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The relative stabilities of two different isomers of d0 MoO2Cl2L2 species are examined for two different complexes
with the help of the integrated molecular orbital molecular mechanics method IMOMM. The experimentally
reported preference of the MoO2Cl2(N,N,N′,N′-tetramethylethylenediamine) complex for the all-cis arrangement
and that of the MoO2Cl2(N,N′-di-tert-butyl-1,4-diaza-1,3-butadiene) complex for the cis,trans,cis arrangement
are properly reproduced. The inversion of relative stabilities is shown to be associated to the balance between
electronic and steric contributions, the former favoring the cis,trans,cis arrangement and the latter stabilizing the
all-cis form.

Several rules are known to govern the geometry and the ligand
site occupation in six-coordinate d0 complexes of MO2X2L2 type
(M ) Mo, W). These species always present a distorted
octahedral geometry,1 with the oxo ligands cis to each other in
order to maximize the back-donation into the empty t2g set
orbitals.2 Most often, the arrangement of the anionic X and
neutral L ligands are trans and cis,3 respectively, with the
complexes adopting thecis-oxo,trans-X,cis-L configuration (1a;
Chart 1). Examples of this configuration include all known
complexes with X) alkyl,4 OR,5 SR,6 and most complexes
with X ) halide (F, Cl, Br).7-12 In this latter case, the set of
ancillary L ligands may involve either two monodentate ligands
(DMF,7 PPh3O,3 H2O8) or a single chelating L-L ligand with

oxygen9-11 or nitrogen12 atoms bound to the metal. Until recent
years, no structure exhibiting the all-cis configuration1b had
been characterized in this family of compounds.

However, in 1992, the X-ray structure13 of WO2Cl2(tmen)
(tmen ) N,N,N′,N′-tetramethylethylenediamine) revealed an
unusual all-cis configuration. One year later, the molybdenum
analogue MoO2Cl2(tmen) (2, Figure 1) was also shown to adopt
this all-cis configuration.14,15 These unexpected results were
rationalized on steric grounds: in the hypothetical cis,trans,cis
configuration, steric repulsions would be at work between the
four methyl substituents of the tmen ligand and the apical chloro
ligands. In the actual all-cis configuration, only two methyl
groups develop such unfavorable interactions (Figure 1). An
all-cis configuration has also been found (X-ray) for the MoO2-
Cl2(TMC) complex16 (TMC ) tetramethylcyclam). Since the
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portion of the macrocycle that coordinates the metal is es-
sentially the tetramethylethylenediamine, as in2, the reasons
favoring this configuration were believed to be the same. In
marked contrast, the MoO2Cl2(But-dab) complex3 (But-dab)
N,N′-di-tert-butyl-1,4-diaza-1,3-butadiene) has been shown (X-
ray) to exhibit the usual cis,trans,cis arrangement, despite the
presence of the bulky tertiobutyl groups on the chelating nitrogen
atoms (Figure 2).14,15

The purpose of this work is to study by theoretical means
the way the nature of the L ligands can influence the overall
structure of MoO2Cl2L2 complexes. DFT quantum mechanical
calculations were first performed with the unsustituted mono-
dentate L (NH3, 4) and with the bidentate L-L ethylenediamine
(5) and 1,4-diaza-1,3-butadiene (6) groups as models for the
chelating ligands in3 and 2, respectively. Both cis,trans,cis
and all-cis configurations were optimized in order to know the
“intrinsic” configurational preference for each complex. The
real complexes2 and3 were then studied using the integrated
molecular orbital molecular mechanics (IMOMM) computa-
tional scheme17 to check the role of steric factors on the energy
difference between cis,trans,cis and all-cis configurations.
IMOMM has already been proved to be well suited for the
quantification of steric effects in transition metal complexes with
bulky ligands.18,19

Methods of Calculation
Quantum mechanical calculations on the unsubstituted reference

complexes4, 5, and6 were performed with the GAUSSIAN 94 series

of programs.20 Geometry optimizations were carried out using density
functional theory (DFT)21 with the B3LYP functional.22 A quasirela-
tivistic effective core potential operator was used to represent the 28
innermost electrons of the molybdenum atom.23 The basis set for the
metal atom was that associated with the pseudopotential,23 with a
standard double-ú LANL2DZ contraction.20 The 6-31G(d) basis set24

was used for the C, N, O, and Cl atoms, and 6-31G for the H atoms.24a

To check the accuracy of the energy differences, single-point MP2,
MP4(SDTQ),25 and CCSD(T)26 calculations using the B3LYP optimized
geometries were also performed on the smallest size complexes (L)
NH3).

