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Introduction
Introduction of an organic group bonded to silicon into a certain organic molecule serves as one of the
significant applications of organosilicon chemistry toward organic synthesis. Since organosilicon reagents, in

general. are inert to a variety of organic substrates compared with highly reactive organometallic reagents, it is
necessary to activate substrate or the organosilicon reagent for the purpose of such utilization.'

Numerous studics on the activation of an organic molecule by a variety of Lewis acids have focused on the
reactions, for example, of enol silyl ethers or allylic silanes Wlth carbonyl or the related compounds.'~ In
contrast. [HL dll&.lﬂ(lUVC dLllVdU(,)n Ul org,dn().\uu.()n (_omp()unu.s, nar ‘E‘y‘ ir:

blllﬁldhluuﬂ, still remains o be
exploited.  Transmetalation has been recognized as a method to activate a less reactive organometallic compound
for a reaction with organic substrates. Indeed, a number of metal-mediated synthetic reactions are suggested 1o
involve transmetalation as a key step.” The organometallic species thus formed undergo further transformations
such as carbon-carbon or carbon-heteroatom bond formations by the reaction with a variety of substrates. To
induce transmetalation of an organosilicon compound, it has been considered to be necessary to activate the

organosilane by a tluoride ion to form a highly reactive organosilicate. However, we naxe recently disciosed that
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solvent to yield symmetric 1,3-dienes, biaryls and 13-diynes, respectively.’ The findings are understood in terms
of transmetalation from silicon to copper to generate respective organocopper species. The novel transmetalation
is remarkable, since an organic group on silicon is capable of being transferred onto copper without using an
additional activator.®

Gur interest has sccordingly been tumied (o gencrale copper hvdride species that will reduce a . f
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hydrosilane with a copper(l) salt. Although the combination of such system has rarely been studied, the reagents
made of a copper salt and a metal hydride such as aluminum or tin are recorded to reduce various types of organic
substrates." Hence, we considered that a proper choice of a counter ion and a ligand for copper would also
generate similar reactive hydride species, which would serve as a potential reducing agent with high reactivity and
selectivity. We herein report that hydrosilanes (1) reduce o,3-unsaturated ketones (2) in a i4-selective manner
in the presence of a stoichiometric or a catalytic amount of Cu(T) compound.”'°

Results and Discussion
A possibility of transmetalation from silicon to copper was first examined by the reaction of
phenwalmemylsuane {1a) with CuCl as shown ineq 1. Treatment of 1a with CuCl in DMF at room temperature

far 1 tha nAding Adicilavana 2 in q nnonh tats ive n-nlA Wa rancidarad that ~Anmmand rida anmAd
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chlorodimethylphenylsilane (4) were first formed; 4 was then converted into 3 via hydrolytic condensation.

[Tl
Fnud

r 1
| PhMe,SiCI + CuH |
DMF, t, 1h |

PhMe,SiH + CuCl

PhMe,SiOSiMesPh 1)

1a 4 | HO 3 > 99%

With this observation in hand, we examined the reaction of the hydride thus formed with 1-phenyl-1-buten-3-
one (2a) using several copper(I) salts as shown in Table 1.

Table 1. Reduction of 2a with various copper(l) salts

ﬁ CuX (1.5 mol) \ﬁv OoH
PhMeoSIH + o . + g
PH™ XN DMA PH™ SN PH™ 7N
1a (3.0 mol) 2a (1.0 mol) 6a 7a
Run CuX Time, h Temp, °C Yield, %%
' w 6a 7a 2a
1 CuF(PPhg)3-2EtOH (5) 2 Otort >99 - -
2 CuF(PPh3)3 4 55 - -
3 CuCl 21 27 - -
4 (CuOTH)2-CeHg 12 48 trace 13
5 Cu0 21 60 64 - -
6 CuCN 12 OQtort trace trace 64

a) Yields were estimated by '"H NMR analyses.
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Among Cu(I) salts, CuF(PPh,),-2EtOH (5)" was found to be an cxcellent counterpart of 1a to give 4-phenyl-
2-butanone (6a) in >99% yield. When EtOH-free CuF(PPh,), was used as a catalyst, the yield decreased to
55%. The use of 10 mol% of 5 decreased the yield to 63%. Among the solvents examined, NN-

