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Summary: Ab-initio results are presented for a series of
methane adducts of d°, three-coordinate imido complexes.
The presence of weakly bound adducts on the reaction
coordinate for CH activation has been inferred from
kinetic and spectroscopic data, although their role, if
any, in CH activation is not clear. Methane adducts of
pyramidal M(NH3)(=NH); (M = Nb, Ta) and M(=NH)3
(M = Mo, W) have appreciable calculated binding
enthalpies (=~11-16 kcal mol-1), comparable to values
measured for Kubas’ Hscomplex. However, planarimidos
((NH3);M=NH, M = Ti, Zr; (OH);Ti=NH) have much
smaller binding enthalpies. The calculations suggest a
significant covalent contribution to the bonding between
substrate and the formally d° complex. Upon coordi-
nation there is weakening of methane CH bonds, charge
transfer from methane to metal, and increased C*H®*
polarization, all indicative of a role for the adduct in the
all-important CH scission step to follow. The calculations
suggest that a methane adduct of Ta(=NR)(NHR) or
W(=NR)3 affords the best opportunity to have an
appreciable lifetime and form in concentrations large
enough to facilitate characterization, perhaps by methods
similar to those used in agostic complexes, e.g. IR and
NMR analyses of shifts in vcy and 1Jcy, respectively.

A detailed understanding of transition metal-mediated
CH activation reaction surfaces is crucial to processes like
catalytic methane conversion.?2 A growing body of data is
available for hydrocarbon interaction with low-valent
complexes.>5 However, CH activation is also effected by
d° complexes.t” Kinetic data for alkane activation by d°
Zr-and Ta—imidos can be interpreted in favor of formation
of weakly-bound alkane adducts.®® We report here
ab-initioll-14 results for methane adducts of d° imido

complexes. Adducts of group VB and VIB imidos have
sizable binding enthalpies (>11 kcal mol-!). Marked shifts
in methane CH stretching frequencies occur upon adduct
formation, suggesting potential experimental probes to
elucidate their role in CH activation.

Target imidos are models of putative methane activators
and related congeners, Figure 1.%15 Imido and methane
are first optimized individually at the restricted Hartree-~
Fock (RHF) level. As found previously,’!4 agreement
between calculated and experimental geometries is ex-
cellent at thislevel.l? Optimized reactants are placed with
a MC distance of ~2.75 A, and the adduct is completely
geometry optimized at the RHF level. Reactant fragments
in adduct minima change little from isolated optimized
geometries. Group IVB imidos distort slightly from
trigonal planar (TP3) to pyramidal (PY3) upon methane
coordination; group VB and VIB imidos, PY3 when
isolated, maintain this geometry.!8 Coordination results
in transfer of ~0.1-0.3 electrons from substrate to metal
and increased C*H® polarization!” (calculated from
Mulliken population analyses).

Enthalpies of adduct formation (AHg4q), calculated at
RHF optimized geometries using MP2 energies, are given
in Table I. Larger AH,q correlate with pyramidal
geometries and greater charge transfer. Burkey® has
measured alkane binding enthalpies for low-valent com-
plexes as high as 17 keal mol-!;5 the estimated value for
CpIr(CO) is 10 kcal mol-1.42 A AH,q4 of at least 10 kcal/
mol is estimated!% for Zn* and Mn*. Thus, calculated
AH 44 values are in accord with experimental estimates.
Group VB and VIB imidos have AHyqq > 11 keal mol-!,
values which suggest that adduct formation may be
exergonic even with an unfavorable TAS term. Using
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Figure 1. Pertinent metric data (bond lengths in A; angles
in deg) for calculated minima. Group IVB (Ti, Zr), group VB
(Nb, Ta), and group VIB (Mo, W) metals are prepresented
by circles with horizontal, meshed, and diagonal lines,
respectively. Carbon, hydrogen, nitrogen, and oxygen are
the shaded, open, cross-hatched, and speckled circles, re-
spectively.

Table . Methane Binding Enthalpies*

d  AHu AGw
electron (kcal (kcal q
complex count mol!') mol") (M)’ g(CH,)*

[Ti(NH)2(=NH)--CH,] d° -44 18 +1.08 +.13
[Zr(NH,)2(=NH)--CH,] de -63 04 +1.62 +.15
[Nb(NH2)(=NH)+CH,] d° -11.1 -4.0 +1.48 +.21
[Ta(NH;)(=NH)CH,} de -136 -62 +1.55 +.27

M=N=177(1.77)
M=N-H = 132(144)
N=M=N = 114{113)

