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Abstract
Site-selective and Stereoselective Functionalization of Non-Activated C—H Bond

By
Kuangbiao Liao

The major challenge for C—H functionalization remains to be selectivity; although
considerable progress has been achieved, the established approaches to develop selective
transformation rely on the use of substrate control, which inevitably possesses inherent
limitation. A more versatile but challenging approach would be catalyst control, in which
the sophisticated catalyst can distinguish one C—H bond from others by recognizing the
subtle steric and electronic differences. The approach in the Davies group is to develop a
rhodium carbene toolbox to control the selectivity at will.

Catalyst Synthesis. In general, systematic study and further catalyst structural
modification are required to discover the optimal catalyst. However, current catalyst
synthesis has limitations in structural diversification and accessibility. Therefore, a high-
throughput Suzuki coupling process was developed to enable rational design and
systematic study. So far, three catalyst libraries have been effectively established from
three corresponding preformed bromo-containing dirhodium catalyst through a four-,
eight- and twelve-fold palladium catalyzed Suzuki coupling reaction.

Catalyst Design. The catalyst design philosophy was inspired by highly selective
enzymatic catalysis, in which each enzyme pocket will allow only one specific substrate
to fit. Therefore, if a series of sophisticated catalyst pockets can be designed to recognize
the unique steric and electronic character of the target C—H bonds, a similar type of
selective catalysis could also be viable. The hypothesis is trying to develop a catalyst 1
with a “small” pocket that only 1° C—H bond can fit; a catalyst 2 with “medium” pocket
that 2° C—H bond will be sterically preferred over 3° C—H bond and electronically
preferred over primary C—H bond; a catalyst 3 with “large” pocket so that tertiary C—H
bond will be electronically preferred over other C—H bonds.

This thesis will discuss efforts toward developing three dirhodium catalysts,
Rho[tris(p-‘BuCsHa) TPCP]4, Rh2[3,5-di(p-'Bu)CsH4TPCP]s, and Rho(TCPTAD)4, to
achieve site- and stereoselective C—H functionalization at the most accessible primary,
secondary, and tertiary non-activated C—H bonds, respectively. The reaction scope is
ranging from alkanes, alkyl halides, alkyl ester, protected alcohols, alkyl silanes to
natural products, including steroids, vitamin and phytol derivatives. These three catalysts
demonstrated strong catalyst control capability to recognize the target C—H bonds to
achieve extremely high site-, diastereo- and enantioselectivity.
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Chapter 1 Introduction

1. C—H Functionalization

Organic compounds consist of C—C bonds, C—H bonds and functional groups. For
example, a common organic compound, morphine, is constructed of 18 C—C bonds
(marked in pink), 17 C—H bonds (marked in red), and 6 functional groups (marked in
blue) (Figure 1.1.1). The standard strategy of organic synthesis relies on developing the
most effective way for modification of the functional groups, so that the desired synthetic
target is rapidly obtained. However, conducting selective transformations on the
ubiquitous C—H bonds was generally not considered to be a viable approach. Recently, it
has been recognized and demonstrated that if the C—H bond modification can be
controlled and utilized, the logic of organic synthesis will be fundamentally

revolutionized.!”

HO"
C-C Bond Functional Group
18 17 6
Morphine
111

Figure 1.1.1 Number of C—C bonds, C—H bonds, and functional groups in Morphine



The main reason for the oversight of the importance of C—H bonds in standard
organic synthesis was because of the difficulties in developing reagents that are
sufficiently reactive to break a C—H bond but still capable of distinguishing among the
different C—H bonds. The bond dissociation energy of C—H bonds is relatively high but
there are some differences depending on the nature of C—H bonds, as shown for some
typical examples in Figure 1.1.2%. As can be seen in the first four entries, there is a steady
decrease in bond strength going from methyl, primary, secondary and tertiary C—H
bonds. The hybridization of the C—H bond plays an important role as sp? and sp
hybridized C-H bonds are stronger than sp® hybridized bonds (entries 5-7). Allylic,
benzylic and C—H bonds adjacent to heteroatoms tend to be weaker (entries 8-10)

because the resulting radical is resonance stabilized.

entry bond bond-dissociation energy at 298 K
(kcal/mol) (kd/mol)

1 H;C-H 105 439

2 C,oHs—H 101 423

3 (CH3),CH-H 98.6 -

4 (CH3)3C-H 96.5 404

5 CH,CH-H 111 464

6 CgHs—H 113 473

7 HC,-H 133 556

8 CH,CHCH»-H 89 372

9 CeHsCHy—H 90 377
10 H-CH,OH 96.1 385.3

Figure 1.1.2 Bond-dissociation energy of common C—H bonds



The potential of C—H bond modification was recognized in the late 1950s, and
“C—H activation” evolved to be a hot topic in organic chemistry.” One key example
regarding the use of Hofmann—Loffler—Freytag (HLF) reaction for the synthesis of
dihydroconessine (1.1.2) was reported by Corey (Buchschacher also reported a similar
work almost at the same time), the HLF reaction proceeded via an intramolecular C-H
halogenation which was essentially a formal C—H amination sequence (Figure 1.1.3, A).%
% The first task was the exploration of the appropriate reagents that are reactive enough to
break C—H bond without destroying the molecular framework, and the most notable
achievement was the utilization of organometallic reagents to assist the bond breaking
process. For example, in 1967, the palladium catalyzed C—H alkenylation of benzene
with styrene was reported by Moritani and Fujiwara!® (Figure 1.1.3, B) which was a key
foundation to develop the commonly used palladium-catalyzed arene coupling reactions.
In 1974, the copper catalyzed carbenoid insertion of cyclohexane reported by Scott!!
(Figure 1.1.3, C) represented a breakthrough in C—H insertion because cyclohexane was

commonly regarded as inert and employed as solvent for carbenoid reactions'>'.



Hofmann-Loffler reaction

80% yield
Corey, 1958 \N
Buchschacher, 1958 |
[Pd]
26% yield
Moritani & Fujiwara, 1967 1.1.6
C gg [Cu]
+ NZ/\COZEt _ COEt
24% yield
1.1.7 1.1.8 Scott, 1974 1.1.9

Figure 1.1.3 Early examples of C—H activation

In general, C—H bonds are inert toward direct reaction with common reagents, so
an alternative strategy will be needed to transform a C—H bond to a functional group. C—
H activation was used to describe metal insertion into the C—H bond with the formation
of M-C bond (1.1.11). The M-C bond of the newly generated organometallic species
(1.1.11) is more reactive than the C—H bond of the original compound (1.1.10) so it can
react with the reagent to form a new compound with an additional functional group

(1.1.12). The whole process is also known as C—H functionalization.



reagent

@H [M] @M reagent @FG
> —_—
C—H activation

1.1.10 1.1.11 1.1.12

~

C—H functionalization

Figure 1.1.4 C—H activation versus C—H functionalization



2. Grand Challenge of C—H Functionalization

Even though considerable progress has been achieved to transform C—H bonds to
other useful molecular frameworks, '>7 the key challenge still exists, which is how to
differentiate one C—H bond from the other C—H bonds with similar steric and electronic
characteristics. For example, the following hypothetical molecule (1.2.1) has 18 different
types of C—H bonds, including the steric specific C—H bonds (marked in green), reactivity
specific C—H bonds (marked in red), and non-specific C—H bonds (marked in blue). From
the standard organic chemistry point of view, it will be fundamentally challenging to

precisely functionalize one C—H bond without modifying the rest of them (Figure 1.2.1).

O Steric specific C—H bonds
0 O Reactivity specific C—H bonds

Ng\@ @ Non-specific C—H bonds

1.21

Figure 1.2.1 Grand challenges of C—H functionalization

Over the years, substrate control was developed to tackle the selectivity issue,
which is designed to selectively modify the reactivity and/or distance specific C—H
bonds. In the early stages, the selectivity was achieved by the careful selection of
molecules with reactivity specific C—H bonds. For example, selective functionalization of
C—H bonds alpha to nitrogen, oxygen, or pi-bonds can be achieved because those C—H

bonds are activated by the functional group so that they are far more reactive than other



non-activated C—H bonds. '°-*? Figure 1.2.2-A illustrates a powerful reaction to
synthesize threo-Methylphenidate (1.2.4) from Boc-pyrrolidine (1.2.2) through a
selective carbene insertion of the C—H bond alpha to nitrogen.** The site-selectivity
mainly relied on the reactivity preference of the target C—H bond, but the
diastereoselectivity and enantioselectivity were caused by the synergistic effects between
the catalyst, the carbene and the substrate. The selective C—H arylation reaction shown in
Figure 1.2.2-B also uses the same strategy to achieve selectivity by choosing substrates

with activated C—H bond, the allylic C—H bond (1.2.5).%*

A Ph,, _CO,;Me
Ph COsMe [Rh]
+ \ﬂ/ NBoc
NBoc N, 72% yield
8421:? :Z threo-Methylphenidate
1.2.2 1.2.3 ° 1.2.4
Davies, 1999
B CN CN
j‘\/\ organic & photoredox catalysis
+ >
= 85% yield
CN MacMillan, 2015 =
1.2.5 1.2.6 1.2.7

Figure 1.2.2 Selective functionalization of reactivity specific C—H bonds

Another powerful strategy to achieve selectivity at the distance specific C—H
bonds relies on the generation of cyclic intermediate or product, which includes
intramolecular reactions and the directing group strategies. The use of intramolecular
reactions is a standard strategy to functionalize the distance specific C—H bond with the

formation of five- or six-membered ring product.>>>° As shown in Figure 1.2.3-A, a



rhodium catalyzed intramolecular carbene insertion of alkyl 2-diazoacetate (1.2.8) with
the formation of a B-lactone (five-membered ring) product (1.2.9) in high selectivity and
yield is described.?® Another example shown in Figure 1.2.3-B is a rhodium-catalyzed
intramolecular C—H amination of alkyl sulfamate (1.2.10) at the tertiary position of the
alkyl chain to form a six membered ring intermediate (1.2.11), which can be easily

converted N-CBz-(R)-B-isoleucine (1.2.12) in two steps.?’

N2 Rhy(4S-MEOX), o
gz (1 mol%) O /41
e} CO,Me
o CH,Cl 0 o N
_ Rh—Rh
71% vyield 7| |
1.2. >99:1 dr 1.2.9 .
8 98% ee Rh,(4S-MEOX),
ha(OAC)4
(2 mol%)
SO,NH Phl(OAc),, MgO O\\//O 2 steps ‘" NHCBz
oo 2 N _CO.H
\ﬁj CH,CI - HNoT—/= Ao
2v12 ‘1,
. \)\) N-CBz-(R)-b-isoleucine
91% yield
1.2.10 1.2.11 1.2.12

Figure 1.2.3 Selective functionalization of distance specific C—H bonds through

intramolecular reaction

Functionalizing the distance specific C—H bond by formation of a metallocyclic
intermediate followed by downstream reactions to generate the desired products is well-
known as the directing group strategy. This strategy has drawn considerable attention and
has been developed into the major strategy to achieve selective C—H functionalization. 3*-
33 In general, the directing group is pre-installed to guide the catalyst to functionalize the

distance specific C—H bond. The early example of Pd-catalyzed ligand-directed sp> C—H



bond oxygenation used PhI(OAc):2 as oxidant and Pd(OAc): as catalyst was reported by
Sanford.* They demonstrated that a variety of pyridine derivatives served as excellent
directing groups to produce ortho-acetoxylated products in yields ranging from 54% to
88%. The reaction shown in Figure 1.2.4-A is an interesting example with the formation
of a bis acetoxylated product (1.2.14) in 78% yield. Inspired by this work, other nitrogen-
based directing groups were also explored, including imines, oxime ethers, azobenzene
derivatives, and nitrogen heterocycles, and even amides with relatively basic oxygen
atoms were shown to be good directing groups.’® 3-3¢ A carboxylic acid-derived N-
methoxy amide directing group was reported by Yu. ¥ It also serves as an anionic ligand
that localized the reactive PdX2 (X=ArCONOMe) species near the target C—H bond,
avoiding interference from any nitrogen or sulfur atoms present in the heterocyclic
substrates, which has been a major limitation of directed C—H functionalization. As
shown in Figure 1.2.14-B, the reaction could tolerate heteroatom containing substrates
(1.2.15) to give the desired product (1.2.16) in 82% yield. Another type of directed C—H
functionalization reported by Hartwig showed a new direction for the development of
directing group strategy, using dihydridosilanes to direct the site-selective C—H
functionalization of primary C—H bonds. As shown in Figure 1.2.4-C, the (hydrido)silyl
ether (1.2.17) was formed by dehydrogenative coupling with the alcohol or by
hydrosilylation of the ketone, and then the Si—H unit of the silyl ether undergoes iridium
catalyzed dehydrogenative functionalization of a primary C—H bond to form a five-

membered silyl ether product (1.2.18) in 99% yield.**
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A Pd(OAc), (6 mol%) OAc
— PhI(OAc), (2.3 eq.) —
\ \
N / MeCN, 100 °C, 12h /
78% yield OAc
1.2.13 1.2.14
B Pd,(dba)s (2.5 mol%j 0
0/\ P f ()\1 7
K/N 0 BuNC (1.5 eq.)
| X N~ Nl N-'Bu
N ot dioxane, 80 °C, 6h, air Z
82% yield \o’N
1.2.15
1.2.16
C [Ir(cod)OMel, (0.5 mol%)
Et, 3,4,7,8-Meyphen (1.2 mol%)
O/Si“H nbe (1.2 eq.) wg@
)\/\>J\/\@ THF, 80 °C, 15h
99% yield
1.2.17 oY 1.2.18

Figure 1.2.4 Selective functionalization of distance specific C—H bonds through directing

group strategy

Obviously, the directing group strategy is very powerful in accessing the distance
specific C—H bonds because, in an ideal situation, one directing group will functionalize
the distance specific C—H bond despite of the changes of substrates. As shown in Figure
1.2.5-A, for the terminally substituted n-alkyl compounds, the functional group (FG) can
be used to install directing groups. The directing group (DG1) can always place the
catalyst to be close to the gamma C—H bond even though the alkyl chains are changing.
However, it becomes challenging to achieve selectivity at the steric specific C—H bonds

because the directing group will need to be changed according to the changes of
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substrates. As shown in Figure 1.2.5-B, to achieve selectivity at the most accessible
secondary position, DG1 is working for the n-butyl compounds because the gamma
position is the most accessible secondary position. However, a series of new directing
groups (DG2, DGs, ...) will be needed to access the most accessible secondary position
when the alkyl chains are extended. Therefore, the directing group strategy is not suitable

to achieve selective functionalization at the steric specific C—H bonds.

A distance specific C-H bond B  steric specific C-H bond

(DG is powerful) (a series of DGs are needed)
DG' DG’

Figure 1.2.5 Advantage and disadvantage of directing group strategy

A more versatile but challenging approach would be catalyst control, where the
catalyst can distinguish one C—H bond from others by recognizing the subtle steric and

electronic differences. **-*! This strategy is relatively underdeveloped due to the challenge
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of designing a series of sophisticated catalysts for each type of C—H bond, but the huge
potential has drawn our attention and interest to develop a catalyst toolbox to control the

selectivity.

Our group is interested in chiral dithodium tetracarboxylate [Rh2(CO2R)4]
catalyzed donor/acceptor carbene induced C—H insertion, and our goal is to develop a
catalyst toolbox to control the selectivity at will. Based on the analysis of the unique
feature of target C—H bond, an appropriate catalyst will be selected/developed to control
the reaction. As shown in Figure 1.2.6, in order to achieve selective functionalization at
the most accessible secondary position, an appropriate chiral dithodium tetracarboxylate
(R=R1) catalyst is selected to decompose the donor/acceptor diazo with the formation of a
reactive rhodium carbene species, which can undergo a C—H insertion to generate the

final product.

R EWG R4
PR Na= PY ﬁ EDG EWG

o/ "o EDG 0”0

1~ 17 |~ ~FWG
_Rh—RN R=R, Rh—Rh=<

| 71 ~| 7| Epc
Rh2(CO2R)4

catalyst toolbox

Figure 1.2.6 Catalyst toolbox for selective C—H functionalization

Therefore, detailed comparison and analysis of the nature of different types of C—
H bonds are key to develop the catalyst control strategy. Although subtle, nearly every

C—H bond is different; therefore, they can be potentially differentiated by enlarging their
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differences in the unique environments of appropriately designed catalysts. The C—H
functionalization proceeds through a concerted but asynchronous process, in which
positive charge build-up at carbon occurs in the transition state.** Therefore, from the
electronic point of view, tertiary is the most reactive, but primary is the least (Figure
1.2.7). However, the carbene species can be sterically demanding so from the steric point
of view, primary C—H bond is the most accessible to be preferred for the carbene to
approach, but tertiary is the least (Figure 1.2.7). ¥
R

H*— H H

. H

R R
IR H IR
H R

1 2

electronic: 1° < 2° < 3°

3

steric: 1°> 2° > 3°

Figure 1.2.7 Preference toward C—H functionalization

Therefore, it becomes possible for us to develop a dirhodium catalyst toolbox to
control the functionalization at the steric specific C—H bond. As shown in figure 1.2.8,
our initial goal is to develop catalyst 1, catalyst 2, and catalyst 3 to control selective
functionalization of the most accessible primary (marked in green), secondary (marked in

pink), and tertiary (marked in blue) C—H bonds, respectively.



catalyst 3
catalyst 2 l

catalyst 1 m—) N

Figure 1.2.8 Concept of catalyst controlled C—H functionalization
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Chapter 2 Catalyst Design and Synthesis

1. Catalyst Design Philosophy

The catalyst design philosophy was inspired by highly selective enzymatic
catalysis, in which each enzyme pocket will allow only one specific substrate to fit.
Therefore, a similar type of selective catalysis could also be viable if a series of
sophisticated catalyst pockets can be designed to recognize the unique steric and
electronic character of target C—H bonds. A general diagram illustrating this concept is
shown in Figure 2.1.1. Assuming a situation in which the C—H functionalization is
preferred at the weakest C—H bond electronically (tertiary C—H > secondary C—H >
primary C—H), then it may be possible to control site selectivity by modifying the size of
the catalysts. For catalyst 1 (marked in green), only primary C—H bond can fit the “small”
pocket. For the “medium” pocket of catalyst 2 (marked in pink), tertiary C—H bond will
be sterically blocked; and secondary C—H bond will be electronically preferred over
primary C—H bond even though both primary and secondary C—H bond can fit. In terms
of the “large” pocket of catalyst 3 (marked in blue), tertiary C—H bond will be

electronically preferred although other C—H bonds can also fit.
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Figure 2.1.1 Catalyst design philosophy

o

This philosophy represents a simplified guide for catalyst design principles;
however, a few critical challenges must be addressed. In terms of catalyst design, the
pocket size concept can be used to control the site-selectivity, but the reaction will
generate chiral center(s) which presents a further challenge to design chiral catalyst to
control the stereoselectivity. In terms of primary and tertiary C—H bond functionalization
(Figure 2.1.2-A), there will be a new chiral center generated. The strategy to obtain
enantioselectivity will be relying on the chiral environment provided by catalyst
structure. Based on the experimental data and computational study,***> we hypothesized
that four ligands will synergistically form a chiral pocket centered at each rhodium atom,
and groups on each ligand will act as blocking groups (the green bars in Figure 2.1.2-A)
to achieve enantioselectivity. Because the substrate will be blocked from approaching the
carbene center from other directions (the front, rear, and right sides in Figure 2.1.2-A) but
can only approach from the desired direction (the left side in Figure 2.1.2-A). In terms of
secondary C—H bond functionalization (Figure 2.1.2-B), there will be two chiral centers

generated when two groups attached to the methylene carbon are different. The
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requirement for the catalyst will further increased because not only the substrate will be
forced to approach from one direction (the left side in Figure 2.1.2-B), but also only one
C—H bond (marked in blue in Figure 2.1.2-B) of the diastereotopic C—H bonds (as in a
chiral environment) at the methylene site will be allowed to approach the carbene center.
To control the stereoselectivity, even though in some cases we can empirically predict the
appropriate catalyst for the desired transformation, we still rely on catalyst screen
strategy to determine and develop the optimum catalyst.** *¢ So far, neither the pocket
size model nor the stereo control model are well understood or developed, but the catalyst
design philosophy has guided us to develop the desired catalyst toolbox to achieve
selective functionalization at the most accessible primary, secondary and tertiary C—H

bonds.
AR /\/ /
(A R>,H\ R;\ l
R  CO.R

R COR [‘| ~x— |

Figure 2.1.2 Proposed model for achieving stereoselective C—H functionalization
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2. Catalyst Development

Chiral dirhodium(II) carboxylate complexes have been proven to be the most
effective catalysts for metal-nitrene and metal-carbene induced reactions. The commonly
used catalysts listed in Figure 2.2.1 have shown their great utility in C—H insertions,*: 4/
Si-H insertion,* tandem O-H insertion/[2,3] sigmatropic rearrangement,*

30-53 aziridinations >4, ylide

cyclopropanation and cyclopropenation reactions,
transformations,> and other transformations*> %’ The proline-derived catalyst,
Rh2(DOSP)4 (2.2.1), was developped in the 1990s and is well known for its application
in asymmertic cyclopropanation and C—H insertion reactions, and it is still an important
catalyst for asymmetric carbene-induced transformations.?* 432 38-60 Another
contemporary catalyst, Rha(PTTL)4 (2.2.5), also played a key role in various types of
metal-carbene reactions.*> 163 It is derived from tert-leucine and has inspired the
development of a collection of similar catalysts, including Rha(NTTL)4 (2.2.2),
Rh2(PTAD)4 (2.2.6), Rh2o(PTV)4 (2.2.7), Rho(TCPTTL)4 (2.2.8), and Rho(TCPTAD)4
(2.2.9) which all bear a common phthalimide backbone.®*”’! Recently, the
triarylcyclopropanecarboxylate catalysts have been reported by the Davies group to show
great improvement in controlling the selectivity.”>’* Rha(p-BrTPCP)4 (2.2.3) and Rha(p-
PhTPCP)4 (2.2.4) were the first catalysts reported of this class and they were shown to be
sterically very demanding. They were capable of controlling the site- and
enantioselectivity of activated primary C—H bond functionalization but they showed poor

control in reactions with non-activated C—H bonds.” Therefore, more effective catalysts

needed to be developed.
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Figure 2.2.1 Structures of commonly used chiral dirhodium(II) carboxylate catalysts

A central focus of this thesis is the development of a variety of new
triarylcyclopropanecarboxylate catalysts with varied steric environments. In order to
achieve this, a new approach was developed for the synthesis of a library of catalysts. In
the next section the standard chiral catalyst synthesis will be described, followed by the

new development that enabled a library of catalysts to be readily formed.

The standard method for the synthesis of chiral dirhodium tetracarboxylate
catalysts is the ligand exchange reaction in which four of the chiral carboxylate ligands
exchange with the ligands in Rh2(OAc)4 or NasRh2(CO3)4.”> 7® The reactions involve
relatively forcing conditions but have been applied for the synthesis of a variety of

catalysts. For chiral catalysts, the chiral ligands are either derived from optically pure
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natural products or prepared by asymmetric synthesis. This approach has been used to
generate a lot of useful and well-known catalysts, such as those catalysts listed in Figure
2.2.1. In general, systematic study and further catalyst structural modification are
required to discover the optimal catalyst. However, this synthetic pathway has inherent
limitations in structural diversification and accessibility. Figure 2.2.2 shows the standard
procedure to synthesize the triarylcyclopropane-base catalysts and it was very effective to
obtain Rh2(p-BrTPCP)4 and Rha(p-PhTPCP)4.”> However, during the development of this
catalyst family, a series of limitations were also observed, including the availability of
desired starting materials, the variable enantioselectivity of asymmetric reactions (such as
the cyclopropanation shown in Figure 2.2.2-A, the enantioselectivity was poor with <5%
ee), the bulky ligand exchange issue (such as the ligand exchange reaction shown in
Figure 2.2.2-B, the reaction was failed giving lower than 1% yield when a bulky ligand
was used), and most importantly, the necessary of multi-step synthesis, which will not be

ideal for effective synthesis and screening.
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Figure 2.2.2 Standard route and inherent limitation for the synthesis of chiral dirhodium

tetra-triarylcyclopropane carboxylate [Rh2(R-TPCP)4] catalysts

Due to the challenges of extending the triarylcyclopropane carboxylate catalysts

to really bulky ligands, a new approach was developed. Relatively uncrowded bromo-
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substituted triarylcyclopropane carboxylate complexes were prepared using the
conventional chemistry and these were then diversified by multifold Suzuki cross
coupling reactions. This approach allowed the synthesis of a library of catalysts from a
single brominated complex and introduce severe steric crowding that would not be

possible using a preformed sterically hindered ligand.”

The synthetic strategy was first developed for the dirhodium catalyst Rh2(3,5-
diBrTPCP)4 (2.2.16). As shown in Figure 2.2.3, it was synthesized through a rhodium
catalyzed asymmetric cyclopropanation of 2,2,2-trichloroethyl 2-diazo-2-(3,5-
dibromophenyl)acetate (2.2.10) with 1,1-diphenylethylene (2.2.11) to give the
enantiopure triarylcyclopropane carboxylate ester (2.2.12) in 70% yield. Then 5
equivalent of zinc dust was used to deprotect the ester and then the desired ligand
(2.2.15) was obtained in 99% yield.” The enantiopurity of the ligand was examined again
before proceeding to the ligand exchange reactions. The ligand exchange reaction was
conducted under standard conditions with dirhodium acetate in toluene under reflux,
using a Soxhlet extractor containing potassium carbonate to remove the acetic acid and
drive the reaction to completion. The reaction was monitored by TLC and the reaction

was stopped when only one green spot was observed.



O
N2 Rh,(S-PTAD),
2 Ph (0.5 mol%)
+ >
Br CCly Ph pentane, - 78 °C
Br > 99% ee
o
2.2.10 2.2.11 70% yield

o)
Zn/AcOH
rt. 24h
CCls 99% yield
Rh,(OAc),

K5,COg3 in Soxhlet

Toluene, reflux
82% yield

2.2.16

Figure 2.2.3 Synthesis of Rh2(3,5-diBrTPCP)4

The cyclopropanation to form 2.2.12 is highly enantioselective when Rha(S-
PTAD)4 is used as catalyst. When the reaction is carried out at -78 °C, only a single

enantiomer of the cyclopropane (2.2.12) is observed by chiral HPLC. However, the
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reaction is capricious because at lower temperature, the catalyst has limited solubility, the

system can easily condense moisture and the reaction can be slow and side reactions tend

to compete with the cyclopropanation. Therefore, it is more practical to carry out the

reaction at room temperature and under these conditions (2.2.12) is still formed in 99% ee

but a tiny peak of the minor enantiomer is observed by HPLC. Further optimization
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studies revealed that that the crude material from the cyclopropanation reaction can be
directly used in the deprotection reaction, and after the non-organic materials were
removed by a silica plug, the crude material could be recrystallized to obtain enantiopure
ligand (2.2.15) for the ligand exchange reaction. The reaction can be conducted using 50

mmol of diazo (2.2.10), and the overall yield to give the ligand (2.2.15) was 63% (Figure

2.2.4).

O
N
o Ph 1. Rhy(S-PTAD)4 (0.5 mol%), pentane, rt
+
B <C0I3 Ph 2. Zn/AcOH, rt, 24h
r
Br 3. silica plug, recrystalization
2.2.10 2.2.11 >99% ee, 63% vyield

2.215

Figure 2.2.4 Synthesis of enantiopure ligand 2.2.15

The catalyst, Rhz[tris(p-Br)TPCP]s (2.2.20), was also synthesized through the
same procedure (Figure 2.2.5). The cyclopropanation was conducted in pentane at 0 °C
and the cyclopropane was deprotected to give the ligand (2.2.19) with >99% ee in 81%
overall yield for the two steps. The ligand exchange reaction to form the catalyst (2.2.20)
tends to be more difficult than that of Rh2(3,5-diBrTPCP)4 (2.2.16) because the ligand
exchange does not go to completion. Therefore, careful column chromatography was

needed to separate the desired product from the byproducts in 55% yield.
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pentane, 0 °C
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2.217 2.2.18

Br

Rhy(OACc),
K,CO3 in Soxhlet

toluene, reflux
55%

2.219 2.2.20

Figure 2.2.5 Synthesis of Rha[tris(p-Br)TPCP]4

After the bromo-containing catalysts were obtained, palladium-catalyzed Suzuki
coupling reaction was conducted directly on the dirhodium catalysts to see if it is a viable
way to generate the catalyst library. The initial exploration was conducted in the
synthesis of Rhz2(p-PhTPCP)s (2.2.4) from Rh2(p-BrTPCP)4 (2.2.3) with the classic
condition of Pd(dppf)Cl2 and potassium phosphate in THF/water solvent mixture (Figure

2.2.6).
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Figure 2.2.6 Initial exploration of palladium-catalyzed Suzuki coupling reaction on

dirhodium catalyst

The reaction was monitored by TLC, and only one green spot was observed after
12 h. However, the starting material and the desired product were known to be similar in
terms of Rf value, and the compounds can also coordinate to other molecules which can
change its Rr value. Therefore, the reaction solution was concentrated and passed through
a silica plug with ethyl acetate to afford green solution, which was then concentrated and
submitted for HRMS analysis. As shown in Figure 2.2.7, the peak correlated to the
starting material (2.2.3, exact mass: 1769.9445) was not observed indicating that it was
fully consumed; peaks correlating to the desired product (2.2.4, exact mass: 1762.4271)
were observed in addition to a fragment with loss of one ligand (exact mass: 1373.2735)

from it were observed.



Elemental composition search on mass 1762.43096

m/z= 1757.43096-1767.43096

m/z Theo. Mass Delta RDB Composition
(mmu) | equiv.
1762.43096 1762.42708 3.88 73.0 C112Hga Og Rh2

Elemental composition search on mass 1762.43096

m/z= 1757.43096-1767.43096

m/z Theo. Mass Delta RDB Composition
(ppm)  equiv.
1762.43096 1762.42708 2.20 73.0 C112Hga OgRh2
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FT28343_150406092701 #6-8 RT: 0.82-1.13 AV: 3 NL: 6.20E4
T: FTMS + p ESI Full ms [1000.00-2000.00]
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Figure 2.2.7 HRMS data of the crude material from the Suzuki coupling reaction

Since the first condition we tried was effective, we didn’t explore other reaction
conditions; instead, we quickly used the condition to explore the boronic acid scope in
those three catalyst families, including Rh2(p-ArTPCP)4, Rh2(3,5-diArTPCP)4, and
Rha[tris(p-Ar)TPCP]4 catalysts (Figure 2.2.8). For the reaction with Rha(p-ArTPCP)s, it
involves four-fold cross coupling reaction, various aryl boronic acids were working
effectively to give products in 44-96% yield (2.2.14, 2.2.21-2.2.26). In the case of
Rh2(3,5-diArTPCP)4, the cross coupling becomes more complicated because it requires
eight-fold cross coupling reactions to occur, but the reactions still gave 60-96% yield
(2.2.27-2.2.33). Even for the reaction with Rhz[tris(p-Ar)TPCP]4 which involves twelve-
fold cross coupling reactions, the reaction can still provide synthetically useful yields
ranging from 47 to 70% (2.2.34-2.2.37). So far, three catalyst libraries have been
effectively established from three corresponding preformed bromo-containing dirhodium

catalyst through a four-, eight- or twelve-fold palladium-catalyzed Suzuki coupling



reaction.”> Confirmation that the Suzuki coupling had gone fully to completion was

obtained from the HRMS data of the catalysts.

phph’- O-Rh EH phph”- O-Rh
'””<\0 Rn HO™ Ar - '””<‘o Rn
Pd(dppf)Cl,
Br 4 K3POy4, THF: H,0 (4:1) Ar 4
catalyst Ar RhjyLy yield/%
p-BuCgHy Rhy(R-p-BuCgH,TPCP), (2.2.14) 85
™ ph 7 p-PhCgH, Rh,(R-p-PhCgH,TPCP), (2.2.21) 44
Ph=— ‘...1<:O-_th p-BuCeH,CeHy  Rhy(R-p-BUCEH,CeHaTPCP), (2.2.22) 50
OrRn 0-CH3CgH4 Rh,(R-0-CH3CgH,TPCP), (2.2.23) 96
2,6-diCHzCgH;  Rhy(R-2,6-diCH;CgH;TPCP), (2.2.24) 69
L A -4 2,4,6-triCH3CgH,  Rhy(R-2,4,6-triCH;CgH,TPCP), (2.2.25) 72
2,4,6-tri(Pr)CgH,  Rh,[R-2,4,6-tri('Pr)CgH,TPCP], (2.2.26) -
Ph Rh,(R-3,5-diPhTPCP), (2.2.27) 96
_ _ 3,5-diCF3CgH5 Rh,[R-3,5-di(3,5-diCF3CgH3) TPCP], (2.2.28) 60
PhPh’- . <O--th 3,5-diCH3CgH;  Rh,[R-3,5-di(3,5-diCH;CH3)TPCP], (2.2.29) 66
OfRh 3,5-diPhCgH3 Rh,[R-3,5-di(3,5-diPhCgH3)TPCP], (2.2.30) 75
Ar p-PhCgH, Rh,[R-3,5-di(p-PhCgH,)TPCP], (2.2.31) 82
L Ar |4 p-CF5CeHa Rh,[R-3,5-di(p-CF3CeH4)TPCP], (2.2.32) 86
p-BuCgH,4 Rh,[R-3,5-di(p-BuCgH,) TPCP], (2.2.33) 81
_ Ar _
Ph Rh,[R-tris(p-Ph)TPCP], (2.2.34) 50
OtRh p-'BuCgH, Rh,[R-tris(p-'BuCgH4) TPCP], (2.2.35) 53
_FLh p-PhCgH, Rh,[R-tris(p-PhCgH,)TPCP], (2.2.36) 70
p-BuCgH,CgH,  Rh,[R-tris(p-BuCgH,CgH4)TPCP], (2.2.37) 47
| |4

Figure 2.2.8 Library synthesis of three catalyst families
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The HRMS data of all the catalysts has been included in the supporting
information. The HRMS data for the key catalysts, Rhz2[R-3,5-di(p-'Bu)CsH4TPCP]4
(2.2.32) and Rh2[R-tris(p-'BuCsH4)TPCP]4 (2.2.34), will be discussed in this thesis are
shown in Figure 2.2.9 and 2.2.10. The results clearly demonstrate that the eight-fold and
twelve-fold crossing coupling reactions went to completion and generated the desired

products.

Elemental composition search on mass 2515.05344

m/z= 2510.05344-2520.05344

m/z Theo. Mass Delta RDB Composition
(mmu)  equiv.
2515.05344 2515.05308 0.36 89.0 Ci68 H164 Og Rh2

Elemental composition search on mass 2515.05344

m/z= 2510.05344-2520.05344
m/z Theo. Mass Delta RDB Composition
(ppm)  equiv.
2515.05344 2515.05308 0.14 89.0 C1g8 H1iga Og Rh2
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Figure 2.2.9 HRMS data for Rho[R-3,5-di(p-"Bu)CsHsTPCP]4 (2.2.32)
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High resolution on 3040

Elemental composition search on mass 3043.42029

m/z= 3038.42029-3048.42029

m/z Theo. Mass Delta RDB Composition
(mmu) equiv.
3043.42029 3043.42868 -8.39 105.0 C208H21208Rh>

Elemental composition search on mass 3043.42029

m/z= 3038.42029-3048.42029

m/z Theo. Mass Delta RDB Composition
(ppm) | equiv.
3043.42029 3043.42868 -2.76 105.0 C2pg H212 0gRh2
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High resolution on 1520 (doubly charged)

Elemental composition search on mass 1521.71407

m/z= 1516.71407-1526.71407
m/z Theo. Mass @ Delta RDB Composition
(mmu) | equiv.
1521.71407 1521.71407 0.00 105.0 CppgH2120gRh2
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Elemental composition search on mass 1521.71407
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Figure 2.2.10 HRMS data for Rh2[R-tris(p-'BuCsH4) TPCP]4 (2.2.34)
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Chapter 3 Alkane Reactions

1. Introduction

Alkanes contain only C—H and C—C single bonds. In organic chemistry, alkanes
are the simplest molecules and used as the basis for naming most organic compounds.
However, from the standard organic chemistry point of view, alkane C—H and C—C bonds
are too strong to be cleaved and too similar to be differentiated. Therefore, current major
use of alkanes is in combustion as a source of energy, large scale petroleum cracking,

conversion to olefins through energy intensive processes, or free radical halogenation.
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1.1. C—H Borylation

Even though C—H borylation of alkanes is very difficult, some notable progress
has been made. Several important stoichiometric C—H activation reactions were reported
in the 1980s demonstrating oxidative addition, typically favored kinetically and
thermodynamically, plays a key role in alkane activation with transition metal
complexes.”””” Thereafter, a series of catalytic reactions have also been established to

show the possibility to tackle the challenge of selective alkane functionalization.**: ¢ 80-83

One milestone study was the C—H bond borylation of alkanes at the terminal
position, pioneered by Hartwig and co-workers. They found that rhodium boryl
complexes generated in situ from Cp*Rh catalyst and pinacolborane (HBpin) (3.1.2) or
bispinacol diborane (B2pinz) can perform regiospecific C—H borylation of n-octane
(Figure 3.1.1). The selectivity was obtained because the system had a strong preference
for the primary C—H bond over secondary and tertiary C—H bond. As shown by Bergman
and Jones, oxidative addition of the terminal (primary, in this case) C—H bond is favored
thermodynamically, and the formation of primary C—B bond is favored kinetically

demonstrated by their computational and experimental studies. 77 363

0O 5% Cp*Rh(h*-CgMeg) 0
P N N H—B\I NN I
0 150°C, 14h 0

3.1.1 3.1.2 65% 3.1.3

Figure 3.1.1 Rhodium(I) catalyzed alkane functionalization



This pioneering work has inspired a lot of scientists to further investigate alkane
borylation reaction in various systems, but until now, the substrate scope, the reagent
scope, the reaction condition, and the selectivity among different primary C—H bonds is
still under developed.®! Moreover, there was limited progress in achieving selective

borylation at the secondary or tertiary C—H bonds of alkanes.

41



42

1.2. C—H Amination and Azidation

C—H amination of alkanes is also an important topic because transforming C—H
bonds to C—N bonds has a lot of synthetic value especially as many pharmaceutical drugs
contain nitrogen functionality. In 2004, the Du Bois group reported their progress in C—H
amination with trichloroethylsulfamate as nitrene precursor and Rha(esp)4 as catalyst. On
key example involve the functionalization of cyclooctane (3.1.4) to give the amination
product (3.1.6) in 80% yield with trichloroethylsulfamate (3.1.5) as the nitrene precursor

(Figure 3.1.2).%

Rhy(esp), 3/20 O\
O _ CClg (2 mol%) HN=SC N
* §//O) - P O JRh
H,N""~0 PhI(OAc), < O\
CClI O\\\ Rh
84% yield 8 S
31.4 3.1.5 3.1.6 i O\\\_z
Rha(esp)y

Figure 3.1.2 Rhodium(II) catalyzed C—H amination

In 2008, Pérez and co-workers reported that the silver complex Tp*Ag
(Tp =hydrotrispyrazolyborate ligand) can catalyze the thermal (80 °C) nitrene insertion
into alkane C—H bonds with PhI=NTs (3.1.7) served as nitrene source.”® The reaction
showed similar preference as the carbene reaction but the yield and site-selectivity were
improved slightly in the cases of 2-methylbutane (3.1.8) and 2,3-dimethylbutane (3.1.9)

(Figure 3.1.3). In the case of n-pentane (3.1.10), the reaction gave poor site-selectivity.
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R Tp*BrAg R
3.1.7 R 80 °C R
Br.
NHTs
H
>‘)\ H\/\ | \,N
>—< N
NHTs H
TsHN H H " ,i3'/N\
N ) Br
3.1.8 3.1.9 3.1.10 \ N.
10/90 (2°/3°) 75% yield ~ 10:59:31 (C1:C2:C3) Br
80% vyield 65% vyield TphBr

Figure 3.1.3 Catalytic functionalization of simple alkanes with silver scorpionate catalyst



44

Other than nitrene transformation, C—H azidation is also a key strategy to
transform C—H bond to C—N bond. In 2015, Hartwig and his coworker reported an iron-
catalyzed C—H azidation reaction with the hypervalent iodine reagent (3.1.12) as the
azide source. The reaction showed great potential in synthesis as organic azides play
versatile role in modern chemistry and the reaction can be conducted on complex
molecules.”* As shown in Figure 3.1.4, reaction with cis-decalin (3.1.11) gave the
amination product 3.1.14 in 75% yield but only 4.3:1 dr; in the case of a-dihydropinene
(3.1.15), the reaction yield was 80% but no diastereoselectivity was observed. Overall,
the reaction gave good selectivity and yield in functionalizing the tertiary C—H bond but
couldn’t control the stereoselectivity, so this represented a breakthrough in transforming

C—H bond to C-N bond, but further exploration is needed.

N Fe(OAc),
H 3 N
I—0 3.1.13 3
H + (@) —_—
CH3CN H
23°C H
3.1.11 3.1.12 3.1.14
4.3:1 dr
75% yield
N, Fe(OAc),
I—Q 3.1.13 N3
+ e) >
BzOOBz
CH,CICH,CI
3.1.15 3.1.12 23°C 3.1.16
1:1dr
80% vyield
| A
0 N o)
| |
N N
‘Bu ‘Bu
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Figure 3.1.4 Iron-catalyzed azidation of tertiary C—H bonds

Soon after the Hartwig paper, the Groves group developed a manganese-catalyzed
C—H azidation to effectively convert secondary, tertiary, and benzylic C—H bonds to the
corresponding azides.”” The reactions was conducted under air with sodium azide as the
azide source and manganese as catalyst to study various substrates, including a series of
alkanes. However, the reaction gave poor to moderate yield in the alkane
functionalization (45-67%), and the site-selectivity and stereoselectivity were also very
poor. As shown in Figure 3.1.5, the catalyst failed to differentiate the target tertiary C-H
bond from other tertiary and secondary C—H bonds (3.1.20-3.1.24). Therefore, although
significant progress has been achieved, the major challenge in transforming the alkane C—

H bond to C—N bond is still how to achieve high site-selectivity and stereoselectivity.
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Mn(TMP)CI (1.5 mol%)

R or Mn(salen)CI (5 mol%) R
R—>—H + NaNj RNy

R 3.1.17 PhlO, EtOAc, RT, 3-12 h R

N3 N3 N3
A

@ o Ng™° 1
3.1.18 3.1.19 3.1.20 3.1.21
45% yield 54% vyield a/b=2, 38% yield 60% vyield

12% (C2), 3% (C1) ~ C1/C2=1.5

N3
1
3 1
N

3.1.22 3.1.23 3.1.24 3.1.25
60% yield 45% yield 28% yield 67% yield
C1/C2=4 cis/trans=1.4 10% (C1)

15% (C4) 10% (C3)

Bu

Mn(TMP)CI Mn(salen)CI

Figure 3.1.5 Rhodium(Il) catalyzed C—H amination
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1.3. Carbene Insertion

In the case of carbene induced C—H insertion, which is an effective method to
transform the C—H bond to C—C bond, selectivity is also a major challenge. Based on the
electronic analysis, tertiary C—H bond is preferred over primary C—H bond because the
mechanism is different from the borylation reaction and was believed to go through a
concerted but asynchronous process,**** in which positive charge build-up at carbon

occurs in the transition state. Therefore, sites that can better stabilize the positive charge

will be electronically preferred in the reaction.*

During the early development of metal carbene insertion reactions, acceptor-only
rhodium carbene induced C—H insertion of 2-methylbutane and n-pentane were
explored.”® As shown in Figure 3.1.6-A, the reaction with 2-methylbutane gave a mixture
of all four possible products (3.1.23-3.1.26), but there was some preference for the
methylene C—H bond and the catalyst structure did influence the product ratio. The
reaction with n-pentane gave poor selectivity among all three regioisomers (3.1.28-
3.1.30). The methyl C—H bond was too electronically disfavored so only small amount of
the insertion products were observed both in the 2-methylbutane and n-pentane reactions.
However, both C2 and C3 of n-pentane are methylene positions with similar electronic
and steric characteristics and the catalysts failed to differentiate one from the other. The
product ratio of C2 and C3 was just a result of the statistical dominance of C2 position
(Figure 3.1.6-B). Therefore, more selective transformations are required to be developed

to functionalize alkanes.
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COE CO,Et CO,Et
=< + >£\ + >_( + >—\_/C02Et
H

1.1.8 3.1.26 3.1.27 3.1.28 3.1.29 3.1.30
1 8 90 1
Rh,(OAc),
5 25 66 4
Rhy(TFA),
18 18 27 37
Rh2(9-trp)4
B CO,Et Rho(L)s
N2 + N _
Y CH,CO,Et CH,CO,Et CH,CO,Et
1.1.8 3.1.31 3.1.32 3.1.33 3.1.34
Rh,(OAC), 4 63 33
Rhy(TFA), 7 66 27
Rh,(OPiv), 5 64 31
Rho(9-trp)4 30 61 9
AT
OFRh OFRh OFRh |
—[] Fe— || il ofRh
OFrRh OrRh OFRh
4 4 4 L 4
Rh,(OAC), Rh,(TFA)4 Rh,(OPIV), Rh,(9-trp),

Figure 3.1.6 Rhodium(Il) catalyzed intermolecular C—H activation of

2-methylbutane and n-pentane

There was no significant improvement until 2003, when the Pérez group reported

their progress in the alkane functionalization with the use of a novel

perbromohomoscorpionate copper(l) catalyst, TpP>Cu(NCMe).*” As shown in Figure

3.1.3, reaction with cyclohexane, 2,3-dimethylbutane and 2,5-dimethylhexane gave a

single regioisomer in high yield (1.1.9, 3.1.35 & 3.1.36). Interestingly, reaction with 2-

methylbutane and 2-methylpentane showed preference for the tertiary position (3.1.28 &
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3.1.37) which was opposite to the reaction shown in Figure 3.1.7. However, there was no
significant improvement of site-selectivity in the reactions with n-pentane and n-hexane

(3.1.33 & 3.1.38). Therefore, selective carbene transformation is still underdeveloped.

TpB3Cu(NCMe)

R (5 mol%) R CO,Et
- CO.Et R H R 2
N2 R CH,Cl,:substrate R
1.1.8 (1:6 viv)
O,Et
: : CO,Et CO,Et \ E CO,Et j\/<N .
H
1.1.9 3.1.35 3.1.36 3.1.28
90% vyield 56% vyield 71% yield 80:20 (3°:2°) \5\\
53% yleld Br
TpBr3
CO,Et CO,Et
wCOZEt /@/\ /@/\/
H H
3.1.37 3.1.33 3.1.38
62:38 (3°:2°) 78:22 (C2:C3) 76:24 (C2:C3)
73% vyield 50% vyield 60% vyield

Figure 3.1.7 Functionalization of alkane C—H bond with a perbromohomoscorpionate

copper(I) catalyst

Davies has been interested in developing the chemistry of donor/acceptor rhodium
carbenes since 1990s; and in 2000, he and his coworkers reported a breakthrough in
asymmetric alkane C—H functionalization with donor/acceptor rhodium carbene.®
However, controlling the selectivity and broadening the substrate scope remained
challenging in alkane functionalization. As shown in Figure 3.1.8, the reaction gave good

yield and enantioselectivity in the functionalization of cyclohexane reaction (3.1.39). The

reaction also showed small preference toward tertiary over secondary C—H bonds (3.1.42
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& 3.1.43), but strong preference over primary C—H bonds (3.1.40 & 3.1.41), but the

reactions generally gave poor to moderate yield, site- and enantioselectivity.

Rh,(S-DOSP),

R N, Ph (1 mol%) R
Ph
R%H + Y R R
R CO,Me neat CO,Me
1.2.3

h

|
N Rh
\\\Ph ‘\\Ph ‘\\Ph ‘\\Ph ‘\\Ph SOZAF 4

CO,Me  CO,Me  CO,Me  CO,Me  COMe Ar=p-CizHasCeHy

3.1.39 3.1.40 3.1.41 3.1.42 3.1.43 Rh(S-DOSP)4
10 °C -12 °C 58 °C 24 °C 62 °C
80% yield  20% yield 27% yield 60% yield 50% yield
95% e.e. 75% e.e. 66% e.e. 68% e.e. 3°/2°77/23
33% e.e.

i\jo

O/

Figure 3.1.8 Catalytic asymmetric C—H activation of alkanes with Rh2(S-DOSP)4

Later in the same year, Che reported a study regarding the donor/acceptor carbene
induced primary C—H insertion with a rhodium complex, [Rh(ttppp)(Me)(MeOH)], as
catalyst. The catalyst showed great capability to differentiate primary from secondary C—
H bonds; however, it failed to differentiate primary from tertiary C—H bond. The
enantioselectivity of the reactions were also insufficient.”® As shown in Figure 3.1.9, the
regioselectivity increased from 9.8:1 to 11.4:1 when the alkane chains were extended
from hexane to decane (3.1.44-3.1.46), but the ratio decreased in the case of 2,2-
dimethylbutane (3.1.47) and the tertiary site became preferred in the case of 2,3-

dimethylbutane and adamantane (3.1.41 & 3.1.48).



