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Abstract: Organosilanes have been used to synthesize and regener-
ate copper hydrides, and have been employed as stoichiometric re-
ductantsin the copper-catalyzed reductions of avariety of activated
olefins. Reductive aldol condensations and cyclizations using orga-
nosilanes and transition metal catalysts, including copper hydrides,
have also been achieved.
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Organosilane Reductions M ediated by Copper

While conjugate reductions of a,B-unsaturated carbonyl
compounds by organosilanes mediated by complexes of
rhodium, palladium, molybdenum, and platinum are well
established,? the use of copper complexes for the analo-
gous transformation is a comparatively recent develop-
ment. With the chemoselective conjugate reduction of
activated olefins afforded by copper hydrides such as
Stryker’s reagent ([Ph;PCuH]¢) having been demonstrat-
ed,> Mori et al. first reported the generation of a copper hy-
dride species for conjugate reduction from organosilanes
and CuF(PPh;); in 1997. Using PhMe,SiH or Et;SiH with
stoichiometric amounts of the copper fluoride complex,
the generation of acopper hydride reagent was evidenced
by the conjugate reduction of anumber of o,B-unsaturated
cyclic and acyclic ketones in good yields (Equation 1).#
Other organosilanes, Ph,SiH, and CI,PhSiH, were exam-
ined and were found to be inferior or unreactive. The re-
duction also proceeded with a catalytic amount of
CuF(PPh;);, but with a clearly diminished yield.

(0] . O
PhMe,SiH, DMA
Ph/\)]\ Ph/\)J\
0°Ctor.t.
100 mol% CuF(PPh3)3-2EtOH >99%
5 mol% CuF(PPh3);3 69%

Equation 1

The stoichiometric generation of another copper hydride
species from CuCl and PhMe,SiH in DMI was reported
almost contemporaneously by Ito et al.® Notably, Ito’s
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copper hydride was not stabilized by phosphine ligands.
Transfer of hydride from silane to copper occurred
smoothly for PhMe,SiH, Ph,SiH, and Et;SiH. Both
enones and enoates underwent conjugate reduction with
high yields. When the copper salt was used catalytically,
this reducing system was much less effective, such that a
10 mol percent of CuCl failed to induce any conjugate re-
duction (Equation 2).

(e} . (@]
PhMe,SiH, DMI
Ph/\)J\OEt Leh Ph/\)J\OEt
100 mol% CuCl 96%
20 mol% CuCl 86%
10 mol% CucCl 0

Equation 2

More recently, Lipshutz® and Buchwald’®® reported that
organosilanes such as phenylsilane, tetramethyldisilox-
ane, and especially the safe, convenient, and inexpensive
polymer polymethylhydrosiloxane (PMHS) are effective
stoichiometric reductants in the generation of copper hy-
drides. Lipshutz showed that areductive silylation catalyt-
ic in Stryker’'s reagent [Ph;PCuH] could be achieved in
very good yields using these organosilanes (Equation 3).
In contrast to previous copper catalysts, the conjugate re-
duction proceeded very efficiently with catalyst loadings
at 1-5 mol% of [Ph;PCuH]e. Using this copper source,
however, Et;SiH proved to be a poor stoichiometric re-
ductant, unable to regenerate the copper hydride at a use-
ful rate.

0 O/SiMeZOSiMezl-

5 mol% [Ph3sPCuH]g
HMe,SiOSiMesH, r.t.

