
_Aoumal 
otOrgan, o. 

m e t a l n c  
Chemistry 

ELSEVIER Journal of Organometallic Chemistry 490 (1995) 29-34 

Chemical bonding in metalaheterocumulene complexes: II 
Demonstration of a temperature dependant conformational disorder 

of the methyl groups in [(CO) 5CrNCN(CzH 5) 2 ] 

Marie-No611e Ohnet a Anne Spasojevic-de Bir6 a Nguyen Quy Dao a,* Peter Schweiss b,c 
Jean-Michel Kiat b,d, Pierre Gregoire d, Helmut Fischer e, David Reindl e 
a Laboratoire de Physico-Chimie Molgculaire et Min~rale (PCM), E.R.S. 0070 du C.N.R.S., Ecole Centrale Paris, 

F-92295 Ch~tenay-Malabry C~dex, France 
b . ~ • . 

Laboratotre Leon BrtUoum (LLB), unit£ mixte CEA-CNRS, CE Saclay, F-91191 Gif sur Yvette Cddex, France 
c Kernforschungs Zentrum Karlsruhe, INFP, Postfach 3640, D-7500 Karlsruhe 1, Germany 

d Laboratoire de Chimie-Physique du Solide (CPS), U.R,4. D0453 du C.N.R.S., Ecole Centrale Paris, F-92295 Ch~tenay-Malabry C~dex, France 
e Fakultiitfiir Chemie, Universitiit Konstanz, Postfach 5560, D-78343 Konstanz 1, Germany 

Received 14 June 1994 

Abstract 

During the determination of the crystal structure of [(CO)sCrNCN(C2Hs)2] by neutron diffraction, a remarkable tempera- 
ture-dependance of the intensity of three reference reflections between 100 and 300 K was accidentally observed. In order to try 
to understand the nature of this phenomenon, the behaviour of this compound as a function of the temperature has been studied 
by differential calorimetry, and by powder and single crystal X-ray diffraction methods. These experiments show neither a phase 
transition nor a crystal space group modification. The experimental results, supported by a simplified model, suggest a rotational 
disorder of the methyl groups near room temperature. 
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1. Introduction 

Over the last few years, metalaheterocumulene 
chemistry has developed considerably. Allene [2] and 
2-aza-allene compounds [3], acetonitrile derivates [4] 
and cyanamide [5,6] complexes exhibit charge-transfer 
phenomena.  Some of them have interesting reactivities 
which, depending on the compound or experimental  
conditions, can be a substitution reaction [7], an addi- 
tion to the organic group [8], a modification of the 
linear chain bonds [9], a nucleophilic attack [10], a 
photoreaction [2], new complex formation [9], organic 
syntheses [11], of opening the way to a new catalytic 
process [11,12]. 

In order to understand these various chemical prop- 
erties, an electron deformation density study on the 
pentacarbonyldiethylcyanamidechromium, [(CO)sCrN_ 

~' For part I. see Ref. [1]. 
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CN(C2Hs)2], referred to as CrDEC, was undertaken 
using both X-ray and neutron diffraction experiments. 
A neutron diffraction study on CrDEC single crystals 
was made at 110 K [1]. During this experiment, a 
tempera ture-dependant  phenomena  of the intensity of 
the three neutron reference reflections was acciden- 
tally observed between 100 K and 300 K. In order to 
understand the nature of this phenomenon,  some com- 
plementary experiments were carried out. These exper- 
iments and their interpretations are reported in this 
paper.  

2. Experimental details and results 

2.1. In f luence  o f  the temperature  on C r D E C  single crys- 
tals, as seen by neutron di f fract ion 

2.1.1. D a t a  collection 

The synthesis of the CrDEC crystals and the experi- 
mental  conditions for data collection on the 5C2 four- 
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Fig. 1. Temperature-dependence of (2 0 2), (2L 0 4) and (1=2 0 0) 
neutron intensity reflections. The detection limit of one Bragg reflec- 
tion is presented as a dotted line. 

circle neutron diffractometer of the LLB are described 
in Ref. 1. 

During the neutron experiment it was observed that 
the (]2 0 0) intensity, which was very high, vanished 
when the temperature reached room temperature.  
Therefore  the intensities of three standard reference 
reflections [(4 0 4), (]2 0 0) and (2 0 2)] for the neutron 
data at 110 K [1] were systematically recorded from 100 
K to 300 K as the temperature increased (steps of 20 
K). The intensity of the 1(~ 0 0) reflection was also 
monitored as the temperature decreased (steps of 10 
K). 

