
Cooniina~ion Chemistry Reviews, 15 (1975) 109-205 

0 Elsevier Sciqntific Publishing Company, Amster&un - Printed in The Netherlands 

TRANSITION METAL CATALYSIS OF PERICYCLIC REACZIONS 

FRANK D. MANGO 

Shell Development Company, P-0. Box 481, Houston. Texas 77001 (U_S_A_) 

(Received June IOth, 1974) 

CONTENTS 

it- 
C. 

D. 

E. 

F. 
G. 

H. 

tntroduction . . . . . . . . . . . . _ _ _ _ _ _ . _ . . 109 
Theoretical treatments _ _ _ _ . _ . . . _ * _ . _ . _ 111 
Cycloadditions . . _ _ . . . . _ _ . . _ _ _ _ _ 117 
( i) Norbornadiene systems . _ . . . . . . . . . . . . 117’ 
( ii)Metallocyciic intermediates . _ _ . . _ . . . . . . . 121 
(iii) Acetylenes _ . . _ _ _ _ . _ . . . . _ . _ . . 123 
(iv)Other systems . . . . . . . . . . . _ _ . . . . 141 .__ 
Olefin metathesis . . . . . . . . . . . . . . . . . 152 
( i) The reaction . . . . * . * . . . . L . . . . . 152 
(ii) The mechanism . . * . . . . . . . . . . . . . 154 
Valence isomerization . . . . . . . . . . . . . . . 164 
( i)General I.. . . . . . . . * . * . . . . . 164 
( ii)Cubane , 

. . . . . . - . . . . * . . . . . . 174 
(iii)BicycIobutane . . . . _ . . . . . . . _ _ . . . 178 
Ekctrocyclic reactions . . . . . . _ _ _ . . _ _ _ . 188 
Sigmatropic rearrangements . . . . . . . . . . . . . _ 191 
Conclusions . . . . . . . f . . . . f . . . . . ‘196 

References . . . . . . . . . . . . . . . . . . . 199 

A_ INTRODUCTION 

Transition metals have, for some time, catalyzed what are now known to 
be “forbidden pericyclic” reactions. The Reppe, nickel-catalyzed synthesis 
of cyclooctatetraene, reported in 1948, is perhaps the outstanding example 
[ l]_ The early*literature was mainly directed to the synthetic aspects of 
metal catalysis and thus tended to be fragmented with respe’ct to the theme 
of this review- We will not attempt to cover much of this work, particularly 
that material published prior to Woodward and Hoffmann’s initialpaper [2 ] 
of 1965. Reference to selected pre-1965 papers will only be made where 
their impact on this field is particularly relevant to the subject at hand. For- 
tunately, a large body of this literature has already been reviewed. Schrauzer 
covered a number of cycloaddi$ions in a treatise dealing with his proposed 
% multicentered reactions” exemplified in some reactions of norbornadiene 
131; Heimbach et al., have published papers covering metal-caMyzed poly- 
ene oligomerizations 141. 



Special attention was first brought to this subject in 1967. Concurrent 
theoretical and experimental publications appeared dealing specifically with 
the ca&_lysls of symmetry-forbidden pericyclic transformations, The theoret+ 
ica.I pruposal suggested a novel role for the metal in which it totally removes 
the forbidden restrictions to the concerted pericyclic process f5]. Hogeveen 
and Volger offered experimental support to the new theoretical framework 
in their disclosure of a facile, rhodium-catalyzed trarlsformation [6] of qua- 
dricyclene (I) to norbornadiene (II), 

1 II 

Other reports of metal-assisted forbidden peticycfic reactians quickly fol- 
Iowed. Volger and Hogeveen f7] disclosed a rhodium-catalyzed disrutatory 
cyclobutene electrocyclic isomeriatian; Merk and P&tit published the facile 
d&rotatory ring openiug of a variety of cyclobutene compounds catalyzed 
by cuprous and silver sa&s [Sl c Experimental activity in this area then in- 
creased ahnosf; exponentiahy, covering the spectrum of pericychc processes, 
The fresh interest in this une special axea of meti catalysis was, to a large 
extent, due to the enurmous tipact of the Woodward-Hoffmann theory 
itself. Organic chemistry had seen no single event of that past decade causing 
so great a surge of activity and interest a~ did the theory of orbital symmetry 
conservationt It was not surprising, therefore, that organic experimentahsts 
would tuwrr their attention to the catalysis of pericyclic reactions. Tndeed, 
activity in this fieId has been domtiated by organic chemists with fewer con- 
ttibutiions coming from those disciplines generahy associated with metal 
catalysis. 

A single theme lends to dominate much of the experimental work devoted 
to this subject. A number of papers in this review keynote a persistent at- 
&em@ to define sume unifying principle or mechanism embracing the role of 
a.U transition met& in catalyzing all pericycfic reactions. This affinity to 
some unita&y in mode of catalytic action should perhaps be anticipated in 
view of the subject’s genesis, its direct line of development from pure organic 
chemistry. Uncatalyzed pericyclic processes in fact possess just this kind of 
singularity. Predictability in mode of action is striking, simply definable in 
the Woodward-Huffmann rule, one single, intdectudy satisfjdg sentence 

I.21 l 
However, no such theoretical framework embracing the transition metals 

evolved, and nor should ane have in view of the wide diversity found in tran- 
sition meti chemistry. Striking differences in simple chemical properties 
exist beGween members uf the t-&ion metal series* Significant differences 
persist within chemical groups, isoeIe&onic elements, and even for individ- 
ual metals in their various oxidation states and &and environments. It is, 



therefore, not surprising that their catalytic properties would be at least ;a-si 
diverse as their chemical properties. We may expect different transition 
metal systems to catalyze a given pericycfic reaction, but we should not as- 
sume a cummon made of catalytic action. Indeed, a wide variety of mecha- 
nisms are to be anticipated. In some pericyclic transformations, and partic- 
ularly those characterized by high exothermicity, variations in mode of 
catalysis should’be a. dominant feature, if not the rule. In others, a certain 
degree of mechanistic uniformity may exist. We shall focus an these aspects 
of the published work and, wherever possible, highlight apparent generalities 
in modes of catalysis. 

B. THEORY 

Mango and Schachtschneider proposed the first mechanism describing the 
catalysis of symmetry-forbidden reactions by transition metals f5]. Stated 
briefly, a given forbidden transformation, A -+ B, is rendered allowed when 
the reactant, A, is coordinated to a transition metal capable of injecting an 
electron pair into the transforming ligand and accepting one in return. The 
exchange proceeds through orbitals of specific symmetries and results in a 
reordering of the metal’s valence electrons- It was subsequently shown that 
this speciaI type of catalytic operation would be limited to met& systems 
possessing “nonrestrictive” ligand fields [9]. This subject is complex, hay- 
ever, and a full description would be inappropriate here. It has been reduced 
to simpler, qualitative valence bond representations which will be illustrated 
later. For the present, most nonrestrictive metal systems possess a principle 
symmetry axis, namely the coordinate bonding axis of the reacting figand A, 
which is CM, C3 or higher with respect to the nanreacting ligads_ 

Shortly after the initial theoretical disclosure, Merk and P&tit published 
their work describing extremely facile silver and copper ion catalyzed dis- 
rotatory isomerizations of a variety of highly strtined cyclobutenes [8] l 

They rationalized their results in terms of a m&al-assisted, symmetry- 
allowed transfurmation, proposing a mechanism similar to that given above 
f5]. Later, a full paper was published including theoretical arguments to 
support their proposals [IO]. 

Pettit”s theoretical description of silver’s role in catalyzing forbidden reac- 
tions has received critical attention. Van der Lugt, doubting this interpreta- 
tion, noti that- correlation diagrams displaying ground &ate processes could 
not be drawn fur the silver (Q1 So system 1113. He offered configuration 
interaction to explain the metal’s function. Mango expressed similar doubts 
regardmg silver’s role [12]. A concerted mechanism, particularly one invojtv- 
ing the exchange of electron pa between meti and ligand, was seriously 
questioned. This argument was based on the large energy gaps separating 
ground and appropniate excited states in the silver ion system. The case for 
silver and similar ions thus remains in a state of some uncertain. Unfortu- 
nately, the experimental sections to follow which deaI with the vtiety of 
silver-catalyzed pericyclic processes, do little to clarify this situation. 



It should be pointed out that concerted catalytic roles for silver should 
not be hastily ruled out. Mechanisms are conceivable involving concerted 
Ligand zearrtigements along allowed pathways of unusual chmcter, Thus, 
silver cotid, through it~ special kind of coordination and charge density, 
inject sufficient molecular distortions into highly strained Iigands to open 
allowed pathways not otherwise accessible. This subject will be discussed 
further in the appropriate sections to follow (page 187). It should be further 
noted that silver ion may very well act in a unique way in the catalysis of 
certain forbidden reactions, possibly effecting cancerted transformations 
through a yet undescribed mode of action. 

Van der Lugt f 111 rejected the furbidden-to-allowed role generally, essen- 
tially arguing that ground state-excited state correlations inevitably attend 
the concerted ligand rezrangement. However, hll: specifically addressed 
[Z + 21 transformations in which the metal’s focus of biscoordination re- 
mained spatially fixed, e.g., 111 --* IV. It was later shown that these processes, 

111 IV 

involving a sk&ic display of metal coordination focus, would invariably re- 
main forbidden [9]. The allowed mode, involving the exchange of electron 
pairs, necessarily rotates the bonding fucas 90” c Thus, the metal-assisted 
allowed change was not III --, IV, but III + V. This description is necessarily 

simplified, specifically addressing the III + IV reaction rather than the genc;r- 
al situation. A general description of the forbidden-to-allowed process would 
be VI + VII, where the nonreacting ligand system L woltid dictate the posiw 
tiuns of coordination fucus on the cyclobutane ring. Where L defines a 
ligand fieltd (nonrestrictive) focusing biscuurdinatiun as defined by the ar- 
ruws in VI, VI + VII is tatily ground state and symmetry allowed, while 
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ring opening in the opposite direction (i.e., as in III + IV) remains forbidden 
193 - 

A note was later published relating the forbidden-to-allowed process to 
the conservation af coordinate bonding 1131 l It was proposed that two fufly 
coordinated bonds capable of a [ZS + 2J pericyclic change would necessarily 
correlate with their symmetry-forbidden partners along the otherwise forbid- 
den path. Moreover, this correlation would exist between fully coordinated 
bisligmd systems. Thus, full biscoordination is conserved all along the 
figand’s [Z, + 2Sj transformation. The theoretical proposal indicated an inti- 
mate tie between the furhidden-to-allowed process and coordinati bonding, 
one that should find relevance to all pericyclic processes. 

The conservation of coordinati bonding was expressed concisely in a sim- 
plified, valence band description 1141. Molecular orbital correlation dia- 
grams and the more complex orbiti symmetry arguments were replaced by 
valence bond, resonance structures. A general rule was proposed fur the [zs 
+ 2,] perky&c process: “TransSon metal caordination of two bonds capa- 
ble af a [ 2, + 2, ] p&cyclic process means the formation of a new molecular 
species. It is represented by a resonance hybrid (VIII) composed of contribu- 
ting structures that reflect the bonding configurations of the symmetry-for- 
bidden partners along the [Zb + 2J path. The two bonds axe khus roWed 
90” from one structure to the ather with the metal’s centers of coordination 
remaining fixed to these bonds.” 
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The valence bond picture proved useful in describing inherent limiti set on 
ail transition element% For example, symmetry restrictions should cuunter- 
act the 12, + ZS ] fusion of bonds bridging nuclei possessing additiunai cen- 
ters of strong met&l coordination. [2, + 2,] acetylene cycloadditions zzre 
outstanding examples. Restrictions to metal-assisted acetylene fusion, which 
had been described earlier in a more complex molecular arbital treatise [15], 
are greatly simphfied [12,14] in resonance structure IX. Because the metal’s 
centers of coordinate bonding are rotated 90” off the preferred centers in 
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IX 

contributing structure I.Xb, the transformation represented by [IXa S IXb J 
-+ EIXa e iXb] would proceed with an almost complete loss of coordinate 
bonding. 

It was further proposed that the opposite would be true when the multi- 
coordinate Iigand transformation, A -+ B, is itself allowed Cl21 l Thus, three 
acetylenes are free to undergo an allowed [2S + 2& + 2* ] pericyclic process 
with full retention of coordinate bon&g since the melA’s centers of coordi- 
nation do not, necessarily, undergo a spatk9 rotation in these cases, e,g,, [Xa 
B Xb] --f [Xae Xb). 

a b 
., 
n 

The fixed focus of coordination which generalfy attends allowed ligand 
reactions has apparent predictive value [12] - For the futfy coordinated cy- 
clobutene ligand, the conrotatory and disrotatory modes of change are repre- 
sented by XI and XII, respectively. This suggests that full biscoardination is 
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preserved only dung the othenvise forbidden path I[xIIa > IUIbl + [XIIa 4 
XfIb] . It wm stressed that catalysis could oniy be anticipated among metals 
with nonrestrictive ligand fields. The preferred sysf;ems would possess a d 
band with sufficient valence electrons ta give a coordinatively saturated corn- 
plex in which the bonding axis of the V, o-coordinated cyclobutine would be 
C3 or higher with respect to the no-acting ligands tIZJ6f. 

Other predictions based on the resonance-valence bund description have 
been offered (141. Syntricyclooctane XLIIT was suggested as an attractive 



experimental tual for seeking facile 12, + 2, ]I valence isomerizatiuns on the 
met& systems suggested. Full courdinate bonding to these metal complexes 
transfurm XIII to XIV. Dynamic behavior of the kind [XIVa Z+ XIVb] * 

XIV 

[XiVa < XIVb] was proposed for appropriate metal systems. A more inter- 
esting possibility would be the totally symm&rical “crown” Iigand [XLVa f 
XIVbf . It was noted, however* that the uftimate fate of XIX1 as a figand 
would rest on the energetics of the System* the ligand field restrictions, tour- 
dinate bonding properties of the metal and other related factors. 

Others have contributed to the theoretical framework of this field. Dewar, 
building from earlier work of Evans [l’?] , recently injected the importance 
of ligand Srumaticity” to explain the metal’s function [I81 _ He cunchzdes 
that, “‘transition m&aIs may catalyze pericyclic reactions if, and unIy if, they 
involve antiaromatic transition states.” lxt ather words, metals may catalyze 
forbidden transformations, but not those that are allowed This treatment 
makes no distinctions between the metals or their particular ligand field 
properties, Indeed, Dewar exemplifies his ‘“amended Evans’ rule” by citing a 
variety of silver-catalyzed rearrangements of cyclubutene systems. 

The generality and utility of Dewar’s amended Evans’ ruIe has been ques- 
tioned [12]_ It was suggested that certain allowed pericyclic processes, for 
example [XaS Xb) + [Xa 4 Xb ] 2 could, in theory, proceed with as much 
ease.(or cCarumaticity”) as their forbidden counterparts. It was further 
argued that clear forbidden-versus allowed catalytic specificity would be 
quite rare, limited to only a few processes and then tightly constrained to 
well defined metal systems. Dewar’s proposed %rumaticity*’ at the transi- 
tion states of Clver-cataIyzed pericyclic processes was essentially rejecteci. 
The importance of coordinate bond preservation in the catalysis of allowed 
and forbidden reactions was offered in place of “aromaticity” as the central 
feature to the met&% cata&tic function. In the cat;iivsis of the variety of 
conceivable a&wed pruce~ses~ metal assistance might be anticipated when 
cuordbated banding would be presemed. This analysis generally cautioned 



against the implications inherent to Dewar’s rule, noting some reversals and 
apparent ambiguities in the concept of “aromaticity” applied to the transi- 
tion states of certain metal complex, allowed processes. 

Orbital symmetry principles have also been applied ta butadiene cyclo- 
additions f19] _ This szzme system was viewed theoretically from a purely 
stepwise point of view [ZO] . Other notable theoretical contributions to sub- 
jects similar to that of this review can be cited [Xl ] . There are also certain 
theoretical contributions which more specifically address individua_l subjects 
to be treated subsequently. We shall defer discussing these to the appropriate 
sections to follow. 

Before leaving this section, we shall briefly review one critical aspect of 
the metal’s role in catalyzing pericyclic reactions, namely the questian of 
“concertedness’y. It is, of course, the focal point of most investigations for it 
iclears on the intimate orbital and electronic details of the metal’s function. It 
ha, however, been the subject of considerable confusion. 

A specific reaction of interest, for example A + B, may be catalyzed by a 
metal in a variety of ways, some involving a concerted ligand transformation 
A 4 B and others clearly stepwise in that A transforms first to some speices 
X or a series of species before final generation of product B. However, these 
two catalytic processes (concerted and nonconcerted) can and very likely 
will pruceed along kinetic pathways which are stepwise in nature. 

Consider the concerted ca5e. At the one extreme, the substrate A could 
msform to B along the forbidden path upon mere “interaction” with the 
catalytic center. It is implied here that the active species is always prepared 
to act catalytically with substrate A. That is, (i) the meti is properly or- 
dered electronically to immediately trigger reaction, (ii) exhibits the appro- 
priate degree of coordinative unsaturation and (iii) maint&s its nonreacting 
ligands in a nonrestrictive geometry. Rates here could approach collisional 
ticquency. Although such a system is conceivable (perhaps more so for hetero- 
geneous catalysts and highly reactive and suitably structured substrates like 
quadricyclene (I)), it would seem the rare exception and should in no way re- 
present the general case. 

A substrate A is more likely to sass through a series of reactions with the 
catalytic system, all aIong, however, refzining its bonding configuration 
intact. The reaction steps to full coordination, for example, can be complex, 
particularly for substrates where more than one bond must fully coordinate 
to the metal center for catalysis to proceed. Consider further the impar- 
tame of having the nonreacting ligands in nonrestrictive geometries, The 
fully cootitiated substrate A might have to await a chemical change within 
the bonding framework of the non-reacting ligands before A + B can accur 
(e.g., I& * L2 in eqn. 1). Each of these processes constitutes a step in the 
OVC!~X!~ catalytic reaction and each metal complex in the series constitutes an 
in&?rmediate in the overall reaction. Yet the ligand transformation A -+ B can 
be clearly concerted atong an otherwise furbidden path. A highly simplified 
example is 31u~t~ated in eqn. 1, where M * A and M f- B denote partial and 



tive 
coordination, respectively; L1 and L2 denote restrictive and nonrestric- 
ligand systems, respectively. The example in eqn. 1 does not consider 
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other obvious factors in a catalytic scheme of events such as ligand displace- 
ment steps leading to full coordination_ 

The nonconcerted counterpart would involve the intermediacy of a dis- 
tinctly different ligand species X resting somewhere between M(A) and 
M(B). It should be structurally different from A and B and, unlike them, 
would generalIy not have counterparts in the thermal chemistry of the pure 
organic systems. Intermediate ligand systems may be metallocycles, hydride 
addition or elimination products, carbenoid, or cationics. A more detailed 
discussion of this subject and its implications in catalysis has recently ap- 
peared [Z] . We should just note here that arguments aimed at excluding the 
concerted ligand transformation are tenuous at best if based solely on kinetic 
data implicating %epwise” pro&es (see page 167)_ 

C. CYCLOADDITIONS 

(i) Norbornadiene systems 

Norbomadiene (NBD) has proven to be one of the more reactive and cer- 
tainly more extensively studied olefins to undergo metal catalyzed [2 + 21 
cycloadditions (eqn. 2). Stereospecificity at the cyclobutane ring varies with 

the particular metal system employed; however, it remains rigorously selec- 
tive with respect to the suprafacial nature of ring fusion. Facile dimerizations 
have been catalyzed by low-valent complexes of Fe 1231, Ni [24] and Co 
1251. Very little mechanistic attention has been directed to these systems. 
They remained, for the most part, intriguing synthetic curiosities. Much of 
this chemistry was reviewed by Schrauzer 133, who first postulated a con- 
certed %-complex multicenter reaction” mechanism. It is noteworthy that 
at least some of these systems (Fez (CO), 1251, for example) should be capa- 
ble of generating bis(NE3D)meta.l complexes with nonrestrictive ligand fields. 
For the iron carbonyl system, XV is such a species. This metal system is po- 
tentially catalytic for [2, + 2, ] pericyclic ligand transformations, since the 
nonreacting CO ligands describe a nonrestrictive C3 axis. 

Schrock and Osbom 1261 have recently reported a [2 + 23 cycloaddition 
of NBD catalyzed by the novel ionic species [Rh(NBD),] % The complex is 
stable in acetone while ca. 103 mol dimer is produced per mole of Rh in the 
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presence of NBD in 8 to 12 hours at 25” I They suggest NBD attack at the 
fifth, open coordination site of the complex. Stable adducts of the catalyst 
were obtained (fRh(NBD)z L] +, L = CO, AsQZeH&, A.s(CH&CeE& or 
SbfC&&) which showed negligible catalytic activity toward NELD dimeri- 
zatiun. Interestingly, the temperature dependent ‘H NMR spectra of the 
stable complex showed rapid intramolecular rearrangement at ambient tem- 
peratures. This might suggest similar NBD lability in the active 
[ Rh(NEU&] + at catalytic temperatures. 

Iron-catalyzed NBD dimerizatiun can be assisted photochemically [273 _ 
Jennings and Hill have recently reported sume interesting studies [28a] using 
Cr(CO)s. In this system, three dimers are formed: (exe-trnns-z~~), (endo- 

t~zns-exo), and (endo-trans-endo). Irradiation of neat NBD with no metal 
present under reaction conditions produces no dimer products. (NBD) 
chromium tetmcarbonyl is one of the intRrmed&.es in the Crass&ted dimeri- 
zatiuns fZ8al. frradiatiun of this complex under reaction conditions pru- 
duced *he abservecl products in the praper ratios. Significantly, neither 
(NBD)chromium tetracarbonyl nor Cr(CC& produce dimeric praducts ther- 
mally (under their photulytic conditions) with PJBD. Thus some cumplex 
appears to be photolytically activated. An interesting speculation can be 
offered. Cansider a phutufytically-induced rearrangement from a restrictive- 
field complex (e-g_, octahedral) to a bis(NBD)chrumium carbunyl complex 
which is nonrestrictive; fur example, complexes XVI or XVII. However, the 



experimental results do not allow a distinction between concerted and non- 
concerted [2 + 23 cayalysis in any of the photo-catalytic systems. 

