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[. Introduction

The chemistry of metallacyclobutane compounds
has been a major area of organometallic chemistry.
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Within the past two decades these intriguing systems
have been explored in depth and their study has
attracted considerable attention. Metallacyclobutane
compounds also play an important role in a number
of catalytic transformations. Further, they have been
suggested as key intermediates in olefin and acety-
lene metathesis,! ! cycloadditions of alkenes!? 15 and

0009-2665/94/0794-2241$14.00/0  © 1994 American Chemical Society



2242 Chemical Reviews, 1994, Vol. 94, No. 8

cyclotrimerizations of acetylenes,'®-18 dimerization of
alkenes,19-2! oligomerization of alkynes,?223 gligomer-
ization of dienes,2¢"27 polymerization of olefins and
acetylenes, 3! and isomerizations of strained car-
bocyclic ring systems.3273% Finally, in addition to
being key intermediates in catalytic reactions, met-
allacyclobutanes also have been used successfully in
organic synthesis.3

The first metallacyclobutane compound was dis-
covered in 1955 by Tipper.??” While studying the
similarities in electron delocalization between cyclo-
propanes and olefins suggested by Walsh in 1949,38
Tipper examined the ability of cyclopropane to form
complexes with transition metals analogous to known
olefin—metal 7 complexes. He treated cyclopropane
with hexachloroplatinic acid (HyPtClg), in acetic
anhydride, and found the reaction product to have
the empirical formula PtCl;C3Hg (1). Further, reac-
tion of 1 with pyridine formed a stable compound of
formula (CsHsN):PtCl;CsHs. Tipper believed the
cyclopropane ring remained intact and that the new
complex was an edge-bound dimer analogous with
Zeise’s dimer. The structure of 1 was not accurately
identified as a platinacyclobutane, however, until
1960 when Chatt and co-workers further examined
the compound.®® Chatt observed that the solubility
properties and the IR data of Tipper’s complex
suggested a polymeric species, rather than a dimer
and that the cyclopropane ring had opened forming
a platina(IV)cyclobutane complex. This conclusion
was subsequently confirmed by Gillard et al. in
1966,% and the structure of compound 1 was sug-
gested to be tetrameric in 1969.4! Many metallacy-
clobutane compounds since have been discovered as
stable complexes from a variety of methodologies.
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Other comprehensive and semicomprehensive re-
views that include discussions on metallacyclobutane
compounds have appeared emphasizing topics such
as the preparations and properties of metallacyclic
compounds,*2~#¢ metallabenzenes,* pallada(II)- and
platina(Il)cyclobutanes,*® platina(II)- and -(IV)cy-
clobutanes,*’ cyclometalation reactions,*84 the chem-
istry of alkanes®® acetylenes®! and cycloproparenes,5?
and metallacycles as intermediates in olefin meta-
thesis!~® and other metal-catalyzed reactions.3453-59
This review will deal specifically with the prepara-
tion, characterization, and chemistry of metallacy-
clobutane derivatives of the group eight transition
metals (groups eight, nine, and ten). The discussion
is limited to monometallic systems and to ring
systems consisting only of metal and carbon atoms.

Jennings and Johnson
Il. Synthesis of Metallacyclobutane Derivatives

A. Carbon—Carbon Bond Cleavage

Platinum(1l) as the Reagent. Oxidative addition of
a C—C bond of cyclopropane to a metal center
provides a facile synthesis of metallacyclic complexes
of a variety of transition metals. As stated in the
introduction, Tipper initiated this methodology when
he allowed chloroplatinic acid and cyclopropane to
react in acetic anhydride.3” The resulting tetramer
further reacts with several nitrogen donor ligands (L
= Py, 2-, 3- and 4-Mepy, 2,6-diMepy, bipy, and en)
to yield the platina(IV)cyclobutane derivative 2.

T 2
L 1
h%
L 3

Cl 2

Most often, the chlorine atoms are trans to one
another. Although this particular platinum species
(HoPtClg/HOAC) provides a facile route to an unsub-
stituted platina(IV)cyclobutane, it has been ineffec-
tive in the synthesis of alkyl or aryl-substituted
platina(IV)cyclobutanes.59

There exists a more general reagent involving the
reaction of various cyclopropanes. Zeise’s dimer (8)
as the platinum(II) source readily forms the tet-
rameric platina(IV)cyclobutane.f:-8 Subsequent ad-
dition of strong electron-donating ligands forms the
platina(IV)cyclobutane monomer 4 in high yields (eq
1). Nitrogen donor ligands have been found most

R
[PUC,HCLy), + A -
3

a, AR L T AR

0 o
a L7 (4
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4

effective in obtaining the monomeric species 4. Oxy-
gen donor ligands, such as THF or 1,4-dioxane, may
form 4 in solution but are rarely isolated, generally
due to their lack of bond strength.3%41.6* Addition of
ligands such as PR3, DMSO, and CO to the tet-
rameric complex generally results in reductive elimi-
nation of the cyclopropane.3961.6265

The proposed pathway for platina(IV)cyclobutane
formation, shown in Scheme 1, invokes initial coor-
dination of a nucleophilic cyclopropane to an electro-
philic Pt(ITI) center to form the “edge complex”,
intermediate 5. Subsequent ring opening of the
cyclopropane occurs to form 6, which upon loss of
ethylene and dimerization forms the observed plati-
na(IV)-cyclobutane tetramer 1. An alternative mecha-
nism, resulting from the suggestion that platinum-
(IV) is unable to coordinate to olefins, proposes that
ethylene is lost from intermediate 5 to form an
intermediate analogous to 6 with ethylene removed
and solvent occupying the open coordination sites.
However, a platina(IV)cyclobutane recently has been
synthesized that also accommodates a Pt(IV)—olefin
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Table 1. Monosubstituted Platina(IV)cyclobutanes via Oxidative Addition

R
Lo ?& Lo A
Pt 2 Pt R
L7 L7IV2
cl3 Cis
entry L R ref(s) entry L R ref(s)
1 Py H 63 22 Py 2-(4-EtOCeH, ) 75
2 Py 2-Me® 47,71,74 23 Py 2-NH, 81
3 Py 2-Et 69 24 4-Mepy 2-Me® 47,74
4 py 2-i-Pr 69 25 4-Mepy 1-Ph 75
5 py 2-Bu 47,71,74 26 4-Mepy 2-Ph 75
6 Py 2-CH,CO;Me 76 27 2-Mepy 2-Ph 75
7 Py 2-CH,OH 77 28 3-Mepy 2-Me® 47,74
8 py 2-CHMeOH 77 29 Yo(bipy) 1-Ph 75
9 py 2-CMe,OH 77 30 Yy(bipy) 2-Ph 75
10 py 2-CH,OMs 78,79 31 Yo(bipy) 2-CH,OMs 78,79
11 Py 2-CH,OPNB 79 32 Yy(tmed) 1-Ph 68,75
12 py 2-CMe,OPNB 79 33 1/5(tmed) 2-Ph 75
13 Py 1-Ph 68,75 34 o(tmed) 1-Me 80
14 py 2-Ph 61—-63 35 Yo(tmed) 2-Me 80
15 py 2-PhCH, 61—63 36 1/,(tmed) 2-Et 80
16 py 1-p-MeCgHy 62,63,75 37 1/y(phen) 2-Me 47,74
17 pY 2-p-MeCgH, 75 38 THF 2-Me® 71
18 Py 2-0-MeCsH4® 75 39 THF 1-Ph 64,75
19 Py 2-n-CeHiys 61-63 40 THF 2-Ph 75
20 Py 2-0-NOPh 62,63 41 THF 1-p-MeCeH, 75
21 py 2-(4-MeOCgH,)® 75 42 THF 2-p-MeCgH, 75
Complex
Br 82,83 CH, 84
t:l’%‘t L = py, 4-Mepy, bipy, en, phen PyZCI2P1<>/ \CH:<> PICkPY2

2 Found as a mixture with the substituents at the 1 and 2 position. The isomer shown in the table is predominant by a ratio

greater than 8 to 1.

Scheme 1
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bond (see eq 9).°¢ Further, a recent report on a
Zeise’s dimer catalyzed reaction invokes a platina-
(IV)cyclobutane intermediate and suggests that eth-
ylene remains intact upon ring opening®” (see Scheme
47). Both of these observations lend credence to the
mechanism proposed in Scheme 1. It is important
to note that several reports refer to platinum-—
cyclopropane edge complexes. There has been no
evidence to date supporting these species. However,
the likelihood of such species as transition states or
unstable intermediates is quite reasonable. Finally,
the question arises as to whether oxidative addition
of cyclopropane to platinum is a process that occurs
at an edge or at a corner. The evidence to date
clearly indicates edge attack. One example, and
perhaps the strongest, is shown in eq 2 as the
stereochemistry at the cyclopropyl carbon bearing the
methyl substituent is maintained. Corner attack
would have caused inversion of this carbon moiety.
Evidence for the site of attack using other metals is
not apparent.

Me Zeise's | ,—pa (2)
Dimer
Me

Tables 1-3 include examples of platina(IV)cyclobu-
tanes prepared by this method which is both more
convenient than Tipper’s synthesis and effective for
both alkyl- and aryl-substituted cyclopropanes. Table
1 illustrates a variety of monosubstituted platina-
(IV)cyclobutanes. In many of the aryl-substituted
examples both the 1- and 2-substituted isomers are
present. These two species result from the well-
known isomerization of platina(IV)cyclobutanes shown
as eq 3 for the phenyl-substituted example.®® A
mechanistic discussion for this isomerization is pre-
sented in more detail later in the section on intramo-
lecular rearrangements. Briefly, the isomerization
is an intramolecular process in which the platinum
atom passes over the face of the cyclopropyl moiety
in a concerted fashion leading to a new metallacycle
as shown. This is often referred to as the Puddephatt
rearrangement.

The most recent studies suggest that Pt(II) inserts
into the cyclopropane at the more highly substituted
C—C bond, forming a 1-substituted (or a-substituted)
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Table 2. 2,2-Disubstituted Platina(IV)cyclobutanes
via Oxidative Addition

14

N
:Pt:><R'
L7 2°R

i3
entry L R R ref(s)
1 Py Me Me 69
2 Py Me CH,0H 77
3 Py Me CH:OMs 78,79
4 Py Ph CH;OMs 79
5 Y5(bipy) Me Me 47
6 o(bipy) Ph CH.OMs 79
7 1/9(phen) Me Me 47
8 /o(tmed) Me Me 80
Complex
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platina(IV)cyclobutane. (There is some ambiguity
with regard to nomenclature here. Heterocyclic
systems are numbered with the heteroatom being no.
1. However, this field has developed with the no. 1
atom being that atom attached directly to the metal.
This is derived from inorganic chelate nomenclature.
It is the latter system which shall prevail in this
review. Substituents lacking a specific locant should
be assumed to be attached to the heteroatom.)
Subsequent isomerization then leads to the predomi-
nant 2-substituted (or S-substituted) isomer. Al-
though the presence of both isomers and subsequent
isomerization in the aryl-substituted examples readily
supports this theory, in most of the alkyl-substituted
examples only the 2-substituted isomer is observed.®®
It is presumed that Pt(II) inserts into the more highly
substituted bond in these latter examples followed
by rapid isomerization to the observed species. This
presumption is suspect and adequate data to discern
this question does not exist. It is extremely impor-
tant to note that subsequent reaction of the platina-
{IV)cyclobutane may occur from the less stable iso-
mer. As you will learn later in this review, Pt(II) is
participating in this insertion reaction as an electro-
phile. Thus, it seeks the bond with highest electron
density, yielding often the kinetic product. Fur-
ther, the platina(IV)cyclobutane complex often reacts
with cation-like properties. Thus, using microscopic
reversibility arguments, one might suggest that a
carbocation-like transition state is involved with the
oxidative addition process. Subsequent steric factors
drive the complex to the thermodynamic product via
the intramolecular rearrangement often referred to
as the “Puddephatt rearrangement”.

When 1,1-disubstituted cyclopropanes are treated
with Zeise’s dimer, the 2,2-disubstituted platina(IV)-
cyclobutanes result (Table 2). (Another example of
a 2,2-disubstituted platina(IV)cyclobutane, formed by
an alternate methodology, is shown in Scheme 10.79)
Although in no instance is the 1,1-disubstituted
platina(IV)cyclobutane isomer observed in these re-
actions, it again is not possible to exclude initial
insertion of Pt(II) into the more highly substituted
bond, followed by rapid isomerization. Again, it is
important to emphasize that further reaction may
occur from the least stable isomer.

Jennings and Johnson

Table 3. Trans-1,2-Disubstituted
Platina(IV)cyclobutanes via Oxidative Addition

Pt
cis
entry L R R’ ref(s)
1 Py Me Me 69,71,73
2 py Ph Phe 61—63,73
3 Py Me Ph 71,73
4 Py Ph Me 71,73
5 Py Me n-Bu 62,63
6 4-(t-Bupy) Ph Phe 71,73
7 4-(t-Bupy) p-MeC¢H, p-MeCgH,ss 73,75
8 /o(phen) Me Me 73
9 CD;CN? Me Me 73
10 PhCN? Me Me 73
11 2-Mepy® Me Me 73

@ Found as a mixture with the 1,3-disubstituted isomer, the
1,2-disubstituted isomer being predominant. ¢ Isolated at —78
°C.

When Zeise’s dimer is added to trans-1,2-diarylcy-
clopropanes, both 1,2-disubstituted and 1,3-disubsti-
tuted isomers result (Table 3). The trans-1,3-diaryl
isomer is observed initially followed by isomerization
to the predominant trans-1,2-diarylplatina(IV)cy-
clobutane, strongly supporting Pt(II) insertion into
the more highly substituted bond.™~"® The trans-1,2-
dialkylcyclopropanes are observed to form only the
trans-1,2-dialkyl-substituted platinum(IV) product.
Investigations to fully elaborate and generalize the
stereochemistries and conformations of these prod-
ucts are lacking.

Insertion of Pt(II) into cyclopropane derivatives has
been shown to proceed stereospecifically with reten-
tion of configuration of the cyclopropane ring sub-
stituents.61.6286 For example, trans-1,2-diphenylcy-
clopropane oxidatively adds to the Pt(II) center of
Zeise’s dimer to form a 1,2-diphenylplatina(IV)-
cyclobutane, along with the 1,3-diphenyl isomer, each
with trans stereochemistry (eq 4). This result is
further confirmed by reductive elimination to the
original trans-disubstituted cyclopropane.

Ph
Pz
[Pt(C,H)CL ], &+
“ph
Ph Ph
Cl L (il
1 <
L\Pt .oIPh + Pt (4)
4 ?
(R L
cl cl

Ph

Historically, Zeise’s dimer was a substantial im-
provement over platinic acid, but it too appeared to
have limitations. All of the examples of 1,2-disub-
stituted platina(IV)cyclobutanes shown in Table 3
were derived from substrates with trans stereochem-
istry. However, cis-disubstituted cyclopropanes
treated with Zeise’s dimer behaved quite differently.
For example, upon reaction of cis-1-n-butyl-2-meth-
yleyclopropane with Zeise’s dimer no platina(IV)-
cyclobutane derivative was observed.®? The resulting
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Table 4. Cis-Disubstituted Platina(IV)cyclobutanes via Oxidative Addition

entry complex ref(s) entry complex ref(s)

1e abh 61,72,73,94 12 Ph 91

o Ve

Pt Ph PICI,Py,
2b [ 81,92 13 i 81
PtCloLp ) [0}
%CIZPM
3 93 14 76
ﬁ’ PICLPy2 @bﬁchpyz
4 93 15 o) 76
C'zpyz

Lo
5 HO 81 16 0, 81
6 81

L\&tCIzPyz
7 [ 87
P!C|2Py2

8 HO,C 76
HOzC\ZkZ P1CloL,

9 MeO,C : i , 76
MeQ,C PICl Py,

10 Ph 91
h’zmzp}’z
11 87

17 X? 92
PtCl,Py,

184 88
19 88
Q‘HCIZ(blpy)

20 PtCloPy, 76,94
21 ‘ PtCIoPy, 95
22 PICIzPy, 94

e Found as a mixture with the 1,3-disubstituted isomer, the 1,2-disubstituted isomer being predominant. * L = 4-Mepy, 2,5-
diMepy, 3,6-diMepy, aniline, p-chloroaniline, DMAP, 2-methylpyrazine, en, bipy. ¢ L = Py, en, (4-pyridyl)carbinol. ¢ L = Py, bipy.

products were instead a mixture of olefins. Similar
results were obtained from other cis-disubstituted
cyclopropanes, and this led investigators to conclude
that an unstable platina(IV)cyclobutane was formed
en route to the observed olefinic products.*”6%™ Some
people erroneously concluded that Zeise’s dimer did
not react with cis-substituted systems. The origin
of this enhanced reactivity with cis-disubstituted
systems has not been definitively elaborated and is
under investigation in the author’s laboratory. It is
clear that both steric and electronic factors are
involved as expected. As you will see below many
cis-disubstituted systems have been prepared. Those
complexes derived from the norbornyl system are
quite stable up to 50—80 °C. However, those derived
from less sterically constrained systems such as
cyclohexyl are considerably less stable and decompose
to olefinic products at temperatures of 0 to 40 °C. The
necessary requirement for decompositions is ligand
loss to create a vacant coordination site to which
hydride is transferred and decomposition commences.
Thus, coordinative saturation prevents decomposi-
tion.

Likewise, as you will see in the reaction section,
platinum(IV)cyclobutanes react by formation of cat-
ionic intermediates. Thus, a substituents provide for

stabilized cationic intermediates which aid in com-
plex reactivity.

Thus, a variety of cis-disubstituted platina(IV)-
cyclobutanes have recently been synthesized, in high
yield, from Zeise’s dimer. Three examples are shown
in eq 5,87 6,888 and 7.739¢ Additional complexes are

illustrated in Table 4. For entries 7 and 11, a diendo

1) Zeise’s Dimer
——————c———————

2) Pyridine

1) Zeise’s Dimer
—_——,
2) Pyridine PtCL,Py,

L.Zeise"s
Dlmer
2. Py

I I (7)
P!Clzpyz tClzpyz
1 :

Ph
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edge-bound structure was proposed as a stable
complex.8™ This has been shown to be incorrect. Two
unique cis-1,3-disubstituted examples also exist in
which platinum(II) is incorporated into the more
highly substituted bond of the three-membered ring
{eqs 8% and 9%6). The final product of eq 9 is worthy

Cl
1) Zeise’s Di IA
ise’s Dimer Py\Pt ®

4> 2) Pyridine 7 |

ol
a
1) Zeise’'sDimer N\
—"\_n
P \
Y q

\:) Zeise's Dimer
E
1
' Cl Cl
T/ \Pt

~aTtty)
o]
©)

of additional comment. This is the first and only
example of a platinum(IV) olefin complex. This is
particularly interesting in light of the fact that high
oxidation states are thought to not stabilize olefins
and are often used to remove them from the coordi-
nation sphere. It also is significant with regard to
the mechanism of oxidative addition of cyclopropane
to Pt(II) which was discussed earlier in that it
suggests that the olefin can remain on platinum
during the reaction.

More highly substituted platinum(IV) complexes
have been synthesized. For example, 1,1,2,2-tetra-
methylcyclopropane forms a relatively minute amount
of platina(IV)cyclobutane upon reaction with Zeise’s
dimer, suggesting that steric effects also inhibit the
oxidative addition of cyclopropane to Pt(II). When
1,1,2-trimethylcyclopropane is treated with Zeise’s
dimer, a tetrameric platina(IV)cyclobutane is formed.
However, upon addition of pyridine, isomerization to
a platinum—olefin species occurs and no monomer
platina(IV)cyclobutane is observed. The bis-pyridine
adduct of 1,1,2-trimethylplatina(IV)cyclobutane can
be prepared, however, if pyridine is added to the
corresponding tetramer at low temperatures (—40
°C).69

Recently, a variety of stable 1,2,3-trisubstituted
platina(IV)cyclobutanes have been synthesized from
the corresponding cyclopropanes and Zeise’s dimer
under mild conditions. Examples of these systems
are listed in Table 5. Entries 8 and 9 were prepared
by oxidation of entries 1 and 4, respectively. The rest
were synthesized by oxidative addition methodology.

The oxidative addition of cyclopropane to Zeise’s
dimer is further limited since the ease of platina(IV)-
cyclobutane formation rapidly decreases as the cy-
clopropane’s substituents become more electron with-
drawing.®?2 In fact, when the cyclopropane is sub-
stituted with CO:Me, COMe, or CN groups no direct
platina(IV)cyclobutane formation is generally ob-

Jennings and Johnson

Table 5. 1,2,3-Trisubstituted Platina(IV)cyclobutanes
via Oxidative Addition

entry complex ref(s) entry complex refls)
1@ CHOH 8196, 9 92
AL E 7 P
PICloL, PICI;Py,
2 CH.OH 81 10 CH,OH 76
Lb:t/cwawyz ﬂb/m/cnzpyz
3 CH,0H 81 11 76
It Az
PtCI(N3)Py2 PICI,Pys
4b 96,97 12 o CH,OH 76
PiClL, PtCIoPy,
5 [ CH20Me 81 13 Q CH,OH 76
PICLPy2 WIZWZ
6 CH: 92 14 0, 76
7 92 15 CHoOH 81
Aot A
PtCloPys PtCloPy
CHO 9297 16 CHs 94

PtCIoPy,

;

PiClaLs

Sy

@ L = Py, DMAP, bipy, en. * L = Py, bipy, en.

served with one exception (eq 107%). Apparently, the

CO,Et COE!
1) Zeise’s Dimer ﬁ:lj( a0
| 2) Pyridine PtClLPy;

double bond of the norbornyl moiety contributes
enough additional electron density to the electron-
poor cyclopropane to allow insertion of the electro-
philic Pt(II). These facts emphasize the concept that
Pt(II) in this reaction is acting as an electrophile
while the cyclopropyl moiety is playing the role as a
nucleophile. To circumvent this limitation, an indi-
rect methodology for preparing a platina(IV)cyclobu-
tane bearing electron-withdrawing groups has been
achieved recently (eq 11).98

0 a
HOCH,CH,OH 0y¢®
Me H Me
D P, & Et,0
Me\z) Pyridine
0
Q a J4 1
o__0
Pyl
H
Py, ClPt Me ¢ Py ClPt “H,0 Py/ir Me
a

11

The results of eq 11 address the problem of whether
electron-withdrawing groups on the cyclopropane
moiety retarded oxidative addition or allowed oxida-
tive addition to an unstable platina(IV)cyclobutane
which readily reductively eliminated. The facts are
that oxidative addition appears to be retarded as the
platina(IV)cyclobutane complexes (eq 11) are quite
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Scheme 2
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stable to thermal decomposition. The same is true
for entry 3 of Table 4. In this case, the complex is
slow to form but is quite stable.

