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The bond lengths Co-C(CO), Co-N(NO) and angles L-Co—
C(CO), L-Co-N(NO) in six tetrahedral complexes, deter-
mined by X-ray crystallography, were analysed and
compared with the calculated compound Co(CO),(NO)PHs.
Distinct differences were found which allow a differentiation
of the two similar ligands CO and NO. These differences are

used to assign CO and NO ligands in cases where this has
not been possible before including a structure in which the
two independent molecules in the wunit cell are
diastereomers. The relationship seems to hold not only for
tetrahedral compounds but also for other polyhedral
coordination types.

Introduction

In an extensive review Tolman determined the steric de-
mand, i.e. the cone angles, of a huge number of ligands
exept the linear two-atom ligands CO and NO.™! In many
reports on X-ray structure analyses it was stated that the
CO and NO groups could not be distinguished due to their
similar size, for example, in complexes of the type Co-
(CO)(NO)L,.BIl The structure of Co(CO)3(NO) was de-
termined by gas-phase electron diffraction.® During our
investigations on optically active carbonyl(nitrosyl)cobalt
complexes 171 we realised that there might be a distinct dif-
ference between the ligands CO and NO, which could be
used for future assignments.

Ab initio Molecular Structures

Covalent and nonbonding intramolecular interactions
determine the shape of the molecular potential energy hy-
persurface. However, geometries as observed in the solid
state result from the interplay of intra- and intermolecular
interactions. For flexible organometallic species molecular
structure and crystal packing influence each other in a com-
plex manner. !

To improve the reliability of the experimentally observed
molecular structure parameters and to exclude the possibil-
ity of molecular structures being determined by intermole-
cular interactions we optimised the gas phase structure of
Co(CO),(NO)PH3; employing the density functional code
DMOLP! We used “DNP” basis sets!*? with inner cores

[°1 Part 115: Ref.[.
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frozen, a “FINE” integration grid, and the Vosko, Wilk,
Nusair parametrization®! of the exchange correlation en-
ergy in the homogeneous electron gas. The local approxi-
mation was applied in SCF iterations and the final LDA
density was used for nonlocal corrections of both energy
and gradients using the functions proposed by Perdew and
Wang*? and Becke!*3! for correlation and exchange, respec-
tively. The geometries were fully optimised without any
symmetry constraints employing a mode following Newton-
Raphson technique and the BFGS updating scheme for
the Hessian. 4]

To check the agreement the molecular structures were
minimised starting with coordinates taken from two differ-
ent crystal structure determinations, SAPFIY = [Co-
(CO)2(NO)]x(C31H3sN,0,P5) 8 and GEHCIF = Co-
(CO),(NO)(C16H13N,0,P)] 1281 and with P-ligands adjusted
to PHs;. Finally, C and N atoms of the GEHCIF structure
were exchanged (GEHCIF*) and the structure minimised
starting from this “wrong” assignment. There is a good
agreement between the results of these calculations with
both the experimental gas phase structure!® and the DFT
minimised structure*”? of Co(CO)3(NO) (Table 1). How-
ever, as already noticed in ref.!7l the computed metal—C
and metal—N distances are too short and the errors in the
bond lengths are larger as for pure carbonyl compounds. [

All three minimisations converge to nearly identical geo-
metries. The Co—C(CO) distance is 1.77 A and the
Co—N(NO) distance is 0.12 A shorter, a difference that is
larger than bond length errors of XRD structure determi-
nations. This difference has been used before to assign car-
bonyl and nitrosyl groups in M(CO)(NO) fragments, [1°1[20]
The most remarkable result, however, is the difference be-
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Table 1. Experimental and ab initio gas-phase geometries (in A and degrees) of carbonyl(nitrosyl)cobalt complexes
Parameter SAPFIY [ GEHCIF[ GEHCIF* Co(CO%;.,(NO), Co(CO)3(NO),
DFTL Exp.B!
Rco-n 1.651 1.649 1.650 1.665 1.671
Rco-c 1.768 1.767 1.767 1.810 1.843
1.767 1.768 1.770
Rn-o 1.178 1.177 1.177 1.178 1.180
Rc-o 1.162 1.162 1.162 1.163 1.136
1.162 1.162 1.162
Rco-p 2.172 2.175 2.170 - -
U(N)—Co—(C) 118.3 117.2 114.8 114.7 107.7
1175 115.9 118.9
a(c),CO,(C) 103.5 103.7 103.5 103.9 111.2
Q(c)—Co—(PH3) 101.7 102.9 102.1 - -
99.5 101.0 101.3
O(N)—Co—(PH3) 113.6 114.1 114.0 - -

tween the P—Co—C(CO) and the P—Co—N(NO) angles
which has not been documented before. The latter is more
than ten degrees larger than the former. The values found
are 113.6—114.1° for the P—Co—N(NO) angles and
99.5—-102.9° for the P—Co—C(CO) angles. Given these pro-
nounced differences in structural parameters, it should be
possible to unequivocally assign NO and CO groups in
XRD structure determinations.

