262 Inorganic Chemistry, Vol. 14, No. 2, 1975

(30) R.S. Codrington and N, Blombergen, J. Chem. Phys., 29, 600 (1958).

(31) (a) J.J. Fortman and R. G. Hayes, J. Chem. Phys., 43, 15 (1965); (b)
H. A. Kuska and M. T. Rogers, J. Chem. Phys., 42, 3034 (1964); (c)
1. Bernal and S. E, Harrison, ibid., 34, 102 (1961).

(32) A. Abragam, “The Principles of Nuclear Magnetism,” Clarendon Press,
Oxford, England, 1961, p 340.

(33) R.D. Bates, Jr,, B. E. Wagner, and E. H. Poindexter, in preparation.

(34) (a) I. Morishima, K. Endo, and T. Yonezawa, J. Chem. Phys., 58, 3146
(1973); (b) M. S. Davis and R. W. Kreilick, J. Amer. Chem. Soc., 95,
5514 (1973).

(35) B. E. Wagner and E. H. Poindexter, unpublished results.

(36) G. N, La Mar and G. R. Van Hecke, /norg. Chem., 12, 1767 (1973).

(37) E. Konig, Z. Naturforsch. A, 19, 1139 (1964).

Robin N. Perutz and James J. Turner

(38) E. Konig and S. Herzog, J. Inorg. Nucl. Chem., 32, 585 (1970).

(39) Y. Saito, J. Takemoto, B. Hutchinson, and K. Nakamoto, {norg. Chem.,
11, 2003 (1972).

(40) (a) J. A. Happe and R. L. Ward, J. Chem. Phys., 39, 1211 (1963); (b)
R. H. Holm, G. W, Everett, Jr., and W, D. Horrocks, Jr., J. Amer. Chem.
Soc., 88, 1071 (1966); (¢) W. D. Horrocks, Jr., and D. L. Johnston,
Inorg. Chem., 10, 1835 (1971).

(41) F.A. Cotton, W. A. Dollase, and J. S. Wood, J. Amer. Chem. Soc., 85,
1543 (1963).

(42) J. W. Fitch, 111, and J. J. Lagowski, {norg. Chem., 4, 864 (1965).

(43) R. Prins and F. J. Reinders, Chem. Phys. Lett., 3, 45 (1969).

(44) J. D. Holmes, D. A, K. Jones, and R. Pettit, J. Organometal. Chem.,
4, 324 (1965).

Contribution from the Department of Inorganic Chemistry,
The University, Newcastle upon Tyne, NE1 7RU, England

Photochemistry of the Group VI Hexacarbonyis in Low-Temperature Matrices.
I1. 1 Infrared Spectra and Structures of 13CO-Enriched Hexacarbonyls and
Pentacarbonyls of Chromium, Molybdenum, and Tungsten

ROBIN N. PERUTZ and JAMES J. TURNER"
Received June 4, 1974

AIC40357Q

The infrared spectra of the 13CO-enriched metal hexacarbonyls and pentacarbonyls have been studied in Ar and CH4 matrices
at 20 K. The hexacarbonyl spectra can be fitted very accurately in frequency and intensity using a CO-factored force
field. The spectra of the pentacarbonyls are inconsistent with a D3z structure but can be fitted accurately using a C4y structure.
Using intensity data, axial-radial bond angles (Cav structure) between 90 and 95° are calculated. The structure and force

constants are almost independent of the matrix material.

Chromium, molybdenum and tungsten pentacarbonyls have
been generated by uv photolysis of the hexacarbonyls in
hydrocarbon glasses? at 77 K and in argon matrices! at 20 K.
In the ir spectra three bands were observed in the C-O
stretching region (2.g., Cr{CQ)s in Ar: 2093 (vvw), 1965.6
(s), 1936.1 (m) em~1). The bands were assigned to the A,
E, and A1 bands, respectively, of a square-pyramidal {Cav)
molecule. The evidence for this structure as opposed to that
for a Dsa structure was based on the presence of the very wealk
high-frequency band and on the intensity ratio of the low-
frequency bands. During investigation of the uv spectra of
the pentacarbonyls in different matrices,3 it became essential
to have stronger evidence that the D3x structure was incorrect
and to estimate bond angles for a Cay structure.

In the experiments described below, the ir spectra of
13CO-enriched metal pentacarbonyls were studied using the
methods of analysis developed by Haas and Sheline,* Bor,5
and Darling and Ogden.8 The results prove that the Cav
structure for photochemically generated M{CO)s is indeed
correct.

Analysis of Spectra

When a metal carbonyl is enriched to approximately 50%
13CQ, all possible isotopic molecules {M(12C0)x(13CO) px,
x =0, 1, .., n) are present in a scrambled mixture whose
composition is determined by the statistical weights of the
different molecules. Since the vibrational symmetry is lowered
by 13CO substitution, the ir spectrum in the C—O streiching
region consists of the sum of the superimposed spectra of all
the individual molecules, each of which has a different vi-
brational pattern.

Darling and Ogden® have calculated the patterns of the
isotopic specira of metal carbonyls for those cases in which
the parent molecule has no permanent dipole moment and all
CO groups are equivalent (i.e., M(12CO)x(13CO)p-x: n =2,
Dop geometry, n = 3, D3p geometry: n = 4, Tq or Dapy =

6, Or). In such molecules there is only one C-O stretching
force constant and not more than two CO-CQ interaction
constants. Such calculations have been used to assign the
spectra of a number of metal carbonyls and dinitrogen species.’

M(CO)s presents a more complex case because it must have
at least two different CO stretching force constants and three
interaction constants whether the molecular symmetry is D3
or C4v. In intensity calculations for the C4y geometry we must
include bond angle and bond moment data.® The distinction
between Cav, D3y, or any geometry of lower symmetry rests
on detailed comparison of experimental spectra and a range
of possible theoretical spectra. We assume that the molecule
has the simplest structure for which the experimental spectra
can be matched {i.e., the structure with the minimum number
of force constants).

Such an assignment depends on having an estimate of the
errors expected in the prediction of the isotopic spectra. There
have been a number of studies of isotopically enriched car-
bonyls in solution but most have involved only partial en-
richment.? Ni(C()4 and Co(CO)3NO03 have been examined
with more extensive enrichment but these compounds have
relatively few bands; Noack and Ruch!0 studied Fe{{CO)s but
did not optimize the force constants. Johnson, ef al.,!! have
examined the spectrum of Mn(CO)sBr in chloroform during
C160-C180 exchange and have refined the Cotton—Kraihanzel
parameters and calculated intensity data; the spectra however
were only of moderate resolution. Darling!2? has generated
C18Q-substituted Cr(CO)¢ in Kr mairices by cocondensation
of Cr atoms and CO-Kr mixtures, but the specira are not sharp
enough tc merit complete analysis. We therefore decided to
analyze the M(CQ)6 species in low-temperature matrices as
a check on our calculations and to obtain an estimate of the
systematic errors in the method. (Details of the methods of
calculation of frequency and intensity are given in Appendix
2.)

