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A platinum isocyanide complex bearing aη2-TCNE ligand, (η2-TCNE)Pt(η-CNC6H3-2,6-Me2)2 (1),
was synthesized, and its crystallographic study revealed the coordination mode of theη2-TCNE ligand
to be a typical metallacyclopropane extreme, in which back-donation from metal to TCNE contributes
primarily to the stabilization of1. Treatment of1 with 2 equiv of CNC6H3-2,6-Me2 resulted in ring
expansion of the platinacyclopropane by insertion of CNC6H3-2,6-Me2 into each Pt-C bond of the
metallacycle, leading to formation of a new complex having a platinacyclopentane structure, (TCNE)-
Pt(η-CNC6H3-2,6-Me2)4 (4). Although the molecular structures of palladium and nickel homologues of
1 were close to the corresponding metallacyclopropane, no metallacyclopentane complex was obtained
under similar conditions. Studies on variable-temperature NMR spectroscopy and spin-saturation transfer
measurement of4 showed exchange of the imidoyl CNC6H3-2,6-Me2 group and the coordinated CNC6H3-
2,6-Me2 ligand in solution, suggesting the ring expansion to be reversible.

Introduction

It is well known that coordination of alkenes to transition
metal is qualitatively explained by the Dewer-Chatt-Duncan-
son model,1 in which the metal-ligand interaction is established
by the balance of two electronic factors, donation ofπ-electrons
from bonding orbitals of alkene to unoccupied metal orbitals
and back-donation of d-electrons from occupied metal orbitals
to antibonding orbitals of alkene.2-6 As shown in Figure 1, two
extreme cases have been discussed in organometallic chemistry;
combination of strong donation with weak back-donation
provides a “π-complex extreme”, whereas the reverse case, i.e.,
larger contribution of back-donation than that of donation affords
a “metallacyclopropane extreme”. In platinum-alkene com-
plexes, Zeise’s salt, K[(C2H4)PtC13]‚H2O, is a representative
of a “π-complex extreme”; interaction of the HOMO of ethylene

with unoccupied orbitals of a weaklyπ-basic Pt(II) fragment
makes the carbon-carbon bond distance [1.345(4) Å]7 slightly
longer than that of uncoordinated ethylene [1.337(2) Å],8 while
the planarity of ethylene remains intact. In sharp contrast, (η2-
TCNE)Pt(κ-PPh3)2 is well recognized as a typical example of a
“metallacyclopropane extreme”; interaction of occupied orbitals
of Pt(0) with the LUMO of ethylene contributes to significant
elongation of the carbon-carbon bond length [TCNE bound to
Pt(κ-PPh3)2; CdC 1.494 Å; uncoordinated TCNE; CdC 1.344-
(3) Å]9,10and change of the hybridization of the olefinic carbons
of TCNE from sp2 to sp3 on coordination.

The structure and the electronic structure of the “π-complex
extreme” and “metallacyclopropane extreme” are sometimes
discussed in terms of mechanisms of several organometallic
reactions.11-14 Reaction of nucleophiles with the coordinated
alkene may be related to the “π-complex extreme”, in which
the electron donation ofπ-electrons of alkenes to the metal
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Figure 1. Components of transition metal-olefin interaction [(i)
σ-donation, (ii)π-back-donation].
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center increases the cationic nature of the carbon of the
coordinated alkenes; this facilitates the reaction with nucleo-
philes.13 In contrast, the “metallacyclopropane extreme” is
considered to be a strained three-membered ring structure
consisting of two metal-carbon bonds and one carbon-carbon
single bond; insertion of alkenes into the metal-carbon bond
results in ring expansion to the metallacyclopentane. This
reaction is often used in the mechanisms of catalytic oxidative
cycloaddition reactions of alkenes.14

Although the chemistry of the “platinacyclopropane extreme”
is one of the well-investigated issues in organometallic chem-
istry,4,9,15little has been discussed on the possibility of insertion
of unsaturated molecules into the Pt-C bond. Thus, the starting
point of this paper is the question of whether the platinum-
alkene complexes having a “platinacyclopropane extreme”
structure, which is unequivocally determined, undergo the
insertion of unsaturated molecules into the platinum-carbon
bonds leading to the ring expansion reactions. A clue to solve
this question is already available from our earlier studies on
the metal complexes of fullerenes; we obtained spectroscopic
evidence suggesting that (η2-C60)Pt(η-CNR)2 reacts with 2 equiv
of CNR to form a novel platinum complex having a platina-
cyclopentane structure (Scheme 1).16 Since C60 is a strong
electron acceptor, (η2-C60)Pt(η-CNR)2 is expected to have a
structure close to the platinacyclopropane extreme having two
Pt-C bonds. Insertion of CNR into each Pt-C bond results in
ring expansion to the platinacyclopentane. Since closely related

double insertion of isocyanides to aη2-alkyne-cobalt complex
was reported by Yamazaki and Wakatsuki in 1975,17 in which
reaction of two CNR is considered to give ring expansion of
the cobaltacyclopropene complex to the compound having a
cobaltacyclopentene structure (Scheme 2), the ring expansion
from platinacyclopropane to platinacyclopentane by double
insertion of CNR into (η2-C60)Pt(η-CNR)2 seemed to be
reasonable. However, lack of crystallographic evidence proving
the platinacyclopropane structure of (η2-C60)Pt(η-CNR)2 and the
platinacyclopentane structure of the double-insertion product was
a problem for further investigation on the ring expansion
reaction. In this paper, we report a solution to this problem using
TCNE instead of C60. Ring expansion of (η2-TCNE)Pt(η-
CNC6H3-2,6-Me2)2 (1), having a platinacyclopropane structure,
to the platinacyclopentane4 takes place by double insertion of
CNC6H3-2,6-Me2 into the Pt-C bonds of 1, which was
unequivocally evidenced by spectroscopic and crystallographic
studies. Preparation and reactions of nickel and palladium
homologues of1 and the exchange process ofη-CdNC6H3-
2,6-Me2 and η-CtNC6H3-2,6-Me2 units in the platinacyclo-
pentane contribute to understanding the mechanisms of the ring
expansion reactions.

