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Density functional calculations coupled with quantum theory of atoms in molecules analysis were carried out on Group 4 and 6
metallatraneswith special emphasis on thenatureof transannularM 3 3 3Nbonds present in thesemolecules.Substituents at both
the apical and equatorial positions are found to influence the extent of transannular interaction. The degree of pyramidalization
around themetal and the bridgehead nitrogen atom play a key role in strengthening or weakening theM 3 3 3Nbond. The stability
of thesemolecules are found to depend to a large extent on the strength of M 3 3 3N bonds with significant contribution coming in
frommetal-equatorial andmetal-apical bonds. Group 6metallatranes are found to have stronger transannular bonds and, hence,
higher stabilization energies than their Group 4 counterparts. Atoms in molecules theory analysis reveals the presence of a
considerable amount of covalent character in the M 3 3 3N bonds which increase from Group 4 to Group 6.

1. Introduction

Tripodal ligands such as triamidoamine [(RNCH2CH2)3-
N]3- (R=SiR0

3, R
0=aryl, alkyl), triethanolatoamine [(OCH2-

CH2)3N]3-, and its sulfur analogs have attracted considerable
interest over a period of time.1 They bind to main group and
transition metals in a tetradentate manner to create a sterically
protected, 3-fold-symmetric pocket around the metal atom1a,d

having either a trigonal monopyramidal or bipyramidal ge-
ometry.Themolecules so formedare popularlyknownasmetal-
latranes featuring a transannular M 3 3 3N bond. These
metallatranes are widely used as catalysts for olefin poly-
merization and organometallic chemical vapor deposition

(OMCVD) of thin films.2 Among the transition metal atranes,
those formed byGroup 4 andGroup 6 elements are extensively
reported in the literature,2-8 and the researchers found wide-
spread use in various catalytic processes.2,3,9-12

The chemistry of these metallatranes are largely governed
by the extent of transannularM 3 3 3Ninteraction aswell as the
nature of substituents at the equatorial (E) and apical (Z)
positions. The experimentally characterized metallatranes
show a varying degree ofM 3 3 3N interaction (Table 1). How-
ever, these transannular distances are much shorter than the
sum of the van derWaals radii of the respective metal and the
bridgehead nitrogen atom. Large numbers of metallatranes
involving both main group metals13 as well as transition
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metals (Table 1) are reported to date. While the literature is
enrichedwith theoretical studies ofmain groupatranes,14 such
studies related to transition metal atranes are very few.15

Gordonand co-workers have carriedout ab initio calculations
on the molecular structure of a series of azatitanatranes.
Their studies reveal that the transannular Ti 3 3 3N interac-
tion is stronger than those found for analogous azasila-
tranes.15a Filippou’s group has reported the first structur-
ally characterized trigonal monopyramidal chromium(II)
complexes with triamidoamine ligands and rationalized
the structural changes theoretically.15b Thus, it is worth-
while to carry out a systematic study on the structural
trends of these metallatranes. We present here a compre-
hensive study on the effect of substituents at the metal and
equatorial atom on the structure and stability of Group 4
and 6 metallatranes. A variety of substituents were em-
ployed at the metal so that the effect of both σ-donor as
well as π-donor/acceptor ligands can be studied (Scheme 1).
Also, the range of substituents is considerably larger than
that of experimentally known compounds. Our main
emphasis will be on the nature of transannular M 3 3 3N
interaction as a function of E and Z. Besides this transan-
nular M 3 3 3N interaction, any other factors which may
enhance the stability of these molecules are also explored.
In all our discussions, we will use the prefixes aza, aza-
methyl, azasilyl, oxa, and thia to indicate metallatranes
with NH, NCH3, NSiH3, O, and S as the equatorial substi-
tuents. All the metallatrane molecules considered in this
study are neutral.