In sharp contrast to Cr(CO)s, photolytic activation of Fe(CO), traw- 
forms strained po~ycyclic olefins into cyclopentanones [28b] _ The reaction 
is stoichiometric and very likely proceeds through m&llocyclesF Gyclo- 
butane products are occasianally obtain&l_ However, the cyclopentanone 
arrd cyclobutane products appear to form from two different metallic species 

and not a common intermediate. 
Katz and Acton have investigated the stereochemical course of metal- 

catalyzed NBD dimerizations on carbon-supported rhodium [29j. Three 
dimers were suggested: XVIII, XIX and XX_ Based on the stereochemistry of 

U’lll x1x xx 

these structures and from similar dimers ubtaimd from other group VIII 
metals, they proposed a formal relationship, or mechanism, linking the mul- 
titude of products obtained from metal-catalyzed cycloadditions. The radi- 
cal-like processes illustrated in eqns 3 and 4 were offered to exemplify the 
catalytic course. 

However, only one dimer of NBD, termed ccBinor-S’l by Schrauzer et al. 
1301 who proposed structure XXI, appeared to Katz to be inconsistent with 
his generalized proposal He suggested that Schrauzer’s structural assignment 
could be in error and that structure XXII might be Schrauzer’s Binor-S [29). 
X-ray studies have nuw confirmed that Sinor-S is, in fact, the structure first 
offered, 1311 XXI. It thus stands out as a &nificant exception to the gener- 
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&Iized free radical proposal of Katz. The radical rexxngements suggested 
might very well contribute to the chemistry of suppo&ed rhodium. However, 
they may be somewhat unique to this system and no? necessarily general to 
the catalytic propetiies of other group VIII complex=, 

Norbumadiene undergoes cycloadditlon with a variety of activated olefins 
[33. Cannel1 [32] and DaWasta et al., 1331 have reported the 12 + 21 prod- 
uct XXIII from NBD and butadiene. Cannell’s C&s Ti(CH2Ph)2 homoge- 

XXIII 

neous system prclved quite active and selective giving XXIII in 90% yield. 
Tkw low-valent iron cumplexes employed by DaU’Asta yielded a spectrum of 
cycloaddifion products including the usuElr [Z + 21 NBD dimers. The titm- 
ium system moreover proved sufficiently active to couple norbomene to 
butadiene through a [Z + 21 cycloaddition. 

Noyori et srl. reported a highly stereospecific cross-coupling reaction be- 
tween N%D and methylenecyclopropane catalyzed by a phosphine-modified 
nickel (0) catalyst [34]_ The product, aM&wd in 85% yield after 24 h at 
20”) proved to be exclusively the endo isomer XXIV. Cyclobutane dimers of 

NBD or methylenecycloprapane were minor products. Formation of XXIV 
was supressed when the chelating ligand bis(diphenylphosphine)ethane was 
used- In the absence of any phosphine ligand, a significant decrease in both 
stereoselectivity (endo/exo XXrV) and “perispecificity*’ resulted. Most nota- 
bly, dimers XXV and XXVI: were formed in 24% and 6% yields, respectively. 

When the catalytic reaction was assisted with optically active phosphine 
( (A)benzylmethylphenylphosphine), optically active XXIV was formed. 
These authors rationalized their results in terms of the Ni(U) complex of 
generai struct;ure XXVII in the ratedetermining step. The clean cross-cou- 



pling was reasonably attributed to the caordination preference of the sub- 
strates: L 9 bidentate diene > olefin > monodiene ligarrd. They also noted 
the especially good coordination properties of stiied al&ins, suggesting 

that the strain energy in methylenecyclopropane, relemed in part upon coor- 
dination 1161) should place it in coordination power between the bide&ate 
and monodentate NBD ligands. Noyori’s overall results clearly implicate 
XXVII as a critical intermediate in this most novel catalytic system. 

Considerabie controversy exists regarding the mechanistic nature of metal- 
catiyzed 12 + 2] cycloadditions. The division lies primarily between the 
coxrcerted, forbidden-to-dilowed process discussed earlier and nonconcerted 
pathways. Of the latter, those incorporatirzg metallocyclic intermediates have 
received the greatest support; [35-371. Although this subject is relevant to 
sections to follow and shall be treated in them, we have chosen to introduce 
it here, following norbomadiene cycloadditions, where it appears particular- 
ly pertinent, TlGs section, therefore, will serve both as 8 “mechanism” exten- 
sion of the previous section and an introduction to the general subject of 
metaUucycles as intermediates in the variety of pericyclic processes to be 
reviewed. 

It should be noted at the outset that little, if any, direct evidence exists 
supporting any partirular mechanism. Arguments suggesting metallacyclic 
species have been based mairxly on kinetic data indicating stepwise processes 
f35], the isolation of stable metallocyclic intemediates 1361 or the chemi- 
cal fate of c&&n synthetic me”Wlocycles [37]_ These exaples represent a 
VW narrow band of metal systems: specifically, tris(tiphenylphosphe)- 
rhodium(I) chloride 1351, [Rh(CO), Cl] 2 [36] and tungsten chloride! [37]. 
It is significant that the catalytic chemistry addressed in these studies can 
change &amaticaHy &urn even subtie changes in the efectronic character of a 
m&al’s Qands 1391. Even @eater changes in catalytic betraviour should thus 
be anticipated as one move! to entirely different metals and ligand systems, 
t)le Co, Fe, Ni, Cr or Ti systems, for example. To our knowledge, metal- 
(Nl3I& metallacycles involtig these metals, in catalytic systems, have not 
been isolated or otherwise detected. 

Bsbom et al, [4Uj repowted the formation of the iridium(III) metaI.locy- 



clic complex IJ$WD)~ Cl from the reaction of I~r(1,5-cyclooc~iene)ClJ, 
with excess NBD in acetone at room temperature. The metallocycle is com- 
posed of two NBD molecules, each contributing one of its double bonds to 
the five-membered iridiocycle. It insem CO yielding the corresponding six- 
membered ketonic derivative in a similar fashion to the rhodium system (see 
page 177) noted above 136 J , and discussed in greater detalli elsewhere f22 J . 
In further similarity to [ Rh(CC& Cl J 2? &born’s iridium complex is not cata- 
lytic; the 12 -* 23 fusion of NED noted in eqn. 2 was not reported as a cata- 
lytic feature of the iridium reaction. The iridium metallocycle does, how- 
ever, give the exu --brtrns-~~xo dimer, but only in 35% yield when refined in 
CH& with a five-fold excess of P(C&&. The apparent catalytic inertness 
of this system coupled with the poor yield of dimer in the stoichiametric 
reaction tend to detract from its mechanistic relevance to the catalytic chem- 
istry of other metal complexes. Rather than modeling key catalytic inter- 
mediates, thermally stable and catalytically inactive metallocyclic cumpiexes 
may instead reflect an energy minimum in these d8 systems, one representing 
catzilytic truncation. 

A recent publication by Whitesides et ;tl. 1411 may bear significantly on 
the catalytic role of d8 metallocycles in metal-catalyzed [2 + 2 ] cycloaddi- 
tians. The following series of Pt(I1) complexes were prepared and thermally 
decomposed: 

L,Pt(Et),; L2pt!-J ; L*Prr): L2p(--J (L = PtIPIW 

Several points are notewurf;hy in the results. Most important, not a single 
product resulting from carbon-arbon bond formation ws repurted. 
Neither cyclabutane, cycJapentane nor cyclohexane were indicated as prod- 
ucts from the decomposition of the related metallocycles. The products were 
exclusively associated with initial hydride elimination, followed by reductive 
elimination of alkene. Moreover, all platinocycles proved to be markedly 
more stable thermally than were the acyclic platinum(H) alkyls, In addition, 
no carbon-carlzon bond cleavage was observed in the thermal decomposi- 
tion. At 12Q”, the five-membered platinocycle yielded butenes exclusively; 
ethylene and cyclopropane were not formed, and, as me;;ltioned earlier, 
cyclobutane was not reported to be a product. The stability of the five-mem- 
bered platinocycle proved substantial, its relative rate of decomposition 
being approximately 1.7 X 1U4 times stower than L2 Pt@d3u)2. 

The limit& ability of Whitesides’ d8 platinum metallocycles to undergo 
either of the two critical transformations of reductive elimination (see 
eqn. 5) at 120” would seem to cast some doubt on the role of such species as 
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high energy, kinetically labile intermediates in 12 f 21 catalysis, at least for 
some of the dsmetal systems examined. Platinum’s relative inertnes in this 
regard should be contrasted to the high lability of a d* tungsten halide 
metahocycle which undergoes smooth transformation to ethylene (eqn. 6) 

presumably at ambient temperatures [37] + Neither cyelobutane nor butene 
were repoti, the ethylene being essentially quantitativeiy produced, This 
system relates quite significantly to olefin metathesis, and will be discussed 
in greater detail in that section (see page 162). 

The reversible transformations in eqn. 5 can be viewed as simple cyclo- 
addition processes in which the metal participates. Orbital symmetry prin- 
ciples therefore apply and conId very well account fur the high lability of the 
do system and the in&ness of the ds platinum system, The role of &he tran- 
sition metal as a participant in pericyclic processes was recently introduced 
122 3. These processes would appear subject to symmetry restraints from 
restrictive 1igaJnd fields, and they should become more pronounced in the 
d-electron rich metal complexes. In the reductive extrusion of a cyclobutane 
ring from a square planar, dS platinocycte (eqn. 7), the metal participates in 
a Id,2 3 configuration, thus withdrawing an electron pair through an anti- 
symmetric (width respect to the 2X piane) atomic orbital [ZZ]. Negative anti- 
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bonding character should grow in the XY plme as electron density accumu- 
lates in the ci, y orbital with carbon--carbon bond fusion. A symmetry- 
forbidden assignment need not be attached to this process. Nevertheless, 
ligand field restrictions should inject higher activation energies into these 
kinds of molecular transformations relative to their nonrestrictive caunter- 

Pm* 

The chemistry of metal-catalyzed acetylene ofigomerization has and con- 
tinues to be one of the more complex areas in metal catalysis. Acetylenes 
undergo intriguing reactions when transition metals intervene. This chem’a- 
try has, therefore, received close attention both for its mechanistic impfica- 
tions and synthetic utiliQ~ Much of the earlier work was extensively re- 
viewed 1421 and discussed mechanistically [43]. 



We are treating this general subject here, under [2 + 21 cycloadditions, 
because this specific mechanistic pathway has been a major focus in much of 
the literature. The orbital symmetry aspects of metal-cataiyzed 12 -t 2] acet- 
ylene cycloadditions were briefly noted earlier (see page 113). In the theory 
prupused, two acetylenes may not undergo the [Z, + 2S ] k bond fusion in 
eqn. 8 on any transition metal without a loss of essentially all caordinatc 
bonding [X4,15,22 J . The transformation may proceed with preservation of 

coordinate bonding, however, when two transition metals, sharing opposite 
faces of the incipient cyclobutadiene, catalyze the process (see eqn. 9). This 

hypothetical process would only be anticipated with nonrestrictive-field 
metal complexes. 

Serious attention was first directed to metakatalyzed [2 f Z] cycloaddi- 
tions of acetylenes in 1956 when Longuet-Higgins and UrgeI proposed that 
cyclobuadiene should be stabilized by suitable transition metal ions [44] . 

They fwther offered that the bisacetylene ligand system should be less stable 
thm the corresponding cyclobutadiene ligand, and thus might be expected 
to undergo the transformation in eqn, 8, Their predictions regarding the sta- 
bility of the cyclobutadiene figand have nicely materialized [45] . But such 
has not been the case for the seemingly reasonable transformation of eqn. 8. 
Although acetylenes do many things with transition metals (both catalytic 
and stc ichiometric), the [ 2 + 21 bisacetylene + cyclobutadiene transforma- 
tion is :spparentIy not one of them. The symmetry restriction associated with 
this transformation may provide the blocking force, and be an explanation for 
the exy erimental results, 

Acetylenes undergo facile metal-catalyzed ohgamerization to a variety of 
linear and cyclic compounds. Of the cyclics, benzene and, from the Reppe 
reaction (I), cyclooctatetraene have received the broadest attention, 
mechanistically. A metakcyclobutadiene intermedliak has been st most 
popular species in the mechanistic schemes of the ezwlier proposals f46J I 
Schrauzer et al. offered the first compelling experimental result6 casting seri- 
ous doubt on the inkrmediacy of metakyc~obutadiene in the Reppe reac- 
tion [47]. They also noted an impotiant point, namely that cycXobutadiene 
should be a strongly n-bonding l&and and kiniitically more stable than its 
parent catalytic species, The rate of cycfooctatetraene formation would thus 
be controlled by the consecutive reactions of the cyclobutadiene complex, a 





XXIX 

is formed (9.4%) along with the benzene trimer, This complex is believed to 
be the cyclobutadiene complex XXDL Complex XXE proved to be quite 
stable in the presence of cyclooctyne, and not the catalytic species. Nickel 
carbonyl was also examined for catalytic activiw. A cyclooctyne-nickel car- 
bony1 solution was treated in turn with an oxidizing agent 
[(NE-r, )2 Ce(N03 jG ] and tetracyclone, yielding ZCXVHI (70%) and the 
XX&-fider adduct XXX (15%). Wittig and Fritze suggested that cyclo- 

xxx 

octyne-nickel complexes were intermediates in this system, offering a 
bis(cyclooctyne)nickel dicarbunyl complex as a possible structure. 

Triynes XXX1 undergu Citanium-catalyzed internal trimerizations f50f to 
the aromatic derivatives XXX11 and XXXIIL. A Ziegler system (Ti& + 
R3Al) ww used to catalyze this novel cycloadditian. The expected product, 

xxx1 

XXXIIE, cou.W reasonably result from a direct metal assisted [2 + 2 + 2) pro- 
cess or involve a titanocycfe intermediate with subsequent IS&-Alder like 



ring ck~sure such as that in eqn. 11. The formation of product XXXITI, how- 
ever, is not as easily rationalized. This fused ring system suggests the inter- 

mediacy of cyclobutadiene species. Complex X-XXIV, a possible Diels-Alder 
adduct of a cycIobutadiene derivative with its pendant acetylene, was sug- 
gested as the intermediate in this system (eqn- 12). A mechanism invoIving 

_~ 
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xxxrv 

the assistance of a reduced t%a.nium catalyst in a forbidden-to-allowed’mode, 
however, must be considered with caution. Simple Lewis acids (AK& ) are 
known to smoothly transform 2butyne to hexamethyLDewarbenzene 1511. 
Ionic mechanisms have been proposed for this process [52], and a quite rea- 
sonable proton-initiated carbonium ion stepwise path to XXXIV can be 
drawn. 

Nesmeyanov et al have examined the Group V transition metal series 
1531. By W irradiation of C5 H5 V(CO), in diphenylacetylene @?A), they 
obtained C6 EC5 V(CO)2 (Phz Cz ), C5 H5 V(CO)(Phz Cz )g and tetracyclone. 
When CS H5 V(C(& (Phz Cz ) was heated at 100” in diphenylacetykne (with- 
out UV irridiation), the cyclobutadiene complex XXXV was obtained. The 
authors note that the precursor to XXXV in the thermal reaction contains 

0 

xxxv I 

two CO Iigands in contrast to the photo&tic process where a second CO is 
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lost in the formation of the bisacetylene cQmpIex, Cs I& V(CO)(Pha Cg )a. 
Thus the cycloaddition of acetylenes leading to XXXV is attributed, at least 
in part, to the steric factors associated with the seven-coordinate species pre- 
ceding XXXV vs, a probable &x-coordinate species precrscXing 
C5 N5 V(CO)(Ph, Cg )e. 

Earlier work by this group 154 J focused on the niobium system Cg 335 MB- 
(CC&. The niobium complex C;SH5Nb(C0)2 (Ph2 C,) (XXXVI) appears to 
dime&e reversibly in benzene solution and in the solid state to complex 
XXXVIX. The dimer st~cture XXXVII was based on the disappearance of the 

*c~/Nb~Ph 
OC 

CPh 

C Ph 

CPh 

N 

XXXVI - 

II es* band in the IR spectrum of XXXVL in KBr. The vanadium counterpart 
to XXXVT, believed to be monomeric in solutiun and the solid state, differs 
in this respect. It was further observed /55J that dimeric XXXVIL undergoes 
facile loss of CO in good coordinating solvents at 80” to dimer XXXVIII in 
accordance with Scheme 1. The structure of XXXVLII was confirmed by 

xxxvr 1 

SCHEME 1 XXXVIII 

crystal analysis. A Nb-Nb band of 2.74 A was reported, indicating double 
bond character, consistent also with the l&electron rule. The tight Nb-Nb 
bond noted in X.XXVfzf would tend to maintain the bridging acetylenes suf- 
ficiently far fram each other to minimize any carbon-carbon bonding inter- 
action between the two coordinated acetylenes. Such should not be the case 
for XXXVII, however. This dimtic complex enjoys complete coordinative 
saturation (i.e., seven-coordinate) at each dd metal nucleus. Meti-metal 
interactiun, cantributing to hypecoordination and to sume extent a&i- 
banding, would not be anticipated, Greater vibronic flexibfity would thus 
be open to the rectangular bridging system defined by the Nba <Ph,C& )a 
system of XXXVIL 
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N~~meyanov et al- have also reported the formation of C5 H5 Nb(CO) 
(Phz C&)2 (XXXIX) by UV irradiation af XXXVI in diphenylacetylene [ 561. 
X%XIX proved to have a simpk bisacetylene structure. When XXXIX was 
fieaM with DPA in boiling benzene or in the melt at 120”, DPA adds to 
xxxfx yierding C&JW~CU) fPh& )a (I&). Significantly, the formakn 
af XL at 80” was accompanied by the appearance of considerable amounts 
of hexamethylbenzene. It was also noted that hexamethylbenzene was a 
decomposition product of XL, and not a catalyzed product. The actual 
structure of XL was thus of some importance since it offered ch.~es to at least 
ane route to a 12 + 2 + 23 cyckaddition product, and perhaps, even a 
[2 f 21. The authors speculated on its structure, basing their proposed s-kruc- 
ture on its spectral and chemical properties. A trisacetylene complex was 

A 

ruled out primarily for steric reasons. The metallocycle structure A was set- 
tkd on, because stn analo~ifaus cobalt metallocycle yielded hexaphenyl- 
benzene when treated with diphenylacetyIene while certain cyclubutadiene 
metal complexes did not. 

Ph 
Ph 

Ph I 
Ph 

XL 

A later crysti analysis [57] of XL, however, indicated the cyclobutadiene 
structure, and not A. 

XL is thus struct~y similar to its iso-e~ectmnic vanadium cumpkx 
XXXV, The facihw with which the niobium system undergoes the dimeriza- 
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tion XXXVI =+ XXXVII suggests a reasonable path to XL. The bisacetylene 
niobium complex XXXIX might easily undergo a dimerization similar to jit;s 
iso-electronic and structurally similar counterpart XKXVI. The bin3etalIic 
dimer could undergu the [Z + 21 process noted in eqn, 9 (page x24), and 
with the addition of une incoming DPA ligand, yield XL and xXx3X. 

One paint of significance here is the inherent danger in making assump- 
tions in Oxle metal systems based an similar chemistry from ather, distinctly 
different mekl systems. Because some tetraphenylcyclobutadiene complexes 
fail to undergo the j4 -t 21 cycloaddition with DPA in certain metal systems 
1581 dues not mean that the niobium systems cannot. As noted above, XL; 
undergoes smooth decomposition to hexamethylbenzene, and the [4 + 23 
pericyclic process is most likely. Moreover, because a cobalt metallocycle 
does yield hexamethylbenzene when treated with DPA 1591, it should not 
suggest a generality embracing most of the transition elements. Indeed, the 
various transition metals, and particularly those of different groups, are 
likely to exhibit their own, sometimes distinctly different modes of catalysis 
just as they exhibit chemical properties unique to themselves. 

The facility with which the niobium complex XXXVI dime&es to 
XXXVII may suggest a possible route for the isoelectronic vanadium cyclo- 
butadiene complex XXXV The chemical similarities in these two metal sys- 
tems would lend sume reliability to chemical comparisons, Assuming a vana- 
dium counterpart to XXXVII can exist in equilibrium with its monomer, a 
symmetry-allowed f2 + 25 cycloaddition may occur with twa metal centers 
assisting [see page 124; eqn. 93, assuming ligand-field effects are relatively 
nonrestrictive [14,15,221. If such were the case, coordinate bonding may be 
preserved in the thermal reaction of Cs I35 V(CU)(DPA)/DPA, with a DPA 
displacement on the vanadium face-sharing cyclobutadiene dimeric complex, 
yielding the starting complex C5 II5 V(CO)2 (DPA) and the observed product 
XXXV. 

It was noted that the niobium dimeric complex XXXVII and a vanadium 
counterp;rt are coordinatively saturated while the monomeric species 
XXXVI formally possesses one degree of un&uration. A [2 -t 21 ring fusion 
of the Edging acetylenes would constitute a Xoss of one coordination center 
at each metal nucleus. It would be similar, in this regard, to undergoing 
cleavage to the monomeric structures. A [2 + 23 ring fusion, however, as- 
sisted by an incoming DPA ligand would tend to preserve full coordination 
and nicely provide a roulz to the fully coordinated cyclobutidiene product 
XXXV and the six-coordinate startiig monomer CSH5 VfCC& (DPA). 