51

Ph Rh(ttppp)(Me)(MeOH) Ph CO,Me
)\ + RV \)/
N7~ ~CO,Me CH,CICH,CI, 60 °C R
1.2.3
Ph COsMe Ph COyMe Ph CO,Me
H H H H H
3.1.44 3.1.45 3.1.46
9.8:1 (1°: 2°) 10.5: 1 (1°: 2°) 11.4:1(1°:2°)
66% yield 55% vyield 58% vyield
68% ee
H H
Ph COzMe CO2Me COzMe
3.1.47 3.1.41 3.1.48
6.7: 1 (1°: 2°) 0.76: 1 (1°: 3°) 78% yield
55% vyield 48% yield 88% ee
65% ee

Rh(ttppp)(Me)(MeOH)

Figure 3.1.9 Rh(I) catalyzed carbanion insertion into primary C—H bonds

Recently, significant progress has been made in understanding the donor/acceptor
rhodium carbene, and this newfound understanding has inspired the group to explore the
selective functionalization of alkane C—H bond.”*’* One important advancement was the
development of dirhodium tetrakis triarylcyclopropanecarboxylate catalyst because it is a

sterically demanding catalyst which can control the functionalization to occur at the



52

activated primary C—H bond. As shown in Figure3.1.10, the reaction of 4-methyl-2-
pentene with methyl 2-(4-bromophenyl)-2-diazoacetate (3.1.49) as carbene precursor
showed preference at C1 over the tertiary position with a ratio of 17:1 although the
tertiary C—H bond is more reactive (3.1.50). For 4-ethyltoluene, the catalyst also
preferred primary over secondary C—H bond with the ratio of 5:1 (3.1.51). Another
important advancement was the development of 2,2,2-trichloroethyl 2-(4-bromophenyl)-
2-diazoacetate (2.2.17) because it can suppress intra-molecular reaction and dimerization,
and it has also shown to improve the selectivity in the initial studies. In the reaction with
4-ethyltoluene, the site- and enantioselectivity were significantly improved (3.1.52) when
2,2,2-trichloroethyl 2-(4-bromophenyl)-2-diazoacetate (2.2.17) was used. Two examples
in Figure 3.1.10 also demonstrate the effectiveness of this type of diazo because the
reactions gave very high site-selectivity in the functionalization of the methyl ether C-H

bond (3.1.53 & 3.1.54).

Rhy(R-p-PhTPCP), R
R Nps_-(p-Br)CeHq (1 mol%) (2.2.4)
£ Y - (p-Br)CeHy
COzR CH,Cl,
reflux CO5R

R=Me (3.1.49)
R=CH,CCl; (2.2.17)

) o s

(p-Br)CeHy (p-Br)CeHy (p-Br)CeHy (p-Br) C6H4 (p-Br)CeHy
CO,Me CO,Me CO,CH,CCl; CO,CH,CCly COQCHZCCI3
3.1.50 3.1.51 3.1.52 3.1.53 3.1.54
17:1rr. 5:1rr. 13:1rr. >20:1r.r. >20:1r.r.
94% e.e. 92% e.e. 99% e.e. 91% e.e. 84% e.e.

60% yield 74% yield 75% yield 83% yield 82% yield



Figure 3.1.10 Selective functionalization of activated primary C—H bond

53
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2. Initial Exploration of Pentane Functionalization

To explore the catalyst controlled selective functionalization of alkane C—H bond,
n-pentane was chosen as the model substrate. It is a simple but challenging substrate
because there are three positions in pentane, C1, C2, and C3 with the ratio of number of
C—H bonds is 6:4:2, that means the competition will involve primary vs secondary C—H
bond, and secondary Vs tertiary C—H bond. To better analyze the result, the methyl ester
authentic samples (3.2.3, 3.2.6 and 3.2.9) were synthesized through Sn2 reactions with
the corresponding bromopentane compounds, the trichloroethyl ester authentic samples
(3.2.4, 3.2.7 and 3.2.10) were synthesized by hydrolysis and then esterification of the
methyl ester authentic samples (Figure 3.2.1). The 'H NMR spectra of these authentic

samples were used to analyze the site- and diastereoselectivity of the n-pentane reaction

crude.
COzMe C020H20C|3
COQMe | tBWOK 1. NaOH, MeOH, H,0, 45°C
(p-Br)CgHy4 (p-Br)CgH4
(p Br) CGH4 DMF 0°C 2. DCC, DMAP, CH,Cl,, 0°C
93% yield Cl,c” O OH
323 82% yield 3.24
COzMe COch2CC|3
CO,Me Br  tBuOK 1. NaOH, MeOH, H,0, 45°C
+
(p-Br)CgH (p-Br)CgH
(p-Br)CeHs DMF, 0°C o 2. DCC, DMAP, CH,Cl,, 0°C o
92% yield Cl,c” OH
3.2.1 3.25 3.2.6 78% yield 327
CO,Me +BUOK CO,Me 1. NaOH, MeOH, H,0, 45°C CO,CH,CCly
+ Br
(p-Br)CeHa DMF, 0°C (p-Br)CqHy 2. DCC, DMAP, CH,Cl,, 0°C (p-Br)CqHy
85% yield Cl,e” OH
3.2.1 3.2.8 3.2.9 75% yield 3.2.10

Figure 3.2.1 Synthesis of authentic samples
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In the initial study, a series of rhodium catalysts and two diazo compounds (3.1.49
& 2.2.17) were screened in pentane functionalization reaction. The result in Figure 3.2.2
showed that in the donor/acceptor rhodium carbene system, the major product was 3.2.6
or 3.2.7 which means the carbene has a preference to react with the most accessible
secondary C—H bonds (C2). The combination of Rh2(S-DOSP)4 and 2,2,2-trichloroethyl
2-(4-bromophenyl)-2-diazoacetate gave the best site-, diastereo- and enantioselectivity as
well as yield compared to other catalysts. However, to further develop a catalytic system
for selective C—H functionalization at the C2 position, this surprisingly good result raised
our concerns because there were two major limitations in this result. First, the catalyst has
very poor diversification capability which shows poor potential for result improvement.
Another more severe limitation is the competition from the internal secondary position,
C3; because there will be more internal positions in n-hexane, n-octane, and other more

complex molecules.”
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talyst
CO,R ca CO,R
1 mol%
N, + ( ) COR + CO,R .
(p-Br)CeH, neat, reflux (p-Br)CgH (p-Br)CeHs
(p-Br)CgHa4 6
R=CHj (3.1.49)  3.1.9 R=CHjs (3.2.3) R=CHjs (3.2.6) R=CHjs (3.2.9)
R=CH,CCl; (2.2.17) R=CH,CCl; (3.2.4) R=CH,CCl; (3.2.7) R=CH,CCl; (3.2.10)
ield e.e. e.e. (O Rh
entry Ligand R C1:C2: C3 y(o/) d.r.  (major (minor > I£h
C2,%) C2, %) .
1 Rhy(PIV), CH3 nd:11:1 72 1:1 - ; Rhy(PIV),
OFRh
2 Rhy(PIV), CH,CCl; n.d.14:1 98  1:1 - : (‘é
o)
3 Rhy(TPA), CH, nd.:47:1 88 2.1 - - Rhy(TPA).
4 Rhy(TPA), CH,CCl, 3:37:1 99  1:1 - - olrn
F3C_<(\
o) IJ{h
5  Rhy(TFA), CH, nd:9:1 12  1:1 - - 4
Rhy(TFA)4
6  Rhy(TFA), CH,CCl; nd.:12:1 93  2:1 - - _
7 Rhy(S-PTAD); CHj nd:19:1 47 2:1  -24 44 OTRh
o] \
8  RhyS-PTAD), CH,CCl; nd:27:1 95 2:1 -46 56 5 Rh
9  Rhy(S-DOSP), CHj nd:17:1 42 2:1 88 54
4
10  Rhy(S-DOSP),; CH,CCl; n.d.29:1 98 3:1 82 68 Rh,(S-PTAD),

Figure 3.2.2 Initial catalyst and diazo screen for selective C—H functionalization of n-

pentane

In order to determine whether the selectivity will vary by the length of the chain,

the reactions of n-hexane and n-octane were examined. The data shown in Figure 3.2.3

revealed that the regioselectivity decreased when the alkane chain becomes longer

because there are more internal secondary C—H bonds involved in the competition with

the C—H bonds at C2 position.
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R
:<C020H2CC|3 R ha(S-DOSP)4 COZCHZCC|3 R COchQCC|3
N2 + +
(p-Br)CgHy4 § reflux 10-Br)CeHa C (p-Br)CgHy4

2217

substrate product C1: C2: internal 2° yield (%) d.r. (C2)

pentane 3.2.7 n.d.: 29: 1 98 3:1
hexane 3.2.1 n.d.: 18: 1 84 2:1
octane 3.2.12 n.d.: 10: 1 86 2:1

Figure 3.2.3 Expanding the substrate scope to longer alkanes

Even though the reactions with the standard catalysts gave reasonable site
selectivity, the formation of internal C—H functionalization products will be a problem
when extending the chemistry to more elaborate substrates Therefore, we examined the
use of more bulky catalysts with the aim of identifying catalysts that will result in
selective C—H functionalization at the most accessible methylene site with no reaction at
other internal methylene sites. The TPCP catalysts were considered an ideal system to
investigate because they have been reported to be sterically demanding to favor the
activated primary C—H bond’*”® and the catalyst family can be synthesized in a high-
throughput mode (Figure3.2.4). When the para-substituted TPCP catalysts (2.2.3 and
2.2.4) were used, the competitions were successfully switched to C1 vs C2 without any
reaction occurring at the C3 position, and the results also showed good promise for
achieving high diastereoselectivity and enantioselectivity. However, when the substituent
was moved to the 3,5-position, the TPCP catalysts (2.2.16 and 2.2.27) showed significant
improvement in terms of site-selectivity at the C2 position. In a simple comparison, 3,5-

disubstituted TPCP catalysts should be more sterically demanding than the para-
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substituted ones, and as the C1 position is more sterically accessible than the C2 position,
one would expect these catalysts to have a greater preference for C1 functionalization.
However, the data showed opposite result and these catalysts strongly favor C2
functionalization, but no other internal C—H bonds were involved in the reaction. This
intriguing result drew our attention to conduct control experiments and computational

studies to determine the factors that control the site-selectivity.

CO,R
N;=( COR
Ar Rh,L, coRr > COR \
(1 mol%) 2 / \ Ar
Ar=(p-Br)CgHs SEPTvS ", * Ar T
R=CH,CCl, refiux c3
C1 c2 3.2.10
2.2.17 3.2.4 3.2.7 -
RhyL, C1:C2:C3 dr. e.e. yield
_Th
LRh Br Rhy(R-p-BITPCP), (2.2.3) 1: 4:nd.  6:1 91% 98%
Ph Rhy(R-p-PhTPCP), (2.2.4) 1: 2:nd. 14:1 92% 95%

~Rh

——I,?h Br Rhy(R-3,5-diBITPCP), (2.2.16) 1:26:nd. 5:1 78% 95%

Ph Rhy(R-3,5-diPhTPCP), (2.2.27) 1:22:nd. 5:1 96% 95%

Figure 3.2.4 Pentane functionalization with para- and 3,5-substituted TPCP catalysts
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3. Initial exploration of linear and branched TPCP catalysts

A series of para-substituted TPCP catalysts were investigated in the pentane
reaction under the same condition. When R=Ph (2.2.4), the ratio was 1:2: n.d. r.r.; when
R=2-methylphenyl (2.2.23), the ratios was improved to 1:4: n.d. r.r.; however, when
R=2,6-dimethylphenyl (2.2.24), the ratio was dramatically improved to 1:33: n.d. r.r.
which is similar to the result when R= 2,4,6-trimethylphenyl (2.2.25). When R=2.4,6-
triisopropylphenyl (2.2.26), the ratio was improved up to 1: 79: n.d. r.r. This controlling
experiment showed that not only 3,5-disubstituted TPCP catalyst preferred C2 position,
TPCP catalysts with branched substituent at the para-position also favored C2 position.
However, in order to develop catalyst for selective functionalization at the primary C—H
bond, the data showed great potential to explore TPCP catalyst with linear substituent at

the para position (Figure3.3.1).
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CO,R
Ny= COR
- COZR N
Ar Rh2L4 CO.R 2 >
(1 mol%) ~2 / \ Ar
Ar=(p-Br)CeHy o r ' Ar T
R=CH,CCl, refiux 2 c3
c1 3.2.10
2.2.17 324 3.2.7

2.2.23 2.2.24
1:4:nd.rr. 1:33:n.d.rr.
6:1d.r. 10:1 d.r.

2.2.26
1:30: n.d. rr. 1:79:n.d. rr.
10: 1 d.r. 18: 1 d.r.
71% e.e. 76% e.e.

Figure 3.3.1 Controlling experiments in N-pentane functionalization

The para-phenyl TPCP, Rh2(S-p-PhTPCP)4 (2.2.4), and 3,5-diphenyl-TPCP,

Rh2(S-3,5-diPhTPCP)4 (2.2.16), catalysts were chosen to be studied with the method of
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ONION calculation. Our collaborator, Djamaladdin G. Musaev, conducted the
computational study and showed that Rh2(S-p-PhTPCP)4 (2.2.4) favors a, a, o, o
orientation by 5.5 kcal/mol over a, B, a, B orientation while Rh2(S-3,5-diPhTPCP)4
(2.2.16)prefers a, B, a, B orientation by 5.0 kcal/mol over a, a, o, o orientation. Based on
our model for carbene induced C—H insertion, the diazo will approach from the top face
to form rhodium carbene, so the C—H bond will be forced to approach the carbene from
the side because the top face is blocked. In the Rh2(S-p-PhTPCP)4 (2.2.4) catalyst
structure, the C—H bond can only approach from the narrow channels (left and right
sides) between two biphenyls with 7 stacking interaction because the phenyl and ester
group of carbene will block the other two sides, and the narrow channel will make C2
relatively less preferred. However, in the Rh2(S-3,5-diPhTPCP)4 (2.2.16) catalysts
structure, the channel for C—H bond to approach will be relatively larger so that it favors

more at C2 but small enough to block C3 (Figure 3.3.2).
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o, o, o, o form a, B, a, B form

Figure 3.3.2 Computational study of para- and 3,5-substituted catalysts

Although the hypothesis is lacking sufficient computational and experimental
support, it helped us to design and obtain the optimum catalysts to achieve selective

functionalization at the most accessible primary and secondary C—H bonds.
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4. Optimum Catalyst for Selective Functionalization at the Most Accessible

Secondary C-H Bond

The previous sections have demonstrated that it will be possible to find an
optimum catalyst to achieve selective functionalization at the most accessible secondary
C—H bond; the studies shown in section 3 indicate that branched catalysts tend to prefer
C2 position of pentane; and the library synthesis described in Chapter 2 strongly enables

the ability to quickly conduct catalyst screening and optimization.

As shown in Figure 3.4.1, a library of 3,5-disubstituted catalysts was built to
enable systematic study and catalyst screening and they gave moderate to excellent result
in terms of site-, diastereo- and enantioselectivity. For 2.2.28, the site- and
diastereoselectivity were good but the enantioselectivity was not high enough (26:1 rr,
26:1 dr, 92% ee); 2.2.29 gave good stereoselectivities but lower site-selectivity (16:1 tr,
29:1 dr, 99% ee); 2.2.30 and 2.2.31 gave poor site- and stereoselectivities (5:1 rr, 16:1 dr,
97% ee & 9:1 rr, 10:1 dr, 89% ee); for 2.3.32, the site-selectivity was superior but the
stereoselectivities were pretty low (30:1 rr, 8:1 dr, 91% ee). Finally, Rh2[R-3,5-di(p-
'Bu)CsH4TPCP]4 (2.2.33) was quickly identified to be the optimum catalyst to give 25: 1
1T, 20: 1 dr, 99% ee and 99% yield. The designing feature includes the use of 'Bu group to

provide improved steric bulkiness and enhanced catalyst solubility.
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CO,R >
Ny = /

CO,R
Ar Rh,L, - COR ‘
(1 mol%) COR / \ Ar
Ar=(p-Br)CeHs EEPTT s ' Ar T
R=CH,CCl; refiux c3
c1 c2 3.2.10
2.2.17 3.2.4 3.2.7 e
RhyLy rr dr ee (%) vyield (%)
Rh,[R-3,5-di(3,5-diCF3CgH3)TPCP], (2.2.28) 1:26:nd. 26:1 92 96
Rh,[R-3,5-di(3,5-diCH3CgH3) TPCP], (2.2.29) 1:16:n.d. 29:1 99 95
Rh,[R-3,5-di(3,5-diPhCgH3)TPCP], (2.2.30)  1:5:nd. 16:1 97 08
Rh,[R-3,5-di(p-PhCgH,)TPCP], (2.2.31) 1:9:nd. 10:1 89 91
Rh,[R-3,5-di(p-CF3CH4)TPCP], (2.2.32) 1:30:nd. 81 91 95
Rh,[R-3,5-di(p-BuCgH,) TPCP], (2.2.33) 1:25:nd. 20:1 99 99

Figure 3.4.1 Catalyst optimization for n-pentane functionalization

Followed by the catalyst optimization, three diazo compounds were also screened
in the n-pentane functionalization with the optimum catalyst, Rh2[R-3,5-di(p-
‘Bu)CsHaTPCP]4 (2.2.33), and Figure 3.4.2 showed that different ester groups gave
excellent results, but the overall best result was still generated by the trichloroethyl diazo
compound (2.2.17). Methyl ester diazo worked well in the reaction although the
selectivity was lower (3.2.6); trifluoroethyl ester diazo gave slightly higher site-

selectivity and equivalent enantioselectivity but the diastereoselective was lower (3.4.3);
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the tribromoethyl ester diazo gave slightly higher diastereoselectivity but the site- and

enantioselectivity were lower (3.4.4).

Rh,[R-3,5-di(p-Bu)C¢H,TPCP], >

CO,R (1 mol%) (2.2.33) /' coRr
N2 + ? e ’,—\' N
(p-Br)CgHy reflux (p-Br)CgHy4
R=CH, 3.1.49

R=CH,CF; 3.4.1
R=CH,CBrj 3.4.2

H CO2CH3 H COzCHzCF3 H CO2CH2CBF3
H (p-Br)CeH4 H (p-Br)CeH4 H (p-Br)CeH4
3.2.6 3.4.3 3.4.4

18:1 r.r. 30:1 r.r. 19:1 r.r.
8:1d.r. 15:1d.r. 21:1 d.r.

92% e.e. 99% e.e. 98% e.e.

89% yield 91% yield 90% yield

Figure 3.4.2 Diazo screen for n-pentane functionalization

To further develop the catalyst control strategy, 2-methylpentane was chosen as a
new model substrate to challenge the system. It is a more challenging substrate than n-
pentane because it has five distinct positions with the ratio of number of C—H bonds
3:2:2:1:6. In order to develop a broadly useful system, dichloromethane was used as
solvent and only 3 equiv of substrate was used in the reaction. As shown in Figure 3.4.3,
the reaction only occurred at three positions with formation of products 3.4.6., 3.4.7, and
3.4.8; and the major competition was coming from tertiary C—H bond. After catalyst
screen, Rh2[R-3,5-di(p-'Bu)CsHaTPCP]4 (2.2.33) was still the best catalyst for the

reaction giving 7:75:18 rr, 92% ee, 7:1 dr and 75% yield.
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N2 Ar Rh2|_4
+ (1 mol %)
CO,R
) i CH2CI2 reflux
3 equiv. 1 equiv. CO,R CO,R CO,R
3.4.5 Ar=(p-Br)CgH4 3.4.6 3.4.7 3.4.8
R=CH,CCl; (2.2.17)

r.r. ee. ee. dr. ee. yield vyield
Catalyst (6:7:8) (6,%) (7,%) (7,%) (8,%) (6+7,%) (8,%)

Rhy(R-2,4,6-triCH;CqH,TPCP), (2.2.25)  5:75:20 94 77 111 17 74 18
Rh,[R-3,5-di(3,5-diCF;C¢H3) TPCP], (2.2.28) 7: 71:22 62 >99 4:1 8 70 19
Rh,[R-3,5-di(p-CF3CeH,)TPCP], (2.2.32)  7:64:29 78 77 41 14 35 15

Rh,[R-3,5-di(p-BuCeH,)TPCP], (2.2.33)  7:75:18 81 92 741 23 75 16

Figure 3.4.3 Catalyst screen for 2-methylpentane functionalization

To examine the effect of the ester group, other trihaloethyl diazo compounds
(3.1.49, 3.4.1 and 3.4.2) were also tried in the 2-methylpentane reactions. As the major
competitor was the tertiary C—H bond, a more sterically demanding carbene would be
helpful to block the tertiary C—H bond from the approaching the carbene center. The data
indeed showed a strong agreement to this hypothesis (Figure 3.4.4). When methyl diazo
(3.1.49) was used, the carbene tends to prefer dimerization causing the combined yield to
be 23% because the C—H bond is too unreactive. When trifluoroethyl diazo (3.4.1) was
used, the carbene is less sterically demanding than the trichloroethyl diazo (2.2.17) so
more functionalization occurred at the tertiary position, but less reaction occurred at the
primary position (4:71:26 rr). In the case of tribromoethyl diazo (3.4.2), the carbene was
believed to be more sterically demanding so primary may be slightly more preferred but

tertiary should be sufficiently blocked. Indeed, the site-selectivity was improved to
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9:82:10 rr with slight increases at the primary position but significantly lower tertiary

functionalization.
Ny Ar 2.2.32
+ Y (1 mol %) + +
CO2R Ar o Ar Ar
3 . 1 ) CH,Cly, reflux
equiv. equiv. CO,R CO,R CO,R
3.4.5 Ar=(p-Br)CgH4 1° 2° 3°
Ir.r. e.e. ee. dr e.e. yield yield

R (1°:2°:3°)  (1°, %) (2°,) (2°,) (3° %) (1°+2° %) (3° %)
CH; (3.1.49) n.d.: 65: 35 n.d. nd. 4:1 -10 15 8
CH,CF; (3.4.1) 4:71: 26 n.d. 93 6:1 67 57 20
CH,CClj3 (2.2.17) 7:75:18 81 92 71 23 75 16
CH,CBr; (3.4.2) 9:82: 10 90 92 8:1 12 75 7

Figure 3.4.4 Diazo screen for 2-methylpentane functionalization with Rhz[R-3,5-di(p-

‘Bu)CsH4TPCP]4
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5. Optimum Catalyst for Selective Functionalization at the Most Accessible Primary

C-H Bond

As shown in Figure 3.3.1 and Figure 3.3.2, the potential direction to develop
catalyst to achieve selective primary C—H bond functionalization will be exploring the
linear type TPCP catalyst, therefore, a series of para-substituted TPCP catalysts were
tested in the 2-methylpentane reaction. As shown in Figure 3.5.1, Rh2(R-p-BrTPCP)4
(2.2.3) and Rh2(R-p-PhTPCP)4 (2.2.4) gave a mixture of three regioisomers with a ratio
01 39:48:13 and 39: 45:16. These are not good results but encouraged us to further
explore other substituents. When Rh2[R-(p-'‘BuCsH4)TPCP]4 was synthesized and tested
in the 2-methylpentane reaction, a significant improvement was achieved with the
product ratio as 71:25:4. However, when we tested Rhz2[R-(p-PhCsH4)TPCP]4 and Rh2[R-
(p-'BuCsH4CsH4)TPCP]4, the ratio didn’t change (70:27:4 and 71:26:3). One notable
feature of these results was the high asymmetric induction of these reactions, ranging
from 96% to 98% ee. We then hypothesized the same improvement may be achieved if
the other two phenyl rings at the 2-position of the cyclopropane ring are modified in the
same way, so we tried Rha[R-tris(p-Ar)TPCP]4 catalysts in the 2-methylpenatane
reaction. When Rha[R-tris(p-Ph)TPCP]s was used, the reaction gave the ratio of 68:25:7,
which was a considerable improvement compared to Rh2(R-p-PhTPCP)s (2.2.4). In the
case of Rho[R-tris(p-'BuCsH4) TPCP]a4, the site-selectivity was significantly improved,
and no tertiary C—H bond functionalization product was observed in the reaction giving
84:16:nd product ratio. However, the selectivity didn’t increase when the bigger

substituents were used because Rh2[R-tris(p-PhCsH4)TPCP]s and Rh2[R-tris(p-
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'BuCsHsCsHa)TPCP]4 gave lower selectivity (68:25:7 and 48:35:17). Finally, Rha[R-

tris(p-‘BuCsH4)TPCP]4 was identified as the best catalyst for selective primary C—H bond

functionalization.
N2 Ar Rh2L4
+ (1 mol %)
CO,R
3 ) 1 ) CHZCIZ reflux
equiv. equiv. CO,R CO,R CO,R
Ar=(p-Br)CgH,4 3.2.7 3.2.8 3.2.9
R=CH,CCl; (2.2.17)
r.r. ee. ee. dr. e.e. yield yield

Catalyst (3.2.7:3.2.8:3.2.9) (3.2.7 (3.2.8 (3.2.8 (3.2.9 (3.2.7 (3.2.9

Y%) %) %) %) +3.2.8 %)

%)

Rhy(R-p-BrTPCP), (2.2.3) 39:48:13 97 87 31 35 75 11
Rhy(R-p-PhTPCP), (2.2.4) 39:45: 16 97 87 911 60 75 14
Rhy(R-p-BuCgH,TPCP), (2.2.14) 71:25: 4 96 89 911 nd. 86 4
Rhy(R-p-PhCgH,TPCP), (2.2.21) 70:27: 4 98 94 1111 nd. 83 3
Rh,(R-p-BuCgH,CgH4TPCP), (2.2.22) 71:26: 3 97 96 1511 nd. 85 3
Rh,[R-tris(p-Br)TPCP], (2.2.20) 21:49: 30 91 62 21 14 62 27
Rh,[R-tris(p-Ph)TPCP], (2.2.34) 68:25: 7 90 83 511 40 71 5
Rh,[R-tris(p-'BuCgH4) TPCP], (2.2.35) 84:16: n.d. 98 92 21 nd. 90 nd.
Rhy[R-tris(p-PhCgH4)TPCP], (2.2.36) 68:25:7 92 82 51 35 78 5

Rh,[R-tris(p-BuCgH,CgH,) TPCP], (2.2.37)  48: 35: 17 97 74 31 29 55 12

Figure 3.5.1 Catalyst screen for 2-methylpentane functionalization

Similar to the previous strategy, diazos with different ester groups were studied to
find the optimum carbene precursor. As shown in Figure 3.5.2, tribromoethyl diazo was
able to improve the selectivity to 87:13:nd rr, >99% ee, and 84% yield because it was

believed to form a more sterically demanding carbene with the catalyst. Therefore,



70

Rhz[R-tris(p-‘BuCsH4)TPCP]4 and tribromoethyl diazo (3.4.2) became the best

combination for selective primary C—H bond functionalization.

N, Ar 2235
+ Y (1 mol %) .
COsR o Ar Ar
3 . 1 . CH2CI2 reflux

equiv. equiv. CO,R CO,R CO,R
Ar=(p-Br)CgHy4 3.2.7 3.2.8 3.2.9

r.r. e.e. e.e. d.r. e.e. yield yield

R (3.2.7: 3.2.8: 3.2.9) (3.2.7 (3.2.8 (3.2.8 (3.29 (3.2.7 (3.2.9

, %) , %) , %) , %) +3.2.8 | %)

, %)
CH;3 (3.1.49) 51:35:15 n.d. n.d. 3:1 n.d. <5 n.d.
CH,CF5 (3.4.1) 54:36: 10 98 94 3:1 n.d. 78 5
CH,CCl3 (2.2.17) 84:16: n.d. 98 92 2:1 n.d. 90 n.d.
CH,CBr; (3.4.2) 87:13: n.d. >99 92 71 n.d. 84 n.d.

Figure 3.5.2 Diazo screen for 2-methylpentane functionalization with Rha[R-tris(p-

'BuCsH4)TPCP]4
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6. Optimum Catalyst for Selective Functionalization at the Most Accessible Tertiary

C-H Bond

In order to develop a complete toolbox for selective C—H functionalization, we
tried to develop the best catalyst for selective tertiary C—H bond functionalization. An
extensive catalyst and diazo screen was conducted, and the results were shown in Figure
3.6.1. The classic Rh2(R-DOSP)4 showed preference at the tertiary C—H bond (nd:15:85)
but the enantioselectivity was relatively poor (43% ee). Rh2[R-3,5-di(p-'Bu)CsH4TPCP]4
(2.2.33) was also tried but the reaction gave an even poorer product ratio (nd:35:65) and
enantioselectivity (10% ee). Rh2(S-PTAD)4 and Rh2(S-PTAD)4 also didn’t give good
result but their derivatives, Rh2(S-TCPTAD)4 and Rh2(S-TCPTTL)4, showed certain
amount of improvement in the site-selectivity (nd:13:87 & nd:14:86) and
enantioselectivity (79 & 77). Then Rh2(S-TCPTAD)4 was used to screen different diazos
and the result suggested that the combination of Rh2(S-TCPTAD)4 and trifluoroethyl
diazo (3.4.1) gave the best regioselectivity (nd:11:89) and yield (83%) but the
combination of Rh2(S-TCPTAD)4 and trichloroethyl diazo (2.2.17) was shown to give

better enantioselectivity (84%).
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N2 Ar Rh2L4
+ (1 mol %)
CO,R
3 . 1 ) CH2CI2, reflux
equiv. equlv.

q q CO,R CO,R CO,R
Ar=(p-Br)CgH,4 3.2.7 3.2.8 3.2.9
R=CHj, (3.1.49)

R=CH,CCl; (2.2.17)
r.r. ee. ee. dr e.e. yield vyield
Catalyst R (3.2.7:3.2.8:3.2.9) (3.2.7 (3.2.8 (3.2.8 (3.2.9, (3.2.7 (3.2.9,
%) %) %) %) +3.2.8 %)
%)

Rhy(R-DOSP), CHj nd.:15:85 nd. nd. 31 43 12 71

Rh,[R-3,5-di(p- CHj nd:3565 nd. nd. 41 -10 8 15

'BuCgH,4)TPCP),

Rho(S-PTAD), CH, nd:26:74 nd. nd. 21 -34 13 37

Rhy(S-PTTL)4 CH,4 n.d.: 26: 74 nd. nd. 21 -33 21 59

Rha(S-TCPTTL)s  CH, n.d.: 14: 86 nd. nd. 21 77 12 74

Rhy(S-TCPTAD)s  CHj,4 n.d.: 13: 87 nd. nd. 31 79 12 77

Rhy(R-DOSP);  CH,CCl;  n.d.: 19: 81 nd. 69 2.1 -29 16 72

Rhy(R-PTAD);  CH,CCl;  n.d.: 32:68 nd. -60 1:1 22 28 59

Rhy(S-TCPTAD)4 CH,CCl3  n.d.: 11: 89 nd. 77 211 84 10 74

Rhy(S-TCPTAD), CH,CBr;  n.d.:13:87 nd. 79 21 77 11 77

Rh,(S-TCPTAD), CH,CF3 nd:10:90 nd. 79 211 77 9 83

Figure 3.6.1 Catalyst and diazo screen for 2-methylpentane functionalization

To improve the enantioselectivity, a temperature study was conducted with the

combination of Rh2(S-TCPTAD)4 and trifluoroethyl diazo (3.4.1) in the 2-methylpentane

reaction. As shown in Figure 3.6.2, temperature can significantly affect the selectivity,

when the temperature was decreased, the site- and enantioselectivity were increased

accordingly. However, at lower temperature, the yield was decreased presumably because

the substrate became less reactive and side reactions, such as dimerization, tended to be

more competitive. When the reaction was cooled down to -78 °C, both the
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enantioselectivity and yield decreased substantially therefore -40 °C was identified as the
optimum temperature to give overall the best site-selectivity (nd:4:96) and

enantioselectivity (86%) with reasonable yield (77%).

Np  Ar Rh,(S-TCPTAD),

+ Y (1 mol %) + +

COZR > Ar o Ar Ar

3 e oa CH,Cl,
equiv. equiv. temperature CO,R CO2R CO2R

Ar=(p-Br)CgHy 3.2.7 3.2.8 3.2.9

R=CH,CF; (3.4.1)

r.r. e.e. yield yield

temperature (°C) 35 8.32.0:3.2.10) (3.210.%) (3.2.8+3.2.9.%)  (3.2.10.%)

24 n.d.: 9: 91 77 8 77

0 n.d.: 7: 93 82 6 79
-10 n.d.: 5: 95 84 4 78
-40 n.d.: 4: 96 86 3 77
-78 n.d.: 4: 96 80 n.d. 65

Figure 3.6.2 Temperature study of 2-methylpentane functionalization with Rha(S-

TCPTAD)4 and trifluoroethyl diazo
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7. Conclusion

Reactions with the 2-methylpentane as the model substrate revealed that Rh2[R-
3,5-di(p-'Bu)CsH4TPCP]4 has the overall best capability to balance the steric and
electronic factors so that one of the most accessible secondary C—H bond is always
preferred in the system; Rha[R-tris(p-BuCsH4) TPCP]4 behaved as the most sterically
demanding catalyst to strongly favor the most accessible primary C—H bond with superior
enantio-control in the reaction; Rh2(S-TCPTAD)4 represents the best catalyst to achieve
site- and enantioselective functionalization of tertiary C—H bond. As shown in the ternary
plot of Figure 3.2.15, three catalysts were identified as the best catalyst for selective

functionalization at the most accessible primary, secondary and tertiary C—H bonds.
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4
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(P-B)rCefs Ar= p-BuCgHy
CO,CH,CCl;  Rhy[R-tris(p-BuCgH4)TPCP],
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b OTRh

Ox-N  OfRh

Cl

Ar= p-BuCgH,
Rh,[R-3,5-di(p- Cl 5 4
Rhy(S-TCPTAD),

BuCgH4)TPCP],

Figure 3.7.1 Catalyst controlled C—H functionalization of 2-methylpentane
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Chapter 4 Selective Functionalization of the Most Accessible Secondary C-H bond

1. Catalyst Structure Analysis

In the alkane reactions, Rha[R-3,5-di(p-'Bu)CsH4TPCP]4 (2.2.32) was identified
as the optimal catalyst for selective functionalization at the most accessible secondary C—
H bond. Further studies to determine the scope of potential reactions will be described in

this chapter.

The single crystal X-ray structure of Rhz[S-3,5-di(p-'Bu)CsH4TPCP]4 (2.2.32) was
obtained through slow evaporation of ethyl ether/pentane (1:100), and the analysis
conducted by John Bacsa revealed that in the solid state, the catalyst adopts the a,f3,a,p-
arrangement (Figure 4.1.1), which was consistent with the computational study (Figure

3.3.2).

Figure 4.1.1 Single crystal X-ray structure of Rh2[S-3,5-di(p-'Bu)CsH4TPCP]4 (2.2.32)

(axially coordinated solvent molecules have been removed)
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The catalyst structure is close to D2 symmetric and both faces of the dithodium
catalysts are the same. In that case, the number of rhodium carbene arrangement will be
limited when the carbene binds to the dirhodium core, and the aryl ring of the carbene
was believed to m-stacking with the aryl ring of one ligand due to the chiral environment.
It has been proposed that C—H functionalization is proceeded through a concerted but
asynchronous mechanism where the hydrogen of the C—H bond first approaches the
rhodium carbene site.** Therefore, in the rhodium carbene structure, one face is blocked
and only the opposite face is open for the C—H bond to approach so that the
enantioselectivity of the benzylic chiral center can be achieved. The sophisticated
rhodium carbene structure can also generate a narrow channel to block more sterically
demanding C—H bonds (C3) from approaching the rhodium carbene center and allow the
less sterically demanding C—H bonds at C1 and C2 positions to react with the rhodium
carbene. As the C—H bond at the C2 position is more reactive than the C—H bond at the
C1 position, the majority of the reaction occurred at the C2 position. Another important
feature of this catalyst in the n-pentane reaction was the ability to control
diastereoselectivity of the reaction by forcing only one of the methylene C—H bonds at
the C2 position to approach the rhodium carbene center, which was a limitation of

previously reported C—H functionalization reactions.*’
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2. Substrate Scope

To further develop the catalyst system to achieve selective functionalization at the
most accessible secondary C—H bond, the substrate scope was explored. In order to
establish a more applicable system, 3 equiv of substrate were used, and the reactions were

conducted in dichloromethane as solvent under reflux condition.

In the initial study of the pentane reaction, 2,2,2-trichloroethyl 2-(4-
bromophenyl)-2-diazoacetate (3.1.50) was used as the model carbene precursor. The
reaction was extended to a series of aryl-substituted carbenes, including electron
withdrawing (CF3), electron donating (‘Bu), and a heterocycle (2-chloropyridine) (Figure
4.2.1). The selectivity was somewhat diminished for the p-trifluoromethyl derivative
(4.2.1: 15: 1 r.r,, 14: 1 d.r,, 97% e.e.), but the selectivity was improved for the p-tertbutyl
derivative (4.2.2: 22: 1 r.r., 24: 1 d.r., >99% e.e.). The potential breadth of utility of the
C-H functionalization is illustrated with a pyridine system, which is an effective
substrate for this chemistry. Indeed, the C—H functionalization product 4.2.3 was

produced with the highest diastereoselectivity to date (55:1 d.r.).
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2.2.32
Ar (1 mol %)
+ N2=< _ Ar
CO5R neat, reflux R
] N CO,R
1 equiv.
CF; ‘Bu Cl

§ CO,CH,CCl; ¥ CO,CH,CCl; ¥ CO,CH,CCl,

4.21 4.2.2 4.2.3
15:1 r.r. 22:1r.r. 28:1rur.
14:1 d.r. 24:1 d.r. 55:1 d.r.
97% e.e. >99% e.e. 91% e.e.
91% yield 91% yield 87% yield

Figure 4.2.1 Evaluation of the scope of Rh2[R-3,5-di(p-'BuCsH4)TPCPJ4-catalyzed C-H

functionalization of n-pentane with different aryl diazo compounds

One of the major concerns about Rh2(S-DOSP)4 catalyzed n-pentane
functionalization mentioned in Chapter 3 was the potential decrease of selectivity when
longer alkane or other complex molecules are used as substrates. Therefore, n-octane was
examined in the Rh2[R-3,5-di(p-'Bu)CsHsTPCP]4 (2.2.32) catalyzed reaction (4.2.4). As
shown in Figure 4.2.2, the regioselectivity remained similar to that of n-pentane. The data
support the hypothesis that no other internal C—H bond will be involved in the reaction
when longer alkane substrates are used. Other than alkane, terminally substituted alkane,

such as n-alkyl halides, silanes and esters, were also tested in the system.
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2.2.32
N -Br)CgH (1 mol %)

+ ZY(p JCeHa - 27 :1rr.
CO,CH,CCI CH,CI fl 9:1dr.
e 2 T (p-Br)CeHa 91% e.e.
82% yield

N CO,CH,CCl;

3 equiv. 1 equiv.
311 3.1.50 4.2.4

Figure 4.2.2 Rhz[R-3,5-di(p-'BuCs¢Ha) TPCP]s-catalyzed C—H functionalization of n-

octane

n-Alkyl halides are cheap and versatile feedstock chemicals in organic chemistry,
so the corresponding C—H functionalization will be useful because it can generate value
added products (Figure 4.2.3). Indeed, products generated from 1-bromo-, 1-chloro- and
1-fluorohexane (4.2.5-4.2.7) possessed high site-selectivity (18: 1 r.r.) and
enantioselectivity (92-97% e.e.), but the diastereoselectivity was somewhat diminished
(9: 1 d.r.). Even though 1-bromo-, 1-chloro- and 1-fluoropentane (4.2.8-10) gave high
enantioselectivity (94-97% e.e.) and similar diastereoselectivity (9-10: 1 d.r.), the site-
selectivity (8-9: 1 r.r.) and yield (49-65%) of the reactions were lowered. In terms of 1-
bromo- and 1-chlorobutane (4.2.11 & 4.2.12), the site-selectivity (3: 1 r.r.) and yield (19-
20%) were significantly decreased, but the diastereoselectivity (7-9: 1 d.r.) and
enantioselectivity (92-93% e.e.) remained similar to halogenated hexane and pentane.
These results indicate that the halogens are displaying a long-range inductive effect,
which slightly deactivates the C2 position inhibiting C—H functionalization. Such a

characteristic could become a useful controlling element in more complex systems and
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the corresponding pattern was studied with a quantitative model which will be discussed

in Chapter 7.

Br

/

4.2.5
18:1rr.
9:1d.r.
92% e.e.
89% yield

Cl

(p-Br)CeHy

S CO,CH,CCl,

4.29
9:1rr.
9:1d.r.
94% e.e.
50% yield

N2 Ar
N
CO,R

3 equiv.

2.2.32
(1 mol %)

1 equiv.

Cl

CO,CH,CCl,

4.2.6
18:1rr.
9:1d.r.
93% e.e.
84% yield

(p-Br)CeHy

/,,,

CO,CH,CCl,

4.2.10
8:1rr.
10:1d.r.
97% e.e.
49% vyield

CH2C|2, reflux

(p-Br)CeHy i (p-Br)CeHy i\ (p-Br)CeHy

S C0,CH,CCl,

S CO,CH,CCl,

4.2.7
18:1rr.
9:1d.r.
97% e.e.
89% vyield

Br
(p-Br)CeHy

S CO,CH,CCly

4.2.11
3:1rr.
9:1dr.
93% e.e.
20% vyield

Y
//
I\m
g

Br

(p-Br)CeHy

S CO,CH,CCly

4.2.8
9:1rr.
9:1d.r.
95% e.e.
65% vyield

Cl
(p-Br)CeHy

S CO,CH,CCly

4.2.12
3:1rr.
7:1dr.
92% e.e.
19% vyield

Figure 4.2.3 Rha[R-3,5-di(p-'BuCsH4) TPCP]s-catalyzed C—H functionalization of n-alkyl

halides

n-Alkyl silanes are interesting substrate and have been substrates for C—-H

functionalization.” However, the selectivity was limited to the beta C—H bonds because

they are electronically activated by the beta silicon effect. In this system, rhodium
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carbene generated by the catalyst is sterically demanding so we hypothesize the steric
influence can diminish the reaction from occurring at the beta position.
Hexyltrimethylsilane and butyltrimethylsilane gave very high selectivity at the most
accessible secondary C—H bond although the diastereoselectivity of butyltrimethylsilane
functionalization was decreased (4.2.14 & 4.2.15). Another functional group that is
compatible with this chemistry is an ester as illustrated in the formation of 4.2.16 and

4.2.17, again with strong preference for functionalization of the methylene C—H bond

(Figure 4.2.4).
R Ny Ar (12636?%:/0) R
2
§ . Y <—<Ar
CO5R CH,Cly, refl
2 2Cly, retiux 3 COZR
3 equiv. 1 equiv.
‘Bu
TMS O:< O
0 O'Bu
T™S Bu
(p-Br)CgHy (p-Br)CgHy4 ( (p-Br)CeHs (p-Br)CeH,4 (p-Br)CgHy
S CO,CH,CCl; < CO,CH,CCl; < CO,CH,CCls < CO,CH,CCls S CO,CH,CCls
4.2.13 4214 4.2.15 4.2.16 4.2.17
20:1rr. 34:1rr. 33:1rr. 21:1rr. 16:1rr.
9:1d.r. 4:1dr. 4:1dr. 7:1d.r. 9:1d.r.
90% e.e. 99% e.e. 90% e.e. 92% e.e. 91% e.e.
85% vyield 40% yield 89% yield 83% vyield 84% vyield

Figure 4.2.4 Rhao[R-3,5-di(p-'BuCsH4) TPCP]s-catalyzed C—H functionalization of n-alkyl

silanes and n-alkyl ester

A major test for site-selective C—H functionalization is the determination if
control can be achieved in elaborate substrates. Therefore, the reactions of a natural
product, cholesteryl pelargonate, was examined (Figure 4.2.5). As the substrate is more

valuable than simple substituted alkane, the substrate to diazo was set to be 1:1. This was
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a great improvement because for most of the reported reactions substrate was even used
as solvent. There are three positions were involved in the competition, including the most
accessible primary (green), secondary (blue) and tertiary (red) C—H bond, so
tribromoethyl derivative (3.4.2) was used in the reaction and 87% of the reaction
occurred at the desired position with high diastereoselectivity. More impressive result
was the effectiveness of the reaction because 68% yield was obtained even though only 1

equivalent of substrate was used.

o~ O
4.2.18
Cholesteryl pelargonate
(1 equiv.)
2.2.32
(1 mol%) 87:10: 3 r.r.

39: 1 d.r. (C1/steroid)
. 9:1d.r. (C1/C2)
3.4.2 (1 equiv.) 68% yield

CH,Cly, reflux

(p-Br)CeHy4

1 COQCHchr3

2



Figure 4.2.5 Rh2[R-3,5-di(p-'BuCsHa) TPCP]s-catalyzed C—H functionalization of

Cholesteryl pelargonate

84
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3. Conclusion

In conclusion, these studies demonstrate that the Rhz2[R-3,5-di(p-
'BuCsH4)TPCP]Js-catalyzed reactions of donor/acceptor carbenes have a strong preference
for functionalization at the most accessible secondary C—H bond. Presumably, the C—H
functionalization at the most accessible primary C—H bond due to electronics, whereas
the steric environment around the catalyst is sufficient to distinguish the target C—H from

other secondary and tertiary C—H bonds.
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Chapter 5 Selective Functionalization of the Most Accessible Primary C-H bond

1. Introduction

In chapter 3, a milestone study about selective borylation and carbene insertion of
methyl C—H bond were described, however, site- and enantioselective methyl C—H bond
functionalization was still challenging.®”-°® In this chapter, site- and enantioselective

functionalization of the most accessible primary C—H bond will be discussed in detail.
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2. Catalyst Structure Analysis

As discussed in chapter 3, in 2-methylpentane reaction, Rhz[R-tris(p-
‘BuCsHa4)TPCP]4 (2.2.34) exhibited good control in selective functionalization of the
most accessible primary C—H bond. In this chapter, structural investigations of it and
related catalysts will be discussed. Suitable crystals of Rha[R-tris(p-'BuCsH4)TPCP]4
(2.2.34) could not be obtained but single crystals of two related catalysts, 2.2.4 and 2.2.20
were obtained and the X-ray crystallographic data were analyzed by John Bacsa. As
shown in Figure 5.2.1, catalyst 2.2.20 adopts an a, 3, a, B-orientation (close to D2
symmetric structure), whereas catalyst 2.2.4 adopts an a, a, o, a-orientation (close to C2
symmetric structure). With two different types of structures observed in the solid state,
we decided to investigate the Rhao[R-tris(p-'BuCsH4)TPCP]4 catalyst and rhodium carbene
structures with computational methods so that we can understand how selectivity is

accomplished.

Rh2(S-p-PhTPCP)4 Rh2(S-p-PhCcH4TPCP)4

224 2.2.20
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o, o, 0, o-orientation a, B, a, B-orientation
Figure 5.2.1 Single crystal X-ray structures of Rh2(S-p-PhTPCP)4 (2.2.4) and Rha(S-p-

PhCsH4TPCP)4 (2.2.20)

To further understand the catalyst structure and reaction mechanism, collaboration
with Ken Houk and his coworkers, Yunfang Yang, Yingzi Li, and Jacob Sanders, was
launched. Given that the catalyst contains nearly 500 atoms, Ken Houk and his coworkers
employed the two-layer ONIOM (B3LYP:UFF) approach to study the catalyst structure
and C—H functionalization selectivity using the partitioning shown in Figure 5.2.2. These
ONIOM calculations reveal that Rh2[R-tris(p-'‘BuCsH4) TPCP]4 (2.2.34) can adopt at least
four orientations; however, there were only two major conformations. From the energy
point of view, the up, side, up, side-orientation (close to C2-symmetric conformation)
favored over the up, up, up, up-orientation (close to Cs-symmetric conformation) by an

energy difference of 10.1 kcal/mol.
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Figure 5.2.2 Structural information about Rhz[R-tris(p-‘BuCsH4)TPCP]4 (2.2.34)

Based on the calculated catalyst structures, three possible rhodium carbene
structures were obtained from the Cz- and Cs-symmetric catalyst structures. As shown in
Figure 5.2.3, the energy difference between two rhodium carbenes derived from Ca-

symmetric catalyst were very close to each other. Although the rhodium carbene energy



derived from Cs-symmetric catalyst was much higher than those derived from Ca-
symmetric catalyst, it was still taken into consideration when we conducted the transition

state study.

Br

CO,CH,CCl,

Cl,CH,CO,C

Br.
CO,CH,CCl,
Ar,

Ar o o Ar, Ar
Ar<P\<i \ / =3 7))
0. h™ O
Ar X Ar

/

-

R
Ar
o Sr o A
2 <l \ DN
%o o
Ar Ar

C2-carbene C2a-carbene C4-carbene
0.0 kcal/mol -1.5 kcal/mol 11.7 kcal/mol

Figure 5.2.3 Structural information about rhodium carbene derived from Rhz[R-tris(p-

‘BuCsHa4)TPCP]4 (2.2.34) and 3.1.50

The ONIOM transition structures of the two major catalyst structures for rhodium
carbene (derived from 3.1.50) insertion into the primary C—H bond were calculated and
showed in Figure 5.2.4. The substrate fits into the open pocket at the top of the rhodium
carbene and binds to the upper rhodium atom. The bottom rhodium atom is blocked by
two 'butylbiphenyl groups. The C—H functionalization step is a concerted but
asynchronous carbene insertion into the C—H bond, and the transition state predominantly

involves movement of the hydrogen in the C—H bond towards the carbene carbon. The
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energy difference revealed that the energetically favored transition state was TS1

generated from the C2-symmetric rhodium carbene structure.

