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The v( C=C) stretching frequencies of a great variety of (pa1kyne)hexacarbonyldicobalt complexes, 
(~-RC=CR’)CO,(CO)~, have been determined unambigously and their variations on coordination related 
to the electronic nature of the substituents R and R’. Three linear relationships have been observed 
depending on the number of acceptor groups. Examination of the average carbonyl value of v(C=O) in 
these complexes also indicates the existence of the same classes, and, thus, these correlations combined 
with a stabilization on complexation are very useful to predict unknown frequencies. A combination of 
the changes Av(C=C), which measure u + a transfers, and the changes Av(C=O), which measure u - a 
transfers, allows separation of the u- and *-components of the interaction between alkyne and metal. 

Introduction 
The molecular structures of numerous olefin and acet- 

ylene complexes have been investigated by X-ray tech- 
niques, however, a limited number of structural studies 
of (pacety1ene)hexacarbonyldicobalt complexes are 
avai1able.l The striking features to notice in these last 
examples are a cis bending of the alkyne substituents to- 
ward the configuration of the first excited state (with the 
Co-Co and C e  bonds perpendicular to each other but 
not in the same plane) and a lengthening of the acetylenic 
triple bond with a concomitant drop in bond order. This 
lengthening is a direct consequence of synergic u-a in- 
teractions and electron transfer.2 More information on 
this point can be obtained by examining the frequencies 
and intensities of v(C=C) vibrations. Thus, an analysis 
of vibrational frequencies in the series of complexes 
(RCECR’)CO~(CO)~ should provide considerable insight 
into the molecular structures and metal-ligand bonding. 

Infrared spectroscopic studies of acetylene derivatives 
( R C ~ R ) C O ~ ( C O ) ~  have, to date, been limited largely to 
the v(C+) Only Dich~n’~’’  and Iwashitalga 

(1) (a) Ittel, S. D.; Ibers, J. A. Ado. Organomet. Chem. 1976,14,33 and 
references therein. (b) Sly, W. G. J. Am. Chem. SOC. 1969, 81, 18. (c) 
Cotton, F. A.; Jamerson, J. D.; Stulta, B. R. Ibid. 1976, 98, 1774. (d) 
Bonnet, J. J.; Mathieu, R. Inorg. Chem. 1978, 17, 7, 1973. 

(2) Dewar, M. J. S. Bull. SOC. Chim. Fr. 1961, 18, C71. Chatt, J.; 
Ducanson, L. A. J. Chem. SOC. 1963, 2939. 

(3) Bor, G. Chem. Ber. 1963,96, 2644. 
(4) Bor, G. Discuss. Faraday SOC. 1969,47,65. 
(5) Bor, G. Inorg. Chim. Acta 1969, 3, 169; J. Chem. Soc., Chem. 

(6) Bor, G.; Sbrignadello, G. J. Chem. Soc., Dalton Trans. 1974, 440. 
Commun. 1969, 696. 

have examined v(C=C) vibrations in this type of complex. 
In particular, Iwashita has precisely determined the vi- 
brational frequencies v(C=C) for the complexes (RC= 
CR)CO2(CO)6 (R = R’ = H; R = H, R’ = D; R = R’ = D; 
R = H, R’ = CH3; R = D, R’ = CH,; R = R’ = CH3). 

In the present study a wide range of derivatives having 
Substituents with electron-donating or-accepting properties 
have been analyzed in detail with the goal of correlating 
for the first time changes in v(C=C) and v(C=O) and 
using these changes as a probe of electronic structure. 
Thus, an evaluation of the effects of u- and a-transfer 
between the alkyne and the cobalt atom has been carried 
out. Furthermore, correlations of the type described here 
have allowed an assignment of v(C=C) frequencies for 

(7) Bor, G. J. Organomet. Chem. 1976, 94, 181. 
(8) Pilyi, G.; Vbradi, G.; Vizi-Orosz, A.; Mark6, L. J .  Organomet. 

(9) Bor, G.; Kettle, S. F. A.; Stanghellini, P. L. Inorg. Chim. Acta 1976, 

(10) Viradi, G.; Vizi-Orosz, A.; Vastag, S.; Pilyi, G. J. Organomet. 

(11) Viradi, G.; Vecsei, I.; Vizi-Orosz, A.; Pblyi, G.; Massey, A. G. J. 

