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Reaction of CoBr(PMe,), with norbomadiene, a non-conjugated diene, in pres- 
ence of NaBPh, gives rise to a high yield of the [Co(n4-C7Hs)(PMes)JBPh4 
complex. Its crystal structure has been determined by X-ray diffraction techniques. 
The compound belongs to pe orthorhombic space group Pmn2,, with Q 15.114(11), 
b 10.006(7), c 12.316(11) A and 2 = 2 formula units per cell. The structure was 
solved from a set of 1482 nonzero MO-K, reflections collected at 170 K and refined 
to R = 0.047. The crystal consists of discrete BPh,- anions and [Co(PMe3)3- 
(norbomadiene)]+ cations. The BPh,- ion sits on the crystallographic mirror plane 
and it is not disordered. The complex cation is involved in a two-fold disorder in 
which two individuals are related by the crystallographic mirror plane. In addition, 
one of the phosphines shows two-fold orientation disorder of the methyl groups 
about the Co-P bond. The complex cation has no crystallographic symmetry of its 
own. Its environment is best described as a distorted square pyramid (mean 

Lapical-Co-Lbad 103.6’) with one of the PMe, Iigands (Co-P(l) 2.290(3) A) 
occupying the apical position. Norbomadiene spans two adjacent basal sites 
(Co-mid ]I 2.010(10) and 1.935(11) A), whereas the two remaining basal sites are 
occupied by PMe, molecules (Co-P(2) 2.243(2), CO-P(~) 2.182(3) A). Multinuclear 
NMR studies (183-293 K) show that the complex is stereochemically non-rigid in 
this temperature range. 
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Introduction 

In previous papers, we reported on the reactions of CoBr(PMe,)s with 4e donor 
ligands such as C,Ph, [l], butadiene [2], 1,1,3,4-tetramethylsilole and 1,1,3,4-tetra- 
methylgermole [3]. In the solid state, all these complexes present structures which 
approximate the square-pyramidal geometry. However, [Co(C,Ph,)(PMe,),]BPh, 
and [Co(metallole)(PMe,),IBPh, are stereochemically non-rigid at - 100’ C, 
whereas [Co(C,H,)(PMe,),]BPh, is already rigid at room temperature. 

In order to better understand the bonding in these Co-PMe, complexes, we 
extended our work to non-conjugated dienes. No reaction occurred with 1,5- 
cyclooctadiene and, surprisingly, even with 1,3-cyclooctadiene. However, with 
norbornadiene (NBD), the cationic cobalt(I) complex [Co(NBD)(PMe,),]+ was 
obtained. 

NBD possesses a rigid carbon skeleton, retaining the double bond mutually 
parallel and at a suitable distance to lead to a bidentate chelating interaction with 
metal ions. This is indeed the most common type of coordination, which has been 
observed for square planar rhodium [4] and palladium compounds [5,6], and for 
octahedral ruthenium [7-91 and chromium [lo] species. Five-coordinate compounds 
of iridium [ll] and cobalt [12-151 belonging to this class are also known. However, 
examples of monodentate coordination have been reported for manganese [16], 
nickel [17] and copper [18]. Bridging NBD molecules have been observed in the d” 
[Ag(NO,)],(NBD) [19] and d9 [Co(PMe,),];(NBD) [20] compounds. 

Experimental 

All operations were performed under vacuum or in an inert atmosphere. Solvents 
were dried and distilled as previously reported [2]. Variable temperature ‘H, 31P, 13C 
FT NMR spectra were recorded on a Bruker WM-250 spectrometer. Field frequency 
stabilization was achieved on an internal ‘D signal at 38.39 kG. SiMe, was used as 
external reference for ‘H and 13C chemical shifts, and H,PO, (62.5%) in D,O for 
31P. CD&l, or (CD,)&0 were used as solvents. CoBr(PMe,), was prepared 
following Klein and Karsch [21]. 

The microanalyses were performed by the Service de Microanalyse du CNRS, 
Lyon. 

Preparation of [Co(NBD)(PMe,),]Br 
CoBr(PMe,), (1.4 g, 3.8 mmol) was dissolved in acetone (15 ml), and a five-fold 

excess of NBD was added. The originally blue-violet solution turned yellow-brown. 
Rapid stirring of the solution for few minutes at room temperature produced a 
yellow-brown solid, which was collected, filtered, and stored under argon (yield 
80%). Anal. Found: C, 41.46; H, 7.62; Co, 13.12; P, 19.94, Br, 17.19. C,,H,,BrCoP, 
talc.: C, 41.85; H, 7.68; Co, 12.83; P, 20.23; Br, 17.40%. 

