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Next, we studied the Cr==C triple bond in the cationic and
neutral metal carbyne complexes, (CO);Cr=CH* and CI(C-
0),Cr==CH, respectively, which show different reactivities for
nucleophiles. The nature of the Cr==C bond studied by the
orbital-correlation diagram is similar to that of the M==C bond
in the Fischer-type carbene complexes. The polarization of the
Cr=C bond is calculated to be Cr(1.06+)—C(0.31-) for
(CO)Cr=CH™* and Cr(0.90+)—C(0.42-) for CI(CO),Cr==CH.
Just as the Fischer-type carbene complex, the carbyne carbon atom
is negatively charged in contradiction with the idea of the
charge-controlled reactivity. The reactivity of the carbyne com-
plexes can be explained clearly by the frontier orbital theory. The
differences in the reactivity between the cationic and neutral
carbyne complexes are explained from the existence of the nearly
degenerate LUMO and next LUMO in the frontier MO region
of the neutral complex. They would never be explained by the
charge-controlled mechanism.

Thus, the nature of the metal-carbon multiple bonds in the
Fischer-type and Schrock-type carbene complexes and in the
carbyne complex has been clarified theoretically by the previous!?
and present studies. The reactivities of these metal-carbon
multiple bonds are understood in a unified form on the basis of
the frontier orbital theory.
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Abstract: Hartree-Fock-Slater calculations are reported on M,Cl,(PH;),** for M = Mn, Tc, Re with n = 0, 1, 2, as well
as for M = Mo with n =0, | and M = Cr, W with n = 0. The calculated metal-metal bond energies for n = 0 are D(CriCr)
= 153 kJ mol™!, D(Mo-2Mo) = 524 kJ mol™!, and D(WAW) = 428 kJ mol,, respectively. The calculated bond strengths

in M,Cl,(PH;), for M = Mn, Tc, and Re were D(Mn--Mn) = 295 kJ mol™!, D(Tc£Tc) = 599 kJ mol, and D(Re2Re) =
562 kJ mol™!, respectively. An energy-decomposition analysis provided a possible explanation for the relative strength of the
metal-metal bond between 3d, 4d, and 5d elements. The analysis indicated further that the & bond is rather weak. The contribution
from relativistic effects to the metal-metal bond in the binuclear complexes of 5d elements was calculated to be small.

I. Introduction

The number of well-characterized binuclear complexes! of the
general formula M,(X),,,(L)s.»"", where X represents halides and
L phosphines, has grown considerably over the past 20 years,
following the recognition?® of a quadrupole bond in Re,Clg?". It
is now known'! that W, Mo, Re, and to some extent Tc can form
binuclear complexes of the type M,(X),,(L)s.,** in which the
metal-metal bond order is 3, 3.5, and 4, whereas M;(X),,(L)g."™"
systems of either Cr or Mn are unknown.

Cotton? described in 1965 the quadrupole bond of Re,Clg?™ in
terms of one ¢ bond, two 7 bonds, and one § bond. The essence
of this bonding scheme has since been confirmed by SCF-Xa-SW
calculations® on several M,(X),,(L)gs.,** systems. However, a
number of recent theoretical works* have shown that a simple
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Walton, R. A. J. Am. Chem. Soc. 1983, 105, 2606.

molecular orbital picture is inadequate for a quantitative de-
scription of the weak 6 bond.

Theoretical investigations to date have concentrated mainly on
the assignment of electronic spectra. There has been much less
emphasis on an evaluation of the metal-metal bond strength.’
This is in a way unfortunate since it has proven difficult exper-
imentally'® to assess metal-metal bond energies. There is as a
consequence not a clear understanding of how the ¢ component,
the two = components, and the § component contribute in relative
terms to the bond strength. Lack of experimental and theoretical
data has also made it difficult to evaluate'® variations in the bond
strength between 3d, 4d, and 5d elements.

The X method as implemented by Baerends® et al. (LCAO-
HFS method) has previously, in connection with the generalized
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102, 2104.
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transition-state method,” proved to be useful in calculating?® the
metal bond strengths of Au, and Hg,?* as well as®® Cr,Lg, Mo,Lg,
and W,Ls. We present here similar calculations on some
M,Cl,(PH;),"" model systems.

The calculated energies of the triple bonds in Mn,Cl,(PH;),,
Tc,Cl,(PH;),, and Re,Cly(PH;), are given in section V.1, de-
composed into the various contributions from the ¢, =, and §
components, along with the optimized metal-metal bond distances.
The quadrupole-bonded systems Cr,Cl,(PH;),, Mo,Cl,(PH;),,
and W,Cl,(PH;), are analyzed in a similar way in section V.2.
The difference in strength between the triple metal-metal bond
and the quadrupole metal-metal bond is studied further in section
V.3 by calculations on the M,Cl,(PH;),"* model systems of M
= Mn, Tc¢, Re with n = 0, 1, 2. Calculations on various excited
states of Mo,Cl,(PH;),* are finally used in section V.4 to dem-
onstrate the extent to which a change in the occupation of the
o-, w-, and §-metal-bonding orbitals can change the metal-metal
bond distance.

II. Computational Details

1. Basis Set and Computational Procedures. The calculations
were based on the HFS method as implemented by Baerends et
al.® The molecular orbitals were calculated as linear combinations
of atomic orbitals (LCAQO). The 3s, 3p valence shells on Cl and
P as well as the ns, np, nd, (n + 1)s, (n + 1)p valence shells on
the metal were all represented by a triple-¢ STO-basis set.” The
core electrons of lower energy were described in the frozen core
approximation according to the procedure by Baerends et al.8 Two
3d STO orbitals were added to each P atom as polarization
functions. Three 1s STO’s were used on each H atom. The total
electron density was fitted in each SCF iteration by s, p, d STO’s
on H, Cl, Pands, p, d, f, g STO’s on the metal atoms, in order
to represent the Coulomb and exchange potentials accurately. A
standard exchange factor of « = 0.7 was used for all the molecules.

