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Abstract: Rotating disk electrode polarography and cyclic voltammetry have shown that the reaction [Re2(C6HsCOO)4]2+ 

+ e~ J=* [Re2(C6H5COO)4]+ is quasi-reversible in dichloromethane and acetonitrile solutions at 25° with £1/2 = -0.28 and 
-0.26 V vs. see, respectively. The reactions [Re2Cl4JP(C2Hs)3J4]

2+ + e~ <=* [Re2CUlP(C2Hs)3I4]
+ and 

[Re2Cl4(P(C2Hs)3J4]"
1" + e~ <=> [Re2Cl4(P(C2Hs)3i4] are quasi-reversible in dichloromethane solutions at 25° with £1/2 = 

0.87 and -0.36 V vs. see, respectively. Under these conditions all the complexes have lifetimes exceeding 300 sec. The phos-
phine complexes constitute the first described series of multiply bonded dinuclear metal complexes, having three stable oxi
dation numbers. The frozen solution esr spectra at X- and Q-band frequencies of the complexes with one positive charge are 
interpreted in terms of one unpaired electron with hyperfine coupling to two equivalent rhenium nuclei with / = %. The pa
rameters obtained for [Re2(C6H5COO)4]+ are: g\\ = 1.713, g± = 2.136, |^||| = 573 X 10~4 cm"1, and \A±\ = 272 X 10~4 

cm -1. The spectra of [Re2Cl4IP(C2Hs)3J4]"
1" are less informative, probably because of hyperfine splittings from the four 31P. 

The following approximate parameters were obtained: g\\ <2,g± « 2.25, \A±
Re\ « 1.6 X 10 -2 cm-1, andl^j .^ « 9 X 1O-3 

cm -1. The other complexes give no esr signals, and they are probably diamagnetic. The g factors of dinuclear molybdenum, 
technetium, and rhenium complexes with the average oxidation number 2.5 and having spin-doublet ground states are quali
tatively correlated with preliminary one-electron energy diagrams based on MO and scattered wave Xa calculations. The esr 
data tend to be in favor of the Xa calculations. 

Since the discovery of the quadruple bond in R ^ C I g 2 - in 
19642-3 a large number of compounds containing such a 
bond3 or other multiple M - M bonds4 has been described in 
the literature.5 The structural aspect of the subject has been 
rather fully developed with over 30 crystallographic struc
ture determinations, and the preparative and reaction 
chemistry are also extensively described. The aspects most 
in need of investigation have been the redox chemistry, 
magnetic properties of the species with unpaired electrons, 
and the detailed electronic structures of the compounds. At 
present activities in this laboratory are directed mainly 
along these last-mentioned three lines. Four recent publica
tions l ,6_8 have described some of our work of this kind. In 
this paper we report further observations and attempt to in
terpret these and the earlier ones in terms of a description 
of the bonding. 

Experimental Section 

The instruments used in the investigations reported here have 
been described in detail in part I of this series.1 

Thanks are due to Mr. L. Shive for the preparation of 
[Re2(C6HsCOO)4]Cl2-2CHCl3, according to the procedures ear
lier described,9'10 and to Mr. J. R. Ebner, Purdue University, for 
the preparation of two of the samples of [Re2Cl4IP(C2Hs)3J4].

11 

Results 

Electrochemistry of [Re2(C6H5COO)4]Cl2. Rotating disk 
electrode polarograms were recorded for approximately 
1O -4 M solutions in 0.1 M tetrabutylammonium perchlo-
rate in dichloromethane and acetonitrile solutions at 25 ± 
1°. The potential ranges covered were —1.5 to 0.5 and —2 
to 2 V vs. see, respectively. For both solvents two-wave re
duction reactions were observed. The corresponding poten
tials were approximately —0.3 and —1.1 V vs. see. The last 
reduction reaction occurred over a wide potential range and 
had limiting currents with no simple relation either to the 
rate of rotation or to the limiting current of the first reduc
tion step. For the first reduction reaction iL/y/Z>was inde
pendent of o>, where i\_ is the limiting current and u is the 
cyclic frequency of rotation, for rotation rates between 1 

and 50 sec - 1 and a potential sweep rate of 5 mV sec - 1 . 
Plots of E vs. log (/L - (')/' had slopes of 60 ± 1 mV for 
rotation rates below 20 sec - 1 in acetonitrile and below 5 
sec - 1 in dichloromethane. The values of £ 1/2 in the two sol
vents were —0.26 and —0.28 V vs. see, respectively. For 
platinum, gold, and carbon the potentials were independent 
of the electrode material. 

