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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 Mz(EH)s, M2(EH)s(u-C2H>), and [(HE)sM(=CH)],, 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 M,(EH)s compounds and ethyne, only when M = W and E = O is the alkylidyne
product [(HO)sW(=CH)]. predicted to be more stable than the alkyne adduct. For the reaction M,(EH)s(u-
C,Hy) — [(HE)sM(=CH)],, the AG° 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 AG*
= +19 kcal mol™* (M = W, E = O) and +34 kcal mol™* (M = Mo, E = O), where the transition state
involves an asymmetric bridged structure M,(OH)4(u-OH)2(CH)(«-CH) in which the C—C bond has broken;
C---C =1.89 and 1.98 A 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 M;(OBu)s and M,(OBu),(SBu)s compounds, where M = Mo, W.

Introduction Certain early transition metal alkylidene complexes are known

Olefi d alk hesi . h q to decompose by bimolecular pathways yielding alkenes, but
efin and alkyne metathesis reactions have attracted Con-yhare does not seem to be any bona fide example of eq 1 to

siderable preparative and theoretical interest. Indeed, Iargelydate_ The forward reaction involving the mutual scission of
through the efforts of SchrockGrubbs? and subsequently M—M and C—C triple bonds, the “chop-chop reaction”, was

others? the metal-carbene/alkylidene mediated olefin metathesis first noted by Schrock 20 years ago in the reactions between
reaction has emerged as one of the most important reactions incertain alkynes and WO'BU)s, eq 3

metal mediated preparative procedures. Certainly, ring-closure
metathesis, RCM, and ring-opening polymerization metathesis, t —~D ., o[t —

ROMP, are now well-established and commonly employed Wo(OBU) + RCZCR—2[(BUORW=CR]  (3)
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
egs 1 and 2 below.

A variation on the reaction shown in eq 3 involving terminal
alkynes was subsequently developed as a simple route to
(‘BUO)RW=CR compounds which are commonly employed as
alkyne metathesis catalysts (e.g.=RBu)*

_ P _ The reaction shown in eq 3 is very sensitive to the selection
[M=M] + [C=C] = 2[M=C] @) of specific alkoxide or aryloxide ligands. The introduction of
[M=M] + [C=C] = 2[M=C] 2 trialkylsiloxide ligands as in \WWOSiIMéBu,)e® or thiolates in
W(OBU)x(SBU) completely shuts down the metathesis reac-
tion. Moreover, the related molybdenum compounc(@Bu)s

* Address correspondence to these authors. E-mail: chisholm@

chemistry.ohio-state.edu, erdavid@u.washington.edu. (3) (a) Fisstner, A.Angew. Chem., Int. E@00Q 39, 3012. (b) Ge, P.-H.: Fu,
tTh‘? Ohio State University. W.; Herrmann, W. A.; Herdtweck, E.; Campana, C.; Adams, R. D.; Bunz,
University of Washington. U. H. F. Angew. Chem., Int. E@00Q 39, 3607. (c) Weskamp, T.; Kohl,
§ Indiana University. F. J.; Hieringer, W.; Gleich, D.; Herrmann, W. Angew. Chem., Int. Ed.
(1) (a) Schrock, R. RPolyhedron1995 14, 3177. (b) Schrock, R. RAcc. 1999 38, 2416.
Chem. Res199Q 23, 158; (c) Schrock, R. R.; Freudenberger, J. H,; (4) Schrock, R. R.; Listemann, M. L.; Strugeoff, L. &.Am. Chem. So¢982
Listemann, M. L.; McCullough, L. GJ. Mol. Catal. 1985 28, 1. 104, 4291.
(2) (a) Trnka, T. M.; Grubbs, R. HAcc. Chem. Re2001, 34, 18. (b) Grubbs, (5) Chisholm, M. H.; Cook, C. M.; Folting, K.; Streib, W. Hnorg. Chim.
R. H.; Chang, STetrahedron1998 54, 4413. Acta1992198-200, 63.
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does not react with RECR (R= Me, Et, PF) in an analogous
manner, though certaifBuO):Mo=CR compounds have been
prepared from related reactions employing terminal alkynes.
In work in our laboratory, we had observed the formation of
alkyne adducts in a variety of reactions employing(®R)s
compounds, where M= Mo and W and R= 'Bu, Pr, and
CHz'Bu. 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.