IMOMM calculations on the real complexes2 and3 were performed
with a program built from modified versions of two standard pro-
grams: GAUSSIAN92/DFT27 for the quantum mechanics (QM) part
and MM3 (92)28 for the molecular mechanics (MM) part. QM
calculations were carried out on the unsubstituted complexes5 and6
at the B3LYP level, with the basis set described above. MM
calculations on the full systems MoO2Cl2(tmen) (2) and MoO2Cl2(But-
dab) (3) used the MM3 (92) force field.28 The van der Waals
parameters for the Mo atom were taken from the UFF force field,29

and torsional contributions involving dihedral angles with the metal
atom in terminal position were set to zero. The MM3 (92) default
value for the van der Waals radius of chlorine was replaced by 2.47 Å,
a value shown previously30 to be more appropriate for inorganic
systems. All geometrical parameters were optimized in the calculations
except the N-H (1.028 Å) bond distances in the QM part and the N-C
(1.434 Å) bond distances in the MM part.
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Figure 1. Experimental X-ray structure of the MoO2Cl2(tmen) complex
2 (tmen ) N,N,N′,N′-tetramethylethylenediamine) as taken from the
Cambridge Structural Database.14,15 Hydrogen atoms are omitted for
simplicity.

Figure 2. Experimental X-ray structure of the MoO2Cl2(But-dab)
complex3 (But-dab ) N,N′-di-tert-butyl-1,4-diaza-1,3-butadiene) as
taken from the Cambridge Structural Database.14,15 Hydrogen atoms
are omitted for simplicity.
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MoO2Cl2(NH3)2 Complex. In a first series of calculations, the
geometries of both the cis,trans,cis and the all-cis configurations of
the MoO2Cl2(NH3)2 complex were fully optimized (B3LYP calcula-
tions). In the following, these two isomers are noted4t and 4c,
according to the arrangement (trans or cis) of the chloride ligands
(Figure 3).

In agreement with the structure of the related experimental complexes
involving monodentate ancillary L ligands,3,7,8a,c 4t was found to be
more stable than4c. The computed energy difference is 5.0 kcal/mol
at the B3LYP level, and single-point energy calculations at the other
levels of calculation left this value almost unchanged: 6.1 (MP2), 5.4
(MP4(SDTQ)), and 5.8 kcal/mol (CCSD(T)).

The optimized geometries of the cis,trans,cis isomer (4t) exhibit the
distorted octahedral arrangement usually found in this family of
compounds:3,7,8a,c (i) the OdModO angle value is 106.1°, and the
opposite ligand angle (N6-Mo-N7) is significantly smaller than 90°
(80.1°); (ii) the two axial ligands are bent away from the oxo groups
(Cl2-Mo-Cl3 ) 150.1°). Similar angular distortions from the
idealized octahedral geometry are found for the less stable all-cis isomer
4c (104.2, 75.3, and 165.1° for the OdModO, Cl3-Mo-N7, and Cl2-
Mo-N6 angles, respectively). Comparison between the optimized bond
lengths in the two isomers reveals the strong trans effect exerted by
the oxo groups: in going from4t to 4c, the Mo-Cl3 bond length
increases by 0.11 Å while the Mo-N6 bond length decreases by 0.14
Å. It is noteworthy that these evolutions found in the reference MoO2-
Cl2(NH3)2 complex are in excellent agreement with that found in the
experimental cis,trans,cis and all-cis molybdenum complexes (2 and
3). As a matter of fact, the corresponding Mo-Cl and Mo-N bond
length variations in the experimental structures are+0.09 and-0.12
Å, respectively.14

Complexes with Unsubstituted Bidentate Ligands. Two com-
plexes were studied, MoO2Cl2(HNdCH-CHdNH) (5) and MoO2Cl2-
(H2N-CH2-CH2-NH2) (6), in which the 1,4-diaza-1,3-butadiene and
the ethylenediamine ligands are the unsubstituted analogues of the
bidentate ligands in complexes3 and 2, respectively. In both
complexes, the cis,trans,cis and the all-cis configurations were opti-
mized, leading to the structures pictured in5t and5c for the former
and6t and6c for the latter (Figures 4 and 5, respectively).

