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having direct metal-hydrogen bonds and is known to 
take place in platinum hydride chemistry. For ex- 
ample17 trans-PtClz(P(CzHe)& is obtained from trans- 
PtHCI(P(CZH5)& with carbon tetrachloride. The 
infrared spectra of OsClZ(CO)4 and OsBrz(C0)4 in the 
carbonyl stretching region (see Table I) are consistent 
with a cis-octahedral configuration of symmetry Czv for 
the two compounds. These dihalogenotetracarbonyl- 
osmium derivatives were already synthesized some 
years ago by Hieber and Stallmannls by carbonylation 

(17) J. Chatt  and B. L. Shaw, J .  Chem. Soc., 5075 (1962). 

of osmium halides in the presence of copper. Whereas 
these authors report the isolation of a yellow and a 
colorless OsBrz(CO)4, indicating the presence of cis 
and trans isomers, we did not find any evidence of 
isomerization in solution. 

The cis-dibromotetracarbonylosmium compound was 
also obtained by direct reaction of bromine with penta- 
carbonylosmium. A similar reaction of pentacarbonyl- 
ruthenium has been reported previously. 

(18) W. Hieber and H. Stallmann, Chem. Be?., 75, 1472 (1942). 
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Calculations based on a recent analysis of the force constants for CO vibrations in M(CO)sX derivatives confirm that the 
observed intensity ratio for the AI modes cannot be accounted for solely through vibrational coupling. The improved force 
constants have made it possible t o  calculate from the intensity data both an angle between oscillators, e, and the effective 
dipole moment derivative for each of the chemically different CO groups. We have also calculated from the intensities of 
the all- W O  derivatives the expected intensities of 13CO-substituted molecules, from which the concentration of various 
specifically labeled species can be deduced. Finally it is shown that the observed infrared frequencies for cis-disubstituted 
tetracarbonyl derivatives M(C0)hXz require a minimum ratio between the force constants k,/k,’  which must be greater than 
1.00. 

I. Introduction 
The relative intensities of the CO absorptions in 

M(CO)aX derivatives of Cdv symmetry were first dis- 
cussed by Orge12 and by El-Sayed and Kaesz. Several 
further treatments of these have appeared 
each of which has been handicapped by lack of the 
necessary vibrational data. A recently completed 
improved vibrational analysis of pentacarbonyl deriva- 
tives using isotopically labeled moleculeslbP8 and ab- 
sorption data measured by Abel and Butler9 enables us 
now to discuss with greater detail the intensities of the 
carbonyl stretching modes in these derivatives. 

11. The Effect of Vibrational Coupling 
The four carbonyl modes of M(C0)gX molecules and 

the secular equations for these vibrations have been 
(1) (a) This work was supported in part by NSF Grant GP 6720 (at 

(UCLA): (b) this paper is the third in a series on spectroscopic studies of 
isotopically substituted metal carbonyls; for the previous paper, see P. S. 
Braterman, R. W. Harrill, and H. D. Kaesz, J .  Am.  Chem. Soc., 89, 2851 
(1967); ( c )  University of California a t  Los Angeles and Glasgow University: 
(d) University of California at Los Angeles. 

(2) L. E. Orgel, Inoug. Chem., 1, 25 (1962). 
(3) M. A. El-Sayed and H. D. Kaesz, J .  Mol. Speclry., 9, 310 (1962). 
(4) P. S. Braterman and H. D. Kaesz, 2nd Symposium on Organometallic 

Chemistry, Madison, Wis., 1965; J .  Organometab Chem. (Amsterdam), 4, 
423 (1965). 

(5) A. R. Manning and J. K. Miller, J. C h u m .  Soc., S e c t .  A ,  1521 (196fi). 
( 6 )  R. M. Wing and D. C. Crocker, Inorg. Chem., 6, 289 (1907). 
(7) T. L. Brown and D. J. Darensbourg, i b i d . ,  6, 971 (1967). 
(8) H. D. Kaesz, R. Bau, D. Hendrickson, and J. M. Smith, J .  Am.  Chem. 