Therefore, for the Ca catalyst, the transition structure for rhodium carbene
insertion into the primary C—H bond from the Si face of the rhodium carbene, TS1, is
energetically favored by 3.1 kcal/mol over TS2 (primary C—H bond approached from the
opposite face of the rhodium carbene), which is in excellent agreement with the
experimentally observed enantioselectivity of 98% e.e. The destabilization of TS2 arises
from the alkyl substrate repulsions with the “up” biphenyl moiety. Because there are
significant contacts between alkyl and aryl groups, and there are likely a variety of low
energy conformations, more extensive computations with dispersion and dynamic

averaging are underway.

- —1 — % #
Br COZCHziQ\g)\ )\ﬁ g0,0H,CC,
i .-CHz
< 4 Ar,
,, Ar @ Ar @ Ar
0 o. o o
o So ke o\ o
N -
Ar Ar KRh/\ ArAr Ar Ar / Ar Ar
., 0 P \Q 0 / O
A ° o Lo %O °>A\k”
L Ar Ar o _| Ar _|

TS1 TS2 TS3
AAE*= 0.0 kealimol AAE*= 3.1 kcal/mol AAE*=10.4 kcal/mol

Figure 5.2.4 Optimized transition structures for rhodium carbene insertion into the

primary C—H bond
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3. Substrate Scope

In Chapter 3, the optimized reaction condition was obtained, therefore, a set of
substrates were tested to further understand the primary C—H functionalization (Figure
5.3.1). Initially several alkanes were examined to determine the influence of the steric
environment within the substrate on site-selectivity (5.3.1-5.3.8). In contrast to 2-
methylpentane, the methylene group in 2-methylbutane is not susceptible to
functionalization because the methylene site is sterically blocked by the adjacent
isopropyl group. The tribromoethyl product 5.3.1 was formed with better selectivity for
the most accessible primary C—H bond (90:10 r.r., >99% e.e.) compared to the
trichloroethyl product 5.3.2 (89:11 r.r., 90% e.e.) but the yield was lower (5.3.1, 40%;
5.3.2, 82%). However, in the case of 3-methylpentane the tertiary site is slightly more
crowded than 2-methylbutane and this is enough for the reaction to proceed cleanly for
the primary C—H insertion product 5.3.3. In contrast to another study in which only
tertiary C—H functionalization product 5.3.3 was observed with Rh2(S-TCPTAD)4 (see
Chapter 6), C—H functionalization occurred only at the most accessible primary C—H
bond with Rha[R-tris(p-'BuCsHa) TPCP]s (2.2.34), the more crowded secondary site and
the tertiary site were no longer functionalized. Similarly, highly selective reactions were
observed in the formation of 5.3.4-5.3.14. The reaction with 2,2-dimethylbutane to form
5.3.4 was notable because in the past 2,2-dimethylbutane has been extensively used as an
“inert” solvent for donor/acceptor carbene C—H functionalization. One interesting case
was the reaction with 3,3-dimethylpentane which gave clean formation of 5.3.5 with

extremely high site- and enantioselectivity (>98: 2 r.r., >99% e.e.), this presented the
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superior capability in differentiating ethyl group from methyl group. Similar type of
steric subtleties was readily seen in the reactions to form 5.3.8 and 5.3.13, which
demonstrated the catalyst’s ability to differentiate propyl group from ethyl group because
reaction at the primary C—H bond on the propyl group is favored over ethyl group
(marked in green). The formation of 5.3.7 with very high site-selectivity (>98:2 r.r.) and
enantioselectivity (98% e.e.) shows the current system is superior to the best previously
reported chiral catalyst, a rhodium-porphyrin catalyst, which formed 5.3.7 with relatively
poor primary/secondary ratio (3.8:1 r.r.) and enantioselectivity (65% e.e.).”® The absolute
configuration of 5.3.7 was confirmed by the single crystal X-Ray crystallographic data,

and the configuration of other products were assigned by analogy.



Rh,[R-tris(p-'BuCgH4) TPCP],

94

R1
R Ny Ar (1 mol%)
+ > Ar
r CO,R? CH,Cl,, reflux
3 equiv. CO,R?
ﬁ\ 5.3.1 & 5.3.2
(p-Br)CgH, 90:10 r.r. (p-Br)CgH, 89:11rr.
>99 % e.e. 90 % e.e.
CO,CH,CBr; 40 % yield CO,CH,CCl; 82 % yield
5.3.3
>98:2 r.r.
1:1d.r. d: 5.3.4
(p-Br)CgH, >99 % e.e. (p-Br)CgH, >98:2rr.
95 % e.e. 98 % e.e.
CO,CH,CBr; 83 % yield CO,CH,CBry 70 % yield
d:\ 5.3.5 (E\ 5.3.6
(p-Br)CgH,4 >98:2 r.r. (p-Br)CgHy >98:2 r.r.
>99 % e.e. >99 % e.e.
CO,CH,CBr3 77 % yield CO,CH,CBr; 75 % vyield
5.3.8
5.3.7 84:13:3 r.r.
(p-Br)CgH, >98:2rr. (p-Br)CgH, major 95 % e.e.
98 % e.e. minor 98 % e.e.
CO,CH,CBr; 88 % yield CO,CH,CBr; 80 % yield

Figure 5.3.1 Rha[tris(p-‘BuCsH4)TPCP]4-catalyzed C—H functionalization of alkanes

In terms of the studies conducted with a series of trimethylsilyl (TMS) protected

alcohols to form 5.3.9-5.3.13, the reactions proceeded with excellent selectivity, but the
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yields were lower when the inductively electron-withdrawing group was too close to the
site of C—H functionalization, as seen in the case of 5.3.9 and 5.3.10 (Figure 5.3.2). The
reactions with TMS protected 3-ethyl-3-hexanol to form 5.3.9 is a further illustration of
the subtle steric effects because reaction at the primary C—H bond of the propyl group is
strongly preferred over that of the other two ethyl groups in the substrate. 1-Bromobutane
is also a viable substrate, forming 5.3.14 with high enantioselectivity (93% e.e.) but with
some competition from C—H functionalization as the secondary C—H bond marked in blue
with a ratio of 84:16. As the emphasis of this study has been to determine the subtleties of
the site-selectivity, the studies so far have concentrated on a single aryl group in the
donor/acceptor carbene. However, the donor group can be varied, and this is illustrated in
the reactions of 2,2-dimethylpentane to form the boronic ester and trifluoromethyl

derivatives 5.3.15 and 5.3.16.



Rh,[R-tris(p-BuCgH4)TPCP],

R1 N2 Ar

(1 mol%)

r +

3 equiv.

CO,R?

Ar
CH,Cly, reflux
CO,R?

OTMS
5.3.9
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Figure 5.3.2 Evaluation of the scope of Rhz[tris(p-‘BuCsH4)TPCP]4-catalyzed C-H
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93 % e.e.
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CF3
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>99 % e.e.

CO2CHCBrs g5 o yield

functionalization
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As the reaction gave extremely high asymmetric induction, it was proposed to be

an effective way to synthesize diastereo-pure compounds. In Figure 5.3.3, we have also

examined the Rhz[tris(p-'‘BuCsH4)TPCP]4-catalyzed reactions with enantiomerically pure

substrates 5.3.17-5.3.19. In these substrates, the internal methyl group is sufficient to



block any C—H functionalization reactions at the methylene sites, and all the substrates

react cleanly. The reactions are under catalyst control because the reaction with Rha[R-

tris(p-'‘BuCsH4)TPCP]4 (2.2.34) gives one diastereomeric series of the products 5.3.20-

5.3.22, in which the newly formed stereocenter has the S-configuration, whereas the

reaction with Rha[S-tris(p-'‘BuCsH4)TPCP]4 (2.2.34) gives the opposite diastereomeric

series 5.3.23-5.3.25.

(p-Br)CeHy

CO,CH,CCl5
5.3.20
>08:2 r.r.

>100:1 d.r.
69 % yield

OTMS

(p-Br)CeHy

CO,CH,CCl;
5.3.21
>98:2 r.r.
>100:1 d.r.
92 % yield

/r

., _OTBS
()

(p-Br)CgH4

COch2CBr3
5.3.22
96:4 r.r.

>100:1 d.r.
75 % yield

Rh,[R-tris(p-
‘BuCgH4)TPCP),
(1 mol%)

5.3.17

OTMS

5.3.18

n, OTBS
(s)

5.3.19

Rh,[S-tris(p-
‘BuCgH,4)TPCP),
(1 mol%)

Br
(S)

(p-Br)CeHy

/,,’

CO,CH,CClI;
5.3.23
>98:2 r.r.
>100:1 d.r.
69 % yield

OTMS
(S)

(p-Br)CeH4

/,,’

CO,CH,CCl,
5.3.24
>98:2 r.r.
>100:1 d.r.
89 % yield

w, OTBS
(s)

‘4, (p-Br)C6H4

COzCHchr3
5.3.25
94:6 r.r.

20:1 d.r.
81 % yield

Figure 5.3.3 Catalyst-controlled diastereoselective primary C—H functionalization
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4. Conclusion

The study described in this chapter demonstrates that by appropriate design of the
catalyst, site-selective C—H functionalization at the most accessible primary C—H bond is
also a viable process. Such selectivity is the most challenging for the donor/acceptor
carbenes because it goes against the normal electronic preference of these intermediates.
Considering that group transfer reactions can be conducted with a range of different types
of metal carbenes beyond donor/acceptor carbenes as well as metal nitrene and metal oxo
intermediates, these studies are likely to encourage further efforts in catalyst design to
control site-selectivity. In conclusion, the discoveries of Rha[S-tris(p-‘BuCsHa)TPCP]4
(2.2.34) and Rh2[R-3,5-di(p-'Bu)CsH4TPCP]s (2.2.32) demonstrated that it is possible to
obtain catalysts to achieve high site-selectivity at either primary or secondary C—H bonds

without resorting to the use of directing groups within the substrate.



99

Chapter 6 Selective Functionalization of the Most Accessible Tertiary C—H bond

1. Introduction

In Figure 3.1.8, a breakthrough in asymmetric alkane C—H functionalization with
donor/acceptor rhodium carbene was discussed, several simple alkanes were reported to
be suitable for selective C—H carbene insertion. However, the reactions were conducted
in neat condition, at various temperature, site- and enantioselectivity were relatively low.
Therefore, a tertiary selective catalyst, Rho(TCPTAD)4, was developed in the 2-
methylpentane system (Figure 3.6.1 and 3.6.2). However, the substrate has only one
tertiary C—H bond, to further understand and develop a catalyst to achieve selective
functionalization at the most accessible tertiary C—H bond, studies in catalyst structure

and substrate scope were conducted.

In 1996, Hashimoto developed Rha(S-PTTL)4 %!, which was the parent catalyst for
the development of Rh2(S-PTAD)4"!. Later in 2002, Rho(S-TCPTTL)4 ©? was also
developed for enantioselective C—H amidation. Computational and experimental

64-69

studies showed that the tetrachloro functionality rigidifies the structure and generates

a chiral crown shape with all phthalimido groups on the same face of the catalyst.*’

Inspired by the Hashimoto’s work, the Davies group developed a similar catalyst,
Rh2(TCPTAD)4, for enantioselective C—H aminations. However, the catalyst wasn’t

considered as useful in carbene C—H insertion until 2015, where it was used in
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rhodium(II)-catalyzed double C—H insertion at the C2- and C5-positions of an N-
alkylpyrrole.'® This surprise result brought our attention to further understand this type

of catalyst.

In Figure 3.6.1, a dramatic difference was seen between the adamantyl catalysts
Rh2(S-PTAD)4 and Rh2(S-TCPTAD)4, in which the former, lacking the chlorine
functionality, gave poor site-selectivity as well as relatively low and opposite

enantioselectivity.
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2. Catalyst Structure Analysis

To understand the catalyst structure and mechanism, single crystal X-ray structure
of Rh2(R-TCPTAD)4 was obtained through slow evaporation of acetonitrile/ether/hexane
(1:5:10) and the data was analyzed by Thomas C. Pickel and John Bacsa. As shown in
Figure 6.2.1, in the solid state, the catalyst adopts the a,0,0,0-arrangement with all the
phthalimido groups on the same side but is slightly distorted from a perfect C4 symmetric

structure (Figure 6.2.1).

Figure 6.2.1 Single crystal X-ray structure of Rh2(R-TCPTAD)4

Computational studies on Rh2(S-TCPTAD)4 conducted by Vyacheslav Boyarskikh
and Djamaladdin G. Musaev revealed that the catalyst adopts a similar orientation to the
X-ray structure (Figure 6.2.2). In comparison, a recent X-ray crystallographic study by
Ghanem® on Rha2(S-PTAD)4 concluded that the adamantyl groups are unable to fully
block the carbene from binding to one face of the catalyst, but this argument was made
on the basis of limited data, the observation of solvent coordination to both faces of

Rh2(S-PTAD)4 in the crystal structure. In the case of Rh2o(R-TCPTAD)4, it is clear from
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the X-ray structure and the computational studies that the gap for the approach of the
diazo compound to the rhodium is much wider on the face with the phthalimido groups
compared to the face with the adamantyl groups (16.2 A versus 7.8 A). Therefore, we
conclude that there is a major difference in the steric environment between the two faces
of the catalyst with the rhodium face containing the phthalimido groups being much more

accessible.

Rh-Rh =2.399 A

Figure 6.2.2 Calculated structure of Rh2(S-TCPTAD)4

The next level of analysis needs to explain how the catalyst, containing four
blocking phthalimido groups controls the favored approach of the substrate to one face of
the rhodium carbene, which would lead to an enantioselective reaction. Fox has
conducted computational studies on the reactions of Rh2(S-PTTL )4-catalyzed reactions
with a-alkyl-a-diazoesters, and suggested that depending on the size of the alkyl group it
adopts a certain orientation within the pocket.®® Computational analysis by Vyacheslav
Boyarskikh and Djamaladdin G. Musaev of the Rh2(S-TCPTAD)s-donor/acceptor
carbene complex revealed that even though Rha(S-TCPTAD)a4 is quite rigid there is a
change in the ligand orientation when the carbene is bound to the complex, in which one

of the phthalimido group bends forward to z-stack with the aryl ring of the carbene.
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Irrespective of where the carbene is positioned or the orientation of the ester group, the
same face of the carbene is involved in the most favorable z-stacking interaction (by 2.1
kcal/mol), leading to a preferred attack at the Re face of the carbene. Even through the
carbene is accessible, the substrate will still need to enter the pocket to react with the
carbene; this would explain why the Rh2(S-TCPTAD)4 carbene complex react selectively

at only the most accessible tertiary C—H bond (Figure 6.2.3).

n—m interaction

n—m interaction

Substrate
attack side

Substrate
attack side

0.0 kcal/mol 2.1 kcal/mol
Isomer-1 Isomer-2

Figure 6.2.3 Calculated carbene structure of Rh2(S-TCPTAD)4
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3. Substrate Scope

Based on the results from the 2-methylpentane reactions, we tried to explore more
elaborated substrate to develop a selective catalyst for the most accessible tertiary C—H
bond. With Rh2(S-TCPTAD)4 as catalyst, highly selective C—H functionalization of the
tertiary sites could be achieved in good yields (64-93% yield) and enantioselectivity (77-
92% e.e.) with a range of alkane substrates (Figure 6.3.1, 6.3.1-6.3.7). The system is
sensitive to the steric environment around the tertiary site because when the tertiary site
becomes crowded another more accessible tertiary or secondary site is preferred (6.3.1-
6.3.4). For 2-methylbutane, only tertiary product (6.3.1) was observed, but for 2-
methylpentane (Figure 3.6.2) and 2-methylhexane (6.3.2), more competition was observed
because the secondary C—H bonds become more accessible. In the case of 3-methylpentane
(6.3.3), the secondary position is even less accessible than that in 2-methylbutane, but the
tertiary also become less accessible than that in 2-methylbutane so certain competition
from the secondary C—H bonds was observed. A dramatic change was observed in the case
of 4-methylheptane (6.3.4) where the major product was formed from the functionalization
at the most accessible secondary C—H bond because the tertiary C—H bond was sterically
blocked. A delicate competition was conducted to challenge the catalyst in 2-methyl-3-
ethylpentane (6.3.5) because the substrate has two tertiary C—H bonds, one is adjacent to
dimethyl group and another one is adjacent to diethyl group. Although those two tertiary
C—H bonds are very similar to each other, only the tertiary C—H bond adjacent to dimethyl

group was functionalized.



Rh,(S-TCPTAD),

CO,CH,CF4 R2 (1 mol%) RZ2  CO,CH,CF,
+
N~ "R CH,Cl,, 39 °C R!
3 equiv.
CO,CH,CF,4
CO,CH,CF,4 CO,CH,CF,4
(p-Br)CgHy4
(p-Br)CgHy4 (p-Br)CeHy
6.3.1 6.3.2 6.3.3
39°C -40 °C 39°C -40 °C
>98:2rr. 87:13rr.  96:4rr. 92:8 r.r. 98:2 r.r.
81% e.e. 77% e.e. 87% e.e. 82% e.e. 92% e.e.
86% yield 76% yield 65% yield 73% yield 64% yield
CO,CH,CF; CO,CH,CF,4
CO,CH,CF4 CO,CH,CF4
(p-Br)CeH4 (p-Br)CeH4
(p-Br)CgH4 (p-Br)CeH4
6.3.4 6.3.5 6.3.6 6.3.7
11:89 r.r. >98:2 r.r. >98:2 r.r. >98:2 r.r.
81% e.e. 86% e.e. 78% e.e. 83% e.e.
9% yield 66% yield 87% yield 93% yield

Figure 6.3.1 Rho(S-TCPTAD)s-catalyzed C—H functionalization of alkanes
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As shown in Figure 6.3.2, the reaction could be conducted with substrates

containing other functionalities such as bromo and ester functional groups (6.3.8-6.3.10).

In Figure 3.6.2, temperature study revealed that lower temperature can significantly

improve the selectivity so for cases with low site-selectivity, the reactions were repeated at

-40 °C to improve the site- and enantioselectivity (6.3.2, 6.3.3, 6.3.10). The reactions have

been primarily carried out with the p-bromophenyl derivative 3.2.1¢ as the carbene

precursor, and the products would be readily diversified either by ester modification or

metal-catalyzed cross coupling. The reaction can be extended to carbene precursors
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containing other aryl functionalities and heterocycles (6.3.11-6.3.14). Most notable are the

examples with the pyridyl and pyrimidyl heterocycles (6.3.11 and 6.3.12).

Rh,(S-TCPTAD),

CO,CH,CF; R2 (1 mol%) R? CO,CH,CF3
+ :
N%\Fv 7\ o CH,Cly, 39 °C R
3 equiv.
o) /—/7 o) /—/_%
Br (0] (0]
CO,CH,CF4 CO,CH,CF4 CO,CH,CF4
(p-Br)CgH4 (p-Br)CgH4 (p-Br)CgHy4
6.3.8 6.3.9 6.3.10
39 °C -40 °C
>98:2 r.r. >98:2 r.r. 88:12 rr. 91:9r.r.
84% e.e. 77% e.e. 76% e.e. 94% e.e.
70% yield 90% yield 73% yield 66% yield
CO,CH,CF4 CO,CH,CF4 CO,CH,CF3 CO,CH,CF3
\ \
7 N 7\
_ N=<
Cl Cl CF3 OMe
6.3.11 6.3.12 6.3.14
96:4 r.r. >908:2 r.r. >08:2 r.r. >08:2 r.r.
68% e.e. 75% e.e. 74% e.e. 63% e.e.
60% yield 81% vyield 89% yield 94% yield

Figure 6.3.2 Evaluation of the scope of Rh2(S-TCPTAD)s-catalyzed C—H

functionalization

A major test for site-selective C—H functionalization is the determination if control

can be achieved in elaborate substrates. Therefore, the reactions of some representative

natural products were examined. As the natural products are valuable substrates, these
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reactions were conducted with a 1:1 ratio of the substrate to diazo (3.4.1). The C-H
functionalization of steroids has been of great historical significance because many seminal
studies involving radical chemistry have been reported using appropriate directing groups
to achieve site-selectivity.!?!"1? Therefore, we examined the reaction with the Cholesteryl
acetate as a substrate (Figure 6.3.3). Cholesteryl acetate (6.3.15) is a challenging substrate
because it has forty-eight different C—H bonds including six tertiary C—H bonds (marked
in orange and red) and four allylic C—H bonds (marked in pink). Even so, the reaction
proceeded cleanly and gave a high yield of the C—H functionalization product 6.3.16
derived from reaction at the most accessible tertiary C—H bond marked in red at the end of
the steroid side chain. A particularly intriguing feature of this transformation is the total
lack of reactivity at the steroid nucleus, especially the electronically activated allylic
positions. The configuration of the reaction is under catalyst control as Rh2(R-TCPTAD)4
and Rh2(S-TCPTAD)4 favored opposite diastereomers by a diastereomeric ratio (d.r.) of
11:1, but the yield of the reaction with Rh2(R-TCPTAD)4 was higher (86% vs 78% isolated
yield). The higher yield appears to be due to more efficient capture of the carbene by the
substrate rather than formation of other regioisomers because no other C-H
functionalization products were evident in the 'H NMR spectra of the crude reaction
mixtures. When the reaction was conducted at lower temperatures, the diastereoselectivity
could be improved (16:1 d.r.), but the yield was lower (60 %). The absolute configuration
of 6.3.16 generated by Rh2(S-TCPTAD)s+ was confirmed by single crystal X-Ray
crystallographic data, the absolute configuration of other tertiary C—H insertion products

were assigned by analogy.
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(p-Br)CgHy
CO,CH,CF4

Rhy(TCPTAD),4
_—
CH,Cl,
temperature
AcO
AcO
6.3.15 6.3.16
Cholesteryl acetate
(1 equiv.)

Rh,(TCPTAD), 6.3.16 temperature r.r. d.r.  vyield (%)
S, 1 mol% R 39°C >98:2 111 78
R, 1 mol% S 39°C >98:2 111 86
R, 0.1 mol% S 39 °C >08:2 9:1 83
R, 1 mol% S 24 °C >98:2 13:1 80
R, 1 mol% S 0°C >08:2 16:1 60

Figure 6.3.3 Evaluation of the scope of Rh2(S-TCPTAD)s-catalyzed C—H

functionalization of Cholesteryl acetate

The site-selectivity was also examined in the case of vitamin E acetate (6.3.17)

(Figure 6.3.4). This is also a challenging substrate for C—H functionalization because it

contains fifty-two C—H bonds, eleven benzylic C—H bonds (marked in pink) and three

tertiary C—H bonds (marked in orange and red). Once again, the reaction was selective for

the most accessible tertiary C—H bond (marked in red). Rh2o(R-TCPTAD)4 generated the

product 6.3.18 in 84% yield, whereas Rh2(S-TCPTAD)s generated the opposite

diastereomer in 64% yield. Both reaction produced the same d.r. as 11:1, indicating that

the formation of the new stereogenic center during the reaction is under catalyst control.

When the reaction was conducted at room temperature (24 °C), the diastereoselectivity was

improved to >20:1 d.r.
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(p-Br)CeHy
CO,CH,CF5

3.4.1

(1 equiv.)
Rhy(TCPTAD)4 “,
(1 mol%)
—_—
CH,Cl,
temperature
AcO AcO
6.3.17 6.3.18
(Vitamin E acetate)
(1 equiv.)
Rh,(TCPTAD), 6.3.18 temperature r.r. d.r. yield (%)
S R 39°C >08:2 111 64
R S 39°C >98:2 111 82
S R 24 °C >98:2 >20:1 60

Figure 6.3.4 Evaluation of the scope of Rh2(S-TCPTAD)s-catalyzed C—H

functionalization of vitamin E acetate

Phytyl pivalate (6.3.19) is also a challenging substrate because the allylic C—H
bonds would be expected to be electronically activated and in this case, are not sterically
constrained within a ring system. Even so, the reaction was still selective for the most
accessible tertiary C—H bond to form 6.3.20 over the allylic position to form 6.3.21. Under
refluxing conditions, the ratio of the products was about 3:1 but when the reaction was
conducted at room temperature it improved to 89:11, albeit with somewhat decreased yield

(Figure 6.3.5).
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CO,CH,CF
(p-Br)CeHy

3.4.1

(1 equiv.)
Rh,(TCPTAD),
(1 mol%) +
—_—
CH,Cl,
temperature
/ CO,CH,CF3
(p-Br)CeH,4
PivO PivO PivO
6.3.19 6.3.20 6.3.21
Phytyl pivalate
(1 equiv.)
r.r. d.r. yield
Rhy(TCPTAD), 20 temperature  (20:21) (20) (20, %)
S R 39 °C 77:23 11:1 67
R S 39°C 78:22 12:1 69
R S 24 °C 89:11 12:1 52

Figure 6.3.5 Evaluation of the scope of Rh2(S-TCPTAD)s-catalyzed C—H

functionalization of Phytyl pivalate

The ultimate goal of this program would be to have a collection of catalysts to
control site-selectivity at will. In order to demonstrate this concept, the influence of Rh2(R-
TCPTAD)4 and Rh2[R-3,5-di(p-'BuCsH4)TPCP]4, on the functionalization of cholesteryl
pelargonate (6.3.22) was examined. In the Rhz[R-3,5-di(p-‘BuCsH4)TPCP]s-catalyzed
reaction of 3.4.2, the methylene C—H functionalization product 6.3.23 became the
dominant product by a ratio of 87:10:3. In contrast, the Rh2(R-TCPTAD)4-catalyzed
reaction of 3.4.1 gave an 87:13 ratio favoring the tertiary C—H functionalization product
6.3.24 over the methylene position at the terminal side of the n-alkyl chain (marked in
blue). The regioisomers were readily separated and 6.3.23 was isolated in 68% yield from
the Rh2[R-3,5-di(p-'BuCsH4)TPCP]4-catalyzed reaction and 6.3.24 was isolated in 74%

yield from the Rha(R-TCPTAD)s-catalyzed reaction. When the Rh2(R-TCPTAD)s-
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catalyzed reaction was conducted at 0 °C, the selectivity was improved to 92:8 r.r. and

>20:1 dr (Figure 6.3.6).

(p-Br)CeHy
+ N5 CO,CH,CX3
3.4.10r3.4.2
o (1 equiv.)
6.3.22
Cholesteryl pelargonate
(1 equiv.)
2.2.32 3.4.2 3.4.1
(1 mol%) CH,Cl, CH,Cl, ha(ﬂTriZI/A)D)“
reflux temperature °
(p-Br)CoHs {p-BriCeHis

2

1 COchchr3

O
6.3.23 6.3.24
d.r. d.r. ) Rhy(TCPTAD), 24 temperature rr. d.r. vyield (%)
L. (C1/steroid) (C1/C2) Yield (%)
R S 39 °C 87:13 6:1 74
87:10:3 39:1 9:1 68

R S 24 °C 89:11 >20:1 68
R S 0°C 92:8 >20:1 65

Figure 6.3.6 Catalyst controlled C—H functionalization of cholesteryl pelargonate
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4. Conclusion

These studies demonstrate that highly site-selective catalyst-controlled C-H
functionalization of non-activated tertiary C—H bonds is a viable process. The dirhodium
catalyst Rh2(S-TCPTAD)4 adopts a structure close to a Cs4 symmetric shape with a
relatively shallow pocket, enabling the most accessible tertiary C—H bonds to approach the

rhodium-bound carbene on the phthalimido face of the dirhodium complex.

So far, we have been able to build a toolbox with three unique catalysts to control
the selective functionalization at the most accessible primary, secondary and tertiary C—H

bonds (Figure 6.3.7).



H otRn
a <
OW_N O+Rh
o)
o]
(of
o]
i 1 L Cl _a
Ar= p-BuCgH, Rh,(S-TCPTAD),
Rh,[R-3,5-di(p-BuCgH,) TPCP], catalyst 3
catalyst 2 l

Ar= p-tBU06H4
Rh,[R-3,5-di(p-BuCgH,) TPCP],

Figure 6.4.1 Catalyst toolbox for selective C—H functionalization
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Chapter 7 Catalyst Symmetry & Quantitative Model

1. Introduction

Dirhodium tetracarboxylate catalysts are the key to the success of selective C—H
functionalization by means of donor/acceptor rhodium carbenes induced C—H insertion.
The catalyst family have attracted more attention in the last two decades because they are
capable of controlling a wide variety of selective carbene reactions including
intermolecular C—H functionalization of a range of substrates with high levels of site

selectivity, diastereoselectivity, and enantioselectivity.

The initial exploration of such reactivity was mainly focusing on the use of as the
chiral catalyst, Rho(DOSP)4 %, which demonstrated unique property and broad utility.
However, the catalyst has poor diversification capability, so if a particular substrate gave a
mixture of products, little could be done to improve the reaction outcome. Recently, a new
class. of bulky and modular chiral catalyst, dirhodium tetrakis-
triarylcyclopropanecarboxylate [Rh2(TPCP)4] catalysts, were developed and showed great

potential in controlling selective C—H functionalization (Figure 7.1.1).
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/

OTRh
T L]
| - Rh ~ +Rh
SOLAr 4 R@
Ar = p-C4oH25C6H, 4

s

Rh,(S-DOSP), Rhy(S-TPCP),
[ Ph ] - -
Phn.‘<l40“||?h Ph O+Rh
N S ne ’
: O-+Rh Ph \4% |
= OfRh
Ar
L Ar |4
Ar= p-BuCgH, L Ph 14

Rh,[S-3,5-di(p-BuCgH,) TPCP], Rhy(S-p-PhTPCP), Rhy(S-0-CITPCP),

Figure 7.1.1 Structures of dirhodium tetracarboxylate catalysts

Initial exploration of the Rho(TPCP)4 catalyst was the development of Rha(p-
PhTPCP)4, which was capable of site selective reactions at activated primary C—H bonds
374 such as benzylic, allylic and sites alpha to oxygen, with a very different reactivity
profile to that of Rh2(DOSP)4. Further refinement of these catalyst structures led to the
development of the Dz-symmetric catalyst, Rhz[3,5-di(p-'BuCsH4)TPCP]4 (2.2.32),7

capable of selective functionalization at the C2 position of n-alkanes or terminally-

substituted n-alkanes (Figure 7.1.2).

EDG EWG

hig EDG. EWG 40-99% yield
H NP X 7, 9:1-34:1rr
A Hd P a-s51ar
R Rh,[R-3,5-di(p-BuCgH,)TPCP]; R 90- >99% ee
(1 mol%)

Figure 7.1.2 Site- and stereoselective functionalization of alkanes and alkyl compounds
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In this chapter, we will also disclose the structural element of another member of
the TPCP dirhodium family, Rha(p-PhTPCP)4 (2.2.4). In addition, we compare the C—H
functionalization site selectivity of the two types of catalysts and develop a quantitative
model of the electronic effects of substrates for site-selectivity with the different catalysts.
These studies identified two distinctive classes of TPCP catalysts that adopt very different
shapes, and demonstrate the utility of the quantitative model for the rapid assessment of

new dirhodium catalysts.
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2. Catalyst Symmetry

A critical component of our design of chiral dithodium-catalysts is the use of four
identical carboxylate ligands, containing a structural feature within the ligand that is too
sterically demanding to align in the periphery of the catalyst.*> 5> 7> Thus, the large
component must align on the a face or the 3 face of the catalyst, leading to four possible
structural permutations, o,p,o,p (D2 symmetric), a,o,0,00 (C4 symmetric), a,o,B,p (C2
symmetric), and a,a,0,p (C1 symmetric), each having a different symmetry. Further studies
by Fox and Charette have shown that certain dirhodium catalysts adopting an orientation
may not be perfectly aligned and thus behave as if they are pseudo C2 symmetric rather

than C4 symmetric.%*

The Rho(TPCP)4 catalysts have a more sophisticated design element because they
share a characteristic structural feature of four identical chiral ligands with cyclopropane
backbone. As the ligands are sterically demanding so both the C1 aryl and the cis-C2 (cis
to carboxylate group) aryl groups are forced to align away from the periphery of the
complex. The ligands will adopt certain orientation to minimize the steric interaction and
the substituents on the cyclopropane ring will act as blocking group to form unique chiral

pocket for C—H bond recognition.

In the case of Rhz[S-3,5-di(p-BuCsH4)TPCP]4 (2.2.32), the CI aryl group is so
sterically demanding that if the C1 aryl of the first ligand is on the a face, then the C1 aryl

ring of the adjacent ligand must be on the B face (Figure 7.2.1, A). The catalyst adopts an
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orientation in the crystalline form, generating a structure that is D2 symmetric.
Corroboration that this is the preferred conformation was obtained through ONION
calculation of the slightly simpler derivative, Rh2(S-3,5-diPhTPCP)4 (2.2.26), which
revealed that the a,B,0,p form is 5.0 kcal/mol more stable than the a,0,0,0 form (Figure

3.3.2).

side view top view bottom view
Figure 7.2.1 X-Ray structures of Rha[S-3,5-di(p-'Bu)CsH4]TPCP]4 (2.2.32) (lacking

axially coordinated solvent molecules)

Encouraged by the remarkable site selectivity exhibited by Rhz[S-3,5-di(p-
'BuCsH4)TPCP]4 (2.2.32), we continued to explore other members of the TPCP family of
catalysts. Surprisingly, we found that depending on the aryl substitution, the complexes
adopt different orientations. During the previous catalyst optimization studies on pentane
that lead to the discovery of Rh2[S-3,5-di(p-'‘BuCsH4)TPCP]4 (2.2.32), the biphenyl catalyst
Rh2(S-p-PhTPCP)4 (2.2.4) was also evaluated (Figure 3.2.3). Rha(S-p-PhTPCP)4 (2.2.4)
was expected to be less crowded compared to Rh2[S-3,5-di(p-'BuCsH4)TPCP]4 (2.2.32) and
was expected to favor C2 functionalization over CI functionalization of n-alkanes.

However, the opposite trend was observed, suggesting that Rha(S-p-PhTPCP)4 (2.2.4)was
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more sterically demanding. The X-ray structure of this catalyst revealed that all of the
biphenyl groups occupy the same face. The biaryl rings are involved in -stacking and this
disrupts the C4 symmetry of a regular a,0,0,0 orientation and instead the complex is pseudo

C2 symmetric (Figure 7.2.2).

side view top view bottom view

Figure 7.2.2 X-Ray structures of Rha(S-p-PhTPCP)4 (2.2.4) (lacking axially coordinated

solvent molecules)

The profound effect of two meta substituents on the C1 aryl group led us to also
explore the behavior of ligands containing groups close to the cyclopropane, such as an o-
chloro substituent [Rh2(S-0-CITPCP)4] and the study of this type of catalysts are currently

being investigated by Wenbin Liu.
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3. Quantitative Model

Having discovered that the Rho(TPCP)s catalysts can adopt three distinct
orientations we became interested in determining what would be the influence of the
substrate structural changes on the site selectivity of C-H functionalization. C—H
functionalization preferentially occurs at electron rich C—H bonds as the C—H insertion is
a concerted asynchronous process with build-up of positive charge at carbon. We
conducted a study on a range of substrates, with relatively similar steric considerations so
that the influence of electronic effects within the substrate on the site-selectivity could be
explored. Therefore, a range of terminally-substituted n-alkanes were used as substrates
and the site-selectivity between C2 and C1 functionalization (and diastereoselectivity) for
the three catalysts were determined (Figure 7.3.1). The selectivity of the Rh2[R-3,5-di(p-
'BuCsH4)TPCP]s-catalyzed reactions has been described previously (Chapter 4), but a
wider range of substrates are reported here. The site selectivity favors C2, but the
selectivity decreases progressively from the 1-halohexanes to 1-halobutanes. The C2/C1
site selectivity is 18:1 for 1-bromohexane but is only 3:1 for 1-bromobutane. Similar trends
were observed with the chloro and fluoro derivatives, indicating that the inductive effect
of the halogen is significant even when the site for C—H functionalization is 3-4 atoms

away.

Previously, it was reported that the reaction of pentane with Rh2(R-p-PhTPCP)4
(2.2.4) has a greater preference for primary C—H functionalization compared to Rh2[R-3,5-

di(p-'BuCsH4)TPCP]4 (2.2.32) (Chapter 3). This behavior was observed across the entire
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substrate series. The highest C2/C1 site selectivity with Rha(R-p-PhTPCP)4 (2.2.4)was
~4:1, whereas Rh2[R-3,5-di(p-'BuCsH4) TPCP]4 (2.2.32) yielded up to 34:1 site selectivity
with electron rich substrates. In the case of the silyl-substituted substrates, some C-H

functionalization at other internal methylene sites was also observed.

Even though this study is emphasizing the influence of the catalysts structure on
site selectivity, these chiral catalysts also alter the diastereoselectivity and
enantioselectivity of the reactions. The reactions with two catalysts are moderately
diastereoselective, and as previously reported, the reactions catalyzed by Rhz[R-3,5-di(p-
'BuCsH4)TPCP]4 (2.2.32) are highly enantioselective (90->99% ee). Overall, the Rha(R-p-
PhTPCP)4- catalyzed reactions were the least regio- and diastereoselective. Most of the
enantioselectivity of the Rhz(R-p-PhTPCP)4-catalyzed reactions were not determined
because of poor HPLC resolution caused by the presence of significant amounts of the

second regioisomer.



Rhaly R (p-Br)CgH R

5 (p-Br)CeHy (1 mol %) e (p-Br)CeHy

N T H,CCl
N7~ “CO,CH,CCl, I COLH,CCls CO,CH,CCI
. DCM, reflux z ARV 3
3 equiv. A B
Rh,[R-3,5-di(p-BuCgH,4) TPCP], Rhy(R-p-PhTPCP),
entry Substrate rr (A:B) dr (A) ee yield rr (A:B) dr (A) yield
(A, %) (%) (%)

1 Br NN 18:1 9:1 92 89 3:1 8:1 81
2 ClI TN 18:1 9:1 93 84 3:1 10:1 79
3 FONTNN 18:1 9:1 97 85 2:1 9:1 79
4 Bra_~_ " 9:1 9:1 95 65 1:1 8:1 77
5 Cli o~ 9:1 9:1 94 50 2:1 10:1 75
6 Fa 8:1 10:1 97 49 2:1 8:1 78
7 Br” >N 3:1 9:1 93 20 1:1 5:1 71
8 clI >N 3:1 7:1 92 19 1:1 6:1 70
9 By >N 33:1 4:1 90 89 2:1 4:1 82
10 TMS/\Q/\ 34:1 4:1 >99 40 4:17 4:1 80
11 TMS/\Q/\/\ 20:1 9:1 90 85 3156 9:1 86
12 \/\/%/\ 27:1 9:1 91 82 2:1 9:1 86

Figure 7.3.1 Selective C—H functionalization of terminally-substituted n-alkanes

Other internal C-H insertion products was observed by crude "H NMR spectra: @ 10%; ° 4%.
Enantiomeric excess of Rhy(R-p-PhTPCP), catalyzed reactions (entry 1-6, 10-12) were not determined
due to the low regioisomeric ratio and the corresponding overlap of regioisomer peaks, but enantiomeric
excess of the following entries were determined: entry 7: 96% ee, entry 8: 94% ee, entry 9: 88% ee.
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To further investigate the observed site selectivity trends as a function of substrate,

we collaborated with Zachary L. Niemeyer and Mathew S. Sigman to examine the ability

to correlate the outcomes to various physical organic parameters.'® Inspired by Hammett

o-values, para-substituted benzoic acids were used as a starting point and calculated as

simulated substrates since the evaluated substrates were intended to only probe electronic

variation. Based on the study conducted by Zachary L. Niemeyer and Mathew S. Sigman,
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the resultant descriptors were assessed in correlations to the regioisomeric ratio energy

preferences (reported as a AAGY) using various goodness of fit criteria (Figure 7.3.2).

WR

= training set
12 substrates u ning

O = octane result
ﬂ X = predicted

O

HOJ\©\( C4 NBO charge
R

12 surrogates

Figure 7.3.2 Substrate surrogate for NBO charge calculation

Of these, the NBO charge of C4 demonstrated a strong correlation to the observed
energy differences for Rhz[R-3,5-di(p-'BuCsH4)TPCP]4 (catalyst 1) and Rha(R-p-
PhTPCP)4 (catalyst 2). NBO charges of carbonyls next to benzene rings have been
correlated to Hammett 6-values previously so this outcome is consistent with the NBO
charge reading out!®-1%7 the relative electronic perturbations of the substrates. While this
is somewhat intuitive, the sensitivity of the NBO calculation provides a platform for the

rapid assessment of electronics and prediction of similar simple substrates (Figure 7.3.3).
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Figure 7.3.3 Simulated charges adequately described the regioisomer outcomes from

catalyst 1 & 2

Additionally, as the same parameter is able to describe two catalysts, it was
hypothesized that this charge would also correlate to the outcomes from other catalyst in
this family and we anticipated that the relative slope of only a few substrates could be used

to predict all other substrates relatively well. Therefore, the empirical results using 1-
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bromohexane and 1-chloropentane as substrates with Rh2(S-0-CITPCP)s4 obtained by
Wenbin Liu were applied to define the slope and intercept of a prediction equation.
Examining the other data points provided by Wenbin Liu, an excellent agreement is
observed between measured and predicted regioisomeric ratio. This provides confidence
when new catalysts are evaluated that only a few data points should be required to predict
the outcomes of a wide range of functionalized n-alkanes. Additionally, the results suggest
that this catalyst class functions in a similar manner across different symmetry orientations

providing the foundation for future mechanistic interrogation.
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4. Conclusion

In conclusion, these studies reveal that the Rha(TPCP)4 catalysts can adopt at least
three high symmetry orientations, which is dependent on the frame work of the
cyclopropane. Rhz[S-3,5-di(p-'BuCsH4)TPCP]s (2.2.32) preferentially adopt a D2
symmetric arrangement, whereas the Rhz(S-p-PhTPCP)4 (2.2.4) adopts a C4 symmetric
structure and the X-ray structure of Rha(S-p-PhTPCP)4 (2.2.4) is pseudo C2 symmetric.
Rh2[S-3,5-di(p-'BuCsH4)TPCP]4 (2.2.32) is selective for C-H functionalization at the most
accessible secondary site. Rh2(S-p-PhTPCP)4 (2.2.4) is not particularly selective but it does
represent the catalyst that gives the most preference towards the primary C—H bond before
the development of Rh2[R-tris(p-'‘BuCsH4)TPCP]4 (2.2.34). Even though the catalysts have
different ligand arrangements and selectivity profiles, it is still possible to develop a
quantitative model for these catalysts that allows a useful correlation for their behavior
without need to evaluate a significant number of substrates. Future work will integrate the

information gained in this study to the design of even more site-selective catalysts.
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SI-Chapter 2

1. Catalyst Synthesis

1.1 3,5-disubstituted catalyst

Br OH Br O._CCly
DCC, DMAP
o) + HO~ CCly 0
DCM, 0°C

Br Br

2,2,2-Trichloroethyl 2-(3,5-dibromophenyl)acetate. A 250-mL flask was charged with
2-(3,5-dibromophenyl)acetic acid (29.4 g, 100 mmol, 1.0 equiv.), DMAP (1.22 g, 10 mmol,
0.1 equiv.), and 2,2,2-trichloroethanol (17.9 g, 120 mmol, 1.2 equiv.) and DCM (150 mL),
then the solution was stirred and cooled to 0 °C. A solution of DCC (22.7 g, 110 mmol, 1.1
equiv.) in DCM (50 mL) was poured slowly into the cold reaction mixture. The solution
was allowed to stir overnight, at which point it had reached ambient temperature. The
precipitate was removed by vacuum filtration, washing once with diethyl ether (50 mL).
The filtrate was concentrated to give a crude oil. This was dissolved in pentane and added
to a column loaded with 100 mL silica gel, packed and eluted with 1% diethyl ether in
pentane. The crude product was purified by flash column chromatography (hexanes/diethyl
ether = 50/1) to give a crystalline white solid in 85% overall yield (36.2 g).

TLC (diethyl ether: hexanes, 1:9 v/v); 'TH NMR (600 MHz, CDCls) & 7.60 (s, 1H), 7.43 (s,
2H), 4.76 (s, 2H), 3.71 (s, 2H); '*C NMR (151 MHz, CDCls) & 168.72, 136.49, 133.35,
131.46, 123.12, 94.68, 74.45, 40.10; HRMS (NSI) calcd for CioHsBr2Cl302 ([M-H]):
420.7805 found 420.7796; IR (neat): 1754, 1557, 1426, 1215, 1132, 1102, 1027, 850, 800,
715, 668.

Cl N, Cl .,
0 o> CH4CN o
N3 NO,
Br Br
2,2,2-trichloroethyl 2-diazo-2-(3,5-dibromophenyl)acetate. A 250 mL three-necked

flask was equipped with a 100-mL dropping funnel, a rubber septum fitted with N2 inlet
needle and an egg shaped in magnetic stir bar. 1,8-Diazabicycloundec-7-ene (DBU) (28.5
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g, 187 mmol, 2.2 equiv.) in acetonitrile (60 mL) was added to the dropping funnel. The
flask was charged with 2,2,2-trichloroethyl 2-(3-fluorophenyl)acetate (36.2 g, 85 mmol,
1.00 equiv.), 2-nitrobenzenesulfonyl azide (29.1 g, 128. mmol, 1.5 equiv.) and acetonitrile
(120 mL). The DBU solution was added dropwise into reaction mixture. The resulting
mixture was stirred over 12 h, and reaction progress was monitored by TLC analysis. The
reaction mixture was cooled with an ice bath, and saturated aqueous NH4Cl (100 mL) was
then added to quench the reaction. The mixture was extracted with diethyl ether (3 x 100
mL), and the combined organic layer was washed with saturated NaCl aqueous solution
(150 mL), dried over sodium sulfate (10 g) and filtered. Then the filtrate was concentrated
by rotary evaporation to afford the crude product. The crude product was purified by flash
column chromatography (hexanes/diethyl ether = 50/1) to give an orange solid in 82%
overall yield (31.5 g).