(12) Kettle, S. F. A.; Stanghellini, P. L. Inorg. Chem. 1977, 16, 753. 
(13) Dickson, R. S.; Yawney, D. B. W. Aust. J. Chem. 1967, 20, 77. 
(14) Dickson, R. S.; Yawney, D. B. W. Inorg. Nucl. Chem. Lett .  1967, 

(15) Dickson, R. S.; Yawney, D. B. W. Aust. J. Chem. 1968, 21, 97. 
(16) Dickson, R. S.; Yawney, D. B. W. Aust. J. Chem. 1968,21, 1077. 
(17) Dickson, R. S.; Yawney, D. B. W. Aust. J. Chem. 1969,22, 1143. 
(18) Iwashita, Y.; Tamura, F.; Nakamura, A. Inorg. Chem. 1969, 8, 

Chem. 1976,90, 85. 

18, L18-20. 

Chem. 1976,108, 225. 

Organomet. Chem. 1976, 114, 213. 

3, 209. 

1179. 
(19) Iwashita, Y. Inorg. Chem. 1970, 9, 1178. 
(20) Iwashita, Y.; Ishikawa, A.; Kainosho, M. Spectrochim. Acta, Part 

A 1971,27A, 271. 
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Chart I 
H C z C C H 2 0 H  (HC=CCH20H)Co2(CO), ( H C ~ C C H , O H ) C O , ( C O ) ~ ( P M ~ ~ )  ( H C ~ C C H , O H ) C O ~ ( C O ) ~ ( P M ~ ~ ) ~  

I I1 I11 IV 

1113 

XI1 XI11 XIV 

xv 

certain unstable free acetylenes and for symmetrically 
substituted alkynes for which the v(C=C) stretching vi- 
bration is infrared inactive. 

Results 
In the initial search for some alkynes (R = H, R' = 

CH20H; R = H, R' = CHO; R = R' = CHO) and their 
complexes, the IR spectra have been measured from 4000 
to 200 cm-' with the aim of determining with a fair degree 
of certainty the changes in vibrational frequencies on 
complexation, principally for v(CW). The v(CW), band 
of complexes, which might be expected to appear between 
1300 and 1800 cm-', is difficult to detect on account of the 
presence of numerous other bands: v(C=O), G(C-H), and 
6(0-H) in particular. To surmount this difficulty, specific 
derivatives of (RCSCR')C~JCO)~ were synthesized and 
studied: mono- or disubstitution products with PMe, or 
PPh, and, importantly, deuterated alkyne compounds. 
The spectra of this large group of complexes (I1 - IV; VI - XVI, Chart I) have also allowed the unequivocal as- 
signment of v(C=O), ~(CO-C-0), v(Co-Cco), and v- 
(Co-C,,) frequencies. The data are listed in Table I. 

Careful analysis of the spectroscopic data shown in 
Table I gave the following results. 

u ( e H )  Vibrations. These are detected without dif- 
ficulty a t  -3300 cm-' in the free alkynes and at  -3100 
cm-' in their various complexes in agreement with the 
previous results of IwashitalaZ0 on the molecules ( R C z  

CH,) and Kettlel2 from the Raman spectra of (HC=C- 
H)Co2(CO)& The drop in frequency on complexation is 
of order of 200 cm-l. 

v(C=O) Vibrations. These are situated, as expected, 
between 2120 and 1900 cm-'. 

v(C=O), u(C=L),, and G(-CH) Vibrations. These 
are distributed among the bands at  - 1660, - 1500, and 
~ 1 3 8 0  cm-', on which are superimposed bands at 1580 
cm-' due to PPh3 and 1480 cm-l due to PMe3 and PPh,. 
In certain cases, most notably aldehydes, the bands at  
N 1660 cm-' are due to v ( C 4 )  because they appear in the 
free alkynes and corresponding complexes with a variation 
in frequency on complexation by a value of 120 cm-'. 

The bands around 1580 cm-' only appear in PPh, com- 
plexes. Similar frequencies are found in other PPh3 de- 
rivatives, for example, Ni(CO),(PPh,), MO(CO)~(PP~,), ... 
they result from v(C=C) of the aromatic rings. The bands 

CR')CO~(CO)G (R = R' = H; R = H, R' = D; R = H, R' = 

XVI 

at  1480 cm-' only appear in PMe3 and PPh, compounds. 
They are due to 6(C-H) of PMe3 or v(C=C) of PPh,. 

This leaves bands at  - 1500 and 1380 cm-' that can be 
attributed either to v(C=C), or 6(-CH). These assign- 
menta were distinguished by using deuterated complexes 
XIII-XVI that shifted the 1380 cm-' band into the region 
of 1050 cm-' (6(C-H)/6(C-D) frequency ratio of 1.30, 
consistent with deuterium isotopic substitution). 

