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Abstract

Practical Application and /n Sifu Kinetic Studies of
Dirhodium(II) Tetracarboxylate Catalyzed Carbene Reactions
By Bo Wei

Dirhodium(Il) tetracarboxylates are versatile catalysts for the enantioselective reactions of
donor/acceptor carbenes. The overarching goal of the work described in this thesis is to gain deeper
kinetic understanding and broader practical application of dirhodium(Il) catalyzed carbene
chemistry. The first chapter is an overview of carbene chemistry, dithodium(II) tetracarboxylate
catalysts and recent advances in the field.

The second chapter investigates the kinetic profiles of Rh(II) catalyzed cyclopropanation under
high catalyst turnover number (TON) conditions. A robust method was developed to achieve
100,000 catalyst TONs with consistently high yields and enantioselectivities in various
cyclopropanation reactions. 4A MS and dimethyl carbonate solvent were crucial for the high
catalyst TONs reaction efficiency.

The third chapter further explores the practicality of Rh(II) catalyzed cyclopropanation by focusing
on the flow system generation of diazo compound synthesis and their application in the
cyclopropanation reaction. An upstream Cu(OAc)2-H,O/DMAP mixed silica column catalyzed the
oxidation of hydrazones and was applied to generate diazo compounds under flow conditions. The
crude diazo compounds were subsequently injected directly without extra purification into the
downstream dirhodium(II)-catalyzed cyclopropanation reaction. Kinetic studies demonstrated that
addition of HFIP in the downstream process is crucial to deliver the desired cyclopropanation
products.

The fourth chapter shows the application of dirhodium(II)-catalyzed carbene chemistry in the
synthesis of a wide variety of heterocycle-functionalized cyclopropanes by applying
complementary methodologies. The cyclopropyl-based scaffolds are of pharmaceutical interest
and hard to prepare by other methods. The novel method has been utilized in a large-scale synthesis
of a key pharmaceutical intermediate.

The last chapter concentrated on the kinetic profiles of Rh(II) catalyzed C—H functionalization.
The kinetic study gained a comprehensive understanding of the reaction progress at low catalyst
loading. The study of the model C—H insertion of cyclohexane revealed the rate-determine step is
carbene insertion instead of the carbene formation. The kinetic insights have driven rational
optimization of the stoichiometry, carbene precursor structures and additives of the reaction. As a
result, about 580,000 Rh(II) catalyst TONs have been achieved in the C—H insertion reaction with
1 mol % N,N'-dicyclohexylcarbodiimide (DCC) as additive.
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Chapter 1. Introduction of Dirhodium(II) Catalyzed Carbene Chemistry

1.1 Introduction

Transition metal-catalyzed carbene chemistry has developed into a powerful methodology in
organic synthesis.!"'* Dirhodium(II) complexes have been found to be exceptional catalysts for a
wide variety of highly regio-, diastereo-, and enantioselective carbene reactions.!> 1 The proposed
mechanism of the dirhodium(Il) catalyzed carbene reaction is shown in Scheme 1.1.!7-%5 The
catalytic cycle starts with the combination of dirhodium(II) complex 1.1 and diazo compound 1.2,
followed by nitrogen extrusion from the diazo compound 1.2 to form the rhodium carbene
intermediate 1.4. The highly electrophilic rhodium carbene 1.4 subsequently approaches the
substrate (1.5a or 1.5b) in the next step, and the positive charge builds up at the carbon of the
intermediate. The process is concerted but asynchronous, forming a three-membered-ring
transition state (1.5a-TS or 1.5b-TS). Lastly, the carbene reaction product (1.6a or 1.6b) is

generated, and the dirhodium(II) complex 1.1 is released to initiate the next catalytic cycle.
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R4 | RW R2
~
Rz—:L\ RziH \Rh/Rh\ \n/
s R® R | = | Na
R1
1.6a 1.6b 1.1 1.2
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H R |~ | N,
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1.5a 1.5b 1.4

Scheme 1.1 General mechanism of the dirhodium(II) complex catalyzed carbene reaction



According to the mechanism described above, both electronic and steric effects of the substrate
(1.5a or 1.5b) and carbene intermediate 1.4 are crucial for the reaction outcome.?%?® The initial
studies mainly applied acceptor only and acceptor/acceptor diazo compounds as carbene
precursors. The “acceptor” was an electron withdrawing group that made the carbene intermediate
highly electrophilic and extremely active. However, acceptor only 1.7 and acceptor/acceptor
carbene 1.8 are often too reactive to achieve high selectivity in intermolecular reactions (Scheme
1.2). Carbene dimerization often occurs as an undesirable side-reaction, which leads to low yield
of the desired products. A significant breakthrough to overcome the above limitations was the
development of the donor/acceptor carbenes 1.9 pioneered by the Davies group (Scheme 1.2).%°
In contrast to the highly electrophilic accepter-only carbene 1.7 and the acceptor/acceptor carbene
1.8, the donor/acceptor carbene 1.9 has an electron-donating group to modulate its electrophilicity.
The presence of the donor group enables the carbene to achieve excellent selectivity while the
acceptor group still ensures high reactivity. Therefore, the donor/acceptor carbene 1.9 greatly

expanded the scope of useful carbene reactions.

H EWG E
= M= m=(
EWG EWG E

1.7 1.8 1.9
acceptor only acceptor/acceptor donor/acceptor

WG  EWG = CO,R, COR, CN, PO(OR),, SO,R, CF4

DG EDG = aryl, heteroaryl, vinyl, alkynyl

Scheme 1.2 Major classes of transient metal-carbene intermediates

The high selectivity profile of donor/acceptor carbene 1.9 contributed to the development of
asymmetric intermolecular carbene reactions catalyzed by chiral catalyst. However, the access to
efficient chiral catalysts was limited at the early stage of donor/acceptor carbene chemistry studies.

The traditional catalysts such as copper complexes and dirhodium(II) tetracarboxamidate catalysts



were not sufficiently active to generate carbene intermediate from donor/acceptor diazo compound
1.10. More vigorous conditions with higher temperature were attempted to promote the rection.
However, the thermal cyclization of diazo compound 1.10 intervened to generate pyrazole 1.12 as

product (Scheme 1.3).3°

0 /— 0

Ph " 111
7 o~ RO Ph\Mo/
CuL,, or Rhy(amide), \

Ny chiral catalyst N—NH
1.10 80 °C 1.12

Scheme 1.3 Vinyldiazoaceate underwent a thermal 6x electrocyclization to form pyrazole

To solve this problem, the Davies group explored an alternative approach to achieve asymmetric
induction by using a chiral auxiliary. Specifically, donor/acceptor carbenes with (R)-pantolactone
as the chiral auxiliary (1.13) were effective to achieve high levels of asymmetric induction in the
cyclopropanation reaction. As illustrated in Scheme 1.4, cyclopropane 1.15 was generated with
97% de and 84% yield. It was proposed that the carbonyl group of the pantolactone interacted with
the carbene center and generated a rigid intermediate 1.16 in the transition state. The rigid

intermediate 1.16 blocked one face from attack and led to a high level of asymmetric induction.?®

31
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Scheme 1.4 Chiral auxiliary led to high level asymmetric induction in cyclopropanation
reactions.

However, many chiral auxiliaries were expensive, and the stoichiometric amount of an auxiliary
would be prohibitive in a large scale synthesis. Therefore, using a chiral catalyst in catalytic
amounts to induce asymmetry in the reaction is desirable for practical application, and significant
progress has been made. An early breakthrough was the development of the dirhodium(Il)
prolinate catalyst Rho(DOSP)4 (1.17) reported by the Davies group.*? As shown in Scheme 1.5,
Rhy(S-DOSP)s (1.17) was disclosed as a superior catalyst to provide excellent levels of
enantioselectivity in the carbene reaction. The optimization studies showed that nonpolar solvents
such as pentane were beneficial for the catalyst performance. Applying lower temperature can
further enhance the enantioselectivity and when the reaction was conducted at -78 °C,
cyclopropane 1.18 was obtained with 98% ee.** Since then, the scope of Rhy(S-DOSP)4 (1.17)
catalyzed highly enantioselective cyclopropanation reactions have been expanded to a variety of
alkenes  with  vinyldiazoacetates,  aryldiazoacetates,  hetereoaryldiazoacetates,  or

alkynyldiazoacetates.'*
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Rh,(S-DOSP), (1.17)
Scheme 1.5 Highly enantioselective cyclopropanation catalyzed by Rha(S-DOSP)4 (1.17)
Methyl esters were originally used as the acceptor group for donor/acceptor carbenes, but since
then, many other types of acceptor groups on the diazo compounds have been investigated. Rha(S-
PTAD)4(1.25) from the Davies group has been demonstrated as the optimal catalyst for those cases
in cyclopropanation.®? Rho(S-PTAD)4 (1.25) was derived from the N-phthalimido amino acids. The
phthalimido catalysts were originally developed by Hashimoto®* and further studied by Fox,3% 3¢
Charette®” and Davies.** 3% 3 By installing a bulky adamantyl group on the phthalimido ligand,
Rhy(S-PTAD)4 (1.25) was able to induce higher level of asymmetric induction in the carbene
reactions. As listed in Scheme 1.6, Rh2(S-PTAD)4 (1.25) was able to catalyze cyclopropanation
reactions of aryldiazophosphonates 1.20, trifluoromethylphenyldiazomethanes 1.21,
aryldiazoacetonitriles 1.22, aryldiazoketones 1.23, and diarydiazomethanes 1.24. These reactions

consistently provided excellent results with high enantioselectivity and yield.*°

COMe PO(OEY), CF, CN COR Ar, 0fRh
N2 N2 N2=< N2=< N2=< N2=< .
EDG EDG ED EDG EDG Ary H OTRh
1.19 1.20 1.21 1.22 1.23 1.24 ' e}
ﬂ ﬂ - 4
Rh,(S-DOSP), (1.17) Rh,(S-PTAD), (1.25) Rh,(S-PTAD), (1.25)

Scheme 1.6 Rh2(S-PTAD)4 (1.25) was applied in asymmetric cyclopropanation with a range of
donor/acceptor diazo compounds



Most of the reported carbene reactions normally used 1 mol % catalyst loading to guarantee
consistent catalyst performance. To explore the potential of the dithodium(II) catalyzed carbene
reaction, low catalysts loading condition was also examined for achieving higher catalyst turnover
numbers (TONs). In the initial study, the cyclopropanation reaction maintained good
enantioselectivity (87% ee) with only 0.1 mol% Rh(S-DOSP)4 (1.17). However, further attempts
to lower catalyst loadings showed the enantioselectivity dropped to 50% ee when 0.01 mol%

catalyst loading was applied, and the reaction did not go to completion. (Table 1.1).

Table 1.1 Cyclopropanation with aryldiazoacetates conducted with low catalyst loadings

0]
0 Rh,(S-DOSP), (1.17)
__ 2 x mol%:" Ph / “‘\Jko/
/ + Ph / -
Ph = ¢ pentane
N, 23 °C Ph
1.1 1.10 1.18
entry X (mol%) ee of 1.18 (%)
1 1 92
2 0.1 87
3 0.01 50%*

*Reaction did not go to completion

To further enhance the catalyst robustness, a new dirhodium(II) tetraprolinate complex Rha(S-
biTISP), (1.27) was designed.*! > The prolinate ligands of Rho(S-biTISP) (1.27) were bridged to
make the catalyst more durable under low loading conditions. With only 0.001 mol% Rhx(S-
biTISP), (1.27), the cyclopropanation between styrene 1.11 and methyl phenyldiazoacetate 1.26
achieved 92% yield and 85% ee at room temperature (Scheme 1.7). Notably, methyl benzoate 1.28

was an effective additive to promote the reaction to achieve higher TONs. The role of the methyl



benzoate 1.28 was possibly to stabilize the rhodium carbene complex either by coordination to the

carbene or to the other rhodium center.

o Rhy(S-biTISP), (1.27) T
o 0.001 moi% Lo/
/— o+ - A
PH j])j\o 4AMS (10 g),CH,Cl Ph Ph
N, rt., 24 h
0 :
1.11 1.26 1.29 '
e :
0.2 mol (@) crude: 46 g, 92% yield, 85% ee :
0.5 moI_ 1.(') equiv recrystalized: 37.8 g, 75% vyield, 99.3 ee !
0.25 equiv 352 128 ! .
0.2 . | Ar = 2,4 ,6-tri-'PrCgH,
.2mo S
1.0 equiv Rhy(S-biTISP), (1.27)

Scheme 1.7 Rhy(S-biTISP); (1.27) catalyzed cyclopropanation with high TONs

Another method to achieve higher TONs was the use of a more stable carbene intermediate. Rha(S-
DOSP)s (1.17) had achieved 900,000 TONs in a cyclopropanation using p-
methoxyphenyldiazoacetate 1.29 as the carbene precursor (Scheme 1.8).*> The p-methoxyphenyl
is a strong donor group that could stabilize the carbene intermediate. The more stable carbene
intermediate was less likely to destroy the catalyst, leading to improved results. With p-
methoxyphenyldiazoacetate 1.29 and the reactive trap reagent cyclopentadiene 1.31, Rho(S-
PTAD)4 (1.25) achieved 1,300,000 TONs in the cyclopropanation reaction (Scheme 1.8).43 The
reaction used 0.00006 mol% Rhy(S-PTAD)4 (1.25) and generated product 1.32 in 83% yield and
76% ee. These results demonstrated that routinely applying extremely low catalyst loadings in the
carbene reaction was promising. Inspired by these precedents, further high catalyst TONs
investigation has been conducted to find a system that routinely achieves high levels of asymmetric

induction. The extent of this work will be described in a subsequent Chapter.
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Scheme 1.8 Rh(S-DOSP)4 and Rh2(S-PTAD)4 catalyzed solvent-free cyclopropanation with high
TONSs

The donor/acceptor carbenes are effective in a range of other reactions beyond cyclopropanation.
One reaction that has generated particular interest is C—H functionalization by means of inserting
the metal carbene into a C—H bond. Earlier success of intermolecular C—H insertions largely relied
on selecting substrates with an appropriate reactivity profile to give clean reactions. Substrates
with the correct balance between electronic and steric influences enabled the C-H insertion
reactions to occur in a selective manner. As illustrated in Scheme 1.9, while tertiary C—H bonds
can lead to stabilized positive charge builds up during the transition state, their steric environment
offers less opportunity for approach by the sterically encumbered carbene. Conversely, primary
C—H bonds are the most sterically accessible sites but are not electronically preferred. Therefore,
secondary C—H bonds were normally favored for the C—H insertion reaction, especially when the

sites were electronically activated (allylic, benzylic, o to oxygen, a to nitrogen sites).
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Scheme 1.9 The steric and electronic influences on site selectivity of C—H functionalization

Accordingly, a wide range of donor/acceptor carbene C—H insertions have been developed.
Compared with the traditional methods, the C-H insertion methodology is significantly
straightforward and effective. The C-H insertion reactions complement classic disconnection
strategies and offer many alternative approaches in organic synthesis. For example, the C—H
insertion of tetraethoxysilane 1.33 with phenyldiazoacetate 1.26 generated (-alkoxycarboxylate
1.34 with 95% ee and 70% yield (Scheme 1.10.1).** This particularly effective reaction catalyzed
by Rhy(S-DOSP)4 (1.17) can be considered as a surrogate of the aldol reaction to form [-
hydroxyesters. Another representative example is the C—H insertion of allyl acetal 1.35 with the
aryldiazoacetate 1.36 to deliver the ketal protected B-ketoester 1.37 with 86% ee in 68% yield
(Scheme 1.10.2).% B-ketoesters are traditionally generated by a Claisen condensation. However,

chiral B-ketoester products are likely to racemize under the Claisen condensation conditions. The
C—H insertion method avoided the racemization because the ketal protection diminished the
product CH acidity and ensured the product was readily isolated. A further example is the C—H
insertion a to nitrogen to obtain B-amino acid derivatives, which is a Mannich reaction
equivalent.*® As shown in Scheme 1.10.3, C-H insertion of the phenyldiazoacetate 1.26 and N-
Boc-pyrrolidine 1.38 generated f-amino acid derivative 1.39 in good yield with high levels of

diastereo- and enantioselectivity.



1. Aldol reaction equivalent

OSi(OEt)3 CO-Me
+ N>
Ph
1.33 1.26
4 equiv

2. Clasien condensation equivalent

1]

COzMe
// + N
(p-Br)Ph
1.35 1.36
2 equiv

10

Rh,(R-DOSP), (1.17)

oSt (Et0):Si0  CO,Me
2,2-dimethylbutane $ ;’Ph
23 °C
1.34

70% yield, 95% ee

o_ O
CO,Me
Rh,(S-DOSP), (1.17) Z
(1 mol%) O
PhCF, O
25 °C
Br
1.37

68% yield, 86% ee

3. Mannich reaction equivalent

Boc
oc COMe  Rhy(S-DOSP), (1.17) ! CO-Me
N + N2=< (1mol%)
; ; Ph Hexane Ph
-50 °C
1.38 1.26 1.39
2 equiv 72% yield, 96:4 dr, 94% ee

Scheme 1.10 Seminal examples of Rho(DOSP)4-catalyzed intermolecular reactions as classic
disconnection equivalent

While various C—H insertion systems were explored, the early studies relied on selecting substrates
with appropriate functionality for a clean reaction.*”- 48 Therefore, alternative methods to control
the reaction selectivity were required.> #°-5°> Remarkably, the Davies group has designed a series
of chiral dirhodium(IT) complexes that enable catalyst-controlled C—H functionalization. - 4% 36-60
The principle was to utilize the steric environment around the catalysts to affect which C—H bonds
could be accessed. The hypothesis was that less bulky catalysts would prefer to react at a tertiary
C—H bond, while a sterically demanding catalysts would mitigate the reaction electronic preference

and favor the sterically more accessible secondary or primary C—H bonds. Moreover, the high

symmetry of the chiral dirhodium(II) complexes would further affect the reaction selectivity. The
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achiral dirhodium(II) tetracarboxylate is Dan symmetric with four identical ligands aligning in the
periphery of the catalyst core. However, the chiral ligands with bulky substituent would exist on
either the top (a) or bottom (B) face of the dirhodium(II) tetracarboxylate. The dirhodium(II)
catalysts therefore could adopt higher symmetry than the ligands, depending on the specific
orientations of the chiral ligands (Scheme 1.11).°% 3 6! In recent years, a variety of chiral

dirhodium(II) catalysts with high symmetry have been developed.

large group exists u

on the a face or p face

U

O—Rh——'O

a face/ top face
7 o—Hh——-O O—Rh——O (e} —Rh——O
—Rh—0
/7 w7
|/ ) o _Rh———O Oy —Rh——O
—Rh—0
7
B face/bottom face

1.40 1.41 1.42

@, a, o, o Orientation a, B, B, a orientation a, o, B, B orientation a, o, a,a orientation
(C4 symmetric) (D, symmetric) (C5 symmetric) (C, symmetric)

Scheme 1.11 High symmetry orientations of dirhodium(II) tetracarboxylate catalysts
Rh(S-TCPTAD)4 (1.44) and Rhy(S-TPPTTL)4 (1.45), the second-generation catalysts developed
in the Davies group, are derived from bulky N-phthalimido amino acids (Scheme 1.12).3%>° Both
Rh(S-TCPTAD)4 (1.44) and Rh(S-TPPTTL)4 (1.45) adopt the Cs symmetric structure (1.40) and
have some conformational flexibility to allow C—H functionalization at crowded sites. Intriguingly,
the X-ray structure of Rha(S-TPPTTL)4 (1.45) showed that the 16 phenyl rings in the structure
were tilted. While DFT calculations indicated that all 16 phenyl rings tilting one way is the lowest
energy form, 12 phenyl rings are tilted one way and four are tilted in the opposite way.* This
suggested the fixed stereogenic centers in the ligands led to a C4 symmetric propeller-like structure,

which could be a key feature for the high asymmetric induction exhibited by this catalyst.
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Scheme 1.12 Second-generation Cs Symmetric dirthodium(Il) catalysts derived from N-
phthalimido amino acids

The chiral dirhodium(II) complexes with triphenylcyclopropane (TPCP) carboxylate ligands are
the third generation catalysts developed in the Davies group (Scheme 1.13).5% ! They were
designed to be more sterically demanding to overcome the electronic preference of the C—H
insertion for tertiary sites. Depending on the functionality, TPCP catalysts will adopt three possible
high symmetry orientations. Rhy(p-Br-TPCP)4 (1.46),°° Rho(p-Ph-TPCP)4 (1.47)* and Rhy[R-
tris(p-"BuCe¢Hs) TPCP)4 (1.48)%? are Co-symmetric (1.42). Rhy(S-2-C1-5-BrTPCP)4 (1.49) has an o-
Cl substituent on the C-1 aryl ring, and the rotation between the cyclopropane and the o-Cl-aryl
ring is hindered.%*-6°> Rhy(S-2-C1-5-BrTPCP)4 (1.49) preferentially adopts a C4-symmetric structure
(1.40) with all four of the o-Cl phenyl rings on the same side. One extremely sterically demanding
catalyst is Rho(R-3,5-di(p-BuCe¢Hs)TPCP)4 (1.50),the aryl group of which is 3,5-disubstituted.>’
The four ligands of Rhy(R-3,5-di(p-'BuCsHs)TPCP)s (1.50) adopt an up-down-up-down

arrangement, which leads to a D>-symmetric structure (1.41).
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Ar= p-BuCgH, -
Rhy(S-p-Br-TPCP), (1.46)  X-ray structure of 1.46 Rhy(S-p-Ph-TPCP), (1.47)  X-ray structure of 1.47 ha[R-tris(p-"B’uCGHj)TfPCPL: (1.48) computational slruct.ure of 1.48
(C, symmetric) (C, symmetric) (C, symmetric)

4
Ar= p-'BuCgH,4

Rhy(S-2-CI-5-Br-TPCP), (1.49) X-ray structure of 1.49 Rh(FR-3,5-di(p-BuCeH4) TPCP)4 (1.50)  X-ray structure _of 1.50
(C4 symmetric) (D, symmetric)

Scheme 1.13 Third-generation C2, D> and C4 Symmetric dithodium(Il) catalysts derived from
TPCP ligands

With all above novel dithodium(II) catalysts in hand, relatively similar bonds can be differentiated
in the C—H functionalization reaction. By applying appropriate dithodium(II) catalysts to fit the
steric environment, precisely controlled C—H functionalization reaction has been significantly
developed. A significant example was the C—H functionalization of p-ethyl toluene 1.51 reported
by the Davies group in 2014.* As demonstrated in Table 1.2, the reaction of methyl
aryldiazoacetate 1.36 with p-ethyl toluene 1.51 was examined using two dirhodium(II) catalysts.
The reaction catalyzed by Rha(R-DOSP)4 (1.17) generates cleanly the secondary benzylic C-H
insertion product 1.52a in 75% yield. With the more sterically bulky third generation catalyst,
Rhy(R-p-PhTPCP)4 (1.47), the reaction favors primary C—H bond and forms 1.52b as product (1:5
rr and 92% ee). Furthermore, the selectivity can be further enhanced (1:13 rr and 99% ee) with the

aryldiazoacetate 1.36, in which the methyl ester has been replaced by a chloroethyl ester.
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Table 1.2 Catalyst-controlled benzylic C—H functionalization of ethyltoluene

Davies (2014)

H CO,R
CO,R .
2 Rha(L), (0.5 mol%) (p-Br)Ph
+ N2 I +
(p-Br)Ph DCM, reflux
CO,R
H £
(p-Br)Ph
1.51 1.36 1.52a 1.52b
1.2 equiv
R Rha(L),4 catalyst 1.52a:1.52brr yield, % ee, %
Rhy(R-DOSP), (1.17) >20:1 75
CHy
CHs Rhy(R-p-Ph-TPCP), (1.47) 15 74 92
CH,CClg Rhy(R-p-Ph-TPCP), (1.47) 1:13 75 99

Compared with the active benzylic C—H insertion shown in Table 1.2, differentiation between
unactivated secondary C—H bond needed a more sterically bulky catalyst to accurately control the
selectivity. Rho(R-3,5-di(p-'BuCeH4)TPCP)4 (1.50) is the optimum catalyst in the C-H
functionalization at the most accessible secondary site (Scheme 1.14).57 This bulky D> symmetric
catalyst is effective in the functionalization of pentane 1.53 at the most accessible C-2 position,
with no competing reactions at the C-3 methylene site. The C—H products 1.55 are obtained with

excellent site selectivity, diastereoselectivity, and enantioselectivity.

Davies (2016)

] CO,CH,CCly
H COzCHQCCIs ha(Fi’-S,S-dI(p-tBuC6<|>'|4)TF’CP)4 (1 .50) &
N, (1 mol%) - Ar
Ar DCM, reflux
R! R
1.53 1.54 1.55
3 equiv up to 30:1 rr, up to 55:1 dr
up to 99% ee , up to 99% yield
16 examples

Scheme 1.14 Rhy(R-3,5-di(p-BuCsH4)TPCP)s (1.50) catalyzed selective functionalization of
unactivated secondary C-H bonds
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Tertiary C—H bonds are electronically preferred in carbene-induced C—H functionalization
reactions. However, the crowded environment of a tertiary C—H bond hinders approach to the
rhodium-carbene center. Previous endeavors using Rho(DOSP)4 (1.17) in tertiary C—H insertion
had limited scope and resulted in moderate levels of enantioselectivity. To further enhance the
selectivity, the more rigid catalyst, Rho(S-TCPTAD)4 (1.44), was applied to the reaction.>® As
illustrated in Scheme 1.15, Rhy(S-TCPTAD)4 (1.44) catalyzed tertiary bond C—H functionalization
and generated products 1.59 with excellent site- and enantioselectivity. More remarkably, late-
stage functionalization of natural products, including steroids (1.60) and a vitamin E derivative
(1.61) has been carried out with satisfying results. While these elaborate substrates contained
several tertiary C—H bonds, the C—H functionalization exclusively occurred at the most accessible

one with high asymmetric induction.

Davies (2017)

R CO,CH,CF4 ha(S-TCPTAoD)4 (1.44) R CO,CH,CF,
- N2=< (1 mol%)
j DCM, 39 °C
Ar Ar
1.57 1.58 1.59
3 equiv up to >98:2 rr

up to 92% ee
up to 94% yield
15 examples

AcO

>98:2 rr,
(p-Br)Ph 16:1 dr,
60% vyield
1.60 CO,CH,CFs (0 °C)
from Cholesteryl acetate ( 1 equiv)
AcO
>98:2 rr,
o ., _~(P-BNPh  520:1 gr,
H 60% yielld
1.61 CO,CH,CF; (24 °C)

from Vitamin E acetate (1 equiv)

Scheme 1.15 Rhy(S-TCPTAD)4 (1.44) catalyzed selective functionalization of tertiary C—H bonds
and the method application in late-stage functionalization of natural products
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Recent research showed Rhy(S-2-Cl-5-BrTPCP)4 (1.49) is capable of superior selectivity for
reactions at the most accessible unactivated secondary C—H bond (Scheme 1.16).%°> Remarkably,
C—H insertion happened at the most accessible methylene site of n-alkylbenzenes 1.62 in the
presence of active benzylic C—H bond. The reaction has overcome the strong preference of
electronically active site and displayed excellent steric control at the most accessible secondary

C—H bond to obtain 1.63.
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Scheme 1.16 Rhy(S-2-CI-5-BrTPCP)s (1.49) catalyzed site selective functionalization of
unactivated secondary C—H bonds

Notably, the method has been applied in synthesizing the macrocyclic core (1.69) of the
cylindrocyclophane class of natural products (Scheme 1.17). Rhy(S-2-Cl-5-BrTPCP)s (1.49)
catalyzed C—H functionalization was utilized in two key steps of the synthesis and controlled the
stereochemistry precisely at four newly formed stereogenic centers. The example demonstrated
the great efficiency of catalyst-controlled C—H functionalization to generate desired complex

structures with accurate stereoselectivity.
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Scheme 1.17 Enantioselective synthesis of cylindrocyclophane core applying Rhy(S-2-Cl-5-
BrTPCP)4 (1.49) catalyzed C—H functionalization

Functionalization of inert primary C—H bonds is more challenging, because they are electronically
the least favored. Competition reactions from more active secondary or tertiary C—H bonds usually
occur, leading to the formation of a mixture of products. Selective primary C—H insertion control
needs very bulky dirhodium(II) catalysts. Accordingly, Rha[R-tris(p-"BuCe¢H4)TPCP)4 (1.48) was
designed with fully p-phenyl substituted TPCP ligands.®?> The catalyst (1.48) is sufficiently
sterically demanding to overcome electronic preference for tertiary or secondary C—H insertion.
As illustrated in Scheme 1.18, exceptionally high site selectivity and asymmetric induction has
been achieved by Rhy[R-tris(p-'BuCe¢H4)TPCP)4 (1.48). The C—H functionalization of the most
sterically accessible primary C—H bonds was selectively targeted although the substrates (1.70 and

1.74) contain functional groups and electronically activated C—H bonds.
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Scheme 1.18 Rhy[tris(p-'BuCsH4)TPCP)s (1.48) catalyzed site selective functionalization of
unactivated primary C—H bonds

The Cs symmetric catalyst Rho(S-TPPTTL)4 (1.45) achieved selectivity between similar unactive
secondary C-H bonds of cyclohexane derivatives.’* As showed in Scheme 1.19, the substituted
cyclohexane 1.78 has 11 different C—H bonds within the ring, 10 of which are secondary. While
other tested dirhodium(Il) catalysts generated mixture of products, Rhy(S-TPPTTL)s (1.45)
catalyzed the reaction to generate cleanly the C-3 equatorial substituted product 1.79 with high
regio-, diastereo- and enantioselectivity. According to the X-ray structure, the 16 phenyl groups
on the ligands formed a well-defined wall at the periphery of Rho(S-TPPTTL)4 (1.45). Additionally,
computational studies suggested this bowl-shape Cs; symmetric catalyst had some flexibility to
adjust the pocket when the substrate approached the carbene center. This site selectivity was
proposed to be controlled by how the substrate interacted with the wall of the catalyst rather than

the influence of the steric environment at the carbene site itself.
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Scheme 1.19 Rhy(S-TPPTTL)4 (1.45) catalyzed desymmetrization of cyclohexane derivatives

Rhy(S-TPPTTL)4 (1.45) could catalyze C—H functionalization into a tertiary C—H site in both trans

and cis 1,4-dimethylcyclohexane isomers (1.80 and 1.82), while the regioselectivity of trans-1,4-

dimethylcyclohexane 1.83 was lower (4.8:1 r.r.). Competition experiments using mixtures of both

isomers indicated that the equatorial C—H bond reacted approximately 140 times faster than an

axial C—H bond. The results demonstrated the dramatical preference of equatorial position

presented by Rho(S-TPPTTL)4 (1.45).

In summary, donor/acceptor carbenes and dirhodium(Il) tetracarboxylates catalysts have been

shown to be a privileged system, showing unique reactivity and selectivity in asymmetric reactions.

However, challenges still exist for the broader application of carbene chemistry (Scheme 1.20).
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H

\l/
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Scheme 1.20 Limitations of thodium-carbene chemistry in practical applications
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The work described in this thesis focused on studies aiming to overcome the practical limitations
of the carbene chemistry. Each Chapter will discuss the efforts to enhance the practicality from
different aspects. Firstly, considering the high price of precious rhodium metal, using less
dirhodium(II) catalysts in the reaction is necessary to make the chemistry more economical.®
Chapter 2 and Chapter 5 will introduce the work applying in-sifu kinetic study to develop optimal
low catalyst loadings conditions. The cyclopropanation (Chapter 2) and C—H insertion (Chapter 5)
have achieved extremely high catalyst TONs while maintaining the excellent reactivity and
selectivity. Secondly, diazo compounds are highly reactive and energetic.®’” The possibility of
exothermic decomposition and explosion make diazo compounds undesirable for application in
industrial-scale synthesis. Chapter 3 will describe a flow process using mild methods to synthesize
and utilize diazo compounds in-situ. Moreover, the dirhodium(Il) catalysts and electrophilic
carbene intermediates are sensitive to the nucleophilic sites appearing in the substrates.87°
Carbene reactions with nucleophilic heterocycles usually give lower yield or selectivity. As
heterocyclic motifs are of pharmaceutical interest, Chapter 4 will introduce the efforts to develop
asymmetric synthesis of pharmaceutically relevant cyclopropanes, which has accommodated a

broad range of heterocycles.
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Chapter 2. In Situ Kinetic Studies of Dirhodium(II)-Catalyzed Asymmetric
Cyclopropanation with Low Catalyst Loadings.

2.1 Introduction

Dirhodium(II) tetracarboxylates have revolutionized the chemistry of transition-metal-catalyzed
carbene reactions.*® "' Under mild conditions, dirhodium(IT) tetracarboxylates enable nitrogen
extrusion from diazo compounds and generate carbene intermediates. The carbene intermediates,
especially the donor/acceptor carbenes, can effectively undergo a wide range of synthetically
useful reactions.> Considering the high cost of dirhodium(II) catalysts and the broad utility of
carbene chemistry, we have a long-standing interest to conduct the reactions with extremely low
catalyst loadings. A previous study established that the chiral bridged N-arylsulfonylprolinate
catalyst, Rhy(S-biTISP); (2.1), enabled the cyclopropanation of styrene to be conducted with only
0.001 mol % catalyst loading and achieved 85% ee.”” However, Rha(S-biTISP), (2.1) is difficult
to synthesize on scale, which limits its general utility. In the absence of solvent, low catalyst
loading conditions are also applicable for the carbene reactions catalyzed by Rho(R-DOSP)4 (2.2)
and Rhy(R-PTAD)s (2.3).** For example, Rho(R-PTAD)s (2.3) achieved 1,300,000 TONs in
cyclopropanation reaction under neat conditions. However, the enantioselectivity dropped
dramatically comparing with normal catalyst loading conditions. Also, the neat reaction on large
scale would have significant safety issues because of the high energy associated with the diazo
compounds. The above high TONs studies mainly concentrated on Rhy(S-biTISP); (2.1), Rhao(R-
DOSP)4 (2.2), and Rha(R-PTAD)4 (2.3) because they were the only available chiral dithodium(II)
catalysts at that time (Scheme 2.1).*> > With various novel chiral dirhodium(II) catalysts
developed recently, a systematic investigation is needed to examine the potential of these new

catalysts to achieve extremely high TONSs.
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Scheme 2.1 Chiral dirhodium(II) catalysts capable of high TONs
In this study, detailed in-sifu kinetic analysis was undertaken to reveal the relative reactivity of the
catalysts and their performance as the reaction progresses. The kinetic information guided
optimization of low catalyst loading conditions. Finally, a general process using 0.001 mol %
catalyst loading was applied to cyclopropanation with a wide range of substrates, in which the

level of enantioselectivity remained high (86-99% ee).

2.2 Results and Discussions

The first stage of the study was to determine the relative reactivity of the catalysts in a standard
cyclopropanation of styrene (2.4) with p-bromophenyldiazoacetate (2.5) to form the cyclopropane
(2.7). Previous research has shown that the trichloroethyl ester (2.5a) is superior compared with
the traditional methyl ester (2.5b) in terms of site selectivity in C—H functionalization reactions,
reaction efficiency, and faster reactions rate, at least under thermal conditions.”® 7 Therefore, we
firstly compared the profiles of 2.5a with 2.5b in the cyclopropanation reaction catalyzed by
Rhy(S-p-Br-TPCP)4 (2.6) with 0.0025 mol % loading (Scheme 2.2). The results showed diazo
compound 2.5a with trichloroethyl ester is more reactive and gives significantly higher
enantioselectivity (93% ee versus 68% ee). Therefore, diazo compound 2.5a was applied as the

standard carbene precursor for exploring relative reactivity of the different dirhodium(II) catalysts.
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Scheme 2.2 Influence of ester functionality on diazo compounds
Most reported studies on dirhodium(II)-catalyzed reactions of donor/acceptor carbenes rarely
attempted to conduct the reactions at their lowest possible catalyst loadings.!* 7> The normal
conditions usually used 0.5-1.0 mol % catalyst loading at rt, under which all the catalysts were
very effective. Typically, the reactions are completed in a matter of minutes, although slow diazo
compounds addition is commonly applied to prevent dimerization. The carbene reactions with
reactive trapping substrates can even be conducted at -50 °C while maintaining good yield and
selectivity. Prior to this study, information about the relative rates of the different dirhodium(II)
catalysts was limited.”®’8 Therefore, the reaction rates of the catalysts were firstly compared at
relatively low loadings (0.0025 mol %), because under these conditions the kinetic difference
between the catalysts should be perceptible. The reactions were conducted in dichloromethane
(CH2Cl,) to avoid solubility issues. CH2Cl; is also the established optimum solvent for most of the
dirhodium(II) catalysts tested here. The two exceptions are the Rho(R-DOSP)4 (2.2), and Rha(R-
PTAD)4 (2.3), which give higher levels of asymmetric induction when hydrocarbon solvents are
used.” The reaction rates were determined by ReactIR, following the rate of disappearance of the
distinctive signal for the diazo functionality [2103 cm!]. Control experiments were also conducted
to show that the rate of disappearance of the diazo compound 2.5a signal was directly proportional
to the rate of appearance of the signals associated with the cyclopropane product 2.7a (Figure
2.1a-b). The crude '"H-NMR (Figure 2.1¢) further showed the reaction is robust and clean with

only 0.01 mol% catalyst loading, which is highly potential to achieve higher catalyst TONS.
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Figure 2.1 Kinetic profiles of control experiment and the crude 'H-NMR. a: The original kinetic
profile of the cyclopropanation. b: Cyclopropane 2.7a formation curve was flipped to match diazo
compound 2.5a disappearance curve. The good overlapping suggested diazo compound 2.5a was
converted to cyclopropane 2.7a cleanly. ¢: Crude 'H-NMR of the reaction (use 1,3,5-
trimethoxybenzene as internal standard) showed the reaction is clean and has no byproduct (blue
color: the peaks of product 2.7a, yellow color: the peaks of excess styrene 2.4 after the reaction.

The initial kinetic results of the low catalyst loading (0.0025 mol%) cyclopropanation, however,
were inconsistent, giving variable outcomes when the reactions were repeated under the same
conditions. Upon inclusion of activated 4 A molecular sieves the reactions became reliable and
reproducible (Figure 2.2). This result indicated that trace amounts of water interferes with the rate
of the reaction under low catalyst loadings conditions and the rigorously dry conditions are

beneficial.
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Figure 2.2 Kinetic profiles highlighting the importance of 4 A molecular sieves a. Reaction kinetic
profiles were inconsistent without 4 A molecular sieves at 0.0025 mol % catalyst loading. b.
Reaction kinetic profile became consistent upon inclusion of 4 A molecular sieves in the reaction.

The influence of the catalysts on the rates of the reaction under the standard conditions is
summarized in Figure 2.3. The tested dirhodium(II) catalysts displayed an unexpectedly wide
range of reactivity with the most active catalyst being over 500 times faster than the slowest one.
Even so, most catalysts finished the reaction in 30 min. The results implied that the catalytic cycle
was robust and efficient, which was essential to achieve extremely high TONs. The most reactive
catalyst is Rh2(R-DOSP)4 (2.2), which had an initial TOF of 2,880,000/h and an overall TOF of
1,068,000/h. Among the second generation catalysts, Rhao(R-PTAD)4 (2.3), and Rha(R-TCPTAD)4,
are nearly as reactive as Rhao(R-DOSP)4 (2.2), whereas Rha(R-TPPTTL)4 is about four times slower.
The third generation catalysts, the TPCP series, tended to be the slowest catalysts. The trend is
reasonable because the third generation catalysts were designed to be more sterically crowded than

the first and second generation catalysts. The ortho-chloro-substituted catalysts, Rha(S-o0-Cl-



26

TPCP)4, and Rhy(S-2-CI-5-Br-TPCP)4, are still relatively fast, with an initial TOF of >1,000,000/h
but Rhy(S-p-Br-TPCP)4 (2.6), Rha(R-p-Ph-TPCP)s (2.8), and Rhy[R-tris(p-BuCsH4)TPCP)4 are
about 20 times slower. The slowest catalyst of all is Rha(R-3,5-di(p-'BuCsH4)TPCP)4, which is a
further order of magnitude slower and finished the reaction after 12 h.