[Mo(=NH);-+CH.,) d° -137 -58 +120 +.26
[W(=NH)3~CH,] d®  -156 -84 +1.48 +.31
[Ti(OH),(=NH)--CH] &  -66 12 +1.36 +.20
[W(OH),(=NH)-CH,] d 0 83 +1.54 +.00
[Os(=NH)y+CH,] d? 0 56 +1.19 +.00

2 Enthalpies (AH,q4) and free energies (AG,4q4) of adduct formation
relative to separated reactants were calculated using MP2 energies at
RHF optimized geometries and are corrected to 298.15 K and for the
zero point energy using methods outlined in ref 13 (pp 251-259). ¢ These
are the calculated Mulliken atomic charges for the metal in the reactant
complex, i.e. before adduct formation. ¢ These are the calculated Mulliken
charges on the methane fragment in the adduct.

RHF vibrational frequencies to determine T'AS,44 shows
that methane coordination is indeed exergonic for group
VB bis(imido) and group VIB tris(imido) species, Table
L

We contend that methane-imido interaction is more
than simply electrostatic or ion-dipole but that there is
substantial covalency. If the bonding were primarily
electrostatic or ion-dipole, one would expect better cor-
relation between calculated metal charges and AH,q44,
which is not the case, Table I. More convincingly, d2
electrophiles (W(OH)(=NH)!8 and Os(=NH);!8b) should
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Figure 2. Calculated vcy (in cm-!) and intensities (in D2
amu! A-2) for methane adducts of Zr(NHy);(=NH), Ta-
(=NH)y(NH,), and W(=NH)s. The arrow at 2908 cm-! and
the dark, vertical bar at 3037 cm-! signify the calculated a;
(intensity = 0) and t, stretches (intensity = 1.29) of free
methane. One of the CH modes for the W(=NH)g-CH,
adduct (at 2972 cm-!) has a calculated intensity of 0.003.

have substantial AH,4q values if methane-imido interac-
tion were predominantly electrostatic or ion-dipole. This
is clearly not =0, as revealed by geometry optimization of
d2? adducts, which do not “converge” until M---C distances
are >4 A, and AH,4q = 0 kcal mol-!, indicative of repulsive
substrate-complex interaction.

The origin of the repulsive interaction in d2 adducts is
between the filled, metal-based MO (a;) and ocy, 1.
Conversely, a; is a low-energy acceptor orbital in the
formally d° complexes,'® available for bonding with och.

H
\
H-;\O&DH
H

Perturbation from TP3 to PY3 will lower a; in energy as
ligand & donor orbitals move away from the d,: torus,
making the complex a better Lewis acid.2%2! Two inter-
actions can arise in metal/CH bonding: donation from
ocu to a vacant metal MO and back-donation from an
occupied metal MO to o*cy.22 The latter is nonexistent
for d° complexes. The present results argue that if ocy?
— gp? donation is sizable, there can be an appreciable
stabilizing interaction and significant AHqq values.
Do calculations suggest an experimental probe for study
of methane adducts? Agostic CH displays reduced IR
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stretching frequencies (vcx) and NMR coupling constants
({Jcn) versus “normal” CH bonds, indicating bond weak-
ening.23 Calculations using the present scheme reproduce
vcu shifts for agostic versus normal CH in Ta-alkyli-
denes.!4* The vcy shifts were calculated at the RHF level
and scaled in the usual manner.2¢ Calculated vcy values
for a group IVB, VB, and VIB d° complex are plotted in
Figure 2. Peaks derived from the methane t; stretch will
probably be obscured by those from the free substrate.
Adduct bands derived from the a; stretch (=2800-2900
cm-!, Figure 2) are shifted significantly to lower values,
have appreciable intensities, and will clearly be more
intense than the IR inactive a; stretch of free CH,.

(23) Schrock, R. R. Acc. Chem. Res. 1979, 12, 98.

(24) (a) Vibrational frequencies for main group bonds can be accurately
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for RHF 6-31G*. Scaling the ECP results by 0.925 gives vcy shifts of 2008
cm-' (a;) and 3037 em-! (1), compared with experimental values of 2917
cm-' (a;) and 3019 cm-! (t,).1% All vcy values for adducts are scaled by
0.925.
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Methane adducts with large enough AH,44 values to
result in appreciable lifetimes and concentrations may be
amenable to IR characterization of »cy shifts (or NMR
analysis of 1Jcy). The experimental H; binding energy
for Kubas’ complex (stable enough to be characterized by
neutron diffraction) is ~11 kcal mol-1.25> Calculations
indicate a pyramidal, d°, three-coordinate bis(imido)amido
Ta? or tris(imido) W15¢ provides the best opportunity for
isolation of a methane adduct of a d° complex and further
elucidation of their importance in CH activation.
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