2. Computational Details

All the structures were fully optimized with gradient-cor-
rected density functional theory (DFT) using the Becke’s
three-parameter hybrid functional (B3LYP) with exchange
correlation functional of Lee, Yang, and Parr.16 We em-
ployed the LANL2DZbasis set with the effective core poten-
tials (ECP) of Hay and Wadt.17 All the structures were
verified as a minimum by confirming that their respective
Hessian (matrix of analytically determined second order
energy derivative) is all real. The bonding nature of all the
compounds were analyzed by natural bond orbital analysis
(NBO).18 All the computations were performed using the
Gaussian 03 suite program.19 The oxidation states and, thus,
the d-electron count at the central metal atom changes with
variation in the nature of apical ligands (Z). For neutral Z
groups, the d-electron count at the metal atom is 1 and 3 for
theGroup 4 and 6metals, respectively, whereas for anionic Z
groups, the d-electron count decreases by one unit to 0 and 2,
respectively. For the Group 6 metals in þ3 oxidation state,
both the spin states (high and low) were considered. In order
to understand the nature of bonding in these molecules in
greater detail, the topological properties of the resultant
electron density, F, obtained from the wave functions of all
the optimized structures were analyzed with the quantum
theory of atoms in molecules (QTAIM).20 The QTAIM
analysis were carried out with the programs AIMPAC21

and AIMALL22 whereas the wave functions were generated
with Gaussian 03 at the same level of theory as was used for
geometry optimization.19 However, to produce the contour
plots of the laplacianwithAIMALL, the correspondingwave
functionswere generated by running single point calculations
at B3LYP/6-31þG* level of theory.

3. Results and Discussion

3.1. Molecular Geometry. The molecular structure of
metallatranes consists of three five membered envelope
shaped rings with the transannular M 3 3 3N bond being

Table 1. List of Experimentally Known Structures of Group 4 and 6 Metallatranes (Z-M[-ER(CH2)2-]3N) for Which Crystal Structures Are Availablea,b

metal E Z ranges of rM-Nax (Å) references

Ti NR, O Cl, NR2
0 , OR0, OArc 2.006-2.451 2, 4

Zr NR Cl, NR2
0 , CH3, PHPh, CH2Ph 2.393-2.548 2b, 5

Hf NSi(CH3)3 N(CH3)2 2.488 4b
Cr NR, NArd H, F, Cl, Br, CN, NO, CO, CH3 2.043-2.288 6
Mo NR, NAre, NArd, S Cl, NH3, NNR0, NR0, N2, C2H5,CD3, cyclo-C6H11, CN, PHPh, OR0, NO 2.171-2.422 3a, 7
W NR, NArd Cl, N2, NNR, cyclo-C4H7, CO, OR0 2.174-2.395 3b, 8

aHere, E is the equatorial substituent and Z is the apical ligand. bR=H, CH3, C2H5, i-Pr, CH2(
tBu), C6F5, Si(CH3)3, (CH3)3C6H2, (

tBu)2C6H3,
(CF3)2C6H3, Si(CH3)2(

tBu). R0 =CH3, SO2CF3, (
tBu)2C6H3, (CH2Ph)(CHPPh), (CH3)2C6H3, Si(CH3)3, SiPh3, Si(i-Pr)3.

cAr= (tBu)2C6H2CPh2,
(tBu)2C6H2C(Ph)(

tBu)2OHC6H2, (iPr)2C6H3.
dAr=(i-Pr3C6H2)2C6H3.

eAr=(tBu3C6H2)2C6H3.

Scheme 1
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common to all the rings. The optimized geometries of
these molecules adopt pseudotrigonal bipyramidal geom-
etry around the metal atom (Figure S1, Supporting
Information) with the metal and the bridgehead nitrogen
atoms being pyramidalized outwardly and inwardly,
respectively.

