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to the "best"36 molybdenum-alkyl bond length of 
2.383 f 0.010 fi  for [CloH8Mo(CO)3CH3]2.7 I t  
should be remembered, however, that there is a dif 
ference of approximately 0.03 fi  in the covalent radii 
of sp2- and sp3-hybridized carbon atoms. The present 
molybdenum-acetyl bond length is thus reduced by 
-0.09 A (i.e., -6 .5~)  from the idealized Mo-C(sp2) 
single-bond distance and corresponds to a bond order 
of ~ 1 . 1 2 . ~  Since changes in u-bond strength in going 
from a molybdenum alkyl to a molybdenum acetyl are 
likely to  be small,36 we believe the observed Mo- 
COCH3 distance to provide a direct qualitative and 

(35) This particular value is selected since i t  has the lowest esd of the 
measurements available. Other measured bond lengths are 2.397 + 0.019 8, 
for the Mo-GHa linkage in ?r-C1HiMo(C0)aCgHs'~ and 2.41 f 0.02 8, for 
the Mo-CHz linkage in a-CsHaMo(CO)sCHgCO~H.~ The molybdenum- 
alkyl bond length predicted from appropriate covalent radii is 2.38 A (using 
half the Mo-Mo distance of 3.22 A in [r-CsHiMo(CO)s]zfi and the C(sp8) 
radius of 0.77 8,). 

quantitative measure of d,-p, back-donation from a 
transition metal to an acyl group. 

Infrared studies' on a-C5HjFe(CO)2COCH3 and T-  

CjH6Fe(CO) [P(C6H5)3]COCH3 reveal ketonic stretch- 
ing frequencies a t  1640 and 1595 cm-I (respectively), 
indicating that the triphenylphosphine ligand is not as 
good a T acceptor as a carbonyl group. This indicates 
that the bond order of the molybdenum-acetyl linkage 
in the present complex may be greater than that in the 
nonsubstituted complex T-CSH jMo (CO) 3COCHq. 
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(36) Since caibon-carbon single bond distances are 1 510 + 0 005 b for 
C-C=C and 1 506 i 0.005 A for C-C=O fsee ref 34, p S15s) 
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Intensity and frequency data for the CO stretching motion in substituted metal carbonyls are presented for compounds of 
the types Mo(CO)aL, trans-Mo(CO)eLz, and cis-Mo(CO)sL~. The coupling between the two At modes in the monosubsti- 
tuted complexes has been found not to depend significantly on whether the M-C stretching force constant and various associ- 
ated interaction constants are included in the vibrational analysis. The L matrix elements are used to calculate e, the angle 
between axial and radial CO groups, assuming equal MCO group dipole moment derivatives for the two AI modes, Dipole 
moment derivatives have been calculated assuming characteristic moments for the AI and E modes. The electronic spec- 
tra for these complexes in the ultraviolet and visible regions are reported. The infrared and elwtronic spectral results indi- 
cate that substitution of CO by a ligand capable of K bonding does not necessarily result in any increase in Y bonding to the 
remaining CO groups. 

Introduction 
In interpreting the infrared intensities of the CO 

stretching modes in substituted metal carbonyls some 
assumption must usually be made regarding the number 
of different characteristic localized MCO group mo- 
ment derivatives for the various CO groups in a given 
c ~ m p l e x . ~ - ~  

It may be assumed that there is but one characteris- 
tic moment derivative, that there is a different deriva- 
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Foundation. 

I n  order to  
bring our labeling into accord with the more general practice, we have in the 
present paper reversed the numbering of the AI modes. The higher fre- 
quency Ai mode is now labeled 2, and its intensity 1 2 .  Thus ILn > ILiz/, and 
IL22/ > ILZll. 

(8) A. R. Manning and J. R. Miller, J .  Chem. Soc., Sect.  A ,  1521 (1966). 
(9) P. S. Braterman, R. Bau, and H. D. Kaesz, Inoug. Chem.,  6, 2097 

(1967). 

tive for each of the chemically different CO groups, or 
that there is a different one for each symmetry mode. 
In this paper we discuss intensity results for several sub- 
stituted molybdenum carbonyls. The results can be 
satisfactorily interpreted in terms of the assumption 
that each carbonyl stretching symmetry mode exhibits 
a characteristic MCO group moment derivative. 

Coupling of the A1 Symmetry 
Coordinates in the AI Modes 

I t  is important to establish that  the calculated cou- 
pling between the two CO stretching modes of A1 sym- 
metry is not sensitive to the assumptions made regard- 
ing the nature of the force field. The coupling between 
the two A1 modes in a few select MO(CO)~L molecules 
was computed using the simplest possible model, the 
Cotton-Kraihanzel approximations that 2k ,  = k ,  and 
kcr = k,.'O The L matrix elements obtained are shown 

(1962). 
(10) F. A. Cotton and C. S. Kraihanzel, J .  Am. Chem. Soc., 84, 4432 
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in Table I. 
are listed in Table 11. 
within * 3 cm-I of those experimentally observed. 

The force constants used in the calculations 
Calculated frequencies were 

TABLE I 
CALCULATED VALCES FOR THE L MATRIX ELEMESTS 

OF SOME MOLYBDESUM CARBOSYL DERIVATIVES 
Compound LI? L?? 

(CH80)3PMo(CO)j 0.1337 0 3576 
(CHIO)IPM~(CO)~”  0.1316 0 3583 
C13PMo( CO), 0.1438 0.3538 
CjHjNMo(C0): 0.1064 0.3667 

Calculations using a more complex force field as described in 
text. 