TLC (diethyl ether: hexanes, 1:9 v/v); 'TH NMR (600 MHz, CDCI3) § 7.59 (s, 1H), 7.48 (s,
2H), 4.91 (s, 2H); *C NMR (151 MHz, CDCl3) § 172.56, 162.26, 131.51, 128.95, 124.92,
123.62, 94.82, 74.04; HRMS (NSI) calcd for Ci10HsBr2ClaN202 ([M+Cl]): 482.7477 found
482.7465; IR (neat): 2097, 1713, 1581, 1545, 1441, 1261, 1233, 1144, 1104, 1046, 843,
789, 744, 706, 666.
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N2
Br O -CCls Rhy(S-PTAD)
+
0o O O pentane, - 78 °C
Br
2,2,2-trichloroethyl (R)-1-(3,5-dibromophenyl)-2,2-diphenylcyclopropane-1-

carboxylate. A flame dried round bottom flask was kept under a dry atmosphere of argon.
Rh2(S-PTAD)s (475 mg, 0.25 mmol, 0.005 equiv.) 1,1-diphenylethlyene (20.9 g, 116
mmol, 2.32 equiv.), and dry degassed pentane (100 mL) were added. A solution of freshly
prepared 2,2,2-trichloroethyl 2-diazo-2-(3,5-dibromophenyl)acetate ( 22.6 g, 50 mmol,
1.0 equiv.) in dry, degassed pentane (150 mL) was added to the former solution drop-wise
over 3 hours at -78 °C. The mixture was allowed to warm up to rt and stir overnight, and
then concentrated in vacuum. The crude product was purified by flash column
chromatography (hexanes/diethyl ether = 30/1) to provide the ester (>99% e.e.) as a white
foam in 70% overall yield (21.1 g).

m.p.: 108-100 °C; TLC (diethyl ether: hexanes, 1:9 v/v); 'TH NMR (600 MHz, CDCl3) §
7.57 (d,J=8.1 Hz, 2H), 7.51 (t, J = 1.8 Hz, 2H), 7.44 (s, 1H), 7.37 (ddd, J=8.1, 6.9, 1.3
Hz, 2H), 7.31 - 7.26 (m, 1H), 7.12 (d, J= 1.3 Hz, 4H), 7.07 (h, J=4.0 Hz, 1H), 4.59 (d, J
=11.8 Hz, 1H), 4.25 (d, J=11.8 Hz, 1H), 2.78 (d, J = 5.8 Hz, 1H), 2.55 (d, J = 5.8 Hz,
1H); ®*C NMR (151 MHz, CDCl3) 6 168.4, 156.4, 152.5, 140.9, 138.8, 138.4, 133.9, 133.0,
129.9, 128.8, 128.7, 128.2, 127.6, 127.1, 121.9, 94.3, 75.4, 46.4, 41.9, 22.9; HRMS (NSI)
caled for C24HisBr2Clz02 ([M+H]"): 600.8733 found 600.8750; IR (neat): 1739, 1551,
1202, 1138, 1112, 784, 742,720, 702; HPLC (S,S-Whelk, 0.5% isopropanol in hexane, 0.5
mL/min, 1 mg/mL, 30 min, UV 210 nm) retention times of 15.8 min (single enantiomer),

>99% e.e..
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Ph

N2 Ph
Br\©)\cozlv|e . Rny(RIS-DOSP), 5
Y :
L Br cCly

Br

3,600% Different Y units
3,400%-
3,2003-
3,000%-
2,8003
2,6003
2,4003
2,200
2,0003
1,8003-
1,6003-
1,4003-
1,2003-
1,0003-
8003
6003
4003
2003
0
-200%-
-400

# Time [Min]  Area % [%]
1 14.82 50.163
2 15.58 49.837
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Br O~ CCh Rhy(SPTAD),

+ -
© O O pentane, - 78 °C

1,000% Different Y units

Br

900]
800]
700]
600
500
400]
300
200]
100]

0

-1003

2001 . . . . . . . . . R [min]
13 13.5 14 145 15 15.5 16 16.5 17 175 18

# Time [Min]  Area % [%]
1 15.83 100.000
>99% e.e.
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Zn/AcOH

O _

rt. 24h

CCl,

Br

(R)-1-(3,5-dibromophenyl)-2,2-diphenylcyclopropane-1-carboxylic acid. The 2,2,2-
trichloroethyl (R)-1-(3,5-dibromophenyl)-2,2-diphenylcyclopropane-1-carboxylate (21.0
g, 35 mmol, 1.0 equiv.) was dissolved in 100 mL of glacial acetic acid, and zinc powder
(11.4 g, 175 mmol, 5.0 equiv.) was added. The solution was allowed to stir at room
temperature for 24 h. The starting material had been fully consumed as indicated by TLC
analysis. The solution was diluted with H2O (100 mL) and extracted with ethyl acetate
(3x50 mL). The organic extracts were washed with H20O and brine, dried over MgSO4 and
filtered. Then the filtrate was concentrated to give the crude product. The crude product
was transferred to a 100-mL filter funnel loaded with a 3 inches silica plug and flashed
with hexane/ethyl acetate (3:2) (100 mL), and then the filtrate was concentrated under
reduced pressure to give the product as a white solid in 99% overall yield (16.4 g).

m.p.: 185-187 °C; TLC (ethyl acetate: hexanes, 1:4 v/v); 'TH NMR (600 MHz, CDCl3) §
745 (d, J=6.3 Hz, 2H), 7.38 (s, 1H), 7.35 - 7.28 (m, 5H), 7.10 — 7.04 (m, 1H), 7.02 (d, J
= 6.6 Hz, 3H), 2.57 (d, J = 5.6 Hz, 1H), 2.43 (d, J = 5.6 Hz, 1H); '*C NMR (151 MHz,
CDCl3) 6 172.6,156.4,152.5,141.0,133.9,132.9,129.7,128.7, 128.6, 128.2,127.4,127.1,
121.8, 38.2, 35.0, 23.2; HRMS (NSI) calcd for C22H17Br202 ([M+H]"): 470.9589 found
470.9595; IR (neat): 1693, 1584, 1552, 1448, 1408, 1213, 1098, 863, 741, 693; HPLC (S,S-
Whelk, 0.75% isopropanol in hexane, 1 mL/min, 1 mg/mL, 30 min, UV 210 nm) retention

times of 20.9 min (single enantiomer), >99% e.e..
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Rhy(OAC), —Flih
OH K2CO3 in Soxhlet - Rh
Toluene, reflux
Br 4
Dirhodium tetrakis((R)-1-(3,5-dibromophenyl)-2,2-

diphenylcyclopropanecarboxylate) (8). A 50-mL round bottom flask, equipped with a
Teflon-coated stirring bar and nitrogen inlet, was flushed with nitrogen and then charged
with rhodium(Il) acetate (1 mmol, 0.44 g, 1.0 equiv), (R)-1-(3,5-dibromophenyl)-2,2-
diphenylcyclopropane-1-carboxylic acid (8 mmol, 3.78 g, 8.0 equiv), and 35 mL of
toluene. The flask was fitted with a Soxhlet extraction apparatus into which was placed a
thimble containing 15 g of an oven-dried mixture of 2 parts sodium carbonate and 1 part
of sand. The solution was heated at reflux and monitored by MS; removal of the solvent
under reduced pressure using a rotary evaporator and then purified by flash column
chromatography (hexanes/diethyl ether = 30/1) to give green solid in 82% overall yield
(1.72 g).

m.p.: 203-206 °C; TLC (diethyl ether: hexanes, 1:9 v/v); 'H NMR (600 MHz, CDCl3) §
7.45-17.37 (m, 2H), 7.33 (t,J = 7.5 Hz, 2H), 7.20 — 7.14 (m, 4H), 7.10 (t, J = 7.6 Hz, 2H),
7.02 (t,J=7.0 Hz, 3H), 2.23 (d, J = 5.0 Hz, 1H), 2.19 (d, J = 5.0 Hz, 1H); '*C NMR (151
MHz, CDClIs) 6 188.6, 156.4, 141.4,140.9, 139.4, 133.5, 132.2, 129.9, 128.9, 128.2, 128.1,
127.0, 126.8, 121.6, 46.6, 43.4, 38.2, 25.3; HRMS (ESI) calcd for CssHeoBrs®' BrOsRh2
(M"): 2083.5839 found 2083.5794; IR (neat):2924, 1587, 1551, 1408, 1378, 741, 701.



152

61

e\
we T
£z 7

2.26 2.24 222 220 2.18 2.16

7.45 7.40 7.35 7.30 7.25 7.20 7.15 7.10 7.05 7.00 6.95

~

O-—Il?h
O-1Rh
4

7
-.||I<

Br

Br

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

8757 —

528 —

SE'Er—
85°9p —

9T —
b8'9z1
16921

ezt
wse
€682 \
€662 \
veeer
sveerd
£v6ET
swovt 7
8ETHT

167951 —

95'88T —

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30

190



153

Ph

Ph=— OtRh OH K3POq4 ORh

a & <l |

<o o b Pd(dppfCl, <o N

HO
\© THF:H,0(4:1), reflux
Br

Br 4 4

Dirhodium tetrakis((R)-1-([1,1':3",1"'-terphenyl]-5'-yl)-2,2-

diphenylcyclopropanecarboxylate) (9). A 25-mL round bottom flask was charged with
dirhodium tetrakis((R)-1-(3,5-dibromophenyl)-2,2-diphenylcyclopropanecarboxylate) (73
mg, 0.035 mmol, 1.00 equiv.), boronic acid (68 mg, 0.56 mmol, 16 equiv.). KsPOs (178
mg, 0.84 mmol, 24 equiv.) and THF: H20 (4:1) (12 mL). The solution was heated to reflux
for 10 min to degass and then [1,1'-Bis(diphenylphosphino)ferrocene]
dichloropalladium(Il) [Pd(dppf)Cl2] (10 mg, 0.014 mmol, 0.4 equiv.) was added. The
resulting red solution was then remained reflux for 12 h. After the allotted time had passed
and the starting material had disappeared on TLC, the solution was cooled to room
temperature and concentrated under reduced pressure. The residue was redissolved in
DCM, washed with water (3x15mL) and brine (3x15mL). The organic layer was dried over
sodium sulfate (10 g) and filtered. The filtrate was concentrated by rotary evaporation to
afford the crude product. The crude product was purified by flash column chromatography
(hexanes/diethyl ether = 30/1) to give a green solid in 96% overall yield (69 mg).

m.p.: 208-211 °C; TLC (diethyl ether: hexanes, 1:9 v/v); 'H NMR (600 MHz, CDCl3) §
7.50 — 7.43 (m, 9H), 7.38 (tt, J = 6.3, 2.8 Hz, 2H), 7.24 (s, 2H), 7.04 (t, J = 7.6 Hz, 2H),
6.99 (d, J=7.0 Hz, 6H), 6.90 (d, J = 7.6 Hz, 2H), 2.14 (d, J=4.3 Hz, 1H), 2.12(d, J=4.3
Hz, 1H); *C NMR (151 MHz, CDCI3) § 190.2, 156.5, 152.6, 141.8, 141.7, 141.0, 140.8,
138.6, 130.3, 130.2, 129.3, 129.0, 128.2, 127.9, 127.6, 127.5, 126.4, 126.3, 124.7, 45.8,
44.6, 38.3, 31.0, 26.3; HRMS (ESI) calcd for Ci36Hi000sRh2 (M"): 2066.5522 found
2066.5522; IR (neat): 1581, 1496, 1378, 755, 722, 696.
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OH K3PO4
"olin . Ho B CFs Pd(dppf)Cl;
THF:H,0(4:1), reflux
CF3
N FsC |4
Dirhodium tetrakis((R)-2,2-diphenyl-1-(3,3",5,5""-tetrakis(trifluoromethyl)-

[1,1':3',1"-terphenyl]-5'-yl)cyclopropanecarboxylate) (10). A 25-mL round bottom
flask  was charged with dirhodium tetrakis((R)-1-(3,5-dibromophenyl)-2,2-
diphenylcyclopropanecarboxylate) (84 mg, 0.04 mmol, 1.00 equiv.), boronic acid (165 mg,
0.64 mmol, 16 equiv.), K3PO4 (204 mg, 0.96 mmol, 24.0 equiv.) and THF: H20 (4:1) (12
mL). The solution was heated to reflux for 10 min to degass and then Pd(dppf)Cl2 (12 mg,
0.016 mmol, 0.4 equiv.) was added. The resulting red solution was then remained reflux
for 12 hours. After the allotted time had passed and the starting material had disappeared
on TLC, the solution was cooled to room temperature and concentrated under reduced
pressure. The residue was redissolved in DCM, washed with water (3x15mL) and brine
(3x15mL). The organic layer was dried over sodium sulfate (10 g) and filtered. The filtrate
was concentrated by rotary evaporation to afford the crude product. The crude product was
purified by flash column chromatography (hexanes/diethyl ether = 30/1) to give a green
solid in 60% overall yield (76 mg).

m.p.: decomposed at 230 °C; TLC (diethyl ether: hexanes, 1:9 v/v); 'H NMR (600 MHz,
CDCls) 6 7.95 (s, 2H), 7.83 (s, 4H), 7.45 (s, 1H), 7.35 (d, J = 0.6 Hz, 1H), 7.25 (s, 2H),
7.13 (t,J=7.3 Hz, 2H), 7.09 (t,J = 7.3 Hz, 1H), 6.97 — 6.86 (m, 6H), 2.13 (d, J=11.0 Hz,
1H), 2.02 (d, J=11.0 Hz, 1H); 3*C NMR (151 MHz, CDCl3) & 189.4, 189.1, 156.5, 143.0,
140.8, 140.3,139.4,139.0, 132.5 (q,J=33.7 Hz), 129.9, 128.8, 128.4, 128.2, 127.9, 127.8-
127.5 (m), 127.0, 124.7, 124.3, 122.5, 121.7-121.5 (m), 110.2, 45.8, 44.0, 38.4, 28.2;
HRMS (ESI) caled for Cis2Hg4OsFasRha (M"): 3154.3504 found 3154.3476; IR (neat):
1585, 1366, 1276, 1173, 1130, 1108, 1072, 901, 877, 844, 754, 721, 706, 682, 674.
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,iRh
....<’o Rh QH K3P04-\ -Rh
0+Rh . HO/B Pd(dppf)Cl,
THF:H,0(4:1), reflux
4
L |4

Dirhodium tetrakis((R)-2,2-diphenyl-1-(3,3",5,5'"-tetramethyl-[1,1':3',1"'-terphenyl]-
5'-yl)cyclopropanecarboxylate) (11). A 25-mL round bottom flask was charged with
dirhodium tetrakis((R)-1-(3,5-dibromophenyl)-2,2-diphenylcyclopropanecarboxylate) (84
mg, 0.04 mmol, 1.00 equiv.), boronic acid (96 mg, 0.64 mmol, 16 equiv.), KsPOs (204 mg,
0.96 mmol, 24 equiv.) and THF: H20 (4:1) (12 mL). The solution was heated to reflux for
10 min to degass and then Pd(dppf)Clz (12 mg, 0.016 mmol, 0.4 equiv.) was added. The
resulting red solution was then remained reflux for 12 hours. After the allotted time had
passed and the starting material had disappeared on TLC, the solution was cooled to room
temperature and concentrated under reduced pressure. The residue was redissolved in
DCM, washed with water (3x15mL) and brine (3x15mL). The organic layer was dried over
sodium sulfate (10 g) and filtered. The filtrate was concentrated by rotary evaporation to
afford the crude product. The crude product was purified by flash column chromatography
(hexanes/diethyl ether = 10/1) to give a green solid in 66% overall yield (61 mg).

m.p.: decomposed at 146 °C; TLC (diethyl ether: hexanes, 1:9 v/v); '"H NMR (600 MHz,
CDCl) 6 7.28 — 7.22 (m, 2H), 7.11 (s, 4H), 7.08 (t, J= 7.7 Hz, 2H), 7.04 — 6.96 (m, 8H),
6.94 (d, J = 7.8 Hz, 2H), 6.47 (t, J = 6.7 Hz, 1H), 2.40 (s, 12H), 2.16 (s, 2H); *C NMR
(151 MHz, CDCls) 6 172.6, 156.3, 152.4, 141.7, 141.1, 140.7, 138.2, 130.0, 129.3, 128.9,
128.1, 127.7, 125.4, 122.5, 45.6, 44.9, 38.1, 38.1, 21.6; HRMS (ESI) calcd for
C152H13208Rh2 (M"): 2290.8026 found 2290.8018; IR (neat): 2919, 1584, 1447, 1378, 846,
752,700, 676.



158

Tz —

vz —

orz—

€59~
9’9~

w97
oo/
59"

E
g
Q

T

70 69 6.8 6.7 6.6 65 6.4

73 72 71

]

J

245 240 235 230 225 220 2.15

F 1oz

Fsoer

34 3.2 3.0 28 2.6 24 2.2

4

.0];8 3.6

72 7.0 68 6.6 6.4 6.2 6.0 58 56 54 52|50 48 4.6 44 4.2 4

5512 —

e

£1'8E

£6bb ~
19°5 ="

ezt
sz
e

orazt /
26'821 ~&
bE'62T T
cooer

0T8Er
19001

SN
891617

SYZST —

£6795T —

5°2UT —

60 50 40 30

70

140




159

QH K3POy4
L H o/B Ph Pd(dppf)Cl,
THF:H,0(4:1), reflux
Ph
Dirhodium tetrakis((R)-1-(5',5'""-diphenyl-[1,1':3",1"":3"",1""":3""",1"""'-

quinquephenyl]-5"-yl)-2,2-diphenylcyclopropanecarboxylate) (12). A 25-mL round
bottom flask was charged with dirhodium tetrakis((R)-1-(3,5-dibromophenyl)-2,2-
diphenylcyclopropanecarboxylate) (84 mg, 0.04 mmol, 1.00 equiv.), boronic acid (175 mg,
0.64 mmol, 16 equiv.), KsPO4 (204 mg, 0.96 mmol, 24 equiv.) and THF: H20 (4:1) (12
mL). The solution was heated to reflux for 10 min to degass and then Pd(dppf)Cl2 (12 mg,
0.016 mmol, 0.4 equiv.) was added. The resulting red solution was then remained reflux
for 12 hours. After the allotted time had passed and the starting material had disappeared
on TLC, the solution was cooled to room temperature and concentrated under reduced
pressure. The residue was redissolved in DCM, washed with water (3x15mL) and brine
(3x15mL). The organic layer was dried over sodium sulfate (10 g) and filtered. The filtrate
was concentrated by rotary evaporation to afford the crude product. The crude product was
purified by flash column chromatography (hexanes/diethyl ether = 20/1) to give a green
solid in 75% overall yield (98 mg).

m.p.: decomposed at 200 °C; TLC (diethyl ether: hexanes, 1:9 v/v); 'H NMR (600 MHz,
CDCl) 6 7.84 (s, 2H), 7.72 (d, J = 6.4 Hz, 12H), 7.44 (s, 10H), 7.36 (s, 6H), 7.07 — 6.79
(m, 7H), 6.72 (s, 1H), 6.12 (s, 1H), 2.02 (s, 2H). *C NMR (151 MHz, CDCl3) & 189.0,
156.4, 152.5, 151.3, 142.6, 141.2, 129.1, 129.0, 128.9, 128.4, 127.7, 127.5, 127.5, 125.4,
38.3, 28.1; HRMS (ESI) caled for C232Hi640sRh2 (M™): 3283.0530 found 3283.0598; IR
(neat): 2924, 1586, 1496, 1447, 1378, 1114, 1075, 868, 757, 695.
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~Rh
K3PO4 _F|{h
Pd(dppf)Cl,
THF:H,0(4:1), reflux
4

Dirhodium tetrakis((R)-1-([1,1':4',1'":3"",1""":4'"",1""""-quinquephenyl]-5''-yl)-2,2-
diphenylcyclopropanecarboxylate) (13). A 25-mL round bottom flask was charged with
dirhodium tetrakis((R)-1-(3,5-dibromophenyl)-2,2-diphenylcyclopropanecarboxylate) (84
mg, 0.04 mmol, 1.00 equiv.), boronic acid (127 mg, 0.64 mmol, 16 equiv.) KsPOs (204
mg, 0.96 mmol, 24 equiv.) and THF: H20 (4:1) (12 mL). The solution was heated to reflux
for 10 min to degass and then Pd(dppf)Clz2 (12 mg, 0.016 mmol, 0.4 equiv.) was added.
The resulting red solution was then remained reflux for 12 hours. After the allotted time
had passed and the starting material had disappeared on TLC, the solution was cooled to
room temperature and concentrated under reduced pressure. The residue was redissolved
in DCM, washed with water (3x15mL) and brine (3x15mL). The organic layer was dried
over sodium sulfate (10 g) and filtered. The filtrate was concentrated by rotary evaporation
to afford the crude product. The crude product was purified by flash column
chromatography (hexanes/diethyl ether = 30/1) to give a green solid in 82% overall yield
(88 mg).

m.p.: 212-214 °C; TLC (diethyl ether: hexanes, 1:9 v/v); '"H NMR (600 MHz, CDCl3) &
7.65 (dd, J=18.2, 7.6 Hz, 9H), 7.51 (d, J = 7.4 Hz, 5H), 7.45 (t, J = 7.7 Hz, 4H), 7.36 (4,
J=17.4 Hz, 2H), 7.30 (s, 2H), 7.07 (s, 3H), 7.02 — 6.96 (m, 2H), 6.95 (d, J = 7.0 Hz, 1H),
6.91 (d, J = 7.4 Hz, 2H), 6.64 (s, 1H), 2.16 (s, 2H); '*C NMR (151 MHz, CDCl3) § 172.6,
156.4, 152.5, 140.8, 140.5, 140.4, 140.2, 129.2, 129.0, 128.1, 127.9, 127.8, 127.5, 127.5,
127.2, 38.4, 38.3, 38.2; HRMS (ESI) calcd for Cis4aHi320sRh2 (M"): 2674.8026 found
2674.7965; 1R (neat): 2922, 2852, 1582, 1488, 1448, 1378, 1007, 833, 763, 732, 713, 695.
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~Rh

KsPO, b

Pd(dppf)Cl,

THF:H,0(4:1), reflux

4
Dirhodium tetrakis((R)-1-(4,4"-bis(trifluoromethyl)-[1,1':3',1"'-terphenyl]-5'-yl)-2,2-
diphenylcyclopropanecarboxylate) (14). A 25-mL round bottom flask was charged with
dirhodium tetrakis((R)-1-(3,5-dibromophenyl)-2,2-diphenylcyclopropanecarboxylate) (84
mg,0.04 mmol, 1.00 equiv.), boronic acid (122 mg, 0.64 mmol, 16 equiv.), KsPOs (204
mg, 0.96 mmol, 24 equiv.) and THF: H20 (4:1) (12 mL). The solution was heated to reflux
for 10 min to degass and then Pd(dppf)CLz (12 mg, 0.016 mmol, 0.4 equiv.) was added.
The resulting red solution was then remained reflux for 12 h. After the allotted time had
passed and the starting material had disappeared on TLC, the solution was cooled to room
temperature and concentrated under reduced pressure. The residue was redissolved in
DCM, washed with water (3x15mL) and brine (3x15mL). The organic layer was dried over
sodium sulfate (10 g) and filtered. The filtrate was concentrated by rotary evaporation to
afford the crude product. The crude product was purified by flash column chromatography
(hexanes/diethyl ether = 20/1) to give a green solid in 86% overall yield (90 mg).

m.p.: 194-195 °C; TLC (diethyl ether: hexanes, 1:9 v/v); 'H NMR (600 MHz, CDCl3) §
7.68 (d, J = 8.1 Hz, 4H), 7.45 (d, J = 7.9 Hz, 4H), 7.38 (d, J = 8.6 Hz, 1H), 7.24 (s, 2H),
7.04 (dd, J =20.6, 6.8 Hz, 7H), 6.85 (d, J = 6.7 Hz, 2H), 6.70 (s, 1H), 2.15 (d, J = 4.3 Hz,
1H), 2.12 (d, J = 4.3 Hz, 1H); '*C NMR (151 MHz, CDCl3) § 189.8, 144.6, 141.4, 140.3,
139.7,139.1, 130.7,130.0, 129.8 (d, J =32.2 Hz), 129.1, 128.1, 128.0, 127.7, 126.6, 126.3,
125.8,125.2, 124.6, 123.4,45.9, 44.0, 30.8, 26.0; HRMS (ESI) calcd for C144H920sF24Rh2
(M"): 2610.4513 found 2610.4546; IR (neat): 1583, 1378, 1322, 1164, 1123, 1109, 1065,
1016, 835, 757, 720, 700, 670.
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O1Rh oH K3POy4
""'<~o N . o' B Pd(dppf)Cl,
THF:H,0(4:1), reflux
Br 4
Dirhodium tetrakis((R)-1-(4,4"'-di-tert-butyl-[1,1':3',1"'-terphenyl]-5'-yl)-2,2-

diphenylcyclopropanecarboxylate) (15). A 25-mL round bottom flask was charged with
dirhodium tetrakis((R)-1-(3,5-dibromophenyl)-2,2-diphenylcyclopropanecarboxylate) (84
mg, 0.04 mmol, 1.00 equiv.), boronic acid (114 mg, 0.64 mmol, 16 equiv.), KsPO4 (204
mg, 0.96 mmol, 24.0 equiv.) and THF: H20 (4:1) (12 mL). The solution was heated to
reflux for 10 min to degass and then and Pd(dppf)Cl2 (12 mg, 0.016 mmol, 0.4 equiv.) was
added. The resulting red solution was then remained reflux for 12 h. After the allotted time
had passed and the starting material had disappeared on TLC, the solution was cooled to
room temperature and concentrated under reduced pressure. The residue was redissolved
in DCM, washed with water (3x15mL) and brine (3x15mL). The organic layer was dried
over sodium sulfate (10 g) and filtered. The filtrate was concentrated by rotary evaporation
to afford the crude product. The crude product was purified by flash column
chromatography (hexanes/diethyl ether = 30/1) to give a green solid in 81% overall yield
(82 mg).

m.p.: decomposed at 238 °C; TLC (diethyl ether: hexanes, 1:9 v/v); '"H NMR (600 MHz,
CDCls) 6 7.47 (d, J=8.4 Hz, 4H), 7.44 (s, 1H), 7.39 (d, J = 8.0 Hz, 4H), 7.21 (s, 2H), 7.00
(dt,J=19.3,7.9 Hz, 7H), 6.93 (d, J= 7.5 Hz, 2H), 6.31 (s, 1H), 2.11 (s, 2H), 1.37 (s, 18H);
13C NMR (151 MHz, CDCl3) § 203.1, 189.6, 189.0, 156.4, 152.4, 150.2, 141.7, 140.8,
140.5, 138.9, 138.3, 130.0, 129.2, 128.4, 128.0, 127.7, 127.2, 126.2, 126.1, 125.6, 124.0,
45.7,44.3,34.7,31.6, 28.1, 18.2, 17.8, 12.4; HRMS (ESI) calcd for CissH1640sRh2 (M"):
2515.0530 found 2515.0550; IR (neat): 2960, 2865, 1584, 1515, 1494, 1448, 1378, 1362,
1269, 1114, 1059, 1017, 828, 800, 750, 734, 700.
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1.2 para-substituted catalyst

_Th
rRh
Pd(dppf)Cl,
THF:H,0(4:1), reflux
K3PO4
| |4
Dirhodium tetrakis [(R)-1-(4'-(tert-butyl)-[1,1'-biphenyl]-4-yI)-2,2-

diphenylcyclopropane-1-carboxylate| (catalyst E). A 25-mL round-bottom flask was
charged with Rha(R-p-BrTPCP)s (242 mg, 0.136 mmol, 1.00 equiv.), (4-(tert-
butyl)phenyl)boronic acid (291 mg, 1.636 mmol, 12 equiv.). K3POas (521 mg, 2.454 mmol,
18 equiv.) and THF: H20 (4:1) (15 mL). The flask was then degassed and Pd(dppf)Cl2 (20
mg, 0.027 mmol, 0.2 equiv.) was added. The resulting red solution was then heated to
reflux for 12 hours. After the allotted time had passed and the ester had disappeared on
TLC, the solution was cooled to room temperature and concentrated under reduced
pressure. The residue was redissolved in DCM and washed with water (3x15ml), brine
(3x15ml), dried over sodium sulfate (10 g) and concentrated by rotary evaporation to afford
the crude product. The crude product was dissolved by ether (3X30 mL) and transferred to
a silica plug (2x2 inch), then further flushed with ether (150 mL) and collect all green
solution. The green solution was concentrated and further purified by column
chromatography over silica gel to afford the cross-coupling product as green solid in 85%
yield (230 mg).

TLC (diethyl ether: hexanes, 1:9 v/v); m.p. decomposed at 180 °C; '"H NMR (600 MHz,
CDCl3) 0 7.38 — 7.26 (m, 7H), 7.25 — 7.20 (m, 4H), 7.01 (d, J = 7.7 Hz, 2H), 6.92 (d, J =
7.8 Hz, 2H), 6.85 (t,J =7.6 Hz, 2H), 6.78 (t, ] = 7.3 Hz, 1H), 2.45 (d, ] = 5.0 Hz, 1H), 1.96
(d, J =4.8 Hz, 1H), 1.34 (s, 9H); 3C NMR (151 MHz, CDCls) 6 189.20, 149.98, 142.68,
141.22, 138.56, 137.85, 135.42, 131.51, 130.10, 129.30, 128.48, 128.22, 127.50, 126.58,
126.43, 125.89, 125.76, 125.68, 46.60, 43.03, 34.63, 31.57, 31.06; HRMS (ESI) calcd for
Ci2sH1160sRh2 ([M]"): 1986.6775 found 1986.6750; IR (neat): 3030, 2961, 1579, 1494,
1448, 1269, 1005, 823, 756, 748, 703, 693, 677.
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O—Rh OH
..--|<\ _B Pd(dppf)C|2
O—Rh HO
+ THF:H,0(4:1), reflux
O KsPO,
4

Dirhodium tetrakis [(R)-1-([1,1':4',1"-terphenyl]-4-yl)-2,2-diphenylcyclopropane-1-
carboxylate| (catalyst F). A 25-mL round-bottom flask was charged with Rha(R-p-
BrTPCP)4 (242 mg, 0.136 mmol, 1.00 equiv.), [1,1'-biphenyl]-4-ylboronic acid (324 mg,
1.636 mmol, 12 equiv.). K3PO4 (521 mg, 2.454 mmol, 18 equiv.) and THF: H20 (4:1) (15
mL). The flask was then degassed and Pd(dppf)CLz (20 mg, 0.027 mmol, 0.2 equiv.) was
added. The resulting red solution was then heated to reflux for 12 hours. After the allotted
time had passed and the ester had disappeared on TLC, the solution was cooled to room
temperature and concentrated under reduced pressure. The residue was redissolved in
DCM and washed with water (3x15ml), brine (3x15ml), dried over sodium sulfate (10 g)
and concentrated by rotary evaporation to afford the crude product. The crude product was
dissolved by ether (3X30 mL) and transferred to a silica plug (2x2 inch), then further
flushed with ether (150 mL) and collect all green solution. The green solution was
concentrated and further purified by column chromatography over silica gel to afford the
cross-coupling product as green solid in 44% yield (125 mg).

TLC (diethyl ether: hexanes, 1:3 v/v); m.p. decomposed at 180 °C; '"H NMR (600 MHz,
CDCl3) 6 7.53 — 7.45 (m, 4H), 7.41 — 7.26 (m, 12H), 7.06 (s, 2H), 6.97 (d, J = 7.7 Hz, 2H),
6.91 (t,J=7.7 Hz, 2H), 6.83 (t, ] = 7.3 Hz, 1H), 2.51 (d, J = 5.2 Hz, 1H), 2.01 (s, 1H); 1°C
NMR (151 MHz, CDCl3) ¢ 189.09, 142.66, 141.23, 140.50, 139.65, 139.49, 138.07,
135.87, 131.65, 130.07, 129.31, 128.91, 128.47, 128.28, 127.55, 127.42, 127.33, 127.18,
126.97,126.52, 125.96, 125.74, 66.18, 46.73, 43.00; HRMS (ESI) caled for Ci36H1000sRh2
(IM]"): 2066.5523 found 2066.5470; IR (neat): 3028, 2925, 2360, 1583, 1484, 1382, 761,
741, 694.
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,Th
rRh
Pd(dppf)Cl,
THF:H,0(4:1), reflux
K3PO4
4

Dirhodium tetrakis [(R)-1-(4""-(tert-butyl)-[1,1':4',1""-terphenyl]-4-yl)-2,2-
diphenylcyclopropane-1-carboxylate| (catalyst G). A 25-mL round-bottom flask was
charged with Rha(R-p-BrTPCP)4 (242 mg, 0.136 mmol, 1.00 equiv.), (4'-(tert-butyl)-[1,1'-
biphenyl]-4-yl)boronic acid (415 mg, 1.636 mmol, 12 equiv.). KsPO4 (521 mg, 2.454
mmol, 18 equiv.) and THF: H20 (4:1) (15 mL). The flask was then degassed and
Pd(dppf)Cl2 (20 mg, 0.027 mmol, 0.2 equiv.) was added. The resulting red solution was
then heated to reflux for 12 hours. After the allotted time had passed and the ester had
disappeared on TLC, the solution was cooled to room temperature and concentrated under
reduced pressure. The residue was redissolved in DCM and washed with water (3x15ml),
brine (3x15ml), dried over sodium sulfate (10 g) and concentrated by rotary evaporation to
afford the crude product. The crude product was dissolved by ether (3X30 mL) and
transferred to a silica plug (2x2 inch), then further flushed with ether (150 mL) and collect
all green solution. The green solution was concentrated and further purified by column
chromatography over silica gel to afford the cross-coupling product as green solid in 50%
yield (156 mg).

TLC (diethyl ether: hexanes, 1:9 v/v); m.p. decomposed at 200 °C; '"H NMR (600 MHz,
CDCl) 0 7.48 (d, J = 8.1 Hz, 4H), 7.43 (d, J = 8.3 Hz, 2H), 7.39 — 7.27 (m, 9H), 7.05 (s,
2H), 6.96 (d, J = 7.6 Hz, 2H), 6.91 (t, ] = 7.7 Hz, 2H), 6.83 (t, ] = 7.3 Hz, 1H), 2.50 (d, ] =
4.7 Hz, 1H), 1.99 (s, 1H), 1.38 (s, 9H); 1*C NMR (151 MHz, CDCls) 6 189.10, 150.31,
142.68, 141.24, 139.56, 139.24, 138.21, 137.71, 135.73, 131.64, 130.09, 129.31, 128.48,
128.28, 127.54, 127.31, 127.17, 126.70, 126.51, 125.96, 125.81, 125.76, 46.66, 43.00,
34.68, 31.55, 29.85; HRMS (ESI) caled for Cis2Hi320sRh2 ([M]"): 2290.8027 found
2290.8047; IR (neat): 3028, 2961, 2956, 2360, 1583, 1491, 1381, 1005, 818, 703.
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1.3 tris para-substituted catalyst

Br
0._CCls 1.Rh(S-PTAD),4, pentane, 0°C
+
o) 2.2Zn, AcOH, r.t. 24h
Bf W

(R)-1,2,2-tris(4-bromophenyl)cyclopropane-1-carboxylic acid. To a flame-dried 500

mL round-bottom flask kept under a dry atmosphere of argon, was added Rh2(S-PTAD)4
(0.2 g, 0.125 mmol, 0.005 equiv.) 4,4'-(ethene-1,1-diyl)bis(bromobenzene) (10.1 g, 30.0
mmol, 1.2 equiv.), and pentane (100 mL). A solution of freshly prepared 2,2,2-
trichloroethyl 2-(4-bromophenyl)-2-diazoacetate (9.3 g, 25 mmol, 1.0 equiv.) in CH2Cl2
(10 mL) and pentane (300 mL) was added to the former solution drop-wise over 3 hours at
room temperature. The mixture was allowed to stir overnight, and then concentrated in
vacuum. The crude material was dissolved in 30 mL of glacial acetic acid, and zinc powder
(8.2 g, 125 mmol, 5.0 equiv.) was added. The solution was allowed to stir at room
temperature for 24 h. The starting material has been fully consumed as indicated by TLC
analysis. The solution was diluted with H20O (10 mL) and extracted with EtOAc (2 x 15
mL). The organic extracts were washed with H2O and brine, dried over MgSOs and
concentrated to give the product as a white solid in 81% yield (20.2 g).

[a]*’p -235.6° (c = 1.00, CHCl3); TLC (ethyl acetate: hexanes, 1:4 v/v); m.p. decomposed
at 200 °C; '"H NMR (600 MHz, CDCls) 6 7.46 (d, J = 8.3 Hz, 2H), 7.29 (dd, J = 8.3, 4.5
Hz, 4H), 7.13 (dd, ] =10.9, 8.5 Hz, 4H), 6.78 (d, ] = 8.6 Hz, 2H), 2.56 (d, J = 5.7 Hz, 1H),
2.35(d, ] = 5.7 Hz, 1H); 3*C NMR (151 MHz, CDCl3) ¢ 175.85, 139.99, 137.73, 133 .45,
131.93, 131.50, 131.26, 131.19, 130.34, 121.98, 121.58, 121.13, 44.68, 42.21, 23.57;
HRMS (ESI) caled for C22H1602Br3 ([M+H]"): 548.8695 found 548.8704; IR (neat): 1694,
1489, 1395, 1239, 1074, 1007, 842, 753.
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1.Rhy(S-PTAD)4 pentane, 0°C
2.2Zn, AcOH, r.t. 24h

Br

AU

KL-EN-03-07-5 TBTPGR-AGD-S5- 140N 1ML 1%7 DATA [Abs Chan 2 |
( 3
X §
R [
1o 3 £ B3 EY E E) £3 % E3 E3 C3 7o 7 E] (3 % E3 CE T T P T P A S

Time [Min]  Area % [%]

100.36

100.000
> 99% e.e.
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Br,

O._CCls 1.Rhy(S-PTAD)4 pentane, 0°C

+
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Rhy(OAc),

K5,CO3 in Soxhlet TRh

toluene, reflux 1Rh

4

Dirhodium tetrakis[(R)-1,2,2-tris(4-bromophenyl)cyclopropane-1-carboxylate]
(catalyst N). A 100-mL round-bottom flask, equipped with a Teflon-coated stirring bar
and nitrogen inlet, was flushed with nitrogen and then charged with rhodium(Il) acetate
(0.625 mmol, 0.276 g, 1.0 equiv.), (R)-1,2,2-tris(4-bromophenyl)cyclopropane-1-
carboxylic acid (8 mmol, 2.76 g, 8.0 equiv.), and 75 mL of toluene. The flask was fitted
with a Soxhlet extraction apparatus into which was placed a thimble containing 15 g of an
oven-dried mixture of 2 parts sodium carbonate and 1 part of sand. The solution was heated
at reflux and monitored by TLC and MS; removal of the solvent under reduced pressure
using a rotary evaporator and then purified by flash column chromatography
(hexanes/diethyl ether = 30/1) to give green solid in 55% overall yield (0.827 g).

TLC (diethyl ether: hexanes, 1:4 V/v); m.p. decomposed at 215 °C; '"H NMR (600 MHz,
CDCls) 6 7.37 (d, J = 8.3 Hz, 2H), 7.28 (d, J = 8.4 Hz, 2H), 7.07 (d, J = 8.5 Hz, 2H), 6.97
(d, J=8.3 Hz, 2H), 6.82 (d, ] = 8.1 Hz, 2H), 6.67 (d, J = 8.5 Hz, 2H), 2.41 (d, ] = 5.2 Hz,
1H), 1.84 (d, J = 5.0 Hz, 1H); '*C NMR (151 MHz, CDCl3) ¢ 188.86, 140.84, 139.18,
134.83, 132.44, 131.57, 131.38, 131.30, 131.01, 130.74, 128.48, 121.60, 120.90, 120.80,
45.55, 42.80, 29.85; HRMS (ESI) caled for CssHss0sRh2Bro® Brs([M]"): 2399.2219 found
2399.2248; IR (neat): 2360, 2342, 1684, 1653, 1559, 1540, 1507, 1489, 1382, 1010.
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K3PO,

Pd(dppf)Cl, R

THF:H,0(4:1), reflux [Rh

L —4
Dirhodium tetrakis [(R)-1,2,2-tri([1,1'-biphenyl]-4-yl)cyclopropane-1-carboxylate|
(catalyst H). A 25-mL round-bottom flask was charged with catalyst N (241 mg, 0.10
mmol, 1.00 equiv.), phenylboronic acid (439 mg, 3.60 mmol, 36 equiv.). KsPO4 (1.146 g,
5.40 mmol, 54 equiv.) and THF: H20 (4:1) (15 mL). The flask was then degassed and
Pd(dppf)Clz (44 mg, 0.06 mmol, 0.6 equiv.) was added. The resulting red solution was then
heated to reflux for 12 hours. After the allotted time had passed and the ester had
disappeared on TLC, the solution was cooled to room temperature and concentrated under
reduced pressure. The residue was redissolved in DCM and washed with water (3x15ml),
brine (3x15ml), dried over sodium sulfate (10 g) and concentrated by rotary evaporation to
afford the crude product. The crude product was dissolved by ether (3X30 mL) and
transferred to a silica plug (2x2 inch), then further flushed with ether (150 mL) and collect
all green solution. The green solution was concentrated and further purified by column
chromatography over silica gel to afford the cross-coupling product as green solid in 50%
yield (119 mg).

TLC (ethyl acetate: hexanes, 1:4 V/v); m.p. decomposed at 205 °C; 'H NMR (600 MHz,
CDCls) 0 7.77 (d, ] = 7.4 Hz, 2H), 7.60 (d, J = 8.1 Hz, 2H), 7.56 (t, J = 7.6 Hz, 2H), 7.43
(t,J=7.3 Hz, 1H), 7.40 — 7.36 (m, 2H), 7.32 (t, J = 8.1 Hz, 5H), 7.26 — 7.19 (m, 5H), 7.13
(d, J=8.0 Hz, 2H), 7.09 (d, J = 8.4 Hz, 2H), 6.90 (d, J = 7.4 Hz, 2H), 6.87 (d, ] = 8.3 Hz,
2H), 2.28 (d, ] = 4.8 Hz, 1H), 2.03 (d, J = 4.1 Hz, 1H); 3C NMR (151 MHz, CDCl3) ¢
189.43, 141.66, 141.43, 140.65, 140.02, 139.20, 138.82, 138.51, 135.64, 131.50, 130.57,
129.54, 129.01, 128.68, 128.64, 128.47, 127.54, 127.41, 127.16, 127.08, 126.97, 126.93,
126.91, 126.19, 125.98,45.91,43.35, 23.51; HRMS (ESI) calcd for Cis0H1160sRh2 ([M]"):
2370.6775 found 2370.6702; IR (neat): 3027, 2973, 2925, 2869, 1582, 1486, 1379, 1007,
845,762,742, 733, 695.
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Br

K3PO4
Pd(dppf)Cl,

THF:H,0(4:1), reflux

OFRh

O1Rh

L _la
Dirhodium tetrakis [(R)-1,2,2-tris(4'-(tert-butyl)-[1,1'-biphenyl]-4-yl)cyclopropane-
1-carboxylate| (catalyst I). A 100-mL round-bottom flask was charged with catalyst N
(1.5 g, 0.623 mmol, 1.00 equiv.), (4-(tert-butyl)phenyl)boronic acid (4.0 g, 22.44 mmol,
36 equiv.). KsPO4 (7.15 g, 2.454 mmol, 18 equiv.) and THF: H20 (4:1) (75 mL). The flask
was then degassed and Pd(dppf)Cl> (274 mg, 0.374 mmol, 0.6 equiv.) was added. The
resulting red solution was then heated to reflux for 12 hours. After the allotted time had
passed and the ester had disappeared on TLC, the solution was cooled to room temperature
and concentrated under reduced pressure. The residue was redissolved in DCM and washed
with water (3x15ml), brine (3x15ml), dried over sodium sulfate (10 g) and concentrated by
rotary evaporation to afford the crude product. The crude product was dissolved by ether
(3X30 mL) and transferred to a silica plug (2x2 inch), then further flushed with ether (150
mL) and collect all green solution. The green solution was concentrated and further purified
by column chromatography over silica gel to afford the cross-coupling product as green
solid in 53% yield (1.006 g).

TLC (diethyl ether: hexanes, 1:9 V/v); m.p. decomposed at 200 °C; 'H NMR (600 MHz,
CDCls) 6 7.70 (d, J = 8.3 Hz, 2H), 7.58 (t, ] = 7.0 Hz, 4H), 7.34 (d, J = 8.0 Hz, 4H), 7.32
(d, J=8.5Hz, 2H), 7.27 (d, ] = 8.3 Hz, 2H), 7.22 (d, J = 8.3 Hz, 2H), 7.11 (d, J = 8.1 Hz,
2H), 7.06 (t, J = 7.1 Hz, 4H), 6.80 (d, J = 8.1 Hz, 4H), 2.24 (s, 1H), 1.99 (s, 1H), 1.40 (s,
9H), 1.29 (s, 18H); '*C NMR (151 MHz, CDCI3) 6 189.40, 150.37, 149.93, 149.71, 141.30,
139.70, 139.09, 138.61, 138.10, 138.03, 137.79, 135.37, 131.55, 130.73, 129.39, 128.48,
127.25, 126.99, 126.71, 126.56, 126.52, 125.89, 125.86, 125.56, 125.53, 114.90, 34.75,
34.56,31.69,31.63,31.54,31.45; HRMS (ESI) calcd for C20sH21208Rh2 ([M]%): 3043.4287
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found 3043.4203; IR (neat): 3028, 2960, 2903, 2867, 2359, 1497, 1383, 1363, 1004, 828,
785.
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Ar= p-'BuCgH,4
Rh,[R-tris(p-BuCgH4) TPCP],
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Ar

OTRh

O+Rh

Ar= p-tBU06H4
ha[R-triS(p-tBUCGH4)TPCP]4

189.40
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QH K3PO4
rRh

LI+ HO/B\©\ P(dpprCl,
rRh Ph THF:H,0(4:1), reflux

OTRh

O1Rh

L Ph _la
Dirhodium tetrakis [(R)-1,2,2-tri([1,1':4',1"'-terphenyl]-4-yl)cyclopropane-1-
carboxylate]| (catalyst J). A 25-mL round-bottom flask was charged with catalyst N (241
mg, 0.10 mmol, 1.00 equiv.), [1,1'-biphenyl]-4-ylboronic acid (713 mg, 3.60 mmol, 36
equiv.). K3POs (1.146 g, 5.40 mmol, 54 equiv.) and THF: H20 (4:1) (15 mL). The flask
was then degassed and Pd(dppf)Cl2 (44 mg, 0.06 mmol, 0.6 equiv.) was added. The
resulting red solution was then heated to reflux for 12 hours. After the allotted time had
passed and the ester had disappeared on TLC, the solution was cooled to room temperature
and concentrated under reduced pressure. The residue was redissolved in DCM and washed
with water (3x15ml), brine (3x15ml), dried over sodium sulfate (10 g) and concentrated by
rotary evaporation to afford the crude product. The crude product was dissolved by ether
(3X30 mL) and transferred to a silica plug (2x2 inch), then further flushed with ether (150
mL) and collect all green solution. The green solution was concentrated and further purified
by column chromatography over silica gel to afford the cross-coupling product as green
solid in 70% yield (230 mg).

TLC (ethyl ether: hexanes, 1:3 v/v); m.p. decomposed at 200 °C; 'H NMR (600 MHz,
CDCls) 0 7.88 (d, J = 28.8 Hz, 4H), 7.78 — 7.68 (m, 4H), 7.45 (dddd, J = 58.5, 29.0, 23.7,
12.9 Hz, 27H), 7.19 (d, J = 37.8 Hz, 2H), 6.97 (d, J = 27.0 Hz, 2H), 2.35 (s, 1H), 2.13 (s,
1H); C NMR (151 MHz, CDCl3) § 189.44, 141.64, 140.76, 140.74, 140.45, 140.36,
140.29, 140.05, 139.90, 139.57, 139.46, 139.42, 138.74, 138.22, 137.90, 135.88, 131.68,
130.70, 129.62, 129.01, 128.87, 128.46, 127.98, 127.73, 127.38, 127.32, 127.22, 127.18,
127.07,126.91, 126.07, 125.84,45.93,43.51, 29.85; HRMS (ESI) caled for C232H1640sRh2
(IM]%): 3283.0531 found 3283.0432; IR (neat): 3027, 2923, 2852, 1581, 1484, 1380, 1005,
824, 760, 695.
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Ar= p-PhC6H4
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_ o _
HO.__OH
B
O KsPO4
+ Pd(dppf)Cl C "Th
O THF:H,0(4:1), reflux TRh

L — 1 a
Dirhodium tetrakis [(R)-1,2,2-tris(4''-(tert-butyl)-[1,1':4',1"'-terphenyl]-4-
yl)cyclopropane-1-carboxylate] (catalyst K). A 25-mL round-bottom flask was charged
with catalyst N (170 mg, 0.71 mmol, 1.00 equiv.), (4'-(tert-butyl)-[1,1'-biphenyl]-4-
yl)boronic acid (646 mg, 2.54 mmol, 36 equiv.). KsPO4 (810 mg, 3.82 mmol, 54 equiv.)
and THF: H20 (4:1) (15 mL). The flask was then degassed and Pd(dppf)Cl> (31 mg, 0.042
mmol, 0.6 equiv.) was added. The resulting red solution was then heated to reflux for 12
hours. After the allotted time had passed and the ester had disappeared on TLC, the solution
was cooled to room temperature and concentrated under reduced pressure. The residue was
redissolved in DCM and washed with water (3x15ml), brine (3x15ml), dried over sodium
sulfate (10 g) and concentrated by rotary evaporation to afford the crude product. The crude
product was dissolved by ether (3X30 mL) and transferred to a silica plug (2x2 inch), then
further flushed with ether (150 mL) and collect all green solution. The green solution was
concentrated and further purified by column chromatography over silica gel to afford the
cross-coupling product as green solid in 47% yield (131 mg).

TLC (diethyl ether: hexanes, 1:3 v/v); m.p. decomposed at 205 °C; 'H NMR (600 MHz,
CDCls) 6 7.87 (d, J = 8.0 Hz, 2H), 7.80 (d, J = 7.9 Hz, 2H), 7.71 (d, ] = 7.9 Hz, 2H), 7.64
(d,J=7.9Hz, 2H), 7.56 — 7.51 (m, 4H), 7.49 (d, ] = 8.1 Hz, 4H), 7.42 (ddd, ] = 28.9, 14.8,
7.3 Hz, 13H), 7.28 (d, ] =7.4 Hz, 1H), 7.22 - 7.15 (m, 3H), 6.96 (d, J =29.0 Hz, 3H), 2.34
(s, 1H), 2.13 (s, 1H), 1.38 (s, 9H), 1.37 (s, 9H), 1.37 (s, 9H); *C NMR (151 MHz, CDCls)
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0189.54,150.53, 150.36, 150.21, 141.53, 140.11, 140.04, 139.99, 139.75, 139.48, 139.29,
139.17, 138.84, 138.38, 137.95, 137.90, 137.86, 137.74, 135.80, 131.69, 130.73, 129.58,
128.48, 127.93, 127.55, 127.27, 127.22, 127.14, 127.06, 126.88, 126.72, 126.66, 126.07,
125.92, 125.84, 125.78, 45.97, 43.60, 34.70, 34.66, 34.66, 31.54, 31.50, 29.86; HRMS
(ESI) caled for C279"*CH2620sNRh2 ([M+NH2]): 3972.8264 found 3972.8234; IR (neat):
3027, 2959, 2867, 2360, 1583, 1491, 1379, 1004, 816.
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Ar= p-BuCgH4CgH,
Rh,[R-tris(p-BuCgH,CgH4) TPCP]4
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Ar

Ar= p-BuCgH4CgH,
Rhy[R-tris(p-BuCgH4CgH4) TPCPl4
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rRh
rRh

cI)H Pd(dppf)Cl,
_B
*  HO ;@\ THF:H,0(4:1), reflux
K3PO,

Dirhodium tetrakis [(R)-2,2-diphenyl-1-(2',4',6'-trimethyl-[1,1'-biphenyl]|-4-

4

yl)cyclopropane-1-carboxylate] (catalyst Q). A 25-mL round-bottom flask was charged
with Rhao(R-p-BrTPCP)4 (242 mg, 0.136 mmol, 1.00 equiv.), mesitylboronic acid (268 mg,
1.636 mmol, 12 equiv.). K3PO4 (521 mg, 2.454 mmol, 18 equiv.) and THF: H20 (4:1) (15
mL). The flask was then degassed and Pd(dppf)CL (20 mg, 0.027 mmol, 0.2 equiv.) was
added. The resulting red solution was then heated to reflux for 12 hours. After the allotted
time had passed and the ester had disappeared on TLC, the solution was cooled to room
temperature and concentrated under reduced pressure. The residue was redissolved in
DCM and washed with water (3x15ml), brine (3x15ml), dried over sodium sulfate (10 g)
and concentrated by rotary evaporation to afford the crude product. The crude product was
dissolved by ether (3X30 mL) and transferred to a silica plug (2x2 inch), then further
flushed with ether (150 mL) and collect all green solution. The green solution was
concentrated and further purified by column chromatography over silica gel to afford the
cross-coupling product as green solid in 78% yield (206 mg).