85%

Equation 3

Since organosilanes had been shown to be able to regen-
erate Stryker’ sreagent, it followed that silanes can also be
used for the synthesis of this stable and well-characterized
copper hydride. Previously, the laboratory syntheses of
Stryker’s reagent employed hydrogen as the reductant.
Thus from CuCl, and sodium or potassium t-butoxide,
[Ph;PCuH] was synthesized in the presence of hydrogen
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and an excess of triphenylphosphine.® This heterogeneous
reaction was typically an overnight reaction, yielding
about 50-65% of Stryker’s reagent. When organosilanes
were used instead of hydrogen as the reductant, thus ren-
dering the reduction a homogenous reaction, the genera-
tion of copper hydride was nearly instantaneous as
indicated by the appearance of the characteristic deep red
color of the reagent (Equation 4).° By following the
progress by *H NMR, it was found that the rate of copper
hydride formation induced by organosilanes was extreme-
ly fast, such that 90% of the maximum yield of Stryker’'s
reagent was achieved in 30 minutes. Although avariety of
reactive silanes could induce this reduction, including
PMHS and tetramethyldisiloxane, phenyldimethylsilane
was found to generate [ Ph;CuH] in the purest form upon
isolation. The reaction time for the synthesis of Stryker’'s
reagent was thus reduced to within an hour, which greatly
facilitated the laboratory preparation of this useful re-

agent.

organosilanes

PPh; + CuCl + KOt-Bu [PhsPCuH]g

PhH, 1-2 h

Equation 4

Preparation of [Ph,PCuH]s on a 10 mmol Scale®

Copper (I) chloride (0.993 g, 10.03 mmoal), potassium t-
butoxide (1.124 g, 10.02 mmol) and PPh; (5.246 g, 20.00
mmol) were weighed inside a dry-box. The flask was
charged with benzene (50 mL, distilled and degassed) and
the contents were stirred for 30 min under Ar to produce
a dlightly cloudy, yellow solution. PhMe,SiH (3 mL,
19.57 mmoal) was added and the color of the reaction mix-
ture changed instantaneously from yellow to red, to very
dark red. After stirring for 2 h, the mixture wastransferred
via cannula to a large Schlenk filter containing 1 cm
celite. The reaction flask and the celite pad were rinsed
with anhyd benzene (4 x 10 mL). Thered filtrate was con-
centrated in vacuo to a volume of ca 20 mL. Anhyd, de-
gassed MeCN (40 mL) was slowly layered onto the top of
the benzene solution via cannula to induce crystallization
of the product. After standing overnight, the red crystals
thus obtained wereisolated by filtration under Ar, washed
with anhyd MeCN (3 x 10 mL) and dried under vacuum
to give 2.5-2.9 g (76-88%) of bright to dark red crystals
of [Ph;PCuH]s.

!H NMR (400 MHz, CDy): 6 = 7.67 (t, J=8.1 Hz, 36 H),
6.95 (t, J = 7.3 Hz, 18 H), 6.74 (t, J = 7.5 Hz, 36 H), 3.51
(s, 6 H).

This same procedure could be conveniently adapted for
the synthesis of [Ph;PCuD],, which has been utilized in
labeling experiments, by substituting the deuterated silane
Ph,SiD, as the reducing agent.

Enantioselective Copper-Catalyzed Conjugate Re-
ductions Using Or ganosilanes

Employing the reagents for the in situ generation of Stry-
ker's reagent, and replacing the ligand by chiral bisphos-
phines such as (§-p-tol-BINAP, (S-BIPHEMP, and
(SR)-JOSIPHOS,° the enantiosel ective 1,4-reductions of
prochiral o,B-unsaturated esters,’ ketones,™¢ lactones,’
lactams,” and nitroalkenes’™ have been realized, culmi-
nating in afamily of powerful catalytic asymmetric trans-
formations for the synthesis of chiral intermediates
(Scheme 1). These enantioselective reductions have the
hallmarks of reactions that will find wide applicability in
synthesis. These reactions are relatively tolerant of mois-
ture, and the addition of hydroxylic solvents has been
found to actually increase the rate of the reduction as well
as improve the product yield. The reactions occur effi-
ciently using inexpensive PMHS as the stoichiometric hy-
dride source. Very low catalyst loadings of 0.1-1 mol%
copper are viable. Most of these reactions attained high
enantiosel ectivitiesin the range of 90-98% ee. This meth-
odology has already enabled the synthesis of chiral cyclo-
pentanones bearing B-stereocenters with enantiomeric
excesses surpassing the complementary asymmetric con-
jugate nucleophilic additions to cyclopentenone.”” The
conjugate reduction of -lactams have in fact been found
to be accelerated when the reaction is run open to air.™
The application of this catalytic asymmetric reduction to
hydropyridone 1 to confer the key stereochemistry in lac-
tam 2 was seminal in accomplishing aconcise synthesis of
the anti-depressant (—)-paroxetine.