[aS V.5

(nmemylace[amlae (’ DIVIA) was found to be suitable to gl\e 6a in an excellent yxda within a short penod (l ‘abie l)

able 2. Reduction of 2a in various solvenis

Q
CUF(PPha)32E0H  pr™" 4 mo) 0
2a ‘ ’ h/\/u\

(1 mol)
PhMe,SiH Ph
a (2 mol) Solvent, 0°C, 0.5 h 0°Ctort 6a
Run Solvent Time, h Yield, %
1 DMA 2 >99 (92)®
2 DMF 2.5 40
3 NP © 6 57
4 THF 2.5 . 42
5 toluene 12.5 80

a) Yields were estimated by 'H NMR analyses.
b) Isolated yield. ¢} 1-Methyl-2-pyrrolidinone.

Concerning hydrosilanes, 1a and triethylsilane (1b) exhibited high 14-selectivities to give the corresponding
ketone in excellent yields, but diphenylsildne (1d) C()rlSidCI‘dbly decreased the selectivity to give 6a and 7a in 49%
and 36% yields, respectively, in a sharp contrast with the results on rhodium-catalyzed hydrosilylation of o,-

........ o d Lot 12 Al nesroilama rne alo ae Fmaal [N R Vaqeic QIIT

unsaturated ketones. AIKOXYSiiane Ic was also inferior in the reglcsenccuv'iiy. rllleoln ue) could not
reduce 2a. Results are summarized in Table 3.

D

CuF(PPhg)3-2EtOH PM (1 mol) 7 4

(1 mol) 2a

_ (1 mol) N
Iﬂsl-}jl\ M~ A Ao/ AL : MO b b PM PrA\/\
i< 1hoy) UIVI/-\ U L, .5SnNn AV R VIO 68 7a
Run SiH Time, h Vield, %
' 6a 7a
1 PhMe;SiH (1a) 2 >99 (92)” -
2 Et3SiH (1b) 15 96 -
3 (Et0)3SiH (1c) 35 58 34
4 PhySiHy (1d) 18 49 36
5%  PhCl.SiH (1e) - no reaction

a) Yields were estimated by 'H NMR analyses.
b) Isolated yield. ¢) CuF(PPhg)s complex was used.
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Table 4. Conjugate reduction of a,B-unsaturated carbonyl compounds 2

Run Substrate Time, h Product Yield, %
m ™
1 A \H 2a 2 N H 6a >89 (92)
PH N PN
o) 0
2 2b 25 J\ 6b 91
n-CsHyj ~ n-CsHyi7 ™~
3 Aj\ 2c 3 L i 6¢c 98
PH™ " “Ph PR ™~ "Ph
4 9 2d 2 9 6d 52
5 /\ 2e 2 /u\ 6e 92
N L
i i
62 Y\//\I/ 21 24 YEJFH 6f 85®)
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The observed selectivities contrast to those of rhodium complex-catalyzed reduction, ' which reduces enones
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2g-i smoothly in good yields. In this sense, our system appears to be highly chemoselective. The reaction
is assumed to proceed via the addition of copper hydride or a related species to the B-position of enones. Indeed,
the reaction using deuterosilane (PhMe,SiD: 8) afforded deuterated product 9 in 62% yield (eq 2).