W,(0'BU)s(u-C,R,) = 2[(BUORW=CR]  (4)

A simple verification of this statement is seen in the reactions
involving the alkyne adduct formed from#C3CH and DCCD.
In the case of tungsten, the alkylidyne speciBsiQ);W='3CH
and {(BuORW=CD can be detected along with the alkyne
adduct W(OBu)e(u-HCCD) formed from their coupling. The
related molybdenum compounds are not similarly formed from
the kinetically labile but from otherwise well-characterized
ethyne adducts of MgO'Bu)e.® With the advent of modern
computational methods employing density functional theory and
the ready availability of programs such as Gaussia#’#8is
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 MEH)s (M=M), where M= Mo and W

and E= O and S. Though the use of OH and SH to model
‘BuO and'BuS 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 nitridé! 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 N.12

(6) Chisholm, M. H.; Davidson, E. R.; Huffman, J. C.; Quinlan, K.JBBAm.
Chem. Soc2001, 123 9652.
(7) Strutz, H.; Schrock, R. ROrganometallics1984 3, 1600.
(8) (a) Chisholm, M. H.; Folting, K.; Hoffman, D. M.; Huffman, J. G. Am.
Chem. Socl984 106 6794. (b) Chisholm, M. H.; Conroy, B. K.; Huffman,
J. C.; Marchant, N. SAngew. Chem., Int. Ed. Engl986 25, 446. (c)
Chisholm, M. H.; Folting, K.; Huffman, J. C.; Lucas, E. A991, 10, 535.
(9) (a) Chisholm, M. H.; Folting, K.; Huffman, J. C.; Rothwell, I. D. Am.
Chem. Soc1982 104, 4389. (b) Chisholm, M. H.; Hoffman, D. M.;
McCandless, J. N.; Huffman, J. ®olyhedron1997, 16, 839.
Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-
Gordon, M.; Replogle, E. S.; Pople, J. Maussian 98 revision A.6;
Gaussian, Inc.: Pittsburgh, PA, 1998.
(11) (a) Laplaza, C. E.; Cummins, C. Sciencel995 268 861. (b) Laplaza,
C. E.; Johnson, M. J. A.; Peters, J. C.; Odom, A. L.; Kim, E.; Cummins,
C. C.; George, G. N.; Pickering, I. J. Am. Chem. S0d.996 118 8623.
(c) Laplaza, C. E.; Johnson, A. R.; Cummins, C.JCAm. Chem. Soc.
1996 118 709. (d) Tsai, Y.-C.; Johnson, M. J. A.; Mindiola, D. J.;
Cummins, C. C.; Klooster, W. T.; Koetzle, T. . Am. Chem. S0d.999
121, 10426. (e) Mindiola, D. J.; Meyer, K.; Cherry, J.-P. F.; Baker, T. A;
Cummins, C. COrganometallics200Q 19, 1622. (f) Caselli, A.; Solari,
E.; Scopelliti, R.; Floriani, C.; Re, N.; Rizzoli, C.; Chiesi-Villa, A. Am.
Chem. Soc200Q 122, 3652.

(10)
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Figure 1. Optimized structure of \W(OH)s(u-C2H2) with terminal OH
groups with selected bond lengths (A) and angles (deg).

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#MMo, W and E
= 0, S, were first calculated using density functional theory.

i
C
H.
EH I
HE A
__ JuEH . HE, . \c/ . FH
HE“\‘;M=M + HC=CH —— HE‘M.,,, “‘MA. -
=\
HE I EH E
H 1l
/ E
B &
HC\§M N N; )EH
HEYf N7 Xen S
HE H I

Calculations have been done previously on the model
compounds M(OH)s (1).613 Structural parameters from the
X-ray data for W(O'Pr)s(py)2(u-C2H,)® were used as a starting
point for the geometry optimizations of. The pyridine ligands
were omitted, and EH was substituted fdP© This geometry
is also very similar to the structure of {OBu)s(x-CO), which
has two bridging and four terminal alkoxid&sFor M = W,
Wy(OH)e(u-CoH2) 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,(@Bu)s(u-CO)* are fluxional
on the NMR time scale and not frozen out in a bridged form,
even at—80 °C in tolueneds (M = Mo or W).

The cleaved productll{ ) was modeled with EH groups
bridging the two halves of the molecule, as is seen in the crystal

(12) (a) Seymore, S. B.; Brown, S. Iforg. Chem.2002 41, 462. (b) Ware,
D. C.; Taube, Hlnorg. Chem.1991, 30, 4605. (c) Lam, H. W.; Che, C.
M.; Wong, K. Y. J. Chem. Soc., Dalton Tran992 1411. (d) Demadis,
K. D.; EI-Samanody, E.-S.; Coia, G. M.; Meyer, T.1JJ.Am. Chem. Soc.
1999 121, 535. (e) Newton, C.; Edwards, K. D.; Ziller, J. W.; Doherty, N.
M. Inorg. Chem.1999 38, 4032.

