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Abstract

An important class of organic molecules are those that contain fluorine. Fluorinated
molecules have found widespread use in medicinal chemistry, as well as in agrochemicals. This
is due to the ability of fluorine to act as a bioisostere for hydrogen, while also imparting other,
desirable properties to the molecules, such as increased lipophilicity, metabolic stability, and
bioavailability. An important class of fluorinated molecules are trifluoromethyl ketones.
Trifluoromethyl ketones have been used in a wide variety of applications, notably as potent
enzyme inhibitors, as well as key intermediates in the synthesis of fluorinated heterocycles,

medicinal compounds and natural product analogues.

Currently, there are very few methods reported for the conjugate addition to .-
unsaturated trifluoromethyl ketones, and even fewer methods for the asymmetric conjugate
addition. The majority of this thesis is focused on the development of the BINOL catalyzed
asymmetric conjugate addition of organoboronates to o,B-unsaturated trifluoromethyl ketones
yielding enantiomerically enriched trifluoromethyl ketones. Through this method,
trifluoromethyl ketones bearing stereochemically defined B-substituents can be obtained in good
yield and excellent enantioselectivity (up to 96% yield and >99.6:0.4 er). With so few protocols
available for the conjugate addition to o,B-unsaturated trifluoromethyl ketones, this methodology
may allow for the efficient synthesis of many novel enantiomerically enriched trifluoromethyl

ketones.

The final chapter of this thesis presents preliminary studies and optimization on the
asymmetric conjugate addition of N-Boc-pyrrole boronic acid to diaryl enones. Early results
indicate that this may be an efficient methodology for the conjugate addition of pyrrole in a

stereocontrolled manner.
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Chapter 1. Introduction and Background
1.1  Chirality in Organic Synthesis

A common challenge synthetic chemists face is the introduction of stereocenters into
molecules of interest. In fact, it was only relatively recently that synthetic chemists have been
able to reliably and predictably furnish stereocenters through non-enzymatic processes. This was
demonstrated by Brown and Zweifel through asymmetric hydroboration of cis-2-butene in the
early 1960’s." This demonstrated the ability to furnish new stereocenters from achiral starting
materials in a controlled manner. Since the development of this reaction, many other asymmetric
reactions have been developed, including those that employ catalytic additives in order to

introduce asymmetry.

Historically, several different methods have been used to introduce chirality into organic
molecules, the most basic of which was through the use of naturally occurring chiral molecules
that are relatively easy to obtain with a high stereochemical purity. These molecules are
collectively referred to as the chiral pool, and contain a wide variety of classes of compounds,

including amino acids, hydroxy acids, and terpenes (Figure 1.1).2

0 HO  OH
] OH — 7
A= HN HOOC ~ COOH

2

L-Tryptophan L-Tartaric acid (+)-a-pinene

Figure 1.1: Common Chiral Pool Reagents



Another common method traditionally used for the introduction of chirality is through the
use of “chiral auxiliaries” (Figure 1.2). Chiral auxiliaries are molecules which can be
incorporated into an achiral molecule in order to help introduce chirality in subsequent steps, and
can later be removed. Auxiliaries are often derived from chiral pool reagents, and typically use
sterics or other favourable interactions, such as hydrogen bonding, in order to induce a

preference for a particular stereochemical outcome in a reaction.>*

X
/O "y Q NH OxOH
N N Ph
H H  Ph
(S,S)-2,5-dimethylpyrrolidine (S)-4-isopropyloxazolidin-2-one (S)-diphenylprolinol

Figure 1.2: Common Chiral Auxiliaries

In 1973, Yamada et al. reported the use of proline esters in the asymmetric alkylation of
enamines.>® Although these reactions led to enantiomerically enriched products, the selectivities
were quite low, with enantiomeric excesses (ee) of 6-36.5%. Later, Whitesell and coworkers
showed that much higher selectivities could be attained through the use of C2 symmetric chiral
enamines derived from (S,5)-2,5-dimethylpyrrolidine.”® Alkylations of these enamines resulted
in much higher selectivities (80-93% ee) than Yamada’s proline esters. This dramatic increase in
selectivity was rationalized through the analysis of the diastereomeric transition states for the

alkylation (Scheme 1.1).



<_>‘COOR ROOC'" iNj
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Re-face Si-face Re-face Si-face Re-face . Si-face
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o] 0 0 0 L0 o]
WE E oE E E WE E
Favoured Favoured Favoured Favoured
Product Product Product | Product
\ ) |
! :
6 -36% ee ! 80 - 90% ee

Scheme 1.1: Observed Selectivity in the Asymmetric Alkylation of Enamines

This result demonstrated the advantage of using molecules possessing C,-symmetry in
asymmetric processes. As a result, many chiral auxiliaries and ligands possessing C,-symmetry
have been developed for use in asymmetric transformations such as asymmetric epoxidations,
1,4-conjugate additions, and hydrogenations.®*’ Some common C,-symmetric ligands are shown

in Figure 1.3.

o_gr CC
ol e e H
O] O
o & PPh; Ph,P  PPh,
Diisopropyl tartrate (S)-BINAP Chiraphos
Sharpless Asymmetric Epoxidation Asymmetric 1,4-Conjugate Addition Asymmetric Hydrogenation

Figure 1.3: Common C2-Symmetric Ligands and Their Uses



1.2  BINOL and BINOL Derivatives in Asymmetric Synthesis
1,1'-Binaphthalene-2,2'-diol (BINOL) was first synthesized in 1926 by Pummerer and
coworkers through the oxidative coupling of 2-naphthol with FeCls.®* However, the utility of
BINOL in asymmetric synthesis remained unexplored until 1979 when Noyori and coworkers
reported a highly selective asymmetric reduction of aryl ketones using a BINOL substituted
aluminum hydride reagent (BINAL-H) as shown in Scheme 1.2.%° The selectivity observed in
this reduction was rationalized through a six membered chair-like transition state, minimizing the
electrostatic repulsion between a lone pair of electrons on one of the BINOL oxygens and the n-

system of the aryl group (Figure 1.4)."

©)J\R THF, -78°C ©/\R ©)\R

Major Minor

71-100% ee

Scheme 1.2: Asymmetric Reduction of Aryl Ketones with BINAL-H

Favoured Disfavoured

Figure 1.4: Transition state of BINAL-H Reduction



Since Noyori’s demonstration of the potential utility of BINOL in asymmetric synthesis,
many other researchers have employed BINOL and substituted BINOLs for a variety of uses
such as asymmetric Diels-Alder reactions,?>?> Mannich reactions,?®> and more recently as a 'H
NMR chiral shift reagent** as well as in molecular recognition.”> A review by Yudin et al.
showcases many applications of BINOL and substituted BINOLs in asymmetric synthesis up

until the early 2000°s.%

1.3 1,4-Conjugate Addition

1,4-Conjugate additions have been regarded as one of the most important classes of
reactions in chemical synthesis.” This is due to the wide variety of nucleophiles that can be used
along with a large range of acceptors. Additionally, there is the possibility to incorporate up to

two new stereocenters.

The rich chemistry of 1,4-conjugate additions has a relatively long history, with the first
example being reported by Komnenos in 1883.%% However, Michael further developed this class
of reactions in 1887,%° and his name has since become synonymous with 1,4-conjugate additions.
These early conjugate additions were typically performed with deprotonated 1,3-diesters or 1,3-
ketoesters and alkylidenemalonates or a,B-unsaturated esters (Scheme 1.3).%% It was later found
that many other types of carbon nucleophiles can be used in conjugate additions including silyl
enol ethers, ketene acetals, and allylsilanes, as well as some metal stabilized carbanions such as
organocuprates, -rhodium and -palladium. Of these, only the organometallics will be discussed

for comparison.
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Scheme 1.3: Early 1,4-Conjugate Additions

1.3.1 Copper Catalyzed 1,4-Conjugate Additions

In 1941, Kharasch showed that the addition of 1 mole percent of cuprous chloride to the
reaction between methylmagnesium bromide and isophorone gave almost exclusive 1,4-addition
product (Scheme 1.4).%° In 1966 House et al. showed conclusively that organocuprates were the
reactive species in their studies on the role of copper salts on the conjugate addition of

organometallic reagents, as well as in Kharasch’s original studies.™

Although pure
organocuprate compounds can be prepared, it has been found that they are typically less reactive,
or completely unreactive in conjugate addition reactions.** However, the addition of either

lithium or magnesium salts to inactive, pure organocuprates would restore their reactivity in

conjugate additions.*



MeMgBr, CuCl (1 mol%)

Et,0

Scheme 1.4: Copper Catalyzed 1,4-Conjugate Addition

It has been found that the addition of trialkylhalosilanes and polar additives, such as
hexamethylphosphoramide (HMPA) can increase the reactivity of the organocuprate and lead to
higher yielding reactions. Corey and Boaz showed that the addition of organocuprates to enones
begins through a fast, reversible d-n -complexation followed by B-cupration.®* The addition of
trialkylhalosilanes greatly accelerated these reactions by trapping the d-r -complex forcing the -
cupration.*® When a cyclic enone was used, a change in stereoselectivity was also observed
(Scheme 1.5). Additionally, as the resultant enolate gets trapped as the silyl enol ether, the

amount of aldol condensation side product formed is greatly reduced.*

Li

RCu” P CuR, OTMS R o 8 >99
S e CM — CM
o o) . .
fe) : :
0
/ o o
O no (0) O
92 1
o NG 7 Tmsc — <
o) T/Li CuR, o R
R,Cu 0o no - TMscl
TMSCI

Scheme 1.5: Effects of TMSCI on Addition of Organocuprates

1.3.1.1 Asymmetric 1,4-Conjugate Additions of Organocuprates
An important modification of the conjugate addition of organocuprates is the asymmetric
version of the reaction. There are several methods in which one can induce asymmetry in the

addition of the organocuprate, including the addition of achiral organocuprates to chiral Michael
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acceptors, organocuprates containing a chiral residual ligand**** (a ligand that does not

transfer) and through the addition of chiral ligands.***®

The first example of the use of a chiral ligand for asymmetric induction in organocuprate
addition was shown by Kretchmer in 1972.%° This was accomplished through the addition of (-)-
sparteine to the addition of methylmagnesium iodide to cyclohexanone or 1,3-diphenyl-2-
propen-1-one (chalcone) in the presence of cuprous chloride (Scheme 1.6).*° Although some
stereoinduction was observed in this reaction, the optical purities were very low, ranging from
3.1-6.3%. Crabbé et al. showed that (-)-N-methylephedrine could also be used as a chiral ligand
in the asymmetric addition of organocuprates, but again the reaction suffered from poor optical
yields.® In 1980, Mukiyama showed that the use of (S)-N-methylprolinol gave much better
optical yields (up to 68%) than previously employed ligands (Scheme 1.7).>! However, in order
to achieve this level of stereoinduction, a large excess of Grignard reagent, cuprous bromide and

ligand were required.

(-)-Sparteine 2.5 eq H
Ph/\)J\Ph CuCl 1.3 eq Ph Ph E N |i|
0 |
5.0% ee : (-)-Sparteine

Scheme 1.6: Asymmetric Conjugate Addition of Methylcuprate with Sparteine



MeMgBr (8.8 eq.), I

o CuBr (4 eq), (S)-N-Methylprolinol (6 eq.) J\)(J)\ . D\/OH
ph/\)J\pr] Ph Ph | N

THF, -20 °C i Me
61%ee . (S)-N-Methylprolinol

Scheme 1.7: Asymmetric Conjugate Addition of Methylcuprate with (S)-N-Methylprolinol

In 1997, Feringa et al. reported the first completely stereocontrolled copper catalyzed
conjugate addition of dialkylzinc reagents to cyclic enones in the presence of a BINOL-derived
phosphoramidite  ligand containing two chiral structural units (Scheme 1.8).*°
Enantioselectivities of up to >98% were reported, when the matched (R,R)-bis(1-phenylethyl)
amine and (S)-BINOL was used. It is interesting to note that even when the mismatched (S,S,S)-
L1 was used, good enantioselectivities were still observed. Key to this reaction is the transfer of
an alkyl fragment from the dialkylzinc reagent to the copper-ligand complex, resulting in the

chiral organocuprate.

1S,
o] o : O- )—
Cu(OTf), (2 mol%) | _P—N
+ EtZZn > E o >---|I
L1 (4 mol%) ! O‘ Ph
Et |

94% :
>98% ee . (S,R,R)—L1

Scheme 1.8: Highly Selective Conjugate Addition of Et,Zn using a BINOL-derived

Phosphoramidite Ligand

In 2001, Reiser et al. reported the first copper catalyzed asymmetric conjugate addition of

diphenylzinc to cyclic enones using chiral bis(oxazolines) as ligands. However, only modest



yields and selectivities were observed (Scheme 1.9).*” It was found that hydroxymethylene
pendant groups were required on the oxazolines, suggesting that a bimetallic complex (Figure
1.5) was operating. This restricted coordination mode explained the enantiocontrol observed in

the aryl transfer, as well as the limited substrate tolerance of the catalyst.*’

0 Cu(QOTf), (10.6 mol%) 0 o
L2 (14.9 mol%) ! \ | Ph
+ PhyZn PN N
Me,Zn 3.2 eq | B
73 % !
74% ee | L2

Scheme 1.9: Copper Catalyzed Asymmetric Conjugate Addition of Diarylzinc

Figure 1.5: Proposed Binding Mode of Bifunctional Catalyst and Substrate

Alexakis et al. improved upon Reiser’s method through the use of arylalanes generated
through the transmetalation of arylboronic acids with triethylaluminum. It was found that a wide
range of aryl substituents could be added and a range of substituted cyclic trisubstituted enones
could be tolerated (Scheme 1.10).** This methodology allowed for access to cyclic ketones

bearing all carbon quaternary centers with a high degree of stereocontrol.
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e) CuTC (10 mol%) O E O 2-Naphthyl
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including salts !
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R : 2-Naphthyl
n=0,1,2 59-93%
R = Me, Et, iBu 82-98.6% ee

Scheme 1.10: Asymmetric Conjugate Addition of Arylalanes

Very recently, Zhou et al. reported the copper catalyzed asymmetric conjugate addition
of arylboroxines to chalcone and chalcone derivatives (Scheme 1.11).°? It was found that the
spiro-phosphoramidite L4 gave the best enantioselectivity, and that the spiro chirality was the
determining factor on the enantiomer formed in this reaction. Initially, it was considered that the
addition proceeded through the classic conjugate addition mechanism of diorganocuprates,
consisting of oxidative addition followed by reductive elimination at the B-position of the
enones. In fact, Feringa et al. proposed a similar mechanism to this in 2006 in the
(bisphosphine)copper(l) catalyzed conjugate addition of Grignard reagents.® However, Lewis
acidic metal ions, such as lithium, magnesium, and zinc, were key to stabilizing the enolates
formed during the oxidative addition, and the potassium ion is not Lewis acid enough to fulfill
this role.>®> Additionally, reversible oxidative addition can lead to cis-to-trans isomerization of

unreacted starting material, which was not observed under the reaction conditions.
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Scheme 1.11: Asymmetric Conjugate Addition of Arylboroxines

In order to gain some insight into the mechanism at play, density functional theory (DFT)
calculations were conducted to simulate the insertion of (L4)phenylcopper(l) to p-
methylchalcone. Surprisingly, no 1,2-insertion pathway was found, and instead a rare 1,4-
insertion pathway was identified, in which a six-membered transition state led directly to an O-
bound copper enolate (Figure 1.6).%? It was hypothesized that the Cu-O coordination helped to
stabilize the developing negative charge of the enolate in the transition state. This 1,4-insertion
requires that the enone must be able to attain an s-cis conformation, which was consistent with

the fact that cyclic enones did not react under the conditions used.

B Bk

L4
_Cu,
o
R
Tol™ \V)\Ph

Figure 1.6: Proposed Transition State for 1,4-Insertion

1.3.2 Rhodium Catalyzed 1,4-Conjugate Additions

In 1990, the first rhodium catalyzed conjugate addition of terminal alkynes to a,p-
unsaturated ketones was reported.> Soon after, it was shown that other nucleophiles could be
used such as activated nitriles (Paganelli), arylstannanes (Oi) and organoboronic acids (Miyura

12



& Hayashi).®>" Miyura and Hayashi proposed that the conjugate addition of organoboronic
acids proceeded through a catalytic cycle similar to that of Suzuki cross-coupling reactions. Key
to this mechanism is the B-Rh transmetalation, followed by reductive elimination to give the

conjugate addition product (Scheme 1.12).%°

R O
2
H,O
Ry O
R

R-Rh-L,

Scheme 1.12: Proposed Rhodium Catalyzed Conjugate Addition Catalytic Cycle

1.3.2.1 Asymmetric Rhodium Catalyzed 1,4-Conjugate Additions

Soon after the disclosure of the racemic conjugate additions of organoboronic acids, the
reaction was shown to yield enantiomerically enriched conjugate addition products when chiral
phosphine ligands were used.'* It was shown that use of (S)-2,2'-bis(diphenylphosphanyl)-1,1'-
binaphthalene (BINAP) resulted in high enantioselectivity (91-97% ee) in a wide range of cyclic
and acyclic enones (Scheme 1.13). In 2002, Hayashi et al. confirmed that the mechanism of the
asymmetric conjugate addition was the same as that proposed for the racemic addition (Scheme

1.12).Y
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Rh(acac)(CoH,), E OO
o (1 - 3 mol% Rh) 0 E PPh,
(S)-BINAP (1 eq to Rh) ! PPh
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Ar

-99% ee |
92 - 99% ee . (S)-BINAP

Scheme 1.13: Rhodium Catalyzed Asymmetric Conjugate Addition of Arylboronic Acids

This methodology was soon applied to the synthesis of pharmaceutically interesting
compounds, with one of the earliest examples being reported by Helmchen.*®* In 2008, Parker
et al. showed that, with a few modifications, the conjugate addition of arylboronic acids could be
efficiently scaled up to the multi-kilogram scale for use in pharmaceutical synthesis.? It was also
found that this methodology could be used to obtain the conjugate addition product of substrates
that are typically poor Michael acceptors such as substituted maleimides and 4-oxobutenamides

(Scheme 1.14).%4:%2

o [RhCI(C,H,),]s (2.5 mol%)
(R)-Hg-BINAP (2.7 mol%) PPh,
| NBn + ArB(OH), PPh
R KOH (0.5 eq.) 2
0O dioxane/H,0O

50 °C, 3h

H8 BINAP

iRh

o o Rh* (2 mol%) o A (o] Q’\ 7 )
Ph)v\WN\) + ArB(OH), Ph)J\/'\”/N\) ; -P Ri XN BF4
Et3N, THF/H,O ! BU tB

o 65 °C o /

Scheme 1.14: Rhodium Catalyzed Asymmetric Conjugate Additions to Maleimides and 4-

Oxobutenamides
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Through the modification of the chiral ligands present, a vast number of asymmetric
conjugate additions can be achieved on a variety of substrate classes and several reviews have

been published to exemplify the utility of this reaction.'®®*%*

Since their discovery, rhodium catalyzed reactions quickly became one of the most
valuable asymmetric conjugate addition methods, owing partly to the fact that a wide variety of
transformations can be achieved. Additionally, the enantioselectivities for these reactions are

typically high, and the reactivity can be tuned by altering the ligands used.

