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Conclusions 

On the basis of the experimental data obtained in 
this study, we have proposed that the fragmentation 
of these transition metal carbonyl ions occurs by suc- 
cessive removal of neutral CO groups. The clasto- 
grams for both the iron and nickel carbonyls are very 
similar, and, as mentioned above, the peculiar nature 
of these clastograms appears to be characteristic of 
these metal carbonyls. 

Significantly, no ions oi the type which would result 
from the cleavage of the C-0 bonds in these carbonyls 
were observed, i.e., NiC+ and NiO+ were not observed. 

This further supports the contention that CO groups as 
such are removed in the successive steps of the frag- 
mentation processes. 

We are currently performing the appropriate cal- 
culations based on the improved quasi-equilibrium 
theory'; in order to test further the proposal concerning 
the successive loss of CO groups in the anticipation 
that this approach will either give additional strength 
to these ideas or show up any fallacy in these conten- 
tions. 

(13) A I ,  \ 'e\tal, A .  I,. Wahrbailig, and W. 11. Johnslon, J .  C'ireiii. Phys . ,  
37, 1276 (1962). 
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Data from the literature for a large number of substituted group VI carbonyls and for some manganese carbonyl halides 
and their derivatives are treated by the methods described in earlier papers in this series. I t  is shown how the method 
can eliminate incorrect assignments in certain casrs. A relationship between CO bond orders and CO force constants is 
delineated and used t o  deduce, from differences in the calculated CO stretching constants, the changes in CO bond orders. 
It is also shown that absolute d u e s  of the bond orders may be estimated. The relative n acceptor strengths of various 
lipands are discussed semiquantitatively and i t  is shown, intev alia, that PFI is a stronger .rr-accepting ligand than CO, 
while ligands such as dimethylformamide and metliylformamide are actually n-donors. The relationship of the CO stretch- 
ing force constants used in this series of papers to more rigorous values is discussed. 

I. Introduction 

In earlier papers in this series,* a method for analyz- 
ing and assigning the, spectra of CO stretching vibra- 
tions in octahedral metal carbonyls has been proposed, 
tested, and applied to a limited number of substituted 
group VI  carbonyls. The present paper extends the 
study in the following ways: 

(1) Using the method, data from the literature 
for a large number of diverse compounds are treated. 
It is shown how the method can eliminate incorrect 
assignments in certain cases. 

A relationship between CO bond orders and 
CO force constants is delineated and used to deduce, 
from differences in the calculated CO stretching con- 
stants, the changes in CO bond orders. I t  is also 
shown that absolute values of the bond orders may be 
estimated. 

(3) The relative s-acceptor strengths of various 
ligands are discussed semiquantitatively and it is shown, 
inter alia, that PF3 is a stronger x-accepting ligand 

( 2 )  

(1 )  (a) Supported by  the  U. S. Atomic Energy Commission; (b) Fellow 

( 2 )  F. A. C o t t m  and C. S. Kraihanzel, J .  A m  Chem. Soc. ,  84,  1132 
(1962). 

( 3 )  C. S. Kraihanzel and F. A. Cotton, I n o r g .  C h e w . ,  2 ,  533 (1963). 

of t he  Alfred P. Sloan Foundation. 

than CO. while ligands such as dimethylformainidc 
and methylformainjde are actually x-donors. 

The relationship 01 the CO stretching force con- 
stants used in this series of papers to more rigorous 
values is discussed. 

(4) 

11. Group VI Carbonyls 

Sources of Data.-Poilblanc and Bigorgne* have 
reported data for a great many substituted molybdenum 
carbonyls in which the substituents are phosphorus(II1) 
compounds. Schmutzlerj has prepared, in small 
quantities, cis-Mo(PF3)3(CO)3 and recorded its CO 
stretching frequencies in KBr. Data for still other 
compounds containing P(II1) compounds as ligands 
have been reported by Magee, et al.,6 Chatt and 
Watson,7 Abel, Bennett, and Wilkinsonj8 and in part 
I of this series. Data for molecules with sulfur(I1) 
molecules as substituents have been reported by 

(4) R. Poilblanc and ?VI. Bigorgne, Bz~11. Soc. ( ' h i m  I.'raitce, 1301 (1'362). 
( 5 )  R. Schmutzler, Explosives Department, Experimental Station, IC I. 

du Pont  de Kernours and Company, Wilmington 98, Del., private com- 
munication. 

(6) T. A. Mtigee, C. S .  hIatthews, T. S. LX-ang, and J. H.  U'otiz, J .  A m  
Cheni. Soc., 83, 3200 (1061). 

(7)  J. Chat t  and H. R .  Watmn,  J. Chew? .  Soc , -1980 (1961). 
(8) E.  W. Abel, M. A. Bennett, and G. U'ilkinson, ib id . ,  2323 (195Y). 
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TABLE I 
co STRETCHING FREQUENCIES AND FORCE CONSTANTS IN ML( c o ) ~  MOLECULES -- Frequencies, cm. -I----- Data  -Force constants, rndynes/i.-- 

Compound Ai(?, AI(') B1 E ref. kl kz ki 
MO( Pc13)( c0)6 2095 2001 . . .  1987 4 16.38 16.46 0.26 
Mo( PClzOCzHs)( C0)s 2091 1987 2012 1975 4 16.15 16.33 0.28 
Mo[P(OcaH~)31 (cO)s 2083 1975 . . .  1963 4 15.97 16.14 0.29 
Mo[P(OCH,)~(CO)S 2080 1967 1995 1950 4 15.62 16.02 0.30 
Cr[P(CsHs)31 ( e o ) &  2070 N 1944 1989 1944 2 15.50 15.88 0.33 
MO[P(C~HB)SI (co)5  2078 -1951 1990 1951 2 ,4  15.57 15.99 0.31 
w[P(CaHs)31(CO)s 2074 ~ 1 9 4 3  1981 1943 2 15.58 15.85 0.30 
Mo[P(CZHS)~I(CO)~ 2070 1941 1980 1948 4 15.40 15.88 0.30 
MO [P(CH3)31( CO)s 2071 1952 . . .  1943 4 15.61 15.87 0.31 
C ~ ( C ~ H U N H Z ) (  CO)s 2067 1890 1980 1935 3 14.59 15.77 0.32 
Mo( C6HiiNHz)( C0)s 2072 1895 1983 1938 3 14.65 15.83 0.32 
W(CeHi&JHz)(C0)5 2071 1894 1974 1929 3 14.65 15.74 0.35 
W[(CzH5)zOI(CO)s 2074 1908 t . .  1931 12 14.90 15.76 0.35 
Mo[(n-CsH,),O]( C0)s 2079 1893 . . .  1940 12 14.65 15.90 0.35 
W( CzHsOH)(CO)s 2078 1885 . . .  1929 12 14,53 15.73 0.35 
Mo( n-C6HnOH)( C0)b 2080 1895 . . .  1940 12 14.68 15.90 0.35 
Cr( CH3CN)( C0)5 2080 1930 . . .  1954 13 15.21 16.04 0.31 
W( CHzCN)( C0)s 2083 1931 . . .  1948 11,13 15.22 16.00 0.31 
W(DMF)( C0)5 2067 1847 . . .  1917 12 13.93 15.58 0.36 
Mo( DMF)( C0)s 2068 1847 . . .  1924 12 13.93 15.67 0.36 
Mo(MF)(CO)s 2072 1862 . . .  1932 12 14.15 15.77 0.35 

