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Abstract: Calculations employing density functional theory (Gaussian 98, B3LYP, LANL2DZ, 6-31G*) have
been undertaken to interrogate the factors influencing the metathesis reaction involving M-M, C-C, and
M-C triple bonds for the model compounds M2(EH)6, M2(EH)6(µ-C2H2), and [(HE)3M(tCH)]2, where M )
Mo, W and E ) O, S. Whereas in all cases the ethyne adducts are predicted to be enthalpically favored
in the reactions between M2(EH)6 compounds and ethyne, only when M ) W and E ) O is the alkylidyne
product [(HO)3W(tCH)]2 predicted to be more stable than the alkyne adduct. For the reaction M2(EH)6(µ-
C2H2) f [(HE)3M(tCH)]2, the ∆G° values (kcal mol-1) are -6 (M ) W, E ) O), +5 (M ) Mo, E ) O), +18
(M ) W, E ) S), and +21 (M ) Mo, E ) S) and the free energies of activation are calculated to be ∆Gq

) +19 kcal mol-1 (M ) W, E ) O) and +34 kcal mol-1 (M ) Mo, E ) O), where the transition state
involves an asymmetric bridged structure M2(OH)4(µ-OH)2(CH)(µ-CH) in which the C-C bond has broken;
C‚‚‚C ) 1.89 and 1.98 Å for W and Mo, respectively. These results are discussed in terms of the experimental
observations of the reactions involving ethyne and the symmetrically substituted alkynes (RCCR, where R
) Me, Et) with M2(OtBu)6 and M2(OtBu)2(StBu)4 compounds, where M ) Mo, W.

Introduction

Olefin and alkyne metathesis reactions have attracted con-
siderable preparative and theoretical interest. Indeed, largely
through the efforts of Schrock,1 Grubbs,2 and subsequently
others,3 the metal-carbene/alkylidene mediated olefin metathesis
reaction has emerged as one of the most important reactions in
metal mediated preparative procedures. Certainly, ring-closure
metathesis, RCM, and ring-opening polymerization metathesis,
ROMP, are now well-established and commonly employed
procedures in modern day organic and polymer synthesis.
Somewhat related but less well studied reactions involving
M-M and C-C multiple bonds are shown schematically in
eqs 1 and 2 below.

Certain early transition metal alkylidene complexes are known
to decompose by bimolecular pathways yielding alkenes, but
there does not seem to be any bona fide example of eq 1 to
date. The forward reaction involving the mutual scission of
M-M and C-C triple bonds, the “chop-chop reaction”, was
first noted by Schrock 20 years ago in the reactions between
certain alkynes and W2(OtBu)6, eq 3.

A variation on the reaction shown in eq 3 involving terminal
alkynes was subsequently developed as a simple route to
(tBuO)3WtCR compounds which are commonly employed as
alkyne metathesis catalysts (e.g., R) tBu).4

The reaction shown in eq 3 is very sensitive to the selection
of specific alkoxide or aryloxide ligands. The introduction of
trialkylsiloxide ligands as in W2(OSiMetBu2)6

5 or thiolates in
W2(OtBu)2(StBu)46 completely shuts down the metathesis reac-
tion. Moreover, the related molybdenum compound Mo2(OtBu)6
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does not react with RCtCR (R) Me, Et, Prn) in an analogous
manner, though certain (tBuO)3MotCR compounds have been
prepared from related reactions employing terminal alkynes.7

In work in our laboratory, we had observed the formation of
alkyne adducts in a variety of reactions employing M2(OR)6
compounds, where M) Mo and W and R) tBu, iPr, and
CH2

tBu. In certain cases, we also found evidence for an
equilibrium involving the alkyne adducts and the alkylidyne
complexes, eq 4, but only when the metal was tungsten.8

