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Abstract: Methods for the highly stereoselective and regiodi-
vergent hydrosilylation of 1,3-disubstituted allenes have been
developed. The synthesis of E allylsilanes is accomplished with
palladium NHC catalysts, and trisubstituted Z alkenylsilanes
are accessed with nickel NHC catalysts. Unsymmetrically
substituted allenes are well tolerated with nickel catalysis and
afford Z alkenylsilanes. Evidence for a plausible mechanism
was obtained through an isotopic double-labeling crossover
study.

Alkenyl- and allylsilanes are both useful structural classes
for a broad array of synthetic transformations.! For example,
alkenylsilanes are versatile nucleophiles in Hiyama—Denmark
cross-couplings,”” and allylsilanes are attractive intermediates
for cycloaddition reactions®™ and allylation processes.”! The
benefits of silane reagents over alternative metalated species
are their low toxicity, ease of isolation and storage, and
stability through multistep synthetic sequences without
observed degradation.!! Numerous successful approaches to
alkenyl- and allylsilanes by catalytic hydrosilylation methods
involving alkyne or 1,3-diene substrates have permitted
access to these product classes with a variety of metal
catalysts.”! However, even the best methods often lack high
levels of regio- and stereoselectivity for substrates without
inherent steric or electronic biases. Allenes represent
a reagent class that potentially offers access to both alkenyl
and allylsilanes by regiodivergent hydrosilylation reactions,
but the presence of two orthogonal and often comparably
reactive m-systems presents a considerable challenge in terms
of regiocontrol.’®” For these reasons, allene hydrosilylations
have received little attention,”® with the Lewis acid catalyzed
hydrosilylation of 1,3-disubstituted allenes towards trisubsti-
tuted E-configured trialkyl alkenylsilanes (Figure 1) being
a rare example that exhibits regiocontrol and stereoselecti-
vity.

As part of a general program to develop and understand
regiodivergent catalytic processes,”! previous studies from our
laboratory described the regiodivergent hydrosilylation of
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Figure 1. Regio- and stereoselective allene hydrosilylation.

terminal allenes in processes that exploit the electronic and
steric bias of monosubstituted allenes and that utilize metal
identity and ligand structure as key control elements.'”] In
contrast to our earlier studies, 1,3-disubstituted allenes
present a more substantial challenge in terms of regiocontrol
given the steric and electronic similarity of the two contiguous
n-systems.[®!!l Compared with functionalizations of mono-
substituted allenes, hydrosilylations involving 1,3-disubsti-
tuted allenes present considerably more potential value given
the greater range of structural diversity and stereochemical
complexity that can be installed in the product structures.
Herein, we describe highly regioselective hydrosilylations of
1,3-disubstituted allenes that complement the stereochemical
outcome of previously reported Lewis acid catalyzed pro-
cesses.

We initially employed a strategy for catalyst generation
that requires an N-heterocyclic carbene (NHC) hydrochlo-
ride salt with KOrBu as the base and either [Pd,dbas] or
[Ni(cod),] precatalysts (Table 1). In reactions of symmetri-
cally n-hexyl-disubstituted allene 1, the bulky ligand IPr+°Me
(6) was found to be ineffective for promoting the Pd-catalyzed
hydrosilylation as only starting material was recovered
(Table 1, entry 1). As the steric demands placed on the
system by ligand 6 likely prevented reactivity, the smaller
NHC ligand IMes (4) was instead employed with Pd and
favored the formation of FE allylsilane 2a with excellent
regioselectivity (>98:2 allyl/alkenyl) but only moderate d.r.
(75:25 E/Z) in 80 % yield (entry 2). However, changing the
NHC ligand to IPr (5) resulted in the formation of E allylsi-
lane 2a with excellent regio- and stereoselectivity (> 98:2 2a/
3a, >98:2 E/Z) in 75% yield (entry 3).

After identifying conditions that favored the formation of
E allylsilanes with Pd’, we examined how stereodefined
alkenylsilanes could be accessed with nickel catalysis
(Table 1, entries 4 and 5). Using the same catalyst-generation
strategy, it was found that reactions with Ni and the large
ligand IPr (5) primarily afforded Z alkenylsilane 3a with
moderate regioselectivity (60:40 vinyl/allyl) and in 84 % yield,
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Table 1: Initial screen of allene hydrosilylations with a nickel or palladium

Table 2: Metal-divergent hydrosilylations of symmetric allenes.