(9) E. W. Abel and I. S. Butler, Trans. Faraday Soc., 68, 45 (1967). 
Soc., 89, 2844 (1967). 

given before.8 The observed frequencies of the A1 
modes are related to the force constants through the 
equations 

X(1)  = G(k1 - 2 k ,  tan #) (1) 

A(2) = G(k2 + 2k,’ + k, + 2k, tan 4) (2 )  

G = (l/m,) + (l/mo) = where X = 5.888 X 
0.145757, and 4 is defined as 

The normal coordinates are usually expressed in 
terms of the symmetry coordinates 

a ( l >  = L d a )  + LzIq(r) 

d 2 )  = L 1 d 4  + Lzzdr) 

(4) 

(5) 

The mixing coefficients can be conveniently expressed 
in terms of 4 

L11 = L2z = d G  cos # 

LlZ = -Lzl = <G sin 4 
(6) 

(7) 
T o  the extent that vibrational coupling is exclusively 

responsible for the distribution of intensity between the 
two A1 modes, each will be directly proportional to the 
amount of Al(a) character i t  possesses (in this model 
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the Al(r) symmetry coordinate contributes no net 
dipole moment change from the carbonyl groups). 
Since the intensity of an absorption depends on the 
square of the dipole moment derivative, i t  then follows 
that the ratio of intensities of the two modes is given 
by 

Comparison with Experiment.--The following data 
exist. (a) Frequency and integrated intensities are 
available for Mn(CO)6X (X = C1, Br, I) and Re(COj6X 
(X = Br, I) in chloroform s o l ~ t i o n . ~  These data 
cover the l2CO bands only and are reproduced in Table 
I. (b) Frequency measurements of all-12CO- and 
m~no-~~CO-substi tuted derivatives in cyclohexane solu- 
tion have been reported for the manganese and rhenium 
pentacarbonyl halides.* 

TABLE I 
FREQUEKCIES AND INTEYSITIES OF IXFRARED CARBONYL MODES 

OF M(CO)sX DERIVATIVES 
--Intensityb---- 

Vibration,n cm-1 Ai(r!  Ai(a) E 
Compound AI(&) E 1 ( 2 )  I(1) 1!3)  

Mn(CO)&CI 2138 2001 2053 0.48 10.9 23.8 
Mn(CO)&Br 2133 2004 2049 1 .0  14.8 27.5 
Mn(CO)jBrc 0.538 12.3 25.3 
Mn(CO)51 2125 2007 2044 2 . 0  18.0 28.7 
Re(C0)jBr 2150 1985 2044 0.55 14.7 33.8 
Re( CO)jBrc 0.346 14.2 33.2 
Re(C0)jI 2145 1990 2042 1 . 0  14.8 32.4 

From Wing and Crocker.6 
a Cyclohexane solution; see ref 8. From Abel and Butler:g 

lo4 1. cm-2/mole. 

Data have also been reported for the ionic species 
Cr(CO)bX- and W(C0)bX- (X = C1, Br, I) and for the 
tetracarbonyl derivatives both neutral and ionic. 
We have not considered these in the present paper be- 
cause the 13C0 data and the improved force constants 
that may be derived from these are not yet available. 
For the tetracarbonyl derivatives the vibrational data 
indicate that k ,  # ko’, similar to what has been found 
for the pentacarbonyls;* this is discussed in the Ap- 
pendix. 

Equation 8 can be tested against experiment strictly 
only if true values for all five force constants are known 
from data in the same solvent as that  in which intensi- 
ties are obtained. This condition is not satisfied by all 
of the above data. 

We therefore compared the observed integrated 
intensity ratios with sets calculated from eq S as fol- 
lows: (a) from the fuller analysis8 of the force con- 
stants in cyclohexane made possible by substitu- 
tion (the only remaining approximations are neglect 
of anharmonicity and the assumption that the bands 
observed are iipure’’ carbonyl bands); (b) from the 
positions of the 12C0 bands in chloroform using the 
usual approximationsl08 11 

(10) C. S. Kraihanzel and 17. A. Cotton, J .  A m .  Chem. Soc., 34, 5432 

(11) (a) L. H. Jones, J .  .VIOL. Specl i ’y . ,  3, 105 (1962); (b) L. H. Jones, 
(1962). 

J. Cheni. Phys. ,  36, 2376 (1962). 

and (c) from the positions of the T O  bands only in 
cyclohexane, using the above approximations. These 
are shown in Table 11. 