Rh(Il) catalyst

A CO,CH,CCly 0.0025 mol % \CO,CH,CCly
P+ N Ph
CeHa(p-Br) CH,Cly, CeH4(p-Br)
25 °C, 4AMS
24 2.5a 2.7a
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P
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(1]
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255 0.
g, Rh,(R-PTAD), 63 2 min 1,920,000
£ 66 2 min 1,920,000
806
S Rhy(R-TPPTTL), 83 8 min 1,440,000
S
5 Rh,(S-0-CITPCP), 37 8 min 1,440,000
]
g 04 " : Rhy(S-2-CI-5-Br-TPCP), 43 30 min 1,152,000
g Time/min..—" Rh,(S-p-Br-TPCP), -03 2h 57,600
= P 5
@
2 Rh,(R-p-Ph-TPCP), 90 2h 58,775
é Rh,(R-tris(p-‘BuCgH,)TPCP), 87 2h 57,600
% Rhy(R-3,5-di(p-BuCgH,)TPCP), 31 12.5h 5,549
& 2 4 6 8 10 12
Time/h

Figure 2.3 Reaction rates of various dirhodium(II) catalysts in the cyclopropanation reaction. (-)
indicated that the opposite enantiomer was obtained. *The initial turnover frequency (TOF) was
measured according to the initial rate of the reactions up to 20% conversion. All reactions gave
the quantitative yield according to crude 'H-NMR, and the overall TOFs were calculated by the
isolated yields.

We have previously explored the high TONSs catalysis of Rho(R-DOSP)4 (2.2), and Rha(R-PTAD)4

(2.3), two of the fastest catalysts.** Even though impressive overall TONs were obtained, the

enantioselectivity of cyclopropanation dropped dramatically between 0.01-0.001 mol % catalyst
loading. Therefore, we decided to explore whether some of the slower and more sterically

constrained catalysts would be more robust to maintain the enantioselectivity under low catalyst
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loading conditions. In this regard, further exploration focused on the Rh(S-p-Br-TPCP)4 (2.6)-
catalyzed cyclopropanation because it gave the highest level of enantioselectivity (93% ee) in the
standard reaction. Even though Rha(S-p-Br-TPCP)4 (2.6) is one of the slower catalysts, it still
completed cyclopropanation at 0.0025 mol % catalyst loading in 2 h, and therefore still has the
potential to achieve very high TONs, especially if the reaction is conducted under elevated
temperatures.

To understand the behavior of Rha(S-p-Br-TPCP)4 (2.6) better, we conducted systematic kinetic
studies on the Rhy(S-p-Br-TPCP)4 (2.6) catalyzed cyclopropanation reaction.(Figure 2.4 and 2.5)
Using the Variable Time Normalization Analysis (VTNA) methodology developed by Burés,®® we
determined the reaction order of the dirhodium(II) catalyst through a series of 1.0 g scale reactions
with diazo-compound 2.5a at a concentration of 0.1 M. The reactions were performed at various
catalyst loadings: 0.02 mol %, 0.01 mol %, and 0.0025 mol % and the diazo compound
concentration [2.5a] was plotted against a normalized time scale t[cat]t" (t = time, T = total,
n=catalyst order) (Figure 2.4), revealing that Rhy(S-p-Br-TPCP)4 (2.6) was 1st order in the

reaction.
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Figure 2.4 Variable Time Normalization Analysis (VITNA) experiments for determining catalyst
order a. Primary kinetic curves of benchmark cyclopropanation reactions with different catalyst
loadings. b, ¢, d: Three different normalized time scales showed that when n = 1, the curves overlap,
meaning that the catalyst was 1st order in the benchmark cyclopropanation reaction.

After determining the reaction order of the catalyst, the robustness of the catalyst was evaluated
using Reaction Progress Kinetic Analysis (RPKA) methodology by conducting “same excess”
experiments.8! The [excess] was invariable over the course of the reaction and defined as shown
ineq 1.

[excess]=[2.4]0-[2.5a]0=[2.4]-[2.5a] (eq1)
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The kinetic profiles of two reactions were investigated: one was the “standard condition” same as
Scheme 2.2 and the other was “same excess” with half the normal loading of the diazo compound
2.5a (0.5 equiv) but the same [excess] of the styrene (2.4). When the “standard condition” reaction
reached 50% conversion, if the catalyst is robust and does not show any deactivation or product
inhibition, then the reaction rate should be equal to that of the “same excess” reaction. When tested,
the kinetic curves of the “same excess” reaction and the “standard reaction” after 50% conversion
showed good overlap between the data sets (Figure 2.5b). This result suggested that the catalytic
performance of Rhy(S-p-Br-TPCP)4 (2.6) was maintained after 20,000 TONs, and there was no
product inhibition of the catalyst. After confirming the catalyst robustness, we moved forward to
determine the concentration dependences of diazo compounds 2.5a and styrene 2.4. To achieve
this goal, “different excess” experiments were performed. In these experiments, the amount of the
diazo compound 2.5a was decreased (0.5 equiv) while the concentration of styrene 2.4 (2.32 equiv)
and the loading of the Rha(S-p-Br-TPCP)4 (2.6) (0.0025 mol %) were kept constant (Figure 2.5c¢).
We found that the reaction rate (represented by change in the concentration of styrene 2.4) became
slower with decreased amount of diazo compound 2.5a, but the high enantioselectivity was still
maintained at 93% ee. This positive correlation demonstrates that the reaction order of diazo
compound 2.5a is positive. The data is also in agreement with earlier computational studies, which
showed that the energy barrier for diazo decomposition to form the carbene intermediate is much
higher than the cyclopropanation step in the reaction. Therefore, carbene formation is the rate
determining step in the cyclopropanation reaction. Concentration dependence of styrene was also
determined by the same method (Figure 2.5d). Interestingly, a higher concentration of styrene 2.4
(4.64 equiv) led to slower reaction rate, while lower concentration of styrene 2.4 (1.5 equiv) gave

faster rate but diminished enantioselectivity (72% ee). The results suggested that although styrene
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2.4 reduces the reaction TOF, possibly by competing coordination to the dirhodium(II) catalyst,

this coordination effect may help to stabilize the catalyst or the carbene intermediate to maintain

the high enantioselectivity.
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Figure 2.5 Kinetic profiles of cyclopropanation reaction with Rha(S-p-Br-TPCP)4 (2.6) a. The
Variable Time Normalization Analysis determined the catalyst was 1st order. b. Same excess
reaction was carried out with [excess] = 0.132 M. “standard condition™: [2.4]o = 0.232 M, [2.5a]o
= 0.1 M; “same excess”: [2.4]o = 0.182 M, [2.5a]o = 0.05 M. c. Different excess reaction
determined positive reaction order of diazo compound 2.5a. d. Different excess reaction

determined negative reaction order of styrene 2.4.

Based on above results and further derivation of the rate equation (See experimental part), a rate

law for the cyclopropanation reaction is determined as shown in eq 2.

rate = k[2.5a]' [2.4]"! [Rh(II)]!

(eq 2)
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A catalytic cycle based on the kinetic studies is described in Scheme 2.3. The dirhodium(Il)
carboxylate (A) coordinates to the aryldiazoacetate (B) in competition with styrene (C)
coordination. This interaction would explain why the rate of the reaction had a reverse relationship
to the concentration of styrene C. The rate determining step (rds) is the extrusion of nitrogen from
the rhodium diazo complex (D) to form the rhodium carbene (E). Reaction of the rhodium carbene
(E) with styrene (C) would then generate the final product (F) through a three-member transition

state (TS) and recycle the catalyst (A).

EDG. _EWG
\\A,EWG ll?thr,‘/ hil
Ph . /|/| N
EDG 2
F / A B
|/ l/'\ﬁ}Ph | | N@EDG
R \\”'EDG /Rh/'R%/
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| |/ .EDG
Rh-Rh/:,g N2
Ph X /|/| EWG
¢ E

Scheme 2.3 Proposed catalytic cycle for cyclopropanation of styrene

This mechanism is consistent with previous computational studies that have been carried out on
the cyclopropanation reaction.?® These studies showed that the carbene formation is the rate
determining step and the barrier for the cyclopropanation step is very small. Dirhodium(II)

tetracarboxylates are very stable complexes. They can be chromatographed and are stable in the
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open-air for years. However, the rhodium carbene intermediate is likely to be unstable and needs
to be trapped quickly to prevent its degradation. Consequently, an excess of styrene, despite its
ability to decrease the overall reaction rate, is better for maintaining the high enantioselectivity
under very low catalyst loadings. The X-ray structure of the catalyst always has molecules
coordinating to the axial positions (water, ethyl acetate, etc). These axially coordinating ligands
must be displaced for the catalytic reaction to proceed. However, our studies suggested that the
kinetic barrier for the loss of the axial ligand must be insignificant since the reaction begins
immediately after addition of the catalyst. However, dry conditions are required for reproducible
reactions at extremely low catalyst loading, because excess water would likely interfere with the
small amount of catalyst present.

Having established a deeper understanding of the catalytic system at 0.0025 mol % loading, we
then explored how the catalyst can perform better at lower catalyst loadings. The reaction went to
completion when it was conducted at 0.001 mol % catalyst loading, but the enantioselectivity
decreased from 93% ee to 79% ee. The dropped enantioselectivity as one attempts to push the
reaction to ultra-low catalyst loading is similar to the phenomenon observed in the earlier studies.**
43 Therefore, further studies were conducted to determine how to maintain the high level of
enantioselectivity under low levels of catalyst loadings. The previous studies with Rha(S-biTISP),
(2.1) reported that high enantioselectivity was maintained only when one equiv of methyl benzoate
was added to the reaction mixture.*? It was reasoned that ester group of methyl benzoate weakly
interacted with the carbene and increased the robustness and stability of the carbene. These results
inspired us to explore whether the reaction would benefit from a solvent switch, with particular
emphasis on solvents containing ester groups. Furthermore, higher boiling solvents were desired

for further optimization, so that we would have the option to conduct the reactions with relatively
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slow catalysts, such as Rha(S-p-Br-TPCP)4 (2.6), at higher temperatures to complete the reaction
in a reasonable amount of time.

To quickly evaluate the effect of solvent on the enantioselectivity of the reaction, a series of
reactions conditions were screened by Jack C. Sharland and Sam Mckinnon from our group using
a robotic system. The small-scale reactions were conducted in the open-air without stirring.
Control experiments showed that these reactions are effective to give reproducible
diastereoselectivity and enantioselectivity. Each reaction was conducted for 1 h at rt with a catalyst
loading of 0.5 mol %, which was sufficient for all of the catalysts to complete the cyclopropanation
in CH2Clz. Despite the sensitivity of both the catalyst and the carbene to atmospheric water in C—
H insertion reactions, the cyclopropanation was sufficiently favorable and robust that no diazo
dimerization or O—H insertion byproducts were observed. The results of the high throughput
screening were tabulated and transposed into a heat map to demonstrate the enantioselectivity of

the reaction in each solvent for each of the catalyst tested (Figure 2.6).
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Rh(Il) catalyst

Y CO,CH,CCly 0.5 mol % «CO,CH,CCl;
PR+ N = Ph
CaHa(0-B solvent, CeHa(p-Br)
eHa(p-Br) o
25°C,1h

2.4 (5.0 equiv) 2.5a (1.0 equiv) 2.7a
Catalyst EtOAc CH,Cl, TFT i-PrOAc | (MeO),CO [(EtO),CO| Pentane >99 %
Rh,(R-DOSP), 78.1 63.1 77.9 83.9 67.1 66.7 77
ha(R-PTAD)4* 90.9 56.6 56.9 53.5 - 47.1 58.9
Rh,(R-TCPTAD), 90.7 71.5 72.9 66.7 68.1 90.7
Rh,(R-TPPTTL), 95.6 88.5 90.5 91.3 91.9 87.9
Rh,(S-2-CI-5-Br-TPCP), 72.2 70.9 77.9 63.5 70.2
Rh,(S-p-Br-TPCP)," 92 85.1 94.7 94.7 925  89.6
Rh,(R-p-Ph-TPCP), 96.7 78.5 97.7
Rh,(S-tris(p-tBuCgH,) TPCP),” 95.9 89.9 96.5 93.7
Rh,(R-3,5-di(p-BuC¢H,)TPCP), |  87.1 733 91.3 82.7 61.8 89.5 0%

Figure 2.6 High throughput cyclopropanation in a variety of solvents and chiral dirhodium(II)
catalysts. Color gradient proceeds from red to blue via white middle color which denotes middling %
ee. The solvents tested were ethyl acetate (EtOAc), dichloromethane (CH2CL), trifluorotoluene
(TFT), isopropyl acetate (i-PrOAc) dimethyl carbonate ((MeO).CO), and diethyl carbonate
((EtO)2C0O). Most of the tested catalysts were insoluble in pentane. *These catalysts provided the
opposite enantiomer to the structure depicted in the representative reaction diagram above.

(Data from Jack C. Sharland and Sam Mckinnon)

According to Figure 2.6, several solvents emerged as promising candidates for further evaluation
under high turnover conditions. Particularly interesting were ethyl acetate (EtOAc), isopropyl
acetate (i-PrOAc), and dimethyl carbonate [(MeO).CO], which provided significant increases in
enantioselectivity compared with dichloromethane (CH2Cl2). However, under these small-scale
reaction conditions, the isolated yields were low and not truly representative. Before deciding
which solvent would be best suited for low catalyst loading studies, larger laboratory-scale (100
mg) reactions using 0.5 mol % of catalyst were performed to both validate results obtained from

the high throughput screen and determine the solvent impact on the yield (Table 2.1). Rha(S-p-Br-
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TPCP)4 (2.6) was chosen as the catalyst for these reactions because it had been shown to be the
optimum catalyst during low-loading kinetic studies in CH2Clz. The lab scale reactions offered
some interesting insight into the effect of the solvent on the cyclopropanation. The
enantioselectivity enhancements observed in the high throughput screen were confirmed. However,
some of the more selective solvents, such as ethyl acetate (EtOAc) (Table 2.1, entry 3) and
isopropyl acetate (i-PrOAc) (Table 2.1, entry 7), had significantly negative impacts on the yield

of the reaction.

Table 2.1 Lab scale cyclopropanation in a variety of solvents with Rha(S-p-Br-TPCP)4 (2.6)

Rhy(S-p-Br-TPCP), (2.6)

NN N2:<COQCH2CCI3 0.5 mol % e A{Cc::ichzcm3
CgHa(p-Br) solvent, sHa(p-Br)
25°C, 4AMS
2.4 (5.0 equiv) 2.5a (1 equiv, 100 mg) 2.7a
entry solvent yield of 2.7a ee of 2.7a
1 CHxCl; 95% 91%
2 (MeO),CO 91% 94%
3 EtOAc 66% 95%
4 n-hexane 34% 87%
5 TFT 88% 89%
6 ‘BuCN 49% 97%
7 i-PrOAc 52% 91%
8 (EtO).CO 89% 86%

(Data from Jack C. Sharland)

Previous study with EtOAc revealed that the ester group coordinated to the rhodium-carbene
leading to side products. Additionally, ‘BuCN, a solvent preferred for dirhodium(Il) catalyzed-
nitrene chemistry reported by the DuBois lab,3? was shown to increase the enantioselectivity (97%
ee) but was significantly detrimental to the yield (Table 2.1, entry 6). Exceptionally, (MeO),CO

(Table 2.1, entry 2) maintained high yield (91%) for the reaction and enhanced the
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enantioselectivity (94% ee) over CH2Cl (91% ee) (Table 2.1, entry 1). (MeO).CO is a high-
boiling, environmentally benign solvent that has been widely used in organic synthesis as an
alternative to potentially hazardous options like CH>Cl, and diethyl ether (Et,0).%% 8 Although
previous studies reported that ester solvents like i-PrOAc can react with the rhodium carbene to
form ylide,® we theorize that the solvent containing carbonates group like (MeO)>CO would be
more compatible due to the lack of labile a-hydrogens. Based on the above information,
(Me0)2CO was identified as the optimum solvent for lower catalyst loading exploration. Firstly,
Rha(S-p-Br-TPCP)4 (2.6)-catalyzed cyclopropanation of diazo compound 2.5a with styrene 2.4 in
(Me0)2CO was examined at 0.0025 mol % catalyst loading (Figure 2.8a). The reaction rate at rt
was much slower (incomplete conversion after 10 h) compared with the reaction in CH>CIL> (2 h
duration) (Figure 2.3). The slower reaction rate in (MeO)CO suggested an strong interaction
between the solvent and the catalyst through coordination to either the carbene intermediate or the
dirhodium(Il) complex. We hypothesize that (MeO),CO may be weakly coordinating to the
dirhodium(Il) complex in a way similar to methyl benzoate as posited in our previous study on
Rhy(S-biTISP), (2.1).4? Even so, the enantioselectivity of the reaction was greatly improved (97%
ee in (MeO)2CO compared with 93% ee in CH>Cl,). Control experiments revealed that at 60 °C,
diazo compound 2.5a underwent only about 3% decomposition over 10 h in (MeO).CO in the
absence of the catalyst (Figure 2.7). Therefore, higher reaction temperature was applied to

accelerate the reaction with lower catalyst loading.
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Ph N2:<C Ha(o-B1) 60 °C or 70 °C
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Figure 2.7 The decomposition curve of diazo compound 2.5a at 70 °C and 60 °C in (Me0O).CO
without catalyst.

At 0.0025 mol % catalyst loading the cyclopropanation was finished within 6 h at 40 °C, and 2 h
at 60 °C. More promisingly, the enantioselectivity of the reactions was successfully remained at
96% ee (Figure 2.8a). Therefore, exploration of lower catalyst loading was conducted as shown
in Figure 2.8b. When the catalyst loading was decreased to 0.001 mol %, the enantioselectivity of
the reaction maintained 94% ee. The reaction also went to completion with 0.00025 mol %, but
the enantioselectivity dropped slightly to 90% ee. Furthermore, the reaction at 0.0001 mol % was

incomplete even after 24 h and the enantioselectivity dropped further to 81% ee.
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Rhy(S-p-Br-TPCP), (2.6)

CO,CH,CCI
PR+ Np=( e X mol % Ph\‘,Af(:OZCHZCCL%
CsHa(p-Br) (MeO),CO, CgHa(p-Br)
T°C, 4AMS
2.4 (2.32 equiv) 2.5a (1 equiv, 1.00 g) 2.7a
1 e

0.0025 mol %

o
o

© 25°C - 97% ee
40°C - 96% ee
* 60°C - 96% ee

o
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o
~

Relative Concentration of diazo 2
compound 2.5a (M)

I
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Time/h
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o
o

o
o

* 0.0025 mol % - 96% ee
* 0.001 mol % -94% ee
© 0.00025 mol % - 90% ee
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compound 2.5a (M)

Time/h

Figure 2.8 Kinetic profiles of the cyclopropanation reaction in (MeO)2CO. a. The reaction rates
at different temperatures with 0.0025 mol % catalyst loading. b. The reaction rates with different
catalyst loadings at 60 °C.

After the solvent and temperature optimization, an RPKA study was conducted at 0.001 mol %
catalyst loading in (MeO),CO at 60 °C to demonstrate the robustness of this optimized system
(Figure 2.9). The kinetic profile of the reaction in (MeO)CO mirrored that of the reaction in

CH:Cl; (Figure 2.5), but the higher level of enantioselectivity was maintained routinely.
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o)
o+ N (z mol %) A(COzCHZCCb
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Figure 2.9 Kinetic profiles of RPKA study for the cyclopropanation with Rh2(S-p-Br-TPCP)4(2.6)
in (Me0O)2CO at 60 °C a. The Variable Time Normalization Analysis determined the catalyst was
Ist order in the reaction b. Time-adjusted kinetic profile of same excess reaction showed the
catalyst was robust in the reaction c. Different excess reaction for diazo compound 2.5a showed
diazo compound was positive order in the reaction. d. Different excess reaction for styrene 2.4
showed styrene was negative order in the reaction.

To further investigate the robustness of the catalyst, we conducted a multiple addition experiment
to practically demonstrate a higher turnover number (Figure 2.10). The new batches of diazo
compound 2.5a were recurrently added to the reaction solution upon the consumption of the prior
batch diazo compound 2.5a. In total, seven additions were completed in 20 h. Only a minor

decrease of catalyst performance occurred, suggested by the observation of a slight increased
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maximum diazo compound signal and a longer completion time of each batch. Rha(S-p-Br-TPCP),4

(2.6) remained robust to catalyze all seven additions and consistently generated cyclopropane 2.7a
with 90% ee.

Rh,(S-p-Br-TPCP), (2.6
CO,CH,CCls 2ASP )+ (2.6)

CO,CH,CCI
PN ¢ N, 0.0025 mol % /N CO;CH,CCly

PR .
CgHa(p-Br) (MeO),CO, CeHa(p-Br)
60 °C, 4AMS
2.4 (7.32 equiv) 2.5a (1 equiv, 0.5 g) 2.7a
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Figure 2.10 Kinetic profiles of multiple addition experiment of the benchmark cyclopropanation.

Seven successive additions of diazo compound 2.5a (1 equiv) were added into a solution of styrene
2.4 (7.32 equiv) and Rha(S-p-Br-TPCP)4(2.6) (0.0025 mol %) in (MeO).CO at 60 °C.

The scope of the low catalyst loading cyclopropanation was then examined with a range of
aryldiazoacetates. Unfortunately, while the Rh2(S-p-Br-TPCP)4(2.6)/(MeO)2CO system gave high
enantioselectivity for some substrates, several substrates resulted in enantioselectivities well below
90% ee. According to the high throughput screen (Figure 2.6), Rho(R-p-Ph-TPCP)4 (2.8) was

identified as another effective catalyst in (MeO)>CO and gave very high asymmetric induction in
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the cyclopropanation. The performance of Rho(R-p-Ph-TPCP)4 (2.8) was examined at low catalyst
loading in (MeQ),CO. The kinetic profiles of Rho(R-p-Ph-TPCP)4 (2.8) were identical to Rha(S-p-
Br-TPCP)4 (2.6), but Rhao(R-p-Ph-TPCP)4 (2.8) routinely gave higher levels of enantioselectivity.
Therefore, the full scope exploration of the asymmetric cyclopropanation at low catalyst loading
applied Rhao(R-p-Ph-TPCP)4 (2.8) as the optimum catalyst (Figure 2.11).
gl
i O-tRh

Rhy(R-p-Ph-TPCP), (2.8)

0,
AN+ N 0.001 mol %

1 S 2
A (Me0),CO, 60 °C, 4AMS " Ar Ph \
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Figure 2.11 Scopes of asymmetric cyclopropanation with 0.001 mol % Rha(R-p-Ph-TPCP)4 (2.8)
at 60 °C in (MeO),CO. Compounds 2.9-2.22 illustrated the scopes of aryldiazoacetates.
Compounds 2.23-2.28 illustrated the scopes of styrene derivatives. *Reaction was conducted at
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0.003 mol % catalyst loading to ensure reaction proceeds to completion. PReaction was conducted
at 25 °C to avoid thermal rearrangement of the styryldiazoacetate to a pyrazole. ‘Reaction was
conducted with Rha(S-p-Ph-TPCP),.

The above results showed high enantioselectivity and yield were preserved across a broad scope
of aryldiazoacetates and styrene derivatives. The method also successfully accommodated
intriguing examples including boronate derivative 2.15, the styryl derivative 2.18, and the
heterocycles (2.20 and 2.21). In the cases of 2.17, 2.18, 2.19, and 2.20, the reactions were
incomplete in 12 h, and the conditions were revised using 0.003 mol % catalysts loading to increase
the efficiency.

Extension of the Rhz(R-p-Ph-TPCP)s (2.8)-catalyzed cyclopropanation to certain more rigid
substrates was not as successful (Scheme 2.4). The cyclopropanation of 1,1-diphenylethylene
(2.29), a key substrate for the enantioselective synthesis of the third generation (TPCP) catalyst
ligands, did not perform very well and the cyclopropane 2.30 was obtained in only 21% yield and
48% ee. Diminished results with Rha(R-p-Ph-TPCP)4 (2.8) also obtained in the cyclopropanation
with methyl-2-furoate 2.31, and compound 2.32 formed in 22% yield, 50% ee. To obtain better
reactivity and selectivity for the above cases, other dirhodium(II) catalysts were tested to better
match the substrates.?® Rhy(R-PTAD)s (2.3) was revealed as the optimum catalyst to furnish the
cyclopropane 2.30 in 88% yield and 94% ee at 0.001 mol % catalyst loading. Also, Rha(R-
TCPTAD)4 enhanced the enantioselectivity of the cyclopropane 2.32 to 90% ee with 62% yield at

0.001 mol % catalyst loading.
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Rh(ll) catalyst

/1 CO,CH,CCl 0.001 mol % Ph._/\_CO,CH,CCl3
+ N, P
Ph CeHa(p-Br) (MeO),CO, CeHa(p-Br)
60 °C, 4AMS
2.29 (2.32 equiv) 2.5a (1 equiv, 1.00 g) 230

Rhy(R-PTAD),: 88% yield, 94% ee
Rhy(R-p-Ph-TPCP )4: 21% yield, -48% ee

o]
Rh(ll) catalyst
~o 0 CO2CH,CCl3 0.001 mol %
| ) N
CeHa(p-Br) (MeO),CO,
60 °C, 4AMS
2.31 (2.32 equiv) 2.5a (1 equiv, 1.00 g) 2.32

Rh,(R-TCPTAD),: 62% yield, 90% ee
Rhy(R-p-Ph-TPCP ),: 22% yield, -50% ee

Scheme 2.4 Alternative dirhodium(II) catalysts applied to more sterically crowded substrates

The requirement for Rhy(R-PTAD)s (2.3) and Rhy(R-TCPTAD)s to achieve higher
enantioselectivity of compound 2.30 and 2.32 is presumably because these catalysts are more
sterically open and able to accommodate sterically crowded substrates like 1,1-diphenylethylene
(2.29) and methyl-2-furoate (2.31). This trend is clearly visible in C—H insertion reactions as
introduced in Chapter 1. The third generation catalysts like Rha(R-p-Ph-TPCP)4 (2.8) are highly
selective for the most accessible C—H bonds due to their high steric demand. Complementarily,
Rhy(R-TCPTAD)4 enabled the more hindered C—H bonds insertion and was well established as a
highly selective tertiary-C—H functionalization catalyst.

The cyclopropanation reaction is an important transformation and has been applied in drug
discovery. The reaction is effective at constructing three membered ring motifs present in
numerous drug molecules. Therefore, to demonstrate the utility of the new method in a practical
application, we decided to optimize the previously reported synthesis of the cyclopropane 2.35

(Scheme 2.5). The compound 2.35a was originally reported by BMS as a key intermediate in their
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kilogram scale synthesis of the Hepatitis C drug, Beclabuvir (2.36).8” Their synthesis was
conducted via a Rho(R-DOSP)s (2.2)-catalyzed cyclopropanation of methyl styryldiazoacetate
2.33a with the styrene 2.34. In the procedure, 0.2 mol % catalyst Rho(R-DOSP)4 (2.2) was used to
afford cyclopropane 2.35a in 94% yield and 83% ee. Compared with above industrial method, the
reaction here used trichloroethyl styryldiazoacetate 2.33b as carbene precursor and (MeO).CO as
solvent in the presence of 0.001 mol % Rha(R-p-Ph-TPCP)4 (2.8) to generated the cyclopropane
2.35b in 72% yield and 96% ee. The optimized reaction therefore enabled much higher asymmetric
induction and was conducted using only 1/200th the amount of the dirhodium(II) catalyst as the

industrial route.

2.33 2.35
Industrial process: Optimized process:
a: R=CHj; b: R = CH,CCl3
Rh,(S-DOSP), : 0.2 mol % Rhy(S-p-Ph-TPCP), : 0.001 mol %
Heptane,15~25 °C (Me0),CO, 25 °C, 4AMS
94% yield, 83% ee. 72% yield, 96% ee

BMS - 791325 (Beclabuvir)

Scheme 2.5 Asymmetric cyclopropanation in a key step in the synthesis of Beclabuvir 2.36
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2.3 Conclusions

Over the course of this comprehensive study, the effect of the ligand on the performance of
dirhodium(II) catalysts was investigated under in-situ monitoring by ReactIR. The kinetic profiles
led us to choose Rha(S-p-Br-TPCP)4 (2.6), a highly enantioselective catalyst, for the optimization
of reactions conducted at lower catalyst loading optimization. Detailed kinetic investigation using
the RPKA method determined the rate law of the cyclopropanation reaction and revealed the
catalyst is robust through at least the first 20,000 TONs. However, the catalyst failed to maintain
high enantioselectivity in CH>Cl> at over than 40,000 TONs. To achieve higher TONs, high
throughput studies were performed and identified (MeO).CO as a superior solvent for achieving
100,000 catalyst TONs and conserving the high enantioselectivity. During these studies, the related
catalyst Rho(R-p-Ph-TPCP)4 (2.8) was found to give reliably higher enantioselectivity than Rho(S-
p-Br-TPCP)4 (2.6) across a broader range of cyclopropanation substrates. The study culminated in
the optimization of a key step in the synthesis of the Hepatitis C drug Beclabuvir (2.36) at 200-
fold lower catalyst loading with higher enantioselectivity compared with the published procedure.
The kinetic analysis and condition optimization in this study resulted in a robust method to
routinely apply 0.001 mol% catalyst loading in the cyclopropanation and maintain the high
enantioselectivity. The results will inspire the high TONs method development for other
donor/acceptor carbene reactions, such as C—H functionalization, tandem cyclopropanation/Cope

rearrangement, and ylide-induced cascade reactions.
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Chapter 3. Copper(II)-catalyzed Aerobic Oxidation of Hydrazones to Diazo
Compounds under Flow Conditions and Their Application in Carbene
Reactions.

3.1 Introduction

Diazo compounds are versatile reagents capable of initiating a wide variety of synthetically useful
reactions.3! Particularly important among these are metal-catalyzed carbene reactions. The diazo

compound is used as the precursor to metal carbene intermediates in many enantioselective

66,92, 93 55, 96-98

reactions such as cyclopropanation, cyclopropenation,”® 4% C—H functionalization,
and ylide rearrangement.”®"!°! However, diazo compounds are high energy compounds and
potentially dangerous if the release of nitrogen from them is not controlled. The high reactivity
feature of diazo compounds is advantageous because carbene generation can be achieved under
mild conditions, but it also raises safety concerns.®” The possibility of explosion and
decomposition during the synthesis and storage of diazo compounds is a concern that needs to be
addressed, especially if large scale reactions are contemplated. Most commonly, the reactions are
conducted on relatively small scale in a research laboratory setting, although a few significant
industrial scale processes involving diazo compound are known, 87 102-106

To overcome the above limitations, the examination of continuous-flow techniques for diazo
synthesis has generated great interest.!?”-!' Flow chemistry can enable the industrial scale
synthesis and usage of diazo compounds without having large amounts of diazo compounds
present at any one time. Traditional diazo synthesis methods applied in the flow process often
require metal-based oxidants, which are toxic and/or expensive. Moreover, the established flow
procedure routinely needed additional in-line purification processes to remove byproducts that

102, 105, 117, 120-128

may obstruct the downstream reaction. Herein, a mild method to access diazo

compound is desired for the further application in flow process. Through a collaboration with the
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Stahl group, a new procedure to synthesize diazo compounds via hydrazone oxidation has been
established.'?” The project was led by Dr. Wenbin Liu from the Davies group. Cu(OAc),-H>O and
pyridine are revealed to be highly effective for the catalytic oxidation of hydrazones and generate

the diazo compounds with high efficiency(Scheme 3.1).

NH,

N’ Cu(OAC)*H,0 (10 mol %) N,
RAS( R2 pyridine (0.6 equiv), air RHH( R?
o SiO,, CH,CI,, 23 °C, 1 h o
N, N> N2
OEt OEt
0._CCls S w
(0]
Ve 0 cI” N7 ©
88% 94% 82%
Br
Sl Y.
$ ’
N
(0] \
Br CHj3
92% 98% 98% (58%)

Scheme 3.1 Reaction conditions and representative scope of the copper(Il)-catalyzed oxidation of
hydrazones to diazo compounds using oxygen as terminal oxidant (Data collected with Dr.
Wenbin Liu)

The Stahl group conducted the kinetic investigation and proposed that an electron-rich pyridine is
beneficial for the reaction by serving as the Brensted base and helping to solubilize the Cu(OAc),-
H,0. 4-dimethylaminopyridine (DMAP) was determined to be the most practical additive.!?® The
reactions happened under mild conditions using oxygen from air as the terminal oxidant. The
catalyst Cu(OAc)>-H>O is cheap and commercially available. Moreover, the reaction rate is fast
with the pyridine additive, and the only byproduct is H>O. Taking into consideration all the
synthetic advantages described above, the system seemed promising to extend into an effective

flow procedure for the safe synthesis of diazo compounds.
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Scheme 3.2 Proposed mechanism of copper(Il)-catalyzed oxidation of hydrazones to diazo
compounds using oxygen as terminal oxidant'?®

As introduced in Chapter 1, aryldiazoacetates are the most desired diazo compounds for many
carbene reactions. When exposed to a dirhodium(Il) catalyst, aryldiazoacetates can generate
donor/acceptor carbenes, which have attenuated reactivity and better selectivity due to the presence
of the aryl group acting as a donor group.>> ™ The study in this chapter concentrated on the
aryldiazoacetate synthesis in a bench-top flow procedure. The starting hydrazone was first
oxidized to the aryldiazoacetate using Cu(OAc).-H>O/DMAP in a mixed silica column, and the
diazo compound formed was dripped directly into the downstream flask for the dirhodium(II)-
catalyzed cyclopropanation without any purification. Unlike the industrial-scale application, the
cost of Cu(OAc)>-H>O was not a major concern for the lab scale procedure. Instead, it was more
important to ensure the completion of the hydrazone conversion because any hydrazone residue
eluted into the downstream dirhodium(Il)-catalyzed carbene reaction would likely poison the
reaction. Therefore, an excess of Cu(OAc)-H,O was applied to guarantee the hydrazone

conversion and eliminate the concern about catalyst regeneration. After optimizing upstream
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column for the in-flow oxidation and the downstream cyclopropanation reaction conditions, we
have developed a tandem procedure to convert hydrazones to cyclopropane derivatives with

excellent overall yield and enantioselectivity.

3.2 Results and Discussions

The first stage of this study was to determine suitable flow conditions to guarantee full conversion
of hydrazones 3.1 to diazo compounds 3.2 using a short residence time (t). A stoichiometric
amount of Cu(OAc):-H,O catalyst and DMAP were mixed with silica to pack a column.*
Hydrazone 3.1 was then added on the top of the packed column and eluted throughout to generate
the corresponding diazo compound 3.2 in flow. As shown in Table 3.1, to minimize the eluted
DMAP’s hazardous effect to the downstream carbene reaction, 5 equiv of DMAP mixed with 10

equivalents of Cu(OAc):-H>O were initially packed in the column (Table 3.1, entries 1 and 2).

Table 3.1 Optimization of aryldiazoacetate 3.2 synthesis in flow

Cu(OAc),-H50, 10 equiv

DMAP, i
HZN‘N =<COzCHzCC|3 Silica =<C020HZCCI3
—( §—| I | I—>N
CeHa(p-Br) 20 mL/min, rt i CeHa(p-Br)
3.1 T=1min 3.2
0.2 mmol
entry eluent X Ist* 2nd* 3rd*
1 DCM 5 37% 33% 36%*
2 DMAP/DCMP 5 66% 47% 57%"*
3 DMAP/DCMP 10 >99% >99% >99%

*Recycled the column for 3 times, conversion of hydrazone 3.1 calculated from crude 'H-NMR.
flush the column with air before loading the 3 batch hydrazone 3.1 to improve the column
efficiency. Peluent concentration is 0.06 mol/L DMAP in DCM.
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However, the hydrazone 3.1 was not fully converted, although flushing the column with air after
the second run and including DMAP in the eluent (0.06 M) increased the extent of conversion.
According to the mechanism proposed in Scheme 3.2, we hypothesized that without enough base
to entirely activate the copper(Il) catalyst to accelerate the oxidation reaction, the column
efficiency was insufficient with the limited residence time (1 min).!?® We therefore packed 10
equiv of DMAP with Cu(OAc)-H>O in the column and used DMAP/DCM as the eluent to keep
the Cu(OAc)2-H20 saturated with base coordination. The new conditions (Table 3.1, entry 3)
gave full hydrazone 3.1 conversion in only 1 min and the efficiency was maintained for 3 batches
without any further refreshment operation.

The next step was to combine the upstream hydrazone oxidation and downstream
cyclopropanation reaction. In this stage, the compatibility issue was the major challenge to
overcome. We first explored the batch-to-batch procedure to investigate the feasibility of the
tandem process. The hydrazone 3.1 was converted to the diazo compound 3.2 with a catalytic
amount of Cu(OAc)2-H20 (10 mol%) and DMAP (60 mol%) in a flask open to the air, and the
resulting diazo compound 3.2 was directly injected into the other flask containing styrene, Rha(R-
p-Ph-TPCP)4 3.3, and 4A MS in DCM in order to conduct the cyclopropanation reaction. However,
as shown in Table 3.2, entry 1, the cyclopropanation product 3.4 was obtained in only 18% yield

and 77% ee, while most of the diazo compound 3.2 remained unreacted.
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Table 3.2 Batch-batch tandem reaction of copper(Il) catalyzed hydrazone oxidation followed by
dirhodium(II) catalyzed asymmetric cyclopropanation

HaN. _ CO:CH.CCl )z 20 [ COZCHZCCI3] ey = 1 33)
T e
3.1 rt,0.5h 3.2 DCM, N, rt, 1h
0.2 mmol crude mixture
entry condition variation additive yield of 3.4 (%) ee of 3.4 (%)
1 - 4A MS 18 77
2 - HFIP 67 98
3 No silica® HFIP 64 97
4 Dropwise addition® HFIP 72 97
5 Silica plug® HFIP 57 97

2 Copper(I) catalyst and DMAP in the oxidation reaction vial without silica. ® Crude diazo
compound 3.2 mixture added to the cyclopropanation reactor, flow rate 0.05 mL/min. ¢ The crude
mixture was filter through a silica plug to get rid of most copper(Il) catalyst and silica after
oxidation step.

We anticipated that DMAP from the hydrazone oxidation step would suppressed the performance
of the Rhy(R-p-Ph-TPCP)4 3.3 catalyst and the carbene intermediate in the cyclopropanation step,
leading to the low reactivity and selectivity. HFIP has been recently revealed to be a useful additive
for maintaining the performance of the cyclopropanation reactions in the presence of nucleophilic
poisons.'*? The tandem procedure was then tested in the presence of HFIP as an additive.
Significantly, the reaction yield of the product 3.4 increased to 67% and the enantioselectivity
improved to 98% ee (Table 3.2, entry 2). Meanwhile, the control experiment with no silica in the
oxidation step (Table 3.2, entry 3) led to an increased ratio of O—H insertion byproduct according
to the crude 'H-NMR. This result suggested that the silica likely benefited the downstream reaction
by trapping the water byproduct produced from hydrazone oxidation. We further optimized the
procedure by adding the diazo compound 3.2 dropwise and under these conditions the reaction

yield increased to 72% (Table 3.2, entry 4).
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According to the results shown in Table 3.2, HFIP is important for the success of the whole setup.
To probe the role of HFIP in this tandem procedure, a kinetic investigation was performed. As
shown in Figure 3.1, the concentration of the diazo compound 3.2 in the cyclopropanation reaction
was in-sifu monitored by ReactIR. First, the diazo compound 3.2, styrene and DMAP were mixed
in DCM. Rhz(R-p-Ph-TPCP)4 3.3 catalyst (1 mol %) was then injected in 0.1 mL DCM after 2 min.
However, with DMAP in the system, the cyclopropanation reaction was inhibited with no further
progress. HFIP (10 equiv) was subsequently injected, and the reaction was reinitiated to finally

deliver cyclopropanation product 3.4 in 93% yield and 98% ee.

