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Abstract 

Solid complexes of pyridoxine with Mn(II) , Cd(II) and Zn(II) have 

been isolated, as well as compounds containing Cu(II), Ni(II), Co(III), 

Cd(II) and Zn(II), and pyridoxamine in various protonated forms. Infrared 

spectra provide evidence for protonation at the pyridine nitrogen site in 

the complexes, but not in the neutral vitamins and the complexes of 

anionic pyridoxamine. Thus the complexed vitamins are in zwitterionic 

forms, with chelation probably occurring through the phenolate oxygen and 

either the amino or the hydroxy group at the 4' position. 
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Chapter I: Introduction 

1. History and Structures of Vitamin B6 

Vitamin B6 was first isolated in 1938 in the form of pyridoxine l 

(Figure 1). It was originally obtained from rice bran and yeast, but 

wheat, vegetables, eggs, fish and meat are also good natural sources. 2 A 

deficiency of vitamin B6 in rats results in acrodynia, a specific type of 

dermatitis, which was used as the basis for characterization of the vitamin. 

Other symptoms of pyridoxine deficiency in animals are growth retardation, 

anemia, epileptiform convulsions and partial alopecia. Pyridoxine 

deficiency also induces anemia in humans. 3 Certain genetic diseases, such 

as infantile convulsions, xanthurenic aciduria, cystathioninuria and 

homocystinuria are responsive to large doses of pyridoxine. 4 

Vitamin B6 activity is also exhibited by pyridoxal and pyridoxamine 

(Figure 1). In living systems the three forms are easily interconverted 

and phosphorylated at the 5-hydroxymethy1 position. 5 Pyridoxal phosphate, 

also known as codecarboxy1ase, is a coenzyme for many biological reactions. 

Examples of these reactions are decarboxylation, racemization, transamination 

and Sand y elimination. Pyridoxamine phosphate is also involved in 

transamination. 6.' 

Pyridoxine and pyridoxamine are available commercially as the mono-

and di-hydroch1oride salts respectively. In solution, several tautomeric 

forms are possible as deprotonation occurs with increasing pH (Figures 2 

and 3). 

Pyridoxine hydrochloride is protonated at the ring nitrogen site and 

it would be expected that this proton would be lost upon neutralization. 
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FIGURE 3. TAUTOMERIC FORMS OF PYRIDOXAMINE 
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However, since the 3-hydroxy group is more acidic than the pyridinium ion, 

the hydroxy proton may be lost first, forming a zwitterion. In basic 

solution, another proton is removed, forming the anionic form of pyridoxine. 

Pyridoxamine dihydrochloride is protonated at both the ring nitrogen 

site and at the amino nitrogen. Thus there will be three possible structures 

for the monoprotonated species, with protons removed from the pyridine 

nitrogen, the amino nitrogen and the phenolic oxygen respectively. In a 

neutral solution there are also three possibilities: two zwitterionic 

structures and one non-dipolar form. Only one possibility is likely for 

anionic pyridoxamine. 

Ultraviolet spectra and acid dissociation constants, 7,8,9 as well as 

nuclear magnetic resonance studies 10 ,11,12 for pyridoxine and pyridoxamine 

show that the first proton to be lost corresponds to the 3-hydroxy proton. 

The second ionization results in the loss of the pyridinium 'proton, and for 

pyridoxamine the third proton to be removed comes from the ammonium group. 

However, in solution the other tautomeric forms exist in small amounts. 

In the solid state this order of ionization is not always followed. 

The crystal structure of pyridoxine hydrochloride shows that both the 

pyridine nitrogen and the phenolic oxygen are protonated, as expected. 13 

Pyridoxamine-5'-phosphate hydrochloride is an example of monoprotonated 

pyridoxamine. The crystal structure indicates that the 3-hydroxy proton 

remains attached to the oxygen atom, while a phosphate proton has been 

10st.1 4 Pyridoxal phosphate oxime and pyridoxine-5'-methylphosphonate 

are both neutral molecules. Both pyridoxal phasphate oxime15 and 

pyridaxine-5'-methylphosphonate1 6 are protonated at the ring nitragen and 

are negatively charged on the phosphate graups. No. crystal structures of 

the anionic farms af the vitamin BS compaundshave been determined. 
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2. }fetal Complexes of Vitamin B6 

Several biological reactions of vitamin B6 can be reproduced non-enzyma-

tically in vitro. The presence of certain metal ions greatly increases 

the rate, so the metals are studied as models for the enzymes. An important 

example is the transamination reaction, in which an a-amino acid is converted 

to an a-keto acid, and pyridoxal is changed to pyridoxamine. The metal 

catalyzed reaction is believed to occur through the formation of an 

aldimine Schiff base chelate involving the amino acid, pyridoxal and the 

metal ion. The complex is converted to the ketimine form, which dissociates 

into the keto acid and pyridoxamine. 17 
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N / /N~M 
~~M 

HC / H2 C / 

HOCH 2 
0 HOCHZ 

0 

H H CHa 

I. II. 

aldimine Schiff base complex ketimine Schiff base complex 



13 

Both types of these chelates have been isolated, and several crystal 

structures are known. In 1957 Christensen 18 synthesized pyridoxylidene 

amino acid chelates of manganese (II) , nickel(II), copper(II), zinc(II), 

iron(II) and iron(III). Crystal structures of some of these complexes 

confirm the proposed structures. 19-22 The tautomeric pair of nickel 

di(a-4-pyridoxylideneaminopropionate) and nickel di-(a-4-pyridoxylimino

propionate) show an example of both structures I and II of the Schiff 

base. 23 No crystal structures of form II have been determined yet. 

The vitamin B6 compounds themselves are good ligands for metals. 

There are three possible binding sites: the pyridine nitrogen; the 

phenolic oxygen; and the functional group at the 4' position. The amino group 

in pyridoxamine is an especially favourable site. A stable six-membered 

chelate ring could form between the phenolic oxygen and the oxygen or 

nitrogen at the 4' position. 

Metzler and Snel124 found that the order of catalytic activity of metal 

ions for the transamination reaction was: 

Cu(II) > Fe (II) > Fe(III) > Ni(II) > Co(II) > Zn(II» }fu(II) > Cd(II). 

The stability constants of pyridoxamine metal chelates follow this order: 25 

Fe(III) > Cu(II) > Ni(II) > Zn(II» Co(II) > Cd(II) > Mn(II) 

There is a remarkable similarity between the two series, which indicates 

that the stability of vitamin B6 metal complexes may be involved in the 

catalytic activity. Therefore it is important to understand the behaviour 

of the vitamin B6 compounds with metal ions apart from the Schiff base 

complexes. 

