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Abstract

The copper hydride (CuH)-catalyzed enantioselective reduction of a,p-unsaturated carboxylic
acids to saturated aldehydes is reported. This protocol provides a new method to access a variety
of B-chiral aldehydes in good yields, with high levels of enantioselectivity and broad functional
group tolerance. A reaction pathway involving a ketene intermediate is proposed based on
preliminary mechanistic studies and density functional theory calculations.

Graphical Abstract
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Aldehydes featuring B-stereogenic centers represent a class of important building blocks for
the synthesis of various natural products and pharmaceuticals.> Due to their utility,
numerous strategies for their preparation have been devised, including the asymmetric
transfer-hydrogenation of unsaturated aldehydes,? the conjugate addition of nucleophilic
reagents to enals,® 4 and the enantioselective isomerization of allylic alcohols (Figure 1a).>
As an alternative, the direct conversion of a,B-unsaturated carboxylic acids to p-chiral
aldehydes would be valuable due to the ready accessibility and stability of the starting acids.
An elegant catalytic reduction process of unsaturated acids to racemic saturated aldehydes
has been reported by Breit,® which proceeds through the consecutive Rh-catalyzed
hydroformylation and decarboxylation reactions (Figure 1b). Herein we report a CuH-
catalyzed asymmetric reduction protocol of a,B-unsaturated carboxylic acids as an approach
to access enantiomerically enriched aldehydes (Figure 1c).

Over the past two decades, the CuH-catalyzed asymmetric 1,4-reduction of a,p-unsaturated
carbonyl compounds has been extensively developed as a method to deliver optically active
ketones and esters.” A hallmark of this chemistry is the 1,4-chemoselectivity provided by
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bisphosphine-ligated CuH catalysts, which preserves the oxidation state at the carbonyl
carbon 8

We recently disclosed an asymmetric olefin hydroacylation reaction involving the direct
coupling of a.,B-unsaturated acids with aryl alkenes to form a-chiral ketones.® During this
study, when we attempted to couple a trisubstituted alkene with crotonic acid, no desired
ketone product was generated. Instead, the silyl enol ether of n-butanal was observed by 1H
NMR (Scheme 1a). When the alkene was excluded, further experiments demonstrated that
this process is general for a wide range of unsaturated acids. Based on this and our prior
results, we reasoned that for substrates with two different p-substituents, we could exploit
this reduction process to access p-chiral aldehydes with high levels of enantiopurity.

We initiated our study of the asymmetric acid reduction reaction by subjecting (E)-3-
phenylbut-2-enoic acid (1a) to conditions similar to those used for the previously reported
hydroacylation reaction (4 mol% catalyst). The silyl enol ether shown was formed in 73%
yield (*H NMR). After work-up with NH4F, the corresponding chiral aldehyde 2a was
obtained in 86% ee (Scheme 1b). Optimization of the reaction temperature and solvent
revealed that increased yield and enantiomeric excess could be achieved when the reaction
was run at 40 °C in toluene. We also found that for reactions conducted on a 1 mmol scale, 1
mol% catalyst was sufficient to obtain the desired p-chiral aldehyde without diminished
yield or enantioselectivity.

Having identified suitable reduction conditions, we next examined the scope of this
asymmetric reduction protocol. As shown in Table 1, a variety of p-alkyl, p-aryl
disubstituted unsaturated carboxylic acids were efficiently reduced to the aldehydes in good
yields, and the observed enantioselectivity is uniformly high regardless of the electronic
properties of the substituents. A diverse set of functional groups, including aryl chlorides
(2b), heteroaryl bromides (2g), and thioethers (2c), were tolerated. Substrates containing
heterocycles, such as pyridine (2f), pyrazole (2g), and benzofuran (2h), are all readily
converted under the current conditions. In addition to substrates bearing a methyl p-
substituent, those with more sterically-demanding ones such as ethyl (2i), cyclopropy! (2j),
functionalized propyl (21, 2m), N-pyrrolyl (2n) groups, and an exocyclic double bond (2k),
were also successfully converted to the aldehydes with similarly high levels of
enantioselectivity.