TABLE I1 
VALUES FOR THE FREQUENCIES, FORCE COSSTANTS, AND 

IXTENSITIES I N  SEVERAL SUBSTITUTED hfOLYBDENUM CaRBONYLS 
Vibra- 
tion,a 

Compound cm-1 Intens* klc  k? k ,  
M o( co j 6 1989 (TI,) 7 3 . 6  16.52 16 .52  0 27 
CaHioNHMo(C0)s 2074 (AI)  0.945 15 .10  15.87 0 . 3 3  

1922 (-41) 1 2 . 5  
1941 (E) 57.2 

1922 (AI) 12.2 
1943 (E) 55,4 

1989 (Bi) d 

CsHaT\jhlo(CO)a 2074 (AI) 1 .19  15 .14  15 .88  0.32 

(CsHsjd’iLIo(C0)s 2075 (Ai) 3 . 3 0  15 .49  15.96 0 .30  

1945 (AI))  6 6 , 8  
1950 (E) 

(CsHs)sAsMo(CO)a 2076 (Ai) 3 .47  15 .51  15 .98  0 . 3 0  
1989 (BI) 0.59 
1945 (AI) 1 3 . 4  
1952 (E) 4 7 . 8  

1989 (Bi) d 
(CoHs)aSbMo(Co)a 2075 (AI) 4 . 1 3  15  69 16 .00  0.29 

1955 (.kl)’h 62 
1955 (E) 

(CzHaOjaPMo(C0)a 2080 ( 8 1 )  1 83 15 82 16 01 0 . 3 1  
1995 (Bd 2 . 4 7  
1966 (AI) 1 4 . 1  
1952 (E) 47 .3  

1997 (Bi) 1 .39  
1970 (Ai) 13.9  
1956 (E) 4 7 . 0  

2000 (BI) d 
1972 (Ai)) 5 6 , 6  
1967 (E) 

2013 (BI) d 
2001 (Ai) 1 2 . 1  
1988 (E) 4 4 . 7  

1973 (BI) d 
1923 (E) 50 .6  

1986 (Bi) d 
1945 (E) 4 4 . 0  

ii;:) (E) 2 8 . 8  

(CHaO)aPMo(CO)s 2082 (-41) 2 . 0 8  15 .90  16 .06  0 . 3 1  

(CsHsO)aPMo(CO)n 2086 (AI) 2 .57  18 .93  16 .19  0 . 2 9  

CIaPMo(C0)a 2095 (AI) 3.30  16 43 16 .46  0 . 2 5  

~ua?zs-lvIo(COja[P(OCHs)a]? 2045 (Ai) d 15.61  0 .34  

tuans-Mo(CO)a[P(OCsHa)~]? 2064 (AI) d 15.93  0 .33  

cis-Mo(CO)s[P(OCHa)a]a 1978 (AI) 1 4 . 0  15 .01e  0.40  

a All spectra were measured in hexane solution. X IOw4 M-l 
Approximated to  be less than 1% 

e E mode frequency of 1902 
cm-2, 0 Units of mdyn/A. 
of the total measured intensity. 
cm-1 used in calculating these force constants. 

The sensitivity of the coupling to the assumptions 
regarding Mo-C stretching and interaction force con- 
stants was tested using the ( C H ~ O ) ~ P M O ( C O ) ~  mole- 
cule. Force constants used for the Mo-C stretching 
and interactions were those found by Jones” for Mo- 
(CO)6. These values, in mdyn/A, were FJfc = 1.806, 

(11) L. H. Jones, Spectmchim. Acta, 19, 329 (1963). 

FhfC,UC,(opposite) = 0 364, Fhfc,\.rc/f(adjacent) = 
0 121, Fco,?lc(neighbors) = 0 487, Fco,Jrcf(opposite) 
= -0.209, FCO,Trc/f(adjacent) = -0.070 The L 
matrix elements changed by less than 2% as shown in 
Table 1 W‘e, therefore, conclude that the Cotton- 
Kraihanzel force field is adequate for determination of 
L matrix elements involving the CO stretches. 

Using the calculated L matrix elements the ratios of 
the two AI intensities (Table 11) can be computed as- 
suming a mixing of the radial and axial modes as the 
only means by which the radial stretch gains intensity. 
These values are found in Table 111 where p is the ratio 
L12/L11 as described in ref 8, and p2 equals 1 2 / I 1  if the 
above assumptions are met. By a comparison with the 
observed ratios i t  is clear that, for many of the com- 
pounds studied, some other effect in addition to cou- 
pling must be responsible for the intensity of the radial 
AI mode, This is also found to be the case in Xn-  
(CO),X complexes 8,12 This difference in intensity 
ratio might be attributed to either a deviation from 
planarity for the four radial CO groups or to a differ- 
ence in the dipole moment derivatives for the radial 
and axial CO groups in the A1 symmetry modes 

TABLE I11 

MIXING OF THE AI MODES ONLY 

CsHioNHMo ( ( 2 0 ) s  0.290 0.0841 0.0760 
CjHjNMo ( C 0 ) j  0.292 0.0852 0.0980 
CjHjNMo( C0)s. . . .  0,0842 0.0980 

)&Mo (co 1s 0.321 0 .  IO3 0,259 
(C2HsO)3PMo(CO)s 0.377 0.142 0.130 
(CHgO),Phfo( C 0 ) j  0.381 0,145 0.150 
(CHs0)8PMo(CO)aa . . .  0.140 0.150 
C13PMo( C0)s 0.420 0.176 0.273 
C&PMo( C0)ia . . .  0.165 0.273 

ISTENSITY RATIO CALCULATED FROM A 

Compound P PZ 12/11 (obsdj 

These values were calculated from the individually obtained 
L matrix elements listed in Table I. 

Geometrical Considerations 
From the equations derived relating the A1 mode in- 

tensities to the normal coordinates i t  develops that for 
I ~ ( A I ~ ~ “ )  to increase 8 must be less than 90°7 

12((A11ad.) = (pluCO(~)’Llz + 2 cos 0 PLaIC0(2)’L22)2 (1) 

Il(Al&X.) = (pmo(l)’L11 + 2 cos 0 p”’L21)2 (2) 

L22 = -L11, L12 = LZl 

Assuming p l I ~ o ( ~ ) ’  = plrco(2)’ ,  with a knowledge of the L 
matrix elements, the angle 0 between oscillators can be 
calculated13 

(3 )  

L 
(12) H. D. Kaesz. R. Bau, D. Hendrickson, and J. hl. Smith, J .  A m .  

