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One of the most fascinating chapters in organome- 
tallic chemistry concerns the interaction of transi- 
tion-metal compounds with acetylenes. The number 
of different strange, unusual, and apparently unrelat- 
ed types of molecules isolated from these reactions 
reminds one of the early days of organic natural 
product chemistry; the tale of the unravelling of their 
structures and of the elucidation of apparently tortu- 
ous mechanisms by which they are formed is reminis- 
cent of a detettive story. Clues abound, there are 
many red herrings, and the answer to the puzzle is 
seldom obvious even halfway through the problem. 

Interest in the general area was dramatically awak- 
ened by Reppe’s discovery of the tetramerization of 
acetylene to cyclooctatetraene by a nickel cata1yst.l 
This was followed by extensive investigations of the 
structures of the multitude of complexes isolated 
from reactions of metal carbonyls and acetylenes, 
particularly by Hubel and his co-workers,2 and many 
others. These studies showed that a number of com- 
plex processes occur during such reactions, many in- 
volving polynuclear intermediates, and even today 
our understanding of that particular story is only 
fragmentary. 

I wish to draw attention here to the reactions of 
acetylenes with palladium(I1) where it has now been 
possible to shed light on the details of the individual 
processes that occur, including the remarkable man- 
ner in which acetylenes are cyclotrimerized to ben- 
zenes via cyclopentadienylmethyl complexes. 

Although these reactions have only been the 
subject of detailed study during the last 15 years, as 
early as 1894 F. @. Phillips, working at  Western Uni- 
versity in Allegheny, Pa., observed the formation of 
metal-containing dark-red precipitates when acety- 
lene was bubbled into aqueous solutions of palladium 
~ h l o r i d e . ~  Virtually all acetylenes react readily with 
palladium chloride under ambient conditions to give 
red-brown complexes; single substances are usually 
obtained from disubstituted acetylenes, but the for- 
mation of complex mixtures in the reactions of most 
monosubstituted acetylenes and acetylene itself4 has 
retarded the understanding of those systems. 

For the disubstituted and a few monosubstituted 
acetylenes we have now been able to define relatively 
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clearly nearly all the steps in a complicated overall 
process. 

The usual starting material is the bis(benzonitri1e) 
complex of palladium chloride, which is easily pre- 
pared and is readily soluble in common organic sol- 
v e n t ~ . ~  Since benzonitrile binds only very loosely to 
PdC12 and appears to take little part in the subse- 
quent reactions, the complex can be thought of as 
“solubilized PdC12”. Undesirable side reactions are 
minimized by the use of aprotic solvents, but good 
coordinating solvents or better ligands than benzoni- 
trile strongly retard the desired reactions. 

The extent of reaction is very much governed by 
the size of the acetylenic substituents (Scheme I); for 
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example, if both substituents are bulky tert- butyl 
groups, no oligomerization occurs and only the 1:l 
acetylene complex 1 is formed.6 When one tert-  butyl 
is replaced by the smaller phenyl substituent dimeri- 
zation takes place and the cyclobutadiene complex 2 
is the only p r ~ d u c t . ~ , ~  However, diphenylacetylene 
gives a mixture of the cyclobutadiene complex 3 and 
the benzenoid trimer 4.9-12 The somewhat smaller 
carboxymethyl groups ensure that dimethyl acetyl- 
enedicarboxylate gives only trimer; in this case the 
C1-bridged complex 5 is isolated; this gives the benze- 
noid hexamethyl mellitate (6) on heating or reaction 
with cyanide.13J4 

In each of these cases no other significant products 
are found when the reactions are carried out in aprot- 
ic solvents. However, dimethylacetylene gives tetra- 
meric materials of unknown structures in addition to 
the main product, [Gl(Me2C2)3PdC1]2 (7),  of analo- 
gous stoichiometry to 5. We have not yet been able to 
completely characterize this complex, owing to its ex- 
treme lability, but two structures are currently being 
considered. In 7a a strain-free hexatrienyl ligand is u 
bonded to a palladium atom a t  one end and T bonded 
a t  the other; it can exist in two forms with the T -  

bonded olefin either perpendicular to or in the same 
plane as the metal and the other ligands.15 The other 
structure is one where internal cyclization of 7a has 
already occurred to give the rather strained 7b. lH  
NMR spectra do not distinguish between 7a and 7b, 
but recent 13C NMR studies favor the latter.16 7 is 
MeC-CMe --t 

