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ABSTRACT: The stereochemical courses of the copper-
catalyzed allyl—alkyl coupling between enantioenriched chiral

allylic phosphates and alkylboranes were switchable between

1,3-

anti and 1,3-syn selectivities by the choice of solvents and achiral
alkoxide bases with different steric demands. The reactions with y-
silylated allylic phosphates allow efficient synthesis of enantioen-
riched chiral allylsilanes with tertiary or quaternary carbon
stereogenic centers. Cyclic and acyclic bimodal participation of
alkoxyborane species in an organocopper addition—elimination
sequence is proposed to account for the phenomenon of the anti/

syn-stereochemical reversal.

0
cat. CuDAc 93% e

MeO
+-BuOK (antilsyn 98.5:1.5)

o/jL —— ;4/\/\

0:1 Alkyl-9-BBN =

B "

o’ o 94°%, PhMe,Si Ph
JW 2

PhMe,Si Ph

e

cat. CuoAc MeO 96% ee
MeOK (antilsyn 1>99)

Alkyl-9-BBN

95% PhMe,Si

1. INTRODUCTION

Copper-mediated allylic substitutions of enantioenriched chiral
allylic alcohol derivatives with organometallic reagents are
powerful tools for constructing stereogenic carbon centers."
Typically, the reaction occurs with an 1,3-anti-stereochemistry
(anti-S2') to deliver a new stereogenic center at the y-position.
In contrast, a switch of the stereochemical course from anti to
syn is possible by employing reagent-directing leaving groups,
such as benzothiazoles and carbamates (syn-Sy2').>”* Breit and
co-workers introduced the o-diphenylphosphanyl benzoate (o-
DPPB) group as a new reagent-directing leaving group,sa_f and
furthermore realized the stereoselective conversion of chiral
allylic substrates by employing the switchable o-DPPB/o-DPPB
oxide leaving groups.*®"

Herein, we report a new case for the reversibility of 1,3-anti/
syn-stereochemical courses in allylic substitution, where the
stereochemical courses are switchable by the choice of solvents
and achiral alkoxide bases with different steric demands. The
reactions allow efficient synthesis of enantioenriched chiral
allylsilanes with tertiary or quaternary carbon stereogenic
centers.”'" We note that examples of stereoselective
conversion of one enantiomer of a substrate to both
enantiomers of a product are still rare despite their usefulness
in organic synthesis."”

Earlier, we reported the copper-catalyzed y-selective allyl—
alkyl coupling between allylic phosphates and alkylboranes
(alkyl-9-BBN)."*'* This reaction occurred preferentially with
1,3-anti-stereochemistry, but the stereoselectivity was only
moderate with acyclic allylic substrates (eq 1).'** The
sensitivity of the anti/syn-stereochemistry prompted us to
explore the possibility of reversing the stereochemical course
from anti to syn by the choice of reaction conditions.'®
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B
5 Bu  OP(O)(OEt), CuOAc (10 mol %) 2
Ph > + K)\ FBUOK (1 equiv) o A "
2a (9)-(E)-4aa

. toluene/DMF (4:1)
(1.5 equiv) 60°C, 8h

(8)-(2)-3a, 95% ee 70% ee {anti/syn 87:13)

83% v/0.>99:1; E/IZ>99:1

2. RESULT AND DISCUSSION

2.1. Optimization of Conditions for the Reversal of
1,3-anti/syn-Stereochemical Courses in the Reaction of
y-Silylated Allylic Phosphate. Our initial study was focused
on the reaction producing allylsilanes, because y-silylated allylic
phosphates appeared to be more suitable substrates in terms of
the stereoselectivity compared with allylic phosphates having a
hydrocarbon backbone (vida infra). Alkylborane 2a, which was
prepared via hydroboration of styrene (la) with 9-
borabicyclo[3.3.1]nonane (9-BBN-H) dimer, and y-silylated
allylic phosphate (S)-(Z)-3b (99% ee) bearing a cyclic
phosphate leaving group'® were subjected to the standard
reaction conditions for the copper-catalyzed allyl—alkyl
coupling (2a/3b/CuOAc/t-BuOK 1.6:1:0.1:1.5, THF, 40 °C)
(Table 1, entry 1; conditions A)."* The reaction afforded
allylsilane (S)-(E)-4ab in 94% yield with complete y- and E-
selectivities. The absolute configuration of (S)-(E)-4ab
indicated that the reaction took place with 1,3-anti-stereo-
chemistry and the enantiomeric excess was 94% ee (anti/syn
97.5:2.5)."7

As shown in Table 1, entries 2—3, the natures of a base and a
solvent have marked impacts on the anti/syn-selectivity. When
t-BuOLi was used instead of +-BuOK in conditions A, the yield
was low and the anti-selectivity decreased to 61% (entry 2).
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Table 1. Effect of Reaction Conditions on the anti/syn-
Stereoselectivity of the Coupling between 2a and y-Silylated
Allylic Phosphate (S)-(Z)-3b“