1.3.3 Conjugate Additions of Organoboron Compounds

An early example of the conjugate addition of organoboron compounds was given by
Brown et al. in 1976.% In this report, alkenylboranes obtained through the hydroboration of
terminal alkynes with 9-borabicyclo[3.3.1]nonane (9-BBN) were shown to undergo smooth 1,4-
addition to methyl vinyl ketone (MVK) and related ketones (Scheme 1.15). Brown hypothesized
that the addition proceeded through a six-membered, cyclic transition state (Figure 1.7) as only
enones able to adopt an s-cis conformation underwent conjugate addition. Soon after, this

methodology was extended to allow for the transfer of alkynyl groups in a 1,4-manner.

O
O

)
+ R2 AN —_—
ﬁj\ /\RC Ry™ ™

Ry

Scheme 1.15: Conjugate Addition of Alkenylborane to MVK
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Figure 1.7: Proposed Transition State for the Conjugate Addition of Alkenylboranes

1.3.3.1 Asymmetric Conjugate Additions of Alkynylboronates

In 2000, Chong et al. reported the first asymmetric alkynylboration of enones using
alkynyl 3,3'-disubstituted-BINOL boronates.®” These reagents were readily prepared by the
addition of an alkynyllithium to triisopropyl borate followed by treatment with a stoichiometric
amount of BINOL to form an alkynyl BINOL borate salt. In analogy with previous work by
Brown,® it was anticipated that the treatment of this borate salt with anhydrous HCI or BF3-OEt;
would yield the desired boronate (Scheme 1.16). Indeed, treatment of the alkynyl BINOL borate
salt and chalcone with BF;-OEt; led to clean formation of the 1,4-addition product in high yields

and enantioselectivities (up to 99 and >98% respectively) (Scheme 1.17).

oLi®
B(OPr)s

B(OiPr)3

R

Li(OiPr);B—=— o\@/o iPr

R) L5

Scheme 1.16: Synthesis of Alkynyl BINOL Borate Salts
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Scheme 1.17: Asymmetric Alkynylboration of Chalcone

It was found that the stereoselectivity of these reactions could be predicted by using a six-
membered cyclic transition state model similar to that proposed by Brown and Noyori for the
conjugate addition of alkynyl 9-BBN reagents to enones and the asymmetric reduction of aryl
ketones by BINAL-H respectively (Figure 1.8).2°%® The selectivity also correlated strongly with
the substitution of the enone, with highest selectivities coming from enones bearing an aryl

group on the carbonyl carbon and B-substituents containing electron-rich m-systems.®’

Favoured Disfavoured

Figure 1.8: Proposed Transition State for the Asymmetric Alkynylboration

In 2004, the Chong group showed that the asymmetric alkynylboration reaction could be
rendered catalytic through a rare example of a ligand accelerated reaction.®® It was found that, in
the presence of a catalytic amount of 3,3'-disubstituted BINOL, alkynylboronates would undergo

transesterification followed by conjugate addition to an enone, giving the desired products in

17



high yields and enantioselectivities. In order for the proposed catalytic cycle to be effective,
several conditions would need to be met (Scheme 1.18). First, boronate 1 would need to readily
transesterify with the BINOL ligand L5 to form boronate 2. Boronate 1 would also need to be
less reactive towards the enone than boronate 2, and finally boron enolate 3 would need to

disproportionate in order to reform the active boronate species.®

Complexation
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Il B iPr H !
(@) (@) ! * H
Pz . ‘Where represents:
R5 R4 O\ _ . C((j P
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Scheme 1.18: Proposed Catalytic Cycle for the Asymmetric Alkynylboration of Enones

Applying what was learned in the conjugate additions of alkynylboronates with enones to
N-acylimines, the Chong group showed that this methodology could be applied to the synthesis
of chiral propargylamides (Scheme 1.19).”° However, this reaction was unable to be rendered

catalytic, and stoichiometric amounts of alkynyl BINOL boronate were required. Interestingly, it



was found that when the BINOL contained strongly electron withdrawing groups in the 3,3'-
positions the reaction would not go to completion. This was hypothesized to be a result of
coordination of the nitrogen atom with the boron due to the increased Lewis acidity caused by

the 3,3’-substituents.

o0
O\B ——R
o’ T
99 i
e J\ 0 -
R N DCM, -78°Ctort, 24 h R/\
AN

70 - 85% yield
up >99% ee

Scheme 1.19: Conjugate Addition of BINOL-Modified Alkynylboronates to N-Acylimines

1.3.3.2 Asymmetric Conjugate Additions of sp>-Boronates

In 2007, the Chong group extended the methodology of the catalytic conjugate addition
of alkynylboronates to include alkenylboronates, showing for the first time that an asymmetric
conjugate alkenylation could be done in the absence of a transition metal catalyst.”" The
alkenylboronates used in these reaction are easily prepared and showed great selectivity in the

transfer to enones (Scheme 1.20).
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Scheme 1.20: Asymmetric Conjugate Addition of Alkenylboronates to Enones

Several substituted BINOL catalysts were tested, all of which gave excellent selectivities.
The reaction was shown to give excellent yields and selectivities to a range of enones, including
those bearing electron-rich and electron-poor aromatic, heteroaromatic, and alkyl B-substituents
(Table 1.1). Enones bearing relatively large P-substituents gave the highest selectivities;
however, even enones bearing [-alkyl groups gave consistently high selectivities. Again, the
observed enantioselectivity could be explained using the six-membered cyclic transition state

proposed for the alkynylation of enones and N-acylimines.

H CgHy3

Favoured Disfavoured

Figure 1.9: Proposed Transition State for the Asymmetric Alkenylboration
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Table 1.1: Asymmetric Conjugate Addition of Alkenylboronates to Various Enones

@) x
I

X B(OMe
n-CGH13/\/ ( )2 n-C6H13

! OH
0 i 0 !
/\)}\ (R)-L5 (20 mol%) N o | OO
R Ph ' X

DC4'\/’T’ T§°C A o L5a X = H; L5Lb5?(-s=l I; L5¢ X = Br

5 L5d X = Cl; L5e X = CF4

| L5f X = CN; L5g X = Ph

R Ligand (X) Time (h) Yield (%)? er’

Ph L5a (H) 24 <20 93:7
Ph L5b (1) 36 93 98.7:1.3

Ph L5c (Br) 12 92 98:2
Ph L5e (CF3) 12 90 98.6:1.4
Ph L5f (Ph) 36 75 97.1:2.9
4-CICgH4 L5b (1) 36 96 99.2:0.8
4-MeOCgH4 L5b (1) 48 86 99.1:0.9
2-furyl L5b (1) 72 94 98.5:1.5
n-hexyl L5b (1) 72 94 99.2:0.8

%Isolated yields after flash chromatography. "Determined by chiral HPLC analysis.

The conjugate addition of arylboronates proved to be difficult, and were unreactive under
similar reaction conditions. However, in 2011, Turner and Chong reported the first BINOL
catalyzed asymmetric conjugate addition of arylboronates (Scheme 1.21).”% Initial conditions,
similar to those in the alkenylboration, using up to 200 mol% of BINOL vyielded only trace

amounts of the desired product. After extensive screening of solvents, it was eventually found
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that the use of 4 equivalents of diethyl phenylboronate in the absence of additional solvent gave

the desired product.

904
OH
998
X
L5a-g
L5a X = H; L5b X = [; L6c X = Br

L5d X = CI; L5e X = CF4
L5f X = CN; L5g X = Ph

0O L5 (20 mol%) Ph O

Rz/\)J\&

PhB(OEt), Ry R4

Scheme 1.21: Asymmetric Conjugate Arylboration of Enones

Several substituted diaryl enones, as well as alkyl enones were shown to the conjugate
addition of phenyl boronate. It is interesting to note that the 3,3'-substitution was found to
greatly affect the conversion and selectivity of the reaction. The parent BINOL L5a, was found
to only give <50% conversion; however, a high selectivity was observed (Table 1.2).”> When
strongly electron withdrawing groups were used, high conversions and selectivities of up to 98%
ee were found. Ligand L5d was found to possess the optimal electron withdrawing ability-to-size

ratio, providing the product with 100% conversion and 82% ee.”
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Table 1.2: BINOL Catalyzed Conjugate Addition of Arylboronates to VVarious Enones

o L5 (20 mol%) Ph O
R/\)J\Ph PhB(OEt), R)\)J\Ph
120 °C
R Ligand Time (h) Yield (%)? er’

4-MeCgH,4 L5a (H)° 96 <501 91:9
4-MeCgH,4 L5b (1) 96 72° 89:11
4-MeCgHy4 L5c (Br) 72 91° 92:8
4-MeCgHy4 L5d (CI) 72 90 91:9
4-MeCgH,4 L5e (CFs) 72 36" 92:8
4-MeCgH,4 L5g (CN) 5 97 84:16
2-MeCgH, L5d (CI) 48 75 99:1
4-MeOCgH, L5d (CI) 48 66 94:6
4-CICgH, L5d (CI) 48 74 90:10
1-naphthyl L5d (CI) 32 86 98:2
n-C4Hg L5d (CI) 72 95 91:9

%Isolated yields after flash chromatography. "Determined by chiral HPLC analysis. 200 mol% used. %% Conversion

based on *H NMR.

Soon after, May et al. demonstrated the conjugate addition of alkenylboronic acids to
enones appended with protected, unprotected or substituted indoles.” Schaus et al. developed the
asymmetric propargylation of ketones using allenylboronates,”* and were also able to
successfully perform asymmetric conjugate additions of aryl- and alkenylboronates to o-quinone

methides.”> May et al. showed that under modified conditions, it was possible to add
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alkenylboronic acids to enones containing pendant heteroaryl groups (Scheme 1.22).”° The
addition of catalytic amounts of Mg(OtBu), was found to accelerate the reaction, and it is

thought that the butoxide may act as a proton transfer agent.

(R)-(C7F7),-BINOL (20 mol%) )\

B(OH), % H
Ao o goma T T §
Het = E\iq O—%— O_% ©j§
N N
Lot OF OO

H N

Scheme 1.22: Conjugate Addition of Alkenyl Boronic Acids to Heteroaryl Appended

Enones

In a further extension of nucleophile scope, Cheung and Chong showed the conjugate
addition of various heteroarylboronates to diaryl enones (Scheme 1.23).”" Similar to the
arylboration described by Turner, the addition of heteroarylboronates was found to run more
efficiently in the presence of excess heteroarylboronate acting as solvent. The
heteroarylboronates were found to be more reactive than arylboronates, requiring a lower
temperature and reaction time. The addition of heteroarylboronates also showed a higher

selectivity than was observed in the arylation of enones (Table 1.3).
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o L5b (20 mol%) Ar O

Ar—B(OEt), +
R/\)J\Ph neat, 70-80 °C R)\)J\Ph

Scheme 1.23: Asymmetric Conjugate Heteroarylboration of Enones

Table 1.3: BINOL Catalyzed Conjugate Addition of Heteroarylboronates to Various

Enones
D* o L5b (20 mol%) ¥ o
B(OEt), + -
X R/\)J\ Ph neat, 70-80 °C R Ph
Time (h) Yield (%)? er
R S O S @] S O
Ph 24 30 83 92 99:1 89:11
4-MeOCgH4 48 30 84 76 92:8 84.4:15.6
4-BrCeH,4 45 30 95 78 96:4 86:14
1-naphthyl 24 30 85 93 99:1 99.9:0.1

%Isolated yields after flash chromatography. "Determined by chiral HPLC analysis.

In order to gain further insight into the mechanism of the alkenylboration reaction,
Goodman et al. performed DFT calculations to rationalize the results observed.’® Transition state
structures similar to those proposed by Chong and Wu were found, supporting their proposed
catalytic cycle. It was also found that complexation of the boronate with the enone was the rate
limited step, followed by a fast, asynchronous carbon-carbon bond formation yielding the boron
enolate of the addition product. Very recently, May et al. conducted a detailed mechanistic

analysis of the alkenylboration reaction by Hammett plot analysis.” It was shown that the rate of
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the reaction is weakly inversely proportional to the electron withdrawing ability of p-aryl
substituents (p = -0.34) and directly proportional to the electron withdrawing ability of aryl
substituents on the carbonyl carbon (p = 0.49).” Interestingly, the rate of the reaction is most
strongly correlated with the electronic nature of the alkenylboronate, with electron rich aryl

substituted alkenylboronic acids showing the fastest reaction rates (p = -0.95)."
1.4 Asymmetric Conjugate Additions to Fluorinated Michael Acceptors

1.4.1 Fluorine in Organic Synthesis

Fluorinated compounds have found widespread use in both the pharmaceutical industries
and as agrochemicals, with nearly 20% of all pharmaceuticals ever released and ~30% of
agrochemicals containing at least one fluorine.®**® Much of this results from the ability of
fluorine to act as a bioisostere for hydrogen. Bioisosterism refers to the ability of atoms or
groups of atoms of similar size or shape to be replaced with one another without substantially
altering the biological behaviours such as binding.® It has also been shown that replacement of
hydrogen atoms with fluorine atoms can increase the lipophilicity of many compounds. This
replacement also typically imparts greater metabolic stability of pharmaceuticals due to the

strong C-F bond.®

Trifluoromethyl ketones have been found of particular interest in the literature due to
their interesting properties. Specifically, trifluoromethyl ketones have been found to be potent
enzyme inhibitors.®® In addition to this, they have also been used as key intermediates in the
synthesis of fluorinated heterocycles, medicinal compounds, and natural products.®®*® Due to the
strong electron withdrawing ability of the CF3 group, the carbonyl carbon is far more prone to

nucleophilic attack.** Additionally, the carbonyl oxygen is far less Lewis basic than non-
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fluorinated congener, making trifluoromethyl enones far less reactive in Lewis acid mediated

reactions.®*%

1.4.2 Conjugate Additions to CF3z-containing Unsaturated Carbonyl Compounds

The first examples of conjugate additions to trifluoromethyl containing a,B-unsaturated
carbonyl compounds appeared in 1985 when Ogoshi reported the conjugate addition of various
nucleophiles to B-CFs-o,B-unsaturated ketones.”® Although the reaction was quite limited in
scope, it showed the utility of B-CF; enones as useful building blocks for access to
trifluoromethyl substituted compounds (Scheme 1.24). In 1991, Yamazaki et al. reported a
conjugate addition of lithium enolates with (E)-3-(trifluoromethyl)acrylates to give the conjugate
addition products.”” This group also showed the ability of lithium enolates derived from chiral

acyloxazolidinones to add diastereoselectively to o,B-unsaturated p-CFs esters (Scheme 1.25).%

o Nucleophile Nuc O

F3C/\)J\ F3C)\/U\

Nucleophiles include:
Eto,NH, CH,NO,Na,
n-Bu,Culi, or

C
NH
-

Scheme 1.24: Conjugate Addition to B-CFs-a,p-Unsaturated Ketone

Scheme 1.25: Diastereoselective Conjugate Addition of Acyloxazolidinone Enolates
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Currently, there are few examples of catalyzed conjugate additions to unsaturated
trifluoromethyl ketones, with the regioselective conjugate addition of organocuprates to
acetylenic ketones being one of the earliest.” This reaction was shown to proceed with good
regioselectivity (1,4-addition vs. 1,2-addition) and typically showed good E:Z selectivity
(Scheme 1.26). In 2006, Nenajdenko et al. reported the synthesis of trifluoromethylated o-
hydroxydihydropyrans through the conjugate addition of a-cyanoketones to a,B-unsaturated
trifluoromethyl ketones followed by cyclization to give the product as a single diastereomer

(Scheme 1.27).%°

0]

Me,Cu(CN)Li, Me O

R

Scheme 1.26: Conjugate Addition to Acetylenic Trifluoromethyl Ketones

CN NC
3
=
R CF3 R C:F3 Ar

O "oH
Scheme 1.27: Conjugate Addition-Cyclization of a,B-Unsaturated Trifluoromethyl Ketones

0) 0]
R/\)J\CFs Ar)J\@/CN

In 2012, Konno et al. disclosed the first practical, additive-free conjugate alkylation of -
trifluoromethyl enones.’® It was found that a range of alkylzinc nucleophiles could be used,
including those containing esters and nitriles (Scheme 1.28). This reaction was also found to
progress smoothly with a wide range of other electron deficient olefins containing the CF3 group,
including amides, phosphonates, and sulphones. It was found that when trifluoromethyl olefins

containing an Evans auxiliary are used, a small amount of diastereoselectivity is observed.'®
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RZZn

R
EWG
F.C N EWG
3 MePh, -78 °C F3C)\/

EWG = C(O)Ph, C(O)NBn,, SO,Ph, P(O)(OEt),

10 P
Et,Zn (3.6 eq.)
o NMCF;@ 0" "N CFs
\_Q MePh, -40 °C \_4
R R
22-32% de

Scheme 1.28: Conjugate Addition of Alkylzinc Nucleophiles to Trifluoromethylated

Electron-Deficient Olefins

1.4.2.1 Catalytic Asymmetric Conjugate Addition to f-CF3 Enones

Shibata et al. described the first enantioselective synthesis of B-CF3 pyrrolines through a
cinchona alkaloid catalyzed asymmetric conjugate addition of nitromethane to -
trifluoromethylated enones followed by an iron mediated reduction/cyclization/dehydration
sequence (Scheme 1.29).** It was found that cinchona-alkaloid-thiourea derivatives efficiently
catalyzed the reaction and gave the desired product in high isolated yield and ee (up to 99% and
98%, respectively).The reaction was also found to be highly general, with enones possessing a
wide range of aryl-, heteroaryl-, and sterically demanding substituents being accommodated.
Either enantiomer could be prepared through use of the pseudo-enantiomeric catalysts L6 and

7.1
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MeNO, (5 eq.) Fe
j\/\ L6 or L7 (2 mol%) j\/C{bNOZ AcOH N
A" NCF, Ar CFs