Such a course of events would indeed be novel, yet theoreticztBy possible 
and mechanistically reasonable. However, as this review will show, other 
routes to cycloaddition exist. Unfortunately, experimental evidence differen- 
tiating between reasonable possibilities is lacking, and difficult to obtain. 

Collman et al, has reported the reactions of meMlocyclopentadiene cum- 
plexes of iridium and rhodium with disubstituted acetylenes f6U] - Iridocycle 
XL1 (L == P&s H5 )s ; R = CO&& ) was synthesized and found to catalyze 
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XL1 

the trimeriz&ion of dimethyl acetylenedicarboxylate to the hexas3ubstituted 
benzene. The reaction takes place at reasonable rates in boiling toluene and 
slowly in boiling benzene, The analogous rhodocycle is an effective catalyst 
in boiling benzene. Collman et al. suggested the mechanism outlined in 
Fig. 1. Catalysis could be inhibited under 60 psi of CO, presumably fkom CO 
competition for open coordination sites on XLI, A Diels-Alder mechanism 
was discarded because m&k a&y&ride fail to react with XLI, It wak fur- 
ther noted that trimerixation was quite sensitive to steric effects. Diphenyl- 
acetylene, for example, does not react. Even diethyl acetylenedicarboxylate 
does not form appreciable amounts of trimer. 

R 

XL1 + RC=CR 

I RCZCR 

RC ACR 

XL11 



CoIlma et al. entertain two mechanistic possibilities in the crucial trans- 
formation.uf XLII to the benzene derivative and IrL&l- Since the stereo- 
chemistry suggested in XLII would nut allow a concerted ring closure, the 
possibility of a molecular rearrangement to an iridium complex that currid 
undergo the crncerted [4 + 21 cycluaddition was suggested. Alternatively, 

ring closure mas proceed stepwise, through a metailocyclokeptatriene form. 
Aside from the fine points of ring formation, deuterium labeling experiments 
were offered supporting the general stepwise nature of the catalytic process 
outlined in Fig. 1. 

Whitesides and Ehmann have investigated the cyclutrimerizatiun of 
2-butyne-&1,1-& by a variety of trmsitiun metal complexes [61]. Among 
the benzene products that may conceivably form, only XLIII could be 
formed exclusively fram some intermediate species having cyclobutadiene 
symmetry, The absence of such a product therefore ruled out the inter- 
vention of a cyclobutadiene metal cumplex or the free cyclobutadiene itself. 
~phenylt~(tet~ydru~) chromium(III), d~~itylcob~t(II)~ dicobalt 
octacarbonyl, bis{acetunitrile)nickel(U) and the Ziegler system titanium 
tetrachlurid.~triisubultylalumnium all gave hexamethyl benzene products 
free of XLIII, Dichlurubis(benzonitrile)palladium, however, gave 9.5% XLIII 
which is approximately intermediate between the theoretical yields of the 
twu extremes; viz. the intermediacy of sume species having cyclubutadiene 
symmetry (125% XLEH) and mechanisms having only intermediate metalla- 
cycles, metal acetylene complexes (see page 114) or fl-allylic organsmetallic 
compounds (0% XLIII). The route to XLIII is thus not clear. More than one 
active catalyst may be intervening or sume entirely unrelated symmetrizing 
process could be taking part. Whatever the case, palladium in this system 
clearly stands apart yielding the mechanistic probe XLIII in mure than 75% 
of what wuuld be expecteil from the purely cyclubutidiene reactiun path. 

Whitesides and Ehmann have also investigated the formation of 
1,2,3,4-tetramethylnapthalene from 2-butyne and tiphenyltris(tetrahydro- 
Euran) chromium [62 1. Using the general labeling technique cited above, the 
free or metal-complexecl cyclobutadiene was excluded as an intermediate by 
the observation that 1,2-dimethyl-3,4-di(methyl-ds )naphthaIene was nut a 
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(Ph),Cr(THF), + C&CSCH3 

/ 
-PhH 

Ph 

Fig, 2. Mechanism suggested by Wbitesides and Ebmann [621 for triphenyltris- 
(tetrabydrofuran )chxomium uligometiatitln of %butyne. 

(Z-An);, Cr + CH3-C=C-CH3 
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Fig, 3, Pruducts obtained by Sneeden and Zeiss [631 in the triarykbrumium prokoked 
oligumerlzatiuu of 24Xxtyne. 



product from reaction with 2-butyne-l,l,lds I I3ased on this and other data, 
the general reaction scheme outlined in Fig. 2 was proposed. 

Sneeden and Zeiss have published results from the reaction of t&(2,3, and 
4-methoxyphenyl) chromium with 2-butyne [63] c This paper also sum- 
marizes their earlier work and those of others working in similar systems, 
Experiments were carried out under mild conditions (0 to 20”) for long 
periods of time (1 to 2 weeks). Tris(2-methoxylphenyl)Cr gave the products 
listed in Fig. 3 (where An represents aneyl). 

The major products were XLIV, XLV, the methoxy-free naphthalene 
XLVI and the two cis-butenes XLVII and XLVIII. Significantly, the 
methoxy-substituted naphthalene ws observed only in trace amounts, 
Deuteroiysis of the toti reaction mhture (after one week) gave XLUC and L 
as the only major deuterium-containing products. The production of L impli- 

Z-An a 

XLlX L 

c&es the insetion product LI a~ a major reaction intermediate. 

Ll 

The products from (3. and 4-A& Cr were similar to those in Fig. 3 except 
that the methoxynaphthalenes were produced in place of XLVI, Moreover, 
these reactions produced both cis and 0~~s isomers of the mono and diani- 
sylbutenes. The methorr;yl extrusion process was therefore unique to the 
o?Wo-anisyl chromium reagent. 

Sneeden and Zeiss focused on three groups of products of mechanistic 
significance: Group 1, those derived from one or two of the organic groups 
bonded to chromium (or a fragmentation product thereof) and one acetyl- 
enic unit, e.g., the menu and disubstituted butenes XLVU and XLVEE; 
Group 2, those derived fkom one ox two of the organic groups bonded to 
chromium and two acetylenic units; Group 3, those derived from three 
acetylenic units with and without the organic groups bonded to chromium. 

Group 1 products were rationalized in terms of intermediates like LI. The: 
high specificity to cis-butenes noted from (2-An)3 Cr was attributed to stabi- 
lizatiun by the ort/zo-C&U group as in LII, The tins-butenes were sug- 



geskd to fom from isamerized intemediates of IL 
Products iun Groups 2 and 3 remain subject to speculatkm. Metallocycle 

LIII, forming from some intermedia~ such iis LT, was considered in thz . 
schemes discussed. This intermediate, proposed earlier by Whitesides and 
Ehmann 1623, was thought unlikely by Sweden and Zeiss. Their argument 
was based on the fact that the formation of 1,2,3,4-te~ametfiylnaphth~e~e 

: [from ~Z-An)&r + 2-butyne] clearly involved loss of OCQ w T&y noted: 

2 R'C = CR’ 
[R]Ct - 

I .+ R'C =CR' 

R’ 

Fig. 4. ~Mechanism suggested 
gomerization of butynes. 

R' 

R’ 

R' 

R' 
Sneeden and Zeiss 163 ] in chmmium.promoted 019 



“Were this to occur in the furmation of ttre chromocycle [i.e_, to give LIXI: 
(X = ES)] then the corresponding pheny&utenes should be found amongst 
the products. The presence of neither cis- nor trans-phenyl-2-butene could be 
detected amongst the trace products. ” These authors indicated the scheme 
outlined in Fig. 4, or combinations of the various paths in it, as possible ex- 
planations for products derived from the interesting reactions between the 
urganochromium reagent and acetylenes. 

Mait& et al, have done considerable work on the reactians of acetylenes 
with paIIadium, pIati.mum and rhodium systems. 2-Butyne combines with 
dichlorobis (benzonitride) palladium at -50” yielding a %-complex with 
reacts at -25O with more 2-butyne yielding an intermediate (LIV), proposed 
to be some palladium derivative of Z-chloro-3,4,5,6-~tethyl-2-trans, 
4-c&, C-fmns-octatiene IJ bonded to a PdCi at the 7 position and x bonded 
at the other end f64J l At higher temperatures f;Tv decomposes to PdC12 and 

CH3 CH3 2 

hexamethylbenzene, The structure of L’ZV was based on: (a) the PMR spec- 
’ trum showing high asymmetry of t;he organic ligands; fb) the IR spectrum 

indicatirng an asymmetric PdQPd bridge and no terminal PdCl bonds, a 
coordinated C = C, and a bond assigned to vinylic Cl; and (c) reaction of LIV 
yielding hemmethylbenzene, LV and LVI. 
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Blomquisf and Maitlis had much emlier suggested that cyclobutadiene 
palladium complexes were unlikely intermediates in this chemistry [65]. 
Diphenylacetylenes were catalytically trimerized to hexaphenylbenzene by 
~ch~urob~~ben~on~~~) palladium. However, catalyst deactivation ws in- 
variably associated with the formation of a tetraphenykyclobutadiene- 
palladium chloride complex, which was shown not to be an intermediate in 
the trimerization reactian. Methylphenylacetylene also trimerizes catalytic- 
ally yielding the expected substituted benzenes 166 J . One product, XXII, 
formed in only 3% yield, was not consistent with an intermediate like LIVa 
Its formation may suggest an alternate course of reaction intervening, one 
containing an organic species with cyciobutadiene symmetry. We have al- 

Ph 

LVII 

ready noted a similar deparkre from the norm%volving palladium from the 
work of Whitesides and Ehmann [see page 132). 

Zero-valent palladium and platinum appear to exhibit quite different cata- 
lytic behavior [67]. Dibenzylideneacetone-palladium(O) and -platinum(O) 
complexes react with dixnethylacetylenedicarboxylate giving the correspond- 
ing metaJ.locycles, which are in&mediates in the formation of hexamethyi 
mellitate, These results underscore the importance of the formal oxidation 
state of the catalyst in the mechanistic paths adopted. Both metal complexes 
in this case react only with acetylenes bearing at least one strongly electron- 
withdrawing substituent, strongly suggesting nucleophilicity in the palladium 
and platimun low-valent systems. 

Chlorodic~hu~y~h~di~ dimer ( [Rh( CU)&I]z) reacts with Z-butyne at 
80” in benzene giving a mixture of compounds including hexamethyl- 
benzene, duroquinone, chloro(n-duroquinone)rhodium dimer and chioro- 
(7r-t&ramethylcyclopentadiene)rhodium [E8]. The distribution of products 
and mechanistii= studies suggested the intermediacy of rhodocycle species 
such as L#VlLx, 

LWI 



This camyst system was further reacted with 3-hexyne and diphenyl- 
acetylene [ 691. At 80” diethylacetylene gave chloro(tetraethylcyclopenta- 
dienone)rhodium(III), duroquinone and a blue complex believed to be the 
polyr~~clear complex LIX. Maitlii discusses the possible roIe of LIX as an 

Et Co 
Et 

Et 

intermediate in the formation of the cydopentadienones, particularly since 
LIX gives LX upon treatment with triphenylphosphine. Such a transforma- 

Et 

0 

LX 

tion would involve a phosphine-induced CO insertion into the Rh--C bond, a 
process with considerable precedence. However, no other reactions tried on 
LUL lied to a cydopentadienone complex. LIX, in fact, proved to be excep- 
tiontiy stable, therm&y, It thus appears possible that LIX is a stable, isola- 
ble artifact in the reaction and not a true catalytic intermediate. An altema- 
tive possibility discussed was that LIX is not an intermediate in the forma- 
tion of the cyclopentadienone but rather of the benzenoid trimer. 

Chalk has reported%he nickel(U)cataly cyclotrimerization of acetyl- 
enes with N-substituted maleimides f701. Phenyl acetylenes reacted with the 
maleimide cata@ by Ni(CU& (PPh3 )Z yiddring the DiebAlder adduct;s 
LX and LXX The similar reaction with hexyne-l yielded the analog to 
LXII but of different stereochemistry. This chemistry was suggested to 
proceed through meWlocyclopentadiene intermedtites which apparently 
suffer Diels-Alder attack by N-methyl maleimide. Interestingly, the reaction 
is catalyzed by the nickel complex, but not, PdClz - Since both metal systems 
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catalyze the cyclutrimerization of acetylenes, the case for different mecha- 
tisms is strengthened. 

King and Efraty have explored some interesting synthetic routes to novel 
cyclobutadiene compler&s. Treating macrocyclic diacetylenes with transition 
metal complexes, intramolecular cyclization was effected [71]* Complexes 
of general structure LXIII were obtained by reacting equimolar quantities af - 
CycIopen~dienyfdicarbo~y~cobait with 1 ,?-cyclottidecadiyne U‘P 1 ,%cyclo- 

tetradecadiyne in boilling octane for 17 h. Similar reactions with the macro- 
cyclic alkadiynes and Fe(CO)e and Feg (CO)1 2 proved more complex. Thus 
intramolecular transarmular cyclizatian reactions were observed yielding 
t-ricyclic cyclobutadiene-iron tricaxbonyl derivatives (aRadiyne)Fe(CO)3f a 
ticarbuny~ferrole-iron tticarhonyl derivative of strucb LXIV (m = 4, 
n = 4) [72], or tricyclic cyclopentadienyfiron carbonyl derivatives of stoi- 
chiometry [(alkadiyne-H)Fe(CC& 12 depending upon the macrocyclic a&a- 
diyne used. The interesting metallocycle LXIV was first assigned structure 
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LXV based on various specfx~ data and a reasonable guess as to a probable 
course of formation. X-ray analysis 1721 1 however, established structure 
LXIV, and not LXV. Structure LIUV is most intriguing, for it introduces 

LXV 

some unusu& mechanistic possibilities. Clearly, a sttightfurward cycloaddi- 
tion betvreen two acetylene bonds and a metal nucleus would give LXV, not 
LXIV. A LXV-to-LXIV re#arrangement was suggested, and the intermediacy 
of the cyclobutadiene-iron derivative, isolated in the reaction in trace 
z~~ounts, was speculated f72] _ These authors have further suggested that 
meta.Hoeycfic inter&diates may play prominent roles in the mechanism of 
tungsten-catalyzed alkyne metathesis reported earlier 1731. 

That these two reactions might bear serious mechausistic similarities, how- 
ever, is doubtful. The reported disproportionation of aIkynes over tungsten 
is heterogeneous, and proceeds in moderate yields only at high temperatures 
(200” to 400” )_ Moreover, it also yields benzene derivatives and the absence 
of 1,2,3-substituted benzenes from the reactions of propyne, l-butyne and 
I-pen-e at temperatures below 300” rigorously ru31es out intermediates of 
cyclobutadiene symmetry in the formation of trimer products [74]+ At the 
higher temperatures, some of this isomer is formed, but side reactions rea- 
sonably account fur its formation. 

Fe(CCIQ5 reacts with acetylene at very high pressure (9,000 atm, 110” ) 
yielding cyclobutadieneiror&ricarbonyl and complex LXVI among other prod- 
ucts [75]. Significantly, LXVI was shown not to be an intermediati in the for- 
mation of the cyclobutadiene complex under the reaction conditions. Thus, the 

LXVX 

most reasonable alternative mechanism to a bis(irun)-catalyzed [Z + 21 cycle- 
addition (see page 124) appears to be ruled out in this system_ A bis(ironti- 
carbonyl)-catalyzed [2 + 2) cycloaddition might reasonably proceed in this 
system yielding the observed cyclobutadieneiron carbonyl product. Moreover, a 
reversible, metathesis-like transformation would atso provide a path to the his- 
alkyne system prerequisite to products Eke LXIV. 
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Vinylcyclopropenes (LXVII) undergo a number of [2 + 21 cycioaddition 

LXVII 

catalyzed by zero-dent nickel. Noyori et al. 1763 reported the formation of 
3-methylenecyclopentanes (LXVIII) from the catalytic (bis(acrylonitrile)- 

l&XVIII 

nickel(O)) fusion of LXVII and various substituted olefins (Z = COOCHB, 
CQCH3 and CN). The intermediacy of the highly symmetric (@a& trimethyl- 
enemethane was considered but rejected since LXVII (R1 = H; Rz = CH3 ) and 
methyl acrylate gave LXIX while LXVII (Rr = CHa; Rz = H) yielded LXX. A 

C0~Cl-l~ c-02 Cl-h 

LXIX LXX 

symmetic intermediate would have given similar pruduct distributions, 
This system was subsequently given closer mechanistic scrutiny [W] - 

Methyienecyclopropanne, treated with methy! acrylate-cu ‘p-d, in the presence of 
bis(acryIonitrile)tickel(O), yielded methylenecyclopentane LXXI in 70% yield, 
Noyori et al. proposed the intervention of metahocycle LXXII. The efficiency 



and the course of reactions were found to be influenced by the olefinic sub- 
strates which act as metal ligands. In the absence of substrate, treatment of 
methylenecyclopropane with Ni(AN)a in benzene resulted in recovery of start- 
ing material+ More significantly, 1,2=disubstituted olefiis react sluggishly, giving 
rise to the products in eqns, 13 and 14. It was noted that the major catalytic 
reactions of djsubstituted alefins proceeds in a highly, if not completely, 
stereospecific manner, with retention of configuration at the olefinic carbon- 
carbon double bonds. Cleaxly, dual mechanisms appear to be operative in this 
system. 
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Binger [78j reports the direct [2 + 21 cycloaddition of methylenecyclo- 
propane to LXX111 (62%) and LXXIV (26%) catalyzed by bis(l,5_cyclo- 
actadiene)-nickel(O) at --1.E?C. A common, metallocycle intermediate was pro- 
gased (LXXV). The transformation LXXV + LXXIII is suggested to proceed 

LXXfif LXXIV LXXV 

through the ~&membered metallocycle LXXVI. The proposed mechanism was 
based in part an reported chemistry of Li, Mg and B, 

LXXVl 

pr’oyori et al. [79] have examined the cycioaddition chemistry of bicycloc 
(l.l.O)butanes with oletis catalyzed by Ni(AN), . Bicyclobutane IXXVE and 
methyl acrylate yield LXXVSZI and LXXIX in a 65 : 35 ratio. The cyclo- 
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LXXVII LXXVIII LXXIX 

propane rings in the products, constructed of two carbon atoms from methyl 
acrylate and one from LXXVII, implicate a skeletal rearrangement of LXXVII 
occurring in the catalytic fusion of substrates_ Reactions with dimethylfumarate 
and maleate yielded similar products whose structures indicated highly stereo- 
specific condensations with retention of configuration. The intermediacy of 
carbene complex LXXX was postulated. Alternative nickellocycles were also 
presented in sequential; unspecified mechanisms. 

CH, =CH-CH, -CH=NiLn 

1 

CH, =CH-CH2 -cH-&L, 

1 
CH2 =CH-CH, -&-GiL, 

LXXX 

Where bicyclobutane, a [l.l.O] fused ring system, fails to undergo the 
nickel-catalyzed [ 2 + 21 cycloaddition, bicycle [ 2 .l .O] pentane (LXXXI) suffers 
[2 + 23 bond fusion smoothly [SO]. Methyl acrylate reacts with LXXX1 at 40” 

LXXX1 

after 36 h yielding the exe and endo products indicated in eqn. 15 in a 50 : 50 
ratio and 66% combined yield. The other product identified was 3-(cyclopent- 
2enyl) propionate. Similar catalytic reactions of LXXX1 with dimethyl- 
fumarate and dimethyhnaleate yielded [2 + 21 cycloaddition adducts with near 
absolute sterospecificity. 

Noyori et al. have also studied the stereochemistry of a cationic “3 + 2 + 
5 cycloaddition” [Sl] . Ionic complexes LXXXII condense with a variety of 
arylolefins yielding the corresponding cyclopentanones LXXXIlL The cyclo- 
addition was explained by assuming a stepwise mechanism with an ionic inter- 
mediate of type LXXXIV. Direct cyclization yields LXXXIII, while prototropy 
from LXXXIV (i.e., Rz or Ra = H) would give rise to products of type 
LXXXV, obtained in 7% yield from the reaction of LXXXII with l,l-diphenyl- 
ethylene. 
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R, Rz 

0 

Ph 

LXXXIV LXXXV 

Particularly noteworthy, arylolefins undergo f2 f 2] cycfoaddition stereo- 
spedficaBy, with retention of configuration. Addition of c&-&ckuteriostyrene 
to LXXX11 (R, R’ = CH3) gave cis-cyclopentanone adduct LXXX111 in 10% 
yield. It was noted that the observed stereospecificity in cycloaddition need 
not reflect concertedness but could instead be attributed to rapid ring closure 
of the hypothetical intermediate LXXXXV or to some charg&ransfer inter- 
action, 

LMethylcydsprupene undergoes facile cycloaddition catalyzed by a vari- 
ety of palladium complexes 1821. Catalytic amounti of palladium chloride 
cyclodimerizes the cyclopropene tigorausly at 0” to cyclobutanes LXXXVII 
and LXXXVTII. Syn or anti stereochemistry was not established, although 

A- 
LXXXVII tXXXVlrE 

d;imerization of 1,3,3-triaaethylcyclopropene catalyzed 
chloride yielded the two antkicyclohexane stntctures 

by n-allylpalladkzm 
LXXXIX and XC. 
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Attempts to dimerize 1,2_dimethylcyclopropene under similar conditions yield- 
ed only polymer. Neither bicyclobutane nor cyclobutane oligomerized in these 
catalytic systems. Significantly, dichlorobis(triphenylphosphine)palladium(II) 
did not catalyze the cycloaddition of cyclopropenes, and could be recovered 
unchanged from thermal oligomerization products of cyclopropenes. This sharp 
change in the catalytic behavior of a part&&r metal with changes in the elec- 
tronic properties of its ligands has been seen before [39]. 

