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Structure and Bonding in Linear-bridged Species : Electronic, Raman, and 
Resonance Raman Spectra of the Trinuclear Dinitrogen-bridged Complex 
[{cl(PMe2Ph)4Re(N,)},MoCI4] 
Jeremy R. Campbell, Robin J. H. Clark," and Martin J. Stead 
Christopher lngold Laboratories, University College London, 20 Gordon Street, London W C l  H OAJ 

The electronic and vibrational spectra of the complex [{CI( PMe,Ph),Re( N2))2MoC14] have been studied 
in detail. The Raman spectra have been recorded with a variety of different exciting lines; they were 
found to be enhanced in the vicinity of the intense absorption bands in the visible region, in particular 
for the bands at 1 818, 689, and 290 cm-l attributed to the v1 (a , , ) ,v(NN),  v2(a ls) ,v (MN) ,  and 
v,(a, g) ,v (  ReCI) fundamentals, respectively. Raman band excitation profiles for many a, ,  bands, and 
approximate force-constant calculations, have been co-ordinated with a proposed molecular orbital 
scheme for the linear skeleton to provide a coherent picture of the bonding in the complex. The 
(resonant) electronic bands are assigned to eg(x) f- e,(x) and e,(n*)  +- e,(n), lA2, - lA , ,  
transitions of the linear chain, on the bases of Raman band depolarisation ratio measurements. 

Dinitrogen is now well known to act as a ligand in the form- 
ation of many transition metal complexes. This fact is not 
only of chemical interest but also of considerable biological 
interest and helps to shed light on the nitrogen fixation pro- 
cess (the bacterial conversion of atmospheric nitrogen to 
organic nitrogen compounds). For example, molybdenum is 
well known to be an essential component of nitrogenase and 
is thought to be the site of dinitrogen interaction and reduc- 
tion.'*2 Chatt and Richards ' have investigated several 
dinitrogen complexes of molybdenum in an attempt to discover 
how dinitrogen may be activated by such ligation. In so doing 
they make extensive use of the idea of the metal acting as 
both a o-acceptor as well as a x-donor and/or x-acceptor. 

The simplest types of dinitrogen complexes are the mono- 
nuclear ones. A well known example of such a complex is 
[Re(PMe,Ph),Cl(N,)], an octahedral complex in which the 
chloride and dinitrogen ligands are trans to each other. 
Another example is [Mo(PMe,Ph),(N,),] which has the two 
dinitrogen ligands cis to each other. The above rhenium 
complex is known 3 * 4  to react with a variety of acceptor 
molecules to form binuclear dinitrogen complexes of the type 
[ Re(FMe,Ph),Cl(N,)A] where, for example, A = CrC1,- 
(thf), (thf = tetrahydrofuran), MoCl,(thf),, MoCl,(OMe), or 
WCl,(PMe,Ph). In these complexes the dinitrogen ligand is 
the bridging ligand, resulting in the formation of Re-N-N-M 
bridges (M = Cr, Mo, or W). 

More recently, it has been shown that the acceptor molecule 
can sometimes bind to two rhenium units to form a trinuclear, 
dinitrogen-bridged c o m p l e ~ . ~ * ~  Examples are now known 
where the acceptor molecules are titanium, molybdenum, or 
tungsten complexes. One such example is the complex 
[(CI( PMezPh)4Re(N2))zMoC14], prepared by the reaction of 
[Re(PMe,Ph),CI(N,)] with either [MoOCI,] or [Mo(PPh,),- 
Cl,] in dichloromethane. 

This complex has been the subject of an X-ray crystallo- 
graphic study which has shown it to have the structure 
displayed in Figure 1 .  In this structure there is a linear 
C1-Re-N-N-Mo-N-N-Re-C1 backbone with Re-N, N-N, 
and Mo-N bond lengths of 1.75, 1.28, and 1.99 A, respect- 
ively. The remaining ligands (C1 and PMezPh) complete the 
octahedral co-ordination of the metal atoms, but more exact 
details have not been given because of insufficiently accurate 
data (the errors in the above bond lengths are ca. 0.05 A). 
Nevertheless, the two Re-N-N-Mo bridges, trans to each 
other, are unambiguously defined. The bond lengths given are 
also sufficiently accurate to give an indication of the strengths 
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Figure 1. Schematic representation of the structure of [ {  CI(PMe,- 
Ph),Re(N,)),MoC1,] (bond distances are in A) 