Cyclic voltammetry showed that the first-formed reduc
tion product has a lifetime of the order of minutes. Typical 
voltammograms for acetonitrile solutions are shown in Fig
ure 1. If the switching potential was between the two values 
of £1/2 as in Figure IA, then the reaction with £1/2 = 
—0.26 V vs. see showed / p

a / / p
c = 1 for sweep rates between 

2 and 200 mV sec - 1 . The potential separation between the 
anodic and cathodic peaks varied with the sweep rate, v, as 
expected for a quasi-reversible electron transfer,12 giving 
values of ^Vv = 0.15 ± 0.01 V1/2 sec - 1 / 2 independent of v. 
The quantity ip/Vv was independent of v for all sweep 
rates. The second reduction reaction taking place at ap
proximately — 1.1 V vs. see is irreversible as seen from Fig
ure IB. The question whether this irreversibility was caused 
by very slow electron transfer or by the presence of overlap
ping reductions leading to chemically unstable compounds 
remains unanswered. This second reduction peak showed no 
simple variation with the potential sweep rate. 

Cyclic voltammetry in dichloromethane solutions gave 
qualitatively similar voltammograms which had £1/2 = 
-0 .28 V vs. see and * v 7 = 0.04 V1/2 sec - 1 / 2 . 

The exact composition of the rhenium complexes present 
in solutions of [Re2(C6H5COO)4]Cl2 is uncertain. The 
crystal structure of the brick red chloroform adduct13 

showed that the chloride ions are coordinated at the axial 
positions in the rhenium dimers, but with Re-Cl bonds 
(2.49 A) longer than normally observed for rhenium(III) 
complexes, viz., 2.35 A. We suggest that the dichloro com
plex is only slightly dissociated in the brick red solutions in 
dichloromethane but highly dissociated in the yellow-or
ange acetonitrile solutions. This was qualitatively supported 
by conductivity measurements. This may explain the small 
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0.5 0 -0.5 -1.0 -I 5 V vs. SCE 

Figure 1. Cyclic voltammograms of [1^2(CeHsCOO)4]2+ in acetoni-
trile, 0.1 M in tetrabutylammonium perchlorate. Potential sweep rate 
100 mV sec - ' . The only difference between A and B is the switching 
potential. 

difference in E \/2 values and the much lower value of ̂ \A> 
found in dichloromethane. No additional information on 
the kinetics of the possible dissociation reaction required 
prior to the electron transfer could be obtained from cyclic 
voltammetry. We found, however, that addition of excess 
chloride ions to the dichloromethane solutions (approxi
mately 0.1 M in chloride) inhibits the reduction at this po
tential and leads to a series of irreversible reductions at 
more negative potentials. We interpret these results in 
terms of reaction scheme 1. 

[Re2(C6H5COO)4]
2* + e" 5=t [Re2(C6H5COO)1]* 

1 slow ! slow *• ' 

dec dec 

The novel yellow complex with an average oxidation 
number of 2.5 could be generated electrolytically at —0.5 V 
vs. see in solutions. It appeared to be stable for hours since 
cyclic voltammograms remained unchanged with time. 
Such solutions were used for recording of the esr spectra. 

Electrochemistry of [Re2CUjP(CiHs)Sl4]. Redox reactions 
of this complex at 25 ± 1° in dichloromethane and acetoni-
trile solutions containing 0.1 M tetrabutylammonium per
chlorate were studied by application of the same techniques 
as discussed in the previous section. Rotating disk electrode 
polarograms showed the presence of two consecutive oxida
tion reactions having equal limiting currents (for all sam
ples of the complex tried). The shapes of these polarograms 
were strongly dependent on the rate of rotation in the way 
expected for moderately slow electron transfer reactions. 
For v = 10 mV sec - 1 and rotation rates below 2 sec - 1 both 
steps gave rise to plots of £ vs. log (Z'L — »')/' having slopes 
of 60 ± 1 mV as expected for transfer of one electron. The 
kinetics of the two steps seemed almost identical. The 
values of £ j/2 found were —0.36 and +0.87 V vs. see in di
chloromethane, and —0.35 and +0.66 V vs. see in acetoni-
trile. 

