :
10 N H (o) '
10 Xt J\ R'T . ' 0\\\ E
R'T R R®  PnCl, 140 °C, 18 h X s P o i
_ : : R N, :
R? ' HOR CSA :
(3 equiv) R (R-CSA ;
OH : OH :
OH ! HO 3.6 ‘ ;
neshog¥sas!
t-Bu t-Bu t-Bu
3.8, 74% 3.10, 69% ; 3.1 3.12,81% :
64%, 5mol% FeCly ~ TTTTTIIImmssesmsssssssssssssssssoosssssssoossssssoooosensos :
OH Me OH Me OH Me OH
M
t-Bu t-Bu t-Bu

3.13, 70%, 5 equiv OH 3.14, 54%, 5 equiv OH 3.15, 87%, 2 equiv OH 3.17, 82%, 1.1 equiv OH
70%, 1.1 equiv OH
OH

/6Q OH OH Me
t-Bu i-Pr i-Pr” t @ Ph” i @
3.18, 76%, 1.1 equiv OH 3.19, 49% 3.20, 85%, 1 mol% ZnCl, 3.21, 38%
OH OH OH OH
Et
Ph
3.22, 64%, 1.1 equiv OH 3.23. 34% 3.24,33%, 1.1 equiv OH  3.25, 36%, 1.1 equiv OH
(+ 19% para + 25% disub) (+ 6% para + 17% disub) [46% brsm] (+ 18% disub)
OH OH OH
OH
Ph
Et F Cli
3.26, 35%, 1.1 equiv OH  3.27, 41%, 1 mol% ZnCl,  3.28, 31%, 2 equiv OH 3.29, 35%, 1.1 equiv OH
(+ 14% disub) 32%, 1 mol% FeCl; (+ 14% disub)
OH OH

Me
L
Me

=

o
=
o
o
X

Me
Br Me Me
3.30, 41%, 1.1 equiv OH 3.31, 31% [47% brsm] 3.32, 52%, 1.1 equiv OH  3.33, 68%, 1.1 equiv OH
23%, 5 mol% FeCI3 (+ 10% para) 23%, 5 mol% Fec|3

Conditions: phenolic compound (0.2 mmol), alcohol (0.6 mmol), ZnCl, (0.01 mmol), (R)-CSA
(0.15 mmol), PhCl (0.2 mL, 1 M), 140 °C, 18 h. * Reactions were carried out with combined
efforts with V. K. Nguyen, L. Rangel, and C. Fan.
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were formed as minor products. Both 2-benzylphenol and 2-phenylphenol alkylate at their
ortho-sites with 2-adamantanol to afford ortho/ortho-dialkylphenols 3.25 and 3.26 in 36%
and 35% isolated yields, respectively, along with a minor disubstitution of side products.
In these cases, the para-substituted isomers were not isolated nor observed by 'H NMR

analysis of the crude reaction mixtures.

para-Substituted (including halogenated) phenolic precursors were mono-alkylated
in modest 31-41% vyields (3.27-3.30). Sterically-encumbered thymol alkylates with
cyclohexanol in 31% yield (47% brsm) predominantly at the most hindered ortho-position
(3.31, 31%) over the para-position (10%). In contrast, with two available ortho-sites, the
flavoring agent 3,4-xylenol undergoes alkylation at the less hindered 6-position to furnish
2-adamantyl-4,5-dimethylphenol (3.32) in 52% yield. This selectivity is consistent with all
the meta-substituted phenolic precursors containing two unsymmetrical ortho-sites. With

both ortho-sites blocked, as in 2,6-xylenol, para-alkylation resulted in 3.33 in 68% yield.

This chemistry can be applied to the alkylation of more complex molecules like
estrone (3.34). As examples, its treatment with isopropanol and cyclohexanol furnishes a
mixture of 3.35/3.36 in 31% (1:1.5 C4/C2 selectivity) favoring alkylation at the more
sterically encumbered ortho-site and 3.37/3.38 in 60% yield (2.3:1 C4/C2 selectivity)
favoring alkylation at the less hindered ortho-site (Figure 3.11a). We further demonstrate
derivatization of the alkylated phenolic compound (3.18) with 2-fluoropyridine (3.39) in a
nucleophilic aromatic substitution to access pyridylaryl ether 3.40 in 86% yield (Figure

3.11b).
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ZnCl; (cat.)

CSA (cat)
+ROH——3» R 4
PhClI, 140 °C, 18 h

HO

R =j-Pr: 31%, 1:1.5 3.35/3.36
R =Cy: 60%,2.3:1 3.37/3.38

=z
o |
O c52c03 N (0]
DMSO 110 °C /@/@
t-Bu
3. 3.39 3.40, 86%

Figure 3.11. Application to late-stage derivatization:

a) Direct alkylation of estrone (3.34). b) Derivatization of substituted phenol by SnAr.

3.2.3 Mechanistic studies to probe the origin of site-selectivity

The ortho-selectivity, albeit only modest, under Zn/CSA-catalysis conditions was
similarly observed between unsubstituted phenol (3.41) and 2-adamantanol (3.42) where a
mixture of alkylated products formed, with o-alkylation occurring as the major product
(3.43, 25%), followed by 0,0-dialkylation (3.44, 14%), and p-alkylation (3.45, 8%) (Figure
3.12a). This contrasts from the para-selectivity observed in the analogous Fe/HCI-
catalyzed Friedel—Crafts alkylation with tertiary alcohols'? and HFIP-mediated alkylation
with tertiary alkyl bromides.!® On the other hand, we found that the catalytic Zn/CSA
system favors ortho-selectivity (>16:1 3.46 to 3.47) over 3.48, even with the more hindered
tert-butanol (3.50) at 80 °C, although with lower reactivity compared to the previously
reported Fe/HCI system (Figure 3.12b). At 140 °C, the site-selectivity reverses to favor

3.48 (40% yield, 13:1 p/o). Therefore, the site-selectivity was not simply determined by
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steric factors, but rather by the catalyst systems. The Zn/CSA catalyst system inherently
favors ortho-selectivity. The site-selectivity was lost when CSA was substituted for HCI.
The Zn/HCI co-catalyzed reaction between 2-ethylphenol (3.49) and 2-adamantanol (3.42)

resulted in a 1:1.2 mixture of 3.51/3.52, slightly favoring para-substitution (Figure 3.12¢).

a) Zn/CSA-catalysis: ortho-selectivity with phenol
ZnCl; (5 mol%)

/ﬁ CSA (0.75 equw)
© PhCI, 140 °C, 18 h Kj \©

2-ad
3.41 3.42 3.43 3.44 3.45
(1 equiv) (1.1 equiv) 25% 14% 8%

b) Zn/CSA-catalysis with tert-butanol: kinetic vs thermodynamic control

ZnCl;, (5 mol%)
OH Me><Me CSA (0.75 equw) t-Bu
Et +
©/ HO™ "Me  ppcy A, 18h

t-Bu
3.49 3.50 3.46 3.47 3.48
(1 equiv) (1.1 equiv) 80°C 16% <1% 4%
140°C 3% 40% 12%
c) Zn/HClI-catalysis: para-selectivity with HCI
ZnCl, (5 mol%) OH
/ﬁ CSA (0.75 equw) 2-ad Et
©/ PhCl, 140 °C, 18 h ©/
2-ad 2-ad
3.49 3.42 3.51 3.52 3.53
(1 equiv) (1.1 equiv) 22% 27% 18%

Figure 3.12. Mechanistic studies:

a) Preference for ortho-selectivity in Zn/CSA-catalyzed Friedel-Crafts alkylation. b) Insight on
kinetic versus thermodynamic control. c) Poor selectivity with Zn/HCI catalysis.

Reaction progress monitoring via SFC analysis was performed using 2-ethylphenol
(3.49) to corroborate the site-selectivities (Figure 3.13). We found that under Zn/CSA

catalysis, the initial rate of ortho-alkylation was significantly greater than that of para-
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alkylation (Figure 3.2a). In contrast, ortho- and para-alkylation products formed at similar

rates under Zn/HCI catalysis (Figure 3.2b).

100 o ) 1.00 o .
0% |, a) with (R)-CSA<H,0 0go | b)with HCl,
o
0.80 0.80 ® 2-ethylphenol (1d)
0.70 ") 0.70 A o-alkylation
g 0.60 ° o — A 0.60 ° p-alkylation
5 050 o  AA— 0.50 e di-alkylation
> 040 . 0.40 * o0 —
S 030 e 0.30 es—
o : Ba A A T -
0.20 /A ~— 0.20 § A —_
- ——— —e
% 010
o0 o
0.00 0.00 #
0 20000 40000 60000 0 20000 40000 60000
time/s time /s

Figure 3.13. Reaction progress monitoring of:

a) Zn/CSA-catalyzed alkylation of 2-ethylphenol (3.49) and b) Zn/HCl-catalyzed alkylation of 2-
ethylphenol (3.49) by SFC analysis. SFC = supercritical fluid chromatography.

These data sets were supportive of the selectivity arising from the catalyst and not
simply from substrate bias. We postulate that the Zn and CSA catalysts play roles in
templating reactivity and that the phenolic group directs reactivity (through a zinc
phenolate species). Upon subjecting anisole (3.54) to the catalysis conditions, V. K.
Nguyen found that only a small amount of the para-alkylated product (3.55) was observed
by NMR analysis (Figure 3.14a). This observation emphasizes the importance of the free
phenolic group in directing both reactivity and selectivity. To probe the substitution
mechanism of the reaction, a non-racemic mixture of 1-adamantyl-1-ethanol (3.57) was
subjected to Friedel-Crafts alkylation with 3-tert-butylphenol (3.6) (Figure 14b). The loss
of enantiomeric excess in forming the chiral racemic product (3.15) (Table 3.4) strongly
suggests involvement of an Sn1 pathway under the dual ZnClo/CSA catalysis conditions,

which was distinct from the Sn2 pathway promoted by TfOH in HFIP.'*
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a) para-selectivity with anisole (V. K. Nugyen)

ZnCl, (5 mol%) OMe OMe
©/0Me O/OH CSA (0.75 equiv)
+
PhCI, 140 °C, 18 h
3.54 3.7 3.55 3.56
(1 equiv) (3 equiv) <5% not observed
b) enantiospecificity
Me OH Me
t-Bu OH ] ZnC|2 (5 mol%)
\©/ . HO™ CSA (0.75 equiv)
PhCI, 140 °C, 18 h t-Bu
3.6 3.57,45% ee 3.15
(1 equiv) (2 equiv) 74%, racemic

Figure 3.14. Mechanistic studies:

a) Alkylation of anisole. Work done by V. K. Nguyen. b) Probing enantiospecificity.

Table 3.4. Racemic or enantioenrich alcohol 3.57 result in racemic product (£)-3.15.

OH Me OH
Me
By (R)-CSAH,0, ZnCl, 9-ad
>
' 2-ad” "OH 140°c,18h
t-Bu ’ t-Bu
3.6 (+)-3.57 (£)-3.15
DAD1 E, Sig=280,4 Ref=off (20231030-A...mylose 2023-11-12 13-49-47\002-D1F-F2-AP-ELN2-183-10_3-4Bu_rac.D)
[ g _3-4Bu_s
mall - 2 ad &
< ;?Q ‘;5«>
o o &
4u—f
20—
0
: T T T T T T T T T T -
05 1 1.5 2 25 3 35 4 45 min
K] I v
File Information # Time Type Area Height Width Area%
[ LCFile [002-D1F-F2-AP-ELN2-183-10_3-tBu_rac.D - [1] 235 v ] 513 [ 86.1 [ 0.0993 48.837
File Path | C:\Users\Public\Documents\ChemStation\1\Data\20231030 2] 2515 | [ 5375 | 66.7 | 01343 [ 51183
OH Me OH
Me
(R)-CSA+H,0, ZnCl,
+ 2-ad
2-ad” “OH - >
+-Bu 140 °C, 18 h +-Bu
3.6 (R)-3.57, 45% ee (+)-3.15
DAD1 E, Sig=280,4 Ref=off (20231030-A... se 2023-11-12 14-15-43001-D1F-F1-AP-ELN2-280-3_3-tBu_sasym.D)
[ = @ mylo: _3-4Bu_asym.D)
mAl~ @ N
= & @3 A
eo- o 8 g
] s
0=
20—
0| L
os 1 15 3 25 2 as 4 a5 min
I T 3]
File # Time _ Type Area Height Width __ Area%
[ LC-File [001-D1F-F1-AP-ELN2-280-3_3-tBu_asym.D - [1] 225 [MF [ 3356 | 59.2 [ 0.0974 [ 48.595
| File Path | C:\Jsers\Public\Documents\C 1\1\Data\20231030 2] 247 | | 358 | 45.1 | 0135 | 51405
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We turned to kinetics studies to derive a rate law for this transformation using 3-
tert-butylphenol (3.6) and 2-adamantanol (3.42) as the model system. Initial rates of the
alkylation reaction were measured by varying the concentrations of ZnCl,, CSA, phenolic
3.6, alcohol 3.42, ZnCl,, and CSA (Table 3.5) and plotted (Figures 3.16-3.20). These
experiments revealed the rate to be largely independent of the concentration of ZnCl,,

suggestive of saturation kinetics and sequestration by substrate (Figure 3.15).

[product 3.18] with respect to time using

[product 3.18] with respect to time using
standard conditions over 2 h (Table 3.5, entry

standard conditions over 8 h (Table 3.5, entry
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Figure 3.16. Initial rates under standard conditions.
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Figure 3.17. Initial rates varying [phenolic 3.6].
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Figure 3.19. Initial rates varying [ZnCl,].
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[product 3.18] with respect to time using 1.9 x [product 3.18] with respect to time using 7.5 x

10! M (37.5 mol%) (R)-CSA+H,0 (Table 3.5, 10" M (150 mol%) (R)-CSAH,0 (Table 3.5,
entry 19) entry 20)
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Figure 3.20. Initial rates varying [(R)-CSA<H,O].
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Figure 3.15. Plots of initial rates with respect to:

(a) [ZnCl,] indicating pseudo-zero order dependence, [CSA] = 3.8 x 10" M, [phenolic 3.6] = 5.0
x 107! M, [alcohol 3.42] = 5.5 x 10"! M; (b) [CSA] indicating first-order dependence, [ZnCl,] =
2.5 x 102 M, [phenol 3.6] = 5.0 x 10" M, [alcohol 3.42] = 5.5 x 10! M; (c) [phenol 3.6]
indicating half-order dependence, [ZnCl,] = 2.5 x 102 M, [CSA] = 3.8 x 10" M, [alcohol 3.42] =
5.5 x 10"' M; (d) [alcohol 3.42] indicating first-order dependence, [ZnCl,] = 2.5 x 102 M, [CSA]
=3.8 x 10" M, [phenol 3.6] = 5.0 x 10" M.
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Table 3.5. Kinetic data for arene alkylation with adamant-2-ol.

[(R)- initial rate®

Entry  [3.6]/M [3.42]/M  [ZnCL]/M

CSA*H,0]/M / M:s!

1 5.0x 10" 55x 10" 2.5 %107 3.8 x 107! 2.9 x 107
2[b] 5.0x 10" 55x 10" 2.5 %107 3.8 x 10! 2.54% 107
3 2.5x 107! 5.5 %10 2.5 x 10 3.8 x 10! 1.65 x 107
4 3.3 x 107! 5.5x 107" 2.5 %107 3.8 x 107! 1.97 x 107
5 3.8 x 107! 5.5x 107" 2.5 %107 3.8 x 107! 2.26 % 107
6 7.5 x 107! 5.5x 10" 2.5 %107 3.8 x 10" 3.11 x 107
7° 1.0 x 10 5.5x 10" 2.5 x 102 3.8 x 10! 3.16 x 107
8b 5.0x 107! 1.4 x 10" 2.5 %107 3.8 x 107! 5.99 x 10°°
9 5.0x 107" 1.8 x 10! 2.5 %107 3.8 x 107! 9.85 x 107
10 5.0x 10" 2.8 x 10! 2.5 %107 3.8 x 10" 1.54%x 107
11 5.0x 10" 4.1 x 10! 2.5 %107 3.8 x 10" 2.27x10°
12 5.0x 107" 6.9 x 10! 2.5 %107 3.8 x 107! 3.43x 107
13 5.0x 107" 8.3 x 10! 2.5 %107 3.8 x 107! 3.35x 107
14 5.0 x 10! 9.6 x 10! 2.5 %107 3.8 x 10! 3.5, x 107
15° 5.0 x 10! 1.1 x 107 2.5 %107 3.8 x 10! 3.17x 107
16 5.0 x 10! 5.5 % 107! 0 3.8 x 10! 5.76 x 10
17° 5.0 x 10! 5.5 % 107! 1.3 x 1072 3.8 x 10! 2.2 x 107
18° 5.0 x 10" 5.5x 10" 5.0 %107 3.8 x 10! 2.5 x 107
19° 5.0 x 10" 5.5x 10" 2.5 x 10 1.9 x 107! 1.77 x 107
20° 5.0x 10" 5.5x 10" 2.5 %107 7.5 %10 3.08 x 107

@ Average value from 2 independent experiments. ® Experiments ran for 8 h.

In the absence of ZnCly, the initial rate deviates significantly (4.3-fold slower) from
the trendline in Figure 3.15a (see Table 3.2, entry 4) and was indicative of background
reactivity proceeding through a different ZnClz-free mechanism. The initial rates (eqn
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(3.1)) follow a first-order dependence on the concentration of CSA, half-order dependence
on the concentration of phenolic 3.6, and first-order dependence on the concentration of 2-

adamantanol (3.42), giving the rate law:

rate = k,,s[ZnCl,]°[CSA] [phenolic 3.6]%>[alcohol 3.42]* (3.1)

Based on the experimentally-derived rate law, the zinc catalyst is believed to be saturated

with phenol ligands in the form of complex 3.58 (Scheme 3.1).

