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Chapter 1. Activation of Traditionally Inert Bonds

1.1 Introduction

As organic chemistry is often considered the chemistry of carbon, one major focus of
organic chemists is developing new methods to make and break carbon bonds. The ability
to use these methods to synthesize complex and novel organic molecules have
revolutionized the world through fields like medicine and agriculture. In the last 50 years,
homogenous organometallic catalysis has become a powerful new tool to form C-C bonds,
even being the subject of the 2010 Nobel Prize in Chemistry.! While early work in this
field focused on activating weaker C—X (X = Cl, Br, I, OTf) bonds,? a growing area of
organic and organometallic chemistry is metal-catalyzed activation of more prevalent
bonds in organic molecules, including C-H, C-C, C-O, and C—-N bonds. This chapter will

cover C—C and C-O bond activation processes and their application in synthetic reactions.

1.2 Traditional Cross-Coupling Methods

Early cross-coupling reactions fell into two general categories. The first reaction type
couples organic halides with organometallic reagents. A general mechanism of these
reactions begins with oxidative addition to the C—X bond of a preformed organohalide
followed by transmetalation with the organometallic species (Scheme 1.1). Reductive
elimination forms a new C—C bond. Examples of this type of coupling include Suzuki,®*
Negishi,>® Stille,”® and Kumada® couplings among many others.'%! There has been wide

application of cross coupling reactions and they have been used in many syntheses.'?°



Reductive Oxidative
Elimination Addition

(c Vg X/

X = Cl, ‘>_<
Br, I, OTf
M = B, Mg, Zn, m
sn,siicu OO 006 <L 06

Transmetalation

Scheme 1.1 General mechanism of transition-metal catalyzed cross coupling

The other general method for C—C bond forming reactions are m-bond insertions
like the Heck reaction (Scheme 1.2).2° These reactions also start with oxidative addition of
a preformed organohalide species. Alkene association to the metal catalyst and 1,2-
insertion into a M—C bond creates a new C—C bond. Next, B-hydride elimination reforms
the alkene and dissociation from the newly formed m-complex releases the product. An
equivalent of base is used to promote reductive elimination and regenerate the catalyst.

A major drawback of these coupling processes is the need for prefunctionalization.
Halogenation and metalation of the starting materials require extra synthetic steps.
Additionally, a full equivalent of metal and/or halogen waste is generated in the reaction
which can be environmentally damaging. The Heck reaction eliminates the need for
organometallic reagents, replacing these with alkenes which are incorporated into the
product with high atom economy, losing only a hydrogen atom. This process still requires
a preformed organohalide and a stoichiometric amount of base. These result in a full

equivalent of base and halogenated waste being generated during the reaction. Selective
2
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B-Hydride Migratory
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Scheme 1.2 General Heck-type coupling reaction

activation of C—C and C-O bonds for coupling reactions would allow us to avoid
halogenation or metalation potentially resulting in shorter syntheses with better atom

economy and less toxic waste.

1.3 Transition-Metal Catalyzed C-C Bond Activation

Carbon-carbon c-bonds are some of the least reactive bonds in nature making them
difficult targets for bond activation. Both thermodynamic and kinetic barriers must be
overcome for selective activation of C—C o-bonds. Oxidative addition of a C—C o-bond is
typically an endergonic process, trading one strong C—C bond for two weaker M—C bonds
(Scheme 1.3a).2! Formation of MR: through oxidative addition is estimated to be 25
kcal/mol uphill.?> The thermodynamic barrier can vary significantly depending on metal

and R-group identity so some oxidative addition to C—C bonds may be exergonic. The



kinetic barrier to oxidative addition is high due to the linear directionality of C—C o-bonds.
The bond is made of two overlapping sp® orbitals so both orbitals must rotate to form bonds
from either the C—C o-bonding or c-antibonding orbitals (Scheme 1.3c) . C—C bonds are
also difficult to access sterically. Steric strain occurs from the metal approaching the C-C
bond and between the two R groups following bond activation (Scheme 1.3c). Selectivity
of bond activation is a challenge as C-H bonds activation is typically more
thermodynamically favored (Scheme 1.3b) and more sterically accessible. As C—H bonds
are formed from the overlap of C(sp®) and H(s) orbitals, less bond rotation and
rearrangement energy is required for activation (Scheme 1.3d). Due to these factors, many

conditions that would activate C—C bonds will also activate C—H bonds.

"D SR b X :
—_— ! I.R R !
(S C) G,@\e: R\CSFQ)CQC\@D — R\CQQEC(IR: r‘%\?\‘f%®_>R\c5p®
~+25 kcal/mol R R R }2 I }2 ; R = k
{ Thermodynamic Challenge { Kinetic Challenge ;
" A A
R R R
r.R
00— L Q5SS T RSO @ R=c“®
~+14 kcal/mol R R{ R R;‘k }R R Rl < k

Scheme 1.3 Thermal barriers to a) C—C bond activation, b) C—H bond activation; Orbital
rotation considerations from metal orbital interaction with ¢) C—C c-bonding orbital and
o-antibonding orbital, €) C-H c-bonding orbital and s-antibonding orbital

Strategies for driving C—C bond activation work by lowering the thermodynamic
or kinetic barriers. For example, more polar C—C bonds are easier to activate. Decreasing
the hybridization of the carbon atoms lowers the steric strain before and after bond

activation and makes the transformation more thermodynamically favored as the resulting



M-C(sp?) or M—C(sp) bonds are more stable than their C(sp) counterparts. The
combination of increased polarity and decreased hybridization makes bond activation of
bonds adjacent to ketones, especially aryl ketones, a promising target. M—C bonds formed
from lower transition-metals (Os, Ir, and Pt) are typically stronger, making C-C bond

activation using these metals more thermodynamically favorable.?

1.3.1 Strain-Driven C-C Bond Activation

Seminal work on C-C bond activation was done using strained rings. Coupling
bond activation to energy releasing processes like expansion of strained rings helps drive
bond activation. Tipper? reported the addition of Pt(Il) to the C—C bond of cyclopropane
forming expanded 4-membered metallocycle 1.01, which was subsequently trapped by
pyridine forming 1.02 (Scheme 1.4).24

Cl
| PY
> + ptcl, ———> <>PtCI2 —_— <>Pt
Ac,0, rt pyridine | “py

Cl

1.01 1.02

Scheme 1.4 C-C bond activation of cyclopropane

Strain energy of small rings is dependent on ring size, hybridization, and
substitution (Figure 1.1). Decreasing ring size or carbon-hybridization in the ring both
increase ring strain making bond activation easier.?® Substitutions on the ring slightly

decrease ring strain.
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Figure 1.1 Strain energy of small rings

Undirected C—C bond activation of substituted cyclopropy! rings occurs at the distal
C-C bond (Scheme 1.5a). Directing groups including alkenes,??” ketones,?3 imines,3!
3 and amines® have been used to direct metal catalysts to activate proximal C—C bonds
(Scheme 1.5b). Activation of alkylidenecyclopropanes 1.07 occurs at the distal C(sp®)—
C(sp®) bond forming metallocycle 1.08, followed by isomerization to 1.10 through

trimethylenemethane intermediate 1.09 (Scheme 1.5c).
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Scheme 1.5 Selectivity of 3-membered ring C—C bond activation

C—C bond activation of 3-membered rings is often coupled with n-bond insertion
processes which help make the overall transformation energetically downhill, most

commonly, they are used as C-3-synthons in metal-catalyzed cycloadditions to form ring



expanded products (Scheme 1.6).%%" Vinyl cyclopropanes, where the vinyl-group is used
to direct bond activation to the proximal C—C bond have also been used as C-5-synthons
in cycloaddition reactions to form medium sized rings.%®® Cyclopropane C—C bond
activation and cycloaddition have been utilized in the synthesis of many natural

products.?738-53

&Hﬂ’ﬁ*ﬁ

Scheme 1.6 General transition-metal-catalyzed activation of cyclopropane rings followed
by ring expansion

Other early work into C—C bond activation included the Rh-catalyzed valence
isomerization of cubanes 1.11 to substituted cyclooctatetraenes 1.12 (Scheme 1.7a).>+>
More recently, Dong and coworkers developed the Rh-catalyzed C—C bond activation of
benzocyclobutenones 1.13 (Scheme 1.7b).%8%% Bond activation forming intermediate 1.14
was coupled with migratory insertion of pendent alkenes or oximes to form fused tricyclics
1.15. A similar transformation was developed coupling bond activation to ketone migratory
insertion (Scheme 1.7c). The resulting lactones 1.17 underwent spontaneous elimination
driven by aromatization to form benzofurans 1.18. Benzocyclobutenone C-C bond
activation has been used as they key step in the synthesis of many natural products.5:%°
Strategies for activating various other kinds of 4-membered rings have been reported

including cyclobutanones®®®” and biphenylene %82
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Scheme 1.7 Examples of C—C bond activation of strained 4-membered rings

1.3.2 Chelation-Directed C-C Bond Activation

Based on strategies used in the field of C-H bond activation,”*"* Suggs and
coworkers reported the Rh-catalyzed C—-C bond activation of 8-acylquinolinyl ketones
(Scheme 1.8).”>"® They achieved selective C—C bond activation through two methods.
First, the two bonds adjacent to the carbonyl in ketone 1.19 are polarized and sp?
hybridized, allowing for easier bond activation. Additionally, the quinolinyl group can
precoordinate to the Rh-center, bringing it in close proximity to the Cacyi—C bonds. The
distal Cacyi—C bond is selectively activated due to the kinetic preference for forming 5-
membered rings. Chelation in the resulting intermediates 1.20 and 1.21 also prevent a-
elimination of CO, a process commonly seen in metal-acyl species, as elimination would

form a highly strained 4-membered metallocycle.
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Scheme 1.8 8-Acylquinoline directed C—C bond activation

Inspired by the work of Suggs, Douglas and Dreis’’ developed quinoline-directed
carboacylation of alkenes 1.22 to form cyclized dihydrobenzofurans 1.23 (Scheme 1.9a).
The mechanism was elucidated by Johnson and coworkers’®® (Scheme 1.9b). The reaction
begins with Rh coordination to the Lewis-basic nitrogen of 1.22 forming intermediate 1.24,
the resting state of the catalytic cycle. This coordination brings the Rh-center close to the
C-C bond, initiating oxidative addition, the turnover-limiting step of the reaction.
Migratory insertion of the pendent alkene forms the dihydrobenzofuran ring of 1.26.
Reductive elimination forms the second new C-C bond and Rh-dissociation releases
product 1.23, completing the catalytic cycle.

Coupling alkene insertions with C—C bond activation through Heck-type reaction
mechanisms is a powerful method of synthesis, quickly building up molecular complexity
and forming new rings in a single step. Carboacylation of 1,2-disubstituted alkenes forms

quaternary carbon centers, a typically challenging task.2%?
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Scheme 1.9 Quinoline-directed carboacylation of alkenes via C—C bond activation

Wang et al.® reported a Rh-catalyzed, quinoline-directed C—C bond activation of
methyl or aryl ketones 1.28 for Suzuki-type cross coupling with electron-rich aryl boronic
acids (Scheme 1.10). This method was extended by Johnson et al.®* to include coupling

with electron-deficient aryl boronic acids.
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Scheme 1.10 Suzuki-type coupling via quinoline-directed C—C bond activation

Other nitrogen containing heterocycles, including pyridine,2®¢ pyrroline,®’
pyrimidine®® and oxazoles®” as well as N-oxides® have been used as permanent chelating
directing groups for C—C bond activation. One drawback of quinoline, pyridyl, and other
permanent heterocycles used for directed bond activation is that there is currently no
method to remove the group after the desired reaction has taken place.

To circumvent this issue, Jun and Lee® developed a method to install a temporary
directing group allowing for metal-organic cooperative catalysis (Scheme 1.11). By
including a catalytic amount of 2-amino-3-picoline 1.35, they form pyridylimines 1.36
from ketones 1.31 in situ. The pyridyl group then coordinates to the Rh-center, directing
C-C bond cleavage though oxidative addition forming 1.37. B-Hydride elimination of
styrene 1.34 and insertion of alkene 1.32 forms 1.39. Reductive elimination and in situ
hydrolysis of the imine form product 1.33. This strategy of metal-organic cooperative
catalysis installing temporary directing groups has been applied to both Suzuki-type cross-
coupling® and other Heck-type insertion processes.®?* Dong and coworkers used this
transient directing group strategy to initiate C—C bond activation in the key steps of their

synthesis of sesquiterpenoid® natural products and estrone analogues.®
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Scheme 1.11 Chelation directed C—C bond activation through in situ imine formation

1.3.3 Summary

Although there are significant thermal and kinetic challenges to C-C bond
activation, numerous methods have been developed to overcome these barriers. By using
strategies such as coupling strain-release to bond activation, increasing the polarity or
decreasing the hybridization of the target bonds, or using permanent or temporary chelating
directing groups we can achieve selective C-C bond activation. By coupling these bond
activation processes to other elementary steps like transmetalation and alkene insertions,
we can form new C—-C bonds, making this a powerful strategy for the synthesis of complex

molecules.

1.4 Ester C-0O o-Bond Activation

While C-Y (Y=C, H, O, N) bond activation reactions are a current focus of organic
method development there are relatively few examples of C-O bond activation methods
for esters. Esters are a desirable starting material for cross-coupling reactions as they are

stable and abundant. Following Cacyi—O bond activation of esters, the acyl and alkoxide
12



moieties of intermediates 1.41 can be used in cross-coupling reactions with organic halides
or boronic acids to form ketones 1.42, in Heck-type insertion processes with alkenes or
alkynes to form products 1.43, or in domino Heck/Suzuki processes to form 1.44 with high
atom economy (Scheme 1.12). Challenges to using ester C—O bond activation in synthetic
processes forming ketones include the selectivity of bond activation and preventing
decarbonylation.

R" ¥ “OR2
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Scheme 1.12 Reaction pathways following C—-O bond activation of esters

Oxidative addition of a transition metal into an ester C—O bond can occur by one
of two pathways, addition into the Cacyi—O bond (Scheme 1.13, path 1), or addition into the
O—Caryi bond (path 2). Li and coworkers® reported a DFT study on the selectivity of C-O
bond activation of aryl esters (Scheme 1.13). While the Cacyi—O bond has a significantly
lower bond dissociation energy (80 kcal/mol vs 106 kcal/mol), only the products from O-
Cary bond activation were observed experimentally. Li et al. showed that the barrier to form

1.46 through Cacyi—O bond activation of 1.45 was also significantly lower than that of Caryi—
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O bond activation to form 1.47 (+14.2 kcal/mol vs. +22.9 kcal/mol). Despite the apparent
energy preference for Cacyi—O bond activation, both pathways are observed experimentally.
Although Cacyi—O bond activation is more facile, it is also reversible, while Cayi—O bond
activation is slower and typically irreversible. To use C-O bond activation of esters in

organic transformations, we must control the regioselectivity of this bond activation.

)L .0 Fast Oxidative Addition
Me g' \© (reversible)

. (1) Cys
j\ /@ Ni(PCy3),Cl, - 1.46 -
Me” O - .
2O @ o Cvs
80 P

106 Slow Oxidative

_Ni
kcal/mol  kcal/mol Me)j\o \© Addition (irreversible)

1.45

Scheme 1.13 Selectivity model for oxidative addition of ester C—O bonds

The first example of Caei—O bond activation was reported by Yamamoto et al.%’
(Scheme 1.14). Phenyl propionate 1.48 was activated by Ni(cod). forming 1.49 which
underwent decarbonylation via a-elimination of CO forming phenol, ethylene, and nickel
carbonyl species 1.51. This demonstrates how metal-acyl species are prone to
decarbonylation. Catalytic transformations, including cross coupling reactions, using

decarbonylation as a productive step have been reported®:%-192 hyt will not be discussed

here.
0 Ni(cod), 0 -co o cOPR _“CoMa o
—_— —_— " — "
Me\)j\OPh PPhs Me\)L[Ni]’OPh Me™ INi] —PhOH 33
1.48 1.49 1.50 1.51

Scheme 1.14 Seminal report of ester C-O bond activation of phenyl propionate by
Yamamoto et al.
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We aim to develop transformations that retain the carbonyl functional group, to
achieve this, we must prevent decarbonylation. Methods to avoid decarbonylation of acyl-
metal species include altering the electronic properties of the metal and carbonyl species,

the stabilizing intermediates with chelating directing groups, and using bulky ligands.

1.4.1 Cross-Coupling Methods

In early work on palladium catalyzed activation of esters, elevated temperatures
were required to drive C—O bond activation due to the lower electron density of Pd(0)
complexes relative to Ni(0) complexes.l% Yamamoto et al. used electron deficient
trifluoroacetates 1.52 to achieve C-O oxidative addition at room temperature. The resulting
trifluoroacetyl-metal species did not undergo decarbonylation. Using this strategy, they
developed the first reported C—C bond forming process using Cacyi—O bond activation
followed by coupling with boronic acids to form trifluoromethyl ketones 1.53 (Scheme
1.15a).104

Wang et al.*% developed a cross-coupling with aryl boronic acids using a quinoline-
directed C-O bond activation of 1.54 (Scheme 1.15b). As in C-C bond activation, the
chelating guinoline group worked to direct bond activation and prevent decarbonylation to
form ketones 1.55. Chatani and coworkers developed Suzuki-type cross coupling reactions
via C-O bond activation using two types of pyridyl directing groups bound through the
alkoxide moiety of esters 1.56 and 1.59 (Scheme 1.15c and d).!°%1% Both chelating
directing groups worked to direct C-O bond activation. These directing groups may have
prevented decarbonylation by stabilizing the resulting catalytic intermediates 1.57 and
1.60, but decarbonylation was likely avoided due to fast transmetalation and reductive

15



107 and Halima et al.'®® independently developed cross

elimination of ketones 1.58. Shi et al.
couplings of phenyl esters 1.61 with aryl or heteroaryl boronic acids through undirected
C-O bond activation (Scheme 1.15e). Decarbonylation was prevented by using bulky N-

heterocyclic carbene (NHC) ligands.

a) Pd(OAc),
(0] P("Bu (0]
)l\ + ArB(OH), #» )J\
F3C OPh F3C Ar
1.52 1.53
b) | N Rh(PPhy)sCl ] N
P + ArBOH), —————— > [ _
N N
MeO” YO Ar” Yo
1.54 1.55
c) Pd(OAc), o) o}
o “ PPh —)= o
R - ensiom, — e | RIS
R N07 N \_// R” “Ph
1.56 1.57 1.58
d o o o]
O<  Ru,(CO ul’ o
A A+ pneg ) —RusCO) R}—[ 1,2 )
N. o) < | R” “Ph
1.59 1.60 1.58
e) o) Pd(NHC 0
I + (Het)ArB(OH), —J(NHC) _ U
R™ "OPh R (Het)Ar
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Scheme 1.15 Suzuki-type cross-coupling reaction using C—O bond activation
C—O bond activation has also been used in cross coupling reactions with amines to
form amides. This was first reported by Hie et al.1% using C—O bond activation of methyl
esters 1.63 followed by coupling with aromatic secondary amines 1.64 to form tertiary
amides 1.65 (Scheme 1.16a). The Lewis acid additive is proposed to bind to the carbonyl

16



oxygen, computations indicate that this assists the reaction in multiple ways. Lewis acid
coordination lowers the energy barriers to oxidative addition, ligand exchange of
methoxide for the amine, and reductive elimination and makes the overall reaction more
thermodynamically favorable. Buchspies et al.'' later developed methods cross coupling
phenyl benzoate 1.66 with aniline 1.67 forming secondary amide 1.68 (Scheme 1.16b).
Both methods used Ni-catalysis with bulky NHC ligands which likely worked to prevent

decarbonylation.

a) Ni(cod),
SIPr 0
(0] t
L + HNMeAr AlOBu); ArJ\N,Ar
Ar OMe l\llle
1.63 1.64 1.65
) 1 oM
e
o [CpNi(IPr)CI] o
Mo - N
Ph” ~OPh Ph H
OMe
1.66 1.67 1.68

Scheme 1.16 Cross coupling with amides via C-O bond activation

1.4.2 Insertion Reactions

Cross-coupling reactions involving esters incorporate the acyl fragment, or the
corresponding decarbonylated fragment, into their products, leaving the alkoxide fragment
as a byproduct that is discarded or recycled for further substrate synthesis. A “cut-and-sew”
insertion process activates the Cacy—O bond and adds both the acyl and alkoxide fragments
across the m-bond. Both fragments are incorporated into the final product giving the

reaction a high atom economy.
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In 2009, Murai et al.*! reported the oxyacylation of nitriles. Various carboxylates
of 2-(cyanomethyl)phenyl esters 1.69 were used in the Pd(0) catalyzed reaction to form 2-
aminobenzofurans 1.70 (Scheme 1.17). Crossover reactions suggest the cycloisomerization

is entirely intramolecular.
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Scheme 1.17 Oxyacylation of nitriles

Lewis acid Zn(OAc)2, formed in situ, activates the carbonyl through coordination
and accelerates oxidative addition of Pd(0) to ester 1.71. After oxidative addition, the

palladium center coordinates to a -bond of the nitrile forming 1.72 and migratory insertion
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across the nitrile generates intermediate 1.73 (Scheme 1.17). Prototropic isomerization of
intermediate 1.73 forms 1.74. The azaallyl-palladium species 1.74 undergoes o-m
isomerization followed by reductive elimination. Subsequent isomerization driven by

aromatization forms the final product 2-aminobenzofuran 1.70.
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Scheme 1.18 Reaction conditions and mechanism of the quinoline-directed oxyacylation
reaction

In 2009, the Douglas group reported the rhodium-catalyzed oxyacylation of alkenes
(Scheme 1.18).12? They use a quinoline directing group to direct bond activation and

prevent decarbonylation by forming the stable 5-membered chelate ring seen in
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intermediates 1.80 and 1.81. Migratory insertion across the alkene gives 1.82 and reductive
elimination forms the product ketone 1.78 (Scheme 1.18). We published a follow up report
detailing the development, optimization, and scope of this reaction.!*® | validated this
chemistry on a preparatory scale.

Uson et al.*** showed that phenol could displace alkoxide groups on Ir(cod)(OR)
(R = Me, Et) species in the presence of bulky, basic phosphine ligands. Inspired by this
work, Douglas et al. used a hydroxyl directing group to facilitate iridium(l) oxidative
addition into the ester Cacyi—O bond of 1.83 in alkene oxyacylation to form ketone 1.84
(Scheme 1.19).1% This transformation goes through the same mechanism as quinoline-

directed alkene oxyacylation.

...................

[Ir(cod)OMe] Me : OO :
O /[j omop 2 0 O 5 oMe :
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1.83 1.84 ' (S)-MoP

...................

Scheme 1.19 Hydroxyl-directed oxyacylation of alkenes

1.4.3 Domino Insertion and Coupling Reactions

Recently, methods integrating alkene insertions with nucleophile additions have
been developed. lyori and Chatani'® developed an alkyne oxyacylation reaction using ester
C-0 bond activation of methyl salicylates 1.85 (Scheme 1.20). The ortho-hydroxyl group
of salicylate 1.85 works to direct C—O bond formation and prevent decarbonylation before
alkyne migratory insertion forming intermediate 1.86. The hydroxyl group then acts as an
internal nucleophile for chromone 1.87 formation through reductive elimination.
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Scheme 1.20 Intermolecular oxyacylation of alkynes

Zheng and Newman reported an alkene carboacylation reaction through a domino
Heck/Suzuki coupling of methyl esters 1.88 and aryl boronic acids (Scheme 1.21a). The
Ni(NHC) catalyst is proposed to undergo oxidative addition to the C—O bond, followed by
migratory insertion of the tethered alkene to form the benzocyclopentanone ring.

Subsequent transmetalation of the boronic acid and reductive elimination form 1.89.

a) (0]
Ni(cod) fo)
z OMe SIPrHBF
R— | + ArB(OH), 2 Z Ar
X Base R |
N
1.88 1.89
b) i) [Pd] 0
j\ NaBAr, R—Q
+ —_— -
R” ~OCgFs z/:|}7 ii) DBU
1.90 AT 101

Scheme 1.21 Domino Heck/Suzuki-type coupling reactions

Banovetz et al.!'’ reported a fully intermolecular, three-component coupling
carboacylation reaction using privileged alkenes norbornene or norbornadiene (Scheme
1.21b). Electron-deficient pentafluorophenyl benzoate 1.90 was required for C-O bond
activation. Reactions with methyl, benzyl, or other aryl benzoates in the same conditions
did not result in any conversion of the starting ester. This transformation initially forms
cis-1.91 but this product is partially isomerized by pentafluorophenoxide generated in the
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reaction. By adding additional base at the end of the reaction, they are able to fully

isomerize the product to the thermodynamically favored trans-1.91.

1.4.4 Summary

To use ester C-O bond activation in synthesis, we must control the regioselectivity
of bond activation and prevent side reactions like decarbonylation. Early strategies of
control include chelating directing groups, activation of electron-poor esters like
trifluoroacetates 1.51, and coupling bond activation to mechanistic steps that occur at a
faster rate than decarbonylation, like transmetalation with boronic acids and esters. The
addition of Lewis acids or bulky ancillary ligands, like NHCs, also work to prevent
decarbonylation allowing the formation of ketones. Lower row transition-metal catalysts
(Ru, Rh, Ir, Pd) and electron-rich Ni catalysts have been most successful in C-O bond

activation processes.
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Chapter 2. Steric-Controlled Arene Acylation via Sequential

C-O/C-H Bond Activation

2.1 Introduction

During our development of hydroxyl-directed alkene oxyacylation via Ir-catalyzed
Cacyi—O bond activation of salicylate esters 2.1, T.G. Hoang identified ketone side products
2.3aal and 2.3aa2 formed by the acylation of solvent m-xylene (Scheme 2.1a). The
intramolecular oxyacylation product 2.2 was favored but, interestingly, the major isomer
of m-xylene acylation was the meta-acylated 1,3,5-substituted product 2.3aal. Electronic-
controlled regioselectivity would predict 1,2,4-substituted 2.3aa2 as the major product.
The 10:1 ratio of 2.3aal:2.3aa2 is indicative of a mechanism distinct from classical
electrophilic aromatic substitution (EAS) reactions like Friedel-Crafts acylation. Using
phenyl salicylate 2.4a as the ester component without an alkenyl side chain made 2.3aal
the major product (Scheme 2.1b). Control experiments showed iridium was required for
the reaction. The need for iridium and interesting regioselectivity observed indicated that

a mechanism involving integrated ester C-O and arene C—H bond activation was plausible.
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Scheme 2.1 a) Oxyacylation of a salicylate ester with (R)-MOP; b) acylation of m-xylene

Chapter 2 will begin with an introduction to steric-controlled C—H bond activation
and dual bond activation methods followed by our investigation into the optimized reaction
conditions, mechanism, and scope of the steric-controlled arene acylation via Ir-catalyzed

sequential C—O/C-H dual bond activation.?

2 Figures and text adapted with permission from Serratore, N. A.; Anderson, C. B.; Frost, G. B.; Hoang, T.-G.;
Underwood, S. J.; Gemmel, P. M.; Hardy, M. A.; Douglas, C. J. Integrating Metal-Catalyzed C—H and C-O
Functionalization To Achieve Sterically Controlled Regioselectivity in Arene Acylation. J. Am. Chem. Soc.
2018, 140 (31), 10025-10033. Copyright 2018 American Chemical Society.
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2.2 Late Transition-Metal-Catalyzed, Steric-Controlled C-H bond

Activation of Arenes

2.2.1 Electrophilic Aromatic Substitution

The most common method of C—C bond formation through direct functionalization
of Caryi—H bonds is EAS. The regioselectivity of these transformations is dictated by
electronics, resulting in substitution in the ortho- and para- positions relative to electron-
donating groups (EDG) or meta- to electron-withdrawing groups (EWG)® (Figure 2.1).
The selectivity of EAS can be rationalized by the mechanism. The high-energy tetrahedral
arenium ion intermediate is stabilized by the presence of EDG ortho and para to the
charged carbon or by the meta EWG. The Lewis acid catalyst is used to increase the
electrophilicity of the electrophile and is typically a metal that does not undergo redox

changes over the course of the reaction.

EDG
EDG e EDG
-0 (¥
0 Lewis Acid Cat. O
E
e .
Lewis Acid Cat.
® H

e = Electrophile
Figure 2.1 Regiocontrol of EAS reactions

The aluminum catalyzed Friedel-Crafts acylation of m-xylene by benzoyl chloride

2.5 gave the 1,2,4 substituted arene 2.6 in 92% yield and the 1,2,6-substituted arene 2.7 in
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only 8% yield (Scheme 2.2).1*° This selectivity is in sharp contrast to the regioselectivity
observed in the acylation of m-xylene where 1,3,5-substituted product 2.3aal is
preferentially formed along with 2.3aa2, and the 1,2,6-substituted product is not observed
(Scheme 2.1). The difference in regioselectivity observed supports the hypothesis that

2.3aal is forming through an alternate mechanism to EAS.

lo) Me O Me O Me
AIPW,0,,
clt > +
120 °C,3.5h
Me Me Me
25 2.6 2.7

92% yield 8% yield
Scheme 2.2 Friedel-Crafts acylation of m-xylene by benzoyl chloride

2.2.2 Steric-Controlled C-H Activation of Arenes

In 2002, Smith et al.*?® published an Ir-catalyzed borylation of arenes by HBpin
(Scheme 2.3a). At the same time, Hartwig et al.*?' reported the Ir-catalyzed direct
borylation of arenes with Bopinz (Scheme 2.3b). These reactions activate aryl C—H bonds
with steric control of regiochemistry instead of the electronic control. By coupling these
borylations with Suzuki-Miyaura couplings, C-C bonds can be formed at the least
sterically hindered positions.

Hartwig and coworkers published two initial reports on the direct borylation of
arenes and heteroarenes via C—H bond activation reaction in 2002.12122 |nitial results
showed that for monosubstituted arenes, substitution occurred at the meta- and para-
positions in a statistical ratio (2:1 meta:para). Borylation of 1,3-disubstituted arenes

exclusively led to substitution at the common meta- position. Screenings of ligands
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a) Smith and Maleczka (2002)
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b) Hartwig and Miyaura (2002)

B,pin,
Me [Ir(cod)Cl],
bpy
80 °C, 16 h
Me

60 equiv.

CI\Q/Bpin

CO,Me
2.9

95% yield

Me\©/8pin
Me

86% yield

Scheme 2.3 Steric-controlled borylation of arenes

borylation at room temperature.

Bapin,
cl [Ir(cod)OMel,
dtbpy
rt, 8 h
CO,Me
2.8

demonstrated the importance of the bipyridine ligand for successful reaction. The initial
reaction was optimized using a [Ir(cod)Cl]2 and 2,2’-bipyridine (bpy) catalyst system at 80
°C (Scheme 2.3b). Changing the precatalyst to [Ir(cod)OMe]. and the ligand to 4,4’-di-
tert-butyl-2,2’-bipyridine (dtbpy) gave significant improvement (Scheme 2.4), removing
the need for elevated temperatures, shortening the reaction time, and lowering the

concentration of arene from neat to 0.33 M. This is the first reported example of C—H

Bpin

CO,Me
2.9

80% yield

Scheme 2.4 Improved conditions for steric-controlled borylation at room temperature
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During a stoichiometric catalyst study in mesitylene, complex 2.11 was isolated
(Scheme 2.5).%2! Dissolving 2.11 in deuterated-benzene yielded the borylation product 2.12
in minutes. Reaction of 2.11 with other arenes yielded similar results. These results
suggested that complex 2.11 is a catalytic intermediate or can quickly convert to a catalytic
intermediate. Computations supported these results, indicating that the C-H activation
reaction occurred at a trisboryl transition metal complex.'?® Kinetic isotope effect (KIE)
data obtained from a competition reaction between benzene and de-benzene with 2.11
indicated that C—H bond activation is the rate-limiting step.?

Bu

[ '8
ZN mesitylene ’ | ~ CgD

Ir(coe),Cl], + + B,pin N Bpin — =665 C,D;—Bpin
[Ir(coe),Cl], A 2pin, 50°C 5h >Ir,/, BT 6D5—Bp

! | N ép'nprin 212

i
By X ‘Bu Z
2.1

Scheme 2.5 Stoichiometric studies of arene borylation

The authors also observed an inverse dependence on cyclooctene (COE).
Unexpectedly, the reaction was found to occur faster with electron-poor phenyl arenes than
with electron-rich phenyl arenes in a one-pot competition reaction. Conversely, electron-
rich heterocycles reacted faster than electron-neutral arenes. The authors proposed that the
arene that forms the more stable n?-arene complex before oxidative addition results in the
faster reaction.

