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The Michael addition of lithium 1,3-dien-2-olates with «,B-unsaturated carbonyl compounds is described.
With a,B-unsaturated esters the reaction was reversible even at —78°C, while kinetically controlled with «,8-

unsaturated ketones or alkylidenemalonates.

At room temperature, the initially formed Michael adducts undergo

subsequent intramolecular Michael addition to give substituted cyclohexanone derivatives in a highly stereoselective

manner.
cyclization was cis-selective.

1,3-Dien-1-olates, generated by the deprotonation of
a,B-unsaturated carbonyl compounds, have enjoyed
wide synthetic applications in alkylation,? acylation,2)
aldol addition,? Michael addition,3% and other fields of
organic synthesis.® Limited papers have been
reported, however, about the reaction of 1,3-dien-2-
olates; alkylation,28b aldol addition,$® and Michael
addition” are among them. One exception is the
cyclization reaction of cyclic 1,3-dien-2-olates with «,f8-
unsaturated esters or ketones. Since such reaction pro-
ceeds stereoselectively under mild reaction conditions to
produce Diels-Alder type cyclization products, wide
applications to natural product synthesis have been
studied.®

The endo-selectivities observed in these six-membered
ring-forming reactions?»89 were the same as those of the
endo-selective Diels-Alder reactions of related dienes
such as cyclic 2-silyloxy-1,3-dienes.’® This is why
anion-accelerated Diels—Alder reaction is taken into
account as a possible mechanism for the sequential
double Michael reaction.’8  Although there is known
an example in which the Michael reaction between
cyclic 1,3-dien-2-olates and «,B-unsaturated lactones
resulted in a different stereoselectivity,”® high endo-
selectivity is usually observed in the Michael addition of
cyclic 1,3-dien-2-olates.

We assumed that the high stereoselectivity observed
in the cyclization reaction of cyclic 1,3-dien-2-olates
could be due to the attractive secondary orbital interac-
tion just like the endo-selective Diels—Alder reaction.
If this is true, such interaction would be generally uti-
lized in the stereocontrol of Michael addition employing
acyclic 1,3-dien-2-olates and «,B-unsaturated carbonyl
compounds. In contrast with the many reported exam-
ples of endo-selective Diels—Alder type cyclization of
cyclic 1,3-dien-2-olates, it is very surprising that few
example is known for the Michael reaction of acyclic
1,3-dien-2-olates.1?)

Results and Discussion

Preparation of Lithium 1,3-Dien-2-olates. Lithium

Mostly anti-selectivity has been observed for the initial Michael addition, and the intramolecular

(1Z,3F)-1,3-dien-2-olates 3a—e were generated from
enones la—e via 2-silyloxy-1,3-dienes 2a—e as follows:
Horner-Emmons olefination of 2-oxoalkylphospho-
nates using lithium bromide/triethylamine in tetrahy-
drofuran (THF) gave (E)-enones 1b—d as single isomers
(Scheme 1, 1b: 71%, 1c: 91%, 1d: 78%); other enones
la,e were commercially available. Attempted lithia-
tion of enones la,b with lithium diisopropylamide
(LDA) at —78°C in THF produced the formal dimer!2
of 1 along with a complex mixture of many products,!3)
indicating that the indirect generation method should be
applied. Accordingly, enones 1a—e were first silylated
with chlorotrimethylsilane and 1,8-diazabicyclo[5.4.0]-
undec-7-ene (DBU) to give 2a—e (2a: 71%, 2b: 87%,
2¢: 64%, 2d: 92%, 2e: 78%) after vacuum distillation,
among which 2c—e were obtained as single isomers.
Treatment of these 2-silyloxy-1,3-dienes 2a—e with
butyllithium 3 at room temperature for 30 min in THF
generated lithium 1,3-dien-2-olates 3a—e in excellent
yields.

To determine the structure of 2d by comparison with
its stereoisomer 2d’, silylation of 1d was performed
according to the Danishefsky’s method!® using chrolo-
trimethylsilane, triethylamine, and zinc chloride in ben-
zene to produce an 89: 11 mixture (GLC) of 2d and 2d’
(Scheme 2); the major isomer 2d was assigned the Z F-
isomer on the basis of NOE spectrum in which the
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notable signal enhancement was observed between H-2
and H-4. Other 2-silyloxy-1,3-dienes 2c,e were assign-
ed also as the Z, F-structures by analogy.

Acetylation of 3d, generated from 2d and butyl-
lithium by the method described above, with acetic
anhydride gave acetate 4 in 85% yield as the sole Z,E-
isomer, indicating the full retention of the Z,E-
stereochemistry during the lithiation of 2d. The use of
THF containing hexamethylphosphoric triamide
(HMPA, 10 vol%) as co-solvent in the above procedure
provided essentially the equivalent result (4: 87%, sin-
gle), confirming that the Z-isomer of 3d is thermody-
namically more stable.16)

Direct lithiation of ethyl ketone 1d with various
lithium amides provided a mixture of isomeric lithium
enolates, lithium Z,E-3d and E,E-enolate 3d’. The Z/E
ratios 3d/3d’ were determined after the mixtures of the
lithium enolates 3d and 3d’ were acetylated with acetic
anhydride, while the yields of 4 were not always satisfac-
tory (Scheme 3 and Table 1). The use of bulky lithium
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(LHMDS) and lithium 2,2,6,6-tetramethylpiperidide
(LTMP), which are in general known to favor the
formation of E-enolates, did not effect the selective
generation of E,E-enolate 3d’. The Z,E-isomer 3d was
still the major isomer (Table 1, Entries 6-—9).19
Michael Reactions of Lithium 1,3-Dien-2-olates.
Michael Addition to a,B-Unsaturated Esters. The
reaction of lithium (2Z,4 F)-6,6-dimethyl-2,4-heptadien-
3-olate (3d) with methyl crotonate in THF was moni-
tored on thin-layer chromatography (TLC). Within
the reaction for 48 h at —78°C, one clear new spot
appeared and grew up along with the spot of 3d, show-
ing the occurrence of a clean reaction at a low tempera-
ture. Although this new spot was expected to corre-
spond to the Michael adduct 6, actually no trace of 6
was isolated after the usual hydrolytic quench of the
reaction mixture. The starting enone 1d was recovered
quantitatively. Use of some other quenching agents
such as saturated aqueous ammonium chloride, solid
ammonium chloride, wet silica gel, methanol, p-

amides such as lithium hexamethyldisilylamide toluenesulfonic acid, acetic acid, chlorotrimethylsilane,
and iodomethane also resulted in the quantitative recov-
ery of 1d.
OSiMe, However, the cyclohexanone derivative 5a was
A _Me obtained in 499 yield as a single stereoisomer when the
Q #Bu 2d reaction temperature was raised to room temperature
r-Bu/\)I\/MQ £~ and OSiMe, and continued for 26 h (Scheme 4 and Table 2, Entry 3).
1d B /\)ﬁ Assignment of the structure of 5a will be discussed
=y 2d 1) below. The stereoselective formation of 5a seemed to
' e
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Scheme 2. Scheme 3.
Table 1. Generation of 1,3-Dien-2-olates 3a—d
Entry Enone Silyl enol ether (yield) Lithium base Lithium enolate Isomer ratio (Z/ E)®  Yield of 4”
1 1a 2a (71%) n-BuLi 3a — —
2 1b 2b (87%) n-BuLi 3b — —
3 1c 2¢ (64%) n-BuLi 3c Single®? —
4 1d 2d (82%) n-Buli 3d Single” 85
5 1e 2e (54%) n-BuLi 3e Single™” —
6 1d LDA 3d 87:13 37
7 1d LDA 3d 67:33° 51
8 1d LHMDS 3d 88:12° 55
9 1d LTMP 3d 67:33 32
a) Determined by 'H NMR spectrum after the O-acetylation with acetic anhydride. b) Isolated yield

based on 2d (Entry 4) or 1d (Entries 6—9).

¢) The exclusive formation of (1Z,3E)-1,3-dien-2-olates

was assumed on the basis of the observed full retention of Z,E-stereochemistry of the starting 2-

silyloxy-1,3-diene 2d. d) Pure (1Z,3E)-1,3-dien-2-olate.
THF was added 1d in a period of 25 min at —78 °C.

€) To the freshly prepared lithium bases in
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be deeply related with the appearance of a single spot on
TLC during the aforementioned reaction at —78°C.
Employment of methyl (E)-4-bromo-2-butenoate,
instead of methyl crotonate, in the reaction with 3d at
—78°C in THF produced cyclopropane 7 as a single
stereoisomer in 50% yield. It is clear that the forma-
tion of 7 took place through the intramolecular alkyla-
tion of the stereoselectively formed Michael adduct
enolate B.

The following points are clear on the basis of these
results: (1) the Michael addition of 3d with methyl
crotonate is a reversible process,!8) (2) As readily antici-
pated from the decreased length of conjugation, the
Michael adduct enolate A is less stabilized than the
starting enolate 3d so that the equilibrium lies in favor
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for 3d, (3) the adduct enolate A rapidly decomposes into
each components on quenching, (4) the irreversible cy-
clization of the minor contributor A takes place around
room temperature to produce the cyclized product 5a,
and (5) the reversible process and the irreversible cycli-
zation are both stereoselective.

To stabilize the Michael adduct enolate A, the lithium
enolate 3d was first treated with zinc(II) chloride!? at
—20 to —30°C and then allowed to react with methyl
crotonate at room temperature?® to give the Michael
adduct 6 as a single diastereomer, albeit in a low yield
(18%). Based on the reversible nature of the reported
aldol reaction of zinc enolates with carbonyl com-
pounds,2V) it is likely that the Michael reactions of
lithium enolate 3d and its zinc derivative are both
reversible. The anti-configuration of 6 was tentatively
assigned on the basis of the structure of 5a which was
derived from A presumably under thermodynamic
control.

Similar reactions of lithium (1Z,3 E)-5,5-dimethyl-1,3-
hexadien-2-olate (3d) with methyl crotonate (4 h) and
methacrylate (15 h) at room temperature produced
cyclohexanone derivatives Sb (87%) and S5c (20%),
respectively, both as single stereoisomers again (Scheme
4 and Table 2, Entries 1, 2).

The skeletons of Sa—c correspond to the formal
Diels-Alder cycloadducts of lithium 1,3-butadien-2-
olates 3b,d with methyl crotonate and methacrylate.10)
With an expectation to obtain the corresponding Diels-
Alder cycloadduct, whose stereostructure may be read-
ily assigned on the basis of the well-established stereo-
chemical dignity of Diels—-Alder reaction, enone 2d was
heated with methyl crotonate in benzene at 130°C in a
sealed tube for 6 d. However, the quantitative recovery
of 2d resulted, and the stereostructures of 5a—c were
assigned only on the spectroscopic basis.

The most bulky z-butyl substituent of Sa must occupy
the equatorial position in its stable chair conformation.
That the axial H-5 showed only one big vicinal coupling
with H-6.x (Js—6:x—14.3 Hz) and the other two couplings
were small (J5-6.c=4.0 and J5-4=3.8 Hz) indicates the
4,5-cis relationship. Notable NOEs were observed
between H-6,x/ H-2 and H-2/H-3, showing the axial and
equatorial positions of H-2 and H-3, respectively.
Thus, 5a was determined as r-2,¢-3,1-4,t-5-configuration.
Similar structural analysis was applied to 5b (Scheme 4).

Table 2. Reiterative Michael Addition of Lithium 1,3-Dien-2-olates 3 with «,3-Unsaturated Esters

Entry Enolate  o,8-Unsaturated ester

Solvent Temp/°C”

Time/h” Product Yield/%"” Isomer ratio”

1 3b Methyl crotonate THF —78—rt 2.3-1.5 5b 87 Single
2 3b Methyl methacrylate THF —78—r1t 2.5-22 5¢ 20 Single
3 3d Methyl crotonate THF —78—rt 1.5-26 5a 49 Single
4 3d  Methyl crotonate THF  —78-rt 2052 6 18 Single
5 3d Methyl 4-bromocrotonate THF —78 17 7 50 Single
a) Each reaction time corresponds to each reaction temperature. b) Isolated yield based on 2. c) Based

on 'HNMR spectrum. d) The lithium enolate 3d was treated with zinc(II) chloride (1 equiv) at —20 to
—30°C for 20 min before methyl crotonate was added.
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Structure assignment of 5¢ was mainly based on the
analogy of reaction mode to that of the above two cases.