A simple verification of this statement is seen in the reactions
involving the alkyne adduct formed from H13C13CH and DCCD.
In the case of tungsten, the alkylidyne species (tBuO)3Wt13CH
and (tBuO)3WtCD can be detected along with the alkyne
adduct W2(OtBu)6(µ-H13CCD) formed from their coupling. The
related molybdenum compounds are not similarly formed from
the kinetically labile but from otherwise well-characterized
ethyne adducts of Mo2(OtBu)6.9 With the advent of modern
computational methods employing density functional theory and
the ready availability of programs such as Gaussian 98,10 it is
possible to interrogate the fundamental thermodynamic and
kinetic factors that are controlling these reactions. We describe
here our investigations of the reactions between ethyne and the
model compounds M2(EH)6 (MtM), where M ) Mo and W
and E) O and S. Though the use of OH and SH to model
tBuO and tBuS is clearly a significant approximation, the
findings are particularly enlightening with regard to the experi-
mental observations and the calculated free energies are
proposed to duplicate the trends in reactivity. The results
reported here are also particularly relevant to recent findings
concerning the reductive cleavage of dinitrogen to give 2 equiv
of a metal nitride11 and its reverse reaction wherein homo or
heterometallic metal nitride complexes react to either form
bridged dinitrogen complexes or undergo reduction with the
expulsion of N2.12

Results and Discussion

Calculated Reaction Thermodynamics.To extend our
understanding of the alkyne-cleavage reaction, the thermody-
namics of the reactions shown in eq 5, for M) Mo, W and E
) O, S, were first calculated using density functional theory.

Calculations have been done previously on the model
compounds M2(OH)6 (I ).6,13 Structural parameters from the
X-ray data for W2(OiPr)6(py)2(µ-C2H2)8 were used as a starting
point for the geometry optimizations ofII . The pyridine ligands
were omitted, and EH was substituted for OiPr. This geometry
is also very similar to the structure of M2(OtBu)6(µ-CO), which
has two bridging and four terminal alkoxides.14 For M ) W,
W2(OH)6(µ-C2H2) was also optimized with all terminal hydrox-
ides, which resulted in an internal hydrogen bond, as shown in
Figure 1, and an energy essentially equivalent to that of the
doubly bridged species. The similarity in energies of the bridged
and unbridged structures seemingly correlates well with the
observation that the molecules M2(OtBu)6(µ-CO)14 are fluxional
on the NMR time scale and not frozen out in a bridged form,
even at-80 °C in toluene-d8 (M ) Mo or W).

The cleaved product (III ) was modeled with EH groups
bridging the two halves of the molecule, as is seen in the crystal
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W2(O
tBu)6(µ-C2R2) h 2[(tBuO)3WtCR] (4)

Figure 1. Optimized structure of W2(OH)6(µ-C2H2) with terminal OH
groups with selected bond lengths (Å) and angles (deg).
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structure of [(tBuO)3WtCMe]2.15 The bond lengths and angles
of the optimized structure compare well with those of the actual
molecule. The W-W nonbonding distances are 3.518(1) Å and
3.64 Å, and the W-C distances are 1.759(6) Å and 1.76 Å for
the actual and model compounds, respectively. The observed
and calculated W-O bond lengths are also quite similar, within
0.04 Å, with the longest W-O distances involving the bridging
OH groups. The calculation of the model complex also
reproduces the linearity of the WtCH group with a calculated
bond angle of 178.7°, compared to the actual bond angle of
179.8°. The W-O-C bond angles, 129.9(4)°-138.5(4)°, are
larger than those in the model complex, 117.5°-126.2°,
presumably because of the lack of steric bulk in the model
compound. Using the “dimer” in the calculations has an
additional advantage in that the second reaction, M2(OH)6(µ-
C2H2) to [(HE)3MtCH]2, can then be viewed as a unimolecular
rearrangement. Calculations were also performed on molecules
(HE)3M(µ-CH)2M(EH)3, where two alkylidyne groups bridge
the two metals (Figure 2). These structures are over 15 kcal/
mol higher in energy than those with terminal MtC and
bridging EH groups.

The geometries of all of the model compounds were
optimized to minima in energy, and frequency calculations were
performed to ensure that there were no imaginary frequencies.

The ∆G° values of the reactions shown in eq 5 at room
temperature are given in Table 1. For the first step, the
association of the alkyne with the dinunclear complex, the
reaction is calculated to be more exergonic when E) S than
when E) O and, for the hydroxide complexes, adduct formation
for M ) W is more thermodynamically favored than that for
M ) Mo. For the second step, rearrangement to the alkylidyne
species, for M) W and E) O, the reaction is thermodynami-
cally favored;∆G° ) -6 kcal/mol, while, for M) Mo and E
) O, ∆G° is calculated to be+5 kcal/mol. Experimentally,

W2(OtBu)6 is known to readily react with alkynes in a
quantitative manner to give alkylidyne complexes, while
Mo2(OtBu)6 only reacts with terminal alkynes under more
forcing conditions to give low yields of (tBuO)3MotCR.