Up to 97% yield
Up to 98% ee

! L7
v Ar= 3,5-(CF3)2CGH3

Scheme 1.29: Cinchona Alkaloid Catalyzed Asymmetric Conjugate Addition of

Nitromethane to p-CF3; Enones

Akin to the methods developed in our lab, Konno et al. described the rhodium catalyzed
asymmetric conjugate addition of aryl- and heteroarylboronic acids to activated p-trifluoromethyl
alkenes in the presence of BINAP to give the desired product in high vyield and
enantioselectivity.'%? Motivated by the initial success of the addition of organoboronic acids, this
methodology was quickly expanded to include a range of organostannane nucleophiles; however,

these reactions were unable to be rendered asymmetric (Scheme 1.30).
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[Rh(COD),]BF4 (5 mol%) A O

0 (S)-BINAP (6 mol%)
e

Ar—B(OH), + “ -
FsC/\)J\R MePh/H,0 Up to 96% yield

reflux Up to 94% ee

Rh(COD),]BF, (2 1%
[Rh( )21BF4 (2 mol%) Ar O

o) H,O (1 eq) )\)J\
Ar—SnBus + > F5;C R
F3C/\)J\R 3

THF o) i
reflux Up to 89% yield

Scheme 1.30: Rhodium Catalyzed Asymmetric Conjugate Addition of Aryl- Boronates and

Stannanes to -CF; Enones

In order to test the generality of the rhodium catalyzed addition of aryl boronic acids, a
variety of electron deficient B-trifluoromethyl olefins were examined. The addition to a,f-
unsaturated esters and amides, as well as nitroalkenes afforded the desired product in moderate

102

yields.™ However, other than the case with the o,B-unsaturated amides, enantioselectivities
dropped. Reactions with vinyl phosphonates and vinyl sulphones returned very poor yields and
exhibited poor enantioselectivity. When aryl stannanes were used as the nucleophile in place of
aryl boronic acids, the group was able to obtain the 1,4-addition product of vinyl sulphones and

phosphonates in good yields.'%

Up until this point, there had been no reports of catalyzed asymmetric alkynylation of -
trifluoromethyl enones. However, in 2014, Pédro et al. showed that terminal alkynes, in the
presence of a copper catalyst and chiral bidentate phosphine ligands, could be transferred with
good yields and enantioselectivity (Scheme 1.31).'* It was shown that a variety of alkynes could
be used and the substrate scope was quite broad. The electronic nature of the aromatic substituent

on the enones had little effect on the outcome of the reaction. Interestingly, it was found that the
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presence of a 2-thienyl group next to the carbonyl resulted in increased reactivity as well as

selectivity. Unfortunately, aliphatic enones were shown to have much lower reactivity and

resulted in products being obtained in low yield, although the selectivities remained high.'%®

E PCy2
L8 (20 mol%) CE. O ' O oy
H o} [Cu(CH3CN)4]BF4 (20 mol%) 8 : < - “pPC
R F:0 XY R Et;N, THF = Z P Ve >
40°C,72h 70-99% ee ' s

Scheme 1.31: Copper Catalyzed Conjugate Alkynylation of -CF; Enones

The reaction conditions also allowed for the addition of various alkynes. Substituted
phenylacetylenes bearing electron withdrawing or electron donating groups in various positions
reacted smoothly with the B-trifluoromethyl enones to give the desired product with good yields
and high selectivities. Aliphatic alkynes were shown to be compatible with the reaction, and
although the reactions were far more sluggish, resulting in moderate vyields, the

enantioselectivities remained high.®

Recently in our lab, Wawrykow developed the metal free, asymmetric conjugate addition
of organoboronates to B-trifluoromethyl enones catalyzed by 3,3’-disubstituted BINOLs.** It
was found that the alkynylboration showed similar selectivities to those reported by Wu and
Chong for enones bearing B-alkyl groups, but were much less reactive, requiring both extended

reaction times and more forcing conditions (Scheme 1.32).%91%
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CeH13

0 I o
/\)J\ (S)-1o-BINOL (20 mol%)
n-CgHi3——=——B(0-iPr), + F5;C X Ph F3;C Ph
4A MS
neat, 70 °C 38% ee
72 h
Ph
1
Og—=n CgH i | |
g R I R“\)J\ph DCM, reflux Q
CO . L
Ph Where R = i-Pr, n-CgH13
L ~ 16 - 41% ee

Scheme 1.32: Comparing the Alkynylation of p-CF; Enones with B-Alkyl Enones

Encouraged by these initial results, this methodology was extended to include additions
of other organoboronate nucleophiles. The alkenylboration of B-trifluoromethyl enones was
examined next. Again, the reaction showed similar selectivity to those of the B-methyl and -
isopropyl enones, further exemplifying that the trifluoromethyl group behaves similarly to an
alkyl group in this chemistry.”**® Through a simple competition experiment, in which a one-to-
one mixture of B-trifluoromethyl enone and chalcone was used, it was estimated that the reaction
between alkenylboronates and the B-trifluoromethyl enones is at least 100 times slower than the
reaction with chalcone (Scheme 1.33).1%* The addition of heteroarylboronates showed a similar

trend and is summarized below in Table 1.4.
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/\/ B(OMe)2

n-CgH
9 Q (S)T 1B3||EJ10T_q&0 1%) o
+ -lo- mol*/ X 0
PhA\)\Ph F3C“\)\ Ph 5\)(
1 : 1 4A MS Ph Ph
neat, 70 °C
72 h exclusively formed
product

Scheme 1.33: Rate Competition Between Chalcone and p-CF3; Enone
Table 1.4: BINOL Catalyzed Conjugate Addition of Organoboronates to p-CF3; Enones

R—B(OR'),
) (S)-1,-BINOL (20 mol%) R O

F3C/\)J\Ar ] F3C)\/U\Ar

Ar R Yield (%)? er’
Ph 93 69:31
n'C6H13%§_
4-MeOCgH4 84 60:40
Ph 86 96:4
n-CeHq3 x
4-MeOCgH4 81 96:4

Ph @% 72° 66:34
S
Ph @% 60 77.3:22.7

O

%Isolated yields after flash chromatography. "Determined by chiral HPLC analysis. “Obtained as a 4.8:1 mixture of 2
products; the minor component has been tentatively identified as the 3-thienyl addition product.

1.4.2.2 Catalytic Asymmetric Conjugate Addition to a,f-Unsaturated Trifluoromethyl Ketones
To date there are very few references in the literature on asymmetric conjugate additions
to a,p-unsaturated trifluoromethyl ketones.”*® Very recently, Pédro et al. showed the first

example of an asymmetric conjugate addition of terminal diynes in the presence of a copper
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catalyst (Scheme 1.34).'% This reaction was found to progress smoothly under low catalyst
loadings to give the desired product in good yields and high ee. The substrate scope proved to be
very broad with B-aryl groups containing electron withdrawing or electron donating groups as
ortho-, meta-, or para- substituents all giving good yields and excellent selectivities. Enones
containing B-alkyl groups also performed well, providing the desired product with high ee (84 —

88%), albeit in slightly diminished yield. %

MeO I PAr,
MeO PAr,
H L9 (2.5 mol%) R, O O
O Cu(CH3CN)4]BF4 (2.5 mol% :
P Z . /\)]\ [Cu(CH3CN)4]BF, ( 0) _ CF |
R Ry X" "CF, Et;N . ! L9

! toluene, rt Ry E £Bu

41-94% |
84-95% ee " Ar = OMe

t-Bu

Scheme 1.34: Asymmetric Conjugate Addition of Diynes to a,p-Unsaturated CF; Ketones

In order to further probe the scope of this reaction, additional terminal diynes were also
examined. Substituted phenyl-1,3-butadiynes containing electron donating or electron
withdrawing groups, as well as heteroaromatic diynes, showed variable yields, but consistently
provided the desired adducts with high ee. In stark contrast with the addition of aliphatic alkynes
to B-trifluoromethyl enones, the additions of aliphatic diynes reacted in a manner similar to that
of aromatic diynes, and gave addition products of comparable yields and high selectivities. ' It

is also interesting to note that other non-fluorinated enones (e.g. 2-cyclohexenone, chalcone, 4-

phenyl-3-buten-2-one) did not react under the optimized reaction conditions.
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1.5  Thesis Proposal

With the very limited examples of conjugate additions to a,B-unsaturated trifluoromethyl
ketones, and the almost non-existent asymmetric version of this reaction, we decided to
investigate whether organoboronates in the presence of 3,3'-disubstituted BINOLs could be used
to effect the asymmetric transfer of organic groups to trifluoromethyl enones. Previous studies in
our lab on the conjugate addition of organoboronates to B-trifluoromethyl-o,B-unsaturated
ketones showed that the B-trifluoromethyl group behaves similarly to a methyl or isopropyl
group. We were then curious about the behaviour of a,B-unsaturated trifluoromethyl ketones in
the same chemistry. If these reactions proved successful, we could also examine the affects of a
trifluoromethyl group on the carbonyl carbon has on the reactivity on enones on the BINOL

catalyzed asymmetric conjugate addition of other organoboronates.
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Chapter 2. Results and Discussion

2.1  Preparation of a,p-Unsaturated Trifluoromethyl Ketones

In 2000, Andrew and Mellor reported a very simple synthesis of a variety of B-substituted
a,B-unsaturated trifluoromethyl ketones by the addition of Grignard reagents to trifluoromethyl
enaminone 5.1%" This enaminone can in turn be made through a two step process beginning with
ethyl vinyl ether and trifluoroacetic anhydride (Scheme 2.1).2%81% Using this methodology, a
variety of B-aryl o,B-unsaturated trifluoromethyl ketones containing electron donating and
electron withdrawing groups, as well as the bulky 1-naphthyl group were synthesized. Enones
containing B-alkyl groups were also synthesized; however, it was found that only long chain,
linear alkyl Grignard reagents provided the product in high yield. This may be due to the
volatility of the lower molecular weight, aliphatic trifluoromethyl enones. When iPrMgBr was
used, the reaction failed and returned unidentified decomposition products. It was later found
that modifying the original procedure could increase the vyield of the reaction. In this
modification, the freshly prepared Grignard reagent is slowly added to a solution of enaminone 5
as opposed to a solution of 5 being slowly added to the Grignard reagent, with the rest of the
procedure being the same as that reported in literature. Following this modified procedure, the

desired enones were obtained in good to excellent yields (Scheme 2.2).

PN jj)\ jj)\ Py (0.3 eq) (0] Me,NH O
(0] AN + —_— B ——
F,C~ Y07 “CF, DCM /\o/\)J\CF3 DEM Me,N /\)J\CF3
-78°C - rt 4 78 °C - 1t 5

Scheme 2.1: Preparation of Enaminone 5
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O R-MgBr 0]
MeZN/\)J\CF3 Et,0 R/\)J\CF

5 rt - reflux 6a-e

3

6a R = Ph (87%); 6b R = 4-MeOCgH, (95%)
6c R = 4-CICgH, (90%); 6d R = 1-Naphthyl (85%)
6e R = n-C6H13 (97%), 6f R n-C11H23 (80%)

Scheme 2.2: Synthesis of a,p-Unsaturated Trifluoromethyl Ketones

With enones 6a-f in hand, we were ready to test the reactivity of o,fB-unsaturated

trifluoromethyl ketones towards the binaphthol catalyzed conjugate addition of organoboronates.

2.2  Asymmetric Conjugate Alkenylboration of a,B-Unsaturated Trifluoromethyl

Ketones

We began our efforts with the asymmetric alkenylboration chemistry previously
developed in our lab. We anticipated that this chemistry would work, as it has been shown to
deliver the addition product in high yield and selectivity for a variety of enones.”* Following a
simple procedure reported by Batey et al. the alkenyl boronate was readily obtained.*'® As the
standard boronate of choice, we decided to begin with the alkenylboronates derived from 1-

octyne (Scheme 2.3).
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H3B-M628 + 2 BBr3 + 2 Mezs

1. HBBr2-M628
DCM,0°C-rt

2. 3M NaOH
Et,0, 0 °C - rt

MeOH/CHCI,
(2:1 viv)

3A MS
Soxhlet Extractor
reflux

Scheme 2.3: Preparation of Alkenylboronate 8

The initial test reaction was conducted under the same reaction conditions that had

previously been reported by Wu and Chong employing enone 6a and (S)-l.-BINOL L5b

(Scheme 2.4).™
o CeH1s
(+)-l,-BINOL L5b N o
B(OM -
A CF3 + n-C6H13/\/ ( e)2
4A MS CF;
6a 8 DCM, 50 °C
() 9a

Scheme 2.4: Alkenylboration of Enone 6a

The reaction was monitored by taking aliquots from the reaction mixture and analyzing
them by *H NMR. After 24 hours, the reaction had not appeared to have progressed very far and
only trace amounts of addition product 9a were observed. However, when the reaction mixture
was analyzed by thin layer chromatography (TLC), a new spot was seen along with starting

enone 6a and (x)-1,-BINOL. The reaction was allowed to stir for an additional 24 hours after
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which it was quenched with DI water and extracted with DCM. Analysis by *H NMR showed
only trace amounts of product formed. However, TLC analysis showed a large streak
corresponding to a new product. Purification by flash chromatography using 20:1 Hex:EtOAc
afforded the product in 48% yield. The reaction was set up again; however, this time the reaction
progress was monitored by the disappearance of the starting material by TLC. It was found that
running the reaction at 40 °C for 72 hours gave the desired product in 86% yield. Running the
reaction under these new conditions with (S)-1,-BINOL afforded the enantioenriched addition
product. However, upon analysis by chiral high performance liquid chromatography (HPLC), it
was found that there were several impurities present in the sample which had gone unnoticed in
the 'H NMR and °F NMR. Due to these impurities, the enantioselectivity was unable to be
determined. Repurification using 20:1 Hex:EtOAc did not alleviate the problem and, after
extensive experimentation, it was found that a second column utilizing 19:1 Hex/iPrOH as the
mobile phase was able to remove these impurities. HPLC analysis of this repurified product

revealed an enantiomeric ratio (er) of 99.2:0.8.

Encouraged by this result, we decided to examine the effect of various groups in the 3,3'-
positions of the BINOL catalyst on the enantioselectivity (Table 2.1). It was anticipated that the
I,-BINOL catalysts would give the highest selectivity, as it had previously been proven to be the
best catalyst in the binaphthol catalyzed alkenylation and alkynylation chemistry developed in
our l1ab.®** Along with the (S)-,-BINOL, several other 3,3’-disubstituted-BINOLs in
enantiomerically pure form were readily available as previous lab members had made stocks for
catalyst screens. The reactions were monitored by the disappearance of the starting enone by *H

NMR and TLC of the crude reaction mixture.
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Table 2.1: Catalyst Screen for Asymmetric Conjugate Alkenylboration

E X
: W e
(S)-X,-BINOL L5 AN o ;
B(OM ! OH
N CFz * ”'C6H13/\/ (OMe); | OH
4A MS CF;3 ! OO
5 X

6a 8 DCM, 40 °C
9a L5b-g
Ligand X Time (h) % Yield® er’
L5b [ 72 86 99.2:0.8
L5c Br 72 93 98.9:1.1
L5d Cl 72 88 97.5:2.5
L5e CF3 72 83 >99.5:0.5°
L5f Ph¢ 72 82 1.7:98.3
L5g CN® 72 85 6.4:93.6

%Isolated yields after flash chromatography. "Determined by HPLC analysis. “Minor enantiomer not detected. °(R)-
X,-BINOL used.

All of the ligands examined afforded the desired product with excellent selectivity and in
high yield. The 3,3'-dihalo-BINOLs all performed well, giving the alkenylation product with
similar yields, but varying selectivities. (R)-Ph,-BINOL afforded the addition product with high
selectivity, but gave the lowest isolated yield. (R)-(CN),-BINOL gave the lowest selectivity of
all the ligands tested. It was hypothesized that this may be due to the low steric bulk of the cyano
group. To our surprise (S)-(CF3).-BINOL gave the best selectivity, in that the minor enantiomer

was not detected by chiral HPLC analysis, although it did suffer from slightly diminished yields.
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In the alkenylation of chalcone, it was found that the use of L5b and L5e provided essentially the

same enantioselectivity (98.7:1.3, and 98.6:1.4 er, respectively).

It is uncertain as to why the (S)-(CF3),-BINOL gave the best selectivity, but it may be
due to some weak F-F interaction, which has been shown to be capable of imparting a small
amount of local stabilization in a molecule.*** This may in turn decrease the activation energy of
one of the transition states, thus allowing for more of the favoured product to be formed. Due to
the high selectivity observed with only a minor decrease in yield, it was decided that (S)-(CF3).-

BINOL would be used in all subsequent reactions.

Comparing the selectivity and reactivity with those previously reported by Wu and
Chong, it appears as if the a,p-unsaturated trifluoromethyl ketone behaves similarly to diaryl
enones, albeit with slightly decreased reactivity (Scheme 2.5). This decrease in reactivity was not
anticipated, as the experimental mechanistic study on the BINOL catalyzed alkenylboration of
diaryl enones performed by May et al. showed a small increase in rate (p = 0.4909) when the

carbonyl substituent contained electron withdrawing groups.”
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CeH13

(0]
(S)-1,-BINOL L5a A o
B(OM
SAA SR st
; SRS
96%
98.6:1.4 er
o CeH13
(S)-1,-BINOL L5a AN o
X CF3 + n—CGH13/\/ B(OMe)2
CF3
6a 8
9a
86%
99.2:0.8 er

Scheme 2.5: Comparing the Conjugate Alkenylboration of Enone 6a with (E)-Chalcone

We were interested in quantifying the reactivity difference between the trifluoromethyl
enone 6a and (E)-chalcone, so a competition experiment was designed. In order to determine the
relative rates of addition, equimolar amounts of (E)-chalcone, enone 6a and alkenylboronate 8
were mixed. The reaction was run under the optimized conditions found for the addition to enone
6a employing (S)-1,-BINOL as the catalyst. After 48 hours, the reaction was worked up and the
relative amounts of addition products were determined by *H NMR. The *H NMR of the crude
reaction mixture showed almost exclusive addition to (E)-chalcone, with minimal amounts of 9a
observed (Scheme 2.6). However, upon TLC analysis, a spot corresponding to the addition

product 9a could be seen.
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B(OM
n_CsHm/\/ ( e)y

CeH
O o (S)-1,-BINOL (20 mol%) 68 CeH13
* \ O + \ O
e T i 3
1 : 1 DCM, 50 °C Ph CF, Ph Ph
48 h
6a 9a

Scheme 2.6: Competition Experiment Between Enone 6a and Chalcone

After some experimentation, it was found that the boron enolate formed after the transfer
of the alkenyl group was harder to hydrolyze than expected; with methanol, water, aqueous acid,
and aqueous acid in tetrahydrofuran (THF) unable to liberate the addition product. Upon further
investigation, it was found that the addition of a small amount of silica gel to the crude reaction
mixture followed by filtration was the best way of freeing the addition product. With this in
mind, the competition experiment was set up again in order to obtain more meaningful results.
The competition experiment was set up the same way as described previously, except that the
reaction was checked after 75 minutes. Upon hydrolysis with silica gel, *H NMR analysis
showed a product ratio of ~1:0.37 with the addition to (E)-chalcone being the major product.
This implies that the rate of addition to (E)-chalcone was approximately 2.6 times faster than the

addition to enone 6a.

