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Organochromium reagents can be added across highly reactive, unsaturated bond systems, e.g., disubstituted acetylenes. 
Addition reactions of triphenylchromium and olefins also occur, provided the olefinic system is capable of complexing with 
chromium. The phenylation of bicyclo[2,2,l]heptadiene-2,5 and of maleic anhydride, giving exo-5-phenyl-bicyclo [2,2,1]-
heptene-2, exo,exo-2,5-diphenylbicyclo[2,2,l]heptane and a-phenyl-/3-benzoylpropionic acid, respectively, is described. 

The cyclization of acetylenes to aromatic, poly-
aromatic and cyclopentadiene rings on organo-
metallic centers has been described in earlier pa
pers.3 Applying the concept of a stepwise re
placement of the coordinating solvent ligands of 
transition metal organometallics, we were success
ful in adding aryl groups of triarylchromium com
plexes to the triple bonds of disubstituted acetyl
enes. Thus, the styrene derivative, 2-mesityl-2-
butene, was formed from trimesitylchromium and 
2-butyne, and the stilbene, as-dimethyl diphenyl-
maleate, arose from addition of triphenylchromium 
to dimethyl acetylenedicarboxylate.4 We now 
report addition reactions of triphenylchromium 
and certain olefins. 

In experiments spanning a wide range of olefinic 
structure no evidence for the cyclization of olefins 
on the triphenylchromium complex, as occurs with 
acetylenes, was found. Instead, the organochro
mium reagent added to the site of unsaturation when 
the olefin was capable of complexing with chro
mium. The 2,2,1-bicyclic diene and conjugated 
olefin system met this specification. 

Bicyclo [2,2,1] heptadiene-2,5 was treated at room 
temperature in tetrahydrofuran with triphenyl
chromium. The reaction product consisted essen
tially of two fractions, the monophenylated bicyclo-
[2,2,l]heptene-2 and the diphenylated bicyclo-
[2,2,1] heptane, the result of the addition of one 
and two phenyl groups, respectively, by the organo-
metallic compound to the diene system. The 
former substance exo-5-phenylbicyclo [2,2,1] hep-
tene-2, formed in much the greater amount, is a 
liquid which was converted to a crystalline phenyl 
azide, m.p. 144-146°, the sole derivative product. 
The second fraction, assigned the structure of 
ex0,e#0-2,5-diphenylbicyclo [2,2,1] heptane, is a solid, 
m.p. 85-87°, having no detectable unsaturated 
properties. An attempt to phenylate further the 
monophenylated hydrocarbon by a second treat
ment with triphenylchromium was unsuccessful, 
an experimental fact which has a bearing on the 
mode of formation of these phenylated hydro
carbons. 

(1) Paper X V , T. F. Burger and H. Zeiss, Chemistry & Industry, 183 
(1862). 

(2) T o whom inquiries should be addressed: Monsanto Research 
S.A., Zurich 3 / 4 5 , Switzerland. 

(3) Cf. H. Zeiss, "Organometal l ic Chemistry," Reinhold PuW. 
Corp., N e w York, N . Y. , I960, pp. 411-414 , for detailed discussion and 
appropriate references. 

(4) W. Metlesics a n d H. Zeiss, J. Am. Chem. Soc, 8 1 , 4117 (1959). 

A monophenylated derivative of the bicyclo-
heptadiene was prepared some years ago by Alder 
and Rickert as one of the products of the addition 
of cyclopentadiene and styrene in the presence of 
acetylenedicarboxylic acid .6 This is now formulated 
as e«cfo-5-phenylbicyclo [2.2.1] heptene-2 which gave 
a phenyl azide adduct melting between 134-135°. 
The discrepancy in melting points between their 
phenyl azide and ours is explained by the assump
tion that the triphenylchromium-bicycloheptadiene 
addition results exclusively in the exo-phenylated 
form. 