Tandem Copper-Catalyzed Conjugate Reduction-
Alkylation Reactions Using Organosilanes

The conjugate reduction of unsaturated ketones by orga-
nosilanes constitutes an overall reductive silylation, yield-
ing silyl enol ethers as products. Regiospecific generation
of silyl enol ethers of unsymmetrical ketones is possible
due to the position of the olefin determining the site of
enolate formation. This transformation is an alternative
strategy to the synthesis of silyl enol ethers using stoichi-
ometric base. Having these versatile intermediates in
hand, rather than simply subjecting them to hydrolysis,
the silyl enol ethers could be induced to react in a subse-
guent operation to achieve multiple transformations in
one pot. Lipshutz has subjected the silyl enol ether ab-
tained upon reductive silylation to Mukaiyama a dol reac-
tion and benzylation to give diastereomeric mixtures of
alkylated products 3 and 4 (Scheme 2).5°

Exploiting the stereoselectivity in vicinally substituted
cyclopentanones, Buchwald has engaged chiral silyl enol
ethers such as 5 in a benzylation reaction to afford, after
equilibration, 2,3-dialkylated cyclopentanone 6 with ex-
cellent diastereo- and enantiosel ectivity (Equation 5).1t
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CO,Et CO,Et
4
cat CuCl, NaOt-Bu
PMHS
(S)-p-tol-BINAP
rt.,22h
89% vyield, 92% ee
0 o}
cat CuCl, NaOt-Bu
R
PMHS
(S)-p-tol-BINAP
0°C,12h Bu

84% vyield, 98% ee

cat CuCl, NaOt-Bu

O
PMHS
(S)-BIPHEMP

(e
s
c

_790
78°%C 61% yield, 92% ee
O2N cat CuOt-Bu, H,0 O2N
PMHS, PhSiH3
(S,R)-josiphos
rt.,12h

83% yield, 94% ee

cat CuCl,-2H,0 f
PMHS, NaotBu O
i-PrOH
Bn (S)-p-tolBINAP Bn
90% vyield, 92% ee

PMP PMP o O
I
N._O o}

N
cat CuCl,
%
PMHS NaOt-Bu <:§

t-AmOH, air
1 (—)-paroxetine

(S)-p-toIBINAP

90% yleld, 90% ee

Scheme 1
cat CuCl : TBAT
cat NaOt-Bu PSRy PhCH,Br
thSin, r.t. - \Ph
(S)-p-tol-BINAP
5 6
93% ee 62%
dr=92:8

Equation 5

Synthesis 2004, No. 13, 2210-2215 © Thieme Stuttgart - New Y ork

o O OH
3 mol% )\/CHO
[PhsPCuH]g
PhMe,SiH BF3-Et20
3 89%
0
0 2 mol% OZNOCHZBr
/_>\_ [PhsPCuH]g
TBAT
PH TMDS
O,N
4 57%
Scheme 2

Catalytic Reductive Aldol Reactions Using Organosi-
lanes as Stoichiometric Reductants

Thedirect reductive aldol coupling of a,B-unsaturated ke-
tones in the presence of the electrophilic partners poses
significant challenges for current synthetic methodology.
In terms of chemoselectivity, the electrophiles, either al-
dehydes or ketones, must be inert toward the reductive
conditions. The metathesis reaction of the enolate and the
organosilane must be slow relative to the aldol carbon-
carbon bond forming reaction; otherwise, the silyl enol
ether is trapped, or in the presence of Lewis acids, aclas-
sical Mukaiyama reaction ensues. The relative rates of
these reactions will have a significant bearing on the dia-
stereoselectivity and the potential enantioselectivity of
such a process.

