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353.5 Hz, indicates that the trans influence of the phosphonate 
group increases significantly when it is fully deprotonated. The 
smaller reduction in 'J(Pt-N) trans to nitrogen, from 303.7 to 
293.0 Hz, indicates that the trans influence of ligand nitrogen also 
increases slightly when its substituents are deprotonated. J(R-N) 
trans to carboxylate 0 remains constant a t  345 Hz when Pt- 
(NH3)*(impaH2-N,0)+ (XVI) is deprotonated to Pt(NH3),- 
(impa-N,O)- (XVIII), but J(Pt-N) trans to N decreases slightly 
(from 303.2 to 296.0 Hz) as expected. Comparison with the 
coupling constants for the phosphonate-bound isomer of Pt- 
(NH,),(impa-N,O)- (XIX), 349.6 Hz trans to 0 and 296.9 Hz 
trans to N, suggests that the trans influence of carboxylate is 
slightly greater than that of fully deprotonated phosphonate. 
Therefore, the trans influence order for these three 0-donor groups 
is -OPO,H-, C-OPO, I -0- CO-, which presumably is also the 
order of increasing Pt-0 bond strength. 

From the reactions summarized in Schemes I1 and IV, there 
is, in acid solution, clearly a thermodynamic preference for the 
chelate complex with impa carboxylate bound. This may be 
ascribed to the higher Pt-0 bond strength in the carboxylate 

complex XVI relative to the protonated phosphonate complex XV. 
In alkaline solution, there is a preference for the phosphonate- 
bound isomer XIX over the carboxylate-bound isomer XVIII. This 
does not correspond with the trans influence order. In the absence 
of a large trans influence difference between the two 0-donor 
groups, the direction of the equilibrium will be determined by more 
subtle factors (e.g. the solvation of the -PO3,- group compared 
with -C02-). 
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Ternary metal complexes involving vitamin B6 with formulas [CO"'(~~~),(PN-H)](CIO~)~ and [C~'~(bpy)(PN)Cl]C10~.H~0 (bpy 
= 2,2'-bipyridine, PN = neutral pyridoxine, PN-H = anionic pyridoxine) have been prepared for the first time and characterized 
by means of magnetic and spectroscopic measurements. The crystal structures of the compounds have also been determined. 
[ C O ( ~ ~ ~ ) ~ ( P N - H ) ] ( C I O , ) ~  crystallizes in the space group P2,/c with a = 18.900 (3) A, b = 8.764 (1) A, c = 20.041 (2) A, p 
= 116.05 (l)', and Z = 4 and [Cu(bpy)(PN)C1]C104-H20 in the space group P i  with a = 12.136 (5) A, b = 13.283 (4) A, c 
= 7.195 (2) A, a = 96.91 (Z)', 0 = 91.25 (3)', y = 71.63 (3)', and Z = 2. The structures were solved by the heavy-atom method 
and refined by least-squares techniques to R values of 0.080 and 0.042 for 3401 and 2094 independent reflections, respectively. 
Both structures consist of monomeric units. The geometry around Co(II1) is octahedral and around Cu(I1) is distorted square 
pyramidal. In [CO(~~~)~(PN-H)](CIO~)~, two oxygens from phenolic and 4-(hydroxymethyl) groups of PN-H and two nitrogens 
from each of two bpy's form the coordination sphere. In [Cu(bpy)(PN)C1]C104.H20 one PN and one bpy, with the same donor 
sites, act as bidentate chelates in the basal plane, with a chloride ion occupying the apical position. In both structures PN and 
PN-H exist in the tautomeric form wherein pyridine N is protonated and phenolic 0 is deprotonated. However, a novel feature 
of the cobalt compound is that PN-H is anionic due to the deprotonation of the 4-(hydroxymethyl) group. The packing in both 
structures is governed by hydrogen bonds, and in the copper compound partial stacking of bpy's at a distance of -3.55 also 
adds to the stability of the system. Infrared, NMR, and ligand field spectroscopic results and magnetic measurements are 
interpreted in light of the structures. 

Introduction 
Metal complexes of the B6 vitamins and of the Schiff bases 

derived from them have been an interesting area of study in recent 
years.'s2 Particularly, since the discovery of the enhanced catalytic 
role of metal ions in nonenzymatic reactions3 (e.g. transamination 
of pyridoxamine with a-ketoglutarate) attention has been focused 
on complexes of Schiff bases derived from amino acids and py- 
ridoxal (PL) [or pyridoxal phosphate (PLP)] with the aim of 
elucidating the mechanism of action of vitamin B6 containing 
 enzyme^."^ Considerable research has also been concerned with 
the ligating sites in these compounds. Many of the solution 
studies7-I5 and a few X-ray structural  investigation^'^-'^ reveal 
that in vitamin B6 complexes chelation occurs through phenolic 
oxygen and the 4-(aminomethyl) or 4-(hydroxymethyl) groups 
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of pyridoxamine (PM) or pyridoxine (PN).'* In Schiff base 
complexes also, chelation has been o b ~ e r v e d ~ J * ~ ~  through phenolic 

Holm, R. H. In "Inorganic Biochemistry"; Eichhorn, G. L., Ed.; El- 
sevier: New York, 1973; Vol. 2, pp 1137-1167. 
Martell, A. E. Adv. Enzymol. Relat. Areas Mol. Biol. 1982, 53, 163. 
(a) Metzler, D. E.; Snell, E. E. J.  Am. Chem. SOC. 1952, 74, 979. (b) 
Longenecker, J. B.; Snell, E. E. J .  Am. Chem. SOC. 1957, 79, 142. 

(4) Metzler, D. E. Adv. Enzymol. Relat. Areas Mol. Biol. 1979, 50, 1. 
(5) Vederas, J. C.; Floss, H. G. Acc. Chem. Res. 1980, 13, 455 and refer- 

ences cited therein. 
(6) Rao, S. P. S.; Manohar, H.; Bau, R. J .  Chem. SOC., Dalton Trans. 1985, 

205 1. 
(7) Martell, A. E.; Taylor, P. Inorg. Chem. 1984, 23, 2734. 
(8) Gustafson, R. L.; Martell, A. E. Arch. Biochem. Biophys. 1957,68,485. 
(9) Farago, M. E.; McMillan, M. M.; Sabir, S. S. Inorg. Chim. Acta 1975, . , -,.- 

14 ,  L U I .  

(10) Hartman, J.  S.; Kelusky, E. C .  Can. J .  Chem. 1979, 57, 2118. 
(11 )  Vishwanathan, T. S.; Swift, T. J. Can. J .  Chem. 1979, 57, 1050. 
(12) El-Ezaby, M. S.; Rashad, M.; Moussa, N. M. J .  Inorg. Nucl. Chem. 