(13) (a) Cotton, F. A.; Stanley, G. G.; Kalbacher, B. J.; Green, J. C.; Seddon,
E.; Chisholm, M. H.Proc. Natl. Acad. Sci. U.S.AL997 74, 3109. (b)
Bursten, B. E.; Cotton, F. A.; Green, J. C.; Seddon, E.; Stanley, Q. G.
Am. Chem. Sod98Q 102 4579.

(14) (a) Chisholm, M. H.; Cotton, F. A.; Extine, M. W.; Kelly, R. 0. Am.
Chem. Soc1979 101, 7645. (b) Chisholm, M. H.; Hoffman, D. M.;
Huffman, J. C.Organometallics1985 4, 986.
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Figure 3. Optimized structure of [WECH)(SH)], with selected bond

Figure 2. Optimized structure of (HS)V(u-CH),W(SH); with selected lengths (A) and angles (deg).

bond lengths (A) and angles (deg).

W,(O'Bu)s is known to readily react with alkynes in a
quantitative manner to give alkylidyne complexes, while
Mo,(OBu)s only reacts with terminal alkynes under more

Table 1. Free Energy Values (kcal mol~1) for the Reactions
Involved in Acetylene Cleavage by Dinuclear My(EH)s Complexes,
Where M = Mo, Wand E=0, S

Mo,0 Mo, S W0 WS forcing conditions to give low yields ofBuO);Mo=CR.
Ma(EH)s + HC=H — My(EH)s(u-CH;) 4.5 —1.0 —0.8 -13.3 For both metals, the reaction when=E S is considerably
M2(EH)s(u-Cattz) = [(HE)sM=CH], 50 210 -63 183 unfavorable, with a\G® of +21 kcal/mol for Mo andt18 kcal/
Ma(EH)s + HC=CH— [(HE)aM=CH], 9.5 20.0 -7.1 5.0

mol for W. The optimized structures of the alkylidynes where
E = S are somewhat different from those where=BD in that

structure of [BUO);W=CMel. The bond lengths and angles ~the M=CH groups and bridging EH groups are no longer co-
of the optimized structure compare well with those of the actual Planar. This leads to more distorted pseudotrigonal bipyramidal
molecule. The W-W nonbonding distances are 3.518(1) A and coordination about the metal ions in the thiolates (Figure 3).
3.64 A, and the W-C distances are 1.759(6) A and 1.76 A for In addition to the thermodynamics of the system, we wished
the actual and model compounds, respectively. The observed© 9ain an understanding of how the reaction proceeds and the
and calculated WO bond lengths are also quite similar, within  N€ight of the barriers of the reactions. We focused on the
0.04 A, with the longest WO distances involving the bridging unimolecular rearranggment of the alkyne-adduc_t to the _aIkyll-
OH groups. The calculation of the model complex also glyne product and_confmed our study to£0, as this reaction
reproduces the linearity of the ®CH group with a calculated IS Not seen experimentally for £ S for either metal. -
bond angle of 1787 compared to the actual bond angle of _Transition State Study of Ma(OH)e(k-C2Hz) — [(HO) M=
179.8. The W-0O—C bond angles, 129.9(%4)138.5(4}, are Hl2: In the reaction from MOH)e(u-CoHz) to [(HO)M=CH],
larger than those in the model complex, 1%7526.2, two M—C bonds, an MM bond and a €C bond, must be

presumably because of the lack of steric bulk in the model cleaved and M=C triple bonds must be formed from single
compound. Using the “dimer” in the calculations has an bonds. In addition, there is significant rearrangement necessary
additional advantage in that the second reactiop(QW)s(u- to place the carbon atonasiti to each other and to increase the
C5H,) to [(HE)sM=CH],, can then be viewed as a unimolecular M_M distance by apprOX|mately 1.1 A At the.start, we
rearrangement. Calculations were also performed on moleculesMagined two ways in which these transformations could
(HE)sM(u-CH),M(EH)s, where two alkylidyne groups bridge ~ OCCUr: (2) Fhe cark_)on gtoms cou!d initially move away from
the two metals (Figure 2). These structures are over 15 kcal/@ach other in the direction of forming a planap®4 unit (IV),

mol higher in energy than those with terminal=%¢ and a 1,3-dimetallacyclobutadier,or (2) the C-C axis could
bridging EH groups. initially rotate, as in the transformation of a dimetalatetrahedrane