Chlorides of Pt(II), Os(III), Ru(II1) and Re(V) produced no significant 
amount of [2 + 2] product from the cyclopropenes. However, methylcyclo- 
propene when heated rapidly to room temperature in the presence of molyb- 
denum hexacarbonyl yielded some of LXXXVII and LXXXVIII. The simi- 
larities in modes of c&lytic action of both Mo(CO& and CIZPd(PPhs ) were 
stressed by Baird et al 1823. It was noted that the catalytic scheme followed 
by methylcyclopropene mirrored that of 2-butyne in its trimerization to 
benzenes in the similar Pd system (see page 136). The cyclobutadiene inter- 
mediate suggested in the acetylene case [61] was likened to the tricyclo- 
hexanes LXXXVII and LXXXVIII, which were considered in this regard 
“bishomocyclobutadienes”. Because of the theoretical arguments directed 
against a direct, concerted [2 + 21 metal-catalyzed fusion of acetylenes 
[15], a similar mechanism (i.e., [2 + 23 concerted) was considered unlikely 
for the cyclopropenes. Valence bond-resonance arguments [ 12,14,16] , indi- 
cated in XCI, would tend to support this interpretation. A fully coordinated 

xc1 

biscyclopropene system is exactly represented by resonance hybrid XCI. 
Any [2 + 23 cycloaddition of the bisligand 7~ bonds (i.e., [XCIa > XCIb] + 
[XCIa 4 XCIb J ) would mean continuous enrichment of contributing struc- 
ture XCIb into XC1 as this system approached its transition state. The co- 
ordination bonds in XCIb are rotated 90” off the centers of maximum bond- 
ing in this l&and. It is thus an antibonding state, the direct counterpart to 
IXb (see page 114) for a bisacetylene system. 

Silver ion catalyzes [83] the valence isomerization of l,l’-dimethylbicyc- 
lopropenyl (XCII) to Dewar benzenes XCIII and XCIV. A simple [2 + 21 

xc11 xc111 XCIV 



‘cgcloadditian was considered as a possible reaction path. However, a pris- 
mane intermediate would reasonably have led to Dewar benzene XCV, which 
was not among the products. 

xcv 

Sneeden and Zeiss [84] have reported some cycluaddition products from 
allylchromium complexes with 2-butyne* Various methyl-substituted ben- 
zenes Gxxmzd from combination of allytic moieties and 2-butyne, The pro- 
duct of intmest here is 1,2,3,4-tetramethylbenzene, formed from the fusion 
of two ally1 groups and one Z-butyne, Thjs product was considered inconsis- 
tent with the generally proposed stepwise processes, A synchronous cycliza- 
tion of one acetylene and two ally1 groups wm offered (eqn. 16). 

“- 

H Transfer / 

- 0 

I 
--A 

16 

CH, 
I 

Metal-coordinated fulvene undergoes stereospecific eycloaddition with 
dknes [85]. The cationic E*kene complex XCVI reacts witfi cyclopenta- 
dime yielding the single 1 : A adduct XCVII. The prucess was considered a 
[S + 41 cycloaddition of the diene to the complexed fulvene followed by 

XCVIC 

rapid proton eknination from the propused intermed~te XCVIK The alter- 
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native mechanism considered involved the production of XCVIII by a [1,5j 

XCVIII 

sigmatrupic rezsrangemenf of the spire-intermediate XXX, the product of a 
f4 + 21 cycluadditian of the diene to the exacyclk fulvene double bond. 

XCIX 

Green and Wood have reporkd [Z + 21 cycloaddition products of vtious 
electraphilic dienolphiks to cyckxxtatetraene coordin+d to ruthenium and 
iron txkarbunyls [SS) . The dienophiks [X=Y: X = 0, Y = C&F3 )z ; X = 
C(CN)2, Y = C(C& )* ; X = Y = C(CN)CF3 ; X = Y = C(CN)2 ; X = C(CN)2, Y 
= C(CF& ] apparently select th& 1,2-addition path to the usudI 1,4-route 
preferred in the thermal addition to a 1,3aiene moiety. This mode of xeac- 
tion suggested the metal-assisted role indicated in eqn. 17. Dieneophiles (e.g., 



CZ (CD&) add in an exe-1,3-fashion to the triene ligand of tricarbonyl- 
cycloheptatrieneiron yielding the ~allyl complex C. Green et al. [88] have 
also reported the addition of tetrafluoroethylene and hexafluoropropene to 

c 

Fe(CU)a (die@ (diene = buta-1,3=diene, isoprene or cinnmaldehyde). Tri- 
carbonyltri~ethylenernethaneiron also fused with the electrophilic agent to 
form n-allylic complexes in which the iron atom and ally& groups were 
linked through a fluorocarbon chain. Green proposed a gene4 mechanism 
for these systems involving the transformation of a 3-membered metallocyclc 
to a s-membered metal species. 

Paquette et al. have recently reexamined the cycloaddition chemistry of 
tetracyanaethylene (TCNE) and chIorosulfony1 imcyanate (CSI) with cyclo- 
octatetraeneiron tricarbonyl [S9] . X-ray analysis of the products indicated 
that TCNE and CSI attack the cyclooctatetraene ligand stereospecifically, 
Born its less hindered side giving, respectively, the 1,3 and 1,4-adducts CL 
and CII, The 1,3-addition yielding CX is thus the counterparcI to that rep&et: 

CT CII 

by Green et al, 1873 for the cycloheptatriene ligand which gave C. These 
processes,, involving the direct participation of the metal in the cycloadditior 
process [ZZ] ) fall outside of that class of catalytic processes where the transj 
tiun element removes the symmetry restrictions to otherwise forbidden lig- 
and transformations, 

fetiit has reported preliminary results of what appear to be the first clear 
example of a metal-catalyzed, forbidden [S + 2) cycloaddition [90]. Cyclo- 
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heptatrieneiron ticarbony’i adds an acetylene ligand under UV bradiatian 
yielding CIII. This complex then undergoes a thermal [S + 21 en&occyclo- 
addition to complex CIV, confirmed by X-ray analysis. The cycloaddition 

Cl11 ClV 

(CIII + CIV) is very likely intramolecular and is indeed thermal, having been 
reproduced in the dark. Stepwise mechanisms involving certain metallocycles 
perhaps can be invoked here, but such proposals would be without experi- 
mental justification. Ligand field factors (see page ill), the e&o-specificity 
of addition, and the intramolecular nature of ligand fusion make a metal- 
-assisted, forbidden-to-allowed mechanism most attractive and difficult to 
avoid. 

X,3-Dienes undergo a variety of metal-catalyzed cycloadditions. We noted 
earlier the work af Cannel1 in which norbomenyl systems undergo smooth 
[2 + 21 fusion to 1,3-butadiene (see page 120). These same titanium systems 
also catalyze the 12 + 23 cyclaacldition of 1,3-butadiene and ethylene yield- 
ing, in high selectivity (75%), vinylcyclobutane 1321. This novel process con- 
stitutes the first example of the catalytic fusion of these two simple sub- 
strates. Piperylene and ethylene codimerizec! to 64% cyclics: cis- and trans-1 
-methyl-2-vinylcyclobutane (52%) and n-propenylcyclobutane (12%). 
3-Methyl-c&1,4-hexadiene was the other principal product. Isoprene and 
ethylene, however, gave only 2-methyl-n-hexaclienes (96%) and 3-methyl-n- 
hexadienes (4%) as codimers. The formation of linear products was sugges- 
tive of Ti--II intervention. The stepwise mechanism, tith hydride addition 
and elimination denoting initiation and termination of the catalytic cycle, 
was thus favored over an alternative, concerted. (2 + 21 fusion to cyclo- 
butane products, 

By far the major work in the catiytic cyclooligomerization of 1,3-dienes 
has been centered at the Max-Flanck-Institute at Miilheim. WiIke, Heimbach 
et al, have developed a beautiful body of synthetic chemistry associated with 
nickel-catalyzed 1,3_diene cyclooligomerizations. The reactions uf interest 
here are those associated with the highly stereospecific dienyl fusions to 
cis-1,2-divlnylcyclobutane (CV, eqn. 18). Other products in this catalysis are 
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1,Scyclooctadiene and 4-vinylcyclahexene. In the earlier reports of this 

chemistry [91], CV was not cited as a product. Later studies, however, re- 
vealed that CV is in equilibrium - - an intermediate - with this system f92J. 
At low diene canver~ion (30%)., CV, cyclooctadiene and tinylcycfohexene 
are formed ti 36, 2 and 61% selectivities, respectively. The c&+divinylcycto- 
butane reacts smoothly with the catalyst yielding 1,3-diene and the cyclo- 
oligomers. A forbidden-to-allowed role for zero-valent nickel has been sug- - 
gested [ 19 J for the reversible process described in eqn. 18. A correlation 
diagram fur the interconversion : [ his-X,3_b,utadienenickel* c&-l ,Z-divinyl- 
cyclobutaner,ickel] was shown to be ground-state, and particularly favorable 
for d’ 0 metal systems. Molecular orbital argumenti indicate only that a 
ground-state reaction path exists for a particular interconversion; they imply 
no mechanistic constraints in the system regarding any particular parth of 
reaction. The concerted path was thus intro-Sauced as a possible contributor 
to the complex catalysis of the dl* nickel s@em. 

Subsequent expe&nentaYl results, however- were not consistent with the 
concerted path of reaction, at least as a major cantributor in the overall pro- 
cess. Ttie strongesl; evidence against the concerted pathway W%LS presented by 
Heimbach and Hey [93] . Operating at low pressure (30 torr), where primary 
products could be drawn off, the variaus cyclobutane producti from cis- and 
frans-piperylene consistently gave the skeMaUy rearranged 1,3_r?ienes. The 
reported results were remarkably stereaspecific as well as mechanistically 
puzzling, Eqns. 19 and 20 are representative. 

The Miilheim group has consistently viewed nickel-catalyzed dieqe oli- 
gomerizatian as stepwise, proceeding through intermediate ~-ally1 species, 
Evidence in support of the n-ally1 intermediate in diene-cyclobutane inter- 
conversion has been offered f94 J . Bis(butadiene)tticyclohexylphosphine- 
nickel(O) [(BD), NiPRs , (CVI)] is reported to react at 80” giving 65% BD 
dimer product; at -7IY’ v CVI reacts with CO giving exclusively vinylcyclu- 
hexene (VCH). The corresponding divinylcyclobutane complex [ (DVCB) 
NiPRa, @XII)]. , prepared in an analogous way, reacts with CO at -78O @VW 
ing DVCE If it is first warmed to room temperature, however- the CO treat- 
ment at -7SQ gives exclusively VCH. CVI is recovered unchzunged from tolu- 
ene solution at room temperature; under the same conditions, CVII partially 
rearranges to CVI, 
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From these observations, it was concluded that CVI and CVII remange in 
solution to a common intermediate, namely CVIII. Evidence supporting the 
common intermediate included an identical NMR spectrum for cyclohexane 
solutions of CVI and CVII. 

CVIII 

The surprisingly low yield of BD noted by Wilke in the thermal (80”) 
triphenylphosphine treatment of CVI has been at least partially explained 
by Brown et al, 1951. A careful analysis of Wilke’s “bisdiene” complex CVL 
indicated that in both solution and the solid state it possesses *he x-ally1 
structure described by CVIIT. Thus the equilibrium CVEff * CVI suggested 
in Wilke’s reaction scheme is in a state of doubt. Clearly, a bisdienenickel 
complex might reasonably precede CVIII, but it does not appear to be the 
isolated complex described nor an intermediate in the equilibrium implied. 
How the observations of Brown alter the mechanism proposed by Wilke is 
at this time unclear. 

Traunmiiller et aL have published arguments extending *he Woodward- 
Hoffmann rules to the stepwise processes that they propose in these reac- 
tions [20]. A recent review [96] of this chemistry attempts to expltin the 
novel transformations of piperylene through the intermediates in eqr,. 20. 
The equilibrium CVI. + CVZII is suggested to proceed suprafacially while 
CVEIf * CVfI operates antarafacially_ The suprafacial-antarafacial asign- 
men& stem from the number of electrons in the respective me&l-l@nd sys- 
tems engaged in the per-icy&c process (ieel 1Oe- : supmfacial; 8e- : a~~tara- 
facial). The stereochemical paths taken by the piperylene ligands along the 
reactions of eqn. 20, however, appear unclear with respect to their indicated 
symmetry assignments. That CVI and CVIIE are identical [95] further ob- 
scures this interpretation, 

In any case, treating the trrutsition metal participant as a typical pa&c& 
prult in a Woodward--Zfof&nann pericyclic process is in variance with other 
descriptions of the metal’s role [9,22] _ In these treatments, the metal is 
viewed as a very versatile ccpseudo-organicy’ participant capable of partici- 
pating in any given pericyclic process in either stereochemical configuration 
(Le., [d 2,] or [d 2, ] ) depending on the positioning of its valence electrons in 
the d orbitals. When d orbitals of both symmetries may participate, the 
metal is free to act in either a suprafacial rd 2,] or antarafacial [d 24 way. 
When such is the case, organic participants are no longer locked into a p&i- 
C&U stereochemical course dictated by orbital symmetry factors; steric ef- 
fects would thus override orbital symmetry factors. 

The mechasii&ic details associated with this novel chemistry appear to 



remain somewhat clouded, hopefully the subject of future experimental 
attention. It is doubtful that simple concerted schemes might play significant 
roles. 

A step~tise mechanism coupling steric effects and proximity factors might 
explain the peculiar stereospecificity observed in the formal 12 + 2j cyclo- 
additions of piperylene [93] (see eqns. 19 and 20). Such a scheme is out- 
lined below (eqns. 21 and 22), where two assumptions are made: (1) the 
initial oxidative cycloaddition proceeds preferentially ho the anti-n-ally1 corn* 
plex (CIX, eqn. 21); (2) the final reductive cycloaddition proceeds only from 
the rearranged syrz-n-alfyl! complex (eqn. 2%). Simple steric factors associatid 

CX 

with the methyl groups on the piperyfenes would dictate methyl stereo- 
chemistry in eqn. 21 (i.e., tram where possible: cis + cis and tram + truns- 
piperylene; otherwise cis: cis + trans-piperylene), 

This review has barely touched this broad area of descriptive chemistry. 
Others have appeared discussing both the synthetic and mechanistic aspects 
of the subject [97]. 

D. ULEFW METATHESIS 

(i) The reaction 

Ufefin metathesis, described in eqn. 23, must be considered the most re- 

Ri 

II 
R2 

R,= R3 

Rz= R4 

23. 

markable, metal-catalyzed organic reaction discovered this past decade. It 
proceeds with great facility ad striking specificity. Metathesis is an equi- 
Iiibriun catalytic system and the number of z and o bonds in the starting and 
product systems remair~s unchanged, When simple open+zhain olefins trans- 
fom, the lotion is essentially isothermal, underscoring the novelty of this 
reaction. Thus, in the absence of thermodynamic driving force, dauble bond 
scramblbg occurs effortlessly, at ruum temperature, with activation energies 
f98] as low as 6-3 kcai mole-1_ 
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Olefin metathesis was first disclosed in the open literature in 1963 by 
Banks and Bailey [993. It was then described as an olefin “disproportiona- 
tion” process, a somewhat narrow-definition focusing on just one aspect of a 
broader body of reactions. Cyclic olefins, for example, do not “dispropor- 
tionate” as the term implies, but instead follow the malectiar events intrin- 
sic to the reactions of eqn. 23, yielding high molecular weight polymers. The 
term Lsmetathesis”, assigned to this chemistry at a later date El001 1 more 
realistically reflects the organic chemistq of this catalytic system. It was not 
until 1967 that the true nature and potential breadth of application was first 
disclosed [ 101] - 

The actual genesis of olefin metathesis, however, extends beyond 1963, to 
1957 in a patent disclosure, filed by Peters et al. [102] describing the 
disproportionation of propylene to ethylene and butexre over a 
heterogeneous MOO, catalyst, partially reduced with a trialkyl aluminium 
reagent In this system, completely oxidized MO is inactive, the highly 
reduced metal polymerizes olefins and the metal at some intermediate stage 
of oxidation disproportion&es and isonnetized ofefins (i-e,, cis-2-butene * 
tiuns-2-butene, another manifestation of metathesis). It is now generally 
accepted that MO and W metathesis catiysts are at some intermediate 
oxidation state, somewhere between 0 and +6, In a homogeneous tungsten 
system, a careful study [1U3] implicates an oxidation state of +4(d2 )* 

Heterogeneous MO and W.metathesis catalysts are generally prepared as 
oxides, supported on oxides of silica or alumina. They are activated at high 
temperatures (540 to 590” ), usually in air [ 1041. It has been known for 
some time that these conditions of activation transform the group VI metal 
oxides into suboxides of varying composition, containing metal centers in 
reduced states of oxidation [X05] _ It thus appears that both groups of early 
workers, Peters et al. at Standard of Ind,, and Banks and Bailey at Phillips 
arrived at identical cataiyic species, by using different reductive procedures. 
However, there can be little doubt now that the novel organic 
transformation termed “metathesis” was first discovered and disclosed at 
least as long ago as 1957. 

In historical perspective, it is indeed surprising that such an intriguing 
catiytic reaction could have enjoyed so long a period of gestation, that its 
utter novelty and scope of application were not recognized and appreciated 
sooner than they ultimately were. It can safely be said that the olefinic 
transformations’intrinsic to metathesis are without counterparts in pure 
organic chemistry and catalysis, Perhaps it is this, the stark novelty of this 
chemistry which shrouded if from earlier recognition and an appropriate 
debut into the scientific cammunity, Whatever the reasons, as an organic 
reaction, metathesis is clearly a late bloomer and perhaps even now not 
broadly recognized nor appreciated in its appropriate perspective. 

This review will not attempt to cover the descriptive chemistry of this 
area, which has recently received exhaustive review [ fU6]_ Instead we shall 
focus on the mechanistic aspects, for it is here that the relevance to the 
subject of this review rests. 



(ii) The mechanism 

In metathesis, carbon-carbon double bo?ds are cleaved and reformed. 
The vinyfic CT bonds attaching the two substituents to each of the oIefinic 
carbuns are nut cleaved; thus the alkylidene moieties remain intact 
throughout the catalytic transformation. These observations in themselves 
provide the firs.6 approximation of a model for the critical transformation 
(eqn. 24), This mechanism in fact has enjoyed the major attention. 

CXI 

Intermediate species CXI, initially proposed [ lOl] as a “quasicyclobutane”, 
was subsequently termed [lo?] “pseudocyclobuta~ne”, “absorbed 
cyclobutane” [1OS] 9 “metal-coordinated cyclobut&e” [9,14,22] and 
simply “cyclobutane” [ lO,lUO] _ Equation 24, of course, reflects only the 
reaction path of the organic reactants; it does not imply any assumed role 
for the catiytic species, 

The forbidden-to-allowed mechanism [5] was proposed for this reaction 
[100]. In this mechanism, a bisolefin tungsten complex transforms through 
CXI to the product bisoXefin complex. The rule of orbital symmetry 
conservation has received additional theoretical development, primarily 
directeci to the orbitral symmetry restrictions associated with the 
nonreacting ligands [9] _ In. this scheme, the transition metal is considered in 
its experimentally-indicated oxidation state [103] (i.e., IV, d2 )_ 
Seven-coor&.nation was suggested_ The reactions in eqn. 25 proceed to&liy 
free of symmetry restrictions. In a Iater development of this theoretical view 
(see page 113), the various intermediates in eqn. 25 were described [14] as 
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the resonance structures in eqn. 26. A complete malec~llar orbit& account 
<Fig. 5) of this process has recently appeared [lo9 J * The correlation diagram 
in Fig. 5 is fur 8 d* metal sy&em possessing a nonrestrictive &and field. 
Both u and ?r bonds of the bisolefin system are represented in the 
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correlation. Intermediate species CXIII is generated in its ground state with 
the metal’s two valence electrons equally distributed between orbit& of AS 
ad SA symmetries. It is this electron pair assignment which directs the 
metal’s coordination focus equally to each af the four bonds in cyclobutane 
and accounts for the three contributing structures in CXIII of eqn. 26, The 
ground state interconnections indicated in Fig. 5 reflect a highly facile . 
couqz of transformation open to bisolefin ligand systems in metal 
complexes of appropriate energies. Where CXIII is of slightly higher free 
energy than CXII and CXIV, CXIII may exist as a tiansition state or a 
short-lived intermediate. Like metathesis itself, this aspect of the proposed 
mechanism has no counterpart in pure organic chemistry; that is, there are 
na examples of three interconverting organic valence bond systems in which 
a central intervening species corresponds to a stable molecular system, yet 
exists onIy as a transition state in the interconverting system. This interesting 
dichotomy, however, would in fact be anticipated if the transition metal 
were to remove the symmetry restriction to a forbidden organic reaction as 
this mechanism assumes. 