of the respective bonds. The N-N bond length of 1.28 8, is 
exactly midway between those found in free nitrogen (1.10 A) 
and hydrazine (1.46 A),* thus being strongly indicative of 
double-bond character. The Re-N bond length of 1.75 A is 
also indicative of double-bond character being similar to the 
M-N bond length in the [{RUC~,(H,O)>,(~-N)]~- ion (ca. 1.72, 
A) 9 ~ 1 0  and the M - 0  bond lengths of [M20ClI0]"-(M = Ru 
Os, W, or Re) ions (ca. 1.78-1.87 A).'' The Mo-N bond 
length of 1.99 A, on the other hand, is considerably closer to 
that of a single M-N bond {cf. the Ru-N bond lengths of 
ca. 2.09-2.17 A in the [ R U ~ O ~ ( N H ~ ) ~ ~ ] ~ +  and [ R U ~ O ~ ( N H ~ ) ~ ~ -  
(H2NCHzCH2NH2)2]6+  ion^),'^*'^ but it is still suggestive of 
partial double-bond character. Hence, the bonding in these 
dinitrogen bridges may more accurately be described as 
Re=N=N-Mo, which is in good agreement with a molecular- 
orbital scheme (see below) employing the concepts of 7t 
bonding. 

In view of the fact that the complex [{Cl(PMe,Ph),Re(N,)),- 
MoCl,] (i) is structurally similar to the oxygen- and nitrogen- 
bridged complexes previously studied 1 1 * 1 2 7 1 4 8 1 5  and (ii) is 
deeply coloured (green), it might be expected that excitation 
within the contours of electronic bands associated with 
charge-transfer transitions of the M-N n-bond system would 
yield resonance Raman (r.R.) spectra. If this were possible, 
hopefully some insight into the electronic structure of the 
complex and of related dinitrogen complexes could be gained. 
Some features of the results have appeared in a preliminary 
report .16 

Experimental 
The complex [(CI(PMe,Ph),Re(N,)I,MoCI,] was prepared by 
published 

The Raman spectra were recorded both on a Spex 1401 
spectrometer ( 1  200 lines mm-I, Bausch and Lomb gratings) 
and a Spex 14018 R6 qpectrometer (1 800 lines mm-', Jobin- 
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Figure 2. Resonance Raman spectrum of a KBr disc of the complex 
[{C1(PMezPh),Re(NZ)},MoCI,I at ca. 80 K:  ho = 457.9 nm, power 
50 mW, spectral slit width 4 cm-I 

Yvon holographic gratings). Samples were either held at room 
temperature, in which case they were spun at ca. 1 200 r.p.m., 
o r  at ca. 80 K on a copper block attached to a liquid-nitrogen 
Dewar. Band wavenumbers were determined by reference to  
the emission lines of neon. Band intensities were assessed from 
approximate band area measurements (band height x half- 
width). Intensity data were then corrected for the spectral 
response of the relevant spectrometer. Both spectrometers 
were used in conjunction with Coherent Radiation C R  12 and 
52 Ar+ and CR 3000 K or  52 K r +  lasers, and with a model 
599 dye laser employing the dye LD 700 for the near4.r. 
region. Laser powers of ~ 4 0  mW were used throughout. 

1.r. spectra were recorded on a Perkin-Elmer 225 spectro- 
meter and the electronic spectra on a Cary 14 spectrometer, 
the sample being dispersed in KCI or  KBr discs, or  in dichloro- 
methane solution; the spectrum was the same in all three 
cases. 

Results and Discussion 
If the PMe2Ph ligands are treated as  point masses, then the 
vibrational represen tat ion of [ { C1( P Me2P h)4 Re( N2) l2 M OCI,]. 
in D4,, nomenclature, is given by the following expression. 

r v i b .  = 7al, + aZ9 + 3b1, + 2629 + 7eg + al,  + 
7 ~ 2 , ~  + 61, + 3b211 i 9e, 

In  keeping with the schemes employed previously for other 
bridged species,11*12 the Raman-active al,  modes, in decreas- 
ing wavenumber order, will be labelled v1-v7 and the i.r.- 
active a2, modes likewise, v8-v14. 