This difference in reactivity may, in part, be explained by considering the stereoelectronic
properties of the carbonyl lone pair. Due to the strong electron withdrawing ability of the
trifluoromethyl group, the lone pairs on the carbonyl do not possess the same Lewis basicity;
with the lone pair that is anti to the trifluoromethyl group being less basic than the lone pair that
is syn. This may be caused by donation of the lone pair into the ¢~ orbital of the C-CF3 bond
(Figure 2.1). This would lead to the carbonyl preferentially binding to the Lewis acidic boron

with the lone pair syn to the CF3 group leading to an unreactive tetrahedral complex. This would
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then need to equilibrate to the complex in which the lone pair anti to the CF; group is bound to
the boron atom (Figure 2.2).
{g SO
\ G* CF3

6a

Figure 2.1: Decreased Lewis Basicity of Lone Pair due to Donation into C-CF; ¢ Orbital

B~ .
N O/ \/\n-CGH13 - n-C6H13 X \O'

Figure 2.2: Equilibrium Between Unreactive and Reactive Tetrahedral Complexes

With (S)-(CF3),-BINOL identified as the optimal catalyst, we then turned our attention to
how changing the B-substituent affects the reactivity and selectivity of the reaction. We wanted
to explore the effects of electron withdrawing and electron donating groups, as well as bulky and
alkyl groups on the reactivity and selectivity of the alkenylation reaction (Table 2.2). The
addition to B-aryl enones gave results similar to those obtained previously by Wu and Chong,
with enones bearing electron rich or bulky substituents giving the highest selectivity. However, it
was found that the addition to the n-hexyl enone 6e returned very low isolated yields. This may
have been due to the volatility of the starting material. In order to overcome this, the alkyl chain

was extended, and an n-C;1H»3 group was used in place of the n-CgHi3. This allowed for the
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addition product to be isolated in a much higher yield (82 %). However, the enantiomers were

unable to be separated by chiral HPLC and the selectivity was not determined.

We anticipate that the reaction proceeds through a transition state similar to that proposed
by Wu and Chong for the alkenylation of diaryl enones, and the stereoselectivity is assumed

based on the transition states shown below (Figure 2.3).

Table 2.2: Conjugate Alkenylation of Trifluoromethyl Enones

o CeHi3
(S)~(CF3),-BINOL L5e AN o
R/\)J\CF3 + n_CﬁHB/\/B(OMe)z
4A MS R CF;
6a-f 8 DCM, 40 °C
9a-f
Enone R Time (h) Yield (%) er
6a Ph 72 83 >99.5:0.5°
6b 4-MeOCgH,4 48 77 98.8:1.2
6¢c 4-CICgH,4 72 83 98.3:1.7
6d 1-Naphthyl 72 82 99.5:0.5
6e n-CeHis 72 16 N.D.
6f n-C11Ha3 72 82 N.D.

%lsolated yield after flash chromatography PDetermined by chiral HPLC analysis. ©“>99.5:0.5” denotes that the minor enantiomer
was not observed. “’'N.D.” denotes the er was not determined
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Favoured Disfavoured

Figure 2.3: Transition State Model to Predicted the Stereoselectivity

The next steps in this study should include the determination of the selectivity of the
addition to B-alkyl trifluoromethyl enones and a comparison of the selectivities to those reported
by Wu and Chong should be completed. This may be accomplished through the formation of a
chiral ketal 10 and examination of the diastereomeric mixture by *H, **C and *°F NMR (Scheme
2.7). In addition to this, the synthesis of trifluoromethyl enones containing branched or cyclic -
substituents should be completed and the addition to these substrates should be done to

determine the effect of alkyl and branched alkyl groups on the selectivity of this reaction.

CeH13 >—\ CeHizy =
S e U

BN P
CqqHo3 CF3 CiqHz CF3

3
of 10

’
[

Scheme 2.7: Potential Strategy for the Determination of the er of 9f
2.3 Asymmetric Conjugate Arylboration of a,B-Unsaturated Trifluoromethyl
Ketones

Encouraged by the results obtained in the alkenylation chemistry, we next turned our
attention to the arylation of trifluoromethyl enones. Preparation of the arylboronate was

accomplished through a simple esterification of commercially available phenyl boronic acid with
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ethanol, removing water with a Soxhlet extractor (Scheme 2.8). As a model reaction we decided
to investigate the addition of diethyl phenylboronate 10 with enone 6¢ (Scheme 2.9). Initially the
reaction was run at 30 °C in DCM, similar to the additions using the alkenylboronate. However,
it was found that after 24 hours the reaction had not progressed. The temperature was increased
to 40 °C and the reaction was allowed to stir for an additional 24 hours. Analysis of the crude

reaction mixture showed that no reaction had occurred.

EtOH/CHCl,

B(OH), 1:2 B(OEt),
@ 3AMS @

Soxhlet Extractor

reflux 11
Scheme 2.8: Preparation of Diethyl Phenylboronate
0 Ph O
S B(OEt),  (S)-I-BINOL L5b
CF3 * ©/ > CF3
4A MS
cl pcm,40°c  © 12
6c 11 ¢

Scheme 2.9: Asymmetric Conjugate Arylation of Enone 6¢

The reaction was then set up again, changing the solvent from DCM to DCE and the
temperature was further increased to 60 °C. After 48 hours, analysis of the crude reaction
mixture again indicated that no reaction had occurred. The temperature was further increased to
120 °C and allowed to stir for an additional 48 hours. At this point it was found that the majority
of the solvent had escaped from the Schlenk tube and that the reaction had finally began to
progress. Using this information, the reaction was run again at 120 °C, this time employing an

excess of the phenylboronate as the solvent analogous to the arylboration of diaryl enones
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reported by Turner and Chong.”? After 72 hours, the reaction showed complete consumption of
the starting material. Purification by flash chromatography using 20:1 Hex:EtOAc gave the
product in 49% yield and subsequent analysis by chiral HPLC showed that the product had an

enantiomeric ratio of 93.2:6.8.

With this result in hand, we next wanted to determine the optimal catalyst for the
arylation of trifluoromethyl enones. Previously, it was shown that 3,3’-Cl,-BINOL was the
optimal catalyst in the arylation of diaryl enones. However, based on the results obtained from
the alkenylboration of trifluoromethyl enones, we could not rule out the possibility that a
different BINOL catalyst would return higher selectivities than those reported previously. The

results of the catalyst screen are summarized below (Table 2.3).

Table 2.3: Catalyst Screen for Asymmetric Conjugate Arylboration

5 X
, wo C1
B(OEt),  (S)-X,-BINOL L5 ; o
7GRy ¥ ©/ CFs OH
4AMS :
Cl Cl '
X

neat

6c 11 190G 12¢ et

Ligand X Time (h) Yield (%)? er’
L5b | 72 49 93.2:6.8
L5d Cl 72 38 95.3:4.7
L5e CF; 96 24 96:4
L5f Ph* 72 27 4.6:954
L5g CN°¢ 5 54 17.8:82.2

%1solated yields after flash chromatography. "Determined by chiral HPLC analysis. °(R)-X,-BINOL used.
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This catalyst screen revealed some interesting features of this reaction. All of the
catalysts tested resulted in a low to moderate isolated yield. Additionally, (R)-(CN),-BINOL was
shown to give a very fast reaction and the highest isolated yield. However, this ligand also
resulted in the lowest enantioselectivity. The high reactivity of this ligand is thought to be a
result of the strong electron withdrawing nature of the cyano group, resulting in a very
electrophilic boronate, while the low selectivity may be due to the low steric bulk of the cyano
group. Interestingly, both (S)-Cl,-BINOL and (R)-(Ph),-BINOL gave comparable selectivities;
however, (R)-(Ph),-BINOL returned a lower yield. As with the alkenylboration, (S)-(CF3),-

BINOL resulted in the highest selectivity, although it suffered from a poor yield.

In order to determine the cause of the low vyields and any possible side reactions, a
control experiment was set up. This control reaction was performed in the same way as the
catalyst screen, except the catalyst was omitted. Upon allowing enone 6¢ and boronate 11 stir at
120 °C for 72 hours, it was found that a new product was being formed. *H NMR analysis of the
crude reaction mixture showed a 3:1 ratio of starting material to what appeared to be the 1,2-
reduction product 13 (Scheme 2.10). Isolation of the side product by flash chromatography and
subsequent analysis by *H NMR confirmed the identity of the side product to be the 1,2-

reduction product 13.

O (e} OH
/@/\)l\ B(OEt), /@/\)‘\ /@/\)\
N CF, + @f N CF, + CF,
4A MS
(¢]] neat, 72 h Cl Cl
6¢c 1 120 °C 6¢c 13
3 : 1

Scheme 2.10: 1,2-Reduction of Enone 6¢ in the Absence of X,-BINOL
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The presence of a side reaction leading to a 1,2-reduction product was unexpected, as the
BINOL catalyzed conjugate addition of organoboronates had previously proven to be a very
clean reaction. The only undesired reaction identified in previous work was a background
racemic addition of the organoboronate and this was only seen in rare cases. We hypothesized
that the reduction may have occurred through a B-hydride transfer from one of the ethoxy
substituents of the phenylboronate occurring through a cyclic, chair-like transition state,

analogous to the Meerwein-Pondorf-Verley (MPV) reduction (Scheme 2.11).

OEt

0]

B(OEt),
N NCF, + @( - .
Cl

6¢c 1

Scheme 2.11: Proposed Mechanism of 1,2-Reduction

Within the past decade, there have been a few reports by Uysal et al. of the use of
secondary alkoxyborates and triethoxyborate as a catalyst for the reduction of aliphatic
ketones.'**™* Due to this precedence, we decided to further investigate this reduction in order to
gain a better understanding of how the reaction was progressing. We began by setting up a
reaction with enone 6c¢ solvated in triisopropyl borate at 115 °C, similar to the conditions used
for the conjugate addition. After the reaction time of 72 hours, *"H NMR analysis of the reaction
mixture indicated that no reaction had occurred. In order to ensure that the BINOL catalyst was
not playing a role in the reduction, another control experiment was set up including the I,-
BINOL (Scheme 2.12). Again, only starting material was returned. Finally, a reaction was set up

using the conditions described in the literature employing catalytic amounts of B(QiPr); with
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iPrOH acting as solvent.*** Again, no reduction product was found, although the isopropyl

hemiketal of enone 6¢ was found to be the major product of the reaction (Scheme 2.13).

o with or without OH
(S)-1,-BINOL
X" CF, + B(OP); - X" CF,
ol 4A MS cl
6c neat 13
115 °C

Scheme 2.12: Attempted Reduction of Enone 6¢ Using Excess B(OiPr);

O HO_ OiPr

B(OiPr); (33 mol%)
X" “CF,4 X "CF;
iPrOH
Cl rt Cl

6c 14

Scheme 2.13: Formation of isopropyl Hemiketal Using Catalytic B(OiPr);

Being unable to find other conditions that led to the reduction of enone 6c, we decided to
try to minimize the amount of reduction product 13 formed by changing the boronate used. We
hypothesized that if we could destabilize the transition state leading to the reduction product, we
could minimize or eliminate this side reaction. To this end, we synthesized the dimethyl
analogue of our boronate, anticipating that the developing positive charge on the methyl carbon
would destabilize the transition state of the reduction sufficiently to minimize the contribution of
this reaction. Gratifyingly, when the control experiment was conducted using the dimethyl
phenylboronate 15, no reduction product was found and only starting material was recovered
(Scheme 2.14). Additionally, there was no visible trace of a background racemic addition of the

boronate in the absence of the BINOL catalyst.
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115°C

O
B(OMe),
/Q/VJ\CF?, + ©/ - No Reaction
4A MS
Cl neat
6c 15

Scheme 2.14: Control Experiment Using PhB(OMe),

With the 1,2-reduction of enone 6¢ successfully suppressed, we wanted to examine the
reactivity of the dimethyl phenylboronate 15 in the conjugate addition chemistry. After some
experimentation, it was found that the temperature could be dropped to 115 °C to give the
addition product in much better yield (80 %) and comparable selectivity (96.5:3.5 er). With these
conditions in hand, we began to explore the effects of B-substituents on the arylation reaction
(Table 2.4). We began by exploring the effects of an electron rich aryl B-substituent. Pleasingly,
the reaction with enone 6b proceeded smoothly, giving the addition product in 84% yield after
column chromatography. However, upon analysis by chiral HPLC, it was discovered that the
enantioselectivity was quite poor, with an er of 89.4:10.6. Enone 6d, containing the bulky 1-
naphthyl group gave a slightly lower yield than the para- substituted enones. Enones containing
a 1-naphthyl substituent in the B-position have typically returned addition products with very
high enantioselectivity. Surprisingly, chiral HPLC analysis showed that the reaction had very
poor selectivity, with the product having an er of 80:20. This low selectivity may be due to small
energy differences in the diastereomeric transition states due to steric repulsion in one and

electronic repulsion in the other (Figure 2.4).
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Table 2.4: Conjugate Arylation of Trifluoromethyl Enones

0 B(OMe),  (S)-(CF3),-BINOL (20 mol%) Ph O
+ >
R/\)J\CFQ, ©/ R)\)J\CF

4A MS 3
6 15 neat 12
110 °C
Enone R Time (h) Yield (%)* er’
6b 4-MeOCgHgy 72 84 89.4:10.6
6C 4-ClICgH4 72 80 96.5:3.5
6d 1-Naphthyl 72 71 80:20

%Isolated yields after flash chromatography. "Determined by chiral HPLC analysis.

Figure 2.4: Possible Transition States in the Arylation of Enone 6d

In order to better understand this reaction, the addition to enone 6f should be completed

in order to examine the affect of a B-alkyl group on the selectivity of the reaction. Additionally,

the addition to enone 6b and 6d should be repeated to ensure these results are not outliers. These

additions should also be conducted using L5d in order to determine if higher selectivities are

possible. Furthermore, conditions leading to the reduction of enone 6¢ should be explored

further, as it may lead to an efficient method for accessing the trifluoromethylated allylic alcohol

13 (Scheme 2.15).
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O Conditions OH

Scheme 2.15: Conditions Leading to Reduction of Enone 6

2.4 Asymmetric Conjugate Heteroarylboration of a,p-Unsaturated

Trifluoromethyl Ketones

Looking forward, we next decided to focus our attention on the reaction of
trifluoromethyl enones with heteroarylboronates. It was shown previously in our lab, that the
addition of heteroaryl boronates to diaryl enones was a smooth reaction that progressed faster,
and at a lower temperature than the addition of arylboronates. We began by running a test
reaction with enone 6a and diethyl 2-thienylboronate 15 using (S)-(CF3).-BINOL as the catalyst
with the conditions described by Cheung in the addition of heteroarylboronates to diaryl
enones.”” To our delight, the addition product 16a was formed smoothly in high yield and

excellent enantioselectivity (Scheme 2.16).

0 S
S_ _B(OEt),  (S):-(CF3),-BINOL L5e s
NCF t q -
\ 4A MS CFj
6a 16 neat
80 °C 17a
89%
96.5:3.5

er

Scheme 2.16: Addition of 2-Thienylboronate 14 to Enone 6a

As (S)-(CF3).-BINOL was shown to be the best catalyst in both the alkenylation and
arylation of trifluoromethyl enones, we decided to continue using it and a catalyst screen was not
completed. Motivated by the smooth reaction between enone 6a and thienylboronate 16, we
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began to explore the affects that B-substituents have on the yield and selectivity of the reaction,
the results of which are summarized below in Table 2.5. It can be seen that the addition of the
thienyl group proceeds smoothly and with very high selectivity. Particularly interesting is the
high degree of selectivity observed in the case of f-alkyl substituents, as in the addition to enone
6f. Previous research in our group has shown that enones possessing a B-alkyl substituent
typically show a lower degree of enantioselectivity when compared to enones possessing p-aryl

groups.

Table 2.5: Conjugate Thienylation of Trifluoromethyl Enones

o) . s.__B(OEt), (S)-(CF3)-BINOL Lfe SN~ o
R/\)J\CF3 @ 4AMS R CF,
6 16 8”0‘*?;: 18
Enone R Time (h) Yield (%)? er’
6a Ph 48 89 96.5:3.5
6b 4-MeOCgH4 48 85 98.2:1.8
6C 4-CICgH4 48 79 93.3:6.7
6d 1-Naphthyl 48 75 99.2:0.8
6f n-C11Hoz3 48 96 95.5:4.5

%Isolated yields after flash chromatography. "Determined by chiral HPLC analysis.
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Encouraged by the success of the addition of the thienyl group, we wanted to further
probe the reactivity of trifluoromethyl enones with other heteroaryl boronates. To this end, we
began exploring the addition of furylboronate 19 with enone 6a. We anticipated that the
optimized conditions used in the addition of thienylboronate would also furnish the addition
product with furanyl boronate as their reactivity have been shown to be similar. Delightfully, this
was true and the addition product 18a was isolated in 66% yield. HPLC analysis showed the

product had an er of 94.6:5.5 (Scheme 2.17).

