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Abstract

To throw more light on the nature and character of the metal-hydrogen-metal
bond we carried out the electronic structure calculations by use of the parameter-free
H

Fenske-Hall method and the semi-empirical EHT method for [(CO),M{ ~M-
(CO),]” complexes (M = Mn, Re, Cr, Mo, W and n= —2,0). The character and
H

stability of the double hydrogen bridges in these complexes and in H2B<H>BH2

H
and (CH,), Al “AICH,), were compared. The effects that type of transition
3/2 ~ 372

metal has on the character and stability of double hydrogen bridges in carbonyl
dimers are described. The electronic structures of the bridge cores in the double-
and single-hydrogen bridge binuclear carbonyls of chromium and molybdenum
were compared.

Introduction

Up to now the group of known transition metal complexes containing the
metal-hydrogen—metal bridge bond is quite large and includes various types of
hydrogen-bridged metal systems. In our previous paper [1] we described the char-
acter and stability of single-hydrogen-bridged binuclear carbonyls which were
evident from the results of molecular orbital calculations carried out by use of the
parameter-free Fenske-Hall method [2].

* For part I see Ref. 1.

0022-328X /88 /$03.50 © 1988 Elsevier Sequoia S.A.
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Our studies were on double-hydrogen-bridged binuclear transition metal
carbonyls. It is noteworthy that all the metals of the VIB group: Cr, Mo and W
form stable carbonyl dimers with single hydrogen bridges of the [(CO),M-H-
M(CO);]~ type [3] which were thoroughly examined by the X-ray and neutron
diffraction methci(lis. However, the complex with the double hydrogen bridge. of the

type [(CO),M7 “M(CO),]°" was studied by X-ray crystallography only for
tungsten [4]. A similar system is found in the rhenium compound, viz.
(CO),Re  “Re(CO), [5].

Mixed c%uble bridges, in which hydrogen and phosphine participate in the
bridge bonds, have been found in  molybdenum (CO)(CHj)-
P(Me), PPh,
Mo/ \MO(C H;)CO), [6], and manganese (CO) Mn/ \Mn(CO) [7]
\H / sils 2 ’ 4 \H / 4
complexes.
Up to now hogever, no carbonyl complex containing bridge cores of the types

M “Mor M{ "M has been found for chromium.

In this paper we show to what extent the character and stability of double
hydrogen bridges in the [(CO),M / M(CO),]" complexes depends on the type of
metal. We will also compare the elg(l:tronic structure of double hydrogen bridges in
the [(CO)4M<H>M(CO)4]2‘ complexes with that of single hydrogen bridges in

[(CO)SM—H~1\ECO)5]_ complexes, where M = Cr, Mo, which have been described
in detail previously [1].

Thus we have carried out electronic structure calculations for the following
1soelectronic carbonyl complexes with double hydrogen bridges:

H H H
[(CO)Cr Cr(CO)J . [(CO)MoT >Mo(CO),J* ™, [(CO)WT “W(CO)],
H H

T =

H
(CO).Mn” >Mn(CO), and (CO);Re” “Re(CO),.
H H

For all these systems we have assumed a somewhat idealized D,, symmetry. It
should be mentioned that Hoffman et al. have already found that for complexes
with double hydrogen bridges the eclipsed conformation with D,, symmetry is more
stable than the staggered conformation with D,, symmetry [8].

To the complexes of chromium, molybdenum and manganese we have applied
the parameter-free Fenske-Hall method with the use of suitably optimized 1s,2s
functions of the C and O atoms, 1s5,25,2p,...,(n — 1)d,ns,np functions of the metal
atoms and 1s of the hydrogen atom.

Calculations for the complexes of tungsten and rhenium were carried out by the
extended Hiickel method (EHT). This method was regarded as complementary
because of the lack of atomic functions for calculations for the third row transition
elements by the Fenske-Hall method.
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M=Cr Ho, Mn, W, Re

Fig. 1. (a) Coordinate systems assumed in calculations for the [(CO), M >M(CO) 4]" complexes. (b)

H
H H

Coordinate systems assumed in calculations for the (CH;),Al <H> Al(CH;), and H, B<H> BH,.