TABLE I1 
co STRETCHING FREQUENCIES AND FORCE CONSTANTS FOR CiS-MLz( co)4 MOLECULES 

r-- Frequencies, cm. -1 -7 Data -Force constants, mdynes/b.-- 
AI@) 

2072 
2063 
2037 
2023 
2009 
2020 
2016 
2016 
2019 
2020 
2030 
2023 
2019 
2023 
2023 
2004 
2015 
2006 
1997 

TABLE I11 

trans-MLz( CO)4 MOLECULES 
CO STRETCHING FREQUENCIES AND FORCE C' 

-Frequencies, cm. -I- 
Aig Big E, 

. . .  . . . 1896 

. . .  . , . 1940 
2035 1969 1921 
. . . 1945? 1889 
. .  . 1955? 1902 
. . .  . . . 1893 

2018 1937 1889 

AI(') B1 
2004 1994 
1988 1977 
1946 1926 
1929 1911 
1914 1899 
1919 1907 
1912 1901 
1915 1900 
1920 1903 
1914 1898 
1919 1905 
1910 1896 
1882 1908 
1881 1912 
1880 1900 
1855 1873 
1864 1890 
1852 1867 
1832 1858 

ONSTANTS FOR 

Force constants, 
mdynes/b. 

kz ki 
16.45 (0.28) 
15.78 (0.29)  
15.55 0.30 
15.20 (0.34) 
15.30 (0.34)  
15.23 (0.34) 
15.15 0.34 

Mannerskantz and Wilkinson9 and by Cotton and 
Zingales. lo Sheline and co-workers11,12 have recently 
(9) H. C. E. Mannerskantz and G. Wilkinson, J .  Chem. SOL.,  4454 (1962). 
(10) F .  A. Cotton and F. Zingales, Iwurg .  Chem., 1, 145 (1962). 
(11) G. R. Dobson, M. F. Amr El Sayed, I. W. Stolz, and R. K. Sheline, 

(12) 1. W. Stolz, G. R. Dobson, and R. K. Sheline, ib id . ,  2, 323 (1963). 
i b i d . ,  1, 526 (1962). 

B2 ref. 

1986 4 
1968 4 
1921 4 
1899 4 
1877 7 
1881 7 
1876 7 
1890 4 
1893 4 
1869 9 
1868 9 
1867 9 
1843 13 
1833 13 
1840 11,13 
1810 3 
1818 3 
1809 3 
1791 11 

k1 

16.30 
15.92 
15.35 
14.64 
14.49 
14,64 
14.58 
14.81 
14.82 
14.73 
14.75 
14.72 
14.10 
13.95 
14.08 
13.68 
13.76 
13.68 
13.40 

k2 

16.44 
16.34 
15.60 
15.41 
15.32 
15.41 
15.32 
15.32 
15.33 
15.38 
14.49 
15.37 
15.46 
15.52 
15.40 
15.07 
15.25 
15.01 
14.84 

ki 
0.27 
0 .28  
0 .38  
0 .35  
0.36 
0.36 
0.32 
0.36 
0.36 
0.36 
0.37 
0.37 
0 .38  
0 .38  
0.41 
0.45 
0.42 
0.47 
0.45 

reported data for compounds containing acetonitrile, 
acetone, alcohols, ethers, dimethylformamide (DMF), 
and methylformamide (MF) as substituents, while 
a very recent paper gives further data for acetonitrile 
compounds.13 Additional data are to be found in other 
places, but the references cited give a body of data 
which appears to be entirely representative and 
sufficiently large and varied for our purposes. 

Using data from the sources cited, Tables I-V were 
compiled. In  general, the criteria for making the 
assignments and methods for computing the force 
constants were just those discussed in the earlier 
papers.2,s I t  may be noted that for ML(C0)5 species, 
the assignments previously proposed2j3 and verified in 
one instance2 by Raman data are now confirmed in 

(13) B. L. Ross, J .  G. Grasselli, W. M. Ritchey, and H. D. Kaepz, i b i d . ,  
2, 1023 (1963). 
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TABLE I V  
CO STRETCHIKG FREQUENCIES ASD FORCE CONSTANTS FOR 

cis-ML3( C0)3 MOLECULES 
Force constants, 

Frequencies, cm. -1 Data  mdgnes/& 
Compound A1 E ref. ki ki 

Mo(PFs)a( C0)3 2090 2055 5 16.98 0.33 
Mo(PC1s)dCO)a 2040 1991 4,8 16.27 0.27 
Mo(AsC13)3(CO)s 2031 1992 8 16.23 0.21 
Mo(SbCls)3(C0)3 2045 1991 8 16.31 0.29 
Mo(PCI?OCgHj)3(C0)3 2027 1969 4 15.97 0 .31  
Mo( PCl*C6Hj)3( C0)3 2016 1943 8 15.64 0.39 
MO[P(OCEH~)~]Z(CO)~ 1994 1922 4 15.31 0.38 
Cr[P(OC&)~]3(CO)3 2008 1912 6 15.26 0.50 
M O [ P ( O C Z H ~ ) ~ ] ~ ( C O ) ~  1971 1885 4 14.80 0 .45  
Mo[P(OCHs)3]3(CO)s 1977 1888 4 14.85 0.46 
M o [ P C I ( C ~ H ~ ) ~ ] ~ ( C O ) ~  1977 1885 8 14.83 0 .48  
Mo[P(CH3)3]a(CO)a 1945 1854 4 14.35 0.47 
M o [ P ( C Z H ~ ) ~ ] ~ ( C O ) ~  1937 1841 4 14.18 0.49 
MO[P(CeHj)3]3(CO)3 1934" 1835' 4, 8 14.10" 0.50 
M O [ S ( C H ~ ) ~ ] ~ ( C O ) ~  1925 1799 10 13.70 0.63 

Mo(SC&)3(C0)3 1925 1821 10 13.91 0.52 
M o ( S ~ C S H ~ ~ ) (  CO)3 1932 1812 9 13.86 0.61 
Cr(S3CJLa)(CO)3 1932 1818 9 13.92 0.59 
Cr(CH3CN)dC0)3 1910 1782 13 13.45 0.64 

W(CH3CK)3(C0)3 1885 1778 13 13 30 0.53 
Cr( dien)( C0)s 1895 1759 3 13.10 0.70 
Mo(dien)( CO)3 1898 1758 3 13.13 0 .73  
W(dien)( C0)3 1888 1751 3 13.05 0.67 
a Frequencies from mull spectra due to insolubility of the com- 

pound; frequencies in solution would probably b: 10-20 cm.-' 
higher and hence kl  is probably -14.25 mdynes/A. 