C h i n .  Soc., 89, 2844 (1967). 
(13) This is very similar t o  the procedure used by  Kaesz and coworkersQ 

except they assumed ~ ~ B I c o ( ? ) ‘  = )iCoW‘, the dipole moment derivative ob- 
tained from the E mode vibration. The angles calculated by the two differ- 
en t  methods agree within 1 0 . l 0 .  T h e  assumption made in this work is, 
however, mnre reasonable, as the following discussion shows. 
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From Figure 1 it is easily seen that dz is a negative 
quantity whereas dz is positive. Calculated values of 
0 for several molybdenum compounds are listed in 
Table IV. It is possible for the axial component of the 
dipole moment change to be dominating in the 
mode resulting in a negative value of dz. However, 
in order for this to  occur, B has to be unreasonably larger 
than 90". For example, a calculation in which dm1 
is taken to be positive for (CH~O)~PMO(CO)~ yields a 
value for 8 of 116". 

t t 1 

Ai" A(,') E 

Figure l.+ymmetry coordinates for the CO modes in Mo- 
(CO)aL. Hollow arrows indicate the direction of dipole moment 
change and are not intended t o  imply relative magnitudes. 
Alternatively the AI(') motion could be described as in Figure 2, 
where the dipole moment change is in the opposite direction. 
The direction chosen here is to ensure consistency with the signs 
chosen for the L matrix elements. 

TABLE IV 
VALUES OF 0 FOR Mo(CO)~L DERIVATIVES 

Compound deg e,b deg 

C ~ H ~ N M O  (C0)s 89 .5  89 .3  

( CH30 )3PMo (CO )5 89.8 89.7 

C13PMo (C0) j  87 .5  87.3 

CsHioNHMo(C0)s 90.3 . . .  

(C2H50 )ZMo (CO )5 90.4 . . .  

(CsH5)sAsMo (CO h 85.3 . . .  

a Calculated from p values. b Calculated for individual L 
matrix elements. 

Crystal structure data on Mn(CO)sX systems in- 
dicate that the radial CO groups deviate from planarity 
by only a few degrees.14-16 The values calculated for 
6 from the intensity data are, therefore, quite reason- 
able. While the use of infrared intensity data is not ad- 
vanced here as a method for calculating accurate geome- 
tries of molecules, the procedure would appear to have 
some validity. 

The major source of uncertainty in evaluating the 
angle is the possible nonlinearity of the M-C-0 sys- 
tems. An MCO angle deviating by as much as 5-6" 
from 180" is not uncommon. There are good reasons 
to expect, however, that  the effect of such nonlinearity 
on the apparent direction of the varying dipole moment 
vector is not as large as the value of the MCO angle 
bend might lead one to believe. The rr-electronic 
charge transfer which gives rise to the major part of 
the MCO group dipole moment change with CO stretch 
occurs between d, orbitals centered on the metal and a 
rr* orbital on CO. Thus the moment vector is from the 
metal atom to the charge center of the a* orbital on 

(14) S. J. LaPlaca, W. C. Hamilton, and J. A. Ibers, Inoug. Chem., 3, 1491 
(1964). 

(15) H. P. Weber and R. F. Bryan, Chem. Commun., 443 (1966). 
(16) R. F. Bryan, i b i d . ,  355 (1967). 

CO. The coefficients of the 2p7r orbitals of C and 0 in 
the T* orbital are 0.967 and 0.621, respectively. It is 
clear that the charge center (which relates to the squares 
of these coefficients) lies close to C. The direction of 
the T component of the MCO group dipole moment vec- 
tor is thus determined essentially by the direction of 
the M-C bond. 

Some consideration must be given to the effect of 
neglecting the slight allowedness of the B 1  mode, for- 
bidden in strict Cqv symmetry. The intensity esti- 
mates for this mode are upper limits; i t  is difficult to 
evaluate the intensity of a lowintensity band situated 
as a shoulder on a high-intensity absorption. The B1 
intensity is borrowed from the AI or E species mode, 
depending on the form of the perturbation which re- 
moves Clv symmetry. The perturbation is sufficiently 
small so that the E species mode is not sensibly split, 
even in M o ( C O ) ~ P ( O C ~ H ~ ) ~ ,  in which the B1 intensity is 
highest. The B1 intensity is not included in the con- 
siderations involving angle because it is not clear how 
much of i t  derives from the A1 modes and how much 
from the E. Any contribution from the A 1  modes must 
arise largely from the axial A1 symmetry mode, since it 
is closer in energy to the B 1  mode and since the radial A 1  

mode has little or no intensity of itself. Therefore, any 
correction to the I 2 / I l  ratio would lower the ratio 
slightly and thus increase the calculated angle by per- 
haps 1 or 2", in the case of the two phosphite deriva- 
tives. None of the comparisons based on the total 
A 1 / E  intensity ratio or on total intensities is affected 
significantly by neglect of the B1 intensity. In light 
of these considerations, errors in the calculated values 
of the angles are probably on the order of only 1-2'. 
(Anharmonicity corrections may also impose a system- 
atic error on the calculated angles, but it is unlikely that  
the relative angles in a related series would be changed 
significantly.) The calculations do show that  deviations 
from planarity, in addition to coupling, are largely re- 
sponsible for the observed A1 intensity ratio. 

Calculation of Group Dipole Moment Derivatives 
Solving eq 1 and 2 for pb~co(~)' we obtain 

(4) 

The dipole moment derivative for the axial CO stretch 
can thus be calculated from only a knowledge of the L 
matrix elements and the measured intensities. No as- 
sumptions need be made about B or p&ICo(2)'. 