As a result, the reaction of (1Z,3E)-1,3-dien-2-olate 3d
with methyl crotonate led to the stereoselective forma-
tion of anti-adduct enolate A, which was in an equi-
librium with the starting components, 3d and methyl
crotonate. Stereoselectivity in the retro-Michael reac-
tion process is not important because thermodynami-
cally more stable Z-enolate 3d and methyl crotonate are
released from A in this retro process, and hence the retro
Michael reaction process would not affect the stereose-
lectivity of the whole reaction. The 4,5-cis-selective
intramolecular Michael addition pathway from the
initially formed anti-Michael adduct enolates A leading
to Sa—c corresponds to that observed previously in the
second cyclization step of the Michael addition of cyclic
1,3-dien-2-olates.8) Probably the role of metal chela-
tion is important.922)

Although the trans-substitution of the cyclopropane
ring of 7 was determined by its small vicinal coupling
constant between H-1/H-2 (J1-2=4.4 Hz), the configu-
ration at the third chiral center could not be assigned
only on the spectroscopic basis. Since anti-adduct enol-
ate A was confirmed to be the intermediate involved in
the reaction of 3d with methyl crotonate, a similar anti-
adduct enolate B was proposed as the intermediate
involved in this reaction. Stereochemistry of -7 was
tentatively assigned as shown in Scheme 4.

Michael Addition to 1-Phenyl-2-buten-1-one, (E)-3-
Penten-2-one, or (E)-4-Phenyl-3-buten-2-one. To sup-
press the retro-Michael reaction pathway, a,B-
unsaturated ketones were employed as Michael accep-
tors in the reactions with 1,3-dien-2-olate 3d. Stabili-
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zation of a carbanionic center by the attaching a-acyl
substituent is much higher than the stabilization by the
a-ester moiety. As expected, a smooth Michael reac-
tion took place between 3d and 1-phenyl-2-buten-1-one
(Z: E=10:90 by 'HNMR) in THF; this reaction was
completed in 1 h at —78°C. An 87:13 mixture
(tHNMR) of Michael adducts 8 and 8’ was obtained in
73% of combined yield, after quenching with p-
toluenesulfonic acid (Scheme 5, Table 3, Entry 1).

It was clear by the following observation that no
retro-Michael reaction took place in the stage of

(o] Me
Me, 789C OPh
“wcoph ~78°CinTHE t-Bu/\/IH)\/D
3d Me
3q| 78C-n 8: 34-anti
in THF 8': 3,4-syn
9+9 +9" fo) o o
‘:@m é’ o
8™ Y Me B Y “Me  tBU™ Y “I\e
CoPh CopPh CoPh
9 9 9"

(E)-+-BuCH=CH_ OH
PhCO Me

Me Me

COPh 10 single isomer

Scheme 5.

Table 3. Reaction of Enolate 3d and/or 3d’ with 1-Phenyl-2-buten-1-one
Entry 1-Phenyl-2-buten-1-one  Dienolate” Solvent,additive” Temp Time Product Yield® Isomef ratio?
Z|E 3d/3a’ % anti/syn

1 10:90 3d THF —78 1 8+8 73 87:13

2 9:91 3d THF/HMPA —78 0.5 8+8 84 95:5

3 9:91 3d THF/18-Crown-6 —78 2.5 8+8 81 95:5

4 1:99 3d THF —78 0.5 8+8 83 85:15

5 1:99 3d THF/HMPA —178 0.5 8+8 87 95:5

6 99:1 3d THF —78 1 —

7 99:1 3d THF/HMPA —78 1.5 —

8 99:1 3d THF —78 18 8+8 51 62:38

9 99:1 3d THF/HMPA —78 18 8+8 50 59:41
10 1:99 3d+3d’ (87:13)° THF —78 0.5 8+8 87 78:22
11 1:99 3d-+3d’ (67:33)° THE —78 0.5 8+8’ 72 67:33
12 1:99 3d+3d’ (88:12)¢ THF —178 0.5 8+8 75 89:11
13 1:99 3d+3d’ (67:33)" THF —78 0.5 8+8 57 58:42
14 1:99 3d+3d’(67:33)° THF/HMPA —78 0.5 8+8 67 63:37 )
15 10:90 3d THF t 42 9+9'+9” 71 62:16:22(84:16)"
16 10:90 3d THF/HMPA 1t 18 9-+9"+9” 79 73:11:16 (89:11)°
17 99:1 3d THF rt 18 9+9'+9” 79 47:9:44 (91:9)"

a) Unless otherwise referred, enolates 3d and 3d’ were generated from 2d and LDA. b) HMPA (12 vol% to THF)

or 18-cown-6 (1 equiv) was added as an additive.

c) Isolated yield based on 2d or 1d. d) Determined by HPLC.

¢) Generated from 1d and LDA. f) To the freshly prepared LDA in THF was added 1d in a period of 25 min at

~78°C. g) Generated from 1d and LHMDS. h) Generated from 1d and LTMP.

selectivity based on the ratios of 9, 9’, and 9”.

i) The calculated anti/syn-
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Michael adduct formation at —78°C as confirmed.
Thus, when the Michael adduct enolate derived from 3d
and 1-phenyl-2-buten-1-one was treated with dimethyl
ethylidenemalonate, no corresponding Michael adduct
to the ethylidenemalonate acceptor was detected. The
details of the reaction of 3d with alkylidenemalonates
will be described below. The Michael reaction of 3d
with 1-phenyl-2-buten-1-one (Z: E=1:99 to 9:91) in the
presence of HMPA or 18-crown-6 showed satisfactorily
high anti-selectivity (Table 3, Entries 2, 3, 5).

Next examined was the Michael reaction of (E)-1-
phenyl-2-buten-1-one (99% pure) with the lithium 1,3-
dien-2-olate with several 3d/3d’ ratios. As shown in
Table 3 (Entries 10—13), the stereoselectivity 8/8" was
related with the enolate ratio 3d/3d’, anti- 8 and syn-
adduct 8 being formed mainly from the E- and Z-
enolate, respectively. Addition of HMPA increased
the anti-selectivity, but only by 5% (Entry 14), making a
striking contrast with the highly anti-selective Micahel
addition of 3d (Entries 2,5).

On the other hand, (Z)-1-phenyl-2-buten-1-one23) was
found to be much less reactive toward 3d. No forma-
tion of the Michael adduct was detected on TLC after 1
h at —78 °C (Entry 6); addition of HMPA to activate the
enolate 3d was also totally ineffective (90 min at —78 °C,
Entry 7). Finally, (E)-1-phenyl-2-buten-l1-one was
added to this reaction mixture and allowed to react for
additional 1 h to give an 83 : 17 mixture of 8 and 8’ (65%)
along with the single stereoisomer of the cyclized prod-
uct 10 (28%), whose stereochemistry remained unsolved.
Thus, the diastereomer ratio 8/8’ was independent of the
Z| E ratio of the acceptor molecule, 1-phenyl-2-buten-1-
one (Table 3, Entries 1—5). This is because (E)-1-
phenyl-2-buten-1-one was the only reactive isomer.
The lack of full conjugation between the carbon—carbon
double bond and the carbonyl moiety may be the major
reason for the decreased reactivity of (Z)-1-phenyl-2-
buten-1-one.

When the reaction time was prolonged, (Z)-1-phenyl-
2-buten-1-one reacted with 3d at —78 °C to give a mix-
ture of 8 and 8 albeit in a poor isomer ratio
(8:8'=62:38, Entry 8); essentially the equivalent result
(8:8'=59:41, Entry 9) was obtained in a similar reac-
tion in the presence of HMPA. The low anti-selectivity
in the presence of HMPA and no dramatic change of the
isomer ratio were again surprising. Although the prod-
ucts obtained were in cyclized forms, high stereoselec-
tivity and satisfactory yield were observed when the
same reaction was carried out at room temperature
(Entry 17, 91:9). The poor anti/syn-selectivity
observed in the reactions at —78 °C would be due to the
slow Michael addition of (Z)-1-phenyl-2-buten-1-one.
This Z-isomer presumably underwent partial isomeriza-
tion to (E)-l-phenyl-2-buten-1-one in the course of
Michael addition through the retro-Michael addition
pathway.

At room temperature, three isomers of the cyclized
products 9, 9’, and 9” were obtained in the reaction of 3d
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with (Z)-1-phenyl-2-buten-1-one (Entry 17). Since
these products were assigned, mainly on the basis of
NOE spectra, r-2,c-3,t-4,t-5- for 9, r-2,t-3,t-4,t-5- for 9’,
and r-2,¢-3,c-4,¢-5-isomer for 9”, the stereoselectivity of
the intermolecular Michael addition was calculated to
be anti/syn=91:9. The reactions with (E)-1-phenyl-2-
buten-1-one at room temperature afforded the compara-
ble results (Entries 15, 16). The equally high anti-
selectivities observed in these reactions (Entry 17 and
Entries 15, 16), regardless of the Z/F ratio of the
acceptor molecules employed, would be due to the ready
isomerization of (Z)-1-phenyl-2-buten-1-one to the (E)-
1-phenyl-2-buten-1-one at room temperature.

Stereostructures of the cyclized products, 9 and 9,
were determined on the basis of tH NMR spectra: Based
on the small couplings for J5-4(4.0 Hz) and J2—3(6.2 Hz)
as well as the notable NOEs between H-2/H-3, H-2/ H-
6.x, and H-5/3-Me, the major stereoisomer 9 was con-
firmed to be the 2,3-cis-3,4-trans-4,5-cis structure. On
the other hand, the small coupling for J5—4(3.7 Hz) and
big coupling for Jo—3(12.4 Hz) indicated the axial posi-
tions of H-2, H-3, and H-5 and the equatorial position
of H-4, minor isomer 9" being assigned the 2,3-trans-3,4-
cis-4,5-cis structure.

The points to be noteworthy are: (1) at a low tempera-
ture (—78°C) anti-8 and syn-Michael adduct 8’ are
mainly formed from (2Z,4F)-3d and (2E,4E)-1,3-dien-2-
olate 3d’, respectively, (2) the stereospecific cyclization
of the resulting Michael adduct enolates leads to the
cyclization products 9 and 9" at room temperature, (3)
the Michael addition at a low temperature is kinetically
controlled, (4) (Z)-1-phenyl-2-buten-1-one is much less
reactive than the (E)-1-phenyl-2-buten-1-one in the reac-
tion with 3d, (5) the presence of HMPA does not alter
the transition state, (6) the fast retro process is involved
in the reaction at room temperature, while this process is
less important at —78 °C.

The reaction of lithium (1Z,3E)-1,3-dien-2-olate 3d
with (E)-3-penten-2-one at room temperature produced
two cyclized products 11a and 12 in 5 and 49% yields,
respectively, while the same reaction at —78 °C resulted
in the formation of complex products (Scheme 6). The
structures of 11a and 12 were determined on the basis of
spectral data and also of the assumed reaction mode,
and the 4,5-cis-configuration of 12 was confirmed by the
small Js—5 value (3.7 Hz). The initial anti-Michael
adduct enolate C went to the equilibration with the
terminal enolate D whose irreversible aldol condensa-
tion produced 12. Slow cyclization of enolate C into
11a, even at room temperature, probably allowed the
equilibration with D.

Similarly, reactions of 3b and 3a with (E)-3-penten-2-
one and (E)-4-Phenyl-3-buten-2-one at room tempera-
ture gave stereoselectively cyclized products 11b (31%)
and 11c¢ (31%), respectively.

Michael Addition to Alkylidenemalonates. As dis-
cussed above, the reactions-of lithium 1,3-dien-2-olates 3
with o,B-unsaturated esters were thermodynamically



October, 1991]

Me
N come
3d - Complex mixture
<78 °Cin THF
78°C—>nt
in THF
(0] (o]
Me
| and
B Y Me l Me
COMe Me
t-Bu
11a 12
(o] Me OLi [0} Me OLi
t~Bu/\)l\=/k}\Me == tBu x Y
Me c Me D
(o}
g 11b,c
RYSNYR! b: R'=tBu,R'=Me
coMe c: R'=R'=Ph
Scheme 6.

controlled even at —78 °C, no Michael adducts having
been isolated on quenching. Although «,B-unsatu-
rated ketones and 3 formed stable adducts at a low
temperature (—78 °C), they underwent ready equilibra-
tion with the starting substrates at room temperature.
On the other hand, alkylidenemalonates bear two
electron-withdrawing ester groups at the same sp? car-
bon so that high stabilization of the adduct enolates is
expected. Therefore their Michael addition should be
kinetically controlled.

One of two ester moieties of alkylidenemalonates is
cis to the B-substituent R! and the other trans, and
therefore the study of Michael addition of 3 with alkyl-
idenemalonates would provide some useful informa-
tions to solve thé transition state. The question on the
aforementioned rate difference of Michael additions to
the Z- and E-enone acceptors, e.g. (Z)- and (F)-1-
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Scheme 7.

phenyl-2-buten-1-one and that on the kinetic stereose-
lectivity of the Z- and FE-isomers of a,B-unsaturated
carbonyl acceptors would be also answered.

