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Raman spectra are reported for several series of relatively simple homonuclear transition metal complexes that contain 
metal to metal bonds. The low-frequency region of these spectra is generally characterized by an intense, sharp band 
assignable to the metal-metal stretching vibration. The utility of Raman spectroscopy in structural investigations of sys- 
tems that contain transition metal to transition metal bonds is discussed briefly. 

Compounds containing metal-metal bonds are ubiqui- 
tous* and although X-ray crystallography is well established 
as a useful technique in the structural investigations of these 
substances, the length of a bond between two metal centers 
is a sensitive function of a variety of ?ammeters, including 
oxidation states, the nature of additional ligands, and other 
aspects of molecular geometry. It is apparent, therefore, 
that the use of interatomic distances to infer information 
about chemical bonding requires measured caution. Our 
interest in the area of metal-metal bonds3 has prompted us 
to  examine an alternative spectroscopic approach that would 
constitute a valuable addition to  the range of techniques 
applicable to the examination of these substances. 

Vibrational spectroscopy, particularly Raman spectros- 
copy, is theoretically capable of supplying a wealth of in- 
formation about metal-metal bonds.4 However, experi- 
mental barriers, viz., the decomposition of colored samples 
due to  the intense radiation of the exciting line, have se- 
verely limited the usefulness of Raman spectroscopy in the 
study of this broad class of compounds. The advent of 
low-frequency laser excitation and defocusing techniques 
have vastly increased the flexibility of Raman spectroscopy 
in recent years. Here we wish to report the results of an 
investigation emphasizing the qualitative utility of Raman 
spectroscopy as a technique for the study of metal-metal 
bonds between transition metals and; in particular, for com- 
plexes containing strong metal-metal bonds. 

strong metal-metal bonds are twofold. First: simple theory 
predicts that the intensity of a Raman vibrational band can 
be related to the relative order of the bond under investiga- 
tion.' Thus, the assignment of metal-metal stretching fre- 
quencies is aided considerably in such systems. Second, 
several theoretical treatments of the bonding in such sys- 
tems have been presented. Since the metal-metal stretching 
frequency can be used to  calculate a valence force constant, 
which can be correlated empirically with bond strength, and 
band intensity is apparently a function of bond order,5 an 
analysis of the Raman spectra of these systems should 
ultimately provide a means of experimentally probing the 
nature of the bonding in such systems. 

The reasons for emphasizing compounds that contain 
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Experimental Section 

( X =  C1, Br).6 Re,(0,CCH,),X,~2H20 (X = C1, Br),7 Re,(O,CCH,),X, 
( X =  C1, B I ) , ~  Re,C1,[P(n-C,H7)3],,3 Re,Cl,(tmtu),,' Re,Cl,- 
(DTH), ,7 Re,OCl,(O,CCH,CH,)[P(C,H,) 3]2  ,' and Re,OCl, - 
(O,CCH,CH,),[P(C,H,),], were all prepared by literature proce- 
dures. 

Re,(O,CCH,),Cl, ,H,O was attempted repeatedly. The materials 
produced had variable compositions. A typical analysis is given. 
Anal.  Calcd for Re,(O,CCH,),CI,~H,O: C, 10.69; H, 1.65; C1, 
15.78. Found: C, 14 .20;H,Z. l1 ;Cl ,  10.84. 

Rhenium trichloride and rhenium tribromide were purchased 
from Var-lac-aid Chemical Co. and used as received. The prepara- 
tion of Re,Cl,~P(C,H,),], and Re,Cl,(C,H,N), was achieved using 
previously described procedures. ' 

Di- and Trinuclear Rhenium Complexes. [(n-C,H,),N],[Re,X,] 

The procedure described by Cotton' for the preparation of 

Dinuclear Molybdenum Complexes. The molybdenum com- 
plexes ( N H , ) ~ M O , C ~ , ~ H , O , ~ ~  hio;C1,L,3 (L = (~-C,H,),P, (cH,o),- 
P), Mo,(O, CCH,), ,' Mo2(02CCF3),,' and Mo,(O, CCF,),(C, H N), 
were svnthesized bv established orocedures. -, ~ ~~ 

Dinuclear Complexes of Ruthenium, Rhodium, and Copper. 
Tetra-n-butyratodiruthenium chloride" and rhodium(I1) acetate 
methanolate16 were prepared by known methods. Copper(I1) acetate 
dihydrate was obtained from Alfa Inorganics and used as received. 

dodecacarbonyl, and bis(cyclopentadieny1iron dicarbonyl) were 
purchased from Alfa Inorganics. Each was rinsed with copious 
amounts of pentane and dried under reduced pressure in a nitrogen 
atmosphere. Tetrakis(cyclopentadieny1iron carbonyl) was pre- 
pared as reported by King." 