1977, 39, 175. 
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oxygen, imine nitrogen, and carboxylate oxygen. Interestingly, 
binding at  a few other sites like pyridine nitrogenz0 or the side 
chain at  the 5-position (hydroxymethyl oxygen16,20 or phosphate 
oxygen6qZ1) is also noticed. The field derives further interest due 
to the possible existence of B6 vitamins in various tautomeric forms. 
Protonation or deprotonation at  different sites like ring nitrogen, 
phenolic oxygen, and 4-(aminomethyl) nitrogen may occur de- 
pending upon factors such as pH of crystallization, charge neu- 
tralization requirement, etc. A fine example is that reported by 
Franklin and Richardson, where copper complexes of both neutral 
and anionic forms of PM have been studied.16 

Studies on ternary systems involving B6 vitamins, on the other 
hand, are very few. While solution studies on such systems are 
meager,31-33 to our knowledge crystallographic work is nonexistent. 
Hence we have taken up a systematic study of ternary transition 
metal complexes involving vitamin B6. In view of the suggestion 
that heteroaromatic N bases like imidazole or 2,2’-bipyridyl (bpy) 
enhance the affinity of the metal for the oxygen donor sites of 
anionic ligands,34 it is of interest to study the effect of such 
additional ligands on the ligating sites and on the tautomeric 
conversions of the B6 vitamins. In this paper we report, for the 
first time, the syntheses, properties, and X-ray structures of Co(II1) 
and Cu(I1) complexes of PN and bpy. The two crystal structures, 
wherein PN is anionic in one and neutral in the other, reveal that 
chelation occurs through the 4-(hydroxymethyl) and phenolate 
groups of the dipolar tautomer in the presence of a ternary ligand 
as well. 
Experimental Section 

Preparation of (Pyridoxinato)bis(2,2’-bipyridyl)cobalt(III) Per- 

(13) (a) Casella, L.; Gullotti, M. J .  Am. Chem. SOC. 1981, 103, 6338. (b) 
Casella, L.; Gullotti, M.; Pacchioni, G. J .  Am. Chem. SOC. 1982, 104, 
2386. 

(14) Szweanicz. B.: Martell. A. E. J .  Am. Chem. SOC. 1984. 106. 5513 .  
( l5j  Mfs‘et, A.; Nepveu-Juras, F.; Haran, R.; Bonnet, J. J. J.  Inorg. Nucl. 

Chem. 1978, 40, 1259. 
(16) Franklin, K. J.; Richardson, M. F. Inorg. Chem. 1980, 19, 2107. 
(17 )  Thommon. D. M.: Balenovich. W.: Hornich. L. H. M.: Richardson. M. . ,  

F. Inorg. Chim. Acta 1980, 46, 199. 
(18) For atom numbering in anionic PN see structure V. It may be noted 

that the ring atom numbering in PN (with the methyl group at the 
6-position) is the reverse of that followed in PM, PL, or their derivatives 
(with the methyl group at the 2-position). However, for the sake of 
uniformity, the labeling of the atoms (Figures 1 and 2) has been retained 
the same as in our earlier work on the complexes of pyridoxylidene 
Schiff bases6 and of PL derivatives.42c 

(19) Willstadter, E.; Hamor, T. A.; Hoard, J. L. J .  Am. Chem. SOC. 1963, 
85, 1205. 

(20) Cutfield, J.  F.; Hall, D.; Waters, T. N. Chem. Commun. 1967, 785. 
(21) Bentley, G. A,; Waters, J. M.; Waters, T. N.  Chem. Commun. 1968, 

988. 
(22) Capasso, S.; Giordano, F.; Mattia, C.; Mazzarella, L.; Ripamonti, A. 

J .  Chem. Soc., Dalton Trans. 1974, 2228. 
(23) Wrobleski. J. T.: Lone. G. J. Inow.  Chem. 1977. 16. 2752. 
(24j Nardelli, M.; Pelizzi, Id.; Predieri,-G. Transition’Met. Chem. (Wein- 

heim, Ger.) 1978, 3, 233. 
(25) Long, G. J.; Wrobleski, J. T.; Thundathil, R. V.; Sparlin, D. M.; 

Schlemoer, E. 0. J .  Am. Chem. Soc. 1980. 102. 6040. 
(26) (a) Aog, K.; Yamazaki, H. J .  Chem. Soc., Chem. Commun. 1980,363. 

(b) Aoki, K.; Yamazaki, H. J .  Chem. Soc., Chem. Commun. 1984,410. 
(27) Darriet, M.; Cassiagne, A.; Darriet, J.; Neuzil, N. Acta Crystallogr., 

Sect. B: Struct. Crystallogr. Cryst. Chem. 1978, 834,  2105. 
(28) Nepveu, F.; Bonnet, J. J.; Laurent, J. P. J .  Coord. Chem. 1981, 1 1 ,  185. 
(29) Bigoli, F.; Lanfranchi, M.; Leporati, E.; Pellinghelli, M. A. Inorg. Chim. 

Acta 1983, 80, 1 3 5 .  
(30) Dawes, H. M.; Waters, T. N. J .  Chem. Soc., Chem. Commun. 1982, 

1390. 
(31) Martell, A. E. Met. Ions Biol. Syst. 1973, 2, 207-268. 
(32) (a) El-Ezaby, M. S.;  Marafie, H. M.; Fareed, S.  J .  Inorg. Biochem. 

1979, 1 1 ,  317. (b) El-Ezaby, M. S.; Abu-Shady, A. S .  I .  Inorg. Chim. 
Acta 1981, 55, 29. (c) El-Ezaby, M. S.; El-Khalafawy, T. E. J .  Inorg. 
Nucl. Chem. 1981, 43, 831. (d) Marafie, H. M.; El-Ezaby, M. S.; 
Abd-El-Nabey, B. A.; Kittaneh, N. Transition Met. Chem. (Weinheim, 
Ger.) 1982, 7 ,  227. (e) El-Ezaby, M. S.; AI-Sogair, F. M. Polyhedron 
1982, I ,  791. ( f )  AI-Awadi, N.; El-Ezaby, M. S.; Abu-Soud, H. Inorg. 
Chim. Acta 1982, 67, 1 3 1 .  (g) Marafie, H. M.; El-Ezaby, M. S.; 
Rashad, M. Polyhedron 1984, 3, 787. 

(33 )  Fridman, Ya. D.; Pulatova, Z. M.; Levina, R. G. Koord. Khim. 1984, 
10, 151; Chem. Abstr. 1984, 100, 1847246. 

(34) (a) Mohan, M. S.; Bancroft, D.; Abbott, E. H. Inorg. Chem. 1979, 18, 
1527. (b) Sigel, H. Inorg. Chem. 1980, 19, 141 1 and references cited 
therein. 
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Figure 1. ORTEP drawing of the [ C O ( ~ ~ ~ ) ~ ( P N - H ) ] ~ +  cation showing the 
atom numbering and thermal motion ellipsoids (50% probability level) 
for non-hydrogen atoms. The hydrogen atoms are represented by circles. 

U 

Figure 2. ORTEP drawing of the [Cu(bpy)(PN)CI]* cation showing the 
atom numbering and thermal motion ellipsoids (50% probability level) 
for non-hydrogen atoms. The hydrogen atoms are represented by circles. 

chlorate, [CO(~~~)~(PN-H)](CIO,),. To a mixture of cobalt(I1) per- 
chlorate (1  mmol) and bpy (2 mmol) in ethanol (IO mL) was added 
slowly an aqueous solution of P N  (1 mmol in 5 mL). The solution (pH 
5.6) ,  initially pink-yellow, later turned dark pink. By controlled slow 
evaporation, beautiful reddish pink, parallelepiped-shaped crystals sepa- 
rated out after 2 days. The crystals were filtered, washed with ether, and 
dried under vacuum; yield 82%. 