Resonance Raman and Infrared Spectra.-The r.R. spectrum 
of [(C1(PMe2Ph)4Re(N2)}2MoC14] recorded with 457.9 excit- 
ation a t  ca. 80 K is displayed in Figure 2. Band wavenumbers 
of both the solid-phase and solution r.R. spectra, depolarisation 
ratios, and i.r. band wavenumbers are given in Table 1. 

The r.R. spectrum of this complex with blue excitation is 
dominated by two very intense bands which, at ca. 80 K, lie 
at 1 818 and 689 cm-l. The former clearly arises from an N-N 
stretching fundamental, and is thus assigned to v,(alg), 
v,,,.(NN). This assignment is consistent with the double- 
bond character of the N-N bond (cf. free nitrogen, whose 

Table 1. Wavenumbers (cm-I) of the bands observed in the r.R. 
and i.r. spectra of the complex [(C1(PMezPh)4Re(Nz)}zMoC14] 

r.R. 
-7 h 7 

Solid 
?-A- 

Solution r.t.* 
1800 1809 
(0.24) 

1111 1114 
(0.22) 

PMezPh modes 

682 676 
(0.25) 

630 63 5 

560 5 5 5  
(0.35) 

(0.27) 

1.t.‘ 1.r 
1 762 (sh), 
I 817.6vs,br, 
I 853 (sh) 

1 117.3m 

876w 

689.2~s 

635.4m 

563.8m 

1795s,br, 
I830(sh) 
1432m 
1 llOm,br 

905s, 
940m 
700m, 
743m 

675w 
630m 

542w 

496w 
415m 

310w 

’ Dichloromethane solution; depolarisation ratios are given in 
parentheses for ho = 457.9 nm. * r.t. = Room temperature. 
‘ 1.t. = Low temperature. * Obscured by solvent. 

fundamental lies at ca. 2 330 cm-’). In addition, i.r. bands in 
the region of 1 800 cm-’ have frequently been used to charac- 
terise dinitrogen cornplexe~.~-~  The other band, at 689 cm-’, 
is assigned to  the v~(~~,),v,,,.(MN) fundamental, a metal- 
nitrogen stretching mode involving both Re-N and Mo-N 
stretching but not (to a first approximation) N-N stretching. 
This mode is analogous to the vl(alq),v,y,.(RuO) fundamental 
(827 cm-’) of ruthenium red; * *  in both cases the principal 
movement is of the bridging ligand between the metal atoms. 
The band at 1 818 cm-‘ also exhibits two shoulders at I762 
and 1 853 cm-’, possibly due to solid-state effects (since they 
are not observed in solution spectra). 

Two further bands of medium intensity at 318 and 290 cm-I 
are assigned to vj(alg),v\ym.(MoCI), and vS(alg),v,,,.(ReC1), 
respectively; the relative wavenumbers of these modes are 
based upon the established dependence of metal-ligand 
stretching frequencies on metal-ion oxidation state, i.e. 
v( MIVCI) > v( M ‘CI),” and upon excitation profile studies 
(see below ) . 

I f  the PMezPh ligands are treated as point masses, then 
three more totally symmetric modes would be expected, 
each giving rise to a Raman band. Two of them, v3 and V6, 

involve Re-P stretching and N-Re-P bending, respectively, 
while the third, v,, involves M-N stretching. On the bases of 
many i.r. studies of gold-phosphine complexes,1B v(AuP) has 
been considered to give rise to bands at cu. 359-381 cm-’. 
Accordingly, the weak band at 347 cm is assigned to v3- 
(ulg),vsy,,,(ReP). The bending mode v,(ul,),G,,,.(NReP) would 
thus be expected to lie at about half this wavenumber, but no 
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firm assignment can be made since the wavenumbers of the 
two weak bands observed at 253 and 200 cm-' are higher than 
expected if they were to be so attributed. This leaves the 
assignment of v7(alg), vsym.( MN). The corresponding mode of 
ruthenium red, vSym.(RuO), lies at 150 cm-' l 2  but a lower wave- 
number than this might be expected here since PMezPh is 
heavier than NH,, and since the Mo-N bonds in the title com- 
plex have a lower bond order than the Ru-0 bonds in ruthen- 
ium red. However, no band was observed around 100 cm-'. 