The reactions of 3c—e with alkylidenemalonates went
to full completion within 30 min at —78 °C to give, after
usual hydrolytic workup, the corresponding Michael
adducts 13a—f in excellent yields (Scheme 7 and Table
4). One exception was the reaction with dimethyl (2,2-
dimethylpropylidene)malonate bearing a bulky z-butyl
B-substituent. A higher reaction temperature and a
longer reaction time were required (11 days at room
temperature) and the Michael adduct 13e was obtained
only in 36% yield (Entry 9). When the B-substituent R
of the alkylidenemalonates was small, e.g. R®™=Me or Et,
the diastereomer ratios were extremely poor (70:30 to
52:48) regardless of the nature of the terminal substitu-
ent R’ of the donor molecules 3 (Entries 1—6, 10). On
the other hand, selectivities better than 909, were
achieved when a bulky B-substituent R? such as Ph or -
Bu was attached at the [-position (Entries 7-—9).
Improvement of the stereoselectivity by adding HMPA
was observed, but again only a little (Entries 2, 4, 6, 8).

It was found that the reactions with alkylidenemalo-
nates were all kinetically controlled on the basis of the
following cross reaction. Treatment of the Micahel
adduct enolate between 3d and dimethyl propylidene-
malonate with dimethyl ethylidenemalonate produced
no adduct to the latter acceptor.

Stereochemistry of the major isomer of 13d was deter-
mined by its chemical conversion shown in Scheme 8

Table 4. Reaction of Enolates 3 with Dimethyl Alkylidenemalonates

Dienolate Alkylidenemalonate

Entry Solvent/ additive®

)

Isomer ratio

Temp/°C Time/h Product Yield/%"

3 R! anti syn”
1 3c Et THF —78 0.5 13a 85 55:45
2 3¢ Et THF/HMPA —178 0.5 13a 83 62:38
3 3d Me THF —178 0.5 13b 83 52:48
4 3d Me THF/HMPA =178 0.5 13b 87 60:40
5 3d Et THF —78 0.5 13c 80 60:40
6 3d Et THEF/HMPA =178 0.5 13¢ 82 70:30
7 3d Ph THF —78 0.5 13d 64 92:8
8 3d Ph THF/HMPA —78 0.5 13d 89 95:5
9 3d t-Bu THF t 11d 13e 36 93:7
10 3e Et THF —78 0.5 13f 60 64:36

a) HMPA (12 vol% to THF) was added as an additive.
1H NMR.

b) Isolated yield based on 2.

¢) Determined by HPLC or
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and also on the basis of spectral analysis of the deriva-
tives. The 95:5 mixture of 13d was purified through
column chromatography to give pure sample of the
major isomer of 13d. Catalytic reduction of 13d over
palladium/carbon was followed by the carbonyl reduc-
tion with zinc borohydride in ether to give the expected
lactone 15 (41%, 85:15) along with hemilactal 16 (37%,
76:24) as an overreduction product. Although these
products 15 and 16 were derived from the diastereo-
meric alcohols produced from 14, their different reactiv-
ity toward the zinc borohydride reduction is uncertain.
It was clear that 15 consisted of two 3-epimers and 16
was a mixture of the 2- or 3-epimers, because they were
converted into 17 and 18, respectively, as single stereo-
isomers by the followed demethoxycarbonylation and
‘oxidative demethoxycarbonylation. Thus, 15 and 16
were treated with aqueous sodium hydroxide in
methanol at room temperature to give 17 (66%, single
isomer) and 18 (94%, single isomer), respectively.

Structures of 17 and 18 were easily distinguished from
each other on the basis of the observed NOE spectra (17:
H-4/H-5, 4-Ph/5-Me, and 4-Ph/H-6; 18: H-3,,/Ph, H-
3.4/ H-4, H-4/ H-5, H-4/ H-6, and H-5/H-6). Thus, the
major isomer of 13d was determined to be the anti-
configuraion, and therefore the other major diastereo-
isomers 13a—f obtained in the reactions of 3c—e with
alkylidenemalonates were assigned anti-stereochemistry
by analogy.

Nature of Transition State. After the transition state

o ph
- /\/u\‘/\‘/soom
Me COOMe
13d
Ha, Pdlc\
o ph
. H OOMe
Me COOMs
14
| Zn(BH)2E1,0

l

H
0% OOMe
+BuCH,CH. Ph
Me

15 16
NaOH/MeOH aq

o
o o
£-BuCH,CH " “p #-BUCH,CH Ph
2 2
Me

° 17 18

OOMe

Zie

Scheme 8.
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model recently proposed by Heathcock and co-workers
for the Michael addition of amide and thioamide enol-
ates,24 transition states E, F, E’ and F’ were drawn in
Fig. 1. The reaction between 3d and (E)-1-phenyl-2-
buten-1-one was chosen as the representative example
for the Michael addition of lithium 1,3-dien-2-olates to
a,B-unsaturated carbonyl compounds.

From the viewpoint of stabilization of the chelating
bond, the chelation between the lithium atom of 3d and
the carbonyl oxygen of the acceptor molecule should be
most favorably built with the nonbonding orbital of the
oxygen (models E’ and F’). However, E’ and F’ were
not the transition states actually involved in the reac-
tions because there are serious steric repulsions between
the z-butyl and the phenyl substituents (F’) or between
the eclipsed three substituents (E’). The second favor-
able models were constructed with the pai orbital of the
carbonyl moiety (models E and F).

The transition state F leading to the syn-adduct 8 is
nearly identical with F’ where the only difference is the
location of the lithium atom, and so F is also suffering
from the serious steric repulsion. Without such steric
repulsion between the z-butyl and phenyl substituents, F
and F’ should have been highly stabilized by chelate
formation as well as the secondary orbital interaction
that is often very important in the endo-transition state
of Diels-Alder reaction. It was finally concluded that
the anticipated transition state F or F’ was not included
in the Michael additions of lithium 1,3-dien-2-olates 3 to
a,B-unsaturated carbonyl compounds. The participa-
tion of the sterically most favored transition state E led
to the anti-adduct 8 as major diastereomers.

In the reaction of 3d with alkylidenemalonates bear-
ing a small B-substituent R!, there are two possible

Ph

8 (anti-Adduct)
P
eclipsed h 3 Ph
Memo

Hee | &
M

=,

e

H— b
N\

+Bu

Fig. 1. Chelated treansition state for the Michael
addition of lithium 1,3-dien-2-olate 3d to (E)-1-
phenyl-2-buten-1-one.
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ant13

syn-13

Fig. 2. Chelated transition state for the Michael addi-
tion of lithium 1,3-dien-2-olate 3d to dimethyl
alkylidenemalonates.

chelated transition states H and I with comparable
stabilization energies (Fig. 2). When R! becomes bulky,
the transition state model I becomes less favored steri-
cally. Thus, it is now understood that poor stereoselec-
tivities were observed in the reaction with the alkyli-
denemalonates bearing a small S-substituent R1.

We assume that the role of chelate formation would
be quite important in the Michael addition of lithium
enolates to a,B-unsaturated carbonyl compounds. Lit-
tle change of stereoselectivity by adding HMPA to the
reaction system was observed throughout the present
work. Although this seems to be inconsistent with the
importance of chelation, an increased reactivity of the
chelated acceptor molecule may be a key clue. The
metal atom of the enolates would work as a Lewis acid
catalyst to lower the LUMO (lowest unoccupied molec-
ular orbital) level of the acceptor molecule when they
come into chelation so that only the chelated acceptors
are activated. The addition of a polar additive like
HMPA to the reaction system does decrease the concen-
tration of chelating molecules, but the chelating accep-
tors are preferentially allowed to undergo the Michael
addition. There is no doubt that the reaction was
chelation-controlled.

Experimental

General. Melting points were recorded on a Yanagimoto
melting point apparatus and are uncorrected. IR spectra
were taken with JASCO IRA-1 and A-702 spectrometers. 'H
and BCNMR spectra were measured with Hitachi R-40
((HNMR: 90 MHz) and JEOL GSX-270 (270 MHz for
IH NMR and 67.94 MHz for 3C NMR) instruments. Chemi-
cal shifts are recorded in parts per million downfield from
internal tetramethylsilane. Mass spectra and high-resolution
mass spectra (HRMS) were taken with a JEOL-01SG-2 spec-
trometer at an jonization energy of 70 eV. Elemental anal-
yses were performed with a Hitachi 026 CHN analyzer. For
preparative column chromatography, Wakogel C-200, C-300,
and Merck silica gel 60 were employed. Flash chroma-
tography was performed with an Eyera EF-10 apparatus with
a 20X180 mm column packed with silica gel 60 (0.04—0.063
mm). Gas liquid chromatography (GLC) was accomplished
with a Yanaco G-2800 gaschromatograph with an ionization
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flame detector using a 32000 mm glass column (SE-30) or a
0.25X50000 mm glass capillary column (Silicone GE, SE-30).
Micro vacuum distillation was carried out on a Sibata GTO-
250R Kugelrohr distilling apparatus.

Materials. Enones 1a and le are commercially available,
and 1b29 and 1¢,d?® were prepared according to the reported
procedures. Zinc borohydride was prepared as follows: A
solution of ZnClz (2 g, 14.7 mmol) in dry diethyl ether (25 ml)
was refluxed under nitrogen for 3 h. After cooling to room
temperature, the solution was separated by decantation. This
solution was added to a solution of NaBH, (1.31 g, 34.5 mmol)
in ether (75 ml) and the solution was stirred under nitrogen for
18 h. The solution separated by decantation contains
Zn(BH,)z in the concentration of 0.36 M (1 M=1 moldm3).

General Procedure for the Preparation of 2-Silyloxy-1,3-
dienes 2a—e. Silylation of 1d is described as a typical proce-
dure. A mixture of 1d (3.31 g, 23.6 mmol), Me3sSiCl (3.6 ml,
28.3 mmol), and DBU (4.59 ml, 30.7 mmol) in dry CH2Cl: (10
ml) was refluxed for 2 h under nitrogen. After cooled to
room temperature, the mixture was poured into hexane (450
ml). The colorless solid (DBU - HCI) precipitated was filtered
off, the filtrate was quickly washed with ice water, and dried
over magnesium sulfate. The solvent was evaporated in
vacuo and the residue (5.93 g) was distilled under reduced
pressure to give 2d (4.63 g, 92%) as pale yellow liquid.

The other 2-silyloxy-1,3-dienes 2a—c and 2e were similarly
prepared in the yields shown in Table 1.

(E)-1-Phenyl-3-(trimethylsilyloxy)-1,3-butadiene (2a):
pared according to the reported method.!4

(E)-5,5-Dimethyl-2-(trimethylsilyloxy)-1,3-hexadiene (2b):
Pale yellow liquid; bp 108°C/60 mmHg (1 mmHg=133.322
Pa) (bulb-to-bulb); IR (neat) 2950, 1600, 1460, 1310, 1260,
1030, and 900 cm™; tHNMR (CsDs) 6=0.19 (9H, s, SiMes),
0.99 (9H, s, 1-Bu), 4.32, 4.35 (each 1H, each br s, H-1), 5.93
(1H, d, J3—4+~=15.4 Hz, H-3), and 6.25 (1H, d, J4—3s=15.4 Hz,
H-4); 3C NMR (CsDs¢) 6=0.10 (SiMes), 29.59 (-Bu), 32.79 (-
Bu), 94.55 (C-1), 123.50 (C-3), 142.30 (C-4), and 155.78 (C-2);
MS m/z (rel intensity, %) 199 (M*+1, 10), 198 (M*, 57), 183
(63), 155 (23), 141 (base peak), 93 (22), 75 (51), and 73 (80).
HRMS Found: m/z 198.1440. Calcd for Ci1;H220Si: M,
198.1439.

(1E,3Z)-1-Phenyl-3-(trimethylsilyloxy)-1,3-pentadiene (2c):
Pale yellow liquid; bp 140°C/27 mmHg (bulb-to-bulb); IR
(neat) 2950, 1620, 1400, 1370, 1320, 1240, 1190, 1020, 930, 820,
740, and 680 cm~1; tHNMR (CsDs) 6=0.23 (9H, s, SiMes),
1.67 (3H, d, J5—+=7.0 Hz, H-5), 4.89 (1H, q, J+—5=7.0 Hz, H-4),
6.58 (1H, d, Jo-1=15.8 Hz, H-2), 6.84 (1H, d, /1—»=15.8 Hz, H-
1), and 7.01—7.30 (5H, m, Ph); 3CNMR (CsDs) 6=0.73
(SiMes), 12.15 (C-5), 110.98 (C-4), 126.84, 127.12, 12747,
127.92, 128.88, 137.65 (C-2, C-3, and Ph), and 150.45 (C-1);
MS m/z (rel intensity, %) 233 (M*+1, 21), 232 (M*, base
peak), 231 (28), 217 (46), 203 (39), 75 (36), and 73 (68).
Found: C, 72.47; H, 8.33%. Calcd for C14H2008i: C, 72.34;
H, 8.68%.