~lost of the studies of the vitamin B6 compounds have been carried out 

in solution. Using visible spectra and potentiometric techniques, Williams 

and Neilands 26 established the formation of a 2:1 complex of pyridoxamine 
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with the copper(II) ion. Subsequently titration curves indicated that a 

nickel(II) complex and possibly a zinc(II) complex formed. 25 

Hatsushima and Jl1artel127 ,28 have investigated the absorption spectra 

in methanol solutions of the vitamin B6 compounds and various metal ions. 

They confirm the formation of Zn(II), Cu(II) and Ni(II) complexes with 

pyridoxamine and postulate chelation through the amino nitrogen and the 

phenolic oxygen. ~1atsushima28 also found that pyridoxine complexes were 

not very stable, and could be chelated or bonded through the pyridine 

nitrogen. 

Polarographic studies of pyridoxine with Cd (II) and Pb(II) show 

evidence for 1:1 and 2:1 complexes. 29 The variation of the visible absorp

tion spectrum with pH indicated complex formation of pyridoxine with Cu(II) 

and Ni(II). The similarity of ~hese stability constants to those of 

pyridine, picoline and 3-hydroxymethyl pyridine led to the conclusion that 

pyridoxine was coordinated to metals through the ring nitrogen. 3D 

The equilibrium constants of complexes of pyridoxine, pyridoxal and 

pyridoxamine with Mn(II), Co(II), Ni(II) and Hg(II) have been measured. 

Since pyridoxamine forms complexes that are more stable than those of 

pyridoxine and pyridoxal, coordination is probably taking place through the 

amino nitrogen. 31 

Equilibrium and kinetic studies of pyridoxine with iron(III) have 

indicated the formation of a 1:1 complex, although the coordination site 

is not specified. 32 

Stability constants have been measured polarographically for 1:1 and 

2:1 complexes of pyridoxamine with cadmium(II) and zinc(II). Pyridoxamine 

also forms 3:1 and 4:1 complexes with zinc. 33 
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A 13C magnetic resonance study with cadmium(II) and pyridoxine in 

neutral solution showed that a 1:1 complex is formed and that pyridoxine 

is in the dipolar form. Crystals of CdClzPN were also isolated and 

analysed. 34 

Another 13C and IH nuclear magnetic resonance study with pyridoxine, 

pyridoxamine and the copper(II) ion indicated that chelation occurs through 

the phenolic oxygen and either the 4' amino nitrogen or the 4' hydroxy 

oxygen. 35 

Some solid complexes have also been isolated. Reactions with pyridoxal 

phosphate and pyridoxamine phosphate with metal ions resulted in precipi

tates with the formulations CuPLPO, CUP}:IPO, ZnPLPO, ZnPl-:IPOOHz, CoPLPOOHz 

and CoPMPOOHz. Spectroscopic measurements of these compounds indicate 

that chelation to the metal occurs through the phenolic oxygen and the 4' 

functional group. The phosphate group may also be coordinated to the 

metal. 36 

An attempt to prepare solid complexes of metals with the non

phosphorylated forms of vitamin B6 led to the isolation of 

(HzPH) 2CuC16' 2HzO, CU(N03)z (PM) z 'HzO, Ni (NO 3)z (PH) z· 2HzO and 

(HPl1)zCuC14·8HzO.37 Recently the crystal and molecular structure of 

Cu(N03)Z(P~,1)z'HzO has been determined. 38 The copper atom is chelated 

through the 4'-amino nitrogen and the phenolic oxygen. The 

pyridoxamine molecule is in a zwitterionic form with the ring nitrogen 

protonated and the proton removed from the phenolic oxygen. 

The purpose of this research is to synthesize new complexes of 

vitamin B6 and metal ions, and to study these new compounds, as well as 

those that have been prepared previously, in greater depth. Since the 

structure of one of these complexes is'known, it should provide a key to 
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the interpretation of the spectroscopic available for the new compounds. In 

particular, the technique of infrared spectroscopy should provide useful 

structural information. 
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3. Infrared Studies of Vitamin B6 and Related Compounds 

The literature contains very little information on the infrared 

spectra of the vitamin B6 compounds. Heinert and Martell have studied the 

spectra of pyridoxal and other pyridine carboxaldehydes 39 as well as some 

Schiff bases 40 and metal complexes of Schiff bases. 41 They found no 

evidence for free O-H stretching vibrations but observed hydrogen bonded 

O-H···O modes at 3180 cm- I to 3100 cm- I . There is no characteristic carbonyl 

stretching frequency in the spectrum of pyridoxal, so an intramolecular hemi

acetal structure is indicated. A band between 2800 cm- I and 2400 cm- I 

(2735 cm- I for pyridoxal) is indicative of hydrogen bonding between the ring 

nitrogen and an oxygen. Although the authors could not distinguish between 

N+-H···O and N···H-O, they used the presence of bands in this region to 

indicate protonation at the ring nitrogen site for Schiff base metal complexes. 

In particular, the spectra of the 1:1 Cu(II) chelates did not show absorption 

in this area, while the 2:1 Fe(III) and Ni(II) chelates did. This agrees 

with the earlier work of Christensen. 18 

Farago, McMillan and Sabir examined the infrared spectra of the zinc, 

copper and cobalt complexes of pyridoxal phosphate and pyridoxamine phos

phate. 36 They identify the band at 1560 em-I for PLP and 1549 cm- I for 

PMP·HCl with the C=C/C=N stretching vibration of the ring nitrogen. In the 

metal complexes this band occurred between 1515 em-I and 1538 em-I. Peaks 

between 1660 cm- I and 1622 em-I are also assigned to ring stretching modes 

in pyridoxal phosphate and its complexes, but the corresponding bands in the 

pyridoxamine phosphate compounds are assigned to the NH2 deformations 

instead. This assignment is convenient for their assumption that coordin

ation occurs through the amino nitrogen, but it is not consistent with the 

assignment for pyridoxal phosphate and its complexes. 
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Since the assignments of the infrared frequencies of pyridine and 

pyridinium salts are more clearly understood they should provide a good 

basis for comparison with the vitamin B6 compounds. 

Originally the infrared spectrum of pyridine was studied as an analogue 

of benzene. The complete assignments of the frequencies of pyridine and 

deuterated pyridines are based on comparisons with benzene. 42,43 

N. S. Gill et al. 44 found that upon coordination to a metal, the 

spectrum of pyridine did not change very much. A strong band at 1578 cm- I 

was shifted to about 1600 cm- I and an additional weak band appeared between 

1235 cm-1 and 1250 cm- I • The in-plane ring deformation at 604 cm- I and the 

out-of-plane deformation at 405 cm- 1 are shifted to higher frequencies when 

pyridine is coordinated to a metal. 4S In the far infrared region it has 

been observed that the frequencies of the meta1-N stretching modes increase 

in the series of manganese to copper complexes. 46 

The infrared spectrum of the pyridinium ion has also been compared to 

that of benzene, since they contain the same number of atoms. Cook47 

studied the spectra of a series of CsHsNH+ and CsHsND+ salts. He observed 

that the ~-H stretching mode occurred between 2439 cm- I and 3300 em-I. 