Spectra. Raman spectra were recorded on  a Cary Model 82 
laser Raman spectrometer equipped with rotating-sample cells 
similar to  those described elsewhere." Unless otherwise noted, a 
slit width of 3 cm-' and a scanning rate equal to the ratio of the 
slit width to time constant were employed. Blue (4880 A) or green 
(5145 A) excitation was provided by a Coherent Radiation Labora- 
tory Model 5 2  argon ion laser. Repeated scanning of all samples re- 
vealed no evidence of irradiation-induced decomposition. Reported 
frequencies are accurate to sl cm-' . Infrared spectra were recorded 

Complexes with Fe-Fe Bonds. Diiron nonacarbonyl: triiron 
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on  a Perkin-Elmer 225 spectrophotometer employing Nujol mulls 
supported on polyethylene plates. Frequencles are accurate to 
i l  cm-’. 

Results 
Di- and Trinuclear Complexes of Rhenium. Several di- 

nuclear rhenium(II1) complexes are known.” Most of 
these fall into one of several structural patterns.” The ex- 
ceptionally short Re-Re distances (2.22-2.24 A) found in 
these complexes are consistent with the existence of a strong 
metal-metal bond and an eight-electron quadrupole bond is 
supposed.” 

monium) octachloro- and octabromodirhenate(II1) and hexa- 
chlorobis(tri-n-propylphosphine)dirhenium(III) (1, 2 , 7 )  are 
shown in Figure 1. The spectral data for these and the re- 
lated complexes Re2(02CCH3)2X4*2H20 (X = C1, Br; 3 and 
4), Rez(OzCCH3)4Xz (X = C1, Br; 5 and 6) ,  and RezCl6L2 
(L = tmtu (tetramethylthiourea); 8) are collected in Table I. 

Two observations are immediately apparent from these 
results. First, an intense band at 285 k 10 cm-’ appears 
in the spectra of all these compounds. The invariance in 
frequency of this band and its relative intensity suggests 
strongly that it is the totally symmetric (Al) Re-Re stretching 
vibration. Second, those complexes that contain radially 
disposed chlorine atoms (1, 3, 7, 8) all display a moderately 
intense band at  approximately 365 cm-’ while those com- 
plexes which contain similarly arranged bromine atoms (2, 
4) show a strong to very intense band at approximately 210 
cm-’ . These two bands are of appropriate frequency” and 
relative intensity (ie., C1< Br) to be the totally symmetric 
Re-C1 and Re-Br stretching modes, respectively. 

The structure of pentachlorobis(2,5-dithiahexane)di- 
rhenium (9) has been determined by single-crystal X-ray 
crystallography.21 The short Re-Re bond distance (2.293 
A) suggests a strong metal-metal bond is present. The for- 
mulation of this compound as a mixed-valence complex of 
rhenium(I1) and rhenium(II1) as suggested by Cotton’ is 
consistent with its magnetic characteristics and further 
implies that the Re-Re bond has a multiplicity of 3. 

As a consequence of the strong dissimilarity between the 
environments experienced by adjacent rhenium centers in 
9, which can be anticipated to result in a reduction of the in- 
duced dipole moment of this molecule, the metal-metal 
stretching vibration in pentachlorobis(2,5-dithiahexane)di- 
rhenium should have reduced Raman but increased infrared 
activity. In fact, 9 exhibits a relatively weak Raman band 
at 267 cm-’ but a moderately intense infrared band at 265 
cm-’ . In view of their similar and appropriate frequencies 
as well as their relative intensities, these bands are assigned 
as arising principally from the Re-Re stretching vibration. 

The dinuclear rhenium complexes oxopentachloropro- 
pionatobis(triphenylphosphine)dirhenium(IV) (1 0) and p- 
oxo-lr-chloro-di-~-propionato-bis(chlorotriphenylphosphine- 
rhenium) (1 1) have been structurally characterized by single- 
crystal X-ray crystallography studies.8s9 A meaningful de- 
scription of the bonding in these compounds is not presently 
available and the presence of bridging atoms undoubtedly 
imposes constraints on the metal-metal bond distances pre- 
cluding an empirical evaluation of bond order based on bond 
order-bond length relationships:’ nontheless, the short 

The Raman spectra of crystalline bis(tetra-n-butylam- 
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Table I. Solid-state Raman Frequencies (cm-’) Observed for 
Some Di- and Trinuclear Rhenium Comulexesa 

363 m 278 s 962 w 
336 w 240 w 883 w 
301 w 212 vs 550 w (u,) 
215 vs 157 w 370 w 
250 w 143 w 279 vs 
192 m 160 w 
156 m 145 m 
120 m 

