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Abstract

Rhodium-catalysed intramolecular arylative cyclisations of malonate esters, generating highly
functionalised bicycles has been described. The key step is a known alkenyl-to-aryl 1,4-
rhodium migration. The reaction is considered to proceed through regioselective
carbometallation of the tethered alkyne, followed by alkenyl-to-aryl 1,4-migration and
subsequence intramolecular 1,2-addition to the ester moiety. Discovery and preliminary results
were conducted by Dr. S. Karad. Through the use of a bisphosphine base ligand, good levels

of enantiocontrol were achieved.
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Chapter 1: Introduction

1.1 C-H Bond Activation

Carbon-carbon bonds form the ‘backbone’ of the majority of organic compounds. Therefore,
forming C-C bonds will always be one of the most valuable and fundamental reactions in the
development of synthetic organic chemistry.! Classically, C-C bond formation required the use
of functional groups, such as halides which interact with a metal to form a new C-M bond.
(Scheme 1). These new C-M bonds are further functionalised to form new C-C or C-X (X =
heteroatom) bonds, known as cross-coupling reactions. However, substrates require prior
functionalisation, and with sustainability at the forefront of most research, these reactions are

not environmentally friendly due to the formation of toxic by-product waste.

Classical cross-coupling
@ @ o®
[M]
C-H bond activation
GH ' XO ~
[M]

X =Cl, Br, | etc.

Scheme 1: Classical cross-coupling vs. C-H bond activation.

Among the myriad of synthetic chemical transformations exists the potential to formally use
unactivated C-H bonds (Scheme 1). Such transformations represent novel synthetic
disconnections accessing otherwise challenging compounds in fewer steps saving time,
resources and reducing waste. Therefore, the development of new methods and synthetic
strategies in which C-H bonds can be activated represents one of the most promising areas of

research in the field of synthetic chemistry.?

C-H bonds are abundant within organic compounds. Therefore, activation of these C-H
bonds could potentially eliminate the preparation of complex functionalised starting materials.
Unfortunately, C-H bonds are generally unreactive, non-polar and are so abundant in organic
compounds that regioselectivity issues can arise. These regioselectivity issues can be overcome
by using directing groups which through coordination to a metal catalyst allow for selective C-
H activation. One of the earliest reported examples was described by Murai et al, demonstrating

the ortho-alkylation of aromatic ketone 1, using ruthenium catalysis, (Scheme 2).
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RhH,(CO)(PPh3); (2 mol%)
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toluene, 135°C, 0.2 h Si(OEt),

1 2 375%

Scheme 2: Ortho-alkylation of aromatic ketone 1.

Over the next few decades a wide variety of functional groups have been developed for use as
directing groups in the chemical transformation of C-H bonds.*-" However, the requirement to
incorporate and remove directing groups can be considered a disadvantage, as it often requires
harsh reaction conditions and lengthens reaction sequences. One way to overcome the problems
associated with the use of directing groups is the incorporation of through space metal

migrations.®

1.2 Through Space Metal Migrations

Through space metal migrations are commonly thought to proceed through an initial oxidative
addition forming metallacycle 5, followed by reductive elimination allowing for the relocation
of both the metal and hydrogen atom (Scheme 3). Initial formation of a C-M bond occurs,
followed by a through space interaction between the metal and a nearby C-H bond (4). This
leads to the cleavage of the C-H bond and migration of the metal. Simultaneous to this, the
hydrogen atom that was residing on the carbon atom has migrated in the opposite direction to
the carbon that resided the metal (6). The newly activated C-M bond (6) can undergo further
functionalisation, typically nucleophilic additions.® This process introduces a metal into an
otherwise unactivated C-H bond within the molecule without the requirement of a directing

group.*®

1,4-metal migration

qo oxidative addition {i ¥ reductive elimination {3

' " _—

A M) N SN
SN ~277 M UM

\
4 5 H 6

Scheme 3: Mechanistic understanding of 1,4-metal migrations.

1,4-Migrations are the most common due to the formation of a favoured five membered
metallacycle. Palladium and rhodium are the most common metals to perform such migrations;
however, more recently 1,4-migrations have been observed for more abundant metals such as

iridium,! cobalt,*? nickel 2 and iron.*



One of the first examples of catalytic 1,4-metal migration was reported by Larock,
demonstrating the olefination of unsymmetrical o-iodophenyls (Scheme 4).** Two
regioisomeric Heck products (10 and 11) were observed, which suggested an aryl-to-aryl 1,4-
palladium migration. Observing the expected regioisomer (10) and observing the mixture of
regioisomers (10 and 11) was achieved by modification of the reaction conditions. It was
observed that leaving the reaction to equilibrate prior to the addition of olefin lead to a 1:1

mixture of both regioisomers.

Me Me Me Me Me
O CsPiv (2.0 equiv) O O O CO,Et O
+ T\ Pd(OAc), (5 mol%) 1,4-Pd shift Pdl
_— —_—
' >~ PPhs (10 mol%) Pdl | ¥ | oot
1.0 i
e R T g | OO
L _ 87%
7 8 9 10 (1:1) 1

Scheme 4: 1,4-Palladium migration from o-iodobiaryl 7.

Larock extended this concept to symmetrical alkynes (Scheme 5), which lead to the formation
of the mixture of regioisomers 13 and 14. The mechanism is suggested to involve three aryl-
to-aryl 1,4-palladium migrations (15, 16 and 17), which by trapping the reactive intermediates
could generate 13 and 14. Intermediate 16 generates both regioisomers, while intermediates 15

and 17 generate the single regioisomer 13 and 14 respectively.

OMe OMe OMe
O , Pd(OAc), (5 mol%) O Bh Ph O
, (1-2equiv)  (pp p).CH, (5 mol%)
Ph—=——"Ph - +
CsPiv (2.0 equiv) Ph Ph
DMF, 100 °C
48 h 87%

(51:49)
12 13 14

/via: ™

OMe OMe OMe
O Pdl 1,4-Pd shift O 1,4-Pd shift IPd O
4 T 4

\_ 15 16 17

J

Scheme 5: Proposed intermediates in the formation of 13 and 14.

In comparison to 1,4-metal migrations the number of reported 1,3 or 1,5-migrations is
significantly less well-described due to the formation of an unfavourable metallacycle.'® One
example was reported by Bour and Suffert in 2005 (Scheme 6) who proposed an alkenyl-to-



aryl 1,5-palladium shift followed by Stille coupling to yield 23.1*8 The expected product (22)

was not formed under these reaction conditions.

=\ (1.3 equiv)

SnBuj
OH Pd(PPhg3), (10 mol%)
—_—

CeHg, 90 °C

Scheme 6: Formation of 23 by alkenyl-to-aryl 1,5-palladium migration.

DFT calculations suggested the alkenyl-to-aryl 1,5-palladium shift is a one-step process,
whereby direct hydrogen transfer (20) is achieved from the C1 position (19) to the C5 position
(21). Therefore, it is energetically unfavourable to form a palladium (IV) species for this
migration process. 1,5-metal migrations are thought to not proceed via an oxidative addition

reductive elimination pathway, instead by direct hydrogen transfer.

Metal migrations are typically initiated through the carbometallation of an alkyne via
migratory insertion. This introduces the metal into the molecule affording highly substituted
alkenes (Scheme 7). Most commonly, this migratory insertion is syn-selective forming
alkenylmetal intermediates 24 and 25, which can then be quenched via a proton source, to give
tri-substituted alkenes. Alternatively, the alkenylmetal intermediate can be intercepted with an
external electrophile to give tetra-substituted alkenes. Controlling the initial migratory
insertion when adding across unsymmetrical alkynes forms single regioisomers. In many of
the metal migrations discussed, this initial carbometallation (24 and 25) is followed by a metal

migration and subsequent quenching using an electrophilic source.
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Scheme 7: Addition of organometallics across alkynes.

1.3 1,4-Rhodium(l) Migrations

1,4-Rhodium migrations to alkenyl or aryl carbons are the most common type of metal
migration. The energy barrier required for migration to a sp? carbon is much lower than a

migration to a sp® carbon. Therefore, migrations to alkyl carbons are far less common.

1.3.1 1,4-Rhodium(l) Migrations to sp? Centres

In 2000 Miura reported the very first 1,4-rhodium migration.’® Using 2-norbornene (27),
phenylboronic acid along with the rhodium(l) catalyst was found to promote multiple
alkylations of an aryl ring by several alkyl-to-aryl 1,4-migrations (Scheme 8). This reaction
gave di-substituted product 28, tri-substituted product 29 and the unexpected major tetra-

substituted product 30 in an overall yield of 73%.

-

J\,J\“
PhoP” """ PPh, (2 mol%)

@B(OH)z " B\\I [Rh(cod)Cl], (1 mol%) . R . R "
CsF (2.0 equiv)
toluene R

R R R R

26 27 28 6% 29 14% 30 80%

Scheme 8: ‘Merry-go-around’ alkylation of 26.

The proposed mechanism is described in Scheme 9, initiating with the transmetalation between
the boronic acid and the rhodium catalyst, forming species 31. This species then undergoes
migratory insertion with 2-norbornene (27), followed by cyclorhodation via C-H cleavage to
form intermediate 33. Intermediate 33 then reductively eliminates generating arylrhodium

species 34 having undergone a 1,4-rhodium migration. This process is repeated to form di-

5



substituted (35), tri-substituted (36) and tetra-substituted (37) arylrhodium species.
Termination of the catalytic cycle is thought to proceed through boronic acid induced
protonolysis, regenerating the catalyst. Further alkylation is inhibited, due to steric clash arising
from bulky substituents. The lack of mono-substituted product is due to the extremely fast

initial migratory insertion and reductive elimination.

@ [Rh] [Rh]
B(OH)2 - 5
[Rh]—X ——— >
R
R
HX
R
R R=
30 R

7

37 [Rh] 33

| |
= =

[Rh]

Scheme 9: Proposed mechanism for the formation of 30 by multiple 1,4-migrations.

Building on Miura’s initial alkenyl-to-aryl 1,4-rhodium migration, Hayashi published the
first rhodium-catalysed hydroarylation of alkynes using arylboroxines.?® The reaction is
initiated by syn-selective carbometallation of an alkyne, with subsequent alkenyl-to-aryl 1,4-
migration. When the hydroarylation of alkyne 38 with phenylboroxine was performed using
D20 instead of H20 (Scheme 10), only trace amounts of deuterium incorporation (<2%) were
observed at the alkenyl position. Instead the majority of deuterium incorporation was primarily
observed at the ortho position on the phenyl ring (98%). This indicated an alkenyl-to-aryl 1,4-
metal migration after the initial carbometallation reaction. This is thought to proceed through
an initial oxidative addition forming a rhodium(lll) complex, followed by reductive
elimination. When deuterated phenylboroxine (40) with H>O was reacted with alkyne 38,
deuterium was primarily incorporated into the alkenyl position (>93%). In both deuterated

experiments, protonolysis gives the observed products 39 and 41.



L1 (3 mol%)
— [Rh(acac)(C,Hy),] (3 mol%)

/" —— \_ + (PhBO);

Et Et dioxane/D,0 (10:1)

( 98% D

a
H <2%D {thp/\/\/}jphz}

L1

100 °C, 3 h Et Et
38 3987%
D D
(—7% D

L1 (3 mol%) H

— [Rh(acac)(C,Hy),] (3 mol%) D >93% D

/7 T\ + CgDsB(OH), > D =
Et Et dioxane/H,0 (10:1)

100°C, 3 h Et Et

38 40 41 86%

Scheme 10: Mechanistic studies for 1,4-rhodium migration.

Using an excess of arylboroxine with a large excess of H2O prevents a second addition of
alkyne (Scheme 10), selectively forming the hydrolysed product. Modification of the reaction
conditions using an excess of alkyne and minimising the amount of H.O allows for a second

addition (Scheme 11) to occur forming indene 43.

Et

Et
) L1 (3 mol%) . _Et
(8.0 equiv) [Rh(acac)(CyHy),] (3 mol%) Fh 4
Et—==—Ft + (PhBO)yH,0 (1:1) > B =
dioxane
42 100 °C, 3 h =t Bt ~ e
Et \ Et

43 71% 44 28% 45 41%

Scheme 11: Formation of indene 43 via quenching with a second addition of alkyne.

The formation of indene 43 (Scheme 12) is postulated to proceed by an initial migratory
insertion of the alkyne, followed by alkenyl-to-aryl 1,4-rhodium migration, forming species
47. A second migratory insertion of alkyne 42 forms alkenylrhodium intermediate 48. This is
followed by p-hydride elimination and isomerisation to give indene 43. Hydrolysis before the
second addition of alkyne results in the formation of 44, while the formation of diene 45

suggests the involvement of species 50 by re-entering the catalytic cycle.



(PhBO)3.,B(OH), Et———Ft

[Rh]—Ph

PhBO
( )3 31

Scheme 12: Catalytic cycle for the formation of indene 43.

In 2005 Murakami reported a rhodium-catalysed cyclisation cascade forming bicyclic
ketones (Scheme 13).2! The reaction begins by the transmetalation of NaBPh, with rhodium(l)
followed by migratory insertion of the alkyne. Alkenyl-to-aryl 1,4-rhodium migration occurs
resulting in intermediate 54. Intramolecular nucleophilic 1,2-addition of arylrhodium species
54 onto an ester moiety ensues, generating product 52. The reaction requires anhydrous

conditions otherwise protonolysis of the alkenylmetal species 53 and 54 would occur.

Ph,p” " pph, (2.5 mol%)
R20,C — CO,R? [Rh(cod)Cl], (2.5 mol%)
>< >< + NaBPh, o — CO,R?
R20,C - R CO,R2 (1.2 equiv) toluene, 110 °C, 6 h
RZO C CO R2
P R? R! 2
51 52
via:
H[Rh] 1,4-migration [Rn]
e
Me \—/ Me Me \—/ Me
MeO,C CO,Me MeO,C CO,Me
MeO,C 53 CO,Me MeO,C 54 co,Me
o __ COEt CO,i-Pr CO,Me
CO,Et CO,i-Pr CO,Me
Me  CO,Et Me Me  CO,i-Pr Ph co,Me
52a 70% 52b 63% 52¢ 69%

Scheme 13: Rhodium-catalysed formation of bicyclic ketones.



The reaction scope was modest with only symmetrical alkynes tolerated (Scheme 13). Both
alkyl and aryl groups were tolerated at the a-position (52a and 52c). No variation of the sodium
tetraphenylborate was investigated. However, the reaction did proceed with excellent yields

using various ester groups. An enantioselective variant was not investigated.

In 2010 Hayashi and co-workers reported the synthesis of spirocyclic compounds in
excellent yields and enantioselectivity, via an alkenyl-to-aryl 1,4-rhodium migration (Scheme
14).%22 A similar catalytic cycle to that of Scheme 12 is believed to be generating product 56,
whereby transmetalation with rhodium(l), followed by an alkenyl-to-aryl 1,4-migration and
subsequent nucleophilic attack onto the Michael acceptor, forming the desired product (56).
The substrate evaluation was diverse with five and six membered rings tolerated. Various
substituted sodium tetraphenylborates were tolerated, including meta-substituted (60) and
para-substituted (61). However, electron-withdrawing groups were not tolerated. Aryl,
alkenyl, and alkyl substituents were all tolerated on the alkyne group. In all cases, high

enantiocontrol was observed.

7 Ph
9 Ph L2
[Rh(L2)CI], (5 mol%)
+ BNa
H,0 (2.0 equiv)
4 2
" % THF, 65°C,20 h
Ph
55 Ph

56n =0, 76%, 95% ee
57n=1,73%, 97% ee

58 70%, 97% ee 59 72%, 97% ee 60 71%, 96% ee 61 55%, 91% ee

Scheme 14: Rhodium-catalysed cyclisation of forming spirocyclic compounds.

In 2005, Iwasawa and co-workers utilised a alkenyl-to-aryl 1,4-rhodium migration to
synthesise indanone derivatives (Scheme 15).2% Arylpropargyl alcohol 62 underwent rhodium-

catalysed cyclisation forming bicyclic ketone 63.



TMS
63 80%

OH P(p-toyl); (40 mol%)
[Rh(cod),](BF,) (10 mol%)
% TMP (1.0 equiv)
™S toluene, 90 °C, 3 h
62

Scheme 15: Rhodium-catalysed cyclisation of arylpropargyl alcohol 62.

The proposed catalytic cycle (Scheme 16) for the formation of 63 initially involves
deprotonation of the arylpropargyl alcohol, followed by coordination to the rhodium catalyst,
forming species 64. p-Hydride elimination affords intermediate 65. This hydride species
undergoes hydrometallation onto the alkynyl ketone, followed by an alkenyl-to-aryl 1,4-metal
migration. Arylrhodium species 67 undergoes 1,4-addition onto the ketone, forming rhodium
enolate species 68, which after proton exchange with an additional arylpropargyl alcohol
generates product 63, closing the catalytic cycle. An enantioselective variant was not

@2\

63 0 [Rh(cod),](BF4)

+ Base
~[Rh]
OH
B-H elimination
X [Rh]—H
T™MS

62

investigated.

o—IRN]

\ [Rh]—H

1,4-migration

/

[Rh] 66

Scheme 16: Catalytic cycle for the formation of 63.

Hayashi reported the carbometallation of alkynyl ketone 69 utilising aryl zinc reagents,

generating highly substituted indanones (Scheme 17).2* A planar-chiral ferrocene bisphosphine

10



ligand was employed to govern enantiocontrol. Unfortunately, only modest enantioselectivity
was obtained (54% ee). A similar catalytic cycle to that of Scheme 16 is believed to be
generating product 70. Trapping of the enolate species with an external electrophile generates
indanones with one tertiary and one quaternary chiral centre by forming three new carbon-

carbon bonds.

O i-Pr

(0] L3 (11 mol%) ?
[Rh(C,H,4),Cll, (10 mol%) onp
+ PhzZnCl - > ) Fe s
% (1.5 equiv) DCE, 25°C o
-Bu then H,0
’ n-Bu Ph,P
70 65%, 54% ee
69 (absolute stereochemistry not determined)

Scheme 17: Arylative cyclisation of aryl alkynyl ketones.

Hayashi extended this concept to include p-carbon elimination (Scheme 18).%
Bisphosphine based ligands were required to achieve significant conversion. The proposed
catalytic cycle is initiated by the generation of alkoxorhodium species, which undergoes f-
alkynyl elimination. This is followed by carbometallation of the alkyne and alkenyl-to-aryl 1,4-
migration, generating intermediate 74. 1,4-addition occurs, followed by protonolysis to give
indanone 72. Substrate scope was modest, with electron-donating (72) and electron-
withdrawing (76) substituted aryl bis(alkynyl) carbinols generating products in good vyields.
Cyclohexenyl groups at the alcohol position gave significant conversion (77), involving an

alkenyl-to-alkenyl 1,4-migration rather than an alkenyl-to-aryl 1,4-migration.

L4 (8.8 mol%)
SiMe,(t-Bu) [Rh(OH)(cod)], (8 mol% PPh,
dioxane, 50 °C PPh
2
SiMe,(t-Bu) (t Bu)Me,Si SiMe,(t-Bu)

7271%

via:

o) SiMe,(t-Bu) o) SiMe,(t-Bu)
1,4-migration
= ’ =
X > N
Rh SiMe,(t-Bu H SiMey(t-Bu
Me R 73 2(t-Bu) Me [Rh] 74 2(tBu)

0 o
(tBUMeST  “SNgvie gy (FBUMEST  TSgivio gy ELSI SiEt,

75 87% 76 66% 77 63%

Scheme 18: Formation of 72 by rhodium-catalysed cyclisation.
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In 2007 Murakami reported the asymmetric synthesis of 3,4-dihydrocouramins utilising
cyclobutanones (Scheme 19).26 Using bisphosphine ligand L5, Murakami was able to render

this process enantioselective.

Ph
MeO,C
L5 (8 mol%)
MeO 0] — [Rh(OH)(cod)], (3.5 mol%)

CO,Me  THF, 50°C, 10 h

Scheme 19: Rhodium-catalysed formation of 79 by an alkyl-to-aryl 1,4-migration.

The proposed mechanism is initiated by the formation of rhodium aryloxide 80 (Scheme 20).
Rhodium aryloxide 80 undergoes 1,2-addition to the ketone, forming species 81. p-Carbon
elimination causes the ring opening of the cyclobutane skeleton. This is the
enantiodifferentiating step, whereby there is a selective insertion into one of the two adjacent
C-C bonds of the symmetrical cyclobutane. An alkyl-to-aryl 1,4-rhodium migration occurs,
followed by an intermolecular conjugate addition, generating the highly substituted 3,4-

dihydrocoumarin 79.

Ph

80

o~ [Rh]

S-C Elimination

1,4-migration

Scheme 20: Catalytic cycle for the formation of 79.
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In 2009 Cramer reported the synthesis of indanols from cyclobutanols via selective -
carbon elimination (Scheme 21).2” A range of substituted aryl tertiary cyclobutanols were
tolerated (85a and 85b) in excellent yields and enantioselectivity. Substrates that contained
alkyl groups (85c) were tolerated as well as sterically hindered alkyl groups (85d). When all
substituents on the cyclobutanol skeleton are different, two stereocentres are formed.
Selectivity is maintained when alkyl groups are incorporated and heteroaromatic ring systems

generated indanols in modest to high diastereoselectivities.

HO

A on L6 (6 mol%) N
r [Rh(OH)(cod)], (2.5 mol%) @é"
- 1
R:Z C £R1 toluene 110 °C, 5 h ArP Fe [TP(EBU), Ar= 5_@0':3
“, CiS\Me
84 Me R2 Q L6
85
OMe
HO ©/ HO c HO  .iPr HO \\\WPh
Me //Me Me //Me Me //Me Me //Me
85a 88%, 94% ee 85b 98%, 94% ee 85¢c 88%, 91% ee 85d 75%, 91% ee
HC, s\\\nBu HC, o\\Et HO, s\\\nBu
i /]
4 Z~ S 4
Mo Et Ma Ph Ma Et
85e 95%, 99% ee 85f 74%, 96% ee 85g 90%, 99% ee
20:1 dr 10:1 d.r 3:1dr

Scheme 21: Rhodium-catalysed cyclisation of cyclobutanols.

Matsuda reported the synthesis of spirocycles via a double alkyl-to-aryl 1,4-rhodium
migration domino cascade which utilises g-carbon elimination from cyclobutanes (Scheme
22).28 During the rhodium-catalysed spirocyclisation of 86, generation of product 87 involves
two 1,4-additions, two g-eliminations, two alkyl-to-aryl 1,4-migrations and a 1,2-addition. To
avoid unwanted S-hydride product, there must be no hydrogen atom at the 3-position in the

cyclobutane skeleton.

CO,Me

[Rh(cod)Cl], (5 mol%) Me

+ NaBPh, >
(1.0 equiv) toluene, 110 °C, 2 h

Me Ph
86

Scheme 22: Rhodium-catalysed arylative spirocyclisation of 86.
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The proposed catalytic cycle (Scheme 23) is initiated by the transmetalation of sodium
tetraphenylborate with rhodium(l) generating arylrhodium species 31. Arylrhodium species 31
undergoes 1,4-addition onto 86 forming intermediate 88. -Carbon elimination occurs, opening
the strained cyclobutane ring, generating a,f3-unsaturated ester 89. Subsequence alkyl-to-aryl
1,4-migration occurs, followed by another 1,4-addition to generate indane 91. Successive alkyl-
to-aryl 1,4-migration followed by 1,2-addition with the ester moiety, generates 93. Finally, -
oxygen elimination occurs forming spirocycle 87, regenerating the rhodium catalyst which can

then re-enter the catalytic cycle.

[Rh]—Cl
O,Me

C
NaBPh,
N
Me aOMe + BPh3 86
Me NaCl + BPhg
o
87

Me Ph

Me O

Me Q 93 % ’ oMe
Lo XA
O/[Rh]
B-C elimination

[Rh]—Ph
31

B-O elimination

1,4-migration

Scheme 23: Proposed catalytic cyclic for the formation of 87.

Intermediate 88 can undergo either p-carbon elimination or alkyl-to-aryl 1,4-migration.
Selectivity towards p-carbon elimination occurs due to a potential reduction in ring strain.
During the second alkyl-to-aryl 1,4-migration generating 92, the rhodium has a choice to
migrate between two distinct aryl environments. Selective migration towards the phenyl ring

occurs due to increased steric hinderance surrounding the indane ring system. The reaction
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sequence is highly selective and is a unique example incorporating two alkyl-to-aryl 1,4-

rhodium migrations.

1.3.2 1,4-Rhodium(I) Migrations to sp® Centres

1,4-Rhodium migrations to sp® centres are not well-described in comparison to sp? migrations.
The formation of an alkylrhodium species is less favoured compared to an aryl or vinylrhodium
species, most likely due to the energy difference between the intermediates. Recently, this type
of migration has been explored more thoroughly and could provide a new route to synthetically

challenging molecules.?

In 2014 the Lam group reported the rhodium-catalysed allylation of cyclic imines via a
novel allyl-to-allyl 1,4-rhodium migration (Scheme 24).%° Interestingly, the reverse prenylation
product (98) was the minor component, with the major component (97) being formed with
excellent diastereoselectivity (95:5). Nearly identical results were obtained for both isomers of

prenyltrifluoroborate (95 and 96).

MeY\/ BF3K

0 Me 0 o)
SN . MeOH (5.0 equiv) SN/ SN/
S\lN (1-5965‘1“”) [Rh(OH)(cod)], (1.5 mol%) S~NH Me ~NH
+ +
or THF, 55 °C, 15 h
s ’ - \
Me Me Me
94 Me Me 97 98
(1.5 equiv) 95:5d.r
96 Total yield using 95: 70% (74:26)

Total yield using 96: 74% (75:25)

Scheme 24: Rhodium-catalysed allylation of 94.

The catalytic cycle (Scheme 25) is initiated by the transmetalation of trifluoroborates (95 or
96) with rhodium(l), forming species 99. Due to the unreactive nature of cyclic imine 94, direct
allylation without involving metal migration is disfavoured. Alternatively, an allyl-to-allyl 1,4-
migration can occur, followed by nucleophilic allylation of 94, forming the less sterically
hindered product 97.
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Me BF,K
Y\/ 100

Me Ve
95 _ [Rh(OH)(cod)l, \(\ 1,4-migration %
ol ‘7
' T weon [Rh]

[Rh]

_ BF,K
Mé Me \\// \\//
96 slower faster
Me
\\// \\//
S~ NH S~ NH Me

W .

Me Me =
Me Me Me

98 97

Scheme 25: Proposed isomerisation of allylrhodium intermediates.

In 2017 the Lam group reported a novel alkenyl-to-allyl 1,4-rhodium migration to generate
bicylces in high diastereoselectivities (Scheme 26).3! Reacting enynone 101 with pinacol
borate 102 generated the major diastereoisomer bicycle 103 in 73% yield. 3,5-Disubstituted

pinacol borates were required to prevent alkenyl-to-aryl 1,4-rhodium migration.

Me
o
M Me
Q ° Me Ve Me KsPO, (0.3 equiv) O
A _ + [Rh(cod)Cl], (1.5 mol%) Me .‘ Me
Me
¢ TBME/t-BUCN/MeOH (10:1.2:1)
101 B(pin) 65°C, 16 h OH
(1.3 equiv) Me
102 103 73% (94:6) 104 4%

Scheme 26: Arylative intramolecular allylation of 101.