O OGP

e B(OEt), (S)-(CF3)»,-BINOL L5e o
s (T
\ 4A MS CF;
6a 19 neat
80 °C 20a
66%
94.6:5.4 er

Scheme 2.17: Addition of 2-Furylboronate to Enone 6a

The high selectivity observed was very encouraging as the addition of furylboronate 16 to
chalcone had been shown to occur with the more modest selectivity of 89:11 er.”” We then began
to explore the effects of other substituents, the results of which are summarized below (Table
2.6). Similar to the addition of the thienyl group, the enantioselectivities were uniformly high,
and good to excellent yields were obtained with all of the substrates tested. Again, enone 6f,
bearing a long chain alkyl substituent, showed great selectivity. In fact, in all cases except for
enone 6d, all of the addition products showed a higher enantioselectivity than when the diaryl

analogue was used (Table 2.7).”’
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Table 2.6: Conjugate Furylation of Trifluoromethyl Enones

0 0. B(OEY, (SH(CF3)-BINOL L5d 02
R/\)J\CFQ, @ mMs R CF,
6 19 S”Oef(t: 20
Enone R Time (h) Yield (%)? er’
6a Ph 48 66 94.6:5.4
6b 4-MeOCgH4 48 97 95.6:4.4
6C 4-CICgH4 48 69 94.0:6.0
6d 1-Naphthyl 48 96 98.3:1.7
6f n-C11Hos 48 79 6.8:93.2

%Isolated yields after flash chromatography. "Determined by chiral HPLC analysis.

Table 2.7:Conjugate Addition of Furylboronate 16 to Diaryl Enones’’

o 0 B(OEt), L5b (20 mol%) O~
/\)J\ * q g o
R Ph \ neat, 70-80 °C
R Ph
19 21
R Time (h) Yield (%) er’
Ph 30 92 89:11
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4-MeOCgH4 30 76 84.4:15.6
4-BrCsHa 30 78 86:14

1-Naphthyl 30 93 99.9:0.1

%Isolated yields after flash chromatography. "Determined by chiral HPLC analysis.

2.5 Summary and Future Work

In summary, we have accomplished the metal free asymmetric conjugate addition of
alkenyl-, phenyl-, 2-thienyl-, and 2-furylboronates to a variety of a,p-unsaturated trifluoromethyl
ketones. These efforts represent one of the few ways in which asymmetric conjugate additions to
trifluoromethyl enones can be achieved. Additionally, this work expands upon the types of
substrates compatible with the BINOL catalyzed conjugate addition of organoboronates and

appears to show that trifluoromethyl enones behave similarly to aryl enones in these reactions.

Future work will include an examination of other functionalized organoboronates in order
to examine the utility of this reaction for further manipulations, and an examination of the
substrate functional group tolerance. Furthermore, one of the addition products should be
derivatized in order to obtain an absolute configuration to ensure the proposed stereoselectivity is

correct.
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Chapter 3. Developing the Asymmetric Conjugate Additions of N-Boc-

Pyrrole Boronic Acid

3.1 Pyrrole in Organic Synthesis

Pyrrole has been regarded as one of the most important nitrogen containing heterocycles
due to its occurrence in biologically active natural products and pharmaceuticals, and as
functional materials."™> It has been found to be a core feature in a number of analgesic
compounds not related to classic opioids.**® In addition to this, some C-alkylated pyrroles have
been shown to possess antitumor activity.™*” There has been a resurgence of interest in pyrrole
derivatives in recent years, partly because they are a foundational building block of

biochemistry.**®

3.2  Conjugate Addition of Pyrrole to a,p-Unsaturated Ketones

The conjugate addition of pyrrole has also been accomplished through the use of several
different Lewis acids such as metal triflates,** copper-,**® hafnium- and scandium salts,*** as
well as through organocatalysis.'*"*#!% The first enantioselective conjugate addition of pyrrole
was accomplished by MacMillan and Paras in 2001.'?? Using their chiral imidazolinone catalyst,
they were able to achieve high yields and good enantioselectivities on a variety of a,f-
unsaturated aldehydes as well as with a variety of substituted pyrroles (Scheme 3.1). The
reaction was operationally very simple and could be performed under aerobic conditions and

using wet solvents.
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L10 (20 mol%) = ! Me
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Ry N H,O-THF | e
0

N
“Me
! N
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R, =HorBu 89-97% ee |
Rsz=HorPr !

Scheme 3.1:0rganocatalytic Asymmetric Conjugate Addition of Pyrrole to Unsaturated

Aldehydes

Recently, in 2013, Enders and Hack disclosed the asymmetric conjugate addition of
unsubstituted pyrroles to a,p-unsaturated ketones catalyzed by cinchona alkaloid-derived

primary amines.™’

After extensive optimization, it was found that the addition of pyrrole to
enone 21 in the presence of 20 mol% of L11 and trifluoroacetic acid (TFA), at 0 °C in
chlorobenzene proceeded smoothly, furnishing the desired product in good to excellent yield and
high enantioselectivities (Scheme 3.2). It is believed that the reaction proceeds via cooperative
catalysis in which a trifluoroacetate anion participates in hydrogen bonding with the protonated

quinuclidine and pyrrole (Figure 3.1).**’

L11 (20 mol%) —

N\ O CF3COOH (30 mol%) HN_ !
| 3

N * AN ~ |

H Ar PhCI - : |

21 R - _N
75-97%
16 examples ' L11

xamp 75-93% ee !

Scheme 3.2: Cinchona Alkaloid Catalyzed Asymmetric Conjugate Addition of Pyrrole to

Enones
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Figure 3.1: Transition State for the Cinchona Alkaloid Catalyzed Conjugate Addition of
Pyrrole

Similar to the research conducted in our group, May et al. recently described the
conjugate addition of heteroaryl trifluoroborate salts to enones bearing p-heteroaryl groups.*? In
particular, it was found that the addition of Boc-pyrrole trifluoroborate salt to enone 19 gave the
desired addition product in good yield and high selectivity (Scheme 3.3). The reactivity of Boc-

pyrrole boronic acid was also tested in this reaction. Unfortunately, poor reactivity was observed

and the addition product was isolated with poor yield.

(6] BocN E Ar
@,R « (R)-(C;F7),-BINOL (20 mol%) L12 ¢ :f HO OO
N * ] : | OH
HN ‘

Boc 4A MS | ! OH
PhMe HN ; OO
80 °C 74% : Ar
R =BF3K 99:1 er

' Ar = 4-(CF3)CgF,4

R = B(OH), 19% L12

Scheme 3.3: BINOL Catalyzed Conjugate Addition of Pyrrole Trifluoroborate Salt
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3.3 BINOL Catalyzed Asymmetric Conjugate Addition of N-Boc-Pyrrole Boronic
Acid

We were interested in trying to develop a method through which a pyrrole boronic acid
could be used in the conjugate addition to enones directly, thereby allowing the use of
commerically available reagents and eliminating the need of preparing derivatives. During the
studies of the addition of aryl and heteroarylboronates to enones, it was found that the use of
excess boronate as the solvent was required for the reaction to proceed. This suggests that a
polar, non-coordinating solvent is required to prevent coordination of the solvent with the active
boronate species. Additionally, during the development of the addition of heteroarylboronates to
a,B-unsaturated ketones in our lab, a variety of N-containing heteroaromatic boronates, namely
the 3-pyridyl, 4-pyridyl, and 3-quinolinyl, were attempted to be prepared for use in the BINOL
catalyzed conjugate addition chemistry. Unfortunately, the pyridyl boronates could not be

prepared, and the 3-quinolinylboronate was unreactive.”’

In an effort to prevent the competitive coordination, it was thought that a trialkyl borate
could be used as the solvent as it should possess similar solvating properties as a boronate. This
allowed us the possibility to use solid reagents along with a boronate-like solvent. Initial
conditions tested were similar to the previously optimized conditions for the addition of other
heteroaromatic boronates using triisopropyl borate as the solvent. It was anticipated that the
boronic acid would be less reactive than the boronate towards chalcone, so a slightly higher

reaction temperature was used (Scheme 3.4).
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Scheme 3.4: BINOL Catalyzed Conjugate Addition of N-Boc-Pyrrole Boronic Acid to

Chalcone

To our delight, after 12 hours the reaction mixture contained a 2:1 mixture of starting
material to addition product. However, upon allowing the reaction to stir for an additional 12
hours, no change in the product ratio was observed. In order to ascertain whether or not the
reaction had progressed enantioselectively, the addition product was isolated and analyzed by
chiral HPLC. Disappointingly, HPLC analysis found that the product had a relatively poor er of

85.9:14.1.

Encouraged by these early results, we next wanted to optimize the reaction conditions in
order to maximize yield and enantioselectivity. In an earlier report, May et al. described the
addition of catalytic amounts of magnesium tert-butoxide in the addition of alkenylboronic acids
increased their reactivity.”® Although no firm explanation was given for the observed increase in
rate, we began exploring the effects of additives on the conjugate addition of Boc-pyrrole

boronic acid. Results are shown in Table 3.1 below.

The addition of 10 mol% of Mg(O-tBu), had a negligible effect on the rate and yield of
the reaction. Stoichiometric amounts of Mg(O-tBu), showed a marked increase in both yield and
selectivity, with the addition product obtained in 72% yield with an er of 95:5 (Entry 3). Cutting
the alkoxide loading down to 50 mol% led to a similar yield and selectivity as stoichiometric
alkoxide. Changing the alkoxide from Mg(O-tBu), to tBuOK furnished the addition product with
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a similar selectivity, although in a lower yield. However, it was also noted that some deprotected
addition product was also formed. This is thought to be formed either through attack of the Boc
group by t-butoxide, or through thermolysis (Figure 3.2). In order to try to prevent the loss of the
Boc group, the reaction temperature was dropped to 60 °C (Entry 6). This resulted in a markedly
slower reaction, with the addition product being furnished in 68% yield in 24 hours with no drop
in selectivity. Finally, in an attempt to find a balance between high yield and fast reaction times,
the temperature was increased to 80 °C. To our delight the addition product was formed as the

major product within 12 hours and was isolated in 91% yield and 94.5:5.5 er.

Table 3.1: Optimization of Conjugate Addition of Boc-Pyrrole Boronic Acid

(S)-1,-BINOL (20 mol%)

0
Boc additive
AN + N o
O O UB(OH)Z 4A MS
22

B(O-iPr);
temp
Entry Additive Temp (°C) Time (h)  Yield (%)? er’
1 None 85 24 N.D° 85.9:14.1
2 10 mol% Mg(O-tBu); 85 24 N.D.c N.D.
3 100 mol% Mg(O-tBu), 85 12 72° 95:5
4 50 mol% Mg(O-tBu), 85 12 67° 93:7
5 50 mol% tBuOK 85 12 48° 93:7
6 50 mol% tBuOK 60 24 68" 93:7
7 50 mol% tBuOK 80 12 91¢ 94.5:5.5

%Isolated yields after flash chromatography. "Determined by chiral HPLC analysis. ““N.D.” denotes not determined.
Unreacted starting material also recovered.
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Figure 3.2: Boc Deprotection by t-Butoxide or Thermolysis
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With the reaction conditions optimized, we decided to investigate the rate of the racemic
background reaction. This background reaction may arise from the racemic addition of the Boc-
pyrrole boronic acid, or through EAS addition of Boc-pyrrole formed through the proto-
deboronation of the boronic acid. In the absence of both BINOL and alkoxide, the reaction
progresses to ~5:1 mixture of chalcone to addition product. Interestingly, the addition of 50
mol% tBuOK significantly supresses the rate of this background reaction, with the crude reaction
mixture showing ~12.5:1 chalcone to addition product, indicating that the background reaction

can contribute up to 8% racemic material (Scheme 3.5).

EOC o) 0 BocN_ _~ o
+ >~ +
UB(OH)Z Ph/\)J\Ph 4AMS Ph/\)J\Ph o

B(0-iPr)s Ph
80 °C 20%
Eoc o tBuOK (50 mol%) (0] BocN_ _~
+ + O
UB(OH)Z Ph/\)J\Ph 4AMS Ph/\)J\Ph
B(O-iPr)s Ph Ph
80 °C 8%

Scheme 3.5: Effect of t-BuOK on the Rate of the Racemic Background Addition
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With the optimized conditions in hand, we turned our attention to testing this reaction on
several different substituted diaryl enones. Unfortunately, of the enones tested, only the parent

chalcone showed an appreciable amount of addition product formed (Scheme 3.5).

(S)-1,-BINOL (20 mol%)

0
Boc fBUOK (50 mol%)
A + N
V0 o e
X B(O-iPr)s
80 °C
X = Cl, MeO

Scheme 3.6: Conjugate Addition of Boc-Pyrrole Boronic Acid to Substituted Chalcones

Pushing forward, we decided to investigate whether the conjugate addition of N-
containing heteroaromatic boronic acids to chalcone catalyzed by BINOL and tBuOK was
possible. As such, the conjugate addition of 3-pyridylboronic acid and 3-quinolinylboronic acid
to chalcone were examined next (Scheme 3.6). Disappointingly, the reaction conditions
optimized for the addition of Boc-pyrrole boronic acid with these resulted in only recovered

starting material.

SN
1 "
(S)-1,-BINOL (20 mol%) v
o) X
P B(OH), fBUOK (50 mol%) N
\ ~ N
o - e
NS ~
SN 4A MS

B(O-iPr);
80 °C

Scheme 3.7: Attempted Conjugate Addition of Pyridyl- and Quinolinyl Boronic Acids
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3.4  Summary and Future Work

In summary, the possibility of using Boc-pyrrole boronic acid 22 as the nucleophile in
BINOL catalyzed conjugate additions has been demonstrated. The addition to chalcone can
proceed in high yield and good enantioselectivity. Unfortunately, this was the only substrate

found to furnish the desired addition product.

Future work will include a further optimization of reaction conditions. An interesting
avenue to explore is the identification of the species present in solution in a mixture of Boc-
pyrrole boronic acid, 1,-BINOL and B(O-iPr);. It may be found that there is a pre-equilibrium
that must be established first in order to generate the reactive species. If this is the case, then an
examination of the effects of pre-stirring the boronic acid and BINOL catalyst in B(O-iPr)3
before the addition of the enone should be completed. Additionally, conditions allowing for the
conjugate addition to chalcone derivatives should be sought. If this methodology proves
successful, a re-examination of representative examples of the conjugate addition of other
boronates should be conducted to test the possibility of using boronic acids as the nucleophile

generally.

Furthermore, the conjugate addition of other N-containing heteroaromatic boronic acids
should be investigated in more detail in order to ascertain whether these types of nucleophiles

can be amenable to the BINOL catalyzed conjugate addition to enones.
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Chapter 4. Experimental

General Experimental

All reactions were performed using flame-dried glassware under an argon atmosphere.
Transfer of solvents and solutions were done using syringes following standard inert atmosphere
techniques. Tetrahydrofuran and diethyl ether were freshly distilled from sodium/benzophenone.
Dichloromethane was freshly distilled from calcium hydride. Molecular sieves were activated by
heating under vacuum. Chiral 3,3'-disubstituted binaphthols were synthesized according to
literature procedures.®” Alkenyl and arylboronates were prepared according to a previous
report.”” Yields reported are isolated yields after flash chromatography. Reaction temperatures
are reported as the temperature of the bath. Thin layer chromatography (TLC) was performed on
Merck 0.25 mm silica gel 60 Fus4 plates with visualization using short wave UV light or
potassium permanganate staining. Flash chromatography was performed using 40-63 um silica
gel 60 using hexane/ethyl acetate mixtures as the mobile phase unless otherwise stated. IR
spectra were recorded neat for both liquids and solids using a Perkin-Elmer Spectrum Two FTIR
spectrometer. *H, °C, °F NMR spectra were recorded in CDCl5 at 300 MHz, 75 MHz, and 282
MHz, respectively, and are referenced to CHCI3 (& 7.24), CDCl; (6 77.0) or TFA (8 -76.5)
respectively, on a Bruker AVANCE 300 spectrometer. **C and *°F NMR spectra were recorded
with broadband proton decoupling. Multiplicities are reported as: ap = apparent, s = singlet, d =
doublet, t = triplet, g = quartet, quint = quintet, dd = doublet of doublets, dt = doublet of triplets,
br = broad, m = multiplet. Accurate mass determinations were performed at a mass resolution of
70,000 with a ThermoFisher Scientific Q-Exactive hybrid mass spectrometer using positive ion

electrospray ionization (ESI). Samples were infused at 10 pL/min in 1:1 CH30H/H,0+0.1%
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formic acid. Enantiomeric purities were determined by HPLC analysis (4.6 x 250 mm ChiralCel
OD-H or ChiralPak AD-H) using hexane/isopropanol mixtures as the mobile phase and 254 nm

detection.

Preparation of (E)-4-(dimethylamino)-1,1,1-trifluorobut-3-en-2-one (5)"***

1. (CF5C0),0, Py

DCM
78 °C - rt 0
o .
2. Me,NH MezN/\)J\CFs
CH20|2 5
78 °C - rt

In a 500 mL round bottom flask, ethyl vinyl ether (25 mL, 261 mmol, 1 eq.) was added to 250
mL dichloromethane and pyridine (4.2 mL, 52 mmol, 0.2 eq.). The reaction mixture was cooled
to -78 °C in a dry ice/acetone bath. Trifluoroacetic anhydride (43 mL, 304 mmol, 1.16 eq.) was
added dropwise and the reaction was allowed to stir at -78 °C for 1 hour, after which the bath
was removed and the reaction was allowed to further stir at room temperature over night. The
reaction mixture was then filtered through a short column of charcoal (2 in.), the solvent was
removed by rotary evaporation under reduced pressure and the crude reaction mixture was
placed under high vacuum for 20 minutes. The resultant dark blue oil was then diluted in 250 mL
dichloromethane and cooled to -78 °C in a dry ice/acetone bath. To this stirred solution, dimethyl
amine (35 mL, 528 mmol, 2 eq.) was added dropwise. The reaction was allowed to slowly warm
to room temperature and stir for 24 hours. The solvent was removed by rotary evaporation under
reduced pressure. The resultant orange oil was purified with a silica gel plug (200 g) using
dichloromethane as the mobile phase. The title compound was afforded as a yellow crystalline

powder (37.48 g, 86% yield over two steps).
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General Procedure for the Preparation of a,p-Unsaturated Trifluoromethyl

Ketones'®’
0 RMgBr 0
MezN/\)J\CF;s Et,0 R/\)J\CFg,
5 3h 6
rt - reflux

Aryl or alkyl bromide (24 mmol, 1.2 eq.) was added dropwise to a 50 mL round bottom flask
containing 20 mL of diethyl ether and magnesium turnings (0.535 g, 22 mmol, 1.1 eq.). The
mixture was gently heated until all of the magnesium was consumed and was then allowed to
cool to room temperature. In a separate 100 mL round bottom flask, (E)-4-(dimethylamino)-
1,1,1-trifluorobut-3-en-2-one 5 (3.343 g, 22 mmol, 1 eq.) was dissolved in 50 mL of diethyl
ether. The aryl or alkyl magnesium was then added dropwise over 10 minutes. The reaction
mixture was then heated to reflux and allowed to stir for 2 hours. The reaction was cooled to
room temperature and poured into cold HCI (1 M, 100 mL). The organic layer was collected, and
the aqueous layer was extracted with diethyl ether (2 x 50 mL). The combined organic layer was
then washed with saturated NaHCO3 (2 x 40 mL) and finally with saturated NaCl (50 mL). The
organic layer was dried over anhydrous Na,SO,4 and concentrated by rotary evaporation under
reduced pressure. The enone was then purified by flash chromatography using hexane/ethyl

acetate mixtures as the mobile phase.
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(E)-1,1,1-trifluoro-4-phenylbut-3-en-2-one (6a)

The title compound was isolated as a clear oil in 87% yield after silica gel flash chromatography
using 10:1 hexane/ethyl acetate followed by short path distillation at 60 °C at torr. Spectral data

for this compound was found to match that of literature data.'"’