There are other attractive features to the mechanism implied in eqns. 25 
;and 26. In metal complexes CXII and CXIV, the two carbonl=arbon double 
bonds would necessarily be closer to each other in this seven-coordinate 
system than in other lower coordination-number complexes. Close proximity 
results in stxonger carbon-carbon interaction, tending to lower the energy 
barriers to CXII + CXIII and CXIV + CXTII by relief of steric compression. 
Since only metals lean in valence electrons can assume seven-coordination, 
just a-few metal complexes would be candidates for this special type of 
catalysis. In fact, this is found to be the case. Metathesis is essentially limited 
lo catalysts of Ma, W and Re, Seven-coordination is known to play an 
important role in their coordination chemistry (llO] I 

Pearson has offered an interesting interpretation of metathesis based also 
on the conservation of orbiw symmetry [1x11. He assumes a zero-v&lent 
moIybdenum (# ) biscarbonyI c&&&ic species in a square planar diolefin 
complex. rtIet&hesis through a cyclobutane ring results in a tetrahedral 
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Fig. 5. A moleculerr orbitai correlation diagram for the CXII * CXIH = CXW intercon- 
versiun [ lO9j f 

complex and, necessarily, an orbital crossing. This is precisely the case noted 
earlier, namely that this particular (Le., 66) square planar-to-tetrahedral 
transformation encounters tigand field restrictions [9]. Pearson avoids ligand 
8&d restrictions [or an “intinded orbit&l crossing”) by rotating his olefin 
figands 45” at the transitian state (CXV). The A2 mation reduces the 
symmetry from Czv to Cz . In the lower group, the two crithl d arbitals of 
bI and & symmetries are rendered equivalent, allowing the required 
exchange of electron pairs to proceed smoothly between them. Although 
this partictiw model of the active catalyst (i.e., square planar, d6 ) is an 
unlikeIy one:, Pearson’s proposal can be generay invoked where ligand field 
restrictions confront a [Z f 23 iigand peticyclic process. 



Caldow and MacGregor have also applied molecular orbital arguments to 
an understanding of metal-catalyzed [Z + 23 cycloadditions [llZ] . They 
nate the square planar-tetiedr;rI difemna discussed above, The symmetry 
restrictions are avoided through an axial-equatorial-bipyramid fD3 h ) 
exchange involving a square-pyramidal (C, U ) intermediate (eqn. 27). Cg V 

symmetry is thus preserved throughout and ligand field restrictions 
circumvented. In this model, however, ligands must be lost and gained as the 
system tivcrses the transformations in eqn. 27. Thus, the three metal. 
complexes in eqn. 27 are regarded as intermediates. This model favors a d6 
low-spin metal atom (i.e., zero-valent W and MO) over less attractive dl and . 

d2 metal centers. Experimental evidence for the zero-valent assignment is 
cited by Hughes El.131 - where molecular orbital symmetry principles are 
also applied to a metathesis mechan+m - z&d the initial paper by Bank and 
Bailey where tungsten and molybdenum hexacarbonylfz%!umina systems were 
discussed CSS]. However, it now appears that zero-vale& metal species are, 
not; obtained in the alumina-supported W(CC& and Mo(CC& catalystic 
systems described [ 1141. X-ray photoelectron spectra of these catalysts 
indicate that the metals do not exist as hexacarbonyls, but are displaced to 
higher binding energies, The active metals are reported to be in oxidation 
states g&&r than zero and less than six, Question might also be directed to 
the zero-valent assignment by Hughes, since convincing evidence on the 
nature of the actual catalytic species was not presented. 

Qne source of considerable confusion regarding the actual mechanism of 
olefin metathesis is the absence of free cyclabutanes in product mixtures, 
Cyciobutines are &e&y nut Eree in%fzrmediates since they db not react nor 
are they observed as distinct praducb [x15] _ However, dms &is mean then 
that; swing olefins carmot transform to product olefins through a 
cyclobutane ring ids, for example, is indicatid in eqns. 25 and 26? It has been 
argued yes [116,117] and no ES, lOSJ_ If it is assumed that the 
meti-cyclobufane complex (CXIII) is either a transition skate or a 
short-lived intermediate (see pafe 155), then the rate of cyclobutane escape 

. 



from the metsxl into the product mixture would bz zero in the first instance and 
approaching that in the latter. Because of microscopic reversibility, the rate 
of cyclobutane ring-opening would be Likewise zero or approaching it. In 
sume catalytic systems fll63 * a very &XY rate or‘ cyc’iobutane formation and 
consumption are in fact observed. In others, as noted ez?rlier, these rates are 
zero [I151 I 

Those citing the absence of cyclobutane intervention in the met&hesis 
system as evidence against its involvement in any form, offer somewhat 
bizarre alternatives. Lewandos and Pettit propose the tetracarbene species 
CXVL, the four carbons apparently coexisting on the same met& center hut 

CXVI 

not exhibiting carbon-carbon bonding 1116 J l The t&racarbene complex is 
distinguished f!rom the simpler metal-coordinated cyclebutane intermediate 
and molecular orbital argumenti are given to support its possible 
intervention. To make a realistic distinction from the metal-coordinated 
cyclobutane, it must be assumed that the tetracarbene ligand is, in fact, just 
that and not simply an alternative orbital description of CXIIL Structural 
distortions from a normal cyclobutane ring would not seem to suffice fIU9]. 

Pettit constructs CXVX from two sets of orbital couples. Assuming 
minimum carbon--carban bonding, this yields eight molecular orbitals 
(MO’s) in two sets, set 1 of sillghtly lower energy than set 2. These are then 
mixed with metal atomic orbit& of appropriate symmetries and seven 
electron pairs injected into the seven lowest-energy MU’s yielding the 
coordinate bond: three electron pairs from the metal (~2~ ) as back-bonds and 
four pairs from the tetracarbene as donor bonds. This necessarily requires 
the pDpu.latian of both sets of SA and E& MO’s. Pettit’s basic description 
should not be altered significantly even if carbon--carbon bonding is allowed 
to grow. 

However, the tetracarbene complex, in which both the SA and AS MO’s 
af set 2 are occupied, may not correlate in symmetry to either ground-state 
bisolefin complex responsible for iti genesis 1109] , The correlation diagram 
in Fig. 6 was offered in support of serious symmetry restrictions restraining 
these reactions. The highest occupied MO’s in the. bisolefio complexes which 
match SA2 and AS2 are arlCibon&ng combinations. Although empty orbit& 
would exist beneath them, they would apperentiy not symmee-match, It 
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Fig. 6. A molecular orbital correlation diagram for a bisolefin * XCVI interconversion 

[109]. 

. 

was stressed that the proposed population of SAs and AS2 essentially 
precludes the required exchange of electron pairs between metal and ligands 
and thus would result in the indicated orbital crossing in any four-carbon 
species of cyclobutane symmetry irrespective of the degree of 
carbon--carbon interaction. 

Lewandos and Pettit have presented experimental results presumably 
supporting the tetracarbene theory [1X3]. Reactions of toluene-W(CO)s 
with 4-nonene were carried out in heptane at 98” in open and closed . 
systems. In closed systems, the extent of olefin metathesis was negligible. In 
open systems, CO was evolved and metathesis proceeded: 28% conversion 
out of a theoretical conversion of 50% in 24 h at 98”. In the presence of 



excess olefin, isomerization, a competing reaction in this particular system, 
dominated the product (i.e., 5% isomerization and 2% metathesis). These 
results were interpreted in terms of an active bis(oIefin)tungsten dicarbonyl 
complex in equilibrium with CXVI, bi ;( olefin) tricarbonyl, 
tris(olefin)dicarbonyl, and tris{olefin)tricarbonyl tungsten complexes_ 

It should be noted that this metathesis system exhibits only margina 
catalytic activity at best (Le., 28% conversion at 98’ in 24 h) and, further, 

that the various metal complexes proposed were not isolated or otherwise 
lidentified, Loss of CO and tiluene appear to precede activation and an 
excess of olefin does curt&l metathesis, However, a critical step to some 
active species not included in P&tit’s scheme is a&u compaiible with these 
observations. A coordinatively unsaturated tungsten complex, for example, 
may be the precursor to the active metathesis catalyst. Coordination 
saturation, either from CO or olefin ligands, would tend to diminish the rate 
of catalyst formation, 

O’Neill and Rooney have offered experimental results seemingly in 
suppoti of the tetracarbene proposal fll9]. Using an wtivated fi.e_, heating 
at 773°K in O2 and in vacua for 18 h at 823°K) cobalt molybdate 
heterogeneous catalyst, diazomethane was shown to decompose smoothly to 
ethylene and nitrogen at a level of activity that paralleled that for propylene 
metathesis under the same conditions. A catalyst not activated by a similar 
pretreatment (heated at 773°K in 02, and in vacuu fur only I h) gave 
negligible metathesis of propylene and had little activity for diazomethane 
decomposition. These results were reasonably ascribed ID the existence of 
sites on the active catalyst which both metathesize propylene and 
decompose diazomethane to ethylene and nitrogen. 

However, the connection between the diazomethane experiments and the 
existence of intermediate species such as CXVI is unclear, First, P&tit dues 
not propose distinct metal-carbene intermediates nor does he propose their 
interconversion with CXVT. Second, the fact that diazomethane undergoes 
decomposition over the ‘“activated” catalyst and not the base metal oxide is 
not in itself surprising. Activation of the metal oxide undoubtedly involves a 
reductiun to some lower valent suboxide [105] _ The active metal centers 
must shed some of their Xigands in the cuurse of activation (or subsequent to 
it) so as to ultimately accommodate olefin ligands, irrespective of the actual 
metathesis mechanism. Thus, the active site is very likely coordinatively 
unsaturated or at least approaching that state (through the attachment of 
some loosely held Iigands), The active metal centers, with either existing or 
easily av;tilable coordination positions, may thus be looked upon a~i a highly 
eliectrophilic, Lewis acid-like species. Systems such as these are known to 
decompose diazomethane smoothly and catalytically to either ethylene + 
nitrogen or polymethylene, depending on the electrophilicity of the metal 
center [lZO] l The popular iridium complex IrCl(CQ)(Ph3 P)z, for example, 
tith %n open coordination site decomposes diazomethane cleanly and 
cataly%icaUy at -30” to ethylene and nitiogen [1X.] L A methyfene-mew 
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does not metathesize propylene, “disproportionates7’ the very special olefin 
CXVII by the mechanism proposed by Lappert, does this realistically suggest 
the same mechanism far tungsten and molybdenum in their metathesis of 
propylene? This reviewer thinks not. Past extrapalations of this kind have 
proven deceptive. Acetylenes, for example, indeed undergo the 
“dispropotiionation” reaction implied in eqn. 23. The reaction, in fact, 
proceeds aver a metathesis ca+Slyst (tungsten oxide on silica); further, 
2-pentyne yields the anticipated products 2-butyne and 3-hexyne in the 
theoretical ratio, However, the cyclobutadiene intermediate implied has been 
ruIed out, at least in the by-product benzene derivatives [74] _ Considering 
the severe conditions of this reaction {i.e., 200” to 400”), alternative 
mechanisms involving ionic species are reasonably implicated 11241. 

Of the mechanisms not invoking cyclobutane intervention, none have 
enjoyed more attention than that proposing a five-membered metallocycle 
intermediate (see page 123). This mechanism was first proposed by Cassar et 
al. 1361 based on their restits from the reaction of fRh(CO)zCl] 2 with the 
highly strained hydrocarbon=, cubane. Since this chemistry will be treated in a 
subsequent section, details of their work will not be discussed here. One 
point, however, will be made. The reaction implicating the intervention of a 
meMocycle in the cubane system was stoichiometric, not catalytic. Other 
rhodium complexes affected a catalytic valznce isomerizatiian of cubane to 
its diene valence isomer, Because the stoichiometric reaction yielded a 
six-mem bkred (from c0 insertion) rhodocycle, intermediate rhodocycles 
were proposed generally for rhodium-catalyzed valence isomerizs tions; 
moreover, intermediate metallocycles were suggested to intervene broadly, 
playing a role in all metal-catalyzed, symmetry-forbidden [2 + 23 reactions, 
including metathesis, It should again be noted Ihat [Rh(CC&Clf 2 is nut 
reported to be a metathesis catalyst, In fact, for the metathesis of simple, 
unstiained olefin such as ethylene, propylene and their higher homologues, 
all group VIII transition elements are conspicuously devoid of catalytic 
l&0-3.L 

Experimental evidence genu;lnsly implicating the intervention of a five- 
membered metallocycle in metathesis was reported by Grubbs and Brunck 
f37]. The metallucycle CXIX was synthesized and decomposed under meta- 
thesis conditions. Significantly, CXIX generated large quantities of ethylene. 

CXIX 

This should be contrasted to the relative inertness and distinctly different 
modes of reaction of a similar platinocycze discussed earlier (see page 122). 
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Most important, labeling experiments established clearly that the ethylene 
produced had undergone metathesis to the extent of 12%. Moreover, the 
critical metathesis step had not occurred in a subsequent reaction of the 
generated ethylenes. The rearrangement of a single four-carbon unit had thus 
occurred on the metal center to which it was initially attached. This evidence 
wuuld seem to firmly lock the metailocycle into the catalytic chain of events 
describing metathesis. 

However, same important questions remain unanswered. (1) Is the met- 
allocycle a critical intermediate in the chain of events and not simply a side- 
path by which a bisolefin system might transform? (2) ff the intermediateis 
rin fact critical, how does it rearrange and scramble the alkyfidine moieties 
with activation energies as low as 6 to 8 kcal mole- I? (3) Finally, are the 
experimental observations inconsistint with a catalytic system which oper- 
ates along the path indicatr?d in eqn. 26? 

Regarding this final question, the most important result would seem to be 
the smooth generation of ethylene from the synthetic metallocycle_ Most of 
the wurk reported to date f1033 indicates that organotungstin compounds 
generated under these conditions undergu facile reduction, giving the active 
metal catalyst which, in the WCls system, appears to be WC&. It might be 
anticipated, therefore, that the proposed metallocyele would be no excep- 
tion in this regard but would undergo a similar (but not identical) reductive 
transformation. The most reasonable reductive path upen to CXIX would 
seem to be the one proposed by the proponents of this mechanism, namely a 
simple reductive elimination to the bisethylene complex CXX, eqn. 29. This 
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should be a smooth reductive step, directly yielding W(N), a likely candi- 
d& for the metathesis catalyst. The CXIX-to-CXX transformation is addi- 
tionally attractive because it proceeds with full retention of six-caordination. 
Metathesis, now, might easily proceed on CXX with CXLX serving only as a 
means of generating the active species (WC&) with the two reactants fully 
coordinated to it. 

The crucial question regarding the mechanistic mode of catalysis is whetb- 
er or not carbon scrambling occurs prior to the transfurmation of CXrX to 
CXX or after- The experimental results clearly establish that metathesis does 
not occur after the olefins leave the metallic cent& responsible for their 
formation (i.e., WCIQ in CXKX or CXX). Molecules of ether presumably re- 
place departing olefins, preshzding subsequent metathesis. However, the ex- 
perimental results do not bear on the rearrangement of GXX itself, under- 



going the series of transformations in eqn. 26. Thus, the critical question in 
this system seems unresolved at this time anti the actual mode uf metathesis 
appears to remain an open question. 

If metallucycle CXIX is a criticat intermediate in metathesis, its rearrange- 
ment leading to the &served scrambling of alkylidene moieties becomes the 
focal point of inter&. Totaliy satisfying mechanisms are riot easily drawn. 
Qsbom and WhiteAdes have independently suggest4 an interesting course of 
reactions nat without precedence [ 125 1. A metallocycle species (CXXI) 
suffers P-elimination to the c+dkenyl intermediate CXXII which, in turn, 
undergoes intramolecular alkyf addition yielding the critical intermediate 
CXXIII which possesses the appropriate symmetry element to render the 
alkylidene moieties equivalent. 

E. VALENCE ISOMERIZATIONS 

Symmetry-forbidden valence isomerizatiuns catalyzed by transition metals 



have been almost exclusively [Z, + 2, ] _ Other reviews of this chemistqy have 
appeared [10,22,38,126]. Our focus here will continue to be on the mechan- 
istic significance of reported work. This section will attempt to cover most 
of the relevant literature not covered by earlier reviews and selectively treat 
the more significant portions of the older literature_ 

Hogeveen and Volger reported the first instance of a transitiun metal- 
promoted valence isomerization, namely the smooth, rhodium-catalyzed 
isomerization of quadricyclene (I) to norbamadiene (II) (6). The reaction is 
unusually facile; at -26”, tl/z for 1 was found to be 45 min in a 0.7 M chloro- 
form solution of /RhtII)Clj 2 l Bis(ethylene)rhodium(I), palladium(II) and 
platinum(II) cumplexes behaved similarly. Because of the high exothermicity 
of this transformation 11 contains approximately 65 kcal mole-’ more 
strain energy [127] than II), it proceeds almost explosively at room temper- 
ature when small crystals of the catalyst are added to pure quadricyclene. 

Volger et al. El281 have also reported the valence isomerzation of exe- 
tricyclooctene CXXIV to tetracyclooctane CXXV (eqn. 30). This reaction, 
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which is far less exothermic than that of quadricyclene, is catalyzed at ruom 
temperature using 10 mole % [ RhfCC& Cl] 2. Unlike the thermal (200” ) and 
photochemical reactions which yield a mixture of isomers (CXXVI and 
CXXV (ZO%)), the rhodium-catalyzed process is clean, yielding the 12, + 26 ] 
product quantitatively. It is significant that the en&-isomer of CXXlV re- 
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mains unchanged in the presence of the catalyst, even at 10UO. Photolysis of 
endoCXXIV takesa course of reaction simiiar to CXXN giving CXXV in 
about the same yield (19%). 

During the reaction of CXXIV, the red catalyst [Rh(CQ)&I] 2 was con- 
verted to a yellow, less active complex. Elemental analysis, and IR d&a indi- 
cated the presence of CXXVII in the yellow complex. fRh[C0)2Clf 2 was 
knawn to inserf into cycloprupane yielding the CXXVII moie$y indicated in 
the yellow complex I1293 I 
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Several attempts were made to catalyze the isomerization of exo,exo- 
tetracyclononane CXXVIII to triasterane CXXIX, Starting material 

cxxv1tlt CXXIX 

CXXVLIZ, however, was recovered unchanged. Only tile complex fRh(CU I2 
Cl] 2 was converted into a yellow complex, presumably containing the 
meta3locycle moiety CXXVII. 

The Amsterdam group has also examined the reactions of CXXIV and 
CXXVIII with a variety of different transition metal. complexes [130f . This 
work underscores the fact that the transition met&s are capable of a variety 
of mofecukr rearrangements in addition to those of interest here. Metal com- 
plexes, quite similar in structure and electronic make-up, may effect tota.Uy 
different and distinct transformations on identical substrates with striking 
selectivities. The chemistry of IrCI(CO)(Ph3 P)Z, isoelectronic with 
IRhi~o), Cl1 2 7 is an out&ak.ing example. 

In the presence of catalytic amounti of the iridium complex, CXXIV re- 
arranges quantitatively to CXXX; no trace of the [2, + 25 ] rea.r?&ngement 
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product CXXV was detected_ Under similar conditions, CXXVZII yields 
CXXXI; the second cyciopropane ring in CXXVIII did not undergo a similar 

cxxxi 
fate. It should be noted that the highly selective rearrangements promoted 
by IrCE(CO)(Ph3 P) 2 involve a skeletal rearrangement af the hydrocarbon 
framework, a reaction cummon to the transitiun elements and unrelated to 
the valence isomerization in eqn, 30. 

Other transition metal complexes were examined for activity. Mo(CO)G, 
WCO)6 7 cw2 c&2 7 RhCl(CO)tPh, P)Z s [PhCN)2 PdC12 s IrHC12 (Phs PI3 and 
Rhz (nor-C& Ha )#z were found to be inactive. Surprisingly, RhCI(CO)- 
(Ph3 3?)z is both isoefectrunic and isostructurd with rrCI(CO)(Ph, P)* ) yet is 



without activity of any kind. With [(C, Ha, )PtCl, ] 2 or K[(C, HQ )PtCIB ] 1 
CXXIV and CXXVIII gave CXXXII and CXXXIII, respectively_ If it ti 
assumed that these complexes are square planar, ligand field restrictions 
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would seem ta preclude any rearrangement along the [zS f- 2,] reaction path 
[9,13,14,22] l 

Katz and Cerefice 1351 have also exmined the valence isomerization of 
CXXIV_ Using catalytic amounts of (PhsP)d RhCI at 90” fur 2 h, CXXrV is 
converted into CXXV. CXXVf and CXXXIV in the ratio 32 : 62 : 6. The 
products appear primary, not changing in composition under the reaction 
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conditions. Thus, dike the catalytic systims studied by the Amsterdam 
workers, which were highly selecttire In their modes of rearrangement, this 
rhodium system promoted both skeletal rearragement and valence isomeri- 
z&ion. 

Katz and Cemfice present kinetic results establishing the reaction scheme 
outlined in eqn. 31. The existence of intermediate “X” was implied to pre- 
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elude a “cuncerted” reaction path to CXXV. However, species “X” was not 
characterized, akhough the authors suggested the metallocycle CXXXV as a 
pa&Eli&. A variety of &her stictures might atso be offered, including 

cxxxv 



interconverting species. Included among these would be one in which 
CXXIV is a bidentate ligand in some rhodium complex. It would seem that 
some metal complex “X”. formed slowly from CXXIV + (I’h,P)g RhCl, 
could reasonably yield CXXV by a concerted [Z5 -f- 2J process or give 
CXXVI through a hydrogen shift. The mechanism excluded, namely an inda- 
pendent concerted transformation of CXXIV to CXXV, would be almost 
inconceivable if an intermediate complex of some kind were not invoked 
(see page 116). The alternative kinetic rtisults would have required virtually 
independent intermediates (“X” and Y”) which would not interconvert at 
rates competing with their rates of formation. It is important to keep in 
mind that the mechanism presumably ruled out, namely a concerted CXXIV 
+ CXXV, ideally requires full bidentate coordinatio:l and a nonrestrictive 
ligand field. The slow step of “X” + CXXV could be either of these proces- 
ses; they may as well have been involved in the slaw step CXXIV + “X”. 

