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7e 6 0.86 (s, 9 H, C(CH,)3), 1.05 (d, 3 H, J = 7.4 Hz, C-2’-CH,),
1.18-1.42 (m, 4 H), 1.46-1.56 (m, 2 H), 1.65-2.00 (m, 3 H), 2.18-2.34
(m, 1 H), 4.18 (m, 1 H, CHCI); 8¢ 4 0.84 (s, 9 H, C(CH,),), 1.08 (d,
3H,J =52 Hz, C-2’-CH;), 1.18-1,42 (m, 4 H), 1.46-1.56 (m, 2 H),
1.65-2.00 (m, 3 H), 2.18-2.34 (m, 1 H), 4.72 (m, 1 H, J = 12.7, 4.8 Hz,
CHCI). 3C NMR (75.5 MHz, CDCl;): 7e § 64.15 (C-1), 40.71 (C-4),
36.53 (C-2), 32.30 (C(CH,);), 29.34 (C-3), 27.41 (C(CH,),), 26.74
(C-6), 21.13 (C-5), 18.49 (C-2-CH5;); Se & 64.71 (C-1), 39.49 (C-4),
35.39 (C-2), 33.81 (C-3), 31.91 (C(CHj);), 29.69 (C-5), 27.88 (C-6),
27.47 (C(CHs,),), 12.63 (C2'-CH,). High-resolution MS (EI) caled for
C,;,H,,: 153.1643. Found: 153.1639, (M* - Cl, 0.5%), 137 (M* - HCI
- CH,, 11%), 96 (26%), 57 (¢-Bu, 100%).
2a3-Bromo-10-methyl-trans-decalin. To 20 mL of benzene are added
3.0 mL of freshly distilled oxalyl chloride and 770 mg (4.6 mmol) of
28-hydroxy-10-methyl-trans-decalin (12). After the mixture was stirred
for 12 h, the solvent and excess oxalyl chloride are removed in vacuo and
the residue taken up in benzene (10 mL) and 1.4 mL of BrCCl;. This
solution is added within 5 h to a refluxing suspension of 756 mg (5.1
mmol) of 2-mercaptopyridine N-oxide sodium salt and 10 mg (0.08
mmol) of DMAP in benzene (150 mL). Heating is continued for 3 h.
The reaction mixture is filtered through anhydrous MgSQO, and the
solvent is evaporated. Flash chromatography on silica gel with pentane
yields 424 mg (40%) of 2-bromo-10-methyl-trans-decalin as a mixture
of the 2a- and 28-isomers in a 91:9 ratio (by 'H NMR). 'H NMR (300
MHz, CDCl,): 2a-isomer 6 0.85 (s, 3 H, C-10-CH;), 1.05-1.85 (m, 13
H), 1.95-2.05 (m, 1 H), 2.25-2.40 (m, 1 H), 430 (tt, 1 H, / = 12.3,4.4
Hz, CHBr); 28-isomer 8 0.88 (s, 3 H, C-10—-CH,), 1.05-1.95 (m, 13 H),
2.15-2.25 (m, 1 H), 4.67 (m, 1 H, CHBr). '*C NMR (75.5 MHz,
CDCl3): 2a-isomer & 53.28 (C-1), 49.79 (C-2), 44.34 (C-5), 41.15 (C-9),
39.09 (C-3), 37.10 (C-10), 30.31 (C-4), 28.03 (C-6), 26.69 (C-7), 21.13
(C-8), 15.84 (C-10-CHj); B-isomer & 51.20 (C-2), 48.42 (C-1), 45.85
(C-5), 41.86 (C-9), 36.92 (C-3), 34.20 (C-10), 28.33 + 26.90 (C-6 +
C-7), 24.35 (C-4), 20.91 (C-8), 18.34 (C-10-CH,). MS (EI): 230 (M*,
0.9%), 151 (M* — Br, 85%), 95 (M* — 135, 100%). Anal. Calcd for
C,H),Br: C, 57.15; H, 8.28. Found: C, 57.20; H, 8.10.
2af-Chloro-10-methyl-trans-decalin. In benzene (10 mL) are placed
1.5 mL of freshly distilled oxalyl chloride and 274 mg (1.63 mmol) of
28-hydroxy-10-methyl-trans-decalin (12). After the mixture is stirred
for 12 h, the solvent and excess oxalyl chloride are evaporated and the
residue taken up in 5 mL of CCl,. This solution is added within 15 min
to a refluxing suspension of 270 mg (1.8 mmol) of 2-mercaptopyridine
N-oxide sodium salt and 8 mg (0.065 mmol) of DMAP in CCl, (150
mL). Heating is continued for 30 min. Then the reaction mixture is

filtered through anhydrous MgSO, and the solvent is evaporated. Flash
chromatography on silica gel with pentane yields 223 mg (73%) of 2-
chloro-10-methyl-trans-decalin as an inseparable mixture of the 2a- and
2B8-isomers in a 9:1 ratio (by GC and 'H NMR). 'H NMR (300 MHz,
CDCl;): 2a-isomer 6 0.85 (s, 3 H, C-10-CH,), 1.05-1.76 (m, 13 H),
1.84-1.94 (m, 1 H), 2.17-2.27 (m, 1 H), 4.11 (tt, 1 H, J = 12.0, 4.4 Hz,
CHCl); 28-isomer & 0.85 (s, 3 H, C-10-CH,), 1.05-1.76 (m, 13 H),
1.84-1.94 (m, 1 H), 2.03-2.13 (m, 1 H), 4.47 (m, 1 H, CHCl). 13C
NMR (75.5 MHz, CDCl,): 2a-isomer 6 57.15 (C-2), 52.32 (C-1), 44.42
(C-5), 41.20 (C-9), 38.10 (C-3), 36.08 (C-10), 29.27 (C-4), 27.95 (C-6),
26.75 (C-7), 21.12 (C-8), 16.01 (C-10—-CH3;); 28-isomer & 58.60 (C-2),
47.97 (C-1), 45.90 (C-5), 41.74 (C-9), 35.85 (C-3), 34.10 (C-10), 29.70
(C-4), 28.38 (C-6), 26.92 (C-7), 20.98 (C-8), 18.04 (C-10-CH,).
High-resolution MS (EI) caled for C,,H;yCl: 186.117. Found: 186.117
(M*, 55%), 171 (M* — CH,, 16%), 135 (M* — HCI - CH;, 100%).
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Appendix

New MM2 Parameters. Our MM2 results can be reproduced with
the parameters listed here. The radical center is defined as MM2
type 29, while the alkene atom being attacked is of type 28. The
alkene carbon atom not attacked remains type 2 (sp? carbon).
Calculations were carried out with Allinger’s MM2 program?’
modified by Spellmeyer and Houk.?! The modified program
version allows the equivalence of two atom types. This enables
the user to input only the parameters newly defined for a new atom
type. The parameters, which are read in at the beginning of the
calculation, are given in Table IV in the MM2 input format. The
list contains the 33 parameters developed for the intramolecular
5-hexenyl cyclization and those 10 parameters added in the present
study.

Supplementary Material Available: Tables of geometrical data
for the ab initio transition states in Figure 1 and the UHF/3-21G
geometry of the cyclohexyl radical and data for the X-ray crystal
structure and NMR spectra (18 pages). Ordering information
is given on any current masthead page.

Photochemical Reactions of Chromium-Alkoxycarbene
Complexes with Stabilized Ylides To Produce “Push-Pull”

Captodative Allenes
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Abstract: Photolysis of chromium alkoxycarbene complexes in the presence of stabilized ylides produced allenes having electron
withdrawing groups on C-1 and electron donating groups on C-3. These highly reactive captodative allenes rearranged to
1,3-substituted-1,3-dienes under mildly acidic conditions and hydrolyzed to y-keto-a,B-unsaturated esters, both in excellent

yield.

Introduction

Over the past several years the photochemical reactions of
chromium—carbene complexes has been extensively developed in
these laboratories. Photolysis of these complexes (visible
light/Pyrex) generates a reactive intermediate that undergoes
reactions common to ketenes,' and this chemistry has been used

(1) Hegedus, L. S.; deWeck, G.; D’Andrea, S. J. Am. Chem. Soc. 1988,
110, 2122.

to synthesize -lactams,? cyclobutanones,’ and a-amino acid esters*®

(Scheme I). In an effort to extend the parallels between con-

(2) (a) Hegedus, L. S.; McGuire, M. A.; Schultze, L. M,; Yijun, C;
Anderson, O. P. J. Am. Chem. Soc. 1984, 106, 2680. (b) Hegedus, L. S.;
Schultze, L. M.; Toro, J.; Yijun, C. Tetrahedron 1988, 41, 5833. (c) Borel,
C.; Hegedus, L. S.; Krebs, J.; Satoh, Y. J. Am. Chem. Soc. 1987, 109, 1101.
(d) Hegedus, L. S.; D’Andrea, S. J. Org. Chem. 1988, 53, 3113. (e) Hegedus,
L. S.; Imwinkelried, R.; Alarid-Sargent, M.; Dvorak, D.; Satoh, Y. J. Am.
Chem. Soc. 1990, 112, 1109.
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ventional organic ketene chemistry and the photochemical reac-
tions of chromium carbene complexes, reactions with stabilized
ylides were examined, and the results are presented below.

Stable ketenes undergo reaction with nonstabilized phosphorous
ylides to produce allenes, although high temperatures are often
required to promote the elimination of phosphine oxide from the
intermediate, resulting in low yields.* In contrast, stable ketenes
and carbonyl stabilized ylides combine to produce allenic esters
under substantially milder conditions and in fair to excellent yield.®
Allenic esters are also formed by the direct reaction between
stabilized phosphorous ylides and acid chlorides having at least
one a-hydrogen.” Free ketenes are probably not involved in this
process.

Chromium alkoxycarbene complexes are also reactive toward
some phosphorous ylides.! Nonstabilized ylides remove an acidic
a-proton from chromium-alkoxycarbene complexes and act as
nucleophiles toward complexes lacking a-protons, producing enol
ethers in a formal metathesis reaction. However, chromium
alkoxycarbene complexes are unreactive toward carbonyl stabilized
phosphorous ylides, making these ylides compatible for coupling
with photogenerated chromium complexed ketenes. The synthesis
of captodative allenes by this procedure is detailed below.

Results and Discussion

Photolysis (visible light, Pyrex) of a benzene solution of
(benzyloxycarbonyl)methylenetriphenylphosphorane (2a) and
(ethoxy)(rert-butyl)carbene complex 1a under an atmosphere of
CO (100 psi) produced an almost quantitative yield of the allene
3aa, as determined by '"H NMR analysis of the crude reaction
mixture (eq 1). Purification by basic Al,O, chromatography, using
triethylamine/hexanes as the eluent, gave a 60% yield of the allene
3aa as a colorless oil (some of the allene was lost to hydrolysis
during chromatography).

OCH,CHj
(coysCr=
C(CHs)s
1a hv/CO  CH3CHQ CO,CH,Ph
E—— c
(CHg)sC H
+ benzene 3aa
60%
Ph3P=CHCO,CH,Ph + Cr{CO)
2 + Ph;PO

Allene 3aa was fully characterized. The infrared spectrum
contained the characteristic allene absorption at 1939 cm™
(C=C==C) and an ester absorption at 1723 cm!. The central

(3) (a) Soderberg, B. C.; Hegedus, L. S.; Sierra, M. A. J. Am. Chem. Soc.
1990, /12, 4364. (b) Hegedus, L. S.; Bates, R. W.; Soderberg, B. C. J. Am.
Chem. Soc. 1991, 113, 923. (c) Soderberg, B. C.; Hegedus, L. S. J. Org.
Chem. 1991, 56, 2209.

(4) Hegedus, L. S.; Schwindt, M. A; DeLombaert, S.; Imwinkelried, R.
J. Am. Chem. Soc. 1990, 112, 2264.

(5) Wittig, G.; Haag, A. Chem. Ber. 1963, 96, 1535.

(6) (a) Wadsworth, W. S.; Emmons, W. D. J. Am. Chem. Soc. 1961, 83,
1733. (b) Hamlet, Z.; Barker, W. D. Synthesis 1970, 543. (c) Aksnes, G.;
Froyen, P. Acta Chem. Scand. 1968, 22, 2347.

(7) (a) Lang, R. W.; Hansen, H.-J. Helv. Chim. Acta 1980, 63, 438. (b)
Bestmann, H. J.; Hartung, H. Chem. Ber. 1966, 99, 1198.

(8) Casey, C. P. In Transition Metals Organometallics in Organic Syn-
thests; Alper, H., Ed.; Academic Press: New York, 1976; Vol. 1, p 223.
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Table I
OCHg 1) solvent/hv O o)
(cOiCr=_ 4 PhP=CHCOBN
CHs 2) EL,0/HC! == "OCHzPh
solvent CO/(psi) yield (%)
Et,0/CH,Cl, 0
Et,0/CH,Cl, 80 82
THF 80 46
EtOAc 80 64
benzene 2
benzene 80 68
benzene & 5 mol % hydroquinone 100 78
CH,;CN 56

allene carbon had a chemical shift of 8 207.7 in the *C NMR,
a value about average for allenes (allene itself = 213 ppm). The
lone vinyl proton appeared as a singlet at § 6.1, a position char-
acteristic for this class of compounds (see below).

The photoreaction proved to be general for ester and sulfonyl
stabilized ylides and chromium—-alkoxycarbene complexes (Scheme
IT). In many cases, the crude reaction mixtures contained only
the allene and triphenylphosphine oxide, as determined by 'H
NMR spectroscopy. The allenes 3 had characteristic NMR
spectra, while the lone vinyl proton « to the X group appearing
at ~4 6.0 coupled with J = 2-3 Hz to the allylic protons at the
remote allene terminus.>'” This, and the rest of the spectrum,
was unmistakable and completely different from that of either
the diene 4 or the enone 5. In the carbon spectrum, the signal
for the central allene carbon appeared at § 207-210 for allenic
esters and at § 198-199 for allenic sulfones. The infrared spectra
had a strong band between 1930 and 1940 cm™' for the allene
moiety.