7a 

%e 'Me A, Me 
9 

7b 8 
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easily decomposed to give either hexamethylbenzene 
(8) or vinylpentamethylcyclopentadiene (9).17 

In contrast to the pronounced steric effects of the 
acetylenic substituents on the course of the reaction, 
their electronic effects appear minimal; the reaction 
of dimethyl acetylenedicarboxylate, for example, fits 
neatly into the sequence of substituent sizes. 

In order to unravel further the strange events that 
lead to some acetylenes being catalytically trans- 
formed into benzenes, while others give trimer com- 
plexes and others again give only dimer complexes, 
we have searched for clues among the reaction inter- 
mediates. 

Reaction Intermediates 
(a) The first intermediate is undoubtedly an acety- 

lene T complex; one such, l ,  has been isolated; anoth- 
er has been detected [(f), below]. 

(b) An early suggestion was that cyclobutadienes 
were intermediates in the formation of benzenes, for 
example: 

/ 

However, a number of experiments have shown this 
to  be an unlikely path in the PdC12 reactions.l*Jg 

( c )  There is, on the other hand, strong evidence 
that complexes of the general form [CSRS-CRCl- 
PdCl] 2, containing a substituted cyclopentadiene as 
ligand, are intermediates in the benzene formation. 
One such example is 5 which is easily decomposed to 
hexamethyl mellitate. A number of other Pd(I1)-in- 
duced reactions also give substituted cyclopenta- 
dienes, for example, vinylpentamethylcyclopenta- 
diene (9) from %butyne, and 10 from dimethyl 
acetylenedicarboxylate.20 The complex 11, containing 
the pentaphenylcyclopentadienyl ligand, has also 

PdCI.- 
3 R C m R  

i- MeOOCCOOMe + [Pd(HC,R,)CI], 

H R  
10 

R = C0,Me 

7PhCsCPh i- PdJOAc), + 6MeOH 4 

11 
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been isolated from reactions of diphenylacetylene 
under appropriate conditions.21 

(d) Evidence concerning precursors to the trimer 
complexes comes from a variety of reactions. For ex- 
ample, in a study of the reactions of the zerovalent 
palladium-olefin ?r complexes Pd(DBA), [DBA = di- 
benzyl ideneacet~ne]~~ with dimethyl acetylenedicar- 
boxylate, the first product was identified as the me- 
tallocycle This also reacts further to give the 
benzene 6 by a different path from the one under dis- 
cussion here, but one which has been well established 
for electrophilic acetylenes and low-oxidation-state 
metal complexes.24 

The complex 12 was characterized in a number of 
ways (Scheme II),I4 including by reaction with HBr, 
followed by triphenylphosphine to give the a-butadi- 
enyl complex 13. The x-ray determination of 13 and 
its NMR spectrumz5 indicated that there is interac- 
tion between the 6 hydrogen on the butadiene and 
the metal; the estimated Ha-Pd distance is 2.3 A 
compared with an expected van der Waals contact of 

Scheme I1 
PdO(PhCH=CHCOCH=CHPh), i,'oTi + 2RC=CR 
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3.1 A, and the hydrogen is in the fifth (axial) coordi- 
nation site. 

Reaction of the metallocycle 12 with 1 equiv of 
bromine also cleaved one Pd-C bond to give 14, char- 
acterized as its bis(tripheny1phosphine) adduct. The 
complex 14 reacted with dimethyl acetylenedicarbox- 
ylate or bis(trifluoromethy1)acetylene to  give the bro- 
mide-bridged complexes 15 (R = COOMe or CF3), 
analogous to 5, which on decomposition gave the ap- 
propriate benzenes 16.14 

(e) The synthesis of trimer complexes from a a-bu- 
tadienyl complex (14 - 15) suggested that a-butadi- 
enyl complexes might in general be intermediates in 
the trimerization reactions. Positive support for this 
hypothesis came from a detailed analysis of the reac- 
tions of PdC12 and tert- butylacetylene. 