3.1.1. Group 4 Metallatranes. Comparison of the
X-ray bond lengths of titanatranes with our computed
ones reveal that there is a close agreement between
experiment and theory (Table S1, Supporting Informa-
tion).4a On an average, the calculated transannular
Ti 3 3 3N distances are found to be 12.4% longer than the
sum of the covalent radii (2.07 Å) for Ti and N. Similar
results were obtained by the group of Gordon for
azatitanatranes.15a Irrespective of the nature of the sub-
stituents at the equatorial position, the shortest transan-
nular bonds are computed for the σ-donating apical
ligands, viz., CO, NH3, and H2O. This can be explained
by looking at the values of the pyramidalization angle
at the metal (θM) and bridgehead nitrogen atom (θN;
Table S1, Supporting Information).While θN do not vary
appreciably with the changes either in the apical or in
the equatorial substituents, θM decreases for these
σ-donating ligands. In general, a decrease in θM and
increase in θN makes it ideal for a strong transannular
interaction (Figure 1). Corresponding to the increase or
decrease of Ti 3 3 3Ndistance, the Ti-Z distances decrease
or increase accordingly. This is also reflected in the WBI
values of respective bonds (Table S1, Supporting In-
formation). For example, in the case of Cl and OH as
the apical substituents, the Ti 3 3 3N distance of azasilylti-
tanatrane is more than that of azamethyltitanatrane even
though the value of θM is more for the latter than the
former. This lengthening of the Ti 3 3 3N bond can be
explained by the apparent strengthening of the Ti-Cl
and Ti-O bonds. However, this correlation was not
observed for CO as, in this case, back-donation from
the filled metal orbital to the π* orbital of CO results in
strengthening of the Ti-CO bond. Azamethyl and azasi-
lyl titanatranes compute a shorter Ti 3 3 3N bond. This is
because the bulky methyl and silyl group orbitals force
the metal atom to move toward the equatorial plane
defined by the three nitrogen atoms, thereby enhancing
the transannular interaction. Out of all the apical and
equatorial substituents, Z = CH3 and E = O computes
the longest Ti 3 3 3Ndistance. Our results are in contrast to

those reported by Gordon and co-workers for the parent
azatitanatrane geometry by taking CH3 and NH2 as the
apical substituents. They found a longer Ti 3 3 3Nbond for
NH2 than CH3. This difference may arise from the
noninclusion of electron correlation in their study. The
Ti 3 3 3N bonds of oxatitanatranes are much longer than
others. Interestingly, replacement of the oxygen atom by
the heavier sulfur atom dramatically changes the struc-
ture. It results in slight deformation of the cage structure
even though the trigonal bipyramidal geometry around
the metal atom is retained to a large extent. The bigger
sulfur atom causes a decrease and increase in the value of
θMand θN, respectively. These geometrical changes at the
metal and bridgehead nitrogen atom result in enhance-
ment of the transannular interaction. NBO analysis
reveals that the occupancy of the lone pair at the bridge-
head nitrogen atom increases or decreases with respect to
a decrease or increase in Ti 3 3 3N distance.
The computed minimum energy structures of zircona-

tranes and hafnatranes are also in very good agreement
with experimentally observed ones (Tables S2 and S3,
Supporting Information).4b,5a The geometrical variation
observed for these two metallatranes are similar to those
observed for titanatranes. However, the transannular
M 3 3 3N bonds are weaker for heavier Group 4 elements
which is consistent with the decrease in hardness of the
participating metals. The M-E bond strengths also
follow the same notion.
One interesting structural variation of these Group 4

metallatranes is that, with Z = NH3 and H2O, these
metallatranes do not maintain the local C3 axis as re-
vealed by the<Z-M 3 3 3N angle which is much less than
180�. This structural variation is more pronounced with
oxygen as the equatorial substituent.

3.1.2. Group 6 Metallatranes. The important geomet-
rical parameters for chromatranes are found to be
reasonably close to the experimentally observed ones
(Table S4, Supporting Information).6a-c The average
lengthening of the calculated transannular Cr 3 3 3N dis-
tances are found to be only 5% of the sum of the covalent
radii (2.03 Å) of Cr andN.Depending on the nature of the
ligands (neutral or anionic) at the apical position, the
metal atom of these metallatranes, viz., Cr, Mo, and W,
can exist in eitherþ3 or þ4 oxidation states. The relative
stability of a particular spin state can be explained by
invoking the spectrochemical series. As expected, the

