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Abstract: A theoretical study of the electronic structure of the prototypical zinc carbenes and zinc stannylenes ZnXH2

(X ) C, Sn) as well as their monopositive and dipositive ions ZnXH2
+ and ZnXH22+ is reported. Based on ab initio

Hartree-Fock calculations and introducing electron correlation through second-order Møller-Plesset perturbation
theory (MP2), the molecular structures of ground and some excited states of these complexes have been examined.
Special attention has been devoted to the analysis of the bond mechanisms between zinc and carbon or tin and how
the charge modifies these bonds. Zn-X stretch force constants and dissociation energy profiles are also reported.
In the last part of the work an approach to the ZnCH2-HZnCH photolytic rearrangement has been performed. Based
on complete active space self-consistent-field (CASSCF) calculations a saddle point on the potential energy
hypersurface has been located. A careful analysis of the nature of the wave functions for the 10 lowest states suggests
a mechanism involving an excitation toward the first3B1 excited state lying at 33000 cm-1 in agreement with
experiment (<35700 cm-1).

1. Introduction

Transition metal-carbene chemistry has been a topic of
growing interest over the last few years mainly due to their
putative participation in both organometallic synthesis and
homogeneous and heterogeneous catalysis.1 The nature of the
metal-carbon double bond has been the subject of considerable
work from both experimental and theoretical viewpoints.
Typically, properties of metal-carbon double bonds are ratio-
nalized on the basis of two models: Fischer-type complexes or
metal-carbenes2,3 and Schrock-type complexes or metal-
alkylidenes.4 In the Fischer-type complexes the bond corre-
sponds to aσ-donation/π-back-donation scheme between the
singlet state of carbene and a low-valent transition metal.
Schrock-type compounds result when the metal fragment is
high-valent, binding then to the carbene in a triplet state.
Among the wide variety of metal-transition carbenes ex-

amined up to now, one of the most simple is the zinc carbene
ZnCH2. This carbene was isolated in a solid matrix of argon
and characterized by infrared spectroscopy (FTIR) by Chang
et al.5 in 1987. Besides the general interest of such a prototype
molecule, invoked for instance in the mechanism of the
Clemmensen reduction,6 these authors were also able to observe

an exciting carbene-carbyne photorearrangement taking place
when zinc carbene is irradiated with UV light atλ ranging
between 280 and 360 nm:

After this pioneering work, Hamilton and Schaefer reported7

on an ab initio quantum mechanical study about the molecular
structure of zinc carbene and zinc carbyne compounds pointing
out that the zinc-carbon bond should be single for carbene and
double for carbyne. However, in spite of this progress, some
crucial questions concerning the electronic structure and reactiv-
ity of these metal-carbon bonds still remain unanswered.
First: Do these bonds fit any of the well-established models
described above? Second: What is the nature of the bond when
the zinc atoms lose their valence electrons giving place to
carbenes like ZnCH22+ in which Zn has its usual oxidation state?
Third: What is the mechanism for the carbene-carbyne
photolytic rearrangement? To find answers to these questions
will constitute an essential part of the present work.
An additional aspect of the problem concerns the possibility

of zinc binding heavier group 14 elements. During the last few
years the properties of transition-metal silylenes, germylenes,
stannylenes, and plumbylenes have received considerable at-
tention.8 From a theoretical point of view, the nature of
transition-metal silylenes has been investigated in the series
MSiH2

+ (M ) Sc, Ti, V, Cr, Mn, Fe, Co, and Ni).9 Compara-
tive studies for different group 14 elements have also been
reported for Cr and Mo in the CrXH2+,9 (CO)5MoXH2, and
MoXH2 series10,11 (X ) C, Si, Ge, and Sn). In the present
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context, the most outstanding difference between carbenes and,
for instance, silylenes is based on the relative stability observed
for singlet and triplet states. Thus, as is well-known, the triplet
3B1 is the ground state for CH2, the singlet1A1 lying 9.1 kcal/
mol higher;12 however, this order is reversed for the rest of group
14 homologs, for which the ground state is the singlet and the
singlet-triplet splitting increases down the group (∆Es-t ) 17-
19,13, 22,13a,14and 2413a-15 kcal/mol for SiH2, GeH2, and SnH2,
respectively). These differences suggest the possibility of a
change in the bond mechanism, giving rise to either Fischer-
or Schrock-type complexes, depending on the nature of the XH2

group. On the other hand, consideration of structures in which
Si, Ge, and Sn are involved in the formation of double bonds
leaves open a further question related to the observed trend of
such structures to distort. Effectively, theoretical and experi-
mental studies of compounds with these formal double bonds
have shown that in the series Si2H4, Ge2H4, and Sn2H4, the
planar ethylene-like structure is less stable than the transbent
one arising from nonclassical distortion of the double bond.16-19