Preparation of [Co(NBD)(PMe,)JBPh 4 
To CoBr(PMe,), (1.4 g, 3.8 mmol) and a five-fold excess of NBD dissolved in 15 

ml of acetone was added a methanol solution (15 ml) of NaBPh, (1.3 g; 3.81 mmol). 
A yellow precipitate immediately formed. It was filtered, dried and stored under 
argon (yield 85%). Single crystals suitable for X-ray work were obtained by 
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recrystallization in acetone at - 5’ C overnight. Anal. Found: C, 68.47; H, 7.95; Co, 
8.20; P, 13.68. C,H,,BCoP, talc.: C, 68.78; H, 7.94; Co, 8.44; P, 13.30%. 

BF,- and PF,- complexes were also synthesized by this same method. Once 
isolated, the powders of the four compounds can be handled in air for a few minutes 
without apparent decomposition. Large crystals of the BPh,- salt had not de- 
teriorated after several days in air. 

Crystal data. Formula: C,H,,BCoPj, M, 698.55, Ortborhombic, Pmn2,, a 
15.114(11), b 10.006(7), c 12.316(11) A. V 1863 A3, DC 1.245 g cmp3, Z = 2, 
X(Mo-K,) 0.71069 A (graphite monochromator), ~(Mo-K,) 5.9 cm-‘, T 170 K. 

Crystallographic measurements and structure resolution 
The resolution of this structure required considerable effort. As the problems 

encountered were first ascribed to suspected twinning, camera work was carried out 
on four crystals from different recrystallizations. Weissenberg or precession/cone- 
axis photographs invariably indicated orthorhombic Laue symmetry and no evi- 
dence of twinning was detected. The systematic absences (ho/, h + I # 2n) were 
consistent with space groups Pmnm (alternate orientation of Pmmn, No. 59), 
Pmn2, (No. 31) and P2,nm (alternate orientation of Pmn2,, No. 31). 

The data set used in the present report was obtained with a crystal of dimensions 
0.40 x 0.40 x 0.50 mm3. A set of 1793 nonequivalent MO-K, reflections (28 G 50°) 
was collected at 170 K with an Enraf-Nonius CAD-4 diffractometer, according to a 
procedure described elsewhere [22]. The fluctuations on the standards during data 
collection remained within f 3.6%. All reflections with I < 3.0 a(l) were assigned 
zero weight and the remaining 1482 nonzero reflections were used to solve the 
structure. These data were corrected for the effect of Lorentz and polarization. An 
absorption correction was deemed unnecessary in view of the low absorption 
coefficient (p 6.1 cm-‘) and nearly equal dimensions of the crystal. 

In space group Pmnm, the two Co and the two B atoms would have to occupy 
sites of mm symmetry (equipoints 2a or 2b). This symmetry would be unusual for 
BPh,- and it would not correspond to the expected structure for the 
[Co(NBD)(PMe,),]+ cation. Since the distribution of the normalized structure 
factors clearly pointed to a non-centric space group, no great effort was devoted to 
solve the structure in Pmnm at first. Nevertheless, after a number of unsuccessful 
attempts with the other two space groups, the centric Pmnm space group was tested, 
but it failed to yield any recognizable structural pattern. 

In space groups Pmn2, or PZ,nm, ordered B and Co atoms would lie on mirror 
planes (equipoint 2~). This appeared to be more consistent with the expected 
geometries of the ions present. Although positions for Co and one P atom could be 
found in either space group by using various approaches (Patterson synthesis, direct 
methods (MULTAN [23]) with or without introducing known fragments in E 
calculations), it was generally impossible to develop this initial model into a 
recognizable structure. After a tedious series of attempts, the structure was finally 
solved in space group Pmn2, by using the known atomic positions to progressively 
improve the phase relationships. The initial fragment consisted of 5 atoms 
(Co,P(l),P(2)$(4) and C(lA)) lying on the crystallographic mirror plane. In the 
subsequent E-map, P(3) and portions of the BPh,- ion began to emerge. These 
positions were added to those already used to set up the relationships, and this same 
procedure was repeated a number of times. When the whole BPh,- ion was found, 
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the environment of Co consisted of four phosphine positions: P(1) and P(2) were on 
the mirror planes, whereas two symmetry-equivalent P(3) groups were on general 
positions. Although this model was chemically reasonable, the CO-P(~) distances 
(1.8 A) were too short. Furthermore, when refined, P(3) showed much higher 
thermal motion than P(1) or P(2). 

