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On the Mechanism of the Reppe Cyclooctatetraene Synthesis From 
~~~---------------------~~--~-------------------------------
Ethyne: A Labeling Experiment ------------------------------
.Robert E. Colborn and K. Peter C. Vollhardt*t 

Department of Chemistry, University of California, and the Materials 

and Molecular Research Division, Lawrence Berkeley Laboratory, 

Berkeley, California 94720 

Abstract 

Si ngly l3C_l abel ed ethyne may be cycli zed to tetra 1 a-be led cyclo­

octatetraene under N2 pressure (50-60 psig) by using nickel catalysts 

under conditions similar to those reported by Reppe. 'The resulting 

cyclopolyolefin is degraded to a C4-:-fragment incorporated in dimethyl 

phthalate according to a literature procedure. The latter is analyzed 

through g.c. mass spectrometry. The peak ratios of the most intense 

CgH703 peaks containing various amounts of label rule out cyclobuta­

dienes and benzenes as·intermediates, and metathesis mechanisms as part 

of the nickel catalyzed cyclic tetramerization of ethyne. The label 

distribution is, however, consistent with a concerted or stepwise 

. coupling mechanism of the four alkyne units. 

This work was supported by NSF-CHE-79-03954 and the Director, Office 
of Energy Research, Office of Basic Energy Sciences, Chemical Sciences 
Division of the U.S. Department of Energy under Contract W-7405-ENG-48. 
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The mechanism of the remarkable nickel catalyzed cyclotetra­

merization of ethyne discovered by Reppelis little understood, 

despite the synthetic significance of the reaction2 and the 

mechanistic curiosity it has generated. 3 Originally formulated as 

a concerted "zipper" process,4 recent work ~as suggested the pos­

sibility of the occurrence of a stepwise topological equivalent 

possibly involving dinuclear metallacycles. 5 Particularly si~ni.ficant 

has been the discovery of metal mediated alkyne-linking processe-s 

resulting 1n flyover bridges between two metal centers composed of 

four alkyne units,5f,g and the detection of a remarkably facile 

( ) . . t' Sc ,e reversible cyclooctatetraene COT rlng openlng reac 10n. 

Other work has inplicated the intermediacy of nickel cyclobuta­

diene complexes. 6 Such intermediates were originally discounted as 

unlikely due to the stability of isolated representatives of this class 

of compounds. 7 Through the use of isotopic labeling they were also 

shown to be absent in a number of transition metal catalyzed alkyne 

cyclizations leading to aromatic compounds.S On the other hand, 

recently several cyclobutadiene nickel complexes have been isolated 

which appear to be good models for potential intermediates in COT syn­

thesis,6 particularly some which may be decomposed to COT under mild 

conditions. 6b 

rn addition to the "zipper-stepwise" (hereafter called "zipper") 

and the "cyclobutadiene" mechanisms there are other major topological 

alternatives9 (Scheme l): a "random" process in which individual 
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carbyne un; ts are recomb; ned arbitrarily, 1 0 and a "meta 1 benzene" 

;ntennediate (formed by the stepwise processB) which inserts 

another molecule of ethyne en route to COT." As indicated in 

Scheme lone might be able to distinguish between theseposs;bilities 

by using singly labeled ethyne. A simple statistical analysis 

(neglecting l3C-isotope effects) gives the expected distri-

bution of the eight possible isomeric tetralabeled products (Table 1). 

Topological Alternatives 

2. IICyclo'butadienes" 

[2+2+2+2] or 
. .. 

stepwise 

~* . 1* 
Ni 

$* 
H 
C 

* 

dimerization 

COT 

.. COT 

* III * h 3. IIRandomll III-Ni=:CH exc ange .. . COT 

*~~* 

~* * 4. "Metal Benzene" ~Ni-1Il reinsert II COT 

* 
Scheme 
~ 

One will note that in the zipper mechanism it.is impossible to generate 

Table I. Theoretical Isomer Distribution of Labeled Cyclooctatetraenes 
~~ 

According to Various Mechanisms of Formation. 

* * ** ** * * * * ** ** .,.. 
0* 0* 0* 0* O· *0* (5) 0* - * - * * -* * * * ** * 

zipper 0% 0% 0% 0% ~O% 25% 12.5% 12.5% 

-cyclobutadiene 3.1 12.5 6.25 6.25 37.5 15.6 6.25 12.5 

random 12.5 12.5 . 12.5 12.5 12.5 12.5 12.5 12.5 

metal benzene 0 6.25 6.25 6.25 43.75 18.75 6.25 12.5 
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three or four adjacent labels. 