The bands referred to above are all polarised (as shown by 
solution r . R .  spectra) in agreement with their being assigned to 
totally symmetric modes of the RezMoP8CI,N4 skeleton. 
Thus, in order to assign the remaining bands (which are also 
polarised) in the r.R. spectra, the methyl and phenyl sub- 
stituents of the PMezPh ligands must be taken into account. 
The bands in question lie at 1 117, 876, 635, 564, and 420 cm-l 
and, except for the weak ones at 876 and 420 cm-', are of 
medium intensity. The band at 876 cm-' is likely to  arise from 
a C-H wagging mode, but the others from modes which in- 
volve C-P stretching. The bands at 1 117, 876, 635, and 420 
cm-' all have obvious counterparts in the vibrational spectra 
of free PMe2Ph l9  but the band at 564 cm-I is more difficult to 
assign. No Raman bands have been reported in the range 
500-600 cm-' for free PMe2Ph, nor for PR, complexes 
(R = Me,20.21 Et," or Ph 'j), although such bands do appear 
in the i.r. spectra of PPh, c o r n p l e ~ e s . ~ ~  Additional bands would 
be expected to arise from rocking modes, but these would 
lie at ca. 200 cm-'. Such modes were observed for PMe, 
complexes,20*21 assigned to p(PC3) and 6(PC3), which probably 
account for the bands observed at 253 and 200 cm-' men- 
tioned above. 

The i.r. spectrum of [{C1(PMezPh)4Re(Nz)}2MoC14] is 
dominated by bands due to the PMezPh ligands but one im- 
portant exception is the band at 1 795 cm-', assigned to  
v8(aZu),vaSym.(NN). This agrees reasonably well with the value 
of 1 800 cm-' reported by Chatt and Richards for a Nujol 
mull (the only i.r. band wavenumber given by these authors). 
A shoulder at ca. 1 830 cm-' was also observed on the band at 
1 795 cm-' possibly due to  either an impurity or solid-state 
effects. Of the lower wavenumber bands, most are due to the 
PMe2Ph ligands but some arise from M-N stretching and 
M-N-N bending modes; V9(aZu),Vasym.( MN) is likely to give 
rise to a band in the range 600-700 cm-' (cf. vz) while the err 
modes G(ReNN) and G(MoNN) are likely to lie at ca. 300- 
500 cm-' {cf. &(MOM) of [M20X10]"- ions}.".'' 

Force-constunt Calculations.-A very simplified force- 
constant treatment was carried out on the complex [{CI- 
(PMe2Ph),Re(N2)),MoC14] in order to aid the assignments of 
its r.R. and i.r. bands and the interpretation of excitation 
profiles (see below). 

The same simplifications were made as for ruthenium 
red,I2 namely the assumption of D4,, symmetry and the con- 
sideration of axial a',  and aZu modes only. The construction of 
the a,, and u2,, G-matrix blocks is described e1sewhe1-e.~~ 
Included in the treatment of the alg block were the axial 
symmetry co-ordinates, Sl--S5, involving Mo-N, N-N, 
Re-N, and Re-CI stretches and the N-Re-P deformation, 
respectively. The equatorial modes were omitted (the Mo-CI 
and Re-P stretches, related to F66 and F77) and the PMezPh 
ligands were treated as points of mass 31. A similar set of co- 
ordinates was employed for the a2,, block (S8-S12 respect- 
ively). 

A modified general quadratic valence force field was em- 
ployed, similar to that used for ruthenium red.l2 Of the ten 
off-diagonal F-matrix elements of each block, five were set 
equal to zero. These consisted of three stretch-stretch inter- 
actions, in which no common atom was involved, and two 

Table 2. Force constants and calculated band wavenumbers for the 
al, and azu axial fundamentals for the complex [{CI(PMe,Ph),- 
Re(Nz) ~2MoC141 

stretch-bend interactions, in which no common bond was 
involved. Hence, in terms of valence force constants, the F- 
matrix elements are given by Fll-F45. 