Figure 1. Variation of transannular Ti 3 3 3N distance with pyramidalization at M (θM) for M= Ti and E = NSiH3.
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strong field ligand CO results in stabilization of the
doublet state for all the chromatranes except thiachro-
matranes. For thiachromatranes, the quartet state ismore
favorable than the doublet state by 4.2 kcal/mol (Table 2).
Even with oxygen at the equatorial position, the energy
difference between these two spin states is not very large,
implying that the spin state of this class of organometallic
compounds can be tuned by putting suitable substituents
at the apical and equatorial positions. In other words, the
reactivity of these compounds can be tuned by changing
the spin state as changes in spin states are found to have a
dramatic effect on chemical reactivity.23

For the weak field ligands, NH3 andH2O, the high spin
(quartet) is the most stable state. In general, shorter and
longer Cr 3 3 3N distances are computed for neutral and
anionic ligands, respectively, which can be correlated to their
relative trans directing ability.While the weakly trans direct-
ing ligands (Cl, NH3, H2O, etc.) strengthen the Cr 3 3 3N
bond, the stronger ones (CO, CN, CH3) weaken this bond.
For a given equatorial substituent, the longest Cr 3 3 3N
bonds are computed for CH3 as the apical ligand which
is in tune with experimental observation.6b On the other
hand, longer Cr 3 3 3N bonds are obtained when the highly
electronegative oxygen atom occupies the equatorial posi-
tion.LikeGroup4metallatranes, thia derivatives ofGroup6
metallatranes showsimilar structural variation.Optimization
of the groundstate chromatranemoleculewithZ=H2Oand
E = NH and NCH3 leads to cleavage of a Cr-N bond,
resulting in abroken structure, and thus, these twomolecules
were excluded from further discussion.
The calculated transannular Mo 3 3 3N and W 3 3 3N dis-

tances are reasonably closer to the experimentally observed
ones (Tables S5 and S6, Supporting Information)7,3b,8c

On an average, the calculated transannular Mo 3 3 3N and
W 3 3 3N distances are found to be 7% and 9% longer than
the sum of the covalent radii (2.15 Å) of Mo and N and
(2.05 Å) ofW andN atom, respectively. Compared to chro-
matranes, a doublet spin state is more stable formolybdena-
tranes and tungstenatranes, especially with CO as the apical
ligand (Table 2). This is due to the higher d-orbital splitting
as we go down a group resulting in pairing of the electrons.
In fact, all the doublet structures of molybdenatranes and
tungstenatranes with neutral apical ligands are more stable
than the quartet ones. Barring few exceptions, the geometric
variations obtained for these molecules are more or less

similar to those found for their chromium analogs. Due to
the soft character ofMoandW,M-Sbondsare consistently
stronger than M-O bonds.
Comparison of the geometrical parameters forGroup 4

andGroup 6metallatranes reveals that the pyramidaliza-
tion angles around the metal atoms are quite less for
Group 6 metallatranes than for Group 4 ones. Natural
charges computed using NBO18 routine reveal that there
is a decrease in the positive and negative charge at the
metal center and at the bridgehead nitrogen atom, re-
spectively, while going fromGroup 4 toGroup 6metalla-
tranes. All these factors results in strengthening of the
transannular interaction in Group 6 metallatranes.

3.2. Stabilization Energies. In general, the stability of
these metallatranes are largely governed by the degree of
M 3 3 3N interaction with significant contribution coming
in from M-E and M-Z bonds. With few exceptions,
the stabilization energy increases or decreases with a
decrease or increase in M 3 3 3N interactions, respectively.
We have used two different sets of equations to compute
the stabilization energies of these metallatranes: one
for the azametallatranes (eq 1) and the other for their
chalcogen analogs (eq 2).

