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Abstract
The crystal structure of bis(cyclopentadienyldicarbonyl-
chromium) has been determined by x-ray diffraction. The com~
pound crystalizes in the triclinic system, space group
P (C;, No. 2) with unit cell parametérs: a, 7.829(3);
b, 14.543(6); c, 6.588(2)&; «, 94.67(3); 8, 110.70(3);
Y., 104.04°(3); V, 699.1(4)&3: Z=2. There are two independent

molecules per unit cell located at the inversion centers at
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0.0,0 and O, 1/2, O. The Cr-Cr bond distances are, respectively

2.200(3) and 2.230(3), thus supporting their formulation as
triple bonds. The Cp-Cr—-Cr angles in the two molecules are
165.0° and 158.7°, respectively. The structural features are
compared with those of CppMo,(CO)4, which has a linear
Cp—-Mo-Mo-Cp axis{ and the differences rationalized in terms
of electronic interactions of the Cp-liganéd with the orbitals
of the M; unit. The differences observed in the structures
of"£he‘tﬁo indépendenﬁ molécules are also related to. the

proppsed bonding model and to packing considerations.
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Many compounds wzth metal—metal multlple bondsAhave now -

been structurally charact’ ‘.Hbst of the compounds so,i.f7

'~haracterlzed are postulated to contaln metal-metal quadruole'

honas, dlthough the structures of several compounds wlth bond

order three have also been reported.5 ?_ ﬂbst attentlon

has been " focused on the metal—metal boud length,
but the multlple honds also exert profound structural effects
throughout the molecule._ These effects are well .recognized
in the.case of quadrunle bonds (v1z. the ecllp51ng of termlnal
llgands), but the structural effects of metal-metal triple bonas
are nct well recognlzed. '

'iFor example, the Mo=Mo triple bond in szﬂoz(co)4 causes
. the Cp-Mo—Mo—Cp axis to be linears, but.the Cé-Cr-Cr—Cﬁ (c§ = CgMes)
axis in theranalogous szfCrz(CO)4 is highly bkent ( Cr-Cr-Cp =
158.7°). Even so, the latter augle is more open than that found
in the corupound‘CPZCrz(CO)6 (L_Cr—Cr;Cp ¥116-7). In both triply
bonded molecules, szﬁoz(C0)4 and sz Cr(C0)4, the carbonyls are
bent back over the metal-metal trlple bond. The opened
Ccp”~-Cr-Cr angle and the semi-bridging position of the carbonyls
in'sz’Crz(CO)4 were both ascribed to non—bonded repulsions
between'the ﬁethvl groups on the substituted cyclopentadienyl
ring and the carbonyl groups.5 However, the.linear Cp4Mo—Mo
axis and the seml—brldglng position of the carbonyls in the
sterlcally uncrowded molecule, szMOZ\CO)4,>caused us to doubt
that non—bonded repulslons were respon51b1e for the uﬁusual
features noted in the structure of Cp2 Crz(CO)4. lndeed,‘lt
could be argued that non—bonded repu151ons between the substztuent
methyl groups ‘and the carbonyls were respon51b1e for the
observed bent, rather than 11near, Cp -Cr—Cr, st*ucture.,

' In order to hetter resolve these .nterpretatlons, the crystal_

structure of the unsubstltuted, parent compound, Cp2Cr2(CO)4,

. was’ determlned. j:i



Table 1.

collection data.

Summary of crystal and intensity
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Crystal dimensions (mm)
Space group

a,b,c ()

a, B, v (deg.)

v(ia3)

Radiation

Takeoff angle
u(cm™h)
Transmission factors

Scan speed (deg/min)

0.129 x 0.071 x 0.083

Pl

7.8293(3), 14.543(6), 6.588(2)

94.67{(3), 110.70(3), 104.04(3)

699.1 (4)

MoKa, monochromatized <rom
graphite crystal

a°
16.25
.8772-.8953

2-12

Scan range, 28 Rae3-0.8 to Xa, + 0.8

Ratio of background to peak 0.8

scan time
std. reflections 013, 061, 421
26 limit 55¢°
Total reflections collected 3100
Reflections with I > 30(I) 1216

Experimental and Results

The complex, Cp2Cr2(CO)4, was synthesized by refluxing
Cp2Cr2(Co)6 in toluene according to the directions of Hackett

et al.9 Recrystallization from hot toluene afforded crystals

suitable for diffraction. A crystal was mounted on a Syntex

5 difﬁimtpmeter; A summary of the crystal and intensity

collection data is presented in Table 1. The crystal was

triclinic, and a value of 2=2 gave a reasonable, calculated

3

aensity of 1.72g cm °. The space group Pl was then assumed
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: and later verlf ed by the successful reflnement.