Crystal Structure Analyses

Crystal structure refinements were carried out for the six
carbonyl(nitrosyl)cobalt complexes shown in Figure 1.

Details of the structure determinations and the crystal
structure parameters were previously published."1 How-
ever, for the present study all the structures were refined
again in a consistent manner applying the SHELX-97 pro-
gram package.?! SHEL XL refines against F? and all data
were used in the full-matrix least-squares method. We also

avoided any restraints, except for complex 5 for which
DELU restraints were applied to remedy for the small re-
flex/parameter ratio. For compound 4 a new and larger data
set was collected. Methyl H atoms were placed in idealised
positions based on difference electron synthesis and torsion
angles were refined with fixed isotropic displacement pa-
rameters of 1.5U., (parent C). All other H atoms were
placed in idealised positions and refined with fixed isotropic
displacement parameters of 1.2U., (parent C). All other
atoms were refined anisotropically. The weighting scheme
recommended by the program was used and refinement was
continued until complete convergence (maximum shift/esd
< 0.001) was achieved. It should be noted that the smaller
isotropic temperature factor of nitrogen than that of carbon
has been used previously for nitrosyl/carbonyl differen-
tiation. (1911201

For each complex two refinements were carried out.
These differ only in the SFAC number used at the sites of
the carbon atom of the CO group and the nitrogen atom of

Figure 1. Tetrahedral carbonyl(nitrosyl)cobalt complexes for which a structure refinement was carried out
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Table 2. Number of reflections and R indices of the refined structures
Complex Total Number Number of L.S. R1®! wR2!¢) GooF Flack
number of of unique obsd. reflections parameters parameter X
reflections reflections with | > 20, (all data) (all data) (all data)

1 6801 6801 4489 433 0.0974 0.1141 1.033 0.0668
(0.02)

1 [ 0.0998 0.1223 1.034 0.0728
(0.02)

2 5611 5579 4985 320 0.0430 0.0843 1.039 —0.0126
(0.01)

2@ 0.0439 0.0882 1.040 —0.0110
(0.01)

3 3865 2717 2027 354 0.0893 0.1025 1.089 0.0031
(0.03)

3@ 0.0903 0.1047 1.091 0.0017
(0.03)

4 12342 4667 4284 337 0.0281 0.0596 0.983 —0.0086
(0.01)

4@ 0.0305 0.0680 0.985 —0.0063
(0.01)

5 1949 1762 936 306 0.1612 0.2069 1.016 —0.0080
(0.07)

5@ 0.1620 0.2095 1.013 —0.0030
0.07)

6 8477 8477 5943 680 0.0760 0.1294 1.124 0.0015
(0.02)

6@ 0.0766 0.1316 1.121 0.0051
(0.02)

@ Values after exchanging the SFAC cards at the position of the carbon atom of the CO group and the nitrogen atom of the NO qroup.
The number of reflections remains unchanged. — ® R1 = 3|Fo|—|FcllZ|Fo|. — ©wWR2 = {Z[w(Fe?> — F2)/Zw(F?)?]}?
[MGooF = S = {Z [W(Fe? — Fc?)2)/(n-p)}? with n = number of reflections, p = total number of parameters refined, and w = 1/[c?(F¢?)

+ (aP)? + bP] with P = [2F? + Max(Fo2,0)]/3.

the NO group. In Table 2 the resulting refinement para-
meters are listed.

Crystallographic data (excluding structure factors) for
the structures reported in this paper have been deposited
with the Cambridge Crystallographic Data Centre as sup-
plementary publication no. CCDC-101715. Copies of the
data can be obtained free of charge on application
to CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK [Fax: int. code +44(1223)336—-033; E-mail:
deposit@ccdc.cam.ac.uk].

Carbonyl and nitrosyl groups were initially assigned ac-
cording to the observed bond length differences. For all six
complexes the correct configuration gives slightly smaller
values for the R indices. However, the differences for the
two possible configurations at the cobalt atom are by no
means significant and would not allow a conclusive assign-
ment of NO and CO groups. The configuration space is
large enough to allow good agreement between observed
and calculated structure factors even for the wrong configu-
rations. As expected, neither are meaningful differences dis-
played in the Flack parameters. Whereas R indices are
rather insensitive, wrong assignment is clearly documented
in the displacement parameters (Table 3).