Based on these observations, they proposed the following mechanism for
borylation (Scheme 2.6). The catalytic cycle is entered through the dissociation of COE
from 2.11. Next complex 2.13 activates the C—H bond of the arene. From the data, the

authors could not determine if the mechanism of the C—H activation step is oxidative
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B,pin, bond metathesis
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Scheme 2.6 Mechanism of iridium-catalyzed steric-controlled C—H borylation

addition or o-bond metathesis (SBM). Computations suggest oxidative addition through
formal Ir(V) intermediate 2.14 is a lower energy pathway compared to SBM.*?* Complex
2.14 then reductively eliminates borylated arene 2.15, forming 2.16. Exchange of a hydride
for Bpin closes the catalytic cycle. Hartwig and colleagues later reported the steric
controlled silylation of arenes'?>'?” which was found to proceed through a similar

mechanism.28
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2.2.3 Aryl C-H Bond Activation Mechanisms

Several mechanisms of transition-metal mediated aryl C-H bond activations are
known, including SBM and concerted metalation deprotonation (CMD). The overall
transformations of these SBM and CMD are similar, but the mechanisms are distinct. SBM
involves concerted M-R and Ar—H bond breakage and M—Ar and R—H bond formation via
a four-center, four-electron transition state (Scheme 2.7a).?° CMD requires an X-type
ligand, Y, that has at least one lone pair (Y = alkoxide, amido, hydroxide, imido, or 0xo).
The lone pair on Y acts as an internal base, deprotonating the C—H c-adduct at the same

time as the M—Ar bond is forming, resulting in a six-electron, four-center transition state

(Scheme 2.7Db).
a) [ ¢ 1
M-R M---R MR M<.5R
| SBM, SN | — Ml | —| NGO
Ar—H Ar--H ArH Ar—H Ar---H
b) mM-Y m—y |* M-Y MY Moy |F
| CMD, A —_— | 0 0
Ar—H Ar--H Ar H Ar—H Ar--H_)

Scheme 2.7 Mechanisms and orbital diagrams of C—H bond activation by a) o-bond
metathesis; b) concerted metalation deprotonation

CMD is has advantages over SBM in reactions involving mid to late transition
metals. SBM requires the orbitals of the M-R bond to change direction to interact with the
aryl hydrogen.*?® CMD is more favorable because the orbital containing the Y lone pair is
already oriented towards the hydrogen so the directionality of the orbitals does not need to

change.
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Periana et al.'* observed a C—H activation reaction of benzene by iridium(lIl)
methoxide complex 2.17 (Scheme 2.8). Analysis of the localized DFT molecular orbitals
showed that a lone pair on methoxide is involved in the bond activation step, suggesting
the mechanism is CMD and not SBM. When toluene was used instead of benzene, only the
C—H bonds meta and para to the methyl group were activated, indicating that this method

of bond activation is selective for less sterically hindered C—H bonds.

Me *

Me
', 27N +C-H:N ‘v, (o) lo) At
I CH [ — sc s =

07 | o MeOH |, 3=07 =0

o’ ) N M
X
Me | Me |
217 218 219

Scheme 2.8 Concerted metalation deprotonation at an iridium(l11) center

Late transition metals in low oxidation states typically undergo CMD more easily
than metals in higher oxidation states. This is likely due to the decreased amount of back-
bonding between the metal center and the Y-group. The reactivity of a complex towards
CMD can be enhanced by increasing the basicity of the ligand Y or disrupting ligand-to-
metal w-donation.

The thermodynamic and kinetic barriers to CMD are difficult to predict due to the
changes in bond energies over the course of the reaction. The Y-ligand is often converted
from an X-type donor to an L-type donor during this transformation and any m-back-
bonding is diminished or lost entirely. The strength of the M—Ar and Y—H bonds being

formed must also be considered as their strengths will affect the transition state energy.
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2.2.4 Integrated C-O/C-H Bond Activation Methodologies

While numerous types of reactions involving traditionally inert C-Y bond
activations have been developed, most of these methods still involve one metal/halogen
pre-functionalized coupling partner. Combining two metal-catalyzed C—Y activations into
a single C—C bond-forming reaction is a unique challenge. The earliest examples of C-C
bond formation via dual C-Y bond activation are dehydrogenative couplings merging two
C—H bond activations of arenes or heteroarenes.****** Examples coupling C—C and C—-H
bond activations have become more prevalent in recent years. ¥ Integration of C—N and
C—H bond activation processes are rare, but a few examples have been reported by Szostak
and coworkers.**13 Our work merges C-O and C—H bond activation. This type of dual
bond activation has been reported previously relying on the activation of anhydrides.
Goopen et al. developed a carboxylate directed 0-acylation of benzoic acids 2.20 via Rh-
catalyzed C—O bond activation of anhydrides 2.21 (Scheme 2.9a).14° Other examples of
integrated C-O and C—H bond activation methods utilize a Catellani-type!#-24* transient
directing group (Scheme 2.9b and c). These processes begin with oxidative addition of the
C—I bond of aryl iodides 2.23 or 2.27 and migratory insertion of norbornene or substituted
norbornene 2.25. This places the Pd center in close proximity to the Cayi—H bond to direct
bond activation forming metallacycle intermediate 2.31. subsequent C—O bond activation
of anhydrides 2.24 or 2.28 and reductive elimination form the new C—C bond. This process
allows for ortho-functionalization and ipso-dehalogenation!*® or ortho- and ipso-

functionalization'?® of aryl iodides 2.23 and 2.27 to form arenes 2.26 or 2.30 respectively.
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a) Goofen (2013) - 18 examples, up to 92% yield

o (0]
o O [Rh(cod)Cl], Z OH
=z + - 1
rR1-L | OH szj\o)LRz base, mesitylene R | R?
N 145°C,16 h
(0]
2.20 2.21 2.22
b) Dong (2015) - 34 examples, up to 86% yield
R ! H [Pd(allyl)CI], 1 H a
| ., Jol\ j\ )'V'\e P(2-furyl);, 2.25_ RN “R?
// R3 (o) (o) Me CSZCO3, NM94C| / =
RS THF/MeCN (10:1) R?
85°C,16 h
2.23 2.24 2.26
c) Xu and Liang (2015) - 33 examples, up to 90% yield
R4
|
PdCl, / P(2-furyl), pZ
R . o o v~ o norbornene _ a
|// st\o)j\Ra R4 Cs,CO;, DME ~ R A R3
J 90 °C, 20 h |
R G
2.27 2.28 2.29 RZ 230
i F R (Pd"| |
: NHMe! : | !
I ; : P :
i\ 2.25 g 'L R? g
: 2.31 I

Scheme 2.9 Integrated C-O/C-H bond activation methods

While dual C-Y bond activation is a significant achievement and eliminates the
need for exogenous oxidant additives, all previous examples of integrated C-O/C—H bond
activation still required a stoichiometric amount of exogenous base. Exogenous oxidant
additives are not required because initial addition into the C-Y bond oxidizes the metal

center to the higher oxidation state typically required for C—H bond activation. In our
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sterically-controlled arene acylation, activation of the ester C—O bond provides an

endogenous oxidant and base.

2.3 Reaction Optimization

After the initial serendipitous discovery of the C—O/C—H coupling reaction during
the study of oxyacylation, T.G. Hoang and N. A. Serratore worked to optimize the reaction.
The starting ester was simplified to 2.4a, removing the alkenyl side chain to prevent any
possibility of a Heck-type insertion reaction.

To begin, the effect of the precatalyst identity was examined. [Ir(cod)OPh]. was

compared to other iridium precatalysts with base additives (Table 2.1). Iridium complexes

Table 2.1 Effect of precatalyst choice

......................

Catalyst (1 mol%) OH O :
OH O TrixiePhos (3 mol%) Me OO '
Additive (3 mol%)_ i P(tBu), .
OPh m-xylene (0.1 M) :
170°C, 24 h ; OO
Me '
2.4a 2.3aa1 ' TrixiePhos
Entry Catalyst Additive Yield 2.3aal (%0)?
1 [Ir(cod)OPh]2 — 81
2 [Ir(cod)Cl]2 KOPh 44
3 [Ir(cod)Cl]2 K2COs 3
4 [Ir(coe):Cl]z KOPh 49
5 [Ir(coe):Cl]2 K2CO3 1

a) Determined by quantitative *"H NMR (QNMR)
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with 1,5-cyclooctadiene (COD) ligands combined with KOPh additives performed best
(Table 2.1 entries 2 and 4). These conditions were presumed to form [Ir(cod)OPh]: in situ,
but were still less effective than preformed [Ir(cod)OPh]. (Table 2.1 entry 1).

A screen of catalyst loadings from 0.5 mol% to 10 mol% indicated that 1 mol%
[Ir(cod)OPh]2> was optimal (Table 2.2 entry 2). Interestingly, above 1 mol%, yields of
2.3aal went down as catalyst loading increased. This is likely due to an increased amount
catalyst decomposition (see Section 2.4.2) or substrate/product sequestration by iridium.
Higher catalyst loadings also resulted in lower steric selectivity, forming more significant

quantities of 2.3aa2.

Table 2.2 Effect of catalyst loading on yield and product distribution

OH O
OH O [Ir(cod)OPh], (x mol%) Me OH O Me
TrixiePhos (2x mol%) ,
@)‘\oph m-xylene (0.1 M) O
170 °C, 24 h Me
Me
2.4a 2.3aa1 2.3aa2
Entry [Ir] (mol%) Yield 2.3aal (%)? Ratio 2.3aal:2.3aa2?

1 0.5 49 >20:1
2 1 70 18:1
3 2.5 69 15:1
4 5 60 11:1
5 10 43 7:1

a) Determined by gNMR

Various Buchwald-type ligands and P(o-tol)s were tested (Table 2.3). While all

phosphines tested promoted the reaction to some extent, those with the general (bi-aryl)P(t-
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Table 2.3 Phosphine ligand optimization

OH O

@*OPh

2.4a

Entry

10
11
12
13

14

[Ir(cod)OPh], (1 mol%)

Phosphine (3 mol%)

m-xylene (0.1 M)
170 °C, 48 h
Phosphine
t-Bu XPhos

XPhos
t-Bu BrettPhos
BrettPhos
Cy-JohnPhos
JohnPhos
t-Bu MePhos
MePhos
t-Bu DavePhos
DavePhos
RuPhos
S-Phos
TrixiePhos

P(o-tol)s

a) Determined by gNMR

°Me

Me
2.3aa1

Yield 2.3aal (%)?

44

6

58

61

55

47

11

10

60
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Bu) structure were found to give the best yields (Table 2.3 entries 1, 3, 6, 7, 9, and 13). Of
these, JohnPhos and TrixiePhos were the best (Table 2.3 entries 6 and 13). JohnPhos gave
a 1% higher yield, but as the reactions were run on a 0.1 mmol scale, this difference was
deemed negligible. The higher molecular weight of TrixiePhos made quantitative
measurement of the ligand more feasible on a small scale so this was used for further
reaction optimization.

Next, the effect of TrixiePhos loading was determined (Table 2.4). Graphing yield

versus phosphine loading showed a steep increase in yield up to 2 mol% phosphine, and a

Table 2.4 Phosphine loading optimization

OH O
OH O [Ir(cod)OPh], (1 mol%) Me
TrixiePhos (x mol%) - O O
OPh m-xylene (0.1 M) o
170 °C, 48 h
Me
2.4a 2.3aa1
Entry TrixiePhos (mol%o) Yield 2.3aal (%0)?
1 0.5 29
2 1 50
3 2 75
4 4 78
5 8 53
6 16 23
7 32 15

a) Determined by gNMR
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Phosphine Loading vs % Yield of 2.3aal
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TrixiePhos loading (mol%)

Figure 2.2 Dependence of yield on phosphine loading

sharp decline after 4 mol% (Figure 2.1), indicating that phosphine is needed to promote the
reaction, but excess phosphine inhibits product formation. Through extrapolation of this
plot, 3 mol% TrixiePhos, or a 2:3 ratio of [Ir]:phosphine, was deemed optimal to maximize
yield and limit catalyst decomposition.

Initial reaction optimization was done with solvent quantities of the arene coupling
partner m-xylene. The effect of arene concentration on product yield was examined using
mixtures of m-xylene with decalin or mesitylene as a co-solvent, maintaining an overall
concentration of 0.1 M 2.4a. The concentration of the arene coupling partner m-xylene had
a significant effect on the yield of 2.3aal (Table 2.5). Yield of 2.3aal dropped significantly
with decreasing equivalents of m-xylene, decreasing roughly 20% when the amount of m-
xylene was halved (Table 2.5 entries 1 vs. 2 and 6 vs. 7). Although kinetic studies were not

performed at this time, these results indicate that the reaction rate is dependent on the
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concentration of arene and conversion to 2.3aal decreased while the reaction time

remained constant.

Table 2.5 Effect of arene dilution on yield

OH O
OH O [ir(cod)OPh], (1 mol%) Me
@)L TrixiePhos (3 mol%) O O
OPh —
m-xylene (x equiv.)
solvent
170 °C, 48 h Me
2.4a 2.3aa1l
. Additional . oma
Entry m-xylene (equiv) Solvent Yield 2.3aal (%)
1 40.5 Decalin 51
2 20.3 Decalin 33
3 8.1 Decalin 13
4 4.0 Decalin 6
5 2.0 Decalin 3
6 40.5 Mesitylene 59
7 20.3 Mesitylene 39
8 8.1 Mesitylene 18
9 4.0 Mesitylene 9
10 2.0 Mesitylene 5

a) Determined by gNMR

Next, we examined effect of salicylate concentration on product yield (Table 2.6).
Yield of 2.3aal was found to increase slightly with increasing concentration up to 0.14 M

2.4ain m-xylene (Table 2.6 entries 1-4). Above 0.14 M, yield significantly decreases with
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increasing concentration, dropping to 51% at 0.40 M (Table 2.6 entries 5-7). This decrease
in yield could be due to the decrease in effective concentration of m-xylene as the

concentration of salicylate 2.4a increases.

Table 2.6 Optimization of salicylate 2.4a concentration

OH ©
OH O [Ir(cod)OPh], (1 mol%) Me
TrixiePhos (3 mol%) O O
(j/ ~OPh >
m-xylene (x M)
170 °C, 48 h
Me
2.4a 2.3aa1l
Entry  2.4a (mmol) 2.4a (M) Yield 2.3aal (%)*

1 0.05 0.05 76
2 0.05 0.07 7
3 0.1 0.10 80
4 0.1 0.14 80
5 0.2 0.20 69
6 0.2 0.29 61
7 0.2 0.40 51

a) Determined by gNMR
Monitoring the rate of formation of ketone 2.3ag by acylation of 1,2-
dimethoxybenzene (1,2-DMB) in the presence of either COD or COE showed that COD is
a better ancillary ligand for arene acylation, resulting in a greater rate increase than COE
(Figure 2.3). Norbornene was also examined as a potential alkene ligand, but no conversion

of 2.4a to 2.3ag was observed after 45 minutes.
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Effect of COD vs. COE

=
H

e COD .
12 COE
1o COD Slope =0.17 mM/min 7
% COE Slope = 0.10 mM/min
ri o
© .
o
5 ..
2
> 4
L
2 a
0 @
0 10 20 30 40 50 60 70 80

Time (min)

Figure 2.3 Effect of alkene additive on reaction rate

We next examined the effect of the concentration of COD on the reaction. Addition
of COD increased conversion to 2.3ag, resulting in increased yields after 4 hours (Table
2.7). No inhibitory effect was observed up to 5 equivalents of COD. Addition of COD also
appeared to stabilize the catalyst, preventing the formation of iridium mirror on the reaction
vials, keeping the catalyst in solution.

Although optimization experiments were done with [Ir(cod)OPh]z, [Ir(cod)OMe]2
was selected as the optimum precatalyst as it is commercially available, has better
solubility in a variety of arene solvents, and gave comparable results to the phenoxide-
substituted precatalyst. The enhanced solubility of the methoxide dimer in aromatic
solvents allows us to use premade stock solutions in kinetic experiments, reducing the error

in catalyst loadings and ensuring consistency across reactions. Notably, the alkoxide
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Table 2.7 Effect of COD additive on the yield of 2.3ag

[Ir(cod)OPhI, (1 mol%) OH O

OH O TrixiePhos (3 mol%) OMe
lon L
170°C, 4 h OMe
2.4a 2.3ag

Entry 1,5-COD (mol%) Yield 2.3ag (%)

1 0 39

2 2 47

3 4 50

4 6 53

5 8 49

6 12 53

7 16 59

8 20 59

b 20 20

10P 100 27

11b 500 52

a) Determined by gNMR; b) Reactions run for 2 hours
released from the precatalyst (phenoxide or methoxide) does undergo transesterification
with phenyl salicylate in the reaction conditions. With phenoxide, this transesterification
regenerates phenyl salicylate but with methoxide, 2 mol% methyl salicylate is generated.

Methyl salicylate was observed by NMR in the resulting reaction mixtures. Methyl
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salicylate is unreactive in our reaction conditions, lowering the maximum possible yield of
arene acylation by 2%.

[Ir(cod)OMe], (1 mol%)

OH O TrixiePhos (3 mol%) OH O
1,5-COD (1 equiv)
OPh > X
Arene (0.1 M) | R
170 °C, 20 h F
2.4a 2.3a_

Scheme 2.10 Optimized reaction conditions for hydroxyl-directed arene acylation

Based on the results presented above, we chose the conditions illustrated in Scheme
2.10 as the optimum conditions. Control experiments without the iridium catalyst, without
phosphine, and without both iridium and phosphine were done to confirm that the
transformation was iridium catalyzed (Table 2.8). When iridium was eliminated from the
reaction mixture, there was no conversion to ketone 2.3ag (Table 2.8 entries 1 and 3).

Interestingly, when TrixiePhos was eliminated from the reaction mixture, the reaction still

Table 2.8 Arene acylation control experiments

[Ir(cod)OMe], (x mol%)

OH O TrixiePhos (y mol%) OH O
1,5-COD (1 equiv)_ OMe
OPh 1,2-DMB (0.1 M) O O
170°C,20 h OMe
2.4a 2.3ag
[Ir(cod)OMe]: TrixiePhos . o/a
Entry (Mol%o) (Mol%) Yield 2.3ag (%)

1 0 3 0

2 1 0 24

3 0 0 0

a) Determined by gNMR
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proceeded, forming 2.3ag in 24% yield. This result indicates that while iridium is required
for the reaction, phosphine is not, but phosphine is required to achieve high catalyst

turnover.

2.4 Mechanistic Studies

2.4.1 Mechanistic Questions

Next, we began to investigate the reaction mechanism. We sought to elucidate the
pathways of catalyst decomposition, the role of phosphine, and the rate limiting step of the
reaction. Mechanistic studies of C—C bond activation processes often found C—C bond
activation to be the rate limiting step’® (Section 1.3.2 so we initially thought that C-O
bond activation may be rate limiting. As o-hydroxyl groups have been known to direct
bond activation and prevent decarbonylation, we proposed that the reaction is proceeding
through chelated intermediates with the hydroxyl group bound to iridium (Scheme 2.11).
Optimization reactions where COD was found to influence the rate of the reaction suggest
that COD remains coordinated to iridium as an ancillary ligand throughout the catalytic
cycle. To determine the reaction mechanism, we analyzed reaction mixtures with 3P NMR
and IR spectroscopy, performed kinetic isotope effect (KIE) experiments, determined the
effect of reactant concentration and electronic changes to phenolic leaving groups on

reaction rate, and studied reaction reversibility.
} \op g“\l&

Scheme 2.11 General structure of proposed catalytic intermediates
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2.4.2 Role of Phosphine and Iridium Decomposition Pathway

Heating [Ir(cod)OMe]. with 2 equivalents of TrixiePhos in 1,2- DMB to 170 °C for
1 hour did not result in a change in the 3P NMR spectrum of the reaction mixture. When
this same experiment was performed on a reaction mixture containing salicylate 2.4a, the
phosphine signal decreased in intensity over 20 hours. This suggests that phosphine does
not bind to the iridium precatalyst. Instead, phosphine may be in a dynamic equilibrium
between catalytic intermediates | and 11, potentially slowing the decomposition of the
catalyst. Phosphine loading studies during reaction optimization showed that initial
addition of phosphine enhances the reaction but excess phosphine acts as an inhibitor

(Table 2.4), this is consistent with the proposed role of phosphine shown in Scheme 2.12.

Ir
P~ OPh

— TrixiePhos R
+ COD t-Bu t-Bu I
AN
o | /—R + TrixiePhos
| S -COD
';“Ir{o
| OPh
I

Scheme 2.12 Proposed catalyst decomposition pathway and role of phosphine

[IN—Cco
11T

As metal-acyl species are known to a-eliminate CO,%"%1%1 we hypothesize that
decarbonylation is the main catalyst decomposition pathway. The infrared spectrum of a
crude reaction mixture after 20 hours was taken and showed peaks at 1981 and 2027 cm™?,

consistent with a catalytically inactive iridium carbonyl complex 111.14 If decarbonylation
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to form 111 proceeds via a bimetallic mechanism, we expect that lower concentrations of I,
induced by phosphine, would decrease the rate of decarbonylation relative to the rate of
acylation. A bimetallic catalyst decomposition pathway is also consistent with the
observation of higher catalyst loadings resulting in lowered yields. Our data are consistent
with this hypothesis, suggesting that iridium sequestration by phosphine leads to higher
turnover numbers under the optimized conditions. In addition, catalyst poisoning under a
CO atmosphere inhibits the reaction. An attempted acylation of 1,2-DMB with phenyl
salicylate under 1 atm CO resulted in <10% conversion after 20 hours. We attempted to
increase the lifetime of our catalyst by acylating 1,2,3-trimethoxybenzene with phenyl
salicylate using a reflux apparatus under a flow of N2, hoping to sweep away CO formed

via decarbonylation. We observed similar results with this setup as in a sealed vessel.

2.4.3 Kinetic Isotope Effects

We investigated the C—H bond activation step of the mechanism using H/D Kinetic
isotope effect (KIE) experiments'#’ with ds-1,2-dimethoxybenzene (DMB-D4) and 4-d;-
1,2-dimethoxybenzene (DMB-D1) (Scheme 2.13a). These experiments added insight into
the details of arene coordination and C—H cleavage. For the simplification of discussion,
our KIE data analysis is presented in the context of the phenoxide-assisted four-membered
CMD transition state though our data are also consistent with a carboxylate-assisted six-
membered CMD transition state.

The method of initial rates was used to determine independent rates for proteo-1,2-
DMB and DMB-Dg, and the value KlEinitial rates = 1.8 + 0.1 was measured. Product ratios
were used to determine the KIEs of intramolecular and intermolecular competition
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a) initial rates KIE
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A optimized 3
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pms-n, °Me OMe
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intramolecular KIE

H
D (0] OH H/D O OH
optimized
+ PhO conditions
MeO MeO
2.4a e 2.3ag
pmB-p, OMe OMe
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DJH, O OH O OH
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MeO ¥
OMe 2.4a MeO 2.3ag
50/50 DMB-H,/D, (PuPo=4.6+0.2) OMe
b) observed KIE relations
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Py i kH> [Vio-H] - (@)
Pp intermolecular kp/true [Vio-D] intermolecular

Vic-H cumulative effect of
[ : = secondary KIE's and =
[Vis-D] intermolecular | differential reversibilities

Scheme 2.13 a) KIE experiments; b) Observed KIE relationships and explanations

experiments. The intramolecular competition with DMB-D: gave a similar value,

KlEintramolecular = 1.6 + 0.1, but interestingly, the intermolecular competition with a 1:1
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mixture of DMB-D4 and proteo-1,2-DMB gave an amplified value, KIEintermolecular = 4.6 %
0.2.

The observation of separate KIE values for the set of experiments suggests a
multistep mechanism from arene coordination to C—H cleavage.**®14% A primary KIEinitial
rates 1S evidence that C—H cleavage is the rate-limiting step of the mechanism and a measure
of the true KIE of C—H/D cleavage ((kn/kp)true) (Scheme 2.13b). Our analysis of the intra-
and intermolecular KIEs was primarily influenced by the work of Song and Beak**® and
Adam et al.™® In the case of the intramolecular KIE, we propose that the selectivity bias
for H over D abstraction arises from equilibration of the general arene complex V1 between
c-adducts (Scheme 2.14a). Vle-n and Vle.p may interconvert through V114912 This is
further evidenced by the fact that KIEintermolecular # KIEintramotecutar, Which implies that arene
coordination is a separate step from the intramolecular selectivity-determining step. If VI
fully equilibrates between o-adducts and C—H/D cleavage is rate-limiting (Kon, K-ot, Kop,
K-op > kn, Kp), then the observed KlEinramolecutar Should theoretically reflect (kn/Kp)irue.*
Our experimental KIE values, KlEinitial rates = 1.8 £ 0.1 and KlEintramotecular = 1.6 £ 0.1, are
the same within the experimental error and therefore in accordance with this analysis.

In the intermolecular competition reaction, the value KlEintermolecular = 4.6 £ 0.2 may
arise from differential reversibility of arene coordination to I (Scheme 2.14b). This would
result in an increased [V 1z-H] relative to [Vlx-p], which in turn would lead to an increased
[Vls-H] relative to [Vls-p]. The relationship of [Vls-H]/[V1s-0] can be expressed in terms of
forward and reverse rate constants by a derivation using multiple steady-state

approximations (see Section 2.4.3).
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a) intramolecular KIE analysis
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Scheme 2.14 Mechanistic analysis of observed KIEs a) Intramolecular KIES; b)
intermolecular KIEs

The differential reversibility may be explained by secondary isotope effects and/or

the preference for H abstraction over D abstraction leading to a higher rate of DMB-D4
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dissociation. This would channel more reacting arene through the proteo-1,2-DMB path.*°!
The net effect is measured as an amplification of (kn/kp)wrue by a factor of 2.7. We also note
that KlEintermolecular = 4.6 = 0.2 is comparable to the intermolecular competition KIE found
in arene borylation via iridium-catalyzed C—H functionalization (5.0 + 0.4)'?* and contrasts

with the analogous Friedel—Crafts KIE (1.010 = 0.0007).*%4

2.4.4 Reaction Order Determination with Initial Rates Kinetics

To elucidate the kinetic orders of the components of the reaction, rate data were
collected for the reaction of phenyl salicylate and 1,2-DMB using the method of initial
rates. This data showed the reaction to be zeroth-order with respect to salicylate and COD.
The reaction appeared to be greater than first-order in 1,2-DMB, although solvent polarity

effects could have caused an accelerated reaction at relatively high concentrations of 1,2-

Rate Dependence on [TrixiePhos]
7.00E-06

6.00E-06
5.00E-06 ° 9

°
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2.00E-06 PY
)

1.00E-06 @

0.00E+00
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007

[TrixiePhos] (M)

Figure 2.4 Initial rate dependence on TrixiePhos loading
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DMB. When TrixiePhos was present at concentrations of >1.8 mM, the reaction was
inverse order with respect to phosphine (Figure 2.4). Our optimized 3 mol% loading gives
3.0 mM TrixiePhos in solution. This observed region of inverse order is consistent with the

proposed off-cycle role of phosphine (Scheme 2.12).

2.4.5 Effect of p-Substituted Phenolic Leaving Groups

We used salicylate esters with varied substituents to alter the electron density of the
phenolic leaving groups. Initial studies using initial rates kinetics indicated that phenol
leaving groups with strong electron withdrawing groups increased the rate of the reaction
relative to unsubstituted phenyl salicylate (Figure 2.5). Attempts to perform multiple trials

R [Ir(cod)OMe], (1 mol%)

OH 0 oMe TrixiePhos (3 mol%) OH O
0/©/ . ©: 1,5-CO°D (1equiv) O O OMe
| | OMe 170°C,20 h ‘ ‘ e

24a R=H 2.3ag
2.32 R=4-CN
233 R=4-CF;

Initial Rates with p-substituted esters

25
R=H (0.06 min')

20 R=CN (0.57 min?)
< ®R=CF,1(0.17 min)
o 1° R= CF, 2 (0.05 min)
a .
~
< 10 4
(]
= >

5 R
."..-
0
0 20 40 60 80 100 120 140 160

Time (min)

Figure 2.5 Initial rates kinetics with p-substituted salicylate esters
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to obtain error bars for a Hammett analysis showed significant irreproducibility. This is
demonstrated in the difference between the two trials using 4-CFs substituted phenyl
salicylate 2.33 shown in Figure 2.5. Further attempts at obtaining kinetic data with
substituted phenolic leaving groups confirmed that the data was erratic and not suitable for

Hammett analysis.

2.4.6 Reversibility

A crucial control experiment to test the reversibility of the reaction was performed.
The reaction of 2.3cd with excess phenol in mesitylene resulted in the formation of
salicylate 2.4d in 24% vyield (Scheme 2.15). This confirms that the mechanism of arene
acylation is fully reversible and likely in equilibrium. Interestingly, phenyl salicylate 2.4a
was also observed in the reaction mixture suggesting that the Cacy—Caryi bond to the

phenolic arene is also being activated in the reaction conditions.

[Ir(cod)OMe], (1 mol%)

OH O OH TrixiePhos (3 mol%) OH O
OMe R 1,5-COD (1 equiv)
O O mesitylene (0.1 M) o
F OMe 170°C, 20 h

F

2.3cd 2.4d
24% yield by qNMR

Scheme 2.15 Reversibility of the arene acylation reaction

2.4.7 Proposed Mechanism

Based on the results presented above, we find the two mechanistic paths for our
acylation reaction shown in Scheme 2.16 to be most plausible. This proposed mechanism
and the stereochemistry of intermediates shown is consistent with computational

results.’>3154 Phenyl salicylate 2.4 coordinates to [Ir(cod)OMe]z (A), breaking the dimer,
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liberating methanol, and forming square-planar intermediate 1V, the proposed resting state
of the catalyst. Relative to the catalyst loading, approximately 2 equivalents of methyl
salicylate V are observed, suggesting sacrificial transesterification of 2.4 with methanol
(B). Oxidative addition into the Caci—OPh bond of IV (C) forms square-pyramidal
complex 1. This step and all subsequent steps are proposed to be reversible. From I,
multiple pathways are plausible. First, the limiting factor in the catalyst lifetime is proposed
to be decarbonylation (D) to irreversibly form iridium carbonyl complex I11. TrixiePhos is
proposed to inhibit this decomposition by reversibly displacing COD (E), stabilizing the
Cacyi—O oxidative addition intermediate off-cycle as Il. Intermediate I may continue the
productive path through coordination of the arene n-bond followed by c-adduct formation
(F) with the Cayi—H bond, forming VI. This leads to the key steric-controlled C—H bond
activation step, a 1,2-addition via concerted metalation—deprotonation (CMD) across the
Ir-OPh bond (G). In this step, a lone pair on the phenoxide oxygen deprotonates the
Cayi—H bond through a four-membered transition state, forming phenol and the new
Ir—Caryl complex V1.2 Reductive elimination (H) forms the new Cacyi—Caryi bond, giving
square-planar V111 with the new acylation product 2.3 bound to iridium. Finally, ligand
exchange of 2.3 for 2.4 (1) regenerates intermediate I11.

While our data are consistent with a 4-membered CMD transition state, they are
also consistent with an alternative mechanism involving a more favorable carboxylate-
assisted six-membered CMD transition state.*®® We envision that a formal hydrolysis of

2.4 or V (J) could form salicylic acid IX to serve as the carboxylate. Either the presence of
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Scheme 2.16 Plausible mechanisms for steric-controlled arene acylation via a four-
membered or six-membered CMD transition state

trace H>O or possibly an alternative oxidative addition of iridium into the Ph—O or Me—O

bond and subsequent protonation may account for the formation of IX. Intermediate 1X
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may then enter the catalytic cycle by binding to 1 (K) to form octahedral complex X.
Elimination of phenol (L) would then form square-pyramidal XI. Arene coordination (M)
would produce XII, which may proceed through a less strained six-membered CMD
transition state to form V1. In either proposed mechanism, the base required to deprotonate
the arene is endogenous to the system. In addition, no exogenous oxidant is required for
catalyst turnover due to the net reduction of the ester to a ketone over the course of the

reaction.

2.5 Substrate Scope

2.5.1 Arene component

With an understanding of the mechanism, we examined the scope of this reaction.
The scope with respect to the arene was investigated with mono-, di-, and trisubstituted
arenes (Scheme 2.17). Electron-rich arenes react well under these conditions (2.3aa—ac,
2.3af-ah, 2.3an, 2.3a0), especially compared with electron-poor arenes (2.3ad, 2.3ae,
2.3ai, 2.3aj). Acylation of strongly electron-poor arenes and some functionalized arenes
was not observed. Substitution generally occurs preferentially at the most sterically
accessible site. When multiple C—H bonds in similar steric environments are available, as
in unsymmetrical 1,2-disubstituted arenes 2.3ah—aj, acylation at the more electron-rich
position is preferred. In the absence of strong electronic effects, mixtures favoring
acylation at the more accessible sites result. For example, acylation of toluene (2.3am)
provided a 17:17:1 mixture of regioisomers, favoring the meta- and para-isomers. As
arenes with stronger electron donors undergo acylation, as in anisole (2.3an) and N,N-

dimethylaniline (2.3a0), the para-isomer is favored and the ortho-isomer is not observed.
55



[Ir(cod)OMe], (1 mol%)
OH O TrixiePhos (3 mol%) OH O

1,5-COD (1 equiv)
+ H-A >
@oph ' 170°C, 20 h
2.4a 2.3a_

2 2
(o)
1 1 1
oM oM CF
3

Me OMe Me Me OMe
2.3aa 61% 2.3ab 80% 2.3ac 71% 2.3ad 40% 2.3ae trace
1:2=11:1 1:2 =1.5:12 1:2:3=9:2.4:1P

1 " Q
M M e CF
Me OMe 2 OMe OMe OMe
2.3af 79% 2.3ag 93% 2.3ah 71% 2.3ai 62% 2.3aj 35%
1:2=2.6:1
1 1
Me OMe
2
Me F 2 NMe,
3 3
2.3ak 14%°d 2.3al 9%° 2.3am 50% 2.3an 74% 2.3a0 87%°
1:2:3=17:17:12  1:2:3=10:2.3:12P
1 OMe 2 1
1 \ N \
XL OO XN
OMe 2 Me Me
2.3ap 76% 2.3aq 78% 2.3ar 67% 2.3as 73%
1:2=5:12 1:2 =>20:12 1:2=10:1
inoproduct T
: CF, cI :
= Q. ©
; CN S
' CF, cl ;
5 Ay
! | :
: OMe r;lJl\OEt N :

a) isolated as an inseparable mixture, ratio determined by '"H NMR; b) Minor product 2.3a_1
was inseparable from 2.3a_3, ratio determined by 'H NMR; c) After 20 h, a second charge of
catalyst (1 mol% [Ir(cod)OMe]2 and 3 mol% TrixiePhos) was added and allowed to react at 170
°C for 20 h; d) Product could not be fully purified, yield given is an uppper bound

Scheme 2.17 Arene Substrate Scope
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The acylation reaction tolerates simple arenes with fluoro, trifluoromethyl,
methoxy, methyl, methyl ester, and dimethylamino functional groups. N-Methylated
heteroarenes (2.3ar, 2.3as) were tolerated, with acylation of N-methylpyrrole occurring
mostly at the sterically favored 3-position (10:1 ratio of regioisomers), contrary to
Friedel—Crafts acylation.’® In the case of N-methylindole (2.3as), the 3-position relative
to the nitrogen is favored both sterically and electronically, and thus, only one product was
observed. Interestingly, naphthalene was acylated almost exclusively at the B-position, the

opposite selectivity of Friedel—Crafts acylation.!®® The contrasting regioselectivity of this

o) Lewis acid 0 @ = analagous Friedel-Crafts
Ar—H + )J\ —_— acylation
cl Ph Ar Ph @ = our work
% electronic products % steric product
arene 100 0 100
Me Me | —
. 2.3aa1
Ij 99 3aa
; 92
MeO OMe I—— 5.,
. ] a
100
E 60
Me OMe |—
. 2.3ac1
Ij/ 100 A
E 73
OMe .
—
MeO OMe 100 . 2.3ap1
P
: 83
——
- 2.3aq1
m 86 *
: 95
——
7 2.3ar1
N—Me 100
; 91

Figure 2.6 Comparison of regioselectivity of Friedel-Crafts acylation with electronic-
control to our acylation method with steric-control
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reaction is summarized in Figure 2.6. The substrates displayed have distinct electronic- and
steric-favored sites. Electron-rich 1,3-disubstituted arenes show universal selectivity at the
ortho- and para-positions with Friedel-Crafts acylation.’>" 62 Statistically, the
electronically preferred sites for acylation outnumber the sterically accessible sites for
many of the arenes in Figure 2.6. Nevertheless, the sterically preferred sites are selectively
acylated with our iridium catalyst. Our chemistry shows good selectivity for the steric-
controlled product, although with a noticeable decrease in selectivity as the electron density
of the ring increases. Very electron-poor arenes were not successful with this methodology.
In addition, arenes with Lewis basic functional groups (e.g., nitrile, thiophene, carbamates,

and acetals) were not successful.