Preparation of Chloro(2,2’-bipyridyI)(pyridoxine)copper(II) Per- 
chlorate Hydrate, [Cu(bpy)(PN)Cl](CIO,).H,O. Copper(I1) perchlorate 
(1 mmol) and bpy (1 mmol) were dissolved in a 1 : l  water-ethanol 
mixture (10 mL). To this solution was added an aqueous solution of PN 
(1 mmol in 5 mL) when the color of the solution changed from blue to 
green (pH 5 .1 ) .  By slow controlled evaporation, dark green crystals 
separated out, which were filtered and dried under vacuum; yield 95%.35 

Physical Measurements. The electronic spectra of the compounds 
were recorded with a Unicam SP7OOA spectrophotometer. The infrared 
spectra were recorded with a Perkin-Elmer 599 spectrometer on KBr 
pellets as support in the 4000-250-cm-I spectral range. The IH N M R  
spectrum for [C0(bpy)~(PN-H)](Cl0,)2 was obtained from a Bruker 
WH 270 FT spectrometer operating at 270 MHz in D20 with TSP as 

(35) As every attempt is made to avoid impurities, the only possible source 
for chloride ions is through the dissociation of perchlorate ions. A 
similar result has been encountered during our attempts to prepare 
ternary pyridoxylidene-amino acid Schiff base complexes.42c 
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Table I. Summarv of Crvstal Data Collection 

mol formula 
mol wt 
cryst syst 
space group 
a, A 
b, A 
c, A 
a ,  deg 
& deg 
7, deg v, A3 
Z 
F(000) 
p(calcd), g/cm3 
p(obsd), g / ~ m - ’ ~  
diffractometer 
radiation 
temp, K 
reflecns measd 
scan type 
0 range, deg 
scan speed, deg/min 
measd reflecns 
obsd unique reflecns 
cryst size, mm 
abs coeff, cm-I 
transmission factors 
weighting scheme (w) 
Rb 
RwC 

C28H26C12C0N501 I 
738.39 
monoclinic 

18.900 (3) 
8.764 (1) 
20.041 (2) 
90 
116.05 (1) 
90 
2982.3 
4 
1508 
1.64 
1.64 
CAD4 
Ni-filtered Cu Ka (X  = 1.542 A) 
296 
kh,+k,+l 

p2,/c 

w/20 
4-70 
10 
5905 
3401 (F,  > 5a(F0)) 
-0.44 X 0.28 X 0.05 
30.0 
0.8 1-1.43“ 
[u2(F,) + 0.006F2]-’ 
0.080 
0.1 18 

C18H21C12CUN308 
541.44 
triclinic 

12.136 (5) 
13.283 (4) 
7.195 (2) 
96.91 (2) 
91.25 (3) 
71.63 (3) 
1092.6 
2 
554 
1.64 
1.62 
Syntex P2, 
graphite-monochromated Mo Ka (A = 0.7107 A) 
298 
*h,&k,+l 

pi 

w/28 
2-22.5 
2.5-12.5 
2841 
2094 ( I  > 341) )  
-0.3 X 0.15 X 0.08 
12.8 
0.96-1.04“ 
[.2(Fo) + O.o001F~] -~  
0.042 
0.05 1 

”Normalized to an average of unity. b R  = x l F o  - ~ F c ~ ~ / ~ F o .  ‘ R ,  = [ x w ( F , ,  - IF,1)2/CF2]I/2. dBy flotation in CHC13 + CHBr,. 

internal standard. The ESR spectrum for [Cu(bpy)(PN)C1]C104.H20 
was recorded on a Varian E109 spectrometer. The room-temperature 
magnetic susceptibilities were measured by the Faraday method using 
Hg[Co(CNS),] as the calibrant. 

Collection and Reduction of the X-ray Intensity Data. Details re- 
garding the data collection and processing are presented in Table I. The 
data were corrected for Lorentz, polarization, and absorption effects. 

Solution and Refinement of the Structures. The structures were solved 
by conventional Patterson and Fourier techniques and refined by full- 
matrix least-squares treatment. All the hydrogen atoms were located 
from difference electron density maps and their positions and isotropic 
temperature factors refined in the last three cycles. The shifts in pa- 
rameters for both compounds in the last cycle was less than 0 . 1 ~ .  Final 
residuals R and R,  are 0.080 and 0.1 18 for [CO(~~~)~(PN-H)] (CIO,) ,  
and 0.042 and 0.051 for [Cu(bpy)(PN)C1]ClO4.H20. The final differ- 
ence electron density map for the Co compound revealed no significant 
electron density except a few peaks less than 0.9 e A” at distances 
1.4-1.7 8, from the chlorine of one of the perchlorate ions. N o  peak 
higher than 0.3 e A-’ was observed in the map for the Cu compound. 

Major calculations were performed on a DEC 1090 computer using 
the SHELX-76 system of programs36 for Fourier and least-squares calcu- 
lations and ORTEP-I13’ and PLUTO-78’’ programs for  diagram^.'^ The 
scattering factors for H,  C, N, 0, and CI atoms were used as available 
in the SHELX program, and for Co and Cu they were taken from ref 40 
(anomalous dispersion corrections applied). The final atomic coordinates 
for the compounds are given in Tables I1 and 111. 

Results and Discussion 
The molecular structures and the atom-labeling schemes of the 

two compounds [ Co( bpy) 2(  PN-H)] ( C104)2 and [ Cu( bpy) (PN)- 
C1]C104.H,0 are shown in Figures 1 and 2, respectively. Selected 

(36) Sheldrick, G. M. “SHELX-76, a Program for Crystal Structure 
Determination”; University of Cambridge: Cambridge, England, 1976. 

(37) Johnson, C. K. “ORTEP 11, a Program for Thermal Ellipsoid Plotting”; 
Oak Ridge National Laboratory: Oak Ridge, TN, 1976. 

(38) Motherwell, S.; Clegg, W. “PLUTO, a Program for Drawing Crystal 
and Molecular Structures”; University of Cambridge: Cambridge, 
England. 

(39) Calculations other than those specifically noted were performed with 
locally written programs. 

(40) “International Tables for X-ray Crystallography”; Kynoch Press: Bir- 
mingham, England, 1974; Vol. 4. 

bond distances and angles are presented in Tables IV and V. 
Metal Coordination and Chelate Rings. In [ Co(bpy),(PN- 

H)](C104)2, the Co(II1) ion has three bidentate ligands in one 
PN-H and two bpy groups. The coordination geometry is octa- 
hedral with phenolic oxygen O( l )  and 4-(hydroxymethyl) oxygen 
O(3) from PN-H and two nitrogens each from two bpy’s as the 
donor atoms. The equatorial plane, containing donors from PN-H, 
has other donor atoms from different bpy’s. The least-squares 
plane passing through these atoms makes a dihedral angle of 26.8O 
with that of the pyridine ring of PN-H. The metal-donor atom 
distances are in the range 1.876-1.985 (6) A, and the cis bond 
angles around the metal range between 81.9 and 97.3 (3)’. These 
values are comparable with those of similar Co(II1) c~mplexes.~’  
Interestingly, one of the four Co-N bonds, Co-N(3), is signifi- 
cantly longer (1.985 (8) A) than the other three ( N 1.93 A). A 
notable point is that, among the three equatorial planes of the 
octahedron, the one involving donors from PN-H is tetrahedrally 
distorted (deviations f0.085 A), whereas the other two are vir- 
tually planar (supplementary Table VI).  

