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The UV-visible spectra of cyclohexane and 2-methyltetrahydrofuran (2MeTHF) solutions of isocyanide derivatives of deca- 
carbonyldirhenium(O), Re2(CO),w,(CNR), ( n  = 1-4; R = Me, t-Bu, benzyl, xylenyl), have been recorded at  room temperature 
and 77 K. There is a regular shift of the electronic absorption bands toward the red region with increasing values of n, in accord 
with the better a-donor and poorer r-acceptor capacities of the C N R  ligands compared to those of CO. In the case of the alkyl 
isocyanide derivatives, the position of the da* - d a  band is the same for a given value of n and is unaffected by changes in the 
steric bulk of R. For the xylenyl complexes, the da* - d a  band has been assigned from the low-temperature spectra. The red-shifts 
of the da* +- do bands of the aryl isocyanide complexes are larger than those observed in the alkyl isocyanide complexes, suggesting 
that aryl isocyanide ligands cause a significant inductive electron-withdrawing effect. The new intense bands in the blue region 
(24C-300 nm) are due to metal-to-ligand charge transfer (MLCT). Attempts have been made to correlate the UV-visible results 
with Raman, NMR,  and crystallographic data already in the literature. 

Introduction 

Carbonyl group substitution in meta l  carbonyl complexes can 
be effected both photochemically and thermally. In the case of 
the group 72 metal decacarbonyl complexes, M2(C0)10 (M = Mn, 
Re), the axial CO groups are generally replaced preferentially 
to the equator ia l  ones under both ph~tochemical~-~ and thermal 
 condition^.^-'^ Steric hindrance is believed to  play a major role 
in this selectivity. However, exceptions to this behavior habe been 
observed for Mn2(CO)lo with ligands such as pyridine, cyanide, 
isocyanides$J8 and PMe2Ph.7 These experimental  observations 
are in good agreement  with the relative weakness of M-C 
equatorial bonds on t h e  basis of X-ray diffraction evidence for 
t h e  parent molecules and several isocyanide  derivative^.'^-^^ In 
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an earlier vibrational study, we found that  there was a dependence 
of the totally symmetric equator ia l  v(C0) and v(Re-C) modes 
on the number of isocyanide ligands (n) in the Re2(CO)l,n(CNR), 
complexes.25 An increase in t h e  electronic density a t  t h e  metal 
atoms is believed to  be the  cause of these variations. The positions 
of v(M-M) modes in metal cluster complexes have sometimes 
provided useful information on M-M force constants and dis- 

However, in our micro-Raman i n ~ e s t i g a t i o n , ~ ~  the 
120-cm-’ band for the  Re2(CO)l,,(CNR), complexes, originally 
thought to be due to v(Re-Re), did not  prove to be of any 
quant i ta t ive value because the degree of mixing with other low- 
energy vibrational modes is too great .  

The electronic spectra  of M2(CO)lo (M = Mn and Re) and 
C O ~ ( C O ) ~  have been reported by several different research 
g r o ~ p s ~ ’ - ~ ~  and most of the electronic bands in t h e  200-400-nm 
range have been assigned. From a recent survey of the electronic 
spectra of metal-metal-bonded complexes, it is clear tha t  the da* - da transition is usually the most intense peak in the 28C-390-nm 
region.31 Moreover, theoretical calculations have shown that s s  
overlap has a large influence on M-M bond proper tie^,^' and the  
do* - da  band position can now be predicted with reasonable 
accuracy.31 Since there  is a wide variation in t h e  u-donor and 
r-acceptor properties of the CNR and CO ligands,32 the  electronic 
density around t h e  M-M bond can be selectively changed upon 
multiple substitution, causing shifting of the  da* +- da transition. 

The chief goal of the present paper was t o  see whether  UV- 
visible spectroscopy might prove useful in establishing the  relative 
Re-Re bond strengths  in Re2(CO)lo-n(CNR), complexes, (n  = 
0-4; R = alkyl, aryl) and to see whether  steric hindrance affects 
the position of the electronic bands, a s  observed in t h e  vibrational 
spectra .  These results will be compared with those obtained 
previously by other  analytical techniques. 

Experimental Section 
Re2(CO),o was purchased from Strem Chemicals and was purified by 
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Figure 1. Partial MO diagram of R2(CO)I0 

slow sublimation Torr/25 "C). The Re2(CO)Ih,(CNR), deriva- 
tives were prepared according to literature p r o c e d ~ r e . ~ ~ - ~ ~  Spectrograde 
cyclohexane (Anachemia Chemical Co.) was used without further pu- 
rification. 2-Methyltetrahydrofuran, 2MeTHF (Aldrich Chem. Co.), 
was purified by refluxing over sodium/benzophenone and fractional 
distillation. 

