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The cyclic vinylcyclopropane 6a reacts at elevated tempera- 
tures with iron pentacarbonyl to selectively give the enone 
7a in 52% yield. Reducing the reaction time provided the 
isomeric ketones 7a-b. Partial chromatographic separation 
of this mixture allowed the complete spectroscopic identifica- 
tion of 7b by 'H NMR. The structure of 7c was determined 

from selected spectral data of the mixture of 7a and 7c. For 
comparison, the methyl substituted derivative 6b was sub- 
jected to a carbonylation under the above conditions exclusi- 
vely providing 8 in 42% yield. A mechanistic rationale for 
the two different modes of ring opening is presented. 

The carbonylation of various unsaturated hydrocarbons 
using metal carbonyls has attracted considerable attention 
during recent decades[ll. Owing to its low cost and ready 
availability, many studies have been carried out usiiig penta- 
carbonyl iron[2]. Sarel and coworkers[3] employed vinyl- 
cyclopropanes in their studies and obtained enones or di- 
enes under thermal or photolytic conditions. Early mechan- 
istic investigations for these reactions by the isolation and 
characterization of labile intermediates were carried out by 
A~maiin[~1. Cyclic dienes were also converted to carbonyl 
compounds, but these procedures usually require high 
pressure and a carbon monoxide atniosphcd5]. Therefore 
our efforts were aimed at reactions using vinylcyclopro- 
panes as starting materials. Thc insertion of CO into these 
readily available precursors can be performed without spe- 
cial means. 

Structurally interesting carbonylation products were pro- 
vided by the reaction of 2-carene (1) (Scheme 1) with 
Fe(CO)5 at elevated temperatures[6]. Enone 2 and its re- 
duction product 3 were isolated along with the hydrocarbon 
4 and the diene complex 5. The major compound, however, 
was unreacted starting material 1. Recently, more compre- 
hensive  investigation^[^] have been carried out concerning 
thc reactivity of 1 under a variety of conditions with 
Fe(C0)5 and these reactions resulted in even more complex 
reaction mixtures. These experiments also revealed impor- 
tant mechanistic details through the isolation and spectro- 
scopic identification of key intermediates, which were ob- 
tained by the use of other reagents for the smooth genera- 
tion of carbonyl complexes. Moreover, this report con- 
cluded that the species which undergoes the aforementioned 
carbonylation under vigorous conditions is not 2-carene (1) 
but thc isomerized 3-carene. 

Scheme 1 a 2 1  
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Our initial experiments with 1 furnished a product con- 
sisting mainly of starting material along with several un- 
identified isomers, as indicated by GC-MS. The amount of 
carbonylation products never reached 5%. Earlier findings 
that vinylcyclopropanes without alkyl substituents at the 8- 
position show an enhanced degree of reactivity['] led us to 
use 6a for further studies (Scheme 2). Reaction conditions 
comparable to those reported for the CO-insertion of 1 
(150°C, 16 h, diglyme as solvent) followed by oxidative 
work-up (ceric ammonium nitrate (CAN) in H20/Et20) 
gave 7a in 52% yield. Complete consumption of the starting 
material 6a was accomplished by this procedure. We ex- 
cluded the possibility of conversion of isomerized starting 
material by heating the hydrocarbons 6a, b in the absence 
of Fe(C0j5. In both cases only partial decomposition or no 
transformation of the substrates was observed. The struc- 
ture of the previously unknown ketone 7a was elucidated 
by 'H-COSY and selective decoupled 13C-NMR spec- 
troscopy. A particularly useful technique for the unambigu- 
ous assignment of all signals was to record the 'H-NMR 
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spectra in a solvenl mixture of CDCll and C,D,. While the 
methylene bridge of 7a exhibilcd a broad singlet in CDC13 
at 6 = 1.74, addition of C6D6 (40% in the sample) modified 
this signal to a complex multiplet centered at 6 = 1.44. The 
left part of the peak showed a W coupling ( J  = 3 Hz) to 7- 
Herldo (6 = 1.95). Surprisingly, 7-F1eT,(f0 did not show the 
expected vicinal coupling to the bridgehead proton (I-H). 
The Dreiding model, as well as molecular modeling, re- 
vealed a perpendicular orientation of 7-H,,,d, and I-H. In- 
stead, the usual vicinal coupling of' 7-H,,, ( J  = 8 Hz) to 
1 -H was observed. Furthermore, comparison with 13C- 
NMR data from the nor-derivati~e[~] confirmed the pro- 
posed structure. 

