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Abstract

The eleci—rlonic structure of the binuclear complexes having mixed double bridges,
(CO) M  “M(CO),]” where M =Mo,L=H~,0H,Cl",PH, and n= —2or
M=Mn, L=PH, and n=0 has been calculated by use of the Fenske-Hall
method. The results allowed the comparison of the roles played by the hydrogen
atom and ligands L in the formation of the mixed double bridges. The character of
the M—H-M and M-L-M bridge bonds is similar but the stability of the M—-L-M
is higher because of the greater delocalization of the atomic orbitals of L bridge
ligand than of the H bridge ligand. The trans effect of the bridge hydrogen atom
was characterized as being larger than the trans effect of L bridge ligand. The
contribution of the 34 atomic orbitals of the phosphorus atom in the formation of

the mixed bridges in complexes [(CO)Mol ' >Mo(CO),]™ and (CO),
PH,
MnZ H~ Mn (CO), was discovered.
PH,

Introduction

Of the known transition metal complexes having M—H-—-M bridge bonds a large
group comprises compounds having mixed bridges, i.e. those with the hydrogen

* For part IV see ref. 9.
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Table 1
Bond lengths (A) used in the calculations

Complex M-M M-Hp“ M-L,° M-C,°© M-C, ¢
H
[(CO).Mo:H)Mo(CO)d‘2 3267 1.86 1.96 1.96
-~ H ~ -2
[(CO)‘M°‘C1’M°(CO)‘] 3.267 1.86 2.477 1.96 1.96
H
(CO)4MoZ Pl_;, Mo(CO),]~* 3.267 1.86 2422 1.96 1.96
2
H
[(CO) MoZ 01;’ Mo(CO),]~?2 3.267 1.86 2.08 1.96 1.96
H
(CO).Mn:H: Mn(CO), 2.937 1.86 1.79 1.79
H
(CO) MnZ P}; Mn(CO), 2937 1.86 2.284 1.79 1.79
2

“ Hy = bridge hydrogen atom. ® L, = bridge ligand. € C; = carbon atom in perpendicular plane to bridge
core. 4 C;; = carbon atom in bridge plane.

bridges supported by the other bridgesl_.I These complexes contain the various bridge
cores, €.2. M: :M, MEL;\M, MEII:I;M [1]. Most of the complexes of this type

are unstable intermediates in catalytic processes.

In previous reports, on the basis of the electronic structure calculations (by use of
the Fenske-Hall method), we have discussed the role of the hydrogen atom and of
other bridge ligands (such as Cl;_I and CO) in the formation of the triple mixed

bridges in the complexes [L3MEL;\dL3]" and have compared the trans effect of
the bridge ligands: H™, Cl1~, and CO [2].

The role of the bridge ligands H™, C1~, CO in complexes of that type has been
found to be comparable. From a comparison of the electronic structures of

/L\ -~
[L;M-L-ML,]" and [L,M;L;\dLﬂ", where L =Cl17,CO, it follows that the

molecular levels corresponding to the M—H-M bridge bond are in the same energy
range as other molecular levels corresponding to the M—L-M bridge bonds. The
electron density distribution for the M—H-M and M-L-M bridge bonds is also
very similar. Our calculations also revealed the comparable trans effect of the bridge
ligands H™, C17, and CO.

Our goal was to examine the double mixed bridges from the same view point. For

JH
the calculations we selected the [(CO),M_  _M(CO),]" complexes, where M = Mo,
L=OH,Cl,PH;,and n= —2 or M=Mn, L =PH;, and n=0. In a previous
paper we have discussed the strqu:Itm'e of the carbonyl complexes with double
hydrogen bridge of the [(CO),M_ _M(CO),]" type [3].

The structural data for the calcxslations (Table 1) were based on crystallographic
structures for: Mo, (p-HY u-PMe, )Cp,(CO), [4], Mn,(p-H)Y pu-PPh, X CO), . 51,
[Mo, (p-H)(p-CD),Cl¢1 2 [6], Mo, (n-H)Y(u-OH)(#-C1oHg)Cp, [7]. The calculations
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Fig. 1. Coordinate systems assumed in calculations for [(CO)4M\H/M(CO)4]"' and [(CO)4M\L:M-
(CO),4]" complexes

were performed by the Fenske—Hall method [8]. The coordinate systems assumed in
calculations are shown in Fig,. 1.