Upon deuteration this band is shifted to a lower frequency, with a value of 

1.35 for 'VH/'VD• A group of four bands at 1635 cm- I , 1610 cm- I , 1535 em-I 

and 1485 cm- I were assigned to the 'V 8a , 'V8b , 'V19b and 'V19a ring stretching 

modes respectively. In pyridine these vibrations occur at 1580 cm- I , 

1572 cm- I , 1482 cm- I and 1439 cm- I , and are thus shifted to higher 

frequencies when the nitrogen atom is protonated. The bands at 1610 cm- I 

and 1535 cm- I are shifted to about 1585 cm- I and 1475 cm- I upon deuteration, 

giving values for 'VH/'VD of 1.02 and 1.04 respectively. N. S. Gill et a1.44 
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also noticed absorptions at 1540 cm- 1 in the spectrum of pyridinium 

fluoroborate that did not occur in the pyridine metal complexes. 

19 

Odonikov et a1. 48 have investigated the effect of hydrogen bonding on 

the infrared spectra of pyridine and various acids. In going through the 

series: 

AlI + Py = A-H"" 'Py = A" 'R" 'Py = A-" '~-Py = A- + WPy 

they found that the frequency of the A-H stretching bands decreased, and the 

intensity increased until the A"'H"'Py situation was reached. At that 

point, the frequency began to rise, and the intensity diminished. Therefore, 

it is impossible to determine from infrared spectra in the N-R stretching 

region whether a system contains A-H"'Py or A-"'~-py, Arnett and Chawla49 

have also looked at the hydrogen bonding spectra of pyridinium hydrochlorides 

and have found that the frequency of the N+-H"'Cl stretching vibration 

increases as the pKa of the corresponding pyridine in aqueous solution 

increases. 

Since the assignments of the infrared bands of pyridine and pyridinium 

salts are established, it is possible to use infrared spectra to determine 

whether the ring nitrogen in vitamin B6 compounds is protonated. Exchanging 

labile hydrogen atoms for deuterium results in a lowering of the frequency 

of vibrations involving hydrogen, due to the greater mass of the deuterium 

atom. Therefore comparing the spectra of the metal complexes with their 

deuterated analogues should aid in identifying bands due to a protonated 

ring nitrogen atom. 



20 

Chapter II: Experimental 

1. Chemicals 

Pyridoxamine dihydrochloride and pyridoxine hydrochloride were 

purchased from Sigma Chemicals. B.D.H. and Fisher Scientific Company 

supplied the metal chlorides and nitrates. Deuterium oxide was obtained 

from Merck, Sharpe and Dohme. All were used without further purification. 

2. Instrumentation 

Infrared spectra in the 4000 cm- 1 to 650 cm- 1 range were recorded on 

a Perkin-Elmer 237B grating infrared spectrometer. In the 4000 cm- 1 to 

400 cm- 1 range a Perkin-Elmer 225 grating infrared spectrometer was used. 

The spectra were calibrated with a polystyrene film, using the bands at 

3027.9 em-I, 1601.8 cm- 1 and 906.9 em-I. The samples were prepared either 

as KBr pellets or as mulls in mineral oil and Fluorolube with KBr discs. 

Sample preparation of the deuterated compounds was carried out in a glove 

bag under nitrogen. 

X-ray powder diffraction patterns were taken of the vitamin compounds 

and all the solid complexes isolated, using an oscillation camera and 0.2 

rom thin-walled glass capillary tubes. The camera came from the Charles 

Supper Company, and CuK radiation was used. The interplanar spacings, 
01. 

d h were calculated using Bragg's law: 

2d sin 6 = nl>. 

Since the camera has a diameter of 57.3 mm, 1 mm on the unrolled film 

corresponds to 2°. Thus the angle 6 is given by the radius of the rings 

on the film. 
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Visible absorption spectra were taken with an Hitachi Perkin-Elmer 

Coleman model 124 double-beam grating spectrophotometer and recorded with 

a Beckman ten inch recorder. 

The magnetic susceptibility of [Co (PM-H) (PM)2]C12°3H20 was determined 

using a Gouy balance adapted from a Mettler Type 415 balance. The standard 

used was Hg[Co(SCN)4]. 

3. Elemental Analysis 

The elemental analyses were performed by Dr. F. Pascher of the 

Mikroanalytisches Laboratorium, Bonn, Germany. The results appear in 

Tables 1 to 5. 

4. Synthesis of Compounds. 

Unless indicated otherwise, all solutions were aqueous, and the 

concentrations of the vitamins were approximately 0.1 M. 

(a) Pyridoxamine Dihydrate, Pyridoxamine Monohydrochloride and Pyridoxine 

The neutral form of pyridoxamine was prepared by adding NaOH to an 

aqueous solution of pyridoxamine dihydrochloride until the pH was between 

7 and 8. Small needle-shaped crystals precipitated immediately. The 

elemental analysis (Table 3) indicated the formula PMo2H20.37 

A similar method was used to prepare neutral pyridoxine. After the 

solution had been allowed to stand for a day or two, colourless needle

shaped crystals formed, corresponding to the formula CSHIIN03, or PN. 

(Table 3). 

Block-shaped crystals of pyridoxamine monohydrochloride were grown from an 

equimolar solution of pyridoxamiLne dihydrochloride and NaOH (pH 5). The 
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Table 1: Analytical Data for Complexes of H2 PMC12 

Formula Metal C H N Cl 

(H2PM) 2CuC16 o2H20 % Found 9.35 29.58 4.89 8.54 31.91 

CuC16H23N406 % Calc. 9.74 29.44 4.95 8.58 32.58 

HPU( [ZnC14] -H2O % Found 16.45 24.11 4.16 35.30 

ZnCaH16N203C14 % Calc. 16.53 24.30 4.09 35.86 

Table 2: Analytical Data for HPMCI and Complexes of HPHCl. 