Re,Cl. - 

405 w 
380 w 
373 w 
277 vs 
232 s 
209 m 
138 w 

Re,Cl.- 
(D+H);c Re,Cl,C Re,Br,C [p(c,””,j,i,c 
261 w 998 w (v,) 254 vs 358 w 

745 m (v3j 206 m 340 w 
495 m (v,)  231 vs 
250 vs 200 w 

Re,(O,C- Re,(O,C- Re,C16 - Re,Cl, 
CH,),Cl,c CH,),Br,C [P(C,H,),J,c,e (tmtu),c 

357 m 842 w (v , )  363 m 960 m 
955 m,  sh 
716 w 
700 m 
615 w 
515 w 
395 m 
289 vs 
277 w 
238 w 
196 m 

715 w 278 vs 276 vs 
700 w 206 w, sh 
612 w 195 m 
562 m (vz) 183 w 
391 m 158 m 
284 vs 120 m 
189 m 
135 m 

Re,OCl, - Re,OCl,(O,C- 
Re,Cl,- (O,CCH,CH,)- CH,CH,),[P- Re,- 

(CsH,N)3b [P(C,Hs),I,C (C6H,)&C (CO),Od 
353 m 432 m (u,) 216 YS 122 s 
223 vs 360 m 

340 w 
310 w 
216 vs 
210 m, sh 

a Qualitative intensities: vs, very strong; s, strong; m, medium; w, 
weak; sh, shoulder. v z ,  v 3 ,  and v ,  are respectively the first, second, 
and third overtone bands. b Obtained using 4880-A exciting radia- 
tion. C Obtained using 5145-8 exciting radiation. d Taken from 
C. 0. Quicksall and T. G. Spiro, Inorg. Chem., 8, 2363 (1969). 
e Essentially equivalent solution (CH,Cl, or CH,CNj and solid-state 
values of v(Re-Re) were observed. 

rhenium-rhenium bond distances in these compounds (2.522 
and 2.5 14 A, respectively) imply the existence of appreciable 
metal-metal interaction and a bond order of -2 seems 
rea~onable . ’~~ 

seen in Figure 2. The most prominent feature in both this 
spectrum and that of the related complex 11 is a strong spike 
at 216 cm-’ which we assign as consisting principally of the 
Re-Re stretching mode. 

The structures of the rhenium(II1) halides Re3Xo ( X = C1, 
Br, I) and several of their derivatives, Re3X9L3, have been 
established.23324 These compounds share several structural 
features in common (cc Figure 3). In particular, they all 
contain a triangular cluster of rhenium atoms, the distance 
between rhenium centers being nearly the same (-2.48 8) 

The low-frequency Raman spectrum of crystalline 10 is 
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Figure 1. Raman spectra of crYsta1lhe [(C,H,),N],Re,Cl, (top), [(C,H,),N],Re,Br, (middle), and Re,Cl,[P(C,H,),], (bottom). Experi- 
mental conditions are given in Table I. 

in each. The bonding between rhenium atoms in these tri- 
nuclear complexes has been described in both valence bond” 
and molecular orbital terms.z6 Both descriptions suggest 
that each rhenium atom forms two double bonds, one to 
each of its neighbors, implying a Re-Re bond order of 2. 

Figure 2 shows the low-frequency solid-state Raman spec- 
tra of Re3C19 and Re3C19[P(C6H5)3]3. These data and 
those of the related complexes Re3Br9 and Re3C19(C5H5N)3 
are collected in Table I. Comparison of these results re- 
veals that an intense band falling between 255 and 220 
cm-’ is common to the spectrum of each of these com- 
plexes. This band is assumed to be the A I ’  breathing mode 
of the trinuclear rhenium cluster. 

are predicted for the trinuclear complexes Re3X9 and 
Re3X9L3 (idealized point group, D3h). Both are Raman 
active and by the simple cluster a p p r o ~ i m a t i o n ~ ~  a ratio of 
u,, I / % ,  = fi is predicted with the E’ stretching mode ex- 
pected to occur at the lower frequency. Indeed, a weak 
band appears at -200 cm-’ in most of these spectra and 
may in fact be the E’ cage mode. The deviations from the 

Two metal-metal vibration modes (Al’  and E‘ symmetries) 
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predicted value are not significantly greater than those pre- 
viously observed27 for the symmetry-related systems 
Ru3(CO) 12 and Os3(CO) 12 and presumably result from the 
mixing of metal-ligand modes into the E’ metal-metal 
mode. 