Based on precedented 1,4-hydrosilylations catalyzed by
rhodium and palladium, the earliest transition metal cata-
lyzed reductive aldol reactions also involve complexes of
these metals. The direct coupling of enonesand ketonesin
reductive aldol reactions using organosilanes and rhodi-
um was first reported by Revis and Hilty (Equation 6).%2
Successive work by the groups of Matsuda and Morken
progressively improved the diastereoselectivity of this
rhodium-catalyzed process (Equations 7 and 8).1314

O .
cat RhCl3:3H,0 MesSio O

Ykom MesSiH, Me,CO MOMe

r.t

95% yield
Equation 6
O cat Rh4(CO)]12 OH O
NP Ph,MeP
Et,MeSiH R
RCHO R =Ph 99%; syn:anti = 83:17
R = cyclohexyl 63%; syn:anti = 58:42
Equation 7
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0 cat [Rh(COD)Cl,], OH O

VJ\ DuPhos
OMe
. CIMe,siH PN OMe
PhCHO rt. 16h syn:anti = 23:1
69% yield
0% ee

Equation 8

Kiyooka et al. employed palladium as the catalyst in the
direct reductive coupling of acrylamides with aryl alde-
hydes (Equation 9). With acrylate esters, the yield was
significantly diminished, and thisreaction did not proceed
with aiphatic aldehydes.’

(0]

OH O
\)LNM cat. Pd(PPhy),
[
. ClaSiH Ph NMe
PhCHO rt,4sh syn:anti = 32:68
87% yield
Equation 9

The successful development of diastereoseletive reduc-
tive aldol reactionsled to advances in enantiosel ective re-
ductive couplings using chiral ligands'® (Scheme 3).16

0 cat [Rh(COD)Cl5], OH O
~ (R)-BINAP :
+ Et,MeSiH E 87% ee (Syn)
rt,24h .
PhCHO syn:anti = 3.4:1
o cat [Ir(COD)Cl5]» OH O
\)J\ Indane-pybox 68% yield
OMe————— — 94% ee
. Et,MeSiH PN OMe ’
r.t., 24 h .
PhCHO syn:anti = 6.6:1
Scheme 3

The phenylsilane reduction catalyzed by Co(dpm),
(dpm = dipivaloylmethane) successfully induced inter-
molecular reductive aldol reactions, abeit with low dia-
stereoselectivity (Equation 10).Y” However, the same
reducing system, in the context of an intramolecular reac-
tion, an overall cycloreduction, has been found to be high-
ly diastereoselective (Equation11).®® The syn:anti
selectivity is greater than 99:1, and the cyclization is gen-
eral for five-, six- and seven-membered ring formation, al-
though the latter occurred with diminished yield (35%).
Aliphatic enones underwent this reaction with lower
yields. Significantly, this methodology alowed the
chemoselective formation of the ketone enolate in the
presence of the more acidic aldehyde for reaction.

We have previously demonstrated that stoichiometric
Stryker’ s reagent induced a highly syn-selective intramo-

(6]
\)k OH O
X cat Co(dpm),
+ - =
PhSiHy DCE " CH=CH R
PhCH=CHCHO it
X=NMe, 96% (syn:anti 72:28)
X= OMe 80% (syn:anti 50:50)
Equation 10
O (0] OH

. cHO ‘cat Co(dpm), R
| PhSiH; DCE
rt.

R =Ph 87%
R =Me 38%
Equation 11

O O O - OH

[PhgPCuH]e p

| —40 °C, PhMe, 1 h
80%
O
CO,Et [PhsPCuH]g oH EO0zMe
| r.t., PhMe, 18 h
COoMe

CO,Et

84%
Scheme 4

lecular reductive aldol cyclization (Scheme4).® Al-
though aldehydes cannot be used in this reaction due to
their competitive reduction by Stryker's reagent,® this
methodol ogy allowed the generation and reaction of ester
enolatesin the presence of the more acidic ketones. In our
continuing studies of this reducing system, we have found
that a catalytic amount of Stryker’'s reagent with PMHS
induced reductive aldol cyclizations of alkynediones such
as 7 and 9 at low temperatures with good diastereosel ec-
tivities (Scheme 5).2° Both five and six-membered ring
cyclizations occurred readily to generate highly function-
alized B-hydroxyalkenones such as 8 and 10 as products,
which interestingly resemble products from intramol ecu-
lar BaylisHillman reactions. While over-reduction is
clearly asidereaction, B-hydroxyalkenones have been ob-
tained as the major products in all cases examined, the
alkynones being significantly more reactive toward re-
duction than the hindered alkenone products.

