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The X-ray diffraction measurements obtained by Gcddard and Kriiger for CI(C0)4Cr=C-CH3 (crystallizing in P2,/c; a = 6.504 
( 2 )  A. h = 11.261 ( 5 )  A, c = 12.756 (6) A, /3 = 105.58 (3)O. Z = 4) have been refined by using the multipole model proposed 
by t innrcn  and Coppcns. Static and dynamic model maps are obtaincd that provide suitable information concerning the reorg- 
aniiation of the electron density induced by the Cr=C and Cr-(C0)4 bonding. The observed alternation of the Cr-Cco bond 
lcngths docs not seem to bc the consequence of a delocalized electronic effect originating i n  the methyl group. The static maps 
arc discussed in  connection with a theoretical density distribution obtained from ab initio CASSCF calculations. Both the theoretical 
,ind the multipole model maps show the marked covalent character of the C r E C  T bonds, compared to the T back-donation 
occurring in  the Cr(C0)4  plane. The presence of a negative net charge on the carbynic carbon is confirmed. and the corresponding 
demit) accumulation is shown to lie i n  the region of the triple bond, facing the metal. This charge distribution is consistent with 
LI d 1 r 2  formnl electronic configuration for the carbynic carbon. The metal d-orbital populations deduced from the static model 
distribution arc in quite good agreement wi th  the theoretical predictions. 

1. Introduction 
An important a n d  unexpected conclusion of previous theoretical 

studies on carbyne c ~ m p l e x e s l - ~  has been the  evidence for a large 
negative net chargc  on the  carbynic  carbon a tom.  The conse- 
qucnccs of this chargc  distribution in t he  interpretation of the  
nature  a n d  reactivity of the  metal-carbon triple bond have been 
the  subject of various  discussion^.'-^ A n  X-ray  determination 
of the density distribution of tetracarbonylchloroethylidyne- 
chromium. CI(CO),Cr=C--CH,, has been reported some years 
ago by Goddard  2nd Kriiger ( G K ) . 5  The X-X maps  obtained 
by GK provided information of interest concerning the distribution 
of electron density around the  metal and more specifically along 
thc triple bond. Thc information unfortunately remained qual-  
itative d u c  to the  effect of thermal  smearing a n d  the  limitations 
of the  spherical refinement. Multipole refinement techniques6*' 
now allow extraction of quant i ta t ive information from the  dif- 
fraction measurements .  more  specifically concerning the  metal  
orbital populatioiis.* W e  therefore decided to apply Hansen and  
Coppcns's niultipolc rcfincnient' to the set  of diffraction mea-  
surements obtained by GK and to compare the experimental model 
m a p  to a theoret ical  dis t r ibut ion obtained from a b  initio 
c ASSC F9 c;i I C  ti I;i L ions. 
2. Experimental Deformation Density 

2.1. Expcrimemtal Data. This compound, like all the members of the 
carbync faiiiily. i h  vcrq unstablc. sensitive to moisture, to air. and to 
tenipcraturc. I t  decomposes slowly even at dry-ice temperature in sealed 
capillury tubes. Table I summari7cs the X-ray diffraction experimental 
data for tctr;icnrhonylchlorocthylidynechromium ( I )  obtained by Kriigw5 
I t  i b  \\orth\\hilc noting that attcnipts to niakc single crystals of I for 
neutron diffraction studies have failed. 

2.2. Multipolar Refinements. Thc refinements were carried out  ac- 
cording to the I lanscn-Coppcns' model. using program MOLLY.  In  this 
model. the crystal is dcfined a s  ii superposition of nonspherical pseu- 
doatoms whose electronic density is described by an expansion of atom- 
centered deformation functions: 
{Jk(?) = 

4 +I 

/=0 m=-1 
P k c P k . c o r c ( F )  + P I ; ~ . " ' P k . v a l e n c e ( ~ k ~ )  + 1 K ' k 3 R k . / ( K ' k r )  c P k . / m y / m k ( F / r )  

( 1 )  

where pcorc ;ind /)v,llencc are spherical Hartree-Fock core and valence 
densities. Y,,, represent the spherical harmonic angular function in real 
form. A and Y' are expansion-contraction parameters. and R,, represent 
thc Sl;itcr-i!pc r;idial functions dcfined as  

Rim = Nr"n,e-"rl' (2) 

Table I .  Crystallographic Data for CI(C0)4Cr=C(CHI) ( I )  
cell data 

a.  A 
b. A 
c. A 
cy, deg 
6 ,  deg 
Y, deg 
I., A' 
Z 
d,, g cm-) 

space group 
T ,  K 
radiation, ( A ,  A )  
no. of reflections 

tot. 
independent 
F >  2a 

u, cm-' 

6.504 (2) 
11.261 (5)  
12.756 (6) 
90.0 
105.58 (3) 
90.0 
899.96 
4 
1.67 

IO0 
Mo Kn, Zr filter (0.71069) 

4742 
2372 
1836 
15.2 

P2,lC 

Table 11. Initial Radial Functions" 
I 

I 2 3 4 
ti/ {/K' ni {{K' n, {[K' n, {IK' 

Cr 4 6.40 4 6.40 4 6.40 4 6.40 
CI 4 5.50 4 5.50 4 5.50 4 5.50 
C 2 3.20 2 3.20 3 3.20 4 3.20 
0 2 3.40 2 3.40 3 3.40 4 3.40 
H 2 1.30 

~ _ _ _ _ _ _ ~  

0 {/K' i n  A-' .  

Table 111. Scattering Form Factors" 
core electrons core electrons 
sf ne ref sf ne ref 

Cr f(Cr3+)Arcore 18 1 1  f(Cr)frce -f(Cr3*)Arcore 6 1 1  
CI /(Cl)N,,,,, 10 1 1  1/7(2(j0i3p+5(jO)2p)  7 
C /(C)Necare 2 1 I '/2((j0)2, + ( j O ) 2 p )  4 1 1  
0 f'(0)N,,,,, 2 1 I ' /A( j0 ) l s  + 2 ( j 0 h P )  6 1 1  
H 0 Stewart et al. I I2  

Anomalous scattering form factors are defined for the chromium 
and chloride atoms.I1 sf = scattering form factor; ne = number of 
elcctrons attributed to this part. 

where nl and {, depend on the nature of the atom and its chemical 
environment and PI, is the multipole population coefficient.' 