The Re-X stretching mode is conspicuously absent from 
the spectra of all but one of these related complexes. The 
fact that it appears as a moderately intense band in the spec- 
trum of Re3C19(CsHsN)3, a light green complex, but is 
absent in the spectra of Re3C19, Re3Br9, and Re3C19[P- 
(C6H5)J3, all of which are dark red, suggests that this failure 
may reflect the preferred intensity enhancement of certain 
bands, a common phenomenon in spectra where strong reso- 
nance Raman effects prevail (vide infra). 

Dinuclear Complexes of Molybdenum. Molybdenum(I1) 
forms a number of dinuclear compounds which bear strong 
structural similarities to the isoelectronic complexes of 
rhenium(II1) (1,2, 5,  7). Here, too, the metal-metal bond 
distances are exceedingly short (2.09-2.14 A), suggesting 
the presence of a strong metal-metal interaction. By analogy 
to the Re(II1) complexes, an eight-electron quadruple bond 
is suggested for these  compound^.^.'^ 

Figure 3 shows the Raman spectra of crystalline pentaam- 
monium nonachlorodimolybdate(I1) monohydrate. (NH& - 
MozCl9.H20, and tetrachlorotetrakis(tri-n-butylphosphine) 
dimolybdenum(II), M o ~ C ~ ~ [ P ( C ~ H ~ ) ~ ] ~ .  The data for these 
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Figure 2. The solid-state Raman spectra of Re,OCl,(O,CCH,CH,)- 
[P(C, H,) ,] (top), Re, C1, (middle), and Re, C1, [ P(C, H,) 
(bottom) obtained using 5145-8 exciting radiation. 

u 
2000 1600 1200 BOO 400 

A cm-' 
Figure 3. Low-frequency solid-state Raman spectra of (NH,),- 
Mo,Cl,.H,O (upper) and Mo,Cl,[P(C,H,),], (lower) observed with 
4880- and 5145-A exciting radiation, respectively. 

compounds and the related derivative M o ~ C ~ ~ [ P ( O C H ~ ) ~ ] ~  
are presented in Table 11. All these complexes display an 
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intense single band centered at 345 k 10 cm-' , which is 
assumed to be the (Al) Mo-Mo stretching mode. A weak 
band at  282 k 10 cm-' also occurs in these spectra and is 
attributed to the (Al) Mo-C1 stretching mode. 

boxylates have been determined by single-crystal X-ray 

compounds is virtually equivalent (-2.10 A). The Raman 
spectrum of crystalline molybdenum(I1) acetate has been 
reported by Cotton, who assigned the strong band at 406 
cm-l to the Mo-Mo stretching mode.30 Although our 
findings support this assignment, other aspects of their data 
urged reexamination. Figure 4 shows the solid-state Raman 
spectra of M O ~ ( O ~ C C H ~ ) ~  and M o ~ ( O ~ C C F ~ ) ~ .  

A comparison between the data for dinuclear rhenium(II1) 
and dinuclear molybdenum(I1) compounds reveals several 
differences. First, consonant with the considerable dif- 
ference between the approximate reduced masses of these 
two isoelectronic systems, the Mo-Mo stretching mode 
occurs at a significantly higher frequency than does the cor- 
responding Re-Re stretch. Second, it is apparent that the 
nature of neither axial nor radial ligands significantly af- 
fects the solid-state or solution values of v(Re-Re). By way 
of contrast, the solid-state values of v(Mo-Mo) span a range 
of -70 cm-I . As previously noted,I4 significant differences 
occur in most solvents between the solid-state and solution 
values of v(Mo-Mo) observed for M O ~ ( O ~ C C F ~ ) ~ .  This dif- 
ference increases as the ligand donor properties of the solvent 
become substantial. Thus, for example, in pyridine v(Mo- 
Mo) occurs a t  -60 cm-' below the solid-state value. In 
view of the fact that the magnitude of this shift has been in- 
terpretedi4 as indicating decreased metal-metal interaction, 
it should be noted that in such solvents the frequencies of 
virtually all the bands in the spectrum of M O ~ ( O ~ C C F ~ ) ~  
show a solvent dependence. Thus, for example the very 
intense band which appears at 1468 cm-' in the solid state 
and in most solvents is shifted to  1454 cm-' in pyridine 
solution. 

Third, the relative intensity of the Mo-Cl stretching band 
is seen to be significantly less than that observed for the 
corresponding Re-C1 band. Although this difference may 
reflect the relative differences in the covalency and hence 
polarizability of the two bonds, it may also result from in- 
herent differences between the excitation profiles of these 
two classes of  compound^.^' Finally, it is noteworthy that, 
contrary to  the report14i30 that the Mo-Mo stretching modes 
constitute the strongest bands in the Raman spectra of both 
Mo2(02CCH3)4 and M O ~ ( O ~ C C F ~ ) ~ ,  the data presented in 
Figure 4 and Table I1 indicate that there are in these spectra 
a number of bands of similar or greater intensity than ~ ( M o -  
Mo). 