$iMe,Ph
O‘\g/jLCUOAC (10 mol %) Phs/\/‘,\/\
/\/B<@+ PhMe,Si Q@ O base (1.5 equiv) ¢ )-(E)c;r ab (ant)
Ph 2a K)\ solvent, temp., 8 h SiMe,Ph
(1.6 equiv) (8)-(2)-3b, 99% ee Ph =
(R)-(E)-4ab (syn)
tem yield ee
entry base solvent (°C§ (%)° (%)? anti/syn
1 #BuOK THF 40 94 94(S)  97.5:2.5
(cond A)
2 tBuOLi  THF 40 14 22(8) 61:39
3 EtOK THF 40 8  56(R) 22:78
4 MeOK THF 40 99  59(R) 20:80
S tBuOK toluene 0 28 23[R 38:62
6 EtOK toluene 40 90 80 (R) 9.5:90.5
7 MeOK toluene 40 92 82 (R) 8.5:91.5
8 MeOK toluene 80 95 94 (R) 2.5:97.5
(cond B)

“The reaction was carried out with (S)-(Z)-3b (0.2 mmol), 2a (0.32
mmol), CuOAc (10 mol %), and base (0.3 mmol) for 8 h. *Yield of
the isolated product based on (S)-(Z)-3b. ‘Isomeric ratios (y/a >
99:1, E/Z > 99:1). Determined by 'H NMR or GC of the crude
product. “The enantiomeric excess was determined by HPLC analysis.

More pronounced effect on the stereoselectivity was observed
when #-BuOK was changed to sterically less demanding EtOK:
under otherwise same conditions, the stereochemical outcome
was reversed to syn-selectivity, giving the R isomer of 4ab with
56% ee (anti/syn 22:78) in 86% vyield (entry 3). The syn-
selectivity was further increased to 80% by the use of even
smaller base MeOK (entry 4).

Changing the solvent (THF) in conditions A to toluene also
caused the anti-to-syn reversal although the yield and the syn-
selectivity were low (28% yield, anti/syn 38:62, Table 1, entry
5). The syn-selectivity was increased to 90.5% and 91.5% by the
use of EtOK and MeOK, respectively, in place of +BuOK
(entries 6 and 7). Use of the smaller bases had a marked impact
also on the increase in the yield. We were delighted to find that,
when the reaction temperature was increased to 80 °C, the syn-
selectivity became as high as 97.5% and the yield was excellent
(entry 8; conditions B).

2.2. Reversible Stereochemistry in the Synthesis of
Various Allylsilanes. Various enantioenriched allylsilanes can
be synthesized through either 1,3-anti- or 1,3-syn-selective
allyl—alkyl coupling reactions (Table 2). The alkylboranes
(2b—d) bearing silyl ether, chloroaryl or ester moieties
underwent the reactions with excellent stereoselectivity
(Table 2, entries 1—6). The PhMe,Si group at the y-position
of 3b could be replaced with BnMe,Si groups, affording the
corresponding R and § isomers with excellent stereoselectivities
(entries 7 and 8). For the reaction of (S)-(Z)-3d (99% ee),
which has an a-i-Pr substituent using conditions A, the anti-
and syn-stereochemical courses were comparable (entry 9). In
contrast, conditions B resulted in a higher syn-selectivity than
those with the other substrates (entry 10). This suggests that
the bulkiness of the a-i-Pr substituent prompted the reactions
toward the 1,3-syn-selectivity (vide infra for discussion).

The copper-catalyzed, 1,3-anti- and 1,3-syn-selective allyl—
alkyl couplings can be extended to the synthesis of
enantioenriched allylsilanes with a quaternary stereogenic
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Table 2. Synthesis of Various Enantioenriched Allylsilanes
with a Tertiary Carbon Stereogenic Center™

entry alkene phosphate  conditions product  yield anti/syn’
()
SiMe,Ph
1 TIPSO~ (8)-(Z)-3b A TIPSO AN 89 96.5:3.5
b 99% ee (+)-{E)-4bb, 92% ee
SiMeyPh
2 1b (8)-(2)-3b B TPso - F 99 4:96
99% ee {(-)-(E)-abb, 91% ee
SiMe,Ph
3 @A\ (8)-(z)-3b A /@/\/\/\ 91 97.5:2.5
a 16 99% ee o (.mi)::b
SiMe,Ph
4 1c (8)-(2)-3b B 7 99 6:94
99% ee (-)-(E)-4cb
Cl 87% ee
SiMe,Ph
S MeO ~  (8)-(2)-3bA MeOW 69 95.5:4.5
\’O(?d(\ 99% ee o
(+)-(E)-4db, 90% ee
SiMe,Ph
6 1d (8)-(2)-3b B MEOW 94 3:97
99% ee o
()-(Er-4db, 93% ee
o SiMegBn
7 Ic Oeﬁ/jLA A 92 96.5:35
BiMe,Si Q7 O D/(*\)'(/E)’\“;\
x cl 92% ee
(9)-(2)-3¢, 99% ee
SiMe,Bn
8 1c (8)-(2)-3¢ B = 95 4.5:95.5
99% ee (9)-(E)-acc
cl 90% ee
9 o\\gﬁL SiMe;Ph
la PhMessi O 07 A o 96 54:46
2 « phw
{S)-(E)-4ad, 8% ee
(5)-(2)-3d, 99% e
SiMe,Ph
10 1a (5)-(z)-3d B PhAA/A( 95 1:>99
99% ee