Formula Heta1 C H Cl 

HPHCl % Found 46.85 6.33 17.50 

CaH13N202Cl % Calc. 46.94 6.41 17.32 

(HPM)2[CdC14]-2H20 % Found 17.88 30.30 4.79 22.35 

CdC16H30N406C14 % Calc. 17.89 30.36 4.82 22.56 

ZnC13HPH % Found 19.13 28.33 3.87 30.99 

ZnCaH13N202C13 % Calc. 19.17 28.18 3.85 31.19 
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Table 3: Analytical Data for PM and Complexes of PH 

Formula Hetal C H N C1 

Pjl1· 2H2O % Found 46.67 7.71 13.07 

CgH1 6N204 % Calc. 47.04 7.91 13.14 

Cu(N03)2(PM)2oH20 % Found 11. 65 35.58 4.86 15.ll 

CuC 1 6H 2 6N 6 ° 1 1 % Calc. ll.72 35.45 4.84 15.51 

Ni(N03)2(PH)2'2H2O % Found 10.42 34.92 5.13 14.78 

NiC16H2gN6012 % Calc. 10.57 34.61 5.09 15.14 

Cd(N03)2(PM)2 * % Found 20.06 34.22 5.32 12.10 

CdC16H24N6010 % Calc. 19.62 33.54 4.32 14.67 

Zn(N03)2PMoH20 % Found ll.84 33.81 5.01 14.76 

ZnCgHl4N409 % Calc. 11. 63 34.20 5.03 14.96 

[Co(P~l-H) (PMh]C12'3H20 % Found 8.60 41.96 6.14 12.22 11.13 

COC24H4lN609C12 % Calc. 8.57 41. 94 6.02 12.23 10.29 

CUC12P:H2'1~H20 % Found 18.81 30.10 4.37 21. 94 

CU2C16H30N407C~4 % Calc. 19.27 29.14 4.60 21.51 

NiC12(PM)2'2H20 % Found 11. 33 38.30 5.75 11.13 14.27 

NiC16H28N406C12 % Calc. 11.69 38.27 5.63 ll.16 14.12 

)~ An alternate composition for this compound is: 

CdN03 (PM-H)PHo 3H2O 

CdCl6H29N5010 % Calc. 19.93 34.08 5.19 12.42 
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Table 4: Analytical Data for Complexes of (PH-H) 

Formula Metal C H N 

[Cu(PH-Hh] "6H2O % Found 12.53 38.88 6.62 11. 36 

CuC 16H32N401 0 % Calc. 12.56 37.97 6.79 11.07 

[Cu(PU-H)2(H20)2] % Found 14.30 43.99 5.98 12.59 

CUC16H24N406 % Calc. 14.64 44.28 6.05 12.91 

Table 5: Analytical Data for PN and Complexes of PN 

Formula Heta1 C H N Cl 

PN % Found 56.59 6.56 8.27 

CsHllN03 % Calc. 56.78 6.57 8.28 

CdC12PN % Found 31.65 27.14 3.13 3.99 20.08 

CdCsHIINO'3C12 % Calc. 31.89 27.26 3.15 3.97 20.11 

[Mn(PN)3]C12"2H20 % Found 8.20 43.09 5.59 6.28 9.66 

HnC24H37N3011C12 % Calc. 8.21 43.05 5.58 6.28 10.59 

[Zn(PN) 3] (N03)2"2H20 % Found 9.01 36.56 5.07 9.37 

ZnC24H37Ns017 % Calc. 8.92 39.32 5.10 9.56 
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composition CsH13N202Cl, 0]:' HPHC1 is indicated by the elemental analysis. 

(Table 2). 

The powder pattern data are given in Table 7 for HPMC1, Table 8 for 

PM and Table 10 for PN. 

(b) Metal Complexes of Pyridoxamine Dihydrochloride 

Cupric chloride dihydrate and pyridoxamine dihydrochloride were 

dissolved in H20 in a 1:2 mole ratio. As the solution evaporated, it 

became viscous and changed in colour frQm green to yellow. Eventually blue 

plate-shaped crystals precipitated which were shown to have the formula 

(H2PHhCuC16-2H20.37 Equimolar amounts of ZnC12 and H2P~fC12 were dissolved 

in water. There was no immediate eVidence of a reaction, but after the 

solution was allowe.d to evaporate colourless crystals of H2PH[ZnC14] -H20 

formed. 

The elemental analyses of these two compounds are given in Table 1 

and Table 6 shows the powder diffraction data. Both the infrared spectra 

and the powder patterns show that (H2P}1) 2CuC16· 2H20 and H2PH[ZnC14] -H20 

are unique compounds, and not merely mixtures of the starting materials_ 

(c) Metal Complexes of Pyridoxamine Monohydrochloride 

Pyridoxamine monohydroch1oride was used to make 1:1 mole ratio 

solutions with CdC12-2~H20 and ZnC12. Several hours after preparation, 

cube-shaped crystals developed in the cadmium chloride solution. These 

crystals corresponded to the formula (HPM)2[CdC14]-2H20. Colourless b1ock

sh~ped crystals of ZnC13HPM precipitated from the zinc chloride solution 

after several days. Since both of these compounds resembled the starting 

material in appearance, infrared spectra and powder patterns (Table 7) were 

used to confirm that they were new substances. The elemental analyses 



Table 6: X-Ray Powder Diffraction Patterns for H2PMC12 and 

9.46 w 
8.16 m 
7.00 w 
6.05 w 
6.01 vw 
5.25 w 
4.80 m 
4.43 m 
4.11 m 
3.88 m 
3.61 m 
3.45 s 
3.26 s 
3.07 w 
2.94 w 
2.79 m 
2.66 w 
2.47 s 
2.40 w 
2.29 w 
2.22 w 
2.15 m 

Complexes of H2PlfC12 

o 
Interp1anar Spacings given in A 

l!!2PM) 2CuC16 • 2HzQ 

9.77 w 
7.53 s 
7.08 w 
6.28 w 
5.65 m 
4.94 s 
4.81 m 
4.13 w 
3.94 s 
3.58 s 
3.43 m 
3.20 vs 
2.97 m 
2.76 w 
2.67 m 
2.54 m 
2.43 w 
2.36 w 
2.30 w 
2.22 vw 
2.17 m 

Abbreviations: s, strong; m, medium; w, weak; v, very. 
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_ H 2PM [ZnC 14l.:!!zQ. 

7.38 m 
6.81 w 
6.33 m 
5.65 s 
5.44 m 
4.87 m 
4.60 s 
4.45 w 
4.16 m 
3.93 vw 
3.77 w 
3.62 m 
3.33 s 
3.20 m 
3~01 m 
2.92 m 
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Table 7: X-Ray Powder Diffraction Patterns for HPHC1 and 

Complexes of HPMC1 

o 
Interp1anar Spacings given in A 

HPMC1 (HPm 2 [ CdC14] • 2H 20 ZnC13HPU 

8.16 w 12.45 m 8.72 m 

7.47 m 9.56 s 7.70 w 

6.58 w 8.59 s 7.23 s 

5.99 m 7.94 w 6.37 s 

5.16 m 6.92 w 5.93 w 

4.47 w 6.39 s 5.63 w 

4.22 w 5.44 w 5.07 m 

3.91 m 4.97 w 4.65 m 

3.67 m 4.58 s 4.44 s 

3.53 s 4.38 m 4.26 m 

3.27 w 4.13 w 4.08 w 

3.11 m 3.57 w 3.80 w 

3.00 w 3.35 m 3.66 m 

2.92 w 3.24 w 

3.11 m 

Abbreviations: s, strong; m, medium; w, weak, 
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Table 8: X-Ral Powder DifftactionPatterns of PM and Com21exes of PH 
0 

