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minimum energy path turns the corner in the r^s, rBC coor
dinate system than it is in either aymptotic region. In the corner 
turning region, the reaction coordinate is changing from an 
A-HB motion to an AH-B one, and the bound stretching 
motion is changing from a high-frequency A-H hydride vi
bration to a low-frequency A - H - B symmetric or nearly 
symmetric stretch and then to a high-frequency H-B hydride 
vibration. This corresponds to a wide, high-entropy reaction 
channel in the corner-turning region, and it means that a lower 
entropy, higher free energy bottleneck is likely to be found 
elsewhere. The effect can also be described in a more dynamic 
language. When A and B are heavy, the time scale for A-HB 
and AH-B motions is slower than that for hydride vibrations 
or, in the corner-turning region, for rapid transfer of H back 
and forth between the heavy atoms. This transfer back and 
forth has been observed in various trajectory calculations.22 

It corresponds to successive recrossings of a symmetric or 
nearly symmetric dividing surface and means that the funda
mental recrossing assumption23 of classical transition state 
theory is not well satisfied for such a dividing surface. Thus it 
is unlikely that such a dividing surface provides the varia-
tionally best transition state for this mass combination. Al
though the effect is quantitatively largest for symmetric H-
atom transfers, the present paper shows that this kind of skew 
angle effect also largely explains the quantitative differences 
of conventional transition state theory from canonical varia
tional theory for a more general class of reactions, e.g., for Cl 
+ CCl and Cl + BF. 

Concluding Remarks 

The present study of 37 reactions involving the transfer of 
atoms other than hydrogen provides a survey of the effects of 
varying the location of the dividing surface on the thermal rate 
constants calculated by generalized transition state theory. 
Thermal rate constants are computed using conventional 
transition state theory and canonical variational theory, in both 
cases with quantized energy levels including anharmonicity. 
Comparison of the results indicates that there may be large 

effects of varying the location of the generalized transition state 
dividing surfaces for certain kinds of reactions. The largest 
effects in the present study are generally associated with the 
looser complexes. In these cases the dominant factor is the 
tightening of the bending motion as the dividing surface is 
varied to a more symmetric location. For systems with en-
doergicities greater than 30 kcal/mol, the average ratio24 of 
the conventional transition state theory rate constant to the 
canonical variational theory one increases from 1.25 at 200 K 
to 2.53 at 4000 K. 
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Abstract: The molecular orbital structures of symmetrically doubly bridged M2X10 complexes (Z>2/i) are examined to deter
mine for which d electron configurations this geometry is a stable intermediate or an unstable transition state. For almost all 
electronic configurations the structure is predicted to be stable but with a low-energy b3g distortion (leading eventually to two 
five-coordinate units). For the remaining few configurations the structure is predicted to be unstable with decay via the biu 
route (leading to six- and four-coordinate units). The predictions correlate favorably with observed crystal structures. Kineti-
cally this second result leads overall to two-ligand transfer as experimentally observed in several cases. It is pointed out that 
experimental detection of the one-ligand transfer route by product analysis does not exclude a doubly bridged intermediate 
which decays by the b3g route. 

Introduction 

We have recently used simple molecular orbital ideas to 
view ' in a fresh light the intimate mechanism of redox reactions 
between transition-metal ions in solution.2'4 For inner-sphere 

reactions we found that whether the symmetrically bridged 
species 1 is an intermediate or transition state is simply de
termined by the electron configuration of the reacting ions Mi 
and M2. In this paper we examine the role of the doubly 
bridged species 2. Experimental evidence for double bridging 
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Figure 1. Assembly of the molecular diagram for a symmetrically doubly 
bridged species M2XIO(C) from those of two octahedral cis divacant units 
(a) and a bridging X2 group (d) via the M2X8 unit (b). The diagram is only 
semiquantitative. The metal d orbital region and that of the bridging X 2 
group are drawn to different scales. 