(R)-(E)-4ad, 99% ee

“Conditions A: 3 (0.2 mmol), alkylborane 2 (0.32 mmol), CuOAc (10
mol %), +-BuOK (0.3 mmol, 1 M in THF), THF, 40 °C, 8 h.
Conditions B: 3 (0.2 mmol), alkylborane 2 (0.32 mmol), CuOAc (10
mol %), MeOK (0.3 mmol), toluene, 80 °C, 8 h. bAlkylborane 2 was
prepared in advance by hydroboration of 1 with 9-BBN dimer in THF
(conditions A) or toluene (conditions B) at 60 °C for 1 h and used
without purification. “Yield of the isolated product based on 3.
Usomeric ratios (y/a > 99:1, E/Z > 99:1). Determined by 'H NMR
or GC of the crude product.”The enantiomeric excess was determined
by HPLC analysis.

center. The results are summarized in Table 3. We used y,y-
disubstituted E-allylic phosphates, which are easier to prepare
than the corresponding Z-isomers.'® The reaction of y,y-
disubstituted allylic phosphate (S)-(E)-3e (96% ee) using
either conditions A or B afforded the corresponding quaternary
chiral allylsilanes (R)-(E)-4ae (92% ee, anti/syn 98:2) and (S)-
(E)-4ae (92% ee, anti/syn 2:98), respectively (entries 1 and
2)." The synthetic methods were compatible with an ester
moiety in the alkenyl (alkylborane) substrate (entries 3 and 4).
The reactions of allylic phosphate (S)-(E)-3f (99% ee) with a
Bu group instead of the Me group at the y-position by using
either conditions A or B afforded (—)-(E)-4af (93% ee, anti/syn
97:3) and (+)-(E)-4af (96% ee, anti/syn 1.5:98.5), respectively
(entries 5 and 6).

dx.doi.org/10.1021/ja302520h | J. Am. Chem. Soc. 2012, 134, 8982—8987



Journal of the American Chemical Society

Table 3. Synthesis of Enantioenriched Allylsilanes with a
Quaternary Carbon Stereogenic Center™

entry alkene phosphate

1 1a OQEELA Ph

g \_;</\/\
PhMe,Si & Ph

conditions product yield anti/syn’

(%)

86 98:2

" ™
thez(ssl)-(E)»se, 96% eeP " (R)-(E)-d4ae, 92% ee
Ph
2 1a (S)-(E)-3e B \—>v/v\ 67 2:98
96% ee PhMe,Si Ph
(9)-(

S)-(E)-4ae, 92% ee

o}

Meo{_b 93
PhMezsiA/\/\ Ph

(+)-(E)-4de, 83% ee
o]
B MeO
(8)-(E)-3e . 81
96% ee

98.5:1.5

3 MeO\ﬂ/X\ (S)~gE)—3eA
0 4 96% ee

4 1d 1:>99

PhMe,Si~ 7 Ph
(-)-(E)-4de, 96% ee

97:3

o]
5 1a o\u/jLA Ph 70
A A
PN PhMe,S
PhMe,Si (+)?(2E)I-4af, 93% ee
Ph
(S)-(E)-3f B $ 56

99% ee PhMe,Si”
()-(B)-4at, 96% ee

{S)-(E)-3, 99% ee

¢ la 1.5:98.5

3

“Conditions A: 3 (0.2 mmol), alkylborane 2 (0.32 mmol), CuOAc (10
mol %), t-BuOK (0.3 mmol, 1 M in THF), THF, 40 °C, 18 h.
Conditions B: 3 (0.2 mmol), alkylborane 2 (0.32 mmol), CuOAc (10
mol %), MeOK (0.3 mmol), toluene, 80 °C, 8 h. bAlkylborane 2 was
prepared in advance by hydroboration of 1 with 9-BBN dimer in THF
(conditions A) or toluene (conditions B) at 60 °C for 1 h and used
without purification. “Yield of the isolated product based on 3.
“Isomeric ratios (y/a > 99:1, E/Z > 99:1). Determined by '"H NMR
or GC of the crude product. /The enantiomeric excess was determined
by HPLC analysis. “The reaction was carried out in toluene/DCE
(3:1) solvent.

The a-quaternary allylsilane (R)-(E)-4ae (92% ee) was
readily derivatized to the chiral tertiary carbinol Sae (92% ee)
by alkene reduction followed by Fleming—Tamao oxidation
with retention of configuration (eq 2).*°

Ph Ph
N 1) TsNHNH,, EtzN N

K/\/\ 2) HBF40ft, ;</\/\
PhMe,Si [ e —— HO ph @

B 3} Hy0,, KHCO3, KF
-(E)-4ae o (S)-5ae
92% ee 80% in 3 steps 92% e

2.3. Allyl-Alkyl Coupling with Non-Silicon-Substi-
tuted Allylic Phosphates. The phenomenon of anti/syn-
stereochemical reversal is not limited to cases with silylated
allylic phosphates (Table 4). For instance, the reaction between
the allylic phosphate (S)-(Z)-3a’ (96% ee) and 2a under
conditions A occurred with 97% 1,3-anti-selectivity (entry 1).
In contrast, the copper-catalyzed reaction of the same substrate
pair under conditions B proceeded with 85% syn-selectivity,
giving (R)-(E)-4aa with 66% ee in 31% yield (entry 2). The
addition of 9-BBN-OMe (1.5 equiv to 3a’) increased the syn-
selectivity to 89% and the product yield to $55% (entry 3) (see
section 2.4 for the role of 9-BBN-OMe). The use of 9-BBN-
OMe in a larger quantity (3 equiv) improved the yield to 74%
(entry 4; conditions C).