(2Z ,4FE)-6,6-Dimethyl-3-(trimethylsilyloxy)-2,4-heptadiene
(2d): Pale yellow liquid; bp 150 °C/40 mmHg (bulb-to-bulb);
IR (neat) 2950, 1620, 1450, 1330, 1240, 1200, 1030, 840, and
750 cm~1; tH NMR (CsDs) 6=0.23 (9H, s, SiMes), 1.01 (9H, s,
t-Bu), 1.65 (3H, d, J1-2=7.0 Hz, H-1), 4.75 (1H, q, Jo-1=7.0
Hz, H-2), 5.89 (1H, d, Js—+=15.8 Hz, H-4), and 5.98 (1H, d,
J5-4=15.8 Hz, H-5); NOE: H-2/H-4; 3C NMR (CsDs) 6=0.85
(SiMes), 11.84 (C-1), 29.79 (¢-Bu), 32.80 (z-Bu), 107.70 (C-2),
124.34 (C-4), 139.59 (C-5), and 150.26 (C-3); MS m/z (rel

Pre-
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intensity, %) 213 (M*+1, 20), 212 (M*, base peak), 197 (53),
183 (39), 169 (21), 155 (51), 107 (32), 75 (34), and 73 (91).
HRMS Found: m/z 212.1597. Calcd for Ci2H240Si: M,
212.1595.

(2Z,4E)-3-(Trimethylsilyloxy)-2,4-hexadiene (2e); Pale
yellow liquid; bp 100°C/18 mmHg; IR (neat) 2950, 1620,
1430, 1360, 1330, 1250, 1200, 1030, 910, 830, and 740 cm™;
IH NMR (CsDs) 6=0.19 (9H, s, SiMes), 1.61—1.64 (6H, m, H-
1 and H-6), 4.69 (1H, q, J2-1=7.0 Hz, H-2), and 5.84—5.88
(2H, m, H-4 and H-5); 3C NMR (CsDs) 6=0.75 (SiMes), 11.76
(C-1), 17.62 (C-6), 107.14 (C-2), 123.08 (C-4), 130.81 (C-5),
and 150.07 (C-3); MS m/z (rel intensity, %) 171 (M*+1, 11),
170 (M™, 65), 155 (base peak), 141 (57), 75 (98), and 73 (93);
HRMS Found: m/z 170.1132. Caled for CgH130Si: M
170.1126.

Generation of 1,3-Dien-2-olates 3a—e and 3d’. A) From
2a—e and Butyllithium: As a typical procedure the genera-
tion of 3d from 2d is described: To a solution of 2d (0.212 g, 1
mmol) in dry THF (2 ml) was added, at —78 °C under nitro-
gen, n-BuLi (1.6 M in hexane, 0.63 ml, 1 mmol). The mixture
was stirred at —78 °C for 30 min and the stirring was continued
for additional 30 min at room temperature to provide the THF
solution of 3d. We refer to the solution thus prepared as the
standard solution of 3d, and also the standard solutions of
3a—c and 3e were prepared by similar methods.

B) From 1d and LDA: To a solution of diisopropylamine
(0.168 ml, 0.121 g, 1.2 mmol) in THF (3 ml) was added, at
—78 °C under nitrogen, n-BuLi (1.6 M in hexane, 0.75 ml, 1.1
mmol). After stirring for 20 min, 1d (0.14 g, 1 mmol) in THF
(5 ml) was slowly added (in a period of 25 min by the aid of a
Micro Feeder) and the stirring was continued at —78 °C for
additional 15 min to give a solution of 3d and 3d’ (67: 33).

C) From 1d and LHMDS: To a solution of 1,1,1,3,3,3-
hexamethyldisilazane (0.232 ml, 0.177 g, 1.1 mmol) in THF (3
ml) was added, at —78 °C under nitrogen, »-BuLi (0.66 ml,
1.05 mmol). After stirring for 20 min, 1d (0.14 g, 1 mmol) in
THEF (5 ml) was slowly added (in a period of 25 min by the aid
of a Micro Feeder) and the stirring was continued at —78 °C
for additional 15 min to give a solution of 3d and 3d’ (88:12).

D) From 1d and LTMP: To a solution of 2,2,6,6-
tetramethylpiperidine (0.186 ml, 0.155 g, 1.1 mmol) in THF (3
ml) was added, at —78 °C under nitrogen, n-BuLi (0.66 ml,
1.05 mmol). After stirring for 20 min, 1d (0.14 g, 1 mmol) in
THF (5 ml) was slowly added (in a period of 25 min by the aid
of a Micro Feeder) and the stirring was continued at —78 °C
for additional 15 min to give a solution of 3d and 3d’ (67: 33).

Generation of 3d Followed by Acetylation Leading (2Z,4F)-
3-Acetoxy-6,6-dimethyl-2,4-heptadiene (4). To a solution of
2d (0.106 g, 0.5 mmol) in THF (I ml) was added, at —78°C
under nitrogen, n-BuLi (1.6 M in hexane, 0.32 ml, 0.5 mmol).
After 30 min at —78 °C, the stirring was continued for addi-
tional 30 min at room temperature, and then cooled to —78 °C.
Acetic anhydride (0.057 ml, 0.6 mmol) was added and the
mixture was stirred for 40 min. The resulting mixture was
poured into saturated aqueous NH4Cl and extracted with
CHClz (15 mlX3). The combined extracts were dried
(MgSO0s) and evaporated in vacuo. The residue (0.091 g) was
chromatographed on silica gel using hexane-EtOAc (15:1) to
give 4 (0.077 g, 85%). Pale yellow liquid; IR (neat) 2950,
1750, 1430, 1360, 1190, 1010, 950, 900, and 770 cm—%; 'H NMR
(CsDs) 6=0.97 (9H, s, t-Bu), 1.49 (3H, d, J1-2=7.0 Hz, H-1),
1.80 (3H, s, OCOMe), 5.07 (1H, q, J.-1=7.0 Hz, H-2), 5.79,
and 5.89 (each 1H, each d, J4+—5=15.8 Hz, H-4 and H-5);

>

Shuji Kanemasa, Masahiro Kumecawa, Eiji Wapa, and Masafumi Nomura

[Vol. 64, No. 10

1BCNMR (CsDe) 6=11.40 (C-1), 19.91 (OCOMe), 29.60 (C-7),
32.86 (t-Bu), 114.57 (C-2), 121.13 (C-4), 139.55 (C-5), 147.53
(C-3), and 166.89 (OCOMe); MS m/z (rel intensity, %) 183
(M*+1, 4), 182 (M, 31), 140 (89), 125 (31), 111 (base peak),
and 43 (33). HRMS Found: m/z 182.1308. Calcd for
C11H1502: M, 182.1306.

General Procedure for the Reactions of Lithium 1,3-Dien-2-
olates 3 with ¢,8-Unsaturated Esters Leading to Sa—ec. The
reaction of 3d with methyl crotonate is described as a typical
example: To the standard solution of 3d generated from 2d
(0.425 g, 2 mmol) was added, at —78°C under nitrogen,
methyl crotonate (0.2 g, 2 mmol) in THF (1 ml). After
stirring at —78 °C for 1.5 h and then at room temperature for
26 h, the mixture was poured into saturated aqueous NH4Cl
and then extracted with CH2Cly (20 mIX3). The combined
extracts were dried (MgSOs) and evaporated in vacuo. The
residue (0.546 g) was chromatographed on silica gel with
hexane-EtOAc (30: 1, v/v) to give 5a (0.235 g, 49%).

c-5-t-Butyl-¢t-4-(methoxycarbonyl)-r-2,c-3-dimethyl-
cyclohexanone (5a): Pale yellow liquid; IR (neat) 2950, 1730,
1705, 1440, 1360, 1300, 1160, and 1110 cm~'; 'HNMR
(CDCls) 6=0.89 (3H, d, Ju.—3=7.3 Hz, 3-Me), 0.90 (9H, s,
t-Bu), 0.96 (3H, d, Jm—2=7.0 Hz, 2-Me), 1.89 (1H, ddd, J5-+=3.8,
J5—6.e—4.0, and Js—x=14.3 Hz, H-5), 2.26—2.39 (2H, m, H-3
and H-6.,), 2.81 (1H, dd, Js-3=3.3 and J4—s=3.8 Hz, H-4), 2.99
(1H, dd, Jem=13.2 and Jex—5—14.3 Hz, H-6.:), 3.33 (1H, dq,
J2-me—=J2—3=7.0 Hz, H-2), and 3.72 (3H, s, COOMe);
1BCNMR (CDCls) 6=11.63 (3-Me), 15.55 (2-Me), 27.96 (¢-Bu),
33.00 (C-3), 39.65, 39.81 (C-5 and r-Bu), 43.45 (C-6), 45.76,
46.68 (C-2 and C-4), 51.56 (COOMe), 175.42 (COOMe), and
213.63 (C-1); MS m/z (rel intensity, %) 241 (M*+1, 8), 240
(Mt, 31), 184 (21), 183 (base peak), 127 (44), and 126 (15).
Found: C, 69.94; H, 10.00%. Calcd for CiaH2403: C, 69.96;
H, 10.07%.

r-3-¢t-Butyl-c-4-(methoxycarbonyl)-¢-5-methylcyclohex-
anone (5b): Similar procedure using 2b (0.397 g, 2 mmol), n-
BuLi (2 mmol), and methyl crotonate (0.2 g, 2 mmol) under
stirring at —78 °C for 2.3 h and then at room temperature for
1.5 h followed by silica-gel column chromatography with
hexane-EtOAc (6: 1, v/v) gave 5b (0.392 g, 87%): Pale yellow
liquid; IR (neat) 2950, 2900, 1700, and 1400 cm~1; tH NMR
(CDCls) 6=0.91 (9H, s, ¢-Bu), 1.06 (3H, d, Ju.s=7.3 Hz, 5-
Me), 1.93 (1H, dt, Js—2¢4=J3-4=3.8 and J3-2.x=13.9 Hz, H-3),
2.03 (1H, br dd, Jeeq—5=2.2 and Jyeen=14.3 Hz, H-6.,), 2.27 (1H,
br dd, Joq-3=3.8 and Jeem=13.9 Hz, H-2.,), 2.43 (1H, dtq,
Js—geq—JI5—4=2.2 Hz, J5-62x=6.6, and J5-m=7.3 Hz, H-5), 2.77
(1H, br dd, Js—5=2.2 and Js—5=3.8 Hz, H-4), 2.93 (IH, ¢,
Jeem=J2ax-3=13.9 Hz, H-2.), 3.04 (1H, dd, Jex—5=6.6 and
Jem=14.3 Hz, H-6,), and 3.70 (3H, s, COOMe); 3CNMR
(CDCls) 6=20.65 (5-Me), 27.83 (#-Bu), 32.92 (C-5), 33.30 (C-
3), 39.39 (¢-Bu), 43.84, 44.71, 44.88 (C-2, C-4, and C-6), 51.40
(COOMe), 175.19 (COOMe), and 211.27 (C-1); MS m/z (rel
intensity, %) 227 (M*+1, 8), 226 (Mt, 15), 170 (23), 169 (base
peak), 127 (10), and 110 (23). HRMS Found: m/z 226. 1575.
Calcd for C13Hg20s3: M, 226.1568.

r-3-t-Butyl-c-4-(methoxycarbonyl)-£-4-methylcyclohex-
anone (Sc¢): Similar procedure using 2b (0.397 g, 2 mmol), n-
BuLi (2 mmol), and methyl methacrylate (0.2 g, 2 mmol) under
stirring at —78 °C for 2.5 h and then at room temperature for
22 h followed by silica-gel column chromatography with hex-
ane-EtOAc (7:1, v/v) gave S5c (0.045 g, 20%): Pale yellow
liquid; IR (neat) 2950, 1720, 1450, 1200, and 1110 cm™;
IHNMR (CDCls) 6=0.95 (9H, s, -Bu), 1.45 (3H, s, 4-Me),
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1.74—1.86 (2H, m, H-3,, and H-5), 2.16—2.88 (5H, m, H-2,
H-6, and H-3.,), and 3.72 (3H, s, COOMe); 3C NMR (CDCls)
6=27.33 (4-Me), 29.62 (z-Bu), 35.10 (C-5), 35.85 (C-3), 36.92
(¢-Bu), 40.72 (C-2), 44.28 (C-6), 51.62 (COOMe), 53.46 (C-4),
176.83 (COOMe), and 212.72 (C-1); MS m/z (rel intensity, %)
227 (M*+1, 5), 226 (M*, 1), 171 (17), 170 (57), 169 (47), 138
(15), 111 (40), and 110 (base peak). Found: C, 69.14; H,
9.65%. Calcd for Ci13H2203: C, 68.99; H, 9.80%.

