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The crystal structure of the complex [Cr(NCNEt,)(CO),] has been determined by neutron diffraction at
110 K. The crystal used was twinned and the twin law was analysed. The structure is composed of
layers of molecules parallel to the twin plane which are held together by van der Waals interactions
and intermolecular hydrogen bonds. The cyanamide ligand has an intermediate o-donor:n-acceptor
ratio, stronger, for example, than the carbene ligand. There are two types of cis-carbonyl groups in
the structure, resulting from the conjugation effect of the cyanamide skeleton in the molecule. Charge
transfer, which is characteristic of the delocalization of the lone pair of the amino nitrogen along the
six-atom linear chain, is observed along the bonds on the binary molecular axis, including the trans-

carbonyl group.

During the last fifteen years, the chemistry of metallahetero-
cumulene organometallic complexes has made great progress
and new families of compounds have been synthesized. We have
been interested in the synthesis and physico-chemical properties
of complexes of type [M(CO);L] where the ligands L form a
linear arrangement with the metal of at least four heteroatoms.
Three different families have been studied: neutral allenylidene
complexes ! of formula [M(=C=C=CR,)(CO)s](M = Cror W,
R = Ph), 2-azaallenylidene complexes [ M(=C=N=CR,)(CO)s]
which are mostly obtained in the cationic form? (M = Cror W,
R = Bu') and which also crystallize in the radical form?3
(M = Cror W, R =CsH,Me,), and neutral aminonitrile or
cyanamide complexes* [M(=N=C=NR,)(CO);] (M = Cr or
W, R = Et or Me). In these complexes the M(CO), co-
ordination entity is important as the substitution of the trans
ligand by a halogen atom leads to a bent carbyne complex, > and
by reductive dimerization, a dinuclear complex is obtained.® It
has been shown that these compounds, which possess several
multiple bonds, are good intermediate reagents for the synthesis
of new complexes, and some of them are excellent organic
catalysts.” In addition, the linear fragment can be described by a
succession of three double bonds, the n-electron planes being
perpendicular to each other. This geometry favours a strong de-
localization and the bond order which is formally two can vary
from one to three. The conjugation between different multiple
bonds in allenylidene and 2-azaallenylidene comples®® may
be described by several mesomer forms in equations (1) and
(2) respectively, where M = Cr, Mo or W, R = alkyl group.

(OC)sM=C,=Cy=C R, —— ,
(0C)sM-C,=C;~C R, >
-+
(OC)sM-C,~C,=C.R, (1)

1 Chemical Bonding in Metallaheterocumulene Complexes. Part 1.
Supplementary data available (No. SUP 57050, 28 pp.): anisotropic
thermal parameters, observed and calculated intensities and a
projection of the structure along the ¢ axis for [Cr(NCNELt, (CO);].
See Instructions for Authors, J. Chem. Soc., Dalton Trans., 1995, Issue 1,
PP- XXV—XXX.

(OC)sM=C,=N;=C R, «— (OC)sM-C,=N,-C.R, (2)

As part of the studies on the nature of the chemical bonds in
organometallic compounds using electron-deformation den-
sity 19 and vibrational spectrometry,'! we are now concerned
with charge transfer in metallaheterocumulene complexes. The
pentacarbonyldiethylcyanamidechromium complex of formula
[Cr(NCNEL, )(CO)s] 1 was chosen because it crystallizes in
large single crystals which are suitable for a neutron-diffraction
experiment. Here we present the neutron structure results of 1 at
110 K, as the first step of this project. Comparisons are made
with similar complexes and also with the X-ray diffraction
results reported previously by Fischer e al.* at 243 K.

Experimental

Synthesis of [Cr(NCNEt,)(CO)s;].—The synthesis was
carried out at low temperature (2230 K) in an inert atmosphere,
using anhydrous solvents saturated with nitrogen. A solution
of hexacarbonyl-chromium (or -tungsten) (10 mmol) in tetra-
hydrofuran (thf) was irradiated with mercury light until no
trace of the starting material could be detected by infrared
spectroscopy, giving the intermediate product, [Cr(CO)s-thf].
After the addition of diethylcyanamide (10 mmol) N=C-NEt,,
the solution was shaken for 1 h and the solvent removed in
vacuo. The product obtained was purified by chromatography
on silica gel using a pentane—~CH,Cl, (1:1) mixture as eluent.
Crystallization from pentane-CH,Cl, (4:1) gave yellow
crystals of 1, which is very sensitive to oxygen and can only
be handled and stored in an inert atmosphere.

Structure Determination.—Data collection. The single crystal
used for the neutron-diffraction experiment was a pentagonal
prism (40 mm3). It was fixed inside an aluminium sheet with
silicon grease in a dry cooled-helium jet. The sample was then
glued on an aluminium pin inside a cylindrical aluminium box
filled with helium and mounted on the goniometer of the
diffractometer.