TLC (diethyl ether: hexanes, 1:9 V/v); m.p. decomposed at 200 °C; 'H NMR (600 MHz,
CDCls) 6 7.34 (s, 1H), 7.27 (s, 2H), 7.21 (dq, ] = 8.5, 5.0, 4.4 Hz, 1H), 7.13 (d, J = 7.9 Hz,
2H), 6.94 (d, J = 7.6 Hz, 2H), 6.90 — 6.86 (m, SH), 6.82 (d, ] = 8.0 Hz, 3H), 2.41 (d, ] =
4.9 Hz, 1H), 2.30 (s, 3H), 2.09 (d, J = 6.8 Hz, 3H), 1.85 (s, 1H); *C NMR (151 MHz,
CDCls) 0 189.78, 142.42,141.27, 138.91, 138.84, 136.46, 136.08, 135.32, 131.19, 130.12,
129.31, 128.44, 128.12, 128.08, 128.02, 127.54, 126.21, 125.72, 46.61, 43.31, 29.83,
24.74, 21.14, 20.94; HRMS (ESI) calcd for Ci24Hi0sOsRh2 ([M]): 1930.6149 found
1930.6121; IR (neat): 3023, 2921, 1583, 1494, 1448, 1382, 1005, 849, 783, 747, 701.
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Ph’ OTRh
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L Ar 14

Ar= 2,4,6-tri-MeCgH,
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2. High Resolution Mass Spectrometry (HRMS) spectra of catalysts

2.1 3,5-disubstituted catalyst

Ph
- O-—Rh
Ph .-||l<: |
O-—Rh
Br
L Br 14

Elemental composition search on mass 2083.58270

m/z= 2078.58270-2088.58270

m/z Theo. Mass Delta RDB Composition
(mmu) equiv.
2083.58270 2083.58393 -1.23 57.0 Css Heo O8 Br7 81Br Rh2
2083.57269 10.01 62.5 CesH5404N5Br781Br
Rh2
2083.59650 -13.80 62.0 CssHs5603N6Br781Br
Rh2

Elemental composition search on mass 2083.58270

m/z= 2078.58270-2088.58270

m/z Theo. Mass Delta RDB Composition
(ppm)  equiv.
2083.58270 2083.58393 -0.59 57.0 Css Heo 08 Br7 81Br Rh2
2083.57269 4.80 62.5 CesHs5404N5Br781Br
Rh2
2083.59650 -6.62 62.0 CssHs6 03N6eBr781Br
Rh2

M+CH3N



Elemental composition search on mass 2124.61169

m/z= 2119.61169-2129.61169

m/z Theo. Mass Delta
(mmu)
2124.61169 2124.61048 1.21
2124 .61048 1.21
2124 .60914 2.55

2124.62171  -10.02
2124.62171 -10.02
2124 .62305 -11.36
2124.59924 12.45
2124 .59791 13.78

2124.59790 13.79

Elemental composition search on

m/z= 2119.61169-2129.61169

m/z Theo. Mass Delta
(ppm)
2124 .61169 2124.61048 0.57
2124 .61048 0.57
2124 .60914 1.20
2124 .62171 -4.72
2124.62171 -4.72
2124 .62305 -5.35
2124 .59924 5.86
2124 .59791 6.49
2124 .59790 6.49

RDB

equiv.

58.0

63.5

58.5

63.5

58.0

63.0

63.5

58.5

64.0

Composition

Co0He3 08 N Br7 81Br
Rh2
Cs89H5703N8Br781Br
Rh2
CssH6107N4Br781Br
Rh2
CssH5702N10Br781Br
Rh2
Cs89H6307N3Br781Br
Rh2
CooH5903N7Br781Br
Rh2
Co0H5704NeBr781Br
Rh2
Cs89He6108N2Br781Br
Rh2
CssHs5503N9Br781Br
Rh2

mass 2124.61169

RDB

equiv.

58.

63.

58.

63.

58.

63.

63.

58.

64.

0

5

Composition

CooHe3z 08 N Br7 81Br
Rh2
Cs9Hs5703N8Br781Br
Rh2
CssHe107N4Br781Br
Rh2
CggHs5702N10Br781Br
Rh2
Cg89H6307N3Br781Br
Rh2
CooHs903N7Br781Br
Rh2
CooHs5704NeBr781Br
Rh2
CsoHe108N2Br781Br
Rh2
CsgsHs503N9Br781Br
Rh2

207



FT29458_150819094757 #183-231 RT: 3.01-3.99 AV: 33 NL: 4.39E3
T: FTMS + p ESIw SIM ms [1980.00-2180.00]

100 2089.57802
] 2096.57575
90 2130.60516
2137.60398
80 f
70
o) ]
8 -
& 607
el —
c _
> -
2 50
s
= =
2 404
r I
30
20
10 2021.93718 2070.09225
9 210561467 2148.63928
o1 2008.05466 ||| 2034.14035 A L/
R rprrrrrrTrTreT
2000 2050 2100 2150
m/z
100- 2089.58042 NL:
i 2091.57942 3.39E3
7 Csgs Heo Og Brg Rha:
g 807 2087.58162 Cgs Heo O8 Brg Rh2
& 2093.57870 p (gss, s /p:40) Chrg 1
3 A R: 20000 Res .Pwr . @FWHM
5 607
Q
< ]
2 40 2085.58297 2095.57841
s
207 2097.57882
] /' 2099.58052
0 L "
100 2089.57802 NL:
] 2091.57678 4.39E3
1 FT29458_150819094757#18
80 3-231 RT:3.01-3.99 AV: 33
. 2087.57998 209357681 T: FTMS + p ESIw SIM ms
y [1980.00-2180.00]
60i :
40 2095.57604
] 2085.58146
20
- 2081.98277 2097 57959
: { 2105.61467
O\\\\\\\\\\\\\\\\\\\\\\\\\\\
2080 2085 2090 2095 2100 2105

m/z
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2130.60706
100 2132.60608

g 80] 2128.60824
g ] 2134 60538
£ 60
2 ] 2126.60957
2 405 N\ 2136 60510
3

20; 212461100 2138 60550

o 212261253 | | J 'n 2143.61395

100 2130.60516

80- 2128.60694 213460332

60

40- 2126.80753 2136.60275

20

] 2124.61169 H 2138 604462148 63928
07\ “\“‘\“‘)\“‘\‘ﬂ‘l\“‘\“‘\“\\J ‘n Ah\h‘\“‘
2120 2130 2140 2150
m/z
Intensity Relative

2085.58146 1398.4 31.42
2086.58368 1285.2 28.88
2087.57998 3144.2 70.65
2088.58180 2741.1 61.59
2089.57802 4450.6 100.00
2090.58034 3613.9 81.20
2091.57678 4139.3 93.00
2092.57858 2968.8 66.71
2093.57681 2594.5 58.30
2094.57787 1714.6 38.52
2126.60753 12259 27.54
2127.61159 1147.5 25.78
2128.60694 2797.5 62.86
2129.60897 2468.5 55.46
2130.60516 38354 86.18
2131.60755 3200.5 71.91
2132.60364 3646.2 81.93
2133.60556 2661.9 59.81
2134.60332 2199.2 4941
2135.60507 1399.4 31.44

Ion trap (peaks at xx21 are from calibration peaks).

NL:
1.66E4

Cog0 Hez Os NBrg Rhaz:

Co0 He3 Os N1 Brs Rh2

p (gss, s /p:8) Chrg 1

R: 20000 Res .Pwr . @FWHM

NL:

3.83E3
FT29458_150819094757#18
3-231 RT:3.01-3.99 AV: 33
T: FTMS + p ESIw SIM ms
[1980.00-2180.00]
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FT29458_151015094718 #62-87 RT: 0.62-0.88 AV: 26 NL: 4.00E2
T: ITMS + p ESI Full ms [1000.00-2200.00]

2087.27276

100
907 1146.72728
80
. 1421.45456  1621.00002
70—
o 1521.18183
2 60 1321.72728
§ e 1720.81820
2 7
3 407 1820.63639
x4
30
E 1920.27275
20
10]
0 :w'JL‘ b Jk" o et honnadinoptdl ‘MMMMMM
1000 1200 1400 1600 1800 2000
m/z
m/z  Intensity Relative
1146.72728 3432 85.87
2087.00003 3223 80.65
2087.09094 349.5 87.46
2087.18185 384.5 96.22
2087.27276 399.6 100.00
2087.36367 379.1 94.86
2087.45458 330.8 82.77
2087.63640 334.2 83.62
2087.81821 322.6 80.73
2088.09094 345.2 86.39
2088.18185 372.3 93.16
2088.27276 381.7 95.50
2088.36367 338.7 84.76
2088.45458 321.9 80.55
2089.00003 3223 80.65
2089.09094 348.4 87.19
2089.18185 364.0 91.08
2089.27276 392.4 98.20
2089.36367 358.9 89.82
2090.27276 323.0 80.81

2200

210
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Ph
z OTRh
Ph --||I<: |
OTRh
Ph
L Ph |4

Elemental composition search on mass 2066.55229

m/z= 2061.55229-2071.55229

m/z Theo. Mass Delta RDB Composition
(mmu) equiv.
2066.55229 2066.55228 0.01 89.0 C136 H100 O8 Rh2

2066.45838 93.91 96.0 C137Hss0sRh2
2066 .44580 106.49 96.5 C136Hss OgNRh2
2066 .42199 130.30 97 .0 Ci1z6HsaO9Rh2

Elemental composition search on mass 2066.55229

m/z= 2061.55229-2071.55229

m/z Theo. Mass Delta RDB Composition
(ppm)  equiv.
2066.55229 | 2066.55228 0.01 89.0 C136 H100 O8 Rh2

2066 .45838 45 .44 96.0 C137HssOsRh2
2066.44580 51.53 96.5 C136Hss 0sNRh2
2066.42199 63.05 97.0 Ci1z6HsaO9Rh2
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Elemental composition search on mass 2084.58681

m/z= 2079.58681-2089.58681

m/z Theo. Mass Delta
(mmu)
2084.58681 2084.58665 0.16
2084.59923 -12.42
2084 .56284 23.97
2084 .50533 81.48
2084.49275 94.06
2084.69313 -106.32
2084.46894 117.87
2084.45637 130.44
2084.43256  154.25

Elemental composition search

m/z= 2079.58681-2089.58681

on

m/z Theo. Mass Delta
(ppm)
2084 .58681 2084 .58665 0.08
2084 .59923 -5.96
2084 .56284 11.50
2084 .50533 39.09
2084 .49275 45.12
2084.69313 -51.00
2084.46894 56.54
2084 .45637 62.57
2084 .43256 74.00

RDB

Composition

equiv.

87

95

-5/C13s H104 0Og N Rh>
87.
88.
94.
94.
80.
95.

0 Ca37H106 0gRh2
0 C136H10209RN2
0 C13gHo40gRh2
5 C137H920gNRh2
0 C13sH11808Rh2
0 C137H9009Rh2

96.

0 C13sHgs 010RN2

mass 2084 .58681

RDB

Composition

equiv.

87.
87.
88.
94.
94.

80

5 C136 H104 0Og NRh2
0 C137H1060gRh2
0 Ca3sH10209RN2
5 C137Hg208NRh2

-0 C136H11808Rh2
95.
95.
96.

0 C137Ho009Rh2
5 C13sHsgOgNRh>
0 C136Hgs010RN2



FTZ28108_ 150227092635 #5-19
T: FTMS + p ESI Full ms[1500.00-2200.00]
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1641 .9a856
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FT28108_150227092635 #5-19 RT: 0.63-2.78 AV: 15 NL: 3.62E4

T: FTMS + p ESI Full ms [1500.00-2200.00]
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FT28108_150227092635 #5-19 RT: 0.63-2.78 AV: 15 NL: 3.38E4

T: FTMS + p ESI Full ms [1500.00-2200.00]
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FT28108_150227092635 #5-19 RT: 0.63-2.78 AV: 15 NL: 3.38E4
T: FTMS + p ESI Full ms[1500.00-2200.00]
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FT28108_150227092635 #5-19 RT: 0.63-2.78 AV: 15 NL: 1.74E4
T: FTMS + p ESI Full ms[1500.00-2200.00]

100 2085.58993

952

90%

85-

80~

75% 2086.59173

70— 2084.58681

65-
8 60~
g s5-
§ 50%
% 457
& 40—

354

303

257

20~ 2087.60015

15 2090.54274

103 2091.54997

5 2081.42450

E L 2092.57042
o 2080 2085 ' 2090 C o005 2100
m/z

m/z  Intensity Relative
1601.36816 9548.0 26.00
1602.37163 9682.5 26.36
2066.55229  20580.3 56.03
2067.55725  33765.6 91.93
2068.56020  26150.0 71.20
2069.56252  18988.0 51.70
2070.56806 5134.6 13.98
2084.58681 11868.3 32.31
2085.58993  17770.2 48.38
2086.59173 12727.0 34.65
2087.60015 3244.2 8.83
2090.54274 2690.2 7.32
2125.62519 4996.0 13.60
2126.62972 9046.0 24.63
2127.63399 3934.8 10.71
2183.66050 7745.4 21.09

2184.67213  28679.5 78.09
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2185.67662  36727.8 100.00
2186.67930  27810.3 75.72
2187.68368  12344.7 33.61



O—tRh
O—FRh

CFs| 4

Elemental composition search on mass 2610.45468

m/z= 2605.45468-2615.45468

m/z Theo. Mass Delta RDB Composition
(mmu) equiv.
2610.45468 2610.45136 3.32 89.0 C144 He2 08 F24 Rh2

Elemental composition search on mass 2610.45468

m/z= 2605.45468-2615.45468

m/z Theo. Mass Delta RDB Composition
(ppm) equiv.
2610.45468 2610.45136 1.27 89.0 C144 He2 08 F24 Rh2

FT28341_150406082849 #10-11 RT: 1.90-2.07 AV: 2 NL: 2.06E4
T: FTMS + p ESI Full ms [1000.00-2800.00]

100

©
o

©
(e}

~
o

60

Raative Abundanoe
4]
o
b e B P P B B B b

40
30
2010.29405 2682.44731
20 82
10 1407.12683
o L1077.99167 | 1771.89206 2083.76598 5356.42736 |
— ‘

2611.45726

T T T T T T T T T T T T T T L L
1200 1400 1600 1800 2000 2200

m/z

T T T
2400

T T
2600
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FT28341_150406082849 #10-11 RT: 1.90-2.07 AV: 2 NL: 2.06E4
T: FTMS + p ESI Full ms [1000.00-2800.00]
2611.45726

100
90%
soé
70%
g 607
¢ 507
ﬁ 40
30
200 2682.44731
] 2650.42250 2000708 2697.36939 272940042
10— 2634.44756 I )
GE — Aﬂ — ‘M‘I‘WA ‘ hMl Mln‘ s ‘)\ nA‘ e A‘l ‘ HMMMH“ 2‘711nﬁ7‘707 ‘ hMlk ——
2600 2620 2640 2660 2680 2700 2720 2740
m/z
FT28341_150406082849 #10-11 RT: 1.90-2.07 AV: 2 NL: 2.06E4
T: FTMS ™+ p ESI Full ms [1000.00-2800.00]
100, 2611.45726
907
soé 2612.46215
70
= 2610.45468
§ s0-
50]
g = 2613.46388
i o
30%
20; 2614.46677
10; 2615.47101
? "2608 2610 2612 2614 2616 2618 2620 2622
m/z
m/z  Intensity Relative
2009.28937 3837.1 18.31
2010.29405 4625.1 22.07
2011.29603 2696.2 12.86
2610.45468  12971.0 61.88
2611.45726  20961.4 100.00
2612.46215  16653.9 79.45
2613.46388 9067.7 43.26
2614.46677 3293.6 15.71
2650.42259  2319.6 11.07
2651.42968 1905.7 9.09
2666.47681 2993.3 14.28
2667.47524  2416.3 11.53

2681.44613 2666.9 12.72



2682.44731
2683.45079
2684.45598
2697.36939
2728.39726
2729.40042
2730.39977

4299.5
3414.0
1856.5
1943.1
2634.8
2691.4
2057.3

20.51
16.29
8.86
9.27
12.57
12.84
9.81

219



220

Ion trap



FT29363_150930103255 #16-113 RT: 0.18-1.35 AV: 98 NL: 1.53E4
T: [TMS + p ESIFull ms [1500.00-3000.00]
~1595.00000

=
O N N ®©® o © ©O© o
a o o o a0 o ua o

a o
a o

= =2 NN W W A s
o o o o o O o O

1962.18183 2502.45458

a

Relative Abundance
o
S
pon bere b b e leere v e Peeee B e e v b v v v b e e g

o
S
3

I T T T T T T T
1800 2000 2200 2400

m/z

SRR RN T
2600 2

1777.54546 |\ 207281820 221554548 242381821 [\ p 2672.36367 283372731
T I T T T T T
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FT29363 150930103255 #16-113 RT: 0.18-1.35 AV: 98 NL: 5.67E2
T: ITMS + p ESI Full ms [1500.00-3000.00]
1005 2502.45458

957
907
857
807

757

707
657

60? 2592.54549

557

50

457

Relative Abundance

407
35
307

N
i

2672.36367

N
o

o o
o o
v bbb b

2629.36367 2711.27276

o

2467.36367 2568.27276
Ranaiit "

Wil L Dbl

o

I ! (Al
2450 2500 2550

FTMS Sim Mode
Elemental composition search on mass 2674.79651

m/z= 2669.79651-2679.79651
m/z Theo. Mass @ Delta RDB Composition
(mmu)  equiv.
2674.79651 2674.80268 -6.17 121.0 Ci8aH132 08 Rh2
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Elemental composition search on mass 2674.79651

m/z=

2674.79651 2674.80268

m/z

2669.79651-2679.79651

Theo.

Mass | Delta

(ppm)
-2.31

RDB

Composition

equiv.

121.

0 C184 H132 08 Rh2

FT29363_150930103255 #159-174 RT: 2.54-3.05 AV: 16 NL: 2.79E3
T: FTMS + p ESIw SIM ms [2624.00-2724.00]

Relative Abundance

-
N w » (&)} [e2] ~ [e2] © o
o o o o o o o o ?

-
o

o

2675.79971

2671.27787

2680.81836

2692.80506 2708.79718

ﬁ A .

T
2660

m/z

2680 2700 2720



100 2676.80942
g 80
g 2677.81276
£ 60~
2 _
.% 40 2678.81607
® 20 U 2679.81937
l 2680.82266 )6, 83562
. 087 2675.79971
807 2677.80650
60 2674.79651
40 2678.80913
20 2679.81190
oL 2oraezrss || | L L L L B0 2essazers
2675 2680 2685
m/z
m/z  Intensity Relative
2674.79651 1419.2 49.61
2675.79971 2860.7 100.00
2676.60229 21.8 0.76
2676.80460 2809.2 98.20
2677.80650 1976.7 69.10
2678.80913 958.7 33.51
2679.81190 368.4 12.88
2680.81836 112.9 3.95
2690.80688 22.2 0.78
2691.79388 138.1 4.83
2692.80506 163.5 5.71
2693.81047 146.0 5.10
2707.79594 104.8 3.66
2708.79718 183.0 6.40
2709.80115 182.7 6.39
2710.80808 84.8 2.96
2711.81086 29.0 1.01
2715.81941 35.2 1.23
2716.83098 114.4 4.00
2717.83311 68.8 2.41

NL:
3.17E4

C184 H132 Os Rh2:

C184 H132 Os Rh2

p (gss, s /p:8) Chrg 1

R: 20000 Res .Pwr . @FWHM

NL:

2.79E3
FT29363_150930103255#15
9-174 RT: 2.54-3.05 AV: 16
T: FTMS + p ESIw SIM ms
[2624.00-2724.00]
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~Rh
~Rh

4
Elemental composition search on mass 2290.80189

m/z= 2285.80189-2295.80189

m/z Theo. Mass Delta RDB Composition
(mmu) equiv.
2290.80189 2290.80268 -0.79 89.0 C1s2 H132 08 Rh2

Elemental composition search on mass 2290.80189

m/z= 2285.80189-2295.80189

m/z Theo. Mass Delta RDB Composition
(ppm)  equiv.
2290.80189 2290.80268 -0.35 89.0 C1is2 H132 08 Rh2

FT28533_150323163035 #3-44 RT: 0.03-0.66 AV: 42 NL: 8.51E5
T: FTMS + p ESI Full ms [1000.00-2700.00]

100 2291.80593

20

80—

704

604

404

()
o

N
Q

2349.87137
2531.93201
2680.15079
L

a
o

1770.55676

1207.06370 2085.06320 “ n‘
— = . P

T — T T L B e e e B U
1200 1400 1600 1800 2000 2200 2400 2600
m/z

1605.65555
T T

Q
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FT28533_150323163035 #3-44 RT: 0.03-0.66 AV: 42 NL: 8.51E5
T: FTMS + p ESI Full ms [1000.00-2700.00]
100— 2291.80593

90—
E 2296.82833
so04 I

704
60—

50—

= | 2349.87137 2408.91623
104 | 2309.83795 5341.86205 “ 2381.89776 n
— - 2362.79184
S I— 111 WA e ‘ML‘M‘HHM‘“MM - llh??ﬂr?“ﬁszj I 2423.94870
2280 2300 2320 2340 2360 2380 2400 2420
m/z

FT28533__ 150323163035 #3-44 RT: 0.03-0.66 AV: 42 NL: 8.51E5
T: FTMS + p ESI Full ms [1000.00-2700.00]
2291.80593

100+
905
3 2292.80922
80—
70+
60— 2290.80189
3 2293.81200
50
404
305
B 2294 81666
204
105 2295.81837
o-__=2285.52380 2289.64449 2296.82833
- - - - - - - - - - - - . - - - - - - - -
2285 2290 22905 2300 2305
m/z
2291.80606 NL:
1007 3.67E4
= 2292.80942 C 152 H1z2 O s Rho:
80— C 152 Hiz2 Og Rho
— p (gss, s /p:8) Chrg 1
60— R: 20000 Res .Pwr . @FWHM
| 2293.81274
40—
20 2294.81604
| 2295.81931
1 2297.82578
2291.80593 NL:
100+ 8.51E5
1 2292.80922 FT28533_150323163035#3-
80 44 RT: 0.03-0.66 AV: 42 T:
1 FTMS + p ESIFull ms
60— 2290.80189 [1000.00-2700.00]
B 2293.81200
a0
| 2294.81666
20
1 2295.81837
o T b T Asaansasa
2290 2292 2294 2296 2298
m/z
m/z  Intensity Relative

1769.55253  58056.8 6.78
1770.55676  67757.4 7.91
2290.80189  488864.1 57.05
2291.80593 856914.6 100.00
2292.80922  745951.6 87.05



2293.81200
2294.81666
2295.81837
2309.83795
2310.84285
2349.87137
2350.87526
2354.86188
2355.86138
2356.86103
2381.89776
2382.90201
2407.91367
2408.91623
2409.92183

439347.9
182884.3
58774.5
81813.9
61449.6
108314.2
99618.9
61180.2
81278.1
58720.1
70012.3
55896.5
96803.4
100435.5
71792.4

51.27
21.34
6.86
9.55
7.17
12.64
11.63
7.14
9.48
6.85
8.17
6.52
11.30
11.72
8.38
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Ph ’_'-llll </() _Rh
O0——FRh

4

Elemental composition search on mass 3283.05980

m/z= 3278.05980-3288.05980

m/z Theo. Mass Delta RDB Composition
(mmu) equiv.
3283.05980 3283.05308 6.72 153.0 C232 Hiea O8 Rh2

Elemental composition search on mass 3283.05980

m/z= 3278.05980-3288.05980

m/z Theo. Mass Delta RDB Composition
(ppm) equiv.
3283.05980 3283.05308 2.05 153.0 C232H164 08 Rh2

FT28536_150507105438 #2-146 RT: 0.04-4.36 AV: 145 NL: 6.42E3
T: FTMS + p ESI Full ms [1000.00-3500.00]

100 3285.06626

3133.00192

o N o 0

OHH?HH?\H\?\H\%H\%HH?HH?HH?HH?H\

2023.43926 2980.94180

W

2291.81015

N

1819.49796 2876.25109
1378.15083 2516.06107
1164.86924 jA ‘ | s L I 2605.11881 i

T T T k T / t r T t T T ‘ T T e T iy T / t T

T
1500 2000 2500 3000 3500

a
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FT28536_150507105438 #2-146 RT: 0.04-4.36 AV: 145 NL: 6.42E3
T: FTMS + p ESI Full ms [1000.00-3500.00]
3285.06626

100
3 3133.00192
90
80+
70—
B 3209.03200
60
50—
B 3184.93144
404 |
30 3056.97157 3245.49457
B 2980.94180
B 3256.67865 || 3303.09948
20 3011.34919 | 3112.00266
10 /
- 2876.25109 / |
otirrb2o00eazeo L A WL M
2900 3000 3100 3200 3300
m/z

FT28536_150507105438 #2-146 RT: 0.04-4.36 AV: 145 NL: 6.42E3
T: FTMS + p ESI Full ms [1000.00-3500.00]
100— 3285.06626

90 3286.06968

80

~
o

3284.06297

3287.07279

RaativeAodace
a o
e} (e}

40
30
20 3283.05980 3288.07488
10
° 3282.16912 3289.08432 3295.95976 3299.11230
. . ; - - . . ; . : 4 / ; . . . : = : - -
3280 3285 3290 3295
m/z
3285.05982 NL:
1004 2.98E4
E 3286.06318 C 232 H1ie4 Og Rha:
80— C 232 Hie4 Og Rh2
— p (gss, s /p:8) Chrg 1
b R: 20000 Res .Pwr . @FWHM
60 3287.06652 es .Pwr. @
9 40
n 3288.06984
20 3289.07316
B 3290.07646 3595 go282
3285.06626 NL:
10073 3284.06297 | 3586 06968 6.42E3
n To0 FT28536_150507105438#2-
80 146 RT: 0.04-4.36 AV: 145 T:
g FTMS + p ESI Full ms
60— 3287.07279 [1000.00-3500.00]
40
2(}: 3282.16912 3288.07488
- 3289.08432
o - 3294.11971  3299.11230
—_— e ——
3280 3285 3290 3295

m/z

m/z  Intensity Relative



2023.43926
2980.94180
3055.96677
3056.97157
3131.99860
3133.00192
3134.00612
3134.88609
3135.00927
3135.87964
3136.88005
3208.02847
3209.03200
3210.03720
3211.04127
3284.06297
3285.06626
3286.06968
3287.07279
3288.07488

1875.1
1496.7
1431.8
1954.7
4680.0
6017.6
4953 .4
1544.4
2585.6
1994.4
1732.5
2863.7
3978.5
3671.4
1839.2
4376.1
6510.9
5745.0
3732.0
1361.4

28.80
22.99
21.99
30.02
71.88
92.42
76.08
23.72
39.71
30.63
26.61
43.98
61.11
56.39
28.25
67.21
100.00
88.24
57.32
20.91
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Elemental composition search on mass 3154.34761

m/z= 3149.34761-3159.34761

m/z Theo. Mass | Delta RDB Composition
(mmu) equiv.
3154.34761 3154.35043 -2.82 89.0 C152 Hga Og F4g Rh2

Elemental composition search on mass 3154.34761

m/z= 3149.34761-3159.34761

m/z Theo. Mass @ Delta RDB Composition
(ppm)  equiv.
3154.34761 3154.35043 -0.89 89.0 C152 Hga Og Fag Rh2

FT28454_150416111810 #5-98 RT: 0.13-2.76 AV: 94 NL: 6.57E5
T: FTMS + p ESI Full ms [1000.00-3500.00]

100

920

80

~
o

Riative Aoudace
o 0]
o o
o b b e e e e

3155.35211

40
30 1867.00203
3271.45698
20
10 2418.22027
2067.33638
o 1378.22508 1736.52030 | " = |/ | 2624.75034 2880.53940 || ” !
1 T T T :

T T T
1500 2000 2500 3000
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FT28454_150416111810 #5-98 RT: 0.13-2.76 AV: 94 NL: 6.57E5
T: FTMS + p ESI Full ms [1000.00-3500.00]
3155.35211

100, 3155.35381 13\1'|_6:8E4
7 3156.35715 C152 Hga Os F4s Rha:
8 80— C 152 Hga O F4s Rh2
5 4 p (gss, s /p:8) Chrg 1
2 &0 R: 20000 Res .Pwr . @F WHM
g 3157.36047
2 40
ﬁ 205 3158.36375
3 3159.36702
] 3162.37666 3166.38924
1087 3155.35211 NL:
] 6.57E5
] 3156.35496 FT28454_150416111810#5-
80— 98 RT:0.13-2.76 AV: 94 T:
] FTMS + p ESI Full ms
so 3154.34761 [1000.00-3500.00]
] 3157.35936
40
20; 3158.36099
] 3153.31236 3159.36417
m/z
m/z  Intensity Relative
1867.00203 179691.5 27.14
2418.22027  49653.8 7.50
3154.34761 384221.5 58.02
3155.35211 662198.9 100.00
3156.35496 555073.1 83.82
3157.35936 313540.3 47.35
3158.36099 129060.6 19.49
3186.37318 54909.0 8.29
3187.37690 104901.5 15.84
3188.38038 83243.6 12.57

3189.38567  43116.5 6.51



3205.41387
3206.41980
3210.36961
3211.36909
3218.40351
3219.40499
3220.40734
322141148
3226.34086

67808.0
48892.7
52387.2
43450.1
105345.9
147775.4
119608.8
61695.1
56899.2

10.24
7.38
7.91
6.56
15.91
22.32
18.06
9.32
8.59
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Elemental composition search on mass 2515.05344

m/z= 2510.05344-2520.05344

m/z Theo. Mass Delta RDB Composition
(mmu) equiv.
2515.05344 2515.05308 0.36 89.0 Cies8 H164 O8 Rh2

Elemental composition search on mass 2515.05344

m/z= 2510.05344-2520.05344
m/z Theo. Mass Delta RDB Composition
(ppm) equiv.
2515.05344 2515.05308 0.14 89.0 C168 H1i64 O8 Rh2
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FT28453_150416111810 #2-59 RT: 0.04-1.65 AV: 58 NL: 5.68E6
T: FTMS + p ESI Full ms [1000.00-2600.00]

100 2516.05717

90

80

70

60

50

40

Relative Abundance

30

N
T

1867.00050

1746.55279 | 1938.74506

2403.92996

1101.40641 136042967 1608 60068 ‘ | 2067.49391 1 Ll
T ! ‘ ‘

L
T T T T T T T T T

—
o
Ll

o

1 T 1 1 ]
1800 2000 2200 2400

m/z

FT28453_150416111810 #2-59 RT: 0.04-1.65 AV: 58 NL: 5.68E6
T: FTMS + p ESI Full ms [1000.00-2600.00]
100 2516.05717

1 2517.06072
90+ 2515.05344

I I [
1200 1400 1600

80

70

601 \ 2518.06388

50|

40

Relative Abundance

30] 2519.06806

] 2520.07165

] 2521.07486
] 2514.00005 \_J 2531.04758 Jl2534.09587

0 T ““\‘“‘\““\““\““\“‘7‘7\““\‘“‘\‘“‘\““\‘“‘\““\““\““\““\““\““\““\““ U AR A Rl R R R
2510 2515 2520 2525 2530 2535
m/z




1007 25162%?;?05983
3 80
é 60— 2518.06317
<
2 40
s 2519.06648
X 50
] 2520.06978
] 2522.07630 2525.08595
108: 2516.05717
] 2517.06072
80
60~ 2515.05344 2518.06388
40
] 2519.06806
20
E L_J 2520.07165
ol zstwoooos | L IV L || aszora20
2515 2520 2525
m/z
m/z  Intensity Relative
1867.00050 577306.3 10.13
1937.73992  215131.6 3.78
1938.74506  292463.5 5.13
1939.74994 170802.3 3.00
2403.92996 175134.5 3.07
2404.93363 134827.3 2.37
2515.05344 2982963.8 52.35
2516.05717 5697734.0 100.00
2517.06072  5358020.5 94.04
2517.14995  258186.2 4.53
2518.06388 3348929.3 58.78
2518.15681 162663.9 2.85
2519.06806 1557678.1 27.34
2520.07165 5742784 10.08
2521.07486 162481.1 2.85
2534.09587 144042.0 2.53
2535.09869 114857.8 2.02
2579.11095 177261.3 3.11
2580.11210  276901.2 4.86
2581.11322  206339.8 3.62

NL:
3.40E4

C168 H164 Og Rha:

C168 H164 Os Rh2

p (gss, s /p:8) Chrg 1

R: 20000 Res .Pwr . @FWHM

NL:

5.68E6
FT28453_150416111810#2-
59 RT:0.04-1.65 AV: 58 T:
FTMS + p ESI Full ms
[1000.00-2600.00]
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2.2 para-substituted catalyst

rRh
rRh

4

Elemental composition search on mass 1986.67502

m/z= 1981.67502-1991.67502

m/z Theo. Mass Delta RDB Composition
(mmu) equiv.
1986.67502 1986.67748 -2.46 73.0 C128 H116 O8 Rh2

1986.66624 8.78 78.5 C128H11004Ns5Rh2

Elemental composition search on mass 1986.67502

m/z= 1981.67502-1991.67502

m/z Theo. Mass Delta RDB Composition
(ppm) | equiv.
1986.67502 1986.67748 -1.24 73.0 C128 H116 08 Rh2

1986.66624 4.42 78.5 C128H11004Ns5Rh2
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Elemental composition search on mass 1854.58310

m/z= 1849.58310-1859.58310

m/z Theo. Mass Delta RDB Composition
(mmu) equiv.
1854.58310 1854.58358 -0.48 69.0 C118 H1i04 Og8 Rh2
1854.57771 5.39 78.0 Ci25H10003Rh2

Elemental composition search on mass 1854.58310

m/z= 1849.58310-1859.58310

m/z Theo. Mass Delta RDB Composition
(ppm)  equiv.
1854.58310 1854.58358 -0.26 69.0 C118 H104 O8 Rh2
1854.57771 2.91 78.0 C125H10003Rh2

Elemental composition search on mass 1541.45864

m/z= 1536.45864-1546.45864

m/z Theo. Mass | Delta RDB Composition
(mmu) equiv.
1541.45864 1541.46072 -2.08 55.5 Cg96 Hs7 06 Rh2

1541.45485 3.79 64 .5 C103Hs830Rh2



Elemental composition search on mass 1541.45864

m/z= 1536.45864-1546.45864
m/z Theo. Mass Delta RDB Composition
(ppm) equiv.
1541.45864 1541.46072 -1.35 55.5 Co6 Hs7 06 Rh2
1541.45485 2.46 64.5 C103H83ORh2

FT28557_150507105438 #13-377 RT: 0.19-5.85 AV: 365 NL: 6.24E6
T: FTMS + p ESI Full ms [1000.00-2200.00]

1987.67818

100—
90%
80;
70|
60;
so—f
40%
30;
20;
| 1542.46194
104 1855.58646
4 1095.23655 1606.83312
o4 I 1280.30031 409-36682 1746.56785 2066.70103
1 2‘00 1 4‘00 1600 1 8‘00 2C;00 22‘00
m/z
1542.46411 NL:
100 4.28E4
- Cos Hg7 Os Rhoa:
80— Co6 Hg7 O6 Rh2
— p (gss, s /p:8) Chrg 1
| R: 20000 Res .Pwr . FWHM
60— 1543.46744 @
§ 40
20| 1544.47072
B 1545.47395 o8 48341
1542.46194 NL:
100 8.75E5
1 FT28557_150507105438#13-
80 377 RT:0.19-5.85 AV: 365 T:
. FTMS + p ESI Full ms
B [1000.00-2200.00]
607 1543.46550
40
20 1544.46893
o ] 1540.45209 1545.47287 1548.44870
T T . T T T T : T
1540 1545 1550

m/z

239



100— 1855.58696
aoé
E 3] 1856.59030
60
'\% 407; 1857.59359
4 20—
E 1858.59684
B 1860.60322
1 087 1855.58646
80; 1856.59080
B 1854.58310
60—
40; 1857.59417
20 1858.59794
o, _1854.03189 )\ 1859.60351
T esa 1856 418ss 1860
m/z
m/z  Intensity Relative
1095.23655  256198.7 4.10
1096.24053 193485.0 3.09
1409.36682  147069.2 2.35
1410.37002  140586.1 2.25
1541.45864  848433.1 13.56
1542.46194  886502.6 14.17
1543.46550  460015.0 7.35
1544.46893 155616.9 2.49
1854.58310  383653.8 6.13
1855.58646  582176.0 9.31
1856.59080  430619.2 6.88
1857.59417  204721.8 3.27
1986.67502 3905512.3 62.44
1987.67818  6254829.0 100.00
1988.68169  4880430.0 78.03
1989.68602 2514232.8 40.20
1990.69008  985243.6 15.75

NL:
4.09E4

C 118 H104 O s Rhaz:

C 118 H104 Os Rh2

p (gss, s /p:8) Chrg 1

R: 20000 Res .Pwr . @FWHM

NL:

5.80E5
FT28557_150507105438#13-
377 RT:0.19-5.85 AV: 365 T:
FTMS + p ESI Full ms
[1000.00-2200.00]

NL:

4.01E4

C 128 H116 O g Rha:

C 128 Hi16 O g Rh>

p (gss, s /p:8) Chrg 1

R: 20000 Res .Pwr . @FWHM

NL:

6.24E6
FT28557_150507105438#13-
377 RT:0.19-5.85 AV: 365 T:
FTMS + p ESI Full ms
[1000.00-2200.00]

240
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1991.69391  296299.0 4.74
2065.69518  80447.8 1.29
2066.70103 94709.6 1.51



= O—tRh
Ph l< |

O—rRh

S

Elemental composition search on mass 1818.49033

m/z= 1813.49033-1823.49033

m/z Theo. Mass Delta RDB Composition
(mmu) equiv.
1818.49033 1818.48968 0.65 73.0 C116 Ho2 Og Rh2

Elemental composition search on mass 1818.49033

m/z= 1813.49033-1823.49033

m/z Theo. Mass Delta RDB Composition
(ppm) equiv.
1818.49033 1818.48968 0.36 73.0 C116 Ho2 08 Rh2

FT28534_150323163035 #3-93 RT: 0.04-1.44 AV: 91 NL: 7.22E5

T: FTMS + p ESI Full ms [1000.00-2700.00]
100— 1819.49360

90—

30—
1415.32185

1495.52722 1890.48151
/
1325.27671 L/ 1 729»4,4%831 | Mn ) L |, 2387.66856 2556.16599
T T T T T T T T T T T T T T T T T T T T T T T T T T T
1200 1400 2600

2227.80473

o

T T
1800 2000 2200 2400
m/z

—
1600

242



FT28534_ 150323163035 #3-93 RT: 0.04-1.44 AV: 91
T: FTMS + p ESI Full ms [1000.00-2700.00]
100— 1819.49360

204

80—

704
El 1823.50706
60 /

50—

40—

30
20

1837.52744

L

10 1858.45606

i

o

1874.50841
Iy, M‘l el WA 189758265 191950428

243

NL: 7.22E5

1890.48151

1820 1840 1860

1880 1900 1920

m/z

FT28534_150323163035 #3-93 RT: 0.04-1.44 AV: 91
T: FTMS + p ESI Full ms [1000.00-2700.00]

1819.49360

NL: 7.22E5

100—
20—
80—
3 1818.49033
70
B 1820.49671
60—
50—
404
303 1821.50093
20
10 1822.50418
o 1817.50357 1823.50706
T T T — T T T T T
1815 1820 1825 1830
m/z
1819.49306 NL:
100 4.13E4
m C 116 Hoz Os Rha:
80 1818.48968 Siee= 3o Rhz
| 1820.49639 P (gss, s /p:8) Chrg 1
so1 R: 20000 Res .Pwr . @FWHM
a0
] 1821.49968
20—
E 1822.50292
o 1824.50929
1819.49360 NL:
1004 7.22E5
] FT28534_150323163035#3-
80— 93 RT: 0.04-1.44 AV: 91 T:
| 1818.49033 1820.49671 FTMS + p ESI Full ms
: [1000.00-2700.00]
60
a0
E 1821.50093
20
= 1822.50418
o1 1817.50357 N 1824.50886
e L A A A e
1818 1820 1822 1824
m/z
m/z  Intensity Relative

1415.32185
1416.32566
1417.32908
1818.49033
1819.49360
1820.49671
1821.50093

182659.1
172910.1
79739.7
535442.6
721756.3
474936.8
208089.0

25.31
23.96
11.05
74.19
100.00
65.80
28.83



1822.50418
1836.52476
1837.52744
1838.53102
1842.48271
1858.45606
1868.54943
1869.55373
1873.50420
1874.50841
1889.47812
1890.48151
1891.48374

69043.0
106672.3
133251.0
84470.6
37866.2
45282.7
39101.1
45286.0
43179.2
56599.4
51155.5
64857.7
44591.0

244

9.57
14.78
18.46
11.70
5.25
6.27
5.42
6.27
5.98
7.84
7.09
8.99
6.18
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~ o _
ph—<] O—TRh
A&l |
l<O——-Rh

L 4

Ion Trap
FT31957_170119095924 #4-14 RT:0.02-0.09 AV: 11 NL: 1 49ET
T: ITMS + p ESI Full ms [1000.00-2000.00]

100 1930.90912
95—
90—
857
80—
757

[
o o

o o
a o
Ll b b

N
(3]
Ll

Relative Abundance
o
o

w b
(.1‘1 o
INIRENNN|

w
T

T haidlilin

3 1499.63638 1622.18184
0 ‘77‘
1

159 1105.90909
000 1200 1400 1600 1800 2000
m/z

209 176745457
105 1423.00001
M 1716.63638 h
| h i

FTMS
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Elemental composition search on mass 1930.61208

m/z= 1925.61208-1935.61208
m/z Theo. Mass | Delta RDB Composition
(mmu) | equiv.
1930.61208 1930.61488 -2.80 73.0 C124 Hios Og Rh2

Elemental composition search on mass 1930.61208

m/z= 1925.61208-1935.61208
m/z Theo. Mass Delta RDB Composition
(ppm)  equiv.
1930.61208 1930.61488 -1.45 73.0 C124 H1os Og Rh2
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FT31957_170119095924 #133-134 RT: 1.14-1.17 AV:2 NL: 2.85E2
T: FTMS + p ESI w SIMms [1880.00-1980.00]
193161741
100+

95—

90—

85—
80=

~
o
|

70

[©2 3]
[« TN

()}
o

50—

IS
i
1

Relative Abundance

N
T
LIl

w
o

w
o
|

NN
o o

[N
o O
|

o

o

1900 1920 1940 1960
m/z
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FT31957_170119095924 #133-134 RT: 1.14-1.17 AV:2 NL: 2.85E2
T: FTMS + p ESI w SIMms [1880.00-1980.00]
1931.61741
100+
95—
90—
85—
80=
E 193261803

~
o
|

1930.61208
70

[©2 3]
[« TN

1933.62981

()}
o

50—

IS
i
1

Relative Abundance

N
T
LIl

w
o

w
o
|

N
o

N
o

1928.07211

-
o

_\
T
|

i

|

1T T T T T T 1T T ] T 11
1926 1928 1930 1932 1934 1936 19

m/z

o

T
38 1940
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Ph o]
Ph=—<] O—TRh
IR |
l<O——-Rh

Elemental composition search on mass 2066.54704

m/z= 2061.54704-2071.54704
m/z Theo. Mass Delta RDB Composition
(mmu) | equiv.
2066.54704 2066.55228 -5.24 89.0 C136 H100 O8 Rh2
2066.54104 6.00 945 C136 Ho4 04 Ns Rh2
2066.52980 17.24 100.0 Ci136 Hss N1o Rh2
2066.56485 -17.81 94 .0 C136 Hos 03 N6 Rh2
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Elemental composition search on mass 2066.54704

m/z= 2061.54704-2071.54704
m/z Theo. Mass Delta RDB Composition
(ppm) | equiv.
2066.54704 2066.55228 -2.54 89.0 C136 Hi00 Og Rh2
2066.54104 2.90 94 .5 C136 Hos 04 N5 Rh2
2066.52980 8.34 100.0 Ci136 Hss N1o Rh2
2066.56485 -8.62 94 .0 C136 Hoe O3 N Rh2

FT31910_161226111452#5-16 RT:0.10-0.35 AV: 12 NL:247E4
T: FTMS + p ESI Full ms [1000.00-2500.00]

2067.55047

1005

95

90—

~N o ©©
a o O
|

1135.17316

(o2}
o

o ~
o o
Lot bbbl

(%))
(&)}
|

N
o
[T

Relative Abundance
(4]
o

1602.36820

N
T
|

w
T
|

N N W
T T
RN NR

-
(&3]

1221.98987 171746701 191548934 | 218264990

1441934
L T AS\?S \55\‘ ”‘\A _ T \‘ — \M ‘\ L\ \23\55-\960\73\ T
1200 1400 1600 1800 2000 2200 2400

m/z

_\
o o
povcbren bl

o



FT31910_161226111452 #5-16 RT: 0.10-0.35 AV: 12 NL: 2.47E4
T: FTMS + p ESI Full ms [1000.00-2500.00]

100+ 206755047
95—
90
85—
80
75 2068.55429
707
E 2066.54704
65—
S 60
2 s5-
E 50
Q B
£ 457
& a0
3 2069.55755
35—
304
257
20—
153 207056199
10
5; 2065.53733 2071.56455
JER 7o S W L VAN 0 Y G -
2064 206 2068 2070 2072 2074
m/z
m/z  Intensity Relative
1091.18341 5339.6 21.32
1092.18703 4174.4 16.67
1093.19100 1505.9 6.01
1135.17316  15699.0 62.68
1136.17710  13475.1 53.80
1137.18456 7083.3 28.28
1138.19131 3883.9 15.51
1139.19536 1205.0 4.81
1601.36498 9035.2 36.07
1602.36820  10052.6 40.14
1603.37173 5828.1 23.27
1604.37555 2182.0 8.71
1915.48934 1018.4 4.07
2066.54704  16394.0 65.45
2067.55047  25046.3 100.00
2068.05466 1421.3 5.67
2068.55429  18529.0 73.98
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2069.55755 8927.3 35.64
2070.56199  3541.1 14.14
2083.54721 1123.6 4.49



Elemental composition search on mass 2290.80468

m/z= 2285.80468-2295.80468
m/z Theo. Mass Delta RDB Composition
(mmu) | equiv.
2290.80468 2290.80268 2.00 89.0 C152 H132 08 Rh2
2290.81525 -10.57 94.0 Ci152H128 03 Ns Rh2
2290.79144 13.24 94.5 Ci152H126 04 N5 Rh2
2290.82649 -21.81 88.5 C152 H134 07 NRh2

253
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Elemental composition search on mass 2290.80468

m/z= 2285.80468-2295.80468
m/z Theo. Mass | Delta RDB Composition
(ppm) | equiv.
2290.80468 2290.80268 0.87 89.0 C152 H132 Og Rh2
2290.81525 -4.61 94 .0 C152 Hi28 03 Ne Rh2
2290.79144 5.78 94 .5 C152 H126 04 Ns Rh2
2290.82649 -9.52 88.5 C152H134 07 NRh2

FT31911_161226111452 #3-23 RT: 0.06-0.48 AV: 21 NL: 3.83E4
T: FTMS + p ESI Full ms [1000.00-2500.00]

2291.80965
100

95—
90—

855 1247.30087

80|

75—

70

S 1157.30498

Relative Abundance
(4]
Nt
|

B 1770.55831

E 2210.01319

1829.56810 2407.91613
/

‘ ‘\
Jh h 142197670 1605.10949 ) 2083.68068 |
0 el ‘l
1

L L L . A‘M |

L L L L \‘ T
1200 1400 1600 1800 2000 2200 2400
m/z




FT31911_161226111452 #3-23 RT: 0.06-0.48 AV: 21 NL: 3.83E4
T: FTMS + p ESI Full ms [1000.00-2500.00]

. 2291.80965
95—
90— 2292.81311
85—
80—
75—
70—
65—
8 60—
© |
2 557
2 505 2290.80468
% 45— 2293.81704
g 40—
35—
30—
25—
20—
153 229481737
10-
5- 2289.79715 229982314 929931597 230081323
’ 2288 2200 2202 2204 2206 2208 2300 2302
m/z
m/z  Intensity Relative
1203.30984  21177.9 54.20
1204.31394  17280.2 44.22
1205.31719 7949.0 20.34
1247.30087  31347.7 80.22
1248.30473  30244.4 77.40
124931320 211533 54.13
1250.31803  11236.0 28.75
1251.32140 3832.0 9.81
1769.55512  9642.6 24.68
1770.55831  11703.1 29.95
1771.56056 7301.7 18.69
2290.80468  18992.0 48.60
2291.30682 4830.2 12.36
2291.80965  39077.0 100.00
2292.31311 8994.7 23.02
2292.81311  33844.1 86.61
2293.31565 5077.6 12.99

255
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2293.81704  16357.7 41.86
229481737  5724.6 14.65
2308.80828  2892.1 7.40



2.3 tris para-substituted catalyst

Br

Ion trap

FT29694_151019125931 #23-48 RT: 0.27-0.58 AV: 26 NL: 4.38E2
T: ITMS + p ESIFull ms [1000.00-2500.00]

100
957
90+
857
807

757

707

65;

605
55

50

45+
40

Relative Abundance

357
30

255

'4 1083.90909

1306.00001

1194.27273

1426.18183

1854.36366

1675.18184

2401.81822

1969.18185

2325.54549

2085.90912

2178.36367

1000 1200

ARAAR] T
1400

T
1600

T
1800
m/z

T T T T T T T
2000 2200 2400
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Elemental composition search on mass 2399.22453

m/z=

2399.22453 2399.