Reaction of 3d with Methyl Crotonate in the Presence of
ZnCl; Leading to Methyl (3RS,4RS,6F)-3,4,8,8-Tetramethyl-
5-0x0-6-nonenoate (6). To a solution of 2d (0.425 g, 2 mmol)
in THF (1 ml) was added, at —78 °C under nitrogen, n-BuLi
(1.6 M in hexane, 1.25 ml, 2 mmol). After stirring at —78 °C
for 20 min and at room temperature for additional 30 min, the
mixture was cooled down to —20 to —30 °C and a solution of
ZnClz (0.273 g, 2 mmol) in THF (1.5 ml) was added. After 20
min, the mixture was cooled down to —78°C and methyl
crotonate (0.2 g, 2 mmol) in THF (1 ml) was added. Stirring
was continued at —78 °C for 20 h and at room temperature for
52h. The mixture was poured into saturated aqueous NH4Cl
and extracted with CH2Cl> (15 mlX3). The combined
extracts were dried (MgSOy4) and evaporated in vacuo. The
residue (0.366 g) was chromatographed on silica gel using
hexane-EtOAc (15:1) to give 6 (0.087 g, 18%): Pale yellow
liquid; IR (neat) 2950, 1740, 1630, and 1460 cm~!; 1H NMR
(CDCls) 6=0.97 (3H, d, Jme—3=6.2 Hz, 3-Me), 1.07 (3H, d,
Jme—4=7.0 Hz, 4-Me), 1.09 (9H, s, t-Bu), 2.12 (1H, dd, J>-s=8.8
and Jeem=14.7 Hz, one of H-2), 2.29—2.46 (2H, m, H-3 and the
other of H-2), 2.74 (1H, quint, Js—3=Js—m.~7.0 Hz, H-4), 3.67
(3H, s, COOMe), 6.08 (1H, d, Je—=16.1 Hz, H-6), and 6.87
(1H, d, J»-s=16.1 Hz, H-7); 3CNMR (CDCls) 6=13.36 (3-
Me), 18.33 (4-Me), 28.74 (¢-Bu), 29.62 (C-3), 32.41 (C-2), 33.79
(¢-Bu), 37.75 (C-4), 51.46 (COOMe), 124.32 (C-6), 157.42 (C-
7), 173.36 (COOMe), and 203.52 (C-5); MS m/z (rel intensity,
%) 241 (M*+1, 3), 240 (M, 5), 140 (17), and 111 (base peak).
HRMS Found m/z 240.1723. Calcd for Ci4H2403: M,
240.1724.

Reaction of 3d with Methyl (E)-4-Bromo-2-butenoate Lead-
ing to Methyl (1RS,2SR)-2-{(1RS,3E)-1,5,5-Trimethyl-2-oxo-
3-hexenyl]-1-cyclopropanecarboxylate (7). To a solution of
2d (0.212 g, 1 mmol) in THF (1 ml) was added, at —78°C
under nitrogen, n-BuLi (1.6 M in hexane, 0.63 ml, 1 mmol).
After 20 min at —78 °C, stirring was continued for additional
20 min at room temperature, and then cooled to —78°C. To
this mixture was added a solution of methyl (£)-4-bromo-2-
butenoate (0.179 g, 1 mmol) in THF (1 ml). The mixture was
stirred at —78°C for 17 h, poured into saturated aqueous
NH4Cl, and then extracted with CH2Cly (15 mlIX3). The
combined extracts were dried over MgSO4 and evaporated in
vacuo. The residue (0.205 g) was chromatographed on silica
gel with hexane-EtOAc (15:1) to give 7 (0.118 g, 50%): Pale
yellow liquid; IR (neat) 2950, 1730, 1700, 1660, 1620, 1450,
1210, 1170, 990, and 920 cm~; tH NMR (CDCls) 6=0.86 (1H,
ddd, J3-1=4.4, J35=6.2, and Jeem=8.4 Hz, one of H-3), 1.10
(9H, s, -Bu), 1.13—1.28 (1H, m, the other of H-3), 1.20 (3H, d
Jme—1=7.0 Hz, Me), 1.49 (1H, dt, J1s=J1-3=4.4, and J1-3=8.4
Hz, H-1), 1.60 (1H, dddd, Jo-1=4.4, Jo-3=6.2, Jo-1=9.2, and
J2-3=10.6 Hz, H-2), 2.20 (1H, dq, J1-m=7.0 and J1—2=9.2 Hz,
H-1%), 3.70 (3H, s, COOMe), 6.12 (1H, d, J>—+=15.8 Hz, H-3"),
and 6.88 (1H, d, Jy-3=15.8 Hz, H-4"); 3CNMR (CDCls)
6=14.85 (Me), 16.27 (C-3), 18.98 (C-2), 25.20 (C-1), 28.70 (¢-Bu),
33.87 (¢-Bu), 47.62 (C-1"), 51.78 (COOMe), 123.18 (C-3),
157.89 (C-4"), 174.23 (COOMe), and 201.91 (C-2"); MS m/z
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(rel intensity, %) 239 (M*+1, 2), 238 (M*, 12), and 111 (base
peak). HRMS Found: m/z 238.1571. Calcd for Ci14H220s3:
M, 238.1568.

Reaction of 3d with 1-Phenyl-2-buten-1-one Leading to 8
and 8. A) To the standard solution of 3d prepared from 2d
(0.106 g, 0.5 mmol) was added under nitrogen at —78°C a
solution of 1-phenyl-2-buten-1-one (0.073 g, 0.5 mmol,
Z:E=10:90). After stirring at —78 °C for 1 h, the mixture
was poured into saturated aqueous NH4Cl and extracted with
CH:Clz (10 mlIX3). The combined extracts were dried
(MgSOy) and evaporated in vacuo. The residue (0.16 g) was
chromatographed on silica gel with hexane-EtOAc (10:1,
v/V) to give an inseparable mixture of 8 and 8" (0.104 g, 73%,
8:8'=87:13 by tHNMR).

B) To a solution of 2d (0.212 g, 1 mmol) in dry THF/
HMPA (4 ml/0.5 ml) was added under nitrogen at —78 °C n-
BuLi (1.6 M in hexane, 0.63 ml, 1 mmol). After 20 min, a
solution of I-phenyl-2-buten-1-one (0.146 g, 1 mmol,
Z: E=9:91) was added, and the reaction was continued for 30
min. Similar workup and chromatographic purification gave
8 and 8’ (0.239 g, 84%, 8:8=95:5 by 1H NMR).

C) To the standard solution of 3d prepared from 2d (0.212 g,
1 mmol) was added under nitrogen 18-Crown-6 (0.264 g, 1
mmol) in dry THF (2 ml). After 15 min, a solution of 1-
phenyl-2-buten-1-one (0.146 g, 1 mmol, Z: E=9:91) was
added, and the reaction was continued for 2.5 h. Similar
workup and chromatographic purification gave 8 and 8" (0.233
g, 81%, 8:8'=95:5 by tHNMR).

3,4,8,8-Tetramethyl-1-phenyl-6-nonene-1,5-dione (8+8’): Isomer
8: Pale yellow liquid; IR (neat) 2950, 1660, 1610, 1450, 1360,
1260, 1200, and 980 cm~1; tH NMR (CDCls) 6=1.01 (3H, d,
Jme—3—6.6 Hz, 3-Me), 1.07 (9H, s, -Bu), 1.13 (3H, d, Jmc—s=7.0
Hz, 4-Me), 2.51—2.66 (1H, m, H-3), 2.71 (1H, dd, J2—3=9.3
and Jeem=15.8 Hz, one of H-2), 2.86 (1H, dq, J+—3=5.1 and
J+-me=7.0 Hz, H-4), 3.08 (1H, dd, Jo-3=3.3 and Jemn=15.8 Hz,
the other of H-2), 6.11 (1H, d, Jo—=16.1 Hz, H-6), 6.89 (1H, d,
Ji—=16.1 Hz, H-7), 7.41—7.58, and 7.91—8.00 (3H and 2H,
m, Ph); 3CNMR (CDCls) 6=12.60 (3-Me), 18.40 (4-Me),
28.71 (z-Bu), 31.46 (C-3), 33.78 (#-Bu), 41.55 (C-4), 48.67 (C-2),
124.23 (C-6), 128.10, 128.56, 132.98, 137.14 (each Ph), 157.40
(C-7), 199.76 (C-5), and 203.69 (C-1); MS m/z (rel intensity,
%) 287 (M*+1, 8), 286 (M™, 36), 230 (12), 167 (40), 140 (34),
111 (base peak), and 105 (25). Found: C, 79.46; H; 9.08%.
Calcd for C19H260q: C, 79.67; H, 9.16%.

Isomer 8: Its formation was deduced on the basis of 1H
and 13C NMR spectra of the crude reaction mixture because 8’
could not be separated from the mixture with 8: Partial
IHNMR (CDCls) 6=0.92 (3H, d, Ju.—3=6.6 Hz, 3-Me), 1.07
(3H, d, Jme—4=7.0 Hz, 4-Me), 1.09 (9H, s, t-Bu), 6.13 (1H, d,
Juans—15.8 Hz, H-6), 6.94 (1H, d, Juan=15.8 Hz, H-7), 7.41—
7.60, and 7.92—8.00 (5H, m, Ph). Other signals are overlap-
ping with those of 8. Partial 3CNMR (CDCls) 6=12.08 (3-
Me), 16.08 (4-Me), 28.71 (C-9), 31.42 (C-3), 33.79 (C-8), 43.67
(C-4), 47.86 (C-2), 124.14 (C-6), 128.16, 128.62, 133.07, 137.06
(each Ph), 157.56 (C-7), 199.69 (C-5), and 203.90 (C-1).