2. Geometries. The metal-to-metal bond distances were op-
timized for all the binuclear complexes. The additional geometrical
parameters were as follows. The geometrical parameters for
Re,Cl,(PH;)," were those given by Bursten® et al. for Re,-
Cly(PHj),. The geometries for Mo,Cl,(PH;), and W,Cl,(PH3),
were those given by Cotton® et al. The Mn-Cl and Cr-Cl dis-
tances were taken to be 2.29 A, and the Mn-P and Cr-P distances
were taken to be 2.43 A in Mn,Cl,(PH,)," and Cr,Cl,(PH,),.
This is in both cases 0.12 A shorter than the known Mo~Cl and
Mo-P distances in Mo,Cl,(PR;),. All other parameters in
Mn,Cl,(PH,;)** and Cr,Cl,(PH;), were the same as in Mo,-
Cl,(PH;),. The model systems Tc,Cl,(PH;),"" were given the
same geometries as in Mo,Cl,(PH3),.

III. Electronic Structure of the MCl,(PH;), Fragment

It is convenient to consider the binuclear complex M,Cl,(PHj;),
as a dimer of the MCI,(PH;), fragment and begin a discussion
of the metal-metal bond by looking briefly at the orbitals of the
MCL,(PHy),; unit.’® The MCI,(PR;), fragments in M;Cl,(PR3),
are somewhat distorted away from an ideal pseudo-square-planar
conformation 1 by reductions in the CI-M-Cl angle « and the
P-M-P angle 8 from 180° to 130° and 160°, respectively, ,2.
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Figure 1. Orbital level diagram for the MCly(PH,), fragment of Cy~
symmetry in the distorted conformation 2 and a schematic representation
of the corresponding orbitals. The calculated molecular orbital energies
of TcCly(PH;),, used in this diagram, were b, (—4.18 eV), a; (-3.84 eV),

a; (-3.74 eV), and by (-2.97 eV). The two Cl atoms are in the yz plane
and the two P atoms in the xz plane.

mm b,

Calculations on MnCl,(PH;),, TcCl,(PH3),, and ReCl,(PH3),
in conformation 1 as well as conformation 2 showed that the
distortion from the pseudo-square-planar conformation 1 to 2
required 10 kJ mol™! or less.

Figure | presents the four highest occupied orbitals of the
MCIl,(PH;), fragment in conformation 2. All four orbitals are
metal-ligand antibonding of primarily d character. The orbitals
b (dy,) and by(d,,) both have = symmetry with respect to the C,
axis of the fragment, whereas a,(d,?) and a,(d,,) are of ¢ symmetry
and 6 symmetry, respectively. The four orbltals in Figure | are
in energy within 1 eV of each other. The b, orbital is highest in
energy since!®d,, in the distorted conformation 2 with & = 130°
has a large ann{»ondmg interaction with the o-ligand orbitals on
the two Cl atoms.

The MC1,(PHj;), unit has C,, symmetry in conformation 1 as
well as conformation 2. The d° fragments MnCl,(PH3),, Tc-
Cl,(PH3)4, and ReCl,(PH;), were in both 1 and 2 calculated to
have the high-spin ground-state configuration (a,)%(a;)!(b,)}(b,)"
corresponding to the symmetry term *A,.

The d* fragments MnCl,(PH;),*, TcClL(PH,),*, ReCl,(PH,),*,
CrCl,(PH;),;, MoCl,(PH;),, and WCL,(PH;), all had a (a,)!-
(az)'(by)'(by)! high-spin ground-state configuration of 3A; sym-
metry.

IV. Electronic Structure of M,Cl,(PH;) /™

1. General Considerations. The observed! structure of
M,Cl,(PR;), for M = Mo, W, Re is that of two deformed
MCI,(PR;), fragments 2 combined into a staggered conformation
3 of D,; symmetry, as opposed to an eclipsed arrangement 4, or

PR3

3

a staggered combination of two square-planar MCl,(PR;), units,
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5. Calculations on Tc,Cl4(PH;), showed 4 to be 230 kJ mol™
higher in energy than 3, and § to be unstable with respect to the
two M(Cl),(PH;), fragments. An energy decomposition along
the lines described in section IV.3 revealed that 4 as well as 5 are
destabilized compared to 3 by repulsive steric interactions between
electron pairs on ligands attached to different metals, whereas
the electronic contributions to the metal-metal bond are com-
parable for the three geometries. We shall in the following restrict
the discussion of M,Cl,(PH3), to the observed staggered geometry
3 of D,,; symmetry. The four fragment orbitals of Figure 1 on
each MCl,(PH;), unit can be combined into metal-metal bonding
and metal-metal antibonding orbital combinations. The in phase
combination of d,2(a;) on each fragment gives rise to a o-bonding
orbital of a; symmetry, 6, whereas b, on one fragment, see Figure

Ia1= o]

6

1, with b, on another fragment afford a degenerate set of =-
bonding orbitals with e symmetry, 7a and 7b. We have further
from the d,, set a §-bonding orbital, 8a, and an §-antibonding

orbital, 8b.