Low-temperature matrices have the advantage that the
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Table I. Observed and Calculated Wave Numbers of
C1(CO), in CH, (cm™")¢

Obsd Calcd

Cr(**C0), (0) Oy, Ag 4 2113.1
Eg a 2017.5

T,y 19854 1985.6

Cr(*2C0)4(**C0) (1) C,yp A, 21076 21073
A, 2009.6 2009.4

A, 19543 1954.5

B, « 2017.5

E 1985.4 1985.6

trans-Cr(*2C0),(**CO), (t12) D3, Ag 4a 2101.5
Ay @ 1983.4

B,g 2017.5

E, 1985.4 1985.6

A,y 19417 19413

¢is-Cr(12C0), (**C0), (c2) Cyy A, 21013 21009
A, 20132 2013.0

A, 1957.1 1957.1

B, 19521 1951.9

B, 20068 2006.6

B, 1985.4 1985.6

fac-Cr(**CO),(**CO), (f3) Cyy A, 20937 2093.6
A, 19594 1959.5

E 2006.8 2006.6

E 1952.1 1951.9

mer-Cr(**C0),(*CO), m3) C,, A, b 2094.4
A, 20113 20113

A, 1983.1 19836

A, 1953.7 19537

B, 19854 1985.6

B, 19417 19413

trans-Cr('*C0O),(*>CO), () D,y, A,y 4 2087.3
Ayg 1996.9

B,g 4 1972.5

E, 19417 19413

A;a 19854  1985.6

Cis-Cr(*2C0),(*CO), (c4) C,y A, 2086.1 2086.1
A, b 1983.7

A, 19552 1955.4

B, 1952.1 1951.9

B, 2006.8 2006.6

B, 1941.7 1941.3

Cr(*2COX(**COY, (5) C.y A, 20764 20773
A, 19940 1994.2

A, b 1953.3

B, a 1972.5

E 1941.7 1941.3

Cr(**CO), (6) O, Ayg @ 2066.0
Eg 4 1972.5

T,, 19417 19417

@ Ir inactive. ? Not resolved. ¢ No single observed band was used
more than once in the refinement of force constants. Key: c¢=cis;
t = trans; m = mer; f = fac.
bands are almost always very sharp (half-width of about 0.8
cm-!) allowing fine structure to be resolved. However the
drawbacks of matrices are (i) the molecule may adopt a
structure distorted from “the ideal gas-phase structure” and
(ii) there may be different sites in the matrix which perturb
the vibrational potential function of identical molecules in
different ways. As a result of either of these effects the
spectrum may show more bands than expected. Any detailed
analysis must either eliminate or account for these possibilities.
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Figure 1. (a) Ir spectrum of Cr(**CO), in CH, matrix at 20 K be-
foré photolysis. (b) Ir spectrum of Cr(*2C0O), after 20-sec photoly-
sis with unfiltered Hg lamp, followed by 10-min photolysis with an

Hg lamp and A >375 nm filter. :

Fortunately it is frequently possible to eliminate such matrix
splittings either by photochemical methods or by suitable
choice of matrix material.

Results and Discussion

1. The Isotopic Spectra of Metal Hexacarbonyls (Cr(CO)s,
Mo(CO)s, W(CO)s). The ir spectrum of Cr(12CQO)s in a
methane matrix!3 at 20 K shows a doublet (1990, 1985 cm™1;
Figure 1a) in the C~O stretching region. The corresponding
phenomenon in argon matrices has been discussed extensively
elsewhere! and has been attributed to a slight distortion of the
octahedral molecule which lifts the degeneracy of the Tiu
vibration. However uv photolysis to produce Cr(CO)s + CO,
followed by long-wavelength irradiation, regenerates Cr(CO)s
in a formin which the splitting has almost entirely disappeared
(Figure 1b). It was argued that all the molecules now have
the octahedral structure.!

Figure 2a shows the result of repeating this process with
Cr(CO)s¢ enriched to 50% 13CO in a scrambled mixture of
isotopic molecules, Again almost all signs of distortion have
disappeared. In this spectrum 19 out of a possible 22 bands
were observed which could be assigned to undistorted Cr-
(12C0O)»(13CO)6~x species (x = 0-6).

Using CO-factored force constants from room-temperature
solution studies!4 an approximate band pattern was calculated
from which four prominent bands could be assigned to the C3y
Sac-Cr(12C0)3(13CO0)3 molecule (bands marked f3 in Figure
2a). From these frequencies three new force constants were
calculated and the complete spectrum was assigned. Already
at this stage the fit of the observed to the calculated frequencies
is remarkably good. (The mean error measured as (o2/n)1/2
was 0.34 cm~! and the maximum error was 0.9 cm-!.) The
force constants were then refined to give the best fit (Table
I). An estimate of the errors in the force constants obtained

Table II. Anharmonic (C-K) Metal Hexacarbonyl C-O Force Constants (mdyn &')¢

' Mean error in calcd
k c k t

Metal Matrix or solvent k freq, cm™*
Cr CH, (20K) 16.4427 0.2658 0.5235 0.31
+0.0014 £0.0010 £0.0048
Cr Ar (20 K) 16.5099 0.2614 0.5205 0.34
Cr C.H,, soln? 16.4347 0.2621 0.5147 0.36
Cr C,H,, soln® 16.46 0.26 0.54
Mo CH, (20 K) 16.4740 0.2776 0.5261 0.36
w CH, (20K) 16.3964 0.2984 0.5421 0.33

@ See Figure § for definitions of force constants. ? This work. © Reference 14.
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Figure 2. (a) Spectrum of '*CQ-enriched Cr(CQ), in CH, at 20 X,
after deposition of four pulses; 25-sec photolysis with unfiltered Hg
lamp, followed then by 8-min photolysis with an Hg lamp and A
>375 nm filter. In the superimposed spectrum the quantity of Cr-
(CO)4 has been increased approximately 4 times. Dotted bands at
~1990 cm™" are due to the small number of Cr(CQ), molecules still
distorted; those at 1961 cm™! are due to Ct(CO),. Bands marked
f3 are those of fzc-Cr(**C0),(**C0O),. (b) Calculated spectrum for
the Oy, structure with ['*COJ/['*CO]=1. Force constants are as in
Table II. The dotted spectrum represents a fourfold increase in the
amount of Cr(CG),. (c) Spectrum of **CO-enriched Cr(CO), in cy-
clohexane solution at 300 K; ['*CO]/[**CO] =1.14.

in this way was obtained by recalculating the best set of force
constants for each isotopic molecule in turn for which there
were sufficient data, The force constants obtained by averaging
the six sets calculated in this way were almost identical with
those calculated using all observed frequencies at once (Table
D).