Results and Discussion

Syntheses and Characterization of (η2-TCNE)M( η-CNC6H3-
2,6-Me2)2 [M ) Pt (1), Pd (2), Ni (3)]. Christofides and co-
workers reported the synthesis of (η2-TCNE)Pt(η-CNC6H3-2,6-
Me2)2 (1) by treatment of [Pt3(CNC6H3-2,6-Me2)6] with TCNE.
Characterization of the product was performed by1H and13C
NMR, IR, and elemental analysis.18 Nickel and palladium
analogues of this Pt complex, (η2-TCNE)Ni(η-CNtBu)2, (η2-
TCNE)Pd(η-CNtBu)2, and (η2-TCNE)Pd(η-CNC6H5)2, were
synthesized by treatment of ill-characterized “M(CNR)2” with
TCNE.19 These complexes were also characterized by spectro-
scopic methods, and the molecular structure of (η2-TCNE)Ni(η-
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CNtBu)2 was determined by crystallography.20 In this project,
we synthesized platinum, palladium, and nickel complexes
bearing aη2-TCNE and twoη-CNC6H3-2,6-Me2 ligands, (η2-
TCNE)Pt(η-CNC6H3-2,6-Me2)2 (1), (η2-TCNE)Pd(η-CNC6H3-
2,6-Me2)2 (2), and (η2-TCNE)Ni(η-CNC6H3-2,6-Me2)2 (3), by
the reaction of TCNE with “M(CNC6H3-2,6-Me2)2” [M ) Pt,
Pd, Ni] in situ generated from Pt(cod)2, Pd2(dba)3‚CHCl3, or
Ni(cod)2 with 2 equiv of CNC6H3-2,6-Me2 in ether at room
temperature for 2 h. Addition of TCNE to an ethereal homo-

geneous solution of “M(CNC6H3-2,6-Me2)2” resulted in instant
formation of insoluble materials, of which spectroscopic data
in CDCl3 showed the formation of the desired (η2-TCNE) M(η-
CNC6H3-2,6-Me2)2 in 58-94% yields (Scheme 3). Spectral data
(1H and13C NMR in CDCl3 and IR in KBr) of the complexes,
1, 2, and 3 are summarized in Table 1. All of these three
complexes showed1H resonances consisting of a single set of
signals due to the methyl protons and the para and meta protons,
which appeared as a singlet (δ 2.50-2.52), doublet (δ 7.16-
7.23), and a triplet (δ 7.28-7.36). This is consistent with the
fact that these complexes have two magnetically equivalent
CNC6H3-2,6-Me2 ligands.13C NMR spectra of1, 2, and3 also
suggest the existence of two magnetically equivalent CNC6H3-
2,6-Me2 groups. It should be noted that the13C resonance due
to the coordinated carbons of TCNE are seen atδ 18.4, 21.1,
and 13.6, which are significantly more upfield than the
uncoordinated TCNE (δ 80.3). The13C-195Pt coupling constant
of 1 is 295 Hz, which is higher than the other known data of
platinum-alkene complexes, as shown in Table 2, suggesting
stronger Pt-C spin-spin interaction. The most significant
upfield shift of the13C signal of the platinum complex among
1, 2, and3, as well as the larger13C-195Pt coupling constant
of 1, indicates significant contribution of the platinacyclopropane
extreme.

X-ray structure determination of the TCNE complexes1-3
showed the three coordinated planar structures of (η2-TCNE)M-
(η-CNC6H3-2,6-Me2)2 as expected. As a representative of the
three complexes, the ORTEP drawing of the platinum complex
is illustrated in Figure 2, and representative bond lengths, angles,
and torsion angles are summarized in Table 4. The TCNE ligand
is bonded to the platinum center with Pt-C distances of 2.081-
(3) and 2.068(3) Å, whereas the two isocyanide ligands are
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Table 1. 1H NMR, 13C NMR, and IR Spectral Data of 1, 2, and 3 in CDCl3
1 2 3

1H NMR Me 2.52 (s, 12H, Me) 2.51 (s, 12H) 2.50 (s, 12H),
(600 MHz) Hmeta 7.23 (d, 4H,J ) 7.7 Hz) 7.21 (d, 4H,J ) 7.7 Hz) 7.16 (d, 4H,J ) 7.7 Hz)

Hpara 7.36 (t, 2H,J ) 7.7 Hz) 7.34 (t, 2H,J ) 7.7 Hz) 7.28 (t, 2H,J ) 7.7 Hz)
13C NMR Me 18.5 18.5 18.8
(150 MHz) CCN 13.6 (1JC-Pt ) 295 Hz) 21.1 18.4

CNC6H3Me2 125.1, 128.4, 130.9, 135.7 125.1, 128.2, 130.6, 135.6 126.9, 128.1, 129.4, 135.3
112.5 (2JC-Pt ) 59 Hz) 112.1 115.5

CCN 159.4 146.8 156.3
IR (KBr) CNC6H3Me2 2227 2227 2224
(cm-1) (NC)2C 2187, 2176 2198, 2178 2169, 2147

Table 2. 13C-195Pt Coupling Constant of Complex 1 and Other Platinum-Alkene Complexes

complex δ Calkene
1JC-Pt (Hz) δ CCN

3JC-Pt (Hz) ref

K+[PtC13(C2H4)]- a 67.1 195( 2 21
(PPh3)2Pt(C2H4)a 39.6 194( 2 21
(PPh3)2Pt[Ph(H)CdC(CN)2]a 16.2 (59.8)c 184 (250) 117.6 55 22
(η2-TCNE)Pt(η-CNC6H3-2,6-Me2)2 (1)b 13.6 295 112.5 59 this work

a In CD2Cl2. bIn CDCl3. cFigures in parentheses are the chemical shift and the coupling constant of the carbon due to Ph(H)CdC(CN)2.