Another methodology for platina(IV)cyclobutane
formation is shown in Scheme 2% This rather unique
procedure has not been explored for a variety of
substrates. Scheme 2 also illustrates the proposed
mechanistic pathway for this displacement process.%
Initial formation of an edge-bound cyclopropane—Pt
complex is proposed as was previously inferred for
platina(IV)cyclobutane formation (see Scheme 1).

Metal(0) as the Reagent. As demonstrated above,
Pt(II) insertion into a C—C bond of cyclopropanes to
form platina(IV)cyclobutanes is quite common. How-
ever, Pt(0) and other group eight transition metals
also can be inserted into cyclopropanes to form their
respective metallacyclobutanes. For example, Pd(0)
and Pt(0) insert effectively into cyclopropanes bearing
strong electron-withdrawing groups (eqs 12—
14).46,100-102 The 1,1,2,2 isomer was not observed. It

NC CN
NC CN
(PPhy) Pd —_—— (PPh;),Pd a2)
NC
NC NC CN
NC CN
NC CN
H
(PPhy) Pt + ———— (PPh,),Pt 1
3)4 3)2 COzEt (3)
H CN
Et0,C Ph NC
NC CN
NC CN
(PPhy) Pt ——>  (PPhy,Pt a4
NC
NC NC CN

is important to contrast these results with those from
the use of Pt(II). In the latter case, Pt(II) is acting
as an electrophile, whereas in examples 12, 13 and
14, the metal is obviously a nucleophilic moiety. This
explanation is further supported by the observation
that Pt(PPhs)4 does not form a platina(II)cyclobutane
upon reaction with the less electrophilic 1,2-dicyano-
cyclopropane.’®? QOther pallada(II)- and platina(II)-
cyclobutanes formed by oxidative addition method-
ology, in 20—80% yield, are listed in Table 6.

Chemical Reviews, 1994, Vol. 94, No. 8 2247

Table 6. Pallada(II)- and Platina(Il)cyclobutanes via
Oxidative Addition

NC_ N
L
L:M
NG TCN
entry M L R R ref(s)
1 Pd PPhs Me Me 102
2 Pd PPh;Me Me Me 102
3 Pt PPhs H H 100,102,103
4 Pt PPhs Me Me 102
5 Pt PPhs H Ph 101
6 Pt PEts H H 102
7 Pt PPh;Me H H 102
8 Pt PPh;Me Me Me 102
9 Pt AsPh; H H 102
10 Pt AsPh; Me Me 102

Dibenzosemibullvalene reacts with Fe(0) of diiron
nonacarbonyl, according to eq 15, to form ferretane
in 25% yield.1%* The rhodium analogue also has been

oC  Co
\N/
0C—Fe—CO

prepared, in 85% yield, from Rhy(CO),Cl; and ap-
pears to be dimeric in nature.’%® The stability of
these complexes may be attributed to the lack of
B-elimination or C—C o-bond rearrangement path-
ways.

Atomic nickel, when cocondensed in an argon
matrix, can be inserted into cyclopropane to form an
unligated nickela(Il)cyclobutane (equation 16),1%

JANIR "8 N<> (16)

15K

Ni +

A second type of low-valent metallacyclobutane
derivative, metallacyclobutenones, can be synthe-
sized by metal insertion into cyclopropenones. Plati-
na(Il)cyclobutenones were the first complexes of this
type to be prepared utilizing Pt(0) which readily
inserts into the C—C single bond of the organic
substrate (eqs 17a and 17b). Equation 17a reports a

0 0O

Ph,P
R.T. N
(PPhy Pt + A Brin”  pypr Ph (17a)

Ph Ph
Ph

direct synthesis of the diphenyl derivative which is
formed in 60% yield.1” In the reaction shown as eq
17b, an isolated intermediate 7 is initially formed,
which upon further reaction at —30 °C yields the
platina(Il)cyclobutenone.!®® The possibility of trap-
ping the platinum-—olefin complex 7 seemingly de-
pends on the ring substituents since the dimethyl and
diphenyl derivatives formed the corresponding plati-
na(Il)cyclobutenones under the reaction conditions
of eq 17a, but no olefinic complex was detected.
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0
(PPh3)2Pt4—| + A ec (PPh3)2Pt¢jD=o
-C,H,
c 7

H, HyC
1 -30°C

(17b)

Another metallacyclobutene of Pt(II) was prepared
by treating 1,2-diphenyl-3-(dicyanomethylene)cyclo-
propene with bis(triphenylphosphine)(ethylene)-
platinum to form the platina(Il)cyclobutene monomer
and dimer shown as 8 and 9.1%°

NC_ CN

P cN
< D NS
/P' Ph Pt
PhyP Ph3P/ \N—CW%
Ph CN

8 9 Ph

Tetrafluorinated cyclopropenes can also oxidatively
add to the low-valent metal centers of Pt(0) and Ir(I)
complexes to form tetrafluorinated platina(II)- and
irida(IlT)cyclobutenes, respectively. Two examples
are shown as 10110 gnd 11.11!

F F
Ph3ll’
Ly oc
Pt F o 13 F
F F L= PPh;, PMe, PhyP
10 F 11 F

Metallacyclobutabenzene derivatives are a fourth
class of low-valent metallacyclobutanes that can be
prepared by the oxidative addition methodology.
Nickela(Il)cyclobutabenzene was the first of this class
of compounds to be synthesized in this manner by
treating cyclopropabenzene with (PPhg),Ni (eq 18).112
Other nickel(0) sources that can be utilized effectively
in this reaction include (EtsP);Ni(COD), (n-BugsP)s-
Ni(COD), or Ni(C;H4)s in TMED.

(PPhy),Ni
(PPhy NI + —_— 18

The synthesis described above also led to the
preparation of bis(trimethylsilyl)-substituted pallada-
(II)- and nickela(I)cyclobutabenzenes (eqs 19112 and
20114). In eq 19, both the allyl and cyclopentadienyl
ligands are proposed to be displaced and Pd(0) is
inserted into one of the single bonds of the three-
membered ring of 7,7-bis(trimethylsilyl)cyclopropa-
benzene. The nickelacycle is formed, in 61%—82%
yield, with tris(ethylene)nickel and the cyclopropa-
benzene in the presence of a bidentate chelating
ligand. When L = TMED, in this example, a ligand
exchange reaction can occur to form the analogous

Jennings and Johnson

Pl‘} . SiMe;  2PMe;

< SiMe,
(PMe;),Pd 19)
Me,Si

SiM93

SiMe
(CHYsNi  + 32k,
SiMe,
(LN L= TMED,
TEED,
Me;Si PMDT.  (20)
bipy

SiMe,

nickela(Il)cyclobutabenzene compounds with phos-
phorous ligands PMejs, dcpe, and dppe.

Further investigations of metal insertions into
cycloproparenes has led to the preparation of metal-
lacyclobutarenes of Rh(III) (74% yield), Pd(II), and
Pt(II) (92% yield) as illustrated in Scheme 3.115

SO G §=1

L,Pt(C,H,)
\2(24 APd

1L3RhCl

Alkylidene-1-rhoda(IIl)- and -platina(II)cyclobutare-
nes 12 and 18, respectively, also have been prepared
from (PPh3)sRhCl and (PPhs),Pt, respectively (60%—
85% yield).}18

Scheme 3

R R

J R Ve
OC Rh(PPh;),Cl Pt(PPh;),

12 R=Ph, p-MeOC¢H,, m-CF;CsH, 13

B. Carbon-Hydrogen Bond Cleavage

The intramolecular oxidative addition of C—H
bonds to a central metal atom, commonly referred to
as a cyclometalation reaction, can form an assort-
ment of metallacyclic complexes including metalla-
cyclobutanes, -butanones, and -butabenzenes. The
most thoroughly studied example of this methodology
involves the thermal decomposition of dineopentylbis-
{(triethylphosphine)platinum(II) to form bis(trieth-
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Scheme 4

Ly / < 1 L /—é
Pt i Pt
s _—
\__< +L \ <

L -L

L]
PR o] ] Pt
L +L

ylphosphine)-2,2-dimethylplatina(IT)cyclobutane in70%
yield (eq 21).117 In this reaction, an unactivated y

EP / é Et,P

P ASTC, TV Sk + C(CHy, (21)
/ Et;P

EtpP \_< 3

14

C—H bond is cleaved by the platinum moiety under
vigorous conditions to form the platina(Il)cyclobu-
tane. The mechanism has been investigated and is
outlined in Scheme 4.117-120 Studies have indicated
relief of steric congestion in the dineopentylplatinum
complex as the driving force of the reaction.
Compound 14 was prepared in good yield by
treating (1,5-COD)PtCl: with neopentylmagnesium
bromide followed by addition of triethylphosphine.
The corresponding reactions of (1,5-COD)Pt[CH,C-
(CHs)sl: with triisopropylphosphine and tricyclohexyl-
phosphine do not form the expected analogues to 14,
however, but lead directly to platina(IV)cyclobutane
formation in 19% and 17% yields, respectively (eq
22).121 The difference in products in these latter

—_—
50-55°C RP” 22)

R=i-Pr, Cy

(COD)Pt
reactions is presumably due to the increased steric
bulk of triisopropyl- and tricyclohexylphosphine,
relative to triethylphosphine, making formation of a
stable square planar Pt(II) dineopentyl complex less
likely.

The mechanism shown in Scheme 4 for 2,2-di-
methylplatina(Il)cyclobutane formation is also in-

voked in the preparation of the 2,2-dimethylmetal-
lacyclobutanes formed in eqs 23122 and 24.12% Other

2LiCH,C(CH,),
————

PhyP
Pd<>< . ></\'<
/7
Ph,P

(PH\3) ,PdCl,

Mej3zP
MejzP
Ru,(0,CMe),C1  MB(CH;(CMey) o (24)
4 PMeg Me,P
Me3P

metallacyclobutane and -butabenzene complexes that
have been prepared by this methodology, in yields
ranging from 12% to 70%, are shown as 15a—e¢,!24-127
16a and b,'22 and 17a!2%!29 gnd b.130
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L ML L
M a:Rh Cp* PPhy L2N<>< L=a:PPhy
v’ b:Ru n-C4Meg PPhy b:1/2dppe
15 c:Ru nb- -CeMeg PPh,Me 16

LM ML
a:Ru PMe,
b:Os PMe,

17

Irida(IIT)cyclobutane, -butanone, and -butabenzene
have been prepared via cyclometalation reactions
according to Scheme 5.128131 Each reaction shown in
Scheme 5 involves the intramolecular insertion of
iridium(I) into a y C—H bond of the alkyl or aryl
moiety. The cyclometalation mechanism of the iri-
dium examples differs slightly, however, from the
cyclometalation pathway outlined in Scheme 4, since
no sacrificial alkyl ligand is present to reductively
eliminate with the abstracted hydrogen. Subsequent
mechanistic studies revealed that ligand dissociation
does not occur prior to oxidative addition of the C—H
bond to iridium, suggesting direct oxidative addition
of the C—H bond to a square planar monoalkyl (or
aryl) iridium intermediate.!3?

An analogous product to the irida(III)cyclobu-
tanone formed in Scheme 5 can be prepared for
ruthenium as illustrated in eq 25.13 An equilibrium

L O'K* L L (4]
L. | € )\ L, Il',o—-é L, | —-—4
Ru —_— ‘Ru Ru

‘ ———
L” | "Me -KCl L/ l ‘Me L/ ' ‘Me
L
L=PMe, 18 l'CHA »
L
Lly,' l&
Ry 0
L7 |
L
(25)

is first established between the ruthenium enolate
complexes 18 and 19 which exist in both the C- and
O-bound forms in a 70:30 ratio. Thermolysis of this
mixture leads to loss of methane and formation of
the ruthena(Il)cyclobutanone product in 74% yield
as determined by 'H NMR spectroscopy at —20 °C.
This metallacyclobutanone is extremely unstable but
was isolated and characterized at low temperatures.

Scheme §
H
LiCH,CMe,  MesP(]
d
Me3P PMe3
oLi*
I H
HZC/C\CH Me3P |
Ir(PMe;) C1 )
MQJP PMe
CHZMgCl Me3P
Me3P—
Me3P
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A ruthena(Il)cyclobutabenzene results from the
reaction of a ruthenium-benzyne complex with
toluene under the conditions described in eq 26.13¢
It has not been determined whether the metallacyclic
product results from initial reaction of 20 with the
ortho position of toluene followed by metalation of
the benzylic methyl group or by initial reaction with
the benzylic C—H bond followed by orthometalation.

L
L | Ph-CH, L Ru
“Ru —_—
L7 | -CeHe (26)
L

C. Nucleophilic Addition to Metal—
n-Allyl Complexes Methodology

Nucleophilic addition to the central carbon of
m-allyl—transition metal complexes can form two
types of metallacyclobutane products. Simple met-
allacyclobutanes can be synthesized from an isolated
metal—sn-allyl complex, and a tricyclic ring closure
product, containing a metallacyclobutane moiety,
results from nucleophilic attack on a desired metal—
m-allyl intermediate.

Four examples of metallacyclobutanes prepared by
this methodology are shown in eqs 27,135 28,136,137
29,138 and 30.1%° Other metallacyclobutanes synthe-

Me Me
Cpr cpr Me Me
N AgBF, N LiEtH
Rh —4 Rbh— ) BF, =
anN /e THF. -78°C
MeyP 1 Me4P
Mg Me
Cpry
Rh
/
MeyP
@n
oK*
X
Cp*\ b T @ CP*\
M‘7 —e oy ’M
Me3P, THF MeyP
M=Ir, X=OTf 0
M=Rh, X=PFg"
28
Me .
PO\ KCH(COMe),  TM3Py Me
S A
/ /
PhyP / PhyP CH(CO,Me),
29)

CHPUPPhy), + H,C=C(Me)CH,0Ac + (CH;,C=C(OMe)(OSiMe;)

|

PhyP CMe,COOMe
AcOSiMe; *+ CpH, + ,P¢®<

Ph3P Me
(30)

sized by this methodology are exhibited in Table 7.
That the nucleophile attacks at the central carbon,

Jennings and Johnson

Table 7. Rhoda(IIl)-, Irida(III), and
Platina(Il)cyclobutanes via Nucleophilic Addition to
Metal n-Allyl Complexes

~ .
/Mé_ﬁ

L
v

M L L’ R R’ (Nu) ref
Rh Cp* PMe; H H 135
Rh Cp PMe; Me H 143
Rh Cp P(G-Pr)s Me H 144
Rh Cp PG-Pr)s H CHCl, 144
Rh Cp PMe; Me Me 143
Rh Cp P@-Pr)s Me Me 144
Rh Cp P(i-Pr)s Me CHCI 143
Rh Cp P(@-Pr); Me CCls 143
Rh Cp* PMes H CHMeC(O)Ph 136
Ir Cp* PMe; H H 145
Ir Cp* CoH, H H 142
Ir Cp* C2Ph, H H 146
Ir Cp* PMe; H Me 145
Ir Cp* CO H CH(CO:Me): 147
Ir Cp* CO H CN 147
Ir Cp* CO H CHMeC(O)Ph 147
Ir Cp* PMes H CHMeC(O)Ph 136
Ir Cp* C,H, H CHMeC(O)Ph 142
Ir Cp* C2Ph, H CHMeC(O)Ph 146
Ir Cp* C:Me; H CHMeC(O)Ph 146
Pt PPhs PPhs H CMeCO;Me 139
Pt P(CsHu)a P(Can)a H CM62002M6 139
Pt PPh3 PPh3 Me CM62002M6 139
Pt  Yy(dppe) H CHMeCO:Me 139

rather than the terminal carbon, of the n-allyl system
is unusual and is reportedly the result of frontier
orbital control as well as charge control.140-142 In
addition, the reactions shown in eqs 29 and 30
indicate that $5-alkyl substitution on the allylic group
does not prevent nucleophilic attack. It is important
to note that the rhodium and iridium z-allyl com-
plexes are +3 oxidation state while that for platinum
is +2.

Three examples of the second type of metallacy-
clobutane product formed by nucleophilic attack of
an internal carbanion on the central carbon of a
proposed m-allyl metal intermediate are shown in
Scheme 6*® and eqs 31149150 and 32.!5! In each

t-BuNC\ .

FCOT t-BuNC”

Ni(COD); 7~ BNC

P(PPh;), + OFCOT
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Table 8. Cobalta(Il)-, Rhoda(IIl)-, Pallada(II)- and
Platina(IT)cyclobutanes via Transannular Ring
Closure Reactions

M L L’ ref
Co CO Cp* 151
Rh t-BuNC Cp* 148
Rh PMe; Cp* 148
Rh t-BuNC indenyl 152
Pd PPhs PPhs 149
Pd t-BuNC t-BuNC 149
Pt PPhMe; PPhMe; 151
Pt PPh;Me PPh:Me 151
Pt AsPh; AsPh; 149
Pt t-BuNC t-BuNC 149
Scheme 6
Cp*

CO(CP') (CO)Z

example, a metal complex is treated with octafluo-
rocyclooctatetraene (OFCOT) under varying condi-
tions, to generate a transannular ring closure product
containing a metallacyclobutane moiety. Other met-
allacyclobutane products resulting from this meth-
odology are shown in Table 8.

Although the various metal complexes utilized in
the reactions in Scheme 6, eqs 31 and 32, and to
generate the products shown in Table 8 require
different reaction conditions to arrive at the observed
ring closure product, a common metallacyclopentane
intermediate 22 is suggested for each reaction and
actually was isolated and characterized in the cobalt
and rhodium examples. It is this intermediate that
can be transformed into a zwitterionic species 23
containing a z-allyl-metal moiety. Attack of the
negatively charged carbon on the central carbon of
the allyl leads to the observed metallacyclobutane
products.152
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A similar reaction of Fe(0) with OFCOT leads to a
different type of metallacyclobutane product as ex-
ternal nucleophilic attack at the central carbon of an
iron—m-allyl complex occurs. In this case, Fex(CO)g
is treated with OFCOT resulting in the formation of
m-allylic iron complex 24 (a similar structure to 21
in Scheme 6). Subsequent addition of PMe; leads to
formation of the trialkyltricarbonyliron(IV) complex
25 presumably via attack of PMes on the central
n-allylic carbon (eq 33).15% Further, treatment of 24
with the anionic nucleophile [(Me;N);S]T[MesSiF;]~
adds an additional fluorine at the center carbon of
the allylic moiety to form the analogous anionic
nonafluoro complex.

D. Other Methodologies

The synthesis of metallacyclobutane derivatives is
not limited, however, to the previously described
methodologies. A number of other procedures have
also proven effective.

Metallacyclobutanones can be prepared by three
different methodologies in addition to the cyclometa-
lation reactions described previously. Reaction of Pt-
(0) and Pd(0) species, Pt(PRg3)4, Pt(AsPhg)4, Pt(CO3)-
(PRg)g, cis-Pt(OCOPh)g, cis-PtCly(PPhs), PA(PR3)s, or
Pds(dba)s, with esters of 3-oxopentanedioic acid or
2,4,6-heptatrione, under various reaction conditions,
produces pallada(II)- and platina(II)cyclobutanones,
in high yield. One example of this methodology is
shown in eq 34.15* Other examples of metallacyclobu-

Pi(AsPh), + I %,
MeO,CCH, = C~~CH,CO,Me
0
Ph
3‘“:“ 67V
Ph,As Cco,Me
CO,Me

tanones synthesized from the metal species and
reagents discussed above are listed in Table 9. In
each case, one substituent on the metallacyclobu-
tanone ring occupies an equatorial position, while the
other is found to be axial as shown.

The silyl compound 3-chloro-1-(trimethylsilyl)pro-
pan-2-one can be utilized as a reagent to generate
osmia(II)- and irida(III)cyclobutanones, as well as the
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Table 9. Pallada(II)- and Platina(II)cyclobutanones
via Reaction with Acidic Substrates

o]
L R
R
M L R ref(s)
Pd PPh; CO:Me 155—158
Pd PPh; COzEt 157,158
Pd PPh;Me CO;Me 156,157
Pd PPhMe, CO;Me 156,157
Pd PEta COzMe 157
Pd AsPh; CO:Me 156,157
Pd AsPh; CO.Et 157
Pd Yo(bipy) CO:Me 156—158
Pd  Yy(bipy) CO,Et 157
Pd Yo(bipy) COgz-n-Pr 157
Pt PPhs CO:Me 154,155,158
Pt PPh; COzEt 154
Pt PPh; COgz-n-Pr 154
Pt PPh; COMe 159,160
Pt PPh; CO2Et,COz-n-Pre 159
Pt PPh;Me COzMe 154,155,158%
Pt PPhMe; CO;Me 154,155,158%
Pt /o(dppe) CO;Me 154,158,159
Pt AsPhg COzEt 154
Pt AsPhg COgy-n-Pr 154
Pt AsPhs COMe 159,160

= Each group occupies one R position. ¢ Also found in ref 159.