In the MoO2Cl2(HNdCH-CHdNH) complex (5), 5t was found to
be more stable than5c by 7.4 kcal/mol (B3LYP). This result is in
agreement with the cis,trans,cis structure reported for the related
experimental complex3. The geometrical parameters optimized for
5t are listed in Table 1 (second column) as well as the experimental
values for complex3 (first column). Despite the absence of the bulky
tertiobutyl groups in our model complex, the agreement between the
two sets of values is rather satisfactory. Around the metal center, the
mean errors on the bond lengths and the bond angles are 0.035 Å and
2.3°, respectively. In the bidentate ligand, the bond lengths are almost
perfectly reproduced (0.006 Å (av)) but rather large deviations are found
for the angles (4.6° (av)).

Similar calculations were performed on complex6. As it was found
in the complexes studied above, the cis,trans,cis (6t) isomer was found
to be more stable than the all-cis (6c) isomer, by 4.7 kcal/mol (B3LYP).
This value is very close to that found for the model complex4 with
monodentate NH3 ligands (5.0 kcal/mol), showing that the bidentate

nature of the ancillary ligand has almost no influence on the energy
difference between the two isomers. However, this energetic result is
in disagreement with the unusual all-cis structure characterized for the
related experimental complex2. It is interesting to compare the
optimized geometry of the less stable6c isomer to that of complex2
(second and first columns in Table 2, respectively). The bond lengths
around the metal center are rather well reproduced (0.037 Å (av)), that
within the bidentate ligand even better (0.014 Å (av)). The results
are, however, less satisfactory for the angles: the mean error is 3.9°
around the metal and 4.1° in the bidentate ligand.

It is clear from these results that the optimized geometries of the
unsubstituted complexes5t and6c are in rather good agreement with
the structure of the related experimental complexes3 and2, respectively.
However, the energy ordering of the cis,trans,cis and the all-cis isomers
is correctly reproduced in reference complex5, but not in reference
complex6. A more detailed analysis of the optimized bond angles
around the metal center actually shows larger deviations in6c than in
5t (average error 3.9 instead of 2.3°). Furthermore, the reproduction
of some bond angles is particulary poor in6c: deviations of 8.8, 8.4,
6.1, and 6.1° are found for the Cl3-Mo-O5, Cl3-Mo-N6, Cl3-
Mo-N7, and Cl2-Mo-N6 angles, respectively, while the largest error
in 5t is only 4.9°. These results constitute the first quantitative
indication that substituent effects are larger in6 than in5. The detailed
analysis of next section will prove that this is the origin of the different
behavior of the complexes.

Geometry Optimizations at the IMOMM Level. Full geometry
optimizations of MoO2Cl2(But-dab) (3) and MoO2Cl2(tmen) (2) com-
plexes were performed at the IMOMM (B3LYP:MM3) level. The
optimized geometries for the cis,trans,cis and the all-cis configurations
are pictured in Figure 6 for the former (structures7t and 7c) and in
Figure 7 for the latter (structures8t and8c).

In agreement with the experimental structure of complex3, the
cis,trans,cis isomer (7t) was found to be more stable than the all-cis
isomer (7c) by 4.7 kcal/mol. This energy difference is slightly lower
than that found for the unsubstituted analogue5 (7.3 kcal/mol), but
the energy ordering of the two isomers is preserved upon substitution
of the nitrogen centers by the bulky tertiobutyl ligands. In marked

Figure 3. Optimized structures of the cis,trans,cis (4t) and all-cis (4c)
configurations of the MoO2Cl2(NH3)2 model complex at the B3LYP
computational level. Figure 4. Optimized structures of the cis,trans,cis (5t) and all-cis (5c)

configurations of the MoO2Cl2(HNdCH-CHdNH) model complex
at the B3LYP computational level.