2.1.2. Results 
Fig. 1 represents the (2 0 2), (4 0 4) and (]-2 0 0) 

integrated intensity variations - not corrected for the 
Lorentz and absorption effects - as a function of 
temperature between 100 K and 300 K. At 303 K, the 
intensity of the ~ 0 0) reflection is below the detec- 
tion limit. Two important points are to be noted: (i) the 
intensity of the (]2 0 0) reflection is strong at 100 K,  
decreases when the temperature increases, and ap- 
proaches zero near 260 K; this behaviour is reversible, 
but exhibits a weak hysteresis; (ii) for the other two 
reflections, the intensity variation is small. (Note that 
(4 0 4) is an harmonic of (2 0 2) and their intensities 
are related.) 

2.2. Differential calorimetry of CrDEC from 195 K to 
290 K 

2.2.1. Experimental details 
A differential calorimetric analysis was carried out 

on a DSC l l l - S E T A R A M  calorimeter. Samples were 
CrDEC crystals of about 10 mm 3 in size. They were 
placed in an aluminium crucible under dinitrogen. Two 
crystals were used. Each sample was monitored for 
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Fig. 2. Temperature-dependence of the OH specific heat of CrDEC. 

four cycles between 290 K and 195 K (decreasing and 
increasing the temperature).  This temperature range is 
imposed by crystal decomposition at the higher tem- 
perature (greater than 330 K) and increasing instru- 
mental error below 195 K. 

2.2.2. Results 
The specific heat of CrDEC (Fig. 2) has been de- 

duced from the mean experimental curves obtained 
from the four cycles. Two small breaks in the slope of 
the curves are observed, at 260 + 5 K for the heating 
curve and near 240 + 10 K for the cooling curve. This 
"transition" temperature (approximately 260 K) is the 
same as that observed in the neutron experiment above. 

2.3. Cell parameters of CrDEC at 110 K and 300 K by 
X-ray powder diffraction 

2.3.1. Data collection 
The X-ray powder diagrams were recorded on a two 

axes prototype spectrometer (hmean = 15.418 pm) [13], 
using a MERIC cryogenic system (thermal stability 
+0.1 K). The sample was ground from CrDEC crys- 
tals. X-ray diagrams were recorded at 110 K and 300 

Table 1 
Cell parameter of CrDEC obtained by single crystal neutron diffrac- 
tion at 110 K [ll, by powder X-ray diffraction at 110 K, by single- 
crystal X-ray diffraction at 293 K, and by X-ray powder diffraction at 
300 K 

110 K 293 K 300 K 

crystal powder crystal powder 
Neutron [1] X-ray X-ray X-ray 

a (pm) 1340(3) 1348(3) 1422.6(3)  1422.5(6) 
b (pm) 1135(2) 1139 .6 (9 )  1152.0(2) 1152.0(2) 
c (pm) 929.1(7) 928(2) 960.7(2) 960.7(5) 
/3 (°) 116.08(12) 116.04(15) 118.77(1) 118.81(3) 
V (109 pm 3) 1.270(18) 1 . 2 8 1 ( 8 )  1 .380(1)  1.379(2) 
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K, respectively, for 20 values varying from 10.61 ° to 
49.43 ° . 

2. 3. 2. Results 
All the Bragg reflections were correctly indexed in 

the C 2 / c  space group for both diagrams. The cell 
parameters of CrDEC for the two temperatures (110 K 
and 300 K) were refined. These values are compared to 
those obtained from single crystal experiments [5,1] 
(Table 1). The smallest relative variation corresponds 
to the b parameter.  

2.4. Temperature dependance of a* and b* parameters 
from 85 K to 293 K 

2.4.1. Data collection 
A X-ray diffraction experiment was conducted on a 

second two axes diffractometer ( /~mean  = 15.418 pm), 
with the same cryogenic system. The sample was the 
crystal used for the neutron diffraction experiment. It 
was glued with silicone g~ase  under dinitrogen and 
positioned to have the (b, ~ and (d, c~ planes in 
reflection position. The Bragg angles 20 of the (12 0 0) 
and (0 10 0) reflections were measured precisely be- 
tween 85 K and 293 K (steps of 10 K). 

2.4.2. Results 
Fig. 3 shows the temperature dependence of a sin/3 

and b cell parameters. There is a regular increase in 
these two parameters,  but no inflection in the curves. 
The a sin/3 variation is stronger than that in b, consis- 
tent with the powder results. 

