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Abstract: A series of complexes of the type (n-Bu3P)Co(DH)2(5R-tetrazolate) (DH is the monoanion of dimethylglyoxime; 
R = CF3, CH3, CsHs, C6HsCH2, (CH3)2N, 4-FCtjH4, and 3-FCtjH4) have been prepared and characterized by conductance 
studies, elemental analyses, and 'H, '3C(1H], 31P{1H1, and I9F N M R  spectroscopy. Quantum-mechanical calculations 
( M I N D 0 / 3 )  indicate that the N I  nitrogens of the aromatic tetrazolate anion are slightly more nucleophilic than the N2, yet 
in each complex the ambidentate tetrazolate anion is coordinated to cobalt via the N2 nitrogen, showing that regiospecific coor- 
dination is sterically induced. This is in marked contrast to tetrazole complexes of platinum and palladium wherein both N I  
and N2 bound tetrazoles are found in approximately equal abundances. These cobalt complexes react with alkyl halides such 
as CH31 and C6HsCH2Br to produce exclusively 1,5-disubstituted tetrazoles. None of the isomeric 2,5-disubstituted tetrazole 
is detected in these reactions in marked contrast to the reactions of sodium tetrazolates or gold, palladium, or platinum tetrazo- 
late complexes with alkyl halides which produce mixtures of the 1,5- and 2,5-disubstituted tetrazoles. The crystal structure of 
n-Bu3PCo(DH)2(S-CF3-tetrazolate) was determined using three-dimensional X-ray diffraction techniques. The molecule 
crystallizes in the orthorhombic space group Pbca in a unit cell of dimensions a = 12.040 (2) A, b = 21.53 1 (3) A, c = 23.536 
(4) A, pcdlcd  ,= 1.368 g/cm3, &,bsd = 1.374 g/cm3. Refinement converged to 5.4% with 2525 independent reflections. The'tetra- 
zolato ring I S  coordinated to cobalt via N2 and is planar. The Co-P bond (2.263 A) is one of the shortest observed in 
LCo(DH)2X structures. The acute dihedral angle between the planes of the two glyoximato groups (10.4') is among the larg- 
est dihedral angles observed in structures of this type. Surprisingly, the tetrazolato ring does not lie in the fold of the two glyoxi- 
mato rings bu t  is nearly normal to it. Thus, the regiospecificity of the alkylations of the coordinated tetrazolate with alkyl ha- 
lides is sterically promoted. 

Introduction 
The anion that results when a 5-substituted tetrazole's 

tautomeric ring proton is attacked by a base has been found 
to possess two bonding modes ( N I  vs. N2) that are virtually 
energetically equivaIent.2 

R R R 

Tetrazale r i n g  numbering scheme 

Consequently, linkage isomers have been reported in solu- 
tions of 5-substituted tetrazolato ions coordinated to any of a 
number of transition-metal  center^.^^^ Treatment of this type 
of anion either as a sodium salt or a transition-metal complex 
with alkylating agents always produces mixtures of 1,5- and 
2,s-disubstituted t e t r a z o l e ~ ~ ~ ~ - ~  in relative amounts that are 
affected by the electronegativity and size of the 5 substitu- 
ent.6%1 I The family of tetrazoles is economically important 
because of the many practical applications of both a biologi- 
cal 13-20 and nonbiologica12' nature found for its members. For 
disubstituted tetrazoles, a major subclass with mainly me- 
dicinal and pharmacological applications, activity is usually 
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isomer dependent and requires separation procedures that may 
be difficult and costly. This is particularly true if the 1,s isomer 
is the active 0ne13316917 because steric restrictions generally 
cause it to be formed in lower yield5-I2 than the 2,s isomer. 
Thus far no successful method has been found for directly or 
indirectly producing the 1,s isomer as the exclusive product. 
Blocking of the N2 position by a tert-butyl group has been 
attempted but the Nl position was also attacked even when the 
5 substituent was relatively bulky.22,Kozima et al.8 did obtain 
high selectivity in formation of the 1,s isomer by blocking the 
2 position with tri-n-butyltin prior to alkylation but the 2,s 
isomer was still formed in about a 10% average yield. 

Marzilli et al.23 prepared complexes of the type PBu3- 
Co(DH)2pur, where pur is the anion of a purine-type base such 
as xanthine, and showed that the heterocyclic base was re- 
giospecifically coordinated at the least hindered of two possible 
nitrogen bonding sites. Alkylation of the xanthine complex 
cleaved the heterocycle to yield an alkylated purine and hal- 
ocobaloxime according to the equation 

PBu&o(DH)2pur + RX - PBu3Co(DH)2X + R-pur (1) 

Identification of the alkylated ring site led to a deduction of 
the bonding mode in the purine complexes. The similarities in 
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electronic and structural properties of the tetrazole and purine 
families suggested the possibility of formation and alkylation 
of tetrazole cobaloxime complexes. Bending of the rigid di- 
methylglyoxime in the direction of the axial ligand trans to it 
may force coordination to occur exclusively a t  one of the two 
possible bonding sites. To investigate this possibility and that 
of subsequent alkylation of the complexes we prepared a series 
of complexes of the form PBu3Co(DH)25-R-tetrazolate where 
R = CH3, CF3, CHlChH5, C6H5, 3-FCsH4,4-FChH4, and 
N(CH3)2. This series of tetrazoles includes 5 substituents 
which are both large and small, electron withdrawing and re- 
leasing. The complex of 5-(N,N-dimethylamino)tetrazolate 
has a third possible binding site, the exocyclic amine ni- 
trogen. 

The complexes are well suited to characterization by N M R  
and a complete analysis of the IH, I3C, I9F, and 31P N M R  
spectra is given. Each of these nuclei is expected to reveal 
whether or not a single binding site was utilized by a given te- 
trazole. Identification of the regiospecific binding site is pos- 
sible directly from the I3C and ' H  N M R  spectra of complexes 
which have aromatic 5 substituents. These tetrazoles fall into 
the special class of heterocyclic biaryls. Many members of this 
class exhibit characteristic shieldings in the aromatic region 
of their lH24-26 and I3C NMR2' spectra which are isomer 
dependent. Interpretation of these spectra not only has the 
potential of identifying the coordination site, but, because the 
shielding effects have been shown to be additive,24 the chem- 
ical-shift assignments in the aromatic region may be predicted. 
Other cases where the mode of coordination of a heterocyclic 
ligand was determined on the basis of this phenomenon are 
rare.8*28 Thus, this series of compounds provides an opportunity 
to further investigate these potentially useful additivity rela- 
tionships and their utility in deducing the binding site of am- 
bidentate heterocyclic biaryls. Thus, it should be possible to 
compare the relative abilities of I3C and IH N M R  to predict 
chemical shifts in systems where this phenomenon is thought 
to occur. 

In  addition, relatively little is known about factors affecting 
63'P, nJ(31P-'3C,), and 6I3C, of coordinated organophos- 
phines, and the trends exhibited by these parameters in the 
series of tetrazole complexes allow an evaluation of their rel- 
ative sensitivity and significance in systems of this type. 

Akylation of the complexes should reveal indirectly, as was 
found with Marzilli's purine complexes, through which ni- 
trogen the tetrazole was coordinated and whether alkylation 
of the free or coordinated ligand occurred. Moreover, it was 
hoped that this type of reaction could be developed into a 
high-yield synthetic procedure for the exclusive preparation 
of 1,5-disubstituted tetrazoles. This hope was only partially 
realized. Alkylation of the coordinated tetrazole does proceed 
in high yield with the exclusive formation of 1,5-disubstituted 
tetrazoles. But, because the solubility properties of Bu3P- 
Co(DH)2X and 1,5-disubstituted tetrazoles are very similar, 
their separation is difficult. Consequently this procedure does 
not yet show great synthetic promise. Results of an X-ray 
crystal structure of one of the 5-alkyltetrazole complexes, viz., 
n-Bu3PCo(DH)S-CF tetrazolate, confirmed the validity of the 
deductions based on alkylation and spectroscopic results. 

Experimental Section 
Materials. Commercially available solvents, ligands, metal salts, 

etc., were reagent grade and used without further purification if they 
contained no spectroscopically detectable contaminants. Otherwise 
they were purified by standard  technique^.^^ 

Preparation of Compounds. A. 5-Substituted Tetrazoles. 5-Meth- 
y l t e t r a ~ o l e , ~ ~  5-benzyltetrazole,6 5-phenyl te t ra~oIe ,~~ S-trifluoro- 
methyl te t ra~ole ,~ '  and 5-(N.N-dimethylamino)tetrazole9 were pre- 
pared by published methods. 5-(4-Fluorophenyl)tetrazole and 5- 
(3-fluorophenyl) tetrazole were synthesized by treating the appropriate 

substituted benzonitriles with trimethylammonium azide as described 
by Finnegan, Henry, and L o f q ~ i s t . ~ ~  

B. Disubstituted Tetrazoles. 1 - and 2-benzyl-5-phenyltetrazole6 and 
1- and 2-methyl-5-phenyItetra~ole~~ were prepared and separated by 
literature methods. l-Methyl-5-(3- and 4-fluorophenyl)tetrazoles were 
synthesized from m- and p - f l ~ o r o b e n z a m i d e s , ~ ~  phosphorus penta- 
chloride, and hydrazoic acid following the procedure of Roberts, 
Fanta, and Martin.35 After crystallization from benzene, the com- 
pounds were purified further by chromatography on silica gel (eluant 
was chloroform) followed by sublimation. 

The infrared spectrum (CHC13) of 1 -methyl-5-(3-fluorophen- 
y1)tetrazole showed principal peaks a t  1595, 1480, 1450 (shoulder), 
1295, and 880 cm-l and its IH N M R  spectrum (CDCI3) consisted 
of a singlet (3 H)  at 6 4.23 and a very broad, complex multiplet (4 H) 
at 6 7.0-7.7. 