ZnCl, + 2
St order in [CSA]
I

ZnCIz

proposed
resting state

3.58
1/, order in

h order in [Zn] [phenol]

(o}

HO_  Osg H
\ A HO O.g
Cl,Zn—O O M \ N
e Cl,Zn—0' 0 Me

3.61 3.59 Me

Q
HO 3.7
st order in [alcohol]
\ /\\
Cl,Zn—O O

Scheme 3.1. Proposed mechanism.
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We therefore propose it to be the resting state of the catalytic cycle. Alcohols are
likely to be competitive ligands for zinc; however, our past study with FeCl; revealed that
its binding to alcohols poorly facilitates ionization and likely forms unproductive
intermediates.'? For the reaction to proceed, one of the phenolic ligands must dissociate
from zinc in exchange for CSA to coordinate, leading to complex 3.59; hence the half-
order dependence on [phenol 3.41] and first-order dependence on [CSA]. Complexation of
the Bronsted acid to zinc effectively enhances its acidity, enabling it to activate alcohol 3.7
toward Friedel—Crafts alkylation (3.60). Ionization, as part of the Sn1 pathway determined
via stereochemical studies (Figure 3.14b), leads to loss of water and an ion-pair that can
potentially proceed via transition state 3.61. The relatively non-polar PhCl solvent favors
formation of a tight ion-pair and accounts for the ortho-selectivity. The modest levels of
site-selectivity observed is believed to be a consequence of the high temperature that is
currently needed, which acts to disrupt the proposed organized network in intermediate
3.61, thereby allowing the non-directed intermolecular pathway that leads to para-
substituted products to be competitive. Release of product 3.62 in the presence of excess

phenolic substrate turns over the zinc catalyst.

3.3 Conclusion

In summary, the combination of zinc and CSA catalysts promotes the first direct
ortho-selective Friedel-Crafts alkylation of phenolic derivatives with unactivated
secondary alcohols. The free phenolic group was found to be important for reactivity and

site-selectivity, which was rationalized through zinc-mediated templation that biases
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alkylation at the ortho-position over the generally more accessible para-position. The
current catalysis conditions provide a good foundation for developing green and cost-
effective conditions for catalytic Friedel-Crafts reactions using readily accessible alcohols

as direct alkylating agents.
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3.5 Experimental

3.5.1 General Information

See section 1.5.1 for general information.

Reaction setup, progress monitoring, and product purification
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In general, the catalytic reactions were not air- or moisture-sensitive; however, the
iron and zinc salts are hygroscopic and quickly change color when being weighed and
added to the reaction vessel. This influenced how much metal catalyst was being added
because their molecular weights increase on hydration. For consistency and rigor, the iron
and zinc salts were weighed and added to vials inside a nitrogen-filled glovebox. For
phenols, mild oxidation during preparatory plate in open air occurred, which may discolor
the final product. Unless otherwise noted, products purified by preparatory plate were pure

by NMR analysis.

3.5.2 Experimental Procedures: Preparation of Secondary Alcohols
General Procedure A: Reductions of Ketones with LiAlH4

According to a modified procedure of Marino and coworkers,' To a 50 mL round-
bottomed flask (flame-dried and equipped with a stirring bar) was added LiAlH4 (1 equiv).
The flask and its contents were purged with N> gas and added dry Et2O (to produce a 0.2
M suspension). The mixture was cooled to 0 °C and added dropwise a solution of ketone
(1 equiv) in dry Et2O (1 M). The resulting suspension was allowed to stir at 0 °C for 4 h.
The reaction mixture was quenched via the Fieser—Fieser workup conditions: diluted with
Et,0 (30 mL), then cooled to 0 °C and dropwise added distilled water (dH20) (2 equiv),
15% (w/v) aqueous NaOH (2 equiv), and dH>O (3 equiv). The mixture was warmed to
room temperature and stirred for 15 min, then added anhydrous MgSO4 was and stirred for

an additional 15 min. The solids were removed by filtration and the filtrate was
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concentrated under reduced pressure to obtain the secondary alcohol product. The alcohol

was subsequently used without further purification.

Although synthesized by General Procedure A, cycloheptanol (3.9), 1,2,3,4-
tetrahydronaphthalen-2-ol (3.11), and norborneol (3.64) are commercially available and

are not listed in the experimental section.
1-(Adamant-1-yl)ethanol (3.57)

OH  Prepared using General Procedure A with LiAlH4 (0.19 g, 5 mmol, 1 equiv),

e Et,0 (25 mL, 0.2 M), and adamant-1-yl methyl ketone (0.89 g, 5 mmol, 1

equiv) in Et20 (5 mL, 1 M) to afford 3.57 (470.0 mg, 63%) as a colorless

solid. 'H NMR (500 MHz, CDCls) § 3.24 (q, J = 6.5 Hz, 1H), 1.96 (s, 3H), 1.68 (d, J =
12.3 Hz, 3H), 1.65-1.52 (m, 6H), 1.45 (d, /= 12.3 Hz, 3H), 1.06 (d, J = 6.6 Hz, 3H). The

spectral data recorded are consistent with those previously reported.?
TarB-NO2 (3.65)

CO,H According to a modified procedure of Suri and coworkers,® an

)
/@/é\o ™COH  gven-dried 50 mL round bottom flask equipped with a stirring bar

OoN was added tartaric acid (0.75 g, 5 mmol, 1 equiv) followed by (4-
nitrophenyl)boronic acid (0.83 g, 5 mmol, 1 equiv). The flask and its contents were purged
with N> gas to displace air and create an inert atmosphere. The cap was briefly opened to
add CaH> (0.42 g, 10 mmol, 2 equiv) before the flask was re-purged with N> and added dry
THF (12.5 mL, 0.4 M). The flask was equipped with a water condenser and was heated to

80 °C and stirred for 1 h. The solution was cooled to rt and the solids were vacuum filtered,
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rinsed with Et,0O, and concentrated under reduced pressure to afford 3.65 (1.14 g, 1.1 to 1
boronic ester to 4-(nitrophenyl)boronic acid as yellow-white solids. The flask was purged
with N before diluting in dry THF (10 mL, 0.5 M) and transferring via cannula to an oven-
dried, N2 purged scintillation vial and stored in the freezer. 'H NMR (400 MHz, THF-d8)

0 8.25-8.17 (m, 2H), 8.05-7.96 (m, 2H), 5.09 (s, 2H).
(R)-1-(Adamant-1-yl)ethanol ((R)-3.57)

OH According to a modified procedure of Suri and coworkers,® an oven-dried 2-
@\ We neck round bottom flask equipped with a stir bar was added 1-adamantyl
methyl ketone (0.45 g, 2.5 mmol, 1 equiv). The flask and its contents were

purged with N> gas to displace air and create an inert atmosphere. To the flask was added
via syringe a solution of TarB-NO; (3.65) in dry THF (0.5 M, 5 mL, 0.5 mmol, 1 equiv)
and allowed to stir at rt for 10 minutes before cooling to 0 °C. The flask was briefly opened
to air to add NaBH4 (0.19 g, 5 mmol, 2 equiv) and allowed to stir at 0 °C for 0.5 h under
Nz with a vent needle. Light yellow solution slowly bubbles (Hz formation). The reaction
was slowly quenched with distilled water until bubbling stops upon addition (~4 mL). The
reaction was alkalized with solid NaOH until pH of 12 (~6 normal-sized pellets) and
allowed to stir for a few minutes. The orange biphasic mixture was diluted in pentane (35
mL) and the solution was washed with 2.5 M aqueous NaOH (20 mL) and sat brine (20
mL). The organic extract was dried over anhydrous MgSQOs, filtered, and concentrated
under reduced pressure to afford a yellow solid. Purification by flash chromatography
(eluted with 2-20% EtOAc in hexanes, TLCs stained with KMnOj4 and heated until yellow
spot appears) afforded (R)-3.57 (0.37 g, 82%) as a white solid. R 0.20 (9:1
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hexanes/EtOAc). 'H NMR (500 MHz, CDCls) & 3.28 (q, J = 6.4 Hz, 1H), 1.99 (p, J=3.2
Hz, 3H), 1.72 (d, J= 12.8 Hz, 3H), 1.66-1.56 (m, 6H), 1.52-1.44 (m, 3H), 1.09 (d, J= 6.4
19 _

Hz, 3H). The spectral data recorded are consistent with those previously reported.? [a]}’ =

+0.850 (c 1.1, CHCl3, ee ~45%); lit.* [a]}’ = +1.26 (c 0.95, CHCl3, ee = 68%).

3.5.3 Reactions of Unactivated Secondary Alcohols
General Procedure B: Alkylations with cyclohexanol

To a one-dram vial equipped with a stirring bar was sequentially added ZnCl, or
FeCls (2-10 umol, 1-5 mol%), arene derivative (0.2 mmol, 1 equiv), PhCI (0.2 mL, 1 M),
cyclohexanol (62.5 pL, 0.6 mmol, 3 equiv), and (R)-camphorsulfonic acid monohydrate
((R)-CSA-H>0) (37.6 mg, 0.15 mmol, 75 mol%) or (S)-camphorsulfonic acid ((S)-CSA)
(35 mg, 0.15 mmol, 75 mol%). The reaction mixture was heated at 140 °C for 18 h. The
solution was filtered through a 5” pipette plug of silica gel (approximately one-third filled)
and eluted with hexanes/EtOAc (3:1). The solution was concentrated in vacuo and purified

via silica gel chromatography to obtain the alkylation product.
General Procedure C: Alkylations with 2-adamantanol

To a one-dram vial equipped with a stirring bar was sequentially added ZnCl, or
FeCls (10 pmol, 5 mol%), arene derivative (0.2 mmol, 1 equiv), PhCl (0.2 mL, 1 M), 2-
adamantanol (33.5 mg, 0.22 mmol, 1.1 equiv), (R)-camphor sulfonic acid monohydrate
((R)-CSA*H>0) (37.6 mg, 0.15 mmol, 75 mol%) or (S)-camphor sulfonic acid ((S)-CSA)
(35 mg, 0.15 mmol, 75 mol%). The reaction mixture was heated at 140 °C for 18 h. The
solution was filtered through a silica gel plug (packed in a 5 glass pipette, approximately

198



one-third filled) and eluted with hexanes/EtOAc (3:1). The solution was concentrated in

vacuo and purified via silica gel chromatography to obtain the alkylation product.

General Procedure D: Alkylations with other secondary alcohols

To a one-dram vial equipped with a stirring bar was sequentially added ZnCl» (0.01
mmol, 5 mol%), 3-tert-butylphenol (0.2 mmol, 1 equiv), PhCl (0.2 mL, 1 M), secondary
alcohol (0.22—1.0 mmol, 1.1-5 equiv), and (R)-camphor sulfonic acid monohydrate ((R)-
CSA+<H>0) (37.6 mg, 0.15 mmol, 75 mol%). The reaction mixture was heated at 140 °C
for 18 h. The solution was filtered through a silica gel plug (packed in a 5” glass pipette,
approximately one-third filled) and eluted with hexanes/EtOAc (9:1) or EtOAc. The
solution was concentrated in vacuo and purified via silica gel chromatography to obtain the

alkylation product.
5-(tert-Butyl)-2-cyclohexylphenol (3.8)

OH Prepared using General Procedure B with 3-fert-butylphenol (30.2 mg,

e 0.2 mmol, 1 equiv), ZnCl; (1.5 mg, 0.055 mmol, 0.05 equiv), PhCl (0.2

Me Me mL, 1.0 M), cyclohexanol (62.5 pL, 0.6 mmol, 3 equiv), and CSA+*H>O

(37.6 mg, 0.150 mmol, 0.75 equiv). Purification by preparative TLC (eluted with 9:1
hexanes/EtOAc) afforded 3.8 (34.5 mg, 74%) as a yellow-orange oil. Ry 0.33 (19:1
hexanes/EtOAc). 'H NMR (500 MHz, CDCl3) § 7.12 (d, J= 8.1 Hz, 1H), 6.95 (dd, J=8.1,
2.0 Hz, 1H), 6.81 (d, J = 2.2 Hz, 1H), 4.74 (s, 1H), 2.77 (qt, J = 6.3, 2.5 Hz, 1H), 1.94—
1.83 (m, 5H), 1.82—1.74 (m, 1H), 1.51-1.38 (m, 4H), 1.31 (s, 9H). *C NMR (151 MHz,

CDCl3) 6 152.4, 150.2, 130.5, 126.5, 118.0, 112.7, 37.2, 34.4, 33.3, 31.4, 27.2, 26.4. IR
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(ATR): 3342, 2925, 2852, 1414, 738 cm™'. HRMS (ESI+): m/z [M+H]" calculated for

Ci6H250: 233.1900; found: 233.1902.
5-(tert-Butyl)-2-cycloheptylphenol (3.10)

Prepared using General Procedure D with 3-zert-butylphenol (30.2
OH

mg, 0.201 mmol, 1 equiv), ZnCl (1.7 mg, 0.012 mmol, 0.05 equiv),
Me
meé me PhCI (0.2 mL, 1.0 M), cycloheptanol (69.6 mg, 0.609 mmol, 3 equiv),
and CSA*H>0O (37.8 mg, 0.151 mmol, 0.75 equiv). Purification by preparative TLC (eluted
with 19:1 hexanes/EtOAc x 2) afforded 3.10 (34.0 mg, 69%) as an orange oil. 'H NMR
(500 MHz, CDCIl3) 6 7.09 (d, J= 8.0 Hz, 1H), 6.91 (dd, J= 8.1, 1.5 Hz, 1H), 6.78 (d, J =
2.0 Hz, 1H), 2.95-2.83 (m, 1H), 1.96-1.87 (m, 2H), 1.85-1.77 (m, 2H), 1.72—-1.52 (m, 8H),
1.28 (s, 9H). *C NMR (101 MHz, CDCls) § 151.8, 150.0, 132.4, 126.8, 118.0, 112.7, 39.3,
35.5,34.4,31.5, 28.1, 27.6. IR (ATR): 3380, 2923, 2855, 1617, 1577, 1504, 1460, 1415,
1362, 1292, 1264, 1233, 1203, 1168, 1128, 1089, 931, 863, 814, 738, 705, 651, 576, 554,
485, 458, 451, 440, 404 cm'. HRMS (ESI+): m/z [M+H]" calculated for C;7H270:
247.2056; found: 247.2061.
5-(tert-Butyl)-2-(1,2,3,4-tetrahydronaphthalen-1-yl)phenol (3.12)

‘ OH Prepared using General Procedure D with 3-ters-butylphenol (30.2

O O ve M& 0.201 mmol, 1 equiv), ZnCl, (1.5 mg, 0.011 mmol, 0.05 equiv),

e

Me Me  PhCI (0.2 mL, 1.0 M), 2-tetralol (3.11) (53.5 uL, 0.399 mmol, 2
equiv), and CSA+H>0 (37.5 mg, 0.150 mmol, 0.75 equiv). Purification by preparative TLC
(eluted with 19:1 hexanes/EtOAc) afforded 3.12 (45.4 mg, 81%) as an orange oil. Rs: 0.27
(19:1 hexanes/EtOAc). 'TH NMR (600 MHz, CDCl3) § 7.18-7.12 (m, 2H), 7.10-7.04 (m,
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1H), 6.98 (d, J = 7.8 Hz, 1H), 6.89-6.84 (m, 2H), 6.81 (d, J = 1.8 Hz, 1H), 4.48 (s, 1H),
4.28 (dd, J=8.8, 5.7 Hz, 1H), 2.97-2.80 (m, 2H), 2.17-2.08 (m, 1H), 1.99-1.90 (m, 2H),
1.82-1.73 (m, 1H), 1.29 (s, 9H). 13C NMR (151 MHz, CDCl3) § 152.9, 151.0, 138.3, 137.9,
130.5, 129.6, 129.5, 129.5, 126.5, 126.3, 117.9, 113.6, 40.9, 34.5, 31.5, 30.9, 29.9, 21.7.
IR (ATR): 3312, 2971, 1379, 1087, 1045, 879, 653 cm™'. HRMS (ESI-): m/z [M—H]"

calculated for C20H230: 279.1754; found 279.1765.
5-(tert-Butyl)-2-isopropylphenol (3.13)

Me OH Prepared using General Procedure D with 3-fert-butylphenol (30.1 mg,

Me
Me 0.2 mmol, 1 equiv), ZnClz (1.5 mg, 0.011 mol, 0.05 equiv), PhCl (0.2

e Ve mL, 1.0 M), isopropanol (76.5 pL, 1.0 mmol, 5 equiv), and CSA*H>O
(37.5 mg, 0.15 mmol, 0.75 equiv). Purification by preparative TLC (eluted with 19:1
hexanes/EtOAc) afforded 3.13 (26.7 mg, 70%) as a light-yellow-white solid. Mp 53-56
°C. Rg: 0.34 (19:1 hexanes/EtOAc). 'H NMR (500 MHz, CDCl3) & 7.15 (d, J = 8.0 Hz, 1H),
6.97 (dd, J= 8.0, 2.0 Hz, 1H), 6.81 (d, /= 1.9 Hz, 1H), 4.69 (s, 1H), 3.18 (h, /= 6.9 Hz,
1H), 1.32 (s, 9H), 1.28 (d, J = 6.9 Hz, 6H). '*C NMR (151 MHz, CDCl3) § 152.4, 150.3,
131.3,126.0,118.0,112.7,34.4,31.5,26.9, 22.8. IR (ATR): 3349, 2960, 2869, 1415, 1156,

1082, 932, 817, 739 cm™!. HRMS (ESI+): m/z [M+H]" calculated for C13H210: 193.1587;

found: 193.1583.
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2-(sec-Butyl)-5-(tert-butyl)phenol (3.14)

Me OH Prepared by L. Rangel using General Procedure D with 3-tert-
Me
butylphenol (30.1 mg, 0.2 mmol, 1 equiv), ZnCl; (1.5 mg, 0.011 mol,

Me

Me Me (.05 equiv), PhCl (0.2 mL, 1.0 M), sec-butanol (92.0 uL, 1 mmol, 5

equiv), and CSA*H>0 (37.5 mg, 0.15 mmol, 0.75 equiv). Purification by preparative TLC
(eluted with 19:1 hexanes/EtOAc) afforded 3.14 (22.1 mg, 54%) as a colorless oil. 'H NMR
(600 MHz, CDCl3) & 7.07 (d, J = 8.0 Hz, 1H), 6.92 (dt, /= 8.0, 1.5 Hz, 1H), 6.78 (t, J =
1.5 Hz, 1H), 4.57 (s, 1H), 2.89 (sextet, J = 7.0 Hz, 1H), 1.70-1.63 (m, 1H), 1.58 (dq, J =
13.9, 6.9 Hz, 2H), 1.29 (s, 9H), 1.23 (dd, J = 6.9, 1.1 Hz, 3H), 0.88 (dt, /= 7.4, 1.1 Hz,
3H). 3C NMR (151 MHz, CDCls) § 157.2, 152.7, 150.2, 126.7, 118.0, 112.7, 34.4, 33.9,

31.5, 30.0, 20.5, 12.4. IR (ATR): 3311, 2968, 1417, 1087, 1045, 879, 655 cm . HRMS

(ESI-): m/z [M—H]  calculated for C14H230: 205.1598; found: 205.1601.