Z-M½ðCH2CH2EÞ3N� þ 3NH3 þ 3CH4 f ðCH3CH2Þ3N
þ 3CH3NH2 þZ-MðNHRÞ3

E ¼ NR R ¼ H,CH3, SiH3 ð1Þ

Z-M½ðCH2CH2EÞ3N� þ 3H2Eþ 3CH4 f ðCH3CH2Þ3N
þ 3CH3EHþZ-MðEHÞ3

E ¼ O, S ð2Þ

The stabilization energies of Group 4 metallatranes
increase with changes in equatorial substituents fromNH
toNCH3 but decrease with NSiH3 (Table 3) which can be
correlated to an increase or decrease in transannular
distances. However, there are exceptions.
For example, with CO as the apical ligand, stability of

azamethyl titanatrane is higher than its silyl derivative
even though the Ti 3 3 3N distance of the former is longer
than that of the latter. This can be explained by looking at
the relative strengths of the respective Ti-Z and Ti-E
bonds of these two molecules. Thiametallatranes are
much more stable than oxa ones not only due to strong
transannular interaction but also due to stronger M-E

Table 2. Relative Stability of the Different Spin States of Group 6 Metallatranes at Their þ3 Oxidation State Computed at the B3LYP/LANL2DZ Level of Theory

NH NCH3 NSiH3 O S

apical ligands (Z) metal (M) S = 1/2 S = 3/2 S = 1/2 S = 3/2 S = 1/2 S = 3/2 S = 1/2 S = 3/2 S = 1/2 S = 3/2

CO Cr 0.0 15.1 0.0 14.6 0.0 6.3 0.0 2.8 0.0 -4.2
Mo 0.0 34.6 0.0 35.6 0.0 34.5 0.0 24.0 0.0 25.2
W 0.0 43.3 0.0 43.0 0.0 40.5 0.0 27.3 0.0 36.4

NH3 Cr 6.7 0.0 5.6 0.0 10.8 0.0 9.6 0.0 20.0 0.0
Mo 0.0 15.3 0.0 15.4 0.0 11.5 0.0 7.3 0.0 4.0
W 0.0 15.5 0.0 19.4 0.0 17.1 0.0 8.6 0.0 12.6

H2O Cr a a 7.6 0.0 8.5 0.0 15.6 0.0
Mo 0.0 17.7 0.0 17.4 0.0 14.5 0.0 8.9 0.0 5.0
W 0.0 8.1 0.0 10.8 0.0 14.9 0.0 10.9 0.0 14.8

aBroken structure.

(23) (a) Macedo, J. L. C.; Harvey, J. N. J. Am. Chem. Soc. 2004, 126,
5789–5797. (b) Poli, R. J. Organomet. Chem. 2004, 689, 4291–4304. (c)
Wasbotten, I. H.; Ghosh, A. Inorg. Chem. 2007, 46, 7890–7898.
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and M-Z bonds. Also, thiametallatranes compute the
least positive charge at the metal center which is due to
extensive charge transfer from the three equatorial sulfur
atoms to the central metal atom.
The stability of Group 6 metallatranes is higher than

those of their Group 4 analogs, owing to the presence of
stronger transannular M 3 3 3N bonds in the former. The
stability trend obtained for the aza derivative of these
metallatranes is similar to those found for Group 4
analogs; i.e., the stability increases from NH to NCH3

and decreases with NSiH3. Like thiametallatranes of
Group 4 elements, Group 6 ones are also strikingly more
stable than oxametallatranes for the same reason as given
for Group 4 analogs.

4. QTAIM Analysis

The topology of electron density in a molecule can be
analyzed using Bader’s atoms in molecules theory (AIM).20

Generally, for covalent interactions (also referred to as
“open-shell” or “sharing” interactions), the electron density
at the bond critical point (BCP), Fb, is large (>0.2 a.u) while
its laplacian, r2F, is large and negative. On the other hand,
for closed-shell interactions (e.g., ionic, van der Waals, or
hydrogen bonds), Fb is small (<0.10 a.u) andr2F is positive.
However, analysis of the bonding situation in transition
metal compounds with QTAIM does not follow this usual
notion since a covalent bond in transition metal compounds
is characterized by a small value of Fb and small and positive
values of r2F due to the diffuse character of the electron
distribution.24 Hence, the bonding situation in these com-
pounds cannot be described with Fb and r2F alone, rather a
more specific descriptor should be applied and electronic
energy density H(r) at BCP best fits the purpose.