|ey:1r2

Teg:my
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The two orbitals in 8a and 8b are of b, symmetry and a,
symmetry, respectively. All studied M,Cl,(PH;), systems had
the orbital energies of the upper occupied levels in the order ¢,
~ €1e < €gp, < €15, 0T €, ~ €, < ¢; < ¥ The calculated orbital
energy diagram for Tc,Cl,(PH;), is presented in Figure 2. It
follows from Figure 2 that the antibonding o* orbital, 1b,, as well
as the two antibonding =* orbitals, 2e, are of considerable higher
energy (3 eV) than the corresponding bonding orbitals la, and
le. Both 1b, and 2e are unoccupied for the M,Cl,(PH;), systems
under consideration here and need not concern us any further.
The two 6 orbitals of 8 closely resemble the actual calculated
occupied orbital of highest energy with b, symmetry (8) and a,
symmetry (6*), respectively. The symmetrical in-phase combi-
nation 6 constitutes in all cases more than 80% of the actual
calculated occupied orbital of highest energy with a, symmetry
(o), and the lowest unoccupied orbital of b, symmetry is the
corresponding out-of-phase combination (¢*). The highest set
of occupied orbitals with e symmetry (r) are linear combinations
of the b, orbitals on one fragment, see Figure 1, with the b, orbital
on the other fragment as shown in 7. The contribution from b,
(60%) is larger than the contribution from b, (40%) since ¢, <
€, (see Figure 1). The set of lowest unoccupied orbitals of e
symmetry (7*) is represented by the corresponding out-of-phase
combination with the largest amplitude on b,.

2. Representation of the Many-Electron Wave Function. The
d’-d* systems Mn2Cl4(PH3)4, TC2C14(PH3)4, and RC2C14(PH3)4
all have the ground-state configuration (a)?(7)*(8)2(5%)? with the
state symmetry 'A;. The ground-state configuration for the d*~d*
systems Mn,Cl,(PH;),*, Tc,Cl,(PH;),*, and Re,Cl,(PH;),* is
(0)X(m)*(8)%(6*)" with 2A,-state symmetry. It is clear from Figure
2 that the ground-state configurations for d’-d* systems as well
as d°~d* systems are well separated in energy from other con-
figurations of similar symmetries. The many-electron wave
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Figure 2. Orbital level diagram for M,Cl,(PHj;), in the staggered con-
formation 3 of D,; symmetry and a schematic representation of the
corresponding orbitals. The calculated orbital energies of Tc,Cly(PHs),,
used in this diagram, were ¢ (~5.60 eV), & (~5.57 eV), § (~4.67 eV), §*
(=3.82 eV), 7* (-1.94 eV), o* (-1.90 eV). For d5-d° systems the
ground-state configuration is (¢)2(r)*(8)2(8*)? with (o)2(r)*(8)? for d-d*
complexes and (o)2(m)4(8)*(6*) for d*~d? complexes.

functions can as a consequence for both systems by represented
adequately by a single Slater determinant, and the total energy
evaluated by the corresponding statistical energy expression used
in connection with the HFS method. The d*-d* systems Cr,-
CL(PH;)s, Mo,Cly(PH;)s, W,CLy(Ph3),, Mn,Cly(Phy) 2,
Tc,Cly(PH3)4%*, and Re,Cl,(PH;),2* all have the ground-state
configuration (o)?(7)*(8)* with the state symmetry 'A;. The §
overlaps between the two d,, orbitals in la,, 8b, and 1b,, 8a, are
small, so that the energy separation between § and §* is modest,
see Figure 2. One is as a consequence forced to consider ()%
(m)*(6*)? in addition to the ground-state configuration and rep-
resent the ground-state many-electron wave function for d*-d*
systems by two Slater determinants as
v = Cllmlwltr27r2.%5, + Czlm]ﬂ']tr27r;’é*5*, (IV.Z. l)
Noodleman et al.!! have recently shown how a wave function of
the form given in eq IV.2.1 as well as the corresponding energy
can be evaluated within the HFS scheme, and this method has
been used for the d*~d* systems in the presznt work. The use of
spin-unrestricted and symmetry-broken calculations in connection
with the evaluation of ¥ in eq IV.2.1 has been described in details
for M,Lg systems in ref 11b.

3. Decomposition of the Metal-Metal Bonding Energy. The
total metal-metal bonding energy

AEyy = -E(M,Lg) + 2E(ML,) (IV.3.1)

(11) (a) Noodleman, L. J. Chem. Phys. 1981, 74, 5737. (b) Noodleman,
L.; Norman, J. G., Jr. J. Chem. Phys. 1979, 70, 4903.
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Table I. Optimized Metal-Metal Bond Distances, and
Decomposition of Calculated Bonding Energies, for M,Cl,(PH,),
with M = Mn, Tc, and Re

Ruinss E, kJ mol™
M,CL(PH;), A AEyy AE° AE, AE, AE, AEy
Mn,Cl(PH;), 192 2948 3765 -2463 -4238 -12
Tc,Cl(PH,), 2.16 598.7 319.6 -331.4 -584.3 -2.6
Re,Cl(PH,), 227 562.1 256.0 -303.6 -503.9 -1.1 -9.2¢
¢Contributions to the bonding energy from relativistic effects are

given by —AFg. The total bonding energy is given as AEyy, = ~AE® —
AE, - AE, - AE; - AEy.

where E(M,L;) is the total energy of M,Lg and E(ML,) the total
energy of ML,, can be decomposed into various contributions as

AEyy = -AE® - AE, - AE, - AE; (Iv.3.2)

Here AE®, the steric interaction energy, is the energy required
to bring together two ML, units to the position they will have in
the M,L¢ complex, while keeping all the upper valence electrons
unpaired. That is, the electrons are confined to the orbitals they
occupied in the separate fragments. The wave function for such
a system in the d*-d* case would be:

(Iv.3.3)

where a;;, a,g, €tc., are orbitals on the two different fragments
(see Figure 1). With the energy corresponding to ¥° given by
E°, we have for the steric interaction energy,

AE°® = E° - 2E(ML,) (IV.3.4)

The electronic contributions AE,, AE,, AE; represent the addi-
tional energy gained when the electrons pair up in orbitals of o
symmetry (AE,), = symmetry (AE,), and § symmetry (AE;),
respectively. A more detailed account of the decomposition scheme
has been given in ref 12. The total energy of the M,Lg complex
is according to eq IV.3.1 given by

AE® + AE_ + AE, + AE; + 2E(ML,) (IV.3.5)

The contribution to the total energy from the steric interaction
(AE?®) is in most cases positive (repulsive), whereas the o-bonding
interaction (AE,), the w-bonding interaction (AE,), and the 6-
bonding interaction (AE;) all have negative (attractive) contri-
butions. With the metal-metal bond energy defined as AEyyy
= -AE, a positive value of AE\y, corresponding to a stable
metal-metal bond. The contribution to the bonding energy from
the steric interaction (-AE®) is now negative (repulsive), whereas
the contributions from the s-bonding interaction (-AE,), the
#-bonding interaction (-AE,), and the é-bonding interaction
(~AE;) now all are positive (attractive).

