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Abstract The utility of commercially available Ni(ll) saltsNi(acac} (acac =
acetylacetonato)lf) and its derivatives bis(hexafluoroacetylacetojratiel(ll) (1b)
and  bis(2,2,6,6-tetramethyl-3,5-heptanedionatopi{thh (1c) as versatile
hydrosilylation catalyst precursors is describecomPlexes la-c catalyze 1,4-
selective hydrosilylation of 1,3-dienes in the prese of NaBHEt at ambient
temperature. The reactions exhibit good regioseigcto give the branched isomers
as major products. The catalytic system also catalyhydrosilylation of alkenes
including industriary important siloxy-, amino-,d&epoxy-substituted ones as well as

both terminal and internal alkynes.
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1. Introduction
Hydrosilylation reaction of carbon-carbon multipplends is one of the most important

processes for the production of orgaosilicon compisuand for the curing of



organosilicon materials [1]. For these reactiomecipus metal complexes containing
Pt, Rh, Ruetc., are widely used as catalysts. On the other hdod, to the low
abundance and high cost of these metals [2], ikeaa emerging demand to develop
inexpensive and environmentally benign earth-abonhdaetal catalysts. So far,
several 3d metal catalysts containing Fe [3], Jaajfd Ni [5] have been revealed to
be good candidates for non-precious metal surreghtewever, 3d metal complexes
often exhibit diverse reactivity, and thus manyesidactions simultaneously proceed
during the catalytic reactions, leading to the fation of a complicated reaction
mixture. In recent years, well-defined Fe catalysith good selectivity have been
developed. One notable example was reported bykGdtiral. using iron complexes
bearing bis(imono)pyridine (PDI = 2,6-(2,6&H3sN=CMe),CsH3N), [Fe(PD)(N)]

(R = iPr) and [(PDDFe(M]2(to-N2) (R = Et, Me), which exhibit higher reaction
selectivity than platinum-based industrial cataly$dc]. Another example is the
bis(iminopyridine) Fe complex system, which demoatsd the first example of
regio- and stereoselective hydrosilylation of 1li@és [3a]. These examples
successfully demonstrate the high capability of Butal complexes as a
hydrosilylation catalyst although the systems sidi’e room to be improved, such as
high instability and complicated preparation metbbthe catalysts, etc.

The use of the commercially available Ni(ll) saltB(acac) (acac = acetylacetonato)
(1a) as a hydrosilylation catalyst has been reportedl991 under rather harsh
reaction conditions with low reaction selectivi§dff]. It is also reported thdia in
conjunction with a proper reducing agent such kg aluminum reagents AlRR3 =
Et;, Eb(OEt)], LiAIH,, and BuMgBr effectively catalyzes 1,4-selective
hydrosilylation of 1,3-dienes at ambient tempemtuwhile the system is not

applicable to normati-alkene hydrosilylation reactions [5b,c]. Since gienand air



stablela is a promising catalyst precursor, it is of gre&trest to further investigate
the capability ofla as a hydrosilylation catalyst. In this study, werid thatla and
its derivatives bis(hexafluoroacetylacetonato)ni@gRe (1b) and bis(2,2,6,6-
tetramethyl-3,5-heptandiono)nickel(ll) 1d) (Figure 1), serve as a good

hydrosilylation catalyst precursor in the preseoiclaBHE®.

[#e]

R = Me (1a), CF5 (1b), tBu (1c)

Figure 1. Structures dfa-c
Different from the previous systems, our systebiNaBHEg catalyzes
hydrosilylation not only of 1,3-dienes but alsooetlkenes at room temperature with
a good selectivity. It was also revealed that tystesn catalyzed hydrosilylation of

alkynes, furnishing monohydrosilylated productsnaderate yields.