0O
Al
N n =<COZCH2CCI3 DMAP Rhy(R-p-Ph-TPCP), (3.3) HFIP O O/\CCIs
+ N, 3 -
0.6 equiv % 10 equiv
@A CoHa(p-B1) g 1 mol q O
3.2 34 g

5 equiv 1 equiv 93% yield, 98% ee
— 0.05 Eﬁ Zoom in first 15 min
=
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Figure 3.1 Kinetic investigation of the effect of DMAP and HFIP on Rha(R-p-Ph-TPCP)4 (3.3)
catalyzed asymmetric cyclopropanation
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We noted the diazo compound 3.2 concentration signal dropped in Figure 3.1 as HFIP was injected,
which was caused by dilution upon addition of HFIP (0.63 mL to the 12 mL reaction solution).
The overall kinetic profile suggested that DMAP led to catalyst deactivation, likely by
coordinating to the dirhodium(II) catalyst or the carbene intermediate.?’ 13! HFIP was proposed to
act as a hydrogen bond donor to interact with DMAP and suppress its deleterious coordination
effect. The "TH-NMR spectrum also showed that the HFIP and diazo compound 3.2 influenced each
other’s peak shifts (Figure 3.2) in CDCI3 solution, which suggested that the reaction may also be

affected by the hydrogen bonds between the diazo compound 3.2 and HFIP,!32 133
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Figure 3.2 HFIP and diazo compound 3.2 influenced each other’s peak shifts on 'H-NMR a. The
hydroxyl hydrogen peak of HFIP shifted on 'H-NMR (400 HZ, CDCls as solvent) from 2.97 ppm
(no diazo compound 3.2 added) to 3.76 ppm (1 equiv diazo compound 3.2 added). b. The
trifluoromethyl group peak of HFIP shifted on "F-NMR (400 HZ, CDCl; as solvent) from -75.96
ppm (no diazo compound 3.2 added) to -75.68 ppm (1 equiv diazo compound 3.2 added). ¢. 'H-
NMR peak of diazo compound 3.2 shifted with HFIP added (400 HZ, CDCI3 as solvent) .

After determining the key components needed in the tandem procedure, the benchtop flow system
was set up to generate diazo compound 3.2 in the copper(I1)-DMAP-silica mixed column, followed
by its direct utilization in the downstream dirhodium(II)-catalyzed cyclopropanation reaction. To
maximize the efficiency of the procedure, the column parameters were optimized as shown in

Table 3.3.
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Table 3.3 Optimization of flow-batch reaction conditions

Cu( Rhy(R-p-Ph-TPCP), (3.3)

H2N‘N CO,CH,CCls CO,CH,CCly (1 mol%)

CeHa(p-Br) DMAP (y equiv) CeHa(p-Br) SHt)éﬁgn(eg’os Z?,L:\I,\)/

3.1 Flow rate: z mL/min 3.2 DCM, N, , 4A MS, rt
0.2 mmol generated in flow

entry X y z eluent yield of 3.4 (%) ee of 3.4 (%)

1 10 22 20 DCM 52 43
2 10 22 5 DCM 79 55
3 10 10 2 DCM 73 93
4 10 5 2 DCM 31 96
5 10 5 2 DMAP/DCM 43 90
6 10 10 2 DMAP/DCM 76 92
7 10 10 1 DMAP/DCM 75 97
8 10 5 0.5 DMAP/DCM 30 95
9 5 10 1 DMAP/DCM 73 97
10 2.5 10 1 DMAP/DCM 46 96
112 10 10 1 DMAP/DCM 21 90
12b 10 10 1 DMAP/DCM 31 96

2The cyclopropanation reaction was performed with 0.1 mol% Rhx(R-p-Ph-TPCP)4.(3.3) ®The
cyclopropanation reaction was performed with 5 equiv HFIP.

We first applied excess copper(Il)/DMAP (10 equiv of Cu(OAc)2-H>0, 22 equiv of DMAP), and
20 mL/min flow rate to ensure full hydrazone 3.1 conversion. The fast flow rate aimed to minimize
the residence time and avoid excess eluent injection into the downstream reaction flask (Table 3.3,
entry 1). Although the column fully converted the hydrazone 3.1 to diazo compound 3.2 according
to 'H-NMR, the reactivity and selectivity in the cyclopropanation step were limited (52% yield,
43% ee). The disappointing results are likely caused by the overwhelming amount of DMAP eluted
from the upstream column. Therefore, the flow rate, equivalents of DMAP, and the eluent were
screened to obtain higher efficiency for both the upstream hydrazone oxidation and the

downstream cyclopropanation. As showed in Table 3.3, entry 7, using 10 equiv of Cu(OAc).-
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H>0O and DMAP, 1 mL/min flow rate, and DMAP/DCM as eluent generated the diazo compound
3.2 effectively and delivered the cyclopropanation product 3.4 in 75% yield and 97% ee. The
promising result is an indication that DM AP and the byproduct, water, had been effectively trapped
in the silica column. Additionally, HFIP as well as 4A MS in the downstream flask helped to
minimize the hazardous effects from the upstream reagents. The column system also enabled
dropwise addition of the diazo compound 3.2 to decrease its possibility for dimerization in the
downstream reaction. Subsequently, we investigated the reaction scope by applying this optimized
benchtop flow-batch procedure to a range of substrates. To obtain more comprehensive evaluation,

the tandem batch-batch catalytic condition was also tested on each example as shown in Figure

3.3.
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Cu(OAC),-H,0 AT 5 equiv

HN - CO.R (10_equiv) CO.R -‘ Rhy(R-p-Ph-TPCP), (3.3) (1 mol%) coR
N= Ny : 02
Ar' DMAP (10 equi Ar! J HFIP (20 equiv) Ar? Ar
0.2 mmol Flow raté: im u/lr}r/1)|n DCM, Ny, 4A MS, rt

3.5 3.6 3.7 .
batch-batch 91% vyield, 93% ee 91% yield, 97% ee 88% yield, 93% ee 90% yield, 93% ee
flow-batch 72% yield, 94% ee 79% yield, 97% ee 69% yield, 96% ee 76% yield, 95% ee

3.9 3.10 3.1 3.12
batch-batch 81% vyield, 91% ee 80% yield, 95% ee 88% yield, 93% ee 85% yield, 94% ee
flow-batch 78% yield, 94% ee 77% yield, 92% ee 74% vyield, 93% ee 70% vyield, 91% ee

3.13 3.142 3.15? 3.16°
batch-batch 82% yield, 96% ee 66% yield, 85% ee 83% yield, 64% ee 72% yield, 98% ee
flow-batch 74% yield, 93% ee 61% yield, 89% ee 69% yield, 67% ee 56% yield, 94% ee

aReaction with Rhy(R-PTAD), at 40 °C. PReaction with Rh,(R-PTAD), at rt

Figure 3.3 Tandem Diazo Compounds Synthesis and the Cyclopropanation Scopes
These studies revealed that both batch-batch and flow-batch procedures can accommodate a broad
scope of substrates. Rho(R-p-Ph-TPCP)4 3.3 is effective in catalyzing cyclopropanation reactions
in the presence of the protective influence of HFIP. For the sterically hindered traps, Rha(R-
PTAD)s was applied to deliver the products (3.14, 3.15, 3.16) with good selectivity, which also
demonstrates this tandem method is practical for various dirhodium(Il) catalysts. Moreover,

examples 3.5, 3.7, 3.8, 3.9, 3.14, 3.15 showed the flow-batch procedure provided better
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enantioselectivity compared with the batch-batch procedure. The outcome is likely caused by the
beneficial effects of the dropwise addition procedure and less water content in the eluent.

The recyclability of the flow-batch setup was also assessed through reusing the silica column
without any refreshment. The data in Table 3.3, entry 9 showed that 5 equiv of Cu(OAc),-H>O in
the column delivered product 3.4 in 73% yield with 97% ee, which would suggest that 10 equiv of
Cu(OAc):-H2O catalyst packed in the column might catalyze more than a single batch of the
reaction. Recycling experiments (Figure 3.4a) showed that the good enantioselectivity of the
cyclopropanation product 3.4 is maintained over 5 cycles, but the overall yield decreased after
each run. From the crude '"H-NMR analysis, hydrazone 3.1 has been fully converted to product in
the Cu(II)-DMAP-silica column. However, the relative quantity of OAc insertion, dimerization
and O-H insertion byproducts when the column was recycled. Additionally, the control
experiment showed that OAc insertion product was the major byproduct generated in the

hydrazone oxidation step.
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Figure 3.4 Column robustness assessment experiments. a. The column was recycled directly for
all 5 tests without regeneration operation. b. The column was refreshed by flushing with air
overnight after the 3 test and reused in the 4" and 5" runs.

Based on the results in Figure 3.4a , the catalyst refreshing procedure was performed between the
37 and the 4" run aiming to reactivate the copper(Il) catalyst. The column was flushed with air
overnight after the 37 run and then reused in the 4™ and the 5% runs. As the result showed in Figure
3.4b, the yield of the cyclopropanation product 3.4 was increased from 62% (the 3™ run) to 76%
(the 4" run) and the high enantioselectivity was consistently maintained.

Compared with the recycling experiments without an air-flush regeneration procedure
(Figure3.4a), the result in Figure 3.4b suggests that the used copper(Il) catalyst column can be
reactivated by air to maintain the high efficiency. In collaboration with Taylor A. Hatridge from
the Jones group, we have developed a three-phase packed bed reactor.'3* This setup continuously
injected “ultra-zero” grade air to the silica column to keep the catalyst active. The system enabled

catalytic aerobic oxidation to generate diazo compounds in flow and has achieved 74 TONs of
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Cu(OAc)2-H20. The three-phase catalytic method herein would be most suited for an industrial-
scale process, while the benchtop flow procedure is more practical for lab scientists wishing to

access the diazo compound and carbene reaction in an effective and safe way.

Liquid phase .
NI’ cl.
0\)<c| Gas phase
o ultra-zero air
Br L
31 °N

Solid phase

Pre-catalyst: Silica-sorbed Cu(ll)
Active catalyst: DMAP-solubilized Cu(ll)

Figure 3.5 Catalytic aerobic oxidation of hydrazone compounds in a three-phase packed bed
reactor

The bench-top flow procedure was further explored by conducting a gram-scale reaction with 5
equiv of Cu(OAc);-H>0 mixed with 10 equiv of DMAP in the column to convert 1.123 g, 3 mmol
hydrazone 3.1 to diazo compound 3.2 and then the cyclopropane product 3.4. As shown in Scheme
3.3, 1.021 g cyclopropane 3.4 was obtained in 75% yield with 96 ee%. The result demonstrated
the efficiency of the procedure to access diazo compounds and the related cyclopropanation

products in useful quantities.
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—‘ Rh,(R-p-Ph-TPCP), (3.3)

HN  CO,CH,CCly 1 mol%)

N=

CO,CH,CCl,

Colla(p-Br) DMAP (10 equiv) CoHa(p-Br) | styrene, 5 equiv
DCM/DMAP eluent, » 20 equiv
3.1 0.5 mL/min 3.2 DCM, N, , 4A MS, rt 3.4 Br
1.123 g, 3 mmol 1.021 g, 75% yield, 96% ee

Scheme 3.3 Gram scale synthesis from the hydrazone 3.1 to the cyclopropane 3.4 with bench-top
flow procedure

3.3 Conclusions

A bench-top flow procedure has been developed to generate diazo compounds by means of
copper(Il)-catalyzed hydrazone oxidation in a silica column. The diazo compound was formed in
situ and directly used without any purification prior to the cyclopropanation reaction catalyzed by
a dirhodium(II) catalyst. HFIP was revealed as the key component to solve the compatibility issue
between the oxidation conditions and the carbene reaction. The process also avoided the
engineering challenges of regenerating the reactive copper(Il) catalyst. This method has been
applied to a range of substrates to deliver various cyclopropanes with decent overall yield and high
enantioselectivity. Recyclability assessment and large-scale experiments further demonstrated the
practicality of this lab-based benchtop method. A process using catalytic amounts of copper(Il)
catalyst was also developed in the collaboration with the Jones group. This setup was more suitable

for a sophisticated industrial-scale process.
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Chapter 4. Pharmaceutically Relevant Asymmetric Cyclopropanation of
Vinyl Heterocycles with Aryl- and Heteroaryldiazoacetates.

4.1 Introduction

The cyclopropane is a common motif in natural products and pharmaceutical targets.!3>-138

Developing effective methods to construct chiral cyclopropanes has been of great industrial and
academia interest.!3*-1% One of the most powerful methods is asymmetric cyclopropanation using
chiral dirhodium(II) catalysts.!* Using donor/acceptor diazo compounds as carbene precursors and
electron-rich alkenes as substrates, the cyclopropanation can be conducted with low catalyst

32, 66, 73, 145-147 However, once the substrates contain

loadings and high asymmetric induction.
heterocyclic functionality, the efficiency of the reaction in terms of yield and stereoselectivity
often drops because the dirhodium(II) complexes and the carbene intermediates are susceptible to
undesirable interactions with nucleophilic sites within the heterocycles.!# 66-68.6%. 148 Therefore, the
synthesis of cyclopropanes containing heterocycles remains a challenge. Various methods have
been developed intending to overcome this limitation. For example, the Davies group applied

Rh2(S-DOSP)4 (4.1)-catalyzed cyclopropanation of methyl heteroaryldiazoacetates with styrene

(Scheme 4.1).
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Scheme 4.1 Previous examples of Rh2(S-DOSP)4 (4.1) catalyzed cyclopropanation reactions of
styrene with heteroaryldiazoacetates

The reactions proceeded in high yield and diastereoselectivity while giving variable levels of
enantioselectivity (23—89% ee). Rhz(S-DOSP)4 (4.1) requires the use of nonpolar solvents to
achieve high enantioselectivity, but such solvents cause solubility issues for many heterocyclic
substrates, which limits the procedure’s practicality. Another effective method developed by the
Davies group uses chiral auxiliaries on the diazo compounds to induce high asymmetry. As
introduced in Chapter 1, the optimum method used chiral pantolactone as auxiliaries and Rha(oct)s
as catalyst.’® The procedure avoided the potential interference of heterocyclic substrates with chiral
catalysts and was applied by AbbVie to access various heterocycle cyclopropanes. The reactions

were conducted in CH2Cly at rt with 1 mol% Rha(oct)s. As shown in Scheme 4.2, excellent
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enantioselectivity and good yield were consistently obtained, forming a variety of heterocyclic

derivatives (4.8-4.16).

0

P e Rha(oct), (1.0 mol %) L xc ‘Z'z/o 5 3
X+ 2 4 (1.Umol 7o : = M
Het Ar)J\COXC - /A{Coxc E e

_ , CH,Cl,, 1t, 13 h Het A : Me
2.0 equiv 1.0 equiv © ' : R-Pantolactone
~COxc
Br
87% yield, 98% de 90% yield, 98% de 60% yield 97% de
4.8 4.9 4.10
N .~“COXC ‘\COXC
e ﬂ . Me
Me Br a7 meo
97% yield 98% de 64% yield, 89% de 68 yield, 87% de
411 4.12 413
¢COXC
N< X Me
@ BnO
MeO
69% vyield, 89% de 58% vyield, 87% de 41% yield, 92% de
414 4.15 4.16

Scheme 4.2 Scopes of cyclopropanation of vinyl-heterocycle with diazo compounds containing
chiral auxiliary (R)-pantolactone (Data from AbbVie collaborators)

Even though the AbbVie scientists had successful developed a chiral auxiliary approach to the
heterocyclic cyclopropanes, an asymmetric approach using chiral catalysts would be a more
desirable solution. The use of a chiral auxiliary adds synthetic steps and is undesirable for a large-
scale synthesis. Furthermore, only one enantiomer of the auxiliary, pantolactone, is relatively
inexpensive.!* Therefore, we were approached to determine if the chiral dirhodium(II) catalysts
developed in the Davies lab would offer a practical enantioselective method to the desired
cyclopropanes, which was substituted with heterocycles.

The study in this chapter identified two catalysts, Rha(R-p-Ph-TPCP)4 (4.17) and Rho(S-TPPTTL )4

(4.43) for the asymmetric synthesis of the heteroaryl cyclopropanes.’ ® They are effective with a
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variety of vinyl heterocycles and heteroaryldiazoacetates. The optimization process led to the
discovery of 2-chloropyridine, which greatly enhances the enantioselectivity when ortho-
substituted diazo compounds are used as substrates. Furthermore, the method has been adapted

using the flow procedure described in Chapter 3 to generate and use the diazo compound in situ.

4.2 Results and Discussions

This study started by applying the procedure reported in Chapter 2 to a range of heterocyclic
derivatives. Rho(R-p-Ph-TPCP)4 (4.17) has been demonstrated to be the most effective catalyst in
the cyclopropanation of aryldiazoacetates with styrene derivatives.®® '*® Following the established
procedure, reactions were conducted with 2.32 equiv of the vinyl heterocycles and 1.0 equiv of the
diazo compounds with 0.5 mol % of catalyst loading.®® The previous results showed that 4A
molecular sieves as additive and (MeO)2CO as solvent were optimum conditions for catalyst high
turnover numbers (TONs) while maintaining excellent selectivity.®® Accordingly, 10 weight equiv
of 4A molecular sieves and (MeO),CO solvent were initially used in this study although CH>Cl,
was the solvent of choice in some cases. CH>Cl, is the most widely-used solvent for donor/acceptor
carbene transformations, and it can provide better solubility for some of the heterocyclic substrates.
As shown in Scheme 4.3, my lab-collaborator, Jack C. Sharland, applied the established procedure
and explored a wide range of substrates. The Rha(R-p-Ph-TPCP)4 (4.17)-catalyzed method was
proved to be effective to construct various cyclopropanes accompanying with heterocycles as long
as the aryl or heteroaryldiazoacetates did not contain an ortho substituent. Pyridine (4.18-4.22,
4.27-4.36), quinoline (4.23, 4.24) and various five-membered heterocycles (4.25, 4.26) were all
accommodated in the cyclopropanation with 2,2.2-trichloroethyl 2-(4-bromophenyl)-2-

diazoacetate. A variety of para-, meta-substituted aryldiazoacetates and a styryldiazoacetate (4.30)



66

performed well in the cyclopropanation of 2-chloro-5-vinyl pyridine. High enantioselectivity (89-
98% ee) was obtained except for the 3,4-dimethoxy derivative (4.31), which generated the
cyclopropane in 70% ee. Furthermore, the cyclopropanes containing two heteroaryl rings (4.32-
4.35) were obtained with high enantioselectivity (83-97% ee). One exception was the reaction with

ortho-substituted aryldiazoacetate (4.36), which gave low yield (30% ) and selectivity (15% ee).

Ph

Ph ""“<9 Th
O-Rh
N, Rhy(R-p-Ph-TPCP), (4.17)
A AHet P COR 0.5 mol% EOR
Het™S  + ArHe 2 ™ Het Het/Ar !
(Me0),CO, : Ph 4
2.32 equiv. 1.0 equiv. AAMS. rt. 13 h H
Y Rhy(R-p-Ph-TPCP), (4.17)
CO,CH,CCly cl CO,CH,CCly
“ K ‘&COZCHZCCI3 al N &
| NS ®
i Br 7 Br Z Br MeO
F
98% yield, >99% ee 70% yield, >99% ee 53% yield, 93% ee 72% yield, 98% ee 65% yield, 98% ee
4.182 419 4.20° a.21 4.22
CO,CH,CCly CO,CH,CCly CO,CH,CCly CO,Me
A CO-CHCCl3 N AN N $ N AN AN
: | B iPr— U N|
= o-N = =
5 Br Br Br Cl Br
r
54% yield, 83% ee 56% yield, 87% ee 96% yield, 89% ee 80% yield, 95% ee 70% yield, 94% ee

4.232 4.242 4.252 4.26%° 4.27

LOzMe CO,CH,CCly CO,CH,CCly LCOMe
N™
|
cNF OMe Cl cl cl OMe
OMe OMe
70% vyield, 89% ee 65% yield, 95% ee 67% yield, 98% ee 60% yield, 70% ee
4.282 4.292 4.30? 4.312
COzMe aCOzCHzCCk; COzMe ~\CO2CH2CC|3 éCOzMe
& & s S S M
N = N7 SN X N~ BN °
I sS4 Br L l z \ )—Me L~
cl Z Cl Cl al % O-N Cl N Cl MeO
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98% yield, 95% ee 73% yield, 97% ee 60% yield, 83% ee 82% yield, 89% ee 30% yield, 15% ee
4.322 4.332 4.342 4.35% 4.367

Scheme 4.3 Scopes of cyclopropanation of vinyl-heterocycle with diazo compounds catalysed by
Rha(R-p-Ph-TPCP)4 (4.17).*CH2Cl» was applied as solvent. 1 mol% Rha(R-p-Ph-TPCP)4 (4.17)
was applied. (Data collected by Jack C. Sharland)

Some of the pharmaceutically most relevant derivatives in this AbbVie collaboration were ortho-
substituted derivatives. Therefore, further studies were required to improve the reaction
performance with ortho-substituted aryldiazoacetates. The standard reaction used in the

optimization study was the cyclopropanation of 2-chloro-5-vinyl pyridine (4.37, 5.0 equiv), with
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the ortho-substituted methyl 2-(2-methoxy-5-methylphenyl)-2-diazoacetate (4.38, 1.0 equiv)
using 1 mol % of the dirhodium(II) catalyst. The results of the optimization study are summarized
in Table 4.1. Rho(S-PTAD)4 (4.39) and Rho(R-DOSP)4 (4.1) had been previously reported to be
effective catalysts in the stercoselective cyclopropanation of styrene with ortho-
chlorophenyldiazoacetate.!* 14> These two established catalysts were therefore tested first, but both
delivered the cyclopropane 4.36 with low enantioselectivity. Previous studies have demonstrated
Rh2(R-DOSP)4 (4.1) and Rha(S-PTAD)4 (4.39) worked better in nonpolar solvents like hexane and
pentane. However, nonpolar solvents were not suitable here because of the solubility issues with
the vinyl heterocycle (4.37).!* The disappointing results above showed that the most established
dirhodium(II) catalysts did not offer a suitable solution in this case.. Hence, a series of the newly
developed catalysts were screened. Among the tested catalysts, Rho(R-TPPTTL)4 4.43 showed

romising results, forming the cyclopropane in 88% yield with 78% ee (Table 4.1, entry 8).3 15
P g g
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Table 4.1 Optimization of the enantioselective cyclopropanation of a vinyl-heterocycle (4.37) with
methyl 2-(2-methoxy-5-methylphenyl)-2-diazoacetate (4.38)

CO,Me
)N@/\ . N> Rh(!l|2n()oé|1§2|ysot _
O INF MeO Me DCM,25°C4AMS
4.37 4.38 4.36
5.0 equiv 1.0 equiv.

Entry Rh(II) Catalyst i‘;‘;f;::gl‘: yield of 4.36, %  ee of 4.36, %
I Rhy(R-PTAD): (4.39) i 79 9
2 Rhi(S-NTTL)s (4.40) i 80 6
3 Rh(R-DOSP)4 (4.1) Neat 70 4
4 Rh2(R-DOSP)4 (4.1) Pentane 66 27
5 Rhy(R-DOSP); (4.1) TFT 57 13
6  Rhy(R-2-Cl-5-Br-TPCP): (4.41) 0°C 46 35
7 Rhy(R-TCPTAD): (4.42) (Me0),CO 75 56
8 Rho(R-TPPTTL): (4.43) - 88 78

To achieve better enantioselectivity, further optimization of the Rho(R-TPPTTL)4 (4.43)-catalyzed
cyclopropanation were conducted by Jack C. Sharland. The results in Table 4.2 showed lower
temperature gave higher enantioselectivity (80% ee at 0 °C). Intriguingly, increasing the equivalent
of trap reagent largely improved the reaction performance (Table 4.2, entry 5). Applying 5 equiv
of 2-chloro-5-vinylpyridine in the reaction generated the cyclopropane 4.36 in 95% yield and with
98% ee. 20-44.69. 151-153 T fyrther enhance the practicality of the methodology, 4A molecular sieves
were replaced by 10 equiv of hexafluoroisopropanol (HFIP) as drying reagent (Table 4.2, entry
6 ).1>° The procedure using HFIP generated a homogeneous reaction mixture, which would be

more desired than the use of molecular sieves for a large scale industrial process.’7- 104 106154, 155
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Table 4.2 Optimization of the enantioselective cyclopropanation of a vinyl-heterocycle (4.37) with
methyl 2-(2-methoxy-5-methylphenyl)-2-diazoacetate (4.38) catalyzed by Rho(R-TPPTTL)4 (4.43)

By  O}Rh

o ]

CO,Me COsMe i N  OfRh
N Me
XX L 2 ha(HT1PPTII'I/_ (4.43) L Len o
I mol9 o ;
o Y~ MeO Me DCM :

4AMS,25°C, 24 h i |Ph Ph
4.37 4.38 4.3 v L Ph J4
2.5 equiv 1.0 equiv. L Rhy(ATPPTTL), (4.43)

Entry condition variation yield of 4.36, % ee of 4.36, %

1 - 88 60

2 0°C 85 80

3 (Me0O).CO 74 35

4 TFT 58 58

5 0 °C, S equiv of 4.37 95 98

o .
: S : :

(Data collected by Jack C. Sharland)

Various ortho-substituted aryldiazoacetates were tested using the optimized conditions described
above. As shown in Scheme 4.4, the reaction between aryldiazoacetate with vinyl 2-
chloropyridines consistently gave high enantioselectivity (90-98% ee) (4.36, 4.39, 4.40). However,
low selectivity still occurred when styrene was used in the cyclopropanation reaction with ortho-
substituted aryldiazoacetates (4-64% ee) (4.41-4.43, 4.45-4.47). The only exception was the
cyclopropanation with 2-chloropyridyldiazoacetate, which achieved a moderate level of

enantioselectivity (77% ee) (4.44).
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N, Rhy(S-TPPTTL), (4.43)
)]\ (1.0 mol %) NOzMe
CO,Me CH,Cl,, 4A MS Het/Ar Ar/Het

0°Ctort,13h
1.0 equiv

Cl ‘\002Me
| N S
\ Me C | N Me
I
k/ MeO 7 Meo
4.39 4.40

85% yield, 95% ee 86% vyield, 90% ee

4.42 4.43 4.44
82% yield, 77% ee
94% yield, 90% ee?

76% yield, 64% ee
71% yield, 92% ee?

71% yield, 55% ee
79% vyield, 84% ee?

COzMe COzMe
4.46 4.47

90% vyield, 35% ee
90% yield, 7% ee?

66% yield, 29% ee
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Scheme 4.4 The additive effect of 2-chloropyridine on asymmetric cyclopropanation catalyzed by
Rh,(S-TPPTTL), (4.43). *The reaction condition included 1.0 equiv of 2-chloropyridine as the
additive. (Data collected with Jack C. Sharland)

The results in Scheme 4.4 showed that a 2-chloropyridyl functionality had a positive influence on

the enantioselectivity of the cyclopropanation. High enantioselectivity was observed with all the

substrates containing a 2-chloropyridyl group. Furthermore, comparing entry 5 with entry 2 in

Table 4.2, the results further suggested that more equivalents of the substrate with the 2-

chloropyridyl group in the reaction led to higher levels of enantioselectivity. Based on the above

observation, we proposed that 2-chloropyridyl functional group plays a critical role in influencing

the enantioselectivity for Rhy(S-TPPTTL), (4.43) catalyzed-cyclopropanation. To test this
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hypothesis, control experiments were performed to confirm the positive effect of the pyridyl
component on the reaction. In the control experiments, the reactions proceeding with low
enantioselectivity in Scheme 4.4 were rechecked under the same condition (4.41-4.47). The only
difference was that 1 equivalent of 2-chloropyridine was included in the reaction as an additive.
The new results are marked in red colour in Scheme 4.4. The inclusion of 2-chloropyridine caused
a remarkable difference in the enantioselectivity compared with the previous no-additive condition.
For example, the enantioselectivity of cyclopropane 4.41 increased from 4% ee to 95% ee in the
presence of 2-chloropyridine additive. However, the positive effect caused by 2-chloropyridine is
limited to ortho-substituted diazo compounds. For the diazo compounds lacking ortho substituents,
the presence of 2-chloropyridine did not have a positive effect on the enantioselectivity in the
cyclopropanation reaction. For compounds 4.45 and 4.47, addition of 2-chloropyridine even
lowered the enantioselectivity.

To obtain deeper understanding of the interaction between 2-chloropyridine additive with the
dirhodium(II) catalyst, crystals suitable for X-ray crystallography were prepared by Jack C.
Sharland (Figure 4.1). The additive-coordinated structures showed two 2-chloropyrdine

molecules bound to the two axial sites of Rha(S-TPPTTL)4 (4.43) complex, and a third 2-

chloropyrdine located in the bowl of the complex.



Figure 4.1 Structural perturbations in Rhy(S-TPPTTL), (4.43) enforced by the coordination of 2-
chloropyridine based on X-ray analysis of a single crystal of Rh,(S-TPPTTL), (4.43) coordinated
to 2-chloropyridine. (Data collected by Jack C. Sharland)

The additive-coordinated Rhy(S-TPPTTL)s (4.43) complex was compared with the original
complex by overlapping the two crystal structures together.’® We observed that one ligand of the
Rho(S-TPPTTL)s (4.43) catalyst was displaced upon 2-chloropyrdine coordination. The
observation here suggested the axial coordination effect from 2-chloropyrdine changed the pocket
conformation of the bowl shape catalyst Rho(S-TPPTTL)4 (4.43), and this effect may be the cause
of the enantioselectivity variation in the cyclopropanation reaction.?%: 66 69 131, 156-158

A range of substrates containing heterocycle motifs were explored in the presence of 2-
chloropyridine (Scheme 4.5). The cyclopropanation of vinyl heterocycle with ortho- and meta-
substituted aryldiazoacetates were completed in the presence of 2-chloropyridine. Since vinyl
heterocycle substrates used in the reaction were usually expensive or not commercial-available,
the reactions were conducted with only 1.5 equiv of the vinyl heterocycle substrates and 3.5 equiv
of 2-chloropyridine additive. This combination of substrate and additive made the procedure more

economical and practical while ensuring good enantioselectivity and yield. Several 1, 2-

diheteroarylcycloproane carboxylates examples (4.48-4.50, 4.59) were also generated with good
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asymmetric induction (72% to 95% ee.) The reactions were carried out using either 4A molecular

sieves or HFIP as co-additive to avoid the interference from water in the reaction system.

N2
Rhy(S-TPPTTL), (4.43) (1.0 mol %
A A 2; chi ?:1'( 3)5( o SCOMe
Het” XX + Het/Ar CO,Me - or?pyrl ine (3.5 equiv), &
CH,Cl,, 4A MS or HFIP (10 equiv) Het/Ar Ar/Het
1.5 equiv 1.0 eqUiV 0°C to r, 13 h
COMe ~COMe
Cl X Me Cl X
MeO Cl N
4.36 4.39 4.40 4.48
89% vyield, 98% ee 81% yield, >99% ee 87% yield, 85% ee
LCOMe
. ’\‘COZMG “COZMG
Cl Cl N
4.49 cl 451" cl 4.52
79% vyield, 84% ee 65% yield, 95% ee 96% vyield, 98 % ee 82% yield, 92% ee
CO,Me CO,Me
¢COZMe S &
Cl Cl Cl
Cl Br
4.54 4.55 Cl 4.56 Cl
86% yield, 80% ee 71% yield, 66% ee 33 % yield, 67% ee 83% yield, 69% ee
CO,Me CO,Me
o2 S COMe
Cl Cl Br cl cl
4.57 OMe 458  OMe 4.60
84% yield, 83% ee 83% yield, 90% ee 81% yield, 92 % ee 86% yield, 82% ee

Scheme 4.5 Scopes of cyclopropanation of vinyl-heterocycle with various diazo compounds
catalyzed by Rh,(S-TPPTTL), (4.43).

The exploration of vinyl-heteroaryls shown in Scheme 4.6 was conducted by Jack C. Sharland.
The study included various pyridines (4.61-4.62, 4.69-4.76), pyrazines (4.63), pyrazoles (4.64,
4.68), quinolines (4.65), isoquinolines (4.66) and oxadiazoles (4.67) structures. The yield of these

reactions varies from 45% to 98% and the enantioselectivity range was 76% to >99% ee.
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Scheme 4.6 Scopes of cyclopropanation of various vinyl-heterocycle with diazo compounds
catalyzed by Rh,(S-TPPTTL), (4.43). (Data collected by Jack C. Sharland and AbbVie
collaborators)

To further illustrate the methodology’s practicality in large scale synthesis, the procedure was
incorporated into a tandem procedure to approach cyclopropane 4.36 starting from hydrazone 4.77
(Scheme 4.7).!%% 159 In the procedure, the diazo compound 4.38 generated from the oxidation
reaction was directly used in Rhy(S-TPPTTL), (4.43) catalyzed cyclopropanation reaction without
any purification. This tandem reaction procedure delivered the cyclopropane 4.36 in 83% overall
yield and 98% ee. 20 equiv HFIP as additive in the cyclopropanation reaction flask was the crucial
for the reaction success.!>® HFIP here not only desensitizes the reaction to H>O, but also protects

the dirhodium(Il) catalyst and the carbene intermediate from the coordinating effect of DMAP,
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which is used in the upstream oxidation.'#2% 15! More detailed explanation about the role of HFIP

is provided in Chapter 3.160-167

~o NP2 Cu(OAC)H,0 So N,
I (10 mol%) o
O > Y‘\”/ ~
60 mol% DMAP | J 8
o air (1 atm), DCM N
477 silica, 23 °C, 0.5 h | 438

(not isoléted)

Rhy(S-TPPTTL), (4.43)
(1 mol%)

A

DCM/HFIP, Ny, 23°C, 1 h
2-Cl-pyridine (3.5 equiv)

83 % yield N= A

over 2 steps .
>20:1 dr cl NS (1.5 equiv.)
98 % ee 4.37

Scheme 4.7 Tandem copper-catalyzed diazo formation followed by a Rhy(S-TPPTTL), (4.43)-
catalyzed cyclopropanation.

4.3 Conclusions

This study developed effective methods to synthesize cyclopropane containing heterocycles of
pharmaceutical interest. Two chiral dirhodium(II) catalysts were applied to deliver products with
high yield and enantioselectivity. Firstly, Rhao(R-p-Ph-TPCP)4 (4.17) was used to catalyze the
cyclopropanation of vinyl heterocycles with a wild range of para, meta-substituted aryl and
heteroaryldiazoacetates. This established method is robust and effective to deliver
heteroarylcyclopropane carboxylates with high selectivity. However, the reaction accompanying
ortho-substituted aryldiazoacetates delivered the modest result. Rho(S-TPPTTL)s (4.43) is a
superior catalyst to overcome the limitation involving ortho-substituted aryldiazoacetates.
Furthermore, 2-chloropyridine was an effective additive to enhance the enantioselectivity. It was

proposed that 2-chloropyridine coordination altered the Rha(S-TPPTTL)4 (4.43) catalyst pocket
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conformation and subsequently effected the enantioselectivity of the reaction. The study herein
established effective complementary methods for asymmetric cyclopropanation containing a wide
range of heterocycle motifs. Moreover, the method was compatible with the tandem procedure to
use aryldiazoacetate formed in-situ without purification. Above all, the optimization and the
application in this study expanded the scope of the dirhodium(Il) complexes catalyzed
cyclopropanation reaction and enhanced its practical utility in a focused drug development

program.
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Chapter 5. In Situ Kinetics Studies of Dirhodium (IT)-Catalyzed C—H
Functionalization to Achieve High Catalyst Turnover Numbers.

5.1 Introduction

Several chiral dirhodium(Il) catalysts of high symmetry have been applied in C—H insertion
functionalization reactions.*’ Depending on the steric environment, the dirhodium(IT) catalysts can
control precisely which C—H bond will be functionalized.>® While significant advances have been
made in dirhodium(II)-catalyzed C-H functionalization in recent years, only a few kinetic
investigations have been conducted to analyze reactions progress, and most of the mechanistic
interpretations are derived from computational studies.!®® 2% 66 97. 169-12The experimental
information about the kinetics of the C-H functionalization progress is underdeveloped.
Furthermore, the high catalyst turnover numbers (TONs) achieved in dirhodium(II)-catalyzed
carbene reactions are limited to reactions with very active substrates, such as the cyclopropanation
of styrenes described in Chapter 2.° Using a low dirhodium(II) catalyst loading in C-H
functionalization usually led to incomplete reactions and a considerable decrease in the overall
asymmetric induction.*> ! Therefore, it was necessary to determine what would be the factors
limiting the turnover efficiency of the dirhodium(Il) catalysts as the reaction progresses. The
results from this study will guide rational reaction optimization as well as the design of better
dirhodium(IT)catalysts to achieve even higher TONs. Therefore, in this Chapter, using C-H
insertion of cyclohexane as the model reaction, a comprehensive investigation of the reaction
kinetics was undertaken. The results of this study demonstrated that the concentration of the
substrate and the dirhodium(II) catalyst were the driving force in the C—H functionalization while
the diazo compound showed zero order. Accordingly, the rate determining step was proposed to

be carbene insertion rather than carbene formation. We also found 1 mol % of DCC as an additive
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was crucial to help the reaction to achieve quantitative conversion with only 0.0005 mol% catalyst
loading. Inspired by these results, further optimization was performed and more than 580,000
catalyst TONs were achieved in sequential diazo compound addition conditions. This low catalyst

loading method was also applied to various substrates to demonstrate its versatility.

5.2 Results and Discussions

Dirhodium(Il) catalyst-controlled intermolecular C—H functionalization was pioneered by the
Davies in 1997 and studies in this area continue to the current times.*”- 174 175 Similar C—H bonds
of a complex structure can be differentiated accurately by the dirhodium(IT) complexes to achieve
precise control of C—H functionalization. The superior selectivity achieved by the dirhodium(II)
catalysts has led to many notable applications. To further optimize the chemistry, it is useful to
seek deeper insights into how the catalyst behaves as the C—H reactions progresses. Firstly, in order
to help further optimization of the C—H insertion reaction. Firstly, to understand the effect of the
dirhodium(II) catalyst structure on the reaction rate, various dirhodium(II) complexes were tested

in a standard C—H insertion reaction (Scheme 5.1).
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Scheme 5.1 Dirhodium(II) catalyst with different steric structures tested in this study

In this reaction, 2,2,2-trichloroethyl aryldiazoacetate 5.8a was selected as the precursor to the
donor/acceptor carbene, because it is an established precursor for carbene reactions.” Cyclohexane
5.9 is an ideal substrate to begin the study because it is electronically neutral and had 12 identical
unactivated methylene C—H bonds. A dirhodium(II) catalyst loading of 0.1 mol % in reactions
conducted at 40 °C in CH2Cl> were employed in the initial standard reactions.’® The reaction
kinetic profiles were in-situ monitored by ReactlR following the diazo compound 5.8a

concentration variation during the whole reaction progress (Figure 5.1).
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Figure 5.1 Reaction rates of various catalysts in C—H insertion of cyclohexane a. Kinetic profiles
of C—H insertion of cyclohexane 5.9 catalyzed by previous reported high TONs dirhodium(II)
catalysts in cyclopropanation reaction. b. Kinetic profiles of C—H insertion of cyclohexane 5.9
catalyzed by dirhodium(II) catalysts with various symmetric structures.