Both ligands CO and NO bind to the same metal centre
and are expected to have very similar displacement para-
meters. For the correct cobalt configuration the parameters
of the nitrogen atom of the NO group and of the carbon
atom of the CO group are indeed of the same magnitude.
After exchange of the SFAC numbers of these two atoms,
the parameters at the C site become larger and those at the
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N site become smaller. U, parameters at the C site (calcu-
lated as a nitrogen atom) are up to three times larger than
those at the position N (calculated as a carbon atom). This
is illustrated for two representative examples in Figure 2
(only the central cobalt coordination sphere is shown).

In a preceding paper we were not able to determine the
absolute configuration of the complexes 2 and 4.7 With the
results presented here we are able to do so. The investigated
crystal of complex 2 is assigned the configuration (Sco,Sc),
while for complex 4 the configuration can unambiguously
be determined as (Rco,Sc)-

An even more spectacular result was obtained for com-
plex 6. In complex 6 two independent molecules are ar-
ranged in a pseudo-centrosymmetric way in the unit cell;
only the methyl group at the asymmetric C atom disturbs
the inversion symmetry. We first assumed the same configu-
ration for both cobalt atoms. During the present study we
realised that this was not correct. In fact the two molecules
seem to have different configurations. In other words the
unit cell contains the two diastereomeric complexes that dif-
fer only in the configuration at the cobalt centre. Molecule
A has a (Rco,Sc) and molecule B (Sco,Sc) configuration.
This explains the fact that we were not able to separate the
diastereomers of 6, whereas in all other cases at least en-
riched samples could be obtained by fractional crystalliza-
tion.["]

The bond distances Co—C(CO) and Co—N(NO) of com-
plexes 1—6 are listed in Table 4. For the correct configura-
tion the values are in line with expected values. They range
from 1.703 to 1.749 A for the Co—C(CO) distance and
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Table 3. Anisotropic, equivalent, and main axis displacement parameters for C and N of the CO and NO groups

Complex Label®! Uy, Uy, (U Uys U3 Uy, Ueq U, U, Us Us/U,
1 N(1)  0.048(3) 0.043(2) 0.036(2) —0.003(2) —0.002(2) —0.008(2) 0.0423(14) 0.0329 0.0402 0.0539 1.64
C(41)  0039(3) 0.042(3) 0.035(3) —0.004(2) 0.001(2)  0.007(2)  0.0387(17) 0.0306 0.0372 0.0482 1.57
11 N(1) 0.031(2) 0.027(2) 0.019(2) —0.0067(19) —0.004(2) —0.009(2) 0.0257(12) 0.0116 0.0271 0.0383 3.29
C(41)  0.074(4) 0.063(3) 0.052(3) —0.003(3) 0.007(3)  0.006(3)  0.0630(19) 0.0484 0.0628 0.0778 1.61
2 N(1)  0.0374(13) 0.0553(15) 0.0402(13) 0.0137(11) 0.0053(10) —0.0038(12) 0.0443(8) 0.0277 0.0418 0.0634 2.29
C(33)  0.0524(17) 0.0350(13) 0.0406(14) 0.0033(13) —0.0049(13) —0.0053(13) 0.0427(9) 0.0330 0.0391 0.0560 1.70
2 N(1) 0.0259(12) 0.0404(14) 0.0301(13) 0.0106(11) 0.0047(9)  —0.0024(11) 0.0321(8) 0.0193 0.0301 0.0470 2.44
C(33)  0.0671(19) 0.0527(16) 0.0525(16) 0.0035(15) —0.0051(15) —0.0073(16) 0.0574(10) 0.0488 0.0514 0.0720 1.48
3 N(1)  0.068(6) 0.064(5) 0.067(6) —0.002(4) 0.017(5)  0.026(5)  0.069(3) 0.0502 0.0631 0.0950 1.89
C(31)  0.054(6) 0.054(6) 0.046(5) 0.010(5)  0.004(4)  0.022(5)  0.054(3) 0.0390 0.0554 0.0662 1.70
3@ N(L) 0.044(5) 0.048(5) 0.046(5) —0.003(4) 0.016(4)  0.023(5)  0.046(3) 0.0247 0.0476 0.0657 2.66
C(31)  0.075(6) 0.098(8) 0.062(6) 0.013(5)  0.007(5)  0.037(6)  0.081(4) 0.0568 0.0776 0.1089 1.92
4 N(1)  0.0279(12) 0.0221(10) 0.0329(10) 0.0069(8)  —0.0027(10) 0.0043(9)  0.0276(6) 0.0165 0.0301 0.0364 2.20
C(22)  0.0217(13) 0.0203(11) 0.0336(13) 0.0064(9)  0.0044(10) 0.0015(10) 0.0252(7) 0.0177 0.0204 0.0375 2.12
4@ N(L) 0.0153(12) 0.0120(10) 0.0188(10) 0.0054(8)  —0.0010(10) 0.0060(10) 0.0154(6) 0.0056 0.0179 0.0226 4.07
C(22)  0.0334(15) 0.0384(14) 0.0476(15) 0.0089(11) 0.0053(12) —0.0015(12) 0.0398(8) 0.0289 0.0368 0.0537 1.86
5 N(1)  0.050(11) 0.097(13) 0.103(14) —0.030(11) —0.009(10) 0.023(10) 0.089(7)  0.0476 0.0813 0.1394 2.93
C(28)  0.038(12) 0.069(15) 0.15(2)  0.002(15) —0.026(13) 0.014(11) 0.091(9) 0.0322 0.0816 0.1602 4.98
5 @ N(1) 0.026(10) 0.076(13) 0.070(13) —0.023(11) 0.005(10) 0.014(9) 0.062(7) 0.0250 0.0503 0.1120 4.48
C(28)  0.051(12) 0.102(17) 0.20(3)  —0.019(17) —0.027(14) 0.020(11)  0.126(12) 0.0456 0.1267 0.2051 4.50
6A N(2) 0.034(3) 0.058(3) 0.107(5) —0.016(3) —0.007(3) —0.018(3) 0.067(2) 0.0333 0.0610 0.1075 3.22