In marked contrast to other photochemical reactions of chro-
mium carbene complexes,!* allenes were produced only if the
reaction was carried out under an atmosphere of carbon monoxide
or in strongly coordinating solvent such as acetonitrile (Table I).
In the absence of carbon monoxide, the carbene complex was
consumed, and a small amount of metathesis product was obtained,
along with an intractable mixture of unidentified organic products
(eq 2). The role of carbon monoxide is unclear at this time. It

OCH,3 1) hv CH3Q  COzBn
(CO)sCr=( + PhyP=CHCO,Bn — +
CHy 2) EO/HCl  Ha H

20%

(2)
is not required for ketene generation, since all of the reactions
in Scheme I proceed in the absence of added carbon monoxide.
It is likely that its role is to prevent the generation of coordinatively
unsaturated chromium species, which may either react nonpro-
ductively with the ylide or destructively with the product allene.
Addition of small amounts of hydroquinone to the reaction mixture
led to a modest increase yield as well as to more reproducible
results. Captodative compounds are prone to radical reactions,'®
and addition of hydroquinone would suppress these.

All attempts to purify these allenes failed. Purification by
Kugelrohr distillation produced a mixture of allene oligomers and
the diene formed by a [1,3] rearrangement of the allene. Puri-
fication by basic or neutral alumina chromatography transformed
the allene into the diene and an unsaturated keto ester from
hydrolysis of the enol ether terminus. Chromatography on silica
gel or Florisil gave exclusively hydrolysis products. Thus, only
allenes that could not undergo isomerization and were at least
moderately resistant to hydrolysis, such as tert-butyl allene 3aa,
could be isolated. Because of this most of the allenes 3 were either
isomerized to dienes 4 or hydrolyzed to unsaturated keto esters
5 directly.

(9) For similar spectra of an alkyl sulfonyl allene, see: Braverman, S.;
Mechoulam, H. Tetrahedron 1974, 30, 3883.

(10) Viehe, H. G.; Janousek, Z.; Merényi, R ; Stella, L. Acc. Chem. Res.
1985, 18, 148.
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Optimal conditions for the production of dienes involved a
photoreaction under a pressure of carbon monoxide (60-100 psi)
with methylene chloride/ether or benzene as the solvent. After
the carbene was consumed and the solvent removed, the crude
allene was dissolved in CH,Cl, with 5 mol % of the mild acid
catalyst, pyridinium p-toluenesulfonate (PPTS). Complete
isomerization to the diene required 1 day at room temperature.
A series of dienes 4 was produced in this manner (Scheme II),
all of them possessing Z (or cis) stereochemistry about the es-
ter-substituted double bond. The assignment of Z stereochemistry
was based on the magnitude of the J-y—cy coupling constant of
=12 Hz and was confirmed by isomerizing diene 4ba to the F
isomer by treatment with I, in hexane. This E isomer had a
Jen—cn of 15.4 Hz, typical of E olefins. In addition, hydrolysis
of Z dienes 4 produced Z unsaturated ketones 5 (see below), again
confirming the assigned stereochemistry. Stereochemical control
about the other double bond of the diene was not as complete.
A 4:1 and 4.7:1 mixture of isomers was obtained for the dienes
made from both the ethyl and butyl substituted carbene complexes,
respectively. Examples of dienes substituted at the 1-position with
an electron withdrawing ester group and at the 3-position with
an electron donating alkoxy group are relatively uncommon in
the chemical literature,'! and this process offers relatively easy
access to this class of compounds.

All of the allenes 3 were very sensitive toward hydrolysis of the
enol ether terminus, producing Z-unsaturated ketones 5 under
a variety of conditions. Efficient, intentional hydrolysis was best
effected by rapidly stirring a biphasic system of the crude reaction
mixture with ether/5% aqueous hydrochloric acid (Scheme II).
In this way a large number of 3-substituted Z-unsaturated ketones
was synthesized. These should be excellent dienophiles, and their
cycloaddition chemistry is currently being studied. Again, the
Z stereochemistry was based on a Jcy—cy of =12 Hz and was
confirmed by NOE studies with Saf. On standing in solution in
the light, isomerization to the more stable E isomer with a Jopy—cy
=~ 16 Hz occurred.

The strong Z-stereoselectivity of both the isomerization and
hydrolysis reactions warrants comment. Both of these processes
involve, at some stage, the delivery of a proton to the central carbon
of the allene w-system, and the delivery of that proton from the
less sterically hindered face of the allene leads to production of
the thermodynamically /ess stable Z olefin (eq 3). This same Z
stereoselectivity has been noted in the basic alumina catalyzed
rearrangement of allenic acetic esters (RCH=C=
CHCH,CO,R")!? and the acid catalyzed hydrolysis of methoxy

allene.!>!4
OR
3
RQ_ a.#cozﬂ Rty sof 24
R2H,C H Hl_‘H \ (3)
z2-5
Hf

Disubstituted ylides also underwent photochemical reaction with
chromium-alkoxycarbene complexes to produce allenes, although
the yields were somewhat lower than those from monosubstituted
ylides (egs 4-6). Unsaturated ylide 2i underwent a proton transfer
to produce a new stabilized ylide 6, rather than eliminating
phosphine oxide (eq 7). Other ylides (2, X = CN, CONH,) either
failed to react or (X = Ph, CH,==CH-) decomposed the carbene
complex upon mixing.

This allene forming reaction was restricted to alkoxycarbene—
chromium complexes. Aminocarbene complexes failed to react,
undergoing slow photodecomposition over several days. To de-
termine if the aminoketene complexes were too electron-rich to
undergo attack by ylides (these same complexes failed to react

(11) For examples, see: (a) Agosta, W. G.; Lowrance, W. W., Jr. J. Org.
Chem. 1970, 35, 3851. (b) Crombie, L.; Taylor, J. L. J. Chem. Soc. 1957,
2760.

(12) Tsuboi, S.; Masuda, T.; Takeda, A. J. Org. Chem. 1982, 47, 4478.

(13) Leroux, Y.; Ronan, C. Tetrahedron Lett. 1973, 2585.

(14) Mantione, R. Bull. Soc. Chim. Fr. 1969, 4523,

J. Am. Chem. Soc., Vol. 114, No. 11, 1992 4081

(e}
MCOZEI (4)

CH,

OFt CO,Et 1) hv/CO
(CO)SCra/ + PhsP
CH;  2) Et,0/HCI

1a 2t 5af

46%

OMe Q 1) hv/CO i Q
(00)50r=§4 + PhpP . —
o 2) E10/HCl
. 2 >
2g 5bg
16%
(5)
Q o) Q
OMe o 1) hv/CO o
(CO)Cr=  + PhP ==
Me 2) Et,0 /HCI
ib 2h 5bh
25%
(6)
OMe
(00)50r=§l|
e
1b o} o}
hv/CO
e T
o H,C  PPhy
Ph3P=/VJ\0Me 6 24%

2|

with olefins?), the corresponding carbamate substituted carbene
complex 1L (which does react with olefins to form cyclobutanones)
was photolyzed in the presence of ylides 2a and 2b (eq 8). Again,
proton transfer rather than phosphine oxide elimination occurred.

i o
iAo, vl O)LH ) :
(co)ser=< + Phyp=CHCOR —= | j)\ﬂ Phs
CHy o .} coR
1L 2a (R=Bn)
2b (R=CHy)
®

o o 0

—— 1B o)kn
u NOR
PPh,

7a R=Bn 61%
7b R=CH; 66%

To suppress this proton transfer, disubstituted ylide 2f was used
in place of 2a and 2b (eq 9). Again, this reaction failed to produce

o]

X i
HN OtBu CO,Et hy )k
(co)cr=< . Phop=( HN™ O
CHy CHs co N\
1L 2f
O ~OEt
‘ via? 8 54%

‘ 9)
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an allene, but rather gave the unusual oxazolidinone 8 in modest
yield.

Within the limits presented above, photolysis of chromium-
alkoxycarbene complexes in the presence of ester or sulfone sta-
bilized ylides provides an efficient method for the synthesis of
relatively unstable captodative allenes 3 having both conjugated
enone and enol ether functionality. Other examples of captodative
allenes are relatively rare. Captodative 1,1-diethoxyallenes were
prepared by the reaction of nonenolizable a-diketones or hexa-
fluoroacetone with the ylide Ph,P=C==C(OEt),."* Some were
isolable while others dimerized ([2 + 2]) upon formation. The
central carbon of these allenes also appeared at ~4 200 in the
13C NMR spectrum. A captodative 1-methoxy-3-keto allene was
a proposed (but not detected) intermediate in the reaction of
1-methoxy- 1-methylallene with butyllithium followed by a di-
methyl amide to give (E)-diketoolefins.!s A captodative
phthalimido allenic ester was synthesized from an ester stabilized
ylide and phthalimidoacetic acid chloride (eq 10).!” This same
procedure’ could not be used to produce allenes 3. Treatment
of a-methoxypropionyl chloride with ylide 2b produced an almost
quantitative yield of a new stabilized ylide 9 (eq 11).

o
b © p
EGN _A—COEt

. — . N—F (10)
THF
o)
CH;, 42%
Ph,P
CO,Et
OCH, EtsN 7 9
)ﬁ(Cl + PhP=CHCOMs —— CHsOWLOMe
S 2b 2¥ H,C  PPh,
9 98%
(11)

Although the reaction chemistry of the captodative allenes
reported above remains to be developed, the structural similarity
of hydrolysis product 5gb to a key intermediate in the synthesis'®
of the antibiotic tetrahydrocerulenin'® 12 prompted the following
studies (eq 12).

H™ Cg . —~__OMe
AAM(:YOMG n BW
OH o

o o
5gb 10
g Ref. 18
nCg”~ ~0” "0 (12)
11

o} o}

\/\/\/\)s-_veLNHz
HOH

12

(15) Saalfrank, R. W. Isr. J. Chem. 1985, 26, 181.

(16) Clinet, J. C.; Linstrumelle, G. Tetrahedron Letr. 1978, 1137.

(17) Kathawala, F. G.; Schuster, H. F.; Shapiro, M. J. Tetrahedron Lett.
1981, 22, 3703.

(18) Jakubowski, A. A.; Guziec, F. 8., Jr.; Sugura, M,; Tam, C. C;
Tishler, M.; Omura, S. J. Org. Chem. 1982, 47, 1221.

(19) (a) Pougny, J. R.; Sinary, P. Tetrahedron Lett. 1978, 3301. (b)
Vigneron, J. P.; Blanchard, J. M. Tetrahedron Lett. 1980, 1739. (c) Ohrui,
H.; Emoto, S. Tetrahedron Lett. 1978, 2095. (d) Jakabowski, A. A.; Guziec,
F. S., Jr.; Tischler, M. Tetrahedron Lett. 1977, 2399,
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Asymmetric reduction of the keto group in 5gb with high en-
antioselectivity to give 10, followed by cyclization to 11 would
constitute a formal total synthesis of optically active tetra-
hydrocerulenin, since racemic 11 has been carried onto (%)-
tetrahydrocerulenin efficiently.!® Since both chiral centers are
set in the epoxidation of 11, and since this step went with complete
diastereoselectivity,'® high enantioselectivity in the conversion of
Sgb to 10 should thus be translated into a highly enantioselective
synthesis of 12.

Treatment of 5gb with 9-BBN,2° followed by isolation using
diethanolamine to remove boron residues produced racemic 11
in 66% yield. This constituted a formal synthesis of (£)-12. Use
of (-)-B-chlorodiisopinocamphenylborane (Ipc,BCI)* as a re-
ducing agent gave a 53% yield of 11 with a dismal 28% ee, as
determined by 'H NMR spectroscopy using Eu(hfc), as a chiral
shift reagent. The CBS reagent reduced a vy-ketosulfone with
excellent stereoselectivity (eq 13),?? a reaction thought to provide
a good analogy for the asymmetric reduction of Sgb. In the event,
reduction of 5gb with this system led to a quantitative yield of
11, with only 41% ee. The corresponding tert-butyl ester was
reduced with slightly better ee (60%) but still not sufficiently high
to be of use. For a more direct comparison, Z-vinyl sulfone Sge
was reduced using this reagent (eq 14). It gave a similarly low
ee (62%) suggesting that the geometry of the olefin played a
significant role in the asymmetric induction. Thus, the formal
synthesis of optically active 12 awaits the development of more
effective asymmetric reduction procedures.

o\
C[o oA
o) / H OoH

§
ptolozs/\)LcsH11 ptolOzs/\)KcsH”

N*B/o CBS >95% yield
04H9 91% ee
(13)
o "CBS" OH
ptolyOzs\=)LcsH17 ptoly023\=)\csH17

Sge , 13 66% yield

62% ee
(14)

Summary

Ester-stabilized ylides and alkoxychromium carbene complexes
combined to form captodative allenes under photolytic conditions.
These allenes were very reactive and underwent several very
stereoselective transformations. Both conjugated dienoic esters
and unsaturated 1,4-keto esters were produced from these allenes.
The stereochemistry about the double bonds in these products was
always cis. The formation of this isomer was explained by a
facial-selective protonation of the w-systems of the enol ether. One
face was blocked by the ester substituent.

The allene-forming reaction could not be extended to amino-
carbene complexes or to any other types of stabilized ylides. A
formal total synthesis of (+)-tetrahydrocerulenin was completed
by transforming an allene hydrolysis product into a butenolide
via the regiospecific reduction of the ketone moiety followed by
lactonization.

Experimental Section

General Methods. Irradiation of the reaction mixtures were carried
out in (a) a Pyrex pressure tube supplied by Ace Glass fitted with a
pressure-retaining head capable of holding at least 150 psi or (b) a Pyrex
test-tube for reactions not requiring CO. The reaction mixture was

(20) Krishnamurthy, S.; Brown, H. C. J. Org. Chem. 1977, 42, 1197.