Rhy(R-p-Br-TPCP)s (5.1) and Rhy(R-p-Ph-TPCP)s (5.2) were tested under these standard
conditions because they were the best catalysts for high TONs in the cyclopropanation reaction
described in Chapter 2.6 Accompanying with reactive trap reagent, styrene, both Rho(R-p-Br-
TPCP)4(5.1) and Rha(R-p-Ph-TPCP)4 (5.2) showed remarkable robustness and were able to deliver
cyclopropanes with high yield and great enantioselectivity under 0.001 mol % catalyst loading.
However, as shown in Figure 5.1a, 0.1 mol% Rha(R-p-Br-TPCP)4 (5.1) and Rha(R-p-Ph-TPCP),4
(5.2) both showed slow reaction rates and a limited level of enantioselectivity. Rha(R-p-Br-TPCP)4

(5.1) and Rha(R-p-Ph-TPCP)4 (5.2) are C> symmetric catalysts with bulky triarylcyclopropane



81

carboxylate ligands and can generate sterically crowded carbene intermediates.*” We assumed it
was difficult for the unreactive trap, cyclohexane 5.9, to approach the carbene center when the
carbene intermediate structures were rigid. In this situation, the interaction between the carbene
intermediate and the trap reagent would be hindered and therefore retard the whole catalytic cycle.
Compared with the cyclopropanation reaction accompanied with reactive trap reagent, the C—H
insertion with unreactive trap reagent was more delicate in low catalyst loading condition and
needed more effective catalysts to promote the reaction progress. Therefore, various high
symmetry dirhodium(Il) catalysts (5.3-5.7) were tested for their influence on the rate of the

reaction.

To increase the reaction rate, the relatively uncrowded catalyst Rho(R-DOSP)4 (5.3) was firstly
tested. 0.1 mol% Rha(R-DOSP)4 (5.3) catalyzed C—H insertion of cyclohexane 5.9 with methyl
phenyldiazoacetate afforded 91% ee and 63% yield at 24 °C.°" The reaction was conducted under
neat conditions and a slow addition technique was used to avoid carbene or diazo compounds
dimerization. In these experiments, Rho(R-DOSP)4 (5.3) showed a fast initial rate in the model
reaction, but the rate slowed down quickly. Product 5.10a was formed in 40% yield and 57% ee.
It is known that Rh2(R-DOSP)4 (5.3) is highly sensitive to solvent effect, and higher levels of
enantioselectivity are favored in nonpolar solvents. Another sterically open catalyst, Rha(R-
PTAD)4 (5.4),'7° was also tested, but the reaction was incomplete after 2 h while dimerization
byproducts had formed. The above reactions with more sterically open dirhodium(II) catalysts
enabled the unactive substrate cyclohexane 5.9 gave fast initial reaction rates but then the reactions
stopped, presumably because the catalysts had decomposed or become deactivated. The carbene
intermediates also tended to dimerize or react with the diazo compound to form azine dimer, which

likely caused interference in the reactions.!””
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The more promising results came from the C4 symmetric dirhodium(II) catalysts, which displayed
much faster reaction rates in the model C—H insertion reaction. Rhy(S-2-C1-5-Br-TPCP)4 (5.5)%°
and Rhy(R-TCPATD)4 (5.6) $*accomplished the reaction rapidly with modest enantioselectivity and
great yield. More remarkably, Rho(R-TPPTTL)s (5.7)*° completed the reaction in only 2 min in
94% yield with 95% ee, which demonstrate its superiority in this C—H insertion reaction. The C;
symmetric dirthodium(II) catalysts showed high efficiency to catalyze the C—H insertion of
cyclohexane 5.9. We assume the great results come from the catalysts with matched steric
conformation allowing cyclohexane 5.9 to involve a rapid C—H insertion process. The effective
process possibly also prevented carbene intermediate from undesired decomposition or side

reactions, which resulted in high reaction efficiency.

In the previous kinetic study of cyclopropanation catalyzed by various dirhodium(Il) catalysts
(Chapter 2),% the more sterically open dirhodium(II) catalysts gave the faster reaction rate. Since
carbene formation was the rate-determining step in the cyclopropanation mode, more flexible
dirhodium(II) catalysts tended to form carbene more effectively and resulted in faster reaction rate.
However, with unactive substrates like cyclohexane 5.9, the formation of the carbene may no
longer be the rate determining step. To evaluate this possibility, more detailed kinetic experiment
was needed. Moreover, the outstanding performance of the Rho(R-TPPTTL)s (5.7) in C-H
insertion of cyclohexane 5.9 also inspired us to conduct systematic kinetic studies for detailed
reaction profiles. The kinetic insights could drive further optimization to achieve higher catalyst
TONSs. Therefore, we conducted a comprehensive kinetic study using Rho(R-TPPTTL)4 (5.7) as

standard catalyst on the model C—H insertion of cyclohexane 5.9 (Figure 5.2).

Following the reaction progress kinetic analysis (RPKA) methods,’! the “same excess”

experiments were conducted firstly to test the catalyst robustness (Figure 5.2a). The “excess” here
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represented the concentration difference between cyclohexane 5.9 and diazo compound 5.8a,
which was supposed to be invariable during the catalytic reaction progress. Two reactions were
performed correspondingly: one is the “standard condition” , and the other one is the “same
excess”. Compared with the “standard condition” experiment, “same excess’ experiment had 50%
less amount of diazo compound 5.8a and same excess of cyclohexane 5.9. Two reaction progress

kinetic profiles were compared with each other at same diazo compound 5.8a concentration point.
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Figure 5.2 Kinetic profiles of RPKA studies for Rho(R-TPPTTL)4 (5.7) catalyzed C—H insertion
of cyclohexane 5.9 a. Same excess experiments were carried out with [excess] = 0.075 M. Standard
condition: [diazo]o = 0.05 M, [cyclohexane]o = 0.125 M; same excess: [diazo]o = 0.025 M,
[cyclohexane]o = 0.1 M. b. Different excess experiments determined a positive reaction order of
cyclohexane 5.9. c. Different excess experiments determined a zero-order reaction of diazo
compound 5.8a. d. The variable time normalization analysis (VINA) determined that the
dirhodium(II) catalyst 5.7 was first order.
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As showed in Figure 5.2a, the “standard condition” experiment exhibited a slower reaction rate at
same reaction stage compared with the “same excess” one. The dirhodium(II) catalyst 5.7 in the
“standard condition” had already finished 500 TONs and formed products 5.10a while the “same
excess” one has fresh catalyst without product 5.10a present. The difference between the two
kinetic profiles revealed that, at 0.1 mol% loading, some catalyst deactivation or product inhibition
is occurring after 50% completion of the reaction. To further understand the driving force and
encumbrance of the reaction, the “different excess” experiments were then conducted to determine
the reagents’ roles in the reaction. The profiles in Figure 5.2b show 3 kinetic studies with varied
equivalents of cyclohexane 5.9 while other factors are kept the same. The results showed more
equivalents of cyclohexane 5.9 led to faster reaction rates, which indicates a positive order of
cyclohexane 5.9 in the reaction. It is known that olefin moieties or Lewis basic sites in the reaction
could coordinate with the dirhodium(II) catalyst and can possibly retard the reaction rate. The
cyclohexane 5.9 had no functional sites to coordinate the catalysts, and might help with faster
catalyst turnover frequency, which could benefit for achieving higher catalyst TON. The
experiments with various equivalents of diazo compounds 5.8a, keeping the other reaction
conditions constant, were then performed (Figure 5.2¢). The kinetic profiles showed the reactions
with different diazo compound concentration gave the same initial reaction rates, which suggested
zero order rate influence of the diazo compound 5.8a. As only 0.1 mol% of the dirhodium(II)
catalyst used in the reaction, higher concertation of the diazo compounds 5.8a cannot increase the
reaction rate, as the active catalyst sites were all saturated. The rate of the carbene formation step
was therefore mainly controlled by the concertation of the catalyst. To further confirm the above
hypothesis, the variable time normalization analysis (VTNA) method was applied to obtain the

dirhodium(1I) catalyst order (Figure5.2d).%° The reaction profiles at 0.2 mol%, 0.1 mol% and 0.05
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mol% catalyst loading were placed in the same figure and the diazo compound 5.8a concentration
was plotted against a normalized timescale t[cat]t" (t = time, [cat]T = total catalyst concentration,
n = order of the catalyst to be determined). The “n” value was altered for overlapping the three
curves to get the exact dirhodium(II) catalyst order. However, only when the “n” value equaled to
1, reaction curves of 0.2 mol% and 0.1 mol% catalyst loading overlapped, and no “n” value could
drive 0.05 mol% catalyst loading curve to show identical trends with the other two. The result
indicated that, the Rho(R-TPPTTL)4(5.7) displayed the first order at normal catalyst loading. When
the loading was as low as 0.05 mol%, the deactivated or decomposed dirhodium(II) catalyst ratio
amplified and thus the turnover efficiency decreased. The results also suggested, with cyclohexane,
the efficiency of the C—H insertion tended to significantly decrease in low catalyst loading
condition. Based on above kinetic information, we proposed a catalytical cycle (Scheme 5.2), and
accordingly a series of experiments were performed to optimize the reaction and overcome the
dirhodium(II) catalysts TON limitation.
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Scheme 5.2 Proposed catalytical cycle of the dirhodium(Il) catalyzed C—H insertion of
cyclohexane.
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As cyclohexane 5.9 showed positive order in the reaction, neat conditions were applied to
accelerate the reaction rate and potentially limit the chances for the rhodium carbene intermediate
to destroy the catalyst.** Compared with the previous standard condition in Figure 5.1, the reaction
using cyclohexane as solvent at 40 °C generated the products in quantitive yield and 98% ee with
only 0.01 mol% catalyst loading (Figure 5.3a). Increasing the temperature to 60 °C further helped
the reaction to finish in 20 seconds with only 0.005 mol% catalyst loading and gave 96% ee.
However, the reaction with 0.0025 mol% catalyst loading did not go to completion even at higher
temperature (80 °C). To further increase the catalyst TONs, adjustments were made to the carbene
precursor, diazo compound 5.8 (Figure 5.3b). A more electron deficient diazo compound would
generate a more electrophilic carbene intermediate, which would be more reactive in the rate
determining step of C—H functionalization.?” Therefore, a diazo compound with a strong electron
withdrawing group on the aryl ring would be expected to be most effective. The result in Figure
5.3b showed the reaction with p-(trifluoromethyl)phenyldiazoacetate 5.8b was more effective
compared to the reaction with p-bromophenyldiazoacetate 5.8a. The reaction completed in 1 min
giving quantitive yield and 95% ee with only 0.0025 mol% catalyst loading. The electron-rich
methoxy substitution 5.8¢ was also tested to further clarify the carbene’s electric effect on the
reaction rate. With a stronger donor group, p-methoxy substituted diazo compound 5.8¢ would
form the carbene faster but the carbene would be more stable and less reactive. Virtually no
reaction occurred with 0.0025 mol% catalyst loading, which is consistent with the observation that
the C—H insertion is the rate determining step. A further improvement was obtained with the
aryldiazoacetate 5.8d with a trifluoroethyl ester. It gave even better enantioselectivity and results

in a completed reaction in 1 min giving 96% ee and quantitive yield with 0.001 mol% catalyst
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loading (Figure 5.3¢). However, the reaction with even lower Rho(R-TPPTTL)4 (5.7) catalyst

loading (0.0005 mol%) only proceeded to about 5% completion.
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Figure 5.3 Kinetic Profiles of condition optimization of C—H insertion of cyclohexane 5.9. a.
Applying neat condition with various temperature and Rho(R-TPPTTL)4 (5.7) catalyst loading
when R = Br, X = CI. b. Effect of different aryldiazoacetates 5.8 structure on the reaction rate at
60 °C, 0.0025 mol% Rha(R-TPPTTL)4 (5.7) catalyst loading ¢. Effect of Rha(R-TPPTTL)4 (5.7)
catalyst loading on the reaction rate when R = CF3, X =F at 60 °C
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To confirm the superior performance of the bowl-shape C4 symmetrical catalyst Rho(R-TPPTTL)4
(5.7), we also compared it with the other catalysts under neat conditions with 0.005 mol% catalyst

loading (Figure 5.4).
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Figure 5.4 Kinetic profiles of C—H insertion of cyclohexane 5.9 catalyzed by various
dirhodium(II) catalysts under neat condition.

The studies revealed that the Cs symmetrical catalysts Rho(R-TPPTTL)4 (5.7) , Rhao(R-TCPTAD)4
(5.6) had high TONs and finished the reaction quickly. However, the other tested catalysts were
ineffective at the low loading conditions. The results here further illustrate that the efficiency of

C—H functionalization under high TON conditions was greatly influenced by the catalyst structure.
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The Davies group had recently developed a series of more bulky Cs4 symmetric catalysts derived
from bulky N-phthalimido amino acids. As they are related to Rho(R-TPPTTL)4 (5.7), some were
examined in this study. Among the tested catalysts, Rh2(S-p-Br-TPPTTL)4 (5.11) showed superior
performance. In the first attempted run, it completed the reaction in 3 min with only 0.0005 mol

% catalyst loading and generated the product in quantitative yield and 95% ee (Figure 5.5a).
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Figure 5.5 Rhy(S-p-Br-TPPTTL)4 (5.11) catalyzed unreproducible C-H insertion reaction.
a.Rhy(S-p-Br-TPPTTL)4 (5.11) catalyzed C—H insertion reaction succeed at 0.0005 mol% loading.
b.The repeated experiment showed the results were unreproducible.

However, the result could not be reproduced when a new batch of 5.8d was used. As Figure 5.5b
showed, the reaction failed 7 times with new batch of 5.8d even though all the other aspects of the

reaction conditions were identical to those used in Figure 5.5a. After checking the quality of the
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starting material, the reactions worked only when the diazo compounds 5.8d contained a small
amount of N,N'-dicyclohexylcarbodiimide (5.14) (DCC) as an impurity. The DCC (5.14) was used
during the esterification step to form 5.13 and in one batch of the diazo compound 5.8d it remained

as an impurity as can be seen from the 'H-NMR spectrum (Figure 5.6).*
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Figure 5.6 'H-NMR spectrum revealed the reaction worked when the diazo compounds 5.8d
contained DCC component: Top H!'-NMR: diazo compound 5.8d contained DCC residue made
the reaction worked. Bottom H!-NMR: Diazo compound 5.8d in the failed repeated reactions
contained no DCC residue.



91

The unexpected discovery that DCC (5.14) had a major influence on maintaining the catalyst under
high TONs conditions, motivated us to study in more detail the significance of this finding. We
returned to the original high TON catalyst Rho(R-TPPTTL)4 (5.7) because it is easier to synthesize
than the new catalysts Rha(S-p-Br-TPPTTL)4 (5.11) and its performance was already quite
exceptional. As shown in Figure 5.7, the addition of 1 mol% DCC (5.14) dramatically helped the
reaction at 0.0005 mol% Rhy(R-TPPTTL)4 (5.7) loading to finish the reaction in 2.5 min and give
the C—H functionalization product in essentially quantitative yield, 96% ee. When the reaction was
conducted with 0.1 mol% DCC (5.14), the rate was faster but enantioselectivity was lower(91%
ee). 2 mol% DCC (5.14) showed the slowest reaction rate, but still finished the reaction in 5 min
and generated the product with 96% ee. In contrast, the C—H functionalization without DCC (5.14)
additive showed very little reaction progress when 0.0005 mol% Rho(R-TPPTTL)4 (5.7) catalyst

was applied.
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Figure 5.7 Effect of different concentration of DCC additive on the reaction kinetic profiles at 60
°C with 0.0005 mol% Rha(R-TPPTTL)4 (5.7) catalyst loading.

Previous studies have shown that tetramethylurea 5.15 (TMU) could modulate the reactivity and
selectivity of the dirhodium(Il) catalysts through the axial coordination.®® Herein, we initially
assumed DCC (5.14) possibly reacted with the trace water in the reaction solution and generated
the urea derivatives dicyclohexylurea 5.16 (DCU) to help the reaction. To examine this
assumption, both TMU (5.15) and DCU (5.16) were tested in the control experiments. As Figure

5.8a shown, the reaction in the presence of either urea derivatives 5.15 or 5.16 failed to proceed.
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The results suggested urea derivative, which was the hydrolysis product of carbodiimide

compound, had no beneficial effects on the reaction.

The other assumption was DCC (5.14) coordinated to the dirhodium (II) catalyst or the carbene
intermediate and kept them from decomposing.?® 178 Therefore, a related carbodiimide compounds
were screened as additives in the control experiments. Among them, N,N'-diisopropylcarbodiimide
5.17 (DIC) displayed an acceleration effect. 2 mol % DIC (5.17) enabled faster reaction rate, and
more promisingly, 5 mol% DIC (5.17) further accelerated the reaction to finish in 5 min giving
quantitive yield and 92% ee (Figure 5.8b). Therefore, carbodiimide derivatives were targeted as
the useful additives to promote the reaction with extremely low catalyst loading, and DCC (5.14)
was identified as a particularly effective one for further application.
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Figure 5.8 Kinetic profiles of control experiment with different additives. a. The reaction with
0.0005 mol% Rha(R-TPPTTL)s (5.7) catalyst loading gave no progress with 1 mol% urea
compounds (TMU and DCU). b. 5 mol% DIC showed acceleration effect on the reaction with
0.0005 mol% Rha(R-TPPTTL)4(5.7) catalyst loading.
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Control experiments were subsequently conducted to understand the role of DCC (5.14) in the
reaction. As shown in Figure 5.9, the reaction with 0.0005 mol% Rha(R-TPPTTL)4 (5.7) catalyst
showed little progress. When 1 mol % DCC (5.14) was added to the reaction, no further conversion
was observed, which suggests that the original batch of catalyst has been destroyed. However,
when a second batch of 0.0005 mol% Rha(R-TPPTTL)4 (5.7) was added, the reaction reinitiated
and went to completion. The whole kinetic profile suggested the catalyst lost its reactivity without
protection from DCC (5.14) and gave limited turnover numbers. At this stage it is considered that
the presence of DCC (5.14) coordination prevents the rhodium-carbene intermediate from

destroying the catalyst under high TON conditions.
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Figure 5.9 The reaction with 0.0005 mol% Rha(R-TPPTTL)4 (5.7) catalyst loading gives no
progress until 1 mol% DCC and another 0.0005 mol% Rho(R-TPPTTL)4 (5.7) catalyst added.
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To gain further understanding of the role of DCC (5.14), Jack C. Sharland conducted DFT
calculations to rationalize the DCC (5.14) effect (Figure 5.10). The result showed that, compared
with the normal carbene intermediate 5.18, the carbene coordination with DCC (5.14) was
thermodynamically favorable with -2.8 kcal/mol lower energy(5.20). The second DCC (5.14)
molecule coordinated to the other rhodium atom vial axial coordination further stabilized the
carbene intermediate to form the lowest energy conformation (5.21). Based on all above
information, we propose that DCC (5.14) coordinated to the carbene intermediate to form a low
energy conformation. The coordination stabilized the carbene intermediate and protected it from
decomposition. Additionally, higher concentration of DCC (5.14) in the reaction caused slower
reaction rate because both metal centers of the dirhodium(II) catalysts were occupied by DCC

(5.14) and cannot catalyze the reaction effectively.!3!
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Figure 5.10 Computational study of the DCC additive effect.(DFT calculations performed at
B3LYP-D3 level, 6-31G(d,p) basis set, LANL2DZ basis set used for Rh, DCM considered under
PCM solvation model) (Data from Jack C. Sharland)
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Based on the above information, 1 mol% DCC (5.14) as was set as optimum additive and the
reaction scope was explored under these optimized conditions. As shown in Scheme 5.3, C—H

functionalization reactions achieved high enantioselectivity and great yield consistently with

various unactive substrates.
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Scheme 5.3 Scopes of asymmetric C—H functionalization with 0.001 mol% Rh(R-TPPTTL)4 (5.7)
catalyst. *The reaction was conducted by Rhy(S-2-CI-5-Br-TPCP)4 (5.5) ®The reaction was
conducted with 10 equiv of adamantane in 4 mL CHCls.
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The turnover potential of Rha(R-TPPTTL)s (5.7) was further explored in a multiple additions
experiment. As showed in Figure 5.11, cyclohexane 5.9, 0.0005 mol% catalyst 5.7 and 1mol%
DCC (5.14) were added first into the reaction flask. 1 equiv of diazo compound 5.8d solid was
directly added to the reaction in one potion and the reaction finished rapidly in 2.5 min.
Consequently, two more batches of diazo compounds 5.8d were added, and the catalyst finished
the reaction in 96% yield and achieved about 580,000 TONSs. After each addition finished, 0.2 mL
mixture sample was taken to measure the enantioselectivity and the results showed that selectivity

of the reaction was maintained at around 96% ee during the whole progress.
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Figure 5.11 Kinetic profile of multiple-addition experiment of the C—H insertion reaction. Three
successive additions of diazo compound 5.8d (1 equiv.) were added into a solution of cyclohexane
5.9, DCC 5.14 (1mol%) and Rho(R-TPPTTL)4 (5.7) (0.0005 mol %) at 60 °C.
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5.3 Conclusions

In summary, a comprehensive kinetic investigation of dirhodium (II) catalyst catalyzed C-H
insertion of cyclohexanes provided a deeper understanding of the reaction process. The rate law
demonstrated carbene insertion was the rate determining step. Accordingly, rational optimization
for higher catalyst TONs was conducted. Neat conditions, higher temperature, more electrophilic
carbene intermediates were applied to help the dirhodium (II) catalysts effectively deliver the
desired product under extremely low loading. Most surprisingly, 1 mol% DCC as additive was
found to significantly promote the reaction. The coordination effect from DCC to the carbene
intermediate was proposed to be the critical to lower the energy and prevent the carbene
decomposition. Under the optimized condition, 0.001 mol% Rho(R-TPPTTL)4 (5.7) catalysts has
been applied in a range of C—H functionalization reactions and showed great efficiency. Finally,
multiple addition reaction further clarified the Rho(R-TPPTTL)4 (5.7) can achieve about 580,000
TONSs with 96% ee. This study obtained detailed insights of the C—H functionalization progress.
The kinetic profiles demonstrated the great reactivity and selectivity of the Cs dirhodium(II)
catalyzed C—H functionalization. The DCC coordination is revealed as a unique effect to enhance
the catalyst robustness under extremely high TON condition. Above results will motivate more
logical optimizations of C—H functionalization and inspire more rational dirhodium(II) catalysts

design.
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Experimental Part

6.1 General Considerations and Reagents

All reagents were obtained from commercial sources (Sigma Aldrich, Fisher, TCI Chemicals,
Alfa-Aesar, Strem Chemicals, Oakwood Chemical and AK Scientific) and used as purchased or
purified according to Purification of Common Laboratory Chemicals if necessary. Styrene was
pre-purified by passing through a plug of silica gel. 4A molecular sieves were activated under
vacuum at 300 °C for 4 hours. After time elapsed, the flask was cooled to 60 °C under inert nitrogen
atmosphere and stored in a 140 °C oven for future use. Dichloromethane (DCM) was purified and
dried by a Glass Contour Solvent System, degassed by refluxing in the presence of activated 4A
molecular sieves and stored under nitrogen atmosphere. All flash column chromatography was
performed on silica gel (SiliaFlash® P60, 40-63 um). In situ IR reaction monitoring experiments
were carried out with a Mettler Toledo ReactIR 45m instrument equipped with a 9.5 mm x 12”°
AgX 1.5 m SiComp probe. 'H, 13C, and '°F NMR spectra were recorded at either 400 MHz ('*C at
101 MHz) on VNMR 400 spectrometer or 600 MHz (13C at 151 MHz) on INOVA 600 or Bruker
600 spectrometer. NMR spectra were run in solutions of deuterated chloroform (CDCIl3) with
residual chloroform taken as an internal standard (7.26 ppm for 'H, and 77.26 ppm for *C), and
were reported in parts per million (ppm). The abbreviations for multiplicity are as follows: s =
singlet, d = doublet, t = triplet, q = quartet, p = pentet, m = multiplet, dd = doublet of doublet, etc.
Coupling constants (J values) are obtained from the spectra. Mass spectra were taken on a Thermo

Finnigan LTQ-FTMS spectrometer with APCI, ESI or NSI. Melting points (mp) were measured
in open capillary tubes with a Mel - Temp Electrothermal melting points apparatus and are

uncorrected. FTIR spectra were collected on a Nicolet iS10 FT-IR spectrometer from Thermo
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Scientific and reported in unit of cm™. Thin layer chromatography was performed on aluminum-

back silica gel plates with UV light to visualize. Optical rotations were measured on Jasco P-2000

polarimeters. Enantiomeric excess (ee) data were obtained on Chiral HPLC Varian Prostar 210,
Agilent 1100, or Agilent 1290 Infinity II instruments, eluting the purified products using a mixed

solution of HPLC-grade 2-propanol (iPrOH) and n-hexane.

6.2 Experimental Part for Chapter 2

6.2.1 General procedure for ReactIR set-up and the cyclopropanation reactions

The ReactIR instrument was filled with liquid nitrogen and allowed to equilibrate while the
reaction flask was being set-up. An oven-dried 100 mL 3-neck round-bottom flask with 1.5 g4 A
molecular sieves was fitted with a rubber septum (left neck, 14/20), ReactIR probe (center neck,

24/40 to 19/25 adapter, 19/25 neck), and argon inlet (right neck, 14/20)( Figure 6.1).

The flask was cooled to room temperature under vacuum, then backfilled with argon and placed

in a water or oil bath, with the temperature of the stir plate set to the desired temperature and stir



101

rate on 700 rpm. Once the reaction flask was at the desired temperature, the background and water
vapor spectrum were taken via the ReactIR instrument. The syringe and needle used for the solvent
was primed with argon before adding 27 ml solvent through the rubber septum. The data collection
was started on the ReactIR™ software, and the solvent was allowed to stir for 15 min. After a
reference spectrum of the solvent was taken, styrene (pre-purified by passing through a pipette
column) was added using a plastic syringe. The reaction mixture was allowed to stir while the
diazo compound was weighed out. A reference spectrum of styrene was taken after subtracting out
the solvent spectrum, and then the diazo compound (solid) was added by removing and quickly
replacing the rubber septum. A reference spectrum of the diazo compound was taken after
subtracting out the reference spectrum of styrene, and the reaction mixture was allowed to stir for
15 min. 1 mL of the catalyst stock solution was added to the reaction mixture and allowed to stir
until the complete consumption of the diazo compound by tracking the disappearance of the C=N;
stretch frequencies (around 2103 cm!). Upon reaction completion, the solution was passed through
a celite filter to remove molecular sieves and the solvent was removed in vacuo. The crude residue
was purified based on Rf by flash column chromatography. Pure product fractions were combined,
and solvent was evaporated to calculate yield. Product was characterized by chiral-HPLC. Varian
Prostar to analyze enantioselectivity.

6.2.2 General Procedure for ReactIR Data Analysis

The completed diazo decomposition graph on the ReactIR™ software is shown below (Figure

6.2).
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Figure 6.2 ReactIR run on software for a complete experiment

The data was extracted directly from the software as a text-file and copied into Microsoft Excel®.
The point at which the curve rises sharply at a right angle, around the 30-min mark, was where the
diazo compound was added to the reaction mixture. The catalyst solution was injected where the
curve starts to decrease, around the 45-min mark. The absorbance point and relative time at which
the catalyst was added, all the way until the end of the data collection period, was set as the diazo
decomposition curve. The first time point in the diazo decomposition curve was set as “00:00:00”
(HH:MM:SS) by subtracting the relative time at that point from itself, and all subsequent time
points were set by subtracting the relative time of the beginning of the data set from the relative
time extracted from Figure 6.2. To normalize the absorbance, the absorbance of the first point in
the data set was set as “1.0 M” (actual concentration of diazo compound is 0.10 M), which was
obtained from dividing the absorbance of the first point by itself, and all subsequent absorbances
were divided by the absorbance of the first point. In doing so, it is possible to get the relative
concentration of diazo compound over the course of the reaction and monitor the time of its
decomposition.

6.2.3 Derivation of the Rate Equation
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Figure 6.3 Initial 0.3 h kinetic profiles of the difference excess experiment to determine the order
of the diazo compound in the benchmark cyclopropanation reaction

Table 6.1 Initial conditions and the initial rate obtained from Figure 6.3, the difference excess

experiment, to determine the reaction order of the diazo compound in the benchmark
cyclopropanation.

Entry diazo styrene [excess] ee (%)  yield (%) initial rate (M/h)
a 0.1IM 0.232M  0.132M 93 90 0.110
b 0.05M 0.232M 0.182M 93 93 0.0532

An empirical reaction rate law may be described by the power-law expression (eq 6.1):

rate = kg5 [diazo |* [styrene]” [Rh(II)]* eq6.1
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Taking the log of the rate expression gives:

log[rate] = log (k,ps) + xlog([diazo]) + ylog([styrene]) + zlog([Rh(II)])
For two sets of experiments, a and b, given in Table 6.1, the initial concentrations [styrene]o

and [RhA(II)] are identical:
[styrene]o, a=[styrenejo,p
[Rh(ID]a = [Rh(ID)]»

Dividing the rates for the two conditions leaves only [diazo] as a variable:

(rate), = ¥ps [diazo]} {styrene; {RRIDY;  [diazo]}
(rate), = +gps [diazoliIstyrene P [READI:  [diazo]}
(rate)q] l [diazo]; | [diazo],
(rate)b] - [diazo]j,‘l - [diazo]bl

According to the initial rate obtained in Figure 6.3, the reaction order of diazo compound can be

determined as x = 1 by the following equations:

(rate)qg] Kops [diazo]% [styrene]z [RR(ID]JZ | [diazol% | [diazo],
(rate)b] - [kobs [diazo]} [styrene]i [Rh(II)]f,] = tog [diazo]’bf] - xlog [dlazo]b] eq 6.2
(rate)a] _ 0110 ] _ [diazol, ] 0.100

g (rate)b] = log [0.0532] = xlog [diazo]b] = xlog [0.0500] eq 6.3

x=105=1 eq6.4

Similar treatment for the three experiments in Figure 6.4 and Table 6.3, where [diazo]o and

[RA(II)] are held constants, yields the order in [styrene] by following steps:
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Figure 6.4 Initial 0.3 h kinetic profiles of the difference excess experiments to determine the order
of styrene in the benchmark cyclopropanation reaction.

Table 6.2 Initial reagents’ conditions and the initial rate obtained from Figure 6.4, the difference
excess experiment, to determine the reaction order of styrene in benchmark cyclopropanation.

CO,CH,CCl;  Rha(S-p-Br-TPCP), _/\CO;CH,CCl3
©A\ s N=X (0.0025 mol %) © “CgHa(p-Br)
CeHa(p-Br) CH,Cl,, 25 °C
styrene diazo 4AMS

2.32,4.64 or 1.5 equiv) 1 equiv

Entry [diazo] [styrene] [excess] ee (%) yield (%)  Initial rate (M/h)

a 0.100M 0.232M 0.132M 93 90 0.110

c 0.100M 0.150M 0.05M 67 91 0.214

d 0.100M 0.464M 0.364M 93 90 0.0626




(mte)al l [k [diazol? [[styrenel] [RRUD]Z
= lo

0.232]

[0.464

0.
0.

232

150

0.464

(rate), kobs [diazo]¥ [[styrene]]i] [RR(ID)]Z
i e e

09 [arere] = 100 35zl = Yaalog [5e0es] = vaalog

o [£22] =t ] =t 2] < o

2] =100 P22 = o 2222 -

Yaa = —0.813 eq 6.9

Yac = —1.53 eq 6.10

Yac = —1.09 eq6.11

Take the average,y = —1.14~ —1 eq6.12

Above all the rate expression is obtained in eq 6.13:

rate = ks [diazo]! [styrene] ! [RR(I)]' eq6.13

log (555

0.150

eq 6.5

eq 6.6

eq 6.7

eq 6.8
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The catalytical cycle exhibits first order kinetics both in diazo compound [diazo] and [Rh(1])],
which act as driving forces for the cyclopropanation reaction. And styrene has a reaction order
of -1, which means it must become dissociated with the transition state complex in order to

generate a carbene. Therefore, the mechanism can be stated explicitly (Figure 6.5).

H an
| EDG._EWG
_RHRh” i
WASH-IYe 7] N,
Ph™" =
ED Ka \ K,

Figure 6.5 The catalytic cycle for the benchmark cyclopropanation reaction according to the
obtained rate law eq 6.13.

The reaction cycle above is consistent with the kinetic data obtained from this work. The
elementary steps of the reaction, as well as the mathematical descriptions of the intermediate
species’ concentration, are shown in Scheme 6.1. On-cycle steps can help reaction progression
while off-cycle steps may contribute to deactivation/activation of the catalyst or slowing of the

reaction rate.
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On-cycle Steps

Rh(ID) + diazo I, (S1-1)

I L+Na (S1-2)

Iy+styrene product+ Rh(II) (S1-3)

Off-cycle Step

Rh(I)+styrene I; (S1-4)

Scheme 6.1 Elementary steps of the defined mechanism for the benchmark cyclopropanation
reaction.

As shown in Scheme 6.1 and Figure 6.5, on cycle step include: reversible dirhodium (II) catalyst
(Rh(II)) complexation with diazo compound to generate intermediate I; (S1-1), extrusion of
nitrogen to give the dirhodium (II) carbene I (S1-2), I, combines with styrene to form the product
and regeneration of the free dirhodium (II) catalyst (S1-3). The dirhodium (II) catalyst reversibly
coordinates to styrene to form off-cycle reservoirs I3 (S1-4). The rate-determining step is S1-2 and
the elementary steps prior to S1-2 step are also important to the overall reaction. As shown in eq

6.14, the contributions of steps after the rate determining step S1-2 are negligible.

rate = K,45[I;] eq 6.14

Here we use a steady-state approximation to get eq 6.15:
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dll]
dt

= K;[Rh(ID][diazo] — K_;[I;] — K,4s[1;]

= K;[Rh(ID)][diazo] — (K_; + K;45)[I;] =0 eq 6.15

The eq 6.15 is then rearranged to give the concentration of Iy in eq 6.16

[11] __ K;[Rh(ID][diazo] eq 6.16

K_1+Kras

K

Because K, K.;, K4 are all constants, « is used to represent To get eq 6.17:

—1tKygs

[1;] = a[Rh(I)][diazo] eq 6.17

Then we move to determine the catalyst mass balance as eq 6.18

[Rh(ID]ota: = [RhAD] + [I;] + [I3] = [Rh(ID] + a[Rh(ID)][diazo] + K,;,[Rh(I)][styrene]

= [Rh(ID](1 + al[diazo]+K,,[styrene]) eq 6.18

eq 6.18 then is rearranged to give the [Rh(Il)] in eq 6.19:

[Rh(H)] — [Rh(ll)]total eq 6.19

(1+aldiazo]+K,p[styrene))

According to eq 6.17 and eq 6.19, the concentration of I is defined by eq 6.20
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L] =« [Rh(ID}cotat [diazo] eq 6.20

(1+a[diazo]+K,p[styrene)])

Once [1;] is fully defined, it is substituted into the generic rate eq 6.14 to get eq 6.21, which is a

mathematical description of the reaction.

Kras@[Rh(ID]¢otaildiazo]
(1+a[diazo]+K,p[styrene)])

rate = eq 6.21

Here we can compare the steady-state catalytic form of the reaction law eq 6.21 and the empirical

description eq 6.13

Krgsa[Rh(1D]¢otaildiazo] , _
(1+Z[ diaonKfz;[;tyreneD = k,»s [diazo]! styrene]™! [Rh(1)]*

rate =

Both forms demonstrate that the dirhodium (II) catalyst is first order with respect to benchmark
cyclopropanation, which also confirms the dirhodium (II) complex is an active catalyst. The oft-
cycle reservoir, I3, decreased the active steady-state concentration of the dirhodium (II) catalyst
within the catalytic cycle throughout the reaction. However, the enantioselectivity results in Table
6.2 suggests that off-cycle reservoirs formed through styrene coordination may also prevent the
dirhodium (II) catalyst catalysts from deactivation helping to maintain effectiveness and mitigate
decomposition.

6.2.4 Characterization of the cyclopropanation products



111

: /A: 1(CO,CH,CCls
7\
\—/

2.9

2,2-trichloroethyl (15,2R)-1,2-diphenylcyclopropane-1-carboxylate

This compound was prepared according to the general procedure 3.1 for cyclopropanation
reactions, using styrene (6.24 mmol, 650.0 mg, 2.32 equiv.) as the substrate, 2,2,2-trichloroethyl
2-diazo-2-phenylacetate (2.69 mmol, 789.6 mg, 1.0 equiv.) and Rha(R-p-Ph-TPCP); catalyst
(0.0000269 mmol, 0.0474 mg, 0.001 mol %). After flash chromatography (0%, then 5% - 15%
Et;0 in hexanes) the product was obtained as a white solid (885.2 mg, 89% yield).

'TH NMR (400 MHz, Chloroform-d) 8 7.17 — 7.10 (m, 3H), 7.07 (hept, J = 3.1 Hz, 5H), 6.80 (dd,
J=6.7,3.0 Hz, 2H), 4.84 (d,J=11.9 Hz, 1H), 4.64 (d, /=119 Hz, 1H), 3.22 (dd, J=9.4, 7.4 Hz,
1H), 2.28 (dd, J=9.4, 5.1 Hz, 1H), 2.01 (dd, /= 7.4, 5.1 Hz, 1H).

13C NMR (151 MHz, Chloroform-d) & 172.26, 135.88, 133.81, 132.16, 128.26, 127.94, 127.83,
127.43,126.73,95.21, 74.51, 37.37, 33.99, 20.43.

Chiral HPLC: (OJ-H, 30 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major: 15.3

min, Minor: 9.0 min, 94% ee.

2,2,2-trichloroethyl (15,2R)-1-(4-fluorophenyl)-2-phenylcyclopropane-1-carboxylate
This compound was prepared according to the general procedure 3.1 for cyclopropanation

reactions, using styrene (6.24 mmol, 650.0 mg, 2.32 equiv.) as the substrate, 2,2,2-trichloroethyl
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2-diazo-2-(4-fluorophenyl)acetate (2.69 mmol, 838.0 mg, 1.0 equiv.), and Rha(R-p-Ph-TPCP),4
catalyst (0.0000269 mmol, 0.0474 mg, 0.001 mol %). After flash chromatography (0 %, then 5 %
- 15 % Et;0 in hexanes) the product was obtained as a white solid (938 .5 mg, 90 % yield).

'"H NMR (400 MHz, Chloroform-d) & 7.16 — 7.08 (m, 3H), 7.07 — 6.98 (m, 2H), 6.87 — 6.74 (m,
4H), 4.82 (d, J=11.9 Hz, 1H), 4.65 (d, J=11.9 Hz, 1H), 3.21 (dd, J=9.4, 7.4 Hz, 1H), 2.29 (dd,
J=9.4,52Hz, 1H), 1.98 (dd, J=7.4, 5.2 Hz, 1H).

13C NMR (151 MHz, Chloroform-d) & 172.08, 135.56, 133.77, 133.71, 129.78, 128.24, 128.08,
126.91, 114.91, 114.76, 95.13, 74.56, 36.57, 34.07, 20.55.