M o [ S ( C ~ H ~ ) ~ ] ~ ( C O ) ~  1930 1826 10 13.99 0 .53  

M o ( C H ~ C N ) ~ ( C O ) ~  1915 1783 13 13.50 0.66 

the solid line a t  low ki  values is such as to make i t  
reach an extrapolated ki of zero when the number of 
7r-electrons per CO reaches an extrapolated value of 
zero. 

trans-ML3(C0 j 3  Molecules.-The secular equations 
for these species have not been presented before; they 
are given in Table VI. trans-ML3(C0)3 molecules 
have apparently not yet been isolated or even obtained 
in solution essentially free of the corresponding cis 
isomers and other ML,(CO)6- species. Therefore 
uncertainties arise even in the process of determining 
which absorption bands may be attributed to trans- 
MoL3(C0)3 species. in addition to the uncertainties 
which may subsequently occur in deciding how the 
observed frequencies are to be assigned to the normal 
modes. Poilblanc and Bigorgne4 have reported data 
(see Table V) which may be used in an attempt to 
make correct assignments, and these data form the 
basis for the following discussion. 

We turn first to the compound trans-Mo [ P ( O C Z H ~ ) ~ ] ~ -  
(CO)3, for which three distinct frequencies were ob- 
served in both the infrared and the Raman spectra 
and the following assignments were suggested. 

1988 (weak); 1990 (strong) cm.-' 

A1 i 1909 (medium); 1915 (medium) c m P 1  
Bi 1883 (medium); 1870 (very weak) cm.-l 

Upon solving the secular equations with these as- 
signments, and using for the frequencies the average 

TABLE V 
CO STRETCHING FREQUENCIES AND FORCE CONSTAXTS FOR trans-MLa( CO)3 MOLECULES" 

---------Freuuencien. crn - --Force constants, mdync5/A-.--- 
)\,cZ, 

2056 
2042 
2017 
2017 
1993 
1989 
1989 
1952 
1961 

AI (1) 

-1980 
-1963 

1932 
1924 
1890 
1912 
1877 
1846 
1854 

several other cases by the Ranian data supplied by 
Poilblanc and B i g ~ r g n e . ~  
In part I J2  i t  was suggested that "stretch-stretch 

interaction constants should probably increase with 
increasing replacement of CO by ligands of lower 
a-bonding ability." As an obvious corollary to this, 
one might propose also the rule that in compounds 
of a given type, as the n-acceptor ability of the sub- 
stituents decreases, making more d7r-electrons avail- 
able to  the CO groups, the stretch-stretch interaction 
constants should increase. The data in Table I V  for 
cis-&&(C0)3 molecules are sufficiently extensive to 
provide a stringent check on this proposal. Figure 1 
shows a plot of ki values for the ~ i s - A l o L ~ ( C 0 ) ~  com- 
pounds, which demonstrates that this rule is very well 
fulfilled indeed. (The origin of the lower abscissa 
scale will be explained later.) The limiting slope of 

Bi 

-1980 
-1963 

1924 
1932 
1919 
1877 
1912 

" - 1887 " 
(1890?) 

A 1 

15.96 
15.70 
15.22 
15.09 
14.53 
15.05 
14.32 
13.86 

(13.95) 

hsz 

16.38 
16.12 
15.61 
15.67 
15.41 
14.97 
15.32 
14.70 

(14.85) 

kn 
0.27 
0.28 
0 33 
0.30 
0 27 
0.37 
0.28 
0.27 

(0.27) 

values 19S9. 1912, and 1877 cm.-', the following 
force constants are obtained: k1 = 15.05, k z  = 14.97, 
and ki  = 0.37 mdynes/A Since, as shown previ- 
ously, we must expect kl < hz,  these simple computa- 
tions tell us a t  once that this assignment is incorrect, 
in the sense of being inconsistent with the generally 
accepted, qualitative ideas as to the nature of M to 
CO bonds. There do not appear to be any experi- 
mental criteria supporting the above assignment ; 
we therefore accept the conclusion that i t  is incorrect 
and search for a new one. The form of the secular 
equations, together with the conditions k1 < kz and 
k ,  > 0, requires that the band of highest frequency 
be due to an rZ1 mode, and, specifically, to the one 
arising mainly in the trans pair of CO groups 
As shown by Orgel,14 the fact that  this band is the 

(14) 1, I.. Orgcl, I n u i 6  Chc in ,  1, 25 (1062). 
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TABLE VI 
SECULAR EQUATIONS AND RELATED INFORMATION ON co STRETCHING MODES IN trans-ML,( C0)3 

Sym. 
species 
of co 

Type of Molecular stretching -Secular equations- --- 
molecule sym. modes Activities “Exact” “Approximate” 

frared 
Bi 

weakest of the three also suggests the same assignment 
for it. Therefore the only other assignment which 
may be considered is:  AI(^), 1989; Al(l), 1877; BI, 1912 
cm.-l. With this assignment we obtain the follow- 
ing force constants: kl = 14.32; kz = 15.32; ki = 
0.28 mdynesl8. Since these are well in accord with 
the requirement k1 < kz, and ki has a reasonable value, 
we conclude that this is the correct assignment. 

In  an exactly similar way, we also conclude that 
for Mo [P(OCH3)3I3(C0)3 the assignment Al(l), 1890; 
A1(2), 1993; B1, 1919 cm.-l, which leads to the force 
constants k1 = 14.53; kz = 15.41; ki = 0.27 mdynes/ 
8. is correct, rather than the one previously suggested4 
in which the freqhencies of the Al(l) and B1 modes are 
reversed. 

Now, following arguments similar to those previ- 
ously used3 for ML(C0)s molecules, it  may be expected 
that the frequency of the mode will vary more 
rapidly with the T-acceptor strength of L than will 
the frequency of the B1 mode. Hence, as the T- 

acceptor strength of L increases, P A ~ W  will rise closer to, 
and possibly become equal to or even greater than, 
YB,, while a decrease in the n-acceptor strength of L 
will cause V A ~ W  to move even further below Y B ~ .  With 
these considerations in mind, assignment of the spectra 
of the trans-MoL3(CO)3 molecules with L = P(C2H5)3, 
P(CH3)3, P(OCeH5)3, PC&(OCzH6), and PC13 may be 
considered. 

For trans-Mo [P(OC6H6)3].i(C0)3, Poilblanc and Bi- 
gorgne report All 2017; AI, 1932; B1, 1924 cm.-l. 
Since, as shown later, P(OC6H5)3 generally behaves 
as a stronger 9-acceptor than do P(0-alkyl), groups, we 
expect vgl  - V A ~ U )  to be smaller than in the above 
P(OC2H6)a and P(OCH3)3 compounds, and, perhaps, 
even negative as in the above assignment. However, 
the alternative in which the assignments of the 1932 
and 1924 cm.-l bands are interchanged cannot be 
ruled out. Table I1 shows the set of force constants 
obtained with each of these possible assignments; 
they appear about equally acceptable. 

