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Stepwise application of the Pd-catalyzed Sy2” reaction and the desilylative Sg2” reaction to the ambivalent 2-bromo-1-silyl-1,3-dienes provides
a novel route to the highly enantioselective construction of tertiary and quaternary propargylic stereogenic centers via axially chiral allenylsilanes.

Allenylsilanes are versatile intermediates for organic synthesis ™2
and their axially chiral counterparts are capable of transfer-
ring the alenic axia chirality into newly formed propargylic
stereogenic centers by a regio- and stereospecific Sg2’
reaction with an appropriate electrophile.® Although various
protocols of preparing allenylsilanes have been reported,?
methods to prepare enantiomerically enriched axially chiral
alenylsilanes have not been well developed.® To the best of
our knowledge, only three methods have been reported on
the catalytic asymmetric synthesis of axially chiral alenyl-
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silanes.* This can be attributed to the lack of general routes
to scalemic axially chiral alenes by asymmetric catalysis.*~*
Recently, we devel oped the Pd-catalyzed reaction of prepar-
ing various multisubstituted allenes® " and the use of a
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proper chiral Pd catalyst furnished axially chiral aleneswith
high enantioselectivity.® ™ In this communication, we report
the application of the Pd-catalyzed reaction to the asymmetric
synthesis of axialy chiral allenylsilanes. The newly devel-
oped substrates for the present study, 2-bromo-1-silyl-1,3-
dienes, possess both electrophilic and nucleophilic sites
within single molecules. Stepwise application of the Pd-
catalyzed Sy2’ reaction and the desilylative Sg2’ reaction to
the ambivalent compounds provides a novel route to the
asymmetric construction of chiral propargyl compounds in
up to 94% ee (Scheme 1). Whereas the Pd-catalyzed reaction
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istolerant of various functional groups, a variety of substit-
uents could be introduced in the alenylsilanes. The 3,3-
diakylalenylsilanes thus obtained can be converted to the
corresponding propargylic compounds with an “all-carbon”
guaternary stereogenic center by the Sg2’ chirality transfer
process.

To redize the Pd-catalyzed synthesis of dlenylsilanes, first,
the preparation of yet unknown 2-bromo-1-silyl-1,3-dienes
was examined. A series of bromosilyldienes la—f were
obtained in good overall yields by the reaction sequence
depicted in Scheme 2. Readily accessible 5-silylenals/enones

Scheme 2
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R yer, 1) Me,SiCH,MgCI
[Si]Mo 2) NEt; [Si] O 2)in AcOH/H20 [Si]
Br Br
2a-f 3a-f (83-93%) 1a-f (75-94%)

a: [Si] = SiMes, R = H d: [Si] = SiMes, R = Me
b: [Si] = SiMePh, R = H

c: [Si] =SiPrg, R=H

e: [Si] = SiMeg, R = Et
f. [Si] = SiMeg, R = "CgHy

2 were converted into the corresponding o-bromo-3-silyle-
nalgenones 3 by a successive Br, and NEt; treatment.®
Conversion of 3 into 1 was achieved by Peterson’s protocol:
i.e., reaction of 3 with Me;SICH,MgCI followed by an acidic
treatment of the generated alcohols at 60 °C afforded 1
predominantly in (Z2)-forms (>96%). The choice of the
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methylenation method in the final step is important for the
high yields of 1. While Peterson’s protocol was highly
effective for the transformation giving 1 in up to 94% yield,
the Wittig reaction of 3a with PhsP=CH, gave a complex
mixture with less than 20% of 1a. The bromosilyldienes 1
are fairly stable and purified by silica gel chromatography
and/or vacuum distillation.

The bromosilyldienes 1 are excellent substrates for the Pd-
catalyzed reaction with various carbon soft nucleophiles 4,
and various alenylsilanes 5, including 1,3-disubstituted
(Table 1, entries 1-9) and 1,3,3-trisubstituted (entries
10—12) allenylsilanes, were obtained in good to excellent
yields in the presence of 2 mol % of a palladium catalyst
generated in situ from [PdCl(z-allyl)], and dpbp.2#1° The
substrates 1 were consumed completely within 18 h, and the
NMR and GC analyses of the crude reaction mixtures
revealed concomitant formation of the dehydrobrominated
enynes [Si]—C=C—CR=CH, 6" as byproducts. Similar
dehydrobromination was not apparent in the anaogous
palladium-catalyzed reaction of 1-hydrocarbyl-2-bromo-1,3-
dienes.® Apart from the formation of 6, the reaction was
generaly very clean and the alenylsilanes 1 were isolated
in up to 93% yield by silica gel chromatography.

