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so far, attempts to isolate a nitrogen-coordinated com-
plex have failed.

The addition of excess triphenylphosphine to the
benzene solution interferes with the combination of
molecular nitrogen; the more triphenylphosphine that
is added to the solution, the weaker the band at 2143
cm~! becomes. Probably in the benzene solution the
triphenylphosphine-ruthenium complex is dissociated
to free triphenylphosphine and a partly dissociated
species, which can combine with N,. The addition of
triphenylphosphine may interfere with the dissociation,
thus preventing the coordination of N, to Ru. In the
case of nitrogentris(triphenylphosphine)cobalt, in
which the N; ligand is tightly bound to cobalt, the addi-
tion of excess triphenylphosphine to the benzene solu-
tion causes no change in the intensity of the N, stretch
band.

A similar reversible reaction of the ruthenium complex
is observed with molecular hydrogen. When hydrogen
gas is bubbled through the benzene solution a new broad
band which is ascribable to a Ru-H stretch appears at
about 1910 cm~!. The band disappears when argon
gas is passed through the solution and the cycle can
be repeated many times.

Similarly a triphenylphosphine-rhodium complex
was obtained from RhCl; or rhodium(IIl) acetyl-
acetonate by reduction with triethylaluminum in the
presence of triphenylphosphine. The yellow dia-
magnetic complex is slightly soluble in benzene and
toluene and was recrystallized from toluene, mp
162-163°, vpp_p 2147 cm~! (Nujol).

Anal. Caled for C;HgP:Rh: C, 75.0; H, 5.33.
Found: C, 75.6; H, 5.54.

The complex liberates only a trace of H, on pyrolysis
but releases about 0.4 mole of H; per Rh on acidolysis.
It was converted to HRh(Ph,PC;H.PPhy);, vrn_u
1907 cm™!, by a reaction with 1,2-bis(diphenylphos-
phino)ethane.'® The complex is considered to be
identical with HRh(PPh;), which was prepared in-
dependently by Takesada, Yamazaki, and Hagihara!!
by a hydrogenolysis of (1,5-cyclooctadiene)(triphenyl-
phosphine)phenylrhodium.

In contrast to the triphenylphosphine—cobalt and
-ruthenium complexes, no indication of the N, co-
ordination to the rhodium complex was observed at
room temperature and atmospheric pressure of nitrogen.

The three triphenylphosphine complexes of cobalt,
ruthenium, and rhodium contrast with each other in
their ability to combine with molecular nitrogen.
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The Total Synthesis of Racemic Bulnesol
Sir:

The formidable stereochemical problems associated
with the simple bicyclic guaiazulenic sesquiterpenes?

(1) T. Nozoe and S. It in “Fortschritte der Chemie Organischer
Naturstoffe,” L. Zechmeister Ed., Springer-Verlag, Vienna, 1961, pp

have long thwarted attempts at complete structure eluci-
dation and stereoselective total synthesis.?2 Thus, for
example, the currently accepted structure for bulnesol
(18), a hydroazulene with but three asymmetric centers,
could be deduced only after extensive degradative
studies by numerous workers.? In this report we de-
scribe a stereoselective total synthesis of bulnesol which
fully supports the assigned structure and indicates pos-
sible solutions to some of the difficult synthesis prob-
lems associated with this class of compounds.

Keto ester 1* was converted according to the scheme
outlined in Chart I to 4-(p-chlorophenoxymethyl)-
cyclohexanone (2) [mp 64-65°, \i2r 5.82 (CO), 6.23,
6.30 (aromatic C=C), 6.69, 6.79, 8.52, 9.62, 12.02,
and 1495 u; 8358 6.97 (aromatic C-H, A:B,, Jaz =
9 Hz, Av,g = 24.5 Hz), and 3.81 ppm (OCH.CH dou-
blet, J = 6 Hz)]. Ring enlargement with ethyl diazo-
acetate-boron trifluoride etherate® afforded the B-keto
ester 3 which readily condensed with methyl vinyl ke-

Chart 1

- 1
0 . 0 0
1. (CH.OH), H
2. LiAIH, 1. pCIC,H,0"Na*
3, CH,80,C1, 2. H,0*
CH.N
CO,C,H; CH,OMs
1
0 CO,C.H,
R
_— 0 _—
ArOCH,
CIC,H,OCH,
62 : 3, R=H; Ar=CICH,
4, R=CH,CH,COCH;;
Ar=CICH,
CO,R
CICsH,OCH, I CH,
H :
5, R=CH,

6 R=H

tone in the presence of dilute ethanolic sodium eth-
oxide, The resulting diketo ester 4 cyclized upon
treatment with sulfuric acid-acetic acid (4:1)° giving
the bicyclo[4.3.1]decenone ester 5, which was purified
via saponification to the keto acid 6 [mp 183-185°,
AsBr 2.92-3.90 (acid OH), 5.83 (CO), 6.24, 6.31 (C==C),
6.69, 6.80, 7.78, 8.02, 12,08, and 14.95 u; &7ys" 9.13

53-61; R. C. Slagel, “*“The Conversion of Bulnesol to other Sesquiter-
penoids,” Ph,D. Dissertation, University of Illinois, 1962,
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(OH), 7.01 (aromatic C-H, A.B;, Jaz = 9 Hz, Avpp =
25 Hz), 5.60 (olefinic C-H, broad), 3.72 (OCH,CH
doublet, J = 5.5 Hz), and 1.77 ppm (vinylic CHj)]."