Table 3. Bond Lengths of Alkene andr Angles of Uncoordinated and Coordinated Alkenes

compound C-C(alkene), Å ∆(C-C),a Å R,b deg. ref

C2H4
c 1.337(2) 0 0 8

K[(C2H4)PtC13]‚H2Od 1.345(4) 0.038 32.5 7
TCNEe 1.344(3) 0 0 10
(η2-TCNE)IrBr(CO)(PPh3)2

e 1.506(15) 0.162 70.4 23
(η2-TCNE)Ir(CO)(C6N4H)(PPh3)2

e 1.526(12) 0.182 67.4 24
(η2-TCNE)Pt(κ-PPh3)2

e 1.494 0.150 63.8 9
(η2-TCNE)Ni(η-CNtBu)2e 1.476(5) 0.132 56.8 20
(η2-TCNE)Pt(η-CNC6H3-2,6-Me2)2 (1)e 1.511(5) 0.167 61.0 this work
(η2-TCNE)Pd(η-CNC6H3-2,6-Me2)2 (2)e 1.479(3) 0.135 53.1 this work
(η2-TCNE)Ni(η-CNC6H3-2,6-Me2)2 (3)e 1.478(4) 0.134 54.5 this work

a ∆(C-C) is the difference in the C-C distance between the complexed and uncomplexed forms of the alkene ligand.bR is the angle defined by Figure
3 (see ref 20).cDetermined by electron diffraction.dDetermined by neutron diffraction.eDetermined by X-ray diffraction.

Table 4. Representative Bond Lengths, Angles, and Torsion
Angles for 1, 2, and 3

Pt (1) Pd (2) Ni (3)

M1-C1 1.967(3) 2.016(2) 1.867(2)
M1-C10 1.965(3) 2.017(2) 1.868(3)
C1-N1 1.148(4) 1.146(3) 1.155(3)
C10-N2 1.149(5) 1.147(2) 1.155(3)
M1-C19 2.081(3) 2.088(2) 1.968(2)
M1-C20 2.068(3) 2.066(2) 1.968(2)
C19-C20 1.511(5) 1.479(3) 1.478(4)
C1-M-C10 97.21(15) 99.22(9) 101.94(11)
C19-M-C20 42.71(14) 41.72(9) 44.13(11)
C21-C19-C22 114.4(3) 114.69(19) 116.1(2)
C23-C20-C24 115.2(3) 115.2(2) 114.5(2)
C21-C19-C20-C24 -145.4(3) -150.2(2) 146.3(2)
C22-C19-C20-C23 142.6(3) 146.2(2) -149.0(2)
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bound to the platinum with Pt-C distances of 1.967(3) and
1.965(3) Å. The carbon-carbon distance of the coordinated Cd
C moiety is 1.511 Å, which is significantly longer than that of
the TCNE molecule by 0.17 Å. Four CN groups attached to
the central carbons of TCNE are significantly out of plane by
the coordination, suggesting a change of their hybridization from
sp2 to sp3. Ibers and co-workers proposed theR angle for
discussing the deviation of planarity of the alkene by coordina-
tion to the transition metal center, as shown in Figure 3.20 The
R angle of1 is 61.0°. The C-C bond distance and the planarity
of the coordinated TCNE are important indications of a
combination of donation and back-donation; the longer C-C
distance and the largerR angle suggest the larger contribution
of back-donation, giving a typical metallacyclopropane extreme.
Two of the most famous examples of the metallacyclopropane
extreme in the literature are (η2-TCNE)Pt(κ-PPh3)2 and (η2-

TCNE)IrBr(CO)(PPh3)2, of which C-C distances are 1.494 and
1.506(15) Å, whereas theR angles are 63.8 and 70.4°,
respectively. The C-C distance of 1.511(5) Å of1 is slightly
longer than the above two typical metallacyclopropane extremes,
but theR angle of 61.0° is somewhat smaller. However, these
apparently differ from those of Zeise’s salt (C-C ) 1.375(4)
Å, R angle) 32.5°), which is known as a typicalπ-complex
extreme, indicating that the coordination mode of TCNE to the
platinum is a platinacyclopropane extreme. The C-C distances
and the planarity of the coordinated TCNE in the Pd and Ni
homologues of1 are shown in Table 3. The features are less
significant than in1; back-donation favorably contributes to the
coordination of TCNE in the nickel and palladium homologues,
too [Ni (3): C-C ) 1.478(4) Å,R angle) 54.5°; Pd (2): C-C
) 1.479(3) Å,R angle) 53.1°].

Reaction of Complexes 1, 2, and 3 with 2 equiv of
CNC6H3-2,6-Me2. The molecular structures of1-3 indicate that
these complexes have structures that can be considered to be
the metallacyclopropane extreme. In particular, the C-C bond
length of the coordinated TCNE is the longest among the
TCNE-transition metal complexes listed in the Cambridge Data
Base. These results prompted us to examine the reaction of1-3
with CNC6H3-2,6-Me2 to look at the possibility of insertion of
CNC6H3-2,6-Me2 into the metal-carbon bond of the metalla-
cyclopropane.1H NMR observation of the treatment of1 with
CNC6H3-2,6-Me2 in CH2Cl2 at room temperature resulted in
consumption of 2 equiv of CNC6H3-2,6-Me2 to form the new
complex4 quantitatively; chromatographic purification of the

Figure 2. Molecular structure of1 in the crystal. Ellipsoids
represent 50% probability; hydrogen atoms are omitted for clarity.

Figure 3. Definition of the angleR (deg).