Figure 5. Optimized structures of the cis,trans,cis (6t) and all-cis (6c)
configurations of the MoO2Cl2(H2N-CH2-CH2-NH2) model complex
at the B3LYP computational level.
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contrast, an inversion was found for complex2, 8c being more stable
than 8t by 2.4 kcal/mol. This energetic result is now in agreement
with the unusual all-cis structure of complex2. Since an energy
difference of 4.7 kcal/mol in favor of the cis,trans,cis isomer was found
in the unsubstituted analogue6, it is clear that steric interactions
involving methyl groups linked to the nitrogen atoms play a crucial
role in the energetic ordering of the two isomers.

Before analyzing in more detail the steric interactions at work in
each complex (next section), let us first discuss the geometrical
consequences of introducing the substituents (Tables 1 and 2). To do
this, we will compare the experimental data (complexes3 and2) with
the geometrical parameters optimized for the corresponding isomer in
the unsubstituted analogues (B3LYP,5t and 6c) and in the real
complexes (IMOMM,7t and8c). For complex3, the average deviation
for the angles around the metal center decreases from 2.3 to 1.8°, that
for the angles within the bidentate ligand from 4.6 to 0.7°, in going
from the unsubstituted reference complex5t to the real complex7t.
Note also that the orientation of the tertiobutyl ligands given by the
IMOMM calculation in structure7t is exactly that found in the
experimental structure3 (Figure 2). For complex2, the improvement
for the L-M-L angles is even larger, the mean error decreasing from
3.9 to 2.3°. In particular, the values for the angles which came out to
be poorly reproduced in the unsubstituted model complex6c are
substantially improved by the IMOMM optimization of8c: the
deviations for the Cl3-Mo-O5, Cl3-Mo-N6, Cl3-Mo-N7, and
Cl2-Mo-N6 angles decrease from 8.8, 8.4, 6.1, and 6.1° to 5.3, 1.0,
0.4, and 0.3°, respectively (Table 2). On the other hand, the angles
within the bidentate ligand are also much more satisfactory, with an
average deviation of 1.5 instead of 4.1°. Finally, most of the metal-
ligand bond lengths remain almost unchanged upon IMOMM optimiza-
tions. A striking exception is, however, found for the Mo-N6 and
Mo-N7 bonds in both7t and 8c structures. Although these bond
lengths were properly reproduced by the B3LYP calculations on the

unsubstituted complexes (with errors between 0.025 and 0.050 Å), they
are widely overestimated in the substituted complexes, by 0.141 and
0.155 Å in7t and by 0.138 and 0.212 Å in8c (similar overestimations
were found in the less stable isomers7cand8t). This poor reproduction
of the bond lengths is, however, not related to the IMOMM method,
because the same result is confirmed by much more expensive
calculations at the B3LYP level on the real system.

Quantification of Steric Effects. Although IMOMM is essentially
devised as a method for the calculation of accurate geometries and
energetics of large systems at a moderate computational cost, it can
also be used as a tool for the quantification of steric effects in terms of
energy.18 In this section, we will analyze which of the steric interactions

Table 1. Selected Geometrical Parameters (Å and deg) for the
Experimental Structure of MoO2Cl2(But-dab) (3), the B3LYP
Optimized Structure of the Cis,trans,cis Isomer of the Model System
MoO2Cl2(HNdCH-CHdNH) (5t), and the IMOMM
(B3LYP:MM3) Optimized Structure of the Cis,trans,cis Isomer of
MoO2Cl2(But-dab) (7t)

3
(expt)a

5t
(Becke31yp)

7t
(IMOMM)

Mo(1)-Cl(2) 2.356 2.401 2.394
Mo(1)-Cl(3) 2.356 2.401 2.395
Mo(1)-O(4) 1.688 1.704 1.701
Mo(1)-O(5) 1.688 1.704 1.701
Mo(1)-N(6) 2.399 2.439 2.540
Mo(1)-N(7) 2.388 2.438 2.543
N(6)-C(8) 1.267 1.274 1.276
N(7)-C(9) 1.271 1.274 1.276
C(8)-C(9) 1.476 1.484 1.481