(E)-4-(4-methoxyphenyl)-1,1,1-trifluorobut-3-en-2-one (6b)

(@)
MeO

The title compound was isolated as a yellow powder in 95% vyield after silica gel flash
chromatography using 10:1 hexane/ethyl acetate followed by recrystallization with ethanol.

Spectral data for this compound was found to match that of literature data.**’

(E)-4-(4-chlorophenyl)-1,1,1-trifluorobut-3-en-2-one (6¢)

Cl

The title compound was isolated as a yellow powder in 90% vyield after silica gel flash
chromatography using 10:1 hexane/ethyl acetate followed by recrystallization with ethanol. *H
NMR (300 MHz, CDCls) § 7.90 (1H, d, J = 16 Hz), 7.56 (2H, d, J = 8.5 Hz), 7.46 (2H, d, J = 8.5
Hz), 6.97 (1H, d, J = 16 Hz); *C NMR (75 MHz, CDCls) § 179.8 (q, *Jc.r = 35.6 Hz), 148.5,

138.4, 131.8, 130.3, 129.5, 117.0, 116.4 (q, “Jcr = 290.5 Hz); *°F NMR (282 MHz, CDCl3) & -
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77.9; IR (neat) 1713, 1601, 1590 cm™; mp 57.5-59 °C; HRMS m/z calcd. for CioH/CIF;0

([M+H]") 235.01320, found 235.01315.

(E)-4-(1-naphthyl)-1,1,1-trifluorobut-3-en-2-one (6d)

The title compound was isolated as a yellow powder in 85% vyield after silica gel flash
chromatography using 20:1 hexane/ethyl acetate as the mobile phase. Spectral data was found to

match that of literature data.'®’

(E)-1,1,1-trifluoropentadec-3-en-2-one (6f)

O

C11H23/\)J\CF3

The title compound was isolated as a clear oil in 80% yield after silica gel flash chromatography
using 20:1 hexane/ethyl acetate as the mobile phase. *H NMR (300 MHz, CDCls) § 7.32 (1H, dft,
J=15.8, 7 Hz), 6.40 (1H, d, J = 15.8 Hz), 2.32 (2H, ap g, J = 7.2 Hz), 1.50 (2H, m), 1.25 (16H,
m), 0.87 (3H, t, J = 6.5 Hz); °C NMR (75 MHz, CDCls) & 180.3 (q, 2Jc.r = 35.5 Hz), 157.0,
121.4, 116.2 (q, “Jc.r = 290.6 Hz), 33.3, 31.9, 29.6, 29.5, 29.3, 29.2, 27.6, 22.7, 14.1; F NMR
(282 MHz, CDCl3) 6 -77.7; IR (neat) 2925, 2855, 1730, 1627, 1201, 1144, 717 HRMS m/z

calcd. for CisHasF30 ([M+H]") 279.19303, found 279.19349.
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General Procedure for the Conjugate Addition of Alkenylboronates to o.,f-

Unsaturated Trifluoromethyl Ketones

o (S)-(CF3),-BINOL L5d 613
/\)J\ +  h-CuH X B(OMe), - 1)
RTX-""CF, o g 4A MS
6 DCM, 40 °C R ° CFs3

To an oven dried Schlenk tube was added 0.05 g of 4A molecular sieves. The Schlenk tube was
then placed under vacuum and flame dried for one minute to activate the sieves. The Schlenk
tube was left to cool to room temperature under vacuum, during which time the appropriate
enone (0.3 mmol, 1 eq.), and binaphthol (0.06 mmol, 0.2 eq.) were weighed out. The Schlenk
tube was back-filled with argon and the enone, binaphthol and a magnetic stirring bar were
added. The Schlenk tube was then evacuated and back-filled with argon three times. The
alkenylboronate 8 (0.16 mL, 0.9 mmol, 3 eq.) followed by dry dichloromethane (3.0 mL) was
added to the reaction mixture. The Schlenk tube was sealed and placed in a sand bath pre-heated
to 40 °C and was allowed to stir until the reaction was complete. After which the crude reaction
mixture was filtered through a 1 cm pad of Celite® which was rinsed with dichloromethane. The
solvent was removed by rotary evaporation under reduced pressure. The crude material was
purified by flash chromatography on silica gel using 20:1 hexane/ethyl acetate as the mobile
phase, unless otherwise stated, to furnish the addition product. Analytically pure samples were
obtained by passing the purified product through a second silica gel column using 95:5

hexane/iPrOH as the mobile phase.
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(R,E)-1,1,1-trifluoro-4-phenyldodec-5-en-2-one (9a)

CeH13
N 0

CF3

The title compound was prepared in 83% vyield as a clear oil after silica gel chromatography.

'H NMR (300 MHz, CDCl5) § 7.33 (2H, m), 7.25 (3H, m), 5.52 (2H, m), 3.95 (1H, ap q, J = 6.8
Hz) 3.17 (1H, dd, J = 18, 8 Hz), 3.07 (1H, dd, J = 18, 6.7 Hz), 2.01 (2H, aq q, J = 6.1 Hz), 1.28
(8H, m), 0.88 (3H, t, J = 6.4 Hz); *C NMR (75 MHz, CDCls) & 189.5 (q, “Jc.r = 35.4 Hz),
1425, 132.2, 130.7, 128.6, 127.4, 126.9, 115.8 (q, “Jc.r = 292 Hz) 42.6, 42.5, 32.4, 31.7, 31.5,
29.1, 28.8, 22.6, 14.0; °F NMR (282 MHz, CDCl5) & -79.8; IR (neat) 2926, 1765, 1602, 1494,
1454, 1205, 1143, 698 cm™; HRMS m/z calcd. for CigHosFsO ([M+H]") 313.17729, found
313.17738. The enantiomeric purity of the product was determined by HPLC using a ChiralCel
OD-H column (hexanes/i-PrOH = 90:10, 0.25 mL/min flow rate), tr = 13.8 min (major), tr =

16.5 min (minor) (>99.6:0.4 er).

(R,E)-4-(4-methoxyphenyl)-1,1,1-trifluorododec-5-en-2-one (9b)

CeH1s3
X o)

CF;

MeO

The title compound was prepared in 77% vyield as a clear yellow oil after silica gel

chromatography.
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'H NMR (300 MHz, CDCl3) & 7.12 (2H, d, J = 8.4 Hz), 6.85 (2H, d, J = 8.4 Hz), 5.48 (2H, m),
3.90 (1H, ap g, J = 6.9 Hz), 3.78 (3H, ), 3.12 (1H, dd, J = 17.9, 7.6 Hz), 3.02 (1H, dd, J = 17.9,
6.8 Hz), 1.98 (2H, ap g, J = 6.3 Hz), 1.25 (8H, m), 0.87 (3H, t, J = 6.2 Hz); **C NMR (75 MHz,
CDCl3) & 189.6 (q, 2Jc.r = 35.5 Hz), 158.4, 134.5, 131.8, 131.1, 128.3, 115.8 (q, “Jc.r = 292 Hz),
114.1, 55.3, 42.8, 41.7, 32.4, 31.7, 29.2, 28.8, 22.6, 14.1; *F NMR (282 MHz, CDCls) & -79.8;
IR (neat) 2927, 1764, 1612, 1512, 1465, 1248, 1204, 1143 cm™; HRMS m/z calcd. for
Ci1oH26F30; ([M+H]") 343.18793, found 343.18794. The enantiomeric purity of the product was
determined by HPLC using a ChiralCel OD-H column (hexanes/i-PrOH = 99.5:0.5, 0.6 mL/min

flow rate), tr = 11.7 min (major), tr = 12.9 min (minor) (98.8:1.2 er).

(R,E)-4-(4-chlorophenyl)-1,1,1-trifluorododec-5-en-2-one (9c)

CeH13
X 0

CF3

Cl

The title compound was prepared in 83% vyield as a clear yellow oil after silica gel

chromatography.

'H NMR (300 MHz, CDCl3) § 7.35 (2H, d, J = 8.4 Hz), 7.13 (2H, d, J = 8.4 Hz), 5.54 (2H, m),
3.91 (1H, ap g, J = 6.1 Hz), 3.12 (1H, dd, J = 18.1, 7.5 Hz) 3.02 (1H, dd, J = 18.1, 7.1 Hz), 1.96
(2H, ap g, J = 6.1 Hz), 1.25, (8H, m), 0.86 (3H, t, J = 6.3 Hz); **C NMR (75 MHz, CDCl3) &
189.4 (g, Ye.r = 35.5 Hz), 140.9, 132.6, 130.3, 128.9, 128.7, 128.5, 115.8 (q, “Jc-r = 292.3 Hz),
42.4, 418, 32.4, 31.6, 29.1, 28.7, 22.6, 14.1; *°F NMR (282 MHz, CDCls) § -79.8; IR (neat)
2927, 1765, 1492, 1205, 1144 cm™*; HRMS m/z calcd. for CigHxsCIFsO ([M+H]) 347.13835,

found 347.13840. The enantiomeric purity of the product was determined by HPLC using a
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ChiralCel OD-H column (hexanes/i-PrOH = 99.5:0.5, 0.5 mL/min flow rate), tg = 8.3 min

(minor), tr = 8.8 min (major) (98.3:1.7 er).

(R,E)-1,1,1-trifluoro-4-(1-naphthyl)dodec-5-en-2-one (9d)

CeH13

The title compound was prepared in 82% vyield as a clear oil after silica gel chromatography.

'H NMR (300 MHz, CDCls) 6 8.16 (1H, d, J = 8.3 Hz), 7.90 (1H, d, J = 7.7 Hz), 7.79 (2H, d, J
=8 Hz)7.56 (2H, m), 7.47 (1H, ap t, J = 7.6 Hz), 7.39 (1H, d, J = 7.1), 5.71 (1H, dd, J = 15.5, 6.6
Hz), 5.60 (1H, dt, J = 15.5, 6.2 Hz), 4.86 (1H, dd, J = 14.4, 6.2 Hz), 3.36 (1H, dd, J = 18.2, 9
Hz), 3.22 (1H, dd, J = 18.2, 5 Hz), 2.04 (2H, ap q, J = 6.6 Hz), 1.27 (8H, m), 0.91 (3H, t, J =
6.5); °C NMR (75 MHz, CDCl3) § 190.0 (q, 2Jc.r = 35.3 Hz), 138.5, 134.1, 132.9, 131.0, 130.7,
129.1, 127.6, 126.3, 125.8, 125.6, 123.9, 123.1, 116.0 (q, Yer = 291.3 Hz), 42.6, 42.3, 37.4,
32.5, 31.7, 29.2, 28.8, 22.6, 14.1; *F NMR (282 MHz, CDCl3) & -79.6; IR (neat) 2926, 1764,
1598, 1511, 1466, 1204, 1143, 775 cm™; HRMS m/z calcd. for CoHz6F30 ([M+H]") 363.19303,
found 363.19306. The enantiomeric purity of the product was determined by HPLC using a
ChiralCel OD-H column (hexanes/i-PrOH = 90:10, 0.5 mL/min flow rate), tr = 9.4 min (major),

tr = 11.4 min (minor) (99.5:0.5 er).

General Procedure for the Conjugate Addition of Arylboronates to a,p-Unsaturated
Trifluoromethyl Ketones

To an oven dried Schlenk tube was added 0.05 g of 4A molecular sieves. The Schlenk tube was

then placed under vacuum and flame dried for one minute to activate the sieves. The Schlenk
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tube was left to cool to room temperature under vacuum, during which time the appropriate
enone (0.3 mmol, leq.), and binaphthol (0.06 mmol, 0.2 eq.) were weighed out. The Schlenk
tube was back-filled with argon and the enone, binaphthol and a magnetic stirring bar were
added. The Schlenk tube was then evacuated and back-filled with argon three times. The
arylboronate 14 (0.3 mL, 1.8 mmol, 6 eq.) was added to the reaction mixture and the Schlenk
tube was sealed and placed in an oil bath pre-heated to 100 °C and was allowed to stir until the
reaction was complete. Then the crude reaction mixture was filtered through a 1 cm pad of
Celite® which was rinsed with dichloromethane. The solvent was removed by rotary evaporation
under reduced pressure. The crude material was purified by flash chromatography on silica gel
using 20:1 hexane/ethyl acetate as the mobile phase, unless otherwise stated, to furnish the
addition product. Analytically pure samples were obtained by passing the purified product

through a second silica gel column using 95:5 hexane/iPrOH as the mobile phase.

0 B(OMe),  (S)-(CFs),-BINOL (20 mol%) Ph O
+
R/\)J\CFg ©/ RJ\)\CFs

4AMs
6 14 neat 12
100 °C

(R)-4-(4-chlorophenyl)-1,1,1-trifluoro-4-phenylbutan-2-one (12b)

I O
O CF,
MeO

The title compound was prepared in 84% vyield as a clear yellow oil after silica gel

chromatography.
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'H NMR (300 MHz, CDCl3) & 7.27 (3H, m), 7.20 (2H, ap d, J = 6.9 Hz), 7.13 (2H, d, J = 8.6
Hz), 6.82 (2H, d, 8.6 Hz), 4.61 (1H, ap t, J = 7.2 Hz), 3.76 (1H, s), 3.44 (1H, dd, J = 7.5 Hz); **C
NMR (75 MHz, CDCls) & 189.4 (q, “Jc.r = 35.4 Hz), 158.4, 142.8, 134.6, 128.8, 128.5, 127.4,
126.8, 115.4 (q, YJc.r = 291.7 Hz), 114.2, 55.2, 43.8, 42.7; **F NMR (282 MHz, CDCls) § -79.7;
IR (neat) 3029, 2838, 1763, 1611, 1511, 1454, 1249, 1206, 1177, 1140, 699 cm™; HRMS m/z
caled. for Cy7H16F30, ([M+H]") 309.10969, found 309.10965. The enantiomeric purity of the
product was determined by HPLC using a ChiralCel OD-H column (hexanes/i-PrOH = 97:3, 0.3

mL/min flow rate), tr = 9.4 min (major), tr = 11.4 min (minor) (89.4:10.6 er).

(R)-4-(4-chlorophenyl)-1,1,1-trifluoro-4-phenylbutan-2-one (12c)

‘ o)
O CFs
cl

The title compound was prepared in 82% vyield as a clear yellow oil after silica gel

chromatography.

'H NMR (300 MHz, CDCls) & 7.29 (4H, m), 7.18 (5H, m), 4.62 (1H, ap t, J = 7.5 Hz), 3.45
(2H, d, J = 7.5 Hz); *C NMR (75 MHz, CDCls) § 189.1 (g, 2Jc.r = 36.0 Hz), 141.9, 141.0,
132.8, 129.0, 128.9, 128.9, 127.4, 127.2, 115.4 (q, “Jc.r = 292.1 Hz), 44.0, 42.3; YF NMR (282
MHz, CDCl3) 6 -79.7; IR (neat) 3031, 2926, 1765, 1602, 1492, 1453, 1208, 1143, 1014, 753,
698 cm™: HRMS m/z calcd. for CygH15CIF;30, ([M+H307"), 331.07072 found 331.07082. The
enantiomeric purity of the product was determined by HPLC using a ChiralPak AD-H column
(hexanes/i-PrOH = 97:3, 0.3 mL/min flow rate), tr = 14.1 min (major), tg = 14.9 min (major)

(93.2:6.8 er).
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(R)-1,1,1-trifluoro-4-(naphthalen-1-yl)-4-phenylbutan-2-one (12d)

The title compound was prepared in 70% vyield as a clear yellow oil after silica gel

chromatography.

'H NMR (300 MHz, CDCls) 6 8.09 (1H, d, J = 8 Hz), 7.85 (1H, d, J = 6.8 Hz), 7.76 (1H, d, J =
7.8 Hz), 7.47 (2H, m), 7.33 (1H, d, J = 6.8 Hz), 7.26 (5H, m), 7.19 (1H, m), 5.49 (1H, ap t, J =
7.3 Hz), 3.60 (2H, d, J = 7.3 Hz); ©*C NMR (75 MHz, CDCl3) 6 189.4 (q, 2Jc. = 35.5 Hz),142.2,
137.9, 134.2, 129, 128.8, 127.9, 127.8, 127, 126.5, 125.8, 125.2, 124, 123.3, 115.9 (q, Jcr =
290.1 Hz), 43, 40.1; ¥FE NMR (282 MHz, CDCl3) 6 -79.6; IR (neat) 3067, 2925, 1764, 1599,
1510, 1453, 1207, 1141, 1018, 782, 700cm™; HRMS m/z calcd. for CxHyFsO ([M+H]Y)
329.11478, found 329.11380. The enantiomeric purity of the product was determined by HPLC
using a ChiralCel OD-H column (hexanes/i-PrOH = 90:10, 0.5 mL/min flow rate), tg = 10.0 min

(minor), tg = 15.5 min (major) (80.3:19.7 er).

General Procedure for the Conjugate Addition of Heteroarylboronates to a,f-

Unsaturated Trifluoromethyl Ketones

O

S)-(CF3),-BINOL L5d
/\)J\ . UB(OEt)Q (S)-(CF3)2 X o o
R™™\" "CF, \ 4A MS
R CF,
16 X =S neat 17X =S
19X=0 80 °C 20% =0

To an oven dried Schlenk tube was added 0.05 g of 4A molecular sieves. The Schlenk tube was

then placed under vacuum and flame dried for one minute to activate the sieves. The Schlenk
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tube was left to cool to room temperature under vacuum, during which time the appropriate
enone (0.3 mmol, leq.), and binaphthol (0.06 mmol, 0.2 eq.) were weighed out. The Schlenk
tube was back-filled with argon and the enone, binaphthol and a magnetic stirring bar were
added. The Schlenk tube was then evacuated and back-filled with argon three times. The
heteroarylboronate (16 or 19) (0.3 mL, 1.8 mmol, 6 eq.) was added to the reaction mixture and
the Schlenk tube was sealed and placed in an oil bath pre-heated to 80 °C and was allowed to stir
until the reaction was complete. After which the crude reaction mixture was filtered through a 1
cm pad of Celite® which was rinsed with dichloromethane. The solvent was removed by rotary
evaporation under reduced pressure. The crude material was purified by flash chromatography
on silica gel using 20:1 hexane/ethyl acetate as the mobile phase, unless otherwise stated, to
furnish the addition product. Analytically pure samples were obtained by passing the purified

product through a second silica gel column using 95:5 hexane/iPrOH as the mobile phase.