The calculated spectrum of isotopically substituted Cr(CO)s
is shown in Figure 2b. Not only do the frequencies match the
experimental values very well (their error is approximately
equal to the experimental error) but so do the intensities,
demonstrating that the model used in the calculations is valid
and that the mixture was scrambled.

We have also repeated the Cr(CO)s experiment in an Ar
matrix (Tables II, ITI). The interaction force constants show
very little change, despite a general upward shift in the bands
of about 4 cm~! from methane, The spectrum of isotopically
substituted Cr(CO)¢ in cyclohexane at room temperature
(Figure 2c) has much broader bands than in the matrices.
Nevertheless enough bands are well resolved to calculate a set
of force constants which are very similar to those for the
methane matrix (Table IT) but slightly different from those
calculated by Abel, et a/.14 The similarity of the solution and
matrix force constants confirms that the problem of matrix
splitting has indeed been overcome for Cr(CO)s.

Corresponding matrix experiments have been performed
using Mo(CO)¢ and W(CO)s in CH4 (Tables II and III). The
force constants show that the Cotton—Kraihanzel (C-K)
approximation!s 2kcis = ktrans holds well for all the hexa-
carbonyls.

These experiments have shown that (a} a very high pro-
portion of the possible bands for M(12CQO)-x(13CO)x can be
observed in a single-matrix experiment, (b) their frequencies
can be fitted to a mean error of 0.3-0.4 cm™! using the
CO-factored force field, and {c) the calculated intensities agree
well with the experimental intensities.

2. Isotopic Pattern and Structure of the Pentacarbonyls
Cr(CO)s, Mo(CO)s and W(CO)s. Figures 3a and 4a show
the spectrum observed for Cr(CO)s generated by photolysis
of Cr(CO)s in a methane matrix. Important features are (1)

]
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Table IiI. Observed Wave Numbers for Metal Hexacarbonyls
M(*2C0O)(**CO).y (cm™)

Cr(C0),, Cr,C,H,, Mo,CH, W,CH,

Ar matrix soln matrix  matrix Assignment?
2110.3 2105.9 21122 e 1

2103.8 2099.5 21059 21072 «c2

2096.7 2091.8  2098.6 2099.6 13

2088.6 2084.1 2090.3 2091.2 ¢4

2079.5 2074.8  2081.1 20822 5

2017.4 b 2013.8 2007.3 «c2

20158 b 2012.3  2006.1 m3

2014.2  2009.2¢ 20104 20044 1

2011.4 2005.8  2007.4 2001.3 c2,f3,cd
19982 b a 1989.0 5

1990.4 19855 1987.2 19815 0,1,t2,¢2, m3,t4
19877 b 1984.1 1978.1 m3

1964.0 b 1961.1 19556 13

19612 b 1958.8  1953.1 «¢2

19594 b 1956.8 19509 c4

1958.2¢  1954.3¢  1956.0 b 1

19576 b 1955.0 1949.5 t3

b b b 19489 5

1956.2  1951.8 19534  1947.5 c2,f3,c4
1946.1 1941.8 1944.0 19379 t2,m3,14,c4,5,6

@ Obscured by Mo(CO), band. ° Not resolved. ¢ Value from spec-
trum without enrichment--natural abundance '3CQ. ¢ The numbers
in the assignment refer to the degree of substitution (see Table I).
€ Not observed.
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Figure 3. (a) Spectrum of '*CO-enriched Cr(CO); in CH, at 20 X;
20 pulses deposited, followed by 4.5-min photolysis with an unfil-
tered Hg lamp. In the superimposed spectrum the quantity of Cr-
(CO), has been increased 4 times; [**CO]/['*CO] = 1.0. Lettering
refers to text. (Region above 2000 cm ™! shown in Figure 4a.)

(b) Calculated spectrum of Cr(CQ), for the C,,, structure. Force
constants and bond angles are given in Tables V and VII. Arbitrary
intensity units. The dotted spectrum represents a fourfold increase
in the amount of Cr(CO),. (c) Calculated spectrum for the D,
structure: cosB=0,ke=15.991,k,=15.994, koo = 0.4635,ky, =
0.9231, ka0 = 0.2800.

the clustering of at least six bands between 1925 and 1945
cm~l, (2) the absence of any bands between 1890 and 1915
cm}, (3) the presence of two weak bands at 1992 and 1971

cm~! and a shoulder on the Cr(CO)s band at 1987 em!, and

(4) the presence of at least six distinct high-frequency bands
between 2055 and 2085 cm~!. We compared this spectrum
with theoretical spectra for D3z and Cav structures.
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Figure 4. (a) Spectrum of '*CO-enriched Cr(CO), in CH, at 20 K;
approximately 4 times more Cr(CO), than in Figure 2a; [*2CO]/
['*CO1=0.9. The dotted part of the spectrum is not due to Cr(C-
0);. (b) Calculated spectrum for C,,, structure—in phase solution.
Force constants and bond angles are given in Tables V and VII.
Scale 4 times that of Figure 2b. (c) Calculated spectrum for the
C,y structure—out-of-phase solution.

M(CO]S M(co)s

Figure 5. Force constants and angles of O}, hexacarbonyls and C,,,
pentacarbonyls.

The D3n Structure. The expected isotopic pattern for a D
structure was calculated, for a range of force constants sat-
isfying the infrared spectrum of the parent molecule (A1’ 2088,
E' 1961, A2" 1932 cm~1). (Details will be found in Appendix
3.) In every case the spectrum in the region below 1960 cm!
is very simple (Figure 3¢). Essentially only three new bands
(I-n in Figure 3c) are predicted in addition to those of
Cr(12CO)s and Cr(13CO)s, two to high frequency of the E!
mode of Cr(13CO)s and one to low frequency (at about 1905
cm~!). The four prominent bands corresponding to the bands
of Cr(12C0O)s5 and Cr(13CO)s are marked w-z in Figure 3c.
All these bands should be intense. These predictions are
incompatible with the observed spectrum, in which there are
no bands between 1890 and 1945 cm-! and six intense bands
between the E' modes of Cr(12CQ)s and Cr(13CQO)s. There
are further difficulties in matching the spectrum above 2045
cm~l. However from these arguments alone, it is seen that
there is no basis even for an assignment of the isotopic
spectrum, and the trigonal-bipyramidal structure (D3r) must
be rejected.