Interp1anar Spacings given in A 

PM·2H2Q CU(N03) 2 (PM) 2·H20 Ni (N0322 (P~1) 2· 2H2Q Cd (NO 3) 2 (PH) 2 

10.40 w 13.92 s 12.03 s 12.11 s 
7.90 m 9.26 s 9.77 m 8.89 s 
7.00 m 7.70 s 8.85 w 6.94 w 
5.29 m 6.89 w 7.83 m 6.22 s 
5.14 m 6.11 w 6.11 w 4.50 vs 
4.43 w 5.70 w 5.26m 4.04 m 
4.10 m 4.98 w 4.68 s 3.79 m 
3.82 s 4.58 w 4.40 w 3.60 m 
3.65 vw 4.19 m 4.27 m 3.39 w 
3.45 m 3.87 m 3.96 vw 3.23 m 
3.22 w 3.70 w 3.86 w 2.93 m 
3.05 m 3.57 w 3.58 s 2.79 w 
2.76 vw 3.45 w 3.35 w 2.62 m 
2.60 w 3.36 m 3.22 w 2.40 m 
2.34 vw 3.21 w 3.16 w 
2.30 w 3.03 'tV 2.82 w 
2.27 vw 2.50 w 2.48 'tV 

1.99 w 2.30 'tV 2.21 w 
2.15 w 
2.08 w 

Abbreviations: s, strong; m, medium; w, weak, v, very 



Table 8: continued 

Zn(N03l2P:H·H:z.Q 

11. 63 s 
10.05 s 
7.47 s 
5.08 m 
4.50 s 
3.90 m 
3.63 w 
3.47 s 
3.22 ,'I 

3.00 W 

8.80 s 
6.78 w 
6.15 m 
5.57 w 
4.71 w 
4.25 m 
3.99 m 
3.86 w 
3.66 m 
3.58 w 
3.44 m 
3.12 m 
2.97 w 
2.85 w 
2.77 w 
2.71 w 
2.56 w 

10.78 s 
9.51 m 
7.73 vw 
7.08 m 
5.52 vw 
4.68 m 
4.39 m 
4.09 w 
3.91 m 
3.57 m 
3.26 w 
3.12 m 
2.84 w 
2.71 w 
2.53 w 
2.45 w 
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[Co (PM-H) (PH)2]C12·3H:z.Q 

10.85 m 
8.51 m 
7.47 s 
5.19 m 
4.70 w 
4.40 m 
4.17 m 
3.75 s 
3.34 s 
2.77 m 
2.41 w 
2.35 w 
2.22 w 
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Table 9: X-Ray Powder Diffraction Patterns for Complexes of (PM-H) 

Interp1anar Spacings given in A 
[Cu(Ptf-H) 2] o6HzQ 

11. 71 vw 
10.53 vs 
6.28 vw 
5.75 s 
5.14 m 
4.64 Vtv 

4.32 vw 
4.12 w 
3.97 w 
3.81 s 
3.40 s 
3.23 vw 
3.11 vw 
2.99 w 
2.89 w 
2.73 w 
2.60 w 
2.48 w 
2.33 m 
2.24 Til 
2.15 w 

[Cu(PH-H) 2 (HzQ>L] 

7.00 s 
5.99 m 
5.47 m 
4.93 m 
4.53 w 
4.02 m 
3.88 s 
3.63 w 
3.50 s 
3.40 w 
3.35 w 
3.12 w 
3.02 m 
2.93 w 
2.84 w 
2.78 w 
2.63 m 
2.55 w 
2.45 w 
2.34 m 
2.29 w 
2.24 w 
2.16 w 
2.10 m 
2.01 w 

Abbreviations: s, strong; m, medium; w, weak; v, very. 
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Table 10: X-Ray Powder Diffraction Patterns for PN and Complexes of PN 

PN 

9.31 w 
6.71 w 
6.15 s 
4.89 vw 
4.58 vw 
4.36 m 
4.11 w 
3.94 w 
3.69 s 
3.55 s 
3.38 w 
3.18 vw 
2.98 m 
2.89 w 
2.81 w 
2.73 w 
2.25 w 

o 
Interp1anar Spacings given in A 

CdC12PN 

9.56 s 
7.83 s 
5.63 w 
5.07 m 
4.75 w 
4.25 m 
3.96 w 
3.51 w 
5.44 m 
3.20 w 
2.95 w 
2.84 w 

[Mn(PN) 31 C12· 2HzQ 

11.48 vw 
7.11 w 
6.68 s 
5.66 w 
4.85 w 
4.41 m 
4.11 vw 
3.88 m 
3.69 s 
3.58 w 
3.22 s 
2.99 w 
2.65 w 
2.45 w 
2.26 m 

Abbreviations: s, strong; m, medium; w, weak; v, very 

11. 79 vs 
9.41 m 
7.83 m 
5.54 w 
5.16 w 
4.71 m 
4.18 Til 

3.88 m 
3.82 s 
3.52 vw 
3.33 m 
3.18 m 
3.06 w 
2.93 w 
2.76 w 
2.48 w 
2.29 w 

31 
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appear in Table 2. 

(d) Metal Complexes of Pyridoxamine Dihydrate 

Green plate-shaped Cu(N03)2(PM)2oH2037 crystals, light green needles 

of Ni(N03) 2 (PH) 2 ° 2H2037 and colourless needle-shaped crystals of 

Zn(N03)2PUoH20 precipitated as 1:1 mole ratio solutions of P:H"2H20 and the 

respective metal nitrates evaporated. 

Needle-shaped crystals of Cd(N03}z (PH) 2 precipitated as a hot 

equimolar solution of PHo2H20 and Cd(N03)2°4H20 cooled to room temperature. 

Chunky crystals of [Co (PM-H) (PM)2]C1203H20 formed as an equimolar 

solution of PMo2H20 and COC12"6H20 in methanol evaporated. These crystals 

appeared to be black, but in thin sections were found to be dichroic, 

alternately appearing red and green as they were rotated. 

Pyridoxamine monohydrochloride was used to make equimolar solutions 

with CUC1202H20 and NiC1206H20, which were allowed to evaporate. In the 

copper solution the initial pale blue colour changed to dark green, and 

several days later tiny green crystals precipitated. The elemental analysis 

led to the formulation of CuC12P~!ol~20 for this compound. Similarly, 

the pale green precipitate from the nickel solution was found to have the 

formula NiCl2(PH}z°2H20. 

Table 3 lists the analytical data for the above compounds. The powder 

patterns (Table 8) plus the infrared spectra show that these are all 

unique compounds. 