TABLE I1 
THE RATIO I(Alrad)/l(Alax) FOR M(CO),X DERIVATIVES 

------Calcd (eq 8)------- 
Substance Obsd a h C 

hln(CO)6C1 0.044 0.0422 0.0417 0,0389 
hln(CO)bBr 0.068 0.0891 0 0458 0.0430 
Mn(C0)61 0.108 0.0947 0.0509 0.0486 
Re( CO),Br 0.037 0.0511 0.0449 0.0455 
Re(C0)jI 0.068 0.0555 0.0479 0.0479 
a A11 force constants used8 are from data obtained in cyclo- 

hexane solution. Information from ‘TO molecules only, i . e . ,  
K1, Kg, and Ki; CHC13 s o l ~ t i o n . ~  Same as b; Cyclohexane 
solution ,8 

It is seen that procedures b and c give very similar 
results. This justifies the comparison of force con- 
stants obtained from absorptions measured in cyclo- 
hexane with those intensities measured in chloroform. 

These results are of the right order, but are disap- 
pointing in detail. The approximations (9) hold 
closely enough to be useful but are not (nor was i t  
ever claimed that they were) strictly valid in applica- 
tions such as the present one. 

We regard the results of procedure a as somewhat 
improved over b and c illustrating the need for im- 
proved force constants. However, some minor dis- 
crepancies still remain, and a major discrepancy in 
using only the mixing of AI modes is observed in the 
relative intensity of the pentacarbonyl hydride.12 

111. Effect of Geometry 
If the arguments used above are applied to penta- 

carbonyl hyd ides, an intensity ratio even higher than 
that observed for the highest pentacarbonyl halide 
(for Mn(CO)J, I ( 2 ) / I ( l )  = 0.108) is calculated (for 
Hh)fn(CO)6 and HRe(CO)6,1b calculated 1 ( 2 ) / I ( l )  = 

0.139 and 0.120, respectively). This, of course, is con- 
trary to experience. In fact, the highest XI modes in 
these derivatives are so weak that they are observed and 
identified only after high concentration of sample in the 
infrared beam is achieved.12 

To explain this, we must consider the geometrical 
effect on the contribution to the total intensity by the 
four radial carbonyl groups. 2-7 The nonplanarity o f  
the radial carbonyl groups will give rise to a resultant 
dipole moment along the Z axis, as shown in the dia- 
grams (Figure l). 

As pointed out b e f ~ r e , ~ ~ ~  the intensity ratio for the AI 
carbonyl bands is very sensitive to the intercarbonyl 
angle in the region where the resultant due to the noti- 
planarity of the radial groups is of the same order of 
magnitude as the component of axial vibration due to 
the coupling of AI modes in the high-energy -41 ab- 
sorption. The appropriate sine or cosine terms to ac- 

(12) D. K. Huggins and  H. D. Kaesz, J .  Ani. C h e w .  Soc., 86, 2734 (1964). 
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Arad 1 E A Y X  

Figure 1.-The effect of geometry on the intensity of the car- 
bonyl stretching modes. The heavy dashed vector is the re- 
sultant of the vectors of the four radial carbonyls: for Alrad, 

2LZ2 (cos O)prj; for E ,  4 3  G(sin O ) p l f ;  for AF, 2Lz,(c0s 0 ) ~ ~ ’ .  
The heavy solid vector represents the contribution of the axial 
CO group. The hollow vector represents the over-all resultant 
of the radial and axial vectors which gives some measure of the 
relative intensity to be expected in each mode. 

count for the contribution of geometry will appear in the 
final equations discussed below. 

IV. Dipole Moment Derivative for Chemically 
Different CO Groups 

A serious flaw in the treatments heretofore has been 
the lack of information about the dipole moment deri- 
vatives for the chemically different CO groups. Brown 
and Darensbourg’ have shown that in M(C0)sX deriva- 
tives, if the dipole moment derivative for the two kinds 
of CO groups were equal, then one should expect a 1 : 4 
ratio of the total intensity of the A1 bands to the inten- 
sity of the E band (for an angle between the axial and 
radial oscillators close to  90’). However, the data in 
Table I show that the actual observed ratio lies some- 
where around 1 : 2. 