Scheme 4

Scheme 5

Figure 4. Molecular structure of4 in the crystal. Ellipsoids
represent 50% probability; hydrogen atoms and solvate molecules
are omitted for clarity.

Scheme 6
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crude sample gave4 as yellow microcrystals in 68% yield
(Scheme 4). Since the formed complex showed dynamic
behavior in the NMR spectra in CD2Cl2, the assignment of NMR
data was carried out at 0°C. Two magnetically inequivalent
aryl signals were seen in the1H and13C NMR spectra, indicating
the existence of two types of CNC6H3-2,6-Me2 moieties in the
molecule. The1H resonances due to the meta and para protons
of the coordinated CNC6H3-2,6-Me2 group were observed atδ
6.97 and 7.16 in a ratio of 2:1, which have similar chemical
shifts to those of1. The other two signals due to the other type
of CNC6H3-2,6-Me2 were seen atδ 6.18 and 6.70 in a ratio of
1:2. In the13C NMR spectra, 14 signals were observed, which
contained three signals with13C-195Pt coupling respectively [δ
60.8 (2JC-Pt ) 235 Hz), 135.7 (1JC-Pt ) 980 Hz), and 173.8
(1JC-Pt ) 1145 Hz), due to C37 (C38), C19 (C28), and C1 (C10)
in Figure 4, respectively]. Three IR absorptions were visible at
2198, 1622, and 1591 cm-1; the former is due to the coordinated
CNC6H3-2,6-Me2, whereas the latter two resembled the CdN
stretching vibration of the imidoyl group.

These features in spectroscopy are consistent with those
deduced from the molecular structure of4, which has two
CNC6H3-2,6-Me2 groups bonded to the platinum center and a
platinacyclopentane structure consisting of two carbons of the
TCNE and two CNC6H3-2,6-Me2 groups, as shown in Figure
4. The crystal contains two independent but chemically equiva-
lent molecules of4. Bond distances and angles of the second

molecule are given in brackets in Table 5. The platinacyclo-
pentane structure was formed by insertion of CNC6H3-2,6-Me2

molecules into each Pt-C bond of the platinacyclopropane
extreme of1. In contrast to the result that the coordinated
CNC6H3-2,6-Me2 groups in4 have usual C-N and Pt-C bond
distances typically seen in isocyanide complexes of platinum,25

the CNC6H3-2,6-Me2 groups in the platinacyclopentane resemble
the imidoyl platinum species, of which C-N and Pt-C distances
are 1.271(10) [1.263(12)], 1.283(10) [1.248(10)] and 2.028(8)
[2.040(8)], 2.017(6) [2.043(7)] Å, respectively. The platinacy-
clopentane structure is envelope-shaped with two sp2-hybridized
carbons derived from the CNC6H3-2,6-Me2 and two sp3 carbons
originated from the TCNE.

(25) (a) Kim, Y-J.; Choi, E-H.; Lee, S. W.Organometallics2003, 22,
3316. (b) Lu, Z-I.; Mayr, A.; Cheung, K-K.Inorg. Chim. Acta1999, 284,
205. (c) Kemmitt, R. D. W.; McKenna, P.; Russell, D. R.; Prouse, L. J. S.
J. Chem. Soc., Dalton Trans.1989, 345. (d) Dryden, N. H.; Puddephatt, R.
J.; Roy, S.; Vittal, J. J.Acta Chrystallogr. Sect. C: Cryst. Struct. Commun.
1994, 50, 533. (e) Yamada, T.; Tanabe, M.; Osakada, K.; Kim, Y.-J.
Organometallics2004, 23, 4771.

Table 5. Representative Bond Lengths, Angles, and Torsion Angles for the Complex 4

Pt1-C1 2.008(7) [2.002(8)] Pt1-C10 1.998(9) [2.007(10)]
Pt1-C19 2.028(8) [2.040(8)] Pt1-C28 2.017(6) [2.043(7)]
C1-N1 1.149(9) [1.154(10)] C10-N2 1.151(12) [1.144(13)]
C19-N3 1.271(10) [1.263(12)] C28-N4 1.283(10) [1.248(10)]
C19-C37 1.581(11) [1.583(10)] C37-C38 1.535(13) [1.577(14)]
C38-C28 1.583(11) [1.555(11)] C1-Pt1-C10 85.3(3) [87.4(3)]
C19-Pt1-C28 83.2(3) [82.0(3)] C19-N3-C20 121.3(7) [123.5(7)]
C28-N4-C29 123.2(6) [119.5(6)] C39-C37-C40 109.3(8) [110.2(7)]
C19-C37-C40 106.8(6) [111.6(6)] C41-C38-C42 108.9(6) [109.7(6)]
C28-C38-C41 108.8(8) [109.0(6)] C19-C37-C38-C28 48.1(8) [-43.7(6)]
C39-C37-C38-C42 -64.2(9) [-50.7(7)] C39-C37-C38-C41 56.3(10) [-171.6(6)]
C40-C37-C38-C41 177.9(6) [-50.2(8)] C40-C37-C38-C42 57.4(8) [70.7(7)]