The rest of the interpretation was done by structure factor and difference Fourier 
(AF) calculations. The first AF map showed high residual electron density of 3.2 
e/A3 at mirror-related positions only 0.8 A away from Co. This and the apparent 
high thermal motion of P(3) suggested that the complex cation could be involved in 
two-fold disorder: phosphines P(1) and P(2) occupied positions common to both 
individuals on the mirror plane, whereas phosphine P(3) and Co (now moved away 
from the mirror) with occupancy factors of 0.50 were not coincident in the two 
individuals. In this model, the distance from the Co position to the P(3) atom on the 
other side of the mirror was more reasonable (2.28 A). The next AF map revealed 
the positions of the seven half-carbons for a norbomadiene unit also involved in the 
two-fold disorder across the mirror plane. This model was refined isotropically, 
leading to agreement factors R = El1 F. I- 1 Fc II/El F. 1 of 0.185 and R, = 
[Bv( I F, I - IF, I)*/Xw IF0 I *I” of 0.238. The hydrogen atoms on the phenyl rings 
and the half-hydrogens of the norbomadiene unit were fixed at their ideal positions 
(C-H 0.95 A, B 5.0 A2 (phenyl) or 6.3 A2 (norbomadiene)). Positions for all methyl 
hydrogens were found in the AF map and ideal positions were defined by means of 
the Co-P-C-H torsion angle r (C-H 0.95 A, P-C-H = 109.5 O, AT 120 ” ) in order 
to give the best fit with the positions observed in the map. The hydrogen parameters 
were not refined, but the coordinates were recalculated after each least-squares 
cycle. All nonhydrogen atoms were then refined anisotropically, which reduced R to 
0.075 and R, to 0.093. The thermal ellipsoids were normal, except for P(1) and the 
attached methyl groups, whose ellipsoids were much more elongated than those of 
the other phosphines, and greater than expected for measurements at 170 K. Careful 
examination of the A F map revealed first, that P(1) did not lie exactly on the mirror 
plane. Second, another set of peaks was found for methyl groups around P(1). 
Therefore, in addition to the two-fold disorder across the mirror plane, this region 
of the cation shows an orientation disorder of phosphine P(1) about the Co-P(l) 
bond. P(1) was shifted out of the mirror plane and refined with an occupancy factor 
of 0.50 fixed by symmetry. Two sets of methyl carbons (A and B) were defined and 
initially assigned occupancy factors of 0.25, assuming equally populated orienta- 
tions about the Co-P(l) bond. The AF map showed peaks at reasonable positions 
for most of the fractional hydrogens of these two sets of methyl carbons. Idealized 
coordinates were calculated as mentioned above. The fractional carbons were 
refined isotropically. At convergence, thermal motion for set B was found to be 
systematically lower than for set A. Therefore, a few extra cycles of refinement were 
run, in which the occupancy factors of these six fractional carbon atoms were also 
refined. They indicated that occupancy for orientation B was - 1.5 as high as for 
set A. Accordingly, fixed normalized values of 0.20 (set A) and 0.30 (set B) were 
used to complete the refinement. 

The final residuals were R = 0.047 and R, = 0.056. The goodness-of-fit ratio was 
2.12. There was no evidence for disordering in the case of phosphine P(2) and of the 
BPh,- ion. The final AF map was essentially featureless, the general background 
being between + 0.29 and - 0.42 e/A’_ 
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TABLE 1 

REFINED COORDINATES (~10~) AND EQUIVALENT TEMPERATURE FACTORS (X 103) 

FOR THE NON-HYDROGEN ATOMS OF [Co(NBD)(PMe,),]BPh, 

Atom X 

co 4693(l) 

P(1) 4777(2) 

P(2) 5000 

P(3) 6074(2) 

WA) n 5000 

‘WB) * 4527(9) 

CGA) a 5334(13) 

C(2B) a 5624(12) 

c(3A) a 3888(23) 