Alternatively p~co("' could be calculated from the 
equation for the total intensity of the Al modes 

Equivalent dipole moment derivatives for the two A1 
modes and a value for must be assumed. A listing 
of the calculated derivatives is contained in Table V. 
Deviations between moment derivatives calculated by 

(17) Here we may use the values that  were calculated earlier for 0 in 
which the assumption that  the dipole moment derivatives are equal was also 
made. However the dipole moment derivative calculated is not very sensi- 
tive to  the value used for the angle. A change in 0 of as much as 3O results 
in only a 3 %  change in the calculated derivative. 
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TABLE V 
1-ALUES OF ~ ’ J I C O ,  THE MCO GROUP 

DIPOLE MOIVIEST DERIVATIVES 
CalCO“”/ 

Compound ILVCO‘l)‘ ’ C\ICO(’)‘ * C>ICO(8)’  C\lCO(s)’  C’vib 

CsHiaNHMo(C0)s . . .  9 .64  9 . 9 4  0.970 . . .  
CaHsNMo(C0)s 9 .58  9 62 9 . 8 0  0 ,981  0 . 1  
(CnHs)sAsMo(CO)n , , . 10.64 8.99 1.18 1 . 9  
(CnHsO)aPR.lo(CO)s . . .  10.50 9.04 1 16 1 . 8  
(CHaO)sPMo(CO)b 1 0 . 4 8  1 0 , 5 l  9 .01  1.17 1 . 8  
ClaPMo(C0)a 10 14 10.12 8 81 1.16 1 . 6  

2ra,ls-[(CH30)sP]?~~o(CO)a , . , . . .  9.18  . . .  
fua,~s-[(CeH60)aP]phlo(CO)a . . . . . .  8 7 2  . . .  

a Calculated from the individual L matrix elements. 

cobr 0 ( c o )  . . .  . . .  9 . 2 3  . . .  , . .  

cis-[(CHaO)aP]aMo(CO)ad . . . 9.19  10.32 0 .890  

Calcu- 
lated assuming / * ~ c o ( ’ ) ‘  = ~ J I C O ( ~ ) ‘ .  Calculated from the in- 
tensity of the E mode. d Calculated assuming a value of @‘, 
the angle between the threefold axis and dipole, of 52’. e Di- 
pole moment derivative values are accurate to + O . l  unit. The 
p’~rco ’s  are effective group dipole moment derivatives which in- 
volve elements of both M C  and CO stretching  motion^.^ The 
units employed here are arbitrary; the intensities are expressed 
in units of lo4 iM-’ cm-2, and L and G terms are based on atomic 
mass units. For example, using eq 6 p ~ c o ( 3 ) ’  for the piperidine 
derivative is 57.2 = 4(0.14j8)p,rc0(3)’~(0.999).~ 

the  two methods is less than 0.57,. This is a useful 
result since by using the latter method the individual L 
matrix elements need not be known. 

The dipole moment derivative for the E mode is 
calculated from the equation 

1 3  = 4 G t t p ~ ~ ~ o ( ~ ) ’ ?  sin? 6 (6) 

For values of 6 near 90” this derivative is fairly insensi- 
tive to  changes in 6. 

One would like to determine a different dipole mo- 
ment derivative for each of the three symmetry modes. 
This is not possible since i t  requires solving three 
equations with four unknobms, namely, p - , ~ o ( ~ ) ’ ,  
~ L ; M c O ( ~ ) ’ ,  pAIco(3)’, and %ye have chosen to  assume 
that p~nfc~(l)’  = p ~ ~ c o ( ~ ) ’ .  This procedure can be justi- 
fied by considering the effects which determine the 
magnitude of these derivatives. 

Electronic Effects 
The p’;\~co’s may be expected to change mainly as a 

function of the charge on the metal and on the flow of n 
electrons in the M-L bond. Consider what happens 
when the 31-L bond is a pure u bond as in the case of 
the amine compound. Amines are stronger Lewis 
bases than CO or phosphorus ligands ; therefore, the 
net negative charge on the metal is greater when an 
amine replaces a CO or phosphite. This has the effect 
of raising the energies of the d orbitals and increasing 
the extent of R bonding with the R* orbitals on CO. 
We have already shown that the intensities of the in- 
frared carbonyl stretching modes in transition metal 
carbonyls are due almost entirely to n-electronic charge 
migration during the CO ~ t r e t c h . ~  The effect of a 
strong u donor such as an amine should thus be to in- 
crease the intensities, by raising the energies of the 4d 
orbitals on the metal. In all of the CO stretching 

(18) The angle 0 would have to  be known very accurately in order to  cal- 
This rules ouL making reasonable culate a meaningful value of p ~ c o ( 2 ) ‘ .  

guesses at this quantity. 

modes the charge is transferred from the metal to the 
carbonyl groups; to a first approximation, all of the 
CO stretching modes should exhibit the same value for 
the MCO group dipole moment derivative, I . ~ ’ ~ ~ c o .  
There are, however, interaction effects in the intensities 
analogous to those giving rise to interaction force con- 
stants. In the AI modes there is a net demand by the 
CO groups for the R electrons on the metal, whereas in 
the E mode the net effect experienced a t  the metal is 
zero. This idea is expressed diagrammatically in 
Figure 2, for the three CO stretching modes in an M- 
(C0);L species. 

a 
( b) 

Figure 2.-(a) Schematic illustration of the flow of *-electronic 
charge between metal d, and carbonyl ? y L  orbitals in the CO 
stretching modes. (b) Variation in r-electron demand a t  the 
metal in the CO vibrations depicted in (a). 

The CO groups exert a certain demand on the central 
metal for the R electrons. This demand increases as the 
CO bond stretches, since the n*-orbital energy level de- 
creases. In the highest frequency A1 mode, all five CO 
groups move in phase, and the gradient of electron de- 
mand vs. normal coordinate displacement is greatest. 
In  the lower frequency A1 mode. which is predominantly 
axial CO stretch, the gradient is smaller because the 
small contribution from the radial CO is out of phase 
with, and partially counterbalances, the effect of axial 
CO motion. In the E species mode the variation in 
electron demand exerted on the metal by one vibrating 
CO is precisely counterbalanced by the other, The 
MCO group dipole moment derivative should thus be 
greatest for the E species mode and least for the higher 
frequency A1 mode, ;.e., p ~ I c o ( ~ ) ’  > p f i I ~ o ( ~ ) ’  > p ~ , 1 ~ 0 ( ~ ) ’ .  
On the basis of these considerations i t  appears that 
there should be little error in assuming pnrco(l)’ = 

phfCo(?)’,  as we have in the above analysis. The as- 
sumption p $ l ~ o ( ~ ) ’  = should in general not be 
as satisfactory, especially when substituents capable of 
n bonding are involved. 