Thus the v((=---=c), vibrations in the complexes 11-IV and 
VI-XvI have frequencies situated in the region of 
1550-1490 cm-'. 

u(C-C) Vibrations. For the pairs of compounds 1/11 
and V/VI an increase in v(C-C) frequency on complex- 
ation of approximately 60 cm-' is observed: this result 
differs from that of Iwashita,zO who found an increase of 
only 9 cm-' from H W C H ,  to (Hc=cCH&~(CO)6, but 
appoaches the change of 73 cm-l noted for the couple 
CH3C~CCH3/(CH3C~CCH3)Coz(CO)6.z0 In the other 
complexes X-XVI, Y(C-C) ,~  is -710 cm-' and v(C- 
C)" -1118-1174 cm-', but the frequency shifts from the 
free alkynes are not known since these alkynes have not 
been isolated in the free state. 

G(C0-C-0) and v(Co-Cco) Vibrations. The first 
of these vibrations is attributed to bands situated between 
570 and 510 cm-' and the latter, to bands in the region of 
510-420 cm-', as in the complexes CO(CO)~MX, (MX, = 
SiCl,, Si(OMe),, SiPh,, SiEt,, GeEt,, SnEt,, PbEt3).21 
This assignment differs from the initial assignment of 
I ~ a s h i t a ' ~  on (HC=CH)CO~(CO)~ but agrees with Kettle's 
studied2 on several symmetrical complexes (RCrCR')- 
C O ~ ( C O ) ~  (R = R' = H, CH,, CF,). 

v(Co-C,J Vibrations. The results obtained by Ket- 
tle,l2 from Raman studies of the complexes (RC=CR)- 
CO,(CO)~ (R = H, CH,, CF,), suggest that ~(CO-C ) 
should appear as weak bands close to 400 cm-' i r ; !  
spectra of 11-IV and VI-XVI rather than at  -600 cm-' 
as indicated by Iwashitala for (HC=CH)CoZ(C0),+ As will 
be evident later in this paper, the electronic distribution 
between an atom of cobalt and the alkyne moiety in 
(RC=CR')CO~(CO)~ closely resembles that between an 
olefin and iron in the tetracarbonyl olefin complexes 
(olefin)Fe(CO)(. Since the polarized Raman spectra of the 
latter show unambiguouslyzz that an average v(Fe-C- 

(21) Kahn, 0.; Bigo rgne ,  M. J. Organomet. Chen.  1967,10, 137. 
(22) Bigo rgne ,  M. J.  Organomet. Chem. 1977, 125, 55. 
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(p-A1kyne)hexacarbonyldicobalt Complexes 

A U  (CiC) 
cm-I 

700 

650 

600 
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2000 2100 2 2 0 0  2300 diCZCla 

cm-1 

Figure 1. v(C=C), frequencies in the complexes as a function 
of v(C=C), frequencies of the corresponding free alkynes. 
Equations of the lines: yo = 573.01 + 0.45667~; y1 = 296.78 + 

(olefin)) is 390 cm-l, a similar frequency is expected for 
u(Co-C,,) in the complexes (RC=CR’)CO~(CO)~ 

Once the assignments have been established (vide supra) 
and with the availability of a great variety of alkynes and 
their complexes, the next step was to construct Table 11, 
which contains unequivocal assignments for u(CW).  The 
range of v ( C d ) ,  frequencies is 1498-1629 cm-’, and Au- 
(CsC) ,  the change in frequency on coordination, varies 
from 560 to 711 cm-’ depending on the number and above 
all the electronic character of the substituents R and R’ 
on the acetylene. 

The u(CW),  frequencies in the free monosubstituted 
alkynes (R = H) 1-6,12, and 13 were detected unambig- 
uously. For the remaining alkynes, the symmetric com- 
pounds 8-11,17, and 20 have no IR-active v ( C W )  bands 
and the dissymetric compounds exhibit generally two IR 
bands in the u(C=C), region, one of which is the first 
harmonic of the v(C-C) vibration that occurs at 1100-1150 
cm-l.% In these cases we have taken the literature values 
for u(C=C),: ref 23 for 8, ref 23 and 24 for 9, ref 24 for 
9-11, ref 25 for 14, ref 26 for 17, and ref 27 for 20. The 
valuea shown in parentheses for 18 and 19 will be explained 
later. 

Table II lists, in parallel data for v(C=C), v(C%C),, and 
Av(C=C) together with u(CxV) vibrational frequencies, 
the assignments that have been made in large part from 
the work of Bor.3-9J1 In almost every case the v ( C ~ 0 )  
spectra of liquids or solids exhibit three strong bands, the 
lowest of which is broad and contains the two components 
Al and Bz. 

0.571 3 7 3 ~ ;  y2 = -127.51 + 0.7468~. 