The infrared spectrum (CHCI,) of l-methyl-5-(4-fluorophen- 
y1)tetrazole showed principal peaks at 161 5, 1485, and 847 cm-I, and 
its IH N M R  spectrum (CDC13) consisted of a singlet (3 H)  at 6 4.20 
and two very broad, unsymmetrical multiplets (2 H apiece), one 
centered a t  6 7.8 and the other at 6 7.28. 

The 2-methyl-5-(3- and 4-fluorophenyl)tetrazoles were obtained 
by treating the sodium salt of 5-(3- or 4-fluorophenyl)tetrazoles with 
dimethyl sulfate in water. The resulting mixture of 1- and 2-methyl 
isomers was separated by chromatography on silica gel; the 2 isomers 
were eluted with benzene and the 1 isomers with chloroform. The 
relative amounts of the isomers in both cases were one part 1 -methyl 
isomer to about four parts of the 2 isomer; the total yield of the two 
isomers was 80-90% of theory. 

The infrared spectrum of 2-methyl-5-(3-fluorophenyl)tetrazole 
showed principal peaks at 1580, 1510, 1470 (shoulder), 1450, and 880 
cm-I, and its IH N M R  spectrum consisted of a singlet (3 H)  a t  6 4.40 
and a very broad, unsymmetrical multiplet (4 H)  at 6 7.7. 

The infrared spectrum (CHC13) of 2-methyl-5-(4-fluorophen- 
y1)tetrazole showed principal peaks a t  161 5 (shoulder), 1600, 1455, 
1155, 1095, and 844 cm-I, and its IH N M R  spectrum consisted of 
a singlet (3 H)  a t  6 4.40 and two unsymmetrical multiplets (2 H a- 
piece) centered at 6 8.1 and 7.13. 

C. Sodium Salts of the 5-Monosubstituted Tetrazoles. These could 
be easily obtained by dissolving equimolar amounts of the neutral 
tetrazole and NaOH in warm water and evaporating the solvent. 

D. PBu3Co(DH)zCI. This complex, a convenient starting material 
for all of the analogous tetrazole complexes, was prepared in two steps 
from CoC12.6H20 as described by M a r ~ i l l i ~ ~  or by base exchange with 
P ( C ~ H ~ ) ~ C O ( D H ) ~ C ~ , ~ ~  the latter compound being prepared by the 
same two-step route as the PBu3 analogue. Experience showed that 
the conditions used in the base exchange route were less prone to result 
in contamination by ion pairs of the type [ L ~ C O -  
( D H ) ~ I + [ C O ( D H ) ~ C ~ ~ I - .  

E. LCo(DH)zCI. Eleven other complexes of this type were prepared 
by base exchange with P ( C ~ H ~ ) ~ C O ( D H ) ~ C ~ ~ ~  in ethanol including 
L = imidazole, 1 methylimidazole, 2-methylimidazole, 4-methyl- 
imidazole, pyridine, aniline, (CH30)3P, ( C H ~ ) ~ P C ~ H S ,  
C H ~ P ( C ~ H ~ ) Z ,  @-ClC6H4)3P. and @-CH3C&)3P. The complexes 
other than the imidazole complexes have been previously reported.27 
The yields, colors, and IH N M R  spectral data for the new complexes 
are as follows. L = imidazole: brown powder, 95% yield; ' H  N M R  
(MezSO-d6) 6 6.4-7.2 (m, 4 H ,  Im), 2.27 (s, 12 H,  (DH)2). L = 1- 
methylimidazole: brown crystals, 63% yield; ' H  N M R  (CDC13) 6 
6.6-7.2 (m,  3 H ,  Im),  3.57 ( s ,3  H,ImCH3),2.35 (s, 12 H,(DH)2).  
L = 2-methylimidazole: brown powder, 91% yield; IH N M R  (CDC13) 
6 6.6-6.8 (m, 3 H,  Im), 2.29 (s, 12 H,(DH)2), 2.18 (s, 3 H,  ImCH3). 
L = 4-methylimidazole: brown powder, 90% yield; IH N M R  (CDC13) 
6 6.1-7.0 (m, 3 H,  Im), 2.28 (s, 12 H,  (DH)2), 2.01 (s, 3 H,  
ImCH3). 

F. PBu3Co(DHh(5-R-tetrazolate). The series of tetrazole complexes 
was prepared by anionic metatheses of P B U ~ C O ( D H ) ~ C I . ~ ~  A repre- 
sentative procedure went as  follows: 1.5 g of PBu3Co(DH)2CI (3 
mmol) was dissolved with stirring and gentle heating in 25 mL of 80% 
CH3OH. A second solution containing 3 mmol of Na+ 5-R-tetrazolate 
dissolved in 5 mL of warm H2O was added dropwise to the first. The 
resulting solution was heated for about 30 min before more water was 
added in an amount that depended on the solubility of the product. 
The addition of water induced crystallization in each case except for 
the 5-benzyltetrazolate complex. The solutions containing crystals 
were refrigerated overnight, filtered with suction, washed with H20,  
and air dried. Addition of 50 mL of H 2 0  to the solution of 5-benzyl- 
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Table 1. Physical Properties and Chemical Analyses of the [PBu3Co(DH)2-5-R-tetrazolate] Complexes0 
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empirical calcd, % found,d % dec point % 
R description (e), " C b  yield' formula C H C H 

CH3 yellow powder 180 48 C22H44CoNg04Pe 46.02 7.66 45.79 7.77 
CF3 brown plates 215 85 C Z Z H ~ I C O F ~ N ~ O ~ P  42.04 6.58 42.18 6.59 
C6H5CH2 gold crystals 150 65 CzxH48CoNx04P 51.69 7.44 51.75 7.60 
C6H5 brown crystals 185 97 C27H46CON804P 50.94 7.28 51.11 7.36 
3-F-C&4 brown crystals 181 85 C ~ ~ H ~ ~ C O F N ~ O ~ P  49.54 6.93 49.26 7.24 
4-F-C& brown crystals 200 90 C ~ ~ H ~ ~ C O F N ~ O ~ P  49.54 6.93 49.65 7.12 
(CH3)zN yellow powder 180 90 C23H47CoN904Pf 45.80 7.79 45.78 7.87 

Throughout the remainder of this paper the complexes will be abbreviated as follows: R = CH3, [Me]; R = CF3, [CF3]; R = C6H5CH2, 
Decomposition points are uncorrected. The 

Chemical analyses were performed by Chemalytics, 
[Bzl]; R = C6H5, [Ph]; R = 3-F-CsH4, [3F]; R = 4-F-CsH4, [4F]; R = (CH&N, [DMA]. 
yield is based upon the weight of (PBu,)Co(DH)2CI used in the compound preparation. 
Inc., Tempe, Ariz. e N: calcd, 19.51; found, 19.24. P: calcd, 5.39; found, 5.39. fN: calcd, 20.89; found, 20.86. P: calcd, 5.13; found, 5.40. 

Table 11. Crystal Data 

formula: C Z ~ H ~ ~ C O F ~ N ~ O ~ P  
mol wt 628.6 
space group Pbca 
systematic absences 

Okl ( k  = 2n + 1)  
hOl ( I  = 2n + 1) 
hkO ( h  = 2n + 1) 
hOO ( h  = 2n + 1) 
OkO ( k  = 2n + I )  
001 ( 1  = 2n + 1'1 

a = 12.040 (2) 8, 
b = 21.531 (3) 8, 
c = 23.536 (4) 8, 
V =  6106.3 (1.8) A3 
dcalcd = 1.368 g Cm-3 
dmeasd = 1.374 (8) g Cm-3 
Z = 8  
p = 6.99 cm-l 
F(000) = 11 56 

tetrazolate complex resulted in an oil which, upon cooling, sank to the 
bottom of the flask in a viscous, even layer. After several hours, traces 
of crystals could be seen which had formed from the top of the viscous 
mass. A small amount of these crystals was collected as the liquid was 
decanted through filter paper. The solid mass was dissolved in the 
minimum volume of a 90% DMF-IO% H2O solution and heated to 
45 "C. Addition of water to the warm, filtered solution created an oil. 
Just enough 95% ethanol to dissolve the oil was added and then the 
solution was allowed to slowly evaporate. Seeding of the reduced so- 
lution followed by cooling resulted i n  glittering gold crystals. The 
product was isolated in essentially the same manner used with the 
other complexes. The complexes were usually pure enough to preclude 
recrysta4lization but each of them can be recrystallized from warm 
DMF-H20 mixtures. Table I contains the physical properties, 
chemical analysis of each tetrazole complex, and the abbreviation 
scheme used throughout the remainder of this paper. 

G .  Attempted Preparation of Other LCo(DH)2(5-R-tetrazolate) 
Complexes. Following a procedure similar to that given in F above, 
the LCo(DH)zCI [L = I-methylimidazole, 2-methylimidazole, 4- 
methylimidazole, pyridine, aniline, (CH30)3P, ( C H ~ ) Z P C ~ H ~ ,  
C H ~ P ( C ~ H S ) Z ,  P(C6H5)3, kJ-C1C6H4)3P3 and kJ-CH3C6H4)d'I 
complexes were each reacted with each of the Na+  5-R-tetrazolates 
in 80% CH30H.  I n  most cases decomposition occurred. Only four 
tetrazole complexes were isolated. PyCo(DH)2(5-C6Hstet): brown 
crystals, 88% yield; IH N M R  (CDCI3) 6 7.2-8.6 (m, 5 H ,  py), 
7.1-8.0 (m, 5 H, tetC&), 2.37 (s, 12 H, (DH)2). CH3P- 
(C~H~)~CO(DH)Z(~-CH~~~~): brown crystals, 85% yield; IH N M R  
(CDCI3) 6 7.2-7.7 (m, 10 H, P(C&)2), 2.23 (s, 3 H, tetCH3), 1.94 

CH~P(C~H~)ZCO(DH)~(~-C~H~CH~~~~): yellow powder, 80% yield; 

tetC6H5), 3.93 (s, 2 H, tetCHz), 1.92 (d, 3 H, J = 12 Hz, PCH3), 1.85 

(4FC6H4tet)l: yellow powder, 90% yield; ' H  N M R  (CDC13) 6 7.3-7.6 
(m, 10 H, P(C&)2). 6.7-8.0 (m, 4 H, tetCbH4F), 1.92 (d, 3 H , J  = 
12 Hz, PCH3), 1.98 (d, 12 H, J = 1.2 Hz, (DH)2). All four of these 
complexes appear to contain Nz-bound tetrazoles. See the Results and 
Discussion section for an explanation of this conclusion. 

