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ABSTRACT: Silver-catalyzed silylene transfer to divinyl ketones
provided 2-silyloxy-1,3-dienes with control of stereochemistry and
regioselectivity. The products participated in Diels—Alder reactions
with electron-deficient alkenes and imines to form six-membered-ring
products diastereoselectively. Cycloaddition reactions with alkenes
bearing chiral auxiliaries provided access to chiral, nonracemic
cyclohexenes. The methodology, therefore, represents a synthesis of
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diastereomerically and enantiomerically pure products in a single
flask. The highly substituted cyclohexene products could be functionalized stereoselectively to provide cyclohexanols after

oxidation of the carbon—silicon bond.

B INTRODUCTION

Conjugated dienes are important precursors to complex organic
products. In addition to the polymerization of 1,3-dienes, an
important industrial transformation,' dienes have been used in
stereoselective synthesis, such as the vinylogous aldol
reaction.”> Among the most important transformations of
dienes is the Diels—Alder reaction because it enables the
synthesis of cyclohexenes with a high degree of control. The
importance of dienes has required the development of new
routes for their synthesis.* In particular, the synthesis of highly
substituted 2-silyloxy-1,3-dienes, which are important inter-
mediates,” has been difficult to achieve with control of
stereochemistry.®™®

In this Article, we report the synthesis of 2-silyloxy-1,3-dienes
from divinyl ketones by transfer of a silylene moiety (R,Si).
The resulting silyloxy dienes participated in stereoselective
Diels—Alder cycloaddition reactions. Treatment of these dienes
with chiral dienophiles allowed for kinetic resolution of the
chiral diene to afford enantiopure cyclohexene products.

B RESULTS AND DISCUSSION

Because silylene transfer to unsaturated carbonyl compounds
forms cyclic silyl enol ethers,”~"! initial experiments focused on
reactions of divinyl ketones with silylene intermediates. The
synthesis of silyloxy dienes was general for a range of substrates
(Table 1). The reaction was regioselective: silylene transfer
occurred to the side of the divinyl ketone bearing a f-
substituent over the side bearing an a-substituent. This
regioselectivity is consistent with the observed selectivity of
nucleophilic additions to divinyl ketones.'” Increasing the steric
bulk of the a-substituent further increased this regioselectivity
for transfer to the side bearing a f-substituent (Table 1, entry
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5). The regioselectivity was further enhanced upon using THF
as the solvent as well as cooling the reaction mixture to =78 °C
(Table 1, entry 6).

The regioselectivity of this reaction can be understood by
considering the structure of the divinyl ketone. It is likely that
a-substitution blocks the lone pair of the carbonyl group’s
oxygen atom'® from forming the silacarbonyl ylide'*~"
intermediate on that side of the divinyl ketone, whereas f-
substitution does little to block the oxygen lone pair (Figure 1).
It is also expected that a-substitution forces the alkene into the
s-trans configuration, or possibly even out of plane,'*™** thus
preventing formation of the silacarbonyl ylide on this side of
the carbonyl group.

The geometry of the alkene has a profound effect on the
regioselectivity of silylene transfer. The regioselectivity of
silylene transfer to ketone E-12 (eq 1) closely matched the

o 1 t-?)u_~Si/t-Bu £Bu \Si'f'B“
Mej)K/\Me AQOQCCFQ " j/g)fMe + Me /O 1)
| CgDg, rt e
Me 93% | m
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regioselectivity found in silylene transfer to methyl-substituted
divinyl ketone (Table 1, entry 1). This result indicates the
significance of a-substitution for the observed selectivity. In
contrast, addition across a Z-double bond was highly
disfavored. Silylene transfer to ketone Z-12 favored transfer
across the C=C bond that contained an a-methyl substituent
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Table 1. Silylene Transfer to Divinyl Ketones”

t-Bu a
i O:Si: B t'B“‘Si{-Bu t %J:Si’t'Bu
RW R2 1 tBu /O + R! ~ R?
AgO,CCF5 (10 mol %)
tol-dg, ~22 °C R
a R B
entry ketone R' R? product a:fj ratio NMR yield
1 2 Me Me 3a:3b 25:75 100%
2 4 Ph Me Sa:Sb 27:73 100%
3 6 Me Ph 7a:7b 26:74 97%
4 8 Me i-Pr 9a:9b 37:63 88%
S 10 i-Pr Me 11a:11b 15:85 100%
6 10 i-Pr Me 11a:11b 7:93 96%

“H NMR spectroscopic analysis was used to determine both regioisomeric ratios and yields relative to an internal standard (PhSiMes,). bTransfer
was run in THF at —78 °C instead of tol-dg. Silyloxy dienes were carried onto cycloaddition reactions without further purification due to their

instability to isolation conditions.
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Figure 1. Possible conformations of divinyl ketones.

rather than the C=C bond that contained an a-hydrogen and
Z-f-methyl substituent (eq 2). The high preference for the Z-
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alkene to react at the a-substituted double bond may arise
because only conformers Z-12a and Z-12b are populated
because the conformers Z-12¢ and Z-12d are too sterically
crowded (Figure 2). For the conformers Z-12a and Z-12b, in
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Figure 2. Rationale for regioselective transfer to Z-12.

neither case can a silylene moiety approach the carbonyl group
from the side of the f-substituted double bond.

The silyloxy diene obtained by silylene transfer to a divinyl
ketone participated in a thermal Diels—Alder cycloaddition
with high diastereoselectivity and chemoselectivity (Scheme 1).
Silylene transfer to 10, for example, produced diene 11b along
with small amounts (7%) of its regioisomer 11a. Heating this
mixture with diethyl fumarate produced cycloadduct 14, which
is the result of cycloaddition with regioisomer 11b. The
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Scheme 1. Synthesis of Cycloadduct
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cycloadduct showed both high endo-selectivity and a high z-
facial preference in which the dienophile approached the diene
from the face opposite to the methyl substituent of the silyloxy
diene 11b. No cycloadducts were observed from regioisomer
11a, presumably due to the high energy of the s-cis
conformation that is necessary for cycloaddition.”?

The highly substituted silyloxy diene also engaged in Diels—
Alder cycloadditions with other z-systems. Although other
Lewis acids decomposed the diene, the use of AlBr; with AlMe,
acting as a proton scavenger and desiccant’® promoted Diels—
Alder cycloadditions with a variety of dienophiles (eqs 3 and 4).
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The cyclic silyloxy dienes also could be used for the synthesis
of enantiomerically enriched cyclohexenes. We considered that
the high n-facial selectivity of the silyloxy diene could be
combined with the high facial selectivity of a chiral N-
acyloxazoliclinone25 to enable a Diels—Alder/kinetic resolution
reaction”*”” Upon treatment with an excess of a chiral,
nonracemic dienophile, the enantiomer of the silyloxy diene
with a stereochemical preference matched to the dienophile
should react to form a nonracemic cycloadduct with high
diastereoselectivity, leaving behind the opposite enantiomer of
the diene. Treating chiral dienophile 17 with an excess (3
equiv) of silyloxy diene 11b allowed for selective cycloaddition
to one enantiomer of the racemic diene, affording cycloadduct
18 with 99:1 diastereoselectivity (eq S). Because of the high

t—Bu\
0O-Si—t-Bu
o o0
Me/\)LNJ( 11b (3 equiv.)
\\/0 AlMe,Cl, AlMe;
B CH,Cl,, ~100 °C
99:1 dr o
779
17 % \/an 18

sensitivity of the silyloxy diene 11b to even mild acids, such as
silica gel, the selectivity with respect to this component could
not be determined. "H NOE spectroscopic correlation revealed
that cycloadduct 18 was the endo-product, but the relative
configuration of the auxiliary to the cyclohexene ring could not
be determined. The chiral, nonracemic dienophile28 19
kinetically resolved the phenyl-substituted silyloxy diene Sb
(albeit with lower selectivity). The cycloadduct 20, however,
was crystalline, so its configuration was determined by X-ray
crystallography (eq 6). The relative configuration of this
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19

product was used to assign the three-dimensional structure of
cycloadduct 18. This kinetic resolution is an example of double
stereoinduction®®?° for which there are few examples using the
Diels—Alder cycloaddition.>**’