Scheme 2 
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Shortening of the reaction time (5 h) and minor changes 
in the work-up procedure with 6a (Scheme 3) led to a mix- 
ture comprising of 7c. 7a. and 7b (ratio 4:3:2 respectively) 
in 42% yield. Flash chromatography (FC) allowed thc iso- 
lation of pure 7b whereas 7a and 7c were obtained as an 
inseparable mixture. The identification of 7h was greatly 
simplified by the information previously gained about 7a. 
On the basis of 'H-COSY speclra. the presence of a bi- 
cyclo[3.2.l]octenone skeleton, as in 7a, was assumed. In this 
case the methyl group (6 = 1.64) had to be positioned at 
C-3, sincc the only olefinic proton (4-H) appeared as doub- 
let (6 = S.42, J = 7 Hz). All other spectral data supported 
this arrangement. The NMR signals of the previously iden- 
tified 7a could be subtracted from the I3C-NMR spectrum 
of 7a and 7c. Thus the remaining peaks were entirely in 
agreement with the cyclobutenone 7c. A characteristic sing- 
let (6 = 21X.2) together with an olefinic singlet and doublet 
(6 = 141.0 and 118.1 respectively) left 7c as the only reason- 
able product. The typical IR absorption (1756 cm-') for a 
four-membered ketonc verified the proposed structure. 

Scheme 3 
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In order to examine the impact of methyl substituents in 
the cyclohexyl ring we chosc 6b (Scheme 4) as an appropri- 
ate starting point. Treatment of 6b with Fe(C0)S (14 h) fol- 
lowed by work-up (CAN in THF) gave 8 as the sole prod- 
uct['O] in moderate yield (42%). Combined IR (1754 cm-') 
and 13C-NMR (s, 6 = 219.1) data showed that this product 
is related to the strained cyclobutenoiie 7c. In addition, 

Scheme 4 
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complete 'H-spin decoupling made the assignment of 8 un- 
equivocal. 

The experimental results describved above differ substan- 
tially from those obtained in carbonylation studies of the 
related 2-carene (l)["']. Cleavage of the C-I/C-7 bond oc- 
curs exclusively in 6a with prolonged reaction time, whcrcas 
insertion of CO into thc C-l/C-6 bond dominates the prod- 
uct pattern with reduced reaction times. A thermally pro- 
moted rearrangement of 7c to 7a or 7h does not seem to be 
a suitable explanation. The complete disappearance of 7c 
after 16 hours is presumably the result of a reversible cyclo- 
propane ring opening'' '1 in the second rcactioii mode. The 
initially formed reactive intermediate 9 (Schcme 5) could 
undergo a rearrangement to give the 7c-allyl species 10. Ally1 
shifts during the carbonylation of open-chain vinylcyclo- 
propanes may wcll occur, as has been noted recently["]. A 
further shift to 11 set the stage for the final reductive elinii- 
nation leading to 7a and 7b. Apparently, the selectivity of 
this process depends heavily upon the exposure time. Sev- 
eral experiments with diffcrent work-up procedures did not 
lead to a significantly altered product mixture. The nature 
of the oxidation step did not affect the integrity of the ke- 
tones 7a-c either. The reproducibly dilrerent outcomes of 
thcse rcaction has to be attributed totally to the exposure 
time. Subjection of isolaled 7b, c to the reaction conditions 
showed no indication of structural changes. 

Schemc 5 

reductive 
elimination 

7 s  
7b 

On preventing the possibility of such ally1 shifts by the 
introduction of a geminal dimethyl group, as in 6b, the reac- 
tion gave only the ketone 8. It sccms most likely that steric 
factors govern the ring opening of systems like 1 and 6. 
Breaking of the C-llC-7 bond in 1 is a minor reaction path- 
way because of the methyl substituent at C-7. Treatment 
o f  1 with Fe(CO)s under mild conditions accounts for this 
hypothesis. The other reaction pathway, involving cleavage 
of C-I/C-6, dominates in the carene system. Regarding 6a 
as a similar molecular framework, cleavage of C-1/C-7 pro- 
ceeds easily and selectively, which is in contrast to 1. Clearly 
the substitution pattern plays a pivotal role in bicyclic vinyl- 
cyclopropanes. Furthcr investigations addressing this issue, 
as well as the effect of ring size and functional group toler- 
ance, are currently being undertaken in this laboratory. 
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Experimen ta I Section 
All reactions were carried out under argon. Solvents were puri- 