For the t ~ u n s - M o L ~ ( C 0 ) ~  molecules in which L = 

P(C2H5)3 and P(CH3)3, Poilblanc and Bigorgne4 re- 
port only two bands, the higher ones at  1953 and 1962 
cm.-l, respectively, and the lower ones at  1846 and 
1854 cm.-I, respectively. The upper ones must cer- 
tainly be due to the A1(Z) modes. The postulate that  
the lower ones represent superposed A1(l) and B1 bands 

CO STRETCHING FORCE CONSTANT, Md/A 

s c  
0 3  0.0 

I .o 1.5 2.0 
TELECTRONS PER CO 

Fig. 1.-Graphical demonstration of the proposition that the 
greater the r-electron population in the M-C bonds, the greater 
the CO-CO stretching interaction constant. Data for cis- 
MLa(C0)a molecules from Table IV. 

is inadmissable, since in these molecules v g l  - Y A ~ W  

must be even greater than in the molecules with L = 
P(O-alk~1)~. Poilblanc and Bigorgne assign the lower 
frequency bands to the Al(l) modes and give no fre- 
quencies for the B1 bands which ought, by analogy 
with the results for other compounds, to be of com- 
parable intensity. Using the frequencies 1953 cm.-l 
for and 1846 cm.-l for A1(l) in the P(C2H5)3 corn- 
pound and assuming ki = 0.27 mdyne/8., we can 
calculate k1 and kz and then a frequency for the B1 
mode. The result is -1887 cm.-l. We believe that  
Fig. 3 of Poilblanc and Bigorgne’s paper4 shows a 
definite indication of the presence of this band, al- 
though they do not record such an absorption in their 
Table VIIA. Analogously, for the P(CH3)3 complex, 
we would predict a B1 band a t  -1890 ern.-', but 
in this case, the spectrum is not depicted so that the 
prediction cannot be checked. 

For tr~ns-Mo(PCl&(CO)~ and trans-Mo(PC120CzH5)y- 
(CO)3, Poilblanc and Bigorgne4 report only two fre- 
quencies, which they assign to A.l and B1 modes, leaving 
blaqks for the remaining A1 modes. On the basis 
of earlier considerations, it seems plausible that the 
lower frequencies correpond to superposed Al(l) and B1 
bands. When such an assignment is made in each of 



706 F. A. COTTON Inorganic Chemistry 

able lor M-C r-boilding, that is, one per 11-C bond. 
In a cis-triaminetricarbonyl, cis-M (RsN) a( CO) 3 ,  there 
are six metal dn-electrons for only three M-C bonds, 
assuming as before3 that the M-N bonds are pure U- 
bonds. Thus, in going from M(CO)6 to cis-M(R3Nj3- 
( c o ) ~ ,  the &.I-C bond order should increase by 0.5 if 
the available dn-electrons tend to be fully used. If we 
assume that the sum of bond orders to carbon is a 
constant, an increase of 0.5 in the M-C bond order 
implies a drop of 0.5 in the C-0 bond order, and 
according to the approximately linear relationship be- 
tween C-0 stretching force constant and C-0 bond 
order there should be a decrease of 0.5 X 6.8 = 3.4 
mdynes/A. in the CO force constant. According to 
the results in Table IV of ref. 2,  the decreases in CO 
stretching constants on going from M(CO)6 molecules 
to the corresponding M(dien) (CO)s  molecules are 3.39, 
3.39, and 3.36 mdynes/A. for M = Cr, Mo,  and W, 
respectively. This excellent agreement we take as 
evidence for the essential correctness of the assump- 
tions which are made in this series of papers about the 
manner and degree of multiple bonding in the com- 
pounds under discussion. It is necessary to point out, 
however, that the validity of the correlation could be 
defended on the basis of less exact agreement, since the 
force constants probably have uncertainties of a t  least 
f 0.1 rndyneja. 

20 

a 15 
\ 
U 
E .. 
t c 
0 

c I O  
0 
0 
Q) 

2 
9 

5 

i 
0 

I I I 

I 2 3 
Formal Bond Order 

Fig. 2.--Variation of CO and CC stretching force constants 
with formal bond order, n. Data taken from ref. 15. 

these molecules, very reasonable force constants are 
obtained, as shown in Table V. 

Other Compounds.-For all other compounds, the 
assignments and computations were made using the 
previously published secular equations2 and reasoning 
analogous to that discussed fully in the earlier papers.*r3 

111. Correlation of Changes in Force Constants with 
Changes in CO Bond Orders 

-4s will be discussed in detail in section VI ,  the CO 
stretching constants obtained by the method used 
here are not rigorous. However, diferences between 
these force constants in a series of compounds of the 
same stoichiometric and structural type, ML,(CO)e- ,2 ,  

should have rigorous significance, a t  least to a good 
approximation. These differences should therefore 
bear a direct relation to the actual numbers of T- 

electrons involved in the M-C and C-O bonds and to 
the bond orders. 

In order to establish such a relationship, data were 
taken from an existing compilationlj of CO stretching 
force constants in some simple molecules and also, for 
comparison, for some CC force constants. In Fig. 2 
these are plotted against the formal CO and CC bond 
orders. It will be noted that in both cases, the rela- 
tionship is essentially linear between bond orders (n) 
of -1.5 and 3.0, with a slope A k / A n  of -6.8 mdynes/ 
A. per unit of bond order for CO bonds. 

For M(C0)E there are six metal dn-electrons avail- 

(15) E. B. Wilson, Jr , J. C. Decius, and P. C. Cross, “Molecular Vibra- 
tions,” McGraw-Hill Book Co., New York, S. I.., 1955, p. 175, Table 8-1. 

IV. Assessment of r-Acceptor (and a-Donor) Abilities 
of Various Ligands 

Qualitative ordering of ligands in terms of relative 
n-acceptor strengths in metal carbonyls is not a new 
p r o ~ e d u r e . ~ ~ ~ ~ ’ ~ ~ ~ ~  To the extent that  such ordering 
as can be inferred from each of the Tables I-V are 
comparable to one another, they agree and, moreover, 
they all agree with the fairly extensive series recently 
given by Horrocks and Taylor. l 6  However, this limited 
sort of result could have been obtained from the 
frequencies alone without recourse to the force con- 
stants. In the following paragraphs of this section, 
i t  will be apparent that the force constants permit com- 
parisons and (at least rough) quantitative estimates 
which cannot be made using only the frequencies. 

P(II1) Ligands.-It may be seen in all of the Tables 
I-V that these ligands span a considerable range of 
a-acceptor strength depending on the identity of the 
three groups attached to the phosphorus atom. 

The complex Mo(PF3)3(C0)3 is unusually interesting. 
The idea that PF3 should be a very potent acceptor of 
a-electrons, comparable in this respect to CO itself, 
was advanced many years ago,18-*0 and qualitative 
confirmation was provided.20 From the force constant 
in Table IV, it can be seen that PFs is actually a 

( l a )  W. D. Horrocks, Jr . ,  and R. C. Taylor, 1,roi.g. Chem., 2, 723 ( I U M ) .  
(17) I,. S. Meriwether and hi. L. Fiene, J. Am. Chem. SOC., 81, 4200 

(18) A. A. Blanchard, Massachusetts Institute of Technology, personal 
see J. W. Irvine, Jr . ,  and G. Wilkinsotl, 

(1Y59). 

communication t o  J. W. Irvine; 
Science ,  113, 742 (1951). 