2399.

2399.

2399.

2399.
2399.

2399.

2399.

2399.

2399.

Mass

22358

22677

22090

22945

23028
21770

21502

23615

23883

20832

2394 .22453-2404.22453
m/z Theo.

Delta

(mmu)
0.95
-2.24
3.63
-4.92

-5.75
6.83

9.51
-11.62
-14.30

16.21

Elemental composition search on

m/z=

2399.22453 2399

2399.

2399.

2399.

2399.
2399.

2399.

2399.

2399.

2399.

Mass

.22358

22677

22090

22945

23028
21770

21502

23615

23883

20832

2394 .22453-2404.22453
m/z Theo.

Delta

(ppm)
0.40
-0.93
1.51
-2.05

-2.40
2.84

3.96
-4.84
-5.96

6.76

RDB

equiv.

60.

47 .

56.

51.

69.
69.

65.

60.

64.

56.

5

0

5

Composition

Coo Hs4 06 N Bri1 81Br
Rh2
CsoH60014Br1181Br
Rh2
Cs7Hs609Bri1181Br
Rh2
Cg3Hs8011NBri1181Br
Rh2
CogHs20Br1181Br Rh2
Co7Hs500NBri181Br
Rh2
Co4Hs5204Bri1181Br
Rh2
Co1Hs606Bri1181Br
Rh2
Co4Hs5403NBri1181Br
Rh2
CgsHs409NBri181Br
Rh2

mass 2399.22453

RDB

equiv.

60.

47.

56.

51.

69.
69.

65.

60.

64.

56.

5

0

Composition

Coo Hs4 06 N Bri1 81Br
Rh2
CsoHe0014Bri181Br
Rh2
Cs7Hs609Bri181Br
Rh2
Cs3Hs58011NBri181Br
Rh2
CosHs520Bri1181Br Rh2
Co7H500NBri181Br
Rh2
Co4H5204Br1181Br
Rh2
Co1Hs5606Br1181Br
Rh2
Co4H5403NBri181Br
Rh2
Cs6H5409NBri181Br
Rh2
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FT29694_151019125931 #77-93 RT: 1.37-1.77 AV: 13 NL: 9.99E2
T: FTMS + p ESIw SIM ms [2293.00-2493.00]

Relative Abundance

-
N w B wn [e2] ~ [ © o
o o o o =} o o o =)
I I O A O |

-
o

o

2328.30313 2351.60275

2405.21799

2398.22929

2448.25933

2469.23841

2483.20945

2430.20497

l
2300

LMA 2370.35110
MMA Ml‘ﬂm_ Hl‘u‘lw‘n‘

2350 2400 2450
m/z

FT29694_151019125931 #77-93 RT: 1.37-1.77 AV: 13 NL: 9.99E2
T: FTMS + p ESI w SIM ms [2293.00-2493.00]

Relative Abundance

-
w B (&) D ~ [e] © o
o o S o o S o o
T T Y N T e A Y A A I T B A |

N
o

-
o

2391.34087

2399.22453 2413.20994

2405.21799
2407.21848

2403.21957
2409.21577

2401.22118
2411.21283

2425.25171
2421.25632

AL LLLLLLLY,

2418.60003

o

1 1
2390

T 1
2395

e e B O S B A B
2400 2405 2410 2415 2420 2425

m/z
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FT29694_151019125931 #77-93 RT: 1.37-1.77 AV: 13 NL: 9.99E2
T: FTMS + p ESIw SIM ms [2293.00-2493.00]

2401.22118 ‘
50- 2411.21283
405
" 35%
3 30
2 7
% 25; 2399.22453 2413'30994
o 205 242525171
15+
1 2421.25632
10
- 2391.34087 h J 2418.60003
O T I \A T T T I T T T T I \_\J T T L/L\/ I T T w U \_/LT T T T T I T T T T | T T T T |
2390 2395 2400 2405 2410 2415 2420 2425
m/z
m/z  Intensity Relative
2401.22118 499.3 48.24
2402.22159 529.6 51.16
2403.21957 833.9 80.56
2404.22188 788.0 76.12
2405.21799 1035.1 100.00
2406.21872 950.5 91.82
2407.21848 952.9 92.06
2408.21815 800.5 77.33
2409.21577 665.8 64.32
2410.21595 4928 47.61
2444.26709 547.3 52.87
2445.26518 560.8 54.18
2446.16914 400.7 38.71
2446.26523 725.6 70.10
2447.26485 648.9 62.68
2448.25933 728.0 70.32
2449.26240 622.3 60.12
2450.25927 535.1 51.70
2451.25788 3779 36.51
2469.23841 433.0 41.83



~Rh

~Rh

4

FT31958_170119100955 #1-13 RT: 0.00-0.43 AV: 13 NL:7.49
T: ITMS + p ESI Full ms [1000.00-2500.00]

100
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85—
80—

~
[&)]

70

)
(6]
o b
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Elemental composition search on mass 2370.67017

m/z= 2365.67017-2375.67017
m/z Theo. Mass @ Delta RDB Composition
(mmu) | equiv.
2370.67017 2370.67748 -7.31 105.0 Cie60 H116 Og Rh2

Elemental composition search on mass 2370.67017

m/z= 2365.67017-2375.67017
m/z Theo. Mass | Delta RDB Composition
(ppm) | equiv.
2370.67017 2370.67748 -3.08 105.0 Cie0H116 Og Rh2



FT31958_170119100955 #112-118 RT: 3.78-3.98 AV:7 NL: 1.13E2
T: FTMS + p ESIw SIMms [2320.00-2420.00]

Relative Abundance
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FT31958_170119100955 #112-118 RT:3.78-3.98 AV:7 NL:1.13E2
T: FTMS + p ESIw SIMms [2320.00-2420.00]
100 237167509

95—

90—

85—

80—

e 237067017
705
65—
60—
55—
503 2372.67375

E 2373, 4
457 373.6833

Relative Abundance
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O bt e —————
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Low resolution

C208 H2

Relative Abundance R
?\H\?HH?\H\?HH?\H\%HH?\H\?HH%\H\%HH%

-

(o2}

N w B

=y

=
o

12 08 Rh2: C208 H212 O8 Rh2 p(gss, s/p:40) Ch...

3040.3
1521.0
1623.5
3098.5
3375.4
2332.1
2987.2 3468.3 3749.0
1417.0 1670.0 1905.8 2451.3 2871.7 3826.2
b L i Gt
00 1500 2000 2500 3000 3500 4000
m/z

High resolution on 3040
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Elemental composition search on mass 3043.42029

m/z= 3038.42029-3048.42029
m/z Theo. Mass Delta RDB Composition
(mmu)  equiv.
3043.42029 3043.42868 -8.39 105.0 C208H212 08 Rh2

Elemental composition search on mass 3043.42029

m/z= 3038.42029-3048.42029
m/z Theo. Mass Delta RDB Composition
(ppm) | equiv.
3043.42029 3043.42868 -2.76 105.0 C208 H212 08 Rh2
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FT30246_160331085134 #34-85 RT: 1.83-5.97 AV: 52 NL: 3.24E2
T: FTMS + p ESI w SIM ms [2990.00-3090.00]

3045.42575
100

70 3048.44105

Relative Abundance
n
T

3062.42471

107 3037.98579

. 3024.89582

G IR R ‘“‘\““\“ﬂ“\““\“j_‘n\“‘m‘\‘7_"‘\““\““\“‘"‘\ﬂ““\““
3000 3020 3040 3060 3080
m/z

3069.93203
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FT30246_160331085134 #34-85 RT: 1.83-5.97 AV: 52 NL: 3.24E2
T: FTMS + p ESIw SIM ms [2990.00-3090.00]
3045.42575
100

] 3044.41789

70 3046.43027

Relative Abundance
w
T

E 3043.42029 3047.43415

3062.42471
3061.42158
3053.43399 3059.41707
0 R R R L R R I R L L R R A R R RN N A
3040 3045 3050 3055 3060
m/z

3048.44105
3042.43379

N
o
[




3045.43544 NL:
1007 6.22E3
] 3044.43207
7 C208 H2e Og Rh2:
o 80 3046.43880 Co208 H2o Og Rh2
Q N p (gss, s /p:40) Chrg 1
§ 60 R: 25000 Res .Pwr. @FWHM
< E 3047.44214
2,0 3043.42868
g 3048.44546
20—
] 3049.44878
o 3052.45863
3045.42575 NL:
1007 3.24E2
] FT30246_160331085134#34-
80— 3044.41789 85 RT: 1.83-5.97 AV: 52 T:
] 3046.43027 FTMS + p ESIw SIM ms
] [2990.00-3090.00]
GOt
407 3043.42029 3047.43415
20
] 3048.44105 3053.43399
G T T T T T T T T T T T T T T T T T T T
3&42 30‘44 30‘46 30‘48 30‘50 30‘52
m/z
m/z  Intensity Relative
3024.89582 11.5 3.54
3025.62596 10.6 3.27
3043.42029 98.4 30.34
3044.41789 243.4 75.03
3044.91943 35.7 11.00
3045.42575 3245 100.00
3045.93036 22.1 6.82
3046.43027 220.4 67.92
3046.94127 8.6 2.66
3047.43415 102.6 31.63
3048.44105 20.0 6.17
3052.92879 6.6 2.04
3053.43399 8.0 247
3059.41707 8.7 2.67
3060.41350 19.3 5.94
3061.42158 271 8.35
3061.92029 5.8 1.78
3062.42471 42.8 13.19
3063.42735 9.9 3.05
3064.43549 59 1.80

High resolution on 1520 (doubly charged)
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Elemental composition search on mass 1521.71407

m/z= 1516.71407-1526.71407

m/z Theo. Mass Delta RDB Composition
(mmu) | equiv.
1521.71407 1521.71407 0.00 105.0 C208H212 08 Rh2

Elemental composition search on mass 1521.71407

m/z= 1516.71407-1526.71407
m/z Theo. Mass @ Delta RDB Composition
(ppm)  equiv.
1521.71407 1521.71407 0.00 105.0 C208 H212 08 Rh2
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FT30246_160331085134 #95-159 RT: 6.96-13.35 AV: 65 NL: 1.18E1
T: FTMS + p ESIw SIM ms [1470.00-1570.00]

1004 15622.71722

957
907
85

80

Relative Abundance
a
T

1518.49409
\ 1533.60896 1543 76495

.l l‘ I‘ ! ‘M‘ ‘AMM 1 | 1y [

5% 147373334 149099176  1504.70542
ol IR BT T

1567.22280

T T T T T T T T

T
1480 1490 1500 1510 1520 1530 1540 1550 1560 1570

m/z
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FT30246_160331085134 #95-159 RT: 6.96-13.35 AV: 65 NL: 1.18E1
T: FTMS + p ESIw SIM ms [1470.00-1570.00]

Relative Abundance

1004
95
907

857
807

75
704
65
60
55

50-]
457
407
35
307

- - N N
S
NN ERENE]

3]
Ll

o

1518.49409

|

1622.71722

1522.21614

1521.71407

1523.21696

1523.72079

1518



100 1522.71745
90~
80{ 1523.21912
g 702
g ok 1523.72079
£ 40
€ 307
203 1524.22246
107 1524.72411
E 1525.22576
. og; 152271722
aE 152221614
80
707
60~
N 1523.21696
407
303 1521.71407 1523,72079
20
193 1521.40318
o 1520 1521 1822 1523 1524 1525 1526
m/z
m/z  Intensity Relative
1484.48115 04 3.00
1490.99176 0.4 3.06
1493.67454 04 3.00
1498.08913 04 3.31
1504.70542 04 3.1
1512.76655 0.4 3.06
1518.49409 04 3.11
1521.71407 3.0 24.07
1521.97530 1.1 9.15
1522.21614 10.1 82.09
1522.47841 0.5 4.25
1522.71722 12.3 100.00
1523.21696 5.2 42.21
1523.72079 29 23.28
1533.60896 05 4.21
1536.06428 04 3.22
1538.39720 0.4 3.64
1543.76495 04 344
1544.42194 04 3.14

NL:
6.22E3

C208 H212 Og Rha:

C208 H212 Og Rh2

p (gss, s /p:40) Chrg 2

R: 50000 Res .Pwr. @FWHM

NL:
1.18E1

FT30246_160331085134#95-

159 RT:6.96-13.35 AV: 65
T: FTMS + p ESIw SIM ms
[1470.00-1570.00]
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1567.22280 04 3.13



Ion trap

FT31959_170120093947 #2-13 RT: 0.30-3.58 AV: 12 NL: 1.38
T: ITMS + p ESIFull ms [1000.00-4000.00]

100 3280.09098

95+

90

807 1633.90911

607 1543.09093
4 1134.45455

2511.81823

3372.18189

Relative Abundance
()
T

3 2053.90912

7 2367.72731

2891.36369 3627.72735

1408.90910

3970.81827

T T T T T [T T T T T T T T T T T ]
2000 2500 3000 3500 4000
m/z
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FTMS

Elemental composition search on mass 3283.04316

m/z= 3278.04316-3288.04316
m/z Theo. Mass Delta RDB Composition
(mmu) | equiv.
3283.04316 3283.05308 -9.92 153.0 C232 Hi64 Og Rh2

Elemental composition search on mass 3283.04316

m/z= 3278.04316-3288.04316
m/z Theo. Mass Delta RDB Composition
(ppm)  equiv.
3283.04316 3283.05308 -3.02 153.0 C232 Hie4 Os Rh2



FT31959_170120093947 #15-20 RT: 4.18-9.18 AV: 6 NL: 1.43E1
T: FTMS + p ESIw SIMms [3234.00-3334.00]

Relative Abundance

100

© ©
o o

®
C‘D (8]
LI

o N N
o o o
Pl bl

(4] (]
o o
Llrrnnd

()}
it
Ll

I
i
1

N
7
1

15
10

(&)}

o

3255.69106

3271.93552

3285.03928

3298.21971

3302.05581

3240

3260

3280

m/z

3300

3320
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Relative Abundance
(4]
o

3285.05983

3286.06318

3287.06652

3288.06984

3283.04316

3285.03928

3284.02699

3287.04106

3288.06119

e L e e s s By B B B By B B B By B
3282

m/z  Intensity

3255.69106
3271.93552
3281.77171
3282.78541
3283.04316
3284.02699
3285.03928
3286.05035
3287.04106
3288.06119
3298.21971
3300.07092
3300.50126
3301.05953
3302.05581
3303.01453

3284 3286
Relative
09 6.39
0.7 4.56
0.8 524
0.7 4.5
2.7 18.58
8.8 60.49
14.6
14.3
12.4
1.8 12.23
0.8 5.75
1.6 11.06
0.6 441
43 29.34
5.2 35091
1.7 11.68

3288

m/z

100.00
98.07
85.35

NL:
2.97E4

C232 He4 Os Rh2:

C232 Hea Og Rh2

p (gss,s /p:8) Chrg 1

R: 15000 Res .Pwr. @FWHM

NL:

1.43E1
FT31959_170120093947#15
-20 RT:4.18-9.18 AV:6 T:
FTMS + p ESIw SIMms
[3234.00-3334.00]
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3303.43364 1.2 824
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Low resolution



FT30309_160411100943 #8-14 RT: 0.11-0.20 AV: 7 NL: 4.98E2
T: ITMS + p ESI Full ms [1000.00-3000.00]

Relative Abundance

100+,

957
907
857

807

1305.9

1259.0

15 12222

'41075.5

E 1180.4

1200

1343.0

1400

1854.5 2401.0

2357.6

1808.6

2708.9

1620.9 1768.0

14934

1600 1800 2000 2200 2400 2600 2800 3000
m/z
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FT30309_160411100943 #8-14 RT: 0.11-0.20 AV:7 NL: 4.98E2
T: ITMS + p ESI Full ms [1000.00-3000.00]

100 2401.0

©
a

2404.0

© 00 ©
o o o

o o N N
o o o O

2357.6

[
a

23965 2407.5

IS
[
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Relative Abundance
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w
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w
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2312.6 2346.7
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T T T AR
2260 2280 2300 2320 2340 2360 2380 2400 2420 2440
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N
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24321

2417.7 2434.4
2430.1

2276.9

N
o

2300.1

-
[$))

2275.3 || 2278.7
2292.2

-
o

[$))

High resolution
Elemental composition search on mass 2397.24065

m/z= 2392.24065-2402.24065
m/z Theo. Mass Delta RDB Composition
(mmu)  equiv.
2397.24065 2397.22394 16.71 57.0 Csg Hs6 Og Brio 81Br2 Rh2
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Elemental composition search on mass 2397.24065

m/z= 2392.24065-2402.24065
m/z Theo. Mass Delta RDB Composition
(ppm)  equiv.
2397.24065 2397.22394 6.97 57.0 Cgg Hs6 O8 Brio 81Br2 Rh2
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FT30309_160411100943 #113-125 RT: 5.90-7.02 AV: 13 NL: 5.40E2
T: FTMS + p ESI Full ms [2000.00-3000.00]

2405.22672
100

90

80

70

D
o

Relative Abundance
B [4)]
o o

2440.20327

w
o

2327.31414

N
o

2077.35698

-
o

| 2524.69046
ﬂ 2249.41932 / 2849.54822 2998.81891
| |

A 4 | dy.
T R R R S B R B I IS I IR

|

R
2200 2400 2600 2800
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FT30309_160411100943 #113-125 RT: 5.90-7.02 AV: 13 NL: 5.40E2

T: FTMS + p ESI Full ms [2000.00-3000.00]

Relative Abundance
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w N &) o
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FT30309_160411100943 #113-125 RT: 5.90-7.02 AV: 13 NL: 1.19E2
T: FTMS + p ESI Full ms [2000.00-3000.00]
100— 2327.31414

©
T

2329.31520

o]
o

~
o

2323.31842

D
o

2330.31858

N
o
Pt v P v v T v P i

Relative Abundance
[4)]
o

2331.31683

w
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N
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2319.32699
2318.31012

-
o

2334.31559

T T T T I ]
2330 2335 2340 2345



FT30309_160411100943 #113-125 RT: 5.90-7.02 AV: 13 NL: 3.10E1
T: FTMS + p ESI Full ms [2000.00-3000.00]

Relative Abundance

100+

2359.28320

2357.28828
2356.32982

2355.29537

2363.28667

2364.28531

2365.28507

2366.28461

2372.13446

2350

2355

2360
m/z

2365 2370
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FT30309_160411100943 #113-125 RT: 5.90-7.02 AV: 13 NL: 5.40E2
T: FTMS + p ESI Full ms [2000.00-3000.00]

100 2405.22672
90
. 2403.22759
80
] 2409.22402
70
g 7
-(.E GOi
% 50 2401.22866 oa11.20504
> B |
S 40-
30
20] 2399.23055 2413.23109
10
] 2397.24065 JLJ L}L 2417.35814 2491 25023
0\\\\\\\\\\\\\\\\\%{\\\\\\\\\\\\\\\\
2390 2395 2400 2405 2410 2415 2420
m/z
m/z  Intensity Relative
2323.31842 814 14.84
2325.31737 118.6 21.63
2326.31583 91.0 16.59
2327.31414 122.2 22.29
2328.31840 93.1 16.99
2329.31520 103.0 18.80
2399.23055 99.0 18.06
2400.23390 97.4 17.77
2401.22866 271.8 49.59
2402.23206 2223 40.55
2403.22759 451.8 82.42
2404.22957 371.3 67.73
2405.22672 548.2 100.00
2406.22699 433.8 79.13
2407.22496 535.7 97.72
2408.22700 383.2 69.90
2409.22402 343.6 62.69
2410.22464 2554 46.59
2411.22544 174.6 31.85
2412.22571 109.7 20.02
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SI-Chapter 3

1. Characterization of Pentane Functionalization Products

The mixtures of products formed from reaction with n-alkanes and n-alkyl compounds
were inseparable by chromatography. Therefore, authentic samples of the products from
functionalization at the C1, C2 and C3 positions of n-pentane were prepared independently
by an alternative method for characterization. Products from functionalizing other n-
alkanes and n-alkyl compounds are reasonably assigned by analogy from the n-pentane

reactions, and confirmed by 'H NMR, '*C NMR, IR and MS.

1.1 General Procedure for SN2 Reaction

O< t-BuOK
Br O ' DMF, 0°C

(0]
Br

A sample of potassium tert-butoxide (t-BuOK) (808 mg, 7.2 mmol, 1.2 equiv.) was
suspended in 10 mL of dry dimethylformamide (DMF) at 0 °C under an N2 atmosphere,
and 2-(4-bromophenyl)acetate (1.37 g, 6.0 mmol, 1 equiv.) was added at once, followed
by the corresponding n-pentyl bromide (1.088 g, 7.2 mmol, 1.2 equiv.) after 10 min. The
reaction solution was allowed to warm up to room temperature, and magnetic stirring was
continued for 1h. Water (10 mL) was added and the solution was extracted with DCM
(2x10 mL). The combined organic layer was washed with saturated, aqueous solution of
NH4ClI (10 mL) and water (10 mL), dried over MgSO4 (5 g) and filtered. Then the filtrate
was concentrated, and the resulting crude mixture was separated by flash chromatography

on silica gel to obtain pure compound.

Below is shown the experimental data for each reaction:



291

mo\ Br t-BuOK
+ _—
Br O W DM F, ooC

Methyl 2-(4-bromophenyl)heptanoate. This compound was prepared according to the

general procedure for Sn2 reaction. t-BuOK (804 mg, 7.2 mmol, 1.2 equiv.), methyl 2-(4-
bromophenyl)acetate (1.38 g, 6.0 mmol, 1 equiv.) and 1-bromopentane (1.09 g, 7.2 mmol,
1.2 equiv.) were used. The crude residue was analyzed by '"H NMR and purified by flash
column chromatography (hexanes/diethyl ether = 65/1) to afford the product as colorless
oil in 93% overall yield (1.67 g).

"H NMR (600 MHz, CDCls) § 7.43 (d, J = 8.4 Hz, 2H), 7.18 (d, J = 8.5 Hz, 2H), 3.64 (s,
3H), 3.50 (t, J = 7.7 Hz, 1H), 2.09 — 1.98 (m, 1H), 1.77 — 1.68 (m, 1H), 1.32 — 1.16 (m,
6H), 0.85 (t, J = 6.8 Hz, 3H); >*C NMR (151 MHz, CDCl3) § 174.2, 138.3, 131.7, 129.7,
121.2, 52.0, 51.1, 33.5, 31.5, 27.2, 22.5, 14.0, HRMS (NSI) calcd for Ci4H20BrO:
(IM+H]"): 299.0641 found 299.0641; IR (neat): 2952, 2928, 2858, 1733, 1488, 1434, 1239,
1158, 1010, 820, 756.

®) )
/©/\,(o\ Br £BuOK H H H7] H
+ - > o) + e
Br o) )\/\ DME, 0°C @) ~ Gl ~
Br © Br ©
() #)

Methyl 2-(4-bromophenyl)-3-methylhexanoate. The compounds were prepared
according to the general procedure for SN2 reaction. t-BuOK (807 mg, 7.2 mmol, 1.2
equiv.), methyl 2-(4-bromophenyl)acetate (1.37 g, 6.0 mmol, 1 equiv.) and 2-
bromopentane (1.09 g, 7.2 mmol, 1.2 equiv.) were used. The crude residue was analyzed
by 'H NMR and purified by flash column chromatography (hexanes/diethyl ether = 65/1)
to afford the product as a colorless oil in 92% overall yield (1.65 g).

HRMS (NSI) caled for C14H20BrO2 ([M+H]"): 299.0641 found 299.0649; IR (neat):2956,
2930, 2871, 1733, 1487, 1196, 1161, 1145, 1073, 1010, 818, 761.
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'H NMR (600 MHz, CDCl3) § 7.43 (d, J = 7.4 Hz, 2H), 7.22 (d, J = 7.6 Hz, 2H), 3.65 (s,
3H), 3.23 (d, J = 10.6 Hz, 1H), 2.23 — 2.10 (m, 1H), 1.36 — 1.30 (m, 1H), 1.19 — 1.11 (m,
1H), 1.08 (ddd, J = 10.0, 8.2, 4.7 Hz, 1H), 0.99 (d, J = 6.6 Hz, 3H), 0.87 (dtd, J = 14.7,
10.0, 4.7 Hz, 1H), 0.77 (t, J = 7.2 Hz, 3H); 3C NMR (151 MHz, CDCLs) § 174.2, 137.3,
131.7, 130.4, 121.3, 58.3, 52.0, 36.3, 35.7, 19.6, 17.9, 14.2.

'H NMR (600 MHz, CDCls) § 7.43 (d, J = 8.5 Hz, 2H), 7.20 (d, J = 8.5 Hz, 2H), 3.65 (s,
3H),3.21 (d, J = 10.5 Hz, 1H), 2.23 — 2.10 (m, 1H), 1.36 — 1.30 (m, 1H), 1.19 — 1.11 (m,
1H), 1.08 (ddd, J = 10.0, 8.2, 4.7 Hz, 1H), 0.91 (t, J = 7.1 Hz, 3H), 0.87 (dtd, J = 14.7,
10.0, 4.7 Hz, 1H), 0.66 (d, J = 6.7 Hz, 3H); '3C NMR (151 MHz, CDCls) § 174.2, 137.3,
131.7, 1304, 121.3, 58.3, 52, 36.3, 35.7, 19.6, 17.9, 14.2.

+ _— > ~N
Br (0] \)\/ DM F, 0°C H

Br ©
(%)

Methyl 2-(4-bromophenyl)-3-ethylpentanoate. This compound was prepared according
to the general procedure for Sn2 reaction. t-BuOK (805 mg, 7.2 mmol, 1.2 equiv.), methyl
2-(4-bromophenyl)acetate (1.38 g, 6.0 mmol, 1 equiv.) and 3-bromopentane (1.09 g, 7.2
mmol, 1.2 equiv.) were used. The crude residue was analyzed by 'H NMR and purified by
flash column chromatography (hexanes/diethyl ether = 65/1) to afford the product as a
colorless oil in 85% overall yield (1.53 g).

"H NMR (600 MHz, CDCls) § 7.43 (d, J = 8.5 Hz, 2H), 7.23 (d, J = 8.5 Hz, 2H), 3.64 (s,
3H), 3.41 (d, J=11.0 Hz, 1H), 2.08 (m, 1H), 1.54 — 1.32 (m, 2H), 1.22 (m, 1H), 1.01 (m,
1H), 0.90 (t, J = 7.5 Hz, 3H), 0.70 (t, J = 7.5 Hz, 3H); *C NMR (151 MHz, CDCls) §
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174.4,137.3,131.7,130.5,121.3,55.0, 52.0,42.9,22.8,20.9, 10.3, 9.5; HRMS (NSI) caled
for C14H20BrO2 ([M+H]"): 299.0641 found 299.0645; IR (neat): 2962, 2875, 1733, 1487,
1159, 1141, 1073, 1010, 817, 763.
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1.2 General Procedure for Trichloroethyl Ester Synthesis

Cl,e” >
oL NeOH OH DCC, DMAP _CCls
o) MeOH, HZO 45°C DCM, 0°C

Br

Ester (299 mg, 1 mmol, 1.0 equiv.), 3 mL of methanol and SmL of water were placed in a
25 mL round bottomed flask mounted over a magnetic stirrer and maintained at 45°C.
NaOH (88 mg, 2.2 mmol, 2.2 equiv.) was added and the mixture were stirred. The reactions
were quenched invariably after 60 min by addition of 5 mL of water and acidified to pH =
2 with 6 N hydrochloric acid and extracted with diethyl ether (3x10 mL). The combined
organic phase was washed by water (3x10 mL), saturated NaCl aqueous solution (3x10
mL) and dried with Na>SO4 and then concentrated to obtain the crude without further
purification. To a stirred solution of crude acid in dry DCM (4 mL) cooled in an ice bath
was added 2,2,2-trichloroethanol (179 mg, 1.2 mmol, 1.2 equiv.) and 4-
Dimethylaminopyridine (DMAP) (37 mg, 0.3 mmol, 0.3 equiv.). A solution of N,N-
Dicyclohexylcarbodiimide (DCC) (227 mg, 1.1 mmol, 1.1 equiv.) in DCM (5 mL) was
added slowly into the cold solution, then the reaction mixture was stirred overnight and
allowed to warm up to room temperature. The mixture was transferred to a 25-mL filter
funnel loaded with a 2 inches silica plug, then the mixture was flashed with diethyl ether
(30 mL). The filtrate was concentrated, and the resulting crude mixture was separated by

flash chromatography on silica gel to obtain pure compound.

Below shown the experimental data for each reaction:

Cl,c” OH
oo NaOH oy  DCC.DMAP o
MeOH, H,0, 45°C DCM, 0°C H
o) » H0, o) , o ccl
Br Br Br 3

(#)
2,2,2-trichloroethyl 2-(4-bromophenyl)heptanoate. The compounds were prepared
according to the general procedure for trichloroethyl ester synthesis. Methyl 2-(4-
bromophenyl)heptanoate (297 mg, 1 mmol, 1.0 equiv.), NaOH (89 mg, 2.2 mmol, 2.2
equiv.), 2,2,2—trichloroethanol (180 mg, 1.2 mmol, 1.2 equiv.), DMAP (38 mg, 0.3 mmol,
0.3 equiv.) and DCC (228 mg, 1.1 mmol, 1.1 equiv.) were used. The crude residue was
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analyzed by 'H NMR and purified by flash column chromatography (hexanes/diethyl ether
= 65/1) to afford the product as a colorless oil in 82% overall yield (342 mg).

"H NMR (600 MHz, Chloroform—d) § 7.45 (d, J = 8.4 Hz, 2H), 7.23 (d, J = 8.5 Hz, 2H),
4.74 (d, J=12.0 Hz, 1H), 4.68 (d, J = 12.0 Hz, 1H), 3.65 (t, J = 7.7 Hz, 1H), 2.15 - 2.05
(m, 1H), 1.92 (d, J = 9.5 Hz, 2H), 1.85 — 1.77 (m, 1H), 1.77 — 1.70 (m, 2H), 1.61 — 1.53
(m, 1H), 1.22 —1.17 (m, 1H), 0.88 — 0.84 (t, J = 3.8 Hz, 3H); *C NMR (151 MHz, CDCI3)
6172.1,137.3,131.9,130.0,121.6,94.9,77.4,77.2,77.0,74.2,51.1,33.2,31.6,27.2,22.6,
14.1; HRMS (NSI) calcd for CisHisNaBrCl1302 ([M+Na]"): 436.9448 found 436.9488; IR
(neat):2953, 2928, 2858, 1749, 1487, 1371, 1205, 1138, 1073, 1011, 822, 801, 753, 716.

Cl,C” OH
/53;/0\ o /5);/OH e /&Ow
MeOH, H,0, 45°C DCM, 0°C
Br © Br © Br © CCly

2,2,2-trichloroethyl-2-(4-bromophenyl)-3-methylhexanoate. The compounds were

prepared according to the general procedure for trichloroethyl ester synthesis. Methyl 2-
(4-bromophenyl)heptanoate (298 mg, 1 mmol, 1.0 equiv.), NaOH (90 mg, 2.2 mmol, 2.2
equiv.), 2,2,2—trichloroethanol (178 mg, 1.2 mmol, 1.2 equiv.), DMAP (38 mg, 0.3 mmol,
0.3 equiv.) and DCC (229 mg, 1.1 mmol, 1.1 equiv.) were used. The crude residue was
analyzed by 'H NMR and purified by flash column chromatography (hexanes/diethyl ether
= 65/1) to afford the product as a colorless oil in 78% overall yield (325 mg).

HRMS (NSI) caled for CisHisNaBrCl302 ([M+Na]"): 436.9448 found 436.9489; IR
(neat):2957, 2931, 2872, 1747, 1487, 1116, 1073, 1010, 824, 758, 714;

'H NMR (600 MHz, CDCls) & 7.44 (d, J = 0.9 Hz, 2H), 7.25 (d, J = 8.4 Hz, 2H), 4.77 (d,
J=12.0 Hz, 1H), 4.63 (d,J = 12.0 Hz, 1H), 3.38 (d, J = 10.6 Hz, 1H), 2.33 —2.19 (m, 1H),
1.40 - 1.30 (m, 1H), 1.21 - 1.09 (m, 2H), 1.05 (d, J = 7.6 Hz, 3H), 0.99-0.83 (m, 1H), 0.77
(t, J=7.2 Hz, 3H); 3C NMR (151 MHz, CDCls) § 171.9, 136.3, 131.8, 130.6, 121.7, 94.9,
74.2,58.2,36.0,35.6, 19.6, 17.9, 14.2.
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'H NMR (600 MHz, CDCls) & 7.45 (d, J = 8.6 Hz, 2H), 7.25 (d, J = 8.4 Hz, 2H), 4.75 (d,
J=12.0 Hz, 1H), 4.65 (d,J = 12.0 Hz, 1H), 3.37 (d, = 10.5 Hz, 1H), 2.34 —2.19 (m, 1H),
1.52 — 1.42 (m, 1H), 1.26 — 1.08 (m, 2H), 0.91 (t, J = 7.1 Hz, 3H), 0.99 — 0.83 (m, 1H),
0.70 (d, J = 6.7 Hz, 3H); 3C NMR (151 MHz, CDCL3) § 172.0, 136.4, 131.8, 130.6, 121.7,
94.9,74.3,58.2,37.6,36.1,20.0, 16.7, 14.4.

Cl,c” OH
o NaOH oy  DCC. DMAP o
MeOH, H,0, 45°C DCM, 0°C H ‘
Br © Br © Br ©  CCh

()

2,2,2-trichloroethyl 2-(4-bromophenyl)-3-ethylpentanoate(19). The compounds were
prepared according to the general procedure for trichloroethyl ester synthesis. Methyl 2-
(4-bromophenyl)heptanoate (300 mg, 1 mmol, 1.0 equiv.), NaOH (89 mg, 2.2 mmol, 2.2
equiv.), 2,2,2-trichloroethanol (179 mg, 1.2 mmol, 1.2 equiv.), DMAP (39 mg, 0.3 mmol,
0.3 equiv.) and DCC (228 mg, 1.1 mmol, 1.1 equiv.) were used. The crude residue was
analyzed by 'H NMR and purified by flash column chromatography (hexanes/diethyl ether
= 65/1) to afford 19 as a colorless oil in 75% overall yield (312 mg).
"H NMR (600 MHz, Chloroform—d) & 7.45 (d, J = 8.4 Hz, 2H), 7.27 (d, J = 8.5 Hz, 2H),
4.76 (d,J=12.1 Hz, 1H), 4.62 (d, J=12.1 Hz, 1H), 3.55 (d, J=11.1 Hz, 1H), 2.22 - 2.11
(m, 1H), 1.54 — 1.41 (m, 2H), 1.26-1.15 (m, 1H), 1.10 — 1.03 (m, 1H), 0.92 (t, J= 7.5 Hz,
3H), 0.73 (t, J = 7.5 Hz, 3H); >*C NMR (151 MHz, CDCl3) § 172.1, 136.3, 131.8, 130.6,
121.7, 949, 74.3, 559, 35.1, 25.6, 24.8, 10.2, 9.5; HRMS (NSI) calcd for
C15sH1sNaBrCl:02 ([M-H]"): 436.9448 found 436.9487; IR (neat): 2964, 2876, 1734, 1488,
1160, 1142, 1674, 1011, 818, 764.
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1.3 Characterization of the pentane C2 insertion product

2,2,2-trichloroethyl (2S,3R)-2-(4-bromophenyl)-3-methylhexanoate.

This compound was prepared according to the general procedure A for Rhz2[R-3,5-di(p-
'BuC¢H4)TPCPJs-catalyzed ~C-H  functionalization. ~ 2,2,2-Trichloroethyl — 2-(4-
bromophenyl)-2-diazoacetate (0.35 mmol, 130 mg, 1.0 equiv.) in 3 mL n-pentane and
Rh2[R-3,5-di(p-BuCsH4)TPCP]4 (0.0035 mmol, 9 mg, 1 mol%.) in 5 mL n-pentane were
used. The crude residue was analyzed by 'H NMR and purified by flash column
chromatography (hexanes/diethyl ether = 65/1) to afford the product as a colorless oil (144
mg, 99% yield).

Analysis of the NMR spectrum of the crude reaction mixture revealed that the C1: C2 ratio
was 1: 25, C3 was not detected; and the dr of C2 was 20: 1, favoring the (2S, 3R) and (2R,
3S) over the (25, 3S) and (2R, 3R).

HPLC (in order to improve the separation, the product was converted to 2-(4-
bromophenyl)-3-methylhexan-1-ol prepared using DIBAL in DCM at -78 °C), (S,S-
Whelk, 0.5% isopropanol in hexane, 0.7 mL/min, 1 mg/mL, 160 min, UV 210 nm)
retention times of 84.0 min (major) and 142.4 min (minor), 99% e.e..

[0]*°p 15.2° (c = 1.00, CHCl3); TLC (diethyl ether: hexanes, 1:9 v/v); '"H NMR (600 MHz,
CDCl3) 6 7.44 (d,J=0.9 Hz, 2H), 7.25 (d, J = 8.4 Hz, 2H), 4.77 (d, J = 12.0 Hz, 1H), 4.63
(d, J=12.0 Hz, 1H), 3.38 (d, J=10.6 Hz, 1H), 2.33 — 2.19 (m, 1H), 1.40 — 1.30 (m, 1H),
1.21-1.09 (m, 2H), 1.05 (d, J=7.6 Hz, 3H), 0.99 — 0.83 (m, 1H), 0.77 (t, J= 7.2 Hz, 3H);
13C NMR (151 MHz, CDCl3) § 171.9, 136.3, 131.8, 130.6, 121.7, 94.9, 74.2, 58.2, 36.0,
35.6, 19.6, 17.9, 14.2; HRMS (NSI) calcd for CisHisNaBrCl302 ([M+Na]"): 436.9448
found 436.9489; IR (neat):2957, 2931, 2872, 1747, 1487, 1116, 1073, 1010, 824, 758, 714;
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Br
Methyl (2S,3R)-2-(4-bromophenyl)-3-methylhexanoate. This compound was prepared
according to the general procedure A for Rh2[R-3,5-di(p-"BuCsH4) TPCPJ4-catalyzed C—H
functionalization. Methyl 2-(4-bromophenyl)-2-diazoacetate (0.35 mmol, 89 mg, 1.0
equiv.) in 3 mL n-pentane and Rh2[R-3,5-di(p-BuCsH4)TPCP]4 (0.0035 mmol, 9 mg, 1
mol%.) in 5 mL n-pentane were used. The crude residue was analyzed by '"H NMR and
purified by flash column chromatography (hexanes/diethyl ether = 65/1) to afford the
product as a colorless oil (98 mg, 94% yield).

Analysis of the NMR spectrum of the crude reaction mixture revealed that the C1: C2 ratio
was 1: 18, C3 was not detected; and the dr of C2 was 8: 1, favoring the (2S, 3R) and (2R,
3S) over the (2S5, 3S) and (2R, 3R).

[0]*°p 35.5° (¢ = 1.00, CHCI3); TLC (diethyl ether: hexanes, 1:9 v/v); 'H NMR (600 MHz,
CDCls) 6 7.44 (d, J=7.4 Hz, 2H), 7.21 (d, J = 7.6 Hz, 2H), 3.64 (s, 3H), 3.23 (d, J = 10.6
Hz, 1H), 2.22 - 2.10 (m, 1H), 1.36 — 1.28 (m, 1H), 1.10 (m, 1H), 0.98 (d, J = 6.6 Hz, 3H),
0.86 (m, 1H), 0.76 (t, J= 7.2 Hz, 3H); *C NMR (151 MHz, CDCl3) § 174.2, 137.3, 131.7,
130.4, 121.3, 58.3, 52.0, 36.3, 35.7, 19.6, 17.9, 14.2; HRMS (NSI) calcd for C14H20BrO:
(IM+H]"): 299.0641 found 299.0649; IR (neat):2956, 2930, 2871, 1733, 1487, 1196, 1161,
1145, 1073, 1010, 818, 761; HPLC (to improve the separation, the product was converted
to 2-(4-bromophenyl)-3-methylhexan-1-ol prepared using DIBAL in DCM at -78 °C),
(S,S-Whelk, 0.5% isopropanol in hexane, 0.7 mL/min, 1 mg/mL, 160 min, UV 210 nm)

retention times of 86.2 min (major) and 141.5 min (minor), 92% e.e..

Br
2,2,2-Trifluoroethyl (2S,3R)-2-(4-bromophenyl)-3-methylhexanoate. This compound
was prepared according to the general procedure A for Rh2[R-3,5-di(p-'BuCsHa) TPCP]s-
catalyzed C—H functionalization. 2,2,2-Trifluoroethyl 2-(4-bromophenyl)-2-diazoacetate
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(0.35 mmol, 113 mg, 1.0 equiv.) in 3 mL n-pentane and Rhz[R-3,5-di(p-BuCsH4)TPCP]4
(0.0035 mmol, 9 mg, 1 mol%.) in 5 mL n-pentane were used. The crude residue was
analyzed by 'H NMR and purified by flash column chromatography (hexanes/diethyl ether
= 65/1) to afford the product as a colorless oil (123 mg, 96% yield).

Analysis of the NMR spectrum of the crude reaction mixture revealed that the C1: C2 ratio
was 1: 30, C3 was not detected; and the dr of C2 was 15: 1, favoring the (2S, 3R) and (2R,
3S) over the (25, 3S) and (2R, 3R).

[0]*°D 26.1° (c = 1.00, CHCl3); TLC (diethyl ether: hexanes, 1:9 v/v); '"H NMR (600 MHz,
CDCl3) 6 7.46 (d, J= 8.5 Hz, 2H), 7.22 (d, J= 8.5 Hz, 2H), 4.55 (dd, J=12.7, 8.4 Hz, 1H),
4.33(dd,J=12.7,8.4 Hz, 1H), 3.35(d, J=10.6 Hz, 1H), 2.25-2.16 (m, 1H), 1.40 — 1.31
(m, 1H), 1.20 — 1.13 (m, 1H), 1.10 (m, 1H), 1.01 (d, J = 6.5 Hz, 3H), 0.94 — 0.85 (m, 1H),
0.77 (t, J = 7.2 Hz, 3H); 3*C NMR (151 MHz, CDCl3) § 172.1, 136.2, 131.9 130.4, 121.8,
60.4 (q, J = 36.7 Hz), 57.8, 36.3, 35.6, 19.5, 17.6, 14.1; HRMS (APCI) caled for
C15sH1702BrF; ([M-H]"): 365.0369 found 365.0370; IR (neat): 2961, 2932, 1753, 1489,
1279, 1164, 1122, 1074, 1011, 979, 819; HPLC (to improve the separation, the product
was converted to 2-(4-bromophenyl)-3-methylhexan-1-ol prepared using DIBAL in DCM
at -78 °C), (S,S-Whelk, 0.5% isopropanol in hexane, 0.7 mL/min, 1 mg/mL, 160 min, UV

210 nm) retention times of 84.8 min (major) and 141.4 min (minor), 99% e.e..

Br
2,2,2-Tribromoethyl (2S,3R)-2-(4-bromophenyl)-3-methylhexanoate.This compound
was prepared according to the general procedure A for Rhz[R-3,5-di(p-BuCsH4)TPCP]Ja-
catalyzed C—H functionalization. 2,2,2-Tribromoethyl 2-(4-bromophenyl)-2-diazoacetate
(0.35 mmol, 177mg, 1.0 equiv.) in 3 mL n-pentane and Rh2[R-3,5-di(p-'BuCsH4)TPCP]4
(0.0035 mmol, 9 mg, 1 mol%.) in 5 mL n-pentane were used. The crude residue was
analyzed by 'H NMR and purified by flash column chromatography (hexanes/diethyl ether
= 65/1) to afford the product as a colorless oil (183 mg, 95% yield).
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Analysis of the NMR spectrum of the crude reaction mixture revealed that the C1: C2 ratio
was 1: 19, C3 was not detected; and the dr of C2 was 21: 1, favoring the (25, 3R) and (2R,
3S) over the (2S, 3S) and (2R, 3R).

[0]*°p 6.8° (c = 1.00, CHCI3); TLC (diethyl ether: hexanes, 1:9 v/v); '"H NMR (600 MHz,
CDCls) 6 7.45 (d, J=8.4 Hz, 2H), 7.28 (d, J = 8.4 Hz, 2H), 4.92 (d, J=12.3 Hz, 1H), 4.84
(d, J=12.3 Hz, 1H), 3.40 (d, J=10.6 Hz, 1H), 2.28 (m, 1H), 1.41 — 1.30 (m, 1H), 1.22 —
1.10 (m, 2H), 1.08 (d, J = 6.5 Hz, 3H), 0.97 — 0.89 (m, 1H), 0.78 (t, J = 7.2 Hz, 3H); *C
NMR (151 MHz, CDCl3) 6 171.6, 136.4, 131.8, 130.7, 121.6, 58.4, 35.9, 35.6, 35.4, 19.5,
18.0, 14.2; IR (neat): 2958, 2929, 1745, 1712, 1488, 1361, 1220, 1115, 1073, 1010, 715,
630; HRMS (NSI) caled for C1sH1902Br3*'Br ([M+H]"): 548.8092 found 548.8105; HPLC
(to improve the separation, the product was converted to 2-(4-bromophenyl)-3-
methylhexan-1-ol prepared using DIBAL in DCM at -78 °C), (S,S-Whelk, 0.5%
isopropanol in hexane, 0.7 mL/min, 1 mg/mL, 160 min, UV 210 nm) retention times of

84.4 min (major) and 144.6 min (minor), 98% e.e..
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1.4 Determination of the Absolute Stereochemistry of the C—H Functionalization Products.

The absolute stereochemistry of the 2,2,2-trichloroethyl-2-(4-bromophenyl)-3-
methylhexanoate was determined by the 'H NMR spectra and the HPLC spectra of the
authentic product derived from (S)-2-pentanol. Diastereomers were determined from 'H
NMR spectra; then the absolute stereochemistry was further determined by comparing the
HPLC spectra of each derivatives of the authentic sample, racemic sample and the C—H
insertion product of n-pentane.

Procedure for the synthesis of authentic sample derived from (S)-2-pentanol

o
NG 1.MsCl, Et;N, DCM, 0°C, 1h  ~_~(- Br 0

OH 2. NaHCO3, H,0 OMs £-BuOK, DMF, 0°C

DIBAL

DCM, -78 °C

Br
At room temperature, a three-neck flask with internal thermometer, dropping funnel and
stirrer under N2 atmosphere; (S)-2-pentanol (882 mg, 10 mmol, 1.0 equiv.), triethylamine
(1.32 g, 13 mmol, 1.3 equiv.) and dried DCM (10 mL) were placed. To the mixture,
methanesulfonyl chloride (MsClI) (1.49 g, 13 mol, 1.3 equiv.) was added undiluted within
5 min at 0 °C, where a precipitate was formed. Subsequently, the mixture was stirred for
60 min at 0 °C, hydrolyzed with 30 mL of saturated sodium hydrogencarbonate solution
and stirred for 15 min. After phase separation, the mixture was washed with 30 mL of water
and the organic phase was then dried over sodium sulfate and solvent was distilled to give
colorless oil, the crude was used directly for the next step without further purification.

A round bottom flask with stirrer was initially charged with t-BuOK (817 mg, 7.3 mmol,
1.2 equiv.) and cooled down to 0 °C, vacuum/N: three times to maintain N2 atmosphere,
then 10 mL of dry DMF was added and maintain at 0 °C for 10 min. Subsequently, methyl
2-(4-bromophenyl)acetate (1.39 g, 6.1 mmol, 1.0 equiv.) was added dropwise at 0 °C. The
clear mixture was stirred at 0°C for 10 min, and (S)-pentan-2-yl methanesulfonate (1.21 g,

7.3 mmol, 1.2 equiv.) was added undiluted. The mixture was cooled to 0°C and stirred for
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2 h. After warmed up to 25°C, the suspension was added with 10 mL of water and extracted
with 25 mL of ethyl acetate, the organic phase was washed with 15 mL of saturated NaCl
aqueous solution and then dried over magnesium sulfate. After solvent had been distilled,
the crude mixture was purified by silica gel column chromatography (hexanes/diethyl ether
= 65/1) to give colorless oil.

To a stirred solution of the ester (0.1 mmol, 1.0 equiv.) in DCM (3 mL) was added 1 M
DIBAL in DCM (0.22 mL, 0.22 mmol, 2.2 equiv.) slowly at -78 °C. The mixture was
stirred for 2 h and allowed to warm up to rt. Methanol (0.5 mL) was added into the reaction
solution and stirred for 20 min. The reaction mixture was extracted by DCM, the organic
layer was washed with saturated NaCl (10 mL). The organic layer was dried (MgSO4) and
filtered. Then the filtrate was concentrated, and the resulting crude residue was analyzed
by 'H NMR and purified by flash column chromatography (hexanes/diethyl ether = 9/1) to

give white solid.
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1.5 NMR Spectra
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1.6 HPLC Spectra

Authentic samples of C2 insertion products of pentane were synthesized, and the
corresponding derivatives were separated on the HPLC. Then the diastereomers were
differentiated and assigned by dr which was obtained from 1H NMR spectrum.