At 20° tert-butylacetylene gave only trimer prod- 
ucts: 1,3,5-tri-tert- butylbenzene (17) was formed in 
acetone, while the complex [ C ~ ( M ~ ~ C C Z H ) ~ P ~ C ~ ] ~  
was obtained in benzene or dichloromethane.26 The 
latter complex exists as a mixture of the r-allylic iso- 
mers 18a and 18b in dynamic e q ~ i l i b r i u m . ~ ~  All at- 
tempts to generate 17 from 18 were wholly unsuccess- 
ful, and these trimer complexes do not appear to be 
intermediates in the formation of the benzene 17. 
3Me,CC=CH 

+ 
PdCll(PhCN)j - 

18a 18b 

The trimerization to  18 takes place in two stages. 
At -10' a fast reaction occurs wherein three mole- 
cules of tert- butylacetylene combine with 
PdClZ(PhCN)2 to give an unstable intermediate, 19, 
in which two acetylenes have linked. Addition of the 
chelate ligand MeSCH2CHzSMe to the solution con- 
taining 19 gives the stable c-butadienyl complex 20, 

3Me,CC=CH Me,,C 

\ I /  \ 
c1 

20 

(26) M. Avram, E. Avram, G. D. Mateescu, I. G. Dinulescu, F. Chiraleu, 

(27) P. M. Bailey, B. E. Mann, A. Segnitz, K. L. Kaiser, and P. M. Mai- 
and C. D. Nenitzescu, Chem Rer , 102,3996 (1969). 
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the structure of which has been determined.28 In 19 
the third acetylene is presumably weakly x bonded 
and is displaced by the sulfur chelate; the structure 
shown is suggested. When the solution containing 19 
is allowed to warm up, the second, slower, stage in 
the trimerization occurs in which a further acetylene 
is slowly taken up and the trimer complexes 18 are 
formed in high yield. The intermediacy of the u-buta- 
dienyl complex in the formation of 1,3,5-tri-tert-but- 
ylbenzene (17) is demonstrated by the reaction of 
20-d2 with tert-butylacetylene in the presence of Ag+ 
(to remove C1- and thereby to create a vacant site a t  
Pd) to give 

Me& ,C1 ~. 

20-d2 17-d2 

(f) An investigation of the reaction of 
PdClz(PhCN)2 with 2-butyne indicated that the first 
intermediate was an acetylene complex, [Me- 
C2Me(PdC12)21n, stable only a t  -50’. The rate-deter- 
mining step in the further reaction was independent 
of 2-butyne concentration and hence was likely to be 
a rearrangement of the *-acetylene c0mp1ex.l~ The 
internal addition of Pd-C1 to the coordinated acety- 
lene to give a a-(P-chlorovinyl) complex is such a step 
for which there are many analogies.29 

If subsequent reactions occur by fast insertions of 
further coordinated acetylenes into the Pd-vinyl u 
bond, then a chain, ClPd(R2C2),Cl, will be built up. 
The stereochemistry of the a-butadienyl ligand in the 
complex 20 is of particular interest since it shows 
that this does indeed happen in the initial stages of 
reaction and that the first step is a cis insertion of the 
coordinated acetylene into the Pd-C1 bond, which is 
followed in the second step by another cis insertion 
into the resultant Pd-vinyl u bond. 