Dinuclear Complexes of Ruthenium, Rhodium, and 
Copper. In addition to rhenium and molybdenum, a num- 
ber of other transition metal ions are known to form di- 
nuclear carboxylates. The metal-metal interactions in these 
compounds range from strong multiple bonds to weak anti- 
ferromagnetic spin-spin coupling. Thus, the very short Ru- 
Ru distance (2.28 1 A) in tetra-n-butyratodiruthenium chlo- 
ride suggests a strong metal-metal interaction. The Raman 

The structures of several dinuclear molybdenum(I1) car- 

The Mo-Mo distance in all of these 
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A Cm-’ 

Figure 4. Raman spectra of crystalline Mo,(O,CCHJ, (upper) and Mo,(O,CCF,), (lower) recorded using 4 8 8 0 4  exciting radiation. 

Table 11. Summary of Selected Solid-state Raman Frequencies (cm-’) Observed for Some Dinuclear 
Molybdenum Complexes 

1Llo,(02CCFJ4 - 
(NH,),Mo2C1;H,Oa Mo~C~,[P(C,H,) , ] ,~  M O ~ C ~ ~ [ P ( O C H J , ] , ~  M O , ( O ~ C C H , ) ~ ~  Mo,(O,CCF,),a (C,H,Nj,a 

1340 w (v,) 1042 w (v,) 1038 w (v,) 
1000 w ( u , )  760 w 785 w 

666 m (v2) 698 m (v,) 760 w 
339 vs 440 w 691 w (v,) 
214 w 350 vs 528 w 

277 \v 458 w 
387 m 
347 vs 
290 w 

1438 vs 
1367 m 
1360 w 

950 s 
692 s 
685 s 
406 s 
322 m 
313 m 
300 m 
290 m 
200 m 
110 m 

1462 vs 1466 vs 
1458 vs 1455 vs 
1242 w 1030 w 
1228 w 1000 m 
1178 w 733 w 

812 w 509 m 
742 m 368 m 
5 1 7  m 
509 m 
455 w 
395 m 
200 w 
142 w 

Obtained using 4880-8 exciting radiation. b Obtained using 5145-6 exciting radiation. 

spectrum of Ru2[02C(CH2)zCH3]4C1 is shown in Figure 5. 
The intense absorption at 337 cm-’ is assigned to the Ru- 
Ru stretching mode. The remaining bands at 667 and 995 
cm-’ represent, respectively, the first and second overtones 
of this fundamental. 

The isostructural dinuclear acetates of rhodium(I1) and 
copper(I1) have been structurally characterized.32333 The 
Rh-Rh bond length in Rh2(O2CCH &.2H20 is sufficiently 
short (2.386 a) that moderate metal-metal interaction is 
indicated and a multiple bond has been proposed.34 

Dinuclear, carboxylato-bridged compounds of copper(I1) 
represent one of several classes of compounds in which the 
Cu-Cu distances are short enough to indicate possible metal- 
metal interaction. Although a detailed explanation of the 
nature of this interaction is lacking. it is now generally agreed 
that the interaction is principally one between orbitals of 
u symmetry, but the question remains unanswered as to 
whether this interaction is transmitted through the ?i orbitals 

(32) F. A. Cotton, e t  al., Acta Crystullogr. Sect. B,  27, 1664 

(33) G. A. Barclay and C. H.  L.  Kennard, J. Chem. Soc., 5244 

(34) F. A. Cot ton ,e ta l . ,  J. A m e r  Chem. Sac., 92, 2 9 2 6 ( 1 9 7 0 )  

(1971). 

(1961).  

of the bridging carboxy groups (superexchange) or results 
instead from a direct interaction between dXZVy2 orbitals.3s 
The demonstrated sensitivity of Raman spectroscopy to 
weak metal-metal  interaction^^^ suggested a possible means 
of probing this question. 

The Raman spectrum of copper(I1) acetate dihydrate is 
seen in Figure 5. A close similarity between the high-fre- 
quency (3200-600 cm-’) region of the spectrum of Rhz- 
(O2CCH&.2CH30H and that of Cu2(02CCH&.2H20 is 
apparent. These bands arise principally from modes 
localized in the acetato groups. The low-frequency regions 
of both spectra are rich in detail with the most intense bands 
in both spectra occurring in this region. Indeed, the strong 
spike at 170 cni-’ in the spectrum of Fth2(02CCH3)4. 
2CH30H may, in fact, be u(Rh-Rh).  Unfortunately, the 
considerable complexity of this region in both spectra, com- 
bined with the decreased intensity expected for a band re- 
sulting from the stretching mode of these significantly weaker 
metal-metal interactions prevents a ready, unambiguous 
assignment of v(M-M) in these compounds. Nonetheless, 