Also, in our previous work on the series MoXH2, we were able
to show11 that for the heaviest complex considered, MoSnH2,
the structure of the ground state was largely distorted with an
out-of-plane angleδ of 68°:

In order to analyze the structural differences between zinc
carbene-like complexes ZnXH2, we have considered in the
present work the electronic and molecular structure of the
heaviest derivative of the series, ZnSnH2, since it is expected
that zinc carbene and zinc stannylene will be representative of
the limits of behavior (usually plumbylenes are not included in
these comparative studies since large spin-orbit effects are
expected). The paper is arranged as follows: after a brief
computational section, the molecular and electronic structure
of ZnCH2 and ZnSnH2 will be carefully examined; then, the
properties of cationic species ZnCH2+, ZnSnH2+, ZnCH22+, and
ZnSnH22+ will be considered; finally, a theoretical approach to
the photolytic rearrangement carbene-carbyne will be reported.

2. Computational Details

Ab initio Hartree-Fock calculations were undertaken using the
effective core potential (ECP) reported by Stevenset al.20 to describe
inner electrons of zinc and tin atoms. For valence electrons of zinc
(3s, 3p, 3d, and 4s) the basis set was (8s8p6d) contracted to [4s4p3d].
For the tin atom, only the 5s 5p electrons were explicitly taken into
account following a (5s5p)/[2s2p] contraction scheme. For C and H
atoms the standard DZP basis set was used.21 In most calculations,
restricted Hartree-Fock (closed shells) and unrestricted Hartree-Fock
(open shells) wave functions were used. Electron correlation was
incorporated through second-order perturbational theory under the
Møller-Plesset partition (MP2 and UMP2). The calculation of
dissociation curves and the photochemical mechanism reported in
section 5 were performed by using the complete active space SCF
(CASSCF) method.22 Specific details about the active space will be
given there.
The electronic spectrum of ZnCH2 was computed through multiref-

erence configuration interaction calculations (MR-CISD) according to
a three-class scheme.23,24 In this procedure, zeroth-order wave functions
are determined in a multideterminantal space, the S0 space, and then
perturbed by allowing single and double excitations (the P space). The
determinants contributing most are incorporated into S0 and the
procedure is iterated in order to improve the zeroth-order wave
functions. Then, the most significant determinants of P space (theM
space,e20000 determinants) are diagonalized and the variational
energies are extrapolated following a procedure close to that proposed
by Buenker and Peyerimhoff.24 The contribution of unlinked clusters
is incorporated as proposed by Davidson and Langhoff (MR-
CISD+Q).25

Molecular geometries were optimized using standard analytical
gradients techniques and stationary points were then characterized by
computation and further diagonalization of the matrix of second
derivatives of the energyFx in a Cartesian coordinate representation.
All the calculations were performed using GAUSSIAN-9226 (re-

stricted and unrestricted MP2 optimizations), HONDO-827 (CASSCF
calculations), and CIPSI23 (MR-CISD calculations) programs running
on a Convex C-240.

3. Structure of ZnCH2 and ZnSnH2

The interaction between Zn ground state,1S, and methylene
CH2 gives rise to two states depending on whether the latter is
triplet or singlet. Geometry optimization leads to aC2V structure
for the triplet, state3B1, which, in agreement with experiment
and previous calculations, is the ground state, while the singlet
1A′ state showsCs symmetry and is largely distorted. Structural
parameters for both states are reported in Figure 1. Contrary
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to the CISD calculations reported by Hamilton and Schaefer,7

at the MP2 level, the Zn-C bond distance is lower for the singlet
than for the triplet although the values agree with the Zn-C
interatomic distance observed, for instance, in dimethylzinc
(1.93-1.96 Å).28

Disregarding the Zn core electrons described by the ECP,
the electronic configuration for the triplet is