(21) Brown, H. C.; Chandrasekharan, J.; Ramachandran, P. V. J. Am.
Chem. Soc. 1988, 110, 1539.

(22) Corey, E. J.; Bakshi, R. K. Tetrahedron Lett. 1990, 3], 611.
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Scheme II
OR benzene
(cO)sCr={  + PhyPCHX
R CO, hv
R R’ X
1a tBu Et 2a CO,Bn
1b  Me Me 2b CO;Me
1ic  nBu Me 2c CO,tBu
1d Me Bn 2d COMe
2e SOjolyl
1e  cyclopropyl Me
1f Ph Me
19 nCy Me
1h  CHx=CH(CH,); Me
11 -(CHp)s
1} Me tBuMe,Si
1k Et Me

placed 10 cm from a Conrad-Hanovia 7825 medium-pressure mercury
lamp operating at 450W, which was placed in a water-cooled immersion
well.

Materials. Tetrahydrofuran and diethyl ether were distilled from
benzophenone ketyl under a nitrogen atmosphere prior to use. Benzene,
methylene chloride, toluene, and acetonitrile were distilled from CaH,
prior to use. Chromium hexacarbonyl was supplied by Pressure Chem-
icals. Octyllithium was prepared from octyl bromide and lithium metal
according to the published procedure for the production of n-BuLi.?

The following compounds were prepared according to literature
methods:  [(methoxy)(methyl)carbene]pentacarbonylchromium(0)
(1b),%* [(methoxy)(ethyl)carbene]pentacarbonylchromium(0) (1k),%
[(benzyloxy)(methyl)carbene]pentacarbonylchromium(0) (1d),%¢
[(methoxy)(butyl)carbene]pentacarbonylchromium(0) (1¢),2” [(meth-
oxy)(cyclopropyl)carbene]pentacarbonylchromium(0) (1e),”® [(meth-
oxy)(phenyl)carbene]pentacarbonylchromium(0) (1f),% [(methyl)((tet-
ramethylammonio)oxy)carbene]pentacarbonylchromium(0),* pyridini-
um p-toluenesulfone (PPTS),’! (benzyloxycarbonyl)methylenetri-
phenylphosphorane (2a),3? (carbomethoxy)methylenetriphenyl-
phosphorane (2b),** (carboethoxy)(methyl)methylenetriphenyl-
phosphorane (2f),* fluorenyldienetriphenylphosphorane (2g),* acetyl-
methylenetriphenylphosphorane (2d),>® (3-carbomethoxy-2-propen-1-
ylidene)triphenylphosphorane (21),%¢ a-methoxypropiony! chloride,*” bu-
tyrolactone-a-triphenylphosphorane (2h),*® (S)-tetrahydro-1-n-butyl-
3,3-diphenyl-1H,3H-pyrrolo-[1,2-¢][1,3,2)oxazaborole,*® tosyl-
methylenetriphenylphosphorane (2e),* (carbo-ters-butoxy)methylene-
triphenylphosphorane (2¢).*

(23) Brandsma, L.; Verkruijsse, H. Preparative Polar Organometallic
Chemistry; Springer-Verlag: Berlin, Vol. 1, 1987; p 17.

(24) Hegedus, L. S.; McGuire, M. A,; Schultze, L. M. Org. Synth. 1987,
65, 140.

(25) Fischer, E. O.; Fischer, H. Chem. Ber. 1974, 107, 657.

(26) Hafner, A.; Hegedus, L. S.; deWeck, G.; Hawkins, B.; Détz, K. H.
J. Am. Chem. Soc. 1988, 110, 8413.

(27) Yamashita, A. (Upjohn) Eur. Pat. Appl. EP 146,348.

(28) Conner, J. A.; Jones, E. M. J. Chem. Soc., Dalton Trans. 1973, 2119.

(29) Fischer, E. O.; Kreiter, C. G.; Kollmeier, H. J.; Miiller, J.; Fischer,
R. D. J. Organomet. Chem. 1971, 28, 237.

(30) Fischer, E. O.; Maasbdl, A. Chem. Ber. 1967, 100, 2445,

(31) Miyashita, N.; Yoshikoshi, A.; Grieco, P. A. J. Org. Chem. 1977, 42,
3772.

(32) Chopard, P. A. Helv. Chim. Acta 1967, 50, 1016.

(33) Isler, O.; Gutmann, H.; Montavon, M.; Riiegg, R.; Ryser, G.; Zeller,
P. Help. Chim. Acta 1957, 40, 1242,

(34) (a) Pinck, L. A,; Hilbert, G. E. J. Am. Chem. Soc. 1947, 69, 723. (b)
Horner, V. L,; Lingnau, E. Justus Liebigs Ann. Chem. 1955, 591, 135.

(35) Ramirez, F.; Dershowitz, S. J. Org. Chem. 1957, 22, 4.

(36) Buchta, E.; Andree, F. Chem. Ber. 1959, 92, 3111.

(37) (a) Freudenberg, K.; Markert, L. Chem. Ber. 1927, 60, 2447. (b)
Hamon, D. P. G.; Trenerry, V. C. Aust. J. Chem. 1980, 33, 809.

(38) Fotiadu, F.; Archavlis, A.; Buono, G. Tetrahedron Lett. 1990, 31,
4859.

(39) Mathre, D. J.; Jones, T. K.; Xavier, L. C.; Blacklock, T. J.; Reamer,
R. A;; Mohan, J. J; Jones, E. T.; Hoogsteen, K.; Baum, M. W.; Grabowski,
E. J. J. Org. Chem. 1991, 56, 751.

(40) VanLeusen, A. M.; Reith, B. A.; Iedema, A. J. W; Strating, J. Recl.
Trav. Chim. Pays-Bas 1972, 91, 37.

(41) Griffiths, G. F.; Kenner, S. W.; McCombie, S. W.; Smith, K. M,;
Sutton, M. J. Tetrahedron 1976, 32, 275.

J. Am. Chem. Soc., Vol. 114, No. 11, 1992 4083

R‘°>= =<X Et,0 / HCI o X

R H Z
3aa 3ae 3be 5aa 86%
3ba 3bb 5ba 78%
3da 3P Sca 84%
Sda 75%
Sea 79%
PPTS/CH,Cl, Sha 42%
5ja 34%
Sae 69%
OR X Sbe 55%
» 5ee 58%
R \F 5fb  33%
Sgb  81%
4ba (R"=H) 79% S59c  75%
4ca (R"=nPr) 80% (4/1) 50d  19%
4da (R"=H) 68% 5ge 60%

4la  (R"R'=(CHp);) 31%
4ka (R"=Me) 74% (4/1)

[(Ethoxy) (tert-butyl)carbene]pentacarbonylchromium(0) (1a). This
carbene complex was prepared via a modification of Semmelhack and
Lee’s method.#? An Airless flask containing 10 mmol K,Cr(CO);* in
100 mL of THF was cooled to —78 °C. Pivaloyl chloride (1.23 mL, 10
mmol) was added under Ar into the flask. The green-black mixture was
stirred at =78 °C for 15 min. The mixture was warmed to 25 °C over
2 h, and the volatiles were removed under vacuum. The black-green
residue taken up in 150 mL of chilled, degassed H,0, and Et,O*BF,” (1.9
g, 10 mmol) was added at 25 °C. The resulting yellow mixture was
stirred for 15 min at 25 °C. After filtration through Celite, the aqueous
layer was extracted with 4-50 mL portions of hexane. The combined
hexane extracts were dried over Na,SO,, filtered, and concentrated under
reduced pressure. The crude carbene complex was purified by flash
chromatography (SiO,, hexanes) to yield 1.80 g (59%) of 1a as an orange
oil. The material was identical in all respects with that previously de-
scribed.?

[(3-Bromopropyloxy) (methyl) carbenelpentacarbonylchromium(0). To
a stirred, —40 °C suspension of [(methyl)[(tetramethylammonio)oxy]-
carbene]pentacarbonylchromium(0) (2.30 g, 7.44 mmol) in CH,Cl, (150
mL) under argon was added pivaloyl chloride (0.898 g, 7.44 mmol) over
S min. After 1.3 h, 3-bromopropanol (1.03 g, 7.44 mmol) was added to
the now red suspension. The reaction was slowly warmed to room tem-
perature over 14 h before Al,O; (5 g) was added. All of the volatiles
were removed under reduced pressure, and the crude material was pu-
rified by column chromatography (SiO,, 5% Et,O/hexane) to yield 2.35
g (6.57 mmol, 88%) of the carbene complex as a yellow oil: 'H NMR
(270 MHz, CDCl,) ¢ 2.53 (quint, 2 H, J = 6.0 Hz, -CH,CH,CH,-),
2.97 (s, 3 H, CH,), 3.63 (t, 2 H, J = 3.6 Hz, BrCH;-), 5.01 (brs, 2 H,
CrOCH,-).

(2-Oxacyclohexylidene)pentacarbonylchromium(0) (1i). To a solution
of [(3-bromopropyloxy)(methyl)carbene]pentacarbonylchromium(0)
(1.97 g, 5.52 mmol) in THF (200 mL) under argon at —78 °C was added
a solution of lithium hexamethyldisilazide (6.07 mmol) in THF (10 mL,
precooled to =78 °C). The reaction mixture was allowed to warm to
room temperature slowly overnight. Al,O; (5 g) was added in one portion
to the reaction mixture, and the solvent was removed under reduced
pressure. The crude solid material was purified by column chromatog-
raphy (silica gel, 3% Et,O/hexanes) to yield 1.01 g (3.67 mmol, 66%)
of complex 1i as and orange solid. Spectroscopic data were consistent
with material prepared by a different route:* 'H NMR (300 MHz,
CDCl;) 6 1.65 (quint, 2 H, J = 7.1 Hz, CH,), 1.88 (quint,2 H, J = 6.6
Hz, CH,), 3.51 (t, 2 H, J = 6.8 Hz, -CH,C=Cr), 4.63 (t,2 H, J = 6.0
Hz, -CH,0-); 3*C NMR (75.5 MHz, CDCl;) § 15.8, 21.3, 52.8, 74.9,
216.7 (cis CO), 224.0 (trans CO), 355.9 (Cr=C); IR (film) » 2062
(CO), 1936 (CO) cm™,

(42) Semmelhack, M. F,; Lee, G. R. Organometallics 1987, 6, 1839.

(4%) Schwindt, M. A; Lejon, T.; Hegedus, L. S. Organometallics 1990,
9, 2814.

(44) Dotz, K. H,; Strum, W. J. Organomet. Chem. 1988, 285, 205.

(45) (a) Détz, K. H.; Grotjahn, D.; Harms, K. Angew. Chem., Int. Ed.
Engl. 1989, 28, 1384; (b) Hegedus, L. S.; Schultze, L. M.; Montgomery, J.
Organometallics 1989, 8, 2189.

(46) Chien, C.-S.; Kawaski, T.; Sakamoto, M.; Tamura, Y.; Kita, Y.
Chem. Pharm. Bull. 1988, 33, 2743.

(47) Gao, Y.; Hanson, R. M,; Klunder, J. M.; Ko, S. Y.; Masamune, H.;
Sharpless, K. B. J. Am. Chem. Soc. 1987, 109, 5765.
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[(Methoxy) (n-octyl)carbene]pentacarbonylchromium(0) (1g). n-
Octyllithium (16.1 mL of a 2.05 M solution in Et,0) was added dropwise
to a stirred suspension of Cr(CO); (6.60 g, 30 mmol) in Et,O (175 mL)
under argon over a period of 5 min. The reaction mixture was allowed
to stir at room temperature for 4 h, and the volatiles were removed under
reduced pressure. The dark residue was taken up in water (100 mL), and
Me;OBF, was added until the suspension became acidic (~5 g). The
aqueous suspension was extracted with Et,O (3 X 100 mL). The com-
bined ether extracts were dried over MgSO, and filtered, and the solvent
was removed under reduced pressure. To remove excess Cr(CO),, the
yellow residue was taken up in absolute EtOH (20 mL) and filtered
through a pad of Celite. The ethanol was removed under reduced
pressure, and the crude carbene complex was purified by column chro-
matography (SiO,, hexanes) to yield 8.46 g (24.3 mmol, 81%) of 1g as
a yellow oil. This material was relatively unstable and would decompose
after several hours: 'H NMR (300 MHz, CDCl;) 6 0.88 (t,3 H, J =
7.0 Hz, -CH,), 1.26 (br s, 10 H, (CH,)s, 1.47 (m, 2 H, CH,), 3.35 (m,
2 H, =C(OCH,)CH;-), 4.76 (s, 3 H, OCH3,); 1*C NMR (75.5 MHz,
CDCl;) 6 14.07, 22.64, 26.33, 29.07, 29.26, 29.30, 31.78 (CH,), 63.13,
67.57, 216.44 (cis CO), 223.20 (trans CO), 363.78 (carbene C); IR
(film) » 2959, 2928, 2857, 2062 (CO), 1920 (CO), 1455, 1256, 1164,
1122 cm™; MS (EI) m/e 284 (M-2 CO).

[(Methoxy) (3-butenyl)carbene]pentacarbonylchromium(0) (1h). To
a solution of [(methoxy)(methyl)carbene]pentacarbonylchromium(0)
(1b) (0.580 g, 2.32 mmol) in THF (25 mL) under argon at =78 °C was
added n-BuLi (1.20 mL, 1.93 M solution in hexanes). After 10 min, allyl
bromide (0.285 g, 2.32 mmol) was added by syringe. The reaction
mixture was allowed to warm to room temperature over 20 h. Silica gel
(1.0 g) was added, and the solvent was removed under reduced pressure.
The crude material was purified by column chromatography (SiO,,
hexanes, R;0.36) to yield 0.522 g (1.8 mmol, 78%) of a yellow oil that
was comprised of 1h (75%) and the bisalkylation product (25%): 'H
NMR (270 MHz, CDCl;) 4 2.23 (q, 2 H, J = 7.0 Hz, =CCH,), 3.42
(t, 2 H, J = 7.6 Hz, Cr=CCH),), 4.79 (s, 3 H, OCHj3), 5.04 (m, 2 H,
=CH,), 5.74 (m, 1 H, =CH).