I / 1 / 
- M 1 - X - M , -

1 2 
in redox reactions is less forthcoming than that for single 
bridging but it has been unequivocally established in several 
cases. The isotopic exchange between *Cr2+ and Cr(FhO^-
C2C>4+ and the aquation6 (catalyzed by Cr") of cis-
Cr(H20)2(C204)2~ probably occur via the doubly bridged 
chelated arrangement 3 and isotopic exchange between 

,Ck r ,O s , N-N-N, 

Cr /
U V \ 

vc- 0 
/ 

Cr Cr Cr 
S N - N - N ' 

Cr(H20)4(N3)2+ and *Cr2+ also shows7 transfer of two 
coordinated ligands during redoxidation. This confirms the 
presence of either a short-lived intermediate or a transition 
state perhaps of the structure 4 (or an alternative arrangement 
where a single nitrogen atom of each azide is coordinated to 
both chromium atoms). Reaction via the inner-sphere route 
involving transfer of a single azide ligand occurs 30 times 
slower.8 Similar two-ligand and one-ligand pathways (as we 
shall see later, these are not necessarily associated with double-

CZS-MIIiA4(X)2 + C r " 
CiS-CrIII(H2O)4(X)2

+ 

CrIIi(H2O)5(X)2* + HX 

(D 

M = Cr; A= H2O; X = N3
7-8 

M = Co; A = NH3; A2 = en; X = N3
8 

M = Co; A = NH3; X = CH3CO3
5 

M = Co; A2 = en;X = HCO2
10 

and single-bridged complexes) occur in other systems (eq 1). 
In addition to this direct evidence for double bridging there is 
less conclusive evidence1' concerning the dependence of the 
rate on hydrogen ion concentration in situations where hy
droxide ion may be transferred. In addition to doubly bridged 
species postulated to occur as intermediates or transition states 
in these redox reactions, many examples are known as stable 
species in crystals amenable to X-ray characterization. 

Molecular Orbital Structure of Doubly Bridged Species 

Figure 1 shows the synthesis of a molecular orbital diagram 
for a symmetrically bridged species M2X10 from those of an 
"octahedral cis-divacant" MX4 fragment and an X2 unit. 
While most of our arguments will be symmetry and overlap 
based, we have supported these ideas with quantitative mo
lecular orbital calculations of the extended Hiickel sort on the 
model species Cr2Cl io2+. The details are given in the Appendix. 
Calculations of this type, however, mimic well the relative 
energy changes of transition-metal systems associated with 
angular deformations but perform less satisfactorily when the 
distortion coordinate involves changes in internuclear distances 
between bonded atoms. The numerical results of our calcula
tions will be used with caution. 

Each MX4 unit provides two frontier orbitals which point 
toward the vacant sites of the octahedron.12 Bonding and an-
tibonding partners arise when the two MX4 units are brought 
together (Figure lb). These orbitals are further displaced in 
energy when (antibonding) interactions with the bridging X2 
unit are switched on (Figure Ic). Since all the bridging X-X 
bonding and antibonding orbitals are occupied there is to first 
order a nonbonded situation between these atoms. (This is not 
the case for the oxalate bridge of 3 where the carbon atoms are 
joined together.) The predominantly metal d orbitals are of two 
energetic types. The deeper lying orbitals are 7r bonding with 
respect to the coordinated ligands (we will refer to these or
bitals as a block) and the higher lying orbitals, whose energy 
varies significantly with geometry, involved in metal-ligand 
a interactions. 

Whereas the singly bridged species M2X11 could distort 
asymmetrically in only one basic way,1 there are two routes 
open to the doubly bridged M2Xi0 system (5,6) leading to very 

b,u >foT< 
5 6 

different products as the fragments separate. Figure 2 shows 
how the molecular orbitals of the symmetrically bridged unit 
change in energy on distortion. There are much smaller energy 
changes associated with the TT orbitals (not shown). The di
rections of the orbital energy changes are readily understood 
since the orbitals of the symmetric species will correlate with 
the orbitals of the four-, five-, and six-coordinate mononuclear 
species. The energies of the octahedrally based mononuclear 
species are given in Figure 3 in terms of the parameters of the 
angular overlap method.13 Perturbation theory arguments also 
assist in tracing the direction of the orbital energy changes. For 
example, the b3g and b2u orbitals of different symmetry at the 
symmetric geometry become of the same symmetry species 
(bi) on a biu distortion. They mix together and "repel" each 
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Table I. Representative Structures of M2X10 Species 

electronic 
configuration molecule 

M < ^ > M 

bridge 
atoms 1 

bond lengths 
2 3 4 

distortion 
mode ref 

d°d°,7r° 
d'd' . ir2 

hsd3hsd-',7r6 

lsd5lsd5,7r10 

lsd6lsd6,7r12 

lsd6lsd6,7r12 

h s d ^ s d ^ b j g 1 

!sd7lsd7,7rl2b,g'b2u' 
lsd6lsd8,7r12b3g

2 

lsd6lsds,7r l2b3g
2 

hsd8hsd8,7rl2b3 ' b zu ' b j a , . 