2.5.2 Salicylate Substrate Scope

Next, the scope of arene acylation with respect to the salicylate ester was examined.
We examined the scope of the acylation of m-xylene with substituted salicylate esters to
determine the reaction efficiency and regioselectivity (Scheme 2.18). Acylation with two
charges of iridium-catalyst gave the corresponding ketones 2.3b_ in moderate yields with
good regioselectivity (>10:1) favoring the 1,3,5-substituted isomers. There was no clear
trend in yield or regioselectivity due to electronic-effects from substitution at the 4-position
(2.3bb—bg) or the 5-position (2.3bh and bi). Methyl-substitution at the 3-position was
tested to determine if steric hinderance around the hydroxyl-directing group would have a
negative effect but yield and regioselectivity were not substantially affected (2.3bk vs
2.3bb). Additional hydroxyl-substituents on the salicylate esters had a negative effect on
the reaction, resulting in very poor (2.3bf) or trace (2.3bn) yields. Amino, bromo, and nitro
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[Ir(cod)OMe], (1 mol% x 2) 2

OH O Me  TrixiePhos (3 mol% x 2) 1
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a) isolated as an inseparable mixture of 2.3b_1, 2.3b_2, and 2.3aa1

Scheme 2.18 Salicylate ester scope with m-xylene

groups (2.4l, m, o—q) were not tolerated in the reaction, resulting in no biaryl ketone
formation. For amino-substituted salicylate ester 2.4q this was likely due to insolubility in
the reaction conditions. Interestingly, ketone 2.3aal was also observed as a minor product
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in many of the reaction mixtures with apparent loss of the functional group R. This is
presumed to be due to C—C bond activation of the biaryl ketone 2.3b_ and C—H bond
activation of unsubstituted phenol generated as a byproduct of acylation (Scheme 2.19).

This transformation will be studied further in Chapter 3.

OH O /@ Me OH O OH OH O OH
Me Me
Ir Ir
saaerEaisaeaieisa el
pZ IR WP
g Me R R
2.4 2.3b_ Me 2.3aa1 Me

Scheme 2.19 Side products generated in the salicylate substrate scope with m-xylene

Each salicylate derivative was used in the acylation of more reactive arene 1,2-
DMB to assess the reactivity of the salicylate (Scheme 2.20). Due to the higher reactivity
of 1,2-DMB, only one charge of catalyst was required. The steric and electronic effects of
the methoxy groups direct to the same site of acylation so only one regioisomer was formed
in the reactions. Additionally, no functional group R loss was observed in these reactions.
Salicylates with methyl (2.4b, h, k), methoxy (2.4c, i), fluoro (2.4d), and trifluoromethyl
(2.4e) substitutents gave products in good yields (77-97%). Hydroxyl groups were well
tolerated in the 4-position giving product 2.3cf in good yield. Compound 2.3cf was
unstable to silica and could not be isolated so yield was determined by gNMR. Hydroxyl
substitution in the 6-position (n) gave significantly lower yield (23%). Chloro-substitution
in the 5-position (j) only resulted in a small reduction in yield relative to other salicylates
with substitutions in the 5-position, giving product 2.3cj in 80% yield. Chloro-substitution
in the 4-position (g) and nitro-substitutions at the 4-position (I) or 5 position (m) gave

significantly lower yields (46—49%).
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[Ir(cod)OMe], (1 mol%)

TrixiePhos (3 mol%)
NG OMe "4 5.cOD (1 equiv) OMe
|// oMle 170 °C, 20 h

2.3c OMe
R 24
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OH O OH O
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a) Yield was determined by "H NMR spectroscopy; the product decomposed during
attempted purification on silica

Scheme 2.20 Salicylate ester scope with 1,2-dimethoxybenzene

We attempted to use quinoline groups to direct bond activation for arene acylation
using 8-acylquinoline ester 2.34 (Scheme 2.21). Reactions were attempted using various
rhodium and iridium precatalysts, the best results were obtained with [Rh(cod)Cl].. A wide
variety of phosphines were tested along with reaction temperatures from 150-200 °C. All
conditions examined yielded less than 13% of ketone 2.35.
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Scheme 2.21 Quinoline directed arene acylation

2.5.3 Dilution studies

A noted drawback of this and related C—H borylation/silylation reactions are that a
large excess of arene is used, typically in solvent quantities. We sought to do additional
experiments into the effect of lower quantities of arene (Table 2.9). 1,2-DMB was used for
these studies as it is highly reactive under standard conditions yielding 2ag in 93% vyield
(Table 2.9 entry 1). Dilution with mesitylene to 40 equivalents of 1,2-DMB still formed
2.3ag in good yield (70%, Table 2.9 entry 2). Further dilution to 20 or 10 equivalents still
resulted in fair yields (Table 2.9 entries 2 and 3). Dilution to 5 equivalents of 1,2-DMB
resulted in a 30% isolated yield (Table 2.9 entry 5). This is notable as it is a 16-fold
reduction in arene equivalency resulting in only a 3-fold reduction in yield. We attempted
to improve these yields through modification of the reaction conditions. Additional COD
resulted in slightly lowered yields with 40 equivalents of 1,2-DMB (Table 2.9 entries 6 and
7). Adding a second charge of catalyst and phosphine with 5 equivalents of COD also gave
slightly lowered yield (Table 2.9 entry 8). Increasing the reaction temperature to 180 °C
increased the yield to 37% but led to significant amounts of starting material decomposition

(77% conversion) (Table 2.9 entry 9).
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Table 2.9 Effect of arene dilution on the acylation of 1,2-DMB

[Ir(cod)OMe], (1 mol%)

% 5 R D G
O o L, e
2.4a X equiv ’ 2.3ag OMe
Entry 1,2-DMB (equiv) Yield 2.3ag (%0)?
1 78 93
2 40 70
3 20 63
4 10 52
5 5 30°
6° 40 62
7¢ 40 56
8° 5 26
of 5 37

a) Determined by gNMR; b) isolated yield; ¢) 5 equivalents of COD added; d) 10
equivalents of COD added; e) additional 1 mol% [Ir(cod)OMe]. and 3 mol%
TrixiePhos added after 20 h, 40 h total reaction time; f) 180 °C reaction temperature

2.5.4 Effect of substituted phenolic leaving groups

As discussed in Section 2.4.5 p-substituted esters appeared to result in faster
reaction rates. We wanted to determine if yield was affected by substituents on the phenolic
leaving group. We tested this in the acylation of o-xylene and 1,2-DMB (Table 2.10).
Acylation of o-xylene with salicylates with perfluoro (2.36), 3,5-CF3 (2.37), and 4-CN

(2.32) substituents on the phenolic leaving group did not significantly affect the formation
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of 2.3af (Table 2.10 entries 2-4). Unexpectedly, acylation with 4-CF3 substituted ester 2.33
decreased the yield of 2.3af to 69% (Table 2.10 entry 5). Substitution with an electron-rich
methoxy group had a similar effect, reducing the yield of 2.3af to 64% after 20 hours (Table
2.10 entry 6). Substitution with all electron-withdrawing groups resulted in moderately

lowered yield (75-76% yield) in the acylation of 1,2-DMB (Table 2.10 entries 2-5). Ester

Table 2.10 Effect of substituted phenolic leaving groups on yield

OH O
Me Me
©: [Ir(cod)OMe], (1 mol%) Me
OH O N Me TrixiePhos (3 mol%) 2.3af
| R 1,5-COD (1 equiv)
o0F NP + OR OR
170 °C, 20 h
OMe OH ©
(X oo
OAs
OMe
2.3ag
Yield of 2.3af Yield of 2.3ag
Entry Ester R (%) (%)
1° 2.4a H 79 93
2 2.36 Perfluoro 80 76
3 2.37 3,5-CF3 79 75
4 2.32 4-CN 77 76
5 2.33 4-CF3 69 76
6 2.38 4-OMe 64 —
7 2.39 2,6-Me — 27

a) Determined by gNMR; b) isolated yields
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2.39 with a 2,6-dimethyl substituted phenolic leaving group was tested to determine if
additional steric strain around the leaving group oxygen would have any effect on yield.

Acylation of 1,2-DMB with 2.39 gave a significantly lower yield (Table 2.10 entry 7).

2.5.5 Hydroxyphenstatin synthesis

With an understanding of the scope of this reaction, we undertook a synthesis of
hydroxyphenstatin (2.40), a potent anticancer and antimitotic target (Scheme 2.22).1%% The
shortest previous route to synthesize 2.40 employs a low-yielding, ortho-selective Friedel-
Crafts acylation of 1,2,3-trihydroxybenzene (25% yield).*%* Our new acylation reaction
opens a new disconnection of this target molecule. Dihydroxycarboxylic acid 2.41 can be
synthesized in one step using a literature procedure.'®® Salicylate ester 2.42 was

synthesized from 2.41 using phenol and phosphorus oxychloride in 75% yield. Acylation

Friedel-Crafts our
disconnection - l o l disconnection
Hojﬁ:ﬁ‘ﬂf OMe
MeO ; OMe
2.40 OMe

hydroxyphenstatin

OH O OH O

PhOH (20 equiv.)
Hoj@/‘kOH POCI; (1.5 equiv.) Hojij/u\OPh
100°C,20h
75%
OH O H OMe imized OH 9
optimize HO OMe
HO conditions
owe —2 1T T
MeO OMe
MeO OMe
2.42 2.40 OMe

48% / 36% overall
Scheme 2.22 Synthesis of hydroxyphenstatin 2.40
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of 1,2,3-trimethoxybenzene using 2.42 gave 2.40 in 48% yield (36% yield from 2.41). This
synthesis demonstrates a new disconnection available for the synthesis of biologically

relevant molecules.

2.6 Conclusion

We have demonstrated the unique mechanistic and synthetic aspects of arene
acylation via sequential C—O/C—H activation. The observed KIEs and regioselectivity
support that this mechanism is distinct from Friedel—Crafts acylation and offers a pathway
to substitution patterns previously inaccessible in a single synthetic step. Steric-controlled
acylation is achieved via a proposed concerted metalation-deprotonation C—H activation,
as supported by experimental and computational evidence. Simple electron-rich arenes are
the most successful, and a broad range of functional groups are tolerated on the salicylate
ester. Steric-controlled acylation was utilized to concisely synthesize the anticancer target
molecule hydroxyphenstatin. The reaction is a first breakthrough toward forming new

Cacyi—Cary1 bonds under steric control in a single synthetic step using an iridium catalyst.
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2.7 Experimental Details

2.7.1 General Information

General Experimental Procedures: All acylation reactions were prepared under inert
atmosphere in an oxygen-regulated glovebox. Reaction progress was monitored using thin-
layer chromatography (TLC) on 0.25 mm silica plates from SiliCycle. Eluted plates were
visualized with UV light. Silica Gel Flash Column Chromatography was performed on
230-400 mesh (particle size 0.04-0.063 mm) silica gel purchased from SiliCycle.
Materials: Unless otherwise indicated, chemicals were obtained from commercial sources
and used without further purification. All arenes were degassed by bubbling a stream of
argon through the liquid in a Schlenk flask and stored over 3 A molecular sieves in a
nitrogen-filled glovebox.

Instrumentation: NMR characterization data were collected at 300 K on Bruker FT NMR
instruments. *H NMR spectra were internally referenced to TMS (8 = 0 ppm). 3C NMR
spectra were internally referenced to the residual solvent signal (6 = 77.2 ppm). Data from
'H NMR are reported as follows: chemical shift (§ ppm), multiplicity (s = singlet, d =
doublet, t = triplet, g = quartet, m = multiplet, br = broad), coupling constant (Hz),
integration. Quantitative NMR data was collected with an acquisition time of 5 seconds
and a d1 relaxation delay of 10 seconds.

Melting point ranges for solid products were determined on a MEL-TEMP instrument and

are reported uncorrected.
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IR Spectra were obtained as films either neat or from CH.Cl, on sodium chloride plates on
a Thermo Scientific FT-IR or with an ATR source using a Nicolet iS5 FT-IR spectrometer.
Data are presented as absorption frequency (cm™).

High-resolution mass spectrometry (HRMS) using GC-MS was performed on an Agilent
7200-QTOF GC-MS, GC column RTX-5MS 30 m length, 0.255 mm ID, 0.25 um df.
Method: inlet temperature 250 °C, source temperature 280 °C. The initial column
temperature of 120 °C was held for 4 minutes after injection. Column temperature was
ramped to 325 °C over 10 minutes and then held for 31 minutes. High-resolution mass
spectrometry (HRMS) using ESI experiments were performed on a Bruker BioTOF 1l
instrument using sodium trifluoroacetate internal standard and ammonium bicarbonate

additive.

2.7.2 Reaction Optimization Experiments

Control Experiments: Reactions were prepared using phenyl salicylate (0.2 mmol, 1.0
equiv) Rac-2-(di-t-butyldiphosphino)-1,1°-binapthyl (TrixiePhos, y mol%), [Ir(cod)OMe]2
(x mol%), 1,5-cyclooctadiene (1,5-COD, 1.0 equiv), and 1,2-dimethoxybenzene (1,2-
DMB, 0.1 M) in PTFE-lined crimp-top vials. The vials sealed, removed from the glovebox,
and heated to 170 °C in an oil bath for twenty hours. Product yields were determined by
IH NMR using 1,3,5-trimethoxybenzene internal standard (0.8 mL, 0.1 M in CDCls).
Catalyst Optimization: Reactions were prepared using phenyl salicylate (0.1 mmol, 1.0
equiv), TrixiePhos (0.003 mmol, 3 mol%), catalyst (0.001 mmol, 1 mol%), base (0.018
mmol, 3 mol%), and m-xylene (1.0 mL, 0.1 M) in PTFE-lined crimp-top vials. The vials
were sealed, removed from the glovebox, and heated to 170 °C in an oil bath for 24 h.
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Product yields were determined by H NMR using 1,3,5-trimethoxybenzene internal
standard (0.7 mL, 0.143 M in CDCls).

Catalyst Loading Optimization : Reactions were prepared using phenyl salicylate (0.1
mmol, 1.0 equiv), [Ir(cod)OPh]2 (x mol%), TrixiePhos (2x mol%) and m-xylene (1.0 mL,
0.1 M) in PTFE-lined crimp-top vials. The vials were sealed, removed from the glovebox,
and heated to 170 °C in an oil bath for 24 h. Product yields were determined by 'H NMR
using 1,3,5-trimethoxybenzene internal standard (0.7 mL, 0.143 M in CDCls).
Phosphine/Ligand Screen: Reactions were prepared using phenyl salicylate (0.1 mmol,
1.0 equiv), [Ir(cod)OPh]2 (0.001 mmol, 1 mol%), Phosphine (0.003 mmol, 3 mol%) and
m-xylene (1.0 mL, 0.1 M) in PTFE-lined crimp-top vials. The vials were sealed, removed
from the glovebox, and heated to 170 °C in an oil bath for 48 h. Product yields were
determined by *H NMR using 1,3,5-trimethoxybenzene internal standard (0.7 mL, 0.143
M in CDCls).

Phosphine Loading Optimization: Reactions were prepared using phenyl salicylate (0.1
mmol, 1.0 equiv), [Ir(cod)OPh]z> (0.001 mmol, 1 mol%), TrixiePhos (x mol%) and m-
xylene (1.0 mL, 0.1 M) in PTFE-lined crimp-top vials. The vials were sealed, removed
from the glovebox, and heated to 170 °C in an oil bath for 48 h. Product yields were
determined by *H NMR using 1,3,5-trimethoxybenzene internal standard (0.7 mL, 0.143
M in CDCls).

Substrate Concentration Optimization: Reactions were prepared using phenyl salicylate
(1.0 equiv), [Ir(cod)OPh]2 (1 mol%), TrixiePhos (3 mol%) and m-xylene (volume required

to obtain listed concentration of phenyl salicylate) in PTFE-lined crimp-top vials. The vials
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were sealed, removed from the glovebox, and heated to 170 °C in an oil bath for 48 h.
Product yields were determined by *H NMR using 1,3,5-trimethoxybenzene internal
standard (0.7 mL, 0.143 M in CDCls).

Effect of Arene Dilution: Reactions were prepared in PTFE-lined crimp-top vials using
phenyl salicylate (0.1 mmol, 1.0 equiv), [Ir(cod)OPh]2 (0.001 mmol, 1 mol%), TrixiePhos
(0.003 mmol, 3 mol%), m-xylene (x equiv), and additional solvent to dilute to a final
volume of 1.0 mL. The vials were sealed, removed from the glovebox, and heated to 170
°C in an oil bath for 48 h. Product yields were determined by *H NMR using 1,3,5-
trimethoxybenzene internal standard (0.7 mL, 0.143 M in CDCls).

COD Equivalents Optimization: Reactions were prepared using phenyl salicylate (1.0
equiv), [Ir(cod)OPh]> (1 mol%), TrixiePhos (3 mol%), 1,5-COD (volume required to
obtain listed concentrations) and 1,2-dimethoxybenzene (0.1 M final concentration relative
to phenyl salicylate, 1 mL final volume) in PTFE-lined crimp top vials. The vials were
sealed, removed from the glovebox, and heated to 170 °C in an oil bath for 4 hr. Product
yield was determined by *H NMR using dibromomethane internal standard.

Alkene Additive Screen: Reactions were prepared using phenyl salicylate (1 equiv),
[Ir(cod)OMe]2 (1 mol%), TrixiePhos (3 mol%), alkene additive (1 equiv) and 1,2-
dimethoxybenzene (0.8 mL) in a 5 mm J-young NMR tube. The tube was sealed, removed
from the glovebox, and heated to 160 °C. Single-scan 'H NMR spectra were taken at
regular intervals. The reaction progress was monitored until approximately 10%

completion was observed, relative to trimethyl(phenyl)silane internal standard.
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2.7.3 Catalyst Decomposition Experiments

Iridium Carbonyl from Catalyst Decomposition: TrixiePhos (10 mg, 0.024 mmol, 3
mol%), [Ir(cod)OMe]. (50 mg, 0.08 mmol, 10 mol%, phenyl salicylate (0.171 g, 0.8 mmol,
1 equiv), 1,5-COD (98 uL, 0.8 mmol, 1 equiv), and mesitylene (8 mL, 0.1 M) were added
to a 10 mL PTFE-lined crimp-top vial. The vial was sealed, removed from the glovebox,
and heated to 170 °C in an oil bath for 20 h. The solvent was removed in vacuo. An IR
spectrum was obtained of the crude product mixture. Distinguishing peaks at 1981 and
2027 cm! indicated the probable presence of an Ir-CO complex.

Phosphorus Degradation: TrixiePhos (5.0 mg, 0.013 mmol, 3 mol%), [Ir(cod)OMe]. (3.0
mg, 0.005 mmol, 1 mol%), phenyl salicylate (90.1 mg, 0.421 mmol, 1 equiv), 1.5-COD
(51 pL, 0.416 mmol, 1 equiv) and 1,3-dimethoxybenzene (4.3 mL, 0.1 M) were mixed in
a 20 mL scintillation vial. 0.6 mL of the solution was transferred to a J-Young NMR tube,
the tube was sealed and removed from the glovebox. A 3'P NMR spectrum was taken (t=0),
and the reaction mixture was heated to 170 °C in an oil bath. 3'P NMR spectra were taken
at regular increments.

Reaction in CO Atmosphere: TrixiePhos (9.6 mg, 0.024 mmol, 3 mol%), [Ir(cod)OMe].
(5.3 mg, 0.008 mmol, 1 mol%), phenyl salicylate (171.4 mg, 0.800 mmol, 1 equiv), 1.5-
COD (98 uL, 0.800 mmol, 1 equiv) and 1,3-dimethoxybenzene (8.0 mL, 0.1 M) were
mixed in a 20 mL scintillation vial. The solution was transferred to a 50 mL Schlenk tube,
the tube was sealed and removed from the glovebox. The Schlenk tube was evacuated and
backfilled with CO. The tube was sealed and heated to 170 °C in an oil bath for 20 h.

Solvent was removed in vacuo and the crude product mixture was analyzed by *H NMR.
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2.7.4 Kinetic Experiments

Initial Rates General: Reactions were prepared using phenyl salicylate, [Ir(cod)OMe],
TrixiePhos, 1,5-COD, in 1,2-dimethoxybenzene (0.8 mL) in a 5 mm J-young NMR tube.
The tube was sealed, removed from the glovebox, and heated to 160 °C. Single-scan *H N
MR spectra were taken at regular intervals. The reaction progress was monitored until
approximately 10% completion was observed, relative to 1,3,5-trimethoxybenzene internal
standard.

One reagent concentration was varied at a time to determine the reaction order of that
component, all other reagent concentrations were held constant at the concentration used
in standard reactions (phenyl salicylate (0.100 M), [Ir(cod)OMe]2 (1.0 mM), TrixiePhos
(3.0 mM), 1,5-COD (0.100 M)). When varying arene solvent concentration, 1,2-

dimethoxybenzene was diluted with mesitylene.

Rate Dependence on [Phenyl Salicylate]
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Figure 2.7 Initial rate data showing zeroth order in phenyl salicylate
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Rate Dependence on [1,5-COD]
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Figure 2.8 Initial rate data showing zeroth order in COD
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Figure 2.9 Initial rate data showing dependence on 1,2-dimethoxybenzene
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Kinetic Isotopes General: The kinetic isotope effects were determined by the following

equation:
Prody ky
KIE = =—
Prodp, kp
Initial Rates
[Ir(cod)OPh], (1 mol%)
OH O OMe TrixiePhos (3 mol%) OH O
/@)‘\Oph . 1,5-COD (1 equiv) N OMe
2 0oMe 160 °C o
N
F5C D4/H, F5C DoH, OMe
24e 2.3ce

Proteo - Reactions were performed in triplicate using 0.7 mL aliquots from a stock solution
containing phenyl 4-(trifluoromethyl)salicylate (0.4 mmol, 1 equiv), [Ir(cod)OMe]. (0.004
mmol, 1 mol%), TrixiePhos (0.012 mmol, 3 mol%), 1,5-COD (0.4 mmol, 1 equiv), 1-
methoxy-3-(trifluoromethyl)benzene  (0.463 mmol, 1.16 equiv) and Hs-1,2-
dimethoxybenzene (4 mL) in a J-Young NMR tube. Once sealed, the tubes were removed
from the glovebox, and single-scan *H and °F NMR spectra were taken for time (t) = 0
min. The reaction mixtures were heated to 160 °C in an oil bath and monitored for 70
minutes. Product formation was monitored by F using 1-methoxy-3-
(trifluoromethyl)benzene internal standard. Linear fits were obtained, removing the t = 0
data point due to an observed induction period.

Deutero - Reactions were performed in triplicate using 0.7 mL aliquots from a stock
solution containing phenyl 4-(trifluoromethyl)salicylate (0.4 mmol, 1 equiv),
[Ir(cod)OMe]2 (0.004 mmol, 1 mol%), TrixiePhos (0.012 mmol, 3 mol%), 1,5-COD (0.4
mmol, 1 equiv), 1-methoxy-3-(trifluoromethyl)benzene (0.407 mmol, 1.02 equiv) and Ds-

1,2-dimethoxybenzene (4 mL) in a J-Young NMR tube. Once sealed, the tubes were
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removed from the glovebox, and single-scan *H and **F NMR spectra were taken for time
(t) = 0 min. The reaction mixtures were heated to 160 °C in an oil bath and monitored for
90 minutes. Product formation was monitored by °F wusing 1-methoxy-3-
(trifluoromethyl)benzene internal standard. Linear fits were obtained, removing thet = 0

data point due to an observed induction period.

Table 2.11 Initial rates kinetics results

Entry kn (%/min) ko (Y%/min) KIE
1 0.360 0.198 —
2 0.380 0.220 —
3 0.348 0.201 —

Average 0.363 +0.012 0.206 + 0.016 1.77 +0.13

Intermolecular Competition
[Ir(cod)OPh], (1 mol%) OH O
OH O OMe TrixiePhos (3 mol%)
. | N 1,5-COD (1 equiv) - OMe
OPh 5 IH/ ZoMe 170°c |/ _
44 DyH,  °Me
2.4a 2.3ag

Reactions were prepared in triplicate using phenyl salicylate (1 equiv), [Ir(cod)OMe]2 (1
mol%), TrixiePhos (3 mol%), 1,5-COD (1 equiv), Hs-1,2-dimethoxybenzene (0.5 mL) and
D4-1,2-dimethoxybenzene (92.8% ds by *H NMR, 0.5 mL) in PTFE-lined crimp top vials.
The vials were sealed, removed from the glovebox, and heated to 170 °C in an oil bath for

20 hr. Crude mixtures were analyzed by ESI-MS.
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PT'OdH = 1257

PT'OdD == 1260

Intramolecular Competition

[Ir(cod)OPh], (1 mol%)
OH O TrixiePhos (3 mol%)

OH O

. H OMe 4 5.cop (1 equiv) OMe
ot Adowe — e - (U T

D/H OMe

2.4a 2.3ag

Reactions were prepared in triplicate using phenyl salicylate (1 equiv), [Ir(cod)OMe]2 (1
mol%), TrixiePhos (3 mol%), 1,5-COD (1 equiv), 4-D1-1,2-dimethoxybenzene (90.4% da
by 'H NMR, 1 mL) in PTFE-lined crimp top vials. The vials were sealed, removed from
the glovebox, and heated to 170 °C in an oil bath for 20 hr. Crude mixtures were analyzed
by ESI-MS. Correction factors are used to account for *C of products.

ky = Izs9 + (Is5 — (Izs7 X 0.16))

kD = 1257 X 116
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Table 2.12 Product ratios and KIE values from inter- and intramolecular competition
experiments

Entry Produ/kn Prodo/kp KIE
Interl 3332 704 4.73
Inter2 4546 983 4.62
Inter3 o577 1259 4.43
Average 459 +0.15
Intral 1057 687 1.54
Intra2 770 457 1.68
Intra3 1437 843 1.70

Average 1.64 +0.09



Cumulative effect of secondary isotope effects and differential reversibility on
observed intermolecular KIE

intermolecular KIE analysis

selectivity-determining step rate-llmltlng step
arene coordination C H/C-D cleavage

*+ DME- H4 \p - Ph°“ \p
.\\0 11y 1O ‘\o

/ K | ’ [ SoPh k_ / 1 >oPh kn

— DMB- H4 + PhOH
Ot VI . g Meo,,,, VIG_H VHH
MeO

H,

~""Sopn k_c | ~oPh 1~ ~bms-p,

— D
" + PhOD

\\\o
/ "Soph
111 . DMB D, - PhOD
\ N Iu, ,\\O .\\O | ”l:l .\\0
/

- DMB-D
4Meo,,. | VLp Me°~~ c-D VII,,
MeO
D, D3
Rate with respect to the formation of [V Ily] is
AVIT
% = ky[VI,u] — k_u[VIIg] (1)
t
Steady-state approximation on [VI, g
AlVI,
_ % — kon[VIa)+ k_g[VIIa] — k_ou[VI,z] — kuVIz) 2)
kam|VI k_g|VII
V1,) = 2otV el Eon V] ®)

koo + kn
Substitute Equation 3 into Equation 1

A[VIIg] _ kpk.g|VIzg] — k_pk_u|VIig]
At - k—ﬂ'HkH

(4)

Steady state approximation on [V I, g]

AVI.g]

0=
At

kog[IIT[DMB — Hy| + k_ou[VI ] — k—nn[VI] — kou[VIn]  (5)

Substitute Equation 3 into Equation 5

kork—ou(VIsn] + k-pk—ou[VIIa]
k_om+kn

0= +k g [[IT[DMB—Hy)—k_ou[VI,u)-k.u[VI.u] (6)

K_oukeg[II)[DMB — Hy) + kygkng[ITN[DMB — Hy) + k_pk_ o[V IIy)
k_opk—ng+kgk_cg+kpk_og

[VIn] = ()
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Substitute Equation T into Equation 4

AlVIlg)  kokomken[III][DMB — Hy|(k—_on + ka) + k—_gk_onk_-u|VIIg|(k_on — ku)

At khkar + kitk—nn + 2kak_ouk_nm + kakeak_on + k2, gk_xn
(8)
The second term in numerator should be negligible relative to the first term, so Equation 8 simplifies
A[VIIg] _ kpke kg [I1I|[DMB — Hy|(k_om + k) 9)
At khkon + Kk—n + 2kpk_guk_nn + kikonk—on + k2 _gk—rn '
Therefore
A[VIIp) - kpkspk.p[{II][DMB — Dy)(k_op + kp) (10)
At a kgﬂkaﬂ + ki.k—vrﬂ + 2kpk_opk_zp + kpkspk_op + kzaﬂk—rﬂ

AV ITg]
KIE; termolecular Can be described as ﬁ 80
t

alVllayl et R e g3 [T [ DM B — EL {5y + ke
- DR DD i —Lhy —rDTED l’ll}

khk.ptkhk_.p+2kpk_.pk_.p+kpk.nk_.p+k* _pk_.p
kfkontkik_xm+2kuk _onk_xmptkakegk_on+ks gk _xm

Because [DMB — Hy); = [DMB — Dy); and A[DMB] << [DMBJ;, [DMB — Hy| = [DMB — Dy]

Ve (ka) kottkept k_or + ki kpkoD + kiyk—=D + 2kDk—oDk—xD + kDkoDk-oD + k2 , pk—=D

AVITS] ~ \%p ) %onkuD kon + kb Kkon + ik _np + 2kak_onk nm + kakenk_om + K2k om
(12)

]

2.7.5 Synthetic Experiments

General procedure for salicylate ester synthesis: Salicylic acid (10 mmol, 1
equiv) and phenol (4.70 g, 50 mmol, 5 equiv) were massed in a 5-dram reaction vial, and
then 10 mL of dry toluene was added. Phosphorus oxychloride (0.61g, 0.37 mL, 4 mmol,
0.4 equiv) was dripped into the solution via syringe. A stir bar was added and the reaction
vial was sealed. The reaction mixture was then heated at 110 °C in an aluminum heating
block on a hot plate fitted with a thermocouple for 16-18 h. The mixture was allowed to
cool to room temperature, transferred to a separatory funnel, and quenched with saturated
aqueous sodium carbonate solution (3 x 10 mL). The aqueous washes were then extracted

with diethyl ether (3 x 10 mL). The organic layers were combined, dried with sodium
79



sulfate, and concentrated in vacuo. The crude product was purified by column

chromatography.

Arene Acylation General Procedures:

Procedure A: TrixiePhos (10 mg, 0.024 mmol, 3 mol%), [Ir(cod)OMe]. (5 mg, 0.008
mmol, 1 mol%), phenyl salicylate (0.171 g, 0.8 mmol, 1 equiv), 1,5-COD (98 uL, 0.8
mmol, 1 equiv), and arene (8 mL, 0.1 M) were added to a 10 mL PTFE-lined crimp-top
vial. The vial was sealed, removed from the glovebox, and heated to 170 °C in an oil bath
for 20 h. The solvent was removed in vacuo. Oligomer and residual starting material were
hydrolyzed (see general procedure below), and the aqueous layer was extracted with ethyl
acetate (EtOAc) (3 x 12 mL). The organic extracts were dried over Na,SOs and
concentrated. The crude product was purified by column chromatography.

Procedure B: TrixiePhos (14 mg, 0.036 mmol, 3 mol%), [Ir(cod)OMe]. (8 mg, 0.012
mmol, 1 mol%), phenyl salicylate (0.257 g, 1.2 mmol, 1 equiv), 1,5-cyclooctadiene (1,5-
COD, 147 pL, 1.2 mmol, 1 equiv), and arene (12 mL, 0.1 M) were added to a dry 15 mL
pressure tube. The pressure tube was sealed, removed from the glovebox, and heated to
170 °C in an oil bath for 20 h. The solvent was removed in vacuo. Oligomer and residual
starting material were hydrolyzed (see general procedure below), and the aqueous layer
was extracted with EtOAc (3 x 15 mL). The organic extracts were dried over Na;SO4 and
concentrated. The crude product was purified by column chromatography.