Cl(2)-Mo-Cl(3) 156.61 152.1 152.2
Cl(2)-Mo-O(4) 96.9 98.3 98.6
Cl(2)-Mo-O(5) 97.3 98.0 98.3
Cl(2)-Mo-N(6) 80.2 78.5 78.6
Cl(2)-Mo-N(7) 80.7 78.1 78.3
Cl(3)-Mo-O(4) 96.9 98.5 98.5
Cl(3)-Mo-O(5) 97.3 98.1 98.3
Cl(3)-Mo-N(6) 80.2 78.4 78.5
Cl(3)-Mo-N(7) 80.7 78.3 78.4
O(4)-Mo-O(5) 104.5 107.0 104.9
O(4)-Mo-N(6) 93.4 93.6 93.9
O(4)-Mo-N(7) 163.7 159.0 161.2
O(5)-Mo-N(6) 162.0 159.4 161.2
O(5)-Mo-N(7) 91.8 94.0 93.9
N(6)-Mo-N(7) 70.3 65.4 67.3

Mo-N(7)-C(9) 114.4 120.5 114.8
N(7)-C(9)-C(8) 120.2 116.9 121.5
C(9)-C(8)-N(6) 120.4 116.9 121.6
C(8)-N(6)-Mo 114.8 120.4 114.8

a X-ray data from ref 14.

Table 2. Selected Geometrical Parameters (Å and deg) for the
Experimental Structure of MoO2Cl2(tmen) (2), the B3LYP
Optimized Structure of the All-cis Isomer of the Model System
MoO2Cl2(H2N-CH2-CH2-NH2) (6c), and the IMOMM
(B3LYP:MM3) Optimized Structure of the All-cis Isomer of
MoO2Cl2(tmen) (8c)

2
(expt)a

6c
(Becke31yp)

8c
(IMOMM)

Mo(1)-Cl(2) 2.338 2.329 2.331
Mo(1)-Cl(3) 2.449 2.548 2.478
Mo(1)-O(4) 1.681 1.707 1.700
Mo(1)-O(5) 1.697 1.722 1.721
Mo(1)-N(6) 2.278 2.303 2.416
Mo(1)-N(7) 2.464 2.429 2.676
N(6)-C(8) 1.486 1.488 1.505
N(7)-C(9) 1.478 1.475 1.495
C(8)-C(9) 1.490 1.526 1.536

Cl(2)-Mo-Cl(3) 87.5 91.4 89.3
Cl(2)-Mo-O(4) 104.0 107.6 104.0
Cl(2)-Mo-O(5) 96.9 101.7 98.4
Cl(2)-Mo-N(6) 165.2 159.1 164.9
Cl(2)-Mo-N(7) 89.8 88.0 93.7
Cl(3)-Mo-O(4) 92.7 93.9 96.2
Cl(3)-Mo-O(5) 162.1 153.3 156.8
Cl(3)-Mo-N(6) 84.5 76.1 83.5
Cl(3)-Mo-N(7) 82.1 76.0 81.7
O(4)-Mo-O(5) 103.1 103.9 103.1
O(4)-Mo-N(6) 88.9 90.1 90.0
O(4)-Mo-N(7) 165.1 161.8 162.2
O(5)-Mo-N(6) 87.5 84.0 83.6
O(5)-Mo-N(7) 80.5 81.3 76.0
N(6)-Mo-N(7) 76.7 72.9 72.1

Mo-N(7)-C(9) 103.3 109.4 104.4
N(7)-C(9)-C(8) 111.8 108.6 111.5
C(9)-C(8)-N(6) 111.3 109.9 112.1
C(8)-N(6)-Mo 109.3 115.0 113.1

Cl3-Mo-N6-C8 +69.4 +70.9 +71.6
Mo-N7-C9-C8 +44.0 +46.2 +45.2
N6-Mo-N7-C9 -15.5 -20.9 -17.7

a X-ray data from ref 14.