(35) F. A. Cotton and G. Wilkinson, “Advanced Inorganic 
Chemistry,” 3rd ed,Wiley, New York,  N .  Y., 1972,  p 918. 
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A cm-’ 

Figure 5. Solid-state Raman spectra of Ru,[O,C(CH,),CH,],Cl (top), Rh,(OZCCH,),~2CH,0H (middle), and Cu,(OZCCH,),~2H,0 
(bottom). Experimental conditions are given in Table IV. 

the detailed nature of these spectra serves to underline the 
value of Raman spectroscopy as a qualitative technique for 
the “fingerprint” characterization of compounds that 
display undistinguished hgh-frequency vibrational spectra. 
A summary of the Raman frequencies observed for Ru2- 
[ O2 C(CH2)2CH3]4Cl, Rh2[ O2 CCH3I4 *2CH30H, and 
CUZ(O~CCH&.~HZO is presented in Table 111. 

homonuclear complexes that contain metal-metal bonds. 
Among the structurally simplest of these are diiron nona- 
carbonyl, Fe2(C0)9, and triiron dodecacarbonyl, Fe3(C0)1z, 
the structures of which are well k n ~ w n , ~ ~ ’ ~ ~  as is also the 
structure of bis(cyclopentadieny1iron d i ~ a r b o n y l ) , ~ ~  [C5H5Fe- 
(CO)z]z, and tetrakis(cyclopentadieny1iron carbonyl),39 

Compounds with Fe-Fe Bonds. Iron forms a number of 

[C5H5Fe(C0)14. 
The solid-state spectra of Fe2(C0)9 and [C5H5Fe(C0)I4 

are shown in Figure 6. These data and those for the related 
complexes Fe3(C0)12 and [C5H5Fe(C0)2]2 are summarized 
in Table IV. The common feature in all these spectra is an 

Kristallchem., 6 5 ,  8 5  (1927); H. M. Powell and R. V. G. Ewens, J 
Chem. SOC., 286 (1939). 

(37) C. H. Wei and L. F. Dahl, J. Amer. Chem. SOC., 91, 1351 
(1969). 

(38) 0. S. Mills, Acta Crystallogr., 1 1 ,  620 (1958). 
(39) M. A. Neumann, L. F. Dahl, and R. B. King, cited by 

B. R. Penfold, Perspect. Struct. Chem., 2 ,  109 (1968). 

(36) R. Brill, 2. Kristallogr., Kristallgeometrze, Kristallphys., 

Table 111. Selected Raman Frequencies (cm-’) Observed for 
Crystalline Ru,[O,C(CH,),CH,],Cl, Rh,(O,CCH3),~2CH,OH, 
and Cu,(O, CCH,), .2H,O 

Ru,[O,C(CH,), - Rh,(O,CCH,),~ CU,(O,CCH,),. 
CH, 1, ClQ 2CH,OHQ 2H,Ob 

I _- 
995 w (u, )  948 m 960 s 
667 m (ui) 725 w 
383 w 355 vs 
337 vs 330 sh 
180 w 310 m 
155 w 294 w 

250 w 
180 m 
170 vs 
167 s 

955 m 
710 m 
690 m 
325 vs 
250 m 
230 m 
177 m 
110 rn 
100 s 

a Obtained using 5 1 4 5 4  exciting line. b Obtained using 4 8 8 0 4  
exciting line. 

intense band centered at 220 * 10 cm-’ which we assign as 
arising primarily from the Fe-Fe stretching mode in these 
compounds. These assignments are in agreement with that 
made by Terzis and Spiro, who examined the Raman spec- 
trum of [C5H5Fe(C0)I4 in chloroform solution and ob- 
served a single band at 214 cm-’ which they attributed to 
the (Al) Fe-Fe stretching mode!’ 

(40) A. Terzis and T. G. Spiro, Chem. Commun., 1 160 ( 1  970). 
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* c m '  

Figure 6 .  Raman spectra of crystalline Fe,(CO), (upper) and 
[C,H,Fe(CO)], (lower) obtained using 5145-8 exciting radiation. 

Table IV. Summary of the Solid-State Raman Frequencies 
Observed for Several Dinuclear and Cluster Compounds 
with Fe-Fe Bondsa 

[C,RjFe- [C,H,Fe- 
Fe,(CO), Fe,(CO),, (CQLl, (CO)l? 
2108 m 219 vs 453 m 440 w 
2014 s 41 3 IT1 413 w 
1825 \v 365 m 221 vs 
445 \\' 226 vs 145 w 
405 \v 
385 w 
355 w 
275 w 
225 vs 

98 m 

- __-_- 

a Obtained using 5 145-8 exciting radiation. 