Cu(I1) in [Cu(bpy)(PN)C1]CI0,.H20 has a distorted- 
square-pyramidal geometry. O( 1) and O(3) of PN and N(2) and 
N(3) of bpy constitute the square base while a C1 atom occupies 
the axial site. The equatorial bond lengths, which are in the range 
1.928-2.002 (4) A, are somewhat longer than those observed in 
pyridoxylidene Schiff base complexes of ~ o p p e r ~ ~ ~ ~ ~ ~ “ ~ ~  but com- 
pare well with those of PM compounds CU(PM),(NO,)~-H~O and 
CU(PM-H),.~H,O.’~ The Cu-C1( 1) distance is normal and is in 
the range observed for the Cu compounds having C1 at  the axial 
site.26b,42 The cis bond angles in the plane range from 8 1.3 to 
92.1 (2)O, the smallest being that of the five-membered chelate 
ring. The Cu-Cl( 1) bond makes an angle of 3.4O with the normal 

(a) Evans, E. J.; Hawkins, C. J.; Rodgers, J.; Snow, M .  R. Inorg. Chem. 
1983, 22, 34 .  (b) Wardeska, J. G.; Clearfield, A.; Troup, I .  M. Inorg. 
Chem. 1979, 18, 1641. (c) Clearfield, A,; Rudolf, P.; Wardeska, J. G. 
Inorg. Chem. 1983, 22,  2713. 
(a) Neitzel, C. J.; Desidrato, R. Cryst. Srruct. Commun. 1975, 4 ,  333. 
(b) Sletten, E.; Apeland, A. Acta Crystallogr., Sect.  B: Struct.  Crys- 
tallogr. Crysf. Chem. 1975, B31, 2019. (c) Rao, S. P. S.; Manohar, H.; 
Aoki, K.; Yamazaki, H.; Bau, R. J .  Chem. Soc., Chem. Commun. 1986, 
4. 
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Table 11. Fractional Atomic Coordinates (X lo4) for Non-Hydrogen 
Atoms in ICo(bovMPN-H)l (Clod), with Their Esd’s in Parentheses 

~~ 

atom X Y z 
2487 (1) 
4615 (4) 
3860 (4) 
3673 (4) 
4274 (4) 
5074 (4) 
5215 (4) 
3256 (5) 
4043 (4) 

2909 (3) 
6477 (3) 
3450 (3) 
2669 (3) 
3327 (4) 
3430 (5) 
2874 (5) 
2192 (4) 
2120 (4) 
1461 (4) 
863 (4) 
300 (5) 
304 (4) 
904 (4) 

1486 (3) 

1880 (4) 
1562 (5) 
1388 (4) 
1503 (4) 
1804 (3) 
1923 (4) 
1707 ( 5 )  
1840 (6) 
2167 (6) 
2388 (5) 
2256 (3) 

221 (1) 
160 (5) 
381 (5) 

848 (6) 
5515 (1) 
4937 (6) 
6033 (5) 
5132 (6) 
5815 (10) 

5734 (4) 

2001 (3) 

-466 (4) 

287 (1) 
-3285 (8) 
-3004 (9) 
-1876 (9) 
-1043 (9) 
-1421 (9) 
-2559 (10) 
-3918 (12) 

192 (10) 
-648 (10) 

-1663 (6) 
-1371 (7) 

1167 (6) 
697 (7) 

1426 (10) 
1562 (12) 
992 (1 1) 
311 (10) 
158 (9) 

-604 (9) 
-1354 (11) 
-2094 (1 1) 
-1963 (10) 
-1193 (9) 

-554 (7) 
2219 (7) 
3387 (9) 
4736 (1 1) 
4940 (9) 
3745 (10) 
2388 (9) 
1018 (9) 
802 (1 1) 

-593 (14) 
-1721 (11) 
-1505 (10) 

-158 (7) 
1910 (3) 
2760 (10) 
2867 (10) 
1092 (11) 
860 (1 3) 

3022 (3) 
3646 (13) 
4366 (14) 
2782 (11) 
1806 (14) 

874 (1) 
878 (4) 
676 (4) 

1060 (4) 
1622 (4) 
1824 (4) 
1436 (4) 

51 (6) 
2002 (4) 
2454 (5) 
892 (3) 

2627 (3) 
1524 (3) 

19 (3) 
34 (4) 

-587 (5) 
-1266 (5) 
-1280 (4) 

-636 (4) 
-580 (4) 

-1146 (4) 

-338 (4) 
-1021 (5) 

218 (4) 
104 (3) 
894 (3) 
433 (4) 
521 (5) 

1108 (5) 
1579 (4) 
1464 (4) 
1903 (4) 
2473 (4) 
2833 (5) 
2624 (5) 
2061 (4) 
1700 (3) 
3385 (1) 
3954 (4) 
2894 (4) 
2966 (4) 
3707 (5) 
1050 (1) 
389 (5) 

1285 (7) 
1516 (5) 
868 (11) 

t o  the square plane. The four basal atoms show small but sig- 
nificant te t rahedral  deviations (-0.092 to  0.130 (4) 8,) from the 
least-squares plane through these atoms. As in [Co(bpy)2(PN- 
H)](C104)z, this plane is not coplanar with the plane through the 
pyridine ring of P N ,  the two making a dihedral angle of 18.0’. 

There a r e  two five-membered rings and one six-membered 
chelate r ing in [ C O ( ~ ~ ~ ) ~ ( P N - H ) ] ( C I O ~ ) ,  and one each in the  
case of [Cu(bpy)(PN)C1]C1O4.HZ0. The chelate ring bites are 
2.768, 2.562, a n d  2.549 8, for t h e  six-membered and two five- 
membered rings, respectively, in the Co compound and 2.796 and 
2.596 8, in the Cu compound. T h e  five-membered chelate  rings 
are nearly planar  as expected. However,  in the  case of six- 
membered chelate rings, torsion angles and asymmetry parame- 
t e r ~ ~ ~  (supplementary Table V) indicate that the ring assumes a 
sofa conformation in [Cu(bpy)(PN)C1]C1O4~H20, whereas in 
[ C O ( ~ ~ ~ ) ~ ( P N - H ) ] ( C ~ ~ , ) ,  the  conformation is between boat and 
sofa. T h e  base of t h e  boat  involves the  a toms  C(2) ,  C(3) ,  Co,  
and  O(3) .  Different conformations, e.g., sofa6 and h a l f - ~ h a i r , , ~  
have been observed for such six-membered chelate rings of related 
compounds.  