(g) The argument can be taken a step further, and 
if the first acetylene were also able to cis insert into a 
Pd-C a bond, that reaction should be faster than the 
insertion into Pd-C1. Hence the expected product 
from “PhPdC1” would be of the form 
[ClPd(CzR2).Ph]. When “PhPdC1” [prepared in situ 
from PdC12(PhCN)2 and HgPhz30] and dimethyl- 
acetylene were allowed to react, the product (21) was 
of the anticipated type except that a H-transfer reac- 
tion had also occurred. The structure of 21 showed 

r Ph 1 

21 

(28) B. E. Mann, P. M. Bailey, and P. M. Maitlis, J .  Am. Chem. SOC., 97, 

(29) P.  M. Maitlis, “The Organic Chemistry of Palladium”, Vol. 11, Aca- 

(30) R. F. Heck, J Am. Chem. Soc., 90,5518 (1968). 

1275 (1975). 

demic Press, New York, NY, 1971, p 151. 

that another trimer complex, containing a y2-cyclo- 
pentadiene, had been formed.31 

(h) The structure adopted by the trimer complex 
depends critically on the nature of the acetylenic 
substituents. Two of the four square-planar coordi- 
nation sites on the metal are filled by a Cl2 bridge, 
one by the 0 bond to carbon, but in order to stabilize 
the molecule the fourth site must also be occupied. 
Models show that coordination to one of the cyclo- 
pentadiene double bonds as in 22 is possible but 
leads to a very strained system which is clearly not an 
energy minimum. It is possible that this mode of sta- 
bilization is actually adopted by the dimethylacetyl- 
ene trimer complex, 7b, which explains why it is very 
labile. However, for the dimethyl acetylenedicarbox- 
ylate trimer complexes 5 and 15, an ester carbonyl is 
conveniently situated to form a Pd-0 bond in a six- 
membered chelate ring; this gives a quite stable com- 
plex. 

5,R = R  =CO,Me: X = C1 
R’&,R’ / 

2 1 , R = R = M e ;  X = P h  
22 

In the case of the tert-butylacetylene trimer com- 
plex, the intermediate 22 (R = CMe3, R’ = H, X = 
C1) stabilizes itself in the n--allylic form 18 after a 1,2 
hydrogen shift. A similar type of shift but in a differ- 
ent direction occurs for 22 (R = R’ = Me, X = Ph) to 
give 21; this leads to a system where the metal can 
now coordinate to a cyclopentadiene double bond in 
a strain-free ring. 

The form that the trimer complex adopts also in- 
fluences the decomposition to the benzene. Thus the 
dimethyl acetylenedicarboxylate complexes 5 and 15 
and the 2-butyne complex 7 readily decompose to the 
appropriate benzenes, but the tert-butylacetylene 
trimer complex 18 has undergone an apparently irre- 
versible H shift and does not give the benzene. Simi- 
larly 21 cannot be decomposed to a benzene. 

Reaction Mechanisms 
The mechanism of acetylene oligomerization in- 

duced by PdC12 is therefore seen to involve a series of 
stepwise cis insertions of coordinated acetylenes as 
shown in Scheme I11 (i) into a C1-Pd bond giving A, 
and (ii) into a vinyl-Pd bond giving a u-butadi- 
enyl-Pd complex (B).32 Where trimers are formed a 
further acetylene cis insertion (iii) then occurs to give 
a a-hexatrienyl-Pd complex (C) which can then un- 
dergo an internal cis insertion, (iv) to give the substi- 
tuted palladiamethylcyclopentadiene (F = 22). 

The relative rates of reactions i-iv determine the 
observed products and are themselves determined by 
the sizes of the acetylenic substituents. Thus when R 

(31) T.  Hosokawa, C. Calvo, H. B. Lee, and P. M. Maitlis, J.  Am. Chem. 
Sac., 95,4914 (1973). 

(32) Scheme 111 is considerably oversimplified; for example, it is very 
likely that the cis insertion in steps i, ii, and even iii is accompanied, and 
may even be promoted by, the coordination of a further acetylene. The 
question of the coordination numbers of intermediates such as A, B, C, H, 
etc., is open, but it is most likely to be four, with one site possibly binding a 
solvent molecule weakly. 