With the more complete sets of force constants, we 
may write the equations relating intensity to the normal 
coordinates without making any assumptions about the 
angle 0 or about the dipole moment derivatives for the 
two kinds of CO groups 

Ii(Ai””) = (pL&’Lzz - 2pLr’L12 COS 0)’ 

Iz(Alrad) = (pa’L12 + 2pr’L22 COS 

(10) 

(11) 

18(E)  = ~ G P , ’ ~  sin2 0 (12) 

where pa’ and pr’ are the dipole moment derivatives of 
the axial and radial carbonyl groups, respectively, and 
e is the angle between these oscillators. 

V. Calculation of 8, pa’, and pr’ 

We are now in a position, using the improved vibra- 
tional data and eq 10-12, to predict both the geo- 
metrical angle 8 and a ratio of dipole moment deriva- 
tive for the chemically different CO groups which would 
therefore fit the observed intensities exactly. 

From eq 10-12 i t  is a straightforward matter to  ex- 
tract the required parameters 

The results are given in Table 111. 

TABLE I11 
CALCULATED VALUES OF 0, p8’, AND pr’ FOR A NUMBER 

O F  CARBONYL DERIVATIVES 

Compound Lij Lij 8, deg, pa’ ~ r ’  P&’/M’ 

MII(CO)~H~ 0.11650 0.36357 96.5 . . . . . .  1.04 
Mn(C0)&lC 0.07682 0.37397 89.8 8.84 6.38 1.38 
Mn(C0)5BrC 0.10919 0.36583 91.6 10.40 6.87 1.51 
Mn(CO)JC 0.11226 0.36490 88.9 11.71 7.02 1.67 
Re(C0)6Hb 0.10304 0,36761 96.7 . . . . . . 1.11 
Re(CO)sCl* 0,06765 0,37573 93.0 . . . . . , 1.19 
Re(CO)t,Brc 0.08649 0.37185 91.4 10.22 7.62 1.34 
Re(C0)61c 0.08753 0.37161 89 .1  10.41 7.46 1.40 
ReZ(C0)d 0.14585 0.35296 79.3 9.49 6.93 1.37 

0 and p’ arc calculated from eq 13-15 using Lij 
previously reported. For the pentacarbonyl derivatives (M- 
(eo)&) these are LIZ and LZZ; for X = halogen, see ref 8, and 
for X = H, see ref lb. To allow future checks on our calcula- 
tions, the Lij are given to a degree of precision beyond their 
physically meaningful accuracy. For the calculated 0 the phas- 
ing between the intensities of the AI modes has been chosen as 
shown on Figure 1, For the other choice of phase (in which the 
relative signs of dIl and dz are unlike) a different set of angles is 
obtained. The results in terms of 0 and M:X (for M(CO)sX) 
are: 102, Mn:H; 105, Mn:Cl; 111, Mn:Br; 116, Mn: I ;  
101, Rc:H, 99, Re:C1; 105, Re:Br; 108, Re : I ;  122, for 
Rez(CO)lo. * To complement the data available in the litera- 
ture, the relative intensities for certain compounds were mea- 
sured for this work by the half-intensity band width method 
(see Appendix, ref 9). Found (Al(r):AI(a):E): H M ~ I ( C O ) ~ ,  
1:106.4:371.9; HRe(CO)b, 1:227.2:697.5; Re(CO)sCl, 1:123.8: 
348.8. For these compounds, only the ratio #%‘/fir‘ is listed. 

See Table I for intensity data. Intensity data from ref 6;  
coefficients in the normal coordinates La4 and L33 were obtained 
from unpublished work of R .  Bacl. These are close to  values 
converted from ref 6, L34 = 0.13557 and L33 = 0.35715, but are an 
improvement on these since our coefficients were obtained through 
the use of I3CO modes and no predetermined force field in the 
analysis. 

-alcda 

a p’ = ap,@r. 

Apart from uncertainties inherent in the force con- 
stants (see discussion below) there will be some uncer- 
tainty in the calculated parameters due to the measured 
intensities. The variation of intensities for the same 
compound reported by two different groups can give us 
an idea of what to expect. For the derivatives Mn- 
(C0)6Br and Re(CO)EBr, two sets of data have been 
reported (see Table I) with a variation of about 2-10, 
3-20, and 60-80y0 in the intensities of the strongest 
(E), the medium (AI”), and the weakest (A:) bands, 
respectively. In  the calculation of the parameters e 
and pi‘ ,  these give a variation of up to 0.1% in e and 
0.5y0 in pt’ for each 1% error in I .  A comparison of 
the two sets of parameters from such varying intensity 
data is shown in Table IV. 