Experimental support for the assignment of the 
exo configuration to our product is derived from a 
repetition of the Alder-Rickert preparation and 
isolation from their product mixture of a phenyl 
azide, although in small amount, which melted 
undepressed at 145° with our azide and whose 
infrared spectrum was superimposable on that of 
ours. The main product, as reported, gave the 
phenyl azide melting at 133-135°. The eutectic 
temperature of the two azides was 110° accounting 
for the 110-130° melting crystalline product initially 
obtained by us by the azidization of the Alder-
Rickert hydrocarbon mixture and subsequent sepa
ration into the two forms. 

The structure of the diphenylated bicyclohep-
tane, isolated in small amount, has been elucidated 
by means of X-ray diffraction and optical measure
ments. Oscillation and Weissenberg photographs 
were taken with CuKa radiation round the three 
principal axes. The crystals are orthorhombic with 
a = 19.70, b = 6.95, c = 10.64 A. The density 
measured by notation in a solution of potassium 
carbonate is 1.11. Thus there are four molecules 
in the unit cell. The following systematic absences 
occur amongst the diffracted X-ray spectra: 
hkl for k + I odd; OkI for k odd and / odd; M)I 
for h odd and /odd; hkO for k odd. These absences 
lead unambiguously to the space group Aba2 
(C2v

17). Since there are eight general positions in 
this space group, and only four molecules in the 
unit cell, the molecule itself must possess sym
metry. The only possibility is a twofold axis. 
Thus the molecule must be 2,5-diphenylbicyclo-
heptane, either with both phenyl substituents in the 
endo position or both in the exo position. That the 
molecule is in the exo,exo form is suggested by the 
previous chemical evidence. This conclusion is 
confirmed by the cell dimensions, since four mole-

(.5) K. Alder and H. F . Rickert, Ber., 71 , 379 (1938). 
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cules of an endo,endo form could not fit into a cell 
of this size, and also by the high (presumably 
positive) birefringence of the crystals, which is 
consistent with the long exo,exo-molecules lying 
roughly parallel t o each other and to the long 
[a] axis. 

An explanation of the exo addition of phenyl 
groups by tr iphenylchromium to bicycloheptadiene 
lies in the assumption of an initial complexing of 
the diene system with the c-bonded phenylchro-
mium compound, the result of a displacement of 
coordinating solvent molecules by the diene. This 
intermediate ir-complex is somewhat analogous in 
structure to the cyclobutadiene-chromium complex 
proposed for the formation of aromatic, polyaro-
matic and cyclopentadiene rings from the aryl-
and alkyl-chromium reagents and acetylenes.3 

The actuality of this intermediate is supported by 

(THF) 

interpreted in terms of the formation of an inter
mediate, internally reactive 7r-complex. 

(C6H6) 3Cr-3THF + 

THP 

the existence of the tricarbonyliron complex of 
bicyclo[2,2,l]heptadiene-2,5.6 However, the phen-
yl-chromium bond is considerably more labile than 
t ha t of a carbonyl-metal , particularly in the pres
ence of other reactive centers, and, since the endo 
position is blocked in the intermediate, only exo 
addition is open to the phenyl group. Hydrolysis of 
the complex then supplies the proton in the final 
product. 

Failure to phenylate further the monophenyl-
bicycloheptene with triphenylchromium is also an 
argument for the existence of this intermediate as 
a reaction requirement. Simple olefins, e.g., hex-
enes, cyclohexene, isoprene or even stilbene and 
styrene, do not undergo appreciable addition 
reactions with triphenylchromium, a fact a t t r ibut
able to the lack of coordinating power of these 
olefins with chromium. 

