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CONSPECTUS

he reduction of diverse functional groups is an essential

protocol in organic chemistry. Transition-metal catalysis
has been successfully applied to the reduction of olefins,
alkynes, and many carbonyl compounds via hydrogenation
or hydrosilylation; the latter presenting several advantages
over hydrogenation. Notably, hydrosilylation generally occurs
under mild reaction conditions, and consequently over-re-
duced products are rarely detected. Moreover, the great
majority of hydrosilanes employed in this reaction are eas-
ily handled, inexpensive, or both.

A large number of multiple bonds can be involved in this
context, and the hydrosilylation reaction can be regarded as
a useful method for the synthesis of silicon-containing organic
molecules or a convenient way of reducing organic com-
pounds. Furthermore, the silyl group can also be retained as
a protecting group, a strategy that can be of great useful-
ness in organic synthesis.

Since the first Wilkinson’s catalyst-mediated hydrosilylation of ketones in 1972, metals such as rhodium and iridium have
attracted most of the attention in this area. A wide array of catalytic systems for hydrosilylation reactions is nowadays avail-
able, which has allowed for a great expansion of the synthetic scope of this transformation.

After having been overlooked in the early years, group 11 metals (Cu, Ag, and Au), especially copper, have emerged as
appealing alternatives for hydrosilylation. The use of a stabilized form of copper hydride, the hexameric [(Ph,P)CuH],, by
Stryker represented a breakthrough in copper-catalyzed reduction reactions. Nowadays, several copper-based catalytic sys-
tems compare well with a variety of reported rhodium-based catalysts, which generally suffer from the high cost of the cat-
alyst. Tertiary phosphine ligands are the most widely used in these transformations. However, other families such as
N-heterocyclic carbenes (NHCs) have shown promising activities.

Compared with copper, little attention has been paid to silver- or gold-based catalysts. Silver salts have been consid-
ered inert towards hydrosilylation, and they are often employed as innocent anion exchange reagents for the in situ gen-
eration of cationic transition metal catalysts. Despite the rare reports available, they have already shown interesting reactivity
profiles, for example, in the chemoselective reduction of aldehydes in the presence of ketones. Furthermore, 1,2-hydride deliv-
ery is favored over 1,4-reductions for o, /-unsaturated carbonyl compounds, in contrast with most copper-based systems.
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Introduction

Reduction of carbonyl and pseudocarbonyl func-
tions represents an essential protocol in organic
synthesis." Main group metal hydrides, especially
those of boron and aluminum, can accomplish this
transformation, but they are required in stoichio-
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metric amounts, which renders them unattractive
for practical, environmental, and economical rea-
sons. Transition-metal catalysis has been success-
fully applied to the reduction of olefins, alkynes,
and many carbonyl compounds via hydrogena-
tion or hydrosilylation.” Hydrogenation reactions
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often proceed in good yields but usually only under high pres-
sure or at elevated temperature. In contrast, since the first
report of metal-catalyzed hydrosilylation of ketones in the
presence of Wilkinson’s catalyst,3 smooth reaction conditions
can be employed, and consequently, over-reduction products
are rarely detected. Furthermore, the development of chiral
ligands has also allowed for the production of optically active
products under mild and simple conditions.

On the other hand, since a large number of multiple bonds
may be involved, the hydrosilylation reaction can be regarded
as a useful method for the synthesis of a whole family of sil-
icon-containing organic molecules or as a convenient way of
reducing organic compounds. In the hydrosilylation of carbo-
nyl compounds or imines, a hydrosilylation/hydrolysis se-
quence leads to the formation of alcohols and amines, but the
silyl group can also be retained as a protecting group, a strat-
egy that can be of great usefulness in organic synthesis.

Moreover, the great majority of hydrosilanes employed in
this reaction are easy to handle, inexpensive, or both. Poly-
methylhydrosiloxane (PMHS) must be singled out as a very
convenient and most inexpensive reagent.

This Account intends to give a general overview of the pos-
sibilities that metals of group 11 (Cu, Ag, and Au) can offer to
organic chemists in the context of hydrosilylation reactions.*
Although phosphine ligands have been most widely used for
these transformations, here a special focus will be made on
the utilization of N-heterocyclic carbenes (NHCs).>

Copper-Based Catalytic Systems

a. Hydrosilylation of Carbonyl Compounds. The “Cu—H" is
among the earliest metal hydrides reported in the literature,®
but for a long time it was considered to have limited poten-
tial as a reagent in organic chemistry.” A stabilized form of
copper hydride, the hexameric [(Ph;P)CuH]g, was first reported
by Osborn,® and Stryker et al. demonstrated its usefulness in
conjugate reductions of a number of a,f-unsaturated carbo-
nyl derivatives with high regioselectivity.® The main draw-
back of this complex is that it is most effective as a
stoichiometric reducing agent. Catalytic reactions under hydro-
gen atmosphere have been reported, but very careful moni-
toring is required in order to avoid important formation of
over-reduced products.'® Combination of Stryker’s catalyst
with a hydrosilane as hydride source allowed for the regiose-
lective conjugate reduction of carbonyl compounds under
mild conditions.'’ Hydrosilylation can be performed asym-
metrically in the presence of a nonracemic ligand."? In situ
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SCHEME 1. [(NHC)Copper(l)]-Catalyzed Reductive Aldol
Condensation

o E
L, « J
R!”R? R3
R'=Alkylor Aryl  R3®=HorMe
R?=H or Me E = CO,Me, COMe or CN
[(IMes)Cu(DBM)] (1 mol %)
Me(EtO),SiH (1.2 equiv)
Toluene, RT
70 - 80%
OSi(OEt),Me OSi(OEt),Me
R27|\/E * RZ-AE
R' = R' :
.\R3 ~R3

major
DBM = dibenzoylmethanoate

generation of the active species from a copper salt, the Ii-
gand of choice, and a base is also an efficient and simple
method.'?

Alternatively, when using a copper hydride as reducing
agent in a conjugate reduction, the copper enolate interme-
diate can be directly engaged in further reactions rather than
quenched. The intramolecular conjugate reduction/aldol con-
densation tandem reaction was first explored with Stryker’s
reagent as a stiochiometric'* or catalytic'® source of hydride.
The use of other ligands, mainly diphosphines, has allowed for
the generalization of this methodology.'® To date, there is a
single example involving NHC ligands in this tandem reac-
tion."” With an IMes (IMes = N,N'-bis(2,4,6-trimethylphe-
nyl)imidazol-2-ylidene) ligand, the direct reduction of the
electrophiles (aldehydes or ketones) was minimized, and good
yields were obtained from a number of electrophilic double
bonds (Scheme 1). A reasonable anti diastereoselectivity was
obtained with this catalytic system.

Interestingly, the conjugate reduction of ketones can be cat-
alyzed by simple copper(l) salts when 1,3-dimethylimidazoli-
dinone (DMI) is used as solvent, which most probably also acts
as a ligand."® This system was also the first one used for the
hydrosilylation of simple ketones although the process was
stoichiometric in copper.'®

Lipshutz et al. achieved the catalytic hydrosilylation of
ketones and aldehydes with Stryker’s catalyst and different
hydrosilanes.?° Further studies, notably regarding the stoichi-
ometry of the reagents and the influence of the ancillary
ligand,?' led to the effective formation of silyl ethers in high
yields at room temperature (Scheme 2).