2.5. Crystal structure of  CrDEC single crystal at 293 K 
by X-ray diffraction 

2.5.1. Data collection 
These studies were completed by X-ray diffraction 

measurements made on a CrDEC crystal at 293 K with 
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Fig. 3. Temperature-dependence of asin/3 and b, by X-ray diffrac- 
tion on (12 0 0) and (0 10 0) faces of a CrDEC crystal, o: Powder 
X-ray diffraction at 110 K and 300 K. 
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Fig. 4. Molecular structure of CrDEC at 293 K (OeTWP plot [21]). 

an ENRAF-NONIUS,  CAD-4, four-circle diffractome- 
ter (hmean = 7.1359 pm). A CrDEC crystal was cut 
under dinitrogen in order to separate the visible twin 
elements [14]. The sample obtained was very small 
(0.06 × 0.02 x 0.02 mm3). The crystal was glued to a 
glass stick, and put in a Lindemann capillary in an inert 
atmosphere. It decomposed after a four-day experi- 
ment, and subsequently no other acceptable crystals 
were found. 

An attempt at structural determination was made 
from the incomplete dataset (only the reflections with 
h ~ [0, 11], k E []-9, 19], l ~ []-6, 16] and (sin 0)/A < 0, 8 
,~ - i  were recorded). The four standard reference re- 
flections ((2 0 0), (2 2 1), (1 1 1) and (]2 0 0)) 
(measured every hour) indicated a continuously de- 
creasing intensity totalling 11.6% by the end of the 
collection. The 6130 measured reflections were cor- 
rected for this t ime-dependence taking into account 
the decrease of the (2 0 0) and (2 2 1) reflection 
intensities, and for Lorentz-polarisation effect. 3037 
average independent reflections had given only 438 
reflections with I > lo- [15], with an internal reliability 
factor Rin t --- 9.1% [16]. 

Using the I > lo- data set and the atomic positions 
of CrDEC (omitting the hydrogen atoms) determined 
at 243 K by Fischer et al. [5], the structure was refined 
with the SHELX76 program [17]. The atomic form fac- 
tors were taken from the International Crystallo- 
graphic Tables [18]. The absorption correction (DIFABS 
program [19]) was carried out giving an average value 
of /x = (0.7) (].Zrnin = 0.13 and /Xma x = 1.57 consistent 
with the anisotropic experimental condition). The two 
H(41) and H(42) atoms were localized on the electronic 
density difference series. However, the positions of the 
hydrogen atoms of the methyl groups were impossible 
to determine. The non-hydrogen atoms were refined 
with anisotropic thermal parameters, and in the final 
refinement cycle, the weighed reliability factor R~ was 
equal to 6.6% (w = 0.56/o -2) with G.O.F. = 2.3 [20]. 
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Table 2 
Atomic positions and isotropic thermal parameters of CrDEC at 110 
K. (U) = 1/3EUij(ai.aj)(aT.a f ) 

Atom x y z (U) 

Cr 0 0.1578(4) 0.25 0.0016(4) 
C(1) 0 0.0008(17) 0 . 2 5  0.0052(51) 
O(1) 0 -0.1039(12) 0 . 2 5  0.0097(60) 
N(a) 0 0.3384(16) 0 . 2 5  0.0042(35) 
C(fl) 0 0.4335(19) 0 . 2 5  0.0041(46) 
N(y) 0 0.5501(12) 0 . 2 5  0.0039(39) 
C(2 )  0.1075(13) 0.1583(15) 0.4677(16) 0.0054(30) 
0(2) 0 .1703(8)  0.1615(13) 0.5943(11) 0.0078(26) 
C(3)  0.1178(13) 0.1499(17) 0.1841(17) 0.0062(38) 
0(3) 0.1728(10) 0.1440(14) 0.1482(15) 0.0106(38) 
C(4) -0.0785(16) 0.6116(12) 0.1187(20) 0.0080(57) 
C(5) -0.1661(15) 0.5481(15) -0.0139(22) 0.0085(46) 
H(41) -0.0081 0.0646 0.0044 0.0050 
H(42) -0.0110 0.0651 0.0160 0.0050 

2.5.2. Crystal structure at 293 K 
The complete data collection shows the space group 

at 293 K to be C 2 / c .  The cell parameters are very 
close to those determined from the X-ray powder 
diagram at room temperature (Table 1). Atomic pa- 
rameters, interatomic distances and valence angles of 
CrDEC at 293 K are presented in Tables 2 and 3. The 
structural data obtained at 243 K from an X-ray mea- 
surement [5] are shown for comparison (Table 3). The 
molecular structure and the cell representation are 
given in Figs. 4 and 5. 