1YF NMR (376 MHz, Chloroform-d) & -114.59.

Chiral HPLC: (OJ-H, 30 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major: 14.4

min, Minor: 8.8 min, 95% ee.

2,2,2-trichloroethyl (15,2R)-1-(4-chlorophenyl)-2-phenylcyclopropane-1-carboxylate

This compound was prepared according to the general procedure 3.1 for cyclopropanation
reactions, using styrene (6.24 mmol, 650.0 mg, 2.32 equiv.) as the substrate, 2,2,2-trichloroethyl
2-(4-chlorophenyl)-2-diazoacetate (2.69 mmol, 882.2 mg, 1.0 equiv.), and Rh(R-p-Ph-TPCP),
catalyst (0.0000269 mmol, 0.0474 mg, 0.001 mol %). After flash chromatography (0%, then 5% -
15% Et,0 in hexanes) the product was obtained as a white solid (967.5 mg, 89% yield).

TH NMR (400 MHz, Chloroform-d) 8 7.17 — 7.06 (m, 5H), 7.04 — 6.95 (m, 2H), 6.80 (dd, J = 6.6,
3.0 Hz, 2H), 4.83 (d, J=11.9 Hz, 1H), 4.64 (d, J = 11.9 Hz, 1H), 3.22 (dd, /= 9.4, 7.5 Hz, 1H),

2.29(dd,J=9.4,52Hz, 1H), 1.98 (dd, J= 7.5, 5.2 Hz, 1H).
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13C NMR (151 MHz, Chloroform-d) & 171.83, 135.39, 133.44, 133.39, 132.55, 128.23, 128.16,
128.11, 127.00, 95.11, 74.55, 36.66, 34.12, 20.37.
Chiral HPLC: (OJ-H, 30 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major: 13.2

min, Minor: 8.3 min, 96% ee.

2,2,2-trichloroethyl (15,2R)-1-(4-bromophenyl)-2-phenylcyclopropane-1-carboxylate

This compound was prepared according to the general procedure 3.1 for cyclopropanation
reactions, using styrene (6.24 mmol, 650.0 mg, 2.32 equiv.) as the substrate, 2,2,2-trichloroethyl
2-(4-bromophenyl)-2-diazoacetate (2.69 mmol, 1000.0 mg, 1.0 equiv.) and Rha(R-p-Ph-TPCP),4
catalyst (0.0000269 mmol, 0.0474 mg, 0.001 mol %). After flash chromatography (0%, then 5% -
15% Et;0 in hexanes) the product was obtained as a white solid (1110.0 mg, 90% yield).

'H NMR (400 MHz, Chloroform-d) 8 7.28 — 7.24 (m, 3H), 7.16 — 7.05 (m, 2H), 6.98 — 6.86 (m,
2H), 6.86 — 6.75 (m, 2H), 4.83 (d, /= 11.9 Hz, 1H), 4.64 (d, J= 11.9 Hz, 1H), 3.22 (dd, J = 9.4,
7.5 Hz, 1H), 2.28 (dd, J=9.4, 5.2 Hz, 1H), 1.97 (dd, J= 7.5, 5.2 Hz, 1H).

13C NMR (151 MHz, Chloroform-d) & 171.74, 135.35, 133.79, 133.07, 131.06, 128.23, 128.18,
127.02, 121.67, 95.10, 74.54, 36.74, 34.09, 20.32.

Chiral HPLC: (OJ-H, 30 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major:13.4

min, Minor: 8.8 min, 96% ee.
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2,2,2-trichloroethyl (15,2R)-1-(4-methoxyphenyl)-2-phenylcyclopropane-1-carboxylate

This compound was prepared according to the general procedure 3.1 for cyclopropanation
reactions, using styrene (6.24 mmol, 650.0 mg, 2.32 equiv.) as the substrate, 2,2,2-trichloroethyl
2-diazo-2-(4-methoxyphenyl)acetate (2.69 mmol, 870.3 mg, 1.0 equiv), and Rha(R-p-Ph-TPCP),4
catalyst (0.0000269 mmol, 0.0474 mg, 0.001 mol %). After flash chromatography (0%, then 5% -
15% Et>0 in hexanes) the product was obtained as a clear oil (967.6 mg, 90% yield).

'TH NMR (400 MHz, Chloroform-d) 8 7.15 — 7.05 (m, 3H), 7.05 — 6.95 (m, 2H), 6.88 — 6.78 (m,
2H), 6.73 — 6.63 (m, 2H), 4.86 (d, /= 11.9 Hz, 1H), 4.66 (d, J=11.9 Hz, 1H), 3.72 (s, 3H), 3.20
(dd,J=9.4,7.4 Hz, 1H), 2.29 (dd, J=9.4, 5.0 Hz, 1H), 1.97 (dd, J= 7.4, 5.0 Hz, 1H).

13C NMR (151 MHz, Chloroform-d) & 172.52, 158.82, 136.03, 133.21, 128.33, 127.99, 126.71,
125.94, 113.33, 95.33, 74.49, 55.25, 36.71, 34.07, 20.66.

Chiral HPLC: (R, R-Whelk , 45 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major:

30.3 min, Minor: 19.7 min, 94% ee.

\ "COzCHzCC|3

214

2,2,2-trichloroethyl (15,2 R)-1-(4-(tert-butyl)phenyl)-2-phenylcyclopropane-1-carboxylate

This compound was prepared according to the general procedure 3.1 for cyclopropanation
reactions, using styrene (6.24 mmol, 650.0 mg, 2.32 equiv.) as the substrate, 2,2,2-trichloroethyl
2-(4-(tert-butyl)phenyl)-2-diazoacetate (2.69 mmol, 940.5 mg, 1.0 equiv.), and Rhy(R-p-Ph-
TPCP)4 catalyst (0.0000269 mmol, 0.0474 mg, 0.001 mol %). After flash chromatography (0%,

then 5% - 15% Et20O in hexanes) the product was obtained as a white solid (1030.8 mg, 90 % yield).
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'"H NMR (400 MHz, Chloroform-d) 4 7.18 — 7.10 (m, 2H), 7.07(dd, J=4.9, 1.8 Hz, 3H ), 7.01 —
6.95 (m, 2H), 6.79(dtd, J=4.9,3.2,2.7, 1.4 Hz, 2H ), 4.84 (d, /= 11.9 Hz, 1H), 4.66 (d, J=11.9
Hz, 1H), 3.20 (dd, /= 9.4, 7.4 Hz, 1H), 2.29 (dd, J=9.4, 5.0 Hz, 1H), 1.98 (dd, J= 7.4, 5.1 Hz,
1H), 1.23 (s, 9H).

13C NMR (151 MHz, Chloroform-d) & 172.35, 150.27, 136.06, 131.70, 130.62, 128.25, 127.80,
126.59, 124.70, 95.29, 74.40, 37.01, 34.52, 33.87, 31.39, 20.49.

Chiral HPLC: (R,R-Whelk, 30 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major:

11.2min, Minor: 8.4 min, 98% ce.

215
2,2,2-trichloroethyl(1S,2R)-2-phenyl-1-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yD)phenyl)cyclopropane-1-carboxylate
This compound was prepared according to the general procedure 3.1 for cyclopropanation
reactions, using styrene (6.24 mmol, 650.0 mg, 2.32 equiv.) as the substrate, 2,2,2-trichloroethyl
2-diazo-2-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)acetate (2.69 mmol, 1128.4 mg,
1.0 equiv), and Rha(S-p-Ph-TPCP)4 catalyst (0.0000269 mmol, 0.0474 mg, 0.001 mol %). After
flash chromatography (0%, then 5% - 15% Et>0 in hexanes) the product was obtained as a clear
oil (1213.3 mg, 91 % yield).

'H NMR (400 MHz, Chloroform-d) 8 7.64 — 7.52 (m, 2H), 7.14 — 7.03 (m, 5H), 6.88 — 6.74 (m,
2H), 4.86 (d, J=11.9 Hz, 1H), 4.63 (d, /= 11.9 Hz, 1H), 3.23 (dd, J=9.4, 7.5 Hz, 1H), 2.28 (dd,

J=9.4,5.1 Hz, 1H),2.02 (dd, J=7.5, 5.1 Hz, 1H), 1.32 (s, 12H).
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13C NMR (151 MHz, Chloroform-d) & 172.02, 136.90, 135.68, 134.29, 131.48, 128.24, 128.04,
126.78, 95.18, 83.85, 74.44, 37.43, 34.12, 25.04, 24.99, 20.32.
Chiral HPLC: (S,5-Whelk, 30 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major:

10.5 min, Minor: 12.8 min, 99% eec.

2.16

2,2,2-trichloroethyl (15,2R)-1-(3-bromophenyl)-2-phenylcyclopropane-1-carboxylate

This compound was prepared according to the general procedure 3.1 for cyclopropanation
reactions, using styrene (6.24 mmol, 650.0 mg, 2.32 equiv.) as the substrate, 2,2,2-trichloroethyl
2-(3-bromophenyl)-2-diazoacetate (2.69 mmol, 1000.0 mg, 1.0 equiv.) and Rha(R-p-Ph-TPCP),4
catalyst (0.0000269 mmol, 0.0474 mg, 0.001 mol %). After flash chromatography (0%, then 5% -
15% Et>0 in hexanes) the product was obtained as a clear oil (1086.0 mg, 90% yield).

TH NMR (400 MHz, Chloroform-d) & 7.26(dt, J=7.0, 1.7 Hz, 2H), 7.17-7.05 (m, 3H), 7.02 — 6.90
(m, 2H), 6.87— 6.78 (m, 2H), 4.84 (d, J=11.9 Hz, 1H), 4.62 (d, /= 11.9 Hz, 1H), 3.22 (dd, J =
9.4,7.5 Hz, 1H), 2.27 (dd, J=9.4, 5.2 Hz, 1H), 2.00 (dd, J= 7.5, 5.3 Hz, 1H).

13C NMR (151 MHz, Chloroform-d) & 171.64, 136.25, 135.21, 135.09, 130.92, 130.59, 129.26,
128.23, 128.14, 127.06, 121.69, 95.07, 74.57, 36.83, 34.18, 20.21.

Chiral HPLC: (OJ-H, 30 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major: 14.4

min, Minor: 10.2 min, 92% ee.
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217

2,2,2-trichloroethyl (15,2R)-1-(3,5-dibromophenyl)-2-phenylcyclopropane-1-carboxylate
This compound was prepared according to the general procedure 3.1 for cyclopropanation
reactions, using styrene (6.24 mmol, 650.0 mg, 2.32 equiv.) as the substrate, 2,2,2-trichloroethyl
2-diazo-2-(3,5-dibromophenyl)acetate (2.69 mmol, 1214.1 mg, 1.0 equiv.), and Rha(R-p-Ph-
TPCP)4 catalyst (0.0000807 mmol, 0.1422 mg, 0.003 mol %). After flash chromatography (0%,
then 5% - 15% Et;0 in hexanes) the product was obtained as a clear oil (567.5 mg, 40 % yield).
[a]*’p = -5° (¢ = 0.20, CHC]l5)

TH NMR (400 MHz, Chloroform-d) & 7.43 (t, J= 1.8 Hz, 1H), 7.21 — 7.05 (m, 5H), 6.85 (dd, J =
7.5, 2.1 Hz, 2H), 4.86 (d, J = 11.9 Hz, 1H), 4.62 (d, J = 11.9 Hz, 1H), 3.23 (dd, /= 9.5, 7.6 Hz,
1H), 2.27 (dd, J=9.4, 5.4 Hz, 1H), 2.00 (dd, J = 7.5, 5.4 Hz, 1H).

13C NMR (151 MHz, Chloroform-d) & 171.10, 137.96, 134.63, 134.02, 133.20, 128.36, 128.21,
127.43,122.04, 94.97, 74.66, 36.40, 34.41, 20.00.

IR(neat): 3029, 2970, 1736, 1585, 1552, 1498, 1365, 1235, 1156, 1113, 860, 814, 698 cm’!

HR-MS : (+p APCI) calcd for [C18H13Br2CI302+] 523.8348 found 523.83376

Chiral HPLC: (OD-H, 30 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major: 9.7

min, Minor: 9.0 min, 94% ee.

"'C02CH2CC|3

218
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2,2,2-trichloroethyl (1R,2R)-2-phenyl-1-((E)-styryl)cyclopropane-1-carboxylate

This compound was prepared according to the general procedure 3.1 for cyclopropanation
reactions, using styrene (6.24 mmol, 650.0 mg, 2.32 equiv.) as the substrate, 2,2,2-trichloroethyl
(E)-2-diazo-4-phenylbut-3-enoate (2.69mmol, 859.6 mg, 1.0 equiv.), and Rh(R-p-Ph-TPCP)4
catalyst (0.0000807 mmol, 0.1422 mg, 0.003 mol %) at 25°C. After flash chromatography (0 %,
then 5 % - 15 % Et:O in hexanes) the product was obtained as a white solid (936.7 mg, 88 % yield).
MP: 71 -72°C

[a]*%p = +73° (¢ = 0.10, CHCl3)

'TH NMR (400 MHz, Chloroform-d) 8 7.36 — 7.05 (m, 10H), 6.45 (d, /= 16.1 Hz, 1H), 6.19 (d, J
=16.2 Hz, 1H), 4.87 (qd, J = 12.2, 2.2 Hz, 2H), 3.20 (dd, /=9.2, 7.4 Hz, 1H), 2.22 (dd, J = 9.3,
5.2 Hz, 1H), 1.97 (dd, J= 7.5, 5.2 Hz, 1H).

13C NMR (151 MHz, Chloroform-d) & 172.03, 137.08, 135.10, 133.73, 129.34, 128.53, 128.26,
127.56, 127.20, 126.39, 123.17, 95.26, 74.47, 35.94, 33.04, 19.19.

IR(neat):3027, 2924, 1732, 1602, 1500, 1455, 1377, 1312, 1243, 1208, 1149, 1128, 1109, 1092,
1053, 975, 953, 897, 857, 813, 773, 747, 710, 694, 576, 477 cm™!

HR-MS : (+p APCI) caled for [C20H17CI302+H] 395.0367 found 395.03652

Chiral HPLC: (ADH, 30 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major: 10.3

min, Minor: 8.8min, 96% ce.

2,2,2-trichloroethyl (15,2R)-1-(naphthalen-2-yl)-2-phenylcyclopropane-1-carboxylate
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This compound was prepared according to the general procedure 3.1 for cyclopropanation
reactions, using styrene (6.24 mmol, 650.0 mg, 2.32 equiv.) as the substrate, 2,2,2-trichloroethyl
2-diazo-2-(naphthalen-2-yl)acetate (2.69 mmol, 924.2 mg, 1.0 equiv.), and Rha(R-p-Ph-TPCP),4
catalyst (0.0000807 mmol, 0.1422 mg, 0.003 mol %). After flash chromatography (0 %, then 5 %
- 15 % Et;0 in hexanes) the product was obtained as a white solid (745.2 mg, 66 % yield).

MP: 127 - 128 °C

[a]*%p =-81.3° (¢ = 0.10, CHCl3)

'"H NMR (400 MHz, Chloroform-d) & 7.77 — 7.68 (m, 2H), 7.66 (d, J= 1.7 Hz, 1H), 7.55 (d, J =
8.5 Hz, 1H), 7.45 —7.37 (m, 2H), 7.11 (dd, J = 8.5, 1.8 Hz, 1H), 7.06 — 6.96 (m, 3H), 6.88 — 6.80
(m, 2H), 4.89 (d, /= 11.9 Hz, 1H), 4.63 (d, J=11.9 Hz, 1H), 3.30 (dd, J=9.4, 7.4 Hz, 1H), 2.38
(dd,J=9.4,5.1 Hz, 1H), 2.16 (dd, J=7.4, 5.1 Hz, 1H).

13C NMR (151 MHz, Chloroform-d) & 172.26, 135.66, 133.11, 132.72, 131.69, 130.87, 130.21,
128.26,128.01, 127.91, 127.71, 127.25, 126.78, 126.04, 125.84, 95.20, 74.48, 37.49, 34.19, 20.52.
IR(neat):3057, 2924, 1732, 1602, 1500, 1455, 1377, 1312, 1243, 1208, 1149, 1128, 1109, 1092,
1053, 975, 953, 897, 857, 813, 773, 747, 710, 694, 576, 477 cm™!

HR-MS : (+p APCI) caled for [C22H17CI302+H] 419.0367 found 419.03622

Chiral HPLC: (ADH, 30min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major: 11.6

min, Minor: 10.1 min, 96% eec.

1CO,CH,CCls

2.20

2,2,2-trichloroethyl(1S,2R)-1-(2-methylbenzo[d]thiazol-5-yl)-2-phenylcyclopropane-1-

carboxylate
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This compound was prepared according to the general 3.1 procedure for cyclopropanation
reactions, using styrene (6.24 mmol, 650.0 mg, 2.32 equiv.) as the substrate, 2,2,2-trichloroethyl
2-diazo-2-(naphthalen-2-yl)acetate (2.69 mmol, 980.8 mg, 1.0 equiv.), and Rha(R-p-Ph-TPCP),
catalyst (0.0000807 mmol, 0.1422 mg, 0.003 mol %). After flash chromatography (0%, then 5% -
15% Et;0 in hexanes) the product was obtained as a clear oil (1031.5 mg, 87 % yield).

'H NMR (400 MHz, Chloroform-d) & 7.77 (d, J = 1.7 Hz, 1H), 7.51 (d, J = 8.3 Hz, 1H), 7.09 —
6.99 (m, 3H), 6.98 (dd, /= 8.3, 1.7 Hz, 1H), 6.86 — 6.77 (m, 2H), 4.85 (d, /= 11.9 Hz, 1H), 4.65
(d, J=11.9 Hz, 1H), 3.29 (dd, J = 9.4, 7.4 Hz, 1H), 2.78 (s, 3H), 2.35 (dd, J = 9.4, 5.2 Hz, 1H),
2.11(dd,J=17.5,5.2 Hz, 1H).

13C NMR (151 MHz, Chloroform-d) § 172.04, 167.22, 153.26, 135.48, 134.77, 132.16, 129.23,
128.22, 128.03, 126.80, 125.49, 120.54, 95.12, 74.47, 37.27, 34.19, 20.50, 20.21.

Chiral HPLC: (OJ-H, 30 min, I mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major: 21.8min,

Minor: 15.8 min, 86% ee.

"'COQCH2CC|3

2.21

2,2,2-trichloroethyl (15,2R)-1-(6-chloropyridin-3-yl)-2-phenylcyclopropane-1-carboxylate

This compound was prepared according to the general procedure 3.1 for cyclopropanation
reactions, using styrene (6.24 mmol, 650.0 mg, 2.32 equiv.) as the substrate, 2,2,2-trichloroethyl
2-(6-chloropyridin-3-yl)-2-diazoacetate (2.69 mmol, 884.9 mg, 1.0 equiv.), and Rha(R-p-Ph-

TPCP)4 catalyst (0.0000269 mmol, 0.0474 mg, 0.001 mol %). After flash chromatography (0%,
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then 5% - 10% EtOAC in hexanes) the product was obtained as a slight yellow oil (708.3 mg, 65 %
yield).

"H NMR (400 MHz, Chloroform-d) 8 8.17-8.11 (m, 1H),7.30-7.23 ppm (m, 1H), 7.14 (dd, J=4.9,
1.9 Hz, 3H), 7.06 (d, J = 8.3 Hz, 1H), 6.83 (dd, J = 6.7, 2.9 Hz, 2H), 4.84 (d, J = 11.9 Hz, 1H),
4.65 (d, J=11.9 Hz, 1H), 3.27 (dd, J=9.5, 7.5 Hz, 1H), 2.35 (dd, J = 9.4, 5.4 Hz, 1H), 2.05 (dd,
J=17.5,5.4 Hz, 1H).

13C NMR (151 MHz, Chloroform-d) & 171.03, 152.54, 150.53, 142.52, 134.40, 129.25, 128.54,
128.25,127.53, 123.40, 94.90, 74.68, 34.06, 34.00, 19.65.

Chiral HPLC: (OJ-H, 30 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major: 25.2

min, Minor: 21.9 min, 94% eec.

2,2,2-trifluoroethyl (15,2R)-1-(4-bromophenyl)-2-phenylcyclopropane-1-carboxylate

This compound was prepared according to the general procedure 3.1 for cyclopropanation
reactions, using styrene (6.24 mmol, 650.0 mg, 2.32 equiv.) as the substrate and 2,2,2-
trifluoroethyl 2-(4-bromophenyl)-2-diazoacetate (2.69 mmol, 869.1 mg, 1.0 equiv.) under the
catalysis of Rhy(R-p-Ph-TPCP)4 (0.0000269 mmol, 0.0474 mg, 0.001 mol%). After flash
chromatography (0%, then 5% - 15% EtO in hexanes) the product was obtained as a clear oil
(923.5 mg, 86 % yield).

'TH NMR (400 MHz, Chloroform-d) 8 7.31 — 7.22 (m, 3H), 7.20 — 7.03 (m, 3H), 6.93 — 6.85 (m,
2H), 6.79 (dd, J=6.7, 3.0 Hz, 2H), 4.54 (dq, /= 12.7, 8.4 Hz, 1H), 4.40 (dq, /= 12.6, 8.3 Hz, 1H),

3.17(dd, J=9.4,7.5 Hz, 1H), 2.22 (dd, J=9.4, 5.2 Hz, 1H), 1.96 (dd, J=7.5, 5.2 Hz, 1H).
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13C NMR (151 MHz, Chloroform-d) & 171.87, 135.21, 133.61, 132.98, 131.17, 128.22, 128.18,
127.06, 121.75, 61.20, 60.96, 36.52, 34.06, 20.56.

YF NMR (376 MHz, Chloroform-d) & -73.92, -73.94, -73.96.

Chiral HPLC: (OJ-H, 30 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major: 16.7

min, Minor: 9.6 min, 96% ee.

2.23

2,2,2-trichloroethyl (15,2R)-1-(4-bromophenyl)-2-(4-fluorophenyl)cyclopropane-1-
carboxylate

This compound was prepared according to the general procedure 3.1 for cyclopropanation
reactions, using 1-fluoro-4-vinylbenzene (6.24 mmol, 762.3 mg, 2.32 equiv.) as the substrate,
2,2,2-trichloroethyl 2-(4-bromophenyl)-2-diazoacetate (2.69 mmol, 1000.0 mg, 1.0 equiv.), and
Rhy(R-p-Ph-TPCP)s catalyst (0.0000269 mmol, 0.0474 mg, 0.001 mol %). After flash
chromatography (0%, then 5% - 15% Et2O in hexanes) the product was obtained as a white solid
(1154.6 mg, 92 % yield).

[@]?°p: -10° (c=0.10, CHC]l5).

MP: 106 — 108 °C

'TH NMR (400 MHz, Chloroform-d) & 7.33 — 7.22 (m, 3H), 6.98 — 6.89 (m, 2H), 6.85 — 6.72 (m,
4H), 4.83 (d, J=11.9 Hz, 1H), 4.64 (d, J=11.9 Hz, 1H), 3.20 (dd, J=9.4, 7.4 Hz, 1H), 2.28 (dd,
J=9.5,53Hz, 1H), 1.92 (dd, /= 7.4, 5.3 Hz, 1H).

13C NMR (151 MHz, Chloroform-d) & 171.59, 133.74, 132.85, 131.18, 131.10, 129.69, 129.63,

121.80, 115.24, 115.09, 95.06, 74.56, 36.60, 33.29, 20.44.
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YF NMR (376 MHz, Chloroform-d) & -115.40.
IR(neat): 2954, 1733, 1607, 1513, 1490, 1395, 1375, 1239, 1152, 1011, 838, 716, 575 cm’!

HR-MS : (+p APCI) calcd for [C18H13BrCI3FO2+H] 464.9221 found 464.92158

Chiral HPLC: (OJ-H, 30 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major: 17.8

min, Minor: 10.6 min, 96% eec.

2.24

2,2,2-trichloroethyl (15,2R)-1-(4-bromophenyl)-2-(4-chlorophenyl)cyclopropane-1-
carboxylate

This compound was prepared according to the general procedure 3.1 for cyclopropanation
reactions, using 1-chloro-4-vinylbenzene (6.24 mmol, 864.9 mg , 2.32 equiv.) as the substrate,
2,2,2-trichloroethyl 2-(4-bromophenyl)-2-diazoacetate (2.69 mmol, 1000 mg, 1.0 equiv.), and
Rhy(R-p-Ph-TPCP)s catalyst (0.0000269 mmol, 0.0474 mg, 0.001 mol %). After flash
chromatography (0%, then 5% - 15% EtO in hexanes) the product was obtained as a white solid.
(1195.3 mg, 92 % yield).

'TH NMR (400 MHz, Chloroform-d) 8 7.31 — 7.26 (m, 2H), 6.96 — 6.90 (m, 2H), 6.85 — 6.77 (m,
2H), 6.77 (dd, J=8.5,5.6 Hz, 2H), 4.83 (d,J=11.9 Hz, 1H), 4.64 (dd, J=11.9, 0.6 Hz, 1H), 3.20
(dd,J=9.4,7.4 Hz, 1H), 2.28 (dd, J=9.4, 5.3 Hz, 1H), 1.92 (dd, J= 7.4, 5.3 Hz, 1H).

13C NMR (151 MHz, Chloroform-d) & 171.59, 133.73, 132.85, 131.18, 131.10, 129.68, 129.63,
121.80, 115.23, 115.09, 95.06, 74.54, 36.59, 33.28, 20.42.

Chiral HPLC: (OJ-H, 30 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major:25.1

min, Minor: 14.1 min, 96% ee.
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2.25

2,2,2-trichloroethyl(1S,2R)-1-(4-bromophenyl)-2-(4-(trifluoromethyl)phenyl)cyclopropane-

1-carboxylate

This compound was prepared according to the general procedure 3.1 for cyclopropanation
reactions, using 1-(trifluoromethyl)-4-vinylbenzene (6.24 mmol, 1074.4 mg, 2.32 equiv.) as the
substrate, 2,2,2-trichloroethyl 2-(4-bromophenyl)-2-diazoacetate (2.69 mmol, 1000 mg, 1.0
equiv.), and Rha(R-p-Ph-TPCP)4 catalyst (0.0000269 mmol, 0.0474 mg, 0.001 mol %). After flash
chromatography (0 %, then 5 % - 15 % Et20 in hexanes) the product was obtained as a white solid
(1250.6 mg, 90% yield).

MP: 98 - 100 °C

[a]**p =-13° (¢ = 0.10, CHCl3)

'TH NMR (400 MHz, Chloroform-d) & 7.37 (d, J = 8.1 Hz, 2H), 7.33 — 7.28 (m, 2H), 6.98 — 6.84
(m, 4H), 4.83 (d, /=119 Hz, 1H), 4.64 (d, /= 11.9 Hz, 1H), 3.24 (dd, J=9.4, 7.4 Hz, 1H), 2.33
(dd, J=9.4,5.3 Hz, 1H), 1.99 (dd, /= 7.4, 5.3 Hz, 1H).

13C NMR (151 MHz, Chloroform-d) & 171.36, 139.81, 133.64, 132.40, 131.36, 128.46, 125.14,
125.11, 125.09, 122.09, 94.97, 74.64, 37.23, 33.31, 20.75.

F NMR (376 MHz, cdcls) 8 -62.51.

IR(neat): 2955, 1735, 1620, 1489, 1323, 1239, 1154, 1115, 1067, 1011, 927, 842, 764, 715, 573,
509 cm!

HR-MS : (+p APCI) calced for [C19H13BrCI3F302+] 513.9111 found 513.91045
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Chiral HPLC: (OJ-H, 30 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major:21.7

min, Minor: 12.0 min, 97% ee.

\\uATCOQCHzCCb
A0
Br

2.26
2,2,2-trichloroethyl(1S,2R)-1-(4-bromophenyl)-2-(4-methoxyphenyl)cyclopropane-1-
carboxylate
This compound was prepared according to the general procedure for cyclopropanation reactions,
using 1-methoxy-4-vinylbenzene (6.24 mmol, 837.4 mg, 2.32 equiv.) as the substrate, 2,2,2-
trichloroethyl 2-(4-bromophenyl)-2-diazoacetate (2.69 mmol, 1000 mg, 1.0 equiv), and Rha(S-p-
Ph-TPCP)4 catalyst (0.0000269 mmol, 0.0474 mg, 0.001 mol %). After flash chromatography (0 %,
then 5 % - 15 % Et:O in hexanes) the product was obtained as a clear oil (1158.7 mg, 90 % yield).
'TH NMR (400 MHz, Chloroform-d) 8 7.29 — 7.22 (m, 2H), 6.97 — 6.87 (m, 2H), 6.70 (d, J = 8.7
Hz, 2H) 6.71-6.59 (m, 2H), 4.81 (dd, J=11.9, 0.8 Hz, 1H), 4.61 (dd, /= 12.0, 0.8 Hz, 1H), 3.71
(s, 3H), 3.15 (dd, J=9.5, 7.5 Hz, 1H), 2.25 (ddd, J=9.4, 5.2, 0.8 Hz, 1H), 1.88 (dd, /= 7.5, 5.2
Hz, 1H).
13C NMR (151 MHz, Chloroform-d) & 171.79, 158.62, 133.84, 133.25, 131.05, 129.24, 127.27,
121.59, 113.64, 95.14, 74.49, 55.29, 36.45, 33.74, 20.40.

Chiral HPLC: (S,5-Whelk, 30 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major:

15.0min, Minor: 18.4 min, 97% ee.
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2,2,2-trichloroethyl (15,2R)-2-(4-acetoxyphenyl)-1-(4-bromophenyl)cyclopropane-1-
carboxylate

This compound was prepared according to the general procedure for cyclopropanation reactions,
using 4-vinylphenyl acetate (6.24 mmol, 1012.2 mg, 2.32 equiv.) as the substrate, 2,2,2-
trichloroethyl 2-(4-bromophenyl)-2-diazoacetate (2.69 mmol, 1000 mg, 1.0 equiv.), and Rh(S-p-
Ph-TPCP)4 catalyst (0.0000269 mmol, 0.0474 mg, 0.001 mol %). After flash chromatography (0 %,
then 5 % - 15 % Et:O in hexanes) the product was obtained as a white solid (695.0 mg, 51 % yield).
MP: 95 - 98 °C

[a]*%p = -9.2° (¢ = 1.00, CHCI3)

'H NMR (400 MHz, Chloroform-d) 8 7.32 — 7.23 (m, 2H), 6.98 — 6.90 (m, 2H), 6.89 — 6.82 (m,
2H), 6.82 — 6.76 (m, 2H), 4.83 (d, J=11.9 Hz, 1H), 4.63 (d, J = 12.0 Hz, 1H), 3.20 (dd, J=9.5,
7.4 Hz, 1H), 2.29 (dd, J=9.5, 5.2 Hz, 1H), 2.24 (s, 3H), 1.92 (dd, /= 7.4, 5.3 Hz, 1H).

13C NMR (151 MHz, Chloroform-d) & 171.60, 169.35, 149.63, 133.77, 133.00, 132.84, 131.17,
129.10, 121.81, 121.27, 95.05, 74.54, 36.71, 33.43, 21.24, 20.64.

IR(neat): 3041, 1757, 1630, 1505, 1367, 1186, 1163, 1108, 1012, 907, 850, 626, 490 cm’!

HR-MS : (+p APCI) calced for [C20H16BrC1304+]503.9298 found 503.92901

Chiral HPLC: (ADH, 40 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major: 24.0

min, Minor: 30.0 min, 90% eec.
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2.28

2,2,2-trichloroethyl (1S5,25)-2-(2-bromophenyl)-1-(4-bromophenyl)cyclopropane-1-
carboxylate

This compound was prepared according to the general procedure for cyclopropanation reactions,
using 1-bromo-2-vinylbenzene (6.24 mmol, 1142.4 mg, 2.32 equiv.) as the substrate, 2,2,2-
trichloroethyl 2-(4-bromophenyl)-2-diazoacetate (2.69 mmol, 1000 mg, 1.0 equiv.), and Rha(R-p-
Ph-TPCP)4 catalyst (0.0000269 mmol, 0.0474 mg, 0.001 mol %). After flash chromatography (0%,
then 5% - 15% Et20 in hexanes) the product was obtained as a clear oil (993.2 mg, 70 % yield).
[a]*%p = +4.0° (¢ = 0.03, CHCI3)

'TH NMR (400 MHz, Chloroform-d) 8 7.57 — 7.43 (m, 1H), 7.25 — 7.18 (m, 2H), 7.10 — 7.02 (m,
2H), 7.02 - 6.90 (m, 2H), 6.65 — 6.48 (m, 1H), 4.90 (d,J=11.9 Hz, 1H), 4.65 (d,J=11.9 Hz, 1H),
3.47(dd,J=9.2,7.7 Hz, 1H), 2.26 (dd, J=9.2, 5.3 Hz, 1H), 2.12 (dd, /= 7.7, 5.3 Hz, 1H).

13C NMR (151 MHz, Chloroform-d) & 171.42, 135.01, 133.16, 133.01, 132.72, 131.03, 128.73,
127.85, 127.22,127.20, 121.69, 95.01, 74.61, 35.90, 35.00, 18.98.

IR(neat):2952, 1735, 1592, 1469, 1439, 1376, 1242, 1206, 1156, 1125, 1090, 1073, 1059, 1045,
1011, 969, 827, 768, 718, 575, 515 cm’!

HR-MS : (+p APCI) calced for [C18H13Br2C1302+H] 524.8421 found 524.84200

Chiral HPLC: (OD-H, 30 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major: 17.3

min, Minor: 11.9 min, 96% eec.
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Ph/\_CO,CH,CCl;
PR "CqHq(p-Br)
2.30

2,2,2-trichloroethyl (R)-1-(4-bromophenyl)-2,2-diphenylcyclopropane-1-carboxylate

This compound was prepared according to the general procedure for cyclopropanation reactions,
using 1,1-diphenylethylene (6.24 mmol, 1124.9 mg, 2.32 equiv.) as the substrate, 2,2,2-
trichloroethyl 2-(4-bromophenyl)-2-diazoacetate (2.69 mmol, 1000 mg, 1.0 equiv.), and Rha(R-
PTAD); catalyst(0.0000269 mmol, 0.0419 mg, 0.001 mol %). After flash chromatography (0 %,
then 5 % - 15 % Et:O in hexanes) the product was obtained as a clear oil (1242.0 mg, 88 % yield).
'H NMR (400 MHz, Chloroform-d) 8 7.58 — 7.52 (m, 2H), 7.37 — 7.23 (m, 7H), 7.11 — 6.95 (m,
5H),4.54 (d,J=11.8 Hz, 1H), 4.15(d,J=11.9 Hz, 1H), 2.78 (d, J= 5.7 Hz, 1H), 2.52 (d, J=5.7
Hz, 1H).

13C NMR (151 MHz, Chloroform-d) & 169.19, 134.05, 133.70, 130.86, 130.10, 128.80, 128.74,
128.04, 127.49, 126.77, 121.59, 94.42, 75.37, 45.77, 42.28, 23.10.

Chiral UHPLC: (IAU, 6 min, 0.500 mL/min, 1.0 % iPrOH in hexanes, UV 230 nm) tR: Major:
5.1 min, Minor: 3.3 min, 94% ee.

(Rha(R-p-Ph-TPCP)4 as catalyst: AD-H, 30 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm)

tR: Major: 10.5 min, Minor: 18.8 min, -48% ee)

CO,CH,CCl3
H “CeHa(p-Br)
2.32

3-methyl 6-(2,2,2-trichloroethyl) (15,55,6R)-6-(4-bromophenyl)-2-oxabicyclo[3.1.0]hex-3-

ene-3,6-dicarboxylate
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This compound was prepared according to the general procedure 3.1 for cyclopropanation
reactions, using methyl furan-2-carboxylate (6.24 mmol, 787.0 mg, 2.32 equiv.) as the substrate,
2,2,2-trichloroethyl 2-(4-bromophenyl)-2-diazoacetate (2.69 mmol, 1000 mg, 1.0 equiv.), and
RhyR-TCPTAD)s catalyst (0.0000269 mmol, 0.0568 mg, 0.001 mol %). After flash
chromatography ((silica gel, hexanes/EtOAc = 50:1, 25:1, 15:1, 3:1) the product was obtained as
a yellow oil (784.7 mg, 62 % yield).

[a]*%p =-39.8° (¢ = 1.5, CHCI3)

TH NMR (600 MHz, Chloroform-d)  7.39 (d, /= 8.0 Hz, 1H), 7.11 (d, J= 8.0 Hz, 1H), 6.13 (d,
J=3.0 Hz, 1H), 5.33 (d, /= 5.2 Hz, 1H), 4.75 — 4.70 (m, 1H), 4.66 — 4.61 (m, 1H), 3.64 (d, J =
2.3 Hz, 3H), 3.50 (dd, /= 5.4, 2.9 Hz, 1H).

13C NMR (151 MHz, Chloroform-d) & 170.49, 158.61, 149.58, 134.02, 131.49, 127.87, 122.32,
113.45,94.71, 74.40, 71.22, 52.35, 40.22, 28.08.

IR (neat): 2954, 2257, 1727, 1611, 1490, 1438, 1396, 1338, 1264, 1226, 1208, 1115, 1040, 1012,
952,906, 793, 725, 576, 524 cm’!

HR-MS: (NSI) m/z: calculated for CI6H13BrCI305H+ 468.9012, observed 468.9015.

Chiral UHPLC: (IAU, 15 min, 0.500 mL/min, 5.0 % iPrOH in hexanes, UV 230 nm) tR: Major:
4.8 min, Minor: 9.1 min, 90% ee.

(Rhao(R-p-Ph-TPCP)4 as catalyst: OD-H, 40 min, 1 mL/min, 3 % iPrOH in hexanes, UV 230 nm)

tR: Major: 25.7 min, Minor: 14.2 min, -50% ee)
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2,2,2-trichloroethyl (15,2R)-2-(2-bromo-5-methoxyphenyl)-1-styrylcyclopropane-1-
carboxylate

This compound was prepared according to the general procedure 3.1 for cyclopropanation
reactions, using 1-bromo-4-methoxy-2-vinylbenzene (6.24 mmol, 1329.7 mg, 2.32 equiv.) as the
substrate, 2,2,2-trichloroethyl (1S, 2R)-2-diazo-4-phenylbut-3-enoate (2.69 mmol, 859.6 mg, 1.0
equiv.), and Rhy(R-p-Ph-TPCP)4 catalyst (0.0000269 mmol, 0.0474 mg, 0.001 mol%) at 25 °C.
After flash chromatography (0%, then 5% - 15% Et20 in hexanes) the product was obtained as a
white solid (977.4 mg, 72% yield).

MP: 98 - 99 °C

[a]*%p = -52.4° (¢ = 0.10, CHCl3)

'H NMR (400 MHz, Chloroform-d) & 7.40 (d, J = 8.7 Hz, 1H), 7.24 — 7.09 (m, 5H), 6.72 — 6.59
(m, 2H), 6.34 (d, /= 16.1Hz, 1H), 6.24 (d, J = 16.1Hz, 1H), 491 (d, /= 11.9 Hz, 1H), 4.81 (d, J
=11.9 Hz, 1H), 3.72 (s, 3H), 3.22 — 3.08 (m, 1H), 2.28 — 2.11 (m, 1H), 1.94 (dd, J = 7.6, 5.3 Hz,
1H).