(e) Hetal Complexes of Anionic Pyridoxamine 

Brown needles of [Cu(PH-H) 2] • 6H20 were obtained from a hot 1: 2 mole 

ratio solution of Cu(N03)2°3H20 and PHo2H20. The crystals precipitated as 
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the solution cooled. [Cu(PH-H) 2] -6H20 can also be precipitated by adding 

I:laOH to a solution of Cu(NO 3) 2' 3H20 and PH' 2H20 until the pH is about 12. 

Small dark green crystals of [Cu(PH-H)2(H20)2] were obtained by 

heating [Cu(P}f-HhJ"6H20 in water for about thirty minutes. 

The elemental analyses for these two compounds are given in Table 4 

and the powder diffraction data are given in Table 9. 

(f) Hetal Complexes of Pyridoxine 

Equimolar solutions of pyridoxine and CdC12'2~H20, Zn(N03)2·6H20, 

and MnC12"4H20 were allowed to evaporate. After several days colourless 

cube-shaped crystals of CdC12PN34 grew in the cadmium solution, and a 

white gelatinous precipitate appeared in the zinc solution. The elemental 

analysis showed this substance to be [Zn(PNh](N03)282H20. The initial 

pale pink colour of the manganese solution turned to a bright yellow as the 

pyridoxine was added, but darkened to a brown colour with age. A small 

amount of yellow material was filtered from this solution, which was 

formulated as [Nn(PNhJC12-H20. 

The elemental analyses for these three compounds appear in Table 5 and 

the powder diffraction data are given in ~able 10. 

(g) Deuterated Compounds 

A model X-17-l7 glove bag from Instruments for Research and Industry, 

flushed with N2 gas passed through a 30 cm column filled with Drierite, was 

used to provide a dry atmosphere. The bag was adapted with a hose leading 

to an aspirator for suction filtration. 
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H2PMC12, HPHC1, PHo2H20, (H2PM)2CUC16oH20, Cu(PHh(NOS)2°H20, 

(HP!1)2[CdC14]o2H20, HPNC1, PN and CdC12PN were prepared in the deuterated 

form by dissolving 0.5 g of each substance in 5 to 10 ml of deuterium 

oxide. The solutions were evaporated on a hot plate until a precipitate 

formed, and filtered by suction. Examination of the infrared spectra 

showed that approximately 60% of the labile hydrogen atoms were replaced 

by deuterium on the first recrystallization. A second recrystallization 

resulted in approximately 80% exchange. 

Since [Cu(PM-H)2]o6H20 is extremely insoluble in water, it was 

synthesized directly from deuterated PMo2H20 and CU(~03)2'3H20 in D20. 
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Chapter III: Discussion 

1. Infrared Spectra 

The crystal structure of bis-pyridoxamine copper (II) dinitrate monohydrate 

has recently been determined. 38 The copper atom is in a square plane formed 

by the phenolate oxygen and the 4'-amino nitrogen of each pyridoxamine 

molecule. The octahedron is completed by a bridging nitrate oxygen in the 

axial positions. Protonation definitely occurs at the pyridine nitrogen 

site and the phenolic oxygen is anionic. Thus the pyridoxamine exists in a 

zwitterionic form, which facilitates chelate formation. 

Some evidence for this structure can be observed in the infrared 

spectrum. Several studies of pyridinium salts show that the pyridine ring 

stretching modes between 1440 cm- I and 1580 cm- I are shifted to frequencies 

about 50 cm- 1 higher upon protonation. 44 ,47 In particular, four bands 

should appear, at 1630 cm- I , 1610 cm- I , 1535 cm- I and 1485 cm- I . Of these, 

the bands at 1610 cm- I and 1535 em-I are shifted to approximately 1585 cm- I 

and 1475 cm- I upon deuteration. Since pyridoxamine is a substituted 

pyridine, similar shifts should be observed if the ring nitrogen is 

protonated. 

Since HOH 50 and HNH5I bending modes occur between 1650 cm- I and 1600 em-I, 

the pyridinium bands at 1630 em-I and 1610 cm- I cannot be identified 

However, the band at 1535 em- should be visible in the spectra of all 

protonated compounds. In Cu(N03)2(PM)2oH20 (Figure 4E) there is a very 

strong peak at 1525 cm- I which appears to be shifted to 1482 cm- I in the 

deuterated form (Figure 5A, Table 11). The ratio of vH to VD is 1. 03. Cook 
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Table 11: Infrared Frequencies of PM"2H20, CU(N03)2(PM)2"H20 and [Cu(PM-H)2]'6~O 
Between 4000 cm- I and 1200 cm- I 

PM" 2H2O Cu(N03)2{PH)2oH20 [Cu(PM-H)2] o6H20 

H D H D H D 

3280 m 3290 w 3400 m, b 3350 w, b 3380 m, b 3340 w, b 
3150 m, b 2930 m 3280 m 2900 w, b 3260 s 3250 w, b 
2900 m, b 2860 m 3200 w 2520 m, b 3070 s 3050 w, b 
2820 m 2500 m, sh 3100 w 2440 s 2980 w 2950 m 
2080 w 2435 s 3000 s 2220 m, b 2900 m 2860 m 
1620 w 2200 m, b 2920 w 1750 w, b 2820 w 2500 m 
1572 w 1900 w, b 2820 w 1610 w, b 1670 w 2400 m, b 
1547 w 1650 w 1630 w 1567 s 1597 w 2260 s 
1470 m 1575 w 1570 w 1527 m 1575 w 1625 w, b 
1430 w 1553 m 1525 s 1482 s 1550 w 1550 w 
1398 s 1534 m 1480 w 1460 s 1520 w 1520 w 
1375 w 1477 m 1460 m 1420 s, b 1445 w 1465 m 
1367 s 1430 m 1410 s, b 1400 s, b 1407 vs 1425 m 
1282 m 1403 s 1370 s, b 1380 s, b 1375 m 1400 s 
1242 m 1380 m 1320 s, b 1320 m, b 1335 m 1378 m 
1221 m 1363 s 1290 s, b 1245 m 1292 s 1340 w 
1202 w 1350 w, sh 1247 w 1220 w 1280 m, sh 1300 m 

1302 w 1222 w 1241 w 1290 w, sh 
1264 w 1227 m 1270 m 
1240 w 1252 w 
1222 s 1235 w 

1222 m 

Abbreviations: s, strong; m, medium; w, weak; v, very; b, broad; sh, shoulder 

\.,,) 
co 
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obtained an average value of 1.04 for this shift. 47 Since the crystal 

structure shows that the ring nitrogen is protonated, and the peak at 

1525 cm- l is shifted upon deuteration, this band can be confidently assigned 

to v19b ' a ring stretching mode involving the proton. 47 ,52 

There is a bnad at 1630 cm- in the spectrum of Cu(N03)2(PM)2°H20. 

but it cannot be assigned with certainty. although its intensity is reduced 

upon deuteration. A new band at 1567 cm- l does appear in the spectrum of 

the deuterated compound, which is a bit lower than the expected shift to 

1535 em-I. 