Pt(II) analogue, according to Scheme 7.16! The reac-
tion is suggested to proceed from the silylenol ether
rather than the respective ketone and to follow the
oxidative addition pathway shown in eq 35.162

o _-SiMe; 0)S|Me3 gog
/l\/Cl + ML, —> /I\THZ Y
LnM—Cl
(35)

Metallacyclobutanones of Pt(II) 26a—c and Pd(II)
27a—c bearing phenyl substituents can be synthe-
sized from the dianion of 1,3-diphenylacetone in
yields ranging from 42% to 93%.1%® In contrast to the
substituents of the metallacyclobutanones of Table
9, both of the phenyl substituents on 26a—c and
27a—c adopt equatorial positions. This novel substi-

L L
a:PPhy a:PEt,
Ph b:AsPh, b:PPh,
c:1/2(cod) c:1/2(dppe)

tution is best explained by the increased conjugation
that can be achieved between the phenyl groups and
the 7-system of the oxodimethylene ligand when an
equatorial orientation is adopted or from the confor-
mational preference of the lithium dianion percursor.
The latter seems more likely.

Characterization of the metallacyclobutanones pre-
pared by the three methodologies described above has
revealed a highly puckered ring system. The degree
of puckering ranges from 41° in 288! to0 56.7° in 29163

Jennings and Johnson

Scheme 7
PPh,
Ph3P ocC |

oc|

PPhy
trans-{irC1(CO) PPhy),| {0s(CO),(PPhy),]
OSIME:;

1 {Pr(irans-stilbens) (FPh3) ]

PhJP\ &
) )

phyp”
and is believed to result from a transannular attrac-
tion between the metal and the 5-carbonyl group. In
fact, the bonding description of these metallacycles
should include considerable contribution from an #°-
oxodimethylenemethane structure 30, and in the
most highly puckered cases is more logically sug-
gested as such. The amount of #-allylic contribution

in these systems is related to variations in the metal,
the ligands, and the ring substituents.

(o]

o-
?% =
PhyP v A
H‘JP/III M E
Cl
28 30

Metallacyclobutenones 31—33 can be synthesized
from the reaction of alkynes bearing strong electron-
withdrawing CF; groups with trans-(CO)s(P(OMe)s).-
Ru, Cp(CO).lr, and Cp*(CO).lIr, respectively.164-166

CF3 CFy CF3
co co_ Co*
Cp/Ir RS Rl
L=P(OMe); o o
32 33

The reaction pathway for the synthesis of 31 suggests
initial formation of an ionic intermediate 34 followed
by nucleophilic attack by the carbanion on the
coordinated carbon monoxide to give the ruthena(II)-
cyclobutene product.

CF,
L
oc\|+ N CF,
ocC | CO
L
34

The unusual tetramerization of alkynes is proposed
for the formation of the diruthenadicyclobutala,cl-
benzene complex 35, in 24% yield, from the reaction
of AgC>Ph and RuCl(PPhs); as shown in eq 36.1¢7 Also
isolated in small yields from this reaction was a
diruthenapentacyclic pentalene system. The forma-
tion of both products is attributed to the oligomer-
ization of phenylacetylide units on ruthenium. The
proposed pathway for the formation of 35 is shown
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AgC,Ph + RuCI(PPhy),Cp _:el_’
(e)

Ph Ph
Ph4P Cp
\ /
_Ry Ru_ 36
Cp PPh3

Ph 35 Ph

in Scheme 8. Initial formation of two ruthenium
o-phenylacetylide complexes is followed by oxidative
coupling to form the ruthenium divinylidene complex.
Further coupling with 1,4-diphenylbuta-1,3-diyne,
which also is formed by oxidative coupling of phenyl-
acetylide units, leads to 35 as shown.

Another methodology incorporating alkynes in-
volves conversion of a (methoxymethyl)iridium(I)
acetylene complex 36 to an irida(IlI)cyclobutene
presumably by the [2 + 2] cycloaddition pathway
shown in eq 37.1%® The C—O bond of the methoxy

CH3OCH2 Ar cHy L 1*
, _4 __BSiMe, N IE _‘ B
/ -CH3OS|Me3) L/ '
L ar

-PMe3. Ar=p-toluene

@D

group is easily cleaved by the electrophilic reagent
bromotrimethylsilane to form the suggested iridium—
carbene intermediate 87. The iridium—carbene then
can undergo a [2 + 2] cycloaddition to the n-bound
acetylene to form the observed metallacyclobutene
product in 66% yield.

Also an irida(III)cyclobutene is formed from the
novel rearrangement of an irida(IIl)cyclopentadiene—
carbene complex according to Scheme 9.1%° This
conversion reportedly proceeds via carbene ligand
insertion into the a-carbon—metal bond of the irida-
(Ill)cyclopentadiene. A 1,3-shift of iridium and co-

Scheme 8
Ph Ph
Ph Ph
‘-/ —
{ \ Ru Ru
Ru Ru )
Ph Ph
Ph Ph Ph Ph
Ru Ru Ru Ru
{\Q / é\jé‘/
Ph Ph Ph Ph
35
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OMe

ordination of the ester carbonyl led to the irida(III)-
cyclobutene product.

A highly unstable 1-ferracyclobutene reportedly
has been synthesized by the photolysis of a o-cyclo-
propyl complex of dicarbonyl(s°-cyclopentadienyl)iron
38 followed by rapid low-temperature (=50 °C) flash
chromatography over silica gel.l7%171 As eq 38 il-
lustrates, the a-ethoxy cyclopropane complex 38
initially loses CO to give a 16-electron intermediate
that subsequently undergoes rearrangement to yield
the unusual cyclic carbene complex, 1l-ferracyclo-
butene. It is significant to note the analogy of this
reaction with the cyclopropyl carbinyl cation rear-
rangement.

C C Cp
oc IF oc I’ oc |
Fe hy Fe Fe
ocr ] X] =
EtO -Co Et0
38 Et0
(38)

A similar intramolecular rearrangement of a cy-
clopropyl o complex of rhodium hydride 39 to form a
rhoda(Ill)cyclobutane has been suggested for the
reaction shown in equation 39.135172 Kinetic and 13C-

H
Cp*, Cp*
A - N\
- 0-10°C Rb (39
an ¢-C3Hg ’
Me,P H Me,P
39 40

labeling studies have indicated that the cyclopropyl
moiety and the rhodium remain intact during con-
version of 39 to 40, and that rearrangement occurs
by regiospecific insertion of Rh(III) into an a C—-C
bond of the cyclopropyl ring thus supporting an
intramolecular rearrangement pathway. Hydride
transfer follows.

A unique rhodacyclobutane (a spirorhodacycle)
reportedly is produced in the reaction shown in eq
40.17 The pyrolysis of dimethyl glutarate, DMG, with
Wilkinson’s salt, CIRh(PPhs)s, produces a large num-
ber of products. Six rhodium-containing compounds
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ll’PhZCl
DMG + CIRh(PPhy),  -280°C, <>Rh® “0)
DMG = Dimethylglutarate PPh,Cl

were isolated, one being the rhodacyclobutane shown.
Initial oxidative addition into the C—O bond of DMG,
followed by additional reactions accounts for the
formation of the Rh compounds. However, the ad-
ditional reactions necessary to form the rhoda(IV)-
cyclobutane are not obvious. The oxidation state of
rhodium in the spirorhodacycle is unusual.
Ruthena(Il)- and osmia(Il)cyclobutanes can be
synthesized by nucleophilic elimination cycloaddition
on the alkanediyl bis(trifluoromethanesulfonate) with
the divalent anions [M(CQO),]~2 according to eqs 41
and 42.17* An analogous unsubstituted osmia(II)-

Ru(co]? FiCS0,0CH,CH,CHI0SO,CRy o -
-2(0S0,CFy) 4
1)
2 F4CSO,0CH,C(Me),CH,0S0,CF
[0sico) )2 —==2 _zfo(soz = 3)2 223, (CO)40s<><
42)

cyclobutane also can be synthesized by the reaction
shown in eq 41 and is found to be considerably more
thermally stable than the ruthenium homologue.
Both the sodium amalgam reduction (or the less
convenient cathodic reduction) of platina(IV)cyclobu-
tane, eq 43,175176 and the reaction of a 1,3-diGrignard
reagent with a Pt(II) species, eq 44,177 can be used to
prepare platina(I)cyclobutanes in high yield. These

(il
(bipy)}it@ + 2Na(Hg) -——>

a
(bipy)P<> + 2NaCl + Hg (43)
BrMg
:>< — (COD)P<><
BrMg

449

(COD)PiCl,

methodologies are useful in preparing platina(II)-
cyclobutanes without the electronegative substitu-
ents required for Pt(0) insertion into cyclopropanes
(see eqs 12 and 13). Both the bipyridyl and COD
ligands are labile and can be displaced readily by
monodentate ligands to form platina(IT)cyclobutanes
with L = PPh;, PMes, PEts, P(¢-Bu)s, and ¢-BuNC.

In the reaction shown as eq 45, oligomeric 1,2-
dihydromagnesacyclobutabenzene is employed as the
1,3-diGrignard equivalent to generate a platina(II)-
cyclobutabenzene via transmetalation.l’® Again, the
labile COD ligand is replaced by a variety of mono-
dentate phosphorous ligands as shown.

A platina(IV)cyclobutane can be formed in 94%
yield by reacting diazofluorene with Zeise’s pyridine
monomer according to Scheme 10.7 The pathway for
this transformation which involves ethylene insertion
suggests initial formation of a ylide intermediate

Jennings and Johnson

Pt(COD)

1h + (CODIPICl, ——pr
Mg -70°C

n
l 2PR,
43)

which subsequently cyclizes to form an a-substituted
platina(IV)cyclobutane. A Puddephatt-type rear-
rangement and addition of pyridine leads to the
observed product. The ylide intermediate was ob-
served by NMR spectroscopy from reactions run at
low temperatures (—40 to 0 °C) and was found to form
the platina(IV)cyclobutane upon warming. The a-sub-
stituted cyclic intermediate was not observed but
ample precedent is reported for the rearrangement
of a-substituted platina(IV)cyclobutanes to their
B-substituted counterparts.

Metallacyclobutane ions can be formed in the gas
phase with Fe* and Co* according to eq 46.17%18 The

PRy=PMe;, PEt;, P(n-Bu)4, PPh,,
PPhMe?, PPh,Me

0 (o]
' é ' % "\
M + — M*--0 _— ;
M*=Co* Fe* l
if
' M‘-Co‘ Q Q
Co* — — M+ D — M+
’
L oC
48)

ferra(Ill)cyclobutane ion formed is stable, whereas
the corresponding cobalta(IIl)cyclobutane ion has
been found to isomerize to a n-complexed propene
product.

Scheme 10

lll. Characterization of Metallacyclobutane
Derivatives

The use of 'H and *C NMR spectroscopy along
with X-ray crystallographic analysis has aided the
characterization of metallacyclobutane derivatives
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Table 10. 'H NMR Chemical Shift Data (ppm) of Ferra(Il)-, Ruthena(Il)-, Osmia(Il)-, Rhoda(III)-, Irida(III)-,

Nickela(Il)-, Pallada(I)- and Platina(II)cyclobutanes

complex He B ref(s)
OC\ /CO 3.04 4.55 104
OC—Fe—CO
(7%-CsHg)(PPH;3)Ru[CH>CMeoCHo] 0.22,0.53 127
(78-CsHg)(PPhyMe)Ru[CH2CMe;CHg] 0.26,0.41 127
(C0O),0s[CH,CH,CHs] 0.63 3.73 174
(Cp*)(PMes)Rh[CH,CHyCH:] 0.20,0.38 3.20,3.48 172
(Cp*)(PMes)Rh[{CHCMe,CH] 0.23,0.32 172
(Cp*)(PMes)Rh[CMe,CHCH:] 0.53,0.81 2.52,3.41 172
(Cp*)(PPhs)Rh[CH,CMe.CH;] 0.41 124,125
(Cp)(P(i-Pr3))Rh[CHMeCH,CHj,] 2.06° 2.55,3.71 144
0.27,0.98
Cp*\Rh 0.50—0.60 2.85 137
MeaP/
o
—0.08 to 0.38
TPthl 1.00 1.3 173
RK
o
PPh.Cl
o 5.70 105
0Cc—Rh—CO
Me,0C . CO:Me
2
(Cp*)NCH)Ir[CH,CH,CHj] 0.96 2.80,4.14 142
(ASM63)3HII‘[CH20M620H2] 0.92 131
(Cp*)(CoHYIr[CH,CH(CHMeC(O)Ph)CH_J¢ 0.481.12 2.34 137
(Cp*)C2H)Ir[CH,CH(CHMeC(0)Ph)CH,J¢ 0.35,1.45 2.57 142
(Cp*)(PMe3)Ir[CH.,CH(CHMeC(O)Ph)CH, ¢ 0.93,1.05¢ 2.84 137
0.42—-0.52f
Cp*\l 0.92,0.96¢ 2.79 137
r
MesP™”
o
0.32,0.55
(PPh3):Ni[CH;CMe,CH,] 1.07 122
(dppe)Ni[CH2CMe,CH:] 1.14 122
(PPh;3).Pd[CH:CMe;CH,] 0.85 122
(PPh3)2Pt{CH.CH(CMe:COOMe)CH;] 0.10,0.442 3.02 139
(P(C6H11)3)2Pt{CH2CH(CMe2COOMe)CH:] —0.01,0.66% 2.84 139
(dppe)Pt[CH:CH(CHMeCOOMe)CH:] —0.04,—0.20,0.74 3.04 139
(PPhs3)oPt[CH;C(Me)(CMesCOOMe)CH,] 0.11,0.56/ 139
(PPhs).Pt{CH(Me)CH(CMe,COOMe)CH, ) 0.00,0.34* 3.06 139
0.60*
0.95,1.66 138
PhaP\H&Me
PheP”” CH(COzMe)2

¢ RhCHMe. ® RhCH,. ¢ Ring substituent syn to Cp*. ¢ Ring substituent anti to Cp*. ¢ H* trans to Cp*. 7 H* trans to PMeg. ¢ 2Jp:-n
= 80, 84.» 2Jp,_y = 70, 78. ¢ %Jpi_u = 78, 81.7 ZJp,_y = 83. * Ring substituents trans, 2Jp-x = 80, 90, 6 = 0.60 ppm CHMe; no

2Jpi-g data for this proton.

tremendously. This section provides an extensive 'H
NMR, 3C NMR, and X-ray crystallography database
for those metallacyclobutane derivatives for which
this information has been reported.

A. 'H NMR Spectroscopy

Tables 10—23 display the reported 1H NMR chemi-
cal shift (ppm) and metal—-proton coupling constant
(Hz) data (where applicable) for metallacyclobutane
complexes. The effect of the metal on the proton
chemical shift in these systems is evident when
comparing the data for analogous rhoda(IIl)- and

irida(ITlT)cyclobutanes found in Table 10. The chemi-
cal shift of the o protons in the irida(IIT)cyclobutanes
are found further downfield consistently. A similar
effect is observed in Table 11 when comparing the
B-proton chemical shifts of analogous pallada(II)- and
platina(Il)cyclobutanes. The decreased shielding
caused by Ir(III) and Pt(II) is attributable to their
increased ability to accept electron density from the
carbon ring system.

The data for the platina(Il)cyclobutanes in Table
12 illustrate the substantial influence that the coor-
dinated ligands have on the proton chemical shifts.
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Table 11. 'H NMR Chemical Shift Data (ppm) of
Pallada(Il)- and Platina(II)cyclobutanes

L NG_ON

AN

u

L ne on
M L H? (Jpi-n) ref
Pd PPh; 3.96 102
Pd PPhoMe 4.0 102
Pt PEt; 4.34 (28) 102
Pt PPh; 4.38 (38) 102
Pt PPh;Me 4.40 (30) 102
Pt PPhMe, 4.49 (26) 102
Pt AsPh; 4.39 (44) 102

Table 12. 'H NMR Chemical Shift (ppm) and Pt—H
Coupling Constant Data (Hz) of
Platina(II)cyclobutanes

L
X

L R’

R

L R R H®*(Jp-n) HF CJpn) Me (4Jp-n) refls)
Yy(cod) Me Me 1.19(108.8) 1.40 (2.7) 177

Ysbpy) H H 1.29(115) 3.32(110) 175,176
tBuNC H H 152(80) 4.58(90) 175

PPh; H H 037(88) 3.51(112) 175,176
PEt; H H 0.35(80) 3.75(94) 175,176
PMes H H 047(83)  3.74(95) 175,176

P(C;Ds5)3s Me Me 0.73 (74) 117

PMe; Me Me 0.88(77.4) 1.57 (6.0) 177
PEt3 Me Me 0.73 (75.1) 1.57(4.4) 177
P(i-Pr); Me Me 0.86 (75.2) 1.49 121
PBus Me Me 0.85 (76.3) 1.56 (4.1) 177
PCys Me Me 0.98 (75.1) 1.58 121
PPhs Me Me 0.87 (84.5) 1.40 (4.6) 177

Table 13. 'H NMR Chemical Shift (ppm) and Pt—H
Coupling Constant (Hz) Data of Unsubstituted
Platina(IV)cyclobutanes

N
N
P
L x
L X H* Jpi-n) H? (3Jpi-n) ref(s)
Py ql 2.64 (83) 2.64 39,41
Y Br 2.80 (88) 2.44 181
4-Mepy Cl 2.58 (83) 2.58 181
4-Mepy Br 2.84 (88) 2.61 181
NH; Cl 2.07 (82) 2.40 181
NH; Br 2.44 (81) 2.61 181
1/o(en) C1 2.17 (78) 2.40 181
Y9(en) Br 2.43 (83) 2.43 181

When a phosphorus ligand is coordinated to the
platinum(Il) in the unsubstituted examples, the
o-proton chemical shift value ranges from 0.35 to 0.47
ppm. However, when the ligand is t-BuNC or bipy,
the chemical shift value is 1.52 and 1.29 ppm,
respectively. A similar influence is observed in the
2,2-dimethylplatina(Il)cyclobutanes. These shift val-
ues are explained best by the increased donating
ability of the phosphorus ligands which push electron
density into the carbon ring system resulting in a
more shielded proton environment.

The chlorine and bromine ligands coordinated to
the platinum in the platina(IV)cyclobutanes in Table
13 also influence the chemical shift of the a protons.
As illustrated, each platina(IV)cyclobutane bearing

Jennings and Johnson

a bromine has an a-proton chemical shift consistently
downfield of its chlorine analogue. The trend at the
B position is inconsistent.

The effect of the ring substituents on the chemical
shift value is a useful tool in determining the position
of the substituents on the ring. This influence is
illustrated for the platina(IV)cyclobutanes shown in
Table 14. A drastic change occurs in the chemical
shift value when a proton is bonded to a carbon
bearing an alkyl or aryl substituent. For example,
the a (no. 1 carbon) proton chemical shift of a platina-
(IV)cyclobutane with a phenyl substituent changes
from 4.93 ppm when the phenyl is at the o position
to 2.97 ppm when the phenyl group is at the
position.

The identification of platinacyclobutanes is aided
also by the Pt—H coupling constants as shown in
Tables 12—17. This information is particularly use-
ful in determining the position of ring substituents.
For example, when a methyl group is located o to
the platinum the 3Jp-y coupling to the methyl
protons ranges from 22 to 45 Hz (Table 14). How-
ever, if the methyl is found 3 to platinum the 4Jp;-g
coupling observed ranges from 4 to 8 Hz, making
identification of isomers quite facile.

Table 16 illustrates the reported 'H NMR data of
trans-1,2-disubstituted platina(IV)cyclobutanes. A
few trans-1,3-disubstituted platina(IV)cyclobutanes
have been observed, as well. NMR data is reported
only for the trans-1,3-di-p-tolylplatina(IV)cyclobutane
41. In this example the a protons at positions 1 and

p-tolyl
t-Bupy\('Il !
T
c 33

p-tolyl
4l

2
7
t-Bupy

3 have a chemical shift value of 5.29 ppm and 2Jp;-g
= 102 Hz which is slightly downfield of the 1,2-di-
p-tolyl derivative and the 3J coupling constant is
slightly higher in the 1,3 system (entry 7, Table 16).
The chemical shift of the protons g to platinum is
reported as 3.29 ppm.”

The cis-disubstituted systems (Table 17), which are
relatively new as stated earlier, exhibit *H chemical
shifts in the same region as the 1,2 trans systems
and the couplings are nearly equal as well. The
norbornyl systems show more distinction but that is
to be expected.

In Table 18, the 1H NMR data of 1,2,3-trisubsti-
tuted platina(IV)cyclobutanes are reported. Data is
also reported for two 1,2,2-trimethylplatina(IV)cy-
clobutanes (42 and 43). In complex 42 the a proton

Me Me

Cl |; Cl
Py ] Me CDyCN T A Me
/}? 2 /T 2
Py cl Me CD,CN cl s Me
42 4

at the 1 position has a chemical shift value of 3.45
ppm. For the a protons at the 3 position, é = 2.67
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Table 14. 'H NMR Chemical Shift (ppm) and Pt—H Coupling Constant (Hz) Data of Monosubstituted

2257

Platina(IV)cyclobutanes
c R ci
L\ PN L\ i !
Pt. 2 P )R
i c':n s i c':l s
L R H* (2Jp:-n) H? (3Jpi-n) Me (Jps-H)

py 1-Me 0.84 (22) 71,74
Py 2-Me 2.67,3.02 (79,81) 3.08 1.30 (5) T4
Py 2-Et 2.49,2. 80 (78) 69
Py 2-i-Pr 2.69'(90 69
py 2-n-Bu 2.73 (80 82) 74
Py 2-CH,O0H 2.47,2.61 (82.5,84.0) 3.06 77
Py 2-CHMeOH 2.64,2.74 (84.8,85.0) 3.63 77

Py 2-CMe,OH 2.57.2.87 (80.8.84.6) 2.75 77

Py 2-CH2OMs 2.36,2.58 (81.5) 79
py 2-CHMeOPNB 2.2-32 79
Py 2-CMe20OPNB 2.54—3.02 (80,77) 79
BY 1-Ph 4.93 (101) 75

Py 2-Ph 2.97 (82) 4.05 62,75
Py 1-(p-MeCsH.4) 4.93 (102)° 2.95 62,75

2.95 (102)?