The 4a1 and 3b2 molecular orbitals (MOs) correspond to the
σCH + σCH′ and σCH - σCH′ combinations of CH2 while 3b1
MO corresponds to an almost pure carbon px atomic orbital
which is not involved in the bond. As can be seen from the
MO diagram, Figure 2, interaction between zinc and methylene
can be depicted as an overlap between the spσ MO of CH2 (3a1
MO) and the zinc 4s atomic orbital. This mix corresponds
formally to a three-electron/two-center interaction and gives
place to 7a1 and 8a1 MO’s. Inspection of the electron density
plots for these MO’s, Figure 3, confirms the bonding and
antibonding character of these MO’s as well as the px nature of
the 3b1 MO. Furthermore, it is worth noting that the 8a1 MO
results from an almost exclusive mix of 4s and 4pz zinc atomic
orbitals suggesting that, in localized terms, one lone electron
lies above the zinc atom, as confirmed by a spin density
population analysis (0.99 electron on Zn). This strong mix
between 4s and 4pz atomic orbitals suggests that in fact the
dissociation limit for zinc carbene would not be the1S state
but the1P one corresponding to a 4s1 4p1 atomic configuration.
This point can be best understood from the cross-section
potential energy hypersurfaces for dissociation of ZnCH2 states
reported in Figure 4. In order to ensure correct dissociation,
these energy profiles have been obtained from CASSCF
calculations where the active space was the Zn 4s and 4p orbitals
and the CH2 spσ and px MOs (i.e. 4 electron/6 orbitals). As
shown in Figure 4, interaction between Zn(1S) and CH2(3B1)
would give place to a repulsive curve crossing that arises from
the interaction between Zn(1P) and CH2(3B1). However, since

underC2V constraint both the1S state and thez component of
the1P multiplet have A1 symmetry, an avoided cross is observed.
In summary, the Zn-C bond in the ground state of zinc carbene
can be described as a pairing of the methylene spz electron and
the 4s4pz zinc one whereas the carbon px and the remainder
4spz electrons are nonbonding

The electronic configuration for the1A′ singlet state is
reported in Figure 2. The 5a′ and 4a′′ MO’s correspond to
symmetric and antisymmetricσCH combinations as for theC2V
ground state structure. The 9a′ MO is a mix of the pxmethylene
MO and 4s and 4p Zn atomic orbitals, as can be seen in Figure
3, where electron density plots for relevant MO’s are reported.
Finally, the 10a′ MO corresponds almost purely to the spσ of
CH2. The bond in this state can be interpreted then as follows:
methylene pyramidalizes and there is a rehybridization of carbon
orbitals from sp2 to sp3.

This rehybridization allows the zinc atom to donate the 4s
electron pair toward a methylene sp3 orbital while the spσ
electron pair becomes a nonbonding lone pair. This state, on
the other hand, dissociates directly to the Zn(1S) and CH2(1A1)
fragments as shown in Figure 4.

After discussing the nature of the Zn-C bond in both states,
we can now compare them and analyze their relative strengths.
First of all, it should be noticed that in both cases the bond is
formally single and they do not fit any of the limit models
sketched in the introduction. In this sense to use the term
carbenefor ZnCH2 complexes is, at the least, unfortunate. On
the other hand, computation of Zn-C bond indices29 at the
Hartree-Fock level gives 0.84 for the triplet and 0.96 for the
singlet, suggesting that in the latter, the bond mechanism is
somewhat more efficient. This idea is confirmed by the values
of the stretching force constantfZn-C computed after a normal
coordinate analysis performed using internal symmetry coor-
dinates. At the MP2 level, these force constants are 2.04 and
2.10 mdyn/Å for triplet and singlet states, respectively. Finally,
dissociation energies for the Zn-C bond at the MP2 level are
estimated to be 28.8 kcal/mol for the triplet and 37.2 kcal/mol
for the singlet, also in agreement with a stronger bond in the
case of the1A′ state.
The interaction of the zinc atom (1S) with the SnH2 fragment

leads to zinc stannylene ZnSnH2, giving rise to triplet and singlet
states in a similar way as zinc carbene. However, since for the
SnH2 fragment the singlet1A1 state lies lower than the triplet
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Figure 1. Optimized geometries (MP2) of ZnXH2, ZnXH2
+, and