Additionally, asymmetric versions of this reaction were
reported by the Lipshutz group. Aromatic ketones could be
reduced by PMHS in excellent yields and optical purities using
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SCHEME 2. Copper-Catalyzed Hydrosilylation of Ketones

CuCl (0.5 mol %), L (0.1 mol %)

NaOBu (3 mol %) OSiEt,

R "R?  E,SiH (1.2 equiv), Et,0, RT R'” “R2

B

SCHEME 3. Asymmetric Copper-Catalyzed Hydrosilylation of
Aromatic and Heteroaromatic Ketones

CuCl (3 mol %), L* (3 mol %)

j\ NaOBu (3 mol %) JO\H
R!” "R? PMHS (1.2 equiv) R'"*"R?

Toluene, -50 or -78°C

R' or R2 = Heteroaromatic

Bu

o OMe

<

0 P Bu /2

0 P. Bu

.g

© ome/,
Bu

68 - 98%, 51 - 99% ee

R' or RZ = Aromatic

f%i

2
85 - 99%, 67 - 95% ee

SCHEME 4. Copper-Catalyzed Asymmetric Hydrosilylation of
Ketones under Aerobic Conditions

GuF, (1 mol %), L* (1 mol %)

e} PhSiH; (1.2 equiv) OH
R"” "R? Toluene, RT, air R+« ~R2
79 -100%
20 -92% ee

CO,
oy

(S)-BINAP

L*=

a chiral Roche BIPHEP ligand (Scheme 3).%2 In the hydrosily-
lation of heteroaromatic ketones, a SEGPHOS ligand was used
instead, in order to ensure good asymmetric inductions.*>

The use of Cu—F systems was first studied for the conju-
gate reduction of a,f-unsaturated ketones in stoichiometric
conditions.?* Concomitant with Lipshutz’s work, Riant et al.?>
reported that the combination of copper(ll) fluoride with a
chiral phosphine catalyzed the hydrosilylation of ketones with
moderate to excellent enantioselectivities (Scheme 4). Low cat-
alyst loadings (down to 0.05 mol %) and compatibility with
the presence of water are important features of this catalytic
system, but above all, an interesting accelerating effect of oxy-
gen allowed for the reactions to proceed under aerobic con-
ditions. Similar results using a dipyridylphosphine were later
reported by Wu and co-workers.?®
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SCHEME 5. BINAP-Based Asymmetric Hydrosilylation of Ketones
CuCl (5 mol %)
(R)-BINAP (5 mol %)
NaOBu (5 mol %)

- - 99 - 75%
PhMeSiH; (4 equiv) 165 -97% ee
Toluene, -78°C
o then NaOH, MeOH OH
Ar R Ar” =R

Cu(OACc),'H,0 (3 mol %)
(S)-BINAP (3 mol %)
Ph,SiH, (2 equiv)

T96—8‘I%
79 - 89% ee

Toluene, 0°C, then TBAF

SCHEME 6. Postulated Intermediates for the Silane-Dependent
Hydrosilylation Reactions

R SHR,
— [ LCu-H
A
P H

R
[ Cu—H + R,SiH, —
P

P _H
L . [jcl( SSiHR,
P OH

It is important to note that the beneficial effect of oxygen
is not general to all Cu—F systems and oxygen inhibition
rather than acceleration was observed in the conjugate reduc-
tion of nitroalkenes®” or o,B-unsaturated dinitriles,?® for
example.

A last advantage of Riant’s catalytic system is the use of
BINAP, an inexpensive and readily available ligand. The use
of BINAP in ketone hydrosilylation has been further studied
with two different copper sources, CuCl*® and the air and
moisture stable Cu(OAQ), - H,0.2° Both systems proved highly
efficient, and the corresponding chiral secondary alcohols
were obtained in good yields and ee’s (Scheme 5).

Interestingly, whereas the enantioselectivity of the reac-
tion was highly dependent on the nature of the silane in the
presence of CuCl, no such effect was observed when using a
copper(ll) salt. This suggests two distinct mechanistic path-
ways. In particular, two intermediates that would account for
the silane effect in the presence of copper(l) salts have been
postulated: a copper(lll) intermediate resulting from an oxida-
tive addition to a copper(l) hydride or a pentacoordinate sili-
con species generated by the interaction of the same hydride
with a molecule of silane (Scheme 6).

Although no asymmetric versions have been reported yet,
N-heterocyclic carbenes have been shown to be interesting
alternatives to phosphines for the copper-catalyzed hydrosi-
lylation of carbonyl groups. [(NHC)copper(l)] complexes,
[(IPr)CuCl] in particular (IPr = N,N'-bis(2,6-diisopropylphe-
nyl)imidazol-2-ylidene), were first reported as catalysts in con-
jugate reduction reactions of a,-unsaturated esters and cyclic
enones.?' High yields were obtained in both reactions in tol-
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SCHEME 7. [(IPr)CuCl]-Catalyzed Hydrosilylation of Different
Carbonyl Compounds

0 [(IPNCUCI] (0.1-3 mol %) o
NaO'Bu (0.1-3 mol %)

R? Toluene, RT, 1-3 h M e

PMHS (1.03 equiv)

o} [(IPHCUCI] (0.3-2 mol %) o}

{] _: [ 1
NaOBu (0.3-2 mol %) Eto)j:R
2

PMHS (1.03-4 equiv)

Ph” "R 'BUOH (4 equiv) Ph” "R
Toluene, RT, 1-4 h 91 - 93%
[(IPr)CuClI] (3 mol %)
j\ NaO'Bu (6-12 mol %) OSiEt,
R! R? Et3SiH (3 equiv) R! R2
Toluene, RT, 0.75-3 h 82 - 96%

uene at room temperature (Scheme 7). Our concomitant work
showed that the same complex could be used in the hydrosi-
lylation of simple ketones to afford the corresponding silyl
ethers in excellent yields.>* For both transformations, the in
situ generation of the active species from a copper salt, a
ligand precursor, and a base was studied and represents an
efficient and simple method. Related copper complexes bear-
ing a tetrahydropyrimidin-2-ylidene have also been reported
to be active in the hydrosilylation reaction of ketones and
aldehydes.??

Despite encouraging preliminary studies, modest results
were obtained for hindered ketones in the presence of
[(IPr)CuCl]. Even if total conversions could be obtained at 80
°C, higher temperatures or extended reaction times were
required for the most challenging substrates.?*

A close examination of the ligand influence on the reac-
tion showed that ICy (ICy = N,N'-bis(cyclohexyl)imidazol-2-
ylidene) was the most suitable ligand for encumbered
substrates. It is noteworthy that the bulkiest carbenes, IAd and
[tBu (IAd = N,N'-bis(@adamantyl)imidazol-2-ylidene; [tBu = N,N'-
bis(tert-butyl)imidazol-2-ylidene) yielded the hydrosilylated
product in good reaction times (Scheme 8). These results
imply once more that not only steric but also electronic effects
are important in this reaction.?>

With [(ICy)Cudl], a number of ketones with varying conges-
tion around the carbonyl function could be reduced efficient-
ly: alkyl, aromatic, aliphatic, cyclic, and bicyclic ketones
(Scheme 9). Even highly congested starting materials yielded
the corresponding silyl ethers in high yields and acceptable
reaction times. The scope of this catalytic system was also
extended to ketones bearing diverse functional groups such
as amine, ether, or halogen.