Py 2-(p-MeCgHy) 3.00 (80) 3.67 75
Py 1-(o-MeCsH4) 4.90° 75
py 2-(0-MeCgHy) 2.97 (80) 3.6 75
Py 2-(CH2Ph) 2.97 (81) 3.21 62,74
Py 2-(n-CeHi3) 2.42,2.75 3.75 62
Py 2-(0-NO2Ph) 2.98 (82) 4.56 62
Py 1-(4-MeOCsHy) 5.03 (100)2 75
Py 2-(4-MeOCgHy) 2.96 (83) 75
|2 1-(4-EtOCgHy) 4.90 (100)2 75
Py 2-(4-EtOCgHy) 2.90 (82) 3.65 75
2-Mepy 2-Ph 3.05 (80) 3.60 75
3-Mepy 1-Me 0.60 (22) 74
3-Mepy 2-Me 1.83,2.87 (76,78) 2.83 1.15 74
4-Mepy 1-Me 4.88 (100 0.68 (22) 74,75
4-Mepy 2-Me 2.06,2.69 (83,79) 2.72 1.00(7) 74
4-Mepy 2-Ph 2.94 (81) 4.05 75
NH3 2-Me 0.95 74
CDsCN 1-Me 0.70 (36) 71,74,80
CDsCN 2-Me 2.35,2.70 0.93(4) 74,80
CDsCN 2-Et 2.71 80
C.DgO 1-Me 0.46 (45) 74
C.DgO 2-Me 2.36,2.78 (109,108) 2.82 0.85 (8) 74
C.DgO 1-Ph 5.17 (113)» 75
C.DgO 2-Ph 3.10 75
C.DgO 1.(p-MeCsH,) 5.00 (120 75
C4DsO 2-(p-MeCsHy) 3.07 (80) 3.67 75
o(bipy) 2-CH20Ms 2.37,2.61 (81.5,5.85) 79
1/5(tmed) 1-Me 2.6 0.62 (26.0) 80
15(tmed) 2-Me 2.6 0.89 (4.0) 80
1/5(tmed) 2-Et 2.25 80
1o(tmed) 1-Ph 5.10 (101 75
o(tmed) 2-Ph 3.43(84) 4.07 75
1/5(phen) 2-Me 2.44,2.72 (79,81) 2.74 74

¢ PtCHR. ® PtCHo,.

Table 15. 'H Chemical Shift (ppm) and Pt—H Coupling Constant (Hz) Data of 2,2-Disubstituted
Platina(IV)cyclobutanes
i
N R
ST
cl
L R R He® (2Jpt-n) ref L R R He (3Jpi-n) ref
py Me Me 2.64 (85.5) 69 CDsCN Me Me 2.54 (96.0) 80
Py Me CH0OMs 2.36 (85) 79 Lo(bipy) Ph CH:OMs 2.96,3.20 (86.5,87) 79
Py Pn CH;0Ms 2.95,3.23 (85,86) 79 o(tmed) Me Me 2.40 (84.0) 80
2.72 (82) 8 Complex 2.61 ( 8
o] 72 (8 5 c .61 (84) 5
Py\ | Py\ |
ite i
PYy" o Py o
Ci 2.71 (85) 85 3.17 (88) 182
Py\ ]
/ pli Py\ (|:| Q
Py" g Fi‘t .
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Table 16. 'H NMR Chemical Shift (ppm) and Pt—H Coupling Constant (Hz) Data of Trans-1,2-Disubstituted

Platina(IV)cyclobutanes

T
¢
entry L R R’ H® (2Jpi-n) Hf (3Jp-n) He (%Jp-n)® Me(Jp-n) ref(s)
1 py Me Me 2.98 (88) 2.95 2.28,2.32 (79.5) 0.58 (22.8) 73
0.94 (7.2¢
2 py Ph Ph 5.12 (98) 4.75 3.2 (77,84.5) 62,73
3 py Ph Me 4.56 (99) 2.67 (80) 0.96 71,73
4 py Me Ph 0.61 (24) 71,73
5 2-Mepy Me Me 0.40 (32)¢ 73
0.83¢
6 ¢t-Bupy Ph Ph 5.13 (98) 4.78 3.26 (80.5) 73
7 t-Bupy p-tol p-tol 511 (97) 4.76 3.27 (80.5) 73
8 PhCN Me Me 0.60 (38) 73
0.78¢
9 CDsCN Me Me 0.60 (37) 73
0.73 (14)¢
10 /o(phen) Me Me 1.15 (22) 73
1.05¢

a H* is bonded to carbon labeled 1. » H* is bonded to carbon labeled 3. ¢ 1-Me. ¢ 2-Me.

Table 17. 'H NMR Chemical Shift (ppm) and Pt—H Coupling Constant (Hz) Data of Cis-Disubstituted

Platina(IV)cyclobutanes

complex He CJp-n)’® HP CJp-n) HY CJp-n) ref
. 2.47,2.51 2.77 2.74 76
Lﬁ{chpy2
3
2.72,2.76 2.48 2.34 76
ﬂﬁ{chpy2
2.8 2.7 2.5 97
7 PICI,Py,
HORC
2.35 2.40 2.04 97
“°2°}b”
7 PICIy(en)
HO:C
2.55—-2.65 2.93 2.79 183
mchpyz
o, P1C12Py2 2.87,3.10 3.05 95
! (80,76)

complex H* CJp-ny H CJp-n) HY CJp-p)® ref
2, 2.8,3.0 3.0 3.7 (93) 89
OS:‘P'C&PV'Z
2.42.7 3.1 3.3(92) 89
O:‘P!Clz(blpy) (80,85)
2.5,2.66 2.7 3.6 (96) 184
Q‘mcnzpyz
2426091 29 3.5 (98) 184
Q‘P‘mz(bipy)
1.8-2.5, 3.15 3.6 (95) 184
@\ 2.6 (91)
PtCla(bipy)
1.28(108) 2.22—-2.6, 184
! 2.96 (92)
I;t/.CI\P!/Cl
| ~~a” N

Cl

o H* is bonded to carbon labeled 1. ? H* is bonded to carbon labeled 3.

Table 18. 'H NMR Chemical Shift (ppm) Data of
1,2,3-Trisubstituted Platina(IV)cyclobutanes

complex Hes H? He? ref
CH,OH 3.55 2.89 2.70 76
2

MIZPM
CH,0H 3.90 2.45 2.52 76

Mlng
412 2.85 3.06 76

; “CHo0H

PICIPy,
CO,Et 5.16 2.80 2.85 76

z PtCL.PY,

@ H* is bonded to carbon labeled 1. * H* is bonded to carbon
labeled 3.

ppm.%® For complex 48, the o proton at position 1
has a chemical shift of 3.27 ppm, while the chemical

shift value of the o protons at position 3 is reported
as 2.43 ppm® which is a clear upfield shift due to
ligand change.

The reported 'H NMR data for low-valent (save
entries 2 and 3 in Table 22) metallacyclobutanones
is exhibited in Tables 19—22. Table 19 reports the
'H NMR data of the a protons of pallada(II)- and
platina(IT)cyclobutanones. The puckered structure
of these metallacyclic complexes causes the ring
substituents (R) at the two o positions to adopt a
pseudoequatorial and a pseudoaxial configuration.
This in turn forces one o proton into an axial position
while the other becomes equatorial. If the 'H NMR
data are collected at low temperatures, it is possible
to identify the individual chemical shifts. However,
if the data is recorded at room temperature the peaks
formed from these two nonequivalent protons become
equivalent and indistinguishable due to rapid inver-
sion of the ring. In the resolved spectral data (Table
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Table 19. Low-Temperature* 'H NMR Chemical Shift (ppm) and Pt—H Coupling Constant (Hz) Data of
Pallada(Il)- and Platina(II)cyclobutanones

Ho 0
],
R
M L R H, CJp-w)  H. CJpn) ref M L R H. %Jpi-n) H. CJpn) ref
Pd  PPhs CO:Me 4.54 3.71 156 Pt  PPhs H 2.25(48.4) 2.01,2.25 162
Pd  PEts COzMe 4.22 3.67 157 Pt PPhs COMe 4.53(49.9) 3.80(29.0) 159
Pd  PPhyMe CO:zMe 4.36 3.78 157 Pt PPh; COzMe 4.05 (74) 3.24 (23.8) 159
Pd  PPhMe; COzMe 4.45 3.96 157 Pt  AsPhs CO:Me  4.02(83.2) 3.67(36.0) 159
Pd Y2(bipy) CO;Me 4.49 3.67 157 Pt AsPh; COMe 4.52 (81.2) 4.09 (51.2) 159

Pd  AsPh; COzMe 4.48 4.00 157
@ —50° to —100 °C.

Table 20. 'H NMR Chemical Shift Data (ppm) of Pallada(II)cyclobutanones

(o]
et ]
L | R
R

L R H« ref L R He ref
PEta COzMe 3.98 157 1/2(bipy) COzMe 4.07 157
PEts Ph 3.87 163 Y,(bipy) CO,Et 3.82 157
PPh; CO:Me 411 157 Yo(bipy) COg-n-Pr 3.86 157
PPh; CO:Et 4.09 157 Yy(dppe) Ph 3.99 163
PPh; Ph 4.15 163 AsPhs CO:Me 4.22 157
PPh;Me CO:Me 4.00 157 AsPhgs COzEt 4.33 157

PPhMe; COzMe 4.26 157

Table 21. 'H NMR Chemical Shift (ppm) and Pt—H Coupling Constant Data (Hz) of Platina(II)cyclobutanones

)
L:Pt/\(//_
L LR
R

L R 6H* (2Jpt-n) ref L R O6H® (2Jpi—n) ref
PPh; COz;Me 3.73 (54.17) 154 o(dppe) CO;Me 4.37 (53.6) 154
PPhs COzEt 3.90 (52.2) 154 AsPh; COz;Me 4.16 (71.64) 154
PPh; COg-n-Pr 3.92 (52.8) 154 AsPh; COzEt 4.09 (69.9) 154
PPhg COMe 4.20 (47.8) 160 AsPh; COg-n-Pr 4.12 (69.6) 154
PPhg Ph 4.01 (84.2) 163 AsPh; COMe 4.31 (65.6) 160
PPhoMe CO;Me 3.96 (55.5) 154 AsPhs Ph 4,14 (100.29) 163
PPhMe; CO:Me 4.07 (55.2) 154 s(cod) Ph 3.99 (104.4) 163

Table 22. 'H NMR Chemical Shift (ppm) Data of Other Metallacyclobutanones

entry complex He ref entry complex He ref
1 TMea o] 1.54 185 5 B o] 3.69,4.64 158
MeoP~ 4/ Phots~ ;1
MesP | t-BuNC ] COyMe
PMe, MezOC |\
2 H o] 2.20,3.10 131 6 H O 3.69,3¢4.465/ 158
' ;
MegP PhyP.
MesP™ | (.BuNC/Pt4CO'zMe
PMe; Me;OC |,
3 H o] 2.49,3.10 131 7 H O 3.90,024.4444 158
Mesas— | Phahs o,
MesAs™ | t-BuNC™” Tf=CO:zMe
AsMe; MeoOC H
4 H ,0 4.02,74.62% 158

@ Equatorial proton trans to t-BuNC. ¢ Axial proton trans to PPhs. ¢ Equatorial proton trans to AsPhs. ¢ Axial proton trans to
t-BuNC. ¢ 2Jpyg = 46.0. 7 2Jp—g = 71.8. 8 2Jp_yy = 49.3.
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Table 23. 'H NMR Chemical Shift (ppm) Data of
Rhoda(III)-, Irida(IIl)-, Nickela(II)-, and
Platina(II)cyclobutabenzenes

=0

L

entry M L He ref
1 Ni PEt; 0.41 112
2 Ni PBu®3 0.38 112
3 Ni PPh; 0.55 112
4 Ni /o(tmed) —0.26 112
5 Pt PMes 1.13° 178
6 Pt PMe; 2.06? 178
7 Pt PEts 1.57¢ 178
8 Pt PPh; 1.61 178
Complex

9 2.16 131
©:}T(PM83)3H

10 2.16¢ 115
h(PPha)ZCI

11 1.23¢ 115
P!(Pphs)z

o 2Jp,_py = 67.9 in dioxane-ds. ® In benzene-dg. ¢ 2Jp-g =
78.3. ¢ 2Jpy-g = 3.9. ¢ 2Jp_g = T9.

19), the axial proton is consistently downfield of the
equatorial proton and the 2J coupling constant is also
considerably larger. Furthermore, the o protons in
the platinum complexes are always upfield of those
in the palladium complexes where equivalent struc-
tures are available.

Only two metallacyclobutene complexes have re-
ported 'H NMR data. The report for the ferra(II)-
cyclobutene 44 gives a multiplet at 2.5—1.7 ppm
assignable to the CH; groups of the metallacyclic
ring.'” The report for the irida(Ill)cyclobutene 45
is that the chemical shift of the a protons is 1.16
ppm.168

PM
Cp\ I b,
/Fe Me3P ' ; Ir
co Br ' p-tol
PM
OEt * p-tol
44 45

The reported 'H NMR data of metallacyclobuta-
benzenes is displayed in Table 23. The data for the
Pt(II) and Ni(II) examples are indicative of the effect
of the metal on proton chemical shifts. Where
comparable, nickel shows a considerable shift to
higher field for the alpha protons. Unfortunately,
either the differences in oxidation states or ligands
prevents valid comparisons between iridium, rhodi-
um, and platinum (entries 9, 10, and 11).

B. °C NMR Spectroscopy

Tables 24—33 display the reported *C NMR chemi-
cal shift (ppm) and metal—carbon coupling constant
(Hz) data (where applicable) for metallacyclobutane
derivatives. Again, the data repeatedly confirms the
utility of this form of spectroscopy in the character-
ization of metallacyclic complexes.

As was apparent in the reported 'H NMR data, the
amount of 13C NMR data is largest for platina(IV)-

Jennings and Johnson

cyclobutanes. This information is particularly valu-
able for distinguishing between isomers of platina-
(IV)cyclobutanes. Table 26 depicts platina(IV)-
cyclobutanes that are substituted at either the 1 or
2 position. It is apparent that three unique ring
carbon peaks are present when the ring has unsym-
metrical substitution and two carbon ring resonances
when the substituent(s) yield a symmetrical cyclobu-
tane ring. Endless comparisons can be made here
but the authors will leave this exercise to the reader.

The Pt—C coupling constants observed in the
spectra of platina(Il)- and -(IV)cyclobutanes provide
additional characterization of these complexes. These
coupling constant values are large and readily ob-
served in routine spectra. Tables 28 and 29 illustrate
the characteristic Pt—C coupling constant values for
a variety of norbornyl systems containing a platina-
(IV)cyclobutane moiety. On average, the lJp;—c con-
stant is 350 (Hz) and the 2Jp;_c constant is near 100
Hz. A 3Jpi—c constant to the distal carbon of the
norbornyl ring is of the order of 40 Hz.

Pallada(I)- and platina(II)cyclobutanones also ex-
hibit characteristic 13C NMR data as demonstrated
in Table 30. The chemical shift values range from
48.8 to 67.06 ppm for C! and from 171.21 to 183.8
ppm for C2. The 3C NMR data of other metallacy-
clobutanones is shown in Table 31. Notice that the
pallada(Il)- and platina(II)cyclobutanes found in
Table 31 have two different ligands coordinated to
the metal, therefore making the a ring carbons
nonequivalent and resulting in three unique carbon
resonances. The a carbons of the platinum complex
resonate upfield of the palladium analogue but the
B-carbon resonances are reversed. Further, the 2Jp,_¢
constant is larger by nearly double in these cases
relative to the cyclobutane system. This can be
viewed as evidence for transannular participation or
enhanced %J coupling due to increases in s character
in the bonds.

13C NMR chemical shift data for metallacyclobutenes
of iron(II) and iridium(III) have been reported as
shown below. Complex 46 exhibits resonances at
61.6, 56.8, and 335 ppm for carbons labeled 1, 2, and
3, respectively. Compounds 47 and 48 exhibit reso-
nances for their respective C! labeled carbons at
—17.96 and —8.76 ppm.

Cp 1 ll’Me3 l 1
N
Cco f Br I p-tol e p-to
PME3 PMe3
OEt p-tol p-tol
46 47

A number of nickel(Il)cyclobutabenzenes have been
characterized by *C NMR spectroscopy. Table 32
exhibits these data while Table 33 displays the 13C
NMR data for other metallacyclobutabenzenes.

C. Summary of NMR Spectroscopy

There is a great deal of data presented in this
section on NMR spectroscopy. A few comparisons
have been made but many more are available. Our
goal here is to collect and make the data available
for comparison to new complexes and for those who
wish to use the results for bonding arguments. For
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Table 24. 3C NMR Chemical Shift (ppm) Data of Ruthena(II)-, Osmia(II)-, Rhoda(IIl)-, Irida(III)-, and
Platina(II)cyclobutanes

complex Ct c? cs3 ref
Ph Ph 138.3 167
PhaP_ 1 1 /Cp
oo~ U~ pph,
Ph Ph
(C0O)40s[CH;CH2CH:] —38.01 39.04 174
Cp*(PMe3)Rh[CH.CH,CHs] —22.85 31.33 172
Cp*(PMe3g)Rh{CH:CMe,CHs] -23.1 43.21 172
Cp*(PPh3)Rh{CH,CMe,CH;] —-1.85 38.50 125
Cp(P@-Pr)s) Ri[CHMeCHCH:] —-30.9¢ 43.92 —10.6° 144
o™~ —11% 43.4 —11.5° 137
Rh
MesP” <>_§;>
o
Cp*(C.HIr[CH;CH,CHs] -31.7 31.3 142
(PMes)sHIr[CH2CMe;CH:] —17.87 45.75 131
(AsMe3)sHIr{ CH:CMe,CH;] —20.96 47.28 131
Cp*(CHIr[CH,CH(CHMeC(O)Ph)CH,J —-23.0 —-24.1 142
Cp*(CoHyIr[CH,CH(CHMeC(O)Ph)CH,J¢ —-19.3 —-20.7 142
Cp*(PMe3)Ir{ CH,CH(CHMeC(O)Ph)CH, ¢ —28.6 —29.2 137
Co™ —-29.7 46.8 -30.3 137
Ir
MesP”” O—Q
o
(PPhs):Pt{C(CN)2:CH2C(CN)2] —-23.1 48.4 1028
(PMePhy):Pt{C(CN).CH2C(CN).] —26.8 48.3 102
(AsPh;), Pt[C(CN).CH,C(CN).] —-30.7¢ 49.5 1028
(PPhs):Pt{CH,CH(CMe2COOMe)CHs] —7.3% 50.8" 139
(P(CeHu)3)2Pt[CH20H(CMEzCOOME)CHz] —10.2i 51.2i 139
(dppe)Pt{CH,CH(CHMeCOOMe)CH,] —8.7 47.4 -7.1 139
(PPh3):Pt{CHC(Me)(CMe;COOMe)CHz3] 1.5% 50.3% 139
(PPh;):Pt{CHMe)CH(CMe;COOMe)CHJ —2.8 60.0 —10.3¢ 139
(PPhj).Pt{CH(Me)CH(CMe,COOMe)CH,]™ 9.9 53.7m —6.8 139
141.2" 58.5" 9.27 138
Pth\Pt&Me
PhsP” CH(CO:Me),

@ Me is bonded to C!; 'Jrh—c1 = 19.3; ZJrh-c = 6.6; m-c3 = 19.5. % Jpn_c = 10.2. ¢ Ring substituent is syn to Cp*. ¢ Ring
substituent is anti to Cp*. ¢ Wpi—c = 450; 2Jpy—c = 160.  1Jpi—c = 450; 2Jpi—c = 155. € Jpi—c = 365; 2Jp—c = 180. % Jp_¢ = 413;
2Jpt—c = 128. ¢ Wp—c = 430; 2Jpy_c = 128.7 LJpy_c = 398; 2Jp;—c = 139. * 1Jp,_¢ = 415; 2Jp,_¢ = 116. ! Ring substituents trans, Me
is bonded to C%; 1Jpi—c1 = 459; 2Jpi—c = 128; 1Jp-cs = 420. ™ Ring substituents cis, Me is bonded to C!; ZJp;—c = 130. * Methylene
is bonded to C!; 2Jp—c = 130; lJpi—c3 = 437.5.

