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O 5O)). Compound 7 yielded ketone 10 (mp 95-97°) 
which was shown to be a cyclohexanone by ir (vccl> 

1735 cm - 1) and exhibited a red-shifted and intensified 
n,7r* transition indicating homoconjugation with the 
aromatic system [ X ^ 1 " " " 298 (e 425), 309 (e 535), 
320 (e 470), and 332 nm (« 200)].10 Compound 8 
yielded ketone 11 (mp 137-139°) which was shown to be 
a cyclopentanone by ir (vccl« 1755 cm -1) and exhibited a 
red-shifted and intensified n,*-* transition [Xc

m
y
a
0ioh"!me 

290 (e 505) and 300 nm (« 535)].10 

The exclusive formation of saturated products from 
the oxymercuration of 2 in acetic acid indicates that the 
participation of two T systems in 2 is even more exten­
sive than those in norbornadiene which gives mainly 
unsaturated 1,2 adducts from oxymercuration under the 
same conditions.5'6 Halpern and coworkers have found 
that 2 also displaces norbornadiene as a ligand in or-
ganometallic compounds.11 The synthesis and chem­
ical behavior of related compounds are being investi­
gated. 
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Soc, 78, 2233 (1956); P. D. Bartlett and W. P. Giddings, ibid., 82, 
1240 (1960); R. C. Cookson and N. Lewin, Chem. Ind. (London), 985 
(1956); H. Birnbaum, R. C. Cookson, and N. Lewin, J. Chem. Soc, 
1224(1961). 

(11) J. Halpern, unpublished results. 

N. C. Yang,* Jacqueline Libman 
Department of Chemistry, University of Chicago 

Chicago, Illinois 60637 

Received August 17, 1972 

The Tungsten Pentacarbonyl Complex of 
Semibullvalene, Barrier Height for the 
Degenerate Cope Rearrangement 

Sir: 

The rate of the degenerate Cope rearrangement of 
semibullvalene (1) is at present immeasurably fast.1 

The activation energy has been calculated to be 3.6 
kcal/mol by the MINDO/2 method.2 An exciting goal 
in this area is to modify the structure of semibullvalene 
so as to increase or decrease the activation energy. A 
decrease below 3.6 kcal/mol eventually to a negative 
value poses an interesting philosophical problem. The­
oretical calculations, on the other hand, point to modi­
fications which could increase the activation energy. 
Dewar and Lo3 using the MINDO/2 method conclude 
that electron-releasing substituents should destabilize 
the transition state for the Cope rearrangement. This 
conclusion agrees with the experimental finding that 
the activation energy for the Cope rearrangement in 
octamethylsemibullvalene is 6.4 kcal/mol.4 Hoffmann 
and Stohrer5 have attacked this problem from the point 

(1) Rearrangement persists at -110° on the nmr time; see H. E. 
Zimmerman, R. W. Binkley, R. S. Givens, G. L. Grunewald, and M. A. 
Sherwin, / . Amer. Chem. Soc, 91, 3316 (1969). 

(2) M. J. S. Dewar and W. W. Schoeller, ibid., 93, 1481 (1971). 
(3) M. J. S. Dewar and D. H. Lo, ibid., 93, 7201 (1971). 
(4) F. A. L. Anet and F. E. Schenk, Tetrahedron Lett., 4273 (1970). 
(5) R. Hoffmann and W.-D. Stohrer, J. Amer. Chem. Soc, 93, 6941 

(1971). 

of view of using EHT calculations to determine the 
effect of substituents not only upon the transition state 
but also upon the stabilities ot the reactant and product 
in degenerate and nondegenerate Cope rearrangements 
of suitably substituted semibullvalene models. So far, 
except for the example of octamethylsemibullvalene, 
none of the predictions of Hoffmann and Dewar has 
been tested experimentally. 

We have approached this problem synthetically by 
attempting to make a metal complex of semibullvalene 
in which the basic molecule is retained but the divinyl-
cyclopropane part is perturbed by interaction with the 
metal. 