Further functionalization of the Diels—Alder adducts
demonstrates the utility of these silyloxy dienes (Scheme 2).
Hydrogenation of cycloadduct 21, formed in 62% from divinyl
ketone 4 in a one-flask synthesis as a single diastereomer after
purification, established two new stereocenters diastereoselec-
tively. Oxidation®"** of intermediate 23 produced diol 24
containing six contiguous stereocenters. The synthesis of highly
substituted cyclohexanes® is important for the preparation of
natural products.**~*’

B CONCLUSION

Silylene transfer to divinyl ketones afforded silyloxy dienes
regioselectively. Subsequent Diels—Alder cycloadditions of
these silyloxy dienes afforded cyclohexene products chemo-
and diastereoselectively. In addition, treatment with chiral
dienophiles afforded enantioenriched cyclohexenes. Further
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Scheme 2. Functionalization of Cycloadducts
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functionalization of these cycloadducts led to cyclohexanes
containing multiple contiguous stereocenters.

B EXPERIMENTAL SECTION

(E)-2-Methylhexa-1,4-dien-3-one (2). Representative Proce-
dure for the Synthesis of Divinyl Ketones. To a solution of
isopropenyl magnesium bromide (100 mL, 0.5 M, SO mmol) in THF
cooled to 0 °C was added crotonaldehyde (4.54 mL, 55.0 mmol)
dropwise. The mixture was allowed to warm to rt and stir overnight.
To the mixture was added a saturated aqueous solution of NH,CI
(50.0 mL), and the layers were allowed to separate. The aqueous layer
was extracted with 3 X 15 mL of ether. The organic layers were
combined, washed with brine (15 mL), and dried over MgSO,. The
mixture was filtered and concentrated in vacuo. The resulting residue
was diluted with CH,Cl, (250 mL), and activated MnO, (43.4 g, 500
mmol) was added. The slurry was allowed to stir at rt for 7 days. The
slurry was filtered over a layer of Celite on top of a layer of SiO,, and
the filtrate was concentrated in vacuo to afford a yellow oil. The oil
was purified by flash chromatography (10:90 ether/pentane) to afford
(E)-2-methylhexa-1,4-dien-3-one (3.024 g, 55%) as a colotless oil: '"H
NMR (400 MHz, CDCl;) 6 6.92 (dq, J = 15.3, 6.9 Hz, 1H), 6.67 (d, ]
= 15.3 Hz, 1H), 591 (s, 1H), 5.76 (s, 1H), 1.93 (dd, ] = 1.6, 0.8 Hz,
3H), 1.91 (d, ] = 1.6 Hz, 3H); *C NMR (100 MHz, CDCl;) § 192.3,
145.3, 143.6, 126.8, 124.4, 18.6, 18.2; IR (thin film) 2971, 1668, 1622,
1446, 1348, 966 cm™"; HRMS (ESI) m/z calcd for C;H;;0 (M + H)*
111.0810, found 111.0813.

(E)-2-Phenylhexa-1,4-dien-3-one (4). The representative proce-
dure for the synthesis of divinyl ketones was followed using a Grignard
prepared from a-bromostyrene (91.0 mL, 0.3 M, 30 mmol),
crotonaldehyde (247 mL, 30.0 mmol), and MnO, (23.7 g 273
mmol) to afford (E)-2-phenylhexa-1,4-dien-3-one (2.34 g, 50%) as a
colorless oil: '"H NMR (400 MHz, CDCl,) § 7.44—7.33 (m, SH), 7.03
(dg,J =154, 6.9 Hz, 1H), 6.52 (dq, ] = 15.4, 1.6 Hz, 1H), 5.93 (q,] =
0.7 Hz, 2H), 1.95 (dd, J = 6.9, 1.7 Hz, 3H); 3C NMR (100 MHz,
CDCl,) 5 193.6, 149.3, 145.7, 137.2, 129.9, 128.5, 128.3, 127.8, 122.0,
18.5; IR (thin film) 3057, 1884, 1670, 1621, 1443, 937 cm™'; HRMS
(ESI) m/z caled for C;,H;;O (M + H)* 173.0966, found 173.0966.

(E)-4-Methyl-1-phenylpenta-1,4-dien-3-one (6). The represen-
tative procedure for the synthesis of divinyl ketones was followed using
isopropenyl magnesium bromide (100 mL, 0.5 M, 50 mmol),
cinnamaldehyde (6.29 mL, SO mmol), and MnO, (434 g, 500
mmol) to afford (E)-4-methyl-1-phenylpenta-1,4-dien-3-one (8.13 g,
95%) as a pale yellow oil: 'H NMR (400 MHz, CDCl;) § 7.66 (d, ] =
15.7 Hz, 1H), 7.58 (dt, ] = 5.4, 3.4 Hz, 2H), 7.42—7.36 (m, 3H), 7.30
(d, J = 15.6 Hz, 1H), 6.04 (s, 1H), 5.84 (d, J = 0.9 Hz, 1H), 2.02—1.98
(m, 3H); *C NMR (100 MHz, CDCl,) § 192.1, 145.8, 143.8, 135.2,
130.5, 129.1, 128.5, 124.5, 121.6, 184. 'H NMR and “C NMR
spectroscopic data match those previously reported.®®

(E)-2,6-Dimethylhepta-1,4-dien-3-one (8). The representative
procedure for the synthesis of divinyl ketone was followed using
isopropenyl magnesium bromide (25.0 mL, 0.5 M, 13 mmol), (E)-4-
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methylpent-2-enal (1.45 mL, 12.5 mmol), and MnO, (109 g, 12§
mmol) to afford (E)-2,6-dimethylhepta-1,4-dien-3-one (0.88 g, 51%)
as a colorless oil: '"H NMR (400 MHz, CDCl;) § 6.87 (dd, J = 15.5,
6.8 Hz, 1H), 6.58 (dd, J = 15.5, 1.2 Hz, 1H), 591 (d, ] = 0.5 Hz, 1H),
5.78—5.74 (m, 1H), 2.54—2.43 (m, 1H), 1.93 (s, 3H), 1.09 (dd, ] =
6.8, 2.6 Hz, 6H); 3C NMR (100 MHz, CDCl;) § 192.8, 154.6, 145.5,
124.3, 122.3, 31.5, 21.6, 18.3; IR (thin film) 2962, 1668, 1622, 1359,
1083, 984 con™; HRMS (ESI) m/z caled for CoH;,NaO (M + Na)*
161.0942, found 161.0940. Anal. Caled for CoH,,0: C, 7821; H,
10.21. Found: C, 77.98; H, 10.50.