The neutron-diffraction data were collected using the 5C2
four-circle diffractometer (A = 83.1 pm) of the Orphée
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Reactor, Saclay, France. The crystal was maintained at 110(1)
K with a closed-cycle helium refrigerator (Air Products and
Chemical Inc., Displex model CS-202) during the 3 w
experiment. The orientation matrix was determined from a set
of 18 reflections and the parameters were refined: a = 1340(3),
b =11352), ¢ =929.1(7) pm and B = 116.08(12)°, space
group C2/c, the same observed by the X-ray diffraction
experiment * at 243 K.

The intensity data were collected for one complete quadrant
of the reciprocal sphere and about § of a second quadrant.
Intensities of two reflections (12 0 0) and (0 0 4), monitored after
every 300 min, were constant within 3% and 19 respectively.
The o-scan method was used for intensity recording, and
scanning widths were accorded to the instrumental resolution
by the equation (Aw)? = (16 — 54 tan @ + 88 tan? 0). Lorentz
and numerical absorption !2 corrections were applied. Because
of the lack of precise values of the bonded hydrogen-atom mass-
absorption coefficient, this value was obtained by a refinement
procedure. The retained value p = 1.2 cm™! gave the best
internal reliability factor for all equivalent reflection sets. The
minimum and maximum transmission coefficients were 0.63
and 0.72 respectively. 3703 Reflections were recorded with
(sin 0)/A between 0.06 and 0.74 A~ ! (indices were in the range
h =19-17, k = 0-16 and / = 0-13), leading to 2173 inde-
pendent reflections of which 1294 had I > 3o with an internal
reliability factor Ry, (/) = 0.056 {R, (I) =Z¥_, [Z¥- Iy —
IN*1k/Zk X, (I;*)x where I, = averaged intensity, N =
number of symmetrically equivalent reflections, M = number
of symmetrically independent reflections J = the sum over a
symmetric equivalent group and K = the sum over symmetric
independent reflections}.

Twinning. Two of the best crystals were tested for the neutron-
diffraction experiment. Unfortunately, both of them were
twinned; however, one showed that the twinning was quite
simple and could be used for a precise measurement of diffracted
intensities. It possessed two twin elements (I and II). The twin

plane, determined by neutron diffraction, was the b, ¢ plane:
all the reflections of type hk0 were superimposed and those of
type hkl (I # 0) were well separated. There were 99 observed
superimposed (#k0); and (hk0), reflections. To determine
precisely the proportion of the two elements I and II, two
methods were used after the determination and refinement of
the orientation matrixes of I and II. The first method consisted
of recording the intensity of five identical hk/ reflections of I and
II which were completely spatially resolved. The ratio p of the
same reflections [/(hkl),/I(hkl),] gives the proportion of the
twins; here, p = 0.22(1). The second procedure is an a posteriori
calculation. During the refinement, a scale factor k; was used
for the non-superimposed hk/ (/# 0) reflections and a second
scale factor k, for the 99 superimposed (hk0), + (hkO),
reflections. The observed intensity of the Ak0 reflections can be
expressed as: Iy, (hk0) = I, (hk0), + pl,p(hk0), where p =
(k, — ky)/k,. The refinement gives k;, = 2.09(1) and k, =
2.52(1) corresponding to p = 0.21(1) in good agreement with
the independent determination.

For data collection, only the Ak/ reflections corresponding to
the first larger domain were recorded. However, 48 reflections
were accidentally superimposed. Their indices for the second
domain were identified and corrections were carried out and
included in the final refinement using the refined value [0.21(1)].

Least-squares refinements. Full-matrix least-squares refine-
ments were performed using the PROMETHEUS program
package.!? Coherent scattering lengths for Cr, C, N, O, H were
taken from ref. 13, and an extinction correction, using the

* R(F?) = Zy|F.? — (KIFJ))’|/Z4F,7, wR(F?) = {Zgw|F,? —
KIF)Y*/Zg wF,*} and S = {Zyw(|F,| — kIF.)?/(N, — N,)}?, where
w = 1/62(F?), H are the Miller indices, N, = number of reflections and
N, = number of independent parameters (N, — N, = number of
degrees of freedom).
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Becker—Coppens model'* assuming a type-I crystal with
Lorentzian mosaicity distribution was applied. Finally, the
refinement converged * to R(F?) = 0.058, wR(F?) = 0.050 and
goodness of fit (§) = 5.54 for 1273 reflections with / > 3¢ and
132 parameters (consisting of two scale factors, the isotropic
extinction parameter, nuclear position and anisotropic thermal
parameters). The extinction parameter g was found to be
0.062(2) x 10*. Only five reflections had an extinction
correction greater than 10%.