Cassar and Halpern [131] have reported to results of a stoichiometric 
reaction between quadricyclene (1) and [Rh(CO)B Cl] 2, a rhodium complex 
known for its facile insertion into cyclopropane rings f128,129] l An excess 
of I was added to a hexane solution of rhodium complex (ca. 1.6 X 1O-3 M) 
at room temperature. After 20 min, the yellow color of the initial complex 
disappeared, yielding the white product CXXXV in 80% yield. An excess of 

cxxxv 
quadricyclene was required since the reaction with [Rh(C(& Cl] a is accom- 
panied by some loss of quadricyclene through isomerization no norboma-. 
diene, particularly if the quadricyclene is initially eantarninated by norboma- 
diene. The presence of the latter was reported to promote the formation of 
[Rh(norbornadiene)Cl] 2 ) a powerful catalyst for the isomerizl;tion of quad- 
ricyclene to norbomadiene. 

. The mechanistic implications of the stoichiometric reaction yielding 
CXXXV were ex%rapolat;ed to the catalytic isomerization of I + II by the 
highly reactive ~Rh~norbo~adiene)Cl~ 2. The r&e of tfik reaction was deter- 
mined at 4Q” fk = 2.2 & 0.2 M-1 in CHC13 ), and shown to remain un- 
changed by -the addition of excess narbomadiene. Reversible displacement of 
the norbomndiene Iigand fkom the catalyst by quadricyclene was thus shown 
not to be a feature of the mechanism. However, it has been argued that 
highly s-cd valence isomers such %ts quad&y&no, where the very act of 
achieving full coordination tinsforms it to its less-strained isomer norboma- 
diene, may not be capable of surviving even partial coordination to some 
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metal complexes [13,14,16,22]. In this case, displacement cf quadricyclene 
from thecatalytic center by norbomadiene would not be a feature of the 
reaction. 

Pettit et al. fJ32] fiave dso contrasted the stoichiometric behavior af 
fRh(CO),CIJz to catalytic systems in the valence isomerization of syn- and 
anfr’-tricyclooctane CXXXVL. It should be noted that only syn-CXXXVI 
should be capable of bide&& coordination to suitable metal centers, St-&c 
factors and the ““shape” of the two bridging IT bonds should both contribute 
to this coordination preference. 

I I ‘I 
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Anti-CXXXVI remains unchanged after 5 days of heating with equimular 
axnounts of AgBF4 in acetone, Under identical conditiuns, syn-CXXXVI is 
completely converted in ca. 1 min to a mixture of CXXXVII, CXXXVIII and 
CXXXIX in a ratio of 18:80:2, respectively. 

CXXXVll CXXXVIII CXXXlX 

Syn-CXXXVI reacts with [Rh(norbornadiene)Cl] 2 completely within 3 h 
in benzene at 63” yielding the same mixlxre of valence isomers in the ratio 
‘70:2:28; anHZMXV1 under these conditions remained unchanged after . 
20 h. 

Interestingly, [Rh(CO), Cl] 2 continued its contrary ways, reacting with 
both the syn- and antr’-tricyclooctanes under similar conditions giving acyl- 
rhodium complexes presumably of type CXXXV, essentially the same reac- 
ti~,n noted earlier fur its stoichiometric addition to cubme, exo-tricyclo- 
octene (CXXIV), exe, exe-tetracyclononze (CXXVIKI), cyclopropan& and 
quadricydene (I). The indiscriminate reaction with both syn- and anti- 
isomers suggests a separate course of reactian for [Rh(CC& Cl] 2, very likely 
insertion into one of the bridging CT bonds. The fact that the catalytic species 
ERh(norburnadiene)Cl] 2 reacted exclusively with syn-CXXXVI would seem 
tu suggest that munocoordtiation through one bridging o bond is nut suffr- 
cient fur valence isomerlzation;. Thus, ane reaction mode clearly open to 
(RAIN Cl] 2 would appear to be closed to [ Rh(norbomadiene)Cl] 2 and 
AgBF, . 

However, the directional character of bridging CJ bonds in the syn- and 
anM?JDUWI may be an intervening fa&or, To begin with, simple valence 
isomerization to 1,5+ycluoctadiene requires full cuordhation to one ur 



ideally both o bonds [12,14,16] as indicated in resonance hybrid CXLa (see 
page 113). Metal ccodination at the other two o bands of the central cyclo- 

a b 

butane ring would correlate CXXXVI with a biscyclobukne Egand syskzn, 
not 1,5-cyclooctadienu. 0 The energetics af this system would undoubtedly 
weigh aganst this kind of coordination over that indicated in CXL. Similarly, 
either mono- or biscoordirdion correlates syn-CXXXVI to ck, cis-l,5i_cyclo- 
octadiene artd an SCXXXVI to Wzrzs, ~rans-~,5_cyc~aoctadiene. The former 
resonance hybrid would clearly be of lower enem mear,ing a lower energy 
barrier to the cis, cis-l,Scyclooctadiene valence isomer_ Another possible 
reason for the facile isomerization of syn-CXXXVI over anti-CXXXVI could ’ 
be the degree of relative overlap between the respective bridging CJ bonds. In 
the syn-isomer, the two CJ bonds are “bowed” upward, out of the cyclo- 
b&ule plain They would, however, be directionally par&e1 and bond over- 
lap would be max&&ed, In the cmf&amer, t&~e bonds are “buwed” in 
opposite directions, one above the cycIobutane plane, the other below. Bond 
overlap, and thus interaction, should be significantly less in this case than in 
thecformer. Valence isomerization, through a concerted mechanism i.nvoKng 
the transformation of bath bonds, (even through monodentate caordina- 
tion), is greatly assisted by maximum interaction af the pzticipating bonds. 
These factors wo*Jd seem consistent with the catallytic selectivites reported. 

Hexamethylprismane (CXLI) has been shown [133] to undergo smooth 

CXLI CXLII 

and hi&fy selective valence isomerizatian to Dewar hexzmethyibenzene 
(CXLII). This reaction is cat&& by [ RhtCXLfF)CI J 2 ; .at temperatures 
below 0” + CXLII and hexamethylbenzene are produced in the ratio 20:x. At 
-3O”, the h&f life of CXLI ws 40 min. Acid catalysis @IF--BF3 ) at low 
temperatures (-SO”) yielded CXLII and the benzene derivative in equal 
amounts. 

Diet1 aud Maitlis 11343 have prepared the paLladium(II) chloride complex 
of CXLII, (CX&txIr), A freshly prepaed s&&ion of CXLIII in CaCLLt3 was 
stable for 20 minutes at 33O; After this induction period, rapid decomposi- 
tion gave hexamethylbenezen& and PdC&. In the presence of smalls amounts 
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of free CXLII, however, CXLIIX was &able for long periods of time. Maitlis 
was able to show that the catalytic species responsible for the decomposition 
was PdC12 a The addition of catalytic amounts uf PdC12 to solutiuns af 
CX3,III gave immediate valence isomerization, without an induction period. 

Maitlis et al. f135] also reported the valence isomerization of the tri-tert- 
butyl (Dewar benzene) CXLIV. A variety of metal complexes were tested, 

._CXLI v 
including the metals: Hg(If), Sn(II), Zn(Zf), Pd(lI), RhfX), Cu(II), Ru(O), 
Ph(fI), Rh(III), AgfI) ad Co(IIf). 1,3,5-Trinitrobenzene was also examined. 
Reactions were carried out in methanol or pyridine solutions at 30”_ Tb@ 
follovcring products were observed in varying compositions. The genesis of 
some of the products appears straightforward. However, others clearly sug- 

CXLV CXLVf CXLVll CXLVI I I CXLIX 

gest multiple rearrangements. Maitlis suggests that CXLVLI slowly transforms 
to CrCLVI (as does CXLV), and that an intermediate isomer of CXLVII (not 
isolated) yields CXLVIEI and, by sol-volysis, CXLIX in fa.sf reactions. An ion 
radical mechanism involving the metal center functioning as a Lewis acid was 
then pruposed for this and must other valence isomerizations (eqn, 32)_ 

An ion radical mechanism in this particular system is most reasonable. To 
begin with, the hydrocarbon substrate is one of extraordinary strain and 
unusual steric inhibitory properties. MoIecules of very high strain possess 
high-energy molectiar orbit& contaking the orbital hybrids defining the 
strained bonds. These mofecular orbitals wix1, of course* possess loosely held 
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electrons and they may very well be looked upon as Lewis bases, certainly 
with respect to Lewis acids possessing empty orbitals af lower energy. Elec- 
tron transfer of the sort implied in eqn_ 32 might reasonably proceed, ptiic- 
u&&y in solve&s such as methanot and pyridene. 

The ion radicdx mechanism has been proposed by others for some of the 
valence isomerizations of silver and similar ions [13,22] as well as one pos- 
sible mechanism far metathesis (cf. ref. 126, p. 311). Deposition of metallic 
silver: which strongly suggests electron transfer at some point, has been 
noted to attend the vaIence isamerization of quadricyctene [X36]. Faih~re of 
the rearranged ion radical to recapture its electron from A&Q) may be the 
route to metallic silver, and some as yet unidentified oxidation products. 

Ian radicals would thus seem to play a role in the valence isomerization of 
certain substrates by certain metals used under certain conditions. But 
whether it should be considered as broadly as implied [135] J is subject to 
serious question. It is interesting to noti that Maitlis had earlier described 
t;he relationship between a metal and its ligand as a %ontinuum of bond 
types, the extremes of which may be pictotially depicted as shown”, i.e., A 
a_nd 8 of CL [137 1. The point is clearly made I;hat coordinate bonding of the type 

A B 

CL 

refkcted in A (CL) imparts to the acetylene the electronk properties of its 
excited state, and also the geometrical shape of that excited state. If this is 
tme and we then replace the acetylene in CL A with am&her Iigand X, one 
whose excited state corresponds to a ground state vaknce isomer Y, ppill not 



X assume the shape of Y? It would seem that any direct extension of the 
arguments proposed by M&is et al. f 1315 to these ligands, which have asso- 
ciated with them the symmetry-forbidden paths to their vaIence isomers, 
would inexorably lead to the forbidden-to-a&wed mechanism, the ligand 
timsfurmatian M + X + &I - Y. 

Perhaps the continuum in bonding types resting between A and 3 of CL 
reflects also a continuum of reaction mechanism ava.ilable to the transition 
elements. The ion radical path may lie t;o the right (B), and the forbidden-t+ 
tiowed near the left (A), where metal d orb&& rest in energy appruxi- 
mat&y between a l&and’s bonding and antibonding orbit&. Experimenti 
evidence seems to support this possibility [39] l Depending on the nature of 
the substrate, the reaction conditicns, and other related factors, a variety of 
other mechanisms might reasonabIy be anticipated. 

Perhaps the most interesting met&catalyzed valence isomerization re- 
ported to date is one stemming from an experimental anomaly [138j. 7,7- 
~imethuxyqua~cyc~ene CLI has been considered /X393 inherentfy unstable 
relative to thcrmaI isomerization to ‘ts valence isomer 7,7-dimethoxy- 

norbomadiene (CLII). The 2,3-dimethyl derivative of CLL, for example, re- 
verts slowly ta diene at 0” and rapidly isomerizes at higher tempemture 
13381. This compound pruved stable c&y at Dry Ice temperature. 

However, the instability of CL1 proved to be strongly dependent on the 
purity and history of CLII, its precursor. The norbornadiene was generahy 4 
purified by fractional distallation through a spinning-band column. When a 
stainless stcejl spinning-band cohunn was used, the quadricyclene derivative 
CL1 was unstabie and rapidly reverted to GLII. When diene CLII was purified 
through a Teflun spinning-band and photolytica.lIy converted to CLI, the re- 
sulting quadricyclene was so stable that numerous attempts to convert it 
thermally into CL11 were unsuccessful. 

It thus appears likely that norbomadiene entrains a metal species in distil- 
lation, retaining it in subsequent photolysis, and that it is this captured metal 
that then catalyzes the isomerization of quadricyclene to its diene valence 
isomer. These events would clearly be remarkable. One couId only speculate 
on the nature or concentrations of the active metal. Unfortunately, a closer 
examination of this system was not undertaken. The entrained catalyst may 
have appeared more of an experimental nuisance, perhaps of no further 
interest once removed from the system. But which metal in stainless steel 
cutid be captured by CLIX at distillation temperatures? Do the methuxy 



functions on CLII play a role in metal capture; will norbornadiene itself do 
likwise? Finally, how long does this catalyst species live, what is its com- 
position, concentration, and what are the activation energies of this cataly- 
sis? Each of these questions would seem deeply interesting. Hopefully, 
future exp&imentalists will return ti this intriguing system giving it the 
sharp alkention it clearly deserves. 

The first metal-catalyzed valence isomerizations of cubane systems were 
reported essentiaBy simultaneously by LSauben et al. [14UJ and Paquette, 
and Stowell [141]. The diester of bishomocubane CLIII was converted 
[140] to the pentzcyclic derivative CLIV in an aqueous methanol solution 
of AgNO, . The Tea&ion, carried out at room tempeMxre for three days, 
was quantit&ive. Interestingly, Dauben was prompted to carry out this reac- 
tion by a structural misassignment reported by Furstoss and Lehn [X42] _ 
‘These workers had reparted the synthesis of sever& l,l’-bishomocubane de- 
rivatives. However, comparisons of physical and specfWl properties of 
Dauben’s CLIV showed that they had uzlknowingly prepared the new isomer 
presumably through purification of CLIII by silver nitrate--siiica gel chro- 
matograph ye 

The komerizatiou of eqn, 33 was almost exclusive to silver ion: 
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mineA acid, mercuric, cuprous, zinc, irun or rho&ium compounds failed to 
function catalytically [14Oj. However, it was subsequently sho:vn that other 
homocubane derivatives suffered this isomerization when refluxed in quino- 
line with copper-bronze for 2 hours /1433. 

Paquettr: and Stowell 11411 reported the isomerization of homocubane 
CLV to the pentacyclo hydrocarbon CLVI (eqn. 34). The catalytic reaction 
proceeds with small amounts of siker fluoroborate in dilute CDCX3 or 
acetone& at 25” within one day. This isomerization was assigned the 
symmetry-forbidden [a 2 R -f- o2 a ] course of rearrangement. 

Dauben et _zil. extended their silver-camyzed bishomocubane (XJII) 
studies to bishomocubene, the homocubane system, and the secocubane 
structure 11441. Bishomocubene CLVTI rearranges tcr its pentacyclo deriva- 
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tive approximately 100 times slower than does CLV under similar condition. 
The endo,endo-die&r CLVIII also undergoes silver ion catalyzed rearrange- 

m . . 
1 

C02CH3 
. 

CO,CH, 

CLVIII 

ment of the usual kind, but the reaction was found to be the most sluggish 
of all. Refluxing for two days in aqueous methanolic silver nitrate solution 
was required for complete reaction. Significantly, enda,endo-configuration 
was retained fhroughout the rearrangement. Paquette et al. [I453 reported 
similar results. Rearrangement of the diester was carried out in dry benzene 
(AgCI04 )_ In a like manner, endo,exo-diester was transformed stereospecifi- 
tally to diester CLIX, The exo,exo-diester similarly rearranged with retin- 
lion of carbomtithoxy configuration. The rates of these rearrangements, 

a CO&H3 
CO&H3 



termed “secocubillle-to-secocuneane~’ rearrangements, were compared to 
rearrangement ratis for czrbomethoxycubane itself (CLXI) and the di- 
carbumethyoxy cubane (CLXI). The relative rates of reaction at 40” 
(AgCf04 ) benzene) were: CLX(310) > ondo,endu-secocubanz diester (4.5) > 
endu,exo-secocubane &ester (2.5) > e;ro,exo-secocubane diester (2.4) > 
CLXI (l.)* 

CLXf 

Molecular models were used to approximate the relative steric decompres- 
sions that might attend the various secocubane-to-se-zocuneane rearrange- 
ments. Significant sterir: decompression was noted for endo,endo-secocubane 
relative to ifs two isomers. Since this contrast was not reflected in the three 
relative rates (they were about the same), it was concluded &at a concerted 
path wets not operative. 

Halpem et al. [I461 examined the rearrangement of cubane to cuneane 
catalyzed by silver(I) and palIadium(I1) systems. They also noted a rapid and 
quantitative oxidation of I-methylcyclobutene (CLXII) to cyclopropyl 
methyl ketone (CLXIII) by thallium (III) in aqueous HCIU4 (eqn. 35). A 
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+ ?“p +H,O - C-CH3 + Tl’ + ZH' 35. 

CLXII CLXIIl 

carbonium ion mechanism with suikble rearrangements was wasonably sug- 
gested. Ready oxidation of the type CLXTI + CLXXLI was also affected by 
palladium( II) chloride and mercury(U) perchlorate with accompanying for- 
mation of metallic palladium or mercury, respectively. The results of these 
stoichiometric, redox systems prompted a mechanistic extrapolation to the 
cubane-to-cumeane catalytic systems, The mechanism in eqn. 36 was pru- 
posed, Cubane oxidation products were apparently not side reactions to the 
catalytic reactions of Pd(II) and Ag(1). 

Cuneane 



Cassar et al. [36] have reported results on rhodium<atalyzed cubane iso- 
meribations which many feel are definitive regarding the general intervention 
of metallocycles. Stoicbiometric amounts of [Rh(CO)zCl] 2 added to cubane 
led to the stoichiometic reaction, now characteristic of this reagent, namely 
insertion of the Rh-CO moiety yielding CLXW. 

CLXIV 

A variety of rhodium diene complexes ( [Rh(diene)Cl] 2) affected the 
[Z + Z] transformation described in eqn, 37’. Three cubanes were examined 

- OiJ / / 37. 

(cubane, dicarbomethoxy and carbomethoxy cubane), The ratio of tie rati 
constants of the [RhfNOR)Cl] 2-catalyzed isomerizations to the r&e eon- 
&anti of the corresponding reactiuns with [Rh(CO)zCl] 2 was nearly con- 
stant for the three cubanes, despite the fact that the two sets of constants 
varied by a factor of 100. Moreover, the distribution of isomeric products 
from the reaction of the monosubstituted cubane with [Rh(NOR)ClJ 2 and 
[ELh(CO)2ctl 2 remained essentially unchanged. The product distribution in 
both cases was guverned by an approximately statistical attack at the two 
alternative sterically favored modes of attack. 

These observations led these authors to postulate a common mechanism 
for both the catalytic, [Rh(ciiene)Ct] 2-catalyzed valence isomerization of 
cubane and the stoichiometric reaction of [E%hfCO),Cl] 2. A second view of 
this chemistry, however, has been expressed /22] f [Z, j- S&J valence isomeri- 
zation of the type addressed here (eqn. 371, can in theory be catalyzed 
through monodentate coordination of one of the bonds involved in the 
subsequent isomerization. Since simple bond coordination, as implied in 
CLA, for example (see page 172), and complete metal insertion into the 
same Q bond as suggested by Halpem et al,, are extensions of each other 
[22,13?] quite similar attack selectitities should be anticipated for 
[Rh(diene)Cl] 2 and [Rh(CCQ2 Cl] 2. The self-consistency noted would there- 
fore be compatible with the intervention of two different mechanisms. 

Dauben and Kielbania [39] reported the catalytic reactions of bishamo- 
cubane die&r CLllIf with a variety of rhodium and palladium complexes, 
Recall that with cubane, the rhodium complexes led cleanly to dienes (eqn. 
37) while A&I) arrd Pd(fI) gave cuneane product 11461. The distixqpishing 



feature of Dauben’s work is a striking change in product mix with changes in 
ligand o-donor and n-acceptor character. In general, the rhodium complexes 
gave exclusively diene wme siiver(I) gave the cuneane derivative, a~ Halpenn 
had earlier observed, PaUadiumfII), however, switched its catalytic selectivity 
as iti ligands were changed. For example, diene predominatid wifh Pd(II) 
complexes containing ljgands which were both good o donors and 7r accep- 
tors, Le., triphenylphasphine, triphenylarsine and triphenylstilbene. With 
complexes of very strong 7~ acceptor but weak CT donor ligands (e.g., phos- 
phi&s), mixtures of diene and cuneane were ob+&zined. It was also noted that 
by increasing the polarizability of the hafogens frum chlorine to iodine, in- 
creased amounts of &ene obtined (Le., 13% c&me, 86% cuneane for PdIz 
(NOR); 1QG% cuneane for PdC& (NOR)). Transition meti complexes con- 
taining ligands which 3Lre weak u donors and 7~ acceptors and which are not 
polarizable (e.g., PdC12 (NOR), PdCl, (py& s PdC12 (PhCrN)% and PdIz 
(PhCGN), ) act in the same manner as the uncomplexed mefiat ion, giving 
excfusiveIy the cuneane derivative. A mechanism simifar to that proposed by 
HaIpem (eqn. 36) was suggested for complexes such as these. 

Dauben suggested a different mechanism for the diene formation, one 
involving meti coordination to the strained bonds of the cubane system. A’ 
forbidden-to&owed role for the mef;aI was impIicated. The blending of pure 
oxidative addition (as indicatid by Halpem et aI*) and a release of symmetry 
r&rictions through strong donor-acceptor coordinate bonding as metal sys- 
tems approached from extrema VYLB also suggested. Most important, these 
results demonstrate for the first time that transition metaLcatalyzed 
rearrangements of stined compounds are not simple processes, but are 
sensitive to st?btle electronic effects imparted to the active mew centers by 
variations in their nanreacting figands. 

(iii) Bicycia bu tam 

Bicycle [l.l.O] butane (CLXV) remains isolated from low-energy paths of 

CLXV 

rearrangement to its energetically preferred valence isomers, &e 1,3-dienes. 
It is highly strtined (ca. 64 kcat mol - 1 [X27] ), yet does not rearrange under 
150”, even by symmetry-allowed pericyctic processes [147]. The bridging ct 
bond is most reactive, exhibiting the greatest p character of the five carbon- 
carbon bonds describing it& structie [148]. Like ather highly strained, 
multicycJic stnxtures, CLXV should be a strong l&and, coordinating to most 
metal nuclei through its center of maximum strain, the bridging o bond [ I.61 + 

Given i&s unusual thermal stabiiity, its degree af strain energy and its in- 
herent afEn@ to coordinate to tram&ion metals or centers of high electro- 



philicity generally, it is not surprising that bicydobutane would exhibit the 
breadth of catalytic chemistry that it does. CLXV carries within its strained 
structure more than enough driving energy to propel it along a number of 
catalytic routes to 1,3-dienes. Transition metal complexes would thus be 
expected to rearrange CLXV under mild conditions through a variety of 
catalytic mechanisms. 