(E)-6-Methyl-5-methylenehept-2-en-4-one (10). The represen-
tative procedure for the synthesis of divinyl ketone was followed using
propenyl magnesium bromide (100.0 mL, 0.5 M, 50 mmol), 3-methyl-
2-methylenebutanal (7.01 g, 50.0 mmol) prepared using the method
described by Breit,”® and MnO, (43.5 g, 500 mmol) to afford 6-
methyl-S-methylenehept-2-en-4-one (3.17 g, 46%) as a 2:1 E/Z
mixture of isomers that were separated by flash chromatography.
Spectroscopic data for E isomer: '"H NMR (400 MHz, CDCL,) § 6.88
(dg, J = 15.3, 6.9 Hz, 1H), 6.57 (dq, J = 15.3, 1.5 Hz, 1H), 5.80 (s,
1H), 5.63 (d, J] = 1.2 Hz, 1H), 3.00—2.87 (m, 1H), 1.94—1.89 (m,
3H), 1.05 (d, J = 6.9 Hz, 6H); 3C NMR (100 MHz, CDCL,) § 194.6,
1567, 141.7, 1262, 121.1, 27.9, 21.9, 15.9; IR (thin film) 2964, 1668,
1622, 1444, 1292, 939 cm™; HRMS (ESI) m/z calcd for CoH,NaO
(M + Na)* 161.0942, found 161.0937. Anal. Calcd for C,H,;,0: C,
78.21; H, 10.21. Found: C, 78.24; H, 10.26.

(2E,5E)-3-Methylhepta-2,5-dien-4-one (E-12) and (2E,52)-3-
Methylhepta-2,5-dien-4-one (Z-12). The representative procedure
for the synthesis of divinyl ketone was followed using propenyl
magnesium bromide (50.0 mL, 0.5 M, 25 mmol), tiglic aldehyde (2.42
mL, 25 mmol), and MnO, (21.7 g 250 mmol) to afford 3-
methylhepta-2,S-dien-4-one (1.92 g, 62%) as a 1:1 E/Z mixture of
isomers that were separated by flash chromatography. Spectroscopic
data for E isomer: '"H NMR (500 MHz, CDCL;) & 6.85 (dq, J = 15.2,
6.8 Hz, 1H), 6.74—6.69 (m, 1H), 6.67 (dq, J = 152, 1.6 Hz, 1H), 1.91
(dd, J = 6.8, 1.6 Hz, 3H), 1.87 (dq, ] = 6.9, 1.1 Hz, 3H), 1.84 (qn, ] =
1.2 Hz, 3H); C NMR (125 MHz, CDCL) § 192.3, 142.3, 139.0,
137.4, 127.0, 18.6, 15.0, 11.7; IR (thin film) 2918, 1666, 1444, 1296,
1080, 966 cm™'; HRMS (ES) m/z caled for CgH;,NaO (M + Na)*
147.0786; found, 147.0782. Spectroscopic data for Z isomer: 'H NMR
(500 MHz, CDCL;) 6 6.73 (qq, ] = 6.9, 1.4 Hz, 1H), 6.47 (dq, J = 11.7,
1.8 Hz, 1H), 6.16 (dq, J = 11.7, 7.2 Hz, 1H), 1.97 (dd, ] = 7.2, 1.8 Hz,
3H), 1.87—1.85 (m, 3H), 1.83—1.82 (m, 3H); *C NMR (125 MHz,
CDCly) 5 194.9, 140.0, 139.8, 138.5, 126.1, 16.0, 15.0, 11.1; IR (thin
film) 2927, 1664, 1444, 1296, 1080, 966 cm™"; HRMS (ESI) m/z caled
for CgH;,NaO (M + Na)* 147.0786, found 147.0779.

Silyloxy Dienes 3a and 3b. Representative Procedure for
Silylene Transfer to Divinyl Ketones for the Synthesis of
Silyloxy Dienes. To an NMR tube was added a solution of (E)-2-
methylhexa-1,4-dien-3-one (2) (0.011 g, 0.10 mmol) and AgO,CCF;
(0.002 g, 0.01 mmol) in tol-dg (0.25 mL). The solution was cooled to
—22 °C, and a solution containing cyclohexene silacyclopropane 1
(0.028 g, 0.12 mmol)*® and PhSiMe, (internal standard, 0.008 g 0.05
mmol) in tol-dg (0.25 mL), also cooled to —22 °C, was added to the
NMR tube. The mixture was allowed to warm to rt. The a/f
regioisomeric ratio was found to be 25:75 by 'H NMR spectroscopy,
and the yield was determined by '"H NMR spectroscopy to be 100%
relative to the internal standard. Representative peaks for the a-
regioisomer (3a): 'H NMR (400 MHz, tol-dg) § 6.33—6.25 (m, 1H),
622 (d, ] = 12.0 Hz, 1H), 1.74 (s, 3H), 1.70 (d, ] = 6.5 Hz, 3H), 1.05
(s, 18H). Representative peaks for the f-regioisomer (3b): 'H NMR
(400 MHz, tol-dg) 5 5.81 (d, ] = 1.9 Hz, 1H), 5.08 (d, ] = 3.2 Hz, 1H),
5.01 (s, 1H), 2.13 (qd, J = 7.7, 3.3 Hz, 1H), 1.82 (s, 3H), 1.11 (s, 9H),
1.04 (s, 9H).

Silyloxy Dienes 5a and 5b. The representative procedure for the
silylene transfer to divinyl ketones was followed using (E)-2-
phenylhexa-1,4-dien-3-one (4) (0.017 g 0.10 mmol). The a/f
regioisomeric ratio was found to be 27:73 by 'H NMR spectroscopy,
and the yield was determined by '"H NMR spectroscopy to be 100%
relative to the internal standard. Representative peaks for the a-
regioisomer (5a): 'H NMR (500 MHzg, tol-dg) 5 6.43—6.30 (m, 1H),
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6.23 (dq, J = 15.5, 1.5 Hz, 1H), 1.06 (s, 18H). Representative peaks for
the fB-regioisomer (5b): "H NMR (500 MHz, tol-dg) & 5.94—5.89 (m,
1H), 5.16 (ddd, J = 2.4, 1.1, 0.7 Hz, 1H), 4.99 (d, ] = 3.3 Hz, 1H), 1.12
(s, 9H), 1.05 (s, 9H).

Silyloxy Dienes 7a and 7b. The representative procedure for the
silylene transfer to divinyl ketones was followed using (E)-4-methyl-1-
phenylpenta-1,4-dien-3-one (6) (0.017 g 0.10 mmol). The a/f
regioisomeric ratio was found to be 26:74 by 'H NMR spectroscopy,
and the yield was determined by '"H NMR spectroscopy to be 97%
relative to the internal standard. Representative peaks for the a-
regioisomer (7a): "H NMR (500 MHz, tol-dg) 6 2.09 (qn, ] = 2.2 He,
1H), 1.0S (s, 18H). Representative peaks for the f-regioisomer (7b):
"H NMR (500 MHz, tol-dg) 6 5.79 (t, ] = 1.5 Hz, 1H), 5.28 (d, ] = 3.2
Hz, 1H), 5.01 (s, 1H), 3.59 (d, J = 3.0 Hz, 1H), 1.88 (s, 3H), 1.11 (s,
9H), 0.82 (s, 9H).

Silyloxy Dienes 9a and 9b. The representative procedure for the
silylene transfer to divinyl ketones was followed using (E)-2,6-
dimethylhepta-1,4-dien-3-one (8) (0.014 g, 0.10 mmol). The a/p
regioisomeric ratio was found to be 37:63 by 'H NMR spectroscopy,
and the yield was determined by '"H NMR spectroscopy to be 88%
relative to the internal standard. Representative peaks for the a-
regioisomer (9a): 'H NMR (400 MHzg, tol-dg) 5 6.37 (dd, J = 15.2, 6.7
Hz, 1H), 624 (d, J = 152 Hz, 1H), 1.77 (s, 3H), 1.08 (s, 18H).
Representative peaks for the f-regioisomer (9b): "H NMR (400 MHz,
tol-dg) & 5.81 (dd, J = 1.8, 0.8 Hz, 1H), 5.33 (d, J = 2.9 Hz, 1H), 5.01
(d, J=0.7 Hz, 1H), 2.33 (dq, ] = 13.6, 6.8 Hz, 1H), 1.83 (s, 3H), 1.14
(s, 9H), 1.04 (s, 9H).

