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l. Introduction

Cyclobutadiene (C4H,) is a deceptively simple organic mol-
ecule which has captured the imagination of generations of
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chemists for over 100 years. Kekulé? was the first to turn his
attention to cyclobutadiene ('‘diacetylene’’) while attempting a
total synthesis of a benzene derivative from aliphatic compo-
nents. Around the turn of the century, Willstatter and Schmaedel?
reported an unsuccessful synthesis which was specifically di-
rected at the obtainment of cyclobutadiene. Subsequent syn-
thetic efforts, until 1965, to isolate the parent cyclobutadiene
molecule or some of its simply substituted derivatives had been
met with bitter disappointment,® although in the meantime
considerable evidence for their intermediacy in certain reactions
had been accumulated.3-5 A crucial breakthrough in resolving
the “‘cyclobutadiene problem” was achieved in 1965 when Pettit
and his co-workers reported the first successful generation and
trapping of the parent cyclobutadiene® from its iron tricarbonyi
complex.” This dramatic development was made possible owing
to the impact of organometallic chemistry and in particular the
increased awareness that fixation of unstable molecules could
be achieved by complexation to transition elements.8:° Mean-
while, a whole series of organic precursors has become avail-
able for the generation of the parent as well as substituted cy-
clobutadienes, and these synthetic aspects have been dealt with
in several recent reviews. %' Among these synthetic proce-
dures, noteworthy in particular is that which has led to the gen-
eration of the parent molecule by the irradiation of photo-a-
pyrone in noble gas matrices at temperatures of 8-20 K and the
recording of its infrared spectrum. This important achievement,
reported independently by Krantz'2 and Chapman'® and their
co-workers, was accomplished primarily by the refinement of
the matrix-isolation technique, since Rosenblum and his co-
workers had demonstrated the utilization of photo-a-pyrone in
the preparation of cyclobutadiene complexes''® some 5 years
earlier.

The theoretical aspects of the ““cyclobutadiene problem’ have
been examined rather extensively. In the early 30’s, Hiickel's
rule® of (4n + 2) 7 electrons as a criterion for aromaticity
provided a basis for the contrasting properties of benzene and
cyclobutadiene. According to this rule, benzene is the simplest
representative in the series of 4n + 2 aromatic systems,
whereas cyclobutadiene is the prototype of the 4n class of
molecules which exhibit no particular stabilization in spite of the
conjugated arrangement of its double bonds. Application of the
simple Hickel MO treatment'” to square-planar (Dy4,) cyclobu-
tadiene affords four molecular orbitals: one bonding, two non-
bonding, and one antibonding. The filling of electrons into these
energy levels can be accomplished in a number of ways, two
of which, a square triplet (ST) and square singlet (8S) ground
states, are depicted in Figure 1. Hund’s rule suggests that the
former arrangement with parallel spins will be of lower energy.
More recently, numerous theoretical studies by ab initio'® and
semiempirical'® SCF as well as by MINDO/32° procedures have
mostly agreed in predicting a rectangular (D) singlet (RS) to
be the ground state of cyclobutadiene. These various methods
also mostly concur in predicting the ST to be energetically fa-
vored over the SS. A view contrasting with the above has been
expressed in a recent paper,2! in which it was shown that when
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Figure 1. Filling of electrons into the energy levels of square triplet (ST),
square singlet (SS), and rectangular singlet (RS) free cyclobuta-
diene.

cognizance is taken of the importance of the effects of electron
repulsion in open-shell systems in MO calculations, a square or
effectively square singlet can, in fact, be the ground state of
cyclobutadiene. In view of the theoretical aspects, noteworthy
in particular is the growing body of experimental results on re-
lated issues. The infrared spectra of the matrix-isolated cyclo-
butadiene 1?1322 and its dideuterio derivative?® indicate strongly
in favor of square ground state. Implication of current theo-
ry18.19.22 wayld seem to require this to be ST, although the
possibility of an excited square triplet has also been raised.2°
The stereospecific addition of cyclobutadiene, generated from
its iron tricarbonyl complex, to dienophiles?4 is consistent with
the free molecule being either RS or SS; the former possibility
is particularly appealing in view of the behavior of the vicinal
dipheny! derivative of cyclobutadiene which appears to exist as
two valence tautomers separated by a quite high activation
barrier.25

The significant role played by organometallic chemistry in
resolving some of the aspects of the “cyclobutadiene problem”
has already been cited, briefly, earlier. The field of cyclobuta-
dienemetal complexes started with the 1956 theoretical pre-
diction by Longuet-Higgins and Orgel,2® who pointed out that the
presence of two unpaired electrons in the nonbonding orbitals
of the ST, which are of proper symmetry to permit overlap with
suitable metal orbitals, would lead to stabilization of cyclobu-
tadiene by complexation to a metal. Some specific types of
complexes, such as C4H4AUCI,T and C4H4NI(CO),, whose
plausible formation was predicted have not yet been synthesized.
Nonetheless, the main aspects of this remarkable prediction
soon after materialized with the preparations, in 1959, of [Me,-
C.NiCl,], (1) by Criegee and Schrider?” and Ph,C4Fe(CO); (2)
by Hiibel and his co-workers.?82° The x-ray crystal structures
of 130 and 23732 have subsequently confirmed the presence of
a substituted cyclobutadiene ligand in these complexes. Beyond
the initial discoveries, it would perhaps be pertinent to mention
at this stage some of the highlights in the development of the
chemistry of cyclobutadienemetal complexes.? In the early 60's,
Maitlis and his co-workers discovered the w-cyclobutadiene li-
gand transfer reaction which led to the preparation of a con-
siderable number of novel tetrasubstituted cyclobutadienemetal
complexes.33:34 The first complex with the parent cyclobuta-
diene ligand, C4H4Fe(CO)3 (3), was synthesized in 1965 by Pettit
and his co-workers and shown to behave as a typical aromatic
system.3% More recently, Giering and his co-workers have re-
ported the generation and trapping of the first known examples
of complexes containing n2-cyclobutadienoid ligands.36.37

The area of cyclobutadienemetal complexes has previously
been reviewed.3.33:38 The large volume of work which has ap-
peared in the literature during the last few years and the enor-
mous interest in the utilization of certain cyclobutadienemetal
complexes in organic synthesis®® have prompted the writing of
this current review.

The following abbreviations are used in this review:
Ac acetyl
acac acetylacetonate
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schematic representation of cyclobutadieneiron
tricarbonyl used in the description of certain
organic reactions

Il. Syntheses of Cyclobutadienemetal Complexes

The various methods and procedures used in the preparation
of tetrahaptocyclobutadiene (sections A-C) and dihaptocyclo-
butadiene (section D) complexes of the transition elements are
discussed below. The free ligands, namely, the parent cyclo-
butadiene and its simply substituted derivatives, are extremely
labile, and consequently they cannot be used directly in the
syntheses of the complexes. All of the currently known synthetic
routes to cyclobutadienemetal complexes involve indirect ap-
proaches. Noteworthy in particular are the organic precursors
from which the coordinated cyclobutadiene ligands are con-
structed. For the benefit of the readers, the syntheses of some
of the more common precursors will be cited in brief during the
discussion in this chapter.

A. Preparation of
Tetrahaptocyclobutadienemetal Complexes
Starting from Cyclobutene and Cyclobutane
Derivatives

1. Halocyclobutene Route

The dehalogenation of 3,4-dihalocyclobutenes in the presence
of metal carbonyls is potentially the most straightforward route
for the synthesis of cyclobutadienemetal complexes. The main
disadvantage of this synthetic approach is the limited availability
of suitable dihalocyclobutenes. In 1959, Criegee and Schroder??
reported the preparation of 1 by the reaction of trans-3,4-di-
chloro-1,2,3,4-tetramethylcyclobutene (4)4° with Ni(CO),. In-
cidentally, the nickel complex 1 is one of the original two cy-
clobutadienemetal complexes first to be reported. A similar
reaction between the dibromo analog of 4 and Ni(CO)4 gave
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[Me4C4NiBr;],.41 Modifications of the original synthesis which SCHEME I
avoid the use of Ni(CO), have also been reported. For instance, CHBr,
3,4-diiodo-1,2,3,4-tetramethylcyclobutene on reaction with
Raney nickel gave [MesC4Nil,]5,%2 and treatment of 4 with a
mixture of lithium naphthalenide and NiBr, at low temperature

afforded a nearly quantitative yield of 1.43

A significant development in this area came in 1965 when
Pettit and his co-worker reported the synthesis of the parent
cyclobutadieneiron tricarbonyl (3)744 by the reaction of cis-
3,4-dichlorocyclobutene (5)4548 with Fe,(CO)s. Alternative
methods®® for the preparation of 3 include the reaction of 5 with
either NayFe(CO), or irradiation with Fe(CO)s; however, these
procedures are considerably less convenient than the one cited
above* which utilizes Fe,(CO),. The successful dehalogenation
of other dihalocyclobutenes including 4, 3,4-dibromo-1,2-di-
phenylcyclobutene, and dibromobenzocyclobutene (6)47 with
Fe,(CO)y was shown to afford the respective complexes te-
tramethylcyclobutadieneiron tricarbony! (7),48:49 1,2-diphenyl-
cyclobutadieneiron tricarbony! (8),4% and benzocyclobutadi-
eneiron tricarbonyl (9)7 (see Schemes |-1Il} In some instances,
the dehalogenation of dihalocyclobutenes with the sodium salt
of metal carbonyls has been found to provide a more facile
synthetic route to the desired complexes. For example, the
sodium salts prepared by the treatment of Ruz(C0O)45, Cr(CO)s,
Mo(CO)s, W(CO)s, and Co,(CO)g with sodium amalgam in tet-
rahydrofuran reacted with either 4 and/or 5 to afford the cyclo-
butadiene complexes of ruthenium (10),4° chromium (11),4°
molybdenum (12 and 13),#° tungsten (14 and 15),4° and cobalt
(16 and 17)°° as appropriate. In a somewhat different procedure,
the cyclobutadiene- and benzocyclobutadienechromium com-
plexes 18 and 19 were obtained by the treatment of a previously
photolyzed etherate solution of Cr(CO)g with the dihalocyclo-
butenes 5 and 6, respectively.5 In these instances, the active
dehalogenating agent was presumed to be a chromium carbonyl
etherate intermediate.

A noteworthy deveiopment which ultimately provided a variety
of 1,2-dimethylcyclobutadienemetal derivatives came with the
discovery that 1,5-hexadiynes (20) undergo thermal rear-
rangement to give 2152 (Scheme IV). The treatment of the latter

CHBr,

lNal
: :Br
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6

Cr(CO)elEtzo Ay

Fe,(CO)g
—_—

O Fe(CO);

©

O Cr(CO),
19
Ph Br o
Fes(CO)g @-—Fe(Co)s
Ph Br P

8

with HCI affords a mixture of dichlorocyclobutene isomers (22)53
with vicinal dimethyl substituents. Brune and his co-workers had
employed the dichlorocyclobutenes (22), synthesized by the
above cited procedure, in the preparation of an extensive series
of iron (23) and nickel (24) cyclobutadiene complexes including
23 [R1 =R, = H;54 Ri=H,R; = Me;54 Ry =Ry = Me54 (the
same as 7);*° Ry = R, = Et;5 Ry = Me, R, = Et;55 R, =R, =
i-Pr;%¢ R, = Me, R, = i-Pr;%€ Ry =H, R, = Et;" Ry = H,R, =
i-Pr}%8 and 24 [Ry = R, = H; R; = H, R, = Me; Ry = Me, R, =
Et; Ry = Me, Ry, =iPr;Ry = Ra=Et;iR; =Ry = i-Pr].59 In one
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instance, the individual isomers of 22 (R, = R, = H) [trans-
3,4-dichloro-1,2-dimethylcyclobutene (22a), trans-3,4-di-
chloro-2,3-dimethylcyclobutene (22b), and trans-3,4-dichloro-
3,4-dimethylcyclobutene (22¢)] were separated and their re-
actions with Fe,(CO)q followed. It was found®® that both 22a and
22b reacted with Fex(CO)g to afford 23 (R4 = R, = H), whereas,
the sole organometallic product from a similar reaction with 22¢
was the dibridged acy! tetracarbonyliron complex 26 which under
thermal conditions at 140 °C could be converted to 23 (Ry = R,
= H) (Scheme V). These results suggest that the dehalogenation
of the 3,4-dichlorocyclobutene isomers does not necessarily
proceed via the same mechanism, and furthermore, indicate the
plausibility of acyl intermediates in certain such processes. A
somewhat different reaction between 3-methyl-3-chioro-4-
methylenecyclobut-1-ene (26) and Fe,(CO)g was shown® to give
the 2,3-dimethylferrole complex 27 as the major product (10 %

yield), in addition to small amounts (2% yield) of 23 (R{ =R, =

H).

The synthesis of para-substituted phenylcyciobutadieneiron
tricarbonyl derivatives (28) was achieved by the reaction of
3,4-dibromo-2-arylcyclobutene (29),62:6% prepared from aryl-
cyclobutene-1,2-dione (30), with Fe,(CO)g (Scheme VI). The
dione 30 used in this synthesis was obtained by the thermal
addition of arylacetylene to trifluorochloroethylene followed by
hydrolysis with concentrated sulfuric acid.®* The monoaryicy-
clobutadieneiron complexes prepared by this procedure inciude
28 [Ar = p-XCgH4; X = H,52 CHg,%3 F,83 CI,82 Bro3].

Among the halocyclobutenes whose reactions with Fex(CO)g
have been examined, noteworthy are the trihalocyclobutenes.
The reaction of cis-3,4-dichloro-1-chiorocyclobutene (31)%5 with
Fe,(CO)g at 60 °C gave the chlorocyclobutadieneiron complex
32,56 whereas, cis-3,4-dichloro-1-bromocyclobutene (38)5
under similar conditions reacted®’ to afford the halogen-free
bimetallic complex 34, instead of bromocyclobutadieneiron
tricarbonyl (35) (Scheme VII). The bromocyclobutadieneiron
complex 35 was ultimately prepared®® by the reaction of
trans-3,4-dibromo-1-bromocyclobutene (36) with Fey(CO)g at
45 °C in pentane-hexane mixture.

Another cyclobutadieneiron complex, whose preparation from
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the appropriate dichlorocyclobutene precursor and Fe,(CO)g has
also been reported in brief, is tri(terf-butyl)cyclobutadieneiron
tricarbony!.6®

The mechanisms of formation of cyclobutadienemetal com-
plexes from halocyclobutenes have not yet been established.
It is almost certain that the complexation process does not
proceed via a free cyclobutadiene ligand. Plausible intermediates
involved in the construction of the complexed ligand are the
metal bound monohaptocyciobutene, dihaptocyclobutadiene,
and/or trihaptocyclobutenyl; numerous stable complexes with
related ligands have already been synthesized and will be dis-
cussed at a later stage in this review. Possible sequences which
depict the development of a coordinated cyclobutadiene by the
dehalogenation of dihalocyclobutene with a metal (M) complex
are shown in Scheme VIII. It should, however, be pointed out that
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Coordinated Cyclobutadiene from Dihalocyclobutene

CH—m

the participation of other intermediates, and in particular acyl
intermediates, cannot be ruled out as was indicated earlier.8'
Another point of interest has to do with reactions between di-
halocyclobutenes and metal carbonyl anion complexes which
do not afford cyclobutadienemetal complexes; these reactions
will be mentioned in conjunction with dihaptocyclobutadi-
enemetal complexes (section |1.D).

2. Halocyclobutane Route

In 1969, Roberts et al.”® reported the synthesis of the dicar-
boxylate methyl ester of tetrachlorocyclobutane (37) by the
photolysis of trans-1,2-dichloroethylene with dichloromaleic
anhydride, using benzophenone as a sensitizer, followed by
treatment of the hydrolyzed product with diazomethane. In the
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presence of Fe,(CO)g and activated zinc dust, the tetrachloro-
cyclobutane 37 reacted to afford the diester iron complex 38 in
7-9% yield. Subsequently, it has been found”" that by using
NaoFe(CO)4, instead of Fe,(CO)g, the yield of 38 could be im-
proved to 35-40% . The same product 38 was also obtained’?
by a similar procedure from the dicarboxylate methyl ester of
dichlorodibromocyclobutane (39) and Fe,(CO)g (Scheme IX).
Noteworthy also is the preparation of the tetra(carbomethoxy)-
cyclobutadienemolybdenum tetracarbonyl (40) which was ob-
tained”® as a minor product in the reaction between Mo(CO)g and
the tetrachlorocyclobutane derivative 41; the latter was syn-
thesized by the self-dimerization of dichloromaleic anhydride
in acetone under irradiation.

3. Photo-a-pyrone Route

Photo-a-pyrone (42), a molecule which contains a cyclobu-
tene unit, is obtained in nearly quantitative yield by the photolysis
of c-pyrone (43) (Scheme X).7# In 1967, Rosenblum and Gatsonis
reported' the synthesis of the parent cyclobutadieneiron
complex 3 by the brief irradiation of 42 with Fe(CO)s. A second
product from this reaction is the a-pyroneirontricarbonyl (44).
In a similar procedure, the photoproduct obtained by the irra-
diation of 3-carbomethoxy-2-pyrone was shown to react with
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Fe(CO)s to afford carbomethoxycyclobutadiensiron tricarbonyl
(45),7% in 21% vyield. This synthetic route was also extended to
the preparation of cyclobutadiene complexes of cobalt 461576
and 4778 and rhodium 4877 (see Scheme Xl). The mechanism
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of this reaction was presumed to involve the substitution of a
carbonyl by photo-a-pyrone followed by the loss of CO, from
the intermediate (e.g., 49),'* which may proceed either in a
concerted fashion or stepwise (e.g., via 50; see Scheme X).

4. cis-3,4-Carbonyldioxycyclobutene Route

The treatment of cis-3,4-carbonyldioxycyclobutenes (51),78
prepared by the irradiation of vinylene carbonate with alkynes,
with either Fe,(CO)g or, preferably, Na,Fe(CO), gave the parent
cyclobutadieneiron tricarbonyl (3) as well as the iron tricarbonyl
complexes with butylcyclobutadiene (52) and 1,2-dimethylcy-
clobutadiene (23)%4 ligands (eq 1). This procedure was ultimately
extended to the synthesis of methoxymethylcyclobutadi-
eneiron tricarbonyl (53)7° and 1-methyl-2-methoxymethylcy-
clobutadieneiron tricarbonyl (54).8% In general, this technique
affords the respective iron complexes in yields ranging from 25
to 50% depending on the organic precursor (51) which is utilized
in the reaction.

B. Preparation of
Tetrahaptocyclobutadienemetal Complexes
Starting from Alkynes and Alkadiynes

The reactions of alkynes with transition metal complexes in
general and metal carbonyls in particular have been extensively
studied during the last three decades.?' These reactions are
known to afford a large variety of organic and/or organometallic
products. Reactions to be discussed in this section are those
which directly or indirectly lead to the formation of cyclobuta-
dienemetal complexes.

1. Reactions of Alkynes with Metal Carbonyl!
Derivatives and Organometallic Compounds

Tetraphenylcyclobutadieneiron tricarbonyl (2) was already
prepared in 1959 by Hibel and his co-workers28:2¢ from the
high-temperature reaction between diphenylacetylene and
Fe(CO)s. The major product of this reaction was tetraphenyi-
cyclopentadienoneiron tricarbonyl rather than 2. A somewhat
improved yield of 2 was claimed®? from the reaction of Ph,C,
with Fe(CO)s which was carried out in a sealed tube at 240 °C.
A low yield (~4 %) of 2 was also obtained®® from the reaction
of Ph,C, with cyclooctatetraeneiron tricarbonyl. Particularly
noteworthy is the reaction of Fe(CO)s with HC=CH, conducted
at 110 °C and 9000 atm, which among other products gave®*
the parent cyclobutadieneiron complex 3 as well as the metal-
locycle complex 55 (eq 2). Significantly, the metallocycle 55 was
reported not to be an intermediate in the formation of 3, since
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all attempts to affect the conversion of the former into the cy-
clobutadieneiron complex under the reaction conditions were
apparently unsuccessful. It should be pointed out that the above
cited reaction is the only known example for the formation of
a parent cyclobutadienemetal complex by cyclodimerization
complexation of acetylene.

An interesting metallocycle—cyclobutadiene complex of iron
(56) was prepared®® by the reaction of o-di(phenylethynyl)ben-
zene and Fe(CO);5 (eq 3). The crystal structure of this complex
has subsequently been determined.86

(OC)ske |
=CPh f
Fe(CO)s -
—> OC—Fe @
C=CPh (b
86, (-) =

(3)

In 1964 Hubel and Merenyi reported®” the reactions between
diphenylacetylene and Mo(CO)g or (diglyme)Mo(CO); which gave,
among others, a variety of tetraphenylcyclobutadienemolyb-
denum complexes of the assigned structures 58, 59, 60, and 61
(Scheme XIl). Recently, the structures of two of the products,
59 and 60, were examined by x-ray crystallography. The results
of this investigation have confirmed the biscyclobutadiene ge-
ometry®® of 59, whereas the structure of the green complex was
found to consist of 62,%° rather than the originally assigned
structure 60. Incidentally, complex 59 is the only known complex
with a biscyclobutadiene geometry. It should also be mentioned
that the asymmetric structure of 62 contains some rather unusual
features such as a molybdenum-molybdenum double bond and
m-bonded cyclopentadienone ligand which is also g-coordinated
via the oxygen atom to the adjacent molybdenum atom. These
features will be examined in further details later on in a section
devoted to the structures of cyclobutadienemetal complexes.

The first reported cyclobutadienecobalt complex, (cyclo-
pentadienyl)(tetrapheny|cyclobutadiene)cobalt (63), was pre-
pared in 1961 by Nakamura and Hagihara®®®" from the reaction
of (cyclopentadienyl)(1,5-cyclooctadiene)cobalt (64) with di-
phenylacetylene. This cobalt complex 63 was aiso shown to be
formed in the reactions of cobaitocene (65)°2 or cyclopentadi-
enylcobalt dicarbonyl (66)% with Ph,Co; the major product in the
latter reaction is (cyclopentadienyl)(tetraphenylcyclopentadi-
enone)cobalt.%* A sequence of reactions involving the reduction
of cyclopentadienylcobalt triphenylphosphine diiodide (67) in
the presence of Ph,C, followed by the thermal addition of a
second mole of Ph,C, gave the metallocycle complex 68, which
then, on strong heating in the absence of Ph,C,, underwent
isomerization with loss of PhsP to afford®5:96 63 (Scheme Xill).
The (monosubstituted cyclopentadienyl)(tetraphenylcyclobuta-
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diene)cobalt complexes 69 and 70 were obtained®” from the
respective RCsH4Co(CO), [R = Ph and SiMe;] derivatives on
reaction with Ph,C», (Scheme XIV). A variety of (cyclopentadi-
enyl)(disubstituted diphenylicyclobutadiene)cobalt complexes
of the types 71 and 72 were obtained®® by the reaction of
PhC=CR [R = SiMe3, SnPha, Me, COMe, CH(OEt),, and CF3]
with either 64 or 65. The silyl and stanny! derivatives of 71 and/or
72 reacted with HCI to afford the partially unsubstituted cyclo-
butadienecobalt complexes 73 and 74, respectively.