Table 25. 3C NMR Chemical Shift (ppm) and Pt—C Coupling Constant (Hz) Data of Unsubstituted
Platina(IV)Cyclobutanes

X
Ll

>
L7

X

L X (o} (lth_c) Cc? (2th-c) ref L X Ct (lJPt—C) C? (2th-c) ref L X Ct (IJPt—C) C? (2JPt—C) ref
py Cl -—15.2(335) 30(105) 181 4-Mepy Cl 3.77(338) 29.9(105) 181 Yy(en) C1 —18.9(332) 29.6(108) 181
py Br —17.9(325) 30.4(110) 181 4-Mepy Br -18.5(323) 30.5(103) 181 Yyen) Br —21.4(317) 30.4 (105) 181

Table 26. 3C NMR Chemical Shift (ppm) and Pt—C Coupling Constant (Hz) Data of Monosubstituted
Platina(IV)cyclobutanes

cl:l R1 cl:l .
L\ L\
L/Tté 2 L/Ii“t<>2—R

o @ c 3
L R C! (WJp—c) C2? (2Jpi—c) C3 (WJpi—c) refl(s)
py 1-Me 5.65 45.2 -8.0 71,74
py 2-Me 1.0 (344) 42.6 (98) 71,74
py 1-Bu 11.8 -7.9 74
py 2-Bu —5.2 (344) 43.4 (95) 71,74
Py 2-CH,O0H —11.3(350.1) 45.6 (99.1) 77
py 2-CHMeOH —11.1 (351.0) 51.1 (96.2) —10.5(349.2) 77
py 2-CMe:0H —10.5 (352.3) 54.1 (94.1) 77
Py 2-CH;CO:Me —17.64(349.2) 39.13 (101.5) 76
py 1-COMe 3.2 (351) 30.5 (107) —10.4 (328) 98
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L R Cl (Wpi-c) C? (2Jpi-c) C3 (Mpi-c) refls)
Py 2-COMe —12.5 (364) 55.9 (103) 98
py 2-CH,OMs —13.7 (356) 42.1 (104) 78,79
py 2-CHMeOPNB —11.6 (358) 48.5 (101) —10.6 (355) 79
py 2-CMe,OPNB —9.8 (361) 54.8 (97.5) 79
Py 1-Ph 5.6 (326) 35.1(112) —11.3 (354) 68,75
Py 2-Ph —4.9 (369) 48.1 (100.5) 68,75
py 1-(p-MeCsHy) 5.80 (323) 35.3 (112) —11.5 (366) 75
Py 2-(p-MeC¢H,) —4.30(370) 47.8 (99) 75
Py 1-(4-EtOCgHy) 5.75 (320) 35.5(115) —11.9 (360) 75
py 2-(4-EtOCgHy) —4.30 (360) 46.97 (105) 75
Py 2-NH, —11.6 (466) 60.4 (107.7) 81
4-Mepy 1-Ph 4.29 (330) 37.6 (114) —11.8 (372) 75
4-Mep; 2-Ph —5.13 (358) 48.11 (99) 75
Yo(bipy) 2-CH20OMe —-12.4 (357) 55 (99) 98
/o(tmed) 1-Ph 7.15 (329) 38.0(112) —7.6 (359) 75
o(tmed) 2-Ph —3.10 (370) 75
C:Dg0 1-Me 5.5 40.6 -12.8 74
C4DsO 2-Me —5.1(398) 37.6 (109) 74
C.DgO 1-(p-MeCgH,) 6.07 (397) 34.9 (127) —13.9 (429) 75
C:Dg0 2-(p-MeC¢Hy) —7.57 (418) 47.0(111) 75
Complex
™M —10.6 (349) 50.5 (95) 98
o. .0
Py20|2Pz<>)/Me
Iam —-12.5(358) 49.7 (98) 98
o._ .0

(bipy)CIthQ)/Me

Table 27. 13C NMR Chemical Shift (ppm) and Pt—C Coupling Constant (Hz) Data for Trans-1,2-Disubstituted,
Trans-1,3-Disubstituted, and 2,2-Disubstituted Platina(IV)cyclobutanes

PtCi,Py,

@3

L R R’ Cl (*Jp-c) C2 (2Jpi-c) C3 (YJpi-c) refls)
py 1-Me 2-Me 10.9 (336) 46.4 (98) —2.6 (347) 73
Py 1-Me 2-Ph 10.6 (360) 57.5 (100) —2.9(370) 71,73
Py 1-Ph 2-Me 16.9 (333) 41.2 (103) —0.2 (263.5) 71,73
t-Bupy 1-Ph 2-Ph 15.1 (343) 50.6 (105) —-1.8(377) 71,73
t-Bupy 1-(p-tolyl) 2-(p-tolyl) 15.7 (341) 50.5 (105) -1.6(383) 71,73
t-Bupy 1-Ph 3-Ph 6.05 (340) 41.2 (130) 71,73
¢t-Bupy 1-(p-tolyl) 3-(p-tolyl) 6.3 (338) 41.6 (125) 71,73
Py 2-Me 2-CH,OH —3.0(355.7) 48.7 (92.2) 77
py 2-Me 2-CH;OMs —4.9 (361) 46.9 (95) 79
Py 2-Ph 2-CH,OMs —6.7 (367) 56.0 (90) 79

—4.65 (376) 60.9 (95) 182
Table 28. 3C NMR Chemical Shift (ppm) and Pt—C Coupling Constant (Hz) Data for Cis-Disubstituted
Platina(IV)cyclobutanes
complex Ct (YJpi—c) C2 (%Jpt-c) C3 (YJpt-c) ref(s)
¢ Ph 14.9 (353.4) 51.7 (109.93) —8.6 (364.4) 94
pvd N
/||>z ~=Ph
P c 3
o Ph 10.5 (347.2) 39.5 (116.6) 94
Py A
/Ii"‘t 2
” L
—12.1(352) 55.6 (95) 12.4 (391) 183
2 1
Mcwz
—13.56 (362) 47.16 (100) 5.20 (412) 93
%&/P!CIZWZ
o 7
—10.65 (351.5) 52.71 (98.3) —2.21 (429.3) 93
MCIZWZ
o
—12.9 (355.8) 54.0 (97.6) 9.5 (399.3) 93



Metallacyclobutane Complexes of the Group Eight Transition Metals Chemical Reviews, 1994, Vol. 94, No. 8 2263
Table 28 (Continued)

complex Ct (YJpe—c) C2 (2Jpi—c) C3 (YJpi—c) ref(s)
—11.2 (352.3) 47.8 (98.4) 2.7 (408.2) 93
O—MCL"PV"’
Lo
HO —12.1 (352) 53.9 (95) 9.2 (391) 81
MCIZPM
0 —12.3 (351) 51.1 (99) 2.7 (405) 81
L\E}JICIZWZ
—-2.2(371) 51.4 (83) 10.7 (403) 87
MCIZPM
—3.7 (366) 51.25 (90) 5.8 (422) 76
HO,C.
HOC [~ P1CIoPy2
—5.54 (345) 51.6 (87.4) 7.23 (383) 76
HO,C
HOZC\ZMCIZ(M)
—3.6 (373.3) 52.3 (85.0) 5.9 (423.2) 97
Hozc: IE ,
HOC. /L PtClaLs
L = (4—pyridyDcarbinol
—3.8(387) 51.0 5.85 (430) 76
MSOZC
MeOZC\ZMmzPyZ
Ph —2.5(874.6) 52.1(84.2) 10.7 (406.2) 92
ﬂﬁ
PtCIPy»
—12.1 (352) 55.6 (95) 12.4 (391) 79,88
Ph —8.6 (363.0) 57.3(95.3) 13.7 (398.6) 92
2 1
%CIZWZ
o} —8.6 (359) 54.9 (95) 8.1 (406) 81
Me)LO
—5.7 (365) 56.6 (97) 10.1 (408) 76
@mmng
0 —6.39 (364) 52.36 (96) 5.37 (440) 76
@i,tcwyz
o] —8.63 (361) 58.0 (94) 13.7 (444) 81
@&!Chp‘yz
—12.9 (352) 49.3 (94) 11.9 (387) 92
h”!mzpyz
: —8.6 (354) 44.6 (98) 5.8 (369) 88
O;szzpyz
—7.7(342) 42.8 (92) 5.2 (366) 89
ij0|z(bipy>
2, —7.2 (351) 48.6 (856) 14.2 (348) 88
O;'mchpyz
—6.7 (364) 47.4 (85) 13.3(342) 184
O:Lm'z(bipy)
—6.1(361) 47.8 (82) 12.5 (345) 88

PtClo(bipy)

7
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complex C! ({Jpi-¢) C? (3Jpi—c) C3 (1pg-c) ref(s)
! PICI,Py, —4.99 (366.2) 55.06 (106.9) 5.28 (363.5) 94
1L
3 PtCLPy, —4.71 (348.7) 48.23 (102.4) 10.71 (354.9) 94
1
Cor
29.6 (338) 36.8 (100) 66
) ’ c
i _~Cl._ .~
? ' ~cr"~n
c
3 19.7 (621) 45.6 90

zA PICI,Py,

Table 29. 3C NMR Chemical Shift (ppm) and Pt—C Coupling Constant (Hz) Data for 1,2,3-Trisubstituted

Platina(IV)Cyclobutanes

complex Cl (WJp—c) C2Q@Jp_c) C3(Jp_c) ref complex C! (WJpi-c) C2 (2Jpi-c) C8 ({Jpi-c) ref
CHo0H 6.36 (370) 56.7(98) 13.0(394) 96 CHO 4.35(352) 55.6 (106) 15.2 (380) 92
2
1
A, AL,
CH,0H 1.83(363.0) 56.5(95.7) 9.8(396.1) 97 4.8 (348) 53.9 (103) 15.7 (377) 92
A, Arge
PtClx(bipy) PtCIoPy>
CH,OH 1.9(366.2) 56.3(99.2) 7.1(391.3) 97 CH,OH 15.8 (394) 52.72(86.1) 11.14(405) 76
Mlg(en) Mlzm
CH,OH 4.46 (366) 56.5 (98) 10.6 (394) 81 14.6 (392) 54.24 (81.3) 12.45(404) 76
o e
PICI(DMAP), PtCI,Py2
CH,OH 2.4 (392) 55.7(101) 11.0(421) 81 CO,Et 3.0 (406) 53.2 (87) 3.3 (394) 76
MI(NQPM Mlzwz
CH,OH 1.7 (424) 53.5(109) 10.6(451) 81 o] CH,OH 12.3 (400) 54.1(104) 6.1 (450) 76
MNa)zPyz WQPY'Z
4,05 (370) 59 (98) 14.4 (398) 96 0 11.2 (396) 55.8 (104) 7.9 (458) 76
Ab_/] “3CHOH “CHLOH
PICl,Py, PtCI,Py,
cHoMe  0.5(373) 57.5 97) 13.7 (394) 81 CH,OH 11.0 (371) 52.1 (96) 11.3 (395) 81
2
M'zpyz M'zPYZ
3
CHg 1.33(351) 59.16 (97) 12.07 (401) 92 CHa 6.38 (385.8) 64.02 (105.7) 10.73(372.7) 94
MIZWZ
1.40 (355) 64.49 (97) 12.9(394) 92
bz
PICIoPy,

Table 30. 3C NMR Chemical Shift (ppm) and Pt—C Coupling Constant Data for Pallada(II)- and

Platina(Il)cyclobutanones

M L R C! (WJps—c) C2 (2Jpi-c) ref M L R C! (1Jps—¢) C2 (2Jpi—c) ref
Pd PPh; COz:Me 61.82 174.42 157 Pt PPh:Me CO;Me 54.84 (245) 179.73 (170) 154
Pd PPh;:Me CO:Me 59.26 171.21 157 Pt PPhMe; CO:Me 53.24(229.3) 179.00(171) 154
Pd PPhMe; CO;Me 57.34 175.52 157 Pt Yy(dppe) COMe 54.89(231.0) 178.47(161) 154
Pt PPh; CO:Me 56.43(273.9) 178.30(175.5) 154 Pt AsPhg CO:Me 51.21(313.9) 179.26 (195) 154
Pt PPh; COMe 67.06(246.9) 176.17(173.7) 160 Pt AsPhs COMe 63.28(298.1) 179.08(196.3) 160
Pt PPh; Ph 67.07 (242.4) 173.2 (155) 163 Pt AsPhs Ph 61.52 (308.4) 174.39 163
Pt PPh; H 49.6 (251.5) 183.8 162 Pt Ya(cod) Ph 63.28 (351.7) 178.6 163
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Table 31. 3C NMR Chemical Shift (ppm) Data of Other Metallacyclobutanones
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complex ct C? c3 ref complex Ct C? cs ref
pme; /0 29.13 184.0 185 H 0 51.32¢ 179.6¢ 51.0b¢ 158
] 4 :
MesP PhaP
Mesp— " t-BuNC~ H#CO")ME
PMe, Me20C |
H (o] 12.32 185.06 131 H O 48.84¢ 179.8¢ 48,254 158
MegAs\Il Pths\H .
MesAs™ | t-BuNC™ T=CO:Me
AsMes Me,OC H
w R 56.92 175.2 55.7% 158
PhaP >
t-BuNC~ T~f=CO:Me
MSOZC H

a C! is trans to t-BulNC. ¢ C3 is cis to t-BuNC. ¢ 1Jp—c1 = 293; 2Jp—c = 177; Wpi—cs = 216.5. ¢ 1Jp—c; = 288.8; 2Jp—c = 189.4;

lth_ca = 267.7.

Table 32. *C NMR Chemical Shift (ppm) Data for Nickela(Il)cyclobutabenzenes

Ni-L
T
L
L R Ct C? C3 ref L R ct c? cs ref
PEts H 134.7 160.5 —6.3 112 /y(decpe) SiMes 127.5 161.6 —1.68 114
PBus H 134.2 160.7 -7.1 112 Y/5(dppe) SiMes 125.3 162.0 0.93 114
PPh; H 134.5 158.0 0.5 112 Y/o(TEED) SiMes 113.8 158.9 -17.3 114
o(tmed) H 128.6 159.1 -17.1 112 /o(PMDTA) SiMes 113.8 159.5 —16.5 114
/o(tmed) SiMes 115.5 159.8 -17.1 114 Yo(bipy) SiMes 119.0 159.6 —8.67 114
PMe; SiMes 127.3 162.7 -3.29 114
Table 33. 3C NMR Chemical Shift (ppm) Data of Other Metallacyclobutabenzenes
complex Ct C? C3 ref complex ct C? Ccs ref
2, 168.3 —16.5 130 153.59
©:és(PMe3)4
—-7.15 131 150.0¢ —2.9¢ 115
©1r(PMe3)3H h(PPha)zCl
Ph 119.9, 156.70° 117.72 116 2 . —9.9¢ 178
2 Ph 112.311 @:At
3 T~ PU(PMes),
—Rh(PPhs)eCl
124.08 -3.21 115
1(PPha)z
Ph 154.83° 117.0° 116 Ph 147.26/ 165.64/ 113.84/ 116
<~ ~Ph 2 Ph
L e L o,
141.72, 166.67¢ 116 139.68 166.06 116
145.10¢

R
< "R
O Rh(PPh3).Cl

R= m-CF306H4

<R
O Pt{(PPha)z

R= p-MeOCsH4

R

@ Assignments for C! and C? may be interchanged; 'Jrh-c1 = 21.0; ZJrh—c = 3.9; 1Jrn-c3s = 28.2. % 2Jpn_c = 3.8; lJRrn-c3 = 28.7.
¢ 2JRh—C = 3.3; lJRh_ca = 28.6. ¢ 2JRh—C = 6.3; IJRp-cs = 21. ¢ lth-ca = 395, lth-m = 86; 2th-cz = 65; lth-ca = 81.

the structure determination chemist, it appears that
the 13C data are the most definitive as the sensitivity
of 13C chemical shifts to structural variation is the
greatest. It is believed that coupling constant data
will be helpful, in the future, to predict chemical
reactivity.

D. X-ray Crystallographic Analysis

X-ray structure determinations have been per-
formed on relatively few metallacyclobutane deriva-

tives. Tables 34—43 display the bond length and
bond angle data for the metallacyclobutane moiety
of the reported structures. The written structures
are all in a M[C;C,C3] format, while the drawn
structures are labeled appropriately. These data
consistently support a metallacyclobutane structure
as opposed to an edge-bound cyclopropane. The
reported C;—Cj3 distance, ranging from 2.37 to 2.60
A, most convincingly eliminates the notion that the
cyclopropane ring remains intact and is bound edge-
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Table 34. Bond Length Data A) for Ferra(Il)-, Ruthena(Il), Cobalta(II)-, Rhoda(IIlI)-, Irida(III)-, and
Nickela(Il)cyclobutanes

entry complex M—Cl M—Cz M—C3 Cl—Cz Cz—Ca entry complex M—Cl M—02 M—C3 Cl—Cz Cz-Ca
1 OC\ co 2.141 2691 2.137 1.524 1.527° 6 Ph Ph 2.051 1997 141 1432
0OC—Fe—CO
2.0620 1.982 1411 1.44
2 2.013 2.006 1536 1.519 7 1.993 1.986 1525 1.526
3 F 2.039 2.036 1.486 1.492 8 (Cp*)(PMe3)Rh- 2.085 2.085 1.512 1.527
JE [CH,CH,CH,)
3 _F
ol L] -
\FF
F
4  (5%-C¢Meg)(PPhg)Ru- 2.133 2.144 1.537 9 2.126 2.114 1539 1531
[CHzCM62CH2]
(75-CeMeg)(PPhyMe)- 2.156 2,133 1.546 10 1.995 1.527
Ru[CH;CMe2CHy)
@ C;—Cs = 2.421. ® This row designates the carbons labeled prime.
Table 35. Bond Angle Data (deg) for Ferra(Il)-, Ruthena(Il)-, Cobalta(I)-, Rhoda(IIl)-, Irida(III)- and
Nickela(Il)cyclobutanes
dihe- dihe-
entry C;—M—C3 C1—C2—C3 M—-C;—Cy M—-C3—C; dral® ref(s) entry C;—M-— C3 C1—Cy—C3 M—-C;—Cy; M—-C3—C; dral* refi(s)
1 68.9 105.0 93.0 93.0 0.0 186 6 64.80 167
2 153 7 72.87 41 151
3 153 8 67.61 99.55 96.24 96.59 0.0 135,172
4 65.8 96.6 0.052 127 9 66.3 98.1 94.2 94.9 137
5 66.8 95.4 0.053 127 10 72.98 99.2 55 150
¢ The angle formed between the planes of C;—M—C; and C;—C;—Cs. ¢ Angle of atoms labeled prime is also 64.8°.
Table 36. Bond Length (A) Data for Platina(II)- and Platina(IV)cyclobutanes
entry complex M-C, M-C; M-C; C1—Cq Cy—Cs C1—Cs
11 Ey)Pt[CHzCHzCHz] 2.030 2.665 2.037 1.534 1.534
12 t3)ePt{CH;CMe;CH,] 2.080 2.698 2.086 1.535 1.536
13 (PPha)th[C(CN)QCch(CN o] 2.137 2.71 2.139 1.545 1.584 2.404
14 (PPh3) Pt[C(CN):CH(Ph)C(CN), 2.14 2.69 2.16 1.56 1.55 2.39
15 (Pth)th[C(CN)zCH(Ph)C(CN)COzEt)] 2.16 2.69 2.20 1.56 1.51 2.40
16 ClePy.Pt[CH Ho,] 2.04 2.69 2.19 1.48 1.82 2.55
17 ClzP}’th[CH(Ph)CH(Ph)CHz]a 2.06 2.60 2.11 1.59 1.48 2.39
2.05 2.62 2.17 1.59 1.71 2.60
18 ClyPy.Pt{CH>C(Me)(CH,OH)CHj,] 2.042 2.676 2.039 1.542 1.548
19 Cly(bipy)Pt{CHCH,CHj] 2.07 1.63
20 2.057 2.093 1.625 1.546
MCIZWZ
21 2.011 2.097 1.587 1.547
22 2.074 2.054 1.535 1.537
Lbﬂ CH,OH
PtCloPy,
23 2.071 2.074 1.532 1.528
6HO
PtClgPyg
24 f 1.97 2.05 2.37
1 i
«_Cle,,~°
2 3 T<CI/P'\(|

@ Phenyl groups are trans to one another.

Two independent molecules are present within the unit cell.
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Table 37. Bond Angle (deg) Data for Platina(II)- and Platina(IV)cyclobutanes

dihe-
entry C;—M—C;3; C,—C2—Cs M—C1—Cz M—C;3—C; dral® refls)

dihe-
entry C;—M—-Cs C1—C:—Cs M—C;—Cy M—C3—C; dral® refl(s)

11 69.9 98.8 95.5 0.0 175,176
12 67.3 97.5 95.4 95.1 224 119

13 68.4 100.4 93.5 92.3 24.4 103

14 67.7 100.9 92.3 28.6 101

15 66.9 103.2 91.2 29.7 101

16 742 100.9 99.3 84.3 125 41

17 70 102 90 91 28 187

76 104 91 84 22

18 70.15 98.75 95.55 95.54 1.0 79
19 71.9 96.2 96.0 0.0 175
20 70.0 97.3 94.7 95.7 188
21 69.8 97.2 96.7 94.6 188
22 68.8 98.8 94.8 95.5 96
23 68.7 99.8 94.7 92
24 11.0 66

2 The angle formed between the planes of C;—M—C3 and C;—C;—Cs.

Table 38. Bond Length (A) Data for Ruthena(I)-, Irida(III)-, Pallada(ID)-, and Platina(IT)cyclobutanones

entry complex M-C,; M-C, M-Cs C1—C, Co—Cs
25 (PMe3)sRu[CH,COCHS,] 2.217 2.222 1.468 1.449
26 (PPhy)o(CO)CIIr[CH,COCH,] 2.169 2.561 2.184 1.48 1.50
27 (PPh3),Pd[CH(CO;Me)COCH(CO;Me)] 2.135 2.389 2.165 1.467 1.492
28 (AsPh;),Pd[CH(CO:Me)COCH(CO;Me)] 2.125 2.384 2.152 1.482 1.473
29 (bipy)Pd[CH(CO:Me)COCH(CO;Me)] 2.103 2.374 2.085 1.471 1.471
30 (PPhj3):Pt{CH(CO;Me)COCH(CO:Me)] 2.133 2.416 2.155 1.470 1.493
31 (PPh3) Pt{CH(COMe)COCH(COMe)] 2.183 2.486 2.153 1.496 1.491
32 (PPh;) Pt{CH,COCHj:] 2.145 2,422 2.119 1.473 1.496
33 (AsPh;), Pt{CH(Ph)COCH(Ph)J* 2.116 2.350 2.187 1.50 1.47
34 (AsPh3)(t-BuNC)Pt{CH(CO;Me)COCH(CO.Me)}? 2.057 2.509 2.121 1.509 1.492

@ Both Ph groups occupy equatorial positions. * One substituent is equitorial; the other, axial. Cj is trans to AsPhs.