Silyloxy Dienes 11a and 11b. The representative procedure for
the silylene transfer to divinyl ketones was followed using 6-methyl-S-
methylenehept-2-en-4-one (10) (0.014 g, 0.10 mmol). The a/p
regioisomeric ratio was found to be 15:85 by 'H NMR spectroscopy,
and the yield was determined by 'H NMR spectroscopy to be 100%
relative to the internal standard. Representative peaks for the a-
regioisomer (11a): "H NMR (500 MHz, tol-dg) § 6.39—6.25 (m, 1H),
6.23 (d, J = 15.3 Hz, 1H), 2.81 (sept, ] = 6.8 Hz, 1H), 1.70 (d, ] = 6.2
Hz, 3H), 1.04 (s, 18H). Representative peaks for the f-regioisomer
(11b): "H NMR (500 MHz, tol-dg) § 5.76 (s, 1H), 5.11 (d, ] = 3.2 Hz,
1H), 5.02 (s, 1H), 2.60—2.50 (m, 1H), 1.09 (s, 9H), 1.02 (s, 9H).

Silyloxy Dienes 11a and 11b. To a solution of 6-methyl-5-
methylenehept-2-en-4-one (10) (0.014 g, 0.10 mmol) and AgO,CCF,
(0.002 g, 0.01 mmol) in THF (0.25 mL) cooled to —78 °C was added
a solution containing cyclohexene silacyclopropane 1 (0.028 g, 0.12
mmol) and PhSiMe; (internal standard, 0.008 g, 0.05 mmol) in THF
(0.25 mL). The mixture was allowed to warm slowly to rt over S h.
The THF was removed in vacuo, and the resulting residue was
dissolved in C¢Dg for 'H NMR spectroscopic analysis. The a/f
regioisomeric ratio was found to be 7:93 by '"H NMR spectroscopy,
and the yield was determined by 'H NMR spectroscopy to be 96%
relative to the internal standard. Representative peaks matched those
above.

Silyloxy Dienes 13a and E-13b. The representative procedure
for silylene transfer to divinyl ketones was followed using (2E,SE)-3-
methylhepta-2,5-dien-4-one (E-12) (0.012 g, 0.10 mmol) at rt. The
13a/E-13b regioisomeric ratio was found to be 77:23 by 'H NMR
spectroscopy, and the yield was determined by '"H NMR spectroscopy
to be 93% relative to the internal standard. Representative peaks for
oxasilacyclopentene 13a: '"H NMR (400 MHz, C¢Dg) 6 6.35 (q, ] =
7.0 Hz, 1H), 4.98 (d, ] = 3.2 Hz, 1H), 1.27 (d, ] = 7.7 Hz, 3H), 1.10 (s,
9H), 1.03 (s, 9H). Representative peaks for oxasilacyclopentene E-
13b: '"H NMR (400 MHz, C(Dy) 6 6.38—6.29 (m, 1H), 6.23 (dd, ] =
15.0, 1.4 Hz, 1H), 2.20—2.12 (m, 1H), 1.71 (d, ] = 6.6 Hz, 3H), 1.13
(s, 9H), 1.05 (s, 9H).

Oxasilacyclopentenes 13a and Z-13b. The representative
procedure for silylene transfer to divinyl ketones was followed using
(2E,5Z)-3-methylhepta-2,5-dien-4-one (Z-12) (0.012 g, 0.10 mmol) at
rt. The 13a/Z-13b regioisomeric ratio was found to be 9:91 by 'H
NMR spectroscopy, and the yield was determined by 'H NMR
spectroscopy to be 71% relative to the internal standard.
Representative peaks for oxasilacyclopentene 13a are the same as
above. Representative peaks for oxasilacyclopentene Z-13b: 'H NMR
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(400 MHz, C¢Dy) 6 6.01—5.97 (m, 1H), 5.47 (dqq, J = 11.7, 7.2, 0.5
Hz, 1H), 1.61—1.60 (m, 3H), 1.08 (s, 9H), 1.00 (s, 9H).

Cycloadduct 14. To AgO,CCF; (0.079 g, 0.36 mmol) was added
a solution of (E)-6-methyl-S-methylenehept-2-en-4-one (10) (0.500 g,
3.62 mmol) in THF (9.0 mL), and the mixture was cooled to —78 °C.
A solution of cyclohexene silacyclopropane 1 (0.898 g, 4.00 mmol) in
THF (9.0 mL) was added, and the mixture was allowed to warm to
room temperature. The solvent was removed in vacuo, and the residue
was diluted with toluene (18.0 mL). Diethyl fumarate (2.16 mL, 10.8
mmol) was added, and the mixture was heated to 100 °C for 3 days.
The mixture was cooled to rt and concentrated in vacuo to afford a
brown oil. GCMS analysis of the unpurified reaction mixture revealed
that two diastereomers were formed (97:3 dr). The oil was purified by
flash chromatography (20:80 EtOAc/hexanes) to afford a yellow oil
(1.076 g, 66%): "H NMR (400 MHz, CDCl,) 5 4.23—4.05 (m, 4H),
3.08 (sept, J = 7.1 Hz, 1H), 2.86 (td, ] = 11.4, 5.8 Hz, 1H), 2.51 (dd, J
= 16.8, 5.9 Hz, 1H), 2.47-2.40 (m, 1H), 2.34 (ddd, ] = 16.3, 5.8, 1.8
Hz, 1H), 2.15-2.05 (m, 1H), 1.30 (t, J = 7.1 Hz, 3H), 1.28—1.22 (m,
4H), 1.16 (d, J = 7.1 Hz, 3H), 1.08 (s, 9H), 1.00 (s, 9H), 0.97 (d, ] =
7.0 Hz, 3H), 0.90 (d, ] = 7.0 Hz, 3H); '3C NMR (125 MHz, CDCl,) §
1752, 174.7, 147.1, 112.0, 60.9, 60.7, 50.6, 47.6, 44.3, 28.0, 27.9, 26.5,
25.8,22.6, 21.5, 212, 21.1, 204, 14.4, 14.3, 13.7; IR (thin film) 2964,
2862, 1728, 1647, 1471, 1300 cm™'; HRMS (ESI) m/z caled for
CosHy,NaO,Si (M + Na)* 475.2856, found 475.2850. Anal. Calcd for
CysH,048i: C, 66.33; H, 9.80. Found: C, 66.44; H, 9.89.