A Pattersonlo map revealed that the two mo’ecules each

t 1ay about two spec:.al pos:.t:.ons at 0 O, O and O, 1/2 Oo. Thus, -

one half of each molecu:.e generates the asymnetr:.c un:n.t and two
:Lndependent sets of bond dlstapces and angles a*‘e obta:.ned.
,InsertJ.on of the Cr-—atom pos:.tlons from the Patterson map gave

VRl 0 30 and a difference map revealed the non-hydrogen atom

p051tlons. Two full matrix ref‘nements of the positional and

10

1sotrop1c thermal parameters gave Rl" 0. 126. Refinement

‘with all non-hydrogen atoms anisotropic and with anomalous

(Continued on p. -137)

Table 2. Fractional cell coordinates.?

atom x Y z

Cr1 0.0938( 2) 6.5700(¢ 1) 0.1102¢ 33
cr2 0.1324¢ 2) 0.0498¢ 1) 0.0047¢ 3)
c1 . 0.2005(20) -0.0171( 9) 0.2608 (23)
01 0.2681(11) . -0.0436( 6) 0.4107(¢13)
€2 0.0965(15) -0.0746 ( 8) -0.1648 (i8)
02 0.0971(10)  =-0.13%6( 5) ~-0.2613(12)
c3 -0.15319¢15) 0.5553 ¢ 7) 0.1335(17}
03 -0.2780(10) 08.5563( 5) - €.1609 (13)
ch -0.0237(17) 0.6020 ( 8) -0.1733(22)
o -0.0833(12) 0.6327 { 5) -0.3250(13)
c5 0.2150(18) 0.6922 ( 8) 06.3857({20)
c6- 0.2787(14) 0.7220( 7) 0.2278(21)
C7 0.3808(13) 0.6617( 8) 0.1871(19)
cs 0.3910(14) 0.5976 { 8) 0.3350(19)
C9, 0.2845(15) 0.615S { 8) 0.4566 (16)
C10 0.2353(16) 0.14826( S) - -0.19370(19)
c1 0.3802(17) 0.1057 (¢ 8) -0.0867 ({22}
c12 0.4350(14) 0. 1387 ( 8) 0.1365(22)
c13 0.3263(18) 0.1925( 8) 0.1877(21)
cl4 0.2030(15) 0.1983 { 8) -0.0390 {28)
H (5) 0.1322( 0) 0.7207( 0) C.uu489¢{( 0)
H{6) 0.2699( 0) 0.7797 { 0) 0.1486 { 0)
E (7} 0.2815¢ 0) 0.66487( 0) 0.0716¢ O)
H (8) 0.456348( Q) 0.5877 { 0) 0.3522( 0)
H{9) 0.26148( 0) 0.5788( 0) 0.5739( 0)
H{10) - 0.1616( 0) €. 1300 ( 0y -C.3553¢ 0)
H(11) 0.4399¢ 0) 0.0651¢( 0) -0.1574¢( 0)
H(12) . 0.5394¢ 0) 0.1181( 0) 0.2600( 0)
H{13) 0.3378¢. 0) 0.2260{ 0) - 0.3176( 0)
B (18) 0.1090( 0) 0.2385( 0) ~-0.0646( 0)

a)  Hydrogen atoms numbered according to their bonded

carbon.

- Hydrogen positions were not refined.
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Fig. 1 ORTEP drawing of ‘the CpyCr(CO), molecule
located at 0,0,0. Thermal ellipsoids are
contoured at the 50% probability level.

>

"§§C3 |

Pig. 2 ORTEP drawing of the Cp,Cra (cO) 4 molecule
located at 0,1/2,0. Thermal ellipsoids are
contoured at the.50% probability level.
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AdiéperSion included for Cr converged in two more cycles at
_fgl'éf.péj’And:Ré = .074. A difference map at this stage did

not show clear hydrogen peaks although electron density was
obvious in the regions expected for the hydrogen atoms. Therefore,
H-positions were calculated'® with the c-H distance set at