(19) J .  Chat t ,  Natuve, 165, 1337 (19501. 
(20) G. Wilkinson, J .  Am. Cliem. Soc., 73, 5501 ( l Q 5 l ) .  
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noticeably stronger n-acceptor than CO. 21 This fol- 
lows from the fact that  the comparable force constant 
for Mo(CO)e, as reported earlier,2 is 16.52 mdynes/A. 
It is to be noted that from observed frequencies alone, 
without recourse to force constants, a comparison such 
as this could not have been made. It is possible to go 
a little further and state that  since the CO force con- 
stant in M o ( P F ~ ) ~ ( C O ) ~  is -0.5 mdyne/A. higher than 
that in Mo(CO)e, the CO bond orders are -0.5/6.8 
or 0.07 higher. This in turn means that each CO is 
obtaining some 0.14 electron less in Mo(PF3)3(C0)2 
than in MO(CO)G and, therefore, of the six dn-electrons 
available, the CO groups are getting 3 - 3(0.014) = 
2.58 while the PF3 groups are presumably getting 3.42. 
PF3 is thus about 3.42/2.58 = 1.32 times stronger a n- 
electron acceptor than CO. Naturally, this figure 
should not be taken too literally, but i t  probably repre- 
sents an estimate which is reliable within limits of, 
say, 20%. Qualitatively, the same general conclusion 
about PFI can be reached from data for Ni(PF3).- 
(C0)4-n species.22 

Molecules with Alcohols, Ethers, and Ketones as  
Substituents.--The assumption made earlier that  
amines are ligands with n-acceptor strength of zero, 
due to the absence of any vacant low-lying n-orbitals 
on the nitrogen, would have as an obvious corollary 
that alcohols, ethers, and, to the extent that  the canoni- 
cal form I is unimportant, ketones also have n-acceptor 

R 

c --0 ’ \ 

/ 
R 

I 

strengths of zero. This is confirmed by the fact that  
for all of the complexes in which such ligands occur, 
the frequencies and force constants do not differ signifi- 

(21) Since the force constant was calculated from frequencies measured 
on a spectrum of the solid compound, i t  is to be considered a lower limit, 
and might well be 0.1-0.2 unit higher if obtained from data for a solution. 

(22) M. Bigorgne, BzdL SOC. Chim. Fvaizce, 1986 (1960), reports CO 
stretching frequencies for these molecules, while H. Stammreich, et al., J .  
Chem. Phys . ,  36, 2168 (1961), give the  frequencies of the AI and TI CO 
stretching modes of Ni(C0)a. From these data, using the equations 

XiL$(CO) X = p k  
one obtains the following values for k and ki 

Ni( CO)a k = 16.67; k ,  = 0.51 

Xi(PF)a(CO)s k = 17.27; ki = 0.35 

Ni(PF3)z(CO)z k = 17.32; ki  = 0.37 
Ni(PF)8(CO) k = 17.35 

Thus, an effect of similar magnitude to  tha t  in Mo(PFs)a(CO)a is evident, 
but due to  the mixing of T and c character of some d-orbitals, there is no 
secure way to  a t tempt  a more quantitative interpretation for these mole- 
cules. 

cantly from those for the analogous amine complexes. 23  

Nitrile Complexes.-The data for several of these, of 
different stoichiometric types, clearly indicate that 
acetonitrile possesses a small but real ability to accept 
a-electrons in competition with CO groups. In 
resonance terms, we may say that the canonical form 
I Ib  makes a finite contribution, Using, for simplicity, 

+ -  - +  
-C=N-M -C=P\?=M 

IIa IIb 

the data on the ~i.s-MLa(C0)~ compounds, and noting 
that k in the CH3CN compounds is -0.35 mdyne/A. 
higher than in the M(dien)(COI3 compounds, we may, 
by an argument analogous to  that used above for the 
PF3 complex, conclude that in the M(CH3CN)3(C0)3 
complexes, the CO groups are getting only 1.9 T- 
electrons apiece as compared to 2.0 in M(dien)(C0)3 
and thus assign canonical forms I Ia  and I Ib  relative 
weights of 0.95 and 0.05 in a resonance hybrid descrip- 
tion of the bonding. 

Dimethylformamide and Methylformamide Com- 
plexes.-A feature of extreme interest in Tables I and 
I1 is the data for substituted carbonyls containing 
dimethylformamide and methylformamide. In  these 
molecules the CO frequencies and force constants are 
lower than those for analogous amine-, alcohol-, or 
ether-containing molecules, implying that the form- 
amides have less than zero a-acceptor strength. Physi- 
cally, this can only mean that these molecules are, in 
fact, n-donors. So far as is known to the author, 
this is the first explicit postulation of a-donor substitu- 
ents in metal carbonyls. 

The a-donor capacity of the formamides can be 
understood by considering the bonding in terms of the 
hybridization of the canonical forms (111). As before, 

RzN R1N 

C=O:M -++ C--O==:l/f \\ 

/ 
\ 
/ 

H H 
IIIa IIIb 

an estimate of the relative importance of the contribu- 
tions of these canonical structures to the resonance 
hybrid can be made using the force constants. Here, 
however, we are forced to  deal with the less simple 
ML(C0)s and c i s - M L ~ ( C 0 ) ~  cases, with the added 
complication, which has arisen before in the pyridine 
and bipyridyl compounds, that  the n-bonding is not 
cylindrically symmetrical. 

For the ML(C0)s species, we may assume, as in the 
pyridine compound, that  the orientation of the ligand 
is such as to a-bond equally to  all the cis-CO groups. 
It then interacts with two dn-orbitals, both of which 
also interact with the one trans-CO (CO(l)) and both 

(23) It has been reported [A. Werner and T. H. Coffield, Chem. Ind .  
(London), 936 (1960) I ,  t ha t  Mo(dig1yme) (C0)a has frequencies appreciably 
lower than those for Mo(dien)(CO)a and this has led E. W. Abel [Qziavl. 
Rev. (London), 17, 133 (196311 t o  suggest t ha t  the CO force constants must 
be quite sensitive to  the electronegativity of the ligand atoms. However, 
this compound has been examined only in the  svlid state and,  curiously, i t  
is very insoluble in all t he  usual organic solvents with which it does not 
react. Attempts are currently being made to  reinvestigate its spectrum 
under conditions more suited to  making a comparison with other data. 
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TABLE VI1 
OBSERVED CO STRETCHIXC FREQUEXCIES AXD CALCULATED FORCE CONSTANTS FOR MnX( CO)s MOLECULES 

-----Observed frequencies, cm. -I--- --Force constants, mdynes/A.------ 
X AiCz)  AI^) E Solvent Source hi kz ki  

e1 2148 2002 2063 cc14 a 16.27 17.63 0.22 
2138 1999 2054 cc1, b 16.23 17.49 0.22 

Br 2144 2004 2056 cc14 U 16.31 17.53 0.23 
2133 2001 2050 cc1, b 16.24 17.41 0.22 

I 2133 2005 2048 cc14 a 16.33 17.41 0 .22  
2125 2003 2044 cc14 b 16.28 17.21 0.22 

CH3 2116 1991 2015 cc14 U 16.14 16,92 0.26 
2108 1989 2010 CsHnCla C 16.12 16.82 0 .25  

C2F5 2130 2023 2038 CzHnCI, c 16.67 17.25 0.24 
Unpublished measurements by Dr. C. S. Kraihanzel. J. C. Hileman, I). I<. Huggins, and H. D. ICaesz, Inorg. Cheiiz., 1, 933 

(1962). E. Pitcher and F. G. A. Stone, Spectrochinz. Ada,  18, 585 (1963). 