Physical Measurements. Nuclear Magnetic Resonance. The IH, 
I3C(IH}, 3 'P(1H),  and I9F('HJ NMR spectra were recorded at 100.1, 
25.2, 40.5, and 94.1 MHz, respectively, on a Varian XL-100-15 
spectrometer operating in FT N M R  mode with a Varian 620L com- 
puter. All proton and I3C('H) chemical shifts were recorded relative 
to internal Me&. 31P(1H) and I9F( 'H) N M R  spectra were recorded 
relative to external 85% H3P04 and external C6F6, respectively. 

(d, 3 H,  J = 12 Hz, PCH3), 1.89 (d, 12 H, J = 1.2 Hz, (DH)z. 

' H  N M R  (CDCI3) 6 7.1-7.7 (m, 10 H, P(CsH5)2), 6.98 ( s ,  5 H,  

(d, 12 H, J = 1.2 Hz, (DH)z). C H ~ P ( C ~ H ~ ) Z C O ( D H ) Z [ ~ -  

Conductivity Studies. Conductance studies were performed at 25 
f 0.1 O C  with temperature regulation maintained by a Brinkmann 
Lauda K-2/R temperature controller. Conductance measurements 
were made using a Yellow Springs Instrument Co. conductivity cell 
Model 3403 and measured with an Industrial Instruments conductivity 
bridge Model RC16B2 adapted in house for use with either Heathkit 
Model E.U.W. 25 or Tektronix Inc. Type 310 oscilloscopes. 

Experimental X-ray Diffraction. A crystal suitable for X-ray dif- 
fraction study (0.3 X 0.3 X 0.2 mm) was mounted on a Syntex P21 
diffractometer. The cell dimensions (Table 11) and their standard 
deviations were determined by least-squares fit to the 28, o, and x 
settings for 12 independent reflections. Data were measured at room 
temperature using molybdenum graphite monochromatized radiation, 
a 8-28 scan with speed of 2.0-29.3' min-I, depending upon the in- 
tensity of a 2-s prescan, and a 28 scan range of (1.6 + 0.692 tan 0)" 
starting the scan from 0.8" below the calculated K a l  position. 
Background measurements were made at each end of the scan range 
for a time period equal to I/4 of the scan time with crystal and counter 
stationary. Reflections were measured in the hkl  octant to 28,,, = 
45". Three standard reflections were measured after every 100 re- 
flections and their intensities showed deviations of less than 4% during 
the course of data collection; 2525 independent reflections were 
considered observed [ I  > 3a(1)] and were used for solution and re- 
finement after correction for background, Lorentz, and polarization 
effects. Absorption corrections were not made ( p  = 6.99 cm-l). 

Atomic coordinates were determined by direct methods and refined 
by least-squares techniques. Three cycles of refinement [function 
minimized, X ( I F o l  - IFcI )z]  of positional and anisotropic thermal 
parameters for the 39 nonhydrogen atoms gave R = 6.7% [ R  = 
( ~ ~ ~ l ~ o l  - ~Fc~~/~Fo~)(lOO)]. A difference Fourier map calculated 
a t  this stage allowed location of the 41 hydrogen atoms. The hy- 
droxyglyoximato protons, however, were placed at calculated positions 
midway between the oxygen atoms. All other protons were placed as 
found. Positional parameters were varied for protons. Scattering 
factors for all atoms were taken from Cromer and M a n r ~ . ~ ~  During 
the final cycles of refinement,39 the Co and P form factor tables were 
corrected for the real and imaginary parts of the anomalous dispersion 
effect. Unit weights were used throughout. The final R was 5.4% and 
"goodness of fit" equals 2.8 [ ( ( B w ( F ,  - Fc)2/ (N0 - NV)) ' /*  where 
NO = 2446 observations and NV = 517 parameters]. 

Final atom positions are collected in Table 111, and derived angles 
and distances appear in Table IV. The anisotropic thermal parameters 
and structure factor tables are available as supplementary mate- 
rial. 

Results and Discussion 
Thirteen different complexes of the type LCo(DH)2CI, 

where L was a variety of nitrogen and phosphorus donor li- 
gands, were reacted with the sodium salts of seven different 
5-substituted tetrazoles in 80% methanol solution with the 
intent of preparing LCo(DH)2(5-R-tetrazolate) complexes. 
When L = B u ~ P ,  the cobalt tetrazolate complexes were each 
isolated in relatively high yield (48-97%). These seven com- 
plexes were easily crystallized, are highly soluble, and satis- 
fied the overall objectives of this research. Among all the other 
attempts only four tetrazole complexes were easily iso- 
lated in high yield, namely, pyCo(DH)2(5-C6H~tet) ,  
CH~P(C~HS)~C~(DH)~(S-CH~~~~), C H ~ P ( C ~ H S ) ~ C O -  
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Table 111. Fractional Coordinates with Standard Deviations 
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0.2540( 1) 
0.1576(2) 
0.3850(5) 
0.2390(5) 
0.1264( 5) 
0.2699(5) 
0.4212(6) 
0.3350( 5 )  
0.3075(6) 
0.3766(6) 
0.4588(4) 
0.1532(4) 
0.0580(4) 
0.3546(5) 
0.4081(6) 
0.5197(8) 
0.3222(7) 
0.3287( 1 I )  
0.1 1 30( 7) 
0.0237(9) 
0.1975(7) 
0.2006( I O )  
0.4448 (6) 
0.5375(8) 
0.2033(7) 
0.3060(7) 
0.3407(9) 
0.4387( 12) 

-0.0586( 1 1 )  
-0.1641 (9) 
-0.2063( 17) 

0.1 581 (8) 
0.0912( I O )  
0.1 169( 17) 
0.21 3 1 ( 16) 
0.5081(5) 
0.6145(6) 
0.5853(6) 

0.01 18(8) 

0.2661 (1) 
0.3561(1) 
0.3086(2) 
0.2693(3) 

0.2614(2) 
0.1793(2) 
0.1 867( 2) 
0.1341 (3) 
0.0905(3) 
0.3250(2) 
0.2436(3) 
0.1970( 2)  
0.2876(2) 
0.31 58(3) 
0.3400(4) 
0.2927(3) 
0.2960(5) 
0.2037( 3) 
0.1605(4) 
0.2298(3) 
0.2200(5) 
0.1 196(3) 
O.OSSO(4) 
0.41 80(3) 
0.4545(3) 
0.4955(4) 
0.5344(5) 
0.3417(4) 
0.3874(7) 
0.3742( 5 )  
0.4032( 13) 
0.3878(3) 
0.4470(4) 
0.4786( 5 )  
0.5133(8) 
0.0394(2) 
0.0704(4) 
0.1222(3) 

0.2200( 2) 

0.1465( 1) 
0.1530(1) 
0.1308(2) 
0.0672(2) 
0.1639(2) 
0.2266(2) 
0.1040(2) 
0.138 l(2) 
0.1625(3) 
0.1451 (3) 
0.1 705(2) 
0.0404(2) 
0.1244(2) 
0.2534(2) 
0.0763(3) 
0.0573(5) 
0.0402(3) 

-0.0245(3) 
0.21 7 l(3) 
0.2361 ( 5 )  
0.2 5 3 3 (3) 
0.3170(3) 
0.1088(3) 
0.0807(4) 
0.1062(3) 
0.1206(3) 
0.0702(4) 
0.08 19(6) 
0.1 3 23 (4) 
0.1 107(7) 
0.0869( 7) 
0.0470(9) 
0.2238(3) 
0.2330(4) 
0.2866(5) 
0.2877(7) 
0.0522(3) 
0.1129(3) 
0.0429(4) 

0.41 8 ( 5 )  
0.087(6) 
0.144( 7) 
0.245(5) 
0.112(7) 
0.026(9) 
0.054(5) 
0.1 18(7) 
0.2 14( 5) 
0.141 (5) 
0.296(6) 
0.362(5) 
0.358(8) 
0.271(7) 

-0.001 ( 1  2) 
-0.008(9) 
-0.058( 13) 
-0.041(7) 
-0.196( 8) 
-0.221(12) 

0.262(25) 
0.230( 16) 
0.181 (6) 
0.395( 13) 
0.523(14) 
0.447(10) 

-0.160(12) 
-0.278( 13) 

0.5 5 5 (9) 
0.554( 10) 
0.511(9) 
0.374( 11) 
0.279( 16) 
0.334( 16) 

-0.030( 11) 
0.014( 12) 
0.048( 13) 
0.268( 11) 
0.195( 12) 
0.156( 14) 

-0.201(10) 

0.308(3) 
0.218(3) 
0.354(3) 
0.399( 2) 
0.473(4) 
0.440(5) 
0.5 1 3 (3) 
0.450(4) 
0.404(2) 
0.445 (3) 
0.480( 3) 
0.430(3) 
0.465(4) 
0.524(3) 
0.3 1 O( 7) 
0.3 1 2( 5) 
0.398(7) 
0.419(4) 
0.327(5) 
0.396(6) 
0.493( 13) 
0.541(9) 
0.553(3) 
0.566(7) 
0.524(7) 
0.566(6) 
0.439( 5) 
0.41 8(7) 
0.400(7) 
0.364(5) 
0.308(6) 
0.363(5) 
0.270(6) 
0.28 8 (9) 
0.334(8) 
0.178(6) 
0.127(7) 
0.145(7) 
0.202(6) 
0.256(7) 
0.200(8) 