Those ligands which are presumed to possess some 
degree of n-acceptor ability, such as phosphines, phos- 
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phites, etc., are weaker u donors than amines. What- 
ever enhanced a-donor properties these ligands exhibit 
in metal carbonyls, as compared with their relative basic- 
ities toward a hard acid such as the proton, results 
from their x-acceptor abilities. It follows that  sub- 
stitution of carbonyl by such a ligand can never result 
in as large an increase in negative charge on the metal 
as substitution by an amine. The molecular dipole 
moment derivative in the E species mode is polarized 
normal to the M-L bond in M(CO)5L. There can, 
therefore, be no transfer of charge along the M-L axis 
in the E species mode. The ligand thus affects ~ M C O @ ) ’  

only through its effect on the equilibrium charge dis- 
tribution, particularly in the x electron system. One, 
therefore, expects that  p ~ c ~ ( ~ ) ’  should be smaller for 
the T bonding ligands than for amine, as is observed to 
be the case (Table V). 

The A1 modes, on the other hand, are polarized along 
the M-L bond axis. If there is x bonding between M 
and L, transfer of charge from L to M may occur during 
the A1 stretches. This constitutes a “vibronic” con- 
t r i b ~ t i o n ’ ~  to p&~co(l)’ and p ~ c o ‘ ~ ) ’  and results in 
enhanced intensities in the A1 modes. 

The vibronic contribution to the A1 modes can be 
roughly estimated by comparing p.~co(l)’  values for 
compounds substituted by a x-bonded ligand with those 
of the amine complexes. 

To properly evaluate the “vibronic” contribution to 
the dipole moment derivative of the A1 modes, the 
effects of differing u donation and T withdrawal in 
changing from piperidine (denoted by N) to a x-bond- 
ing ligand, L, must be taken into account 

pMCOvib’ = (PMco(l)’ - PMCO(3)’)L - 

The first term in eq 7 takes into account the fact that 
the E mode has no vibronic component from the ligand; 
the second term accounts for differences in u-donation 
and a-withdrawal effects. The expression may be re- 
arranged to yield 

The calculated vibronic contributions are given in 
Table V. 

The vibronic contribution to the A1 intensity is un- 
ambiguously identified with x bonding. It arises from 
the transfer of T electronic charge from ligand to metal 
to CO as the CO groups stretch. Schematically this 
may be represented as 

>- 
As expected, the vibronic contribution from pyridine 

(19) T. L. Brown, J. Chem. Phys., 43, 2780 (1965). 

is very small. For the other ligands, however, i t  is a 
substantial fraction of the total intensity. Unfor- 
tunately, there is no simple way to obtain a measure of 
the vibronic effect for CO as ligand. The sole infrared- 
allowed CO stretch mode in M(CO)e of TI, symmetry 
correlates with the E species mode in the M(C0)SL 
compounds. The intensity results do demonstrate] 
however, the existence of appreciable x bonding in the 
P and As ligands. 

For all x-bonding ligands studied in the Mo(C0)SL 
series, pM00(3)’ is lower than the value of p ’ ~ c 0  calcu- 
lated from the infrared TI, mode of MO(CO)~. The 
type of CO motion is the same in each case, an antisym- 
metric motion of trans-CO groups. There is an ele- 
ment of uncertainty involved in making quantitative 
comparisons of the number obtained for MO(CO)~ with 
pMc0(3j’ in Mo(C0)bL compounds, since the latter are 
C4” molecules with appreciable dipole moments, whereas 
Mo(C0)e is of 01, symmetry and nonpolar. However, 
working with a nonpolar solvent as we have should re- 
duce differences due to factors of this kind to a mini- 
mum. Furthermore, solvent effects might be expected 
to result in higher intensity for the polar molecule. I t  
should also be remarked that ascribing all of the B1 in- 
tensity to the E species mode would not result in a 
change in p M ~ 0 ( 3 ) ’  of even 0.1. It is, therefore, certain 
that this quantity is indeed lower for the monosub- 
stituted compounds, or a t  least no larger, than for CO 
as ligand. 

This result can be interpreted directly as evidence 
that there is about the same or less x-electron transfer 
from metal to CO in the Mo(C0)SL compounds where 
L is a x-bonding ligand, as in the parent carbonyl. 
This in turn means that there i s  no increase in T bond- 
ing from metal to the remaining CO’s when n / r ~ ( C O ) ~ l  is 
formed from the parent carbonyl. If there were increased 
M-CO x bonding on substitution, it would lead to an 
increase in p h f ~ 0 ( 3 j ’ .  This is precisely what is been in 
the amine and pyridine cases, Table V. It is also evi- 
denced in the dramatic change in intensity in the series3 
Mn(CO)6+, Cr(CO)G, and V(CO)6-. This result is 
clearly a t  variance with the notion that all decreases in 
CO frequencies (or force constants) upon substitution 
can be ascribed to changes in x bonding.20 

Population analysis of a molecular orbital description 
of Cr(CO)6 based upon a fairly thorough semiempirical 
mode121 indicates that  the u and x systems in the octa- 
hedral carbonyls are separable to a good approximation. 
This means that  there are no valence shell orbitals on 
the metal or CO groups which participate extensively 
in both c- and x-symmetry molecular orbitals. The 
electrons of the x system may then be considered to 
move under the influence of an effective “core” Hamil- 
tonian which results from the nuclear charges and the 
a-electron distribution.22 A change in charge a t  the 
metal is transmitted, through the inductive effect, to 
the carbonyl groups. Since the inductive effect at- 