' Ecole Centrale Paris. 
1 Present address: Laboratoire LBon Brillouin, CEA-CNRS. CEN Saclay. 

F-91 191 Gii-sur-Yvcttc Ctdex. France. 
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Figure I .  Molecular geometry of I (ORTEP diagram 
parsmclcrr). 

- 1 " '  
with multipolar 

Figure 2. Local Cartesian axis systems defined for each atom in the 
multipolar rcfincmcnt. The bold arrow defines the I axis, and the xcond 
ilrrow. the x axis, except for the C6 atom, where it is t h e y  axis. The 
third nxis is chooren so as to define a direct orthogonal system. 

Tabk IV. Reliability Factors" 

method R ( n .  % R,(fl.% R ( F ) . %  R.(P).% GOF N W  NVc 
I d  2.64 2.95 3.56 6.22 1.78 1836 109 
2d 3.01 2.69 4.16 5.26 1.09 773 109 
Id 3.14 2.82 4.17 5.53 1.09 773 37 
4d 2.07 2.24 2.86 4.94 1.37 1836 161 
Sd 2.08 2.26 2.87 4.95 1.36 1836 91 

re&nio&. ;NV = number a1 variables. dMethcds key: ( I )  spherical 
relincment; (2) high-order refinement isotropic temperature factors for hy- 
drogen atoms; (I)  high-ordcr rcfinemcnt anisotropic temperature factors for 
hydrogen atoms: (4) multipolar refinement step i; (5) multipolar refinement 
step ii. Rcfincmentr are brsed an F. In refinement methods I and 4. WE 
keep fixed thc partmeterr of the hydrogen atoms at the value obtained in 
methcd 2. In relincmcnt methcd 5. we keep fixed the parameters of the 
hydrogcn atoms at the value obtained in methcd 3. 

Table II represents the values of n, and #'TI defining the initial radial 
functions ofthe different types of atoms, while Table 111 gives the chosen 

(3) Poblct. J. M.;Strich. A.: Wiest. R.: Btnard, M. Chrm. Phys. k i t .  1986, 
126. 169. 
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Figure 3. Theoretical deformation density maps. showing the difference 
between the density obtained from the CASSCF wave function of I and 
the density generated by a superposition of spherically averaged atoms 
computed with the same basis sets: (a. top) Cr(CO), plane; (b, middle, 
and c. bottom) perpendicular planes containing the CI-Cr=C-C axis. 
Contour intervals are 0.1 e A-3. Negative contours are dashed. 

atomic scattering facton of different atoms of I. according to refs 12 and 
13. In order to keep the number of the PI, parameters a t  a minimum 

~ ~ ~~~~~ 

(4) (a) Nguyen Quy Dao; Spasojwic.de Birt. A,; Fixher. E. 0.; Beeker. 
P. J. C. R. Acad. Sei. Porir 1988,30711,341. (b) Nguyen Quy Dao; 
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pp 297-330. (b) Krilger, C.: Gcddard. R.; Claus. K. H. 2. Noturforsch. 
1983,388. 1431. 
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Table V .  Atomic Positional Parameters ( A  X I O 5 )  
relincmcnt 

method“ Y v 
Cr 

c1 

01 

0 2  

0 3  

0 4  

C I  

c 2  

c3 

C4 

Cf; 

C6 

H I  

H 2  

t i 3  

26977 (5) 
26 984 (7) 
26 9’76 (4) 

34635 ( 8 )  
34639 ( I O )  
34639 (6) 

73 571 (24) 
73648 (51) 
7 3 7 2 0  ( 5 1 )  

12668 (26) 
I 2  670 (55) 
12601 (26) 

-18812 (24) 
-18962 (12) 
-18968 (51)  

40598 (25) 
40691 (52 )  
40 660 (24) 

56343 1\34) 
56375 i(51) 
56 408 150) 

I8 243 (32) 
18036 (49) 
1 x 2 2 6  (29) 

- I  896 ( 3 3 )  
-I 919 152)  
-I 938 (49) 

35809 (33) 
35  840 (4.8) 
35 800 (29) 

22021 (30) 
22037 (412) 
21 987 (41) 

18 I54 (32) 

I X 099 (50) 

21 096 (310) 
21 270 (723) 
21 270 (723) 

28 300 (330) 
26774 (816) 
26 774 ( 8  115) 

3 241 (390) 
2078 (899) 
2078 (899) 

18 I 1  I (50) 

17326 (3) 
17325 ( 5 )  
I 7  327 (4) 

32889 (5) 
32987 (8)  
3 2  899 (5) 

19435 (14) 
19 358 (27) 
19420 ( 1  I )  

36 632 ( I  3) 
36 679 (29) 
36711 (22) 

15329 (13) 
I5 378 (26) 
1 5 3 3 1  ( 1 1 )  

- I  903 (13) 
-I 925 (28) 
- I  976 (23) 

18842 (17) 
1 8 8 3 5  (24) 
18826 (14)  

29699 (17) 
29 770 (26) 
29728 (22) 

16353 (16) 
16 323 (25) 
16355 (13) 

5415 (18)  
5391 (27) 
5 396 (23) 

6533 (16)  
6 500 (22) 
6438 (25) 

-2 785  ( I  6) 
-2 859 (23) 
-2 8 2 2  (24) 

437 (170) 
284 (281) 
284 (281) 

-9 295 ( I  90) 
-9 146 (315) 
-9 146 (315) 

-5  323 (190) 
-4881 (299) 
-4881 (299) 

24 800 (2) 
24803 (4) 
24799 (3) 

13076 (4) 
13071 (6) 
13071 (4) 

3 7 7 7 1  (13) 
37 784 (27) 
37821 (17) 

38 870 ( I  4) 
38 858 (32) 
38 920 ( I  8)  

10760 (13) 
10724 (33) 
10709 (17) 