For both metals, the reaction when E) S is considerably
unfavorable, with a∆G° of +21 kcal/mol for Mo and+18 kcal/
mol for W. The optimized structures of the alkylidynes where
E ) S are somewhat different from those where E) O in that
the MtCH groups and bridging EH groups are no longer co-
planar. This leads to more distorted pseudotrigonal bipyramidal
coordination about the metal ions in the thiolates (Figure 3).

In addition to the thermodynamics of the system, we wished
to gain an understanding of how the reaction proceeds and the
height of the barriers of the reactions. We focused on the
unimolecular rearrangement of the alkyne-adduct to the alkyli-
dyne product and confined our study to E) O, as this reaction
is not seen experimentally for E) S for either metal.

Transition State Study of M2(OH)6(µ-C2H2) f [(HO)3Mt
H]2. In the reaction from M2(OH)6(µ-C2H2) to [(HO)3MtCH]2,
two M-C bonds, an M-M bond and a C-C bond, must be
cleaved and MtC triple bonds must be formed from single
bonds. In addition, there is significant rearrangement necessary
to place the carbon atomsanti to each other and to increase the
M-M distance by approximately 1.1 Å. At the start, we
imagined two ways in which these transformations could
occur: (1) the carbon atoms could initially move away from
each other in the direction of forming a planar M2C2 unit (IV ),
a 1,3-dimetallacyclobutadiene,16 or (2) the C-C axis could
initially rotate, as in the transformation of a dimetalatetrahedrane
to a 1,2-dimetallocyclobutadiene (V).17

Calculated Reaction Coordinate for Molybdenum. The
calculated reaction coordinate for Mo2(OH)6(µ-C2H2) f [Mo-
(tCH)(OH)3]2 is given in terms of free energy in Figure 4,

(15) Chisholm, M. H.; Hoffman, D. M.; Huffman, J. C.Inorg. Chem.1983, 22,
2903.
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4, 3858.

Figure 2. Optimized structure of (HS)3W(µ-CH)2W(SH)3 with selected
bond lengths (Å) and angles (deg).

Table 1. Free Energy Values (kcal mol-1) for the Reactions
Involved in Acetylene Cleavage by Dinuclear M2(EH)6 Complexes,
Where M ) Mo, W and E ) O, S

Mo, O Mo, S W, O W, S

M2(EH)6 + HCtH f M2(EH)6(µ-C2H2) 4.5 -1.0 -0.8 -13.3
M2(EH)6(µ-C2H2) f [(HE)3MtCH]2 5.0 21.0 -6.3 18.3
M2(EH)6 + HCtCH f [(HE)3MtCH]2 9.5 20.0 -7.1 5.0

Figure 3. Optimized structure of [W(tCH)(SH)3]2 with selected bond
lengths (Å) and angles (deg).
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and energies and selected bond lengths of the species are given
in Table 2. The transition state and intermediate structures along
the pathway are shown and labeleda-g andn-q. Alternative
views of some of these structures are given for clarity in the
Supporting Information.

The highest lying transition state structure calculated for Mo,
n, has one CH group terminal and the other CH group bridging
the two metals. This structure is 34 kcal/mol higher in energy
than Mo2(OH)6(µ-C2H2), a. In going froma to n, one M-C
bond shortens from 2.10 to 1.79 Å, while the other M-C bond
of the bridging CH group shortens from 2.09 to 1.87 Å. The
M-M bond lengthens by approximately 0.1 Å. There is no
longer a C-C bond in the transition state structure, and the
C-C distance is 1.98 Å. The imaginary frequency forn moves
the CH groups apart and together, and the latter leads to the
reformation of the C-C bond.

The transition staten connects, in the forward direction, to a
minimum (o) that is similar in structure to the alkylidyne
product, [Mo(tCH)(OH)3]2, except that the CH groups are not
anti to each other. The M-M nonbonding distance is also
somewhat shorter ino as compared to [Mo(tCH)(OH)3]2 (q),
with distances of 3.58 and 3.65 Å, respectively. The minimum
o is 3 kcal/mol higher in energy than [Mo(tCH)(OH)3]2.
Another transition state,p, 2 kcal/mol higher thano, is required
to connect the minimao andq.