Despite the broad scope of [(ICy)CuCl], ketones contain-
ing a pyridine or a thiophene ring led to disappointing
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SCHEME 8. NHC Screening for the Hydrosilylation of Dicyclohexyl
Ketone

CuCl, NHC-HBF, (3 mol %)

0 OSiEt.
NaO'Bu (20 mol %) =
Cy~ “Cy Et;SiH (5 equiv) Cy~ Cy
Toluene, 80°C
SlPr
&/ \ﬁ &/ \ﬁ CY’NVN i
Conv (t=1h) 20% 0% 100%
Max conv (time) 100% (4 h) 13% (24 h)
IAd ItBu
= ™~
NHC Q/NXN\@ %NXN%
Conv (t=1h) 35% 33%

Max conv (time) 100% (3 h) 100% (3.5 h)

SCHEME 9. [(ICy)CuCl]-Catalyzed Hydrosilylation of Hindered and
Functionalized Ketones

[(ICy)CuCI] (3 mol %)

o NaOBu (12 mol %) OSiEt,
R1/U\R2 Et;SiH (3 equiv) R1 R2
Toluene, 80°C
OSiEt OSiEt;
OSiEt,
1.5h, 93% 4h 91% 0.5h, 97%
OSiEt, Cl OSiEty OSiEt,
MeQO
N
I
1h, 93% 1.5h, 97% 0.5 h, 94%

results. The reactivity of different carbene precursors in the
hydrosilylation of the 2-acetylpyridine was closely exam-
ined. It was found that in the particular case of heteroaro-
matic ketones, the best results were obtained with SIMes as
ligand (SIMes = N,N'-bis(2,4,6-trimethylphenyl)-2,5-dihy-
droimidazol-2-ylidene).

Interestingly, it was also observed that copper(ll) salts could
be used in this reaction. Concomitantly, Yun et al. reported
that the hydrosilylation of ketones could be catalyzed by cop-
per(ll) salts in combination with an NHC ligand,® as it had
been previously shown with a chiral phosphine.3° For the
moment, no evidence is available to unequivocally establish
whether the active species is a copper(l) or a copper(ll) hydride.

Another family of NHC-containing complexes of general
formula [(NHC),Cu]X (X = PFg~ or BF, "), has recently been the
subject of a thorough study.” The activity of these cationic
bis-NHC complexes in the hydrosilylation of ketones was
examined, and both the ligand and the counterion showed a
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SCHEME 10. [(IPr),Cu|BF,-Catalyzed Hydrosilylation of Carbonyl
Compounds

[(IPr),Cu]BF4 (3 mol %)

o NaO'Bu (12 mol %) OSiEty
R1JJ\R2 Et;SiH (2 equiv) R "R?
THF, 1t - 55°C
OSiEt, OSiEt,
OSiEt, .
40 min i
50 min O OSiEt,
98%
7h 6h
99% 89%

(from ethyl phenylacetate)

SCHEME 11. Catalysts Comparison

o [Cu] (3 mol %) OSiEt,
NaO'Bu (12 mol %)
conditions
[(IPr)CuCI] [(IPr),Cu]BF,
Et;SiH (3 equiv)  Et3SiH (2 equiv)
Toluene, RT THF, RT
3 h, 83% 0.5h, 98%

o [Cu] (3 mol %) OSiEty
NaO'Bu (12 mol %)
Bt bl A

conditions

[(ICy)CuCl]
Et;SiH (3 equiv)

[(ICy);Cu]BF,
Et,SiH (2 equiv)

Toluene, 80°C THF, 55°C
0.5 h, 99% 1.5h, 98%
1.5 h, 50%3

¢ Reaction conditions: Et;SiH (2 equiv), toluene, 55 °C.

significant influence on the catalytic performance. Whereas
the ligand influence could not be rationalized by using pure
steric or electronic effect arguments, complexes with BF,~
counterion were systematically superior to their PFs~ ana-
logues. For instance, under the same reaction conditions,
cyclohexanone was quantitatively transformed into the corre-
sponding silyl ether in 2 h in the presence of [(IPr),Cu]PFg,
whereas only 30 min were required with the borate analogue.
Representative examples of the remarkable catalytic activity of
[(IPr);CulBF, are shown in Scheme 10: ketones (hindered or
not), aldehydes (also enolizable ones), and esters were suit-
able substrates for this copper complex.

Smoother reaction temperatures and a smaller excess of
hydrosilane are the obvious advantages of these cationic com-
plexes when compared with [(NHC)CuCl]. Moreover, when sub-
mitted to comparable reaction conditions, the cationic species
proved to be more efficient than their neutral analogues
(Scheme 11). Cyclohexanone was more efficiently reduced in
the presence of [(IPr),Cu]BF, than with its neutral analogue. For
more hindered ketones, the activity of [(ICy)CuCl] was com-
pared with [(ICy),Cu]BF, using dicyclohexyl ketone as sub-
strate. In this case, a faster reaction was obtained with the

SCHEME 12. Proposed Mechanism for the (NHC)Copper-Catalyzed
Hydrosilylation of Ketones

NaOBu
[(NHC)CUCI] — = [(NHC)CuO'Bu] + NaCl

OS|R3 R3S|H

[(NHC)CuH]
R3Si- O[Bu
R,SiH
O Cu(NHC) (NHC)HCu.,

R
\NHC)GU J

neutral complex but under more forcing conditions. However,
when comparable reaction conditions were used (T = 55 °C,
2 equiv of hydride source), the cationic complex was found to
be the optimum catalyst.

The proposed mechanism for the [(NHC)CuCl]-catalyzed
hydrosilylation of ketones is shown in Scheme 12. First, for-
mation of [[NHC)CuO¢Bu] from the starting complex and the
base would occur. Then, the active catalyst, an NHC copper
hydride species, would be formed by a o-bond metathesis
between the copper alkoxide and the hydrosilane. These steps
are supported by the isolation and characterization of both
complexes.®® Hence, [(IPr)CuH] was isolated as an unstable
dimeric complex that readily reacts with a terminal alkyne to
provide the corresponding hydrocupration product. Addition
of the copper hydride to the carbonyl would result in a cop-
per alkoxide that would undergo another o-bond metathesis
with the hydrosilane to form the expected silyl ether and
regenerate the active catalyst.>°

This mechanism is in agreement with the experimental evi-
dence for the phosphine—copper catalytic systems,*° but it
does not explain why an excess of base is generally required
in order to complete the reaction with NHC-based catalytic sys-
tems. Because it is well-known that hydrosilanes are prone to
nucleophilic attack, we proposed that the excess base that is
generally required could interact with the hydrosilane and
facilitate the second o-bond metathesis.