CuF(PPhg3)3 (1 mol) 2b ? (ﬁ
PhMe,SiD TN @)
8 2mo) DMA0°C.05h 0°Ctort, 1.5h
9 62%
>99%-d

However, neither a copper hydride nor a resulting fluorosilane were observed by NMR experiments. In
addition, attempted detection of the adduct of “copper hydride” to an enone, an a-metallo ketone or a

corresponding enolate failed except for trapping experiments by the addition of D,O or allyl bromide to give the
corresponding deuterated (10; 67%) or allylated product (11; 45%) as shown n eq 3.

i

n-CgH4 1/\/\

,,,,, (1 mol)
CuF{PPha)3 (1 moi) 2b
PhMe,SiH :
1a (2 mol) DMA,0°C,05h 0 °C, 45 min
D,O
n-CsH11
D
10 67% 85%-d
(3)
[\~ - . )
~" "Br (o moi) N
. mn,nu/\.)K . .
Fmosi g + &b
.
11 45% 13%

Since reduction of enones with a hydrosilane proceeds in the presence of CuF(PPh,),-2EtOH (5) highly
efficiently, our further interest has thus been centered to a catalytic system for the conjugate addition. Although
use of 10 mol% of 5 induced 14- reduction of 2a with moderate reactivity (63% yield of 6a) under similar
conditions, a more efficient catalytxc system using readily available reagents needs to be exploited. Since Grlgnard

l"ﬂﬁﬂnhf&‘l“ rn-\/q n|11m1h 1Ty h‘l YIADQ 1"\ oron I‘I\nll‘"’)"ﬂ )rlr‘lhnn tf\ fv R_IIYIL Jfllr)fpll r‘)r}'\nnw nnmnnnnﬂc f}\
l\lashllw [¢ANLVY wllllullulll lly AP AV AW, ) it 5\} kL uE’ﬂL ALILINVEE LY JALUL Al Wl vl J 1 VWAZILEpATULIVYD lll tiivw
presence of a catalytic amount of copper(l) halide, such combination Wﬂh hydrosilane was surveyed
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Table 5. Conjugate reduction of o,j-Unsaturated carbonyi compounds

(0] O
CuCl/ PPhs/ TBAF
PhMezslH + H1/\)kR2 /\)LRZ
(]

1
DU - DMA, 0 °C to rt R
1a (i.2 moi) 2
Ron Substrate Cucl F’Pba/ TBAF Time, h Product Yield, °/oa)
hetandthe moi% ;
Q ?
i 20/ 20 /10 2 88
ph/vl\ Ph/\/)\
2a 6a
(o] Q
2 25/ 25/ 20 2 77
nCaH/\/U\ n-C5H1_1_/\/U\
2b 6b
o . o __b)
3 20/ 20/ 10 i 25"
Ph/vj\Ph PR

4 110/ 110/ 100 2

T
Ph
§c
O O
o /\A/\ /\)j\/\ 4
5 Ph s L Ph 25/ 25/ 20 1.5 Ph Ph 6
2d 6d
o} O
L

50/ 50/ 25 17 /\ 67"

2e
O
,u\ - o N
d) e)
7 \/U 160/ 160/ 150 45 \(L/T 87
i 2i | 6i
O
1l _
8 g\ 20/ 20/ 10 No Reduction
20
-
O —~
PPN 20/ 20/ 10 45 I 54
9 PR " Ot Ph” " “OFEt
21 sl
O 0
in EtO._ . ,U\,__ 140/ 140/ 100 Et0O. . )l\‘_. P
v OEt [ IRAY/ AN AV/ N AViV] 4 \[r Utl joze ]
O
2m 6m
a) Isolated yield. b) NMR yield. c) Hydrosilane 1a (2.4 mol) was used. d) Hydrosilane 1a (2 mol) was used.
e) A 6 : 1 isomeric mixture of product resulted.
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A combination of CuCl, tetrabutylammonium fluoride (TBAF), and triphenylphosphine was revealed to be
efficient. 'When the reduction of 2a with 1a was carried out in the presence of CuCl (5 mol%), TBAF (5 mol%),
and PPh, (5 mol%) at room temperature for 17 h, 6a was obtained in 64% yield without formation of 7a. The
yield was improved to 95% in the reaction at room temperature for 2 h using 20 moi% of 1:1:1 mixture of the

1o stk e £ 1 rad > - TR Joema ot ha
above system with a trace of 12-reduction. Other fluorides such as TBAHF, and TBAH,F, were revealed to be

less effective.