The proposed catalytic (Scheme 27) cycle is initiated with the transmetalation of the pinacol
borate with rhodium methoxide, forming species 106. Migratory insertion of the alkyne in a
syn-selective fashion affords intermediate 107. Alkenyl-to-aryl 1,4-migration occurs, followed
by 1,2-addition onto a ketone, generating 109. Methanolysis affords bicycle 110, regenerating
the rhodium alkoxide catalyst.
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Ar 0.5 [Rh(cod)Cl],

K3PO,
110 ©OH MeOH
/\Me ArB(pin)
[Rh]—OMe MeOB(pin)
105
MeOH
Rh]—A
[ 1]06 r &\/\
O Me
Ar
109
(¢]
7~
[Rh] /\Me

1,4-migration

Scheme 27: Catalytic cycle for the formation of 110.

Mechanistic studies were performed by subjecting hexadeuterated 1,3-enyne 111 and pinacol
borate 102 to the reaction conditions, generating bicycle 112 with a greater than 95%
incorporation of deuterium at the akene position on the cyclohexene ring (Scheme 28). This

suggests an alkenyl-to-allyl 1,4-migration which is consistent with the proposed catalytic cycle.

Me
O Me
0. Me Db Me Me  K3PO, (0.3 equiv)
3 [Rh(cod)CI], (1.5 mol%) Me
D . I
CDs TBME/t-BuCN/MeOH (10:1.2: 1
o >95 D
. 65 °C, 16 h OH:
11 B(pin)
(13 equiv) >95 D Y\CD3 95D
102 D.o5D
112 78% NMR Yield
94:6 d.r

Scheme 28: Mechanistic study supporting the alkenyl-to-aryl 1,4-migration.

Enantioselectivity could be induced by employing the chiral sulfur-olefin L7 (Scheme 29). The

major diastereoisomer (113) was generated with 91% ee, while the minor diastereoisomer (114)

with 88% ee.
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/S\\

HN O

W -
MeO L7 (5 mol%) o)

Q. Me Me Me Me K5PO, (0.3 equiv)
A _ + [Rh(cod)Cl], (2.5 mol%) Me
> +
o) Me TBME/t-BuCN/MeOH (10:1.2:1) B
101 B(pin) 65°C, 16 h H:Z
(1.3 equiv) e

102 113 61%, 91% ee (80:20) 114 11%, 88% ee

Scheme 29: Enantioselective variant of the arylative intramolecular allylation of 101.

In 2017, the Lam group utilised an alkenyl-to-aryl 1,4-migration in a three-component
coupling reaction between arylboronic acids, 1,3-enynes and cyclic imines (Scheme 30).32 The

reaction was rendered enantioselective using chiral diene L8.

o lNe) O O
\// \Y
s CO,Me _S.
N L8 (5 mol%) NH
I Me [Rh(CH4),Cll (2.5 mol%) Ph
H o+ Z +  PhB(OH), —> X
A . t-AmylOH (1.5 equiv) H
Me ph  (1.5equiv) . 5 Ph
KF (1.5 equiv) /\Me
15 (1.2 equiv) ZnCl, (1.0 equiv)
116 THF, 65°C, 16 h 117 69%, 99% ee
d.r>19:1

Scheme 30: Three-component coupling of 115.

1.4 1,4-Rhodium(I11) Migrations

In 2013 Ishii and co-workers described the first 1,4-rhodium(lll) migration using a
stoichiometric rhodium catalyst.®® Then in 2014 the Lam group reported the first catalytic
alkyl-to-alkenyl 1,4-rhodium (111) migration.** An unexpected mode of oxidative annulation
was reported using 1,3-enynes which acted as one carbon annulation partners (Scheme 31),
resulting in the formation of benzopyran 120 as the major product. For good selectivity towards
benzopyran 120, an electron-withdrawing group must be present on the aryl ring of
cyclohexanone 118. If electron-donating groups are present, the major product is the formation

of spiroindene 119, which occurs via reductive elimination.
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MeO,S

© Me Cu(OAc), (2.1 equiv)
. =z S [(CP*RNCIz}z] (2.5 mol%)
O Me Ph AcOH (0.1 equiv)
MeO,S OH (1.1 equiv) dioxane, 60 °C, 5 h

118 116 Ph

119 <5%

Scheme 31: Oxidative annulation of using 1,3-enynes.

Active catalyst 121 is formed by reacting Cu(OAc), with [{RhCp”Cl}.]. Cyclorhodation of 122
occurs, followed by migratory insertion of the 1,3-enyne, forming intermediate 124. Reductive
elimination from intermediate 124 generates spiroindene 125. However, an alternative pathway
involves the reversible protonolysis of 124 to produce alkenylrhodium species 126. Alkyl-to-
alkenyl 1,4-rhodium (111) migration occurs, followed by o-n isomerisation. Nucleophilic attack
by the enol oxygen forms benzopyran 129, resulting in the formation of rhodium(l) catalyst
130. This is then reoxidised to rhodium(l11) by Cu(OAc)..

0.5 [{RhCp*Cl,},]

O
Cu(OAc), ‘
2 CuOAc CuCl, O OH

Cu(OAc), Cp*Rh(OAc),
121

Cp*Rh'
130

| Me
123 ¢ = N

Ph

Scheme 32: Proposed catalytic cycle for the formation of 129.
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In 2016 the Lam group extended this concept to incorporate N-acetylbenzamides with 1,3-

dienes (Scheme 33).%° This was the first example of allyl-to-allyl 1,4-rhodium(111) migration.

(¢}
o) Me Cu(OAc), (2.1 equiv)
/\/\ [{RhCp’Cly},] (2.5 mol%) NHAG Ph
NHAc + == Ph
(2.0 equiv) DMA, 70 °C, 15 h A
132
h 133 69%

Scheme 33: Oxidative allylation of N-acetylbenzamide 131.

In 2018, the Lam group reported oxidative annulations of 2-phenylphenols using 1,3-enynes
via a alkyl-to-alkenyl 1,4-rhodium(111) migration (Scheme 34).2® The substrate scope was
diverse with aliphatic substitution at the alkyne (136a) generating product in good yield.
Various substituted 2-arylphenols were tolerated, including para-substituted (136d) and meta-
substituted, incorporating both electron-donating and electron-withdrawing groups.

Cyclohexene substitution cis to the alkyne (136c) also gave significant conversion.

R2 Cu(OAc), (2.1 equiv)
*| 0,
. = % 1 [{Cp*RNCly},] (3.0 mol/o)=
R3 R K,COj3 (3.0 equiv)
OH (1.1 equiv) dioxane, 120 °C, 20 h
134 135

136a 77% 136b 41% 136¢ 79% 136d 70%

Scheme 34: Oxidative annulation of 2-phenylphenol 134.

1.5 1,4-Iridium(l) Migrations

The Lam group reported the first iridium(l) migration using cyclic alkynones, forming fused
polycyclic structures (Scheme 35).1! Preliminary results using rhodium catalysis gave modest
yields; however, utilising an iridium catalyst formed product 138 in a 72% yield. Side product
139 results from a 2:1 adduct of 137 and the boronic acid, arising from the carbometallation of

the alkyne with the opposite regioselectivity to that of 138.
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Ph Ph
Me O
O Me KF (1.5 equiv) Q Me P q e
[ir(cod)Cl,] (1.5 mol%) 0 Me Ph
AN +  PhB(OH), : .
Ph (1.5 equiv) t-BuOH (1.5 equiv) P
[e) toluene, 65 °C, 16 h OH OH
137 o

138 72% 139 27%

Scheme 35: Iridium catalysed cyclisation of alkynone 137.

The proposed catalytic cycle is initiated by the transmetalation of the boronic acid with iridium
alkoxide (140). This iridium complex (141) undergoes migratory insertion reaction to give
species 142, which is followed by an alkenyl-to-aryl 1,4-migration. The resulting intermediate
(143) undergoes 1,2-additon with one of the ketones, followed by protonation to give the fused
polycyclic structure 138.

vie “ cod)ClI
0.5 2

KF, t-BuOH

PhB(OH),

138 [Ir]—OtBu
140
y o)
[I—Ph Me
141 A
Ph Ph
O Me o

137

Scheme 36: Proposed catalytic cycle for the formation of 138.

1.6 1,4-Cobalt Migrations

The first 1,4-cobalt migration was reported by Yoshikai in 2012 (Scheme 37).1? In an analogous
process reported by Hayashi arylzinc reagents underwent migratory insertion reactions with
alkynes, forming ortho-alkenylarylcobalt species 147.2° Further transmetalation with arylzinc

reagents followed by quenching with an external electrophile afforded product 150.
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MeO MeO

MeOQ
nBu [CoCl,] (5 mol%) . .
H -
Xantphos (5 mol%) 1,4-migration [Co]
| > [Co] —> o
THF, 60 °C, 12 h _ o
ZnX nBu By B - .
(1.1 equiv)
145 146 147 148
MeO
ZnX
MeO MeO
(0]

PhCOCI (0.9 equiv)
CUCN.2LICI (20 mol%) ZnX

-20°Cthen0°C,4h

150 76% 149

Scheme 37: Alkyne insertion using arylzinc reagents.

The reaction sequence begins with the transmetalation of the arylzinc reagent with the cobalt
catalyst, followed by carbometallation of the alkyne to produce alkenylmetal species 147. This
species then undergoes an alkenyl-to-aryl 1,4-cobalt migration, forming species 148, followed
by subsequent cobalt-zinc transmetalation (149). An external electrophile then quenches the

reaction generating product 150.

In 2016 Yoshikai extended this concept to symmetrical alkynes, incorporating an alkenyl-
to-aryl 1,4-cobalt migration, generating bicyclic ketone 152 (Scheme 38).%'

Zn — L9 (10 mol%)
R20,C. < ) jCOZRZ CoCl, (10 mol%) . CO,R?
+ — 2
R20,c" R! R1 'CO,R? THF, 60°C, 24 h COR

Ph,P  PPh

R! 2 R! 2 2
1517 2 51 COR
152

OSiMe,t-Bu
CO,Et CO,Et CO,Me
CO,Et CO,Et CO,Me
Et CO,Et Et CO,Et Me co,Me Et
152a 75% 152b 73% 152¢ 75%

Scheme 38: Arylative cyclisation of 51 via akenyl-to-aryl 1,4-cobalt migration.

The substrate scope evaluated (Scheme 38) was modest with both electron-donating (152a)

and electron-withdrawing (152b) arylzinc species tolerated. However, only alkyl substituents
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were tolerated at the a-position and practically no variation of the ester moiety was
investigated. An enantioselective variant was reported using bisphosphine L10 (Scheme 39).

Modest enantioselectivity was observed, with 155 isolated in 42% yield.

MeO

Zn — L10 (10 mol%) O
Et020>(—><_COZEt CoCl, (10 mol%) . COLEt
+ _—— —
MeO Et0,¢7 et £’ \Co,Et THF, 60°C, 24h CO,Et
e
Et Et
153 72 154 CO,Et

155 42%, 50% ee
OMe (absolute configuration not determined)

Me
OMe
MeO PAr, Ar =
MeO PAr,

O Ky Me

OMe

L10

Scheme 39: Enantioselective arylative cyclisation of 154.

Modification of the solvent and ligand allowed for the arylative cyclisation of homopropargyl
diketones (Scheme 40). Cobalt-catalysed carbometallation of tethered unsymmetrical alkynes
occurs with regioselective arylation generating product 158 in modest yield. These
homopropargy! diketones did not undergo arylative cyclisation using rhodium or iridium

catalyst systems.

Zn [0} 0} L9 (10 mol%) H
CoCl, (10 mol%)

O

\“
+ Ph Ph Tioluene, 60 °C, 12 Ph \ oh
— Me S
2 Ph - Me O
156 157 PH

158 61%
11:1 dor

Scheme 40: Arylative cyclisation of homopropargyl diketone 157 via 1,4-cobalt migration.
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1.7 Summary on Remote C-H Activation

In summary, remote C-H activation is a prevailing instrument for synthetic organic chemists.
1,4-Metal migrations, most ubiquitous are palladium and rhodium, enable the remote
functionalisation of C-H bonds. 1,4-Metal migrations allow for the generation of molecular

complexity without prior functionalisation of starting materials.

1,4-Metal migrations to sp? centres are well described. However, developing new
methodologies can further our understanding of 1,4-metal migrations, generating products that
would have otherwise been difficult to synthesise. As highlighted, there are limited examples
of enantioselective intramolecular rhodium-catalysed cyclisation reactions involving a 1,4-
metal migration, with the work done by Hayashi being the most prevalent. Developing
methodologies that explore this area could provide access to novel highly functionalised

products.
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Chapter 2: Results and Discussion

2.1 Aims and Objectives

Intramolecular arylative cyclisations of symmetrical alkynes involving alkenyl-to-aryl 1,4-
migrations have been previously reported by Murakami (Scheme 13).% Yoshikai extended this
concept using cobalt-catalysed cyclisations, forming bicycles of greater complexity (Scheme
38).%7

Incorporating these two ideas, the aim of this work was to demonstrate the intramolecular
arylative cyclisations of unsymmetrical alkynes, generating greater complexity than previously
reported (Scheme 41). We propose an initial regioselective carbometalation of malonate esters
159, followed by alkenyl-to-aryl 1,4-metal migration, forming nucleophilic arylrhodium
species 162. Cyclisation onto one of the malonate ester moieties would form complex bicycles
(160). Trifluoroethanol esters were chosen due to their increased electrophilicity, increasing

the rate of nucleophilic addition.

[Rh] cat. Me
ArB( OH CO,CH,CF;
CF3;CH,0 OCHZCF3
—_—
= |
159
J carbometallation nucleophilic addition
o} 0}
1,4-migration
_—
CF3CH,0 OCH,CF3 CFsCH,0 OCH20F3
Me
Ph /
[Rh] H H [Rh]

161

Scheme 41: Reaction principle.
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2.2 Reaction Optimisation

As previously discussed, the Lam group published the first 1,4-iridium(l) migration, which
involves regioselective carbometalation of an alkyne, followed by alkenyl-to-aryl 1,4-metal
migration (Scheme 42).1' Due to the similarities in the reactivity, Dr. S. Karad subjected
substrate 159 to the same conditions, using [Rh(cod)Cl]. as a catalyst. Pleasingly, he observed
the formation of 160 in 31% yield. However, formation of regioisomeric hydroarylation side-

products 163a and 163b as an inseparable mixture was observed as the major component.

) o o
Me
CO,CH,CF; CF,CH,0 OCH,CF,4
(6] (0] R Me
/ Ph
KF (1.5 equiv)
CF3CH,0 OCH2CF3 [Rh(cod)Cll, (5 mol%) Ph Ph
Me > 160 31%

ph—"— £BUOH (1.5 equiv) ° o o 163a

159 toluene, 70 °C

+ 20h CF4CH,0 OCH,CF,
PhB(OH), (1.5 equiv) Me
Ph % (163a + 163b) 52%
o 1630 163a:163b = 2.5:1

Scheme 42: Preliminary results using malonate 159 on 0.2 mmol scale. Yields determined by *H
NMR spectroscopy using 3-bromotoluene as the internal standard. Reaction performed by Dr. S.
Karad.

Regioisomeric side-product 167 is thought to arise from the regioselective carbometalation of
the tethered alkyne followed by protonolysis, preventing intramolecular cyclisation (Scheme
43). Regioisomeric side-product 168 arises from the opposite regioselective carbometalation

of the tethered alkyne followed by protonolysis.

Rh [Rh]
[Rh] cat. [Rn]
Cvon e e AT
C carbometalation Ph Ph
£ 164 E £
165 166
E = tethered electrophile . )
protonolysis protonolysis
Ph Ph
( Ph ( Ph
E E
167 168

Scheme 43: Formation of 167 and 168.
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To optimise yields, the screening of solvent systems was explored (Table 1). Comparing
preliminary results (entry 1), xylene (entry 2) gave 160 in 22% yield, while the use of 4A
molecular sieves (entry 3) had no effect on the reaction. Pleasingly, using 1,4-dioxane (entry
4) gave the desired product 160 in 44% vyield, with reduction in the formation of side-products
163a and 163b. Using a protic solvent (entry 7) gave significant formation of side-product
163a. 2-MeTHF/MeCN (2.5:1) (entry 6) gave modest yield with low formation of side
products. THF (entry 5) shut down reactivity altogether. Therefore, 1,4-dioxane was chosen as

the solvent.
Table 1: Solvent screening.

(o] O
CF4CH,0 OCH,CF,4

Me

i KF (1.5 equiv) i Me / Fh 163
CFWOC%CFB [Rh(cod)Cll, (qs mol%) CO,CH,CFy + N :
— Me R +

Ph"" 59 écifn'? (t;'ri:qzut;vri e 90
+ Ph CF3CH,0 OCH,CF,

PhB(OH), (1.5 equiv) Me

160
Ph / 163b
Ph
Entry Solvent Temperature (°C) Yield (%)
160 163a 163b

1 toluene 70 31 37 15
2 xylene 100 22 24 9
3 xyleneld 100 22 22 13
4 1,4-dioxane 70 44 22 13
5 THF 60 9 0 0
6 2-MeTHF/MeCN (2.5:1) 60 31 4 9
7 TFE 90 11 49 33

Reactions employed 0.05 mmol of 159. Yields determined by *H NMR spectroscopy using
1,4-dimethoxybenzene as the internal standard. [a] 44 Molecular sieves (20 mg).

Screening of bases and additives was then explored (Table 2). Bases such as Cs,CO3 and
EtsN (entries 3 and 4) proved ineffective, decreasing the yield of 160 to 23% and 28%
respectively. Using t-AmylOH resulted in a slight increase in the formation of 160. Increasing
the equivalents of boronic acid (entry 5) had minimal effect on the reaction. i-PrOH (entry 1)
gave poor formation of 160. Therefore, t-AmylOH and KF were chosen as they offered the

greatest yield.
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Table 2: Base and additive screening.

o o
CF3CH,0 OCH,CF,
o I6) Me
base (1.5 equiv) i Me / Fh 163a
CF3CH,0 OCH2CF3. (Rh(cod)Cl], (5 mol%) CO,CH,CF, + Fh
— Me — —> +
PR 45 Tadioxans, 70 °C o 0
+ 2on Ph CF4CH,0 OCH,CF4
PhB(OH), (X equiv) 160 Me
Ph / 163b
Ph
Entry Base Additive (X equiv) Yield (%)
160 163a 163b
1 KF i-PrOH® 15 23 0 9
2 KF t-AmylOH 15 46 19 13
3 Et:N t-AmylOH 15 23 22 9
4 Cs,CO;  t-AmylOH 15 28 0 5
5 KF t-AmylOH 2 40 19 13

Reactions employed 0.05 mmol of 159. Yields determined by *H NMR
spectroscopy using 3-bromotoluene as the internal standard. [a] (5.0 equiv).

Co-solvent systems were then investigated (Table 3). Using 1,4-dioxane/H20 (9:1) (entry
1) resulted in a minor increase in the formation of 160 to 47% yield. Pleasingly, removing the
additive gave identical results (entry 2), as H20 can act as the proton source instead of t-
AmylOH. Modifying the ratio of 1,4-dioxane to H>O (entries 3 and 4) reduced the formation
of product 160. As expected, increasing the ratio of H.O increased the formation of
regioisomeric side-products 163a and 163b. Therefore, for the remainder of our studies 1,4-
dioxane/H20 (9:1) was selected as the solvent system.
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Table 3: Co-solvent screening.

[¢] (0]
CF4CH,0 OCH,CF,4
Me
I KF (1.5 equiv) i Me / Fh 1
CFMOCWC% [Rh(cod)Cll, (q5 mol%) CO,CH,CF, + N 632
_— Me — - +
= e e o o
20h
+ Ph CF4CH,0 OCH,CF,4
PhB(OH), (1.5 equiv) Me
160
Ph / 163b
Ph
Entry Solvent Additive Yield (%)
160 163a 163b
1 1,4-dioxane/H,0O (9:1)  t-AmylOH 47 13 13
2 1,4-dioxane/H,0 (9:1) none 47 13 13
3 1,4-dioxane/H,0 (10:1) none 37 9 9
4 1,4-dioxane/H,0 (4:1) none 39 22 9

Reactions employed 0.05 mmol of 159. Yields determined by *H NMR spectroscopy
using 1,4-dimethoxybenzene as the internal standard.

Initial substrate scope was explored with variations at the a-position and ester moiety
(Table 4). Alkyl and aryl substituents at the a-position were tolerated. Bulkier, less electrophilic
esters (170d) gave good conversion at 44% yield. Bicycle 170a gave the best reactivity at 58%
yield. Therefore, this substrate was utilised for further reaction optimisation.

Table 4: Substrate screening.

o o o
KF (1.5 equiv) R
2 2
R0 1 OR® [Rh(cod)Cll, (5 mol%) CO,R?
ph—" 1,4-dioxane/H,0 (9:1)
169 70 °C, 20 h
+
Ph
PhB(OH), (1.5 equiv) 170
o) 0 o) o}
OBn Me Ph Me
CO,CH,CF5 CO,CH,CF, CO,CH,CF3 CO,Ph
Ph Ph Ph Ph
170a 58% 170b 50% 170c 46% 170d 44%P]

Reactions employed 0.05 mmol of 169. Yields determined by *H NMR spectroscopy using
3-bromotoluene as the internal standard. [a] Substrate prepared by Dr. S. Karad.

A final solvent screening was conducted (Table 5). Interestingly, the highest yield of 37%

was achieved using MeOH and DMA (entries 1 and 5). Various protic solvents (entries 2 and
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3) gave poor reactivity. Using DMF (entry 4) generated product 170a in 25% vyield. All co-
solvent systems examined (entries 7, 8, 10 and 11) resulted in a decrease in the formation of
170a. CHCIs (entry 6) proved ineffective, increasing the formation of regioisomeric side-
products 172a and 172b to 67%. EtOAc (entry 9) was detrimental for reactivity. In conclusion,
deviations from the original solvent systems proved detrimental to the yield. Therefore, 1,4-

dioxane/H20 (9:1) (entry 12) was chosen as the solvent system.

Table 5: Additional solvent screening.

[¢] (0]
CF4CH,0 OCH,CF,4
o I6) OBn
KF (1.5 equiv) i OBn / Fh 172a
CF3CH,0 OCHCFs [Rh(cod)Cl], (5 mol%) CO,CH,CF; + PP
Ph ; - OBn solvent, temp, 20 h o * o
+ Ph CF4CH,0 OCH,CF;
PhB(OH), (1.5 equiv) OBn
170a
Ph / 172b
Ph
Entry Solvent Temperature (°C) Yield (%)
170a 172a 172b
1 MeOH 60 37 11 11
2 EtOH 70 25 0 5
3 i-PrOH 70 16 0 0
4 DMFEI 80 25 0 9
5 DMAM 80 37 5 12
6 CHCI® 60 30 35 32
7 1,4-dioxane/MeOH (9:1) 60 0 0 0
8 THF/H20 (9:1) 60 30 14 17
9 Ethyl acetatel® 70 7 23 18
10 1,4-dioxane/MeCN(2:3) 70 28 5 7
11 toluene/H,0 (9:1) 70 7 33 23
12 1,4-dioxane/H.0 (9:1) 70 56 11 11

Reactions employed 0.05 mmol of 171. Yields determined by *H NMR spectroscopy using
3-bromotoluene as the internal standard. [a] t-AmylOH (1.5 equiv) added.

Investigation into the catalyst loading was conducted (Table 6). However, the catalyst
loading could not be lowered below 5 mol% without detrimental loss in yield and conversion

(entries 2 and 3). Therefore, the final set of conditions were maintained (entry 1).
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Table 6: Catalyst loading screening.

o o
CF,4CH,0 OCH,CF,
o I6) o OBn
Ph
KF (1.5 equiv) OBn / 172
CFMOCHZC% [Rh(cod)Cl]; (X mol%) CO,CH,CF, + PN 2
ph—"= OBn 1,4-dioxane/H,0 (9:1) o * o
171 70°C, 20 h
+ Ph CF3CH,0 OCH,CF5
PhB(OH), (1.5 equiv) 170a o8N
Ph / 172b
Ph
Entry  Catalyst loading (mol%) Yield (%)
170a 172a 172b
1 5 56 11 11
2 2.5 35 11 14
3 1 30 11 12

Reactions employed 0.05 mmol of 171. Yields determined by *H NMR
spectroscopy using 3-bromotoluene as the internal standard.

The proposed catalytic cycle (Scheme 44) is initiated by the transmetalation of an arylboronic
acid with rhodium hydroxide (173). Carbometalation of the alkyne occurs, forming
intermediate 175, followed by alkenyl-to-aryl 1,4-rhodium migration. Subsequent 1,2-addition

onto one the ester moieties, forms species 177, which upon collapsing generates bicycle 178.

°) " 0.5 [Rh(cod)CI],

CO,CH,CF, KF, H,0
PhB(OH),

[Rh]—OH
178 173

31 o 0o

H,0 _
[RN—Ph  cF.cH,0 OCH,CF,
_— R!
[Rh] Ph——

[ 174
O OCH,CF,
R1

CO,CH,CF
PAARPALIK] o o
F3CH,CO OCH,CF3
177 Ph R'
[¢] [¢] Ph /
[Rh] H 175
F3CH,CO OCH,CF4
R
1,4-migration
176 Ph /

H [Rh]

Scheme 44: Postulated catalytic cycle.
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2.3 Synthesis of Alkynyl Malonate Esters

The synthesis of substituted alkynyl malonate esters required various different synthetic routes
which proved to be a challenging endeavour. Subjecting substituted malonic acid 179 along
with TFE, using sulfuric acid as a catalyst, afforded malonate esters 180a to 180c in poor to
moderate yields (Scheme 45).

(0] (0] 0 (0]
H,SO, (0.4 equiv)
HO OH ——— > CF3CH,0 OCH,CF,
TFE, 100 °C, 24 h
R! R!
179 180

180aR'=H 25%
180b R'=Me 27%
180c R'=Bn 61%

Scheme 45: Synthesis of malonate esters 180a to 180c.
Alkylation of mono-substituted malonate esters afforded alkynyl malonate esters 182a to 182e

(Scheme 46) in modest to good yields. Increasing the temperature was required to achieve full

conversion of 182c, most likely due to the increased steric hinderance at the a-position.

0 o] o} 0
| | NaH (1.5 equiv)
CF4CH,0 OCH,CF; + CF4CH,0 OCH,CF;4
; THF, 50 °C to RT, 16 h 1
R _— R
180 Br Ar—— 182
181
(2.0 equiv)
182a Ar = Ph, R' = Me 47%!
182b Ar = Ph, R'= OBn 43%
182c Ar = Ph, R' = Ph 70%P
182d Ar = Ph, R'=Bn 55%

182e Ar = 3-MeCgH,, R' = Bn 64%

Scheme 46: Synthesis of alkynyl malonate esters 182a to 182e. [a] RT. [b] 60 °C.
Malonate esters incorporating ketone and ester substituents at the a-position (184a and 184b)
were prepared from mono-substituted malonate ester 183 in yields of 59% and 89%
respectively (Scheme 47). Mono-substituted malonate ester 183 was prepared by alkylation of
180a.