Results and discussion

From ouf{ previous calculations for the carbonyl dimer of - molybdenum
[(CO) Mol SMo(CO),]~? (Fenske-Hall method), the atomic function basis for

molybdenum has the valence functions 4d, 55 and 5p. However, in the calculations
presented here, we have used a different atomic function basis for molybdenum, one
that includes the 5d atomic orbitals of Mo, which has no influence on the electronic
structure, because the 54 orbitals of Mo do not contribute to the formation of the
occupied molecular levels, but the electron density distribution does change a little
(Table 2).

The structure of the carbonyl dimer of molybdenum having a double hydrogen
bridge could be characterized as follows (irrespective of the function basis used):
(1) the lowest levels of the exclusively ¢ MO’s of the CO groups,

(2) intermixed levels of varying character:
(a) levels of the exclusively 0 MO’s of the CO groups,
(b) levels of the exclusively #® MO’s of the CO groups,
(©) levels corresponding to the bonding interactions of the 6® MO’s from the
CO groups with the d orbitals of the metal atoms viz., 6°~d'M interactions,
(d) levels corresponding to the bonding interactions of the #® MO’s of the CO
groups with the d orbitals of the metal atoms, viz., 7°—dM interactions,
(3) two levels (9a,,6b,,), mainly AO’s of the bridging hydrogen atoms and metal
atoms, which correspond to the M—H-M bridge bonds,
(4) the highest filled levels of the #* MO’s of the CO groups and the d orbitals of
the metal atoms, which correspond to the #*—dM bonding interactions. The

electronic structure of the terminal energy levels for [(CO) 4MO:H:M0(CO) J72is
presented in Tables 3 and 11. Replacement of one of bridge hydrogen atoms by the
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Fig. 2. Electronic structure of the [(C())‘MO:L:Mo(CO)‘]"z anions (calculation including the 54
AO’s of Mo atoms) showing all bridge levels

ligand L in that anion causes no changes in the lower energy levels corresponding to
the o or 7 molecular orbitals of the CO groups or to the 6 CO-4dM and #°?CO~-dM
interactions. In the energy range corresponding to these energy levels, are also
present levels of considerably high contribution of the atomic orbitals of the bridge

ligand: la,, 6a,, 10a,, 9b,, 13b,, 7b,, 14b,, 8b,, 105, for [(CO)aMQ:I;ﬁMO-

(CO),173%, 4ay, 8b,, 104y, 9b,, 15a,, 14b,, 8b,, 10b, for [(CO),,MO:ZII\,MO-

H

(CO)4]“2, and 481, 2b2, 3b2, 9“1, gbl, 1501,‘14b1, 15b1 for [(CO)qMO:P :MO-

2
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H
E {eV} Mo’\H:Mo Mo:H Mo Mo:H:Mo Mol Mo
H oM ¢t PH;
=14 LUMO LUMO 181
—0 160, LUMO_ 168,
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71 “ 16a4
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-84 %5, 14by 15a,
/D2 1%01
1304 by
g, 136y |

H
Fig. 3. Highest occupied molecular levels of the [(CO) 4M0:L:M°(CO) 4)"? anions

(CO),]~? (Table 4 and Fig. 2). Some of these levels also have the character of metal
atoms and could be regarded as corresponding to the M—L—M bridge bonds.

The last occupied molecular levels for all studied complexes are shown in Fig. 3.
It is characteristic that the energy and the percent composition of one of the bridge
levels (9a,) does ot change.on l%Ioing from the double hydrogen bridge to the double

mixed bridge. In [(CO),Mo<. ~Mo(CO),] ? the 164, level is related to the 9a,

H
energy level. The second, lower bridge level in [(CO),MoZ :Mo(CO)‘;]"2 , 6bsy,, 18

replaced by levels corresponding to the M—L—M bridge bonds.

Thus, the bridge ligand L orbitals are more delocalized than the 1s H orbital,
which is why the M—L—M is more delocalized than the M—-H-M bridge levels (Figs.
2 and 3). Moreover, for all the systems examined these levels are located mainly
below the 164, level, but in each case a M~L-M bridge level exists of energy that

exceeds the 16a, level, namely: 105, for [(CO) 41\4011(:1‘1Mo(CO)l,]‘2 and

H_ _ _ .
[(CO) 4Mo:Cl,Mo(CO),d 2,14b, and 15b, for [(CO)‘MO::’II-%MO(COM ?. This

is why the complex with a double mixed bridge [(CO) 41\,1[0:14:Mo(CO)4]‘2 is
more stable than [(CO) 4Mo:§:Mo(CO) 4172, the M—L-M bond is more stable