Pyridoxine and Bipyridyl Ligands. All the  vitamin B6 con- 
stituents are known t o  exist in various tautomeric  forms. T h e  

(43) Duax, W. L.; Weeks, C. M.; Rohrer, D. C. Top. Stereochem. 1976.9, 
219-286. 
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Table 111. Fractional Atomic Coordinates (X lo4) for Non-Hydrogen 
Atoms in [Cu(bpy)(PN)C1]C104.H20 with Their Esd’s in 
Parentheses 

atom X 

3831 (1) 
4335 (4) 
4795 (4) 
4040 (5) 
2842 (5) 
2410 (5) 
3189 (5) 
6057 (5) 
2062 (5) 
1126 (5) 
4499 (3) 

584 (4) 
2256 (3) 
3195 (4) 
2068 (5) 
1727 (6) 
2538 (6) 
3692 (6) 
4009 (5) 
5206 (5) 
6161 (5) 
7238 (5) 
7352 (5) 
6374 ( 5 )  
5311 (4) 
4036 (1) 

661 (1) 

1441 (6) 
1370 (7) 

121 (6) 
1314 (5) 

-147 (6) 

Y 
2229 (0) 
5610 (3) 
4568 (4) 
3982 (4) 
4505 (4) 
5602 (4) 
6137 (4) 
4072 (4) 
3818 (4) 
6209 (5) 
2981 (3) 
5895 (4) 
3233 (3) 
1096 (3) 
1192 (5) 
344 (5) 

-630 (5) 
-732 (4) 

135 (4) 
108 (4) 

-784 (4) 
-701 (4) 

243 (5) 
1095 (4) 
1040 (3) 
3079 (1) 
7872 (1) 
7396 (6) 
7934 (6) 
7296 (7) 
8840 (6) 
4580 (5) 

z 

3956 (1) 
7749 (6) 
7131 (7) 
6552 (7) 
6774 (7) 
7384 (7) 
7876 (8) 
7141 (8) 
6399 (9) 
7551 (9) 
5889 (5) 
9037 (6) 
4564 (5) 
2745 (6) 
2471 (8) 
1712 (9) 
1240 (9) 
1493 (8) 
2271 (7) 
2665 (7) 
2258 (8) 
2683 (8) 
3536 (8) 
3936 (8) 
3524 (6) 
1028 (2) 
3157 (3) 
3554 (11) 
4585 (10) 
1679 (11) 
2627 (15) 
2300 (9) 

Table IV. Selected Bond Distances (A) and Angles (deg) Involving 
Non-Hydrogen Atoms in [ C O ( ~ ~ ~ ) ~ ( P N - H ) ] ( C I O , ) ,  with Their Esd’s 
in Parentheses 

co-O(1) 1.879 (6) 
Co-0(3) 1.876 (6) 
Co-N(2) 1.925 (6) 
CO-N(3) 1.985 (6) 
CO-N(4) 1.935 (6) 
Co-N(5) 1.928 (6) 
N(1)-C(l) 1.324 (12) 
N(l)-C(5) 1.352 (11) 
C(l)-C(2) 1.391 (11) 
C(l)-C(6) 1.501 (13) 
C(2)-C(3) 1.403 (11) 
C(2)-0(1) 1.345 (10) 
C(3)-C(4) 1.421 (12) 

O(l)-C0-0(3) 95.0 (3) 
O(l)-Co-N(2) 86.9 (3) 
0(1)-C~-N(3) 85.9 (3) 
O(l)-Co-N(4) 175.2 (3) 
O(l)-Co-N(5) 93.1 (3) 
0(3)-Co-N(2) 92.5 (3) 
0(3)-Co-N(3) 174.2 (3) 
0 ( 3 ) - C ~ N ( 4 )  87.2 (3) 
0(3)-Co-N(5) 90.2 (3) 
N(~)-CG-N(~) 81.9 (3) 
N(2)-Co-N(4) 97.3 (3) 
N(2)-Co-N(5) 177.3 (3) 
N(3)-Co-N(4) 92.4 (3) 
N(3)-Co-N(5) 95.5 (3) 
N(4)-Co-N(5) 82.6 (3) 
C(1)-N(1)-C(5) 124.4 (7) 
N(l)-C(l)-C(2) 117.6 (7) 
N(1)-C(1)-C(6) 118.6 (8) 
C(2)-C(l)-C(6) 123.8 (8) 

C(l)-C(2)-0(1) 117.8 (7) 
C(l)-C(2)-C(3) 120.1 (7) 

C(3)-C(7) 1.495 (11) 
C(4)-C(5) 1.361 (11) 
C(4)-C(8) 1.492 (1 2) 
C(7)-0(3) 1.401 (10) 
C(8)-0(2) 1.437 (11) 
Cl(1)-0(4) 1.407 (9) 
Cl(1)-0(5) 1.424 (9) 
Cl(1)-0(6) 1.396 (9) 
Cl(1)-0(7) 1.413 (12) 
Cl(2)-0(8) 1.406 (10) 
Cl(2)-0(9) 1.471 (12) 
Cl(2)-O(10) 1.427 (11) 
Cl(2)-O(11) 1.331 (16) 

C(3)-C(2)-0(1) 122.1 (7) 
C(2)-C(3)-C(4) 119.5 (7) 
C(2)-C(3)-C(7) 118.1 (7) 
C(4)-C(3)-C(7) 122.4 (7) 
C(3)-C(4)-C(5) 117.3 (7) 
C(3)-C(4)-C(8) 121.7 (7) 
C(5)-C(4)-C(8) 121.0 (7) 
N(l)-C(5)-C(4) 120.9 (8) 
C(3)-C(7)-0(3) 114.7 (7) 
C(4)-C(8)-0(2) 11 1.6 (7) 

C0-0(3)-C(7) 117.7 (5) 
Co-N(2)-C(9) 125.2 (5) 
Co-N(2)-C(13) 116.0 ( 5 )  
Co-N(3)-C(14) 113.4 (5) 
Co-N(3)-C(18) 126.5 ( 5 )  
C*N(4)-C(19) 126.7 (5) 
C@N(4)-C(23) 114.9 (5) 
Co-N(5)-C(24) 114.4 (5) 
Co-N(5)-C(28) 125.4 (5) 

Co-O(l)-C(2) 122.1 (5) 

known structures  of vitamin B6 compounds44 and  their metal  
complexes6.’5-17~’ez2,25-30 can be grouped into four categories: those 
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Table V. Selected Bond Distances (A) and Angles (deg) Involving 
Non-Hydrogen Atoms in [Cu(bpy)(PN)C1]C104.H20 with Their 
Esd's in Parentheses 

cu-O(1) 1.928 (4) C(3)-C(4) 1.402 (7) 
Cu-O(3) 1.978 (4) C(3)-C(7) 1.509 (8) 
Cu-N(2) 2.002 (4) C(4)-C(5) 1.368 (8) 
Cu-N( 3) 1.984 (4) C(4)-C(8) 1.511 (9) 
Cu-Cl(1) 2.559 (2) C(7)-0(3) 1.433 (7) 
N(I)-C(I) 1.342 (6) C(8)-0(2) 1.436 (8) 
N(I)-C(5) 1.345 (8) Cl(2)-0(4) 1.375 (8) 
C(l)-C(2) 1.405 (8) Cl(2)-0(5) 1.394 (8) 
C(l)-C(6) 1.465 (8) Cl(2)-0(6) 1.374 (9) 
C(2)-C(3) 1.403 (9) Cl(2)-0(7) 1.343 (8) 
C(2)-O(1) 1.302 (6) 

