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Reaction of C O B ~ ( P M ~ ~ ) ~  with butadiene, isoprene, and 2,3-dimethylbutadiene in presence of NaBPh, 
yielded [C~(diene)(PMe~)~]BPh~ complexes. The crystal structure of [CO(~~-C,H~)(PM~~)~]BP~~ has been 
determined by X-ray diffraction techniques. The complex crystallizes in the monoclinic system, C2/c, 
with a = 46.71 (2) A, b = 15.93 (4) A, c = 34.21 (2) A, p = 118.69 (4)’, 2 = 24, and R = 0.083 (5587 “observed” 
reflections). The structure consists of a perfectly ordered framework of BPh, anions, in which large cavities 
are occupied by [c~(q~-c,H,)(PMe,)~]+ cations. In only one-third of these cavities are the cations ordered. 
Two different kinds of disorder are found for the remaining cations. In the ordered cations, cobalt is in 
a distorted square-pyramidal environment. One of the PMe3 molecules is apical, whereas two PMe, molecules 
and the butadiene ligand occupy the basal sites. The difference between the apical (2.192 (5) A) and basal 
(average 2.221 (4) A) Co-P bond lengths is significant but small. The butadiene ligand is planar within 
0.5u, and its plane makes an angle of 84.5’ to the basal plane. It is symmetrically coordinated and the 
cobalt atom is located 0.60 A above the basal plane. In one of the disordered cations, two isomeric forms 
related by a 120’ rotation of the butadiene ligand about the pseudo C3 axis of the CO(PM~, )~  fragment 
are observed, suggesting the possibility of fluxionality in the crystal. Multinuclear NMR studies (187-295 
K) show that in solution the [C~(q~-diene)(PMe~)~]BPh, compounds do not exist as q3-allyl complexes with 
u-CH2 ligand-to-cobalt interactions but retain the v4-diene structure observed in the solid state. 

Introduction 
As part of our continuing research involving the chem- 

istry of first-row d8 nickel and cobalt complexes with 
trimethylphosphine, we recently reported the reaction of 
CoBr(PMe3), with ethylene and diphenylacetylene,2 which 
gave rise to the new complexes [Co(C,H,)(MeCN)- 
(PMe3),]BPh4, 1, [Co(C2Ph2)(MeCN)(PMe3),]BPh4, 2, and 
[Co(CPPh,)(PMeJ3]BPh4, 3. They can be envisioned as 
constituted from the 14-electron [Co(PMe,),]+ fragment 
accepting four electrons (either from two 2-electron species 
like ethylene, diphenylacetylene, acetonitrile, etc. or from 
one 4-electron species like diphenylacetylene) in order to 
fill the metal coordination sphere and reach the 18-electron 
configuration., Unfortunately, this interpretation gives 
little information on the nature of the bond between Co 
and the organic ligand. This aspect is of interest since such 
complexes possess a reduced Co(1) metal center which 

(1) (a) Laboratoire de Chimie de Coordinatin du CNRS. (b) 
UniversiG de Montreal. (c) On leave from the Department of Chemistry 
of the Universidade Federal de Minas Gerais. 

(2) Capelle, B.; Beauchamp, A. L.; Dartiguenave, M.; Dartiguenave, 
Y.; Klein, H. F. J .  Am. Chem. SOC. 1982, 104, 3891-3897. Capelle, B.; 
Beauchamp, A. L.; Dartiguenave, M.; Dartiguenave, Y. J .  Chem. SOC., 
Chem. Commun. 1982,566568, J.  Am. Chem. SOC. 1983,105,4662-4670. 

(3) Elian, M.; Hoffman, R. Inorg. Chem. 1975, 14, 1058-1076. 

could induce internal oxidative addition and thus activate 
the organic ligand, giving rise to new chemical reactions. 

In order to get more information, we are currently in- 
vestigating the reactions of C O B ~ ( P M ~ ~ ) ~  with other 4- 
electron donor ligands: conjugated and nonconjugated 
dienes. In the present study, the [Co(q4-diene)(PMe3),]- 
BPh4 complexes of butadiene (I), isoprene (111, and 2,3- 
dimethylbutadiene (111) were synthesized in good yields 
by reacting CoBr(PMe3), with the diene in presence of 
NaBPh,., Their behavior in solution was examined by 
means of ‘H, 13C, and 31P NMR. To our knowledge, there 
are no crystallographic data on Co(1) compounds of this 
type. The crystal structure of the butadiene complex 
[Co(q4-C,H6)(PMe3),]BPh4 (I) is reported here. 

Experimental Section 
Procedure, Reagents, and Solvents. All operations were 

carried out under purified argon atmosphere in a conventional 
vacuum system or in a Jaram glovebox. The solvents were distilled 
before use, transferred under argon, and degassed in vacuum line. 
PMe, was prepared following an improved variation of Wolfs- 
berger and Schmidbaur’s method5 and stored under argon. 

(4) These complexes have been first synthesized by reacting PR3 on 
Co(I1) salts in 2-propanol: Bressan, M.; Ettorre, R.; Rigo, P. J.  Organo- 
met. Chem. 1984, 144, 215-223. 
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C O B ~ ( P M ~ ~ ) ~  was synthesized following Klein and Karsch.6 The 
diolefins were commercially available. Isoprene and 2,3-di- 
methylbutadiene were used after filtration through neutral grade 
alumina and degassing. 

Synthesis of the [C~(q~-diene)(PMe~)~]BPh, Complexes. 
The three complexes were prepared following the same procedure. 
A solution of C O B ~ ( P M ~ ~ ) ~  (1.4 g, 3.8 mmol) in acetonitrile (10 
mL) was cooled to -10 "C and purged with the diene. The color 
of the solution changed from green to yellow. Then, NaBPh, (1.3 
g, 3.8 mmol) dissolved in 25 mL of methanol was added. Yellow 
crystals precipitated from the solution kept a t  -30 "C overnight; 
they were filtered, dried, and stored under argon. Anal. (buta- 
diene) Calcd for C O P ~ B C ~ ~ H ~ ~ :  C, 67.28; H, 8.09; P, 14.07; Co, 
8.92. Found: C, 66.82; H, 8.44; P, 13.31; Co, 9.08. Anal. (isoprene) 
Calcd for C O P ~ B C ~ H ~ ~ :  C, 67.67; H, 8.22; P, 13.78; Co, 8.74; B, 
1.60. Found: C, 67.51; H, 8.32; P, 13.34; Co, 8.64; B, 1.57. Anal. 
(dimethylbutadiene) Calcd for C O P ~ B C ~ $ I ~ ~ :  C, 68.03; H, 8.34; 
P, 13.50; Co, 8.56; B, 1.57. Found: C, 67.63; H, 8.15; P, 13.35; 
Co, 8.21; B, 1.58. 

NMR Experiments. Variable-temperature 'H, 1H(31PJ, 31P, 
31P(1H), 13C, and 13C(1H) F T  NMR spectra were recorded at  250 
MHz for 'H, 101.27 MHz for 31P, and 62.9 MHz for 13C, using 
a Bruker WM-250 spectrometer equipped with a special probe 
for observing 'H and decoupling 31P. Field-frequency stabilization 
was achieved on an internal 2D signal a t  38.39 kG. SiMel was 
used as external reference for 'H and chemical shifts. For 
31P, H3P04 (62.5%) in DzO was used as reference. The NMR 
tubes were prepared in the glovebox, using (CD3)2C0 or CD2Clz 
as solvents. 

Crystal data for C37H53BC~P3: fw = 660.5 monoclinic, C2/c, 
a = 46.71 (2) A, b = 15.93 (4) A, c = 34.21 (2) A, p = 118.69 (4)", 
2 = 24, V = 22330 AB, Dcald = 1.178 g ~ m - ~ ,  X(Mo Kn) = 0.71067 
A, t = 23 "C, ~ ( M O  Ka) = 6.1 cm-', crystal dimenions 0.62 mm 
(100-i00) x 0.55 m ( O O l - O O i )  x 0.68 mm (OlO-OiO).  