Table 1 gives the atomic coordinates of compound 1 at 110 K.
Despite the presence of the twins, the collection of the neutron-
diffraction data is of a good quality as shown by the R values
and the estimated standard deviations. The neutron results
allow us to discuss for the first time the nature of the chemical
bonds in this family of complexes.

Additional material available from the Cambridge Crystallo-
graphic Data Centre comprises thermal parameters.

Results and Discussion
Description of the Structure—Fig. 1 shows the molecular
structure of [Cr(NCNEt,)(CO);] and Fig. 2 shows the crystal

arrangement projected along the b axis. The interatomic
distances, bond angles and torsion angles are given in Table 2.
The results obtained by neutron diffraction confirm more
precisely the structure determined previously by X-ray dif-
fraction* at 243 K. The cyanamide group constitutes one of the
six ligands co-ordinated to chromium possessing an almost
planar skeleton. The small deviation from a perfect planar
arrangement is caused by the C(4)-C(5) bonds of the ethyl
groups which form a dihedral angle of 6.0(1)° with the
C(B)N(y)C(4) plane. The ligand has two N-C axial bonds of
different lengths, N(a)-C(B) 116.7(2) and C(B)-N(y) 130.4(2)
pm, respectively, and two equivalent amino bonds, N(y)-C(4)
147.2(1) pm, with a C-C distance of 151.1(2) pm in the ethyl
group. The five C-H distances are almost equal with an average
length of 109.3(4) pm. The six atoms O(1), C(1), Cr, N(«), C(B)
and N(y) form a linear chain on the binary axis. Regarding the
carbonyl ligands, the trans-Cr—C(1) axial distance of 185.0(3)
pm is shorter than the average Cr—C distance in the cis-carbonyl
groups (191.4(1) pm). At the same time, a slightly longer
distance for the axial carbonyl group [C(1)-O(1) 115.4(3) pm]
is observed compared to the average length of cis-C=0O groups
[114.0(3) pm]. The two cis-C(2)O(2) carbonyl groups are
closest to the ethyl groups; C(2) lies 13.2 pm above the
equatorial plane at the level of the Cr atom with N(y)-Cr-0(2)
88.5(1)°, while the two C(3)O(3) groups are situated 9.5(1) pm
below this plane [N(y)-Cr—O(3) 94.3(1)]. The angles between
the C(2)CrN(y) plane and the two CrN(y)C(4) and CrN(y)C(5)

Table 1 Atomic positions of [Cr(NCNEt,)(CO)s] at 110 K

Atom X y z

Cr 0 0.1578(3) 0.25
() 0 —0.0045(1) 0.25

o) 0 —0.1058(2) 0.25
N(a) 0 0.3388(1) 0.25
C(B) 0 0.4412(1) 0.25
N(y) 0 0.5556(1) 0.25
C2) 0.1096(1) 0.1620(1) 0.4679(1)
0Q2) 0.1757(1) 0.1649(2) 0.5979(2)
C3) 0.1151(1) 0.1499(1) 0.1821(1)
0Q3) 0.1832(1) 0.1375(1) 0.1424(2)
C4) —0.0760(1) 0.6224(1) 0.1088(1)
C(5) —0.1578(1) 0.5453(1) ~0.0217(1)
H(41) —0.1187(3) 0.6861(3) 0.1502(4)
H(42) ~0.0256(3) 0.6732(3) 0.0649(4)
H(51) —0.2088(3) 0.4958(3) 0.0206(4)
H(52) —0.2132(3) 0.5995(3) —0.1213(4)
H(53) —0.1171(3) 0.4827(3) —0.0677(4)
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Molecular structure ** of [Cr(NCNEt, )(CO)] at 110 K

Fig. 1

Fig.2 Projection of the structure 16 of [Cr(NCNEL, )(CO);] along the
b axis

planes are 2.9(1) and 6.2(1)°, respectively. Hence, the two cis-
C(2)O(2) carbonyl groups are in a nearly eclipsed position with
respect to the ethyl group and they are moved closer to them.
It should be noted that even though the C-H distances of
the ethyl groups are practically equal the H(52) proton close
to the C(2)CrN(y) plane forms the shortest hydrogen bond
to a neighbouring molecule [C(5)-H(52) - - - O(2") 248.3 pm
(Table 3)].