In the case of the cationic complexes, the activation step of
[(NHO),Cu]X toward hydrosilylation was investigated by 'H
NMR to find that one of the two NHC ligands is displaced by
tBuO™ in the presence of NaOtBu, producing the neutral
[(NHCO)CuOtBuU], direct precursor of the active species. The
released NHC, being nucleophilic,*' could then ease the
o-bond metathesis leading to the formation of the silyl ether.
It has been postulated that the difference of activity between
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SCHEME 13. Activation of [(NHC),Cu]X Complexes Toward
Hydrosilylation
‘B

[(NHC),Cu]X [(NHC)CuO'Bu] + NHC+ NaX
THF -
X =BF, 85%
X=PFg 30%

SCHEME 14. Copper-Catalyzed Asymmetric Hydrosilylation of
Imines

CuCl (6 mol %)
L* (6 mol %)
NaOBu (6 mol %)
90 - 99%
TMDS (3 equiv) 194 ~90% ee
N BuOH (3.3 equiv)
- oy Toluene, RT 7
R1J|\R2 ] HJ\J\’ Pixylyl),
Cu/C (5 mol %) R R2
L* (7 mol %)
PMHS (6 equiv) T 90 - 92%
99 -98% ee
Toluene, RT

then NaOH, MeOH
TBDS = tert-butyldiphenylsilane

these two catalytic systems would arise from the more effi-
cient activation of the hydrosilane by the NHC ligand than by
tBuO™.

Moreover, the previously mentioned counterion effect in
the catalytic studies could be rationalized as a consequence of
the difference in solubility in the reaction solvent of the inor-
ganic salts formed (Scheme 13).

b. Hydrosilylation of Unsaturated Functions Other
than Carbonyl Groups. As early as 1967, the copper-cata-
lyzed hydrosilylation of isocyanides was reported.*? It is there-
fore surprising to notice that the activity of copper hydrides
toward unsaturated groups other than the carbonyl bond
remains greatly unexplored.

Two catalytic systems for the copper-catalyzed hydrosily-
lation of imines have been reported so far. A SEGPHOS ligand
has been shown optimal for the effective asymmetric hydrosi-
lylation of aryl ketimines at room temperature. A diphe-
nylphosphinyl moiety was introduced in the starting material
to weaken the otherwise strong copper—nitrogen bond in the
plausible reaction intermediate. CuCl can be used as copper
source,*® and interestingly, copper-in-charcoal is another
attractive alternative (Scheme 14).** This heterogeneous
reagent was prepared by impregnation of a copper(ll) salt
within a charcoal matrix using sonication to promote an even
distribution of metal. A chiral copper(l) hydride would then be
generated by reaction with the ligand and NaOPh in the pres-
ence of a silane. Ketones, o,S-unsaturated ketones, esters, and
lactones were also good substrates for this reagent. Recycling
tests showed that direct utilization of the heterogeneous
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SCHEME 15. Copper-Catalyzed Reduction of Alkynes
[(PhaP)CuHJg (3 equiv)

H,0 (5 equiv), CeDg l 95 - 42%
RT or 80°C
RI——R? — R! R?
Cu(BF,), (2-2.3 equiv)
R?=SO,R | Et,MeSiH (2-2.3 equiv) T 82 -70%

PrOH, RT

reagent, after simple filtration from a reaction mixture,
afforded the comparable yields and ee’s. Notably, no addi-
tion of ligand or base was required for the second run, which
indicates that the chiral phosphine remains most likely seques-
tered by the copper center.

The stoichiometric reaction of alkynes with Stryker’'s
reagent led to their selective reduction to cis-alkenes.*> While
terminal alkynes could be reduced at room temperature, inter-
nal alkynes only reacted at high temperatures. However, elec-
tron-withdrawing substituents can activate disubstituted
alkynes toward reduction and acetylenic sulfones could be
transformed into the corresponding cis-vinylic sulfones at
room temperature (Scheme 15).¢ The postulated active spe-
cies in this report, a copper(ll) hydride, was generated in situ
by the reaction of a divalent copper salt and a hydrosilane.
Such a complex would be an efficient reducing agent for this
kind of alkynes, but unlike most copper(l) hydride species, it
would not effect conjugate reduction.

Alternatively, Sadighi and co-workers reported the hydro-
cupration of 3-hexyne by an isolated dimeric [(NHC)CuH],
complex.®® Nevertheless, only a particular kind of alkynes has
been thoroughly examined to date with NHC-containing cat-
alytic systems, propargyl oxiranes, which diastereoselectively
yield o-hydroxyallenes diversely functionalized (Scheme
16).*” Of note, this study represents the only example of sub-
stoichiometric copper-catalyzed reduction of alkynes.

Silver-Based Catalytic Systems

Despite the efficiency of copper complexes in the hydrosily-
lation reactions and the growing interest in the gold-catalyzed
version, little attention has been paid to silver-containing cat-
alysts. In fact, silver salts have been considered as inert toward
hydrosilylation, and they are often employed as innocent
anion exchange reagents for the in situ generation of cationic
transition metal catalysts. In this context, while studying car-
bonyl hydrosilylations catalyzed by [(pybox)RhCl5]/AgX sys-
tems (pybox = 2,6-bis(oxazolinyl)pyridine), Nishiyama and
co-workers observed the ability of free AgX salts to mediate
the hydrosilylation of acetophenone to a certain extent.*®
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SCHEME 16. Copper-Catalyzed Reduction of Propargyl Oxiranes

O
. R?
R’ ~
1) CuCl (3 mol %), NHC-HX (3 mol %)
NaOBu (0.1 equiv), PMHS (2 equiv)
Toluene, RT,0.5-15h
2) BuyNF-3H,0 (2 equiv)
H H
Fo
R’ R?
HO
50-86 %
SIMes-HCI IBiox7-HOTf

s

TIO—

SCHEME 17. Silver-Mediated Chemoselective Hydrosilylation

v WW

AgOTf (3 mol %), PEts (20 mol %)
Me,PhSiH (2 equiv), THF, RT

OSIMezPh

However, in the presence of the pybox ligand, the silver salts
did not exhibit any catalytic activity.

The first systematic evaluation of silver salts in a hydrosi-
lylation reaction was reported in 2006,*° and AgOTf was
shown to catalyze the hydrosilylation of aldehydes at room
temperature. Lower reaction rates were obtained when a
ligand was used, although cleaner reactions were obtained.
PEts, PBus, and 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene
provided comparable high yields, whereas more sterically hin-
dered or branched trialkylphosphines afforded significantly
lower yields. The presence of a ligand had the extra advan-
tage of rendering the transformation chemoselective; an alde-
hyde could be reduced in the presence of a ketone and only
a 1,2-hydride delivery occurred with an a,f-unsaturated alde-
hyde as substrate (Scheme 17).

In a first approach, the isolation of Me,PhSiOTf as a
byproduct in these reactions suggests the possible interme-
diacy of a “AgH” species.

SCHEME 18. Gold-Catalyzed Hydrosilylation of Aldehydes
[(PhgP)AUCH] (3 mol %)

(@] PBujz {20 mol %) H3O*
, ‘ R OH
R H PhMe,SiH (2 equiv)
DMF, 70 °C 51-94%

Gold-Based Catalytic Systems

The first gold-catalyzed hydrosilylation of carbonyl com-
pounds was reported in 2000.°° A soluble gold(l) complex in
combination with an excess of phosphine led after hydroly-
sis to the formation of primary alcohols from the correspond-
ing aldehydes (Scheme 18). It is important to note that while
the gold complex was inactive even in the presence of a large
excess of PPhs, the addition of PBus resulted in the forma-
tion of the active species of unknown structure to date. Sim-
ilarly to the silver-based catalyst, a,5-unsaturated aldehydes
only reacted in a 1,2-manner with this system, and ketones
were completely inert, which allowed for chemoselective reac-
tions. The reduction of an aldimine was also achieved after a
4 day reaction at room temperature.