Crystallographic Measurements. Yellow crystals suitable 
for X-ray work were obtained directly from the reaction mixture. 
No visible damage occurred to the crystal during the short time 
needed to seal it in a Lindemann capillary filled with nitrogen. 
Precession and cone axis photographs showed 2/m Laue sym- 
metry, and the systematic absences (hkl, h + k # 2n; hOl, 1 # 
2n) were consistent with space groups Cc and C2/c. 

The crystal was mounted on an Enraf-Nonius CAD4 diffrac- 
tometer. Accurate cell parameters and intensity data were ob- 
tained following the procedure described p r e v i o ~ l y . ~  The mean 
fluctuation of three standard reflectio_ns was *1.7% during data 
collection. A total of 10436 hkl and hkl reflections were measured 
(20 5 40'). The data in the 40-42" range were also measured, 
but they were not retained owing to the very low proportion of 
reflections above background. A set of 5587 reflections with 
intensities Z > 3a(4 was used to solve the structure. The Lorentz 
and polarization corrections were applied. A sample calculation 
showed that the transmission factor would lie in the narrow 
0.65-0.73 range. Therefore, no absorption correction was applied. 

Resolution of the Structure. The density, estimated from 
similar compounds, suggested that the asymmetric unit contained 
three BPh4- ions and three Co complex cations in space group 
C2/c, twice as many in space group Cc.  The distribution of the 
normalized structure factors clearly favored the centric group, 
and the structure was determined in the C2/c space group. 

The heavy-atom method yielded the correct solution, but only 
after a tedious series of unsuccessful attempts to interpret the 
Patterson synthesis. The map contained a large number of strong 
peaks, but assignments could not be straightforwardly deduced 
from their heights. This was subsequently ascribed to the fact 
that two of the three independent Co atoms are involved in 
disorder or high thermal motion, so that their contributions were 
comparable to those of any of the ordered P atom. A difference 
Fourier (AF) map phased on one of the consistent sets of three 
Co atom positions eventually showed a reasonable distribution 
of P atoms around each metal. From this point on, structure fador 
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(5) Wolfsberger, W.; Schmidbaur, R. Synth. Inorg. Metal-Org. Chem. 

(6) Klein, H. F.; Karsch, H. H. Inorg. Chem. 1975, 14, 473-477. 
(7) Bblanger-Gariepy, F.; Beauchamp, A. L. J .  A m .  Chem. SOC. 1980, 

1974, 4, 149-156. 

102, 3461-3464. 

and A F  map calculations progressively revealed most non-hy- 
drogen atoms, namely, the three nonequivalent BPh, ions and, 
for cation 1, the butadiene and the PMe3 carbon atoms. No 
consistent pattern emerged a t  this stage for the butadiene 
molecules in cations 2 and 3. 

The known portion of the structure was isotropically refined 
on IFo/ by full-matrix least squares. Weights based on counting 
statistics' were applied. Convergence was reached for R = llFol 
- ~ F c ~ ~ / ~ ~ F o ~  = 0.176 and R, = [x:w(lFoI - ~ F c ~ ) 2 / ~ w ~ F o ~ 2 ] ' / 2  = 
0.199. From the new AF map, it became clear that the sur- 
roundings of Co(2) and co(3) could not be described by an ordered 
model. However, there was no evidence for disorder in the BPh, 
ions or in cation 1. In cation 2, two of the P atoms had thermal 
motion much greater than the other, and there was a pair of strong 
peaks too close to correspond to atoms simultaneously present 
within the same molecule. Thus, it was concluded that cation 
2 was involved in a twofold disorder, with two phosphines occu- 
pying resolved positions and the third phosphine being common 
to both individuals. All the methyl carbon (or half-carbon) atoms 
were found for each of these P positions. As for the butadiene 
group, C(5) and C(6) occupied the same positions in both indi- 
viduals. The third carbon atom was found in two close, but 
resolved, positions (C(7A) and C(7B)), whereas the positions for 
the terminal carbon atom (C(8A) and C(8B)) were close to those 
of P(24) and P(22), respectively, in the other individual. Therefore, 
C(8A) and C(8B) were fixed at  the positions estimated by in- 
terpolation on the A F  map, with E = 10 A2. 

In cation 3, all P atoms had high thermal motion, but none of 
them was split into resolved components. All the attached methyl 
carbon atoms were identified, and they also had, as expected, high 
thermal motion. Five peaks remained around co(3). They were 
attributed to the overlapping butadiene fragments. They were 
grouped into two sets defining a reasonable butadiene molecules, 
three atoms being common to both individuals. 

For the rest of the interpretation, occupancy factors of 0.50 
were arbitrarily assigned to the disordered components and no 
attempts were made to refine these parameters. Isotropic re- 
finement converged to R = 0.141 and R, = 0.167. The phenyl 
hydrogen atoms were positioned at  ideal positions (sp2 hybrid- 
ization, C-H = 0.95 A, B = 6.0 A2). Their parameters were not 
refined, but their coordinates were recalculated after each 
least-squares cycle. The hydrogen atoms in the phosphines or 
butadiene molecules were not found. The final steps were carried 
out by block-diagonal least squares. Anisotropic temperature 
factors were refined for all Co, P, and B atoms, as well as for the 
ordered C atoms. The final discrepancy factors were R = 0.083 
and R, = 0.095. The goodness-of-fit ratio was 2.37. The fractional 
coordinates are listed in Table I. The list of temperature factors 
and of structure factors are part of the supplementary material. 

The scattering curves and anomalous dispersion coefficients 
of Co and P were from standard sources.8 The programs used 
are listed el~ewhere.~ 

Results and Discussion 
Crystal Structure of [CO(~~-C~H~)(PM~~)~]BP~~. 

Crystals of [CO(.~~~-C,H,)(PM~~)~]BP~~ contain discrete 
[ c ~ ( t l ~ - c ~ H ~ ) ( P M e ~ ) ~ ] +  cations and tetraphenylborate an- 
ions. Figure 1 shows a layer of alternating cations and 
anions, parallel to the cell ac plane. T h e  adjacent layers 
are displaced by  a / 2  + b / 2  (C centering), which brings two 
ext ra  BPh4- ions, one above and one  below, near any  
complex cation. The anions are  rigorously ordered a n d  
they may be regarded as the framework of the crystal. T h e  
large cavities surrounded by  six anions are  filled by  com- 
plex cations. In only one  th i rd  of these cavities are  t h e  
[ c o ( ~ ~ - c ~ H ~ ) ( P M e ~ ) ~ ] +  ions ordered (type 1). T h e  disorder 
found for cations of type  2 and 3 is examined in  detail  
below. 

(8) Cromer, D. T.; Waber, J. T. Acta Crystallogr. 1965,18, 104-109. 
Stewart, R. F.; Davidson, E. R.; Simpson, W. T. J .  Chem. Phys. 1965,42, 
3175-3187. Cromer, D. T. Acta Crystallogr. 1965, 18, 17-23. 

(9) Authier-Martin, M.; Beauchamp, A. L. Can. J .  Chem. 1977, 55, 
1213-1217. 
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Figure 1. Stereoview of a layer of alternating [ c ~ ( q ~ - c ~ H ~ ) ( P M e ~ ) ~ ] +  and BPh4- ions down the b axis. The layers above and below 
are shifted by a /2  + b/2, bringing two extra BPh4- ions around any complex cation. Two-thirds of the cations are disordered. The 
Co complex cations and BPh4- anions are aligned along the a axis in the following order (from top to bottom): co(3), 1 - 1c, y ,  -3/2 

- 2 ) ;  B(2), (1 - X ,  Y, '12  - 2 ) ;  Co(l), ( x ,  Y, 2 ) ;  B(1), (r, Y ,  2 ) ;  C0(2), (.t., 1 - Y ,  + 2 ) ;  B(3), ( x ,  Y, 2 ) .  