13C NMR (151 MHz, Chloroform-d) & 171.84, 158.80, 137.05, 136.45, 132.99, 132.43, 128.50,
127.51, 126.42, 122.50, 117.81, 116.91, 113.95, 95.13, 74.60, 55.59, 37.58, 32.42, 19.06.
IR(neat):3024, 2954, 2836, 1734, 1596, 1571, 1472, 1449, 1419, 1375, 1294, 1274, 1228, 1195,
1169, 1137,1097, 1064, 1016, 961, 804, 787, 751, 730, 716, 693, 604, 576 cm’!

HR-MS : (+p APCI) calced for [C21H18BrCI303+H] 502.9578 found 502.95765

Chiral HPLC: (R,R-Whelk, 35 min, ImL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major:

24.8 min, Minor: 23.0 min.
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6.3 Experimental Part for Chapter 3

6.3.1 General procedure for Cu(Il) catalyzed hydrazone oxidation in flow

A 50 mL beaker was charged with Cu(OAc):-H20 (0.40 g, 2.0 mmol, 10 equiv), DMAP (0.24 g,
2.0 mmol, 10 equiv), silica powder (4.0 g, SiliaFlash® P60, 40-63 pum), an egg-shape stir bar and
20 mL DCM. The mixture was stirred vigorously (700 rpm) under air for 10 min to be air saturated.
In a column (Biotage® SNAP Cartridge, KP-Sil, 10 g) 6.0 g silica powder was firstly packed at
the bottom layer. The air saturated Cu(OAc)>-H,O/DMAP/silica/DCM mixture was then packed
on the top layer. After the column being rinsed with 0.06 mol/L DMAP in DCM eluent, 2,2,2-
trichloroethyl (Z)-2-(4-bromophenyl)-2-hydrazineylideneacetate (74.9 mg, 0.2 mmol, 1.0 equiv)
was added on the top of the column and flashed with eluent (20 mL/min flow rate). The fractions
were collected and get the crude 'H NMR to determine the yield.

6.3.2 General procedure for tandem reactions of Cu(Il) catalyzed hydrazones oxidation and
Rh(II) catalyzed asymmetric cyclopropanation under batch conditions.

A 20 mL scintillation vial was charged with Cu(OAc)>-H>0 (4.0 mg, 0.020 mmol, 10 mol%), silica
powder (40.0 mg, SiliaFlash® P60, 40-63 um), and 1.0 mL solution of 0.06 mol/LL DMAP in DCM.
The initial mixture was stirred vigorously with a stir bar (600 rpm) under air for 5 min before
hydrazone was added. The hydrazone (0.2 mmol, 1 equiv) was dissolved in 1.0 mL of the 0.06
mol/L DMAP in DCM solution and transferred by syringe in one portion to the Cu(OAc),-
H>O/DMAP/silica DCM solution. The reaction was stirred for 30 minutes before next step.
Another 20 mL scintillation vial equipped with a stir bar was flame dried under vacuum. After
cooling down, the vail was charged with Rha(R-p-Ph-TPCP)4 (3.5 mg, 0.002 mmol, 1.0 mol%)
and 4A MS (1000% wt). The vail was then flushed with nitrogen for 3 times and the nitrogen

balloon was left on the septum. HFIP (672.2 mg, 0.42 mL, 4.0 mmol, 20 equiv), styrene (104.2
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mg, 115 puL, 1.0 mmol, 5.0 equiv) and 2.0 mL distilled DCM were injected sequentially to the vial,
this mixture was stirred at 600 rpm for 10 min before diazo compounds injection. The crude diazo
compound from copper-catalyzed oxidation step (in ~1.5 mL DCM solution) was injected to the
styrene/Rhz(R-p-Ph-TPCP)4 DCM solution by syringe with 0.05 mL/min flow rate. After addition,
the reaction was stirred for another 1 h under nitrogen at room temperature. After completion, the
solution was concentrated under rotovap and purified by flash column chromatography (0%, then
5%-15% Et20 in Hexanes) to get the cyclopropanation products.

6.3.3 General procedure for tandem reactions of Cu(Il) catalyzed hydrazones oxidation and
Rh(II) catalyzed asymmetric cyclopropanation under flow-Batch Conditions

A 50 mL beaker was charged with Cu(OAc).-H>0 (0.40 g, 2.0 mmol, 10 equiv), DMAP (0.24 g,
2.0 mmol, 10 equiv), silica powder (4.0 g, SiliaFlash® P60, 40-63 pum), and 20 mL DCM. The
mixture was stirred vigorously with a stir bar (700 rpm) under air for 10 min. In a column
(Biotage® SNAP Cartridge, KP-Sil, 10 g) 6.0 g silica powder was firstly packed and the air
saturated Cu(OAc):-H2O/DMAP/silica/DCM mixture was packed on the top layer. After the
column being rinsed with 0.06 mol/L DMAP in DCM eluent, hydrazone was added on the top of
the column and flashed with eluent injected by syringe pump. A 50 mL flask equipped with a stir
bar was flame dried under vacuum. After cooling down, the flask was charged with Rhz(R-p-Ph-
TPCP)s and 4A MS, flushed with nitrogen for 3 times and the nitrogen balloon was left on the
septum. Then HFIP, styrene derivatives and 2.0 mL distilled DCM were injected sequentially.
The mixture was then stirred at 600 rpm for 10 min before upstream crude diazo compound
injection. The crude diazo compound solution from the Cu(OAc)2-H2O/DMAP/silica column was
eluted drop-wisely to the styrene/Rha(R-p-Ph-TPCP)4 flask for cyclopropanation reaction.(Figure

6.6) After diazo compound addition, the reaction was stirred for another 1 h under nitrogen at
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room temperature. After reaction completion the solution was concentrated under rotovap and
purified by flash column chromatography (0%, then 5% - 15% Et;O in Hexanes) to obtain the

cyclopropanation products.

Syringe pump
controls the flow rate , Balloon
E ! . balanced
= by
T -
o compound | | b

~ Asymmetric
cyclopropanation | |

Figure 6.6 The bench-top tandem Cu(Il) catalyzed hydrazones oxidation in flow and sequential
Rh(II) catalyzed asymmetric cyclopropanation reaction set-up

6.3.4 Procedure for Column Robustness Assessment Experiment

A 50 mL beaker was charged with Cu(OAc)>-H>O (0.40 g, 2.0 mmol, 10 equivalents), DMAP
(0.2443 g, 2.0 mmol, 10.0 equiv), silica powder (4.0 g, SiliaFlash® P60, 40-63 um), and 20 mL
DCM. The mixture was stirred vigorously with a stir bar (700 rpm) under air for 10 min before
packed to the column. In a column (Biotage® SNAP Cartridge, KP-Sil, 10 g) 6.0 g silica powder
was firstly packed. The air saturated Cu(OAc),-H>O/DMAP/silica/DCM mixture was then packed
on the top layer. After the column being rinsed with 0.06 mol/LL DMAP in DCM eluent. The 2,2,2-
trichloroethyl (Z)-2-(4- bromophenyl)-2-hydrazineylideneacetate (74.9 mg, 0.2 mmol, 1.0 equiv)

in 1 mL DCM was added on the top of the column and flashed with eluent injected by syringe
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pump. A 50 mL flask equipped with a stir bar was flame dried under vacuum. After cooling down,
the flask was charged with Rha(R-p-Ph-TPCP)4 (3.5 mg, 1.0 mol%, 0.002 mmol) and 4A MS
(1000% wt), flushed with nitrogen for 3 times and the nitrogen balloon was left on the septum.
Then HFIP (672.2 mg, 0.42 mL, 20 equiv, 4.0 mmol), styrene (104.2 mg, 0.115 mL, 5.0 equiv,
1.0 mmol) and 2.0 mL distilled DCM were injected to the flask sequentially. The mixture was
then stirred at 600 rpm for 10 min before upstream crude diazo compound injection. The crude
diazo compound solution from the Cu(OAc)2-H>O/DMAP/silica column was eluted drop-wisely
to the styrene/Rha(R-p-Ph-TPCP)s flask for cyclopropanation reaction. After each batch of
hydrazone conversion, the subsequent batch of the hydrazone was added on the top of the column
again. After each addition of diazo compound to the cyclopropanation flask, the cyclopropanation
reaction flask was replaced and the reaction was stirred for another 1 h. After reaction completion
the solution was concentrated under rotovap and purified by flash column chromatography (0%,
then 5%-15% Et:O in Hexanes) to obtain the cyclopropanation product.
6.3.5 Procedure for Gram Scale Synthesis with Bench-top Flow procedure
A 50 mL beaker was charged with Cu(OAc)2-H20 (2.995 g, 15.0 mmol, 5 equiv), DMAP (3.665
g, 30 mmol, 10 equiv), silica powder (10.0 g, SiliaFlash® P60, 40-63 pm), and 40 mL DCM. The
mixture was stirred vigorously with a stir bar (700 rpm) under air for 10 min. In a column
(Biotage® SNAP Cartridge, KP-Sil, 50 g) 40 g silica powder was firstly packed and the air
saturated Cu(OAc)2-H2O/DMAP/silica/DCM mixture was packed on the top layer. After the
column being rinsed with 0.06 mol/L. DMAP in DCM eluent, 2,2,2-trichloroethyl (Z)-2-(4-
bromophenyl)-2-hydrazineylideneacetate (1.123 g, 3.0 mmol, 1.0 equiv) in 3 mL DMAP/DCM
solution was added on the top of the column and flashed through the column with 0.5 mL/min flow

rate controlled by syringe pump. A 100 mL flask equipped with a stir bar was flame dried under



135

vacuum. After cooling down, the flask was charged with Rha(R-p-Ph-TPCP)4 (52.91 mg, 0.030
mmol, 1 mol% ), and 4A MS (11.23 g, 1000% wt), flushed with nitrogen for 3 times and the
nitrogen balloon was left on the septum. Then HFIP (10.08 g, 6.3 mL, 60 mmol, 20 equiv), styrene
(1.56 mg, 1.72 mL, 5.0 equiv, 15 mmol) and 20 mL distilled DCM were injected sequentially. The
mixture was then stirred at 600 rpm for 10 min before upstream crude diazo compound injection.
The crude diazo compound solution from the Cu(OAc),-H,O/DMAP/silica column was eluted
drop-wisely to the styrene/Rha(R-p-Ph-TPCP)4 flask for cyclopropanation reaction. After diazo
compound addition, the reaction was stirred for another 1 h under nitrogen at room temperature.
After reaction completion the solution was concentrated under rotovap and purified by flash
column chromatography (0%, then 5% - 15% Et;O in Hexanes) to obtain the cyclopropanation

product (1.021g, 75% yield, 96% ee).

6.3.6 Characterization of the Cyclopropanation Products

2,2,2-trichloroethyl (15,2R)-1-(4-bromophenyl)-2-phenylcyclopropane-1-carboxylate

This compound was prepared following both methods of General procedure 6.3.2 (batch-batch)
and General procedure 6.3.3 (flow-batch). Starting material is 2,2,2-trichloroethyl (Z)-2-(4-
bromophenyl)-2-hydrazineylideneacetate (74.9 mg, 0.2 mmol, 1.0 equiv). Cyclopropanation step
condition applied styrene (104.2 mg, 1.0 mmol, 0.115 mL, 5.0 equiv.) as substrate, Rhy(R-p-Ph-
TPCP)4 (3.5 mg, 0.002 mmol, 1.0 mol%) as catalyst. After flash chromatography (0%, then 5% -

15% Et20 in hexanes) the product was obtained as a white solid(64.6 mg, 72% yield with batch-
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batch procedure, 67.3 mg, 75% yield with flow-batch procedure). The 'H NMR data are consistent
with literature values.®

'H NMR (400 MHz, Chloroform-d) § 7.27 — 7.25 (m, 2H), 7.20 — 7.06 (m, 3H), 6.99 — 6.89 (m,
2H), 6.80 (dd, J=6.7,2.9 Hz, 2H), 4.83 (d, ] =11.9 Hz, 1H), 4.64 (d, J = 11.9 Hz, 1H), 3.22 (dd,
J=94,7.5Hz, 1H),2.28 (dd, J =9.4, 5.2 Hz, 1H), 1.97 (dd, J = 7.5, 5.2 Hz, 1 H).

Chiral HPLC:

Batch-batch: (OJ-H, 30 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm.) tr: Major: 13.2 min,
Minor: 8.5 min, 97% ee.

Flow-batch: (AD-H, 30 min, ImL/min, 1 % i1PrOH in hexanes, UV 230 nm.) tr: Major: 8.3 min,

Minor: 6.6 min, 97% ee.

2,2-trichloroethyl (15,2R)-1,2-diphenylcyclopropane-1-carboxylate

This compound was prepared following both methods of General procedure 6.3.2 (batch-batch)
and General procedure 6.3.3 (flow-batch). Starting material is 2,2,2-trichloroethyl (Z)-2-
hydrazineylidene-2-phenylacetate (59.1 mg, 0.2 mmol, 1.0 equiv). Cyclopropanation step
condition applied styrene (104.2 mg, 1.0 mmol, 0.115 mL, 5.0 equiv.) as substrate, Rhy(R-p-Ph-
TPCP)4 (3.5 mg, 0.002 mmol, 1.0 mol%) as catalyst. After flash chromatography (0%, then 5% -
15% Et20 in hexanes) the product was obtained as a white solid (67.3mg, 91% yield with batch-
batch procedure, 53.2 mg, 72% yield with flow-batch procedure). The 'H NMR data are consistent

with literature values.’
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'H NMR (400 MHz, Chloroform-d) § 7.15 - 7.11 (m, 3H), 7.10 — 7.04 (m, 5H), 6.79 (dd, J = 6.7,
3.0 Hz, 2H), 4.84 (d, J = 11.9 Hz, 1H), 4.64 (d, J = 11.9 Hz, 1H), 3.22 (dd, ] = 9.4, 7.4 Hz, 1H),
2.28(dd,J=9.4,5.1 Hz, 1H), 2.01 (dd, J =7.4, 5.1 Hz, 1H).

Chiral HPLC:

Batch-batch: (OJ-H, 60 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major: 29.2 min,
Minor: 17.3 min, 93% ee.

Flow-batch: (OD-H, 30 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major: 7.5 min,

Minor: 14.9 min, 94% ee.

0O

o\
CCls

3.6

2,2,2-trichloroethyl (15,2R)-1-(4-(tert-butyl)phenyl)-2-phenylcyclopropane-1-carboxylate
This compound was prepared following both methods of General procedure 6.3.2 (batch-batch)
and General procedure 6.3.3 (flow-batch). Starting material is 2,2,2-trichloroethyl (Z)-2-(4-(tert-
butyl)phenyl)-2-hydrazineylideneacetate (70.3 mg, 0.2 mmol, 1.0 equiv). Cyclopropanation step
condition applied styrene (104.2 mg, 1.0 mmol, 0.115 mL, 5.0 equiv.) as substrate, Rhy(R-p-Ph-
TPCP)4 (3.5 mg, 0.002 mmol, 1.0 mol%) as catalyst. After flash chromatography (0%, then 5% -
15% Et20 in hexanes) the product was obtained as a white solid(77.7 mg, 91% yield with batch-
batch procedure, 67.5 mg, 79% yield with flow-batch procedure). The 'H NMR data are consistent
with literature values.®

1H NMR (400 MHz, Chloroform-d) 6 7.14 - 7.12 (m, 2H), 7.07 — 7.05 (m, 3H), 6.98 (d, ] = 2.0

Hz, 1H), 6.96 (d, J = 1.9 Hz, 1H), 6.78 (dd, J = 6.7, 3.0 Hz, 2H), 4.83 (d, J = 11.9 Hz, 1H), 4.65
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(d,J=11.9 Hz, 1H), 3.18 (dd, ] = 9.4, 7.4 Hz, 1H), 2.27 (dd, J =9.4, 5.1 Hz, 1H), 1.97 (dd, J =
7.4,5.1 Hz, 1H), 1.22 (s, 9H).
Chiral HPLC: (R,R-Whelk, 30 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major:

8.1 min, Minor: 6.0 min, Batch-batch: 97% ee, Flow-batch: 97% ee.

2,2,2-trichloroethyl (15,2R)-1-(4-methoxyphenyl)-2-phenylcyclopropane-1-carboxylate
This compound was prepared following both methods of General procedure 6.3.2 (batch-batch)
and General procedure 6.3.3 (flow-batch). Starting material is 2,2,2-trichloroethyl (Z)-2-
hydrazineylidene-2-(4-methoxyphenyl)acetate (65.1 mg, 0.2 mmol, 1.0 equiv). Cyclopropanation
step condition applied styrene (104.2 mg, 1.0 mmol, 0.115 mL, 5.0 equiv.) as substrate, Rha(R-p-
Ph-TPCP)4 (3.5 mg, 0.002 mmol, 1.0 mol%) as catalyst. After flash chromatography (0%, then
5% - 15% Et20 in hexanes) the product was obtained as a white solid (70.7 mg, 88% yield with
batch-batch procedure, 55.2 mg, 69% yield with flow-batch procedure). The 'H NMR data are
consistent with literature values.’

1H NMR (400 MHz, Chloroform-d) & 7.17 — 7.03 (m, 3H), 7.03 — 6.90 (m, 2H), 6.85 — 6.73 (m,
2H), 6.71 — 6.57 (m, 2H), 4.83 (d, J = 11.9 Hz, 1H), 4.65 (d, J = 11.9 Hz, 1H), 3.72 (s, 3H), 3.18
(dd,J=9.4,7.4 Hz, 1H),2.27 (dd, J = 9.4, 5.0 Hz, 1H), 1.95 (dd, ] = 7.4, 5.0 Hz, 1H).

Chiral HPLC: (AD-H, 30 min, ImL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major: 10.4

min, Minor: 8.7 min, Batch-batch: 93% ee, Flow-batch: 96% ee.
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2,2,2-tribromoethyl (15,2R)-1-(4-bromophenyl)-2-phenylcyclopropane-1-carboxylate

This compound was prepared following both methods of General procedure 6.3.2 (batch-batch)
and General procedure 6.3.3 (flow-batch). Starting material is 2,2,2-tribromoethyl (Z)-2-(4-
bromophenyl)-2-hydrazineylideneacetate (101.6 mg, 0.2 mmol, 1.0 equiv). Cyclopropanation
step condition applied styrene (104.2 mg, 1.0 mmol, 0.115 mL, 5.0 equiv.) as substrate, Rha(R-p-
Ph-TPCP)4 (3.5 mg, 0.002 mmol, 1 mol%) as catalyst. After flash chromatography (0%, then 5%
- 15% Et20 in hexanes) the product was obtained as a white solid(105.1 mg, 90% yield with batch-
batch procedure, 88.5 mg, 76% yield with flow-batch procedure). The 'H NMR data are consistent
with literature values.$

'H NMR (400 MHz, Chloroform-d) § 7.32 — 7.17 (m, 2H), 7.17 — 7.04 (m, 3H), 7.03 — 6.88 (m,
2H), 6.88 — 6.75 (m, 2H), 5.00 (d, J = 12.2 Hz, 1H), 4.83 (d, J = 12.2 Hz, 1H), 3.26 (dd, ] = 9.4,
7.5 Hz, 1H), 2.32 (dd, J = 9.4, 5.2 Hz, 1H), 1.98 (dd, ] = 7.5, 5.2 Hz, 1H).

Chiral HPLC:

Batch-batch: (R, R-Whelk, 60 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major: 36.4
min, Minor: 27.6 min, 93% ce.

Flow-batch:(OD-H, 30 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major: 10.2 min,

Minor: 12.8 min, 95% ee.
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2,2,2-trichloroethyl(1S,2R)-1-(4-bromophenyl)-2-(4-methoxyphenyl)cyclopropane-1-
carboxylate

This compound was prepared following both methods of General procedure 6.3.2 (batch-batch)
and General procedure 6.3.3 (flow-batch). Starting material is 2,2,2-trichloroethyl (Z)-2-(4-
bromophenyl)-2-hydrazineylideneacetate (74.9 mg, 0.2 mmol, 1.0 equiv). Cyclopropanation step
applied 1-methoxy-4-vinylbenzene (134.2 mg, 1.0 mmol, 5.0 equiv.) as substrate, Rha(R-p-Ph-
TPCP)4 (3.5 mg, 0.002 mmol, 1 mol%) as catalyst. After flash chromatography (0%, then 5% -
15% Et20 in hexanes) the product was obtained as a white solid (77.8 mg, 81% yield with batch-
batch procedure, 75.1 mg, 78% yield with flow-batch procedure). The 'H NMR data are consistent
with literature values.’

'"H NMR (400 MHz, Chloroform-d) & 7.28 (s, 2H), 7.01 — 6.87 (m, 2H), 6.76 — 6.69 (m, 2H), 6.69
—6.61 (m, 2H), 4.82 (d, J = 11.9 Hz, 1H), 4.63 (d, J = 11.9 Hz, 1H), 3.72 (s, 3H), 3.17 (dd, J =
9.5,7.5Hz, 1H),2.26 (dd, J =9.5, 5.2 Hz, 1H), 1.90 (dd, ] = 7.5, 5.2 Hz, 1H).

Chiral HPLC: (AD-H, 30 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major: 16.4

min, Minor: 12.0 min, Batch-batch: 91% ee, Flow-batch: 94% ee.
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2,2,2-trichloroethyl (15,2R)-1-(4-bromophenyl)-2-(4-chlorophenyl)cyclopropane-1-
carboxylate

This compound was prepared following both methods of General procedure 6.3.2 (batch-batch)
and General procedure 6.3.3 (flow-batch). Starting material is 2,2,2-trichloroethyl (Z)-2-(4-
bromophenyl)-2-hydrazineylideneacetate (74.9 mg, 0.2 mmol, 1.0 equiv). Cyclopropanation step
applied 1-chloro-4-vinylbenzene (138.6 mg, 1.0 mmol, 5.0 equiv.) as substrate, Rhy(R-p-Ph-
TPCP)4 (3.5 mg, 0.002 mmol, 1 mol%) as catalyst. After flash chromatography (0%, then 5% -
15% Et20 in hexanes) the product was obtained as a white solid (77.5 mg, 80% yield with batch-
batch procedure, 74.6 mg, 77% yield with flow-batch procedure). The 'H NMR data are consistent
with literature values.’

'H NMR (400 MHz, Chloroform-d) § 7.33 — 7.22 (m, 2H), 7.10 — 7.01 (m, 2H), 6.99 — 6.83 (m,
2H), 6.82 — 6.62 (m, 2H), 4.82 (d, J = 11.9 Hz, 1H), 4.64 (d, J = 11.9 Hz, 1H), 3.18 (dd, ] = 9.4,
7.4 Hz, 1H), 2.29 (dd, J = 9.4, 5.3 Hz, 1H), 1.92 (dd, ] = 7.4, 5.3 Hz, 1H).

Chiral HPLC: (AD-H, 30 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major: 11.5

min, Minor: 8.8 min, Batch-batch: 95% ee, Flow-batch: 92% ee.

2,2,2-trichloroethyl (15,2R)-1,2-bis(4-bromophenyl)cyclopropane-1-carboxylate

This compound was prepared following both methods of General procedure 6.3.2 (batch-batch)
and General procedure 6.3.3 (flow-batch). Starting material is 2,2,2-trichloroethyl (Z)-2-(4-
bromophenyl)-2-hydrazineylideneacetate (74.9 mg, 0.2 mmol, 1.0 equiv). Cyclopropanation step

applied 1-bromo-4-vinylbenzene (183.1 mg, 1.0 mmol, 5.0 equiv.) as substrate, Rhy(R-p-Ph-
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TPCP)4 (3.5 mg, 0.002 mmol, 1 mol%) as catalyst. After flash chromatography (0%, then 5% -
15% Et20 in hexanes) the product was obtained as a white solid(93.1 mg, 88% yield with batch-
batch procedure, 78.1 mg, 74% yield with flow-batch procedure). The 'H NMR data are consistent
with literature values.®

'H NMR (400 MHz, Chloroform-d) § 7.32 — 7.27 (m, 2H), 7.25 — 7.20 (m, 2H), 7.01 — 6.85 (m,
2H), 6.72 — 6.51 (m, 2H), 4.82 (d, J = 11.9 Hz, 1H), 4.63 (d, J = 11.9 Hz, 1H), 3.16 (dd, ] = 9.4,
7.4 Hz, 1H), 2.28 (dd, J = 9.4, 5.3 Hz, 1H), 1.91 (dd, ] = 7.4, 5.3 Hz, 1H).

Chiral HPLC: (AD-H, 30 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major: 12.1

min, Minor: 9.4 min, Batch-batch: 93% ee, Flow-batch: 93% ee.

2,2,2-trichloroethyl (15,2R)-2-(3-bromophenyl)-1-(4-bromophenyl)cyclopropane-1-
carboxylate

This compound was prepared following both methods of General procedure 6.3.2 (batch-batch)
and General procedure 6.3.3 (flow-batch). Starting material is 2,2,2-trichloroethyl (Z)-2-(4-
bromophenyl)-2-hydrazineylideneacetate (74.9 mg, 0.2 mmol, 1.0 equiv). Cyclopropanation step
applied 1-bromo-3-vinylbenzene (183.1 mg, 1.0 mmol, 5.0 equiv.) as substrate, Rha(R-p-Ph-
TPCP)4 (3.5 mg, 0.002 mmol, 1 mol%) as catalyst. After flash chromatography (0%, then 5% -
15% Et20 in hexanes) the product was obtained as a white solid (90.2 mg, 85% yield with batch-
batch procedure, 74.3 mg, 70% yield with flow-batch procedure).

mp: 108-109°C
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IR(neat) 2952, 1736, 1594, 1566, 1489, 1370, 1239, 1154, 1072, 1011, 828, 805, 764, 717, 697cm"
1

'"H NMR (400 MHz, Chloroform-d) & 7.34 — 7.27 (m, 2H), 7.23 (ddd, J = 8.0, 2.0, 1.0 Hz, 1H),
7.04 (t,J=1.9 Hz, 1H), 6.95 (dd, ] = 8.6, 7.1 Hz, 3H), 6.63 (dt, J = 8.0, 1.5 Hz, 1H), 4.82 (d, J =
11.9 Hz, 1H), 4.65 (d, J = 11.9 Hz, 1H), 3.17 (dd, J = 9.4, 7.4 Hz, 1H), 2.28 (dd, J = 9.4, 5.3 Hz,
1H), 1.94 (dd, J = 7.4, 5.3 Hz, 1H).

13C NMR (101 MHz, CDCI3) & 171.5, 138.0, 133.8, 132.6, 131.7, 131.3, 130.2, 129.7, 126.6,
122.4,122.0, 95.1, 74.7, 37.0, 33.4, 20.5.

HR-MS:(+p APCI) caled for [CisH1302Br2Ciz+H] 524.8421 found 524.8424

Chiral HPLC: (AD-H, 30 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major: 9.9

min, Minor: 7.5 min, Batch-batch: 94% ee, Flow-batch: 91% ee.

3.13

2,2,2-trichloroethyl (15,2R)-1-(4-bromophenyl)-2-(naphthalen-2-yl)cyclopropane-1-
carboxylate

This compound was prepared following both methods of General procedure 6.3.2 (batch-batch)
and General procedure 6.3.3 (flow-batch). Starting material is 2,2,2-trichloroethyl (Z)-2-(4-
bromophenyl)-2-hydrazineylideneacetate (74.9 mg, 0.2 mmol, 1.0 equiv). Cyclopropanation step
applied 2-vinylnaphthalene (154.2 mg, 1.0 mmol, 5.0 equiv.) as substrate, Rho(R-p-Ph-TPCP)4
(3.5 mg, 0.002 mmol, 1 mol%) as catalyst. After flash chromatography (0%, then 5% - 15% Et,O
in hexanes) the product was obtained as a white solid (82.1 mg, 82% yield with batch-batch

procedure, 74.1 mg, 74% yield with flow-batch procedure).
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mp: 95-98 °C

IR(neat) 2953, 1732, 1627, 1598, 1489, 1395, 1367, 1239, 1128, 1148, 1011, 858, 817, 766, 748,
715,574 cm’!

'"H NMR (400 MHz, Chloroform-d) 8 7.75 — 7.68 (m, 1H), 7.67 — 7.61 (m, 1H), 7.57 (d, ] = 8.5
Hz, 1H), 7.44 —7.38 (m, 2H), 7.38 — 7.35 (m, 1H), 7.23 — 7.20 (m, 2H), 7.01 — 6.93 (m, 2H), 6.84
(dd, J=8.5,1.9 Hz, 1H), 4.84 (d, J = 11.9 Hz, 1H), 4.67 (d, J = 11.9 Hz, 1H), 3.38 (dd, J = 9.4,
7.4 Hz, 1H),2.36 (dd, J =9.4, 5.2 Hz, 1H), 2.11 (dd, ] = 7.5, 5.2 Hz, 1H).

13C NMR (101 MHz, Chloroform-d) & 171.9, 133.8, 133.3, 133.2, 133.1, 132.6, 131.2, 127.8,
127.8, 127.8, 127.5, 126.4, 126.1, 126.0, 121.8, 95.2, 74.7, 37.0, 34.4, 20.7.

HR-MS:(+p APCI) caled for [C22H16BrCizO2+H] 496.9472 found 496.9473

Chiral HPLC: (AD-H, 30 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major: 12.4

min, Minor: 10.1 min, Batch-batch: 96% ee, Flow-batch: 93% ee.

2,2,2-trichloroethyl (1S5,25)-1-(4-bromophenyl)-2-(2,6-dichlorophenyl)cyclopropane-1-
carboxylate

This compound was prepared following both methods of General procedure 6.3.2 (batch-batch)
and General procedure 6.3.3 (flow-batch). Starting material is 2,2,2-trichloroethyl (Z)-2-(4-
bromophenyl)-2-hydrazineylideneacetate (74.9 mg, 0.2 mmol, 1.0 equiv). Cyclopropanation step
applied 1,3-dichloro-2-vinylbenzene (173.0 mg, 1.0 mmol, 5.0 equiv.) as substrate, Rha(R-

PTAD)s (3.1 mg, 0.002 mmol, 1 mol%) as catalyst, 40 °C as reaction temperature. After flash
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chromatography (0%, then 5% - 15% Et20 in hexanes) the product was obtained as a clear 0il(68.6
mg, 66% yield with batch-batch procedure, 63.4 mg, 61% yield with flow-batch procedure).
IR(neat) 2924, 1739, 1558, 1491, 1430, 1374, 1245, 1196, 1156, 1092, 1010, 769, 719, 575, 515
cm’!

'H NMR (400 MHz, Chloroform-d) & 7.24 - 7.23 (m, 2H), 7.21 - 7.18 (m, 2H), 7.13 (s, 2H), 7.00
—6.95(m, 1H),4.94 (d,J=11.9 Hz, 1H), 4.66 (d,J =11.9 Hz, 1H), 3.35 (dd, J=9.8, 8.3 Hz, 1H),
3.10(dd, J = 8.3, 6.0 Hz, 1H), 2.40 (dd, J = 9.9, 5.9 Hz, 1H).

13C NMR (151 MHz, Chloroform-d) & 171.8, 132.8, 132.3, 132.2, 131.1, 130.9, 129.8, 128.9,
121.9,95.1, 74.8, 34.9, 34.1, 23.1.

HR-MS:(+p APCI) caled for [CisH12BrClsO>+H] 514.8536 found 514.8537

Chiral HPLC: (AD-H, 30 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major: 7.1

min, Minor: 13.2 min, Batch-batch: 85% ee, Flow-batch: 89% ee.

3.15

2,2,2-trichloroethyl (15,2R)-2-(2-acetoxyphenyl)-1-(4-bromophenyl)cyclopropane-1-
carboxylate

This compound was prepared following both methods of General procedure 6.3.2 (batch-batch)
and General procedure 6.3.3 (flow-batch). Starting material is 2,2,2-trichloroethyl (Z)-2-(4-
bromophenyl)-2-hydrazineylideneacetate (74.9 mg, 0.2 mmol, 1.0 equiv). Cyclopropanation step
applied 2-vinylphenyl acetate (162.2 mg, 1.0 mmol, 5.0 equiv.) as substrate, Rho(R-PTAD)4 (3.1

mg, 0.002 mmol, 1 mol%) as catalyst, 40 °C as reaction temperature. After flash chromatography
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(0%, then 5% - 15% Et;0 in hexanes) the product was obtained as a white solid (84.3 mg, 83%
yield with batch-batch procedure, 70.1 mg, 69% yield with flow-batch procedure).

mp: 101-102 °C

IR(neat) 2954, 1760, 1732, 1490, 1453, 1433, 1368, 1243, 1203, 1174, 1152, 1101, 1072, 1010,
971,942,911, 824, 768, 716, 682, 575, 530 cm’!

'"H NMR (400 MHz, Chloroform-d) 8 7.27 (d,J = 1.9 Hz, 1H), 7.25 (d, J = 2.0 Hz, 1H), 7.14 (ddd,
J=8.1,7.4,1.6 Hz, 1H), 7.10 — 6.96 (m, 3H), 6.87 (td, J = 7.6, 1.3 Hz, 1H), 6.37 (dd, J=7.8, 1.6
Hz, 1H), 4.84 (d, J = 11.9 Hz, 1H), 4.61 (d, J = 11.9 Hz, 1H), 3.22 (dd, ] = 9.4, 7.6 Hz, 1H), 2.34
(s, 3H), 2.19(dd, J =9.4, 5.2 Hz, 1H), 2.01 (dd, J = 7.6, 5.2 Hz, 1H).

13C NMR (151 MHz, Chloroform-d) & 171.9, 169.5, 150.8, 133.6, 133.0, 131.2, 128.2, 127.9,
127.3,125.8,122.4,121.9,95.1, 74.7, 36.3, 28.2, 21.2, 19.7.

HR-MS:(+p APCI) caled for [C20H16BrCl304+] 503.9292 found 503.9289

Chiral HPLC: (AD-H, 30 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major: 14.6

min, Minor: 22.6 min, Batch-batch: 64% ee, Flow-batch: 67% ee.

2,2,2-trichloroethyl (R)-1-(4-bromophenyl)-2,2-diphenylcyclopropane-1-carboxylate

This compound was prepared following both methods of General procedure 6.3.2 (batch-batch)
and General procedure 6.3.3 (flow-batch). Starting material is 2,2,2-trichloroethyl (Z)-2-(4-
bromophenyl)-2-hydrazineylideneacetate (74.9 mg, 0.2 mmol, 1.0 equiv). Cyclopropanation step
applied ethene-1,1-diyldibenzene (180.3 mg, 1.0 mmol, 5.0 equiv.) as substrate, Rho(R-PTAD)4

(3.1 mg, 0.002 mmol, 1 mol%) as catalyst. After flash chromatography (0%, then 5% - 15% Et,O
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in hexanes) the product was obtained as a white solid (75.9 mg, 72% yield with batch-batch
procedure, 59.1 mg, 56% yield with flow-batch procedure). The "H NMR data are consistent with
literature values.’

'H NMR (400 MHz, Chloroform-d) § 7.59 — 7.43 (m, 2H), 7.36 — 7.26 (m, 5H), 7.24 — 7.21 (m,
2H), 7.10 - 6.89 (m, 5H), 4.51 (d,J=11.9 Hz, 1H), 4.12 (d, J = 11.9 Hz, 1H), 2.75 (d, J = 5.7 Hz,
1H), 2.48 (d, J = 5.8 Hz, 1H).

Chiral HPLC: (AD-H, 30 min, 1 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major: 17.9

min, Minor: 10.0 min, Batch-batch: 98% ee, Flow-batch: 94% ee.

6.4 Experimental Part for Chapter 4

6.4.1 Procedure for starting material synthesis

Methyl 2-(2-methoxy-5-methylphenyl)-2-oxoacetate(6.4.3)

~ (0] (0]
(e} o \O
AICI
+ /om)J\CI —3> 0
<5C
(0]
6.4.1 6.4.2 6.4.3

A solution of 1-methoxy-4-methylbenzene (6.4.1) (2.443 g, 20 mmol) and methyl 2-chloro-2-
oxoacetate (6.4.2) (2.756 g, 22.5 mol) in 20 ml CH2Cl» was added dropwise to a stirred suspension
of AICl; (4.667 g, 35 mmol) in 13 ml of CH>Cl, with the temperature maintained below 5 °C
throughout. When the addition was complete, the mixture was stirred at 25 °C for 2.5 h and then
poured onto 75 g of ice-H»0. The aqueous layer was washed once with CH>Cl,. The combined

organic extracts were washed with 3 M HCI, 1 M HCI, H,O, and saturated NaCl, and the organic
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solvent was evaporated. The crude product 6.4.3 was then chromatographed (0-5% Diethyl Ether

in Hexane) and get slight yellow liquid (77% yield)

Methyl (E or Z)-2-hydrazineylidene-2-(2-methoxy-5-methylphenyl)acetate (6.4.5)

I |
0 ~0 Oy ©O ~o 0.0
HCI
~. .NH
O + HN-NH, ———— N SN
ice bath to r.t. NH,
6.4.3 6.4.4 6.4.5a 6.4.5b

A 500 mL round-bottom flask was charged with hydrazine monohydrate (6.4.4) (12 mL, 6.5 g,
200 mmol, 10.0 equiv.) and MeOH (300 mL). The reaction mixture was cooled to 0 °C in an ice-
H>O bath. HCI1 (3.0 M, 60 mL, 180 mmol, 9 equiv.) was added slowly. To this solution methyl 2-
(2-methoxy-5-methylphenyl)-2-oxoacetate (6.4.3) (4 g, 20 mmol, 1.0 equiv.) in 10 ml MeOH was
added dropwise over about 5 min. The reaction mixture was stirred at 0 °C until full consumption
of starting material was observed by TLC control (unnecessary longer reaction times lead to
significantly lower yields). The reaction mixture was quenched by the addition of sat. NaHCOs3
(50 mL), MeOH was evaporated under reduced pressure, the residue was transferred into a
separatory funnel and extracted with EtOAc (3*50 mL). The organic layers were washed with
brine (50 mL), filtered, and evaporated under reduced pressure to give the crude products 6.4.5 as
yellow liquid. The crude was purified by automatic flash silica gel chromatography. (0-6 % EtOAc
in Hexane) (81% yield)

Methyl 2-diazo-2-(2-methoxy-5-methylphenyl)acetate (6.4.7)
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A suspension of potassium N-iodo p-toluenesulfonamide (TsNIK) (6.4.6) (3.2 g, 9.4 mmol) in a
solution of methyl (Z)-2-hydrazineylidene-2-(2-methoxy-5-methylphenyl)acetate (6.4.5a) in THF
(8.5 mmol in 36 mL) was prepared. Aqueous potassium hydroxide (1 M, 9 mL) was slowly added
to the THF suspension (the final volume ratio KOH (1 M) : THF was equal to 1:4). This caused
dissolution of the potassium salt in the mixture and the appearance of a yellow to red coloration.
The reaction was complete after stirring for 1 h at room temperature. The mixture was poured into
aqueous potassium hydroxide (1 M, 20 mL) and extracted with ether (30 mL). The ethereal phase
was washed with aqueous potassium hydroxide (1 M, 25 mL), saturated brine (5 mL) and dried
over MgS0s. Crude diazo compound 6.4.7 was purified by column (0-5% diethyl ether in hexane)
and obtained with 70% yield.

Potassium N-iodo p-toluenesulfonamide (TsNIK) (6.4.6)

/@/ o, KI_ KOH /@/
H,NO,S NaOCl, KI, KINO,S

HCI, then KOH
6.4.8 6.4.6

A solution of p-Toluenesulfonamide 6.4.8 (4.55 g, 26.6 mmol) in aqueous potassium hydroxide
(10%; 11.5 mL) was added to a solution of potassium iodide (17.6 g, 106 mmol) and iodine (9.00
g, 35.5 mmol) in water (20 mL). Aqueous potassium hydroxide (50%; 6 mL) was added, upon
which loss of the colorations due to iodine occurred and a yellow precipitate appeared. The yellow

solid was filtered, dried under suction, and washed with ether (20 mL) to give the title compound
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6.4.6 as a yellow solid The product showed no signs of decomposition when stored in the dark at
room temperature over several weeks but decomposes with iodine release when heated above

220 °C.