fied and dried using literature methods. Reagents were employed 
as purchased from Aldrich. The yields refer to analytically pure 
compounds and are not optimized. - IR: Perkin-Elmer 1600 Fr- 
IR. - 'H and I3C NMR: Rruker AM 400 with DEPT-135. If not 
specifically mentioned, chemical shifts refer to hTMS = 0.00 accord- 
ing to the chemical shifts oP residual solvenl signals. - GC-MS: 
Finnigan ITD 800 (10 m S E  30 column), combined with Carlo 
Erba GC 6000, carrier gas He. - Thin-layer chromatography 
(TLC): Silica gel 60F (Merck 5735). The plates were inspected by 
U V  light prior to development with iodine vapor. Column chroma- 
tography (FCJ: Silica gel 60 (Merck 9385. 0.040-0.063 mm), elu- 
tion with light petroleum ether (PE) and ether. 

5-iZlt.t~~~lbicyclo[3.2. I Joct-3-ene-6-one (7a): To a solution of 6a 
(140 ing, 1.30 mmol) in diglyine (15 nil) was added Fe(CO)5 (0.30 
ml, 2.30 mniol). The solution was slirred at 150°C lor 16 li in the 
dark. The cooled reaction mixture was then tltered through Celite 
followed by washing with ether (100 ml). After vigorous stirring of 
the filtrate with CAN (I0 g, 18 inniol) in water (80 nil) for 48 h at 
ambient temp. the mixture was poured into water (200 ml); ex- 
tracted with Et,O (3  X 200 i d )  and the combined organic phascs 
were washed repeatedly with watcr ( 5  X 200 nil). This solution was 
dried (MgS04) and concentrated uiidcr reduced pressure to leave a 
yellow oil, which was purified by FC with PE/Et20 (82) as eluent 
to yield 7a (92 mg, 52%) as colorless liquid. - IR (film): 0 = 3026 
cm-', 2928. 1742 (CO), 1628, 1452. - 'H NMR (400 MHz, 
CDC&): 6 = 1.19 (s, 5-Me). 1.74 (s, br.; 8-Hz), 1.99 (d, br.. J = 19 
Hz, 2-Hf71,i,,), 2.22 (d, br., J = 19 Hz. 7-Hc>tL,J. 2.42 (dd, J = 18, 3 
Hz, 7-Hcx0), 2.50 (mc, 2-Hcx0), 2.51 (inc, I-H), 5.35 (d, J = 9 HL, 
4-H), 5.72 (ni, 3-H). ~- I3C NMR (100.1 MHz. CDC13): 6 = 17.8 
(q, 5-Me), 28.4 (d. C-l), 33.9 (t, C-2). 39.2 (t. C-8). 43.9 (1, C-7), 

MS: i d z  (%) = 136 (76) [M+], 108 (58 ) ,  93 (100); 79 (48), 65 (131, 
55 (30) .  - C9HI20 (136.2): calcd. C 79.37, H 8.88; found C 79.19, 
H 8.90. 

48.4 (s, C-5). 125.1 (d, C-3), 132.1 (d. C-41, 213.8 (s ,  C-6). - GC- 

Oxidative H4ork-up izfter Five Hours Heutiizg of6a witli Feui C0)s: 
Exposurc of 6a (216 iiig, 2.0 mmol) in diglyme (15 ml) to Fe(CO)j 
(0.4 nil, 3.0 nimol) according to the above procedure for 5 h and 
oxidative treatment of the filtrate with CAN (1 1 g. 20 mmol) in 
THF (200 ml) for 3 h at 0°C gavc a yellow oil after extractive work- 
up and cvaporation of thc solvent. Purification by FC with 
PElEt20 (8:2) a s  eluent afforded pure 7b  (25 mg. 9%) and a mixture 
of 7a and 7c (90 nig. 33%, ratio 3:4) as yellow liquids. 