Reaction of 3d with 1-Phenyl-2-buten-1-one Leading to
9+9+9”. To the standard solution of 3d prepared from 2d
(0.106 g, 0.5 mmol) was added, under nitrogen at —78 °C, 1-
phenyl-2-buten-1-one (0.074 g, 0.5 mmol, Z: E=10:90 by
'HNMR) in THF (1 ml). After stirring at —78 °C for 30 min
and then at room temperature for 42 h, the mixture was
poured into saturated NH4Cl and extracted with CH2Clz (10
mlX3). The combined extracts were dried (MgSOs) and
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evaporated in vacuo. The residue (0.137 g) was chromato-
graphed on silica gel with hexane-EtOAc (20: 1, v/v) to give a
mixture of 9, 9’, and 9” (0.101 g, 71%, 62:16:22 by GLC),
which were separated from each other by careful chromato-
graphic operation.
t-4-Benzoyl-t-5-¢-butyl-r-2,c-3-dimethylcyclohexanone (9):
Pale yellow solid; mp 65—68 °C; IR (KBr) 2900, 1660, 1200,
and 970 cm~1; THNMR (CDCls) 6=0.87 (9H, s, -Bu), 0.93
(3H, d, JMc—2=6.6 Hz, 2-Me), 1.05 (3H, d, Jme—s=7.3 Hz, 3-
Me), 2.06 (IH, dt, J5——6eq:J5—4:4.0 and J5—.x—13.9 Hz, H—5),
2.27 (1H, ddq, J3~=1.5, J3-9=6.2, and J3-m=7.3 Hz, H-3),
2.40 (1H, ddd, Jeeq—4=1.1, Joeq-5—=4.0, and Jeem=13.9 Hz, H-
6cq), 3.07 (1H, dq, J2-3=6.2 and J2-m=6.6 Hz, H-2), 3.43 (1H,
t, Joax—5—Jeem=13.9 Hz, H-6,), 3.86 (1H, ddd, Js—gq—=1.1,
Ji—3=1.5, and Js4—5=4.0 Hz, H-4), 7.48—7.65, and 7.79—8.02
(3H and 2H, m, Ph); NOE: H-2/H-3, H-2/H-6.x, 2-Me/ H-5,
and 3-Me/H-5; BCNMR (CDCls) 6=11.68 (2-Me), 15.69 (3-
Me), 28.94 (¢+-Bu), 33.36 (¢-Bu), 39.34, 40.68 (C-3 and C-5),
42.94 (C-6), 46.72, 46.81 (C-2 and C-4), 128.12, 128.98, 133.24,
137.22 (each Ph), 203.28 (COPh), and 214.15 (C-1); MS m/z
(rel intensity, %) 286 (M*, 26), 230 (35), 229 (46), 174 (71), 173
(56), 111 (32), 105 (base peak), 83 (24), and 77 (34). Found:
C, 79.37; H, 8.96%. Calcd for C19H2602: C, 79.67; H, 9.16%.
t-4-Benzoyl-¢-5-t-butyl-r-2,¢-3-dimethylcyclohexanone (9’):
Pale yellow solid; mp 108—111 °C; IR (KBr) 2900, 1650, 1440,
1200, and 970 cm—!; tHNMR (CDClz) 6=0.82 (9H, s, ¢-Bu),
0.97 (3H, d, Jm.—2=7.0 Hz, 2-Me), 1.03 (3H, d, Jm.—3=7.0 Hz,
3-Me), 1.81—1.96 (2H, m, H-3 and H-5), 2.43 (1H, ddd,
Jocq—4=1.1, Joeq—5=3.7, and Jpem=13.4 Hz, H-6.,), 2.87 (1H, dq,
Jo-m=7.0 and Jo—3=12.4 Hz, H-2), 3.30 (1H, t, Jeax—s5—
Jeem=13.4 Hz, H-6.y), 4.16 (1H, br t, Js-s=Js-5=3.7 Hz, H-4),
7.48—7.64, and 8.04—8.08 (3H and 2H, m, Ph); BCNMR
(CDCls) 6=11.71 (2-Me), 18.23 (3-Me), 28.51 (¢-Bu), 33.74
(z-Bu), 39.55, 43.57 (C-3 and C-5), 44.66 (C-6), 45.59 (C-2),
53.35 (C-4), 128.49, 128.89, 133.20, 139.49 (each Ph), 204.53
(COPh), and 213.87 (C-1); MS m/z (rel intensity, %) 286 (M*,
23), 230 (37), 229 (31), 174 (63), 173 (52), 167 (25), 140 (14), 111
(94), 105 (base peak), 83 (28), and 77 (42). HRMS Found:
m/z 286.1932. Calcd for Ci9H2602: M, 286.1931.
c-4-Benzoyl-c-5-t-butyl-r-2,c-3-dimethylcyclohexanone (9”):
Pale yellow liquid; IR (neat) 3400, 2950, 1660, 1590, 1570,
1440, 1360, 1280, 1200, 1060, 990, and 690 cm~!; 'H NMR
(CDCl3) 6=0.86 (9H, s, ¢-Bu), 1.08 (3H, d, Jm.—2=6.6 Hz, 2-
Me), 1.33 (3H, d, Jm.—3=7.0 Hz, 3-Me), 1.64 (1H, ddq, Js-4
=1.8, J3-m=7.0, and J32=8.4 Hz, H-3), 2.15 (1H, dq,
J2—me=6.6 and Jo—3=8.4 Hz, H-2), 2.26—2.88 (3H, m, H-5 and
H-6), 3.68 (1H, br s, H-4), 7.45—7.60, and 7.91—7.94 (3H and
2H, m, Ph); 3CNMR (CDCls) 6=13.59 (2-Me), 22.02 (3-Me),
28.45 (t-Bu), 33.04 (#-Bu), 38.21,40.24 (C-3 and C-5), 44.48,
45.34 (C-2 and C-6), 47.44 (C-4), 128.17, 128.88, 133.11, 137.50
(each Ph), 204.23 (COPh), and 212.91 (1-C); MS m/z (rel
intensity, %) 287 (M*+1, 3), 286 (M*, 8), 259 (28), 230 (73),
174 (base peak), 173 (31), and 105 (24). HRMS Found: m/z
286.1934. Calcd for CioH2602: M, 286.1931.
2,4-Dibenzoyl-3,5,6-trimethyl-1-[(E)-3,3-dimethyl-1-
butenyl]cyclohexanol (10). To the standard solution of 3d
prepared from 2d (0.182 g, 0.86 mmol) were added, under
nitrogen at —78°C, 1-phenyl-2-buten-l1-one (0.125 g, 0.86
mmol, Z: E=1:99 by tHNMR) in THF (I ml) and HMPA
(0.5 ml) in THF (1 ml). After stirring at —78 °C for 1 h, the
mixture was poured into saturated NH4Cl and extracted with
CH:Clz (10 mlIX3). The combined extracts were dried
(MgSO0y) and evaporated in vacuo. The residue (0.675 g) was
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triturated with hexane to give 10 (0.104 g, 28%). The filtrate
was evaporated in vacuo and the residue was chromato-
graphed on silica gel with hexane-EtOAc (15:1, v/v) to give 8
and 8’ (0.159 g, 65%, 8:8’=83:17 by tHNMR). 10: Colorless
solid; mp 218—220°C (decomp); IR (KBr) 3400, 2850, 1200,
and 970 cm~1; tHNMR (CDCls) 6=0.63 (9H, s, t-Bu), 0.83
(3H, d, Jm.—3=6.2 Hz, 3-Me), 0.92 3H, d, Jm.6=7.0 Hz, 6-
Me), 0.97 (3H, d, Ju.-s=7.3 Hz, 5-Me), 1.90 (1H, dq, Js-5=4.8
and Je—m.=7.0 Hz, H-6), 2.17 (1H, ddq, J5-+~4.4, J5-—4.8,
and Js-m.=7.3 Hz, H-5), 2.98 (1H, ddq, J3-m~6.2, J3-4=11.0,
and Js—2=11.4 Hz, H-3), 3.53 (1H, dd, Js-5=4.4 and Js—3=11.0
Hz, H-4),3.53 (1H, d, Jo-3=11.4 Hz, H-2), 4.01 (1H, brs, OH),
5.04, 5.48 (each 1H, each d, Ju.ns=15.8 Hz, =CH), 7.43—7.61,
and 7.92—8.00 (3H and 2H, m, Ph); BCNMR (CDCls)
6=10.87, 13.42, 18.79 (3-, 5-, and 6-Me), 27.79 (C-5), 29.17
(t-Bu), 32.21 (z-Bu), 36.57 (C-6), 42.94 (C-3), 56.70,57.71 (C-2
and C-4), 75.20 (C-1), 128.06, 128.49, 128.61, 128.72, 129.95,
132.88, 133.55, 137.20, 138.79, 140.77 (=CH and Ph), 201.00,
and 207.05 (2- and 4-COPh); MS m/z (rel intensity, %) 432
(M*, 1), 414 (10), 294 (16), 268 (20), 267 (base peak), 266 (30),
147 (28), and 140 (50). Found: C, 80.74; H, 8.26%. Calcd
for CaoH360s: C, 80.51; H, 8.39%.

Reaction of 3d with (£)-3-Penten-2-one Leading ot 11a and
12. To the standard solution of 3d prepared from 2d (0.212 g,
1 mmol) was added under nitrogen at —78 °C (E)-3-penten-2-
one (0.084 g, 1 mmol) in THF (1 ml). After stirred at —78 °C
for 1 h and then at room temperature for 20 h, the mixture was
poured into saturated NH4Cl and extracted with CH2Clz (15
mlX3). The combined extracts were dried (MgSO4) and
evaporated in vacuo. The residue (0.197 g) was chromato-
graphed on silica gel with hexane-EtOAc (15:1, v/v) to give
12 (0.101 g, 49%) and then 11a (0.012 g, 5%).

t-4- A cetyl-t-5-butyl-r-2,c-3-dimethylcyclohexanone  (11a):
This product could not be separated from the mixture with 12
because of the low yield. Its partial 1H NMR spectrum was
abstracted (CDCls) 6=0.91 (9H, s, #-Bu), 0.93 (3H, d, Jm.-3
=7.3 Hz, 3-Me), 0.94 (3H, d, Jm.—2=6.2 Hz, 2-Me), 1.83 (1H,
dt, J5-4=J5-6.—3.8 and J5-6.x—14.3 Hz, H-5), 2.18—2.23 (1H,
m, H-3), 2.30 (1H, br dd, Je.c—5=3.8 and Jgen=13.8 Hz, H-6.,),
2.35 (3H, s, COMe), 2.95 (1H, quint, Jo-me=J2-3=6.2 Hz, H-
2), 3.00 (1H, dd, Js—s=1.8 and Js—s=3.8 Hz, H-4), and 3.17
(1H, dd, Jeem=13.8 and Jeax—5=14.3 Hz, H-6.,).

cis-4,5-Dimethyl-3-[(£)-3,3-dimethyl-1-butenyl]-2-
cyclohexen-1-one (12): Pale yellow liquid; IR (neat): 2950,
1660, 1640, 1590, 1460, 1300, 1250, 1190, and 980 cm1;
IHNMR (CDCls) 6=1.06 (3H, d, Ju.—s=7.3 Hz, 4-Me), 1.07
(3H, d, Ju.-5=6.2 Hz, 5-Me), 1.10 (9H, s, t-Bu), 2.23—2.35
(3H, m, H-5 and H-6), 2.67 (1H, dq, J4-5=3.7 and Js-m~7.3
Hz, H-4), 5.83 (1H, s, H-2), 6.00, and 6.25 (each 1H, each d,
Juans—=16.1 Hz, =CH); BCNMR (CDCls) §=12.43 (5-Me),
18.57 (4-Me), 29.19 (z-Bu), 32.14 (C-6), 40.49 (C-4), 125.04 (C-
17, 125.44 (C-2), 149.15 (C-3), 164.33 (C-2’), and 200.41 (C-1);
MS m/z (rel intensity, %) 207 (M*+1, 15), 206 (M, 79), 191
(base peak), 150 (24), 135 (20), 121 (55), and 107 (21).
HRMS Found: m/z 206.1673. Caled for CisH220: M,
206.1670.

c-4-Acetyl-r-3-t-butyl-¢-5-methylcyclohexanone (11b): A
similar procedue using the standard solution of 3b prepared
from 2b (0.397 g, 2 mmol) and (E)-3-penten-2-one (0.168 g, 2
mmol) at room temperature for 4.5 h followed by chromato-
graphic purification (silica gel, hexane-EtOAc (7:1, v/v))
gave 11b (0.131 g, 31%): Pale yellow liquid; IR (neat) 2940,
1700, 1470, 1360, and 1120 cm~!; tHNMR (CDCls) 6=0.91
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(9H, s, -Bu), 0.95 (3H, d, Jm.-5=6.2 Hz, 5-Me), 1.87 (1H, ddd,
J3-4=3.7, Ja—2.,4~4.0, and J3-2.x=14.3 Hz, H-3), 2.04 (1H, br d,
Jeem=13.9 Hz, H-2.o), 2.34 (3H, s, COMe), 2.24—2.41 (2H, m,
H-5 and H-6,), 2.76 (1H, br dd, Jeax—5—6.2 and Jeem=14.5 Hz,
H-6.x), 2.94 (1H, br s, H-4), and 3.15 (1H, dd, Jen=13.9 and
Joax—3=14.3 Hz, H-2,,); BCNMR (CDCl;) 6=20.88 (5-Me),
28.39 (COMe), 28.71 (#-Bu), 32.15 (C-5), 39.06 (¢-Bu), 40.07
(C-3), 43.38, 45.99 (C-2 and C-6), 50.78 (C4), 212.32, and
212.72 (C-1 and COMe); MS m/z (rel intensity, %) 211
(M*+1, 8), 210 (M*, 24), 210 (24), 195 (21), 154 (24), 153 (base
peak), 139 (14), 112 (34), and 111 (25). Found: C, 73.97; H,
10.57%. Calcd for Ci13H2202: C, 74.24; H, 10.54%.

c-4-Acetyl-r-3,¢-5-diphenylcyclohexanone (11c): A similar
procedure using the standard solution of 3a prepared from 2a
(0.473 g, 2 mmol) and (E)-4-phenyl-3-buten-2-one (0.292 g, 2
mmol) at room temperature for 1.5 h followed by chromato-
graphic purification (silica gel, hexane-EtOAc (5:1, v/v))
gave 11c (0.183 g, 31%): Pale yellow liquid; IR (neat) 3250,
1770, 1560, 1520, 1430, and 1240 cm™1; ‘HNMR (CDCl)
6=1.63 (3H, s, COMe), 2.68 (1H, dd, Jecq—5=5.1 and Jeen=15.4
Hz, H-6.q), 2.73 (1H, dd, J2eq—3=7.7 and Jgen=15.8 Hz, H-2.),
3.01 (1H, dd, J2ax—3=6.2 and Jeem=15.8 Hz, H-2.), 3.20 (1H,
dd, Jexx—5=9.9 and Jem=15.4 Hz, H-6.), 3.45 (1H, dd, J4-5=5.5
and J4—3=5.9 Hz, H-4), 3.55 (1H, ddd, J5-6.c=5.1, J5-4=5.5,
and J5-6x=9.9 Hz, H-5), 3.62 (1H, ddd, J5-4=5.9, J3—2.,=6.2,
and J3—2,=7.7 Hz, H-3), and 7.01—7.40 (10H, m, Ph);
1BCNMR (CDCls) 6=31.94 (COMe), 40.93, 41.12, 42.89, 44.22
(C-2, C-3, C-5, and C-6), 58.70 (C-4), 127.07, 127.22, 127.34,
127.66, 128.72, 128.97, 140.17, 143.09 (each Ph), 210.60, and
210.79 (C-1 and COMe); MS m/z (rel intensity, %) 293
(M*+1, 3), 292 (M1, 6), 146 (85), 145 (55), 131 (base peak), 103
(84), and 86 (45). HRMS Found: m/z 292.1461. Calcd for
CaooHz2002: M, 292.1462.

General Procedure for the Reactions of 3 with Dimethyl
Alkylidenemalonates Leading to 13a—f. As a typical proce-
dure the reaction of 3d with dimethyl ethylidenemalonate is
described: To the standard solution of 3d prepared from 2d
(0.212 g, 1 mmol) was added under nitrogen at —78 °C dimeth-
yl ethylidenemalonate (0.158 g, 1 mmol) in THF (0.5 ml).
After stirring for 30 min at —78 °C, the mixture was poured
into saturated aqueous NH4Cl and extracted with CH2Clz (10
mlX3). The combined extracts were dried (MgSO4) and
evaporated in vacuo. The residue was chromatographed on
silica gel with hexane-EtOAc (15:1, v/v) to give 13¢ (0.25 g,
80%, anti/syn=60:40 by 'HNMR). These isomers were
separated and purified by careful chromatographic operation.