+ _—
Br 0 A~ DMF, 0°C

DIBAL

_—

DCM, -78 °C

- Different Y units

# Time [Min]  Area % [%]
1 86.20 50.191
2 138.60 49.809
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Authentic samples of C3 and C1 insertion products of pentane were synthesized. In order
to confirm the assignments of the peaks of C2 insertion products on the HPLC, the
corresponding derivatives of C3 and C1 insertion products were run on the HPLC under
the same condition as C2 insertion products’. From the following HPLC spectra, the
retention times of the derivatives of C3 and C1 insertion products were different from the
retention times of the derivatives of C2 insertion products. In conclusion, the assignments
of the peaks of C2 insertion products were confirmed.

N tBuOK
m * /\(\ N
Br 0 Br DMF, 0°C H

Br ©
(£)
DIBAL
> OH +
DCM, -78 °C H
Br
2803- MAU KL-N3-85-OH-(C3)-160MIN-0.7ML-0.5%-210-23026.DATA [Abs Chan 1]
2603
2403
2203
2003
1803
1603
1403
1203
1003
803
603
401
203}
03
-201 T =
_401- ) ) ) ) ) ) ) ) ) ) RT [min]
60 70 80 90 100 110 120 130 140 150
# Time [Min]  Area % [%]
2 61.58 51.892

1 127.64 48.108
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mo\ Br t-BuOK
+
Br 0 NN DMF, 0°C

DIBAL

DCM, -78 °C

2805 | Different Y units [(KL-N3-T25(CT)-OH-RAC-SS-2400MIN-0.7ML-0.5%-210-230NVH0.DATA TAbs Chan T]

2603

240}
2204
200%
1801
1603
1405-
1203
100}
80}
eog-
405-

203

-20] —
_402.

-t —+————+————+—————+— T+ 7+ T+t .R-I:[r.rin:]
40 50 60 70 80 90 100 110 120 130 140 150 160
# Time [Min]  Area % [%]

1 83.27 100.000

The enantiomers cannot be separated under this condition
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iSRS
NPRO% 1.MsCLEGN,DCM,0°C, 1h  ~ -~ Br 0

OH 2. NaHCOj,, H,0 OMs t-BUOK, DMF, 0°C

DIBAL

DCM, -78 °C

1002_ Different Y units

BORT[mn]
75 80 8 9 9 100 105 110 115 120 125 130 135 140 145 150 155 160
Time [Min]  Area % [%]

85.83 60.072 >99% e.e.

2 151.33 39.928 >99% e.e.

—
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2. Characterization of 2-Methylpentane Functionalization Products

2.1 Characterization

Br

(s)
CO,CH,CCls

2,2,2-Trichloroethyl (S)-2-(4-bromophenyl)-6-methylheptanoate. [0]*’p +5.9° (¢ =
1.00, CHCI3); TLC (diethyl ether: hexanes, 1:20 v/v); 'H NMR (600 MHz, CDCl3) § 7.45
(d,J = 8.4 Hz, 2H), 7.23 (d, J = 8.4 Hz, 2H), 4.74 (d, J = 12.0 Hz, 1H), 4.68 (d, J = 12.0
Hz, 1H), 3.65 (t, J = 7.7 Hz, 1H), 2.10 (dddd, J = 13.7, 9.9, 8.1, 5.6 Hz, 1H), 1.79 (dddd,
J=13.3,10.1,7.4,5.4 Hz, 1H), 1.50 (tt, J = 13.2, 6.6 Hz, 1H), 1.36 — 1.25 (m, 2H), 1.22
—1.13 (m, 2H), 0.84 (d, J = 6.5 Hz, 3H), 0.83 (d, J = 6.5 Hz, 3H); >C NMR (151 MHz,
CDCl3) 0 172.14,137.32,131.90,129.98, 121.63, 94.95, 74.21, 51.17, 38.64, 33.47,27.90,
25.35, 22.72, 22.62; HRMS (NSI) calcd for CicH19BrClz02 ([M-HJ): 426.9629 found
426.9635; IR (neat): 2954, 2926, 2868, 1752, 1488, 1466, 1368, 1261, 1142, 1121, 1074,
1012, 823, 800, 758, 720.

Br

CO,CHj3

Methyl 2-(4-bromophenyl)-6-methylheptanoate. TLC (diethyl ether: hexanes, 1:20 v/v);
"H NMR (600 MHz, CDCl3) § 7.44 (d, J = 8.4 Hz, 2H), 7.18 (d, J = 8.3 Hz, 2H), 3.65 (s,
3H), 3.50 (t, J = 7.7 Hz, 1H), 2.01 (dt, J = 13.9, 6.8 Hz, 1H), 1.71 (td, J = 13.9, 7.2 Hz,
1H), 1.49 (dp, J = 13.2, 6.6 Hz, 1H), 1.20 (m, 4H), 0.84 (d, J = 6.4 Hz, 3H); *C NMR
(151 MHz, CDCls) 0 174.32, 138.38, 131.82, 129.82, 121.26, 77.37, 77.16, 76.95, 52.18,
51.21, 38.67, 33.80, 27.86, 25.38, 22.69, 22.66; HRMS (NSI) calcd for CisH22BrO:
([M+H]"): 313.0798 found 313.0799; IR (neat): 2951, 2867, 1735, 1488, 1434, 1213, 1192,
1159, 1074, 1011, 820, 759.
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Br

S
CO,CH,CF

2,2,2-Trifluoroethyl (S)-2-(4-bromophenyl)-6-methylheptanoate. [a]*’p +29.6° (c =
1.00, CHCI3); TLC (diethyl ether: hexanes, 1:20 v/v); 'H NMR (600 MHz, CDCl3) J 7.46
(d, J=7.2 Hz, 2H), 7.18 (d, ] = 8.2 Hz, 2H), 4.53 (ddq, J = 16.9, 12.8, 8.4 Hz, 1H), 4.35
(ddq, J=29.5,12.8, 8.5 Hz, 1H), 3.61 (t, J =7.7 Hz, 1H), 2.04 (ddt, J = 14.2, 8.3, 4.3 Hz,
1H), 1.80—1.70 (m, 1H), 1.49 (dq, J = 13.2, 6.6 Hz, 1H), 1.32 — 1.26 (m, 2H), 1.20 — 1.15
(m, 2H), 0.84 (d, J = 6.2 Hz, 3H), 0.84 (d, ] = 6.2 Hz, 3H); '*C NMR (151 MHz, CDCls) 6
172.30, 137.21, 131.99, 130.47, 129.78, 125.72, 123.88, 122.05, 120.21, 60.95, 60.71,
60.47, 60.23, 50.83, 38.58, 33.64, 27.87, 25.24, 22.66, 22.60; HRMS (NSI) calcd for
C16H20BrF302 ([M]"): 380.0593 found 380.0594; IR (neat): 2956, 2928, 2870, 1755, 1489,
1407, 1281, 1167, 1143, 1075, 1012, 978, 819.

Br

(S)
COQCHQCBI’:;

2,2,2-Tribromoethyl (S)-2-(4-bromophenyl)-6-methylheptanoate. [a]*’p +9.7° (¢ =
1.00, CHCI3); TLC (diethyl ether: hexanes, 1:20 v/v); 'H NMR (600 MHz, CDCl3) § 7.45
(d, J = 8.5 Hz, 2H), 7.26 (d, J = 8.4 Hz, 2H), 4.89 (d, J = 6.2 Hz, 2H), 3.67 (t, = 7.7 Hz,
1H), 2.14 (dddd, J = 13.6, 10.0, 8.0, 5.5 Hz, 1H), 1.81 (dddd, J = 13.3, 10.2, 7.5, 5.4 Hz,
1H), 1.50 (dp, J = 13.2, 6.6 Hz, 1H), 1.37 — 1.25 (m, 3H), 1.21 (m, 2H), 0.84 (d, J = 6.7
Hz, 3H), 0.83 (d, J = 6.7 Hz, 3H); '*C NMR (151 MHz, CDCl3) 6 171.86, 137.35, 131.88,
130.10, 121.61, 77.10, 51.32, 38.66, 33.40, 27.91, 25.41, 22.75, 22.64; HRMS (NSI) calcd
for C1sH21Br402 ([M+H]"): 560.8270 found 560.8278; IR (neat): 2952, 2867, 1747, 1488,
1466, 1366, 1140, 1117, 1073, 1011, 821, 727.
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(’j& (5L CO,CH,CCl,
Y

2,2,2-Trichloroethyl (2S,3R)-2-(4-bromophenyl)-3,5-dimethylhexanoate.[0]*’p +14° (c
=1.00, CHCI3); TLC (diethyl ether: hexanes, 1:20 v/v); '"H NMR (500 MHz, CDCl3) 6 7.45
(d, J=18.6 Hz, 2H), 7.23 (d, J = 8.4 Hz, 2H), 4.77 (d, J = 12.0 Hz, 1H), 4.63 (d, J = 12.0
Hz, 1H), 3.33 (d, J = 10.5 Hz, 1H), 2.29 (dddd, J = 16.8, 10.4, 6.5, 3.6 Hz, 1H), 1.03 (d, J
= 6.5 Hz, 3H), 0.93 — 0.81 (m, 3H), 0.79 (d, J = 6.6 Hz, 3H), 0.74 (d, J = 6.5 Hz, 3H); 13C
NMR (126 MHz, CDCIs) 6 171.97, 136.31, 131.83, 130.61, 121.70, 74.24, 58.79, 43.02,
34.25, 25.08, 24.18, 21.06, 18.04; HRMS (NSI) calcd for CisH21BrCl:02 ([M+H]):

428.9785 found 428.9793; IR (neat): 2956, 2928, 2869, 1750, 1488, 1368, 1142, 1118,
1074, 1011, 825, 805, 759, 719.

L5 CO2CH:CFg

/(R) -

Br

2,2,2-Trifluoroethyl (2S,3R)-2-(4-bromophenyl)-3,5-dimethylhexanoate.[a]*’p +30.7°
(c = 1.00, CHCl3); TLC (diethyl ether: hexanes, 1:20 v/v); 'H NMR (500 MHz, CDCl3) 6
7.46 (d, J = 8.5 Hz, 2H), 7.20 (d, J = 8.5 Hz, 2H), 4.55 (dd, J = 12.7, 8.5 Hz, 1H), 4.33
(dd, J =12.7, 8.4 Hz, 1H), 3.30 (d, J = 10.4 Hz, 1H), 2.23 (ddtd, J = 16.7, 10.2, 6.5, 3.9
Hz, 1H), 0.99 (d, J = 6.5 Hz, 3H), 0.93 — 0.81 (m, 3H), 0.79 (d, J = 6.6 Hz, 3H), 0.73 (d,
J = 6.5 Hz, 3H); *C NMR (126 MHz, CDCl3) 6 172.11, 136.16, 131.89, 130.45, 121.77,
60.87, 60.58, 60.29, 60.00, 58.38, 43.00, 34.50, 25.07, 24.14, 21.02, 17.79; HRMS (NSI)
calcd for Ci16H21BrF302 ([M+H]"): 381.0672 found 381.0676; IR (neat): 2958, 2931, 2872,
1753, 1489, 1407, 1280, 1165, 1141, 1123, 1074, 1012, 979, 818, 758.



330

/,,' (S) COchchr3

J(R) =

Br

2,2,2-Tribromoethyl (2S,3R)-2-(4-bromophenyl)-3,5-dimethylhexanoate.

[0]*°p +12.7° (¢ = 1.00, CHCI3); TLC (diethyl ether: hexanes, 1:20 v/v); '"H NMR (500
MHz, CDCLs) 6 7.45 (d, J = 8.4 Hz, 2H), 7.26 (d, J = 8.3 Hz, 3H), 4.92 (d, J = 12.3 Hz,
1H), 4.84 (d, J = 12.3 Hz, 1H), 3.35 (d, J = 10.6 Hz, 1H), 2.41 —2.25 (m, 1H), 1.06 (d, J
= 6.4 Hz, 3H), 0.94 — 0.82 (m, 3H), 0.79 (d, J = 6.6 Hz, 3H), 0.75 (d, J = 6.5 Hz, 3H); 1°C
NMR (126 MHz, CDCIl3) 6 171.69, 136.37, 131.81, 130.72, 121.68, 58.98, 43.04, 34.17,
25.10,24.20,21.08, 18.19; HRMS (NSI) caled for C16Ha1BrsOa ((M+H]"): 560.8270 found
560.8280; IR (neat): 2954, 2926, 2868, 1747, 1488, 1385, 1366, 1142, 1116, 1074, 1011,
821, 715.

CO,CH,CCly
(R)

Br

2,2,2-Trichloroethyl (R)-2-(4-bromophenyl)-3,3-dimethylhexanoate.

[a]*°p -4.0° (c = 1.00, CHCI3); TLC (diethyl ether: hexanes, 1:20 v/v); 'TH NMR (500 MHz,
CDCl3) 0 7.44 (d, J = 8.6 Hz, 2H), 7.30 (d, J = 8.5 Hz, 2H), 4.84 (d, J = 12.0 Hz, 1H),
4.58 (d, J = 12.0 Hz, 1H), 3.63 (s, 1H), 1.35 (tdd, J = 11.5, 8.9, 5.2 Hz, 3H), 1.25 - 1.16
(m, 1H), 1.04 (s, 3H), 0.92 (s, 3H), 0.87 (t, J = 7.1 Hz, 3H); '3*C NMR (126 MHz, CDCI3)
0171.21, 134.32, 131.95, 131.16, 121.76, 94.89, 74.26, 59.78, 43.19, 37.53, 24.70, 24.37,
17.16, 14.92; HRMS (NSI) caled for Ci¢H19BrCl302 ([M-H]): 426.9629 found 426.9633;
IR (neat): 2959, 2872, 1748, 1489, 1370, 1118, 1076, 1011, 826, 761, 716.
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CO,CH,CF;5
(R)

Br

2,2,2-Trifluoroethyl (R)-2-(4-bromophenyl)-3,3-dimethylhexanoate.[0]*’p -13.6° (c =
1.00, CHCI3); TLC (diethyl ether: hexanes, 1:20 v/v); '"H NMR (500 MHz, CDCls) § 7.44
(d, J =8.6 Hz, 2H), 7.26 (d, J = 8.7 Hz, 2H), 4.62 (dq, J = 12.7, 8.5 Hz, 1H), 4.26 (dq, J
=12.7, 8.5 Hz, 1H), 3.59 (s, 1H), 1.37 — 1.26 (m, 3H), 1.21 — 1.11 (m, 1H), 1.00 (s, 3H),
0.89 (s, 3H), 0.87 (t, J = 7.1 Hz, 3H); *C NMR (126 MHz, CDCl3) 6 171.26, 134.13,
131.83, 131.20, 121.82, 60.16 (q, J = 36.5 Hz), 59.31, 43.07, 37.55, 24.54, 24.24, 17.13,
14.81; HRMS (NSI) calcd for CisH21BrF302 ([M+H]"): 381.0672 found 381.0673; IR
(neat): 2963, 2935, 2874, 1752, 1489, 1414, 1278, 1164, 1122, 1076, 1012, 980, 825.

COch2CBr3
(R)

Br

2,2,2-Tribromoethyl (R)-2-(4-bromophenyl)-3,3-dimethylhexanoate.[a]*’p -8.3° (¢ =
1.00, CHCIz); TLC (diethyl ether: hexanes, 1:20 v/v); 'H NMR (500 MHz, CDCl3) J 7.44
(d, J=18.6 Hz, 2H), 7.32 (d, J = 8.5 Hz, 2H), 4.98 (d, J = 12.3 Hz, 1H), 4.81 (d, J = 12.3
Hz, 1H), 3.64 (s, 1H), 1.44 — 1.30 (m, 3H), 1.25—1.17 (m, 1H), 1.06 (s, 3H), 0.93 (s, 3H),
0.88 (t, J = 7.1 Hz, 3H); '*C NMR (126 MHz, CDCl3) 6 171.05, 134.41, 132.04, 131.16,
121.74, 60.04, 43.24, 37.54, 24.76, 24.46, 17.19, 14.97, HRMS (NSI) calcd for
Ci6H21BrsO2 ([M+H]"): 560.8270 found 560.8276; IR (neat): 2963, 2935, 2874, 1752,
1489, 1414, 1278, 1164, 1122, 1076, 1012, 980, 825.

CO,Me
(R)

Br
Methyl (R)-2-(4-bromophenyl)-3,3-dimethylhexanoate.[0]*’p -12.1° (¢ = 1.00, CHCl3);
TLC (diethyl ether: hexanes, 1:20 v/v); 'TH NMR (600 MHz, CDCl3) § 7.42 (d, J = 8.4 Hz,
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2H), 7.28 (d, J = 8.4 Hz, 2H), 3.64 (s, 3H), 3.48 (s, 1H), 1.29 (m, 3H), 1.14 (td, J=9.9, 3.4
Hz, 1H), 0.98 (s, 3H), 0.88 (s, 3H), 0.86 (t, J = 7.1 Hz, 3H); 13C NMR (151 MHz, CDCls)
§173.27, 135.01, 131.80, 130.89, 121.29, 59.60, 51.47, 42.99, 37.15, 24.47, 24.18, 17.03,
14.83; HRMS (NSI) caled for CisH»BrO2 ([M+H]"):313.0798 found 313.0797; IR
(neat):2957, 2930, 2872, 1734, 1457, 1434, 1195, 1168, 1143, 1076, 1011, 825.

CO,CH,CCl;
(R)

Br

2,2,2-Trichloroethyl (R)-2-(4-bromophenyl)-3,3-dimethylhexanoate.[a]*’p -4.0° (¢ =
1.00, CHCI3); TLC (diethyl ether: hexanes, 1:20 v/v); 'H NMR (500 MHz, CDCl3) § 7.44
(d, J = 8.6 Hz, 2H), 7.30 (d, J = 8.5 Hz, 2H), 4.84 (d, J = 12.0 Hz, 1H), 4.58 (d, J = 12.0
Hz, 1H), 3.63 (s, 1H), 1.35 (tdd, J=11.5, 8.9, 5.2 Hz, 3H), 1.25 — 1.16 (m, 1H), 1.04 (s,
3H), 0.92 (s, 3H), 0.87 (t, J = 7.1 Hz, 3H); 3C NMR (126 MHz, CDCl3) 6 171.21, 134.32,
131.95, 131.16, 121.76, 94.89, 74.26, 59.78, 43.19, 37.53, 24.70, 24.37, 17.16, 14.92;
HRMS (NSI) caled for CisH19BrCI3O2 ([M-H]):426.9629 found 426.9633; IR (neat):2959,
2872, 1748, 1489, 1370, 1118, 1076, 1011, 826, 761, 716.

: CO,CH,CCl,

-

% (S)
/(R) =

Br
2,2,2-Trichloroethyl (2S,3R)-2-(4-bromophenyl)-3,5-dimethylhexanoate.[0]*’p +14°
(c = 1.00, CHCl3); TLC (diethyl ether: hexanes, 1:20 v/v); 'H NMR (500 MHz, CDCI3) &
7.45 (d, J=8.6 Hz, 2H), 7.23 (d, J = 8.4 Hz, 2H), 4.77 (d, J =12.0 Hz, 1H), 4.63 (d, J =
12.0 Hz, 1H), 3.33 (d, J = 10.5 Hz, 1H), 2.29 (dddd, J =16.8, 10.4, 6.5, 3.6 Hz, 1H), 1.03
(d,J=6.5Hz,3H), 0.93 - 0.81 (m, 3H), 0.79 (d, J = 6.6 Hz, 3H), 0.74 (d, J= 6.5 Hz, 3H);
B3C NMR (126 MHz, CDCl3) § 171.97, 136.31, 131.83, 130.61, 121.70, 74.24, 58.79,
43.02, 34.25, 25.08, 24.18, 21.06, 18.04; HRMS (NSI) caled for CicH21BrCl302
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(IM+H]"):428.9785 found 428.9793; IR (neat):2956, 2928, 2869, 1750, 1488, 1368, 1142,
1118, 1074, 1011, 825, 805, 759, 719.

COZCHchr3
(R)

Br

2,2,2-Tribromoethyl (R)-2-(4-bromophenyl)-3,3-dimethylhexanoate.[a]*’> -8.3° (¢ =
1.00, CHCI3); TLC (diethyl ether: hexanes, 1:20 v/v); '"H NMR (500 MHz, CDCls) J 7.44
(d,J = 8.6 Hz, 2H), 7.32 (d, J = 8.5 Hz, 2H), 4.98 (d, J = 12.3 Hz, 1H), 4.81 (d, J = 12.3
Hz, 1H), 3.64 (s, 1H), 1.44 — 1.30 (m, 3H), 1.25 — 1.17 (m, 1H), 1.06 (s, 3H), 0.93 (s, 3H),
0.88 (t, J = 7.1 Hz, 3H); '3C NMR (126 MHz, CDCl3) 6 171.05, 134.41, 132.04, 131.16,
121.74, 60.04, 43.24, 37.54, 24.76, 24.46, 17.19, 14.97, HRMS (NSI) calcd for
C16H21BriOs ([M+H]):560.8270 found 560.8276; IR (neat):2963, 2935, 2874, 1752, 1439,
1414, 1278, 1164, 1122, 1076, 1012, 980, 825.

/,,' (S) COZCHchr3

J(R) =

Br

2,2,2-Tribromoethyl (2S,3R)-2-(4-bromophenyl)-3,5-dimethylhexanoate.[0]*’p +12.7°
(c = 1.00, CHCl3); TLC (diethyl ether: hexanes, 1:20 v/v); 'H NMR (500 MHz, CDCI3) &
7.45 (d, J=8.4 Hz, 2H), 7.26 (d, J = 8.3 Hz, 3H), 4.92 (d, J =12.3 Hz, 1H), 4.84 (d, J =
12.3 Hz, 1H), 3.35(d,J=10.6 Hz, 1H), 2.41 —2.25 (m, 1H), 1.06 (d, J= 6.4 Hz, 3H), 0.94
—0.82 (m, 3H), 0.79 (d, J = 6.6 Hz, 3H), 0.75 (d, J = 6.5 Hz, 3H); *C NMR (126 MHz,
CDCl3) 6 171.69, 136.37, 131.81, 130.72, 121.68, 58.98, 43.04, 34.17, 25.10, 24.20, 21.08,
18.19; HRMS (NSI) caled for CisH21Br4O2 ([M+H]"):560.8270 found 560.8280; IR
(neat):2954, 2926, 2868, 1747, 1488, 1385, 1366, 1142, 1116, 1074, 1011, 821, 715.



334

CO,CH,CF;5
(R)

Br

2,2,2-Trifluoroethyl (R)-2-(4-bromophenyl)-3,3-dimethylhexanoate.[0]*’p -13.6° (c =
1.00, CHCI3); TLC (diethyl ether: hexanes, 1:20 v/v); '"H NMR (500 MHz, CDCls) § 7.44
(d, J=8.6 Hz, 2H), 7.26 (d, J = 8.7 Hz, 2H), 4.62 (dq, J = 12.7, 8.5 Hz, 1H), 4.26 (dq, J =
12.7, 8.5 Hz, 1H), 3.59 (s, 1H), 1.37—1.26 (m, 3H), 1.21 — 1.11 (m, 1H), 1.00 (s, 3H), 0.89
(s, 3H), 0.87 (t, J = 7.1 Hz, 3H); '*C NMR (126 MHz, CDCI3) 6 171.26, 134.13, 131.83,
131.20, 121.82, 60.16 (q, J = 36.5 Hz), 59.31, 43.07, 37.55, 24.54, 24.24, 17.13, 14.81;
HRMS (NSI) caled for C16H21BrF302 ([(M+H]"):381.0672 found 381.0673; IR (neat):2963,
2935, 2874, 1752, 1489, 1414, 1278, 1164, 1122, 1076, 1012, 980, 825.

: CO,CH,CF;

-

~ (S)
/(R) -

Br

2,2,2-Trifluoroethyl (2S,3R)-2-(4-bromophenyl)-3,5-dimethylhexanoate.[0]*’p +30.7°
(c = 1.00, CHCl3); TLC (diethyl ether: hexanes, 1:20 v/v); 'H NMR (500 MHz, CDCl3) 6
7.46 (d, J=8.5Hz, 2H), 7.20 (d, J = 8.5 Hz, 2H), 4.55 (dd, J=12.7, 8.5 Hz, 1H), 4.33 (dd,
J=12.7, 8.4 Hz, 1H), 3.30 (d, J = 10.4 Hz, 1H), 2.23 (ddtd, J = 16.7, 10.2, 6.5, 3.9 Hz,
1H), 0.99 (d, J = 6.5 Hz, 3H), 0.93 — 0.81 (m, 3H), 0.79 (d, J = 6.6 Hz, 3H), 0.73 (d, J =
6.5 Hz, 3H); *C NMR (126 MHz, CDCl3) 6 172.11, 136.16, 131.89, 130.45, 121.77, 60.87,
60.58, 60.29, 60.00, 58.38, 43.00, 34.50, 25.07, 24.14, 21.02, 17.79; HRMS (NSI) calcd
for C16H21BrF302 ([M+H]%):381.0672 found 381.0676; IR (neat):2958, 2931, 2872, 1753,
1489, 1407, 1280, 1165, 1141, 1123, 1074, 1012, 979, 818, 758.
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2.2 NMR Spectra
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2.3 HPLC Spectra

CO,CH3 KOBu DIBAL
+ _ > - >
COCH OH
(P-BrCeHq DMF, 0°C ol 2 CH,Cly, - 78 °C
Br

) (p-Br)CeHy 7 _ (pBrCeHy

00 ‘\

= CH,OH

- | CH,OH 2

|
- (p-Br)CgH
: |  (p-B)CeHa (P-Br)CeHa

N = FH

1
2

kY E3 & E3 7 7 E] E3

5

o

Time [Min]  Area% [%]

60.71 49.907

98.29 50.093
E CH,OH : CH,OH
(o- Br)CsH4 7 (p-Br)CgHq

Time [Mln] Area% [%]

103.34 52.556

122.27 47.444

349



N3~ ~(p-Br)CeHy

N — T
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_
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Rha(rac-DOSP), CO,CH,CF3 CH,0H
CO,CH,CF3 (1 mol % ) DIBAL
(p-Br)CgHa (p-Br)CeHg4
(p-Br)CeHy CH20|2 reflux CH,Ch, - 78 °C
: ‘ CH,OH
f } CH,OH (p-BrICeHs
b (X
; (p-Br)CeH4
! & —— &
" R [min]|
Time [Min]  Area % [%]
45.54 49.859
116.15 50.141
Rh,(rac-DOSP),
CO,CH,CCly (1 mol % ) DIBAL
CO,CH,CCly — CH,OH
(p-BrCeHa CH20I2, reflux CH,Cl, -78 °C
(p-Br)CgHa4 (p-Br)CgH4
&) (*)
1c 3 equiv. 3b
20F 50 KL-EN-08-03-C2-RAC-OF - 200MIN-0.25ML-0.25%33 DATA [Abs Chan 2 |
; E H2OH( CH,OH
(p- Bf)(J¢H4 (p-Br)CeHg4
Time [Min]  Area % [%]
103.34 52.556
122.27 47.444
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3. Catalyst Screen for Secondary Selective Catalyst

3.1 Catalyst and Diazo Screen

N, 1
movCCIS + /\/\ RhZ(R_DOSP)4
reflux
Br ©
16

This compound was prepared according to the general procedure A for Rh2(R-DOSP)4
catalyzed C—H functionalization. 2,2,2-Trichloroethyl 2-(4-bromophenyl)-2-diazoacetate
(0.35 mmol, 130 mg, 1.0 equiv.) in 3 mL n-pentane and Rh2(R-DOSP)4 (0.0035 mmol, 9
mg, 1 mol%.) in 5 mL n-pentane were used. The crude residue was analyzed by 'H NMR
and purified by flash column chromatography (hexanes/diethyl ether = 65/1) to afford the
product as a colorless oil (143 mg, 98% yield).

Analysis of the NMR spectrum of the crude reaction mixture revealed that the C2: C3 ratio
was 29: 1, C1 was not detected; and the dr of C2 was 3: 1, favoring the (2S, 3R) and (2R,
3S) over the (2S5, 3S) and (2R, 3R).

HPLC (in order to improve the separation, the product was converted to 2-(4-
bromophenyl)-3-methylhexan-1-ol prepared using DIBAL in DCM at -78 °C), (S,S-
Whelk, 0.5% isopropanol in hexane, 0.7 mL/min, 1 mg/mL, 160 min, UV 210 nm)

retention times of 82.7 min (major) and 136.7 min (minor), 82% e.e..

N, 2
/©)\H/O\/CCI3 NN Rha(R-p-PhTPCP)
reflux
Br ©
16

This compound was prepared according to the general procedure A for Rha(R-p-
PhTPCP)s-catalyzed C—H functionalization. 2,2,2-Trichloroethyl 2-(4-bromophenyl)-2-
diazoacetate (0.35 mmol, 130 mg, 1.0 equiv.) in 3 mL n-pentane and Rh2(R-p- PhATPCP)4
(0.0035 mmol, 9 mg, 1 mol%.) in 5 mL n-pentane were used. The crude residue was
analyzed by 'H NMR and purified by flash column chromatography (hexanes/diethyl ether
= 65/1) to afford the product as a colorless oil (141 mg, 97% yield).
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Analysis of the NMR spectrum of the crude reaction mixture revealed that the C1: C2 ratio
was 1: 2, C3 was not detected; and the dr of C2 was 14: 1, favoring the (2S, 3R) and (2R,
3S) over the (2S, 3S) and (2R, 3R).

HPLC (in order to improve the separation, the product was converted to 2-(4-
bromophenyl)-3-methylhexan-1-ol prepared using DIBAL in DCM at -78 °C), (S,S-
Whelk, 0.5% isopropanol in hexane, 0.7 mL/min, 1 mg/mL, 160 min, UV 210 nm)

retention times of 84.8 min (major) and 140.0 min (minor), 92% e.e..

N2 3
movcma b~ Rhy(R-p-BITPCP),
o) reflux
Br
16

This compound was prepared according to the general procedure A for Rha(R-p-BrTPCP)s-
catalyzed C—H functionalization. 2,2,2-Trichloroethyl 2-(4-bromophenyl)-2-diazoacetate
(0.35 mmol, 130 mg, 1.0 equiv.) in 3 mL n-pentane and Rh2(R-p-BrTPCP)4 (0.0035 mmol,
9 mg, 1 mol%.) in 5 mL n-pentane were used. The crude residue was analyzed by '"H NMR
and purified by flash column chromatography (hexanes/diethyl ether = 65/1) to afford the
product as a colorless oil (143 mg, 98% yield).

Analysis of the NMR spectrum of the crude reaction mixture revealed that the C1: C2 ratio
was 1: 4, C3 was not detected; and the dr of C2 was 6: 1, favoring the (25, 3R) and (2R,
3S) over the (2S, 3S) and (2R, 3R).

HPLC (in order to improve the separation, the product was converted to 2-(4-
bromophenyl)-3-methylhexan-1-ol prepared using DIBAL in DCM at -78 °C), (S,S-
Whelk, 0.5% isopropanol in hexane, 0.7 mL/min, 1 mg/mL, 160 min, UV 210 nm)

retention times of 84.7 min (major) and 139.0 min (minor), 91% e.e..

N, 4
1,
o._CCls PN Rho(R-p-BuTPCP),4
o) reflux
Br Br CCl,
16 18

This compound was prepared according to the general procedure A for Rha(R-p-BuTPCP)4
(4)-catalyzed C-H functionalization. 2,2,2-Trichloroethyl 2-(4-bromophenyl)-2-
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diazoacetate (0.35 mmol, 130 mg, 1.0 equiv.) in 3 mL n-pentane and Rh2(R-p-"BuTPCP)4
(4) (0.0035 mmol, 9 mg, 1 mol%.) in 5 mL n-pentane were used. The crude residue was
analyzed by 'H NMR and purified by flash column chromatography (hexanes/diethyl ether
= 65/1) to afford the product as a colorless oil (139 mg, 95% yield).

Analysis of the NMR spectrum of the crude reaction mixture revealed that the C1: C2 ratio
was 1: 5, C3 was not detected; and the dr of C2 was 15: 1, favoring the (2S, 3R) and (2R,
3S) over the (25, 3S) and (2R, 3R).

HPLC (in order to improve the separation, the product was converted to 2-(4-
bromophenyl)-3-methylhexan-1-ol prepared using DIBAL in DCM at -78 °C), (S,S-
Whelk, 0.5% isopropanol in hexane, 0.7 mL/min, 1 mg/mL, 160 min, UV 210 nm)

retention times of 85.3 min (major) and 140.4 min (minor), 92% e.e..

H
N, 5 -
Rhy(R-p-NO,TPCP
O0._CCl PN 2(R-p-NO, )a o
0 reflux H j
Br Br O CCl
16 18

This compound was prepared according to the general procedure A for Rha(R-p-
NO:2TPCP)s-catalyzed C—H functionalization. 2,2,2-Trichloroethyl 2-(4-bromophenyl)-2-
diazoacetate (0.35 mmol, 130 mg, 1.0 equiv.) in 3 mL n-pentane and Rhz(R-p-
NO2TPCP)4(0.0035 mmol, 9 mg, 1 mol%.) in 5 mL n-pentane were used. The crude residue
was analyzed by "H NMR and purified by flash column chromatography (hexanes/diethyl
ether = 65/1) to afford the product as a colorless oil (112 mg, 82% yield).

Analysis of the NMR spectrum of the crude reaction mixture revealed that the C1: C2: C3
ratio was 12: 36: 1; and the dr of C2 was 3: 1, favoring the (2S, 3R) and (2R, 3S) over the
(2S, 3S) and (2R, 3R).

HPLC (in order to improve the separation, the product was converted to 2-(4-
bromophenyl)-3-methylhexan-1-ol prepared using DIBAL in DCM at -78 °C), (S,S-
Whelk, 0.5% isopropanol in hexane, 0.7 mL/min, 1 mg/mL, 160 min, UV 210 nm)

retention times of 81.2 min (major) and 133.6 min (minor), 79% e.e..
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movccb + o~ RNaRpCFsTPCP),
o} reflux
Br

16

This compound was prepared according to the general procedure A for Rha(R-p-
CF3TPCP)s-catalyzed C-H functionalization. 2,2,2-Trichloroethyl 2-(4-bromophenyl)-2-
diazoacetate (0.35 mmol, 130 mg, 1.0 equiv.) in 3 mL n-pentane and Rh2(R-p-CF3TPCP)4
(0.0035 mmol, 9 mg, 1 mol%.) in 5 mL n-pentane were used. The crude residue was
analyzed by 'H NMR and purified by flash column chromatography (hexanes/diethyl ether
= 65/1) to afford the product as a colorless oil (127 mg, 87% yield).

Analysis of the NMR spectrum of the crude reaction mixture revealed that the C1: C2 ratio
was 1: 7, C3 was not detected; and the dr of C2 was 5: 1, favoring the (25, 3R) and (2R,
3S) over the (25, 3S) and (2R, 3R).

HPLC (in order to improve the separation, the product was converted to 2-(4-
bromophenyl)-3-methylhexan-1-ol prepared using DIBAL in DCM at -78 °C), (S,S-
Whelk, 0.5% isopropanol in hexane, 0.7 mL/min, 1 mg/mL, 160 min, UV 210 nm)

retention times of 85.2 min (major) and 140.7 min (minor), 94% e.e..

N 7
0CCh , Rhy(R-3,5-di-CF3TPCP),
(0] reflux
Br CCl,
16 18

This compound was prepared according to the general procedure A for Rhz(R-3,5-di-
CFsTPCP)s-catalyzed C—H functionalization. 2,2,2-Trichloroethyl 2-(4-bromophenyl)-2-
diazoacetate (0.35 mmol, 130 mg, 1.0 equiv.) in 3 mL n-pentane and Rh2(R-3,5-di-
CFsTPCP)4 (0.0035 mmol, 9 mg, 1 mol%.) in 5 mL n-pentane were used. The crude residue
was analyzed by '"H NMR and purified by flash column chromatography (hexanes/diethyl
ether = 65/1) to afford the product as a colorless oil (134 mg, 92% yield).

Analysis of the NMR spectrum of the crude reaction mixture revealed that the C1: C2 ratio
was 1: 11, C3 was not detected; and the dr of C2 was 8: 1, favoring the (2S, 3R) and (2R,
3S) over the (25, 3S) and (2R, 3R).
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HPLC (in order to improve the separation, the product was converted to 2-(4-
bromophenyl)-3-methylhexan-1-ol prepared using DIBAL in DCM at -78 °C), (S,S-
Whelk, 0.5% isopropanol in hexane, 0.7 mL/min, 1 mg/mL, 160 min, UV 210 nm)

retention times of 84.6 min (major) and 138.8 min (minor), 81% e.e..

8
N>
Rhy(R-3,5-di-BrTPCP
m"w N &
reflux
Br O CCls
Br
16

This compound was prepared according to the general procedure A for Rhz(R-3,5-di-
BrTPCP)s-catalyzed C—H functionalization. 2,2,2-Trichloroethyl 2-(4-bromophenyl)-2-
diazoacetate (0.35 mmol, 130 mg, 1.0 equiv.) in 3 mL n-pentane and Rh2(R-3,5-di-
BrTPCP)4 (0.0035 mmol, 9 mg, 1 mol%.) in 5 mL n-pentane were used. The crude residue
was analyzed by "H NMR and purified by flash column chromatography (hexanes/diethyl
ether = 65/1) to afford the product as a colorless oil (139 mg, 95% yield).

Analysis of the NMR spectrum of the crude reaction mixture revealed that the C1: C2 ratio
was 1: 26, C3 was not detected; and the dr of C2 was 5: 1, favoring the (2S, 3R) and (2R,
3S) over the (2S, 3S) and (2R, 3R).

HPLC (in order to improve the separation, the product was converted to 2-(4-
bromophenyl)-3-methylhexan-1-ol prepared using DIBAL in DCM at -78 °C), (S,S-
Whelk, 0.5% isopropanol in hexane, 0.7 mL/min, 1 mg/mL, 160 min, UV 210 nm)

retention times of 85.0 min (major) and 139.5 min (minor), 78% e.e..

N, 9
/©)J\n/oj b~ Rhy(R-3,5-di-PhTPCP),
B O CcCly reflux
16

This compound was prepared according to the general procedure A for Rhz(R-3,5-di-
PhTPCP)s-catalyzed C—H functionalization. 2,2,2-Trichloroethyl 2-(4-bromophenyl)-2-
diazoacetate (0.35 mmol, 130 mg, 1.0 equiv.) in 3 mL n-pentane and Rh2(R-3,5-di-
PhTPCP)4 (0.0035 mmol, 9 mg, 1 mol%.) in 5 mL n-pentane were used. The crude residue
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was analyzed by "H NMR and purified by flash column chromatography (hexanes/diethyl
ether = 65/1) to afford the product as a colorless oil (139 mg, 95% yield).

Analysis of the NMR spectrum of the crude reaction mixture revealed that the C1: C2 ratio
was 1: 22, C3 was not detected; and the dr of C2 was 5: 1, favoring the (2S, 3R) and (2R,
3S) over the (2S5, 3S) and (2R, 3R).

HPLC (in order to improve the separation, the product was converted to 2-(4-
bromophenyl)-3-methylhexan-1-ol prepared using DIBAL in DCM at -78 °C), (S,S-
Whelk, 0.5% isopropanol in hexane, 0.7 mL/min, 1 mg/mL, 160 min, UV 210 nm)

retention times of 84.6 min (major) and 139.1 min (minor), 96% e.e..

N, 10 H
woﬁ N Rh,[R-3,5-di(3,5-diCF3CgH3) TPCP]4 OW
reflux
Br o CCh, Ho CCly
Br
16 18

This compound was prepared according to the general procedure A for Rhz[R-3,5-di(3,5-
diCF3CeéH3)TPCPJa-catalyzed C-H functionalization.  2,2,2-Trichloroethyl — 2-(4-
bromophenyl)-2-diazoacetate (0.35 mmol, 130 mg, 1.0 equiv.) in 3 mL n-pentane and
Rh2[R-3,5-di(3,5-diCF3CsH3)TPCP]4 (0.0035 mmol, 9 mg, 1 mol%.) in 5 mL n-pentane
were used. The crude residue was analyzed by 'H NMR and purified by flash column
chromatography (hexanes/diethyl ether = 65/1) to afford the product as a colorless oil (140
mg, 96% yield).

Analysis of the NMR spectrum of the crude reaction mixture revealed that the C1: C2 ratio
was 1: 26, C3 was not detected; and the dr of C2 was 26: 1, favoring the (25, 3R) and (2R,
3S) over the (2S, 3S) and (2R, 3R).

HPLC (in order to improve the separation, the product was converted to 2-(4-
bromophenyl)-3-methylhexan-1-ol prepared using DIBAL in DCM at -78 °C), (S,S-
Whelk, 0.5% isopropanol in hexane, 0.7 mL/min, 1 mg/mL, 160 min, UV 210 nm)

retention times of 84.3 min (major) and 140.5 min (minor), 92% e.e..



358

H

N " -
o Rhy[R-3,5-di(3,5-diMeCgH3) TPCP],
3 NN OW
reflux H
Br o CCh Br O cCCly
16 18

This compound was prepared according to the general procedure A for Rhz[R-3,5-di(3,5-
diMeCe¢H3)TPCP]4 -catalyzed C-H functionalization. 2,2,2-Trichloroethyl 2-(4-
bromophenyl)-2-diazoacetate (0.35 mmol, 130 mg, 1.0 equiv.) in 3 mL n-pentane and
Rh2[R-3,5-di(3,5-diMeCsH3)TPCP]s (0.0035 mmol, 9 mg, 1 mol%.) in 5 mL n-pentane
were used. The crude residue was analyzed by '"H NMR and purified by flash column
chromatography (hexanes/diethyl ether = 65/1) to afford the product as a colorless oil (139
mg, 95% yield).

Analysis of the NMR spectrum of the crude reaction mixture revealed that the C1: C2 ratio
was 1: 16, C3 was not detected; and the dr of C2 was 29: 1, favoring the (2S, 3R) and (2R,
3S) over the (25, 3S) and (2R, 3R).

HPLC (in order to improve the separation, the product was converted to 2-(4-
bromophenyl)-3-methylhexan-1-ol prepared using DIBAL in DCM at -78 °C), (S,S-
Whelk, 0.5% isopropanol in hexane, 0.7 mL/min, 1 mg/mL, 160 min, UV 210 nm)

retention times of 84.2 min (minor) and 139.1 min (major), >99% e.e..

N 12 5
Q/Hfoﬁ PN Rh[R-3,5-di(3,5-diPhCgH3)TPCPl, o
Br o cCh reflux B Ho ?ZCIs
16 18

This compound was prepared according to the general procedure A for Rh2[R-3,5-di(3,5-
diPhCsH3)TPCPJ4-catalyzed C-H  functionalization.  2,2,2-Trichloroethyl  2-(4-
bromophenyl)-2-diazoacetate (0.35 mmol, 130 mg, 1.0 equiv.) in 3 mL n-pentane and
Rh2[R-3,5-di(3,5-diPhCe¢H3)TPCP]4 (0.0035 mmol, 9 mg, 1 mol%.) in 5 mL n-pentane
were used. The crude residue was analyzed by "H NMR and purified by flash column
chromatography (hexanes/diethyl ether = 65/1) to afford the product as a colorless oil (143
mg, 98% yield).
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Analysis of the NMR spectrum of the crude reaction mixture revealed that the C1: C2 ratio
was 1: 5, C3 was not detected; and the dr of C2 was 16: 1, favoring the (2S, 3R) and (2R,
3S) over the (2S, 3S) and (2R, 3R).

HPLC (in order to improve the separation, the product was converted to 2-(4-
bromophenyl)-3-methylhexan-1-ol prepared using DIBAL in DCM at -78 °C), (S,S-
Whelk, 0.5% isopropanol in hexane, 0.7 mL/min, 1 mg/mL, 160 min, UV 210 nm)

retention times of 85.2 min (major) and 139.2 min (minor), 97% e.e..

N, 13 H
(o) Rhy[R-3,5-di(p-PhCgH4) TPCP],
/©)‘\n/ N S U Oj
reflux
Br O CClz H 0 CCl

Br
16 18

This compound was prepared according to the general procedure A for Rhz2[R-3,5-di(p-
PhCe¢H4)TPCPJs-catalyzed @~ C-H  functionalization.  2,2,2-Trichloroethyl  2-(4-
bromophenyl)-2-diazoacetate (0.35 mmol, 130 mg, 1.0 equiv.) in 3 mL n-pentane and
Rh2[R-3,5-di(p-PhCsH4)TPCP]4 (0.0035 mmol, 9 mg, 1 mol%.) in 5 mL n-pentane were
used. The crude residue was analyzed by 'H NMR and purified by flash column
chromatography (hexanes/diethyl ether = 65/1) to afford the product as a colorless oil (133
mg, 91% yield).

Analysis of the NMR spectrum of the crude reaction mixture revealed that the C1: C2 ratio
was 1: 9, C3 was not detected; and the dr of C2 was 10: 1, favoring the (2S, 3R) and (2R,
3S) over the (2S, 3S) and (2R, 3R).

HPLC (in order to improve the separation, the product was converted to 2-(4-
bromophenyl)-3-methylhexan-1-ol prepared using DIBAL in DCM at -78 °C), (S,S-
Whelk, 0.5% isopropanol in hexane, 0.7 mL/min, 1 mg/mL, 160 min, UV 210 nm)

retention times of 84.1 min (major) and 138.1 min (minor), 89% e.e..

H

N, 14 <
Q)Hfoﬁ .~ Rh,[R-3,5-di(p-CF3CgH4)TPCP], o
B O CCl reflux N H 5 103
16 18

This compound was prepared according to the general procedure A for Rhz2[R-3,5-di(p-
CF3CeéH4)TPCPJs-catalyzed C-H  functionalization.  2,2,2-Trichloroethyl — 2-(4-
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bromophenyl)-2-diazoacetate (0.35 mmol, 130 mg, 1.0 equiv.) in 3 mL n-pentane and
Rh2[R-3,5-di(p-CF3Ce¢H4)TPCP]4 (0.0035 mmol, 9 mg, 1 mol%.) in 5 mL n-pentane were
used. The crude residue was analyzed by 'H NMR and purified by flash column
chromatography (hexanes/diethyl ether = 65/1) to afford the product as a colorless oil (139
mg, 95% yield).

Analysis of the NMR spectrum of the crude reaction mixture revealed that the C1: C2 ratio
was 1: 30, C3 was not detected; and the dr of C2 was 8: 1, favoring the (2S, 3R) and (2R,
3S) over the (25, 3S) and (2R, 3R).

HPLC (in order to improve the separation, the product was converted to 2-(4-
bromophenyl)-3-methylhexan-1-ol prepared using DIBAL in DCM at -78 °C), (S,S-
Whelk, 0.5% isopropanol in hexane, 0.7 mL/min, 1 mg/mL, 160 min, UV 210 nm)

retention times of 84.6 min (minor) and 138.3 min (major), 91% e.e..

H

N, 15 :
0 Rh,[R-3,5-di(p-BuCgH,4)TPCP],
O ™ °
o cal reflux H
Br 3 B O CCl

16 18

This compound was prepared according to the general procedure A for Rhz[R-3,5-di(p-
‘BuC¢Ha)TPCPJs-catalyzed ~C-H  functionalization.  2,2,2-Trichloroethyl — 2-(4-
bromophenyl)-2-diazoacetate (0.35 mmol, 130 mg, 1.0 equiv.) in 3 mL n-pentane and
Rh2[R-3,5-di(p-BuCsH4)TPCP]4 (0.0035 mmol, 9 mg, 1 mol%.) in 5 mL n-pentane were
used. The crude residue was analyzed by 'H NMR and purified by flash column
chromatography (hexanes/diethyl ether = 65/1) to afford the product as a colorless oil (144
mg, 99% yield).

Analysis of the NMR spectrum of the crude reaction mixture revealed that the C1: C2 ratio
was 1: 25, C3 was not detected; and the dr of C2 was 20: 1, favoring the (2S, 3R) and (2R,
3S) over the (2S, 3S) and (2R, 3R).

HPLC (in order to improve the separation, the product was converted to 2-(4-
bromophenyl)-3-methylhexan-1-ol prepared using DIBAL in DCM at -78 °C), (S,S-
Whelk, 0.5% isopropanol in hexane, 0.7 mL/min, 1 mg/mL, 160 min, UV 210 nm)

retention times of 84.0 min (major) and 142.4 min (minor), 99% e.e..
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Br
Methyl (2S,3R)-2-(4-bromophenyl)-3-methylhexanoate. This compound was prepared
according to the general procedure A for Rh2[R-3,5-di(p-"BuCsH4) TPCPJ4-catalyzed C—H
functionalization. Methyl 2-(4-bromophenyl)-2-diazoacetate (0.35 mmol, 89 mg, 1.0
equiv.) in 3 mL n-pentane and Rh2[R-3,5-di(p-BuCsH4)TPCP]4 (0.0035 mmol, 9 mg, 1
mol%.) in 5 mL n-pentane were used. The crude residue was analyzed by '"H NMR and
purified by flash column chromatography (hexanes/diethyl ether = 65/1) to afford the
product as a colorless oil (98 mg, 94% yield).

Analysis of the NMR spectrum of the crude reaction mixture revealed that the C1: C2 ratio
was 1: 18, C3 was not detected; and the dr of C2 was 8: 1, favoring the (2S, 3R) and (2R,
3S) over the (2S5, 3S) and (2R, 3R).