Complexes were obtained with silver nitrate,6 pal­
ladium,7 and diiron nonacarbonyl.8 These could not be 
used for our purpose because they were either too weakly 
associated, in the case of silver, no longer had the di-
vinylcyclopropane system, in the case of palladium, or 
possessed a rearranged structure, in the case of iron 
carbonyl. Success was achieved in the form of the 
unusual tungsten pentacarbonyl complex 2;9 in fact, 

<x> 
i i W(CO)^1(CH1CN), 

Il * 

< X > ^ W K O , = ^ " 0 " 

this is the first example of the isolation of a stable com­
plex between tungsten pentacarbonyl and a tricyclic 
diene.10 

Figure 1 shows the nmr spectrum at room tempera­
ture and at — 34 and 62°. The relevant nmr parameters 
are collected in Table I. 

The low-temperature spectrum defines the static struc­
ture and the high-temperature spectrum agrees with the 
equilibration process 2a +± 2b. In this process the 
pairs of protons A-F, D-G, and C-E are averaged. 
The calculated values, (A + F)/2, (D + G)/2, and (C + 
E)/2 of 4.29, 3.03, and 3.55 ppm are in good agreement 
with the observed values at room temperature of 4.26, 
3.03, and 3.65 ppm. Furthermore, the averaged cou­
pling constants in the high-temperature spectrum agree 
with prediction. Thus, for proton B, (7AB + ./BF)/2 = 
3.1 Hz compares well with the observed splitting of 3.9 
Hz. 

(6) C8H8AgNO3, mp 87° dec. 
(7) Semibullvalene and potassium tetrachloropalladate(II) in meth­

anol yield a methoxybicyclo[3.3.0]octadienyl x-allyl type complex: 
R. M. Moriarty, C-L. Yeh, and K. C. Ramey, to be published. 

(8) R. M. Moriarty, C-L. Yeh, and K. C. Ramey, J. Amer. Chem. 
Soc, 93, 6709 (1971). 

(9) A solution of W(CO)6 was kept at reflux in 15 ml of CH3CN for 
24 hr under nitrogen. The solvent was removed in vacuo, a solution of 
0.2 g of semibullvalene in 20 ml of hexane was added under nitrogen 
and the reaction was kept at reflux for 4 hr. The product was isolated 
by column chromatography on silica gel and 100 mg of a pale yellow-
green liquid which solidified upon storage overnight at 0° was obtained. 
The pure complex has mp 53-54° and the yield based upon consumed 
semibullvalene is 38%. 

Anal. Calcd for C8H8W(CO)5: C, 36.44; H, 1.87. Found: 
C, 36.46; H, 1.84. The mass spectrum showed the parent peak at 
m/e 428 (30%), M - CO, m/e 400 (6.5%), M - 2CO, m\e 372 (12%), 
M - 3CO, m/e 344 (33 %), M - 4CO, m/e 316 (83 %), M - 5CO, m/e 
288 (83 %), C8H8, mle 104 (100%), C6He, m/e 78 (96%). 

(10) For a recent spectroscopic study of W(CO)s-alkene complexes, 
see M. Wrighton, G. S. Hammond, and H. B. Gray, / . Amer. Chem. 
Soc, 93, 6048 (1971). 
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Figure 1. Nmr spectra, 60 MHz, CS2, of C8H8W(CO)5 at various 
temperatures. 

Table I. Nmr Parameters for the Tungsten Carbonyl 
Semibullvalene Complex" 

H -

(OC)5W 

Protons 

A 
B 

C 
D 
E 
F 
G 

")J £ 
IG 

\y 

Hc
 H D 

2a 

Chem 
shifts, 
ppm 

5.82 
5.51 

4.18 
3.68 
3.00 
2.76 
2.38 

HF 

V H 8 ^ 

HA 

Coupling 
constants, 

Hz 

/AB = 5.4 
/AD = 2.0 

/ B F = 2 . 5 
/DC < 0.5 
/DG = 6.0 
/EG = 5.5 
JET = 5.5 
JEC < 0.5 
/FG = 5.5 

Hf 

( O C ) 6 W \ 

H t , - ^ 

Hr/ 

Protons 

B 

C 
D, G 
E, C 
F, A 

' u . HF* 

A 
; > ~ H B , 

D H.v 

2b 

—30° . 
Chem shifts 

5.54, 0.5(/AB + 
JBF) = 3.1 

4.21 
3.06 
3.60 
4.26 

«In CS2, 

The room temperature spectrum does not show a 
clear-cut resonance for the C protons which are sp2 in 
2a and 2b. However, this is not unreasonable since 
this region is complicated by the presence of the A-F 
proton resonances. One final point is that at high tem­
perature the typical spectrum of semibullvalene begins 
to appear due to decomposition of the complex. 