0.2 13(2) 
0.084(3) 
0.249(3) 
0.233(2) 
0.202(3) 
0.23 4( 4) 
0.296(3) 
0.32 1 (3) 
0.070( 2) 
0.103(3) 
0.1 57(3) 
0.134(2) 
0.038(4) 
0.050(3) 
0.08 l(6) 
0.155( 5 )  
0.17 l(7) 
0.096(4) 
0.098(4) 
0.108(5) 
0.284( 1 1 )  
0.268(9) 
0.325(3) 
0.1 1 l(6) 
0.088 (7) 
0.054(5) 
0.058( 5) 
0.023(6) 
0.034(6) 
0.086( 5 )  
0.05 l(5) 
0.036(5) 

-0.038 (5) 
-0.039(7) 
-0.042( 7) 

0.231(6) 
0.2 1 5 (6) 
0.267(7) 
0.330(5) 
0.3 36( 6) 
0.330(7) 

(DH)2(5-C6H~CHzte t ) ,  and C H ~ P ( C ~ H S ) ~ C O ( D H ) ~ [ S -  
(4FC&tet)]. By using the same N M R  spectroscopic criteria 
discussed in the following sections it was concluded that the 
tetrazolate anions in each of these complexes were bound to 
cobalt via their N2 nitrogens. Detailed spectroscopic and 
chemical characterization of the (Bu3P)Co(DH)2(5-R-te- 
trazolate) complexes was accomplished as discussed below. 

lH NMR. All of the Bu3PCo(DH)2(5-R-tet) complexes 
exhibit a sharp, intense resonance at  ca. 6 2.35 ppm due to the 
protons of the four equivalent oxime methyl groups, which 
appears as a narrow doublet due to phosphorus coupling ( J  = 
1.1 - 1.2 Hz). The chemical shift of this resonance has been 
argued to depend upon changes in cobalt a n i s ~ t r o p y , ~ ~  elec- 
t r ~ n i c , ~ '  s t e r i ~ , ~ ~ , ~ ~  and a n i s ~ t r o p i c ~ ~  interactions with the axial 
ligands for a wide variety of LCo(DH)2X complexes and found 
to vary over at  least a 0.5-ppm range. Considering all of this, 
the narrow range of the oxime-methyl shifts exhibited in the 
cobaloxime tetrazoles is somewhat surprising: 6 2.30 ([Me]), 

([4F]), 2.34 ( [DMA]).  That only one oxime methyl signal 
was observed for each complex provides evidence for the ex- 
istence of a single species in solution.45 This is important for 
three reasons. First, PR3 ligands are known to form ionic 
species such as [(PR~)~CO(DH)~]+[CO(DH)ZX~]- 46 and 
[(PR&Co(DH)2]+X-, 47 especially in polar solvents such as 
methanol, which was used in the preparation of the tetrazole 
complexes. These types of species are detectable, even in trace 

2.35 ( [ C S ] ) ,  2.24 ([Bz]), 2.36 ([Ph]), 2.38 ([3F]), 2.37 

quantities, by the appearance of a triplet resulting from split- 
ting of the oxime methyl resonance by the two mutually trans 
PBu3 groups in the cationic half of the ion pair. Some batches 
of PBu3Co(DH)2Cl contained impurities of this type and the 
absence of any such signals in the tetrazole complexes was 
taken as a preliminary indication of their purity. Second, the 
possibility of either tetrazole or phosphine dissociation from 
the complex, while not expected,48 can be ruled out on this 
basis. Support for the absence of any ionic species, whether 
from tetrazole dissociation or ion-pair formation, was also 
found in the lack of any measurable conductance at  25 OC, 
even in highly dielectric solvents such as nitrobenzene. Finally, 
the steric consequences of N1 and N2 tetrazole coordination 
on the equatorial ligand system argue strongly against the 
possibility of identical shifts for the oxime methyl signals for 
the two linkage isomers. Thus, not only does there seem to be 
a single linkage isomer in each case but the narrow range of 
the oxime methyl shifts implies that all of the tetrazoles must 
be coordinated at  the same position of their respective rings. 

Spectra of complexes which have an NMR-observable group 
at  the 5 position of the tetrazole ring support the case against 
a mixture of linkage isomers in any of these complexes as only 
single resonances were observed for the methyl protons in 
[Me], the methylene protons in [Bz], and the protons of the 
equivalent amino methyl groups in  [DMA]. In the latter 
complex, the absence of splitting by the phosphorus of the 
amino methyl signal combined with its sharpness and chemical 
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Table IV. Relevant Bond Lengths (A) and Angles (deg) with 
Estimated Standard Deviations in Parentheseso 

Bond Lengths Bond Lengths 
Co( l ) -N( l )  1.860(6) O(4)-H(l)  1.30(6) 
Co(l)-N(2)  1.877(5) O(1)-0(4) 2.456(7) 
Co(l)-N(3)  1.875(6) 0(2) -H(2)  1.42(6) 
CO(l)-N(4) 1.896(5) 0(3) -H(2)  1.10(6) 
Co(l)-N(6)  1.979(6) O(2)-0(3)  2.498(8) 
CO( I)-P( 1) 2.263(2) N(6)-N(5) 1.321(9) 
N(1)-0(1)  1.34(1) N(5)-C(9) 1.320(9) 
N(2)-0(2)  1.33(1) C(9)-N(8) 1.340( I O )  
N(3)-O(3) 1.34(1) N(8)-N(7) I .320( I O )  
N(4)-O(4) 1.32(1) N(7)-N(6) I .312(9) 
C(1)-N(1) 1.32(1) C(9)-C(IO) 1.46( 1) 
C(3)-N(2)  1.31(1) C(I0)-F(1)  1.29( 1) 
C(5)-N( 3) 1.3 1 ( 1) C( 1 0)-F( 2) 1.26( 1) 
C(7)-N(4) 1.27(1) C(IO)-F(3) 1.29(1) 
C(l)-C(3)  1.43(1) Bond Angles 
C(5)-C(7) l.44( 1)  N( I)-Co(l)-N(2) 82.2(2) 
C(I ) -c (2)  1.51(1) N(3)-Co( l)-N(4) 80.6(2) 
c(3)-C(4)  1.53( I )  N (  l)-Co( 1)-N(4) 98.0(2) 
C(5)-C(6) 1.49( I )  N(2)-Co(l)-N[3) 99.0(2) 
C(7)-C(8) 1.51(1) P(1)-CO(l)-N(l) 91.6(2) 
P ( I ) - C ( I l )  1.814(8) P(I)-Co(l)-N(2) 89.2(2) 
P( 1)-C( 15) 1.848(10) P( I)-Co(l)-N(3) 91.1(2) 
p ( ] ) - c ( l 9 )  1.801(8) P(I)-Co(l)-N(4)  91.8(2) 
C( l l ) -C(12)  1.50(1) N(6)-Co(l)-N(I)  89.2(2) 
C(12)-C(13) 1.54(1) N(6)-Co(l)-N(2) 88.8(2) 

C(15)-C(16) 1.40(2) N(6)-Co(l)-N(4) 90.2(2) 
c ( l 3 ) - c ( 1 4 )  1.47(2) N(6)-Co(l)-N(3) 88.2(2) 

C(16)-C(17) 1.42(2) Co(1)-P(1)-C(ll) 115.6(3) 
C(  17)-C( 18) 1 24(3) Co( l ) -P( l ) -C(l5)  109.0(3) 
C(I9)-C(20) 1.52(1) CO(l)-P(l)-C(l9)  112.6(3) 
C(2O)-C(21) 1.47(2) C ( l  l ) -P( l ) -C(15)  104.6(4) 
C(21)-C(22) 1.39(3) C ( l l ) - P ( l ) - C ( l 9 )  106.4(3) 
O(I ) -H(I )  1.17(6) C( l5) -P( l ) -C( l9)  108.0(4) 

Refer to Figure 4 for the crystallographic atom numbering 
scheme. 

shift (6 2.89) all point to coordination of an endocyclic ring 
nitrogen rather than the exocyclic amine nitrogen. 

The most important aspect of the IH N M R  spectra is found 
lin the aromatic region of [Ph], [3F], and [4F]. The tetrazole 
rings in these complexes exhibit interannular conjugation with 
their 5-Ph substituents. This phenomenon is manifested by a 
deshielding of the protons and shielding of the carbons ortho 
to the tetrazole ring (relative to the values of the corresponding 
parameters in unsubstituted benzene). Though explanations 
of the factors contributing to the effect seem to be as plentiful 
as the number of specific systems in which it has been observed, 
the one condition which all investigators agree must exist is the 
mutual coplanarity of the aromatic rings.24 The key fact is that 
this coplanarity is maintained only when the tetrazole ring is 
N2 substituted or, in this case, N2 coordinated. The effect is 
diminished or disappears entirely when a substituent on the 
Nl position of the tetrazole sterically induces rotation about 
the tetrazole-phenyl bond away from coplanarity. Table V 
contains chemical-shift data for the phenyl protons of [4F] and 
[Ph] as well as the data for some N1- and Nz-alkyl derivatives 
of the corresponding free tetrazoles. The chemical shifts of the 
multiplets and the separation between them permit the un- 
ambiguous assignment of Nz coordination of the tetrazole in 
[4F] and [Ph]. In  [3F], the anisotropy caused by the meta- 
substituted fluorine causes the multiplets to overlap in a 
complex pattern. Figure 1 shows the 'H N M R  in the aromatic 
region of [3F], [4F], and [Ph] compared with the IH N M R  
of the N I -  and N2-methyl substituted isomers of the corre- 
sponding free tetrazoles. I t  can be seen clearly that in each 
complex the splitting pattern is identical with that found in the 
2-methyl-5-R-tetrazole. 