F11 =f(MoN) + f(MoN/IMoN) 
F 2 2  = F99 = f W N )  
F33 = Fio io = f(ReN) 
F44 = Fil = f(Rec1) 
F5) = F12 12 

F23 = F9 = f(ReN/NN) 
F34 = F,, l l  

F35 = Fl0 1z 

FA5 = Fll 12 

= +r(ReP)'[f(NReP) + f(CIReP)] 
FR8 = ~ ( M o N )  - f(MoN/MoN) 
F12 = Fa9 = f(MoN/NN) 

= f(ReN/ReCl) 
= - d2r(ReP)f(ReN/NReP) 
= ~'2r(ReP)f(ReCl/ClReP) 

The value for f (NN)  was taken to  be two-thirds of that 
derived from the vibrational wavenumber of free Nz (ca. 
2 330 cm-l). The values for the remaining force constants 
were based upon the results of the calculations carried out on 
the [RezOClloln- The force constants f(ReX) and 
,f(XReP) (X = N or  CI) were taken from the mean values of 
f'(ReY) andf(YReCI,,), respectively (Y = 0 or CI). Similarly, 
the corresponding interaction force constants were also trans- 
ferred from the binuclear ions. The f(MoN) force constant 
was assigned a value intermediate between those of double 
and single bonds on account of the r(MoN) bond length 
indicating a similarly intermediate bond order. The f( MoN/ 
MoN) interaction force constant was set equal to 0.3f'(MoN), 
since a similar ratio was found for f (MO/MO):f(MO) of 
[ MzOCIl,]"- ions and ruthenium red. Finally, they( MoN/NN) 
and f(ReN/NN) force constants were taken to be about a 
tenth of they(") value. 

The actual values used for the F-matrix elements are given 
in Table 2, which also includes the wavenumbers of the al, 
and azu bands as predicted by the above field. In view of the 
substantial assumptions made in these calculations, which 
were not refined, theagreement between observed (Table 1)  and 
calculated (Table 2) band wavenumbers is adequate for the 
present purposes (a  more detailed discussion of this analysis 
and in particular, its relation to that of ruthenium red, is 
given elsewhere 24). From the analysis, the potential energy 
distribution of the a I q  normal modes comes out to be of the 
form shown below (entries in italic signify that the cor- 
responding entries in the L-matrix are negative). From this 
i t  can be seen that Q, is relatively pure Sz, that Q5 is relatively 
pure S,, but that Q2, Q6, and Q7 are extensive mixtures of 
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Figure 4. Excitation profiles of the uio fundamentals of the title 
complex, measured relative to the v,(a,) band of K2S04 as standard 
af m. 80 K .  together with the abwrption spectrum of the complex 
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Figure 3. Representation of the axial alp normal co-ordinates, based 
on the results of the approximate force-constant calculation5 

symmetry co-ordinates. Indeed, the mixing of SI, S3, S4, and 
Ss into Q2, QS, Q6, and Q7 is very similar to that found for the 
corresponding modes of ruthenium red.I2 The forms of the 
normal co-ordinates calculated on the basis of the above 
analysis are shown in Figure 3. As can be seen, Q, and Q2 

may be described as  N-N and M-N stretching modes, 
respectively, and Qs and Q6 as Re-CI stretching and N-Re-P 
bending modes. respectively. The mode Q7 appears to  involve 
N-N stretching in which the ReP4CIN groups move as a 
whole, thus accounting for the low wavenumber expected 
for this mode. 

Excitation Profiles, Electronic Spectra, and Molecrrlar 
Orbitul Scheme.-The excitation profiles of several Raman 
bands of the complex [{C1(PMe2Ph),Re(N2))2MoC14] at CQ. 

80 K have been determined by reference to the intensity of the 
v , (a l )  band of potassium sulphate and are displayed, along 
with the electronic absorption spectrum, in Figure 4. Excit- 
ation a t  wavelengths shorter than 457.9 nm resulted in thermal 
and/or photochemical decomposition of the sample. Some of 
the band profiles could be monitored to the red4.r. limit of 
799.3 nm; the remainder could not, either because they were 
too weak or, as in the case of vl, because the photomultiplier 
was insufficiently sensitive, at an 1 818 cm-' shift from lines of 
longer wavelengths than 647, I nm, to permit reliable intensity 
studies to be carried out 

I 
I 

I I 

I I 

ReMoRe ReNzMoNzRe NzN2 NN 

Figure 5. Proposed molecular orbital scheme for the complex 

As can be seen from Figure 4, the profiles which display the 
greatest enhancement at resonance with the doublet of 
strong absorption bands at 13 500-15 600 cm-I are those 
attributed to v2,vsym.(MN) and V~,~~, , , . (R~CI) ,  and with the 
strong absorption band at 23 300 cm-' are those attributed to 
V~,V,~,.(NN), v2, and vs. These effects strongly suggest that the 
electronic bands are associated with transitions involving the 
axial Tc-bond system. 