In order to provide a reference point for comparison of the electronic structure of
all the complexes under investigation, the EHT method was also applied to the
molybdenum complex. Figure la shows the local coordinate systems about the
atoms assumed for calculations by the Fenske-Hall and the EHT methods respec-
tively and Table 1 lists the bond lengths.

The structural parameters for tungsten and rhenium complexes correspond to the
values determined experimentally [4,5] but for molybdenum and manganese com-
plexes the parameters were such that they were in accord with the X-ray diffraction
data for known complexes with mixed bridges [6,7].

For the calculations the chromium complex was assumed to have structural
parameters similar to those of molybdenum complex. The metal-hydrogen—metal
bonds which occur in transition metal complexes may be compared with B-H-B
and Al-H-Al bonds. Calculatgns by use of the Fenske-Hall method were also

carried out for diborane H,B{ “BH, [9] and dimethyl hydride aluminium dimer
H

H
(CH,),Al{ SAI(CH,), [10].
H
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Table 1
Structural parameters used in the calculations
Compound Bond lengths (A) Ref.
M-M M-H M-CO
H
(COMnT =Mn(CO), 2.937 1.86 1.79 6
H
H
[(CO),Cr7 ~CHCOY,]* 3.267 1.86 1.96 7
H
H
[(COY Mo “Mo(CO),]*~ 3.267 1.86 1.96 7
H
H
(CO) W ;;W(CO)4]2"‘ 3.062 1.86 1.90 4
H
H
(CO),Re. “Re(CO), 2.896 1.86 1.99 S
H
Al-Al Al-H Al-CH;
H
(CH3),Al] “AKCHj;), 2.617 1.676 1.947 10
H
B-B B-Hg*“ B-H.’
H
H,B] “BH,; 1.772 1.339 1.191 9
H

“ Hp = bridge hydrogen atom. » H; = terminal hydrogen atom.

Figure 1b shows the coordinate systems of atoms. Table 1 lists the structural
parameters, which were assumed for the calculations, were consistent with X-ray
diffraction data for these compounds.

Results and discussion

H
Electronic structure of the [(CO),M_  ~M(CO),]" complexes determined by use of
H

the Fenske-Hall method

The filled energy levels which result from the valence atomic orbitals of O,C.M
H H

and H for the [(CO),Cr7 ~Cr(CO),]*7, [(CO),Mol Mo(CO),]*" and
H H

H
(CO)Mn_ >Mn(CO), complexes examined by use of the Fenske-Hall method

can be grouped as follows:
(1) the lowest levels of exclusively o-type molecular orbitals of the CO groups,
(2) intermixed levels of varying character:

(a) levels of exclusively o-type MOs of the CO groups,

(b) levels of exclusively #°-type MOs of the CO groups,
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Table 2
Energies and compositions of highest occupied molecular energy levels of [(CO)4Cr< >Cr(CO) Jd°°
H

with D,, symmetry calculated by use of the Fenske-Hall method

MO Energy Greatest contributions by the valence atomic orbitals
(eV) (%)

6b,, LUMO —9.54 2(Cp 45 2x(0) 25 3d,,(Cr) 13
10a, HOMO —-12.31 2,(0p) 39 3d,2(Cr) 12 3d,2_,2(Cr) 12
9b,, —-12.52 P,(0y) 43 3d,2(Cr) 26 3d,2_,2(Cr) 14
6by, —12.62 3d,.(Cr) 40 p(0,) 27 (0 13
6b4, —-12.87 s(Hp) 57 3d,2(Cn) 7 PACY 6
6b,, —-12.98 3d,,(Cr) 37 p,(0.) 33 (O 13
3a, -13.00 3d,,(Cr) 38 p.(0) 30 (O 19
3by, -13.03 3d,,(Cr) 38 p.(0 ) 29 P<(0y) 19
9a, —14.67 s(Hg) 60 3d,2(Cr) 17 p,(0,) 7
5by, —1576  p.(Op 4 p(Cy) 20 P.(0L) 13
5by, —-15.78 P:(0O)) 45 p.(C,) 19 p.(0,) 14
2a, —16.48 P:(0)) 46 2.(0 ) 29 P (C) 17
5bag —16.48 2,(O)) 69 2,(C)) 26 3d,..(Cr) 2
2by, —16.49 2,(0)) 47 2.(0) 28 Px(C)) 18
5b4, -16.52 P2, (Oy) 68 P2y (Cy) 27 s(0}) 2
8b,, -16.72 py(O,) 67 Py (CL) 25 P:(Cp 2