O(l)-Cu-0(3) 91.4 (2) C(3)-C(2)-0(1) 124.3 (5) 
O(I)-Cu-N(2) 157.8 (2) C(2)-C(3)-C(4) 121.0 (5) 
O(I)-Cu-N(3) 92.1 (2) C(2)-C(3)-C(7) 116.5 ( 5 )  
O(I)-CU-CI(I) 103.4 ( I )  C(4)-C(3)-C(7) 122.5 (5) 
0(3) -C~-N(2)  92.0 (2) C(3)-C(4)-C(5) 118.3 (5) 
0(3)-Cu-N(3) 170.1 (2) C(3)-C(4)-C(8) 122.8 (5) 
0(3) -C~-Cl( l )  93.2 (1) C(5)-C(4)-C(8) 119.0 (5) 
N(Z)-Cu-N(3) 81.3 (2) N(I)-C(5)-C(4) 119.9 (5) 
N(2)-Cu-C1(1) 98.3 ( I )  C(3)-C(7)-0(3) 112.0 (5) 
N(3)-Cu-C1(1) 95.0 (1) C(4)-C(8)-0(2) 111.5 (5) 
C(l)-N(l)-C(5) 124.2 (5) C~-0(1)-C(2) 124.8 (3) 
N(l)-C(l)-C(2) 118.6 (5) Cu-O(3)-C(7) 117.3 (3) 
N(l)-C(l)-C(6) 119.2 (5) Cu-N(2)-C(9) 126.5 (4) 
C(2)-C(l)-C(6) 122.2 ( 5 )  Cu-N(2)-C(13) 114.3 (4) 
C(l)-C(2)-C(3) 117.8 (5) Cu-N(3)-C(14) 115.1 (4) 
C(I)-C(2)-0(1) 117.9 (5) Cu-N(3)-C(18) 126.1 (4) 

containing cation I, neutral zwitterion 11, neutral nondipolar form 
111, and anion IV. Structures containing cation 144a-c have a 

H 

I 

I1 ti 
I11 

I 
H 

I V  V V I  

phenolic C-0  distance of - 1.34 A. Deprotonation at phenolic 
0 to give zwitterion I1 results in shortening of the C-0 bond by 
-0.05 A, while the angle a t  nitrogen (-124') remains un- 
changed,6,15-17~19,21~22.25~26.44d*e In the neutral form 111, the C-0 
bond length is unchanged but the angle a t  nitrogen decreases to - 120' .44f In the structural entity IV, the C-0 distance is - 1.30 
A and the angle a t  nitrogen is - 1 19°.16,20127-30 In most of the 
known structures of metabvitamin B6 complexes, the ligand is 
of the type 11. PN can exist in two tautomeric forms, with either 
pyridine nitrogen or phenolic oxygen being protonated, corre- 
sponding to the moieties I1 and 111, respectively. 

In [Cu(bpy)(PN)CI]ClO4.H2O, the C(2)-O( 1) bond distance, 
1.302 (6) A, and the angle C(l)-N(l)-C(5), 124.2 ( 5 ) O ,  are 
norma1.6~15-17~19~21*22~z~~26 However, in [CO(~~~)~(PN-H)](CIO,),, 
while the angle at the pyridine nitrogen is 124.4 (7)O, indicating 

(44) (a) Giordano, F.; Mazzarella, L. Acta Crystallogr., Secf. B: Struct. 
Crystallogr. Cryst. Chem. 1971,827, 128. (b) Fujiwara, T. Bull. Chem. 
SOC. Jpn. 1973,46, 863. (c) Bacon, G. E.; Plant, J. S. Acta Crystallogr., 
Sect. B: Srruct. Crystallogr. Cryst. Ckem. 1980, B36, 1130. (d) Longo, 
J.; Richardson, M. F. Acta Crystallogr., Sect. B: Strucr. Crystallogr. 
Cryst. G e m .  1980, B36, 2456. (e) Rao, S. P. S.; Poojary, M. D.; 
Manohar, H. Curr. Sci. 1982, 51, 410. ( f )  Longo, J.; Franklin, K. J.; 
Richardson, M. F. Acta Crystallogr., Sect. B: Struct. Crystallogr. 
Cryst. Chem. 1982, 838 ,  2721. 

Table VI, Possible Hydrogen Bonds" 
X-H-Y, 

X-He-Y X-H. A X.-Y. 8, H-Y. 8, dee 

[CO(~PY)Z(PN-H)I (Clod2 
N(l)-H(1).-0(8)' 0.77 (12) 3.02 ( I )  2.25 (12) 172 (14) 
0(2)-H(10)*-0(3)" 1.15 (11)  2.714 (8) 1.67 (12) 148 ( 1 1 )  

[C~(bpy)(PN)Cl]CI04.H20 
N(I)-H(I)*-*CI(I)"' 0.78 ( I O )  3.072 (5) 2.31 ( I O )  166 ( I O )  
0(2)-H(10)-**0(6)'v 1.05 (5) 2.86 ( I )  1.98 (5) 139 (4) 
0(3) -H( l l ) - -O(Wl)  1.04 (11)  2.549 (7) 1.55 (12) 158 (13) 
O(WI)-H(21)-*0(2)' 0.80 (14) 2.703 (8) 2.08 (15) 135 (14) 

OSymmetry superscripts: (i) x, -1 + y ,  z ;  (ii) 1 - x, + y ,  - 
z ;  (iii) 1 - x, 1 - y ,  1 - z; (iv) x, y ,  1 + z; (v) --x, 1 - y ,  1 - z.  

protonation at  this site,45 the C(2)-O( 1) distance, 1.345 (10) A, 
is very close to c-0 distances found in free B6  ita am ins^^^-^ 
wherein 0 is p r ~ t o n a t e d ; ~ ~  however, it is shorter than that in free 
PN (1.374 (4) A).44f This lengthening can be explained in terms 
of a decrease in partial double-bond character due to the coor- 
dination of 0 ( 1 )  to a strongly acidic Co(II1). The foregoing 
discussion, together with the locations of the hydrogen atoms, 
shows that the P N  ligand occurs as the neutral tautomer I1 in 
[Cu(bpy)(PN)Cl]C104-H20. However, in [ C O ( ~ ~ ~ ) ~ ( P N - H ) ] -  
(CIO,),, a new anionic species V is observed where the 44hy- 
droxymethyl) group is d e p r ~ t o n a t e d . ~ ~  In the latter case, the 
alcoholic group has apparently become more acidic on complex- 
ation when compared to the case for the free ligand, on account 
of the higher charge on Co(III), resulting in easy removal of the 
proton.48 Such a situation has also been observed in the case of 
Co(II1)-amino alcohol systems where coordinated alcoholate could 
be protonated only under highly acidic conditions.41c On the other 
hand, in [Cu(bpy)(PN)C1]ClO4.H2O, due to the lower charge on 
Cu(II), alcoholic 0 has not been rendered so acidic as to lose a 
proton. Furthermore, the octahedral environment around Co(II1) 
with short metal-donor distances may also have a role in the 
removal of the hydroxymethyl proton. 