Another olefinic system which permits a similar 
interpretation is tha t provided by maleic anhydride. 
The product of the reaction of this substance with 
triphenylchromium is a-phenyl-/3-benzoylpropionic 
acid, isolated as its methyl ester. The formation 
of this substance may be superficially described as 
the result of a 1,4-addition of triphenylchromium 
to the a,/3-unsaturated ester7 bu t perhaps bet ter 

(6) R. Burton, M. L. H. Green, B. W. Abel and G. Wilkinson 
Chemistry b- Industry, 1592 (1958); R. Pettit, / . Am. Chem. Soc, 81, 
1266 (1959). 

(7) Phenyl Grignard adds similarly to maleic anhydride, but in this 
case the major product is desylacetophenone: D. S. Tarbell, ibid., 
60, 215 (1938). This would indicate that diphenylmagnesium is 
capable of complexing such systems also. 
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C6Hs 
The preceding examples and arguments lend 

weight to the concept of the 7r-complex as an essen
tial, catalytic intermediate in metal-organic re
actions. The internal reactivity of these inter
mediates provides the drive in coordination syn
thesis, and their geometry determines the struc
ture of the final products. 

Experimental8 

Addition of Triphenylchromium to Bicyclo[2,2,l]hepta-
diene-2,5.—Triphenylchromium was prepared by treating 
15 g. (0.095 mole) of anhydrous chromium(III) trichloride in 
500 ml. of tetrahydrofuran with 250 ml. of a 1 Af solution of 
phenyl Grignard (0.25 mole) in tetrahydrofuran at —20°. 
To this mixture 11.5 g. (0.125 mole) of bicycloheptadiene 
(Shell Chemical Co., previously filtered through basic alu
mina and distilled at atmospheric pressure) was added at 
room temperature and left standing overnight. After 18 
hours the initial reddish-brown color of the solution had 
turned to green, and a small amount of green flocks which 
had deposited were filtered and discarded. The solvent was 
removed in vacuo, the residue treated with 5% sulfuric acid 
and then extracted with ether. The ether solution was 
washed with aqueous sodium bicarbonate, dried over sodium 
sulfate, and then freed for the most part of ether. The 
residue was distilled over a small column, the main fraction 
of 6-8 g. boiling between 114-116° (15 mm.). The infrared 
spectrum of this product indicated reasonable purity and 
contained absorptions consistent with the 5-phenylbicyclo-
[2,2,l]heptene-2 structure. 

Anal. Calcd. for Ci3Hn: C, 91.71; H, 8.29. Found: 
C, 91.68; H, 8.14. 

In another experiment in which 0.045 mole of triphenyl
chromium and 0.092 mole of bicycloheptadiene were allowed 
to react, 4.5 g. of this hydrocarbon was isolated in similar 
fashion. 

The phenylazide adduct of «io-5-phenylbicyclo[2,2,l]hep-
tene-2 was prepared by dissolving equal amounts of the 
hydrocarbon and phenyl azide in ethyl acetate. After stand
ing for some time, white crystals of the adduct appeared as 
the sole product, m.p. 114-146°. This adduct melted un
depressed with a sample of the phenyl azide adduct of 5-
phenylbicyclo[2,2,l]heptene-2 prepared according to Alder 
and Rickert (vide infra).* 

Anal. Calcd. for C18H19N3: C, 78.86; H, 6.62; N, 14.52. 
Found: C, 78.67; H, 6.69; N, 14.43. 

The distillation residue from the isolation of monophenyl-
bicycloheptene above was transferred to a ball tube and dis
tilled at a bath temperature of 200° (0.5 mm.), giving a pale 
yellow oil which crystallized on scratching. Recrystalliza-
tion from ethanol yielded 0.6-1 g. of white leaflets, m.p. 85-
87°, of e*0,ex0-2,5-diphenylbicyclo[2,2,l]heptane. 

Anal. Calcd. for C18H20: C, 91.88; H, 8.12; mol. wt., 
248. Found: C, 92.01; H, 8.06; mol. wt., 236 (Rast). 