(0]

=——Ph Br\)J\R1

o O Br (1.0 equiv) o o (2.0 equiv) o 0

CF4CH OJ\/”\OCH cF, —aH0equ) _ o o) o OCH,CF, —2H(5eay) _ 0 oo OCH,CF
—_— —_— >
s¥te . 23 THF, 0°CtoRT 2 2¥"3  THF, 0°CtoRT -T2 2vrs
(1.5 equiv) 34 24h _—
180a // Ph—— R 184
Ph 183 30% Y

184aR'=Ph 59%
184b R' = OPh 89%

Scheme 47: Synthesis of malonate esters 184a and 184b. [a] Left for 16 h.
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Alkynyl malonate esters with variation at the alkyne position (186) were prepared in a
three-step reaction sequence. Malonate ester 180c was alkylated with propargyl bromide using
sodium hydride to afford alkynyl malonate ester 185. A Sonogashira coupling using various

commercially available aryl halides, generates malonate esters 186a to 186c¢ in good to
excellent yields.

— Cul (10 mol%)
Br’ (2.0 equiv) O o0 Ar—1 (2.0 equiv) 6 o

CE.CH OJ\(U\OCH cp, _NaH (15 equiv) [Pd(PPh3),Cl5] (5 mol%) CR.CH.O OCH.CE
3CHy I CFs i G RT CFiCH0 g OCH,CF,4 ELN (5.0 squiv) 3CH, . 2CF3
n 16 h — n THF, RT, 18 h =
= Ar—= 186

180c 185 30%

186a Ar = 40MeCgH, 54%
186b Ar = 1-naphthyl 98%
186¢ Ar = 2-thienyl  65%

Scheme 48: Synthesis of malonate esters 186a to 186c.
Alkynyl malonate esters 187 to 198 were synthesised by Dr. S. Karad and Heena Panchal

(Figure 1). Preparation of malonate esters 195, 196 and 197 proved challenging, requiring

ruthenium catalysis to insert heteroatoms at the a-position.

o o o o o o o o
CF4CH,0 OCH,CF;  CF4CH,0 OCH,CF; CF3CH,0 OCH,CF;  CF4CH,0 OCH,CF5
— — — —
== { \ Ph—— __ Ph—— Ph——
s
S Me
187 188 189 MeO 499
o o o o o o o o
CF4CH,0 OCH,CF;  CF3CH,0 OCH,CF;  CF3CH,0 OCH,CF; CF,CH,0 OCH,CF4
Ph—— Ph—— Ph~ " MeO Ph—— Q
O,N cl O
191 192 193 194
o o o o o o o o
(o] _— 0] _— N—Me _— Me
/
Ph—— < Ph—— Ph—— Ph——
Me / S
7 M
195 196 ® 197 198

Figure 1: Synthesis of malonate esters 187 to 198 by Dr. S. Karad and Heena Panchal.

The preparation of alkynyl methyl malonate esters (200) required the alkylation of 199 with
various electrophiles to afford the desired product in modest to good yields (Table 7).
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Table 7: Synthesis of methyl malonate esters 200a to 200d.

0 (0] o) o)
o~ NaH (1.5 equiv)
MeO OMe + 1 _—  »
( Br® R ) THF, 0 “C to RT, 16h €O OMe
1.5 to 2.0 equiv, -
= 199 Ph—— Rt
Ph 200
o] o] o] o]
MeO OMe MeO OMe
= =
Ph™ “pno Ph Ph
o} o}
200a 76% 200b 78%
0 0 0 0
MeO OMe MeO OMe
— — Bn
Ph—— \ Ph——
200c 76% 200d 87%

[a] Synthesised by Dr. S. Karad using NaH (1.2 equiv) and left for 2.5 h.

2.4 Malonate Ester Scope

With the optimised conditions in hand, the scope of malonate esters was then investigated
(Table 8). Variation at the a-position was well tolerated to give 3,4-dihydronaphthalen-1(2H)-
ones in modest to good yields (33%-73%). In addition, R* could be either an alkyl (201b) or
aryl (201h) group, generating products in modest yields. Para-substituted and meta-substituted
aryl groups at the a-position, incorporating both electron-withdrawing (201g) and electron-
donating groups (201f) afforded bicycles in good yields. Ortho-substituted aryl groups gave
inferior yields (201i), most likely due to steric hinderance. Ketone (201d) and ester (201e)
substituents generated the desired product in 36% and 55% yield respectively. Heteroaromatics
at the a-position (201c and 201k) gave significant reactivity. Bulkier naphthyl aryl groups
(201j) required 10 mol% catalyst loading and 2.0 equivalents of boronic acid to achieve
significant conversion. The reaction is not limited to alkyl and aryl substitution, as heteroatom
substitution at the a-position (201p, 201q and 201r) generated 3,4-dihydronaphthalen-1(2H)-
ones in modest yields. Significant quantities of regioisomeric side-products were formed,
accounting for a reduction in yield. Structural diversity at the alkyne position was observed,
with para-substituted and meta-substituted aryl groups (2011 and 201m), bulkier naphthyl
groups (201n) and heteroaromatics (2010). Electron-donating groups (201m) generated

products in greater yields than electron-withdrawing groups (2011).
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Table 8: Malonate scope.

o [¢] fo)
R1
KF (1.5 equiv)
CF4CH,0 | 9CHCFs Reod)cll, (5 mol%) CO,CH,CF;
R - >
= 1,4-dioxane/H,0 (9:1)
— , 2
Ar 182 70°C,20 h
* Ar
PhB(OH), (1.5 equiv) 201
o)
R 201a R'=Ph 68%
CO,CH,CF, 201b R'=H 58%
201c R' = 2-thienyl 50%
201d R'=COPh 36%
201e R'=CO,Ph 55%
Ph 201f R'=3-MeCgH, 73%

201g R'=4-OMeCgH, 72%

201h Ar=Ph 62%

CO2LH,CFs 201i Ar=2-OMeCgH,  54%
201j Ar = 2-naphthyl 56%!2

201k Ar = 3-thienyl 57%

)
z

Ph

2011 Ar=4-MeOCgH,; 64%
201m Ar = 3-MeCgH, 74%
201n Ar = 1-naphthyl 68%

CO,CH,CF;

>
- W
3

2010 Ar = 2-thienyl 66%
OR
CO,CH,CF4
201p R'=FEt 36%!2]
| 201q R'=Bn 51%
Ph
jj
fal
CO,CH,CF, 201r 33%

.

Ph
Reactions conducted on a 0.30 mmol scale. Isolated yields.
[a] using [Rh(cod)ClI]2 (10 mol%y), PhB(OH). (2.0 equiv) and
left for 24 h.
X-ray crystallographic data was collected for 201e (Scheme 49) confirming the geometry of

the substituted olefin.
CO,Ph
CO,CH,CF,4

Ph
181e

Scheme 49: X-ray crystal structure for 201e at 50% atomic probability distributions for ellipsoids.
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Interestingly, when anilino groups (197) at the a-position were subjected to the reaction
conditions, formation of 202 in 47% yield was observed (Scheme 50). However, complex
amino acid derivative 203 was isolated in 32% yield. For significant conversion, 10 mol%
catalyst loading and 2.0 equivalents of boronic acid were required.

Me Me
o o o o}
KF (1.5 equiv) N~Me
CF3CH,0 OCH2CF3 12h(cod)Cll, (10 mol%) CO,CH,CFy + OCH,CFy
o = N—Me 1,4-dioxane/H,0 (9:1) o
70°C, 24 h
.
Ph CF4,CH,07 S0 Ph
PhB(OH), (2.0 equiv
md 197 (OH), (2.0 equiv) 202 47% 203 32%

(absolute stereochemistry not determined)

Scheme 50: Rhodium-catalysed cyclisation of 197. Isolated yield. Substrate prepared by Dr. S.
Karad.

The proposed mechanism (Scheme 51) for the formation of 203 is initiated by the
transmetalation of arylboronic acid with rhodium(l) catalyst. Regioselective migratory
insertion with the tethered alkyne occurs, forming intermediate 175. Alkenyl-to-aryl 1,4-
migration occurs, followed by subsequent 1,2-addition onto one of the ester moieties, forming
species 204. Ring-opening of the bicycle occurs, generating enolate species 205. Finally,
proton transfer forms product 203. An enantioselective proton transfer could induce chirality.
However, manipulation of a small proton atom and avoiding product racemisation is a

challenging endeavour.®® This was not investigated further.

o o o o &
CFMOCHZC& [Rh] cat. CF4CH,0 OCH,CF;  1,4-migration  CF,CH,0 OCH,CF,4
o ; N—Me W R1 —— R1

ph— ph—

\

197 175 [RAIH 176 RN
Me
Me M
—N
o (S' OCH,CF,

e
R1:§
o R1 OCH,CF,
. N =
OCH,CF <— Me” OCH,CF; -——— O’)
Ph

CF,CH,07 Y0 “Ph CFsCH,07 S0 “Ph

205

203 32%

(absolute stereochemistry not determined)

Scheme 51: Proposed mechanism for the formation of 203.



Next, the scope of the reaction with respect to the ester group was investigated (Scheme
52). Methyl esters (170e) and bulky phenyl esters (170f) generated 3,4-dihydronaphthalen-
1(2H)-ones in modest to good yields.

(6] O o)
R1
KF (1.5 equiv)
2 2
R0 1 OR™ " [Rh(cod)Cll, (5 mol%) CO,R?
R - >
= 1,4-dioxane/H,0 (9:1)
= . 2
Ph 169 70°C, 20 h
+
PhB(OH), (1.5 equiv) 170 PP
o) o)
CO,Ph Me
CO,Me COyPh
Ph Ph
170e 72% 170f 55%

Scheme 52: Malonate ester scope. Reactions conducted on a 0.30 mmol scale. Isolated yields.
Interestingly, substrate 200a (Scheme 53) selectively generates product 170e with trace
amounts of side-product 206 detected by mass spectrometry. 1,2-Addition with the less reactive
methyl ester forms 3,4-dihydronaphthalen-1(2H)-one 170e, whilst 1,2-addtion with the more
reactive phenyl ester forms 6,7,8,9-tetrahydro-5H-benzo[7]annulene 206.

o o o o)
KF (1.5 equiv) COyPh
MeO OMe [Rh(cod)Cl], (5 mol%) CoMe CO;Me
== 1,4-dioxane/H,0 (9:1) o CO,Me
— b 2 2
Ph PhO,C + 70 °C, 20 h ]
PhB(OH), (1.5 equiv) o on
200a 170e 72% 206 Trace

Scheme 53: Rhodium-catalysed cyclisation of 200a. Isolated yield. Substrate prepared by Dr. S.
Karad.

While exploring the scope of the alkyne position, several substrates were synthesised
containing non aryl substituents (Scheme 54). However, this proved detrimental for reactivity.
Silylalkyne 207 was subjected to the reaction conditions and gave no conversion most likely
due to steric hindrance. 1,3-Enyne 209 was also subjected to the reaction conditions; however,
poor yields were obtained. This could be due to competitive alkenyl-to-alkyl 1,4-migration or

alkene coordination to the rhodium catalyst shutting down reactivity.

37



(¢} ¢}

(e}
KF (1.5 equiv) Ph
CFWOCHZC% [Rh(cod)Cl], (5 mol%) CO,CH,CF;
Ph -
/ - .
TMS—=— 207 1,4-dioxane/H,0 (9:1)

70°C,20 h
+
PhB(OH), (1.5 equiv) ZOBLI\QS
o) o)
KF (1.5 equiv)
CF4CH,0 OCH;CF3 (Rh(cod)Cl], (5 mol%)
1,4-dioxane/H,0 (9:1)
70°C,20 h
Me M
€ + OMe
PhB(OH), (1.5 equiv) 210 13%

Scheme 54: Rhodium-catalysed cyclisation of 207 and 209. Yield determined by *H NMR
spectroscopy using 1,4-dimethoxybenzene as the internal standard. Substrate prepared by Dr. S.
Karad.

It was hypothesised that extending the tethered alkyne chain could form 6,7,8,9-
tetrahydro-5H-benzo[7]annulene 212 (Scheme 55). Substrate 211 was synthesised and
subjected to the reaction conditions. However, bicycle 212 was formed in trace amounts, with

significant formation of regioisomeric side-products.

(0} (e}
CF5;CH,0 OCH,CF3
Me
o (0} o Me Ph
—
. 21 0,
KF (1.5 equiv) CO.CH-CF + Ph 3a 26%
CF3CH,0 OCH,CF3  [Rh(cod)Cl], (5 mol%) 22t +
Me 1,4-dioxane/H,0 (9:1) o le)
211 R 70°C,20 h
) / CF3CH,0 OCH,CF3
PhB(OH), (1.5 equiv) Ph OBn
Ph 212 Trace Ph,

213b 4%
Ph

Scheme 55: Rhodium-catalysed cyclisation of 211. Yield determined by *H NMR spectroscopy
using 1,4-dimethoxybenzene as the internal standard.

It was also hypothesised that the reaction could be extended beyond tethered malonates.
(Scheme 56). Both substrates (214 and 216) were subjected to the reaction conditions; however,

no reactivity was observed in both cases, with only starting material being recovered.
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L Q O Ph
N KF (1.5 equiv)

[Rh(cod)Cl], (5 mol%)
o pp, 1:4-dioxane/H,0 (9:1) o

70°C,20 h N o}
214 H
+ Ph
PhB(OH), (1.5 equiv) 215 NR
Ph
o)
| | Os__OPh )
KF (1.5 equiv)
[Rh(cod)Cl], (5 mol%)
- > N—Ts
N 1,4-dioxane/H,0 (9:1)
Tl 70°C, 20 h
S
216 + 0
PhB(OH), (1.5 equiv) 217 NR

Scheme 56: Rhodium-catalysed cyclisation of 214 and 216. Substrates prepared by Dr. S. Karad.

A range of additional substrates were screened (Table 9) but were incompatible with this
transformation, most likely due to steric constraints and electronic effects. Various di-
substituted aryl rings at the a-position (219a and 219b) were tolerated in poor to modest yields.
Several methyl esters were screened; however, purification proved challenging as the retention
factor of both the 3,4-dihydronaphthalen-1(2H)-one product and regioisomeric side-products
were the same, resulting in co-elution. Allyl-substituted malonate esters (219d) gave a complex
mixture of compounds, most likely due to coordination between the alkene and rhodium
catalyst.
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Table 9: Rhodium-catalysed cyclisation of malonates.

o} (o} o )
. R
KF (1.5 equiv)
2 2
R°0 ; OR™ " [Rh(cod)Cl, (5 mol%) CO,R?
R .
== 1,4-dioxane/H,0 (9:1)
— B 2
Ar 218 70°C, 20 h

o]
COPh
CO,Me
Ph Ph
219a 30%!2! 219¢ 50%
OMe
o o Cl
/ o/
COzMe CO,CH,CF4
Ph Ph
219d complex 219e 26%3
o o}
Bn CO,Ph
COyMe CO,Me
Ph \ S
2199 67% 219h 60% 219i 35%!°

Reactions conducted on a 0.05 mmol scale. Yields determined by
'H NMR spectroscopy using 1,4-dimethoxybenzene as the internal
standard. [a] Substrate prepared by Dr. S. Karad.

2.5 Boronic Acid Scope

With the malonate scope explored, we turned our attention to variation of boronic acids.
Various electron-donating (221a) and electron-withdrawing (221g) para-substituted boronic
acids were tolerated, in modest to good yields (Table 10). Meta-substituted boronic acids were
also tolerated, however in reduced yield (221i), most likely resulting from increased steric
hinderance. 3,4-Disubstitued boronic acids (221d and 221h) gave modest conversion. The
range of substrates that react with various arylboronic acids, generating products in modest

yields, demonstrate the utility of this reaction. Variation of the alkyne and ester moiety gave
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modest yields, due to difficult purification. Various substituents at the a-position tolerated a

wide range of boronic acids, including bulkier naphthyl boronic acid (221c).

Table 10: Boronic acid scope.

(0]

o o .

KF (1.5 equiv) CO,R2

2 2 R

RO 1 OR® " [Rh(cod)Cl], (5 mol%) 2
R
Art = 1,4-dioxane/H,0 (9:1)
220 70°C, 20 h |
21 N,

+ r
Ar?B(OH), (1.5 equiv)

0 o)
Bn Bn
CO,CH,CF5 OO‘ CO,CH,CF5
i |
Ph Ph
221a R = Me 79% 221c 56%
221b R=F 68%
S
o\ J
MeO CO,Ph
CO,CH,CF4 CO,Me
MeO R MeO
Ph Ph
221d 50% 221e R=0OMe 51%0 2219 77%
221f R=Cl 45%0
0 0o 0o
al Bn Bn
CO,CH,CF; EtO CO,CH,CF;
¢]] | |
S S
221h 51% 221i 56%

Reactions conducted using 0.30 mmol of. Isolated yields. [a] Reactions
performed by Dr. S. Karad.

The range of boronic acids subjected to the reaction conditions was extensive (Table 10).
However, all boronic acids screened were arylboronic acids. Therefore, the reaction between
substrate 222 and trans-2-(4-methylphenyl)vinylboronic acid (223) was investigated (Scheme
57), which involves an alkenyl-to-alkenyl 1,4-migration. Unfortunately, no product formation

was observed, with only starting material being recovered.

o o __B(OH), KF (1.5 equiv) Bn
[Rh(cod)CI]; (10 mol%) CO,CH,CF,
CFyCH0 OCHCFs  + 1,4-dioxane/H,0 (91)
— Bn Me 70°C,20 h
Ph——  182d (1.5 equiv)
222
223 NR

Scheme 57: Rhodium-catalysed cyclisation using an alkenyl boronic acid.
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A range of additional boronic acids were screened (Table 11) but were incompatible with this
reaction. 3,5-Disubstituted boronic acids (224a and 224b) gave no reactivity. This was
expected since this substitution pattern is known to inhibit alkenyl-to-aryl 1,4-metal
migration.3! Heteroaromatic boronic acids did not participate in the reaction, possibly due to
their instability at higher temperatures. Cyano-substituted (224c) and ortho-substituted (224d)

boronic acids were unsuccessful.

Table 11: Additional boronic acid scope.

o o o
OBn
KF (1.5 equiv) CO,CH,CF
CF3CH,0 OCH,CF3  [Rn(cod)Cll, (5 mol%) Frems
OB
— n 1,4-dioxane/H,0 (9:1)
171 70°C, 20 h 224 |
N Ph

Ar'B(OH), (1.5 equiv)

(e}

o
R OBn NG OBn
CO,CH,CF3 CO,CH,CF3
R
Ph

Ph

224aR =Me NR 224c NR
224b R = CF3NR
H (0]

(0] o (e]
OBn cl OBn OBn
CO,CH,CF3 Me CO,CH,CF3 o S CO,CH,CF4
—
Me O
Ph Ph Ph
224d NR 224e 28% 224f NR

Yields determined by *H NMR spectroscopy using 1,4-dimethoxybenzene
as the internal standard. Reactions conducted using 0.05 mmol of 171.

2.6 Enantioselective Variant

Having optimised the racemic intramolecular arylative cyclisation of malonate esters, attempts
to develop an enantioselective variant were investigated. Yoshikai reported modest levels of
enantiocontrol in the cobalt-catalysed cyclisations of symmetrical alkynes, utilising phosphine-
based ligands.” Therefore, various phosphine based ligands were investigated (Table 12).
Pleasingly, modest levels of enantiocontrol were observed, with L16 giving the best results,
with 50% enantiomeric excess. Chiral sulfur-olefins (L18) were investigated, unfortunately
poor levels of enantiocontrol were detected. Nitrogen based chiral ligands (L14) gave no

conversion.
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Table 12: Ligand screening using 159.

KF (1.5 equiv) O M
Ligand (10 mol%) e
CF3CH,0 OCHZCF3 [Rh(CoH,)Cll, (10 mol%) CO,CH,CF3
1,4-dioxane/H,0 (9:1)

70°C,20h
PhB(OH), (1.5 equiv) Ph
160
X <o
F
0 PPh, 0 PAr,
E (o) PPh2 0 PAFZ
F o O o
L11 31%, 33% ee L12 38%, 31% ee L13 25%, 5% ee
s °“”e; >
P. MeO PPh
\/\P 2
f MeO PPh,
NH, OMe O
L14 0%, 0% ee L15 37%, 11% ee L16 32%, 50% ee

Meti.
O
P Ph I}
Me ¥

/S/,,
p Me Ph” P\/\/\P;Ph M
-~ i

O Ph Ph X
Me

L17 19%, 0% ee L127%, 7% ee L18 7%, 3% ee

Yields determined by *H NMR spectroscopy using 1,4-
dimethoxybenzene as the internal standard. Reactions conducted
using 0.05 mmol of 159.

It was envisioned that increasing the steric bulk at the a-position of the malonate ester
could increase enantiocontrol. Pleasingly, heteroatom aromatic substitution gave an increase
in enantiocontrol to 65% ee, when utilising L16. Therefore, various other chiral ligands were
screened using this substrate (Table 13). Interestingly, using ligands with similar structural
features (L20) gave poor enantiocontrol. No enantiocontrol was observed when using P,N
based ligands (L19) and P,0O based ligands (L23). Several chiral dienes were investigated
(L24-L.26); however, poor to modest levels of enantiocontrol was observed in all cases. From

the above, L16 was selected for the remainder of our studies.
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(o}

Ligand (10 mol%)
CF5;CH,0 - OCH,CF3 [Rh(C,H,)Cll; (10 mol%)
/ n T -
—— 71 1,4-dioxane/H,0 (9:1)

Table 13: Ligand screening using 172.

(e}
KF (1.5 equiv)

. 70°C,20h

PhB(OH), (1.5 equiv)

(e}
OBn

CO,CH,CF,

Ph
170a

L16 70%?, 65% ee

CHj3

PhZP\/'\
PPh,

L21 45%, 7% ee

Me

L24 5%, 9% ee

Ph_Ph
Me 0o O\ /Me
ez
Me™ o "}ro Me
Ph" bh

L19 28%, 43% ee
Me

Me\/Me Me%
. p/\/P y

/ Me
Me Me/\

Me
L22 38%, 16% ee

0]
Me

L25 20%, 32% ee

Me
" i /O
N e
/ H :
Me\@/ Me

! O PPh,
] l PPh,

L20 23%, 5% ee

l I OMe
] ] PPh,

L23 9%, 0% ee

Me
iPr iPr
Me 0
N
/ H
iPr

e

L26 5%, 31% ee

Yields determined by *H NMR spectroscopy using 1,4-
dimethoxytoluene as the internal standard. Reactions conducted
using 0.05 mmol of 171. [a] Isolated yield.

Next, a temperature screen was performed (Table 14). The yield of 170a at 70 °C was

75% with 62% ee (entry 3). Lowering the temperature had detrimental effect on the yield and

enantioselectivity (entries 1 and 2). Raising the temperature (entries 4 and 5) gave a reduction

in yield and enantioselectivity, most likely due to degradation of 170a. Therefore, 70 °C was

selected as the temperature.
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Table 14: Temperature screening.

MeO ‘ PPh,

MeO PPh,
S
o)
F3CH,CO OCH,CF, L16 (10 mol%) OBn
ﬁ(oi\n [Rh(C,H,)Cl], (5 mol%) CO,CH,CF,4
Ph——

171 KF (1.5 equiv)
1,4-dioxane/H,0 (9:1)
+ temp, 20 h
PhB(OH), (1.5 equiv) Ph

170a

Entry  Temperature (°C) Yield (%) ee(%)

1 25 11 ND
2 60 23 45
3 70 75 62
4 80 71 58
5 90 54 53

Yields determined by *H NMR spectroscopy using 3-
bromotoluene as the internal standard. Reactions
conducted using 0.05 mmol of 171.

Interestingly, when a benzyl moiety was incorporated at the a-position (182d), excellent
yield and good enantioselectivity was observed (Scheme 58). Formation of regioisomeric side-
products (226a and 226b) was observed with excellent regioselectivity (226a:226b 1:20).

0] (o} o

Bn
MeO O PPh, CO,CH,CF;  CF4CH,0 OCH,CF,
MeO PPh, . Bn
o o O | )Pn
Ph Ph
CF4CH,0 OCH,CF;  L16 (10 mol%) 225 85%  76% oo 226a
_ Bn [Rh(C2H,)Cll; (5 mol%) — (absolute stereochemistry

Ph—— 182d KF (1.5 equiv) not determined)

1,4-dioxane/H,0 (9:1) (0] (0]
+ 70°C,20 h
PhB(OH), (1.5 equiv) CF4CH,0 OCH,CF5

Bn

(226a + 226b) 13%
Ph 226b 226a:226b = 1:20

Ph

Scheme 58: Enantioselective rhodium-catalysed cyclisation of malonate 182d on 0.30 mmol
scale. Isolated yields. Regioisomer ratio determined by crude *H NMR spectroscopy.

Encouraged by this result, several substituent benzyl groups at the a-position were subjected
to the reaction conditions (Table 15). However, no dramatic increase in enantioselectivity was
observed. Having a substituent at the 3-position on the aryl ring (228c and 228d) increases
enantiocontrol. However, no clear conclusion can be drawn about why these substitution

patterns worked the best.
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Table 15: Enantioselective scope.

MeO ! PPh,
MeO PPh,
o o O
o)

R1

CF3CH,0 OCH,CF,4 L16 (10 mol%)

s [Rh(C,H4)Cll (5 mol%) CO,CH,CF;

— B -
Ph R! 227 K_F (1.5 equiv) .

1,4-dioxane/H,0 (9:1)
+ 70°C,20 h
PhB(OH), (1.5 equiv) Ph

228
(absolute stererochemistry not determined)

o) \\

CO,CH,CF,

Ph
228a 56%, 75% ee 228b 42%, 78% ee

228d 42%, 82% ee 228e 64%, 65% ee

Reactions conducted on a 0.05 mmol scale. Yields determined by *H NMR
spectroscopy using 1,4-dimethoxybenzene as the internal standard.
Reactions performed by Dr. S. Karad.
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2.7 Conclusions and Future Work

In summary, we have utilised a known alkenyl-to-aryl 1,4-rhodium migration and applied this
concept to substrates incorporating unsymmetrical alkynes, generating highly functionalised
products. This reaction generates the desired products in modest to good yields. However,
inducing enantiocontrol proved challenging, with modest to good enantioselectivities obtained.
This methodology precluded the requirement to use symmetrical alkynes, which limited the
viability of the previous methodology. It has greater synthetic utility than previously reported

examples.?3

Highly functionalised 6,7,8,9-tetrahydro-5H-benzo[7]annulenes (194) are prevalent
within biologically active compounds. (Scheme 59). Therefore, further development upon

initial results (Scheme 59) could provide a new synthetic pathway to access such bicycles.

6 0 0O Me
KF (1.5 equiv)
CF3CH,0 OCH,CF3  [Rh(cod)Cl], (5 mol%) CO,CH,CF3
Me 1,4-Dioxane/H,0 (9:1)
211 70°C,20 h
* [ 212
PhB(OH), (1.5 equiv) o

OEt

Benazepril Butaclamol Nortriptyline

Scheme 59: Natural products containing 7 membered bicycles.
Highly functionalised 6,7,8,9-tetrahydro-5H-benzo[7]annulenes could also be accessed via
subjecting homopropargyl monoester substrate 229 to the reaction conditions, generating
product 230 (Scheme 60).