C(3B) a 3747(13) 

q4) 5000 

c(5) 5917(3) 

c(6) 6555(8) 

c(7) 6358(7) 

q8) 6986(7) 

WO) 3525(9) 

C(l1) 3490(7) 

W2) 331q6) 

C(13) 3216(10) 

C(14) 4111(9) 

C(15) 4390(7) 
W6) 2834(8) 

c(21) 5856(3) 

C(22) 623q3) 

C(23) 6900(3) 
C(24) 7227(3) 

c(25) 6871(3) 

c(26) 6201(3) 

c(31) 5000 

c(32) 5789(4) 

c(33) 578q4) 

c(34) 5000 

C(41) 5000 

~(42) 5775(4) 

c(43) 5779(5) 

c(44) 5000 
B 5000 

Y. 

8355(l) 
8203(2) 
6252(2) 
8908(3) 
6618(16) 
6697(15) 
9474(22) 
9154(19) 
7871(37) 
8993(21) 
5962(7) 
5213(5) 
8684(10) 

10688(9) 
8125(11) 
9396(13) 
8115(13) 

8344(9) 
9831(14) 

10243(11) 
9926(12) 

10161(14) 
3327(5) 
4530(5) 
5187(5) 

4694(6) 
3534(6) 
2868(5) 
2798(7) 
2826(5) 
2875(6) 
2894(7) 
967(7) 
231(5) 

- 1168(6) 
- 1840(8) 

2634(8) 

I % 

0 27 
1852(Z) 38 

- 506(2) 35 
- 255(2) 39 
2521(14) 28 
2478(13) 26 
2589(19) 30 
2583(16) 48 
2546(31) 68 
2568(17) 54 

- 1968(6) 42 

- 64(5) 45 
- 1584(9) 49 

- 106(12) 52 
556(10) 48 

- 1516(10) 60 
-911(11) 57 

175(8) 29 
228(11) 71 
105(11) 57 

- lOOO(10) 44 
- 927(13) 67 
6095(4) 32 
5706(4) 36 
625q5) 45 
7210(5) 50 
762q5) 45 
7069(4) 37 
4166(6) 35 
3581(4) 40 

2440(5) 53 
1892(6) 58 
5639(6) 36 
5634(5) 46 
5631(5) 58 
5623(8) 71 
5510(7) 33 

0 Refined isotropically, occupancy factors 0.20 (set A), 0.30 (set B). 

The refined coordinates for nonhydrogen atoms are listed in Table 1. The list of 
temperature factors and the structure factor table are part of the supplementary 
material *. 

The scattering curves were from standard sources [24]. The f’ and f” contribu- 
tions of Co and P to anomalous dispersion were taken from Cromer [25]. This 
structure was solved by using the MULTAN package [23] and a set of other 
programs listed elsewhere [26]. 

* Se-e NAPS document no. 04469 for 18 pages of supplementary material. Order from NAPS % 
Microfiche Publications, P.O. Box 3513, Grand Central Station, New York, NY, 10163. 
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Results and discussion 

Reaction of CoBr(PMe,), with an excess of norbomadiene (NBD) in acetone 
results in high yields (80%) of the cationic [Co(NBD)(PMe,)s]Br complex as the 
only product. Adding larger counterions, such as BF,-, PF,- and BPh,-, leads to 
compounds with better crystallinity. 

As usual, no characteristic v(C=C) stretching vibration is observed for the 
coordinated double bond in the IR spectrum. Moreover, the multinuclear NMR 
data are deceivingly poor. No effect of temperature is detected between 293 and 183 
K, which indicates that the complex remains fluxional at 183 K. Only a broad 
singlet at 11 ppm is apparent at 188 K on the 31P{ ‘H} NMR spectrum. Coordinated 
NBD is characterized by three broad resonances: in iH{ 31P} NMR at 2.4 (=CH), 
3.3 (CH) and 1.2 ppm (CH,); in 13C{lH} NMR at 42 (=CH; J(CH) 191 Hz), 45 
(CH; J(CH) 154 Hz) and 58.7 ppm (CH,; J(CH) 131 Hz). These values are in 
agreement with those previously reported for NBD-metal complexes. However, to 
our knowledge, only the cobalt(I) complex remains fluxional at such a low tempera- 
ture. The mechanism to explain this fluxionality can be based either on diene 
rotation or Berry pseudo-rotation [2]. Both are indistinguishable on the NMR time 
scale: However, the latter has been suggested for the five-coordinate Ir-NBD 
complex [ll], since the distortion observed in the crystal structure is in agreement 
with the structural changes expected along the Berry pseudorotational pathway. 