V. Strength of the Metal-Metal Bond

We shall now discuss the strength of the metal-metal bond as
a function of the d-electron count and the metal atom involved
in the bonding.

1. Mn,Cl,(PH;),, Tc,Cl,(Phs),, and Re,Cl(PH;),. The
calculated metal-metal bonding energies, AEygy, for Mn,Cl,(P-
H;)4, Tc,Cl,(PH;),, and Re,Cl4(PH;), are given in Table I along
with the optimized metal-metal bond distances, Rygy.

Rhenium' is known to form binuclear complexes with a formal
bond order of 4 as well as 3.5 and 3. The chemistry of techne-
tium!® is less developed in this field due to the radioactive nature
of the element. To date binuclear complexes of Tc are only known
in a few cases where the formal bond order is either 4(Tc,Clg?)
or 3.5(Tc,Clg®). It is, however, expected that Tc,(PR3),Cly with
a bond order of 3 should have a metal-metal bond similar in
strength to that of the well-known Re,Cl4(PR;), systems. The
HFS calculations on the two-model systems Tc,Cl,(PH;)4 and

Re,Cl,(PH;)s, with D(TeTc) = 598 kJ mol-! and D(ReRe)
= 562 kJ mol}, indicate in fact that Tc might form marginally
stronger metal-metal triple bonds than Re. There are few ex-

0 = |+ + + + - - = -
Ve = |Ya; Yay by Tby 2 R a0 by "bagl

(12) Ziegler, T.; Rauk, A. Inorg. Chem. 1979, 18, 1755.
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Figure 3. A plot of AE = -AEyy, AE,, AE,, and AE® as a function of
the metal-metal bond distance Ryy. The metal-metal bonding energy
is given as AEyy = -AE = AE°® - AE, - AE,.

perimental estimates of the bond-dissociation energy for binuclear
complexes of either Tc or Re with a multiple metal-metal bond.
Trogler!3 et al. have, based on the Birge-Sponer procedure, es-
timated the dissociation energy of the quadrupole bonds in Re,Clg?

and Re,Brg> to be D(Re*Re) = 635 + 80 kJ mol™ and D-

(RetRe) = 580 = 100 kJ mol™, respectively. The metal-metal
bond distance in Re,Cl,(PH;), is calculated to be Ry = 2.27
A in reasonable agreement with an observed'* bond distance of
2.24 A in Re,Cl,(PMe,Ph),. The calculated distance for Tc,-
Cl,(PH,;), at Ry = 2.16 A is further in line with the general
observation! that multiple metal-metal bonds of 4d elements are
~0.1-A shorter than the corresponding bonds of 5d elements.

Manganese! has so far not been shown to form binuclear
complexes with multiple metal-metal bonds, in contrast to its
heavier congeners and neighboring 3d elements. We predict, Table
1, that Mn,(PR3),Cl, should have a rather short bond distance
(Ry = 1.9 A) with a metal-metal bond energy close to 300 kJ
mol™. The calculated properties of Mn,Cl,(PHj3), are close to
those observed for dichromium complexes with a “supershort”
quadrupole bond. One might thus expect that it should be possible
to synthesize binuclear complexes of Mn, homologous to those
of Cr, Tc, and Re.

The variation of AE = —AEpy, as well as AE®, AE,, and AE,,
is depicted in Figure 3 for Mn,ClL,(PH;),, Tc,Cly(PH3),y, and
Re,Cl4(PH3), as a function of Rygy.

The steric contribution to the bonding energy, ~AE?, is in-
creasingly repulsive as the metal-metal bond is shortened. The
repulsion comes from the interactions between an occupied orbital
on one fragment with an occupied orbital on the other fragment
(4-electron-destabilizing interactions), as well as from the in-
teractions between the partly filled orbitals a,, a,, b;, b, (see Figure
1) on one fragment with the occupied orbitals on the other
fragment (3-electron-destabilizing interactions). The major part
of the 4-electron repulsion is due to electron pairs on the two metal
centers, in particular electrons in #s and np. The repulsion between
electron pairs on ligands attached to different metal centers has
on the other hand been greatly reduced by the distortion of the
two ML, units, as discussed in section IV.1.

The stabilizing contributions to AE, come from ~AE_ and
—-AE,. The relative importance of the ¢ interaction as compared
to the 7 interaction depends somewhat on Ry, The term ~AE,
is at the calculated equilibrium distance slightly larger than
-1/,AE, (see Table I), thus making the o bond somewhat stronger
than each of the = bonds.

The contribution from the § interaction is not shown in Figure
3. It is negligible (see Table I), since both the & orbital as well
as the 6* orbital are fully occupied.

The calculated order of stability for the binuclear complexes,

D(TctTc) > D(Re*Re) »> D(Mn2Mn), can be rationalized by
the aid of Figure 4, where we depict AE® as a function of AE,



Theoretical Study of M,Cl,(PH;) /"

7001

5004

AE°
(kJ mor'h)

100

L C L i
- 500 -700 -900
ZSETri-AJZO

(kJmol)

Figure 4. The steric interaction energy, AE®, of M,Cl,(PH;), with M
= Mn, T, or Re, as a function of AE, + AE,.