Dimethyl [(E)-1-Ethyl-2-methyl-3-0x0-5-phenyl-4-pentenyl-
idene]malonate (13a): Two isomeric adducts were separated
and purified through column chromatography on silica gel
with hexane-EtOAc (15:1, v/v).

anti-13a;: Pale yellow liquid; IR (neat) 2950, 1720, 1680,
1600, 1420, 1190, 1140, and 1020 cm~1; THNMR (CDCls)
6=0.96 (3H, t, J=7.3 Hz, Me of Et), 1.17 (3H, d, Jme—2=7.0
Hz, 2’-Me), 1.50 (2H, dq, Jeuz-1=5.9 and J=7.3 Hz, CH> of
Et), 2.66 (1H, ddt, Ji—cuz=J1—2=5.9 and J1—2=7.0 Hz, H-1"),
3.10 (1H, dq, Jo-m~J2—1=7.0 Hz, H-2'), 3.62 (1H, d, Jo-1-
=5.9 Hz, H-2), 3.70, 3.75 (each 3H, each s, COOMe), 6.83
(1H, d, Jins=15.8 Hz, H-4"), 7.37—7.65 (5H, m, Ph), and 7.60
(1H, d, Jians=15.8 Hz, H-5"); 3CNMR (CDCls) 6=12.74 (Et),
13.23 (2’-Me), 23.93 (Et), 41.99 (C-1"), 46.10 (C-2"), 52.34,
52.37, 52.48 (COOMe and C-2), 125.01 (C-4"), 128.40, 128.92,
130.49, 134.55, 142.72 (Ph and C-5), 169.31, 169.54 (each
COOMe), and 202.25 (C-3"); MS m/z (rel intensity, %) 333
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(M*+1, 2), 332 (M, 8), 201 (21), 200 (43), 160 (76), and 131
(base peak); Found: C, 68.83; H, 7.41%. Calcd for Ci9H240s:
C, 68.64; H, 7.28%.

syn-13a:  Pale yellow liquid; IR (neat) 2950, 1720, 1690,
1430, 1200, and 1140 cm~1; *H NMR (CDCls) 6=0.84 (3H, t,
J=17.3 Hz, Me of Et), 1.09 (3H, d, Ju.—2=7.0 Hz, 2’-Me),
1.26—1.58 (2H, m, CH: of Et), 2.68—2.77 (1H, m, H-1), 3.03
(1H, dq, Jo—m~4.4 and Jo—1=7.0 Hz, H-2"), 3.54 (1H, d, Jo—
=8.1 Hz, H-2), 3.73, 3.78 (each 3H, each s, COOMe), 7.00
(1H, d, Jiran—15.8 Hz, H-4"), 7.39—7.64 (5H, m, Ph), and 7.69
(1H, d, Juans=15.8 Hz, H-5"); BCNMR (CDCls) 6=10.99 (Et),
12.80 (2’-Me), 21.43 (Et), 41.01 (C-1"), 46.20 (C-2"), 52.48,
52.57 (each COOMe), 54.53 (C-2), 124.76 (C-4"), 128.48,
128.91, 130.42, 134.68, 142.86 (Ph and C-5'), 169.25, 169.41
(each COOMe), and 202.04 (C-3'); MS m/z (rel intensity, %)
333 (M*+1, 4), 332 (M™, 21), 201 (21), 200 (26), 160 (84), and
131 (base peak). Found: C, 68.28; H, 7.42%. Calcd for
Ci19H240s5: C, 68.64; H, 7.28%.

Dimethyl [(E)-1,2,6,6-Tetramethyl-3-oxo-4-heptenylidene]-
malonate (13b): Obtained as a 52:48 inseparable mixture of
anti-13b and syn-13b (by 'HNMR) after column chroma-
tography on silica gel using hexane-EtOAc (15:1, v/v).
Colorless liquid; IR (neat) 2950, 1750, 1740, 1620, 1440, and
1200 cm—1; 1TH NMR (CDCls) anti-isomer 6=1.01 (3H, d, Jme-1-
=7.0 Hz, 1’-Me), 1.09 (9H, s, -Bu), 1.12 (3H, d, Jm.—2=7.0 Hz,
2’-Me), 2.50—2.63 (1H, m, H-1’), 2.85—2.97 (1H, m, H-2)),
3.59 (1H, d, Jo-1=6.2 Hz, H-2), 3.75, 3.76 (each 3H, each s,
COOMe), 6.06 (1H, d, Jians=15.8 Hz, H-4"), and 6.86 (1H, d,
Jiwans=15.8 Hz, H-5"); syn-isomer 6=0.88 (3H, d, Jm.-1=7.0 Hz,
1’-Me), 1.00 (3H, d, Ju.—2=7.0 Hz, 2’-Me), 1.11 (9H, s, #-Bu),
2.68—2.81 (1H, m, H-17), 2.85—2.97 (1H, m, H-2"), 3.41 (1H,
d, Jo—1=8.4 Hz, H-2), 3.73, 3.74 (each 3H, each s, COOMe),
6.12 (1H, d, Juans=16.1 Hz, H-4"), and 6.94 (1H, d, Jirans=16.1
Hz, H-5); BCNMR (CDCls) anti-isomer 6=12.44 (1’-Me),
14.86 (2’-Me), 28.73 (¢-Bu), 33.84 (+-Bu), 36.11 (C-1"), 46.55 (C-
2)), 52.24, 52.41 (each COOMe), 53.66 (C-2), 124.60 (C-4),
157.68 (C-5), 169.01, 169.08 (each COOMe), and 202.69 (C-
3%); syn-isomer 6=11.00 (1’-Me), 15.36 (2"-Me), 28.73 (¢-Bu),
33.84 (z-Bu), 34.34 (C-1’), 45.59 (C-2’), 52.34, 52.50 (each
COOMe), 55.20 (C-2), 123.77 (C-4"), 157.89 (C-5"), 168.92,
169.45 (each COOMe), and 203.09 (C-3"); MS m/z (rel inten-
sity, %) 299 (M*+1, 2), 298 (M*, 8), 167 (21), 140 (30), and 111
(base peak). HRMS Found: m/z 298.1782. Caled for
C16H2605: M, 298.1779.

Dimethyl  [(E)-1-Ethyl-2,6,6-trimethyl-3-0x0-4-heptenyl-
idene]malonate (13c): anti-13c:  Colorless liquid; IR (neat)
2980, 1755, 1735, 1620, and 1460 cm~1; tHNMR (CDCls)
6=0.92 (3H, t, J/=7.3 Hz, Me of Et), 1.07 (3H, d, Jmc—2=7.0
Hz, 2’-Me), 1.10 (9H, s, ¢-Bu), 1.38—1.58 (2H, m, CH: of Et),
2.53—2.62 (1H, ddt, J1—2=5.9 and Jy—=J1r-cu,=7.0 Hz, H-
1), 3.01 (1H, dq, J2-1=7.0 and J2-m.~7.0 Hz, H-2"), 3.58 (1H,
d, Jo-1=5.9 Hz, H-2), 3.70, 3.74 (each 3H, each s, COOMe),
6.08 (1H, d, Jiuans—16.1 Hz, H-4"), and 6.86 (1H, d, Jians=16.1
Hz, H-5"); BCNMR (CDCls) 6=12.74 (Et), 13.33 (2"-Me),
23.86 (Et), 28.74 (t-Bu), 33.79 (¢-Bu), 41.96 (C-1"), 45.54 (C-2),
52.25, 52.30 (each COOMe), 52.44 (C-2), 124.11 (C-4"), 157.24
(C-5%), 169.35, 169.57 (each COOMe), and 203.06 (C-3"); MS
m/z (rel intensity, %) 313 (M*+1, 2), 312 (M*, 4), 180 (10), 140
(base peak), and 111 (89). Found: C, 65.55; H, 9.02%.
Calcd for Ci7H280s: C, 65.34; H, 9.04%.

syn-13¢:  Colorless liquid; IR (neat) 2950, 1750, 1730, 1620,
1455, and 1430 cm~1; tH NMR (CDCls) 6=0.83 3H, t, J=7.3
Hz, Me of Et), 1.03 (3H, d, Jm.—2=7.0 Hz, 2'-Me), 1.11 (9H, s,
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t-Bu), 1.23—1.54 (2H, m, CH: of Et), 2.57—2.67 (1H, m, H-
1),2.92 (1H, dq, Jo—1=4.8 and J2-m.~7.0 Hz, H-2), 3.49 (1H,
d, Jo-1=8.1 Hz, H-2), 3.73, 3.75 (each 3H, each s, COOMe),
6.21 (1H, d, Jians=16.1 Hz, H-4"), and 6.93 (1H, d, Jirans=16.1
Hz, H-5); 3CNMR (CDCls) 6=11.46 (Et), 12.90 (2’-Me),
21.48 (Et), 28.74 (¢-Bu), 33.81 (z-Bu), 41.08 (C-1"), 45.73 (C-2)),
52.38, 52.48 (each COOMe), 54.44 (C-2), 123.71 (C-4"), 157.52
(C-5"), 169.27, 169.35 (each COOMe), and 202.87 (C-3); MS
m/z (rel intensity, %) 313 (M*+1, 2), 312 (M, 7), 181 (12), 140
(91), and 111 (base peak). Found: C, 65.36; H, 8.87%.
Calcd for Ci17H2s0s: C, 65.34; H, 9.04%.

Dimethyl [(E)-2,6,6-Trimethyl-1-phenyl-3-oxo0-4-heptenyl-
idene]malonate (13d): Only anti-isomer was isolated and
purified by column chromatography on silica gel with hexane—
EtOAc (15:1, v/v). Pale yellow liquid; IR (neat) 2950, 1750,
1730, 1620, 1430, and 1160 cm~1; HNMR (CDCls) 6=0.98
(9H, s, +-Bu), 1.14 (3H, d, Ju.—2=7.0 Hz, 2'-Me), 3.40 (1H, dq,
J2—m=7.0 and Jo—1=7.3 Hz, H-2"), 3.46, 3.71 (each 3H, each s,
COOMe), 3.75 (I1H, dd, Jr—2=7.3 and J12=8.8 Hz, H-1"),
4.01 (1H, d, J>—1=28.8 Hz, H-2), 5.83 (1H, d, Jirans=15.8 Hz, H-
4%, 6.69 (1H, d, Juans—=15.8 Hz, H-5"), and 7.20 (5H, s, Ph);
BCNMR (CDCls) 6=15.31 (2’-Me), 28.61 (z-Bu), 33.69 (¢-Bu),
47.26 (C-27), 47.92 (C-1"), 52.28, 52.55 (each COOMe), 54.92
(C-2), 123.97 (C-4"), 127.18, 128.09, 129.15, 139.03 (each Ph),
157.19 (C-5"), 168.37, 168.86 (each COOMe), and 202.30 (C-
3"); MS m/z (rel intensity, %) 361 (M*+1, 9), 360 (M*, 34), 328
(11), 269 (12), 230 (10), 229 (54), 140 (16), and 111 (base peak).
HRMS Found: m/z 360.1939. Calcd for C211HsOs: M,
360.1935. ‘

Dimethyl [(E)-1-t-Butyl-2,6,6-trimethyl-3-0x0-4-heptenyl-
idene]malonate (13e): Only anti-isomer was isolated and
purified by column chromatography on silica gel with hexane-
EtOAc (15:1,v/v). anti-isomer: Pale yellow liquid; IR (neat)
2950, 1730, 1620, 1430, 1350, and 1150 cm~!; 'HNMR
(CDCls) 6=0.88, 1.10 (each 9H, each s, t-Bu), 1.12 (3H, d,
Jme—2=7.0 Hz, 2’-Me), 3.00 (1H, dd, J1—2=3.3 and J1—2=8.8
Hz, H-1'), 3.30 (1H, dq, J2>—m=7.0 and J>—1=8.8 Hz, H-2),
3.74 (6H, s, 2XCOOMe), 3.81 (1H, d, Jo-1=3.3 Hz, H-2), 6.10
(1H, d, Jians=16.1 Hz, H-4"), and 6.90 (1H, d, Jians—16.1 Hz,
H-5); BCNMR (CDCl3) 6=16.57 (2’-Me), 28.74, 29.17 (each
t-Bu), 33.79, 35.02 (each #-Bu), 43.92 (C-1"), 48.49 (C-2"), 50.81
(C-2), 52.19, 52.61 (each COOMe), 123.88 (C-4’), 157.09 (C-
5%, 170.17, 171.37 (each COOMe), and 203.52 (C-3"), MS m/z
(rel intensity, %) 341 (M*+1, 2), 340 (M*, 7), 283 (16), 242
(10), 208 (15), and 111 (base peak). Found: C, 67.22; H,
9.28%. Calcd for C19H3:20s5: C, 67.01; H, 9.48%.