10503 (13) 
10458 ( 2 3 )  
10448 (17) 

33004 (16) 
33013 (25) 
33  029 ( 18) 

33898 (17) 
33701 (27) 
33  706 (20) 

15736 (17) 
15683 (27) 
12716 (18)  

15489 (17) 
15484 (27) 
15472 ( 1 8 )  

33  14.5 (16) 
3 3 2 1 s  (24) 
33  223  (23) 

40 380 ( 17) 
40439 (26) 
40424 (23) 

48217 (276) 
48 217 (276) 

40 408 ( 170) 
40478 (278) 
40478 (278) 

38 204 ( I  80) 
38 387 (282) 
38 387 (282)  

48 020 ( I  60) 

” Defined i n  Table IV 

whilc rcspccting thc chcmiciil environment of each atom. we define for 
the atoms Ioc;il symmetries that are the following: for Cr  and CI. C4!; 
for the CO groups, C2,.; for C5. CO, and H3, Cs; for HI  and H2. no 
symmctry. Because of convergence problems. it was not possible to refine 
the h’ coefficients as  usually done in the Hansen-Coppens model.’ The 
exp~insion-contraction coefficients were kept fixed a t  the values given in 
Tablc VI .  Figure I shows the molecular structure of I. and Figure 2. the 
10c;il Cartchian ; i ~ c s .  

Holladay. A.: Leung. P.: Coppens, P. Arra Crysrallogr., Sect. A 1983. 
A39. 177 .. . . 
(a) Roos 
48, 157. 
J .  Chem. 

, B. 0.; Taylor, P. R.; Siegbahn, P. E. M . .  Chem. Phys. 1980. 
(b) Siegbahn. P. E. M.: Almlof, J.; Heiberg, A.: Roos. B. 0. 
PhJf.7. 1981. 74. 2384. (c) Roos, B. 0. Int. J .  Quantum Chem. - 

1980, S14 .  175. 
Pitzer. R .  M. J .  Chem. Phys. 1973. 58. 3 1 1 1 .  
Nguyen Quy Dao: Foulet-Fonseca. G. P.; Jouan. M . ;  Fischer. E. 0.: 
Fischcr. H.; Schmid. J .  C. R .  Arad. Sci. Paris 1988. 30711, 245. 
International Tables for X-ray Crystallography: Kynoch. Press: Bir- 
mingham, England. 1974: Vol. IV. pp 103-118. 
Stewart. R. F.: Davidson. E. R.: Simpson. W. T. J .  Chem. Ph.vs. 1965. 
42. 3175. 
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Figure 4. Theoretical deformation density map with respect to the su- 
perposition of the CICr(CO), and CCH, fragments both computed in 
their quartet u l r2  states. The map shows the plane containing the CI- 
CrEC-C axis (same as in Figure 3b). Contour intervals are as in 
Figure 3. 

Table VI.  Multipole Parameters“ 
C r  c1 0 1-04 c 1 - c 4  

h 0.872 (19) 0.965 (8) 0.971 (4) 0.991 (7) 
k’ 0.800 1.000 1.000 0.800 

P, 5.594 (136) 7.427 (81 )  6.462 (26) 3.520 (270) 

P20 0.004 (64) 0.050 (40) 0.345 0.183 (105) 
Pi0 0.005 (39) 0.069 (26) 0.366 (146) -0.298 (135) 

P22+ 0.000 0.000 -0.023 (43) 0.022 (32) 
P30 -0.063 (32) 0.049 (30) 0.187 (72) -0.037 (64) 
PJ2+ 0.000 0.000 -0.041 (33) 0.040 (30) 
P40 -0.203 (50) -0.400 (47) 0.071 (49) -0.109 (46) 
P42+ 0.000 0.000 -0.013 (35) 0.007 (31) 
P44+ 0.266 (41) -0.016 (49) -0.017 (25) -0.003 (21) 

c 5  C6 HI. H 2  H3 

h 0.988 (21) 0.915 (17) 1.000 I ,000 
h’ 0.800 0.800 1.000 1 000 

P, 3.883 (223) 5.100 (307) 0.699 (57) 0.665 (72) 

PII+ 
PI I- 
PI o 
p20 
p21+ 
p22+ 
p22- 
pJO 

pJI+ 

pJI- 

p32+ 

p 3 3 +  

p33- 

PJI+ 
p42+ 
p42-  

p43+ 
p 4 4 +  

p 4 4 -  

p40 

-0.009 (43) 
0.000 
0.405 (96) 
0.187 ( I  15) 

-0.042 (57) 
-0.055 (40) 

-0.057 (62) 
-0.040 (45) 

0.000 

0.000 
0.049 (36) 
0.000 

-0.025 (29) 
-0.087 (80) 

0.013 (39) 
-0.01 3 (47) 
0.000 
0.080 (43) 
0.008 (36) 
0.000 

-0.114 (92) 0.111 (53) -0.157 (104) 
0.037 (56) 0.026 (56) 0.000 
0.000 0.004 (80) 0.048 ( 1  15)  

0.000 
0. I 3 7  (83) 
0.015 (63) 
0.000 
0.189 (57) 

0.000 

0.034 (46) 
0.143 (50) 
0.000 

0.015 (53) 
0.000 
0.055 ( 5 1 )  

-0.025 (52) 

-0.180 (64) 

-0.162 (49) 

-0.300 (63) 

-0.158 (51) 

“The parameters are those obtained after the refinement method 5. 
We have used some constraints and have also refined one carbonyl 
group, so all the parameters of C1-C4 (01-04, respectively) are 
equal. The hydrogen atoms HI and H 2  are also constrained. The K‘ 
expansion-contraction coefficient was not refined because it quickly 
diverges. 

Finally, in order to compare the results obtained by multipolar models 
with t5osc of the spherical model refinement. we used the same scattering 
factors i f i  both models. 