2-(1-Adamant-1-yl)ethyl)-5-(tert-butyl)phenol (3.15)
Me OH Prepared using General Procedure D with 3-tert-butylphenol (30.0
Me mg, 0.2 mmol, 1 equiv), ZnCl, (1.4 mg, 0.01 mmol, 0.05 equiv),
e PhClI (0.2 mL, 1.0 M), 1-(adamant-1-yl)ethanol (3.57) or (R)-1-
(adamant-1-yl)ethanol ((R)-3.57) (72.2 mg, 0.40 mmol, 2 equiv), and CSA*H>0 (37.5 mg,
0.15 mmol, 0.75 equiv). Purification by preparative TLC (eluted with 19:1 hexanes/EtOAc)
or flash chromatography (eluted with 0—10% EtOAc in hexanes) afforded 3.15 (46.5-54.7
mg, 74-87%) as an orange oil. R¢: 0.37 (19:1 hexanes/EtOAc). 'H NMR (600 MHz, CDCls)
0 7.02 (d, J=8.1 Hz, 1H), 6.92-6.87 (m, 1H), 6.78 (d, J = 2.1 Hz, 1H), 4.60 (s, 1H), 2.74
(q,J/=7.3 Hz, 1H), 1.93 (s, 3H), 1.67-1.62 (m, 5H), 1.57 (d, J = 12.6 Hz, 4H), 1.50-1.45
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(m, 3H), 1.29 (s, 9H), 1.18 (d, J = 7.2 Hz, 3H). 3C NMR (151 MHz, CDCls) & 153.0,
150.0, 129.0, 127.0, 117.3, 112.4, 41.0, 39.8, 37.3, 36.3, 34.4, 31.5, 28.9, 14.4. IR (ATR):
3314, 2971, 1379, 1087, 1045, 879, 657 cm™'. HRMS (ESI-): m/z [M-H]" calculated for

C22H310: 311.2380; found 311.2395.
2-(Norborn-2-yl)-5-(tert-butyl)phenol (3.17)

OH Prepared by L. Rangel using General Procedure D with 3-tert-
butylphenol (30 mg, 0.2 mmol, 1 equiv), ZnCl (1.5 mg, 0.055 mmol,
Me Me (.05 equiv), PhCl (0.2 mL, 1.0 M), norbornan-2-ol (24.7 mg, 0.22
mmol, 1.1 equiv), and CSA*H>0 (37.6 mg, 0.15 mmol, 0.75 equiv). Purification by
preparative TLC (eluted with 9:1 hexanes/EtOAc) afforded 3.17 (40.2 mg, 82%) as a
yellow-orange oil. 'H NMR (400 MHz, CDCl3) § 7.14 (d, J = 8.1 Hz, 1H), 6.93 (dd, J =
8.1, 2.0 Hz, 1H), 6.84 (d, J = 2.0 Hz, 1H), 4.73 (s, 1H), 2.82 (dd, J = 9.1, 5.3 Hz, 1H),
2.45-2.24 (m, 2H), 1.81 (ddd, J=11.7, 8.8, 2.3 Hz, 1H), 1.75-1.51 (m, 4H), 1.47-1.35 (m,
2H), 1.31 (s, 9H), 1.24 (ddd, J = 9.7, 2.3, 1.5 Hz, 1H). '*C NMR (151 MHz, CDCl:) §
153.1,150.2,129.9,125.7,117.4,112.7,41.1, 40.4, 38.2,37.0, 36.3, 34.4, 31.5, 30.4, 29.2.
IR (ATR): 3341, 2949, 2867, 1573, 1413, 1295, 1234, 1092, 932, 814 cm™ . HRMS (ESI+):
m/z [M+H]" calculated for C17H250: 245.1900; found: 245.1901.
2-(Adamantan-2-yl)-5-(tert-butyl)phenol (3.18)
OH Prepared using General Procedure C with 3-zert-butylphenol (30.1
mm mg, 0.2 mmol, 1 equiv), ZnCl> (1.5 mg, 0.011 mol, 0.05 equiv),
me Me  phCl (0.2 mL, 1.0 M), adamantan-2-ol (33.9 mg, 0.223 mmol, 1.1

equiv), and CSA*H>0 (37.48 mg, 0.15 mmol, 0.75 equiv). Purification by preparative TLC
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(eluted with 9:1 hexanes/EtOAc) afforded 3.18 (43 mg, 76%) as a pale-yellow-white solid.
Mp 135-139 °C. R¢: 0.35 (19:1 hexanes/EtOAc). 'H NMR (500 MHz, CDCl3) § 7.37 (d, J
= 8.1 Hz, 1H), 6.94 (dd, J = 8.1, 2.0 Hz, 1H), 6.78 (d, /= 2.0 Hz, 1H), 4.67 (s, 1H), 3.15
(s, 1H), 2.38-2.33 (m, 2H), 2.05 (dd, /= 12.8, 2.9 Hz, 2H), 2.02-1.92 (m, 5H), 1.88 (p, J
= 3.2 Hz, 1H), 1.82-1.77 (m, 2H), 1.68-1.63 (m, 2H), 1.30 (s, 9H). 1*C NMR (151 MHz,
CDCl3) 6 153.6, 150.2, 128.5, 127.9, 117.3, 113.0, 43.9, 40.1, 38.1, 34.3, 33.0, 31.4, 31.2,
28.3,27.9. IR (ATR): 3301, 2899, 2849, 1615, 1450, 1411, 1192, 1092, 935, 859, 827, 731,

650 cm . HRMS (ESI+): m/z [M+H]" calculated for C20H290: 285.2213; found 285.2223.
2-Cyclohexyl-5-isopropylphenol (3.19)

OH OH Prepared by V. K. Nguyen using General

Procedure B with 3-isopropylphenol (27.5 pL,

+
Me Me

Me Me 0.2 mmol, 1 equiv), ZnCl (1.4 mg, 0.01 mmol,
3.19 (major) 3.66 (minor)

0.05 equiv), PhCl (0.2 mL, 1.0 M), cyclohexanol
(62.5 pL, 0.6 mmol, 3 equiv), and CSA*H>O (37.4 mg, 0.15 mmol, 0.75 equiv).
Purification by preparative TLC (eluted with 9:1 hexanes/EtOAc) afforded a 9:1 mixture
of both ortho-substituted 3.19 and 3.66 (21.5 mg, 49%) as an orange oil. R¢: 0.27 (9:1
hexanes/EtOAc). 'TH NMR (500 MHz, CDCl3) § 7.10 (d, J=7.9 Hz, 1H), 6.79 (dd, J=7.9,
1.8 Hz, 1H), 6.64 (t, J= 2.0 Hz, 1H), 4.74 (s, 1H), 2.84 (h, /= 6.9 Hz, 1H), 2.79-2.70 (m,
1H), 1.93-1.81 (m, 4H), 1.81-1.72 (m, 1H), 1.49-1.35 (m, 4H), 1.34-1.24 (m, 1H), 1.23
(d, J = 6.9 Hz, 6H). '3C NMR (151 MHz, CDCls) & 152.7, 147.8, 130.9, 126.8, 119.1,
113.5,37.2,33.7,33.3,27.2,26.5,24.1. IR (ATR): 3390, 2923, 2850, 1579, 1423, 738 cm™

I, HRMS (ESI+): m/z [M+H]" calculated for C1sH230: 219.1743; found: 219.1744.
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2-(Adamant-2-yl)-5-isopropylphenol (3.20)
OH Prepared using General Procedure C with 3-isopropylphenol (27.5
@\@\rm uL, 0.2 mmol, 1 equiv), ZnClz (1.7 mg, 0.012 mmol, 0.05 equiv),
Me  PhCI (0.2 mL, 1.0 M), adamantan-2-ol (33.6 mg, 0.22 mmol, 1.1
equiv), and CSA*H>0 (37.6 mg, 0.15 mmol, 0.75 equiv). Purification by preparative TLC
(eluted with 9:1 hexanes/EtOAc) afforded 3.20 (46.0 mg, 85%) as a yellow-white solid.
Mp 115-118 °C. R¢: 0.41 (9:1 hexanes/EtOAc). '"H NMR (500 MHz, CDCls) § 7.34 (d, J
=17.9 Hz, 1H), 6.78 (dd, J= 7.8, 1.2 Hz, 1H), 6.62 (d, J = 1.4 Hz, 1H), 4.59 (s, 1H), 3.13
(s, 1H), 2.83 (dt, J=13.4, 6.3 Hz, 1H), 2.33 (s, 2H), 2.03 (d, J = 12.4 Hz, 2H), 1.96 (d, J
= 5.4 Hz, 5H), 1.78 (s, 2H), 1.64 (d, J = 12.7 Hz, 2H), 1.23 (d, J = 6.9 Hz, 6H). ’*C NMR
(151 MHz, CDCl3) 6 153.9, 147.9, 128.9, 128.1, 118.5, 113.7, 44.0, 40.2, 38.2, 33.6, 33.0,
31.3,28.3,27.9, 24.1. IR (ATR): 3411, 2901, 2844, 1619, 1420, 1210, 1094, 1056, 947,
854, 830, 729, 645 cm™'. HRMS (ESI-): m/z [M—H]  calculated for C19H250: 269.1911;
found 269.1922.
2-(1-Adamant-1-yl)ethyl)-5-phenylphenol (3.21)
Me OH Prepared using General Procedure B with 3-phenylphenol (90%
on technical grade, 38.1 mg, 0.201 mmol, 1 equiv), ZnCl> (1.5 mg, 0.011
mmol, 0.05 equiv), PhCl (0.2 mL, 1.0 M), 1-(adamant-1-yl)ethanol (3.57) (72.4 mg, 0.401
mmol, 2 equiv), and CSA*H>O (37.7 mg, 0.151 mmol, 0.75 equiv). Purification by two
cycles of preparative TLC (eluted with 19:1 hexanes/EtOAc) afforded 3.21 (25.1 mg, 38%)
as an orange-white solid. Mp 160—-162 °C. R¢: 0.19 (19:1 hexanes/EtOAc). 'H NMR (500

MHz, CDCls)  7.61-7.52 (m, 2H), 7.42 (t, J= 7.5 Hz, 2H), 7.32 (t, J = 7.4 Hz, 1H), 7.20—
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7.11 (m, 2H), 7.02 (d, J = 1.9 Hz, 1H), 4.73 (s, 1H), 2.84 (q, J= 7.3 Hz, 1H), 1.95 (s, 4H),
1.71-1.48 (m, 11H), 1.22 (d, J= 7.2 Hz, 3H). 3C NMR (151 MHz, CDCl3) § 153.8, 140.7,
139.7, 129.9, 129.6, 128.8, 127.3, 127.0, 119.1, 113.8, 41.1, 39.8, 37.3, 36.4, 28.9, 14.4.
IR (ATR): 3556, 2903, 2885, 2845, 1484, 1447, 1407, 1310, 1220, 1184, 1176, 1115, 1106,
1029, 901, 855, 932, 760, 745, 712, 697, 673, 647, 623, 509 cm'. HRMS (ESI+): m/z
[M+H]" calculated for C24H2s0: 333.2213; found 333.2200.
2-(Adamant-2-yl)-5-phenylphenol (3.22)
OH Prepared using General Procedure C with 3-phenylphenol (90%
m technical grade, 37.9 mg, 0.200 mmol, 1 equiv), ZnCl> (1.3 mg, 9.5
" umol, 0.05 equiv), PhCl (0.2 mL, 1.0 M), adamantan-2-ol (33.6 mg,
0.221 mmol, 1.1 equiv), and CSA*H>O (37.8 mg, 0.151 mmol, 0.75 equiv). Purification by
flash chromatography (eluted with 0-20% EtOAc in hexanes) afforded 3.22 (43.0 mg,
64%) as a light orange-white solid. Mp 104-107 °C. R¢: 0.34 (9:1 hexanes/EtOAc). 'H
NMR (500 MHz, CDCl3) 6 7.60-7.55 (m, 2H), 7.50 (d, J = 8.0 Hz, 1H), 7.42 (t, J= 7.6
Hz, 2H), 7.32 (t,J= 7.3 Hz, 1H), 7.16 (dd, /= 8.8, 1.1 Hz, 1H), 6.99 (d, /= 1.9 Hz, 1H),
4.77 (s, 1H), 3.22 (s, 1H), 2.39 (s, 2H), 2.07 (d, J = 12.8 Hz, 2H), 2.01-1.98 (m, 4H), 1.90
(s, 1H), 1.80 (s, 2H), 1.68 (d, J = 12.5 Hz, 2H), 1.25 (s, 1H). *C NMR (151 MHz, CDCls)
0 154.3, 140.7, 139.9, 130.8, 128.8, 128.7, 127.3, 127.0, 119.2, 114.3, 44.1, 40.1, 38.1,
33.0,31.3,28.3,27.9. IR (ATR): 3510, 2897, 2845, 1563, 1485, 1448, 1406, 1172, 1108,
857, 758, 694 cm™!. HRMS (ESI-): m/z [M-H]" calculated for C2H230: 303.1765; found

303.1765.
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OH OH

OH OH OH
ZnCl, (cat.), CSA (cat.) Cy Et Et
Et ., Cy Et , ,
PhCI, A
3.49 3.7

34% combined yield Cy Cy
3.67 3.68 3.69

The reaction was performed by V. K. Nguyen using General Procedure B with 2-
ethylphenol (23.5 pL, 0.20 mmol, 1 equiv), ZnCl; (1.4 mg, 0.01 mmol, 0.05 equiv), PhCl
(0.2 mL, 1.0 M), cyclohexanol (62.5 uL, 0.6 mmol, 3 equiv), and CSA (35 mg, 0.15 mmol,
0.75 equiv). Purification by preparative TLC (eluted with 19:1 hexanes/EtOAc) afforded
an inseparable 3:1 mixture of 3.67 (8.7 mg, 21%, 25% brsm) and dialkylated 3.68 (3.7 mg,
6%, 8% brsm) with compound 3.67 being the major product. The mono-para-substituted
3.69 (7%, 9% brsm) was observed as a minor product.

2-Cyclohexyl-6-ethylphenol (3.67): The NMR data can be extracted from the NMR
spectra of the mixture: 'H NMR (600 MHz, CDCls) § 7.06 (dd, J= 7.7, 1.7 Hz, 1H), 7.00
(dd, J=17.4, 1.7 Hz, 1H), 6.87 (t, J= 7.7 Hz, 1H), 4.71 (s, 1H), 2.77 (dq, J = 7.2, 3.2 Hz,
1H), 2.63 (q, J = 7.6 Hz, 2H), 2.07-1.91 (m, 4H), 1.84-1.70 (m, 2H), 1.49-1.35 (m, 4H),
1.26 (t,J= 7.6 Hz, 3H). *C NMR (151 MHz, CDCls) § 150.7, 133.1, 129.2, 126.4, 124.5,
120.7,37.7,33.4,27.2,26.4,23.3, 14.0. IR (ATR): 3574, 3038, 2963, 1448, 1187, 774 cm™
!. HRMS (ESI+): m/z [M+H]" calculated for C14H210: 205.1587; found: 205.1579.
2,4-Dicyclohexyl-6-ethylphenol (3.68): The NMR data can be extracted from the NMR
spectra of the mixture: 'H NMR (600 MHz, CDCI3) § 6.89 (d, ] = 2.2 Hz, 1H), 6.84 (d, J
=2.2 Hz, 1H), 4.56 (s, 1H), 2.80 (dq, J= 7.2, 3.2 Hz, 2H), 2.77 (dq, J = 7.2, 3.2 Hz, 1H),
2.63 (q, J = 7.6 Hz, 2H), 2.07-1.91 (m, 4H), 1.84-1.70 (m, 2H), 1.49-1.35 (m, 4H), 1.26

(t,J=7.6 Hz, 3H). *C NMR (151 MHz, CDCl3) § 148.7,140.3, 132.8, 128.8, 124.7, 122.8,
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44.3,37.8,35.0,33.4,27.3,27.2,26.5,26.4,23.5, 14.1. IR (ATR): 3574, 3038, 2963, 1448,
1187, 774 cm™'. HRMS (ESI+): m/z [M+H]" calculated for C20H310: 287.2369; found:
287.2359.