Whereas the synthetic usefulness of 1 in the Pd-catalyzed
reaction was proven as above, enantiosdective synthesis of the
axidly chird dlenylsilanes was examined. Under the reaction
conditions similar to those in our previous report® i.e, with a
paladium catdyst (10 mal %) generated from Pd,(dba), and (R)-
binap, (R)-5am of 54% ee was obtained in 61% yield by areaction
of 1la with 4m at 23 °C (entry 13). The enantiosdlectivity was
improved by the use of (R)-segphos®**2 in place of (R)-binap,
and (R)-5am was obtained in 86% ee (entry 14). Despite
the higher enantiosel ectivity, the Pd/(R)-segphos species was
prone to give 5 in lower yields. To gain reasonable yields
of 5 with the Pd/(R)-segphos, higher temperatures (up to 80
°C) were required, but the loss of the enantiosel ectivity was
minimal to negligible. A variety of axialy chira alenylsi-
lanes of excellent enantiopurity (up to 94% ee in 87% yield
in 5an; entry 15) were obtained under the optimized
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Table 1. Paladium-Catalyzed Synthesis of Axialy Chira Allenylsilanes 5%

Pd-| precursor

[SE]N/& +NUH —

S[]/:.{

+ [Si]-C=C-CR=CH,
6

C(CO,Et); (4q)
C[CH,CH{OMe},)(COMe)s

base

1af Br THF, 18 h

4im-s

Nu = CMe(CO,Me), (4m);
CPh{CO,EY), (4n);
CH(COsMe), (40);

PPh2
PPh2

PPh,
PPh2

o}
.

o PPh,

o PPh,
.

(o}

PPh,
PPh,

C(NHAC)(CO,Et), (4p); C[CH,CH,CH(OMe), ](COgMe (45) dpbp (R)-binap (R)-segphos (R)- ‘Bu segphos
entry substrate 1l Nu—H 4 base Pd-precursor (mol %) P-P temp (°C) yield of 5 (%)° % ee® of 5 (config)?
1 la 4m NaH [PdCl(sr-allyD]s (1.0)  dpbp 23 88 (5am) -
2 la 4n NaH [PdCl(z-allyD]; (1.0)  dpbp 40 73 (5an) —
3¢ la 40 NaH [PdCl(z-allyD]; (1.0)  dpbp 40 87 (5a0) —
4 la 4p KH [PdCl(7-allyD]; (1.0)  dpbp 50 72 (5ap) -
5 la 4q NaH [PdCl(-allyD]; (1.0)  dpbp 40 81 (5aq) -
6 la 4r NaH [PdCl(z-allyD)]; (1.0)  dpbp 40 72 (5ar) -
7 la 4s NaH [PACl(sr-allyD]s (1.0)  dpbp 40 92 (5as) -
8 1b 4m NaH [PdCl(z-allyD]; (1.0)  dpbp 50 93 (5bm) -
9 lc 4r NaH [PdCl(z-allyD]; (1.0)  dpbp 40 76 (5¢cr) —
10 1d 4m NaH [PdCl(z-allyD)], (1.0)  dpbp 40 81 (5dm) -
11 le 4m NaH [PdCl(-allyD]; (1.0)  dpbp 40 88 (5em) —
12 1f 4r CsO'Bu  [PdCl(z-allyD)]s (1.0)  dpbp 40 75 (5fr) —
13 la 4m NaH Pdy(dba), (5.0) (R)-binap 23 61 (5am) 54 (R)
14 la 4m NaH Pdy(dba), (5.0) (R)-segphos 40 62 (5am) 86 (R)
15 la 4n CsO'Bu  Pdj(dba), (5.0) (R)-segphos 40 87 (5an) 94 (R)
16¢ la 40 CsO'Bu  Pdy(dba), (5.0) (R)-segphos 40 82 (5a0) 80 (R)
17 la 4p CsO'Bu  Pdy(dba), (5.0) (R)-segphos 80 64 (5ap) 85 (R)
18 la 4q CsO'Bu  Pdy(dba), (5.0) (R)-segphos 40 67 (5aq) 91 (R)
19 la 4r CsO'Bu  Pds(dba), (5.0) (R)-segphos 80 63 (5ar) 88 (R)
20 la 4s CsO'Bu  Pdy(dba), (5.0) (R)-segphos 80 63 (5as) 83 (R)
21 1b 4m NaH Pdy(dba), (5.0) (R)-segphos 80 76 (5bm) 86 (R)
22 1b 4n CsO'Bu  Pdy(dba), (5.0) (R)-segphos 40 86 (5bn) 91 (R)
23 lc 4r CsO'Bu  Pdy(dba), (5.0) (R)-segphos 60 38 (5cr) 87 (R)
24 1d 4m NaH Pdy(dba), (5.0) (R)-segphos 80 71 (5dm) 76 (R)
25 1d 4r CsO'Bu  Pds(dba), (5.0) (R)-segphos 40 24 (5dr) 79 (R)
26 1d 4r CsO'Bu  Pdy(dba), (5.0) (R)-segphos 80 73 (5dr) 76 (R)
27 le 4m NaH Pdy(dba), (5.0) (R)-segphos 80 58 (5em) 60 (R)
28 1f 4r CsO'Bu  Pdy(dba), (5.0) (R)-"Bu-segphos 60 73 (5fr) 60 (R)