The UV-visible spectra were recorded on a Cary Model 17 spectro- 
photometer (accuracy, *0.4 nm; reproducibility, 0.25 nm; resolution, 0.1 
nm) using 1 .O-cm quartz cells. The chart scale and scan speed were 15 
nm/cm and 0.5 nm/s, respectively. Samples were weighed on a Cahn 
RG electrobalance and placed in dry, 10-mL volumetric flasks prior to 
being purged with dry N2 gas. Oxygen-free cyclohexane (obtained by 
purging for 1 h with N2 gas) was then siphoned into the flask through 
stainless-steel needle tubing by using positive N, gas pressure. After 
complete dissolution of the complexes, the resulting solutions were quickly 
transferred into the UV cells for spectral analysis, again by using positive 
N2 gas pressure. Each measurement was repeated two or three times 
using newly prepared solutions, to verify that no decomposition was 
occurring. The molar absortivities at the peak maxima were reproducible 
to within f5%. A similar oxygen-free procedure was used for 77 K 
measurements with 2MeTHF. 
Results and Discussion 

The molecular structure of many of the mixed carbonyl iso- 
cyanide complexes investigated is It has been shown 
that only the equatorial positions were substituted by isocyanide 
ligands, and subsequent substitutions occur on the second rhenium 
atom (to reduce steric hindrance) or in a cis conformation (to avoid 
an unfavorable trans effect). In cases where an X-ray crystal 
structure is lacking, vibrational spectroscopic  investigation^^^ have 
shown that vibrations associated with axial carbonyl groups were 
unaffected by substitution, while major spectral transformations 
occurred in the equatorial carbonyl region, further supporting the 
stereochemistry of substitution by isocyanide ligands observed 
through crystallographic investigations. The structures of all 
investigated complexes are known unambiguously, except for the 
compounds with n = 2 (where 1,2- and 1,l'-isomers may exist; 
see ref 20), and coppounds where optical isomers may occur (when 
n = 2, and 3; see ref 22). Presence of such isomers is not believed 
to affect significantly the electronic transition energies. 

1. Alkyl Isocyanide Derivatives. Detailed molecular orbital 
diagrams have been reported for Mn(CO)5X (X = C1, Br, 1),33,34 
Mn( C0)5( CN) and [ Mn( CO),( CNMe),] +?5 and Cr( CO) (CX) 
(X = 0, S ,  Se).36 In addition, the energies of the 50 molecular 
orbitals of Mn2(CO)lo (D4d symmetry) have been calculated by 
Levenson and Gray.27-30 Bearing in mind these earlier results and 
that Re(0) and Mn(0) are isoelectronic, we assumed that earlier 
theoretical calculations on Mn2(CO) are transferrable to Re2- 
(CO),, for partial spectroscopic assignment purposes.37 A partial 
molecular orbital diagram for Re2(CO)lo is shown in Figure 1. 
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the du* - du and two forbidden transitions are [6e3, d,, + dyr] 
and [6e2: d,, + d,,J to [6b2, 5d1z]. The exact frequency of the du* - 
d a  transition of Mn2(CO)lo has only been determined at low tempera- 
ture (77 K).)O 

Figure 2. Room-temperature UV spectra of Re2(CO)IG,(CNMe), com- 
plexes in cyclohexane solution. 

Table I. Spectral Data of the do' - du  Transitions in 
Re2(C0),,,..JCNR). ( n  = 0-4) Complexes 

Xhw? uhw, Amax, l"ax, M-l ~ , W C  

nm cm-' nm cm-' cm-1 cm-I 
Re2(CO),o 309.5 32300 310.0 32300 16100 32300 

Re2(CO)9(CN-t-Bu) 316.5 31 600 319.0 31 300 14500 
Re2(C0)9(CNMe) 315.0 31 700 316.0 31 600 14500 

Re2(C0)9(CNBz) 316.5 31 600 319.0 31 300 15300 
Re2(CO)9(CNXy)d 322.0 31 100 325.5 30700 16800 
Re2(CO),(CNMe2 326.0 30 700 329.0 30 400 14 100 

Re2(CO)8(CNBz)2 326.5 30600 331.0 30200 15200 
Re2(CO)8(CNXy)2 341.0 29300 341.5 29300 18 800 

Re2(CO)l(CNBz)3 

Re2(CO)7(CNMe)3 330.0 30300 331.0 30200 14 100 
Re2(CO)7(CN-r-Bu), 331.0 30200 334.0 29900 14000 

Re2(C0)7(CNXy)3 353.5 28 300 355.0 28 200 17 000 
Re2(C0)6(CNXy), 390.0 25 600 392.0 25 500 15 300 

v,,, values for the alkyl isocyanide derivatives. dXy = xylenyl. 