4-Cyclohexyl-2-ethylphenol-4-cyclohexyl-2-ethylphenol (3.69): Isolated as an
inseparable 2:1 mixture of 3.49/3.69 with compound 3.49 being the major product. The 'H
NMR data can be extracted from the NMR spectrum of the mixture: 'H NMR (600 MHz,
CDCl3) 6 6.98 (d, J=2.2 Hz, 1H), 6.92 (dd, J=8.1, 2.2 Hz, 1H), 6.69 (d, J= 8.1 Hz, 1H),
4.53 (s, 1H), 2.63 (q, J = 7.6 Hz, 2H) 2.41 (d, J = 10.9 Hz, 1H), 1.88-1.79 (m, 2H), 1.73

(d,J=13.3 Hz, 2H), 1.62 (d, J = 25.8 Hz, 2H), 1.49-1.35 (m, 4H), 1.26 (t, /= 7.6 Hz, 3H).

Me
Me Et
ZnCl, (cat.), CSA (cat.)
> 1-ad
PhCI, A
79% combined yield
3 70

Me 1-ad
3.2 3.7

The reaction was performed using General Procedure D with 2-ethylphenol (24.0 pL, 0.20
mmol, 1 equiv), ZnCl> (1.5 mg, 0.011 mmol, 0.05 equiv), PhCl (0.2 mL, 1.0 M), 1-
(adamant-1-yl)ethanol (72.7 mg, 0.403 mmol, 2 equiv), and CSA*H>O (37.8 mg, 0.151
mmol, 0.75 equiv). Purification by preparative TLC (eluted with 19:1 hexanes/EtOAc)
afforded an inseparable 1.33:1 mixture of 3.23 (19.3 mg, 34%) and dialkylated 3.70 (22.7
mg, 25%) as a light yellow oil, with compound 3.23 being the major product. The mono-
para-substituted 3.71 (19%) was observed as a pale yellow oil as a minor product.

2-(2-(Adamant-1-yl)ethyl)-6-ethylphenol (3.23): R 0.45 (19:1 hexanes/EtOAc). the 'H
NMR data can be extracted from the NMR spectrum of the mixture: 'H NMR (600 MHz,

CDCL3) 8 6.99 (t, J = 7.5 Hz, 1H), 6.85 (t, J = 7.5 Hz, 1H), 6.73 (d, J = 10.6 Hz, 1H), 4.56
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(s, 1H), 2.82-2.73 (m, 1H), 2.70-2.58 (m, 2H), 1.96-1.91 (m, 3H) 1.70-1.38 (m, 12H)
1.32-1.23 (m, 3H), 1.21 (d, J = 7.0 Hz, 3H). indistinguishable mixture of 3.23 and two
diastereomers of 3.70: 3C NMR (101 MHz, CDCl3) § 151.4, 149.3, 135.3, 135.1, 129.7,
129.1, 128.6, 128.5, 128.0, 127.7, 127.6, 127.4, 127.0, 126.8, 126.5, 126.2, 119.7, 50.5,
50.4,41.6,41.5,41.4,40.3, 40.0, 39.9, 39.8, 37.4, 37.3, 37.2, 36.5, 36.3, 35.5, 29.0, 28.9,
28.9,23.8,23.7,23.6, 14.6, 14.6, 14.5, 14.4, 14.2, 14.2, 14.0. IR (ATR): 3608, 2966, 2901,
2847, 1451, 1378, 1361, 1345, 1312, 1264, 1183, 1148, 1107, 1075, 889, 829, 816, 797,
738, 705, 606, 567, 420 cm!. HRMS (ESI-): m/z [M-H] calculated for C2oHasO:
283.2067; found: 283.2094.

2,4-Bis-(2-(adamant-1-yl)ethyl)-6-ethylphenol (3.70): R¢: 0.45 (19:1 hexanes/EtOAc).
the 'H NMR data can be extracted from the NMR spectrum of the mixture: 'H NMR (600
MHz, CDCI3) 6 6.99 (s, 1H), 6.70 (s, 1H), 4.74 (s, 1H), 2.82-2.73 (m, 1H), 2.70-2.58 (m,
2H), 2.28 (q, J = 7.2 Hz, 1H), 1.96-1.91 (m, 6H) 1.70-1.38 (m, 24H) 1.32—1.23 (m, 6H),
1.20-1.18 (d, J = 7.0 Hz, 3H). indistinguishable mixture of 3.23 and two diastereomers of
3.70: *CNMR (101 MHz, CDCl3) 6 151.4, 149.3,135.3,135.1, 129.7, 129.1, 128.6, 128.5,
128.0, 127.7, 127.6, 127.4, 127.0, 126.8, 126.5, 126.2, 119.7, 50.5, 50.4, 41.6, 41.5, 41.4,
40.3, 40.0, 39.9, 39.8, 37.4, 37.3, 37.2, 36.5, 36.3, 35.5, 29.0, 28.9, 28.9, 23.8, 23.7, 23.6,
14.6, 14.6, 14.5, 14.4, 14.2, 14.2, 14.0. IR (ATR): 3608, 2966, 2901, 2847, 1451, 1378,
1361, 1345, 1312, 1264, 1183, 1148, 1107, 1075, 889, 829, 816, 797, 738, 705, 606, 567,
420 cm™'. HRMS (ESI-): m/z [M=H] calculated for C32Ha460: 445.3476; found: 445.3516.
4-(2-(Adamant-1-yl)ethyl)-2-ethylphenol (3.71): '"H NMR (600 MHz, CDCls) § 6.86 (s,

1H), 6.82 (d, J = 8.2 Hz, 1H), 6.66 (d, J = 8.1 Hz, 1H), 4.49 (s, 1H), 2.62 (q, J = 7.6 Hz,
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2H), 2.28 (q, J = 7.3 Hz, 1H), 1.94-1.90 (m, 3H), 1.63 (d, J= 12.1 Hz, 3H), 1.57-1.50 (m,
6H), 1.43-1.38 (m, 3H), 1.23 (t, J= 7.5 Hz, 3H), 1.18 (d, J= 7.3 Hz, 3H). 13C NMR (151
MHz, CDCL3) § 151.4, 136.8, 130.3, 128.6, 127.5, 114.2, 50.2, 40.1, 37.3, 35.3, 28.9, 23.2,
14.5, 14.3. IR (ATR): 3423, 2967, 2901, 2847, 1610, 1505, 1448, 1377, 1360, 1345, 1313,
1264, 1178, 1116, 1047, 895, 821, 798, 737, 704, 654, 602, 473, 451, 411 cm™'. HRMS

(ESI-): m/z [M+HCOO] calculated for C2oH2s0: 329.2122; found: 329.2125.

OH OH

OH OH
ZnCl ). CSA : 2-ad Et Et
Et, EL nCl; (cat.), (cat.) _ 2-ad Et, .
OH PhCl, A
56% combined yield 2-ad 2-ad
3.49 3.42 3.24 3.72 3.73

The reaction was performed using General Procedure C with 2-ethylphenol (23.5 pL, 0.20
mmol, 1 equiv), ZnCl> (1.4 mg, 0.01 mmol, 0.05 equiv), PhCl (0.2 mL, 1.0 M), 2-
adamantanol (33.5 mg, 0.22 mmol, 1.1 equiv), and CSA (35 mg, 0.15 mmol, 0.75 equiv).
Purification by preparative TLC (eluted with 19:1 hexanes/EtOAc) afforded an inseparable
2:1 mixture of 3.24 (16.9 mg, 33%) and dialkylated 3.72 (13.2 mg, 17%) with compound
3.24 being the major product. The mono-para-substituted 3.73 (<6%) was observed as a
minor product.

2-(Adamantan-2-yl)-6-ethylphenol (3.24): The NMR data can be extracted from the
NMR spectra of the mixture: 'H NMR (500 MHz, CDCl3) § 7.32 (d, J= 7.8 Hz, 1H), 7.03
(d,J=7.5Hz, 1H), 6.87 (t,J=7.6 Hz, 1H), 4.70 (s, 1H), 3.17 (s, 1H), 2.62 (q, /= 7.6 Hz,
2H), 2.34 (s, 2H), 2.08-1.93 (m, 7H), 1.92-1.84 (m, 2H), 1.79 (s, 2H), 1.67 (d, J = 12.6
Hz, 2H) 1.25 (t,J=7.5 Hz, 3H). >*C NMR (151 MHz, CDCl3) § 150.7, 131.1, 129.2, 126.5,

125.8, 120.0, 44.4, 40.3, 38.2, 33.0, 31.4, 28.3, 27.9, 23.2, 14.0. IR (ATR): 3600, 3046,
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2901, 1450, 1187, 735 cm’!. HRMS (ESI+): m/z [M+H]" calculated for CisHa50:
257.1900; found: 257.1892.

2,4-(Diadamantan-2-yl)-6-ethylphenol (3.72): The NMR data can be extracted from the
NMR spectra of the mixture: 'H NMR (500 MHz, CDCls) § 7.29 (d, J=2.2 Hz, 1H), 6.98
(d, J=2.2 Hz, 1H), 4.55 (s, 1H), 3.17 (s, 1H), 2.96 (s, 1H), 2.62 (q, /= 7.6 Hz, 2H), 2.34
(s, 4H), 2.08-1.93 (m, 16H), 1.79 (s, 4H), 1.67 (d, J = 12.6 Hz, 4H) 1.25 (t, J/ = 7.5 Hz,
3H). *C NMR (151 MHz, CDCl3) § 149.2, 135.4, 130.5, 128.6, 124.9, 124.2, 46.5, 44.5,
40.3,39.4, 38.2, 33.2, 33.0, 32.1, 31.5, 31.4, 28.4, 28.3, 28.0, 27.9, 23.7, 14.3. IR (ATR):
3600, 3046, 2901, 1450, 1187, 735 cm™'. HRMS (ESI+): m/z [M+H]" calculated for
C28H390: 391.2995; found: 391.2985.

4-(Adamantan-2-yl)-2-ethylphenol (3.73): Isolated as an inseparable 1:1 mixture of an
unidentifiable product and 3.70. The 'H NMR data can be extracted from the NMR
spectrum of the mixture: 'H NMR (500 MHz, CDCl3) § 7.10 (d, J = 2.4 Hz, 1H), 7.05 (dd,
J=28.5,2.2 Hz, 1H), 6.73 (d, J = 8.2 Hz, 1H), 4.51 (s, 1H), 2.93 (s, 1H), 2.63 (q, J = 7.6

Hz, 2H), 2.41 (s, 2H), 2.18-1.90 (m, 11H), 1.76 (s, 4H), 1.54 (d, J= 12.8 Hz, 4H), 1.24 (t,

J=17.6 Hz, 3H).
OH
ZnCl; (cat.), CSA (cat.)
_ 2-ad
Ph * >
OH PhCI, A
54% combined yield 2.ad 2 ad
3.74 3.42 3.75 5 3.76

not
i observed

Prepared by V. K. Nguyen using General Procedure C with 2-benzylphenol (36.8 mg, 0.20

mmol, 1 equiv), ZnCl> (1.4 mg, 0.01 mmol, 0.05 equiv), PhCl (0.2 mL, 1.0 M), 2-
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adamantanol (33.5 mg, 0.22 mmol, 1.1 equiv), and CSA (35 mg, 0.15 mmol, 0.75 equiv).
Purification by preparative TLC (eluted with 19:1 hexanes/Et,O) afforded an inseparable
2:1 mixture (54% overall yield, 38.7 mg) of 3.25 (22.6 mg, 36%, 46% brsm) and
dialkylated 3.75 (16.1 mg, 18%, 23% brsm) with compound 3.25 being the major product.
The para-substituted product 3.76 was not observed by NMR analysis of the crude reaction

mixture nor isolated.
2-(Adamantan-2-yl)-6-benzylphenol (3.25)

The NMR data can be extracted from the NMR spectra of the mixture: 'H NMR (400 MHz,
CDCl3) 6 7.38 (dd, J= 7.6, 1.4 Hz, 1H), 7.33-7.27 (m, 2H), 7.24-7.18 (m, 3H), 7.01 (dd,
J=74,1.7Hz, 1H), 6.89 (t, J=7.6 Hz, 1H), 4.65 (s, 1H), 4.00 (s, 2H), 3.14 (s, 1H), 2.30
(q,J=2.9 Hz, 2H), 2.14-1.92 (m, 7H), 1.88 (dt, /= 6.5, 3.2 Hz, 1H), 1.78 (d, /= 3.3 Hz,
2H), 1.65 (dtt, J = 12.7, 2.5, 1.2 Hz, 2H). '*C NMR (101 MHz, CDCl3) § 152.4, 139.7,
132.0, 128.9, 128.7, 128.5, 126.7, 126.6, 126.4, 120.1, 44.3, 40.2, 38.1, 37.2, 33.0, 31.4,
28.3, 27.8. IR (ATR): 3544, 2898, 1449, 1187, 730 cm™'. HRMS (ESI+): m/z [M+H]"
calculated for C23H270: 319.2056; found: 319.2055.
2,4-Diadamantan-2-yl-6-benzylphenol (3.75)

The "H NMR data can be extracted from the NMR spectrum of the mixture: 'H NMR (500
MHz, CDCI3) 6 7.36 (s, 1H), 7.33-7.27 (m, 2H), 7.24-7.18 (m, 3H), 7.04 (s, 1H), 4.67 (s,
1H), 4.00 (s, 2H), 3.14 (s, 2H), 2.30 (q, J = 2.9 Hz, 4H), 2.08-1.92 (m, 14H), 1.90 (dt, J =

6.5,3.2 Hz, 2H), 1.78 (d, /= 3.3 Hz, 4H), 1.65 (dtt, J=12.7, 2.5, 1.2 Hz, 4H).
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OH ¢+ OH

OH OH :
ZnCl ) CSA : 2-ad Ph : Ph

oh . @\ nCl, (cat.), (cat) Ph E

PhCI, A :

OH :
49% combined yield 2-ad ! 2-ad
3.77 3.42 3.26 3.78 : 3.79
not
i observed

Prepared by V. K. Nguyen using General Procedure C with 2-phenylphenol (34 mg, 0.20
mmol, 1 equiv), ZnCl> (1.4 mg, 0.01 mmol, 0.05 equiv), PhCl (0.2 mL, 1.0 M), 2-
adamantanol (33.5 mg, 0.22 mmol, 1.1 equiv), and CSA (35 mg, 0.15 mmol, 0.75 equiv).
Purification by preparative TLC (eluted with 19:1 hexanes/Et;0) afforded an inseparable
5:2 mixture (49% overall yield, 33.9 mg) 0 3.26 (21.5 mg, 35%) and dialkylated 3.78 (12.4
mg, 14%) with compound 3.26 being the major product. The para-substituted product 3.79

was not observed by NMR analysis of the crude reaction mixture.
2-(Adamantan-2-yl)-6-phenylphenol (3.26)

The NMR data can be extracted from the NMR spectra of the mixture: 'H NMR (400 MHz,
CDCl) 6 7.53-7.43 (m, 5H), 7.40 (t, /= 7.0 Hz, 1H), 7.09 (dd, /= 7.5, 1.7 Hz, 1H), 6.97
(t,J=7.6 Hz, 1H), 5.32 (s, 1H), 3.31 (s, 1H), 2.30 (q, J = 2.9 Hz, 2H), 2.14-1.92 (m, 7H),
1.88 (dt,J=6.5,3.2 Hz, 3H), 1.78 (d, /= 3.3 Hz, 1H), 1.65 (dtt, /= 12.7, 2.5, 1.2 Hz, 1H).
B3C NMR (151 MHz, CDCl3) § 150.7, 137.6, 132.4, 129.5, 128.0, 127.9, 127.5, 126.3,
125.8, 119.9, 44.4, 40.2, 38.2, 33.2, 31.3, 28.4, 28.0. IR (ATR): 3547, 2900, 2847, 1467,
1196, 907, 733 cm™'. HRMS (ESI+): m/z [M—H]" calculated for C22H230: 303.1754; found:

303.1753.
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2,4-Diadamantan-2-yl-6-phenylphenol (3.78)

The '"H NMR data can be extracted from the NMR spectrum of the mixture: 'H NMR (400
MHz, CDCl3) 6 7.53-7.43 (m, 5H), 7.37 (s, 1H), 7.05 (s, 1H), 5.18 (s, 1H), 3.30 (s, 2H),
240 (q,J=2.9 Hz, 4H), 2.11-2.05 (m, 14H), 2.01-1.88 (dt, /= 6.5, 3.2 Hz, 6H), 1.80 (d,

J=5.0Hz, 2H), 1.68 (ddt, J=12.8, 2.9, 1.4 Hz, 2H).
2-Cyclohexyl-4-ethylphenol (3.27)

on Prepared using General Procedure B with 4-ethylphenol (25.3 mg, 0.2022

mmol, 1 equiv), ZnCl> (0.3 mg, 2.2 umol, 0.01 equiv), PhCl (0.2 mL, 1.0 M),

Et  cyclohexanol (62.5 pL, 0.6 mmol, 3 equiv), and CSA*H>O (37.6 mg, 0.150

mmol, 0.75 equiv). Purification by preparative TLC (eluted with 19:1 hexanes/EtOAc)

afforded 3.27 (16.9 mg, 41%) as a yellow oil. Rg: 0.26 (19:1 hexanes/EtOAc). 'H NMR

(500 MHz, CDCl3) 6 7.03 (d, /= 2.2 Hz, 1H), 6.91 (dd, /= 8.1, 2.2 Hz, 1H), 6.70 (d, J =

8.1 Hz, 1H), 4.75 (s, 1H), 2.81 (tt, J=11.5, 3.0 Hz, 1H), 2.59 (q, J = 7.6 Hz, 2H), 1.93—

1.84 (m, 4H), 1.82-1.76 (m, 1H), 1.52—-1.39 (m, 4H), 1.35-1.26 (m, 1H), 1.23 (t, /= 7.6

Hz, 3H). C NMR (151 MHz, CDCl3) § 150.7, 136.7, 133.5, 126.5, 125.8, 115.3, 37.5,

33.3, 28.4,27.2, 26.5, 16.1. IR (ATR): 3341, 2923, 2850, 1504, 1447, 813 cm™'. HRMS
(ESI+): m/z [M+H]" calculated for C14H210: 205.1587; found: 205.1581.