Table 6. Crystallographic Data for 1, 2, 3, and 4

1 2 3 4

empirical formula C24H18N6Pt C24H18N6Pd C24H18N6Ni C43H38N8PtCl2
fw 585.54 496.85 449.15 932.83
cryst syst monoclinic triclinic triclinic monoclinic
lattice type primitive primitive primitive primitive
a, Å 8.0089(17) 7.9700(13) 7.9194(15) 13.507(2)
b, Å 12.711(3) 12.2700(19) 12.358(2) 43.455(7)
c, Å 21.766(4) 13.2300(19) 12.986(2) 15.453(3)
R, deg 90 60.100(9) 60.307(7) 90
â, deg 93.152(5) 77.100(11) 77.067(8) 114.3223(19)
γ, deg 90 79.420(12) 79.767(9) 90
V, Å3 2212.5(8) 1089.3(3) 1072.7(3) 8265(2)
space group P21/n P1h P1h P21/n
Z value 4 2 2 8
Dcalc, g/cm3 1.758 1.515 1.390 1.499
F000 1128.00 500.00 464.00 3712.00
µ(Mo KR) 63.395 8.756 9.277 35.512
2θmax 55.0 55.0 54.9 55.0
radiation Mo KR (λ ) 0.71070 Å) graphite monochromated
Rint 0.038 0.028 0.037 0.075
no. of rflns measd 17 337 8897 8741 58 284
no. of unique rflns 4957 4790 4694 18 721
refln/param ratio 16.60 16.04 15.71 18.12
residuals:R (all reflns) 0.0362 0.0293 0.0517 0.0929
residuals: R1 (I > 2.00σ(I)) 0.0251 0.0260 0.0405 0.0602
residuals: wR2 (all reflns) 0.0535 0.0768 0.1198 0.1577
goodness of fit indicator 1.002 1.001 1.002 1.002
max. shift/error in final cycle 0.000 0.000 0.000 0.000
max. peak in final diff map, e-/Å3 2.14 0.54 0.69 2.35
min. peak in final diff map, e-/Å3 -1.19 -0.48 -0.37 -2.76

Table 7. Exchange Rate Constants between the Coordinated
CNC6H3-2,6-Me2 and the Imidoyl CNC6H3-2,6-Me2 in 4

Measured by SST at-10, -20, and -30 °C (k; s-1)

complex -10°C -20°C -30°C

4 1.72 0.66 0.23
4 + 10 equiv of CNAr 0.21 0.07 0.04
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Solution Dynamics of the Platinacyclopentane.As de-
scribed above, complex4 showed dynamic behavior in the
solution-state NMR spectra. Variable-temperature1H NMR
studies26 in toluene-d8 showed sharp signals due to the two
magnetically inequivalent CNC6H3-2,6-Me2 groups observed at
0 °C, as described above. All of the1H resonances were
broadened on raising the temperature. As shown in Figure 5,
the methyl signals atδ 1.73 and 2.23 due to the inequivalent
CNC6H3-2,6-Me2 coalesced at 77°C; this indicates the exchange
of two magnetically inequivalent CNC6H3-2,6-Me2 moieties in
the molecule. Thus, the exchange rate was supplied for 671 s-1,
from which∆Gq

350 at coalescence temperature is calculated to
be 16 ( 1 kcal/mol. The exchange rate was alternatively
estimated from the spin-saturation transfer measurement27 in
CD2Cl2 at -30, -20, -10, and 0°C (Figure 6). Irradiation of
the signal atδ 6.18 due to the para-proton of the imidoyl
CNC6H3-2,6-Me2 resulted in a decrease of the peak intensity
of the signal atδ 7.16 due to the para-proton of the coordinated
CNC6H3-2,6-Me2. The estimated∆Gq

350 is 16 ( 1 kcal/mol,
which is similar to that estimated from the line shape analysis
described above. These data clearly demonstrated the exchange
process between the coordinated CNC6H3-2,6-Me2 and the
imidoyl CNC6H3-2,6-Me2 in 4, which must involve the cleavage
process of the C-C bond in the platinacyclopentane. Interest-
ingly, the exchange of two CNC6H3-2,6-Me2 moieties was

slower in the presence of 10 equiv of CNC6H3-2,6-Me2. As
shown in Table 7, the rate constants estimated by the spin-
saturation transfer measurements at-30 to-10°C are increased
by raising the temperature in either the presence or absence of
CNC6H3-2,6-Me2. In this temperature range, the exchange rate
constants (k) in the presence of 10 equiv of CNC6H3-2,6-Me2

are 1 order of magnitude smaller than those in its absence.
Mechanistic Considerations.As described above, reaction

of the platinum complex1 with 2 equiv of CNC6H3-2,6-Me2

resulted in formation of the complex4. Crystallographic studies
revealed that1 is a platinacyclopropane extreme, whereas4 has
a platinacyclopentane structure. Consequently, the reaction from
1 to 4 can be considered as a ring expansion of the three-
membered platinacycle to the five-membered complex by
incorporation of two molecules of CNC6H3-2,6-Me2. A plausible
mechanism is illustrated in Scheme 5, in which two CNC6H3-
2,6-Me2 are inserted into two Pt-C bonds in 1 stepwise.
Although attempted spectroscopic detection was not successful,
a platinacyclobutaneA is possibly involved as an intermediate
of this scheme. Analogous stepwise insertion of two CNR is
proposed in the reaction of a cobalt-alkyne complex with CNR
reported by Yamazaki and co-workers (Scheme 2), where both
the cobaltacyclobutene and cobaltacyclopentene complexes were
isolated and characterized by crystallography.17 Since the
cobalt-alkyne complex can be considered as a cobaltacyclo-
propene, the mechanism proposed for the cobalt-alkyne
complex is a good support for the stepwise insertion of the
platinacyclopropane to platinacyclopentane via the platinacy-
clobutane. The fluxional behavior of4 in the presence or absence
of excess CNC6H3-2,6-Me2 revealed the exchange processes
between the imidoyl CNC6H3-2,6-Me2 and the coordinated

(26) (a) Crabtree, R. H., Ed.The Organometallic Chemistry of the
Transition Metals, 4th ed.; Wiley: New York, 2001; Chapter 10, p 284. (b)
Oki, M. Applications of Dynamic NMR Spectroscopy to Organic Chemistry;
VCH: Deerfield Beach, FL, 1985; Chapter 1, p 11.