Procedure C: Followed procedure B, then after 20 h, the reaction mixture was cooled to
rt, brought into the glovebox, where TrixiePhos (14 mg, 0.036 mmol, 3 mol%) and
[Ir(cod)OMe]2 (8 mg, 0.012 mmol, 1 mol%) was added. The pressure tube was sealed,
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removed from the glovebox, and heated to 170 °C in an oil bath for 20 h. The solvent was
removed in vacuo. Oligomer and residual starting material were hydrolyzed (see general
procedure below), and the aqueous layer was extracted with EtOAc (3 x 15 mL). The
organic extracts were dried over Na2SO4 and concentrated. The crude product was purified
by column chromatography.

Procedure D: Followed procedure A, then after 20 h, the reaction mixture was cooled to
rt, brought into the glovebox, and TrixiePhos (10 mg, 0.024 mmol, 3 mol%) and
[Ir(cod)OMe]2 (5 mg, 0.008 mmol, 1 mol%) was added. The vial was sealed, removed from
the glovebox, and heated to 170 °C for 20 h. The solvent was removed in vacuo. Oligomer
and residual starting material were hydrolyzed (see general procedure below), and the
aqueous layer was extracted with EtOAc (3 x 12 mL). The organic extracts were dried over
Na2SO4 and concentrated. The crude product was purified by column chromatography.
General procedure for hydrolysis: Crude material was dissolved in toluene (10 mL),
NaOH (30%, 5 mL for procedure A/C, 6.5 mL for procedure B/D) was added, and the
mixture was allowed to stir overnight. The mixture was cooled to 0 °C, and HCI (6 M, 7
mL for Procedure A/C, 8 mL for Procedure B or D) was added dropwise.

Hydroxyphenstatin Synthesis:

Synthesis of ester 2.42: In a nitrogen-filled glovebox, 2,3-dihydroxy-4-methoxybenzoic
acid® (500 mg, 2.72 mmol, 1 equiv), phenol (5.11 g, 54.3 mmol, 20 equiv), and phosphorus

oxychloride (631.5 mg, 4.07 mmol, 1.5 equiv) were added to a 25 mL screw top pressure

b Prepared using literature reported method.*6°
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vessel with a stir bar. The vessel was sealed, removed from the glovebox, and heated to
100 °C for 20 hours. The vessel was cooled to room temperature and the solvent and
remaining phenol removed in vacuo. The product was purified by flash chromatography
(20%—30% EtOAc/Hex).

Synthesis of Hydroxyphenstatin 2.40: TrixiePhos (18 mg, 0.045 mmol, 3 mol%),
[Ir(cod)OMe]2 (10 mg, 0.015 mmol, 1 mol%), phenyl salicylate (0.390 g, 1.5 mmol, 1
equiv), 1,5-COD (0.18 mL, 1.5 mmol, 1 equiv), and 1,2,3-trimethoxybenzene (19.8 g, 78.5
equiv) were added to a 75 mL PTFE-sealed screw top pressure vessel. The vessel was
sealed, removed from the glovebox, and heated to 170 °C in an oil bath for 20 h. The vessel
was then cooled to room temperature and brought into the glovebox and TrixiePhos (18
mg, 0.045 mmol, 3 mol%) and [Ir(cod)OMe]2 (10 mg, 0.015 mmol, 1 mol%) was added.
The vessel was sealed, brought out of box, and heated to 170 °C for an additional 20 hours.
After 20 hours, the vessel was then cooled and a third charge of iridium and phosphine was
added as before. The vessel was heated to 170 °C for an additional 20 hours. The vessel
was then cooled to room temperature and contents were transferred to a 50 mL pear-shaped
flask. The solvent was removed in vacuo. Product was purified by column chromatography
(20:80:2 EtOAc:Hex:AcOH for ~10 column volumes, 40:60:2 for ~4 column volumes,

50:50:2 for ~4 column volumes).
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2.7.6 Characterization Data

Salicylate Esters:

5&@

Me 2.4b

Phenyl 2-hydroxy-4-methylbenzoate (2.4b). White solid (1.20 g, 5.30 mmol, 53%). mp =
43-44 °C. Ry = 0.33 (5% EtOAc/Hex). 'H NMR (400 MHz, CDCl3) & 10.45 (s, 1H), 7.94
(d, J = 8.1 Hz, 1H), 7.49-7.39 (m, 2H), 7.34-7.25 (m, 1H), 7.21 (d, J = 1.3 Hz, 1H), 7.19
(dd, J = 2.1, 0.9 Hz, 1H), 2.38 (s, 3H). 3C NMR (101 MHz, CDCl3) 5 169.1, 162.3, 150.3,
148.2, 130.3, 129.7, 126.4, 121.8, 120.9, 118.1, 109.4, 22.1. IR (neat) 1683 cm 1. HRMS

(ESI) calcd for C14H1203 [M—H] m/z 227.0714, found 227.0724.

&OO

MeO 2.4c

Phenyl 2-hydroxy-4-methoxybenzoate (2.4c). Phenol (264 mg, 2.8 mmol, 1.4 equiv), 4-
methoxysalicylic acid (336.3 mg, 2.0 mmol, 1 equiv), and DMAP (49 mg, 0.4 mmol, 0.2
equiv) were dissolved in methylene chloride (8 mL). DCC (743 mg, 3.6 mmol, 1.8 equiv)
was added; the reaction mixture was heated to reflux and allowed to reflux overnight.
Removal of the solvent and purification by column chromatography (2% EtOAc/Hex to
3% EtOAc/Hex) ultimately gave a white solid (0.358 g, 1.46 mmol, 73%). mp =59-61 °C.
R = 0.28 (5% EtOAc/Hex). 'H NMR (400 MHz, CDCl3) § 10.72 (s, 1H), 7.97 (d, J = 8.8
Hz, 1H), 7.49-7.39 (m, 2H), 7.34-7.25 (m, 1H), 7.24-7.15 (m, 2H), 6.53 (dd, J = 8.8, 2.5

Hz, 1H), 6.50 (d, J = 2.4 Hz, 1H), 3.86 (s, 3H). *C NMR (101 MHz, CDCl3) § 168.9,
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166.4, 164.7, 150.4, 131.9, 129.7, 126.3, 121.9, 108.2, 105.0, 101.0, 55.7. IR (neat) 1671

cm L. HRMS (ESI) calcd for C14H1,04 [M—H]™ m/z 243.0663, found 243.0661.

5&,@

F 2.4d

Phenyl 4-fluoro-2-hydroxybenzoate (2.4d). White solid (1.20 g, 5.20 mmol 52%). mp =
58-60 °C. Rf = 0.32 (5% EtOAc/Hex). 'H NMR (400 MHz, CDCl3) § 10.73 (d, J = 1.6
Hz, 1H), 8.09 (dd, J = 8.9, 6.5 Hz, 1H), 7.51-7.40 (m, 2H), 7.37-7.27 (m, 1H), 7.24-7.16
(m, 2H), 6.77-6.58 (M, 2H). 3C NMR (101 MHz, CDCls) § 168.4, 167.9 (d, Jc_r = 255.4
Hz), 164.5 (d, Jc ¢ = 14.3 Hz), 150.1, 132.8 (d, Jc r = 11.5 Hz), 129.6, 126.6, 121.7, 108.8
(d, Jo_r = 2.4 Hz), 108.0 (d, Jc_r = 22.7 Hz), 104.8 (d, Jc_r = 24.4 Hz). F {*H} NMR (376
MHz, CDCl3) § —99.65. IR (neat) 1682 cm™ . HRMS (ESI) calcd for C13HoFO3 [M—H]

m/z 231.0463, found 231.0473.

5&@

F3C 2.4e

Phenyl 2-hydroxy-4-(trifluoromethyl)benzoate (2.4e). White solid (1.24 g, 4.40 mmol,
44%). mp = 68-69 °C. Rf = 0.39 (5% EtOAc/Hex). *H NMR (400 MHz, CDCl3) § 10.63
(s, 1H), 8.20 (d, J = 8.3 Hz, 1H), 7.52-7.41 (m, 2H), 7.37-7.28 (m, 2H), 7.24-7.18 (m,
3H). 3C NMR (101 MHz, CDCl3) § 168.2, 162.2, 150.0, 137.7 (q, Jc_r = 32.9 Hz), 131.4,
129.9, 127.3, 123.2 (4, Jc_r = 273.8 Hz), 121.5, 115.8 (q, Jcr = 3.6 Hz), 115.3 (7, Jc.r =
4.0 Hz), 114.6. *°F {!H} NMR (376 MHz, CDCl3) & —63.85. IR (neat) 1686 cm™t. HRMS
(ESI) calcd for C14HoF303 [M—H] m/z 281.0431, found 281.0436.
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6&@

HO 2.4f

Phenyl 2,4-dihydroxybenzoate (2.4f). White solid (0.65g, 2.80 mmol, 28%). mp = 144—
145 °C. Rt = 0.28 (20% EtOAc/Hex). *H NMR (400 MHz, CDCl3) 5 10.73 (s, 1H), 7.96
(d, J=8.5 Hz, 1H), 7.44 (t, J = 7.9 Hz, 2H), 7.29 (t, J = 7.4 Hz, 1H), 7.19 (d, J = 7.4 Hz,
1H), 6.47-6.38 (m, 2H), 5.78 (s, 1H). 13C NMR (101 MHz, CDCl3) § 168.9, 164.3, 162.8,
150.2, 132.6, 129.8, 126.5, 121.8, 108.5, 105.4, 103.5, 77.5, 77.2, 76.8. IR (neat) 1658

cm 1. HRMS (ESI) calcd for C13H1004 [M—H]™ m/z 229.0506, found 229.0510 (avg of 6).

SR

Cl 2.4g

Phenyl 4-chloro-2-hydroxybenzoate (2.4g). White solid (1.47g, 5.9 mmol, 59%). mp = 52—
53 °C. Rr = 0.40 (5% EtOAc/Hex). *H NMR (400 MHz, CDCls) § 10.60 (s, 1H), 8.00 (d, J
= 8.6 Hz, 1H), 7.50-7.40 (m, 2H), 7.36-7.27 (m, 1H), 7.24-7.16 (m, 2H), 7.06 (d, J = 2.0
Hz, 1H), 6.95 (dd, J = 8.6, 2.0 Hz, 1H). 13C NMR (101 MHz, CDCls) § 168.5, 162.8, 150.1,
142.5,131.5, 129.8, 126.7, 121.7, 120.4, 118.2, 110.6. IR (neat) 1673 cm . HRMS (ESI)

calcd for C13HoClOs [M—H]™ m/z 247.0167, found 247.0161.

OHOOQ
@)k

2.4h
Me

Phenyl 2-hydroxy-5-methylbenzoate (2.4h). White solid (1.61 g, 7.70 mmol, 77%). mp =

87-89 °C. Rt = 0.36 (5% EtOAc/Hex). *H NMR (400 MHz, CDCls) 6 10.31 (s, 1H), 7.86
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(d, J = 2.2 Hz, 1H), 7.50-7.39 (m, 2H), 7.34 (dd, J = 8.5, 2.3 Hz, 1H), 7.35-7.26 (M, 1H),
7.24-7.16 (m, 3H), 6.94 (d, J = 8.5 Hz, 1H), 2.34 (s, 3H). *C NMR (101 MHz, CDCls) §
169.1, 160.3, 150.3, 137.6, 130.1, 129.8, 128.8, 126.5, 121.8, 117.7, 111.5, 20.6. IR (neat)

1682 cm L. HRMS (ESI) calcd for C14H1203 [M—H]™ m/z 227.0714, found 227.0707.

OHOOQ
©)k

2.4i
OMe

Phenyl 2-hydroxy-5-methoxybenzoate (2.4i). White solid (0.75 g, 3.10 mmol, 31%). mp =
40-41 °C. Ry = 0.26 (5% EtOAc/Hex). *H NMR (400 MHz, CDCls) 5 10.13 (s, 1H), 7.51
(d, J = 3.1 Hz, 1H), 7.51-7.40 (m, 2H), 7.36-7.27 (m, 1H), 7.27-7.15 (m, 2H), 7.16 (dd, J
=9.1, 3.2 Hz, 1H), 6.98 (d, J = 9.1 Hz, 1H), 3.82 (s, 3H). 3C NMR (101 MHz, CDCl3) §
168.9, 156.9, 152.3, 150.2, 129.8, 126.6, 125.2, 121.8, 119.0, 112.1, 111.4,77.5, 77.2, 76.8,
56.1. IR (neat) 1687 cm™. HRMS (ESI) calcd for C14H1,04 [M—H]™ m/z 243.0663, found

243.0653 (avg of 8).

2.4j

OHOOQ
©)k

o]]
Phenyl 5-chloro-2-hydroxybenzoate (2.4j). White solid (1.30 g, 5.20 mmol, 52%). mp =

94-96 °C. Ri = 0.39 (5% EtOAc/Hex). 'H NMR (400 MHz, CDCls) & 10.43 (s, 1H), 8.04
(d, J = 2.7 Hz, 1H), 7.52-7.41 (m, 3H), 7.37-7.27 (m, 1H), 7.22-7.18 (m, 2H), 6.99 (d, J

= 8.9 Hz, 1H). **C NMR (101 MHz, CDCls) § 168.1, 160.9, 150.0, 136.5, 129.8, 129.7,
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126.7, 124.4, 121.6, 119.6, 112.9, 77.5, 77.2, 76.8. IR (neat) 1685 cm™ 1. HRMS (ESI)

calcd for C13HoClOs [M—H] m/z 247.0167, found 247.0179 (avg of 6).

NJPe

2.4k

Phenyl 2-hydroxy-3-methylbenzoate (2.4k). White solid (0.76 g, 3.30 mmol, 33%). mp =
145-145 °C. Rt = 0.45 (5% EtOAc/Hex). 'H NMR (400 MHz, CDCls) & 10.76 (s, 1H), 7.93
(dd, J=8.0, 1.7 Hz, 1H), 7.49-7.40 (m, 2H), 7.39 (ddt, J = 7.4, 1.7, 0.8 Hz, 1H), 7.35-7.25
(m, 1H), 7.24-7.17 (m, 2H), 6.87 (t, J = 7.7 Hz, 1H), 2.30 (s, 2H). 3C NMR (101 MHz,
CDClI3) 6 169.6, 160.8, 150.3, 137.4, 129.8, 128.0, 127.1, 126.5, 121.8, 118.9, 111.2, 15.8.
IR (neat) 1685 cm™*. HRMS (ESI) calcd for CisH1203 [M—H]  m/z 227.0714, found

227.0725 (avg of 6).

6&@

O3N 2.41

Phenyl 2-hydroxy-4-nitrobenzoate (2.41). White solid (3 mmol scale, 0.237 g, 0.90 mmol,
30 %). mp = 148-150 °C. R¢=0.36 (5% EtOAc/Hex). *H NMR (400 MHz, CDCls) § 10.73
(s, 1H), 8.27 (d, J = 8.7 Hz, 1H), 7.87 (s, 1H), 7.79 (d, J = 8.2 Hz, 1H), 7.49 (t, J = 7.8 Hz,
2H), 7.36 (t, J = 7.5 Hz, 1H), 7.23 (d, J = 7.9 Hz, 2H). 3C NMR (101 MHz, CDCls) &
167.8, 162.7, 152.7, 149.8, 131.9, 130.0, 127.1, 121.5, 116.8, 113.9, 113.4. IR (neat) 1686

cm L. HRMS (ESI) calcd for C1sHoNOs [M—H]~ m/z 258.0408, found 258.0420.
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OHO/@
o

2.4m
NO,

Phenyl 2-hydroxy-5-nitrobenzoate (2.4m). White solid (1.558 g, 6.01 mmol 60%). mp =
148-150 °C. Rt = 0.18 (5% EtOAc/Hex). 'H NMR (400 MHz, CDCl3) & 11.17 (s, 1H), 9.04
(d, J = 2.8 Hz, 1H), 8.42 (dd, J = 9.2, 2.8 Hz, 1H), 7.54-7.44 (m, 2H), 7.41-7.31 (m, 1H),
7.28-7.20 (m, 2H), 7.16 (d, J = 9.2 Hz, 1H). 23C NMR (101 MHz, CDCl3) § 167.9, 166.8,
149.8, 140.4, 131.3, 130.0, 127.2, 127.1, 121.5, 119.1, 111.9. IR (neat) 1693 cm™ 1. HRMS

(ESI) calcd for C13H9NOs [M—H]™ m/z 258.0408, found 258.0418.

&’%@

OH
2.4n

Phenyl 2,6-dihydroxybenzoate (2.4n). White solid (0.88 g, 3.80 mmol, 38%). mp = 91-94
°C. Rt = 0.36 (5% EtOAc/Hex). 'H NMR (400 MHz, CDCls) § 9.57 (s, 2H), 7.54-7.44 (m,
2H), 7.44-7.33 (m, 2H), 7.27-7.18 (m, 2H), 6.56 (d, J = 8.3 Hz, 2H). 3C NMR (101 MHz,
CDCl3) § 168.6, 161.3, 148.6, 137.6, 130.1, 127.5, 122.1, 108.7, 99.8. IR (neat) 1683 cm 2.

HRMS (ESI) calcd for C13H1004 [M—H]™ m/z 229.0506, found 229.0508 (avg of 11).

5&,@

Br 2.40

Phenyl 4-bromo-2-hydroxybenzoate (2.40). Off-white solid (5 mmol scale, 1.16g, 3.95
mmol, 79%). mp = 69-72 °C. R¢= 0.38 (5% EtOAc/Hex).!H NMR (400 MHz, CDCls) &
10.57 (s, 1H), 7.92 (d, J = 8.5 Hz, 1H), 7.50-7.40 (m, 2H), 7.36-7.27 (m, 1H), 7.24 (d, J =
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1.9 Hz, 1H), 7.24-7.16 (m, 2H), 7.11 (dd, J = 8.5, 1.9 Hz, 1H). C NMR (101 MHz,
CDCI3) 6 168.7, 162.7, 150.0, 131.4, 131.0, 129.8, 126.7, 123.2, 121. 7, 121.3, 111.0. IR
(neat) 1673 cm*. HRMS (ESI) calcd for Ci3HeBrOs [M—H]™ m/z 290.9662, found

290.9667.

OHOOQ
©)L

2.4p
Br

Phenyl 5-bromo-2-hydroxybenzoate (2.4p). White solid (1.11 g, 3.80 mmol, 38%). mp =
94-96 °C. Rt = 0.36 (5% EtOAc/Hex). 'H NMR (400 MHz, CDCl3) § 10.45 (s, 1H), 8.19
(d, J = 2.5 Hz, 1H), 7.61 (dd, J = 8.9, 2.6 Hz, 1H), 7.51-7.41 (m, 2H), 7.37-7.27 (m, 1H),
7.23-7.18 (m, 2H), 6.94 (d, J = 8.9 Hz, 1H). 3C NMR (101 MHz, CDCl3) § 168.0, 161.3,
150.0, 139.3, 132.7, 129.9, 126.8, 121.6, 120.0, 113.5, 111.3, 77.5, 77.2, 76.8. IR (neat)

1694 cm™t. HRMS (ESI) calcd for C1sHoBrOs [M—H]™ m/z 290.9662, found 290.9653.

0H00©
©)L

2.4q
NH,

Phenyl 5-amino-2-hydroxybenzoate (2.4q). Brown solid (0.383 g, 1.70 mmol, 17%). mp =
72-73 °C. Ry= 0.28 (40% EtOAc/Hex). 'H NMR (400 MHz, CDCl3) § 9.96 (s, 1H), 7.49—
7.39 (m, 2H), 7.37 (d, J = 2.9 Hz, 1H), 7.34-7.25 (m, 1H), 7.24-7.15 (m, 2H), 6.94 (dd, J
= 8.8, 2.8 Hz, 1H), 6.88 (d, J = 8.8 Hz, 1H), 3.52 (s, 2H). 3C NMR (101 MHz, CDCls) 5

168.9, 155.6, 150.3, 138.7,129.7,126.4, 125.3,121.8, 118.6, 114.9,111.7,77.5,77.2,76.8.
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IR (neat) 1678 cm™*. HRMS (ESI) calcd for C13H11NOs [M—H]™ m/z 228.0666, found

228.0679 (avg of 8).

Arene Acylation Products:

2.3aal e 2.3aa2

(3,5-dimethylphenyl)(2-hydroxyphenyl)methanone (2.3aal), (2,4-dimethylphenyl)(2-
hydroxyphenyl)methanone (2.3aa2). Prepared using procedure A. Brown oil (0.110 g,
0.487 mmol, 61%) as an inseparable mixture of regioisomers (11:1 2.3aal:2.3aa2). R =
0.31 (5% EtOAc/Hex). *H NMR (400 MHz, CDCl3) 2.3aal: & 12.07 (s, 1H), 7.60 (dd, J
= 8.0, 1.6 Hz, 1H), 7.50 (ddd, J = 8.4, 6.8, 1.6 Hz, 1H), 7.27 (br s, 2H), 7.22 (br s, 1H),
7.06 (dd, J = 8.4, 0.8 Hz, 1H), 6.87 (dd, J = 8.0, 7.2, 1.2 Hz, 1H), 2.39 (s, 6H); 2.3aa2: &
12.28 (s, 1H), 7.33 (dd, J = 8.0, 1.6 Hz, 1H), 7.18 (d, J = 8.0 Hz, 1H), 7.13— 7.08 (m, 2H),
6.80 (ddd, J = 8.4, 7.6, 1.6 Hz, 1H), 2.28 (s, 3H). 3C NMR (101 MHz, CDCls, only 2.3aal
observed) 6 202.3, 163.3, 138.2, 138.1, 136.3, 133.8, 133.7, 127.0, 119.4, 118.7, 118.5,
21.4. IR (neat) 1626 cm™. HRMS (ESI) calcd for C15H130, [M—H]™ m/z 225.0921; found

225.0927.

OH O

OMe

OMe

(3,5-dimethoxyphenyl)(2-hydroxyphenyl)methanone (2.3abl). Prepared using procedure
C with no hydrolysis in the same reaction as 2.3ab2; isolated by column chromatography.

Brown oil (0.099 g, 0.384 mmol, 48%). Rt = 0.33 (5% EtOAc/Hex with 1% acetic acid
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additive). *H NMR (400 MHz, CDCls) § 11.96 (s, 1H), 7.64 (dd, J = 8.0, 1.6 Hz, 1H), 7.49
(ddd, J = 8.8, 7.2, 2.0 Hz, 1H), 7.05 (dd, J = 8.4, 0.8 Hz), 6.86 (ddd, J = 8.0, 7.2, 1.2 Hz,
1H), 6.78 (d, J = 2.4 Hz, 2H), 6.65 (t, J = 2.4 Hz, 1H), 3.82 (s, 6H). 3C NMR (101 MHz,
CDCl3) 6 201.5, 163.3, 160.7, 139.8, 136.6, 133.7, 119.2, 118.8, 118.5, 107.1, 104.1, 55.7.
IR (neat) 1626 cm™. HRMS (ESI) calcd for CisH1304 [M—H]™ m/z 257.0819; found

257.0826.

OH O OMe

2.3ab2

(2,4-dimethoxyphenyl)(2-hydroxyphenyl)methanone (2.3ab2). Prepared using procedure
C with no hydrolysis in the same reaction as 2.3ab1; isolated by column chromatography.
Brown oil (0.066 g, 0.256 mmol, 32%). Rs= 0.22 (5% EtOAc/Hex with 1% acetic acid
additive). 'H NMR (400 MHz, CDCl3) § 12.22 (s, 1H), 7.45 (ddd, J = 8.7, 7.2, 1.6 Hz, 1H),
7.40 (dd, J = 8.0, 1.6 Hz, 1H), 7.28 (d, J = 8.4 H, 1H), 7.01 (dd, J = 8.4, 1.2 Hz, 1H), 6.80
(ddd, J=8.0, 7.2, 1.2 Hz, 1H), 6.56 (dd, J = 8, 2 Hz, 1H), 6.54 (d, J = 2.4 Hz, 1H), 3.87 (s,
3H), 3.75 (s, 3H). 3C NMR (101 MHz, CDCls3) § 201.3, 163.3, 163.0, 158.7, 136.2, 133.9,
131.1, 120.9, 120.6, 118.6, 118.1, 104.7, 99.0, 55.8, 55.7. IR (thin film, CH2Cl2) 1606 cm

! HRMS (ESI) calcd for C1sH1304 [M—H]™ m/z 257.0819; found 227.0832.

OH O OH O Me
oReH
2.3ac1 2.3ac3 OMe
Me

(3-methoxy-5-methylphenyl)(2-hydroxyphenyl)methanone  (2.3acl), (4-methoxy-2-

methylphenyl)(2-hydroxyphenyl)methanone (2ac3). Prepared using procedure A in the
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same reaction as 2.3ac2; isolated by column chromatography as an inseparable mixture of
isomers (9:1 2.3acl: 2.3ac3). Yellow oil (0.109 mg, 0.450 mmol, 57%) Rt = 0.42 (10%
EtOAc/Hex). 'H NMR (400 MHz, CDCls) 2.3acl: & 12.01 (s, 1H), 7.62 (dd, J = 8.0, 1.6
Hz, 1H), 7.51 (ddd, J = 8.4, 7.2, 1.6 Hz, 1H), 7.08-7.04 (m, 2H), 7.00-6.98 (m, 1H), 6.95—
6.93 (m, 1H), 6.87 (ddd, J = 8.0, 7.2, 1.2 Hz, 1H), 3.84 (s, 3H), 2.40 (s, 3H); 2.3ac3: &
12.27 (s, 1H), 7.37 (dd, J = 8.0, 1.8 Hz, 1H), 6.84-6.76 (m, 3H), 3.86 (s, 3H), 2.34 (s, 3H).
13C NMR (101 MHz, CDCls, only 2.3acl observed) § 201.8, 163.3, 159.6, 139.9, 139.2,
136.5, 133.8, 122.5,119.3, 118.81, 118.76, 118.5, 111.3, 55.6, 21.7. IR (thin film, CH2Cl>)

1627 cm™. HRMS (ESI) calcd for C1sH1403 [M—H]™ m/z 241.0870; found 241.0870.

OH O OMe

.0

2.3ac2

(2-methoxy-4-methylphenyl)(2-hydroxyphenyl)methanone (2.3ac2). Prepared using
procedure A in the same reaction as 2.3acl and 2.3ac3; isolated by column
chromatography. Yellow solid (0.027 g, 0.11 mmol, 14%). mp = 97-99 °C. R¢=0.31 (10%
EtOAc/Hex). *H NMR (400 MHz, CDCls) § 12.21 (s, 1H), 7.45 (ddd, J = 8.8, 7.2, 1.6 Hz,
1H), 7.36 (dd, J = 8.0, 1.6 Hz, 1H), 7.19 (d, J = 7.6 Hz, 1H), 7.02 (dd, J = 8.4, 9.2 Hz, 1H),
6.86 (d, J = 7.6 Hz, 1H), 6.82 (s, 1H), 6.79 (t, J = 8.0 Hz, 1H), 3.76 (s, 3H), 2.43 (s, 3H).
13C NMR (101 MHz, CDCls) § 202.3, 163.0, 156.9, 142.8, 136.4, 134.0, 129.2, 125.2,
121.3, 120.5, 118.7, 118.1, 112.4, 55.7, 22.0. IR (thin film, CH.Cl,) 1626 cm™. HRMS

(ESI) calcd for C15H1403 [M—H] m/z 241.0870; found 241.0875.
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2.3ad o

Methyl 5-(2-hydroxybenzoyl)-3-methylbenzoate (2.3ad)‘. Prepared using procedure A
with no hydrolysis. Brown oil (0.086 g, 0.321 mmol, 40%). Rt = 0.24 (10% Et,O/Hex). tH
NMR (400 MHz, CDCls) § 11.94 (s, 1H), 8.12 (br s, 1H), 8.08 (br s, 1H), 7.68 (br s, 1H),
7.53 (ddd, J = 8, 6.4, 1.6 Hz, 2H), 7.09 (dd, J = 8.8, 1.2 Hz), 6.95-6.85 (m, 2H), 3.94 (s,
3H), 2.50 (s, 3H). 3C NMR (101 MHz, CDCls) § 201.0, 166.5, 163.4, 139.1, 138.4, 136.8,
133.8, 133.5, 133.5, 130.4, 127.6, 119.1, 119.0, 118.7, 52.5, 21.4. IR (thin film, CH2Cl>)

1725, 1628 cm*. HRMS (ESI) calcd for C16H1304 [M—H]™ m/z 269.0819; found 269.0830.

OH O

CLCC

(3,4-dimethylphenyl)(2-hydroxyphenyl)methanone (2.3af). Prepared using procedure C.
Yellow oil (0.143 g, 0.630 mmol, 79%). mp = 74-77 °C. Ry = 0.27 (4% EtOAc/Hex). 'H
NMR (400 MHz, CDCl3) § 12.06 (s, 1H), 7.63 (dd, J = 8.0, 1.6 Hz, 1H), 7.52-7.47 (m,
2H), 7.42 (dd, J = 8.0, 2.0 Hz, 1H), 7.06 (dd, J = 8.4, 0.8 Hz, 1H), 6.87 (ddd, J = 8.4, 7.6,
2.0, 1H), 7.26 (d, J = 7.3 Hz, 1H), 2.36 (s, 3H), 2.34 (s, 3H). 13C NMR (101 MHz, CDCl3)
0201.5,163.1, 141.4,136.9, 136.0, 135.6, 133.6, 130.4, 129.5, 127.1, 119.4, 118.5, 118.3,
20.0, 19.8. IR (thin film, CH2Cl,) 1626 cm™. HRMS (ESI) calcd for C15H130, [M—H] m/z

225.0921; found 225.0921.

¢ Arene prepared following literature procedure?™
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OH 0

OMe

2.3ag OMe
(3,4-dimethoxyphenyl)(2-hydroxyphenyl)methanone (2.3ag). Prepared using procedure A
with no hydrolysis. Brown solid (0.192 g, 0.74 mmol, 93%). mp = 67-68 °C. Rt = 0.29
(20% EtOAc/Hex). 'H NMR (400 MHz, CDCl3) & 11.88 (s, 1H), 7.67 (dd, J = 8.0, 1.6 Hz,
1H), 7.50 (ddd, J = 8.4, 7.2, 1.6 Hz, 1H), 7.33 (dd, J = 8.4, 2.0 Hz, 1H), 7.31 (d, J = 2.0
Hz, 1H), 7.07 (dd, J = 8.4, 0.9 Hz, 1H), 6.95 (d, J = 8.2 Hz, 1H), 6.89 (ddd, J = 8.2, 7.3,
1.1 Hz, 1H), 3.98 (s, 3H), 3.94 (s, 3H). 3C NMR (101 MHz, CDCls) § 200.1, 163.0, 152.8,
149.1, 136.0, 133.4, 130.5, 124.4, 119.5, 118.6, 118.5, 112.2, 110.1, 56.3, 56.2. IR (thin

film, CH2Cl,) 1624 cm™. HRMS (ESI) calcd for C1sH1304 [M—H]™ m/z 257.0819; found

257.0829.

OH O

speu

2.3ah1

2-hydroxyphenyl)(4-methoxy-3-methylphenyl)methanone (2.3ahl). Prepared using
procedure A in the same reaction as 2.3ah2; isolated by column chromatography. Yellow
oil (0.098 g, 0.404 mmol, 50%). R = 0.21 (4% EtOAc/Hex). 'H NMR (400 MHz, CDCls)
§ 12.00 (s, 1H), 7.66 (dd, J = 8.0, 1.6 Hz, 1H), 7.50 (ddd, J = 8.8, 7.6, 1.6 Hz, 1H), 7.24
(dd, J=8.0, 0.8 Hz, 1H), 7.19 — 7.16 (m, 2H), 7.07 (dd, J = 8.4, 0.8 Hz, 1H), 6.88 (ddd, J
=8.4,7.2,1.2 Hz, 1H), 3.89 (s, 3H), 2.31 (s, 3H). 3C NMR (101 MHz, CDCls) & 201.4,

163.2, 157.9, 136.7, 136.2, 133.7, 131.9, 130.2, 122.2, 119.4, 118.7, 118.5, 110.3, 55.6,
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16.6. IR (neat) 1629 cm™*. HRMS (ESI) calcd for C16H1s0s [M—H]™ m/z 241.0870; found

241.0865.

SAsH

2.3ah2

(2-hydroxyphenyl)(3-methoxy-4-methylphenyl)methanone (2.3ah2). Prepared using
procedure A in the same reaction as 2.3ah1; isolated by column chromatography. Yellow
solid (0.039 g, 0.16 mmol, 20%). mp = 75-76 °C. R = 0.16 (4% EtOAc/Hex). *H NMR
(400 MHz, CDCl3) § 11.99 (s, 1H), 7.65 (dd, J = 8, 1.6 Hz, 1H), 7.61 — 7.55 (m, 2H), 7.49
(ddd, J=8.8, 7.2, 1.6 Hz, 1H), 7.06 (dd, J = 8.4, 0.8 Hz, 1H), 6.90 (d, J = 8.4 Hz, 1H), 6.88
(ddd, J = 8.4, 7.2, 1.2 Hz, 1H), 3.92 (s, 3H), 2.28 (s, 3H). 3C NMR (101 MHz, CDCl3) §
200.3, 162.9, 161.2, 135.7, 133.4, 132.1, 129.9, 129.7, 127.0, 119.5, 118.4, 118.3, 109.1,
55.6, 16.3. IR (thin film, CH2Cl,) 1625 cm™. HRMS (ESI) calcd for C16H1505 [M—H] m/z

241.0870; found 241.0877.