The reactivity of B,p-diaryl acrylic acids was also investigated (Table 2). When (E)-3-(4-
methoxyphenyl)-3-phenylacrylic acid (10) was subjected to the above-described reduction
conditions, the desired aldehyde was formed in high yield, but with a moderate level of
enantioselectivity (70% ee). We reasoned that this might be due to poor differentiation of the
two similar aryl substituents by the ligand Ph-BPE. We thus re-examined a range of common
chiral ligands. Of these, the Josiphos-type ligand 3 provided the best results when the
reaction was conducted at room temperature.1 Under the new reaction conditions, acids
containing halides (2p, 2r), a heterocycle (2q), and an ortho-substituted arene (2r), were all
efficiently converted to 3,3-diarylpropanals in high yields and with excellent
enantioselectivity.
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We next set out to elucidate the mechanism of this new reduction process. One possibility is
proposed in Scheme 2a. First, the carboxylic acid is silylated in the presence of CuH catalyst
and silane. Subsequent 1,2-reduction of the silyl ester would give an a,p-unsaturated
aldehyde, which could be further reduced to silyl enol ether by the L*CuH species. In order
to test this hypothesis, the corresponding unsaturated aldehyde of 1a was prepared and
subjected to the standard reaction conditions (Scheme 2b). In contrast to the 18:1 Z/E ratio
of silyl enol ether produced directly from the acid, the reduction of the aldehyde favored the
formation of E isomer in <1:20 Z/E ratio. This result rules out the involvement of this
unsaturated aldehyde as an intermediate.

Based on the unusual Z-preference observed in this reduction reaction, as well as previous
studies of CuH chemistry,’®15 we postulated an alternative mechanism, shown in Scheme
2c. Instead of 1,2-reduction of the silyl ester, 1,4-reduction would result in the formation of a
Cu enolate,16 from which a p-alkoxide elimination could generate a ketene intermediate.
Rapid interception of this ketene by L*CuH followed by o-bond metathesis with a
hydrosilane would afford the silyl enol ether and regenerate the CuH catalyst. A simple
stereochemical model for ketene reduction indeed predicts a preference for the formation of
the Z silyl enol ether isomer in order to minimize steric interactions in the transition state.

Density functional theory (DFT) calculations indicated that the ketene pathway is
energetically possible, with comparable barriers for the initial hydrocupration of silyl ester
(18.2 kcal/mol ) and the collapse of the Cu enolate to release the ketene (16.9 kcal/mol, see
the Supporting Information for details). Furthermore, the reduction reaction was performed
on a series of unsaturated carboxylic acids, and the Z/E ratio of silyl enol ethers was
measured by TH NMR spectroscopy (Scheme 2d). These values closely match the
computationally predicted ratios for ketene reduction by L*CuH, providing further evidence
for the presence of this ketene intermediate in the reaction mechanism?’: 18 (see the
Supporting Information for details). Thus far, we have not been able to directly observe a
ketene intermediate, presumably due to its expected high reactivity with L*CuH.

Finally, the synthetic utility of this transformation is demonstrated via a one-pot reductive
amination reaction starting from carboxylic acids (Scheme 3). Several highly
enantioenriched amines with -y-stereocenters were prepared in good yield, further
highlighting the application of our method to access interesting compounds.

In conclusion, we have developed a new asymmetric reduction process that transforms a,-
unsaturated carboxylic acids to saturated aldehydes. B-chiral aldehydes with a variety of
substitution patterns and functional groups can be accessed from readily available starting
materials in an efficient process (1 mol% catalyst). Detailed mechanistic studies and the
development of other CuH-catalyzed reactions involving carboxylic acids are ongoing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(a) General approaches to access [-chiral aldehydes

R O reduction

R )\/U\ H X\ /B*\)J\ isomerization
R H R )\/\ OH
O )
_conjugate A
.

addition B-chiral aldehydes

(b) Conversion of o,p-unsaturated acids to aldehydes by hydroformylation

O  NH,
R O [Rh], Ligand R O N NZ>NH
—_— | 2
RMOH 13 bar CO/H, R)\/U\H N
PPh, Ligand

(c) o,p-Unsaturated acid reduction to 3-chiral aldehyde (this work)

R O L*CuH R O R* OSiR,
—_— T Sk
Aoy  RsSiH Ar/\)LH ANF
R’ = alkyl, aryl via silyl enol ether

Figurel.