(c) levels corresponding to the bonding interactions of o-type MOs from the
CO groups with the d orbitals of the metal atoms, i.e. 60—~dM interactions,

(d) levels corresponding to the bonding interactions of #°-type MOs of the CO
groups with the d orbitals of the metal atoms, i.e. #°~d M interactions,

(3) two levels (9a,, 6b,,), mainly AOs of the bridging hydrogen atoms and metal
atoms, which correspond to the M—H-M bridge bonds,

(4) the highest filled levels of the #®type MOs of the CO groups and d-type
orbitals of the metal atoms, which correspond to the 7* - d M bonding interac-
tions.

Tables 2, 3 and 4 list the energy values and percentage compositions of the
energy levels of groups 3 and 4.

A correlation of these energy levels for three of the discussed complexes is
depicted in Fig. 2. The electronic structures of these complexes have one property in
common, viz., the same degree of delocalization of the 1s AOs of the bridging
hydrogen atoms participating in the formation of only two, filled, bonding molecu-
lar levels: 9a, and 6b,, (Tables 2, 3, 4).

The bridge molecular levels are delocalized over the entire molecule since the
atomic orbitals of HM,C and O are involved in their formation. The highest
contribution to the bridge molecular levels 9a, and 6b,, is provided by the atomic
orbitals of hydrogen, it is equal more than 50% for all three complexes in question.

The contribution by the atomic orbitals of metal in the 9a, and 6b,, levels is
relatively low for molybdenum and chromium complexes and slightly higher for the
manganese complex.

As a r}llleasure of the stability of a double hydrogen bridge in the

[(CO)4M< >M(CO) 4)" complexes we assumed that there is an energy difference
H
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Table 3
Energies and compositions of highest occupied molecular energy levels of [(CO),MoZ >M0(CO) Ak
H

with D,, symmetry calculated by use of the Fenske-Hall method

MO Energy Greatest contributions by the valence atomic orbitals
(eV) (%)

6b,, LUMO —9.96 P,(0,) 45 Px(CL) 35 4d,,(Mo) 20
10e2, HOMO -12.19 P,(O)) 50 4d,2(Mo) 18 P (Cy) 17
9b14 -12.23 2,0 45 4d,2(Mo) 20 p,(CY 17
6bs, -12.47 4d,,(Mo) 35 py(OL) 29 (O 17
3a, -12.73 4d,,(Mo) 33 P(0,) 30 (O 21
6b,, -12.74 pPy(0,) 34 4d,,(Mo) 32 Px(O)) 16
3by, -12.75 4d,,(Mo) 32 2,(0) 31 PO 21
6b,, —~14.48 s(Hg) 54 p.(Mo) 16 2.(0)) 8
9a, -16.07 s(Hg) 54 p,(0L) 15 p.(Mo) 12
5big -16.09 P (O)) 55 P(C) 17 p,(0L) 17
S5hoy ~1610  p,(O) 56 2.(C)) 17 2,(0,) 13
5hy ~-16.24 p,(O)) 70 P (Cy) 27 4d,,.(Mo) 1
5b5, ~16.29 P,(Oy) 68 P, (Cy) 28 2.(0) 1
2a, -16.32 (O 49 p(0) 26 P«(Cy) 21
2b,, ~-16.33 Px(O) 49 2:(0,) 25 p(Cy) 21
8614 -16.75 2,(0,.) 67 p,(CL) 26 2,(Qp 1

between the highest filled molecular level (HOMO) and the bridge molecular level
6b;,.
Stabilization energies of the 6b,, orbital with regard to the HOMO orbital are

Table 4

H
Energies and compositions of highest occupied molecular levels of (CO)4Mn >Mn(CO), with D,
H

symmetry calculated by use of the Fenske-Hall method

MO Energy Greatest contributions by the valence atomic orbitals
&V) (%)