Comparison with the Crystal Structure determined by X-Ray
Diffraction at 243 K.—The general features of compound 1 and
its organization in the crystal are similar at 110 and 243 K.*
Nevertheless, a careful comparison with the structure deter-
mined by X-ray diffraction (Table 2) shows some significant
differences. For instance, the C-H distances determined by
neutron diffraction are accurate and homogeneous. Also, for the
atoms with strongly delocalized electronic clouds the neutron
diffraction distances between them [e.g., Cr-C(1), Cr-C(2),

667

Cr—C(3)] are slightly longer than those from X-ray diffraction.
This has also been observed for other metal carbonyl com-
plexes, [Cr(=CC4H,)CI(CO),]}7 and [K(C,;sH36N,06)]"-
[Cr,(p-H)(CO),0]~  (C,3H;3¢N,0¢ = 4,7,13,16,21,24-tetra-
oxa-1,10-diazabicyclo[8.8.8 Jhexacosane) ! and for the free
cyanamide ligand.'®2°

trans-Effect on the Carbonyl Group exerted by the Cyanamide
Ligand —In [Cr(CO),], as studied by neutron diffraction?! at
78 K, the average Cr-C and C=O distances are respectively
191.8(1) and 114.1(1) pm and are thus very similar to the Cr—C,;,
and cis-C=0 distances in 1. In contrast, the observed Cr-C,,,,,
bond distance in 1 [Cr-C(1) 185.0(3) pm] is shorter and the
corresponding trans-C=0 distance [C(1}-O(1) 115.4(3) pm] is
slightly longer than in [Cr(CO)¢], in agreement with the
correlation of Cr-C and C=0 bond distances in chromium
carbonyl compounds.?? In chromium carbonyl derivatives,
ligands which have a high o-donor:m-acceptor ratio tend to
increase the electron density on the chromium atom, which
implies a higher n-back bonding to the trans-carbonyl group.
The decrease of the trans-Cr-C distance and the consequent
increase of the trans-C-O distance 22 of 1 show the tendency of
the cyanamide ligand to increase the negative charge on the
metal [Cr(CO)sL] complexes with L possessing a high o-
donor: m-acceptor ratio have short Cr-C distances (=~ 180 pm)
and long C-O distances (116 pm), while complexes in-
corporating a ligand with a low o-donor:n-acceptor ratio
tend to have long Cr-C,,,, and short trans-C=O distances
(~192 and 114 pm, respectively). Therefore, the diethylcyan-
amide ligand has a stronger o-donor : n-acceptor ratio than the
carbonyl group. In the [Cr{=C(OEt)Me}(CO);] complex,?? the
Cr-C,,...s distance is longer than in 1 and thus indicates that
cyanamide has a stronger ¢-donor:r-acceptor ratio than the
carbene ligand.

Only X-ray diffraction data are available for [Cr(CO)sL]
compounds where L is a ligand bonded by different nitrogen
atoms. For these compounds the Cr-C,,,,, distances decrease
with increasing hybridization of the nitrogen atom; e.g.,
180.4(9)-181.9(6) for sp>,24-?> 181.6(9)-182.9(4) for sp? 262’
and 182.1(4)-185.0(3) pm for sp nitrogen hybridization.?® The
o-donor : n-acceptor ratio decreases in the order sp > to >sp?
and > sp?, in which the nitrogen atom has respectively 2, 1 and 0
n* orbitals available for back donation. The values for the sp
hybridized N of 1 obtained by neutron {185.0(3)] and by X-ray
diffraction [182.9(4) pm] agree with the ranges above. The
classification of the o-donor: n-acceptor capacity of the ligands
(in the order sp>N > sp?N > spN > carbene > CO) as
derived from the Cr-C,,,,, distances is in good agreement with
the chemical properties of these ligands.>®

Preferential Orientation of the cis-Carbonyl Groups—Kostic
and Fenske *° have shown by theoretical means that carbonyl
groups are oriented towards the groups with the weakest n-
acceptor character. Thus, the four cis-carbonyl groups of 1
should be bent towards the cyanamide ligand. However, in 1
only the C(2)O(2) carbonyl groups are directed towards this
ligand [N(«)}-Cr-O(2) 88.5(1)°], whereas the other two, C(3)-
O(3), are shifted towards the trans-carbonyl group, C(1)O(1)
[N(a)-Cr—0O(3) 94.3(1)°]. This difference can be explained by
examining the two planes separately and by taking into account
the presence of the mesomer form N(a)=C(B)=N(y). Let xz be
the plane N(«)C(B)N(y)C(4), which contains the C(2)O(2)
groups [Fig. 3(a)]. There is the possibility of overlap of the ., *
orbitals of N(«)C(B) and the n* orbital formed by classical o
donation—n-back donation of the Cr(CO), group [Fig. 3(c)]
described by Chatt et al.3! giving rise to a shift of the C(2)O(2)
groups towards the cyanamide ligand. This deformation is even
more important when the nitrogen atom has more positive
character. On the contrary, in the perpendicular yz plane [Fig.
3(b)], the double bond is situated between C(B) and N(y), and
the overlap is then less pronounced for the p, electron pair.
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Table2 Interatomicdistances, bond angles and torsion angles of [Cr(NCNEL,)(CO);] at 110 K (neutron diffraction) and 243 K (X-ray diffraction *)*