Vol. 9, 1976 Palladium(II) Induced Oligomerization of Acetylenes 97 

Scheme I11 
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= R’ = tert-butyl no appreciable reaction in sense i 
occurs and there is no oligomerization, whereas for R 
= R’ = COOMe or Me the steric restraints are small- 
er and reactions i-iv proceed readily. 

The intermediate cases, where R = Ph  and R’ = 
t-Bu or Ph, are of considerable interest since cyclo- 
butadiene complexes are formed. We believe that 
this can be best understood by considering the inter- 

actions between Pd  and R’ on the y carbon of the 
a-butadienyl ligand (B) which, when R’ is large, forc- 
es the diene to adopt the s-cis (H) rather than the s- 
trans conformation (B). A large a substituent, R, will 
also adversely affect both the complexation of anoth- 
er acetylene to B or H and the rate of the cis insertion 
to C. Here an alternative path will be favored, which 
is postulated to involve a conrotatory cyclization of H 
to give the a-cyclobutene (I), the n-cyclobutenyl, and 
finally, when X = C1, the n-cyclobutadiene complex 
(J) (step ~ i i ) . ~ ~  

In the absence of large substituents CY and y in B 
the hexatrienyl complex C can be built up. This is 
particularly likely if R’ on the y carbon is either very 
small (hydrogen, methyl) or of such a nature (e.g., 
C02Me) as to interact with the metal, and thus to 
stabilize B relative to H. It is probable that even a y 
hydrogen may interact sufficiently with the metal to 
stabilize B; evidence in favor of Pd-H-C interactions 
has come from the NMR spectra and the x-ray struc- 
tures of complexes 13 and 20,25,28 and quite strong 
metal-H-C interactions of this type are also re- 
ported.34 

If R and R’ in C are small, it should in principle be 
possible for the cis-insertion reactions to continue to  
give tetramers and finally polyenes and their com- 
p l e ~ e s . ~ ~  However, if @-R’ and E-R’ are large enough 
to repel each other significantly, then the molecule 
will twist about the 6,t bond to conformer D. Con- 
former D is well arranged for an internal cyclization 
to F, as discussed above. 

The mode by which F generates the benzene G is 
not yet clear; it is likely that a bicyclo[3.1.0]hexeny1 
complex is intermediate, but i t  is not known whether 
this has the form K or L since there are precedents 
for each.37*38 Both K and L may be expected to ex- 

K L 

hibit fluxionality which can be described as arising 
from the cyclopropane ring moving around the pe- 
rimeter of the C5 ring. If this occurs prior to ring 
opening and formation of the benzene, it will lead to 

(33) It  is unlikely that the species H,  I, and J are in equilibrium with ap- 
preciable amounts of a palladiacyclopentadiene such as 

R 

as this would be a complex of Pd(1V) (and hence probably octahedral) and 
would be expected to  be of significantly higher energy than any of the other 
species, given the ligands likely to be involved. 

(34) F. A. Cotton and A. G. Stanislowski, J.  Am. Chem. SOC., 96, 5074 
(1974). 

(35) It  is not clear whether oligomerization of this type occurs in practice 
since all the tetramers that have so far been isolated and characterized are 
clearly derived from F.36 

(36) P. M. Bailey, B. E. Mann, and P. M. Maitlis, unpublished results. 
(37) For example, R. F. Childs, M. Sakai, B. D. Parrington, and S. Win- 

stein, J.  Am. Chem. SOC., 96,6403 (1974); H. Hogeveen, P. W. Kwant, E. P. 
Schudde, and P. A. Wade, ibid., 96,7518 (1974), and references therein. 

