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ABSTRACT: Efficient and highly diastereo- and enantioselec-
tive conjugate additions of phenyldimethylsilyl units to acyclic and
cyclic dienones and dienoates are disclosed. The C—Si bond
forming reactions are catalyzed by 2.0—2.5 mol % of a copper
complex of a chiral monodentate N-heterocyclic carbene; the
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requisite reagent, PhMe,Si—B(pin), is commercially available or can be easily prepared. Transformations generate allylsilanes in
up to 98% yield and >99:1 enantiomeric ratio and proceed with complete 1,4-selectivity, unless the dienone or dienoate carries a
trisubstituted alkene conjugated to the carbonyl group; in the latter cases, 1,6-addition products are obtained exclusively and in

up to >98% Z selectivity.

S ilicon-containing organic molecules are of substantial utility
in chemical synthesis," and allylsilanes are one of the most
useful among them.” A valuable subset of chiral allylsilanes
consists of those containing a carbon%ll unit /3 to the silyl or the
alkene unit (cf. A and B, Scheme 1);” such entities have served

Scheme 1. Enantioselective Synthesis of Carbonyl-
Containing Allylsilanes by NHC—Cu-Catalyzed Silyl
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in enantioselective preparation of several structurally complex
natural products.>* One direct approach to accessing the
carbonyl-containing allylsilanes in the enantiomerically en-
riched form®™'? involves site- and enantioselective silyl conju-
gate additions to acyclic or cyclic @,f,y,06-unsaturated dienones
or dienoates. We envisioned that monodentate chiral N-
heterocyclic carbenes'' (NHCs) and their derived Cu-based
complexes, developed recently in these laboratories and used
for catalytic enantioselective silyl conjugate additions,'>'?
might be utilized to access allylsilanes represented by A—C
(Scheme 1). If 1,6-addition were to be predominant (i.e., B and
C are formed as major products), we would have to estab-
lish whether the alkene, likely to be generated as part of a
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p,y-unsaturated carbonyl due to kinetic protonation of dienolate
at the a position, is formed with high stereoselectivity.

Herein, we report the results of our investigations regarding
the development of an efficient catalytic enantioselective method
for silyl conjugate additions to dienones and dienoates. The
resulting protocols allow access to an assortment of allylsilanes in
69—98% yield and 94.5:5.5 to more than 99:1 enantiomeric ratio
(er). The requisite chiral li%ands are prepared in three to four
steps in ~50% overall yield; " the silylboron reagent ((dimethyl-
phenylsilyl) pinacolatoboron (1)) is commercially available or can
be prepared easily on a multigram scale.'* Acyclic unsaturated
ketones, esters, and thioesters as well as five-, six-, and seven-
membered-ring cyclic dienones can be used as substrates.
Depending on the substrate structure, 1,4- or 1,6-modes of addi-
tion predominate. In the case of 1,6-addition products,"* trisub-
stituted alkenes are obtained with 78% to >98% Z selectivity.

We began by probing the ability of a selection of NHC—Cu
complexes, derived from imidazolinium salts 4—6, to promote
conjugate addition of the versatile phenyldimethylsilyl moiety
to dienone 2a through reactions performed in the presence
of silylboron reagent 1. Although reasonable efficiency and
enantioselectivity is observed in every case (Table 1), with
C,-symmetric 6b serving as catalyst precursor, allylsilane 3a is
isolated in 96% vyield and 99:1 er, and formation of the 1,4-
addition product is strongly favored (<2% & C—Si bond formation).
We then determined that enantioselective synthesis of 3a can be
performed with 2.2 mol % of 6b (2.0 mol % of CuCl, 4.4 mol %
of NaO-t-Bu, —78 °C, 2.0 h) with identical efficiency and
enantioselectivity (96% yield, 99:1 er). Similar to the NHC—
Cu-catalyzed transformations involving B,(pin), to generate
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Table 1. Silyl Addition to an Acyclic Dienone: NHC—Cu
Screening”

5.5 mol % imidazolinium sall,
(o] 5.0 mol % CuCl, O  SiMesPh
MEWF‘“ 11 mol % NaO#Bu, Me Phj
2a 1.1 equiv PhMe,Si-Bipin) (1), 3a
thi, ~78 °C, 2.0 h
Ph,  Fng Ph, P g
N\ TBF, Y 8
PN e L 52 . O
~ £ ~ 3 Et e
5 4aR=H Me 5
4b A = Me
4CR = iPr
Jh )
= <R
6aR=H
R 6bR=Me

entry  imidazolinium salt  conversn (%)”  yield (%)° er?