[((tert-Butyldimethylsilyl)oxy)(methyl)carbene]pentacarbonyl-
chromium(0) (1j). To a solution of [(methyl)[(tetramethylammonio)-
oxy]carbene] pentacarbonylchromium(0) (1.55 g, 5.0 mmol) in CH,Cl,
(100 mL) at 0 °C under argon was added tert-butyldimethylsilyl chlo-
ride. The temperature was slowly warmed to 24 °C, and after 14 h, the
solvent was removed under reduced pressure with the careful exclusion
of oxygen. Dry, degassed pentane (3 X 3 mL) was added to the residual
solid, and the resulting suspension was filtered through a pad of Celite
under airless conditions. The filtrate was concentrated under water
aspirator pressure and then under full vacuum (1.0 mmHg) to yield 1.02
g (2.82 mmol, 65%) of 1j as a yellow solid that melted slightly above
room temperature: 'H NMR (300 MHz, CDCl,) 4 0.37 (s, 6 H, Me,Si),
1.08 (s, 9 H, Me;C), 2.97 (s, 3 H, CH;C=Cr); *C NMR (75.5 MHz,
CDCl;) § -3.1 (Me,Si), 18.4 (Me; (), 25.3 (Me;C), 51.7 (CH,C=Cr),
216.7 (cis CO), 224.6 (trans CO), 374.9 (carbene C); IR (film) » 3360,
3019, 2063 (CO), 1943 (s, CO) cm™!; MS (EI) m/e 350 (M*),

[(N-Carbonyl(tert-butyloxy)amino) (methyl)carbene]pentacarbonyl-
chromium(0) (1L).* To a suspension of [(methyl)[(tetramethyl-
ammonio)oxy]carbene]pentacarbonylchromium(0) (2.00 g, 6.48 mmol)
in CH,Cl, (100 mL) under argon at —35 °C was added acetyl bromide
(0.80 g, 6.48 mmol) dropwise over S min. The resulting deep red solution
was stirred for 15 min before a solution of O-tert-butyl carbamate (1.14
g, 9.72 mmol) in CH,Cl, (40 mL, degassed) was added to the reaction
mixture. This mixture was stirred at —35 °C for 2 h and was then slowly
warmed to 25 °C over 6 h. The reaction mixture was filtered through
a pad of Celite, and the solvent was removed under reduced pressure.
The residue was purified by column chromatography (silica gel, 9:1
hexanes/EtOAc) to yield 1.57 g of complex (1L) (4.67 mmol, 72%) as
an orange solid. Recrystallization from hexanes yielded an analytically
pure sample: mp 73-76 °C dec; 'H NMR (270 MHz, CDCl;) é major
rotomer 1.57 (s, 9 H, C(CH,),), 3.38 (s, 3 H, CH,), 10.11 (s, 1 H, NH);
minor rotomer 1.60 (s, 9 H, C(CHj,),), 3.02 (s, 3 H, CH3), 9.66 (s, 1 H,
NH); ¥C NMR (75.5 MHz, CDCl;) § major rotomer 27.75 (C(CH,);),
42.51 (CHs;), 85.51 (C(CHs);), 143.90 (CO), 216.36 (trans CO), 223.19
(cis CO), 323.96 (carbene C); IR (neat) » 2060, 1937, 1775 cm™}; MS
(EI) 336 (M*). Anal. Calcd for C;H;;NO,Cr: C, 42.99; H, 3.91; N,
4.18. Found: C, 42.80; H, 4.07; N, 4.13.

General Procedures for the Synthesis of Allenes: Photoreaction Pro-
cedure A, A solution of chromium—carbene complex (1.0 equiv), phos-
phorus ylide (1.05-1.1 equiv), and hydroquinone (0.05 equiv) in dry
benzene (0.05 M) under carbon monoxide (50—-100 psi) was irradiated
until the carbene complex was completely consumed, as indicated by
TLC analysis (12-16 h). The solvent was removed under reduced
pressure, which left the crude allene contaminated with triphenyl-
phosphine oxide and chromium hexacarbonyl.

Sestrick et al.

Photoreaction Procedure B. A solution of chromium-carbene complex
(1.0 equiv), phosphorus ylide (1.1 equiv), and hydroquinone (0.05 equiv)
in dry CH,CN (0.05 M) under argon was irradiated until the carbene
complex was completely consumed, as indicated by TLC analysis (10-16
h). The solvent was removed under reduced pressure, and the residual
material was taken up in ethyl acetate/hexanes (1:1 mixture, 0.025 M).
The resulting suspension was filtered through Celite and then was placed
in a light box equipped with six 20W Vitalite fluorescent lamps for air
oxidation of the chromium-containing byproducts. After 2-3 days the
solution was colorless, and the insoluble chromium impurities were re-
moved by filtration through Celite. The clear filtrate was concentrated
under reduced pressure, which left triphenylphosphine oxide and a mix-
ture of allene and diene.

Benzyl 5,5-Dimethyl-4-ethoxy-2,3-hexadienoate (3aa). [(Ethoxy)-
(tert-butyl)carbene] pentacarbonylchromium(0) (1a) (0.360 g, 1.0 mmol)
and (benzyloxycarbonyl)methylenetriphenylphosphorane (2a) (0.451 g,
1.1 mmol) were subjected to photolysis procedure A. Purification of the
crude material by column chromatography (basic Al,05, 2% Et;N/pe-
troleum ether, R, 0.22 on Al,O; TLC plate eluted with hexane) gave
0.163 g (0.60 mmol, 60%) of 3aa as a colorless oil: 'H NMR (300 MHz,
CDCl3) 4 1.10 (s, 9 H, C(CHs);), 1.24 (t, 3 H, J = 7.0 Hz, -CH,CH,),
3.58 (dq, 1 H,J = 12.5,7.0 Hz, OCHHCH,), 3.59 (dq, 1 H, J = 12.5,
7.0 Hz, OCHHCH;), 5.14 (d, 1 H, J = 12.5 Hz, CO,CHHPh), 5.22 (d,
1 H,J =126 Hz, CO,CHHPh), 6.14 (s, 1 H, allene H), 7.36 (m, S H,
PhH); !3C NMR (75.5 MHz, CDCl;) § 14.40 (CH3), 27.74 (C(CH,);),
34.42 (C(CHs),), 65.29 (OCH,), 66.28 (OCH,), 99.53 (=CH), 127.83,
128.01, 128.42, 136.10 (=C), 145.92, 165.85 (CO), 207.66 (=C=); IR
(film) » 1939 (C=C=C), 1723 (CO), 1573 cm™!; MS (EI) m/e 274
(M), 275 (M + 1). Anal. Caled for C,;H,0;: C, 74.42; H, 8.08.
Found: C, 74.61; H, 8.22.

Methy]l 4-Methoxy-2,3-pentadienoate (3bb). [(Methoxy)(methyl)-
carbene]pentacarbonylchromium(0) (1b) (0.250 g, 1.0 mmol) and
(carbomethoxy)methylenetriphenylphosphorane (2b) (0.367 g, 1.1 mmol)
were subjected to photolysis procedure A. The crude reaction mixture
was taken up in 1-2 mL of CH,Cl;, and hexane (15 mL) was added to
precipitate most of the Ph;P=0. The mixture was filtered through
Celite, and the solvent was removed under reduced pressur to give 3bb
contaminated with Ph,P—0: 'H NMR (270 MHz, CDCl;) 4 1.97 (d,
3 H,J=2Hz,=CCHs,), 342 (s, 3 H, OCH,), 3.72 (s, 3 H, CO,CH,),
6.11 (g, 1 H, J = 2 Hz, =CH); ®C NMR (75.5 MHz, CDCl,) § 17.74
(CH,;), 51.84 (CO,CH,), 56.84 (OCH3;), 98.58 (=CH), 165.22 (CO),
207.61 (=C=), one allene signal is underneath Ph;P=0 signals IR
(film) » 1939 (C=C==C), 1727 (CO) ecm™.,

Benzyl 4-Methoxy-2,3-pentadiencate (3ba). [(Methoxy)(methyl)-
carbene]pentacarbonylchromium(0) (1b) (0.250 g, 1.0 mmol) and
(benzyloxycarbonyl)methylenetriphenylphosphorane (2a) (0.451 g, 1.1
mmol) were subjected to photolysis procedure A. The crude reaction
mixture was taken up in 1-2 mL of CH,Cl,, and hexane (15 mL) was
added to precipitate most of the PhyP=0O. The mixture was filtered
through Celite, and the solvent was removed under reduced pressure to
give 3ba contaminated with Ph,P=0: 'H NMR (270 MHz, CDCl;) §
1.90 (d,3 H, J = 2.5 Hz, =CCH,), 3.34 (s, 3 H, OCH,), 5.09 (d, 1 H,
J =12.5 Hz, CO,CHHPh), 5.15 (d, 1 H, J = 12.5 Hz, CO,CHHPh),
6.07 (4, 1 H, J = 2.5 Hz, =CH); *C NMR (75.5 MHz, CDCl,) 4 17.69
(CHs;), 56.88 (OCH3), 66.37 (CO,CH,), 98.72 (=CH), 164.51 (CO),
208.12 (=C==), one allene signal and ArC signals are underneath
Ph;P=0 signals; IR (film) » 1932 (C=C=C), 1724 (CO) cm!,

Methyl 4-Methoxy-4-phenyl-2,3-butadienoate (3fb). [(Methoxy)-
(phenyl)carbene]pentacarbonylchromium(0) (1f) (0.311 g, 1.0 mmol)
and (carbomethoxy)methylenetriphenylphosphorane (2b) (0.367 g, 1.1
mmol) were subjected to photolysis procedure A. The crude reaction
mixture was taken up in 1-2 mL of CH,Cl,, and hexane (15 mL) was
added to precipitate most of the Ph,P=0O. The mixture was filtered
through Celite, and the solvent was removed under reduced pressure to
give 3fb contaminated with Ph;P=0Q: 'H NMR (270 MHz, CDCl,) §
3.66 (s, 3 H, OCH,), 3.78 (s, 3 H, CO,CH,), 6.53 (s, 1 H,=CH), PhH
(underneath Ph;P=0 signals); }*C NMR (75.5 MHz, CDCl;) § 51.98
(CO,CH;), 56.99 (OCH;), 102.43 (=CH), 164.25 (CO), 210.01 (=
C==), one allene signal and ArC signals are underneath Ph;P=0 signals;
IR (film) » 1940 (C=C=C), 1724 (CO) cm™.

Benzyl 4-(Benzyloxy)-2,3-pentadiencate (3da). [(Benzyloxy)(meth-
yl)carbene] pentacarbonylchromium(0) (1d) (0.326 g, 1.0 mmol) and
(benzyloxycarbonyl) methylenetriphenylphosphorane (2a) (0.451 g, 1.1
mmol) were subjected to photolysis procedure A. The crude reaction
mixture was taken up in 1-2 mL of CH,Cl,, and hexane (15 mL) was
added to precipitate most of the Ph;P=0. The mixture was filtered
through Celite, and the solvent was removed under reduced pressure to
give 3fb contaminated with Ph;P=0: 'H NMR (270 MHz, CDCl;) &
2.05(d,3H,J=25Hz CH,),4.56 (d, 1 H, J = 12.5 Hz, OCHHPh),
463 (d, 1 H,J =125 Hz, OCHHPH), 5.20 (s, 2 H, CO,CH,Ph), 6.14
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(g, 1 H, J = 2.4 Hz, =CH), PhH (underneath Ph,P==0 signals); }*C
NMR (75.5 MHz, CDCl;) 6 17.86 (CH;), 66.04 (OCHS,), 66.33 (OC-
H,), 98.48 (=CH), 164.34 (CO), 208.20 (=C==), one allene signal and
ArC signals are underneath Ph;P==0 signals; IR (film) » 1939 (C=
C=C), 1723 (CO) cm™.
3-Metboxy-1-(p-tolylsulfonyl)-1,2-butadiene (3be). [(Methoxy)-
(methyl)]pentacarbonylchromium(0) (1b) (0.063 g, 0.25 mmol) and
tosylmethylenetriphenylphosphorane (2e) (0.113 g, 0.26 mmol) were
subjected to photolysis procedure A. A few milliliters of CH,Cl, were
added to dissolve all of the ylide. The crude reaction mixture was taken
up in 1-2 mL of CH,Cl; and hexane (15 mL) was added to precipitate
most of the Ph;P==0. The mixture was filtered through Celite, and the
solvent was removed under reduced pressure to give 3be contaminated
with Ph;P==O: 'H NMR (270 MHz, CDCl;) 6§ 1.91 (d,3H,J =23
Hz, =CCH,), 2.44 (s, 3 H, ArCH;), 3.39 (s, 3 H, OCH3), 6.61 (g, 1 H,
J = 2.3 Hz, =CH); }*C NMR (75.5 MHz, CDCl;) § 17.91 (CH;), 21.58
(ArCH,), 57.57 (OCH,;), 109.83 (=CH), 199.27 (=C==), one allene
signal and ArC signals are underneath Ph;P==0 signals; IR (film) » 1947
(C=C=C), 1314, 1144 (SO,) cm™.,
3-Ethoxy-4,4-dimethyl-1-(p-tolylsulfonyl)-1,2-pentadiene (3ae).
[(Ethoxy)(tert-butyl)carbene]pentacarbonylchromium(0) (1a) (0.113 g,
0.37 mmol) and tosylmethylenetriphenylphosphorane (2e) (0.160 g, 0.37
mmol) were subjected to photolysis procedure A. A few milliliters of
CH,Cl, were added to dissolve all of the ylide. The crude reaction
mixture was taken up in 1-2 mL of CH,Cl,, and hexane (15 mL) was
added to precipitate most of the Ph;P==0. The mixture was filtered
through Celite, and the solvent was removed under reduced pressure to
give 3ae contaminated with Ph,P==0: 'H NMR (300 MHz, CDCl,) §
0.97 (s, 9 H, C(CH,)3), 1.23 (t, 3 H, J = 7.0 Hz, CH,CH,), 2.41 (s, 3
H, ArCH;), 348 (9, 1 H, J = 7.1 Hz, OCHH), 349 (g, 1 H,J/=7.0
Hz, OCHH), 6.63 (s, 1 H,=CH), PhH (underneath Ph;P==0 signals);
1BC NMR (75.5 MHz, CDCl,;) § 14.33 (CH,CHj,), 21.56 (ArCH3), 27.45
(C(CH,)3), 35.14 (C(CH,),), 66.12 (OCH,), 110.62 (=CH), 198.39
(=C=), one allene signal and ArC signals are underneath Ph,P=0
signals; IR (film) » 1936 (C=C==C), 1316, 1142 (SO,) cm™’.