Other noteworthy cyclobutadienecobalt complexes whose
preparations have recently been reported include 75,%° syn-
thesized from the sandwich complex 76 and Ph,C, (eq 4), and
777% which was obtained as a yellow oil in small amounts (~3 %
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yield) from the CpCo(CO), (66) catalyzed reaction of 1,5-hexa-
diyne (20) with bis(trimethylsilyl)acetylene (78) in refluxing n-
octane (eq 5).

In an analogous reaction to that cited earlier between Ph,C,
and 64, (cyclopentadienyl)(1,5-cyclooctadienejrhodium (79) has
been found to react with Ph,C, to afford small amounts of {cy-
clopentadienyl)(tetraphenylcyclobutadiene)rhodium (80)101 (eq
6). Interestingly, neither CpRh(CQ),1°2 nor CpRh(PF3), %% was
found to afford cyclobutadienerhodium complexes on reaction
with Ph,C, or other alkynes. In contrast, [RhCIPF3),]» (81) has
been shown to undergo a facile reaction with Ph,C, to afford

76 Ph Ph
B
Ph,C,
sealed tube, @Co_@ )
150 °C
Ph Ph
75
Me,SiC=CSiMe; + 20 + 66
78
SiMe;
-0 B—© »
SiMe;

77
tetraphenylcyclobutadienerhodium chloride dimer (82)103.104
in 50% yield (eq 7). The dimeric structure of 82 was assigned
primarily on the basis of chemical evidence, since the complex
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has been shown to undergo typical bridge cleavage reactions

(e.g., 82 reacted with CpTlI, Tl(acac), and Tl(facac) to give 80,
Ph4C4Rh(acac), and Ph,C4Rh(facac), respectively).
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80
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Some unusual tetraphenylcyclobutadiene complexes of group
5B transition element have been reported by Nesmeyanov and
his collaborators19% from their investigations of the reactions
of CpM(CO)4 [M = V, Nb, and Ta] with Ph,C,. The irradiation of
CpV(CO), in the presence of Ph,C, gave the dicarbonyl mo-
noacetylene complex 83, which then underwent thermal addition
of a second Ph,C, without any loss of carbonyl groups to afford
(cyclopentadienyl)(tetraphenylcyclobutadiene)vanadium dicar-
bonyl (84).19% In the presence of carbon monoxide (40 atm), the
reaction of 83 with Ph,C, yielded the tetracyclone complex 85
(15% vyield)'% as well as 84 (50% yield). The metallocycle
complex 86 was proposed to be an intermediate in these reac-
tions 196 (Scheme XV). The tetraphenylcyclobutadienevanadium
complex 84 was also prepared independently by the ligand
transfer reaction between [Ph,C4PdBr,], and CpV(CO),. Similar
reactions to those cited above have also been encountered with
CpNb(CO),. The photochemical reaction of equimolar amounts
of CpNb(CO), and Ph,C, gave 87,'%7 whereas, the bis(diphen-
ylacetylene)monocarbonyl complex 88198199 was obtained,
under similar conditions, by using a 1:2 molar ratio of the re-
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spective reactants. The bis(acetylene)niobium complex 88
reacted with another mole of Ph,C, in boiling benzene solution
to afford a complex which was initially formulated as
CpNb(CO)(Ph,C,)s. 198 However, the crystal structure of this
complex has ultimately shown it to be (cyclopentadienyl)(te-
traphenylcyclobutadiene)diphenylacetylene)niobium carbony!
(89) (Scheme XVI).1%0

Recently, some attention has been given to the reactions of
dichlorodicarbonylplatinum (90) with various alkynes. Complex
90 reacted with Ph,C, in ether to afford hexaphenylbenzene,
tetracyclone, and the tetraphenylcyclobutadieneplatinum
complex 91;7 the latter was converted into the bromide and
iodide dimeric derivatives 92 (X = Br, I) on refluxing in acetone
with LiX (X = Br, 1) (Scheme XVII). A similar reaction between
90 and 3-hexyne gave a mixture of products including the
tetraethylcyclobutadieneplatinum complex 93 and 94 as well
as the tetraethylcyclopentadienone- and tetraethyl(p-benzo-
quinone)platinum complexes 95 and 96, respectively.1? The
reaction of 90 with 2-butyne afforded the tetramethylcyclobu-
tadienetriplatinum complex 97 in ~64 % yield. The triplatinum
complexes 93 and 97 underwent facile reactions with Lewis
bases (e.g., L = PhsP, PhoMeP, p-CH3CgH4NH, and CsHisN) to
afford the tetrasubstituted cyclobutadieneplatinum complexes
98 and 99, respectively, whose structures based on molecular
weight measurements were shown to be monomeric. n addition
to the above cited reactions, the platinum carbony! complex 90
has been shown to undergo facile reactions with other alkynes
(e.g., CoHy, PhC=CH, etc.); however, none of the products of
these reactions was claimed to contain a cyclobutadiene li-
gand."?

2. Reactions of Macrocyclic Alkadiynes with Metal
Carbonyl Derivatives

In 1970, King and Efraty reported’** the intramolecular
transannular cyclizations of macrocyclic alkadiynes (100) with
CpCo(CO), (66) to afford cyclobutadienecobalt complexes of
the type 101 (Scheme XVIII). The macrocyclic alkadiynes em-
ployed in this investigation, which inciuded 1,7-cyclododecadiyne
(100, n = m = 4), 1,7-cyclotridecadiyne (100, n = 4, m = 5),
1,8-cyclotetradecadiyne (100, n = m = 5), 1,7-cyclotetrade-
cadiyne (100, n = 4, m = 6) and 1,8-cyclopentadecadiyne (100,
n =5 5, m = 6), gave on reaction with 66''% in boiling n-octane,
or cyclooctane, the respective cobalt complexes 101 (n = m
= 4, 85% yield), 101 (n = 4, m = 5;75% yield), 101 (n=m
= 5; 2% yield), 101 (n = 4, m = 6; 40% yield), and 101 (n =
5, m = 6, 52% yield). In the instance of the reaction between
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100 (n = m = 5) and 66, a second product of the assigned = 4,'2 namely, the ‘metathesized’' form of the originally pro-

structure 102 was also isolated and characterized.''> Two of
the above cited complexes (101, n =4, m=5andn=m = 5)
also were obtained by the reaction of the 1,5-cyclooctadi-
enecobalt complex 64 with the appropriate macrocyclic alka-
diynes. 1% While the reactions of the macrocyclic alkadiynes with
Co,(CO)g and [CpNi(CO)], gave alkadiyne-bridged complexes'6
of known types, their reactions with Fe(CO)s or Fe3(CO)4, have
been shown to proceed with a considerably greater complexity
to afford products, or mixtures of products, consisting of the iron
complexes of the assigned structures17-11° 103, 104, 105, and
106. In the context of the current review, especially interesting
are the cyclobutadieneiron complexes 103 and the ferrole de-
rivatives 104 which are presumed to be the precursors of the
former.?18.11% The cyclobutadieneiron complex 103 (n = 4, m
= 6) was the major product from the reaction between 100 (n
= 4, m = 6) and Fe(CO)s, whereas a similar reaction with 100
(n = m = 4) gave the ferrole complex 104 {(n = m = 4) as the
major product, and in addition, a very small yield of 103 (n = m
= 4). Only trace amounts of the cyclobutadieneiron complexes
103(n=4, m=5 n=m=5;and n =5, m= 6) were pro-
duced in the reactions of the respective macrocyclic alkadiynes
and iron carbonyls.

The intramolecular transannular cyclization of macrocyclic
alkadiynes with metal carbonyls has been proposed to proceed
via metallocyclic intermediates of type 107. The isolation of a
stabilized intermediate-like complex of such nature (104, n =
m = 4) was actually claimed18:1'® from the reaction of 1,7-
cyclododecadiyne (100, n = m = 4) with Fe(CO)s. However, a
subsequent crystal structure analysis of the product from this
reaction has revealed that the complex is structure 108, n = m

posed structure (Scheme XIX). The formation of 108, n = m =
4, could conceivably be explained by the initial production of 103,
n = m = 4, traces of which were actually found among the re-
action products, followed by the insertion of a Fe(CO)s moiety
into the cyclobutadiene ring upon further reaction with Fe(CO)s.
Recently, similar insertion processes have been encountered
in the reactions of benzocyclobutadieneiron tricarbonyl (9) with
Fe(CO)5'22 and Fe3(CO)4,, 12 an issue to be discussed elsewhere
in this review. Molecular orbital calculations by Mango and
Schachtschneider 24 have indicated that the formation of cy-
clobutadienemetal complexes by a concerted cyclization of
coordinated bisacetylene on any single transition metal center
is a symmetry forbidden process. According to this theory, two
nonrestrictive-field transition metal centers sharing opposite
faces of a plane containing a bisacetylene system remove the
symmetry restrictions to a bisacetylene—cyclobutadiene inter-
conversion. 25 Evidently, this theory does not conflict with the
plausibility of metallocyclic intermediates in the nonconcerted
bisacetylene-to-cyclobutadiene conversion. A direct implication
of the theoretical treatment is the prediction of multimetal center
intermediates in the concerted interconversion process. The
foregoing would suggest that intermediates of the type (Cp-
Co);3(CO)(alkadiyne), one of which, (CpCo)a(COXC14H20), was
actually isolated''® and has tentatively been assigned the
structure 102, or of related nature might play a prominent role
in the concerted transannular cyclization of macrocyclic alka-
diynes (100) with CpCo(CO), (68). This process is envisaged to
occur either simuitaneously with or instead of a second possible
pathway involving the participation of metaliocyclic intermedi-
ates of type 1071'® in a nonconcerted cyclization process.
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Similarly, the participation of ferrole intermediates of type 107
in nonconcerted processes leading to the formation of the cy-
clobutadieneiron complexes 103 cannot be ruled out entirely,
although in this context it should be remembered that little, if any,
evidence has so far been presented to substantiate the existence
of such intermediates in the processes under consideration.
Furthermore, the parent ferrole complex 55 was reported not
to be an intermediate in the formation of 3, although both com-
plexes were apparently formed simultaneously®4 in the high-
pressure reaction of Fe(CO)s and HC=CH. Likewise, the te-
traphenyl analogue of 55, which was investigated rather ex-
tensively,®! has not been reported to undergo either thermal or
photolytic conversion to 2. To date, the only concrete evidence
of metallocycle-to-cyclobutadienemetal conversion has been
reported by Yamazaki and Hagihara®598 in the reaction 68 (+A)
— 63 + PhsP, although the postulation of metallocyclic inter-

mediates in related processes has been wide-
spread.1°6v‘14v”5"19"26

3. Reactions of Alkynes with Coordination Complexes
and Inorganic Salts

The slow addition of diarylacetylenes to bis(benzonitrile)-
palladium chloride (109) in aprotic solvents (e.g., benzene,
chloroform, etc.) led to the preparation of numerous palladium
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chloride bridged tetraaryicyclobutadienepaliadium chloride
complexes of type 110,727-129 which upon treatment with HCI
or HBr gave the respective tetraarylcyclobutadienepalladium
halide dimers 111128129 (Scheme XX). The cyclobutadi-
enepalladium halide derivatives prepared by this procedure in-
cluded 110 and 111 (X = ClI, Br with Ar = Ph,12® p-CICgH,, 127
p-MeCgHy, 28 and p-MeOCgH,128). A similar reaction conducted
between (tert-butyl)phenylacetylene and 109 followed by the
treatment of the product with HCI in DMF afforded 1,2-di(tert-
butyl)-3,4-diphenylcyclobutadienepalladium chioride dimer
{112).739 Complexes of type 111 were also synthesized by an
indirect route involving the reaction of diarylacetylene with
PdCI42~ or 109 in the presence of protic solvents (e.g., EtOH,
MeOH, H,0, etc.), followed by the treatment of the product ob-
tained with HX. The first step in this sequence was first reported
by Malatesta and his co-workers'3! and was subsequently ex-
amined by other investigators.32-135 Ultimately, a crystal
structure analysis of the product (EtOPh,C4PdCl), has re-
vealed'®® an endo-ethoxy-n3-cyclobutenyl geometry for the
organic moiety in complex'3¢ 113 (R = Et, Ar = Ph). Incidentally,
the exo-ethoxy-n3-cyclobutenylpalladium isomer (114, R = Et,
Ar = Ph) was prepared by the reaction of the appropriate cy-
clobutadienepalladium complex 111 with EtOH, and its recon-
version to the latter achieved on treatment with HX. The cyclo-
butenyl-cyclobutadiene sequence represent a convenient route
to a variety of cyclobutadienepalladium complexes of type 111.
This procedure was utilized, among others, in the synthesis of
112;7%7 however, in this instance the product was reported to
be monomeric rather than dimeric as was indicated ear-
lier.130

A reaction between o-di{(phenylethynyl)benzene and PdCl,
in anhydrous dry benzene was claimed to afford, among others,
a biscyclobutadienepalladium dichioride®8 complex; however,
this claim is highly questionable.

Particularly interesting is the synthesis of the tetramethylcy-
clobutadieneplatinum complex 115 by the reaction of trans-
[PH{CF3)(acetone)(PMe,Ph),]* X~ (118) with 2-butyne, which
has been reported by Chisholm and Clark. 3940 The structure
of 115 was ultimately confirmed by an x-ray structure determi-
nation.'' Another novel cyclobutadiene complex, 117,142 was
reportedly prepared by the reaction of 0,0’-bis(phenylethynyl)-
triphenylphosphine (118) with (PhaP)aRhCl. An unusual reaction
between TiCl; and i-C3H;MgBr in the presence of Ph,C, and
cyclooctatetraene has been reported by Van Oven'43 to afford
the first and only known cyclobutadienetitanium complex 119
(Scheme XXI).

4. Syntheses via Precursors Derived Directly or
Indirectly from Alkynes

The reaction of Ph,C, with lithium was shown to afford 1,4-
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dilithio~1,2,3,4-tetraphenylbutadiene (120),'44 a precursor which
has been utilized either directly or indirectly in the syntheses of
certain tetraphenylcyclobutadienemetal complexes. A direct

reaction between 120 and Br,Fe(CO), gave a mixture of 2 and
the tetraphenyiferrole complex 121126:145 (Scheme XXII). In the
reaction under consideration, the ferrole complex 121 is not the
precursor of 2; this observation is similar to those already dis-
cussed elsewhere (section 1.B.2). However, it was reported, 145
briefly, that the reaction of 121 with either Ph,SiCl, or PhAsCl,
at 150 °C gave 2 (~25%). The stannole derivative 122, pre-
pared*4® from 120 and Me,SnCl,, was shown by Freedman47
to undergo ring opening to give 123 on treatment with bromine,
and the latter upon reaction with NiBr, in refluxing triglyme gave
a high yield of tetraphenylcyclobutadienenickel bromide dimer
(124). Another reaction, which remotely belongs to this section
and is described here as a matter of convenience, between the
silacyclopentadienecobalt complex 12548 and mercuric ace-
tate, gave the cyclobutadiene cobalt complexes 63 and 73 by
a ring-contraction process involving the elimination of the het-
eroatom from the coordinated silacyclopentadiene ligand.

C. Preparation of
Tetrahaptocyclobutadienemetal Complexes
by w-Ligand Transfer Reactions

The term =-ligand transfer was proposed’? originaily by
Maitlis and Games to describe reactions involving the transfer
of a tetraphenylcyclobutadiene ligand from one transition metal
complex to another. The ultimate objectives in the development
of this novel technique were aimed at one-step, high-yield, and
facile transfer processes starting from readily available and in-
expensive reagents. This synthetic technique has been shown
to be of special importance in instances where free ligands are
either extremely labile or totally unknown, as is the case with
cyclobutadiene derivatives. An extensive investigation in this
area during the 60’s had led to the preparation of a large variety
of cyclobutadienemetal complexes,33:38 some of which cannot
be synthesized by any other route. The general area of ligand
transfer and ligand exchange reactions has been the subject of
recent reviews,34.150

The first successful transfer of a w-cyclobutadiene ligand was
accomplished'® by Maitlis and Games in the reactions of
tetraphenylicyciobutadienepalladium bromide (111, X = Br) with
Fe(CO)s, Ni(CO),, and Cp,Co (Scheme XXI(l). These reactions,
performed in boiling aromatic solvents, led to the isolation of 2,
124 (X = Br), and 63 in 88, 47, and 12% yield, respectively. An
alternative route to 124 was realized by the high yield cyclobu-
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TABLE I. 7-Cyclobutadiene Ligand Transfer Reactions
Reaction Yield, % Reaction conditions Ref
[Ph,C,PdBr,], + Fe(CO), -~ Ph,C,Fe(CO), 88 Xylene, reflux, 20 min 149
[Ph,C,PdBr,], + Ni(CO), - [Ph,C,NiBr,], 47 Benzene, reflux, 2.5 h 149
[Ph,C,PdBr,], + Cp,Co » Ph,C,CoCp 12 Xylene, reflux, 2.5 h 149
[Ar,C,PdX,], + Fe(CO), —» Ar,C,Fe(CO),
Ar = Ph; X = Br 78 Benzene, refiux, 2 h 128
Ar = p-MeC,H,; X = Br 47 Benzene, reflux, 2 h 128
Ar = p-MeOC H,; X = Br 17 Benzene, reflux, 2 h 128
Ar =p-CIC,H,; X = Br 46 Benzene, reflux, 10 min 127
[Ph,(-Bu),C,]PdCI,], + Fe(CO); —» [Ph,(t-Bu),C,]1 Fe(CO), 65 Benzene, reflux, 4 h 130
[Ph,C,NiX,], + Fe(CO), —» Ph,C,Fe(CO), 90 Benzene, reflux, 2 h 128
{Ph,C,Ptl,], + Fe(CO), - Ph,C ,Fe(CO), Benzene, reflux, 10 min 111
[(p-CIC,H,),C,(PdCI,), ], + Fe(CO); — (p-CICH,),C,Fe(CO), 44 Benzene, reflux, 10 min 127
Ph,C,Fe(CO), + (PhCN),PdCl, = [Ph,C,(PdCI,},], Benzene, reflux, 12 h 128
[Me,C,NiCl,], + Fe,(CO),, - Me,C,Fe(CO), 35 THF, reflux, 20 min 162
fMe,C,NiCl,], + Fe,(CO), -~ Me,C,Fe(CO), 6.3 THF, reflux, 17 h 162
[Me,C,NiCl,], + Fe(CO), - Me,C,Fe(CO), 21 Dry benzene, reflux, 25 h 162
Me,C,PtCl, + Fe(CO), - Me,C,Fe(CO), Benzene, reflux 112
[Ph,C,PdBr,], + Ru,(CO),, - Ph,C,Ru(CO), 42 Chlorobenzene, reflux, 12 h 128,152
[(p-MeOC(H,),C,PdBr,], + Ni(CO), — [(»r-MeOCH,),C,NiBr,], 77 Various solvents, 40 °C 128
[Ar,C,PdX,], + (n-Bu,P),NiX, » [Ar,C,NiX,], + (n-Bu,P),PdX,
Ar=Ph; X = Br 90 Chlorobenzene, reflux, 2 h 151
Ar = Ph; X =Cl 82 Chlorobenzene, reflux, 2 h 151
Ar =p-CIC,H,; X = Br 72 Chlorobenzene, reflux, 2 h 151
Ar = p-MeOC,H,; X = Br 77 Chlorobenzene, reflux, 2 h 151
Ar=p-MeCH,; X = Br 73 Chlorobenzene, reflux, 2 h 151
[(RR'R"R''C,}PdBr,], *+ (n-Bu,P},NiBr, ‘ 75 Chiorobenzene, reflux, 2 h 151
- [(RR'R""R"'C,)NiBr,], + (n-Bu,P),PdBr,4
[Ar,C,PdX,], + Co,(CO), = Ar,C,C0(CO),X
Ar = Ph; X = ClI 65 CH,Cl,, amb., 45 h 158
Ar = Ph; X = Br 59 CH,Cl,, amb., 45 h 158
Ar=Ph; X = 17 CH,Cl,, amb., 45 h 158
Ar = p-CH,C,H,; X = Br 35 CH,Cl,, amb., 45 h 158
[Me,C,Nil,], + Co,(CO), = Me,C,Co(CO),I 100 THF, 25°C, 14 h 164
[Me,C,NiCl,], + Co,(CO),; -~ Me,C,Co(C0O),Co(CO), 55 THF, 25°C, 3 h 164
[Ar,C,PdX,], + M(CO), = [Ar,C,M(CO),X],
Ar =Ph; X=Br; M= Mo 7 Benzene, reflux, 67 h 153
Ar=Ph; X =Br; M = Mo 18 Xylene, reflux, 10 min 165
Ar=Ph; X =1|; M= Mo 9 Benzene, reflux, 67 h 153
Ar=Ph; X=M=W Traces Benzene, reflux, 5 min 153
Ar =p-MeC,H,; X = Br; M = Mo 18 Xylene, refiux, 5 min 154
[Ph,C,PdBr,], + (m-C,H,)Mo(CO), - [Ph,C,M0(CO),Br], 14 Benzene, reflux, 15 h 165
[Ar,C,PdX,], + [CPM(CO);1, = (Ar,C,HCHIM(CO)X
Ar=Ph; X =Ci; M= Mo 55 Benzene, reflux, 50 h 157
Ar=Ph; X =Cl; M= Mo 18 Xylene, reflux, 10 min 157
Ar = Ph; X = Br; M = Mo 7 Xylene, reflux, 10 min 157
Ar = Ph; X = Br; M = Mo 4.5 Benzene, reflux, 5 hr 157
Ar = p-MeC,H,; X = Br; M = Mo 6 Xylene, reflux, 5 min 154
Ar=Ph; X=Br;M =W 0.7 Benzene, reflux, 50 h 157
[Ph,C,PdBr,], + CpV(CO), — (Ph,C,)(C.,H,)V(CO), 15 Toluene, reflux, 10 min 105

4A mixture of R = R = 0-anisyl, R = R""' = phenyl and R = R’ = g-anisyl, R’ = R"" = phenyl isomers.

tadiene transfer between 111 and (n-BusP)oNiX,. 151 The iron
tricarbonyl complex 2 was also prepared by the reactions of the
nickel complex 124 with Fe(CO)s, 128 as well as by ligand transfer
from the cyclobutadieneplatinum complex 92 on reaction with
Fe(CO)s.1" Cyclobutadiene transfer from iron to palladium was
encountered in the reaction of 2 with (PhCN),PdCl, (109);128 the
first step in this process involves the formation of the catenated
cyclobutadienepalladium compiex 110 (Ar = Ph), which upon
reaction with anhydrous HX gave the normai dimer 111. The
extension of the cyclobutadiene transfer to ruthenium was ac-
complished by the reaction of 111 (X = Br) with Rus(CO),»
from which tetraphenylcyclobutadieneruthenium tricarbonyl
(126)728.152 was isolated in 42% yield.28 Noteworthy are the
reactions involving cyclobutadiene transfer from palladium to
molybdenum and tungsten. Belonging to this category are the

reactions of 111 (X = Br, |) with the hexacarbonyls M(CO)g (M
= Mo and W) which gave small to trace amounts of dimeric
complexes whose structures were originally formulated as
[PhsC4M(CO)sX], (M = Mo, W; X = B, 1).75% A subsequent study
of these molybdenum complexes,’5* followed by a crystal
structure analysis of the product obtained from the reaction of
111 (X = Br) and Mo(CO)s, resulted in the reformulation of these
complexes as tetraphenylcyclobutadienemetal dicarbonyl halide
dimers (127).155.156 Other cyclobutadiene complexes of mo-
lybdenum and tungsten whose preparation can be accomplished
by ligand transfer only inciude the (cyclopentadienyl)(tetra-
phenylcyclobutadiene)msetal carbonyl halide derivatives 128,
synthesized by the reaction of 111 with [CpM(CO)3], (M = W,
Mo).164.157 A similar reaction between 111 and CpV(CO), has
been reported to afford 84;1°5 however, this complex was also



Cyclobutadienemetal Complexes

synthesized by an alternative procedure not involving ligand
transfer as already cited earlier.'°5 While the above-mentioned
cyclobutadiene transfer processes require the use of boiling
aromatic solvents, transfer under mild conditions, in methylene
chloride at ambient temperature, had been encountered in the
reaction of 111 with Co,(CO)g by which the tetraphenylcyclo-
butadienecobalt dicarbony! halide derivatives 128 were syn-
thesized. 58159 |nterestingly, the yield of the transfer product
129 has been shown to depend on the nature of the halide and
decreased in the order Cl > Br > |.