Mo2
vS202(l_-histidinato)2 

CrM1(OH)2phen44+ 

Re2
11Cl2CdPPe)2

2+ 

Ru2X(C2O4)(IWPy)2* 
Co2

1U(SR)2(S2CSR)4 

Mn 2
M I ' l v 0 2 (bpy) 4

+ 

Co2H(L2)L8^ 
Mn(NO2)Cp(NO)5MnCpNO 
Pt3Cl1 2

2- d-e 

N i 2 " ( N 3 ) 2 A m 2
2 + / 

I s d ^ s d V ^ b ^ b ^ ' a g 1 Cu2"(pyNO)4Cl4 

d'°d'0 ,7r12b3g
2b2u

2b l u
2ag

2 C u 2 ' ( S = C ( N H2)2)62+ o 

Cl 
S 
O 
Cl 
O 
S 
O 
O 
N 
Cl 
N 
O 
S 

2.481 
2.32 
1.931 
2.503 
2.113 
2.250 
1.784 
2.125 
1.775 
2.300 
2.195 
1.977 
2.367 

2.506 
2.30 
1.927 
2.496 
2.096 
2.242 
1.784 
2.158 
1.775 
2.300 
2.069 
2.039 
2.429 

a 
2.34 
1.931 

a 
a 
a 

1.856 
a 

1.943 
2.384 

a 
a 
a 

2.31 
1.937 

1.853 

1.943 
2.384 

small, b3 g 

small, b3 g 

small, b3g 

small, b3 g 

small, b3 g 

small, b3 g 

large, b ] u 

small, b3 g 

large, b u 

''small, biL 

small, b3 g 

small, b3 g 

small, b3 g 

14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

" Centrosymmetric unit. * Chelate. 
^Am = 2,2',2"-triaminotriethylamine. 

L = 2(1 W)-tetrahydropyrimidone. d Based on square-planar coordination. e P t i v - P t " - P t i v unit. 
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Figure 2. Behavior of d orbital energy levels involved primarily in a in
teractions on distortion of the symmetrical bridged species M2Cl 10. At 
the extremity of the biu distortion the lowest two levels are those of the 
octahedral cis-divacant unit and the degenerate upper pair the eg levels 
of the octahedron. At the extremity of the b3g distortion there are two pairs 
of levels each corresponding to one of the levels of the square pyramid. 

other in energy as the distortion proceeds. The stability pattern 
of the symmetrically doubly bridged species as a function of 
detailed electronic configuration mirrors that of the singly 
bridged molecule described in our previous study.1 For most 
electronic configurations it is predicted to be stable but for the 
same few configurations that the symmetrically singly bridged 
species was calculated to be unstable we find that the analogous 
doubly bridged molecule should distort away from the sym
metric geometry. We use a notation similar to that used before 
to describe the electronic configuration of the species in terms 
of the d orbital configurations of the two separated reactants 
and that of the complex. The actual numerical results of the 
calculations depend upon the exact form of the molecular 
motions of 5 and 6, whether we choose to keep the metal-metal 
distance constant, for example, on asymmetrization. However, 
the trends as a function of d electron configuration are inde
pendent of the model selected. For the d°d°,7r° molecule we 
calculate that the symmetrically bridged species is most stable 
but that the energy cost of asymmetrization is not large. Spe
cifically the b3g distortion is always found to be of lower energy. 
When considering the energetics of other d orbital configu-

4e, 
xy,xz,yz 

25^-L 

1.5eaj£zL 

3 e n K 
*-cK xy 

H* ^ H 
Figure 3. Angular overlap d orbital energies of six-, five-, and four-coor
dinate complexes. 