The reaction coordinate from the high-lying transition state
(n) to the reactant, Mo2(OH)6(µ-C2H2), is more complicated.
In this direction,n connects to a minimum,g, in which the
C-C axis is rotated approximately 45° to the Mo-Mo axis.
The structure is 2 kcal/mol higher in energy thana, Mo2(OH)6-
(µ-C2H2). In the minimumg, the C-C bond is reformed and
has a distance of 1.48 Å. Each CH group bonds to only one
metal center, with relatively short Mo-C bond distances of 1.88
and 1.99 Å as compared to those ofa, in which the Mo-C
distances are 2.1 Å. Another transition state,f, returns the C-C
axis perpendicular to the M-M axis and connects to a minimum,
e, which is structurally very similar to Mo2(OH)6(µ-C2H2),
except that two of the terminal OH groups have different
orientations. Energetically,e is 3 kcal/mol higher than the
reactanta. A transition state is needed to rotate each OH group
back to the orientation ina. The first transition state,d, has an
energy of 2.5 kcal/mol above that ofeand leads to a minimum,
c, which is only 1.4 kcal/mol abovea. The last transition state
required to connect to Mo2(OH)6(µ-C2H2), b, is 3.2 kcal/mol
higher in energy thanc.

The transition staten is on a pathway between Mo2(OH)6-
(µ-C2H2) and [Mo(tCH)(OH)3]2 that can be connected through
a series of transition states and minima. Despite the complexity
of the reaction coordinate, only the transition staten with a 34
kcal/mol activation energy is kinetically significant, as the other
transition states occur at much lower energy. A graph of selected
bond lengths plotted throughout the course of the reaction is

Figure 4. Reaction coordinate for Mo2(EH)6(µ-C2H2) f [(HE)3MotCH]2
with free energy values (kcal mol-1) given relative to Mo2(EH)6(µ-C2H2).
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given in Figure 5, which shows that large changes in bond length
occur around the high-lying transition state,n. Throughout the
course of the reaction, the Mo-O distances also change
considerably. The terminal O-Mo bond distances range from
1.90 to 1.97 Å, while the bridging O-Mo bond lengths range
from 2.03 to 2.42 Å.

Calculated Reaction Coordinate for Tungsten.The cal-
culated reaction coordinate for W2(OH)6(µ-C2H2) f [W(tCH)-
(OH)3]2 is given in terms of free energy in Figure 6, and energies
and selected bond lengths of the species are given in Table 3.

For tungsten, the overall reaction coordinate is more com-
plicated with additional minima and transition states. Still, many

Table 2. Free Energies (kcal mol-1) and Selected Bond Distances (Å) for Intermediates and Transitions States on the Mo Reaction
Coordinate