Keeping in mind the qualitative nature of the data in Table 
V ,  some interesting observations can be made. For instance, 
the effects of substituents on the phenyl ring of the biaryl 
system have been found to be additive, to a certain extent, by 
Fraser and H a q ~ e . * ~  They were able to predict the chemical 
shifts of the phenyl protons in compounds 7 and 9 (Table V)  
by adding the substituent effect of the nitro group to that of 
the substituted tetrazole ring. Numerical values for the effect 
of each substituent on the protons ortho and meta to it were 
simply defined as the difference between the shifts observed 
for each of these types of protons in the substituted benzene 
ring of the aryltetrazoles and the shift of benzene itself. Using 
the same procedure, predicted values were obtained for the 
isomeric N-methyl-5-phenyltetrazoles and for [4F]. The 
predicted values (Table V) agree quite well with the observed 
shifts, especially for [4F]. The largest deviation from additivity 
in our compounds is in the ortho protons of an NI isomer, 6, 
where the observed value is 0.30 ppm downfield of what was 
predicted. Fraser and Haquez4 also claim that the electron- 
donating resonance effect of the tetrazole ring is manifested 
by downfield shifts of the ortho protons in going from an N2 
to the corresponding Nl isomer. This behavior was said to be 
responsible for the shifts of 1 and 3, though to a lesser degree 
than in 7 and 9. Apparently this effect, if it exists a t  all, is of 
minor consequence in the 5-benzyltetrazoles since the meta 
protons of the Nl-substituted isomer are at  higher field than 
those of N2. Evidently, the aromatic ring of the benzyl group 
contributes additional shielding to the protons of the phenyl 
substituents on the tetrazole ring, especially those meta to the 
tetrazole. Finally, the phenyl protons in the complexed tetra- 
zoles are slightly upfield of the corresponding values in the 
uncomplexed tetrazoles probably due to a weak, through-space 
effect of the equatorial ligand. It appears from these data that 
these additivity relationships should have general applicability 
in deducing the binding sites of potentially ambidentate het- 
erocyclic biaryls. 

I3C NMR. A significant feature of the I3C N M R  spectra 
is that in all of the complexes only one resonance appeared for 
each unique carbon. This substantiates our claim that a single 
mode of coordination exists between the tetrazole ring and Co. 
Table VI contains the chemical-shift values and nJ(P,C) 
coupling constants for the high-field region of the tetrazole 
complexes. The magnitude of the "J(P,C) values and the rel- 
ative shielding of the butyl carbons are consistent with those 
reported for other complexes containing the PBu3 l i g a r ~ d . ~ O - ~ ~  
Though the range of IJ(P,C,) values is small, the magnitude 
of this parameter is seen to increase as the electron density of 
the tetrazole ring decreases and, hence, its trans labilizing 
ability decreases. This is consistent with Balimann and Pre- 
gosh's5) observation that J(P,C,) values of Pd"- and 
Pt11C12L(PR3) complexes are larger when the phosphine is 
trans to a group with a relatively small trans influence than vice 
versa.53 Changes in 6I3C, are expected to parallel changes in 
1J(P,C,)54,55 but they do not. Despite the approximately 5 pK, 
unit range of tetrazole a ~ i d i t i e s , ~ ~  not only is it clear that the 
same donor atom is used throughout this series of complexes, 
but also the immediate environment of the metal remains es- 
sentially constant, consistent with the fact that all tetrazoles 
a re  N2 coordinated and that the steric consequences of the 
different and remote 5 substituents are negligible. 

Marzilli et aI.5O studied 'J(P,C,) and 6I3C, in 
LCo(DH)zX-type complexes where L included PBu3 and X 
represented a large range of anionic ligands containing assorted 
donor atoms. Our results seem to support their conclusion that 
the estimation of through-bond electronic effects at  nuclei close 
to a metal center using N M R  shifts may be hazardous. How- 
ever, their suggestion that a close parallel exists between the 
ability of X ligands to rehybridize metal centers and their 
charge-donating ability was not observed in our system. 
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Table V. IH Chemical Shifts of 5-Phenyltetrazole Derivatives 

compd no. 61Ho".b 6 'Hma A6 = ( 'Ho - 6'H,,,) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

7.64 
7.53 
8.13 
8.17 
7.96 
7.80 (7.50)d 
8.05 (7.85) 
8.10 (7.99) 
8.21 (8.34) 
7.94 (7.90) 

7.64 
7.28 
7.41 
7.43 
7.28 
7.28 (7.32) 
8.56 (8.59) 
7.13 (7.09) 
8.21 (8.36) 
7.01 (7.04) 

0 
0.25 
0.72 
0.74 
0.68 
0.52 (0.18) 

-0.51 (-0.74) 
0.97 (0.90) 
0 (-0.02) 
0.93 (0.86) 

All chemical shifts represent the center of gravity of the multiplet and are in parts per million downfield from internal Me& for CDC13 
Values in parentheses solutions. 

are calculated from additivity relationships as described in the text. 
The phenyl protons are ortho (H,) or meta and para (Hm,p) to the tetrazole ring. Data taken from ref 24. 

Table VI. Hieh-Field Proton Decouoled I3C Chemical Shifts and "J(P.C) Values of the IPBu~Co(DH)~5-R-tetrazolatel ComDlexes 

R 613C(ox-me) a 613C,b ' J (P,C)b 613Cp 'J(P,C) 613C, 3J(P,C) 613C,3c 

CH3 12.69 20.64 23.59 24.88 5.79 24.66 12.47 13.48 
CF3 12.65 20.82 24.26 24.80 5.82 24.53 12.57 13.38 
CH2C6Hs 12.60 20.60 23.60 24.77 4.46 24.60 13.16 13.51 
C6H5 12.73 20.66 24.1 1 24.8 1 5.74 24.62 12.70 13.52 
3-F-CsH4 12.16 20.1 1 24.17 24.18 4.50 24.01 13.06 12.94 
4-F-C6H4 12.72 20.66 23.87 24.77 3.68 24.59 12.50 13.48 
N ( C H d 2  12.64 20.63 23.59 24.84 4.45 24.66 13.18 13.54 

a Refers to the four equivalent methyl groups of the equatorial ligand; chemical shifts are in parts per million downfield from internal Mersi. 
bAll coupling constants are in hertz; Co-P C,CpC,Ca. 4J(P,C) in all of the complexes is ~ 0 .  

Figure 1. Low-field 'H N M R  spectra of 5-aryltetrazole derivatives, 

Table VI1 contains 6I3C, "J(P,C), and "J(C,F) data for the 
phenyl carbons in [Ph], [3F], [4F], and for free 5-phenylte- 
trazole and its N-methyl isomers, and Figure 2 compares the 
I3C NMR spectra in the aromatic region of the 5-aryltetrazole 
complexes. For all the complexes, 6I3C of the oxime-imino 
carbon was found a t  153.0 f 1.0 ppm and, like the oxime 
methyl 6I3C, did not correlate with the nature of the tetrazole 
substituent. The resonance due to the tetrazole ring carbon was 
not observed for all of the complexes. When this signal was 
seen, it was a very weak, poorly resolved multiplet of closely 
spaced lines. The chemical shifts for this carbon are relatively 
insensitive to the nature of the 5 substituent. This somewhat 
surprising result is found for uncomplexed tetrazoles as well, 
where the value for 5-phenyltetrazole (6 140.2) can be com- 

pared to 6 144.0 for tetrazole itself.*' The splitting of the te- 
trazole carbon signal was observed to be ca. 3-3.5 H z  upon 
scale expansion. This value of 4J(P,C) is interesting considering 
that 4J(P,C) N 0 in the alkyl chains of both free57 and com- 
plexed P B u ~ . ~ ~  Evidence supporting the nature of this coupling 
was found in the spectra of [3F] and [4F] (Figure 2). In the 
former, the expanded spectrum reveals an apparent triplet for 
the tetrazole ring carbon with a separation of =3  H z  between 
adjacent lines. This is consistent with approximately equal 
values of 4J(P,Ct,t) and 4J(C-F). The latter value of =3 H z  
is very close to the 3.2 H z  found for 4J(C-F) in fluoroben- 
~ e n e . ~ *  In [4F] the tetrazole carbon is five bonds away from 
the fluorine substituent and the tetrazole-carbon signal exhibits 
four unsymmetrically spaced lines. One pair of lines is sepa- 
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Table VII. Low-Field I3C('H1 Chemical Shifts and "J(C,F) Valuesa of 5-Phenyltetrazole Derivatives 

comvd 6'3C,,, 6'3Clb 6'3C7 6'3C7 6'3Cd 6'3C< 6'3Cfi 

5-CsHstet' 

C6HstetC 

ChHStetr 

I-CH3-5- 

2-CH3-5- 

[Phi 
1 3 ~ 1 d  

140.3 133.4 120.8 
128.1 

129.8 
128.8 

129.6 
130.8 

129.8 
128.8 

120.8 
128.1 

126.4 128.5 129.9 128.5 126.4 

130.9 
162.4 132.6 ( 1  32.5) 
4J(C,F)  = 3 3J(C,F)  = 8.6 

4J(P,C) = 3 
163.1 127.2 (126.5) 
SJ(C,F)  = 1.2 4J(C,F)  = 3.3 

4J(P,C) = 3 

126.2 
112.3 (111.7) 
2J(C,F)  = 23.5 

128.2 
162.3 (163.6) 
' J (C,F)  = 

-243.9 

128.0 
114.2 ( 1  13.9) 
2J(C,F) =21.3 

128.2 
129.4 (1 29.8) 
3J(C,F) = 8.1 

126.2 
121.3 (121.8) 
4J(C,F)  = 1.4 

127.9 (127.8) 
3J(C,F) = 8.1 

115.1 (114.1) 
2J(C,F) = 21.6 

162.5 (163.1) 
' J (C,F)  = 

-246.0 

115.1 (114.1) 
2J(C,F) = 21.6 

127.9 (127.8) 
3J(C,F) = 8.1 

a All coupling constants are reported in hertz. bC1 is the carbon bonded to Cs of the tetrazole ring; values in parentheses are calculated from 
the additivity relationships as described i n  the text. Carbon-fluorine coupling constants, "J(C,F), in fluorobenzene are 
' J (C,F)  = -244.7; 2J (C,F)  = 21 .O; 3J(C,F) = 7.8; 4J(C,F) = 3.2. See ref 58. 