Ph

f 2

OBn  kF (1.5 equiv) @Bn
[Rh(cod)Cl], (5 mol%)
229 1,4-Dioxane/H,0 (9:1)
70°C,20 h
PhO,C OBn / OBn
+
PhB(OH), (1.5 equiv) Ph

230
Scheme 60: Formation of 6,7,8,9-tetrahydro-5H-benzo[ 7]annulene 230.

Further investigations are ongoing within the Lam group to extend this methodology.
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Chapter 3: Experimental

3.1 General Information

All air-sensitive reactions were carried out under an inert atmosphere using oven-dried
apparatus. Anhydrous 1,4-dioxane was purchased from Acros Organics and deoxygenated
before use, using a stream of argon gas (30 min). All commercially available reagents were
used as received unless otherwise stated. Petroleum ether refers to Sigma-Aldrich product
24587 (petroleum ether boiling point 40-60 °C). Thin layer chromatography (TLC) was
performed on Merck DF-Alufoilien 60F254 0.2 mm precoated plates. Compounds were
visualized by exposure to UV light or by dipping the plates into solutions of potassium
permanganate or vanillin followed by gentle heating. Flash column chromatography was
carried out using silica gel (Fisher Scientific 60 A particle size 35-70 micron or Fluorochem
60 A particle size 40-63 micron). Melting points were recorded on a Gallenkamp melting point
apparatus and are uncorrected. The solvent of recrystallization is reported in parentheses.
Infrared (IR) spectra were recorded on Bruker platinum alpha FTIR spectrometer on the neat
compound using the attenuated total refraction technique. NMR spectra were acquired on
Bruker AV500, Bruker AV500(III)HD, Bruker AV400, Bruker AV(111)400HD, or Bruker
DP X400 spectrometers. *H and *3C NMR spectra were referenced to external tetramethylsilane
via the residual protonated solvent (*H) or the solvent itself (:3C). All chemical shifts are
reported in parts per million (ppm). For CDCls, the shifts are referenced to 7.26 ppm for 'H
NMR spectroscopy and 77.16 ppm for 3C NMR spectroscopy. Coupling constants (J) are
quoted to the nearest 0.1 Hz. High-resolution mass spectra were recorded using electrospray
ionization (ESI) techniques. X-ray diffraction data were collected at 120 K on an Agilent
SuperNova diffractometer using CuKa radiation. Chiral HPLC analysis was performed on an

Agilent 1290 series or Agilent 1260 series instrument using 4.6 x 250 mm columns.
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3.2 Synthesis of Alkynyl Malonate Esters

General Procedure A: Esterification of Malonic Acids

(o} (e} O o
H,S0O, (0.4 equiv)
HO OH ——— > CF;CH,0 OCH,CF3
TFE, 100 °C, 24 h
R! R!
179 180

A high pressure flask was charged with the appropriate malonic acid (1 equiv) and a stirrer bar.
TFE and concentrated H.SO4 (0.4 equiv) were added and the resulting solution was heated at
100 °C for 24 h. The solution was cooled to room temperature and diluted with petroleum
ether/Et20 (7:3), (150 mL), washed with saturated agueous NaHCOs3 solution (3 x 100 mL),
water (50 mL) and brine (50 mL). The organic layer was then dried (MgSOQa), filtered and

concentrated under reduced pressure to give the malonate ester product.

e o Bis(2,2,2-trifluoroethyl) malonate (180a). The title compound was
CF3CH2°MOCH20F3 prepared according to General Procedure A, using malonic acid (10.0
g, 96.1 mmol), TFE (50 mL) and concentrated H>.SO4 (2.05 mL, 38.4 mmol) to give a pale-
yellow oil (6.48 g, 25%). 'H NMR (400 MHz, CDCls) & 4.54 (4H, g, J = 8.3 Hz, 2 x CH2CF3),
3.61 (2H, s, CH2); 3C NMR (101 MHz, CDCls) 6 164.2 (2 x C), 122.6 (q, Jc.F = 277.2 Hz, 2
x C), 61.3 (g, Jcr = 37.2 Hz, 2 x CHJ>), 40.3 (CH>). Data consistent with previously reported

literature.®®

e @ Bis(2,2,2-trifluoroethyl) 2-methylmalonate (180b). The title
CF?’CHZo)%OCHZcFQ* compound was prepared according to General Procedure A, using
methylmalonic acid (8.00 g, 67.7 mmol), TFE (40 mL) and concentrated HSO4 (1.44 mL, 27.1
mmol) to give a colourless oil (5.21 g, 27%). *H NMR (400 MHz, CDCls) § 4.57-4.50 (4H, m,
2 x CH2CFs3), 3.67 (1H, g, J = 7.3 Hz, CH3CH), 1.52 (3H, d, J = 7.3 Hz, CH3CH); 3C NMR
(101 MHz, CDCls) 6 167.9 (2 x C), 122.7 (9, Jcr= 277.3 Hz, 2 x C), 61.2 (q, Jc-F = 37.2 Hz,

2 x CHy), 45.4 (CH), 13.5 (CHs). Data consistent with previously reported literature.*

e 0 Bis(2,2,2-trifluoroethyl) 2-benzylmalonate (180c). The title
CFaCH?OMOCHZ% compound was prepared according to General Procedure A, using

Bn
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benzylmalonic acid (5.00 g, 25.7 mmol), TFE (25 mL) and concentrated H2SO4 (548 uL, 10.3
mmol) to give a colourless oil (5.65 g, 61%). *H NMR (400 MHz, CDCls) § 7.32-7.23 (3H, m,
ArH), 7.21-7.18 (2H, m, ArH), 4.56-4.40 (4H, m, 2 x CH.CF3), 3.89 (1H, t, J = 7.8 Hz,
CH2CH), 3.29 (2H, d, J = 7.8 Hz, CH2CH); $3C NMR (101 MHz, CDCl3) § 166.6 (2 x C),
136.5 (C), 128.9 (2 x CH), 128.8 (2 x CH), 127.4 (CH), 122.6 (4, Jc.r= 277.3 Hz, 2 x C), 61.3
(9, JcFr = 37.3 Hz, 2 x CH2), 53.0 (CH), 34.6 (CH>). Data consistent with previously reported

literature.*°

(3-Bromoprop-1-yn-1-yl)benzene (S1)

J— CBry4 (1.2 equiv) —
Ph—\ 4 Ph——
— - \
OH  PPhj3 (1.25 equiv) S1 Br

0°CtoRT, 16 h

A flask was charged with 3-phenylprop-2-yn-1-ol (12.5 mL, 103 mmol), purged with argon for
30 mins and then suspended in anhydrous CH2Cl. (250 mL). A solution of CBr4 (40.8 g, 123
mmol) in CH2Cl, was added and the reaction mixture was cooled to 0 °C. A solution of PPh3
(33.6 g, 128 mmol) in CH2Cl, was added slowly and the resulting solution was stirred at room
temperature for 16 h. Ethanol (200 ml) was added and the reaction mixture was stirred for an
additional 30 min. The solvent was removed under reduced pressure and the residue was
purified by column chromatography (100% petroleum ether) to give the titled compound (S1)
(17.4 g, 87%) as a yellow oil. *H NMR (400 MHz, CDCls) & 7.51-7.43 (2H, m, ArH), 7.38-
7.29 (3H, m, ArH), 4.17 (2H, s, CH2); ¥*C NMR (101 MHz, CDCls3) § 132.0 (2 x CH), 129.0
(CH), 1285 (2 x CH), 122.3 (C), 86.9 (C), 84.4 (C), 15.4 (CH,). Data consistent with
previously reported literature.*!

Bis(2,2,2-trifluoroethyl) 2-methyl-2-(3-phenylprop-2-yn-1-yl)malonate (182a)

Ph

o o o o
| | NaH (1.5 equiv)
CF3CH,0 OCH,CF; + CF,;CH,0 OCH,CF,
THF, 0°C to RT, 16 h Y
Me — €
Br Ph——
180b . 182a

(2.0 equiv)

A flask was charged with NaH (60% dispersion in mineral oil, 356 mg, 14.9 mmol), purged
with argon for 30 mins and then suspended in THF (30 mL) at 0 °C. A solution of malonate
180b (2.00 g, 7.08 mmol) in THF was added to the ice-cooled suspension. The resulting
solution was stirred at 0 °C for 45 mins. Alkynyl bromide S1 (80 wt. % in toluene, 921 pL,
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14.2 mmol) was added dropwise and the resulting solution was stirred at room temperature for
16 h. The reaction mixture was quenched with water (30 mL), extracted with Et,O (3 x 30 mL)
and the combined organic layer was washed with brine (40 mL), dried (MgSQ.), filtered and
concentrated under reduced pressure. The residue was purified by column chromatography (0%
to 1% EtOAc/petroleum ether) to give the title compound (182a) (1.31 g, 47%) as a yellow oil.
'H NMR (400 MHz, CDCls) & 7.38-7.33 (2H, m, ArH), 7.31-7.27 (3H, m, ArH), 4.56 (4H, q,
J =8.2 Hz, 2 x CH,CF3), 3.08 (2H, s, CH2C=C), 1.71 (3H, s, CH3); 3C NMR (101 MHz,
CDClI3) 6 168.9 (2 x C), 131.8 (2 x CH), 128.4 (3 x CH), 122.9 (C), 122.7 (9, Jc-r = 277.3 Hz,
2xC),84.4(C),82.9(C),61.3(q, Jc-r =37.3 Hz, 2 x CH>), 53.7 (C), 26.8 (CH>), 20.0 (CHa).

Data consistent with previously reported literature.*

Bis(2,2,2-trifluoroethyl) 2-(benzyloxy)-2-(3-phenylprop-2-yn-1-yl)malonate (182b)

Ph

(e} o ] (¢}
| | NaH (1.5 equiv)
CF3CH,0 OCH,CF; + » CF3CH,0 OCH,CF5
THF, 0 °C to 50 °C, 16 h

OBn - OBn

Br Ph——
1 182b

(2.0 equiv)

A flask was charged with NaH (60% dispersion in mineral oil, 269 mg, 11.2 mmol), purged
with argon for 30 mins and then suspended in THF (30 mL) at 0 °C. A solution of bis(2,2,2-
trifluoroethyl) 2-(benzyloxy)malonate (2.00 g, 5.34 mmol) in THF was added to the ice-cooled
suspension. The resulting solution was stirred at 0 °C for 45 mins. Alkynyl bromide S1 (80 wit.
% in toluene, 694 pL, 14.2 mmol) was added dropwise and the resulting solution was stirred
at 50 °C for 16 h. The reaction mixture was quenched with water (30 mL), extracted with Et,O
(3 x 30 mL) and the combined organic layer was washed with brine (40 mL), dried (MgSOa),
filtered and concentrated under reduced pressure. The residue was purified by column
chromatography (0% to 2% EtOAc/petroleum ether) to give the title compound (182b) (1.11
g, 43%) as a yellow oil. *H NMR (400 MHz, CDCls3) § 7.43-7.28 (10H, m, ArH), 4.81 (2H, s,
OCHy), 4.57 (4H, qd, J = 8.1, 1.0 Hz, 2 x CH,CFs3), 3.35 (2H, s, CH2C=C); *C NMR (101
MHz, CDClz) & 165.8 (2 x C), 136.8 (C), 131.9 (2 x CH), 128.5 (2 x CH), 128.4 (CH), 128.3
(2 x CH), 128.2 (CH), 128.0 (2 x CH), 122.9 (C), 122.5 (q, Jc-r = 277.4 Hz, 2 x C), 84.7 (C),
83.6 (C), 81.5 (C), 69.4 (CH), 61.5 (q, Jc-r = 37.4 Hz, 2 x CHz), 26.6 (CH2). Data consistent

with previously reported literature.*°
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Bis(2,2,2-trifluoroethyl) 2-phenyl-2-(3-phenylprop-2-yn-1-yl)malonate (182c)

Ph

o o o o
| | NaH (1.5 equiv)
CF4CH,0 OCH,CF; + CF4CH,0 OCH,CF,4
THF, 0 °C to 60 °C, 16 h

Ph 5 ; Ph
r
s1 Ph 182¢
(2.0 equiv)

A flask was charged with NaH (60% dispersion in mineral oil, 147 mg, 6.11 mmol), purged
with argon for 30 mins and then suspended in THF (20 mL) at O °C. A solution of bis(2,2,2-
trifluoroethyl) 2-phenylmalonate (1.00 g, 2.91 mmol) in THF was added to the ice-cooled
suspension. The resulting solution was stirred at 0 °C for 45 mins. Alkynyl bromide S1 (80 wt.
% in toluene, 376 L, 5.82 mmol) was added dropwise and the resulting solution was stirred
at 60 °C for 16 h. The reaction mixture was quenched with water (30 mL), extracted with Et.O
(3 x 30 mL) and the combined organic layer was washed with brine (40 mL), dried (MgSOa),
filtered and concentrated under reduced pressure. The residue was purified by column
chromatography (0% to 1% EtOAc/petroleum ether) to give the title compound (182c) (932
mg, 70%) as a yellow oil. *tH NMR (400 MHz, CDCls) § 7.53-7.50 (2H, m, ArH), 7.43-7.36
(3H, m, ArH), 7.31-7.24 (5H, m, ArH), 4.59 (4H, qd, J = 8.3, 2.5 Hz, 2 x CH2CFs), 3.51 (2H,
s, CH2C=C); 13C NMR (101 MHz, CDCl3) § 167.6 (2 x C), 134.1 (C), 131.7 (2 x CH), 128.9
(CH), 128.7 (2 x CH), 128.4 (CH), 128.3 (2 x CH), 127.9 (2 x CH), 122.9 (C), 122.6 (d, Jc-r =
2774 Hz, 2 x C), 84.8 (C), 83.4 (C), 62.5 (C), 61.6 (q, Jc-r = 37.3 Hz, 2 x CHy), 27.1 (CH>).

Data consistent with previously reported literature.*

Bis(2,2,2-trifluoroethyl) 2-benzyl-2-(3-phenylprop-2-yn-1-yl)malonate (182d)

Ph

(0] (0]
| | NaH (1.5 equiv)
CF5;CH,0 OCH,CF; + » CF,;CH,0 OCH,CF3
THF, 0 °C to 50 °C, 16 h
Bn - Bn
Br Ph — 182
180c S1 82d
(2.0 equiv)

A flask was charged with NaH (60% dispersion in mineral oil, 141 mg, 5.86 mmol), purged
with argon for 30 mins and then suspended in THF (25 mL) at 0 °C. A solution of malonate
180c (1.00 g, 2.79 mmol) in THF was added to the ice-cooled suspension. The resulting
solution was stirred at 0 °C for 45 mins. Alkynyl bromide S1 (80 wt. % in toluene, 363 pL,
5.58 mmol) was added dropwise and the resulting solution was stirred at 50 °C for 16 h. The
reaction mixture was quenched with water (20 mL), extracted with Et2O (3 x 30 mL) and the

combined organic layer was washed with brine (25 mL), dried (MgSOs), filtered and
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concentrated under reduced pressure. The residue was purified by column chromatography (0%
to 1% EtOAc/petroleum ether) to give the title compound (182d) (721 mg, 55%) as a yellow
oil. 'H NMR (400 MHz, CDCl3)  7.47-7.42 (2H, m, ArH), 7.36-7.27 (6H, m, ArH), 7.23-7.18
(2H, m, ArH), 4.54 (4H, qd, J = 8.2, 1.8 Hz, 2 x CH2CF3), 3.52 (2H, s, ArCH>), 2.98 (2H, s,
CH2C=C); **C NMR (101 MHz, CDCl3) § 167.7 (2 x C), 134.4 (C), 131.9 (2 x CH), 129.9 (2
x CH), 128.9 (2 x CH), 128.54 (CH), 128.48 (2 x CH), 127.8 (CH), 122.9 (C), 122.7 (q, Jc-F =
277.3Hz,2xC), 85.3(C), 83.0 (CH), 61.4 (q, Jcr = 37.4 Hz, 2 x CH), 58.8 (C), 37.6 (CH>),
23.4 (CH>). Data consistent with previously reported literature.*°

Bis(2,2,2-trifluoroethyl) 2-(3-phenylprop-2-yn-1-yl)malonate (183)

Ph

[0} [0} O O
)]\/U\ | | NaH (1.0 equiv)
CF5;CH,0 OCH,CF; + ——————————> F3;CH,CO OCH,CF3

(1.5 equiv) THF, o;g to RT

Br
180a s1 //

(1.0 equiv) Ph 183

A flask was charged with NaH (60% dispersion in mineral oil, 251 mg, 7.47 mmol), purged
with argon for 30 mins and then suspended in THF (25 mL) at 0 °C. A solution of malonate
180a (3.00 g, 11.19 mmol) in THF was added to the ice-cooled suspension. The resulting
solution was stirred at 0 °C for 45 mins. Alkynyl bromide S1 (80 wt. % in toluene, 491 pL,
7.47 mmol) was added dropwise and the resulting solution was stirred at room temperature for
3 d. The reaction mixture was quenched with water (30 mL), extracted with Et.O (3 x 30 mL)
and the combined organic layer was washed with brine (50 mL), dried (MgSO.), filtered and
concentrated under reduced pressure. The residue was purified by column chromatography (0%
to 1% EtOAc/petroleum ether) to give the title compound (183) (978 mg, 34%) as a yellow oil.
Rt = 0.26 (10% EtOAc/petroleum ether); IR 1756 (C=0), 1492, 1280, 1158, 1067, 965, 757,
691, 659, 535 cm™; *H NMR (400 MHz, CDCls3) § 7.38-7.34 (2H, m, ArH), 7.31-7.27 (3H, m,
ArH), 4.58 (4H, q, J = 8.2 Hz, 2 x CH2CF3), 3.91 (1H, t, J = 7.6 Hz, CCHC), 3.09 (2H, d, J =
7.6 Hz, CH2C=C); 3C NMR (101 MHz, CDCl3) § 165.9 (2 x C), 131.8 (2 x CH), 128.4 (CH),
128.4 (2 x CH), 122.8 (C), 122.6 (9, Jc-Fr = 277.3 Hz, 2 x C), 83.7 (C), 83.5 (C), 61.5 (q, Jcr =
37.4 Hz, 2 x CH,), 50.7 (CH), 19.5 (CH>); *F NMR (376 MHz, CDCls) § -73.5 (t, J = 8.3 Hz,
6 x F); HRMS (ESI) Exact mass calculated for [C1sH12FsNaO4]" [M+Na]*: 405.0537, found
405.0535.

53



Bis(2,2,2-trifluoroethyl) 2-(2-oxo-2-phenylethyl)-2-(3-phenylprop-2-yn-1-yl)malonate
(184a)

(0] (0] o (e} (0]
NaH (1.5 equiv
CF3;CH,0 OCH,CF; + Br\)J\ % CF3;CH,0 OCH,CF,
Ph THF, 0°C to RT
2.0 i 24 h —
é (2.0 equiv) Ph /Ph
Ph 183 0 184a

A flask was charged with NaH (60% dispersion in mineral oil, 66 mg, 2.75 mmol), purged with
argon for 30 mins and then suspended in THF (15 mL) at 0 °C. A solution of malonate 183
(500 mg, 1.31 mmol) in THF was added to the ice-cooled suspension. The resulting solution
was stirred at 0 °C for 45 mins. A solution of 2-bromoacetophenone (521 mg, 2.62 mmol) in
THF was added dropwise and the resulting solution was stirred at room temperature for 24 h.
The reaction mixture was quenched with water (20 mL), extracted with Et,O (3 x 20 mL) and
the combined organic layer was washed with brine (25 mL), dried (MgSO.), filtered and
concentrated under reduced pressure. The residue was purified by column chromatography (0%
to 5% EtOAc/petroleum ether) to give the title compound (184a) (385 mg, 59%) as a white
solid. R = 0.31 (20% EtOAc/petroleum ether); m.p. 91-92 °C (Et.0); IR 2921, 1754 (C=0),
1681 (C=0), 1434, 1283, 1165, 1065, 973, 751, 692 cm™; *H NMR (400 MHz, CDCls) & 8.02-
7.99 (2H, m, ArH), 7.64-7.59 (1H, m, ArH), 7.51-7.47 (2H, m, ArH), 7.31-7.24 (5H, m, ArH),
4.68-4.49 (4H, m, 2 x CH,CF3), 4.02 (2H, s, CCH2C), 3.38 (2H, s, CH,C=C); 1*C NMR (101
MHz, CDCls) & 196.4 (C), 167.5 (2 x C), 136.3 (C), 134.0 (CH), 131.8 (2 x CH), 129.0 (2 x
CH), 128.5 (CH), 128.4 (2 x CH), 128.3 (2 x CH), 122.7 (C), 122.7 (q, Jc-r = 277.4 Hz, 2 x
C), 84.9 (C), 83.0 (C), 61.7 (0, Jc-r = 37.4 Hz, 2 x CHy), 55.2 (C), 41.4 (CH>), 24.6 (CH>); *°F
NMR (376 MHz, CDCl3) 6 —73.8 (t, J = 8.2 Hz, 6 x F); HRMS (ESI) Exact mass calculated
for [C24H1sFsNaOs]™ [M+Na]*: 523.0951, found 523.0951.

1-Phenyl 2,2-bis(2,2,2-trifluoroethyl) 5-phenylpent-4-yne-1,2,2-tricarboxylate (184b)

[¢] [¢] o e} [e}
NaH (1.5 equiv.
CF4CH,0 OCH,CF; + Br\)J\ _ NaRSequ) . op cho OCH,CF,
OPh THF, 0 °C to RT
i 16 h —
é (2.0 equiv) Ph /PhO
Ph 183 Y, 184b

A flask was charged with NaH (60% dispersion in mineral oil, 53 mg, 2.21 mmol), purged with
argon for 30 mins and then suspended in THF (15 mL) at 0 °C. A solution of malonate 183
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(400 mg, 1.05 mmol) in THF was added to the ice-cooled suspension. The resulting solution
was stirred at 0 °C for 45 mins. A solution of phenyl bromoacetate (452 mg, 2.10 mmol) in
THF was added dropwise and the resulting solution was stirred at room temperature for 16 h.
The reaction mixture was quenched with water (30 mL), extracted with Et,O (3 x 20 mL) and
the combined organic layer was washed with brine (25 mL), dried (MgSO.), filtered and
concentrated under reduced pressure. The residue was purified by column chromatography (0%
to 4% EtOAc/petroleum ether) to give the title compound (184b) (481 mg, 89%) as a pale-
yellow oil. Rf = 0.28 (20% EtOAc/petroleum ether); IR 1755 (C=0), 1593 (C=0), 1411, 1281,
1160, 1065, 973, 756, 689, 496 cm™; *H NMR (400 MHz, CDCl3) & 7.41-7.36 (4H, m, ArH),
7.33-7.30 (3H, m, ArH), 7.25-7.22 (1H, m, ArH), 7.10-7.07 (2H, m, ArH), 4.58 (4H, qt, J =
8.3, 4.4 Hz, 2 x CH2CF3), 3.56 (2H, s, CCHC), 3.35 (2H, s, CH2C=C); *C NMR (101 MHz,
CDCl3) 8 168.8 (C), 167.0 (2 x C), 150.3 (C), 131.9 (2 x CH), 129.7 (2 x CH), 128.7 (CH),
128.5 (2 x CH), 126.4 (CH), 122.6 (q, Jc.r =277.3 Hz, 2 x C), 122.6 (C), 121.5 (2 x CH), 85.2
(C), 82.2 (C), 61.9 (g, Jc-r = 37.2 Hz, 2 x CH?y), 55.5 (C), 37.4 (CH2), 25.0 (CHy); *°F NMR
(376 MHz, CDCl3) 6 —73.8 (t, J = 8.2 Hz, 6 x F); HRMS (ESI) Exact mass calculated for
[C24H18FsNaOs]* [M+Na]*: 539.0905, found 539.0906.

Bis(2,2,2-trifluoroethyl) 2-benzyl-2-(prop-2-yn-1-yl)malonate (185)

(0] (0]

| | NaH (1.5 equiv)
CF3;CH,0 OCH,CF; +
3R 2LF3 L THF, 0 °C to RT CF3;CH,0 OCH,CF;
Bn Br 16 h ; Bn
180c (2.0 equiv) 185

A flask was charged with NaH (60% dispersion in mineral oil, 844 mg, 35.18 mmol), purged
with argon for 30 mins and then suspended in THF (200 mL) at 0 °C. A solution of malonate
180c (6.00 g, 16.75 mmol) in THF was added to the ice-cooled suspension. The resulting
solution was stirred at 0 °C for 45 mins. Propargyl bromide (3.58 mL, 33.5 mmol) was added
dropwise and the resulting solution was stirred at room temperature for 16 h. The reaction
mixture was quenched with water (150 mL), extracted with Et2O (3 x 120 mL) and the
combined organic layer was washed with brine (150 mL), dried (MgSO.), filtered and
concentrated under reduced pressure. The residue was purified by column chromatography (0%
to 1% EtOAc/petroleum ether) to give the title compound (185) (2.01 g, 30%) as a pale-yellow
oil. Rf = 0.33 (10% EtOAc/petroleum ether); IR 1756 (C=0), 1412, 1281, 1155, 1086, 994,
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908, 742, 702, 648 cm™; *H NMR (400 MHz, CDCl3) & 7.32-7.27 (3H, m, ArH), 7.28-7.15
(2H, m, ArH), 4.61-4.43 (4H, m, 2 x CH2CF3), 3.47 (2H, s, CCHC), 2.76 (2H, d, J = 2.7 Hz,
CH2C=C), 2.21 (1H, t, J=2.6 Hz, C=CH); **C NMR (101 MHz, CDCl3) 5 167.4 (2 x C), 134.1
(C), 129.7 (2 x CH), 128.7 (2 x CH), 127.7 (CH), 122.5 (q, Jc-r = 277.2 Hz, 2 x C), 77.7 (C),
73.1 (CH), 61.3 (q, Jcr = 37.4 Hz, 2 x CHy), 58.3 (C), 37.2 (CH>), 22.3 (CHy); °F NMR (376
MHz, CDCl3) 6 —73.6 (t, J = 8.2 Hz, 6 x F); HRMS (ESI) Exact mass calculated for
[C17H12FsNaO4]* [M+Na]*: 419.0688, found 419.0678.