(38) For example, A. Maercker, P. Giitlein, and H. Wittmayr, Angew. 
Chem., Int. Ed. Engl., 12, 774 (1973); D. J. Cram, “Fundamentals of Carb- 
anion Chemistry”, Academic Press, New York, NY, 1965, Chapter 6, and 
references therein. See also D. J. Mabbott, P. M. Bailey and P. M. Maitlis, J. 
Chem. SOC., Chem. Commun., 521 (1975), and ref 31. 
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scrambling and would account for the observations 
that methyl(pheny1)acetylene gives rise to 3% 1,2,3- 
trimethyl-4,5,6-triphenylbenzene, and that 
CH3CsCCD3 gives 10% of 1,2,3-tris(trideuter- 
iomethy1)-4,5,6-trimethylben~ene.~~,l~ 

There is no evidence which suggests that  the al- 
lowed disrotatory cyclization of a hexatriene (e.g., E) 
to a dihydrobenzene occurs (step v). For example, the 
precursor E, where R = Me& and R’ = H, could only 
undergo such a cyclization to give, after elimination 
of Pd-C1, 1,2,4-tri-tert- butylbenzene; this was not 
detected, and only the 1,3,5 isomer 17 was formed. 
Clearly the internal cyclizing cis insertion D - F rep- 
resents a much lower energy path. 

Although the reactions of acetylenes with PdClz in 
protic solvents have not yet been extensively investi- 
gated, one such reaction does call for comment. Di- 
phenylacetylene reacted in ethanol to give the cyclo- 
butenyl complex 23, exclusively with the endo- eth- 
oxy stereochemistry shown. Reaction with HC1 gave 
the cyclobutadiene complex 3 which in turn under- 
went nucleophilic attack by ethanol to give only the 
e m -  ethoxycyclobutenyl complex 24.9-12,39 

24 

-HCI - 

Ph Ph 

2 

3 

OFh 

Ph 
(PI 

Ph / 
-- OEt 

23 - 
(39) L. F. Dah1 and W. E. Oberhansli, l norg  Chem , 4,629 (1965) 

A plausible route to 23 involves nucleophilic attack 
on coordinated diphenylacetylene by uncoordinated 
ethanol (or ethcxide) to give N in which the a-vinyl is 
now trans (compare A); further reaction gives the 
a-butadienyl complex P which undergoes stereospe- 
cific conrotatory cyclization to the endo- ethoxy a-cy- 
clobutenyl complex followed by rearrangement to the 
r-cyclobutenyl23. 

Strong support for this proposal40 has come from 
the observation that the rearrangement P - 23 is re- 
versible, and in particular that in the presence of p- 
diketonate ligands there is an equilibrium between 24 
and 25.41 

24 25 

Conclusion 
A number of paths have previously been proposed 

for the metal-induced oligomerization of  acetylene^^^ 
including: (i) reactions via metallocyclopentadienes, 
for example, 12,23,24133 (ii) reactions via cyclobuta- 
dienes and Dewar benzenes;43 (iii) stepwise reactions 
initiated by metal hydride  intermediate^;^^ and (iv) 
concerted processes whereby three acetylenes come 
together a t  a metal atom and then combine.45 

The work described here establishes the existence 
of another path for such reactions and also shows 
that even an apparently simple process such as the 
coming together of three acetylenes to give a benzene 
is actually of considerable complexity since the most 
obvious “commonsense” path is not necessarily the 
one that nature adopts. 

Although the broad outlines of the processes are 
clear, many intriguing problems remain; among them 
are the mechanisms by which the cyclopentadienyl- 
methyl-metal complexes, such as 5 ,  are converted to 
the benzenes, and the natures and modes of forma- 
tion of the tetramers and their complexes. A further 
point of considerable interest is the qualitative obser- 
vation that two molecules of PdC12 appear to be in- 
volved in many of the processes described; however, 
it is at  present not clear whether both are necessary 
or whether the isolation of complexes containing, for 
example, (LPdC1.PdC12)n arises merely from solubili- 

(40) P. M. Maitlis, Pure A p p l .  Chem., 30,455 (1972). 
(41)  P. T. Cheng, T. R. Jack, C. J. May, S. C. Nyburg, and J. Powell, J .  

Chem. Soc., Chem. Commun., 369 (1975). 
(42) A useful summary of other work in this area has recently been given 

by L. P. Yur’eva, Russ. Chem. Reu., 43,95 (1974). 
(43) A. N. Nesmeyanov, A. I. Gusev, A. A. Pasynskii, K. N. Anisimov, N. 