Cremer and Kraka25 proposed that a value of H(r)<0 at
BCP indicates the presence of significant covalent character
andaccounts for the loweringofpotential energyof electrons at
BCPs. The magnitude of H(r) reflects the “covalence” of
interaction. We have adopted a similar approach to character-
ize the transannular M 3 3 3N bonds in Group 4 and 6 metalla-
tranes (Tables S7 and S8, Supporting Information).24-27 All
these Group 4metallatranes show a (3,-1) bond critical point
at the M 3 3 3N bond. The formation of (3, þ1) ring critical
points also support the presence of the transannular interaction
which indicates the formation of five-member cycles in these
molecules. As defined by Bader, the laplacian of electron
density at BCP is give by L(r) =r2F(r).20a The accumulation
of electron density, Fb and a larger value ofL(r) along the bond
pathhas an impact on the stability.28aLarger values ofL(r) and
Fb result in local stabilization of the structure due to increased
shielding of the nuclei of the bonded pair.28b Figure 2 shows a
nice linear relationship between the transannular Ti 3 3 3N
distances with the electron density at the bond critical point,
Fb, and its laplacian,r2F.Hence, stronger bonds are associated
with larger accumulation of Fb and a larger value of L(r). The
laplacian at the bond critical point, r2F, are all positive and
increase with a decrease in transannularM 3 3 3Nbonds. This is
in tune with previous theoretical studies.29-31

The contour plot of laplacian (Figure 3) in the N 3 3 3Ti-Z
plane clearly shows the effect of apical as well as equatorial

Table 3. B3LYP/LANL2DZ Computed Stabilization Energies for Group 4 and 6 Metallatranesa

Z E=NH NCH3 NSiH3 O S

group 4 group 6 group 4 group 6 group 4 group 6 group 4 group 6 group 4 group 6

Cl 21.6 66.1 27.6 62.3 16.6 61.3 15.8 66.7 27.5 67.8

22.4 37.9 33.2 47.8 17.9 35.6 12.2 30.2 27.9 38.2
22.5 53.6 34.1 47.5 19.2 40.0 9.5 43.9 29.8 48.6

NH2 19.1 46.9 23.3 46.7 16.1 45.7 14.5 53.1 24.4 51.9

19.4 31.0 31.8 35.7 17.1 29.3 10.5 29.4 23.6 28.5
19.7 35.0 32.2 39.5 16.9 34.1 7.9 29.4 25.7 34.7

CO 21.2 40.0 26.3 41.6 19.9 32.9 17.7 39.9 25.8 44.4

20.9 34.0 27.1 37.8 20.1 32.1 13.5 26.6 28.4 38.1
21.1 42.1 27.5 44.8 19.9 38.1 10.4 26.5 26.6 47.2

CN 20.0 44.1 22.9 44.9 16.4 36.1 15.1 34.8 26.8 42.7

20.0 36.5 25.7 45.6 16.6 31.7 11.5 29.1 26.8 36.4
20.2 44.4 31.8 49.8 18.0 40.3 8.5 32.7 28.5 46.0

NH3 19.0 25.5 27.7 33.4 20.4 26.4 16.0 26.8 28.6 32.8

15.0 30.1 23.6 39.4 15.1 33.5 3.4 31.1 25.2 39.5
16.7 24.7 22.6 33.8 14.3 30.4 2.8 20.1 25.5 48.6

CH3 15.3 32.3 18.8 35.0 11.7 24.4 10.8 28.3 20.8 31.3

16.2 25.4 22.8 32.1 13.4 23.7 7.0 23.1 20.5 26.2
16.7 33.8 29.2 40.8 14.6 30.9 4.6 25.1 22.6 35.9

OH 21.1 37.9 31.4 42.3 18.9 37.4 14.8 32.2 26.9 33.7

22.1 33.1 29.1 39.7 19.9 32.5 11.1 32.1 27.0 29.7
22.0 37.5 35.3 44.0 20.1 38.5 8.6 32.2 28.5 35.4

H2O 19.9 b 29.1 b 23.3 24.5 11.8 22.2 26.7 28.7

16.5 34.0 24.1 38.7 16.8 37.5 3.7 29.0 24.3 39.3
19.1 22.8 30.6 29.4 13.4 20.8 2.1 18.2 23.6 46.4

aTi and Cr values are given in bold font; Zr and Mo values are in normal font, and Hf and W values are in italic font. bBroken structure.