2The reaction was carried out in THF or dioxane (5 mL) for 18 h with 1 (0.50 mmol), 4 (0.65 mmol), and base (0.60 mmol) in the presence of
Pd-precursor (5.0 umol or 25 umol) and bisphosphine (1.1 equiv to Pd). ® Isolated yield by column chromatography. ¢ Determined by chiral HPLC analysis
(see Supporting Information for details). ¢ The absolute configurations were deduced by the Lowe—Brewster rule (ref 12). © With 2.50 mmol of 4o (ref 8k).

conditions. The bulkiness of the silyl substituentsin 1 showed
virtually no influence on the enantioselectivity (entries
14-15, 19 vs 21—23). The Me;Si-substrate 1a generally gave
the dlenylsilanesin higher yields than 1b and 1c. The present
Pd-catalyzed reaction is tolerant of additional functional
groups, and a proel ectrophile moiety (dimethyl acetal) could
be installed in the alenylsilanes by the use of 4r and 4s
(entries 19, 20, 23, 25, 26, and 28). The Pd-catayzed
reactions of the 3-alkyl-2-bromo-1-trimethylsilyldienes 1d—f
were less enantioselective than those of 1a, and the corre-
sponding 3,3-dialkylallenylsilanes were obtained in up to
79% ee (entries 24—28). Note that catalytic asymmetric
synthesis of 3,3-disubstituted allenylsilanes is realized for
the first time in this study. All the allenylsilanes obtained
here are levorotatory, and their absolute configurations are
deduced to be (R) by the Lowe—Brewster rule.*34

(13) (a) Lowe, G. Chem. Commun. 1965, 411. (b) Brewster, J. H. Top.
Sereochem. 1967, 2, 1.
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The obtained (R)-5an of 94% ee was allowed to react with

propand dimethyl acetal at —78 °C in the presence of TiCl, to
give 73% of homopropargyl methyl ethers 7an, which consists
of (§9- and (SR)-diastereomersin aratio of 4:1 (Scheme 3,

Scheme 3
Nu

EtCH(OMe), (excess) ~—._

TiCl, (excess) \ S'
Ho /'* H " cHyCl, -78°C £ 'o

Me,;Si

? (R)-5an (S,9)- 7an 41 (S,R)- 7an
(94% ee) (94% ee) (73%) (94% ee)

Selectfluor (2 equiv)
CH3CN, 23 °C

%’ VNU

(S) -8an

Nu = CPh(CO,Et), (94% ee. 77%)
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top).*>~*’ The absolute configurations of the propargyl carbons
in 7an were deduced to be (§ based on the known anti
stereochemistry in the Se2’ reactions of dlenylsilanes.™>*® Their
enantiopurities, determined by chiral HPLC analysis, were
found to be 94% ee for both diastereomers, demonstrating
that the axial chirality of the alenylsilane was completely
transferred to the propargylic stereogenic centersin 7an in
the S£2’ reaction with the acetal. In the same way, a treatment
of (R)-5an (94% ee) with Selectfluor, an electrophilic
fluorinating reagent, in acetonitrile at 23 °C afforded the
levorotatory chiral propargylic fluoride 8an in 94% ee in
77% yield with retention of the original enantiomeric purity
in 5an (Scheme 3, bottom). The absolute configuration of
(—)-8an was deduced to be (S) based on the stereospecific
anti Sz2” mechanism of the desilylative fluorination.”
Protodesilylation of the 3,3-dialkylallenylsilanes took place
viathe anti Sz2” pathway and resulted in the formation of a
propargylic tertiary stereogenic center in the products with
axial-to-central chirality transfer (Scheme 4).%® The reactions

Scheme 4
Nu W =R
H, :(7 CH3CO,H-BF3 (1.5 equiv) %:.\/\Nu
MesSi7 * g CH,Cly, 78 to 23 °C :