The 14-reduction of a variety of o,p-unsaturated ketones with 1a in the presence of a CuCl/PPh,/TBAF
system was carried out as shown in Table 5. Various a,B-unsaturated ketones were reduced in a 1 4-manner in
good yields. For less reactive ketones, use of the more catalyst was effective to obtain the corresponding product

in better yields (e.g. Runs 3 and 4). Unsaturated esters 21 and 2m also underwent the 1,4-selective reduction.

Conclusion
Dimethylphenylsilane was revealed to undergo conjugate reduction with the aid of a Cu(l) salt. An efficient
1 4-selective reduction system with the hydrosilane using a stoichiometric amount of CuF(PPh,),-2EtOH or a
catalytic amount of CuCl/PPh,/TBAF was achieved to yield the correspondmg saturated ketones highly selectively.

Qiminn tha ranntinme ~f tha amamnac unth fhle lnnrl-nc'lnna in tha nrag nce nt

reactions of the enones with nyarosuane i fluoride ion proceeds in a 12-selective
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or 1,4-selective reductlon.

Experimental
General. NMR spectra were measured on a Bruker AC-200 (200 MHz) NMR or Varian Mercury 300
NMR spectrometer using CDCl, as a solvent unless otherwise specified. Tetramethylsilane (SiMe,) and
fluorotrichloromethane (CFCl;) were used as an internal standard for '"H NMR and F NMR, respectively.
Infrared spcctra were recorded on a Shimadzu FTIR-8000A spectrometer. GC/MS analyses were carried out on

creactrometer or 8 Qhimadss OP_S00, cve resalition
a Hitachi M-80 spectrometer or a Shimadzu QP-5000 GC-MS system. High-resolutio

At TIIara
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obtained on a JEQL MStation IMS 700 nqmo EI rpnhmqng Elemental an al vees were carried out at Elemental

Analysis Center, Tokyvo Institute of Technologv using YANAKO MT2 CHN CORDER. For thin layer
chromatography (TLC) analyses throughout this work, Merck precoated TLC plates (silica gel 60 GF,;,, 0.25
mm) were used. Silica gel column chromatography was carried out using Merck Kieselgel 60 (70-230 mesh) or
Wakogel C-200.

Ali reactions were carried out under an argon atmosphere using standard Schienk techniques. NN
Dimethylacetamnide (DMA), N N-dimethylformamide (PMF), and N-methylpyrrolidone (NMP) were di a-t'll}ud
from CaH, and degassed, if necessary, by carrying out freeze-pump-thaw cycle (3 times) prior to use. THF,
toluene, hexane, and diethyl ether were distilled from sodium-benzophenone ketyl prior to use.
Triphenylphosphine was recrystallized from hexane. Other chemicals were purchased and used as such.

Preparation of CuF(PPh,),-2EtOH (5) was carried out according to the procedure described in the literature.”
The removal of ethanol from CuF(PPh,),-2EtOH was carried out under reduced pressure at 90 °C for 12 h and
used directly for the following reactions. Decomplexation of ethanol was confirmed by '"H NMR of an aliquot
of the sample.

All ketones synthesized by the 14-reduction are known compounds. The registry numbers of thes

compounds were lmted followmg. 4-phenylbutan-2-one (6a); [2550 26-7], 2-nonanone (6b); [821-55-6], ,3
diphenylpropan-1-one (6¢); [1083-30-3], 15-diphenylpentan-3-one (6d); [5396-91-8], 2-methyl-5-(1-

1'0
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methylethenyl)cyclohexanone (6f); [619-01-2], 35-dimethylcyclohexanone (6j); [2320-30-1], ethyl 3-
phenylpropanoate (61); [2021-28-5], and ethyl succinate (6m); [123-25-1].