The C4v Structure. An initial set of force constants for a
molecule of Cs4y symmetry can be obtained using the C-K
approximations!3 (Kcis(eqax) = K'cis(eq-eq) = ! /2ktrans; see Figure
5) and the three bands of the parent molecule. The calculated
frequency pattern of the isotopic molecules reproduces all the
features of the observed spectrum (the intensities are discussed
below). The two features at 1992 and 1971 cm-! can be
assigned to bands derived from the infrared-inactive B2 mode
of the parent molecule. The standard deviation predicted from
observed bands was 1.1 cm! but was reduced on refinement
of all five force constants to 0.41 cm~!. Twenty-three fre-
quencies were fitted using five independent force constants
(Table IV, Figure 3b, and Figure 4b). Errors in the force
constants (Table V) were calculated by the same method as
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Table IV. Observed and Calculated Wave Numbers for

Cr(CO), in CH, (cm™)

Sym-
Molecule metry  Obsd Calcd
Cr(**C0O)s (0) C,,, A, 2087.8 2086.9
A, 1931.8 1932.1
B, a 1998.7
E 1960.8 1961.6
Cr(**C0),(**CO) (1a) C,,, A, b 2083.4
A, b 1892.3
B, a 1998.7
E 1960.8 1961.6
Cr(**C0),(**CO) (1b) C; A’ 2079.5 2079.0
A 1992.0 1991.8
Al 1938.1 1938.0
A 1926.0 1926.0
A" 1960.8 1961.6
Cr(1*C0),(**°CO), 2a) Cgax~eq A’ 2075.2 2075.2
A’ 1992.0 1991.8
A’ b 1933.3
A’ b 1891.1
A" 1960.8 1961.6
Cr('2C0O),(**CO), (2b) Cgeq-eq A’ 2069.9 2069.6
Al 1941.3 1941.4
A’ 1924.8 1924.7
A" 1986.5 1986.8
A" 1929.6 19294
Cr(**C0),(**C0O), 20 C,,, A, b 2071.0
A, b 1972.9
A, b 1928.4
B, 1960.8 1961.6
B, 1918.3 19179
Cr(**C0O),(**CO), Cg ax-eq (32) A’ 2059.3 2059.7
A’ 1970.6 1970.7
A’ 1933.6 1933.8
A b 1925.3
A" 1918.3 1917.9
Cr(*?C0),(*’CO), Cseq-eq (3b) A’ 2064.8 2065.4
A’ 1936.8 1936.8
A’ b 1890.1
A" 1986.5 1986.8
A" 19296 1929.4
Cr(*2C0), (**C0),C,, (3c) A, b 2067.0
A, b 1971.5
A, b 1890.5
B, 1918.3 1917.9
B, 1960.8 1961.6
Cr(**CO)(**C0), C,, (4a) A, b 2046.3
A, b 1926.5
B, a 1954.1
E 1918.3 1917.9
Cr(**CO)(*3*C0), C, (4b) A 2054.1 2054.9
A 1969.5 1969.7
A’ 1932.2 1931.8
Al 1889.9 1889.6
A" 1918.3 1917.9
Cr(*2CO); C,, (5) A, b 2040.4
A, b 1889.1
B, a 1954.1
E 1918.3 1917.9

4 Ir inactive. ? Not resolved.

for Cr(CO)s, but using pairs of molecules so that the number
of observed bands always exceeded the number of force
constants. The force constants show a large difference between
kcis and k'cis but the approximation K'cis(eq—eq) = 1/2ktrans holds
very well both for Cr(CO)s and Cr(CO)s, as predicted also
by the valence-shell force field.16 As for the hexacarbonyls,
the deviations from this approximation increase in the direction
Cr to Mo to W.

By using the same methods we were able to observe the
isotopic spectra (Table VI) of Cr(CO)s in Ar and Mo(CO)s
and W(CO)s in CH4 matrices. The force constants and the
mean errors in the predicted frequencies are shown in Table
V. From these results it follows that all three pentacarbonyls
have the square-pyramidal (Cay) structure when generated
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Table V. Anharmonic (C~K) Metal Pentacarbonyl C-O Force Constants (All at 20 K in mdyn A™%)2

Mean error in

Metal Matrix Kax keq ke ke ky caled freq, em™

Cr CH, 15.3145 16.1369 0.3699 0.3037 0.5998 0.41
+0.0033 £0.0009 £0.0013 £0.0014 +0.0061

Cr Ar 15.3948 16.2136 0.3853 0.3016 0.6005 041

Mo CH, 15.1992 16.2166 0.3812 0.3163 0.5910 0.40

W CH, 15.2350 16.0926 0.3963 0.3396 0.6185 0.49

2 See Figure 5 for definitions of force constants.

Table VI, Observed Wave Numbers and Assignments for Metal
Pentacarbonyls M(**CO)(**CO);.x (cm™)

Crin Ar MoinCH, WinCH, Assignment®
2093.1 2093.0 2091.8 0
2084.8 2084.7 2083.5 1b
2080.9 2080.7 2078.7 2a
2075.2 2074.8 2073.5 2b
2070.2 2070.5 2068.2 3b
2064.5 2064.3 2063.0 3a
2059.8 2059.5 2057.2 4b
1986.6 1994.9 1986.4 1b, 2a
b 1990.1 1981.2 2b, 3b
1975.9 b b 3a
1974.7 b 1963.9 4b
1965.6 1966.6 1957.2 0, 1a, 1b, 2a, 2¢, 3¢
b 1944 .4 1936.6 2b
1942.9 1940.4 1933.3 1b
1941.8 1942.2 1933.3 3b
1838.4 1938.0 1929.3 2a
b 1937.1 1928.7 3a
1936.7 b 1927.7 4b
1536.1 1925.5 1926.0 0
1933.9 1934.5 1925.2 2b, 3b
1930.0 19224 1920.8 1b
b b 1919.9 3a
1929.0 1920.6 1919.2 2b
1922.6 1923.9 19144 2¢, 3a, 3¢, 4a, 4b, 5
1893.4 1882.6 b 3b
b b 1882.7 4b

¢ The numbers in the assignment refer to the degree of substitu-
tion; the lettering, to Table IV. ® Not resolved.

photochemically in a matrix. The results for Cr(CO)s in Ar
demonstrate that this structure is not confined to a CH4 matrix.
There is no evidence for a significant C»y distortion from the
isotopic data, since the observed spectrum can be simulated
so well using the five force constants required for a Ca
molecule in the high-frequency approximation.

Bond Angles and Intensity Data. For C4 M(CO)sX species
several authors!117-22 have considered the relationship between
CO band intensities, geometries, coupling between modes of
the same symmetry, and variation in CO dipole moment
derivatives during normal vibrations. Graham, et al.,! cal-
culated bond angles for M(CO)s species using the method of
Haines and Stiddard.!® Now that considerably more data are
available, we feel justified in extending their treatment and
correcting some minor errors. For reasons outlined in Appendix
4 we have used the method of Braterman, ez al.l7 These
authors have shown that a convenient way of using the two
intensity ratios obtained from the spectrum of the parent
molecule is to calculate the angle?3 between the axial and radial
CO groups, 6, and the ratio of the gradients of the dipole
moments of the two sets of CO groups (u'a/u'r) (see Figure
5). Two solutions are obtained: one when the A1 modes are
in phase and one when they are out of phase.