It is apparent from these resu.lts that the nature of the co- 
ordinating ligands in these complexes has little iriflueiice on 
the value of v(Fe-Fe). Indeed, the essential structural char- 
acteristic common to each of these complexes is that they 
are all presumed t.o contain Fe-Fe single bonds. It is not 
surprising, therefore, that despite the fact that Fe3(CO)12 
contains two structurally unique Fe-Fe bonds differing by 
-0.12 A, this difference is insufficient to  produce two dis- 
tinct Fe-Fe stretching frequencies for this compound. By 
comparison, the considerable influence which bond order 
and hence bond strength has on @e-Fe) is apparent in the 
spectrum of tetracarbonyldi-p-2,2,5,5-tetramethylhex-3- 
yne-diiron, the resonance Raman spectrum of which has re- 
cently been obtained by S p i r ~ . ~ '  This complex, which is 
purported to contain an Fe-Fe double bond:* exhibits an 
intense Fe-Fe stretching band at 284 cm-'. 

The Raman spectra of I I U ~ ( C O ) ~ ~  and Os3(C0)12 have 
been examined in Below 200 cm-' both spectra 
are characterized by the appearance of sharp, relatively in- 
tense bands at 185 and 158 cm-', respectively, assigned to  
the AI cluster vibration. Triiron dodecacarbonyl is, of 
course, not isostructural with R U ~ ( C O ) ~ ~  and Os,(CO),,; 

(41) G. J .  Kubas and T. G. Splro, Iizorg. Cctem., 12, 1797 (1973). 
(42) K. Nicholas, I,. S .  Bray, R. E. Davis, and R. Pett ir ,  Chem. 

Commun., 608 (1971). 

Joseph San Filippo, Jr., and Henry J. Sniadoch 

however, in light of the relative insensitivity of v(Fe-Fe) to 
the nature of substituent ligands, it is reasonable t o  con- 
clude that the differences among v(Fe-Fe), v(Ku-Ru), and 
~(0s-Os)  in these three complexes are principally a reflection 
of the significant differences between the reduced inasses of 
the basic trinuclear metal skeleton, This suggestion is sup- 
ported by the similar values observed for the metal-metal 
stretching force constants in O S ~ ( C O ) ~ Z ,  R U ~ ( C O ) ~ ~ ,  and 
[CSW5Fe(CO)I4 (0.91.0.82, and 1.3 indyn/8, respective- 
iy),27,40 

DiSCUSSiOIl 

The principal aim of this study was to determine to whar 
extent bands attributable to the stretching of metal-metal 
bonds can be identified in the Raman spectra o f  relatively 
simple homonuclear transition metal complexes. It is ap- 
parent from the results obtained that in those cornplexes 
where relatively strong metal-metal interactions are in- 
volved, the most prominent feature in the low-frequency 
region of the Raman spectra of these compounds is frequently 
a strong spike assignable to the metal-metal stretching mode. 

The complexes presented in this paper are all deeply col- 
ored compounds with electronic profiles that extend well 
into the visible region and, in some cases, beyond. 'Their 
Raman spectra, therefore, are not ordinary spectra, since 
under such conditions the exciting frequency approaches 
or enters the region of the electronic absorption of the mole- 
cule, producing a resonance Raman effect.43 Although there 
has recently been increased interest in resonance Raman 
spectroscopy, only scattered quantitative experimental data 
have appeared. Nonetheless, from a conibination of these re- 
sults and the present study, several qualitative observations 
can be made which, from a practical point of view, deserve 
brief comment. 

First, both the absolute and relative intensities of reso- 
nance Raman bands are strongly dependent on the frequency 
of the exciting r a d i a t i ~ n . " ~ ~ ~  The variation of relative in- 
tensities with exciting wavelength (excitation profile) can be 
considerable. An unexceptional example of this effect is 
illustrated by the spectrum of (NH4)5M02C19~Hz0 in which 
a greater than twofold change in the relative intensity of 
v(Mo-Cl) and v(Mo-Mo) is observed in going from 4880- to 
5 145-8 exciting radiation. The intense carbonyl stretching 
bands observed in the spectrum of Fe2(C0)9, contrasted by 
the failure to  observe any high-frequency band in the spec- 
tra of Fe3(C0),%, [C5115Fe(G0)2]2, and [C5HsFe(C0)l4, is 
an illustration of how strongly enhanced the intensities of 
some resonance Raman bands can be. 'The absence of a 
band in a resonance Raman spectrum does not, therefore, 
preclude its existence since a preferential intensity enhance- 
ment of some bands may preclude the observation of less in- 
tense emissions. Second, resonance Raman spectra are 
frequently characterized by the appearance of strong over- 
tones the half-widths o f  which increase linearly with 
vibrational quantum number (cJ: Figure 3).449,"5 

bond stretching force constant and bond order; however, 
rigorous calculation of the stretching force constants for 
structures of the complexity presented in this study is coin- 
putationally unrealistic and although incisive simplications 

A recognized, albeit empirical, relationship exists between 

(4 3) J .  Behringer, " Raman Spectroscopy," H. A. S~yniai iski ,  

(44) W. Holzer, W. F. Murphy: and H. J .  Llernstein, J .  Chem. 