Since this first report, fluorine-containing phosphines®' or
alternative gold sources such as [(Me,S)AuCl]>? have been
studied. In all cases, a large excess of a phosphine ligand, typ-
ically PBus, was required in order to achieve good catalytic
activity. Rather than improving the reaction rate, the role of
the ligand would be to stabilize the active gold species in the
presence of the reducing hydrosilane, preventing the deacti-
vation of the catalyst via formation of gold clusters and metal-
lic gold.>® Further mechanistic studies pointed out that not
only the phosphine but also the starting aldehydes conferred
this stabilizing effect on the gold complex or helped form the
catalytically active species.>*

Concluding Remarks

Since the first rhodium-catalyzed hydrosilylation of ketones in
1972,2 considerable efforts have been dedicated to the devel-
opment of more efficient catalysts. After having been over-
looked in the early years, the use of copper-based catalysts for
diverse hydrosilylation reactions is now a well-established and
efficient methodology. A high level of efficiency and selectiv-
ity has been reached, and a number of user-friendly proce-
dures are available. Several catalytic systems presented here
compare well with reported rhodium-based catalysts, which
generally suffer from a strong economical drawback. Nota-
bly, high turnover number (TON) and turnover frequency (TOF)
values were obtained with the copper(l) fluoride—
diphosphine systems reported by Riant*> (TON = 2000, TOF
=111 h~") and Chan?® (TON = 100, TOF = 600 h™ ") in the
asymmetric hydrosilylation of acetophenone. These values
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compare favorably with the rhodium—diphosphine system
reported by Imamoto>> (TON = 86, TOF = 1 h™") or the pla-
nar PN ligand—Rh system reported by Fu®® (TON = 94, TOF
=5 h~"). However, important improvements need to be made
in order to reach the efficiency of systems like Nishiyama’s
pybox—Rh (TON = 8700, TOF = 4300 h~'").*® On the other
hand, Lipstutz’'s bisphosphine—copper systems have been
shown to be effective even at substrate-to-ligand ratios of
100 000.22° This value is of special importance since last gen-
eration ligands are usually more expensive than the common
metal sources.

After an initial period of discovery, group 11 systems have
several challenges to overcome. For instance, no copper-based
system has been reported to date for the asymmetric reduc-
tion of dialkyl ketones. Moreover, alkynes, alkenes, or allenes
have been largely ignored in the context of copper-catalyzed
hydrosilylation reactions. Ultimately, the discovery of a “uni-
versal” copper catalyst that would allow for the efficient (@asym-
metric) reduction of different families of compounds would be
highly desirable.

The study of diverse families of ligands other than phos-
phines, such as NHCs, or further research around other
group 11 metals could be keys for surmounting these chal-
lenges. Compared with coppet, silver and gold have been
scarcely studied in this context, but both metals have
already shown significant complementarities to their neigh-
bor (for instance, 1,2-reductions have been shown as
favored over 1,4-reductions). We believe that the success
encountered so far will encourage further research into the
general scope of copper, silver, and gold hydrosilylation
and related reactions.

The ICIQ Foundation is gratefully acknowledged for financial
support of this work as are the Petroleum Research Fund
administered by the ACS and the Ministerio de Educacion y
Ciencia. S.P.N. is an ICREA Research Professor.

BIOGRAPHICAL INFORMATION

Silvia Diez-Gonzadlez received her M.Sc. in organic chemistry
from the Universidad del Pais Vasco (Spain) and the Université
Paris XI (France), where she then completed her Ph.D. on orga-
nosilicon chemistry. In 2004, she obtained a postdoctoral posi-
tion in the research group of Professor Steven P. Nolan at the
University of New Orleans. In 2006, she followed him to the ICIQ
in Tarragona where she was offered a position as Group Coordi-
nator. Her research interests are currently focused on the devel-
opment and catalytic applications of transition metal complexes.

Steven P. Nolan received his B.Sc. in chemistry from the Univer-
sity of West Florida and his Ph.D. from the University of Miami

356 = ACCOUNTS OF CHEMICAL RESEARCH = 349-358 = February 2008 = Vol. 41, No. 2

where he worked under the supervision of Professor Carl D. Hoff.
After a postdoctoral stay with Professor Tobin J. Marks at North-
western University, he joined the Department of Chemistry of the
University of New Orleans in 1990. He is now Group Leader and
ICREA Research Professor at the ICIQ in Tarragona (Spain). His
research interests include organometallic chemistry and homo-
geneous catalysis.

FOOTNOTES
*E-mail addresses: sdiez@icig.es; snolan@icig.es.

REFERENCES

1 Smith, M. B.; March, J. March’s Advanced Organic Chemistry, Wiley-Interscience:
New York, 2001.

2 (a) Qjima, I.; Li, Z.; Zhu, J. In Chemistry of Organic Silicon Compounds; Rappaport,
Z., Apeloig, Y., Eds.; Wiley: New York, 1998; Vol. 2, pp 1687—1792. (b) Itsuno, S.
Enantioselective Reduction of Ketones in Organic Reactions; Paquette, L. A. Ed.;
Wiley-VCH: Weinheim, Germany, 1998; Vol. 52, pp 395-576. (c) Nishiyama, H. In
Comprehensive Asymmetric Catalysis, Jacobsen, E. N., Pfaltz, A., Yamamoto, H.
Eds.; Springer: Berlin, 1999. Chapter 6.3. (d) Carpentier, J. F.; Bette, V. Chemo-
and Enantioselective Hydrosilylation of Carbonyl and Imino Groups. An Emphasis on
Non-Traditional Catalyst Systems. Curr. Org. Chem. 2002, 6, 913-936. (e) Riant,
0.; Mostefai, N.; Courmarcel, J. Recent Advances in Asymmetric Hydrosilylation of
Ketones, Imines and Electrophilic Double Bonds. Synthesis 2004, 2943-2958.

3 0jima, I.; Nihonyanagi, M.; Nagai, Y. Rhodium Complex Catalysed Hydrosilylation of
Carbonyl Compounds. J. Chem. Soc., Chem. Commun. 1972, 938a.

4 For complementary reviews, see: (a) Lipshutz, B. H. In Modern Organocopper
Chemistry, Krause, N., Ed.; Wiley-VCH: Weinheim, Germany, 2002; pp 167—187.
(b) Rendler, S.; Qestreich, M. Polishing a Diamond in the Rough: “Cu-H" Catalysis
with Silanes. Angew. Chem., Int. Ed. 2007, 46, 498-504.

5 (a) N-Heterocyclic Carbenes in Synthesis; Nolan, S. P., Ed.; Wiley-VCH: Weinheim,
Germany, 2006. (b) N-Heterocyclic Carbenes in Transition Metal Catalysis; Glorius,
F., Ed.; Springer: Berlin, 2007.