6b,, LUMO -9.60 3d,,(Mn) 45 ».(Mn) 18 P,(Op) 15
9b;, HOMO -11.94 p,(O,) 40 3d,2(Mn) 33 3d,2_,2(Mn) 15
6bs, ~-11.98 3d,,(Mn) 64 PO 17 P, (0.) 12
10a, -12.10 p(C) 40 3d,2(Mn) 34 3d,2_,2(Mn) 13
3a, -12.39 3d,,(Mn) 56 P:(O)) 24 p:(0.) 12
3byg —-12.45 3d,,(Mn) 55 P«(Oy) 24 P(0OL) 12
6b,, ~-12.58 3d,,(Mn) 57 P (O 20 p,(OL) 14
6by, ~14.69 s(Hg) 51 p,(Mn) 15 3d,,(Mn) 13
9a, ~14.74  s(Hpg) 58 p,(Mn) 19 3d,2(Mn) 13
5big ~16.48 Px(O)) 59 P(Cy) 22 3d,,(Mn) 3
5byy ~1654  p.(O)) 55 p:(C) 22 3d,,(Mn) 6
5byg -16.62  p,(Op 66 P, (Cp) 30 3d,,(Mn) 1
5b3, -16.70  p,(O) 58 p,(Cy) 32 Pr.(O)) 3
2a, -17.07 (O 53 P (Cy) 35 3d,,(Mn) 5
2by, -17.08  p,(O)) 53 P (C) 36 3d,,(Mn) 6

8b,y, ~1752  p,(Cy 30 2,(0)) 24 2,(0p) 2
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Table 5
Stability of the double hydrogen bridge

A Eyomo.es,, (V)

Calculated by use of the Fenske-Hall method

H
[(COY,Cr{ Cr(CO), 1> 0.56
.-
H
(CO)sMo? “Mo(CO)4]*~ 2.29
H
H
(CO)4MnZ “Mn(CO), 2.75
H
Calculated by use of the EHT method
H
[(CO)sMo? “Mo(CO),1%~ 1.66
H
H
[(COW T SW(CO), " 2.67
H
H
(CO)4Re. “Re(CO), 1.52
H

2.75, 2.29 and 0.56 eV for the Mn, Mo and Cr complexes respectively (Table 5). This
H

H
means that the bridge cores Mo ~Mo and Mn{ >Mn are relatively stable and
H H
H\
that the stability of the bridge core Cr. Cr is much lower. The 6b,, level for
H

[(CO),Cr >Cr(CO)4]2‘ lies so high that it mixes with the levels corresponding to

the dCr —»17_71"’ CO interactions (Fig. 2).

A typical feature of the manganese complex is that the 9a, and 6bs, orbitals are
degenerate. This degeneration disappears when one of the bridging hydrogen atoms
is replaced with the phosphine group. The bridge level 6b,, is then replaced by
lower levels corresponding to th}()al_ll)ridge bond Mn~PH,-Mn (Fig. 3). This results in

H

2
a higher stability of the MnZ ~ “Mn core than the Mn_ ~Mn core (Fig. 3).

Similar stabilization of the bridge core in the carbonylmolybdenum dimer also

occurs when one of the hydrogen atoms is replaced by phosphine or by any other

bridging ligand. A comparison of the electronic structures of the
H

((CO) ;Mo >M0(CO)4]2‘ and [(CO),Mo_ “Mo(CO),}*~ complexes, where L

= OH, (], PIiI{Z will be covered extensively [lll]f

We now wish to compare the stabilization of bridge levels with regard to the
HOMO level in the carbonyl dimers of chromium and molybdenum with double
and single hydrogen bridges. In the [(CO);M-H-M(CO);]” complexes with D,,
symmetry, where M = Cr, Mo, only one filled molecular energy level 8a,, corre-
sponds to the M-H-M bridge bond [1]. As can be seen from Table 6 the
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Table 6
Comparison of the stabilization (Ii{ the bridge molecular energy levels in [(CO)sM-H-M(CO);]™ with