Various combinations of allylic phosphates having a hydro-
carbon backbone and alkylboranes were examined, and the
results are summarized in Table 5. The 1,3-anti-selectivity was
generally high with conditions A (anti/syn > 95:5) (entries 1, 3,
S, 7, and 9). Although the efficiency of 1,3-syn-selectivity under
conditions C was relatively low with the phosphates (S)-(Z)-
3a’, which has a Me group at the a-position (entry 2, anti/syn
11:89), higher syn-selectivities (92—95%) were observed when
the steric demand of the a-substituent is larger than that of the
Me group (entries 4, 6, 8 and 10). The selectivity trend biased
toward the 1,3-syn-stereochemical course by the bulkiness of
the a-substituent is similar to that observed in the reaction with
y-silylated allylic substrates. The reactions were compatible with
acetal or 3,4-dimethoxyphenyl moieties in the alkenyl
(alkylborane) substrates (entries 1, 2, and 5—8).

2.4. Mechanistic Consideration. As we proposed in the
previous report, it is conceivable that the copper-catalyzed
allyl—alkyl coupling proceeds through the addition—elimination
mechanism of a neutral organocopper species.">* The generality
and completeness of the y-regioselectivity (>99:1) strongly
supports this assumption. On the basis of this assumption, the
1,3-anti-stereochemical outcome, which was preferred under
conditions A, can be rationalized by the mechanism involving
B/Cu transmetalation between trialkyl(alkoxy)borate A and
CuX [X = OP(O)(OR*), or OAc], and the addition of
alkylcopper(I) species B across the C—C double bond of 3

Table 4. Effect of Reaction Conditions on the anti/syn-Stereoselectivity of the Coupling between 2a and Allylic Phosphate (S)-

(2)-32'7
Bu O O
Ph”f@* A
(1.6 squiv) (S-(2)-3a', 96% ee
entry base solvent 9-BBN-OMe (equiv)
1 t-BuOK THF none (cond A)
2 MeOK toluene none (cond B)
3 MeOK toluene 1.5
4 MeOK toluene 3.0 (cond C)

Bu

O~Q/jL phW\
SP CuOAc (10 mol %) (5)-(£)-4aa (ant)

base (1.5 equiv)
—_— -

or

9-BBN-OMe Bu
solvent, temp., 8 h
Ph &
(R)-(E)-4aa (syn)
temp (°C) yield (%)% ee (%)? anti/syn
40 87 90 (S) 97:3
80 31 66 (R) 15:85
80 SS 74 (R) 11:89
80 74 74 (R) 11:89

“The reaction was carried out with (S)-(Z)-3a’ (0.2 mmol), 2a (0.32 mmol), CuOAc (10 mol %), and MeOK (0.3 mmol) for 8 h. ®Yield of the
isolated product based on (S)-(Z)-3a’. “Isomeric ratios (y/a > 99:1, E/Z > 99:1). Determined by 'H NMR or GC of the crude product. “The

enantiomeric excess was determined by HPLC analysis.
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Table 5. Scope of Stereospecific Allyl—Alkyl Coupling“’b

entry alkene phosphate conditions product  yield anti/syn‘

(5)*

Bu
(8)-(2)-32’A
96% ee

/

ol
&0 (+)-(E)-4ea, 93% ee

65 98.5:1.5

1 (O/\O(\/\

1e

Bu
2 le (8)-(2)-32°C OW/\W 67 11:89
96% ee (/0 (I-(E)-dea, 74% ee
o
3 la O\\I;,/jLA H 70 95:5
oo P NN gy
X " (S)-(E)-4ag, 87% ee
{8)-{2)-39, 97% ee
4 la (S)-(z)-3g C Phwsu 74 6:94
97% ee {R)-(E)-4ag, 85% ee
S le ($)-(2)-3gA ° NN ey 80 99.5:0.5
97% ee (/0 (+)-(E)-4eg, 96% ee
6 le (8$)-(z)-3gC ° gy 84 8:92
97% ee &0 (-)-(E)1-deg, 82% ee
MeO. B
7 D\A (8)-(2)-3g A MQOMBU 74 97.5:2.5
97% ee (+)-(E)-41g, 92% ee
MeQ
8 1f (8)-(2)-3g C Meo]@WBu 95 5:95
97% ee () E)-4fg, 87% e
O:g/\/F H
o la 00T A ~F 29 97.5:2.8
« phw
(S)-{E)-4ah, 94% ee
(9)-(2)-3h, 99% ee
10 la (8)-(2)-3h C phA)\@/ 70 8:92
99% ee