2. Resultsand discussion

Hydrosilylation of 1,3-dienes. It was revealed that thee/NaBHEg system exhibits
similar catalytic performance as the previous systa/AlEt; in hydrosilylation
reactions of various 1,3-dines with (E¢S)H. The reaction was performed at room
temperature in THF using each 1.0 mmol of substratel 0.5 mol% ofa/NaBHES.
Hydrosilylation of cyclohexadiene proceeded in a4-fhshion to form 3-
triethoxysilylcyclohexene in 75% vyield (Table 1,tgn1). Formation of (EtQfi
(4%) was also observed, indicating the occurrerfceubstituent redistribution of
(EtO)%SIiH as a side reaction.[6] Isoprene hydrosilylatadeo proceeded in a 1,4-
fashion, resulting in the formation of the corresgiag hydrosilylated products as a

mixture of two isomers, branched isoméf)-2-methyl-1-triethoxysilyl-2-butene, and



linear isomer, 3-methyl-1-triethoxysilyl-2-buternvathin 2 h in 79% total yield (Table
1, entry 2). In this reaction, the branched isomes obtained predominantly
(branched:linear = 79/21), accompanied by the sfigimation of (EtO4Si (2%) and
(EtO)SIOSI(OELt} (4%). In this system, the order of substrate amldits critical for
the reaction selectivity. Wheda and NaBHEf were initially mixed and then
(EtO)SiH and isoprene were successively added, substit@elistribution of the
silane perferably proceeded to form a mixture aO)gSi (12%), (EtO)SIOSi(OELt)
(6%), etc, as well as less amount of hydrosilylapedducts (61% total yield,
branched:linear = 72/28). Superior results weraiokt by the addition of silane and
isoprene to the THF solution dh and subsequent addition of NaBkETherefore,
all the reactions in Table 1 were performed follogvthe latter procedure.

Myrecene was also hydrosilylated with (E48&IH in 1 h, resulting in the formation of
1,4-adducts in 85% vyields (branched:linear = 90/(gble 1, entry 3). In this
reaction, various tertiary and secondary hydrossgawere examined. The reactions
proceeded under the same conditions, leading tdotineation of 1,4-hydrosilylated
products with good branched selectivity (Tableritries 3,4).

Different from above reactions, hydrosilylation ©f3-pentadiene resulted in the
formation of the linear isomer as a major prod@3% total yield, branched:linear =
15/85) (Table 1, entry 5). Such a changeable refgosvity was also reported in the
1,4-selective hydrosilylation of 1,3-dienes catalyby the previouda/AlEt; system
[5b]

Next, catalytic activities oflb and 1c were similarly surveyed using isoprene and
(EtO)SIiH as standard substrates (Table 1, entry 2).r@&aetions also proceeded in a
1,4-fashion to predominantly give the branched pobdComplexlb with electron

withdrowing CFE groups exhibited slightly higher catalytic actwthanla to furnish



the hydrosilylated products mixture in 88% totadlgli within 1 h. On the other hand,
the activity oflc with bulky tBu groups was less; i.e. the reaction took 4 hve the

1,4-hydrosilylated products in 76% total yield plal, entry 2).

Tablel
1a-1c/NaBHEg-catalyzed hydrosilylation of 1,3-dierfes

/. | cat (0.5 mol%)
! 0,
RySiH +\\)\R NaBEt;H (0.5 mol%)

THF, RT .
---. SiR;3 RN
I\ /\\)\
\/LR ¥ RgH,Si R
branched linear

Poduct yield8

Entry Cat RSiH + 1,3-diene (branched : linear)

(EtO)%SiH
+

1 la @»Si(OE%
75%"°

Si(OEt)s
EtO)SiH
(EOxSI \/)/\ (EtO)3Si/\)\
2 1lac \J\ 1a (2 h): 79% (79 : 2%)
\ 1b (1 h): 88% (81 : 19)
1c (4 h): 7¢% (78 : 22°
o A
R:SiH
- Rs = (EtO) (L h): 85% (90 : 10)
a
| * Rs = (EtOpMe (2 h): 81% (95:5)
N b

Rs = E(3 h): 81% (95:5)
Rs = (MesSiO)Me (10 h): 74% (90:10)



SiHR,

R>SiH; \)1/\)\ R2HSi/\)\/\)\

la + R, = Phy (8 h); 82% (78:22)

N _ R, = Eb (2 h): 65% (98:2)

(EtO)%SiH

) (EtO),Si
’ J/ J (E0)SI” F N
A

2 h; 93% (15:85)

®Reaction conditionscatalyst/NaBHE# (0.005/0.005 mmol), alkene (1.0 mmol), silane (1.0
mmol), in THF (5 mL) at room temperatufésolated yield“(EtO)Si (2-4%) was isolated as a
byproduct;’PhSiH (6%) was isolated as a byproduct.