If one were to employ ethyne-1-13C as starting materia],12 

a possible way of interpreting the data arising from'such a labeling 

experiment would be by inspection of the C4H4-fragment ion peak 

envelope. Unfortunately, we found that significant randomization of 

the COT carbon skeleton takes place prior to fragmentation. 13 A 

chemical degradation to a C4-unit would lead to the label distribu­

tion depicted in Table 2 (assuming 100% label purity). In order to 

analyze results correctly, two further corrections have to be applied, 

one which takes into account the isotopic purity of both carbon a.toms 

I~~:_~. Calcu~ated Relative Abundance of Labeled C4-Fragments Derived Fro~ 

COT-*C4• 

zipper. .cycToblJtadiene. random metal-benzene 

*C4 0.00 0.39 1.56 0.00 

C*C .3 12.50 17. 19 18.75 15.62 

C2*C2 75.00 64.84 59.37 68.75 

C *C 3 12.50 17. 19 18.75 15.62 

C4 0.00 0.39 1.56 0.00 

(12C=98.89%, l3C=97%14).15 The other incorporates these numbers into the 

fragmentation pattern of the ions containing the C4-unit originally 
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derived from the labeled COT. We chose dimethyl phthalate as the 

target of degradation (vide infra), because the base peak in its 

mass spectrum at m/e 163 (M+-OCH3) is essentiaily isolated, i.e. 

it has no near neighbors except those due to natural 2H, 13C, 170 

and lBO. The ~esulting theoretically expected label distributions 

for the various mechanisms are shown in Table 3 normalized to the 

most abundant fragment, m/e 165. 16 ' 

Table 3. Calculated and Experimental Relative Peak_Intensities for the ------
M+-OCH3 Ion Peak of Dimethyl Phthalate Containing Varying 

- -
Amounts of Label According to Several Mechanisms 

metal 
Experimenta1 a 

,m/~, zipper ,cyc10butadiene, ,random benzene 

163 0.6 1.5 3.6 O.B 2. 9±0. 1 

164 22.4 31. 7 36.5 2B.2 21.1±0.6 

165 100.0 100.0 100.0 100.0 100.0 

166 23.6 '32.6 37.3 29.2 22.B±0.4 

167 1.9 3.1 5.2 2.3 1. 3±0. 5 

a Average of five runs including standard deviations. The mass spectral 

1in'e intensities ranged from 900-2200 counts for the smallest m/~ = 

167. This eliminates any significant ion statistical error in 

measuring the ratio of the ion peaks m/~ 164-166 (B. J. Millard, 

"Quantitative Mass Spectrometry", Heyden, Philadelphia, Pa., 
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Chapter 3, "Sources of Error".) The deviation in m/~ 167 could 

be ascribed to such errors while the disparity of the m/~ 163 

peak appears to be due to the presence of a small amount of impurity. 

The required singly labeled ethyne17 was prepared starting 

~aration of HC_13CH 

~ * I. CH3MgSr Hel-
Sa C~~ + H2S04 - C~~ 2. NoOH • CH3*COONa --..-' CH3*COOH' 

trigol: 
,LiCS*CLi- - HC!!I*CH 

50% overall 
65% from CH3*COOH 

,Scheme 2' 

from commercially available Ba13C03 or CH313COOH~4 by literature 

methods 18 (Scheme 2) up to the 1,2-dibromoethane stage. Elimina­

tion and protonation was achieved as shown. 19 Cyclization20 was 

foll owed by degradation2l according to Scheme 3. The mass spectrum 

Scheme 3 

\ 
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of the labeled COT revealed the absence of any COT-

l3cs isomer in excess of the amount expected based on the 

natural abundance of l3C in the l2C-label. Thi~ rules out random 

carbon exchange processes of any kind in the cycli7~tion. After 

degradation, the peaks for the dimethyl phthalate fragment 

~e CgH703 give the relative intensities shown in Table 3. The 

observed figures are clearly incompatible with the significant 

occurrence of cyclobutadiene, random, and metal benzene mechanisms 

or any other conceivable topologically equi va lent sequence leading 

to COT. A separate experiment using a different catalytic systan 

with less '~nriched ethyne-l~l~C is in remarkable agreement with these 

conclusions. 22 It follows that the predominant way in'which four 

ethynes are linked by nickel catalysts en route to COT leaves the 

initial connectivity of the starting carbon pairs intact. This 

is currently best accommodated by the postulate of a zipper-stepwise 

type mechanism. 

This work was supported by NSF-CHE-79-039S4 and the Director, 

Office of Energy Res.earch, Office of Basic Energy Sciences, 

Chemical Sciences Division of the U. S. Department of Energy 

under Contract Number W-740S-ENG-48. We are grateful for useful 

discussions with Or. A. Falick on mass spectral analyses and the 

tireless efforts of Ms. L. Fanning 

recording of g.c. mass spectral data. 

expended on the 

t'Camille a~d Henry Dreyfus Teacher-Scholar, 1978 .. 1983. 
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