Due to the fact that thr number of observed reflections is small com- 
pared to the total number of parameters in the multipolar model, we 
defined a two-step refinement strategy: ( i )  All the atoms are refined in 
their idcal symmetry, i e. C, for Cr, CI, C5. and C6  and C,, for CO, H I .  
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Figure 5. X-X spherical density map, as defined from eq 3, in the 
avcragc Cr(CO), plane. Contour intervals arc 0.1 e A-'. Zero and 
negative contours are dashed. The phase of the observed structure factor 
F, is obtained by using a spherical model for the bonded molecule. The 
coriiputcd structure factor F2 is obtained by using a free atom model with 
parameters deduced from ;I high-order refinement. 

H2, and H3. ( i i )  Once the refinement defined in step i has converged, 
the atoms C5. C6. HI.  HI .  and H3 are considered in their real symmetry 
defined above by keeping ;ill the parameters of the C O  groups fixed as 
obtained in  step i .  

Table I V  gives the dil'l'crcnt reliability factors of thesc rcfincments, 
and Tablea V and V I  givc the multipolar parameters as obtained in the 
laat cjclca. 

2.3. Electron Density Map. Thc clcctron dcformation densities are 
calculated as l'olloua: 

where k is the scale factor. and F ,  and F2. depending on the map type, 
arc defined i n  the figure captions. For the X-X maps, the computed 
structure factor F2 is obtained by using a free atom model with param- 
eters deduced from a high-order refinement (Figure 5 ) .  Differences in 
the computation of F2 should explain the modifications of the present 
X-X maps (Figure 5 )  with respect to those of Goddard and Kruger.5 In  
the experimental and dynamical multipolar deformation density maps, 
the K values have been obtained by multipolar refinement in the free atom 
model. instcad of simply taking K = 1 as normally done (we observed that 
in  fact tlicrc ia ii alight improvcnicnt when using the refined A value). 
Figure 5 show5 thc expcrimcntal X-X maps in the average plane of the 
four carbonjla. Figure 6 displays the X-M maps in the same plane 
(Figure 6a) and in  the plane containing the metal-carbyne axis and one 
C-H bond (Figure 6b). The rcsidual scrics of the two models are pro- 
vided as aupplcmcntarq iiiatcrial. A comparison of the two series of 
refinements leads to the following commcnts: 

( i )  Concerning the intcrntomic distances. the multipolar results differ 
slightlj froni high-ordcr results. However. the results obtained by using 
the multipolar iiiudcl vxiii of better quality, since they givc niorc con- 
sistent da ta .  A siriiilar remark can bc made concerning the Cr=CS 
distance. 1.718 ( 3 )  A from the multipolar model and 1.71 1 ( 3 )  A from 
high-order rcfincmcnt. For the phenylcarbyne complex (11)4 (where the 
mcthll group is rcplnccd by a phenyl group). dC,- = 1.723 ( I )  A from 
multipolar rcrincmcnt, I , 7  16 ( I )  A from high-order refinement, and 
1.725 (4)  A from neutron diffraction. Concerning the C-H bonds of the 
methyl group. the obtained lengths arc not really meaningful. as will be 
discuaacd i n  part i v .  

( i i )  I n  the deformation density maps, the density distribution along 
the Cr-C4 and Cr-CZ bonds. on thc one hand. and the Cr-CI and 
Cr-C3 bonda. on the other hand. should be similar, since the metal- 
carbon distances arc identical two by two. As a matter of fact. as dis- 

Figure 6. X-M multipolar density maps: (a, top) average Cr(C0)4 
plane; (b, bottom) plane containing Cr, CI, and 01 (distance from the 
plane to atoms CI ,  C3, 0 3 ,  C5, C6, and H3 less than 0.1 A). Contours 
are defined as in Figure 5 .  The phase of the observed structure factor 
F, is obtained by using a multipolar model for the bonded molecule. The 
computed structure factor F2 is obtained by using a free atom model with 
parameters deduced from a multipolar refinement. 

played on the experimental spherical deformation maps (Figure 5 ) ,  the 
density peak associated with the Cr-C2 bond is much higher than that 
of the Cr-C4 bond. Conversely, the C a  deformation density obtained 
from spherical refinement is not symmetrical either: the peaks associated 
k i t h  the C3-03 and the C4-04 bonds are stronger than those corre- 
sponding to the CI-01 and C2-02 bonds. One can also notice that the 
accumulation associated with Cr-C2 is higher than the one of C2-02, 
at variance from what is obtained for the three other metal-carbonyl 
bonds (Figure 5 ) .  Much better results are obtained with the X-M 
multipolar density maps, and the deformation density map in the Cr(C- 
0), plane no longer leads to contradictions (Figure 6) .  

( i i i )  The better quality of the multipolar refinement can also be noticed 
from a comparison of the residual series of the two refinements. Residual 
density (considered here as a noise) is still quite high in the spherical 
model (Figure 5 ) ,  especially in the region of the Cr=Ccarb triple bond 
xnd in the direction of the d, orbitals of the Cr atom. dnce  the mul- 
tipolar models are considered, the residual peaks are noticeably reduced 
and the noise is more regularly distributed. 

( iv )  I n  a discussion concerning the symmetry of  the methylcarbyne 
molecule, Kruger5 suggested that I exists in  a n  eclipsed configuration, 
thc C-H3 bond being practically coplanar to C=Cr-C3=03. I n  a 
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Figure 7. Static density maps: (a, top, and b. middle) plancs as in  Figure 
6a.b: (c .  bottom) plane containing Cr. C5. C. and H I .  Contours are 
dcfined as in Figure 5 .  

previous work dedicated to the spectroscopic investigation of hypercon- 
jugation in I ,  one of us (N.Q.D.) has shown" that I is in fact a mixture 
of two conformers, an eclipsed conformer (E) and a noneclipsed one (NE) 
(Figure 9) .  the proportion of the two forms depending on the tempera- 
ture. At 77 K ,  only the E conformer exists, but at 100 K ,  33% of NE 
is already present. The positions of the protons were determined with 
sufficicnt ;iccur;ic) to cst:tblish that the  dihedral angle between C-H3 
and Cr--C3=03 is not zero but approximately 8". which is the weighted 
average value between the E and the N E  positions (Table S3. supple- 
mcntar) iiiLitcriiil). Thia ubbcrvation sccnis to confirm thc results ob- 
tained by cpcctroscopy and also partly explains the difficulty to clearly 
observc the electronic density along the C-H bonds. 