Hydrosilylation of alkenes. It was reported that selective hydrosilylation cof
alkenes is not successful by usttgwith or without any additives as a catalyst in the
previous attempts.[5b, 5f] On the other hand, isi@und thatla and1b catalyzed
alkene hydrosilylation reactions in the presenceNaBHEg although the reaction
proceeded at slower rate compared with the 1,3edieydrosilylation reactions.
Hydrosilylation of 1-octene took place at 50 °Cthe presence dfa (0.5 mol%) and
NaBHEg (0.5 mol%) to selectively forranti-Markovnikov product fOct)(EtO}Si in
85% isolated yield (Table 2, entry 1). Small amsuoit (EtO)Si (5%) and internal
alkenes (< 5%) were also formed. Styrene and nodma were also hydrosilylated at
higher catalyst loading (1.0 mol%) dfb, resulting in the formation of the
corresponding hydrosilylated products in moderatddyg (Table 2, entries 2, 3). It is
interesting that, unlike a previously reportéacatalyzed reaction of styrene with
(EtO)SIH, which selectively formed dehydrosilylated product,
(EtO%SICH=CHPh[5q], the present catalyst system gavehykeosilylated product

selectively.



The system was also utilized for hydrosilylationimdlustrially important alkenes
with various functional groups, such as epoxy[3¢/34, amino[5k,7,8] and
siloxy[7] groups (entries 4-6). It is to be notddhtt 1,2-epoxy-4-vinylcyclohexane,
which often undergoes ring-opening polymerizatianthe hydrosilylation reaction
catalyzed by Pt catalysts [10], was selectivelyrbgiylated with PBSiH, to give

1,2-epoxy-4-(2-diphenylsilylethyl)cyclohexane in83%ield.

Table?2

la-1b/NaBHEg-catalyzed hydrosilylation of alkerfes

1 (x mol%)
NaBEt3H (x mol% :
RsSH + & R h ( °) ReSie g
THF, time, T °C
entry S8 RusiH e time (h)/ Product

(mol%) T (°C) Yield (%)

(EO)sSI\_~ . .,
6" 113

1 1a(0.5) (EtO%SiH 10/50 850

(EtO)3Si_~ Ph
72/50 4204

o /1
96/50 (E1O)sS]

5204

2 1b(1.0) (EtOX%SiH

3 1b(1.0) (EtO%SiH

Z” “nCg¢Hy3
Zph
Ab
Ph,HSi
~ M\Q
4 1a(0.5) PhSiH, 4/ RT®
O

(@)
83%

Ph,HSI
5 1a(0.5) PhSH, _~_NMe,  1/RT° 2 '\8@\/“'\"62
0
Ph,HSi
14/RT® 2NN 5iMe(OMe),

6 1a(0.5) PhSiH, # siMe(OMe), f
72%




®Reaction conditions: catalyst/NaBHE(0.005/0.005 mmol), alkene (1.0 mmol), silane (1.0
mmol), in THF (5 mL) ;’lsolated yield;(EtOLSi (5%) was isolated*(EtOLSi (10%) and
(EtOXR0SIi(OEty (5%) were also isolated. Unreacted styrene or rBaraene were recovered;
*Room Temperaturé Ph,SiH (2-3%) was also isolated

2.1 Alkyne hydrosilylation

The catalytic activity towards alkyne hydrosilytati was also surveyed. The results
are summarized in Table 3. THe/NaBHEg system exhibits a similar reactivity
towards a terminal alkyne hydrosilylation reactas 1a/AlEt;, which produces 1,3-
butadienylsilane derivatives via successive alkymepling and hydrosilylation [5Db].
Thus, the reaction of 1-pentyne with (E4&IH proceeded at room temperature to
form CH=C(nPr)C(nPr)=CHI[Si(OEt}] in 20% vyield in the presence &&/NaBHE#%

(2 mol% each) (Table 3, entry 1). On the other haud catalyst system proved to be
effective for the hydrosilylation of internal alkgs, which did not proceed with the
previous la/AlEt; system [5b]. Thus, hydrosilylation of diphenyladehe with
(EtO)SIH proceeded at room temperature in the presehca 1.0 mol%) and
NaBHE (1.0 mol%) to give monohydrosilylated product E)(Q,2-
diphenylvinyl)triethoxysilane (63%) (entry 2). Arglously, dihydrosilanes, PhiH,
and E#SiH,, were also utilized in this reaction to form therresponding
monohydrosilylated producis 58% and 64% yields, respectively (entries 3Jhe
reaction of an unsymmetrical alkyne, 1-phenyl-lpyree, with (EtO)SiH also
proceeded to give a mixture dE)triethoxy(1-phenylprop-1-en-2-yl)silarend (E)-
triethoxy(1-phenylprop-1-en-1-yl)siland7%) in 7:3 ratio (entry 5). In this reaction,
formation of [2+2+2] cycloadduct, 2'4',6'-trimetiy-phenyl-1,1":3',1"-terphenyl,
was also observed in 8% vyield.