‘)‘\(IECOZMe
OMe
2.3ai

Methyl 5-(2-hydroxybenzoyl)-2-methoxybenzoate (2.3ai). Prepared using procedure A
with no hydrolysis. Yellow solid (0.113 g, 0.394 mmol, 49%). mp = 117-119 °C. Rf=0.07
(25% EtOAc/Hex with 2% acetic acid additive). 'H NMR (400 MHz, CDCl3) § 11.85 (s,
1H), 8.21 (d, J = 2.4 Hz), 7.89 (dd, J = 8.8, 2.4 Hz, 1H), 7.59 (dd, J = 8.0, 1.6 Hz, 1H),
7.52 (ddd, J = 8.4, 7.2, 1.6 Hz, 1H), 7.12-7.06 (m, 2H), 6.91 (ddd, J = 8.0, 7.2, 1.2 Hz,

1H), 4.01 (s, 3H), 3.91 (s, 3H). 1*C NMR (101 MHz, CDCls) § 199.3, 165.8, 163.1, 162.1,
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136.3, 135.2, 133.7, 133.2, 129.9, 120.1, 119.2, 118.9, 118.6, 111.9, 56.5, 52.5. IR (thin
film, CH.Cl2) 1731, 1626 cm™™. HRMS (ESI) calcd for CisH130s [M—H]™ m/z 285.0768;

found 285.0762.

OO

2.3aj

(2-hydroxyphenyl)(4-methoxy-3-(trifluoromethyl)phenyl)methanone (2.3aj). Prepared
using procedure A light yellow solid (0.083 g, 0.280 mmol, 35%). mp = 68-70 °C. R¢ =
0.34 (20% EtOAc/Hex). H NMR (400 MHz, CDCl3) 6 11.79 (s, 1H), 7.99 (d, J = 1.9 Hz,
1H), 7.91 (dd, J = 8.6, 1.9 Hz, 1H), 7.59-7.49 (m, 2H), 7.12 (d, J = 8.7 Hz, 1H), 7.09 (d, J
= 8.4 Hz, 1H), 6.91 (t, J = 7.6 Hz, 1H), 4.01 (s, 3H). 13C NMR (101 MHz, CDCl3) § 199.0,
163.2, 160.6, 136.5, 135.3, 133.0, 129.9, 129.2 (9, J =5.3 Hz), 1245, 121.8, 119.2 - 118.8
(m), 118.7, 111.7, 56.5. IR (thin film, CH2Cl;) 1632 cm™. HRMS (ESI) calcd for

C16H1604 [M—H] m/z 295.0588, found 295.0598.

OH O

o™

2.3ak

(2,5-dimethylphenyl)(2-hydroxyphenyl)methanone (2.3ak). Prepared using procedure C.
Due to low yield, the product was unable to be fully purified, and is obtained with minor
impurities. Brown oil (0.026 g, 0.114 mmol, 14%). Rt = 0.43 (10% EtOAc/Hex). *H NMR
(400 MHz, CDCls) 6 12.26 (s, 1H), 7.49 (ddd, J = 8.8, 7.6, 1.6 Hz, 2H), 7.31 (dd, J = 8.0,
1.6 Hz, 1H), 7.21 (dd, J = 8.0, 2.0 Hz, 1H), 7.18 (d, J = 7.6 Hz, 1H), 7.07 (br s, 1H), 7.05

(dd, J = 8.0, 0.8 Hz, 1H), 2.35 (s, 3H), 2.24 (s, 3H). 3C NMR (101 MHz, CDCls) § 204.8,
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163.4, 137.9, 136.8, 135.1, 133.9, 132.4, 131.0, 130.9, 128.0, 120.1, 119.0, 118.4, 21.0,
19.2. IR (neat) 1629 cm™*. HRMS (ESI) calcd for C1sH130, [M—H]™ m/z 225.0921; found

225.0932.

OH O

opo8

2.3al

(2-fluoro-5-methylphenyl)(2-hydroxyphenyl)methanone (2.3al). Prepared using procedure
C. Brown oil (0.024 g, 0.104 mmol, 9%). Rt = 0.47 (10% EtOAc/Hex). *H NMR (400 MHz,
CDCl3) 8 11.98 (s, 1H), 7.51 (ddd, J = 8.8, 7.2, 1.6 Hz, 1H), 7.43 (ddd, J = 8.0, 2.8, 1.6 Hz,
1H), 7.32 (ddddd, J = 8.0, 7.2, 4.8, 2.4, 0.4 Hz, 1H), 7.25 (dd, J = 6.4, 2.0 Hz, 1H), 7.07 (t,
J=9.2 Hz, 1H), 7.05 (dd, J = 8.4, 0.8 Hz, 1H), 6.86 (ddd, J = 8.4, 7.2, 1.2 Hz, 1H), 2.38
(s, 3H). 13C NMR (101 MHz, CDCls) § 199.0, 163.1, 157.2 (d, Jc_r = 247.3), 137.1, 134.2
(d, Jc-r = 3.7 Hz), 133.6 (d, Jcr = 6.2 HZz), 133.5 (d, Jc_r = 12.0 Hz), 130.1 (d, Jcr = 2.7
Hz), 126.1 (d, Jc r = 15.9 Hz), 119.9, 119.2, 118.4, 116.1 (d, J = 21.5 Hz), 20.7. *°F {'H}
NMR (377 MHz, CDCls) § —117.56. IR (neat) 1629 cm™t. HRMS (QTOF) calcd for
CuH11FO2 [M—H]™ m/z 230.0738; found 230.0742. “Through-space” ®Jc r coupling has

been reported in the literature. %6167

OH O OH O OH O Me
‘E /u\ ‘: “ /U\ 'l Me il ,lL il
Me
2.3am1 2.3am2 2.3am3

(2-hydroxyphenyl)(o-tolyl)methanone (2.3am1), (2-hydroxyphenyl)(m-tolyl)methanone
(2.3aa2), (2-hydroxyphenyl)(p-tolyl)methanone (2.3am3). Prepared using procedure B.

Yellow oil (0.128 g, 0.601 mmol, 50%) as an inseparable mixture of regioisomers (1:17:17
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2.3am1:2.3am2:2.3am3). Rr = 0.44 (5% EtOAc/Hex). *H NMR (500 MHz, CDCls)
2.3am1: 5 12.03 (s, 1H), 2.45 (s, 3H); 2.3am2: § 12.05 (s, 1H), 7.31 (dd, J = 8.0, 0.5 Hz,
2H), 2.44 (s, 3H); 2.3am3: § 12.25 (s, 1H), 6.81 (ddd, J = 8.5, 8, 1 Hz, 1H), 2.30 (s, 3H);
Overlapping signals from 2.3am1 and 2.3am2: 6 7.63-7.58 (m), 7.53-7.44 (m), 7.41-7.36
(m), 7.07 (m), 6.87 (m). *C NMR (126 MHz, CDCls, only 2.3am1 and 2.3am2 observed)
6202.0,201.5,163.3,163.2, 142.9, 138.4, 138.1, 136.4, 136.2, 135.3, 133.8, 133.7, 132.8,
129.7, 129.6, 129.2, 128.3, 126.5, 119.42, 119.36, 118.74, 118.68, 118.49, 118.48, 21.8,

21.5. IR (neat) 1626 cm™. HRMS (ESI) calcd for C14H110, [M—H]™ m/z 211.0765; found

211.0769.
OH O OH O OMe
2.3an1 OMe 2.3an3

(2-hydroxyphenyl)(4-methoxyphenyl)methanone (2.3anl), (2-hydroxyphenyl)(2-
methoxyphenyl)methanone (2.3an3). Prepared using procedure C in the same reaction as
2.3an2; isolated by column chromatography as an inseparable mixture (10:1
2.3an1:2.3an3). Brown oil (0.164 g, 0.719 mmol, 60%) . Rs = 0.24 (8% Et,O/Hex). H
NMR (400 MHz, CDCl3) 2.3an1: 5 11.96 (s, 1H), 7.74-7.70 (m, 2H), 7.63 (dd, J = 8.0, 2.0
Hz, 1H), 7.49 (ddd, J = 8.8, 7.2, 1.6 Hz, 1H), 7.06 (d, J = 8.4 Hz, 1H), 7.02-6.97 (m, 2H),
6.88 (ddd, J = 8.4, 7.2, 1.2 Hz), 3.90 (s, 3H); 2.3an3: & 12.17 (s, 1H), 7.33 (dd, J = 8.0, 1.7
Hz, 1H), 7.29 (dd, J = 7.5, 1.8 Hz, 1H), 6.80 (ddd, J = 8.1, 7.2, 1.1 Hz, 1H), 3.78 (s, 3H).
13C NMR (101 MHz, CDCls, only 2.3an1 observed) § 200.2, 163.1, 136.0, 133.4, 132.0,
130.5, 119.5, 118.6, 118.5, 113.8, 55.7. IR (neat) 1625 cm™. HRMS (ESI) calcd for

C14H1103 [M—H] m/z 227.0717; found 227.0711.
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OH O

2.3an2

(2-hydroxyphenyl)(3-methoxyphenyl)methanone (2.3an2). Prepared using procedure C in
the same reaction as 2.3anl; isolated by column chromatography. Brown oil (0.038 g,
0.166 mmol, 14%). R¢ = 0.32 (8% Et,O/Hex). *H NMR (400 MHz, CDCl3) § 11.99 (s, 1H),
7.62 (dd, J = 8.0, 1.2 Hz, 1H), 7.51 (app t, J = 8.4 Hz, 1H), 7.41 (t, J = 8.0 Hz, 1H), 7.23
(d, J = 6.8 Hz, 1H), 7.20 (m, 1H) 7.12 (dd, J = 8.4, 2.4 Hz, 1H), 7.07 (d, J = 8.4 Hz, 1H),
6.87 (t, J = 8.0 Hz, 1H) 3.86 (s, 3H). 13C NMR (101 MHz, CDCls) 5 201.5, 163.4, 159.7,
139.3, 136.5, 133.7, 129.5, 121.8, 119.3, 118.8, 118.5, 118.1, 114.1, 55.6. IR (neat) 1626

cm™t. HRMS (ESI) calcd for C14H1:03 [M—H]™ m/z 227.0717; found 227.0714.

OH O

2.3a0

(4-(dimethylamino)phenyl)(2-hydroxyphenyl)methanone  (2.3a0).  Prepared  using
procedure C with no hydrolysis. Yellow solid (0.167 g, 0.692 mmol, 87%). mp = 58-60
°C. Rf = 0.33 (20% ethyl acetate in hexanes), 0.45 (3% EtOAc/benzene). *H NMR (400
MHz, CDCl3) § 12.00 (s, 1H), 7.75-7.70 (m, 2H), 7.68 (dd, J = 8.0, 1.6 Hz, 1H), 7.45 (ddd,
J=84,72, 16 Hz, 1H), 7.05 (dd, J = 8.4, 0.8 Hz, 1H), 6.87 (ddd, J = 8.0, 7.2, 1.2 Hz,
1H), 6.74-6.69 (m, 2H), 3.09 (s, 6H). 3C NMR (101 MHz, CDCls) 5 199.0, 162.7, 153.3,
135.1, 133.2, 132.5, 125.0, 120.1, 118.4, 118.2, 110.8, 40.2. IR (thin film, CH2Cl2) 1621

cm ™. HRMS (ESI) calcd for C1sH14NO, [M—H]™ m/z 240.1030; found 240.1033.
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OH O OH O OMe
2.3ap1 OMe 2.3ap2 OMe
OMe

(3,4,5-trimethoxyphenyl)(2-hydroxyphenyl)methanone (2.3apl), (2,3,4-trimethoxy)(2-
hydroxyphenyl)methanone (2.3ap2). Prepared using procedure A. Yellow oil (0.176 g,
0.610 mmol, 76%) as an inseparable mixture of isomers (5:1 2.3apl:2.3ap2). Rf = 0.22
(15% EtOAc/Hex). 2.3apl: *H NMR (500 MHz, CDCl3) 6 11.87 (s, 1H), 7.67 (dd, J = 6.4,
1.2 Hz, 1H), 7.52 (ddd, J = 7.0, 5.7, 1.4 Hz, 1H), 7.09 (d, J = 6.7 Hz, 1H), 6.94 (s, 2H),
6.90 (t, J = 6.0 Hz, 1H), 3.95 (s, 3H), 3.90 (s, 6H); 2.3ap2: 5 12.18 (s, 1H), 7.48 (ddd, J =
6.9, 5.7, 1.4 Hz, 1H), 7.41 (dd, J = 6.4, 1.2 Hz, 1H), 7.03 (d, J = 6.8 Hz, 2H), 6.83 (t, J =
5.9 Hz, 1H), 6.74 (d, J = 6.8 Hz, 1H), 3.93 (s, 3H), 3.92 (s, 3H), 3.83 (s, 3H). *C NMR
(126 MHz, CDCl3) 2.3apl: 6 200.7, 163.3, 153.1, 141.7, 136.4, 133.4, 133.1, 119.3, 118.6,
107.1, 61.2, 56.5; 2.3ap2: 6 201.0, 163.1, 156.1, 151.9, 142.3, 136.6, 133.9, 125.7, 124.1,
120.4, 118.8, 118.2, 106.9, 62.1, 56.3. IR (neat) 1625 cm™. HRMS (ESI) calcd for

C16H1505 [M—H]™ m/z 287.0925; found 287.0931.

Fen &Y

2.3aq1 2.3aqg2

(2-hydroxyphenyl)(napthanlen-2-yl)methanone (2.3aql), (2-hydroxyphenyl)(naphthalen-
1-yl)methanone (2.3aq2). Prepared using procedure A. Yellow solid (0.150 g, 0.61 mmol,
78%) as an inseparable mixture of isomers (>20:1 ratio). mp = 80-82 °C. Rt = 0.19 (4%
EtOAc/Hex). 'H NMR (400 MHz, CDCls) 2.3aq1: § 12.04 (s, 1H), 8.19 (br s, 1H), 7.99—

7.91 (m, 3H), 7.78 (dd, J = 8.8, 2.0 Hz, 1H), 7.68 (dd, J = 8.0, 1.6 Hz, 1H), 7.66-7.56 (m,
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2H), 7.54 (ddd, J = 8.8, 7.2, 1.6 Hz, 1H), 7.11 (dd, J = 8.4, 1.2 Hz, 1H), 6.90 (ddd, J = 8.0,
7.2, 1.2 Hz, 1H); 2.3ag2:  12.34 (s, 1 H). *C NMR (101 MHz, CDCls, only 2.3aql
observed) & 201.6, 163.4, 136.5, 135.3, 135.0, 133.8, 132.3, 130.6, 129.3, 128.5, 128.4,
128.0, 127.2, 125.5, 119.5, 118.9, 118.6. IR (thin film, CH:Cl,) 1625 cm't. HRMS (ESI)

calcd for C15H1403 [M—H]™ m/z 247.0765; found 247.0767.

SR
N

23ar1
(2-hydroxyphenyl)(1-methyl-1H-pyrrol-3-yl)methanone  (2.3arl). Prepared using
procedure B in the same reaction as 2.3ar2; isolated by column chromatography. Brown
oil (0.143 g, 0.71 mmol, 59%). Rt = 0.24 (20% EtOAc/Hex). *H NMR (400 MHz, CDCls)
§12.22 (s, 1H), 7.94 (dd, J = 8.0, 1.6 Hz, 1H), 7.44 (ddd, J = 8.8, 7.2, 1.6 Hz, 1H), 7.28 (t,
J=2.0Hz, 1H), 7.02 (dd, J = 8.0, 0.8 Hz, 1H), 6.90 (ddd, J = 8.0, 7.2, 1.2 Hz, 1H), 6.70-
6.65 (m, 2H), 3.74 (s, 3H). 3C NMR (101 MHz, CDCl3) & 193.8, 162.5, 135.0, 131.9,
128.5, 123.8, 123.4, 120.7, 118.6, 118.2, 111.6, 36.9. IR (neat) 1621 cm™. HRMS (ESI)

calcd for C12H11NO2 [M—H]™ m/z 200.0717; found 200.0720.

OH O Me
[
N

SRy

2.3ar2

(2-hydroxyphenyl)(1-methyl-1H-pyrrol-2-yl)methanone (2.3ar2).Prepared using
procedure B in the same reaction as 2.3ar1; isolated by column chromatography. Brown
oil (0.018 g, 0.09 mmol, 7%). R = 0.48 (20% EtOAc/Hex). 'H NMR (400 MHz, CDCls) &
11.76 (s, 1H), 7.88 (dd, J = 8.0, 1.6 Hz, 1H), 7.45 (ddd, J = 8.8, 7.6, 1.6 Hz, 1H), 7.01 (dd,
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J=8.0,0.8 Hz, 1H), 6.94 (t, J = 2.0 Hz, 1H), 6.89 (ddd, J = 8.0, 7.2, 1.2 Hz, 1H), 6.83 (dd,
J=4.0, 1.6 Hz, 1H), 6.20 (dd, J = 4.0, 2.4 Hz, 1H), 3.97 (s, 3H). 3C NMR (101 MHz,
CDCl3) 6 188.9, 162.2, 134.9, 132.3, 131.7, 129.7, 122.7, 120.7, 118.5, 118.0, 108.5, 37.1.
IR (thin film, CH2Cl;) 1621 cm™. HRMS (ESI) calcd for Ci2H1:NO, [M—H]™ m/z

200.0717; found 200.07109.

OH O O
(L,
23as
(2-hydroxyphenyl)(1-methyl-1H-indol-3-yl)methanone (2.3as). Prepared using procedure
A. Brown solid (0.146 g, 0.581 mmol, 73%). mp = 111-116 °C. Rt = 0.47 (50%
EtOAc/Hex). *H NMR (400 MHz, CDCls) 6 12.03 (s, 1H), 8.33 — 8.26 (m, 1H), 7.85 (dd,
J=8.0, 9.6 Hz, 1H), 7.63 (s, 1H), 7.46 (ddd, J = 8.8, 7.6, 2.0 Hz), 7.40 — 7.31 (m, 3H),
7.05 (dd, J = 8.4, 1.2 Hz, 1H), 6.91 (ddd, J = 8.4, 7.6, 1.2 Hz, 1H), 3.86 (s, 3H). 3C NMR
(101 MHz, CDCls) 6 193.6, 162.0, 137.5, 137.0, 134.7, 131.5, 127.4, 123.9, 122.9, 122.5,
121.5, 118.7, 118.2, 114.8, 109.9, 33.8. IR (thin film, CH2Cl2) 1679 cm™*. HRMS (ESI)

calcd for C16H13NO2 [M—H]™ m/z 250.0874; found 250.0873.
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Meta-Xylene Acylation Products:

For all acylations of m-xylene, yield determined for the desired products based on relative

integration in the *H NMR.

2.3bb1 2.3bb2

(3,5-dimethylphenyl)(2-hydroxy-4-methylphenyl)methanone (2.3bb1), (2,4-
dimethylphenyl)(2-hydroxy-4-methylphenyl)methanone  (2.3bb2): Prepared using
procedure C; isolated by column chromatography. Yellow solid (0.086g, 0.358 mmol,
45%), as an inseparable mixture (2.3:1 2.3bb1/2.3bb2:2.3aal, 10:1 2.3bb1:2.3bb2). Rf =
0.36 (5% EtOAc/Hex). *H NMR (500 MHz, CDCls) 2.3bb1: & 12.15 (s, 1H), 7.48 (d, J =
8.1 Hz, 1H), 7.26-7.22 (m, 2H), 7.20 (m, 1H), 6.88-6.85 (m, 1H), 6.68 (dd, J = 8.2, 1.6
Hz, 1H), 2.39 (s, 3H), 2.38 (s, 6H); 2.3bb2: & 11.95 (s, 1H). *C NMR (126 MHz, CDCls,
only 2.3bbl observed) 6 201.7, 163.5, 148.0, 138.3, 138.1, 133.7, 133.4, 126.9, 120.0,
118.5,117.2, 22.1, 21.4. IR (neat) 1624 cm™. HRMS (ESI) calcd for C16H1602 [M—H]™ m/z

239.1078, found 239.1086.

Me
2.3bc1 2.3bc2

(3,5-dimethylphenyl)(2-hydroxy-4-methoxyphenyl)methanone  (2.3bc1) , (2,4-
dimethylphenyl)(2-hydroxy-4-methoxyphenyl)methanone (2.3bc2). Prepared using

procedure C; isolated by column chromatography. Brown oil (0.0769g, 0.300 mmol, 38%),
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as an inseparable mixture (4:1 2.3bc1/2.3bc2:2.3aal, 10:1 2.3bc1:2.3bc2). Rr = 0.28 (5%
EtOAc/Hex). 'H NMR (500 MHz, CDCls) 2.3bcl: § 12.72 (s, 1H), 7.52 (d, J = 9.0 Hz),
7.22 (brs, 2H), 6.51 (d, J = 2.5 Hz, 1H), 6.41 (dd, J = 9.0, 2.5 Hz, 1H), 3.86 (s, 3H), 2.38
(s, 6H); 2.3bc2: & 12.83 (s, 1H), 3.85 (s, 3H), 2.38 (s, 6H). 13C NMR (126 MHz, CDCls,
only 2.3bcl observed) 6 200.7, 166.4, 166.3, 138.5, 135.5, 133.9, 133.2, 126.7, 113.4,
107.4,101.2, 55.8, 21.4. IR (neat) 1621 cm™. HRMS (ESI) calcd for C16H1503 [M—H]™ m/z

256.1099, found 255.1036.

2.3bd" 2.3bd2

(3,5-dimethylphenyl)(4-fluoro-2-hydroxyphenyl)methanone (2.3bd1), (2,4-
dimethylphenyl)(4-fluoro-2-hydroxyphenyl)methanone  (2.3bd2).  Prepared  using
procedure C; isolated by column chromatography. Yellow oil (0.102g, 0.416 mmol, 52%),
as an inseparable mixture (4:1 2.3bd1/2.3bd2:2.3aal, >20:1 2.3bd1:2.3bd2). R = 0.32
(5% EtOAc/Hex). 'H NMR (500 MHz, CDCls) 2.3bd1: § 12.46 (d, 54 ¢ = 1.5 Hz, 1H),
7.62 (dd, J = 9.0, 6.6 Hz, 1H), 7.24-7.23 (m, 2H), 7.23-7.21 (m, 1H), 6.74 (dd, J = 10.4,
2.5 Hz, 1H), 6.58 (ddd, J = 9.0, 8.0, 2.5 Hz, 1H) 2.39 (s, 6H); 2.3bd2: & 12.63 (d, 5Jn r =
1.4 Hz, 1H), 2.39 (s, 6H). °F NMR (471 MHz, CDCls) -98.79 (q, J = 8.6 Hz). 13C NMR
(126 MHz, CDCls, only 2.3bd1 observed) & 201.2, 167.5 (d, 1Jc_r = 257.1 Hz), 165.9 (d,
8)cF=14.2 Hz), 138.3, 138.0, 136.2 (d, 3Jc_¢ = 11.7 Hz), 126.8, 116.5 (d, *Jc_r = 2.2 Hz),

107.0 (d, 2Jc.f = 22.5 Hz), 105.1 (d, 2Jc.r = 23.8 Hz), 21.4. 2°F NMR (471 MHz, CDCls)
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—99.43 (g, J = 8.3 Hz). IR (neat) 1623 cm™. HRMS (ESI) calcd for C1sH1sFO2 [M—H]™ m/z

243.0827, found 243.0833.

Me
2.3be1 2.3be2

(3,5-dimethylphenyl)(2-hydroxy-4-(trifluoromethyl)phenyl)methanone  (2.3bel), (2,4-
dimethylphenyl)(2-hydroxy-4-(trifluoromethyl)phenyl)methanone  (2.3be2). Prepared
using procedure C; isolated by column chromatography. Brown oil (0.105g, 0.357 mmol,
45%), as an inseparable mixture (7:1 2.3bel/2.3ed2:2.3aal, 13:1 2.3bel:2.3be2). Rf=0.39
(5% EtOAc/Hex). tH (500 MHz, CD2Cl,) 2.3bel: 6 11.99 (s, 1H), 7.77 (d, J = 8.3 Hz, 1H),
7.32(d, J = 1.3 Hz, 1H), 7.29 (s, 3H), 7.14 (dd, J = 8.3, 1.4 Hz, 1H), 2.40 (s, 3H); 2.3be2:
§12.26 (s, 1H), 7.18 (d, J = 7.8 Hz, 1H), 7.17 (s, 1H), 7.07 (dd, J = 8.4, 1.8 Hz, 1H), 2.40
(s, 6H). 3C (126 MHz, CD:Cl,, only 2.3bel observed) 5 201.1, 163.4, 139.0, 137.8, 137.2
(9, 2Jcr = 32.8 Hz), 135.0, 134.8, 127.5, 127.4, 123.8 (q, YJc_r = 273.4 Hz), 116.0 (q, 3Jc-
£ = 3.9 Hz), 1155 (g, 3Jc r = 3.6 Hz), 21.5. °F (471 MHz, CD.Cl) 2.3bel: 5 —64.13;

2.3be2: § —64.18. IR (neat) 1639 cm™. HRMS (ESI) calcd for Ci6H13Fs02 [M—H]™ m/z

2.3bf

293.0795, found 293.07809.

(3,5-dimethylphenyl)(2,4-dihydroxyphenyl)methanone (2.3bf). Prepared using procedure

C; isolated by column chromatography. Yellow solid (0.0306g, 0.126 mmol, 16%). R¢ =
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0.16 (10% EtOAc/Hex). *H NMR (500 MHz, Acetone-ds) 8 12.70 (s, 1H), 9.64 (br s, 1H),
7.52-7.48 (m, 1H), 7.25 (s, 1H), 7.24 (s, 2H), 6.45-6.41 (m, 2H), 2.38 (s, 6H). 3C NMR
(126 MHz, Acetone-ds) § 201.2, 167.3, 165.8, 139.5, 138.9, 136.9, 133.7, 127.2, 113.5,
108.7, 103.8, 21.3. IR (neat) 1623 cm™. HRMS (ESI) calcd for CisH1403 [M-H]™ m/z

241.0870, found 241.0874.

2.3bg1 2.3bg2

(3,5-dimethylphenyl)(4-chloro-2-hydroxyphenyl)methanone (2.3bgl), (2,4-
dimethylphenyl)(4-chloro-2-hydroxyphenyl)methanone  (2.3bg2).  Prepared  using
procedure C; isolated by column chromatography. Brown solid (0.0897g, 0.344 mmol,
43%), as an inseparable mixture (18:1 2.3bg1/2.3bg2:2.3aal, 20:1 2.3bg1:2.3bg2). Rf =
0.40 (5% EtOAc/Hex). H NMR (500 MHz, CDCls) 2.3bgl: § 12.22 (s, 1H), 7.54 (d, J =
8.6 Hz, 1H), 7.24 (br s, 2H), 7.23 (br s, 1H), 7.08 (d, J = 2.0 Hz, 1H), 6.85 (dd, J = 8.6, 2.1
Hz, 1H), 2.39 (s, 6H); 2.3bg2: § 12.42 (s, 1H), 2.28 (s, 3H). *C NMR (126 MHz, CDCls,
only 2.3bgl observed) 6 201.5, 164.0, 142.2, 138.4, 137.8, 134.7, 134.0, 126.9, 119.4,
118.6, 118.0, 21.4. IR (neat) 1618 cm™. HRMS (ESI) calcd for C1sH13ClO2 [M—H]™ m/z

259.0531, found 259.0533.
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2.3bh1 2.3bh2

(3,5-dimethylphenyl)(2-hydroxy-5-methylphenyl)methanone (2.3bhl), (2,4-
dimethylphenyl)(2-hydroxy-5-methylphenyl)methanone  (2.3bh2). Prepared using
procedure C; isolated by column chromatography. Yellow solid (0.0574g, 0.239 mmol,
30%), as an inseparable mixture (1.8:1 2.3bh1/2.3bh2:2.3aal, 18:1 2.3bh1:2.3bh2). R¢ =
0.37 (5% EtOAc/Hex). *H NMR (500 MHz, CDCls) 2.3bh1: & 11.87 (s, 1H), 7.36 (d, J =
1.9 Hz, 1H), 7.31 (dd, J = 8.5, 2.3 Hz, 1H), 7.26 (m, 1H), 7.22 (br s, 1H), 6.97 (d, J = 8.4
Hz, 1H), 2.39 (s, 6H), 2.25 (s, 3H); 2.3bh1: & 12.12 (s 1H). *3C NMR (126 MHz, CDCls,
only 2.3bhl observed) 6 202.3, 161.2, 138.3, 137.4, 133.5, 133.4, 127.8, 126.9, 119.1,
118.4,118.2, 21.4, 20.6. IR (neat) 1630 cm™. HRMS (ESI) calcd for C16H1602 [M—H]~ m/z

239.1078, found 239.10809.

S A,

OMe Me OMe
2.3bi1 2.3bi2
(3,5-dimethylphenyl)(2-hydroxy-5-methoxyphenyl)methanone (2.3bil), (2,4-

dimethylphenyl)(2-hydroxy-5-methoxyphenyl)methanone  (2.3bi2). Prepared using
procedure C; isolated by column chromatography. Orange oil (0.085g, 0.331 mmol, 41%),
as an inseparable mixture (2.6:1 2.3bi1/2.3bi2:2.3aal, >20:1 2.3bi1:2.3bi2). Rf= 0.26(5%
EtOAc/Hex). 'H NMR (500 MHz, CDCl3) & 11.61 (s, 1H), 7.29 (br s, 2H), 7.22 (br s, 1H),
7.14 (dd, J = 9.1, 3.1 Hz, 1H), 7.08 (d, J = 3.1 Hz, 1H), 7.01 (d, J = 9.1 Hz, 1H), 3.70 (5,
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3H), 2.39 (s, 6H) 2.3bi2: 5 11.89 (s, 1H), 3.64 (s, 3H), 2.30 (s, 3H). 3C NMR (126 MHz,
CDCls, only 2.3bil observed) & 201.8, 157.6, 151.5, 138.2, 138.1, 133.7, 126.9, 124.1,
119.3, 119. 0, 116.6, 56.1, 21.4. IR (neat) 1626 cm™.. HRMS (ESI) calcd for C16H1603 [M—

H]™ m/z 255.1027, found 255.1034.

OH O OH O Me
SAPANGAD
Me
(o] Me cl
2.3bj1 2.3bj2
(3,5-dimethylphenyl)(5-chloro-2-hydroxyphenyl)methanone (2.3bj1), (2,4-

dimethylphenyl)(5-chloro-2-hydroxyphenyl)methanone  (2.3bj2).  Prepared  using
procedure C; isolated by column chromatography. Yellow solid (0.092g, 0.351 mmol,
44%), as an inseparable mixture (5.5:1 2.3bj1/2.3bj2:2.3aal, 19:1 2.3bj1:2.3bj2). Rf =
0.39 (5% EtOAc/Hex). *H NMR (500 MHz, CDCls) 2.3bj1: & 11.94 (s, 1H), 7.56 (d, J =
2.6 Hz, 1H), 7.44 (dd, J = 8.9, 2.7 Hz, 1H), 7.25 (m, 3H), 7.02 (d, J = 8.9 Hz, 1H), 2.40 (s,
6H); 2.3bj2:z § 12.18 (s, 1H), 2.29 (s, 3H). 3C NMR (126 MHz, CDCls, only 2.3bj1
observed) 6 201.3, 161.8, 138.5, 137.5, 136.2, 134.1, 132.6, 126.8, 123.4, 120.10, 120.08,

21.4. IR (neat) 1621 cm™. HRMS (ESI) calcd for C1sH13CIO2 [M—H]™ m/z 259.0531, found

259.0535.
OH O OH O Me
oo U
Me
Me
2.3bk1 2.3bk2
(3,5-dimethylphenyl)(2-hydroxy-3-methylphenyl)methanone (2.3bk1), (2,4-

dimethylphenyl)(2-hydroxy-3-methylphenyl)methanone  (2.3bk2). Prepared using
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procedure C; isolated by column chromatography. Brown oil (0.082g, 0.343 mmol, 43%),
as an inseparable mixture (3:1 2.3bk1/2.3bk2:2.3aal, 10:1 2.3bk1:2.3bk2). Rs = 0.45 (5%
EtOAc/Hex). 'H NMR (500 MHz, CDCl3) & 12.15 (s, 1H), 7.48 (d, J = 8.2 Hz, 1H), 7.25
(br s, 2H), 7.20 (br s, 1H) 6.87 (m, 1H), 6.68 (dd, J = 8.0, 0.9 Hz, 1H), 2.38 (s, 6H), 2.37
(s, 3H); 2.3bk2: & 11.95 (s, 1H), 7.55 (s, 1H), 6.95 (s, 2H), 2.40 (s, 9H). C NMR (126
MHz, CDCls, only 2.3bk1 observed) 6 201.8, 163.5, 148.0, 138.3, 138.1, 133.7, 133.4,
126.9, 126.8, 120.0, 118.4, 117.2, 22.1. IR (neat) 1618 cm™. HRMS (ESI) calcd for

C16H1602 [M—H]™ m/z 239.1078, found 239.1073.
1,2-Dimethoxybenzene Acylation Products:

e

2.3cb

(3,4-dimethoxyphenyl)(2-hydroxy-4-methylphenyl)methanone (2.3cb). Prepared using
procedure A; isolated by column chromatography. Light yellow solid (0.169g, 0.616
mmol, 77%). mp = 135-138 °C. R¢ = 0.39 (30% EtOAc/Hex). *H NMR (400 MHz, CDCl3)
§12.00 (s, 1H), 7.55 (d, J = 8.1 Hz, 1H), 7.36-7.23 (m, 2H), 6.94 (d, J = 8.1 Hz, 1H), 6.88
(s, 1H), 6.70 (d, J = 8.2 Hz, 1H), 3.97 (s, 3H), 3.94 (s, 4H), 2.38 (s, 3H). 13C NMR (101
MHz, CDCI3) 6 199.6, 163.2, 152.5, 149.0, 147.6, 133.3, 130.7, 124.1, 119.9, 118.5, 117.2,
112.1, 110.1, 56.2, 56.1, 22.0. IR (thin film, CH2Cl>) 1625 cm™t. HRMS (ESI) calcd for

C16H1604 [M—H] m/z 271.0976, found 271.0977.
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OH O
“O o
MeO 23cc OMe

(3,4-dimethoxyphenyl)(2-hydroxy-4-methoxyphenyl)methanone (2.3cc). Prepared using
procedure A; isolated by column chromatography. Light yellow solid (0.183 g, 0.640
mmol, 80%). mp = 135-137 °C. R¢ = 0.29 (30% EtOAc/Hex). *H NMR (400 MHz, CDCl3)
§12.62 (s, 1H), 7.59 (d, J = 9.0 Hz, 1H), 7.31-7.23 (m, 1H), 6.94 (d, J = 8.1 Hz, 1H), 6.52
(d, J = 2.5 Hz, 1H), 6.43 (dd, J = 8.9, 2.5 Hz, 1H), 3.97 (s, 3H), 3.94 (s, 3H), 3.87 (s, 3H).
13C NMR (101 MHz, CDCls) § 198.7, 166.2, 166.0, 152.3, 149.1, 135.1, 130.9, 123.7,
113.4, 112.0, 110.1, 107.3, 101.3, 56.2, 56.2, 55.7. IR (thin film, CH2Cl,) 1623 cm™.