Bis(2,2,2-trifluoroethyl) 2-benzyl-2-(3-(4-methoxyphenyl)prop-2-yn-1-yl)malonate
(186a)

o 0 Cul (10 mol%) 0O o
[Pd(PPhs),Cl,] (5 mol%)
CF3CH,0 OCH,CF
CF3CH,0 : OCH,CF; + MeO | Et;N (5.0 equiv) 3LH2 . &3
n n
= THF, RT, 18 h

185 (2.0 equiv)
MeO

A flask was charged with Cul (24.0 mg, 0.13 mmol), [Pd(PPhs)2Cl.] (44.2 mg, 0.06 mmol), 4-
iodoanisole (591 mg, 2.52 mmol) and purged with argon for 20 mins. THF (25 mL) which was
freshly deoxygenated (purging with argon for 30 mins) and EtsN (1.05 mL, 6.30 mmol) were
added and the mixture was deoxygenated with a stream of argon for 15 mins. Malonate 185
(500 mg, 1.26 mmol) was added and the mixture was stirred at RT for 18 h. The reaction was
quenched with saturated aqueous NH4Cl (10 mL), extracted with EtOAc (3 x 20 mL), dried
(MgSO0s), filtered and concentrated under reduced pressure. The residue was purified by
column chromatography (0% to 3% EtOAc/petroleum ether) to give the titled compound
(186a) (345 mg, 54%) as a yellow oil. Rt = 0.29 (10% EtOAc/petroleum ether); IR 2969, 1757
(C=0), 1510, 1443, 1284, 1157, 973, 907, 742, 535 cm™; 'H NMR (400 MHz, CDCl3) & 7.39-
7.35 (2H, m, ArH), 7.32-7.28 (3H, m, ArH), 7.21-7.19 (2H, m, ArH), 6.87-6.83 (2H, m, ArH),
4.53 (4H, dqg, J = 8.3, 2.2 Hz, 2 x CH2CFs3), 3.82 (3H, s, OCHpg), 3.51 (2H, s, CCH:C), 2.96
(2H, s, CH.C=C); *C NMR (101 MHz, CDCls3) § 167.8 (2 x C), 159.8 (C), 134.5 (C), 133.3
(2 x CH), 130.0 (2 x CH), 128.9 (2 x CH), 127.8 (CH), 122.6 (q, Jc.r = 277.4 Hz, 2 x C), 115.0
(C),114.1 (2% CH),85.2 (C),81.5(C), 61.4 (q, Jc-r = 37.3 Hz, 2 x CH2), 58.8 (C), 55.5 (CH3),
37.6 (CH>), 23.4 (CH.); *F NMR (376 MHz, CDCl3) § —-73.7 (t, J = 8.2 Hz, 6 x F); HRMS
(ESI) Exact mass calculated for [C2sH20FsNaOs]™ [M+Na]*: 525.1107, found 525.1108.
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Bis(2,2,2-trifluoroethyl) 2-benzyl-2-(3-(m-tolyl)prop-2-yn-1-yl)malonate (182¢)

Me

o} 0] o} 0]
NaH (1.5 equiv)
CF3CH,0 OCH,CF; + | | THFE 0 °C 10 50 °C CF3;CH,0 OCH,CF3
Bn 18 h Bn
180c Br 182e

(2.0 equiv)
Me

A flask was charged with NaH (60% dispersion in mineral oil, 141 mg, 5.86 mmol), purged
with argon for 30 mins and then suspended in THF (15 mL) at 0 °C. A solution of malonate
180c (1.00 g, 2.79 mmol) in THF was added to the ice-cooled suspension. The resulting
solution was stirred at 0 °C for 45 mins. 1-(3-Bromoprop-1-yn-1-yl)-3-methylbenzene (80 wt.
% in toluene, 1.48 g, 5.58 mmol) was added dropwise and the resulting solution was stirred at
50 °C for 18 h. The reaction mixture was quenched with water (20 mL), extracted with Et,O
(3 x 20 mL) and the combined organic layer was washed with brine (25 mL), dried (MgSOa),
filtered and concentrated under reduced pressure. The residue was purified by column
chromatography (0% to 1% EtOAc/petroleum ether) to give the title compound (182e) (870
mg, 64%) as a pale-yellow oil. R = 0.36 (10% EtOAc/petroleum ether); IR 1757 (C=0), 1486,
1282, 1155, 1085, 974, 784, 742, 702, 651 cm™*; 'TH NMR (400 MHz, CDCl3) § 7.34-7.28 (3H,
m, ArH), 7.25-7.19 (5H, m, ArH), 7.15 (1H, d, J = 7.4 Hz, ArH), 4.54 (4H, dqg, J = 8.7, 2.3 Hz,
2 x CH2CF3), 3.53 (2H, s, CCHC), 2.98 (2H, s, CH2C=C), (3H, s, CH3); *C NMR (101 MHz,
CDClI3) 6 167.7 (2 x C), 138.2 (C), 134.4 (C), 132.4 (CH), 130.0 (2 x CH), 129.4 (CH), 129.0
(CH), 128.9 (2 x CH), 128.4 (CH), 127.8 (CH), 122.7 (C), 122.7 (q, Jc-r = 277.3 Hz, 2 x C),
85.5 (C), 82.56 (C), 61.4 (g, Jcr = 37.4 Hz, 2 x CHy), 58.8 (C), 37.6 (CH>), 23.4 (CH>), 21.4
(CHa3); F NMR (376 MHz, CDCl3) § —73.7 (t, J = 8.2 Hz, 6 x F); HRMS (ESI) Exact mass
calculated for [C2sH20FsNaO4]" [M+Na]*: 509.1158, found 509.1158.
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Bis(2,2,2-trifluoroethyl) 2-benzyl-2-(3-(naphthalen-1-yl)prop-2-yn-1-yl)malonate (186b)

o o Cul (10 mol%) o o
I [Pd(PPha),Cl,] (5 mol%)
CF4CH,0 OCH,CF; + — > ¢ OCH,CF4
Bn Et3N (5.0 equiv)
= THF, RT, 18 h O =

185
(2.0 equiv)

A flask was charged with Cul (24.0 mg, 0.13 mmol), [Pd(PPhz3)2Cl>] (44.2 mg, 0.06 mmol) and
purged with argon for 20 mins. THF (25 mL) which was freshly deoxygenated (purging with
argon for 30 mins) and EtsN (1.05 mL, 6.30 mmol) were added and the mixture was
deoxygenated with a stream of argon for 15 mins. Malonate 185 (500 mg, 1.26 mmol) and 1-
iodonaphthalene (0.37 mL, 2.52 mmol) were added and the mixture was stirred at RT for 18 h.
The reaction was quenched with saturated aqueous NH4CI (10 mL), extracted with EtOAc (3
x 20 mL), dried (MgSOa), filtered and concentrated under reduced pressure. The residue was
purified by column chromatography (0% to 5% EtOAc/petroleum ether) to give the titled
compound (186b) (426 mg, 65%) as a yellow oil. Rf = 0.39 (10% EtOAc/petroleum ether); IR
1755 (C=0), 1281, 1148, 1085, 968, 841, 800, 701, 652, 523 cm™; *H NMR (400 MHz, CDCls)
5 8.32-8.29 (1H, m, ArH), 7.88-7.83 (2H, m, ArH), 7.69 (1H, dd, J = 7.2, 1.2 Hz, ArH), 7.60
(1H, ddd, J=8.3,6.9, 1.4 Hz, ArH), 7.53 (1H, ddd, J = 8.2, 6.8, 1.4 Hz, ArH), 7.44 (1H, dd, J
=8.3, 7.1 Hz, ArH), 7.35-7.29 (3H, m, ArH), 7.25-7.23 (2H, m, ArH), 4.56 (4H, qd, J = 8.2,
4.7 Hz, 2 x CH,CF3), 3.62 (2H, s, CCH.C), 3.16 (2H, s, CH.C=C); *C NMR (101 MHz,
CDCl3) § 167.8 (2 x C), 134.4 (C), 133.5 (C), 133.3 (C), 130.9 (CH), 130.0 (2 x CH), 129.0
(CH), 128.9 (2 x CH), 128.5 (CH), 127.9 (CH), 127.0 (CH), 126.6 (CH), 126.1 (CH), 125.3
(CH), 122.7 (q, Jc-r = 277.3 Hz, 2 x C), 120.5 (C), 87.9 (C), 83.4 (C), 61.5 (q, Jc-r = 37.4 Hz,
2 x CHy), 58.8 (C), 37.8 (CH>), 23.8 (CH2); **F NMR (376 MHz, CDCl3) § -73.6 (t, J = 8.1
Hz, 6 x F); HRMS (ESI) Exact mass calculated for [C27H24FsNO4]* [M+H4N]*: 540.1604,
found 540.1606.
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Bis(2,2,2-trifluoroethyl) 2-benzyl-2-(3-(thiophen-2-yl)prop-2-yn-1-yl)malonate (186c)

o] o] Cul (10 mol%) o o]
[Pd(PPh3),Cl,] (5 mol%)
CF3CH,0 OCH,CF CF4CH,0 OCH,CF
sv2 2= ()\ Et;N (5.0 equiv) e 5 s
= THF, RT, 18 h "
185 (2.0 equiv)

A flask was charged with Cul (24.0 mg, 0.13 mmol), [Pd(PPhz3)2Cl>] (44.2 mg, 0.06 mmol) and
purged with argon for 20 mins. THF (25 mL) which was freshly deoxygenated (purging with
argon for 30 mins) and EtsN (1.05 mL, 6.30 mmol) were added and the mixture was
deoxygenated with a stream of argon for 15 mins. Malonate 185 (500 mg, 1.26 mmol) and 2-
iodothiophene (0.28 mL, 2.52 mmol) were added and the mixture was stirred at RT for 18 h.
The reaction was quenched with saturated aqueous NH4CI (10 mL), extracted with EtOAc (3
x 20 mL), dried (MgSQsa), filtered and concentrated under reduced pressure. The residue was
purified by column chromatography (0% to 1% EtOAc/petroleum ether) to give the titled
compound (186¢) (591 mg, 98%) as an orange oil. Rf = 0.35 (10% EtOAc/petroleum ether); IR
1754 (C=0), 1443, 1279, 1159, 1073, 972, 958, 838, 700, 528 cm™; *H NMR (400 MHz,
CDCl3) 8 7.34-7.28 (3H, m, ArH), 7.26-7.24 (1H, m, ArH), 7.22-7.17 (3H, m, ArH), 6.98 (1H,
dd, J=5.2, 3,6 Hz, ArH), 4.54 (4H, dq, J = 8.3, 2.4 Hz, 2 x CH,CF3), 3.50 (2H, s, CCH2C),
3.00 (2H, s, CH2C=C); *°C NMR (101 MHz, CDCl3) § 167.6 (2 x C), 134.3 (C), 132.3 (CH),
130.0 (2 x CH), 128.9 (2 x CH), 127.9 (CH), 127.2 (CH), 127.1 (CH), 122.7 (C), 122.6 (q, Jc-
F=277.4Hz,2xC),87.1(C), 78.4(C), 61.5(q, Jc-r =37.4 Hz, 2 x CH2), 58.7 (C), 37.7 (CHy),
23.7 (CH2); °F NMR (376 MHz, CDCls) § —73.6 (t, J = 8.3 Hz, 6 x F); HRMS (ESI) Exact
mass calculated for [C21H16FsNaO4S]™ [M+Na]*: 501.0566, found 501.0565.

Bis(2,2,2-trifluoroethyl) 2-methyl-2-(4-phenylbut-3-yn-1-yl)malonate (211)

Cul (10 mol%)
[Pd(PPhy),Cl,] (5 mol%)
CF3CH,0 OCH,CF > CF,CH,0 OCH,CF
sve 22 Et;N, 60 °C, 18 h s s
Me Me
(2.0 equw) 211

)l

Ph
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A flask was charged with Cul (28.6 mg, 0.15 mmol), [Pd(PPh3).Cl.] (52.6 mg, 0.075 mmol)
and purged with argon for 20 mins. EtsN (25 mL) was added and the mixture was deoxygenated
with a stream of argon for 15 mins. Bis(2,2,2-trifluoroethyl) 2-methyl-2-(but-3-yn-1-
yl)malonate (500 mg, 1.50 mmol) and iodobenzene (336 pL, 3.00 mmol) were added and the
mixture was stirred at 60 °C for 18 h. The reaction was quenched with saturated aqueous NH4Cl
(20 mL), extracted with EtOAc (3 x 20 mL), dried (MgSQa.), filtered and concentrated under
reduced pressure. The residue was purified by column chromatography (0% to 2%
EtOAc/petroleum ether) to give the titled compound (211) (580 mg, 79%) as a pale-yellow oil.
Rt = 0.32 (10% EtOAc/petroleum ether); IR 1752 (C=0), 1411, 1280, 1157, 1103, 1027, 975,
756, 692, 650 cm™*; 'H NMR (400 MHz, CDCls) § 7.40-7.35 (2H, m, ArH), 7.30-7.27 (3H, m,
ArH), 4.59-4.41 (4H, m, 2 x CH2CF3), 2.52-2.48 (2H, m, CH.C=C), 2.33-2.28 (2H, m, CH2C),
(3H, s, CH3); *C NMR (101 MHz, CDCls3) § 169.7 (2 x C), 131.6 (2 x CH), 128.4 (2 x CH),
128.1 (CH), 123.5(C), 122.7 (q, Jc-r = 277.3 Hz, 2 x C), 88.0 (C), 81.7 (C), 61.3 (9, Jc-r = 37.2
Hz, 2 x CH_y), 53.3 (C), 34.4 (CHz), 19.9 (CH2), 15.0 (CHs); **F NMR (376 MHz, CDCl3) 5 —
73.9 (t, J=8.2 Hz, 6 x F); HRMS (ESI) Exact mass calculated for [C1gH16FsNaO4]" [M+Na]™:
433.0845, found 433.0844.

Dimethyl 2-(3-phenylprop-2-yn-1-yl)malonate (199)
Cul (10 mol%)

I
o o o o
[Pd(PPhs),Cl,] (5 mol%)
MeO OMe + MeO oM
Et;N (10.0 equiv) © ©
THF, RT, 18 h
i (1.2 equiv) = 199

Ph

A flask was charged with Cul (728 mg, 3.82 mmol), [Pd(PPh3)2Cl;] (1.34 g, 1.92mmol) and
purged with argon for 30 mins. THF (300 mL) which was freshly deoxygenated (purging with
argon for 30 mins) and EtsN (53.0 mL, 382 mmol) were added and the mixture was
deoxygenated with a stream of argon for 20 mins. Dimethyl 2-(prop-2-yn-1-yl)malonate (6.50
g, 38.2 mmol) and iodobenzene (5.11 mL, 45.8 mmol) were added and the mixture was stirred
at room temperature for 18 h. The reaction was quenched with saturated aqueous NH4ClI (200
mL), extracted with EtOAc (3 x 150 mL), dried (MgSQ.), filtered and concentrated under
reduced pressure. The residue was purified by column chromatography (5% to 12%
EtOAc/petroleum ether) to give the titled compound (199) (6.96 g, 74%) as a yellow oil. *H
NMR (400 MHz, CDCls) 6 7.37-7.33 (2H, m, ArH), 7.26-7.23 (3H, m, ArH), 3.77 (6H, s, 2 X
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OCHs), 3.67 (1H, t, J = 7.7 Hz, CHCH2C=C), 2.99 (2H, d, J = 7.8 Hz, CH.C=C); *C NMR
(101 MHz, CDCl3) & 168.6 (2 x C), 131.8 (2 x CH), 128.3 (2 x CH), 128.2 (CH), 123.3 (C),
85.3 (C), 82.7 (C), 53.0 (2 x CHg), 51.3 (CH), 19.7 (CH>). Data consistent with previously

reported literature.*?

Dimethyl 2-(2-oxo-2-phenylethyl)-2-(3-phenylprop-2-yn-1-yl)malonate (200b)

(0] o] o] o]

MeO oM B \)J\ NaRH@Seq) o oM
+
€ r ph THF, 0°CRT. M© ©

= (2.0 squiv) oh = | a0
Ph o]

A flask was charged with NaH (60% dispersion in mineral oil, 205 mg, 8.53 mmol), purged
with argon for 30 mins and then suspended in THF (25 mL) at 0 °C. A solution of malonate
199 (1.00 g, 4.06 mmol) in THF was added to the ice-cooled suspension. The resulting solution
was stirred at 0 °C for 45 mins. A solution of 2-bromoacetophenone (1.61 g, 8.12 mmol) in
THF was added dropwise and the resulting solution was stirred at room temperature for 16 h.
The reaction mixture was quenched with water (20 mL), extracted with Et,O (3 x 20 mL) and
the combined organic layer was washed with brine (25 mL), dried (MgSO.), filtered and
concentrated under reduced pressure. The residue was purified by column chromatography (5%
to 10% EtOAc/petroleum ether) to give the title compound (200b) (1.15 g, 78%) as a white
solid. Rs = 0.38 (10% EtOAc/petroleum ether); m.p. 76-77 °C (Et20); IR 3030, 1752 (C=0),
1731 (C=0), 1288, 1178, 1060, 752, 698, 534, 506 cm™*; 'H NMR (400 MHz, CDCls) & 8.04-
8.01 (2H, m, ArH), 7.61-7.56 (1H, m, ArH), 7.49-7.45 (2H, m, ArH), 7.31-7.22 (5H, m, ArH),
3.98 (2H, s, CH2COPh), 3.80 (6H, s, 2 x OCH3), 3.33 (2H, s, CH.C=C); **C NMR (101 MHz,
CDClI3) 6 197.0 (C), 170.1 (2 x C), 136.5 (C), 133.7 (CH), 131.8 (2 x CH), 128.8 (2 x CH),
128.33 (2 x CH), 128.32 (2 x CH), 128.2 (CH), 123.1 (C), 84.7 (C), 84.1 (C), 55.2 (C), 53.3 (2
X CHs), 41.4 (CHy), 24.5 (CH2); HRMS (ESI) Exact mass calculated for [C22H20NaOs]"
[M+Na]*: 387.1203, found 387.1203.

61



Dimethyl 2-allyl-2-(3-phenylprop-2-yn-1-yl)malonate (200c)

NaH (1.5 equiv
MeO OMe + g\ elSea), OMe
) THF, 0 °C to RT
(2.0 equiv) 16 h —
// 199 Ph—— \ 200c

Ph

A flask was charged with NaH (60% dispersion in mineral oil, 205 mg, 8.53 mmol), purged
with argon for 30 mins and then suspended in THF (25 mL) at 0 °C. A solution of malonate
199 (1.00 g, 4.06 mmol) in THF was added to the ice-cooled suspension. The resulting solution
was stirred at 0 °C for 45 mins. A solution of allyl bromide (703 pL, 8.12 mmol) in THF was
added dropwise and the resulting solution was stirred at room temperature for 16 h. The
reaction mixture was quenched with water (20 mL), extracted with Et2O (3 x 20 mL) and the
combined organic layer was washed with brine (25 mL), dried (MgSOQ.), filtered and
concentrated under reduced pressure. The residue was purified by column chromatography (0%
to 5% EtOAc/petroleum ether) to give the title compound (200c) (878 mg, 76%) as a yellow
oil. 'TH NMR (400 MHz, CDCls) 6 7.36-7.32 (2H, m, ArH), 7.28-7.22 (3H, m, ArH), 5.66 (1H,
ddt, J = 16.9, 10.1, 7.5 Hz, HC=CH), 5.21-5.16 (1H, m, HC=CHaHp), 5.14-5.11 (1H, m,
HC=CHaHpb), 3.73 (6H, s, 2 x OCHB3), 3.00 (2H, s, CH>C=C), 2.88-2.83 (2H, m, CH,HC=C);
13C NMR (101 MHz, CDCl3) § 170.4 (2 x C), 132.0 (CH), 131.7 (2 x CH), 128.3 (CH), 128.1
(2 x CH), 123.3 (C), 120.0 (CH2), 84.3 (C), 83.4 (C), 57.4 (C), 52.9 (2 x CHa), 36.9 (CH>),

23.8 (CHy). Data consistent with previously reported literature.*®

Dimethyl 2-benzyl-2-(3-phenylprop-2-yn-1-yl)malonate (200d)

0} (e}
NaH (1.5 equiv)
N
+ _ > M M
MeO OMe Br Ith THF, 0 °C to RT eO OMe
(2.0 equiv) 16 h —
// 199 Ph——  Ph 200d

Ph

A flask was charged with NaH (60% dispersion in mineral oil, 205 mg, 8.53 mmol), purged
with argon for 30 mins and then suspended in THF (25 mL) at 0 °C. A solution of malonate
199 (1.00 g, 4.06 mmol) in THF was added to the ice-cooled suspension. The resulting solution
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was stirred at 0 °C for 45 mins. A solution of benzyl bromide (966 uL, 8.12 mmol) in THF was
added dropwise and the resulting solution was stirred at room temperature for 16 h. The
reaction mixture was quenched with water (20 mL), extracted with Et,O (3 x 20 mL) and the
combined organic layer was washed with brine (25 mL), dried (MgSOQO.), filtered and
concentrated under reduced pressure. The residue was purified by column chromatography (0%
to 5% EtOAc/petroleum ether) to give the title compound (200d) (1.19 g, 87%) as a yellow oil.
Rt =0.39 (20% EtOAc/petroleum ether); IR 2951, 1732 (C=0), 1492, 1434, 1279, 1177, 1084,
756, 690, 537 cm™; *H NMR (400 MHz, CDCls3) § 7.48-7.44 (2H, m, ArH), 7.34-7.25 (6H, m,
ArH), 7.21-7.18 (2H, m, ArH), 3.78 (6H, s, 2 x OCH3), 3.48 (2H, s, CCH.C), 3.00 (2H, s,
CH2C=C); ¥3C NMR (101 MHz, CDCl3) § 170.3 (2 x C), 135.6 (C), 131.8 (2 x CH), 130.0 (2
x CH), 128.6 (2 x CH), 128.4 (2 x CH), 128.2 (CH), 127.3 (CH), 123.3 (C), 84.7 (C), 84.5 (C),
58.8 (C), 52.9 (2 x CH3), 37.8 (CH2), 23.2 (CH2); HRMS (ESI) Exact mass calculated for
[C21H20NaO4]* [M+Na]™: 359.1254, found 359.1258.

2,2-Dimethyl 1-phenyl 5-(thiophen-2-yl)pent-4-yne-1,2,2-tricarboxylate (S2)

0} (e} o (o}

o)
MeO OMe + B \)J\ fadSean), o OMe
e e r OPh THF, 0°CtoRT
: 16 h —
1.5 equiv
// ( quiv) \ N /PhO s2
X S (e]

A flask was charged with NaH (60% dispersion in mineral oil, 399 mg, 16.6 mmol), purged
with argon for 30 mins and then suspended in THF (30 mL) at 0 °C. A solution of dimethyl 2-
(3-(thiophen-2-yl)prop-2-yn-1-yl)malonate (2.00 g, 7.92 mmol) in THF was added to the ice-
cooled suspension. The resulting solution was stirred at 0 °C for 45 mins. A solution of phenyl
bromoacetate (2.54 g, 11.9 mmol) in THF was added dropwise and the resulting solution was
stirred at room temperature for 16 h. The reaction mixture was quenched with water (30 mL),
extracted with Et2O (3 x 30 mL) and the combined organic layer was washed with brine (40
mL), dried (MgSOsa), filtered and concentrated under reduced pressure. The residue was
purified by column chromatography (3% to 10% EtOAc/petroleum ether) to give the title
compound (S2) (1.40 g, 62%) as a yellow oil. R = 0.37 (20% EtOAc/petroleum ether); IR
2954, 1732 (C=0), 1434, 1289, 1147, 1048, 906, 848, 753, 688 cm™; 'H NMR (400 MHz,
CDCl3) § 7.40-7.35 (2H, m, ArH), 7.25-7.21 (2H, m, ArH), 7.17 (1H, dd, J = 3.6, 1,2 Hz, ArH),
7.12-7.09 (2H, m, ArH), 6.95 (1H, dd, J = 5.2, 3.6 Hz, ArH), 3.81 (6H, s, 2 x OCH3), 3.49
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(2H, s, CCH2CO,Ph), 3.34 (2H, s, CH2C=C); *C NMR (101 MHz, CDCls) & 169.3 (2 x C),
169.1 (C), 150.4 (C), 132.0 (CH), 129.5 (2 x CH), 127.0 (CH), 126.9 (CH), 126.1 (CH), 122.9
(C), 121.5 (2 x CH), 87.9 (C), 77.4 (C), 55.3 (C), 53.4 (2 X CH3), 37.5 (CH>), 25.1 (CHy);
HRMS (ESI) Exact mass calculated for [C20H1sNaOsS]*™ [M+Na]*: 409.0722, found 409.0710.

3.3 Racemic Rhodium-Catalysed Desymmetrisation of Malonate Esters

General Procedure B: Rhodium-Catalysed Desymmetrisation of Malonate Esters

KF (1.5 equiv)
Rh(cod)Cl], (5 mol%
o OR? + APB(OH), _[RNCOAIC, (S mol%)
. 1,4-dioxane/H,0 (9:1)
R? 1.5 equiv 2
A = ( ) 70°C,20 h

An oven-dried microwave vial fitted with a stirrer bar was charged with the appropriate
malonate ester (0.3 mmol), the appropriate arylboronic acid (0.45 mmol), KF (26.1 mg, 0.45
mmol) and [Rh(cod)Cl]2 (7.4 mg, 0.015 mmol). The vial was sealed with a septum-lined cap
and purged with argon for 30 mins. Anhydrous 1,4-dioxane (2.7 mL) and water (0.3 mL) both
of which were freshly deoxygenated separately (purging with argon for 30 mins) were added.
The mixture was stirred at 70 °C for 20 h. The reaction was cooled to room temperature, water
(15 mL) was added and the mixture was extracted with EtOAc (3 x 15 mL). The combined
organic phases were washed with brine (20 mL), dried (MgSOs), filtered and concentrated
under reduced pressure. The residue was purified by column chromatography using EtOAc/n-

pentane to give the arylative cyclization product.

0 2,2,2-Trifluoroethyl (E)-2-benzyl-4-benzylidene-1-oxo0-1,2,3,4-

Bn

€0LRLEs  tetrahydronaphthalene-2-carboxylate (201a). The title compound was

prepared according to General Procedure B, using malonate ester 182d

K (141.7 mg, 0.30 mmol) and phenylboronic acid (54.9 mg, 0.45 mmol)

which was purified by column chromatography (0% to 1.5% EtOAc/n-pentane) to give a pale-
yellow oil (92.1 mg, 68%). Rf= 0.32 (10% EtOAc/petroleum ether); IR 2922, 1742 (C=0),
1685 (C=0), 1454, 1273, 1156, 925, 848, 760, 656 cm™; 'H NMR (400 MHz, CDCls) & 8.11
(1H,dd,J=7.9, 1.5 Hz, ArH), 7.76 (1H, dd, J=8.1, 1.1 Hz, ArH), 7.59 (1H, ddd, J = 8.2, 7.3,

1.5 Hz, ArH), 7.44-7.39 (4H, m, ArH), 7.34-7.30 (3H, m, ArH), 7.14-7.07 (5H, m, ArH), 4.47
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(1H, dg, J = 12.6, 8.4 Hz, CH,H,CFs3), 4.23 (1H, dq, J = 12.6, 8.4 Hz, CH.HsCFs), 3.63 (1H,
dd, J = 14.6, 1.4 Hz, =CCH,Hb), 3.38 (1H, d, J = 13.7 Hz, CCH,H,CC), 3.22 (1H, d, J = 13.7
Hz, CCHaHyCC), 3.02 (1H, dd, J = 14.6, 1.4 Hz, =CCHaHp); °C NMR (101 MHz, CDCl3) §
193.6 (C), 170.0 (C), 141.1 (C), 136.7 (C), 135.4 (C), 134.3 (CH), 131.0 (C), 130.9 (2 x CH),
130.3 (C), 129.8 (CH), 129.2 (2 x CH), 128.7 (2 x CH), 128.6 (CH), 128.5 (CH), 128.2 (2 x
CH), 127.8 (CH), 127.0 (CH), 124.5 (CH), 122.7 (q, Jc-r = 277.4 Hz, C), 61.0 (q, Jc-r = 37.1
Hz, CH,), 60.3 (C), 38.9 (CH>), 34.1 (CH.); °F NMR (376 MHz, CDCl3) 5 -73.5 (t, J = 8.3
Hz, 3 x F); HRMS (ESI) Exact mass calculated for [C27H21F3NaO3]* [M+Na]* : 473.1335,
found 473.1332.