Methyl 2-(2-chloropyridin-3-yl)acetate (6.4.10)

MeOH
N7 CN - N7 CO,Me
| 5°Cto70°C ||
= 3h
6.4.9 6.4.10

To a suspension of 2-(2-chloropyridin-3-yl)acetonitrile 6.4.9 (1.0 equiv, 8.31 g, 54.5 mmol) in
methanol (50 ml) was added acetyl chloride (5.0 equiv, 19.36 mL, 272 mmol) dropwise. A reflux
condenser was fitted, and the mixture was refluxed at 70°C for 16 h. The reaction mixture was
concentrated via rotovap. DCM (20 mL) was added to the resulting light red oil was added along
with a saturated NaHCO3 solution (20 ml). The aqueous phase was extracted with DCM (2*10
mL). The organic phase was combined, dried over Na>SOg, and concentrated. The crude product
was purified by flash column chromatography (0-30% Ethyl Acetate in hexanes over 24 CV) to

give compound 6.4.10 as a yellow oil (87% yield, 9.9 g, 47.4 mmol).

Methyl 2-(2-chloropyridin-3-yl)-2-diazoacetate(6.4.11)

Cl p-ABSA Cl N,
DBU
AN AN
N CO,Me ACN N| CO,Me
_— 0°Ctort _—
16 h
6.4.10 6.4.11

Methyl 2-(2-chloropyridin-3-yl)acetate (6.4.10) (1.0 equiv, 1.68 g, 9.05 mmol) and p-ABSA (1.2

equiv, 2.61 g, 10.9 mmol) were added to a flame-dried 250ml round bottom flask under an inert
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nitrogen atmosphere. They were dissolved in dry acetonitrile (ACN, 50 mL) and cooled to 0 °C in
an ice-bath. Then DBU (1.2 equiv, 1.65 g, 1.64 mL, 10.9 mmol) was added dropwise to the stirring
solution which slowly became deep yellow. The reaction was allowed to warm to room
temperature over 18 hours. Reaction was then quenched with saturated NH4Cl (50 mL) and the
organic layer was separated. The aqueous layer was extracted with DCM (2 x 20 mL) and organic
extracts were combined, dried over NaxSOs, and dry-loaded onto silica (5 g). Diazo compound
was then isolated by flash column chromatography (0-50% EtOAc/hexanes). Yellow fractions
were combined and evaporated to yield methyl 2-(2-chloropyridin-3-yl)-2-diazoacetate 6.4.11 as

a bright yellow solid.

6.4.2 General procedure for asymmetric cyclopropanation experiments

A 10 mL vial containing 4A activated molecular sieves (0.5 g) and a stir bar was flame dried under
vacuum along with a small round-bottom flask. Vessels were evacuated and purged with nitrogen
2 times to establish an inert atmosphere. Then catalyst Rha(S-TPPTTL)4 (1.0 mol %, 4.9 mg, 0.002
mmol) was added to the vial. Solid diazo compound (1.0 equiv, 0.20 mmol) was added to the flame
dried round bottom flask. Then vacuum was reestablished on both the vial and the flask to further
remove air from the system. After 5 min, the system was flushed with nitrogen and vinyl pyridine
(5.0 equiv, 1.0 mmol) was added to the vial via preweighed syringe and 2 mL distilled CH>Cl, was
added to the vial. The nitrogen line attached to the vial was then replaced by a balloon filled with
argon and the vial was added to an ice bath to maintain the temperature at 0 °C and let stir.
Temperature of the ice bath was monitored by thermocouple external to the reaction vessel. While
the vial cooled for approximately 10 min, the diazo compound was dissolved in 3 mL distilled
CH>Cl; added via syringe. The round bottom flask was swirled to ensure all diazo had dissolved

before the solution was loaded into the syringe. The syringe was then inserted through the vial
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septum and the full contents were injected into the vial in one portion maintaining the bath at 0 °C
throughout the addition. The reaction was stirred overnight under argon in the ice bath which
slowly warmed to room temperature (at least 13 h). The reaction solution was subjected to TLC to
determine reaction completion (20% EtOAc/hexanes). After completion the solution was filtered
through celite to remove molecular sieves before concentrating via rotovap. The crude concentrate
was then directly purified by flash column chromatography (5% EtOAc/hexanes 3 CV, 5%
EtOAc/hexanes to 30% EtOAc/hexanes 15 CV, 30% EtOAc/hexanes for 3-10 CV). Fractions
containing only product by TLC were aggregated and concentrated via rotovap. Enantioselectivity
was determined by chiral HPLC.

6.4.3 General procedure for the 2-Chloropyridine promoted cyclopropanation involving
ortho-substituted aryl/heteroaryl-diazoacetates.

A 10 mL vial containing 4A activated molecular sieves (0.5 g) and a stir bar was flame dried under
vacuum along with a small round-bottom flask. Vessels were evacuated and purged with nitrogen
2 times to establish an inert atmosphere. Then catalytic Rh2(S-TPPTTL)4 (1.0 mol %, 4.9 mg,
0.002 mmol) was added to the vial. Solid diazo compound (1.0 equiv, 0.20 mmol) was added to
the flame dried round bottom flask. Then vacuum was reestablished on both the vial and the flask
to further remove air from the system. After 5 min, the system was flushed with nitrogen, vinyl-
heterocycle (1.5 equiv, 0.30 mmol), and 2-Chloropyridine (3.5 equiv, 79 mg, 66 pl, 0.70 mmol)
was added to the vial via syringe along with 2 mL dry CH2Clz. The nitrogen line attached to the
vial was then replaced by a balloon filled with argon and the vial was added to an ice bath to
maintain the temperature at 0 °C and let stir. Temperature of the ice bath was monitored by
thermocouple external to the reaction vessel. While the vial cooled for approximately 10 min, the

diazo compound was dissolved in 3 mL dry CH2Cl» added via syringe. The round bottom flask
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was swirled to ensure all diazo compound had dissolved before the solution was loaded into the
syringe. The syringe was then inserted through the vial septum and the full contents were injected
into the vial in one portion maintaining the bath at 0 °C throughout the addition. The reaction was
stirred overnight under argon in the ice bath which slowly warmed to room temperature (at least
13 h). The reaction solution was subjected to TLC to determine reaction completion (20%
EtOAc/hexanes). After completion the solution was filtered through celite to remove molecular
sieves before concentrating via rotovap. The crude concentrate was then directly purified by flash
column chromatography (5% EtOAc/hexanes 3 CV, 5% EtOAc/hexanes to 30% EtOAc/hexanes
15 CV, 30% EtOAc/hexanes for 3-10 CV). Fractions containing only product by TLC were
aggregated and concentrated via rotovap. Enantioselectivity was determined by chiral HPLC.
6.4.4 General procedure for the 2-Chloropyridine promoted cyclopropanation involving
ortho-substituted aryl/heteroaryl-diazoacetates and HFIP.

A 10 mL vial containing a stir bar was flame dried under vacuum along with a small round-bottom
flask. Vessels were evacuated and purged with nitrogen 2 times to establish an inert atmosphere.
Then catalytic Rha(S-TPPTTL)4 (1.0 mol %, 4.9 mg, 0.002 mmol) was added to the vial. Solid
diazo compound (1.0 equiv, 0.20 mmol) was added to the flame dried round bottom flask. Then
vacuum was reestablished on both the vial and the flask to further remove air from the system.
After 5 min, the system was flushed with nitrogen, vinyl-heterocycle (1.5 equiv, 0.30 mmol), 2-
Chloropyridine (3.5 equiv, 79 mg, 66 pl, 0.70 mmol), and 1,1,1-3,3,3-hexafluoroisopropanol
(HFIP, 10 equiv, 340 mg, 0.21 mL, 2.0 mmol) was added to the vial via syringe along with 2 mL
dry CH:Cl,. The nitrogen line attached to the vial was then replaced by a balloon filled with argon
and the vial was added to an ice bath to maintain the temperature at 0 °C and let stir. Temperature

of the ice bath was monitored by thermocouple external to the reaction vessel. While the vial
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cooled for approximately 10 min, the diazo compound was dissolved in 3 mL distilled CH2Cl»
added via syringe. The round bottom flask was swirled to ensure all diazo compound had dissolved
before the solution was loaded into the syringe. The syringe was then inserted through the vial
septum and the full contents were injected into the vial in one portion maintaining the bath at 0 °C
throughout the addition. The reaction was stirred overnight under argon and allowed to warm to
room temperature (at least 13 h). The reaction solution was subjected to TLC to determine reaction
completion (20% EtOAc/hexanes). After completion the solution was filtered through celite to
remove molecular sieves before concentrating via rotovap. The crude concentrate was then directly
purified by flash column chromatography (5% EtOAc/hexanes 3 CV, 5% EtOAc/hexanes to 30%
EtOAc/hexanes 15CV, 30% EtOAc/hexanes for 3-10 CV). Fractions containing product by TLC
were aggregated and concentrated via rotovap. Enantioselectivity was determined by chiral HPLC.

6.4.5 Procedure for tandem hydrazone oxidation/cyclopropanation reaction

N= , N
- SER
~o N’NH2 Cu(OAc),*H,0 0 N, 6.4.12
| (10 mol%) o 1.5 equiv
NG - ~ >
60 mol% DMAP o ha(S-TPPTTL)4 (1 mol%)
0] air (1 atm), DCM 2-Chloropyridine (3.5 equiv) c

silica, 23 °C, 0.5 h DCM/HFIP, Ny, 23°C, 1 h

6.4.5a 6.4.7 6.4.13

1 equiv

In the first step: A 20 mL scintillation vial was charged with Cu(OAc),-H20 (3.9 mg, 0.020 mmol,
10 mol %), silica powder (44.4 mg, 100 wt%, SiliaFlash® P60, 40-63 pum), and 1.0 mL solution
of 0.06 mol/L DMAP in CH>Cl,. The initial mixture was stirred vigorously with a stir bar (600
rpm) under air for 5 min before hydrazone was added. In a 4 mL scintillation vial, methyl (2)-2-
hydrazineylidene-2-(2-methoxy-5-methylphenyl)acetate (6.4.5a) (44.4 mg, 0.20 mmol, 1.0 equiv)

was dissolved in 1.0 mL of the 0.06 mol/L DMAP in CH2Cl solution. The hydrazone/DMAP
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CH:Cl; solution was then transferred by syringe in one portion to the initial mixture of Cu(OAc)2-
H>O/silica/DMAP CH,Cl; solution. The reaction was stirred for 0.5 h before next step to afford a

crude solution of diazo compound 6.4.7

In the second step: a 20 mL scintillation vial equipped with a stir bar was flame dried under vacuum.
After cooling down, the vail was charged with Rho(S-TPPTTL)4 (4.9 mg, 1.0 mol %, 0.0020 mmol),
then flushed with nitrogen for 3 times and the nitrogen balloon was left on the septum. Then HFIP
(672.2 mg, 0.42 mL, 20 equiv, 4.0 mmol), 2-Chloropyridine (79.5 mg, 66 pL, 3.5 equiv, 0.70
mmol), 2-Chloro-5-vinylpyridine (6.4.12), 41.9 mg, 1.5 equiv, 0.30 mmol) and 2.0 mL CH>Cl;
were added sequentially via syringe, the mixture was stirred at 600 rpm for 10 min before crude
diazo compound 6.4.7 injection. The crude diazo compound mixture from step 1 (~1.5 mL) was
added by syringe to the 2-Chloro-5-vinylpyridine/Rha(S-TPPTTL)4/HFIP/2-Chloropyridine
solution in one portion. The reaction was then stirred 1 h under nitrogen at r.t. After completion
the solution was concentrated under rotovap and purified by flash column chromatography (5 %
EtOAc/hexanes 3 CV, 5 % EtOAc/hexanes to 30 % EtOAc/hexanes 15 CV, 30 % EtOAc/hexanes
10 CV). Fractions containing cyclopropanation product 6.4.13 were aggregated and concentrated

via rotovap to give a clear colorless oil in 83% yield (55.2 mg,0.166 mmol) and 98% ee.

6.4.6 Characterization of the starting materials

6.4.3

Methyl 2-(2-methoxy-5-methylphenyl)-2-oxoacetate
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TH NMR (600 MHz, CDCl3) & 7.67 (d, J= 2.5 Hz, 1H), 7.39 (dd, J = 8.5, 2.4 Hz, 1H), 6.88 (d, J
=8.5 Hz, 1H), 3.91 (s, 3H), 3.84 (s, 3H).

13C NMR (151 MHz, CDCls3) 8186.4, 165.7, 158.5, 137.1, 130.9, 130.6, 122.4, 112.2, 56.3, 52.3,
20.2.

HRMS: (+p APCI) calculated for [C1:H1304+] 209.0808, found 209.0806

IR(neat): 2951, 1739, 1667, 1608, 1581, 1497, 1412, 1272, 1245, 1224, 1179, 1155, 1133, 1019,

947,901, 864, 813, 778, 712,669, 588, 537, 489 cm’!

6.4.5
Methyl (E/Z)-2-hydrazineylidene-2-(2-methoxy-5-methylphenyl)acetate.
MP: Z-isomer: 63-65 C E-isomer:72-75C
'H NMR (400 MHz, CDCl3) Z-Isomer: 6 8.13 (s, 2H), 7.14 —7.12 (m, 2H), 7.10 (dt, J = 2.4, 0.8
Hz, 1H), 6.79 (d, ] = 8.1 Hz, 1H), 3.76 (s, 3H), 3.73 (s, 3H), 2.30 (d, J = 0.8 Hz, 3H). E-isomer: §
7.21 (ddq, J = 8.6, 2.3, 0.7 Hz, 1H), 6.97 (dt, J = 2.3, 0.6 Hz, 1H), 6.90 (d, J = 8.4 Hz, 1H), 6.11
(s, 2H), 3.83 (s, 3H), 3.77 (s, 3H).
13C NMR (151 MHz, CDCl3) Z-Isomer: 8163.7, 155.9, 130.7, 130.3, 130.2, 126.3, 111.1, 56.0,
51.6, 20.6. E-isomer: 6 165.3, 155.1, 136.1, 131.9, 130.8, 130.7, 118.3, 111.9, 56.1, 52.6, 20.7.
HRMS: (+p APCI) calculated for [Ci:H1s03N2+] 223.1077, found 223.1077 for Z isomer, found
223.1079 for E isomer.
IR(neat): Z-Isomer: 3454, 3293, 2948, 2836, 1695, 1575, 1498, 1463, 1435, 1295, 1266, 1245,

1186, 1150, 1130, 1037, 1025, 993, 887, 808, 730, 670, 496. E-Isomer: 3407,3294, 3210, 2948,
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2838,1708, 1608, 1557, 1496, 1435, 1316, 1238, 1185, 1119, 1046, 1025, 950, 872, 810, 781, 729,

468 cm’!
|
~o 90
N,
6.4.7

Methyl 2-diazo-2-(2-methoxy-5-methylphenyl)acetate

MP: 55-60C

'"H NMR (600 MHz, CDCl3) & 7.36 (s, 1H), 7.06 (d, J = 8.41 Hz, 1H), 6.79 (d, J = 8.42 Hz, 1H),
3.83 (s, 3H), 3.82 (s, 3H), 2.31 (s, 3H).

13C NMR (151 MHz, CDCl3) 8 166.8, 153.5, 130.7, 130.5, 129.2, 113.3, 110.9, 55.7, 51.9, 20.6.
HRMS: (+p APCI) calculated for [C11H1303N2+] 221.0921, found 221.0922

IR(neat): 2090, 1693, 1503, 1434, 1339, 1291, 1248, 1186, 1138, 1048, 804, 743 cm’!

Cl N,

NI N COQMe
=
6.4.11

Methyl 2-(2-chloropyridin-3-yl)-2-diazoacetate

MP: 71-73C

TH NMR (400 MHz, CDCls) & 8.35 (dd, J=4.7, 1.9 Hz, 1H), 7.95 (dd, J=7.8, 1.9 Hz, 1H), 7.32
(dd, J=17.8,4.7 Hz, 1H), 3.86 (s, 3H).

IBCNMR (151 MHz, CDCl3) § 165.4,149.2, 148.9, 140.5, 122.7, 121.6, 52.5. Please note that the
diazo carbon was not visible by 13C NMR.

HRMS: (+p APCI) calculated for [CsH70:N3**Cl +] 212.0221, found 212.0222
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IR(neat): 2097, 1694, 1555, 1455, 1435, 1402, 1344, 1272, 1211, 1193, 1162, 1128, 1099, 1060,
1023, 1006, 798, 737, 727 cm’!
6.4.7 Characterization of the cyclopropanation products

*All products shown with absolute stereo-configuration generated with Rh>(S-TPPTTL)4

CO:Me

Methyl (15,2R)-2-(6-chloropyridin-3-yl)-1-(2-methoxy-5-methylphenyl)cyclopropane-1-
carboxylate

This compound was prepared according to General procedure 6.4.2, General procedure 6.4.3,
and General procedure 6.4.4.

General procedure 6.4.2: 95% yield and 98% ee (0.19 mmol, 63 mg)

General procedure 6.4.3: 87% yield and 98% ee (0.17 mmol, 58 mg).

General procedure 6.4.4: 89% yield and 98% ee (0.18 mmol, 59 mg). After isolation, enantio-
enriched product was obtained as a clear colorless oil, racemate is obtained as colorless
orthorhombic crystals.

MP: 126-127C

'"H NMR (600 MHz, CDCl3) 8 8.00 (d, J= 2.53 Hz, 1H), 6.98 (s, 1H), 6.94 (d, J= 8.19 Hz, 1H),
6.89 (d, J=8.23 Hz, 1H), 6.81 (dd, J=2.51, 8.33 Hz, 1H), 6.44 (d, J= 8.24 Hz, 1H), 3.63 (s, 3H),
3.37 (s, 3H), 3.17 (m, 1H), 2.23 (s, 3H), 1.98 (m, 1H), 1.78 (m, 1H).

13C NMR (151 MHz, CDCl3) & 173.8, 156.2, 149.6, 148.8, 136.6, 131.9, 129.7, 129.3, 122.3,
110.2, 55.0, 52.6, 34.1, 28.7, 25.3, 20.4, 20.0

HRMS: (+p APCI) calculated for [CisH1sOsN**C1 +] 332.1048, found 332.1046
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IR(neat): 1716, 1562, 1501, 1461, 1434, 1348, 1262, 1241, 1158, 1140, 1107, 1029, 972, 905, 808,
732,671, 548 cm’!
Chiral HPLC: (OD-H, 30 min, 1 mL/min, 1% i-PrOH in n-hexane, UV 230 nm) RT: 19.46 min,

22.97 min.

Methyl (15,25)-2-(2-chloropyridin-3-yl)-1-(2-methoxy-5-methylphenyl)cyclopropane-1-
carboxylate

This compound was prepared according to General procedure 6.4.2 and General procedure 6.4.3.
General procedure 6.4.2: 85% yield and 95% ee (0.17 mmol, 56 mg)

General procedure 6.4.3: 62% yield and 90% ee (0.12 mmol, 41 mg).After isolation, enantio-
enriched product was obtained as a white solid.

MP: 143-152C

TH NMR (600 MHz, CDCl3) 4 8.03 (dd, J=1.94, 4.73, 1H), 7.01 (t,J=3.70, 1H), 6.93 (d, J=8.460,
1H), 6.72 (dd, J=4.67, 7.66), 6.47 (d, J=1.94, 1H), 6.40 (d, J=8.15, 1H), 3.67 (s, 3H), 3.63 (m,
1H), 3.38 (s, 3H), 2.25 (s, 3H), 2.05 (m, 1H), 1.84 (m, 1H)

13C NMR (151 MHz, CDClz) & 173.5, 156.4, 153.2, 146.3, 133.8, 132.5, 131.7, 129.5, 128.9,
122.4,120.8, 109.8, 54.8, 52.6, 34.4, 28.5, 20.4, 19.9.

HRMS: (+p APCI) calculated for [CisHisOsN**Cl +] 332.1048, found 332.1048

IR(neat): 2919, 1720, 1585, 1557, 1433, 1264, 1244, 1158, 1140, 1034, 910, 800, 733 cm’!
Chiral HPLC: (OD-H, 30 min, 1 mL/min, 1% i-PrOH in n-hexane, UV 230 nm) RT: 12.44 min,

22.31 min.
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4.40

Methyl (15,25)-2-(6-chloropyridin-2-yl)-1-(2-methoxy-5-methylphenyl)cyclopropane-1-
carboxylate

This compound was prepared according to General procedure 6.4.2 and General procedure 6.4.3.
General procedure 6.4.2: 86% yield and 90% ee (0.17 mmol, 57 mg)

General procedure 6.4.3: 81% yield and >99% ee (0.16 mmol, 54 mg). After isolation, enantio-
enriched product was obtained as a white solid.

MP: 114-116TC

'TH NMR (400 MHz, CDCl3) § 7.31 — 7.16 (m, 2H), 7.02 (d, J = 2.3 Hz, 1H), 6.91 (ddd, J = 7.7,
5.6, 1.3 Hz, 2H), 6.74 (dd, J=17.6, 0.8 Hz, 1H), 6.41 (d, J= 8.3 Hz, 1H), 3.64 (s, 3H), 3.44 —3.31
(buried m under main s, 4H), 2.28 — 2.17 (buried m under main s, 4H), 1.96 (dd, J = 8.9, 4.7 Hz,
1H).

13C NMR (151 MHz, CDCl3) & 173.8, 157.9, 156.3, 149.5, 137.2, 132.6, 129.0, 128.9, 122.7,
121.0, 121.0, 109.6, 55.0, 52.5, 34.8, 32.9 29.7, 20.4

HRMS: (+p APCI) calculated for [CisHisO3N**Cl +] 332.1048, found 332.1044

IR(neat): 2916, 2849, 1721, 1585, 1557, 1502, 1433, 1376, 1263, 1242, 1158, 1141, 1033, 910,
800, 720 cm™!

Chiral HPLC: (OD-H, 60 min, 1 mL/min, 1% i-PrOH in n-hexane, UV 230 nm) RT: 22.93 min,

36.26 min.
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Methyl (15,2R)-1-(2-methoxy-5-methylphenyl)-2-phenylcyclopropane-1-carboxylate

This compound was prepared according to General procedure 6.4.2 and General procedure 6.4.3.
General procedure 6.4.2: 81% yield and 4% ee (0.16 mmol, 48 mg)

General procedure 6.4.3: 95% yield and 95% ee (0.19 mmol, 56 mg). After isolation, enantio-
enriched product was obtained as a clear colorless oil.

'"H NMR (400 MHz, CDCl3) 8 7.02 (dd, /= 5.1, 1.9 Hz, 3H), 6.96 (d, J= 2.3 Hz, 1H), 6.94 — 6.86
(m, 1H), 6.83 - 6.71 (m, 2H), 6.43 (d, J=8.2 Hz, 1H), 3.65 (s, 3H), 3.31 (s, 3H), 3.21 (dd, J=9.3,
7.4 Hz, 1H), 2.23 (s, 3H), 1.97 (dd, J=9.3, 4.9 Hz, 1H), 1.82 (dd, /= 7.3, 5.0 Hz, 1H).

13C NMR (151 MHz, CDCl3) & 174.5, 156.9, 136.9, 132.3, 129.0, 128.8, 127.7, 127.7, 127.0,
125.8,123.5, 110.1, 55.0, 55.0, 52.4, 34.0, 32.4, 20.6, 20.5.

HRMS: (+p APCI) calculated for [CisH2005+] 296.1407, found 296.1409

IR(neat): 1716, 1502, 1460, 1436, 1410, 1354, 1263, 1244, 1186, 1159, 1144, 1067, 1031, 907,
806, 729, 683, 646, 503 cm™!

Chiral HPLC: (OD-H, 30 min, 1 mL/min, 1% i-PrOH in n-hexane, UV 230 nm) RT: 10.89 min,

12.80 min. or (AD-H, 30 min, 1 mL/min, 1% i-PrOH in n-hexane, UV 230 nm) RT: 9.61 min,

11.17 min.

Methyl (15,2R)-1-(2-chlorophenyl)-2-phenylcyclopropane-1-carboxylate
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This compound was prepared according to General procedure 6.4.2 and General procedure 6.4.3.
General procedure 6.4.2: 71% yield and 55% ee (0.14 mmol, 40 mg).

General procedure 6.4.3: 79% yield and 84% ee (0.16 mmol, 45 mg). After isolation, enantio-
enriched product was obtained as a clear colorless oil.

TH NMR (400 MHz, CDCl3) 8 7.15 (broad m, 4H), 7.08 (m, 3H), 6.87 — 6.76 (dd, J= 6.9, 2.0 Hz
2H), 3.70 (s, 3H), 3.34 (t, J = 8.4 Hz, 1H), 2.13 (s, 1H), 1.94 (dd, /= 7.5, 5.2 Hz, 1H).

I3C NMR (151 MHz, CDCl3) 6 173.4,137.3, 133.3, 129.3, 128.6, 127.9, 129.4, 126.4, 126.1, 64.4,
52.7,33.3,25.4,21.5

Chiral HPLC: (OJ-H, 30 min, 1 mL/min, 1% i-PrOH in n-hexane, UV 230 nm) RT: 12.80 min,

20.73 min

Methyl (15,2R)-1-(5-bromo-2-chlorophenyl)-2-phenylcyclopropane-1-carboxylate

This compound was prepared according to General procedure 6.4.2 and General procedure 6.4.3.
General procedure 6.4.2: 76% yield and 64% ee (0.15 mmol, 56 mg)

General procedure 6.4.3: 71% yield and 92% ee (0.14 mmol, 52 mg). After isolation, enantio-
enriched product was obtained as a clear colorless oil.

TH NMR (600 MHz, CDCl3) 8 7.23 (dd, J=2.23, 8.46 Hz, 1H), 7.10 (s, 4H), 7.02 (broad s, 1H),
6.86 (m, 2H), 3.68 (s, 3H) 3.32 (m, 1H), 2.10 (broad s, 1H), 1.90 (m, 1H)

13C NMR (151 MHz, CDCl3) & 172.6, 136.8, 135.5, 134.0, 131.5, 130.6, 127.9, 127.6, 127.6,
119.5,52.7,33.3,33.3,21.4

HRMS: (+p APCI) calculated for [Ci7H1s02”°Br**Cl+] 364.9938, found 364.9932
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IR(neat): 3027, 2970, 2949, 1720, 1458, 1433, 1266, 1246, 1208, 1192, 116, 1115, 1085, 1045,
969, 814, 770, 731, 695, 526 cm’!
Chiral HPLC: (OJ-H, 30 min, 1 mL/min, 1% i-PrOH in n-hexane, UV 230 nm) RT: 9.07 min,

11.82 min

4.44

Methyl (15,2R)-1-(2-chloropyridin-3-yl)-2-phenylcyclopropane-1-carboxylate

This compound was prepared according to General procedure 6.4.2 and General procedure 6.4.3.
General procedure 6.4.2: 82% yield and 77% ee (0.16 mmol, 47 mg)

General procedure 6.4.3: 94% yield and 90% ee (0.19 mmol, 54 mg). After isolation, enantio-
enriched product was obtained as a clear crystalline solid.

MP: 115-119C

TH NMR (600 MHz, CDCl3) § 8.19 (m, 1H), 7.09 (broad s, 5H), 6.85 (m, 2H), 3.68 (s, 3H), 3.34
(m, 1H), 2.18 (broad s, 1H), 1.92 (dd, J= 5.46, 7.59 Hz, 1H)

I3C NMR (151 MHz, CDCl3) 8 172,5, 154.3, 148.1, 141.3, 134.9, 130.4, 129.3 128.0, 127.8, 126.9,
121.6, 52.7, 34.1, 33.5, 25.3, 20.0

HRMS: (+p APCI) calculated for [CisHisO.N**C1 +] 288.0785, found 288.0786

IR(neat): 1720, 1452, 1433, 1397, 1262, 1221, 1163, 1132, 1059, 966, 908, 776, 750, 728, 697,
646, 562 cm’!

Chiral HPLC: (AD-H, 30 min, 1 mL/min, 1% i-PrOH in n-hexane, UV 230 nm) RT: 20.19 min,

23.41 min.
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CO,Me

© ©\Br
4.45

Methyl (1R,25)-1-(4-bromophenyl)-2-phenylcyclopropane-1-carboxylate
This compound was prepared according to General procedure 6.4.2 and General procedure 6.4.3.
General procedure 6.4.2: 58% yield and 48% ee (0.11 mmol, 38 mg).
General procedure 6.4.3: 61% yield and 0% ee (0.12 mmol, 40 mg). After isolation, product was
obtained as a white solid.
TH NMR (400 MHz, CDCI3) & 7.28 — 7.24 (m, 3H), 7.16 — 7.05 (m, 2H), 6.98 — 6.86 (m, 2H), 6.86
—6.75 (m, 2H), 4.83 (d,J=11.9 Hz, 1H), 4.64 (d, /= 11.9 Hz, 1H), 3.22 (dd, /=9.4, 7.5 Hz, 1H),
2.28 (dd,J=9.4,5.2 Hz, 1H), 1.97 (dd, J=17.5, 5.2 Hz, 1H).
I3C NMR (151 MHz, CDCl3) 6 171.7,135.4,133.8, 133.1, 131.1, 128.2, 128.2, 127.0, 121.7,95.1,
74.6,36.7, 34.1, 20.3.
Chiral HPLC: (OJ-H, 30 min, 1 mL/min, 1% i-PrOH in n-hexane, UV 230 nm) RT: 10.03 min,

14.97 min.

CO,Me |
SERG]

4.46

Methyl (1R,25)-1-(3-iodophenyl)-2-phenylcyclopropane-1-carboxylate
This compound was prepared according to General procedure 6.4.2 and General procedure 6.4.3.
General procedure 6.4.2: 66% yield and 29% ee (0.13 mmol, 50 mg)
General procedure 6.4.3: 80% yield and 41% ee (0.16 mmol, 61 mg). After isolation, product was

obtained as a colorless oil.
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'H NMR (400 MHz, CDCls) § 7.52 — 7.38 (m, 2H), 7.10 (dd, J = 5.2, 2.0 Hz, 3H), 6.98 — 6.85 (m,
1H), 6.84 (d, J = 7.7 Hz, 1H), 6.82 — 6.72 (m, 2H), 3.67 (s, 3H), 3.11 (dd, J = 9.3, 7.3 Hz, 1H),
2.13 (dd, J=9.3, 5.0 Hz, 1H), 1.85 (dd, J = 7.4, 5.0 Hz, 1H).

13C NMR (151 MHz, CDCls) § 173.6, 140.7, 137.2, 136.1, 135.7, 131.4, 129.2, 128.0, 127.8,
126.6, 93.3, 52.7, 36.7, 33.1, 20.2.

HRMS: (+p APCI) calculated for [C17Hi602'2I +] 379.0189, found 379.0184

IR(neat): 1713, 1590, 1559, 1474, 1455, 1431, 1250, 1209, 1190, 1095, 1054, 995, 965, 936, 908,
884, 789, 763, 729, 696, 678, 645, 592, 565 cm’!

Chiral HPLC: (OD-H, 30 min, 1 mL/min, 1% i-PrOH in n-hexane, UV 230 nm) RT: 8.23 min,

9.27 min.
COzMe
| Z
N Cl
4.47

Methyl (1R,2S5)-1-(6-chloropyridin-3-yl)-2-phenylcyclopropane-1-carboxylate

This compound was prepared according to General procedure 6.4.2 and General procedure 6.4.3.
General procedure 6.4.2: 90% yield and 35% ee (0.18 mmol, 52 mg)

General procedure 6.4.3: 90% yield and 7% ee (0.18 mmol, 52 mg). After isolation, enantio-
enriched product was obtained as a clear colorless oil.

TH NMR (600 MHz, CDCls) & 8.08 (dd, J = 2.6, 0.8 Hz, 1H), 7.21 (dd, J = 8.2, 2.5 Hz, 1H), 7.11
(dq, J=4.5, 2.3 Hz, 3H), 7.05 (dd, J = 8.2, 0.7 Hz, 1H), 6.87 — 6.71 (m, 2H), 3.67 (d, ] = 3.5 Hz,
3H), 3.16 (dd, J =9.3, 7.3 Hz, 1H), 2.21 (dd, ] = 9.4, 5.2 Hz, 1H), 1.96 — 1.86 (m, 1H).

13C NMR (151 MHz, CDCl3) 6 173.2, 152.7, 150.2, 142.4, 135.1, 130.3, 128.5, 128.2, 127.3,

123.5, 53.0, 34.3,33.1, 19.7.
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HRMS: (+p APCI) calculated for [CisHisO2N**CI+] 288.0785, found 288.0786

IR(neat): 2952, 1720, 1588, 1560, 1499, 1463, 1433, 1366, 1261, 1164, 1112, 1022, 965,779, 742,
719, 696, 559, 485 cm'!

Chiral HPLC: (OD-H, 30 min, 1 mL/min, 1% i-PrOH in n-hexane, UV 230 nm) RT: 22.14 min,

25.67 min.

Methyl (1S5,25)-2-(6-chloropyridin-2-yl)-1-(2-chloropyridin-3-yl)cyclopropane-1-
carboxylate

This compound was prepared according to General procedure 6.4.3 and obtained 87% yield and
85% ee (0.17 mmol, 56 mg). After isolation, enantio-enriched product was obtained as a clear
colorless oil.

'H NMR (400 MHz, CDCl3) & 8.21 (ddd, J = 10.3, 4.9, 1.9 Hz, 2H), 7.32 (broad s, 1H), 7.03
(broad s, 1H), 6.88 (broad s, 1H), 6.65 (broad s, 1H), 3.72 (s, 3H), 3.65 (broad s, 1H), 2.33 (broad
s, 1H), 1.90 (dd, /= 7.8, 5.7 Hz, 1H).

I3C NMR (151 MHz, CDCl3) 8 171.7, 154.1, 153.4, 148.6 (2 C), 147.8, 141.6, 129.6, 121.9 (2
C), 121.7,53.1, 29.6, 25.3, 20.9.

HRMS: (+p APCI) calculated for [CisHi:02N2**Cl>+] 323.0348, found 323.0340

IR(neat): 1724, 1563, 1436, 1411, 1398, 1357, 1268, 1220, 1196, 1166, 1132, 1063, 756, 732,
682cm’!

Chiral HPLC: (AD-H, 30 min, 1 mL/min, 1% i-PrOH in n-hexane, UV 230 nm) RT: 10.65 min,

11.71 min.
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4.49

Methyl (15,2R)-1-(2-chloropyridin-3-yl)-2-(6-chloropyridin-3-yl)cyclopropane-1-
carboxylate

This compound was prepared according to General procedure 6.4.3 and obtained 79% yield and
84% ee (0.16 mmol, 51 mg). After isolation, enantio-enriched product was obtained as a clear
colorless oil.

TH NMR (600 MHz, CDCls) & 8.27 (s, 1H), 7.98 (s, 1H), 7.19 (s, 1H), 7.03 (s, 3 H), 3.70 (s, 3H),
3.36 (m, 1 H), 2.18 (broad S, 1H), 1.69 (broad s, 1H)

I3C NMR (151 MHz, CDCl3) 6 171.7,153.9, 149.9, 149.1, 148.8, 137.5, 129.4, 123.1, 122.1, 53.0,
36.0, 29.6, 29.6, 25.3

HRMS: (+p APCI) calculated for [CisHi302N2**Cl>+] 323.0348, found 323.0349

IR(neat): 3016, 2970, 2950, 1721, 1562, 1464, 1434, 1397, 1348, 1265, 1221, 1165, 1132, 1108,
1058, 1023, 967,911, 835, 801, 779, 754, 728, 659, 647, 633, 437 cm’!

Chiral HPLC: (AD-H, 60 min, 1 mL/min, 1% i-PrOH in n-hexane, UV 230 nm) RT: 29.56 min,

34.74 min.

Methyl (1S5,25)-1,2-bis(2-chloropyridin-3-yl)cyclopropane-1-carboxylate
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This compound was prepared according to General procedure 6.4.3 and obtained 65% yield and
95% ee (0.13 mmol, 42 mg). After isolation, enantio-enriched product was obtained as a clear
colorless oil.

'"H NMR (400 MHz, CDCl) 8 8.20 (dd, J=4.8, 1.9 Hz, 1H), 7.77 (s, 1H), 7.43 (t, J = 7.7 Hz,
1H), 7.20 (broad s, 1H), 6.94 (d, /= 7.9 Hz, 1H), 3.69 (s, 3H), 3.49 — 3.40 (m, 1H), 2.44 (broad s,
1H), 2.05 (broad s, 1H).

13C NMR (151 MHz, CDCl3) & 172.1, 155.7, 153.3, 149.9, 148.1, 141.8, 138.1, 130.1, 123.6,
121.8,52.9,37.0, 33.0, 29.7, 22.7, 20.9.

HRMS: (+p APCI) calculated for [CisH1:02N2**Cl>+] 323.0348, found 323.0346

IR(neat): 1722, 1583, 1558, 1434, 1398, 1377, 1265, 1220, 1162, 1132, 1096, 1058, 991, 941, 910,
810, 796, 770, 752, 730, 714, 654 cm™!

Chiral HPLC: (AD-H, 30 min, 1 mL/min, 1% i-PrOH in n-hexane, UV 230 nm) RT: 22.81 min,

24.16 min.

6.5 Experimental Part for Chapter 5

6.5.1 General Procedure for ReactIR Monitored Rh(II)-Catalyzed C—H Functionalization

An oven-dried 25 mL 3-neck round bottom flask with stir bar fitted with a rubber septum (left
neck, 14/20), ReactIR™ probe (center neck, 24/40 to 19/25 adapter, 19/25 neck), and nitrogen
inlet (right neck, 14/20). The flask was then allowed to cool to room temperature under vacuum
and backfilled with nitrogen. The flask was then placed in a 40 °C water bath on a stir-plate. The
ReactIR™ instrument was filled with liquid nitrogen and then started. Distilled DCM (12 mL)
was added to the flask by syringe and allowed to stir for 15 min to achieve temperature balance.

Cyclohexane (0.1262 g, 0.162 mL, 1.50 mmol, 2.5 equiv) was then measured using a 1.00 mL
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plastic syringe and added to the flask through the rubber septum under nitrogen. 2,2,2-
trichloroethyl 2-(4-bromophenyl)-2-diazoacetate (0.2235 g, 0.60 mmol, 1 equiv) was then added
to the reaction mixture by removing and then quickly replacing the rubber septum under nitrogen.
After 15 min, the dirhodium catalyst (0.1 mol% in 1.00 mL DCM stock solution) was then added
to the reaction mixture by syringe. The reaction mixture was stirred at 40 °C until complete
consumption of the diazo compound (by monitoring diazo stretching frequency 2103cm™). The
absorbance points and relative time at which the dirhodium catalyst was added, all the way until
the end of the data collection period, was set as the diazo decomposition curve. A crude 'H NMR
spectrum was taken to analyze the rr and dr of the reaction. For some e.e. analysis, the reaction
mixture was directly treated with lithium aluminum hydride solution (1.2 equiv, 1 M solution in
THF) and stirred at RT for 40 minutes. Then the reaction was quenched by slow addition of
NaS04-10H20 and then stirred until bubbling stopped (about 30 minutes), filtered over Celite
and eluted with DCM. Upon reaction completion, the solution was concentrated under rotovap
and purified by flash column chromatography (0%, then 0%-5% Et;O in Hexanes). The product
was obtained as a colorless oil.