Data from ref 27. 

128.2 the aryltetrazoles and suggest that such interannula conju- 
gations play a role in affecting 13C coupling constants. In this 
regard it is somewhat surprising that the resonance of the te- 
trazole ring carbon shifts about 20 ppm downfield upon 
coordination while the phenyl ring carbons exhibit much 
smaller shifts (1.6-5.4 ppm). Thus, the effect of coordination 
at  the N2 nitrogen on the I3C chemical shifts of the phenyl ring 
carbons in [Ph] is very nearly the same (with the exception of 
the carbon para to the tetrazole) as N2-methylation. This ob- 
servation adds further proof that interannular conjugation 
resulting from coplanarity of the phenyl and tetrazole rings is 
maintained in these complexes and, hence, that the tetrazole 
must be coordinated at  the Nz nitrogen. 

The effect of a fluorine substituent on the chemical shifts 
of the phenyl carbons can also be seen in the data of Table VII. 
Once again, the values in parentheses represent predicted 
chemical shifts calculated from the substituent effects of flu- 
orine and the tetrazolatocobaloxime moiety on the phenyl 
carbons in exactly the same manner as described in the dis- 
cussion of 'H  N M R  shifts. The fluorine substituent effect was 
derived from published I3C data on fluorobenzeneS9 and the 
data for [Ph] was used to obtain the effect of a coordinated 
tetrazole as a substituent. Confirmation of the assignment of 
each phenyl carbon in [3F] and [4F] was made by comparing 
the value of "J(F,C) for a given carbon with the corresponding 
mJ(F ,C)  reported for f l ~ o r o b e n z e n e . ~ ~  The excellent agree- 
ment for both [3F] and [4F] between the predicted (in pa- 
rentheses) and the observed chemical shifts of each carbon in 
the phenyl ring is important in two respects. First, it demon- 
strates that additivity of substituent effects exists in the I3C 
as well as in the 'H N M R  spectra. This additivity confirms that 
the tetrazole ring in both [3F] and [4F] is N2 coordinated since 
the predicted values are partly based on the data of [Ph] which 
was shown to be N2 coordinated. Second, it supports the claim 
of Begtrup that I3C N M R  spectra yield unambiguous results 
in contrast to the IH N M R  spectra in the study of interannular 
conjugation in N -  or C-phenylazoles. While the predicted shifts 
of the phenyl protons in [4F] agreed very well with the observed 
values, this success must be viewed as somewhat fortuitous. 
The chemical shifts of the phenyl protons were determined by 
estimating the center of gravity of the multiplet associated with 
each type of proton, a very qualitative approach which depends 
on adequate separation of well-defined multiplets and the 
absence of substituents possessing anisotropy or other special 
effects, The clearest example of the superiority of I3C over 'H  
in the study of interannular conjugation is the case of [3F]. As 
mentioned earlier, the anisotropy which results from the flu- 
orine substituent meta to the tetrazole renders the aromatic 
proton resonances usless for analysis (see Figure 1 )  except by 

1 5 3  3 
OXIME I C = N  

IOXIME 

Figure 2. Low-field I3C N M R  spectra of 5-aryltetrazole complexes. 

rated by 3 Hz while the other pair is separated by slightly more 
than 1 Hz. This pattern is consistent with overlap of the 
4J(P,C) doublet with the smaller doublet which is attributed 
to SJ(C,F).  These highly unusual splittings indicate the large 
extent to which 7r electrons are delocalized over both rings in 
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simple visual comparison. 3C spectroscopy, on the other hand, 
has afforded an empirical treatment which successfully pre- 
dicted the chemical shift of each carbon in the phenyl ring. 
Thus, in the extreme case where substitution on the phenyl ring 
obscures the phenomenon in the IH NMR,  the I3C data should 
still be able to not only verify its existence but predict chemical 
shifts as well. Consequently, I3C N M R  should be of great value 
in determining the binding sites of potentially ambidentate 
heterocyclic biaryls. 

I9F NMR. The I9F nucleus is expected to be more sensitive 
to the presence of linkage isomers in the tetrazole complexes 
than any other nucleus investigated. This nucleus is not sus- 
ceptible to the through-space effects which complicate the 
interpretation of proton shifts. In addition, our complexes each 
contain only one fluorine atom (or set of magnetically equiv- 
alent fluorines in the case of [CF3]). These facts, together with 
the extremely large range of chemical shifts exhibited by flu- 
orine, make the use of I9F N M R  very attractive as supportive 
evidence for our conclusions. Beck et a1.60 have used the I9F 
signal of 5-trifluoromethyltetrazole to determine that a single 
mode of coordination existed in transition metal-tetrazolato 
complexes formed via cycloaddition of coordinated azides.60 
W e  have also observed a single, sharp line (ca. 99 ppm down- 
field from C6F6) in the l9F[IH} spectrum of [CF3]. The spectra 
of [3F] and [4F] each displayed only one multiplet which be- 
came a singlet upon proton noise decoupling (centered a t  ca. 
47.8 ppm downfield from C6F6) with the expected splitting 
patterns and J (  F,H) coupling constants. The results provide 
strong support for the existence of a single mode of coordina- 
tion by the tetrazole. 

31P NMR. The 31P N M R  spectra of the tetrazole complexes 
consisted of a single, broad resonance for each complex. The 
best resolution obtained was a line width of 73 H z  (7.5 mm at 
a half-height of 50 mm). Despite this broadness, the chemical 
shifts were reproducible to 0.1 ppm. The chemical shifts, 
measured in CDC13 and reported in parts per million downfield 
from external 85% H3P04, follow: [CF3], 6 29.0; [3F], 6 26.9; 
[@I, 6 26.8; [4F], 6 26.7; [Bz], 6 25.6; [Me], 6 25.5; [DMA], 
6 25.1. Our results agree with Balimann and Pregosin's study 
of Pd"- and Pt11C12L(PR3) complexes where they observed 
631P to move upfield as the trans influence of L 

As the tetrazole ligand becomes less trans labilizing, the 
value of IJ(P,C,) increases in magnitude and the 31P signal 
moves to higher field. Since all the tetrazoles are coordinated 
via the N2 position, the only significant difference between 
individual complexes in the series is the strength of the "elec- 
tron pump" a t  the C5  position of the tetrazole ring. It is well 
known that 6I3C,, 631P, and IJ(P,C,) are all intimately related 
to bond-angle changes a t  the p h o s p h o r ~ s . ~ ~  The substituent 
bond angles are strongly dependent on steric effects such as 
the size of the substituent and, in the case of Co-chelate sys- 
tems, on the bulkiness of the other axial ligand. By utilizing 
only one phosphine with a homologous series of tetrazoles trans 
to it, the complexes of this system have all but eliminated a 
variation in steric effects, and a measure of the relative sensi- 
tivity of 6I3C,, a31p, and ]J(P,C,) toward a purely electronic 
effect is possible. Thus, the tetrazole complexes show little 
change in the values of 6I3C,, a small but finite variation in 
IJ(P,C,), and a relatively large effect on a3IP. 

The sensitivity of J3IP  is further demonstrated by its re- 
sponse to the rehybridization of Co which arises upon going 
from CH3Co(DH)zPBu3 to [Me]. The 3 'P  codrdination 
chemical shift of the former6' is 28 ppm compared to 57.8 ppm 
for [Me]. In the only other 31P study of Co-chelate complexes 
with axial phosphines, Costa et a1.61 stated that, because the 
31P coordination chemical shifts they observed were in the 
range of other complexes, the possible effect of magnetic an- 
isotropy due to the equatorial ligand was completely obscured. 
Reconsideration of their data, in conjunction with our results, 

shows that this is incorrect. They observed a 2-ppm upfield shift 
on going from [CH3Co(DH)2PBu3] to [CH3Co[(do)(doh)- 
pn)PBu3]C104 (the latter is identical with (DH)2 except that 
one of the two OH-0 bridges of (DH)2 is replaced by a tri- 
methylene bridge). While the {(do)(doh)pn) complex bears a 
formal positive charge, this state is being approached as one 
goes from [DMA] to [CF3]. The upfield shift observed by 
Costa, being in the opposite direction to that expected on purely 
electronic changes a t  the Co center, as we have shown, is 
therefore attributable to anisotropic shielding by the equatorial 
ligand system. The AJ3IP values observed by Costa for 
[CH3Co((do)(doh)pn)PBu3]C104 (0 ppm) and for 
[C6HsCo((do)(doh)pn}PBu3]C104 (+4 ppm) support this 
conclusion as The difference in these two complexes, 
as far as the AS3'P is concerned, must be considered to be 
primarily inductive and the relative shifts are in accord with 
our results. 