Other features of the spectrum of Cu(N03)2(PM)2°H20 are not as well 

defined. There are several peaks above 3100 cm- l due to NH and OH stretching 

vibration, but they cannot be distinguished. The peak at 2820 cm- l could 

be the pyridinium NH stretching frequency which should occur between 

2430 cm- 1 and 3300 em-I. 

Coordinated nitrate groups show two bands at approximately 1400 cm- 1 

whereas ionic nitrates have only one. In this structure both types of 

nitrate groups are included. The interpretation of the spectrum is further 

complicated by the pyridoxamine peaks which occur in this region. 

The crystal structure also shows that there is partial double bond 

character between the phenolate oxygen and the adjacent carbon atom. 53 

Normally ketones absorb between 1730 cm- l and 1645 cm- l , but a partial 

ketone will have a lower frequency. Coordination to a metal will further 

reduce the frequency. Thus any carbon-oxygen stretching mode would probably 

occur below 1645 cm- l , and since this region is already complicated, it 

cannot be identified. 

Although deuterium exchange was not carried out with the other metal 

complexes of neutral pyridoxamine, the infrared spectrum of each compound 
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shows a strong peak at about 1525 em-I, and usually one or two weak peaks 

between 1630 cm- I and 1600 cm- I (Figures 6-8). This indicates that all the 

complexes of reutral pyridoxamine are in the zwitterionic form with protonation 

occurring at the ring nitrogen site. Therefore the metal ions are probably 

chelated by the phenolate oxygen and the 4'-amino nitrogen. 

The infrared spectrum of neutral pyridoxamine, PM·2H20 (Figure 4A), is 

quite different. There are no strong bands between 1600 cm- I and 1540 em-I, 

and the spectrum of deuterated pyridoxamine does not change significantly in 

this region (Figure 9A, Table 11). At 1620 cm- I there is a weak band, but 

there is more than one possibility for its assignment. 

The spectra of [Cu(PM-H)2]-6H20 and [Cu(PM-H)2-(H20)2] (Figures 4D and 

8B) are similar since they do not show strong peaks at 1525 cm- I • The 

spectrum of [Cu(PM-Hh]-6H20 remains unchanged between 1600 cm- I and 1500 cm- I 

upon deuteration (Figure 9B, Table 11). This indicates that PM and (PM-H) 

are not protonated at the ring nitrogen. Weak points at 2400 cm- I and at 

2080 cm- I in the spectrum of pyridoxamine are indicative of protonated amino 

groups. 

Pyridoxamine dihydrochloride is completely protonated, and is not 

coordinated to a metal. The infrared spectrum shows the pyrftdinium peak at 

1545 cm- I which is shifted to 1505 cm- I upon deuteration (Figures 4B and 

IDA, Table 12). (H2PMhCuC16 -2H20 is similar in having a peak at 1543 cm- I 

which also appears to shift to about 1505 em-I (Figures 4C and 5B, Table 12). 

The pyridinium peak occurs at 1535 em-I in the spectrum of H2~1(ZnC14)-H20 

(Figure 11). 

Pyridoxamine monohydrochloride has one proton removed. An infrared 

absorption at 1527 cm- I suggests that the ring nitrogen is still protonated 

(Figure l2A). Upon deuteration this peak is reduced in intensity, but the 
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Table 12: Infrared Freguencies of H2PHC12 and (H2Pl1)2CUC1602H20 

Between 4000 cm- 1 and 1200 cm- 1 

H2PHC12 (H2PM)2CUC1602H20 

H D H D 

3405 s 3405 w 3330 m 3110 vw 
3320 w 3325 w 3120 s, b 2950 m 
3275 s 3270 w 2875 w, sh 2870 w 
3200 w 3015 m 2710 w, sh 2450 s 
3095 s 2950 w, b 1930 w 2365 m, b 
2980 vs, b 2860 w 1635 w 2260 s 
2425 w 2535 m 1590 w 2140 s 
2000 w 2420 s 1543 s 1750 w, v 
1940 w 2380 s, b 1490 m 1592 w 
1835 w 1835 w, b 1457 w 1536 V\y 

1755 w 1628 w 1430 w 1505 s 
1630 w 1587 m 1398 w 1465 w, sh 
1587 w 1505 s 1333 w 1420 w 
1545 s 1483 w 1305 w 1393 w 
1485 m 1460 m 1295 m 1375 w 
1457 w 1437 m 1243 w 1318 m 
1443 w 1384 m 1217 s 1300 m 
1392 s 1377 m, sh 1252 m 
1346 s 1321 m 1230 m 
1297 s 1295 m 
1280 s 1253 m 
1222 m 1230 w 

Abbreviations: s, strong; m, medium; w, weak; v, very; b, broad; 
sh, shoulder 

46 



! t\ i 

1/\ r , 

I 
i 

I 
! 

! 
I 

~~\(\ 
I ~ 
! 

I I __ L--~--;soo I 3000 L_ 3500 .. ;0 co 2S()O 2000 1800 
fRtOUEt .. CY (eM. Ij 

.' /i\ (\ '1 ~' f I ,/'1, ~,,f 

,. 

\ r1 ..J'1!\ I.J~ 
I - \ ,f\ ·11' 

~ A ~ () f~ I I\r," ! i , ' 

~ \ /\ A(~II~I \ f \~lM II" \( V
t
{ 

WlN Vi I J \ I 
-~--
1600 1400 1200 1000 sao 

fKtOUENCY {eM· 'j 

Figure 11. Infrared c~i;!ctra of: A. H2PH[Zn~14] ';12°. B. ZnC13HPM 
+:
-.J 



-------- ---

I 
I~ ~ \ 

i \ , 

I 

I 8 
I 

L~\ 
! \ 
! 

I 
I 

I 

~ 
L .. ' 

,. 

II 1\\ rI\ ,Iii .~ iii II \;'i Iii 
.1 1"'.\' \ 
I Ill" I 

f 

W 

. \h fi~ \ ( i 1/ 11 1\ II iii. 

~ ~ ~ 

(1\ 1\ /{\ /\ ,\ }\ 

3500 3000 2500 2000 lBOO i600 1400 i200 1000 800 
fREQUENCY (CM. ,; fREQUENCY (eM. 1) 

Figure 12. Infrared Snectra of: A. HPHG1. B. (t!P~)2[CdCll,]'2H20 

! 
r

-e-
OJ 



frequency to which it shifts is not clear (Figure l3A, Table 13). When 

(HPM)2(CdC14)o2H20 is deuterated the peak at 1530 cm- 1 is replaced by one 

at 1480 cm- I (Figures l2B and l3A, Table 13). ZnC13HPM also shows an intense 

peak at 1530 cm- l . 

Upon deuteration, no significant changes between 1600 cm- I and 1500 cm- I 

are observed in the infrared spectrum of pyridoxine (Figure 14, Table 14). 