Measurement of intensities of infrared bands in matrices
is particularly difficult. Since the concentration of Cr(CO)s
is unknown, the intensities must be relative rather than ab-
solute. Both the E and low-frequency A1 of Cr(CO)s are often
very sharp and subject to small matrix splittings which may
affect the relative intensity significantly. The three bands of
M(CO)s form an awkward set because the high-frequency A1

Table VII. Intensities and Bond Angles of
Pentacarbonyls (See Text)®

Metal Matrix R, R,

Cr CH, 0043 5.34
C  Ar  0.038 3.48
Mo CH, 0.077 3.18 90.94 (107.42) 1.163 (0.935)
W CH, 0.031 495 93.72(102.15) 0.902 (0.787)

2R, =I(A,MEM /(A 1OW); R, = I(E)/I(A,1°%). Values of 9 and
u'a /i’y are given for the in-phase solution with the out-of-phase solu-
tion in parentheses. Errors: inR,, 50%;in R,, 25%;in 0, 1.8°;in
Walt'y, 0.14,

8, deg

92.79 (102.4)
94.14 (105.14)

Falt'y
0.877 (0.749)
1.080 (0.916)

is so weak and the low-frequency A1 overlaps with tetra-
carbonyl bands. The matrix splitting of the low-frequency A
of Cr{CO)s5 may be eliminated in Ar and CH4 matrices by
stimulating partial recombination to Cr(CO)s by long-
wavelength photolysis. FHowever, the small side band of the
E mode cannot be removed in this way. By including any
matrix splittings and averaging optical density and total in-
tensity measurements, the intensity ratios given in Table VII
were obtained for the bands of the parent molecules and values
of 6 and w'a/p'r were calculated. These solutions were then
tested against the isotopic data, using the value of the
[13CO]/[12CO] concentration ratio derived from the hexa-
carbonyl spectrum.

The isotopic intensity patterns predicted for the low-
frequency region (1880-2000 cm™!) are almost identical for
both in- and our-of-phase solutions (Figure 3b) and agree well
with experiment. On the other hand, the patterns predicted
for the high-frequency region (2040-2095 cm-1) are quite
different for the two solutions (Figure 4b and 4c). For the
in-phase solution bands I and n should be weaker than m and
0, and p should be the weakest of | to q.- For the out-of-phase
solution 1 should be stronger than m, n stronger than o, and
p of equal intensity to o.

The observed spectrum is strikingly similar to the predictions
for the in-phase solution which is consequently accepted as
the true solution. The same arguments may also be applied
to the other pentacarbonyls. All the bond angles are calculated
to be between 90 and 94°,24 but the range of p'a/u'r is much
greater (0.88-1.16). Braterman, ef al.,17 also found that the
out-of-phase solution was incorrect, but their rejection was
based on a comparison with geometrical data from X-ray and
electron diffraction.

3. Generation of Cr(CO);5 in CO Matrices—the Isocarbonyl
Question. We have shown above that Cr(CO)s has a Cay
structure when generated photolytically in a CHa or Ar matrix.
We have also examined its infrared spectrum (unenriched) in
a wide range of other matrices (INe, Kr, Xe, SF¢, CF4, COz,
CQ0).3 In all these matrices the two characteristic bands are
found in the region below 2000 cni-1 at about 1960 and 1930
cm~! in very similar intensity ratios. It is reasonable to
conclude that the structure of Cr(CO)s is always Cav, although
there may be slight variation in bond angie from one matrix
to another (see above).

On the other hand it is possible that Cr{CO)s adopts the
Cay structure in all matrices because of interaction with some
pseudoligand in the vacant coordination site. It has previously
been argued! that the species cannot be (OC)sMOC (i.e.,



13CO-Enriched Hexa- and Pentacarbonyls of Group VI

strong M to isocarbonyl bond) because of the absence of bands
attributable to the isocarbonyl group, the molecular CO
produced, and the C180 exchange experiments.! Additionally,
it is impossible to reconcile the sensitivity of the Cr(CO)s visible
absorption band to the matrix (Ne matrix,25 624 nm, Ar! 533
nm, CH426 489 nm) with such a structure.

We can also eliminate the possibility of (OC)sM.-OC,
(OC)sM--CO, or
(OC) M- - 8
in all matrices except CO, where the CO group is very weakly
attached to the Csy fragment.2’? In a subsequent paper3 we
will report the effects of using mixed matrices on the ir and
visible spectra of M(CO)s. This evidence demonstrates that
the only viable explanation of the changes in the uv-vis
spectrum involves the species (OC)sM--X (X = Ne, Ar, etc.,
occupying the sixth coordination site). The M(CO)s--OC
hypothesis may then be discarded in all but the CO matrices.

In the CO matrix, Cr(CO)s may be generated in low yield
(1963, 1932.5 cm™1), but the high-frequency A1 band cannot
be seen because it is obscured by the bands of 13C160 and
12C180 in natural abundance, nor, of course, can any increase
in molecular CO band intensity due to ejection from M(CO)s
be observed. In the CO matrix the visible band of photo-
chemically generated Cr(CO)s is at 462 nm, where presumably
a CO molecule must occupy the vacant coordination site in
some orientation. Since in the other matrices the band is both
very different from that of the CO matrix and sensitive to the
particular matrix, we are able to distinguish (OC)sM--OC from
(0OC)sM-X (X = Ne, Ar, etc.). We can assert therefore that
the ejected CO does not influence the geometry in any matrix
except CO.28

The Limitations of the Force Field. We have used isotopic
substitution to investigate the CO-factored force field and to
prove the structure of Cr(CO)s. The results demonstrate that
the force field gives a much more accurate means of predicting
the spectrum than had previously been realized, even when
the molecules are quite complex. They also demonstrate the
suitability of matrix isolation for such investigations.

As with all least-squares treatments there is no way of telling
whether a true minimum has been obtained although the
overdetermination of this problem should help to prevent false
minima. When the force constants were deliberately offset
and refined again, the same results were obtained. However,
there is always a second minimum at a completely different
set of force constants, but this is rejected in the C—K force field
because k1 > k2 and the interaction force constants are
negative. In order for the force constants to be meaningful,
there should preferably be bands observed in regions corre-
sponding to all C-O vibrations of the parent molecule, ir active
or inactive.2 This condition was fulfilled in both the metal
hexacarbonyls and the metal pentacarbonyls.