The difference of the catalytic activity betweenr dla/NaBHEg and previous

la/AlEts systems would suggest the presence of differeatytetially active species.



In the previous systems, Ni(0) is proposed as @ineaspecies [5b]. In contrast, we
confirmed that Ni(cod)(cod = cyclooctadiene) did not catalyze the hydiylagion
reaction of diphenylacetylene with (EgS)H. One possible reaction pathway for
la/NaBHESg system is the mechanism initiated by the formatibm nickel hydride
species. However, preliminary experiments could cwifirm the formation of the
active hydride species during the reaction [11jd®hon the experimental results that
other hydride reagents such as LiAl&hd NaBH could not be utilized in our system,
it is likely that not a nickel(ll)hydride but a rkel(Il) complex adducted with a
triethylborohydride anion through B-ld-coordination plays a key role in the
catalytic cycle. The attempts to elucidate the tieaanechanism are not successful at

this moment and further studies will be performed.

Table3
1a/NaBHEg-catalyzed hydrosilylation of alkyn&s

1a (1.0 mol%)
NaBEt;H (1.0 mol%)

R;SiH + Ph——
THF, RT
Ph R Ph R
HHSiR3+ R3SiH H
Entry R3SiH Alkyne (rt]) YiF;ﬁgd(lé/Sb
nPr nPr
1 (EtO)%SIH nPr—— 14 mSi(OE%
20%
Ph  Ph
2 (EtO(SIH ~ Ph—==—Ph 36 H>:<Si(OEt)3
63%'



Ph Ph

3 P}}S|H2 Ph——~Ph 42 H_ SiHPh,
58%
Ph Ph
4 EbSiH, Ph———pPh 24 H—SiHEtz
64%
Ph  CH,3 Ph CHs

CHs 36 H  Si(OEt); (EtO)Si  H
47% (7:3)°"

®Reaction conditions: catalyst/NaBH,Ego 01 mmol), alkyne (1.0 mmol), silane (1.0
mmol), in THF (5 mL) ®|solated yield:“(EtO)Si (8%) and (EtQ)BiOSi(OEt) (2%)
were “also isolated’(EtOLSi (11%) and (EtQBIOSI(OEt} (6%) were isolated;
*PhSiH (10%) was also isolatedtUnreactedEt,SiH, (ca. 20%) was recovered;
Y(EtO)Si (8%) and (EtQ}SIOSI(OEt); (7%) were also isolatef2+2+2] cycloadduct
[2',4",6'-trimethyl-5'-phenyl-1,1":3',1"-terphehylof 1-phenyl-1-propyne was also
isolated (8%).

5  (EtO}SiH Ph

Conclusion

In conclusion, hydrosilylation reaction was effiaily accomplished under
mild reaction conditions by using the commercialyailable nickel(ll) saltsla-c
combined with NaBHEtas a co-catalyst. The hydrosilylation of 1,3-deepeoceeded
with good 1,4-regioselectivity. The catalyst systsnalso applicable to alkenes with
various substituents and both terminal and inteatlafnes to selectively afford the
corresponding hydrosilylated products in good tae#ent yields. These studies
revealed that outa-c/NaBHE# systems exhibit a wider applicability in companso
with the previous la-catalyzed systems especially in alkene and alkyne
hydrosilylation reactions.

Although significant progress has been recently enadthe development of
3d metal hydrosilylation catalyst systems, mostesastill suffer from several
problems, such as low selectivity, limited substsascope, difficulty in handling due

to the low stability of the catalysts, etc. Thusiststudy, which demonstrated the

10



utility of commercially available and cheap Ni(lgalts la-c as a versatile
hydrosilylation catalyst precursor, would expane slicope of 3d metal species in this
field. For the further improvement of the catalyfigstems, precise design of the
system based on understanding of the mechanisndispensable. Further detailed
study including mechanistic investigations is cotieunderway, and the results will

be reported in due course

3. Experimental

General considerations.