8 

C 

c22  & 
Figure 2. ORTEP drawing of the [ c~ (q~-c~H, ! (PMe~)~]+  ion (type 
1). Ellipsoids correspond to  30% probability. 

Cation 1. The eight cations of this type in the cell are 
perfectly ordered. The interatomic distances are listed in 
Table I1 and bond angles in Table 111. These values are 
not biased by overlapping images, and they can be used 
to discuss the structural features of the Co(1) complex. 
This species is best described as a distorted square pyramid 
(Figure 2) with P(13) occupying the axial site. P(11) and 
P(12) occupy two cis basal sites and the two double bonds 
of butadiene span the remaining basal sites. This de- 
scription yields an 18-electron configuration for the com- 
plex, as was observed for ethylene and diphenylacetylene 
cobalt compounds.a 

The Co-P distances compare well with those reported 
for (tertiary phosphine)metal complexes. The apical Co- 
P(13) bond (2.192 (5) A) seems to be shorter than the basal 
ones (average 2.221 (4) A), but the difference is barely 
significant. Comparisons are made in Table IV between 
structural parameters of this complex and those of the d6 
R u C I , ( P P ~ ~ ) ~  moleculelo and other ds square-pyramidal 
Fe(O), Co(I), and Ni(I1) compounds. The crystallographic 
results for [Co(CzPhz)(PMe3),]BPh, were included as well 
for comparison, this structure being considered here as a 
distorted square pyramid with an apical PMe3 ligand, the 
two remaining PMe3 molecules and the two central carbon 
atoms of diphenylacetylene spanning the four basal sites. 
The square-pyramidal d6 complex R U C ~ ~ ( P P ~ ~ ) ~  in Table 
IV possesses an axial Ru-P bond significantly shorter than 
the basal ones. On the other hand, in the da species 
[ C O ( C N P ~ ) ~ ] + , ~ ~  [Ni(CN),J3-,12 and Ni(CN),(P), (where P 

(IO) La Placa, S. J.; Ibers, J. A. Znorg. Chem. 1965, 4, 778-783. 
(11) Brown, L. D.; Greig, D. R.; Raymond, K. N. Inorg. Chem. 1975, 

(12) Raymond, K. N.; Corfield, P. W. R.; Ibers, J. A. Inorg. Chem. 
14, 645-649. 

1968, 7, 1362-1372. 

= 5-methyl-5H-dibenzopho~phole),'~ the axial M-L dis- 
tance is longer than the basal ones. This is in agreement 
with theoretical calculations for five-coordinate d6 and d8 
complexes. One can predict a lengthening of the axial M-L 
bond between a d6 and a d8 square-pyramidal complex, the 
additional electrons going into the dZz antibonding orbital, 
thus weakening the axial M-L bond compared to the basal 
ones.14 Although the short axial Co-P bond might suggest 
that [ C O ( C ~ P ~ , ) ( P M ~ ~ ) ~ ] B P ~ ,  could be envisaged as a d6 
Co(II1) species, the roughly equivalent axial and basal 
Co-P distances show that [ C O ( V ~ - C ~ H ~ ) ( P M ~ ~ ) ~ ] B P ~ ~  is 
definitely on the ds Co(1) side (a-bonding). 

The Cc-C distances in [ ( V ~ - C , H , ) ( P M ~ ~ ) ~ ] B P ~ ~  (average 
2.07 A, Table 11) are on the high side of the range obtained 
for complexes of Co(1) and Fe(0) with a-donor ligands: 
2.026 8, (average) in [CO(C,H,)(M~CN)(PM~~)~]BP~,, 
1.979 A (average) in [CO(C~P~~)(M~CN)(PM~~)~]BP~,, 2.10 
8, (average) in F e ( ~ ~ - c , H , ) ( c o ) ~ , ' ~  and 2.12 8, (average) 
in Fe(q4-C4H6)z(C0),16 thus indicating that butadiene be- 
haves as a conventional q4-diene ligand (a bonding). 
However, such a geometric criterion has to be handled with 
caution, since the structure of the different complexes 
(Table IV) present variations in the square-pyramidal 
structure. For instance, the metal, which is always above 
the basal plane, shows a distance to this plane ranging from 
0.34 8, in [Co(CN),I3- to 0.61 8, in Fe(C,&),(CO). 

The butadiene ligand is cis and nearly symmetrically 
positioned about the P(13)-Co-C(X) plane, C(X) being the 
middle of the C(2)-C(3) bond. The double bonds C(1)- 
C(2) and C(3)-C(4) are oriented roughly parallel to this 
plane, which has been predicted to be the best orientation 
of ethylene in a square pyramid.14 The ligand is planar 
within 0 . 3 ~  (0.004 A), and its plane is inclined at an angle 
of 84.5' to the basal plane. The pattern of the C-C bond 
lengths (1.44-1.48-1.42 A, u = 0.02 A) is similar to those 
found in a number of other butadiene complexe~. '~J~ 
Thus, all C-C bonds exhibit partial multiple bond char- 

(13) Powell, H. M.; Watkin, D. J.; Wilford, J. B. J. Chem. SOC. A 1971, 

(14) Rossi, A. R.; Hoffmann, R. Inorg. Chem. 1975, 14, 365-374. 
(15) Mills, 0. S.; Robinson, G. Acta Crystallogr. 1963, 16, 758-761. 
(16) Whiting D. A. Cryst. Struct. Commun. 1972, I ,  379-381. 
(17) Stephens, F. S. J.  Chem. SOC. A 1970, 2745-2748. Van Soest, T. 

C.; Van der Ent, A.; Royers, E. C. Cryst. Struct. Commun. 1973, 2, 
527-529. Huttner, G.; Neugebauer, D.; Razavi, A. Angew. Chem., Int. Ed. 
Engl. 1975,14,352-353. Skell, P. S.; McGlinchey, M. J. Angew. Chem., 
Int. Ed. Engl. 1975, 14, 195-199. Immirzi, A.; Allegra, G. Acta Crys- 
tallogr., Sect. E:  Struct. Crystallogr. Cryst. Chem. 1969, E25,120-124. 
Bassi, I. W.; Scordamaglia, R. J .  Organomet. Chem. 1972,37, 353-359. 
Campbell, I. L. C.; Stephens, F. S. J .  Chem. SOC., Dalton Trans. 1974, 

1803-1810. 

923-926. 
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Table I. Fractional Coordinates (XlO', Co X lo5) and Equivalent Temperature Factors (X103)b 
atom X Y z U.,n,c A2 atom X Y 2 u-*= A2 

51701 (4) 
20891 (9) 
15327 (8) 
5228 (1) 
5314 (1) 
5616 (1) 
1803 (1) 
2502 (2) 
2421 (2) 
1873 (2) 
1880 (2) 
1634 (2) 
984 (1) 

1606 (3) 
4863 (3) 
4675 (3) 
4756 (3) 
4997 (3) 
2053 (4) 
2291 (6) 
1809 (8) 
2627 (7) 
1685 
2488 
1612 (7) 
1365 (6) 
1491 (7) 
1883 (6) 
1975 (6) 
5354 (4) 
5530 (3) 
4853 (3) 
5734 (3) 
5256 (4) 
5071 (3) 
5764 (4) 
5992 (3) 
5583 (3) 
1993 (4) 
1676 (4) 
1418 (5) 
2688 (5) 
2754 (7) 
2583 (5) 
2167 (6) 
2770 (6) 
1569 (7) 
1517 (7) 
2080 (6) 
1460 (7) 
2005 (7) 
2080 (7) 
2097 (5) 
1603 (4) 
1397 (5) 
745 (4) 
798 ( 5 )  
835 (5) 