6.5.2 General Procedure for ReactIR Monitored Rh(II)-Catalyzed C—H Functionalization in
neat condition

An oven-dried 25 mL 3-neck round bottom flask with stir bar fitted with a rubber septum (left
neck, 14/20), ReactIR™ probe (center neck, 24/40 to 19/25 adapter, 19/25 neck), and nitrogen
inlet (right neck, 14/20). The flask was then allowed to cool to room temperature under vacuum
and backfilled with nitrogen. The flask was then placed in a 40 °C water bath on a stir-plate. The
ReactIR™ instrument was filled with liquid nitrogen and then started. Cyclohexane (12 mL) was

added to the flask by syringe and allowed to stir for 15 min to achieve temperature balance. 2,2,2-
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trichloroethyl 2-(4-bromophenyl)-2-diazoacetate (0.2235 g, 0.60 mmol, 1.0 equiv) was added to
the reaction mixture by removing and then quickly replacing the rubber septum under nitrogen.
After 5 min, the dirhodium catalyst (x mol% in 0.05 mL DCM stock solution) was then added to
the reaction mixture by syringe. The reaction mixture was stirred at 40 °C until complete
consumption of the diazo compound (by monitoring diazo stretching frequency 2103cm™). The
absorbance points and relative time at which the dirhodium catalyst was added, all the way until
the end of the data collection period, was set as the diazo decomposition curve. Upon reaction
completion, the solution was concentrated under rotovap and purified by flash column
chromatography (0%, then 0%-5% Et20O in Hexanes). The product was obtained as a clear oil.
6.5.3 General Procedure for ReactIR Monitored Rh(II)-Catalyzed C—H Functionalization
with DCC additive

An oven-dried 25 mL 3-neck round bottom flask with stir bar fitted with a rubber septum (left
neck, 14/20), ReactIR™ probe (center neck, 24/40 to 19/25 adapter, 19/25 neck), and nitrogen
inlet (right neck, 14/20). The flask was then allowed to cool to room temperature under vacuum
and backfilled with nitrogen. The flask was then placed in a 60 °C water bath on a stir-plate. The
ReactIR™ instrument was filled with liquid nitrogen and then started. Cyclohexane (12 mL) was
added to the flask by syringe and allowed to stir for 15 min to achieve temperature balance. 2,2,2-
trifluoroethyl 2-diazo-2-(4-(trifluoromethyl)phenyl)acetate (0.1873 g, 0.60 mmol, 1.0 equiv) was
then added to the flask by removing and then quickly replacing the rubber septum under nitrogen.
Then N,N'-dicyclohexylcarbodiimide (DCC) ( 1 mol%, 1.238 mg in 0.05 mL DCM stock solution)
was added to the flask by syringe. After 5 min, the dirhodium catalyst (0.0005 mol% in 0.05 mL
DCM stock solution) was then added to the reaction mixture by syringe. The reaction mixture was

stirred at 60 °C until complete consumption of the diazo compound (by monitoring diazo stretching
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frequency 2098cm ). The absorbance points and relative time at which the dirhodium catalyst was
added, all the way until the end of the data collection period, was set as the diazo decomposition
curve. Upon reaction completion, the solution was concentrated under rotovap and purified by
flash column chromatography (0%, then 0%-5% EtO in Hexanes). The product was obtained as
a colorless oil.

6.5.4 General Procedure for Rh(II)-Catalyzed C—H Functionalization scope exploration and
Characterization of the C—H Functionalization Products

A 20 mL scintillation vial equipped with a stir bar was flame dried under vacuum. After cooling
down, the vail was charged with diazo compounds( 1.0 equiv, 0.20 mmol) and 4A MS (1000%
wt). The vail was then flushed with nitrogen for 3 times and the nitrogen balloon was left on the
septum. Substrates (4.0 mL) were injected to the vial and the mixture was heated to 60 °C and
stirred at 700 rpm for 5 min. DCC( 0.002 mmol, 0.41 mg, 1 mol%) was then injected in 0.05 mL
DCM stock solution by syringe in one portion. After 5 min, the dirhodium catalyst Rha(R-
TPPTTL)4 (0.001 mol%, 0.000002 mmol, 0.00493 mg in 0.05 mL DCM stock solution) was then
added to the reaction mixture by syringe. The reaction mixture was stirred at 60 °C until complete
consumption of the diazo compound (monitored by TLC). Upon reaction completion, the solution
was concentrated under rotovap and purified by flash column chromatography (0%, then 0%-2%
Et;0 in Hexanes).

6.5.5 Characterization of the C—H Functionalization Products

Br

CClg
5.10a
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2,2,2-trichloroethyl (S)-2-(4-bromophenyl)-2-cyclohexylacetate

This compound was prepared according to General procedure 6.5.4 for Rh(Il)-catalyzed C-H
functionalization scope exploration, using cyclohexane (4.0 mL) as the substrate and solvent,
2,2,2-trichloroethyl 2-(4-bromophenyl)-2-diazoacetate (74.5 mg, 0.20 mmol, 1.0 equiv), Rhao(R-
TPPTTL)4 (0.00493 mg in 0.05 mL cyclohexane stock solution, 0.000002 mmol, 0.001 mol%).
After flash chromatography (0%, then 2% Et;0 in hexanes) the product was obtained as a clear
oil (82.5 mg, 96% yield). The 'H NMR data are consistent with literature values.’

'TH NMR (400 MHz, Chloroform-d) & 7.47 — 7.34 (m, 2H), 7.24 — 7.20 (m, 2H), 4.74 (d, J = 12.0
Hz, 1H), 4.61 (d, J =12.0 Hz, 1H), 3.33 (d, J = 10.7 Hz, 1H), 2.03 (qt, J = 11.0, 3.3 Hz, 1H), 1.95
—1.81 (m, 1H), 1.81 — 1.68 (m, 1H), 1.62 (dd, J = 8.7, 3.6 Hz, 2H), 1.43 — 1.21 (m, 2H), 1.21 —
0.94 (m, 3H), 0.75 (qd, J = 12.1, 3.6 Hz, 1H).

Chiral HPLC: (AD-H, 30 min, I mL/min, 0.1 % iPrOH in hexanes, UV 230 nm) tR: Major: 9.0

min, Minor: 15.7 min, 93% ce.

F3C

O
O
CCly
5.10b
2,2,2-trichloroethyl (S)-2-cyclohexyl-2-(4-(trifluoromethyl)phenyl)acetate
This compound was prepared according to General procedure 6.5.4 for Rh(Il)-catalyzed C-H
functionalization scope exploration, using cyclohexane (4.0 mL) as the substrate and solvent,

2,2,2-trichloroethyl 2-diazo-2-(4-(trifluoromethyl)phenyl)acetate (72.3 mg, 0.20 mmol, 1.0

equiv), Rha(R-TPPTTL)4 (0.00493 mg in 0.05 mL cyclohexane stock solution, 0.000002 mmol,
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0.001 mol%). After flash chromatography (0%, then 2% EtO in hexanes) the product was
obtained as a clear oil (81.4 mg, 97% yield).
IR(neat) 2929, 2854, 1749, 1618, 1449, 1421, 1372, 1322, 1121, 1067, 1019, 843, 759, 718, 601,
570 cm!
'H NMR (400 MHz, Chloroform-d) 8 7.70 — 7.53 (m, 2H), 7.49 (d, J = 8.1 Hz, 2H), 4.77 (d, ] =
12.0 Hz, 1H), 4.64 (d, J = 12.0 Hz, 1H), 3.46 (d, ] = 10.6 Hz, 1H), 2.11 (qt, J = 11.0, 3.4 Hz, 1H),
1.96 - 1.82 (m, 1H), 1.77 (dtt, ] =12.5, 3.6, 1.9 Hz, 1H), 1.70 — 1.59 (m, 2H), 1.39 — 1.28 (m, 2H),
1.15 (dddt, J=17.5, 11.0, 9.0, 4.8 Hz, 3H), 0.79 (qd, J = 12.0, 3.5 Hz, 1H).
13C NMR (151 MHz, Chloroform-d) & 171.73, 141.19, 130.42, 130.21, 129.99, 129.78, 129.38,
127.02, 125.77, 125.75, 125.72, 125.70, 125.22, 123.42, 121.62, 94.94, 74.46, 58.74, 41.21, 32.07,
30.52, 26.34, 26.08, 26.03.
F NMR (565 MHz, Chloroform-d) & -62.57.
HR-MS:(-p APCI) calcd for [Ci7H1702**Cl3F3] 415.02517found 415.02518
Chiral HPLC: (AD-H, 30 min, 1 mL/min, 0.1 % iPrOH in hexanes, UV 230 nm) tR: Major: 7.3
min, Minor: 11.7 min, 95 % ee.

FsC

O
°7\
CF3
5.10d
2,2,2-trifluoroethyl (S)-2-cyclohexyl-2-(4-(trifluoromethyl)phenyl)acetate
This compound was prepared according to General procedure 6.5.4 for Rh(Il)-catalyzed C-H
functionalization scope exploration, using cyclohexane (4.0 mL) as the substrate and solvent,

2,2,2-trifluoroethyl 2-diazo-2-(4-(trifluoromethyl)phenyl)acetate (62.4 mg, 0.20 mmol, 1.0 equiv),
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Rho(R-TPPTTL)4 (0.00493 mg in 0.05 mL cyclohexane stock solution, 0.000002 mmol, 0.001
mol%). After flash chromatography (0%, then 2% Et>O in hexanes) the product was obtained as
a white solid (72.3 mg, 98% yield).

MP: 62-64 °C

IR(neat) 2932, 2856, 1753, 1618, 1450, 1421, 1323, 1276, 1123, 1068, 1019, 980, 832, 643, 601,
552 cm-1

'"H NMR (600 MHz, Chloroform-d) 8 7.59 (d, J = 8.0 Hz, 2H), 7.45 (d, J = 8.0 Hz, 2H), 4.55 (dq,
J=12.7,8.4 Hz, 1H), 4.34 (dq, J = 12.6, 8.4 Hz, 1H), 3.42 (d, J = 10.5 Hz, 1H), 2.06 (qt, J = 11.1,
3.3 Hz, 1H), 1.84 — 1.74 (m, 2H), 1.69 — 1.60 (m, 2H), 1.35 — 1.27 (m, 2H), 1.20 — 1.12 (m, 2H),
1.12-1.05 (m, 1H), 0.78 (qd, J = 12.1, 3.6 Hz, 1H).

13C NMR (151 MHz, Chloroform-d) & 171.93, 141.06, 130.49, 130.27, 130.06, 129.84, 129.22,
127.73, 127.01, 125.83, 125.81, 125.79, 125.76, 125.20, 123.99, 123.40, 122.15, 121.60, 120.32,
61.02, 60.77, 60.53, 60.29, 58.36, 41.48, 31.88, 30.52, 26.31, 26.06, 26.02.

19F NMR (565 MHz, Chloroform-d) & -62.65, -73.82.

HR-MS (-p APCI) caled for [Ci7H1702Fs] 367.11382found 367.11377

Chiral HPLC (AD-H, 30 min, 1 mL/min, 0.1 % iPrOH in hexanes, UV 230 nm) tR: Major: 5.4

min, Minor: 6.3 min, 97% ce

5.22

2,2,2-trifluoroethyl (S)-2-(2-chlorophenyl)-2-cyclohexylacetate
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This compound was prepared according to General procedure 6.5.4 for Rh(II)-catalyzed C-H
functionalization scope exploration, using cyclohexane (4.0 mL) as the substrate and solvent,
2,2,2-trifluoroethyl 2-(2-chlorophenyl)-2-diazoacetate (55.7 mg, 0.20 mmol, 1.0 equiv), Rhao(R-
TPPTTL)4 (0.00493 mg in 0.05 mL cyclohexane stock solution, 0.000002 mmol, 0.001 mol%).
After flash chromatography (0%, then 2% Et;O in hexanes) the product was obtained as a clear
oil (52.9 mg, 79% yield).

IR(neat) 2928, 2854, 1752, 1474, 1446, 1406, 1277, 1220, 1133, 1033, 979, 895, 842, 749, 643,
555, 459 cm-1

'H NMR (400 MHz, Chloroform-d) 8 7.54 (dd, J = 7.8, 1.8 Hz, 1H), 7.40 (dd, J = 7.9, 1.5 Hz,
1H), 7.28 (td, J =7.5, 1.5 Hz, 1H), 7.21 (td, J = 7.6, 1.8 Hz, 1H), 4.57 (dq, J = 12.7, 8.4 Hz, 1H),
4.35(dq, J=12.7, 8.5 Hz, 1H), 4.15 (d, J = 10.5 Hz, 1H), 2.07 (qt, J = 11.0, 3.3 Hz, 1H), 1.97 -
1.73 (m, 2H), 1.65 (dq, J = 6.1, 3.9 Hz, 2H), 1.33 (dddd, J = 20.0, 12.7, 6.4, 2.6 Hz, 2H), 1.25 —
1.08 (m, 3H), 1.00 — 0.87 (m, 1H).

13C NMR (151 MHz, Chloroform-d) § 172.06, 135.10, 134.91, 129.84, 129.18, 128.73, 127.40,
125.86, 124.03, 122.19, 120.35, 60.86, 60.62, 60.38, 60.13, 52.91, 41.80, 31.82, 29.88, 26.37,
26.19, 26.15.

1F NMR (565 MHz, Chloroform-d) & -73.54.

HR-MS (+p APCI) caled for [CisH1902**CIF3] 335.10202 found 335.10207

Chiral HPLC: (AD-H, 60 min, 1 mL/min, 0 % iPrOH in hexanes, UV 230 nm) tR: Major: 12.9

min, Minor: 15.2 min, 91% ce
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O,N

°\

523 O °
2,2,2-trifluoroethyl (S)-2-cyclohexyl-2-(4-nitrophenyl)acetate
This compound was prepared according to General procedure 6.5.4 for Rh(Il)-catalyzed C-H
functionalization scope exploration, using cyclohexane (4.0 mL) as the substrate and solvent,
2,2,2-trifluoroethyl 2-diazo-2-(4-nitrophenyl)acetate (57.8 mg, 0.20 mmol, 1.0 equiv), Rhao(R-
TPPTTL)4 (0.00493 mg in 0.05 mL cyclohexane stock solution, 0.000002 mmol, 0.001 mol%).
After flash chromatography (0%, then 2% Et>O in hexanes) the product was obtained as a white
solid (64.5 mg, 93% yield).
MP: 75-77 °C
IR(neat) 2930, 2854, 1751, 1714, 1606, 1522, 1449, 1407, 1345, 1273, 1220, 1164, 1142, 1124,
1060, 1039, 1016, 978, 897, 847, 831, 735, 694, 643, 553, 502, 444 cm’!
'TH NMR (600 MHz, Chloroform-d) & 8.28 — 8.08 (m, 2H), 7.56 — 7.47 (m, 2H), 4.75 — 4.44 (m,
1H), 4.55 (dq, J = 12.7, 8.4 Hz, 1H), 4.37 (dq, J = 12.7, 8.4 Hz, 1H), 3.49 (d, ] = 10.4 Hz, 1H),
2.06 (qt,J=11.1,3.4 Hz, 1H), 1.84 — 1.71 (m, 2H), 1.68 — 1.56 (m, 2H), 1.37 — 1.22 (m, 2H), 1.21
—1.07 (m, 3H), 0.79 (qd, J = 12.0, 3.7 Hz, 1H).
13C NMR (151 MHz, Chloroform-d) & 171.39, 147.68, 144.41, 129.75, 125.74, 123.95, 123.90,
122.06, 120.22, 61.05, 60.80, 60.56, 60.32, 58.23, 41.67, 31.76, 30.48, 26.17, 25.97, 25.92.
F NMR (565 MHz, Chloroform-d) & -73.77.

HR-MS (+p APCI) caled for [CisH19O4NF3] 346.12607found 346.12629
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Chiral HPLC (AD-H, 30 min, 0.5 mL/min, 1 % iPrOH in hexanes, UV 230 nm) tR: Major: 17.9

min, Minor: 19.8 min, 97% ce

O
°7\
520 0

2,2,2-trifluoroethyl (S)-2-cyclohexyl-2-phenylacetate
This compound was prepared according to General procedure 6.5.4 for Rh(II)-catalyzed C-H
functionalization scope exploration, using cyclohexane (4.0 mL) as the substrate and solvent,
2,2,2-trifluoroethyl 2-diazo-2-phenylacetate (48.8 mg, 0.20 mmol, 1.0 equiv), Rh2(R-TPPTTL)4
(0.00493 mg in 0.05 mL cyclohexane stock solution, 0.000002 mmol, 0.001 mol%). After flash
chromatography (0%, then 2% Et20 in hexanes) the product was obtained as a white solid (58.7
mg, 98% yield).
MP: 78-80 °C
IR(neat) 2926, 2853, 1751, 1601, 1497, 1450, 1407, 1276, 1219, 1165, 1141, 1122, 1062, 979,
895, 842, 730, 698, 643, 553, 504 cm’!
'H NMR (400 MHz, Chloroform-d) ) § 7.33 (dddd, J = 14.4, 12.6, 6.9, 1.8 Hz, 5H), 4.77 (d, ] =
12.0 Hz, 1H), 4.62 (d, J = 12.0 Hz, 1H), 3.38 (d, J = 10.7 Hz, 1H), 2.11 (dtd, J = 14.4, 11.6, 11.0,
8.1 Hz, 1H), 1.89 (d, J = 12.7 Hz, 1H), 1.75 (d, J = 13.2 Hz, 1H), 1.64 (d, ] = 4.3 Hz, 2H), 1.44 —
1.28 (m, 2H), 1.22 — 1.05 (m, 3H), 0.94 — 0.64 (m, 1H).
13C NMR (101 MHz, Chloroform-d) & 172.60, 137.05, 128.84, 127.78, 124.56, 121.81, 61.01,
60.65, 60.29, 59.92, 58.60, 41.27, 32.00, 30.56, 29.95, 29.91, 26.44, 26.15, 26.11.

1F NMR (376 MHz, Chloroform-d) & -73.70.
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HR-MS (-p APCI) caled for [CisHi2O2F3] 299.12644 found 299.12632
Chiral HPLC (AD-H, 30 min, 1 mL/min, 0.1 % iPrOH in hexanes, UV 230 nm) tR: Major: 5.3

min, Minor: 5.8 min, 93% ce

CF
5.25 8

2,2,2-trifluoroethyl (S)-2-cyclohexyl-2-(naphthalen-2-yl)acetate

This compound was prepared according to General procedure 6.5.4 for Rh(Il)-catalyzed C-H
functionalization scope exploration, using cyclohexane (4.0 mL) as the substrate and solvent,
2,2,2-trifluoroethyl 2-diazo-2-(naphthalen-2-yl)acetate (58.8 mg, 0.20 mmol, 1.0 equiv), Rhao(R-
TPPTTL)4 (0.00493 mg in 0.05 mL cyclohexane stock solution, 0.000002 mmol, 0.001 mol%).
After flash chromatography (0%, then 2% Et;O in hexanes) the product was obtained as a clear
oil (68.0 mg, 97% yield).

IR(neat) 2930, 2854, 1754, 1474, 1446, 1407, 1278, 1220, 1168, 1148, 1135, 1115, 1041, 980,
750, 660, 555, 460 cm’!

'TH NMR (400 MHz, Chloroform-d) ) 8 7.86 — 7.78 (m, 3H), 7.76 (d, J = 1.8 Hz, 1H), 7.54 — 7.42
(m, 3H), 4.58 (dq, J = 12.7, 8.5 Hz, 1H), 4.30 (dq, ] = 12.7, 8.4 Hz, 1H), 3.51 (d, J = 10.7 Hz, 1H),
2.16 (qt,J=11.1, 3.4 Hz, 1H), 1.89 — 1.74 (m, 2H), 1.69 — 1.58 (m, 2H), 1.34 (ddd, J = 15.9, 9.8,

6.4 Hz, 2H), 1.22 — 1.07 (m, 3H), 0.82 (qd, J = 13.0, 12.1, 9.3 Hz, 1H).
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13C NMR (151 MHz, Chloroform-d) & 172.57, 134.52, 133.58, 133.05, 128.58, 128.07, 128.02,
127.88, 126.47, 126.39, 126.24, 124.10, 122.27, 60.89, 60.65, 60.41, 60.16, 58.70, 41.26, 32.06,
30.65, 29.96, 26.45, 26.17, 26.10.

F NMR (565 MHz, Chloroform-d) & -73.67.

HR-MS:(-p APCI) calcd for [C20H2002F3] 349.14209 found 349.14218

Chiral HPLC: (Whelk, 60 min, 0.25 mL/min, 0 % iPrOH in hexanes, UV 230 nm) tR: Major:

27.8 min, Minor: 24.6 min, 83% e¢

Cl
=N
\
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CF,
5.26

2,2,2-trifluoroethyl (S)-2-(6-chloropyridin-3-yl)-2-cyclohexylacetate

This compound was prepared according to General procedure 6.5.4 for Rh(Il)-catalyzed C-H
functionalization scope exploration, using cyclohexane (4.0 mL) as the substrate and solvent,
2,2,2-trifluoroethyl 2-(6-chloropyridin-3-yl)-2-diazoacetate (55.9 mg, 0.20 mmol, 1.0 equiv),
Rh2(R-TPPTTL)4 (0.00493 mg in 0.05 mL cyclohexane stock solution, 0.000002 mmol, 0.001
mol%). After flash chromatography (0%, then 2% Et>O in hexanes) the product was obtained as
a clear oil (44.6 mg, 66% yield).

IR(neat) 2929, 2854, 1752, 1584, 1564, 1462, 1409, 1391, 1277, 1167, 1143, 1123, 1106, 1023,
980, 834, 774, 742, 645, 555, 522 cm’!

'H NMR (600 MHz, Chloroform-d) ) & 8.29 (d, J = 2.5 Hz, 1H), 7.71 (dd, J = 8.3, 2.5 Hz, 1H),

7.32(d, J=8.3 Hz, 1H), 4.55 (dq, J = 12.7, 8.4 Hz, 1H), 4.37 (dq, J = 12.7, 8.4 Hz, 1H), 3.38 (d,
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J=10.3 Hz, 1H), 2.12 - 1.87 (m, 1H), 1.76 (d, J = 3.5 Hz, 2H), 1.68 — 1.60 (m, 2H), 1.39 — 1.26
(m, 2H), 1.19 — 1.05 (m, 3H), 0.80 (ddt, J = 13.8, 9.8, 5.0 Hz, 1H).

13C NMR (151 MHz, Chloroform-d) & 171.60, 151.17, 150.13, 138.69, 131.74, 125.73, 124.61,
123.90, 122.06, 120.22, 61.13, 60.89, 60.64, 60.40, 55.05,41.51,31.75,30.46, 26.17, 25.98, 25.93.
F NMR (565 MHz, Chloroform-d) & -73.68

HR-MS:(+p APCI) calcd for [CisHisO2N**ClF;] 336.09727found 336.09754

Chiral HPLC: (Whelk, 30 min, 0.5 mL/min, 1% iPrOH in hexanes, UV 230 nm) tR: Major: 24.3

min, Minor: 27.7 min, 94% ce

(0]
°\
527 O

2,2,2-trifluoroethyl (S)-2-(4-(tert-butyl)phenyl)-2-cyclohexylacetate
This compound was prepared according to General procedure 6.5.4 for Rh(Il)-catalyzed C-H
functionalization scope exploration, using cyclohexane (4.0 mL) as the substrate and solvent,
2,2, 2-trifluoroethyl 2-(4-(tert-butyl)phenyl)-2-diazoacetate (60.1 mg, 0.20 mmol, 1.0 equiv),
Rh2(R-TPPTTL)4 (0.00493 mg in 0.05 mL cyclohexane stock solution, 0.000002 mmol, 0.001
mol%). After flash chromatography (0%, then 2% Et,O in hexanes) the product was obtained as
a clear oil (18.2 mg, 25% yield).
IR(neat) 2927, 2854, 2110, 1752, 1507, 1449, 1407, 1365, 1275, 1220, 1164, 1141, 1125, 1113,
1062, 1042, 1019, 979, 838, 826, 771, 716, 646, 565, 452 cm’!
TH NMR (600 MHz, Chloroform-d) & 7.36 (d, J = 8.3 Hz, 2H), 7.34 — 7.15 (m, 2H), 4.59 (dq, J =

12.7, 8.5 Hz, 1H), 4.31 (dq, J = 12.7, 8.5 Hz, 1H), 3.35 (d, ] = 10.6 Hz, 1H), 2.06 (qt,J=11.1, 3.3
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Hz, 1H), 1.86 — 1.71 (m, 2H), 1.71 — 1.61 (m, 2H), 1.46 — 1.38 (m, 1H), 1.36 (d, J = 5.7 Hz, 1H),
1.34 (s, 9H), 1.18 (ddd, J =11.9, 8.8, 2.8 Hz, 2H), 1.15 - 1.03 (m, 1H), 0.79 (qd, J = 12.1, 3.6 Hz,
1H).

13C NMR (151 MHz, Chloroform-d) & 172.78, 150.63, 133.92, 128.41, 125.71, 124.17, 122.33,
60.79, 60.55, 60.31, 60.07, 58.14, 41.30, 34.70, 31.97, 31.56, 30.61, 26.48, 26.16, 26.14.

F NMR (565 MHz, Chloroform-d) & -73.54

HR-MS:(-p APCI) calcd for [C20H260-F3] 355.18904found 355.18949

Chiral HPLC: (Whelk, 60 min, 0.25 mL/min, 0% iPrOH in hexanes, UV 230 nm) tR: Major:

24.3 min, Minor: 27.7 min, 94% ce

CF3
F3C

o)
°\
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2,2,2-trifluoroethyl (S)-2-(3,5-bis(trifluoromethyl)phenyl)-2-cyclohexylacetate
This compound was prepared according to General procedure 6.5.4 for Rh(II)-catalyzed C-H
functionalization scope exploration, using cyclohexane (4.0 mL) as the substrate and solvent,
2,2, 2-trifluoroethyl 2-(3,5-bis(trifluoromethyl)phenyl)-2-diazoacetate (76.0 mg, 0.20 mmol, 1.0
equiv), Rhy(§-2-Cl-5-Br-TPCP)4 (0.00493 mg in 0.05 mL cyclohexane stock solution, 0.000002
mmol, 0.001 mol%). After flash chromatography (0%, then 2% Et,0O in hexanes) the product was
obtained as a clear oil (85.6 mg, 98% yield).

IR(neat) 2934, 2857, 1755, 1451, 1408, 1374, 1274, 1165, 1123, 1062, 1042, 980, 900, 846, 705,

681, 645, 550, 459 cm’!
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'"H NMR (400 MHz, Chloroform-d) & 7.81 (m, 3H), 4.59 (dq, J = 12.6, 8.4 Hz, 1H), 4.36 (dq, J =
12.6, 8.3 Hz, 1H), 3.51 (d, J = 10.4 Hz, 1H), 2.06 (qt, J = 11.1, 3.3 Hz, 1H), 1.80 (tt, ] = 6.7, 3.2
Hz, 2H), 1.74 — 1.59 (m, 2H), 1.43 — 1.26 (m, 2H), 1.26 — 1.04 (m, 3H), 0.91 — 0.74 (m, 1H).

I3C NMR (151 MHz, Chloroform-d) 4 171.30, 139.6, 132.6, 132.4, 132.13, 131.91, 129.10, 129.08,
129.05, 129.03, 126.16, 125.74, 124.35, 123.91, 122.54, 122.07, 122.04, 122.02, 121.99, 121.97,
120.73, 120.23, 61.21, 60.96, 60.72, 60.48, 58.23,41.79, 31.75, 30.57, 26.18, 25.98, 25.92.

'F NMR (565 MHzChloroform-d) & -62.90, -73.83.

HR-MS:(-p APCI) calcd for [CisH1s02F9] 435.10121found 435.10108

Chiral HPLC: (Whelk, 30 min, 0.25 mL/min, 0% iPrOH in hexanes, UV 230 nm) tR: Major:
18.9 min, Minor: 20.4 min, 83% ee

\
0
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methyl (5)-4-(1-cyclohexyl-2-0x0-2-(2,2,2-trifluoroethoxy)ethyl)benzoate

This compound was prepared according to General procedure 6.5.4 for Rh(Il)-catalyzed C-H
functionalization scope exploration, using cyclohexane (4.0 mL) as the substrate and solvent,
methyl 4-(1-diazo-2-o0x0-2-(2,2,2-trifluoroethoxy)ethyl)benzoate (60.4 mg, 0.20 mmol, 1.0
equiv), Rhao(R-TPPTTL)4 (0.00493 mg in 0.05 mL cyclohexane stock solution, 0.000002 mmol,
0.001 mol%). After flash chromatography (0%, then 2% Et,O in hexanes) the product was
obtained as a clear oil (66.0 mg, 92% yield).

IR(neat) 2931, 2853, 1754, 1725, 1611, 1436, 1281, 1168, 1144, 1113, 1021, 980, 745, 550, 491

cm’!
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'"H NMR (600 MHz, Chloroform-d) § 8.07 — 7.93 (m, 2H), 7.46 — 7.33 (m, 2H), 4.54 (dq, J = 12.8,
8.4 Hz, 1H), 4.34 (dq, J = 12.7, 8.4 Hz, 1H), 3.91 (s, 3H), 3.41 (d, J = 10.5 Hz, 1H), 2.10 — 2.02
(m, 1H), 1.82 - 1.73 (m, 2H), 1.67 — 1.59 (m, 2H), 1.34 - 1.27 (m, 2H), 1.18 — 1.07 (m, 3H), 0.77
(qd, J=12.1,3.6 Hz, 1H).

13C NMR (151 MHz, Chloroform-d) & 171.96, 167.04, 142.20, 130.13, 129.77, 128.89, 125.84,
124.00, 122.16, 120.33, 60.97, 60.73, 60.49, 60.24, 58.54, 52.38,41.41,31.92,30.53,26.33, 26.09,
26.03.

F NMR (565 MHz, Chloroform-d) -73.72.

HR-MS:(+p APCI) calcd for [CisH2204F3] 359.14647found 359.14664

Chiral HPLC: (ADH, 60 min, 0.5 mL/min, 0.5 % iPrOH in hexanes, UV 230 nm) tR: Major:

25.5 min, Minor: 33.7 min, 86% ce

F3C

5.30
2,2,2-trifluoroethyl (8)-2-cyclopentyl-2-(4-(trifluoromethyl)phenyl)acetate
This compound was prepared according to General procedure 6.5.4 for Rh(Il)-catalyzed C-H
functionalization scope exploration, using cyclopentane (4.0 mL) as the substrate and solvent,
2,2,2-trifluoroethyl 2-diazo-2-(4-(trifluoromethyl)phenyl)acetate (62.4 mg, 0.20 mmol, 1.0 equiv),
Rh2(R-TPPTTL)4 (0.00493 mg in 0.05 mL cyclopentane stock solution, 0.000002 mmol, 0.001
mol%). After flash chromatography (0%, then 2% Et;O in hexanes) the product was obtained as

a clear oil (68.8 mg, 97% yield).
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IR(neat) 2925, 2855, 1757, 1619, 1455, 1421, 1326, 1285, 1167, 1131, 1069, 1019, 981, 833 cm’
1

'"H NMR (400 MHz, Chloroform-d) & 7.59 (d, J = 8.2 Hz, 2H), 7.47 (d, J = 8.1 Hz, 2H), 4.54 (dq,
J=12.7,8.4 Hz, 1H), 4.36 (dq, ] = 12.7, 8.4 Hz, 1H), 3.46 (d, ] = 11.1 Hz, 1H), 2.58 (dddd, J =
12.7, 8.9, 6.5, 4.5 Hz, 1H), 2.00 — 1.87 (m, 1H), 1.76 — 1.66 (m, 1H), 1.66 — 1.56 (m, 2H), 1.46
(dddd, J=22.9, 10.9, 6.6, 3.7 Hz, 2H), 1.06 — 0.96 (m, 1H), 0.92 — 0.81 (m, 2H).

13C NMR (151 MHz, Chloroform-d) & 171.97, 142.06, 130.25, 130.04, 128.89, 125.88, 125.86,
125.83, 125.81, 125.20, 123.99, 123.39, 122.15, 61.03, 60.79, 60.54, 60.30, 57.37, 43.73, 31.52,
30.99, 25.34, 25.03.
F NMR (565 MHz, Chloroform-d) & -62.57, -73.77.

HR-MS:(-p APCI) calcd for [CisH1502Fs] 353.09817found 353.09863

Chiral HPLC: (ADH, 30 min, 0.5 mL/min, 0 % iPrOH in hexanes, UV 230 nm) tR: Major: 16.3
min, Minor: 19.7 min, 97% ce

FsC

5.31
2,2,2-trifluoroethyl (8)-2-cycloheptyl-2-(4-(trifluoromethyl)phenyl)acetate
This compound was prepared according to General procedure 6.5.4 for Rh(Il)-catalyzed C-H
functionalization scope exploration, using cycloheptane (4.0 mL) as the substrate and solvent,
2,2,2-trifluoroethyl 2-diazo-2-(4-(trifluoromethyl)phenyl)acetate (62.4 mg, 0.20 mmol, 1.0 equiv),

Rh2(R-TPPTTL)4 (0.00493 mg in 0.05 mL cycloheptane stock solution, 0.000002 mmol, 0.001
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mol%). After flash chromatography (0%, then 2% Et>O in hexanes) the product was obtained as
a clear oil (72.0 mg, 94% yield).

IR(neat) 2930, 2857, 1754, 1618, 1421, 1326, 1284, 1166, 1129, 1069, 1019, 979, 831 cm"!

'"H NMR (400 MHz, Chloroform-d) & 7.59 (d, J = 8.1 Hz, 2H), 7.46 (d, J = 8.1 Hz, 2H), 4.53 (dq,
J=12.7, 8.4 Hz, 1H), 4.34 (dq, J = 12.7, 8.4 Hz, 1H), 3.50 (d, J = 10.8 Hz, 1H), 2.30 (ddq, J =
10.8, 9.5, 4.8, 3.8 Hz, 1H), 1.82 — 1.73 (m, 1H), 1.70 (qd, J = 7.0, 4.0 Hz, 1H), 1.65 — 1.55 (m,
2H), 1.51 (d, J = 3.6 Hz, 4H), 1.40 — 1.28 (m, 3H), 1.07 — 0.95 (m, 1H).

13C NMR (151 MHz, Chloroform-d) & 172.11, 141.57, 130.48, 130.26, 130.05, 129.83, 129.29,
127.00, 125.88, 125.85, 125.83, 125.80, 125.20, 124.00, 123.39, 122.16, 121.59, 120.32, 61.03,
60.79, 60.54, 60.30, 58.51, 42.55, 33.13, 31.51, 28.44, 28.34, 26.41, 26.31.

'F NMR (565 MHz, Chloroform-d) -62.65, -73.59.

HR-MS:(-p APCI) calcd for [CisH1s02Fs] 381.12947found 381.12915

Chiral HPLC: (ADH, 30 min, 1 mL/min, 0.1 % iPrOH in hexanes, UV 230 nm) tR: Major: 6.0
min, Minor: 7.4 min, 88% ce

FsC
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5.32
2,2,2-trifluoroethyl (S)-2-cyclooctyl-2-(4-(trifluoromethyl)phenyl)acetate
This compound was prepared according to General procedure 6.5.4 for Rh(Il)-catalyzed C-H
functionalization scope exploration, using cyclooctane (4.0 mL) as the substrate and solvent,

2,2,2-trifluoroethyl 2-diazo-2-(4-(trifluoromethyl)phenyl)acetate (62.4 mg, 0.20 mmol, 1.0 equiv),
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Rho(R-TPPTTL)4 (0.00493 mg in 0.05 mL cyclooctane stock solution, 0.000002 mmol, 0.001
mol%). After flash chromatography (0%, then 2% Et>O in hexanes) the product was obtained as
a clear oil (76.2 mg, 96% yield).

IR(neat) 2923, 2855, 1754, 1618, 1447, 1421, 1324, 1274, 1163, 1124, 1068, 1019, 979, 836, 757,
721, 643, 600 cm’!

'"H NMR (400 MHz, Chloroform-d) & 7.61 (d, J = 8.1 Hz, 2H), 7.49 (d, J = 8.1 Hz, 2H), 4.56 (dq,
J=12.7, 8.4 Hz, 1H), 4.36 (dq, J = 12.7, 8.4 Hz, 1H), 3.52 (d, J = 11.1 Hz, 1H), 2.52 — 2.22 (m,
1H), 1.83 — 1.61 (m, 4H), 1.57 — 1.42 (m, 6H), 1.37 — 1.29 (m, 2H), 1.12 (ddd, J = 15.3, 8.6, 2.1
Hz, 1H), 0.93 — 0.84 (m, 1H).

13C NMR (151 MHz, Chloroform-d) & 172.20, 141.61, 130.27, 130.06, 129.84, 129.31, 125.88,
125.86, 125.83, 125.81, 125.20, 124.00, 123.39, 122.16, 61.04, 60.80, 60.55, 60.31, 58.67, 40.73,
31.11,29.38, 27.08, 26.58, 25.57, 25.19.

'F NMR (565 MHz, Chloroform-d)  -62.50, -73.82.

HR-MS:(-p APCI) calcd for [CioH2102Fs] 395.14512found 395.14476

Chiral HPLC: (ADH, 30 min, 1 mL/min, 0.1% iPrOH in hexanes, UV 230 nm) tR: Major: 6.5
min, Minor: 8.8 min, 92% ce

FsC

5.33

2,2,2-trifluoroethyl (25)-2-((15,3R)-adamantan-1-yl)-2-(4-(trifluoromethyl)phenyl)acetate
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This compound was prepared according to General procedure 6.5.4 for Rh(II)-catalyzed C-H
functionalization scope exploration, using adamantane (272.5 mg, 2.0 mmol, 10 equiv) as the
substratet and CHClz (4.0 mL) as solvent, 2.22-trifluoroethyl 2-diazo-2-(4-
(trifluoromethyl)phenyl)acetate (62.4 mg, 0.20 mmol, 1.0 equiv), Rho(R-TPPTTL)4 (0.00493 mg
in 0.05 mL CHClI; stock solution, 0.000002 mmol, 0.001 mol%). After flash chromatography (0%,
then 2% Et:O in hexanes) the product was obtained as a clear oil (80.1 mg, 95% yield).

IR(neat) 2909, 2851, 1753, 1618, 1423, 1325, 1278, 1166, 1129, 1070, 1020, 975, 847, 657, 604
cm’!

'"H NMR (600 MHz, Chloroform-d) & 7.57 (d, J = 8.1 Hz, 2H), 7.50 (d, J = 8.2 Hz, 2H), 4.59 (dq,
J=12.7,8.5 Hz, 1H), 4.31 (dq, J = 12.7, 8.4 Hz, 1H), 3.46 (s, 1H), 1.98 (p, J = 3.2 Hz, 3H), 1.68
(ddt,J=13.5,11.1,2.7 Hz, 6H), 1.58 (q, J = 2.3 Hz, 3H), 1.52 (dq, ] = 12.3, 2.7 Hz, 3H).

13C NMR (151 MHz, Chloroform-d) & 170.70, 138.15, 130.65, 130.08, 129.86, 125.31, 125.01,
124.98, 124.96, 124.93, 124.10, 123.50, 122.26, 62.64, 60.76, 60.52, 60.28, 60.04, 39.97, 37.06,
36.75, 28.73.

'F NMR (565 MHz, Chloroform-d) d -62.54, -73.47.

HR-MS:(-p APCI) calcd for [C21H2102Fs] 419.14512found 419.14493

Chiral HPLC: (ODH, 30 min, 0.25 mL/min, 0% iPrOH in hexanes, UV 230 nm) tR: Major: 20.1

min, Minor: 23.2 min, 83% ce
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