(5)-1,1,1-trifluoro-4-phenyl-4-(thiophen-2-yl)butan-2-one (17a)

S
4 0

CF;

The title compound was prepared in 89% vyield as a clear yellow oil after silica gel

chromatography.

'H NMR (300 MHz, CDCls) & 7.31 (5H, m), 7.17 (1H, d, J = 5.2 Hz), 6.92 (1H, ap t, J = 4.2
Hz), 6.84 (1H, d, J = 3.4), 4.90 (1H, ap t, J = 7.5 Hz), 3.57 (1H, dd, J = 18.7, 7.2 Hz), 3.47 (1H,
dd, J = 18.7, 7.4 Hz); *C NMR (75 MHz, CDCls) & 189.0 (q, 2Jc.r = 35.6 Hz), 146.4, 142.1,

128.9, 127.7, 127.4, 119.8 (q, “Jc.r = 290.6 Hz), 43.9, 40.3; *F NMR (282 MHz, CDCls) § -
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79.6; IR (neat) 3031, 1764, 1602, 1495, 1454, 1205, 1140, 695 cm™; HRMS m/z calcd. for
C14H12F30S ([M+H]") 285.05555, found 285.05543. The enantiomeric purity of the product was
determined by HPLC using a ChiralCel OD-H column (hexanes/i-PrOH = 95:5, 0.75 mL/min

flow rate), tr = 10.2 min (major), tr = 18.2 min (minor) (96.5:3.5 er).

(S)-1,1,1-trifluoro-4-(4-methoxyphenyl)-4-(thiophen-2-yl)butan-2-one (17b)

S
4 O

CF3
MeO

The title compound was prepared in 84% vyield as a clear yellow oil after silica gel

chromatography.

'H NMR (300 MHz, CDCls) 6 7.21 (2H, d, J = 8.6 Hz), 7.16 (1H, d, 5.1 Hz), 6.91 (1H,t, J = 3.5
Hz), 6.85 (2H, d, 8.6 Hz), 6.82 (1H, d, 3.4 Hz), 4.85 (1H, ap t, J = 7.5 Hz), 3.78 (3H, s), 3.53
(1H, dd, J = 18, 6.5 Hz), 3.44 (1H, dd, J = 18.9, 7.8 Hz); **C NMR (75 MHz, CDCl5) & 188.9 (q,
2Jcr = 36.2 Hz), 158.8, 147.1, 134.3, 128.5, 126.8, 124.3, 124.2, 115.9 (q, “Jc.r = 289.4 Hz),
114.2, 55.2, 44.1, 39.6; °F NMR (282 MHz, CDCls) § -79.7; IR (neat) 2838, 1764, 1610, 1511,
1463, 1250, 1205, 1178, 1140, 697 cm™; HRMS m/z calcd. for CisH14F30,S ([M+H]Y)
315.06611, found 315.06606. The enantiomeric purity of the product was determined by HPLC
using a ChiralPak AD-H column (hexanes/i-PrOH = 99.7:0.3, 1.0 mL/min flow rate), tr = 10.3

min, tg = 12.6 min (98.2:1.8 er).

82



(S)-1,1,1-trifluoro-4-(4-chlorophenyl)-4-thiophen-2-yl)butan-2-one (17c)

S
4 0]

CF3
Cl

The title compound was prepared in % vyield as a clear yellow oil after silica gel chromatography.

'H NMR (300 MHz, CDClg) & 7.41 (2H, d, J = 8.4 Hz), 7.22 (2H, d, J = 8.4 Hz), 7.18 (1H, d, J
= 5.1 Hz), 6.92 (1H, t, J = 3.8 Hz), 6.82 (1H, d, J = 3.4 Hz), 4.86 (1H, ap t, J = 7.3 Hz), 3.54
(1H, dd, J = 18.8, 7.2 Hz), 3.42 (1H, dd, J = 18.8, 7.7 Hz); *C NMR (75 MHz, CDCl5) & 188.6
(q, 2Jcr = 358 Hz), 145.8, 140.6, 133.3, 129.1, 128.9, 126.9, 124.7, 124.5, 115.3 (q, "Jc.r =
291.6 Hz), 43.8, 39.7; YF NMR (282 MHz, CDCl3) 6 -79.6; IR (neat) 1764, 1595, 1492, 1437,
1206, 1141, 697 cm™; HRMS m/z calcd. for Ci4Hi;:CIF;0S ([M+H]") 319.01657, found
319.01656. The enantiomeric purity of the product was determined by HPLC using a ChiralPak
AD-H column (hexanes/i-PrOH = 97:3, 0.25 mL/min flow rate), tg = 17.4 min (major), tg = 18.0

min (minor) (93.3:6.7 er).

(5)-1,1,1-trifluoro-4-(naphthalen-1-yl)-4-(thiophen-2-yl)butan-2-one (17d)

The title compound was prepared in 75% vyield as a clear yellow oil after silica gel

chromatography.
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'H NMR (300 MHz, CDCls) 6 8.16 (1H, d, J = 8.2 Hz), 7.89 (1H, d, J = 7.5 Hz), 7.82 (1H, d, J
= 7.8 Hz), 7.54 (2H, ap quint, J = 6 Hz), 7.46 (1H, d, J = 7.7 Hz), 7.42 (1H, d, J = 6.6 Hz), 7.16
(1H, d, J = 4.9 Hz), 6.92 (1H, t, J = 3.6 Hz), 6.90 (1H, br s), 5.80 (1H, ap t, J = 6.9 Hz), 3.75
(1H, dd, J = 18.8, 8.2 Hz), 3.63 (1H, dd, J = 18.8, 6.1 Hz); *C NMR (75 MHz, CDCl3) & 189.1
(9, “Jc.r = 35.9 Hz), 146.2, 138.0, 134.1, 131.0, 129.2, 128.3, 126.9, 126.7, 126.0, 125.4, 125.1,
124.5, 124.1, 122.9, 115.6 (q, *Jc.r = 292.4 Hz), 44.0, 35.5; °F NMR (282 MHz, CDCls) § -
79.5; IR (neat) 3050, 1763, 1599, 1511, 1436, 1204, 1138, 776, 694 cm™; HRMS m/z calcd. for
Ci1gH14F30S ([M+H]") 335.07120, found 335.07114. The enantiomeric purity of the product was
determined by HPLC using a ChiralCel OD-H column (hexanes/i-PrOH = 95:5, 0.5 mL/min flow

rate), tr = 22.9 min (major), tr = 32.4 min (minor) (99.2:0.8 er).

(R)-1,1,1-trifluoro-4-(thiophen-2-yl)pentadecan-2-one (17f)

S
4 O

Cq1Hzg CF;
The title compound was prepared in 96% yield as a clear oil after silica gel chromatography.

'H NMR (300 MHz, CDCl3) & 7.15 (1H, ap d, J = 5.1 Hz), 6.91 (1H, ap t, J = 4.3 Hz), 6.83 (1H,
ap d, J = 3.4 Hz), 3.56 (1H, ap quint, J = 7.1 Hz), 3.07 (1H, dd, J = 18.4, 7.2 Hz), 2.99 (1H, dd, J
= 18.4, 6.6 Hz), 1.65 (2H, m), 1.23 (18H, m), 0.88 (3H, t, J = 6.4 Hz); *C NMR (75 MHz,
CDCl3) 5 189.78 (q, 2Jc.r = 35.4 Hz), 147.0, 126.7, 124.4, 123.4, 115.3 (q, “Jcr = 295.2 Hz),
44.4,37.2,35.2, 31.9, 29.6, 29.5, 29.4, 29.3, 29.2, 27.2, 22.714.1; *F NMR (282 MHz, CDCl3)
§ -79.8; IR (neat) 2924, 2854, 1764, 1465, 1264, 1207, 1143, 1034, 693 cm™; HRMS m/z calcd.

for C1gH30F30S ([M+H]") 363.19640, found 363.19640. The enantiomeric purity of the product
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was determined by HPLC using a ChiralCel OD-H column (hexanes/i-PrOH = 95:5, 0.3 mL/min

flow rate), tr = 11.4 min (minor), tr = 12.1 min (major) (95.5:4.5 er).

(S)-1,1,1-trifluoro-4-(furan-2-yl)-4-phenylbutan-2-one (20a)

0]
/O

CF;

The title compound was prepared in 66% vyield as a clear yellow oil after silica gel

chromatography.

'H NMR (300 MHz, CDCls) & 7.33 (3H, m), 7.28 (2H, br's), 7.26 (1H, br s), 6.29 (1H, dd, J =
3.1, 2 Hz), 6.02 (1H, d, J = 3.2), 4.68 (1H, ap t, J = 7.3 Hz), 3.57 (1H, dd, J = 18.6, 7.5 Hz), 3.31
(1H, dd, J = 18.6, 7.1 Hz); *C NMR (75 MHz, CDCl3) 5189.0 (q, 2Jcr = 35.7), 155.0, 141.9,
140.3, 128.9, 127.4, 115.3 (q, “Jcr = 292.1 Hz), 106.3, 41.4, 39.1; **F NMR (282 MHz, CDCl3)
§ -79.7; IR (neat) 1765, 1587, 1505, 1454, 1206, 1178, 1137, 700 cm™; HRMS m/z calcd. for
C14H12F30; ([M+H]") 269.07839, found 269.07838. The enantiomeric purity of the product was
determined by HPLC using a ChiralCel OD-H column (hexanes/i-PrOH = 95:5, 0.75 mL/min

flow rate), tr = 6.8 min (major), tg = 10.0 min (minor) (94.6:5.4 er).
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(S)-1,1,1-trifluoro-4-(furan-2-yl)-4-(4-methoxyphenyl)butan-2-one (20b)

O
/O

CF;

MeO

The title compound was prepared in 97% vyield as a clear yellow oil after silica gel

chromatography.

'H NMR (300 MHz, CDClg) & 7.31 (1H, br s), 7.14 (2H, d, J = 8.7 Hz), 6.84 (2H, J = 8.6 Hz),
6.27 (1H, dd, J = 2.8, 2.4 Hz), 5.98 (1H, d, J = 3), 4.61 (1H, ap t, J =6.6 ), 3.78 (3H, s), 3.51 (1H,
dd, J = 18.6, 7 Hz), 3.26 (1H, dd, J = 18.4, 7.4 Hz); *C NMR (75 MHz, CDCls) § 189.1 (q, 2Jcr
= 35.6 Hz), 158.8, 155.4, 141.9, 132.3, 128.7, 115.1 (q, “Jcr = 291.9 Hz), 114.2, 110.3, 106.1,
55.2, 41.6, 38.3; °F NMR (282 MHz, CDCl3) 6 -79.7; IR (neat) 2938, 2839, 1764, 1611, 1512,
1463, 1250, 1206, 1177, 1137, 1001, 733 cm™; HRMS m/z calcd. for CisHyF303 ([M+H]")
299.08896, found 299.08829. The enantiomeric purity of the product was determined by HPLC
using a ChiralPak AD-H column (hexanes/i-PrOH = 99.7:0.3, 0.5 mL/min flow rate), tg = 18.0

min (minor), tg = 19.7 min (major) (95.6:4.4 er).

(S)-4-(4-chlorophenyl)-1,1,1-trifluoro-4-(furan-2-yl)butan-2-one (20c)

@)
/O

CF3
Cl

The title compound was prepared in 69% vyield as a clear yellow oil after silica gel

chromatography.
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'H NMR (300 MHz, CDCls3) § 7.32 (1H, brs), 7.29 (2H, d, J = 8.5 Hz), 7.20 (2H, d, J = 8.4 Hz),
6.28 (1H, dd, J = 3.1, 1.9 Hz), 6.02 (1H, d, J = 3.2 Hz), 4.64 (1H, ap t, J = 7.3), 3.54 (1H, dd, J =
18.3, 7 Hz), 3.28 (1H, dd, J = 18.7, 7.5 Hz); *C NMR (75 MHz, CDCl3) & 188.8 (q, “Jc.r =
35.5), 154.4, 142.2, 138.7, 133.3, 129.1, 129.0, 115.2 (g, “Jc.r = 292.5), 110.4, 106.5, 41.3, 38.5;
F NMR (282 MHz, CDCl3) § -79.7; IR (neat) 1765, 1596, 1492, 1206, 1138, 1014, 733 cm™;
HRMS m/z calcd. for Cy14H1:CIF30; ([M+H]") 303.03942, found 303.03933. The enantiomeric
purity of the product was determined by HPLC using a ChiralPak AD-H column (hexanes/i-

PrOH =99:1, 0.5 mL/min flow rate), tg = 9.6 min (minor), tr = 9.9 min (major) (94:6 er).

(S)-1,1,1-trifluoro-4-(furan-2-yl)-4-(naphthalen-1-yl)butan-2-one (20d)

The title compound was prepared in 96% vyield as a clear yellow oil after silica gel

chromatography.

'H NMR (300 MHz, CDCls) 6 8.13 (1H, d, J = 8.3 Hz), 7.91 (1H, d, J = 7.6 Hz), 7.84 (1H, d, J
= 8.2 Hz), 7.56 (2H, quin. J = 8.6 Hz), 7.45 (1H, t, J = 7.5 Hz), 7.37 (1H, br s), 7.34 (1H, d, J =
7.1 Hz), 6.32 (1H, dd, J = 2.5, 2.4 Hz), 6.07 (1H, d, J = 3.2 Hz), 5.61 (1H, dd, J = 8.9, 5.4 Hz),
3.78 (1H, d, J = 18.7, 8.9 Hz), 3.44 (1H, dd, J = 18.7, 5.3 Hz); *C NMR (75 MHz, CDCls) &
189.2 (q, 2Jcr = 35.9 Hz), 154.7, 142.0, 136.3, 134.1, 131.0, 129.2, 128.2, 126.7, 125.9, 125.5,
124.9, 122.7, 115.5 (q, “Jc.r = 290.2 Hz), 110.5, 107.0, 41.2, 34.6; **F NMR (282 MHz, CDCl3)
§ -79.5; IR (neat) 3052, 1764, 1598, 1505, 1399, 1204, 1137, 1017, 776 cm™; HRMS m/z calcd.

for C1gH14F30, ([M+H]") 319.09404, found 319.09409. The enantiomeric purity of the product
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was determined by HPLC using a ChiralCel OD-H column (hexanes/i-PrOH = 95:5, 0.5 mL/min

flow rate), tr = 13.5 min (major), tr = 20.8 min (minor) (98.3: 1.7 er).

(R)-1,1,1-trifluoro-4-(furan-2-yl)pentadecan-2-one (20f)

(O~
0

CiqHa3 CF3

The title compound was prepared in 79% vyield as a clear yellow oil after silica gel

chromatography.

'H NMR (300 MHz, CDCls) & 7.29 (1H, m), 6.26 (1H, m), 6.03 (1H, ap d), J = 3.0 Hz), 3.35
(1H, ap quint, J= 6.9 Hz), 3.08 (1H, dd, J = 18.3, 7.2 Hz), 2.91 (1H, dd, J = 18.3, 6.4 Hz), 1.62
(2H, m), 1.23 (18H, m), 0.87 (3H, t, J = 6.4 Hz); **C NMR (75 MHz, CDCl3) & 190.0 (q, %Jc.r =
35.5), 155.8, 141.3, 115.4 (q, “Jc.r = 294.1), 110.0, 105.6, 40.8, 33.6, 33.3, 31.9, 29.6, 29.5, 29.4,
29.3,27.0, 22.7, 14.1; *F NMR (282 MHz, CDCls) 5 -79.8; IR (neat) 2925, 2855, 1765, 1507,
1466, 1206, 1144, 1011, 731 cm™; HRMS m/z calcd. for CigHzoF30, ([M+H]") 347.21924,
found 347.21924. The enantiomeric purity of the product was determined by HPLC using a
ChiralCel OD-H column (hexanes/i-PrOH = 99.5:0.5, 0.5 mL/min flow rate), tx = 7.0 min

(minor), tr = 7.5 min (major) (93.2:6.8 er).

General Procedure for the Conjugate Addition of N-Boc-Pyrrole Boronic Acid to
Chalcone

To an oven dried Schlenk tube was added 0.05 g of 4A molecular sieves. The Schlenk tube was
then placed under vacuum and flame dried for one minute to activate the sieves. The Schlenk

tube was left to cool to room temperature under vacuum, during which time the chalcone
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(0.062g, 0.3 mmol, leq.), I,-BINOL (0.032 g, 0.06 mmol, 0.2 eqg.), N-Boc-Pyrrole boronic acid
22 (0.19 g, 0.9 mmol, 3 eq.), and tBuOK (0.015 g, 0.15 mmol, 0.5 eq.) were weighed out. The
Schlenk tube was back-filled with argon and the chalcone, binaphthol, boronic acid, alkoxide and
a magnetic stirring bar were added. The Schlenk tube was then evacuated and back-filled with
argon three times. The reaction mixture was dissolved in B(OiPr)s (0.5 mL), the Schlenk tube
was sealed and placed in an oil bath pre-heated to 80 °C and was allowed to stir overnight until
the reaction was complete. After which the crude reaction mixture was filtered through a 1 cm
pad of Celite® which was rinsed with dichloromethane. The solvent was removed by rotary
evaporation under reduced pressure. The crude material was purified by flash chromatography

on silica gel using 10:1 hexane/ethyl acetate as the mobile phase, to furnish the addition product.

Tert-butyl (S)-2-(3-oxo-1,3-diphenylpropyl)-1H-pyrrole-1-carboxylate (23)

BocN
ocN_ o
The title compound was prepared in 91% vyield as a clear yellow oil after silica gel

chromatography.