rations via Figure 2 we will need to bear this result in mind. 
This d°d°,7r0 result holds for all configurations d"dm,7r"+m 

since the energy changes of the IT block generally favor the 
symmetric geometry. Figure 2, however, shows that occupation 
of the a b3g orbital will strongly encourage asymmetrization 
and furthermore the most favored route is the one of species 
biu. We could view this perhaps as a second-order Jahn-Teller 
distortion. Thus configurations b3g ' , b3g

2, and b3g
2b2U' are 

unstable in this way. On symmetrical occupation of b3g and b2U 
orbitals the diagram indicates that the b3g distortion is of lower 
energy than the corresponding biu motion (b3g

,b2U' and 
°3g2b2u2 configurations). For other electronic configurations 
the symmetric geometry is predicted but with a low-energy b3g 
distortion. These results are borne out well when crystal 
structures of these doubly bridged systems are surveyed (Table 
I). Species without asymmetric occupation of b3g and b2U or
bitals show approximately symmetric bridges with small b3g 
distortions. Many of these examples are centrosymmetric. We 
also include three examples based on square-planar coordi
nation. There are no genuine lsd8 octahedral species to test out 
the prediction for the lsd8 lsd8 system and d9 MY6 octahedra 
usually have very long axial bonds making formal distinction 
between four and six coordination difficult. Our Cu" repre
sentative, for example, contains square-planar units with two 
extra, weakly coordinated ligands. However, both octahedral 
hsd3hsd4 and lsd6lsd8 examples are strongly distorted, and, as 
predicted, along the biu coordinate (7,8). The second example 
8 is a rather complex one. Firstly, each metal atom is chemi
cally different (coordinated NO and NO2), and secondly, when 
considering systems with nitrosyl ligands we need to use the 



5220 Journal of the American Chemical Society / 101:18 / August 29, 1979 

^ z c 

"*%v 

* H 

*• % ^ , " * 

. . - -H- - . . . 

"̂p-x f̂̂  

> >K 
, - ' ' 

H x+ 
Figure 4. The intimate process of electron transfer via the doubly bridged 
structure for, e.g., the Cr1VCr1" system. 

p-N I N 

N N 
N 

0 
\ 1.943 

„ r . „ 1775 M • 

0' N0 

-Mn 
Tt-Cp 

(MNOj" notation of Enemark and Feltham27 rather than the 
usual d" description. The two centers in this case are (MNOj6 

and )MNO|8 which, since the MNO group is linear, we regard 
as being equivalent to d6 and d8 configurations. Thirdly, we 
regard 7r-Cp as occupying three (fac) coordination sites. We 
found1 a violation of our simple scheme for the singly bridged 
diamagnetic Co" complex Co2l3(CNPh)§+ in our previous 
study. The small b3g distortion of the Co" complex of Table 
1, however, is in accord with our predictions, since it is a 
paramagnetic species29 and therefore probably has the b3g'b2U

1 

configuration. 
Asymmetric double bridges are found in other species. In 

Fe4S4 cubane-type structures30 9, models for the active site in 

YY' 
\ 

9 
4-Fe and 8-Fe proteins which contain tetrahedrally coordinated 
iron, the symmetry is usually reduced to Did via bridge 
asymmetrization. This distortion has been ascribed31 to the 
presence of an orbitally degenerate electronic state and the 
consequences of the Jahn-Teller theorem. 

Application to Redox Reactions 
Our theoretical considerations and the available crystallo-

graphic results lead us to predict that for systems with an 
asymmetric occupation of b3g and b2U orbitals the symmetri
cally bridged geometry corresponds to a transition state with 
the path of steepest descent associated with the biu distortion. 
For all other electron configurations, the symmetric geometry 
may be an intermediate with the lowest energy decay pathway 
probably associated with the b3g route. All of the well-char-

^ * < 

H ^ 

~~ ^ p x ^ 5 ^ 

- ^ 

H2Oj 

H2O f 

- ^C x + 
Figure 5. One-ligand transfer during a redoxidation via the doubly bridged 
(top) and singly bridged (bottom) routes. 