ZnXH2
2+ (X ) C, Sn). For nonplanar geometriesδ refers to the out-

of-plane angle. Bond distances in Å and angles in deg.
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3B1, the ground state is expected to be a singlet. Effectively,
at the MP2 level of calculation, the3B1 state of ZnSnH2 falls
16.1 kcal/mol above the singlet1A′. Also, geometry optimiza-
tion of these states showsC2V symmetry for the triplet andCs

for the singlet although the latter appears to be considerably
more distorted than its carbenic homologs. As far as we can
ascertain, there are no experimental data on zinc stannylene type
compounds; however, the computed Zn-Sn bond distances
(2.614 and 2.775 Å at the MP2 level) are in agreement with
those computed for other transition metal-tin systems (2.67 Å
in CrSnH2+,9 2.80 Å in MoSnH211). The electronic structures
of these complexes are fairly close to that of their carbon analogs
as can be seen in Figure 6 where orbital diagrams are depicted.
For the triplet state, 5a1 and 3b2 MO’s areσCH combinations
whereas 3b1 corresponds almost purely to the tin px orbital. The
6a1MO results from overlap between the spσ orbital of the SnH2
fragment and the 4s zinc atomic orbital, and the 7a1 MO arises
from a mix of 4s and 4pz zinc atomic orbitals (see Figure 6 for
MO plots). In the case of the singlet1A′ state, there is also a
σ-donation of the Zn 4s2 electron pair toward the SnH2 fragment
but in a somewhat different way since now the fragment
maintains its sp2 hybridization and, therefore, the donation
essentially occurs toward a p atomic orbital. This leads to a
non-Gillespie structure in which the Zn-Sn-H bond angles
should be close to 90°. In fact (Figure 1), these bond angles
are found to be about 80°:

This overbent-type structure has already been observed in
sylaketene H2SiCO, for instance, and explained16a in terms of
an interaction between theπ-type occupied SiH MO and the
π* antibonding MO of CO (in our case the pz orbital of Zn).
The difference between the structure of1A′ states of carbon
(Gillespie) and tin (non-Gillespie) complexes can be analyzed

in a more general context related to nonclassical distortions
found in some double bonds in which heavier group 14 elements
are involved.12,16-19 However, in our case the effect is better
understood on the grounds of the s-p level splitting instead of
the ∆ES-T gap. Thus, because of the higher split between s
and p levels for tin than for carbon, the sp2 f sp3 rehybridization
energetic cost is not compensated by the bond stabilization
which would result if some mix with the s orbital of tin took
place.
Examination of bond indices of ZnSnH2 states shows that,

in contrast to ZnCH2, the bond in the singlet is weaker than
that in the triplet (0.27 and 0.82 for singlet and triplet,
respectively). This fact is confirmed by the lower value of the
stretch force constantfZn-Sn: 0.32 mdyn/Å for the singlet and
0.84 mdyn/Å for the triplet at the MP2 level. Finally, the bond
dissociation energy appears also to be lower for the singlet than
for the triplet (7.8 and 10.3 kcal/mol, respectively, Figure 7).

4. Structure of ZnCH2
+, ZnSnH2

+, ZnCH2
2+, and

ZnSnH2
2+

The molecular geometries of the ground state of ZnCH2
+ and

ZnSnH2+ are reported in Figure 1. Both species haveCs

symmetry although the tin derivative appears to be much more
distorted. Zn-X bond distances are found to be similar to
neutral ones but slightly shortened, suggesting a reinforcement
of the bond. The electronic structure of charged species can
be easily understood from the MO diagram of their respective
triplets, Figures 2 and 5. Ionization of ZnCH2 and ZnSnH2 gives
place to two doublet2A′ states, and it is worth noting that the
lost electron belongs to Zn in the case of carbene, and to Sn in
the case of stannylene. This situation agrees with the fact that
the first ionization potential of the Zn atom (9.39 eV)30 is lower
than that of CH2 (9.72 eV at the MP2 level) but higher than
that of SnH2 (7.15 eV at the MP2 level). Therefore these
complexes can be viewed as the interaction of Zn+ (2S)+ CH2

(3B1) for ZnCH2+ and Zn (1S) + SnH2+ (2A1) for ZnSnH2+.
For the carbon derivative, the bond can then be visualized as a
pairing of spσ electrons, the px electron remaining as nonbonding.
For the tin derivative, there is a donation from the zinc 4s2 orbital

Figure 2. Molecular orbital diagrams for3B1 and1A′ states of ZnCH2: (left) Zn (1S)+ CH2 (3B1), (middle) Zn (1P)+ CH2 (3B1), (right) Zn (1S)
+ CH2 (1A′).
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toward an empty tin p orbital while the unpaired tin electron
remains as nonbonding. This scheme is similar to that proposed
for the 1A′ state of ZnSnH2.