'H NMR (300 MHz, CDCls) § 7.53 (2H, d, J = 7.9 Hz), 7.53 (1H, ap t, = 7.1 Hz), 7.43 (2H, ap
t,J=7.6 Hz), 7.22 (3H, ap d, J = 6.7 Hz), 7.15 (2H, ap d, J = 7.2 Hz), 6.07 (1H, ap t, J = 3.4
Hz), 6.03 (1H, m), 5.50 (1H, ap t, J = 7.1 Hz), 3.74 (1H, dd, J = 17.1, 7.7 Hz), 3.47 (1H, dd, J =
17.1, 7 Hz), 1.43 (9H, s); **C NMR (75 MHz, CDCls) & 197.8, 149.1, 1143.7, 137.1, 136.8,
133.0, 128.6, 128.2, 128.1, 127.9, 126.2, 121.9, 111.6, 109.6, 83.6, 45.6, 39.127.8; IR (neat)

3067, 2936, 1740, 1687, 1597, 1491, 1449, 1327, 1123cm™; HRMS m/z calcd. for Ca4Hz603N
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([IM+H]") 376.19072, found 376.19066. The enantiomeric purity of the product was determined
by HPLC using a ChiralCel OD-H column (hexanes/i-PrOH = 95:5, 0.5 mL/min flow rate), tgr =

11.5 min (major), tr = 14.0 min (minor) (94.5:5.5 er).

90



1)

()

(3)

(4)

(5)

(6)

(7)

(8)

9)

(10)

(11)

(12)

(13)

(14)

References

Brown, H. C.; Zweifel, G. J. Am. Chem. Soc. 1961, 83, 486-487.

Blaser, H. U. Chem. Rev. 1992, 92, 935-952.

Ager, D. J.; Prakash, I.; Schaad, D. R. Chem. Rev. 1996, 96, 835-876.

Evans, D. A.; Ennis, M. D.; Mathre, D. J. J. Am. Chem. Soc. 1982, 104, 1737-1739.

Hiroi, K.; Yamada, S. Chem. Pharm. Bull. 1973, 21, 47-53.

Otani, G.; Yamada, S. Chem. Pharm. Bull. 1973, 21, 2112-2118.

Whitesell, J. K.; Felman, S. W. J. Org. Chem. 1977, 42, 1663-1664.

Whitesell, J. K. Acc. Chem. Res. 1985, 18, 280—284.

Burk, M. J.; Feaster, J. E.; Nugent, W. A.; Harlow, R. L. J. Am. Chem. Soc. 1993, 115,

10125-10138.

Katsuki, T.; Sharpless, K. B. J. Am. Chem. Soc. 1980, 102, 5974-5976.

Noyori, R.; Takaya, H. Acc. Chem. Res. 1990, 23, 345-350.

Roush, W. R.; Hoong, L. K.; Palmer, M. A. J.; Park, J. C. J. Org. Chem. 1990, 55, 4109—

4117.

Roush, W. R.; Walts, A. E.; Hoong, L. K. J. Am. Chem. Soc. 1985, 107, 8186-8190.

Takaya, Y.; Ogasawara, M.; Hayashi, T.; Sakai, M.; Miyaura, N. J. Am. Chem. Soc. 1998,

3, 5579-5580.

91



(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

Wolfe, J. P.; Wagaw, S.; Buchwald, S. L. J. Am. Chem. Soc. 1996, 118, 7215-7216.

Berthon, G.; Hayashi, T. In Catalytic Asymmetric Conjugate Reactions; Wiley-VCH:

Weinheim, 2010.

Hayashi, T.; Takahashi, M.; Takaya, Y.; Ogasawara, M. J. Am. Chem. Soc. 2002, 124,

5052-5058.

Pummerer, R.; Prell, E.; Rieche, A. Chem. Ber. 1926, 59, 2159-2161.

Noyori, R.; Tomino, I.; Tanimoto, Y. J. Am. Chem. Soc. 1979, 101, 3129-3131.

Kelly, T. R.; Whiting, A.; Chandrakumar, N. S. J. Am. Chem. Soc. 1986, 108, 3510-3512.

Hattori, K.; Yamamoto, H. J. Org. Chem. 1992, 57, 3264-3265.

Maruoka, K.; Itoh, T.; Shirasaka, T.; Yamamoto, H. J. Am. Chem. Soc. 1988, 110, 310—

312.

Ishitani, H.; Ueno, M.; Kobayashi, S. J. Am. Chem. Soc. 2000, 122, 8180-8186.

Borowiecki, P. Tetrahedron: Asymmetry 2015, 26, 16-23.

Yu, S.; Pu, L. Tetrahedron 2015, 71, 745-772.

Chen, Y.; Yekta, S.; Yudin, A. K. Chem. Rev. 2003, 103, 3155-3211.

Perlmutter, P. Conjugate Addition Reactions in Organic Synthesis, 1st ed.; Baldwin, J. E.,

Magnus, P. D., Eds.; Pergamon Press: Oxford, 1992.

Komnenos, T. Justus Liebigs Ann. Chem. 1883, 218, 145-167.

92



(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

Michael, A. J. fiir Prakt. Chemie 1887, 35, 349-356.

Kharasch, M.; Tawney, P. J. Am. Chem. Soc. 1941, 63, 2308-2316.

House, H. O.; Respess, W. L.; Whitesides, G. M. Chem. Carbanions 1966, 31, 3128—

3141.

Luong-Thi, N.-T.; Riviére, H. Tetrahedron Lett. 1970, 11, 1583-1586.

House, H. O.; Fischer, W. F. J. Org. Chem. 1968, 33, 949-956.

Corey, E. J.; Boaz, N. W. Tetrahedron Lett. 1985, 26, 6015-6018.

Corey, E. J.; Boaz, N. W. Tetrahedron Lett. 1985, 26, 6019-6022.

Corey, E. J.; Wollenberg, R. H. Tetrahedron Lett. 1976, 17, 4705-4708.

Rowley, M.; Kishi, Y. Tetrahedron Lett. 1988, 29, 4909-4912.

Stork, G.; Paterson, |.; Lee, F. K. C. J. Am. Chem. Soc. 1982, 104, 4686—2688.

Paquette, L. A.; Wright, J.; Drtina, G. J. J. Org. Chem. 1987, 52, 2960-2962.

Corey, E. J.; Naef, R.; Hannon, F. J. J. Am. Chem. Soc. 1986, 108, 7114-7116.

Dieter, R. K.; Toklest, M. J. Am. Chem. Soc. 1987, 109, 2040—2046.

Yamamoto, K.; Kanoh, M.; Yamamoto, N.; Tsuji, J. Tetrahedron Lett. 1987, 28, 6347—

6350.

Villacorta, G. M.; Rao, Ch, P.; Lippard, S. J. J. Am. Chem. Soc. 1988, 110, 3175-3182.

Hawner, C.; Li, K.; Cirriez, V.; Alexakis, A. Angew. Chemie - Int. Ed. 2008, 47, 8211

93



(45)

(46)

(47)

(48)

(49)

(50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)

8214.

Feringa, B. L.; Pineschi, M.; Arnold, L. A.; Imbos, R.; De Vries, A. H. M. Angew. Chem.

Int. Ed. 1997, 36, 2620-2623.

Pefia, D.; Lopez, F.; Harutyunyan, S. R.; Minnaard, A. J.; Feringa, B. L. Chem. Commun.

2004, 1836-1837.

Schinnerl, M.; Seitz, M.; Kaiser, A.; Reiser, O. Org. Lett. 2001, 3, 4259-4262.

Zhao, W.; Wang, T.; Zhao, R.; Xie, H.; Liu, L. Tetrahedron: Asymmetry 2016, 27, 157—

162.

Kretchmer, R. A. J. Org. Chem. 1972, 37, 2744-2747.

Crabbé, P.; Luche, J. L.; Rarreiro, E.; Zweig, J. S. Tetrahedron Lett. 1975, 16, 2355-2358.

Imamoto, T.; Mukiyama, T. Chem. Lett. 1980, 9, 45-46.

Wu, C.; Yue, G.; Nielsen, C. D.-T.; Xu, K.; Hirao, H.; Zhou, J. J. Am. Chem. Soc. 2016,

138, 742—745.

Harutyunyan, S. R.; Lépez, F.; Browne, W. R.; Correa, A.; Pefia, D.; Badorrey, R.;

Meetsma, A.; Minnard, A.; Feringa, B. L. J. Am. Chem. Soc. 2006, 128, 9103-9118.

Nikishin, G. |.; Kovalev, |. P. Tetrahedron Lett. 1990, 31, 7063—7064.

Paganelli, S.; Sehionato, A.; Botteghi, C. Tetrahedron Lett. 1991, 32, 2807-2810.

Sakai, M.; Hayashi, H.; Miyaura, N. Organometallics 1997, 16, 4229-4231.

Oi, S.; Moro, M.; Sachie, O.; Inoue, Y. Chem. Lett. 1998, 27, 83-84.

94



(58)

(59)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)

(68)

(69)

(70)

(71)

(72)

Meyer, O.; Becht, J. M.; Helmchen, G. Synlett 2003, 1539-1541.

Becht, J.-M.; Meyer, O.; Helmchen, G. Synthesis (Stuttg). 2003, 18, 2805-2810.

Brock, S.; Hose, D. R. J.; Moseley, J. D.; Parker, A. J.; Patel, I.; Williams, A. J. Org.

Process Res. Dev. 2008, 12, 496-502.

Shintani, R.; Duan, W. L.; Hayashi, T. J. Am. Chem. Soc. 2006, 128, 5628-5629.

Zigterman, J. L.; Woo, J. C. S.; Walker, S. D.; Tedrow, J. S.; Borths, C. J.; Bunel, E. E.;

Faul, M. M. J. Org. Chem. 2007, 72, 8870-8876.

Hayashi, T.; Yamasaki, K. Chem. Rev. 2003, 103, 2829-2844.

Edwards, H. J.; Hargrave, J. D.; Penrose, S. D.; Frost, C. G. Chem. Soc. Rev. 2010, 39,

2093-2105.

Jacob, P.; Brown, H. J. Am. Chem. Soc. 1976, 98, 7832—7833.

Sinclair, J. A.; Molander, G. A.; Brown, H. C. J. Am. Chem. Soc. 1977, 99, 954-956.

Chong, J. M.; Shen, L.; Taylor, N. J. J. Am. Chem. Soc. 2000, 122, 1822-1823.

Brown, H. C.; Bhat, N. G.; Srebnik, M. Tetrahedron Lett. 1988, 29, 2631-2634.

Wu, T. R.; Chong, J. M. J. Am. Chem. Soc. 2005, 127, 3244-3245.

Wu, T. R.; Chong, J. M. Org. Lett. 2006, 8, 15-18.

Wu, T. R.; Chong, J. M. J. Am. Chem. Soc. 2007, 129, 4908-4909.

Turner, H. M.; Patel, J.; Niljianskul, N.; Chong, J. M. Org. Lett. 2011, 13, 5796-5799.

95



(73)

(74)

(75)

(76)

(77)

(78)

(79)

(80)

(81)

(82)

(83)

(84)

(85)

(86)

Lundy, B. J.; Jansone-Popova, S.; May, J. A. Org. Lett. 2011, 13, 4958-4961.

Barnett, D. S.; Schaus, S. E.; General, S. Org. Lett. 2011, 13, 4020-4023.

Luan, Y.; Schaus, S. E. J. Am. Chem. Soc. 2012, 134, 19965-19968.

Le, P. Q.; Nguyen, T. S.; May, J. A. Org. Lett. 2012, 14, 6104-6107.

Cheung, D. C. Y. Organocatalytic Asymmetric Conjugate Addition of Heteroaryl Moieties
to a,pB-Unsaturated Enones Using Boronates and 3,3’-Disubstituted Binaphthols,

University of Waterloo, 2012.

Paton, R. S.; Goodman, J. M.; Pellegrinet, S. C. J. Org. Chem. 2008, 73, 5078-5089.

Nguyen, T. S.; Yang, M. S.; May, J. A. Tetrahedron Lett. 2015, 56, 3337-3341.

Prestwich, G. D. Pestic. Sci. 1986, 17, 430-440.

Welch, J. T. Tetrahedron 1987, 43, 3123-3197.

Miiller, K.; Faeh, C.; Diederich, F. Science (80-. ). 2007, 317, 1881-1886.

Hagmann, W. K. J. Med. Chem. 2008, 51, 4359-4369.

Meanwell, N. A. J. Med. Chem. 2011, 54, 2529-2591.

Parrilla, A.; Villuendas, I.; Guerrero, A. Bioorganic Med. Chem. 1994, 2 (4), 243-252.

Frey, R. R.; Wada, C. K.; Garland, R. B.; Curtin, M. L.; Michaelides, M. R.; Li, J.; Pease,
L. J.; Glaser, K. B.; Marcotte, P. A.; Bouska, J. J.; Murphy, S. S.; Davidsen, S. K.

Bioorganic Med. Chem. Lett. 2002, 12 (23), 3443-3447.

96



(87)

(88)

(89)

(90)

(91)

(92)

(93)

(94)

(95)

(96)

(97)

(98)

Renou, M.; Lucas, P.; Malo, E.; Quero, C.; Guerrero, A. Chem. Senses 1997, 22 (4), 407—

416.

Veale, C. A.; Damewood, J. R.; Steelman, G. B.; Bryant, C.; Gomes, B.; Williams, J. J

Med Chem 1996, 38, 86-97.

Nenjadenko, V. G.; Druzhinin, S. V.; Balenkova, E. S. Mendeleev Commun. 2006, 16,

180-182.

Li, P.; Chai, Z.; Zhao, S.-L.; Yang, Y.-Q.; Wang, H.-F.; Zheng, C.-W.; Cali, Y.-P.; Zhao,

G.; Zhu, S.-Z. Chem. Commun. 2009, No. 47, 7369-7371.

Rodeschini, V.; Weghe, P. Van De; Salomon, E.; Tarnus, C.; Eustache, J.; Nationale, E. J.

Org. Chem. 2005, 70, 2409-2412.

Riber, D.; Venkataramana, M.; Sanyal, S.; Duvold, T. J. Med. Chem. 2006, 49 (5), 1503—

1505.

Grellepois, F.; Chorki, F.; Crousse, B.; Ourévitch, M.; Bonnet-Delpon, D.; Bégué, J. P. J.

Org. Chem. 2002, 67 (4), 1253-1260.

Bégué, J. P.; Bonnet-Delpon, D. Tetrahedron 1991, 47 (20-21), 3207-3258.

Doiron, C. E.; McMahon, T. B. Can. J. Chem 1981, 59, 2689—2694.

Ogoshi, H.; Mizushima, H.; Toi, H.; Aoyama, Y. J. Org. Chem. 1986, 51, 2366-2368.

Yamazaki, T.; Haga, J.; Kitazume, T.; Nakamura, S. Chem. Lett. 1991, 20, 2171-2174.

Shinohara, N.; Haga, J.; Yamazaki, T.; Kitazume, T.; Nakamura, S. J. Org. Chem. 1995,

97



60, 4363-4374.

(99) Linderman, R. J.; Lonikar, M. S. J. Org. Chem. 1988, 53, 6013-6022.

(100) Morigaki, A.; Miyabe, T.; Tsukade, K.; Arimitsu, S.; Ishihara, T.; Konno, T. Synthesis

(Stuttg). 2013, 45, 101105,

(101) Kawai, H.; Kitayama, T.; Tokunaga, E.; Matsumoto, T.; Sato, H.; Shiro, M.; Shibata, N.

Chem. Commun. 2012, 48, 4067—4069.

(102) Morigaki, A.; Tanaka, T.; Miyabe, T.; Ishihara, T.; Konno, T. Org. Biomol. Chem. 2013,

11, 586-595.

(103) Sanz-Marco, A.; Garcia-Ortiz, A.; Blay, G.; Pedro, J. R. Chem. Commun. 2014, 50, 2275—

2278.

(104) Wawrykow, M. Strategies Towards Asymmetric Conjugate Trifluoromethylation of a,f3-
Unsaturated Ketones and the Asymmetric Conjugate Addition of Boronates to [3-

Trifluoromethyl o,-Unsaturated Ketones, University of Waterloo, 2014.

(105) Morrill, L. C.; Douglas, J.; Lebl, T.; Slawin, A. M. Z.; Fox, D. J.; Smith, A. D. Chem. Sci.

2013, 4 (11), 4146-4155.

(106) Sanz-Marco, A.; Blay, G.; Mufioz, M. C.; Pedro, J. R. Chem. Commun. 2015, 51, 8958—

8961.

(107) Andrew, R. J.; Mellor, J. M. Tetrahedron 2000, 56, 7261-7266.

(108) Hojo, M.; Masuda, R.; Kokuryo, Y.; Shioda, H. Chem. Lett. 1976, 499-502.

98



(109) Sanin, A. V. Synthesis (Stuttg). 1998, 1998, 842-846.

(110) Batey, R. A.; Thadani, A. N.; Lough, A. J. J. Am. Chem. Soc. 1999, 121, 450-451.
(111) Matta, C. F.; Castillo, N.; Boyd, R. J. . J. Phys. Chem. A 2005, 109, 3669-3681.
(112) Uysal, B.; Buyuktas, B. S. Arkivoc 2007, xiv, 134-140.

(113) Uysal, B.; Oksal, B. S. J. Chem. Sci. 2011, 123, 681-685.

(114) Uysal, B.; Aksu, Y.; Oksal, B. S. J Porous Mater 2013, 20, 115-127.

(115) Khajuria, R.; Dham, S.; Kapoor, K. K. RSC Adv. 2016, 6, 37039-37066.

(116) Murineduu, G.; Loriga, G.; Gavini, E.; Mule, A. C.; Pinna, G. Arch. Pharm. Pharm. Med.

Chem 2001, 334, 393-398.
(117) Hack, D.; Enders, D. Synthesis (Stuttg). 2013, 45, 2904-2912.
(118) Domagala, A.; Jarosz, T.; Lapkowski, M. Eur. J. Med. Chem. 2015, 100, 176-187.
(119) Unaleroglu, C.; Temelli, B.; Demir, A. S. Synthesis (Stuttg). 2004, 15, 2574-2578.
(120) Kusurkar, R. S.; Nayak, S. K.; Chavan, N. L. Tetrahedron Lett. 2006, 47, 7323-7326.
(121) Kawatsura, M.; Aburatani, S.; Uenishi, J. Tetrahedron 2007, 63, 4172-4177.
(122) Para, N. A.; MacMillan, D. W. C. J. Am. Chem. Soc. 2001, 123, 4370-4371.
(123) Shih, J. Le; Nguyen, T. S.; May, J. A. Angew. Chemie - Int. Ed. 2015, 54, 9931-9935.

(124) Baraznenok, I. L.; Nenajdenko, V. G.; Balenkova, E. S. Eur. J. Org. Chem. 1999, 937—

941.

99