2-(Adamant-2-yl)-4-fluorophenol (3.28)

OH  Prepared using General Procedure C with 3-phenylphenol (22.5 mg, 0.200

mmol, 1 equiv), ZnCl (1.7 mg, 0.012 mmol, 0.05 equiv), PhCI (0.2 mL,

1.0 M), adamantan-2-ol (33.7 mg, 0.221 mmol, 1.1 equiv), and CSA*H>O

(37.4 mg, 0.150 mmol, 0.75 equiv). Purification by preparatory TLC (eluted with 9:1
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hexanes/EtOAc) afforded 3.28 (15.2 mg, 31%) as a yellow solid. Mp 90-93 °C. R¢: 0.32
(9:1 hexanes/EtOAc). 'H NMR (500 MHz, CDCl3) § 7.15 (dd, J= 10.6, 3.0 Hz, 1H), 6.76
(dt,/=8.2, 3.1 Hz, 1H), 6.66 (dd, J = 8.7, 5.0 Hz, 1H), 4.60 (s, 1H), 3.14 (s, 1H), 2.32 (s,
2H), 2.09 (d, J=11.6 Hz, 1H), 2.00-1.95 (m, 6H), 1.88 (s, 1H), 1.78 (s, 2H), 1.65 (d, J =
12.8 Hz, 2H). 3C NMR (151 MHz, CDCl3) 6 157.4 (d, J=236.7 Hz), 149.9, 133.6, 115.9
(d, /=83 Hz), 1153 (d, J=23.8 Hz), 112.5 (d, J = 23.2 Hz), 44.3, 40.0, 38.0, 32.8, 31.1,
28.2, 27.7. F NMR (564 MHz, CDCl3) & —124.0. IR (ATR): 3406, 2900, 2847, 1698,
1502, 1427, 1341, 1252, 1178, 1165, 1115, 983, 956, 871, 821, 803, 746, 570, 473 cm .
HRMS (ESI-): m/z [M—H]  calculated for Ci6HisFO: 245.1347; found 245.1359.
2-(Adamant-2-yl)-4-chlorophenol (3.29)
on Prepared using General Procedure C with 4-chlorophenol (26.1 mg, 0.203
mmol, 1 equiv), ZnCl, (1.4 mg, 0.10 mmol, 0.05 equiv), chlorobenzene
¢l (0.2 mL, 1.0 M), adamantan-2-ol (33.6 mg, 0.221 mmol, 1.1 equiv), and
CSA-H>O (37.8 mg, 0.151 mmol, 0.75 equiv). Purification by flash chromatography
(eluted with 0-20% EtOAc in hexanes) afforded 3.29 (21.4 mg, 41%) as a yellow oil. R
0.30 (9:1 hexanes/EtOAc). '"H NMR (500 MHz, CDCl3) § 7.37 (d, J = 2.5 Hz, 1H), 7.04
(dd, J=8.5, 2.5 Hz, 1H), 6.66 (d, J = 8.4 Hz, 1H), 4.70 (s, 1H), 3.13 (s, 1H), 2.32 (s, 2H),
2.01-1.94 (m, 7H), 1.89 (s, 1H), 1.78 (s, 2H), 1.65 (d, J = 12.8 Hz, 2H). *C NMR (151
MHz, CDCls) & 153.3, 134.0, 128.3, 126.1, 124.8, 116.4, 44.1, 40.0, 38.1, 32.9, 30.9, 28.2,
27.8. IR (ATR): 3411, 2898, 2847, 1697, 1491, 1409, 1341, 1212, 1166, 1111, 919, 972,
806, 721, 676, 657, 472 cm™!. HRMS (ESI-): m/z [M-H]  calculated for Ci¢H5sCIO:

261.1052; found 261.1063.
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2-(Adamant-2-yl)-4-bromophenol (3.30)
on Prepared using General Procedure C with 4-bromophenol (34.7 mg, 0.200
mmol, 1 equiv), ZnCl (1.5 mg, 0.11 mmol, 0.05 equiv), chlorobenzene
Br (0.2 mL, 1.0 M), adamantan-2-ol (33.7 mg, 0.221 mmol, 1.1 equiv), and
CSA*H>0O (37.4 mg, 0.150 mmol, 0.75 equiv). Purification by preparative TLC (eluted
with 9:1 hexanes/EtOAc) afforded 3.30 (18.6 mg, 35%) as an orange-brown oil. R¢: 0.38
(9:1 hexanes/EtOAc). 'H NMR (600 MHz, CDCls) § 7.50 (d, J = 2.5 Hz, 1H), 7.20-7.15
(m, 1H), 6.62 (dd, J = 8.6, 1.6 Hz, 1H), 4.68 (s, 1H), 3.14 (s, 1H), 2.32 (s, 2H), 2.02—-1.92
(m, 7H), 1.89 (s, 1H), 1.78 (s, 2H), 1.65 (d, J = 12.7 Hz, 2H). 3*C NMR (151 MHz, CDCls)
o 153.2, 134.2, 131.3, 129.4, 117.2, 113.0, 44.2, 40.0, 38.0, 32.8, 31.0, 28.1, 27.7. IR
(ATR): 3299, 2900, 1411, 1087, 1045, 879, 627 cm'. HRMS

(ESI-): m/z [M—H] calculated for Ci1sH1sBrO: 305.0547; found 305.0551.
2-Cyclohexyl-6-isopropyl-3-methylphenol (3.31)

oH me Prepared by V. K. Nguyen using General Procedure B with thymol (30

e mg, 0.20 mmol, 1 equiv), ZnCl, (1.4 mg, 0.01 mmol, 0.05 equiv),

Me

chlorobenzene (0.2 mL, 1.0 M), cyclohexanol (62.5 puL, 0.6 mmol, 3.0 equiv), and CSA
(35 mg, 0.15 mmol, 0.75 equiv). Purification by preparative TLC (eluted with 19:1
hexanes/EtOAc) afforded 3.31 (14.5 mg, 31%, 47% brsm) as a colorless oil. The mono-
para-substituted product 3.80 was observed as a minor product (10%, 16% brsm). 'H NMR
(500 MHz, CDCls) 6 6.94 (d, J=7.9 Hz, 1H), 6.73 (d, /= 7.7 Hz, 1H), 4.84 (s, 1H), 3.05
(p, J = 6.8 Hz, 1H), 2.90 (s, 1H), 2.32 (s, 3H), 2.04 (q, J = 9.9 Hz, 2H), 1.86 (d, J = 12.5
Hz, 2H), 1.74 (dd, J = 24.5, 12.1 Hz, 3H), 1.38 (q, J = 12.5 Hz, 3H), 1.26 (d, /= 6.8 Hz,
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6H). 3C NMR (151 MHz, CDCls) § 152.0, 134.7, 132.2, 130.9, 123.1, 120.6, 39.9, 34.4,
30.3,27.0, 26.5,22.9, 21.0. IR (ATR): 3620, 2922, 1574, 1486, 767 cm™'. HRMS (ESI+):
m/z [M+H]" calculated for CisH250: 233.1900; found: 233.1908.
4-(Cyclohexyl)-2-isopropyl-5-methylphenol (3.80)
OH Me Isolated as an inseparable 3:1 mixture of thymol and 3.80, with thymol
e being the major product. The 'H NMR data can be extracted from the
NMR spectrum of the mixture (600 MHz, CDCl3) 7.03 (s, 1H), 6.55 (s,
1H), 4.57 (s, 1H), 3.05 (p, J = 6.8 Hz, 1H), 2.90 (s, 1H), 2.62 (m, 1H),
2.25(s,3H), 1.85 (m, 1H), 1.78 (m, 2H), 1.66 (dd, J=24.5, 12.1 Hz, 3H), 1.38 (q, J=12.5
Hz, 3H), 1.26 (d, J = 6.8 Hz, 6H).
2-(Adamant-2-yl)-4,5-dimethylphenol (3.32)
OH Prepared using General Procedure C with 3,4-xylenol (24.5 mg, 0.200
y mmol, 1 equiv), ZnCl; (1.3 mg, 9.5 pmol, 0.05 equiv), chlorobenzene
e
Me (0.2 mL, 1.0 M), adamantan-2-ol (33.6 mg, 0.221 mmol, 1.1 equiv),
and CSA+H>0 (37.5 mg, 0.150 mmol, 0.75 equiv). Purification by preparative TLC (eluted
with 9:1 hexanes/EtOAc) afforded 3.32 (26.9 mg, 52%) as a light brown-white solid. Mp
105-107 °C. R¢: 0.38 (19:1 hexanes/EtOAc). 'H NMR (500 MHz, CDCls) § 7.17 (s, 1H),
6.55 (s, 1H), 4.42 (s, 1H), 3.13 (s, 1H), 2.34-2.30 (m, 2H), 2.20 (s, 3H), 2.18 (s, 3H), 2.07—
2.01 (m, 2H), 1.99-1.94 (m, 5H), 1.88-1.86 (m, 1H), 1.78 (s, 2H), 1.64 (d, J = 12.6 Hz,
2H). *C NMR (151 MHz, CDCl3) & 151.8, 134.7, 129.5, 128.7, 128.0, 117.0, 43.9, 40.2,

38.2, 33.0, 31.3, 28.3, 27.9, 19.4, 19.3. IR (ATR): 3313, 2898, 2847, 1617, 1449, 1407,
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1275, 1198, 1084, 1044, 878, 576, 474 cm™'. HRMS (ESI+): m/z [M+H]" calculated for
Ci18H250: 257.1900; found 257.1898.
4-(Adamant-2-yl)-2,6-dimethylphenol (3.33)
Me Prepared using General Procedure C with 2,6-xylenol (24.6 mg, 0.201
@/@OH mmol, 1 equiv), ZnCl; (1.3 mg, 9.5 umol, 0.05 equiv), chlorobenzene
Me
(0.2 mL, 1.0 M), adamantan-2-ol (33.6 mg, 0.221 mmol, 1.1 equiv), and CSA*H>O (37.7
mg, 0.151 mmol, 0.75 equiv). Purification by flash chromatography (eluted with 0-20%
EtOAc in hexanes) afforded 3.33 (34.2 mg, 68%) as a white solid. Mp 135-139 °C. Rg:
0.44 (9:1 hexanes/EtOAc). '"H NMR (500 MHz, CDCls) § 6.95 (s, 2H), 4.45 (s, 1H), 2.89
(s, 1H), 2.40 (s, 2H), 2.25 (s, 6H), 2.16 (d, /= 7.9 Hz, 1H), 1.98 (d, /= 13.0 Hz, 3H), 1.88
(dd, J =22.6, 12.6 Hz, 4H), 1.76 (d, J = 7.8 Hz, 3H), 1.52 (s, 1H). *C NMR (151 MHz,
CDCl) ¢ 149.8, 136.1, 127.1, 122.6, 46.2, 39.3, 38.1, 32.1, 31.2, 28.2, 28.0, 16.3. IR
(ATR): 3379, 2897, 2844, 1486, 1447, 1200, 1144, 869, 765, 699, 631 cm !. HRMS (ESI-
): m/z [M—H]" calculated for CisH230: 255.1754; found 255.1764.
© ﬁ ZnCl, (cat.), CSA ( cat) - d\@ \Cr ©
PhCI, A
47% combined yield 2-ad
3.45

The reaction was performed using General Procedure C with phenol (19.1 mg, 0.203 mmol,
1 equiv), ZnCl> (1.4 mg, 0.10 mmol, 0.05 equiv), chlorobenzene (0.2 mL, 1.0 M),
adamantan-2-ol (33.7 mg, 0.221 mmol, 1.1 equiv), and CSA*H>O (37.7 mg, 0.151 mmol,

0.75 equiv). Purification by preparatory TLC (eluted with 9:1 hexanes/EtOAc) afforded
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47% overall yield of three products with 3.43 (12.8 mg, 25%) as an orange oil, 3.44 (10.1
mg, 14%) as a yellow-white solid, and 3.45 (4.3 mg, 8%) as a light tan solid.
2-(Adamant-2-yl)phenol (3.43): 'H NMR (500 MHz, CDCl3) § 7.44 (d, J=7.7 Hz, 1H),
7.11-7.06 (m, 1H), 6.91 (t,J= 7.6 Hz, 1H), 6.75-6.72 (m, 1H), 4.69 (s, 1H), 3.18 (s, 1H),
2.35 (s, 2H), 2.05-1.93 (m, 8H), 1.87 (s, 1H), 1.79 (s, 2H), 1.65 (d, J = 12.6 Hz, 2H). 1*C
NMR (151 MHz, CDCls) & 154.0, 131.7, 128.4, 126.8, 120.5, 115.6, 44.1, 40.1, 38.1, 33.0,
31.2,28.3,27.9. The spectral data recorded are consistent with those previously reported.*
2,6-Bis(adamant-2-yl)phenol (3.44): 'H NMR (500 MHz, CDCl3) § 7.33 (d, J = 7.7 Hz,
2H), 6.90 (t, J = 7.7 Hz, 1H), 4.76 (s, 1H), 3.13 (s, 2H), 2.33-2.29 (m, 4H), 2.05 (d, J =
12.9 Hz, 4H), 2.01-1.95 (m, 10H), 1.90-1.86 (m, 2H), 1.78 (s, 4H), 1.65 (d, J = 12.7 Hz,
4H). *C NMR (151 MHz, CDCl3) 6 152.3,131.0, 125.5, 119.5, 44.5, 40.3, 38.1, 33.0, 31.5,
28.3,27.8. IR (ATR): 3589, 2899, 2847, 1732, 1467, 1451, 1437, 1359, 1340, 1316, 1249,
1217, 1183, 1165, 1116, 1095, 1086, 1061, 1048, 995, 953, 934, 877, 840, 826, 802, 767,
752, 735, 698, 638, 627, 559, 539 cm!. HRMS (ESI+): m/z [M+H]" calculated for
C26H350: 363.2682; found 363.2672.

4-(Adamant-2-yl)phenol (3.45): 'H NMR (500 MHz, CDCls) § 7.21 (d, J = 8.3 Hz, 2H),
6.80 (d, J = 8.3 Hz, 2H), 4.63 (s, 1H), 2.93 (s, 1H), 2.40 (s, 2H), 2.02—1.88 (m, 8H), 1.83
(d, J = 12.8 Hz, 2H), 1.76 (s, 2H). The spectral data recorded are consistent with those

previously reported.’
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ZnCl, (cat.), CSA (cat.)

i-PrOH (5 equiv), PhCl, A Me
31% combined yield

HO

The reaction was performed using General D with estrone (54.3 mg, 0.201 mmol, 1 equiv),
ZnCl; (1.5 mg, 0.011 mmol, 0.05 equiv), PhCl (0.2 mL, 1.0 M), isopropanol (76.5 puL, 1.0
mmol, 5 equiv), and CSA (37.6 mg, 0.150 mmol, 0.75 equiv). Purification by flash
chromatography (eluted with 5-30% EtOAc in hexanes) afforded 31% overall yield of two
alkylation products with 3.35 being the minor product (7.9 mg, 13%) and 3.36 (11.9 mg,
19%) as the major product. The di-alkylated product was not observed.
(8R,95,13S,145)-3-Hydroxy-2-isopropyl-13-methyl-6,7,8,9,11,12,13,14,15,16-
decahydro-17H-cyclopentala]phenanthren-17-one (3.35): Mp 137-140 °C. Rg: 0.56
(4:1 hexanes/EtOAc). 'H NMR (400 MHz, CDCls) & 7.12 (s, 1H), 6.50 (s, 1H), 3.16 (p, J
= 6.9 Hz, 1H), 2.86-2.74 (m, 2H), 2.50 (dd, J = 18.8, 8.7 Hz, 1H), 2.46-2.40 (m, 1H),
2.30-2.20 (m, 1H), 2.19-2.09 (m, 1H), 2.09—-1.92 (m, 3H), 1.67-1.39 (m, 6H), 1.25 (dd, J
=6.9,5.9 Hz, 6H), 0.91 (s, 3H). 3C NMR (101 MHz, CDCls) § 221.8, 151.1, 134.9, 132.1,
131.8, 123.4, 115.5, 50.5, 48.2, 44.3, 38.6, 36.0, 31.7, 29.2, 27.2, 26.7, 26.1, 22.9, 21.7,
14.0. IR (ATR): 3317, 2929, 2869, 1720, 1614, 1586, 1510, 1454, 1421, 1375, 1357, 1337,
1264, 1233, 1208, 1162, 1087, 1055, 1034, 1012, 912, 889, 820, 800, 734, 703, 580, 519,
493, 474, 450, 429, 417, 403 cm™'. HRMS (ESI+): m/z [M+H]" calculated for C21H290x:
313.2162; found 313.2175.
(8R,95,135,145)-3-Hydroxy-4-isopropyl-13-methyl-6,7,8,9,11,12,13,14,15,16-
decahydro-17H-cyclopentala]phenanthren-17-one (3.36): Mp 137-140 °C. R¢ 0.56
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(4:1 hexanes/EtOAc). 'H NMR (400 MHz, CDCl3) § 7.04 (d, J = 8.6 Hz, 1H), 6.55 (d, J =
8.4 Hz, 1H), 3.31 (q, J= 7.1 Hz, 1H), 2.86-2.74 (m, 2H), 2.50 (dd, J = 18.8, 8.7 Hz, 1H),
2.40-2.34 (m, 1H), 2.30-2.20 (m, 1H), 2.19-2.10 (m, 1H), 2.09-1.92 (m, 3H), 1.67-1.39
(m, 6H), 1.36 (dd, J=7.1, 2.0 Hz, 6H), 0.90 (s, 3H). '*C NMR (101 MHz, CDCl3) § 214.9,
153.0, 151.1, 135.2, 132.3, 131.7, 123.8, 114.2, 50.6, 48.1, 48.0, 44.7, 37.4, 36.1, 27.5,
27.1,26.4,22.9, 21.7, 20.4, 13.9. IR (ATR): 3317, 2929, 2869, 1720, 1614, 1586, 1510,
1454, 1421, 1375, 1357, 1337, 1264, 1233, 1208, 1162, 1087, 1055, 1034, 1012, 912, 889,
820, 800, 734, 703, 580, 519, 493, 474, 450, 429, 417, 403 cm™'. HRMS (ESI+): m/z

[M+H]" calculated for C21H290>: 313.2162; found 313.2175.