A molecular orbital scheme for the complex is given in 
Figure 5. An eclipsed Djh structure has been adopted and only 
the d orbitals of the metal atoms and p orbitals of the nitrogen 
atoms have been considered. The scheme is similar to  that 
employed for ruthenium red. In the case of the complex 
[{Cl(PMe2Ph)4Re(N2))2MoCl,1, however, the nitrogen p 
orbitals interact with each other to form either bonding or 
antibonding molecular orbitals. The separation in energy 
between these orbitals is large and only the antibonding ones 
are expected to match approximately, and thus to interact 
with, the metal d orbitals to any great extent. The two eg and 
one e, combinations of metal clxs  and d,?, orbitals interact with 
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Figure 6. The axial e, and c, n-molecular orbitals of the complex 
(schematic). No attempt has been made to allow for the different 
relative siies of the various orbitals shown 

the e,(rr*) and e,(n*) molecular orbitals of dinitrogen to form 
a set of le,(nb), leu(nb), 2eg(n), 2e,(x), 3eg(x), 3eU(7r*), and 
4e,(n*) molecular orbitals of the complex. The leu(xb) and 
1 eu(xb) molecular orbitals of dinitrogen, however, remain 
essentially localised on the dinitrogen ligands (see Figure 6). 
The Re-Mo separation (5.02 A) is very large and so the two 
h2, and one b,, combinations of dxy orbitals on the metal 
atoms are effectively non-bonding 6 molecular orbitals. Ideas 
similar to these have been used previously to describe the 
bonding in the binuclear dinitrogen complexes [RU~(NH~)~,,- 
(N2)][BF4I4 25 and [Re(PMe2Ph),CI(N2)A] ' v 4  [A = CrCI3- 
(thf),, MoCl,(thf),, MoC14(OMe), or WCI4(PMe2Ph)]. 

The distribution of the 22 valence electrons of the complex 
[{CI(PMe2Ph)4Re(N2))2MoC14] is indicated in Figure 5 for 
the ground state, which is formally designated to be Re'(#)- 
N2(p4)Mo'"(d2)N2(p4)Re1(d6). From this, bond order may be 
estimated for the Re-N, N-N, and Mo-N bonds, remembering 
that the normal a-bond framework already accounts for a 
bond order of unity. Thus the N-N bonds are made triple by 
the filling of the leg(xb) and le,(7cb) orbitals but a decrease in 
NN bond order results from the filling of the 2e,(x) and 2e,(rr) 
orbitals, which are antibonding with respect to the N-N bonds. 
These 2eq(7t) and 2e,(n) orbitals, which contain four electrons 
each, are localised over six and four bonds, respectively, and 
so result in N-N bond-order decreases of 3 and 3, respectively. 
Thus the net N-N bond order is 3 - 3 - + = 26. It can also 
easily be seen that the bond orders of the Re-N and Mo-N 
bonds are predicted by this method to be 1 J- 3 4 + = 1-2 

and 1 + 3 = 13, respectively. Thus the bonding in the com- 
plex can approximately be described as Re=N=N-Mo, or 
perhaps Re=N=N=Mo, which agrees very well with that 
predicted by bond length data [r(Re-N) = 1.75, r(N-N) = 
1.28, r(Mo-N) = 1.99 A], and supports the assumptions made 
in the force-constant calculations (Table 2). 

On the basis of this scheme, the ground-state electronic 
configuration is likely to be (1 egb)4( 1 eub)4(2eg)4(2eu)4( 1b2g)2- 
(b,,)2(2b2,)2(3eg)0, which gives rise to a 'Alg ground term. 
Other possibilities would arise if the 3eg(7c) orbital were not 
placed significantly higher in energy than the three 6 orbitals, 
but if this were the case there would be up to four unpaired 
electrons, a situation which would not be consistent with the 
known diamagnetism of the complex. The lowest two allowed 
transitions of z-polarisation are thus 3egt2e,  and 3e,t2eg, 
which are each allowed uia their ' A 2 u f ' A l g  components. 
Other possibilities are that the electron is transferred from a 
6 orbital, i.e. 3egtb1,, ' E , t ' A l g  or 3e,+b2,, 'E , t 'A lg  (two 
such transitions). All of these transitions are allowed, but only 
uia an E, component and would thus be x,y-polarised. 