1 4a 80 77 86:14

2 4b >98 922 93:7

3 4c 88 87 91:9

4 S 94 91 96:4

S 6a >98 94 95:5

6 6b >98 96 99:1

“Reactions performed under N, atmosphere. “Determined by analysis
of 400 MHz 'H NMR spectra of unpurified mixtures (+2%). “Yields of
purified products (+5%). “Determined by HPLC analysis. See the
Supporting Information for details. Mes = 2,4,6-Me;C4H,.

tertiary C—B bonds,"¢ silyl conjugate additions proceed readily
in the absence of MeOH, the presence of which is required
in some instances."” Thus, the NHC—Cu—enolate appears to
be sufficiently able, likely due to the strong donor ability of
the heterocyclic ligand,' to react with the sizable silylboron
reagent in order to regenerate the catalytically active NHC—
Cu—SiMe,Ph species.

The Cu-catalyzed additions have significant scope, as the data
presented in Scheme 2 indicate. With 2.7 mol % 6b (2.5 mol %

Scheme 2. Enantiomerically Enriched Acyclic Carbonyl-
Containing Allylsilanes”
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“Reactions were performed with 2.7 mol % of 6b, 2.5 mol % of CuCl
and 5.5 mol % of NaOt-Bu under a N, atmosphere (2.0 h unless
otherwise noted). Yields are of isolated and purified products (+5%). En-
antioselectivities were determined by HPLC analysis. See the Supporting
Information for details.

of CuCl, 5.5 mol % of NaOt-Bu, —78 °C), fS-silyl-substituted
carboxylic ester 3b is formed in 85% yield and 96:4 er, although
the transformation is less facile and requires 6 h to proceed to
completion. Conjugate addition to the corresponding thioester
(cf. 3c) is still slower (>98% conversion in 12 h at —78 °C), but
the desired product is isolated in exceptionally high yield and
enantiomeric purity (98% yield, 99:1 er). Cu-catalyzed enantio-
selective syntheses of f-silylketones 3d,e illustrate that substrates
bearing an alkyl-substituted dienes (vs Ph in 3a—c), or those that
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contain a sterically demanding trisubstituted olefin, serve as equally
effective starting points.

Examining the reactions of acyclic dienones that contain a
methyl substituent at their  carbon came next (cf. 7, Table 2).

Table 2. Addition to a f-Substituted Acyclic Dienone:
NHC—Cu Screening”

5.5 mol % imidazolinium salt,

m 5.0 mol % CuCl, QO Me 5
Mg Fh 11 mol % NaO#Bu, Me
7 1.1 equiv PhMezSi-B{pin) (1), PhMe,Si* “Ph 8a

thi, =78 °C,3.0h

«<2% w,f-unsaturated ketone;

>88% 1,6-addition

entry imidazolinium salt conversn (%) Z:Eb er®
1 6a >98 91:9 95:S
2 6b 77 80:20 83:17
3 9 81 93:7 >99:1

“7“See Table 1; er values correspond to Z product isomers.

The question here was whether the NHC—Cu-catalyzed addi-
tions would occur at the C4 site to generate a Si-substituted
quaternary carbon stereogenic center, or if C—Si bond forma-
tion occurs at the § site. In both cases, there is only 1,6-addition
and the f,y-unsaturated ketone is formed exclusively. Unlike
transformations with the less substituted dienone 2a, the Cu
complex derived from imidazolinium salt 6a promotes a more
efficient reaction and delivers the desired product (8a) with
higher enantiomeric purity (entries 1 and 2, Table 1: 95:5 vs
83:17 er). Although both processes furnish the Z trisubstituted
olefin predominantly, the reaction with 6a is more stereo-
selective (91% vs 80% Z). As mentioned above, a hallmark of
chiral monodentate NHC liﬁands is the ease with which their
structure can be modified.'""* Accordingly, further screening
led us to establish that use of C,-symmetric imidazolinium salt
9 (entry 3, Table 2) leads to the formation of 8a with superior
Z selectivity and enantioselectivity (93% Z, >99:1 er).