6 Wurtz, A. Sur I'Hydrure de Cuivre. Ann. Chim. 1844, 11, 250-252.

7 For early examples, see: () Boeckman, R. K.; Michalak, R. Reduction of o,3-
Unsaturated Carbonyl Compounds by “ate” Complexes of Copper(l) Hydride. J. Am.
Chem. Soc. 1974, 96, 1623-1625. (b) Semmelhack, M. F.; Stauffer, R. D.
Reductions with Copper Hydride. New Preparative and Mechanistic Aspects. J. Org.
Chem. 1975, 40, 3619-3621. (c) Brunner, H.; Miehling, W. Asymmetrische
Katalysen XXII. Enantioselektive Hydrosilylierung von Ketonen mit Cu'-Katalysatoren.
J. Organomet. Chem. 1984, 275, C17-C21.

8 Bezman, S. A.; Churchill, M. R.; Osborn, J. A.; Wormald, J. Preparation and
Crystallographic Characterization of a Hexameric Triphenylphosphinecopper Hydride
Cluster. J. Am. Chem. Soc. 1971, 93, 2063—2065.

9 Mahoney, W. S.; Brestensky, D. M.; Stryker, J. M. Selective Hydride-Mediated
Conjugated Reduction of o,3-Unsaturated Carbonyl Compounds Using
[(PhsP)CuH]g. J. Am. Chem. Soc. 1988, 110, 291-293.

10 Mahoney, W. S.; Stryker, J. M. Hydride-Mediated Homogeneous Catalysis. Catalytic
Reduction of o, 3-Unsaturated Ketones Using [(PhP)CuH]g and H,. J. Am. Chem.
Soc. 1989, 111, 8818-8823.

(@) Lipshutz, B. H.; Keith, J.; Papa, P.; Vivian, R. A Convenient, Efficient Method for
Conjugate Reductions Using Catalytic Quantities of Cu(l). Tetrahedron Lett. 1998,
39, 4627-4630. (b) Lipshutz, B. H.; Chrisman, W.; Noson, K.; Papa, P.; Sclafani,
J. A.; Vivian, R. W.; Keith, J. M. Copper Hydride-Catalyzed Tandem 1,4-Reduction/
Alkylation Reactions. Tetrahedron 2000, 56, 2779-2788.

12 (a) Lipshutz, B. H.; Servesko, J. M.; Petersen, T. B.; Papa, P.; Lover, A. A.
Asymmetric 1,4-Reductions of Hindered S-Substituted Cycloalkenones Using
Catalytic SEGPHOS-Ligated CuH. Org. Lett. 2004, 6, 1273-1275. (b) Lipshutz,

B. H.; Servesko, J. M.; Taft, B. R. Asymmetric 1,4-Hydrosilylations of a,3-
Unsaturated Esters. J. Am. Chem. Soc. 2004, 126, 8352—-8353. (c) Lipshutz, B. H.;
Frieman, B. A. CuH in a Bottle: A Convenient Reagent for Asymmetric
Hydrosilylations. Angew. Chem., Int. Ed. 2005, 44, 6345—-6348.

13 Achiral systems: (a) Boudjouk, P.; Kloos, S.; Rajkumar, A. B. Exclusive j3-
Hydrosilylation of Acrylates Catalysed by Copper-Tetramethylethylenediamine. J.
Organomet. Chem. 1993, 443, C41-C43. (b) Kim, D.; Park, B.-M.; Yun, J. Highly
Efficient Conjugate Reduction of o, 3-Unsaturated Nitriles Catalyzed by Copper/
Xanthene-Type Bisphosphine Complexes. Chem. Commun. 2005, 1755-1757.
Chiral systems: (c) Appella, D. H.; Moritani, Y.; Shintani, R.; Ferreira, E. M.;
Buchwald, S. L. Asymmetric Conjugated Reduction of o,3-Unsaturated Esters Using
a Chiral Phosphine-Copper Catalyst. J. Am. Chem. Soc. 1999, 121, 9473-9474

1

.



(d) Moritani, Y.; Apella, D. H.; Jurkauskas, V.; Buchwald, S. L. Synthesis of 5-Alkyl
Cyclopentanones in High Enantiomeric Excess via Copper-Catalyzed Asymmetric
Conjugate Reduction. J. Am. Chem. Soc. 2000, 122, 6797-6798. (e) Rainka,

M. P.; Milne, J.; Buchwald, S. L. Dynamic Kinetic Resolution of a,3-Unsaturated
Lactones Through Asymmetric Copper-Catalyzed Conjugate Reduction: Application
to the Total Synthesis of Eupomatilone-3. Angew. Chem., Int. Ed. 2005, 44, 6177—
6180. (f) Lipshutz, B. L.; Tanaka, N.; Taft, B. R.; Lee, C.-T. Chiral Silanes via
Asymmetric Hydrosilylation with Catalytic CuH. Org. Lett. 2006, 8, 1963—1966.

(9) Lee, D.; Yang, Y.; Yun, J. Copper-Catalyzed Asymmetric Reduction of 3,3-
Diarylacrylonitriles. Org. Lett. 2007, 9, 2749-2751.

14 (a) Chiu, P.; Chen, B.; Cheng, K. F. A Conjugated Reduction-Intramolecular Aldol
Strategy Toward the Synthesis of Pseudolaric Acid A. Tetrahedron Lett. 1998, 39,
9229-9232. (b) Chiu, P.; Szeto, C.-P.; Geng, Z.; Cheng, K.-F. Tandem Conjugate
Reduction-Aldol Cyclization Using Stryker’s Reagent. Org. Lett. 2001, 3, 1901—
1903. (c) Chiu, P.; Szeto, C. P.; Geng, Z.; Cheng, K. F. Application of the Tandem
Stryker Reduction-Aldol Cyclization Strategy to the Asymmetric Synthesis of
Lucinone. Tetrahedron Lett. 2001, 42, 4091-4093.

15 (a) Chiu, P.; Leung, S. K. Stoichiometric and Catalytic Reductive Aldol Cyclization of
Alkynediones Induced by Stryker’s Reagent. Chem. Commun. 2004, 2308-2309.
(b) Chiu, P. Organosilanes in Copper-Mediated Conjugate Reductions and Reductive
Aldol Reactions. Synthesis 2004, 2210-2215.

16 (a) Lam, H. W.; Joensuu, P. M. Cu(l)-Catalyzed Reductive Aldol Cyclizations:
Diastereo- and Enantioselective Synthesis of 5-Hydroxylactones. Org. Lett.
2005, 7, 4225-4228. (b) Lam, H. W.; Murray, G. J.; Firth, J. D. Diastereoselective
Synthesis of 4-Hydroxypiperidin-2-ones via Cu(l)-Catalyzed Reductive Aldol
Cyclization. Org. Lett. 2005, 7, 5743-5746. (c) Deschamp, J.; Chuzel, O.;
Hannedouche, J.; Riant, O. Highly Diastereo- and Enantioselective Copper-Catalyzed
Domino Reduction/Aldol Reaction of Ketones with Methyl Acrylate. Angew. Chem.,
Int. Ed. 2006, 45, 1292—1297. (d) Oisaki, K.; Zhao, D. B.; Kanai, M.; Shibasaki, M.
Catalytic Enantioselective Aldol Reaction to Ketones. J. Am. Chem. Soc. 2008, 128,
7164-7165. () Zhao, D. B.; Oisaki, K.; Kanai, M.; Shibasaki, M. Dramatic Ligand
Effect in Catalytic Asymmetric Reductive Aldol Reaction of Allenic Esters to Ketones.
J. Am. Chem. Soc. 2006, 128, 14440-14441. (f) Chuzel, O.; Deschamp, J.;
Chausteur, C.; Riant, 0. Copper(l)-Catalyzed Enantio- and Diastereoselective
Tandem Reductive Aldol Reaction. Org. Lett. 2006, 8, 5943-5946.