It is of considerable interest to understand why such a simple
force field produces such excellent predictions in a complex
situation. It is by no means trivial to be able to predict all
four A’ bands of a Cs substituted pentacarbonyl to 0.4 cm-1,
Some bands may be relatively insensitive to the force constant,
but others (in particular the high-frequency bands) are very
sensitive. Abel, et al.,!4 have argued convincingly that the most
serious approximation in the C-K force field is the neglect of
anharmonicity. The estimate of the errors in our calculated
force constants provides further evidence of the effect of
anharmonicity. The trans-interaction force constant of
Cr(CO)s has a much larger anharmonicity correction than
keis; 14 likewise the value of ktrans obtained here has a much
larger error than kcis (Table II). ktrans also has the largest
error of the pentacarbonyl force constants (Table V).

The force constants calculated for the hexacarbonyls and
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pentacarbonyls indicate that some of the approximations used
in simpler versions of the C-K force field are very much better
held than others. It is also significant that an approximation
may hold better for some compounds (e.g., Cr(CO)s) than for
others (e.g., W(CO)s) with the same structure but a different
central metal atom.

In Appendix 5, we discuss the effect of neglecting anhar-
monicity on a simple model compound, M(CO}z, and by
analogy on other binary metal carbonyls. Using these ar-
guments, the empirical result that anharmonicities may be
neglected in the calculations of isotopic patterns has the
following implications. (a) The anharmonicities of the bands
of the partially substituted molecules must approximate to a
linear function of the anharmonicities of the bands of the parent
molecule; (b) the magnitude of the coupling between modes
of the same symmetry in an isotopic molecule must be small
enough for neglect of anharmonicity to make no difference.

The results of our experiments confirm the great power of
the Cotton—Kraihanzel force field in predicting isotopic spectra
and its use in determining the structures of binary metal
carbonyls. Indeed the predictions are often as good as those
obtained from much more sophisticated force fields.30 The
lack of direct chemical meaning in the absolute values of the
force constants3! (particularly the interaction force constants)
does not invalidate the use of the method for structure de-
termination.

Experimental Section

All experiments were conducted on an Air Products Displex CS202
refrigerator equipped with automatic temperature controller.
Temperatures were measured with a thermocouple and hydrogen vapor
bulb. The detailed setup is very similar to that described previously.132

Spectra were recorded on a Grubb Parsons Spectromajor (or
ocassionally a Perkin-Elmer 521). Both spectrometers could be
scanned on the upper grating to 1850 cm~!, Spectra were calibrated
with DBr and DCI cells inserted in the beam before and after sample
absorptions in each spectrum. Strong bands were reproducible to 0.2
cm! and weak ones, to 0.4 cm™!; resolution was better than 0.5 cm~1,
All spectra were recorded with a Ge filter to remove visible light from
the Nernst glower. Relative ir intensities were measured by peak
height (if their half-widths were the same) and by tracing the peaks
and weighing them. The two methods were consistent with each other.
No corrections were made for the finite slit width but rather larger
errors are quoted than strictly necessary.

The photolysis source, a Philips HPK 125W medium-pressure
mercury arc, was used in conjunction with a 4-cm quartz water cell,
to act as a heat filter. Long-wavelength radiation (A >375 A) was
produced with a Balzer Calflex C filter.

Matrix gases (BOC grade X) and metal hexacarbonyls (BDH) were
used without further purification. Samples were deposited by pulsed
matrix isolation33,34 with a matrix:carbonyl ratio of 3000:1.

Samples of 13CO-enriched hexacarbonyls were synthesized by
gas-phase photolysis.35 The mixture of Cr(CO)s vapor, 12CO, and
3CO (Prochem 90% !3CO) was photolyzed for 15 br using a
high-pressure Hg arc, and the carbonyl was separated by passing the
mixture slowly through a spiral trap at 77 K.

All calculations were performed on a Hewlett-Packard 2000E
computer.
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Appendices

1. Isotopic Intensity Ratios for Molecules with a Permanent

Dipole Moment. Within the approximation of both mechanical

?.nd electrical harmonicity the intensity of the k¢4 normal mode
is

el () (30
F T3 \0Qy/,  \0Qw/,  \0Qk/,
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Crawford36 has shown that
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P A A s G
k " k k”aSk \GS;?“) ki

154 -3 a,u(ay)

}:\; ) k'R 05, \0Sy"

{(summed over all vibrations of same symmetry). If the
molecule has no permanent dipole moment and/or the
symmietry species of the vibrations over which the intensity
sum is calculated is not the same as a rotation which moves
the permanent dipole, then the sums, for isotopic species of
the same symmetry, are independent of isotope. Thus, strictly
speaking, the rules disallow the sum and product rules for
M(CO)s. However for CO intensities practically all calcu-
lations assume that the total intensity is derived from the sum
of C(G dipole derivatives (plus M—C derivatives if necessary).
Thus on rhis model, coupling with rotation is irrelevant; the
fact that a good intensity fit is obtained for Cr(CO)s dem-
onstrates the usefulness of the model and hence that the rules
may be ignored. Moreover it can be demonstrated that
coupling with rotation would produce a negligible effect even
on more sophisticated models because the moment of inertia
is so large.

2. Metheods of Calenlation. Frequencies and eigenvectors
were calculated by diagonalizing the unsymmetrized
[G1/2FG1/2) matrix.4 Intensities were calculated from the
eigenvectors using the equations

where L is the (1 X #) eigenvector matrix, G and u have their
usual meaning, P is a (3 X #) matrix which contains the
components of the CO vectors in the cartesian directions and
the bond moment ratio, ; is the intensity of the jzh band, and
O contains the sum of the components of the eigenvectors in
each cartesian direction for each eigenvalue.

The force constants were refined by a least-squares method
in which each force constant was periurbed in turn by a small
amount and the error, [AA|?, calcuiated for all isotopic
molecules for which bands were observed. (INo observed band
was entered more than once in the refinement.) The force
constants were perturbed cyclically until no further im-
provement was obtained; the perturbation was then reduced
and the refinement continued. This process was repeated until
no more improvement was obtained. This method, although
slow, was bound to converge whereas more sophisticated
methods tended to produce divergence because of the over-
determined nature of the problem and the strong correlation
of the force constants.

3. Force Constants of Cr(CQ)s for the D34 Structure. There
are no simple approximations for predicting a starting set of
force constants for a D3x pentacarbonyl. The bands of the
parent molecule were assigned as A)' 2088 cml, Az" 1932
cm!, and E' 1961 cm~! using intensity arguments and as-
suming that the A;' was made active by a matrix effect. In
order to obtain an extra frequency the weak bands in the
isotopic spectrum at 1922 and 1971 cm~! were assigned to the
isotopic bands derived essentially from the secend forbidden
A1’ band of the parent molecule. This assignment is quite
unambiguous. Frow these wave numbers the position of the
parent A:' band was estimated to be 2005 ¢!, With four
observed bands the force constants could be plotted as a
function of cos G following Bor’s method.37.38 The complete
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isotopic spectrum was calculated for five sets of force constants
corresponding to points taken over the entire range of cos 3.