ZnCl; (cat.), CSA (cat.)

CyOH (3 equiv), PhCI, A
60% combined yield

The reaction was performed using General Procedure B with estrone (54.2 mg, 0.201
mmol, 1 equiv), ZnCl> (1.5 mg, 0.011 mmol, 0.05 equiv), PhCl (0.2 mL, 1.0 M),
cyclohexanol (62.5 pL, 0.6 mmol, 3 equiv), and CSA (37.7 mg, 0.151 mmol, 0.75 equiv).
Purification by flash chromatography (eluted with 5-30% EtOAc in hexanes) afforded 60%
overall yield of a mixture of two alkylation products with 3.37 being the major product
(29.6 mg, 42%) and 3.38 (12.9 mg, 18%) as the minor product. The di-alkylated product

was not observed.
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(8R,95,135,14S)-2-Cyclohexyl-3-hydroxy-13-methyl-6,7,8,9,11,12,13,14,15,16-
decahydro-17H-cyclopenta[a]phenanthren-17-one (3.37): Mp 126-129 °C. R 0.31
(7:3 hexanes/EtOAc). 'TH NMR (600 MHz, CDCls) § 7.10 (s, 1H), 6.51 (s, 1H), 4.52 (s,
1H), 2.87-2.80 (m, 3H), 2.50 (dd, J=19.1, 8.7 Hz, 1H), 2.45-2.40 (m, 1H), 2.28-2.22 (m,
1H), 2.18-2.10 (m, 1H), 2.09-1.92 (m, 3H), 1.89-1.81 (m, 4H), 1.78-1.70 (m, 1H), 1.68—
1.23 (m, 11H), 0.91 (s, 3H). *C NMR (101 MHz, CDCls) § 221.5, 150.9, 134.9, 132.0,
131.3, 124.0, 115.5, 50.5, 48.2, 44.3, 38.6, 37.4, 36.0, 33.4, 31.7, 29.2, 27.2, 26.7, 26.4,
26.2,21.7,14.0. IR (ATR): 3408, 2926, 2852, 1727, 1614, 1508, 1450, 1420, 1374, 1341,
1264, 1207, 1189, 1088, 1054, 1036, 1008, 909, 882, 870, 816, 647, 581, 534, 479, 451,
417,402 cm'. HRMS (ESI+): m/z [M+NH4]" calculated for C24H36NO2: 370.2741; found
370.2740.
(8R,9S5,135,145)-4-Cyclohexyl-3-hydroxy-13-methyl-6,7,8,9,11,12,13,14,15,16-
decahydro-17H-cyclopenta|a]phenanthren-17-one (3.38): Mp 126-129 °C. Rg: 0.31
(7:3 hexanes/EtOAc). '"H NMR (600 MHz, CDCl3) § 7.03 (d, J= 8.5 Hz, 1H), 6.54 (d, J =
8.4 Hz, 1H), 4.52 (s, 1H), 2.87-2.80 (m, 3H), 2.50 (dd, J = 19.1, 8.7 Hz, 1H), 2.40-2.33
(m, 1H), 2.28-2.22 (m, 1H), 2.18-2.10 (m, 1H), 2.09—1.92 (m, 3H), 1.89-1.81 (m, 4H),
1.78-1.70 (m, 1H), 1.68-1.23 (m, 11H), 0.91 (s, 3H). IR (ATR): 3408, 2926, 2852, 1727,
1614, 1508, 1450, 1420, 1374, 1341, 1264, 1207, 1189, 1088, 1054, 1036, 1008, 909, 882,
870,816, 647, 581,534,479, 451,417,402 cm™'. HRMS (ESI+): m/z [M+NH4]" calculated

for C24H36NO2: 370.2741; found 370.2740.
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% J\/j Cs,CO; (Nj\o
N ege
3.1 3.3 LB 3.40
To a one-dram vial (oven-dried, 1.5 x 8 mm stir bar) was added phenol 3.18 (28.7 mg,
0.101 mmol, 1 equiv) followed by Cs2CO3 (39.4 mg, 0.121 mmol, 1.2 equiv) and the vial
was brought into a glovebox. To the solids were added via auto-pipette DMSO (170. pL,
0.6 M) and 2-fluoropyridine (10.0 pL, 0.116 mmol, 1.15 equiv) before capping and
removing from the glovebox. The solution was allowed to stir at 80 °C for 16 h. Initial
white solid (Cs2COs) stirring in a light-yellow solution turns into a yellow-orange
heterogeneous solution. The reaction was diluted in DCM (0.5 mL) and the solution was
washed with water (3 x 0.5 mL) and sat brine (0.5 mL). The organic extract was dried over
anhydrous MgSOs, filtered, and concentrated under reduced pressure to afford 3.40 (31.2
mg, 86%) as a pale yellow/colorless oil. 'H NMR (600 MHz, CDCls) § 8.19 (d, J= 5.0 Hz,
1H), 7.64 (tt, J= 8.3, 1.6 Hz, 1H), 7.51 (d, /= 8.2 Hz, 1H), 7.21 (dt, /= 8.1, 1.6 Hz, 1H),
7.03 (t,J=1.7 Hz, 1H), 6.95 (dd, J= 7.1, 5.0 Hz, 1H), 6.76 (d, J = 8.3 Hz, 1H), 3.02 (s,
1H), 2.33 (s, 2H), 2.04 (d, J=12.8 Hz, 2H), 1.84 (d, /= 14.2 Hz, 4H), 1.74 (d, J = 8.8 Hz,
4H), 1.61 (d, J=12.7 Hz, 2H), 1.29 (s, 9H). '*C NMR (151 MHz, CDCl;) & 164.0, 152.3,
150.1, 148.1, 139.3, 134.6, 128.3, 121.8, 119.6, 117.9, 110.6, 44.0, 40.0, 38.1, 34.5, 32.9,
31.4,31.3,28.1,27.9. IR (ATR): 3053, 2902, 2849, 1596, 1574, 1501, 1467, 1451, 1428,
1403, 1362, 1343, 1285, 1264, 1244, 1223, 1206, 1190, 1135, 1099, 1092, 1069, 1036,
990, 969, 943, 910, 887, 851, 831, 813, 776, 734, 703, 679, 627, 598, 513, 475, 443, 413

cm™'. HRMS (ESI+): m/z [M+H]" calculated for C2sH32NO: 362.2478; found 362.2494.
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3.5.4 Mechanistic Studies

1-(Cyclohexyl)-4-methoxybenzene (3.55)
OMe Prepared by V. K. Nguyen using General Procedure B with anisole (22 pL, 0.20
mmol, 1 equiv), ZnCl; (1.4 mg, 0.01 mmol, 0.05 equiv), chlorobenzene (0.2 mL,
1.0 M), cyclohexanol (62.5 puL, 0.6 mmol, 3.0 equiv), and CSA (35 mg, 0.15 mmol,
0.75 equiv). Purification by flash chromatography (eluted with 0-20% EtOAc in
hexanes) afforded 3.55 (2.0 mg, 5%) as a colorless oil. 'TH NMR (500 MHz, CDCl3) § 7.15
(d, J=8.7 Hz, 2H), 6.86 (d, J = 8.6 Hz, 2H), 3.81 (s, 3H), 2.47 (t, 1H), 1.86 (dd, J=11.5,
7.6 Hz, 4H), 1.76 (d, J=13.1 Hz, 1H), 1.48-1.35 (m, 4H), 0.92—0.83 (m, 2H). The spectral

data recorded are consistent with those previously reported.®

OH OH
' Et | HO)(Me ZnCl, (cat), CSA (cat) oH Et t;Bu Et+ Et
©/ Me™ "Me PhCI, A \©/
80 °C: 20%, 16:<1:4 ortho/paraldi t-Bu
3.46

t-Bu
140 °C: 55%, 3:40:12 orthol/paraldi 3.47 3.48

80 °C: A one-dram vial equipped with a stirring bar was sequentially added ZnCl; (1.4 mg,
0.010 mmol, 5 mol%), 2-ethylphenol (24.0 uL, 0.200 mmol, 1 equiv), PhCl1 (0.2 mL, 1 M),
tert-butanol (21.0 uL, 0.22 mmol, 1.1 equiv), and (R)-camphor sulfonic acid monohydrate
((R)-CSA*H>0) (37.5 mg, 0.150 mmol, 75 mol%). The reaction mixture was heated at 80
°C for 18 h. The solution was filtered through a silica gel plug (packed in a 5 glass pipette,
approximately one-third filled) and eluted with hexanes/EtOAc (9:1), and the solution was
concentrated in vacuo. Purification by preparatory TLC (19:1 hexanes/EtOAc) afforded
mixtures of a 4:1 ratio of 3.46 to 3.47 (7.5 mg, 20%) as a pale-yellow oil, and a 1.25:1 ratio
of 3.48 to 2-ethylphenol (0.5 mg, <1%) as a yellow oil.
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140 °C: A one-dram vial equipped with a stirring bar was sequentially added ZnCl> (1.3
mg, 9.5 umol, 5 mol%), 2-ethylphenol (24.0 pL, 0.200 mmol, 1 equiv), PhCl (0.2 mL, 1
M), tert-butanol (21.0 uL, 0.22 mmol, 1.1 equiv), and (R)-camphor sulfonic acid
monohydrate ((R)-CSA*H20) (37.8 mg, 0.151 mmol, 75 mol%). The reaction mixture was
heated at 140 °C for 18 h. The solution was filtered through a silica gel plug (packed in a
5” glass pipette, approximately one-third filled) and eluted with hexanes/EtOAc (9:1), and
the solution was concentrated in vacuo. Purification by preparatory TLC (19:1
hexanes/EtOAc x 2) afforded mixtures of a 1:3.4 ratio of 3.46 to 3.47 (6.8 mg, 15%) as a
bright yellow oil, and 6.7:1 3.48 to 2-ethylphenol (15.7 mg, 40%) as a bright yellow-orange

oil.

2-tert-Butyl-6-ethylphenol (3.46): Ry: 0.45 (19:1 hexanes/EtOAc). 'H NMR (600 MHz,
CDCl3) 6 7.17 (dd, J=7.9, 1.6 Hz, 1H), 7.03 (d, /= 7.5 Hz, 1H), 6.84 (t, J=7.7 Hz, 1H),
4.86 (s, 1H), 2.61 (q,J = 7.6 Hz, 2H), 1.43 (s, 9H), 1.28 (t,J = 7.6 Hz, 3H). '3C NMR (101
MHz, CDCls) 6 152.4, 135.8, 129.1, 126.7, 125.0, 120.2, 34.7, 30.0, 23.0, 13.9. IR (ATR):
3618, 2959, 2871, 1654, 1591, 1479, 1437, 1391, 1361, 1318, 1283, 1265, 1248, 1190,
1150, 1128, 1106, 1060, 932, 877, 834, 820, 794, 763, 746, 721, 649, 597, 573 cm!. HRMS
(ESI-): m/z [M-H]" calculated for C12H170: 177.1285; found 177.1287.

2,4-Di-tert-butyl-6-ethylphenol (3.47): R 0.45 (19:1 hexanes/EtOAc). 'H NMR (600
MHz, CDCI3) 6 7.20 (d, J= 2.5 Hz, 1H), 7.03 (d, J= 7.6 Hz, 1H), 4.72 (s, 1H), 2.64-2.59
(m, 2H), 1.44 (s, 9H), 1.31 (s, 9H), 1.29 (t, J= 7.6 Hz, 3H. *C NMR (101 MHz, CDCl;) &
150.0,142.4,135.0, 128.4, 123.6, 122.1, 34.9, 34.5,31.8, 30.1, 23.5, 14.1. IR (ATR): 3618,

2959, 2871, 1654, 1591, 1479, 1437, 1391, 1361, 1318, 1283, 1265, 1248, 1190, 1150,
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1128, 1106, 1060, 932, 877, 834, 820, 794, 763, 746, 721, 649, 597, 573 cm™!. HRMS

(ESI-): m/z [M—H]" calculated for Ci¢H250: 233.1911; found 233.1915. The spectral data

recorded are consistent with those previously reported.®

4-tert-Butyl-2-ethylphenol (3.48): Rs: 0.25 (19:1 hexanes/EtOAc). 'H NMR (600 MHz,

CDCl3) 8 7.16 (d,J = 2.4 Hz, 1H), 7.10 (dd, J = 8.3, 2.3 Hz, 1H), 6.70 (d, J = 8.4 Hz, 1H),

4.59 (s, 1H), 2.64 (q, J = 7.6 Hz, 2H), 1.30 (s, 9H), 1.25 (t, J = 7.6 Hz, 3H). The spectral

data recorded are consistent with those previously reported.’
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4.1 Appendix: NMR Spectra
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Figure 4.1. "H NMR spectrum of 1.34 (400 MHz, 295 K, CDCl5).
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Figure 4.4. °C NMR spectrum of 1.39 (101 MHz, 295 K, CDCls).
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Figure 4.14. °C NMR spectrum of 1.59 (151 MHz, 298 K, CDCl;).
AP2-189-4_AcPh_5eqTFEA_Scale-up_F14-16_19F.1.fid =
CDCI3 600 MHz 19F E
O O
CF;
1.59
. A
20 10 0 1o 20 30 -0 50 60 70 80 -0 100 10 120 130 40 150
f1 (ppm)

Figure 4.15. ’F NMR spectrum of 1.59 (564 MHz, 298 K, CDCl5).

234



CDCI3 500 MHz

5.6609
2.3616
0.7213
0.7109

_1.0074
- 0.9945

o
—_ <

&
N N
T T T T T T L T T T T — "ty T
7.4 7.3 7.2 7.1 7.0 6.91.05 1.00 0.95 0.90 085 0.80 0.75 0.70 0.65
f1 (ppm) 1 (ppm)
I
I
8L Py 4 PAS
&38 2 & 8 8
PR S S N
T T T T T T T T T T T T T T T T T T T T T ]
1000 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00

f1 (ppm)
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Figure 4.17. 3C NMR spectrum of 1.28 (151 MHz, 298 K, CDCl5).
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Figure 4.19. "H NMR spectrum of 1.67 (500 MHz, 298 K, CDCl;).
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Figure 4.20. *C NMR spectrum of 1.67 (126 MHz, 298 K, CDCl5).
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Figure 4.33. "H NMR spectrum of 1.85 (500 MHz, 298 K, CDCI;).
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Figure 4.35. '"H NMR spectrum of 1.87 (600 MHz, 298 K, CDCl;).
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Figure 4.50. 3C NMR spectrum of 1.94 (151 MHz, 298 K, CDCI5).

78/8'0~
81801

mREV
€171

T T T
f1 (gpm)

1.20 1.15 1.10 1.p§ 1.00 0.95 0.90 0.85

1.25

€€8TE —

LCTL

LS6L'E~

88801

998L'S —

£880°L
£20T°L
PSOT'L
29z€L
S1EL %
8E0b°L

Nw«v.n\
umi\m\

AP-ELN1-086-2_Claisen-cond_F8-20.1
CDCI3 500 MHz

OMe

1.95

Z6E0
or'e
6€°0

o0z

F80°€
=8v'0

200°€
050
»20T

E9T°0

H/ooé
H\om,m
M\éﬁ.o

f1 (ppm)

Figure 4.51. "H NMR spectrum of 1.95 (500 MHz, 298 K, CDCI;).

252



0541~

1.00 098 0.9 0.9

01960
99860 V _—

66'€T~ WW |~
=

=€0'T
£850'T 7 —_— o0z
o
LR 8280°T 7 Le
<
° Lo
r< -
ey 8
Q.EW La —
€~ =

1.08

60

EF0'E

89'vS
ogve/
0479~ -
v
°
FR

AP-ELN1-086-2_Claisen-cond_13C.1.fid
CDCI3 600 MHz 13C

. ]

- J Froe
96LT°L
0p6T°L —

: |

£L61°L U
YEYT L

0EST'L s
8657°L [T
6£9C°L W

€L9TL

7.15

=)
M r®
)
o
Sb'T6 — -

3
3
60°'STT — =

9,'9C1 I
20821
jx4:749 W \w

=

8€'8CT

f1 (ppm)
7.20

7.25

120
f1 (ppm)

96L1'L .

Imﬁ/ 9EEL fe0g

MMMMAMV = oeLeL— m %WW
—  tzser =) H/NO.

09€€°L -
. 6€6€°L
8H9E’ n\ /667, \

Figure 4.52. ’C NMR spectrum of 1.95 (151 MHz, 298 K, CDCls).