A AF^ value of 12 ± 1 kcal/mol for the process 2a <=± 
2b using AJ/D-G = 129 Hz at U = 0° = 2730K was ob­
tained. This free energy of activation is approximate 
because for large values of Av it is difficult to determine 
r0 accurately. 

The bonding between the W(CO)5 group and semi­
bullvalene probably involves p 7r-d T interaction between 
unoccupied antibonding orbitals of semibullvalene and 
occupied d orbitals on the tungsten. The carbonyl 
stretching frequency of 2 occurs at 2079 (w), 1961 (s), 
and 1949 (s) cm'1 . This is very close to the carbonyl 
peaks reported10 for W(CO)5 (1-pentene) at 1965 (s) 
and 1950 (s) cm -1 . Tungsten hexacarbonyl absorbs at 
1997.5 cm -1 . The shift to lower ^co frequency of the 
two strong bands at 1961 and 1949 cm - 1 upon com-
plexation indicates that extensive back donation by the 

tungsten atom to the double bond of semibullvalene 
is occurring. Thus, the metal is analogous to an elec­
tron-donating substituent and this may be the principal 
effect in destabilizing the transition state for the Cope 
rearrangement relative to semibullvalene itself. Of 
course the ponderal effect of the ligand would have 
some influence on the magnitude of the barrier height.u 
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l-Phosphabicyclo[2.2.1]heptane 1 -Oxide 

Sir: 

We wish to report the synthesis and characterization 
of l-phosphabicyclo[2.2.1]heptane 1-oxide (1), which 

to our knowledge is the first example of a bicyclo[2.2.1] 
system which has a phosphorus at a bridgehead position 
and which contains no other heteroatoms in the ring 
framework. In fact, despite several attempts,1-4 even 
the presumably less strained, analogous 1-phosphabi-
cyclo[2.2.2]octane 1-oxide and its phosphine derivative 
have never been reported. Examples of both bicyclo-
[2.2.1] and -[2.2.2] bridgehead phosphorus compounds 
with other heteroatoms in the ring framework have 
been prepared.6-11 Phosphine oxide 1 is of consider­
able interest since, unlike other closely related systems, 
pentacovalent, trigonal-bipyramidal compounds and 
intermediates derived from it are expected to have a rela­
tively high energy barrier to Berry pseudorotation.12 

(1) W. E. McEwen, C. A. Vanderwerf, A. Blade-Font, C. B. Parisek, 
G. Keldsen, D. C. Velez, D. P. Young, K. Kumli, and G. Axelrad, 
Abstracts of the 140th National Meeting of the American Chemical 
Society, Chicago, 111., Sept 1961, p 96Q. 

(2) G. A. Wiley in ref 1, p 4OQ; see Quin and Mathewes, ref 3. 
(3) L. D. Quin and D. A. Mathewes, Chem. Ind. (London), 210 

(1963). 
(4) L. D. Quin and H. E. Shook, / . Org. Chem., 32, 1604 (1967). 
(5) R. C. Hinton and F. G. Mann,/. Chem. Soc, 2835 (1959). 
(6) C. G. Crespan, B. C. McKusick, and T. L. Cairns, / . Amer. Chem. 

Soc, 82, 1515 (1960); 83, 3432 (1961). 
(7) O. Neunhoeffer and W. Maiwald, Chem. Ber., 95, 108 (1962). 
(8) B. L. Laube, R. D. Bertrand, G. A. Casedy, R. D. Compton, 

and J. G. Verkade, Inorg. Chem., 6, 173 (1967). 
(9) E. J. Boros, R. D. Compton, and J. G. Verkade, Inorg. Chem., 7, 

165 (1968). 
(10) E. S. Kozlov, A. I. Sedlov, and A. V. Kirsanov, / . Gen. Chem. 

USSR, 38, 1828(1968). 
(11) D. W. White and J. G. Verkade, / . Magn. Resonance, 3, 111 

(1970). 
(12) The three carbons attached to phosphorus cannot be coplanar 

with the phosphorus and thus cannot serve as the three equatorial sub-
stituents in an undistorted trigonal bipyramid derived from 1. Also, no 
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