Numerous examples involving the transfer of a cyclobutadiene
ligand to a metal center already containing a cyclopentadienyl
group have been cited above. However, in some instances it has
been shown that the reaction of cyclobutadienemetal complexes
with cyclopentadienyimetal complexes could result in a cyclo-
pentadienyl, rather than cyclobutadiene, transfer. For example,
both 111 (X = Br) and 124 X = Br) have been shown to react with
either CpFe(CO),Br or [CpFe(CO),], to afford the tetrabromo-
ferrate derivatives of 130,901 where M = Pd and Ni, re-
spectively. A similar reaction between the above-mentioned
cyclopentadienylating iron reagents and 129 gave 63. Inciden-
tally, the paramagnetic tetrabromoferrate derivatives of 130
were converted to the diamagnetic bromide analogues by
treatment with potassium ferrocyanide.

A dramatic example involving the simultaneous transfer of
the cyclopentadienyl and tetraphenylcyclobutadiene ligands has
also been reported. The reaction of 130 (M = Pd) with Co(CO)s,
in boiling benzene, gave 63 in 10% yield.

Analogous reactions to those described above for tetra-
phenylcyclobutadienemetal complexes have also been reported
for various other tetraarylcyclobutadienemetal derivatives (e.g.,
Ar = p-RCg¢H4; R = Cl, Me, OMe) as well as for related systems;
these are summarized in Table I.

A number of transfer reactions involving the tetramethylcy-
clobutadiene ligand have also been reported, although similar
reactions involving the parent cyclobutadiene ligand have not
yet been realized. The reaction of the nickel complex 1 with
Fe(CO)s or Fe,(CO)g gave, among others, tetramethylcyclobu-
tadieneiron tricarbonyl (7),'%2 whereas a similar reaction with
Fe3(CO),, afforded, in addition to 7, small amounts of the novel
bimetallic ferrole-cyclobutadienenickel complex 131 whose
geometry has been resolved by a crystal structure analysis 13
(Scheme XXIV). The iron complex 7 was also obtained by the
reaction of the platinum complex 99112 with Fe(CO)s. Several
tetramethylcyclobutadiene transfer processes from nickel to
cobalt complexes have been reported. The reaction of 1 with
Co,(CO)s gave the bimetallic cobalt complex 132, which upon
treatment with iodine was converted to 133.764 Starting with the
iodo analogue of 1 and Co,(CO)s permitted the obtainment of
tetramethylcyclobutadienecobalt dicarbony! iodide (133), under
mild conditions, in a quantitative yield.'®* The presently known
tetramethylcyclobutadiene ligand transfer reactions are sum-
marized in Table I.

Cyclobutadiene ligand transfer reactions usually occur under
heterogeneous conditions, and, to date, no meaningful kinetic
studies on them have yet been reported. Nonetheless, several
mechanistic approaches have been advanced in order to explain
these interesting reactions.33:34.150 |t does appear almost certain
that these complex reactions proceed via multistep processes
involving the formation of bi- and polynuclear intermediates,
some of which are probably halogen-bridged. Furthermore, it
is commonly believed that the cyclobutadiene ring never be-
comes completely free of the metals during the course of these
processes. An interesting approach to cyclobutadiene transfer
mechanism, proposed by Efraty,34 presumes a stepwise transfer
process involving a sequence of intramolecular rearrangements
via intermediates in which the cyclobutadiene is bonded
simultaneously to two transition elements in combinations of
mono-, di-, and trihapto fashions. According to this mechanistic
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approach, illustrated in Figure 2 for the transfer encountered
between the palladium complex 111 and Fe(CO)s or Ni(CO),, the
metal accepting the cyclobutadiene ligand during the transfer
process will remain electronically and coordinatively saturated
throughout the intermediate stages of the reaction. In this context
bridging halide bonds are envisaged to function as electron
density modifiers. The plausibility of this mechanistic approach
is supported by the recent discovery of dihaptocyclobutadi-
enemetal complexes.36:37

D. Preparation of Dihaptocyclobutadienemetal
Complexes

The reactions of dihalocyclobutenes and metal carbonyls do
not necessarily result in the formation of cyclobutadienemetal
complexes. For instance, the metathesis between 5 and
CpFe(CO),Na[NaFp] has been shown by several investiga-
tors166-170 to afford the ring-opening binuclear butadienylene
complex FpCH=CHCH=CHFp (134) whose structure consists
of a trans-trans geometry. In 1972, King, Efraty, and Zipperer
reported’”! the synthesis of 1,2-bis(cyclopentadienyldicar-
bonyliron)benzocyclobutene (135) by the reaction of 6 with NaFp
in THF solution at —78 °C (Scheme XXV). This novel complex
constituted the first known example of a compound with two
transition elements og-bonded to a pair of saturated vicinal carbon
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Figure 2. Mechanism proposed for w-cyclobutadiene transfer from
palladium to iron and nickel.34

atoms of a hydrocarbon system. More importantly, this complex
represented the first known example of a monohapto-bonded
cyclobutene system, and the conditions utilized in its synthesis
were found, ultimately, to be essential for the preparation of
related derivatives, to be discussed at a later stage. A subsequent
investigation'72 of the reactions of NaFp with dihalobenzocy-
clobutenes (e.g., trans-1,2-dibromo-, cis-1,2-diiodo-, and
trans-1,2-diiodobenzocyciobutene) has revealed the formation
of a second product, 1-(cyclopentadienyldicarbonyliron)ben-
zocyclobutene (136), in 5-6 % yield under the above specified
conditions. The mechanism of formation of 135 and 136 was
proposed’?? to involve free benzocyclobutadiene and Fp radi-
cals. The synthesis of the first known example of a dihapto-
cyclobutadienoid transition metal complex, reported in 1974 by
Giering and his co-workers,%® involved the reaction of 135 with
Ph3sC*PF¢™ in CH,CI, solution at —78 °C from which (n2-1,2-
benzocyclobutadiene)(n®-cyclopentadienyl)dicarbonyliron
hexafluorophosphate (137) was isolated in 60-70% vyield. The
red-orange complex 137 was characterized from its spectro-
scopic and chemical properties. For instance, the reactions of
137 with LiBH4, MeOH-NaHCOa, and Ph3P afforded the deriva-
tives 138, where X = H, OMe, and PhsP¥, respectively. Treat-
ment of 136 with trityl hexafluorophosphate was claimed73 to
afford the cationic carbene complex 139.

Noteworthy is the extension of the investigation on n2-cy-
clobutadienocid transition metal complexes to the parent li-
gand.37:174-176 The treatment of cis-3,4-dichlorocyclobutene
(5) with NaFp in THF solution at —78 °C gave a mixture con-
sisting of trans-3,4-(n5-cyclopentadienyidicarbonyliron)cycio-
butene (140) and trans-3-chloro-4-(n5-cyclopentadienyldicar-
bonyliron)cyclobutene (141), whose constituents could easily
be separated owing to their different solubilities in common
organic solvents (see Scheme XXVI). The oxidation of 140 with
PhaC*tPFg™ or AgtPFg™ gave u-(n42-1,2-7,2-3,4-cyclobutadi-
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ene)-bis(n5-cyclopentadienyldicarbonyliron)bis(hexafluoro-
phosphate) (142), a novel binuclear complex with a bridging
cyclobutadiene ligand.3” This complex was obtained in 35-56 %
yield as a bright-yellow air-stable solid.'75 Treatment of the di-
cationic complex 142 with benzyltriethylammonium chloride
effected chloride addition to afford u-(n41-4-1,2-1,2-(3-chloro-
cyclobutenyl))bis(nS-cyclopentadienyldicarbonyliron)hexaflu-
orophosphate (143). The oxidationof 143 with Ag* led to the
regeneration of 142. The reduction of the latter with either LiAIH,
or NaFp gave back the neutral complex 140. The conversion of
143 to 141 was achieved by means of chloride addition to the
former complex. Protonation of 140 with HBF, in acetic anhy-
dride gave a mixture of the monocationic binuclear isomers 144a
and 144b, which according to their spectral data undergo in-
terconversion.'7¢ Treatment of the isomeric mixture 144 with
EtsN afforded the neutral mononuclear complex 3-(n®-cyclo-
pentadienyldicarbonyliron)cyclobutene (145).

Specially significant is the generation of the highly reactive
dihaptocyclobutadieneiron complex 146174775 by the oxidation
of 141 with AgTPF¢™ in CH,Cl, at —78 °C, or alternatively, by
the thermal decomposition of 143. Although the attempted
isolation of the labile complex 146 has not been successful, its
trapping by dienes to afford Diels—Alder adducts provides strong
evidence in support of the intermediacy of this reactive n2-cy-
clobutadieneiron complex. For instance, the generation of 146
in the presence of cyclopentadiene and 1,3-diphenylisobenzo-
furan gave the monocationic Diels-Alder adducts 147 and 148,
respectively. Another noteworthy reaction is that of 146 with its
precursor 141 by which the dicationic complex with bridging
syn-tricyclo[4.2.0.025] octa-3,7-diene was obtained. The for-
mation of 149 was presumed to involve a sequence of metal-
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assisted additions. The liberation of the polycyclic ligands from
the Diels—Alder adducts 147, 148, and 149 was accomplished
by the treatment of the respective complexes with NaFp in THF
solution.

The contrasting behaviors of 142 and 146 are of clear interest.
Except for its susceptibility toward nucleophiles (e.g., AlH4~,
Fp—, CI7, etc.), the former complex has been shown to exhibit
a remarkable kinetic stability which contrasted dramatically with
the transient nature of the latter. In part, the kinetic stability of
142 could be accounted for by the presence of two rather bulky
Fp groups which are situated on both faces of the bridging cy-
clobutadiene ligand. Moreover, the reduced reactivity of the
cyclobutadiene ligand in 142 is probably a direct consequence
of having both olefinic bonds coordinated. Therefore, intermo-
lecular reactions with 142 are greatly inhibited owing to a kinetic
effect, whereas the decomplexation of the coordinated Fp
groups appears to be energetically unfavored. Conversely, the
removal, in part, of the kinetic effect from 146 and the presence
of an exposed olefinic bond in the n2-cyclobutadiene ligand
should account for its enhanced reactivity. The retention of the
coordinated Fp moiety during the Diels—Alder addition reactions
with 146 is consistent with the presence of a strong n?-cyclo-
butadiene—Fp* bond in this complex as well as in related com-
plexes. The susceptibility of the cationic n2-cyclobutadi-
ene-Fp-containing complexes toward strong as well as mild
nucleophiles is understandable in view of their ionic nature.

lll. Chemistry of Cyclobutadienemetal
Complexes

A considerable effort has been made, for over a decade, to
investigate the chemical properties of cyclobutadienemetal
complexes. In general, the chemistry of these complexes can
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conveniently be divided into four major categories: reactions not
affecting the coordinated cyclobutadiene ligand, reactions in-
volving the conversion of coordinated cyclobutadiene to other
compiexed ligands, organic chemistry of coordinated cyclobu-
tadiene, and reactions causing the displacement of coordinated
cyclobutadiene from its complexes. The term coordinated cy-
clobutadiene will, henceforth, be reserved for the tetrahapto
ligand. In the instances where dihapto cyclobutadiene ligands
are discussed, a special reference will be made in order to
specify the nature of the ligand.

A. Reactions Not Affecting the Coordinated
Cyclobutadiene Ligand

The chemistry of the complexes in this section will be re-
viewed according to transition elements rather than by reaction
types. Reactions to be mentioned in this section include: anion
exchange, carbonyl substitution by donor ligands, nucleophilic
addition to ligands other than coordinated cyclobutadiene, or-
ganic reactions of ligands other than coordinated cyclobutadiene,
introduction of o- or w-ligands to a metal already containing a
coordinated cyclobutadiene, photolytic processes involving the
formation of binuclear complexes, and others.

The most extensive investigations in this area were carried
out on a variety of cyclobutadienecobalt complexes. In this
context, noteworthy is the study reported on tetraphenylcyclo-
butadienecobalt dicarbonyl bromide (129, X = Br) by Efraty and
Maitlis.'58 The cobalt complex 129 (X = Br) readily underwent
an aluminum chioride catalyzed reaction with benzene to afford
{n*-tetraphenylcyclobutadiene)(n®-benzene)cobalt  (150)
(Scheme XXVIl), a yellow diamagnetic cationic complex which
was isolated and characterized in the forms of bromide, iodide,
and hexafluorophosphate saits.’58:'5% The same counterions



708 Chemical Reviews, 1977, Vol. 77, No. 5 Avl Efraty
SCHEME XXVII
H
H
Ph,C,Co
’/\\
Ph,C,Co 153
co Ph,C4Co(CO),CxF s NBS-MeOH
157 156 NaBH.| \NH,'PFg”
CHp=CHCHyMgCl CerUT .
Phap 1. CgHg AICI,
Ph,C,Co(CO)PPh;)Br <—— Ph,C,Co(CO),Br e Ph,C,Co X-
158 129, X = Br e
AgSCF, 150
ln-BuLi
CHg H
[Ph4C,Co(CO)SCF ),
159 Bu-n
H HH vy
NBS-MeOH
NH,*PFg” 154
—_—
 — e -
Ph,C,Co BH,". Ph,C,Co ',:EE#E-OH
HO™, MeO~
152, Y = H, OH, OMe 151 n-Bu
PFg”
Ph,C,Co
155
(Br~, 1=, and PF¢ ™) were also utilized in the characterization of 154, respectively. Hydride abstraction from 153, using NBS-

the other cationic cobalt complexes to be discussed next. Similar
reactions between 129 (X = Br) and some other arenes including
toluene, p-xylene, mesitylene, biphenyl, and aniline gave the
respective cationic T-arenecobalt complexes [(w-Ph,C4)Co(7-
arene)]tX~ (X = Br, |, PFg)."%® By contrast with the arenes, the
cobalt complex 129 (X = Br) reacted with cycloheptatriene under
thermal conditions, and in the absence of a catalyst, to afford
the cationic w-cycloheptatrienecobalt complex 151. It might be
of interest to mention that the counterion in 151, as obtained from
the initial reaction, consisted of X = Br-CoBr,. This was con-
firmed by the treatment of the original product with potassium
thiocyanate which led to the isolation of 151, X = 0.5-
[Co(NCS),27]. It is therefore conceivable that CoBr,, formed
by the thermal decomposition of 129 (X = Br) acted as a mild
Friedel-Crafts catalyst during the formation of the cyclohepta-
trienecobalt complex 151.

The cationic cycloheptatrienecobalt complex 151 readily
underwent nucleophilic attack by water (in the presence of EtzN),
methoxide, or borohydride to afford the neutral cycloheptadi-
enylcobalt derivatives 152, where Y = OH, OMe, and H, re-
spectively. The conversion of 152 (Y = H)to 151 (X = PF¢), a
process involving hydride abstraction, was accomplished by
using N-bromosuccinimide (NBS) in methanol. By contrast with
the high susceptibility of the m-cycloheptatrienecobalt complex
151 toward nucleophiles, the cationic r-benzenecobalt complex
150 has been shown to be essentially inert toward nucleophiles
such as potassium methoxide and methylmagnesium bromide.
Nonetheless, the w-benzenecobalt complex 150 reacted with
sodium borohydride in methanol and n-butyllithium in hexane
to afford the neutral cyclohexadienylcobalt complexes 153 and

CH30H, led to the regeneration of 150, whereas a similar re-
action with 154 gave the cationic w-n-butylbenzenecobalt
complex 155. The latter complex 155 was also synthesized in-
dependently by the reaction of 129 (X = Br) with n-butylbenzene
in the presence of aluminum chloride. Attempts to effect hydride
abstraction from 152, 153, and 154 by using established pro-
cedures involving reagents such as PhyC™, air in the presence
of acid, or H,0, in acid were totally unsuccessful.58 It should
also be pointed out that the mode of addition of nucleophiles to
the cationic complexes 150 and 151 does not involve an attack
on the coordinated cyclobutadiens.

The reaction of 129 (X = Br) with perfluorophenyllithium gave
the monohaptoperfluorophenylcobalt derivative 156,58 a very
stable yellow crystalline complex. A similar reaction with allyl-
magnesium chloride afforded the trihaptoallylcobalt derivative
157 by a process presumably involving the decarbonylation of
a monohaptoallylcobalt intermediate.'5 Triphenylphosphine
has been reported to react with 129 (X = Br) in benzene at
ambient temperature to afford the monocarbonyl substitution
product 158.758 The trifluoromethylithio-bridged binuclear cobalt
complex 159 was obtained'”” by the reaction of 129 (X = Br)
with AgSCF.

The analogous tetrakis(p-tolyl)cyclobutadienecobalt deriva-
tives of 150, 151, 152, 153, 154, and 156 were also prepared, 158
either directly or indirectly, starting from tetrakis(p-tolyl)cyclo-
butadienecobalt dicarbonyl bromide.

The organic chemistry of the cyclopentadienyl ligand in (cy-
clopentadienyl)(tetraphenyicyclobutadiene)cobalt (63) was in-
vestigated rather extensively by Rausch and Genetti.3%7 Typical
electrophilic substitution reactions performed on 63 included
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the following: acetomercuration in the presence of perchloric
acid as catalyst (to afford 160 and 161); Vilsmeier formylation
with N-methylformanilide and phosphorus oxychloride (to afford
162); Mannich-type aminomethylation with bis(dimethylamino)-
methane and phosphoric acid (to afford 163); and Friedel-Crafts
acetylation using acetic anhydride and boron trifluoride (to afford
164, in trace amounts only) (see Scheme XXVIII). Interestingly,
the Friedel-Crafts acylation of 63 with benzoy! chioride and
aluminum chloride gave a product (~1% yield) in which sub-
stitution appeared to have occurred on a phenyl rather than the
cyclopentadienyl ring. The chemistry of some of the above-
mentioned products was explored further, and in this regards the
chloromercuri complex 160 has been shown to be a particularly
valuable reagent for the synthesis of numerous new tetraphen-
ylcyclobutadienecobalt derivatives. Transmetalation of 160 with

n-BuLi led to the rapid generation of the monolithium derivative
165, which then upon treatment with either acetyl chloride or
trimethylchlorosilane gave 164 or 166, respectively. The iodo
derivative 167, obtained in high yield by the iodination of 160,
when heated with copper-bronze gave the Ulimann coupling
product 168, while in the presence of cuprous cyanide in N-
methyl-2-pyrrolidone it underwent the Rosenmund-von Braun
reaction to afford the cyano derivative 169. Similarly, treatment
of the iodo complex 167 with cupric acetate or cupric phthali-
mide gave the acetoxy and phthalimido derivatives 170 and 171,
respectively. The acetoxy derivative 170 was converted to the
hydroxy derivative 172 on treatment with ethanolic KOH solution,
whereas the phthalimido derivative 171 when hydrolyzed with
aqueous ethanolic hydrazine solution gave the amino compound
173. Other noteworthy results described in the elegant work of
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Rausch and Genetti®®%7 included the conversion of the aldehyde
162 to the hydroxymethyl derivative 174 by means of Cannizzaro
reaction (KOH, H,O-EtOH) or NaBH, reduction. An alternative
synthetic route to 174 involved the treatment of the methiodide
175, prepared from 163 and Mel, with a strong base (e.g., KOH
in 95% EtOH).

In general, the susceptibility of the cyclopentadienyl ring in
63 toward electrophilic substitutions has been shown to be
significantly lower than that of ferrocene. In order to ascertain
the importance of the electronic effects in this system, the ap-
propriate pK values of the hydroxy 172 and amino 173 deriva-
tives were determined in nonaqueous solvents and compared
with those of related systems. By this procedure, it was found
that 172 is a slightly stronger acid than phenol, while both 173
and aniline are of the same base strength. An earlier study has
revealed that hydroxyferrocene is a weaker acid than phenol, 178
whereas aminoferrocene is a stronger base than aniline.'”® The
foregoing appear to suggest that the cyclopentadienyl ring in 63
is electron-poor compared with that of ferrocene. Evidently, this
conclusion is consistent with the lower reactivity of the former
system toward electrophilic substitution reactions.

In the context of the topic under consideration, the reactions
of cyclobutadieneiron complexes will be discussed next. The
parent complex cyclobutadieneiron tricarbonyl (3) reacted under
irradiation with dimethyl fumarate, 1%¢ dimethyl maleate,'8° and
N-carboethoxyazepine 81 to afford the cyclobutadieneiron de-
rivatives 176, 177, and 178, respectively. Incidentally, the for-
mation of 178 by the replacement of all three carbony| groups
from 3 is a highly unusual process. Moreover, similar photo-
chemical reactions between 3 and other cyclic trienes were
shown to involve an attack on the coordinated cyclobutadiene
(see section 11.B). Irradiation of the tetramethyl complex 7 with
an excess of hexafluoroacetone 82183 gave the monocarbonyl
substituted product 179. Carbonyl substitution with a phosphine

was encountered 84 in the thermal (140 °C) reaction between
2 and Ph3P which gave complex 180 (Scheme XXIX).

Specially significant are the nitrosylation reactions of the
cyclobutadieneiron complexes 2, 3, and 7, reported by Efraty
and his co-workers.185.186 Previously, attempts to prepare cy-
clobutadienemetal nitrosyl derivatives by a direct synthesis, using
nitric oxide as a reactant, were unsuccessful. ' In contrast, the
tricarbonyl iron complexes 3, 7, and 2 underwent a facile ni-
trosylation on reaction with nitrosonium hexafluorophosphate
to afford the cationic dicarbonylnitrosyliron derivatives 181, 182
and 183, respectively (Scheme XXIX). The nitrosylation of 3 with
nitronium hexafluorophosphate also led to the formation of
18188 by a process presumed to involve an intramolecular
oxygen transfer followed by CO, elimination. It should be of in-
terest to note that despite the oxidizing power of nitrosonium,
its reaction with the cyclobutadieneiron tricarbonyl complexes
led to the oxidative substitution of a carbonyl group rather than
the oxidative displacement of the cyclobutadiene ligand. The
latter type process was shown to occur rather readily on treat-
ment of 3 with oxidizing agents®® such as those containing Fe®+
or Ce**. The mononitrosyl cationic complexes 181 and 183
underwent facile monocarbonyl substitution reactions with
various Lewis bases (L = PhgP, PhiAs, and Ph;Sb) under mild
thermal conditions to afford the products18%.186 184 (I = PhyP,
PhsAs, and Ph3Sb) and 185 (L = PhsP and PhsAs), respectively.
Evidently, attempts to effect similar monocarbonyl substitution
reactions with the tetramethylcyclobutadieneiron complex 182
were totally unsuccessful. in a single instance involving the re-
action of 183 with tripheny! phosphite, the carbonyl-free product
186 was also obtained.