T/K

110 243
Cr-C(1) 185.0(3) 182.9(4)
Cr-C(2) 191.1(1) 189.5(3)
Cr-C(3) 191.6(1) 189.1(4)
C(1)»-0(1) 115.4(3) 116.4(5)
C(2)-0(2) 114.3(2) 114.1(4)
C(3)-0(3) 113.8(2) 113.8(5)
Cr-N(x) 206.3(3) 206.3(3)
N(=)-C(B) 116.7(2) 113.9(5)
C(1)-Cr-C(2) 91.4(1) 91.6(1)
C(1)-Cr-C(3) 87.3(1) 88.0(1)
C(2)-Cr-C(3) 89.3(1) 89.9(1)
C(2}-Cr-N(x) 88.6(1) 88.4(1)
C(3)-Cr-N(x) 92.7(1) 92.0(1)
Cr-C(1)-0(1) 180.0 180.0
Cr-C(2)-0(2) 179.5(2) 178.8(3)
Cr-C(3}-0(3) 175.6(1) 175.0(3)
C(1)-Cr-N(x) 180.0 180.0
Cr-N(=)-C(B) 180.0 180.0
N()~C(B}-N(r) 180.0 180.0
C(B)-N(y)}-C(4) 121.1(1) 121.12)
N(Y)-C(4)-C(5) 113.0(1) 114.12)

T/K

110 243
C(B)-N(y) 130.42) 131.4(5)
N(y)-C(4) 147.2(1) 146.0(4)
C(4)-C(5) 151.1(2) 149.3(6)
C(4)-H(41) 109.6(4) 91.6
C(4)-H(42) 109.8(4) 104.5
C(5)-H(51) 108.8(4) 96.6
C(5)-H(52) 108.9(4) 92.8
C(5)-H(53) 109.5(4) 97.1
C(4)-N(y)-C(4") 117.8(1) 117.8(1)
N(y)-C(4)-H(41) 107.4(2) 107.2
N(y)-C(4)-H(42) 107.5(2) 99.6
H(41)-C(4)-H(42) 106.6(3) 110.8
C(5-C(4)-H(41) 110.8(2) 109.4
C(5)-C(4)-H(42) 111.2(2) 115.2
C(4)-C(5)-H(51) 111.5(2)
C4)-C(5)-H(52) 112.2(2)
C(4)-C(5)-H(53) 109.8(2)
H(51)-C(5)-H(53) 107.9(3)
H(52)-C(5)~-H(53) 108.2(3)
H(52)-C(5)-H(51) 107.1(3)

* The equation of the mean plane, defined by Cr, C(2), C(3), C(2") and C(3") atoms, is: —0.0004x + 0.9993y + 0.0373z — 1.8582 = 0; symmetry

codel —x, y, % — z

Table 3 Intermolecular distances (pm) and angles (°) of [Cr(NCNE?t,)(CO);] at 110 K (by neutron diffraction)*

C-H
C(5™)-H(52") -+ - O(2) 108.9(4)
C@")-H(41'...0@3) 109.6(4)
C(5V)»-H(51") ... O(2) 108.8(4)
C(5M)-H(51") ... O(3) 108.8(4)
C(4Y)-H@1%Y)...O(1) 109.6(4)
C(4"™)-H(42) ... O(1) 109.8(4)

H.--0 C..-0 C-H:.-0
248.3(4) 352.1(2) 159.13)
269.6(4) 339.9(3) 121.4(2)
269.8(4) 376.9(3) 168.2(3)
272.9(4) 329.9(3) 112.3(2)
278.2(4) 334.4(2) 111.6(2)
298.1(4) 334.4(2) 99.6(2)

* Translation codes: 1x + 3,y — %,z + Lmx + 4,y — §,z;vx, y — |, z. Symmetry code: vx + 4,4 — y,z + &

The repulsion between the p, lone pair of N(«) and the = lone
pair of the C(3)O(3) carbonyl groups results in the latter moving
away from the cyanamide ligand.