D,,, symmetry and in [(CO)4M< >M(CO)4]2~ with D,, symmetry
H

Complex Symmetry AEyoMO,84,, A ExoM0,9a,, A Eyomo,ebs,
(eV) (eV) (eV)
[(CO)5Cr-H-Cr(CO)s]~ Dy 3.27 - -
H
[(CO),Cr{ >Cr(CO)s]~ Dy, - 2.36 0.56
H
[(CO)sMo-H-Mo(CO);]™ Dy, 452 - -
H
[(CO)4M0<H>M0(CO)4]2_ D,, - 3.88 2.29

stabilization of the 8a,, bridge level with regard to the HOMO level in the complex
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Table 7
Energies and compositions of highest occupied molecular energy levels of (CH;3),Al” = Al(CH;), with
H

D,, symmetry

MO Energy Greatest contributions by valence atomic orbitals
(eV) (%)

2b,, LUMO 6.84 P (AD 93 P.(O) 7

4a, HOMO ~11.58 2.(C) 46 2,(C) 32 $(C) 13
3b,, -11.63 p.(C) 45 pAC) 34 S(0) 14
3by, -11.71 P.(C) 48 p,(C) 32 (e 14
3b,, —~11.83 p(C) 45 pAC) 33 5(C) 14
2bs, ~1569  p,(C) 34 2.(C) 27 s(H) 24
2b,, —15.74 2.(C) 33 7.(0) 28 s(H) 23
3a, -16.30 p,(O) 27 2.(0) 24 s(H) 19
2b,, ~16.89 2,(C) 28 p.(O) 23 s(H) 23
2bs, —18.65 s(Hp) 85 Po(AD 13 P.(C) 2
1b, ~19.93 s(H) 52 2.(C) 47

1h,, -19.98 s(H) 51 PAC) 48

16y, —20.14 s(H) 52 PO 48

la, —20.18 s(H) 52 2, (C) 48

2a, —-27.79 s(Hpg) 59 s(AD 2 p-(AD 8
la, —-27.90 s(H) 47 $(C) 44 s(AD 5
16, ~28.09 s(H) 49 $(C) 45 2,(C) 2
1b,, —28.10 s(H) 55 S(C) 43 p,(C) 2
154, —28.15 s(H) 53 s(C) 47

with the single bridge for a particular metal is higher than that of the 9a,, and 6b,,
levels in the complex with the double bridge.

Since the stability of the bridge core is determined by the stabilization of the
bridge molecular levels it can be seen that in the carbonyl complexes of both
chromium and molybdenum, the M-~H-M bridge core is more stable than that of

the M<H>M type.
We emphasize here that in the methyl hydride aluminium dimer

(CH;),Al. T~ AI(CH,), the electronic structure of the double hydrogen bridge is
H

H
similar to that in the [(CO),M{ j M(CO),]" complexes. The 1s AO of the bridging

hydrogen atoms also participate in the formation of only two filled bonding bridge
levels 2a, and 2b,, (Table 7). However, these levels differ from the analogous 94,
and 6b,, energy levels in carbonyl dimers in their localization on the bridge core

with no terminal ligand contribution. In addition, the 2a, and 2b,, levels in
H

(CH;),Al. “AKCH,), are separated by those of the terminal ligands while the
H

H
analogous 9a, and 6b,, levels in [(CO) 4M< ~M(CO),]" are not separated by any.
H

H
In H,BZ “BH, the 1s AO of the bridging hydrogen atoms participate in the
H
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Table 8

Energies and compositions of highest occupied molecular energy levels of H2B< “BH, with D,,
H

symmetry
MO Energy Greatest contributions by the valence atomic
(eV) orbitals (%)
1b,, LUMO —1.76 2x(B) 100
15,, HOMO —18.66 s(H) 61 p,(B) 39
1b,, —19.52 p,(B) 51 s(H) 49
2a, —19.84 p.(B) 44 s(H) 43 s(Hg) 9
1b5, —20.59 s(Hg) s1 2.(B) 49
1b,, —-21.93 s(H) s1 s(B) 32 p.(B) 17
la, —26.07 s(B) 53 s(Hg) 3 p.(B) 6

formation of three MOs: lay,, 1b;, and 2a, (Table 8). The bridge energy level 1a;,
is the lowest occupied energy level in the molecule.