CatalyS‘t' conditions A conditions B
LeHX SiMe,Bn SiR2 5 oHCI R2.SiH s
BnMe,SiH KOtBu /3 KOBu 3 _ 8 SiR%
+ precatalyst Hex 2 nHex R R N - R R
g —_— SiMe,Bn [Pdodbag] R1/%-\/R1 [Ni(cod),]
nHex” Ses_nHex  THF, RT * pHex s nHex 2a-2d THF, RT A\ THF, RT 3a-3d
! 3a Entry R' Cond.® Silane Product Yield 273" dr.
Entry Precatalyst? L-HX® Yield [%] 2a/3a 2a (E/2) 3a (Z/E) [%] (E/2)
1 [Pd,dbaj] 6 nr. _ _ _ 1 nHex A BnMeZS‘iH 2a 75 >98:2 >98:2
2 [Pd,dbas] 4 30 ~98:2 75:25 nd. 2 nHex A MeZPhS!H 2b 84 >98:2 >98:2
3 [Pd,dba;] 5 75 ~98:2 >98:2 n.d. 3 Cy . A Me,PhSiH 2¢c 58 >98:2 >98:2
4 [Ni(cod),] 5 34 40060 7525  >98:2 4 S0 A MePPhSiH  2d 64 >98:2 >9822
5 [Ni(cod);] 6 89 <2:98 nd.  >98:2 5 nHex B BnMe,SiH  3a 89 <2:98 <2:98
F i ith the Ni lyst: [Ni(cod),] (10 mol%) 5 or 6 6 nHex B Me,PhSiH 3b 85 <2:98 <2:98
[61']0 o T;Ct'[?ns it t.t y '.ti]aif]ysga[ |t(c|o t)?] éd P °%'5 o 7 Q B Me,PhSiH 3¢ 65 <298  4:96
(10 mol%). For reactions with the Pd catalyst: [Pdxdbay] (2.5 mol%), 5 rgeqyt g MeBnSiH  3d 75 <2:98 15:85

L-HX (5.0 mol%). [b] Ligands 4 and 5 were used as the HCl salt with
KOtBu. Ligand 6 was used as the neutral ligand without base.

[c] Regioselectivity determined by "H NMR spectroscopy and GC
analysis of the crude reaction mixture. dba= (E,E)-dibenzylideneace-
tone, cod = cycloocta-1,5-diene, n.d.=not determined, n.r.=no reac-

[a] Conditions A: [Pd,dba;] (2.5 mol %), KOtBu (5.0 mol %), L-HX

(5.0 mol %). Conditions B: [Ni(cod),] (10 mol %), 6 (10 mol%). Ligand 6
was used without base. [b] Regioselectivity determined by '"H NMR
spectroscopy and GC analysis of the crude reaction mixture.

tion.
LeHX =
e O (05 P
6 (10 mol%) Z
om %( BnMe,SiH [Ni(cod),] (10 mol%) g @)
IMes (4) IPr (5) IPrOMe(g) R= niviepol 1(cod)> mol” (>98:2 regiosel.)
THF, RT (>98:2 ZIE)

4
\.\ 4
5 «HCI (5 mol%)

but as a mixture of the diastereomeric allylsilanes (75:25 E/Z; 2 N\ KOMBu (3 mol%) SiBnMe,

entry 4). However, increasing the steric bulk of the NHC 7 9 (66%

. OMe . .. [Pd,dbag] (2.5 mol%) ) (66%)

ligand through the use of IPr* (6) provided an efficient THF, RT (>szsg8r§gé?§)el,)
>98.

solution for Z alkenylsilane generation, as 3a was exclusively

formed with exceptional regio- and stereoselectivity (> 98:2

3a/2a and d.r.) in an excellent yield of 89 % (entry 5).
Further exploration of these complementary methods

4

Scheme 1. Regiodivergent hydrosilylation of a cyclic allene.

involved the evaluation of symmetrically substituted 1,3- Me,PhSiH 5 sHCI (5 mol%) SiMe,Ph SiMe,Ph
disubstituted allenes with Me,PhSiH and BnMe,SiH for both _KOMBu (S mol%) oy P NnHex T e ey
the Pd’-based (conditions A) and Ni’-based (conditions B) Gy Ses, nHex [Pdzdbacl 2.5 mol%) 10a 11a

procedures (Table 2). Reactions with n-aliphatic substrates
using conditions A afforded allylsilanes functionalized with
BnMe,SiH (2a) or Me,PhSiH (2b) in excellent yields and
stereoselectivities (entries 1 and 2). Products with a more
hindered aliphatic substituent (2¢) or silyl-ether-containing
moieties (2d) were also afforded using the palladium-based
procedure with high stereo- and regioselectivities (entries 3
and 4). The Ni’ method afforded Z alkenylsilanes with
n-aliphatic substituents (3a and 3b) with both BnMe,SiH
and Me,PhSiH (entries 5 and 6, respectively). Substrates with
more hindered aliphatic substituents and a silyl-ether-con-
taining allene could be coupled with Me,PhSiH in high yields
and selectivities (3¢ and 3d, respectively; entries 7 and 8).