Very recently, von Gustorf and his co-workers'8® have re-
ported the formation of the novel binuclear complex 187, with
a Fe=Fe triple bond, by the irradiation (A 2 280 nm) of 3 in THF
at —40 °C in the presence of nitrogen. The structure of this
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extremely sensitive, dark-red, diamagnetic complex was as-
signed on the basis of various spectral data. A quantitative re-
generation of 3 was achieved by the treatment of 187 with
carbon monoxide at —20 °C, whereas the reaction of 187 with
trimethyl phosphite gave an equimolar mixture of the mono- and
disubstituted cyclobutadieneiron complexes 188 and 189, re-
spectively (Scheme XXX). Mechanistically, the formation of 187
was presumed to involve the intermediates 190 and 191. Con-
firmatory evidence for the presence of the former intermediate
was obtained by following the progress of the reaction using
infrared spectroscopy as well as by the exclusive formation of
188 on adding trimethyl phosphite to the initially photolyzed
reaction mixture at —40 °C. The carbonyl stretching vibrations
of 187 appeared only after the irradiation (at —40 °C) was
stopped and the solvent (THF) removed at —20 °C. Therefore,
it may appear that the transformation 190 — 191 — 187 pro-
ceeds extremely readily under mild thermal conditions, rather
than photochemically.

Similar binuclear cyclobutadieneiron complexes, with an
iron—iron triple bond were prepared?® by irradiating the hexane
solution of PhyC4Fe(CO); (2) or that of 1,2-diphenyl-3,4-di(tert-
butyl)cyclobutadienetricarbonyliron (192). The latter reactant
was obtained by the ligand transfer reaction?3® between the
palladium derivative 112 and Fe(CO)s. The photoreactions cited
above gave the binuclear iron complexes 193 and 194 as
products; the regeneration of the respective starting complexes
(2 and 192) was achieved under carbon monoxide pressure (140

atm) at 80 °C. The crystal structure of the tert-butyl derivative
194, determined by x-ray diffraction,9® was shown to contain,
among others, an extremely short Fe—Fe bond distance [2.117(3)
A] as well as three bridging carbonyl groups. The distinct dif-
ferences between the carbonyl stretching frequencies in the
infrared spectra of 187182 and 194790 are consistent with the
nonequivalent, nonetheless related, molecular geometries of
these complexes.

Other cyclobutadieneiron complexes were also shown to
undergo similar reactions to those discussed above. For ex-
ample, benzocyciobutadieneiron tricarbonyl (9) reacted with
typical Lewis bases (L) under thermal conditions to afford the
complexes (benzocyclobutadiene)Fe(CO),L (195) where L =
PhaP,” PhaAs, 91 and Ph;Sb. 97 Nitrosylation of 9 with either the
nitronium or nitrosonium salts of hexafluorophosphate afforded
the highly reactive cationic complex [(benzocyclobutadiene)-
Fe{CO),NO]*PFs~ (196),792 whose reactions with typical Lewis
bases will be discussed at a later stage (section !1.B).

Beside the extensive investigations of the cyclobutadiene
complexes of cobalt and iron, relatively few studies, which
belong to the category of reactions under consideration, were
reported on complexes of the other transition elements. The
formation of the nickel and palladium complexes 130 (M = Ni,
Pd) by the cyciopentadienylation of the cyclobutadienemetal
derivatives 124 and 111 with CpFe(CO),Br or [CpFe(CO),], have
already been mentioned in section II.C. The nickel, pailadium,
and platinum complexes of the type [R4C4MCl,] . readily undergo
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a variety of anion exchange reactions. For example, [Mes-
C4NiCl,] 2 (1) has been shown?! to react with aqueous solutions
of iodide, azide, and tetraphenylborate to afford the complexes
Me4C4Nils, Me CuNi(N3)o, and Me4C4NiCl-BPh,, respectively.
Similarly, the tetraphenylcyclobutadienemetal chloride com-
plexes 111,722 91,771 and 99712 were reported to react with LiX
(X = Br, 1) in polar solvents (e.g., acetone, methanol, etc.) to
afford the appropriate bromo and iodo derivatives. Tetra-
methylcyclobutadienenickel derivatives with nitrate, sulfate,
oxalate, and acetate were obtained on treatment of 1 with the
appropriate silver salt.*? The use of a silver salt has also been
demonstrated in the reaction of 111 (X = Br) with AgSCF3 by
which a monomeric Ph,C4Pd(SCF3), complex is formed.7”
Other examples of anion exchange with cyclobutadienemetal
derivatives include the reactions of cis-1,2-dicyanoethylene-
1,2-dithiolate dianion with 111 (X = Cl) and the bromo analogue
of 1 by which the through-sulfur chelation of the ligand to the
metal in the complexes was claimed®® to have taken place.
Particularly interesting are the reactions of 111 (X = Cl) with the
dicarbollides [(3)-1,2-BgC,H41]2~ and [(3)-1,2-BsCHgMe, ]2,
reported by Hawthorne and his co-workers.'94.95 The products
of these reactions were characterized as the sandwich tetra-
phenylcyclobutadienepalladium derivatives (w-Ph,C4)Pd[n-
(3)-1,2-BgC,HgR,] (197), where R = H and Me (see Scheme
XXXI).

The chemistry of cyclobutadiene complexes of group 6B el-
ements has been examined in few instances only. The cyclo-
butadienemetal tetracarbonyl complexes 124° and 195 have
been shown to undergo monocarbonyl substitution with PhaP
under photolytic conditions. Lastly, the tetraphenylcyclobuta-
dienemolybdenum complex 128 (M = Mo, X = CI) has been
shown to react with tert-butylmagnesium chloride to afford the
metal carbonyl hydride 198.796 Presently, this complex is the
only known cyclobutadienemetal hydride complex.

B. Conversion of Coordinated Cyclobutadiene
into Other Complexed Ligands

Reactions between nucleophiles and either halo-containing
or cationic cyclobutadienemetal complexes have been shown
in many instances to afford cyclobutenylmetal complexes.
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Criegee and his co-workers had investigated the reaction be-
tween 1 and sodium cyclopentadienide°7-19¢ (see Scheme
XXX1). The product of this reaction [53-(4-exo-cyclopenta-
diene-1,2,3,4-tetramethylcyclobutenyl)](n5-cyclopentadienyl)-

nickel (199), whose structure was determined by an x-ray crystal
analysis, %9 consisted according to its PMR spectrum of isomers
which differ from each other by the arrangement of the double
bonds in the cyclopentadiene moiety of the complex.2°° Similar
products (200) were also obtained from the reactions of the
cationic nickel and palladium complexes 130 (M = Ni, Pd) with
nucleophiles such as RO~ (R = H, Me, Et).'®" The nucleophilic
addition of ROH to 111 to afford the cyclobutenylpalladium halide
complex 112 has already been cited earlier (section 11.B.3), and
an analogous reaction between the cyclobutadieneplatinum
chloride complex 91 and ROH in the presence of sodium acetate
was reported to afford the exo-alkoxy-n°-cyclobutenylplatinum
chloride dimer 201.''! In all of the above-mentioned reactions,
the nucleophilic addition to the cyclobutadiene ligand occurs in
an exo rather than endo fashion. The foregoings suggest against
metal-assisted addition processes and in favor of a direct attack
by the nucleophile at the least sterically hindered site of the
cyclobutadiene ligand. The reactions of 111 (X = CI) with methyl
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and ethyl malonate as well as acetylacetonate were reported
to result in C—C bond formation and ring opening;2° the struc-
tural assignments of complexes prepared in this study are highly
doubtful and the reformulation of the products as 202 is perhaps
warranted. It should be pointed out that the alkoxycyclobuten-
ylmetal derivatives, cited above, are in general susceptible
toward strong acids (HX) which effect their reconversion to cy-
clobutadienemetal halide complexes.

The substitution of coordinated carbonyl by phosphines and
related Lewis bases of group 5A elements is a rather common
reaction. By contrast, nucleophilic addition of such bases to
acyclic or cyclic w-ligand is an extremely rare reaction of which
only few isolated examples are known.292:203 The parent cy-
clobutadieneiron dicarbonyl nitrosyl cationic complex 181 un-
derwent a facile reaction at ambient temperature with tertiary
phosphines (R.R'P), such as PhzP, Ph,PMe, MesPPh, MesP, EtsP,
n-PrsP, and n-BusP, to afford the respective (exo-phospho-
nium-n3-cyclobutenyl)dicarbonyInitrosyliron hexafluorophos-
phate complexes 203204 in high yields (Scheme XXXIII). The
structure of the trimethylphosphonium derivative 203 (R = R’
= Me) was determined by single-crystal x-ray diffraction anal-
ysis.204 Under irradiation, the regeneration of 181 from 203 (R
= R’ = Ph) was achieved, whereas the conversion of the latter
to the coordinated phosphine derivative 184 (L = Ph3P) took
place under thermal conditions (temperature = 56 °C). Attempts
to affect similar nucieophilic addition reactions with the fully
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substituted cyclobutadieneiron complexes 182 and 183, or with
nucleophiles other than phosphines such as PhzAs and Ph3Sb,
were totally unsuccessful. Interestingly, the reaction of 181 with
EtsN at 0 °C gave an unstable yellow complex 8 whose infrared
spectrum in the carbonyl and hexafluorophosphate regions was
nearly identical with those of the 203 derivatives. In view of the
spectral data analogy, the product from this reaction has ten-
tatively been assigned the structure of (exo-triethylammonium
n3-cyclobutenyl)dicarbony!nitrosyliron hexafluorophosphate;
however, further investigation of this complex was made diffi-
cult'88 since it underwent rapid release of EtsN to regenerate
181.

Reactions similar to those described above for 181 were also
studied with the cationic benzocyclobutadieneiron complex
196.792 This complex has been observed to undergo vigorous
exothermic decomposition in the presence of certain coordi-
nating organic solvent such as acetonitrile and acetone. How-
ever, the reaction of 196 with RzM (M = P, As; R = Me, Ph),
carried out in CH,Cl, at ambient temperature, resulted in the
formation of 204 by a simultaneous nucleophilic addition—sub-
stitution process. 92 This novel reaction was presumed to pro-
ceed via intermediates of types 205 and 206 with half-life shorter
than ~2 s. Noteworthy in particular is the nucleophilic addition
of PhAs to 196, since it is the first reported example of an arsine
addition to a 7 ligand. Comparison between the nucleophilic
addition reactions with 181 and 196 has suggested that the
carbon atoms of the coordinated cyclobutadiene ligand in the
latter complex exhibit a somewhat higher electrophilic char-
acter.192

Some unusual photochemical additions of unsaturated organic
molecules bearing electron-withdrawing substituents to the
cyclobutadiene ligand in 3 and 7 have been reported by Green
and his co-workers.182.183.205 Tetrafluoroethylene and hexa-
fluoropropene reacted on irradiation with 3 and 7 to afford the
cyclobutenyliron derivatives 207 where R = H, CH; and R’ = F,
CF; (Scheme XXXIV). A similar photoreaction between
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F,C=CFCF==CF, and either 3 or 7 gave products whose
structures were assigned as 208 (R = H, CH;3), based on their
spectroscopic properties. It might be of interest to note that the
formation of 208 was explained in terms of an initial 1,2-insertion
to give intermediate 209, followed by a fluoride anion catalyzed
1,3-fluorine shift [Sn2]298:297 by which the latter was presumed
to convert to 208. A related photochemical reaction between
7 and hexafluoro-2-butyne gave the 1,2-insertion product
210.182.183 |rradiation of 7 with trifluoroethylene afforded the
expected product 207 (R = Me, R’ = H) by a stereospecific
1,2-insertion, as well as a second product 2112%% whose for-
mation can be envisaged to involve an unusual insertion of
1,1,1-trifluoroethylidene. Specially interesting is the thermal
conversion of 211 to the cyclopentadienyliron derivative 212,208
a process involving four- to five-membered ring enlargement
which was presumed to proceed via the hydrido intermediate
213. The thermal carbonylation of 211 resulted in carbonyl in-
sertion into the four-membered ring to afford 214.295 |t was
demonstrated that on heating, 214 was neither decarbonylated
nor transformed into 212.

Transformation of coordinated cyclobutadiene into trihapto-
cyclobutenyl has also been encountered in the reactions of the
coordinated hexafluoroacetone complex 179 with various
phosphines and phosphites. 183 Treatment of 179 with trimethyl
phosphite, triethyl phosphite, and dimethylphenylphosphine gave
the respective disubstituted complexes 215 (L = (MeO)sP), 215
(L = (EtO)3P), and the isomeric mixture consisting of 215 (L =
Me,PhP) and 216 (L = Me,PhP) (Scheme XXXV). By contrast,
triethylphosphine reacted with 179 to afford a monosubstituted
complex whose structure was assigned as either 217 or 218.
Evidently, addition of Lewis bases to 179 activates the coordi-
nated hexafluoroacetone ligand and induces an intramolecular
insertion into the four-membered ring, a process involving car-
bon-carbon bond formation.

Novel intramolecular cycloadditions of cyclic trienes to the
coordinated cyclobutadiene in 3 have been reported by Pettit
and his co-workers. Irradiation of 3 with cycloheptatriene, ox-
epin, and the ethylene ketal of tropone gave the iron dicarbonyl
complexes 219, 220, and 221, respectively 81 (Scheme XXXVI).
Mechanistically, it has been suggested that these reactions
proceed via an initial photolytic substitution of a carbonyl by an
olefin to give cyclobutadieneiron dicarbonyl olefin intermediates
(ca. 222 in the instance of cycloheptatriene), which then undergo
an intramolecular cycloaddition process to afford the final
products. An exception to this mode of reaction has been en-
counter in the photolysis of 3 with N-carboethoxyazepin by which
the carbonyl-free cyciobutadieneiron complex 178 was reported
to be formed (section lIl.A).181 A different mode of addition has
been encountered during the irradiation of 3 with dimethyl ma-
leate in pentane solution. The major product from this reaction
was shown to consist of 223,298 whose structure has been
confirmed by x-ray analysis. The production of 223, by an ap-
parent double insertion process, was presumed to be initiated
from an electronically and coordinatively unsaturated dihapto-
cyclobutadieneiron tricarbony! intermediate.3® By contrast, the
monocarbonyl substitution product 17780 has been found to be
the major product when a similar photoreaction between 3, and
dimethyl maleate was conducted in ether, instead of pentane,
as solvent.3®

Several noteworthy cyclobutadiene ring expansion processes
have also been reported by Pettit and his co-workers.3? Acylation
of 3 with benzoyl chioride in the presence of aluminum chloride
gave in addition to the expected product, benzoylcyclobutadi-
eneiron tricarbonyl, a red crystalline material whose structure
according to an x-ray analysis was shown to consist of benz-
oyloxycyclopentadienyliron dicarbonyl chioride (224).209
Mechanistically, the four-membered ring expansion encountered
in this reaction was rationalized®® in terms of an initial attack by
the electrophile on a coordinated carbonyl group, foliowed by
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the rearrangement of the attacked species into a carbyne in-
termediate (225) which then undergoes an intramolecular in-
sertion to effect four- to five-membered ring expansion. Similar
ring expansion processes were also encountered in the Fri-
edel-Crafts acetylation of cyclobutadienemolybdenum tetra-
carbonyl (12) as well as in the reaction of 7 with CF;COOH by
which the respective cyclopentadienylmetal derivatives 226210
and 22721 are being formed (Scheme XXXVIl). At this stage,
it should be appropriate to indicate that in the instance of 3
electrophilic substitution reactions are greatly favored over ring
expansion processes, whereas the molybdenum complex 12
shows a greater propensity for the insertion process and lack
of reactivity toward electrophilic substitutions. Evidently, the
contrasting reactivity modes of these complexes are not due to
any apparent fundamental changes in the nature of their cycio-
butadiene ligands. In terms of bonding, the carbon atoms of the
four-membered ring in the molybdenum tetracarbonyl complex
12 should be somewhat more electrophilic than those of the iron
tricarbonyl complex 3, since a weaker metal-to-cyclobutadiene,
dm — pw, back-bonding interaction would be expected in the
former system. This assessment is consistent with the experi-
mentally observed highly susceptibility of the cyclobutadiene
ligand in 3 toward electrophilic substitutions as compared with
that in 12.

The interrelationship between coordinated cyclobutadienes
and metallocycles has already been discussed in some length
elsewhere in this review (section 11.B.2). Recently, the resuits
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of two independent investigations on the thermal and photo-
reactions between benzocyclobutadieneiron tricarbonyl (9) and
iron carbonyls have been reported.’22:122 |n both instances, the
insertion of an iron carbonyl moiety into the coordinated cyclo-
butadiene has been shown to take place to afford a variety of
ferrole derivatives. Noteworthy in particular is the photoreaction
of 9 with Fe(CO)s from which five different complexes (228, 229,
230, 231, and 232)'2% have been isolated and characterized
(Scheme XXXVIiI), and this in addition to another two unidentified
complexes which were obtained in trace amounts only. The
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thermal reaction between 9 and Fe3(C0)4,, conducted in hy-
drocarbon solvents at 120 °C, gave an equimolar mixture of 228
and 229, each formed in 38 % yield.124

C. Organic Chemistry of Coordinated
Cyclobutadiene

Reactions to be discussed in this section are those which take
place on the coordinated cyclobutadiene without disrupting its
bonding with the metal atom. Most studies in this area have so
far been performed on the cyclobutadieneiron tricarbonyl sys-
tems. In general, the organic chemistry of the system under
consideration can conveniently be divided into two broad cate-
gories: electrophilic substitution reactions and chemical trans-
formations by which existing substitutents are being converted
into new functionalities. The combination of electrophilic sub-
stitution reactions and chemical transformations gave an ex-
tensive series of cyclobutadieneiron tricarbonyl derivatives. It
should be noted that many of the chemical transformations,
performed on the system under consideration by utilizing stan-
dard reagents and techniques commonly used in organic syn-
thesis, might appear on the outset to be of little or no particular
interest. In fact, the reader should bear in mind that simply
substituted ‘‘free’’ cyclobutadienes are extremely labile mole-
cules; nevertheless, such molecules can presently be generated
in situ, rather readily by the oxidation of their iron tricarbonyl
complexes. The generation of “‘free’’ cyclobutadienes and their
use as reagents in organic synthesis represents a novel synthetic
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approach in organic chemistry. In this context, cyclobutadi-
eneiron tricarbonyl derivatives can be regarded as valuable re-
agents. The utilization of such derivatives as reagents in organic
synthesis will be examined in further detail eisewhere in this
review (section IV).

The discussion on the organic chemistry of coordinated cy-
clobutadiene will conveniently be divided into three parts ac-
cording to the type of complexes: (1) monosubstituted cyclo-
butadieneiron tricarbonyl derivatives, (2) di- and polysubstituted
cyclobutadieneiron tricarbonyl derivatives, and (3) cyclobuta-
diene complexes of metals other than iron.

1. Monosubstituted Cyclobutadieneiron Tricarbony!
Derivatives

In 1965, Pettit and his co-workers were the first to demon-
strate3 that the parent cyclobutadiene ligand in 3 readily
undergoes a variety of electrophilic substitution reactions similar
to those of ferrocene?'2 and related metallocenes. The elec-
trophilic substitutions performed on 3 which were reported in
the original paper3® included Friedel-Crafts acetylation (to afford
233), Vilsmeier formylation (to afford 234), chloromethylation
(to afford 235), aminomethylation (to afford 236), acetoxy mer-
curation (to afford 237), and deuteration (to afford 238) (Scheme
XXXIX). Other noteworthy substitution reactions of 3 included
sulfonation with H,SO4 to give the sulfonic acid derivative
239,213 3 Hoesch-type addition of trichloroacetonitrile in the
presence of aluminum chloride to afford the trichloroacetyl
derivative 240,2'* and methylthioformylation using methyl-
chlorothioformate and AICI; to afford 241,271

The significance of the above reactions stems from the
characterization of coordinated cyclobutadiene as a typical ar-
omatic system. Mechanistically, the electrophilic substitution
of 3 was rationalized in terms of an electrophilic addition of E*
to give a cationic n2-cyclobutenyliron tricarbonyl (242) inter-
mediate, followed by proton abstraction to afford the final product
243. Although intermediates of type 242 have not yet been
isolated, a closely related complex, n®-allyliron tricarbonyl cation,
was synthesized and characterized.215216 The existence of such
a complex appears to support the plausibility of 242 as an in-
termediate in the electrophilic substitution of 3.
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Fairly extensive chemical transformations have been per-
formed on the monosubstituted cyclobutadieneiron tricarbonyl
system. Reduction of the aldehyde 234 with NaBH,4 gave the
primary alcohol 244, which on treatment with HC| was converted
to 235 (X = CI)? (Scheme XL). Oxidation of 234 with silver oxide
was reported to afford a low yield of the carboxylic acid 245. A
more convenient synthetic route to the carboxylic acid 245 in-
volves the alkaline hydrolysis of either 45,75 240,274 or 241.2""
Other noteworthy reactions of the aldehyde 234 are those with
methyimagnesium bromide and phosphoranes. The former re-
action gave the secondary alcohol 246,35 whereas the latter
reaction (Wittig reaction) gave the vinylcyclobutadieneiron de-
rivatives 247:2'7 R, = R, = H; Ry = H, R, = Ph (cis isomer); R,
= Ph, R, = H (trans isomer); Ry =R, =Me; Ry = R; = Et, Ry =
H, R; = Me (cis isomer); R; = Me, R, = H (trans isomer); and R4
= COOEt, R, = H. The stereospecific formation of the trans-
styrylcyclobutadieneiron complex 247 (R; = Ph, R; = H) has
been reported by the Pd(OAc),-catalyzed reaction between
styrene and 3,218.2'% and the parent vinylcyclobutadieneiron
complex 247 (R, = R, = H) was also synthesized by the dehy-
dration of 246.220 A general route to aminocyclobutadieneiron
tricarbonyl derivatives (248) involves the treatment of the sulfonyl
chloride 247 (prepared by the reaction of 239 with PClg) with
amines.22? This synthetic procedure permitted the obtainment
of 248 with R, = R, = H; Ry = H, R; = PhCHy; Ry = H, Ry =
n-Bu; Ry =H,Ry =ally; Ry =R, =Me; Ry =R, =Et; R1Rx =
N-piperidino and R;R, = N-morpholino. The synthesis of the
parent aminocyclobutadieneiron complex 248 (Ry = R, = H) by
route from the acid chloride 249 and via the Curtius rearrange-
ment of the azide 250 has also been reported.®® The acety! de-
rivative 233 reacted with methylmagnesium bromide to afford

the tertiary alcohol 251.220 |ncidentally, simple monosubstituted
alkyl derivatives of coordinated cyciobutadiene cannot be ob-
tained by the direct alkylation of the parent system; nevertheless,
many such derivatives are accessible by chemical transfor-
mations. For example, the monoalky! derivatives 52 (R = CHg)
and 52 (R = Et) were obtained by the LiAlH4 reduction of 235 (X
= Cl) and 247 (R, = R, = H), respectively. The monoethyl de-
rivative of 52 was also reported to be formed by the reaction of
the acetyl 233 with diborane.?2? A somewhat similar reaction
between the parent vinyl 247 (R, = R, = H) and diborane, fol-
lowed by alkaline hydrolysis in the presence of H,0, yielded the
primary alcohol 252.223 The monoalkyl derivatives 52 (R = i-Pr)
and 52 (R = t-Bu) were prepared by the treatment of 251 with
HC! followed by further reaction with LiAlH, or MezAl, respec-
tively.220

Numerous additional noteworthy transformations of mono-
substituted derivatives have also been reported. Cleavage of the
methoxymethyl derivative 53 with HBr gave a quantitative yield
of the bromide 235 (X = Br), which on further reaction with
CH3C==C(CH,),0K (n = 1 and 2) was converted to the alkyne
ether derivatives 253 (n = 1, 2)’? (Scheme XL!). Attempts to
prepare the monolithium salt of coordinated cyclobutadiene by
the reaction of 3 with either methyl- or butyllithium resulted in
the formation of the acetyl and valeryl derivatives 233 and 254,
respectively.?24 The formation of these unusual products could
perhaps be explained by an initial nucleophilic attack on the
coordinated carbonyl to give an acy!-type intermediate which
then undergoes an intermolecular acyl transfer process to afford
the observed products. The monolithium salt 255 was produced
by the reaction of either the chloromercury derivative 237 or the
monoiodo derivative 256 with MeLi or PhLi at —78 °C. The
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monoiodo derivative 256, obtained by the treatment of 237 with
Kl3,225 was shown to undergo facile nucleophilic substitutions
with NaOMe, NaOPh, NaSEt, NaSPh, and KCN to afford the re-
spective derivatives 257,228 At a temperature higher than —78
°C, the reaction of 237 with MeLi resulted in the formation of the
methylmercury derivative 258, rather than 255. Reactions of 2565
with the halo derivatives Ph;CCl and Me3SiCl gave the expected
products 259 and 260, respectively. Another reaction between
255 and butyl borate gave, after hydrolysis, the boronic acid
derivative 261.