At the three recorded temperatures (110 K [1], 243 
K [5] and 293 K), the general features of the crystal 
structure of CrDEC are similar. Nevertheless, the ther- 
mal parameters seem to be badly resolved at 293 K 
(Fig. 4) because some ellipsoids do not represent a 
coherent movement of the molecule. The two C(1)O(1) 
and C(2)O(2) carbonyl groups exhibit similar inter- 
atomic distances at both temperatures (243 K and 293 

XX X 

Fig. 5. Projection of the CrDEC crystal structure at 293 K on the b" 
axis (PLUTO plot [22]). 

K) while the C(3)O(3) group is poorly defined 
(abnormally long d(Cr-C(3)) and abnormally short 
d(C(3)-O(3))). The Cr-N(a)~-C(/3)-N(T) linear chain 
is similar in both structures (447 pm at 293 K and 451 
pm at 243 K) although the N(a~-C(3)  distance appears 
abnormally short. 

3. Discussion and conclusion 

The various experiments allow some hypotheses on 
the structural modification of CrDEC as a function of 
the temperature to be made. First, the space group is 
the same between 110 K and 300 K. The cell parame- 
ters obtained by X-ray powder, and neutron and X-ray 
single-crystal diffraction methods at both temperatures 

Table 3 
Interatomic distances (pm), bond angles and torsion angles (°) of CrDEC obtained by X-ray diffraction at 293 K and at 243 K [5]. Symmetry code 
(i): - x ,  y, 1 / 2 - z  

Distances 293 K 243 K Angles 293 K 243 K 

Cr-C(1)trans 180.4(20) 182 .9(4)  C(1)-Cr-C(2) 89.9(6) 91.6(1) 
Cr-C(2)cis 190.3(14) 189 .5(3)  C(1)-Cr-C(3) 87.1(6) 88.0(1) 
Cr-C(3)cis 196.8(19) 189 .1(4)  C(2)-Cr-C(3) 89.0(7) 89.9(1) 
C(1)-O(1)trans 119.7(24) 116 .4(5)  C(2)-Cr-N(a) 90.1(6) 88.4(1) 
C(2)-O(2)cis 110.9(17) 114 .1(4)  C(3)-Cr-N(a) 92.9(6) 92.0(1) 
C(3)-O(3)cis 95.3(24) 113 .8(5)  Cr-C(2)-O(2) 178.0(15) 178.8(3) 
Cr-N(a) 205.3(19) 206 .3 (3 )  Cr-C(3)-O(3) 177.6(18) 175.0(3) 
N(a)-C(/3) 108.7(28) 113 .9(5)  C(/3)-N(y)-C(4) 120.0(11) 121.1(2) 
C(/3)-N(y) 133.3(25) 131 .4(5)  N(y)-C(4)-C(5) 120.3(15) 114.1(2) 
N(y)-C(4) 140.5(18) 146 .0(4)  C(4)-N(y)-C(4) °) 120.0(12) 117.8(1) 
C(4)-C(5) 147.4(25) 149 .3(6)  N(y)-C(4)-H(41) 137.3(19) 107.2 
C(4)-H(41) 79.0(17) 9 1 . 6  N(y)-C(4)-H(42) 102.8(16) 99.6 
C(4)-H(42) 82.6(19) 1 0 4 . 5  H(41)-C(4)-H(42) 107.9(21) 110.8 
C(5)-H(51) 9 6 . 6  C(5)-C(4)-H(41) 79.0(16) 109.4 
C(5)-H(52) 9 2 . 8  C(5)-C(4)-H(42) 105.5(18) 115.2 
C(5)-H(53) 97.1 
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are in good agreement. The a sin/3 and b cell param- 
eters increase regularly when the temperature rises 
(Fig. 3). The specific heat does not show any anoma- 
lous behaviour with temperature except for a very 
slight slope change near 260 K. All these results show 
that there is no first- or second-order phase transition 
for CrDEC in the temperature range studied. The 
crystal structure was determined by X-ray diffraction 
on a single crystal, and despite the bad resolution 
resulting from the small size and partial decomposition 
of the crystal, some anomalies were observed. The 
abnormally long Cr-C(3) and abnormally short C(3)- 
0(3)  distances could be a result of the poor quality of 
the experimental dataset, but they could also be ex- 
plained by the fact that this group starts to be ther- 
mally unstable near the decomposition temperature.  It 
is noteworthy that only the hydrogen atoms of the 
methyl groups could not be localized. This suggests 
that, above 250 K, the methyl groups start to rotate, 
and this is why they are not located precisely in the 
X-ray structure, and also why some neutron reflections, 
especially those to which the hydrogen atoms con- 
tribute the most, are affected by the increase in tem- 
perature. In order to check this hypothesis, the neu- 
tron structure factors were calculated when the hydro- 
gen atoms of the methyl groups were allowed to rotate 
[23]. Three  cases were considered: (i) hypothesis H1 
consisted of examining the rotation of the C(5)H(51)- 
H(52)H(53) methyl groups around the C(4)-C(5) axis 
and looking for any variation of the intensity of the 1(~ 
0 0) reflection; (ii) hypothesis H2 considers the exis- 
tence of two conformers, C(5)H(51)H(52)H(53) and 
C(5)H(51)'H(52)'H(53)', shifted with respect to each 
other by a 27r/6 rotation, as was found in the methyl- 
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Fig. 6. Temperature-dependence of the observed and calculated 
neutron diffraction intensities for different models (X, N, M1 to M3). 
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Fig. 7. Variation of ( ~  0 0) intensity reflection vs. the rotation angle 
of methyl groups for the three hypotheses, HI,  H2 and H3. 