Cycloadduct 15. To silyloxy diene 11b (0.028 g, 0.10 mmol) and
methyl acrylate (0.027 mL, 0.30 mmol), diluted with CH,Cl, (1.0 mL)
and cooled to —78 °C, was added AlMe; (0.015 mL, 2.0 M, 0.030
mmol). The mixture was allowed to stir for S min. AlBr; (0.15 mL, 1.0
M, 0.15 mmol) was added, and the mixture was allowed to warm to
—45 °C and stir for 2 h. Pyridine (1.0 mL) was added, and the mixture
was allowed to warm to rt. The resulting slurry was filtered through a
pad of SiO,. GCMS analysis of the filtrate showed a mixture of
diastereomers (85:10:S dr). The filtrate was concentrated in vacuo,
and the resulting residue was purified by flash chromatography (10:90
EtOAc/hexanes) to afford a colorless oil (0.020 g 55%) as an
inseparable mixture of diastereomers. Representative peaks for the
major diastereomer: "H NMR (400 MHz, CDCl;) § 3.70 (s, 3H), 3.09
(sept, J = 7.0 Hz, 1H), 2.53 (tdd, ] = 12.0, 5.6, 2.6 Hz, 1H), 2.46—2.35
(m, 1H), 2.27-2.08 (m, 3H), 1.26—1.22 (m, 1H), 1.24 (d, ] = 7.4 Hz,
3H), 1.08 (s, 9H), 1.00 (s, 9H), 0.97 (d, ] = 6.9 Hz, 3H), 0.92 (d, ] =
7.0 Hz, 3H); *C NMR (100 MHz, CDCl,) § 176.9, 148.7, 111.9, 51.9,
45.0, 404, 33.1, 28.0, 264, 25.5, 24.1, 23.9, 21.6, 21.1, 20.6, 13.3; IR
(thin film) 2957, 2860, 1739, 1471, 1165, 824 cm™"'; HRMS (ESI) m/z
caled for C,;H;gNaO;Si (M + Na)* 389.2488, found 389.2488. Anal.
Caled for C,H;30,Si: C, 68.80; H, 10.4S. Found: C, 69.01; H, 10.55.

Cycloadduct 16. To silyloxy diene 11b (0.028 g, 0.10 mmol) was
added (E)-N-benzylidene-4-methylaniline (0.060 g, 0.30 mmol). The
mixture was diluted with CH,Cl, (1.0 mL) and cooled to —78 °C.
AlMe; (0.01S mL, 2.0 M, 0.030 mmol) was added, and the mixture
was allowed to stir for S min. AlBry (0.15 mL, 1.0 M, 0.15 mmol) was
added, and the mixture was allowed to warm to rt over 16 h. Pyridine
(1.0 mL) was added, and the resulting slurry was filtered through a pad
of SiO,. GCMS analysis of the filtrate showed a mixture of
diastercomers (85:15 dr). The filtrate was concentrated in vacuo,
and the resulting residue was purified by flash chromatography (10:90
EtOAc/hexanes) to afford a colorless solid (0.027 g, 57%) as a single
diastereomer. The minor diastereomer is presumed unstable to
chromatography conditions. Characteristic data for major diaster-
eomer: mp 163—166 °C; '"H NMR (400 MHz, CDCl;) 6 7.27—7.21
(m, 2H), 7.12 (dd, J = 10.1, 4.6 Hz, 2H), 7.05 (ddd, ] = 7.4, 3.7, 1.3
Hz, 1H), 6.93—6.84 (m, 4H), 3.91 (d, ] = 8.0 Hz, 1H), 3.69 (dd, ] =
15.2, 2.2 Hz, 1H), 3.46 (dd, ] = 15.2, 3.2 Hz, 1H), 3.07 (sept, ] = 6.9
Hz, 1H), 2.69 (ddt, ] = 10.9, 8.0, 2.6 Hz, 1H), 2.15 (s, 3H), 1.30—1.18
(m, 1H), 1.07 (s, 9H), 1.06 (d, ] = 8.0 Hz, 3H), 1.04 (s, 9H), 0.99 (d, ]
=7.1 Hz, 3H), 0.43 (d, ] = 7.4 Hz, 3H); *C NMR (100 MHz, CDCl,)
5 149.8, 148.1, 142.3, 132.6, 129.3, 1292, 128.1, 127.0, 125.3, 112.2,
70.6, 54.8, 52.5, 28.1, 26.3, 21.6, 21.3, 212, 21.0, 20.5, 13.9; IR (thin
film) 2958, 2933, 2859, 1511, 1472, 1153 cm™'; HRMS (ESI) m/z
caled for C;;H,NOSi (M + H)* 476.3349, found 476.3350.
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Cycloadduct 18. To AgO,CCF; (0.066 g, 0.30 mmol) was added
a solution of (E)-6-methyl-S-methylenehept-2-en-4-one (10) (0.415 g,
3.00 mmol) in CH,Cl, (10.0 mL). The mixture was cooled to —78 °C,
and a solution of cyclohexene silacyclopropane 1 (0.842, 3.75 mmol)
in CH,Cl, (5.0 mL) was added dropwise. The mixture was allowed to
warm to rt and transferred to a flask containing (S,E)-4-benzyl-3-but-2-
enoyloxazolidin-2-one (0.245 g, 1.00 mmol). The mixture was cooled
to —100 °C, and AlMe; (0.50 mL, 2.0 M, 1.0 mmol) was added. The
mixture was allowed to stir for 5 min, and AlMe,Cl (1.50 mL, 1.0 M,
1.5 mmol) was added. The mixture was allowed to warm slowly to rt
over 18 h, then was treated with a saturated aqueous solution of
sodium potassium tartrate (20.0 mL). The mixture was extracted with
3 X 10 mL of CH,Cl,. The organic layers were combined, washed with
brine (10 mL), dried over MgSO,, filtered, and concentrated in vacuo
to afford a yellow oil. GCMS analysis of the oil showed a mixture of
diastereomers (99:1 dr). The oil was purified by flash chromatography
(20:80 EtOAc/hexanes) to afford a colorless solid (0.40S g, 77%): mp
60—62 °C; [a]¥ + 114° (¢ 1.00, CH,CL); 'H NMR (400 MHz,
CDCly) 6 7.41-7.19 (m, SH), 4.78 (td, ] = 7.1, 3.7 Hz, 1H), 4.30—
4.13 (m, 2H), 3.84 (td, J = 10.6, 5.7 Hz, 1H), 3.29 (dd, J = 13.3, 2.8
Hz, 1H), 3.15 (dt, J = 13.8, 6.9 Hz, 1H), 2.88 (dd, J = 13.3, 9.3 Hz,
1H), 236 (dd, ] = 15.1, 5.0 Hz, 1H), 2.20—2.13 (m, 1H), 2.08 (d, ] =
8.3 Hz, 1H), 1.99 (dt, ] = 16.0, 8.2 Hz, 1H), 1.44 (d, ] = 7.4 Hz, 3H),
1.37-1.20 (m, 1H), 1.15 (s, 12H), 1.06 (s, 9H), 1.03 (d, ] = 6.8 Hz,
3H), 0.98 (d, ] = 7.0 Hz, 3H); 3C NMR (100 MHz, CDCl;) § 176.9,
153.2, 148.0, 135.4, 129.6, 129.4, 129.0, 127.4, 111.6, 66.1, 55.3, S1.0,
45.8,402, 38.1,28.1, 27.9, 27.2, 26.7, 26.4, 23.0, 21.4, 20.9, 19.2, 16.3;
IR (thin film) 2937, 2860, 1782, 1697, 1471, 1389 cm™'; HRMS (ESI)
m/z caled for C3;H,;;NNaO,Si (M + Na)* 548.3172, found 548.3165.
Anal. Caled for C;H,;NO,Si: C, 70.81; H, 9.01. Found: C, 70.58; H,
9.11.