Dimethyl [(E)-1-Ethyl-2-methyl-3-0x0-4-hexenylideneJmalo-
nate (13f): Obtained as a 64 : 36 inseparable mixture of anti-
13f and syn-13f (by 'H NMR) after column chromatography
on silica gel using hexane-EtOAc (10:1to 15:1, v/v). Pale
yellow liquid: IR (neat) 2900, 1720, 1690, 1620, 1420, 1190,
and 1140 cm~1; tH NMR (CDCls) anti-isomer 6=0.92 (3H, t,
J=1.3 Hz, 1"-Et), 1.06 (3H, d, Jm—2=7.0 Hz, 2’-Me), 1.24—
1.58 (2H, m, 1’-Et), 1.91 (3H, dd, Jo—+=1.8 and Je—5=7.0 Hz,
H-6"),2.53—2.68 (1H, m, H-1), 2.99 (1H, dq, J2—1=J2-m~7.0
Hz, H-2),3.56 (1H, d, J-1=6.2 Hz, H-2), 3.69, 3.73 (each 3H,
each s, COOMe), 6.21 (1H, dq, Jy—s=1.8 and Jins—=15.8 Hz,
H-4’), and 6.89 (1H, dq, Js—¢=7.8 and Jin—15.8 Hz, H-5);
syn-isomer 6=0.82 (3H, t, J/=7.3 Hz, 1’-Et), 1.02 (3H, d,
Jme—2=7.0 Hz, 2’-Me), 1.24—1.58 (2H, m, 1-Et), 1.92 (3H, dd,
Jo—+—1.8 and Jo—5=7.0 Hz, H-6"), 2.53—2.68 (1H, m, H-1"),
2.89 (1H, dq, J2-1=4.4 and Jo-m.~7.0 Hz, H-2"), 3.49 (1H, d,
J2—1=8.1 Hz, H-2), 3.73, 3.76 (each 3H, each s, COOMe), 6.34
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(1H, dq, Jy-¢=1.8 and Jirns=15.8 Hz, H-4’), and 6.96 (1H, dq,
Js—6=7.0 and Jians=15.8 Hz, H-5"); BCNMR (CDCl) anti-
isomer 6=12.69 (Et), 12.96 (2'-Me), 18.30 (C-6), 23.90 (Et),
41.83 (C-1"), 45.08 (C-29), 52.31, 52.35, 52.40 (COOMe and C-
2), 130.68 (C-4"), 142.73 (C-5"), 169.32, 169.56 (ecach COOMe),
and 202.30 (C-3'); syn-isomer 6=11.07 (Et), 12.80 (2’-Me),
18.30 (C-6), 21.44 (Et), 40.95 (C-1"), 45.43 (C-2), 52.45, 52.54
(each COOMe), 54.53 (C-2), 130.25 (C-4’), 142.95 (C-5),
169.28, 169.40 (each COOMe), and 201.97 (C-3"); MS m/z (rel
intensity, %) 271 (M*+1, 3), 270 (M*, 15), 139 (27), 98 (base
peak), and 69 (41). HRMS Found: m/z 270.1467. Calcd
for C14H2205: M, 270.1466.

Catalytic Hydrogenation Followed by Zn(BH4); Reduction
of 13d Leading to 15 and 16. A solution of 13d (0.67 g, 1.86
mmol) in EtOH (10 ml) in the presence of palladium/carbon
(10 wt%) was stirred under hydrogen at room temperature for
12 h. The catalyst was filtered off through cerite and the
filtrate was evaporated in vacuo to give 14 (0.679 g, 100%) as
colorless oil [14: IR (neat) 2950, 1710, 1430, 1230, 1150, and
1010 cm™1; 'TH NMR (CDCls) 6=0.74 (9H, s, t-Bu), 1.14 (3H,
d, JMe—2=7.3 Hz, 2’-Me), 1.12—1.26 (2H, m, H-5"), 1.97—2.21
(2H, m, H-4"), 3.15 (1H, dq, J>-m~7.3 and Jo—1=7.7 Hz, H-
2%, 3.47, 3.71 (each 3H, each s, COOMe), 3.73 (1H, dd,
Jr—2=17.7 and J1-2=9.2 Hz, H-1"), 4.03 (1H, d, J2-1=9.2 Hz,
H-2), and 7.15—7.29 (5H, m, Ph); BCNMR (CDCl;) 6=14.92
(3-Me), 29.01 (z-Bu), 29.63 (t-Bu), 36.66 (C-5"), 37.87 (C-4"),
47.79, 49.70 (C-1’ and C-2'), 52.31, 52.61 (each COOMe), 54.56
(C-2), 127.31, 128.29, 128.95, 139.16 (each Ph), 168.36, and
168.91 (each COOMe), and 213.43 (C-3’), MS m/z (rel inten-
sity, %) 363 (M*+1, 24), 362 (M*, base peak), 231 (79), 221
(59), and 113 (68). HRMS Found: m/z 362.2094. Calcd for
C21H3005: M, 362.2092]. An ethereal solution of freshly pre-
pared Zn(BH4)2 (0.36 M in diethyl ether, 8.3 ml, 3 mmol) was
added to 14 (0.13 g, 0.375 mmol) in ether (I ml) and the
mixture was stirred at 0°C for 21.5 h. The reaction was
quenched with aqueous HCl (1 equiv) and extracted with
CH:Clz (15 mlX2). The combined extracts were dried
(MgSO0s) and evaporated in vacuo. The residue (0.12 g) was
chromatographed on silica gel with hexane-EtOAc (10:1 to
4:1, v/v) to give 15 (0.046 g, 37%, 85:15 by 3CNMR) and
then 16 (0.046 g, 37%, 78 :22 by 3CNMR).

Methyl c-5-Methyl-t-6-(3,3-dimethylbutyl)-r-4-phenyl-2-oxo-
perhydropyran-3-carboxylate (15): Only the major isomer
was isolated from the mixture. Colorless solid; mp 74—
77°C; IR (KBr) 2950, 1720, 1430, 1150, and 740 cm=1;
'HNMR (CDCl) 6=0.80 (3H, d, JmMe—5=7.3 Hz, 5-Me), 0.91
(9H, s, -Bu), 1.12—1.29 (2H, m, two of H-1" and H-2’), 1.49—
1.80 (2H, m, the other of H-1" and H-2), 2.26 (1H, ddq,
J5s—6=4.8, J5-¢=5.5, and J5-m~7.3 Hz, H-5), 3.67 (1H, dd,
Js—s=5.5 and J4—s=7.0 Hz, H-4), 3.93 (1H, d, J2-+=7.0 Hz, H-
3), 4.17 (1H, dt, Je—s=4.8, Js-1=4.8, and 7.3 Hz, H-6), and
7.12—7.38 (5H, m, Ph); BCNMR (CDCls) 6=14.34 (5-Me),
28.75 (C-2"), 29.24 (¢+-Bu), 30.06 (z-Bu), 34.34 (C-1’), 38.62 (C-
5), 43.86 (C-4), 51.10, 52.94 (C-3 and COOMe), 84.33 (C-6),
127.53, 128.19, 128.72, 138.09 (each Ph), 167.64, and 169.21
(C-2 and COOMe); MS m/z (rel intensity, %) 332 (M*, 75),
288 (50), 287 (39), 273 (base peak), 214 (35), 199 (37), 190 (25),
189 (23), 162 (23), 143 (41), 131 (63), 129 (29), 118 (53), 117
(25), 103 (24), 91 (44), 69 (29), 57 (54), and 41 (33). Found: C,
72.48; H, 8.43%. Calcd for CooH2s04: C, 72.25; H, 8.49%.

Methyl 2-Hydroxy-c-5-methyl-c-6-(3,3-dimethylbutyl)-r-4-
phenylperhydropyran-3-carboxylate (16): Only the major
isomer was isolated from the mixture. Colorless solid; mp
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132—134°C; IR (KBr) 3300, 2850, 1680, 1420, 1250, 1060, and
1000 cm~—1; tH NMR (CDCls) 6=0.68 (3H, d, Jme—5=7.0 Hz, 5-
Me), 0.89 (9H, s, t-Bu), 1.08—1.81 (5H, m, H-1’, H-2’, and H-
5), 3.05 (1H, dd, J3~2=8.1 and J3-4=12.5 Hz, H-3), 3.37 (1H,
dd, Js—5=4.0 and J4—s=12.5 Hz, H-4), 3.53 (3H, s, COOMe),
3.69—3.75 (1H, m, H-6), 4.96 (1H, d, J>—s=8.1 Hz, H-2), and
7.10—7.33 (5H, m, Ph); 3CNMR (CDCls) §=6.41 (5-Me),
27.63 (C-2"), 29.30 (¢-Bu), 30.14 (C-1"), 37.02 (#-Bu), 39.86 (C-
5), 48.34 (C-3 and C-4), 51.86 (COOMe), 80.11 (C-6), 97.79 (C-
2), 126.69, 128.06, 128.29, 140.14 (each Ph), and 172.98
(COOMe); MS m/z (rel intensity, %) 334 (M, 2), 288 (29),
209 (15), 164 (16), 163 (base peak), 162 (34), and 118 (13).
Found: C, 71.77; H, 8.88%. Calcd for CeoHs004: C, 71.81; H,
9.05%.

Demethoxycarbonylation of 15 (or 16) Leading to 17 (or
18). To a solution of 15 (0.046 g, 0.138 mmol) in MeOH (1.5
ml) was added dropwise at room temperature aqueous NaOH
(3%, 1 ml). This solution was stirred for 2 h, poured into
aqueous HCI (IN), and extracted with dichloromethane (10
mbX3). The combined extracts were dried (MgSOs) and
evaporated in vacuo. The residue was chromatographed on
silica gel with hexane-EtOAc (3:1, v/v) to give 17 (0.025 g,
66%). A similar procedure using 16 (0.046 g, 0.137 mmol)
gave 18 (0.041 g, 93%).

c-5-Methyl-¢-6-(3,3-dimethylbutyl)-r-4-phenyl-2-oxoper-
hydropyran (17): Pale yellow liquid; IR (neat) 2900, 1710,
1450, 1360, 1210, 990, 750, and 690 cm~1; THNMR (CDCls)
6=0.82 (3H, d, JM—5=7.0 Hz, 5-Me), 0.89 (9H, s, t-Bu), 1.12—
1.80 (4H, m, H-1" and H-2%), 2.14 (1H, ddq, J5-+=4.8, J5-¢
=7.0, and J5-m:=7.0 Hz, H-5), 2.79—2.92 (2H, m, H-3), 3.29
(1H, m, H-4), 4.07 (1H, ddd, Js-1—4.0, 7.8, and Js—5=7.0 Hz,
H-6), and 7.11--7.38 (5H, m, Ph); NOE: H-4/H-5, 4-Ph/5-
Me, and 4-Ph/H-6; 3CNMR (CDCls) 6=14.53 (5-Me), 28.74
(C-2"), 29.26 (¢-Bu), 30.05 (¢-Bu), 34.50 (C-1") 35.61 (C-5),
38.56 (C-4), 40.53 (C-3), 83.24 (C-6), 127.15, 128.15, 128.52,
139.59 (each Ph), and 171.57 (C-2); MS m/z (rel intensity, %)
275 (Mt+1, 7), 274 (M1, 32), 142 (22), 131 (27), 118 (base
peak), 104 (28), and 91 (22). HRMS Found: m/z 274.1933.
Calcd for CisH2602: M, 274.1931

c-5-Methyl-c-6-(3,3-dimethylbutyl)-r-4-phenyl-2-oxoper-
hydropyran (18): Pale yellow solid; mp 85—87 °C; IR (KBr)
2950, 1720, 1450, 1360, 1220, 1060, 990, and 900 cm™1;
IHNMR (CDCl) 6=0.72 (3H, d, Jm.—5=7.0 Hz, 5-Me), 0.91
(9H, s, t-Bu), 1.12—1.84 (4H, m, H-1’ and H-2"), 2.19 (1H,
ddq, J5-4=3.5, J5-m=7.0, and J5-¢=10.1 Hz, H-5), 2.79 (1H,
ddd, J3eq—5=0.7, J3eq-4=6.6, and Jpem=18.3 Hz, H-3.), 2.92
(1H, dd, J3ax—4=12.5, Jem=18.3 Hz, H-3.), 3.41 (1H, ddd,
Ji—5=3.5, J1-3.4=6.6, and J4—3.,=12.5 Hz, H-4), 4.44—4.50
(1H, m, H-6), and 7.18—7.40 (5H, m, Ph); NOE: H-3.,/Ph, H-
3.q/ H-4, H-4/H-5, H-4/ H-6, and H-5/ H-6; 2CNMR (CDCls)
6=4.95 (5-Me), 28.06 (C-2’), 29.24 (¢-Bu), 29.69 (z-Bu), 30.08
(C-1"), 35.98 (C-5), 39.48 (C-4), 41.83 (C-3), 85.50 (C-6),
127.07, 128.66, 140.30 (each Ph), and 170.98 (C-2); MS m/z
(rel intensity, %) 275 (Mt+1, 3), 274 (M*, 15), 119 (11), 118
(base peak), and 104 (10). Found: C, 78.58; H, 9.35%.
Calcd for CigHg602: C, 78.78; H, 9.56%.
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