1470 (5) 
1639 (5) 
2038 (5) 
3724 (3) 
3689 (3) 
3612 (3) 
3544 (3) 
3570 (3) 
3660 (3) 
4023 (3) 

12895 (9) 
74259 (14) 
17603 (21) 
1323 (2) 
2626 (2) 
624 (2) 

6412 (2) 
7396 (5) 
7780 (5) 
8449 (4) 
8587 (5) 
919 (4) 

1473 (3) 
1067 (6) 
244 (8) 

1009 (9) 
1486 (8) 
1152 (9) 
6808 (10) 
7585 (16) 
8326 (20) 
7292 (19) 
7804 
6755 
2607 (18) 
3044 (16) 
2963 (19) 
2494 (18) 
2308 (17) 
325 (8) 

2018 (9) 
1534 (9) 
2918 (8) 
3056 (8) 
3376 (7) 
790 (11) 
757 (9) 

-558 (7) 
5405 (12) 
6435 (9) 
6111 (14) 
6652 (13) 
8398 (19) 
6932 (13) 
8329 (14) 
8389 (16) 
8171 (18) 
8663 (18) 
9508 (16) 
8742 (18) 
9584 (19) 
8674 (18) 
481 (12) 

1170 (12) 
-124 (12) 
2220 (12) 
1521 (13) 
477 (13) 

1216 (12) 
-157 (13) 
1195 (14) 
1647 (7) 
2416 (7) 
2523 (8) 
1832 (10) 
1022 (8) 
982 (8) 
691 (7) 

8918 (5) 
64167 (8) 
37920 (10) 

1573 (1) 
899 (1) 

1013 (1) 
5970 (1) 
6483 (3) 
6077 (3) 
6312 (3) 
5876 (3) 
3377 (2) 
3447 (2) 
4307 (4) 
757 (5) 
611 (4) 
307 (4) 
210 (4) 

6932 (5) 
7126 (8) 
6789 (10) 
7090 (10) 
6425 
6779 
3360 (9) 
3489 (8) 
3872 (9) 
4088 (9) 
3757 (9) 
1870 (5) 
2022 (4) 
1604 (5) 
1244 (5) 
367 (5) 

1012 (4) 
603 (5) 

1545 (4) 
976 (4) 

6085 (6) 
5391 (5) 
5955 (7) 
6884 (7) 
6635 (10) 
5978 (7) 
5530 (8) 
6349 (8) 
6476 (9) 
5738 (9) 
6463 (8) 
5476 (9) 
6126 (10) 
5601 (9) 
3709 (6) 
2830 (6) 
3144 (6) 
3593 (6) 
2805 (7) 
3605 (7) 
4664 (6) 
4339 (7) 
4765 (7) 
1764 (3) 
1898 (4) 
2254 (4) 
2436 (4) 
2303 (4) 
1993 (4) 
1388 (4) 

44 
157 
155 
52 
55 
58 
86 
82 
68 

112 
68 

175 
106 
286 
82 
88 
84 
84 

101 
195 
103 
92 

127 
127 
186 
160 
186 
176 
171 
84 
77 
80 
86 
93 
58 

103 
79 
70 

137 
94 

170 
34 
95 
37 
48 
67 
83 
87 
63 
85 
93 
82 

145 
139 
147 
133 
152 
163 
154 
173 
188 
40 
55 
71 
74 
63 
62 
48 

C(122) 
C(123) 
C(124) 
C(125) 
C(126) 
C(131) 
C(132) 
C(133) 
C(134) 
C(135) 
C(136) 
C(141) 
C(142) 
C(143) 
C(144) 
C(145) 
C(146) 
C(211) 
C(212) 
C(213) 
C(214) 
C(215) 
C(216) 
C(221) 
C(222) 
C(223) 
C(224) 
C(225) 
C(226) 
C(231) 
C(232) 
C(233) 
C(234) 
C(235) 
C(236) 
C(241) 
C(242) 
C(243) 
C(244) 
C(245) 
C(246) 
C(311) 
C(312) 
C(313) 
C(314) 
C(315) 
C(316) 
C(321) 
C(322) 
C(323) 
C(324) 
C(325) 
C(326) 
C(331) 
C(332) 
C(333) 
(3334) 
C(335) 
C(336) 
C(341) 
C(342) 
C(343) 
C(344) 
C(345) 
C(346) 
B(1) 
B(2) 
B(3) 

4032 (3) 
4235 (3) 
4464 (3) 
4489 (3) 
4265 (3) 
3425 (3) 
3281 (3) 
2968 (3) 
2780 (4) 
2910 (4) 
3216 (3) 
3987 (3) 
4230 (3) 
4398 (3) 
4340 (4) 
4119 (5) 
3936 (4) 
2869 (3) 
3067 (3) 
2979 (3) 
2695 (4) 
2468 (3) 
2565 (3) 
3117 (3) 
2934 (3) 
3050 (3) 
3371 (3) 
3558 (3) 
3430 (3) 
2671 (3) 
2419 (3) 
2187 (4) 
2173 (3) 
2400 (4) 
2660 (3) 
3239 (3) 
3486 (3) 
3700 (3) 
3672 (3) 
3442 (4) 
3214 (4) 
551 (3) 
881 (4) 

1083 (4) 
933 (5) 
623 (5) 
433 (4) 
469 (3) 
610 (3) 
696 (3) 
635 (3) 
492 (3) 
429 (3) 
387 (3) 
189 (3) 
228 (4) 
494 (4) 
723 (4) 
664 (3) 
-37 (3) 

-263 (3) 
-568 (3) 
-676 (3) 
-461 (3) 
-138 (3) 
3792 (3) 
2984 (4) 
347 (4) 

277 (7) 
-337 (8) 
-597 (8) 
-270 (8) 
375 (9) 

1320 (8) 
567 (9) 
443 (11) 

1100 (13) 
1888 (12) 
1983 (10) 
2304 (8) 
2757 (9) 
3402 (8) 
3566 (8) 
3141 (10) 
2527 (10) 
1789 (7) 
1426 (8) 
782 (9) 
434 (7) 
731 (8) 

1384 (7) 
1988 (7) 
1728 (8) 
1215 (8) 
944 (8) 

1174 (8) 
1662 (8) 
3136 (7) 
3345 (8) 
3900 (9) 
4297 (9) 
4139 (8) 
3553 (8) 
3163 (7) 
3507 (7) 
4104 (10) 
4385 (9) 
4081 (9) 
3436 (8) 
2331 (8) 
2461 (8) 
3024 (10) 
3443 (9) 
3369 (9) 
2789 (8) 
1403 (6) 
1984 (7) 
1794 (8) 
1049 (8) 
436 (8) 
636 (8) 
764 (7) 
568 (8) 
-74 (9) 

-549 (8) 
-397 (8) 
273 (8) 

1820 (8) 
1196 (8) 
1427 (9) 
2263 (9) 
2830 (8) 
2652 (8) 
1482 (8) 
2505 (9) 
1567 (8) 

1048 (4) 
1088 (5) 
1514 (6) 
1881 (5) 
1811 (5) 
935 (4) 
811 (4) 
487 (5) 
247 (5) 
355 (6) 
678 (5) 

1257 (4) 
1613 (5) 
1549 (6) 
1142 (6) 
787 (6) 
835 (5) 

3311 (4) 
3170 (4) 
2880 (5) 
2723 (4) 
2854 (4) 
3146 (4) 
4157 (4) 
4341 (4) 
4721 (4) 
4932 (4) 
4770 (4) 
4378 (4) 
3621 (4) 
3205 (5) 
3137 (5) 
3462 (5) 
3868 (5) 
3952 (4) 
3679 (5) 
4057 (4) 
4063 (5) 
3622 (6) 
3271 (6) 
3275 (5) 
1619 (5) 
1755 (4) 
2077 (5) 
2236 (5) 
2161 (5) 
1829 (4) 
894 (4) 
737 (4) 
411 (5) 
192 (4) 
324 (4) 
685 (4) 