4. Structure and Dipole Moment Values. For octahedral
Cr(CO)s a good fit to the intensities of the isotopic molecules
is obtained simply by assuming that each CO group has the
same dipole moment derivative irrespective of the symmetry
of the normal mode.

For M{CO)sX systems, the picture is more complex.
Assuming only mechanical and electrical harmonicity36 then
the intensity of the kth normal mode for a molecule is given
by

J ( Oplg a,ug>
K
00y, 80
(g = x, y, and z; dug/ a0k is the change of molecular dipole
moment in the gtA molecule-fixed axes with normal coor-

dinates Qk). Since the normal coordinates are related to
symmetry coordinates by

as;
S=LQ, —-=1L; 1
Q, an ik ( )
and the symmetry coordinates to internal coordinates by
aR;
R=U"!§, 5;\;’" =Uy ' = Uy
~i

(because U is orthogenal)
we can obtain

[zzL,-,e Ul >] )

Thus for M(CO)s, assuming that the overall dipole moment
change derives from changes in CO bonds (or M—C-O groups)
and that the bond moment vectors lie along the axes of the
CO groups

T1(A°") = G, cos ¢ - 2!1’,(” sin ¢ cos §)°
L(AM) = G @ sin ¢ + 20,
I3(E) = 4G(u',)? sin® 6

Oty
\OR;

> cos ¢ cos 0)?

The L matrix elements are taken from ref 15, and p'a(®), for
example, is the dipole moment derivative along the axial
M~C~0 group due to this group’s motion during the A1 vi-
bration in which the CO groups are ia phase. ¢ is defined by
the expression tan 2¢ = 4kc/ (k2 + 2k'c + ki — k1)3% and the
remaining terms are defined as in ref 17. We also make the
following definitions

Ry=DL
Ry =141
Ry =03/ +1)=R,/(1 + Ry)

The simplest approximation is to assume that all u' values are
identical.!® There are then two observables and one unknown
and ¢ may be determined from eq 3 or 4

cos 8 = ((cos /Ry — sin §)/((sin /R, + cos ¢) (3)
R3=4sin? 0/(5—4 sin® §) 4)

Equation 4 is the more usual one to use since it is independent
of the force field. However, this function becomes extremely
insensitive at values of # less than 95° and is then quite
unsuitable. In such cases it is better to use eq 3 although R
may be less accurately known than R3. This treatment suffers
from the disadvantage that R3 cannot exceed 4, a requirement
which is inconsistent with the experimental results. Ifeq 1
is used to calculate 8 for Cr(CQO)s in CH4, a value 93.18° is
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Table VIH, Calculations of Hypothetical Dicarbonyl M(CO),
Anharmonicities: X,, =-2,X,,=-7,X;,=—8cm™ ¢

Mode yi (&F] (w,- - Xi )
M('*C0), Eg* 2200.0 2208.0 2200.0
Dy, oy 2000.0 2018.0 2000.0
M(**CO)(**CO) =+ 2178.2 2186.3
Coyy z* 1975.0 1992.6
M(**C0), Zgt 2151.0 2158.8 2151.1
Dyp, PN 1955.4 1973.0 1955.8

@ p;, anharmonic wave numbers; w;, harmonic wave numbers; x;,
anharmonicities. Couplings of bands of M(!2CO)(**CO) (see text):
ay=2.7cm;ap=29cm™.
obtained and R2 is predicted to be 4.11 (observed value 5.34).
Equation 2 cannot be used because R3 > 4. ,

Brown and Darensbourg?! argued that because of differing
demands for w-electron density, the dipole moment derivatives
will vary with the nature of the vibrational mode. They stated
wa) = p'a@ and p'+() = u'r(2) and assumed that u'a(t) = u'(D);
fe, w =@ =p'a;u'r3 = pu'e. Thevalueof 6 obtained
by this method is identical with that obtained from eq 1. The
method surmounts the problem of the limit on the value of
R3

_ 4u'g?sin?é
(5—4sin? O)u's ?

Only the positive value of (u'E/u'a,) is considered. For
Cr(CO)s in CHa, 6 = 93.18° and u'E/u'a, = 1.14. However,
since 13CO substitution lowers the molecular symmetry and
hence the symmetry of the normal coordinates, it is difficult
to see how the method can be applied to the isotopic molecules.
It should also be noted that the method assumes electrical
anharmonicity whereas the approximation involved in cal-
culating intensities assumes both mechanical and electrical
harmonicity. Certainly the activity of overtone bands indicates
the presence of electrical anharmonicity, but it would seem
to be invalid to use this in the interpretation of intensity
calculations which rely on its absence.

Braterman, et al.,!7 assumed for M(CO)s that u'(axial) =
w'(radial) but that these derivatives are independent of vi-
brational mode, implying that
.ula(l) = /J-,a(2) = .u,a
.u'r(l )= /J-,r(” = .U’r(3> = .u,r
The particular advantage of this method is that intensity
calculations on isotopic molecules are very straightforward.
As in the method of Brown and Darensbourg there are no limits
on R3, but the chemical interpretation which this method
places on the difference between u'a and u'r obviates the
problems of electrical anharmonicity.

The expressions of Braterman, et al.,!7 may be rewritten
as

R

()

8 =tan™! [\/R;/((cos )R — sin ¢)] (6)
oty = 2 sin 8(cos ¢ ++/R; sin )\/R; ‘ (7

Both eq 3 and eq 6 are quoted for the solution in which the
intensities of the A1 modes are in phase; the out-of-phase
solution is obtained by changing the sign of R11/2. Equation
6 has two further solutions which are obtained by changing
the sign of R21/2, Obtuse angles become acute and vice versa
and (u'a/u'r) becomes negative. Because of the negative value
of (u'a/u'r) this solution is rejected. The values of 6 obtained
from this method (Table VII) are not substantially different
from those obtained using eq 3, but this model is preferred
because it offers a more complete description of the experi-
mental results. The isotopic data are used as a check on the
model and are used to choose between the in-phase and
out-of-phase solution,
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Figure 6. The effect of neglect of anharmonicity. Plot of coupling
of bands of M(**CQ)(**CO) against separation of bands of M(*2CO,)
(6v). (o — ap) is difference in coupling in harmonic and anhar-
monic approximations.