carbynechromium complex as the temperature rose 
[25]; again a rotation of these two conformers around 
the C(4)-C(5) axis was considered; (iii) hypothesis 1-13 
consists of a continuous and dynamic movement of 
methyl groups. 

To simplify the calculations on the rotation effect of 
the hydrogen atoms of the methyl groups, isotropic 
values for the hydrogen atoms were used. The influ- 
ence of the anisotropic/isotropic thermal parameters 
of the hydrogen atoms on the intensity is negligible as 
can be seen in Fig. 6 for the points N and M1. For the 
three models, the ( ~  0 0) neutron intensity was very 
sensitive to these rotations (Fig. 7), while most of the 
other reflections are practically unchanged. According 
to the 1-13 hypothesis, there should be an obvious 
decrease in intensity if the rotation of the methyl 
groups is considered to be free. However, the calcu- 
lated intensity remains high and is well above the 
detection limit. The 1-12 hypothesis also gives an abso- 
lute lowering of the intensity and a modulation of this 
intensity as a function of the rotation of the methyl 
groups. The H1 hypothesis gives the highest variation 
in intensity, starting from 1317 a.u. to reach 597 a.u. 
for a rotation of 60 °. This value remains high when 
compared to the experimental error and so should be 
observable. Thus, none of the three hypotheses com- 
pletely explains the experimental observations. A com- 
plementary calculation was done in order to take into 
account the intensity of the other two reflections (2 0 
2) and (4 0 4). N and X (Table 4 and Fig. 6) are the 
calculated neutron intensities for the 110 K and 243 K 
experiments, respectively, using the results of the neu- 
tron and X-ray experiments. When a rotation of 60 ° is 
applied to the hydrogen atoms using neutron structure 
at 110 K, the 1(~ 0 0) intensity decreases, but it is still 
not enough to fit the neutron results at room tempera- 
ture (model M2). When all the atomic positions as 
determined by X-ray diffraction at 243 K are used 
(model M3), the calculated intensity fits better the 
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Table 4 
Experimental and structural models used in the modelling of the 
neutron intensity of CrDEC 

Model Positions and thermal parameters Rotation 

N 
X 
M1 

Neutron structure at 110 K [1] 
X-ray structure at 243 K [5] 
Neutron structure at 110 K 
except for H(51) to H(53) atoms with isotropic 
thermal parameters. 

M2 Neutron structure at 110 K, 60 ° 
except for H(51) to H(53) atoms with isotropic 
thermal parameters. 

M3 X-ray structure at 243 K, 60 ° 
except for H(51) to H(53) positions as defined 
in the M2 model. 

experimental points. Therefore, with a simple rotation 
of the methyl group and an adjustment of the struc- 
tural parameters of the other atoms using the parame- 
ters of the right temperature, it is possible to interpret 
the neutron intensity of the three reference reflections. 

Despite our attempts to explain the experimental 
data with a model, it is difficult at present to explain 
the observed phenomena. There is surely an order-dis- 
order in the motion of the hydrogen atoms of the 
methyl groups, but this is also a result of some defor- 
mation in the skeleton of the molecule and in particu- 
lar of the carbonyl groups. More experimental work is 
needed here. In particular a complete neutron struc- 
ture of the compound near room temperature would 
give an even greater understanding of the phe- 
nomenon. 

4. Supplementary material 

Thermal anisotropic parameters (U~.j) at 293 K have 
been deposited with the Cambridge Crystallographic 
Data Centre. 
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