(24) Farrugia, L. J.; Evans, C.; Tegel, M. J. Phys. Chem. A 2006, 110,
7952–7961.

(25) Cremer, D.; Kraka, E. Angew. Chem., Int. Ed. Engl. 1984, 23, 627–
628.

(26) Macchi, P.; Sironi, A. Coord. Chem. Rev. 2003, 238 - 239, 383–412.
(27) Nakanishi, W.; Hayashi, S.; Narahara, K. J. Phys. Chem. A 2009,

113, 10050–10057.
(28) (a) Gatti, C. Z. Kristallogr. 2005, 220, 399–457. (b) Gibbs, G. V.;

Downs, R. T.; Cox, D. F.; Ross, N. L.; Boisen, M. B., Jr.; Rosso, K. M. J. Phys.
Chem. A 2008, 112, 3693–3699.

(29) Love, I. J. Phys. Chem. A 2009, 113, 2640–2646.
(30) Boily, J. J. Phys. Chem. A 2003, 107, 4276–4285.
(31) Henn, J.; Ilge, D.; Leusser, D.; Stalke, D.; Engels, B. J. Phys. Chem. A

2004, 108, 9442–9452.
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ligands in titanatranes. A clear distinction between the
transannular interaction involving the two apical ligands,
viz., CH3 andNH3, can be seen inFigure 3a,bwhich reflects a
stronger transannular Ti 3 3 3N interaction with NH3 than
CH3, as theVSCC (valence shell charge concentration) on the
bridgehead nitrogen atom is more polarized toward the
titanium atom in the former. Figure 3c,d shows the effect
of equatorial substituents on the M-E bond strengths.
Charge transfer from equatorial substituent to the titanium
atom is stronger with sulfur than oxygen which accounts for
the stronger Ti-S bond strengths compared to Ti-O bonds.
The topological descriptions of electron density at the

M 3 3 3N (M = Zr, Hf) bond critical point is almost similar
to those observed for Ti 3 3 3Nbonds (Table S7 andFigures S2
and S3, Supporting Information). The values of local elec-
tron density H(r) are least negative for Zr 3 3 3N bonds
compared to other Group 4 metallatranes.
The topological values of the electron density at the transan-

nularM 3 3 3Nbonds forGroup6metallatranes are almost simi-
lar to that of Group 4 metallatranes (Table S8 and Figure S4,
Supporting Information). However, there are some major
contrasts in the topological character of Group 4 and 6
metallatranes. For example, Group 6 metallatranes compute
higher values of Fb and L(r) and more negative values of H(r)
at the M 3 3 3N bond critical point compared to Group 4
metallatranes. All these topological parameters point toward
a stronger transannular interaction in Group 6 metallatranes
compared to Group 4 analogs. This is also reflected in the
WBI values, stabilization energies, and delocalization index,
δ(M, N), for the transannular M 3 3 3N bonds of group 6

metallatranes(Tables S9 and S10, Supporting Information).
Topological description of the M 3 3 3N (M = Mo or W)
bonds is quite similar to that ofCr 3 3 3Nbonds (Figure S5 and
S6, Supporting Information).
The distribution of laplacian at the Cr 3 3 3N bond critical

points is shown in Figure 4 which illustrates the effect of
apical as well as equatorial substituents on the Cr 3 3 3N and
Cr-E bond strengths. As seen for titanatranes, similar, but
somewhat more, polarization of the VSCC on bridgehead
nitrogen toward chromium is noticed here.
Thus, the M 3 3 3N bond critical point shows low values