In order to determine what happens in the cobalt complex, namely if its structure 
is a distorted trigonal bipyramidal as the iridium complex or a square pyramid as 
the other Co-diene species, we have determined the crystal structure of 
[Co(NBD)(PMe,),]BPh,+ 

TABLE 2 

SELECTED INTERATOMIC DISTANCES (A) FOR [G$NBD)(PMe,),]BPh4 

Around Co 

co-P(l) 2.290(3) co-C(14) 
co-P(2) 2.243(2) Co-C(15) 
co-P(3) 2.182(3) Co-cx a 
Co-c(H) 2.150(12) co-cy a 
co-C(12) 2.101(8) 

Phosphine 

P(l)-WA) 1.82(2) P(2)-c(4) 
P(l)-c(2A) 1.78(2) P(2)-c(5) 
P(l)-c(3A) 1.63(4) P(3)-c(6) 
P(l)-CUB) 1.73(2) P(3)-c(7) 
P(l)-C(2B) 1.83(2) P(3)-c(8) 
P(l)-COB) 1.96(2) 

Norbomadiene 

WO)-al) 1.48(2) c(l2)-~(13) 
COO)-c(l5) 1.55(2) c(l3)-c(l4) 
C(lO)-C(16) 1.48(2) W3)-W6) 
c(ll)-c(l2) 1.38(2) c(l4)-c(l5) 

= Cx = midpoint of C(ll)-C(12), Cy = midpoint of q14)-C(15). 

2.088(11) 
2.049(12) 

2.010(10) 

1.935(11) 

1.824(S) 

1.816(5) 
1.805(12) 

1.841(10) 
1.874(12) 

1.50(2) 
1.42(2) 
1.57(2) 

1.46(2) 
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TABLE 3 

SELECTED BOND ANGLES (deg) FOR [Co(NBD)(PMe,),]BPh, 

Around cobalt 

P(l)-co-P(2) 

P(l)-co-P(3) 
P(l)-co-cx 

P(l)-co-Cy 
P(2)-CO-P(~) 

P(2)-Co-cx 

Phosphine 
Co-P(l)-c(lA) 

Co-P(l)-c(2A) 

Co-P(l)-C(3A) 
C(lA)-P(l)-CQA) 

C(lA)-P(l)-C(3A) 

C(ZA)-P(l)-C(3A) 
Co-P(l)-CQB) 

Co-P(l)-C(2B) 
Co-P(l)-C(3B) 

C(lB)-P(l)-C(2B) 

C(lB)-P(l)-C(3B) 

Norbornadiene 

co-c(ll)-C(12) 

co-C(ll)-CQO) 
co-C(lZ)-C(U) 
Co-c(12)-C(13) 

co-c(14)-C(13) 
co-C(14)-C(15) 

Co-C(lS)-C(l0) 
co-c(15)-c(14) 

c(11)-C(1o)-c(15) 

101.7(l) 

96.1(l) 
105.9(4) 

111.3(4) 

90.0(l) 
94.6(4) 

121.3(4) 

119.2(7) 

119.4(13) 
107.8(S) 

74.8(14) 

105.6(15) 
119.2(5) 

119.6(6) 
112.2(6) 

112.6(8) 

88.7(8) 

69.1(6) 
97.8(8) 

72.9(6) 

95.40 
98.3(9) 
67.9(7) 

100.q8) 
70.8(7) 

96.9(10) 

P(2)-co-cy 

P(3)-Co-cx 
P(3)-Co-cy 

Cx-co-Cy 
C(ll)-co-C(12) 

C(14)-co-c(15) 

C(ZB)-P(l)-C(3B) 
Co-P(2)-c(4) 

Co-P(2)-C(5) 

C(5)-P(2)-C(5) = 

C(4)-P(2)-c(5) 
Co-P(3)-C(6) 
co-P(3)-C(7) 

co-P(3)-c(8) 

C(6)-P(3)-C(7) 

c(6)-P(3)-c(8) 
c(7)-P(3)-c(8) 

C(ll)-C(lO)-C(16) 
C(15)-C(lO)-C(16) 
C(1o)-c(11)-c(12) 