The loss of the 4pz electron for the carbenic compound
improves the overlap between zinc and carbon giving a more
concentrated and, therefore, stronger bond as confirmed by both
the higher dissociation energy (58.1 kcal/mol) and the higher
stretch force constant (3.60 mdyn/Å at the UMP2 level). In its
turn, the reinforcement of the Zn-Sn bond (D.E.) 29.5 kcal/
mol, fZn-Sn ) 0.76 mdyn/Å) can be understood by the lesser
repulsion between the tin nonbonding electrons and the zinc
cloud.
Let us now consider the structure of dipositive charged

complexes ZnCH22+ and ZnSnH22+. Geometry optimization
shows both compounds to haveC2V symmetry and their
electronic structure can be understood by a second ionization

from the neutral complexes (see MO diagrams) or, even better,
as a further ionization of monopositive complexes. Care has
to be taken, however, in order to deal correctly with the nature
of the lost electrons. Starting with ZnCH22+, ionization of
ZnCH2+ involves the loss of one electron that in principle can
be taken out either from Zn+ or CH2 fragments. If the potential
ionizations of Zn+ (2nd P.I. of Zn is 17.9 eV30) and CH2 (1st
P.I.) 9.72 eV at the MP2 level) are considered, it appears that
ZnCH22+ dissociates toward Zn+ (2S)+ CH2

+ (2A1) fragments.
However, interaction between these fragments is repulsive and
therefore the ZnCH22+ complex is formed by interaction between
Zn2+ (1S) and CH2 (1A1) fragments as shown in Figure 8;
although since both curves are of the same symmetry, an avoided
cross occurs. With respect to the electronic structure of
ZnSnH22+, ionization of ZnSnH2+ has to be considered. As
already mentioned, the first P.I. of Zn is 9.39 eV while the
second P.I. of SnH2 is 14.67 eV (MP2), so ZnSnH22+ has to
dissociate toward Zn+ (2S)+ SnH2+ (2A1). Again, interaction
between these two fragments gives rise to a repulsive curve
modified by the avoided crossing with the curve due to the
interaction between Zn (1S) + SnH22+ (1A1) (Figure 8). In
summary, dipositive complexes always result from a stabilizing
interaction between neutral and charged species but, depending
on the relative P.I. of the fragments, the charged species is Zn2+

or SnH22+. Since CH2 (2A1) electronegativity is noticeably
higher than that of the zinc ion, the bond in ZnCH2

2+ should
be viewed almost as an ionic pair (in fact Mulliken population
analysis shows Zn to bear a net charge of 1.42), and conse-
quently the Zn-C bond strength is expected to be lower than
in ZnCH2+ where a true covalent bond occurs. In the case of
the tin complex, Mulliken population analysis reveals that the
charge is shared by zinc and tin (net charges are 0.82 and 1.15,
respectively) making clear that there is an efficient donation
from the zinc atom toward the SnH22+ fragment. Furthermore,
the loss of the nonbonding SnH2+ electron removes the
distorting influence and improves the directionality and, there-
fore, the overlap, leading to a bond stronger than in the singly
charged ion. These ideas are fully confirmed by the trends
observed in the Zn-X interatomic distances as well as by the
values of the stretch force constants:fZn-C ) 1.73 mdyn/Å and
fZn-Sn ) 0.91 mdyn/Å.

5. ZnCH2-HZnCH Photolytic Rearrangement

In order to analyze this reaction we will first consider briefly
the molecular structure of HZnCH. The optimized molecular
structure of this complex shows a linear geometryC∞V. At the
UMP2 level the Zn-C, H-Zn, and C-H interatomic distances
are found to be 1.864, 1.501, and 1.079 Å, in reasonable

(30) Borg, R. J.; Dienes, G. J.The Physical Chemistry of Solids;
Academic Press: San Diego, CA, 1992.