Q 2,2,2-Trifluoroethyl (E)-4-benzylidene-2-methyl-1-oxo-1,2,3,4-

Me
CO,CH,CF,

tetrahydronaphthalene-2-carboxylate (201b). The title compound was
prepared according to General Procedure B, using malonate ester 182a
(118.9 mg, 0.30 mmol) and phenylboronic acid (54.9 mg, 0.45 mmol)
which was purified by column chromatography (0% to 1.5% EtOAc/n-pentane) to give a pale-
yellow oil (65.5 mg, 58%). R = 0.30 (10% EtOAc/petroleum ether); IR 2956, 1744 (C=0),
1684 (C=0), 1452, 1270, 1156, 920, 850, 758, 659 cm™; 'H NMR (400 MHz, CDCls) & 8.09
(1H,dd,J=7.9,1.5Hz, ArH), 7.74 (1H, dd, J = 8.1, 1.1 Hz, ArH), 7.62 (1H, ddd, J = 8.0, 7.3,
1.5 Hz, ArH), 7.46-7.31 (7H, m, ArH), 4.55 (1H, dqg, J = 12.6, 8.4 Hz, CHaHwCF3), 4.30 (1H,
dg, J=12.6, 8.4 Hz, CH.HwCFs3), 3.59 (1H, dd, J = 14.1, 1.5 Hz, =CCHaHp), 3.07 (1H, dd, J =
14.1, 1.2 Hz, =CCHaHp) 1.46 (3H, s, CH3); *°C NMR (101 MHz, CDCl3) § 195.1 (C), 171.0
(C),141.5(C), 136.7 (C), 134.4 (CH), 131.3 (C), 130.2 (CH), 129.6 (C), 129.1 (2 x CH), 128.7
(2 x CH), 128.7 (CH), 128.3 (CH), 127.8 (CH), 124.7 (CH), 122.7 (q, Jc.r = 277.5 Hz, C), 60.9
(9, Jc-F = 36.9 Hz, CHy), 55.4 (C), 37.4 (CHy), 19.8 (CHa); F NMR (376 MHz, CDCls) § —
73.8 (t, J = 8.3 Hz, 3 x F); HRMS (ESI) Exact mass calculated for [C21H18F303]" [M+H]™:
375.1203, found 375.1202.

o S ) 2,2,2-Trifluoroethyl (E)-4-benzylidene-1-0xo-2-
N
CO,CH,CF; (2-thienylmethyl)-1,2,3,4-tetrahydronaphthalene-2-carboxylate

| (201c). The title compound was prepared according to  General
Fh Procedure B, using malonate ester 188 (143.5 mg, 0.30 mmol) and

phenylboronic acid (54.9 mg, 0.45 mmol) which was purified by column chromatography (0%
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to 1.5% EtOAc/n-pentane) to give a yellow oil (68.8 mg, 50%). Rt = 0.46 (10%
EtOAc/petroleum ether); IR 2925, 1751 (C=0), 1684 (C=0), 1595, 1278, 1155, 1070, 972,
758, 697, 510 cm™; *H NMR (400 MHz, CDCls) & 8.12 (1H, dd, J = 7.9, 1.4 Hz, ArH), 7.75
(1H, dd, J = 8.1, 1.1 Hz, ArH), 7.60 (1H, ddd, J = 8.2, 7.3, 1.5 Hz, ArH), 7.45-7.29 (7H, m,
ArH), 7.05 (1H, dd, J = 5.1, 1.3 Hz, ArH), 6.73-6.69 (2H, m, ArH), 4.53 (1H, dg, J = 12.7, 8.4
Hz, CHaHyCF3), 4.25 (1H, dg, J = 12.7, 8.4 Hz, CHaH,CF3), 3.65-3.59 (2H, m, =CCHaH and
CCHaHbCS), 3.43 (1H, d, J = 14.7 Hz, CCHaH,CS), 3.06 (1H, dd, J = 14.5, 1.6 Hz, =CCHaHb);
13C NMR (101 MHz, CDCl3) § 193.4 (C), 169.8 (C), 141.4 (C), 136.9 (C), 136.6 (C), 134.4
(CH), 130.8 (C), 130.2 (CH), 130.1 (C), 129.2 (2 x CH), 128.8 (CH), 128.6 (3 x CH), 128.4
(CH), 127.8 (CH), 126.6 (CH), 125.3 (CH), 124.6 (CH), 122.6 (q, Jc.r = 277.6 Hz, C), 61.1 (q,
Jcr = 37.0 Hz, CHy), 60.3 (C), 34.1 (CH>), 33.4 (CH>); F NMR (376 MHz, CDCl3) § -73.5
(t, J = 8.3 Hz, 3 x F); HRMS (ESI) Exact mass calculated for [C2sH19F3NaOsS]* [M+Na]™:
479.0899, found 479.0900.

coph 2,2,2-Trifluoroethyl (E)-4-benzylidene-1-0xo-2-(2-0xo-

€0LRCFs 2 phenylethyl)-1,2,3,4-tetrahydronaphthalene-2-carboxylate (201d).

The title compound was prepared according to General Procedure B,

" using malonate ester 184a (150.1 mg, 0.30 mmol) and phenylboronic

acid (54.9 mg, 0.45 mmol) which was purified by column chromatography (0% to 4%

EtOAc/n-pentane) to give a pale-yellow oil (52.3 mg, 36%). R = 0.26 (10% EtOAc/petroleum

ether); IR 1751 (C=0), 1682 (C=0), 1598, 1452, 1156, 1079, 909, 727, 694, 657 cm™*; *H NMR

(400 MHz, CDCls) 6 8.10 (1H, dd, J = 7.9, 1.5 Hz, ArH), 7.81-7.79 (2H, m, ArH), 7.73 (1H,

dd, J=8.0, 1.1 Hz, ArH), 7.64-7.60 (1H, m, ArH), 7.58-7.54 (1H, m, ArH), 7.47-7.40 (3H, m,

ArH), 7.34-7.27 (4H, m, ArH), 7.20-7.17 (2H, m, ArH), 4.55 (1H, dq, J = 12.6, 8.4 Hz,

CHaHwCF3), 4.29 (1H, dq, J = 12.6, 8.4 Hz, CH.HyCFs3), 3.66-3.54 (4H, m, =CCH.C and

CCH2COPh); °C NMR (101 MHz, CDCls3) § 195.8 (C), 193.8 (C), 169.9 (C), 141.8 (C), 136.4

(2xC), 134.4 (CH), 133.5 (CH), 131.6 (C), 130.4 (CH), 130.3 (C), 129.0 (2 x CH), 128.7 (3 x

CH), 128.6 (2 x CH), 128.3 (CH), 128.1 (2 x CH), 127.7 (CH), 124.7 (CH), 122.7 (q, Jcr =

277.4 Hz, C), 61.1 (g, Jc-r = 36.9 Hz, CH>), 57.0 (C), 41.7 (CH>), 35.0 (CH2); *°*F NMR (376

MHz, CDCl3) &6 —-73.7 (t, J = 8.4 Hz, 3 x F); HRMS (ESI) Exact mass calculated for
[C2gH25NF304]" [M+H4N]™: 501.1290, found 501.1122.
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2,2,2-Trifluoroethyl (E)-4-benzylidene-1-0xo-2-(2-0x0-
2-phenoxyethyl)-1,2,3,4-tetrahydronaphthalene-2-carboxylate

CO,Ph
CO,CH,CF,4

(201e). The title compound was prepared according to General Procedure
" B, using malonate ester 184b (154.9 mg, 0.30 mmol) and phenylboronic
acid (54.9 mg, 0.45 mmol) which was purified by column chromatography (0% to 3%
EtOAc/n-pentane) to give a white solid (81.6 mg, 55%). Rt = 0.31 (20% EtOAc/petroleum
ether); m.p. 138-140 °C (Et20); IR 3062, 1754 (C=0), 1687 (C=0), 1594, 1278, 1145, 958,
758, 698, 496 cm™’; *H NMR (400 MHz, CDCls) & 8.12 (1H, dd, J = 7.9, 1.5 Hz, ArH), 7.75
(1H, dd, J = 8.0, 1.1 Hz, ArH), 7.65-7.61 (1H, m, ArH), 7.47-7.29 (9H, m, ArH), 7.22-7.17
(1H, m, ArH), 6.94-6.90 (2H, m, ArH), 4.53 (1H, dq, J = 12.6, 8.3 Hz, CHaHwCF3), 4.22 (1H,
dg, J=12.6, 8.3 Hz, CH.HvCF3), 3.71 (1H, dd, J = 14.2, 1.0 Hz, =CCHaHp), 3.46 (1H, dd, J =
14.2, 1.6 Hz, =CCHaHp), 3.18-3.09 (2H, m, CCH2CO.Ph); 3C NMR (101 MHz, CDCls3) &
193.2 (C), 169.3 (C), 168.8 (C), 150.4 (C), 141.6 (C), 136.4 (C), 134.6 (CH), 130.0 (C), 129.4
(2 x CH), 129.1 (2 x CH), 128.8 (2 x CH), 128.8 (CH), 128.3 (CH), 127.9 (CH), 126.0 (CH),
124.7 (CH), 122.6 (q, Jc-r = 277.4 Hz, C), 121.5 (2 x CH), 61.2 (q, Jc-r = 36.9 Hz, CH>), 57.1
(C), 38.1 (CHy), 35.7 (CH_), [1 x C and 1 x CH concealed within the peak at 130.7]; *F NMR
(376 MHz, CDCl3) 6 —73.7 (t, J = 8.4 Hz, 3 x F); HRMS (ESI) Exact mass calculated for
[CosH21F3NaOs]* [M+Na]*: 517.1233, found 517.1233.

Me 2,2,2-Trifluoroethyl (E)-4-benzylidene-2-(3-methylbenzyl)-1-
0xo0-1,2,3,4-tetrahydronaphthalene-2-carboxylate (201f). The title

CO,CH,CF;  compound was prepared according to General Procedure B, using
malonate ester 189 (145.9 mg, 0.30 mmol) and phenylboronic acid (54.9
mg, 0.45 mmol) which was purified by column chromatography (0% to

1.5% EtOAc/n-pentane) to give a colourless oil (101.0 mg, 73%). Rf = 0.34 (10%

EtOAc/petroleum ether); IR 2923, 1749 (C=0), 1686 (C=0), 1444, 1279, 1156, 909, 759, 731,

698 cm™; 'H NMR (400 MHz, CDCl3) § 8.10 (1H, dd, J = 7.9, 1.2 Hz, ArH), 7.76 (1H, d, J =

8.0 Hz, ArH), 7.59 (1H, ddd, J = 8.1, 7.3, 1.5 Hz, ArH), 7.44-7.30 (7H, m, ArH), 6.99-6.86

(4H, m, ArH), 4.45 (1H, dg, J = 12.6, 8.4 Hz, CHaHyCF3), 4.24 (1H, dqg, J = 12.6, 8.4 Hz,

CHaHyCF3), 3.64 (1H, dd, J=14.7, 1.4 Hz, =CCHaHb), 3.33 (1H, d, J = 13.8 Hz, CCHaHuCC),

3.20 (1H, d, J =13.8 Hz, CCH:HvCC), 3.05 (1H, dd, J = 14.7, 1.6 Hz, =CCHaHb), 2.17 (3H, s,

CHs); 13C NMR (101 MHz, CDCls) § 193.8 (C), 170.0 (C), 141.0 (C), 137.8 (C), 136.7 (C),

135.3 (C), 134.3 (CH), 131.5 (CH), 131.0 (C), 130.3 (C), 129.7 (CH), 129.3 (2 x CH), 128.7
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(2 x CH), 128.6 (CH), 128.5 (CH), 128.1 (CH), 127.9 (CH), 127.8 (CH), 127.8 (CH), 124.4
(CH), 122.7 (q, Jc-r = 277.9 Hz, C), 61.0 (q, Jc-r = 36.9 Hz, CH>), 60.2 (C), 38.8 (CH>), 34.1
(CHy), 21.4 (CH3); °F NMR (376 MHz, CDCls) 5 —73.5 (t, J = 8.3 Hz, 3 x F); HRMS (ESI)
Exact mass calculated for [C2gH24F303]" [M+H]" : 465.1672, found 465.1683.

OMe 2,2,2-Trifluoroethyl (E)-4-benzylidene-2-(4-methoxybenzyl)-1-

CO,CH,CF,4 oxo-1,2,3,4-tetrahydronaphthalene-2-carboxylate  (201g). The
title compound was prepared according to General Procedure B,

Ph using malonate ester 190 (150.7 mg, 0.30 mmol) and phenylboronic

acid (54.9 mg, 0.45 mmol) which was purified by column chromatography (0% to 2%
EtOAc/n-pentane) to give a yellow oil (104.1 mg, 72%). Rt = 0.29 (10% EtOAc/petroleum
ether); IR 2928, 1749 (C=0), 1685 (C=0), 1511, 1279, 1248, 1156, 1032, 908, 759 cm™; H
NMR (400 MHz, CDCl3) & 8.10 (1H, dd, J = 7.9, 0.5 Hz, ArH), 7.76 (1H, d, J = 7.6 Hz, ArH),
7.59 (1H, ddd, J = 8.0, 7.2, 1.5 Hz, ArH), 7.44-7.39 (4H, m, ArH), 7.35-7.30 (3H, m, ArH),
7.04-7.00 (2H, m, ArH), 6.63-6.59 (2H, m, ArH), 4.48 (1H, dq, J = 12.6, 8.4 Hz, CHaHwCF3),
4.26 (1H, dg, J = 12.6, 8.4 Hz, CH,H,CF3), 3.71 (3H, s, OCHs3), 3.61 (1H, dd, J = 14.6, 1.4 Hz,
=CCHaHy), 3.31 (1H, d, J = 13.9 Hz, CCHaH,CC), 3.16 (1H, d, J = 13.9 Hz, CCHaH,CC),
3.04 (1H, dd, J = 14.6, 1.5 Hz, =CCHaHp); 3C NMR (101 MHz, CDCls) § 193.8 (C), 170.0
(C), 158.6 (C), 141.1 (C), 136.7 (C), 134.3 (CH), 131.8 (2 x CH), 131.1 (CH), 130.2 (C), 129.8
(CH), 129.3 (2 x CH), 128.7 (2 x CH), 128.6 (CH), 128.4 (CH), 127.8 (CH), 127.3 (C), 124.5
(CH), 122.7 (9, Jc-r = 277.4 Hz, C), 113.6 (2 x CH), 61.4 (g, Jcr = 37.2 Hz, CH>), 60.5 (C),
55.2 (CHs), 38.0 (CH2), 34.0 (CH>); F NMR (376 MHz, CDCl3) 6 —73.5 (t, J = 8.4 Hz, 3 x
F); HRMS (ESI) Exact mass calculated for [C2gH24F304]" [M+H]" : 481.1621, found 481.1631.

- 2,2,2-Trifluoroethyl (E)-4-benzylidene-1-oxo-2-phenyl-
€0LRCFs 1 2 3 4-tetrahydronaphthalene-2-carboxylate  (201h). The title
compound was prepared according to General Procedure B, using

" malonate ester 182¢ (137.4 mg, 0.30 mmol) and phenylboronic acid (54.9

mg, 0.45 mmol) which was purified by column chromatography (0% to 1.5% EtOAc/n-
pentane) to give a yellow oil (81.0 mg, 62%). Rt = 0.42 (10% EtOAc/petroleum ether); IR
2919, 1749 (C=0), 1682 (C=0), 1596, 1447, 1280, 1158, 972, 732, 696 cm™*; *H NMR (400

MHz, CDCls3) 6 8.15 (1H, dd, J = 7.9, 1.4 Hz, ArH), 7.65 (1H, dd, J = 8.0, 1.1 Hz, ArH), 7.58-
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7.53 (1H, m, ArH), 7.48-7.29 (6H, m, ArH), 7.24-7.15 (4H, m, ArH), 6.96-6.93 (2H, m, ArH),
4.54 (1H, dq, J = 12.7, 8.4 Hz, CHaHwCF3), 4.39 (1H, dq, J = 12.7, 8.4 Hz, CHaHwCF3), 3.92
(1H, dd, J = 14.5, 0.8 Hz, =CCHaHb), 3.82 (1H, dd, J = 14.5, 1.9 Hz, =CCH.Hs); *C NMR
(101 MHz, CDCl3) 4 193.5 (C), 169.9 (C), 141.1 (C), 136.9 (C), 134.4 (CH), 134.0 (C), 131.1
(C), 130.3 (CH), 130.2 (C), 129.1 (2 x CH), 128.8 (2 x CH), 128.7 (CH), 128.5 (CH), 128.3 (2
x CH), 128.2 (CH), 128.0 (CH), 127.9 (2 x CH), 124.6 (CH), 122.7 (q, Jc-r = 277.5 Hz, C),
64.3 (C), 61.2 (g, Jc-r = 36.9 Hz, CH,), 35.2 (CH>); *F NMR (376 MHz, CDCl3) 6 -73.7 (t, J
= 8.3 Hz, 3 x F); HRMS (ESI) Exact mass calculated for [C2sH20F303]" [M+H]": 437.1359,
found 437.1343.

2,2,2-Trifluoroethyl (E)-4-benzylidene-2-(2-methoxyphenyl)-1-
oxo-1,2,3,4-tetrahydronaphthalene-2-carboxylate (201i). The title
compound was prepared according to General Procedure B, using

malonate ester 193 (146.5 mg, 0.30 mmol) and phenylboronic acid (54.9
mg, 0.45 mmol) which was purified by column chromatography (0% to 1.5% EtOAc/n-
pentane) to give a pale-yellow oil (75.1 mg, 54%). R = 0.29 (10% EtOAc/petroleum ether); IR
2923, 1751 (C=0), 1682 (C=0), 1596, 1494, 1157, 1029, 973, 774, 698 cm™; 'H NMR (400
MHz, CDClz) 6 8.19 (1H, dt, J = 7.8, 1.1 Hz, ArH), 7.61-7.57 (2H, m, ArH), 7.49-7.43 (1H,
m, ArH), 7.34-7.29 (2H, m, ArH), 7.26-7.22 (1H, m, ArH), 7.17 (1H, ddd, J = 8.2, 6.9, 2.2 Hz,
ArH), 7.04-6.99 (3H, m, ArH), 6.70-6.63 (2H, m, ArH), 6.58-6.56 (1H, m, ArH), 4.66 (1H,
dg, J =12.7, 8.4 Hz, CHaH,CF3), 4.36 (1H, dq, J = 12.7 8.4 Hz, CH.H,CF3), 4.27 (1H, d, J =
13.8 Hz, =CCHaHb), 3.52 (1H, dd, J = 13.8, 1.8 Hz, =CCHaHb), 3.15 (3H, s, OCHs); *°C NMR
(101 MHz, CDCls) & 194.8 (C), 170.2 (C), 156.9 (C), 142.5 (C), 137.0 (C), 134.4 (CH), 132.8
(C), 131.0 (C), 130.1 (CH), 129.1 (CH), 129.0 (2 x CH), 128.6 (CH), 128.3 (2 x CH), 128.1
(CH), 128.0 (CH), 127.3 (CH), 124.9 (C), 124.8 (CH), 122.9 (q, Jc-r = 277.7 Hz, C), 120.0
(CH), 110.4 (CH), 63.2 (C), 60.8 (0, Jc-r = 36.7 Hz, CH>), 54.3 (CHs3), 34.8 (CH>); °F NMR
(376 MHz, CDCl3) 6 —73.7 (t, J = 8.5 Hz, 3 x F); HRMS (ESI) Exact mass calculated for
[Co7H22F304]* [M+H]*: 467.1465, found 467.1464.
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2,2,2-Trifluoroethyl (E)-4-benzylidene-1-oxo0-3,4-dihydro-[2,2'-
binaphthalene]-2(1H)-carboxylate (201j). The title compound was

00,CH,CF, prepared according to a slight modification of General Procedure B (in
that 2.0 equivalents of boronic acid and 10 mol% catalyst loading was
Ph used), using malonate ester 194 (1525 mg, 0.30 mmol) and
phenylboronic acid (73.2 mg, 0.60 mmol) which was purified by column chromatography (0%
to 1% EtOAc/n-pentane) to give a yellow oil (82.3 mg, 56%). Rs = 0.41 (10% EtOAc/petroleum
ether); IR 2924, 1745 (C=0), 1682 (C=0), 1596, 1278, 1157, 1081, 967, 777, 699 cm™; H
NMR (400 MHz, CDClz) 6 8.25 (1H, dt, J = 7.8, 1.2 Hz, ArH), 7.77-7.70 (2H, m, ArH), 7.64-
7.59 (2H, m, ArH), 7.50 (1H, ddd, J = 8.3, 5.9, 2.6 Hz, ArH), 7.31-7.27 (2H, m, ArH), 7.17
(1H, dd, J = 8.2, 7.3 Hz, ArH), 7.09-6.93 (6H, m, ArH), 6.57-6.54 (2H, m, ArH), 4.60-4.43
(2H, m, CH2CF3), 4.27 (1H, d, J = 14.0 Hz, =CCHaHb), 3.74 (1H, dd, J = 14.0, 1.7 Hz,
=CCHaHb); *C NMR (101 MHz, CDCl3) & 194.8 (C), 170.9 (C), 141.7 (C), 136.3 (C), 134.6
(CH), 134.2 (C), 132.4 (C), 131.6 (C), 131.0 (C), 130.9 (C), 130.5 (CH), 129.2 (CH), 129.2
(CH), 128.8 (CH), 128.3 (CH), 128.2 (2 x CH), 128.1 (2 x CH), 127.0 (CH), 126.2 (CH), 125.9
(CH), 125.5 (CH), 124.8 (CH), 124.5 (CH), 123.7 (CH), 122.6 (q, Jc-r = 277.8 Hz, C), 65.2
(C), 61.2 (q, Jc-r = 36.9 Hz, CH>), 36.6 (CH.); °F NMR (376 MHz, CDCl3) § -73.3 (t, J=8.4
Hz, 3 x F); HRMS (ESI) Exact mass calculated for [C3oH2sFsNOs]* [M+H4N]*: 504.1781,
found 504.1783.

\S/ 2,2,2-Trifluoroethyl (E)-4-benzylidene-1-oxo-2-(3-thienyl)-
(0]
1,2,3,4-tetrahydronaphthalene-2-carboxylate  (201k). The title

CO,CH,CF,4

|
Ph malonate ester 187 (139.3 mg, 0.30 mmol) and phenylboronic acid (54.9

compound was prepared according to General Procedure B, using

mg, 0.45 mmol) which was purified by column chromatography (0% to 2% EtOAc/n-pentane)
to give a yellow oil (75.7 mg, 57%). Rs = 0.25 (10% EtOAc/petroleum ether); IR 2924, 1749
(C=0), 1682 (C=0), 1596, 1445, 1280, 1156, 908, 731, 698 cm™; *H NMR (400 MHz, CDCls)
6 8.15(1H, ddd, J=7.9, 1.5, 0.5 Hz, ArH), 7.69 (1H, dd, J=8.1, 1.2 Hz, ArH), 7.58 (1H, ddd,
J=8.0,7.2,1.5Hz, ArH), 7.48-7.33 (6H, m, ArH), 7.30 (1H, s, HC=C), 7.16 (1H, dd, J = 5.1,
3.0 Hz, ArH), 6.89 (1H, dd, J = 3.0, 1.4 Hz, ArH), 6.76 (1H, dd, J = 5.1, 1.4 Hz, ArH), 4.57
(1H, dg, J = 12.6, 8.3 Hz, CHaHyCF3), 4.40 (1H, dq, J = 12.6, 8.3 Hz, CH,H,CF3), 3.89-3.80
(2H, m, =CCH>); 3C NMR (101 MHz, CDCls3) § 192.4 (C), 169.5 (C), 141.1 (C), 136.7 (C),
134.5 (CH), 134.4 (C), 131.0 (C), 130.4 (CH), 129.7 (C), 129.2 (2 x CH), 128.9 (2 x CH),
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128.7 (CH), 128.6 (CH), 128.0 (CH), 127.6 (CH), 125.4 (CH), 124.7 (CH), 123.9 (CH), 122.7
(9, Jc-r = 277.5 Hz, C), 61.3 (q, Jcr = 36.8 Hz, CHJ>), 35.6 (CHy), [1 x C concealed within the
peak at 61.5]; 1°F NMR (376 MHz, CDCls) § —73.7 (t, J = 8.3 Hz, 3 x F); HRMS (ESI) Exact
mass calculated for [C2sH18F303S]" [M+H]": 443.0923, found 443.0923.

2 2,2,2-Trifluoroethyl (E)-2-benzyl-4-(4-methoxybenzylidene)-1-oxo-
COLHLRs 1 2 3 4-tetrahydronaphthalene-2-carboxylate  (2011).  The title
compound was prepared according to General Procedure B, using

oute malonate ester 186a (150.7 mg, 0.30 mmol) and phenylboronic acid (54.9
mg, 0.45 mmol) which was purified by column chromatography (0% to 2% EtOAc/n-pentane)
to give a yellow oil (91.8 mg, 64%). Rt = 0.31 (10% EtOAc/petroleum ether); IR 2964, 1750
(C=0), 1686 (C=0), 1605, 1510, 1279, 1249, 1157, 1031, 701 cm™; 'H NMR (400 MHz,
CDCl3) 6 8.10 (1H, dd, J = 7.9, 1.5 Hz, ArH), 7.73 (1H, dd, J = 8.1, 1.1 Hz, ArH), 7.60-7.55
(1H, m, ArH), 7.39 (1H, ddd, J = 8.1, 7.2, 1.1 Hz, ArH), 7.34 (1H, s, HC=C), 7.29-7.26 (3H,
m, ArH), 7.14-7.10 (4H, m, ArH), 6.96-6.92 (2H, m, ArH), 4.47 (1H, dq, J = 12.6, 8.4 Hz,
HaHwCF3), 4.27 (1H, dq, J = 12.6, 8.4 Hz, H.HLCF3), 3.86 (3H, s, CH3), 3.63 (1H, dd, J = 14.6,
1.4 Hz, =CCHaHp), 3.37 (1H, d, J = 13.7 Hz, CCH,H,CCH), 3.24 (1H, d, J = 13.7 Hz,
CCHaHbCCH), 3.02 (1H, dd, J = 14.7, 1.5 Hz, =CCHaHp); **C NMR (101 MHz, CDCls) &
193.8 (C), 170.0 (C), 159.2 (C), 141.4 (C), 135.4 (C), 134.3 (CH), 130.9 (2 x CH), 130.7 (2 x
CH), 130.0 (C), 129.6 (CH), 129.4 (C), 129.3 (C), 128.4 (CH), 128.3 (CH), 128.2 (2 x CH),
127.0 (CH), 124.4 (CH), 122.7 (q, Jc-F = 277.5 Hz, C), 114.1 (2 x CH), 61.0 (q, Jc-F = 36.9 Hz,
CHy), 60.3 (C), 55.5 (CH3), 38.8 (CH2), 34.1 (CH2); *F NMR (376 MHz, CDCl3) § —73.5 (t, J
= 8.4 Hz, 3 x F); HRMS (ESI) Exact mass calculated for [C2sH24F304]" [M+H]*: 481.1621,
found 481.1616.