Table 39. Bond Angle (deg) Data for Ruthena(Il)-,
IridadIIl)-, Pallada(Il)-, and Platina(I)cyclobutanones

Table 40. Bond Length (A) Data for Irida(IIl)- and
Platina(II)-cyclobutenes

dihe-
entry Cl—M—C3 Cl—Cz—Ca M—Cl—Cz M—Ca—Cz dral“ ref(s)
25 65.72 110.8 83.5 83.5 456 133
26 66.5 106.6 87.1 86.0 41.0 161
27 68.5 109.5 80.8 792 532 157
28 68.7 109.5 80.6 799 52.3 157
29 68.8 107.1 81.2 81.8 513 157
30 108.8 82 80.7 50.4° 154
31 67.3 107.2 82.8 84.0 48 159,160
32 68.4 107.7 51 162
33 69.2 110.4 79.0 772 56.7 163
34 68.1 102.6 88 86.1 42 158

@ The angle formed between the planes of C;—M—Cs and C,—
Cy—Cs. ® Reported in ref 155 as 49.7°.

wise to the metal species. Even a lengthening due
to polarization cannot explain this increase over the
respective free cyclopropane bond distances of 1.501
to 1.524 A.

Tables 38 and 39 include the bond lengths and
bond angles of structurally characterized metallacy-
clobutanones. The most notable feature of these
complexes is the large pucker angle, i.e. dihedral
angle formed between the planes derived from C;—
M—Cg and C;—C2—Cs, which ranges from 41° to 56.7°.
Organic cyclobutanones are only slightly nonplanar
with dihedral angles of 0—10°. Therefore, the sig-
nificant puckering of metallacyclobutanones has been
attributed to a considerable transannular attraction
between the metal and C; carbonyl group which
shortens the M—C, distance substantially. In fact,
the extent of nonplanarity and the decreased M—C;
bond distance has led investigators to suggest that
the bonding description of these molecules should
include contribution from an (n%-allyl)metal species
30 shown previously.

The dihedral angle of platina(II)- and (IV)cyclobu-
tanes found in Table 37 ranges from 0.0° to 29.7°.
The formation of the planar structures is attributed

entry complex M—Cl M—Cz M—C3 Cl—Cz Cz—Ca Cl—Ca
35 Br , 2.134 2166 1.344 1.525
MesP | A~
MeaP/IIr\/1 p-tol
PMe3™p.tol
36 F 2.039 2.08 135 147
L 1
~
. Pt D—F
F3F
37 o] 2.08 209 145 131
PhaP ¢
Pt Ph
Phep” 1/&
Ph
38 NC.__CN

PhgP. 3

~
P{_=Ph

Phop” 3&

Ph

to the bidentate bipyridyl ligand coordinated to the
metal in entries numbered 11 and 19. The most
highly puckered platina(II)- and (IV)cyclobutanes,
entries 14, 15, and 17, each have a phenyl substituent
at the C; position suggesting a possible transannular
attraction between the metal and the phenyl bearing
carbon, albeit smaller than found in the metallacy-
clobutanones described above.

A few structures of metallacyclobutenes and met-
allacyclobutabenzenes have been determined and
their data is reported in Tables 40—43. The data is
consistent with a metallacyclic structure showing
considerable shortening of the olefinic C;—C; bond
as expected.

IV. Chemistry of Metallacyclobutane Derivatives

A. Reactions Yielding Alkane Products

The formation of alkanes from metallacyclobutanes
has been reported for Ni(II), Pd(II), Rh(III), Pt(II),
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Table 41. Bond Angle (deg) Data for Irida(III)- and
Platina(Il)cyclobutenes

dihe-
entry C;—M—-C3 C;—C3—Cs M—-C;—Cz M—C3—C; dral® ref
35 72.98 99.2 55 168
36 65.8 104.7 97.5 0.0 110
37 62 100 101 97 107
38 63 101 23 109

@ The angle formed between the planes of C;—M—C;s and
C1—Co—Cs.

Table 42. Bond Length (A) Data for Rhoda(III)-,
Nickela(II)-, and Platina(II)cyclobutabenzenes

M-C; M—-C; M—C; C,—C;s Co—Cs3
R 1.984 2.030 1.395 1.480

40
2 2R
3
OO —Rh(PPhy),CI

R= m-CF306H4
41 SiMes 1.897
2 12 SiMes
; Ni(tmeda)

42 : 2.060
©1:‘P1(PMe3)2

Table 43. Bond Angle (deg) Data for Rhoda(III)-,
Nickela(II)- and Platina(Il)cyclobutabenzenes

entry complex

2.075 1.38 1.534

2122 138 1.52

dihe-
entry C;—M—-C; C;—C3—C; M—C;—C; M—C3—C; dral® ref
39 66.2 99.3 99.5 94.6 0.0 116
40 717 106.0 96.9 85.3 114
41 66.7 104.6 97.6 90.8 178

2 The angle formed between the planes of C;—M—C; and
C1—Co—Cs.

and Pt(IV) complexes. Oxidative addition of 2 mol
of DCl in toluene to the 2,2-dimethylmetallacyclobu-
tanes of Ni(II) and Pd(II) results in quantitative
formation of 1,3-dideuterium-substituted neopentane
(Scheme 11).122 The same substitution pattern was
observed for the analogous reaction of DCl in D;O
with 2,2-dimethylplatina(IT)cyclobutanes.!!’12! Simi-
larly, treatment of the nickela(II)- and pallada(II)-
cyclobutanes, as well as a rhodium analogue,'? with
Br; leads to formation of 1,3-dibromo-2,2-dimethyl-
propane in 49%, 67%, and 37% yield respectively
(Scheme 11). These reactions presumably proceed by
oxidative addition of the reagent to the metal, fol-
lowed by reductive elimination of substituted neo-
pentane. It is interesting that 2 mol of DCI are
required and that 1-deuterio-3-chloroneopentane is
not produced.

When 2,2-dimethylnickela(II)cyclobutane is pyro-
lyzed in the presence of hydrogen by raising the
temperature from —50 to 50 °C, the products shown
in Scheme 12 result.!?%18% (Reported yields are per

Ni.) Although the 2,2-dimethylpropane and 1,1-.

dimethylcyclopropane result from hydrogenolysis and
reductive elimination followed by reductive elimina-
tion, respectively, the production of the dominant
alkane species, methane and isobutane, is believed
to result from a nickel—carbene intermediate 49. In
contrast, the dominant products from hydrogenolysis
of the Pd(IT) analogue were neopentane (69%) and
dimethylcyclopropane (14%) with only small amounts

Jennings and Johnson
D
tol
D
PhyP
WX
/
Ph,P
M=Ni. Pd M = Nl, Pd, Rh Bl’
Br

Scheme 12

PhsP
NI
’
PhaP

Scheme 11

Phep  yCH2
———————i ,NI
PhyP \)—
49
Hz, tol
-50Cto50C

XX ae A

19% 8% 32% 3%

of methane and isobutane (4% and 6%, respectively)
formed.

When platina(IV)cyclobutane tetramers are shaken
in alcohol in the presence of gaseous hydrogen, a
variety of alkane products result.®! One example is
shown in eq 47 and Table 44 displays other hydro-
genolysis products. In each case a mixture of isomeric

'Pt alcohol
Cl 4
Ph—" N . pn + CgHy Pr
“@"
56% 14% 30%

alkane products results. It has not been determined,
however, whether isomerization occurs within the
platina(IV)cyclobutane to create an isomeric mixture
of tetramers which upon hydrogenolysis yield the
isomeric alkanes or whether isomerization to the
observed alkane products occurs during hydrogenoly-
sis from one tetrameric species.*”"

Under certain solvent and additive conditions, it
is possible to produce alkanes photolytically from
platina(IV)cyclobutane, albeit cyclopropanes and al-
kenes are the dominant products.190191 For example,
the photolysis of (1,10-phenanthroline)dichloroplati-
na(IV)cyclobutane in CH;Cly/thiophenol yields about
26% propane. The same reaction performed in
DMSO/thiophenol or DMSO/toluene yields 5% pro-
pane and 1% propane, respectively. A solvent mix-
ture of DMSO/CBr4 produced 1,3-dibromopropane in
small, yet detectable, amounts. The proposed reac-
tion pathway for this photolytic process is illustrated
in Scheme 13.

The thermal reaction of platina(IV)cyclobutane,
run in the presence of diphenylphosphines, also forms
propane in varying yields.®® The example shown in
eq 48 is the highest yielding of all the reaction



Metallacyclobutane Complexes of the Group Eight Transition Metals

Table 44. Hydrogenolysis Products of Mono- and
Disubstituted Platina(IV)cyclobutane Tetramers

R products
CH;Ph
PhcH—<] pn—" \ Ph—)\ Cehr1Pr
20% 26% 51% 3%
n-CeHis n-CeHw—q CeHiz—">  Ceta—<
40% 15% 45%

trans-1,2-diphenyl T N
36%

CGH11'—r\CeH11

64%

Ce“n—r\CeHn

90.5%

cis-1,2-diphenyl CeMi—™ N Cahy

9.5%

Scheme 13
cn a .
h
(phen)Pt — (phen)PtQ} ——— CH;CH=CH,

CH,CH,CH, BrCH,CH,CH,Br
toluene
or PhSH CBr,
. DMSO
[(ph en)l|’<> } DMSO

|
(phen)litCHZCHZCH2~ — (CHy);
cl a (or CH)
+ CI

conditions tested. Other phosphines were added also
and were found to generate little or no propane
product. The success of diphenylphosphine in gen-
erating propane is presumably due to the successive
transfers of the phosphine hydrogen from the coor-
dinated phosphine to hydrocarbon and intermediate
50 is thereby proposed.

Br
|

(phen)py —171C
| PHPh,

Br DMSO
-+
thT
LCH2CH,CH
(phem)pyl 7270
| "PHPR, (48)
Br 82%

50

B. Reactions Yielding Cyclopropane Products

Reductive elimination of metallacyclobutanes to
form cyclopropane is facilitated by numerous re-
agents as well as heat and light. Osmia(II)- and
nickela(I)cyclobutanes both decompose to cyclopro-
panes and other alkene or alkane products when
heated according to eqs 49al7™ and 49b, 122189

80°C
(c0).,o<> e AN

X o)

51%
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The oxidative decomposition of 2,2-dimethylnick-
ela(I)- and -pallada(Il)cyclobutane with O; or Ce!V
yields 1,1-dimethylcyclopropane in 80% to 87% yields
as illustrated in equation 49c.122

X o

0,
(PPhy,M —_—
92 O< or CelV
Addition of I, in THF at —78 °C causes rhoda(III)-

M=Ni, Pd
and irida(IlT)cyclobutanes to reductively eliminate
forming substituted cyclopropanes (eqs 50a and
50b).136.142 Similarly, reaction of platina(II)cyclobu-
tane with methyl iodide at 90 °C forms a cyclopro-
pane product (eq 50¢).!% Presumably all three of

Cp* \Rh Ph I, D/‘th
———————
4 -78°C, THF
P o fo)

+

Ph

0
(50a)
Cp*

7/
M93P

+ Cp*PMe3lrlz (50b)

P
REN Mel
Pt COMe  =m———=b CO,Me
’ 90°C, .5h

(50c)
these reactions involve oxidative addition of the
iodine with subsequent reductive elimination of the
cyclopropane moiety. Since these metallacycles were
prepared by nucleophilic attack at the central carbon
of a m-allyl—rhodium, —iridium, or —platinum com-
plex, respectively, the overall scheme provides an
alkylative cyclopropanation protocol.

The 2,2-dimethylplatina(II)cyclobutane, shown in
eq 51, forms 1,1-dimethylcyclopropane upon reaction
with Iy, Bry, and NCCN, as well as with heating.11712!

Et,P
N NCCN
R ((3V)

Et,P

Equation 52 illustrates the most common reagents
invoked for reductive elimination of cyclopropane
from platina(IV)cyclobutane tetramers and mono-
mers.37,39,4161,62,6573,52,83,85,8889,190-192 The anionic ligands
CN-, I, and SCN™ as well as the tertiary phosphine,
arsine, stibene, and sulfur donor ligands, all exhibit
high trans influence. The facility of these electron-
rich ligands in reductive elimination is due to their
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ability to replace the existing coordinated ligand, L.
Therefore a stronger ligand, such as PRg, liberates
cyclopropane faster than a weaker ligand. However,
the rate of reductive elimination also depends on the
halide and ligand originally on the platina(IV)-
cyclobutane.

X
L\I

Pt >
L CN-, T, SCN", PR, AsR,, SbR,, A (52)
X

X=Cl, Br
L= Nitrogen donor ligands, THF

Another interesting feature of these reactions is the
resulting stereochemistry of the cyclopropane prod-
uct. Addition of triphenylphosphine to dichlorobis-
(pyridyl)trans-1,2-diphenylplatina(IV)cyclobutane (51)
yields trans-1,2-diphenylcyclopropane with complete
retention of stereochemistry (eq 53a). However,
when 51 is treated with KCN, a mixture of trans-
and cis-1,2-diphenylcyclopropane isomers result in an
86:14 ratio, respectively (eq 53b). This result indi-
cates that trans to cis isomerization occurred during
reductive elimination suggesting a possible ionic
intermediate for this process, in contrast to the
concerted mechanism proposed for reductive elimina-
tion resulting from the addition of PPh,.7?

Ph
o Ph
L ! PPh
“pt PR —_— (53a)
L?l .
cl “oh
Ph Ph
s1 —KCN A . A (53b)
“ph
86 L

Other reagents that reportedly induce reductive
elimination of platina(IV)cyclobutanes include Li-
AlH,, H;0, and CO.6182%0 Digplacement of cyclopro-
panes by olefins also occurs as is illustrated in eq 53¢
for the reaction of 52 with 2-pentene.61,65193,194 An

olefin exhibits high trans effect but low trans influ-
ence. Therefore, the generation of cyclopropane is
slower than for the ligands previously described and
does not occur if the platina(IV)cyclobutane monomer
bears stronger coordinated ligands such as pyridine.
However, olefins can cause reductive elimination of
cyclopropane from platina(IV)cyclobutane tetramers
or monomers in solution with a weak coordinating

Jennings and Johnson

Scheme 14

X X X
THF ) THF THF) of  THF)
,T —— }i( — Pt
THF 7|
X X X
R
R X X
| THF._ |
A * THE—R—d _ >T—

X X

solvent, such as THF. The proposed pathway for this
process is shown in Scheme 14.1%8

Thermal and photolytic decomposition of platina-
(IV)cyclobutanes also generate cyclopropane,
along with other alkane and alkene prod-
ucts.41,74,82,83,89,90,190,191,195,19  Platina(IV)cyclobutane
monomers bearing high trans influence ligands yield
cyclopropane in the highest yields when heated. For
example, more than five times as much cyclopropane
is generated upon heating a platina(IV)cyclobutane
where L = ethylenediamine than when L = pyridine
due to the higher trans influence of the former. The
thermal reaction of platina(IV)cyclobutanes bearing
bidentate ligands also generated cyclopropane when
run in the presence of phosphines. Cyclopropane
yields varied from 1% to 77% depending on the
temperature, the solvent, and the type of phosphine
added.

The photodecomposition of platina(IV)cyclobutanes
also varies with reaction conditions (solvent and
additive) to produce cyclopropane, propene, and eth-
ylene products. The highest yield of cyclopropane
formed by photolysis reportedly results from the
reaction shown in eq 54.1%

CHyCN e
/T<> AN e

CHCN o 88% 12%
C. Reactions Yielding Olefinic Products

By far, this is the predominate reaction of metal-
lacyclobutanes. The formation of free alkene species
from metallacyclobutanes has been reported for
Ni(II), Pt(IT), and most commonly Pt(IV). Equation
49b in the previous section illustrates the thermal
decomposition of a 2,2-dimethylnickela(Il)cyclobu-
tane to 1,1-dimethylcyclopropane. This reaction also
yields the olefinic products ethylene, 2-methylpro-
pene, and 3-methyl-1-butene in 14%, 27%, and 3%
yield (per Ni) respectively.12218

The thermal decomposition of 53 in dimethoxy-
ethane—benzene-dg forms the olefinic product 54
exclusive of cyclopropane (eq 55).13° The S-hydride
elimination and subsequent reductive elimination of

CysP CO,Me
Pt cope —22C o 2
7/ 1.5h
CysP
53 54
(55)
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the olefin is apparently a lower energy pathway than
C—C bond formation to yield cyclopropane.

Both thermal and photolytic decomposition of un-
substituted platina(IV)cyclobutanes form propene,
along with other products, as illustrated in eq
56,39,41,74,82,83,190,196 Tn this example propene is formed

| hv
(phen"i<> CH,Cl, 2N o)
a 92%

in 92% yield. However, by changing solvent, ligands,
temperature, and other additives, the distribution of
products easily can be affected to yield larger amounts
of ethylene, cyclopropane, and other products. For
example, ethylene can be formed in yields up to 70%
if the decomposition conditions include DMSO or
CH3CN solvents in the presence of tertiary phos-
phines.?48

Other platina(IV)cyclobutane systems can form
free alkenes. Equation 57 demonstrates the thermal
decomposition of a cis-1,3-disubstituted platina(IV)-
cyclobutane to three different olefinic products.%

| 60% 20%
Cl (Gy))
+
18% 2%

The cis-1,2-disubstituted platina(IV)cyclobutane
tetramer 55 forms eight different olefinic products,
along with the reductive elimination product, when
heated in diethyl ether followed by addition of KCN
(eq 58).%° The same product distribution is observed

1 EtzO a
PtCly), 2) KCN
55

13.6%

egege:

17.8%

@”@@f

18.4% 10.8% 12. 4%

when bicyclo{4.1.0]heptane is heated in the presence
of platinum(II), suggesting a platina(IV)cyclobutane
intermediate for the latter process. Obviously, not
all of these products are primary as there is ample
opportunity for subsequent isomerization.

A ring homologated olefinic product results when
56 reacts with Zeise’s dimer to form a platina(IV)-
cyclobutane tetramer which subsequently is treated
with DMSO at room temperature (eq 59).19%:198 An-
other example of this ring homologation technique
is shown in eq 60.°¢ Both of these reactions are
suggested to proceed via an intermediate in which
the platinum has rearranged into the disubstituted

Chemical Reviews, 1994, Vol. 94, No. 8 2271

56 4
DMSO
l RT. (59)
57
A PClzPY
l 1) Zeise’s Dimer I
2) Pyridine
a
J
' (60)

C—C bond of the cyclopropane moiety. A g-hydride
abstraction step, followed by reductive elimination,
then leads to the observed products.!®® However,
recent evidence in the author’s laboratory suggests
that simple 3-hydride abstraction is not the pathway.

When the deuterium- and 3C-labeled unsaturated
norbornyl platina(IV)cyclobutane tetramer undergoes
a ring homologation process, two isomers result.
Scheme 15 illustrates the observed products and the

Scheme 15
D D
w D .5
DMSO
chlg,4
PICI,(DMSO)
Path A/B

H D
H o
———————
peevm—
K Pt )

D
D
»
Hepy D / .
Pt
H H H H
D
*
D V4 Y
»
D 33% D 66 %
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detailed mechanism proposed for this reaction.?0
Path A is suggested to yield 66% of the reaction
product, while path B is responsible for 33% of the
product. The same reaction, utilizing a Rh(I) cata-
lyst, results in the same nortricyclic system. How-
ever, °C labeling shows that only path A is fol-
lowed.?%2%! This suggests that rhodium inserts into
the more substituted bond and does not rearrange
as platinum does.

When 58 and 59 are heated in CDCls, five-
membered ring dienes result along with the ring-
expanded product (eq 61 and Scheme 16).1% The

Cl
/ A
~Py ————
Pt CDCl,
| *p
58 Cl
+ (61)
90% 7%
Scheme 16
/CI
Dl — S
Py p,
59 Cl H l
l Y P{
~—H

proposed pathway for the formation of the diene
complex invokes cleavage of the platina(IV)cyclobu-
tane moiety to form a platinum—carbene olefin
complex which subsequently undergoes hydrogen
rearrangement followed by reductive elimination to
the observed olefinic product as shown in Scheme 16.

cis-1,3-Divinylcyclopentyl ring systems result when
60 is treated with diazomethane at room temperature
(eq 62a).751%8 This procedure has been performed on
1,2,3-trisubstituted platina(IV)cyclobutanes to form
cis-divinylcyclopentanes with stereospecificity (eq
62b).%6 A trans stereochemistry result may be ob-
tained from the epimer of the substrate in eq 62b.%

1
Py RT,CDC,

i
60 Cl

CH,0H CH,OH

cl
/P CcHN
Pt— -——2>
Cl Py RrT, coCy,

1

62b)

Jennings and Johnson

The utility of this reaction is the stereochemical
control that can be achieved at one double bond and
the two allylic centers. The reaction shown in eq 62¢
was studied with hopes of achieving stereochemical
control at the second double bond as well.®2 However,
reaction of 59 with ethyl diazoacetate results in
formation of both the E and Z isomers of the carbe-
thoxy-substituted divinyl product. Scheme 17 il-
lustrates the proposed mechanism for the reactions
shown in eqs 62a, 62b, and 62c.%

Cl N,CHCO,Et
| By
59 cl

Scheme 17

CO,E!t

N
3
%
/K
gY
o]

RS

II || | |
R=H, CO,Et, CF,

There are a couple of interesting features in this
reaction. The effective diazo reagent is limited to
those that are somewhat electron deficient. That is,
the three reagents shown work nicely, but, for
example, diazoethane and phenyldiazomethane yield
only reductive elimination to the original cyclopro-
pane substrate. Further, substituents at the C-1
position have little effect on the product stereochem-
istry (E/Z ratio = 1.4) save the substrate in reaction
62b and diazoacetic ester. In this case, the E/Z ratio
is 0.7 and is best explained by an interaction of the
hydroxymethyl moiety with the incoming diazoacetic
ester.%? Finally, if a substituent (Me) is placed at
the bridgehead, as is shown in eq 63, the stereochem-
istry of the diene product is exclusively trans.®? This
result provides corroborating evidence in support of
the pathway shown in Scheme 17 in that by virtue
of the fact that the methyl group at the bridgehead
modulates the reaction, the diazoderivative must be
attacking the platinum at the site indicated.
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NzCHCOZEt
PtC1,Py,

COzEt

(63)

15% yield

D. Reactions Yielding Alkene—Metal Complexes

In many instances, olefins are produced as de-
scribed in the previous section but often the metal
complexes to the olefin and reduces its recoverability
due to loss in volatility. The most recent examples
of metallacyclobutanes reacting to form metal—olefin
complexes are shown in eqs 64a and 64b.!3¢ Equation

Cr*s 0.03 eq. BEt,
Ao RT, THF
M93P
61 fe)
Cpr
Rh —
/7
Meg? (64a)

cp'\ka 5eq CH,(CO,Me),
M%P’ ! THF, 70°C
C*"'\Ir COMe
Me3p’ —u‘"\/kcozm (64b)

[o]

N

64a illustrates the mild Lewis acid, Et;B, catalyzed
rearrangement of rhoda(III)cyclobutane 61 to a mix-
ture of stereoisomers of the rhodium(I)—olefin com-
plex. The irida(III)cyclobutane 62 however, does not
rearrange to an iridium(I)—olefin complex under
similar conditions presumably due to stronger metal—
carbon bonding. It is possible though to form an
iridium—alkene complex by heating 62 in the pres-
ence of excess dimethyl malonate.