5-Phenylbicydo [2,2,1 ] heptene-2 .E—Freshly distilled cyclo
pentadiene (115 g.), 1.6 g. of acetylenedicarboxylic acid and 
180 g. of styrene were heated at 190° for 15 hours in a 500-
ml. steel bomb. After several fractional distillations the 
main fraction, a colorless liquid, boiling between 113-115° 

(8) All work was carried out under G.E. lamp-grade nitrogen. Melt
ing points were determined on the JCofler hot-stage. Analyses were 
performed by the Schwartzkopf Microanalytical Laboratories, Wood-
side 66, N. Y. 
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(14 mm.), was obtained. The infrared spectrum of this 
product, while containing absorptions attributable to those 
of phenylbicycloheptane, was definitely different from that 
of the hydrocarbon isolated from the addition of triphenyl-
chromium to bicycloheptadiene. Several attempts to sepa
rate the main fraction into components by vapor phase chro
matography were unsuccessful. 

The product was then dissolved with an equal amount of 
phenyl azide in ethyl acetate. After 3 days standing and 
frequent scratching, a crop of white crystals, m.p. 110-130°, 
was deposited. Recrystallization of this mixture from ethyl 
acetate gave as first fraction a small amount of adduct, m.p. 
143-145°, melting undepressed with and showing a superim-
posable infrared spectrum with that of 5-phenylbicyclo-
[2,2,1] heptene-2 obtained above from addition of triphenyl
chromium to the bicycloheptadiene. 

A second fraction was obtainable from the 110-130° prod
uct by chromatography with ether on a basic alumina 
column. The first eluted fractions melted between 133-135° 
corresponding with the phenyl azide derivative prepared by 
Alder and Rickert from eredo-5-phenylbicyclo [2,2,1]hep
tene-2, m.p. 134-135°. The eutectic temperature for the 
145°- and 135°-melting azides was found to be 110°. A 
semiquantitative study of infrared spectra revealed that the 
110-130° azide mixture contained the 145°- and 135°-azides 
in a ratio of about 1:1. According to the infrared spectrum 
of the parent hydrocarbon mixture, a large excess of the 
135° azide would have been expected in the 110-130° azide 
mixture had it not been for its greater solubility in ethyl 
acetate and methanol. 

Considerable effort has been expended by a 
large number of workers over the last fifty years 
in attempts to prepare derivatives of cyclobuta-
diene.x Apart from the preparation of diphenylene 
and its derivatives2 this quest has hitherto been 
fruitless, with the exception of a number of cyclo-
butadiene-metal complexes which have recently 
been reported.3-6 I t would seem that one of the 
most practical and hopeful routes to cyclobuta-
dienes would be by decomposition of suitably 
stabilized cyclobutadiene-metal complexes. How
ever, the routes used to obtain these metal com
plexes do not, for the most part, appear to be 

(1) W. Baker and J. F. W. McOmIe, "Non-benzenoid Aromatic 
Compounds," Ed. D. Ginsburg, Interscience Publishers, Inc., New 
York, N. Y., 1959, p. 43. 

(2) W. Baker and J. F. McOmie, Chem. Soc Special Publ. No. 12, 49 
(1958). 

(3) M. Avram, E. Marica and C. D. Nenitzescu, Chem. Ber., 92, 
1088 (1959); Tetrahedron Letters, 21 (1961). 

(4) R. Criegee and G. Schroeder, Ann., 623, 1 (1959). 
(5) W. Hflbel and E. H. Braye, J. lnorg. Nucl. Chem., 9, 250 (1959); 

c/. W. Hubel, el al., ibid., 9, 204 (1959), and R. P. Dodge and V. 
Schomaker, Nature, 186, 798 (1960). 

(6) H. H. Freedman, J. Am. Chem. Soc, 83, 2194, 2195 (1961). 