+ AE, for each of the three binuclear systems.

The difference in AE®, for a given value of AE, + AF,, between
the three metals (Mn, Tc, Re), correlates directly with the cal-
culated trend in the metal-metal bonding energies. The 3d orbitals
on Mn are more contracted than either 4d on Tc or 5d on Re.
The two Mn atoms must as a consequence come very close together
in order to acquire the same bonding interaction (AE, + AE,)
as the heavier metals. At such a close range the 4-electron-de-
stabilizing interactions are substantial, in particular between the
occupied 3p orbitals of nearly the same radial distribution as 3d.
The ratio between AE® and —(AE, + AE,) is for this reason larger
for Mn than for Tc and Re, and the metal-metal bond as a
consequence is weaker in Mn,Cl,(PHj3), than in either Tc,Cl,-
(PH,), or Re,Cl,(PH;),.

Both Tc and Re have sufficiently diffuse d orbitals to acquire
good bonding overlaps (AE, + AE,) at distances where 4-elec-
tron-destabilizing interactions still are modest. The major con-
tribution to AE® now comes from the 3-electron-destabilizing
interactions between the partly filled d orbitals (Figure 1) on one
fragment with the occupied orbitals on the other fragment. This
interaction is, for a give value of AE, + AE,, largest for Re with
the most diffuse d orbitals. The metal-metal bond in Re,Cl,-
(PH,), is as a consequence marginally weaker than in Tc,Cl,-
(PH;),.

Relativistic effects® can have a considerable influence on the
stability of metal-metal bonds between 5d elements. Calculations
on Cr,L¢, Mo,Lg, and W,L¢ showed that relativistic effects (~AER)

stabilized the triple bond in W,L to the point where D(W-AW)
> D(MoiMo), whereas nonrelativistic calculations gave D-

(MotMo) > D(WAW). We have used the relativistic HFS
method by Snijders'? et al. to calculate the influence of relativity
(—AER) on the strength of the metal-metal bond in Re,Cl,(PH3),
(see Table I). The influence in the case of Re,Cl,(PH;), is modest,
and —AEjy is not large enough to invert the nonrelativistic order

of stability, D(Tc-“—Tc) > D(Re4Re). The small contribution to
the metal-metal bond of Re,Cl,(PH;), from —AER reflects the
modest participation of the 6s orbital on Re in the triple bond.
Such a participation is necessary for a sizable contribution from
—-AER, as discussed in ref 8,

(13) Trogler, W. C.; Cowman, C. D.; Gray, H. B,; Cotton, F. A. J. Am.
Chem. Soc. 1977, 99, 2993.

(14) Cotton, F. A.; Dunbar, K. R.; Falvello, R. L.; Tomas, M.; Walton,
R. A. J. Am. Chem. Soc. 1983, 105, 4950.

(15) (a) Snijders, J. G.; Baerends, E. J. Mol. Phys. 1978, 36, 1789. (b)
Snijders, J. G.; Baerends, E. J.; Ros, P. Mol. Phys. 1979, 38, 1909.
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Table II. Optimized Metal-Metal Bond Distances, and
Decomposition of Calculated Bonding Energies, for M,Cl4(PHj;),
with M = Cr, Mo, and W

E, kJ mol™!
AEyy AE° AE, AE, AE, AEg

1529 4985 -222.6 -4207 -8.1
Mo,ClL,(PH;), 2.18 523.5 389.5 -288.6 -591.6 -32.8
W,Cl,(PH;), 228 428.3 430.5 -285.8 -540.2 -25.2 -7.2¢

4The total bonding energy is given as AEyy = ~AE® - AE, ~ AE, -
AE5 - AER.

RMM’
MCL(PH;), A

Cr2C14(PH3)4 1.89

-4o00t

~AF,.(kJ mol ™" )

- 8oor

Y L 1 1 £ A
17 18 19 20 261 22 23 24
Rym (AY

Figure 5. A plot of AEy, where AEy, is the metal-metal bonding
energy, as a function of the metal-metal bond distance Ry for
M,Cl,(PH;), with M = Cr, Mo, or W.

2. Cl'2Cl4(PH3)4, M02Cl4(PH3)4, and W2Cl4(PH3)4. The
calculated bonding energies, decomposed into the various con-
tributions (-AE®, -AE,, -AE,, -AE;, —~AER), are shown in Table
II for Cr,Cl,(PH;)4, Mo,Cly(PH3),4, and W,Cl,(PH;), along with
the optimized metal-metal bond distances.

The two known systems!6 Mo,Cl,(PR3), and W,Cl,(PR;), have
two valence electrons less than Re,Cl,(PR;),."* The configuration
is then (a)%(7)*(8)?, corresponding to a formal bond order of 4.

The relative bond strength, Figure 5 and Table II, for the three

quadruple bonds is calculated as D(CriCr) « D(Wiw) <

D(Mo“£Mo) and follows the same order of stability with respect
to the 3d, 4d, and 5d elements as the triple bonds in section V.1.
It is further clear from Table II that the contributions to D-

(WAW) from relativistic effects (AER) are small.

One might have expected that the energy of the triple bond in
Re,Cl4(PH;), and the energy of the quadrupole bond in W,-
Cl4(PH;)4 would be related simply by

4
DIW==W) = D(Re==Re) - AL

where —AE; is the contribution to D(W-2W) from the & bond of
W,Cl,(PH3),. Such a simple relationship as expressed in eq V.2.1

would, in addition to D(WAW) > D(Re£Re), imply that the
metal-metal bond distance should be somewhat smaller in
W,Cl,(PH;), than in Re,Cl,(PHj),. It is assumed in eq V.2.1
that any change in either AE® or AE, + AE, between the Re,-
Cl,(PH3), and W,Cl,(PHj3), is small compared to ~AE;, although
some variation must be expected due to the different size of the
core and d orbitals on Re and W, respectively.