The Chromium—Nitrogen Bond—Fig. 4 shows the different
Cr-N distances as a function of the hybridization of the nitrogen
atom. Two classes of compound are considered: the first in-
volving ligands where the nitrogen atom keeps its lone pair (I-
IV), the second incorporating ligands where all the electrons of
the nitrogen atom are involved in bonding (V-VIII). Only one
chromium-nitrogen triple bond (I) was reported by Orpen et
al.®® The observed value3® [156.5(6) pm] agrees with the
theoretical Cr=N distance [159(2) pm] calculated by Nugent
and Haymore*’ from the relative metallic sizes defined by
Pauling.** The chromium-nitrogen double bond (II and V) in
the Cr=N=0 group has an average value of 168.4(2.2) pm for 16
structures.32 The ‘single’ Cr—N bonds (III, IV, VI, VII and VIII)
are, as expected,*® distributed over a wide range (198-245 pm)
depending on the hybridization and the environment of the
nitrogen atom, the Cr-N distances increasing in the order
spN < sp?N < sp®N. This is in agreement with the reduction
of the capacity for chromium-to-nitrogen back-donation which
isin the order: sp > sp? > sp®. However, within each series, the
nature of the ligand trans to the nitrogen atom should also be
considered. For example, for sp®N, the Cr-N,,,;,. distances
differ significantly when the amine group is trans to NH;
[207.7(2)], F [209.3(6)] and CO [219.5(4) pm].*"*° There-
fore, for a good comparison, only compounds with the same
trans ligand may be considered. Taking this into account

and recalling the discussion of the trans effect above, a
comparison can be made by plotting d[Cr—(CO),,,,] versus
d(Cr—-N) for different compounds (Fig. 5). Although the overall
variation is small, three separate groups of representative points
are observed. The first group [(a)-(h)] corresponds to
compounds with a four-co-ordinate nitrogen (sp>N) with a
single bond tochromium, the second [(/)—(k)] and third [(/)(p)]
groups to compounds involving sp>N and spN-bonding atoms
respectively. The characteristics of these bonds may be
investigated in more detail. For the first group, one can check
that the distances agree with the classical estimation of the
single Cr—N(sp®) bond in which the amine nitrogen atom
has no n-bonding orbital, as carried out by Cotton and
Richardson.*® The observed average value [219(1) pm] is in
accord with the sum of the covalent radii,* ie. r(Cr) +
r(sp3N) = 146 + 73 = 219 pm. Similarly single Cr—N(sp?)
and Cr-N(sp) bonds should be 217 (146 + 71) and 215
(146 + 69) pm respectively.t The average experimental value
for 1 and the other compounds [(/){p)] [206(1) pm] is
significantly shorter than the calculated distance for a pure
single Cr—N(sp) bond, showing there is definitely a n-back-
donating contribution in these compounds.

* The chromium covalent radii is taken from ref. 53, whilst the covalent
radii of sp>N, sp?N and spN are deduced from ref. 54.

t The difference between r(sp®N) and r(spN) is 4 pm. Carter et al.>’
have suggested a value of 6 pm for this difference but no explanation
was given for the origin of this value.
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Comparison with Other Compounds containing the Cyanamide
Ligand—The C(B)-N(y) bond distance in the cyanamide
ligand in 1 [130.4(2) pm] is similar to that deduced for
N(3)-C[spl* [131(1) pm]; also, the ethyl group distances
N(y)-C(@4) [147.2(1)] and C(4)-C(5) [151.1(2) pm] are in
good agreement with the average values for N(3)-C(sp®) and
C(sp*—C(sp*®) bonds,>* 146(1) and 151(1) pm respectively.
The N(«)=C(B) triple bond in 1 [116.7(2) pm] is slightly longer
than the N(2)=C(sp) bonds [{114.4(6)> pm]. This difference
may be attributed to shorter triple bond distances being

* Allen er al.>* have not quoted bonds such as N(3)-C(sp) or
N(3)=C(sp)=. From the C(sp)-C(sp), C(sp*)}~C(sp) and C(sp*)-C(sp*)
distances [138(1), 143(1) and 148(1) pm, respectively] it is observed
that there is an increase of about 5 pm upon substitution of an spC
by an sp?>C atom. The N(3)-C(sp) distance was determined by taking
the corresponding N(3)-C(sp?) distance [136(1) pm] and subtracting
S pm to give 131(1) pm. Here, n in N(n) represents the co-ordination
number of the nitrogen atom (see Fig. 4).

observed in structures determined by X-ray diffraction
compared to those determined by neutron diffraction (see
above).