So far, the discussion has been centered on the chemistry of
monosubstituted mononuciear cyclobutadieneiron tricarbonyl
derivatives. Certain such derivatives can react further to afford
some interesting monosubstituted binuclear complexes. For
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instance, treatment of the boronic acid derivative 261 with
Cu(OAc), yielded the coupling product 34. The acetyl derivative
233 has been reported??? to undergo a bimolecular reduction
to the glycol 262 (Scheme XLII). A pinacol-type rearrangement
of the latter via the preferential migration of the C4HsFe(CO)3
moiety gave 263. Dehydration of 262 also afforded 264. Under
alkaline conditions, the acetyl derivative 233 was reported to
undergo an aldol-type condensation followed by dehydration to
afford the binuclear complex 265.

In recent years, some attention has been given to the study
of a-carbonium stabilized cyclobutadieneiron tricarbonyl sys-
tems. Hexachloroantimonate and hexafluorophosphate salts of
the parent a-carbonium cyclobutadieneiron tricarbonyl 266 were
obtained by the treatment of 235 (X = Cl) with SbCls and
AgtPFg~, respectively (Scheme XLIll). These salts readily de-
compose in presence of air, although it should be pointed out
that stable solutions of the parent a-carbonium and some of its
simple derivatives were obtained upon the dissolution of the
previously mentioned alcohols 244, 246, and 251 in sulfuric
acid.??” A manifestation of the high stability of the a-carbonium
ion in this system is the extremely rapid rate of hydrolysis of the
chioromethyl derivative 235 (X = Ci) which is approximately 108
times faster than that of benzyl chloride.?28 Additional support
to the same comes from the rapid cycloaddition of tetracyano-
ethylene to the parent vinylcyclobutadieneiron complex 247 (R4
= R, = H) in polar solvents at ambient temperature. The cy-
cloaddition product of this reaction, 267,220 was presumed to
be formed via a dipolar mechanism involving intermediate 268.
Particularly interesting a-carbonium derivatives have been re-
ported with the biscyclobutadieneiron tricarbonyl system.228 The
binuclear «-carbonium derivatives 269 were synthesized by the
Friedel-Crafts acylation of 3 with 249 as well as by the reaction
of the lithium derivative 255 with the ketones 233 and 270 (see
Scheme XLIIl). The a-carbonium ions of the binuclear derivatives
269 (R = H, Me, and Ph) appeared to be highly stabilized, and
their prolonged exposure to air did not result in any noticeable
decomposition. Noteworthy are some of the structural features
of the a-carbonium derivative 269 (R = Ph).228 |n this complex
the cyclobutadiene rings were found close to being coplanar with
the plane formed by the three carbon-carbon bonds associated
with the exocyclic carbon atom, whereas the phenyl ring was
observed to be twisted (~43°) from this plane. The iron-carbon
(cyclobutadiene) bonds in this complex were found to be nearly
equidistant and similar to those reported for C4H,Fe(C0),.22°
Based on the crystallographic data, it has been concluded that
the stabilization of the a-carbonium ion in the system under
consideration originates from a pr—-p7 transmission of electron
density from the coordinated cyclobutadiene rings into the
electron-deficient exocyclic carbon atom. An alternative
mechanism of stabilization involving an ancillary iron-exocyclic
carbon interaction, of the type invoked in the case of the a-
carbonium derivatives of ferrocene,?3¢ has been ruled out en-
tirely in the current instance for lack of sufficient structural ev-
idence. It should perhaps be pertinent to speculate that the
stabilizing effect exerted by the C4H;Fe(CQO)3 moiety might, in
part, be due to a strong iron—cyclobutadiene back-bonding in-
teraction by which enhancement of the electron density on the
coordinated cyclobutadiene is expected to be achieved. The
rather high electrophilic susceptibility of the ring carbon atoms
in 3 appears to be consistent with the above expressed view.

2. Di- and Polysubstituted Cyclobutadieneiron
Tricarbony! Derivatives.

in recent years, a considerable effort has been made at in-
vestigating the syntheses and chemical properties of di- and
polysubstituted cyclobutadienemetal complexes. The syntheses
of some complexes which fall into this category have already
been explored elsewhere in this review (section il). In the current
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section, to be discussed are chemical transformations by which
di- and polysubstituted cyclobutadieneiron tricarbonyl derivatives
are being formed.

Friede!-Crafts acetylation (CH3COCI-AICI3) of monoalkyl-
cyclobutadieneiron tricarbonyl derivatives (ca. 52, R = Me, Et,222
iPr, t-Bu, etc.) invariably led to the formation of the 1,2- and
1,3-disubstituted derivatives 271 and 272, respectively (Scheme
XLIV). Accounting for statistical factors, the 1,3-disubstituted
derivatives 272 are formed in a ratio of fourfold excess, or better,
compared with 271, These results reveal that weakly electron-
releasing substituents exert a pronounced activation of the 3
position, as compared to the statistically favored 2 position,
toward electrophilic substitutions. Sulfonation of 52 (R = Et) with

H;S04 at 0 °C gave the expected mixture of 273 and 274;
however, under slightly different conditions at 25 °C, only the
trisubstituted derivative, either 275a or 275b, was reported to
be formed. In view of the substitution trend outlined above, it
might be suggested that 275a is perhaps a more plausible
product. Treatment of 3 with CF3COOD led to the rapid formation
of a mixture consisting of the mono- and polydeuterated deriv-
atives,3% whereas successive treatment of the parent system
with CF;COO0D gave perdeuteriocyclobutadieneiron tricarbonyl.
Deuteration of methoxycyclobutadieneiron tricarbonyl (257, X
= OMe) by its dissolution in CF3COOD or D,SO, afforded the
3-deuterated product 276, exclusively. Accordingly, the methoxy
group, a moderately strong electron-releasing substituent,
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produced an extraordinarily strong activation of the 3 position
as compared to the 2 position. A plausible explanation of this
directing effect in terms of the intermediate 277 being ener-
getically favored over 278, was proposed by Pettit.3®

The formation of the monochloromercury derivative by the
acetoxymercuration of 3 has already been cited3® earlier. This
interesting reaction also afforded a mixture of all the possible
acetoxymercury derivatives.?25 For Instance, treatment of
equimolar quantities of Hg(OAc), and 3 in acetic acid for 30 min
at ambient temperature gave an equilibrium mixture consisting
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of 279-283 . The reversibility of the mercuration process in this
system was demonstrated by the formation of all possible de-

HgOAc
@ Hg(OAc),/AcOH @
3 279
HgOAc HgOAc
- @ ' (D
HgOAc AcOHg
280 281
HgOAc AcOHg HgOAc
' (D ‘ Q)
AcOHg HgOAc  AcOHg HgOAc
282 283

rivatives from either the pure monoacetoxymercury 279 or the
peracetoxymercury 283 on standing in acetic acid for about 30
min. The conversion of the monoacetoxymercury 279 to the
chioromercury derivative 237 and iodo derivative 256 on treat-
ment with NaCl and Klg, respectively, has already been cited
earlier. Similar procedures gave the respective di-, tri-, and te-
trasubstituted chloromercury and iodo derivatives from the
acetoxymercury complexes 280-283. Adjustment of the initial
molar ratio of 3 and Hg(OAc), during the acetoxymercuration
afforded a convenient route to the mono- and tetrasubstituted
derivatives.

The most extensive chemical transformations performed on
the disubstituted cyclobutadieneiron tricarbonyl system were
those reported by Roberts and his co-workers”%77 on 38, Sa-
ponification of 38 gave the 1,2-dicarboxylic acid 284, which then,
on treatment with SOCI, was converted into the bis(acid chloride)
form 285 (Scheme XLV). Reactions of 285 with benzene (in the
presence of AlClz), PhCH,OH, NH3, CH,N,, and NaBH, afforded
the disubstituted derivatives 286, 287, 288, 289 (X = Cl), and
290, respectively. Dehydration of the diamide 288 with P4O1q
gave the 1,2-dinitrile derivative 291. Conversion of the bis-
(chloromethy! ketone) 289 (X = Cl) to the iodo form 289 (X =
1) was achieved on treatment with Nal, whereas the reductive
cleavage of the former, using Nal-AcOH and then Na;S,03, gave
the bis(methy! ketone) derivative 292. A more convenient syn-
thetic route to 292 was shown to involve the treating of the
bis(diazo ketone) intermediate, resulting from the reaction of 285
and diazomethane, with hydriodic acid. The diol 290, also ob-
tained by one-step reduction of 38 with di(isobutyhaluminum
hydride, was converted to the known 1,2-dimethy} derivative 2354
via the reduction of the bis(chloromethyl) derivative 293 with
LiAIH,4. Incidentally, a more direct synthesis of 23 involved the
reduction of the diacid 284 with diborane in the presence of BF3.
In another sequence, the diester 38 was converted to (1,2-di-
tert-butyl)cyclobutadieneiron tricarbonyi by the steps: (a) MeLi
then NH4CI, (b) HCI, and (c) MezAl-MeCl (—50 °C). Attempts to
prepare a bis(phosphorane) derivative by the reaction of the
bis(chloromethyl) 293 with two equivalents of PhsP were totaily
unsuccessful. Since the ultimate objective of this particular study
was the synthesis of polyenic cyciobutadienoid systems, an
alternative approach involving the Wittig olefination of the di-
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aldehyde 294, synthesized in 60-65% yield by the oxidation of
the diol 290 with Collin’'s reagent (CrO3-2Py), was tried and
shown to be successful. This procedure gave the diviny! deriv-
atives 295 (R{ =R, = Rs =Ry =H;R; = R, =Rz =Ry = Ph;
R4 =R,4 =Ph,R; =Rz =H;R; =Rs; =Ph,R; =R, =H;and R,
= R4 = H, R, = R3 = Ph) from 294 and the appropriate tri-
phenylphosphorane. The above cited 1,2-distyryl derivatives
were obtained as a mixture having nearly the expected statistical
distribution (3:5:2) from the reaction of 294 with benzylidene-
triphenyiphosphorane.

The chemical transformations described above are those in
which both substituents simultaneously undergo the same re-
action. Several chemical transformations involving the reaction
of only one of the two substituents have also been reported.
Roberts and his co-workers’” ! have reported the transformation
of the diester 38 to the [1-nitrile-2-(N,N-dimethyl)amino]cy-
clobutadieneiron derivative 305 by a ten-step sequence involving
the derivatives 296-304 (Scheme XLVI). The first step in the
sequence involved the partial saponification of 38 to 296,
whereas the remaining steps were accomplished by use of
common synthetic organic procedures. Another chemical
transformation involving the sequence 296 — 297 — 306 —
307 — 308 — 309 has been reported by Schmidt.23'- This se-
quence is noteworthy in particular since it was utilized to gen-
erate chiral cyclobutadieneiron tricarbonyl complexes. The
above sequence afforded the racemic mixture of 309. Resolution
of the racemic acid by quinine gave the optically active acid
(—)-308. Esterification of (—)-308 with diazomethane afforded
{—)-307 whose optical activity (>99%) was determined by a

PMR technique. Reduction of (—)-308 with B,Hs~BF3; gave
(—)-309. The issue of chirality of nonidentical 1,2-disubstituted
cyclobutadieneiron tricarbony! derivatives has also been ex-
amined by Grubbs and Grey.®° Diastereomeric esters 310 were
obtained by the treatment of the bromide derivative 311, pre-
pared from the reaction between 54 and HBr, with sodium
(+trifluoromethylmethoxyphenylacetate (Scheme XLVII), and
characterized from the PMR spectrum. In another sequence, the
racemic amine 312, prepared from 311 and excess Me,NH, was
partially resolved by using (+)-camphor-10-sulfonic acid followed
by fractional crystallization. After two fractional crystallizations,
the sait was decomposed and the resulting amine 312 was
converted into 54 via 313. The diasterecisomeric esters 310,
prepared from the partially resolved 54, were shown by the in-
tegration of their PMR spectra to have optical purities of 30-
40% . Interestingly, the resolved complex showed less than 5%
racemization on being heated at 120 °C for 48 h, whereas a
related complex (+)-(methyl 5-formylpenta-2,4-dienoate)iron
tricarbony! was shown to racemize with t,,, = 46.5 h at 119.4
°C.232 The slow racemization rate of the cyclobutadieneiron
complex was attributed to the unfavored decomplexation of the
coordinated cyclobutadiene by which such a process was pre-
sumed to take place.

In concluding the discussion on disubstituted cyclobutadi-
eneiron tricarbonyl derivatives, it should be of interest to com-
ment concerning the scope and limitations of ring-forming re-
actions in the system under consideration which have been re-
ported by Roberts and Wissner.233.234 Attempts to affect an in-
tramolecular aldol cyclization of the diketone 292, in the pres-
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ence of acidic or basic catalysts, with the purpose of synthe-
sizing 314 were evidently unsuccessful. However, in the pres-
ence of BF3-Et,0 or Et;01BF,~ the diketone underwent a bi-
molecular condensation to afford a mixture of two isomers with
the gross structure 315233 (Scheme XLVIII). Treatment of the
diketone 292 with ethyl orthoformate in 85% H,S0, gave the
tropone derivative 316, which on further hydrolysis was con-
verted into 317. The presumed diethoxytropylium derivative 318
was obtained by the treatment of 316 with Et;O1BF,~; it should
however be pointed out that certain alternative structures for the
product of this reaction are also plausible. In another procedure,
the bis(acid chloride) 285 on reaction with naphthalene or ace-
naphthene, under Friedel-Crafts conditions (CS,~AICl3), gave
the fused-ring derivatives 319 and 320, respectively23® (Scheme
XLIX). Reductions of 319 to the diol 321 and 321" were achieved
by using diborane. A similar procedure was utilized in reducing
286 to the diol [1,2-(PhCHOH);H,C4]Fe(CO)3.234

3. Cyclobutadiene Complexes of Metals Other Than
Iron

Relatively little has been reported on the organic chemistry
of coordinated cyclobutadiene in complexes other than those
of iron. The sandwich complex (n*-cyclobutadiene)(n5-cyclo-
pentadienyl)cobalt (46), prepared originally5° by the reaction of
the iodide 17 with cyclopentadiene in the presence of Et;N, was
shown to undergo Friedel-Craits acetylation®%.7 and acetoxy-
mercuration? at the four-membered ring to afford 322 and 323,
respectively (Scheme L). Acetoxymercuration of 46 conducted
in CH3;COOD followed by decomposition in D,O gave a mixture
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of the mono-, di-, tri-, and tetradeuteriocyclobutadienecobait
derivatives. Metalation of 46 with n-BuLi, followed by carboxy-
lation and esterification using diazomethane, gave the monoester
324 (R = Me; 30% vield) and diester 325 (R = Me; 18 % yield).”®
The above reaction did not afford the monoester 47, although
this complex was prepared by a different route (section H.A.3).7¢
Noteworthy is the comparison between the K,' (=K, X 107)
values of benzoic acid (6.5), 324, R = H (2.8), 47, R = COOH
(1.9), and ferrocene monocarboxylic acid (1.6). The similar K,
values of the ferrocene monocarboxylic acid and 47 (R = COOH)
indicate that the m-electron densities of the coordinated
CsH4-COOH rings in these complexes differ by only little, and
are higher than that of the coordinated C4H3;-COOH ring in 324
(R = H). Furthermore, the higher acidity of the benzoic acid
suggests that in the carboxylic acids of the complexes the
w-electron densities of the coordinated ligands are higher than
that of the benzene ring. Comparison between 324 (R = H) and
47 (R = COOH) suggests that n*-C4H,4 is a better electron-
withdrawing ligand than is 5-CgHg. This interpretation is evi-
dently consistent with the experimentally determined greater
susceptibility of the former ligand toward electrophilic substi-
tution. In a similar system to that discussed above, the sandwich
rhodium complex 48 was shown to undergo Friedel-Crafts
acetylation with acetic anhydride, in the presence of stannic
chloride, to afford the monoacetyl cyclobutadienerhodium
complex 326.77 By contrast, cyclobutadienemolybdenum te-
tracarbonyl (12) reacted with CH3;COCI in the presence of AlCl;
to afford the ring expansion product 228,20 rather than an
electrophilic substitution product.
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IV. Displacement of Coordinated Cyclobutadiene
from Its Complexes

Extensive investigations on the thermal and/or chemical
decompositions of cyclobutadienemetal complexes have been
reported. The acyclic and/or cyclic organic products formed by
the various degradation processes were initially studied in order
to gain structural information concerning the complexes them-
selves. The generation of free cyclobutadiene by its oxidative
displacement from 3, first reported by Pettit®® and his co-
workers, has triggered extensive research work to do with the
utilization of cyclobutadienemetal complexes in organic syn-
thesis. Moreover, this dramatic discovery has had important
ramifications on certain theoretical aspects connected with the
“‘cyclobutadiene problem''. Accordingly, the discussion in this
section will conveniently be divided into two parts depending on
whether or not the integrity of the cyclobutadiene ligand is re-
tained upon displacement.

A. Displacement Involving the Destruction of the
Cyclobutadiene Ligand

Studies falling into this category are in general of miid interest,
and, therefore, they will be mentioned briefly. The thermal de-
compositions of [Me4C4NiCl,], (1) and Me 4C4NiCl,-phen-2H,0
were reported by Criegee*? and his co-workers,27:235 and similar
studies were also performed on [PhyC4NiBry], (124, X =
Br)147:236-238 and [Ph,C4PdCI5], (111, X = CI).132/134,239,240 Tphe
organic products obtained from the pyrolyses of the complexes
were characterized by chemical and/or spectrometric methods.
In most instances, the composition of the pyrolyzates depended
rather markedly on the conditions under which the pyrolyses
were carried out.

Chemical degradations of cyclobutadienemetal complexes
were examined by various investigators. The water-soluble
nickel complex 1 on heating to 100 °C decomposed to the
permethylated anti-tricyclooctadiene isomer,2” whereas the di-
and trimethylcyclobutadienenicke! chloride complexes 24 (R,
= R, = H; Ry = H, R, = Me) were shown to rapidly decompose
in water already at ambient temperature.?4? Degradations with
reducing agents [in brackets] of the cyclobutadienemetal
complexes have been reported: [Me,C4NiCl,], (1) [Zn-HCI],42
[Ph,C4NiBry], (124, X = Br) [LiAIH,,238242 catalytic hydroge-
nation'34147] [Ph,C4PdCly], (111, X = ClI) [NaBH,, 129133
LiAIH,133.134] . Ph,C,Fe(CO)3 (2) [LiAlH4, 28242 Na—NH,, (lig-
uid)?®], and Ph,C,CoCsHs (63) |Na-NHs; (lig-
uid)®°]. Reactions of cyclobutadienemetal derivatives with ox-
idizing agents [in brackets] were reported with the following
complexes: [Me,C4NiCl,] (1) [NaNO,-H,027], [Ph,C4NiBr,],
(124, X = Br) [NaNOQ—H20147], and {Ph4C4PdC|2]2 (111, X =
Cl) [HNO3'28:133], The oxidation of the parent iron complex 3
and related derivatives with Fe(lll) and Ce(IV) will be discussed
in the following section (IV.B). Halogenation of cyclobutadi-
enemetal complexes leads, in most instances, to extensive
decomposition. Treatment of the nickel complex 124 (X = Br)
with bromine has been reported?43.244 1o result in extensive
decomposition, whereas this complex on reaction with pyHBr;
gave a high yield of trans-3,4-dibromotetraphenylcyclobutene.
Bromination of the parent cyclobutadieneiron complex 3 af-
forded?4® a mixture of trans-cis-cis-trans, cis-trans-cis-trans,
and trans-trans-trans-trans isomers of tetrabromocyclobutene.
Bromination of certain tetraphenylcyclobutadienemolybdenum
complexes have also been reported.8”

Finally in this category are the reactions of the tetraphenyl-
cyclobutadienepalladium halides 111 with tertiary phosphines
and phosphites. The deep green paramagnetic solu-
tions 134.246.247 produced in these reactions were presumed to
consist of the chloro- or bromotetraphenylcyclobutenyl radi-
cals.?4® The green color of the above-mentioned solutions
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persists for a long time at ambient temperature; however, in
refluxing benzene rapid decoloration was observed to be fol-
lowed by the formation of octaphenylcyclooctatetraene.248

B. Generation of Free Cyclobutadiene and Its
Use in Organic Synthesis

By analogy with other diene-iron tricarbonyl complexes,
cyclobutadieneiron tricarbonyl (3) has been shown, by Pettit3®
and his co-workers, to undergo facile oxidative decomposition
when treated with Ce(lV) or Fe(lll). A considerable amount of
evidence, which is mostly circumstantial, has accumulated to
indicate that transient free cyclobutadiene is being generated
during the oxidative decomposition of 3. This issue will be dis-
cussed in further detail later on in this section. At this stage it
would perhaps be pertinent to examine the nature of products
obtained by the oxidative decomposition of the parent cyclo-
butadieneiron complex 3 in the presence of dienophiles as well
as other substrates. In the absence of a trapping agent the de-
composition of 3 with Ce(lV) yielded a mixture of syn- and anti-
tricyclooctadienes in a 5 (327): 1 (328) ratio.248 The oxidative
decompositions of 3 carried out in the presence of the dieno-
philes methyl propiolate,® phenylacetylene,?4® dicarbo-
methoxyacetylene, 8250251 dibenzoylacetylene,25' dimethyl
maleate,24® dimethyl fumarate,2*8 acrylophenone,252 p-ben-
zoquinone,?53.254 2 4.dibromobenzoquinone, 258 1,2-naphtho-
quinone,?5® cyclopentadiene,248 cyclopentadienone diethy!
ketal,?5¢ trans-7,8-diacetoxybicyclo[4.2.0]octa-2,4-diene, 257
and a mixture consisting of cis and trans isomers of 7,8-di-
chlorobicyclo[4.2.0] octadiene?5® were reported to afford the
Diels—-Alder adducts 329,° 330,24° 3316 (and/or 332250.251 de-
pending on the stoichiometry of the reactants), 333251 (and/or
334251 depending on the stoichiometry of the reactants), 335,248
336,248 337,252 338,253'254 339’253 340,255 341,248 342’256
343,257 and 344 (cis and trans mixture),258 respectively (see
Table 1I).