Discussion 
When the values of u ( C _ e c  of the coordinated acety- 

lenes are plotted against the v(C=C), frequencies of the 
free ligands (Figure l), quasi-linear relationships are evi- 
dent for the compounds l - 11, 12 - 16, and 17 -.L 20. 
The correlation coefficients obtained from best fits of the 
data for yo, yl, and y2 are 0.983,0.998, and 0.956, respec- 
tively. 
A plot of Av(C=C) vs. u(CW),  (Figure 2) shows ob- 

viously a closely similar grouping of compounds. 

(23) Jonee, D. E. H. J .  Chem. Soc., Faraday Trans. 2 1976,72,1406. 
(24) Kendall, R. F. Spectrochim. Acta, Part A 1968,24A, 1839. 
(25) Mannik, L.; Sipos, P. A,; Phibbe, M. K. Can. J. Spectrosc. 1978. 

(26) Clark, H. C.; Manzar, L. E. Znorg. Chem. 1974, 13, 1291. 
(27) Miller, F. A.; Bauman, R. P. J.  Chem. Phys. 1964,22,1522. 

20,w. 

u.’ 1’ 
5 5 0  I 

2000 2100 2200 2300 \1 Icrc), 
c m-‘ 

Figure 2. Changes in frequency, Av(C=C), of alkynes on com- 
plexation as a function of v ( C d ) ,  frequencies of the corre- 
sponding free alkynes. Equations of the lines: yo = -573.01 + 
0.54333~; y1 = -296.78 + 0.4286271; y2 = 127.51 + 0.2532~. 

600 - 
13‘ 

2 

I 

I 
I 

v (CIOI,, 
1”  

550 

2050 2060 2 0 7 0  2 0 a o  2090 
cm- ‘  

Figure 3. Changes in frequency, Av(C=C), of alkynes on com- 
plexation as a function of the average carbonyl frequency v ( C r  
O), in the complexes. 

The straight line yo brings together those points that 
correspond to complexes having alkynes with electron 
donor or very poor acceptor substituents, and three zones 
are apparent: A for R = H and R’ = alkyl or phenyl 
(complexes 1-6); B for R = alkyl or phenyl and R’ = phenyl 
(complexes 7 and 8); C for R and R’ = alkyl (complexes 
9-11). 

The function y1 relates those complexes containing a 
single acceptor group in the cy-position on the alkyne, and 
the points are grouped into two distinct zones: D for R 
= H and R’ = CHO or COzEt (complexes 12 and 13); E 
for R = alkyl or phenyl and R’ = CHO or CN (complexes 

Finally the line yz groups together the alkyne complexes 
possessing two acceptor groups, CHO, CN, COZMe, CF3 
(complexes 17-20), and these points lie in the zone F. 

The changes in Av(C=C) as a function of the average 
carbonyl frequency v(C+), for the complexes are shown 
in Figure 3. Not only are the same groups A, B, ..., and 
F found as previously (vide supra), but also the same zones 
yo, yl, and yz. Thus the locations of the zones A-F are not 
fortuitous nor are the trends established by lines yo, yl, 
and yz. The U ( C ~ V ) , ~  demarcation lines between yo, yl, 
and yz are 2060 and 2077 cm-’. 

The main feature derived from an examination of Fig- 
ures 1 and 2 is that the higher the v(C=C). frequency, the 

14-16). 
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greater the values of v ( C 4 ) ,  and Av(C<), whatever the 
nature of the groups R and R’ on the alkynes. We inter- 
pret this result as follows: the higher the v(C=C), fre- 
quency, that is, the greater the population of free alkyne 
triple bond, the greater the u donation from the alkyne to 
the C O ~ ( C O ) ~  moiety and /or  the a-back-donation from 
cobalt to alkyne because v(C=C), is governed by the net 
u + a transfer. 

Indeed, the generally accepted structure for metal-alk- 
yne bonding involves a-donation from the alkyne a-elec- 
tron density to an empty metal p or d orbital and back- 
donation from a filled metal d (or dp hybrid) orbital to an 
alkyne a*-orbitaLZ8 a-donation reduces the a-electron 
density of the acetylenic triple bond and thus lowers the 
IR frequency. Back-donation into the a*-level also 
weakens the triple bond. Thus, both u- and a-coordination 
lower v(C=C); their effect is additive (a + a). 

Av(C=C), which is a measure of u + a transfer, is only 
weakly perturbed by coupling of v(C=C) to v(C-C). 
Moreover, it is well-known,20 (this is confirmed by the 
magnitude of v(C=C), (1560 f 70 cm-’)) that the car- 
bon-carbon bond in the complexes studied here is close 
to a double bond. So in electronic terms, Av(C<), which 
is of the order of 650 cm-’, is equivalent to a two-electron 
transfer. 