In the case of Co(II1) complexes of amino  alcohol^^'^^^ it has 
been observed that the Co-0 distances, 1.932 and 1.968 A in the 
protonated compound, reduce to 1.877 and 1.900 A in the de- 
protonated compoud. In [Co(bpy),(PN-H)](CIO4), also, similar 
short Co-0 distances (Co-O( 1) = 1.879 (6); co-o(3) = 1.876 
(6) A) are indicative of the deprotonated negatively charged 
oxygens. On the other hand, in [Cu(bpy)(PN)C1]CI04.H20 the 
differences in C u e (  1) and C u a ( 3 )  distances may be noted. The 
effect of negative charge on O(3) in the Co complex is further 
manifested in the shortened C(7)-0(3) bond length (1.401 (IO) 

(45) Singh, C. Acta Crystallogr. 1965, 19, 861. 
(46) A similar C-0 distance (1.331 (3) A) is also observed in the anionic 

moiety of C U ( P M - H ) ~ . ~ H ~ O . ' ~  
(47) The diamagnetism of [CO(~~~)~(PN-H)](CIO~)~, the absence of an 

ESR signal, and the nature of its NMR spectrum (absence of shift and 
broadening due to paramagnetic effect) indicate that the metal ion is 
in the +3 state. As there are only two perchlorate ions, the pyridoxine 
group has to,be anionic for charge neutrality. PN is a zwitterion with 
the negative charge residing on phenolic 0 and positive charge on 
protonated pyridine N. There is no peak of any significant intensity near 
O(3) in the final difference electron density map, indicating the O(3)  
atom to be deprotonated. Further support to this conclusion comes from 
the hydrogen-bonding pattern (vide infra). 

(48) In fact, pH-metric titration of 2.6 X lo4 M [CO(~~~)~(PN-H)](CIO,),  
in the pH range 3-1 1 shows that there are two deprotonation steps. In 
the first step corresponding to deprotonation at phenolic 0 (pH range 
4-6.5; pK.  4.45) 1 mol of sodium hydroxide/mol of the compound 
is consumed, whereas in the second step (pH range 6.5-10; pK, = 6.85), 
which is quite steep when compared to that of free PN, 2 mol of the 
base/mol of the compound is consumed. This indicates that two protons 
[on pyridinium N and 4-(hydroxymethyl) 01, having nearly the same 
pKa, are released together during the second step of the titration. Thus, 
there are shifts in the pK,'s of the pyridine N (from its normal value 
of 8.75 in free PN) and of hydroxymethyl 0 (for primary alcohols pK, 
is of the order of 1849) to a value of 6.85 upon coordination of the ligand 

(49) March, J. "Advanced Organic Chemistry: Reactions, Mechanisms, and 
Structure", 2nd ed.; McGraw-Hill: New York, 1977; pp 227-229. 

to Co(1II). 



Metal Complexes of Pyridoxine with 2,2'-Bipyridine 

Table VII. Room-Temperature Electronic and Infrared (cm-I) 
SDectra and Magnetic Moments ( u d  

d-d bands (X10-3) 19.0 14.9 
intraligand bands (X10-3) 31.7, 33.1, 30.3, 32.4, 33.6, 

u(aromatic) 1600 1610 
v(pheno1 C-0) 1515 1500 
4C104) 1100 (broad) 1100 (broad) 
Wcff diamag 1.85 

40.8, 46.1 41.3, 47.6 

A) and increased bond angle around C(7) [C(3)-C(7)-0(3) = 
114.7 (7)'] as compared to the values in the Cu complex [C- 
(7)-0(3) = 1.433 (7) A; C(3)<(7)-0(3) = 112.0 (5)O] and those 
corresponding to the uncoordinated hydroxymethyl groups of both 
complexes (for these values, see Tables IV and V).50 These small 
but significant deviations may be attributed to a slight double-bond 
character that may be associated with the C(7)-0(3) bond due 
to the negative charge on O(3). Other bond distances and angles 
in P N  and PN-H are unexceptional. 

The pyridine rings are planar. The bpy moieties have normal 
bond lengths and angles as observed in similar c o m p o ~ n d s . ~ ~ ~ ~ ~ ~  
The individual rings of each bpy are planar. However, the two 
rings of a molecule take their customary tilt, the dihedral angle 
between the planes of the rings being 5.33 and 6.26' in the Co 
compound and 2.80' in the Cu compound. 

Perchlorate Croups. While the only perchlorate group in 
[Cu(bpy)(PN)Cl]C104.H20 and one of the two in [Co(bpy),- 
(PN-H)] (C104)2 are normal, the second perchlorate group of the 
latter involving Cl(2) is highly unsymmetrical (C1-0 bond lengths 
1.33-1.47 (2) A and bond angles 97.0-1 17.4 (9)'). Furthermore, 
temperature factors of O( 1 l ) ,  in particular, are very high, sug- 
gesting possible disorder for the group. 

Molecular Packing and Hydrogen Bonding. The pyridine N 
is involved in hydrogen bond formation with O(8) of a perchlorate 
group in the Co compound and coordinated Cl( 1) of a centro- 
symmetrically related molecule in the Cu compound. Hydroxy- 
methyl oxygen O(3) forms a hydrogen bond with O(2) of a 
screw-related molecule in the Co compound and water oxygen 
O(W1) in the other. However, it is a proton acceptor in the former 
and a donor in the latter, another indication of deprotonation at  
O(3) in the Co compound. O(2) of the Cu compound is involved 
in two hydrogen bonds, one with O(6) of the perchlorate group 
and the other with the lattice water O(W1) (Table VI). The 
packing in this compound is further stabilized by partial stacking 
of bpy groups of centrosymmetrically related molecules at a 
distance of -3.55 A. 

Magnetic and Spectral Properties. The diamagnetism of 
[Co(bpy),(PN-H)] (CIO4), is in agreement with the low-spin d6 
system in an octahedral field, whereas the room-temperature 
magnetic moment of [Cu(bpy)(PN)C1]C104-H20 is typical of 
magnetically dilute complexes. The room-temperature EPR 
parameters (gll = 2.227, g, = 2.069) of the polycrystalline Cu 
compound and its electronic spectrum in aqueous solution, which 
shows an absorption maximum at  14 925 cm-I, are comparable 
with those reported for most of the square-pyramidal copper(I1) 
c ~ m p l e x e s . ~ ~  The electronic spectrum of the Co compound 
(aqueous solution) shows a broad peak at 19010 cm-', typical of 
octahedral CO(III)!'~,~,~~ The UV region of the electronic spectra 

(50) In the only other PN complex, Cd(PN)CI2, whose structure is solved15 
also, C(7)-0(3) is 1.468 A and C(3)-C(7)-0(3) is 107.7O. 

( 5  1) (a) Nardin, G.; Randaccio, L.; Bonomo, R. P.; Rizzarelli, E. J. J. Chem. 
SOC., Dalton Trans. 1980, 369. (b) Antolini, L.; Marcotrigiano, G.; 
Menabue, L.; Pellacani, G. C. Inorg. Chem. 1983, 22, 141. (c) Foley, 
J.; Kennefick, D.; Phelan, D.; Tyagi, S.; Hathaway, B. J .  Chem. Soc., 
Dalton Trans. 1983, 2333. 

(52) (a) Yokoi, H.; Sai, M.; Isobe, T.; Ohsawa, B. Bull. Chem. SOC. Jpn. 
1972, 45, 2189 and references cited therein. (b) Simmons, C. J.; 
Lundeen, M.; Seff, K. Inorg. Chem. 1978, 27, 1429. (c) Antolini, L.; 
Marcotrigiano, G.; Menabue, L.; Pellacani, G. C.; Saladini, M. Inorg. 
Chem. 1982, 21, 2263. 
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of both the complexes is characterized by the usual intraligand 
bands (Table VII).13,23 

In the infrared spectra of both the compounds, the peaks 
characteristic of coordinated bpy are observed at 1600, 1490, 1440, 
and 620 cm-I. A weak band at - 1560 cm-l probably corresponds 
to protonated pyridinium nitrogen.54 A band of medium intensity 
a t  -1505 cm-' is characteristic of coordinated phenolic C-0- 
stretching observed for many of the vitamin B6 c ~ m p l e x e s . ~ ~ ~ ~ ~ ~ *  
No peak can be assigned unambiguously to metal-ligand vibrations 
in the region below 600 cm-I, since the ligands themselves have 
several absorptions in this region. 