The calculated parameters pi‘ and 0 are also ex- 
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TABLE 11; 
COMPARISON 01’ 8 ,  pCL’ ,  pr’  CALCULA.TRII I?ROM UIPFEREN~ 

INTENSITY DATA FOR MniCO)5Rr A N D  I<c(CO)bRra 
0, dei: &h ‘ l i l  ‘ l i & ’ / l i T I  

Mn(CO)5Brh 91.6 10.40  6.87 1 . 5 1  
Mn(CO)5Brc 93.4 0 .35  6 .  ti0 1.42 

1 . 3 1  Re(CO)5Br5 91.4 10.22 T . 6 2  
Re ( CO)jBrc 92 .8  9.96 7.56 1 .32  
a The Lij values used for each of the two derivatives are shown 

in Table 111. Intensity data from ref 9; see Table I. In- 
tensity data from ref 6 ;  see Table I. 

tremely sensitive to small changes in the frequencies of 
some of the bands. The effect on the force constants 
and therefore also on the parameters pLz’ and 0 of small 
changes in some of the more sensitive frequencies, the 
Ala and A< bands, are shown in Table I J .  

seemed to be approximately equally enhanced. The 
present calculation of absolute intensities for the ab- 
iorptions (Figure 2) permiti u\ to make a quantitative 
measure of the relative enrichment of the two species. 
In  the spectrum of Mn(CO)jBr two fairly well separated 
bands, f (2020 1 cm-1) and h (19% 8 cm-l) in Figure I 
of ref 8,  may be used to follow the course of enrichment 
of the two kinds of 13CO-substituted species. Band f 
is one of the absorptions due to mono-13C0 radially 
substituted while band h is due the I3CO in the axial 
position In  the spectrum of hln(CO)5Br after a 3-hr 
exchange (part I11 of Figure I, ref 8) the two bands in 
question appear in the ratio of 3 77: 1 (relative inten- 
sity). When corrected for the difference in absolute 
intensities of these bands ( I c a l c d  = 12.12 for band f and 
14 62 for band h ,  see Figure 2, above) we obtain a ratio 

TABLE T- 
THE EFFECT OF SMALL FREQCENCY CHASGES IS THE AI MODES o s  THE 

CALCULATED FORCE CONSTANTS A S D  THE PARAMETERS pLz’ AND 0 FOR Mn(CO):,Br 
*pi,<& Ak,”x iL Fitb ------------mdynes I -  / 4 

0, deg. 

f 2  +2 1.3 16.29 17.44 0 .21  0.22 0.46 10.40 6.87 87.5 
0 +2 5 .9  16.30 17.43 0.23 0.21 0.45 10.40 6.87 88.4 

+2 0 1 .2  16.34 17.42 0.29 0.20 0.44 10.41 6 .87  90.8 
0c 0C 10-5 16.35 1 i . 4 1  0 .31  0.19 0.43 10.40 6.87 91.6 

-2 0 0.9 16.37 17.40 0.32 0.18 0.42 10.40 6.87 92.3 
0 -2 0 .3  16.42 17.38 0.37 0.16 0.41 10.35 6.89 94.6 

-2 - 2  0 . 7  16.44 17.37 0.38 0.15 0.40 10.34 6.90 95.2 

cm-1 cm-1 X 10-5 ki k2 k c  kc’ k t  @rad 

* Changes in the A1 modes; the reported values* are: Xlrad, 2134.0 an-’; Atns, 2000.8 cm-I. 
Original values shown for comparison. 

Agreement from least-squares fit of 
observed to  calculated frequencies. 

VI. Calculated Intensities for 
13CO-Substituted Derivatives 

From the intensities of the all-I2CO derivatives we can 
calculate the expected intensities of the 13CO-s~bsti- 
tuted molecules* assuming that the interoscillator angle 
8 and the calculated dipole moment derivatives pi’ stay 
constant in these derivatives. The calculated inten- 
sities in units of lop4 1. cm+ /mole are given adjacent 
to the frequencies with which they are associated in 
Figure 2. 