Cyclic voltammetry on dichloromethane solutions 
showed two oxidation reactions with equal peak currents 
and having i P

c / ' p a = 1 a n d ip/Vv independent of v be
tween 5 and 500 mV sec - 1 . It was found that ^Vv = 0.06 
± 0 . 0 1 V1/2 s ec - 1 / 2 for each step. The values of £ 1/2 were 
in agreement with the results from rotating disk electrode 
experiments. A typical voltammogram is shown in Figure 2. 

Cyclic voltammetry on acetonitrile solutions showed that 
the first oxidation reaction was quasi-reversible with £1/2 

- 1 1 1 1 — , — 1 — 1 — 1 — 1 — 1 — 1 — 1 — 1 — 1 — 1 — , — 1 — 1 — 1 — 1 — 1 — 

!.0 0.5 0 -0,5Vvs.SCE 

Figure 2. Cyclic voltammogram of [ReaCUjPtCiHsbU] in dichloro
methane, 0.1 M in tetrabutylammonium perchlorate. Potential sweep 
rate 40 mV sec -1. The small wave at ~0.4 V vs. see is caused by an 
impurity. 

= -0 .35 V vs. see and StVJ= 0.13 V1/2 sec - 1 / 2 for v be
tween 10 and 100 mV sec - 1 . The second oxidation reaction, 
however, was irreversible for all v between 10 and 500 mV 
sec - ' . 'The oxidation peak had the shape expected for a re
versible reaction; the values of ip*/Vv and £ p

a = 0.72 V vs. 
see were independent of p. We feel that this is an indication 
of rapid decomposition of the oxidized product. 

The results are summarized in the reaction schemes 2 
and 3. In eq 2, £1/2 = 0.87 V vs. see and k « 3 .10 - 3 sec - 1 

[Re2Cl4(P (C2H5)3}4]
2* + e- ^ [Re2Cl4(P (C2H5)JJ* 

j * { Slow (2) 

dec dec 

in dichloromethane, and £1/2 ** 0.7 V vs. see and k > 1 
sec - 1 in acetonitrile. In eq 3 £ 1/2 = —0.36 and —0.35 V vs. 
see in dichloromethane and acetonitrile, respectively. 

[Re2Cl4(P(C2Hs)3J4]* + e" 5=t [Re2Cl4(P (C2H5)J4] 

I slow lslc™ (3) 

dec dec 

The greenish yellow [ R e 2 C l 4 I P ( C 2 H s ^ J + i°n was gen
erated electrolytically in dichloromethane solution at a ro
tating disk platinum electrode at a potential of 0.0 V vs. 
see. These solutions, having cyclic voltammograms invari
ant with time, seemed stable for hours and were used for re
cording of the esr spectra. Similar solutions of the 2+ ion 
generated at 1.0 V vs. see were less stable. No quantitative 
measurements of the lifetime were attempted. 

Concluding Comments on the Redox Reactions. The po
tentials and lifetimes found in the present investigation to
gether with the previously obtained information5 on the 
one-electron reduction of [Re2CIs]2 - tend to indicate that 
oxidation numbers of rhenium lower than 3 in dinuclear 
complexes are stabilized by chelate ligands as also found for 
corresponding molybdenum complexes.1,7 The general ten
dency of phosphine ligands to stabilize lower oxidation 
numbers is also clearly demonstrated. 

Esr Spectra of [Re2(C6H5COO)4]+. Solid salts of this 
complex have not been isolated, and reasonably accurate 
measurements of the magnetic susceptibility could there
fore not be obtained. Frozen solution esr spectra of approxi
mately 10~3 M dichloromethane solutions, 0.1 M in tetra
butylammonium perchlorate, at 77 K were recorded at X-
and Q-band frequencies. This solvent has a strong tendency 
to crystallize, even when very rapidly cooled, but it was 
sometimes possible to obtain glasses. Interestingly, the crys
tallization had only a very small effect on the esr spectra. 
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The spectra of the glasses showed extraordinarily good reso
lution; typical examples are shown in Figures 3 and 4. 