(R)-(E)-4ah, 83% ee

“Conditions A (entries 1, 3, S, 7, 9): 3 (0.2 mmol), alkylborane 2
(0.32 mmol), CuOAc (10 mol %), t-BuOK (0.3 mmol, 1 M in THE),
THE, 40 °C, 8 h. Conditions C (entries 2, 4, 6, 8, 10): 3 (0.2 mmol),
alkylborane 2 (0.32 mmol), CuOAc (10 mol %), MeOK (0.3 mmol),
9-BBN-OMe (0.6 mmol), toluene, 80 °C, 8 h. “Alkylborane 2 was
prepared in advance by hydroboration of 1 with 9-BBN dimer in THF
(conditions A) or toluene (conditions C) at 60 °C for 1 h and used
w1th0ut purification. “Yield of the isolated product based on 3.

“Isomeric ratios (y/a > 99:1, E/Z > 99:1). Determined by '"H NMR
or GC of the crude product. The enantiomeric excess was determined
by HPLC analysis. “The reaction was carried out for 18 h.

followed by anti-B-elimination from alkylcopper complex E
(Figure 1, path a). In contrast, the 1,3-syn-stereochemical
outcome, which was preferred under conditions B and C, can
be attributed to the pathway involving the addition of
alkylcopper species B with syn-stereochemistry with respect
to the leaving group followed by syn-f-elimination (Figure 1,
path b).

The switch of the selectivity would likely rely on the nature
of the alkoxyboranes (9-BBN-OR, R = t-Bu or Me), which are
derived from the transmetalation between CuX [X = OMe,
OP(O)(OR*), or OAc] and the alkylborates (A or F).
Regardless of the R groups, the alkoxyboranes would play a
role in activating the phosphate leaving group through their
Lewis-acidic character at the boron atom.””* When the R
group in the alkoxyborane is compact enough (R = Me), the
alkoxy oxygen would be able to coordinate to the copper atom,

8985

enabling path b, which proceeds through a cyclic transition
state H-TS (G — H-TS — I). This results in 1,3-syn-
stereochemistry. In contrast, when the R group is as bulky as
the t-Bu group, steric factors would prevent the coordination of
the alkoxy oxygen to the copper atom. Accordingly, the acyclic
mechanism as in path a is preferred (C = D-TS — E). Use of a
potentially coordinating solvent such as THF may also render
the O—Cu coordination less favorable.

The assumed participation of 9-BBN-OMe in the 1,3-syn
allylic substitution was strongly supported by an additional
experiment that used an external 9-BBN-OMe reagent (eq 3).
Thus, the anti-to-syn reversal occurred upon adding 9-BBN-
OMe (1.5 equiv) to the reaction between 2a and (S)-(Z)-3b
under otherwise 1,3-anti reaction conditions.

o}
O:4 CuOAc (10 mol %) SiMeoPh
i 07 ~O7 +-BuOK (1.5 equiv)
B + PhMe,Si
PR <€ . 9-BBN-OMe (1.5 equiv) PN @)
- - .5 equiv)
2a U\ THF, 40 °C, 8 h (R)-(E)-4ab
(1.6 equiv) (S)-(2)-3b, 99% ee 78% ee (anti’syn 11:89)

96% yia.>99:1; E/Z >99:1

The proposed acyclic and cyclic mechanisms for the 1,3-anti-
and 1,3-syn-stereochemical courses may be consistent with the
general observation that the sterically more demanding a-
substituents in the allylic phosphates biased the reaction toward
1,3-syn-stereoselectivity. Thus, assuming the stereodifferentiat-
ing transition state D-TS for the anti-stereochemical course so
that the Cu—C(f) bond and the C(a)—O bond are
antiperiplanar as illustrated in Figure 2a, a steric repulsion
between the organocopper moiety and the bulky a-substituent
(R*) would be significant. On the other hand, such a steric
repulsion could be avoided in the cyclic transition state H-TS
leading to the 1,3-syn-stereochemical outcome as shown in

Figure 2b.

3. CONCLUSION

In summary, we demonstrated a new case of the reversibility of
1,3-anti/syn-stereochemical courses in allylic substitution,
where the stereochemical courses are switchable by the choice
of solvents and achiral alkoxide bases with different steric
demands. The protocols allowed the stereoselective conversion
of silicon-substituted allylic phosphates into enantioenriched
chiral allylsilanes with tertiary or quaternary carbon stereogenic
centers. Thus, both enantiomers of the allylsilanes with high
enantiomeric purities are readily available from one enantiomer
of the substrate. The protocols are versatile and useful for the
synthesis of functionalized allylsilanes because alkylboranes are
widely available via in situ alkene hydroboration with a broad
functional compatibility.*® Furthermore, the use of secondary
allylic alcohol derivatives as substrates is advantageous to the
preparation of allylsilanes that are substituted at the alkene
o' The reversible nature of the anti/syn-stereo-
selectivity provides clues to understanding the mechanism of
the copper-catalyzed allyl—alkyl coupling reactions. Although
elucidation of the mechanism must await further detailed
studies aided by theoretical calculations, the experimental
results obtained in the present study strongly suggest the
critical participation of alkoxyboranes in acyclic and cyclic
modes during the organocopper addition—elimination path-
ways.