Ph

g/ 9 Cy

Ph o

BF,

Enantioselective synthesis of 8a proceeds to >98% conversion
with 2.5 mol % 9 within 6 h, under the conditions shown in
Table 3; the allylsilane is generated in 93% Z selectivity and
>99:1 er (entry 1). As the findings in entries 2 and 3 of Table 3
indicate, variations in the electronic attributes of the aryl sub-
stituent do not strongly affect Z selectivity or enantioselectivity.
Formation of alkyl-substituted allylsilanes 10a,b (entries 4 and S,
Table 3) is equally efficient and exceptionally enantioselective
(>99:1 er), but the degree of alkene stereoisomeric purity is
somewhat diminished (89% Z). Conjugate additions to the cor-
responding carboxylic and alkylthio esters, as shown in entries 6
and 7 of Table 3, generate the expected allylsilanes with complete Z
selectivity and enantioselectivity (<2% E and >99:1 er); the
conjugate addition with the S-containing substrate, however,
demands higher temperatures (—50 vs —78 °C) and longer
reaction times (48 vs 12 h) to proceed to completion.

The final segment of our investigation entailed a more
extensive study of additions to cyclic dienones, two examples of
which, involving six-membered-ring substrates in entries 2 and
7 of Table 4, were reported to occur with high Z selectivity and
enantioselectivity in our initial disclosure.'>* We were particularly
keen on establishing whether the reactions are sensitive to different
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Table 3. Additions to f-Substituted Acyclic Dienones:
Scope”

2.7 mol % imidazolinium salt 9,
2.5 mol % CuCl,

——————————————eeeeeee
t 5.5 mol % NaOt-Bu, G
1.1 equiv PhMe,Si-B(pin) (1).  PhMe,Si*" R,

thf, —78 °C, 12 h 8, 10-12

entry allylsilane product yleld (%);2  Z:E° er?

1° e 8a Ar = Ph 81 93:7 >99:1

2 Mg 8b Ar = pMeOCgH, 81 955  99:1

a | 8¢ Ar = pF3CCgH, 75 919 >89:1
PhMe,Si*™ TAr

4 0 Me 10a alkyl = n-Pr 85 89:11 5991

5 Me 10b alkyl = Cy 72 89:11  >99:1
PhMe,Si*" Talkyl

8 0 Me 11 G =0OMe 73 >08:2  >99:1

7 G’L/La]\ 12 G = SEt 69 >808:2  99:1
PhMe,Si*" ~Ph

“Reactions performed under a N, atmosphere; >98% conversion, <2%

a,f-unsaturated carbonyl product, and >98% 1,6-addition in all cases.
YYields of purified products (+:5%). “Determined by anaiysxs of 400 MHz
'"H NMR spectra of unpurified mixtures (+2%). “Determined by
HPLC analyms, er values correspond to the Z alkene product. “Reaction
time = 6.0 h. /Performed at —50 °C for 48 h. See the Supporting
Information for details.

Table 4. Additions to f-Substituted Cyclic Dienones”

2.2 mol % imidazolinium salt 6a,
2.0 mol % CuCl, iMe,Ph
™ Ry 4.4 mol % NaO#Bu, M Ry
1.1 equiv PhMe,Si-B{pin) (1), 13-17

tht, -78 °C, 2.0 h

entry  allylsilane product yield (%)? Z.E° erd

1° &V‘cﬂmeﬁ 85 7812 955
Ph 13

2 14a Ar=FPh 91 95:5 98:2

3 ) 14b Ar = p-MeCgH, 95 >08:2 95:5

4 iMe:Ph 14c Ar = pMeOCeH, 91 >0B:2 973

5 Ar 14d Ar = p-FiCCeHy 88 >88:2 94555

6 &Jme?pﬁ 92 955 982
Cy 15

0

7 NG 95 2>98 9614

Ph 16
Me Me

8 @Mazpﬁ 98 96:4 964

Ph 17

“~4Gee Table 3. “Product mixture contained 15—20% of the isomerized
a,f-unsaturated ketone. See the Supporting Information for details.

ring sizes and variations in the steric or electronic attributes of the
alkene substituent.

Five- as well as seven-membered-ring dienones serve as
effective substrates, delivering the desired allylsilanes in 85%
and 98% vyields, respectively (entries 1 and 8, Table 4).'*
Both products (13 and 17, Table 4) are obtained with high
enantioselectivity (95:5 and 96:4 er, respectively), but the
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degree of Z selectivity with the cyclopentenyl system is
diminished (78% vs 96% Z). Additionally, for the trans-
formation in entry 1 of Table 4, the product mixture contains
15-20% of the derived a,fB-unsaturated cyclopentenone
(inseparable from 13), formed presumably as a result of ad-
ventitious isomerization. Electronic alterations within the aryl
substituent do not cause any significant variations in the Z
selectivity or enantioselectivity of the silyl conjugate additions,
as demonstrated by reactions shown in entries 2—5 of Table 4.
Moreover, conjugate addition to the cyclic dienone in entry 6,
carrying an alkyl substituent, is equally efficient and stereoselectlve,
affording 15 in 92% yield, 95% Z selectivity, and 98:2 er.!