The energy difference between the last filled level (HOMO) and the highest
occupied bridge level is a rnealﬁlure of the hydrogen bridge stability in

(CH;),Al “AI(CH;), and H,B{ “BH,. So, it is characteristic that the stability

of the ﬁloublc hydrogen bridge for the carbonlyll dimers of transition metals and
H,B{ >BH, is comparable. In (CH,),Al{ “AI(CH,), the double hydrogen

bridge is much more stable and its stability is similar to the stability of the

phosphine dimer of molybdenum [12].
H

The comparison of the stabilities of H, B<H\ BH,, [(CO),Mo <H\ Mo(CO),1*",

e e

H - H
[(PH;), Mo “Mo(PH;),]** and (CH;),Al{  “AI(CH,), is illustrated in Fig. 4.

Each bonding molecular orbital in respect of the M—M axis corresponds to an
antibonding orbital with respect to the M—M axis with the same contribution by the
metal atomic orbitals (Tables 2, 3, 4, Fig. 5). Consequently the metal-metal overlap

populations are close to zero (Table 9).
H

Because of this in complexes of the type [(CO),M_ >M(CO)4]", the group of

last filled energy levels, which corresponds to the d M — 72CO interaction, does not
contribute to the direct metal-metal bond.

Thus, in carbonyl dimers with double hydrogen bridges the bonding between the
metal atoms occurs only through the hydrogen bridge as 1}r{1 the single-hydrogen

bridged transition metal carbonyls [1] as well as in (CH3)2< SAI(CHj;),.
H

H
Comparison of the results of the population analysis of [(CO),M{ >M(CO0),])"

complexes (Table 9) shows that the overlap population of Mo-H is 0.147 and of
Mn-H is 0.141, i.e. almost identical. We emphasize here that the overlap population
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Fig. 5. Symmetry-adapted linear combinations of the 4 atomic orbitals of the metal and hydrogen atoms.

H
of Al-H in (CH3)2A1< >A1(CH3)2 determined by the Fenske-Hall method is

0.149 (Table 9). This is indicative of the same covalent character of the Mo-H-Mo,
Mn-H-Mn and Al-H-Al bonds in the compounds discussed above. On the other
hand, the much lower overlap population of Cr-H of 0.65 results from a lower
contribution by the s and p atomic orbitals of Cr in the bridge bond than that for
Mo and Mn since the overlap populations of d type metal orbitals with the 1s
orbitals of the bridging hydrogen atoms, i.e. dM—1sH are all of the same order for

Cr,Mo and Mn (Table 9).
H

The distribution of the atomic charges is similar for the Cr< >Cr and

H

Mo Mo bridge cores. The metal atoms have fairly high positive charges, and the

H
hydrogen atoms bear fairly high negative charges (Table 10).
This indicates partial ionic character of the Cr—-H-Cr and Mo-H-Mo bonds in
the complexes under examination and in this respect they most resemble the
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Table 9
Mulliken overlap populations

Compound Overlap populations
M-M M-Hy dM-Hy M-C; M-C, 4dM-C, dM-C, Hz-Hy
Calculated by use of the Fenske-Hall method
H

[(CO),Cr7 “CrCO),]*~ 0000 0066 0061 0287 0296 0233  0.200 ~0.004
H
H
[(CO)4M0< \;MO(CO)‘;]Z“ 0.023 0.147 0.061 0.395 0418 0.247 0.222 —0.017
-
H
(CO)4Mn<H>Mn(CO)4 0.032 0.141 0051 0421 0397 0237 0.190 —0.002
Al_Al Al-Hp Al-C
H
(CH3)2A1<H>AJ(CH3)2 0.074 0150 0162 - - - - ~0.044
B-B B-H, B-H
H
H,B{ “BH, 0.186 0217 0.436
H
Calculated by use of the EHT method
H
[(CO),Mol =Mo(CO),]>~ 0.066 0301 - 0.839 0.837
H
H
(COWI SW(CO),]*™ 0108 0319 - 0.933 0.814
H
H
(CO)4Rel “Re(CO), 0.143 0320 - 0.787 0.789
H
H
Al-H-Al bond in (CH,), Al “~ANCH (Table 10). Yet the Mn—-H-Mn bond is
3)28 0 3)2
H