1;05 and with B-values set one unit higher than that of the
contiguous carbon. These H-atoms were included in the Fourier
synthesis but not refined. The structure analysis then converged

at Ry = 0.060 and R, = 0.064. The highest peaks in the final

difference map were 0.89% and 0.87 eﬁ—3 and were shadows around

Table 4. Interatomic Distances and Bond Anglesa

Bond : r (A) Bond r(R)
Cril-Crl” 2.230(3) Cr2-CRr2~ 2.200(3)
Ccri-c3 1.868(11) crz2-ci 1.990(15)
cri-c4 1.920(14) Cr2-Cc2 1.950(11)
Cri-cs5 2.190(10) Cr2-C10 2.181(11)
cri-cs 2.218(10) Cr2-cll 2.219(10)
cri-c7 2.172(10) Cr2-Cc12 2.200(130)
cri-cs 2.187(10) Cr2-C13 2.173(10)
cri-c9 2.178(10) Cr2-Ccis4 2.179(10)
cri---Cc3” 2.515(11) Cr2---C1” 2.474(124)
crl---c4” 2.530(12) Ccr2---cz2” 2.459(11)
cri-cp® 1.842(11) cr2-cpP 1.847(11)
Cc3-03 1.145(11) c1-01 1.093(12)
c4-04 1.123(12) c2-02 1.096(11)
C5-C6 1.347(16) cio-Ccl1 1.3706(16)
c6-C7 1.415(14) cli-ciz2 1.374(16)
c7-Cc8 1.398(14) C12-C13 1.385(16)
c8-c9 1.397(14) c13-C14 1.391(16)
c9-C5 1.394(15) Ci4-Cl0 1.406(17)
Ave. C-C: 1.390 % .026 Ave. C-C: 1.385 + .014
Ave. Crl-CO: 1.894 * .037 Ave. Cr2-cO: 1.970 * .028
Ave. Crl-CcO”: 2.523 * .011 Ave. Cr2-CO”: 2.466 + .01l1
Ave. Crl-Cp: 2.189 * .018 Ave. Cr2-Cp: 2.180 * .019
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_Tabls 4% _(continued)

iéhcle‘5/

Ave. C-C-C: 108.0 * 1.0

Ave. Cil”-Crl-CO: 75.0
Ave. Crl-C-0: 171.8

+ 0.4
1.3

Bonds  Angle® Bonds

'c:l-c3-o3 ©172.6(9) Cr2-C1-01 167.9(12)

- Crl-ci-04- 171.1(10) " cr2-c2-02 171.4(10)

-crif-cri-cp® 158.7(4) - cr2--cr2-cp? 165.0(4)
Crl°-Crl-c3. 75.2(3) Cr2”°-Cr2-Ccl1 72.2(4)
Cri--cri-c4 74.7(3) Cr2°-Cr2-c2 72.4(3)
Ccri‘-¢ri-cs5 160.7(4) Cr2°-Cr2-C10 140.2(3)

-Ccrl--Ccrl-c6 161.8¢4). Cr2°-Cr2-cl1 158.4(3)
Cri--Cri-C7 136.4(3) Cr2°-Cr2-ci2 158.5(3)

" cri“-cri-Cs 125.6(3) Cr2°-Cr2-C13 140.2(4)
cri--cri-co 135.8(3) ‘crz2--cr2-ci4 132.0(3)
c3-Cri-c4 85.8(5) Cl-Cr2-c2 83.6(5)

" C5-C6-C7 107.8(1.0) C10-Cc11-c12 108.9(1.2)
c6-C7-C8 107.7(1.0) €11-c12-C13 108.1(1.1)
c7-c8-c9 . 107.2(0.9) c12-cl13-Cl4 108.0(1.1)
c8-C9-C5 107.5(1.0) C13-C14~-C10 167.1(1.0)

- €9-Cc5-C6 109.7(1.1) ci4-clo-cll 107.8(1.0)

Ave. C-C-C: 108.0 = .6
Ave. Cr27°-Cr2~CO: 72.3(5)

Ave. Cr2-C-0:

163.6 = 2.5

a) - Standard deviations from variance-covariance matrix are

in,parentheses-

Standard Deviations repor ed as """

"ﬁe:é computed from the formula, o = (I (x-X) /(n—l)) /
b) Cp in this table stands for the centroid of the cyclopentadienyl

ring.

Crl and Cr2, respectivelyf

‘'were noted.