Computer simulation of esr spectra of axially symmetric 
molecules with a single unpaired electron having hyperfine 
coupling to two equivalent nuclei has been discussed in part 
I of this series.8 The almost ideal D4/, symmetry of the 
[Re2(C6HsCOO)4Cl2] complex in the crystal lattice13 is ex
pected to persist in [Re2(CeHsCOO)^ + in solution. Natu
rally occurring rhenium consists of the isotopes 185Re and 
187Re. Dinuclear complexes will thus consist of the three 
nuclear isomers tabulated in Table I. For an axially sym-

TaWe I. Isotopic Isomers of Dinuclear Rhenium Complexes Based 
on the Naturally Occurring Isotope Ratio 

Composition 
18SRe_185Rg 
186Re-187Re 
187Re-187Re 

% 
abundance 

13.74 
46.66 
39.60 

/ ( D 

V2 
V2 
V2 

/(2) 

V2 
V2 
V2 

M (1> 

3.172 
3.172 
3.204 

H& 

3.172 
3.204 
3.204 

metric complex with S = xk and / ( " = /<2> = % there would 
be expected 36 weak parallel orientation lines and 36 strong 
perpendicular orientation lines each split into a triplet be
cause of the different \x values of the two rhenium isotopes. 
Additional intermediate orientation lines may be present. 

The X-band spectrum in Figure 3 partly shows such a 
pattern. We interpret the series of relatively intense lines in 
the range 1550-4175 G as perpendicular orientation lines 
with the outer two lines ascribed to / = / ( 1 ) + / ( 2 ) = 5. At 
the low-field end of this part of the spectrum the triplet 
splitting is clearly revealed. Parallel orientation lines are 
observed from 450 G and up. The lines become broader and 
weaker at higher fields. The triplet pattern is evident in the 
three low-field lines. The relative intensities of the compo
nents of each triplet, 39.6:47.5:13.6, as well as their relative 
positions are in excellent agreement with predictions made 
from Table I. Such a pattern can only be simply explained 
in terms of hyperfine coupling to two equivalent rhenium 
nuclei. We assign these sets of lines at 450, 980, and 1145 G 
as 7/(5,-5,0), //(5,-4,0), and //(4,-4,0), respectively, in 
the notation H(J,Mj,0). From this assignment the negative 
peak of the line //(5,5,0) is expected around 7000 G. No 
lines could, however, be distinguished from noise above 
5400 G, but the pattern revealed below this field shows that 
this is still in a range of close-lying components of different 
J values, as expected. 

As a first approximation the spin Hamiltonian parame
ters obtained from this assignment are: g\\ « 1.7, g ± « 2.2, 
\A ill « 700 G, and \A _J « 260 G. These values are outside 
the ranges where the second-order diagonalization of the 
spin Hamiltonian energy matrix is a sufficiently good ap
proximation.8 

At Q-band frequencies the second-order corrections, 
which also depend on J1 are approximately four times 
smaller. The simple 11-line pattern that is expected in the 
high-frequency limit begins to appear in the perpendicular 
orientation lines, as may be seen in Figure 4. However, 
splittings into different J components are still observed. 
The second-order corrections are smaller for the parallel 
orientation lines, and they show no splitting into different J 
components. The preliminary parameters obtained from 
the X-band spectrum suggested the presence of two parallel 
orientation lines above 17,000 G in the Q-band spectrum. 
This is, however, beyond the limit of our spectrometer. The 
line at lowest magnetic field is expected around 11,000 G 
and can therefore not be distinguished from the more in
tense perpendicular orientation lines here. This leaves an 
ambiguity in the numbering of the parallel orientation lines 
and therefore in the value of g\\. The shape of the line at 

I I i " i k G 

I J 
I 2 3 4 kG 

Figure 3. Frozen solution esr spectrum of [Re2(C6H5COO)4]+, ap
proximately 10 - 3 M in dichloromethane solution at 77 K. Microwave 
frequency 9.085 GHz. 

Figure 4. Esr spectrum of the same solution as in Figure 3. Microwave 
frequency 35.16 GHz. The lines above the upper and lower parts of the 
spectrum correspond to calculated line positions according to the pa
rameters in Table II for perpendicular and parallel orientation lines, 
respectively. The horizontal rows of lines correspond to separate values 
of J = In> + I<2>. Only the central part of the calculated parallel orien
tation line pattern is shown. 