(27) (a) Faller, J. W.Determination of Organic Structures by Physical
Methods; Nachod, F. C., Zuckerman, J. J., Eds.; Academic Press: New York,
1973, Vol. 5, Chapter 2. (b) Sandstrom, J.Dynamic NMR Spectroscopy;
Academic Press: New York, 1982. (c) Derome, A. E.Modern NMR
Techniques for Chemistry Research; Pergamon: Oxford, 1987. (d) Jarek,
R. L.; Flesher, R. J.; Shin, S. K.J. Chem. Educ.1997, 74, 978.

Figure 5. Line shape analysis of complex4 in toluene-d8 (a) at
0 °C, (b) at 30°C, (c) at 40°C, (d) at 60°C, and (e) at 77°C
(coalesced).

Figure 6. Spin-saturation transfer measurement of complex4 in
CD2Cl2: (a) spectrum with irradiation of the signal appearing as a
triplet at δ 6.18 at-30 °C, (b) spectrum with irradiation of the
signal appearing as a triplet atδ 6.18 at 0°C, (c) spectrum with no
irradiation at rt.
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CNC6H3-2,6-Me2. A reasonable interpretation for the retardation
of the exchange rate between the imidoyl CNC6H3-2,6-Me2 and
the coordinated CNC6H3-2,6-Me2 is that the reaction is triggered
by dissociation of CNC6H3-2,6-Me2 from 4, as shown in Scheme
6. The dissociation produces a coordinatively unsaturated species
B, on which degradation of the platinacyclopentane reversibly
forms the platinacyclobutane intermediateC via deinsertion of
CNC6H3-2,6-Me2. The interconversion between the platinacy-
clopentane and the platinacyclobutane viaB explains the
solution dynamics suggesting the exchange of the imidoyl
CNC6H3-2,6-Me2 and coordinated CNC6H3-2,6-Me2. Thus, all
of the results described in the solution dynamics in this paper
by association with the CNC6H3-2,6-Me2 exchange processes
are summarized in Scheme 6.

An interesting question that has not been solved in our
experiments is why only the platinum-TCNE complex can react
with CNC6H3-2,6-Me2, and the palladium and nickel homo-
logues do not. The molecular structures of2 and3 described
above suggest that they are also considered to be metallacy-
clopropane extremes from the CdC bond distance (1.478(4),
1.479(3) Å) and theR-angles (54.5, 53.1°), although contribution
of back-donation in the nickel and palladium complexes is
smaller than that of the platinum homologues. Two possibilities
can be proposed; one is a kinetic reason, in which the insertion
of CNC6H3-2,6-Me2 requires the highest contribution of back-
donation, and only the platinum complex is adopted in this
criterion. Another is a thermodynamic explanation, in which
the insertion of CNC6H3-2,6-Me2 also takes place in the nickel
and palladium homologues, but it is essentially reversible. In
this case, the equilibrium is favored for the metallacyclopropane
for nickel and palladium, whereas platinum is favored for the
metallacyclopentane. Further investigation with assistance of
theoretical studies is awaited for discussion.

Conclusion

As described above, we have reported the first example of
ring expansion of a metallacyclopropane to a metallacyclopen-
tane by insertion of isocyanides, in which both of the molecular
structures are unequivocally determined by crystallography.
Among the three complexes with homologous structures, (η2-
TCNE)M(η-CNC6H3-2,6-Me2)2 (M ) Ni, Pd, Pt), only the
platinum complex is reactive toward ring expansion. The
solution dynamics of the platinacyclopentane showed the
exchange of the imidoyl CNC6H3-2,6-Me2 and the coordinated
CNC6H3-2,6-Me2, suggesting the insertion of CNC6H3-2,6-Me2

to be reversible. A dissociative mechanism is proposed. As
described in the Introduction, coordination of alkenes is gener-
ally explained by the Dewar-Chatt-Dunkanson model, and (η2-
TCNE)Pt(κ-PPh3)2 is one of the most famous examples of a
“metallacyclopropane extreme”, in which back-donation from
the metal to the CdC bond is the primary factor for the
coordination. Since the metal-carbon bond is reactive with
various unsaturated molecules, it is probable that ring expansion
from metallacyclopropane to metallacyclobutane by insertion
of CO or CNR and to metallacyclopentane by alkene generally
occurs in organometallic reactions. They are indeed proposed
in the mechanisms of catalytic reactions. Nevertheless, little has
been reported on the ring expansion with unequivocal evidence,
including the molecular structures of the starting material and
the product. To our best knowledge, the present paper is the
first investigation of the ring expansion from metallacyclopro-
pane to metallacyclopentane with unequivocal evidence on the
molecular structures, providing new and important aspects for
the understanding of the reactions of coordinated alkenes.

Further mechanistic studies as well as the reactions of metal-
lacycles synthesized in this paper are in progress.

Experimental Section

General Procedures.All experiments were carried out under
an argon atmosphere using standard Schlenk techniques. All
solvents were distilled over appropriate drying reagents prior to
use (toluene, hexane, Et2O; Ph2CO/Na, CH2Cl2; CaH2). The 1H
NMR spectra were taken with a JEOL ECA 600 spectrometer.
Chemical shifts were recorded in ppm from the internal standard
(1H, 13C: solvent). IR spectra were recorded in cm-1 on a JASCO
FT/IR-550 spectrometer. Melting points were measured on a Yanaco
SMP3 micro melting point apparatus. HRMS spectrum was
recorded on a JEOL Mstation JMS-70 apparatus. Elemental analyses
were performed by the Elemental Analysis Center, Faculty of
Science, Kyushu University. Starting materials Ni(cod)2,28 Pd2-
(dba)3‚CHCl3,29 and Pt(cod)230 were synthesized by the method
reported in the literature.