Keto acid 6 was converted to the alcohol 7 via the
routine sequence outlined in Chart II. Removal of the

Chart 11
CO,H
1 LiAlH,
» 2, TsCl, CH,N
H 0 3. LiAlH
ArQOC _) CH3 - i
H
6, Ar=CIC:H,
CH,
0))
ArOCH, CH,
H
7, Ar=CICH,
CH,

\

p-chlorophenyl group was readily effected with lithium
in ammonia—ethanol followed by acid-catalyzed hy-
drolysis of the resulting enol ether. The stereochem-
istry of diol 8 was ascertained through oxidation with
Jones reagent® at 0° and treatment of the keto acid 9
with aqueous sodium borohydride whereupon lactone
10 [mp 76-77°, Niox 5.78 (CO), 7.96, 8.41, 9.32, 9.72,
and 10.08 u; &55s 5.22 (olefinic C-H, broad), 4.09
(OCHCH doublet, J = 5 Hz), 1.71 (vinylic CH;), and
1.07 ppm (quaternary CH;)] was secured in high yield
after acidification. Reduction with lithium aluminum
hydride regenerated diol 8 [mp 113-114°, AEP: 2,98
(OH), 7.68, 9.40, 9.51, 10.02, and 12.60 u].

Diol 8 yielded the monoacetate 11 (Chart III) upon
treatment with acetic anhydride in pyridine. Hydro-
genation over platinum afforded essentially a single
dihydro isomer. Molecular models show that the 1,3-
diaxial arrangement required of the four carbon bridge
of acetate 11 effectively blocks the bottom face of the
cyclohexene double bond, thereby favoring adsorption
on the relatively more accessible top face. This
analysis and the observed 5.5-Hz coupling constant of
the C-7 methyl grouping, indicative of an equatorial
methylcyclohexane,® support the stereochemistry de-

(7) We initially chose the phenyl ether as the methylol protecting
group. However, even this relatively rugged group failed to survive
the concentrated sulfuric acid—acetate acid mixture required to cyclize
the diketo ester 4 (Ar = C¢H;); extensive material losses occurred,
presumably owing to sulfonation of the aromatic ring. We therefore
turned to the corresponding p-chlorophenyl ether on the assumption
that ring sulfonation would take place less readily.

(8) K. Bowden, I. M, Heilbron, E. R. H. Jones, and B. C. L. Weedon,
J. Chem. Soc., 39 (1946).
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CH,
AcOCH, CH,
H

Chart III
12, Y=0H

CH,
ACOCH-’CHJ
H
13, Y = CH,S0,
CH, CH,
,é@ - D -
ROCH, H ~CH: CH;0,C H ~CH,
14, R=Ac 16

15, R=H

CH, CH,

CHgozc/< j H{ “~CH f{f({}?é jHi Z(:H
17 CH,

picted in formula 12 for the hydrogenation prod-
uct.

The methanesulfonate derivative 13, in refluxing ace-
tic acid containing sodium acetate, rearranged to the
bicyclo[5.3.0]decenyl derivative 14° [N 574 (CO),
7.30, 8.08, 9.50, and 9.65 u; d%5% 3.88 (OCH,CH dou-
blet, J = 7 Hz), 1.97 (CH;CO,), 1.60 (vinylic CH,),
and 0.78 ppm (CH;CH doublet, / = 7 Hz)]. Cleavage
(LiAlH,) to the alcohol 15 followed by oxidation (Jones
reagent®) and esterification (CH,N,) afforded the methyl
ester 16 [\ 5,75 (CO), 8.30, and 8.52 u; &25¥ 3.61
(CO.CH3), 1.60 (vinylic CHj), and 0.79 ppm (CH;CH
doublet, J = 7 Hz)]. This ester epimerized upon treat-
ment with refluxing methanolic sodium methoxide to
give a 70:30 mixture of epimers, predominantly ester
17, which could be purified by gas chromatography.
Addition of methyllithium to this more stable epimer
gave racemic bulnesol (18) {mp 77-79°, \XZ 3.01
(OH), 8.19, 8.49, 8.77, and 11,10 w; 35o¢" 1.67 (vinylic
CH;), 1.32 (OH), 1.17 [(CH;);COH], and 0.91 ppm
(CH;CH doublet, J = 6.5 Hz)} which was identified
through comparison of its infrared and nmr spectra
with those of the natural material. The two substances
also exhibited identical gas chromatographic retention
times.
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