The chemistry of metal-catalyzed bicyclobutane valence isomerizatiou has 
perhaps received more attention than that of any other hydrocarbon, This 
literature is quite broad, unusually complex and spotted with heated CUII- 
tmxwrsy, Much af t!xe work has been directed to mechanistic questions asso- 
ciated with distinctly nonconcerted modes of valence isomerization, Mwhan- 
istic proposa3s involving ionic and carbenoid interrnediatis are prime 
examples. Because these subjects fall outside the scope of this review, we will 
give them only cursory treatment here. Recent reviews have appeared which 
hopefully compliment that to follow [122,149] _ 

Bicyclobutane may safely be called the Lorelei of hydrocarbons, Its in- 
triguing modes of catalyzed rearrangement have lured a number of organic 
chemists into metal-catalyzed organic chemistry and its maze of mysteries. 
Seeking some ultimate, all-embracing answer to the riddle of metal-catalyzed 
p&cyclic rearrangements, most have instead found diversion and deeper 
enigmas. A brief examination of bicyclobutane’s more obvious modes of 
concerted transformation will, perhaps, underscore the uniqueness of this 
hydrocarbon and suggest reasons why it should not mirror the catalyzed 
behavior of other substrates. 

Bicyclobutane CLXVI can undergo either an allowed [ 2, + 2, ] pericyclic 

CLXVI 

process yielding CLXVII or a forbidden [ 2, f ZS ] process giving diene 
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CLXVIII. Other modes of rearrangement need not concern us here. In either 
of the above modes, bonds a and b cleave with a respective conrotatory or 
disrutatory rotation about the remaining nonbridging o bonds. Significantly, 
the bonds undeaoing the pericyclic process, a and b, are (1) spatially quite 



removed from each other and thus bond overlap should be negligible, and (2) 
these bonds are not the o bonds of maximum strain, where metal coordina- 
tion would be preferred. This type of rearrangment bears a strung resem- 
blance to the cubane-to-cuneane rearrangement discussed earlier (see page 
174). En both systems, coordination of both bonds (a and b) to a singk 
metal center would be most difficult. With cubane itself, biscoordination of 
this type would, in fact, be impassible. 

To catalyze any forbidden pericyclic process along the forbidden-to- 
&owed reactions path requires an exchange of &&run pairs between the 
metil and ligand substrate (Fee page 111). This proceeds ide&ly when tie 
bonds undergoing transformation are fully coordinated to the metal and 
retain full coordination throughout the pericyclic process. This kind of 
coordinatioi: to bonds a and b in CLXVI would be most difficult to achieve 
at any transx,,., _ _ ;-w -3dxd center and virtually impossible to maintain as CLXVI 
transformed to CLXVIII. Thus, a forbidden-to-allowed role fur the metal, as 
it has been described previously [9,12-14,16,22], would not be anticipated 
in the catalytic chemistry of bicyclobutane, nor should it be in the cubane- 
to-cuneane rearrangement. According to this view, CLXV stands somewhat 
isolated from other hydrocarbon systems with respect to its possible involve- 
ment in forbidden-to-allowed catalytic processes. 

1,2,2-Trimethylbi~y~lu~l~~~U~ butane (GLXIX) undergues [MO] facile 
isomerizations to diene CLXX and CLXXI (eqn. 38) at room temperature in 

CLXIX CLXX CLXXI 

the presence of catalytic amounti of [Rh(CCQZ Cl3 z _ Deutmium labeling at 
the bridgehead carbon of CLXIX produced CI;XXII with high stereo- 
specificity. Thus, this reaction &x&y does naf; proceed with cleavage af 

bonds a 2nd b in t’LXVI; it proceeds instead with cleavage of tie bridging Q 
bond, a flanking G bond and a l&hydrogen shift. This process was in&r- 
preted in terms of a furmA “retrocarbene addition”, The formal intirvention 



of the carbene species CLXXIII was introduced. The retrocarbene pmposd 
was also sug@&ed for the metal-catalyzed [ Rh( I), Pd( 0) and Pt( O)] isomeri- 
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zation [I513 of CLXXIV to CLXXV. Gassman and Armour [152j have also 
extended this type of rearrangement to strained propellanes (tricyclo- 
[3.2.1.01 l 5 ] octane). 

m- 0 I 
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Subsequent catalytic studies on bicyclobutane CLXIX using pentafluuro- 
phenylcopper tetramer as catalyst yielded results itl striking contrast to that 
of earlier work [153] _ An immediate exathermic reaction occurs in chloro- 
furm solution at 0” yielding diene producti CLXXVI and CLXXVII and a 
vinylcyclopropane derivative, Bond cleavage of the bridging o bond thus 
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again occurs, but this time the flanking o bond that also cleaves is the one 
opposite to that which cleaves in eqn. 38. These perplexing results prompted 
Gassman lo express a need for a much larger body of empirical data before 
“a generaI theory of predictive value can be estabbhed for these m&& 
induced rearrangements”, anticipating the “advent of a cohesive theory con- 
cerning these facihz metal promoted rearrangements”. 

However, more surprises were to come. It was soon discovered that a 
single metal, Pd(II), would switch its mode of catalytic behavior &am that in 
eqn. 38 to that of the copper titramer noted above as its ligands changed 
f154j from dichlurobisfbenzonitrile) to chloru-z&lyl, How a change in 



ligand could cause such a dramatic switch in cat&ytic chemistry was not 
explained. 

Gar;sman extended his studies on variations in catalyst using polycyclic 
CLXXIV and a methyl derivative [155f. Catalysts ranged frum AgB& 
through RhJr,Pd,Ru down to PtOz, Sn and AK& _ Products varied between 
CLXXV, CLXXVZT and cycloheptadiene (CLXXVIII). Gassman proposed a 
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genesl theory involving stepwise band cleavage with the vdous transition 
metal catalysts acting as “extremely specific” :Lewis acids. He extended his 
view of the carbene species, blending carboniurn ion character into it 
(CLXXIX), Support for the interventio;l of carbon333n ion species was 

CLXXlX 

offeEd by the isolation of ethers CLXXX from CLXXIV + [Rh(C0)2Cl] 2 in 
methanol. 

CLXXX 

We shall see later that the [ Rh(U& Cl] 2 /CH, OH sys&m is far from 
simple. Protonic acids can be generated raising serious questions regarding 
the value of certain mechanistic generalizations in this compllex chemistry. 
Subsequent work by Gassman and Williams [156l appeared to rule out the 
intervention of pratonic acids. However, later work 11571 reveakd that 
“under special conditions, a very acidic media can be genetated from metha- 
nol, fRh(CO)&lj 2 and CLXIX, even in the presence of base”, The results 
obtained indicated UI overall picture more complex than had been antici- 
pated. However, G-man maintained a strong allegiance to his proposed 
intermediate, CLXXIX, Regarding the isomerizaf;ion of stined hydro- 
carbons f&e CLXIX by various met& systems, the current picture seems 
clouded, subject i;a changes in “the metal, oxidation state of the metaf, 



ligands attached to the metal, nature of the substitution on the bicyclo- 
[ l.l.O] butane and, perhaps, on the nature of the solvent used inthe reac- 
tion” [f57] L 

Paquette et al- [ 1561 firstr published the facile silver ion catalyzed re- 
arrangement af tricycloheptane CLXXIV to cycluheptadiene CLXXVILX, 
Merpreted as a [2= + Z,] pericyclic process. Subsequent kinetic studies 
implicated a bicyclobutanmilver complex as an in$ermediate in the iso- 
mer&&ion [159]. it was also established, almost simultaneously by two 
groups of workers [159,160] ) that silver ion catalyzes ring opening of 
nunbridgehead-substituted bieyclobutanes with striking specificity along the 
symmetry forbidden p&cyclic path. Bicyclobutanes CLXXXZ and CLXXff 
transform to their respective dienes (cf. eqns. 39 and 40) with stereospeci- 
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ficities as high as 78% and 99%, respectively. These results are perhaps the 
most remarkable and significant in this aurea of catalysis, Ninety-nine percent 
stereospecificity along an otherwise forbidden reactian path when an 
apparently equal-energy ahowed path uption exists is difficult to explain 
without invoking orbiti symmetry factors at some stage of the process 
[160]. 

Paquetee later reported silver ion-catalyzed rearrangements of bridgehead- . 
substituted bicyclobutanes (e-g-, CLXM: and CLXXXIII) [149]. In these 

CH3 
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studies skeletal isomerization, very much like those noted by Cassman and 
Wiiams [153], dominated the chemistry. Quite clearly, orbita symmetry 
factors could not be intervening here since these rearrangmenti were not 
simple pericyclic valence isomerizations. Paquette, thus abandoned his view 
of the earlier bicyclobutane isomerizat;ians being examples of a [2, -C 2, ] 
pericyclic process, and proposed the general mtervention of “argento carbo- 



nium ions”, such as CLXXXIV. The stereospecificity noted in eqns. 39 and 
40 was suggested to reflect “not orbital symmetry control in the bond rear- 

ganizatian but rather a combination of steric, kinetic and thermodynamic 
factors” 1149). The possibility that silver might be doing one thing with the 
b~dgehead-unsubstituted bicyclobutanes and other things to their substi- 
tuted counterparts was not addressed in the early interpretation. 

Deuterium isotope effects m the silver-catalyzed rearrangements of tri- 
cycloheptanes (CLXXIV) later revealed that the bridgehead o bond cannot 
be the initial bond cleaved in this system [‘t61]. Silver ion attack at a ffank- 
ing o bond generating an argenti carbonium ion was suggested to intervene- 
However, subsequent studies on the silver-catalyzed rearrangements 
of a broader variety of substituted bicyclobutanes suggested the distinct 
possibility of a changeover in mechanism with methyl substitution 11621 l 

When the bridging carbans, C1 and Ca, were unsubstituted, the cleavage of 
diametrically opposed edge bonds occurred, a reaction which was accelerated 
with 2,2,4,4-tetramethyl substitution. This pathway was also operative in the 
1,2,2,4,4_pentamethyl derivative_ Paquette’s kinetic data, a&hough limited, 
prompted the proposal of a possible bond reorganization process that is con- 
certed in these cases where “this level and type of substitution prevail”. In 
other cases where C1 and/or C3 carry substituents, intermediate argento 
carbonium ions were offered as intermediates. 

Sti and Masamune have also cantributed to an ultimate elucidation of 
the mechanisf;ic aspects of metal-catiyzed bicyclobutane isomerization. 
Following Masamune’s initial disclosure of the highly stereospecific isomeri- 
zation of CLXXXI and CLXXII (see eqns. 39 and 40), distinct differ- 
ences between Ag(1) and PdfII) in this chemistry were reported 11631. 
Palladium was found to give products resulting from cleavage of the bridging 
0 bond (i.e., Cl-C3 ) and the flanking C1--C, bocld. The inhmdiate 
CLXXXV was proposed. Carbene character of the type discussed earlier 

CLXXXV 

(CLXXIX) was indicated. Diazo compounds corresponding to the various 
intermediates CLXXXV were prepared and their metal-catalyzed decomposi- 
tion products compared to those from Pd(II) and Ag(I) catalyzed bicyclo- 
butane products. Product distributions from the bicyclobutanes and diazo 



compounds with fd(I1) were similar in all cases. Those from Ag(f) differed 
significantly. 

bbsamune proposed a reaction path for silver catalysis “not involving a 
carbenoid but rather the heterolytic cleavage of the C1 -Cz bond followed 
by a cyclopro~ylc~biny~~yc~binyl~type rearrangement”. In support of 
this proposal, mesylates CLXXXVL and CLXXXVFI (among others) were 

CLXXXVI CLXXXVll 

shown to undergo elimination reactions in benzene/pyridine yielding the 
dienes in eqns, 39 and 40 in respective selectivities of 70% and 86%. Thes’e 
should be compared to the sefectivitties‘ of the assumed parent bicyclobutanes 
CLXXXI and CLXXXII of 78% and 9976, respectively. Thus, the two quite 
different systems exhibit strikingly similar product distributions suggesting 
similarity in mode of reaction, 

Dauben and Kielbania [I641 have reported NMR studies of metal- 
catalyzed bicyclobutane arrangements. By using high concentrations of cata- 
lyst, organometallic complexes were observed to intervene in the isomeriza- 
tion of tricycloheptie (CLXXIV) to diene CLXXK Stoichiometric 
amounts of PdC12 - (PhCN)% and CLXXIV gave an intermediate reflecting 
structure CLXXXVIII. Within minutes, the original camplex transformed to 
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one consistent with the n-ally1 complex CLXXXIX. Both compfexes when 
reacted with excess triphenylphosphine gave diene CLXXV. Additional 
experiments indicated that tricycloheptane reacts with the Pd(I1) catalyst 
giving complex-CLXXXVXII which decomposes to n-ally1 CLXXXDE. Diene 
product CLXXV in the presence of the Pd(I1) catalyst gives CLXXXIX 
Intermediate CLXXXVH’I was compared to those suggested by Gassman and 

CLXXXIX 



Masamune (CXC), the distinguishing feature being metal-coordination to the 
double band_ This intermediate was considered to result from the metal 

CXC 

~y~lopropylcarI3iny~ cation C’ACI, Since earlier repo* suggesting the possi- 

bility of this intermediate had involved [ Rh(CC& Cl] 2 in methanol 
[155,163), and NMR evidence of CXCI was not obtained, this system was 
reexamined by Dauben. His results suggested that [Rh(C0j2 Clj 2 in metha- 
nol directly catalyzed the rearrangement of bicyclobutane CLXXIV to diene 
CLXXY and that the formation of ether products reported earlier was ap- 
parently due to side reactions resulting from acidic impurities. 

More recent results from Dauben et al. support the intervention of an 
unusual acidic species in the [Rh(CC& Cl] 2 /methanol system [ 1651. Tri- 
cycloheptane apparently reacts with [Rh(C0)2C1] 2 in methanol yielding a 
short-lived intermediate. Infrared md pN studies suggested the intervention 
of an anionic carbene complex like CXCII which is unstable and dispropor- 
tionates to a diene (CLXXV) and starting RhtI) catalyst_ PdClz (PhCN)z 

CXCll 

)I H+ 
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behaved similarly. The acidic species here was suggested to result from the 
re&ion of a palladium n-ally1 complex with methanol. The n-aUy1 complex 
apparently forms Tom the reaction of Pd(II) with diene product in CH&H, 
methoxide ka>tig been incorporated yielding EEL 



In these systems, the bicyclobutane moiety may be considered a strong 
%acceptor, attacking the metal at an open coordination site, withdrawing 
electron density with a relaxation of its strain; thus rendering the metal corn- 
plex electron difficient, and subject to further reaction with the solvent. The 
protonic acids generated then catalyze the formation of ether products in 
methanol and may be significant participants in the valence isomerization of 
bicyclobutane to its diene valence isomers. 

One significant point of Dauben’s work should be emphasized: systems 
obtained from a combination of certain transition metal complexes and 
highly strained hydrocarbons are hardly simple. Even when an initial cum- 
pfex can be recovered unchanged after a catalytic reaction has occurred - as 
was the case with f Rh(CU)&l] 2 in methanol - the actual cataiytic complex 
may differ sharply from that of the initial system. Thus, catalytic mechan- 
isms inferred from the composition of starting and product systems alone 
can be misleading. 

We have alrezldy discussed some of the work of Noyori et al. [791 involv- 
ing nickel@)-catalyzed reactions between bicyclobutanes and olefins (see 
page 142). Highly stereospecific [Z + 2 ] cycloadditions were observed with 
bond cleavage occurring at the bridging CT bond and an adjacent carbon- 
ca.rb_qn bond. This catalysis was suggested to proceed through an open-chain 
carbene-nickel complex or, alternatively, through sequential steps with 
inkrvening metallocycles. In a later paper, Noyori discussed the bonding 
nature of the carbenemetal species generated from Z;he reaction of various 
transition metals and bicyclobutane [I66 3 I The variety of valence isomeriza- 
tions as well as other reactions were rationalized in terms of a metal-carbene 
resonance hybrid. An increase in a metal% n donor capacity, for example, 
would weight one canonical form (i.e., the ylide structure) and thus alter the 
reaction characteristics of the carbenuid species, 

Highly strained molecules such as bicyclobutane and cubane should be 
capable of metal-catalyzed rearrangemen& to energetically preferred valence . 
isomers through essentially any conceivable mechanism that maintains a 
reasonable preservatiun of banding khroughout that rearrangement. The 
variety of mechanisms suggested in These past two sections would seem to 
illustrate this. Thus, a blend of nonconcerted, steptie processes and cun- 
certed, pericyclic processes can be anticipated. In our review of metal- 
assisted cuncetied p&cyclic rearrangements, perhaps the forbidden types 
were overemptiized. This would certainly seem to be the case for the pro- 
posed [2= + Z,J rearrangements of cubane and bicydobutak. An allowed 
pericyclk path twids which would yield the observed products in both cases, 
-Y&is rearrangement, a 12, + 2S + 2=] pericyc1ic prucess, is outlined for 
bicyclobutane in eqn. 41. Cubane transforms along the 12, + 2, + Z,i reac- 

41. 



tion path yield&g cuneane, as the simpl.ifi~zI version of this process in eqn. 
42 illustrates. 

42. 

It s;hauld be stressed that we do not propose that the 12, + 2, + 2J pro- 
cess indeed attends the respective metal-catalyzed rearrangements to these 
products. Certainly the high stereospecificity noted for the silver-catalyzed 
rearrangement of bicyclobutane (cf. eqns. 39 and 48) can be explained by 
the stepwise mechan&ms proposed. We only note that the [2, + ZS + 2,3 
prucess: being symmetry-allowed and reflecting a reasonable preservation of 
bonding, should be carefully considered as one of the possible contribufrsrs 
to this chemistry. 

The role of the catalyst in such processes would be clearly distinct from 
that indicated in the forbidden-to-allowed procers. It is most unlikely that an 
exchange of electron pairs would atiend the [Z, + 2= + 2,] rearrangement. 
Because it is allowed, electron injection into an antibonding MU and with- 
drawal from a bonding MO would only seem to impede reaction, and not 
contribute to a restoration of bonding to the transforming ligzznd. Thus, a 
different role for the metal would be indicated if this catalytic process in 
fact occurs, The metal may, for example, simply induce a spatial perturba- 
tion into the a-b bonding tiework. An appropriate a-b, b’-b’-overlap 
might thus result, thereby launching the str&~~I system along the indicated 
pericyclic pathway. 

F. ELECTROCYCLIC! REACTIONS 

The first reports of a metal-catalyzed electrocycliic process appeared a& 
most sinaultaneously. Volger and I-iogeveen [7] described a [(Dewar- 
benzene)RhCl] 2 catalyzed valence isomerization df hexamethyl-Dewar- 
benzene to hexamethylbenzene. While the corresponding thermal isomeriza- 
tion pr+Dceeds between 100 and 140”, the catalyzed reaction was examined 
in the rage of 60-75” _ This isomerization, if conce&ed, constitutes a 
symmetry-forbidden d&rotatory Gng opening of a cyclobutene system, L~Ixs 
work by Volger and Gaasbeek [ 1671 showed the rate of this reaction to be 
less than first; order. This suggested that a monomeric rather Lhrcn dimeric 
rhodium complex was involved. The species Rh(CX 2H1 8 )2 C1, containing two 
molecules of hexamethyi_Dewar-benzene as bidentate, was suggested. 

B&k and P&tit [S] reported a similar cyclubutene isomerization invul~- 
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ing a variety of m~&icycfic systems caayzed by the met-d ions fhi+ and 
Ag+. This and later work along similar lines has been reviewed [ 101 q Pettit 
rationalized this catalysis in terms of a reversal of the symmetry restrictions 
by these metzil ions, This explanation, however, has been subjected to critical 
points of view f11-13]. Questions regarding P&tit’s furbidden-to-allowed 
proposal were focused primarily at the d 3 c eIectronic configuration for silver 
ion and the required promotional energes to lift the ground state ion to 
appropriate product states. As noted in previous sections, silver ion tends to 
act in a novel way relative to most other transition elements. Its mode of 
catalysis, although remarkable, remains the subject of diverse points of view. 
It should be noted that silver ion has only been reported to cztdyze the dis- 
rotatory ring-opening of highly strained systems in which an attemative al- 
lowed conrotatory twist is not a realistic option (e.g., eqn. 43). Simple cyclo- 
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butenes capable of isomerization along either electracyclic mode af trans- 
formation have been treated with silver ion,_but have failed to exhibit isc- 
merization to dienes [ 159J60] . However, stereospecific ring-opening along 
the forbidden disrotatory path has been predicted for other transition. 
metals, namely those possessing a d band occupied with sufficient metal val- 
ence electrons to give a coordinatively saturated complex in which the bond- 
ing axis of the fully coordinated cyclobutene (CXCIII) is (I, or higher with 
respect to the nonreacting ligands [12,16]. Reports on the catalytic behavior 
of the metal systems suggested have not yet appeared. 

The catalysis of hexamethyl-Dewar-benzene to hexamethylbenzene was 
examined for a broad variety of da and dlo metal complexes [lSS] . No 
apparent correlation between activity and a metal’s d orbital configuration 
for the various d1 e and da complexes wi3s noted. The inactivity af some 
complexes was ascribed to possible steric factors from bulky phosphine 
ligands hindering an appropriate substrate approach to the metal center. 