The IH NMR spectrum of [Co(bpy),(PN-H)] (C104), recorded 
in D 2 0  showed clearly the nonequivalence of protons of both PN-H 
and bpy ligands. The protons of 4-CH20- of PN-H exhibit a 
typical AB pattern (6 3.69, J = 15.3 Hz). The other proton signals 
of PN-H appear a t  6 1.80 for -CH3 and 6 7.85 for the ring 
hydrogen. The signal due to -CH2- at  C(4) is probably buried 
in that of water. The protons of the two bpy's are nonequivalent, 
and the signals appear as distinct doublets or triplets in the normal 
range in which coordinated bpy protons resonate.55 In fact, 13 
proton environments out of a possible 16 are clearly observed.56 

Conclusions 

It has been postulated that, in aqueous solution, P N  exists in 
the zwitterionic form II.57-59 However, P N  is converted to the 
nondipolar form I11 in dioxane and alcohols.59 In the crystalline 
state also, free P N  exists in the nondipolar form.44f The crystal 
packing apparently stabilizes this form so that a tautomeric change 
occurs in P N  even as it crystallizes from aqueous solution. 
Tautomeric changes during crystallization as free entities or as 
complexes of metals are common to all B6 vitamins. It has been 
pointed out that a judicious choice of solvent might allow one to 
observe complexation of various tautomeric forms of the vitamins, 
perhaps even accompanied by a change in ligating sites.54 For 
example, in the pyridoxineCu(I1) system, the ring nitrogen, which 
is protonated in aqueous solution, becomes an important donor 
site in H 2 0 / M e 2 S 0  mixed solvent.1° In the present case, as 
pointed out earlier, the charge on the metal ion, Co(III), and 
possibly the coordination environment have caused the depro- 
tonation of the 4-CH20H group, thus converting the dipolar P N  
into an anionic moiety. In addition, Co(I1) with bpy ligands is 
known to form dioxygen complexes,60 and the involvement of such 
a species in the deprotonation of P N  may not be ruled out. 
Apparently, these factors also have a significant role in bringing 
about tautomeric changes in vitamins and in causing them to 
become charged species. This kind of behavior is especially 
relevant to enzymic systems since the microenvironment of the 
vitamins will be very different from that in bulk aqueous solution. 
A further point is that attempts to crystallize binary compounds 
of PN with different metal ions (Co(II), Ni(II), Cu(II), Zn(I1)) 
were not successful. The fact that in the presence of an additional 
ligand, bpy, ternary complexes crystallized out easily emphasizes 
the role of the ternary ligand in stabilizing the complexes of PN. 
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The phosphenium ions [(i-Pr2N)2P]+ (l), [(Me2N),P]+ (7), and [(i-Pr,N)CIP]+ (10) react with a variety of 1,3-dienes to afford 
the corresponding 3-phospholenium (1-phosphacyclopent-3-enium) cations. The product of the reaction of 1 with 2,3-di- 
methyl- 1,3-butadiene (2) was characterized by X-ray crystallography. Compound 2 crystallizes in the space group P 2 , / c  (No. 
14) with Z = 4, a = 9.005 (2) A, b = 16.134 (4) A, c = 18.271 (2) A, and p = 96.94 (1)O. The product of the reaction of 7 
with isoprene (11) was also characterized by X-ray crystallography. Compound 11 crystallizes in the monoclinic space group 
P2, /c  (No. 14) with u = 15.921 (2) A, b = 7.903 (12) A, c = 32.142 (4) A, and p = 102.46 ( 1 ) O .  The reactivity of 10 toward 
the 1,4-dienes, penta-l,4-diene and cyclohexa- 1,4-diene, was also investigated. The product of the penta- 1,4-diene reaction (15a) 
was characterized by X-ray crystallography. Compound 15a crystallizes in the orthorhombic space group P2,2,2, (No. 19) with 
u = 8.309 (4) A, b = 15.264 (2) A, and c = 15.936 (2) A. Mechanistic aspects of these reactions are discussed from the standpoint 
of product distribution. 

Introduction 
In the singlet state,' phosphenium ions (R2P+) feature two bond 

pairs and one lone pair of electrons at  the cationic center. As a 
consequence, these six-electron species are expected to resemble 
electrophilic carbenoids in their chemical properties.2 Bearing 
this parallel in mind, we are investigating the reactivity of 
phosphenium ions toward a variety of unsaturated organic sub- 
strates. 

Phosphenium ions have, in fact, been postulated as intermediates 
in the McCormack reaction of dichlorophosphines with 1 ,3-dienesS3 
A somewhat stronger case for their intermediacy stems from the 
fact that complexes of the type RPX2.AlX3 (R = Me, Ph; X = 
C1, Br) are reactive toward 1,4-dienes.4 In view of the foregoing, 
it was of interest to determine whether stabilized phosphenium 
ions would react with 1,3- and/or 1,Cdienes. Moreover, as 
recognized by SooHoo and Baxter5 and ourselves,6 the diene/ 
phosphenium ion reaction represents a potentially useful and 
convenient synthetic route to phosphorus heterocycles. 

Results and Discussion 
(i) Reaction of Phosphenium Ions with 1,3-Dienes: Synthesis, 

Structure, and Spectroscopic Properties of fPhospholenium Ions. 
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Chart I 

2, R i-Pr 3,R * i-Pr l ,R  . i-Pr 
7,R .Me 8.RmMe 

4 , R . i - P r  5. R = i-Pr 6. R = I- Pr 
9 , R m M e  

Initial studies on the reactivity of phosphenium ions toward dienes 
centered on the reaction of [(i-Pr,N),P] [A1CI4] (1) with 2,3- 
dimethyl-1,3-butadiene. After a reaction time of 3 h at room 

'-Pr2N\P+ t M - t", 
1 -Pr2N' 

1 

2 

temperature, a complete and quantitative conversion of 1 to 2 
occurred as evidenced by 31P N M R  spectroscopy. The 'H, I3C, 
and 31P NMR spectra of 2 (Table I) were consistent with its 
formulation as a 3-phospholenium (1 -phosphacyclopent-3-enium) 
cation. This structure assignment was confirmed by an X-ray 
diffraction study of the tetrachloroaluminate salt of 2, the results 
of which are illustrated in Figures 1 and 2 along with the atom- 
numbering schemes. Tables of bond lengths, bond angles, and 
atomic positional parameters are presented in Tables 11-IV, while 
pertinent crystallographic data are collected in Table V. 

The phosphacyclopentene ring of 2 adopts an envelope con- 
formation for which the "hinge" is defined by the Cl-C4 vector 
with the angle between the planes P1 ,  C1, C4 and C1, C2, C3, 
C4 being 22.4'. The C-C bond lengths within the ring clearly 
demonstrate that the double bond is localized between C2 and 
C3 (1.319 (5) A), which also carry the two methyl groups. The 
remaining carbon-carbon distances (average 1.5 12 ( 5 )  A) cor- 
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