General Procedure for Allene to Diene Isomerization. The crude allene
from the photoreaction (procedure A or B) and PPTS (0.05 g) were
dissolved in dry CH,Cl; (0.025 M). The yellow solution was stirred at
room temperature, under argon, for 24 h. The methylene chloride was
removed under reduced pressure, which afforded the crude diene. The
diene was purified by column chromatography (silica gel which had been
previously washed with hexanes/Et;N (4:1) followed by copious amounts
of hexanes to remove any excess Et;N, and then it was thoroughly dried
under reduced pressure (1.0 mmHg for 12 h)). Hexanes were used to
elute the residual Cr(CO), (photoreaction procedure A) followed by
hexanes/Et,O (98:2) to elute the diene.

Benzyl (Z)-4-Methoxy-2,4-pentadienoate (4ba). [(Methoxy)(meth-
yl)carbene]pentacarbonylchromium(0) (1b) (0.125 g, 0.5 mmol) and
(benzyloxycarbonyl)methylenetriphenylphosphorane (2a) (0.216 g, 0.525
mmol) were subjected to photolysis procedure A and the general allene
isomerization procedure to yield 0.086 g (0.4 mmol, 79%) of diene (4ba)
as a colorless oil: 'H NMR (300 MHz, CDCl;) 4 3.40 (s, 3 H, OCH,),
427 (d,J =23 Hz,=CHH), 433 (d,1 H, J = 2.3 Hz, =CHH), 5.19
(s, 2 H, CO,CH,Ph), 5.82 (d, 1 H,J = 12.4 Hz,=CH), 6.11 (d, 1 H,
J = 12.4 Hz, =CH), 7.26-7.49 (m, 5 H, PhH); }*C NMR (75.5 MHz,
CDCl,) 6 54.81 (OCH3), 66.35 (OCH,), 89.74 (=C), 120.28, 128.16,
128.47, 128.57, 131.91, 135.92, 157.47, 167.47 (CO); IR (film) » 1732
(CO), 1644, 1588 cm™!; MS (EI) m/e 218 (M). Anal. Calcd for
Ci H;04: C, 71.54; H, 6.47. Found: C, 71.39; H, 6.25.

Benzyl 4-Methoxy-2Z ,4E (Z)-hexadienoate (4ka). [(Methoxy)-
(ethyl)carbene]pentacarbonylchromium(0) (1k) (0.287 g, 1.09 mmol)
and (benzyloxycarbonyl)methylenetriphenylphosphorane (2a) (0.490 g,
1.20 mmol) were subjected to photolysis procedure A (16 h) and the
general allene isomerization procedure to yield 0.187 g of 4ka (0.81
mmol, 81%) as a 4:1 mixture of isomers. Separation of the two isomers
by chromatography was not successful: 'H NMR (270 MHz, CDCl;)
& major isomer 1.70 (d, 3 H, J = 7.3 Hz, -CH,), 3.45 (s, 3 H, OCH,;),
5.18 (s, 2 H, CO,CH,Ph), 5.26 (g, 1 H, J = 7.3 Hz, =CHCH,), 5.72
(d, 1 H, J = 12.2 Hz, =CH), 6.09 (d, 1 H, J = 12.2 Hz, =CH),
7.28-7.46 (m, 5 H, PhH); minor isomer 1.68 (d, 3 H, J = 7.2 Hz, —-CH,),
3.34 (s, 3 H, OCH;), 477 (g, 1 H,J = 7.2 Hz, =CHCH,;), 5.18 (s, 2
H, CO,CH,Ph), 585 (d, 1 H,J =122 Hz,=CH), 644 (d, 1 H,J =
12.2 Hz, =CH), 7.28-7.46 (m, 5 H, PhH); *C NMR (67.9 MHz,
CDCl;) § major isomer 11.06 (CH;), 59.00 (OCH3;), 66.31 (CO,CH,),
117.22, 118.52, 128.06, 128.37, 128.58, 133.93, 135.92, 153.06, 167.34
(CO); minor isomer 11.72 (CH,), 54.47 (OCH,), 66.22 (CO,CH,),
99.89, 120.48, 128.37, 128.58, 128.64, 133.93, 136.01, 151.12, 167.51;
IR (film) » 1728 (CO), 1612 (C=C) ecm™'; MS (NH,CI) m/e 233 (M
+ 1). Anal. Calcd for C,¢H,¢0;: C, 72.39; H, 6.94. Found: C, 72.19;
H, 6.87.
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When photolysis procedure B was used (photoreaction = 8 h, air
oxidation = 36 h), the same carbene complex (0.264 g, 1.0 mmol) and
ylide (0.431 g, 1.05 mmol) were transformed into 0.167 g (0.7 mmol,
70%) of diene 4ka with an identical 4:1 mixture of isomers.

Benzyl 4-Methoxy-2Z,4E (Z )-octadieneoate (4ca). [(Methoxy)(bu-
tyl)carbene]pentacarbonylchromium(0) (1c) (0.305 g, 1.04 mmol) and
(benzyloxycarbonyl)methylenetriphenylphosphorane (2a) (0.490 g, 1.20
mmol) were subjected to photolysis procedure A (16 h, substitute
CH,Cl,/Et,0 for benzene and no hydroquinone used) and general allene
isomerization procedure to yield 0.217 g (0.83 mmol, 80%) of 4ca as a
clear oil. The diene was a 4.7:1 mixture of isomers which were not
completely separated: 'H NMR (300 MHz, CDCl;) § major isomer 0.92
t, 3 H, J = 7.3 Hz, CHy), 139 (tq, 2 H, J = 7.3, 7.4 Hz,
—-CH,CH,CH;), 2.15 (g, 2 H, J = 7.4 Hz, =CCH,), 3.45 (s, 3 H,
OCH,;), 5.17 (s, 2 H, CO,CH,Ph), 5.18 (t, 1 H, J = 7.4 Hz, =CH), 5.74
(d, 1 H, J = 12.2 Hz, =CH), 6.11 (d, 1 H, J = 12.2 Hz, =CH),
7.25-7.45 (m, 5 H, PhH); minor isomer 0.90 (t, 3 H, J = 7.3 Hz, CH>),
1.39 (hex, 2 H, J = 7.3 Hz, -CH,CH,CH,;), 2.05 (g, 2 H, J = 7.4 Hz,
=CCH,), 3.35 (s, 3 H, OCH,), 4.72 (t, 1 H, J = 7.9 Hz, =CHPr), 5.18
(s, 2 H, CO,CH,Ph), 5.84 (d, 1 H, J = 12.2 Hz, =CH), 6.44 (d, 1 H,
J =12.2 Hz, =CH), 7.25-7.43 (m, 5 H, PhH); 3*C NMR (75.5 MHz,
CDCl;) 6 major isomer 13.83 (CHj;), 22.44 (CH,), 27.59 (CH,C=),
59.36 (OCH3;), 66.32 (OCH,Ph), 118.65, 122.92, 128.07, 128.38, 134.03,
135.87, 152.20, 167.39 (CO); minor isomer 13.59 (CH,), 23.67 (CH,),
28.61 (CH,C=), 54.48 (OCH,), 66.28 (OCH,PH), 105.85, 120.36,
128.11, 128.44, 128.51, 128.59, 136.02, 150.70, 167.79 (CO); IR (film)
v 1730 (CO), 1611 cm™; MS (EI) m/e 260 (M). Anal. Calcd for
C,¢Hy0;: C, 73.82; H, 7.74. Found: C, 74.00; H, 7.64.

Benzyl (Z)-4-(Benzyloxy)-2,4-pentadieneoate (4da). [(Benzyloxy)-
(methyl)carbene]pentacarbonylchromium(0) (1d) (0.326 g, 1.0 mmol)
and (benzyloxycarbonyl)methylenetriphenylphosphorane (2a) (0.431 g,
1.05 mmol) were subjected to photolysis procedure A (16 h, Et,0/
CH,Cl, substituted for benzene, no hydroquinone) followed by the gen-
eral allene isomerization procedure to yield 0.200 g (0.68 mmol, 68%)
of 4da as a colorless oil: 'H NMR (300 MHz, CDCl,) 6 4.37 (s, 2 H,
=CH,), 4.70 (s, 2 H, OCH,Ph), 4.71 (s, 2 H, CO,CH,Ph), 5.80 (d, 1
H,J = 12.4 Hz,=CH), 6.08 (d, 1 H, J = 12.4 Hz, =CH), 7.10-7.70
(m, 10 H, PhH); 13C NMR (75.5 MHz, CDCl;) § 66.08 (OCH,Ph),
69.88 (OCH,Ph), 90.94, 120.40, 127.89, 127.94, 128.14, 128.22, 128.27,
131.10, 135.60, 136.19, 156.41, 167.37 (CO); IR (film) » 1731 (CO),
1643 cm™; MS (NH;CI) m/e 295 (M + 1), 312 (M + 18). Anal. Calcd
for C;yH;30;: C, 77.53; H, 6.16. Found: C, 77.31; H, 6.15.

Benzyl (Z)-3-(6-(3,4-Dihydro-2H-pyranyl))-2-propenoate (4ia). (2-
Oxacyclohexylidene)pentacarbonylchromium(0) (11) (0.166 g, 0.6 mmol)
and (benzyloxy)methylenetriphenylphosphorane (2a) (0.247 g, 0.60
mmol) were subjected to photolysis procedure A (6 h, CH,Cl, substituted
for benzene, no hydroquinone). The crude material was purified by
column chromatography (10:1 silica gel/dry K,CO; (finely crushed), 5%
EtOAc/hexane, R, 0.19 on SiO, TLC plate with 5:1 hexane/Et,0) to
yield 0.045 g (0.18 mmol, 31%) of 4ia as a colorless oil: 'H NMR (300
MHz, CDCl,) 6 1.76 (tt, 2 H, J = 5.2, 6.2 Hz, -OCH,CH,CH;-), 2.10
(dt,2H,J = 4.2, 6.2 Hz, =CCH,), 3.81 (m, 2 H, OCH,-), 5.03 (t, 1
H,J = 4.2 Hz, =C(H)CH,-), 5.18 (s, 2 H, CO,CH,Ph), 5.69 (d, 1 H,
J =124 Hz,=CH), 5.96 (d, 1 H, J = 12.4 Hz, =CH), 7.25-7.45 (m,
5 H, PhH); 1*C NMR (75.5 MHz, CDCl,) 4 20.85, 21.74, 65.78 (OC-
H,), 66.29 (OCH,), 107.05, 117.59, 128.07, 128.42, 128.53, 131.80,
136.10, 149.91, 167.87 (CO); IR (film) » 1726 (CO), 1609 cm™*; high
resolution mass spectrum caled for C,sH,;0; [M] 244.1100, found
244.1100.

General Procedure for Allene Hydrolysis. Procedure A. The crude
material from the photoreaction (procedure A or B) was taken up in
diethyl ether (40 mL per mmol of allene) and an equivalent amount of
5% aqueous HCl solution. The biphasic mixture was stirred vigorously
for 16 h (some allenes required shorter times, see individual synthesis).
The layers were separated, and the aqueous portion was washed with
diethyl ether. The combined ether layers were washed with saturated
NaCl solution and dried over MgSO,. The solvent was rempoved under
reduced pressure, and the residue was purified by chromatography as
described in each synthesis.

Procedure B. The crude material from the photoreaction was taken
up in a mixture of THF and H,0 (9:1) made of 0.2 N in sulfuric acid
(40 mL per mmol of allene). The solution thus formed was stirred for
4 h and then diluted with saturated NaCl solution. The layers were
separated, and the aqueous layer was washed with Et,0. The combined
organic layers were dried over MgSO, and filtered, and the solvent was
evaporated under reduced pressure. The crude material was purified by
chromatography as described in each synthesis.

Benzyl (Z)-5,5-Dimethyl-4-0xo0-2-hexenoate (5aa). [(Ethoxy)(tert-
butyl)carbene] pentacarbonylchromium(0) (1a) (0.306 g, 1.0 mmol) and
(benzyloxycarbonyl)methylenetriphenylphosphorane (2a) (0.452 g, 1.1
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mmol) were subjected to photolysis procedure A followed by hydrolysis
procedure A (0.5 h). Purification by radial chromatography (2 mm SiO,,
10% Et,0/hexane, R,0.12) yielded 0.211 g of Saa (0.86 mmol, 86%) as
a colorless oil: 'H NMR (300 MHz, CDCl;) 6 1.16 (s, 9 H, C(CH,);),
5.16 (s, 2 H, CO,CH,Ph), 6.09 (d, 1 H, J = 12.2 Hz, =CH), 6.76 (d,
1 H, J = 12.2 Hz, =CH), 7.35 (s, 5 H, PhH); *C NMR (75.5 MHz,
CDCl,) 6 26.13 (CHs), 43.75 (C(CH3,)3), 66.92 (OCH,), 125.79, 128.36,
128.51, 135.20, 139.60, 152.78, 165.21 (CO), 208.40 (CO); IR (film)
v 1727 (CO), 1696 (CO), 1620 (C=C) cm™'; MS (EI) m/e 246 (M).
Anal. Calcd for CysH,304: C, 73.15; H, 7.37. Found: C, 72.86; H, 7.25.