C(31)  0.047(3) 0.066(4) 0.048(3) —0.028(3) —0.004(3) —0.018(3) 0.0537(19) 0.0324 0.0472 0.0814 2.52
6AR N2  0030(3) 0045(3) 0.084(4) —0.011(3) —0.008(3) —0.016(2) 0.0531(19) 0.0288 0.0463 0.0844 2.93
C(31)  0.051(3) 0.084(4) 0.067(4) —0.036(3) —0.003(3) —0.021(3) 0.068(2) 0.0459 0.0531 0.1038 2.26
6B N(4)  0.069(4) 0.056(4) 0.089(4) —0.004(3) —0.031(3) —0.020(3) 0.073(2) 0.0482 0.0679 01032 2.14
C(71)  0.062(4) 0.088(5) 0.050(4) —0.033(3) —0.010(4) —0.017(4) 0.069(3) 0.0343 0.0589 0.1150 3.35
6BE  N(@4)  0049(4) 0045(3) 0.066(4) —0.002(3) —0.018(3) —0.018(3) 0.054(2) 0.0395 0.0516 0.0721 1.83
C(71)  0.086(5) 0.109(5) 0.067(4) —0.044(4) —0.019(3) —0.017(4) 0.092(3) 0.0424 0.0765 0.1569 3.70

[l See explanation in Table 2. — P! See refs.[6117] for labeling scheme.

from 1.643 to 1.702 A for the Co—N(NO) distance. Only  After exchanging the carbon and nitrogen atom in 5 the
complex 5 does not fit into this picture. This might be be- distances remain rather constant for each site.

cause the number of measured reflections is too small rela- A conclusive assignment could also be based on the
tive to the number of parameters for a reliable refinement. P—Co—N(NO) and P—Co—C(CO) angles as listed in Table

Figure 2. Platon plots of the core of the complexes 1 (left) and 4 (right). After exchanging the SFAC cards for the carbon and nitrogen
atoms the anisotropic displacements parameters differ strongly (bottom)
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Table 4. Bond lengths in A around the cobalt center

Complex Co—C(CO) c-0 Co—N(NO) N-O Co—L1M Co—L2 ™
1 1.752(5) 1.157(7) 1.645(4) 1.174(6) 2.2087(17) 2.1953(18)
1@ 1.640(4) 1.162(6) 1.763(6) 1.169(8) 2.2090(17) 2.1960(18)
2 1.713(3) 1.156(4) 1.686(2) 1.171(3) 2.2136(13) 2.2069(13)
2 @ 1.688(2) 1.161(4) 1.716(3) 1.164(4) 2.2131(13) 2.2071(13)