H
“Mo(CO),}~2 but to excite the M—L—-M bonds

than M-H-M in [(CO)4MO:L/

requires very little energy.
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The effect of replacement of the bridge hydrogen atom by the ligand L on levels
corresponding to the dM —#*CO interactions is shown in Fig. 3. The energy levels
do not change significantly; only the 4d AO’s of Mo become more delocalized,
because the anion symmetry is lowered (Tables 5,6,7). The energy of the HOMO
levels

for [(C0)4Mo:g)Mo(CO)4]‘“’, [(COhMoiEﬁMo(CO),,]” and [(CO),-

Moig‘,Mo(CO)d‘2 are comparable, whereas it is much higher for [(CO),-

MoZ f I;/ Mo (CO),]” 2. The replacement of one of the hydrogen bridge atoms in the
2
H
carbonyl manganese dimer (CO),MnJ >Mn(CO), by a PH, group is followed by
destabilization of the HOMO and the other highest occupied levels (Figs. 4, 5 and
Tables 8, 9).

In our first set of calculations we neglected to include the 3d AO’s of phosphorus
atom, which, could have been essential in the formation of the M—P-M type bonds.
Inclusion of the .;? AOQ’s of the P atom results in stallflilization of the last filled levels
for [(CO)“MO:P l;’ Mo(CO),]"? and (CO) MnZ PI} Mn(CO),. Only the levels

2

2

EfeVvid
_H M u
LBLL Mn\P;;Mn _ M5~ Mo
2 2
M (-3aP) (+3dP)
HOMO____ 150, (22 22-y2)
\\\
1751(22,22-)'2)\ .
9a.1{ N
a; 1) N\ ~
HOMOD W0bytxy} \ ~
12 ey :;Z;Lyzz —""—"“l‘:z2 wm, N \‘-———-ﬂg._fh‘(!%x?)-ﬁ, yzP)
-12 4 . by 12
Way (22, x2-y2) 9820z 9} N AN 2 (2, 2y
\
3a,(xy) \\ \\\ \\ 105, Lay, y2)
3byglay) oo \\ \\\\
685, (y2) \\ \\
AN M P P
XY, FZ, XY
\\ : V74 (22 12-12 22, 2%-y2P)
e \
13 .
N\
\
A 9b,(yz, xy, x2P)
{al {b) {c}

Fig. 4. Highest occupied molecular levels with n;;lch participation of 3d AO’s of Mn (corresponding to

3dMn—r*CO interactions) for: (a) (CO) 4Mn:H:Mn(C0)4. ®) (CO) ‘Mn:l’ ~ Mn(CO), calculation
2

. . H

including the 3d AO’s of P atom, (¢) (CO),MnT > Mn(CO), calculation excluding the 34 AO’s of P

~p -
atom.
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with contribution of the 3d AO’s of P are lowered (Fi%_sl. 4, 5, 6, Tables §, 9, 10 and
11, 12). The energy of the HOMO level in (CO),Mn~ "~ >Mn(CO), approaches the
“PH

relevant values of a dimer having a double hydrogen bridzge (Fig. 4). Moreover, the
contribution of the 3d AO’s of the P atoms to the formation of the bridge bond is
responsible for the stabilization of 145, level vs. 16a, level for [(CO),-

Mo~ Mo(C0),]-2 (Fig. 6).
~PH
The Mzuuiken population analysis reveals that on I_Foing from the carbonyl dimer

with a M_ "M core to the dimer with a M_ _M core neither the overlap

population M-Hj nor a charge on the bridge hydrogen atom do not change, which
corresponds to very small changes of energy and of the percent compositions of the
9a, level. The decrease in the positive charge on the Mo atoms is proportional to
the difference between charges on the bridge ligand L and on the hydrogen atom.
The change in charge for the Mn atoms is much greater. The shift in the electron
density with a change of a bridge ligand L mainly for metal atoms and the bridge
ligand L, almost without participation of the bridge hydrogen atom, could be
indicative for the the high stability of the M—H-M bridge bond (Tables 2, 13). It
should be emphasized that in a dimer having a mixed bridge the negative charge on
the bridge hydrogen atom exceeds only slightly that on the bridge ligand L (Table
2). An exception is the bridge PH, group for which in the first set of calculations
(that excluded the 3d AO’s of P) we obtained a value close to zero (—0.061) for the
molybdenum dimer, and a positive value (0.553) for the manganese. However, if an
acceptor character of the PH, group is assumed and the 3d AQ’s of the P atom are
included in the calculations we obtained more similar negative charges on the bridge

hydrogen atom (—0.266) and PH, group (—0.388) in [(CO),Mol_ > Mo(C0O),] 2
“PH,
(Table 2). In the case of ((3())41\,m/H\,Mn(CO)4 (Table 13) the inclusion of the 3d
“PH