Transmission factors were calculated

10

No other significant features

for a variety of

*fhe table .of Structure factors-has been depositad as NAPS Dccument

No. 03267 (seven pages). Order from ASIS/NAPS, ¢/o Microfiche

: 'Pub‘lcatlons, P. O. Box 3513, Grand Central: Statlon,‘hew York, N.Y.
~ 10017. A copy may be secured by citing the oocument,number, remit—~ .
' ting $6 .00 -for photocoples or $4.0C for microfiche. Advance payment

is required Hake checks payable to ‘Microfiche Publlcations.'
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» é;ysta;;seﬁtings and the small range in values indicated an

;ébSQ:ption éorrectionAwas not reQuired. Standard reflections,

:?ﬁégsuxéd/after eﬁery 50 peaks, showed no decrease in intensity.
Aiomic pbsitional and temperature parameters are listed

in Tabiés 2 and 3, respectively. Figures 1 and 2 are ORTEP

ploﬁs of the independentrmolecules at 0,0,0 and O, 1/2, O,

respectiiély; Figure 3 is a stereoview of the unit cell contents.

Bond distances and angles are collected in Table 4, and Table 5

gives the equations of the least-squares planes containing

the metal atoms and two carbonyls in each molecule.

Table 5. Least squares planes containing-the

metal atoms and carbonyls.

Planea Atom Distanceb,i(x 104)

1 Cri~” s
Crl -26

C3 77

03 -47

2 Cri~ 8
’ Crl 53

Cc4 -163

04 102

3 Cr2~ 6
Cr2 24

Cl -82

01 52

4 Cr2~ 2
Cr2 16

c2 —-49

02 31

a)V‘EQuations defining the planes: (1) .0240 x +.6426y - .7638z
-4.6714=0; (2) .9207x —-.2980y -—.2519z + 2.1640=0;
(3} .3671lx —.7452y —.5567z —.0015=0; (4) -.2125x +.4988y
-.8403z —.0009=0

b) . Normal distance of atoms to the planes.
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The-structure of the unsubstltuted,chronl.”’complet
ZvCp2Cr2(C0) gr is remarkabl 1y smllar to tne structure of (csnes)zc:- (c0) "
'determlned earller.5 In fact the anomolous features noted
>for the latter compound,vand ascrlbed to sterlc crowdlng by

the methyl groups, are present to the seee ‘or greater extent

Vln therunsubstltuted parent. Thus, the openlng of the Cr-Cr—Cp
angle is the same or greater, cf. 158.7° in therpe:methyl
derivative vs. 158.7° and 165.0° in the two structures

determined here. The Cr’~Cr-CO angles, while tending to be émaller
in the unsubstituted complex (ave. 73.6+1.5 vs. 76.0*4.3 in
(CSMeS)ZCrz(Qo)4), are not statistica}ly different, due primarily
to the large difference in the two Cr-Cr-CO angles found in the
permethyl structure.

Hence, it is clear that these unusual features are the

result of electronic effects assoc1ated with the Cr=Cr triple

Fig. 3 * ORTEP stereoview_Qf;unjt”cell,COhtents.;' A
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Fig. 4 (g) Interaction of the Cp-ring e,-orbitals
with the metal-metal w-system; and
(b) with the metal-metal o-system.

bord, and are not due to steric crowding. This view is
reinforced by the structure of the molybdenum compound, CpZMoz(CO)4,
in which these anomalies are carried to the ext.:reme.8

The problem of why the complexes, szcrz(co74 and
(CSMe5)2Cr2(CO)4 are bent whereas the complex, Cp2M02(CO)4, is
"linear” cannot be answered definitively in the absence of
reliable MO calculations.

In compounds of the type being considered, the strongest
interaction between the Cp-rings and the metal centers arises
from the electron donation from filled el—orbitals on the

ring to vacant d-orbitals on the metal. In the linear stiucture,
the electron donation is to the metal-metal %®* orbitals. at

a Cp-M-M angle, w, of 135°, the ring el-orbitals donate e-density
into the metal-metal o*-orbital (see Fig. 4).

. The inﬁe:action of the M, fragment with the cyclopentadienyls
will raise the energy of the metal d-orbitals regardless oI the
Cp-M-M angle. However, in the linear configuration, the =-—
system enexrgy is raised higher relative to the ¢ . The opzosite

effect prevails at w = 135°; the o-system is raised relativa



- metal o—energy w111 rlse. 'The anéleﬁ é, at whlch a mlnlmuh

occurs w1ll depend on the relatlve rates of changes in tne
-?c- and w— bond energles, and these in turn depend on the metal-
r1ng overlap and the energy separatlon between the metal ‘and
_the rlng orbltals.,i~lAnf ' jjc4_c'i; e