Re2(CO),(CN-t-Bu), 326.5 30600 331.0 30200 14200 

332.0 30 100 336.0 29 800 14 800 30000 i 
OFrequency measured at half-width. bflOO M-l cm-I. 'Average of 

Figure 2 shows the electronic spectra of the Re2(CO),o-n- 
(CNMe), complexes in cyclohexane solution at  room temperature. 
In this series, as well as for the benzyl and tert-butyl derivatives, 
there is a systematic shift of the 310-nm band of Re,(CO),o toward 
lower energy with increasing values of n, as well as a decrease 
in the molar absorptivity at the peak maximum. This band is also 
broader for all isocyanide complexes studied than that for Re2- 
(CO),,. Because of their shape and position (compared to those 
of Re,(CO),,), these bands certainly arise from da* - da  elec- 
tronic transitions. The band positions and intensities are listed 
in Table I. The changes in v,(da* +- do) versus n are identical 
for all the alkyl isocyanide complexes. The average Y,,, values 
on going from n = 0 to n = 3 are 32300,31400,30300, and 30000 
cm-', respectively. This indicates that the electron density is 
progressively increasing at  the metal, an effect that must reflect 
the stronger u-donor and poorer 9-acceptor properties of isocyanide 
ligands compared to those of CO. Nevertheless, the changes in 
electron density with increasing values of n do not seem particularly 
regular: n = 0 to n = 1, A = 900 cm-l; n = 1 to n = 2, A = 1100 
cm-I; n = 2 to n = 3, A = 300 cm-I. A possible explanation of 
this phenomenon is that in going from zero to two CNR sub- 
stituents, the metal atoms accept the excess electron density, but 
when n = 3, the metal atoms are beginning to be saturated. The 
high reactivity of the complexes38 with n = 4 supports this hy- 

(38) Attempts to synthesize Re,(CO),(CN-t-Bu), and Re2(CO),(CNCH2- 
C6H& have failed, while Re2(CO),(CNMe)4 decomposes spontaneously 
in solution and under low-power laser irradiation. 
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Figure 3. 
Me2C6H,)), ( n  = 0-4) in cyclohexane solution. 

Room-temperature UV spectra of Re2(CO)Ih,(CN(2,6- 

pothesis. The frequency at  half-peak width for the da* - d a  
transition in Rez(CO)lo is identical with v,,,, whereas this is not 
true for the isocyanide derivatives (see details in Table I). This 
observation is explained by the presence of unresolved electronic 
bands in the high-energy side of the da* - d a  bands. 

The a *  - d a  and a *  - du transitions in the UV-visible 
spectrum of Rez(CO) have been assigned p r e v i o ~ s l y . ~ ~ - ~ ~  The 
do* - d a  (main band) and do* - du (shoulder) transitions are 
fairly easily discerned in the UV-visible spectra of Re2(C0)9- 
(CNR) (R = alkyl) in nonpolar solvents but are poorly resolved 
for the others. For all complexes, there is a broad intense band 
(Y,,, = 200-230 nm) that red-shifts with increasing extent of 
isocyanide substitution. This intense band is attributed to the P* - d u  transition. There are no isocyanide absorptions below 200 
nm.39 In a few cases, some band splittings are observed in the 
240-300-nm region that are probably due to a breakdown in 
degeneracy of empty a *  molecular orbitals. 

Howell et al.,O have calculated the energies of the molecular 
orbitals for linear and bent methyl isocyanides, where there is a 
strong C N C  angular dependence of the a and a orbitals. These 
s p p 2  interactions involve a and u mixings and a large splitting 
and stabilization of the my* and ux* orbitals. The crystal structures 
of the alkyl isocyanide complexes examined thus far and vibra- 
tional studies25 indicate that the all complexed isocyanide ligands 
are linear, usually 176-178',*O and so it is not too surprising that 
the UV-visible spectra are very similar for complexes with the 
same value of n. Different C N C  ranges have been found for 
[ C O ~ ( C N M ~ ) ~ ~ ]  (ClO,), ( 170-176°),41 trans-Re(CNMe),(CN), 
(167' f 5):' and (q5-C5H5)zFe2(C0)3(CNc6H5) ( 131°),43 and 
major differences are anticipated in the UV-visible spectra. 