Figure 3. Isodensity contours for relevant molecular orbitals of
ZnCH2: (top) 7a1, 8a1, and 3b1 MO’s of the 3B1 state; (bottom) 9a′
and 10a′ MO’s of the 1A′ state.

Figure 4. Potential energy profiles for dissociation of ZnCH2.
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agreement with the DZP CISD calculations reported by Hamil-
ton et al.7 (d(Zn-C) ) 1.883 Å,d(H-Zn) ) 1.521 Å,d(C-
H) ) 1.083 Å). Also in agreement is its relative energy with
respect to the ground state of ZnCH2 (3B1), i.e. the carbene-
carbyne reaction energy:∆E) 24 kcal/mol at the UMP2 level
and 21 kcal/mol from CISD calculations. The electronic
structure of HZnCH corresponds to aπ2 configuration (mainly
the carbon px and py orbitals) which, for a triplet arrangement,
gives rise to a3Σ- electronic state.
In the first step of the study, a stationary point on the

hypersurface potential energy was determined. These calcula-
tions were carried out using CASSCF wave functions in which

the active space was the whole valence space with the exception
of the Zn px orbital which is not expected to be involved in the
reaction. In other words, the orbitals in the active space were
the twoσC-H, theσZn-C, and their corresponding antibonding
MO’s, as well as the carbon px and the zinc py and pz orbitals.
This 8 electron/9 orbital space resulted in 3696 configuration
state functions (CSF) inCs symmetry. Computation and further
diagonalization of the force constant matrixFx showed that there
was only one imaginary eigenvalue whose normal coordinate
was associated with the break and formation of the HZn and
CH bonds. With the aim of confirming this structure to be the
transition state linking carbene and carbyne, the full cross-section
curve was computed using the intrinsic reaction coordinate
method.31 The results are summarized in Figure 9. As can be

Figure 5. Molecular orbital diagrams for3B1 and1A′ states of ZnSnH2: (left) Zn (1P) + SnH2 (3B1), (right) Zn (1S) + SnH2 (1A′).

Figure 6. Isodensity contours for relevant molecular orbitals of
ZnSnH2: (top) 6a1, 7a1, and 3b1 MO’s of the 3B1 state; (bottom) 8a′
and 9a′ MO’s of the 1A′ state.

Figure 7. Potential energy profiles for dissociation of ZnSnH2.

Figure 8. Potential energy profiles for dissociation of ZnCH2
2+ and

ZnSnH22+.
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seen the transition state structure is planar and shows a C-H
bond almost broken while the H-Zn bond is practically
accomplished (1.709 Å). The barrier was estimated to be 84
kcal/mol, clearly showing that only a photochemical process
would be able to produce the reaction.
In order to determine which excited states are well suited for

the process, a calculation of some excited triplet states was
carried out. These calculations were performed at the multi-
reference configuration interaction (MR-CISD) level using a
variational-perturbational iterative procedure according to the
CIPSI scheme.23 Results for the lowest excited states of each
symmetry are reported in Table 1. As can be seen, there are
three states with transition energies ranging between 28000 and
33000 cm-1, while state3B2 lies at about 52000 cm-1 above
the ground state. As stated in the introduction section, Chang
et al.5 found that the reaction occurred when zinc carbene was
irradiated with light ofλ g 280 nm, i.e. energy lower than 35700
cm-1, therefore the3B2 state can be ruled out (transitions to B2

states are also symmetry forbidden).
On the other hand, assuming that hydrogen migration occurs

in the molecular plane, i.e.Cs symmetry is preserved during
the reaction, among the states falling into the experimental range,
the 3A1 state can also be discarded. According to group
correlation tables, theΣ- species correlates in theCsgroup with
A′′, which, in turn, correlates with A2 and B1 species in theC2V
group. In other words, only the3A2 and3B1 states would be
photochemically active. The lowest one is the3A2 state (28000
cm-1). Analysis of the CI wave function for this state shows
that it formally corresponds to a transition from the Zn pz lone
electron toward the Zn py atomic orbital (C-px1, Zn-py1 config-
uration)