OMe

2E'66T —

AP-ELN1-087-2_MCP-diazo_F5-10.1.fid

T
(0] (0]
MeO
OH O
MeO
1.95
‘10 Z‘UO 1‘90 1‘80 1‘70 1‘60
C€DCI3 500 MHz
(0] (0]
N,
MeO
1.75

1 (ppm)
Figure 4.53. "H NMR spectrum of 1.75 (500 MHz, 298 K, CDCl;).
253




AP-ELN1-087-2_MCP-N2F5-10_13C.1.fid
600 MHz CDCI3 13C
g & 32 GR& 8 g 2
2 e a8 QRS @ <o «
g g g8 &K% o E
NV P
o o
OMe
N>
MeO
1.75
P——— i
‘10 2‘00 1‘90 1‘80 1‘70 1‘60 1‘50 1‘40 1‘30 1‘20 1‘10 lbD 9‘0 éO 7‘0 6‘0 5‘0 4‘0 3‘0 2‘0 1‘0
f1 (ppm)
. 13
Figure 4.54. °C NMR spectrum of 1.75 (151 MHz, 298 K, CDCl;).
AP-ELN1-062-11_MCP-KE_6-combo_L1.1.fid
500MHz CDCI3 a2 3 2F a 8
N @ @ & a5
R 22 88
I i [
OMe O
= OMe [ f
(0]
Nnees nemn S o szas
gyege 23R 5E8 EEET 2283
RETEE AR EREN TARA 5888
REEEE RNy 225 gREs ggesg
1.96 e e NP / /

75 74 73 72 71 70 69 68 1.40 1.35 1.30 1.25 1.20 1.15 1.10 1.05 1.00 0.95
1 (ppm) f1 (ppm)
S

47 g £ 3 I

ER 8 ad 8 7

SN = o N
T T T T T T T T T T T T T T T T T T T T T T
1.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

f1 (ppm)

Figure 4.55. "H NMR spectrum of 1.96 (500 MHz, 298 K, CDCI;).

254



L09b'HT —

+85T°25 —

500909 ~
880729

LYSE0TT ~
£€9€0°72T —
00€5°£2T
£206°62T N0
TL6T°0ET
£08E'SET
0LE6'SET —

SS20°6bT —

9€€57T9T —

AP-ELN1-062-6_13C.1.fid
CDCI3 600MHz 13C

-

OMe

OMe O
1.96

20

30

0600'T —

OEEE'T ~
98bb'T —
6PEIT ~

02860
60660
95660 #
86660 ~

T 0S00°T ¢

0600°T *

— E£10T \

T pT0T

e

0.95

1.00
f1 (ppm)

40

50

60

70

L[69°T

STZE'T—
6ZEET .
£6£6'T ~
ShYE'T —
90s€'T~"
T29€'T —

90 80

100
f1 (ppm)

Figure 4.56. >*C NMR spectrum of 1.96 (151 MHz, 298 K, CDCI5).

200
600 MHz CDCI3

AP-ELN1-062-5_MCP-KE_C-C-ins_L2.1.

12899~
£569'9 7

PEPEL
09S€°L /.
989€°L —
S60S°L 7
Tees'L \
6VESL

v6Tr'T

T6EP'T /
YTy’ T /
S8Pb'T /
TESH T
T8SP' T~
809’1 -7
979’1 \
T2UP'T

9191
€€29'T ”
LHTIT
PLTIT
LYEI'T —
ozes1 /.
— PEVI'T \
89%9°T
9591/

OMe

Me
(0]

1.48 1.46 1.44 1.42 140 1.38 1.36 1.34 1.32
f1 (ppm)

1.62

1.64
f1 (ppm)

1.66

1.97

Exans

E24s
01
8T
AR

=TE

F90'T

OT'T
0T

00T

1
-C

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

* (igm)
Figure 4.57. '"H NMR spectrum of 1.97 (600 MHz, 298 K, CDCl;).
255

6.0

6.5

T
7.0

7.5

8.0

8.5

9.0




8691 ~
oT'6T —
19 1Ad

6875 —
vv'LS —

AP-ELN1-062-5_13C.1.fid
CDCI3 600MHz 13C

¥8'78 —

€8°02T —

98'9ZT
LT —
£v'82T 7

9S'PET —

SO'SPT —

89°04T —

98'T6T —

OMe

Me
(0]
1.97

150

130 120 110

140

200 190 180 170 160

10

1 (ppm)

Figure 4.58. 3C NMR spectrum of 1.97 (151 MHz, 298 K, CDCI5).

<
L=
B g
Sl
< g
= 01 9
8e8T T - -2
pSSET— T S
e S — 2002~ £S
P069T ~ ——
o
Lo
697€'T — -
68EE°T <
STHET — R
9ULYET — = L.
7S5E'T — 2 @
86SE'T 7 ra
zser/
S9LET— - L2
"E
i e
S S
N
L
PITY'T - i
Y SEE'T~_
oS08y I— SLEPT—~ - L3
LEPY'T — Lo —
YOSE'T — - -
09567 7 L2
109517 -
EELY'T~ ®
[
v
Le
vbeL9 SE99T—| =
YObL'9 L
wset T e 2
62LEL 06£9'T — |~ Le
188€°L 1589T—| — "2
oUbS'L $069'T — | = 3
vomm.n/ —_— 6T~ | — ler R &
£595°L - L1001 — R
w8Ls'L W [
185, LT — N
85908~ ES
9180°'8 P
bl
-
L,
£ o
S =
° [e]
Sm
8 o
o
3
28 0O ®
3s o =N
)
<R —

g0'T
21T
o
w6I'T

F00'€

60

00T

1T
860

/60

1
-C

0.0

1.0 0.5

T T T T T T T
4.0 3.5 3.0 2.5 2.0 1.5

T
4.5

T
5.0
f1 (ppm)

Figure 4.59. "H NMR spectrum of 1.98 (500 MHz, 298 K, CDCI;).

6.0

256



87'ST—

I —

LTbS—
YL9S —

AP-ELN1-062-10_MCP-KE_9-combo_L1-13C.1.fid
600 MHz CDCI3 13C

91°56 —

£6°02T —
00°£2T
8€'LTT W
89°/TT

8T'SET —

PESHT —

$0'69T —

9'L8T —

Ll

OMe
(0]
1.98

T T T T T T T T
190 180 170 160 150 140 130 120 110

T
200

f1 (ppm)

Figure 4.60. 3C NMR spectrum of 1.98 (151 MHz, 298 K, CDCI5).

TT€6'0 —
699T°T
8YT'T ~
PereET —

9E0T &=~
€191°€E
LTPY'E ~

SEV8'9
015072
9990°L

CDCI3 500 MHz

£TETT
SLYT'T
06SC°T

80€€'T
6THE'T
TLSET

ot ‘
1 ==

0.9

1.0
f1 (ppm)

11

1.30 1.25
1 (ppm)

1.35

=
o
=
1=
T 1

6€q

00T}

7.52 7.50 7.48 7.46 7.44 7.42 7.40 7.38 7.36 7.34 7.32

f1 (ppm)

1.100

/0T
H\.@O.N
0
10

€0
e

=810

2.5 2.0

3.0

4.5 4.0

5.0
1 (ppm)

Figure 4.61. "H NMR spectrum of 1.100 (500 MHz, 298 K, CDCl;).

T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5

T
8.5

T
9.0

257



AP-ELN1-061-3_MCP_TFEA-Claisen_F5-17_13C.1.fid
CDCI3 600MHz #3C @T T on
¥ @M WN oY I

1 WS 1 T 1
O O
CF3
MeO

1.100

T T T T T T T T T T T
10 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0

f1 (ppm)

Figure 4.62. *C NMR spectrum of 1.100 (151 MHz, 298 K, CDCls).

AP-ELN1-072-3_MCP-Bz_F2-17.1.fid 5538 h3 2 8 3
500 MHz CDCI3 5&H8 e b g8
NIIN S - R
Y [

S v
333 ngn
2E8X gen
el a0
jepepel= 33

I N7 vel
N>
MeO
1.99
&
“© - S
———— —ol . . . —o
748 746 744 742 740 738 736 7.34 732 730 7.28 1.20 1.15 1.10 1.05 1.00 0.95 0.90
1 (ppm) f1 (ppm)
T J g I3
] 2 8 28
- o =) ™ NN
; ; ; . ; ; ; ; ; ; , ; . . ; ; ; . : ; . . ,
1.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.t

f1 (ppm)

Figure 4.63. '"H NMR spectrum of 1.99 (500 MHz, 298 K, CDCl;).

258



AP-ELN1-072-3_MCP-Bz_F2-17_13C.1.fid
CDCI3 600 MHz_13C
2 ey
9 3negy on @ J
S 0O W o ~oN b
s Lhess R k
s  HBR8&E ans 9
| NS /NN
N>
MeO
1.99
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0

1 (ppm)

Figure 4.64. >C NMR spectrum of 1.99 (151 MHz, 298 K, CDCI5).

AP-ELN1-074-17_MCP-Bz_5-6_L5.1.fid NEEE 2n
500 MHz; CDCI3 28858 & S
IINININ q So
N/ 4
OMe ” U

A 28T I8a BT 0§ 3 SERRBR R BEgIR

38 BR% K3 ¢ 2 SEIRED 5 2R3

T¥na ade a0 9 I 2353828 @ adaag

NRRN NN~ ~ N ~ S4d4ddd4 o oooceo

(0] AONN AN /e I ‘y//’
1.101 A /J\
4 I Py I
& 8 S
e ———————— S A e e
7.42 7.41 7.40 7.39 7.38 7.37 7.36 7.35 7.34 7.33 7.32 1.06 1.04 1.02 1.00 0.98 0.96 0.94
1 (ppm) f1 (ppm)
J VY
Tsa d R4
288 g 85
= - ARN]
v T T T T T T T T T T T T T T T T T T T T T )
)5 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00
f1 (ppm)

Figure 4.65. 'H NMR spectrum of 1.101 (500 MHz, 298 K, CDCl;).

259



AP-ELN1-074-17_13C.1.fid
600 MHz CDCI3 13C
I

—197.8:

OMe

1.101

—62.72
—54.63

r T T T T T
10 200 190 180 170 160

Figure 4.66.

AP-ELN1-074-8_MCP-Bz_Rh2_L2.1.fid $ &
500 MHz; CDCI3 33
@ %
v

Me

1.102

— 7.5051
—7.3444

‘ ‘ ‘ ‘
140 130 120 110 100
1 (ppm)

BC NMR spectrum of 1.101 (151 MHz, 298 K, CDCls).

_-6.7838
< 6.7680

49

7.5200
7.4899

— 7.50

~ 7.3596
7.3443
7.3297

:

4.4499
4.4364
4.4231
4.4095

/
X

0.8919
0.8791

T T
70 60 50

0.8649
—0.8479
— 0.8367

.08+ \

)
S o
=7 T T T T T T T T T
750 7.45  7.40 735 087 085 0.83 081
f1 (ppm) f1 (ppm)
1l ' ]
3 i Iy
@ < < >
= = =
T T T T T T T T T T T T T T T
).5 10.0 9.5 9.0 8.5 8.0 7.0 6.5 6.0 5.5 5.0 3.5 3.0 2.5
f1 (ppm)

14.57

1.4894
1.4763
0.8790

<

Figure 4.67. 'H NMR spectrum of 1.102 (500 MHz, 298 K, CDCl;).

260



AP-ELN1-074-16_MCP-Bz_5-6_L2.1.fid

SONINNONN ®o o omzmosTm
500 MHz; CDCI3 ghdndgaRgdr % ] GYERRETR
SQomihhnmmmn @D < TETE A
SBENNNNNNN GO s 33333333
HNTE= eV = =
1.103
| |
il
| |
[l
LU N S,
r 22 g b 3l
& gs g 8 g &
3 e = & SIS
r T T T T T T T T T T T T T T T T T T T T T
1.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

f1 (ppm)

Figure 4.68. 'H NMR spectrum of 1.103 (500 MHz, 298 K, CDCl5).

AP-ELN1-074-16_MCP-Bz_5-6_L2-13C.1.fid
600 MHz CDCI3 13C

o @ KMz g

b ks 5838 8 ® ° =

< & SRS o I e a

s 2 5888 | IS & w

2 b4 oo8s o N & E

VSN
1.103

; ; ; 7 T 7 T ; T T T ; T T T T i i T T i
10 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

1 (ppm)

Figure 4.69. 3*C NMR spectrum of 1.103 (151 MHz, 298 K, CDCl5).

261



AP3-183-2_Wittig-2-Bz_F18-23.1.fik XX R3 3 3 g
CDCI3 500 MHz 38 AR 3 8 2
NESININ -
VoV
(o)
OMe
CH, || N LI TEIIT
RAARRARRTRTTTERA
NRNNNRNRNNNRN NN~
Ph SN =T TS e
1.107
1
Il
1
4 &
S I
T = T T ol T T
7.55 7.50 7.45 7.40 7.35
f1 (ppm)
I
[
L A JL_ L [
3 I%3 o it
8 ]A¢ 3 3 ]
S ARw 4 3 -
T T T T T T T T T T T
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00
£1 (ppm)
. 1
Figure 6.70. '"H NMR spectrum of 1.107 (500 MHz, 298 K, CDCls).
AP-ELN1-039-6_2-Bz-Wittig_48h_F16-21_13C.1.fid
600 MHz CDCI3 13C R 8 NHORASHARIN G g
@ @ N A AR BNNG T @
2 AR A o Ba g s Jal b
N e
(o)
OMe
CH,
Ph
1.107
I
W )
‘10 2‘00 1‘90 1‘80 1‘70 1‘60 1‘50 1‘40 1‘30 1‘20 1‘10 160 éO éO 7‘0 6‘0 .":0 ‘;0 3‘0 2‘0 1‘0

f1 (ppm)

Figure 4.71. 3C NMR spectrum of 1.107 (151 MHz, 298 K, CDCl5).

262



L8
13Tt -
008Z'T W = @ L
288 = 11 =
987" -
ST62'T L2
L&
“E
32 r
PERTT ————— - =TT
606€T= L& €17 |
-
@
T08E°T ~ _ Lo
SLBET ~ g~ L
606~ ?
866€T)” [
92669
mwmm.m - 2
o kN
££66'9 r
£900°Z
£80Q°L _ .
T£80% 7 o= -
eo60 0 .
zie eToTZ ] p! Foze
STITL L
SeIre ~
768 = 1T~
L1612
rzozL r
6117,
YSTZL Lo
sszgLn ~ L
RNM%,\ T~
08€€" \ - £ J
€0VE'L \ + 8
LosE'L [N r
625€L -
ov8y'L
598 .N/ L
%mwﬁ/ = riLe
£660°% 7 ~
$60S°L \
611S'L r
15669 0€89 L~ |
8800°L W/ mmwwa\ o2 10
5660°L X mmmmg\ ol r
9207, ~— €865, mmw
EOVEL~  — BsrT
€66 L~  — L~ EUT [
vgsL7 T ~ 0T
2865, T ssgen Vo
mmmn.n\ E£8SAYL ~\ 0°1] L
€1LL 989007
2 €1l L2
e
3 L
2
C,
%)
9 L
£ 2
> o L
e o0
M 9
29 © =
N L
= =
i
<3

0.0

0.5

1.0

8.5 8.0 7.5 7.0 6.5 6.0 5.5 o (S,ng) 4.5 4.0 3.5 3.0 2.5
Figure 4.72. "H NMR spectrum of 1.108 (600 MHz, 298 K, CDCl5).

9.0

9.5

AP-ELN1-042-3_V-Ph_S-S_F11-19_13C.1.fid
CDCI3 600 MHz 13C

€E€'8T —

08'8C —

68°'TS —

€1°STT

€9°S7T /
L8'9TT A\
96°L2T —

TroeT —
/

LS'TET
L8'TET
00°€ET
TLPPT ~
[AXd5a

€€°89T —

OMe

Ph
1.108

30

110

10

f1 (ppm)

Figure 4.73. 3C NMR spectrum of 1.108 (151 MHz, 298 K, CDCl5).

263



AP-ELN1-005-3_check_Feb2-2021.1.fi ¢ o o o i on 1 o
CDCI3 600 MHz N-ZBRABHESIS S
areennfissa
NNNRNNERR G
SNV
(o)
OH ] {
Ph
1.104
8 5 4 N ]
T T R — i T T T T
79 78 77 76 75 7.4 73 72 71 7.0 45 140 135 130
f1 (ppm) f1 (ppm)
t J . M 1
iy 3
Qo NA -
R PAREPA] 55
>5 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
f1 (ppm)
: 1
Figure 4.74. '"H NMR spectrum of 1.104 (600 MHz, 298 K, CDCls).
AP-ELN1-005-3_PhCP_EDA_flugh_13C.1.fid 35 RKRKAB8&R o 3
CDCI3 600 MHz 13C & Y adbidengy 3 -
5 3L 9090sS89y & k]
| Vs =
(o)
OH
Ph
1.104
10 200 190 180 170 160 150 140 130 120 110 100 % 80 70 60 50 40 30 20 10 0
f1 (ppm)

Figure 4.75. 3C NMR spectrum of 1.104 (151 MHz, 298 K, CDCl5).

264



09T~ TuET—
ev8ET  BUEI~
6v8¢"
S88€'T

beob' T —

6816
£496°

690€°L
06T .n/
£2 .m/

LEEEY AT
08EEL
6ZVEL
obSETL
USEL
o1ceL

€969

960T°L N

M

209V L~ iy

eyl Pe—

2928,
60bS°L —

C€DCI3 500 MHz
OH

Ph

1.110

AP-ELN1-044-3_check_June10-2021.1.fid

ey

LA

y.15 7.10 7.05 7.00 6.95

1

7.55 7.50 7.45 7.40 735 730 7.25 7.20

f1 (ppm)

Feoz

0T
Mﬂq
f2 14
Fore
0T

Noo't

T T T T T T T T T T T T
8.0 7.5 7.0 3.5 3.0 2.5

8.5

9.0

4.0

4.5

5.0
1 (ppm)

Figure 4.76. 'H NMR spectrum of 1.110 (600 MHz, 298 K, CDCl5).

6.5

AP-ELN1-026-3_PhCP.
CDCI3 600 MHz

€LITL
L6TT°L
S6ETL

>

K-
o v
o
-
Al

f1 (ppm)

7.2 7.1 7.0

7.3

f1 (ppm)

|

=81
=1

=917
407
Rorz
60'T
81T

0T

T T T T T T
4.0 3.5

4.5

5.0
f1 (ppm)

Figure 4.77. "H NMR spectrum of 1.111 (600 MHz, 298 K, CDCl;).