(20)  F. A. Cotton, Iizorg. Chem., 3, 702 (1964). 
(21) A. F. Schreiner and T. L. Brown, J .  A m .  Chem. Soc., i n  press. 
(22) R. G. Parr, “Quantum Theory of Molecular Electronic Structure,” 

W. A. Benjamin, Inc., New York, N. Y . ,  1863, Chapter 3. 
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tenuates rather rapidly, a change in electron density 
a t  the metal, such as might be occasioned by sub- 
stitution of an amine for CO, causes a larger increase 
in the energy of the metal x orbitals than in the energies 
of the x orbitals of the CO groups. There is conse- 
quently an increase in YI-CO x bonding upon such 
substitution. I t  is important to note, however, that  
the metal-carbon u bond is almost certainly weakened 
by the addition of charge to the metal, since it lowers 
the acidity of the metal toward the CO electrons. 
This weakening of the u bond should, of itself, lower the 
CO frequency, since the CO frequency increases upon 
u-bond formation, and in proportion to the strength of 
the u b ~ n d . ~ ! ~ ~  Thus, even in this case, the change in 
CO force constant cannot be taken as a measurc of the 
extent of K bonding, since it is not clear ho~u much of 
the change is due to variation in u-bond strength. 
Indeed, the only firm evidence that  there is an increase 
in the degree of x bonding is the higher value for 
~ A ~ z o ( ~ ) '  in the amine-substituted compound. 

The phosphorus ligands listed in Table I1 vary con- 
siderably in their basicity toward a hard acid such as 
the proton, but they are all reasonably strong u donors 
toward a transition metal carbonyl moiety.24 From 
the decrease in CO force constant upon substitution 
i t  can be inferred that there is a net decrease in XI-CO 
a-bond strength or an increase in M-CO x bonding 
or both. It is clear from the intensity data, however, 
that  there is no increase in the extent of metal-CO 
T bonding. We conclude, therefore, that the decrease 
in CO force constant upon substitution for CO by 
such x-bonding ligands as listed in Table V is due pri- 
marily to weakening of the metal-CO u bond and not 
to  an increase in B bonding. This conclusion is forti- 
fied by the observation that there is a considerable 
vibronic effect on the AI species modes for these lig- 
ands, indicating considerable metal-ligand T bonding. 
Thus the picture is that  these ligands have the effect 
of increasing the electron density on the metal, weak- 
ening the metal-carbonyl u bond. At the same time, 
the ligand acts as a x acceptor and lowers the energy 
of the x orbitals on the metal sufficiently so that there 
is no net increase in metal-CO K bonding. 

Unfortunately, the precision with which the inten- 
sities can be determined precludes more than a rough 
comparison of the effects of various x-bonding ligands. 
The CO frequencies and/or stretching force constants 
might better serve as quantitative indicators of the 
nature of the substituents if some appropriate means 
were available for separating the u and T contribu- 
tions. 25 

I n  the trans-disubstituted compounds there is only 
one infrared-active CO mode, corresponding to the E 
mode in the monosubstituted compound. It is easily 
seen from Table V that , U ' \ T ~ ; ~ ' S  are very similar to the 
values obtained for p ~ a ~ c o ( ~ ) '  in the analogous i\lo(CO):,L 
compounds. 

(23) G.  R. Dobson, I i zoyg .  Cizein., 4 ,  1673 (1965). 
(24) R. J. Angeliciand R I .  D. Malone, ibiii., 6, 1731 (1967) 
( 2 5 )  W. A. G. Graham, ibid., 7, 315 (1968). 

In  the &-trisubstituted compound, [ (CH30)3P]3- 
bIo(CO)a, there is a reversal in the relative ordering 
of the ~ ' ~ I C O ' S .  The E mode is now enhanced over the 
AI mode. The values of ~ ' A I C O  derived from these data 
are sensitive to  the angle between the M-C bond and 
the threefold axis (eq 9 and 10). Crystal structure 

data on the metal tricarbonyl-arene systems show that 
0 is about 53.8' for several complexes.2G-28 

We would expect the angle to  be smaller for bulkier 
group(s) attached to the M(CO)3 moiety. For the 
rather bulky phosphite this angle is probably less than 
the value of 52", corresponding to 90" bond angles about 
the metal, used in the calculations; in the diethylene- 
triaminechromium tricarbonyl complex an angle of 
50.9" is reported.29 Therefore the p'lrco's calculated 
are very probably in the correct relative order (Table 

In  the cis-M (CO)3L3 species there is no symmetry re- 
striction on the participation of the phosphite-metal 
x electrons in either vibrational mode. The totally 
symmetric stretch should exhibit a lower value for 
p ' h t ~ ~  than the E species mode, because of interaction 
effects between the CO motions, as discussed earlier. 
This is the effect observed. 

Electronic Spectra 
The transition metal carbonyl systems are too com- 

plex to permit a quantitative treatment of the CO in- 
tensities in terms of vibronic theory.Ig Neverthe- 
less, i t  is evident that  the high infrared CO stretching 
intensities are due to contributions of charge transfer 
excited states to the ground-state vxve function upon 
molecular distortion. There should therefore be some 
correlation of the CO intensity results with energies 
and oscillator strengths in the electronic spectra. 

We are interested here in the vibronic contribution 
;TIvi to the CO intensity, which relates to  the transfer 
of x-electronic charge from metal to CO. The ex- 
pression for M x r i  in terms of first-order perturbation 
theory is 

V). 

Where the x's are x(q,Q),  subscripts g and j refer to 
ground and electronically excited states, respectively, 
m,j is the transition moment for the pure electronic 
transition, and AE,j is the transition energy. The 
sum is over all allowed one-electron excitations of 
appropriate symmetry, as determined by the sym- 
metry of Q. The intense charge-transfer transitions 
of lower energy should make the major contribution 

(26) R I .  F. Bailey and L. F. Dahl, ibzd., 4, 1298 (1965). 
(27) XI. F. Bailey and L. F. Dahl, ib id . ,  4 ,  1314 (1965). 
(28) 0. Caiter, Ph.D. Thesis, University of Illinois, 1967, pp 43 56. 
(20) F. A. Cotton and D. C. Richardson, Tizovg. Chein., 5,  1851 (1066). 
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to illv; in the metal carbonyls. It is therefore of 
interest to examine the electronic spectra in the 
Mo(C0)bL compounds for evidence of changes in the 
intensities and energies of the charge-transfer absorp- 
tions. 