_di i 17
The geometries of all of the model compounds were to a 1,2-dimetallocyclobutadien®’).
optimized to minima in energy, and frequency calculations were

H H
performed to ensure that there were no imaginary frequencies. é/ J

The AG° values of the reactions shown in eq 5 at room Ha, A - BYAN
t t iven in Table 1. For the first step, th 7 AN, O Fim B WOH
emperature are given in Table 1. For the first step, the HOW= Mt HOm= Mo — M0
association of the alkyne with the dinunclear complex, the g‘ W
reaction is calculated to be more exergonic whes [S than &) »4
when E= O and, for the hydroxide complexes, adduct formation H H

v v

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;AG® = —6 kcal/mol, while, for M= Mo and E

= O, AG® is calculated to bet5 kcal/mol. Experimentally,

Calculated Reaction Coordinate for Molybdenum. The
calculated reaction coordinate for M®H)s(u-CoHz) — [Mo-
(=CH)(OH)]: is given in terms of free energy in Figure 4,

(16) Chisholm, M. H.; Heppert, J. Adv. Organomet. Chen1986 124, 2697.

(15) Chisholm, M. H.; Hoffman, D. M.; Huffman, J. @org. Chem1983 22,
2903.

(17) Hoffman, D. M.; Hoffmann, R.; Fisel, C. R. Am. Chem. S0d982 104,
4, 3858.
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34.2

Figure 4. Reaction coordinate for M(EH)s(u-CoH2) — [(HE)sMo=CH],»
with free energy values (kcal md) given relative to Mg(EH)s(1-C2Hz).

and energies and selected bond lengths of the species are give
in Table 2. The transition state and intermediate structures along
the pathway are shown and labekedg 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 Ma(OH)s(u-CzH>), a. In going froma to n, one M—C
bond shortens from 2.10 to 1.79 A, while the other® bond
of the bridging CH group shortens from 2.09 to 1.87 A. The
M—M bond lengthens by approximately 0.1 A. There is no
longer a C-C bond in the transition state structure, and the
C—C distance is 1.98 A. The imaginary frequency flamoves
the CH groups apart and together, and the latter leads to the
reformation of the G C bond.

The transition state connects, in the forward direction, to a
minimum (©) that is similar in structure to the alkylidyne
product, [Mo&ECH)(OH)]., except that the CH groups are not
anti to each other. The MM nonbonding distance is also
somewhat shorter in as compared to [M&CH)(OH)]. (q),
with distances of 3.58 and 3.65 A, respectively. The minimum
o is 3 kcal/mol higher in energy than [Ms&CH)(OH)]..
Another transition state, 2 kcal/mol higher thawo, is required
to connect the minima andg.

The reaction coordinate from the high-lying transition state
(n) to the reactant, MgOH)es(u-C2H>), is more complicated.

In this direction,n connects to a minimunyg, in which the
C—C axis is rotated approximately 4%0 the Mo—Mo axis.

The structure is 2 kcal/mol higher in energy tr@riMo,(OH)s-
(u-CoHy). In the minimumg, the C-C bond is reformed and
has a distance of 1.48 A. Each CH group bonds to only one
metal center, with relatively short MeC bond distances of 1.88
and 1.99 A as compared to those &fin which the Me-C
distances are 2.1 A. Another transition stéteeturns the €C

axis perpendicular to the MM axis and connects to a minimum,

e, which is structurally very similar to M@OH)s(1-CoHy),
except that two of the terminal OH groups have different
orientations. Energeticallye is 3 kcal/mol higher than the The transition stat@ is on a pathway between M@H)e-
reactant. A transition state is needed to rotate each OH group (#-CzHz) and [Mo&CH)(OH)]. that can be connected through
back to the orientation ia. The first transition state], has an a series of transition states and minima. Despite the complexity
energy of 2.5 kcal/mol above that eind leads to a minimum,  of the reaction coordinate, only the transition stateith a 34

¢, which is only 1.4 kcal/mol abova. The last transition state  kcal/mol activation energy is kinetically significant, as the other
required to connect to M@OH)s(u-C2Hy2), b, is 3.2 kcal/mol transition states occur at much lower energy. A graph of selected
higher in energy thag. bond lengths plotted throughout the course of the reaction is