Q 2,2,2-trifluoroethyl (E)-2-benzyl-4-(3-methylbenzylidene)-1-oxo-

Bn

€O:LMCFs 1 2 3 4-tetrahydronaphthalene-2-carboxylate  (201m). The title

ve  Compound was prepared according to General Procedure B, using

malonate ester 182e (145.9 mg, 0.30 mmol) and phenylboronic acid (54.9
mg, 0.45 mmol) which was purified by column chromatography (0% to 1.5% EtOAc/n-
pentane) to give a yellow oil (102.6 mg, 74%). Rt = 0.31 (10% EtOAc/petroleum ether); IR
1752 (C=0), 1695 (C=0), 1602, 1455, 1281, 1153, 1060, 913, 729, 698 cm™*; *H NMR (400
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MHz, CDCl3) 8 8.11 (1H, dd, J = 7.9, 1.4 Hz, ArH), 7.76 (1H, dd, J = 8.1, 1.1 Hz, ArH), 7.59
(1H, ddd, J = 8.3, 7.2, 1.5 Hz, ArH), 7.42 (1H, ddd, J = 8.2, 7.3, 1.1 Hz, ArH), 7.37 (1H, s,
HC=C), 7.31-7.27 (1H, m, ArH), 7.13-7.10 (8H, m, ArH), 4.47 (1H, dg, J = 12.6, 8.4 Hz,
HaHuCFs), 4.31-4.20 (1H, m, HaHbCFs), 3.65 (1H, dd, J = 14.7, 1.4 Hz, =CCHaHb), 3.38 (1H,
d, J = 13.8 Hz, CCH,HsCCH), 3.26 (1H, d, J = 13.8 Hz, CCH,HsCCH), 3.01 (1H, dd, J = 14.7,
1.7 Hz, =CCHaHp), 2.39 (3H, s, CHas); *C NMR (101 MHz, CDCls3) § 193.7 (C), 169.9 (C),
141.1 (C), 138.2 (C), 136.6 (C), 135.4 (C), 134.3 (CH), 130.8 (2 x CH), 130.7 (C), 130.3 (C),
130.0 (CH), 129.9 (CH), 128.6 (CH), 128.5 (CH), 128.5 (CH), 128.4 (CH), 128.2 (2 x CH),
127.0 (CH), 126.3 (CH), 124.4 (CH), 122.7 (q, Jcr = 277.6 Hz, C), 61.0 (q, Jc-r = 36.9 Hz,
CH>), 60.2 (C), 38.9 (CH2), 34.2 (CH>), 21.6 (CH3); *°F NMR (376 MHz, CDCl3) § —73.5 (t, J
= 8.4 Hz, 3 x F); HRMS (ESI) Exact mass calculated for [C2gH24F303]" [M+H]": 465.1672,
found 465.1669.

a 2,2,2-Trifluoroethyl (E)-2-benzyl-4-(naphthalen-1-ylmethylene)-

Bn

CO:CMCFs 1-0x0-1,2,3,4-tetrahydronaphthalene-2-carboxylate (201n). The title

compound was prepared according to General Procedure B, using
malonate ester 186b (156.7 mg, 0.30 mmol) and phenylboronic acid
(54.9 mg, 0.45 mmol) which was purified by column chromatography
(0% to 1.5% EtOAc/n-pentane) to give a yellow oil (102.0 mg, 68%). R = 0.38 (10%
EtOAc/petroleum ether); IR 3061, 1757 (C=0), 1683 (C=0), 1282, 1152, 974, 908, 778, 752,
663 cm™; '"H NMR (400 MHz, CDCl3) & 8.14 (1H, dd, J = 7.9, 1.4 Hz, ArH), 7.98 (1H, dd, J
=7.8, 1.7 Hz, ArH), 7.94 (1H, dd, J = 7.6, 1.8 Hz, ArH), 7.89-7.86 (3H, m, ArH), 7.65 (1H,
td, J = 7.7, 1.5 Hz, ArH), 7.58-7.45 (4H, m, ArH), 7.38 (1H, d, J = 7.0 Hz, ArH), 7.04-7.00
(3H, m, ArH), 6.90-6.86 (2H, m, ArH), 4.45 (1H, dq, J = 12.7, 8.4 Hz, CHaHvCFs3), 4.00 (1H,
dqg, J =12.7, 8.4 Hz, CH:H,CFs), 3.50 (1H, dd, J = 14.6, 1.3 Hz, =CCHaHy), 3.37 (1H, d, J =
13.7 Hz, CCHaH,CCH), 3.12 (1H, d, J = 13.7 Hz, CCH,H,CCH), 2.96 (1H, dd, J = 14.6, 1.5
Hz, =CCHaHbp); *C NMR (101 MHz, CDCls) § 193.7 (C), 170.0 (C), 140.9 (C), 135.3 (C),
134.4 (CH), 133.8 (C), 133.6 (C), 132.6 (C), 132.2 (C), 130.9 (2 x CH), 130.4 (C), 128.9 (CH),
128.8 (CH), 128.6 (CH), 128.5 (CH), 128.0 (2 x CH), 127.8 (CH), 126.9 (2 x CH), 126.5 (CH),
126.2 (CH), 125.5 (CH), 124.6 (2 x CH), 122.6 (q, Jc-F = 277.5 Hz, C), 60.9 (q, Jc-Fr = 36.9 Hz,
CHy), 60.5 (C), 38.6 (CH2), 34.7 (CH.); *°®F NMR (376 MHz, CDCl3) § —73.7 (t, J=8.3 Hz, 3
x F); HRMS (ESI) Exact mass calculated for [CaiH24F303]" [M+H]": 501.1672, found
501.1667.
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T 2,2,2-Trifluoroethyl (E)-2-benzyl-1-oxo-4-(thiophen-2-ylmethylene)-
CO2LMLCFs 1 2 3 4-tetrahydronaphthalene-2-carboxylate  (2010). The title
| S compound was prepared according to General Procedure B, using
|/ malonate ester 186¢ (143.5 mg, 0.30 mmol) and phenylboronic acid (54.9
mg, 0.45 mmol) which was purified by column chromatography (0% to 1.5% EtOAc/n-
pentane) to give a yellow oil (91.7 mg, 66%). Rt = 0.29 (10% EtOAc/petroleum ether); IR
2930, 1759 (C=0), 1681 (C=0), 1283, 1148, 974, 923, 857, 750, 690 cm™; 'H NMR (400
MHz, CDCl3) § 8.08 (1H, dd, J = 7.9, 1.5 Hz, ArH), 7.73 (1H, dd, J = 8.1, 1.0 Hz, ArH), 7.57
(1H, ddd, J=8.3, 7.2, 1.5 Hz, ArH), 7.45 (1H, s, =CCH), 7.41-7.35 (2H, m, ArH), 7.22-7.14
(6H, m, ArH), 7.06 (1H, dd, J=5.1, 3.6 Hz, ArH), 4.45 (1H, dq, J = 12.6, 8.3 Hz, CH:H,CF3),
4.29 (1H, dq, J = 12.6, 8.3 Hz, CHaHwCF3), 3.80 (1H, dd, J = 14.8, 1.3 Hz, =CCH;Hp), 3.43-
3.36 (2H, m, CCH2CCH), 3.02 (1H, dd, J = 14.8, 1.7 Hz, =CCHaHp); 1*C NMR (101 MHz,
CDCl3) 6 193.5 (C), 169.7 (C), 140.9 (C), 139.8 (C), 135.4 (C), 134.3 (CH), 130.8 (2 x CH),
130.2 (C), 130.0 (CH), 128.7 (C), 128.6 (CH), 128.4 (3 x CH), 127.3 (CH), 127.2 (CH), 126.9
(CH), 123.9 (CH), 122.7 (q, Jcr = 277.5 Hz, C), 122.1 (CH), 61.0 (g, Jcr = 36.9 Hz, CH>),
60.0 (C), 39.2 (CH>), 34.3 (CHy); *F NMR (376 MHz, CDCl3) § —73.6 (t, J = 8.3 Hz, 3 x F);
HRMS (ESI) Exact mass calculated for [C2sHigFsNaOsS]" [M+Na]*: 479.0899, found
479.0903.

- 2,2,2-Trifluoroethyl (E)-4-benzylidene-2-ethoxy-1-oxo0-1,2,3,4-
COLH.CFs — tetrahydronaphthalene-2-carboxylate (201p). The title compound was

| prepared according to a slight modification of General Procedure B (in

" that 2.0 equivalents of boronic acid and 10 mol% catalyst loading was

used), using malonate ester 195 (127.9 mg, 0.30 mmol) and phenylboronic acid (73.2 mg, 0.60
mmol) which was purified by column chromatography (0% to 1.5% EtOAc/n-pentane) to give
a yellow oil (43.5 mg, 36%). Rf = 0.27 (10% EtOAc/petroleum ether); IR 2979, 1768 (C=0),
1688 (C=0), 1596, 1282, 1226, 1162, 1041, 755, 698 cm™; *H NMR (400 MHz, CDCls) § 8.08
(1H, dd, J=7.8, 1.5 Hz, ArH), 7.79 (1H, d, J = 8.0 Hz, ArH), 7.63 (1H, ddd, J=8.1,7.2,1.5
Hz, ArH), 7.46-7.30 (7H, m, ArH), 4.62 (1H, dq, J = 12.6, 8.3 Hz, HaHCF3), 4.43 (1H, dq, J
= 12.6, 8.3 Hz, HaH,CF3), 3.65-3.56 (2H, m, OCHaHy, and =CCHaHp), 3.50-3.41 (2H, m,
OCHaHpb and =CCHaHp), 1.10 (3H, t, J = 7.0 Hz, CH2CHa); *C NMR (101 MHz, CDCls) §
191.4(C), 169.0 (C), 141.5(C), 136.6 (C), 134.6 (CH), 130.5 (CH), 130.0 (C), 129.3 (C), 129.2

(2 x CH), 128.7 (2 x CH), 128.6 (CH), 128.4 (CH), 127.9 (CH), 124.5 (CH), 122.7 (4, Jcr =
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277.3 Hz, C), 84.0 (CHy), 63.2 (C), 61.0 (q, Jc-F = 37.0 Hz, CH?>), 36.3 (CHy), 15.5 (CH3); 1°F
NMR (376 MHz, CDCls) 6 —73.7 (t, J = 8.3 Hz, 3 x F); HRMS (ESI) Exact mass calculated
for [C22H20F304]" [M+H]*: 405.1308, found 405.1311.

o 2,2,2-Trifluoroethyl (E)-4-benzylidene-2-(benzyloxy)-1-
CO,CH,CFs  ox0-1,2,3,4-tetrahydronaphthalene-2-carboxylate (201q). The title

| compound was prepared according to General Procedure B, using
Fh malonate ester 182b (146.5 mg, 0.30 mmol) and phenylboronic acid
(54.9 mg, 0.45 mmol) which was purified by column chromatography (0% to 2.5% EtOAc/n-
pentane) to give a yellow oil (72.0 mg, 51%). R¢=0.25 (10% EtOAc/petroleum ether); IR 2952,
1762 (C=0), 1692 (C=0), 1433, 1280, 1156, 1052, 972, 752, 698 cm; *H NMR (400 MHz,
CDCl3) & 8.05-8.03 (1H, m, ArH), 7.78 (1H, d, J = 8.8 Hz, ArH), 7.65-7.60 (1H, m, ArH),
7.43-7.32 (7TH, m, ArH), 7.22-7.19 (5H, m, ArH), 4.69-4.60 (2H, m, CHaH,CFs and
OCHaHvC), 4.53-4.42 (2H, m, CH.H,CF3 and OCH.HxC), 3.69 (1H, dd, J = 14.6, 0.8 Hz,
=CCHgHp), 3.52 (1H, dd, J = 14.6, 1.9 Hz, =CCHaHs); *C NMR (101 MHz, CDCls) § 191.3
(C), 168.8 (C), 141.6 (C), 137.5 (C), 136.6 (C), 134.7 (CH), 130.8 (CH), 130.0 (C), 129.3 (C),
129.2 (2 x CH), 128.8 (2 x CH), 128.7 (CH), 128.5 (CH), 128.3 (2 x CH), 127.9 (CH), 127.77
(CH), 127.75 (2 x CH), 124.5 (CH), 122.8 (9, Jc-r = 277.4 Hz, C), 83.9 (C), 69.2 (CH), 61.1
(0, Jc-F = 37.4 Hz, CHy), 36.5 (CH2); °F NMR (376 MHz, CDCl3) § —73.5 (t, J = 8.3 Hz, 3 x
F); HRMS (ESI) Exact mass calculated for [Co7H21FsNaO4]* [M+Na]*: 489.1284, found

489.1287.

s 2,2,2-Trifluoroethyl (E)-4-benzylidene-1-oxo-2-(thiophen-3-

o ﬂ ylmethoxy)-1,2,3,4-tetrahydronaphthalene-2-carboxylate (201r).
OCOzCHzCFa The title compound was prepared according to a slight modification of

| General Procedure B (in that 2.0 equivalents of boronic acid and 10 mol%
o catalyst loading was used), using malonate ester 196 (148.3 mg, 0.30
mmol) and phenylboronic acid (73.2 mg, 0.60 mmol) which was purified by column
chromatography (0% to 2% EtOAc/n-pentane) to give a pale-yellow oil (47.4 mg, 33%). Rs =
0.28 (10% EtOAc/petroleum ether); IR 2924, 1766 (C=0), 1684 (C=0), 1596, 1282, 1162,
1070, 908, 731, 698 cm™; 'H NMR (400 MHz, CDCl3) 6 8.04 (1H, dd, J = 7.9, 1.5 Hz, ArH),

7.78 (1H, d, J = 8.1 Hz, ArH), 7.65-7.61 (1H, m, ArH), 7.44-7.30 (7H, m, ArH), 7.15 (1H, dd,
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J=5.0, 3.0 Hz, ArH), 7.06 (1H, m, ArH), 6.93 (1H, dd, J = 4.9, 1,2 Hz, ArH), 4.71 (1H, d, J
=11.2 Hz, OCHaHb), 4.64 (1H, dg, J = 12.5, 8.3 Hz, HaHCF3), 4.55 (1H, d, J = 11.2, OCHaHb),
4.46 (1H, dg, J = 12.5, 8.3 Hz, HaHCFs) 3.67 (1H, dd, J = 14.7, 0.8 Hz, =CCHaHb), 3.51 (1H,
dd, J = 14.7, 1.9 Hz, =CCHaHp); *C NMR (101 MHz, CDCl3) & 191.3 (C), 168.8 (C), 141.5
(C), 138.5 (C), 136.5 (C), 134.7 (CH), 130.7 (CH), 129.9 (C), 129.3 (C), 129.2 (2 x CH), 128.8
(2 x CH), 128.7 (CH), 128.4 (CH), 127.9 (CH), 127.3 (CH), 125.6 (CH), 124.5 (CH), 122.9
(CH), 122.7 (q, Jc-F = 277.3 Hz, C), 83.8 (CH.), 65.0 (C), 61.1 (g, Jc-r = 37.0 Hz, CH2), 36.5
(CH2); °F NMR (376 MHz, CDCl3) 6 —73.5 (t, J = 8.3 Hz, 3 x F); HRMS (ESI) Exact mass
calculated for [C2sH23FsNSO4]" [M+H4sN]": 490.1294, found 490.1295.

2,2,2-Trifluoroethyl (E)-4-benzylidene-2-(methyl(p-tolyl)amino)-1-o0xo-1,2,3,4-
tetrahydronaphthalene-2-carboxylate (202) and 2,2,2-trifluoroethyl (E)-4-(2-((I3-
oxidaneyl)carbonyl)phenyl)-2-(methyl(p-tolyl)amino)-5-phenylpent-4-enoate compound
with 1,1,1-trifluoro-2l1-ethane (1:1) (203)

o o o i; (; o
CF CH o OCH,CFy oy o (1:5 €auiv) N~me e VN och.cF
e 2~"3 [Rh(cod)Cl], (10 mol%) CO,CH,CF; + 2CF3

NMe

= 1,4-dioxane/H,0 (9:1) >
70°C, 24 h
CF,CH,07 S0 “Ph
PhB OH), (2.0 equiv) Ph e
202 203

(absolute stereochemistry not determined)

The title compounds were prepared according to a slight modification of General Procedure B
(in that 2.0 equivalents of boronic acid and 10 mol% catalyst loading was used), using malonate
ester 197 (150.4 mg, 0.30 mmol) and phenylboronic acid (73.2 mg, 0.60 mmol) which was
purified by column chromatography (0% to 2% EtOAc/n-pentane) to give bicycle product 202
(67.2 mg, 47%) as a yellow oil and product 203 (55.7 mg, 32%) as an orange oil.

2,2,2-Trifluoroethyl (E)-4-benzylidene-2-(methyl(p-tolyl)amino)-1-oxo-1,2,3,4-
tetrahydronaphthalene-2-carboxylate (202). Rr = 0.37 (20% EtOAc/petroleum ether); IR
2922, 1749 (C=0), 1688 (C=0), 1513, 1280, 1161, 1062, 908, 732, 698 cm™*; *H NMR (400
MHz, CDCls3) & 7.99-7.96 (1H, m, ArH), 7.74 (1H, d, J = 8.0 Hz, ArH), 7.59 (1H, ddd, J = 8.0,
7.2, 1.5 Hz, ArH), 7.43-7.39 (2H, m, ArH), 7.25-7.19 (3H, m, ArH), 6.96-6.92 (2H, m, ArH),
6.71-6.67 (2H, m, ArH), 6.61-6.58 (2H, m, ArH), 4.71-4.51 (2H, m, CH2CFs) 3.91 (1H, d, J =
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15.3 Hz, =CCHaHp), 3.47 (1H, dd, J = 15.3, 2.1 Hz, =CCH,H), 2.84 (3H, s, CCH3), 2.13 (3H,
s, NCHa); *C NMR (101 MHz, CDCls) § 194.5 (C), 171.0 (C), 145.8 (C), 140.7 (C), 136.1
(C), 134.1 (CH), 132.2 (C), 130.1 (C), 129.8 (CH), 129.0 (2 x CH), 128.8 (2 x CH), 128.4
(CH), 128.4 (CH), 128.1 (2 x CH), 127.2 (CH), 124.0 (CH), 123.6 (2 x CH), 122.9 (q, Jc.r =
277.3 Hz, C), 114.3 (C), 74.4 (C), 61.0 (q, Jcr = 37.0 Hz, CHy), 40.8 (CHs), 35.1 (CHy), 20.8
(CHs); F NMR (376 MHz, CDCls) 3 —73.3 (t, J = 8.4 Hz, 3 x F); HRMS (ESI) Exact mass
calculated for [C2gH2sF3NOs]* [M+H]": 480.1781, found 480.1784.

2,2,2-trifluoroethyl (E)-4-(2-((13-oxidaneyl)carbonyl)phenyl)-2-(methyl(p-tolyl)amino)-5-
phenylpent-4-enoate compound with 1,1,1-trifluoro-2l1-ethane (1:1) (203). Rs = 0.32 (20%
EtOAc/petroleum ether); IR 2923, 1751 (C=0), 1721 (C=0), 1518, 1282, 1156, 1110, 974,
805, 701 cm™t; 'H NMR (400 MHz, CDCl3) § 7.37-7.29 (3H, m, ArH), 7.25-7.20 (3H, m, ArH),
7.13-7.09 (2H, m, ArH), 7.05-7.03 (2H, m, ArH), 7.01-6.97 (2H, m, ArH), 6.71-6.67 (2H, m,
ArH), 491 (1H, dd, J = 10.3, 4.4 Hz, (O)CCHN), 450 (1H, dg, J = 12.7, 8.4 Hz,
NCHCO2CHaiHwCF3) 4.33 (1H, dq, J = 12.7, 8.4 Hz, NCHCO2CHaHvCF3), 4.15-3.95 (2H, m,
CCO2CH,CF3), 3.17 (1H, dd, J = 14.6, 10.4 Hz, =CCHaHp), 2.97 (1H, dd, J = 14.6, 4.4 Hz,
=CCHaHb), 2.46 (3H, s, CCHs3), 2.27 (3H, s, NCH3); *3C NMR (101 MHz, CDCl3) § 170.3 (C),
168.6 (C), 153.1 (C), 147.5 (C), 142.0 (C), 140.3 (C), 129.7 (2 x CH), 129.1 (2 x CH), 128.6
(2 x CH), 128.33 (3 x CH), 128.25 (2 x CH), 128.2 (CH), 128.0 (C), 126.3 (C), 122.8 (9, Jc-r
=277.5Hz, C), 122.7 (q, Jc-r = 277.7 Hz, C), 114.5 (2 x CH), 62.6 (CH), 60.6 (q, Jc-r = 36.8
Hz, CH,), 60.4 (9, Jc-r = 36.8 Hz, CH>), 33.3 (CH3), 31.6 (CH2), 20.4 (CHs); °F NMR (376
MHz, CDCl3) & -73.5-(-73.6) (m, 6 x F); HRMS (ESI) Exact mass calculated for
[C3oH28FsNO4]" [M+H]*: 580.1923, found 580.1931.

Methyl (E)-4-benzylidene-1-oxo-2-(2-0xo-2-phenoxyethyl)-
1,2,3,4-tetrahydronaphthalene-2-carboxylate  (170e).  The title

CO,Ph
CO,Me

compound was prepared according to General Procedure B, using malonate

ester 200a (114.1 mg, 0.30 mmol) and phenylboronic acid (54.9 mg, 0.45
mmol) which was purified by column chromatography (0% to 7.5% EtOAc/n-pentane) to give
awhite solid (91.2 mg, 71%). R¢=0.38 (20% EtOAc/petroleum ether); m.p. 136-137 °C (Et20);
IR 2938, 1756 (C=0), 1685 (C=0), 1593, 1280, 1224, 1156, 1064, 973, 698 cm™; *H NMR
(400 MHz, CDCl3) 6 8.12 (1H, dd, J = 8.0, 1.3 Hz, ArH), 7.73 (1H, dd, J = 8.0, 1.1 Hz, ArH),
7.60 (1H, ddd, J = 8.0, 7.3, 1.5 Hz, ArH), 7.45-7.29 (9H, m, ArH), 7.20-7.16 (1H, m, ArH),

Ph
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6.97-6.93 (2H, m, ArH), 3.69 (1H, dd, J = 14.0, 0.9 Hz, =CCHaHb), 3.59 (3H, s, OCH3), 3.38
(1H, dd, J = 14.0, 1.6 Hz, =CCHaHb), 3.18 (1H, d, J = 16.6 Hz, CCHaH,CO2Ph), 3.06 (1H, d,
J = 16.6 Hz, CCHaH»CO,Ph); 3C NMR (101 MHz, CDCl3) § 194.0 (C), 171.1 (C), 169.1 (C),
150.6 (C), 141.8 (C), 136.7 (C), 134.3 (CH), 131.7 (C), 130.4 (C), 130.1 (C), 129.4 (2 x CH),
129.1 (2 x CH), 128.7 (2 x CH), 128.6 (CH), 128.3 (CH), 127.8 (CH), 125.9 (CH), 124.7 (CH),
121.6 (2 x CH), 57.2 (C), 52.8 (CHs), 38.5 (CH2), 35.9 (CH2); HRMS (ESI) Exact mass
calculated for [C27H2305]" [M+H]*: 427.1540, found 427.1541.

Q Phenyl (E)-4-benzylidene-2-methyl-1-oxo-1,2,3,4-

Me
CO,Ph

tetrahydronaphthalene-2-carboxylate (170f). The title compound was
prepared according to General Procedure B, using malonate ester 198 (115.3

" mg, 0.30 mmol) and phenylboronic acid (54.9 mg, 0.45 mmol) which was
purified by column chromatography (0% to 1.5% EtOAc/n-pentane) to give a white solid (60.5
mg, 55%). Rf = 0.32 (10% EtOAc/petroleum ether); m.p. 95-96 °C (Et.O); IR 2968, 1758
(C=0), 1682 (C=0), 1514, 1412, 1282, 1156, 974, 808, 758 cm*; *H NMR (400 MHz, CDCls)
§8.15 (1H, dd, J = 7.9, 1.4 Hz, ArH), 7.78 (1H, dd, J = 8.0, 1.3 Hz, ArH), 7.62 (1H, ddd, J =
8.0, 7.2, 1.5 Hz, ArH), 7.47-7.28 (9H, m, ArH), 7.20-716 (1H, m, ArH), 6.97-6.94 (2H, m,
ArH), 3.77 (1H, dd, J = 14.0, 1.5 Hz, =CCHaHy), 3.15 (1H, dd, J = 14.0, 1.3 Hz, =CCHgaH),
1.57 (3H, s, CH3); 3C NMR (101 MHz, CDCls) § 195.7 (C), 171.2 (C), 150.7 (C), 141.6 (C),
136.8 (C), 134.3 (CH), 131.8 (C), 130.0 (C), 129.9 (CH), 129.4 (2 x CH), 129.3 (2 x CH),
128.7 (2 x CH), 128.6 (CH), 128.3 (CH), 127.8 (CH), 126.0 (CH), 124.7 (CH), 121.5 (2 x CH),
55.4 (C), 37.7 (CH?>), 20.1 (CHz3); HRMS (ESI) Exact mass calculated for [C2sH2103]" [M+H]":
369.1485, found 369.1484.

T 2,2,2-Trifluoroethyl (E)-2-benzyl-4-benzylidene-6-methyl-1-oxo-
€02CMCFs 1 2 3 4-tetrahydronaphthalene-2-carboxylate (221a). The title

compound was prepared according to General Procedure B, using

" malonate ester 182d (141.7 mg, 0.30 mmol) and 4-methylboronic

acid (61.2 mg, 0.45 mmol) which was purified by column chromatography (0% to 1%
EtOAc/n-pentane) to give a yellow oil (110.4 mg, 79%). Rs= 0.32 (10% EtOAc/petroleum
ether); IR 2924, 1751 (C=0), 1686 (C=0), 1495, 1280, 1158, 963, 732, 698, 513 cm™*; 'H NMR

(400 MHz, CDCl3) § 7.92 (1H, dd, J = 2.0, 0.9 Hz, ArH), 7.66 (1H, d, J = 8.1 Hz, ArH), 7.42-
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7.38 (3H, m, ArH), 7.35-7.28 (4H, m, ArH), 7.14-7.07 (5H, m, ArH), 4.46 (1H, dq, J = 12.6,
8.4 Hz, CHaHuCF3), 4.27 (1H, dg, J = 12.6, 8.4 Hz, CHaHCF3), 3.62 (1H, dd, J = 14.6, 1.4
Hz, =CCHaHy), 3.37 (1H, d, J = 13.7 Hz, CCH.HyCCH), 3.23 (1H, d, J = 13.7 Hz,
CCHaHbCCH), 3.01 (1H, dd, J = 14.6, 1.6 Hz, =CCHaHy), 2.42 (3H, s, CH3); °C NMR (101
MHz, CDCls) & 193.9 (C), 170.0 (C), 138.7 (C), 138.5 (C), 136.8 (C), 135.4 (C), 135.4 (CH),
131.0 (C), 130.8 (2 x CH), 130.0 (C), 129.2 (2 x CH), 128.9 (CH), 128.6 (2 x CH), 128.4 (CH),
128.2 (2 x CH), 127.6 (CH), 127.0 (CH), 124.4 (CH), 122.7 (q, Jcr = 277.5 Hz, C), 61.0 (q,
Jcr = 37.0 Hz, CHy), 60.3 (C), 38.8 (CH.), 34.1 (CH>), 21.2 (CHs); *F NMR (376 MHz,
CDCl3) 6 -73.5 (t, J = 8.3 Hz, 3 x F); HRMS (ESI) Exact mass calculated for [C2sH24F303]*
[M+H]*: 465.1675, found 465.1672.