terminus.
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K*

=_OBu
Sz
A

(S-E-4

anti-elimination

9-BBN-OBu  9-BBN-OMe
+ +

(R)-(B)-4
+

Q
§ B-0P_

CuX syn-elimination

X = OP(O}(OR%); KX KX X = OAc or OMe -l Me
11 H A B~0
>P8a Ls @HRZ or OAc O) k’."‘cu
transmetalation transmetalation ~ }':l R2
R3” [ CuR! S
E
addition path a Cu-R! path b addition
B
BuO~g~ + y Me ¥
i ~B-0O.
Y Ciye 1
coordination coordination \g C-}‘ R Y
Hoo )
\ Me - \O a/B oy 2
\.B—O»_ R! & R
, (S+2)3 d o po H
= ~Eom V’ H-TS
/R’ 9BBN-OBu 9-BBN-OMe ~ \om 5
c B R3‘° H &

Figure 1. Possible pathways for the copper-catalyzed allyl—alkyl coupling between allylic phosphates and alkylboranes.

a) acyclic mode (anti)

b) cyclic mode (syn)

favored under conditions A favored under conditions B and C

Figure 2. Stereoelectronic effect models.

B ASSOCIATED CONTENT

© Supporting Information

Experimental details and characterization data for new
compounds. This material is available free of charge via the
Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
ohmiya@sci.hokudai.ac.jp; sawamura@sci.hokudai.ac.jp

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the Grants-in-Aid for Scientific
Research (B) and CREST, JST to M.S. and by the Grants-in-
Aid for Young Scientists (B), JSPS and The Uehara Memorial
Foundation to H.O. We thank MEXT for financial support
through the Global COE grant (Project No. BO1: Catalysis as
the Basis for Innovation in Materials Science). Y.M. thanks
JSPS for scholarship support.

B REFERENCES

(1) For reviews on Cu-mediated allylic substitutions, see: (a) Krause,
N., Ed. Modern Organocopper Chemistry; Wiley-VCH: Weinheim,
Germany, 2002. (b) Hoveyda, A. H; Hird, A. W.; Kacprzynski, M. A.
Chem. Commun. 2004, 1779—178S. (c) Yorimitsu, H.; Oshima, K.
Angew. Chem., Int. Ed. 2005, 44, 4435—4439. (d) Falciola, C. A;
Alexakis, A. Eur. J. Org. Chem. 2008, 3765—3780. (e) Alexakis, A.;
Bickvall, J. E,; Krause, N.; Pamies, O.; Diéguez, M. Chem. Rev. 2008,
108, 2796—2823. (f) Harutyunyan, S. R; den Hartog, T.; Geurts, K;
Minnaard, A. J.; Feringa, B. L. Chem. Rev. 2008, 108, 2824—2852.

8986

(2) For a review on directed reactions of organocopper reagents, see:
Breit, B.; Schmidt, Y. Chem. Rev. 2008, 108, 2928—2951.

(3) For carbamate leaving groups on allylic substitutions with
organocopper reagents, see: (a) Gallina, C. Tetrahedron Lett. 1982, 23,
3093—-3096. (b) Goering, H. L.; Kantner, S. S.; Tseng, C. C. ]. Org.
Chem. 1983, 48, 715—721. (c) Smitrovich, J. H.; Woerpel, K. A. J. Am.
Chem. Soc. 1998, 120, 12998—12999. (d) Smitrovich, J. H.; Woerpel,
K. A. J. Org. Chem. 2000, 65, 1601—1614.

(4) For benzothiazole leaving groups on allylic substitutions with
organocopper reagents, see: (a) Barsanti, P.; Cald, V.; Lopez, L;
Marchese, G.; Naso, F.; Pesce, G. J. Chem. Soc,, Chem. Commun. 1978,
1085—1086. (b) Calo, V.; Lopez, L.; Carlucci, W. F. J. Chem. Soc,
Perkin Trans. 1 1983, 2953—2956. (c) Valverde, S.; Bernabé, M,;
Garcia-Ochoa, S.; Gomez, A. M. J. Org. Chem. 1990, 5§, 2294—2298.

(5) (a) Breit, B.; Demel, P. Adv. Synth. Catal. 2001, 343, 429—432.
(b) Breit, B.; Herber, C. Angew. Chem., Int. Ed. 2004, 43, 3790—3792.
(¢) Breit, B.; Herber, C. Angew. Chem., Int. Ed. 2005, 44, 5267—5269.
(d) Demel, P.; Keller, M.; Breit, B. Chem.—Eur. ]. 2006, 12, 6669—
6683. (e) Breit, B.; Herber, C. Chem.—Eur. . 2006, 12, 6684—6691.
(f) Spangenberg, T.; Schoenfelder, A.; Breit, B.; Mann, A. Org. Lett.
2007, 9, 3881—3884. (g) Breit, B.; Demel, P.; Studte, C. Angew. Chem,,
Int. Ed. 2004, 43, 3786—3789. (h) Breit, B.; Demel, P.; Grauer, D,;
Studte, C. Chem.—Asian J. 2006, 1, 586—597.