Figure 6. Optimized structures of the MoO2Cl2(But-dab) complex3
in its cis,trans,cis (7t) and all-cis (7c) configurations at the IMOMM
(B3LYP:MM3) computational level. Hydrogen atoms are omitted for
simplicity.
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explain the preference observed in the IMOMM calculation for the
unusual structure adopted by2.

The IMOMM optimizations of the two isomers of species8 result
in a difference of 2.40 kcal/mol in favor of8c. This 2.40 kcal/mol
can be decomposed into electronic (quantum mechanics) and steric
(molecular mechanics) contributions. It is found that the 2.43 kcal/
mol of electronic stabilization of the cis,trans,cis isomer8t are
compensated by a steric preference of 4.83 kcal/mol for the all-cis
isomer8c. The steric effects are thus responsible for the stability of
2. It is interesting to compare this result with that found for complex
7. In 7, the steric contribution also favors the all-cis isomer, but only
by 2.94 kcal/mol, while the electronic preference for the cis,trans,cis
isomer is 7.69 kcal/mol, resulting in a net preference of 4.75 kcal/mol
for 7t.

The molecular mechanics contribution to the total energy can be
further divided into its different terms. Table 3 shows this decomposi-
tion for the two isomers of8, as well as the differences between them.
The most significant contribution to the total energy difference of 4.93

kcal/mol comes from the 3.76 kcal/mol of the term labeled as “van
der Waals other (vdW other)”, where “vdW other” stands for van der
Waals contributions different from 1,4. The MM3 force field places
the steric repulsions precisely in this term, so this result is by no means
surprising.

Again, the “vdW other” term can be decomposed into its contribu-
tions (single interatomic interactions). Table 4 presents the interactions
of each of the four other ligands with the bidentate ligand in each of
the two isomers of8. It is clear that in each complex there are repulsive
interactions over 2 kcal/mol with the two ligands perpendicular to the
N6-Mo-N7 plane: Cl3 and O5 for8c, Cl2 and Cl3 for8t. The
repulsions with the chloride ligands are always larger than those with
the oxo ligands, providing a clear-cut explanation for the steric
destabilization of the isomer having both chloride in the sterically
hindered sites (8t), with respect to the isomer with only one chloride
ligand in a sterically hindered site (8c).

Conclusions

IMOMM calculations on the real systems do reproduce
correctly in both cases the order of stabilities of the cis,trans,cis
and all-cis isomers, a result that could not be achieved by pure
ab initio calculations on the reference complexes with unsub-
stituted bidentate ligands. The difference in the nature of the
most stable isomer is thus related to steric effects, with the
methyl groups of the tmen ligand causing a larger repulsion
than thetert-butyl groups of But-dab because of its different
orientation in space. It is also shown how the steric preference
for the all-cis isomer is associated to the fact that the oxo ligand
has a smaller steric bulk than chloride.
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Figure 7. Optimized structures of the MoO2Cl2(tmen) complex2 in
its cis,trans,cis (8t) and all-cis (8c) configurations at the IMOMM
(B3LYP:MM3) computational level. Hydrogen atoms are omitted for
simplicity.

Table 3. Different Contributions (in kcal/mol) to the MM Part of
the IMOMM (B3LYP:MM3) Energy of the Two Isomers of
MoO2Cl2(tmen)

8c 8t ∆(trans- cis)

compression 0.02 0.03 0.01
bending 1.45 1.78 0.33
bending-bending -0.14 -0.15 -0.01
stretching-stretching -0.05 -0.05 0.00
vdW 1,4 8.08 8.52 0.44
vdW other 8.43 12.19 3.76
torsional 2.16 2.45 0.29
torsion-stretching -0.05 -0.05 0.00
dipole-dipole 0.09 0.10 0.01
total 19.99 24.82 4.83

Table 4. Contribution (in kcal/mol) to the “VdW other” Term of
the Interaction of the Chelating Ligand with Each of the Four Other
Ligands in the IMOMM (B3LYP:MM3) Calculation of the Two
Isomers of MoO2Cl2(tmen)

Cl2 Cl3 O4 O5

8c 0.06 3.76 0.24 2.08
8t 4.82 4.82 -0.11 -0.11
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