Turning to the m e t a l 4 0  interaction, the v(C=V) fre- 
quency is a good indicator of the net charge on the metal. 
Previous work permits a quantitative estimate of this 
charge as a function of the decrease of v(Cr0):  in the 
monoanion CO(CO)~- the decrease is about 100 cm-’ with 
respect to v(C=O) in the neutral compound C O ~ ( C O ) ~ . ~ ~  
A similar result is obtained when one or more carbonyl 
ligands are replaced by strong donor ligands.30 It is thus 
possible to calculate the net charge transferred from the 
alkyne to the metal in the complexes ( R C ~ R ’ ) C O ~ ( C O ) ~ .  
This quantity is given by the difference between a-dona- 
tion from and back-donation to the alkyne (a - a). 

Av(C=C) allows the calculation of u + a, while A v ( W )  
provides access to u - a; therefore, the separate contri- 
butions u and a can be easily deduced. 

On this basis, Av(C=C) for the group of complexes A 
has an average value of 570 cm-’ (Figure 2 and Table 11). 
Thus 

u + a =  

Organometallics, Vol. 3, No. 7, 1984 

Av(C=C) 
650 

x 2 electrons = 

Meyer and Bigorgne 

570 - X 2 electrons = 1.78 electrons 650 

v(C=O),, for complexes A is 2054 cm-l, which implies a 
Av(C=O) of 14 cm-l, as v(C=O),, for the three strong 
bands Al, B,, and Al (or B,) of the carbonyl-bridged form 
of C O ~ ( C O ) ~  in the solid state’ is 2068 cm-l. In accordance 
with the relationship given above, 100 cm-’ per electron, 
one calculates for complexes A (Figure 3 and Table 11) 

- - A v ( c ~ 0 )  (2068 - U(CEO)~,)  - - 
100 100 u - a =  

The values for u + a = 1.78 and u - a = 0.14 imply u 
= 0.96 and a = 0.82. 

(28) Greaves, E. 0.; Lock, C. J. L.; Maitlii, P. M. Can. J. Chem., 1968, 
46, 3879. 

(29) Braterman, P. S. In “Metal Carbonyl Spectra”; Academic Press: 
New York, 1975; pp 190,197. Al, v(C=O) in CO(CO)~- = 2002 cm-’ and 
v(C=O) in C O ~ ( C O ) ~  = 2106 cm-l. 

(30) Phkowski, M.; Bigorgne, M. J. Organomet. Chem. 1977,125,231. 

C B A D  E F 
o a  a a  a a  a a  a i r  a i r  

Figure 4. Relative u and a parameters between a l l y e  and cobalt. 

The above reasoning then provides all of the necessary 
elements to calculate separately the u- and a-components 
of the interaction between the alkyne and the Co2(CO), 
moiety for the diverse series of complexes within the 
groups A-F. 

YO Y1 
C B A D E $’ 

1.15 & 1.05 4 0.96 - 0.94 7’ 1.01 -0.99 
0.94 4 0.88 & 0.82 7’ 0.93 7’ 1.02 7’ 1.16 

o(e1ect.) 
n(e1ect.) 

Although these values themselves provide only a rough 
estimate of the phenomenon, the relative ordering of the 
u- and a-components is important. It can be seen that u 
and a decrease from C to B to A and then increase again 
to F. Progressing through a given series, yn (e.g., yo, C - 
A), the greater the extent of a-donation and a-back-do- 
nation, the greater is the electronic population of the triple 
bond. Moreover, comparison of the groups F, E, and B, 
which have more or less the same v(C=C), (Figure l), 
shows that the a-component decreases by the same amount 
(0.14 electron) from F to E and from E to B. Figure 4 
illustrates clearly the various electron transfers: u > a for 
A, B, and C, then u N a for D and E, and finally u < a 
for F. 

All of these observations are in agreement with the fact 
that A, B, and C contain two electron-donating (or poorly 
attracting) groups, D and E contain one acceptor, and F 
contains two strong withdrawing substituents. When the 
R and R’ groups are electron donor, the acetylene a- 
electrons are more available for the donation of the a- 
electron density to a metal orbital of u-symmetry. On the 
other hand, in the case of withdrawing substituents, 
electron density back-donation will flow easier from metal 
a-orbitals into a high antibonding **-orbital of the acet- 
ylene. 

Before concluding, some justification of the values of 
v(C=C), of the free alkynes corresponding to complexes 
18 and 19 is necessary. These free ligand values could not 
be measured in the IR because of the symmetrical nature 
of the alkyne 18 or, alternatively, because the free ligand 
is too unstable (19). These frequencies were obtained by 
linear interpolation of Av(C=C) values for complexes 17 
and 20 in parallel with the known values of v(C=O),, for 
the four complexes 17-20 (Figure 3). The extrapolated 
values should be accurate to A5 cm-l. 