Page 6

(a) General Access to p-Chiral Aldehydes (b) Racemic and (c) Asymmetric Transformation

from a,B-Unsaturated Carboxylic Acids to Saturated Aldehydes (This work)
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(a) Discovery of unsaturated acid reduction protocol

O

Cu(OA
Me” S 0H (S,Su)(.phf;E);I%E_ o[si]

E 2 R
> ; Me/\)\r
+ Me(OMe),SiH M :

Ph/Y\OMe THF, rt

Me | __notobserved
(b) Model reaction for condition optimization
Me O L*CuH Me O[Si]  NH,F Me O
—_— ; —_ .
phfl\/LLOH R5SiH ph/\/\H Ph/\)LH
1a 2a

Scheme 1. (a) Discovery and (b) Model Reaction of Unsaturated Acid Reduction Protocol® 10,11
4(S,9)-Ph-BPE = 1,2-Bis((2S,5S)-2,5-diphenylphospholano)ethane.
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(a) Mechanism involving an o,f3-unsaturated aldehyde intermediate

R O L*CuH, RSiH U L*CuH, RgSiH
AT X~ oH  silylation Ar OSiRs  1,2-reduction
R O L*CuH, RsSiH R H

_—
ArM H 1,4-reduction Ar)\/kOSiRB

(b) CuH reduction of o,p-unsaturated acid and aldehyde

Me O L*CuH Me OSiR; x=0OH, ZE=18:1
:*
Ph)\/u\x DMMS, THF  pp"F X=H, ZE<1:20

(c) Alternative mechanism involving a ketene intermediate

L*CuH R O
. A N0siR,
R3SiH
. ( from the silylation of acids)
L*CuOSiRs 1,4-reduction

R c),CuL

Ar)\/kOSiRa

R 5 L*CuH, RgSiH R OSiRs
Ar)\&c ketene reduction Ar Z>H

(d) Theoretical studies of CuH catalyzed ketene reduction

R! L*CuH R' OS] L*CuH T 91
)ZEO E—— ):’ -~ R)\(U\OH
R2 predicted R2 observed R
R' R? predicted E/Z observed E/Z H-gyL+ disfavored
u (E-isomer)
Et H 16 16 & Q
i . . o
Pr H <1:20 1:14 @ /C/, 0
"Bu H 16 17 c” D favored
Bu H 1:9 1:10 é ( (Z-isomer)
Et Me 1:2 1:2.4 H-CuL*

Scheme 2.
Proposed Mechanisms and Preliminary Mechanistic Studies
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R
R O (1) L*CuH  (2) HNR'R?, AcOH /\/\ R2
AN~ 0H NaBH(OAc); A N
THF R
Me Ph Me
Ph N N X N
K/N OEt K/O | z Bn
T OEt MeO”~ "N
4a o) 4b 4c

68% vyield, 93% ee 78% vyield, 95% ee 62% yield, 96% ee

Scheme 3. One-pot Transfor mation from a, B-Unsaturated Carboxylic Acidsto Chiral Amines®
@ Reactions were conducted on 0.50 mmol scale. See the Supporting Information for detailed

conditions.
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Table 1

Substrate Scope for the Reduction of B-Alkyl, B-Aryl Unsaturated Carboxylic Acids.?12 13

Cu(OAc), (1 mol%)
R O (8,5)-Ph-BPE (1.1 mol%) R O

Ar)\/u\OH Me(OMe),SiH (4 equiv) Ar/\)J\H

toluene, 40 °C, 18 h
1a-n (NH,F workup) 2a-n

Me O Me O 2b,R=cl,75% yield, 96% ce
H /©/\)LH 2¢, R = SMe, 84% yield, 96% ee
2a R 2d, R = CF3, 77% yield, 94% ee

72% yield, 94% ee
F Me O O/\)L W
©/\/E MeO ‘i

Me
71% yield, 95% ee 65% yield, 97% ee 78% vyield, 98% ee

69% yield, 95% ee  72% yield, 96% ee 79% yield, 96% ee 69% yield, 91% ee

L., L,
saalivaalivan

72% yield, 92% ee 66% vyield, 92% ee 71% yield, 94% ee

PMBO.

HAII yields represent average isolated yields of two runs, performed with 1 mmol of acid.

b4 mol% Cu(OAc)2 and 4.4 mol% (S, S)-Ph-BPE were used.
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Table 2

Examples of the Asymmetric Reduction of B,p-Diaryl Unsaturated Carboxylic Acids?

. Cu(OAc)5 (1 mol%) .
M Ligand 3 (1.2 mol%) Ar 0O
A" X-"S0H  Me(OMe),SiH (4 equiv)
toluene, rt, 24 h

Y
=
T

To-s (NH4F workup) 20-s
Me -
Ar. @\r Ar
; Fe PCy,
Ar e Me
3 OMe
Ph O Ph O
H 71% yield H 82% yield
96% ee 96% ee
MeO 20 Br 2p
Ph O Ph O
(/]/\)\ H  77%yield ©! ' H 87% yield
S 95% ee 94% ee
2q OEt 2r

a,. . . . .
Yields represent average isolated yields of two runs, performed with 1 mmol of acid.
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