We have begun by examining the electronic spectra 
of substituted molybdenum carbonyl complexes a t  
room temperature. The work will soon be extended 
to temperatures in the range of liquid helium. Some 
of the spectra are depicted in Figure 3. The observed 
energies, in cm-l, and extinction coefficients given in 
parentheses, in units of 1. cm-l/ mole-l X are 
as follows: Mo(CO)~,  30,960 (sh), 34,540 (16.1), 
37,040 (sh), 42,970 (111.0); M o ( C O ) ~ P C ~ ~ ,  28,170 
(sh), 34,480 (12.1), 40,670 (sh), 43,200 (58.0); MO- 
(CO)sP(OC2Hj)3, 29,890 (sh), 34,470 (5.0), 39,710 
(sh), 43,090 (45.0) ; Mo(CO)jP(OCH3)3, 30,080 (sh), 
34,600 (6.9), 39,940 (sh), 43,310 (66.0); Mo(C0)j- 
P(OC&)3, 30,580 (sh), 34,550 (9.2), 38,840 (sh), 
42,840 (59.0) ; Mo(CO)bP(CsH5)3; 29,200 (sh), 
32,260 (sh), 32,740 (3.1), 43,310 (50.0); Mo(C0)b- 
As(C&)~, 29,410 (sh), 31,850 (sh), 33,550 (3.0), 
43,730 (52.0) ; Mo(CO)jNCjHj, 25,970 (6.6), 29,760 
(sh), 35,710 (sh), 41,150 (47.0); Mo(C0)gHNCg- 
Hlc, 25,160 (5.0), 32,390 (sh), 34,890 (sh), 39,750 
(58.0). Owing to severe overlap problems no mean- 
ingful extinction coefficients were obtained for 
shoulders (sh). 

\ ! i 

the 

0 
W A V E   LENGTH(^) 

Figure 3.-Electronic spectra in hexane solution: - - -, 
Mo(C0)s; ___ , Mo(CO)jPC13; - * -, Mo(CO)gP(OCH3)3; 
_ _ - _  , Mo(CO)gP(OCzH5)3; . * * * * *, Mo(CO)~P(OC~HB)~.  

Although firm assignment of these bands must 
await further theoretical work and low-temperature 
spectral measurements, i t  is quite probable that  they 
are all largely charge transfer in nature. However, 
Gray and Beach30 tentatively assigned the two low- 

(30) H. B. Gray and hT. A. Beach, J .  Am. Chem. Soc., 85, 2922 (1963). 

intensity bands in molybdenum hexacarbonyl to  d-d 
type transitions, 

In  general the spectra of the MO(CO)~L complexes, 
where L is a n-bonding ligand, are very similar to  that  
of Mo(CO)~ with respect to both energies and inten- 
sities (see Figure 3). In  the amine complexes, how- 
ever, there is a band in the visible region far removed 
from any seen in the phosphorus-substituted com- 
plexes. This band probably corresponds to the 
band a t  34,000 cm-l in the other substituted complexes. 
The major conclusion to be drawn from these results 
a t  present is that  the energies of the charge-transfer 
bands in Mo(C0)jL compounds, where L is a n-bonded 
ligand, are not significantly lower than in the parent 
Mo(CO)~. The amine-substituted compound, on the 
other hand, exhibits a transition a t  significantly lower 
energy. The electronic spectra thus support the con- 
clusion based on the infrared intensity results, Le., 
that no significant increase in metal carbonyl n bonding 
accompanies substitution of CO by n-bonding ligands 
such as Dhosphines, phosphites, or PC13. 

Experimental Section 
Molybdenum hexacarbonyl was generously supplied by Climax 

Molybdenum Co. and was sublimed before use. 
Preparation of (Trich1orophosphine)molybdenum Pentacar- 

bony1.-This complex was prepared by heating 5 g of Mo(C0)G 
with a large excess of Pc13 in 30 ml of methylcyclohexane a t  90" 
under a nitrogen atmosphere for 12 hr. Solvent was removed 
a t  room temperature under reduced pressure. Unreacted Mo- 
(C0)ti was filtered off using a medium porosity sintered-glass 
filter connected to a vacuum pump. The red filtrate was shown 
to be the desired product plus a trace of the &-disubstituted com- 
pound by comparison of its infrared spectrum with those in the 
l i t e r a t ~ r e . ~ ~  The pure monosubstituted complex was obtained 
by vacuum distillation (bp 57-59' (0.2 mm)) as a light yellow 
liquid which crystallized upon cooling (mp about 30') Anal. 
Calcd for C13PMo(CO)j: C, 16.09; C1, 28.49. Found: C, 
16.49; C1, 28.40. 

Preparation of (Trialkyl ph0sphite)molybdenum Pentacar- 
bony1.-The trialkyl phosphite and a slight excess of Mo( C0)c 
were refluxed in methylcyclohexane for 5 hr under nitrogen. 
Solvent was removed under reduced pressure a t  room tempera- 
ture leaving a red-brown liquid. The complexes were purified by 
vacuum distillation. Anal. Calcd for ( CH30)3PMo( C0)5: 
C, 26.70; H, 2.50. Found: C, 26.92; H ,  2.59; bp 64-65' 
(2  mm). Calcd for (CzHj0)3PMo(CO)g: C, 32.90; H,  3.73. 
Found: C, 33.12; H ,  3.93; bp 76-78' (0.2 mm). 