Similar reactions involving the oxidative decomposition of 3
in the presence of the azo derivatives 345,259 346,260 347, 261
and 348252 were reported to afford the products 349,259 350,260
351,281 and 352,262 respectively. The oxidative decomposition
of 3 with FeCl;—EtOH, or with Ce(lV) in the presence of LiCl using
acetone as a solvent, gave trans-3,4-dichlorocyclobutene (353,
X = Cl).7 The latter procedure using LiX (X = Br, ) was utilized
for the preparation?83 of 353 (X = Br, I). Compounds 353 (X =
Br, I, and ONO,), were also obtained?54 by the reaction of 3 with
bromine, iodine, and ceric(lV) ammonium nitrate, respectively.
The results described above, and others?8 of types related to
the parent complex 3, have been summarized in Table .

Besides the parent cyclobutadieneiron tricarbonyl (3), the
oxidative decomposition of other related derivatives was also
investigated. The oxidative decomposition of benzocyclobuta-
dieneiron tricarbony! (9) with either Ce(IV) or Fe(lli) in the ab-
sence of a trapping dienophile yielded mainly polymeric material”
which has not been fully characterized. In contrast, the polycyclic
organic compound 3547 was claimed to be formed by the oxi-
dative decomposition of 8 with AgNO3, whereas its oxidative
decomposition with Pb(OAc), gave 355.256 Noteworthy in par-
ticular is the simultaneous oxidative decomposition of 3 and 9
with Pb(OAc), by which the tetracyclic compound 356256 was
reported to be formed in 75% yield. In the presence of cyclo-
pentadiene and the tetrazines 347, the oxidative decomposition
of 9 led to the formation of 3572%¢ and 358,2% respectively.

The oxidative decompositions of several mono- and disub-
stituted cyclobutadieneiron tricarbonyl complexes were also
investigated. Phenylcyclobutadieneiron tricarbonyl (28) has been
shown to react with tetracyanoethylene in the presence of an
oxidizing agent (not specified) to produce predominantly, if not
exclusively, the adduct 359.25 Similar stereochemical resuilts
were also obtained by utilizing other monosubstituted methyl-,
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ethyl-, isopropyl-, and iodocyclobutadieneiron tricarbonyl de-
rivatives.2’ In the context of the monosubstituted derivatives,
noteworthy are the results obtained with the alkyne-ether de-
rivatives 253 (n = 1, 2).78 Direct oxidative decomposition of 253
(n = 2) with Ce(IV) gave a mixture of unspecified organic prod-
ucts. However, initial photolysis of 253 (n = 2) gave the dicar-
bonyl derivative 360 which was then decomposed with Ce(lV)
to 361 presumably via the intermediate 362.7° The direct oxi-
dative decomposition of 253 (n = 1) with Ce(lV) afforded 3637°
via 364. In order to explain the difference in behavior between
253 (n = 2 and 3), the shorter methylene chain was suggested
to increase the rate of intramolecular addition and to decrease
the probability of intermolecular side reactions.

Some interesting results have been reported on the trapping
of a variety of disubstituted cyclobutadienes. The oxidative de-
composition of 1,2-diphenylcyclobutadieneiron tricarbonyl (8)
in the presence of benzoquinone or N-phenylmaleimide, both
moderately active dienophiles,?%7 yielded? 365 and 366, re-
spectively. Under similar conditions, the reaction of 8 with the
extremely active dienophiles tetracyanoethylene28? and dicy-
anomaleimide?®® produced two isomeric adducts in each in-
stance [(367 and 368) and (369 and 370), respectively].25 In both
instances, the ratio of the first to the second listed products was
found to be approximately 5:1.

Specially interesting studies have been reported on the oxi-
dative decomposition of optically active nonidentical 1,2-di-
substituted cyclobutadieneiron tricarbonyl complexes, such as
the methyl-methoxymethy! derivative 54 and the methyl-ethyl
derivative 309. The oxidative decomposition of the optically
active 54 with Ce(IV) carried out in the presence of dienophiles
sucn as tetracyanoethylene, benzoquinone, and N-phenyl-
maleimide produced,?®® in each instance, a mixture of four
isomers 371 (predominant isomer), 372, 373, and 374. More
importantly, the products obtained in these experiments were
shown to consist of racemic mixtures, indicating that the optical
activity of the starting iron complex is being lost during the
course of formation of the adducts. Similar results were also
encountered during the oxidative decomposition of the optically
active disubstituted derivative 309 with Ce(lV) in the presence
of dimethyl maleate?31270 and maleic anhydride23! which yielded
the racemic mixtures of the adducts 375 and 3786, respectively.
The decomposition of the optically active complex 309 in the
presence of tetracyanoethylene gave the racemic mixture23!
of 377, 378, and 379. By contrast, bromination and iodination
of the optically active disubstituted derivative 309 yielded the
respective cyclobutenes 380 (X = Br and I) with retention of
activity,254

Finally, a mention will be made of several miscellaneous
oxidative decompositions of cyclobutadieneiron derivatives. The
decompositions of tetraiodocyclobutadieneiron tricarbony! (381)
and 1,3-di-tert-butylcyclobutadieneiron tricarbonyl (382) in the
presence of tetracyanoethylene were reported to afford 383225
and 384,80 respectively. The formation of the benzvalene de-
rivative 384 can readily be explained in terms of a concerted
cis,trans,trans [2 + 2 + 2] cycloaddition involving a singlet
ground-state cyclobutadiene derivative, a process which is al-
lowed according to the Woodward—Hoffmann rules. Particularly
interesting is the oxidative decomposition of tri-tert-butylcy-
clobutadieneiron tricarbonyl (385),27" with either ceric ammo-
nium nitrate or ferric nitrate, which was reported to afford the
known cyclopropenyl ketone 386272 exclusively, rather than the
expected dimer of tri-tert-cyclobutadiene. The mechanistic
details of this novel transformation remain obscure at the present
time. Lastly, the degradation of the diols 321 and 387 with HCI
in THF was reported to give cyclobutadienopleiadiene (388) and
«,a'-diphenyldimethylenecyclobutene (389), respectively.234

The oxidative decomposition reactions which have been
described so far are summarized in Table II.

The oxidative decomposition reactions described above
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demonstrate the usefulness of cyclobutadieneiron tricarbonyl
derivatives as reagents in organic synthesis. This novel area of
research, which was initially discovered and developed by
Pettit?432 and his co-workers, is of a considerable synthetic
value for the preparation of various simple as well as complex
polycycles. For instance, this procedure permitted, among
others, the syntheses of a large variety of Dewar benzenes and
bicyclo[2.2.0]hexene derivatives.?43® The adduct endo-tricy-
clo[4.4.0.025]deca-3,8-diene-7,10-dione (338),253254 prepared
by the oxidative decomposition of 3 with Ce(lV) in the presence
of p-quinone, has been shown to be a useful starting material
for the syntheses of organic compounds such as tetra-
cyclo{5.3.0.025,03-]deca-4,8-diene, 2”2 tricyclo[4.4.0.02:5] -
deca-3,7,9-triene,27* cis,syn,cis-tricyclo[5.3.0.028]deca-
4,8-diene-3,10-dione, 2’5 and 4-oxahexacyclo[5.4.0.026..
03.10,059 08 11]undecane.254 A noteworthy synthesis of cubane
starting with the oxidative decomposition of 3 in the pres-
ence of 2,5-dibromobenzoquinone has also been report-
ed.253

The chemical transformations of the adducts obtained by the
oxidative decomposition of cyclobutadieneiron tricarbony! de-
rivatives in the presence of dienophiles are beyond the scope
of this review. However, the mechanism of the oxidative de-
composition process is of considerable importance, and thus
it will be dealt with in light of known experimental resuits. It is
imperative first to examine whether free cyclobutadiene is im-
plicated in the Diels-Alder addition step leading to the formation
of the adducts. Already in 1965, Pettit and his co-workers® had
reported that trace amounts of free cyclobutadiene, obtained
by the oxidative decomposition of 3, were transferred in the gas
phase from the reaction vessel into a cold trap. Very recently,
Rebek and Gavina276-277 synthesized a polymer (cross-linked
polystyrene)-bound o-phenanthroline  derivative  of
n?-C4H4Fe(CO), (n = 2 or 1) and demonstrated that in the
presence of a trapping polymer (cross-linked polystyrene N-
bonded to maleimide functionality), the oxidative decomposition
of the former with ceric ammonium nitrate in the usual medium
resulted in the transfer of free cyclobutadiene between the two
polymers. This three-phase test for the detection of free cy-
clobutadiene was reported to involve a 96 % transfer. The for-
mation of racemic adducts by the oxidative decomposition of
the optically active cyclobutadieneiron tricarbonyl derivatives
54269 gnd 309231.270 with Ce(IV) in the presence of symmetrical
dienophiies (e.g., tetracyanoethylene, benzoquinone, N-phen-
ylmaleimide, etc.) has provided rather strong evidence in support
of free cyclobutadiene involvement in these processes. Evi-
dently, in order for a racemic mixture to be formed in such a
process, the cyclobutadiene has to acquire a plane of symmetry.
Therefore, the above results would indicate that the Diels—-Alder
addition step occurs after the cyclobutadiene is no longer
subjected to the influence of the metal sphere. It should also be
pertinent to point out that the oxidative decomposition of 3 in the
presence of cyclic dienophiles occurs to invariably afford the
endo product (e.g., 338, 339, 340, 341, etc.); this would be ex-
pected if the free cyclobutadiene were to act as a normal, but
very reactive diene. Moreover, the observed endo stereo-
chemistry of the Diels—-Alder addition step is inconsistent with
such a process taking place with a coordinated cyclobutadiene
ligand. Evidently, the endo position of a coordinated cyclobuta-
diene is rather excessively hindered by the metal atom and some
of the ligands bonded to it. These observations provide either
circumstantial or conclusive evidence to the implication of free
cyclobutadiene during the oxidative decomposition of cyclo-
butadieneiron tricarbonyl derivatives in the presence of dieno-
philes. It should, however, be recognized that in some instances
the degradation of such complexes occurs without the initial
liberation of the cyclobutadiene ligand. For instance, haloge-
nation of the optically active complex 309 was shown to give
the dihalocyclobutenes 380 (X = Br, ) with retention of activi-
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ty.264 This implies that the reaction proceeded via a coordinated,
rather than free, cyclobutadiene ligand. In another case, the
degradation of the diols 321 and 387 with HCI/THF was pre-
sumed to involve metal-containing intermediates.

The ground state of cyclobutadiene has been the focus of
considerable attention (see Introduction). it should therefore be
instructive to examine this issue in light of the nature of the
Diels-Alder adducts obtained during the oxidative decomposition
of the cyclobutadieneiron derivatives in the presence of dieno-
philes. In the absence of dienophiles, free cyclobutadiene,
generated by the decomposition of 3, dimerizes stereoselec-
tively248 to the syn isomer 327 in favor of the anti isomer 328.
Evidently, in this particular instance the cyclobutadiene acts as
both a very reactive diene and dienophile, and this might perhaps
explain why the reaction is nonstereospecific. By contrast, the
parent cyclobutadiene, generated from 3, was shown to react
with dienophiles in a stereospecific manner. The stereochemical
nature of the adducts provides very strong evidence that the
reactions leading to their formation proceed in a concerted
manner and involve a normal diene having a singlet ground-state
electronic configuration. The oxidative decomposition of 3 with
Ce(lV) in the presence of equimolar quantities of dimethyl ma-
leate and 1,1-diphenylethylene (the latter is more reactive as
a radical trapping reagent, whereas the former is more reactive
as a dienophile) resulted in the exclusive formation of 335,180
This result clearly negates the possibility of radical involvement
as might have been expected from a triplet ground-state con-
figuration.

Except for the spin multiplicity issue, there exists the question
of ground-state geometry of free cyclobutadiene, namely, square
or rectangle. In this context, specially significant are results of
the oxidative decomposition of mono- and vicinal disubstituted
cyclobutadieneiron tricarbonyl derivatives in the presence of
dienophiles. Relatively few such studies were performed with
monosubstituted derivatives; however, in the instances where
this was attempted [e.g., 28 with C»(CN)4],2° the reactions oc-
curred with regiospecificity. Several studieg?5.231264,269,270 haye
been reported on the decomposition of vicinal disubstituted
derivatives in the presence of a variety of different dienophiles
(see Table II). In these cases, the adducts were shown to be
formed by either regioselective or regiospecific reactions, de-
pending on the nature of the dienophile and substituents. For
example, regiospecific reactions were encountered between
825 or 309231270 gnd maleic anhydride, N-phenylmaleimide,
p-benzoquinone, and dimethyl maleate, as appropriate (see
Table 1l), whereas under similar conditions tetracyanoethylene
reacted with these complexes in a regioselective manner. The
experimental results of such reactions seem to suggest that
regioselectivity is favored over regiospecificity as the dienophile
becomes more reactive. The regiospecific and regioselective
reactions, especially those encountered with complex 8,2° were
taken to suggest a rectangular ground-state geometry for free
cyclobutadiene. This interpretation, which is based on chemical
evidence, is consistent with the results obtained by several re-
cent theoretical treatments, described elsewhere (see Intro-
duction).

The discussion on the oxidative decomposition of cyclobu-
tadieneiron tricarbonyl derivatives was meant to demonstrate
the utilization of cyclobutadienemetal complexes as reagents
in organic chemistry as well as to dramatize the contributions
made toward the solving of the ‘‘cyclobutadiene problem”. Fu-
ture scientific activities in this area of research are highly de-
sirable since they would extend the scope of organic syntheses
performed with cyclobutadienemetal derivatives as reagents.
These complexes represent a viable source for a large variety
of free cyclobutadienes whose facile generation and subsequent
trapping are of considerable importance in organic synthesis
especially in view of the stereospecific and regiospecific (or
regioselective) nature of their reactions.
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V. Structural Features of Cyclobutadienemetal
Complexes

In recent years, a considerable amount of structural infor-
mation has become available on cyclobutadienemetal com-
plexes. Most of the structural data were obtained by x-ray dif-
fraction procedures, although some were also acquired by other
techniques including electron diffraction and microwave spec-
troscopy. The discussion in this section will focus primarily on
the structural features dealing with the cyclobutadienemetal units
of the complexes, although novel structural features other than
those indicated will also be mentioned briefly.

Some structural information for cyclobutadienemetal com-
plexes is furnished in Table Ill. In the majority of these complexes
the cyclobutadiene ring has been shown to exhibit a nearly
perfect square-planar geometry. Judging from individual
C(CBD)-C(CBD) bond distances for complexes such as 1:CgHg,3°
56,86 62,228 131,753 and 269 (R = Ph),228 it may appear that a
small departure from the square geometry is not entirely un-
common. However, the extent to which such small deviations
meaningfully reflect genuine electronic and/or steric effects is
not immediately apparent. The overall averages, C(CBD)-C(CBD)
[1.459 (12) A] and C(CBD)-C(CBD)-C(CBD) [89.98 (0.12)°],
computed by using all of the available relevant data on such
complexes, appear to suggest that to a first approximation the
bond distances and angles of the cyclobutadiene ligand are in-
fluenced little, if any, by the ring substituents and/or the nature
of the complexes. In order to detect effects of the types men-
tioned above, it would be necessary to acquire highly accurate
structural information on cyclobutadienemetal complexes.

In most instances, the metal atom in the complexes is located
equidistant from all four carbon atoms of the cyclobutadiene ring.
Smal! discrepancies in the uniformity of the M-C(CBD) distances
have been reported for 56¢ and 269 (R = Ph),228 whereas a
large deviation has been observed for the platinum complex 115
(X = SbFg). ! Interestingly, in the above-cited platinum complex
two vicinal carbon atoms of the square-planar cyclobutadiene
ring are situated significantly closer to the metal atom as evident
from the following individual Pt—-C{CBD) bond distances: 2.256
(14), 2.335 (14), 2.173 (14), and 2.114 (14) A. Two alternative
explanations were considered'#! in order to explain the dis-
symmetric bonding of the cyclobutadiene in the platinum com-
plex: (i) weak intramolecular bonding contacts between the
fluorine atoms of the trifluoromethyl group and the hydrogen
atoms of two adjacent methyl substituents, or (ii) crystal packing
forces. In solution, the PMR spectrum of 115 (X = PFg)'40 has
revealed equivalent methy! substituents. This undoubtedly arises
because of free rotation around the Pt-C4,Me, bond. Genuine
bonding contacts should have prevailed to some degree when
the complex is dissolved in solution, and this would have been
expected to restrict free rotation. This qualitative argument
suggests that the second explanation (ii) is perhaps more plau-
sible. Presently, the largest amount of structural information is
available for cyclobutadiensiron complexes, and therefore it
should be of interest to compare the average Fe—C(CBD) bond
distances of these complexes. The appropriate data furnished
in Table il indicate that the average distances under consider-
ation are the same, to within experimental errors, and are in-
dependent of ring substituents and/or the nature of the com-
piexes. A similar conclusion is indicated by the appropriate data
for the nickel (1:C¢Hg° and 13176%) and molybdenum (598 and
6289) complexes, although this analogy evidently breaks down
for the molybdenum complex 127 (M = Mo, X = Br)155.156 where
a significantly shorter (~0.05 A) Mo—-C(CBD) distance has been
reported.

Scattered structural information has been made availabie on
several complexes which contain both cyciobutadiene and cy-
clopentadienyl ligands. A comparison between the average
parameters of these two ligands is therefore of interest. The
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TABLE I1l. Some Structural Parameters for Complexes Containing Coordinated Cyclobutadiene (CBD)a

CBD average parametersb

Other noteworthy

Complex M-C, A C-C, A C-C-C, deg structural features Method Ref
C.H,Fe(CO), (3) 2.06 (1) 1.46 (2) ED 229
C,H,Fe(CO), (3) 2.05 (1) 1.44 (1) ED 282
C,H,Fe(CO), (3) 2.05 (1) 1.44 (1) MW 283
b a
Fe(co)a 1.47 (2) a=1454 =1.43, XD 281
Meooe”? % b=b'"=1.39 and
¢c=141A
(390)
Ph,C,Fe(CO), (2) 2.07 (2y 1.46 (2) 90.2 (1.2) XD 31,32
(OC)Fe(PhC,C,H,C,Ph),Fe(CO), (56) 2.05 (4) 1.46 (3) 89.6 (1.7) Fe—Fe;2.494 A XD 86
PhC+[{-C,H,Fe(CO),]1, BF,~ (269, R=Ph) 2.05 (3) 1.44 (3) C(exocyclic)-C(CBD), 1.40 XD 228
C(exocyclic)-C(Ph), 1.47
[(1-Ph)(2-Ph}(3-Buf)(4-Buf)C,] 2Fe2\(CO)3 2.06 1.47 Fe—Fe, 2.177 A XD 190
(194)
[Me,C,NiCl,],-C,H, (1-CHy) 2.02 (2) 1.43 (3) 90.0(2.0) XD 30
Me,C,Ni(MeC,Me),Fe(CO), (131) 2.02 (2) 1.46 (3) 90.0 (1.0) Fe—=Ni, 24494 XD 163
[Me,C,Pt(CF,)(PMe,Ph),] +SbF,"~ 2.22 (8) 1.47 (2) 90.0 (1.1) XD 141
(115, X = SbF,)
(Ph,C,),Mc(CO), (59) 2.31(2) 1.47 (2) 89.9 (1.1) XD 88
(OC),(Ph,C,0)Mo(Ph,C,)Mo(C,Ph,)}(CO) 2.30 (1) 1.47 (3) 90.0 (0.8) Mo—-Mo, 2.772 A XD 89
(62) B — (Ph,C,)0—Mo, 2.06 A
(Ph,C,M0(CO),Brl, (127, M = Mo, X = Br) 2.25 (1) 1.46 (2) 90.0 (0.4) Mo—Mo, 2.954 A XD 155,156
[(1-Ph}(2-Ph}(3-SiMe,)(4-SiMe,)C,]CoC ,H, 1.97 1.46 (2) 90.0 (0.6) Co —C(Cp), 2.05 A XD 278
(71, R = SiMe,), cis isomer C(Cp)-C(Cp), 1.40 A
[(1-Ph){2-SiMe,)(3-Ph}(4-SiMe,)C,]CoC,H, 1.97 1.47(1) 90.0 (1.8) Co—C(Cp), 205A XD 278
(72; R = SiMe,), trans isomer C(Cp)-C(Cp), 1.40 A
C,H,CoC;H, (46) 1.96 (1) 1.44 (1) 90.1 (0.3) Co-C(Cp), 2.04 (1) A XD ¢
C(Cp)—C(Cp), 1.39 (1) A
Ph,C,RhC.H, (80) 2.10 (1) 1.47 (1) 90.0 (0.2) Rh—=C(Cp), 2.22 (1} A XD 101
C(Cp)~C(Cp), 1.40 (1) A
(Ph,C.)(CsH;)V(CO), (84) 2.26 1.47 90.0 V—C(Cp), 2.24 A XD 279
(Ph,C,)(CH){Ph,C,)Nb(CO) (89) 2.38 1.46 90.0 Nb-C(Cp), 2.44 A XD 110,280

C(Cp)—C(Cp), 1.44 A

4 Abbreviations: CBD, cyclobutadiene: ED, electron diffraction; MW, microwave spectroscopy; XD, x-ray diffraction. bstandard deviations
(in brackets) were computed from the individual parameters and the mean values in instances where sufﬂment data have been reported. Since
figures were rounded to /1ooth of an angstrom and “/10th of a degree, true standard deviations are in most instances somewhat smaller than
those quoted. it should also be noted that standard deviations of individual distances and angles, which are available for only part of the com-
plexes, have not been included in the computations of the standard deviations of the average parameters in order to maintain uniformity. ¢P.
E. Riley and R. E. Davis, J. Organomet. Chem., 113, 157{1976); late entry, data have not been discussed in section V.

inspection of the respective average parameters for 71 (R =
SiMe3),278 72 (R = SiMe3),278 80,707 84,279 and 89110.280 rgveals
that in the complexes under consideration C(CBD)-C(CBD) >
C(Cp)-C(Cp) and M-C(CBD) < M-C(C,). Interestingly, these
findings are highly suggestive of a stronger metal-to-cyclobu-
tadiene than metal-to-cyclopentadieny! bonding interaction. It
should be pertinent to mention that this conclusion is consistent
with the 1956 theoretical prediction by Longuet-Higgins and
Orgel.?8 An interesting example which demonstrates the lower
C-C bond order of a cyclobutadiene ligand as compared with
that of an uncoordinated conjugated diene can be found in the
available data on the benzocyclobutadieneiron complex 390,281
The bonds corresponding to b, ¢, and b’ in this iron complex
display distinct alternation and have lengths typical of carbon
sp?-sp? double bonds and carbon sp2-sp? single bonds. By
contrast, the individual C(CBD)-C(CBD) bond distances [1.47,
1.45, 1.49, and 1.46 A; average 1.47 (2) A] are significantly
longer compared with the bonds a (1.40 A), a’ (1.41 A), b (1.36
é), and &' (1.33 A), and are only slightly shorter than bond ¢ (1.48
).