Conclusion 
From the results of this study several important con- 

clusions can be drawn. 
1. The complexes (RCECR’)CO,)(CO)~ are well suited 

for the examination and determination of changes in u- 
(C=C), as a function of the electronic character of the R 
and R’ groups on the alkyne. For these compounds u- 
(C<), lies between 1490 and 1630 cm-’; A v ( C S )  varies 
in magnitude from 560 to 710 cm-’. 

2. By correlating changes in v(C=C) and v(C=O) fre- 
quencies, it is possible to evaluate the relative extent of 
u- and a-bonding in these systems. Each of the two a- 
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(p-A1kyne)heracarbonyldicobalt Complexes 

bonds of the alkyne releases approximately half of its 
population to form the a-component (alkyne - metal), 
thus rendering each alkyne-cobalt bond closely analogous 
to the metal-olefin bond in (olefin)Fe(CO)4 complexes. In 
total the triple bond has been essentially reduced to a 
double bond. However the reduced triple bond does not 
appear, from chemical studies, to exhibit the behavior and 
reactivity expected of an olefin because of very different 
electronic distribution on the carbon atom in these two 
cases. 

3. The complexation of an acetylene by the C O ~ ( C O ) ~  
entity leads not only to temporary protection of the triple 
bond3' but also to an interesting stabilization of the un- 
saturated.32 Therefore, the existence of straight-line re- 
lationships and zones of similarity between compounds, 
according to the nature of the substituents on the com- 
plexed alkyne, ought to permit the determination of the 
following unknowns: (a) the vibrational frequency of v- 
(M), in an unsymmetrical free ligand; (b) the v ( C e ) ,  
frequency in a symmetrical acetylene normally inactive in 
the IR; (c) the v(C=C), frequency in an unknown and 
unstable free ligand; (d) the v(C=C), frequency of a com- 
plex involving a phenyl group that can give rise to bands 
overlapping. Thus, an examination of v(C=C), in the 
complex together with Y(C=O),~ identifies clearly the 
straight line and the zone to which the compound belongs. 

For example, the derivative (HCdCF3)Co2(CO)6 hav- 
ing the v(-) frequencies 2112,2072, and 2040 cm-l, i.e., 
u(C=O),, = 2075 cm-', belongs to y1 (Figure 3). The ex- 
perimental value of v(C=C), a t  1533 cm-' indicates that 
it should have a free v(cc=C), frequency close to 2162 cm-' 
(Figure 1). The experimental frequency for this free ligand 
is 2159 In the same way, the complex ( P h C e  
CCOCH3)CO&O)6 having v(C=O),, a t  2065 cm-' and 
v ( M ) ,  at 1580 cm-' belongs to line y1 (Figure 3) and zone 
E (Figure 1). The corresponding u(C=-t), frequency is of 
the order of 2247 cm-', close to the experimental value of 
2250 cm-'. This is significant because the IR band is 
actually weak and very close to an intense band at  2202 
cm-' due to the first harmonic of v(C-C). Indeed it would 
be difficult to correctly assign v(C=C), in this compound 
simply on the basis of frequency and intensity. Thus, the 
ambiguity of band overlapping can be solved by com- 
plexation without suffering from too much confusion with 
other bands. Furthermore, if there is some doubt con- 
cerning the nature of substituents on the alkyne after 
reaction or possible modifcation and if after complexation 
the v(C=C), frequency is known precisely, then exami- 
nation of Figures 3 and 1 will remove this doubt. A v- 
( C d ) ,  frequency at  2065 cm-' corresponding to y1 leads 
to either complexes D or to complexes E canying v ( C e ) ,  
onto Figure 1 (either 1500 or 1570 cm-') provides knowl- 
edge of the electronic nature of the substituent on the 
alkyne. 

Finally, the linear relationships of Figure 1 allow one to 
find easily the v(C=C), frequency in some particularly 
complicated stretching regions of metal complexes in- 
volving a phenyl group. For example, the free ligand 
PhCWCHO exhibits a v(C=C), frequency at  2239 cm-l 
and the complex a Y(C=O) ,~  frequency at 2063 cm-'. 
Correlating ~ ( C E C ) ~  and v(C=C), on line y1 of Figure 1 
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leads to a v(C=C), a t  1576 cm-l. By examining the IR 
spectrum that shows three overlapping bands at  1596, 
1578, and 1569 cm-', a clear choice of the u ( C d ) ,  at 1578 
cm-' can be made, the bands at  1596 and 1569 cm-' re- 
sulting from the v(C=C) frequency of the phenyl group. 