The broadness observed in the 31P resonances of our com- 
plexes is assumed, as it was by Costa, to be caused by a qua- 
drupolar relaxation mechanism induced by the 59C0 nucleus. 
Therefore a narrowing of the line width with an  increase in 
temperature is expected. This follows as the quadrupolar re- 
laxation rate, R 1, depends directly on the molecular correlation 
time, T ~ .  As the temperature increases, the value of T ~ ,  an in- 
verse function of molecular motion, decreases. This, in turn, 
will result in a decrease in the relaxation rate and a narrowing 
of the line width. Though line narrowing would also be seen 
if phosphine exchange were occurring, the possibility of this 
process is considered remote from the results discussed earlier 
and the known ability of PBu3 to displace every other phos- 
phine from the coordination sphere of these types of complexes. 
It was, therefore, surprising to observe a small but definite 
broadening of the 31P resonance upon increasing the temper- 
ature from 0 through 65 'C. The cause of this is uncertain. The 
only relaxation mechanism consistent with this behavior is spin 
rotation, and it has been shown that this mechanism, in general, 
becomes more important as a molecule becomes smaller and 
more ~ y m m e t r i c a l . ~ ~  If this process were operative in our 
complexes, they would surely be the largest molecules yet re- 
ported to display it. Though the large size of our complexes is 
not in agreement with one of the conditions believed to gen- 
erally exist in molecules displaying spin-rotation relaxation, 
it has also been suggested that molecules containing nuclei 
which have a wide range of chemical shifts may be prone to 
large spin-rotation  interaction^.^^ Considering the sensitivity 
of 31P shifts to the subtle electronic changes in the tetrazole 
complexes, the existence of a spin-rotation relaxation mech- 
anism has to be regarded as a possibility for the 31P nucleus. 

Alkylation Results. The N M R  results alone do not conclu- 
sively establish the mode of coordination in complexes con- 
taining nonaryl 5 substituents but do provide strong evidence 
that a single linkage isomer is present. The N2 coordination 
indicated for aryltetrazoles was expected because of the re- 
ported preference for N2 attack by alkyl halides on 5-arylte- 
trazolate anions.33 To confirm this assignment and to gain 
more information on the nonaryltetrazoles, solutions of each 
complex were treated with an excess of alkyl halide in an N M R  
tube. Several different alkyl halides were attempted in chlo- 
roform and nitrobenzene a t  room temperature. When the al- 
kylation worked, a new signal would start to appear, usually 
within a few days, corresponding to the protons of the new ring 
substituent in the cleaved R N I ,  5-disubstituted tetrazole. 
Comparison of the chemical shift of this signal with the data 
previously reported allows the isomer to be immediately 
identified in most cases (Tables VI11 and IX). For the alkylated 
tetrazoles which had not been previously prepared, the isomer 
could still be deduced. The important point is that, in each case 
where the alkylation worked, the product formed was exclu- 
sively the 1,5-disubstituted isomer. This is indirect evidence 
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Table VIII.  Comparison of ' H  NMR Spectra of Isomeric Disubstituted Tetrazoles and the Products of the Reactions 
CDCI3 

36 ' C  
[PBu3Co(DH)25-Rtet] + CH3I --+ [PBu3Co(DH)21] + l-CH3,5-Rtet 

free. disubstituted tetrazoles 
- 

R 
reaction product 

6R 6CHl 
1,s isomer 2,5 isomer 

6R 6CH7 6R 6CH7 

CH3 2.53 4.08 2.56 4.03 2.50 4.32 
C F3 a 4.27 a 4.30 a b 
CHzCsHs 3.77 4.23 b b b b 
ChHs 7.47c 4.07 7.64' 4.15 8.13, 7 .4Ic  4.35 
3-FC6H4 7.43c 4.13 7.56' 4.23 6.9-8.0d 4.40 
4-FC6H4 7.72, 7.17? 4.23 7.80, 7.28? 4.20 8.10, 7.13? 4.40 
N(CH3)2 3.00 3.90 3.00 3.87 b b 

R has no protons. Chemical shifts are downfield of internal Me4Si for CDC13 solutions. Data is unavailable. ' Center of gravity of mul- 
tiplet(s). Broad, complex multiplet. 

Table IX. Comparison of H N M R  Spectra of Isomeric Disubstituted Tetrazoles and the Products of the Reactions 
CDCI, 

36 OC 
[PBujCo(DH)25-Rtet] + C6H=,CH2Br [PBu3Co(DH)2Br] + l-CH&H5,5-Rtet 

reaction product 
6R 6CH2 

free, disubstituted tetrazoles 
1,5 isomer 2,5 isomer 

6R 6CH2 6R 6CHz 

2.40 5.42 
a 5.60 

4.15 5.35 
C 5.55 
C 5.57 
C 5.53 

2.90 5.40 

b b b b 
a 5.60 a 5.73 

4.15 5.36 4.15 5.65 
7.53, 7.28d 5.63 8.17, 7.43d 5.73 

b b b b 
b b b b 

2.98 5.50 3.05 5.57 

R has no protons; chemical shifts are in parts per million downfield of internal Me4Si for CDC13 solutions. Data is unavailable. Signal 
from R overlaps signal of aromatic protons in C6HsCH2Br. Center of gravity of multiplets. 

Table X. Values of Angles of Fold and Cobalt Out-of-Plane Distances in Dimethylglyoximates Containing Phosphine Ligands 

compd Co-P distance, 8, out-of-plane, A dihedral angle, deg ref 

I I  ~ I - B u ~ P - C O ( D H ) ~ - ~ ~  (C) 2.342(1) 0.03 4.4 65 
111 n-Bu3P-Co(DH)*-xanthine ( N )  2.28 5 (2) 0.02 3.6 23 
IV P ~ ~ P - C O ( D H ) ~ - C H ~  2.41 8( 1) 0.112 13.6 68 
V P ~ ~ P - C O ( D H ) ~ - C I  2.327 (4) 0.05 6.0 67 

VI Ph3P-Co(DH)z-N02 2.392(3) 0.04 7.7 66 
V I 1  Chx,P-Co(DH)z-CI 2.369(5) 0.100 15.7 68 

Vlll  pyCo(DH)2(i-C3H,) (C) 0.022 4.3 72 

I n-Bu3P-Co(DH)z-tetrazole 2.263(2) 0.03 10.4 this work 

that all of the tetrazoles were Nz coordinated and that attack 
of the tetrazole ring occurred prior to its dissociation in every 
case. 

Net atomic charges associated with each nitrogen of 5- 
methyltetrazolate and 5-(N,N-dimethylamino)tetrazolate 
were obtained by using MIND013 calculations. 

N I  N2 exocyclic N 
5-CH3tet- -0.3027 -0.1 577 
5-N(CH&tet- -0.3150 -0.1402 -0.1895 

Theoretically, the N1 nitrogens are more nucleophilic than the 
N2. For 5-N(CH&et-, N2 sites are also less nucleophilic than 
the exocyclic nitrogen. Consideration of these results and the 
energetic equivalence of N I  and N2 substitution or coordina- 
tion of tetrazole rings, as described in the Introduction, leads 
to the conclusion that regiospecific Nz coordination in the 
cobalt oxime tetrazole complexes is due to steric restriction of 
the more nucleophilic, but also more hindered, N1 binding 
site. 

Complete alkylation results, including kinetics and mech- 
anism, are the subject of a paper currently in preparation. 

Discussion of the X-ray Crystallographic Results 
1. General Geometry. Figures 3 and 4 show a perspective 

view of trans-bis(dimethylglyoximat0)~-2(5-trifluorometh- 
yltetrazolato)(tri-n-butylphosphine)cobalt(III). Consistent 
with other structural investigations of bis(u-dioxime)co- 
balt(II1) complexes (see references in Table X), coordination 
about the cobalt atom is roughly octahedral, but with distortion 
of the equatorial dimethylglyoximato ligands to accommodate 
the requirements of the most space filling of the trans ligands 
(PBu3). The cobalt atom is displaced 0.03 8, toward the tri- 
n-butylphosphine group out of the plane of the four dimeth- 
ylgyloxime nitrogen atoms (plane I ,  Table XI). The average 
P( I)-Co( 1)-N(equatoria1) angle is 90.9' and the average 
N(6)-Co( I ) - N ( e q ~ a t o r i a l ) ~ ~  angle is 89.1'. The N-Co( I)-N 
angles of the equatorial ligands are 82.2 (2) and 80.6 (2)' 
within the five-membered coordination rings and 98.0 (2) and 
99.0 (2)' between those rings, consistent with observations in 
other structural determinations. The acute dihedral angle 
between the planes of the two glyoximato groups is 10.4', the 
two planes being bent away from the tri-n-butylphosphine 
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W 
Figure 3. A view of PBu3Co(DH)+CF3-tet complex 

Figure 4. View of the PBu&o(DH)*-tetrazole moiety down the Co-P 
bond. 

group (I, Table X). Acute dihedral angles of 3.6 and 4.4' were 
observed in the structures of tri-n-butylphosphinebis(di- 
methylglyoximato)cobalt(III) xanthine23 and pyridine65 bound 
through nitrogen and carbon, respectively (111 and 11, Table 
X).  Larger dihedral angles were observed in  two structures 
having triphenylphosphinebis(dimethylglyoximato)cobalt(III) 
coordinated to a nitro group (7.7°)66 and a chloride (6.0°)67 
(VI and V, Table X). A still larger angle of fold was in evidence 
in trans-bis(dimethylg1yoximato)chlorotricyclohexylphos- 
phinecobalt(II1) toluene solvate (VII, Table X).68 These in- 
creases of dihedral angle are paralleled by greater displacement 
of cobalt from the plane of the nitrogens of the equatorial li- 
gand and by a lengthening of the Co-P bond (Table X). 