General procedure for the reduction of o,p-unsaturated ketones in the presence of
CuF(PPh,), 2EtOH. Dimcthylphcnylsilanc (1a, 0.14 g, 1.0 mmol) was added to a colorless clear solution of
CuF(PPh,),.2EtOH (0.48 g, 0.50 mmol) in 2 mlL of DMA at 0 ‘C. The mixture changed to a reddish

I
s solution.  After chrﬂng the fegulung mixture at 0 °C for 30 min 1-nhpnvl 1-buten-3-one (‘Xu 73

mg, 0.50 mmol) was added. The temperature of the reaction mixture was Qraduallv ralsed to room temperature,
and stirring was continued for 6 h, while color of the solution gradually changed to yellow. The solution was
poured into a mixture of diethyl ether (20 mL) and IM HCI (20 mL). The organic phase was separated and the
aqueous was extracted twice with diethyl ether (20 mL x 2). The combined extracts were dried over anhydrous
magnesium sulfate and concentrated in vacuo. The residue was purified by column chromatography on silica gel
(hexanes/EtOAc = 10 : 1) to afford 6a in 92% yield.

General procedure for the reduction of o,f-unsaturated ketones in the presence of CuCl/PPh,/TBAF.
A mixture of CuCl (10 mg, 0.10 mmol), and TBAF (50 ul of 1.0 M THF solution, 0.05 mmol) dissolved in DMA
(2 mL) was stirred at O 'C for 10 min. To the mixture was added HSiPhMe, (82 mg, 0.6 mmol) at O °C and the
resulting mixture was stirred for an additional 30 min. Then, 2a (73 mg, 0.50 mmol) was added at O °C and the
mixture was allowed to warm to room temperature.  After stirring for 2 h, the reaction mixture was poured into a
mixture of dlethyl ether (20 mL) and 1M HCI1 (20 mL). The organic phase was separated and the aqueous was

N RS B P TS | o [ R

extractea Wlm Cl ﬂyl ether twice (LU mi X ). The combined ()l"gaﬂlt: iayef was UI'iC(l OVr annyarous
111(1511\«5“]{1“ %al*’a{e and conce:"mfﬂ'* in vacuo to leave a crude oil, which was purified by column chromatography

-..c- (RS2, X 1§ L0 ) WAV g A ¥ 1r1ord oa i 807 vieid.

Deutenodlmethylphenylsnlane (8) To a suspensmn of hthmm wire cut into small pieces (0.6 g, 90 mmol)
in THF (20 mL) was added chlorodimethylphenylsilane (2.6 g, 1S mmol) at-10 °C. Stirring was continued at -
10 °C for 20 h before quenching with D,O (1 mL). The organic phase was separated and the aqueous was
extracted with diethyl ether (30 mL x 3). The combined organic extracts were washed with brine (20 mL), dried
over dnnyarous mdgnesmm bUllatﬁ dIlU LUDCEﬁfrate&l l[l vacuo. l[lC fESIUUC was purlut:u Dy ulbuu&h()ﬁ UI]UCI"
reduced pressure to give 8 (0.90 g, 44%) as a colorless oil. Bp 80 °C (bath temp, 40 Torr). 'H NMR (300
MHz) 8 0.38 (s, 6H), 7.30-7.40 (m, 3H), 7.50-7.60 (m,2H); ''C NMR (75.5 MHz) § -3.9, 127.8, 129.2, 134.0,
137.4; IR (neat) 3071, 3019, 2901, 1541, 1427, 1250, 1116, 837,794, 700 cm™; MS (70 eV) m/z (rel intensity)
139 (M*+2, 1), 138 (M*+1,4) 137 (M*,38), 136 (M*-1, 13), 122 (100), 105 (13),77 (7),58 (87). HRMS Calcd
for CgH, ,SiD: M, 137.0770. Found: m/z 137.0777 (M").