Benzyl (Z)-4-Oxo-2-pentenoate (5ba). Procedure A. [(Methoxy)-
(methyl)carbene]pentacarbonylchromium(0) (1b) (0.125 g, 0.5 mmol)
and (benzyloxycarbonyl)methylenetriphenylphosphorane (2a) (0.216 g,
0.525 mmol) were subjected to photolysis procedure A followed by hy-
drolysis procedure A (12 h). The crude material was purified by column
chromatography (silica gel) eluting first with hexanes to remove Cr(CO);
and then with 2:1 hexane/Et,O to elute Sba (0.80 g, 0.39 mmol, 78%)
as a colorless oil (R,0.14 for 3:1 hexane/Et,0): 'H NMR (270 MHz,
CDCl,) 6 2.32 (s, 3 H, CH3), 5.19 (s, 2 H, CO,CH,Ph), 6.05 (d, 1 H,
J =12.1 Hz,=CH), 6.48 (d, 1 H, J = 12.1 Hz, =CH), 7.37 (s, S H,
PhH); 13C NMR (67 MHz, CDCl;) & 29.86 (CH;), 67.02 (OCH,),
124.27, 128.32, 128.47, 128.59, 135.20, 142.08, 164.96 (CO), 200.97
(CO); IR (film) » 1727 (CO), 1700 (CO), 1633 (C=C) cm™’. Anal.
Calcd for C;H;,05: C, 70.57; H, 5.92. Found: C, 70.17; H, 6.19.

Procedure B. The above procedure was repeated using hydrolysis
procedure B to yield 0.075 g of 5ba (0.37 mmol, 74%).

Procedure C. The procedure in method A was repeated using [(ben-
zyloxy)(methyl)carbene] pentacarbonylchromium(0) (1d) (0.163 g, 0.5
mmol) in place of the carbene complex listed to yield 0.076 g (0.37 mmol,
75%) of Sda.

Procedure D. [((tert-Butyldimethylsilyl)oxy)(methyl)carbene]penta-
carbonylchromium(0) (1j) (0.333 g, 0.95 mmol) and (benzyloxy-
carbonyl)methylenetriphenylphosphorane (2a) (0.460 g, 1.0 mmol) were
subjected to photolysis procedure A (15 h, Et,;0/CH,Cl, substituted for
benzene, no hydroquinone) and hydrolysis procedure A (20 h). The
crude material was purified by radial chromatography (2 mm silica gel,
5% Et,0O/hexanes) to yield 0.65 g (0.32 mmol, 34%) of 5ja.

tert-Butyl (Z)-4-Oxo-2-dodecenoate (5gc). [(Methoxy)(octyl)carb-
ene]pentacarbonylchromium(0) (1g) (174 mg, 0.5 mmol) and (carbo-
tert-butoxy)methylenetriphenylphosphorane (2¢) (207 mg, 0.55 mmol)
were subjected to photolysis procedure A (8 h) followed by hydrolysis
procedure A (13 h). The crude material was purified by flash chroma-
tography (SiO,, 9/1 hexanes/ ethyl acetate) to give 100 mg (75%) of Sgc
as a colorless oil: 'H NMR (270 MHz, CDCl;) 6 0.85 (br t, 3 H,
CH,CH;), 1.2-1.4 (m, 10 H, —=(CH,)s-), 1.46 (s, 9 H, C(CH3;);), 1.60
(m, 2 H, CH,), 2.56 (t,2 H, J = 7.5 Hz, CH,C=0), 591 (d, 1 H, J
= 12.1 Hz, =CH), 6.35 (d, 1 H, J = 12.1 Hz, =CH); ®C NMR (75.5
MHz, CDCl;) 6 14.01 (CH,), 22.58, 23.37 (CH,), 27.88 (CH3;), 29.05,
29.09, 29.28, 31.76, 42.75 (CH,), 81.88 (OC(CH3;);), 126.68 (=CH),
139.83 (=CH), 164.50 (C==0), 203.60 (C==0); IR (film) » 1728 (C=
0), 1625 (C=C) cm™. Anal. Calcd for C,(H»O;: C, 71.60; H, 10.51.
Found: C, 71.64; H, 10.74,

Methyl (Z)-4-Oxo-2-dodecenoate (Sgb). Method A. [(Methoxy)-
(octyl)carbene]pentacarbonylchromium(0) (1g) (0.560 g, 1.61 mmol)
and (carbomethoxy)methylenetriphenylphosphorane (2b) (0.591 g, 1.77
mmol) were subjected to photolysis procedure A (16 h, 30 mL benzene)
and hydrolysis procedure A (24 h). Purification by radial chromatog-
raphy (2 mm SiO,, hexanes followed by 5:1 hexane/Et,0, R;0.26 in 3:1
hexane/Et,0) gave 0.296 g (1.31 mmol, 81%) of 5gb as a colorless oil:
'H NMR (270 MHz, CDCl,) 6 0.88 (br t, 3 H, CH;), 1.24 (brs, 10 H,
—(CH,)s-), 1.65 (m, 2 H, -C(O)CH,CH;-), 2.60 (t, 2 H, J = 7.4 Hz,
C(0O)CH,-), 3.75 (s, 3 H, OCH,), 6.03 (d, 1 H, J = 12.2 Hz, =CH),
6.50 (d, 1 H, J = 12.2 Hz, =CH); !3*C NMR (75.5 MHz, CDCl,) §
13.97 (CH,), 22.53, 23.19, 29.01, 29.27, 31.72, 42.56 (CHy), 51.90
(OCH,), 124.19 (=C), 141.82 (=C), 165.67 (CO), 203.64 (CO); IR
(film) v 1728 (CO), 1706 (CO), 1628 (C=C) cm™!; MS (NH;CI) m/e
227 (M + 1), 244 (M + 18). Anal. Calcd for C,3H,,0;: C, 68.99; H,
9.80. Found: C, 68.96, H, 9.84.

Procedure B. In a Pyrex test tube, the same carbene complex (1.05
g, 3.0 mmol), ylide (1.10 g, 3.3 mmol), and hydroquinone (8 mg) were
dissolved in CH;CN (160 mL). The vessel was purged with argon and
was subjected to photolysis for 8 h. The volatiles were removed, and the
residual material was subjected to hydrolysis procedure A (100 mL of
Et,0, 80 mL of 5% aqueous HCI, 20 h). The crude material was then
taken up in EtOAc (50 mL) and hexanes (100 mL) for air oxidation (24
h). The suspension was filtered through a pad of Celite, and the solvent
was removed under reduced pressure. The residual brown oily solid was
purified by column chromatography (SiO,, 6:1 hexane/Et;0) to yield
0.390 g of S5gb (1.73 mmol, 58%).
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Benzyl (Z)-4-Oxo-2-octenoate (5ca). [(Methoxy)(butyl)carbene]-
pentacarbonylchromium(0) (1c) (0.147 g, 0.51 mmol) and (benzyloxy-
carbonyl)methylenetriphenylphosphorane (2a) (0.229 g, 0.56 mmol) were
subjected to photoreaction procedure A (15.5 h, Et,;0/CH,C], substi-
tuted for benzene) and allene hydrolysis procedure A (25 h). The crude
material was isolated by radial chromatography (2 mm SiO,, 5%
Et,O/hexane, R;0.22 in 3:1 hexane/Et,0) to yield 0.105 g of Sca (0.43
mmol, 84%) as a colorless oil: 'H NMR (200 MHz, CDCl;) 6 0.88 (t,
3 H,J=173Hz CH,), 1.30 (hex, 2 H, J = 7.2 Hz, -CH,CH,CH,), 1.57
(quint, 2 H, J = 7.2 Hz, -CH,CH,CH,), 2.56 (t, 2 H, J = 7.2 Hz,
—-CH,CO), 5.17 (s, 2 H, OCH,Ph), 6.04 (d, 1 H, J = 12.2 Hz, =CH),
6.50 (d, 1 H, J = 12.2 Hz, =CH), 7.35 (s, 5 H, PhH); }*C NMR (75.5
MHz, CDCl3) § 13.62 (CH,), 21.95 (CH,), 25.05 (CH,), 42.09 (OCH,),
66.71 (CO,CH,), 123.95, 128.21, 128.27, 128.34, 135.01, 142.10, 164.84
(CO), 203.42 (CO); IR (film) » 1725 (CO), 1699 (CO), 1625 cm™*; MS
(EI) m/e 245 (M). Anal. Calcd for C;sH,05: C, 73.15; H, 7.37.
Found: C, 72.99; H, 7.38.

Benzyl (Z)-Cyclopropyl-4-oxo-2-propenoate (5ea). [(Methoxy)(cy-
clopropyl)carbene]pentacarbonylchromium(0) (1e) (0.276 g, 1.0 mmol)
and (benzyloxycarbonyl)methylenetriphenylphosphorane (2a) (0.452 g,
1.1 mmol) were subjected to photolysis procedure A (16 h) followed by
hydrolysis procedure A (0.5 h). Purification by radial chromatography
(2 mm SiO,, elute first with hexanes then 3:1 hexane/Et,0, R, 0.34)
yielded 0.181 g (0.79 mmol, 79%) of Sea along with 0.016 g (0.07 mmol,
7%) of the trans isomer: 'H NMR (300 MHz, CDCl,) 4 0.94 (ddd, 2
H,J=19,7.9, 4.6 Hz, cyclopropyl HCH), 1.12 (ddd,2 H, J = 7.9, 4.6,
4.6 Hz, cyclopropyl HCH), 2.04 (tt, 1 H, J = 7.9, 4.6 Hz, cyclopropyl
CH), 5.18 (s, 2 H, CO,CH,Ph), 6.09 (d, 1 H, J = 12.1 Hz, =CH), 6.56
(d, 1 H,J = 12.1 Hz,=CH), 7.36 (s, 5 H, PhH); 13C NMR (75.5 MHz,
CDCl;) & 11.87 (CH,), 21.45 (CH), 66.86 (OCH,), 124.88, 128.31,
128.43, 135.11, 140.87, 165.01 (CO), 203.00 (CO); IR (film) » 1727
(CO), 1685 (CO), 1622 (C=C) em™; MS (EI) m/e 230 (M). Anal.
Calcd for C;(H,;O5: C, 73.03; H, 6.13. Found: C, 72.93; H, 6.06.

Benzyl (Z)-4-Oxo-2,7-octadienoate (5ha). [(Methoxy)(3-butenyl)-
carbene]pentacarbonylchromium(0) (1h) (0.390 g, 1.07 mmol) and
(benzyloxycarbonyl)methylenetriphenylphosphorane (2a) (0.459 g, 1.12
mmol) were subjected to photolysis procedure A (Et,0/CH,Cl, substi-
tuted for benzene, no hydroquinone, 10 h) followed by hydrolysis pro-
cedure A (20 h). Purification by radial chromatography (2 mm SiO,,
10% Et,0/hexanes, R;0.25 in 3:1 hexanes/Et,0) yielded 0.110 g (0.45
mmol, 42%) of Sha as a colorless oil: 'H NMR (270 MHz, CDCl;) &
2.34 (g, 2 H, J = 7.2 Hz, CH,C=), 2.67 (t, 2 H, J = 7.2 Hz, C(0)-
CH;-), 5.00 (m, 2 H, =CH,), 5.16 (s, 2 H, OCH,), 5.79 (m, 1 H,
CH,=—CH-),6.04 (d, 1 H,J =121 Hz,=CH), 6.48 (d, 1 H,J = 12.1
Hz,=CH), 7.35 (s, 5 H, PhH); *C NMR (75.5 MHz, CDCl,) § 27.22
(CH,), 41.65 (CH;), 67.02 (OCH,), 115.31, 124.30, 128.47, 128.49,
128.57, 135.10, 136.78, 142.15, 164.95 (CO), 202.79 (CO); IR (film)
v 1725 (CO), 1640 cm™; MS (EI) m/e 244 (M). Anal. Calcd for
CysH 603 C, 73.75; H, 6.60. Found: C, 73.68; H, 6.65.

Methyl (Z)-4-Oxo-4-phenyl-2-butenoate (5fb). [(Methoxy)(phe-
nyl)carbene] pentacarbonylchromium(0) (1f) (0.172 g, 0.5 mmol) and
(carbomethoxy)methylenetriphenylphosphorane (2b) (0.167 g, 0.5 mmol)
were subjected to photolysis procedure A (24 h, no hydroquinone) fol-
lowed by hydrolysis procedure A (1 h). Purification by radial chroma-
tography (1 mm SiO,, 10% Et,0/hexanes, R;0.07 in 20% Et,O/hex-
anes) gave 0.032 g of 5fb (0.17 mmol, 33%) as a white solid. Recrys-
tallization from hexanes/Et,O gave an analytically pure sample of 5fb
as white needles: mp 65-66 °C (lit.*6 mp 65-66 °C); 'H NMR (270
MHz, CDCl,) § 3.60 (s, 3 H, OCH3), 6.30 (d, 1 H, J = 12.1 Hz, =CH),
6.91 (d, 1 H, J = 12.1 Hz,=CH), 7.48 (t, 2 H, J = 7.5 Hz, phenyl H-3),
7.58 (d, 1 H, J = 7.4 Hz, phenyl H-4), 7.93 (d, 2 H, J = 7.5 Hz, phenyl
H-2); IR (film) » 1726 (CO), 1673 (CO) cm™!; MS (EI) m/e 190 (M),
191 (M +1),192(M + 2).