(6) For reviews on the synthesis of allylsilanes, see: (a) Masse, C. E.;
Panek, J. S. Chem. Rev. 1995, 95, 1293—1316. (b) Fleming, L; Barbero,
A.; Walter, D. Chem. Rev. 1997, 97, 2063—2192. (c) Chabaund, L,;
James, P.; Landais, Y. Eur. J. Org. Chem. 2004, 3173—3199.

(7) For Cu-catalyzed enantioselective allylic substitutions of prochiral
y-silylated primary allylic alcohol derivatives with organozinc or
organoaluminum reagents, giving allylsilanes with a terminal alkene
moiety, see: (a) Kacprzynski, M. A; May, T. L; Kazane, S. A;
Hoveyda, A. H. Angew. Chem.,, Int. Ed. 2007, 46, 4554—4558. (b) Gao,
F.; McGrath, K. P.; Lee, Y.; Hoveyda, A. H. J. Am. Chem. Soc. 2010,
132, 14315—14320.

(8) For allylic substitutions of chiral y-silylated secondary allylic
alcohol derivatives with organocopper reagents, giving allylsilanes that
are substituted at the alkene terminus, see: refs 3c and 3d. For
palladium-catalyzed allylic substitutions of enantioenriched y-silylated
secondary allylic alcohol derivatives with organoboronic acids, giving
allylsilanes that are substituted at the alkene terminus, see: Li, D,;
Tanaka, T.; Ohmiya, H.; Sawamura, M. Org. Lett. 2010, 12, 3344—
3347.

(9) For the synthesis of allylsilanes through copper-catalyzed allylic
substitutions with silylating reagents, see: (a) Oestreich, M.; Auer, G.
Adv. Synth. Catal. 2005, 347, 637—640. (b) Schmidtmann, E. S,
Oestreich, M. Chem. Commun. 2006, 3643—3645. (c) Vyas, D. J;
Oestreich, M. Chem. Commun. 2010, 568—570. (d) Vyas, D. J;

dx.doi.org/10.1021/ja302520h | J. Am. Chem. Soc. 2012, 134, 8982—8987


http://pubs.acs.org
mailto:ohmiya@sci.hokudai.ac.jp
mailto:sawamura@sci.hokudai.ac.jp

Journal of the American Chemical Society

Oestreich, M. Angew. Chem., Int. Ed. 2010, 49, 8513—851S. For the
synthesis of allylsilanes through palladium-catalyzed allylic substitu-
tions with disilanes, see: (e) Moser, R.; Nishikata, T.; Lipshutz, B. H.
Org. Lett. 2010, 12, 28—31. (f) Selander, N.; Paasch, J. R.; Szabd, K. J.
J. Am. Chem. Soc. 2011, 133, 409—411.

(10) For the synthesis of chiral allylsilanes bearing a quaternary silyl-
substituted carbon center, see: (a) Wang, K. K; Gu, Y. G; Liu, C. J.
Am. Chem. Soc. 1990, 112, 4424—4431. (b) Heo, J.-N.; Micalizio, G.
C.; Roush, W. R. Org. Lett. 2003, S, 1693—1696. (c) Lambert, W. T.;
Roush, W. R. Org. Lett. 2005, 7, 5501—5504. (d) Wipf, P.; Pierce, J. G.
Org. Lett. 2008, 7, 3537—3540. (e) Lowe, J. T.; Panek, J. S. Org. Lett.
2008, 7, 1529—1532. (f) Aggarwal, V. K; Binanzer, M.; de Ceglie, M.
C.; Gallanti, M,; Glasspoole, B. W.; Kendrick, S. J. F.; Sonawane, R. P.;
Vazquez-Romero, A.; Webster, M. P. Org. Lett. 2011, 13, 1490—1493
and references therein. See also refs 7a and 7b.

(11) For our report on the synthesis of racemic allylsilanes through
the copper-catalyzed coupling between y-silylated allylic phosphates
and alkylboranes, see: Nagao, K.;; Ohmiya, H.; Sawamura, M. Synthesis
2012, 44, 1535—1541.

(12) For the selective conversion of one enantiomer of secondary
alcohols into both enantiomers of tertiary alcohols, see: (a) Stymiest, J.
L.; Bagutski, V.; French, R. M.; Aggarwal, V. K. Nature 2008, 456,
778—782.  For the Suzuki—Miyaura-type coupling of chiral o-
(acetylamino)benzylboronic esters, which allows selective conversion
of one enantiomer of substrates to both enantiomers, see: (b) Awano,
T.; Ohmura, T.; Suginome, M. J. Am. Chem. Soc. 2011, 133, 20738—
20741.