of which also interact with all four of the cis-CO 
(CG@)) groups. Thus, any n-electron density injected 
by L into M(C0)b will go “5 to CO(’) and ‘ / 6  to each 
CO(2). We might then expect k1 to be lowered four 
times as much as is kz on going from M(R2NH)(CO)5 
to M(DMP)(CO)j, and in fact Akl = -0.73, while 
Ak2 = -0.16, a ratio of 4.5. It should be remem- 
bered, however, that estimating the uncertainty in 
each force constant, somewhat conservatively, per- 
haps, as + O . l  mdyne/A., this ratio might actually be 
anything in the range 1.5-100. From the shift in K 1 ,  

which is larger and hence more reliable, we might deduce 
that the dimethylformamide injects (j1’4) (0.7316.8) or 
0.14 electron pair into M(C0)5, whence we may say 
that the relative weights of IIIa and I I Ib  in the reso- 
nance hybrid must be about 0.86 and 0.14, respectively. 
For W(DMF)2(C0)4 the shifts are so small and the 
uncertainty as to what should be assumed about the 
orientation of the ligand n-system relative to the 
dn-orbitals of the metal is so great as to render a 
quantitative discussion unprofitable. It may also be 
noted that the shifts in Mo(MF)(CO)s are smaller 
than those in Mo(DMF)(C0)5. This might be ex- 
pected because of the inductive effect of methyl groups 
which is exemplified in the decrease in the vco or “amide 
I” bands as one goes from secondary (1700-1670 cm.-l) 
to tertiary (1670-1630 cm.-I) amidesz4 

V. Manganese Carbonyl Compounds 

XMn(C0)6 Compounds.-Table VI1 records data 
for several different compoilnds of this type taken partly 
from the literature and partly from work done here. 
Following the arguments used previously1r2 for the 
monosubstituted group VI carbonyls, the bands can 
he assigned as shown and with these assignments the 
three force constants can be calculated. A much more 
thorough investigation of these and other, new XMn- 
(COj5 compounds is in progress, so that discussion 
here will be curtailed. A few qualitative observations 
are the following. 

The over-all variation of the force constants is not 
large. If both CH3 and C2F6 are assumed to be in- 
capable of any n-interaction with k h ,  the differences 

(24) Cf. L. J. Brllamy, “The Infrared Spectra oC Complex Molecules,” 
2nd Ed., John Wiley and Sons, Inc., Xew York, N. Y.,  1!)58, p. 205, Table 
12. 

here give a measure of inductive effects; both kl and 
ka should have the same dependence on this factor and, 
within experimental error, they do. For compounds 
of the three halogens, which have inductive effects 
lying between those of CH3 and CzF5, the force con- 
stants are very similar in magnitude; they do not, 
however, lie between those of the CH3 and C2F5 com- 
pounds in the case of ka.  It  is a t  present uncertain 
whether this discrepancy i s  meaningful, but a t  least i t  
can be said that the net n-electron-withdrawing (or 
donating) powers of the halogen atoms are not greatly 
different from zern.24a 

[Mn(COl4X J 2  Compounds.-The compound in which 
X = Br has been studiedz5 by X-ray diffraction and 
shown to have two Br bridges and idealized molecular 
symmetry D2h. The molecule thus consists of two 
cis-MnX2(CO)4 units fused together on the X-X line 
and i t  may certainly be expected that coupling be- 
tween the CO stretching modes in one unit and those 
in the other will be negligible. Therefore, the BlU, 
Bsu, and 2B3, CO stretching fundamentals of the 
dimer may be treated as identical with the B1, B2, and 
2A1 CO stretching modes of a cis-MLZ(CG)4 molecule 
and the secular equations presented previously2 may 
be used. El-Sayed and KaeszZG have recently reported 
the four frequencies for the molecules containing C1, 
Br, and 1. Table VI11 shows the observed frequencies, 
the assignments here proposed, the force constants 
obtained from these data, and the frequencies calculated 
from the force constants. Since there are four fre- 
quencies and only three constants to be determined, 
i t  is possible to choose various sets of constants, none 
of which, in general, exactly reproduces all of the 
observed frequencies. The constants reported in 
Table VI11 give frequencies with the least mean square 
deviation from those observed, and in each case the 
agreement is satisfactory considering the probable 
uncertainties in the data and the approximate nature 
of the secular equations used. The justification for the 
assignments used and the method of obtaining the 
force constants will now be explained.27 

(%a) K-OTE ADDED IN PR0DF.-Further work, in cooperation with Dr. J. 
A. hlci‘leverty, has led to  the conclusion that  CFI (and t hus ,  presumably, 
also C ~ F S )  possesses a small, but appreciable, a-acceptor capacity in such 
molecules, 

(25) I*, F. Dah1 and C.-H. Wei, A ~ l u  Ciyst., 16, 611 (lsfia). 
(26) SI. A. El-Sayed and H. D. Kaesz, I n o v g .  Chew. ,  2, 158 (lC183). 
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TABLE VI11 
OBSERVED CO STRETCHING FREQUENCIES, ASSIGNMENTS, FORCE CONSTANTS, 

AND CALCULATED FREQUENCIES FOR [MnX( C0)4]2 MOLECULES 
-Observed frequenciesa (cm. -1) and assignmentsb- Y F g r c e  constants, mdynes/A.-- -----Calculated frequencies, cm. -1---- 

X A,(’) (Bsu) All1) (B3d B1 (BIu) Bz (Bzu) ki ka k, Ai(a) Ai(’) B1 Ba 

c1 2104 2012 1045 1977 16.06 17.24 0.20 2098 1999 2042 1982 
Br 2099 201 1 2042 1975 16.07 17.23 0.20 2097 2000 2042 1982 
I 2087 2009 2033 1976 16.10 17.10 0.21 2090 2001 2032 1983 

Xotation appropriate to MnXdCO) ,with CZ, symmetry with that for the dimer of DZh symmetry in parentheses a From ref. 26. 

TABLE IX 

FREQUENCIES (cM.-~) IN [MnCl(C0)4]2 
THE SIX POSSIBLE ASSIGNMENTS O F  THE co STRETCHING 

I 2 3 4 5 6 

Ai(’) 2104 2104 2104 2104 2104 2104 
Ai(’) 2045 2045 2012 2012 1977 1977 
Bi 1977 2012 2045 1977 2045 2012 
€32 2012 1977 1977 2045 2012 2045 

As we have noted earlier, the form of the secular 
equations, coupled with the assumptions (1) that ki 
> 0 and (2) k1 < kz require the A1 mode, A1(2), which is 
localized mainly in the CO groups cis to the substitu- 
ents (the CO(2) groups) to have the highest frequency. 
The assignments of the other three modes are not 
subject to any general restrictions and thus six assign- 
ments have to be considered as possible ones a t  the 
outset. For [MnC1(C0)4]z, these are indicated in 
Table IX. It can be seen from Table VI11 that the 
pattern of CO stretching frequencies is so nearly in- 
dependent of whether X is C1, Br, or I that  fixing the 
assignment in the chloro compound will fix i t  for all 
of them. 