Cycloadduct 20. To AgO,CCF; (0.066 g, 0.30 mmol) was added
a solution of (E)-2-phenylhexa-1,4-dien-3-one (4) (0.517 g 3.00
mmol) in CH,Cl, (10.0 mL). The mixture was cooled to —78 °C, and
a solution of cyclohexene silacyclopropane 1 (0.842, 3.7S mmol) in
CH,Cl, (5.0 mL) was added dropwise. The mixture was allowed to
warm to rt and transferred to a flask containing (S,E)-3-but-2-enoyl-4-
isopropyl-5,5-diphenyloxazolidin-2-one®® (0.349 g, 1.00 mmol). The
mixture was cooled to —100 °C, and AlMe; (0.50 mL, 2.0 M, 1.0
mmol) was added. The mixture was allowed to stir for S min, and
AlMe,Cl (1.50 mL, 1.0 M, 1.5 mmol) was added. The mixture was
allowed to warm slowly to rt over 18 h, and then, it was treated with a
saturated aqueous solution of sodium potassium tartrate (20.0 mL).
The mixture was extracted with 3 X 10 mL of CH,Cl,. The organic
layers were combined, washed with brine (10 mL), dried over MgSO,,
filtered, and concentrated in vacuo to afford a yellow oil. GCMS
analysis of the oil showed two diastereomers (80:20 dr). The oil was
purified by flash chromatography (20:80 EtOAc/hexanes) to afford a
colorless solid (0.564 g, 77%) as a mixture of diastereomers. A small
amount (0.060 g) of the major diastereomer was isolated by flash
chromatography for the purpose of X-ray crystallographic analysis.
Characteristic data for the major diastereomer: [a]F — 18.8° (¢ 1.00,
CH,CL); '"H NMR (500 MHz, CDCl,) § 7.67—6.98 (m, 15H), 5.47
(d, J = 3.6 Hz, 1H), 3.89 (td, J = 10.5, 5.8 Hz, 1H), 2.83—2.74 (m,
1H), 2.70 (dd, J = 15.3, 5.5 Hz, 1H), 2.16 (t, J = 10.0 Hz, 1H), 2.09—
1.91 (m, 2H), 1.33 (d, ] = 7.4 Hz, 3H), 1.29—1.21 (m, 1H), 1.10 (s,
9H), 0.90 (s, 9H), 0.86 (d, J = 7.0 Hz, 3H), 0.75 (d, ] = 6.9 Hz, 3H),
0.59 (d, ] = 6.7 Hz, 3H); '3C NMR (125 MHz, CDCl,) 6 176.2, 152.9,
152.8, 142.6, 139.9, 138.0, 129.0, 128.9, 128.6, 128.5, 128.1, 127.5,
1273, 1272, 125.9, 125.7, 125.1, 106.1, 89.3, 64.9, 52.3, 45.7, 40.0,
324,299, 28.6, 28.1, 28.0, 27.7, 27.6, 22.2, 21.8, 21.4, 21.0, 18.2, 16.5.
Characteristic data for the mixture of diastereomers: mp 123—125 °C;
IR (thin film) 2962, 2933, 1786, 1701, 1209, 1173 cm™'; HRMS (ESI)
m/z caled for C,,HgsNNaO,Si (M + Na)* 686.3641, found 686.3657.
Anal. Caled for C,,Hg3;NO,Si: C, 75.98; H, 8.05. Found: C, 76.08; H,
8.10.

Cycloadduct 21. To AgO,CCF; (0.027 g, 0.12 mmol) was added
a solution of (E)-2-phenylhexa-1,4-dien-3-one (4) (0211 g, 122
mmol) in toluene (2.4 mL). The mixture was cooled to —22 °C, and a
solution of cyclohexene silacyclopropane 1 (0.322 g, 1.44 mmol) in
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toluene (2.4 mL) was added. The mixture was allowed to warm to
room temperature. Diethyl fumarate (0.59 mL, 3.6 mmol) was added,
and the mixture was heated to 100 °C for 3 days. The mixture was
concentrated in vacuo to afford a brown oil. GCMS analysis of the oil
showed a mixture of diastereomers (90:10 dr). The oil was purified by
flash chromatography (20:80 EtOAc/hexanes) to afford a colorless
solid (0.368 g, 62%) as a single diastereomer: mp 90—92 °C; "H NMR
(500 MHz, CDCl,) § 7.67—7.62 (m, 2H), 7.29 (t, ] = 7.8 Hz, 2H),
7.15 (dd, J = 10.6, 4.1 Hz, 1H), 4.28—4.09 (m, 4H), 3.06 (ddd, ] =
11.1, 9.8, 7.5 Hz, 1H), 2.83—2.76 (m, 1H), 2.75—-2.71 (m, 2H), 2.65
(t, ] = 10.7 Hz, 1H), 1.40—1.33 (m, 1H), 1.32 (dd, J = 7.6, 6.8 Hz,
3H), 1.26 (dd, ] = 7.6, 6.7 Hz, 3H), 1.22 (d, ] = 7.4 Hz, 3H), 1.14 (s,
9H), 0.95 (s, 9H); '*C NMR (125 MHz, CDCl,) § 174.7, 174.1,
1517, 139.2, 127.8, 127.5, 125.6, 105.9, 61.0, 60.9, 50.4, 48.9, 44.5,
31.1, 28.0, 27.7, 219, 21.6, 21.1, 14.4, 14.3, 13.6; IR (thin film) 2935,
2860, 1738, 1659, 1471, 1171 cm™'; HRMS (ESI) m/z caled for
C,sH,,NaOSi (M + Na)* 509.2699, found 509.2691. Anal. Calcd for
CysHpOSi: C, 69.10; H, 8.70. Found: C, 68.94; H, 8.70.

Cyclohexane 22. Cycloadduct 21 (0.100 g, 0.21 mmol) was
diluted with EtOH (9.5 mL). Pd(OH),/C (0.029 g, 0.040 mmol) was
added, and the suspension was sparged with H, for 15 min. The
suspension was allowed to stir for 18 h under 1 atm of H,. The
reaction mixture was filtered through a pad of SiO,, and the filtrate was
concentrated in vacuo to afford a yellow oil. GCMS analysis of the oil
showed a mixture of diastereomers (99:1 dr). The oil was purified by
flash chromatography (20:80 EtOAc/hexanes) to afford a colorless
solid (0.078 g, 76%): mp 93—95 °C; 'H NMR (500 MHz, CDCl;) §
7.35 (d, J = 8.0 Hz, 2H), 7.30—7.17 (m, 3H), 4.35 (t, ] = 3.2 Hz, 1H),
4.27-421 (m, 1H), 4.19-4.03 (m, 3H), 2.92 (t, ] = 11.6 Hz, 1H),
2.81 (dt, J = 13.1, 3.1 Hz, 1H), 2.76 (td, ] = 11.9, 3.2 Hz, 1H), 2.07 (g,
J = 12.8 Hz, 1H), 1.93 (dt, ] = 8.1, 3.8 Hz, 2H), 1.59 (q, ] = 8.0 Hz,
1H), 1.29 (td, J = 7.1, 0.7 Hz, 3H), 1.26 (d, ] = 8.1 Hz, 3H), 1.22 (td, ]
= 7.1, 0.8 Hz, 3H), 1.13 (s, 9H), 0.95 (s, 9H); *C NMR (125 MHz,
CDCly) § 1752, 1742, 143.3, 128.5, 128.0, 1264, 76.7, 60.8, 60.7,
51.9, 46.9, 46.1, 45.6, 29.4, 29.3, 28.0, 23.4, 23.2, 20.4, 17.7, 14.5, 14.3;
IR (thin film) 2937, 2860, 1736, 1475, 1250, 1180 cm™"; HRMS (ESI)
m/z caled for C,sH,yNaOSi (M + Na)* 511.2856, found 511.2864.
Anal. Calced for C,gH,,0Si: C, 68.81; H, 9.07. Found: C, 69.02; H,
9.17.