4- Deuteno-2-nonan0ne (9). This compound was synthe51zed by the reaction of 3-nonen-2-one with 8 in a
similar manner o the reaction with 1a. Yield 62% (& colorless oil). '"H NMR (300MHz) =088, /=69
Hz, 3H), 1.25-1.35 (m, 8H), 1.50-1.58 (m, 1H), 2.14 (s,3H), 2.41 (d,J = 7.2 Hz,2H); *'C NMR (75.5MHz) § =
14.1,22.6,23.5 (t,J = 19.6 Hz),29.0,29.9, ? .7,43.7,209.4; IR (neat) 2957,2926,2856,2361,2156, 1716, 1558,
1508, 1466, 1458, 1412, 1361, 1165,794 cm™; MS (70 eV) m/z (rel intensi ty) 144 M*+1,1),143 (M*,3), 128 (1),
110 (1), 72 (15), 59 (23), 58 (100),57 (11). HRMS Caled for: C,H,,0D: M, 143.1419 ound: m/z 143.1428

(M").

Reduction of carbonyl compounds and successive quenching with D,0. Synthesis of 3-D-2-
nonanone {10). Dimethylphenylisilane (0.27 g, 1.0 mmol) was added to a solution of CuF(PPh,), (0.87 g, 1.0
mmol) in DMA (4 mL) at O °C, and the resulting mixture was stirred for 30 min. Then, 3-nonen-2-one (140 mg,
0.5 mmol) was added to the mixture at O °C. Stirring was continued at room temperature for further 45 min
before D,O (1.0 mL) was added to the mixture. The organic phase was separated and aqueous phase was
extracted with diethyl ether (30 mL x 3). The combined extracts were washed with NaHCO, (20 mL), brine (20
mL), dried over anhydrous magnesium sulfate, and concentrated in vacuo. The residue was purified by silica gel

column chromatography (hexane/Et,O = 10 : 1) to give 10 (95 mg, 67% yield, 85%-deuterated) as a colorless oil.

'H NMR (300 MHz) & = 0.88 (1,J = 6.8 Hz, 3H), 1.25-1.35 (i, 8H), 1.50-1.62 (m, 2H), 2.13 (s, 3H), 2.39 (tt,J =

2.4,7.5 Hz, COCHD 0.8H),2.42 (t, J = 7.5 Hz, COCH, 0.4H); *C NMR (75.5 MHz) = 14.0,22.6,23.8,29.0

29.1,29.8,31.7,43.5(, J= 19.0H ;cvg_m_)) 209.4; IR (neat) 2057, 2928, 2856, 1716, 1466, 1427, 1358, 1174.
+
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(1), 99 (2), 84 (4), 71 (19), 59 (100). HRMS Calcd for C,H,,0D: M, 143.1419. Found: m/z 143.1422 (M").
3-(2-Propenyl)nonan-2-one (11). Registry No. [75265-81-5]: The reaction of dimethylphenylsilane (0.20 g,
1.5 mmol) and 3-nonen-2-one (70 mg,O 5 mmol) in the presence of CuF(PPh,), (0.65 g, 0.8 mmol) in DMA (2

RPN I | S 3. M 3N

mL) was carried out sxmuany to the %ymnems of 6¢. Afier the reaction was C()ﬂlplﬂ(ﬂ(], cu.lyl bromide (uou g, 2.5

mmol) was added to the mixture. The resulting mixture was allowed to warm to room temperature and quenched
with 1 M HCL.  The organic phase was separated and the agueous phase was extracted with diethyl ether (30 mL

Al Al 4all P LLL G A wiyr culkd

x 3). The combined organic extracts were washed with NaHCO (20 mL) and with brine (20 mL), dried over
anhydrous magnesium sulfate, and concentrated in vacuo. The residue was purified by silica gel column
chromatography to give 11 (41 mg, 45% yield) and 2-nonanone (6b, 9 mg, 13% yield) as a colorless oil,
respectively. 'H NMR spectrum of 11 was identical with that of an authentic sample.
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