1562 (4) 
1736 (5) 
2025 (5) 
2194 (4) 
2066 (4) 
1741 (4) 
917 (4) 
122 (4) 
433 (5) 
318 (4) 
509 (4) 
827 (4) 

1352 (5) 
3709 (5) 
1242 (5) 

50 
70 
98 
78 
80 
60 
64 

102 
131 
129 
85 
57 
75 
94 

105 
127 
96 
53 
64 
82 
76 
76 
62 
46 
62 
72 
76 
73 
69 
52 
73 
93 
92 
87 
67 
69 
61 

100 
114 
106 
86 
72 
84 

114 
115 
113 
90 
46 
61 
76 
65 
70 
66 
53 
78 
94 
90 
83 
1 2  
62 
54 
82 
70 
66 
64 
42 
54 
56 

"Fixed at the position obtained by interpolation on the Fourier map with B = 10. A2. bPhenyl C atoms in BPh, ions are assigned symbols 
of the type C(ijk), where i is the same as for the corresponding B atom, j is the ring (1-4), and k identifies each ring atom (k = 1 for the C 
atom attached to B and the remaining ring carbons are numbered sequentially). 

acter, as expected for conjugated diolefins. The overall Fe(C0)3 and [Co(PMeJ3]+, which both have 14 electrons 
molecular geometry of this complex closely ressembles that in their valence shell. 
of the related iron tricarbonyl species,15 a result which Cation 2. In this case, the molecular structure is bas- 
could be expected on the basis of the analogy of fragments ically the same as in type 1 cations, with C0(2)-P(21) being 

U,, (U1 ,  + Uzz + U3, +2UI3 cos 6)/3. 
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(Trimethylphosphine)cobalt(l) Complexes Organometallics, Vol. 4 ,  No. 11, 1985 2025 

Table 11. Interatomic Distances (A) in the Ordered 
[CO(C,H,)(PM~~)~]+ Cation 1 

Co(l)-P(ll) 2.214 (4) C(2)-C(3) 1.48 (2) 
C0(l)-P(12) 2.229 (4) C(3)-C(4) 1.42 (2) 
c0(l)-P(13) 2.192 (5) P(ll)-C(20) 1.825 (13) 
CO(l)-C(l) 2.100 (14) P(ll)-C(21) 1.869 (14) 
Co(l)-C(2) 2.083 (16) P(ll)-C(22) 1.836 (17) 
co(l)-c(3) 2.031 (14) P(12)-C(23) 1.798 (17) 
c0(l)-c(4) 2.081 (13) P(12)-C(24) 1.839 (16) 
C0(l)-X(12)~ 1.963 P(12)-C(25) 1.813 (15) 
C0(l)-X(23)' 1.920 P(13)-C(26) 1.856 (17) 
Co(l)-X(34)' 1.930 P(13)-C(27) 1.836 (14) 
C(l)-C(2) 1.44 (2) P(13)-C(28) 1.889 (12) 

"X(ij) refers to the middle of the C(i)-C(i) bond in butadiene. 

Table 111. Bond Angles (deg) in the Ordered 
[ C O ( C ~ H ~ ) ( P M ~ , ) ~ ] +  Cation 1 

P(ll)-Co(l)-P(12) 94.7 (2) C0(1)-P(ll)-C(21) 122.8 (5) 
P(ll)-Co(l)-P(13) 100.8 (2) Co(l)-P(ll)-C(22) 115.3 (5) 
P(ll)-Co(l)-C(l) 88.6 (4) C(2O)-P(ll)-C(21) 98.3 (7) 
P(ll)-Co(l)-C(2) 92.2 (4) C(2O)-P(ll)-C(22) 107.9 (7) 
P(ll)-C0(l)-C(3) 127.6 (4) C(21)-P(ll)-C(22) 102.0 (7) 
P(ll)-C0(l)-C(4) 165.4 (4) Co(l)-P(12)-C(23) 118.8 (5) 
P(12)-Co(l)-P(13) 101.9 (2) Co(l)-P(12)-C(24) 116.4 (6) 
P(l2)-C0(l)-C(l) 158.5 (4) Co(l)-P(12)-C(25) 114.5 (5) 
P(12)-Co(l)-C(2) 118.2 (4) C(23)-P(12)-C(24) 98.6 (7) 
P(12)-Co(l)-C(3) 90.2 (4) C(23)-P(12)-C(25) 106.7 (7) 
P(12)-Co(l)-C(4) 93.8 (4) C(24)-P(12)-C(25) 99.0 (7) 
P(l3)-C0(l)-C(l) 98.3 (4) Co(l)-P(13)-C(26) 116.9 (6) 
P(13)-Co(l)-C(2) 136.7 (4) Co(l)-P(13)-C(27) 120.1 (5) 
P(13)-co(l)-C(3) 129.0 (4) Co(l)-P(13)-C(28) 115.5 (5) 
P(13)-Co(l)-C(4) 89.1 (4) C(26)-P(13)-C(27) 101.9 (7) 
C(l)-Co(l)-C(2) 40.4 (6) C(26)-P(13)-C(28) 98.0 (7) 
C(2)-Co(l)-C(3) 42.0 (6) C(27)-P(13)-C(28) 101.0 (6) 
C(3)-Co(l)-C(4) 40.4 (6) C(l)-C(2)-C(3) 111.0 (13) 
C0(l)-P(ll)-C(20) 114.1 (5) C(2)-C(3)-C(4) 118.1 (13) 

the apical bond of the approximate square pyramid (Figure 
3). However, the cation occupies the cavity in the BPh,- 
framework in two orientations related by by a -45" ro- 
tation about the apical bond. Although Co(2) was not 
found in two resolved locations, its positions in these two 
orientations undoubtedly differ appreciably, as suggested 
by the elongated thermal ellipsoid. The angles (Table IIIA, 
supplementary material) still correspond to a square 
pyramid. However, no great significance should be as- 
cribed to the differences in the Co-P bond lengths (Table 
IIA, supplementary material), since the individual positions 
of Co(2) are not known. Furthermore, the refined positions 
of P(22) and P(24) are probably affected by the proximity 
of C(8A) and C(8B) in the other image. Nevertheless, the 

C 

C78 C6 d C 3 9  

Figure 3. ORTEP drawings of the two disordered individuals for 
the cation of type 2. Ellipsoids correspond to 30% probability. 

connectivity is clearly established in both individuals and 
the structure closely resembles that of type 1 cations. 

Cation 3. For this cation, the disorder is of a different 
type (Figure 4). No image duplication was found for the 
C O ( P M ~ ~ ) ~  unit, but the atomic temperature factors were 
very high, which probably means that the fragment occu- 
pies two individual positions close together. Five regions 
of electron density around co(3) were assigned to C atoms 
of butadiene. In order to group them into individual C4 
units of reasonable geometry, it  had to be assumed that 
three of these positions were approximately coincident in 
both individuals, while one terminal carbon in each in- 
dividual would not be overlapping with an atomic site in 
the other individual. I t  was hoped that the evolution of 
the temperature factors during refinement would make it 
possible to identify the two half-carbon atoms. Unfortu- 
nately, all atoms refined with high temperature factors, 
probably because the positions common to both individuals 
are only approximately coincident. The two patterns 
shown in Figure 4 were assembled by inspection of the C-C 
distances and C-C-C angles, as well as the nonbonded 
contacts with the Co(PMeJ3 unit. 