17 Welle, A.; Diez-Gonzalez, S.; Tinant, B.; Nolan, S. P.; Riant, 0. A Three-Component
Tandem Reductive Aldol Reaction Catalyzed by N-Heterocyclic Carbene-Copper
Complexes. Org. Lett. 2006, 8, 6059-6062.

18 lto, H.; Ishizuka, T.; Arimoto, K.; Miura, K.; Hosomi, A. Generation of a Reducing
Reagent from Copper(l) Salt and Hydrosilane. New Practical Method for Conjugate
Reduction. Tetrahedron Lett. 1997, 38, 8887-8890.

19 lto, H.; Yamanaka, H.; Ishizuka, T.; Takeiwa, J.-i.; Hosomi, A. New Reactivity of a
Reducing Agent Generated from a Copper(l) Salt and a Hydrosilane: Selective
Reduction of Ketones and Olefins Conjugated with an Aromatic Group. Synlett 2000,
479-482.

20 Lipshutz, B. H.; Chrisman, W.; Noson, K. Hydrosilylation of Aldehydes and Ketones
Catalyzed by [PhsP(CuH)lg. J. Organomet. Chem. 2001, 624, 367-371.

21 Lipshutz, B. H.; Caires, C. C.; Kuipers, P.; Chrisman, W. Tweaking Copper Hydride
(CuH) for Synthetic Gain. A Practical, One-Pot Conversion of Dialkyl Ketones to
Reduced Trialkylsilyl Ether Derivatives. Org. Lett. 2003, 5, 3085-3088.

22 (a) Lipshutz, B. H.; Noson, K.; Chrisman, W. Ligand-Accelerated, Copper-Catalyzed
Asymmetric Hydrosilylation of Aryl Ketones. J. Am. Chem. Soc. 2001, 123, 12917—
12918. (b) Lipshutz, B. H.; Noson, K.; Chrisman, W.; Lower, A. Asymmetric
Hydrosilylation of Aryl Ketones Catalyzed by Copper Hydride Complexed by
Nonracemic Biphenyl Bis-phosphine Ligands. J. Am. Chem. Soc. 2003, 125, 8779—
8789.

23 Lipshutz, B. H.; Lower, A.; Noson, K. Copper()) Hydride-Catalyzed Asymmetric
Hydrosilylation of Heteroaromatic Ketones. Org. Lett. 2002, 4, 4045-4048.

24 (a) Mori, A.; Fujita, A.; Nishihara, Y.; Hiyama, T. Copper(l) Salt Mediated 1,4-
Reduction of a,3-Unsaturated Ketones Using Hydrosilanes. Chem. Commun. 1997,
2159-2160. (b) Mori, A.; Fuijita, A.; Kajiro, H.; Nishihara, Y.; Hiyama, T. Conjugate
Reduction of a,3-Unsaturated Ketones with Hydrosilane Mediated by Copper(l) Salt.
Tetrahedron 1999, 55, 4573-4582.

25 Sirol, S.; Courmarcel, J.; Mostefai, N.; Riant, 0. Efficient Enantioselective
Hydrosilylation of Ketones Catalyzed by Air Stable Copper Fluoride-Phosphine
Complexes. Org. Lett. 2001, 3, 4111-4113. See also: Mostefar’, N.; Sirol, S.;
Courmarcel, J.; Riant, 0. Air-Accelerated Enantioselective Hidrosilylation of Ketones
Catalyzed by Copper(l) Fluoride-Diphosphine Complexes: Investigations of the Effects
of Temperature and Ligand Structure. Synthesis 2007, 1265-1271.

26 Wu, J.; Ji, J.-X; Chan, A. S. C. A Remarkably Effective Copper(ll)-
Dipyridylphosphine Catalyst System for the Asymmetric Hydrosilylation of Ketones in
Air. Proc. Natl. Acad. Sci. U.S.A. 2005, 102, 3570-3575.

27 Czekelius, C.; Carreira, E. M. Convenient Catalytic, Enantioselective Conjugate
Reduction of Nitroalkenes Using CuF,. Org. Lett. 2004, 6, 4575-4577.

Cu, Ag, and Au in Hydrosilylation Reactions Diez-Gonzdlez and Nolan

28 Ren, Y.; Xu, X.; Sun, K.; Xu, J. A New and Effective Method for Providing Optically
Active Monosubstituted Malononitriles: Selective Reduction of a.,5-Unsaturated
Dinitriles Catalyzed by Copper Hydride Complexes. Tetrahedron: Asymmetry 2005,
16, 4010-4014.

29 Issenhuth, J. T.; Dagorne, S.; Bellemin-Laponnaz, S. Efficient Enantioselective
Hydrosilylation of Aryl Ketones Catalyzed by a Chiral BINAP-Copper(l) Catalyst-
Phenyl-(methyl)silane System. Adv. Synth. Catal. 2006, 348, 1991-1994.

30 Lee, D.-w.; Yun, J. Copper-Catalyzed Asymmetric Hydrosilylation of Ketones Using
Air and Moisture Stable Precatalyst Cu(OAc), - H,0. Tetrahedron Lett. 2004, 45,
5415-5417.

31 Jurkauskas, V.; Sadighi, J. P.; Buchwald, S. L. Conjugated Reduction of a,3-
Unsaturated Carbonyl Compounds Catalyzed by a Copper Carbene Complex. Org.
Lett. 2003, 5, 2417-2420.

32 Kaur, H.; Zinn, F. K.; Stevens, E. D.; Nolan, S. P. (NHC)Cu' (N\HC = N-Heterocyclic
Carbene) Complexes as Efficient Catalysts for the Reduction of Carbonyl
Compounds. Organometallics 2004, 23, 1157-1160.

33 Bantu, B.; Wang, D.; Wurst, K.; Buchmeiser, M. R. Copper() 1,3-R,-3,4,5,6-
tetrahydropyrimidin-2-ylidenes (R = Mesityl, 2-Propyl): Synthesis, X-Ray Structures,
Inmobilization and Catalytic Activity. Tetrahedron 2005, 67, 12145-12152.

34 Diez-Gonzdlez, S.; Kaur, H.; Zinn, F. K.; Stevens, E. D.; Nolan, S. P. A Simple and
Efficient Copper-Catalyzed Procedure for the Hydrosilylation of Hindered and
Functionalized Ketones. J. Org. Chem. 2005, 70, 4784—-4796.

35 For a comprehensive discussion on the stereoelectronic nature of NHC ligands, see:
Diez-Gonzdlez, S.; Nolan, S. P. Stereoelectronic Parameters Associated with N-
Heterocyclic Carbenes (NHC) Ligands: A Quest for Understanding. Coord. Chem.
Rev. 2007, 251, 874-883.