10,333 G turned out to be very sensitive to this numbering, 
however, as shown by computer simulation of this part of 
the spectrum. This line consists of contributions from 
//(5,—5,7r/2) and intermediate orientations where 
dH(S,—5,8)/ dH = 0 corresponding to a minimum field. 
Changing the assignment H(J, 0,0) of the line at 14,600 G 
to H(J, —1,0) requires the positive peak of the line at 
10,333 G to be much more intense than the negative peak. 
The assignment H (J, 1,0) would require the intermediate 
orientation contribution to occur at 10,240 G, well sepa
rated from the perpendicular contribution. Our final assign
ment is shown in Figure 4, indicating the calculated posi
tions of the / and A/j components. The corresponding spin 
Hamiltonian parameters are tabulated in Table II. 

The line at 10,333 G and all lines above 12,000 G are 
nicely reproduced in computer-simulated spectra, assuming 
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Table II. Spin Hamiltonian Parameters for Dinuclear Transition 
Complexes with Average Oxidation Number 2.5 and S = 1I2 

Complex 

[Mo2(SO4)J3-0 

[Mo2(C3H7COO),]+ " 
[Tc2Cl8]3-' 
[Re2(C6H5COO)J+ 

[Re2Cl4(P(C2Hs)3J4 

SII 

1.891 
1.941 
1.912 
1.71(3) 
< 2 

g± 

1.909 
1.941 
2.096 
2.13(6) 

« 2 . 2 

10< X 

MnI. 
c m - 1 

45.2 
35.6 
166 
573 

o 

Wi X 
M-Ll. 
c m - 1 

22.9 
17.8 
67.2 
272 

«160 

•> Reference 7. b Reference 1. c Reference 8. 

first derivative Lorentzian lines having widths of 25 G. 
With such widths the triplet pattern of each line is not re
vealed, and only one nuclear species was therefore included 
in the simulations. In the range 10,333-12,000 G there are 
so many overlapping lines that the spectrum is very depen
dent on even very small variations of the parameters, and no 
attempts were made to improve the accuracy of the param
eters by fitting computer simulations to this part of the 
spectrum. 

Esr Spectra of [Re2Cl4JP(C2H5)SU]+. A preliminary re
por t" on the crystal structure of [Re2Cl4IP(C2Hs)3S4] has 
shown that the Re2Cl4P4 skeleton has an eclipsed confor
mation with the point symmetry Did- The 1+ ion is likely 
to have the same conformation although a rapid rearrange
ment accompanying the electron transfer cannot be ruled 
out from the electrochemical data. The esr spectrum of a 
complex with D2d symmetry is expected to show axial mag
netic symmetry. 

The X- and Q-band esr spectra of approximately 10 - 3 M 
frozen solutions of [Re2Cl4JP(C2Hs)3J4]+ in dichlorometh
ane shown in Figures 5 and 6 have no simple patterns as ob
served in the spectra of the benzoate complex. The most 
likely reason for this is the presence of large 31P hyperfine 
coupling, splitting each of the 216 lines expected for a rhen
ium dimer into quintets. Figures 5 and 6 may well be 1080-
line spectra with insufficient resolution. The only informa
tion obtained from the X-band spectrum is: g\\ < 2, g ± « 
2.25, and \A i

R e | « 2 X 10~2 cm - 1 . 
The Q-band spectrum shows intense lines around a field 

corresponding to g ^ » 2.23. The four low-field lines have 
splittings of approximately 85 G in contrast to the 155 G 
found for the three following lines and for lines at higher 
fields. We suggest the following explanation: \A ±y\ « 85 
and \A ±

Re\ » 155 G where the axis of reference is the Re-
Re axis in both cases. Since we were unable to detect any 
parallel orientation lines with certainty in the Q-band spec
trum, we did not Consider it worthwhile to attempt the re
finement of these parameters via lengthy computer simula
tions based on such sparse data. The apparent low signal-
to-noise ratio for our Q-band spectrometer is an artifact 
caused by the extreme widths of the spectra of a single elec
tron. Sensitivity measurements with various simple com
pounds in frozen solutions having approximately the same 
dielectric properties as the solutions described above 
showed that the sensitivity was close to the expected value 
of 10" spins/G. 