From the frequencies of the B1 and Bz modes, one 
can calculate k1 and kz for any assumed value of ki. 
From the two A1 frequencies one can also calculate 
k1 and kz, but only for assumed ki values between 0 
and some upper limit beyond which the stretching 
constants become complex numbers. Such calculations 
have been carried out for each of the six assignments, 
and the results are presented graphically in Fig. 3. 
I n  each case, the highest value of ki is the limiting 
one in the AI quadratic equation. 

Five of the six assignments can be rejected on the 
basis of the force constants they give, namely, num- 
bers 1, 2, 4, 5, and 6. Assignment 1, for example,28 
has two serious difficulties: (1) throughout the entire 
range of ki, the B1 and Bz frequencies lead to k1 < 
kl, and (2) nowhere in the range of ki do the two values 
of kl and, a fortiori, of k2 come a t  all close together. 
In short, there is no way to choose a reasonable value 
of k; and real values of k1 and k2 and get an acceptable 
fit to the observed frequencies when they are identified 
as in assignment 1. Assignment 2 is satisfactory in 
giving kz > k1, when these are obtained from the 

(27) The method used here is different from that used previouslyz-4 in 
treating cis-ML2(COh molecules, because in the present cases all four 
bands are well resolved and their frequencies equally reliable In previous 
cases, one band has been poorly resolved or unresolved and the treatment 
was such as t o  permit the maximum disagreement between calculated and 
ohserved frequencies to occur with this particular band, while securing the 
best agreement for the remaining three. 

Professor 
Kaesz (private communication) has expressed a preference for the assign- 
ment proposed here over the one suggested earlier 

(28) This is the assignment proposed by El-Sayed and Kaesz. 

_/-- I----- / t,. 

t t \  I \I-\ 

2 4 --- --_____- -- -___---- 
I 1  I l l  1 

0 0.1 0.2 0.1 0.2 0.3 0.1 0.2 0.3 0.4 0.5 

Fig. 3.-Force constants, k1 and kz, for [MnCl(CO)r]*, calcu- 
lated as functions of ki for the six possible assignments as listed 
in Table IX. Solid lines are for kz values and dashed lines for 
kl values. Straight lines are k values obtained from the B1 and 
Bz frequencies; curves lines are k values obtained from the A1 
frequencies. 

frequencies of the B1 and B2 modes, but fails insofar 
as the force constants obtained from the A1 modes 
are greatly different from those from the Bl and Bz 
modes for all acceptable values of ki.  Much the same 
criticisms may be made of the force constants given by 
assignments 4,5, and 6. 

Assignment 3 alone produces acceptable force con- 
stants. For k$ values between -0.1 and -0.25, 
the two values of k1 differ by 0.20 or less, as do those 
for kz, and all k1 values are less than k2 values. For 
ki = 0.165, the agreements between the kl values 
and between the k2 values are simultaneously best, 
and the mean values of k1 and kz a t  ki = 0.165 produce 
a set of frequencies which agree with those observed 
to within the expected limits of the data and the prob- 
able reliability of the approximations used in setting 
up the secular equations. 28a 

truns-MnBrLz(C0)3.-For these species, Angelici, 
Basolo, and have recently reported CO stretch- 
ing frequencies and assignments. The latter were 
based on intensity considerations (for A1(2)) and on the 
assumption that since Br is a poorer .rr-acceptor than 

(28a) NOTE ADDED IN PRooP.-Orgel (Inorg. Chem., 3, 303 (1964)) has 
also proposed this assignment using his qualitative method. However, the 
methods used here do not support his further suggestion that assignment 4 
is “just possible” if the interaction constants have values “very different” 
from the usuat ones, because the required “very different” values either 
would be negative or would lead to imaginary stretching Constants, and we 
do not believe that either of these situations merits consideration. 

(29) R. J. Angelici, F. Basolo, and A. J. PoE, J .  Am. Chem. SOG., 85, 2216 
(1963). 
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TABLE X 
co STRETCHlXG FREQUENCIES AND FORCE CONSTANTS IS 

trans-MnBrL?( C0)3 MOLECULES~ 

ligands, meaning that kl < k2 ,  and using also the rela- 
tion ki > 0, we can infer from the secular equations 
that the highest observed frequency must be that of 
the mode. There are then two possible assignments. 

L A L ( ~ )  Ai(1) BI kl k2 The one in which the lowest frequencv is assigned to 

Frequencies observed, Force constants, 
cm. -1  mdynes/a. 

TABLE XI 
SECULAR EQUATIOXS ASD RELATED INFORMATIOS ON co STRETCHING MODES IS CkhfX\rg( CO)3 MOLECULES 

Sym. 
species 
of co 

Point stretching 
Structure symmetry modes Activities Secular equnlirms 

TABLE XI1 
CO STRETCHING FREQUEKCIES, ASSIGNMENTS, AND FORCE 

CONSTANTS FOR cis-MnBrL?( C0)3 MOLECULES 
Observed frequencies Force constants, 

(cm. -1) and assignment mdynes /k  
L Ais) AU) B k i  kz k i  

PClzCsHj 2058 1953 2004 15.56 16.58 0.36 
P(OCaHh)3 2053 1949 2000 15.50 16.50 0.35 
P(OC4Hs)a 2037 1927 1969 15.24 16.09 0.43 
P(C4Hg)B 2008 1894 1938 14.73 15.60 0.43 

the ligands, L, occurring in their compounds, V A ~ C  

should be less than v g l  Their assignments of the A1(2) 
modes is of course the only acceptable one from the 
nature of the secular equations (if k1 < k2) and, as 
shown in Table X, the force constants obtained with 
this assignment fulfill the requirement k1 < k l .  Re- 
versal of the assignments for and B1 leads to a 
violation of this requirement. Thus, the proposed 
assignments receive support from the calculations re- 
ported here. 

It may now be observed that the differences k2 - 
k1 are appreciably greater for the trans-MnBrL2(C0)3 
species than for the trans-MoL3 (C0)s species in which 
the ligands, L, are the same or similar (;.e., P(OC6&)3, 
P(O-alkyl)3, and P(alkyl)3). This is entirely in accord 
with the view that Br is a poorer T-acceptor than phos- 
phites, or trialkylphosphines, and thus also in accord 
with the conclusion drawn earlier that  the halogens 
have only weak net abilities to accept or donate T- 
electrons in these molecules. 

cis-MnBrLz(CO)3.--Angelici, Basolo, and Poell have 
also reported the CO stretching frequencies for mole- 
cules of this type, corresponding to the trans isomers of 
the same stoichiometry which were discussed above. 
The molecular symmetry, selection rules, and secular 
equations are given in Table XI. Since, according to 
the preceding discussions, Br must be a poorer acceptor 
of met31 da-electrons than the various phosphoriis(IT1) 

leads to sets of force constants which are entirely 
plausible on comparison with those for related mole- 
cules. 

VI. Relationship of the ‘ ‘Nonrigorous” Force 
Constants Used to “Rigorous” Ones30 

It is perhaps worthwhile to point out, explicitly, 
that the absolute values of the force constants obtained 
by the methods used in this and the two preceding 
papers of the series are not significant, nor can these 
force constants be directly compared with those calcu- 
lated by the same method for molecules with different 
structures. 