The NHC—Cu-dienone ensembles in Figure 1 provide a stereo-
chemical model regarding the outcome of the 1,6-silyl conjugate

F'h C Ph fn
et
z1 T ?&
PhMe,Si* \ th&
2 - /QO I(
1 G 11 Ph
Ph  pn Pn ph
2.0\
271 ﬂ’ 7’ F&
PhiMe,Si™" E\ PhMe,Si™"
AR
=X Ph'“"’*P
i 111

Figure 1. Proposed stereochemical models.

additions. The NHC—Cu— SIMQZPh complex is generated in situ
by the pathways described before.'** Such a complex can co-
ordinate with the y,0-alkene of the substrate, as illustrated by
I-1IV, with the high Z selectivity indicating the involvement of
the s-cis conformers. Preliminary DFT calculations indicate
that although, as expected, the s-trans dienes are energeti-
cally favored (by >2.0 kcal/mol), reaction throu§h the inter-
mediacy of an NHC—Cu-s-cis complex is favored.”” Elucidation
of the precise reason for such a preference requlres additional
studies but might partially be attributable to the 1* nature of
the Cu—diene coordination.”® The observed enantioselectivity
can arise from the minimization of steric repulsion between
the substrate and the catalyst, forcing the more sterically de-
manding enone moiety to be oriented as depicted in I and III
(Figure 1). The relatively low Z selectivity observed for the
addition to cyclopentenone 13 (entry 1, Table 4) is difficult
to explain. However, the proposed scheme is consistent with
the lower Z selectivity delivered for the more sluggish and
relatively nonselective transformations with to dienone Z-18
(eq 1). In the latter instance, the resulting allylic strain likely

Ph 2.7 mol % imidazolinium salt 9, o Me
2.5 mol % CuCl,
Qz = MeQ’
5.5 mol % NaO+Bu, | )
MeO Me 44 equiv PhMe,Si—B(pin) (1), PhMe,Si*" “Ph
Z18 thf, =78 °C, 14 h S11
33% conv, 20% yield,
71% Z B81:19 er

raises substantially the energy of the substrate’s s-cis conformer,
rendering the derived NHC—Cu—diene complex less acces-
sible. As a result, alternative complexes, such as the correspond-
ing s-trans dienone or that derived from coordination through
the other enantiotopic face of the olefin, become competitive,
causing diminution in Z selectivity and enantioselectivity.

dx.doi.org/10.1021/0om300790t | Organometallics 2012, 31, 7823-7826
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The protocols described here offer a convenient and direct
route to a variety of enantiomerically enriched allylsilanes. The
high Z selectivity in instances where 1,6-addition is dominant is
a noteworthy aspect of the NHC—Cu-catalyzed transforma-
tions; in the corresponding processes with C-based nucleo-
philes, only moderate stereoselectivity is observed (<85% of
one alkene isomer favored)."> Furthermore, attempts to
perform NHC-catalyzed (Cu-free) silyl conjugate additions'>
to representative substrates mentioned above (e.g, 2a) re-
sulted in <10% yield of the desired allylsilanes and a complex
mixture of unidentifiable entities. The above attributes, together
with the high efficiency and stereoselectivity observed in the
aforementioned processes, should render the present class of
Cu-catalyzed protocols of utility in chemical synthesis. The
example shown in eq 2, involving the synthesis of f-hydroxy

COH

1. 1.5 equiv @\
Cl

Q  Me 1.5 equiv NaHCO,, CH;Cly, 0 °C, .0 h;
Me 80% yield, B3:17 dr HG, Me
- 2
PhMe,Si* “Ph 2. 3.0 equiv (n-Bu) NF, 3.0 equiv HOAc, Mg Pn (@)
8a thi, =78 “C, 30 min, >98% yield 19

{93% Z >88:2 er) 80% yield, 93.5:6.5 er

ketone 19, the product of an enantioselective ketone aldol
addition®' to an a,f-unsaturated ketone, is illustrative.
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