The metallacycles 61 and 62 are formed by nucleo-
philic attack at the central carbon of the respective
metal n-allyl complex. The mechanism for alkene—
metal complex formation is suggested to result from
reversible dissociation of the enolate from the met-
allacycle to form the z-allylic complex, followed by
nucleophilic attack at the terminal carbon of the
m-allyl complex. The reversible nature of this reac-
tion was amply demonstrated in the case of iridium
by the crossover substitution.

If the unligated nickela(II)cyclobutane in eq 65 is
irradiated at A = 500 nm, a methylidenylnickel
ethylene complex 63 is formed. Upon further ir-
radiation with UV light, 63 rearranges to a vi-
nylnickel methyl species.1%6
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n
Ni v, "—Ni:CHZ V) N
63

The unusual vinylidene-substituted platina(II)-
cyclobutane readily reductively eliminates methyl-
enecyclopropane to form the Pt(0)—olefin complex 64
as shown in eq 66.1%8

Ph,P Me
3\ a
Pt ﬁ
7/ benzene
PhyP CH(COyMe),
PhyP
Ph,p” (60)

Me
64 CH(CO,Me),

The platina(IV)cyclobutane, shown in eq 67, re-
portedly undergoes a skeletal rearrangement to form
a bicyclic platinum(II)—olefin complex.% This ex-
ample is one of a few which support the concept that
platina(IV)cyclobutanes may react via carbocationic
intermediates.

a_ @
“p a
Pt\
Ry — &Y
cn'P\:yc

As previously shown in eq 53b, platina(IV)cyclobu-
tanes can react with olefins to reductively eliminate
the cyclopropane moiety and form a Pt(II)—olefin
species,61:65193,194 The example is repeated in eq 68.
The olefin either can replace a weak ligand attached
to the monomeric platina(IV)cyclobutane, as shown,
or react directly with the tetrameric species.

Ph
™F § 5 i
,l \_/\———»Tm-'—x?—' . A(es)

THE ¢ a

Pt(Il)-olefin complexes also result from direct
isomerization of tetrameric platina(IV)cyclobutanes
(eq 69a). As shown below, it is necessary for the
reaction to proceed via a Puddephatt rearrangement
prior to the hydride transfer process leading to
product. This concept, thermodynamic complex rear-
ranging to a less stable complex followed by irrevers-
ible product formation, is a common theme for
reaction of platina(IV)cyclobutane complexes. Plati-
na(IV)cyclobutanes bearing weakly coordinated or
bulky nitrogen donor ligands also easily isomerize to
the Pt(II)-olefin complex as illustrated in eq
69D, 71,74,80.202-205

Another interesting set of examples is shown with
cis- and trans-stilbene derivatives. The trans isomer
leads exclusively to the methylene product from a
mixture of platinacycles and the cis isomer yields
mostly chain homologation products from a mixture
of platinacycles.®* This is one of the few examples
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|
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.P1
. Py Ah benzene Ph/\/\Pn
Ci
Ph py. g , “2%)
Ph
Py'éa \—/\_Pn
(24%)
(69d)

Ph

where stereochemistry around the olefinic product
has been noted.

The mechanism of platina(IV)cyclobutane isomer-
ization to Pt(II)—olefin complexes has been investi-
gated previously and remains somewhat speculative.
Scheme 18 illustrates two possible pathways for this
reaction involving either an initial a- or S-hydride
elimination.!%® Although there has been some con-
troversy over the correct pathway, the most recent
findings by Puddephatt support an initial a-hydride
elimination rather than the $-hydride elimination
pathway.

This is one of the few mechanistic pathways in
metallacyclobutane chemistry that has been ex-
plored. Further elaboration is necessary. First of all,
with platinum(IV) complexes, it is important to
remember that a Puddephatt rearrangement can
occur yielding a reactive isomer other than that
which is isolated or observed. While it is readily
assumed in many organometallic reactions that
initial 3 elimination is the main pathway for olefin
formation, it is not the case in platinum(IV)cyclobu-
tanes. It appears, in this case, that a sequence:
o-hydride transfer — reductive elimination — 5(1,2)-
hydride transfer is the correct pathway. Another

Jennings and Johnson

Scheme 18
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scenario is a-hydride transfer followed by a - or 1,2-
hydride transfer with subsequent reductive elimina-
tion. It is clear from labeling experiments that a
hydrogen atom is transferred from carbon 1 to carbon
3 and from 2 to 1.

It is assumed that the a hydride is transferred to
the metal but there is no evidence for this intermedi-
ate complex. Further, the 7 component of the alkyl-
idenyl intermediate has been shown to be polarized
platinum minus and carbon plus, lending credence
to the - or 1,2-hydride transfer in the final step.%
Thus, this reaction may appear to be a simple 5
elimination process, but it is not. It is the authors’
suggestion that other systems exhibiting 3 elimina-
tion characteristics be investigated thoroughly to
make sure that they are not part of a cascade effect
initiated by an a-hydride transfer.

Finally, the intriguing question arises as to why
these systems do not conform to the typical -hydride
elimination scenario. First of all, due to the ring
system, it is not possible to attain coplanarity be-
tween the elements Pt—C—C—H; which is usually
required. The most obvious option is a transannular
interaction whereby the 8 hydrogen is transferred to
the platinum and the carbon system collapses to a =
allylic complex. There is no evidence for this option
but it is possible to at least conceive of either a filled
or an unfilled orbital on platinum(IV), d%, pointing
directly at the atom in question. The following
system, eq 70, was designed to test this transannular
interaction concept and to find new ways for ring
homologation which will be discussed in a subsequent
section.® If the S-transannular hydride transfer path-
way is followed in this reaction, a primary deuterium
kinetic isotope effect would be anticipated. The fact
is that there is no kinetic isotope effect. This sug-
gests that the transannular hydride transfer concept
is not an option in this system. However, the
Puddephatt rearrangement necessary to get the
bicyclic intermediate may actually be the rate-limit-
ing step.

E. Reactions Yielding z-Allyl-Metal Complexes

An z-allyl—platinum(II) complex has been reported
when the phenyl-substituted platina(IV)cyclobutane
tetramer was refluxed in CCly according to eq 71.%
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1 Pt 11
(70)

Pt=D
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Other examples of 7-allyl—platinum(II) complex for-
mation from the reaction of certain cyclopropanes
with Zeise’s dimer suggest a platina(IV)cyclobutane
intermediate; however, the metallacycle has not been
detected.®%7!

Ph CH
A~/ £

Pt 4, |cp—! + HCl
, ccl, H,C |
Cl CHPh

4 2

1)

F. Reactions Yielding Ring-Expanded Products

Ring-expanded products have been formed from
reactions of Rh(IIT), Ni(II), Pt(II), and Pt(IV) metal-
lacyclobutane derivatives. When carbon monoxide is
added to a rhoda(III)cyclobutane dimer, CO insertion
yields a rhoda(Ill)cyclohexadione dimer. Evapora-
tion to dryness forms a rhoda(Ill)cyclopentanone
dimer (eq 72).1%5

)
(o} ocS ﬁ ~C0
| 0 Rh 0
OC—Rh—CO
CO
CH,Cl,
2 2
l co
(72)
oc\i,co

2

Nickela(IT)cyclobutabenzene provides a carbon di-
oxide capturing reagent at —78 °C to form the six-
membered cyclic carboxylate 65 in high yield (eq
73).112 A ring-expanded product also results when
the platina(Il)cyclobutanone, shown in eq 74, reacts
with 2 mol of hexafluoroacetone.!5%

A platina(IT)cyclopentanone product results when
the platina(Il)cyclobutane 66 is stirred in acetonitrile
under 1 atm of carbon monoxide (eq 75). Similarly,
exposure of 87 to 1 atm of sulfur dioxide leads to the
SO; insertion product (eq 76).175

Platina(IV)cyclopentanes have been synthesized by
ring expansion of platina(IV)cyclobutane derivatives
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(ﬂ-BU;P)le entane
l@ + €O, Dy
(o}
?
(n-BuzP)aN1 (73)
65

0 CFy
)
Ph,MeP._ 1/Z I PhMep, © s
Pt F4CCCF,4 Pt CO,Me
PhpMeP [——COMe > mMep” Yy
CO,Me
CO,Me
HO CF,
CFy
(74)
(0}
CcO .
i ———p (bipy)Pt (75)
{bipy)Pt CHACN P
66

S
PMey),Pt 502, (eMey,p” 7
(PMey)z <> 2 (76)

via a carbocationic pathway similar to the well-
known cyclopropyl carbinyl cation mechanism. The
solvolysis of platina(IV)cyclobutanes bearing mesy-
late esters produces platina(IV)cyclopentanol prod-
ucts according to eq 77a.7% The reaction pathway
shown in Scheme 19 supports both the kinetic and
labeling studies performed on this reaction. Again,
it is important to note the platinacyclic rearrange-
ment that accompanies this process.
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EEE
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2

Z’R’Z’Z’Z’
=

2

(77a)

A similar reaction, eq 77b, was run on a more
substituted system to determine the stereospecificity
of the process which would provide additional evi-
dence for the pathway, especially for the cationic pi
complex. In this case, acid catalysis was used to
effect the cationic center.

CH,0H OR
/Py H'
Py ROH PiICL,Py,
Cl

R=H, CH;, CH,CH,OH, CHO, COCF,
(77b)



2276 Chemical Reviews, 1994, Vol. 94, No. 8

Scheme 19
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The suggested mechanistic pathway is shown as
Scheme 20.76812%8 This ring expansion process is both
regio- and stereospecific. The regiospecificity is
believed to result from intermediate 68 in which
formation of the cyclopentane derivative is clearly
favored over the cyclobutane complex. The ste-
reospecificity is also proposed to result from nucleo-
philic attack of 68 at the olefinic face anti to the
platinum functionality. If the epimer of the reactant
in eq 77b is used, the epimeric product is obtained
(i.e., the OR moiety is down). Thus, the stereospe-
cifically proposed 7 complex is held tightly to the
cationic platinum and nucleophilic attack is always
on the olefinic face opposite to the one bound to
platinum. Further elaboration of this reaction for
general alkene hydration has not occurred.

G. Reactions Yielding Hydrocarbon Ring- and
Chain-Homologated Products

Another variation on the previous theme involves
the possibility of ring or chain homologation. The
idea is derived from Scheme 21 using a generic
system: Thus, the metal must insert directly into the
ring juncture bond or rearrange into said bond
followed by the hydride-transfer processes discussed
earlier.

Jennings and Johnson

Scheme 21
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Early work demonstrated that this process was
viable in the norbornyl series as shown in eqs 78a,
78b, and 78¢.%” While the rhodium case is catalytic,

lg

13
oy

y/ (78a)

&

M = RR({) or Pt(II)

(78b)

the platinum system is not. Presumably, the driving
force for this transformation is ring strain. Inciden-
tally, the mechanistic pathway in eq 78b is not the
same for rhodium and platinum, as was discussed
in Scheme 15.

With simpler systems, the early results were not
encouraging (eq 79). More recent results are, how-
ever, encouraging (eqs 80 and 81). The six-membered

O -0 O - 0O

(79)

‘ "

quantitative

i

M = Rh(D) or Pt(II)

M = Pt(ID)

1. Pt(II)

‘ ‘ CHcf

R = H or Me

1. PtIn

— (81)

2. A

CHCI, 50%

ring is thought to resist ring expansion due to steric
interactions between the required platinum position
and the puckered ring residues. This steric problem
is relieved in the systems shown as eqs 80—82.

In acyclic substrates such as those shown in egs
84 and 85, the stereochemistry of the substrate
determines the result. In the cis substrate, the reac-
tive metal can be accommodated in the more substi-
tuted bond and hydride transfer is facile. This is not
the case with the trans-stilbene analogue. The two
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chain homologated olefinic products in eq 84 are
apparently derived from a choice of the two S
hydrogens.

Two final points: (1) Equation 82 shows platinum
giving three products with the major one being the
ring expanded and desired result. However, rhodium
yields only the ring-homologated product, eq 83.
Thus, it appears that both metals wish to choose the
more substituted bond but platinum can isomerize
out, whereas rhodium does not. (2) It may be possible
to entice the metal into the desired bond with
carefully placed chelating moieties as part of the
substrate.

H. Reactions Yielding Ligand Exchange Products
A labile ligand bound to the metal of a metallacy-
clobutane can be displaced by a variety of less labile
ligands to create new metallacyclobutanes. The
ferretane molecule reacts with 1,2-bis(diphenylphos-
phino)ethane (dppe) to yield 69 (eq 86).1%

YA thP\ /PP“z
Oc—Fe—CO

Pallada(II)- and platina(II)cyclobutanones bearing
labile AsPhj ligands react with various phosphorus
ligands and 2,2’-bipyridine to yield the metallacy-
clobutanones shown in eq 87.1% However, these
metallacyclobutanones can be prepared directly, Table
9.

0 . 0
Ph,As L
3 :M:! 2 +2L :M<! 2
PhjAs | co,Me —> L I CO,Me
CO,Me CO,Me

M=Pd, L= PPh;, bipy
MasPt, L= PPhy, PMePh,, PMe,Ph, dppe
87
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An equimolar proportion of tert-butyl isocyanide
can displace one AsPhs or PPh; ligand from 70a—d
to form a high yield of the interestingly substituted
complexes 71a—d (eq 88).1%8 If the triphenylarsine

o} (o}
L ~ M Lo v
L~ 4] COMe _tBuNC _ 1-BuNC < 4, COMe
COMe CO,Me
2 a:M=Pd, L=PPh, 7n
b: M=Pd, L=AsPh,
c: M=Pt. L=PPh,

d: M=Pt, L=AsPh,
(88)

complexes 70b and d are further treated with PPhy
in dichloromethane at room temperature, displace-
ment of AsPhj occurs to form 71a and e¢. Further-
more, under forcing conditions, triphenylphosphine
can displace both the AsPhjz and ¢-BuNC of 71b and
d to form the bis(triphenylphosphine) derivatives.
Ligand substitution of the labile 2,2’-bipyridyl
ligand on the platina(Il)cyclobutane, shown in eq 89,
occurs readily by the monodentate ligands PPhg,
PEt;, and PMe;, and to a lesser degree by ¢-
BuNC.175:176 This facile substitution contrasts with
the inert behavior, under comparable experimental
conditions, of the coordinatively saturated platina-
(IV)cyclobutane, Clx(bipy)Pt{CH,CH,CH:].

+2L L \
{bipy)Pt —_— Pt
L’ 89)

L=PM33, PEt3, Pphs, t-BuNC

When phosphorus ligands are added to platina(IV)-
cyclobutanes reductive elimination occurs. However,
labile oxygen and nitrogen donor ligands on platina-
(IV)cyclobutanes can be displaced by other nitrogen
donor ligands according to eq 90.41,65,195,207

Cl
P}’\I +2L L\I
/I L/T (90)

L= ds-Py, 4-Mepy, bipy, en, phen

l. Reactions Yielding Ylide Products

During the early investigations of platina(IV)-
cyclobutane chemistry, it was discovered that upon
refluxing in benzene, dichlorobis(pyridyl)platina(IV)-
cyclobutane formed a bright yellow isomeric solid.%?
The X-ray crystal structure later revealed the forma-
tion of the ylide complex, dichloro(pyridinium)pro-
pylide)pyridineplatinum(II) (72) (eq 91).4:2%8 Reaction

CH,CH, Cll
PyClpPt O benzene . >_ T B e
Py a
72

of the platina(IV)cyclobutane with CCL, in chloroform
formed the analogous tetrachloro product 73, which
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Table 45. Platinum(IV) Ylide Complexes

R cl
S CHCH, |

+L)— F|~t L
o]

L R ref
py H 41,80
py Me 74,80
py Et 80
Py Bu 74
Py Me; 47,204
2-Mepy Me 47,74
2-Mepy Bu 47,74
2-Mepy Ph 47,204
2-Mepy p-tol 47
2-Mepy Me, 47
3-Mepy H 41
4-Mepy H 41

also can be synthesized by addition of CCl,/CHCl; to
72.4041,208 This type complex suggests fairly clearly

CH,CH, (il cl
; cn’l?—Py
Py Y a
73

that the alkylidene 7 component is polarized plati-
num minus and carbon plus.

Substituted platinum ylide complexes can be formed
by this methodology and are listed in Table 45. Of
particular interest is the formation of only one ylide
isomer although the parent platina(IV)cyclobutanes
are known to exist as an equilibrium mixture of two
isomers (see eqs 92 and 93). Labeling studies suggest
that the reaction proceeds only from the minor or less
thermodynamically stable platina(IV)cyclobutane iso-
mer according to the pathway shown in Scheme 22.204

Scheme 22
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Photochemical methods also transform the minor
platina(IV)cyclobutane isomer into ylide products.

Jennings and Johnson
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When the ligand on the platina(IV)cyclobutane is
2-Mepy the reaction can proceed at room tempera-
ture. Clearly, the steric hinderance caused by the
0-Me group contributes to the relative ease of ylide
formation by promoting initial ligand dissociation.

Platinum ylide complexes also have been synthe-
sized from the reaction of norbornyl platina(IV)-
cyclobutanes with diazomethane, although in low
yields (eq 92).1%® The same ylide product results
when an unsubstituted platina(IV)cyclobutane reacts
with diazomethane. The proposed reaction pathway
is illustrated in Scheme 23.!¥2 The partitioning
between the two pathways shown in Scheme 23
seemingly is dependent on the platina(IV)cyclobutane
starting material and the reaction temperature.

Cl
| ~Py RT,CDCl

Cl
I | a
I 92
+ Py’/—lit—Py

Cl

J. Intramolecular Rearrangement Yielding
Isomeric Products

Platina(IV)cyclobutanes are known to undergo an
unusual intramolecular rearrangement to form iso-
meric products (eq 93).%® In the case of phenylcyclo-

Ph
cl |
L i L (i
N\ N 93)
,né = P<>—Ph
L (!l L’
74 s

propane shown, the Pt(II) is believed to be inserted
initially into the most highly substituted cyclopro-
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Scheme 24
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pane bond to form 74 which then isomerizes in-
tramolecularly to 75. The product ratio upon equili-
bration is 2.3 to 1, 75 to 747 and occurs readily at
room temperature indicating a low activation energy.
The actual energy has not been determined.

The above isomerization has been investigated
extensively with various aryl and alkyl substituents
on the platina(IV)cyclobutane, as well as numerous
ligands. Three mechanisms have been proposed and
are shown in Scheme 24.587275207.209 However, the
details of this rearrangement have been examined
in a previous review so will not be described other
than to state that the currently accepted pathway is
that shown as B in Scheme 24.47

V. Metallacyclobutane Derivatives as
Intermediates

A. Ferra(llicyclobutane Derivatives as
Intermediates

Ferra(IT)cyclobutane and -cyclobutene intermedi-
ates have been proposed in a number of transforma-
tions involving iron complexes. Recently a ferra(Il)-
cyclobutene was proposed for reactions involving
rearrangements of cyclopropanes ¢ bonded to
iron.17%:171210 Scheme 25 illustrates the role of ferra-

Scheme 25
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e: R=Me, X=H X

f: R=<F, X=H 7 X_?/

g: R=0OEt. X=H

76a-g R~ 77a-g

(Il)cyclobutene in formation of both the z-allyl iron
complex 76a—g and the ferra(Il)cyclopentenones
77a—g. Although highly unstable, the proposed

ferra(Il)cyclobutene intermediate reportedly has been
characterized by H NMR spectroscopy.

The synthesis of a variety of 6-ethoxy-a-pyrone
complexes by reaction of alkynes with (ethoxyalkyl-
idene)tetracarbonyliron(0) complexes also is believed
to occur via a ferra(I)cyclobutene intermediate ac-
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cording to eq 94.2'1 Spectroscopic evidence also
supports this key intermediate.
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Another example of a proposed ferra(Il)cyclobutene
intermediate is shown in Scheme 26 for the formation
of 80 from diphenylacetylene and pentakis(tert-butyl
isocyanide)iron(0).212 An oxidative cyclization reac-
tion is believed to occur from the »2-bonded acetylene
78 to form the metallacyclic intermediate 79.

In the formation of 81, a ferra(Il)cyclobutene
intermediate is believed to form by insertion of
Fe(0) into the most highly substituted bond of 1,3,3-
trimethylcyclopropene (eq 95).213 Although having
greater steric hindrance, this site may be favorable
due to the increased electron density created by the
methyl substituents. This conclusion appears tenu-
ous and clearly needs additional support.

Me Me
Me Me CO
Fe,(CO) |
i, Fle: —— Me / \ /\
Cco Me /| \
Me COo
Me Me oC co Co
95)
Me

Two examples of proposed ferra(Il)cyclobutane
intermediates have been reported. Scheme 27 il-
lustrates the transformation of benzvalene to hexa-
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carbonyl fulvene diiron 83 via a unique and interest-
ing ferretane intermediate 82.214

The reaction shown in Scheme 28 involves oxida-
tive addition of the strained sp2—sp® bond of 84 to
Fe(0) to form a ferra(Il)cyclobutane intermediate
which subsequently proceeds to give an interesting
transformation as shown, 85.215 The trans-disubsti-
tuted starting material in Scheme 28 forms exclu-
sively syn products. Likewise, the analogous cis-
disubstituted starting material forms exclusively the
anti product and also proceeds via a ferra(Il)cyclobu-
tane intermediate. It would be useful to determine
where the hydrogens of 84 or the ferra(Il)cyclobutane
end up in the product. It is the 8-hydride problem,
again.