One can see that in the axially substituted m ~ n o - ’ ~ C O  
derivative (C4>. symmetry) the intensities follow very 
closely those in the allJ2C0 derivative. However in 
the ~ o ~ o - ~ ~ C O  derivative radially substituted (C, sym- 
metry) the intensity relationships are quite different. 
These intensities can be used to calculate the relative 
concentrations of the various isotopically substituted 
derivatives in tracing the stereochemical fate of enter- 
ing 13C0 in exchange or substitution reactions. Such 
work has been reported for Mn(CO)sBr.8 The ex- 
change of 13C0 is sufficiently slow that during the first 
few hours enrichment mainly of the two m ~ n o - ~ ~ C O -  
substituted derivatives, 13C0 axial (trans to Br) and 
13C0 radial (cis to Br), could be observed. Because the 
extinction coefficients of the absorptions of these two 
13CO-substituted derivatives were not available, i t  was 
not possible at that time to fix in a quantitative manner 
the relative amounts of each isomer being formed. A 
qualitative assessment was made that both species 

I3c0 
SUBSTITUTION 

1 
184 13.75 12 12 1395 133 

0 78 187 1375 1144 14 46 
I II I I  2 +  ‘8 14 1375 C87 1314 1379 

I I I  I 
1314 1019 1373 I 2 b 8  3 25 

II I I 2 I 0 : 2  1375 0 2 6  13 14 14 33 
I 

14134 I I I  
3 25 12 71 1019 

4 ki 
000 2629 1354 2 2 5  

I I I I 
0 96 000 2629 1415 

2150 2100 2050 2000 1950 

5 2 +  

cm-’ 

Figure 2.-Calculated intensities for 13CO-substituted ,Mn- 
(CO),Br derivatives The degree of substitution is indicated on 
the left-hand side of the diagram using a heavy dot to show the 
position of I3CO. The Br has been omitted from each of thc 
diagrams, for clarity. 

of 4.55: 1 for the relative concentration of the two spe- 
cies which they represent in solution. This corresponds 
to about 14% greater enrichment for each of the four 
radial positions than for the axial position. 

VII. Summary and Conclusions 
The values 0 and I*’ show interesting and possibly 

significant trends despite the limitations inherent in 
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the accuracy with which these parameters may be 
determined. 

The ratio pa'/pr' is closest to unity for the penta- 
carbonyl hydrides supporting the conclusion from 
analysis of force constantslbV8 that the tv70 different 
sorts of CO are more alike in this molecule than in the 
pentacarbonyl halides or the dimetal decacarbonyls. 
Both pa' and pr' increase along the series: chloride, 
bromide, iodide, pa' increasing faster. On the other 
hand, the force constant K1 (for the axial CO) shows a 
slight increase along this series, while Kz (which de- 
scribes the radial CO) shows a somewhat larger de- 
crease; see ref 8. These results may be rationalized 
by considering electronegativity, a-donating ability, 
and polarizability. The more electronegative halogens 
leave the metal with least electron-donating ability, 
giving the highest average CO force constant. How- 
ever, they are also the most a donating, and this effect 
is just large enough to reverse the trend in the force 
constants for the axial CO (which is trans to the halo- 
gen). Among other things, pi' depends on the total 
movement of electrons in the molecule during the vibra- 
tion. As a CO group extends itself, acquiring more 
double-bond character, i t  becomes a better T acceptor 
and electrons move toward i t  from the metal.' This in 
turn must cause a motion of the pT electrons of the 
halogen, increasing the oscillating dipole, and the size 
of this effect (which will again be larger €or an axial 
than for a radial CO group) will depend not on the 
polarity of the halogen, but on its polarizability. 

It is gratifying that the value of 8 (96.5') calculated 
for HMn(CO)j is in excellent agreement with the 
average (97') of that found in the structural deter- 
m i n a t i ~ n . ' ~  For HRe(C0)s the no doubt equally good 
value of 96.7" is obtained although there are no struc- 
tural data with which to compare it. Reasonable 
values are calculated for the pentacarbonyl halides 
but i t  is difficult to know how much confidence should 
be placed on these. A clue to possible discrepancies 
contained in these parameters is obtained from the 
more extreme case of Rez(CO)lo. The angle 8 calcu- 
lated for this derivative (79.3') is disturbingly far from 
the 97" we might have expected.14 The same angle, 
97", is probably also expected in the pentacarbonyl 
halides where axial-radial CO repulsion (as in Mnz- 
(C0)lo and HMn(C0)j) is probably the dominant factor. 
I t  is worth commenting on possible origins of such dis- 
crepancies. 