15354 J. AM. CHEM. SOC. = VOL. 124, NO. 51, 2002
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Table 2. Free Energies (kcal mol~1) and Selected Bond Distances (A) for Intermediates and Transitions States on the Mo Reaction
Coordinate

energy? M-M Cc-C M1-C3 M1-C4 M2-C4 M2-C3 M1-0° M1-0¢ M2-0° M2-0¢

a 0.0 2.55 1.39 2.10 2.09 2.09 2.10 1.94 211 1.94 221
1.92 2.21 1.92 211

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 2.23 191 2.15

[ 1.4 2.55 1.38 2.09 2.09 2.08 2.12 1.94 2.11 1.94 2.12
1.94 2.20 191 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 1.93 211

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 3.14 191 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 4.95 191 1.99 1.95 2.04
1.92 2.36 191 2.26

p 10.4 3.61 6.09 1.75 4.70 1.73 4.99 191 1.98 1.95 2.03
1.92 2.38 191 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

aRelative toa (the absolute energy @ is —667.424 659 Hartree¥. Terminal.c Bridge.

Table 3. Free Energies (kcal mol1) and Selected Bond Distances (A) for Intermediates and Transitions States on the W Reaction
Coordinate

energy? M-M Cc-C M1-C3 M1-C4 M2-C4 M2-C3 M1-QP M1-0¢ M2-0P M2-0¢

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

[ 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

aRelative toQ (the absolute energy @ is —668.059 904 Hartree?. Terminal.c Bridge. ¢ Bond lengths in parentheses are for species in which the
W—-0O—-W bridge has opened.

given in Figure 5, which shows that large changes in bond length  Calculated Reaction Coordinate for Tungsten.The cal-
occur around the high-lying transition state, Throughout the culated reaction coordinate for}{@OH)s(u-CoHz) — [W(=CH)-
course of the reaction, the M@ distances also change (OH)s].is given in terms of free energy in Figure 6, and energies
considerably. The terminal-©Mo bond distances range from and selected bond lengths of the species are given in Table 3.
1.90 to 1.97 A, while the bridging ©Mo bond lengths range For tungsten, the overall reaction coordinate is more com-
from 2.03 to 2.42 A. plicated with additional minima and transition states. Still, many
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of the transition states and minimum energy structures have The highest-lying transition state for the reactibh,is very
essentially the same geometries as those for Mo, and thereforesimilar in geometry to that of Mo, with one bridging and one
the same lettersA—Q, are used to denote similar structures terminal CH group. In this case, howevét,is only 19 kcal/
for ease of comparison. Some of the structures are again showmmol higher in energy thaA, W»(OH)s(u-CoH2). The transition
from a different viewpoint in the Supporting Information to give stateN again has a longer MM distance than that oA (2.63
a clearer picture of the molecular geometry. Avs 2.58 A), and the €C bond has been broken. The terminal
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Figure 5. Selected bond lengths during the course ofy(#®1)s(u-CaH2)
hnd [(HE)3MOECH]2.

P q

Figure 6. Reaction coordinate for WEH)s(u-C2H2) — [(HE)sW=CH],»
with free energy values (kcal md)) given relative to [(HEJW=CH]..

M—C distance is 1.81 A, while the bridging group has-®

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 127 127 —-043 -043 a 119 119 -039 -0.37
B 129 125 -044 -043 b 121 117 —-0.39 -0.37
C 126 127 -043 —-042 c¢ 118 119 —-0.39 -0.36
D 128 130 -044 -045 d 120 122 —-040 -0.39
E 128 128 —-043 -043 e 117 119 —-0.38 -0.36
F 125 126 —-039 -044 f 117 117 —-0.33 -0.39
G 12 124 -036 —-038 g 113 117 —-0.34 -0.36
H 119 1.28 —-0.37 -0.37

| 122 122 —-0.37 -0.37

J 123 134 -0.37 -0.52

K 118 1.33 —-0.38 —-0.54

L 122 129 —-0.39 -0.52

M 121 128 —-0.38 -0.52

N 126 123 —-041 -047 n 118 114 —-0.36 -0.45
O 128 122 -041 -035 o 121 115 —-0.36 —0.32
P 127 123 -04 -037 p 120 116 —-035 -—-0.34
Q 127 127 -041 -041 g 119 119 -0.36 -0.36

as that in W(OH)s(u-CzHy), and the M-C bond lengths are
1.95 A, which is roughly 0.13 A shorter than those in(@H)s-
(u-CzH2). Another transition state with a barrier of 5 kcal/mol
is required to rotate about a YAOH bond to giveG, which is
isostructural withg for molybdenum. This minimum is 2 kcal/
mol lower thanl. 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 € axis is again
perpendicular to the WW axis. Two transition states are then
required to move the terminal OH groups into the same
orientation as that in WOH)s(«-CoHy).