energya M−M C−C M1−C3 M1−C4 M2−C4 M2−C3 M1−Ob M1−Oc M2−Ob M2−Oc

a 0.0 2.55 1.39 2.10 2.09 2.09 2.10 1.94 2.11 1.94 2.21
1.92 2.21 1.92 2.11

b 4.7 2.56 1.39 2.11 2.08 2.10 2.10 1.94 2.07 1.94 2.20
1.94 2.23 1.91 2.15

c 1.4 2.55 1.38 2.09 2.09 2.08 2.12 1.94 2.11 1.94 2.12
1.94 2.20 1.91 2.21

d 5.7 2.54 1.40 2.10 2.08 2.09 2.07 1.93 2.19 1.96 2.19
1.94 2.14 1.93 2.11

e 3.2 2.55 1.38 2.08 2.09 2.08 2.12 1.94 2.19 1.95 2.20
1.93 2.13 1.92 2.12

f 9.9 2.48 1.39 1.97 2.31 2.00 2.43 1.95 2.14 1.93 2.12
1.94 2.18 1.94 2.15

g 2.0 2.58 1.48 1.88 2.27 1.99 3.14 1.91 2.22 1.95 2.03
1.97 2.06 1.90 2.26

n 34.2 2.66 1.98 1.79 2.27 1.87 3.44 1.92 2.33 1.91 2.05
1.94 2.16 1.92 2.22

o 8.4 3.58 5.71 1.75 4.44 1.73 4.95 1.91 1.99 1.95 2.04
1.92 2.36 1.91 2.26

p 10.4 3.61 6.09 1.75 4.70 1.73 4.99 1.91 1.98 1.95 2.03
1.92 2.38 1.91 2.32

q 5.0 3.65 6.67 1.74 5.09 1.74 5.09 1.92 1.97 1.92 1.97
1.92 2.42 1.92 2.43

a Relative toa (the absolute energy ofa is -667.424 659 Hartree).b Terminal.c Bridge.

Table 3. Free Energies (kcal mol-1) and Selected Bond Distancesd (Å) for Intermediates and Transitions States on the W Reaction
Coordinate

energya M−M C−C M1−C3 M1−C4 M2−C4 M2−C3 M1−Ob M1−Oc M2−Ob M2−Oc

A 6.3 2.58 1.44 2.08 2.08 2.08 2.08 1.92 2.13 1.92 2.13
1.91 2.19 1.91 2.19

B 11.6 2.58 1.45 2.09 2.06 2.09 2.06 1.92 2.11 1.92 2.18
1.94 2.19 1.91 2.17

C 8.4 2.57 1.44 2.07 2.07 2.07 2.10 1.93 2.13 1.92 2.20
1.93 2.17 1.91 2.13

D 11.3 2.57 1.45 2.07 2.07 2.07 2.06 1.92 2.15 1.94 2.13
1.94 2.17 1.92 2.16

E 10.1 2.57 1.45 2.06 2.08 2.06 2.08 1.92 2.17 1.93 2.14
1.93 2.14 1.92 2.17

F 14.6 2.52 1.43 1.96 2.25 1.99 2.35 1.94 2.14 1.92 2.11
1.94 2.16 1.93 2.18

G 6.2 2.54 1.44 1.95 2.57 1.96 2.62 1.91 2.21 1.94 2.06
1.96 2.07 1.90 2.26

H 12.9 2.56 1.44 1.95 2.55 1.95 2.65 1.92 2.22 1.95 2.04
1.96 2.06 1.91 2.25

I 8.4 2.54 1.44 1.95 2.60 1.95 2.59 1.91 2.22 1.95 2.06
1.95 2.06 1.91 2.22

J 21.8 2.64 1.50 1.86 2.26 1.99 3.12 1.92 2.14 1.93 2.11
1.93 2.46 1.92 1.98

K 19.8 2.62 1.45 1.88 2.20 2.03 3.21 1.91 2.13 1.94 2.17
1.92 (3.02) 1.93 (1.92)

L 23.1 2.61 1.47 1.88 2.20 2.01 3.21 1.91 2.12 1.92 2.19
1.92 (2.91) 1.94 (1.93)

M 18.3 2.61 1.46 1.88 2.20 2.02 3.21 1.91 2.12 1.92 2.21
1.93 (2.99) 1.92 1.93

N 25.4 2.63 1.89 1.81 2.24 1.89 3.39 1.92 2.16 1.90 2.18
1.93 2.34 1.91 2.05

O 2.6 3.56 5.70 1.77 4.43 1.74 4.96 1.90 1.99 1.93 2.04
1.91 2.34 1.90 2.23

P 5.4 3.61 6.23 1.76 4.78 1.75 5.02 1.90 1.98 1.94 2.02
1.91 2.35 1.90 2.30

Q 0.0 3.64 6.70 1.76 5.10 1.76 5.10 1.91 1.97 1.91 1.97
1.91 2.40 1.91 2.40

a Relative toQ (the absolute energy ofQ is -668.059 904 Hartree).b Terminal.c Bridge. d Bond lengths in parentheses are for species in which the
W-O-W bridge has opened.
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of the transition states and minimum energy structures have
essentially the same geometries as those for Mo, and therefore
the same letters,A-Q, are used to denote similar structures
for ease of comparison. Some of the structures are again shown
from a different viewpoint in the Supporting Information to give
a clearer picture of the molecular geometry.