C(ll)-C(12)-C(13) 

CQ2)-C(13)-C(14) 
C(12)-C(13)-C(16) 

C(14)-C(13)-C(16) 
C(13)-C(14)-C(15) 

c(lO)-c(15)-C(14) 
C(lO)-C(16)-C(13) 

146.2(4) 

156.q4) 
93.6(4) 

69.8(5) 
38.0(4) 

41.3(5) 

97.2(9) 

115.1(2) 

127.7(2) 

99.5(2) 

101.8(3) 

119.0(4) 
117.0(4) 

121.4(4) 
96.7(5) 

97.8(5) 
100.4(5) 

lOO.l(lO) 

102.5(10) 
llo.qlo) 

103.0(9) 

101.2(10) 
101.8(10) 

lOl.l(ll) 
108.1(11) 

102.3(10) 
94.3(10) 

“l-x, y, z. 

The crystal contains well separated BPh,- anions and [Co(NBD)(PMe,),]+ 
cations. Interatomic distances and bond angles in the cation are listed in Tables 2 
and 3, respectively. 

The [Co(NBD)(PMe,),]+ cation (Fig. 1) is best described as a square pyramid in 
which P(1) occupies the a@al position. The basal Co-PMe, distances (CO-P(~) 
?.243(2), CO-P(~) 2.182(3) A) lie within the range of Co-PMe, distances (2.12-2.26 
A) observfd for other five-coordinate Co complexes [2,27]. The Co-P(l) distance 
(2.290(3) A) is above this range. Although the significant crystal disorder which is 
present will produce errors somewhat greater than indicated by the esd’s, the 
differences between the Co-P distances are large and probably significant. A longer 
Co-P (apical) bond is in good agreement with theoretical predictions for a d* 
system [28]. The Co-C(olefin) distances (Table 2) are also in the normal range 
observed for Co-NBD compounds (2.08-2.19 A). The double bond is perpendicular 
within 2” to the Co-midpoint vector as expected. 

Defining the coordination geometry of five-coordinate molecules showing large 
departure from both the trigonal bipyramid (TBP) and the square pyramid (SP) 
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Fig. 1. ORTEP drawing of the [Co(NBD)(PMe3)s]+ cation in the BPh,- salt. The methyl groups 
attached to P(1) are found in two sets .of positions, only one of which is represented. Ellipsoids 

correspond to 50% probability. Hydrogens are shown as small spheres of arbitrary size. 

invariably raises the problem of deciding which polyhedron better approximates the 
actual structure. The choice of SP here is based on a procedure described earlier 
[29], whereby the M-L bonds, normalized to unit length, are fitted by a least-squares 
technique described by Dollase [30], so as to minimize the sum of the squared 
distances Zd;, where di is the distance between the ith apices in the actual and the 
ideal polyhedra, respectively. For SP symmetry, where the apical-M-basal angle 
L,-M-L, is not fixed by symmetry, provision is made to adjust this angle as well in 
the minimization procedure. Table 4 shows that the figure of merit (FOM = 
(Bd,/5)f) is definitely less favorable for TBP (0.217 A) than for SP (0.111 A) with 
L,-Co-L, = 103.6 O. 

Table 4 includes data for other five-coordinate NBD-containing compounds. In 
all cases, the best descriptions for the TBP and the SP geometries have been 
determined, and FOM have been calculated. It can be seen that NBD does not 
induce a particular geometry in these molecules, as the compounds listed cover a 
continuous spectrum with half of the compounds on the TBP side and the other 
half on the SP side. This table also shows that the small “bite” of NBD (- 70” ) 

imposes constraints on the sites to be occupied in both geometries. The 120’ angle 
in the equatorial plane of TBP is too large to accept both double bonds on 
equatorial sites. In all molecules listed of Table 4, when envisaged as TBP, one of 
the double bonds is axial, the other equatorial. For similar reasons, the NBD double 
bonds span a pair of basal sites in SP, the small L,-M-L, angle being more 
favorable than the L,-M-L, angle (101-106”). 