Unless otherwise noted, all manipulations were quaréd under a nitrogen
atmosphere using Schlenk techniques or a glove boluene, benzene, hexane,
CH.CIl, and THF were purified by a solvent purificationsgm (MBraun SPS-
800/Glass Contour Ultimate Solvent System). Otlodrents (benzends, tolueneds,
and THFédg) were dried over sodium benzophenone ketyl antilldds All reagents
were purchased from commercial suppliers and usiddow further purification
unless otherwise notetH, *C{*H} and ?*Si{*H} NMR spectra tH, 600 MHz;*C,
150 MHz;?Si, 119 MHz) were recorded using a Bruker AVANCE &pectrometer.
Chemical shifts are reported i (ppm) and are referenced to the residual solvent
signals for'H and to tetramethylsilane (0.0 ppm) € and®°Si. GLC analysis was
performed on a Shimadzu GC-14B instrument (FID; €IBR5 m x 0.25 mm).
Elemental analyses were carried out on a Thermen8fic FLASH2000 CHNS

analyzer.
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Catalytic hydrosilylations. A typical procedure (Table 2, entry 1) is as followo a
stirred solution of Ni(acag)la) (1.3 mg, 0.005 mmol) in THF (5 mL) was added 1-
octene (112 mg, 1.0 mmol) and (E46iH (164 mg, 1.0 mmol) at room temperature.
After the mixture was stirred for 1 min, NaBHEL.0 M in THF, 5uL, 0.005 mmol)
was added and the resulting mixture was heate® & 5The solution was stirred at
the same temperature, and the progress of thaaeaeas monitored by GLC. After
completion of the reaction, mesitylene (60 mg, h1&flol) was added as an internal
standard to the reaction mixture. The GLC analgéithe resulting solution revealed
the formation of (EtQJnOct)Si (0.90 mmol, 90%) and (Et£ (0.05 mmol, 5%).
The solution was concentrated under vacuum, andesidue was purified by gel
permeation chromatography (GPC) using toluene adwmamt to give (EtQJnOct)Si
(234 mg, 0.85 mmol, 85%). ThiH, *C{*H} and **Si{*H} NMR spectra of the
isolated compound are consistent with the repodat@. A similar procedure was
employed for the hydrosilylation using other silarend 1,3-diene/alkenes/alkynes.
These reactions were carried out at room temperatxgept for the reactions, Table 2,
entries 2-3. ThéH/**C NMR spectroscopic data for the new compoundsyien in

the supplementary data.

Following the hydrosilylation reaction of 1-octene with (EtO)3;SIH catalyzed by
la/NaBHEts;. To an NMR tube equipped with a Teflon valve wedeled Ni(acac)
(13.0 mg, 0.05 mmol), 1-octene (11.3 mg, 0.1 mm@&@bhO):SiH (16.0 mg, 0.1 mmol),
and THF-d (0.5 mL). After the addition of NaBHE{1.0 M in THF, 50uL, 0.05
mmol) to this solution at room temperature, thectiea was followed byH NMR.
After 2 h, the reaction did not proceed and onby signals assignable to the starting

materials [1-octene and (Et3)H] were detected byH NMR. The reaction was

12



further followed at 50 °C for 14 h, and formatioh(BtO);(nOct)Si (54%) as well as
(EtOuSi (8%) and (EtQBIOSI(OEty (7%) was observed. During the reaction, no

hydride signals were detected in the high fieldorgo0 — —-30 ppm).

Attempted hydrosilylation of isoprene with (EtO);SiH catalyzed by [Ni(yn-4-
cycloocte-1-yl)(CF3;C(O)CHCOCF3)]. An NMR tube equipped with a Teflon valve
was charged with a TH#s solution (0.5 mL) containing [Nj¢4-cycloocte-1-
y)(CFC(O)CHCOCE)] (19 mg, 0.05 mmol), isoprene (1.0 mmol), and (81
(164 mg, 1.0 mmol). No significant changes wereeded by'H NMR at room
temperature for 24 h. However, formation of a snaafiount of the corresponding
hydrosilylated product (5%) was confirmed ty NMR at 50°C after 24 h. In the

reaction solution, insoluble black precipitates evaiso formed.
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