(45) 0.  S .  Mortensen,J. iMol. Spectvosc., 39, 48 (1Y71). 

Ed., Plenum Press, New York,  N.  Y., 1967, Chapter 6. 

Phys., 5 2 ,  399 (1970). 
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are helpful, such results are frequently of limited value.46 
Stretching frequencies, in general, are not, of course, mono- 
tonically related to bond order. It is reasonable to expect, 
however, that within a homologous series in which the 
stretching frequencies are relatively pure (unmixed) and re- 
duced masses remain relatively constant such a relationship 
will prevail since, in fact, under these conditions the observed 
stretching frequency becomes a sole function of the stretch- 
ing force constant. The persistence of such a relationship 
in the present study is suggested by the fact that, in general, 
the metal-metal frequencies observed within a related series 
of complexes display little variation with respect to the 
nature of the coordinated ligands but do show considerable 
dependence on the order of the metal-metal bond. The 
monotonic relationship between bond order and u(M-M) for 
a series of related complexes is clearly evident in Figure 7. 

The slight effect which the nature of coordinating ligands 
has on v(M-M) is noteworthy. This behavior appeared to be 
general within all series of complexes examined except that 
of the dinuclear molybdenum(I1) carboxylates, the metal- 
metal stretching frequencies of which fell considerably above 
those of other dinuclear molybdenum(I1) compounds. Even 
in those instances where the metal-ligand and metal-metal 
symmetry coordinates are such that significant mixing might 
be expected to occur47 (e.g., Re3C19L3), the variation of 
u(M-M) within a series remained relatively narrow. Although 
subject to further experimental verification, this pattern sug- 
gests that characteristic frequencies may be associated with 
specific metal-metal groups. 

a number of instances where the qualitative information 
gained from the Raman spectrum of a substance has aided 
considerably in its structural elucidation. One such ex- 
ample was provided by the investigation of a compound of 
the reported general formulation Re2(02CCH3)3X3 .H20 
(X = C1, Br; 12), which is a purportedly isolable intermedi- 
ate in the controlled conversion of 3 and 4 to 5 and 6 ,  re- 
spectively.7 This complex is proposed7i22 to have the di- 
nuclear structure shown in Figure 8. As formulated, 12 
represents a mixed-valence compound with rhenium in the 
formal oxidation states of 3.5 and 2.5. The solid-state 
Raman spectrum of this material (X = Cl) showed two in- 
tense bands (289 and 279 cm-'). The relative intensities 
of these bands were very much a function of reaction condi- 
tions. The intensity of the 289-cm-' band increased regu- 
larly at  the expense of the 279-cm-' band as the reaction 
time increased. In addition, the spectrum of this substance 
isolated at different times appeared in virtually every respect 
to be a composite of the spectra of 3 and 5 .  Based on these 
observations it would appear that the material formulated as 

During the course of this and related studies we have noted 
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(46) Using limited and occasionally incorrect Raman data, 
Cotton has carried out an approximate normal-coordinate analysis 
of Re,X, '- and Mo,(O,CCH,),, obtaining M-M stretching force 
constant values for both systems that range between 3.0 and 4.5 
mdyn/A. 30 

(47) D. Hartley and M. J .  Ware, Chem. Commun., 9 1 2  (1967). 
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Figure 8. The proposed'~'' structure for Re,(O,CCH,),X,~H,O. 

Re2(02CCH3)3C13.H20 is, in fact, a mixture of variable pro- 
portions of compounds of 3 and 5 (X = Cl). Analytical 
data support this conclusion. 

The applicabiljty of Raman spectroscopy to the study of 
metal-metal bonds, although generally recognized, has been 
limited, except for isolated instances, to complexes that con- 
tain either post transition metal-post transition metal or 
transition metal-post transition metal bonds. The results 
presented here demonstrate the utility which Raman spec- 
troscopy holds for the characterization and study of the in- 
creasingly large and important class of compounds that con- 
tain transition metal-transition metal bonds. Detailed 
analysis of such spectra can be expected to provide quanti- 
tative insight into the nature of such bonds. 

George Bird for helpful discussions concerning the interpre- 
tation of the data reported in this paper. 
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