The cyanamide ligand skeleton is planar, with the N(y) atom
sp? hybridized. To our knowledge, there are no structural data in
the literature for diethylcyanamide and its conformation is still
unknown. However, the structures of NCNH, and of NCNMe,
have been studied by neutron and X-ray diffraction in the solid
state,'9:?° and by electron diffraction (for NCNMe,) *® and also
by vibrational and microwave spectroscopy in the liquid and
gaseous states >’ respectively. The N(y) atom in both com-
pounds has sp® hybridization: the observed, out-of-plane angle
0, varies between 8 and 35°. 4b initio calculations were also
carried out for these molecules in order to understand the
packing effect.5® The angle 0 decreases to about 15° when the
skeleton has 12 neighbours and is very close to the experimental
value observed in the solid state.?® This suggests that when
diethylcyanamide forms a complex with the Cr(CO)s group,
complete delocalization of the electron pair on the N(y) atom is
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Cambridge Database 32 with additional values taken from refs. 33(I), 34(II), 35(IV), 36(V), 4, 28, 37-39(VI) and 25, 26, 40-43(VIII), for cases where

the nitrogen environment was not included in ref. 32
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Fig. 5 Variation of the chromium-nitrogen interatomic distance
versus the chromium-carbon,,,, interatomic distance for the com-
pounds [Cr(CO),L], where x = 3-5: (a) [Cr(CsH,,NH)CO);],*°
(b) [CrL(CO),1,** (where L = N,N’,N”,N"”-tetramethyl-2,2'-biimid-
azolidin-2-ylidene), (¢) [Cr(C,H,NO)(CO)s},>* (d) [Cr(NHMe,)-
(CO)s1,*° (e) [CH(CsHsNXNCO;1,%° (f) [Cr{P(OMe);}(CsH,oNH)-
(CO),1,°° (g) Cr-NH and (k) Cr-NH, in [Cr(dien)(CO);]*°
(where dien = diethylenetriamine), (i) [Cr(C;H N,Se)(C0)s1,2” (j)
[Cr(C;N3H)(CO)s1,* (k)  [Cr(CsHgNy)NCO),J-CsHeN,, 2 (1)
[Cr{NCN=C(CO,Et)N(H)C¢H,Cl-4}(CO);],>®* (m) [Cr(NCSMe)-
(CO);51,*? (n) 1,* (0) 1 (this work) and (p) [Cr(NCSMe)(CO);s]37

possible, giving rise to the sp? hybridization. In other organo-
metallic complexes found in the literature {e.g. [Mo,(OCH,-
Bu')¢(u-C,Me, )(NCNEL,)]%° 2, and Sb[NCN(CHMe,),]-
Cl;°° 3} this is the only conformation which has been observed.
In all three complexes, the N(«)}-C(B), C(B)}-N(y) and N(y)-

C(R) distances are quite comparable (Table 4). However, the
MN()C(B)N(y) part is linear for 1 and 2 whereas M—N(a)-C(B)
is 133(1)° for 3.

Bond Orders—From the bond lengths, it is possible to
estimate the bond order for some characteristic bonds of 1,
using the procedure detailed in ref. 61. It has already been noted
that the four cis-Cr—C(carbonyl) distances in 1 have the same
value as in [Cr(CO)¢]. Their bond orders are the same (each
1.5). There remain three bond order units for the Cr-C,,,,, and
the Cr-N distances if one assumes that the back-donation effect
of the Cr atom is the same for C and N atoms. The Cr-C,,,,
distance has been found to be 185 pm. It is generally accepted
that for bond orders in the range 1-2 there is a variation of
ca. 3040 pm per bond order unit for a Cr—C distance. With a
shortening of 6.8 pm, the Cr-C,,,,, bond order is then estimated
to be 1.73-1.67, giving Cr-N a bond order of 1.28-1.33. This
shows that there is a 7 contribution from the nitrogen atom of
the cyanamide moiety to the Cr atom in good agreement with
the independent conclusion drawn above.

The bond order can also be estimated from a correlation
curve established using the Schomaker and Stevenson®?
covalent radius, corrected for the electronegativity effect.*5®
Using the results for 1 obtained here bond order values of 1.7
and 1.3 are obtained for the Cr-C,,,, Cr-N(«) bonds
respectively, which are in good agreement with those above.
Bond orders for N(«)-C(B), C(B)-N(y) and N(y)-C* are
found to be 2.6, 1.7 and 1 respectively.

Hydrogen Bonding—Since the structure of 1 solved by
neutron diffraction gives accurate positions of the hydrogen
atoms, it is possible to discuss precisely the nature of the
intermolecular bonding in this compound. Considering first the
C-H distances of the ethyl groups, these are equal within the
limits of experimental error. The distances between the two

* The formal bond order of the C(B) carbon is slightly greater than 4.
According to Weatley,®? estimation of bond order is difficult for the
adjacent n bond. Thus, all such estimated bond orders are assumed to
have ca. 109 error.
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Table 4 Interatomic distances (pm) of the cyanamide fragment in complexes or salts containing the NCNR, (R = Et 1 and 2, R = CHMe, 3)
ligand. The out-of-plane angle, 8, is defined by the C(B)}-N(y) bond with the N(Y)R plane