H
exclusively covalent like the B-H-B in H,B_ >BH2 since the negative charges are

localized on both the hydrogen and manganese atoms and the positive charges are
localized on both the boron and hydrogen aioms (Table 10).
It is also interesting to compare the electronic density distribution for the bridge
H

cores in the [(CO)4M< >M(CO)4]2* and [(CO)sM-H-M(CO)s;]” complexes,

where M = Cr, Mo. This comparison is presented in Table 11. Thus, an increase in
the hydrogen bridge multiplicity for the same type of complexes does not actually
result in a change in the negative charges on the bridging hydrogen atoms. However,
the positive charges on the metal atoms increase considerably and consequently the
ionic character of the M~H-M bond increases too. On the contrary, its covalent
character remains unchanged.
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Table 10
Mulliken atomic charges
Compound Atomic charges
M Hp Co, Co,
Calculated by use of the Fenske-Hall method
H
[(COy 4 Cr >Cr(C0)4]2" 0.954 —-0.435 -0.412 —0.358
H
H
[(CO) Mo >M0(CO)4]2_ 0.746 -0.331 -0.391 -0.316
H
H
(CO)Mn >Mn(CO), —0.060 -0.178 —0.058 0.177
H
Al Hy CH,
H
(CH,),Al] SANCH;), 1.837 —0.506 0.135
H
B Hy H
H
H,B{ “BH, 0.046 0.083 ~0.065
H
Calculated by use of the EHT method
H
[(CO),MoZ “Mo(CO)4}*~ 1.319 —0.330 ~0.604 —0.609
H
H
(COY W >W(CO)4]2_ 0.384 ~0.358 ~0.436 —-0.078
H
H
(CO)4Rel “Re(CO), -0.870 -0.219 0.268 0.277
H

The analysis of the electron denﬁlity distribution on the terminal ligands indicates
H
that for the complexes [(CO),Cr{ >Cr(CO)4]2_ and [(CO),;Mo{ >Mo(CO) J,

negative charges on the carbonyl ?roups in the bridge plane (CO“I)-Iare larger than
those on the carbonyl groups situated in the plane perpendicular to the hydrogen
bridge (CO, ) (Table 10). This indicates that the dM — #*CO,, type interactions are
stronger than those of the dM — #2CO , type. This should lead to elongation of the
M-CO, bond with respect to M—CO, which is indicative of the cis effect of the
bridging lll{ydrogen atoms. In fact, for the analogous tungsten complex,

[(CO)4W< >W(CO)4]2_, the M-CO, bonds (1.995 A) were found by X-ray

diffractionl-sltudies to be somewhat longer than the M—CO, bonds (1.950 A) [4]. On
the other hand, for the manganese complex negative charges on the CO, groups are
smaller than those in the Cr and Mo complexes whereas charges on the CO, groups
are actually positive. This results from a higher contribution by 6 CO-Mn interac-
tions to the Mn-CO | bond than by the dMn — 7* interactions.

In fact, the percentage contribution by the ns, np atomic orbitals of manganese in
the formation of molecular levels which correspond to o CO interactions is higher
than in the case of chromium and molybdenum (Tables 2, 3, 4).
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H
Electronic structure of the [(CO),M ~M(CO),]" complexes determined by use of
H

the EHT method
In general the energy level diagrams for the carbonyl dimers with double
H

hydrogen bridges of the [(CO),M{ >M(C0),]" type, where M = Mo, W, n=2 or

-

M = Re, n =0 determined by the lg—IT method resemble the energy level diagrams

determined for those complexes by the Fenske-Hall method. There are some

differences in the group of molecular levels corresponding to the bridge bonds.
Figure 2 depicts the energyllf.vels determined by use of the Fenske-Hall and the

EHT methods for [(CO) 4Mo< >M0(CO) .]°~ and the energy levels determined by
H

H H
use of the EHT method for [(CO),W “SW(CO0),]*” and (CO),Re “Re(CO),.

- -

H
For the molybdenum complex, the HOMO energy levels calculated by use of each
method are almost equal.