Preparation of (Piperidine)molybdenum Pentacarbony1.- 
Piperidine and an excess of Mo( C0)c were refluxed in methyl- 
cyclohexane for 1 hr under nitrogen. Solvent was removed 
under reduced pressure. Unreacted Mo( CO)e was removed by 
vacuum sublimation a t  50". The bright yellow product was 
purified by recrystallization from hexane a t  -80'. The pyridine 
analog was prepared and purified similarly. Anal. Calcd for 
(C~HIONH)MO(CO)~:  C, 37.39; H, 3.43; IG, 4.36. Found: 
C, 37.69; H ,  3.50; X, 4.43; mp 79-80" dec. Calcd for (CjH5N)- 
M o ( c 0 ) ~ :  C, 38.10; H,  1.59; N, 4.45. Found: C, 38.40; 
H, 1.68; N, 4.43; mp 87-89" dec. Both complexes were found 
to decompose in hexane solutions to give Mo( CO)G a t  a measurable 
rate.32 The rate was found to be approximately first order in 
the amine complex. (Piperdine)molybdenum pentacarbonyl 
decomposed a t  a slightly slower rate than (pyridine)molybdenum 
pentacarbonyl. 

(31) R. Poilblanc and M. Bigorgne, Bull. SOL. Chim. Fvance, 1301 (1962). 
(32) This was also found to be the case for (amine)W(CO)a complexes by 

Angelici.24 



966 E. BANKS AND A. GOLDSTEIN Inorganic Chemistry 

cis-hlo( C O ) ~ [ P ( O C H ~ ) ~ ] J  was prepared by the method pre- 
viously described by Dobson.33 

All other compounds were prepared by the method previously 
reported . 3 4  

Infrared Spectra.--Xll infrared spectral measurements were 
made on a Beckman IR-7 spectrophotometer, calibrated using 
water vapor. The spectrophotometer was equipped with a 
linear absorbance potentiometer. Spectroscopic grade hexane was 
used without further treatment. Calibrated 1-mm sodium chlo- 
ride cells were employed in the measurements, Instrumental 
conditions were as previously described . 7 ,85  

The area under the bands was determined by the weighing 
technique and was comparable to that obtained with a planimeter. 
Overlapping bands were separated by graphical procedures, 
assuming symmetric band shapes. The spectra were integrated 
over an interval of 30-40 cm-l on either side of the band maxi- 
mum or about 8 times the half-intensity width. Intensities were 
determined at a number of concentrations and extrapolated to 
zero c ~ n c e n t r a t i o n . ~ ~  An example of such a plot is shown in 
Figure 4 for (C~H~O)~Pn/Lo(CO);. Slopes were always negative, 
in general increasing in magnitude with decreasing half-intensity 
band widths. All data were analyzed by least-squares methods. 

Electronic Spectra.-Electronic spectra were recorded on a 
Cary 14RI spectrophotometer using matched 1 .O-cm or 1 .O-mm 
cells. Spectroscopic grade hexane was employed in the measure- 
ments without further treatment. In  the cases in which the 
ligand possesses a phenyl ring which absorbs strongly in the 
ultraviolet region attempts were made to compensate for its 
absorption using the free ligand as reference. This technique 

(33) G. R. Dobson and L. W. Houk, in press. 
(34) T. D. Magee, C. S. LIatthews, T. S .  Wang, and J. H. Wotiz, J .  

A n i .  Cheni. Soc., 83, 3200 (lM1). 
(35) Slightly different instrumental conditions were needed for the amine 

complexes. It was found that  with a scan rate of 20 cm-l/min and a shorter 
pen response time, good spectra were obtained with decomposition less than 

Xethod 11, but 
2%. 

(36) D. A. Ramsay, J .  Am. Chenz. Soc., 74 ,  72 (1952). 
not including wing corrections. 
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Figure 4.-Intensity tis. concentration for the CO modes in 
Mo(CO)&'(OC~H~,)~. 

rests on the assumption that the absorptions in the free ligand 
are not perturbed greatly upon complexation. Spectra were 
recorded from 4600 to 2000 $. 

Calculations.-Frequencies for the normal modes arid the I, 
matrix elements were calculated in the cases cited using a coni- 
puter prog-ram written by S~hachtschneider~~ for the IBN1-7090 
computer and modified for use on the IBM-7094 computer at 
the University of Illinois. 

(37) J. H Schachtschneider, "Vibrational Analysis of l'olyatomic Mole- 
111," Technical Report h-o, 263-62, Shell Development Co., Emery- cules. 

ville, Calif. 
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It has been found that lithium may be dissolved readily in the hexagonal phase of potassium tungsten bronze K,WOa (0.13 2 
x < 0.33). This introduction of Li initially causes a very small expansion in the "a" direction and a large expansion in the 
"c" direction, followed by a very slight expansion in both directions. A number of compositions of K,Li,WOa in the hex- 
agonal region have been prepared. Hexagonal bronzes xi th  x as low as 0.13 and x + y as high as 0.51 have been obtained. 

Introduction 
The tungsten bronzes &WOdj which have metallic 

properties over a wide range of compositions, have re- 
ceived considerable attention as metallic conductors 
with a wide range of electron concentrations. Most 
studies of electrical properties have concentrated on the 

(1) Abstracted in part from a dissertation to  be submitted in partial fulfill- 
ment of the requirements for the Ph.D. degree in chemistry a t  the Polytechnic 
Institute of Brooklyn. 

(2) See, foi- example, 12. Ward, Ed., "rionstoichiometric Compounds," 
Advances in Chemistry Series, S o .  39, American Chemical Society, N'ashing- 
ton, D. C., 1963, pp 224-233. 

cubic sodium and lithium bronzes, with some attention 
to specific compositions in other structural modifica- 
tions. This work was done in order to attempt t o  ex- 
tend the electron concentration range in the hexagonal 
potassium bronze structure by incorporating lithium 
into sites too small to accommodate sodium or potas- 
sium. 

Potassium tungsten bronzes were prepared by Lau- 
rent3 by reduction of K2W04-W03 mixtures with hydro- 
gen. Later preparation methods included reduction of 

( 3 )  A.  Laurent, Aiiiz. Cheiii. I'hys., 67, 213 (1838). 