2
AO’s of P atom results in a large change in charge on PH,, from a positive value to
close to zero (—0.004).

As in the complex with the double hydrogen bridge, at the same length assumed

for all M—C bonds, in [(CO)4M: :M(CO)4]" the population analysis revealed a

higher negative charge on the CO group in the bridge plane (CO(;) and a greater
overlap population between d orbitals of the M atom and all orbitals of C atom of
the COy group (dM-C;) than adequate values for CO groups perpendicular to
bridge plane (CO,) (i.e. a stronger 4 M— 7" COy, interaction than the dM—#?CO,
interaction) (Tables 2,13). This is indicative of a stronger M—COy, than M-CO;
bond, and thus the M—COy; bond should be shorter than the M—CO, bond. In fact,

for the (CO)4Mn:H: Mn(CO),, the M—CO, bonds (1.840A) were found by X-ray

diffraction studies to be2 much longer than the M—COy; bonds (1.788 A) [5].

As was shown in Table 2, the charges on CO; groups and the overlap population
M-COy change only very little with replacement of one of the bridge hydrogen
atom by the ligand L. However, for anions with a mixed bridge there is an
additional difference in the negative charge on the COy, carbonyl in cis (COy,") and
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trans (COy,') positions relative to the bridge hydrogen atom. The decrease of charge
on the COy,' group compared with the charge on the CO,,° group (as a result of the
weaker dM—#*COy, interaction than the M — 7*COy; interaction and leading to
elongation of the M—COy,' bond compared with M—COy,° bond) is indicative of a
more powerful frans effect of the H™ bridge ligand compared with the trans effect
of the OH™, C1~, or PH,  bridge ligand.

In conclusion the greater the difference in charges of COy;” and CO,; groups, the

E (eV)
/H\ - H ~ - H ~
M
5 Mn\H,Mn Mn\PH{Mn n‘PH{ n
-1 {-dP) (+dP)
LUMD LUMO
10l LUMO
HOMO
HOMO HOMO yc s,
170y, 8ay
95,
6b,,.94 16a 16a,
154 Ju+I4g
by 14
1084
r 108,
ay 11a,
65, 65,
204
b,
Sb,
3, 38,
-25] Sa, S
hay
bay
{a) (b) {c)

Fig. 5. Electronic structure of the carbonyl dimers of Mn showing all bridge levels for: (a)

H H
(CO)MnZ ~Mn(CO),, (b) (Co)'Mn:PI} Mn(CO), calculation excluding the 3d AO’s of P atom,
H 2

H
(©) (CO) ‘Mn:PI} Mn(CO), calculation including the 3d AO’s of P atom
2
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E (eVv) H H K-, ~Ho
Mol Mo Mo:PH:,Mo Mol “Mo Mol Mo
{-3dP) (+34P)
LUMO LUMO
M
LumMo LUMO
MO s, HOMO _ HOMO
HoMO -~ =
Sbau__ Wby Bby, o 1654
-- 1604 AN b
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10y 9b4
9b, :
9a4
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’vd-l
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Fig. 6. Elecﬁronic structure of the carbonyl dimers of Mo showing all bridge levels ti_c;r: (a)
[(CO) 41\40:1_1:M0(C0)4]"2 calculation including the 5d AQ’s of Mo atoms, (b) [(CO), Mo(PI; Mo
(C0O),4]~? calculation including the 54 AO’s of Mo and excluding the 34 AQ’s of P atom,2 ©

[(CO),MoZ >SMo(CO),]"? calculation excluding the 54 AO’s of Mo atoms (d)
H

~

H
[(CO) 4M°:P o Mo(CO),]~2 calculation excluding the 54 AQ’s of Mo atoms and including the 3d
AO's of P atom.2

stronger is the trans effect of the bridge ligand H™ compared with that of the bridge
ligand L; the change in the trans effect characteristic for the [(CO), MO:H:MO-
(CO,)]~? anions studied falls in the order: H™> PH, > OH~ > Cl~ (Table 14).
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Table 13

H
Mulliken atomic charges and overlap populations for (CO),MnZ H:M::(CO)4 and (CO),