Addition of Triphenylchromium to Maleic Anhydride.—To 
a solution of 0.029 mole of triphenylchromium in tetrahydro-
furan was added 5.7 g. (0.059 mole) of maleic anhydride. 
A spontaneous reaction ensued, the whole mixture reaching a 
temperature of 40°. After standing for 48 hours the solvent 
was removed, the residue treated with ice-water and then 
filtered. A green solid was collected on the filter from which 
only biphenyl could be extracted with benzene. The in
frared spectrum of the remainder indicated it to be a metal 
salt of a carboxylic acid. Treatment of this green powder 
with strong hydrochloric acid and extraction with ether 
overnight yielded a dark brown solution from which organic 
acids could be removed with aqueous sodium bicarbonate. 
The alkaline solution was acidified and extracted with ether 
again overnight. Removal of the ether left 2.25 g. of crude 
product in the form of a brown, sticky mass which was now 
esterified by dissolution in 25 ml. of methanol, addition of 3 
ml. of concentrated sulfuric acid and refluxing on the steam-
bath for 3 hours. This reaction mixture was diluted with 
water, extracted with ether, and the unesterified acid frac
tion removed from the ether layer with bicarbonate. The 
ester fraction was distilled in a ball tube at a bath tempera
ture of 180-250° (0.5 mm.), yielding a yellow oil which 
crystallized after scratching. Recrystallization from ethanol 
gave white crystals of methyl a-phenyl-/3-benzoylpropionate, 
m.p. 100-102°.' 

Anal. Calcd. for Ci7HuO3: C, 76.10; H, 6.01; CH1O, 
11.5. Found: C, 76.41; H, 6.06; CH8O, 11.9. 

(9) Rupe, et al., Ber., 28, 963 (1895). reported m.p. 104°. 

broadly useful for the preparation of complexes 
other than the specific ones described. 

As yet very little work has been carried out on 
reactions of acetylenes with palladium compounds; 
one brief note by Malatesta and co-workers7 has 
appeared which describes, with complete absence of 
detail, the preparation of a cyclobutadiene-
palladium complex in two steps from tolan (di-
phenylacetylene) and palladium chloride. Since 
this is certainly the simplest route yet discovered 
to cyclobutadiene complexes and one which should 
be capable of great extension, its reinvestigation 
was undertaken, preparatory to a more complete 
study of the route as a general method. 

Results 
Bis-(benzonitrile)-palladium chloride (I), (C«-

H6CN)2PdCl2,8 was chosen as the source of pal
ladium in the present study. This palladium 

(7) L. Malatesta, G. Santarella, L. Vallarino and F. Zingales, Angevi. 
Chem., 72, 34 (1960); Atti. accad. naz. Lincei, Rend. Clone ici.fil. mat. a 
not., 27, 230 (1959). 

(8) M. S. Kharasch, R. C. Seyler and F. R. Mayo, J. Am. Chem. 
Soc, 60, 882 (1938). 
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In non-hydroxylic solvents, bis-(benzonitrile)-palladium chloride (I) catalyzes the trimerization of tolan to hexaphenyl-
benzene. In ethanol-chloroform (3:1), tolan reacts with compound I to give an orange-red complex (A), (CsoH25OPdCl)x, 
which on treatment with hydrogen chloride affords a deep red crystalline complex (B), (C2SH2OPdCl2)*. Spectroscopic and 
degradation studies of complex B show that it is tetraphenylcyclobutadienepalladium(II) chloride. Complex B, which 
can also be obtained directly by reaction of tolan with palladium chloride, fails to react with tolan, 2-butyne and dimethyl 
acetylenedicarboxylate. Treatment of B with ethanol converts it to a yellow complex (C), isomeric with complex A. Com
plex A reacts with bromine to give tetraphenylfuran and it decomposes thermally to 2,3,8-triphenylbenzofulvene and 8-
ethoxy-2,3,8-triphenylbenzofulvene. Structures are postulated for complexes A and C, and a mechanism is proposed for the 
reactions leading to their formation. 