HRMS (ESI) calcd for C1sH160s [M—H]™ m/z 287.0925, found 287.0922.

OH O

OMe

F 2.3cd OMe
(3,4-dimethoxyphenyl)(4-fluoro-2-hydroxyphenyl)methanone (2.3cd). Prepared using
procedure A, isolated by column chromatography. Light yellow solid (0.656 mmol, 0.182
g, 82%). mp = 103-105 °C. Ry = 0.37 (30% EtOAc/Hex). H NMR (400 MHz, CDCls) &
12.31 (s, 1H), 7.69 (dd, J = 8.9, 6.6 Hz, 1H), 7.31 — 7.25 (m, 2H), 6.95 (d, J = 8.2 Hz, 1H),
6.75 (dd, J = 10.4, 2.5 Hz, 1H), 6.60 (td, J = 8.6, 2.6 Hz, 1H), 3.98 (s, 3H), 3.94 (s, 3H).
13C NMR (101 MHz, CDCl3) § 198.9, 168.5, 165.9, 165.5 (d, J = 14.3 Hz), 152.8, 149.2,

135.6 (d, J =11.6 Hz), 130.3, 124.1, 116.4 (d, J = 2.3 Hz), 111.0 (d, J = 189.5 Hz), 106.7

,J = . Z), . ,J = . Z), 2, A Z, 3
(d, J = 22.5 Hz), 105.1 (d, J = 23.8 Hz), 56.2, 56.1. °F {*H} NMR (376 MHz, CDCls) &
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—100.00. IR (thin film, CHCl) 1628 cm™t. HRMS (ESI) calcd for C15H13FO4 [M—H]™ m/z

275.0725, found 275.0724.

OH O
WOOM
Fs;C 2 3ce OMe

(3,4-dimethoxyphenyl)(2-hydroxy-4-(trifluoromethyl)phenyl)methanone (2.3ce).
Prepared using procedure A, isolated by column chromatography. Yellow solid (0.230 g,
0.705 mmol, 88%). mp = 74-76 °C. R¢ = 0.37 (30% EtOAc/Hex). 'H NMR (400 MHz,
CDCl3) & 11.78 (s, 1H), 7.79 (dd, J = 8.3, 1.0 Hz, 1H), 7.36-7.31 (m, 3H), 7.13 (dd, J =
8.3, 1.8 Hz, 1H), 6.96 (d, J = 8.8 Hz, 1H), 3.99 (s, 3H), 3.95 (s, 3H). 3C NMR (101 MHz,
CDCl3) 5 199.0, 162.7, 153.4, 149.4, 136.7 (q, J = 33.0 Hz), 133.8, 129.8, 124.8, 123.3 (q,
J=2735Hz),121.7, 115.8 (g, J = 3.9 Hz), 114.9 (g, J = 3.6 Hz), 112.1, 110.2, 56.3, 56.2.
19F {'H} NMR (376 MHz, CDCls) & —63.78. IR (thin film, CH2Cl») 1638 cmt. HRMS

(ESI) calcd for C16H13F304 [M—H]™ m/z 325.0693, found 325.0689.

OH O
jsgon
HO 2 3¢f OMe

(3,4-dimethoxyphenyl)  (2,4-dihydroxyphenyl)methanone (2.3cf). Prepared using
procedure A; isolated by column chromatography. Light yellow solid (0.146 g, 0.536
mmol, 67%). mp = 174-172 °C. R¢ = 0.36 (40% EtOAc/Hex). 'H NMR (400 MHz,
Acetone-ds) 8 12.51 (s, 1H), 7.47 (d, J = 9.0 Hz, 1H), 7.18-7.11 (m, 2H), 6.95 (d, J = 8.9
Hz, 1H), 6.34-6.27 (m, 2H), 3.78 (s, 3H), 3.75 (s, 3H). 3C NMR (101 MHz, Acetone-ds)

01994, 167.0,165.5, 153.5, 150.1, 136.6, 131.6, 124.2, 113.5, 113.2, 111.5, 108.5, 103.9,
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56.3, 56.2. IR (thin film, CH2Cl) 1626 cm™. HRMS (ESI) calcd for C1sH140s [M—H]™ m/z

273.0768, found 273.0766.

OH O
OMe
CIOMe
(3,4-dimethoxyphenyl)(4-chloro-2-hydroxyphenyl)methanone (2.3cg). Prepared using
procedure A; isolated by column chromatography. Light yellow solid (0.108 g, 0.368
mmol, 46%). mp = 114-116 °C. R¢ = 0.37 (30% EtOAc/Hex). *H NMR (400 MHz, CDCl3)
8 12.06 (s, 1H), 7.60 (d, J = 8.6 Hz, 1H), 7.32-7.28 (m, 2H), 7.09 (d, J = 2.1 Hz, 1H), 6.95
(d, J = 8.1 Hz, 1H), 6.87 (dd, J = 8.6, 2.1 Hz, 1H), 3.98 (s, 3H), 3.94 (s, 3H). 1*C NMR
(101 MHz, CDCl3) 6 199.2, 163.7, 153.0, 149.3, 141.8, 134.3, 130.2, 124.3, 119.3, 118.6,

118.1, 112.1, 110.2, 56.3, 56.2. IR (thin film, CH2Cl,) 1622 cm™. HRMS (ESI) calcd for

C15H13ClO4 [M—H]™ m/z 291.0430, found 291.0432.

OH O
l l OMe
OMe
Me
2.3ch

(3,4-dimethoxyphenyl)(2-hydroxy-5-methylphenyl)methanone (2.3ch). Prepared using
procedure A; isolated by column chromatography. Light yellow solid (0.211 g, 0.776
mmol, 97%). mp = 113-116 °C. R¢ = 0.34 (30% EtOAc/Hex). *H NMR (400 MHz, CDCls)
§11.68 (s, 1H), 7.44 (d, J = 1.9 Hz, 1H), 7.35-7.29 (m, 3H), 6.98 (d, J = 8.4 Hz, 1H), 6.95
(d, J = 8.2 Hz, 1H), 3.98 (s, 3H), 3.94 (s, 3H), 2.28 (s, 3H). 2*C NMR (101 MHz, CDCl5)

0 200.0, 160.9, 152.7, 149.1, 137.0, 133.1, 130.7, 127.7, 124.3, 119.2, 118.2, 112.2, 110.1,
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56.2, 56.2, 20.7. IR (thin film, CH2Cl;) 1630 cm™. HRMS (ESI) calcd for CigH1604

[M—H] m/z 271.0976, found 271.0982.

OH O
l l OMe
OMe
OMe
2.3ci

(3,4-dimethoxyphenyl)(2-hydroxy-5-methoxyphenyl)methanone (2.3ci). Prepared using
procedure A; isolated by column chromatography. Yellow-orange solid (0.192 g, 0.664
mmol, 83%). mp = 86-87 °C. R¢ = 0.28 (30% EtOAc/Hex). *H NMR (400 MHz, CDCl3) &
11.41 (s, 1H), 7.37 (dd, J = 8.3, 2.0 Hz, 1H), 7.33 (d, J = 2.0 Hz, 1H), 7.17-7.09 (m, 2H),
7.06-6.98 (m, 1H), 6.95 (d, J = 8.3 Hz, 1H), 3.98 (s, 3H), 3.95 (s, 3H), 3.73 (s, 3H). 13C
NMR (101 MHz, CDClz3) 6 199.4, 157.1, 152.7, 151.4, 149.0, 130.4, 124.2, 123.5, 119.2,
119.0,116.2,112.1, 110.0, 56.1, 56.1, 56.0. IR (thin film, CH2Cl) 1632 cmt. HRMS (ESI)

calcd for C16H1605 [M—H]™ m/z 287.0925, found 287.0931.

2.3¢j

(3,4-dimethoxyphenyl)(5-chloro-2-hydroxyphenyl)methanone (2.3cj). Prepared using
procedure A; isolated by column chromatography. Light yellow solid (0.187 g, 0.640
mmol, 80%). mp = 127-130 °C. R¢ = 0.29 (20% EtOAc/Hex). *H NMR (400 MHz, CDCl3)
8 11.73 (s, 1H), 7.64 (d, J = 2.7 Hz, 1H), 7.44 (dd, J = 8.9, 2.7 Hz, 1H), 7.36-7.27 (m, 2H),

7.02 (d, J =8.9 Hz, 1H), 6.96 (d, J = 8.3 Hz, 1H), 3.98 (s, 3H), 3.95 (s, 3H). 3C NMR (101
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MHz, CDCl3) 6 198.8, 161.4, 153.2,149.3, 135.7,132.3, 129.8, 124.5, 123.4, 120.2, 120.1,
112.1, 110.2, 56.3, 56.2. IR (thin film, CH.Cl) 1623 cm™t. HRMS (ESI) calcd for

C15H13Cl04 [M—H] m/z 291.0430, found 291.0424.

OH O

MeOMe

2.3¢ck OMe
(3,4-dimethoxyphenyl)(2-hydroxy-3-methylphenyl)methanone (2.3ck). Prepared using
procedure A; isolated by column chromatography. Yellow solid (0.192 g, 0.704 mmol,
88%). mp = 81-84 °C. Ry = 0.26 (20% EtOAc/Hex). *H NMR (400 MHz, CDCl3) § 12.17
(s, 1H), 7.50 (d, J = 7.9 Hz, 1H), 7.36 (d, J = 7.2 Hz, 1H), 7.34-7.28 (m, 2H), 6.93 (d, J =
8.0 Hz, 1H), 6.78 (t, J = 7.7 Hz, 1H), 3.96 (s, 3H), 3.93 (s, 3H), 2.32 (s, 3H).23C NMR (101
MHz, CDCl3) 6 200.4, 161.4, 152.7, 149.0, 136.8, 131.1, 130.8, 127.5, 124.4,118.8, 117.9,

112.2, 110.0, 56.2, 56.2, 15.8. IR (neat) 1597 cm™*. HRMS (ESI) calcd for Ci6H1604

[M—H] m/z 279.0976, found 279.0976.

OH O
o
O,N 2 3¢l OMe

(4-nitro-2-hydroxyphenyl)(3,4-dimethoxyphenyl)methanone (2.3cl). Prepared using
procedure A; isolated by column chromatography. Orange solid (0.118 g, 0.392mmol,
49%). mp = 128-130 °C. R¢ = 0.25 (15% EtOAc/Hex with 5% acetic acid additive). 1H
NMR (400 MHz, CDCls) 5 11.76 (s, 1H), 7.89 (d, J = 2.1 Hz, 1H), 7.85 (d, J = 8.7 Hz,
1H), 7.73 (d, J = 2.2 Hz, 1H), 7.38-7.30 (m, 2H), 6.97 (d, J = 8.9 Hz, 1H), 4.00 (s, 3H),

3.96 (s, 3H). *C NMR (101 MHz, CDCls) § 198.6, 163.0, 153.8, 151.7, 149.5, 134.1,
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129.5, 125.0, 123.6, 113.8, 113.0, 112.1, 110.2, 56.4, 56.3. IR (thin film, CH2Cl.) 1623

cm1. HRMS (ESI) calcd for C1sH1sNOs [M—H]™ m/z 302.0670, found 302.0666.

NO,
2.3cm

(5-nitro-2-hydroxyphenyl)(3,4-dimethoxyphenyl)methanone (2.3cm). Prepared using
procedure A; isolated by column chromatography. Light brown solid (0.114 g, 0.376mmol,
47%). mp = 179-182 °C. Rr = 0.25 (15% EtOAc/Hex with 5% acetic acid additive). *H
NMR (400 MHz, CDCl3) & 12.59 (s, 1H), 8.69 (d, J = 2.7 Hz, 1H), 8.38 (dd, J = 9.2, 2.7
Hz, 1H), 7.37 (dd, J = 8.3, 1.8 Hz, 1H), 7.34 (d, J = 1.7 Hz, 1H), 7.17 (d, J = 9.2 Hz, 1H),
7.01 (d, J = 8.3 Hz, 1H), 4.01 (s, 3H), 3.97 (s, 3H).:*C NMR (101 MHz, CDCls) & 3C
NMR (101 MHz, CDClz3) 6 198.5, 167.9, 153.9, 149.6, 139.5, 130.5, 129.5, 128.9, 124.8,
119.5, 118.4, 112.0, 110.5, 56.4, 56.3. IR (thin film, CH2Cl) 1622 cm™. HRMS (ESI)

calcd for C1sH13NOs [M—H]™ m/z 302.0670, found 302.0670.

Hydroxyphenstatin Synthesis Products:

OH O

HO
MeO
2.42

Phenyl 2,3-dihydroxy-4-methoxybenzoate (2.42). Off-white/yellow powder (0.532 g, 2.04
mmol, 75% yield). mpt = 145-147 °C. R¢ = 0.16 (20% EtOAc/Hex). *H NMR (500 MHz,
CDClI3) 6 10.56 (s, 1H), 7.66 (d, J = 9.0 Hz, 1H), 7.45 (t, J = 7.5 Hz. 2H), 7.30 (t, J = 7.3

Hz, 1H), 7.21 (d, J = 8.1 Hz, 2H), 6.59 (d, J = 9.0 Hz, 1H), 4.97 (br s, 1H), 3.98 (s, 3H).
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13C NMR (126 MHz, CDCls) § 168.9, 152.3, 150.3, 149.9, 133.6, 129.7, 126.4, 122.1,
121.8, 106.2, 103.4, 56.4. IR (thin film, CH,Cl;) 1667 cm™t. HRMS (ESI) calcd for

C14H1205 [M—H] m/z 259.0612, found 259.0599.

OH O
MeO OMe
OMe
2.40
(2,3-dihydroxy-4-methoxyphenyl)(3,4,5-trimethoxyphenyl)methanone
(Hydroxyphenstatin, 2.40). Yellow/brown solid obtained (0.240 g, 0.718 mmol, 48%
yield). R = 0.22 (50% EtOAc/Hex). *H NMR (400 MHz, CDClg) & 12.22 (s, 1H), 7.26 (d,

J=9.0 Hz, 1H), 6.92 (s, 2H), 6.51 (d, J = 9.0 Hz, 1H), 5.56 (bs, 1H), 3.98 (s, 3H), 3.94 (s,

3H), 3.90 (s, 6H). IR (neat) 1635 cm™*. All data are consistent with prior synthesis.'6
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Chapter 3. Phenol Acylation via Hydroxyl-Directed C-C Bond

Activation

3.1 Introduction

Based on the reversibility of arene acylation via sequential C-O/C-H bond
activation discussed in Chapter 2, we aimed to develop a method converting ketones to
esters through C—-C bond activation and subsequent coupling with phenol nucleophiles.
The proposed mechanism of this transformation begins with coordination of the hydroxyl-

directing group to the metal center forming intermediate I. Oxidative addition activates the

OH O OH O

[Rh]
Ar * H-OAr+ —» OAr
31 3.2 3.3
OH O C-C Bond o- [|r] H-OAr
[:i:T/u\ Activation
" /
|
3.1 [r]

1/2 [|r(cod)0Me]2%> ©/k o- [Ir] A
@Ao
MeOH
& [lr] /
Reductive

Elimination

3 3 Ar IV

3.1

Scheme 3.1 Proposed mechanism of phenol acylation
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ketone C—-C bond of 3.1 followed by exchange of the arene leaving group for phenol 3.2,
forming metallocycle 111 and a defunctionalized arene. Reductive elimination to 1V and

exchange of the product 3.3 for 3.1 closes the catalytic cycle.

3.1.1 Background of Transition-Metal-Catalyzed C-O Bond Formation

While various methods utilizing C—C bond activation have been developed, there
currently are no methods coupling unstrained C—C bond activation products with alcohols.
Most research into forming C—O bonds through transition-metal-catalyzed processes
focuses on the formation of ethers. These processes rely on an initial oxidative addition
into labile C—X bonds (X = CI, Br, I, NO2) before coupling to primary, secondary, or
aromatic alcohols (Scheme 3.2a).1%8-192 Carbonylative coupling of aryl halides can be
achieved using a CO atmosphere or reagents that generate metal-carbony! species.!%31%

a) C—X bond activation

[Pd], [Ag],
[Cu], [Fe], [Ni], o
Ar—-X + HO-R or [Rh] > AngR oor I g
with or without CO Ar (o)

X=Cl, Br, I, NO2

3 [Ni] or [Co] (o)
RIS+ RéZoM
R2 R'" “OR*
c) C-0 bond activation
(o) R2 (0]
[Ni] R,
=z + B z
X" oH R2 0" R,
1.86 1.88

Scheme 3.2 Transition-Metal-Catalyzed C—O bond forming reactions through a) C—X
bond activation; b) C—N bond activation; ¢) C-O bond activation
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More recently, Bourne-Branchu et al.*®® and Garg and coworkers?°®2%! reported nickel- or
cobalt-catalyzed ester syntheses via C—N bond activation of amides (Scheme 3.2b). lyori
and Chatani*® developed an method of chromone formation via C-O bond activation of
ester 1.86 and alkyne insertion using the hydroxyl-directing group as an internal
nucleophile to form the new C-O bond of 1.88 (as discussed in Section 1.4.3, Scheme
3.2¢).

Previous methods of ester C-O bond formation through C-C bond
functionalization use ring strain to drive bond activation. Murakami et al.?%? reported the
synthesis of lactones using C—C bond activation. Bond activation was driven by the release
of ring strain through the expansion of the cyclobutanone ring of 3.6 (Scheme 3.3a). The

o-hydroxyl group acts as a directing group for oxidative addition into the C—C bond and an

a) o) Me Me
“DL“’ 00 20

+ =z

HO (o} (o) (o] (0]

34 3.5 3.6
b) o Me H
[Rh] (0]
H
Me
(0] o
3.7 3.8
° 1 o Ar? spontaneous Ar?
Ar (0]
m)\o [Rh] Ar' elimination 0 \ Art
— —_—
o) o o '
OH
0]
o
1.16 1.17 1.18

Scheme 3.3 C-O bond formation via strained ring C—C bond functionalization
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intramolecular nucleophile for lactone formation. Competition between C—H reductive
elimination and B-hydride elimination resulted in a mixture of products 3.5 and 3.6. Cramer
and Souillart?® reported the C—C bond activation of cyclobutanone 3.9 followed by ketone
insertion to form bridged lactone 3.10 (Scheme 3.3b). Xu and coworkers 562 used ketone
insertion following C—C bond activation of benzocyclobutenones 1.16 to form new C-O
bonds in 1.18, followed by spontaneous carboxylate elimination driven by aromatization
(as discussed in Section 1.3.1, Scheme 3.3c). Here we demonstrate an improved method
for esterification of ketones through unstrained C—C bond activation using a more diverse

set of ketones.

3.2 Reaction Optimization

3.2.1 Initial Reaction Optimization

Symmetric dihydroxylbenzophenone 3.10a (Scheme 3.4) was chosen as the
substrate for optimization of the phenol acylation reaction as we hypothesized that it would
simplify the resulting reaction mixtures by regenerating phenol as the sole byproduct.
Ketone 3.10a was readily synthesized in one step through a nucleophilic ring opening of

xanthone 3.9.204

o OH O OH
KOH (12N)
CL0 ~me - C
(o} 78%
3.9 3.10a

Scheme 3.4 Synthesis of starting material ketone 3.8a

As phenol acylation was first observed when developing the arene acylation

reaction discussed in Chapter 2, these conditions were used as a starting point for
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optimization. The reaction was found to be operable at 150 °C with 5 equivalents of phenol,
giving 3.11a in 26% yield on average (Table 3.1 entry 1). Control reactions showed that
iridium and phosphine were required for the reaction (Table 3.1 entries 2 and 3). Addition
of 1,5-cyclooctadiene (COD) was not required but did improve yields of ester 3.11a, so it

was used in further reaction optimization (Table 3.1 entry 4).

Table 3.1 Phenol acylation control reactions

[Ir(cod)OMe], (x mol%)

OH O OH OH TrixiePhos (y mol% OH O
+ 1,5-COD (1 equiv)
O O mesitylene (0.1 M) o
150 °C, 16 h
3.10a 3.2a 3.11a
[Ir(cod)OMe]2  TrixiePhos . Yield 3.11a
Entry (Mol%o) (Mol%) COD (equiv) (%)°

1P 1 3 1 26
2 — 3 1 nd
3 1 — 1 tr
4 1 3 — 20

a) Determined by gNMR; b) Average of 3 experiments; nd = not detected; tr = trace
Next, a short solvent screen was performed (Table 3.2). Results indicated that
mesitylene was the best solvent of those tested. Attempts at phenol acylation in diglyme
gave no detectable product 3.11a (Table 3.2 entry 2). Reactions in 1,2-dichlorobenzene
resulted in lower yields (Table 3.2 entry 3). Phenol acylation in decalin showed yields of
3.11a comparable to mesitylene, but with higher amounts of decomposition and lower mass

balances (Table 3.2 entry 4).
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Table 3.2 Phenol acylation in alternate solvents

[Ir(cod)OMe], (1 mol%)

OH O OH OH TrixiePhos (3 mol%) OH O
‘)\‘ © 1,5-COD (1 equiv)
SASH O

Solvent (0.1 M)
150 °C,16 h

3.10a 3.2a 3.11a
5 equiv
Entr Solvent Conversion Yield 3.11a Mass balance
y (%)° (%)° (%)
1P Mesitylene 57 26 69
2 Diglyme 15 0 85
3 1,2-Dichlorobenzene 23 11 88
4 Decalin 65 25 60

a) Determined by gNMR; b) Average of 3 experiments

A screen of precatalysts and phosphines was performed. Precatalysts
[Rh(cod)OMe]., [Rh(cod)OH]2, Ni(cod)2, Rh(PPh3)sCl, Pd(PPhs)s showed no or trace
product formation. Ir(cod)(acac) and [Ir(cod)OPh]. promoted minimal reactivity (<10%
product formation), with only [Ir(cod)OMe]2 giving reasonable yields (26%). Phosphines
varying from bidentate phosphines (BINAP and dppp) to simple phosphines (PPhz and P(t-
Bu)s) and a Buchwald phosphine MePhos all showed no reactivity. Di-t-butylbiphenyl
phosphines (t-BuMePhos and JohnPhos) showed minimal reactivity, with yields of 3.11a
below 5%. Bulky di-t-butylbinaphthyl phosphine TrixiePhos was found to be the only
phosphine to show appreciable formation of ester 3.11a. This unique reactivity is consistent
with that observed in arene acylation discussed in Chapter 2.

We then examined catalyst loading, finding that yield of 3.11a increased as catalyst

loading increased. As catalyst loading increased, mass balance decreased, likely due to
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increased formation of two prominent byproducts. Additionally, the catalyst may be
trapping an equivalent of 3.10a through catalyst decomposition pathways, including
decarbonylation, resulting in lower mass balances. A minimal difference was observed
between 2 mol% and 2.5 mol% [Ir(cod)OMe]2 (Table 3.3 entries 4 and 5). Optimal loading

was determined to be 2 mol% [Ir(cod)OMe]2 based on yield, conversion, and mass balance.

Table 3.3 Catalyst loading optimization
[Ir(cod)OMe], (x mol%)

OH O OH OH TrixiePhos (3x mol%) OH O
1,5-COD (1 equiv)
‘ ‘ RO O
mesitylene (0.1 M)
150 °C, 16 h

3.10a 3.2a 3.11a
5 equiv

Entry [Ir(cod)OMe]. TrixiePhos Conversion Yield 3.11a Mass

(mol%) (mol%) (%) (%) Balance (%)
1 0.5 1.5 41 21 80
20 1 3 57 26 69
3 1.5 45 46 25 79
4b 2 6 71 34 63
5P 2.5 75 79 36 57

a) Determined by gNMR; b) Average of 3 experiments

Phosphine loadings were screened to determine the optimal ratio of iridium to
phosphine ligand. The amount of phosphine had a marginal effect on the reaction mass
balance, with lower yields of 3.11a observed at phosphine loadings at or below 2 mol%
(Ir:phosphine ratios less than or equal to 1) (Table 3.4 entries 1 and 2). With Ir:phosphine

ratios above 1, there is little to no effect of increased phosphine (Table 3.4 entries 3-7).
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Interestingly, yield of 3.11a does not decrease until 40 mol% phosphine was used (Table
3.4 entry 8). This contrasts with the reverse arene acylation reaction where excess
phosphine inhibits the reaction. Additionally, the consistent mass balances show phosphine

loading has no effect on the amount of side reactions or decomposition occurring.

Table 3.4 Phosphine loading optimization

[Ir(cod)OMe]; (2 mol%)

OH O OH OH TrixiePhos (x mol%) OH O
1,5-COD (1 equiv)
‘ ‘ RO HOA
mesitylene (0.1 M)
150 °C, 16 h

3.10a 3.2a 3.11a
5 equiv
Entr TrixiePhos Conversion Yield 3.11a Mass
y (mol%) (%) (%) Balance (%)
1 1 35 11 76
2 2 44 19 75
3 3 67 34 67
4 4 65 34 69
5 6 64 34 70
6 8 65 33 68
7 20 66 32 66
8 40 54 29 75

a) Determined by gNMR

Concentrations from 0.05 to 1 M 3.10a were examined. The highest yield of 3.11a
was achieved at 0.1 M (Table 3.5 entry 2). As reaction concentration increased, mass
balance drastically decreased. NMR analysis of reaction mixtures showed two side
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products were being formed in significant quantities and became the major products at
concentrations above 0.2 M. The identities of these side products will be discussed in
Section 3.2.2 Phenol is a liquid at the reaction temperature so solvent-free “neat” reactions
were attempted. At 150 °C, decomposition of 3.10a was observed with no ester 3.11a
formation after 16 hours (Table 3.5 entry 6). At 170 °C, 3.11a was formed in 27% vyield
with 96% conversion of 3.10a (Table 3.5 entry 7). While there was some decomposition,
significant quantities of two side products were also observed in the reaction mixture,

making up about 30% of the material.

Table 3.5 Concentration optimization

[Ir(cod)OMe]; (2 mol%)

OH O OH OH TrixiePhos (4 mol%) OH O O
‘/k‘ 1,5-COD (1 equiv)
0O 0O don
mesitylene (x M)
150 °C,16 h

3.10a 3.2a 3.11a
5 equiv
Entr Concentration Conversion Yield 3.11a Mass
y (M) (%) (Yo)2 Balance (%)
1 0.05 34 8 74
2 0.1 65 34 69
3 0.2 67 18 51
4 0.5 86 19 33
5 1 82 15 33
6 neat 46 0 54
7P neat 96 27 31

a) Determined by gNMR; b) 170 °C
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Table 3.6 Temperature and time optimization

[Ir(cod)OMe], (2 mol%)

OH O OH OH TrixiePhos (4 mol%) OH O
1,5-COD (1 equiv)
+ - o
O O mesitylene (0.1 M)

3.10a 3.2a 3.11a
5 equiv
o Conversion Yield 3.11a Mass
Enty  TCCO  th) (%) (%)  Balance (%)
1 150 16 65 34 69
2 150 24 80 39 59
3 150 40 91 45 54
4 150 48 88 44 56
5 160 16 90 48 58
6 160 24 95 51 56
7 160 40 95 50 55
8 160 48 94 47 53
b 170 2 44 16 72
10° 170 4 86 44 58
11P 170 6 93 48 55
12b 170 8 95 49 54
13P 170 10 95 51 56
14P 170 14 96 49 53
15¢ 170 16 97 49 52
16° 170 18 97 47 50
17° 170 20 97 45 48
18 170 22 98 43 45
19¢ 170 24 97 44 47
20 170 40 >99 41 41
21 170 48 98 41 43

a) Determined by gNMR; b) Average of 2 experiments; ¢) Average of 3 experiments
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Next, we examined reaction temperature and time (Table 3.6). Since yields of 3.11a
remained relatively low at 150 °C after 16 hours, higher temperatures and longer reaction
times were investigated. The maximum vyield and mass balance were not strongly
dependent on temperature, yields reached approximately 50% at all temperatures then
slowly decreased over time (Figure 3.1). The highest yields observed were after 24 hours
at 160 °C and 10 hours at 170 °C (51%, Table 3.6 entries 6 and 13). As only these moderate
yields were achieved, further optimization was required.

Yield of 3.11a Over Time

60

50

§ /(—N
g * /
©
=
™ 30 —— 150 °C
G .
= 160 °C
o 20 °
$ 170°C

10

0

0 10 20 30 40 50 60
Time (h)

Figure 3.1 Percent yield of 3.11a over time at 150, 160, and 170 °C

3.2.2 Side product Analysis

Low mass balances were observed due to the formation of two major side products
which were isolated and identified as ketone 3.12 and xanthone 3.13 (Scheme 3.5). Ketone
3.12 formed in up to 26% (up to 14% at 0.1 M concentration). Ketone 3.12 is presumed to
form through C-C bond activation of 3.10a followed by C-acylation of phenol 3.2a, via

intermediate V, following a mechanism as shown in (Scheme 2.16). It was hypothesized
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that 3.12 could undergo C—C bond activation and O-acylation of phenol to be converted to
desired product 3.11a. Xanthone 3.13 formed in significant quantities, 31% yield in neat
conditions or up to 20% at 0.1 M concentration. This product was hypothesized to form
through hydroxyl-directed aryl C—H bond activation, forming intermediate VI, followed
by C-O bond forming reductive elimination. Xanthone 3.13 likely cannot be further

converted to product 3.11a. To increase yields of 3.11a, formation of 3.13 must be limited.

3.10a 3.11a 3.12 3.13

| OH | c-H Bond Activationf A

[Irl—0
C-H Bond Activation |1|

VI

Scheme 3.5 Side products 3.12 and 3.13 formed in phenol acylation reactions

3.2.3 Further Reaction Optimization

Further optimization showed that maximum 60% yield of ester 3.11a could be
obtained through acylation with ketone 3.10a by increasing the amount of phenol to 10
equivalents (Table 3.7 entry 2). To attempt to increase the yield of 3.11a and eliminate the
formation of side product 3.13, ketone 3.14a was tested as a starting material for phenol
acylation. With 5 equivalents of phenol, acylation with ketone 3.14a did not result in higher

yields after 8 or 20 hours (Table 3.7 entries 3 and 4). Increasing the amount of phenol to
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Table 3.7 Effect of starting material identity and equivalents of phenol

ék@

( )
OH O OH
3.11a
[Ir(cod)OMe], (2 mol%) OH O
3.10a OH TrixiePhos (4 mol%)
oR . 1 1,5-COD (1 equiv) O O
mesitylene (0.1 M) OH
OH O 170 °C 3.12
OH O

OMe 3.2a
5 equiv
OMe

3.13
Entry Startir_1g Time Pher}ol Conversion  3.1la 3.12 3.13
Material (h) (equiv) (%) (%) (%) (%)?

1 3.10a 8 10 90 50 6 6

2 3.10a 20 10 89 60 8 8

3 3.14a 8 5 80 41 4 0

4 3.14a 20 5 90 51 5 0

5 3.14a 8 10 90 51 6 tr

6 3.14a 18 10 98 54 7 tr

7° 3.14a 20 10 97 66 8 0

8 3.14a 22 10 98 55 7 tr

a) Determined by gNMR; b) Average of 2 experiments; tr = trace

10 equivalents gave moderately higher yields, with an optimal 66% yield after 20 hours at
170 °C (Table 3.7 entries 5-8). Switching from 3.10a to 3.14a successfully eliminated the

formation of side product 3.13. Interestingly, small amounts of ketone 3.10a were observed
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along with 3.11a and 3.12 in the resulting reaction mixtures (Scheme 3.6). As both 3.10a
and 3.12 have C—C bonds that can be activated and converted into product 3.11a, and 3.11a

can undergo C-O bond activation, these three products are likely in equilibrium with each

5&@

3.11a
66%

other.

)

[Ir(cod)OMe], (2 mol%)
OH 0 OH  TrixiePhos (4 mol%)  OH @ Proposed

) pos
OMe 1,5-COD (1 equiv) || equilibrium
* - > =| inreaction
mesitylene (0.1 M) conditions
OMe 170°C,20 h 3.12 OH

3.14a 3.2a 8%
10 equiv

OH O OH

o0 -

3.10a
1%

Scheme 3.6 Results of phenol acylation with ketone 3.14a in optimized conditions

3.3 Reaction Scope

3.3.1 Acylation of Aliphatic Alcohols

Concurrent with reaction condition optimization, reactions with substituted phenols
and non-aromatic alcohols were investigated. Two primary aliphatic alcohols, benzyl
alcohol and isoamyl alcohol, were chosen as substrates. Initial attempts at acylation of both
aliphatic alcohols resulted in only trace formation of esters 3.15 with low conversions of

ketone 3.10a (Scheme 3.7).
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[Ir(cod)OMe], (1 mol%)

OH O OH TrixiePhos (3 mol%) OH O
COD (1 equiv)
+ ROH >
O O mesitylene (0.1 M) OR
5 equiv 150 °C,16 h
3.10a 3.15ao0rb
Me
R=
Me
a b
Yield trace trace
Conversion 12% 10%

Scheme 3.7 Acylation of non-aromatic alcohols

We hypothesized that the aliphatic alcohols may lack the acidity needed for proton-
coupled ligand exchange. Alternatively, once bound the alcohols may promote side
reactions forming aldehyde side products by undergoing as B-hydride elimination.
Transesterification of phenyl salicylate could potentially be used to circumvent these
issues. It was hypothesized that acylation of phenol could occur through C-C bond
activation of 3.10a, forming ester 3.11a. Ester 3.11a could then undergo transesterification
with the aliphatic alcohol to form ester 3.15a or b in situ.