The highest-lying transition state for the reaction,N, is very
similar in geometry to that of Mo, with one bridging and one
terminal CH group. In this case, however,N is only 19 kcal/
mol higher in energy thanA, W2(OH)6(µ-C2H2). The transition
stateN again has a longer M-M distance than that ofA (2.63
Å vs 2.58 Å), and the C-C bond has been broken. The terminal
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M-C distance is 1.81 Å, while the bridging group has M-C
distances of 1.89 and 2.24 Å, comparable to double and single
bonds, respectively.

In the forward direction fromN, the pathway is basically the
same as that for Mo.N leads to a minimumO that is 3 kcal/
mol higher in energy than [W(tCH)(OH)3]2 (Q). Once again,
the main difference betweenO andQ is the disposition of the
CH groups. The transition stateP connects the two minima and
occurs approximately 2 kcal/mol higher in energy than that of
O.

In the reverse direction,N leads to a minimum,M , in which
the C-C bond has reformed, shortening from 1.89 Å inN to
1.46 Å in M . In this structure, one of the OH bridges has also
opened, resulting in 5 terminal OH groups. The reaction
coordinate goes through 2 transition states (L andI ) and another
minimum energy structure (K ) before the OH bridge is closed
again.K has a very similar geometry to that ofM , although a
terminal OH group has been rotated andK is higher energeti-
cally by almost 2 kcal/mol. The transition state connecting these
structures is 5 kcal/mol higher in energy thanM . K connects
through the transition stateJ, with a barrier of 2 kcal/mol, to
the minimumI which is 12 kcal/mol lower thanK . The C-C
axis is rotated approximately 45° to the W-W axis in the
minimum structureI . The C-C bond length is 1.44 Å, the same

as that in W2(OH)6(µ-C2H2), and the M-C bond lengths are
1.95 Å, which is roughly 0.13 Å shorter than those in W2(OH)6-
(µ-C2H2). Another transition state with a barrier of 5 kcal/mol
is required to rotate about a W-OH bond to giveG, which is
isostructural withg for molybdenum. This minimum is 2 kcal/
mol lower than I . The rest of the reaction coordinate is
essentially the same as that for Mo. The next transition state
connects to a minimum in which the C-C axis is again
perpendicular to the W-W axis. Two transition states are then
required to move the terminal OH groups into the same
orientation as that in W2(OH)6(µ-C2H2).

Despite the additional complexity of the reaction coordinate
for tungsten, the highest-lying transition state is stillN with a
barrier of 19 kcal/mol. This is 15 kcal/mol lower than then
energy barrier for molybdenum. At ambient temperatures, it
would be thermally accessible and would therefore allow the
reaction to occur in the case of tungsten, but for molybdenum,
the greater barrier would prevent the reaction, even if the
alkylidyne was thermodynamically favored.

For both metals, a significant portion of the calculated reaction
coordinate involves rotation of the OH groups. These rotations
are calculated to have low barriers for the model compounds
and would occur readily at room temperature. However, steric
bulk in the actual alkoxide complexes would influence the height
of these rotational barriers.

Mulliken Charges. The Mulliken charges for the intermediate
and transition state structures along the pathway from M2(OH)6-
(µ-C2H2) to [M(tCH)(OH)3]2 are given in Table 4. It is
interesting to note that there are very small changes in the
Mulliken charges on the metal atoms and the alkyne/alkylidyne
carbons throughout the course of the reaction. This lack of
variation contrasts with the formal oxidation states of+5 and
+6 assignable to the metal atoms in the dimetalatetrahedrane
and methylidyne complexes, respectively.

Concluding Remarks

DFT calculations on the thermodynamics and kinetics of the
alkyne cleavage reactions lead to a better understanding of the
effects of the ancillary ligands and the metals, Mo versus W,
on the Schrock “chop-chop” reaction. The observed reduced
activity of Mo2(OtBu)6 complexes to alkyne cleavage can be
seen to arise from the significantly higher barrier to the reaction.

Figure 5. Selected bond lengths during the course of Mo2(EH)6(µ-C2H2)
f [(HE)3MotCH]2.

Figure 6. Reaction coordinate for W2(EH)6(µ-C2H2) f [(HE)3WtCH]2
with free energy values (kcal mol-1) given relative to [(HE)3WtCH]2.