Another interpretation of the esr spectra is possible but 
not likely to be chemically reasonable. The X-ray structure 
of [Re2Cl4IP(C2Hs)3I4] showed a highly disordered ar
rangement in a cubic unit cell. The assumption of molecular 
D 2d symmetry of the Re2Cl4P4 skeleton was not based on 
the diffraction data but on estimates of steric hindrance. 
The point symmetry D2H fits the diffraction data equally 
well. Such a molecular symmetry would give rise to rhom
bic magnetic symmetry. Under such an assumption the first 
four lines in the Q-band spectrum could show splittings dif-

Figure 5. Frozen solution esr spectrum of [Re2CUIP(CzHs)S^]+, ap
proximately 1O-3 M solution in dichloromethane at 77 K. Microwave 
frequency 9.08 GHz. 

Figure 6. Esr spectrum of the same solution as in Figure 5. Microwave 
frequency 35.63 GHz. 

ferent from the following lines because of a difference be
tween \AX\ and \Ay\. Future computer simulations may 
provide sufficient information to settle the questions of mo
lecular symmetry of the 1+ ion, magnetic equivalence of 
the two rhenium nuclei, and the values of the 3 1P hyperfine 
coupling constants. 

Discussion 

A sufficient body of esr results (see Table II) has now ac
cumulated to warrant an attempt at devising a consistent 
interpretation in terms of possible electronic configurations 
for species with one unpaired eletron. According to the orig
inal qualitative description of a quadruple bond,2b the 
species we have examined should either have one vacancy in 
the 8 bonding orbital (Mo 2 (S0 4 ) 4

3 _ , Mo 2(O 2CR) 4
+) or 

have one electron in excess of the four pairs necessary to 
form the quadruple bond (Tc2CIs3 - , Re 2(O 2CR) 4

+ , 
Re2Cl4(PR3),+). 

The theory of g factors at the level of second-order per
turbation theory,14 which is assumed to provide sufficient 
accuracy for qualitative arguments, leads to expressions 4 
and 5. 

gn = 2.0023 - AX<*nWM><yLM (4) 

gL = 2.0023 - ^ ^ ! ^ . I V ^ o l ^ l ^ (5) 
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^o and ^n refer to the ground state and the excited states, 
respectively, having energies EQ and En. The spin-orbit 
coupling operator 3C is is assumed to be of the form 

fe i 

where the subindices refer to electron k centered at nucleus 

In the following we shall make the most primitive corre
lations possible between the g factors in Table II and one-
electron energy diagrams presently available. No energy 
calculations have been performed on systems with one un
paired electron, but crudely estimated excited state energies 
may be obtained from MO calculations on [Re2CIs]2- ac
cording to Cotton and Harris15 and from scattered wave Xa 
calculations on [Mo2CIs]4- according to Norman and Ko
lari.16 

According to both types of calculations the ground state 
of dinuclear molybdenum complexes with the average oxi
dation number 2.5 is 2B2g, with the odd electron occupying 
an almost pure metal-metal 5-bonding orbital. For the cor
responding technetium and rhenium complexes the two cal
culations disagree about the nature of the ground state. MO 
calculations suggest 2A2U, an essentially metal centered 
nonbonding orbital. Xa calculations suggest 2Biu, the 
metal-metal <5*-antibonding orbital. 

The angular momentum operator L transforms in Z)4/, as 
Eg + A2g. Contributions to the summations in eq 4 and 5 
will thus depend on <ro|A2g|r„') and (T0IEgI Tn} being 
nonzero for g\, andg^, respectively. 

For the molybdenum complexes with To = B2g only excit
ed states which transform as B lg and Eg will influence g\\ 
and g ±, respectively. Such excited states, mainly metal 
centered, are available in both energy calculations with ap
proximately the same energy (~11 kK according to Xa cal
culations). It is therefore expected that g\\ « g± < 2 as also 
found experimentally. If future attempts to prepare similar 
tungsten complexes should be successful, these are thus ex
pected to show reduced g factors for the same reasons. 

For technetium and rhenium complexes, assuming the 
ground state to be A2U. according to the MO calculations, 
excited states with the symmetries Aj11 and Eu will be of im
portance for g\\ and g±, respectively. No close-lying Aju 
states are available, and g\\ = 2 is expected. Exciting a 
lower lying 7r-bonding electron to the half-fitted A2U level 
gives an essentially metal-centered excited state with sym
metry E11 and having the approximate energy 4 eV, neglect
ing interelectronic repulsion effects. This gives g ± > 2. The 
contribution to g± is now positive because the interaction 
involves a filled excited orbital. The first of these predic
tions is contrary to the experimental results. 