Reacting benzyl and isoamyl alcohols with phenyl salicylate 3.11a showed that
transesterification was possible in the reaction conditions. Esters 3.15a and b were formed
in 91% and 55% vyield, respectively, with near quantitative conversion of 3.11a when
reacted at 150 °C for 16 hours with iridium catalyst present (Scheme 3.8a). High amounts
of transesterification were observed when 3.11a was heated to 150 °C in the presence of

aliphatic alcohols without catalysts present (Scheme 3.8Db).
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a) [Ir(cod)OMe]; (2 mol%)
OH O TrixiePhos (4 mol%) OH O
COD (1 equiv)

+ ROH
OPh mesitylene (0.1 M) OR
5 equiv 150 °C,16 h
3.11a 315ao0rb
Me
R=
Me
a b
Yield 91% 55%
Conversion 98% >99%
b) OH O OH O
+ ROH >
OPh mesitylene (0.1 M) OR
5 equiv 150°C,16 h
3.11a 3.15ao0rb
Me
R=
Me
a b
Yield 75% 75%
Conversion 80% 85%

Scheme 3.8 Transesterification of phenyl salicylate 3.11a with non-aromatic alcohols

Encouraged by these results, we attempted aliphatic alcohol acylation via
transesterification. Unfortunately, all attempts at this transformation resulted in only trace
formation of products with low conversion of 3.10a (Scheme 3.9). No formation of 3.11a

was observed in these reaction mixtures.
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[Ir(cod)OMe], (1 mol%)

OH O OH OH TrixiePhos (3 mol%) OH O

COD (1 equiv)

+ + ROH

O O 0 mesitylene (0.1 M) OR
150 °C,16 h
3.10a 3.2a 5 equiv 3.15ao0rb
5 equiv
Me
R=

Me

a b
Yield trace trace

Conversion 10% 9%

Scheme 3.9 Acylation of non-aromatic alcohols via transesterification

These results reinforce that aliphatic alcohols are not only incompatible
nucleophiles for acylation but indicate that they also inhibit phenol acylation. This
inhibition could be due to two factors. Benzyl and isoamyl alcohol may be binding tightly
to the iridium center, filling all possible coordination sites and inhibiting bond activation.
Alternately, the primary alcohols may be binding to the catalyst and undergoing a side
reaction, such as B-hydride elimination, forming iridium complexes incapable of entering

the phenol acylation catalytic cycle.

3.3.2 Phenol Acylation

Next, acylation of substituted phenols was investigated. Attempts at acylation of 4-
or 3,5- substituted phenols with ketone 3.10a all resulted in complex mixtures (Scheme
3.10). As the C-C, C-0, and C-H bonds of the starting materials and products can be
activated by the iridium catalyst, there are many opportunities for side reactions, resulting

in a variety of products. While only the substituted phenol species are initially present in
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the reaction mixture, unsubstituted phenol 3.2a forms as a byproduct of bond activation of

3.10a, increasing the number of potential products.

[Ir(cod)OMe]l, (2 mol%)

OH O OH OH TrixiePhos (4 mol%)
+ C(_)D (1 equiv) » Complex Mixture
mesitylene (0.1 M)
R2 R2 170 °C,16 h
3.10a R

R'= Me, F, CF;, or CN, R?=H
or
R'=H, R?= CF,

Scheme 3.10 Attempted acylation of substituted phenols

For example, if an acylation reaction was performed between 3.10a and a p-
substituted phenol, 6 possible ester and ketone products could form (Scheme 3.11). All
combinations of C—C and C—O bond activation followed by C- or O- acylation of all phenol
species present are possible, scrambling the phenol groups in the products. This scrambling
is possible starting from both ketones 3.10a and 3.14a.

OH [Ir(cod)OMe], (2 mol%)
TrixiePhos (4 mol%)

OH O OH
. © COD (1 equiv) -
O O mesitylene (0.1 M)
‘ ‘ 170 °C,16 h
R

3.10a 3.2
Possible Products:

Scheme 3.11 Possible products of acylation of substituted phenols with 3.10a
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To limit the number of possible products, further studies were done using ketone
and phenol reactants with matched substituents (Scheme 3.12). It was believed that this
would reduce the number of products formed through side reactions as only one phenol
species would be present in the reaction mixture. Initial bond activation of 3.14 followed
by either O- or C- acylation would form 1,2-dimethoxybenzene as a byproduct, which is
unlikely to be reactivated in the reaction conditions. C—O bond activation of esters 3.11
followed by C-acylation of the substituted phenol 3.2 would form symmetric substituted
ketone 3.10. Bond activation of either Cacyi—C bond of ketone 3.10 followed by O-acylation
of 3.2 would regenerate the desired ester product 3.11. All side reactions shown would

regenerate an equivalent of the substituted phenol 3.2.

OH [Ir(cod)OMe], (2 mol%)
R

OH O
OMe TrixiePhos (4 mol%)
+ COD (1 equiv)
mesitylene (0.1 M) o
OMe 170 °C, 16 h
R
3.14

3.2
OH O
l i OMe
OMe
R 3.14

C-C bond activation C—-C bond activation
O-acylation C-acylation
OH O R cob ivati OH O OH
-0 bond activation
/©/ C-acylation
° = J U

v

<l
-

C—-C bond activation

- i R R
O-acylation 3.10

Scheme 3.12 Acylation of substituted phenol with matched ketones

135



A small substrate screen was performed with matched substituted phenols and
ketones was performed (Table 3.8). Multiple catalyst charges were tested for all substrates
to achieve the highest yields, the best results are shown. The highest yields and cleanest
reaction mixtures were achieved with electron-rich, para-substituted phenols after only one
catalyst charge and 20 hours (Table 3.8 entries 1 and 2). This is likely due to two factors.
The electron-rich phenols are better nucleophiles for acylation while the steric hinderance
resulting from para-substitution inhibits C-acylation (as explained in Chapter 2). Lower
yields of 3.11d were obtained from the acylation of electron-poor p-chlorophenol 3.2d
even after 3 catalyst charges (Table 3.8 entry 3). No significant side products were observed
in the reaction mixture, likely due to the steric inhibition of C-acylation. Significant
formation of ketones 3.10g and 3.10h were observed in reactions with meta-substituted
phenols with both electron donating (3.2g) or electron withdrawing (3.2h) groups.
Moderate yields were still achieved with electron-rich meta-substituted phenols after a
single catalyst charge, additional charges and increased reaction time resulted in lowered
yields from decomposition (Table 3.8 entries 5 and 6). Poor yields were observed in the
acylation of electron deficient phenols (Table 3.8 entries 7-9). Low yields and low mass

balances were observed in the acylation of naphthol 3.2k (Table 3.8 entry 10).
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Table 3.8 Substrate scope of phenol acylation

OH O OH " [ir(cod)OMe], (2 mol% x n) OH O | N g
NN OMe . s, TrixiePhos (4 mol%xn)= P 07 N,
! COD (1 equiv) ! !
LNz LNz L ]

~ OMe ~ R/ mesitylene, 170 °C \/RI R
20hxn
3.14 3.2 3.11
n: % yield by qgNMR
# Product # Product Other isolated products
Me
OH 0 /@/ OH O /@\ OH O OH
MeO MeO OMe
Me  3.11b 3.11g 3.10g
1:72% 1:42% 21%
OMe
OH 0 /@/ OH © /@\ OH O OH
Cl Cl Cl
OMe 3.11c 3.11h 3.10h
1:70% 2:8% <1%
Cl
$! /©/ QP! /©\ i
o o C
F F (0}
Cl 3.11d 3.11i 3.16i
3:33% 1:35% 4%
OH © OH O /@\ o)
4 Me\©)‘\o 9 /@J\o CF; O O
Me F3C F3C o
3.11e 3.11j 3.16j
1:48% 1:27% 8%
1:40%+ ~noCOD trace*
OH O /@\ OH O O OH O OH
Me
3.11f 3.11k 3.10k
1:69% 2:18% 9%
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3.3.3 Side Product Analysis

Interestingly, an additional side product was isolated from reactions with electron
deficient, fluorinated phenols 3.2i and 3.2j. These were isolated and identified as tricyclic
compounds 3.16i and 3.16j respectively (Table 3.8 entries 8 and 9). Following initial
isolation and *H NMR analysis, we found compound 3.16j contained an unexpected non-
aromatic alkene. Due to the stable hydrogen bond between the carbonyl and the hydroxyl
proton, the proton of the o-hydroxyl ketones and esters produce a distinctive sharp signal
in between 10 and 13 ppm in their *H NMR spectra. This signal was absent in spectra of
3.16j indicating that it no longer contained a hydroxyl group. Based on these observations
and further analysis of *H and COSY NMR and HRMS data, the structure was determined
to be one of the COD containing compounds shown in Figure 3.2a. The location of the
second alkene was identified using *H and ‘°F decoupled *3C NMR data collected by Dr.
Letitia Yao, along with HSQC and HMBC NMR data. Key HMBC signals used for
structure assignment are shown in Figure 3.2b. Only a small amount of 3.16i could be

a) ' b)

0 :
F:,C“ :
' F,;C \
OR . Seel
0 :
J| . 3.16j
O . HMBC correlation

, Weak HMBC correlation

Figure 3.2 Structural assignment of 3.16j
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isolated so this structure was assigned based on HRMS and H NMR data and its
comparison to data from 3.16j.

Based on the structure, these products are proposed to form thorough the following
mechanism involving insertions of the COD ligand (Scheme 3.13). After C—C or C-O bond
activation, intermediate V11 undergoes migratory insertion of one alkene of COD. While
1,3-COD is shown, this may be occurring with 1,4-COD or 1,5-COD instead as alkene
isomerization into conjugation may occur before or after the COD insertion. Following
migratory insertion, B-hydride elimination would reform an alkene in 1X. Reductive
elimination of an arene forms X. The central ring may then be formed through alkene C—
H activation®® to X1 followed by reductive elimination forming the new C(sp?)-O bond of
3.15j and leaving an iridium hydride species. The increased formation of 3.16 with

electron-deficient, trifluoromethyl- and fluoro-substituted ketones 3.14i and 3.14j can be

O

t

B-H

elimination

C-H
activation

reductive
ehnunahon

[Ir]-H +o \[|r]_|.|

3.16j XI

Scheme 3.13 Proposed mechanism for the formation of 3.16j
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explained by the stabilization of the partial charge in transition state TS1 of the initial
migratory insertion of COD. A similar mechanism of C—H bond activation and C-O bond
reductive elimination would explain the formation of xanthone 3.13 observed during

reaction optimization.

3.4 Conclusion

We have demonstrated the O-acylation of phenols as the first known example of
C-O bond formation via unstrained C—C bond activation. This is the formal reverse
reaction of the arene acylation reaction discussed in Chapter 2 and is proposed to go
through the same reaction mechanism. The scope of the reaction with respect to the ketone
and phenol substrates was investigated, showing that the reaction proceeds in highest yield
and selectivity with 4-substituted phenols

Analysis of isolated side products indicate that C—C, C—O, and C—H bond activation
and COD migratory insertion can all occur in the in the standard phenol acylation reaction
conditions with [Ir(cod)OMe].. Further investigation is needed to increase the yields and

selectivity of phenol acylation.

140



3.5 Experimental Details

3.5.1 General Information

General Experimental Procedures: All acylation reactions were prepared under inert
atmosphere in an oxygen-regulated glovebox. Reaction progress was monitored using thin-
layer chromatography (TLC) on 0.25 mm silica plates from SiliCycle. Eluted plates were
visualized with UV light. Silica Gel Flash Column Chromatography was performed on
230-400 mesh (particle size 0.04-0.063 mm) silica gel purchased from SiliCycle.
Materials. Unless otherwise indicated, chemicals were obtained from commercial sources
and used without further purification. All solvents for acylation were degassed by bubbling
a stream of argon through the liquid in a Schlenk flask and stored over 4 A molecular sieves
in a nitrogen-filled glovebox. Phenols were obtained from a commercial source and were
opened and stored in a nitrogen-filled glovebox or, if previously exposed to air, distilled
and stored in a nitrogen-filled glovebox.

Instrumentation: NMR characterization data were collected at 300 K on Bruker FT NMR
instruments. *H NMR spectra were internally referenced to TMS (8 = 0 ppm). 3C NMR
spectra were internally referenced to the residual solvent signal (8 = 77.16 ppm). Data from
'H NMR are reported as follows: chemical shift (§ ppm), multiplicity (s = singlet, d =
doublet, t = triplet, g = quartet, m = multiplet, br = broad), coupling constant (Hz),
integration. Quantitative NMR data was collected with an acquisition time of 5 seconds
and a d1 relaxation delay of 10 seconds.

Melting point ranges for solid products were determined on a MEL-TEMP instrument and

are reported uncorrected.
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IR Spectra were obtained as films either neat or from CH.Cl, on sodium chloride plates on
a Thermo Scientific FT-IR or with an ATR source using a Nicolet iS5 FT-IR spectrometer.
Data are presented as absorption frequency (cm™).

High-resolution mass spectrometry (HRMS) using ESI experiments were performed on a
Bruker BioTOF Il instrument using sodium trifluoroacetate internal standard and
ammonium bicarbonate additive for negative ion detection or PEG 400 internal standard

for positive ion detection.

3.5.2 Reaction Optimization Experiments

Control Experiments: Reactions prepared using benzophenone 3.10a (0.1 mmol, 1.0
equiv),  Rac-2-(di-t-butyldiphosphino)-1,1’-binapthyl,  (TrixiePhos, 'y  mol%),
[Ir(cod)OMe]2 (x mol%), 1,5-cyclooctadiene (1,5-COD, 0.1 mmol, 1.0 equiv), phenol (0.5
mmol, 5.0 equiv), and mesitylene (1.00 mL, 0.1 M) in PTFE-lined screw cap vials. The
vials were sealed and heated to 150 °C in an aluminum heating block for 16 hours. Product
yields were determined by *H NMR using 1,3,5-trimethoxybenzene internal standard (0.70
mL, 0.05 M in CDCls).

Solvent Screen: Reactions prepared using benzophenone 3.10a (0.1 mmol, 1.0 equiv),
TrixiePhos (y mol%), [Ir(cod)OMe]2 (x mol%), 1,5-COD (0.1 mmol, 1.0 equiv), phenol
(0.5 mmol, 5.0 equiv), and solvent (1.00 mL, 0.1 M) in PTFE-lined screw cap vials. The
vials were sealed and heated to 150 °C in an aluminum heating block for 16 hours. Product
yields were determined by *H NMR using 1,3,5-trimethoxybenzene internal standard (0.70

mL, 0.05 M in CDCls).
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Catalyst Optimization:

Table 3.9 Catalyst screen

Catalyst (x mol%)

OH O OH TrixiePhos (y mol%) OH O
. HO COD (zequiv)
O O mesitylene o 0
150 °C, 16 h

3.10a 5 equiv 3.11a
Entr Catalyst TrixiePhos COD Conversion 3.1la 3.12 3.13
y (mol%) (mol%)  (equiv) (%) (%)?2  (%)* (%)?
1 [Rh(co(dl))o'v'e]z 3 1 44 o o 11
5 [Rh(cod)OH]2 3 1 28 0 0 8
1)
3 Ni(cod): (1) 3 1 0 0 0 0
4 [Ir(co?l))o Ph]: 3 _ 37 8 7
Rh(PPhs)sCl
5 — — 36 0 0 tr
)
6 Pd(PPhs)s (2) — — 36 0 0 0
7 | RGeS 3 1 12 6 w2

a) Determined by gNMR; tr = trace
Reactions prepared using benzophenone 3.10a (0.1 mmol, 1.0 equiv), TrixiePhos (y
mol%), catalyst (x mol%), 1,5-COD (z equiv), phenol (0.5 mmol, 5.0 equiv), and solvent
(1.00 mL, 0.1 M) in PTFE-lined screw cap vials. The vials were sealed and heated to 150
°C in an aluminum heating block for 16 hours. Product yields were determined by *H NMR

using 1,3,5-trimethoxybenzene internal standard (0.70 mL, 0.05 M in CDCls).
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Phosphine/Ligand Screen:

[Ir(cod)OMe], (1 mol%)

OH O OH Ligand (y mol%) OH O
. HO COD (1 equiv) o
O O mesitylene o o
150 °C, 16 h

3.10a 5 equiv 3.11a

Entry Ligand (mol%o) Corg;z;g fon %;ylol)";‘ (%/3).)2&1 (%’/i)i
1 MePhos (3) 20 0 0 0
2 tBuMePhos (3) 13 2 tr tr
3 BINAP (1.5) 9 tr 0 0
4 dppp (1.5) 12 0 0 0
5 PPhs (3) 16 tr 0 0
6 P(tBu)z (3) 13 tr 0 tr
7° JohnPhos (3) 7 3 0 tr
8 TrixiePhos (3) 62 22 7 8

a) Determined by gNMR; b) No COD added; tr = trace

Reactions prepared using benzophenone 3.10a (0.1 mmol, 1.0 equiv), ligand (y mol%),
[Ir(cod)OMe]2 (0.001 mmol, 1 mol%), 1,5-COD (0.1 mmol, 1 equiv), phenol (0.5 mmol,
5.0 equiv), and mesitylene (1.00 mL, 0.1 M) in PTFE-lined screw cap vials. The vials were
sealed and heated to 150 °C in an aluminum heating block for 16 hours. Product yields
were determined by *H NMR using 1,3,5-trimethoxybenzene internal standard (0.70 mL,
0.05 M in CDCls).

Catalyst Loading Screen: Reactions prepared using benzophenone 3.10a (0.1 mmol, 1.0

equiv), TrixiePhos (3x mol%), [Ir(cod)OMe]z (x mol%), 1,5-COD (0.1 mmol, 1 equiv),
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phenol (0.5 mmol, 5.0 equiv), and mesitylene (1.00 mL, 0.1 M) in PTFE-lined screw cap
vials. The vials were sealed and heated to 150 °C in an aluminum heating block for 16
hours. Product yields were determined by *H NMR using 1,3,5-trimethoxybenzene internal
standard (0.70 mL, 0.05 M in CDCls).

Ligand Loading Screen: Reactions prepared using benzophenone 3.10a (0.1 mmol, 1.0
equiv), TrixiePhos (x mol%), [Ir(cod)OMe]z (0.002 mmol, 2 mol%), 1,5-COD (0.1 mmol,
1 equiv), phenol (0.5 mmol, 5.0 equiv), and mesitylene (1.00 mL, 0.1 M) in PTFE-lined
screw cap vials. The vials were sealed and heated to 150 °C in an aluminum heating block
for 16 hours. Product yields were determined by *H NMR using 1,3,5-trimethoxybenzene
internal standard (0.70 mL, 0.05 M in CDCls).

Concentration Screen: Reactions prepared using benzophenone 3.10a (0.1 mmol, 1.0
equiv), TrixiePhos (0.004 mmol, 4 mol%), [Ir(cod)OMe]. (0.002 mmol, 2 mol%), 1,5-
COD (0.1 mmol, 1 equiv), phenol (0.5 mmol, 5.0 equiv), and mesitylene (volume required
to give listed concentration of 3.10a, or no solvent added) in PTFE-lined screw cap vials.
The vials were sealed and heated to 150 °C or 170 °C in an aluminum heating block for 16
hours. Product yields were determined by *H NMR using 1,3,5-trimethoxybenzene internal
standard (0.70 mL, 0.05 M in CDCls).

Temperature and Time Screen: Reactions prepared using benzophenone 3.10a (0.1
mmol, 1.0 equiv), TrixiePhos (0.004 mmol, 4 mol%), [Ir(cod)OMe]. (0.002 mmol, 2
mol%), 1,5-COD (0.1 mmol, 1 equiv), phenol (0.5 mmol, 5.0 equiv), and mesitylene (1.00
mL, 0.1 M) in PTFE-lined screw cap vials. The vials were sealed and heated to listed

temperature an aluminum heating block (for 150 and 160 °C) or a silicon oil bath (170 °C)
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for time listed. Product yields were determined by *H NMR using 1,3,5-trimethoxybenzene
internal standard (0.70 mL, 0.05 M in CDCls).

Acylation of aliphatic alcohols: Reactions prepared using benzophenone 3.10a (0.1
mmol, 1.0 equiv), TrixiePhos (0.003 mmol, 3 mol%), [Ir(cod)OMe]2 (0.001 mmol, 1
mol%), 1,5-COD (0.1 mmol, 1 equiv), benzyl alcohol or isoamyl alcohol (0.5 mmol, 5
equiv), phenol (if listed, 0.5 mmol, 5.0 equiv), and mesitylene (1.00 mL, 0.1 M) in PTFE-
lined screw cap vials. The vials were sealed and heated to 150 °C an aluminum heating
block for 16 hours. Product yields were determined by 'H NMR using 1,3,5-
trimethoxybenzene internal standard (0.70 mL, 0.05 M in CDCls) based on literature
reported *H NMR data.206-208

Transesterification Experiments:

With catalyst: Reactions prepared using phenyl salicylate 3.11a (0.1 mmol, 1 equiv),
TrixiePhos (0.003 mmol, 3 mol%), [Ir(cod)OMe]2 (0.001 mmol, 1 mol%), benzyl or
isoamy| alcohol (0.5 mmol, 5 equiv), 1,5-COD (0.1 mmol, 1 equiv), and mesitylene (1.00
mL, 0.1 M) in PTFE-lined screw cap vials. The vials were sealed and heated to 150 °C for
16 hours. Product yields were determined by *H NMR using 1,3,5-trimethoxybenzene
internal standard (0.70 mL, 0.05 M in CDCl3) based on literature reported *H NMR
data_2067208

Without catalyst: Reactions prepared using phenyl salicylate 3.11a (0.1 mmol, 1 equiv),
benzyl or isoamyl alcohol (0.5 mmol, 5 equiv), and mesitylene (1.00 mL, 0.1 M) in PTFE-

lined screw cap vials. The vials were sealed and heated to 150 °C for 16 hours. Product
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yields were determined by *H NMR using 1,3,5-trimethoxybenzene internal standard (0.70

mL, 0.05 M in CDClIs) based on literature reported *H NMR data.2%6-208

3.5.3 Synthetic Experiments

General procedures for phenol acylation: TrixiePhos (1.6 mg, 0.004 mmol, 4 mol%),
[Ir(cod)OMe]> (1.3 mg, 0.002 mmol, 2 mol%), ketone 3.14_ (0.100 mmol, 1 equiv),
substituted phenol (1.000 mmol, 10 equiv), 1,5-COD (13 uL, 0.100 mmol, 1 equiv), and
mesitylene (1.00 mL, 0.10 M) were added to a 2 mL PTFE-lined crimp top vial. The vial
was sealed, removed from the glovebox, and heated to 170 °C in an oil bath for 20 h. If
additional catalyst charges were used, the vial was returned to the glovebox and TrixiePhos
(1.6 mg, 0.004 mmol, 4 mol%) and [Ir(cod)OMe]> (1.3 mg, 0.002 mmol, 2 mol%) were
added. The vial was sealed and heated to 170 °C for an additional 20 h. Once the reaction
was complete, the solvent was removed in vacuo. Rection mixtures were analyzed by
quantitative 'H NMR using 1,3,5-trimethoxybenzene, dibromomethane, or 4-

methoxyacetophenone internal standard. Products were isolated with preparatory TLC.
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3.5.4 Characterization Data
Starting materials 3.10a2** and 3.14_** synthesized according to literature procedures, all
data are consistent with prior synthesis. Characterization data for side products 3.122%° and

3.13%1021 js consistent with previously reported literature data.

oH 000“"3
@)k

Me  3.11b

p-Tolyl 2-hydroxy-5-methylbenzoate (3.11b). Prepared with 1 catalyst charges. Yellow Oil
(72% by gNMR). Rr = 0.67 (25% Acetone/Hex). *H NMR (500 MHz, CDCls) & 10.34 (s,
1H), 7.86 (d, J = 2.3 Hz, 1H), 7.34 (dd, J = 8.4, 2.3 Hz, 1H), 7.24 (d, J = 8.6 Hz, 3H), 7.08
(d, J = 8.1 Hz, 2H), 6.94 (d, J = 8.5 Hz, 1H), 2.39 (s, 3H), 2.34 (s, 3H). 3C NMR (126
MHz, CDCl3) 6 169.3, 160.2, 148.0, 137.6, 136.2, 130.3, 130.1, 128.8, 121.5, 117.7, 111.6,
21.1, 20.6. IR (thin film) 3224, 2924, 2854, 1693 cm™. HRMS (ESI) calcd for C1sH1303

[M—H]™ m/z 241.0870; found 241.0879.

OH O /O/OMG
©/“\o

OMe 3.11c

4-Methoxyphenyl 2-hydroxy-5-methoxybenzoate (3.11c). Prepared with 1 catalyst charge.
Yellow Solid (70% by gNMR). Rr = 0.49 (30% Et,0/Hex). mp = 67.8-68.7 °C. 'H NMR
(500 MHz, CDCl3) § 10.16 (s, 1H), 7.50 (d, J = 3.1 Hz, 1H), 7.16 (dd, J = 9.1, 3.2 Hz, 1H),
7.16 — 7.10 (m, 2H), 6.99 — 6.94 (m, 3H), 3.84 (s, 3H), 3.83 (s, 3H). *C NMR (126 MHz,

CDClI3) 6 169.2, 157.9, 156.9, 152.3, 143.6, 125.1, 122.6, 119.0, 114.8, 112.1, 111.5, 77 .4,
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77.2,76.9, 56.1, 55.8. IR (thin film) 1687, 1616, 1510, 1489 cm™. HRMS (ESI) calcd for

C15H1303 [M—H] m/z 273.0768; found 273.0778.

on O O/©/CI
©)L

Cl 3.11d

4-chlorophenyl 5-chloro-2-hydroxybenzoate (3.11d). Prepared with 3 catalyst charges.
White Solid (33% by gNMR). Rt = 0.68 (40% Et,0/Hex). mp = 98.2-98.9 °C.'H NMR
(400 MHz, CDCl3) & 10.32 (s, 1H), 8.02 (d, J = 2.6 Hz, 1H), 7.49 (dd, J = 8.9, 2.6 Hz, 1H),
7.45 — 7.41 (m, 2H), 7.20 — 7.12 (m, 2H), 7.01 (d, J = 8.9 Hz, 1H). 13C NMR (126 MHz,
CDCl3) 6 167.9, 160.9, 148.4, 136.8, 132.3, 129.9, 129.6, 124.5, 123.1, 119.7, 112.6. IR
(thin film) 1692, 1491, 1474 cm™. HRMS (ESI) calcd for Ci3H:Cl.03 [M—H] m/z

280.9778; found 280.9781.

OH O
M
€ o
Me

3.11e

o-Tolyl 2-hydroxy-3-methylbenzoate (3.11e). Prepared with 1 catalyst charges. Yellow Oil
(48% by gNMR). R¢ = 0.63 (20% Acetone/Hex). *H NMR (400 MHz, CDCls) & 10.79 (s,
1H), 7.96 (dd, J = 8.0, 1.7 Hz, 1H), 7.41 (d, J = 7.2 Hz, 1H), 7.33 — 7.25 (m, 2H), 7.23 (dd,
J=7.3,15Hz, 1H), 7.13 (dd, J = 7.9, 1.5 Hz, 1H), 6.88 (t, J = 7.7 Hz, 1H), 2.30 (s, 4H),
2.24 (s, 3H). *C NMR (126 MHz, CDCls) § 169.3, 160.8, 149.0, 137.4, 131.5, 130.5,
128.0,127.2,127.1,126.7,122.0, 119.0, 111.1, 16.3, 15.9. IR (thin film) 2925, 2853, 1683

cm™t. HRMS (ESI) calcd for C1sH1303 [M—H]™ m/z 241.0870; found 241.0870.
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3.11f

m-Tolyl 2-hydroxy-4-methylbenzoate (3.11f). Prepared with 1 catalyst charges. Yellow Oil
(69% by gNMR). Rt = 0.57 (20% Acetone/Hex). *H NMR (400 MHz, CDCl3) § 10.47 (s,
1H), 7.93 (d, J = 8.1 Hz, 1H), 7.32 (t, J = 7.8 Hz, 1H), 7.11 (d, J = 7.6 Hz, 1H), 7.04 — 6.96
(m, 2H), 6.85 (s, 1H), 6.78 (d, J = 8.1 Hz, 1H), 2.40 (s, 4H), 2.38 (s, 3H). 1*C NMR (126
MHz, CDClI3) 6 169.2, 162.3, 150.3, 148.1, 140.0, 130.3, 129.5, 127.2, 122.4, 120.9, 118.8,
118.1,109.5, 22.1, 21.5. IR (thin film) 1680 cm™. HRMS (ESI) calcd for C1sH1303 [M—H]

m/z 241.0870; found 241.0882.

OH O /@\
/©/U\o OMe
MeO

3.11g

3-Methoxyphenyl 2-hydroxy-4-methoxybenzoate (3.11g). Prepared with 1 catalyst charge
in the same reaction as 3.10g. Yellow Solid (42% by gNMR). Rt = 0.66 (30% Et>O/Hex).
mp = 70.2-71.5 °C 'H NMR (400 MHz, CDCls) 6 10.71 (s, 1H), 7.96 (d, J = 8.8 Hz, 1H),
7.33 (t,J=8.2 Hz, 1H), 6.84 (ddd, J = 8.4, 2.5, 0.9 Hz, 1H), 6.80 (ddd, J =8.1, 2.2, 0.9 Hz,
1H), 6.75 (t, J = 2.3 Hz, 1H), 6.52 (dd, J = 8.8, 2.5 Hz, 1H), 6.50 (d, J = 2.4 Hz, 1H), 3.86
(s, 3H), 3.82 (s, 3H). 3C NMR (126 MHz, CDCl3) & 168.8, 166.4, 164.7, 160.8, 151.3,
131.9, 130.1, 114.1, 112.2, 108.2, 107.9, 104.9, 100.9, 55.8, 55.6. IR (thin film) 1668,

1606, 1590 cm . HRMS (ES]I) calcd for C1sH1303 [M—H]™ m/z 273.0768; found 273.0781.
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OH O OH
MeO il ii OMe

3.10g

bis(2-hydroxy-4-methoxyphenyl)methanone (3.10g). Prepared with 1 catalyst charge in the
same reaction as 3.11g. Yellow Solid (21% by gNMR). Rt = 0.53 (30% Et,O/Hex). mp =
134.5-135.7 °C. 'H NMR (400 MHz, CDCl3) & 11.33 (s, 1H), 7.55 (d, J = 8.9 Hz, 1H),
6.53 (d, J = 2.5 Hz, 1H), 6.48 (dd, J = 8.9, 2.5 Hz, 1H), 3.87 (s, 3H). 13C NMR (126 MHz,
CDCI3) 6 199.3, 165.7, 164.8, 134.6, 113.6, 107.3, 101.7, 55.8. IR (thin film) 1617, 1590,

1575 cm™. HRMS (ESI) calcd for C15H130s [M—H]™ m/z 273.0768; found 273.0767.

3.11h

3-chlorophenyl 4-chloro-2-hydroxybenzoate (3.11h). Prepared with 2 catalyst charges in
the same reaction as 3.10h. White Solid (8% by gNMR). Rs = 0.72 (25% Et,O/Hex). mp =
106.4-107.5 °C. 'H NMR (400 MHz, CD2Cl,) & 10.44 (s, 1H), 8.00 (d, J = 8.6 Hz, 1H),
7.42 (t, J = 8.1 Hz, 1H), 7.33 (ddd, J = 8.1, 2.0, 1.0 Hz, 1H), 7.28 (t, J = 2.1 Hz, 1H), 7.16
(ddd, J=8.1, 2.3, 1.1 Hz, 1H), 7.08 (d, J = 2.0 Hz, 1H), 7.00 (dd, J = 8.6, 2.1 Hz, 1H). :*C
NMR (126 MHz, CDClz) 6 168.1, 162.9, 150.5, 142.9, 135.2, 131.4, 130.6, 127.0, 122.5,
120.5,120.1, 118.3, 110.3. IR (thin film) 1678, 1572 cm™. HRMS (ESI) calcd for C13H7Cly

O3 [M—H] m/z 280.9778; found 280.9784.
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3.10h

bis(4-chloro-2-hydroxyphenyl)methanone (3.10h). Prepared with 2 catalyst charges in the
same reaction as 3.11h. Yellow Solid (<1% by gNMR). Rs = 0.43 (25% Et,O/Hex). 'H
NMR (500 MHz, CDCls) § 10.66 (s, 1H), 7.51 (d, J = 8.6 Hz, 1H), 7.12 (d, J = 2.0 Hz,
1H), 6.94 (dd, J = 8.6, 2.0 Hz, 1H). IR (thin film) 3094, 2961, 2921, 1805, 1723, 1615,

1584 cm™. HRMS (ESI) calcd for C13H7Cl,03 [M—H]™ m/z 280.9778; found 280.9769.