3 - M e ~ / ~ ~ l h i c ~ ~ r / o ( 3 . 2 .  I/ocl-3-rr2e-(j-o,e (7h): IR (film): 0 = 3020 
cm-', 2922, 1740 (CO), 1626, 1458. - ' H  NMR (400 MHz, 

(m. 2-H,,,,,), 1.86 (m, 8-HCJ, 2.11 (dd; J = IS, 3.5 Hz. 7-H,,1,,,). 
2.31 (dd. J = 18. 7 Hz. 7-He.yJ, 2.49 (d, br.. J = 18 Hz. 2-H, 
2.58 (mc. I-H), 2.75 (dd, J = 7, 5 Hz, 5-H), 5.42 (d, br., J = 7 Hz. 

CDCI,): 6 = 1.64 ( s ,  3-Me), 1.66 (dd, .I = 11, 3 Hz, 8-Hpnzi,,), 1.82 
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4-H). - '?C NMR (100.1 MHz, CDCI3): 6 = 22.9 (q, 3-Me), 30.2 
(d. C-I), 37.4 (t, C-2); 38.8 (t, C-8), 43.6 (t. C-7), 46.5 (d, C-5), 
120.0 (d. C-4). 136.2 (s, C-3). 213.0 (s. C-6). - GC-MS: tn/? ("/) = 

136 (79) [h4+]. 105 (lo), 92 (27). 65 (12), 53 (1 1). - CgH120 (136.2): 
calcd. C 79.37, H 8.88; found C 79.12. €1 8.95. 

2-Merli~lbi~~vck,/4.1. I]oct-2-ene-7-one (7cj: Spectral data dcrived 
froin the mixture o17a and 7c .  - IR (film): 0 = 3028 cin-', 2926. 

?-Me). 25.6 (t, C-5) ,  29.1 (t, C-41, 41.0 (t, C-8), 41.6 (d, C-6). 49.7 
1756 (CO), 1628. - "C NMR (100.1 MHz, CDC13): 6 = 22.1 (q, 

(d. C-I), 118.1 (d, C-3), 141.0 (s. C-2): 218.2 (s, C-7). - GC-MS: 
I>l/z (9%) = 136 (57) [M+], 118 (6), 105 ( I I ) ,  92 (100). 79 (31), 65 
(13). 

2,4,4.h-Telr~ir>ieth~lbic~~rl~1[4.  I .  l]oct-2-etie-7-one (8): To a solu- 
tion of hh (300 mg, 2.00 mmol) in diglyrne (20 nil) was added 
Fe(C0)5 (0.40 ml, 3.00 mmol). The solution was stirred at 150°C 
for 14 h in the dark. The cooled reaction mixture was then filtered 
through Celite followed by washing with ether (100 ml). After stir- 
ring thc filtrate with CAN (1 1 g: 20 mmol) in THF (200 nil) for 3 
h at 0°C the mixture was poured into watcr (200 ml), extractcd 
uTith EtzO (3 X 200 ml) and the combined organic phases were 
washed repeatedly with water ( 5  X 200 ml). This solulion was dried 
(MgS04) and concentrated under reduced pressure to leave a yel- 
low oil, which was purified by PC with PE/Et,O (82)  as eluent to 
yield 8 (150 mg, 42%)) as colorless liquid. - 1K (film): 0 = 3025 
cni-'. 2930, 1754 (CO), 1680, 1452. - 'H NMR (400 MHz, 
CDCI3): 6 = 0.92 (s. 6-Me). 1.03, 1.13 (7 s, 4-Me2), I .48 (d. br., .I 
= 13 Hz, 1.70 (dd. J = 4, 2 Hz, 2-Me). 1.79 (d, br., J = 

13 Hz. 1.99 (s. 1-11), 2.35 (s, br.; 5-Hz), 5.28 (qd, J = 3.5, 

Me). 24.1 (q, 2-Me), 25.0 (4, 4-Me'), 30.1 (q, &Me), 40.1 (s, C-4). 
46.6 (s. C-6), 48.9 (1, C-S), 50.3 (t. C-8), 62.8 (d, Cl), 120.0 (d. C- 

[M+], 163 (5). 135 (11). 123 (loo), 107 (24): 95 (28), 79 (40), 67 
(21). - C12H,80 (178.3): calcd. C 80.85. H 10.18; found C 80.97. 
H 10.11. 

1.5 Hz, 3-H). - ''C NMR (100.1 MHL: CDCI?): 6 = 20.0 (q, 4- 

3), 138.5 ( S ,  c-2), 219.1 (S, C-7). - GC-MS: t J d Z  ('XI) = 178 (46) 
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