It has been suggested that increased bulkiness of the phos- 
phine ligand (cyclohexyl > phenyl > butyl) will dictate larger 
and larger angles of fold in those series where the trans ligand 
remains constant, but that in a series with a constant tri-R- 
phosphine ligand the space-filling properties of the opposite 
ligand, i.e., its ability to oppose deformation of the equatorial 
ligand, will be the dominant factor. The observation of a re]-* 
atively large angle (10.4') in the title tetrazole structure as 
compared to 4.4' in the pyridine structure might thus be as- 
cribed to the lessened opposition to deformation of the equa- 
torial ligand offered by the five-membered tetrazole ring as 
compared to the six-membered pyridine ring. Other aspects 
of the structure suggest that the dominant effect is not steric 
(Discussion, part .5).69 

2. Trans Effect. The cobalt-phosphorus bond (2.263 (2) A) 
is one of the shortest observed in cobalt bis(dimethylg1yoxi- 
mato) structures. The trans effect has been well considered in 
complexes with relatively planar, equatorial ligands. In this 
structure, the shortness of the Co-P bond identifies N-2-(5-  
trifluoromethyltetrazole) as a slightly less powerful electron- 
donating ligand than xanthine, the trans Co-P bond being 

W 

Table XI. Equations of Least-Squares Planes and, in Brackets, 
Distances (A) of Atoms from the Planeo 

plane (1): N(1)-(4) 
- 6 . 0 6 9 ~  + 18 .497~  + 2 . 0 8 9 ~  = 3.658 
[N(1) -0.013, N(2) 0.013, N(3) -0.013, 

N(4) 0.013, Co( I )  0.0301 
plane (2): N(5)-(8), C(9) 

7 . 4 4 5 ~  + 4 . 4 1 4 ~  + 17.8392 = 5.792 
[N(5) 0.002, N(6) 0.001, N(7) -0.004, N(8) 

0.005, C( 9) -0.005, C( 1 ) 0.020, C( 5) -0.1661 
plane (3): Co(l) ,  N(1)-(2), O(1)-(2), C(1)-(4) 

- 5 . 2 6 7 ~  + 1 9 . 3 5 3 ~  + 0.6322 = 3.966 
[CO( 1 )  -0.062, N(1) 0.059, N(2) 0.028, 

O(1) 0.012,0(2)  -0.034, C(1) 0.043, 
C(2) -0.089, C(3) 0.026, C(4) 0.0161 

plane (4): C1( I ) ,  N(3)-(4), 0(3)-(4),  C(5)-(8) 
- 6 . 7 7 4 ~  + 17 .586~  + 3.0062 = 3.443 
[CO( I )  -0.043, N(3) 0.062, N(4) 0.007, 

O(2) 0 .002,0(4)  -0.025, C(5) 0.026, 
C(6) -0.070, C(7) 0.021, C(8) 0.0201 

The equations are referred to the crystal axes and x, y, and z are 
fractional coordinates. 

0.022 8, longer in the xanthine complex. Both structures have 
shorter Co-P bonds than does the homologous C-bound pyri- 
dine complex (Co-P, 2.342 (1) A), consistent with the obser- 
vation that carbon-bonded ligands cause larger trans ef- 
fects. 

3. Hydrogen Bonding. Bis(dimethy1glyoxime) structures 
have shown various modes of distribution of the hydrogen- 
bonded protons in the equatorial plane: (DH)(DH) symmet- 
rical, (DH)(DH) asymmetrical, and ( D H z ) ( D ) . ~ ~  In this de- 
termination, the protons were placed in (DH)(DH) symmet- 
rical positions. They then refined to (DH)(DH) asymmetrical 
positions. Other determinations have assigned the longer Co-N 
and N - 0  distances of a 

O \\ 

-"\a/"- 
pair to the N-0-H group. This work does not clearly support 
that assignment. 

4. Tri-n-butylphosphine. The tri-n-butylphosphine ligand 
has average P-C bonds (1.812 A), average C-P-C angles 
(106.3'), and average Co-P-C angles ( 1  12.4'), consistent 
with phosphorus having tetrahedral coordination distorted by 
compression of the three alkyl groups away from the equatorial 
glyoxime ligands. Three anomalously short carbon-carbon 
distances give evidence of disorder in several carbon positions. 
Attempts to resolve the disorder, in terms of partial occupancy 
positions, were not stable to refinement. The other tri-n- 
butylphosphine structures (Table X) have also shown evidence 
of disorder in these groups. 

5. N-2-(Trifluoromethyltetrazole). The planar tetrazole ring 
(SD 0.004) subtends an angle of 86.2' with the plane of the 
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equatorial nitrogen atoms. It coordinates to cobalt at  N(6) and 
not at  N(5). Unlike the xanthine and pyridine structures, where 
projection views down the P-Co bond show the plane of the 
trans ligand to be close to containing the line of fold of the two 
dimethylglyoximato rings (Figure 3, ref 23), the tetrazole ring 
in the title structure is situated such that its plane is nearly 
perpendicular to that line of fold (Figure 4). (C(1) and C(5) 
lie close to the plane of the tetrazole ring (plane 2, Table XI).  
Contact distances (A) N(5)-N( 1) (2.880 (8)), N(5)-N(2) 
(3.044 (9 ) ) ,  N(5)-C(1) (3.004 (9)), N(7)-N(3) (2.862 ( I O ) ) ,  
N(7)-N(4) (3.156 (lo)), and N(7)-C(5) (3.068 ( 1 1 ) )  are 
considerably shorter than van der Waals distances C-N (3.25 
A) and N-N (3.10 A). In view of the relatively large angle of 
fold of the equatorial plane, the unexpected orientation of the 
tetrazole ring, and the short nonbonded contacts which might 
have been diminished by a different orientation of the ring or 
less folding, it is of interest to identify a positive or nonbonded 
attraction as the cause of these effects. 

Interaction of the nucleophilic unshared pair of a nitrogen 
atom with a partially electron deficient center has been ob- 
served in the crystal structure of methadone base,70 where 
nitrogen shows a nonbonded distance of 2.91 A from a carbonyl 
carbon and the configuration of the molecule appears con- 
strained to support that interaction. Evaluation of the geometry 
of a series of structures exhibiting this type of nonbonded in- 
teraction" shows that the shorter nonbonded distances may 
be correlated with deviation of bond angles a t  the electron- 
deficient carbon from sp2 geometry toward an sp3 configura- 
tion. I n  the title structure, the orientation of the tetrazole ring 
seems suitable for the interaction of N(7) with C(5) and N(5) 
with C ( l )  (Figure 3).  In  each dimethylglyoxime plane, the 
methyl carbon attached to C(5) or C(  1) is the atom showing 
the greatest deviation from the plane, consistent with slight 
deviation of C (  1) and C(5) from sp2 geometry. 
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Abstract: The molecular and crystal structures of [q6-C6(CH3)6]2Co+PF6- (1) and of [ ? J ~ - C ~ ( C H ~ ) ~ ] R ~ -  
[v4-CsHz(CH3)6]+PF6- (2) are described from an analysis of three-dimensional X-ray diffraction data. The cobalt salt, 1, 
is orthorhombic, space group Pnnm-Dii (no. 58), with a = 8.137 (3) A, b = 10.738 (4) A, c = 13.777 (4) A, and Z = 2. For 
the cationic cobalt complex, there is near D6h symmetry with an eclipsed arrangement of the two hexahapto arene rings. Be- 
cause all methyl substituents are bent away from the cobalt center there is no significant inter-ring nonbonded interaction. 
Consistent with the 20-electron character of this complex with the last two electrons residing in a degenerate metal-carbon an- 
tibonding orbital, the complex is paramagnetic and has relatively long cobalt-carbon bonds. The rhodium complex which was 
produced by Zn-HCI reduction of [C6(CH3)6]2Rh2+ and previously described as a bis(hexamethylbenzene)rhodium+ com- 
plex is shown to be [v6-C6(CH3)6]Rh[q4-CgH2(CH3)6]+: The PF6- salt of the rhodium complex, 2, is orthorhombic, space 
group Pnna-Dii (no. 62), with a = 21.831 (3) A, b = 13.401 (2)  A, c = 8.446 (2) A, and Z = 4. Partial hydrogenation of the 
one ring in the rhodium complex did not proceed through Hz or H +  addition to the metal center of the precursor rhodium(l1) 
bis(arene) complex because the two added hydrogen atoms are  a t  exo ring positions. Presumably, the hydrogenation was ef- 
fected by a heterogeneous process, i.e., a t  the zinc surface. This is the first crystallographic determination of an arene-rhodium 
complex and the structure exhibits several features of general significance in arene-metal chemistry. 

Introduction 
In a general study of transition metal arene complex 

chemistry, we seek structural and stereochemical definition 
of the mechanism by which transition metal bonds to aromatic 
hydrocarbons are formed and brokeq2 and of the mechanistic 
features of molecular transition metal complex catalysis of 
arene h y d r ~ g e n a t i o n . ~ ~ . ~  A tetrahapto bonding of arene to 
metal has been suggested as a critical feature of the catalysis 
of arene hydrogenation by the d8 complex, v3-C3H~Co- 
[P(OCH3)3]3.3-5 For this reason, we have sought precise 
structural information about d8-metal arene complexes. 

Literature reports posed interesting electronic and struc- 
tural questions about d8 cobalt(1) bis(arene) complexes. A 
paramagnetic [ C ~ ( C H ~ ) ~ ] ~ C O +  ion had been synthesized by 
the  Fischer-Hafner procedure6 and a diamagnetic 
[C6(CH&] 2co+ ion reportedly' had been prepared from 
(mesity1)zCo and 2-butyne. This apparent anomaly has been 

3 
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resolved. Here we describe the crystal structure of the PF6- 
salt of the paramagnetic cation. In other studies, we have found 
that the (mesity1)zCo and 2-butyne reactions produce no de- 
tectable bis(hexamethy1benzene)cobalt complex but rather 
a set of at  least three cobalt(1) complexes. One has structure 
3 with one hexahapto arene ligand and a tetrahapto penta- 

4 

methylcyclopentadiene ligand. Preliminary X-ray diffraction 
results for another of these complexes indicate a solid-state 
structure in which a nonclassical carbonium ion has apparently 
been stabilized by interaction with a novel neutral (q6-hexa- 
methylbenzene)cobalt( q3-pentamethylcyclopentadienyl) 
complex 4. (In structures 3 and 4, methyl groups are denoted 
by vectors from the contiguous carbon atoms.) However, the 
structural details have not yet been fully resolved for this sys- 
tem; complete structural descriptions of these relatively bizarre 
cobalt(1) complexes will be reported separately.8 
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