Cyclic allenes were also viable substrates in the nickel-
and palladium-based procedures to afford cyclic Z alkenylsi-
lanes or FE allylsilanes (Scheme 1). For example, 15-mem-
bered cyclic allene 7 was converted into Z alkenylsilane 8
using nickel catalysis in excellent yield and stereoselectivity
(>98:2). The reaction with the same substrate using the Pd’
method afforded F allylsilane 9 in moderate yield (66 % ) and
exceptional regio- and stereoselectivity (> 98:2).

The evaluation of the reaction scope continued with the
study of unsymmetrically 1,3-disubstituted allenes. The Pd-
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80% (60:40 regiosel.) (>98:2 d.r.)

Scheme 2. Palladium-catalyzed hydrosilylation of an unsymmetric
allene.

catalyzed hydrosilylation resulted in low regioselectivity
favoring silyl addition to the more hindered carbon atom
(Scheme 2). A mixture of the regioisomers 10a and 1la
(60:40) was afforded when Me,PhSiH was employed as the
silylating reagent (Scheme 2).

In contrast, the nickel-based coupling of unsymmetric 1,3-
disubstituted allenes with silanes afforded Z alkenylsilanes
with excellent selectivities when the allene substituents were
sufficiently different in size (Table 3). For example, an allene
with isobutyl and n-hexyl substituents afforded an equal
mixture of the corresponding Z alkenylsilanes in a moderate
49% yield (12a and 13a; entry 1). However, by increasing the
size of one of the substituents to isopropyl while maintaining
a less hindered n-hexyl group, Z-alkenylsilane 12b could be
obtained with exceptional regio- and stereoselectivity
(>98:2) in 64% yield (entry2). This effect was further
explored with sterically differentiated allenes functionalized
with one cyclohexyl and one n-hexyl substituent (12¢ and

www.angewandte.de

9217


http://www.angewandte.de

Angewandte

Zuschriften

Table 3: Hydrosilylations of unsymmetrically substituted allenes.

R3;SiH 6 (10 mol%) SiR% SiR3,
+ —_—_— R! N RZ + 1 2
R& R2 [Ni(cod),] (10 mol%) \)\/ R\/K/R
pN THF, 12a-12g 13a-13g
Entry R' R? Silane Prod. Yield Vinyl)  12/13  ZJE
(%] allyl®
1 iBu nHex BnMe,SiH 12a 49 91:9 50:50 >98:2
2 iPr  nHex BnMe,SiH 12b 64 98:2  98:2 >98:2
3 Cy nHex Me,PhSiH 12¢ 51 >98:2 >98:2 >98:2
4 Cy nHex BnMe,SiH 12d 70 >98:2 >98:2 >98:2
5 tBu nHex BnMe,SiH 12e 52 >98:2 >98:2 >98:2
6  Cy "™ BnMeSiH 12f 66 >98:2 >98:2  95:5
7 Cy B0 ¥ BnMeSiH 12g 72 >98:2 >98:2 90:10

[a] Regioselectivity determined by "H NMR spectroscopy and/or GC
analysis of the crude reaction mixture.

12d) and both Me,PhSiH and BnMe,SiH and for allenes with
one tert-butyl and one n-hexyl substituent (12e). All reactions
favored the formation of the Z alkenylsilanes where the
hydride has been added to the terminal carbon atom of the
allene closest to the larger substituent. Further elaboration of
the less hindered substituent while maintaining one substitu-
ent with greater steric encumbrance is also possible as allenes
with aromatic (12 f) or benzyl ether (12g) moieties resulted in
highly regio- and stereoselective outcomes favoring the
Z alkenylsilane isomers.