Preparation of the Metallacyclopropanes. (η2-TCNE)Pt(η-
CNC6H3-2,6-Me2)2 (1). In a 20 mL Schlenk tube, Pt(cod)2 (200
mg, 0.49 mmol) and CNC6H3-2,6-Me2 (128 mg, 0.98 mmol) were
dissolved in Et2O (30 mL) at room temperature and stirred for 1 h.
The resulting solution was filtered by passing the mixture through
a short pad of Celite. To the filtrate was added tetracyanoethylene
(62 mg, 0.49 mmol), and the mixture was stirred for 2 h atroom
temperature. The resulting pale yellow precipitate was washed with
Et2O and driedin Vacuo, affording1 in 58% yield (166 mg). Further
purification by recrystallization from toluene gave a pale yellow
block, mp 149°C (dec). IR: νCtN 2227, 2187, 2176 cm-1. 1H NMR
(600 MHz, CDCl3, rt): δ 2.52 (s, 12H, Me), 7.23 (d, 4H, Hmeta, J
) 7.7 Hz), 7.36 (t, 2H, Hpara, J ) 7.7 Hz). 13C NMR (150 MHz,
CDCl3, rt): δ 13.6 (1JC-Pt ) 295 Hz), 18.5 (Me), 112.5 (2JC-Pt )
59 Hz), 125.1, 128.4, 130.9, 135.7, 159.4. HRMS: calcd for
12C24

1H18
14N6

195Pt 586.1319; found 586.1322.
(η2-TCNE)Pd(η-CNC6H3-2,6-Me2)2 (2). In a 20 mL Schlenk

tube, Pd2(dba)3‚CHCl3 (61 mg, 0.059 mmol) and CNC6H3-2,6-Me2

(30 mg, 0.23 mmol) were dissolved in Et2O (20 mL) at-76 °C.
The resulting solution was warmed to 1°C and stirred for 2 h.
After the solution was warmed to room temperature, tetracyano-
ethylene (15 mg, 0.36 mmol) was added, and the mixture was stirred
for 2 h. The yellow solution was removed via syringe and washed
with Et2O, and the resulting green precipitate was dissolved in
dichloromethane (20 mL) and filtered by passing the mixture
through a short pad of Celite. Concentration of the resulting solution
in Vacuo afforded 2 in 94% yield (56 mg) as a green powder.
Further purification by recrystallization from toluene gave the
desired complex2 as a green block, mp 206°C (dec). IR: νCtN

2227, 2198, 2178 cm-1. 1H NMR (600 MHz, CDCl3, rt): δ 2.51
(s, 12H), 7.21 (d, 4H, HmetaJ ) 7.7 Hz), 7.34 (t, 2H, HparaJ ) 7.7
Hz). 13C NMR (150 MHz, CDCl3, rt): δ 18.5 (Me), 21.1, 112.1,
125.1, 128.2, 130.6, 135.6, 146.8. Anal. Calcd for C24H18N6Pd: C,
58.02; H, 3.65; N, 16.91. Found: C, 58.11; H, 3.59; N, 16.83.

(η2-TCNE)Ni(η-CNC6H3-2,6-Me2)2 (3). In a 50 mL Schlenk
tube were placed Ni(cod)2 (100 mg, 0.36 mmol) and CNC6H3-2,6-
Me2 (95 mg, 0.72 mmol), and then Et2O (20 mL) was added at
-75 °C. The resulting solution was warmed to-3 °C and stirred
for 2 h. Then the color of the solution changed from yellow to
dark brown. After the solution was warmed to room temperature,
tetracyanoethylene (47 mg, 0.36 mmol) was added, and the mixture
was stirred for 2 h. The solution was removed via syringe and
washed with Et2O, and the resulting dark brown precipitate was
dissolved in dichloromethane (20 mL) and filtered by passing the

(28) Schunn, R. A.Inorg. Synth.1974, 15, 5.
(29) Ukai, T.; Kawazura, H.; Ishii, Y.J. Organomet. Chem.1974, 65,

253.
(30) Spencer, J. L.Inorg. Synth.1979, 12, 213.
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mixture through a short pad of Celite. Concentration of the resulting
solution in Vacuo afforded 3 as a red powder. Purification by
recrystallization from toluene or toluene/hexane gave the desired
complex3 in 79% yield (127 mg) as a brown block, mp 210°C
(dec). IR: νCtN 2224, 2169, 2147 cm-1. 1H NMR (600 MHz,
CDCl3, rt): δ 2.50 (s, 12Η, Μe), 7.16 (d, 4H, Hmeta, J ) 7.7 Hz),
7.28 (t, 2Η, Ηpara, J ) 7.7 Hz).13C NMR (150 MHz, CDCl3, rt):
δ 18.4, 18.8, 115.5, 126.9, 128.1, 129.4, 135.3, 156.3. Anal. Calcd
for C24H18N6Ni: C, 64.18; H, 4.04; N, 18.71. Found: C, 63.67; H,
4.10; N, 18.55.

Ring Expansion of 1 to (TCNE)Pt(η-CNC6H3-2,6-Me2)4 (4).
In a 5 Φ NMR tube were dissolved1 (1.00 mg, 1.7µmol) and
naphthalene (internal standard; 1.31 mg, 10µmol) in CD2Cl2 (0.5
mL), to which CNC6H3-2,6-Me2 (0.45 mg, 3.4µmol) was added.
After 1 h, all of 1 disappeared and4 was formed. Integral values
of 1H resonances due to4 based on those of naphthalene showed
the yield of1 to be quantitative. The preparative scale experiment
is as follows: In a 20 mL Schlenk tube, (η2-TCNE)Pt(η-CNC6H3-
2,6-Me2)2 (15 mg, 0.026 mmol) was dissolved in CH2Cl2 (3 mL)
at room temperature. A CH2Cl2 solution (2 mL) of CNC6H3-2,6-
Me2 (6.7 mg, 0.051 mmol) was added dropwise over 10 min, and
the mixture was stirred for 30 min. The resulting solution was
concentratedin Vacuo, and the residue was purified by column
chromatography (silica gel) at-30 °C eluted with CH2Cl2 to give
(TCNE)Pt(η-CNC6H3-2,6-Me2)4 in 68% yield as yellow solids (8.1
mg). Further purification by recrystallization from CH2Cl2/hexane
gave microcrystals as yellow needles, mp 145°C (dec). IR: νCtN