Orgel (for the pentacarbonyl derivatives2) and Cot- 
ton and Wing (for the decacarbonyl dimersI5) have 
discussed the possibility that a symmetric movement 
of the radial CO groups may be accompanied by a 
movement of electrons along the fourfold axis. Such an 
effect would manifest itself in two ways: (i) pr' would 
increase in size and (ii) since this increase would corre- 

(13) S. J. LaPlaca, J. A. Ibers, and W. C. Hamilton, J .  A m .  Chem. SOC., 88,  
2288 (1964). 

(14) An angle of 9 7 O  between axial and radial CO was reported for Mnz- 
(C0)lo: L. F. Dah1 and R. E. Rundle, Acto Cryst . ,  16, 419 ( 1 9 6 3 ) ;  a similar 
angle is expected for Rei(C0)ia. 

(15) F. A. Cotton and R. M. Wing, Inoug. Chem., 4, 1328 (1965). 

spond to a movement of electrons in a direction almost 
perpendicular to that of the actual motion, the direc- 
tions of pr' and of the actual motion will no longer coin- 
cide. This latter possibility seems to be accentuated 
in the dimers where the coordinate movement of radial 
CO groups on the two metal atoms would serve to en- 
hance synergic motion of electrons on the perpendicular 
axis. This is no doubt still present (although i t  would 
be expected to a lesser degree) in the pentacarbonyl 
halides. 

Synergic effects on intensity represent a form of 
coupling between a vibrating CO group and other parts 
of the molecule qualitatively different from the cou- 
pling of vibrational modes. The form of synergic cou- 
pling discussed above involves a motion of nonbonding 
electrons along a metal-metal bond which has only a 
second-order effect on the equilibrium length of this 
bond. This gives rise to an oscillating dipole although 
the stretching of the metal-metal bond itself cannot. 
Thus even a full analysis of force constants and inten- 
sities in terms of coupled oscillators, were such possible, 
could not remove the ambiguity in the interpretation 
of 8. These effects would produce maximum errors for 
angles near 90" 

I t  is curious that the enhancement of intensity of the 
highest infrared-active mode which leads to the cal- 
culation of so unusual a value for 8 in the decacarbonyl 
dimers above is not observed in the dimers R3PMn- 
(C0)4Mn(C0)4PR3.16 Also, we do not observe anom- 
alous increases expected in pr' and to an even greater 
extent in pa' for the decacarbonyl dimer which would 
accompany the proposed synergic electronic effects. 

In addition to these uncertainties, the variations 
observed could also be due to anharmonicity in the 
frequencies, which has not yet been determined for 
these derivatives and which could have large effects 
on the force constants and therefore on p$' and 

For all of these reasons we take a more pessimistic 
view than that recently proposed6 about the possibility 
of using infrared intensity ratios in the determination of 
bond angles in compounds despite the rather satis- 

(16) J. Lewis, A. R. Manning and J. R. Miller, J .  Chem. Soc., S e d .  A ,  
845 (1966). 

(17) It has recently come to  our attention tha t  objections have been 
raised (L. H. Jones, Inoug. Chem., 6 ,  1269 (1967)) concerning the calcula- 
tion of force constants by the procedure of energy factoring and also from 
frequencies uncorrected for anharmonicity. The  neglect of anharmonic 
corrections in our molecules is much less serious, in the range of 3-8 cm-1 
(see overtone spectra in ref 8 and in the dissertation of J. M. Smith, UCLA, 
l966), than in the example Mo(CO)s cited by Jones in which corrections in the 
range of 20-45 cm-1 were required: J. M. Smith and L. H. Jones, J .  Mol .  
Sgectry. ,  20, 248 (1966). Furthermore, we have checked the effect of using 
some reasonable values for M C  stretching and MC-CO and MC-MC inter- 
action force constants as input in our usual calculations of force constants 
in the carbonyl stretching region. The results of one of these computa- 
tions is given here. For Mn(CO)aBr, in addition t o  the usual carbonyl 
stretching frequencies, we used the following values in mdynes/A as input: 