To probe the mechanism of the addition process, a series
of double-labeling studies were performed with cyclohexyl-
allene and the Ni or Pd catalyst (Scheme 3) utilizing mixtures
of Et;SiD and nPr,SiH.'"” Additions to a monosubstituted
allene were studied to simplify the analysis, as this substrate
permitted the highest regioselectivities using commercially
available deuterated silane reagents. For both the nickel- and
palladium-catalyzed reactions, only traces of the crossover
products were observed, indicating that a single molecule of
R;SiH delivers the SiR; and H to a single product molecule,
thus ruling out the involvement of metal hydrides that lack
the silyl group or metal silyl species that lack the hydride. This

Et;SiD  nPr3SiH
+
IMeseHCI c A DP-IPreHBF 4
KOtBu AN KOtBu
[Pddba] [Ni(cod),]
SiEt3 SiEt(; SiEt3 SiEt3
Cy Cy Cyﬁ)\ Cyﬁ)\
D H H
37.6%, 14 0.4%, 15 72%,18 0%, 19
Si(nPr3) Si(nPr3) Si(nPr3) Si(nPr3)
Cy Cy Cy X Cy X
H
59%, 16 3%, 17 27%, 20 1%, 21
B P PO
Lot Pr
= . ,—( .
Mes~NzN-Mes NN
ci .
IMeseHCI Pr P’ -pg,

(+)-DP-IPreHBF

Scheme 3. Double-labeling studies of the metal-dependent hydrosilyla-
tion pathways.
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outcome stands in contrast to a recent study by Schmidt and
Tafazolian who observed the crossover products when
cationic catalysts were used, thus indicating that the mech-
anism of allene hydrosilylation is highly catalyst-depend-
ent.! Based on this outcome, a likely mechanism involves
coordination of the nickel or palladium catalyst to the
sterically least encumbered face of the allene to form complex
22 or 23 (Figure 2). Notably, only the nickel-catalyzed hydro-

nHex L H-_-nHex
nHex ’\h J)
pUANE oy c SiR
cy N — c mSRs V7 SR — 12012
N R3Si~y y ! H I—( "1_
22 24 26
nHex H— - nHex

L
nHex |
Pd-g; )
H7 gl — R ORe "HeX7|I H - 2a-2b
Pd-L i — H Pd
nHex H I "'L

W Higir, B RSt
23 25 27

nHex

Figure 2. Proposed origin of the metal-directed regiodivergence.

silylation effectively differentiates the m-systems of unsym-
metric allenes (compare Scheme 2 and Table 3). Subsequent
Si—H cleavage and insertion across the least hindered s-bond
affords 24 with Ni or 25 with Pd. Evidence for this step can be
found in recent computational studies that have indicated that
Si—H cleavage and migratory insertion take place in one
step.® Bond rotation of the o-allyl species occurs to form -
allyl intermediate 26 (with Ni) or 27 (with Pd), thus minimiz-
ing allylic 1,3-strain. Reductive elimination occurs directly
from these intermediates as governed by the geometry of the
trigonal ;t-complex, with a high kinetic barrier for exchange as
has been observed in diborations'®! and silaborations!®! of
allenes. The selectivity in additions to unsymmetric allenes
with the nickel-catalyzed procedure is likely a result of site-
selective coordination to the sterically least encumbered
nt-bond followed by migratory insertion. Analogous mecha-
nistic proposals have been made by Jamison and Ng in the
development of regioselective reductive couplings of 1,3-
disubstituted allenes and aldehydes, which afforded allylic
alcohol derivatives with Z configuration.!'*]

The ability to transform unsymmetrically substituted
allenes into regio- and stereodefined Z alkenylsilanes can be
paired with a variety of synthetic operations (Scheme 4). For
example, alkenylsilane intermediate 12d, afforded by regio-
and stereoselective allene hydrosilylation, can afford 28 in
86 % yield; this transformation represents a new strategy for
the site-selective installation of an E alkene. Treatment of 12d

. COMe
SiBnMe, |—< >—COMe
Cy\/\/nHex ﬂ Cy. N~ MHex — — o
28 (86%) DMSO 12d nBuyNF
RT [Pd,dbay]
NIS THF, 50 °C Cy X NHex
CHLCN
30 (79%)
|
CY\A/nHex
29 (77%) >08:2 regiosel.

98:2 ZIE

Scheme 4. Synthetic manipulations of a trisubstituted Z alkenylsilane.
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with NIS enabled the formation of stereodefined iodide 29 in
77% yield. Furthermore, the Pd-catalyzed cross-coupling
reaction of 12d with 4’-iodoacetophenone furnished trisub-
stituted Z-arylalkene 30 in an excellent 79 % yield.

In summary, the hydrosilylation of 1,3-disubstituted
allenes is an effective method for the synthesis of E allylsi-
lanes and Z alkenylsilanes. The metal identity (Pd vs. Ni) can
be exploited not only to direct the regiochemical outcome,
but also to control the olefin geometry. Mechanistic inves-
tigations suggest that both pathways involve mechanisms
where the Si—H unit is installed into a single molecule of
product. Future work will explore the expansion of these
findings to other regiodivergent transformations.

Keywords: hydrosilylation - regioselectivity - silanes -
stereoselectivity - transition-metal catalysis
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