A comparison between Table I and Table II shows that —~AE;
in fact is smaller than the change in AE® and of the same order
of magnitude (25 kJ mol™ for W,Cl,(PH,),) as the change in AE,
+ AFE,. It is for this reason not possible to assess the importance
of the & bond by looking at differences in observed (or calculated)
properties between W,Cl4(PR;), and Re,Cl4(PR;)4. The calcu-
lated order of stability between the triple bonds, Table I, and the

quadrupole bonds, Table II, is in fact D(Mn2<Mn) > D(Cr4Cr),
D(Te2Tc) > D(Mo“Mo), and D(Re*Re) > D(W222"" and

(X.2.1)
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Figure 6. A plot of ~AE)\ as a function of the metal-metal bond distance Ry for M,CL(PH;),** with n =0, 1, 2 and M = Mn, Tc, or Re. The
bond distances (A) and bond energies (kJ mol™!) were calculated as Mn(z = 0) [1.92, 295], Mn(n = 1) [1.91, 232], Mn (n = 2) [1.90, 267], Te(n
= 0) [2.16, 599], Tc(n = 1) [2.18, 532], Te(n = 2) [2.12, 142], Re(n = 0) [2.27, 562], Re(n = 1) [2.25, 499], Re(n = 2) [2.24, 87].

this order is primarily influenced by AE®, Tables I and Table II.
Contributions to ~AE® from 4-electron-destabilizing interactions
as well as 3-electron-destabilizing interactions are largest in the
case of Cr, Mo, and W since those elements have more diffuse
core and d orbitals than Mn, Tc, and Re, respectively, due to the
smaller nuclear charge.

The calculated quadrupole bond distances of Cr,Cl,(PH;),,
Mo,Cl,(PH;),, and W,Cl,(PH;), are similar to the corresponding
triple bond distances in Mn,Cl4,(PH3),, Tc,Cly(Hs)s, and Rey-
Cl4(PHj;),, respectively, and we note that the observed quadrupole
bond distance!$ in W,Cl,(PMe;), (2.26 A) is larger than the
observed!* triple bond distance (2.24 A) in Re,Cl,(PMe,PH),.

For the d*-d* systems use was made of the simplest possible
wave function, eq IV.2.1, adequate to describe the weakly coupled
electron pair in the § bond. The simple wave function allowed
for the occupation of the § orbital as well as the §* orbital. The
occupation of the two orbitals for the three different metal centers
was as follows: W, [(8)!82(6*)%18]; Mo, [(8)!7°(6*)%?']; and Cr,
[(8)!46(5*)%-34]. Tt is not surprising that Cr,Cl,(PH;), has the
highest occupation of §*, and thus the weakest 6 bond, since the
overlap between d orbitals of § symmetry on the two Cr atoms
is smaller than the corresponding overlaps between d orbitals on
either Mo or W,

We note further that a calculated quadrupole bond energy of

D(CriCr) = 153 kJ mol™! probably is too small to suggest that
Cr,Cl,(PH;), might be isolated. The rather modest strength of
the quadruple bond in Cr,Cl,(PH3), is surprising in view of
previous calculations®® on Cr,L¢ systems (L = H, Cl, CH,, OH,
NH,) where the Cr-Cr triple bond energy was calculated to be
in the range of 300 to 250 kJ mol™!. We hope to persue this point
further by calculations on known binuclear complexes of chromium
with a quadrupole bond.

We shall now, in connection with a recent paper by Cotton,'®
turn to a discussion on the influence of metal-metal bond order
on the metal-metal bond length.

3. Mn2Cl4(PH3)4+, Mn2Cl4(PH3)2+, TCzCl4(PH3)4+, TC2CI4'
(Ph3)42+, Re2Cl4(PH3)4+, and Re2Cl4(PH3)42+,. The dication
Re,Cl,(PH;),?* is isoelectronic with W,Cl,(PH,),, and it might
be more realistic to estimate the influence of the § bond by
comparing the properties of Re,Cl,(PH3), and Re,Cl4(PH;),2*.

Cotton et al.!* have synthesized and characterized the series
Re,Cl,(PMe,Ph),** for n = 0, 1, 2, where the metal-metal bond
is observed to contract (~0.02 A) with increasing bond order
through n =0, 1, 2.
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Figure 7. (a) Overlaps'® between orbitals on the two MCl,(PH)* (n
= 0, 1) fragments of ¢ symmetry (S,), 6; = symmetry (S,), 7; and é
symmetry (S;), 8, for M,Cl(PH;)/™ withn = 0, 1, or 2 and M = Mn,
Tc, or Re. The following metal-metal bond distances were used: Mn
192A(n=0,1,2),Tc216 A(n=0,1,2),Re 227A (n =0, 1, 2).
(b) The o-interaction energies (~AE,), m-interaction energies (~AE,), and
s-interaction energies (~AE;) of M,Cl4(PH,;),™ withn =0, 1,2 and M
= Mn, Tc, Re. The bond distances were the same as in part a.

We present in Figure 6 the calculated metal-metal bond en-
ergies for M,Cl,(PH;),"* withn =0, 1, 2and M = Mn, Tc, Re.
The bonding energy of M,(PH;),Cl,* is with respect to the two
fragments MCl,(PH;), and MCl,(PH;),*, whereas the bonding
energy of M,Cl,(PH;),>* is with respect to two MCl,(PH;),* units.