36 Yun, J.; Kim, D.; Yun, H. A New Alternative to Stryker’s Reagent in Hydrosilylation:
Synthesis, Structure, and Reactivity of a Well-Defined Carbene-Copper(ll) Acetate
Complex. Chem. Commun. 2005, 5181-5183.

37 (a) Diez-Gonzélez, S.; Scott, N. M.; Nolan, S. P. Cationic Copper(l) Complexes as
Efficient Precatalysts for the Hydrosilylation of Carbonyl Compounds.
Organometallics 2006, 25, 2355-2358. (b) Diez-Gonzélez, S.; Stevens, E. D.; Scott,
N. M.; Petersen, J. L.; Nolan, S. P. Synthesis and Characterization of [(NHC),Cu]X
Complexes: Catalytic and Mechanistic Studies of Hydrosilylation Reactions.
Chem.—Eur. J. 2008, 74, 158—168.

38 Mankad, N. P.; Laitar, D. S.; Sadighi, J. P. Synthesis, Structure, and Alkyne
Reactivity of a Dimeric (Carbene)copper() Hydride. Organometallics 2004, 23,
3369-3371.

39 Lorenz, C.; Schubert, U. An Efficient Catalyst for the Conversion of Hydrosilanes to
Alkoxysilanes. Chem. Ber. 1995, 128, 1267—1269.

40 lto, H. Ishizuka, T. Okumura, T. Yamanaka, H. Tateiwa, J.-i. Sonoda, M. Hosomi, A.
Highly Stereoselective Metathesis Reaction Between Optically Active Hydrosilane and
Copper(l) Salt in 1,3-Dimethyl-2-imidazolidione. J. Organomet. Chem. 1999, 574,
102-106. See also refs 19 and 20.

41 For a review, see: Marion, M.; Diez-Gonzalez, S.; Nolan, S. P. N-Heterocyclic
Carbenes as Organocatalysts. Angew. Chem., Int. Ed. 2007, 46, 2988-3000. See
also reference 11b and: Bonnette, F.; Kato, T.; Destarac, M.; Mignani, G.; Cossio,
F. P. M.; Baceiredo, A. Encapsulated N-Heterocyclic Carbenes in Silicones without
Reactivity Modification. Angew. Chem., Int. Ed. 2007, 46, 8632—8635.

42 Saegusa, T.; Ito, Y.; Kobayashi, S.; Hirota, K. Synthetic Reactions by a Complex
Catalyst. VI. A Novel Hydrosilylation of Isocyanide by Copper Catalyst. J. Am. Chem.
Soc. 1967, 89, 2240-2241.

43 Lipshutz, B. H.; Shimizu, H. Copper(l)-Catalyzed Asymmetric Hydrosilylations of
Imines at Ambient Temperatures. Angew. Chem., Int. Ed. 2004, 43, 2228-2230.

44 Lipshutz, B. H.; Frieman, B. A.; Tomaso, A. E. Copper-in-Charcoal (Cu/C):
Heterogeneous, Copper-Catalyzed Asymmetric Hydrosilylation. Angew. Chem., Int.
Ed. 20086, 45, 1259-1264.

45 Daeuble, J. F.; McGettigan, C.; Stryker, J. M. Selective Reduction of Alkynes to cis-
Alkenes by Hydrometallation Using [(Ph;P)CuH]s. Tetrahedron Lett. 1990, 37,
2397-2400.

46 Ryu, I.; Kusumoto, N.; Ogawa, A.; Kambe, N.; Sonoda, N. Copper(ll)-Mediated
Stereoselective Reduction of Acetylenic Sulfones by Hydrosilanes. Organometallics
1989, 8, 2279-2281.

47 Deutsch, C.; Lipshutz, B. H.; Krause, N. Small but Effective: Copper Hydride
Catalyzed Synthesis of a-Hydroxyallenes. Angew. Chem., Int. Ed. 2007, 46, 1650—
1653.

48 Nishiyama, H.; Kondo, M.; Nakamura, T.; Itoh, K. Highly Enantioselective
Hydrosilylation of Ketones with Chiral and C,-Symmetrical Bis(oxazolinyl)pyridine-
Rhodium Catalysts. Organometallics 1991, 70, 500-513.

49 Wile, B. M.; Stradiotto, M. Silver-Catalyzed Hydrosilylation of Aldehydes. Chem.
Commun. 2006, 4104-4106.

50 (a) Ito, H.; Yajima, T.; Tateiwa, J.-i.; Hosomi, A. First Gold Complex-Catalyzed
Selective Hydrosilylation of Organic Compounds. Chem. Commun. 2000, 981-982.

Vol. 41, No. 2 = February 2008 = 349-358 = ACCOUNTS OF CHEMICAL RESEARCH = 357



Cu, Ag, and Au in Hydrosilylation Reactions Diez-Gonzdlez and Nolan

(b) Caporusso, A. M.; Aronica, L. A.; Schiavi, E.; Martra, G.; Vitulli, G.; Salvadori, P. 53 (a) Hall, K. P.; Mingos, M. P. Homo- and Heteronuclear Cluster Compounds of Gold.
Hydrosilylation of 1-Hexyne Promoted by Acetone Solvated Gold Atoms Derived Prog. Inorg. Chem. 1984, 32, 237-325. (b) Schmid, G.; Pfeil, R.; Boesg, R.;
Catalysts. J. Organomet. Chem. 2005, 690, 1063-1066. () Schmid, G.; West, H.; Bandermann, F.; Meyer, S.. Calis, H. M.; van der Velden, J. W. A.

Mehles, H.; Lehnert, A. Hydrosilylation Reactions Catalyzed by Supported Bimetallic Ass[P(CeHs)s]1,Cls-ein Goldeluster Ungewohnlicher Grosse. Chem. Ber. 1981,
Colloids. /norg. Chem. 1997, 36, 891-895. 114, 3634-3642.

) . : 54 Lantos, D.; Contel, M.; Sanz, S.; Bodor, A.; Horvath, I. T. Homogeneous Gold-
51 Lantos, D.; Contel, M.; Larrea, A.; Szabo, D.; Horvath, I. T. Fluourous Phosphine- ot . Ao Y y
P P P o ' tal H lylation of Aldehydes. J. t. Chem. 2007, 692, 1799—
Assisted Recycling of Gold Catalysts for Hydrosilylation of Aldehydes. QSAR Comb. ?S;gzed ydrosiylation of Aldehyaes. J. Organomet. Chem. 2007, 692, 1799

Sci. 2006, 25, 719-722. 55 Yamanoi, Y.; Imamoto, T. Methylene-Bridged P-Chiral Diphosphines in Highly

52 Wile, B. M.; McDonald, R.; Ferguson, M. J.; Stradiotto, M. Au(l) Complexes Enantioselective Reactions. J. Org. Chem. 1999, 64, 2988—2989.
Supported by Donor-Functionalized Indene Ligands: Synthesis, Characterization, and 56 Tao, B.; Fu, G. C. Application of a New Family of P,N Ligands to the High
Catalytic Behavior in Aldehyde Hydrosilylation. Organometallics 2007, 26, 1069— Enantioselective Hydrosilylation of Aryl Alkyl and Dialkyl Ketones. Angew. Chem., Int.
1076. Ed. 2002, 41, 3892—-3894.

358 = ACCOUNTS OF CHEMICAL RESEARCH = 349-358 = February 2008 = Vol. 41, No. 2