According to the Xa calculations16 the ground state in 
the technetium and rhenium complexes is Biu, and contri
butions to g\\ and gj_ are thus expected from excited states 
which transform as B2U and Eu, respectively. The same Eu 
orbital (now with energy ~11 kK, disregarding interelectro
nic repulsion effects) that was of importance for g x

 m t n e 

MO calculations will lead to g± > 2. An empty B2U orbital 
(mainly metal-centered and having the approximate energy 
7 kK) will lead to g\\ < 2. These two predictions are in 
agreement with the experimental values. Ag\\ and Ag± are 
larger for rhenium than for the technetium complexes in ac
cordance with their relative spin-orbit coupling constants. 

These qualitative arguments thus tend to support the re
sults of the Xa calculations. A similar evidence is obtained 
from the 31P hyperfine coupling constant in 
[Re2Cl4IP(C2Hs)3I4I

+ (M ±F\ estimated to be 85 G. Such a 
high value is unexpected if the ground state, as found in the 

MO calculations, were an A2u orbital having almost no 
electron density in the vicinity of the 31P atoms. The ground 
state Biu, according to the Xa calculations, has its maxi
mum electron densities pointing directly toward the ligands 
and may for this reason explain the large ligand hyperfine 
coupling constant. A more detailed discussion of this, viz., 
isotropic and anisotropic hyperfine coupling contributions, 
must, however, await a detailed interpretation of esr spectra 
of oriented molecules. 

One of the chief results of the esr studies is thus to cast 
great doubt upon the earlier proposal15 that in the 
[Re2Os]2 - ion there is a tr-nonbonding orbital lying at the 
same approximate level as or below the level of the 5* orbit
al. Such a o-(n) orbital would have to arise from metal p7 or 
s orbitals, and evidently these are too high in energy to give 
rise to an MO at so low an energy. This is implicit in the re
sults of Norman and Kolari.16 There have, in fact, been ear
lier reasons for believing that the previous MO calcula
tion15 yielded incorrect results. A number of years ago an 
MCD study of the spectrum of the [Re2CIs]2_ ion'7 showed 
that the strong band at about 33 kK, previously proposed as 
the 5 —- 8* transition, could not be so assigned since it ex
hibited an A term, indicative of a degenerate excited state. 
Since 33 kK was already a rather large energy for a 5 —• <5* 
bond, the only alternative assignment, among the reported 
bands, would be to the rather weak one at 14.5 kK. This as
signment had previously been eschewed mainly because 
such a weak band (oscillator strength of only ca. 1O-2) was 
considered unlikely to be due to an electronically allowed 
transition. Quite recently, several pieces of experimental 
data also suggesting this assignment have been reported, 
and so interpreted, by Cowman and Gray.18 It thus appears 
that a bonding scheme approximating that obtained in the 
scattered wave Xa calculation for [Mo2CIs]4- by Norman 
and Kolari16 is the best guide now available to the electron
ic structures of species with quadruple bonds. Apropo, a 
very similar result was obtained in a more conventional MO 
calculation performed at the University of Wisconsin.19 
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Cocondensation reactions of transition metal atoms with 
small gaseous molecules at low temperatures have recently 
been shown to provide synthetic routes to a number of 
chemically interesting species which would have previously 
been regarded as inaccessible through conventional forms of 
chemical synthesis. Using these methods, species such as 
Ni(N2J4 ,1 Co(CO)4 ,2 Ni(CS)4 ,3 Ni(CO)2(N2)2 ,4 P t ( O 2 V 
Pt(N2)3 ,6 and Pd(N 2 ) 2 (0 2 ) 7 have been synthesised and 
characterized using matrix infrared and Raman methods of 
analysis. In most of the cocondensation reactions so far 
studied, the metals Ni, Pd, and Pt have received greatest at
tention. These are metals whose ground state atoms have no 
obvious tendency toward dimerization, as shown by mass 
spectrometric evidence8 which establishes at least 99% 
monatomic metal species in the vapor above the liquid met
als, and the formation of mainly mononuclear complexes in 
their matrix reactions.9 

Recent experiments, however, with V, Cr, Mn, Co, and 
Cu vapors have led us to believe that under matrix cocon
densation conditions, these metals can be induced to form 
binuclear species. In this paper we report data for the reac
tions of manganese vapor with carbon monoxide. 