The geometry of the substituents on the coordinated cyclo-
butadiene is an issue to be examined next. Studies performed
on the parent iron tricarbonyl complex 3 yielded inconciusive
results concerning the relative orientation of the C(CBH)-H
bonds. For example, the average angle between the C—H bond
and the planar cyclobutadiene ring in this complex was reported

by the various investigators to be as follows: 0°,22° 8.6 & 6.3°
(endo to the Fe atom)?82 and 6.5 % 0.5° (exo to the Fe atom).283
The C-C bond distances in the cyclobutadiene ligands (already
discussed) indicate a considerable sp® character for the ring
carbon atoms; in light of this observation, the indicated exo C-H
configuration28® in 3 appears most plausible. Evidently, this
conclusion is aiso consistent with the available structural data
for the majority of the tetrasubstituted cyclobutadiene metal
complexes. Except in the instances of 56%¢ and 269 (R = Ph),228
for which a reference shall be made at a later stage, the sub-
stituents (Ph, Me, t-Bu, and SiMe; as appropriate) in tetrasub-
stituted cyclobutadienemetal complexes (listed in Table Ili) have
been shown to assume an exo configuration in relationship to
the metal atom. Incidentally, phenyl substituents are both bent
(exo to the metal atom) and twisted to varying degrees from the
cyclobutadiene planes in these complexes. In 269 (R = Ph),228
the exo cyclic carbon atom lies very nearly in the plane of the
cyclobutadiene rings, and this taken in the context of the short
C(exocyclic)-C(CBD) distances (~1.40 A) implies a special case
where an a-carbonium ion substituent is being stabilized by an
effective interaction with the m-network of the coordinated li-
gands. Noteworthy in particular is the geometry of the substit-
uents in the iron complex 56.8¢ The two vicinal phenyl substit-
uents are exo bent and twisted in the usual manner. By contrast,
the o-phenylene substituents in this complex exhibit a slight endo
configuration as evident by the ~0.045 A inward (toward the iron
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Figure 3. A schematic MO energy level diagram for the R,C4Fe(CO)3 system.

atom) displacement of their carbon atoms from the plane of the
cyclobutadiene ring to which they are bonded. Evidently, the endo
configuration found in this particular complex is the result of a
steric constraint imposed by the common attachment of the
phenylene substituents to both the ferracyclopentadiene and
cyclobutadiene ligands.

Lastly to be examined are the main structural features of the
novel molybdenum complexes 5988 and 62.8° The structure of
59, the only biscyclobutadienemetal complex known, consists
of a tilted biscyclobutadiene geometry with the local point
symmetry about the molybdenum atom being approximately C»,.
Assuming that each cyclobutadiene ligand occupies one coor-
dination site, the gross geometry around the molybdenum atom
is that of a distorted tetrahedron as evident from the interligand
angles: CR-Mo-C'R’ (CR corresponds to the center of the cy-
clobutadiene ring), 140.8 (1)°; CR-Mo-CO, average angle 104.5
(2.0)°: and OC-Mo-C'Q’, 83.4 (6)°. The geometry of the binu-
clear complex 62 is particularly interesting since it consists of
a novel intermediate-like structure. The main structural features
of this green diamagnetic complex include the following: (i) a
short Mo-Mo distance which has been assigned a double bond
multiplicity; (i) a nearly symmetrically bridging diphenylacetylene
ligand; (iii) one of the molybdenum atoms being nearly sym-
metrically bonded to a tetraphenylcyclobutadiene ligand,
whereas the other metal atom is coordinated to a tetraphenyl-
cyclopentadienone ligand; (iv) the keto oxygen of the tetra-
phenylcyclopentadienone ligand being coordinated to the ad-
jacent molybdenum atom; and (v) the terminal carbonyls being
arranged to permit each of the molybdenum atoms to attain an
effective atomic number electronic configuration. The presence
of the bridging acetylene might suggest that the coordinated
cyclobutadiene in this complex was formed by a concerted di-
merization of bisacetylene via multimetal centers intermediates,
a process which is symmetry allowed according to Mango's
theory.24.125 Egpecially significant is the observation that the
origin of the keto group of the tetraphenyicyclopentadienone
ligand can be traced to a vacated terminal carbonyl position on
the adjacent molybdenum atom. The saturation of this empty site,
after the carbonyl insertion process had been completed, is

achieved by a (tetraphenylcyclopentadienone)O — Mo coordi- -

nation. In the system under consideration, the formation of the
doubly coordinated cyclopentadienone, which is in effect a
bridging ligand, can be described in terms of intermediates of
the types 391, 392, and 393. Based on the premise that the

oo—=<X

391

M M

M

392 393

molybdenum complex 62 is a genuine kinetically stabilized in-
termediate, the structural features of this novel compiex might
suggest that electronically and coordinatively saturated bi- and
polynuclear intermediates, some of which also contain metal-
metal multiple bonds, are likely to play an important role in the
transition metal catalyzed reactions of acetylenes at large. This
implication in the instances of 62 and some other related com-
plexes is currently being tested in our laboratory. 187

VI. Bonding in Cyclobutadienemetal Complexes

Molecular orbital (MO) descriptions of the bonding in cyclo-
butadienemetal complexes have been reported by Longuet-
Higgins and Orgel,%® Green,2%4 and Cotton.285 Bonding concepts
in such complexes will be demonstrated by examining a specific
system, that of R4C4Fe(CO)3 (R = Me, Ph, etc.). In spite of the
low symmetry (C;) observed in such complexes, to a first ap-
proximation the bonding in this system can be examined in two
parts by separately considering the local symmetries of the
R4C4Fe (C4,) and Fe(CO); (Cy,) units. By treating the bonding
in the above units separately, it would be necessary to assume,
inter alia, that degeneracies permitted in the C,4, symmetry will
not be greatly split by the influence of the C;, symmetry of the
other unit, and vice versa. The two-part, schematic MO energy
level diagram for R4CsFe(CO); shown in Figure 3 was con-
structed by the matching of plausible orbitals of the iron atom
and ligands according to their symmetry classification. Shown
in the center of the diagram are the valence shell orbitals of the
iron atom, and given to their immediate left and right are the MOs
generated by considering the local symmetries C4, and Cs,,
respectively. The energy levels of the LCAO-MO of RyCy4 [+,
Y, Va, V4] labeled according to their symmetries in C4 and those
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of the symmetry adapted linear combinations of the filled ¢ hy-
brids of the three carbony! groups labeled according to Cs, ap-
pear at the extreme left- and right-hand sides of the diagram,
respectively. In the diagram (Figure 3), no account has been
taken of dw(Fe) — pm*(CO) back bonding for ciarity reasons,
although such interactions are known to be significant.

According to Figure 3, the cyclobutadiene-to-iron bond con-
sists essentially of a 7-type interaction between the metal or-
bitals d,, and d,; and the ring LCAO-MOs v/, and {/5; the resulting
MOs transform as the irreducible E in the C,4, point group. Pre-
suming a triplet ground-state electronic configuration for the free
ligand, this bonding interaction neutralizes the diradical character
of the ring and provides extra stabilization as a result of bond
formation which compensates for the lack of resonance stabi-
lization energy in the free cyclobutadiene ligand. Excluded from
the diagram (Figure 3) are the symmetry-allowed s-type bonding
interactions between Y4 and the iron orbitals s, p,, and d,z, as
well as the d-type bonding interaction between 4 and d,z_ 2.
The omission of these symmetry allowed combinations, espe-
cially those involving the iron orbitals d,2 and d,z— 2, is justified
to some degree since their contributions to the overall metal-ring
bonding are not expected to be as significant as those which
have been included in the diagram.

The association of the highest filled nonbonding MO level (by)
with the d,, orbital of the iron has been based on symmetry
considerations. In the absence of suitable ligand orbitals with
which d,,, couid have interacted, the character of the nonbonding
MO derived from it is expected to be that of a slightly perturbed
atomic orbital, and this would suggest that the b, level is the
highest in energy among the filled MOs.

The schematic energy level diagram shown in Figure 3 fa-
cilitates the ‘“bookkeeping’ of the different symmetry derived
components which have been utilized in the construction of a
plausible set of MOs to describe bonding in the system under
consideration. All of the 18 available electrons in the system can
be accommodated in nine bonding and nonbonding MOs, thus
explaining the diamagnetism and stability of the derivatives
R4C4Fe(CO); (R = H, Me, Ph, etc.). A tentative insight into the
relative energies of some of the MO levels, described in Figure
3, can be obtained from ionization data. The first and second
jonization potentials (in parentheses) of certain cyclobutadi-
eneiron tricarbonyl derivatives such as C4H;Fe(CO); (3; 8.04 and
9.02 eV), (CHzCOC,H3)Fe(CO); (233; 8.27 and 9.23 eV),
(OHCC4H3)Fe(CO); (234; 8.32 and 9.27 eV), and (HoNC4Hs)-
Fe(CO)s (248 (R = Ry = H); 7.77 and 8.91 eV) were obtained
from the photoelectron spectra26.287 of these complexes. The
first ionization potentials of these complexes differ by only little
from that of iron (7.87 eV).288 This was interpreted on the basis
of removal of the first electron from a slightly perturbed atomic
orbital (AO) of iron. The second ionization potential of the
complexes under consideration has been attributed to the loss
of an electron from a perturbed = MO of the ligand. The highest
and lowest filled MO energy levels of the R4C4Fe unit, both of
which are essentially of a nonbonding character according to
Figure 3, are evidently the most plausible candidates to match
the perturbed AO (iron atom) and 7-MO (ligand), respectively.
Presuming the validity of these assignments, it should now be
possible to estimate the energy difference (AE) between the
degenerate d levels in the free iron atom and the highest filled
nonbonding MO level (b,), as well as that between the highest
{(b2) and lowest (a) filled nonbonding MOs (AE,). Moreover, since
‘the first ionization potential of the parent cyclobutadiene (C4H,)
ligand was determined by an electron impact (~8.4 eV)28° and
photoelectron (8.50 eV)?88 studies, it should now be possible
to estimate the energy difference between the ¥, and ¥ de-
generate levels and that of the degenerate d levels of the iron
atom. For example, in the parent iron complex 3 the estimated
values of AE; and AE; are 0.17 and 0.98 eV, respectively. In
this particular case, the energy level of Y, and {3 should have

Chemical Reviews, 1977, Vol. 77, No. 5 735

appeared approximately 0.4 eV below the MO (b,) level; how-
ever, this relationship is expected to vary depending on the na-
ture of the substituents in the complexes under consider-
ation.

Vil. Spectroscopic Properties of
Cyclobutadienemetal Complexes

A. Vibrational Spectroscopy

Infrared spectral data are available for the majority of the
cyclobutadienemetal complexes. The stretching carbonyi
frequencies of cyclobutadienemetal carbonyl derivatives, whose
values and pattern provided a considerable amount of structural
and bonding information, were examined for most of the com-
plexes in this specific category. In this context, noteworthy in
particular is the reported study by Brune and Wolff2%C on a variety
of substituted cyclobutadieneiron tricarbony! derivatives.

The first vibrational analysis of a cyclobutadienemetal com-
plex was reported by Fritz2®! on the infrared spectrum of the
nickel complex [Me,C4NiCl,], (1). More recently, Andrews and
Davison have reported the vibrational spectrum (infrared and
Raman) of the parent cyclobutadieneiron complex C4H4Fe(CO)3
{3) and made the appropriate assignment of bands.?92 The in-
vestigation of 3 has also been reported, independently, by Al-
eksanyan et al.?%® Very recently, Andrews and Davison reported
a detailed normal coordinate analysis of C4H,Fe(CO)3 (3).2%4 In
this elegant study, a valence force field has been calculated for
3 by the use of judicious approximations and local symmetry
arguments.

B. Ultraviolet Spectroscopy

The ultraviolet spectra of only few cyclobutadienemetal
complexes have so far been reported. None of those spectra
have been subjected to a rigorous study. In most instances these
spectra were used as a diagnostic tool, although the correlation
between the spectra of certain tetraphenylcyclobutadienemetal
complexes had been attempted.290.285

C. Maossbauer Effect Spectroscopy

The 57Fe Méssbauer effect spectra of the neutral cyclobu-
tadieneiron derivatives R4C4Fe(CO)s [3 (R = H),2%9 2 (R = Ph),2%7
and 9 (R4C4 = benzocyclobutadiene)??’] and the cationic
complexes [C4H,Fe(COYNO)L]TPFg~ [181 (L = CO); 184 (L =
PhgP, PhaAs, and Ph;Sh)] '8¢ were reported in terms of isomer
shifts and quadrupole splitting parameters. These spectral pa-
rameters were used, primarily, for diagnostic purposes. In this
context, noteworthy is the study by Herber, King, and Acker-
mann?? which permitted the resolution of two slightly non-
equivalent iron atoms in certain ferrole carbonyl derivatives.

D. NMR Spectroscopy

The PMR spectra of the parent cyclobutadienemetal com-
plexes and those of their symmetrically tetrasubstituted analo-
gues do reveal that the four ring positions are magnetically
equivalent. These findings could probably be explained in terms
of a low-energy barrier of rotation about the center of the
coordinated cyclobutadiene-to-metal axis in the complexes. This
plausible explanation could, in fact, be ascertained by investi-
gating the variable-temperature PMR spectra of these com-
plexes; such studies which, among other, might permit a quan-
titative assessment of the energy barrier of rotation about the
indicated axis are clearly warranted. The PMR spectra of tetra-
kis(p-tolyl)cyclobutadienemetal complexes have been shown
by Maitlis and his co-workers'58.165 tg exhibit a nearly perfect
AB quartet pattern for the aromatic protons. This feature, used
as a diagnostic test to infer the presence of the cyclobutadiene
ligand in a variety of such complexes, suggests rather strongly
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TABLE iV.PMR Resonances of Cyclobutadiene Protons in the Spectra of Some Unsubstituted and Partially Substituted
Cyclobutadienemetal Complexes

Cyclobutadiene protons
Complex Chemical shifts (1)4 Conditions? Ref

A. Some Unsubstituted Cyclobutadienemetal Complexes

C.H,Fe(CO), 6.09 (s) 7,49
6.00 (s) ccl, 14
[C.H,Fe(CO)(NO)L]*PF,~
L=CO 3.86 (s) Acetone-d, 186
L. = Ph,P 4,60 (d, 4 H, J(P-H) = 2.0 Hz) Acetone-d, 186
L = Ph,As 4.45 (s, 4 H) Acetone-d, 186
L = Ph,Sb 4.35 (s, 4 H) Acetone-d, 186
(C,H,Fe),{CO), 5.87 (s) Toluene-d, 189
C,H,Fe(C,H,NCOOE1)c 6.3 (s, 4 H) 181
C,H,Co(CO),! 5.42 (s) 50
C,H,CoC,H 4 6.39 (s, 4 H) 50
6.34 (s, 4 H) CCl, 15
C.,H,RhC,H.¢ 5.95 (d, 4 H, J(Rh=H) = 1.6 Hz) ccl, 77
C,H,Ru(C0O), 5.87 (s) 49
C.H,Cr(Cco), 6.12 (s) 51
C.H.Mo(CO), 5.94 (s) 49
C,H,W(CO), 5.98 (s) 49

B. Some Monosubstituted Cyclobutadienemetal Complexes

H(3),s, 1 H H(2) + H(4),s, 2 H

—— —"
X = COOMe 5.72 5.49 CDCl, 75
X = COOH 5.65 5.45 CDCl, 214
X =CH,COOH 5.73 5.66 Acetone-d, 214
X =ClI 5.78 6.10 CCl, 66
X = Br 5.70 5.80 CCl, 68
X =Ph 5.83 5.53 CCl, 62

C. Some Disubstituted Cyclobutadienemetal Complexes
(i) Identical Vicinal Substituents

X X
2 1
Q. H(3) + H(4),s, 2 H
H | H ~‘
Fe(COJ,
X = COOH 4.82 Me,S50-d, 71
X = CO0OMe 5.23 CDCl, 71
X =CN 4.62 Acetone-d, 71
X =¢-Bu 5.88 CDCt, 71
X = Me 6.10 CCl, 54
[(1-Ph) (2-Ph)C,H,]1 CoCp 5.70 98
C,H,Fe(CO)/ 5.98 7
[C,H,Fe(CO),NO1*PF, 4.48 192
C.H,Cr(CO),/ 5.65 51
(ii) Identical Trans Substituents
[(1-Ph) {3-Ph)C,H,] CoC H, 5.18 98
(iii) Nonidentical Vicinal Substituents
Y X
2@‘ H(3) [or H(4)], H(4) [or H(3)],
3 s s, 1 H s, 1 H
H | H e — ——
Fe(CO),
X = COOMe, Y = COOH 5.06 5.22 CcDCl, 71
X =COO0OMe, Y = COCI| 5.03 5.11 71
X = COOMe, Y = CON, 5.13 5.21 CcDClI, 71
X = COOMe, Y = NH, 5.78 6.11 Acetone-d, 71

X =COOMe, Y = NMe, 5.85 6.31 CDCl, 71
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TABLE |V (Continued)
Cyclobutadiene protons
Complex Chemical shifts (7)4 Conditions? Ref
X =COOH, Y = NMe, 5.73 5.98 Acetone-d, 71
X =COCI, Y = NMe, 5.66 6.24 CDCl, 71
X =CN,VY = NMe, 5.83 6.50 CDCt, 71
X=Me, VY =Et 6.38 6.42 C.Dq 231
(iv) Some Trisubstituted Cyclobutadienemetal Complexes
H(4),S, 1 H
Jr—"
6.08 CCl, 54
6.10 C.D, 69
6.03 CCl, 57
3.35 DCI/D,0 59

H(3), 4.40 (s, 2 H)

H(2) + H(4),4.67 (s, 4 H)

H(3),4.38 (s, 2 H)

H(2) [or H(4)],4.63 (d, 2 H;J

H(4) [or H(2)], 4.77 (d, 2 H;J
R = Me H(3), 4.33 (s, 2 H}

H(2) + H(4), 4.76 (s, 4 H)
R = Me H(3), 4.43 (s, 2 H)

H(2) [or H(4)],4.66 (d,2H,J

H(4) [or H(2)],4.78 (d; 2 H,J
R = Ph H(3), singlet

H(2) and H(4), doublets

D. Some Binuclear Cyclobutadieneiron Tricarbonyl Derivatives with o-Carbonium

S0O,;40°C 228
Hz) -50°C 228
Hz)

40°C 228
Hz) 10°C 228
Hz)

Upto50°C 228

4The indicated integration ratios are those in reference to the other protons in the complexes for which spectral data are not provided in

this table, except in few cases.

Unless stated otherwise, the data presented in the table pertain to spectra obtained at ambient temperature.

In some instances, the solvents used in the obtainment of the spectra have not been reported. CC H,NCOOEt, V- carboethoxyazepme

CH:75.14 (5,5 H).°€CH,: 74.75 (d, 5 H); J(Rh— H)—lOHz)
(s, 1 H)““TH Bonded to carbonium; 7 2.77 (s, 1 H).?23

that the p-tolyl substituents undergo rapid rotation about their
bonds to the coordinated cyclobutadiene.

The PMR spectra of partially substituted cyclobutadiene fi-
gands are noteworthy in particular. The dominant feature in the
spectra of such complexes is the absence of any detectable H-H
couplings between vicinal and/or transannular (diagonal) protons.
Accordingly, with very few exceptions the protons of the four-
membered ring give rise to singlets whose intensity depends on
the number of magnetically equivalent protons of each type. The
resonances due to the ring protons in a variety of unsubstituted
and partially substituted cyclobutadienemetal complexes are
given in Table IV. In the majority of the complexes the cyclo-
butadiene ring proton resonances appear in the region 7
4.50-6.50. A particularly strong deshielding effect has been
observed in the spectra of the cationic cyclobutadieneiron ni-
trosyl complexes [C4H4Fe(CO)YNOL]*PFg~ 18  and
[CgHsFe(CO),NO] tPF~.192 The relationship between the
chemical shifts of coordinated cyclobutadiene and cyclopen-
tadienyl is perhaps another point of interest. In instances where
these ligands coexist in the same complex (e.g., C4H4MCsHs,
M = Co'550 and Rh’7), the protons of the five-membered ring
are significantly deshielded as compared with those of the
four-membered ring. The cyclopentadieny! protons in the

CeHgs benzocyclobutad|ene &H-Bonded to carbonium; 7 2.74

complexes under consideration are also considerably deshielded
compared with those of ferrocene (7 5.96 in CCly). The splittings
of resonances of the coordinated cyclobutadiene protons have
been encountered in few instances only. Long-range couplings
of the type J3'P-H) and /'°3Rh-H) have been shown (see Table
IV} to cause splittings of 1.0 to 2.0 Hz. Extremely long-range
J@'P-H), involving methyl protons, have been found in certain
tetramethylcyclobutadienemetal complexes.40:298 Egpecially
interesting are the PMR spectra of the binuclear cyclobutadi-
eneiron tricarbonyl derivatives 269, having carbonium in the «
position to the rings (Table IV, section D).228 The apparent
equivalence of the four cyclobutadiene ring protons ortho (ad-
jacent) to the point of substitution which is evident from the
spectra, run at 40 °C, of the parent and methyl analogue (269,
R = H and Me) has been attributed to rapid rotation about the
carbon(CBD)-carbon(exocyclic) bonds. This was inferred by
variable-temperature PMR studies; upon lowering the temper-
ature the spectra first coalesced and then resolved with the main
difference being that the ortho protons now appear as two
doublets. The transannular H(2)-H(4) coupling constant, in both
the parent (269, R = H) and its methyl analogue (269, R = Me),
has been shown to be 9 Hz.

In 1966, Preston and Davis reported?®® a detailed NMR ('H
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NMR and '3C NMR) study of C4HsFe(CO)s (3). The 3C NMR
spectrum of this complex {given in reference to CS; (0.0 ppm)]
was shown to consist of a singlet at —16.2 &+ 1.0 ppm and a
doublet centered at +131.8 & 1.0 ppm (J = 191 & 1 Hz). The
singlet and doublet appear in regions characteristic of metal-
carbonyl and metal-olefin complexes, respectively, and
therefore, their assignments were rather straightforward. The
coupling of 191 Hz, assigned as J{('3C-'H), was shown to be
identicat with the '3C satellites splitting in the TH NMR spectrum
of 3. Incidentally, each satellite is split into a doublet (J = 9 Hz)
due to transannular 'H-~'H coupling involving magnetically
nonequivalent protons, namely long-range coupling between
a proton bonded to 12C and a proton bonded to '°C in a diagonal
position to the former. Transannular "H-"H couplings having the
same value of 9 Hz have already been cited earlier in this section
in conjunction with the low-temperature 'H NMR spectra of 269
(R = H and Me).?28 In recent years, Brune and his co-work-
ers300-304 renorted the results of an exhaustive analysis of the
coupling constants from the '3C NMR and/or 'H NMR spectra
of a large variety of cyclobutadieneiron tricarbonyl derivatives.
The different couplings observed in the spectra of some of the
complexes are given in Table V. Especially significant are the
ranges of the '3C-H coupling constants: J['3C(n)-H(n)] =
188.9-198.1 Hz; J['3C(n)-H(m)] (|n - m| =2)=115-23.0
Hz, and J[3C(n)-H(m)] (|n — m| = 1) = 3.5-5.7 Hz. In the
above-cited studies the coupling constants were utilized for the
evaluation of bonding. It should, however, be pointed out that
coupling constants, when considered in the context of chemical
shifts, may also be utilized for the making of structural assign-
ments.