The geometry of coordinated norbornadiene has been discussed by other workers 
[4,6,9]. In spite of the disorder, the distances and angles in norbomadiene are 
in good general agreement with their r$sults (Tables 2 and 3). Our average dis- 
tances are: C(olefin)-C(olefin) 1.42 A, C(olefin)-C(bridgehead) 1.49 A and 
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TABLE 4 

CHOICE OF THE BEST COORDINATION POLYHEDRON FOR FIVE-COORDINATE 

NORBORNADIENE COMPLEXES 

Compound Trigonal bipyramid 

axial sites FOM b 

Square pyramid Ref. 

apical a o FOM b 
site 

GWBW’Me3 13 IBPb 

(PZ-CO),[CO(CO),(NBD))~, 
PWWPI( c 2-W 2 OP)- 

NBD)I 
[Ir(PMe,Ph),(SnCl,)(NBD)] 

(r,-SnPh,)[Co(CO),(NBD)I, 
(pz-snPh,)[Co(Co),0‘rBD)12 
(P~-S~C~~)[C~(CO),OIJBD)I, 
(P~-S~C~~)[C~(CO)~(NBD)I~ 
[Fe(CO),l(~rAsMez)[Co(CO),- 

(NJU 

PM% II 

P2-co, II 0.245 (14.1) 

Pz-co, II 0.257 (14.8) 

PMe2Ph, II 0.227 (13.0) 

wSn%, II 0.165 (9.5) 

wsnpb II 0.139 (8.0) 

Pz-SnCl,, II 0.143 (8.2) 

p2-SnC12, II 0.141 (8.1) 

wQMe2, II 0.129 (7.4) co 105.4 0.181(10.4) 15 

0.217 (12.4) PMe, 103.6 0.111 (6.4) this 
work 

co 101.2 0.112 (6.4) 13 

co 103.1 0.115 (6.6) 14 

SnCl 3 102.3 0.139 (8.0) 11 

co 106.1 0.165 (9.5) 12 

co 105.8 0.192 (11.0) 12 

co 104.8 0.197 (11.3) 12 

co 104.7 0.203 (11.7) 12 

a Mean L(apical)-M-L(basaI) angle. b Average distance (A) between corresponding apices of the ideal 
and the actual polyhedra, in which all M-L bonds are normalized to 1 A (see text). The average angle 

(deg) between corresponding bonds in the ideal and the actual polyhedra given within brackets. 

C(bridgehead)-C(methylene) 1.52 A. The average angles are: C(olefin)- 
C(olefin)-C(bridgehead) 106.0 O, C(bridgehead)-C(methylene)-C(bridgehead) 
94.3O, C(olefin)-C(bridgehead)-C(olefin) 99.0 O, and C(olefin)-C(bridgehead)- 
C(methylene) 101.4”. 

In the coordinated PMe, molecules, the P-C distances (av. 1.829 A) are normal 
and the C-P-C angles (av. 99.7 “) are smaller than 109.5 o as usual. These average 
values do not include the environment of P(l), where orientational disorder about 
the Co-P(l) bond leads to less reliable positions for the fractional methyl groups. 

Details on the geometry of the BPh,- ion .are provided in the supplementary 
material. The B-C bond lengths average 1.658 A and the usual pattern is found for 
the phenyl ring angles: (av.) C( &ho)-C(B)-C( or&o) 116.2 O, C(B)-C( orrho)- 
C(meta) 121.8”, others 120.0“. The rings are planar within 1.0 u (0.005 A), but B is 
usually significantly out of the planes. 

A diagram of the unit cell is provided in the supplementary material. The Van 
der Waals contacts between the two sorts of ions are normal. 

In conclusion, NBD coordinates to the cobalt fragment [Co(PMe,),]+ in a 
similar way as conjugated dienes. This may be related to the presence in NBD of 
relatively low-lying molecular orbitals resulting from a through-space interaction of 
the s levels, as observed in conjugated dienes. They are of suitable energy to match 
with the [Co(PMe,),]+ orbitals [31]. However, the NBD complex is more distorted, 
especially within the [Cd(PMe,),]+ moiety. This may result, following Hoffmamr et 
al. [32], from the ability of the 14e [Co(PMe,),]+ fragment, which possesses a 
doubly occupied degenerate e orbital, to undergo distortion in order to better 
accommodate the particular electronic requirement of the NBD ligand. 

No reaction of this complex toward nucleophiles was observed. This behavior, 
which is a constant throughout the series of [Ck(diene)(PMe,),]+ complexes, is 
related to the presence of the basic PMe, donor as ancillary ligand [33]. 
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