(v) Figures 7a,b and 8a,b, respectively, display the static and the 
dynamic density maps of I .  The metal d-orbital populations, as derived 
from the multipolar model.* are summed up i n  Table VI I and compared 
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Figure 8. X-M dynamic density maps. Maps, planes, and contours are 
dl:fintld as in Fls.. a,b. The structure factors F, and F2 are defined 
a s  in  Figure 6 .  

Figure 9. Dihedral angles of the methyl group. 

to the populations obtained from the Mulliken analysis of the a b  initio 
CASSCF wave function. 

3. Computational Details 
Ab initio calculations have been carried out at  the CASSCF9 level 

wi th  the ARGOS program systemlo for the calculation of molecular inte- 
grals, and the program written by Siegbahn et was used for 
CASSCF iterations. The observed geometrical parameters have been 
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Table VII. Populations (e) of the Metal d Orbitals, from the Multipole Refinements and the ab  Initio CASSCF Calculations, and Net Atomic 
Charges (e),  from ab Initio Calculations 

CI(CO),Cr=CCH, CI(CO),Cr=CH CI(CO),Cr=CCH3 ab initio 
multioolar ref (CASSCFI6)" CASSCF/8b , .  

PoPln % PoPln % CASSCF/6 popln PoPln % 

d,: + d?: 2.6 (4) 47 2.28 44 2.24 2.3 1 45 
dx2.12 0.6 (4) 12 0.43 8 0.44 0.51 I O  

d:? 0.8 (4) 15 0.73 14 0.78 0.75 I 5  

d, 1.5 (4) 27 I .72 33 1.74 I .59 31 
tot. 5.60 (8) 5.16 5.20 5.16 
Cr 
G o  
0 
C C r S  
CMC 
H Me 

CI 
HCH 

+0.33 
+0.23 
-0.37 
-0.32 
-0.45 

+O. I7 

-0.40 

+0.28 +0.29 
+0.22 +0.22 
-0.36 -0.36 
-0.39 -0.36 

+O. 16 +O. 17 
-0.40 -0.40 

a For CASSCF/6. the activc spacc is limited to 6 MOs populated with 6 electrons describing the Cr=Cr triple bond. bFor CASSCF/8, the active 
spacc includcs 8 MOs populatcd with 8 electrons and accounts for nondynamic correlation in  the xy plane. 

modeled in  order to retain a perfect C4, symmetry for the CI(CO),Cr 
fragmcnt and n C, symmetry for the complete molecule. All Cr-Cco 
distanccs wcrc thcrcforc considered equal (1.959 A) in the quantum 
chcmical calculations. The Cr=C distance was taken equal to 1.70 A. 
Thc Cr(CO), fragment was assumed to be perfectly square planar. The 
Cr-CI and the Cr=C bonds were taken perpendicular to the C r ( C 0 ) 4  
plane. One C-H bond of the methyl group was taken in the plane 
defined by the CI-Cr=C-C axis and two opposed carbonyl ligands 
(eclipsed conformation). 

The basis functions for Cr were taken from the DZC basis derived by 
Tatcwaki and H ~ 7 i n a g a . I ~  Two GTOs of exponents 0.0726 and 0.0221 
wcrc included to dcscribc t h c  4p shcll, and a diffuse d function of ex- 
poncnt 0.0821 w;ih addcd to thc standard set. The inner shells were 
contractcd to a minimum. the 4s and 4p to double-(and the 3d to triple-( 
sets, yielding a ( 1  2.8.5/5.4.3) basis set for chromium. The basis sets for 
C, 0. and CI correspond to the MIDI-3 sets of the same authorsI5 con- 
tracted to split valence, thus giving (7,3/3.2) for first-row atoms and 
(10.6/4.3) for CI. Finally, the (4/2) basis set of Huzinagat6 was used 
for hydrogen. 

In order to provide a correct description of the metal-carbon triple 
bond, the six MOs rcprcscnting thc Cr-C bonding and antibonding or- 
bitals (.. H. H*. and .*). altogether populated with six electrons, have 
becn includcd i n  t h c  activc spacc of the CASSCF calculations. Con- 
sistcnt CASSCF calculations have been carried out for the CI(C0)4Cr 
fragmcnt of C4r symmetry in its ,A2 quartet state (a1x2) and for the 
C-CH3 fragment of C3? symmetry in its quartet (a's2) and doublet 
(02r') states. All calculations have been carried out with frozen atomic 
orbitals" for the inner shells of Cr ( I s  to 3p). CI ( I s  to 2p). and the 
first-row atoms ( I s ) .  

The theoretical deformation density maps have been computed as the 
diffcrcncc bctwccn thc dcnsity distributions generated by the CASSCF 
molccular witvc functions, on thc one hand, and the superposition of 
sphcrically wcraged isolated atoms defined with the same basis sets, on 
thc othcr h a n d .  

4. Results and Discussion 
4.1. Quantum Chemical Description of the Metal-Carbon Triple 

Bond. T h e  total C A S S C F  energy for CI(CO),Cr=C-CH, is 
found to  be -2024.7824 h. T h e  effect of electron correlation 
appears quantitatively similar to what  had been reported for the 
model carbyne molecule C I ( C 0 ) 4 C r s H . 3  A dissociation energy 
of 102.4 kcal/mol has been computed for the Cr=C bond in the 
mcthylcarbyne molecule with respect to  the superposition of the 
neutral fragments CI (C0)4Cr  in its 4A2 ground state (-1947.4435 
h)  and C-CH, in its 2E ground state (-77.1756 h). The computed 
dissociation energy is 1 15.2 kcal/mol i f  obtained with respect to  
both fragments  computed in the quartet  state.  These 

(14) Tatcwaki. H.; Huzinaga. S. J .  Chem. Phys. 1979, 71, 4339. 
(15) (a)  Tatewaki. H.: Huzinaga. S. J .  Compur. Chem. 1980. I ,  205. (b) 