2. Xylenyl Isocyanide Derivatives. The room-temperature 
UV-visible spectra of the xylenyl isocyanide complexes (n = 1-4) 
in cyclohexane solutions are shown in Figure 3; there is only slight 
similarity with the UV-visible spectra of the alkyl isocyanide 
complexes. The lowest energy band of Rez(CO),o (do* - da) 
shifts and increases in intensity on going from n = 0 to n = 2, 
but loses intensity for n = 3, and is significantly broader than the 
da* - d a  band observed for the alkyl isocyanide complexes. The 
low-temperature (77 K) UV-visible spectra of the xylenyl iso- 
cyanide complexes are shown in Figure 4. The lowest energy 
band strongly sharpens and blue-shifts slightly upon cooling, which 
confirms the presence of da* - da transitions in these systems. 
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Figure 4. Comparison of the absorption spectra of Re2(CO),&,(CN- 
2,6-Me2C6H3), ( n  = 1-4) complexes in 2MeTHF at  room temperature 
(- -) and 77 K (-). Corrected for the base line and glass contraction. 

However, the interpretation of the remainder of the electronic 
spectra is more complicated as several new features of strong 
intensity appear in the blue region upon substitution of xylenyl 
isocyanide ligands. 

Bursten and F e n ~ k e , ~  have reported M O  calculations for 
CNC6H5. It is found that the a *  molecular orbitals of the phenyl 
group are appreciably more stable than the C N  u* orbitals. For 
the xylenyl isocyanide complexes, additional benzene electronic 
transitions are now possible: a*(Bz) - d a  and a*(Bz) - da,  
Le. MLCT. The linear C N R  structurez0 favors some resonance 
 consideration^.^^ These new transitions will overlap with the other 
electronic bands and complicate the UV-visible spectra. The 
strong intensities, along with the pronounced and regular red-shift 
of these new features with the variation of n, strongly suggest the 
presence of MLCT's. In Re2(CO)6(CN(xylenyl))4, the maximum 
of a strong UV band appears a t  -250 nm and possesses a molar 
absorptivity of -63 000 M-' cm-'. The MLCT transitions in 
Re2(CO),o are believed to lie above 52 500 cm-I with a molar 
absorptivity greater than 100000 M-I cm-'.z8 

At 77 K, the peak maximum of the da* - da  transitions are 
32 400, 30 800, 29 200, 27 900, and 25 900 cm-I for n = 0-4, 
respectively. The red-shift upon multiple substitution is quasi- 
regular: 1600, 1600, 1300, and 2000 cm-' for n = 0 - 1, 1 - 
2, 2 - 3, and 3 - 4, respectively. The average is 1600 cm-' and 
is significantly larger than the one observed for the alkyl isocyanide 
complexes (A = 800 cm-I). This indicates that a strong inductive 
electron-withdrawing effect due to the xylenyl group is taking 
place. (Conjugation through the mystem requires proper ori- 
entation of the u* molecular orbitals. In the solid state, the 
complex with n = 2 shows that the ring of one CNR ligand is 
inclined at  73.1' to the plane formed by the nearest equatorial 
CO groups, while the other CNR ligand is essentially coplanar. 
For the complex with n = 4, the xylenyl rings are all coplanar20 
(6.6, 5.7, 4.8, and 2.4O)). 

The da* - d a  band in Mnz(CO)lo has been found to be red- 
~ h i f t e d . ~ ~ , ~ - ~  For Rez(CO)lo, this transition lies on the high-energy 
side of the da* - da  band. It is particularly well resolved at low 
temperature (77 K). In this work, it is likely that the same 
situation occurs, where the newly resolved feature may be at- 

(44) Bursten, B. E.; Fenske, R. F. Inorg. Chem. 1977, 16, 963. 
(45) Herzberg, G. Molecular Spectra and Molecular Structure; Van 
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642 

tributed to this particular transition. 
3. Attempted Correlations oZthe W-Viible, Raman, I3C NMR, 

and X-ray Mraction Data. Table I presents some spectroscopic 
results for free and complexed isocyanide ligands. It is known 
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the M-M force constant (Flmdyn 
( r / A )  for the 5d element: 