of Fb, small and positive values ofr2F, and negative values of
H(r). All these computed topological descriptors at the
transannular M 3 3 3N bond critical points of Group 4 and 6
metallatranes show a considerable degree of covalency which
increases from Group 4 to Group 6. Stronger transannular
bonds have higher values of delocalization index δ(M, N;
Figure S7, Supporting Information), electron density, Fb,
and higher values of L(r). The calculated Ehrenfest
forces32 for the metal atom are attractive in every case
drawing the metal atom toward the bridgehead nitrogen
atom. This attractive Ehrenfest force results in a stabilizing
energy for the formation of M|Nb (Nb is the bridgehead
atom) surface. The external contribution to the nuclear-
electron potential energy at the metal center ΔV ene(M)
dominates over the own contribution ΔV 0ne(M), which
accounts for the stability of these molecules (Tables S9 and
S10, Supporting Information).

Figure 2. Variationof r(M 3 3 3N) (Å)with (a) electrondensity (F, au) and(b) laplacian [r2F (bcp),au] at thebondcriticalpointof the transannularTi 3 3 3Nbonds.

Figure 3. Contourplots of laplacian,r2F (bcp), in theN 3 3 3Ti-Zplane (obtainedwithAIMALLprogram21 atB3LYP/6-31þG* level of theory) showing
the effect of apical, (a) Z=CH3 and (b) Z=NH3, and equatorial substituents, (c) E=Oand (d) E=S, on the bonding of titanatranes. Regions of charge
depletion (r2F>0) are denoted by solid blue lines while regions of charge concentration (r2F<0) are denoted by dashed red lines. Green spheres denote
bond critical points (BCPs), and black solid lines denote bond paths.

(32) Ehrenfest, P. Z. Phys. 1927, 45, 455.
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5. Conclusions

The nature of intramolecular transannular M 3 3 3N bond, a
key structural feature of Group 4 and 6 metallatranes, are
found to be influenced not only by the substituents at apical
and equatorial positions but also by the extent to which the
metal and bridgehead nitrogen atoms are pyramidalized.
Shorter and stronger M 3 3 3N bonds are computed for mole-
cules inwhich themetal atom is slightly pyramidalizedwhereas
the bridgehead nitrogen atom is strongly pyramidalized.
Weakly trans directing apical ligands such as Cl, NH3, and
H2O strengthen the transannular interactionwhile the stronger
ones CO, CN, and CH3 weaken the same. The M 3 3 3N bonds
of Group 6 metallatranes are found to be stronger than their
Group 4 analogs, and accordingly, higher stabilization energies
are computed for the former. The energetics of different spin
states of Group 6 metallatranes are found to depend on the
nature of apical aswell as equatorial substituents. Thenatureof
the transannular bond of these molecules was ascertained with
the help of QTAIM analysis which reveal that they have
(i) small values of electron density (Fb), (ii) small and positive
values of laplacian (r2F), and (iii) negative values of local
electronic energy density [H(r)] at the bond critical points.

Thus, theM 3 3 3Nbondsof thesemoleculeshavea considerable
amount of covalent character.26 Ehrenfest forces for the metal
atom are all attractive in nature, and the atomic contribution
for the stability of these molecules comes from large negative
values of external contribution to nuclear-electron potential
energy at the metal center, ΔVene. We feel that our study will
further help the experimentalists in designing new and efficient
metallatrane based catalytic systems.
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Figure 4. Contourplots of laplacian,r2F (bcp), in theN 3 3 3Cr-Zplane (obtainedwithAIMALLprogram21atB3LYP/6-31þG*level of theory) showing
the effect of apical, (a) Z=CH3 and (b) Z=NH3, and equatorial substituents (c) E=Oand (d) E=S,on the bonding of chromatranes.Regions of charge
depletion (r2F>0) are denoted by solid blue lines while regions of charge concentration (r2F<0) are denoted by dashed red lines. Green spheres denote
bond critical points (BCPs), and black solid lines denote bond paths.