Cyclohexane 23. To a slurry of LiAlH, (0.07S g, 2.0 mmol) in
THEF (5.0 mL) cooled to 0 °C was added a solution of cyclohexane 22
(0.485 g, 0.990 mmol) in THF (5.0 mL). The mixture was allowed to
stir at 0 °C for 2 h. To the mixture was added a saturated aqueous
solution of sodium potassium tartrate (10.0 mL), and the mixture was
allowed to warm to rt. The layers were separated, and the aqueous
layer was extracted with 3 X 5 mL of ether. The organic layers were
combined, washed with brine (S mL), dried over MgSO,, and
concentrated in vacuo to afford an oil. The oil was purified by flash
chromatography (40:60 EtOAc/hexanes) to afford the diol as a
colorless solid (0.316 g, 79%): mp 125—127 °C; 'H NMR (400 MHz,
CDCly) 6 7.36—7.18 (m, SH), 4.46 (br s, 2H), 4.32 (t, ] = 3.4 Hz,
1H), 3.91 (d, J = 10.9 Hz, 1H), 3.69 (dd, J = 10.9, 2.0 Hz, 1H), 3.59
(qn, ] = 5.4 Hz, 2H), 2.78—2.74 (m, 1H), 1.83 (q, J = 12.2 Hz, 1H),
1.62—1.61 (m, 2H), 1.51 (d, J = 12.4 Hz, 1H), 1.45 (dd, ] = 10.8, 4.3
Hz, 1H), 1.37 (s, 3H), 1.32—1.25 (m, 1H), 1.11 (s, 9H), 0.98 (s, 9H);
3C NMR (100 MHz, CDCl,) § 144.4, 128.4, 127.8, 126.0, 77.6, 68.0,
64.4, 51.1, 47.5, 45.5, 44.7, 29.4, 29.3, 28.9, 24.7, 23.3, 20.3, 18.7; IR
(thin film) 3317, 2860, 1471, 1363, 1055, 821 cm™'; HRMS (ESI) m/z
caled for C,,HygNaO5Si (M + Na)* 427.2644, found 427.2649. Anal.
Caled for C,,H,,0,8i: C, 71.23; H, 9.96. Found: C, 71.10; H, 10.14.

NaH (0.054 g, 2.2 mmol) in THF (1.0 mL) cooled to 0 °C was
added a solution of the diol prepared above (0.301 g, 0.74 mmol) in
THF (0.5 mL) dropwise. The mixture was allowed to stir at 0 °C for
10 min, then benzyl bromide (0.27 mL, 2.2 mmol) was added. The
mixture was allowed to warm to rt and stir for 3 days. The mixture was
poured into a separatory funnel containing water (10 mL), which was
extracted with 3 X S mL of ether. The organic layers were combined,
washed with brine (S mL), dried over MgSO,, and concentrated in
vacuo to afford a cloudy oil. The oil was purified by flash
chromatography (10:90 EtOAc/hexanes) to afford a colorless oil
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(0.368 g, 85%): "H NMR (400 MHz, CDCL,) & 7.44—7.18 (m, 15H),
4.55—4.44 (m, 4H), 4.38—4.34 (m, 1H), 3.62 (ddd, ] = 9.2, 4.6, 3.0
Hz, 2H), 3.54 (dd, ] = 9.6, 3.0 Hz, 1H), 3.48 (dd, J = 9.3, 5.7 Hz, 1H),
2.81 (dd, J = 12.4, 2.9 Hz, 1H), 2.01 (dt, J = 19.5, 9.8 Hz, 2H), 1.90
(dd, J = 11.2, 47 Hz, 1H), 1.78 (dd, J = 13.2, 10.3 Hz, 2H), 1.30 (s,
4H), 1.09 (s, 9H), 0.99 (s, 9H); *C NMR (100 MHz, CDCl;) &
145.0, 139.1, 139.0, 138.0, 129.2, 129.0, 128.6, 1280, 127.8, 127.4,
125.8, 122.2, 78.0, 73.7, 73.4, 72.3, 69.5, 50.7, 47.4, 40.0, 39.7, 33.7,
29.5,29.3, 24.3, 23.3, 20.4, 18.3; IR (thin film) 3029, 2933, 2860, 1454,
1363, 1097 cm™'; HRMS (ESI) m/z calcd for C3H,NaO;Si (M +
Na)* 607.3583, found 607.3592. Anal. Calcd for C;3Hs,05Si: C, 78.03;
H, 8.96. Found: C, 77.73; H, 8.88.

Diol 24. To KH (0.13S g, 3.36 mmol) in THF (6.0 mL) was added
18-crown-6 (0.888 g, 3.36 mmol), and the slurry was cooled to 0 °C.
PhMe,COOH (0.49 mL, 88%, 3.36 mmol) was added slowly, and the
mixture was allowed to warm to rt. Cyclohexane 23 (0.328 g, 0.560
mmol) in THF (6.0 mL) was added, followed by a solution of TBAF
(3.36 mL, 1.0 M, 3.4 mmol). The mixture was heated to 50 °C for 24
h. The mixture was allowed to cool to rt and was diluted with saturated
aqueous Na,$,0; solution (20 mL). The mixture was extracted with 3
X 10 mL of MTBE. The combined organic layers were washed with
brine (10 mL), dried over MgSO,, and concentrated in vacuo to afford
an oil. The oil was purified by flash chromatography (40:60 EtOAc/
hexanes) to afford a colorless oil (0.235 g, 91%): "H NMR (400 MHg,
CDCl,) 6 7.38—7.26 (m, 15H), 4.54—4.44 (m, 4H), 4.37 (s, 1H), 3.79
(dd, J = 9.9, 1.5 Hz, 1H), 3.59—3.54 (m, 2H), 3.49 (dd, ] = 9.3, 5.6 Hz,
1H), 2.75 (d, J = 12.7 Hz, 1H), 2.19 (dtd, ] = 18.3, 6.6, 5.2 Hz, 2H),
2.02—1.95 (m, 1H), 1.85 (d, J = 12.6 Hz, 1H), 1.74 (d, ] = 11.6 Hz,
1H), 1.31 (d, J = 5.7 Hz, 4H), 1.06 (s, 2H); *C NMR (100 MHz,
CDCly) 6 143.1, 138.8, 138.6, 128.7, 128.51, 128.46, 128.1, 127.9,
127.81, 127.79, 127.6, 126.8, 73.43, 73.39, 73.3, 71.3, 67.6, 67.2, 48.1,
47.1, 384, 352, 28.8, 27.4; IR (thin film) 3408, 3030, 2864, 1495,
1095, 737 cm™; HRMS (ESI) m/z caled for C30H;NaO, (M + Na)*
483.2511, found 483.2515.

Confirmation of the Structure of Diol 24: Preparation of Its
p-Nitrobenzaldehyde Acetal. To diol 24 (0.088 g, 0.19 mmol) in
benzene (10.0 mL) were added p-nitrobenzaldehyde (0.033 g, 0.22
mmol) and p-toluenesulfonic acid (0.0008 g, 0.004 mmol). The
solution was heated at reflux for 1 h. The mixture was allowed to cool
to rt and was treated with a saturated solution of NaHCO; (10.0 mL).
The mixture was extracted with 3 X § mL of ether. The combined
organic layers were washed with brine (S mL), dried over MgSO,, and
concentrated in vacuo to afford an oil. The oil was purified by flash
chromatography (20:80 EtOAc/hexanes) to afford the acetal as a pale
yellow oil (0.087 g, 77%): "H NMR (400 MHz, CDCl,) 6 8.15 (d, ] =
8.9 Hz, 2H), 7.54 (d, ] = 8.9 Hz, 2H), 7.37—7.20 (m, 16H), 4.51—4.37
(m, 6H), 3.65—3.57 (m, 2H), 3.55 (dd, ] = 9.5, 3.4 Hz, 1H), 3.46 (dd,
J=9.3,5.7 Hz, 1H), 2.78 (dt, ] = 12.7, 2.6 Hz, 1H), 2.23 (t, ] = 9.6 Hz,
1H), 2.18 (t, ] = 10.9 Hz, 1H), 2.13—2.05 (m, 1H), 1.87 (dt, ] = 12.3,
3.1 Hz, 1H), 1.71 (dd, J = 11.3, 1.8 Hz, 1H), 1.46 (d, ] = 6.9 Hz, 3H);
13C NMR (125 MHz, CDCl,) § 148.1, 146.3, 143.6, 138.8, 138.7,
128.7, 128.6, 128.5, 128.2, 128.0, 127.9, 127.7, 127.4, 127.3, 126.7,
123.5, 92.8, 74.2, 73.4, 733, 70.3, 67.1, 47.6, 402, 382, 36.1, 30.1,
17.1; IR (thin film) 2922, 2868, 1524, 1348, 1097, 700 cm™'; HRMS
(ESI) m/z caled for CyH;pNNaOg (M + Na)* 616.2675, found
616.2659.