8.5

9.0

2.0

2.5

3.0

6.0

6.5

7.0

7.5

265



3_13C.1.fid

AP-ELN1-026-

CDCI3 600 MHz 13C

ST'8T

6v°9C —

15°S2T
9L'STT /
YO LTI~
20'821 1
G.wﬁ*
Ay
1E'bET \
9T'SET

POSHT ~
STLHT

€576 —

o=

Ph
1.111

120

150

110

130

140

200 190 180 170 160

10

1 (ppm)

Figure 4.78. *C NMR spectrum of 1.111 (151 MHz, 298 K, CDCls).

wW1ET —
8TIS' T —

0v59'T

:mm.NV
S9SL°TT
mmom.m\

EPTE'S
LOEE'S

wmvm.m\

TOSE'S

0£96'9
oczrs /

F11-14_dri

_BnMgCl_|

AP-ELN1-029-3_PhCP_BnM
500 MHz CDCI3

8TIS'T ~
90€S'T —

€LV9T

LESIT )
LvL9T—
1189°C s

S9S8L°T

68LL°T~
6€8LT
€€08'7

P6v6'9
8996°
9€86'9 ~_
14869

vN:”N/

€12€L
ees
PIEE L~

SL6EL—
L
'L
8TSH' L~
6L9b°L ~

Ph

OH

| =

Ph
1.112

=]
01

2.8

745 740 735 730 725 720 715 7.0 7.05 7.00 6.95

7.50

f1 (ppm)

f1 (ppm)

1 (ppm)

Friee
EOT'T

T0°T
S0'T

E660

1.5 1.0

2.0

3.0

5.0 4.5 4.0

f1 (ppm)

Figure 4.79. 'H NMR spectrum of 1.112 (500 MHz, 298 K, CDCl;).

5.5

6.5

7.0

7.5

266



ST~
$9'8T

6L —

999y —

6489 —

F11-14_dried_carbo

_PhCP_BnMgCl_|

AP-ELN1-029-3_PhCP_BnM
CDCI3 500 MHz 13C

OH

Ph

Ph
1.112

190 180 170 160 150 140 130 120 110

200

1 (ppm)

Figure 4.80. °C NMR spectrum of 1.112 (126 MHz, 298 K, CDCl5).

TL9TT ~
€89€°T —

CDCI3 600 MHz

Ph

Ph
1.113

€
s
e
=
=
Le
N
F96°¢
0
Le
N
o
L2
N
Fery
N
o
e
N
£
g
6% m\ H ﬂ\
Ay
=
Lo
~
80T in
Lo
~
°
LS
N
0T
0
LS
N
50T

=82'T
66'T

10T

kwm.m
T
6b'S
o1
ﬁo:ﬁ
)Mo..ﬁ
0°T

2.0

3.0

4.5

5.0
f1 (ppm)

Figure 4.81. '"H NMR spectrum of 1.113 (600 MHz, 298 K, CDCl;).

T
8.5

T
9.0

267



AP-ELN1-031-1_13C.1.fid

CDC[3 400 MHz 13C N T N 8 R

B NN BERNYIN] o <
o VANTNOSG®®DN G I IN o N °
g EOYTASRRRRNENA g 8 ¢
g SOYRARRRRRNEAR g g =
| VAR

1.113

\\‘
* W o Wy W J A 1y ™

r T T T T T T T T T T T T T T T T T T T
10 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20

1 (ppm)

Figure 4.82. *C NMR spectrum of 1.113 (101 MHz, 295 K, CDCls).

AP-ELN1-030-1_pABSA_crude.1.fid 2 IS 7 2
CDCI3 600 MHz S&RR ¢ &
NRNR N ~
~No
anony N ® o
ABRLTY 2R3
NS58BS £38
QRHRRS NRR
NRR e N N R
W
1
N
(o] S\N
)I\ ’
H
S S
T e T T T ol T
pABSA 7.95 7.90 7.85 7.80 7.75
f1 (ppm)
I
I
.J
ad 2 3
88 & g
SRS “

T T T T T T T T T T T T T T T T T T T
)5 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0
f1 (ppm)

Figure 4.83. '"H NMR spectrum of pABSA (600 MHz, 298 K, CDCI).

268



6126°0 ~
8£96°0

006¢°T ~_
090517
SL08°'T ~
asasd

TIPS
9556's 7

°6IT'9 —
#9519
9L6€°9 —

Zp10'e
Teor
L65TL~
10927
C0S°L ~
S0
pevoL
¥5959'L

AP-ELN1-034-6_PhCP_C-C-ins_Rh20Ac4.
CDCI3 600 MHz

<
o
o

1b06°0 %
61260

mmwm.o*
+086°0

—

96Lp'T
0061
9S6+°'T
TZoos'T _
6S0S°'T T

o151/
bL6LT
SL08'T
8E18'T
2181
LET8'T
8E£8'T 6V =

64 63 6.2 6.1

988b'L

TR06b'L

TTIz0s L
TIs'L
291s'L

(2

|
o)
]
=

i

O

18 1.7 16 15 14 13 12 1.1 1.0 09

‘:o .4

f1 (ppm)

f1 (ppm)

1.114 or 1.115

60

Mmo.ﬁ
20T
20T

(A9}
}mﬁ T
FET'T
00T

Wb.m

4.5

1 opm)
Figure 4.84. 'H NMR spectrum of 1.114 or 1.115 (600 MHz, 298 K, CDCl).

T T T
6.0 5.5

6.5

7.0

T T
7.5

T
8.0

T
8.5

88°0T —

b0'ET —
209 —

895 —

¥6'8TT
66°1CT
9z'szT
759zt
9£'921
£6'92T
£€6'£2T
£9'82T
6£'621 W
¥8'62T
j4:¥228 W
8EVET \
LYLET

8V EPT —

AP-ELN1-034-6_PhCP_C-C-ins_L4_carbon.1.fid

ARED ANA MU- 190

ey
2

£\

1.114 or 1.

115

110

10

f1 (ppm)

Figure 4.85. ’C NMR spectrum of 1.114 or 1.115 (101 MHz, 295 K, CDCl5).

269



=706

TSTHT —=— 46
SLZ9Y— — o1

6590°2

20002\

£280°L -7

1£80°L 7
90659~ §
020997 660
6590°L
£0L0°L X
£280°L FEO'T
1£80°L

6¥67°L \‘
866C°L

2,4-di-tBu-phenol.1.fid

500 MHz CDCI3

OH

Me
Me

Me
Me
Me

2.7

J F00'T

4.5

T
5.0
f1 (ppm)

Figure 4.86. 'H NMR spectrum of 2.7 (500 MHz, 298 K, CDCl5).

T
9.0

SS8EF

989 —

76859~
2€09'9 7

w102
S8T0°L
1820°L

€TE0°L
YIT1TL

8STTL

RC2-121E-hivac.1.fid
CDCI3 600 MHz

7685'9 ~ \M e
2€09'9 \/\ Tvo Tre
~
re
0
re
@
o
~
WI0'L o
S8T0Z~\ = I
awNo.NW/ = Hlom
£2€0'L B
S
PITTL N
N RN
es1zL " 16
5
=
() o0
.
= ~
(]
=
o

1 (ppm)

a )

E6E'6

=001

=960
=160

T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5

T
9.0

f1 (ppm)

Figure 4.87. 'H NMR spectrum of 2.8 (600 MHz, 298 K, CDCl5).

270



RC2-121E-hivac.2.fid
CDCI3 600 MHz

o @ o Y
] 8 2 25 R @ o
o o @ N O N ® <
2 3 g NS5 ¢ 3
2 a 8 88 3 B
Y2 I
Me
Me Me
2.8
n
10 200 190 180 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0

1 (ppm)

Figure 4.88. °C NMR spectrum of 2.8 (151 MHz, 298 K, CDCl5).

AP3-178-5_4-F_F13-19.1.fid aNRBSRB a E:
500 MHz CDCI3 FERIRNRER 38 E:
ERERERERE v, < bl
NS
ooy SomNnmT o 20T
aaxa 23835952 233538
2353 BIRRLIN 28R
288K RREEIRERR SR8 H
ERERERY [ERERERERER RN e R RYs
S =S\ S\
h
Me i
Me Me
2.9
s 4
& 8 g
\d T T T T \F; T T T F:\ T
7.00 695 690 6.85 6.80 675 6.70 6.65 6.60 6.55 6.50
f1 (ppm)
i
J J
b e T d
8838 8 ]
Sean = o
r T T T T T T T T T T T T T T T T T
35 100 95 9.0 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 C
f1 (ppm)

Figure 4.89. 'H NMR spectrum of 2.9 (500 MHz, 298 K, CDCl5).

271



RC2-123A.10.fid

-123.96

Me

OH

2.9

WWW"‘

‘ ‘ ; : :
20 10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150
1 (ppm)

Figure 4.90. ’F NMR spectrum of 2.9 (564 MHz, 298 K, CDCls).

H-NMR AP3-154-2.1.fid eHBISEBD ] -8 RESH
500 MHz CDCI3 One5oate 3 G5 SRR
NNGG66G6Es < NN sESS
— v ~
o5 snoyx 0
% 5833 83
a9 BNR2 28
=i SRS a I
Me s Séea s
I/ S \/ N \
Me B — e
Me
|
2.10 ‘
S > @
= T T = T T T D\
7.1 7.0 6.9 6.8 6.7 6.6
f1 (ppm)
|
Il
£2 ¢ £ T £
44 S S IS & ®
T T T T T T T T T T T T T T T T T T T T T
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00
f1 (ppm)
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Figure 4.95. "H NMR spectrum of 2.12 (500 MHz, 298 K, CDCI;).

274



2-tBu-5-Ph-phenol_13C.1.fid

< Npesnos ® o
0 nMMEeMne M @ 5 e
500 MHz CDCI3 13C s SIUINRNN & @ a0
5 SE8888R 3 2 3 g
S T
oo ° snes
0 M il ®Q NS
28 M SRRR
Ph OH S5 2 LRSI
// ™
Me
[N}
Me m
Me
R A N e S RN
2.12 141 140 139 138 137 136 135 134 133 132 131 130 129 128 127
f1 (ppm)

200 190 180 170 160 150 140 130 120 110 100 90 80
1 (ppm)

Figure 4.96. >*C NMR spectrum of 2.12 (126 MHz, 298 K, CDCI5).

AP3-165-1_m-CI_PP_L3.1.fid QRB-BIRS 3 E:
CDCI3 500 MHz DE8R8388 3

NRG6666d i

VN

Cl OH
Me n o 0 - oo O -
Me [ R s gggt
Me I < - N/

2.13

~
o < <
=) — =

7.20 7.15 7.10 7.05 7.00 6.95 6.90 6.85 6.80 6.75 6.70 6.65
1 (ppm)

r 2g g s
o 338 5] =
S A - o
T T T T T T T T T T T T T T T T T T T
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0

1 (ppm)
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Figure 4.100. °C NMR spectrum of 2.14 (101 MHz, 295 K, CDCls).
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Figure 4.101. "H NMR spectrum of 2.15 (500 MHz, 298 K, CDCl;).
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Figure 4.105. *C NMR spectrum of 2.16 (126 MHz, 298 K, CDCl5).
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Figure 4.107. 'F NMR spectrum of 2.17 (564 MHz, 298 K, CDCls).
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Figure 4.109. 3C NMR spectrum of 2.40 (126 MHz, 298 K, CDCl5).
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Figure 4.110. "H NMR spectrum of 2.41 (400 MHz, 295 K, CDCl;).
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Figure 4.111. 3C NMR spectrum of 2.41 (101 MHz, 295 K, CDCl5).
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Figure 4.112. "H NMR spectrum of 2.42 (500 MHz, 298 K, CDCl;).
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Figure 4.113. 3C NMR spectrum of 2.42 (126 MHz, 298 K, CDCl5).
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Figure 4.114. "H NMR spectrum of 2.92 (600 MHz, 298 K, CDCl;).
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Figure 4.115. 3C NMR spectrum of 2.92 (151 MHz, 298 K, CDCl5).
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Figure 4.116. 'H NMR spectrum of 2.43 (400 MHz, 295 K, CDCls).
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Figure 4.117. 3C NMR spectrum of 2.43 (101 MHz, 295 K, CDCl5).
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Figure 4.118. "H NMR spectrum of 2.45 (500 MHz, 298 K, CDCl;).
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Figure 4.119. 3C NMR spectrum of 2.45 (126 MHz, 298 K, CDCl5).
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Figure 4.120. "H NMR spectrum of 2.46 (500 MHz, 298 K, CDCl;).
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Figure 4.121. 3C NMR spectrum of 2.46 (151 MHz, 298 K, CDCl5).
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Figure 4.125. 3C NMR spectrum of 2.94 (151 MHz, 298 K, CDCl5).
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Figure 4.127. 3C NMR spectrum of 2.48 (126 MHz, 298 K, CDCl5).
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Figure 4.129. 3C NMR spectrum of 2.49 (151 MHz, 298 K, CDCl5).
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Figure 4.130. 'H NMR spectrum of 2.39 (600 MHz, 298 K, CDCls).
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Figure 4.131. 3C NMR spectrum of 2.39 (151 MHz, 298 K, CDCl5).
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Figure 4.134. "H NMR spectrum of 2.51 (400 MHz, 295 K, CDCl;).
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Figure 4.135. 3C NMR spectrum of 2.51 (101 MHz, 295 K, CDCl5).
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Figure 4.140. "H NMR spectrum of 2.98 (600 MHz, 298 K, CDCl;).
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Figure 4.143. 3C NMR spectrum of 2.53 (126 MHz, 298 K, CDCl5).

298



4-tAm-3-F-phenol_19F.2.fid
CDCI3 600MHz 19F

107.55
107.57
107.59

\E

OH
Et
Me
Me F
2.53
2‘0 1‘0 6 -‘10 -‘20 -‘30 -“tO -‘50 -‘60 -‘70 -‘80 -‘90 -1‘00 -1‘10 -1‘20 -1‘30 -1‘40 -1‘50

1 (ppm)

Figure 4.144. ”F NMR spectrum of 2.53 (564 MHz, 298 K, CDCl5).
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Figure 4.148. '"H NMR spectrum of 2.89 (500 MHz, 298 K, CDCl;).
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Figure 4.149. '"H NMR spectrum of 2.89 (126 MHz, 298 K, CDCl;).
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Figure 4.150. '"H NMR spectrum of 3.7 (600 MHz, 298 K, CDCl5).
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Figure 4.158. 3C NMR spectrum of 3.10 (101 MHz, 295 K, CDCl5).
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Figure 4.160. °C NMR spectrum of 3.12 (151 MHz, 298 K, CDCls).
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Figure 4.164. °C NMR spectrum of 3.14 (101 MHz, 295 K, CDCls).
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Figure 4.166. *C NMR spectrum of 3.15 (101 MHz, 295 K, CDCl5).

3af 1H.5.fid
CdClI3, 400 MHz

OH

Me

Me Me
3.17

Nosmoonw ~ o9 o=
S8H0B3KE I 28 &z
RILER29R 2 ¥8 ¢8
“Hahaa %@ N DR T 0
KRG 666 s < NN NA
=~ NARY,
/11 / / /

) smoo o

88 5888 58

g3 2g82 28

a9 3383 58

NN ERER R fEpe

I S 4

i

P
& & 3
3

T T T T T T T T
720 715 7.10 7.05 7.00 695 6.90 6.85 6.80
1 (ppm)

d4 i i3

T T T T T
7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25
1 (ppm)

Figure 4.167. '"H NMR spectrum of 3.17 (400 MHz, 295 K, CDCl;).

310



LR-ELN4-53 B2 13C_12-8.10.fid 52 3 R IS Tonomowmn
mo a1 N "R MT YA
a8 g8 5¢ e N O e
na 88 oo FERNR/IARA
I [ [ S\
Me
Me Me
3.17
} l L
" T T T T T T T T T T T T T T T T T T T T T
10 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0

1 (ppm)

Figure 4.168. *C NMR spectrum of 3.17 (151 MHz, 298 K, CDCl5).
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Figure 4.172. 3C NMR spectrum of 3.19 (101 MHz, 295 K, CDCl5).
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Figure 4.186. *C NMR spectrum of 3.71 (151 MHz, 298 K, CDCl5).
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Figure 4.187. "H NMR spectrum of the crude mixture of 3.23, 3.70, 3.71 (400 MHz, 295 K,
CDCls). Assignments determined after purification.
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Figure 4.196. 3C NMR spectrum of 3.26 + 3.78 (151 MHz, 298 K, CDCl5).
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Figure 4.197. '"H NMR spectrum of the crude mixture of 3.26, 3.78 (500 MHz, 298 K, CDCI5).
Assignments determined after purification.
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Figure 4.204. °C NMR spectrum of 3.29 (151 MHz, 298 K, CDCls).
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Figure 4.206. °C NMR spectrum of 3.30 (151 MHz, 298 K, CDCls).
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Figure 4.221. '"H NMR spectrum of 3.37 + 3.38 (600 MHz, 298 K, CDCl5).
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Figure 4.222. 3C NMR spectrum of 3.37 + 3.38 (101 MHz, 295 K, CDCl5).
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Figure 4.223. '"H NMR spectrum of 3.40 (600 MHz, 298 K, CDCl;).
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Figure 4.224. *C NMR spectrum of 3.40 (151 MHz, 298 K, CDCls).
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Figure 4.225. "H NMR spectrum of 3.55 (500 MHz, 298 K, CDCl;).
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Figure 4.226. "H NMR spectrum of 3.46 + 3.47 (600 MHz, 298 K, CDCl5).
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Figure 4.227. 3C NMR spectrum of 3.46 + 3.47 (101 MHz, 295 K, CDCl;).
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Figure 4.228. "H NMR spectrum of 3.48 (600 MHz, 298 K, CDCl5).
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