acterized redox processes involving two-ligand transfer have 
involved CH'/Cr1" (hsd4hsd3) or Cr1VCo1" (hsd4lsd6) systems 
(eq 1). These two species have electronic configurations 7r"b3g

1 

such that the symmetrically doubly bridged structure is pre
dicted to decay via the biu motion and give rise to two ligand 
transfer. The lack of direct observation of the doubly bridged 
species is in accord with our prediction that it corresponds to 
a transition state. Interestingly lsd6lsd67r12Co2m(/"-SR)2-
(S2CSR)4, stable as an approximately symmetrically bridged 
species, undergoes an irreversible two-electron reduction.31 

This may be understood if the reduced product dissociates 
immediately to monomers. Similarly CO2 '"(M-OH)(JU-
C204)(triammine)2 decays to monomeric Co" species on re
duction.33 Population of the b3g orbital is thus associated with 
instability of the bridged molecule. 

How the electron is "transferred" via this doubly bridged 
transition state is very similar to the scheme devised for the 
singly bridged route1'34 and is shown in Figure 4. Using our 
previous terminology this is a smooth type I electron transfer 
over an energy barrier 10 (whose origin is readily appreciated 

from Figure 4) where the reaction coordinate involves the b ]u 
motion of the bridging atoms. Similar profiles are expected for 
all electron transfers where the electron configuration of the 
symmetrically bridged species is either b3g', b3g

2 or b3g
2b2U'-

An interesting observation35 is that in all the double-bridging 
instances studied to date at least one of the partners has a de-
localized -K bond system. It is, however, difficult to evaluate 
those structural factors which will favor &2 compared to & i (1). 
In general there have been no systematic studies of the rate of 
the two-ligand pathway as a function of the nature of the Ii-
gands attached to the metal. We would expect similar depen
dence upon the nature of the bridging and nonbridging ligands 
as determined1 in the singly bridged case. 

The extension of similar reasoning to other electronic con
figurations, e.g., d"dm, Tr"+m and hsd8hsd8 systems, leads to 
the perplexing problem shown in Figure 5. Here the symmet
rical double bridge is predicted to be stable but decay is 
probably via the b3g motion leading to two five-coordinate 
units. Experimental observation of one-ligand transfer by 
product analysis, however, will not distinguish between double-
or single-bridged intermediates or a mechanism involving both 
pathways (Figure 5). We have no reliable quantum-mechan
ical method at present to predict which route would be pre
ferred. In many cases the doubly bridged route will be insig
nificant since the process initially involves loss of two solvent 
molecules from the coordination sphere of the reductant. Many 
redox studies, however, have used the very labile species Cr" 
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as reductant, where this objection does not apply. This doubly 
bridged one-ligand transfer route may be more prevalent than 
imagined. There is crystallographic evidence for doubly 
bridging water molecules (the solvent in which the majority 
of these reactions are studied) in the Mn2N6(H2O)4 unit (11) 
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found36 in the polymeric species Mn2"Ru"(CN)6(H20)4-
4H2O. Spectral examination of the solution intermediate in 
these cases has usually focused on oxidation-state identification 
rather than detailed characterization (difficult) of the species 
itself. Doubly bridged intermediates which decay by the b3g 
route are possible for processes involving both smooth (for 
example, t2g — t2g transfer in the Fe1VFe"1 system) and 
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transfer (i.e., the relative rates of the two processes of Figure 
5) is an important experimental question which needs to be 
answered. 
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Appendix 
The Slater exponents and ionization potentials used in the 

EHMO37 calculations follow: Cr, 3d 2.500, -11.50; 4s 1.700, 
-9.00; 4p 1.700, -5.00. Cl, 3s 2.033, -30.00; 3p 2.033, 
— 15.00. In the symmetrical bridge the Cr-Cl distances were 
2.28 (terminal) and 2.54 A (bridging). On asymmetrization 
the bridging distances were gradually made equal to the ter
minal ones. Calculations were also performed with Cr-Cl 
(terminal) = 2.24 and 2.32 A (with proportionately different 
values for Cr-Cl (bridging)) without any qualitative differ
ences. Moving the two fragments apart during the asymme
trization process made the symmetric, undistorted structure 
less stable relative to the distorted geometries. 
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