Tetramethyl-2,4,6-octatriene CXCIV would be expected to undergo ac 
allow&d disrotatory electrocylic process to cyclohexadiene CXCV (eqn. 44). 
Unlike &war-benzene and the polycycXic systems stidJed by Fetiit,“trien& 



CXCIV is geometrically free to transfurm along either the conrotatory or 
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disrotatury reaction paths, symmetry restictions nut withstanding. This 
system has tnus been examined :lnder the influence of various metal cati- 
lysts to see if stereospecificity slvitched from disxotatory to conrotatory 
11691. Of the metals examined, only AgBFb in eqtiolar amounts gave a 
facile conversion to product, hexamethylbenzene. The desired cyclo- 
hexadiene was apparently bypassed by rapid dehydrogenation to benzene, 
The actual mode of electrocyclic ring-closure thus remained unknown 

J3rookhart et al. [l?O] were the first to report itll allowed electrocycliir 
ring-closure of a metal-coordinated cyclopolyene- Cation CXCVI undergoes 
smooth disrotatory ring-closure to CXCVII (eqn. 45) at -60” (M f = 15.7 
kcal mole-l )- 
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Reardon and Brookhard [171] later reported a similar disrotitory ring- 
closure of an Fe(CU)s-coordinated cyclononatetraene (eqn. 46). The re- 
arrangement appeared best consistent with a unLmolecuJar electrucyclic ring- 
closure of the buund cyclononatetraene Jigand. This disrutatory closure of 

the triene moiety proved tdy slightly higher in energy (AF 4 = 28.4 kcal 
mole-‘) than the metal-free, symmetry-allowed d&rotatory process (dF* = 
23 k&l m&~-~). The differential of 5-4 k& mole-3 was suggested to arise 



from the 1,2-iron shift which must attend the ligand transformation in eqn. 
46. 

Pettit et al. have recently reported an iron carbonyi-catiyzed forbidden 
ekctracychc process [ 172]. Iron tetiacarbonyl complexes of both syn- and 
anf&tricyclooctadiene (cXCWII1) underwent smooth thermal reaction (6a” ) 
in hexme yielding the iron tricarbonyl compkes CXCLX (eqn. 47). Com- 

(C-U), Fe ‘I 47. 
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plex CXCIX is stable in contrast to the free ligsnd which readily rearranges 
to cyclooctatetraene. 

The disrotatory pericycfic process in eqn, 47 was found to be impeded by 
CO pressure and no evidence fur ionic intermediates was reported_ A 
forbidden-to-allowed mechanism was proposed. This interpretation appears 
most reasonable in $his system, particularly since the Fe(C0)3 moiety dis- 
plays ~fi nonrestrictive hgand field. 

G. SZGMATRUPfC REARRANGEMENTS 

A transition metal can, in theory, restore banding to symmetry-forbidden 
[i, j] sigmatropic reaction paths [ 5,38,126] . The suprafacial corridor of a 
[1,3] sigmatropic transformation, for example, has been shown to exhibit an 
increase in bonding of approximately 44% when a naked iron atom is co- 
ordinated to the 7~ bond [126) L The molecular orbital calculations used in 
that study were carried out on model systems. The absolute degree of re- 
stored bonding indicated in the calcuiations is, of course, not particularly 
meanirngful. The calculations were semiempirical, using approximations of 
real wave functions. Further, the models used were purely fictitious, chosen 
to reflect the general changes in ligand molecular orbit& that occur upon 
introducing a transition metal. Nevertheless, the calc&ations support the 
geneti contention that bonding along the suprafacial corridor of the [I,31 
sigmatropic path does indeed increase upon metal coordination to the 3~ 
bond. Moreover, the increased bonding resulted from an injection of metal 
valence electrons into the x* molecular orbital of the olefin which correlates 
smoothly with %?, (CC), the third R molecukr orbital of the x-ally1 transition 
state. + .-- . 

-I- + A + 

CC 



A theoretical proposal regarding a possible forbidden-to-&owed sigma- 
tropic catalytic role for the transition elements is just that and nothing more. 
It does not reflect any likehhaod that a transition metal w%ll in fact catalyze 
a suprafaciaf f&j1 sigmatropic process- This is in contrast to [Z + 2f valence 
isomerizations where, in some cajes, metal caordination should virtually 
transforms the ligand along its symmetry-forbidden path. The ultimate scope 
of metaLassisted sigmatropic processes therefore rem&ns an open question, 
the rightful subject af experimenw chemistry, 

Ross and Orchin 131731 have reported an ahylbenz2ne isomerization cata- 
lyzed by deuteriocobalt tetracarbonyf. Only smali amounts of D were 
found in the product propenylbenzene and the reaction rates for both the 
HCO(CO)~ and DCO(CO)~ -catalyzed reactions were approximately the same. 
These observations seemed to suggest that the D-Co bond remained intact 
throughout the reaction. A metal-assisted [1,3] sigmatropic process was thus 
implicated. However, subsequent work by Taylor and Orchin in the 
HCO(CO)~ isomeriz&ion of CD3--CD=CD2 we not consistent with this 
interpretation. A 1,2-addition-efirninat~on mechanism wm implicated, at 
least in part [174] * 

Cowherd and von Rosenberg [ 175] have explored a possible iron-assisted 
[I,31 sigmatropic isomerization of endo- and exe-alcohols CC1 and CCll. 
Because of steric factors, only the exe-alcohol CCll would be expected to 
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undergu m Fe@(D)3 -catalyzed [I_,31 sigmatropic isomerization. However, at 
130”, un+iy CCi underwent iron-catalyzed isumerization. Even under pro+ 
longed heatiig at 16U*, CCll remained unchanged- The mechanism of ally1 
alcohol isomerization to propionaldchyde was then reasonably ascribed to 
the intervention of a n-allyhron hydride complex. 

Smith and Swuap [ 1761 have proposed a [ l,33 sigmatropic isomerization 
to explain the dueterugenation of cyclohexene over heterogeneous platinum 
and palladium cat&&s. Desorbed cyclohexene was found to contain 
deuterium in either its allylic or olefinic position. The intermediate species 
CCIII was suggested- 

Pecque and Maurel reported the direct trans hydrogenation of bicyclo- 
octene CCN uver heterogeneous platinum catalysts 11771. These results 
were felt to be incansistent with the classical Huriuti and PuXmyi 1,2=addri- 
tiun-eliminatiun mechanism or the n-absorbed d&Kc species often proposed. 
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A metal-assisted [I ,3 ] sigmatropic shift of the ‘IT double bond to the erro- 
cyclic position folIowed by underside hydrogenation might have intervened. 

Heterogeneous catalytic systems, however, are unusually complex and 
other mechanisms may certainly intervene. We might just cite certain 
deuterium exchange studies on various polycyclic hydrocarbons over hetero- 
geneous palladium CI.781. Compounds were chosen because their structural 
features presumably would alltaw a dist’ktiun in mechanisms for the pecu- 
liar %cInS-effecti” noted above. The results suggested a ‘k&over” of inter- 
mediate olefin and not direct buns-additions to n-ally1 intermediates or a 
supraf-acial [1,3] shift of hydrogen. 

Further complicating the picture, Hilaire and Gault have published a 
rather extensive study of the deuteration, isomerization and exchange of 
cycloolefins over palladium catalysts [I791 . Fhidence was presented implica- 
ting two apparently unrelated or separate catalytic processes proceeding 
simultaneously. The authors concluded that the interconversiun between 
disadsorbed species and ~~~Uylic species detirmine the nature of the satu- 
rated producfs; hawever, double-bond migration and okfin exchange ap- 
parentfy involve enttie1y different intermedi&es. The genml [X,3] sigma- 
txcx$c hydrogen shift first pruposed by Smith and Swuap was suggested to 
intervene. 

&fin homogeneous systems involving stroichiometric transformations 
of one metal complex to another perhaps provide the cleanest evidence in 
support of metal-assisted [1,3] s&matropic changes. Grimme has reported 
one of the earliest and possibly most interesting examples fl8Uj . TricycXo- 
nonatriene complex CCV undergoes the fl,3] sigmatropic rearrangement to 
complex CCVI (eqn. 48). Retintion or inversion of configuration at the 
brid@ng methylene was not determined. Although a forbidden-to-allowed 

48. 
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process was thus not definitively established, it appears most likely in this 
system. 

Grigg et al. [ 1811 have reported a closely related rearrangement catalyzed 
by rhodium(I). Whereas heating 9,9dimethylbicyclononatriene CCVII at 
151” gave primarily Pans-dihydroindene (eqn. 49), heating at 140” for 30 
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min in the presence of a catalytic amount of [Rh(CO), Cl] a gave cis- 
dihydroindene CCVIII. Their preliminary results indicated thar; 
[(CCVII)-RhCl] a was not the catalyst for the rearrangement of CCVII. The 
transformation CCVII --f CCVIII is formally a [1,3] sigmatropic shift of the 
bridging cyclopropane o bond. However, proposals regarding a catalytic role 

CCVIil 

for the metal must await additional mechanistic information. 
Abley and McQuillen [ 1821 have reported some interesting results regard- 

ing a homogeneous rhodium-catalyzed hydrogenation of diphenylacety- 
lene to tians-stilbcne. Deuterium addition gave Pans-stilbene with one 
deuterium atom at the ortho-position of one of the phenyl groups and the 
other deutc?rium on a vinyl carbon. The authors proposed the intermediacy 
of CCIX which then undergoes the metal-catalyzed [1,3] sigmatropic shift 

0 HPh [1,3] / \ 

‘H =c=“\D 

7 

- Q- 

c 

-. I 

\/h !j”- 

;)wll 
D I 

D 

CCIX 

outlined in eqn. 50. These results are consistent with the suggested [1,3] 
sigmatropic process accompanied by orz%o-deuteration. orfho-Hydrogen 
exchange independent of deuterim addition to the triple bond would give a 



different pattern of deuteriuna incorporation and would also leave the un- 
u~sual stereochenG&y observed unexplained. 

Pauson et aL 21833 have reported some interesting [2,51 sigmatropic 
transformations apparentiy catiyzed by the group VI metal carhonyXs_ Sig- 
nificantly, the an&rating hydrogen atom travek frum the endo, or underside 
of a metal-coordinated cycloheptatriene ligand. The rearrangement was 
shown to be stepwise in nature and stereospecific. A distinct metal hydride 
intermedkte, which had been postulated earlier [184], was rejected because 
the ring carbon atoms had not equilibrated in the isomerization. The &an& 
tiun state CCX was suggested, This apparent concerted e&o-as&ted process 
is similar to an endo [I,35 sigmatropic transformation postulated by Pettit 
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et al. flU] to expltin the results of Cowherd and vun Rosenberg [175J (see 
page 192). 

Aumann has reported a ligand valence isomerisation which may constitute 
a rather novel [I,51 sigmatropic rearrangement II.851 c The degenerate re- 
arrangement indicated in eqn, 51 was observed in benzene at 90”. With 
deuterium in the 6-pseudocuciaf position, redisixibution of the deutetium 

between ring position 6-p~ud0lzlcial and 8-e&3 is observed. In contrast, the 
themA rearrangement of uncomplexes bicyclo[5.1.0] -2,4-octadiene 
presumably does not proceed [186] with retention at C-6 sLnd C-IL 

Perhaps the most remarkable example af a possible met&catalyzed fur- 
bidden sigmatropic transformation fIS7j involves a Cr(CU)3 -caMyzed val- 
ence isomerization of bullvdene (CCXI) to bicycIo[4.2.23 deca-2,4,7,9- 
tetraene (CCXJI). While both MO and W cabonyls simply suppressed the 
degenerate Cope remgement, [bullvalene l Cr(CO), 3 rearranged quantita- 
tively to a new compkx (XXIII) at SO”. 
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Model studies of bullvalene by this reviewer suggest that the symmetry- 
forbidden [ tT ZS + c3 Z& 1 pericyclic process described in CCXIV may be the 
path of the metal-camyzed rearrangement. This process would proceed with 

retentian at carbons 1 and 2 and inversions at carbons 3 and 4. Although 
Aumann does nut specify any particular forbidden ligand transformation, he 
does nate that CCXI does no-i; yield CCXII on thermofysis, but that this 
transformation does proceed photolytically. Thlls, under the influence of the 
metal, a rearrangement OCCUTS that is otherwise only permitted photo- 
chemically. A forbidden perky&c mode is clearly indicated. 

This review of m&al-catalyzed perky&c reactions displays a broad diver- 
sity of catalytic chemistry. Reactants seem to fall into two distinct classes: 
(1) the high-energy molecules, exhibiting unusual strain and generally in 
polycyclic zing systems, and (2) the low-energy systems such as simple 
olefins, acetylenes, dienes and low-energy valence isomers. High-energy mole- 
cules then define two subgroups, In the first, the forbidden paths t-0 their 
respective low-energy valence isomers are genermy simple and tiansition 
metal coordination virtually launches these systems along these reaction 
paths. Quadricyclene and cubane are good examples. In the second sub- 
group, geometrically simple forbidden paths ti energetically preferred val- 
ence isomers are not easily available_ Moreover, metal-coordination does 
little to dpen these paths of reactian to the ligand. Thus metal-catalyzed 
concerted reactions along otherwise forbidden reactions would be antici- 
pated in ‘the first subgroup but they should not play significant roles in the 
second. Bicyclobutanes are clear examples of the latter subgroup. 

Regarding the catalytic chemistry of all high-energy valence isomers, one 
important point should be made. Their pruperrsity t6 tzansfurm to their res- 
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pective low-energy isomers is unusually strong. Thus they should take any 
reasonable reaction path available to reach their energy minima. A variety of 
catalysts should therefore exhibit different reaction profiles since these sub- 
strates carry within their strained molecular frameworks more than enough 
excess energy to propel them over the various activation barriers to low- 
energy products, We have seen this diversity, I befieve, quite daminant in the 
second subgroup and perhaps, to some extent, in the first. 

Low-energy systems should reasonably exhibit a narrowing spectrum of 
distinct catalytic routes to rearranged p&cyclic products as the energy of 
isomerizatian approaches isothermal. This certainly appears tu be so in olefin 
metathesis, irrespective of what the actual mechanism is. A narruw scope of 
distinct mechanisms might further be expected for the i&merization of exe- 
tricyclooctane CXXKV to tetracyclooctane CXXV (see page 165), and ener- 
getically similar processes. 

Unique chemistry associated with the various metal catalysts is another 
striking feature that emerges from this review, Dauben and Kielbania’s paper 
1391 showing the changes in mode of cubane isomerizatiun which attend 
ligand changes on palladium(H) is a good illustration (see page 17?). We have 
also seen that silver and certain palladium complexes were catalytically dis- 
tinct (i.e., yielding cuneane) from what might be considered soflzzr metals, 
such as [Rh(diene)Cl] 2 ) which transform cubane into its diene isomer. Sharp 
distinctions between groups of metals have been noted by others. Regarding 
the thermodynamic prupeties of various metaLoIefin complexes, I-Iartley 
[ 1881 has divided the transition elements into two groups. The first group, 
comprising silver(I) and copper(I), shows a decrease in the stabihty and 
enthalpy of formation of the metal-olefin complex as the electrophilicity of 
the olefin increases. Metals of the second group, nicke1(0), platinum(O), 
platinum(II), rhodiunn(I) and iridiunn(I), all show increases in the stability 
and enthalpy of formation of their c&fin compfexes as the efectrophilicity 
of the olefin increases. These thermodynamic properties clearly stem from 
electronic and orbital properties of the metals, as noted earlier [137] (see 
page 172). That there should be a continuum of bonding properties within 
and between groups shoufd now be clear, And, similar1y, since the coon%- 
nate bond to an olefin dues not differ in kind from that to the variety of 
subskates that we have adressed here, the existence of a similar continuum 
in catalytic behavior should come as no surprise. 

We have seen considerable interest directed to the concertedness or non- 
concertedness of metal-catiyzed pericyclic reactions. One nonconcerted 
mechanism of unusual popularity involved metallocycle intermediates 
f35,36,40,41] (see page ZZl)- l%lpern [131f has established unequivocally 
that [Rh(CO)zClj 2 inserts into cubane [36] and quadricyclene Cl311 yield- 
ing the corresponding six-membered ketonic metallocycles (see page 168). 
Volger et al. [lZ8] had earlier shown that this same complex very likely 
in&&s, in an identical fashion, into tetracyclooctane (CXXV) (see page 165); 
this insertion appeared as a side reaction to the valence isomerization CXXIV 



+ CXXV. Wilkinson et al. [129] were the first to demonstrate the facility 
with which [ Rh(C0)2 Cl] 2 inserts into cyclopropane rings yielding the 
ketonic products noted, Thus, the ability of this particular rhodium complex 
to insert into stined rings had been clearly established. 

~dpern has reasonably generalized this mechanism, suggesting the pos- 
sible intervention of metallocycles in [2 + 2] valence isomerizations cata- 
lyzed by the transition elements. However [Rh( CO)Z Cl] 2 in its reaction 
with cubane and quadricyclene is a reagent, acting essentially stoichio- 
metrically, ft is not catalytic, at least in the way other rhodium(I) complexes 
are, Halpern, in fact, notes that in the reaction of [Rh(CU)&l] 2 with quad- 
ricyclena, an excess af quaticydene ti needed (particularly if norbomadiene 
impurities exist) to’ prevent the formation of [ Rh( norbomadiene)Cl] 2, “a 
powerful catalyst for the isomerization reaction” (see page 168). The crucial 
question thus remains: is [Rh(CO)&l J 2 a legitimate model for all the cata- 
lytic metals reported to facilitate forbidden pericyclic reactions, or does it 
instead reflect a finite number oE metal systems at one segment dong the 
continuum describing the catalytic properties of the transition elements? 

Osborn et al. [4Qj were next to offer experimental evidence presumably 
in support of Halpern’s metallocycle proposal (see page 121). His iridiocycle, 
containing two norbornadiene segments, was again formed stoichiometric- 
alify. Although it was to model high-energy intermediates in metal-catalyzed 
nurbornadiene dimerizations, the starting complex and the irfdiocycle itself 
were not catalytic for this reaction. Moreover, the cyclobutane dimzr (i.e_, 
the actual product of catalysis) could only be extracted from the tidiocycle 
in 35% yield from refluxing CHC13 in a five-fold excess of triphenylphos- 
phine, 

Whitesides et al. [41] have also suggested the intervention of metallo- 
cycles in pericycIic catalysis. However, their reported work on a variety af 
platinocycles, including the critical five-membered specipcr , indicate that 
these compounds are (1) unusually stable and (2) undergo the two required 

. transformations involved in [2 + 21 p&cyclic reactions “sluggishly” (see 
page 122, eqn. 5). 

The strongest evidence implicating the possible intervention of a metallo- 
cycle in a catalytic system would appear to be that of Grubbs et aI. 1371 (see 
page 162). Their synthetic tungstenocycle, legitimately reflecting a real cata- 
lytic system, undergoes smooth and quantitative transformation to meta- 
thesized ethylene at the appropriate temperature. These results clearly place 
this metallocycle firmly in the forefront of possible intermediates in meta- 
tiesis. However, one questiun remains, Does the tungstenocycle itself me&- 
thesize or does me&thesis occur subsequently, through the bisethylene tung- 
sten complex? 

A number of reported reactions are best viewed as concerted processes, 
examples of metal-catalyzed symmetry-forbidden ligand transformations, 
The dimer of norbornadiene, “Binor-S”, reported by Scfuauzer et al, 1303 ) 
should be placed in this categuj (see page 119). The radi:af process pro- 
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posed by Katz and Acton [ZQ] is not consistent with the reaction’s stereo- 
specificity. Other mechanisms may perhaps be drawn, but they would seem 
ti be either without precedence, or merely alternative valence bond repre- 
sentations of the concetid process. 

fetiit’s Fe(CQ), -catalyzed disrotatury isomerization of ticyclooctadiene 
CXCVIH may he concerted ]172] (see page 191). The implication of 
Fe/CO)3 as the active catalytic species is suggestive of a forbidden-to-allowed 
process. Fe(Co), contains a nonrestrictive ligand field and is thus capable of 
effecting the disrotatory electrocyclic process with full retention of coordi- 
n&e bonding [12] _ 

Grimme’s reported [180] Mo(CU)a -catalyzed rearrangement of the cyclic 
triene (see page 193) is best described as a meta.Icatalyzed fl,3] sigmatropic 
rearrangement. 0 ther strong examples of [ 1,3] pericyclic processes were 
reported by Abley and McQuillen 1182) (see page 194). The remarkable 
Cr(CO)a -catalyzed rearrangement of bullvalene along a possible /2S + 2S] 
pericyctic path must also be noted in this regard 11871: (see page 195). 

Perhaps the strongest case reported ta date is that of Pettit’s, the first 
example of a metal-catalyzed 16 + 2] cycloaddition [SO] (see page 148). 
The catalytic step is clearly thermal, intramolecular, and proceeds directly to 
the metal-coordinated product. Like many of those noted above, the cata- 
lytic species (Fe(C0)3 ) possesses a nonrestrictive Iigand field and is thus 
clearly in that category of metal systems expected to catalyze furbidden 
pericyclic processes. One particularly impressive feature of this work is the 
synthetic approach employed in generating the catalytically active iron com- 
plex. An olefin IT bond from the cycloheptatriene ligand on the precursor to 
the active catalyst was first dislodged phatolytically, allowing the acetylene 
reactant to coordinate to the iron. A distinct, five-coordinate iron complex 
was thus generated, with the two substrates neatly positioned around the 
iron, ideaIly spaced fur the subsequent [6 + 21 cycloMdition. Thermal 
fusion of the two ligands gave a new, five-coordinate complex (CIV). The 
overall [6 + 2] ligand transformation proceeded with retention of coordina- 
tion- Speculation regarding the actual nature of the catalytic species was thus 
circumvented, CIII clearly transformed fx, CIV, Intermediate species might 
be wedged between CIII and CLV, but they would be proposed without 
experimental justification. 
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