Table IV. Comparison of the Geometry of d8 and d' Square-Pyramidal Complexes" 
[Co(CzPhz)- [Co(C&)- 

[Co(CNPh),]+ [Ni(CN)$- [Ni(CN)2P31b [ R u C & ( P P ~ ~ ) ~ ]  (PMe,),]+ (PMe&l+ FeCO(C4H& Fe(C0)3(C4H6) 
ref 11 ref 12  ref 13 ref 10 ref 2 this work ref 16 ref 15 

M-La, A 1.88 (3) (C) 2.17 (1) (C) 2.321 (2) (P) 2.230 (8) (P) 2.127 (2) (P) 2.192 (5) (P) 1.94 (2) (C) 1.74 (1) (CO) 
M-Lb 1.83 (2) (C) 1.86 (1) (C) 2.179 (2) (PI 2.393 (6) (P) 2.212 (2) (P) 2.221 (4) (P) 2.00 1.77 (1) (CO) 

(ad, A (mid II) 
1.856 (9) (C) 2.388 (7) (Cl) 1.851 (5) (C) 1.95 (mid 11) 1.97 

(mid 11) 

(av), (C, C) (C, C) (P, P) (P, P) P, C) mid II) mid II) 
deg 

Lb-M-Lb 156.5 (10) 159.5 (5) 161.2 (1) 156.4 (2) 136.9 (1) 147.5 (P, 144.8 (11, 11) 145.9 (C, 

140.4 (4) 157.2 (2) 137.8 (2) 138.4 (P, 
(C, C) (Cl, C1) (P, C) mid II) 

Lb-M-L, 101.9 (11) 100.2 (5) 104.6 (3) 101.3 (2) 105.1 (2) 107.3 107.6 106.0 
( 4 ,  
deg 

plane, 
deg 
'La = apical ligand; Lb = basal ligand. In the CIHB complexes, the middle of each double bond (mid 11) is used to define a corner of the basal plane. 

basal 0.37 0.34 0.49 0.46 0.47 0.60 0.61 0.50 

P = 5-Methyl- and 5-ethyl-5H-dibenzophosphole. 
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Scheme I 
H 

Figure 4. ORTEP drawings of the two disordered individuals for 
the cation of type 3. Ellipsoids correspond to 30% probability. 

A 
EC 

11 i io 6 l O i  i 6  I 0 2  L ' 5  bppm 

Figure 5. 31P{1HJ NMR spectra of CDZCl2/CH2Cl2 (1/1) solutions 
of [Co(q4-C4Hs)(PMe3),]BPh4 (I) at 183 K, [Co(q4-CgH8)- 
(PMe3I3]BPh,, (11) at 163 K, and [Co(q4-C6Hlo)(PMe3),]BPh4 (111) 
a t  183 K. 

Interestingly, the two isomeric forms of Figure 4 are 
related by a rotation of 120' of the butadiene ligand about 
the pseudo-threefold axis of the Co(PMe,), unit. Isomeric 
forms of this type have been proposed to explain the 
fluxional behavior of similar and the 
possibility that the [Co(s4-C4H,)(PMe,),]+ cation be 
fluxional in the crystal is not unrealistic. 

Additional Comments on the Structure.  The coor- 
dinated PMe3 molecules show the expected geometry in 
ordered cation 1, the P-C distances average 1.84 A, and 
the C-P-C angles (average 101.5") are significantly smaller 
than 109.5' as usual.2 Similarly, the BPh; ions show no 
unusual features. The B-C bond lengths average 1.64 A, 
and the usual pattern of internal angles is observed: C- 
(ortho)-C (B)-C( ortho) = 113.6', C(B)-C(ortho)-C(meta) 
= 123.7", others = 119.5". 

NMR Studies. The temperature-dependent NMR 
studies show that the three complexes are stereorigid at  
low temperature and become fluxional when the temper- 
ature increases. The NMR data are reported in Table V 
and on Figure 5. 