" The" Cr—Cr bond 1engths, 2. 230(3) and 2. 200(3),1n the two
structures determlned here are 51gn1f1cantly shorter than the
Cr-Cr dlstance, 2. 280(2), found in the permethyl derivative The
pentamethylcyclopentad;enyl llgand should be;more electron
donating than the unsubStituted;ring, ieading to higher
populations in those orbitals with a metal-metal anti-bonding
component, and increasing tne metal—metal distance as
robserved. ' '

The above model has an interesting application to the
differences ohserved in the two independent structures determined
for Cp26r2(C0)4. As the'angle, w, decreasee from 180° toward
135°, electfon density is shifted from molecular orbitals
with a metal-metal Tk component to molecular orbitals with a
metal—metal ao* component. One could argue that population of
the 1atter molecu1ar orbital would exert a mor pronounced
.weakenlng (and lengthenlng) of the metal-metal bond. This is
prec1sely what is observed in the two structures presented here.
The molecule with the more open angle, iig. CrZ‘fCrZ—Cp =
165.0(4) vs. Crl”-Crl - Cp = 158.7(4), has the shorter Cr-Cr
bond, viz. 2.200(3) vs. 2.230(3). The differ=nce in.Cr—Cr
bondrlengths, .03%, isisome seven times the standard de&iation
of the diffe‘rence,od = (ci;+ 02'1/2.

It appoars that packlng forces are respo:slble for the
dlstortlon of the mclecule at 0 /1/2,0 relative to the one at

O,Q,O. From Flg. 3,11t can'be‘seen thatvthe czrbonyl groups“
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"rbn(the'molécﬁle at 0,0,0 point toward the Cp-rings on the
moieﬁule_at 0,1/2;0 in a manner which would tend to compress
the'Crl’—Crl~Cp angle. . The short intermolecvi=ax céntacts,
01-H6 (2.92), 01-H5(3.39), 02-H5(2.80), and 92-36(3.00) are

all in a direction such that both the angles, Crl”“-Crl-Cp

and Cr2°-Cr2-CO, would be compressed. The contacts, 03-H147(3.17),
04-H147(3.14), and 04-H13°(3.19), all tend to oéen the
Cr2°-Cr2-Cp angle and to compress the CR1°-Crl-CO angle. Thus,
the differences observed in the two independent structures
determined here can be rationalized on the basis of the bonding
model presented and the intermolecular forces present in the

crystal.

The carbonyl ligands in CpyCr,(CO)4 form an acute Cr —-Cr-CO
angle (ave. = 73.6 % 1.5) and form an unsymmetric bridge. If
we define the "asymmetry parameter”, o , to be (dz'dl)/dl ,
where d; = long M---C distance, d; = short M-C distance, then a
plot of a vs. 6, the M-C-O angle, gives two smooth curves.ll
One curve has 6 essentially invariant with resopect to a ; and
the other curve shows a decrease in 8 with decreasing o .
The latter behavior is tfpical of normal bridcing carbonyls, i.e.
carbonyls which act as two electron donor ligands.. The former
behavior is characteristic of a class of bridging ca?bonyls which
act as incipient 4-electron donors, two electrons being donated
as usual by the CO-lone pair and the other two %rom the CO =-bondg.
The average value of the asymmetry parameter for CpZCrz(CO)4 is
0.291. This value, when plotted against the average value of @
gives a point which is clearly on the "4—e1ec£ron donor curve".ll
Hence, we postulate some electron donation from the carbonvl

w—orbitals into the Cr-Cr 7* orbitals. A similar interaction of

the carbonyls with the Mo=Mo triple bond has been postulated

for Cp,Mo, (CO),- 1l
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Two of the Cr —Cr—co angles in CpZCrZ(C0)6 are also auxte
T acute (ave..f~7l 2 ) However, the asymmetrv parameter.lsfrxi
O 728, 1s con51derab1y 1arger and a plot otva vs. 6 lles

in the termlnal CO-reglon—as expected

";It>is'intereSting.to;hote—thatfthe*chemicel,feactivities of -
Cp26f2(CO)4 aﬁd,CPz oz(CQ)4 1'ojdif‘et'merke&1§:— While the
latter reacts wzth many soft nucleophzles and acetylenes8 r14

"to yleld well—deflned products, the former elther yields

intractable mixturesS r, in the case of acetylenes, fails to
- 12 ' . n : . . s s
react at RT. - - These differences in chemical - reactivity of.

the mete14hetal triple bonds may also be related to the same
fectors which are reséonsibie for the dlffereqt structures of the
chromlum and. molybdenum.derlvatlves, and further work is in
p:ogress to eluc;date this point. v
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