B ASSOCIATED CONTENT

© Supporting Information

Spectroscopic and crystallographic data for the products (PDF,
CIF). This material is available free of charge via the Internet at
http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author

*E-mail: kwoerpel@nyu.edu.

Notes

The authors declare no competing financial interest.

dx.doi.org/10.1021/j0202650k | J. Org. Chem. 2012, 77, 3277—3283


http://pubs.acs.org
mailto:kwoerpel@nyu.edu

The Journal of Organic Chemistry

B ACKNOWLEDGMENTS

This project was supported by the National Institute of General
Medical Sciences of the National Institutes of Health (GM-
54909). C.C.V. thanks the NIGMS for a predoctoral fellowship
(F31GMO080157) and Dr. Laura Anderson (University of
Ilinois, Chicago) for her contributions to this project. KA.W.
thanks Amgen and Lilly for awards to support the research. We
thank Dr. Phil Dennison (UCI) for assistance with NMR
spectroscopy, Dr. Joseph W. Ziller (UCI) for X-ray
crystallography, and Dr. John Greaves and Ms. Shirin
Sorooshian (UCI) for mass spectrometry.

B REFERENCES

(1) Ricci, G.; Sommazzi, A.; Masi, F.; Ricci, M.; Boglia, A.; Leone, G.
Coord. Chem. Rev. 2010, 254, 661—676.

(2) Casiraghi, G; Zanardi, F.; Appendino, G.; Rassu, G. Chem. Rev.
2000, 100, 1929—1972.

(3) Pansare, S. V.; Paul, E. K. Chem.—Eur. ]. 2011, 17, 8770—8779.

(4) Crouch, I. T.; Dreier, T.; Frantz, D. E. Angew. Chem., Int. Ed.
2011, 50, 6128—6132.

(5) Reich, H. J; Eisenhart, E. K;; Olson, R. E; Kelly, M. J. J. Am.
Chem. Soc. 1986, 108, 7791—7800.

(6) Jung, M. E.; Ho, D.; Chu, H. V. Org. Lett. 2008, 7, 1649—1651.

(7) Casiraghi, G; Zanardi, F.; Battistini, L.; Rassu, G. Synlett 2009,
1525—1542.

(8) Takasu, K; Tanaka, T.; Azuma, T.; Takemoto, Y. Chem.
Commun. 2010, 46, 8246—8248.

(9) Calad, S. A;; Woerpel, K. A. J. Am. Chem. Soc. 2005, 127, 2046—
2047.

(10) Okamoto, K.; Hayashi, T. Org. Lett. 2007, 9, S067—5069.

(11) Ventocilla, C. C.; Woerpel, K. A. J. Am. Chem. Soc. 2011, 133,
406—408.

(12) Nazarov, L. N,; Matsoyan, S. G.; Rudenko, V. A. Russ. Chem.
Bull. 1952, 1, 923—932.

(13) Wiberg, K. B.; Marquez, M.; Castejon, H. J. Org. Chem. 1994,
59, 6817—6822.

(14) Ando, W.; Hagiwara, K; Sekiguchi, A. Organometallics 1987, 6,
2270-2271.

(15) Ishikawa, M.; Nakagawa, K.-L; Kumada, M. J. Organomet. Chem.
1977, 135, C45—C49.

(16) Anag, O.; Ozdemir, A. D.; Sezer, O. Helv. Chim. Acta 2003, 86,
290—-298.

(17) Ishida, S.; Iwamoto, T.; Kira, M. Organometallics 2010, 29,
5526—5534.

(18) Carballeira, L; Mosquera, R. A; Rios, M. A. J. Mol. Struct.:
THEOCHEM 1986, 136, 351—359.

(19) Marcus, A. P; Lee, A. S.; Davis, R. L.; Tantillo, D. J.; Sarpong, R.
Angew. Chem., Int. Ed. 2008, 47, 6379—6383.

(20) Frontier, A. J.; Collison, C. Tetrahedron 2005, 61, 7577—7606.

(21) Tius, M. A. Eur. . Org. Chem. 2005, 2193—2206.

(22) Pellissier, H. Tetrahedron 2005, 61, 6479—6517.

(23) Yamamoto, Y.; Yamamoto, H. Angew. Chem., Int. Ed. 2005, 44,
7082—708S.

(24) Jung, M. E.; Davidov, P. Angew. Chem.,, Int. Ed. 2002, 41, 4125—
4128.

(25) Evans, D. A.; Chapman, K. T.; Bisaha, J. J. Am. Chem. Soc. 1988,
110, 1238—1256.

(26) Carrefio, M. C.; Urbano, A.; Di Vitta, C. J. Org. Chem. 1998, 63,
8320—-8330.

(27) Sibi, M. P.; Kawashima, K.; Stanley, L. M. Org. Lett. 2009, 11,
3894—3897.

(28) Hintermann, T.; Seebach, D. Helv. Chim. Acta 1998, 81, 2093—
2126.

(29) Masamune, S.; Reed, L. A. III; Davis, J. T.; Choy, W. J. Org.
Chem. 1983, 48, 4441—4444.

(30) Masamune, S.; Choy, W.; Petersen, J. S.; Sita, L. R. Angew.
Chem,, Int. Ed. 1985, 24, 1—30.

3283

(31) Tamao, K. In Advances in Silicon Chemistry; Larson, G. L., Ed;
JAI: Greenwich, CT, 1996; Vol. 3, pp 1-62.

(32) Smitrovich, J. H.; Woerpel, K. A. J. Org. Chem. 1996, 61, 6044—
6046.

(33) Stevens, B. D; Nelson, S. G. J. Org. Chem. 2005, 70, 4375—
4379.

(34) Selover, S. J.; Crews, P.; Tagle, B.; Clardy, J. J. Org. Chem. 1981,
46, 964—970.

(35) Ospina, C. A,; Rodriguez, A. D. J. Nat. Prod. 2006, 69, 1721—
1727.

(36) Imuta, S.; Tanimoto, H.; Momose, M. K.; Chida, N. Tetrahedron
2006, 62, 6926—6944.

(37) Chakraborty, T. K,; Samanta, R;; Kumar, P. K. Tetrahedron
2009, 65, 6925—6931.

(38) McDougal, N. T.; Schaus, S. E. Angew. Chem., Int. Ed. 2006, 45,
3117-31109.

(39) Breit, B.; Heckmann, G.; Zahn, S. K. Chem.—Eur. ]. 2003, 9,
425—434.

(40) Driver, T. G.; Franz, A. K; Woerpel, K. A. J. Am. Chem. Soc.
2002, 124, 6524—6525.

dx.doi.org/10.1021/j0202650k | J. Org. Chem. 2012, 77, 3277—3283