2198, 1622, 1591 cm-1. 1H NMR (600 MHz, CD2Cl2, 0 °C): δ
2.10 (s, 12H, Me), 2.18 (s, 12H, Me), 6.18 (t, 2H, Hpara, J ) 7.6
Hz), 6.70 (d, 4H, Hmeta, J ) 7.6 Hz), 6.97 (d, 4H, Hmeta, J ) 7.6
Hz), 7.16 (t, 2H, Hpara, J ) 7.6 Hz).13C NMR (150 MHz, CDCl3):
δ 17.8, 18.6, 110.1, 123.9, 125.4, 127.1, 127.4, 129.8, 133.7, 135.7,
150.2, 60.8 (2JC-Pt ) 235 Hz), 135.7 (1JC-Pt ) 980 Hz), 173.8
(1JC-Pt ) 1145 Hz). Anal. Calcd for C42H8N6Pt: C, 59.50; H, 4.28;
N, 13.22. Found: C, 59.42; H, 4.26; N, 13.28.

Variable-Temperature 1H NMR Studies. Variable-temperature
1H NMR studies were carried out in a temperature range from 0 to
77 °C. A toluene-d8 solution of4 was placed in a 5Φ NMR tube
and degassed several times. The tube was sealed in a flame, while
the solution was kept in a dry ice/acetone bath in a vacuum. On
raising the temperature, all1H signals were broadened. Typically,
two peaks due to Me groups of inequivalent CNR were coalesced
at 77°C. Thus, the exchange rate at coalescence temperature was
calculated according to eq 1,26 and ∆Gq

350 was also obtained by
the Eyring equation (eq 2).

where ∆ν is the peak separation when the exchange rate is
negligibly small andkc is the rate constant of the exchange at
coalescence temperature.

where∆Gq
c is the Gibbs free energy at coalescence temperature,

R is the gas constant,Tc is the coalescence temperature,h is the
Planck constant, andkB is the Boltzmann constant.

Spin-Saturation Transfer (SST) Measurement.All SST studies
were carried out in a temperature range from-30 to 0°C. A CD2-
Cl2 solution of the complex was placed in a 5Φ NMR tube and
degassed several times. The tube was sealed in a flame, while the
solution was kept in a dry ice/acetone bath in a vacuum. The spin-
lattice relaxation times were measured by the inversion recovery
method as the average of four measurements. The spin saturation
and the transfer of the resulting saturated spin from HB to HA were
carried out by irradiation of HB for a period of>5T1, which is

enough to equilibrate the exchange and the spin relaxation before
the NMR measurement. The decreased intensity of HA was
calculated by comparison of its integral value with the other peak
which was not affected by the SST measurements. The data are
reported in Tables S-3-1-2 and S-3-2-2 in the Supporting informa-
tion. The rate constantk was calculated according to eq 3, and the
Eyring plot ofk at four different temperatures provided the∆Gq

350

value from thermodynamic parameters using eq 4
and eq 5.

Crystallographic Studies.Single crystals of1-3 were grown
from toluene/hexane, whereas4 was isolated from CH2Cl2/hexane.
X-ray crystallography was performed on a Rigaku Saturn CCD area
detector with graphite-monochromated Mo KR radiation (λ )
0.71070 Å). The data were collected at 123(1) K usingω scans in
theθ range of 3.0° e θ e 27.5° (1), 3.1° e θ e 27.5° (2), 3.1° e
θ e 27.5° (3), and 3.0° e θ e 27.5° (4). Data were collected and
processed using CrystalClear (Rigaku) on a Pentium computer. The
data were corrected for Lorentz and polarization effects. The
structure was solved by direct methods31 for all complexes and
expanded using Fourier techniques.32 The non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were refined using the
riding model. The final cycle of full-matrix least-squares refinement
on F2 was based on 4957 unique reflections and 298 variable
parameters for1, 4790 unique reflections and 298 variable
parameters for2, 4694 unique reflections and 298 variable
parameters for3, and 18721 unique reflections and 1032 variable
parameters for4. Neutral atom scattering factors were taken from
Cromer and Waber.33 All calculations were performed using the
CrystalStructure34,35 crystallographic software package. Details of
final refinement are summarized in Table 6, and the numbering
scheme employed is shown in Figures 2 and 4, which were drawn
with ORTEP with 50% probability ellipsoids. Detailed data as well
as the bond distances and angles are shown in the Supporting
Information.

Supporting Information Available: Variable-temperature NMR
data (4), 1H NMR, 13C NMR, and the spin-saturation transfer
measurement data (4), details of crystallographic studies (1, 2, 3,
and4). This material is available free of charge via the Internet at
http://pubs.acs.org.

OM0608713

(31) (a) Burla, M. C.; Camalli, M.; Carrozzini, B.; Cascarano, G. L.;
Giacovazzo, C.; Polidori, G.; Spagna, R.SIR2002; 2003. (b) Altomare, A.;
Burla, M.; Camalli, M.; Cascarano, G.; Giacovazzo, C.; Guagliardi, A.;
Moliterni, A.; Polidori, G.; Spagna, R.SIR97. J. Appl. Crystallogr.1999,
32, 115-119. (c) Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi,
A.; Burla, M.; Polidori, G.; Camalli, M.SIR92. J. Appl. Crystallogr.1994,
27, 435.

(32) Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.; de
Gelder, R.; Israel, R.; Smits, J. M. M.DIRDIF99, The DIRDIF-99 Program
System; Technical Report of the Crystallography Laboratory; University of
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