The 31P(1HJ NMR spectrum of I in CDzC12 a t  183 K 
(Figure 5 )  shows two broad resonances (Av = 18 Hz) in 1:2 

~~~ ~ 

(18) Kruczynski, L.; Takats, J. Inorg. Chem. 1976, 15, 3140-3147. 
(19) Van-Catledge, F. A,, Ittel, S. D.; Jesson, J. P. J. Organomet. 

Chem. 1979, 168, C25-C29; J. Am. Chem. SOC. 1979, 101, 3874-3884. 
(20) Albright, T. A.: Hofmann. P.: Hoffmann. R. J .  Am. Chem. SOC. 

1977, 99, 7546-7557. 

ratio at  11.2 and 10.6 ppm without fine structure. Thus, 
1 contains in solution two equivalent basal P b  and a unique 
apical P,. This is in agreement with the square-pyramidal 
structure observed in the solid state. The broadness of the 
signals precludes the observation of the P,Pb coupling 
constant, which is expected to be small in a square-py- 
ramidal d8 species.21 In the related Fe(q4-C4&)(PMe,Ph), 
complex, a JPap, value of 3 Hz has been reportedaZ2 
Complex I11 presents a similar AB, spectrum (Figure 5), 
but complex I1 shows a t  163 K an ABC spectrum char- 
acterized by a singlet (A) and a quadruplet (BC) in a 1:2 
ratio. The singlet at  10.4 ppm results from the resonance 
of the unique apical phosphorus, while the two basal P 
atoms display a BC spectrum (6(PB) 6.9; 6(Pc) 8.2; JpBpc 
= 60 Hz). Thus, the two basal phosphines are magnetically 
unequivalent at  low temperature in the isoprene complex, 
the only compound containing an unsymmetrical diene. 

In the low-temperature lH NMR spectra of the PMe3 
methyl groups, resonances in a 1:2 ratio are observed in 
the range 1.2-1.7 ppm for the apical and the basal PMe, 
ligands. The presence of a doublet for the apical methyl 
group is due to coupling with P, (JHp, = 8 Hz), whereas 
the basal methyl protons are present either as a pseudo- 
triplet (coupling with two basal P b )  or a broad singlet. The 
13C(lHJ NMR spectra (Figure 6 in supplementary material 
and Table V) also contains two sets of methyl signals for 
PMe, in the range 18-20 ppm for complexes I and 111: a 
triplet for the basal methyl groups coupled with the two 
basal Pb atoms (Jcp = 15 Hz) and a doublet for the apical 
methyl groups coupled with the apical Pa atom (Jcp, = 28 
Hz). However, complex I1 shows, besides the singlet at  20 
ppm corresponding to the isoprene methyl group, three 
doublets for the three magnetically unequivalent PMe, 
ligands. The doublet at  about 19.5 ppm (Jcp = 26 Hz) 
corresponds to the CH, groups of the apical PMe, ligand, 
which appears at  low field compared with the basal PMe, 
groups (Table V). The basal PMe3 are present as two 
doublets of doublets (6 18.2, Jcp = 21 Hz, Jcpp = 4 Hz, and 
6 17.1, Jcp = 20 Hz, Jcpp = 4 Hz) indicating long-range 
C-P-P coupling. 

Signals attributable to the protons of coordinated dienes 
(Scheme I) are observed as broad singlets between -0.4 and 
0.1 ppm for Hl/H4, 1.6 and 1.7 ppm for Hl'/H4', and 4.9 
and 5.4 ppm for H2/H3. Coupling constants with neigh- 
boring protons have been determined for the butadiene 
complex I by selective irradiation (Table V). Coupling of 
H1/H4 (inner hydrogens) with phosphorus is also appar- 
ent. The 13C{1H] NMR spectra show the magnetic equiv- 
alence of the terminal C1 and C4 carbons (with sp2 hy- 
bridization) in the three complexes a t  low temperature, 
together with their coupling with the phosphorus atoms. 
This coupling undoubtedly occurs through the cobalt 
center, thus indicating the presence of a Cl(C4)-Co-P 
interaction. This type of 'H and 13C coupling pattern has 
been observed for several cis-butadiene complexes of 
transition metals, and it is consistent with a normal ?r 

interaction. The X-ray work also points to this same 

(21) DuBois, D. L.; Meek, D. W. Inorg. Chem. 1976, 15, 3076-3083. 
(22) Komiya, S.; Minato, H.; Ikariya, T.; Yamamoto, T.; Yamamoto, 

A. J. Organomet. Chem. 1983, 254, 83-88. 
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Table V. 'H, I3C, and 31P NMR Data (ppm)" 
[CO(~~-C~H~)(PM~,)~]BP~~ (I) 'H 

'H 

293 K 0.1 (br) H1, H4; 1.6, 1.8 (br) PMe,; 1.9 (br) Hl', H4'; 5.6 (br) H2, H3; 6.2 (t), 7.1 (t), 
7.5 (br) BPh4 

187 K 0.1 (br) H1, H4; 1.4 (m), 1.66 (d, JPH = 8 Hz) PMe,; 1.7 (br) Hl', H4'; 5.4 (br) H2, H3; 
JHL-H~, = 2 Hz; J H 1 - H Z  = 7 Hz; JH~,-H~ = 4 Hz; JHZ-H~ = 2 Hz; 6.8 (t), 6.9 (t), 7.3 (br) 
BPh4 

(m, JcH = 158 Hz) C1, C4; 89 (s, JcH = 172 Hz) C2, C3; 121, 125,135 (JCH = 156 
Hz), 164 (4, JCB = 49 Hz) BPh4 

223 K 18.6 (t, Jcp = 15 Hz; Jcpp = 4 Hz) CH3 basal; 20.3 (d, Jcp = 28 Hz) CH3 apical; 40.4 

31P{1H) 183 K 10.6 (br) 2Pb; 11.2 (br) Pa 
[CO(~~-C~H,)(PM~~)~JBP~~ (11) 'H 

'H 

298 K -0.3 (br), -0.2 (br) H1, H4; 1.3, 1.5 (br) PMe,; 1.7 (br) Hl', H4'; 2.1 (s) CH3; 4.9 (m), 

183 K -0.4 (d, JH4-H3 = 8 Hz) H4; -0.3 (s) H1; 1.2 (m), 1.5 (d, J p H  = 8 Hz) PMe3; 1.6 (br) Hl', 
H3; 6.8 (t), 7.0 (t), 7.3 (br) BPh4 

H4'; 2.5 (8 )  CH,; 4.9 (br) H,; 6.9 (t), 7.0 (t), 7.2 (br) BPh4 
13C 299 K 19.7 (br) PMe,; 21 (4, J C H  = 127 Hz) C5; 40.5 (t, JCH = 150 Hz) C4; 41.4 (t, JCH = 157 

Hz) C1; 89 (d, Jrw = 170 Hz) C3; 104.6 ( 8 )  C2; 122,126, 136 (JCH = 157 Hz), 164 __. 
(JcB = 50 Hz) BPh, 

CH3 basal; 19.5 (d, Jcp = 26 Hz) CH, apical; 20.0 (s) C5 (CH3 isoprene); 39.5 (m) C1, 
13C(lH) 193 K 17.1 (dd, Jcp = 20 Hz, Jcpp = 4 Hz) CH3 basal; 18.2 (dd, J c p  = 21 Hz, Jcpp = 4 Hz) 

C4; 87.5 ( 8 )  C3; 102.5 (8) C2; 120.6, 124, 134, 162 BPh, 
31P(1H] 298 K 3.9 (br) 2Pb; 6.7 (br) Pa 

163 K 6.9, 8.2 (q, Jp -pb = 60 Hz) PMe3 basal; 10.4 (s), PMe3 apical 
298 K -0.4 (br) H1, kI4; 1.3 (br) PMe3 basal; 1.5 (br) PMe, apical; 1.6 (br) Hl', H4'; 2.0 CH3; 

183 K -0.5 (d, JHp = 16 Hz); 1.2 (br) PMe, basal; 1.45 (d, JHP = 7 Hz) PMe3 apical; 1.55 (br) 

[CO(~~-C~H~~)(PM~,)~]BP~~ (111) 'H 

'H 
6.9 (t), 7.0 (t), 7.3 (br) BPh, 

Hl', H4'; 2.0 (s), CH3; 6.9 (t), 7.0 (6), 7.2 (br) BPh4 
13C 299 K 19.3 (9, J C H  = 127 Hz) C5, C6; 20.0 (4, JCH = 127 Hz) PMe,; 43.3 (t, JCH = 153 Hz) C1, 

C4; 102 (5) C2, C3; 121.8, 125.7, 136 (d, JCH = 155 Hz), 164 (q, Jce = 50 Hz) BPh4 

(9) C2, C3; 121.4, 125.3, 134.8 (s), 163 (9, JCB = 50 Hz) BPh4 
13C(lH) 193 K 18.9 (m), C5, C6, PMe3 basal; 19.7 (d, Jcp = 27 Hz) PMe, apical; 42.8 (s), C1, C4; 100.6 

31P(1H) 298 K 1.7 (br) 2Pb; 7.6 (br) Pa 
183 K 4.5 (8) 2Pb; 10.2 (s) Pa 

"s = singlet, d = doublet, t = triplet, q = quadruplet, br = broad, m = multiplet. 

Scheme I1 

conclusion, since no special shortening of the Co-Cl(C4) 
distance is apparent. 

When the temperature is raised the sharp 31P(1H} signals 
for Pa and P b  of I and I11 gradually broaden, indicating 
an exchange between the two sites. The broadness of the 
spectra a t  room temperature indicates that the coalescence 
has not yet been reached. We have not further investi- 
gated this behavior since in Co complexes, the broadening 
of the 31P NMR signal occurring at  room temperature is 
due not only to coalescence but also to the 31P-59Co 
spin-spin interaction resulting from the quadrupolar 
moment of the Co n u c l e ~ s . ~ ~ ~ ~ ~  

Figure 7 (supplementary material) shows the tempera- 
ture dependence of the 31P(1H} NMR spectrum of complex 
11. The simplest mechanism, which implies simultaneous 
exchange between the three P sites, is shown in Scheme 
11. It is in agreement with the mechanism previously 
reported for M(q4-C4H6)L3 complexes and is supported 
here by the X-ray structure determination of I. 

Conclusion 

X-ray and NMR experiments show that the present 
cobalt complexes are conventional q4-diene species and not 
polydendate q3-allyl compounds with a-CH2 ligand-cobalt 

(23) Jesson, J. P.; Meakin, P. J .  Am. Chem. SOC. 1974,96,576&5774. 
(24) Fellmann, J. D.; Garrou, P. E.; Whithers, H. P.; Seyferth, D.; 

Trdicante, D. D. Organometallics 1983,2, 818-825. 

interaction, which could in principle result from internal 
oxidative addition of the diene to the electron-rich Co(1) 
complex containing only a-donor PMe3 ligands. Com- 
parison with the related d8 ML3 (butadiene) complexes (M 