Compound N()-C(P) C(B)-N(y)
1 113.9(5) 131.4(5)
1° 116.72) 130.4(2)
2¢ 114.6(8) 131.7(8)
34 117Q2) 129(2)

N{)-CR) 6/° Ref.
146.0(4) 0 4
147.2(1) 0 this work
147.409) 19.7(4) 59
150(2) 13(1) 60

@ Determined by X-ray diffraction, 243 K. ® Determined by neutron diffraction, 110 K. ¢ Determined by X-ray diffraction, 169 K. ¢ Determined

by X-ray diffraction, 298 K.
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Fig. 6 Criterion for the existence of hydrogen bonds.®s: (a)-(f)
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heavy atoms in the hydrogen bond (i.e. C or O) are all longer by
at least 30 pm than the length suggested by Hamilton and
Ibers®* (based on van der Waals radii) which indicate the
existence of a hydrogen bond. Therefore it is difficult to claim
that any of the ethyl hydrogens are more involved in hydrogen
bonding than the others. It is also well known that C-H
distances of ethyl groups are affected very little by hydrogen
bonding, and it is thus difficult to identify hydrogen bonding
in this way. However, the direct distance between hydrogen
and oxygen atoms for the C-H-.-O bond, e.g. in the
C(5")-H(52")~+~ O(2) bond, the H(52")-~+ O(2) distance is
248.3(4) pm, which is significantly less than the van der Waals
distance (260 pm).®* All the other H~~+~ O distances are longer
than this value (Table 3).

Rahim and Barman ®° have introduced a more sophisticated
criterion based on relations linking the hydrogen-bonding
distances and have checked them for more than 130 neutron
structures. The relationship between 6r(HB) and 3r(AB) for a
hydrogen bonded A-H -« -« B system is defined as in equations
(3) and (4) where w(X) is the van der Waals radius of the atom

$r(HB) = w(H) + w(B) — d(H-B) 3)
$r(AB) = r(A-H) + w(H) + w(B) — d(A-B) (4

X, d(X-Y) the observed distance between the X and Y atoms
and r(X-Y) the length of the covalent bond X-Y.%* Fig. 6
shows the refined relationship and the experimental data for
well known hydrogen-bonding systems. Using this relation for
all the C-H bonds in 1, most of the points do not fit the curve,
except that for C(S")-H(52")+.-O(2) which lies within the
limits of experimental error. As Rahim and Barman ¢ did not
report any results for C-H-«-O contacts we also plot a
value for the compound [Cr(=CC¢H;)CI(CO),],'™ in which
C-H - . - Cl contacts were found to involve a strong hydrogen
bond. For this compound, the representative point also fits the
curve. These facts demonstrate that the C(5")-H(52") ++ « O(2)
bond is hydrogen bonding in nature, while the other contacts
are van der Waals bonds.

Fig. 2 represents the packing of molecules of 1 in the crystal.

The molecules are distributed on layers parallel to the b, ¢
plane which is in fact the twin plane, with an interlayer
separation of ca. 78 pm. In addition to the van der Waals
interactions, the structure is held together by hydrogen bonds
linking the molecules of different layers approximately parallel
to the direction ¢ + @/2.

Conclusion
The resolution of the crystal structure of 1 by neutron
diffraction at 110 K was slightly problematic because the crystal
used was twinned. Nevertheless, after a precise analysis of the
two twin elements, the structure refinement converged to give a
satisfactory model.

The crystal structure comprises layers of molecules parallel to

the E, ¢ plane (the twin plane) and in addition to van der Waals
interactions, the molecules are held together by intermolecular
hydrogen bonds.

Situated on the binary axis of the space group C2/c, the
molecule has C,, symmetry and shows various hybridization
of the orbitals with respective mirror symmetries. The two cis-
carbonyl groups play different roles in terms of the conjugation
effect. In a comparison with single chromium-nitrogen bonds
in related complexes, the Cr-N(sp) bond is shown to have a
contribution. The diethylcyanamide ligand, which has a planar
skeleton, induces a strong delocalization of the sp2N lone pair
on the C(sp)-N(sp?) bond; also, it is found to have an
intermediate o-donor : w-acceptor ratio, which is stronger than
the carbene ligand. The bond orders of the linear chain are
determined: 1.7 for Cr-C,,,,, 1.3 for Cr—N(a), 2.6 for N(«)-C(B)
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and 1.7 for C(B)-N(y). The molecular structure of the
cyanamide ligand in 1 is very similar to that of other cyanamide
ligands in related compounds which have a ¢ nitrogen-metal
bond and various M—N(«)-C(B) angles.
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