Sakai. Y . :  Tatewaki. H.; Huzinaga, S. Ibid. 1981. 2, 100. 
(16) Huzinaga, S. J .  Chem. Phys. 1965, 42, 1293. 
(17 )  Pettersson. L.: Wahlgren. U .  Chem. Phys.  1982, 69. 185. 

energies are  to be compared with the values 107 and 109 kcal/mol, 
respectively, computed for the dissociation of CI(CO),Cr=CH 
with respect to equivalent fragments in similar states. Even though 
the  present calculations d o  not account for the opposite effects 
expected from dynamic correlation and  angular flexibility of the  
basis set, on the one hand, and geometrical optimization of the  
fragments, on the  other  hand,  the  value obtained for the disso- 
ciation energy of the triple bond appears  plausible. No  experi- 
mental estimate for the Cr=C bond energy is presently available, 
but the energy of the metal-carbon triple bond in (V=CH)+,  
measured in the  gas  phase to  be 115 kcal /mol , '*  provides an 
interesting point of comparison. 

The present study confirms the presence of a negative net charge 
(-0.32 e) on the carbyne C atom. The order of magnitude of this 
charge is similar to  that  of the previous reports.'-3 Although the 
net charge on the carbyne C atom appears somewhat diminished 
with respect to the result of the equivalent calculation carried out 
for CI(CO) ,Cr=CH (-0.39 e),  the polarization of the  whole 
carbyne ligand remains practically unaffected (-0.25 e compared 
to 4 . 2 3  e). All atomic net charges computed for C I ( C 0 ) 4 C M H  
and for CI(CO),Cr=CCH, are displayed in Table  VII, together 
with the computed orbital populations of the  metal .  

It finally appears from the calculations that  the presence of the 
CH3 substituent does not induce any significant difference between 
the  two metal-carbon A bonds. This  point will be discussed in 
more detail in connection with the  density maps. 

4.2. Origin of the Cr-Cco Bond Alternation. The theoretical 
density maps derived from the C A S S C F  wave functions have been 
computed i n  two perpendicular planes each containing the  Cl- 
Cr=C-C axis (Figure 3b,c). O n e  of these planes (Figure 3b)  
contains the CH bond assumed to be eclipsed with one carbonyl 
ligand. The third plane (Figure 3a)  contains the  metal and  the  
four CO ligands. 

O n e  of the puzzling questions about CI(C0) ,C&CH3 is the 
origin of the Cr-Cco bond length alternation, which reduces the 
symmctry of the C I ( C 0 ) 4 C r  fragment  from C4, t o  Clr 

(4) A, dCl,a+,z,4 = 1.147 (4) A). A tentative explanation proposed 
by GKS relies on a per turbat ion caused by the lower symmetry 
ot' the CH, group.  This perturbation either could occur i n  the 
isolated molecule or could originate from intermolecular Ha-CI 
 interaction^.^^ In either case, it would delocalize over the  whole 
inolcculc through il hyperconjugative interaction of the methyl 
group with the chromium atom: 

(dc,-c,,, = 1.928 (3)  A, dcrKZl, = 1.978 (3)  A, dc,,,+,/, = 1.128 

*H H H 
CI(CO),Cr~c-c* - CI(CO),Cr-=C=c( + 

'H 'H 

(18) Aristov. N.;  Armentrout. P. B. J .  Am. Chem. SOC. 1984, 106. 4065. 
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This hypothesis assumes that  a perturbation should affect  the 
electronic s t ructure  of the CI(CO) ,Cr  moiety previous to any  
effective geometrical distortion. In order to check the possibility 
for a n  electronic Perturbation in the isolated molecule, the 
C A S S C F  calculations were carried out by assuming equal Cr-Cco 
bond lengths, but no symnictrq constraint  other than C, was 
imposed on the wave function. 

I t  finall) appcars that  no detectable difference can be pointed 
out, ncithcr in the two perpendicular T systems of the C r 4  triple 
bond nor in  the electronic structure of the four chromium-carbonyl 
bonds. This practically perfect equivalence of the x z  and j'z planes 
is rcllcctcd i n  the number and  i n  the position of thc density 
contours obtained in the computed map. The  zero contour itself. 
though cxtrcinclq scnsitivc to the elcctronic factors, remains 
unaffected by a 90' rotation of the molecule, except in the region 
of thc methyl group. The  calculations therefore seem to indicate 
that  no dclocalizcd influence of the C H 3  dissymmetry can  be 
traced, even on the C5-C6 bond iti rhe isolated nrolecirle. 

A siiiiilar result is obtained from the unaveraged X-M maps 
obtained from multipole refinement (Figure 6a) .  showing a good 
similarity along the four chromium-carbonyl directions when 
compared to thc spherical model refincment (Figure 5 ) .  Fur- 
thermore,  the thrcc static maps corresponding to the planes re- 
spcctivcly defined by C5-Ch-H I ,  CS-C6-H2, and C5-C6-H3 
show that the C6-H3  bond, which is quasi-eclipsed with the 
C 3 - 0 3  ligand, docs not inducc any visible dissymmetry in the 
distribution of the electron dcnsit) i n  the C r Z C  bond. This 
in for mat i on. obtained from the experiment a I distribution, means 
that the Cr-Cco bond length alternation probably does not ori- 
ginate in ;I dclocalizcd clectronic cffect initiated either from in-  
tramolecular urfroi i i  ititeriirolecular interactions. 

Thcsc conclusions a rc  strongly a t  variance from the interpre- 
tation givcri by G K  of thcir X-X density maps.5a Goddard  and 
Kruger reported density peaks consistently higher along the short 
Cr-Cco bonds (0.5 and 0.8 e k3) than along the longer ones (0.4 
and 0.4 c A-3). They interpreted this difference as indicative of 
a symmetry reduction from 4-fold to 2-fold in the Cr (CO) ,  plane. 
Noticeable differences could also bc pointed out between those 
peaks, opposite with respect to the metal, that  are expected to be 
eyuivalcnt.s These discrepancies are also obvious in the X-X map 
of Figurc -la. Sincc no electronic or structural  effect can justify 
thcsc diffcrcnccb. thcy should be considered as a n  art ifact  ori- 
ginating in thc set of  measurement^.'^ The  spherical refinement 
cannot rcmcdy this defect. but the multipole model acts as a filter 
for the inconsistencies in the measurement set. As a matter of 
fact, the unavcragcd X-M multipolc dcnsit) map (Figure 6a )  
provides siiiiilar peak heights (0.30-0.35 e A-3) for a11 Cr-Cco 
bonds. 