- 2,2,2-Trifluoroethyl (E)-2-benzyl-4-benzylidene-6-fluoro-1-oxo-
CO:LRLRs 1 2 3 4-tetrahydronaphthalene-2-carboxylate  (221b). The title
compound was prepared according to General Procedure B, using
malonate ester 182d (141.7 mg, 030 mmol) and 4-
fluorobenzeneboronic acid (63.0 mg, 0.45 mmol) which was purified by column
chromatography (0% to 1% EtOAc/n-pentane) to give a yellow solid (95.1 mg, 68%). Rf=0.31
(10% EtOAc/petroleum ether); m.p. 135-136 °C (Et20); IR 3022, 1743 (C=0), 1686 (C=0),
1493, 1270, 1156, 971, 824, 767, 700 cm™; *H NMR (400 MHz, CDCl3) & 7.78-7.72 (2H, m,
ArH), 7.43-7.39 (2H, m, ArH), 7.35-7.29 (5H, m, ArH), 7.15-7.10 (5H, m, ArH), 4.48 (1H,
dg, J =12.6, 8.4 Hz, CH:HwCF3), 4.23 (1H, dq, J = 12.6, 8.4 Hz, CHaH,CF3), 3.63 (1H, dd, J
=14.6, 1.2 Hz, =CCHaHp), 3.42 (1H, d, J = 13.7 Hz, CCHaH,CCH), 3.20 (1H, d, J = 13.7 Hz,
CCHaHbCCH), 2.98 (1H, dd, J = 14.6, 1.5 Hz, =CCHaHy); **C NMR (101 MHz, CDCls) §
192.6 (C), 169.7 (C), 162.8 (d, Jc.r=250.2 Hz, C), 137.5 (d, Jc.r=3.3 Hz, C), 136.5 (C), 135.2
(CH), 132.0 (d, Jc-r=6.4 Hz, C), 130.8 (2 x CH), 130.1 (C), 129.8 (d, Jc.r= 1.5 Hz, C), 129.2
(2 x CH), 128.7 (2 x CH), 128.3 (2 x CH), 127.9 (CH), 127.1 (CH), 126.9 (d, Jc-r= 7.3 Hz,
CH), 122.6 (q, Jc-r = 277.4 Hz, C), 121.9 (d, Jc-r = 22.6 Hz, CH), 114.1 (d, Jc-r = 22.5 Hz,
CH), 61.0 (9, Jc-r = 37.1 Hz, CHy), 60.0 (C), 38.8 (CH>), 34.2 (CH.); °F NMR (376 MHz,
CDClI3) 6 -73.6 (t, J =8.3 Hz, 3 x F), -112.1 (td, J = 8.3, 5.0 Hz, 1 x F); HRMS (ESI) Exact
mass calculated for [C27H24FsNO3]* [M+H4N]*: 486.1687, found 486.1684.

Ph
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o 2,2,2-Trifluoroethyl (E)-2-benzyl-4-benzylidene-1-ox0-1,2,3,4-
OO‘ CO:CHCRs  tetrahydroanthracene-2-carboxylate (221c). The title compound

was prepared according to General Procedure B, using malonate

ester 182d (141.7 mg, 0.30 mmol) and 2-naphthylboronic acid (77.4
mg, 0.45 mmol) which was purified by column chromatography (0% to 1% EtOAc/n-pentane)
to give a yellow oil (84.5 mg, 56%). Rs= 0.33 (10% EtOAc/petroleum ether); IR 2924, 1749
(C=0), 1687 (C=0), 1586, 1443, 1281, 1156, 972, 734, 698 cm™; *H NMR (400 MHz, CDCls)
§8.70 (1H, s, ArH), 8.16 (1H, s, ArH), 7.98 (1H, dd, J = 8.3, 1.2 Hz, ArH), 7.89 (1H, dd, J =
8.3, 1.1 Hz, ArH), 7.60 (1H, ddd, J = 8.2, 6.8, 1.3 Hz, ArH), 7.54-7.50 (2H, m, ArH), 7.45-
7.41 (2H, m, ArH), 7.39-7.33 (3H, m, ArH), 7.17-7.11 (5H, m, ArH), 4.49 (1H, dq, J = 12.6,
8.4 Hz, CHaHyCF3), 4.23 (1H, dg, J = 12.6, 8.4 Hz, CHaH,CF3), 3.70 (1H, dd, J = 14.4, 1.3
Hz, =CCHaHy), 3.49 (1H, d, J = 13.8 Hz, CCH.H,CCH), 3.26 (1H, d, J = 13.8 Hz,
CCHaHbCCH), 3.09 (1H, dd, J = 14.4, 1.6 Hz, =CCHaHy); *C NMR (101 MHz, CDCls) &
193.9 (C), 170.1 (C), 136.9 (2 x C), 136.3 (C), 135.4 (C), 132.6 (C), 131.4 (C), 130.9 (2 x CH),
130.3 (CH), 130.0 (CH), 129.3 (2 x CH), 129.3 (CH), 129.2 (CH), 128.7 (2 x CH), 128.5 (C),
128.2 (2 x CH), 128.1 (CH), 127.7 (CH), 127.0 (2 x CH), 123.5 (CH), 122.7 (q, Jcr = 277.4
Hz, C), 61.0 (q, Jcr = 37.1 Hz, CHy), 60.7 (C), 38.8 (CHy), 34.1 (CH.); °F NMR (376 MHz,
CDCl3) 6 -73.5 (t, J = 8.3 Hz, 3 x F); HRMS (ESI) Exact mass calculated for [C31H24F303]*
[M+H]*: 501.1672, found 501.1670.

Ph

s 2,2,2-Trifluoroethyl (E)-4-benzylidene-6,7-dimethoxy-1-0x0-2-

0 I
MeO ) (3-thienyl)-1,2,3,4-tetrahydronaphthalene-2-carboxylate (221d).

CO,CH,CF,
The title compound was prepared according to General Procedure B,

MeO

| Ph using malonate ester 187 (139.3 mg, 0.30 mmol) and 3,4-
dimethoxyphenylboronic acid (81.9 mg, 0.45 mmol) which was purified by column
chromatography (0% to 10% EtOAc/n-pentane) to give a yellow oil (74.6 mg, 50%). Rf=0.29
(10% EtOAc/petroleum ether); IR 2941, 1737 (C=0), 1668 (C=0), 1594, 1509, 1241, 1209,
1154, 763, 729 cm™; *H NMR (400 MHz, CDCl3) § 7.58 (1H, s, ArH), 7.48-7.43 (2H, m, ArH),
7.38-7.32 (3H, m, ArH), 7.17-7.14 (2H, m, ArH), 7.06 (1H, s, ArH), 6.87 (1H, dd, J = 2.9, 1.4
Hz, ArH), 6.77 (1H, dd, J = 5.1, 1.4 Hz, ArH), 4.58 (1H, dq, J = 12.7, 8.4 Hz, CHaH,CF3),
4.39 (1H, dg, J = 12.7, 8.4 Hz, CHaHwCF3), 3.98 (3H, s, OCH3), 3.96 (3H, s, OCH3), 3.82-
3.81 (2H, m, =CCH_); *C NMR (101 MHz, CDCls) § 191.3 (C), 169.8 (C), 154.5 (C), 150.0
(C), 136.8 (C), 136.2 (C), 134.8 (C), 131.3 (C), 129.1 (2 x CH), 129.0 (CH), 128.9 (2 x CH),
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127.9 (CH), 127.6 (CH), 125.2 (CH), 123.7 (CH), 123.2 (C), 122.8 (q, Jc.r = 277.4 Hz, C),
109.2 (CH), 106.1 (CH), 61.3 (q, Jcr = 36.8 Hz, CH>), 61.2 (C), 56.3 (2 X CH3), 36.1 (CH2);
F NMR (376 MHz, CDCl3) § -73.6 (t, J = 8.3 Hz, 3 x F); HRMS (ESI) Exact mass calculated
for [CasH22Fs0sS]* [M+H]*: 503.1135, found 503.1135.

Me 2,2,2-Trifluoroethyl (E)-4-benzylidene-7-methoxy-2-
(3-methylbenzyl)-1-oxo-1,2,3,4-tetrahydronaphthalene-2-

COLHLR  carboxylate (221g). The title compound was prepared according to

General Procedure B, using malonate ester 189 (145.9 mg, 0.30
mmol) and 4-Methoxyphenylboronic acid (68.4 mg, 0.45 mmol)
which was purified by column chromatography (0% to 1.5% EtOAc/n-pentane) to give a
colourless oil (114.2 mg, 77%). Rt = 0.32 (10% EtOAc/petroleum ether); IR 2928, 1749 (C=0),
1684 (C=0), 1603, 1281, 1158, 972, 875, 760, 698 cm™; 'H NMR (400 MHz, CDCl3) & 7.70
(1H, d, J =8.9 Hz, ArH), 7.54 (1H, d, J = 2.9 Hz, ArH), 7.40-7.36 (2H, m, ArH), 7.33-7.27
(4H, m, ArH), 7.16 (1H, dd, J = 8.8, 2.9 Hz, ArH), 6.99-6.86 (4H, m, ArH), 4.44 (1H, dq, J =
12.6, 8.4 Hz, CH:HyCFs), 4.27 (1H, dqg, J = 12.7, 8.4 Hz, CHaHwCF3), 3.89 (3H, s, OCHy3),
3.62 (1H, dd, J = 14.8, 1.4 Hz, =CCHaHb), 3.30 (1H, d, J = 13.7 Hz, CCH,H,CC), 3.20 (1H,
d, J=13.7 Hz, CCHaH,CC), 3.03 (1H, dd, J = 14.7, 1.5 Hz, =CCHaH), 2.17 (3H, s, CH3); 3C
NMR (101 MHz, CDCl3) & 193.8 (C), 170.0 (C), 160.0 (C), 137.8 (C), 136.9 (C), 135.3 (C),
134.2 (C), 131.5(CH), 131.3(C), 130.6 (C), 129.3 (2 x CH), 128.6 (2 x CH), 128.1 (CH), 128.0
(CH), 127.9 (CH), 127.8 (CH), 127.5 (CH), 126.1 (CH), 123.0 (CH), 122.6 (g, Jc-r = 277.8 Hz,
C), 109.7 (CH), 60.9 (g, Jcr = 36.4 Hz, CH>), 60.2 (C), 55.8 (CHz), 38.8 (CH>), 34.2 (CH>),
21.4 (CH3); °F NMR (376 MHz, CDCls) § —73.5 (t, J = 8.3 Hz, 3 x F); HRMS (ESI) Exact
mass calculated for [CogH26F304]" [M+H]" : 495.1778, found 495.1779.

0 2,2,2-Trifluoroethyl (E)-2-benzyl-6,7-dichloro-1-

Bn

COLLH:LFs  ox0-4-(thiophen-2-yImethylene)-1,2,3,4-tetrahydronaphthalene-

Cl

“ | . 2-carboxylate (221h). The title compound was prepared according

| to General Procedure A, using malonate ester 186¢ (143.5 mg, 0.30
mmol) and 3,4-dichlorophenylboronic acid (96.5 mg, 0.45 mmol) which was purified by
column chromatography (0% to 1% EtOAc/n-pentane) followed by a preparative TLC (8%

EtOAc/n-pentane) to give a yellow oil (80.4 mg, 51%). Rf= 0.32 (10% EtOAc/petroleum
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ether); IR 2927, 1749 (C=0), 1691 (C=0), 1579, 1455, 1282, 1160, 907, 732, 700 cm™; *H
NMR (400 MHz, CDCls) 6 8.13 (1H, s, ArH), 7.79 (1H, s, ArH), 7.40 (1H, dd, J = 5.1, 1.2 Hz,
ArH), 7.37 (1H, s, HC=C), 7.21-7.17 (6H, m, ArH), 7.08 (1H, dd, J = 5.1, 3.6 Hz, ArH), 4.43
(1H, dg, J = 12.6, 8.4 Hz, CHaHyCF3), 4.28 (1H, dg, J = 12.6, 8.4 Hz, CH.HCF3), 3.81 (1H,
dd, J = 15.0, 1.2 Hz, =CCHaHp), 3.43 (1H, d, J = 13.8 Hz, CCH:H,CCH), 3.35 (1H, d, J =
13.8 Hz, CCHaHLCCH), 2.94 (1H, dd, J = 15.0, 1.7 Hz, =CCHaHp); 3C NMR (101 MHz,
CDCI3) 6 191.6 (C), 169.3 (C), 140.4 (C), 139.0 (C), 139.0 (C), 135.0 (C), 132.8 (C), 130.9
(CH), 130.8 (2 x CH), 130.1 (CH), 129.5 (C), 128.5 (2 x CH), 127.7 (CH), 127.5 (CH), 127.4
(CH), 126.4 (C), 125.9 (CH), 123.6 (CH), 122.5 (q, Jc.r = 277.4 Hz, C), 61.1 (q, Jcr = 37.1
Hz, CH2), 59.7 (C), 39.2 (CHy2), 34.2 (CH2); **F NMR (376 MHz, CDCls) § -73.6 (t, J = 8.3
Hz, 3 x F); HRMS (ESI) Exact mass calculated for [C2sH21CloF3NO3S]" [M+H4N]": 542.0566,
found 542.0557.

0 o 7-ethyl 2-(2,2,2-trifluoroethyl) (E)-2-benzyl-1-oxo-4-

EtO nCOzCHzCFs (thiophen-2-ylmethylene)-1,2,3,4-tetrahydronaphthalene-2,7-
| . dicarboxylate (221i). The title compound was prepared according

| / to General Procedure A, using malonate ester 186¢ (143.5 mg, 0.30

mmol) and 3-ethoxycarbonylphenylboronic acid (87.3 mg, 0.45 mmol) which was purified by
column chromatography (0% to 2.5% EtOAc/n-pentane) to give a yellow solid (88.9 mg, 56%).
Rr= 0.24 (10% EtOAc/petroleum ether); m.p. 117-118 °C (Et20); IR 2938, 1754 (C=0), 1724
(C=0), 1695 (C=0), 1433, 1272, 1253, 1052, 771, 690 cm™; *H NMR (400 MHz, CDCls) &
8.41 (1H, d, J =15 Hz, ArH), 8.11 (1H, dd, J = 8.2, 0.5 Hz, ArH), 7.98 (1H, dd, J =8.2, 1.5
Hz, ArH), 7.55 (1H, s, HC=C), 7.39 (1H, dd, J = 5.1, 1.1 Hz, ArH), 7.22-7.17 (6H, m, ArH),
7.08 (1H, dd, J=5.1, 3.6 Hz, ArH), 4.48-4.38 (3H, m, CH:H,CFszand OCHy), 4.32-4.22 (1H,
m, CHaHwCF3), 3.83 (1H, dd, J = 15.1, 1.2 Hz, =CCHaHb), 3.40 (2H, m, CCH.CCH), 3.00
(1H, dd, J =15.1, 1.7 Hz, =CCHaHb), 1.43 (3H, t, J = 7.1 Hz, CH2CHs); **C NMR (101 MHz,
CDCl3) § 193.2 (C), 169.5 (C), 165.8 (C), 140.9 (C), 139.4 (C), 135.3 (C), 135.2 (C), 132.8
(C), 130.8 (2 x CH), 130.6 (CH), 128.7 (CH), 128.5 (CH), 128.4 (2 x CH), 127.5 (C), 127.4
(CH), 127.3 (2 x CH), 125.5 (CH), 123.2 (CH), 122.6 (q, Jc.r = 277.4 Hz, C), 61.9 (CH>), 61.1
(0, Je-F = 37.0 Hz, CHy), 60.0 (C), 39.2 (CH>), 34.3 (CHy), 14.4 (CHa); °F NMR (376 MHz,
CDCl3) 6 -73.6 (t, J=8.3 Hz, 3 x F); HRMS (ESI) Exact mass calculated for [C2sH27FsNOsS]*

[M+H4N]*: 546.1557, found 546.1547.
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3.4 Enantioselective Rhodium-Catalysed Desymmetrisation of Malonate Esters

2,2,2-Trifluoroethyl (E)-4-benzylidene-2-(benzyloxy)-1-0xo0-1,2,3,4-
tetrahydronaphthalene-2-carboxylate (170a)

MeO ! PPh,

MeO PPh,
ST
o)
F2CH,CO OCH,CF, L16 (10 mol%) OBn
_ OBn [Rh(C,H,)Cll (5 mol%) CO,CH,CF,
Ph—— KF (1.5 equiv)

17 1,4-dioxane/H,0 (9:1)
+ 70°C,20h

PhB(OH), (1.5 equiv) Ph
170a

(Absolute stereochemistry not determined)

An oven-dried microwave vial was fitted with a stirrer bar and charged with [Rh(C2H4)2Cl]
(7.8 mg, 0.02 mmol) and L16 (23.3 mg, 0.04 mmol). The vial was sealed with a septum-lined
cap and purged with argon for 30 mins. Anhydrous 1,4-dioxane (2.7 mL) and water (0.3 mL)
both of which were freshly deoxygenated separately (purging with argon for 30 mins) were
added. The mixture was stirred at room temperature for 30 mins. Meanwhile, a separate oven-
dried microwave vial was fitted with a stirrer bar and charged with malonic ester 171 (195.4
mg, 0.4 mmol), phenylboronic acid (73.2 mg, 0.60 mmol) and KF (34.9 mg, 0.60 mmol). The
vial was sealed with a septum-lined cap and purged with argon for 30 mins. Deoxygenated
anhydrous 1,4-dioxane (0.9 mL), deoxygenated water (0.1 mL) and the solution of catalyst (see
above) were added. The mixture was stirred at 70 °C for 20 h. The reaction was cooled to room
temperature, water (20 mL) was added and the mixture was extracted with EtOAc (3 x 20 mL).
The combined organic phases were washed with brine (25 mL), dried (MgSOa), filtered and
concentrated under reduced pressure. The residue was purified by column chromatography
using EtOAc/n-pentane (0% to 5% EtOAc/n-pentane) to give the titled compound (170a)
(130.1 mg, 70%) as a yellow oil. Rt = 0.28 (10% EtOAc/petroleum ether); IR 2954, 1762
(C=0), 1691 (C=0), 1433, 1282, 1157, 1052, 972, 752, 699 cm™; [a] 5 +16.0 (¢ 1.00, CHCl3);
'H NMR (400 MHz, CDCl3) 6 8.04 (1H, dd, J = 7.9, 1.6 Hz, ArH), 7.78 (1H, d, J = 8.1 Hz,
ArH), 7.63 (1H, ddd, J = 8.0, 7.2, 1.5 Hz, ArH), 7.44-7.32 (7TH, m, ArH), 7.23-7.19 (5H, m,
ArH), 4.70-4.61 (2H, m, CHaHyCF3 and OCHaHwC), 4.53-4.42 (2H, m, CH:H,CF3 and
OCHHxC), 3.69 (1H, dd, J = 14.7, 0.8 Hz, =CCHaHb), 3.52 (1H, dd, J = 14.7, 1.9 Hz,
=CCHaHb); **C NMR (101 MHz, CDCl3)  191.3 (C), 168.8 (C), 141.6 (C), 137.5 (C), 136.6
(C), 134.7 (CH), 130.8 (CH), 130.0 (C), 129.3 (C), 129.2 (2 x CH), 128.8 (2 x CH), 128.7
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(CH), 128.5 (CH), 128.3 (2 x CH), 127.9 (CH), 127.77 (CH), 127.75 (2 x CH), 124.5 (CH),
122.8 (9, Jc.r = 277.8 Hz, C), 83.9 (C), 69.2 (CH2), 61.1 (g, Jc-r = 37.3 Hz, CHz), 36.5 (CH>);
F NMR (376 MHz, CDCl3) § -73.5 (t, J = 8.3 Hz, 3 x F); HRMS (ESI) Exact mass calculated
for [C2o7H22F304]" [M+H]": 467.1465, found 465.1466. Enantiomeric excess was determined
by HPLC using a Chiralpak AD-H column (95:5 iso-hexane:i-PrOH, 1.0 mL/min, 254 nm, 25
°C); tr (minor) = 12.9 min, tr (major) = 14.9 min, 65% ee.

2,2,2-Trifluoroethyl (E)-2-benzyl-4-benzylidene-1-oxo0-1,2,3,4-tetrahydronaphthalene-2-

carboxylate (225)
O 0}
Bn
MeO PPh, CO,CH,CF3  F4CH,CO OCH,CF,4
MeO PPh, . Bn
0 / Ph
Ph
F3CH2CO OCH,CF3 L16 ( 10 mol%) 225 226a
/ [Rh(C,H,)Cl1p (5 mol%) (Absolute stereochemistry
Ph—— 182d KF (1.5 equiv) not determined)
1,4-dioxane/H,0 (9:1) O (6]
+ 70°C,20h
PhB(OH), (1.5 equiv) F3CH,CO OCH,CF4
+ Bn
Ph / 226b

Ph

An oven-dried microwave vial was fitted with a stirrer bar and charged with [Rh(C2H4)2Cl].
(5.8 mg, 0.015 mmol) and L16 (17.5 mg, 0.03 mmol). The vial was sealed with a septum-lined
cap and purged with argon for 30 mins. Anhydrous 1,4-dioxane (1.8 mL) and water (0.2 mL)
both of which were freshly deoxygenated separately (purging with argon for 30 mins) were
added. The mixture was stirred at room temperature for 30 mins. Meanwhile, a separate oven-
dried microwave vial was fitted with a stirrer bar and charged with malonic ester 182d (141.7
mg, 0.3 mmol), phenylboronic acid (54.9 mg, 0.45 mmol) and KF (26.1 mg, 0.45 mmol). The
vial was sealed with a septum-lined cap and purged with argon for 30 mins. Deoxygenated
anhydrous 1,4-dioxane (0.9 mL), deoxygenated water (0.1 mL) and the solution of catalyst (see
above) were added. The mixture was stirred at 70 °C for 20 h. The reaction was cooled to room
temperature, water (15 mL) was added and the mixture was extracted with EtOAc (3 x 15 mL).
The combined organic phases were washed with brine (20 mL), dried (MgSOa), filtered and
concentrated in vacuo. The residue was purified by column chromatography using EtOAc/n-
pentane (0% to 1.5% EtOAc/n-pentane) to give the arylative cyclization product 225 (114.6
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mg, 85%) as a yellow oil and the mixture of inseparable hydro-arylative products 226a and
226b (20.9 mg, 13%, (226a:226b 1:20) as a yellow oil.

2,2,2-Trifluoroethyl (E)-2-benzyl-4-benzylidene-1-o0xo0-1,2,3,4-
tetrahydronaphthalene-2-carboxylate (225). R = 0.31 (10%
EtOAc/petroleum ether); IR 3029, 1748 (C=0), 1685 (C=0), 1595,

(0]
Bn

CO,CH,CF,

|
Ph 1276, 1156, 1081, 760, 729, 698 cm™; [o] & +36.0 (¢ 1.00, CHCls); H

NMR (400 MHz, CDCls) & 8.13 (1H, dd, J = 7.9, 1.4 Hz, ArH), 7.77 (1H, dd, J = 8.0, 1.1 Hz,
ArH), 7.60 (1H, ddd, J = 8.3, 7.2, 1.5 Hz, ArH), 7.45-7.40 (4H, m, ArH), 7.36-7.31 (3H, m,
ArH), 7.16-7.08 (5H, m, ArH), 4.48 (1H, dq, J = 12.6, 8.4 Hz, CH:H,CF3), 4.26 (1H, dq, J =
12.6, 8.4 Hz, CHaHwCF3), 3.65 (1H, dd, J = 14.6, 1.4 Hz, =CCHaHb), 3.40 (1H, d, J = 13.7 Hz,
CCHaHwCCH), 3.25 (1H, d, J = 13.7 Hz, CCHsH,CCH), 3.04 (1H, dd, J = 14.6, 1.6 Hz,
=CCHaHp); $3C NMR (101 MHz, CDCls) § 193.6 (C), 169.9 (C), 141.1 (C), 136.7 (C), 135.4
(C), 134.3 (CH), 131.0 (C), 130.8 (2 x CH), 130.2 (C), 129.8 (CH), 129.2 (2 x CH), 128.6 (2
x CH), 128.6 (CH), 128.4 (CH), 128.2 (2 x CH), 127.8 (CH), 127.0 (CH), 124.5 (CH), 122.7
(0, Jer = 277.4 Hz, C), 61.0 (g, Jc-r = 36.9 Hz, CH>), 60.3 (C), 38.8 (CH2), 34.0 (CH2); *°F
NMR (376 MHz, CDCl3) 6 —73.5 (t, J = 8.4 Hz, 3 x F); HRMS (ESI) Exact mass calculated
for [C27H22F303]" [M+H]": 451.1516, found 451.1517. Enantiomeric excess was determined
by HPLC using a Chiralpak AD-H column (95:5 iso-hexane:i-PrOH, 1.0 mL/min, 254 nm, 25
°C); tr (minor) = 8.9 min, t; (major) = 16.3 min, 76% ee.

T T Bis(2,2,2-trifluoroethyl) 2-
CTOMO™ gy e CROROT S O henzyl-2-(3,3-diphenylallyl)malonate  (226a)
Ph—/ P (1200 pn and bis(2,2,2-trifluoroethyl) 2-benzyl-2-(2,3-

Ph

diphenylallyl)malonate (226b). Rs = 0.39 (10%
EtOAc/petroleum ether); IR 3030, 1752 (C=0), 1411, 1281, 1159, 1084, 975, 759, 699, 650
cm; F NMR (376 MHz, CDCls) 8 —73.6 (t, J = 8.2 Hz, 6 x F); HRMS (ESI) Exact mass
calculated for [C29H28FsNO4]" [M+H4N]*: 568.1917, found 568.1919.

Data for major regioisomer 226a: *H NMR (400 MHz, CDCls) 7.41-7.28 (6H, m, ArH), 7.24-
7.13 (7H, m, ArH), 6.94-6.91 (2H, m, ArH), 5.95 (1H, t, J = 7.2 Hz, HC=C), 4.56-4.34 (4H,
m, 2 X CH2CF3), 3.33 (2H, s, CCH,CCH), 2.84 (2H, d, J = 7.2 Hz, CCH,CH); 3C NMR (101
MHz, CDCl3) § 168.6 (2 x C), 146.5 (C), 142.6 (C), 139.2 (C), 134.5 (C), 130.0 (2 x CH),
129.9 (2 x CH), 128.6 (2 x CH), 128.5 (2 x CH), 128.4 (2 x CH), 127.8 (4 x CH), 127.5 (CH),
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122.7(q, Jor = 277.4 Hz, 2 X C), 121.3 (CH), 61.2 (q, Jo.r = 37.3 Hz, 2 X CH2), 59.3 (C), 38.2
(CHy), 32.0 (CHy).

Characteristic signals for minor regioisomer 226b: *H NMR (400 MHz, CDCls) 6.82 (1H, s,
HC=C), 6.76-6.73 (2H, m, ArH), 3.93-3.84 (2H, m, CH2CF3), 3.80-3.73 (2H, m, CH2CF3),
3.69 (2H, s, CCH2CCH), 3.05 (2H, s, CCH2C=CH).
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