The energy required to bring together the two fragments into
the combined complex without pairing the electrons, AE®, is
clearly larger for M,Cl,(PH;),2* than for M,Cl4(PHj3),, since the
electrostatic interaction between the two charged MCl,(PH;),*
units is less favorable than the electrostatic interaction between
two neutral MCl,(PH;), fragments. The bonding energies of
M2Cl4(PH3)42+, M2Cl4(PH3)4+, and M2Cl4(PH3)4 differ for this
reason in absolute terms, Figure 6.

The most important feature of Figure 6 is perhaps that the
variation in AE,;y as a function of Ry is nearly the same for
the three species (n = 0, 1, 2) although they represent different
formal bond orders. Thus, the dications with a quadruple bond
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Figure 8. Energy plots of Mo,Cl,(PH;),* in various excited states as a function of the metal-metal bond distance Ryy. All energies (eV) are with
respect to Mo,Cl,(PHj), in its ground state at the optimized metal-metal bond distance (2.18 A). The actual state used in connection with calculations
on each configuration was in each case that of highest spin multiplicity.

do not have a substantially shorter metal-metal bond than the
neutral complexes with a triple bond. Rather, AEy, for the three
binuclear complexes of the same metal, Figure 6, appears at first
sight merely to differ by a constant energy term over a wide range
of RMM'

We do, however, as shown in Figure 6, calculate a small con-
traction of the metal-metal bond with increasing bond order
through n = 0, 1, 2. This contraction correlates nicely with the
small increase in ~AE; through n = 0, 1, 2 (see Figure 7b). A
close analysis shows, however, that the rather drastic process, in
which two electrons are ionized from the §* orbital, has a sub-
stantial influence on every term contributing to AEyy. The
influence on AE, and §E,, illustrated in Figure 7a, is determined
by two factors. The first factor is a reduction in the bonding
overlaps of 6 and 7, Figure 7a, as the d orbitals on MCl,(PH;),*
(a;, a5, by, b, of Figure 1) are more contracted'* than the d orbitals
of MCI1,(PHj;),.

The second factor is an increasing participation of the in-phase
combination between the two metal (n + 1)p, orbitals, 9, in the
o bond, as the energy of 9 is lowered with increasing #. The result
of the two opposing factors is an increase in —AE, (n =0, 1, 2)
whereas —AF, is reduced by the first factor (n = 0, 1, 2), see Figure
7b. The contraction of the d orbitals in the charged binuclear
complexes will in addition reduce the 3-electron-destabilizing
interactions of AE®,

We conclude this section by pointing out that it probably is
difficult to study the influence of the é bond in a series such as
M,Cl,(PR;),™, where the bond order has been increased by
ionization through n = 0, 1, 2. The ionization will induce changes
in all contributing factors to AE\y (and Rymopy))> and those
changes might be larger than the weak contribution from the &
bond. It is in this respect interesting that!” Tc,Clg?™ with a bond
order of 4(os2x%6%) has a larger bond distance (Rypy = 2.16 A)

(16) Cotton, F. A_; Extine, M. W.; Felthouse, T. R.; Kolthammer, P, W.
S.; Lay, D. G. J. Am. Chem. Soc. 1981, 103, 4040.

(17) Cotton, F. A.; Davison, A.; Day, V. W; Fredrich, M. F.; Orvig. C;
Swanson, R. Inorg. Chem. 1982, 21, 1211.

than Tc,Clg? (2.10 A) with a bond order of 3.5.

4. Mo,Cl,(PH;)*,. The change in the metal-metal bond
distance as a function of the formal metal-metal bond order is
illustrated in Figure 8, where we present the optimized bond
distances for various excited states of Mo,Cl,(PH3),*. The
ground-state configuration is ¢27*3, and Mo,Cl,(PH;),* has here
the same bond distance (2.18 A) as Mo,Cl,(PH;), in o?x*32,
Figure 8A. The promotion of one electron from the § orbital to
the 5;orbital results in a modest increase in the bond length to
2.23 A.

The reduction in the w-bond order gave, as one might have
expected, rise to a somewhat larger increase in the bond length,
Figure 8B. Thus, the bond length of Mo,Cl,(PH;),* in config-
uration o¢?x*r* with a 7-bond order of 1.5 was calculated to be
2.35 A, whereas the configuration o2x%¢ #* with a = bond order
of 1 gave Ryy = 2.43 A, Figure 8B.

The o bond is slightly stronger than the = bond, section V.1,
and one might thus have expected that the promotion of one or
two electrons from the o orbital would increase the metal-metal
bond distance considerably. Configurations in which one or two
electrons are promoted from the o orbital are in fact calculated,
Figure 8C, to have nearly the same bond distance as the
ground-state configuration, thus ox*52 have Ry = 2.14 A, with
Rym = 2.22 for on*66*, Figure 8C. An analysis showed that
—-AFE?®, positive and repulsive, is reduced substantially as electrons
are removed from the o orbitals, 6, since such a removal will
eliminate the 3-electron-destabilizing interactions between d,. on
one fragment and the np,, ns orbitals on the other fragment. The
influence from the reduction in the o-bond order on Ry is as
a consequence largely diminished by the decrease of ~AE®, as
electrons are promoted from the o orbital. The population of the
o* orbital does on the other hand not result in a reduction of the
3-electron-destabilizing interaction discussed above. The con-
figuration o?x*c*, where the o-bond order is 0.5, exhibits as a
consequence a substantial increase in the bond length, Figure 8C,
with Rym = 2.31 A, An increase in the bond length is also
calculated for o7m*6c* with Ryy = 2.27 A.