Anothcr arguincnt proposed by G K  in favor of a delocalized, 
hyperconjugative interaction of the methyl group was the high 
electron densit)  (0.7 c k3) obtained along the C5-C6 bond. 
similar to or higher than thc peak heights obtaincd for the C O  
bond5 and higher than the peak associated with the C r G C  bonds 
(0.6 c k3),5 T h e  present work shows however that the rewrse 
t r m l  is ohtoi t id  f r o m  the niiiliipole refinetnent: the respective 
heights associated with thc C5-C6,  C O ,  and C r z C 5  bonds are  
0.3, 0.45, and 0.5 e k3, The static (Figure 6)  and the dynamic 
(Figure 8 )  niaps obtaincd from the multipole model agree with 
thcsc gcncral directions. in spite of a relative decrease of the C r = C  
peak height. This does not mean however that no hyperconjugative 
intcraction is at  work. As a niattcr of fact, a theoretical defor- 
mation density map computed with respect to the CI(CO),Cr and 
C-CH3 fragments, both i n  their quartet  states (Figure 4). shows 
that the formation of the triple bond increases the density by about 
0.1 e along the CS-Ch bond, and this additional accumulation 
extends over the *-bonding regions. This is i n  agreement with 
the conclusions obtained from the force field determination of 
B r ( C O ) 4 W = C C H , . 2 0  of CI(CO) ,Cr=CCH, .2 '  and  of Br- 
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(CO),Cr=CCH,22~23 and their partially deuterated derivatives. 
I t  appears from this discussion that  both the multipole model 

maps and the theoretical density a r rangement  suggest that  the 
distribution of the electron density i n  the metal complex is 
equivalent along the four Cr-Cco bonds and remains unaffected 
by the l o w r  symmetry of the methyl groups.  Therefore,  we 
te,,!ativelq .~ggcst that  the Cr-Cco bond alternation is a local 
effect of tile packing forces. 

After the present work had been submitted for publication, Low 
and Hall ( L H )  published an article dealing with the same problem 
and leading to similar c o n ~ l u s i o n s . ~ ~  L H  carried out a b  initio 
calculations on CI(C0),Cr=C-CH3 and optimized the geometry 
of the molecule a t  the R H F  level. When the 3-fold axis of the 
methyl group is assumed to be collinear with the Cr=C axis, the 
geometry optimization is unable to generate a difference between 
the two pairs of Cr-Cco bond lengths. However, a 12' t i l t  of the 
methyl group axis, originating in intermolecular contacts,  is 
sufficient to generate an alternation of the Cr-Cco bond length 
very similar to what was experimentally reported.24 

4.3. Density Maps. The lack of polarization functions in the 
atomic basis sets used for the derivation of the computed maps 
somewhat impairs their quantitative accuracy. The  influence of 
the basis set truncation on some specific features of the defor- 
mation density are well-known: underestimation of the interatomic 
accumulation and overestimation of the density buildup corre- 
sponding to the lone pairs.25 These effects can be assessed from 
a calculation carried out with a large polarized basis set on a 
molecule with a s t ructure  closely related to tha t  of te t ra-  
carbonylchloroethylidynechromium, the heterocumulene (CO),- 
C F = N = C = N - - ( C H , ) , . ~ ~  The  peaks associated with the C- 
bonds are  raised by 0.4 A. For the other covalent bonds, the 
increase is -0.25 e .k3. On the op  osite way, the lone-pair 

be expected from an  extension of the Gaussian basis set for the 
present molecule. 

In  spite of these quantitative inaccuracies, a remarkable 
agreement is obtained between the static model maps (Figure 7)  
and the theoretical ones (Figure 3), except for the oxygen lone 
pairs of the CO ligands, which do not show up on the model maps. 
The peak heights associated with the Cco lone pairs and the C r W  
bond seem to be underestimated with respect to the accumulations 
associated to C O  and C5-C6. This could be related to the ex- 
istence of a high density gradient along the line connecting the 
ligand lone pairs to the deeply depopulated dXz-).2 metal orbitals. 
Since the density maxima and minima are  close to the respective 
nuclei, a small modification of the scale factor can  in this case 
drastically affect the model distribution. 

I n  spite of a n  equally high density gradient around the metal 
atom, density accumulations do  appear on the static maps along 
the bisectors of the x and y axes, in agreement with the theoretical 
distribution. The  peak height, and the corresponding population 
of the d,, orbital, appear however somewhat underestimated with 
respect to the theoretical value. I t  seems however that  the the- 
oretical d.,). population is too high due to the neglect of correlation 
effects i n  the XJ. plane. 

I t  is interesting to notice, from the chemical viewpoint, that  
the density pattern both observed and computed for the metal- 
carbon triple bond is rather similar to the one obtained for the 
metal-carbonyl bonds. These two metal-ligand interactions are  
indeed of the same type. T h e  coordination of carbon monoxide 

accumulations are  decreased by 0.2 e w -3. Similar effects could 

(19) Anothcr possible explanation for these differences could be the corre- 
lation between P,,,'s and U,,'s. The order of magnitude of the correlation 
coefficicntr s x n i s  to rule out this possibility. 

(20)  Nguyen. Quy Dao; Fivrier, H.; Jouan, M.; Fischer. E 0. Nouc. J .  
Chim. 1983,-7, 719. 

(21)  Nguyen Quy Dao; Jouan, M.; Fonseca, G. P.; Tran Huy, N .  H.; Fischer, 
E. 0. J .  Oraanomet. Chem. 1985. 287, 215.  

(22)  Foulet-Fonseca, G .  P.; Jouan, M.; Nguyen Q u y  Dao; Huy, N .  T.; 
Fischer, E. 0. J .  Chim. Phys. 1990, 87, 13. 