The achievement of these diastereoselective, catalytic
processes using organosilanes as reductants should pave
the way for the future developments of additional novel
organosilane reducing systems and enantiosel ective trans-
formations for organic synthesis.
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cat [PthuH]e

COzEt o
HO.
CO,Et

PMHS, PhMe
-40°C,0.25h
8 65%
o
HO
cat [Ph3CuH]5
PMHS, PhMe
-40°C,25h
10 56%

Scheme 5

Reactions were carried out under argon atmosphere employing
standard inert atmosphere techniques, using glassware oven-dried
at 120 °C for at least 4 h. Prior to use in reactions, solvents were
dried according to standard procedures and were degassed by bub-
bling in argon for 30 min. Commercially available compounds were
used without further purification. IR spectra were recorded on a
Bio-Rad FT-IR spectrometer. *H and *3C NMR spectrawere record-
ed on Bruker DRX 300 or AV 400 spectrometers, and are reported
downfield from TMS at § = 0.00 ppm for *H NMR spectraand rel-
ative to CDCl; at § = 77.03 ppm for 3C NMR spectra. Low and
high resolution mass spectra were recorded on a Finnigan MAT90
mass spectrometer.

(3aR*,8aS*)-1-Acetyl-8a-hydr oxy-6-methyl-4,7,8,8a-tetr ahy-
dro-3H-azulene-3a-car boxylic acid ethyl ester (8): Catalytic Re-
ductive Aldol Cyclization; General Procedure

[Ph;PCuH]¢ (4.0 mg, 0.012 mmol) was transferred into an oven-
dried flask in a dry-box. The flask was capped with a septum and
removed from the dry-box. Anhydrous and degassed toluene (1.0
mL) was added and the solution was cooled to —40 °C. To the solu-
tion was added PMHS (0.014 mL, 0.233 mmol), followed by sub-
strate 7 (32.2 mg, 0.117 mmol) in toluene (1.0 mL). After 15 min,
the reaction was quenched by adding sat. aqg NH,Cl (1 mL), and stir-
ring for 2 h further, open to air. The resulting mixture was filtered
through a silica gel plug, which was washed with EtOAc (10 mL).
The organic layer was separated, and the agueous layer was back-
extracted with EtOAc (2 x 5 mL). The combined organics were
dried over MgSO, and concentrated. Flash chromatography (0—
20% EtOAc in hexane) of the residue gave 8 (21.1 mg, 65%); R;
0.30 (30% EtOAc in hexane).

IR (CH,Cl,): 3692, 3055, 2998, 1722, 1656, 1551, 1376, 1197,
1179, 1097, 1030cm™.

IH NMR (300 MHz, CDCl,): § =6.98 (t, = 2.7 Hz, 1 H), 5.17 (m,
1H), 413 (qd, J = 7.1, 20 Hz, 2 H), 3.72 (br s, 1 H), 3.07 (d, J =
13.5Hz, 1 H), 3.01 (dd, J = 19.4, 3.1 Hz, 1 H), 2.67 (dd, J = 19.4,
2.4 Hz, 1H), 254 (m, 1H), 2.32 (s, 3H), 2.15 (m, 3H), 1.75 (m, 1
H), 1.58 (s, 3 H), 1.22 (t, J = 7.1 Hz, 3 H).

13C NMR (75 MHz, CDCly): § = 197.7, 174.4, 147.4, 143.7, 139.0,
119.3, 88.3, 61.5, 60.7, 39.4, 34.4, 31.4, 29.9, 27.2, 25.3, 14.1.

LRMS (20 eV): mVz= 278 (30) [M*], 260 (30), 214 (15), 187 (100),
171 (17), 143 (24).

Synthesis 2004, No. 13, 2210-2215 © Thieme Stuttgart - New Y ork

HRMS (El): m/z [M*] cacd for C,;H,,0, 278.1518; found:
278.1516.
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