The energy levels Sa, and 6b,, which correspond to the bridge bonds in
H

3

e

[(CO),Mo >Mo(CO),])*", determined by use of the EHT method have almost
H

the same percentage composition and almost the same energy range as the similar
9a, and 6b;, levels determined by use of the Fenske-Hall method. However the 5a,
and 6b,, levels are separated by the group of non-bonding energy levels that
correspond to the 6 and #° MOs of the terminal CO groups. One can assume that
their separation results from specific properties of the EHT method used, whereby
the energy of terminal ligands is usually overestimated.

For the complexes of rhenium and tungsten the atomic orbitals of the bridging
hydrogen atoms provide a significant contribution to the formation of more than
two filled bridge levels which differ only slighlgy in their energies. These are the 5a,,

Tag, Sby,, 8a, and 6b;, levels for [(CO)4W<H>W(CO)4]2" and the Sag, 3bs,, 7a,,

H
5by,, 9a, and 6bs, levels for (CO),Re “Re(CO),.

P

The contribution by the 1s orbitals g-tl the bridging hydrogen atoms to each of
these levels is 30 to 50% for the tungsten complex, and 20 to 30% for the rhenium
complex.

The energy levels which correspond to the bridge bonds are intermixed with
those of the o and # type from the CO groups. We believe, that this delocalization
of 1sH orbitals results from overestimation of the energy levels of the terminal
ligands orIl?Iitals. This is also supportedey the fact that all bridge levels for

(CO)W >W(CO) 4)*~ and (CO),Rel “Re(CO), are in the same energy range
H H

H
as the corresponding 5a, and 6b,, levels for [(CO) ;Mo >M0(CO)4]2_ (Fig. 2).

H
The stabilization energies of the 6b,, bridge level with respect to the HOMO level
are 2.67, 1.66 and 1.52 eV for tungsten, molybdenum and rhenium complexes,
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respectively (Table 5). This results in the comparable stability of the bridge cores
Mo H>Mo and Re” H>Re and in the greater stability of the W:;H;‘W core.

When the above-me%tioned results of calculations by the Fenske—II{-Iall method are
taken into account, it becomes evident that the stability of the M_ " bridge core
depends on the type of metal, in the order:

H H H H H
W >W > Re< >Re:Mo< >M0==Mn< o> Cr’ ~Cr
H H H H H

The results of a population analysis suggest the same conclusions as in the case of
calculations by the Fenske-Hall method (Tables 10, 11). Thus, the overlap popula-
tion of M—H does not depend on the type of metal, which indicates that the same
covalency is present in Mo-H-Mo, W-H-W and Re-H-Re bonds. In addition,
the Mo—-H-Mo and W-H-W bonds are partly ionic since the hydrogen atoms have
negative charge and the molybdenum and tungsten atoms have positive charges. By
contrast the Re—H-Re bond has an exclusively covalent nature analogous to that of
the Mn-H-Mn bond since there is negative charge on both the rhenium and
hydrogen atoms. The overlap population values of M—-M for the complexes of Mo,
W and Re are low and this indicates a very weak direct bond between the metal

atoms.
H
Positive charges on the terminal ligands CO, and CO,, in (CO),Re. ~Re(CO),

H
indicate a higher contribution of the ¢CO-M interaction in the Re-CO, and
Re-CO, bonds compared with those of the dM — 7*CO type, like that in the
manganese complex.

Conclusions

Thus we have found that there is practically no direct M-M bond in the
chromium, molybdenum, manganium, rhenium and tungsten carbonyl dimers with
double hydrogen bridges. The metal atoms are bonded exclusively through the
hydrogen bridge, like that in the carbonyl dimers with single hydrogen bridge.

The double hydrogen bridge stability for the Mo, W, Mn and Re complexes is
similarH and comparable with the stability of the double hydrogen bridge in the

H,B. >BH,, but in the chromium complex it is considerable less stable.

The covalent character of the M—H-M bridge bond is the same for all complexes
discussed here, however ionic character depends on the type of metal since the
charge on the hydrogen atom is always negative in these complexes.

An increase in the hydrogen multiplicity for the same type of complexes causes
an increase in the ionic character of the M~H-M bond, while maintaining its
covalent character, and a decrease in hydrogen bridge stability.

In these complexes we found the cis effect of the bridging hydrogen atom similar
as in the carbonyls with single hydrogen bridge.
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