- H ~
Mn\P I-T,Mn (CO),
Charges Calculation excluding 44 AO’s of Mn
and H H H
overlap (CO),MnT_ “Mn(CO)y (CO)MnI__Mn(CO), (CO),MnZI_Mn(CO),
populations H PH, PH,
Calculation excluding Calculation including
3d AO’sof P 3d AO’sof P
Mn —0.060 —-0.509 —0.280
Hy -0.178 —0.146 —0.143
Ly PH, 0.553 PH, —0.004
P 0.945 P0.212
H —-0.196 H —0.108
Cco,° ~0.058 ~0.052°¢ ~0.034 ¢
-0.032° —-0.014"
CO, 0177 0.195 0.201
Mn-Mn 0.032 —0.048 —0.053
Mn-Hjyp 0.141 0.141 0.131
Mn-Ly 0.141 0.255 0.434
Mn-CO,® 0.421 0.445 ¢ 0.409 °
0425° 0.365 '
Mn-CO, 0.397 0.406 0.393
dMn-COy, 0.237 0.234° 0226 °
0.219° 0.200 *
dMn-CO, 0.190 0.184 0.184

@b ¢ values are related to carbonyl groups in the cis position to bridge hydrogen atom(COy; ) ¢ values
are related to carbonyl groups in the frans position to bridge hydrogen atom(COy; )

Table 14

Trans effect of the bridge ligand L

Bridge cores The difference between charges of COy; ©
and COy; * groups, |1Qco,, - — @coy |
SHO
Mol o Mo 0.000
H
MoZ Pl-} Mo 0.039 (calculation excluding 3d AO’s of P)
2
0.012 (calculation including 3d AQ’s of P)
Mo/H\ Mo 0.040
\gﬁ 3
Mol Mo 0.066
C1
Conclusions

H
We have found that in complexes of the type [(CO),MoZl_ ~Mo(CO),] 2, where
L=H", OH", CI7, PH, the bridge ligands L play almost the same role. The
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exchange one of the hydrogem bridge atoms by the ligand L does not cause
significant rearrangement of the molecular levels. The energy of the HOMO level is

very similar for all these complexes except for that of [(CO)4MO:H;M0(CO)4]‘2
PH

if the 3d AQ’s of the P atom are excluded in the calculation. 2

If the atomic base used in the calculations did have these atomic orbitals, the
HOMO level in[(co)4Mo/H) Mo(CO),]~? would have been stabilized and its
“PH

energy would have appro:«.tchc':,d2 the values for dimers having double hydrogen
bridges and double mixed bridges, where L = OH™, C1™. The results are similar for

(C0)4Mn’H)Mn(CO)4. In conclusion the 3d AO’s of P cause the stabilization of
“PH

the highest occnzlpied energy levels.
Similar to previously reported studies of the complexes with triple mixed bridges

JH _H
we now state that on going from [(CO),M_ _M(CO),]" to [(CO)4M\L:M-

(CO),]” some of the molecular levels corresponding to the M—-L-M bridge bond
have the same energy as the molecular levels that correspond to the M—H-M bond
that it replaces. On the other hand the AO’s of the L bridge ligands are more
delocalized and therefore the stability of the M—L-M bridge bond would be greater
than that of the M-H-M bridge bond. The characters of the M—-H-M and

M-L-M bonds in the [(C0)4M: :M(CO),]" are similar and are linked to metal

type. For the molybdenum dimer these bonds are partly ionic because of positively
charged metal atoms and the negatively charged bridge ligands. We stress that
the charges of H, OH and Cl are very close. In the case of the [(CO),-

1\,1()’I-I)M0(CO)¢,,]_2 the negative charge of PH, is much lower than the negative
“PH

charge osz if we disregard the participation of the 3d AQ’s of the P in the make up
of the Mo—-PH,-Mo bond. However, if the acceptor character of the PH, group is
also taken into account then its negative charge is very close to that of the H bridge
atom.

The covalent character of the Mo-H-Mo, Mo—Cl-Mo and Mo-OH-Mo bonds
is practically the same because of very close overlap populations: Mo-H, Mo-Cl,
Mo-OH, but the covalent contribution to the Mo—PH,~Mo bond is much greater
because of the participation of the 3d AO’s in making up that bond. The Mn—H-Mn
and Mn-PH,-Mn bonds have exclusively covalent character because the metal
atoms and the bridge ligands are negatively charged. The covalent strength of the
Mn-PH,-Mn bridge bond is also much greater than that of the Mn—H-Mn bridge
bond.

Thus, our calculations show that the participation of the 3d AO’s of the P atom
in making up the M—PH,-M bridge bond, is the same as that which we described
previously for the terminal M—PH, bonds [9].

We have also showed that the trans effect of the H™ bridge ligand is a little
higher than the trans effect of other bridge ligands L such as C1~, OH™, PH, .
Recently we reported similar conclusions for H™, C17, CO bridge ligands in the

_H
complexes [LJM;Ii;\MLJ]" 121
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