VI. Concluding Remarks

The present study on the relative stability of metal-metal bonds
in the homologous binuclear complexes of the form M,(PH;),Cl,
reveals, for the two triads M = Mn, Tc¢, Re and M = Cr, Mo,
W, that the metal-metal bond energies AE\(3d), AEpm(4d),
AE\m(5d) for three congeners follow the order AEpMy(3d) <
AEym(5d) < AE\m(4d) at variance with the trend AEy(3d)
< AEpp(4d) < AE\y(5d) observed in studies'® on metal bulk.
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We have found that nonrelativistic calculations on binuclear
metal complexes uniformly afford the order AEy\(5d) <
AE\\(4d). This order might, however, be reversed by relativistic
effects, provided that the (n + 1)s metal orbitals have a substantial
contribution to the metal-metal bond as in Ag; and Au,® or Mo,Hg
and W,H,.%®* A modest participation from (n + 1)s in the met-
al-metal bond will on the other hand result in too small a con-
tribution from the relativistic effects to reverse the nonrelativistic
order AE\;(5d) < AEym(4d), as in the case of the M,Cl,(PH;),
systems.

We would expect that the contribution to the metal-metal bond
from the relatively diffuse (n + 1)s orbital is considerably increased
and the contribution from the more contracted nd orbitals de-
creased in metal-bulk compared to M,Cl,(PH;),, since the
metal-metal bond distance Ry is much longer in bulk than in

(18) The corresponding overlaps for M,Cl4(PH;), with M = Cr, Mo, W
were the following: Cr [S, = 0.168, S; = 0.053, S, = 0.212] at Ryyy = 1.9
A; Mo [S, = 0.256, S; = 0.081, S, = 0.301] at 2.15 A; W {S, = 0.265, S;
=0.075, S, = 0.305] at Ry = 2.28 A. The overlaps of Cr, Mo, and W are
larger than the corresponding overlaps with Mn, Tc, and Re, respectively, since
the d orbitals on Cr, Mo, and W are more diffuse than the corresponding d
orbitals on Mn, Tc, and Re.

(19) Brewer, L. Science 1968, 161, 115.

M,Cl4(PH;), (note that Ry in Mo-bulk is I A longer than in
M,Cl,(PH;),!) Our analysis above would thus suggest that the
order AEy;\(4d) < AEy observed in bulk is a relativistic effect,
brought about by the substantial contribution from the (n + 1)s
orbital to the metal-metal bond in bulk.

It is hoped that additional theoretical calculations will provide
a simple qualitative method by which the involvement of (n + 1)s
in the metal-metal bond, and thus the order of AE\\(4d) and
Eyn(5d), can be predicted for any class of binuclear complexes.
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Abstract: The reactions of Rh(‘l’]s'C9H7)(Co)2, Rh(ns-C9(CH3)7)(CO)2, Rh(ns-C5H4N02)(CO)2, and [Rh(ns-C5H4PPh3)(CO)2]+
with triphenylphosphine (PPh;) take place readily to form monosubstituted products. These reactions proceed solely by a
second-order process, first order in the metal complex and first order in PPh;. The rates of reaction follow the order
Rh(7’-CyH,)(CO), > Rh(n*-Cy(CH3);)(CO), > Rh(n’-CsH,NO,)(CO), > [Rh(n>-CsH,PPh3)(CO),]*, and all are orders
of magnitude greater than that of Rh(7’-CsHs)(CO),. The reasons for this ordering are discussed in terms of the presumed
transition states of these reactions, relative to the corresponding reaction of Rh(n*-CsH;)(CO),.

In 1966 we reported® that the rates of reaction of Rh(n*-
C;H;)(CO), with a variety of phosphine, phosphite, and isocyanide
ligands are dependent on the concentration of both the rhodium
complex and the incoming nucleophile. The associative nature
of the substitution of this 18-electron compound was explained
by transfer of an electron pair from rhodium to the cyclo-
pentadienyl ligand, creating an empty orbital for nucleophilic
attack. It seemed necessary at the time that some such process
be involved, because it was known? that the pseudoisoelectronic
Fe(CO); undergoes CO substitution very slowly and by a disso-

(1) (a) Rerek, M. E; Liang-Nian, J.; Basolo, F. “Abstracts of Papers”,
186th National Meeting of the American Chemical Society, Washington, DC,
Aug 1983; American Chemical Society: Washington DC, 1983; INOR 354.
(b) The reaction of Rh(n*-CyH;)(CO), with PPh; appeared in a prior com-
munication; Rerek, M. E.; Ji, L. N.; Basolo, F. J. Chem. Soc., Chem. Com-
mun. 1983, 1208.

(2) Schuster-Woldan, H. G.; Basolo, F. J. Am. Chem. Soc. 1966, 88, 1657.

(3) (a) Keeley, D. F; Johnson, R. E. J. Inorg. Nucl. Chem. 1959, 11, 33.
(b) Basolo, F.; Wojcicki, A. J. Am. Chem. Soc. 1961, 83, 520.

ciative process. Although our suggestion predated the Tolman*
16-18-electron rule, we recognized that formation of a 20-electron
species, Rh(>-CsH;)(CO),L, was unfavored so that some process
by which an 18-electron count at rhodium be maintained seemed
appropriate. Since the fundamental difference between Fe(CO);
and the pseudoisoelectronic Rh(#*-CsH;)(CO), is the cyclo-
pentadienyl ligand, it was felt that the cyclopentadienyl ligand
allows an associative reaction at the 18-electron rhodium center
by accepting an electron pair and creating a vacant low-energy
metal orbital to accept a pair of electrons from the entering
nucleophile.

Cramer and Seiwell® examined the kinetics of substitution for
the analogous ethylene complex, Rh(*-CsHs)(C;H,),. Associative
substitution was observed with certain nucleophiles, and they also
felt that transfer of an electron pair from rhodium to the cycl-
pentadienyl ligand was essential in the substitution process. They

(4) Tolman, C. A. Chem. Soc. Rev. 1972, 1, 337.
(5) Cramer, R.; Seiwell, L. P. J. Organomet. Chem. 1975, 92, 245.
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