Pentacarbonylmanganese, Mn(CO)s. In 1966, Bidinosti 
and Mclntyre discovered that the pyrolysis of Mn2(CO)io 
vapor produced appreciable concentrations of the radical 
Mn(CO)5 , detected by its mass spectrum.10 Mn(CO)s+ was 
detected both from low temperature and from high temper
ature Mn2(CO)io vaporization. The appearance potential 
was lower from the high temperature vapor and it was in
ferred that it was being produced from Mn(CO)5 radicals. 
It could, in principle, have been formed from any excited 
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form of Mn2(CO)io- A number of studies since then have 
proposed that it exists as an intermediate in a number of 
chemical reactions of Mn2(CO)in. Poe, et a!.,1' have re
cently suggested that the kinetics of the thermal decomposi
tion and the reaction of oxygen with Mn2(CO)io in inert 
solvents imply that the rate-determining step is homolytic 
fission of the Mn-Mn bond. Furthermore, Haines and 
Poe12 have analyzed kinetic data of Bamford, et al.,13 for 
vinyl polymerization by mixtures of Mn2(CO)io and CCl4, 
in terms of initiation by CCb radicals produced by the reac
tion of Mn(CO)s radicals with CCl4. The reaction of Br2 

with Mn2(CO) 10 in CHCI3 or cyclohexane14 appears to 
proceed by a long chain reaction that is believed to involve 
the propagating reaction 

Br + Mn2(COi0 —* BrMn(CO)5 + Mn(CO)5 

Br2 + Mn(CO)5 —»• Br + BrMn(CO)5 

At about the same time, Wiles, et al,'5 produced evidence 
for the existence of Mn(CO)s formed in nuclear recoil reac
tions of 56Mn with solid Mn2(CO)io- The recoiling 56Mn 
atom was stabilized in the Mn2(CO)io matrix as 
56Mn(CO)S which was subsequently detected radiochemi
ca l^ as I5^Mn(CO)5. 

More recently still, Wojcicki and Hallock16 have shown 
that the 350-nm photolysis of Mn2(CO) 10 in THF (corre
sponding to the 0-0* transition of the Mn-Mn bond17) pro
duces an orange, paramagnetic complex which on standing 
at ambient temperatures slowly reverts to Mn2(CO)1 0 . Ad
dition of the orange solution to I2 in THF under nitrogen 
gave 30-35% Mn(CO)sI16 whereas a solution of 
Mn2(CO) 10 in THF does not react with I2 under ambient 

Reactions of Monatomic and Diatomic Manganese with 
Carbon Monoxide. Matrix Infrared Spectroscopic Evidence 
for Pentacarbonylmanganese Mn(C0)5 and the Binuclear 
Carbonyls Mn2(CO)„ (where n = 1 or 2) 
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Abstract: The reactions of Mn atoms with 12C16O and 12C16O-Ar mixtures at 10-150K are investigated by matrix isolation 
infrared spectroscopy and establish the existence of pentacarbonylmanganese, Mn(CO)5, having a C4v square pyramidal 
stereochemistry. Cotton-Kraihanzel force constants are calculated for Mn(CO)5 and the absorption intensities of the CO 
stretching modes are used to evaluate the Capica]-Mn-Ceq angle and the ratio of the axial to equatorial transition dipole mo
ments. The spectral and bonding properties of 15-, 16-, 17-, and 18-electron valence shell pentacarbonyls are reappraised, the 
Cr(CO)5 problem is clarified, and a simple theory is presented which rationalizes the observed stereochemical changes. Be
sides its reactions in the monatomic form, manganese is also shown to react as Mn2 dimers, formed as a result of a surface 
diffusion effect occurring in the quasi-liquid phase during matrix deposition. The relative concentrations of mononuclear and 
binuclear species depend on the concentration of metal in the matrix and on the CO:Ar ratios. Using low 12C16O-Ar ratios 
which favor Mn2 formation, the binuclear bridged carbonyl species Mn2(CO)n have been synthesised. Mixed 12C16O-
12C18O-Ar isotope experiments establish the binuclear complexes to be bridge bonded Mn2(COb) and Mn2(COb)2 and ter
minally bonded Mn2(COt) and Cotton-Kraihanzel force constants are calculated for all species. The structure and bonding 
of the binuclear species and their relevance to the chemisorption of CO on manganese metal films are briefly discussed. 
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