If the resonant electronic transitions are z-polarised then the 
depolarisation ratios of these bands should be 6 on resonance.26 
It was found that those bands (1  818, 1 117,689,635,564, and 
31 1 cm-') for which depolarisation ratios could be measured 
gave p values for both 457.9 and 647.1 nm excitation of 
between 0.24 and 0.42, indication that (consistent with the 
axial nature of the Raman bands which display the most 
marked resonance enhancement) the resonant electronic 
bands are indeed z-polarised. We thus suggest that the 
doublet of absorption bands at 13 500-15  600 cm-' is the 
3egt2e,, 'A2,+'Alg transition, and that the absorption band 
at 23 300 cm-' is the 3e,+2eg, 1A2U+1A1g transition. The weak 
absorption band at 9 500 cm-' may thus tentatively be assigned 
to the x,y-polarised 3eg+6 transitions. 

Although the reason for the doublet nature of the 3egt2e, 
transition is uncertain, it is possible that the band at 15 600 
cm-' is a vibronic side-band to the band at 13 500 cm-l since 
the wavenumber separation (2 100 cm-') would correspond to 
one quantum of vI (the NN stretch) in the excited state. 
Consistent with this idea, the values both of v1 (1  818 cm-') 
and of the NN bond order (2&) in the ground state are less 
than the corresponding values in the excited state (2 100 cm-1 
and 2+, respectively) and less still than the values for free 
nitrogen (2 330 cm-' and 3, respectively). On this basis, the 
band at 15 600 cm-' results from vibronic coupling of the 
two lowest-lying 'A2 ,  states via totally symmetric normal co- 
ordinates, principally v(NN). Such a situation normally gives 
rise to a r.R. excitation profile in which there are two maxima 
of equal intensity corresponding to 09-0, and 0,-1 e resonances. 
The lower Raman intensity observed in the Og-le region could 
be due either to non-adiabatic vibronic coupling2' or to 
interference between the A-term (Franck-Condon) and B- 
term (Herzberg-Teller) contributions to the transition 
polarizability.2s Since the 'A2,  states are well separated (by 
ca. 10000 cm-') non-adiabatic effects will be small and it is 
therefore more likely that the Og-Oe/Og-le asymmetry in the 
excitation profiles may be ascribed to A-term/B-term inter- 
ference. Vibronic side-bands of this sort are known for the Q- 
band of haemoglobin 29 and for a variety of tris-bidentate 
complexes of iron(~~~).~O The difficulty with this explanation, 
however, is that one would expect the vibronic sidebands of 
the other monitored modes to appear at wavenumber separ- 
ations less than 2 1 0 0  cm-', and this is not the case. 

By reference to Figure 6 it is evident that transfer of an 
electron from the 2eU(7t) to the 3e,(x) orbital would result 
primarily in a lengthening of the Re-N bond and a shortening 
of the N-N bond, while transfer of an electron from the 
2e4(7c) to the 3e,(n*) orbital would result primarily in a length- 
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ening of both the Re-N and Mo-N bonds. Moreover, as a 
consequence of either of these transitions, both the effective 
positive charge on the rhenium atoms and their 7c-acceptor 
capability will be affected, and hence the strength of the Re-CI 
bonds (also axial) will be affected. Since, according to r.R. 
theory,31 the mode(s) most enhanced at resonance with an 
electric-dipole allowed transition is (are) the totally symmetric 
one(s) most involved in changing the molecule from the 
ground-state geometry to the excited-state one, it follows that 
modes such as vl, v2, and v5 should indeed be the ones most 
enhanced at resonance with the n+-n transitions mentioned 
above. Moreover, the lack of overtones at resonance is fully 
consistent with the A-term small-displacement model for r.R. 
scattering, as enunciated in detail in the case of ruthenium red 
and ruthenium 

Conclusions 
The r.R. results thus allow not only the formulation of a 
reasonable and consistent picture of the bonding in this com- 
plex, but also the assignment of the intense bands in the 
electronic spectrum to metal-to-nitrogen n-type transitions of 
the linear backbone. 
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