Experimental Section 
All reactions and manipulations with dicobalt octacarbonyl were 

carried out under a dry, oxygen-free, nitrogen atmosphere. 
Solvents (benzene, tetrahydrofuran, pentane, and n-hexane) were 
dried over sodium benzophenone and distilled under dry nitrogen 
just prior to use. Dicobalt octacarbonyl was purchased from Strem 
Chemical Co. Most of the free acetylene derivatives were com- 
mercial samples used without further purification, and the re- 
maining were prepared according to literature procedures. 
Trimethylphosphine was prepared as previously described. 

Preparation of (RC=CR')CO~(CO)~. The (a1kyne)cobalt 
complexes were prepared by the well-known method3" by treating 
C O ~ ( C O ) ~  with the appropriate alkyne (small excess) in dry de- 
oxygenated pentane or THF (use of syringes), under a nitrogen 
atmosphere, a t  room temperature. After gas evolution has van- 
ished, the reaction mixture was stirred for 1 or 2 h and purity 
was followed by thin-layer chromatography (silica gel 60 F 254). 
Pure complexes were obtained, after preparative chromatography 
on silica gel (plates or short columns), either by low-temperature 
crystallization (solids) or by removal of the solvent under vacuum 
(liquids). 

Preparat ion of (RC~CR')Co,(Co),-,(PR3)n. Mono- 
phosphine derivatives (n = 1) were prepared by the methods 
described in the literature, e.g., ref 18,34, and 35. Disubstitution 
products (n = 2) were obtained by using an excess of PR3, at a 
temperature of 40 "C. 

Preparation of a-Acetylenic Dialdehydes Acetals Deu- 
terated on the  Aldehyde Function and Their Complexes. 
First triethylorthoformate-cu-dl (D-C(OEt),) was prepared from 
deuterium cyanide, deuterium chloride, and ethanol-dl according 
to a procedure previously describedgB and purity was checked by 
'H NMR. 

Second, the deuterated acetal (EtO),DCC=CCD(OEt), was 
prepared by the same method as for the hydrogenated acetal3' 
using D-C(OEt)3 instead of H-C(OEt)3, i.e., preparation of the 
disubstituted Grignard derivative of acetylene and reaction with 
D-C(OEt)3. Purity and absence of aldehydic hydrogen were 
followed by 'H NMR. Finally, treatment of this acetal with 
C O ~ ( C O ) ~  and chromatographic purification gave rise to the 
deuterated complex [(Et0)2DCC=CCD(OEt)2]Coz(CO)6 that was 
the starting material for the a-acetylenic deuterated dialdehyde 
XI11 (by pure formic acid formolysis) and for the phosphine 
derivatives XIV-XVI (mono- or disubstituted by PR3 followed 
by formolysis). 

Spectral Measurements. Infrared spectra were recorded on 
a Perkin-Elmer 225 spectrophotometer in the spectral region of 
4000-200 cm-'. Calibration in wavelength of the spectra was made 
by using as standards the absorption lines of HzO, COz, and CO. 
In multiple bond stretching regions, several thicknesses (neat 
sample or in a solvent) or concentrations (solids in dry KBr) were 
studied, so as to obtain optimal intensities and good band sep- 
arations. 'H NMR spectra were recorded on a 60-MHz Varian 
EM 360 spectrometer with an internal Me4Si standard. 
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Summary: The crystal structure of [(C,H, ,),Gel 
which has been described and refined' in the triclinic 
space group P1, can be better described in space group 
P I .  Least-squares refinement in Pj led to an R of 0.052 
for 3394 reflections, compared to an R of 0.070 obtained 
for the P1 refinement. In  the Pj description, the central 
S atom is disordered between two centrosymmetrically 
related sites; as a result of this disorder, the S-S dis- 
tances, which are calculated at 1.973 (3)  and 2.051 (3)  
A, may well be equal at about 2.01 A. Other distances 
and angles are now normal. 