Despite the additional complexity of the reaction coordinate
for tungsten, the highest-lying transition state is filvith a
barrier of 19 kcal/mol. This is 15 kcal/mol lower than the
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.

distances of 1.89 and 2.24 A, comparable to double and single For both metals, a significant portion of the calculated reaction

bonds, respectively.

In the forward direction fronN, the pathway is basically the
same as that for Md\ leads to a minimun®O that is 3 kcal/
mol higher in energy than [ViCH)(OH)]. (Q). Once again,
the main difference betweed andQ is the disposition of the
CH groups. The transition stalReconnects the two minima and
occurs approximately 2 kcal/mol higher in energy than that of
0.

In the reverse directiorl leads to a minimumM, in which
the C-C bond has reformed, shortening from 1.89 ANrto
1.46 A inM. 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(dl) and another
minimum energy structureK() before the OH bridge is closed
again.K has a very similar geometry to that bf, although a
terminal OH group has been rotated atds higher energeti-
cally by almost 2 kcal/mol. The transition state connecting these
structures is 5 kcal/mol higher in energy thish K connects
through the transition stat with a barrier of 2 kcal/mol, to
the minimuml which is 12 kcal/mol lower thaiK. The C-C
axis is rotated approximately 430 the W—W axis in the
minimum structuré. The C-C bond length is 1.44 A, the same

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 frofOW)s-
(u-CoH2) to [M(=CH)(OH)], 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 statest& 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 Moy(O'Bu)s complexes to alkyne cleavage can be
seen to arise from the significantly higher barrier to the reaction.
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Moreover for the model compounds with hydroxide ligands, that arise from reactions involving mononuclear metal fragments
the metathesis reaction leading to the methylidyne ligands is and those wherein the starting material is dinuclear and has a
thermodynamically unfavorable. metal-metal multiple bond.

In 1995, Morokuma and co-workéfgeported the activation Further studies are planned, including a theoretical investiga-
energy calculated for the cleavage of dinitrogen by ML tioninto the reductive cleavage of nitriles by metatetal triply
complexes, where M= Mo, W and L= H, Cl and NH. They bonded compounds.
also found that the barrier for N\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 All calculations were performed with the Gaussian 98 pacRkége,

Computational Details

seen with Mo(NRAR, where R= C(CDs),CHs and Ar= 3,5- using the B3LYP® method. The LANL2DZ basis sétwas used for
( 3 (CDs)2CHs the metals, and the 6-31G* basis 3efipr oxygen, carbon, sulfur, and
CeHsMez . . . L
) . o . ) hydrogen. All stationary points were characterized as minima or
There are some interesting similarities and differences in the transition states by frequency calculations. Frequency calculations were
reaction pathway involving the reductive cleavage ofdxd also used to obtain the free energy values.
C,H, by mononuclear tMo and dinuclear MLg species. In To find transition states, the Z matrix of the reactant was distorted

the reactions involving the Mal.compounds and dinitrogen, toward the product in 10 steps, with single point calculations performed
there is a stepwise formation of lineasNlo(«-N2)MoL 3 species at each step. The highest energy point was used as an initial guess for

which is followed by a rate-determining-\N cleavage involv- the transition state structure using QS¥2n IRC calculatiod® from
ing a nonlinear transition state depicted gy, the transition state_ structure, foIIowed_ 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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: i [ ini Gordon, M. SChem. Phys. Let11980 76, 163. (e) Hariharan, P. C.; Pople,
involved in the Cummins’ scission of dinitrogen. Clearly, though 3 A Theor. Chim. Actd973 28, 213.

the two systems are similar, there are significant differences (22) (a) Peng C.; Schlegel, H. Bsr. J. Chem.1993 33, 449. (b) Peng, C.;
Ayala . Y.; Schlegel, H. B.; Frisch, M. J. Comput. Chem1994 16

JA020847Q

(18) Cui, Q.; Musaev, D. G.; Svensson, M.; Sieber, S.; Morokumal. m. (23) (a) Gonzalez, C.; Schelegel H. B. Chem. Phys1989 90, 2154. (b)
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