Table 4. Mulliken Charges of Reactant, Transitions States,
Intermediates, and Product for M ) Mo and W

W M1 M2 C3 C4 Mo M1 M2 C3 C4

A 1.27 1.27 -0.43 -0.43 a 1.19 1.19 -0.39 -0.37
B 1.29 1.25 -0.44 -0.43 b 1.21 1.17 -0.39 -0.37
C 1.26 1.27 -0.43 -0.42 c 1.18 1.19 -0.39 -0.36
D 1.28 1.30 -0.44 -0.45 d 1.20 1.22 -0.40 -0.39
E 1.28 1.28 -0.43 -0.43 e 1.17 1.19 -0.38 -0.36
F 1.25 1.26 -0.39 -0.44 f 1.17 1.17 -0.33 -0.39
G 1.2 1.24 -0.36 -0.38 g 1.13 1.17 -0.34 -0.36
H 1.19 1.28 -0.37 -0.37
I 1.22 1.22 -0.37 -0.37
J 1.23 1.34 -0.37 -0.52
K 1.18 1.33 -0.38 -0.54
L 1.22 1.29 -0.39 -0.52
M 1.21 1.28 -0.38 -0.52
N 1.26 1.23 -0.41 -0.47 n 1.18 1.14 -0.36 -0.45
O 1.28 1.22 -0.41 -0.35 o 1.21 1.15 -0.36 -0.32
P 1.27 1.23 -0.4 -0.37 p 1.20 1.16 -0.35 -0.34
Q 1.27 1.27 -0.41 -0.41 q 1.19 1.19 -0.36 -0.36
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Moreover for the model compounds with hydroxide ligands,
the metathesis reaction leading to the methylidyne ligands is
thermodynamically unfavorable.

In 1995, Morokuma and co-workers18 reported the activation
energy calculated for the cleavage of dinitrogen by ML3

complexes, where M) Mo, W and L) H, Cl and NH2. They
also found that the barrier for N2 activation to be smaller for
M ) W compared to M) Mo (14.4 kcal/mol for Mo and
3.6 kcal/mol for W). Experimentally, dinitrogen cleavage is
seen with Mo(NRAr)3, where R) C(CD3)2CH3 and Ar) 3,5-
C6H3Me2.

There are some interesting similarities and differences in the
reaction pathway involving the reductive cleavage of N2 and
C2H2 by mononuclear L3Mo and dinuclear M2L6 species. In
the reactions involving the MoL3 compounds and dinitrogen,
there is a stepwise formation of linear L3Mo(µ-N2)MoL3 species
which is followed by a rate-determining N-N cleavage involv-
ing a nonlinear transition state depicted byVI .

The microscopic reverse, the formation of the N-N bond in
the coupling of two MtN groups, can be viewed similarly.
When the two metal fragments are not the same, one nucleo-
philic nitride may attack the M-N π* orbital of another. In the
case of the dinuclear M2L6 compounds, cleavage of the CtC
bond must also occur with M-M bond cleavage. Our calcula-
tions implicate a rather unsymmetrical transition state. There is
some similarity in the zigzag M-C-C-M bridge with the
M-N-N-M bridge, although the atoms in the former do not
lie in a plane. Moreover, our calculations reveal the rather
intricate role of the bridging OH groups that persist throughout
the reaction. There is no evidence that amido bridges are
involved in the Cummins’ scission of dinitrogen. Clearly, though
the two systems are similar, there are significant differences

that arise from reactions involving mononuclear metal fragments
and those wherein the starting material is dinuclear and has a
metal-metal multiple bond.

Further studies are planned, including a theoretical investiga-
tion into the reductive cleavage of nitriles by metal-metal triply
bonded compounds.

Computational Details

All calculations were performed with the Gaussian 98 package,10

using the B3LYP19 method. The LANL2DZ basis set20 was used for
the metals, and the 6-31G* basis set,21 for oxygen, carbon, sulfur, and
hydrogen. All stationary points were characterized as minima or
transition states by frequency calculations. Frequency calculations were
also used to obtain the free energy values.

To find transition states, the Z matrix of the reactant was distorted
toward the product in 10 steps, with single point calculations performed
at each step. The highest energy point was used as an initial guess for
the transition state structure using QST3.22 An IRC calculation23 from
the transition state structure, followed by further optimization and
frequency calculations of the endpoints of the IRC calculation,
determined the true minima that connected to each transition state.
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