The crystal structure of [ (C6H11)3Ge]2S3 has been de- 
scribed' in the triclinic space group P1 (a = 9.004 (7), b 
= 9.808 (4), c = 11.815 (5) A; (Y = 83.14 (3), p = 84.64 (5), 
y = 66.92 (5)O; 2 = 1) and refined to an R of 0.063 for 3185 
reflections with I > 1.9u(I), R = 0.070 for all 3395 measured 
reflections. Three considerations led us to investigate the 
possibility of higher symmetry: (1) the molecule has po- 
tential symmetry that space group P1 cannot satisfy; (2) 
averaging the coordinates (Table 1') of the two pairs of 
chemically equivalent heavy atoms Ge(l), Ge(2) and SO), 
S(3) gives nearly identical values (a = 0.193,y = 0.128, Z 
= -0.197); (3) most convincing of all, the authors noted that 
the highest peak in a final difference map (1.2 e.A-3) "was 
in the vicinity of the sulfur atoms, a t  1.92,2.21, and 2.04 
A from the S( l ) ,  S(2) and S(3) atoms, respectively". By 
triangulation, this peak must be related to the central atom 
S(2) by the same point that relates Ge(1) to Ge(2) and S(1) 
to S(3) ,  suggesting that the space group might be PI with 
S(2) disordered between two centrosymmetrically related 
sites. Further study showed that every remaining atom 
in Table I' has a chemically equivalent mate approximately 
related by the same center of symmetry. 

Reformulating the structure in Pi required a shift of 
origin to x = 0.19, y = 0.13, and z = -0.20 and an averaging 

Contribution No. 6978. 

ganometallics 1983, 8'78-882. 
(1) Brisse, F.; Vanier, M.; Olivier, M. J.; Gareau, Y.; Steliou, K. Or- 

Table I. Coordinates (XIOs for Ge; X104 for S and C) and 
U,, Values (xlO') (Space Group Pi) 

X Y z 

Ge ( 12 1 
S(1,3) 
S(2Y 
C(11,61) 
C(12,66) 
C( 13,65) 
C(14,64) 
C(15,63) 
C(16,62) 
C(21,41) 
C(22,46) 
(324.4 5 ) 

19399 (6) 
1903 (2) 

73 (3)  
95 (5)  

-1465 (6) 
-2858 (6)  
-2440 (7)  

-921 (7) 
475 (6) 

1884 (5)  
2355 (7)  
2280 (9) 

12777 (5)  
-226 (2) 
-920 (3)  
1635 (5 )  
2863 (6) 
3163 (6) 
3511 (6)  
2272 (7)  
2000 (6) 
3155 (5)  
4078 (6) 
5532 (61 

-19726 (4) 
-351 (1) 

-2894 (4) 
-2494 (4)  
-3258 (5 )  

-4906 (5 )  
-4162 (4)  
-1489 (4)  
-2466 (4 )  
-2093 (6)  

-537 (2)  

-4499 (5)  

ueq, A2 

575 (5)  

419 (1) 
656 (3)  

481 (10 
604 (13 
737 (16 
734 (15 
758 (16 
611 (13 
491 (10 
640 (13 
906 (18 

c(23;44j 3248 @ j  5318 (6 j  -1069 (5 j  756 (15 
C(25,43) 2770 (7) 4430 (7) -103 (5)  742 (14 
C(26,42) 2876 (7) 2948 (6) -456 (4) 672 (13 I 
C(31,51) 3981 (5) 112 (5) -2785 (4)  448 (9)  
C(32,56) 5483 (6) -174 (6)  -2160 (4) 595 (12) 
C(33,55) 7031 (6)  -1081 (7) -2830 (5)  741 (16) 
C(34,54) 6989 (7) -2521 (6) -3142 (5) 715 (15) 
C(35,53) 5488 (7)  -2238 (6) -3767 (5) 733 (15) 
C(36,52) 3952 (6) -1366 (5)  -3087 (5)  643 (13) 

a Half-populated site. 

Table 11. 206 Reflections, I < 1 .go (I) 
- 

P1 P1 
ZFCJ 222.4 218.4 

l F c l  186.0 463.7 
99.4 270.8 

R 0.45 1.24 

of symmetry-related coordinates. (This averaging was 
confusing because of inconsistencies in the atom num- 
bering system, which does not conform to Figure 1 of ref 
1.) Atom S(2) was assigned a population parameter of 0.5. 
The hydrogen atoms were placed in assumed positions so 
as to complete tetrahedra with C-H = 0.95 A, as in ref 1, 
and were not further adjusted. Initial least-squares re- 
finement led to an R of 0.065 for the 3395 reflections in 
the supplementary table, but one reflection (702) was a 
statistical outlier; when it was removed from the refine- 
ment, convergence was reached at R = 0.052 for all 3394 
reflections and R = 0.050 for 3188 reflections with I > 
1.9u(I), compared to 0.070 and 0.063 for the P1 refine- 
ment.' The principal features of a final difference map 
were about 0.5 and -0.9 e.A-3 in height and formed a fa- 
miliar clover-leaf pattern about the Ge atom, suggesting 
that the Uij terms were not able to completely compensate 
for systematic errors such as absorption. There were 
similar but smaller features about S(1,3), but no indications 
of additional disorder. The final Pi coordinates are given 
in Table I. Coordinates assigned to the H atoms and U, 
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