= Fe, Co; L = CO, PR3, P(OR),) shows a very similar 
geometry and stereochemistry for all the complexes. 

The X-ray work on [ C O ( ~ ~ - C ~ H , ) ( P M ~ ~ ) ~ ] B P ~ ~  shows 
that the BPh4- anions create a framework in which large 
cavities accommodate the square-pyramidal [CO(T~- 
C4H,) (PMe3)3]+ cations. In one-third of these cavities, the 
cation is ordered. In a second set of cavities, two isomeric 
square-pyramidal forms are trapped, which are related by 
a rotation of 120' of the butadiene ligand about the pseudo 
C3 axis of the Co(PMe,), fragment. This result ( i )  gives 
support to the pathway proposed to explain the fluxional 
behavior of these species and (ii) suggests that the cation 
could also be fluxional in the crystal. 

We are currently investigating the chemical reactivity 
of these complexes. 
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interatomic distances (Table IIA) and bond angles (Table IIIA) 
in the disordered [ c ~ ( s ~ - c * f I ~ ) ( P M e ~ ) ~ ] +  cations, refined tem- 
perature factors (Table VI): calculated coordinates of the hy- 
drogens atoms of the phenyl rings (Table VII), geometry of the 

BPh; ions (Table VIII), weighted least-squares planes (Table IX), 
and observed and calculated structure factor amplitudes (Table 
X) (65 pages). Ordering information is given on any current 
masthead page. 

Triptycene T Complexes. Molecular Structures of 

Roman A. Gancarz,''pb John F. Blount,'c and Kurt Mislow''a 

Department, Hoffmann-La Roche, Inc., Nutley, New Jersey 071 10 
Department of Chemistry, Princeton University, Princeton, New Jersey 08544, and Chemical Research 

Received March 5, 1985 

T h e  crystal and molecular structures of tricarbonyl($-triptycene)chromium (1) and nonacarbonyl- 
($-triptycene)tetracobalt (2) have been determined. Crystals of 1 are monoclinic, space group E 1 / c  (no. 
14), with a = 13.590 (1) A, b = 13.403 (3) 8, c = 10.286 (1) A, p = 109.18 ( l )" ,  and 2 = 4. Crystals of 2 
are monoclinic, space group C2/c (no. 15), with a = 31.033 (6) A, b = 14.467 (1) A, c = 12.183 (1) A, /3 = 
93.03 (l)", and 2 = 8. Deformations in the molecular structures are consistent with the operation of a 
steric effect involving nonbonded repulsion between one of the triptycene rings and the Cr(C0)3 and C O ~ ( C O ) ~  
tripods. Because of the greater steric demand of Co4(CO)g, the observed effect is markedly more pronounced 
in 2 than in 1. 

Transi t ion-metal  ir complexes of bulky arenes exhibit  
stereochemical features of exceptional interest; examples 
are  the  conformational variability in chromium complexes 
of hexaethylbenzene2 and restricted rotat ion about the 
arene-metal bond in  a ru then ium complex of l,.l-di-tert- 
b u t y l b e n ~ e n e . ~  Some years ago, Pohl and Willeford4 
suggested the possibility of restricted rotat ion about the 
benzene-chromium bond in tricarbonyl($-triptyceneb 
chromium (1) but noted that the barrier to rotation "could 
be reduced considerably,  e i ther  b y  a tilting of the tri- 
carbonylchromium with respect to the plane of the ring 
to which i t  is bonded, or by  significant distortion of t h e  
tr iptycene molecule itself'. The present work was un- 
dertaken i n  order to  determine whether  such distortions 
have a significant effect on the ground-state s t ructure  of 
l.5 In addi t ion we also determined the structure  of no- 
nacarbonyl(@-triptycene) te t racobal t  (2), a compound in 
which t h e  deformations described by  Pohl and Willeford 
a re  expected to be  substantially more severe. Prior to t h e  
present work, n o  X-ray structures of t r iptycene ir com- 
plexes had been reported.  

Experimental Section 
Infrared spectra were recorded on a FTS-2OC Digilab FT-IR 

spectrometer. lH NMR spectra were recorded on a Bruker WM 
250 spectrometer. All reported chemical shifts are reported in 
parts per million downfield relative to tetramethylsilane. Reagents 
were obtained fr& Strem Chemicals (dicobalt octacarbonyl and 
chromium hexacarbonyl) and Aldrich (triptycene). Hexane, 

(1) (a) Princeton University. (b) On leave of absence from the Tech- 
nical University, Wroolfiw, Poland. (c) Hoffman-La Roche, Inc. 

(2) (a) Hunter, G.; Iverson, D. J.; Mislow, K.; Blount, J. F. J .  Am. 
Chem. SOC. 1980,102,5942. (b) Iverson, D. J.; Hunter, G.; Blount, J. F.; 
Damewood, J. R., Jr.; Mislow, K. Ibid. 1981, 103, 6073. (c) Hunter, G.; 
Blount, J. F.; Damewood, J. R., Jr.; Iverson, D. J.; Mislow, K. Organo- 
metallics 1982, 1, 448. (d) Hunter, G.; Wadsworth, W. S., Jr.; Mislow, 
K. Ibid.  1982, 1, 968. (e) Blount, J. F.; Hunter, G.; Mislow, K. J.  Chem. 
Soc., Chem. Commun. 1984, 170. 

(3) Pomeroy, R. K.; Harrison, D. J. J .  Chem. SOC., Chem. Commun. 
1980, 661. 

(4) Pohl, R. L.; Willeford, B. R. J. Organomet. Chem. 1970,23, C45. 
(5) Professor Willeford kindly encouraged us to proceed with this work 

since his own intended X-ray study of l4 had failed to materialize 
(Willeford, B. R., private communication). 

pentane, and benzene were distilled from sodium-benzophenone 
and purged with argon before reaction. All reactions were carried 
out in an inert (argon) atmosphere. 
Tricarbonyl(q6-triptycene)chromium (1) was prepared as 

described previ~us ly .~  The product was purified by column 
chromatography on neutral alumina, eluting first with hexane, 
to remove triptycene, and then with benzene. Crystals suitable 
for X-ray analysis were grown by layering a concentrated solution 
of 1 in benzene with an equal volume of hexane and allowing the 
solutions to diffuse slowly in the dark at rmm temperature: yellow 
crystals; mp 232-236 "C dec (lite4 mp 235-236 "C dec; lit.6 mp 
237 "C dec); IR (cyclohexane) 1975 (s), 1913 (s) cm-' (lit.4 1975, 
1910 cm-l; lit.6 1974, 1906 cm-'). The 'H NMR spectrum (CDC13, 
ambient temperature) featured an apparent singlet, corresponding 
to the aliphatic bridgehead protons (6 5.14 (2 H)), and three pairs 
of multiplets, corresponding to the A A  and BB' portions of the 
aromatic protons in each of the three rings (and identified as such 
by decoupling experiments): set 1 (6 5.04-5.10 (2 H) and 5.66-5.73 
(2 H)), set 2 (6 6.97-7.04 (2 H) and 7.31-7.37 (2 H)), and set 3 
(6 7.07-7.15 (2 H) and 7.37-7.42 (2 H). Pohl and Willeford4 report 
a bridgehead singlet a t  6 5.18 and two "A2B2 patterns" centered 
at 6 5.40 and 7.28. Moser and Rausch6 report a bridgehead singlet 
at 6 5.10, a multiplet for the aromatic protons of the complexed 
ring centered at 6 5.30, and a multiplet for the aromatic protons 
of the two uncomplexed rings centered a t  6 7.15. 
Nonacarbonyl(q6-triptycene)tetracobalt (2). A solution of 

triptycene (0.51 g, 2 mmol) and tetracobalt dodecacarbonyl (0.57 
g, 1 mmol) in a mixture of dodecane (1.5 mL) and dioxane (1.5 
mL) was heated for 8 min a t  125-130 "C while a slow stream of 
argon was maintained through the solution. The solution was 
cooled, diluted with pentane (10 mL), and chromatographed on 
Florisil. Elution of the unreacted C O ~ ( C O ) ~ ~  with hexane (violet 
band) was followed by elution with 1:l v/v hexane-benzene and 
benzene to recover the desired product (green band). The eluate 
was evaporated, and the residue (0.7-2.1 mg, 0.1-0.3% yield) was 
dissolved in pentane. Crystals suitable for X-ray analysis were 
obtained by cooling the pentane solution (containing, if necessary, 
a small amount of benzene to increase the solubility). The greenish 
black crystals decompose above 180 OC: IR (cyclohexane) 2068 
(m), 2049 (w), 2025 (s), 2004 (m), 1990 (s), 1892 (s), 1885 (s), 1841 
(s), 1826 (s). The 'H NMR spectrum (CDCI,, ambient temper- 
ature) featured an apparent singlet, corresponding to the aliphatic 

(6) Moser, G. A.; Rausch, M. D. Synth. React. Inorg. Met.-Org. Chem. 
1974, 4, 37. 
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