(13) For Cu-catalyzed y-selective allylic substitutions with organo-
boron compounds, see: (a) Ohmiya, H.; Yokobori, U.; Makida, Y.;
Sawamura, M. J. Am. Chem. Soc. 2010, 132, 2895—2897. (b) Ohmiya,
H.; Yokokawa, N.; Sawamura, M. Org. Lett. 2010, 12, 2438—2440.
(c) Whittaker, A. M.; Rucker, R. P.; Lalic, G. Org Lett. 2010, 12,
3216—3218. (d) Shintani, R; Takatsu, K; Takeda, M.; Hayashi, T.
Angew. Chem,, Int. Ed. 2011, 50, 8656—8659. (e) Jung, B.; Hoveyda, A.
H. J. Am. Chem. Soc. 2012, 134, 1490—1493. For related studies from
our group on transition metal-catalyzed y-selective and stereospecific
allylic substitutions, see also: (f) Li, D.; Ohmiya, H.; Sawamura, M. J.
Am. Chem. Soc. 2011, 133, 5672—5675. (g) Ohmiya, H.; Makida, Y.;
Tanaka, T.; Sawamura, M. J. Am. Chem. Soc. 2008, 130, 17276—17277.
(h) Ohmiya, H.; Makida, Y.; Li, D.; Tanabe, M.; Sawamura, M. J. Am.
Chem. Soc. 2010, 132, 879—889. (i) Makida, Y; Ohmiya, H.;
Sawamura, M. Chem.—Asian J. 2011, 6, 410—414. See also refs 8
and 11.

(14) For Cu-catalyzed conjugate additions with alkylboron
compounds (alkyl-9-BBN) to imidazol-2-yl a,f-unsaturated ketones,
see: (a) Ohmiya, H.; Yoshida, M.; Sawamura, M. Org. Lett. 2011, 13,
482—485. (b) Ohmiya, H.; Shido, Y.; Yoshida, M.; Sawamura, M.
Chem. Lett. 2011, 40, 928—930. For Cu-catalyzed carboxylations with
alkylboron compounds (alkyl-9-BBN) to carbon dioxide, see:
(c) Ohmiya, H,; Tanabe, M; Sawamura, M. Org. Lett. 2011, 13,
1086—1088. (d) Ohishi, T.; Zhang, L.; Nishiura, M.; Hou, Z. Angew.
Chem., Int. Ed. 2011, 50, 8114—8117. For Cu-catalyzed y-selective
coupling between alkylboron compounds (alkyl-9-BBN) and prop-
argylic phosphates, see: (e) Ohmiya, H.; Yokobori, U.; Makida, Y.;
Sawamura, M. Org. Lett. 2011, 13, 6312—6315. (f) Uehling, M. R;
Marionni, S. T.; Lalic, G. Org. Lett. 2011, 13, 362—365.

(15) For the direct enantioconvergent transformation of racemic
cyclic allylic ethers through copper-catalyzed borylation, see: Ito, H.;
Kunii, S.; Sawamura, M. Nature Chem. 2010, 2, 972—976.

(16) The use of a cyclic phosphate as a leaving group markedly
improved the efficacy of the 1,3-anti-selectivity.

(17) The reaction of (S)-(E)-3b proceeded with significantly
decreased E-selectivity (E/Z 71:29), consistent with the concept of
allylic 1,3-strain in acyclic stereocontrol. See: Hoffmann, R. W. Chem.
Rev. 1989, 89, 1841—1860.

(18) When the alkene geometry of (S)-(E)-3e was changed to Z
[(S)-(Z)-3e, 98% ee], the reactions proceeded with 1,3-syn-selectivity
to afford (R)-(E)-4ae regardless of which conditions were used
(conditions A, 93% yield, anti/syn 18:82; conditions B, 83% vyield,

8987

anti/syn 1.5:98.5). A reason for the biased 1,3-syn-selectivity is not
clear at present.

(19) (a) Wakamatsu, K.; Nonaka, T.; Okuda, Y.; Tiickmantel, W.;
Oshima, K; Utimoto, K.; Nozaki, H. Tetrahedron 1986, 42, 4427—
4436. (b) Okuda, Y.; Wakamatsu, K.; Tiickmantel, W.; Oshima, K;
Nozaki, H. Tetrahedron Lett. 1985, 26, 4629—4632.

(20) For Fleming—Tamao oxidation, see: (a) Fleming, I; Henning,
R;; Plaut, H. J. Chem. Soc.,, Chem. Commun. 1984, 29—31. (b) Jones, G.
R.; Landais, Y. Tetrahedron 1996, 52, 7599—7662.

(21) For theoretical studies on the importance of the participation of
Lewis acids in allylic substitutions with cuprate reagents, see:
(a) Yoshikai, N.; Zhang, S.-L.; Nakamura, E. J. Am. Chem. Soc. 2008,
130, 12862—12863. (b) Yamanaka, M.; Kato, S.; Nakamura, E. J. Am.
Chem. Soc. 2004, 126, 6287—6293. For a review, see: (c) Yoshikai, N.;
Nakamura, E. Chem. Rev. 2012, 112, 2339—2372.

(22) For discussions on the participation of Lewis acids in
enantioselective allylic substitutions catalyzed by copper/N-hetero-
cyclic carbene complexes, see: refs 7b and 13e.

(23) For the utility of alkyl-9-BBN reagents in convergent organic
synthesis, see: Chemler, S. R;; Trauner, D.; Danishefsky, S. J. Angew.
Chem,, Int. Ed. 2001, 40, 4544—4568.

dx.doi.org/10.1021/ja302520h | J. Am. Chem. Soc. 2012, 134, 8982—8987