(Z)-3-Tridecen-2,5-dione (5gd). [(Methoxy)(octyl)carbene]penta-
carbonylchromium(0) (1g) (0.348 g, 1.0 mmol) and acetylmethylene-
triphenylphosphorane (2d) were subjected to photolysis procedure A (12
h, CH,Cl, substituted for benzene) and hydrolysis procedure A (2 h).
Purification by radial chromatography (2 mm SiO,, 5:1 hexane/EtOAc,
R, 0.33) gave 0.039 g (0.19 mmol, 19%) of Sgd as a white solid: 'H
NMR (270 MHz, CDCl;) 6 0.88 (br t, 3 H, CH3), 1.3 (br s, 10 H,
—(CHy)s-), 1.65 (m, 2 H, CH,), 2.38 (s, 3 H, CH,CO), 2.65 (t,2H,J
= 7.3 Hz, -CH,CO), 6.83 (s, 2 H, =CH); *C NMR (67.9 Mhz,
CDCl;) 6 14.00 (CH3), 22.57, 23.73, 28.09, 29.07, 29.08, 29.28, 31.75,
41.38 (CH,), 136.82 (=C), 137.17 (=C), 198.37 (CO), 200.69 (CO);
IR (film) » 1682 (CO), 1620 (C=C) cm™*; MS (EI) m/e 210 (M).
Anal. Caled for C3H,,0,: C, 74.24; H, 10.54. Found: C, 74.30; H,
10.35.

4,4-Dimethyl-3-oxo0-1-(p-tolylsulfonyl)-1-pentene (5ae). [(Ethoxy)-
(tert-butyl)carbene] pentacarbonylchromium(0) (1a) (113 mg, 0.37
mmol) and tosylmethylenetriphenylphosphorane (2e¢) (160 mg, 0.37
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mmol) were subjected to photolysis procedure A (11 h) followed by
hydrolysis procedure A (30 min). The crude material was purified by
radial chromatography (2 mm SiO,, 9:1 hexanes/ethyl acetate) to give
68 mg (69%) of Sae as a yellow oil: 'H NMR (300 MHz, CDCl;) § 1.23
(s, 9 H, ((CH,)3), 2.39 (s, 3 H, Ar-CH,), 6.38 (d, 1 H, J = 11.7 Hz,
=CH), 6.77 (d, 1 H, J = 11.7 Hz, =CH), 7.31 (d, 2 H, J = 8.0 Hz,
ArH), 7.84 (d, 2 H, J = 8.3 Hz, ArH); }*C NMR (75.5 MHz, CDCl,)
6 21.58 (CH,3Ar), 26.50 (C(CH,),), 44.07 (C(CH,),), 128.37, 129.82,
133.89 (=CH), 136.34, 139.27 (=CH), 144.92, 208.51 (C==0); IR
(film) » 1698 (C=0), 1317, 1148 (SO;) em™’, Anal. Calcd for
C,:H;sSO;: C, 63.13; H, 6.81. Found: C, 62.94; H, 6.59.

4-Oxo-1-(p-tolylsulfonyl)-1-butene (Sbe). [(Methoxy)(methyl)carb-
ene]pentacarbonylchromium(0) (1b) (125 mg, 0.5 mmol) and tosyl-
methylenephenylphosphorane (2¢) (237 mg, 0.55 mmol) were subjected
to photolysis procedure A (9.5 h) followed by hydrolysis procedure A (11
h). The crude material was purified by flash chromatography (SiO,, 2:1
hexanes/ethyl acetate) to give 62 mg (55%) of Sbe as a yellow oil: 'H
NMR (300 MHz, CDCl;) é 2.40 (s, 3 H, ArCH;), 2.47 (s, 3 H, CH,),
6.33 (d,1 H, J = 11.6 Hz, =CH), 6.54 (d, 1 H, J = 11.6 Hz, =CH),
7.32 (d,2 H, J = 8.4 Hz, ArH), 7.77 (4, 2 H, J = 8.3 Hz, ArH); 13)C
NMR (75.5 MHz, CDCl3) é 21.60 (ArCH3,), 30.87 (CH;), 128.11 (Ar),
129.99 (Ar), 132.35 (=CH), 136.25 (Ar ipso), 140.92 (=CH), 145.19
(Ar ipso), 200.41 (C=0); IR (film) » 1707 (C==0), 1595 (C=C), 1304,
1144 (SO,) em™. Anal. Calcd for C);H,;,SO;: C, 58.91; H, 5.39.
Found: C, 58.96; H, 5.46.

3-Cyclopropyl-3-oxo-1-(tolylsulfonyl)-1-propene (See). [(Meth-
oxy)(cyclopropyl)carbene]pentacarbonylchromium(0) (1e) (138 mg, 0.5
mmol) and tosylmethylenetriphenylphosphorane (2e) (237 mg, 0.55
mmol) were subjected to photolysis procedure A (15.5 h) followed by
hydrolysis procedure A (4 h). The crude material was purified by radial
chromatography (1 mm SiO,, 2:1 hexanes/ ethyl acetate) to give 72 mg
(58%) of See as a yellow oil: 'H NMR (270 MHz, CDCl;) § 1.14 (m,
2 H, CH,), 1.30 (m, 2 H, CH,), 2.20 (m, 1 H, CH), 2.44 (s, 3 H,
ArCH,), 6.42 (d,1 H, J = 11.7 Hz, =CH), 6.66 (d, 1 H, J = 11.7 Hz,
=CH), 7.35(d, 2 H, J = 8.1 Hz, ArH), 7.83 (d, 2 H, J = 8.3 Hz, ArH);
13C NMR (75.5 MHz, CDCl3) 4 12.63 (CH,), 21.60 (ArCHj), 22.38
(CH), 128.19, 129.91 (Ar), 133.10 (=CH), 136.47 (Ar ipso), 140.39
(=CH), 145.05 (Ar ipso), 202.51 (C==0); IR (film) » 1686 (C=0),
1316, 1148 (SO;) ecm™, Anal. Caled for C,3H,,SO;: C, 62.38; H, 5.64.
Found: C, 62.42; H, 5.67.

3-Oxo-1-(tolylsulfonyl)-1-undecene (5ge). [(Methoxy)(octyl)carb-
ene]pentacarbonylchromium(0) (1g) (174 mg, 0.5 mmol) and tosyl-
methylenephenylphosphorane (2e) (228 mg, 0.53 mmol) were subjected
to photolysis procedure A (16 h) followed by hydrolysis procedure A (22
h). The crude material was purified by radial chromatography (2 mm
SiO,, 5:1 hexanes/ethyl acetate) to give 96 mg (60%) of Sge as a yellow
oil: 'H NMR (300 MHz, CDCl;) 5 0.85 (t, 3 H, J = 6.7 Hz, CH,CH;),
1.24 (m, 10 H, -(CH_)s-), 1.7 (m, 2 H, CH,), 2.41 (s, 3 H, ArCH3), 2.73
(t,2H,J=175Hz CH,), 6.33(d, 1 H,J = 11.8 Hz, =CH), 6.55 (d,
1H,J=11.7 Hz,=CH), 7.33 (d, 2 H, J = 8.4 Hz, ArH), 7.79 (d, 2
H, J = 8.3 Hz, ArH); *C NMR (75.5 MHz, CDCl,) § 14.06 (CH,CH,),
21.65 (ArCH;), 22.61, 23.02, 29.01, 29.08, 29.34, 31.79, 43.55 (CH,),
128.22, 129.98 (Ar), 132.57 (=CH), 136.35 (Ar), 141.04 (=CH),
145.12 (Ar), 203.03 (C==0); IR (film) » 1706 (C==0), 1318, 1149 (SO,)
cm™. Anal. Calcd for C1gH;680;: C, 67.05; H, 8.13. Found: C, 66.80;
H, 8.00.

Ethyl (Z)-5-Dimethyl-2-methyl-4-oxo0-2-hexenoate (Saf). [(Eth-
oxy)(tert-butyl)carbene] pentacarbonylchromium(0) (1a) (0.306 g, 1.0
mmol) and (carbethoxy)(methyl)methylenetriphenylphosphorane (2f)
(0.398 g, 1.1 mmol) were subjected to photolysis procedure A (13 h) and
hydrolysis procedure A (0.5 h). Purification by radial chromatography
(2 mm SiO,, pentane followed by 10% Et,O/pentane, R, 0.32 in 3:1
hexane/Et,0) gave 0.090 g (0.46 mmol, 46%) of Saf as a colorless oil:
'H NMR (270 MHz, CDCl;) 4 1.16 (s, 9 H, C(CH,);), 1.30 (t, 3 H, J
= 7.6 Hz, CH,CH;0), 2.05 (d, 3 H, J = 1.1 Hz, =CCH,), 4.26 (q, 2
H, J = 7.6 Hz, OCH,), 6.43 (br s, 1 H, =CH); *C NMR (67 MHz,
CDCl;) 6 13.81 (CH;), 20.39 (CH,), 26.10 (CH3;), 43.06 (C(CH,);),
61.05 (OCH,), 126.29 (=C), 142.44 (=C), 169.33 (CO), 204.70 (CO).
The NOE experiment of 5gf revealed a 5.25% enhancement of the allylic
methyl signal when the vinyl proton was irradiated. The reverse exper-
iment revealed a 2.84% enhancement of the vinyl proton signal: IR (film)
v 1731 (CO), 1690 (CO), 1624 (C=C) cm™!; MS (EI) m/e 198 (M).
Anal. Calcd for C ) H305: C, 66.64; H, 9.15. Found: C, 66.42; H, 8.98.

Fluorene Derivative (5bg). [(Methoxy)(methyl)carbene]penta-
carbonylchromium(0) (1b) (0.250 g, 1.0 mmol) and fluorenylidenetri-
phenylphosphorane (2g) (0.426 g, 1.0 mmol) were subjected to photolysis
procedure A (CH,Cl, substituted for benzene, no hydroquinone, 22 h)
followed by hydrolysis procedure A (3 h). Purification by radial chro-
matography (2 mm SiO,, 1% Et,O/hexane, R,0.34 in 10% Et,0/hex-
ane) gave 0.036 g (0.16 mmol, 16%) of Sbg as a yellow solid. Recrys-
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tallization from hexanes/Et,O gave an analytically pure sample as yellow
needles: mp 99-100 °C; '"H NMR (270 MHz, CDCl,) 6 2.47 (s, 3 H,
CH,), 7.04 (s, 1 H,=CH), 7.2-7.5 (m, 4 H, ArH), 7.67 (m, 3 H, ArH),
8,77(d,1H,J=176Hz1H, ArH); IR (film) » 1682 (CO), 1618, 1590
cm™!; MS (EI) m/e 200 (M), 221 (M + 1). Anal. Calcd for C,¢H,,0:
C, 87.25; H, 5.49. Found: C, 87.35; H, 5.58.

(Z)-2-(1-(2-Oxo)propylidene)-y-butyrolactone (5bh). [(Methoxy)-
(methyl)carbene] pentacarbonylchromium(0) (1b) (250 mg, 1 mmol) and
y-butyrolactone-2-triphenylphosphorane (2h) (381 mg, 1.1 mmol) were
subjected to photolysis procedure A (23.5 h) followed by hydrolysis
procedure A (3 h). The crude material was purified by radial chroma-
tography (2 mm SiO,, 2:1 hexanes/ethyl acetate) to give 32 mg (25%)
of 5bh as a colorless solid: 'H NMR (270 MHz, CDCl,) 4 2.34 (s, 3 H,
CH;), 3.30(dt,2 H,J =3.3,70 Hz, CH,C=),443 (t,2 H,J = 7.1
Hz, CH,0), 7.04 (t, 1 H, J = 3.2 Hz, =CH); 1*C NMR (67.5 MHz,
CDCl,) é 28.09 (CH,C=), 31.69 (CH3;), 66.51 (CH,0), 128.5 (=CH),
138.78 (=CH), 170.74 (OC(0)), 197.92 (C==0); IR (film) v 1747, 1698
(C=0), 1643 (C=C) cm™. Anal. Calcd for C;H;0O,: C, 60.00; H,
5.75. Found: C, 59.89; H, 5.78.

[((E)-2-Carbomethoxyethenyl) (2-methoxypropionyl) Jmethylenetri-
phenylphosphorane (6). [(Methoxy)(methyl)carbene]pentacarbonyl-
chromium(0) (1b) (0.250 g, 1.0 mmol) and (3-carbomethoxy-2-
propenylyliden)triphenylphosphorane (2i) (0.360 g, 1.0 mmol) were
subjected to photolysis procedure A. The crude material was purified
by radial chromatography (2 mm SiO,, 10:]1 hexanes/ethyl acetate)
followed by silica gel flash chromatography (100:3 CH,Cl,/MeOH) to
yield 0.107 g of 6 (0.24 mmol, 24%) as a pale yellow solid: mp 69-70
°C; '"H NMR (300 MHz, CDCl,) § 1.36 (d, 3 H, J = 6.5 Hz, -CHCH;),
3.34 (s, 3 H, OCHj,), 3.60 (s, 3 H, CO,CH;), 493 (q, 1 H, J = 6.5 Hz,
CHCHj), 7.02 (br s, 1 H,=CH), 7.5-7.8 (m, 16 H, =CH, PhH); 1*C
NMR (75.5 MHz, CDCl,, Jpc in parentheses) § 19.12 (CH,), 49.95
(OCHs), 56.98 (CO,CHs), 73.27 (101.1 Hz, C=P), 79.64 (CH), 101.87
(15.9 Hz, =CH), 123.52 (89.7 Hz), 129.44 (12.4 Hz), 133.42, 133.55,
155.07 (9.7 Hz, =CH), 169.62 (C=0), 196.65 (C=0); IR (film) »
1660 (CO), 1598 cm™}; MS (NH,CI) m/e 447 (M + 1). Anal. Caled
for C,H,;,O4P: C, 72.63; H, 6.10; P, 6.94. Found: C, 72.41; H, 6.26;
P, 6.97.