5. The Effect of the Neglect of Anharmonicity. In order
to assess the effect of neglecting anharmonicity we performed
some calculations on a simple model system. Table VIII shows
the results of such an investigation on M(CO)2 (Deh geometry)
using anharmonicities “estimated” from the Jones3%.40 data
on M(CO)6 and M(CO)sX systems. All the calculations were
performed without recourse to force constants, by using the
isotopic sum and product rules. The anharmonicities of the
disubstituted molecules were calculated ‘using the formula

o
O.),'O.)j

where primes refer to disubstituted molecule. It can be seen
from Table VIII that the neglect of anharmonicity produces
an error <0.4 cm~! in the prediction of the bands of the di-
substituted molecule. The errors in the prediction of the
frequencies in the intermediate molecule are estimated by
comparing the coupling with and without anharmonicity. «
is a measure of the coupling and is defined as

a, =v3— (v +v5)/2 =vs— (v, +vg)/2
op = Wi~ (w) + ws)/2 = wa — (W, + we)/2

In the example in Table VIII (a2 — an) is 0.2 cm1, It follows
that errors in the calculations due to anharmonicity will be
very small for such a molecule, provided that the anharmonicity
of the bands of M(12CO)(13CQ) approximate to a linear
function of the anharmonicities of the bands of M(12CO)a.
Figure 6 shows the effect on (aa — «h) of bringing the two
bands of M(12CO)2 closer together. As they approach, the
coupling increases rapidly, and the errors in the frequencies
of the monosubstituted molecule mount. (Note, however, that
the errors in the frequencies of the disubstituted molecule stay
fixed.)

We cannot obtain an estimate of the errors for a linear
dicarbonyl because the £;* mode is ir inactive, but we can
perform part of the calculation on the bent dicarbonyl Alx-
(CO)2 which has been studied with CI8Q substitution.4!
Recalculating the data we may fix the force constants to match
the parent bands exactly and calculate the bands of the
isotopically substituted molecules in the usual way. The errors
(vobsd — caled) in the calculated positions of the bands of the
totally substituted molecule are 1.0 and 0.4 cm-1; those in the
monosubstituted molecule, 0.4 and 0.8 cm~!. The observed
coupling aa is 5.2 cm~1. Although the bands of the parent
molecule are only separated by about 100 c¢m-1, the errors
due to neglecting anharmonicity are within the experimental
error of 1.0 cm-1.

Corresponding calculations on M(CQ)s and M(CO)s are
not possible because the force constant problem is under-
determined when the parent ir spectrum is taken alone.
However, the evidence of the excellent fit of calculated and

observed spectra suggest that they present a similar case to
Alx(CO)Z
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Registry No. Cr(12CQO)s, 13007-92-6; Cr(12CQ)s(13CQ),
53109-01-6; trans-Cr(12C0)4(13CQO)2, 53109-00-3; cis-Cr(12CO)s-
(13CQO)2, 53108-99-9; ¢is-Cr(12CO)3(13CQO)3, 53108-98-8; trans-
Cr(12C0O)3(13CQ)3, 53109-02-7; trans-Cr(12C0O)2(13CO)4, 53042-
53-8; ¢is-Cr(12C0)2(13CO)4, 53109-11-8; Cr(12C0O)(13CO)s,
53109-12-9; Cr(13CO)s, 25941-09-7; Mo(12CO)s, 13939-06-5;
Mo(12C0O)s(13C0O), 17594-07-9; trans-Mo(12C0)4(13CO)a2,
17594-08-0; cis-Mo(12CQO)4(13CQ)2, 53042-52-7; cis-Mo(12CO)3-
(13C0)3, 20529-45-7; trans-Mo(12C0O)3(13CQ)3, 20529-46-8;
trans-Mo(12C0O)2(13C0O)4, 53042-49-2; cis-Mo(12C0O)2(13CO)4,
53042-50-3; Mo(12CO)(13CQ)s, 53042-57-6; Mo(13CO)s, 25941-10-0;
W(12CO)s, 14040-11-0; W(12CO)s(13CO), 17594-12-6; rrans-W-
(12C0O)4(13C0O)2, 53109-09-4; cis-W (12C0)4(13CO)2, 53042-47-0;
cis-W(12C0)3(13CO)3, 53042-48-1; trans-W(12C0O)3(13CO)3,
53109-10-7; trans-W(12C0)2(13CO)4, 53042-45-8; cis-W(12CO)2-
(13CO)s, 53042-46-9; W(12CO)(13CO)s, 53109-08-3; W(13CO)s,
25941-11-1; Cr(12C0O)s, 53042-44-7; (Cav)-Cr(12C0O)4(13Co),
53109-06-1; (Cs)-Cr(12C0)4(13C0O), 53109-07-2; (Cs-ax-eq)-Cr-
(12C0O)3(13C0O)2, 53109-76-5; (Cs-eq-eq)-Cr(12C0O)3(13CO)z,
53109-77-6; (C2v)-Cr(12C0O)3(13CO)2, 53109-78-7; (Cs-ax-eq)-Cr-
(12C0)2(13CO)3, 53129-38-7; (Cs-eq-eq)-Cr(12C0O)2(13CO)3,
53109-75-4; (C2v)-Cr(12C0)2(13CO)3, 53059-22-6; (Cay)-Cr-
(12CO)(13C0O)4, 53109-73-2; (Cs)-Cr(12CO)(13CO)4, 53109-74-3;
Cr(13CO)s, 53059-21-5; Mo(12CQO)s, 53109-70-9; (Cav)-Mo-
(12C0)4(13C0O), 33109-71-0; (Cs)-Mo(12C0O)4(13CQ), 53109-72-1;
(Cs-ax-eq)-Mo(12C0O)3(13C0O)2, 53109-67-4; (Cs-eq-eq)-Mo-
(12C0)3(13C0)z2, 53109-68-5; (C2v)-Mo(12C0)3(13CO)2, 53109-69-6;
(Cs-ax-eq)-Mo(12C0)2(13C0O)3, 53109-64-1; (Cs-eq-eq)~Mo-
(12C0)2(13CO)3, 53109-65-2; (Cav)-Mo(12CO)2(13CO)3, 53109-66-3;
(Cay)-Mo(12C0O)(13C0)s, 53109-61-8; (C:)-Mo(12CO)(13CO)s,
53109-62-9; Mo(13CO)s, 53109-63-0; W(12C0)s, 53109-57-2;
(Cav)-W(12CO)4(13CO), 53109-58-3; (Cs)-W(12C0)a(13CO),
53109-59-4; (Cs-ax-eq)-W(12C0O)3(13CO)2, 53109-60-7; (Cs-eq-
eq)-W(12C0O)3(13C0O)2, 53110-30-8; (Ca)-W(12CO)3(13CO)2,
53110-31-9; (Cs-ax-eq)-W(12C0O)2(13C0O)3, 53110-27-3; (Cs-eq-
eq)-W(12C0O)2(13C0O)3, 53110-28-4; (Caw)-W(12C0O)2(13CO)3,
53110-29-5; (Cav)-W(12CO)(13CO)4, 53110-24-0; (Cs)-W(12CO)-
(BCO)4, 53110-25-1; W(13CO)s, 53110-26-2.
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