E. Kolobova, and Yu. T. Struchkov, Chem. Commun., 739 (1969). 
(44) L. S. Meriwether, M. F. Leto, E. C. Colthup, and G. W. Kennerly, J 

Org. Chem., 27,3930 (19621, and references therein. 
(46) G. N. Schrauzer, P. Glockner, and S. Eichler, Angeu. Chem., Int .  E d .  

E n g ! ,  3, 185 (1964); G. S. Schrauzer and S. Eichler, Chem. Rer., 95, 550 
(1962). 



Vol. 9, 1976 A t o m  Recombination 99 

ty considerations. The catalytic utilization of these 
reactions for the production not only of benzenoid 
trimers but also of novel and otherwise difficult of ac- 
cess dimers and tetramers is being pursued. 

I thank all m y  collaborators, in particular, Drs. P. M.  Bailey, H. 
Dietl, B. E .  Mann,  K. Moseley, H. Reinheimer, D. Roe, and T.  Ho- 
sokawa, for their expert work in  disentangling this very knotted 
skein. 
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It  is now a little over 20 years since a series of ex- 
periments using flash-photolysis technique~l -~  
showed decisively that the reaction 

(1) I + I + M-I, + M 

went more slowly as the temperature was increased. 
At about the same time, it was becoming evident 
from many shock-tube dissociation experiments that 
the reverse reactions, i.e. 

(2) 

probably had Arrhenius temperature coefficients 
considerably less than the known spectroscopic disso- 
ciation energies (DO), and it is now generally accept- 
ed that this is the c a ~ e . ~ , ~  By Arrhenius temperature 
coefficient we mean 

(3) 

kd,M/kr,M = K c  (4) 

’r, M 

k d ,  M 
X, + M - X  + X + M 

? I  E I ?  = - R-ld (In kd, M)/d ( 1/ T )  

Since the rate quotient law 

holds virtually exactly even for these systems!17 this 
means that to a good degree of approximation 

E d * M  - E r , M  = Do (5) 
where E d , M  and E r , ~  are the Arrhenius temperature 
coefficients of k d , M  and k r , M ,  respectively, and Kc is 
the equilibrium constant of the dissociation at the 
temperature in question. Thus, since & M  is less 
than DO, these shock-tube data also imply a negative 
temperature coefficient (i.e., E r , ~  negative) for the 
recombination reaction, but a much more severe one 
than was found in the flash-photolysis experiments, 
as shown in Figure 1.8-11 

There is no one single explanation o f  this behau- 
ior, and over the last 20 years a t  least half a dozen 
different ideas have been p r o p o ~ e d , ~  all of which are 
probably valid to some extent, but which can only ex- 

Huw Pritchard was born in Bangor, Wales, in 1928. He studied chemistry in 
Manchester toward the end of the M. Polanyi and M. G. Evans era, and ob- 
tained his Ph.D. in 1951. working on the thermochemistry of mercury alkyls 
with H. A. Skinner He remained as Lecturer in Manchester until 1965, when 
he moved to York University as Professor of Chemistry. 

plain the magnitudes of the trends shown in Figure 1 
with difficulty. However, it has recently become ap- 
parent that a very simple form of collision theory 
gives recombination rate constants for all diatomic 
molecules similar in form to  those found in practice. 
The principal feature of this treatment is that it 
takes account of the rotational motion of the recom- 
bining atoms in a way which is already commonplace 
in molecular-beam or ion-reaction work,12-14 and as 
such is rather similar to the orbiting resonance theo- 
ry,15 but without tunneling.16 Of course, rotational 
effects have been included in previous discussions of 
this problem5-typical is the work of Palmer and 
Hornig,17 which is a form of Hinshelwood-Linde- 
mann theory, but can only account for the observed 
behavior of some systems by assuming more degrees 
of rotational freedo-. than the molecule can possess. 

Another approach to the problem is the chaperon 
mechanism which invokes the pre-equilibrium 

M + X s M X  ( 6 )  
followed by 

(7) X + M X a X ,  + M 
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