B. Cobalta(ll)- and (lil)cyclobutane Derivatives as
Intermediates

Cobalta(Ill)cyclobutane intermediates have been
proposed in reactions of cobalt ions with alkenes and
cycloalkanes. Reaction of cobalt in the gaseous phase
with 2-methylpropene yields the cleavage products
ethylene and ethylene—cobalt complexes, as well the
dehydrogenation product, CoCsHgs*. A cobalta(III)-
cyclobutane ion intermediate was invoked to explain
the cleavage results (eq 96a).2'6 The isomerization of
the metallacyclic intermediate is suggested to occur
through either a cobalt—carbene intermediate or by
a concerted process analogous to that proposed for
the rearrangement of platina(IV)cyclobutanes shown
in eq 93.

Further investigations of cobalt ion reactions with
cyclopropanes, cyclobutane, and cyclobutanones also

Jennings and Johnson

Cot - /k__. Hoci—p— === C;Q__
+*

<—H—Co‘—-.:’ = o
/,

A\

CoC,H,* + C;Hy —— (o

He P
,Co

H 7

/

CoCHg* + H,

(96a)

have led to suggestions of cobalt(III)cyclobutane ion
intermediates.17%180.217 Fe+ Ni*, and Rh* also were
studied with the above organic substrates and met-
allacyclobutane intermediates again were pro-
posed,218.219

In addition to reactions in the gas phase, a cobalta-
(IDcyclobutane intermediate was invoked in the
reaction of CpCo-bis(ethylene) with (diphenylmeth-
ylene)cyclopropane to yield 86 (eq 96b).22° Minor
amounts of a binuclear cobaltacyclopentadiene prod-
uct were observed.

(96b)

C. Rhoda(ll)cyclobutane Derivatives as
Intermediates

Rhodium(I)-catalyzed isomerizations of strained
ring systems have been suggested to occur through
a rhoda(IIl)cyclobutane intermediate. Intermediate
89 was proposed for the isomerization of exo-tricyclo-
[3.2.1.0%%Joctene to products 90 and 91 (eq 97).201,221
A small percent of 88 also is produced in this
isomerization but apparently follows an alternate
pathway which is suggested to proceed via the rhoda-
(Ill)cyclobutane intermediate 87.

A second example of a rhodium(I)-catalyzed isomer-
ization containing a proposed rhoda(IlT)cyclobutane
intermediate is shown as eq 98.222 Tricyclo[2.2.0.025]-
hexane is converted to 4-methylenecyclopentene via
Rh(I) insertion into a carbon—carbon bond of the
cyclopropyl moiety to form a rhoda(Ill)cyclobutane
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97)
intermediate which rearranges to 92 before forming
4-methylenecyclopentene along with minor amounts
of bicyclo[3.1.0]hex-2-ene.

HC=Rh

(D= g — O
————=—Z%» Rh —

92

Substituted bicyclo[2.1.0]pentanes are proposed to
catalytically isomerize to cyclopentenes via a rhoda-
(IlI)cyclobutane intermediate. The example shown
in eq 99 produces 1-carbethoxycyclopentene, along
with minor amounts of 3-carbethoxycyclopentene.??
The metallacyclic intermediate 94 is formed by

oxidative addition of the central carbon bond of 93
to the rhodium center.

Rrh
RKCl,
il —
CH40H
93 CO[E 70°C 94 CO.Et
CO,Et CO,E:

=0 -

The Rh(I)-catalyzed valence isomerizations of cu-
bane and quadricyclane derivatives to form syn-
tricyclooctadiene and norbornadiene are shown in eqgs
100%2¢ and 101,2% respectively. Both isomerizations
are suggested to proceed via a rhoda(IIl)cyclobutane
intermediate as shown.

[Rh(COD)CI)
8 =z @ — 7 o

Rh(IID)
[Rh(CO),C1) m
é cocn3 @? - oy

Rh(II)
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A rhoda(Ill)cyclobutane intermediate also is sug-
gested for the Rh(I)-catalyzed rearrangement of vi-
nylcyclopropanes (Scheme 29).226227 The regiospec-
ificity observed for the S-hydride elimination is
attributed to the metallacyclic structures.

In addition to isomerization reactions, one rhoda-
(IlDcyclobutane intermediate 95 has been proposed
as a precursor to four different dimers, formed in 64%
yvield, in the oligomerization of norbornadiene.??®
Scheme 30 illustrates the proposed pathways sug-
gested to obtain the resulting dimeric products.

In a reaction reminiscent of that shown in eq 94, a
rhoda(III)cyclobutane intermediate is invoked in the
Rh(I)-catalyzed carbonylation of cyclopropenyl esters
and ketones to form a-pyrones (Scheme 31).22° A
variety of substituted organic substrates have been
utilized, and in some instances a mixture of a-pyrone
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Scheme 31
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isomers and formation of furan isomers occurs.
Scheme 31 shows only those substituent patterns
that produce 96 as the major product in greater than
60% yields. The same pathway is suggested for the
formation of phenols from vinylcyclopropenes (eq
102).

R, CHR
4 2% [RaCONCll,
l atm CO
Ry PhH, 80°C

Ry

&: Ry, R,=Et, Ry=Ph, R;=H
b Ry, Rp=Et, Rj, R,=Ph

c: Ry, Ry=Et, R3=Ph R =n-Pr
d: Ry, Ry=Et, Ry=i-Pr, R,=H
102)

The synthesis of rhoda(Ill)cyclopentanone dimer
also is believed to result from initial rhodium(I)
insertion into cyclopropane to form a rhoda(III)-
cyclobutane intermediate. Subsequent migratory
insertion leads to the observed metallacyclic enolate
product (eq 103).230

A [Rh(CO)2Cl]2
—_—

o
[ Cnh(co)za] —_— (Y
2 Rh(CO)Cl |, (103)

D. Irida(lll)cyclobutane Derivatives as
Intermediates

The synthesis of 7-allyl iridium hydride complexes
has been proposed to proceed via an irida(IIl)-
cyclobutane intermediate. Two examples are shown
as eqs 104 and 105. In eq 104, the irida(Ill)cyclobu-

o Ph
IrCIN, (PPh,), + A _— (Pph3)2cur§~ﬂ
1 106

Jennings and Johnson

OCH,
CH, CH,
| E* |
MesP—IIr——I _— Me3P—I|r——-| + E—OCH;
MesP PMe, MesP PMe,
97
E+=trimethylsilyl trifluoromethanesulfonate, (105)
HPF in pyridine
Mejf’\lil / ’
/Ir—'"—'. —— |(Me;P),Ir
Me,p” | '
PMe,

tane intermediate is formed by insertion of Ir(I) into
the 1,2 carbon—carbon bond of phenylcyclopro-
pane.?31232 The metallacyclic intermediate formed in
the reaction shown in eq 105, however, is created by
rapid bond formation between the methylene ligand
and the ethylene moiety of 97.23% In both cases, the
irida(IlT)cyclobutane intermediate subsequently un-
dergoes S-hydride abstraction to form the z-allyl
iridium hydride product.

The iridium(I)-catalyzed carbocyclic rearrangement
of endo-tricyclo[3.2.1.0>*Joct-6-ene 98 to tricyclo-
[3.2.1.0%"]oct-3-ene 100 reportedly occurs via the
initial formation of an irida(IIT)cyclobutane interme-
diate 99.234235 99 js formed by iridium(I) insertion
into the central carbon bond of the tricyclo ring
system. The proposed rearrangement pathway for
the methyl substituted substrate is outlined in
Scheme 32.

Scheme 32
Ir
/ H
@ (PhyP),IrCICO ___,
Me Me

98

A
Ir -
;E _ﬁz{
Me

100

Similarly, two irida(IIl)cyclobutane intermediates,
102 and 103, are proposed for the iridium(I)-
catalyzed rearrangement of exo-tricyclo[3.2.1.0%4]oct-
6-ene and -octane. Scheme 33 demonstrates the
rearrangement of 101 to the observed products 104—
106.%24 It is possible that the metallacyclic interme-
diates are formed by initial insertion into two differ-
ent edges of the cyclopropane moiety or perhaps the
iridium inserts into one edge and equilibrates via a
Puddephatt-type rearrangement.

The reaction of 3,3-dimethylcyclopentene with an
iridium complex to form 108 also invokes an irida-
(IID)cyclobutane intermediate (Scheme 34).23¢ The
metallacyclic intermediate is formed by olefin inser-
tion from the iridium hydride complex 107. A me-
tathesis-like cleavage then occurs to eventually lead
to the observed product, 108.
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Scheme 33
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E. Nickela(ll)cyclobutane Derivatives as
Intermediates

Nickel(0)-catalyzed cycloaddition reactions often
proceed through a nickela(Il)cyclobutane intermedi-
ate. The [20 + 27] cycloaddition of methylene cyclo-
propane and methyl acrylate in the presence of
bis(acrylonitrile)nickel(0), shown in eq 106, is one
example.287-23% However, a similar reaction utilizing
a Ni(COD); catalyst led to additional products and
prompted investigators to suggest an alternate reac-
tion pathway involving a nickela(II)cyclopentane
intermediate.240

A

IrH,(Me,CO) ,{P(p-FC¢H ) 3} ,SbFg
80°C, 1hr.

Ni(AN),
—_—
CO,Me
(106)
LNi —
L-CH Me0,C
2 CO,Me

A nickela(Il)cyclobutane intermediate also has
been reported for the cycloadditions of bicyclo[1.1.0]-
butane, bicyclo[2.1.0]pentane, and quadricyclane with
electron-deficient olefins.?41-243 The general reaction
scheme for the deuterium-labeled bicyclo[2.1.0]-
pentane example is shown in Scheme 35.

Nickela(IT)cyclobutenone intermediates are pro-
posed for the reactions shown in Schemes 36 and 37.
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Scheme 36 illustrates the reaction of either diphen-
yleyclopropenone or diphenylacetylene with tetracar-
bonylnickel(0) and water to form 109.244 In Scheme
37, Ni(0) catalyzes the cycloaddition of diphenylcy-
clopropenone and ketene to yield 111 and 112.57:245
111 is suggested to form via a metallacyclobutenone
intermediate 110 as shown.

Reaction of diphenylacetylene with Ni(0) forms a
nickela(Il)cyclopropene that when treated with tri-
methylsilylisocyanide forms products which are in-
dicative of a nickela(Il)cyclobutenimine intermediate
118 (Scheme 38).248
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F. Pallada(ll)cyclobutane Derivatives as
Intermediates

In accordance with the reaction shown in eq 106
of the previous section, the palladium(0)-catalyzed
[20 + 27] cycloaddition of methylenecyclopropane and
olefins also presumably proceeds through a metalla-
cyclic intermediate. In contrast to nickel, however,
palladium(0) apparently cleaves the methylenecyclo-
propane at the C;—Cj bond rather than at the C;—
C; bond to form the trimethylenemethane interme-
diate. An example of this process is illustrated in
Scheme 39.247:2¢¢ Further investigations have been
performed with various olefins reacting with meth-
ylenecyclopropane and 1-methylene-2-vinylcyclopro-
pane and reactions of CO; with methylenecyclopro-
pane to form y-lactones.?*%250 In all cases, initial
formation of a pallada(Il)cyclobutane intermediate is
suggested which subsequently leads to the observed
products by various pathways.

A pallada(Il)cyclobutane intermediate also is in-
voked in the cyclopropanation of ester enolates by
m-allyl palladium chloride complexes (Scheme 40).251
In this example, pallada(Il)cyclobutane formation
occurs either by direct nucleophilic attack on the
central carbon of the z-allyl system or by attack at
the palladium center followed by transfer to the

Jennings and Johnson
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m-allyl ligand. In either case, subsequent reductive
elimination of cyclopropane from the pallada(II)-
cyclobutane intermediate leads to the observed prod-
uct 114,

Palladium(II)-induced ring opening of the cyclo-
propane moiety of a vinylcyclopropane may proceed
via 2a52pallada(II)cyclobutane intermediate (Scheme
41).

G. Platina(ll)- and -(IV)cyclobutane Derivatives as
Intermediates

Both platina(II)- and platina(IV)cyclobutanes have
been suggested as reaction intermediates. The isomer-
ization of pentanes over platinum metal catalysts
invokes a platina(Il)cyclobutane intermediate, with
possibly two or three platinum atoms interacting, to
account for the observed products.?® A similar
mechanism has been developed for this isomerization
that supports a single platinum center interacting
with pentane and also employs the known intramo-
lecular isomerization observed with platina(IV)cy-
clobutanes (Scheme 42).4%.73

The reaction of chloroplatinic acid and methyl-
substituted cyclopropanes, in acetic anhydride, failed
to yield the expected stable platina(IV)cyclobutane
that results from the unsubstituted cyclopropane
analogues (Scheme 43). The observed products were
instead pyrilium ions which are believed to form via
a platina(IV)cyclobutane intermediate 115.6° It is
suggested that the methyl-substituted platina(IV)-
cyclobutane formed 115 is more susceptible to elec-
trophilic attack by the acylium ion than its unsub-
stituted analogue. Therefore, acylation and sub-
sequent pyrillium ion formation is favored over
precipitation of a stable platina(IV)cyclobutane tet-
ramer. Although a C;—Cj3 bond cleavage of cyclopro-
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pane to form intermediate 115 is proposed, the
possibility that platinum insertion into the C,—C;
bond initially occurs followed by isomerization to 115
cannot be excluded. Acylation of the platina(IV)-
cyclobutane intermediate and cleavage of the carbon—
platinum bond then occurs, followed by methyl
migration and proton loss to form the 3,y-unsatur-
ated ketones. Additional acylation of the ketone
species then leads to formation of the pyrillium ions.

In a study of $-alkyl eliminations, the rearrange-
ment shown in Scheme 44 was proposed en route to
the final products.?’¢ Although it appears to be a
B-alkyl elimination, this pathway cannot be distin-
guished from y-C—H activation process that forms a
platina(IV)cyclobutane intermediate 116 as shown.
Although platina(IV)cyclobutanes are normally re-
sistant to ring cleavage, it is suggested that the
intermediate 116 may be susceptible to ring cleavage
to form 117 due to the strain energy from the
cyclobutane moiety.

A y-C—H activation to form a platina(IV)cyclobu-
tane intermediate is proposed for the thermal de-
composition of trans-chloroneopentylbis(tricyclopen-
tylphosphine)platinum(II) to 1,1-dimethylcyclopropane
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and the platinum complex 118.25° Scheme 45 il-
lustrates the metallacyclic intermediate formation
which subsequently reductively eliminates the ob-
served cyclopropane. Addition of ligand to the re-
maining platinum species creates the observed trans-
chlorohydridobis(tricyclopentylphosphine)plati-
num(II) complex 118.

A novel tetrasubstituted platina(IV)cyclobutane
intermediate is proposed for the reaction shown in
eq 107.28 P(II), in the form of Zeise’s dimer, is
inserted into the most highly substituted bond of the
cyclopropane moiety of 119 to form the tetrasubsti-
tuted platina(IV)cyclobutane intermediate 120. Fur-
ther reaction leads to the observed platinum(II)—
olefin complex 122.

CH 3
,/OCH,
[Pt(C2H4)C12]2 Pt
Etzo

CH
Py 0 1) CDyCN 0N
\ cr
ﬁ;\/a - oo, CHCI
ﬁ‘ )Py PCIL,
" 2 121 e
107

Continued investigations of unsaturated bicyclo-
[x.1.0] ring systems led to the formation of another
platinum(II)—olefin complex 123.9? Equation 108
illustrates the proposed pathway which proceeds via
initial insertion of Pt(II) into the cyclopropane moiety
to form the platina(IV)cyclobutane intermediate. The
vinylcyclopropane ring systems 124 and 125 form
analogous platinum(II)—olefin species. Nucleophiles
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other than Cl- have been used (i.e., ROH, RSH,
RCOONa, CH,=C(—O0SiR;3;)CHj3).8!

ct
I _c1-/~
[PHCH)CL], AN
Et20 2
#Cl l
AN A+ N Cr
,01’\7“ gl{h
2\ 'H

27 (108)
123
124 125

The platinum(II)-catalyzed rearrangement of 126
to form 2-methylcyclohexanone is believed to occur
by the catalytic cycle shown in Scheme 46.9' The
platina(IV)cyclobutane intermediate 127 and inter-
mediate 128 are analogous to intermediates 120 and
121 in eq 107. However in the absence of an olefin,
the platinum—ethyl moiety is formed, 129, which
upon 3-hydrogen abstraction and subsequent reduc-
tive elimination forms the observed 2-methylcyclo-
hexanone product. The bicyclic ring systems, 130—
132, also catalytically form their respective methyl
cycloketones upon addition of Zeise’s dimer.

Zeise’s dimer is proposed to catalyze the isomer-
ization of siloxycyclopropanes to exo-methylene silyl
ethers.®” The suggested reaction pathway for one
example is shown in Scheme 47. Again, Pt(II)
insertion into the most highly substituted bond of the
cyclopropane moiety is proposed to form the platina-
(IV)cyclobutane intermediate. Subsequent hetero-
lytic cleavage of the platinum-—siloxy carbon bond

>{(n‘) m
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:>+
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forms the zwitterionic intermediate 133 which pro-
ceeds via a 1,2-hydride shift to the observed product.
This reaction has been found to be quite general for
a variety of 2-alkyl-substituted siloxy cyclopropanes.

When cyclopropanated a-pinene reacts with Zeise’s
dimer, an exocyclic methylene complex results in
concert with that shown above. However, this reac-
tion is not catalytic with Pt(II). Scheme 48 illustrates
the proposed pathway for this reaction.?®” Initial
formation of a platina(IV)cyclobutane intermediate
occurs followed by bridge migration. A chlorine is
then believed to be transferred from the Pt(II) to the
organic substrate. However, it is not certain whether
this is an intramolecular process (as shown) or an
intermolecular process. Subsequent 3-hydride elimi-
nation then leads to the formation of 134 and the Pt-
(II) complex 135 which further decomposes to HCI,
Pt(0), and PtCl,. The trimethylsiloxy analog of
a-pinene (i.e., trimethylsiloxy replacing the methyl
group on the cyclopropyl portion) follows the pathway
Scheme 47 rather than 48. These contrasting results
are rationalized on the concept that the siloxy cation
is more stable than the methyl cation. The latter is
subsequently stabilized by bridge migration (i.e.,
early vs late transition states).257

VI. Summary of Chemistry Section

In section IV, 10 topical reaction types have been
discussed and several proposed mechanstic pathways
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presented. Not all of the mechanistic sequences have
been detailed and/or criticized. This will be left for
the individual investigators.

It is interesting to note that platinum(IV) is unique
at this time in its ability to rearrange intramolecu-
larly so as to place the metal atom in any one of the
cyclopropane bonds. While there are similar rear-
rangements postulated for platinum(II) and Co(III),
they are not corroborated with ample evidence. It
appears clear that Fe, Rh, and Ir do not have the
ability to rearrange in this manner.

While there are olefin-forming reactions which
formally appear to be -hydride eliminations from
metallacyclobutanes, there is a question and an
opportunity to determine if this is a cascade initiated
by an a-hydride transfer or a transannular hydride
or proton abstraction mechanism.

Several metallacyclobutanes are proposed as in-
termediates in reaction sequences. There are unique
opportunities here in that these processes can yield
organic transformations that may be catalytic. In
addition, with the platinum(IV) systems and their
propensity to yield cationic intermediates, it is rea-
sonable to expect that bond insertion/reaction speci-
ficity may be achieved.

VIl. Literature Search

Unique problems are discussed below which arose
in searching the computerized literature. CAS On-
line, a Chemical Abstracts Service available through
STN International, was employed for this purpose.?3®
Upon accessing the CAS files, a structure search was
performed by drawing a metallacyclobutane accord-
ing to the commands of the CAS Online manual
(Building and Searching Structures on STN). The
structure was very simple, specifying only the metals
of the group eight transition metals. It was hoped
that by conducting a search of a metallacyclobutane
that could have either single or double bonds and any
type of substitution that no metallacyclobutane de-
rivative would be excluded from the search.

A range search was conducted on the specified
structure from 1984 to the present. Upon viewing
the search output, however, it became apparent that
the structure search would need to be modified and
retrieving the desired literature would not be quite
so facile. Included in the retrieval, along with the
desired metallacyclobutane derivatives, were metal—
n3-allyl complexes and complexes with a cyclopenta-
dienyl ligand coordinated to the metal. (See struc-
tures in Chart 1.) Both of these unexpected complexes
are contained in a plethora of publications, making
production of a hardcopy of the search output unre-
alistic.

To circumvent the inclusion of these unwanted
structures in our search output, it was necessary to
draw structures with specific attributes. For ex-
ample, by specifying a metallacyclobutane with all
single bonds the #%-allyl species were eliminated.
Unfortunately, of course, so were any metallacy-
clobutene complexes but not the metal—Cp or —Cp*
species. To exclude the Cp or Cp* ligands, two
substituents, two hydrogens, or a hydrogen and one
substituent could be placed at any carbon. These
structures did not exclude the n3-allyl species, how-
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Chart 1
AL H A H A LA A A A_ A
H H A
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A= any element except hydrogen

ever. Examples of the structures used in the search
are shown in Chart 1.

It was not possible to exclude both unwanted
species while still obtaining all the desired metalla-
cyclobutane derivatives by doing a single structure
search. However, by searching 15—20 specific struc-
tures a successful search of the literature for metal-
lacyclobutane derivatives of the group eight transi-
tion metals was achieved.
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