(23) Foulet-Fonseca, G. P.; Jouan, M.; Kguyen Quy Dao; Fischer. H.; 
Schmid, J . ;  Fischer, E. 0. Spectrochim. Acta 1990, 46A, 339. 
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( 2 5 )  Smith, V .  H. In Elecfron Disfributions and fhe Chemical Bond; Cop- 

pens. P.. Hall, M .  B., Eds.; Plenum: New York. 1982; pp 3-59. See 
more specifically pp 24-27. 

(26)  Binard. V. Unpublished. 
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is classically described in terms of a u donation from the ligand 
and a a back-donation. The orbital interaction diagramsSa suggest 
that the bonding of the carbyne to the metal fragment is by no 
mcans different. The dissimilarity is quantitative and comes from 
thc strength of  thc K back-donation interaction, very close to 
covalent bonds i n  thc carbyne and leading to a near balance of 
the populations between overlapping atomic orbitals3 The formal 
elcctronic configuration for the carbyne would therefore correspond 
to C T ~ K ~ .  These enhanced K interactions can be correlated with 
the iiiarkcd cxtcnsion of the carbyne density accumulation toward 
the a-bonding rcgions: on thc observed X-M, static, dynamic, 
and thcorctical maps. the density ellipsoids facing the metal atom 
and limitcd by thc 0.1 c contour appear slightly more "flat" 
for thc carbync than for the carbonyl ligands. The ratio of the 
major to thc minor axes of these cllipsoids is 2.0 for the metal- 
carbync bond and I .6 for the metal-carbonyl bonds on the static 
model map. Thcsc ratios are rcspectively 2.3 and 1.5 on the 
theoretical maps. Thcsc diffcrcnces are however a t  the limit of 
signification. I t  can be seen from the theoretical map computed 
with respect to the superposition of atoms (Figure 3) and, still 
more explicit, with respect to the superposition of molecular 
fragments computed in their quartet states (Figure 4) that this 
accumulation of density, largely extended to the 7r-bonding regions, 
originates in part from the depopulation of the carbynic carbon 
px orbitals but mainly comes from the transfer of metal d;2 
electrons. Since the resulting density accumulation is polarized 
toward the C5 atom. this transfer explains the origin and the 
localization of the negative net charge that theoretical treatments 
consistently assign to the carbyne carbon.'-3 

4.4. Chromium d-Orbital Populations. The agreement between 
thc multipole model maps and the theoretical ones is confirmed 
by the comparison of the chromium d-orbital populations obtained 
from both distributions (Table V I I ) .  The only significant dis- 
crepancy between the theoretical and the experimental orbital 
populations concerns the d,ry orbital, which is attributed 33% of 
thc population from the CASSCF calculation and 27% only from 
the multipole model distribution. This can be traced to the design 
of the active CASSCF space i n  the theoretical treatment, which 
does not account for the nondynamic correlation effects in the 
X J ~  space. These correlation effects had been specifically studied 
in a previous work on CI(C0)4Cr=CH by adding to the CASSCF 
active space the highest occupied and lowest unoccupied MOs of 
b2 symmetry in the C.,r point group. These orbitals respectively 
represent the bonding and antibonding combinations of the metal 
d,Tv orbital with the in-plane carbonyl 7r* orbitals. This calculation, 
including cight clcctrons and cight orbitals in the CASSCF 
calculations, was referred to as CASSCF-8.3 Apart from a 
substantial decrease of the total energy, this account of the 
metal-CO a correlation has lead to some reorganization of the 
electron density in the xy plane, reducing the d,, population from 
1.74 to 1.59 e (Table V I I ) .  This trend is in keeping with the 
observed d populations. 

I t  cnn bc noticcd that the populations of the d orbitals facing 
thc cnrbync (d+ d,T,, dv:) display relatively small deviations from 
isotropy comparcd to .the population of metal d orbitals facing 
the carbonyl ligands (Table V I I ) .  This trend toward a balance 
of the populations of the metal and carbon orbitals involved in 
the C r r C  triple bond reflects the more homopolar character of 
thc mctal-carbyne interactions compared to the metal-carbonyl 
ones. Finally. it must be reminded that the "d-orbital populations" 
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refined from the multipole model include the minor contributions 
from the 4s and 4p metal orbitals. The Mulliken population 
analysis of the CASSCF wave function indicates that the total 
population of the 4s and 4p shells amounts 0.51 e. The computed 
net charge of the metal atom is therefore +0.33 e,  in 
excellent-and possibly fortuitous-agreement with the value of 
0.40 (8) e obtained from the multipole model refinement. 

At variance from this latter result, the net charge distribution 
derived from the multipole refinement is quite unreliable for C 
and 0 atoms, in probable relation with the lack of refinement of 
the F' expansion-contraction coefficient. Part of these discrep- 
ancies could also originate in the arbitrary character of the space 
partitioning. Concerning this latter point, the "atomic basins" 
dcfined from the topological analysis of the total electron density, 
either theoretical2' or experimental,28 could provide in the near 
future a domain for charge integration defined upon chemical 
grounds. 
Conclusion 

The present study provides the first experimental confirmation 
of the electron reorganization assessed from quantum chemical 
calculations to occur in the formation of a metal-carbon triple 
bond. At variance from the X-X density distributions, the X-M 
static and dynamic maps obtained by using Hansen and Coppens's 
multipole refinement technique have provided reliable and sig- 
nificant information. A comparison of the model static maps with 
a theoretical distribution obtained from CASSCF calculations 
justifies the interpretation of the Cr=C bonding in terms of a 
u donation and x back-donation with marked trend toward ho- 
mopolarity for the a bonds. Both the experimental and the 
theoretical distributions suggest that the observed alternation of 
the Cr-Cco bond lengths is a local effect due to packing forces. 
No delocalized electronic influence, either intra- or intermolecular, 
could be detected. The metal d-orbital populations derived from 
the multipole analysis of the experimental distribution display near 
quantitative agreement with those obtained from the Mulliken 
populations of the CASSCF wave functions. 
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