[0]*°p 35.5° (¢ = 1.00, CHCI3); TLC (diethyl ether: hexanes, 1:9 v/v); 'H NMR (600 MHz,
CDCls) 6 7.44 (d, J=7.4 Hz, 2H), 7.21 (d, J = 7.6 Hz, 2H), 3.64 (s, 3H), 3.23 (d, J = 10.6
Hz, 1H), 2.22 - 2.10 (m, 1H), 1.36 — 1.28 (m, 1H), 1.10 (m, 1H), 0.98 (d, J = 6.6 Hz, 3H),
0.86 (m, 1H), 0.76 (t, J= 7.2 Hz, 3H); *C NMR (151 MHz, CDCl3) § 174.2, 137.3, 131.7,
130.4, 121.3, 58.3, 52.0, 36.3, 35.7, 19.6, 17.9, 14.2; HRMS (NSI) calcd for C14H20BrO:
(IM+H]"): 299.0641 found 299.0649; IR (neat):2956, 2930, 2871, 1733, 1487, 1196, 1161,
1145, 1073, 1010, 818, 761; HPLC (to improve the separation, the product was converted
to 2-(4-bromophenyl)-3-methylhexan-1-ol prepared using DIBAL in DCM at -78 °C),
(S,S-Whelk, 0.5% isopropanol in hexane, 0.7 mL/min, 1 mg/mL, 160 min, UV 210 nm)

retention times of 86.2 min (major) and 141.5 min (minor), 92% e.e..

Br
2,2,2-Trifluoroethyl (2S,3R)-2-(4-bromophenyl)-3-methylhexanoate. This compound
was prepared according to the general procedure A for Rh2[R-3,5-di(p-'BuCsHa) TPCP]s-
catalyzed C—H functionalization. 2,2,2-Trifluoroethyl 2-(4-bromophenyl)-2-diazoacetate
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(0.35 mmol, 113 mg, 1.0 equiv.) in 3 mL n-pentane and Rhz[R-3,5-di(p-BuCsH4)TPCP]4
(0.0035 mmol, 9 mg, 1 mol%.) in 5 mL n-pentane were used. The crude residue was
analyzed by 'H NMR and purified by flash column chromatography (hexanes/diethyl ether
= 65/1) to afford the product as a colorless oil (123 mg, 96% yield).

Analysis of the NMR spectrum of the crude reaction mixture revealed that the C1: C2 ratio
was 1: 30, C3 was not detected; and the dr of C2 was 15: 1, favoring the (2S, 3R) and (2R,
3S) over the (25, 3S) and (2R, 3R).

[0]*°D 26.1° (c = 1.00, CHCl3); TLC (diethyl ether: hexanes, 1:9 v/v); '"H NMR (600 MHz,
CDCl3) 6 7.46 (d, J= 8.5 Hz, 2H), 7.22 (d, J= 8.5 Hz, 2H), 4.55 (dd, J=12.7, 8.4 Hz, 1H),
4.33(dd,J=12.7,8.4 Hz, 1H), 3.35(d, J=10.6 Hz, 1H), 2.25-2.16 (m, 1H), 1.40 — 1.31
(m, 1H), 1.20 — 1.13 (m, 1H), 1.10 (m, 1H), 1.01 (d, J = 6.5 Hz, 3H), 0.94 — 0.85 (m, 1H),
0.77 (t, J = 7.2 Hz, 3H); 3*C NMR (151 MHz, CDCl3) § 172.1, 136.2, 131.9 130.4, 121.8,
60.4 (q, J = 36.7 Hz), 57.8, 36.3, 35.6, 19.5, 17.6, 14.1; HRMS (APCI) caled for
C15sH1702BrF; ([M-H]"): 365.0369 found 365.0370; IR (neat): 2961, 2932, 1753, 1489,
1279, 1164, 1122, 1074, 1011, 979, 819; HPLC (to improve the separation, the product
was converted to 2-(4-bromophenyl)-3-methylhexan-1-ol prepared using DIBAL in DCM
at -78 °C), (S,S-Whelk, 0.5% isopropanol in hexane, 0.7 mL/min, 1 mg/mL, 160 min, UV

210 nm) retention times of 84.8 min (major) and 141.4 min (minor), 99% e.e..

Br
2,2,2-Tribromoethyl (2S,3R)-2-(4-bromophenyl)-3-methylhexanoate.This compound
was prepared according to the general procedure A for Rhz[R-3,5-di(p-BuCsH4)TPCP]Ja-
catalyzed C—H functionalization. 2,2,2-Tribromoethyl 2-(4-bromophenyl)-2-diazoacetate
(0.35 mmol, 177mg, 1.0 equiv.) in 3 mL n-pentane and Rh2[R-3,5-di(p-'BuCsH4)TPCP]4
(0.0035 mmol, 9 mg, 1 mol%.) in 5 mL n-pentane were used. The crude residue was
analyzed by 'H NMR and purified by flash column chromatography (hexanes/diethyl ether
= 65/1) to afford the product as a colorless oil (183 mg, 95% yield).
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Analysis of the NMR spectrum of the crude reaction mixture revealed that the C1: C2 ratio
was 1: 19, C3 was not detected; and the dr of C2 was 21: 1, favoring the (25, 3R) and (2R,
3S) over the (2S, 3S) and (2R, 3R).

[0]*°p 6.8° (c = 1.00, CHCI3); TLC (diethyl ether: hexanes, 1:9 v/v); '"H NMR (600 MHz,
CDCls) 6 7.45 (d, J=8.4 Hz, 2H), 7.28 (d, J = 8.4 Hz, 2H), 4.92 (d, J=12.3 Hz, 1H), 4.84
(d, J=12.3 Hz, 1H), 3.40 (d, J=10.6 Hz, 1H), 2.28 (m, 1H), 1.41 — 1.30 (m, 1H), 1.22 —
1.10 (m, 2H), 1.08 (d, J = 6.5 Hz, 3H), 0.97 — 0.89 (m, 1H), 0.78 (t, J = 7.2 Hz, 3H); *C
NMR (151 MHz, CDCl3) 6 171.6, 136.4, 131.8, 130.7, 121.6, 58.4, 35.9, 35.6, 35.4, 19.5,
18.0, 14.2; IR (neat): 2958, 2929, 1745, 1712, 1488, 1361, 1220, 1115, 1073, 1010, 715,
630; HRMS (NSI) caled for C1sH1902Br3*'Br ([M+H]"): 548.8092 found 548.8105; HPLC
(to improve the separation, the product was converted to 2-(4-bromophenyl)-3-
methylhexan-1-ol prepared using DIBAL in DCM at -78 °C), (S,S-Whelk, 0.5%
isopropanol in hexane, 0.7 mL/min, 1 mg/mL, 160 min, UV 210 nm) retention times of

84.4 min (major) and 144.6 min (minor), 98% e.e..
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3.2 Crude *H NMR Spectra
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o
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N, 1
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3.3 HPLC Spectra
1

N
0L CCli |~ Rh2(R-DOSP)4
o reflux
Br
16

g Different Y units
180: H

TR
b S oH

50 Br

RT [min]
75 80 85 90 95 100 105 110 115 120 125 130 135 140 145 150 155 160

# Time [Min]  Area % [%]
1 82.74 91.118
2 136.73 8.882

82% e.e.
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NP3 3
Rhy(R-p-BrTPCP),

reflux

16

Different Y units
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N, 4
0._CCl PN Rhy(R-p-BuTPCP),
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Br CCly
16
é Different Y units
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& _OH
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Np 5
0L CCh |~ Rha(R-p-NO2TPCP)4
0 reflux
Br
16

6505- Different Y units
eoog-
5503
5003
450%-
4003
35031
3003
2503
2003
150%-
1005-
503
e
_505.
-100%
1501 . ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) _RT [min]

# Time [Min]  Area % [%]
1 81.17 89.291
2 133.62 10.709
79% e.e.




OLCCh | Rhy(R-p-CF3TPCP),
O reflux
Br

2

N2

16

397

6

CCly

2803 Different Y units
2603
2404
220}
2003
1801
1603
1401
1203
1003
803
60}
0
203
o

203

Time [Min]
85.16
140.73

Area % [%]
97.121
2.879

94% e.c.



398

7

Ny
O._CCl; PN Rhy(R-3,5-di-CF 3TPCP)4
(6] reflux
Br

16

q Different Y units

, , , , X , , , , , , , , , , R [min]
75 80 8 9 9 100 105 110 115 120 125 130 135 140 145 150 155 160

# Time [Min]  Area % [%]
1 84.58 90.564
2 138.78 9.436
81% e.e.
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N, 9
Rhy(R-3,5-di-PhTPCP
Oj NN 2 )4
o) CCl reflux
Br
16

Different Y units

-ttt
75 80 85  90Br’es M00 105 110 115 120 125 130 135 140 145 150 155 160

# Time [Min]  Area % [%]
1 84.62 97.905
2 139.08 2.095

96% e.e.
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Rh,[R-3,5-di(3,5-diCF 3CgH3)TPCP
/(D/LH(Oﬁ . o~ 2l ( 3CeH3) la
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Br O CCh
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o
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Different Y units
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# Time [Min]
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2 140.51

90

Br Br RT [min]
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240 Different Y units
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# Time [Min]  Area % [%]
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N, 12
Rh,[R-3,5-di(3,5-diPhCgH3)TPCP]
/©)‘\”/ow + NN : — :
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Br O CClg
16
Different Y units
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N, 14
/©)J\H/o\l . o~ Rh,[R-3,5-di(p-CF3CgH4)TPCP]4
B le} CCly reflux
16

Different Y units

DH

Br

R [rmin]
75 80 85 9 9 100 105 110 115 120 125 130 135 140 145 150 155 160

# Time [Min]  Area % [%]
1 84.64 95.451
2 138.29 4.549
91% e.e.
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N, 15

moﬁ N Rh,[R-3,5-di(p-BuC4H4)TPCPI,
| reflux
B O CcClh

16

750% Different Y units
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4. Catalyst Screen for Primary Selective Catalyst

4.1 Catalysts Structures

I'?h
OTRh

el e S

N Rh O1Rh

SO,Ar

4 o Cl 4
Ar=p-CioHosCeHs | cl |4 Ar= p-'BuCgH, 4 Ar= p-'BuCgH,
Rhy(R-DOSP), Rhy(S-TCPTAD), Rh,[R-3,5-di(p-BuCeH,)TPCP];  Rhy(R-p-PhTPCP),  Rhy(R-p-BUCsH,TPCP),
A B C D E

Ar= p-PhCgH,4
Rhy(R-p-PhCgH,4TPCP),
F

Ar= p-BuCqH,CgHa
Rhy(R-p-'BuCgH,CeH,TPCP),

L Ph _4
Rhy,[R-tris(p-Ph)TPCP],

H

Ar= p-'BuCgH,4

Rh,[R-tris(p-BuCqH,) TPCP],
|

Rhy(R-PTAD),

Ar= p-PhCgHy Ar= p-'BuCgH4CgHy4
Rhy[R-tris(p-PhCqH,) TPCP], Rhy[R-tris(p-BuCgH,CsHa) TPCP],
J K
1Rh R
Rh
TRh
4
4

Ar=p-CF3CgHy

Rh,[R-tris(p-Br)TPCP],
N o

Figure S1. Catalysts Structure

4.2 Result Summary
Table S1. Catalyst Screen Data Summary

L

4
Ar=3,5-diCF3CqHs

P

Rhy(R-p-BrTPCP),
M

Ar= 2,4 6-tri-MeCgH,

Rh,[R-3,5-di(p-CF3CsH4)TPCP]; Rh,[R-3,5-di(3,5-diCF3C4H3)TPCP], Rhy(R-2,4,6-tri-MeCgH,-TPCP),

Q
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Rhaly
p-BrCgHy (1 mol %)
" COLCHACCh  CH,CI, refiux E; -BrCoHy ¢’ -BrCeHs ></p'3r°6'*4
3 equiv. 1 equiv. COchZCCI3 CO2CH2CCl3 CO,CH,CCl3
1a 3a 4a
r.r. e.e. e.e. d.r. e.e. yield yield
Catalyst (2a: 3a:4a) (2a,%) (3a,%) (3a,%) (4a,%) (2a+3a,%) (4a,%)
Rhy(R-DOSP)4 (A) 0: 19: 81 n.d. 69 2:1 29 16 72
Rhy(S-TCPTAD), (B) 5 0: 11: 89 n.d. 77 2:1 -84 10 74
Rhy[R-3,5-di( p-'BuCgH4)TPCP]4 (C) 7:75: 18 81 92 7:1 23 75 16
Rhy(R-p-PhTPCP), (D) 39: 45: 16 97 87 9:1 60 75 14
Rhy(R-p-BuCgH4TPCP), (E) 71:25: 4 9 89 9:1 n.d. 86 4
Rhy(R-p-PhCgH,TPCP), (F) 70: 27: 4 98 94 11:1 n.d. 83 3
Rhy(R-p-'BuCgH4CgH4TPCP), (G) 71: 26: 3 97 9 15:1 n.d. 85 3
Rh[R-tris(p-Ph)TPCP]4 (H) 68: 25: 7 90 83 5:1 40 71 5
Rh,[R-tris(p-BuCgH4)TPCP], (1) 84: 16: 0 98 92 2:1 n.d. 90 n.d.
Rh,[R-tris(p-PhCgH4)TPCP], (J) 68: 25: 7 92 82 5:1 35 78 5
Rh[R-tris(p-BuCgH4CsHa) TPCP], (K)  48: 35: 17 97 74 31 29 55 12

Table S2. Data Summary for Extended Catalysts Screen (not presented in the paper)

Rhaly
p-BrCgHy (1 mol %)
+ +
CO2CH,CCls  CH,Cly, reflux p-BrCgH W PBrCeHs P-BrCeHa
3 equiv. 1 equiv. CO.CH,CCl CO2CH,CCly CO,CH,CCl3
1a 2a 3a 4a
r.r. e.e. e.e. d.r. e.e. yield yield
Catalyst (2a: 3a:4a) (2a,%) (3a,%) (3a,%) (4a,%) (2a+3a,%) (4a,%)
Rhy(R-PTAD)4 (L) 0: 32: 68 n.d. -60 1:1 -22 28 59
Rhy(R-p-BFTPCP), (M) 39: 48: 13 97 87 3:1 35 75 1
Rh,[R-tris(p-Br)TPCP]4 (N) 21: 49: 30 91 62 2:1 14 62 27
Rh,[R-3,5-di( p-CF3CgH4)TPCP], () 7: 64: 29 78 77 4:1 14 35 15
Rhy[R-3,5-di(3,5-diCF 3CgH3)TPCPl4 (P) 7: 71: 22 62 >99 4:1 8 70 19
Rhy(R-2,4,6-ri-MeC gH,-TPCP), (Q) 5: 75: 20 94 77 11:1 17 74 18
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3] 4] -
Lol L m
25
B e
m
189)
- - sda
=3a
m m =2a
71 ol | m m
48
29] 30}
32}
m 21
Dlp nHlp M
0 {1l o/
A B c D E F G H I J K L M N [s] P a
Figure S2. Bar Graph for Catalyst Screen Data Summary
Table S3. Diazo Screen Data Summary
r.r. e.e. e.e. d.r. e.e. yield yield
R 2:3:4)  (2,%) 3.%) (3.%) 4 %) (2+3,%) (4, %)
PTAD), (B) 5 CH,CF3(1c) nd.:10:90 nd. 79 21 77 9 83
PTAD), (B) 5 CH,CBry(1d) nd.:13:87 nd. 79 21 77 1 77
+di(p-BuCgH,)TPCP], (C) CH,CFy(1c) 4:71:26  nd. 93 61 67 57 20
-di(p-'BuCgH,4)TPCP], (C) CH,CBry(1d) 9: 82: 10 90 92 81 12 75 7
(p-BUCGH,TPCP], (I)  CHs(1b) 51:35:15  nd.  nd. 31 nd <5 n.d.
(p-BuCgH4)TPCPI, (1) CH,CF3 (1c) 54: 36: 10 98 94 3:1 n.d. 78 5

(p-BUC6H4)TPCP4 (1) CH2CBr3(1d) 87: 13: n.d.  >99 92 71 n.d. 84 n.d.
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4.3 Catalyst and Diazo Screen

N2 p-BrCeH4
¥ Y BrCegH BrCgH
CO,CH,CCl, CHZCIZ reflux p-BrCgHy p-Brigha p-BrCgHy

3 equiv. 1 equiv. COchZCCI3 COzCHzCCls CochZCC|3
1a

This reaction was conducted according to the general procedure for C—H functionalization
reactions. 2,2,2-Trichloroethyl 2-(4-bromophenyl)-2-diazoacetate 1a (0.2 mmol, 74 mg,
1.0 equiv.) in 3 mL distilled CH2Clz, catalyst A (0.002 mmol, 4 mg, 1 mol%.) and 2-
methylpentane (0.6 mmol, 52 mg, 3.0 equiv.) in 0.5 mL distilled CH2Cl> were used. The
crude residue was analyzed by "H NMR and then purified by flash column chromatography
(hexanes/diethyl ether = 65/1) to afford compound 3a as a colorless oil (14 mg, 16%
combined yield) and 4a as a colorless oil (62 mg, 72% yield).

Analysis of the 'H NMR spectrum of the crude reaction mixture revealed that only
compound 2a, 3a and 4a were observed and no evident signal of other regioisomer was
detected. The regioselectivity (2a: 3a: 4a) of this reaction was n.d.: 19: 81 r.r. and the
diastereoselectivity for 3a was 2: 1 d.r.. The enantioselectivity of this reaction for
compound 2a was not determined. The enantioselectivity of this reaction for compound 3a
was 69% e.e.; the HPLC (in order to improve the separation, the product was converted to
2-(4-bromophenyl)-3,5-dimethylhexan-1-ol prepared by using DIBAL in DCM at -78 °C)
condition was “ASH, 0.25% isopropanol in hexane, 0.25 mL/min, 10 mg/mL, 150 min,
UV 230 nm, with the retention times at 101.4 min (minor) and 118.5 min (major). The
enantioselectivity of this reaction for compound 4a was 29% e.e.; the HPLC (in order to
improve the separation, the product was converted to 2-(4-bromophenyl)-3,5-
dimethylhexan-1-ol prepared by using DIBAL in DCM at -78 °C) condition was “S, S-
Whelk, 1% isopropanol in hexane, 1 mL/min, 10 mg/mL, 150 min, UV 230 nm, with the

retention times at 46.6 min (major) and 121.5 min (minor).
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N2 p-BfC6H4
* Y BrCgH -BrCgsH
CO,CH,CCl3 C|-|2c;|2 reflux p-BrCgH,4 p-Brlgriy p-BrCgHy

3 equiv. 1 equiv. COZCHZCCI3 COZCHZCC|3 COzCH200|3
1a

This reaction was conducted according to the general procedure for C—H functionalization
reactions. 2,2,2-Trichloroethyl 2-(4-bromophenyl)-2-diazoacetate 1a (0.2 mmol, 74 mg,
1.0 equiv.) in 3 mL distilled CH2Clz, catalyst C (0.002 mmol, 4 mg, 1 mol%.) and 2-
methylpentane (0.6 mmol, 52 mg, 3.0 equiv.) in 0.5 mL distilled CH2Cl2> were used. The
crude residue was analyzed by 'H NMR and then purified by flash column chromatography
(hexanes/diethyl ether = 65/1) to afford compound 2a and 3a as a colorless oil (65 mg,
75% combined yield) and 4a as a colorless oil (14 mg, 16% yield).

Analysis of the 'H NMR spectrum of the crude reaction mixture revealed that only
compound 2a, 3a and 4a were observed and no evident signal of other regioisomer was
detected. The regioselectivity (2a : 3a : 4a) of this reaction was 7: 75: 18 r.r. and the
diastereoselectivity for 3a was 7: 1 d.r.. The enantioselectivity of this reaction for
compound 2a was 81% e.e.; the HPLC (in order to improve the separation, the product was
converted to 2-(4-bromophenyl)-3,3-dimethylhexan-1-ol prepared by using DIBAL in
DCM at -78 °C) condition was “OBH, 0.1% isopropanol in hexane, 0.5 mL/min, 10
mg/mL, 140 min, UV 230 nm, with the retention times at 62.3 min (major) and 102.7 min
(minor). The enantioselectivity of this reaction for compound 3a was 92% e.e.; the HPLC
(in order to improve the separation, the product was converted to 2-(4-bromophenyl)-3,5-
dimethylhexan-1-ol prepared by using DIBAL in DCM at -78 °C) condition was “ASH,
0.25% isopropanol in hexane, 0.25 mL/min, 10 mg/mL, 150 min, UV 230 nm, with the
retention times at 102.0 min (minor) and 113.2 min (major). The enantioselectivity of this
reaction for compound 4a was 23% e.e.; the HPLC (in order to improve the separation, the
product was converted to 2-(4-bromophenyl)-3,5-dimethylhexan-1-ol prepared by using
DIBAL in DCM at -78 °C) condition was “S, S-Whelk, 1% isopropanol in hexane, 1
mL/min, 10 mg/mL, 150 min, UV 230 nm, with the retention times at 47.8 min (major)

and 123.4 min (minor).
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N2 p-BrCGH4 D
+ T PP EE—— BrCeH BrCgH
CO,CH,CCl3  CH,Cly, reflux p-BrCgHy p-Brieta P-Brieris

3 equiv. 1 equiv. CO,CH,CCl, COZCHZCC|3 COZCHZCCI3
1a 2a

This reaction was conducted according to the general procedure for C—H functionalization
reactions. 2,2,2-Trichloroethyl 2-(4-bromophenyl)-2-diazoacetate 1a (0.2 mmol, 74 mg,
1.0 equiv.) in 3 mL distilled CH2Clz, catalyst D (0.002 mmol, 4 mg, 1 mol%.) and 2-
methylpentane (0.6 mmol, 52 mg, 3.0 equiv.) in 0.5 mL distilled CH2Cl2> were used. The
crude residue was analyzed by 'H NMR and then purified by flash column chromatography
(hexanes/diethyl ether = 65/1) to afford compound 2a and 3a as a colorless oil (65 mg,
75% combined yield) and 4a as a colorless oil (12 mg, 14% yield).

Analysis of the 'H NMR spectrum of the crude reaction mixture revealed that only
compound 2a, 3a and 4a were observed and no evident signal of other regioisomer was
detected. The regioselectivity (2a : 3a : 4a) of this reaction was 39: 45: 16 r.r. and the
diastereoselectivity for 3a was 9: 1 d.r.. The enantioselectivity of this reaction for
compound 2a was 97% e.e.; the HPLC (in order to improve the separation, the product was
converted to 2-(4-bromophenyl)-3,3-dimethylhexan-1-ol prepared by using DIBAL in
DCM at -78 °C) condition was “OBH, 0.1% isopropanol in hexane, 0.5 mL/min, 10
mg/mL, 140 min, UV 230 nm, with the retention times at 60.3 min (major) and 105.2 min
(minor). The enantioselectivity of this reaction for compound 3a was 87% e.e.; the HPLC
(in order to improve the separation, the product was converted to 2-(4-bromophenyl)-3,5-
dimethylhexan-1-ol prepared by using DIBAL in DCM at -78 °C) condition was “ASH,
0.25% isopropanol in hexane, 0.25 mL/min, 10 mg/mL, 150 min, UV 230 nm, with the
retention times at 102.7 min (minor) and 115.3 min (major). The enantioselectivity of this
reaction for compound 4a was 60% e.e.; the HPLC (in order to improve the separation, the
product was converted to 2-(4-bromophenyl)-3,5-dimethylhexan-1-ol prepared by using
DIBAL in DCM at -78 °C) condition was “S, S-Whelk, 1% isopropanol in hexane, 1
mL/min, 10 mg/mL, 150 min, UV 230 nm, with the retention times at 47.0 min (major)

and 122.9 min (minor).
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N2 p—BrCsH4 E
T PP BrCeH BrCeH
CO,CH,CCl3  CH,Cly, reflux p-BrCeH, p-BrsgHa p-Brlehis

3 equiv. 1 equiv. CO,CH,CCls COZCHZCC|3 Coch2CC|a
1a 2a

This reaction was conducted according to the general procedure for C—H functionalization
reactions. 2,2,2-Trichloroethyl 2-(4-bromophenyl)-2-diazoacetate 1a (0.2 mmol, 74 mg,
1.0 equiv.) in 3 mL distilled CH2Clz, catalyst E (0.002 mmol, 4 mg, 1 mol%.) and 2-
methylpentane (0.6 mmol, 52 mg, 3.0 equiv.) in 0.5 mL distilled CH2Cl2> were used. The
crude residue was analyzed by 'H NMR and then purified by flash column chromatography
(hexanes/diethyl ether = 65/1) to afford compound 2a and 3a as a colorless oil (74 mg,
86% combined yield) and 4a as a colorless oil (3 mg, 4% yield).

Analysis of the 'H NMR spectrum of the crude reaction mixture revealed that only
compound 2a, 3a and 4a were observed and no evident signal of other regioisomer was
detected. The regioselectivity (2a : 3a : 4a) of this reaction was 71: 25: 4 r.r. and the
diastereoselectivity for 3a was 9: 1 d.r.. The enantioselectivity of this reaction for
compound 2a was 96% e.e.; the HPLC (in order to improve the separation, the product was
converted to 2-(4-bromophenyl)-3,3-dimethylhexan-1-ol prepared by using DIBAL in
DCM at -78 °C) condition was “OBH, 0.1% isopropanol in hexane, 0.5 mL/min, 10
mg/mL, 140 min, UV 230 nm, with the retention times at 58.1 min (major) and 106.3 min
(minor). The enantioselectivity of this reaction for compound 3a was 89% e.e.; the HPLC
(in order to improve the separation, the product was converted to 2-(4-bromophenyl)-3,5-
dimethylhexan-1-ol prepared by using DIBAL in DCM at -78 °C) condition was “ASH,
0.25% isopropanol in hexane, 0.25 mL/min, 10 mg/mL, 150 min, UV 230 nm, with the
retention times at 103.8 min (minor) and 114.9 min (major). The enantioselectivity of this

reaction for compound 4a was not determined.

N, p-BI"CeH,;
* Y p-BrCgH p-BrCgH
CO,CH,CCl3 CH20I2 reflux p-BrCgH4 614 sHa4

3 equiv. 1 equiv. COzCHZCCI3 CO2CHZCC|3 CO2CH2CC|3
1a



417

This reaction was conducted according to the general procedure for C—H functionalization
reactions. 2,2,2-Trichloroethyl 2-(4-bromophenyl)-2-diazoacetate 1a (0.2 mmol, 74 mg,
1.0 equiv.) in 3 mL distilled CH2Cl, catalyst F (0.002 mmol, 4 mg, 1 mol%.) and 2-
methylpentane (0.6 mmol, 52 mg, 3.0 equiv.) in 0.5 mL distilled CH2Cl> were used. The
crude residue was analyzed by "H NMR and then purified by flash column chromatography
(hexanes/diethyl ether = 65/1) to afford compound 2a and 3a as a colorless oil (71 mg,
83% combined yield) and 4a as a colorless oil (3 mg, 3% yield).

Analysis of the 'H NMR spectrum of the crude reaction mixture revealed that only
compound 2a, 3a and 4a were observed and no evident signal of other regioisomer was
detected. The regioselectivity (2a : 3a : 4a) of this reaction was 70: 27: 4 r.r. and the
diastereoselectivity for 3a was 11: 1 d.r.. The enantioselectivity of this reaction for
compound 2a was 98% e.e.; the HPLC (in order to improve the separation, the product was
converted to 2-(4-bromophenyl)-3,3-dimethylhexan-1-ol prepared by using DIBAL in
DCM at -78 °C) condition was “OBH, 0.1% isopropanol in hexane, 0.5 mL/min, 10
mg/mL, 140 min, UV 230 nm, with the retention times at 56.8 min (major) and 104.8 min
(minor). The enantioselectivity of this reaction for compound 3a was 94% e.e.; the HPLC
(in order to improve the separation, the product was converted to 2-(4-bromophenyl)-3,5-
dimethylhexan-1-ol prepared by using DIBAL in DCM at -78 °C) condition was “ASH,
0.25% isopropanol in hexane, 0.25 mL/min, 10 mg/mL, 150 min, UV 230 nm, with the
retention times at 102.4 min (minor) and 114.4 min (major). The enantioselectivity of this

reaction for compound 4a was not determined due to the low yielding.

Nas pP-BrCgHy
¥ Y -BrCgH BrCgH
CO,CH,CCl; CHZCIZ reflux p-BrCeHy p-Brigta p-Brighy

3 equiv. 1 equiv. COZCHZCCI3 COZCHZCC|3 COZCHZCC|3
1a

This reaction was conducted according to the general procedure for C—H functionalization
reactions. 2,2,2-Trichloroethyl 2-(4-bromophenyl)-2-diazoacetate 1a (0.2 mmol, 74 mg,
1.0 equiv.) in 3 mL distilled CH2Cl2, catalyst G (0.002 mmol, 4 mg, 1 mol%.) and 2-
methylpentane (0.6 mmol, 52 mg, 3.0 equiv.) in 0.5 mL distilled CH2Cl> were used. The
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crude residue was analyzed by 'H NMR and then purified by flash column chromatography
(hexanes/diethyl ether = 65/1) to afford compound 2a and 3a as a colorless oil (73 mg,
85% combined yield) and 4a as a colorless oil (3 mg, 3% yield).

Analysis of the '"H NMR spectrum of the crude reaction mixture revealed that only
compound 2a, 3a and 4a were observed and no evident signal of other regioisomer was
detected. The regioselectivity (2a : 3a : 4a) of this reaction was 71: 26: 3 r.r. and the
diastereoselectivity for 3a was 15: 1 d.r.. The enantioselectivity of this reaction for
compound 2a was 97% e.e.; the HPLC (in order to improve the separation, the product was
converted to 2-(4-bromophenyl)-3,3-dimethylhexan-1-ol prepared by using DIBAL in
DCM at -78 °C) condition was “OBH, 0.1% isopropanol in hexane, 0.5 mL/min, 10
mg/mL, 140 min, UV 230 nm, with the retention times at 56.0 min (major) and 104.2 min
(minor). The enantioselectivity of this reaction for compound 3a was 96% e.e.; the HPLC
(in order to improve the separation, the product was converted to 2-(4-bromophenyl)-3,5-
dimethylhexan-1-ol prepared by using DIBAL in DCM at -78 °C) condition was “ASH,
0.25% isopropanol in hexane, 0.25 mL/min, 10 mg/mL, 150 min, UV 230 nm, with the
retention times at 100.2 min (minor) and 112.7 min (major). The enantioselectivity of this

reaction for compound 4a was not determined due to the low yielding.

N2 p-BrCeH4 H
+ - = + +
CO,CH,CCl;  CH,Cly, reflux p-BrCeHs s P-BrCeta p-BrCeHs
3 equiv. 1 equiv. CO,CH,CCl; CO,CH,CCly CO,CH,CCly
1a 2a 3a 4a

This reaction was conducted according to the general procedure for C—H functionalization
reactions. 2,2,2-Trichloroethyl 2-(4-bromophenyl)-2-diazoacetate 1a (0.2 mmol, 74 mg,
1.0 equiv.) in 3 mL distilled CH2Clz, catalyst H (0.002 mmol, 4 mg, 1 mol%.) and 2-
methylpentane (0.6 mmol, 52 mg, 3.0 equiv.) in 0.5 mL distilled CH2Cl> were used. The
crude residue was analyzed by 'H NMR and then purified by flash column chromatography
(hexanes/diethyl ether = 65/1) to afford compound 2a and 3a as a colorless oil (61 mg,
71% combined yield) and 4a as a colorless oil (4 mg, 5% yield).
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Analysis of the 'H NMR spectrum of the crude reaction mixture revealed that only
compound 2a, 3a and 4a were observed and no evident signal of other regioisomer was
detected. The regioselectivity (2a : 3a : 4a) of this reaction was 68: 25: 7 r.r. and the
diastereoselectivity for 3a was 5: 1 d.r.. The enantioselectivity of this reaction for
compound 2a was 90% e.e.; the HPLC (in order to improve the separation, the product was
converted to 2-(4-bromophenyl)-3,3-dimethylhexan-1-ol prepared by using DIBAL in
DCM at -78 °C) condition was “OBH, 0.1% isopropanol in hexane, 0.5 mL/min, 10
mg/mL, 140 min, UV 230 nm, with the retention times at 56.3 min (major) and 93.4 min
(minor). The enantioselectivity of this reaction for compound 3a was 83% e.e.; the HPLC
(in order to improve the separation, the product was converted to 2-(4-bromophenyl)-3,5-
dimethylhexan-1-ol prepared by using DIBAL in DCM at -78 °C) condition was “ASH,
0.25% isopropanol in hexane, 0.25 mL/min, 10 mg/mL, 150 min, UV 230 nm, with the
retention times at 99.7 min (minor) and 115.5 min (major). The enantioselectivity of this
reaction for compound 4a was 40% e.e.; the HPLC (in order to improve the separation, the
product was converted to 2-(4-bromophenyl)-3,5-dimethylhexan-1-ol prepared by using
DIBAL in DCM at -78 °C) condition was “S, S-Whelk, 1% isopropanol in hexane, 1
mL/min, 10 mg/mL, 150 min, UV 230 nm, with the retention times at 47.0 min (major)

and 123.0 min (minor).

N2 p-BI’CeH4
+ T BrCeH BrCeH
CO,CH,CCl, CHZCIZ reflux p-BrCeHy p-Briefia p-Briefia

3 equiv. 1 equiv. COQCHQCCIS CozCHzCC'a COZCHZCCI3
1a

This reaction was conducted according to the general procedure for C—H functionalization
reactions. 2,2,2-Trichloroethyl 2-(4-bromophenyl)-2-diazoacetate 1a (0.2 mmol, 74 mg,
1.0 equiv.) in 3 mL distilled CH2Cl2, catalyst I (0.002 mmol, 4 mg, 1 mol%.) and 2-
methylpentane (0.6 mmol, 52 mg, 3.0 equiv.) in 0.5 mL distilled CH2Cl2 were used. The
crude residue was analyzed by '"H NMR and then purified by flash column chromatography
(hexanes/diethyl ether = 65/1) to afford compound 2a and 3a as a colorless oil (77 mg,
90% combined yield).
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Analysis of the 'H NMR spectrum of the crude reaction mixture revealed that only
compound 2a, 3a and 4a were observed and no evident signal of other regioisomer was
detected. The regioselectivity (2a : 3a : 4a) of this reaction was 84: 16: n.d. r.r. and the
diastereoselectivity for 3a was 2: 1 d.r.. The enantioselectivity of this reaction for
compound 2a was 98% e.e.; the HPLC (in order to improve the separation, the product was
converted to 2-(4-bromophenyl)-3,3-dimethylhexan-1-ol prepared by using DIBAL in
DCM at -78 °C) condition was “OBH, 0.1% isopropanol in hexane, 0.5 mL/min, 10
mg/mL, 140 min, UV 230 nm, with the retention times at 59.7 min (major) and 106.8 min
(minor). The enantioselectivity of this reaction for compound 3a was 92% e.e.; the HPLC
(in order to improve the separation, the product was converted to 2-(4-bromophenyl)-3,5-
dimethylhexan-1-ol prepared by using DIBAL in DCM at -78 °C) condition was “ASH,
0.25% isopropanol in hexane, 0.25 mL/min, 10 mg/mL, 150 min, UV 230 nm, with the
retention times at 105.4 min (minor) and 119.9 min (major). The enantioselectivity of this

reaction for compound 4a was not determined due to the low yielding.

Nz p-BrCeH4
+ BrCeH BrCeH
CO,CH,CCly CHZCIZ reflux p-BrCeHy p-Brteta p-BrCeHy

3 equiv. 1 equiv. c302(3H2c0|3 COzCHzCCla COzCHzCCI3
1a

This reaction was conducted according to the general procedure for C—H functionalization
reactions. 2,2,2-Trichloroethyl 2-(4-bromophenyl)-2-diazoacetate 1a (0.2 mmol, 74 mg,
1.0 equiv.) in 3 mL distilled CH2Clz, catalyst J (0.002 mmol, 4 mg, 1 mol%.) and 2-
methylpentane (0.6 mmol, 52 mg, 3.0 equiv.) in 0.5 mL distilled CH2Cl> were used. The
crude residue was analyzed by "H NMR and then purified by flash column chromatography
(hexanes/diethyl ether = 65/1) to afford compound 2a and 3a as a colorless oil (67 mg,
78% combined yield) and 4a as a colorless oil (4 mg, 5% yield).

Analysis of the 'H NMR spectrum of the crude reaction mixture revealed that only
compound 2a, 3a and 4a were observed and no evident signal of other regioisomer was
detected. The regioselectivity (2a : 3a : 4a) of this reaction was 68: 25: 7 r.r. and the

diastereoselectivity for 3a was 5: 1 d.r.. The enantioselectivity of this reaction for
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compound 2a was 92% e.e.; the HPLC (in order to improve the separation, the product was
converted to 2-(4-bromophenyl)-3,3-dimethylhexan-1-ol prepared by using DIBAL in
DCM at -78 °C) condition was “OBH, 0.1% isopropanol in hexane, 0.5 mL/min, 10
mg/mL, 140 min, UV 230 nm, with the retention times at 56.0 min (major) and 95.2 min
(minor). The enantioselectivity of this reaction for compound 3a was 82% e.e.; the HPLC
(in order to improve the separation, the product was converted to 2-(4-bromophenyl)-3,5-
dimethylhexan-1-ol prepared by using DIBAL in DCM at -78 °C) condition was “ASH,
0.25% isopropanol in hexane, 0.25 mL/min, 10 mg/mL, 150 min, UV 230 nm, with the
retention times at 88.5 min (major) and 100.2 min (minor). The enantioselectivity of this
reaction for compound 4a was 35% e.e.; the HPLC (in order to improve the separation, the
product was converted to 2-(4-bromophenyl)-3,5-dimethylhexan-1-ol prepared by using
DIBAL in DCM at -78 °C) condition was “S, S-Whelk, 1% isopropanol in hexane, 1
mL/min, 10 mg/mL, 150 min, UV 230 nm, with the retention times at 46.9 min (major)

and 122.3 min (minor).

N2 p-BTCSH4 K
+ —_— + +
CO2CH,CCl3  CH,Cly, reflux p-BrCeH,4 W P-BrCeH, p-BrCeHy
3 equiv. 1 equiv. CO,CH,CCl3 CO,CH,CCl5 CO,CH,CCly
1a 2a 3a 4a

This reaction was conducted according to the general procedure for C—H functionalization
reactions. 2,2,2-Trichloroethyl 2-(4-bromophenyl)-2-diazoacetate 1a (0.2 mmol, 74 mg,
1.0 equiv.) in 3 mL distilled CH2Cl2, catalyst K (0.002 mmol, 4 mg, 1 mol%.) and 2-
methylpentane (0.6 mmol, 52 mg, 3.0 equiv.) in 0.5 mL distilled CH2Cl> were used. The
crude residue was analyzed by "H NMR and then purified by flash column chromatography
(hexanes/diethyl ether = 65/1) to afford compound 2a and 3a as a colorless oil (47 mg,
55% combined yield) and 4a as a colorless oil (10 mg, 12% yield).

Analysis of the 'H NMR spectrum of the crude reaction mixture revealed that only
compound 2a, 3a and 4a were observed and no evident signal of other regioisomer was
detected. The regioselectivity (2a : 3a : 4a) of this reaction was 48: 35: 17 r.r. and the

diastereoselectivity for 3a was 3: 1 d.r.. The enantioselectivity of this reaction for
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compound 2a was 97% e.e.; the HPLC (in order to improve the separation, the product was
converted to 2-(4-bromophenyl)-3,3-dimethylhexan-1-ol prepared by using DIBAL in
DCM at -78 °C) condition was “OBH, 0.1% isopropanol in hexane, 0.5 mL/min, 10
mg/mL, 140 min, UV 230 nm, with the retention times at 58.2 min (major) and 105.2 min
(minor). The enantioselectivity of this reaction for compound 3a was 74% e.e.; the HPLC
(in order to improve the separation, the product was converted to 2-(4-bromophenyl)-3,5-
dimethylhexan-1-ol prepared by using DIBAL in DCM at -78 °C) condition was “ASH,
0.25% isopropanol in hexane, 0.25 mL/min, 10 mg/mL, 150 min, UV 230 nm, with the
retention times at 98.9 min (minor) and 113.0 min (major). The enantioselectivity of this
reaction for compound 4a was 29% e.e.; the HPLC (in order to improve the separation, the
product was converted to 2-(4-bromophenyl)-3,5-dimethylhexan-1-ol prepared by using
DIBAL in DCM at -78 °C) condition was “S, S-Whelk, 1% isopropanol in hexane, 1
mL/min, 10 mg/mL, 150 min, UV 230 nm, with the retention times at 47.5 min (major)

and 123.4 min (minor).

Nz p-BrCeH4
+ BrCeH BrCeH
CO,CH,CCly CHZCIZ reflux p-BrCeHy p-Brteta p-BrCeHy

3 equiv. 1 equiv. c302(3H2c0|3 COzCHzCCla COzCHzCCI3
1a

This reaction was conducted according to the general procedure for C—H functionalization
reactions. 2,2,2-Trichloroethyl 2-(4-bromophenyl)-2-diazoacetate 1a (0.2 mmol, 74 mg,
1.0 equiv.) in 3 mL distilled CH2Cla, catalyst L (0.002 mmol, 4 mg, 1 mol%.) and 2-
methylpentane (0.6 mmol, 52 mg, 3.0 equiv.) in 0.5 mL distilled CH2Cl> were used. The
crude residue was analyzed by "H NMR and then purified by flash column chromatography
(hexanes/diethyl ether = 65/1) to afford compound 3a as a colorless oil (24 mg, 28%
combined yield) and 4a as a colorless oil (50 mg, 59% yield).

Analysis of the 'H NMR spectrum of the crude reaction mixture revealed that only
compound 2a, 3a and 4a were observed and no evident signal of other regioisomer was
detected. The regioselectivity (2a : 3a : 4a) of this reaction was n.d.: 32: 68 r.r. and the

diastereoselectivity for 3a was 1: 1 d.r. The enantioselectivity of this reaction for
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compound 2a was not determined. The enantioselectivity of this reaction for compound 3a
was 60% e.e.; the HPLC (in order to improve the separation, the product was converted to
2-(4-bromophenyl)-3,5-dimethylhexan-1-ol prepared by using DIBAL in DCM at -78 °C)
condition was “ASH, 0.25% isopropanol in hexane, 0.25 mL/min, 10 mg/mL, 150 min,
UV 230 nm, with the retention times at 101.3 min (major) and 122.1 min (minor). The
enantioselectivity of this reaction for compound 4a was 22% e.e.; the HPLC (in order to
improve the separation, the product was converted to 2-(4-bromophenyl)-3,5-
dimethylhexan-1-ol prepared by using DIBAL in DCM at -78 °C) condition was S, S-
Whelk, 1% isopropanol in hexane, 1 mL/min, 10 mg/mL, 150 min, UV 230 nm, with the

retention times at 47.0 min (major) and 119.8 min (minor).

Nos pP-BrCgH4
+ T -BrCgH BrCqH
CO,CH,CCl3  CH,Cly, reflux p-BrCgHg4 p-Brighiy p-BrCeHy4
3 equiv. 1 equiv. COZCHZCCI3 COZCHZCC|3 COch200|3

1a
This reaction was conducted according to the general procedure for C—H functionalization
reactions. 2,2,2-Trichloroethyl 2-(4-bromophenyl)-2-diazoacetate 1a (0.2 mmol, 74 mg,
1.0 equiv.) in 3 mL distilled CH2Cla, eatalyst M (0.002 mmol, 4 mg, 1 mol%.) and 2-
methylpentane (0.6 mmol, 52 mg, 3.0 equiv.) in 0.5 mL distilled CH2Cl2 were used. The
crude residue was analyzed by 'H NMR and then purified by flash column chromatography
(hexanes/diethyl ether = 65/1) to afford compound 2a and 3a as a colorless oil (65 mg,
75% combined yield) and 4a as a colorless oil (9 mg, 11% yield).

Analysis of the '"H NMR spectrum of the crude reaction mixture revealed that only
compound 2a, 3a and 4a were observed and no evident signal of other regioisomer was
detected. The regioselectivity (2a : 3a : 4a) of this reaction was 39: 48: 13 r.r. and the
diastereoselectivity for 3a was 3: 1 d.r.. The enantioselectivity of this reaction for
compound 2a was 97% e.e.; the HPLC (in order to improve the separation, the product was
converted to 2-(4-bromophenyl)-3,3-dimethylhexan-1-ol prepared by using DIBAL in
DCM at -78 °C) condition was “OBH, 0.1% isopropanol in hexane, 0.5 mL/min, 10
mg/mL, 140 min, UV 230 nm, with the retention times at 61.9 min (major) and 100.8 min
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(minor). The enantioselectivity of this reaction for compound 3a was 87% e.e.; the HPLC
(in order to improve the separation, the product was converted to 2-(4-bromophenyl)-3,5-
dimethylhexan-1-ol prepared by using DIBAL in DCM at -78 °C) condition was “ASH,
0.25% isopropanol in hexane, 0.25 mL/min, 10 mg/mL, 150 min, UV 230 nm, with the
retention times at 102.1 min (minor) and 121.1 min (major). The enantioselectivity of this
reaction for compound 4a was 35% e.e.; the HPLC (in order to improve the separation, the
product was converted to 2-(4-bromophenyl)-3,5-dimethylhexan-1-ol prepared by using
DIBAL in DCM at -78 °C) condition was “S, S-Whelk, 1% isopropanol in hexane, 1
mL/min, 10 mg/mL, 150 min, UV 230 nm, with the retention times at 59.6 min (major)

and 124.5 min (minor).

N2 p-BrC5H4
* Y BrCgH -BrCgH
CO,CH,CCly CHZCIZ reflux p-BrCeHs p-Bri-gHs p-BrCegH,

3 equiv. 1 equiv. COZCH2C:C|3 COzCHzCC|3 COZCHch|3
1a

This reaction was conducted according to the general procedure for C—H functionalization
reactions. 2,2,2-Trichloroethyl 2-(4-bromophenyl)-2-diazoacetate 1a (0.2 mmol, 74 mg,
1.0 equiv.) in 3 mL distilled CH2Clz, catalyst N (0.002 mmol, 4 mg, 1 mol%.) and 2-
methylpentane (0.6 mmol, 52 mg, 3.0 equiv.) in 0.5 mL distilled CH2Cl> were used. The
crude residue was analyzed by 'H NMR and then purified by flash column chromatography
(hexanes/diethyl ether = 65/1) to afford compound 2a and 3a as a colorless oil (53 mg,
62% combined yield) and 4a as a colorless oil (23 mg, 27% yield).

Analysis of the 'H NMR spectrum of the crude reaction mixture revealed that only
compound 2a, 3a and 4a were observed and no evident signal of other regioisomer was
detected. The regioselectivity (2a : 3a : 4a) of this reaction was 21: 49: 30 r.r. and the
diastereoselectivity for 3a was 11: 1 d.r.. The enantioselectivity of this reaction for
compound 2a was 98% e.e.; the HPLC (in order to improve the separation, the product was
converted to 2-(4-bromophenyl)-3,3-dimethylhexan-1-ol prepared by using DIBAL in
DCM at -78 °C) condition was “OBH, 0.1% isopropanol in hexane, 0.5 mL/min, 10
mg/mL, 140 min, UV 230 nm, with the retention times at 59.4 min (major) and 104.0 min

(minor). The enantioselectivity of this reaction for compound 3a was 94% e.e.; the HPLC
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(in order to improve the separation, the product was converted to 2-(4-bromophenyl)-3,5-
dimethylhexan-1-ol prepared by using DIBAL in DCM at -78 °C) condition was “ASH,
0.25% isopropanol in hexane, 0.25 mL/min, 10 mg/mL, 150 min, UV 230 nm, with the
retention times at 100.4 min (minor) and 116.1 min (major). The enantioselectivity of this
reaction for compound 4a was 14% e.e.; the HPLC (in order to improve the separation, the
product was converted to 2-(4-bromophenyl)-3,5-dimethylhexan-1-ol prepared by using
DIBAL in DCM at -78 °C) condition was “S, S-Whelk, 1% isopropanol in hexane, 1
mL/min, 10 mg/mL, 150 min, UV 230 nm, with the retention times at 47.9 min (major)

and 124.2 min (minor).

\P3 p-BrCeH4 [o]
+ - = + +
CO,CH,CCly  CH,Cly, reflux p-BrCgHy p-BrCeHy p-BrCgH,
3 equiv. 1 equiv. CO,CH,CCls CO,CH,CCly CO,CH,CCly
1a 2a 3a 4a

This reaction was conducted according to the general procedure for C—H functionalization
reactions. 2,2,2-Trichloroethyl 2-(4-bromophenyl)-2-diazoacetate 1a (0.2 mmol, 74 mg,
1.0 equiv.) in 3 mL distilled CH2Clz, catalyst O (0.002 mmol, 4 mg, 1 mol%.) and 2-
methylpentane (0.6 mmol, 52 mg, 3.0 equiv.) in 0.5 mL distilled CH2Cl2 were used. The
crude residue was analyzed by "H NMR and then purified by flash column chromatography
(hexanes/diethyl ether = 65/1) to afford compound 2a and 3a as a colorless oil (30 mg,
35% combined yield) and 4a as a colorless oil (13 mg, 15% yield).

Analysis of the '"H NMR spectrum of the crude reaction mixture revealed that only
compound 2a, 3a and 4a were observed and no evident signal of other regioisomer was
detected. The regioselectivity (2a : 3a : 4a) of this reaction was 7: 64: 29 r.r. and the
diastereoselectivity for 3a was 4: 1 d.r.. The