[(2-(N-Carbonyl(tert -butyloxy)amino)propionyl)(benzyloxy-
carbonyl) Jmethylentriphenylphosphorane (7a). [(N-Carbonyl(tert-bu-
tyloxy)amino)(methyl)carbene]pentacarbonylchromium(0) (1L) (0.323
g, 1.0 mmol) and (benzyloxycarbonyl)methylenetriphenylphosphorane
(2a) (0.410 g, 1.0 mmol) were subjected to photolysis procedure A
(CH,Cl, substituted for benzene, no hydroquinone, 18 h). Purification
of the crude material by column chromatography (SiO,, 2:1 hexanes/
ethyl acetate, R,0.38 with 1:1 hexanes/ethyl acetate) gave 0.352 g (0.61
mmol, 61%) of 7a as a white solid. An analytical sample was obtained
upon recrystallization from petroleum ehter/ethyl acetate: mp 134-135
°C; 'H NMR (300 MHz, CDCl;) 4 1.39 (s, 9 H, C(CHj,);), 1.43 (d, 3
H, J = 6.4 Hz, CH,;), 4.59 (d, 1 H, J = 12.1 Hz, OCHHPh), 4.71 (d,
1 H,J = 12.1 Hz, CO,CHHPh), 5.48 (m, 2 H, NH, -CHCH,), 6.90 (m,
2 H, ArH), 7.18 (m, 3 H, ArH), 7.4 (m, 6 H, ArH), 7.58 (d,2 H,J =
12.6 Hz, ArH), 7.61 (d, 2 H, J = 12.7 Hz, ArH); }*C NMR (75.5 MHz,
CDCl;, Jpc in parentheses) & 20.14 (CH;), 28.32 (C(CH,;);), 52.00 (8.3
Hz, CH), 64.71 (CH;0O), 68.42 (110.7 Hz, C==P), 78.12 (C(CH,)3),
125.93 (93.4 Hz), 127.40, 128.11, (21.4 Hz), 128,33, 128.49, 131.62 (1.5
Hz), 132.81 (9.9 Hz), 136.47, 155.16, 166.35 (14.3 Hz, CO), 195.57
(CO); IR (film) » 1709 (CO), 1669 (CO), 1563 cm™; MS (NH,CI) m/e
583 (M + 1). Anal. Calcd for C3sH3NOGP: C, 72.27; H, 6.24; P, 5.33.
Found: C, 72.49; H, 6.31; P, 5.47.

[(2-(V-Carbonyl(tert-butyloxy)amino)propionyl) (carbomethoxy)-
methylenetriphenylphosphorane (7b). [(/N-Carbonyl(zert-butyloxy)-
amino)(methyl)carbene]pentacarbonylchromium(0) (1L) (0.323 g, 1.0
mmol) and (carbomethoxy) methylenetriphenylphosphorane (2b) (0.334
g, 1.0 mmol) were subjected to photolysis procedure A (CH,Cl, substi-
tuted for benzene, no hydroquinone, 13.5 h). The crude material was
purified by column chromatography (SiO,, 2:1 hexanes/ethyl acetate,
R, 0.34) to yield 0.335 g of (7b). Recrystallization from petroleum
ether/ethyl acetate gave an analytically pure sample as white prisms: mp
169-170 °C; '"H NMR (300 MHz, CDCl,) 4 1.30 (s, 9 H, C(CH;);, 1.34
(d, 3 H, J = 6.5 Hz, -CHj,), 3.14 (s, 3 H, OCH,), 5.30 (m, 1 H,
CHCH3), 5.38 (m, 1 H, NH), 7.36-7.61 (m, 15 H, PhH); *C NMR
(75.5 MHz, CDCl,, Jpc in parentheses) & 20.02 (CH,), 28.27 (C(CH,),),
49.64 (OCH;), 51.87 (8.3 Hz, CH(CH;)), 68.94 (108.0 Hz, C=P),
78.17 (C(CH,);), 125.83 (93.7 Hz), 128.38 (12.6 Hz), 131.66 (1.6 Hz),
132.95 (9.7 Hz), 155.16 (CO), 166.91 (15.5 Hz, CO), 195.22 (CO); IR
(film) » 1707 (CO), 1672 (CO), 1560 cm™; MS (NH;CI) m/e 506 (M
+ 1), 505 (M). Anal. Calcd for C;,0H3;,NOSP: C, 68.90; H, 6.38; N,
2.77. Found: C, 68.90; H, 6.32; N, 2.80.

Cyclic Carbamate 8. [(/N-Carbonyl(zert-butyloxy)amino)(methyl)-
carbene]pentacarbonylchromium(0) (1L) (0.323 g, 1.0 mmol) and
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(carbethoxy) (methyl)methylenetriphenylphosphorane (2f) (0.398 g, 1.1
mmol) were subjected to photolysis procedure A followed by the allene
isomerization procedure. Purification of the crude material by flash
chromatography (SiO,, 3:1 hexanes/ethyl acetate, R;0.20) yielded 0.113
g of 8 as a clear oil which solidified upon standing: mp 81.5-82.5 °C;
'H NMR (300 MHz, CDCl,) 6 1.32 (t, 3 H, J = 7.1 Hz, OCH,CH;),
1.49 (d, 3H, J = 6.3 Hz, -CHCH,), 191 (d, 3 H, J = 1.2 Hz, =CCH,),
422(q,2H,J=17.1Hz OCH,), 505(q, 1 H,J = 6.3 Hz, -CHCH,),
6.97 (br s, 1 H, NH); *C NMR (75.5 MHz, CDCl;) é 11.49 (CH,),
14.04 (CH,), 20.62 (CHj;), 53.34 (CH), 60.48 (CH,), 104.08 (=C),
155.13 (=C), 161.74 (CO), 166.78 (CO); IR (film) » 3323 (br, NH),
1796 (CO), 1708 (CO), 1662 (C=C) cm™}; MS (EI) m/e 199 (M).
Anal. Caled for C;H3NO,: C, 54.27; H, 6.58; N, 7.03. Found: C,
54.46; H, 6.66; N, 7.03.

[(Carbomethoxy) (2-methoxypropionyl) Imethylenetriphenylphosphorane
(9). To a solution of (carbomethoxy)methylenetriphenylphosphorane
(2b) (0.444 g, 1.33 mmol) and triethylamine (0.135 g, 1.33 mmol) in
CH,Cl, (6.7 mL) was added 2-methoxypropionyl chloride (0.163 g, 1.33
mmol) as a solution in CH,Cl; (1 mL). After 3 h of stirring at room
temperature, the solvent was removed under reduced pressure. The
residual solid was purified by silica gel column chromatography (EtOAc,
R, 0.10 with 1:1 hexanes/ethyl acetate) to yield 0.547 g of 9 (0.547
mmol, 98%) as a white solid. An analytically pure sample was obtained
upon crystallization from hot ethyl acetate/petroleum ether: mp
184.5-185 °C; '"H NMR (270 MHz, CDCl,) § 1.45 (d, 3 H, J = 6.5 Hz,
CH,), 3.14 (s, 3 H, OCH,), 3.24 (s, 3 H, CO,CH,), 5.02(q, 1 H,J =
6.5 Hz, -CHCH,), 7.4-7.8 (m, 15 H, ArH); !3C NMR (67.9 MHz,
CDCl;, Jpc in parentheses) 6 18.01 (CHj;), 49.27 (OCH3), 56.65 (OC-
H,;), 70.07 (109.2 Hz, C=P), 78.51 (8.5 Hz, CH), 126.25 (93.6 Hz),
128.16 (12.5 Hz), 131.51, 132.99, (10.5 Hz), 167.39 (15.2 Hz, CO),
196.23 (CO); IR (film) » 1660 (br, CO), 1565 cm™; MS (NH;CI) m/e
421 (M +1). Anal. Caled for C;sH,s0,P: C, 71.42; H, 5.99; P, 7.37.
Found: C, 71.31; H, 5.97; P, 7.29.

Dodec-2-enoic Acid y-Lactone (11). Procedure A. To a solution of
methyl (Z)-4-oxo-2-dodecanoate (5gb) (0.239 g, 1.06 mmol) in THF
(0.270 mL) under argon at 0 °C was added 9-BBN (2.22 mL of a 0.5
M solution in THF) dropwise over 15 min. The reaction mixture was
allowed to stir for 3 h at 0 °C and then was warmed to room temperature
over 1 h. A few drops of methanol was added to quench the remaining
9-BBN, and the solvent was removed under reduced pressure. The res-
idue was taken up in Et,O (5 mL) and diethanolamine (0.203 mL, 2.2
mmol) was added. The mixture was allowed to stir for 12 h and was then
filtered through Celite. The filtrate was washed with 5% aqueous HCI
solution, saturated NaCl solution, and dried over MgSO,. The solvent
was removed under reduced pressure, and the residue was purified by
flash chromatography (SiO,, 9:1 hexanes/ethyl acetate, R, 0.29 in 3:1
hexanes/ethyl acetate) to yield 0.138 g (0.70 mmol, 66%) of butenolide
11 as a colorless oil. The physical data were identical to those reported
in the literature.!

Procedure B. A degassed solution of keto ester 5gb (0.313 g, 1.38
mmol) in THF (75 mL) was added to a solution of (—)-B-chlorodiiso-
pinocamphenylborane (0.497 g, 1.55 mmol) in THF (25 mL) precooled
to—15 °C. After 4 h, the reaction mixture was allowed to warm to room
temperature, and the solvent was removed under reduced pressure (1
mmHg for 2 h). The crude oily material was taken up in Et,O (5 mL),
and diethanolamine (0.263 g, 2.5 mmol) was added. After 1.5 h, the
white ppt was removed by filtration through Celite, and the ether solution
was washed with water (30 mL) and brine (30 mL) and dried over
MgSO,. The crude material was purified by flash chromatography
(Si0,, 10:1 hexanes/ethyl acetate) to yield 0.143 g (0.173 mmol, 53%)
of butenolide 11 as a colorless oil. 'H NMR chiral shift reagent study
with Eu(hfc); (60 mol %) revealed a 28% ee.

Procedure C. A 0.5 M solution of the chiral n-butyloxazaborolidine
in toluene was prepared according to the published procedure.®® The keto
ester 5gb (0.113 g, 0.50 mmol) in 2 mL of toluene and 0.10 mmol (200
mL) of the oxazaborolidine solution were cooled to —78 °C, and cate-
cholborane (0.75 mL of a 1.0 M solution in toluene) was added over 10
min. After 18 h at —78 °C, water (2 mL) was added to the reaction, and
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the mixture was allowed to warm to room temperature. One hour later,
the reaction mixture was diluted with toluene (10 mL), transferred to a
separatory funnel, and washed with 1 N NaOH (2 X 10 mL), 5% HCI
solution (2 X 10 mL), saturated NaCl solution, and then dried over
MgSO,. The solvent was removed under reduced pressure. The crude
material was taken up in Et;O (25 mL) with p-toluenesulfonic acid (10
mg, 0.10 mol %) and was allowed to stir overnight. The Et,O was
washed with saturated NaHCO; and saturated NaCl solutions, dried over
MgSO,, and filtered. The Et,O was removed under reduced pressure to
give a quantitative yield of butenolide 11. A 'H NMR chiral shift
reagent study with Eu(hfc); (60 mol %) revealed a 41% ee.

The same reduction was performed on keto ester (5gc) to give the
butenolide 11 in quantitative yield. A 'H NMR chiral shift reagent study
with Eu(hfc); (60 mol %) revealed a 60% ee.

3-Hydroxy-1-(p-tolylsulfonyl)-1-undecene (13). The keto sulfone
(5ge) (48 mg, 0.15 mmol) was reduced via procedure C (CBS). The
crude material was purified by radial chromatography (1 mm SiO,, 4:1
hexane/diethyl ether) to give 32 mg (66%) of the allylic alcohol 13 as
a yellow oil: '"H NMR (300 MHz, CDCl;) § 0.85 (t, 3 H, J = 6.7 Hz,
CH,CH;), 1.1-1.7 (m, 15 H, (CH,); and OH), 2.42 (s, 3 H, ArCH),
5.1-5.2 (m, 1 H, HCOH), 6.19 (dd, 1 H, J = 11.4, 7.7 Hz, =CH), 6.25
(d, 1 H,J=11.4 Hz,=CH), 7.33 (d, 2 H, J = 8.4 Hz, ArH), 7.78 (d,
2 H,J = 8.2 Hz, ArH); '*C NMR (75.5 MHz, CDCl,) 4 14.08 (CH3),
21.61 (ArCH,), 22.62, 25.02, 29.19, 29.40, 29.45, 31.83, 36.55 (CH,),
66.32 (COH), 127.43, 129.99 (Ar(), 130.55 (=CH), 137.93, 144.75
(ArC), 147.63 (=CH); IR (film) 3482 (OH), 1302, 1146 (SO;) cm™.
Anal. Caled for CigHS0;5: C, 66.63; H, 8.70. Found: C, 66.45; H,
8.90. The preparation of the Mosher’s ester was identical to that pre-
viously reported.’ The 'H NMR spectrum in CDCl; (300 MHz) fo-
cused on one of the vinylic protons (dd) at 5.9-6.1 ppm. Integration of
the peaks revealed a 62% ee.

Benzyl 3-Methoxy-2-butenoate. [(Methoxy)(methyl)carbene]penta-
carbonylchromium(0) (1b) (0.5 mmol, 125 mg) and (benzyloxy-
carbonyl)methylenetriphenylphosphorane (2a) (0.5 mmol, 205 mg) were
subjected to photolysis procedure A (4 mL of THF, no CO). The crude
material was taken up 25 mL of EtOAc/25 mL of hexanes and oxidized
(sunlight) for 3 h followed by hydrolysis procedure A (0.5 h). The
solution was filtered and concentrated to give a yellow oil. The crude
material was purified by radial chromatography (1 mm SiO,, 1:1 hex-
ane/ether) to give 3-methoxy-2-butenoate (20 mg, 20%) as a colorless
oil: 'H NMR (270 MHz, CDCl;) 6 2.02 (s, 3 H, CH3), 3.86 (s, 3 H,
OCH,;), 4.97 (s, 1 H, =CH), 5.11 (s, 2 H, CH,Ph), 7.2-7.5 (m, S H,
PhH).
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