and the M-M separation 

(1) r(5d) = 2.01 + 1.31 exp(-F/2.36) 
that in going from CNMe to C N - ~ B U ,  there is a decrease in s 
character of the a-bonding orbital for the free ligand.& The order 
of I3C N M R  shifts observed for the terminal carbon (carbene) 
in the CNR ligands with changes in R is xylenyl >> Me > t-Bu. 
The decrease in v(CN) with increasing size of the R group, Me 
< benzyl < r-Bu and xylenyl, indicates a decrease in N-C bond 
strength. On the basis of 13C NMR* and vibrational data,25 the 
xylenyl isocyanide ligand has a large amount of sp2 character a t  
its terminal carbon atom. Stephany et a1.& have suggested that 
bending of the C N C  angle could take place due to the bulkiness 
of the alkyl R groups.47 Consequently, there is a rehybridization 
of the N atom from sp to sp2, thereby explaining the decrease in 
v(CN). The UV-visible data given in Table I suggest that for 
complexed ligands, the a-donor capacities should decrease in the 
order xylenyl >> benzyl - t-Bu > Me, in disagreement with the 
13C N M R  results for the free ligands. Therefore, the a-donor 
properties are modified during substitution as evidenced by the 
change in v(CN) between the free and complexed ligand (there 
is an increase in s character in N-C bond). When n is changed, 
v(CN) remains essentially unchanged, indicating that the C N  bond 
distances and C N C  angles remain the same from complex to 
complex. Since the value of v(CN) in the complexes increases 
as xylenyl < t-Bu < benzyl < Me, it is believed that this same 
order represents the order of decreasing a-capacity of the linear 
isocyanide ligands (in agreement with the UV-visible results). 
Thus, the relative a-donor and 7-acceptor properties of the com- 
plexed isocyanides estimated by electronic spectroscopy seem to 
correlate reasonably well with the Raman results. 

The actual Re-Re distances are as follows: Re2(CO)lo, 3.041 
(1) A;22 Re,(CO),(CN-r-Bu), 3.048 (1) Re2(C0)*(CN- 
(2,6-Me2CsH3))2, 3.048 (1) Re2(C0)7(CN(CH2C6H5))3, 
3.049 (1) A;” Re2(C0)6(CN(2,6-Me2C6H3))~, 3.079 (1) A.m The 
weakening of the M-M bond in M2(C0)10 and MM’(C0)lo 
complexes (M and M‘ = Mn, Tc, Re) has been discussed by 
Brown et a1.@ Woodr~ff4~ derived an empirical equation relating 

Woodruff calculated the Re-Re separation (3.01 A), and it ap- 
pears to be 0.03 A shorter than the one evaluated by crystallog- 
raphy. Using the previously published Raman we obtained 
similar results for our complexes. The problems that are en- 
countered here are the facts that this relationship is not accurate 
enough to take into account small perturbations and the M-M 
stretching modes are extensively mixed for these complexes. 

Since we know that electronic spectroscopy looks at electronic 
transitions only, the problem with the vibrational spectroscopy 
of Re2(CO)lo_,(CNR), complexes seems to be resolved. Our 
experimental results have shown clear monotonic progressions of 
the da* - d a  position versus n (see Figures 2-4). The accuracy 
of the experimental method is reasonable a t  room temperature 
and particularly good at 77 K. To date, no empirical relationship 
between the metal-metal separations and metal-to-metal electronic 
transitions exists. Unfortunately, it is clear that due to the lack 
of crystallographic data, very little can be done in this respect. 
Nevertheless, there is an apparent correlation between the met- 
al-metal bond length and the da* +- da  band positions for the 
xylenyl complexes (three data points), and a monotonic bond 
lengthening is expected with increase of n.  
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Hydrazine, N2H4, and its reactions with HF, F2, and Os have been studied in an argon matrix. Vibrational assignments have 
been made for hydrazine, including clarification of the u6, ul0, and 2u7 bands. Complexation of N2H4 with H F  produced a strong 
band at 2928 cm-’ (v,(HF)) and sharp bands at 940 and 922 cm-’ (ul(HF)), as well as several perturbed N2H4 submolecule 
absorptions; the frequencies of these bands suggest a chelated structure similar to that for the NH,OH-HF complex. Hydrazine 
and fluorine reacted during deposition to give the NH2NHF-HF complex (us  = 3113 cm-’, uI = 726, 680 em-’). Reaction of 
hydrazine and ozone produced hydroxyhydrazine, NH,NHOH, and minor products during deposition; photolysis increased the 
yield of hydroxyhydrazine. Evidence for an intramolecular hydrogen bond was found for NH,NHOH. This matrix study presents 
the first spectroscopic evidence for both NHINHF and NH2NHOH. 

Introduction 
One of the advantages of the matrix isolation technique Over 

other spectroscopic methods is that it can be used to study reactive 
molecules and intermediates that would otherwise be difficult to 
observe. An example of such a molecule is hydrazine, which is 
sufficiently reactive to have been used as a rocket fuel.’ Past 

experiments involving hydrazine in the gas p h a ~ e , ~ - ~  in a N, 
matrix,6 and as a salt’ have shown some disagreement in vibra- 
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