and therefore this state seems to be a good candidate for the
reaction since it shows a suitable electronic disposition for a
hydrogen transfer from CH2. However, this state shows a
considerable energy barrier for the hydrogen migration, and the
presence of the3B1 state just at the height of the barrier precludes
invoking an excitation toward a highly excited vibrational level.
Instead of that, it seems more likely that the electronic excitation
involves the3B1 state, which along the reaction coordinate
mixes, first, with the3A2 state and, later, with a higher3B1 state
arising from an excitation toward theσCH* antibonding MO
giving the needed stabilizing component. These ideas are best
understood in light of Figure 10 where potential energy curves
against the reaction coordinate are plotted for the 10 lowest
triplet states of A′′ symmetry determined from averaged
CASSCF calculations. As can be seen in the lower part, where
for simplicity only the relevant states are included, there is, first,
an avoided crossing between the states originating from the3A2

and3B1 states which then mix with the3B1 state placed at about
85000 cm-1 and which correlates directly with the ground state
of products, the triplet3Σ-. The progressive lowering of this
3B1 state along the reaction path is nicely observed at the top
of Figure 10.

6. Summary and Conclusions

In the first part of this paper ab ab initio study of the electronic
structure of prototypical zinc carbenes and zinc stannylenes
ZnXH2 (X ) C, Sn) has been reported. The ground state of
ZnCH2 is found to be the triplet3B1 in agreement with

(31) Ishida, K.; Morokuma, K.; Komornicki, A.J. Chem. Phys. 1977,
66, 2153.

Figure 9. Structure of the transition state and relative energies for the
zinc carbene-zinc carbyne rearrangement obtained from CASSCF
calculations.

Table 1. Relative Energies (cm-1) for the ZnCH2 Lowest Excited
Triplet States of Each Symmetry

State na MR-CISD MR-CISD+ Q
3B2 406 52673 52214
3B1 456 33731 33183
3A1 363 29416 29086
3A2 359 28078 28028
Ì 3B1 456 0 0

a n refers to the number of determinants in the subspaceS0. In the
MR-CISD calculations, the mean number of determinants diagonalized
in the last step was 15 000 (spaceM). The number of determinants in
theP space ranged between 22 and 27 million. Through diagonaliza-
tion, about 70-75% of the perturbational energy was recuperated. The
errors in the extrapolation procedure ranged between 0.005 and 0.013.

Figure 10. Relative potential energy profiles for the carbene-carbyne
rearrangement obtained from averaged CASSCF calculations. Bot-
tom: Detail of the excited states involved in the photochemical process.
Top: Energies for the 10 lowest triplets3A′′ showing the correlation
between a3B1 zinc carbene highly excited state and the3Σ- zinc carbyne
ground state.
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experiment5 and previous calculations.7 The bond in this
complex is easily understood, assuming the participation of the
Zn 4s1 4p1 configuration, and can then be described as a pairing
of CH2 spσ and Zn 4spz electrons while the C px and the Zn pz
electrons remain as nonbonding. The singlet state of ZnCH2

(11.7 kcal/mol above) features pyramidalization and the bond
is described as a sp2-sp3 rehybridization of CH2 orbitals
allowing then the Zn atom to donate its 4s2 electrons toward an
empty C sp3 orbital.
The electronic structure of ZnSnH2 is closely related to that

of ZnCH2, but there are two main differences. First of all, the
ground state is not the triplet but the singlet, in agreement with
the singlet-triplet splitting of 3B1 and1A1 states of the SnH2
fragment. Second, because of the higher splitting of atomic
tin s and p levels, there is no rehybridization of sp2 orbitals in
the 1A1 SnH2 fragment, and the donation of Zn 4s2 electrons
occurs toward an empty Sn p orbital almost pure. Consequently,
this compound is highly distorted with HSnZn angles close to
90°.
The structure of ZnXH2+ and ZnXH22+ has also been

considered and we have pointed out that a careful analysis is

necessary in order to interpret correctly the origin of the lost
electrons.
Finally, the reaction mechanism of the zinc carbene-zinc

carbyne photorearrangement has been analyzed through CASS-
CF calculations. First, a saddle point ofCs symmetry has been
located on the potential energy surface. Then, on the grounds
of symmetry principles together with a comparison between
excitation energies and the experimental conditions, a mecha-
nism has been proposed. In this mechanism, the photoactive
state would be the first3B1 excited state which along the reaction
path would mix with a state originating from the3A2 state of
carbene which shows a suitable electronic disposition for the
rearrangement. A further mix with a higher3B1 state arising
from an excitation toward aσ*CH orbital would give the needed
stabilizing component.
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