obtained the following force constants for the carbonyl stretching region: 
k l ,  16.34; kz, 17.39; ko,0.31; ko', 0.19; k t , 0 . 4 3 ;  whichcompares within 1% 
or less of the values obtained previously.8 Such calculations also predicted 
entirely reasonable values for the MC stretching modes, in the region 500- 
650 cm-1, well within the range of absorptions actually observed in tha t  
energy region for this compound: 14. A. Bennett and R. J. H. Clark, J .  
Chem. SOC., 5560 (1964). Other calculations exploring the effect of small 
changes in the force field of the MC stretching region gave similar results. 
The fact  that  in all these calculations vivtually no changes in thr foi'ce con- 
staizts in the carbonyl stretching region were obsevned lends further support to  
the energy factoring model. 

kJic,  2.0; ~ ~ I C , I L C ~ ~ * ,  0.0; k x c , x c t r a n s ,  0 .5;  khrc .co ,  0.6; k I\IC.C'O, -0.1. We 
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factory agreement between observed and calculated 
values found by us in the pentacarbonyl hydrides. 
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Appendix 

of Figure 3, giving the equations 
The derivatives b1 (CO)qX2 have the force constants 

k1 - k ,  = z 

ks - k t  = ZL, 

where x, y ,  z ,  and w are the values of A/G obtained 
from the AI1, _413, B2, and B1 stretching frequencies, 
respectively. 

(17) 

(1 8)  

c 
0 

Figure 3.-Definition of force constants for the molecules cis- 
M(CO)&. 

Putting k ,  = ak,’ and eliminating kl and kz  + k t ,  (16) 
and (18) rearrange to give 

4l~,’~(I  + a2)  - 2c~k , ’ (x  + y - 22) + 
(x - z ) ( y  - 2) = 0 (19) 

4k,”(1 + a*) - 2ak , ’ (p  + 4 )  + pq = 0 (a@) 
when 9 = x - z and q = y - z .  
to be real is then, from (20) 

The condition for ko’ 

aYp + q)*  3 @ q ( l  + (22)  

sin 4 3 W i % / ( P  + 4) 

(21 1 

(22 )  

Let a = tan 4 ;  then ( 7 )  becoinc5 

I t  is possible to calculate minimum values of a from 
the observed infrared frequencies. The assumption 
that k ,  = k,’ corresponds to a = 1 14-e know of no 
case where this is possible. 

(The 
values for Xln(C0)4BrI- and Mn(C0)4BrC1- are de- 
rived by treating these molecules as of Czv symmetry, 
with both halides equivalent.) 

Values of [ k C l k C ’ ] , , , l n  are listed in Table VI. 

TABLE VI 
CALCULATED VALUES OF [kc/ko’Imina 

Fe(C0 )?In 1 . 6 2  
Fe( CO)lBrs l , 6 6  
Fe(CO)ICl? 1.54 

Substance [kolkc’lmin 

M n  ( CO)41?- 1 .50 
Mn( CO),Br2- 1 ,xi 
Mn (C0)4BrI - 
M T I ( C O ) ~ B ~ C ~ -  1 .(i7 
[MT~(CO)~I ]  P 1.53 
[Mn(CO)dBr] 2 1.37 
[Mn(CO),Cl] 1 .21 

Assignments are from Cotton1o and Orgel: see ref 2 and 
L. E. Orgel, 1noi.g. Chem., 3, 303 (1964). Positions of bands are 
from Xbel and Butlerg except for the Mn dimers, whose band 
positions are from M. -1. El-Sayed and H. D. Kaesz, Inorg. Chenz., 
2, 1581(1963). 

The conclusion k , / k , ‘  # 1 is implicit in Cotton’s 
analysis18 of the systems hln2(CO)sXz. Cotton ob- 
tained pairs of curves the interactions of which should 
have defined values for the force constants. The fail- 
ure of a pair of curves t o  intersect under these condi- 
tions is a graphical representation of the failure of the 
treatment t o  give real roots. The values of [kc/kc’Jmln 
have no physical significance except as lower limits; 
however, the values required seem physically plausible 
in view of the difference between k ,  and k,’ even in the 
case of the more nearly symmetrical compounds M- 
(C0)aX. 

(18; Ii. A. Cotton, f%oug.  Chem., 3, 702 (1964). 