Very recently, Nielsen, Hansen, and Jakobsen have re-
ported®®S an interesting °C NMR study of the 57Fe-13C satellites
in the spectrum of 3. The Fourier transform spectrum of this
complex permitted the assignment of J[5’Fe-'3C(cyclobuta-
diene)] (3.62 Hz) and J[37Fe-"3C(carbonyl)] (28.73 Hz). In an-
other noteworthy study, Eschbach, Seyferth, and Reeves have
recently described3% the '3C NMR spectra of the (hydroxy-
methyl)-, (a-hydroxyethyl)-, and (a-hydroxybenzyl)cyclobutadi-
eneiron tricarbonyl complexes (in CDClg) and their derived a-
carbonium ions (in H,SO,). The spectral data suggest extensive
migration of electron density from the iron, via the ring, to the
exocyclic, electron-deficient carbon atom. In the system under
consideration, such an electron delocalization process is evi-
dently consistent with the formation of highly stabilized carbo-
nium ions.

The 'H NMR spectrum of C4H4Fe(CO); (3), measured in
nematic media, was examined in detail by two groups of inves-
tigators.307:308 These studies have suggested that under the
conditions of the experiments the symmetry of the cyclobuta-
diene ligand is slightly lower than Dy, for reasons that are not
immediately apparent.

E. Mass Spectrometry

Mass spectral data have been reported for the majority of the
cyclobutadienemetal complexes which exhibit either high or
sufficient volatility. In general, complexes of the type of
[R4C4MX,,] 2 do not exhibit sufficient volatility to obtain their mass
spectra. In most instances the mass spectra of cyclobutadi-
enemetal complexes were obtained in order to establish the
molecular weight from the molecular ions (MI), although in few
isolated cases brief discussions pertaining to some of the other
spectral features have also been reported. More detailed studies
of fragmentations taking place under electron-impact conditions
were reported for complexes such as PhyC4Fe(CO)z (2),%9°
PhsCsCoQ [Q = cyclopentadienyl (63) and indenyl],30°
CegHeFe(COYL L = CO, PhgP, PhgAs, and PhsSb],'®!
(Ph4C4)2MO(CO)2 (59),88 and CgHaTiC4Ph4 (1 19).143

Under electron impact conditions, the primary fragmentation
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RCM*

Figure 4. Primary (—) and secondary (—) mode of fragmentations
of coordinated cyclobutadiene under electron-impact conditions.

of a coordinated cyclobutadiene [R4CsM*, where M indicates
either metal and/or metal bonded to some other ligand(s)] occurs
by a two-step sequence involving successive losses of two
acetylene (RoC,) fragments. This characteristic fragmentation
pattern, pathway A in Figure 4, has been found in virtually all of
the available mass spectra of cyclobutadienemetal complexes.
Furthermore, in many of the spectra under consideration, such
a fragmentation mode was shown to be supported by the pres-
ence of appropriate metastable peaks. The coexistence of the
secondary fragmentation modes B and C (Figure 4) has also been
considered in certain isolated instances, to be examined next.
The mass spectrum of the titanium complex 119743 has been
reported to contain metastable peaks in support of the following
processes: (i) Ml — [Mi — PhyC;] (M*, 214.4) = [MI — 2Ph,C,]
(M*, 70.0), and (ii) Ml = [M — Ph,C4] (M*, 45.5). The second
process (ii) implies the possibility that the rupture of the coor-
dinated cyclobutadiene could occur in one step (Figure 4, B). The
detection of a metastable ion which is consistent with process
if does not automatically validate its authenticity. Evidently, the
summation of the two steps in pathway A (Figure 4) should give
the same metastable ion as that of pathway B. Therefore, in the
absence of any additional information the claim made concerning
process ii should be viewed with utmost caution. The three-step
sequence described by pathway C has been suggested based
on the finding of significant amounts of PACMo*(m/e 187) ions
in the mass spectrum of the biscyclobutadienemolybdenum
complex 59,88

Conspicuously absent from the mass spectra of cyclobuta-
dienemetal complexes are the peaks corresponding to ions
derived from the free ligands (R4C4). For instance, the mass
spectra of tetraphenylcyclobutadienemetal complexes show,
rather clearly, the absence of [Ph,C,4] ™ (m/e 356). The absence
of [Ph4C4]2* (m/e 178) must be inferred by an indirect method,
since all of these spectra also show the presence of consider-
able amounts of [Ph,C,]* (m/e 178). However, the failure to
detect any peak at m/e 178.5 due to [Ph,C4]2* containing one
13C atom provides a rather clear demonstration of the absence
of the dipositive ion.2%® These observations imply that frag-
mentations of the type RyC4M™ — R,Cy™ (n= 1, 2) + Mare
highly unfavorable. By contrast with the hypothetical cyclobu-
tadiene ion, the benzocyclobutadiene ion is expected to exhibit
a significantly greater stability due to its fused ring structure. In
fact, the detection of CgHg™ has been claimed in a recent study
of the mass spectra of CgHgFe(CO); (9) and some of its deriva-
tives.’®! The mass spectrum of 8 had been examined in great
detail, and thus, it would be instructive to consider some of its
main features as an example, to be discussed next.

The main fragmentations of 9'°1 under electron-impact
conditions are described in Scheme LI. These fragmentations
are supported by the presence of the appropriate metastable
ions (M*), as well as by the appearance potential data. The
tentative structures of some of the ions have been assigned by
carefully considering their modes of production and decay. The
three-step unimolecular carbonyl dissociation sequence leading
to the formation of the carbonyl-free ion CgHgFe* is charac-
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SCHEME LI. Primary Fragmentations in the Mass Spectrum
of C,H ,Fe(CO), (9) and the Appearance Potentials
of the Metal-Containing lons Involved

CgHgFe(CO)s
+a~
-2e”
CgHeFe(CO)5* (7.43 eV)
M* 189‘2l—CO

CgHgFe(CO),* (8.08 eV)

M* 161.61—00
-CO -(Fe, CO)

M* 1342 CeHeFe(CON” —rass
(9.21 eV)
CS—Fe* (11.33 eV) O@

M* ﬂoal—csz _C2H21M 566

+

—Fe* (1393 ev) |

l—ceH4

Fe* (16.00 eV)

teristic of the decay of the molecular ions of other metal carbonyl
derivatives of the type QM(CO)3 [e.g.. M =Fe, Q =R;C4 (R =
H, Me, Ph, etc.);31 M = Mn, Q = cyclopentadienyl, indenyl,
fluorenyl, pyrrolyl, etc.31']. According to Scheme LI, the ben-
zocyclobutadieneiron ion undergoes the elimination of C,H, to
afford benzyneiron ion, which then degrades further to free
benzyne and Fe*. Incidentally, this mode of fragmentation of the
coordinated benzocyclobutadiene is entirely consistent with the
general pathway (Figure 4, A) by which all other coordinated
cyclobutadienes have been found to rupture. The appearance
potentials of the metal-containing ions described in Scheme LI
are similar to those of the related metal-containing ions found
in the mass spectra of R4C4Fe(CO)s [R = H, Me, and Ph].370 This
analogy suggests that related fragmentations in the mass spectra
of these complexes proceed with similar energetics. Particularly
interesting in the mass spectrum of 9 is the fragmentation in-
volving the simultaneous elimination of CO and Fe from
CsHsFe{CO)* by which the monopositive ion of the free ligand
(CgHs™) was presumed®? to be formed. In view of the absence
of mass spectral data to support a similar process for any of the
other cyclobutadieneiron tricarbonyl derivatives, or related
complexes of the general type QM (CO)3, it has to be concluded
that the formation of CgHg™ by the indicated fragmentation is
unique in many respects. By analogy with the coordinated li-
gands, the rupture of acetylene from CgHg* was presumed to
afford free benzyne ion.

Mass spectrometry was also used as an analytical tool for the
identification of the products obtained from the decomposition
of 3. In 1969, Li and McGee?'2 claimed the formation of cyclo-
butadiene (C4H,4) by the pyrolysis of 3. Their primary evidence
for the formation of this novel molecule was based on the de-
tection of an ion at m/e 52 (9.55 eV) in the mass spectrum of
the pyrolyzate. The mass spectrum of the pyrolyzate obtained
by the flash vacuum pyrolysis®'3 of 3 was also shown to exhibit
a band at m/e 52 (9.8 eV); however, in contrast with the earlier
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assignment®'2 this was attributed to the presence of vinylac-
etylene (9.9 eV) among the products. In this context, noteworthy
is the flash vacuum pyrolysis of photo-c-pyrone which gave a
product C4H, whose ionization potential was found to be 8.2
eV;314 this value is clearly more consistent with the first ion-
ization potential calculated for the free cyclobutadiene by
Worley.28€ In view of the foregoing, the claim made by Li and
McGee®'? appears to be in doubt. In another study, the flash
photolysis®'® of 8, in the gas phase, was monitored by means
of mass spectrometry. The primary photolytic step was pre-
sumed to involve the displacement of free cyclobutadiene
[C4H4Fe(CO)3 + hv — C4Hy* + Fe(CO)s]. The fast decay of the
free cyclobutadiene [C4H4* - 2CQH2; 2C4H4* - CsHs + CgHg]
encountered in this experiment was attributed to an excess of
energy carried over from the photolytic decomposition. A sub-
sequent study3'® of the vapor-phase photolysis of 3 in the
presence of C'80 has revealed that the primary photolytic step
is reversible; this was inferred by the detection of ions corre-
sponding to C4H,Fe(CO),(C'80)a—, (n = 0-3). At this stage, it
would perhaps be pertinent to mention that the photolysis of 3
{(—20 °C) in ethereal solution and in the presence of dienophiles
led to the generation and trapping of cyclobutadiene.®'s Inci-
dentally, the photolysis of 3 at 77 K (A > 2200 A), both pure and
in matrices of C3Fg and neopentane, led to the generation of
C4H4 and Fe(CO)s, whereas a similar experiment®'” carried out
at 8 K (A > 2800 A), in a krypton matrix, gave C4H4Fe(CO), and
co whose recombination to 3 was observed to take place by
warming the matrix to 35 K. It has subsequently been argued®18
that the failure to generate cyclobutadiene from a matrix
(krypton) isolated 3 might be due to a cage effect. This was taken
to exemplify a general limitation of matrix photochemistry as
a test of vapor-phase or solution reaction mechanisms.

Lastly, tetraarylcyclobutadieneiron ions were presumed to
be implicated in the fragmentation of certain tetraarylcyclo-
pentadienoneiron tricarbonyl derivatives®'® under electron-
impact conditions. Evidence based on the relative intensity ratios
of certain metastable peaks was presented in support of this
assignment.

VIil. Concluding Remarks

In this review, the scope of the field of cyclobutadienemetal
complexes has been examined in detail. The subject under
consideration has been reviewed according to reactions or other
common features. Among the topics discussed in this review,
noteworthy in particular is the section (IV.B) describing the use
of cyclobutadienemetal complexes as reagents in organic
synthesis, a subject of considerable interest which has been
investigated rather extensively in recent years. Generalizations
concerning the properties of coordinated cyclobutadienes should
be made with utmost caution, since they depend to a large de-
gree on the nature of the complexes. For instance, the sus-
ceptibility of the four-membered ring in C4HsFe(CO); (3) toward
electrophilic substitution reactions, typical of an aromatic sys-
tem, contrasts rather dramatically with the failure to observe
similar reactions with C4H;sMo(CO)4 (12). Nevertheless, a limited
comparison between the coordinated cyclobutadiene and other
7 ligands in well-defined systems might to a certain extent be
justified. The evaluation of the reactions between d® metal
cationic complexes of the type [(m-Ph,C4)M(r-ligand)]* (M =
Co, Ni, and Pd) and nucleophiles has revealed the following
decreasing order of ligand susceptibility toward an attack;320
cycloheptatriene > benzene > tetraphenylcyclobutadiene >
cyclopentadienyl. By contrast, in neutral sandwich complexes
of the type (m-C4H4)M(7-CsHs) [M = Co and Rh] the suscepti-
bility of the four-membered ring toward an attack by electrophilic
reagents is distinctly greater than that of the five-membered li-
gand. Very recently, self-consistent charge and configuration
MO calculations (SCCC-MO) have been reported®2? for the
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iscelectronic series w-LM(CO)3 [m-LM = CgHgCr, CsHsMn,
C4H4Fe, C3HsCo, and CyHsNi]. The parameters obtained in this
study have revealed that the overlap population associated with
Fe-C(C4H,) is the highest among the series members, whereas
the charge on C4H, was shown to be next lowest to that of C,H,.
However, it should be pointed out again that these theoretical
observations pertain to an intimately related series of complexes,
and therefore, the above cited results should not be viewed out
of context.

Lastly, it should be appropriate to remark in brief concerning
the postulation of cyclobutadienemetal complexes as reaction
intermediates. Reactions between alkynes and metal carbonyls
or related complexes have been known to afford a variety of
organic products such as benzenes, cyclopentadienones, cy-
clooctatetraenes, etc. In certain instances such reactions led
to the simultaneous formation of both the organic products and
cyclobutadienemetal complexes. Moreover, the formation of
the organic products directly from the cyclobutadienemetal
complexes has also been encountered in numerous reactions.
For example, the reaction of [PhsC4PdX;], (111) with Ni(CO),
in benzene at 80 °C gave a good yield of tetraphenylcyclopen-
tadienone. 49322 |n another example the tetraphenylcyclobu-
tadieneniobium complex 89 has been reported to undergo
thermal decomposition to afford hexaphenylbenzene. 198 At this
stage, it should be pertinent to mention that the issue of intra-
molecular conversion of cyclobutadiene to cyclopentadienone
has already been discussed elsewhere 'in this review, in the
context of the molecular structure of the novel intermediate-like
molybdenum complex 628° (section V). The above cited results
appear to provide some circumstantial evidence in support of
the participation of cyclobutadienemetal complexes and/or in-
termediates during certain metal-catalyzed reactions involving
alkynes. In fact, the intermediacy of cyclobutadienemetal
complexes has either been postulated or considered in certain
processes involving the cyclotrimerization323-328 and cyclote-
tramerization329:330 of alkynes. In the context of cyclotrimeri-
zation processes, noteworthy in particular is the study by Whi-
tesides and Ehmann®3' which describes an ingenious test for
the intermediacy of cyclobutadienemetal complexes in the
metal-catalyzed formation of benzenes from 1,1, 1-trideuterio-
2-butyne. This test is particularly effective for establishing the
absence of such intermediates. Finally, Schrauzer, Glockner,
and Eichler®32 have carefully examined the various kinetic as-
pects of the Reppe reaction and concluded that the intermediate
in the cyclooctatetraene synthesis was a complex containing
four acetylenes arranged in such a manner as to permit a con-
certed ring closure. It shouid, however, be pointed out that the
participation of intermediates containing coordinated cyclobu-
tadiene in this reaction cannot be ruled out entirely, since it has
been shown in recent years that a large number of cyclobuta-
dienemetal complexes do react under suitable conditions to
afford tricyclooctadienes or cyclooctatetraenes. The implication
of cyclobutadienemetal intermediates in catalytic processes is
a subject of considerable interest; however, this aspect despite
its importance is beyond the immediate scope of the current
review.

IX. Addendum

In order to update this review, several noteworthy investiga-
tions, most of which have appeared in recent literature, will be
cited briefly in this section. King and Harmon333 reported the
reaction of bicyclo[3.2.0]hepta-1,4,6-triene (C;Hg) with
Fe3(CO)q2 in boiling benzene by which the novel complex
C,HgFe(CO)a (394), containing a novel bicyclic cyclobutadiene
ligand was obtained in 41% yield by a process involving hy-
drogen migration. The chemical properties of 394 were inves-
tigated by Bamberg and Bergman.33* This complex was shown
to readily undergo ligand substitution reactions (e.g., with P(OR)g)
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including nitrosation with NO*PFg. The organic chemistry of the
coordinated ligand in 394 was also investigated. For example,
removal of a methylene proton from the five-membered ring of
the ligand with n-BuLi or KCH,SOCHj; gave an air-sensitive anion
which reacted with various reagents such as DO, CHal, Me3SiCl,
and CH3;COCH; to afford the respective exo-substituted D, CHg,
Me3Si, and Me,C(OH) derivatives of 394, Annelation of tricar-
bonyliron complexes of ortho-disubstituted [4]annulenes was
investigated independently by two groups. Wittig cycloolefination
of o-dialdehyde cyclobutadieneiron tricarbonyl (294) with
[Ph3P*—CH,C(=0)CH,— *PPh3]2CI—,3%5:336  gnd
[PhsP*—(CH,),—TPPh3] 2CI~ (395, n = 3,335 n = 4336) gave
the expected ring-closure products. The product obtained from
the reaction with 395, n = 3, was reported®35 by Stringer and
Wege to undergo hydride abstraction on treatment with trityl
hexafluorophosphate to afford tricarbonyl(1,2,2a,7a-n-cyclo-
butatropylium)iron hexafluorophosphate. In a different study,
Kaplan and Roberts reported33? the cyclobisacylation of para-
.para’-disubstituted biphenyls with the diacid chloride 285.
Acetylation of the parent complex 3 was reported®38 by Dinu-
lescu et al., to afford the mono- and o-diacetyl derivatives; the
latter derivative on reaction with hydrazine gave a pyridazino-
cyclobutadieneiron tricarbonyl complex. A new synthesis of
benzocyclobutadieneiron tricarbonyl (9) by the reaction of
1,4-dibromocyclooctatetraene with Fe(CO),2 2Nat was re-
ported33® by Harris et al. Among the recently reported studies
on cyclobutadieneiron tricarbony! derivatives, the investigation
of the mechanism of oxidative decomposition of certain such
complexes by Grubbs and Pancoast®4? is noteworthy. This work
describes the synthesis of the optically active ortho-substituted
derivative [(CHa)(CH,OCH,C=CCHjg)H,C,]Fe(CO)s and its
oxidative decomposition with Ce(lV) to afford the expected
phthalan derivative (75% vyield) as well as a minor carbon
monoxide insertion product (20% yield). Significantly, the re-
tention of optical activity was only observed in the instance of
the minor product, and this led to the suggestion of an intramo-
lecular trapping mechanism for its formation. By contrast the
racemic mixture of the major product from this reaction was
most probably formed via a free cyclobutadiene pathway.
Starting with the appropriate carbonyldioxycyclobutene and
Fe(C0)42~2Nat, Carrol, Seltman and Hauser reported34! the
stereospecific synthesis of tricarbonyl(A-bisnor-173-acetoxy-
1,5(10)-estradieneiron. The photochemical reactions of o-
dimethylcyclobutadieneiron tricarbonyl (23) with a variety of
acetylenes (e.g., acetylene, propyne, and 2-butyne), investigated
by Bruitt, Biehl and Reeves,342 gave benzenoid compounds, and
the mechanistic routes to such products were evaluated. Weber
and Brintzinger reported®4? the isolation of a very small amount
of the tetramethylcyclobutadieneiron complex (MegCg)Fe(CsMey)
from the reaction of (MegCg),Fe and 2-butyne. The structural
assignment of this novel complex was claimed on the basis of
a peak at m/e 326 in its mass spectrum and, therefore, should
be viewed with utmost caution. The activation of the tetra-
phenylcyclobutadieneiron complex 180 using cyclic voltam-
metric technique was reported3#4 by Connelly and Kelly to afford
the stable paramagnetic cation [PhsC4Fe(CO).(PPh3)]™ by a
one-electron oxidation process. In concluding the part dealing
with cyclobutadieneiron complexes, it shouid also be pointed
out that several recent papers describe the oxidative displace-
ment of free cyclobutadiene from 3 and its use in organic syn-
thesis.345-347

Numerous noteworthy investigations have been reported on
cyclobutadienemetal complexes other than those of iron. The
preparation of (cyclopentadienyl)(substituted cyclobutadiene)-
cobalt derivatives containing unusual complexed metal sub-
stituents was reported348-34° by Yasufuku and Yamazaki. For
example, the reactions of CpCo(PPh3)(RC=CR') (R, R’ = Ph,
COOMe) with the ethynyl complexes R”C=CM, where R” = Ph
for M = CpFe(CO)L) (L = CO, PhsP)and R” = Ph and COOMe
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for M = CpNi(PPhg), gave3*® cyclobutadienecobalt products
having M as one of their substituents. In a simitar study, the re-
actions of mono- and bis(phenylethynyl)ferrocenes with
CpCo(PPhs)(RC==CR’) (R, R’ = Ph, COOMe) or CpCo{PPhgs), at
80 °C were reported®9 to afford ferrocenyicyclobutadienecobalt
derivatives. In a somewhat related study, Lee and Brintzinger
reported®5° the formation of Ph,4C4CoCp (63) in 78 % vyield by
the reaction of the binuclear complex CpoCox(u-CO)u-PhaCy)
with Ph,C, in refluxing toluene. In a recent review®5! Vollhardt
described the reactions of 1,5-hexadiyne, 1,6-heptadiyne, and
1,7-octadiyne with monoacetylenes in the presence of
CpCo(CO), which afford general synthetic routes to benzocy-
clobutenes, indans, and tetralins, respectively. These cobalt-
catalyzed cooligomerization reactions gave as by-products
several novel (cyclopentadienyl) (substituted cyclobutadiene)-
cobalt derivatives. Structural data have been reported on the
1,2-dicyano-, 1,2-diiodo-, and iodocyclopentadienylcobalt
complexes [C5H3(CN)2]CO(C4Ph4), (CsH3|2)CO(C4Ph4), and
(CsH4lYCo(C4Ph,). In an extension of an earlier study, King and
Ackermann reported5 the syntheses of the rhodium analogues
of the tricyclic cyclobutadienecobalt complexes 101 by the re-
actions of CpRh{CO), with the macrocyclic alkadiynes 100.

During the past year, little attention was given to the study of
cyclobutadienepalladium complexes. The syntheses of certain
ortho-substituted diphenylacetylenes and their reactions with
dichlorobis(benzonitrile)palladium to afford the corresponding
substituted cyclobutadienepalladium chioride derivatives was
reported54 by Staicu et al. Especially noteworthy was the de-
velopment in the chemistry of cyclobutadienenickel which was
reported335 by Hoberg, Krause-Going, and Kruger. The reaction
of pentaphenylaluminacyclopentadiene with lithium gave a di-
anion which on treatment with NiBr, yielded the binuclear
complex (PhsCs)Ni(PhaC3)Ni(C4Phy), containing an unusual open
allylic bridge, as well as a second product whose elemental
analysis and mass spectrum are consistent with a bis(tetra-
phenylcyclobutadiene)nickel(0) structure. Incidentally, the
structure of the binuclear complex was determined by crystai-
lographic means.
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