The first restriction may be illustrated by consider- 
ing the absolute value of the CO stretching force con- 
stant in MO(CO)~, obtained by a full matrix normal 
coordinate analysis involving all modes and taking 
account of kinetic couplings. According to Jones,31 
this constant has the value 18.1 mdynes/A., whereas 
the value obtained in this work is 16.5 mdynes/A. 

In respect to the second restriction, we may observe 
that, again according to a complete normal coordinate 
treatment by Jones,31 the CO stretching force constant 
in Ni(C0)A is 17.6 mdynes,k Thus the best “rigor- 
ous” values for the CO stretching force constants for 
Mo(CO)~ and Ni(CO)* decrease in that order, and, as 
Jones has observed, this is the order to be expected. 

However, as shown earlier, 22 using frequencies from 
a condensed phase, uncorrected for anharmonicity , one 
obtains for Ni(C0)d aforce constant of 16.7 mdynes/A., 
which is to be contrasted with our previously reported2 

(30) Rigor in calculations of force constants is, of c?urse, a relative matter 
and none are absolutely rigorous. The  constmts obtained in this and pre- 
ceeding papers are characterized as “nonrigornus” because they result 
from the use of a deliberalely incomplete force field. I n  contrast, lorce 
constants obtained using force fields which are much more complete w e ,  
relativelv speaking, “rigorous.” 

(31) I,. H. Jones, J .  C h m  Phys . ,  36, 2x73 i I P f l 2 ) ;  Fnrw rnnqf;iiils ~ i v c i i  
liere irirlii~le ni~h;irr!~imicity rot’wrt ioivi 
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comparable type of force constant, 16.5 mdynes/A. for Acknowledgment.-The author is very grateful to 
Mo(C0)e. Thus, our nonrigorous force constants are Dr. Reinhard Schmutzler for his interest and kind- 
qualitatively in the wrong ratio, though quantitatively ness in supplying information about Mo(PF3)a- 
the ratios differ rather little. (Cola. 
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Phosphorus- and Arsenic-Bridged Complexes of Metal Carbonyls. 
V1.I" Reactions of Tetrasubstituted Biphosphines and a 
Biarsine with Monomeric Metal Carbonylslb 

BY R. G. HAYTER 
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The reactions of tetramethylbiphosphine and -biarsine with the carbonyls of nickel, iron, chromium, molybdenum, and 
tungsten and of tetraphenylbiphosphine with nickel carbonyl have been studied and two types of binuclear complexes 
identified. The infrared 
and proton n.m.r. spectra of the complexes are discussed, and a few simple reactions are studied. 

The group VI metal carbonyls also give a third type of complex, which is apparently polymeric. 

The reactions of tetrasubstituted biphosphines and 
tetramethylbiarsine with the dimeric metal carbonyls 
(cobalt and manganese2) and with the dimeric cyclo- 
pentadienyl metal carbonyls (ironI3 nickelI4 molyb- 
d e n ~ m , ~  and tungsten4) have recently been found to 
give, in general, dimeric bridged complexes of structures 
I and 11, respectively. 

I I1 

In this paper, we describe the corresponding reac- 
tions of the monomeric carbonyls of nickel, iron, chro- 
mium, molybdenum, and tungsten. It was anticipated 
that, if these metal carbonyls were to react to  give 
bridged complexes of type I, metal-metal bonding 
would also occur in order to allow the metals to 
achieve an inert gas configuration. In  certain complexes 
of this general type, the molecule is folded along the line 
joining the bridging atoms, and i t  has been proposed 
that the metal-metal bond is bent5  One of our aims 
was to look for evidence of such folding using nuclear 
magnetic resonance spectroscopy. 

While our investigation of the reactions of the group 
VI metal carbonyls was still incomplete, we learned 
that Chatt and his co-workers had prepared similar 
compounds.6 We therefore curtailed our work on 
group VI, although in fact our investigation appears to 

(1) (a) Part V: R. G. Hayter and L. F. Williams, Inorg. Chem., 8,  613 
(1964); (b) presented in part at the 144th National Meeting of the Ameri- 
can Chemical Society, Los Angeles, Calif., March 21-April 5, 1963. 

(2) R. G. Hayter, J .  A m .  Chem. Soc., 86, 823 (1964). 
(3) R. G. Hayter, ib id . ,  85, 3120 (1963). 
(4) R.  G. Hayter, Inoig. Chem., 2, 1031 (1963). 
(5) (a) I,. F. Dahl and C.-H. Wei, Inovg. Chem., 2, 328 (1963); (b) L. F. 

Dahl, C. Martell, and D. L. Wampler, J .  A m .  Chem. Soc., 83, 1761 (1961); 
(c) G. G. Sumner, H. P. Klug, and L. E. Alexander, Acla Cryst., in press 

(6) J. Chatt, D. A. Thornton, and D. T. Thompson, private communica- 
tions, and J .  Chem. Soc,, in press. 

complement that of Chatt, et al., who used sealed tubes 
rather than solvents for their reactions and have in some 
cases isolated different products. 

Experimental' 

Infrared spectra were measured on a Beckmann IR-9 spectro- 
photometer. The nuclear magnetic resonance spectra were 
measured on a Varian Associates A-60 spectrometer, using tetra- 
methylsilane as an internal standard. All the compounds 
described in this paper (except 1 7 )  gave sharp n.m.r. spectra and 
are thus presumed to  be diamagnetic. Methyl resonances were 
observed in the range r 7.6-9.1 and phenyl resonances a t  about T 

2.65. Melting points were determined in evacuated capillaries 
unless otherwise stated and are uncorrected. 

The phosphines and arsine were prepared as previously de- 
scribed.3 The metal carbonyl compounds were obtained from 
commercial sources, except triiron dodecacarbonyl, which was 
prepared from iron pentacarbonyl .a All operations except the 
handling of the solid complexes were carried out under nitrogen. 
Chromatographic separations were carried out on Merck acid- 
washed alumina. 

Preparation of the Complexes.-The complexes listed in Table 
I were prepared by reaction between the metal carbonyl (2 
moles) and the biphosphine or biarsine ligand (1 mole). In the 
preparation of the iron complexes, Fe(C0)s was used for the 
complexes of type IV, and Fea(CO)lz for [Fen(C0)8P2(CHa)4]. 
The reaction conditions, purification procedures, yields, and 
properties of the complexes are summarized in Table I. Analyti- 
cal data are given in Table 11, and infrared data in Tables I11 
and IV. 

The reactions involving iron carbonyls deposited black solids, 
which were pyrophoric when dry and were removed by filtration 
before evaporation of the reaction solvent. Black metal-like 
solids were also formed during the reactions of the group VI 
metal carbonyls in diglyme, and these could only be partially re- 

(7) Microanalyses and molecular weight determinations were by Schwarz- 
kopf Microanalytical Laboratories, Woodside, N. Y . ,  Huffmann Micro- 
analytical Laboratories, Wheatridge, Colo., Dr. A. Bernhardt, Max-Planck 
Institut fur Kohlenforschung, Mulheim, Germany, and Pascher Micro- 
analytisches Laboratorium, Bonn, Germany 

(8) G. Brauer, "Handbuch der Praparativen Anorganischpn Chemie," 
Vol. 11, Ferdinand Enke Verlag, Stuttgart, 1960, p. 1810. 