H
(R)-9dm, R = Me

(R)-5dm, R=Me (Nu=CMe(CO,Me),
(76% ee) (74% ee, 61%)
(R)-5em, R = Et (F)-9em, R = Et

(60% ee) (59% ee, 60%)

of the optically active allenylsilanes (R)-5dm (76% ee) or
(R)-5em (60% ee) with BFsCH3CO,H in dichloromethane
gave the corresponding propargyl compounds (R)-9dm (74%
ee, 61% yidd) or (R)-9em (59% ee, 60% yield), respectively.
Although a slight decrease in enantiopurity was detected in
the protodesilylation, the axial-to-central transfer of chirality
was still greater than 97%. The chirality transfer in protode-
silylation has been unique and could be realized by the use
of the 3,3-disubstituted allenylsilanes.

Treatment of the acetal-tethered allenylsilane (R)-5ar of
88% ee with TiCl,; promoted cyclization via the Sg2’
pathway. The five-membered carbocycles were obtained in
71% yield as a mixture of two diastereomers 10ar and 11ar
in a 1:2 molar ratio. Both diastereomers retained the
enantiopurity of (R)-5ar within experimental error (Scheme
5). The highly enantioenriched six-membered carbocycles

(14) Previously, the validity of this deduction was confirmed by the
asymmetric total synthesis of a naturally occurring allene of known
configuration utilizing the Pd-catalyzed reaction as a key step (ref 8k).

(15) (a) Buckle, M. J. C.; Fleming, |. Tetrahedron Lett. 1993, 34, 2383.
(b) Buckle, M. J. C,; Fleming, |.; Gil, S,; Pang, K. L. C. Org. Biomol.
Chem. 2004, 2, 749.

(16) The relative configurations of the homopropargyl carbons in 7an
were tentatively assigned as in Scheme 3 by comparison of their *H NMR
data with those of analogous compounds of which configurations are known;
see: Favre, E.; Gaudemar, M. J. Organomet. Chem. 1975, 92, 17.

(17) (a) Carrall, L.; Pacheco, M. C.; Garcia, L.; Gouverneur, V. Chem.
Commun. 2006, 4113. (b) Carroll, L.; McCullough, S.; Rees, T.; Claridge,
T. D. W.; Gouverneur, V. Org. Biomol. Chem. 2008, 6, 1731.

(18) Fleming, I.; Terrett, N. K. Tetrahedron Lett. 1983, 24, 4153.
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Scheme 5
H E
MegSimx. TiCl
® » (15equiv) R E . B E
R O cv—czc(l32 Z" =" b
—78° M -
MeO ™\ H Ome MeO" 13
(Ry-5ar(R=H,n=1) 10ar 1:2 11ar
88% ee 87%ee (71%) 88%ee
(R-5as (R=H,n=2) 10as 1:6 11as
83% ee 82%ee (86%) 83%ee
(R)-5dr (R=Me,n=1) 10dr 1:1 11dr
76% ee 76% ee  (66%) 76% ee
(R)-5fr (R = "CgHyq, n = 1) 10fr 11fr

11
60% ee 60%ee (71%) 60%ee

10as (82% ee) and 1las (83% ee) were prepared in 86%
yieldin a 1:6 molar ratio from (R)-5as (83% e€) in the same
way with the nearly complete transfer of chirality. The
absolute configurations of the propargyl carbons in 10 and
11 were assigned to be (S as in the case of 7an.’® The
relative configurations of the adjacent stereogenic centers
were determined by *H NMR NOE experiments, and thus
the major enantiomers in the cyclized products were (S9)-
10 and (SR)-11 as depicted in Scheme 5.

The reaction sequence could be applied to the asymmetric
congtruction of quaternary chiral centers bonded to four carbon
substituents.’® The axial chirdlity of the trisubstituted allenyl-
silanes (R)-5dr (76% ee) and (R)-5fr (60% ee), which were
prepared by the Pd-catalyzed asymmetric reaction of 1d and
1f, was transferred to the quaternary carbons in 10dr, 11dr,
10fr, and 11fr by the TiCls;-promoted intramolecular S2’
reaction with complete retention of the enantiomeric purity in
(R)-5dr and (R)-5fr (Scheme 5). These results demonstrated
that, with a proper R substituent in 1, the asymmetric reaction
shown in Table 1 could be an dternative to catalytic asymmetric
synthesis of al-carbon quaternary centers.

In summary, we have developed a novel route to axially
chiral dlenylsilanes by asymmetric catalysis. The axia
chirdity in the allenylsilanes, which were prepared with high
enantiosel ectivity (up to 94% ee), was transferred to tertiary
and quaternary stereogenic centers without loss of their
enantiomeric purity.
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