3.1

3-fluorophenyl 4-fluoro-2-hydroxybenzoate (3.11i). Prepared with 1 catalyst charge in the
same reaction as 3.16i. White solid (35% by gNMR). Rt = 0.65 (15% EtOAc/Hex). mp =
57.0-58.5 °C. *H NMR (500 MHz, CDCls) § 10.61 (d, J = 1.6 Hz, 1H), 8.06 (dd, J = 8.9,
6.5 Hz, 1H), 7.42 (td, J = 8.3, 6.4 Hz, 1H), 7.07 — 7.00 (m, 2H), 6.98 (dt, J = 9.2, 2.3 Hz,
1H), 6.74 (dd, J = 10.2, 2.5 Hz, 1H), 6.70 (ddd, J = 9.0, 8.0, 2.5 Hz, 1H). 13C { H, °F}
NMR (126 MHz, CDClz) 6 168.1, 168.0, 164.6, 163.1, 150.9, 132.8, 130.6, 117.6, 113.7,
110.0, 108.4, 108.1, 104.9. °F {"H} NMR (376 MHz, CDCI3) 5 -99.1, -110.3.IR (thin
film) 1679, 1599, 1506 cm™. HRMS (ESI) calcd for C1aH7F203 [M—H]™ m/z 249.0369;

found 249.0381.
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SO

3.16i

(2)-3-fluoro-6,7,8,9-tetrahydro-12H-cycloocta[b]chromen-12-one (3.16i). Prepared with 1
catalyst charge in the same reaction as 3.11i. Colorless oil (4% by gNMR). R¢=0.41 (15%
EtOAc/Hex). *H NMR (500 MHz, CDCl3) § 8.29 —8.20 (m, 1H), 7.18 — 7.09 (m, 2H), 6.48
(dt, J = 11.4, 1.4 Hz, 1H), 6.03 (dt, J = 11.3, 7.0 Hz, 1H), 2.87 — 2.72 (m, 3H), 2.19 (bs,
2H), 1.81 (bs, 2H), 1.60 (bs, 2H). °F {*H} NMR (376 MHz, CDCls) & -103.9. IR (thin
film) 2929, 1732, 1657, 1616 cm™. HRMS (ESI) calcd for CisH13FO, [M+Na]* m/z

267.0792; found 267.0795.

3.11j

3-(trifluoromethyl)phenyl 2-hydroxy-4-(trifluoromethyl)benzoate (3.11j). Prepared with 1
catalyst charge in the same reaction as 3.16j. Yellow Oil (27% by gNMR). Rt = 0.57 (20%
Et,0/Hex). *H NMR (400 MHz, CDCl3) § 10.46 (s, 1H), 8.19 (d, J = 8.3 Hz, 1H), 7.66 —
7.56 (M, 2H), 7.53 (s, 1H), 7.49 — 7.36 (m, 1H), 7.33 (d, J = 1.7 Hz, 1H), 7.23 (dd, J = 8.5,
1.7 Hz, 1H). C {*H, F} (126 MHz, CDCls) § 167.8, 162.4, 150.0, 138.1, 132.6, 131.4,
130.5, 125.3, 123.7, 123.5, 123.2, 119.1, 116.1, 115.6, 114.2. °F {*H} NMR (376 MHz,
CDCl3) & -62.7, -63.9. IR (thin film) 2928, 2856, 1704 cm™. HRMS (ESI) calcd for

CisH7FsO3 [M—H]™ m/z 349.0305; found 349.0320.
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3.16

(2)-3-(trifluoromethyl)-6,7,8,9-tetrahydro-12H-cycloocta[b]chromen-12-one (3.16j).

Prepared with 1 catalyst charge in the same reaction as 3.11j. Yellow Solid (8% by gqNMR).
Rr =0.29 (20% Et,0/Hex). mp = 98.7-91.0 °C. *H NMR (500 MHz, CDCl3) § 8.34 (d, J =
8.3 Hz, 1H), 7.74 (s, 1H), 7.60 (dd, J = 8.5, 1.5 Hz, 1H), 6.46 (dt, J = 11.4, 1.4 Hz, 1H),
6.04 (dt, J = 11.4, 7.0 Hz, 1H), 2.85 — 2.78 (m, 2H), 2.20 — 2.14 (m, 2H), 1.81 (t, J = 6.0
Hz, 2H), 1.66 — 1.55 (m, 2H). 3C {H, °F} NMR (126 MHz, CDCl3) 5 176.6, 165.8, 155.6,
135.0, 134.7, 127.4, 125.3, 123.4, 121.1, 120.9, 119.9, 115.9, 32.4, 29.0, 24.3, 22.7. *F
{*H} NMR (376 MHz, CDCl3) § -63.0.IR (thin film) 2929, 2857, 1652 cm™. HRMS (ESI)
calcd for C16H1FsO3 [M+Na]™ m/z 317.0760; found 317.0763. The structure was confirmed

by COSY, HSQC, and HMBC NMR.

3.11k

naphthalen-1-yl 1-hydroxy-2-naphthoate (3.11k). Prepared with 2 catalyst charges in the
same reaction as 3.10k. Yellow Solid (18% by NMR). Rs = 0.15 (1% Et,O/Hex). mp =
98.5-99.8 °C. 'H NMR (500 MHz, CDCl3) 5 11.72 (s, 1H), 8.47 (d, J = 8.3 Hz, 1H), 8.19
(d, J=8.8 Hz, 1H), 7.98 — 7.88 (m, 2H), 7.85 (dd, J = 8.0, 5.4 Hz, 2H), 7.68 (ddd, J = 8.2,
7.0, 1.3 Hz, 1H), 7.61 — 7.49 (m, 5H), 7.44 (d, J = 8.7 Hz, 1H), 7.42 (dd, J = 7.4, 1.1 Hz,
1H).3C NMR (126 MHz, CDCl3) § 170.1, 162.3, 146.3, 137.8, 134.9, 130.1, 128.3, 127.8,

127.0, 127.0, 126.8, 126.7, 126.2, 125.6, 125.0, 124.5, 124.2, 121.3, 119.4, 118.5, 105.0.
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IR (thin film) 2917, 2850, 1627, 1584, 1567 cm™X. HRMS (ESI) calcd for C21H130s [M—H]™

m/z 313.0870; found 313.0866.

OH O OH

3.10k

bis(1-hydroxynaphthalen-2-yl)methanone (3.10k). Prepared with 2 catalyst charges in the
same reaction as 3.11k. Yellow Solid (9% by NMR). Rf = 0.20 (1% Et,O/Hex). mp =
164.2-167.0 °C. *H NMR (500 MHz, CDCls) § 12.45 (s, 2H), 8.52 (d, J = 8.7 Hz, 2H),
7.81(d, J = 8.1 Hz, 2H), 7.74 — 7.62 (m, 4H), 7.58 (ddd, J = 8.2, 6.9, 1.3 Hz, 2H), 7.33 (d,
J =8.9 Hz, 2H). 3C NMR (126 MHz, CDCl3) § 201.7, 162.1, 137.0, 130.3, 127.6, 127.4,
126.2,125.5,124.5,118.2, 113.5. IR (thin film)3061, 2951, 2923, 2851, 1674, 1633, 1599,

1578 cm™. HRMS (ESI) calcd for C21H130s [M—H]™ m/z 313.0870; found 313.0875.
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Chapter 4. Hydroxyl-Directed Carboacylation of Alkenes

4.1 Introduction

Previously, our group has studied alkene carboacylation, but initial carboacylation
reactions were limited to quinolinyl ketones (Scheme 1.9).”” Quinoline groups are useful
for directing bond activation and preventing decarbonylation, but all attempts to remove
the quinoline group were unsuccessful.?*2 Based on this work, we have developed a more
versatile, hydroxyl-directed variant of the carboacylation reaction. Using benzophenone
4.1 we can form dihydrobenzofuran 4.2 through directed ketone C—C bond activation and

alkene carboacylation (Scheme 4.1).

Me
f [Ir(cod)OMe], (4 mol%) OH O Me o
OH O O P(4-OMeCgHs); 4.8 (12 mol%)
mesitylene (0.1 M) . O
O O 160 °C, 4 h
4.1 42

Scheme 4.1 Hydroxyl-directed alkene carboacylation

4.2 Reaction Optimization

We began our optimization of the hydroxyl-directed carboacylation reaction by
testing catalyst and ligand systems that were used in our arene acylation'® (Table 4.1 entry
1), oxyacylation!'2113115 (Taple 4.1 entries 2 and 3), and carboacylation’’ reactions (Table
4.1 entries 4 and 5). Only reactions with [Ir(cod)OMe]. resulted in any formation of
cyclized 4.2. Using [Ir(cod)OMe]. with (R)-MOP gave 4.2 in 24% vyield with 15% of

isomerized side product 4.3. Reactions with Rh-catalysts gave 4.3 as the only product
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Table 4.1 Initial carboacylation conditions screened

Me Me Me
f Catalyst (x mol%) OH O Me o ]/
i o,
OH O O Phosphine (y mol%) ., OH O O
mesitylene (0.1 M) O
saclle S
4.1 4.2 43

Conversion Yield of Yield of

Entry  Catalyst (mol%) Ligand (mol%o) (%)° 42 (%) 43 (%)

1 [Ir(cod)OMe], (4)  TrixiePhos (12) 57 2 29
2 [Ir(cod)OMe]> (4)  (R)-MOP (12) 45 24 15
3 Rh(cod)BF4 (10) dppp (12) 98 0 85
4 Rh(PPh3)sCl (10) — 64 tr 56
5  [Rh(CzHa)LCl]2 (5) — 92 0 63
6  [Rh(cod)OMel. (4)  (R)-MOP (12) 15 0 0
7 Pd(PPhs)s (10) — >99 0 0
8 Ni(cod)2 (10) — 16 0 0
9 Ni(cod)2 (10) 4.8 (12) = 0 0
10° Ni(cod)2 (10) 4.8 (12) —b 0 0

a) Determined by gNMR; b) not determined due to NMR signal broadening; c¢) 10 mol%
K2COs added; tr = trace

(Table 4.1 entries 3-6). Attempted carboacylation with Pd(PPhs)s resulted in full
conversion of 4.1 to a mixture of unidentified products (Table 4.1 entry 7). Reactions with

Ni(cod)2, with and without ligand 4.8 and K2COgz resulted in no product 4.2 or 4.3
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MOP R'=OMe RZ=Ph N R3 = 4-Me
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4.4 R' = OMe R“ = 4-MePh E 4.8 R® = 4-OMe s thp\/\/Pth E
4.5 R'=0OMe R?=4-OMePh . 4.9 R3 = 2-Me '
' dppp
v 410 R = 2-OMe

Scheme 4.2 Structure of phosphines used in reaction optimization

formation (Table 4.1 entries 8-10). [Ir(cod)OMe]. appeared to be the best catalyst and was
used moving forwards.

Next, we examined the effect of ligand choice on carboacylation (Table 4.2). The
structures of the ligands tested are shown in Scheme 4.2. Methoxy-substituted
triarylphosphine 4.8 gave the best result overall, yielding 79% of 4.2 after 5 hours with no
alkene isomerization to 4.3 (Table 4.2 entry 13). A control reaction using [Ir(cod)OMe]z
with no phosphine present indicated that phosphine was required for carboacylation, only
alkene isomerized product 4.3 was observed without it (Table 4.2 entry 1). Not all
phosphines were effective, for example, tri-tert-butylphosphine resulted in only alkene
isomerization to 4.3 (Table 4.2 entry 2). Reaction with tricyclohexylphosphine gave 8% of
desired product 4.2 along with 5% of 4.3 with a low mass balance (Table 4.2 entry 3).
Binaphthyl phosphines with t-butyl or cyclohexyl groups gave little to no product

formation (Table 4.2 entries 4 and 5). Triarylphosphines gave the best results overall.
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Entry

10
11
12
13
14

15

Table 4.2 Phosphine ligand optimization

Me Me
[Ir(cod)OMe], (4 mol%) OH O Me o ]’

Phosphine (12 mol%)‘ O OH O (0]

mesitylene (0.1 M) O * il J il

150°C,5h
4.2 4.3

. Conversion  Yield of 4.2 Yield of
Ligand

(%)? (%) 4.3 (%)
— 91 0 78
P(tBu)s 31 0 21
PCys 42 8 5
TrixiePhos 57 2 29
Cy-MOP 20 0 6
PhDavePhos 66 16 28
(R)-MOP 45 24 15
4.4 56 32 7
4.5 80 50 8
4.6 75 48 4
PPhs 95 69 0
4.7 75 68 6
4.8 95 79 0
4.9 67 0 50
4.10 28 0 7

a) Determined by gNMR
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Electron-rich Buchwald-type phosphine PhDavePhos gave 16% of 4.2 with significant
alkene isomerization (Table 4.2 entry 6). Reactions with a variety of MOP-style ligands
showed that yield increased with increasing electron-richness of the non-binaphthyl aryl
rings (Table 4.2 entries 7-9). A similar trend was observed with symmetric, 4-substituted
triaryl phosphines (Table 4.2 entries 10-13). Yield increased going from -F < -H < -Me <
-OMe with methoxy substituted phosphine 4.8 giving 79% of 4.2 after 5 hours. Reactions
with electron-rich but sterically-hindered 2-substituted phenyl phosphines 4.9 and 4.10
showed no formation of product 4.2 with varying amounts of alkene isomerization (Table
4.2 entries 14 and 15). Triarylphosphine 4.8 gives the highest yield and was used for further
optimization. As reactions with binaphthyl-substituted 4.5 formed 4.2 in moderate yield,
this has potential to be used for an asymmetric carboacylation reaction.

A screen of catalyst loadings showed 4 mol% of [Ir(cod)OMe]2 gave the best yield
of 4.2 (Table 4.3 entry 4). Yield increased with catalyst loading up to 4 mol%, increasing
to 5 mol% resulted in lower yield. No alkene isomerization to 4.3 was observed at any
catalyst loading tested.

An iridium to phosphine ratio of 1:1.5, or a 1:3 ratio of [Ir]. to phosphine, was
found to be optimal. Alkene isomerization to 4.3 was observed when the ratio was below
1:1 (Table 4.3 entry 1). At a 1:2 ratio, phosphine inhibited the reaction, lowering

conversion and yield of 4.2 (Table 4.4 entry 4).
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Table 4.3 Catalyst loading optimization

Me
f [Ir(cod)OMe], (x mol%) OH O Me

OH O (o) 4.8 (3X mol%) _ s
mesitylene (0.1 M) o O
O O 150 °C, 5 h

4.1 4.2
Entr [Ir(cod)OMe]2 4.8 Conversion Yield of 4.2
y (Mol%) (Mol%) (%) (%)
1 1 3 40 24
2 2 6 70 50
3 3 9 88 64
4 4 12 95 79
5 5 15 >99 69

a) Determined by gNMR

Table 4.4 Ligand loading optimization

Me Me Me

f [Ir(cod)OMe], (4 mol%) OH O Me o ]/

OH O O 4.8 (x mol%) o . OH O O

mesitylene (0.1 M) O
saclls ¢
4.1 4.2 43

Entr 4.8 [Ir]:P Conversion Yield of  Yield of
Y (moloe) : (%)2 42 (%) 4.3 (%)

1 4 1:0.5 75 38 8

2 8 1:1 97 68 0

3 12 1:1.5 95 79 0

4 16 1:2 64 30 0

a) Determined by gNMR
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Various solvents were screened to determine the effect on the vyield of
carboacylation product 4.2 (Table 4.5). The best yield was achieved in mesitylene at 150
°C (Table 4.5 entry 1). Addition of 10 mol% K>COs to the reaction in mesitylene did not

significantly alter the yield of 4.2.

Table 4.5 Effect of solvent on yield

Me
f [Ir(cod)OMe], (4 mol%) OH O Me o

OH O (o) 4.8 (12 mol%) -
solvent (0.1 M) O
O O 150°C, 5 h

4.1 4.2
Entr Solvent Temperature Conversion Yield of 4.2
y (°C) (%)° (%)°
1 Mesitylene 150 95 79
2 Decalin 150 98 65
3 1.2-Dichloroethane 150 77 54
4P 1,4-Dioxane 130 41 26
5P Toluene 130 14 9

a) Determined by gNMR; b) 130 °C

Next, we determined the effect of temperature and time on the yield of 4.2 by
carboacylation. As we observed nearly full conversion of 4.1 after 5 hours of heating to
150 °C, we examined lower reaction temperatures and longer reaction times. The mass
balance of the reaction was around 80%, so shorter reaction times at 150 °C and 160 °C
were also tested. The full results of this screen are shown in Figure 4.1. The maximum

yield of the reaction was not strongly influenced by temperature, reaching a maximum just
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over 70% yield. Some variability in yield of 4.2 was observed so reactions at 150 and 160

°C were repeated multiple times. Average yields over time indicate that 4 hours at 160 °C

is optimum (Figure 4.1).

90 Yield of 4.2 over time
80 '
70 ¢ ° ' =
o e gt
S ol B 130°C
N 50 Em®
% ° 140 °C
40 ]
S Ju. = W 150°C
>3 | e ©160°C
m
20
10 0
m
0
0 5 10 15 20 25 30
Time (h)
Average yield of 4.22 over time
80
70 ) 2
60 - »
<50 L
~ 40
< - ®160°C
G 30 L]
° 150 °C
20
>
()]
%010 ]
3 0
0 1 2 3 4 5 6 7
Time (h)

a) average of 2-7 reactions

Figure 4.1 Effect of temperature and time on reaction yield
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Attempts to perform alkene carboacylation on a preparatory scale resulted in
incomplete conversion of starting material 4.1. This complicated purification as 4.1 and
4.2 are not easily separable. | examined purification conditions using TLC and was unable
to separate the compounds using eluent from mixtures of ethyl acetate, acetone, diethyl
ether, and dichloromethane with hexanes, pentane, petroleum ether, toluene, or benzene.
Addition of 1-2% acetic acid or pretreatment with triethylamine did not improve
separation. Using alumina instead of silica also resulted in no separation of compounds 4.1

and 4.2 by TLC.

4.3 Proposed Mechanism

We have proposed the following reaction mechanism of carboacylation (Scheme

4.3). The transformation would begin with deprotonation and association of the hydroxyl-

iMe
OH O Me

OH O O

W,

Reductive \ fo) o / C-C Bond
Elimination Me o ~ o Activation
o] e M

o -~ o

111 1,2-insertion IT
Scheme 4.3 Proposed mechanism of hydroxyl-directed carboacylation of alkenes
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directing group to the catalyst forming intermediate I. Oxidative addition activates the C—
C bond forming 5-membered metallocycle I1. The coordinated pendent alkene undergoes
a 1,2-insertion into the M—C bond forming cyclized 111. Reductive elimination forming a
new C-C bond followed by dissociation of the metal center forms 4.2 and closes the

catalytic cycle.

4.4 Future Work

To conclude the work on hydroxyl-directed alkene carboacylation, we must
improve purification conditions, attempt asymmetric induction using chiral ligands, and
investigate the scope of the reaction. As discussed in Section 4.2, separation of compounds
4.1 and 4.2 is a significant challenge. To use alkene carboacylation on a preparatory scale,
we must improve separation conditions or ensure that the reaction occurs with full
conversion of the starting material.

Further experiments will be done attempting to induce asymmetry in product 4.2
using chiral ligands. Electron-rich MOP-style ligands are promising candidates, forming
4.2 inup to 50% yield by gNMR (Table 4.2), but we have not determined if this is occurring
with any significant enantioinduction. | have developed an HPLC method to separate the
enantiomers of 4.2, but further optimization is needed to separate 4.1 from these products.
To develop an asymmetric variant of this carboacylation reaction, we would need to
improve the yield with MOP ligands. As yield appears to increase with increasingly
electron-rich phosphines, reactions with dimethylamino-substituted MOP ligands should
be performed. Other chiral ligand scaffolds should also be tested, such as ferrocene-based

phosphines, electron-rich chiral NHCs, and phosphoramidite ligands.
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Carboacylation with substituted analogues of 4.1 should be performed to determine
the effect that steric and electronic changes have on the reaction (Scheme 4.4). Substituents
with varied electronic properties such as methyl, methoxy, acetyl, and trifluoromethyl
should be tested on both aryl rings. Methyl substitutions at each open position on the aryl
rings can be used to determine the effect of altered steric-hinderance around the directing
group and activated C—C bond. Other substrate modifications that should be investigated
include alternate alkenes including other 1,1-disubstituted alkenes, and a mono- and a tri-
substituted alkene. The length of the alkene tether should be modified to attempt to form
6- and 7-membered rings through carboacylation. Additional modifications could include
altering the ether tether to an alkyl or amine group to form indane or indoline rings or

replacing one arene with a heteroarene like pyrrole or indole.

R3
f [Ir(cod)OMe], (4 mol%) OH O R? o
OH 0o oFfh 48 (12mol%) 1/| n
mesitylene (0.1 M) R N\
rE T Y g 160 °C, 4 h X //\Rz
=

R' and R? = Me, OMe, CF;, C(O)Me.
R3 = H, Et, Ph, CH,0Bn
n=1,23

Additional Substrates

(=)

X = CH,, NMe

Scheme 4.4 Proposed substrate scope for carboacylation
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4.5 Conclusion

We have developed a method for hydroxyl-directed carboacylation of alkenes using
iridium-catalyzed C-C bond activation. This transformation forms dihydrobenzofuran
rings with a quaternary carbon center in good yield after 3 hours. Preliminary results
indicate potential for asymmetric induction with chiral phosphine ligands to develop an
enantioselective carboacylation reaction. Further work is needed to optimize product

purification, examine reaction scope, and study asymmetric carboacylation.
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4.6 Experimental Details

4.6.1 General Information

General Experimental Procedures: All acylation reactions were prepared under inert
atmosphere in an oxygen-regulated glovebox. Reaction progress was monitored using thin-
layer chromatography (TLC) on 0.25 mm silica plates from SiliCycle. Eluted plates were
visualized with UV light. Silica Gel Flash Column Chromatography was performed on
230-400 mesh (particle size 0.04-0.063 mm) silica gel purchased from SiliCycle.
Materials. Unless otherwise indicated, chemicals were obtained from commercial sources
and used without further purification. All solvents for carboacylation were degassed by
bubbling a stream of argon through the liquid in a Schlenk flask and stored over 4 A
molecular sieves in a nitrogen-filled glovebox.

Instrumentation: NMR characterization data were collected at 300 K on Bruker FT NMR
instruments. *H NMR spectra were internally referenced to TMS (8 = 0 ppm). 3C NMR
spectra were internally referenced to the residual solvent signal (6 = 77.16 ppm). Data from
'H NMR are reported as follows: chemical shift (§ ppm), multiplicity (s = singlet, d =
doublet, t = triplet, g = quartet, m = multiplet, br = broad), coupling constant (Hz),
integration. Quantitative NMR data was collected with an acquisition time of 5 seconds
and a d1 relaxation delay of 10 seconds.

IR Spectra were obtained as films either neat or from CH2Cl> on sodium chloride plates on
a Thermo Scientific FT-IR or with an ATR source using a Nicolet iS5 FT-IR spectrometer.

Data are presented as absorption frequency (cm™).
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High-resolution mass spectrometry (HRMS) using ESI experiments were performed on a
Bruker BioTOF Il instrument using sodium trifluoroacetate internal standard and
ammonium bicarbonate additive for negative ion detection or PEG 400 internal standard

for positive ion detection.

4.6.2 Reaction Optimization Experiments

Catalyst screen: Reactions prepared using catalyst (x mol%), phosphine (y mol%), and
premade solution of 4.1 (1.00 mL, 0.1 mmol, 0.1 M in mesitylene) in PTFE-lined screw
cap vials. The vials were sealed and heated to 150 °C in an aluminum heating block for 5
hours. Product yields were determined by *H NMR using 1,3,5-trimethoxybenzene internal
standard (0.70 mL, 0.05 M in CDCls).

Phosphine screen: Reactions prepared using [Ir(cod)OMe]2 (4 mol%), phosphine (x
mol%), and a premade solution of 4.1 (1 equiv, 0.1 M in mesitylene) in PTFE-lined screw
cap vials. The vials were sealed and heated to 150 °C in an aluminum heating block for 5
hours. Product yields were determined by *H NMR using 1,3,5-trimethoxybenzene internal
standard (0.70 mL, 0.05 M in CDCls).

Catalyst loading: Reactions prepared using [Ir(cod)OMe]. (x mol%), tris-(4-
methoxyphenyl)phosphine (3x mol%), and a premade solution of 4.1 (0.1 mmol, 1 equiv,
0.1 M in mesitylene) in PTFE-lined screw cap vials. The vials were sealed and heated to
150 °C in an aluminum heating block for 5 hours. Product yields were determined by *H
NMR using 1,3,5-trimethoxybenzene internal standard (0.70 mL, 0.04 M in CDCls).
Phosphine loading: Reactions prepared using [Ir(cod)OMe]. (0.004 mmol, 4 mol%), tris-
(4-methoxyphenyl)phosphine (x mol%), and a premade solution of 4.1 (0.1 mmol, 1 equiv,
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0.1 M in mesitylene) in PTFE-lined screw cap vials. The vials were sealed and heated to
150 °C in an aluminum heating block for 5 hours. Product yields were determined by 'H
NMR using 1,3,5-trimethoxybenzene internal standard (0.70 mL, 0.04 M in CDCl5).
Solvent screen: Reactions prepared using [Ir(cod)OMe]. (0.004 mmol, 4 mol%), tris-(4-
methoxyphenyl)phosphine (0.012 mmol, 12 mol%), 4.1 (0.1 mmol, 1 equiv), and solvent
(12.00 mL, 0.1 M) in PTFE-lined screw cap vials. The vials were sealed and heated to 150
°C in an aluminum heating block for 5 hours. Product yields were determined by *H NMR
using 1,3,5-trimethoxybenzene internal standard (0.70 mL, 0.04 M in CDCls).
Temperature and Time screening: Reactions prepared using [Ir(cod)OMe]. (0.004
mmol, 4 mol%), tris-(4-methoxyphenyl)phosphine (0.012 mmol, 12 mol%), 4.1 (0.1 mmol,
1 equiv), and solvent (1.00 mL, 0.1 M) in PTFE-lined screw cap vials. The vials were
sealed and heated in an aluminum heating block for the time listed. Product yields were
determined by *H NMR using 1,3,5-trimethoxybenzene internal standard (0.70 mL, 0.05

M in CDCls).
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Table 4.6 Time screen at 130 and 140 °C

Me
f [Ir(cod)OMe], (4 mol%) OH O Me o

OH O (o) 4.8 (12 mol%) .~
‘/k‘ll mesitylene (0.1 M) |O C

41 4.2

Entry  Temperature (°C) Time (h) Conversion (%)* Yield 4.2 (%)?

1 130 4 39 17
2 130 8 58 3
3 130 12 82 55
4 130 24 89 64
S 140 4 38 18
6 140 8 88 65
7 140 12 94 64
8 140 24 100 77
9 140 16 100 70
10 140 20 100 70

a) Determined by gNMR
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Table 4.7 Time screen at 150 °C

Me
f [Ir(cod)OMe], (4 mol%)  OH O Me

OH O o) 4.8 (12 mol%) - e
‘/k‘ll mesitylene (0.1 M) O O

4.1 4.2

Entry Time (h)  Conversion (%)? Yield 4.2 (%)?

1 1 30 10
2 1 31 5
3 1 36 13
Average 1 32 9
4 2 50 24
5 2 65 37
6 2 65 40
Average 2 60 34
7 g 83 60
8 3 66 36
9 g 95 56
10 3 77 52
Average 3 80 51
11 4 81 51
12 4 97 56
13 4 93 66
Average 4 90 58
14 5 70 39
15 5 86 55
16 5 99 57
17 5 96 69
18 5 99 71
19 5 98 69
20 5 95 79
Average 5 92 63
21 6 99 63
22 6 92 59
Average 6 96 61
23 8 98 73
24 8 95 63
Average 8 97 68

a) Determined by gNMR
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Table 4.8 Time screen at 160 °C

Me
f [Ir(cod)OMe], (4 mol%) OH O Me o

OH O (o) 4.8 (12 mol%) -~
‘/k‘ll mesitylene (0.1 M) O O

41 4.2

Entry Time (h)  Conversion (%)? Yield 4.2 (%)?

1 1 56 33
2 1 58 29
Average 1 57 31
3 2 82 58
4 2 75 45
Average 2 79 52
5 3 99 73
6 3 94 64
7 3 85 58
Average 3 90 61
8 4 97 67
9 4 97 70
Average 4 97 69
10 5 99 75
11 5 97 68
12 5 89 52
Average 5 95 65
13 6 96 61
14 6 99 58
Average 6 98 60
15 8 97 63

a) Determined by gNMR
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4.6.3 Synthetic Experiments

Synthesis of 4.1: 2.2’-dihydroxybenzophenone (prepared according to literature
procedure?®®) (4 mmol, 1 equiv), 3-chloro-2-methylpropene (4.4 mmol, 1.1 equiv), K2COs
(4.4 mmol, 1.1 equiv), KI (0.4 mmol, 0.1 equiv), and acetone (12 mL, 0.33 M) added to a
6 dram vial and sealed with a PTFE-lined screw cap. The reaction mixture was heated to
50 °C in an aluminum heating block overnight. The resulting reaction mixture was filtered
through Celite and rinsed with additional acetone. Solution was concentrated leaving a
yellow oil. The oil was dissolved in ethyl acetate (20 mL) and washed with DI water (2 x
20 mL) and brine (10 mL). The organic phase was dried over Na,SO, filtered, and
concentrated. The resulting oil was purified with silica column chromatography (3%
acetone/hex) to give a yellow oil 4.1 (0.9412 g, 88%).

Carboacylation for isolation of 4.2: [Ir(cod)OMe]. (0.01 mmol, 4 mol%), tris(4-
methoxyphenyl)phosphine (0.03 mmol, 12 mol%), and solution of 4.1 (0.25 mmol, 1 equiv,
0.1 M in mesitylene) added to a vial with a PTFE-lined screw cap. The vial was sealed and
heated to 150 °C in an aluminum heating block for 5 hours. Product isolated by preparatory

TLC (20% acetone/hex) to give colorless oil 4.2 (51.0 mg, 76%).
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4.6.4 Characterization data

41

(2-hydroxyphenyl)(2-((2-methylallyl)oxy)phenyl)methanone (4.1). Yellow oil. Rf = 0.26
(5% Acetone/Hex). *H NMR (400 MHz, CDCls) § 12.14 (s, 1H), 7.45 (m, 2H), 7.37 (dd, J
=8.0, 1.7 Hz, 1H), 7.32 (dd, J = 7.5, 1.8 Hz, 1H), 7.06 (td, J = 7.5, 0.9 Hz, 1H), 7.03 (dd,
J=8.4, 1.1 Hz, 1H), 6.99 (dd, J = 8.4, 0.9 Hz, 1H), 6.79 (ddd, J = 8.2, 7.2, 1.2 Hz, 1H),
4.87 — 4.80 (m, 2), 4.40 (bs, 2H), 1.59 (bs, 2H). C NMR (101 MHz, CDCls) § 202.2,
162.7, 155.7, 140.1, 136.5, 133.9, 131.9, 128.9, 128.2, 120.8, 120.4, 118.8, 118.0, 112.7,
112.6, 72.1, 19.2. IR (neat) 3077, 2976, 2916, 1628, 1600, 1581 cm™. HRMS (ESI) calcd

for C17H1603 [M+Na]* m/z 291.0992; found 291.1000.

OH O Me
(0]

U0

1-(2-hydroxyphenyl)-2-(3-methyl-2,3-dihydrobenzofuran-3-yl)ethan-1-one (4.2).

Colorless oil. Rt = 0.6 (20% Acetone/Hex). *H NMR (400 MHz, CDCl3) § 12.22 (s, 1H),
7.67 (dd, J = 8.1, 1.7 Hz, 1H), 7.46 (ddd, J = 8.7, 7.1, 1.7 Hz, 1H), 7.20 — 7.11 (m, 2H),
6.98 (dd, J = 8.4, 1.2 Hz, 1H), 6.93 — 6.79 (m, 3H), 4.59 (d, J = 9.3 Hz, 1H), 4.50 (d, J =
9.4 Hz, 1H), 3.59 (d, J = 17.2 Hz, 1H), 3.26 (d, J = 17.2 Hz, 1H), 1.51 (s, 3H). 3C NMR

(101 MHz, CDCls) 6 204.4, 162.7, 159.1, 136.7, 134.9, 130.0, 128.7, 122.9, 120.8, 119.9,
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119.1, 118.8, 110.1, 82.7, 47.5, 44.1, 25.4. IR(neat) 3047, 2963, 2929, 2890, 1639, 1613,

1598, 1580 cm™*. HRMS (ESI) calcd for C17H1603 [M—H]™ m/z 267.1027; found 267.1043.

(2-hydroxyphenyl)(2-((2-methylprop-1-en-1-yl)oxy)phenyl)methanone (4.3). Yellow oil.
Rr = 0.60 (15% Acetone/Hex). *H NMR (400 MHz, CDCls) § 12.10 (s, 1H), 7.51 — 7.41
(m, 2H), 7.38 (dd, J = 8.0, 1.7 Hz, 1H), 7.35 (dd, J = 7.5, 1.7 Hz, 1H), 7.12 (td, J = 7.5, 1.0
Hz, 1H), 7.06 (dd, J = 8.3, 1.0 Hz, 1H), 7.03 (dd, J = 8.4, 1.1 Hz, 1H), 6.81 (ddd, J = 8.1,
7.1, 1.2 Hz, 1H), 6.14 (hept, J = 1.5 Hz, 1H), 1.60 (d, J = 1.4 Hz, 3H), 1.42 (d, J = 1.4 Hz,
3H). 3C NMR (101 MHz, CDCl3) § 201.8, 162.8, 154.8, 136.6, 134.5, 134.0, 132.0, 129.2,
128.3, 122.1, 120.4, 119.6, 118.9, 118.1, 114.9, 19.4, 15.2. IR(neat) 3057, 2966, 2915,

1690, 1629 cm™. HRMS calcd for C17H1603 [M+Na]* m/z 291.0992; found 291.0994.
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Appendix: NMR Spectra

Only spectra for compounds from previously unpublished work are included.
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4.2 1H NMR Spectrum in CDCI3
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4.2 13C NMR Spectrum in CDCI3
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4.3 1H NMR Spectrum in CDCI3
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4.3 13C NMR Spectrum in CDCI3
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