1.711(12) 1.151(13) 1.643(11) 1.183(15) 2.208(2) 2.204(3)
3@ 1.616(11) 1.170(15) 1.736(12) 1.162(14) 2.207(2) 2.203(3)
4 1.749(2) 1.146(3) 1.669(2) 1.177(3) 2.1498(6) 2.2073(6)
41 1.667(2) 1.170(3) 1.756(2) 1.143(3) 2.1499(7) 2.2073(6)
5 1.60(3) 1.24(4) 1.70(2) 1.16(3) 2.225(6) 1.93(3)
5@ 1.66(2) 1.14(3) 1.63(3) 1.27(4) 2.225(6) 1.91(3)
6 A 1.716(8) 1.163(10) 1.683(8) 1.149(12) 2.2087(19) 1.862(9)
6 A[ 1.683(8) 1.138(12) 1.721(6) 1.164(9) 2.208(2) 1.863(9)
6B 1.704(8) 1.152(10) 1.700(9) 1.171(13) 2.209(2) 1.865(9)
6B ™ 1.678(9) 1.188(13) 1.698(8) 1.163(10) 2.210(2) 1.859(9)
[ See explanation in Table 2. — 1 L1, L2: the ligands other than CO or NO. L1 has higher priority than L2.

Table 5. Bond angels in degrees around the cobalt center

Complex L1-Co—N(NO) L1-Co—C(CO) L2—Co—N(NO) L2-Co—C(CO) C—-Co—N L1-Co-L2
1 118.82(14) 104.40(18) 119.83(15) 97.43(14) 121.5(2) 88.38(4)
1@ 104.69(18) 118.64(14) 97.4(2) 119.80(15) 121.5(2) 88.38(5)
2 112.94(9) 105.79(10) 110.37(9) 101.54(10) 123.43(14) 99.72(2)
2@ 105.83(10) 112.87(10) 101.56(10) 110.48(9) 123.34(14) 99.74(3)
3 115.9(3) 101.7(3) 109.2(3) 104.0(4) 122.3(5) 101.33(9)
3@ 101.8(3) 115.5(3) 104.0(4) 109.5(3) 122.2(5) 101.33(9)
4 109.35(7) 104.55(9) 115.96(7) 100.94(8) 120.82(10) 103.33(2)
4@ 104.51(9) 109.40(9) 100.89(9) 115.90(9) 120.89(11) 103.34(2)
5 109.9(7) 106.1(9) 110.7(9) 108.2(11) 119.6(12) 100.6(8)
5 [@] 106.1(9) 109.7(7) 107.9(11) 111.1(9) 119.5(12) 100.9(8)
6 A 108.0(2) 101.7(3) 113.5(3) 108.5(4) 123.5(4) 97.9(2)
6 AR 101.7(3) 108.8(2) 108.3(3) 113.6(3) 122.9(4) 97.9(2)
6B 107.1(2) 105.4(3) 112.3(4) 111.9(5) 121.6(5) 94.6(2)
6B [ 105.7(3) 106.6(3) 112.4(4) 112.2(4) 121.4(5) 94.5 (2)

[l See explanation in Table 2.

5. As expected from the gas-phase structures for complex
1 P—Co—N(NO) angles are 22° and 14° larger than the
corresponding P—Co—C(CO) angles. For the other com-
plexes this difference is about 5 to 10°. These results indi-
cate that the nitrosyl group has a larger steric demand than
the carbonyl group.

To further back these conclusions a statistical analysis
has been carried out on other carbonyl-nitrosyl complexes
registered in the Cambridge Structural Database. We found
41 octahedral complexes and 18 trigonal-bipyramidal or
tetrahedral complexes (in addition to the six cobalt com-
plexes discussed above). The octahedral complexes contain
95 M(CO)(NO)P groups and the other complexes another
31 such groups. We did not try to assess the quality of the
deposited structural data nor did we check on what basis
the authors assigned the nitrosyl and carbonyl groups. This
would be difficult and unreliable without the original data
sets at hand. However, at a first glance the data confirm
the results of the present study. We compared the values of
P—M-—C(CO) and P—M~—N(NO) angles. In 41 cases the
latter angle is more than 5° larger than the former. In an-
other 42 cases the difference is between 1° and 5°, still with
the P—M—N(NO) angle being the larger one. A small dif-
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ference of less than =1° is found for 19 pairs. Only in 24
cases the P—M—C(CO) angle is found to be more than 1°
larger than the P—M—N(NO) angle.

* Dedicated to Professor Edgar Niecke on the occasion of his
60th birthday.
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