There is a shift from 1540 cm- I to 1510 cm- 1 for HPNCI (Figures l5A and lOB, 

Table 14) and from 1517 cm- I to 1480 cm- I in the spectrum of CdC1 2F:N 

(Figure 16, Table 14). The ratios for \lH to \lD are 1.02, which is slightly 

lower than for the pyridoxamine shift. 

Since pyridoxine does not have an amino group, there is no possibility 

of HNH bending vibrations between 1650 cm- I and 1600 cm- I . For HPNCI and 

CdC12PN HOH bending modes can also be ruled out. In the spectrum of HPNCI 

a weak band at 1625 cm- I appears to be shifted to l5S0 cm- I , and for CdPNC12 

the weak band at 1601 cm- I is replaced by a medium intensity peak at 1563 cm- I , 

The ratios of vH to vD are 1.03 and 1.02 respectively, which agree with Cook's 

value of 1.02. 47 These bands can be identified with vSb for the pyridinium 

ion. 47 ,52 

The infrared spectra of the other complexes of pyridoxine are similar to 

that of CdC12PN. The spectra of HPNC1, CdC12PN, [Zn(PN)3] (N03)2 and 

(Mn(PN)3]C12oH20 (Figure 15) all exhibit a strong band at approximately 

1535 em-I, while the spectrum of pyridoxine does not. This means that 

pyridoxine is in the non-dipolar form, while the metal complexes are the 

zwitterionic form, with an anionic phenolic oxygen. Pyridoxine hydrochloride 

has all possible sites protonated. 

It is interesting that the ~19b ring stretching frequency is higher for 

H2PMC12, HPNCl, (H2PM)2[CuC14]C12°ZH20 and H2PM[ZnC14]'H20 than for HPMCI 
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Table 13: Infrared Freguencies of HPHCL and (HPH) 2 [CdC14] ·2H2Q 

Between 4000 cm- 1 and 1200 cm- 1 

HPMC1 (HPH)2[CdC14]o2H20 

H D H D 

3330 vs 3330 m 3410 s, b 3420 VI 
3220 w 3045 m 3380 s, b 3325 VI 

3050 s 2950 VI 2940 s 3085 VI 

2960 m 2920 VI 2870 s 2940 m 
2930 m 2860 VI 2810 m 2920 m 
2860 VI 2800 tv 1990 T,v, b 2860 m 
2800 s 2460 m 1920 VI 2485 m, b 
2680 m 2320 m, b 1635 w 2380 m 
2140 w 2240 w 1590 w, b 2265 m, b 
2080 m 2180 s 1570 w 2185 s 
1942 m 1850 m, b 1530 s 1563 m 
1894 w 1650 w 1380 VI, sh 1528 w 
1825 w 1577 s 1463 m 1480 s 
17lQ w 1527 m 1435 s 1465 s 
1647 w 1485 m 1390 m 1430 s 
1527 vs 1475 s 1370 s 1385 s 
1488 w 1430 s 1300 w 1323 m 
1475 s 1400 w 1252 w 1287 w 
1460 m 1385 s 1216 m 1240 m 
1430 s 1360 m 1228 w 
1387 s 1335 m 1216 w 
1370 m 1322 s 
1330 m 1279w 
1303 m 1238 m 
1350 VI 1218 w 
1217 m 

Abbreviations: s, strong; m, medium; w, weak; v, very; b, broad; 
sh, shoulder 
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Table 14: Infrared Freguencies of HPNC1 a PN and CdC1 2PN 

Between 4000 cm- 1 and 1200 cm- 1 

HPNC1 PN CdC12PN 

H D H D H D 

3300 m 3250 w, br 3270 m 3240 m 3440 m 3210 w, b 
3210 s 3090 w 3150 w 2950 m 3330 vw 3300 w 
3170 w, b 2930 w, b 2950 w 2880 m 3225 m 2950 m 
2950 m 2850 w, b 2850 w 2450 s 3140 m 2870 w 
2870 m 2470 m 2670 m, b 2220 m, b 3040 vw 2540 s 
2820 m 2420 m 1612 w 2050 m, b 2920 w 2360 s 
1920 w, b 2340 s 1562 w 1601 w 2840 w 2320 s, sh 
1825 w 2170 s 1524 w 1560 w 1601 w 1795 w 
1730 w 1795 w 1440 m 1523 w 1517 vs 1565 m 
1625 w 1620 w, b 1415 s 1460 w, sh 1490 w 1522 w, b 
1540 m, sh 1580 m 1375 w 1425 w, sh 1470 m 1490 m, sh 
1526 s 1545 w, sh 1350 m, b 1412 s 1420 m 1480 s 
1485 m 1528 w, sh 1284 s 1380 m 1382 m 1460 m 
1460 w, b 1510 s 1276 m, sh 1305 w 1335 m 1448 m 
1420 w 1465 s 1250 w 1287 s 1300 w 1425 s 
1383 s 1425 m 1235 w, sh 1257 w 1252 vw 1395 m 
1328 w 1895 m 1220 s 1228 w 1221 m 1380 s 
1280 s 1385 m 1205 w 1330 w 
1217 s 1337 w 1309 s 

1300 s 1272 w 
1252 w 1260 w 
1243 w 1242 m 
1230 w 1230 m 

I! 

Abbreviations: s, strong; m, medium; w, weak; v, very; b, broad; sh, shoulder \J\ 
\..0 
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and the zwitterionic metal complexes. This is probably due to the change in 

the substituent attached to carbon 3. For the completely protonated compounds 

the substituent is undoubtedly an OH group, whereas it will be 0- for HPHCl 

HOCH 2 

H H 

/OH 

CHZ ')+ 
o 

Pyridoxine Pyridoxine metal complex 

and the zwitterionic complexes. Since the 0- can be resonance stabilized with 

the ring system, the average bond order in the ring will be lowered, and the 

frequencies of skeletal vibrations such as v l9b will be reduced. 8 As 

mentioned previously, the crystal structure of Cu(N03)2(PM)2oH20 shows that 

there is partial double bond character between the phenolate oxygen and the 

ring. A reduction of 19 cm- 1 in the ring stretching modes between phenol and 

the phenoxide ion has been observed,54 which corresponds to the difference 

found in this case. 

Correlations have been drawn between the extent of hydrogen bonding in 

the pyridinium salt and the infrared spectra. 48 ,49 However, since the 

pyridoxamine and pyridoxine compounds contain many other groups that are 

capable of hydrogen bonding, it is impossible to isolate the peaks due to 

hydrogen bonds involving the pyridinium ion. 
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2. Formulation of Compounds 

Since pyridoxamine dihydrochloride is completely protonated, it is 

unlikely that metal ions will be directly coordinated. Therefore the two 

compounds involving pyridoxamine dihydrochloride are formulated as salts 

of H2PU2+ rather than complexes. Salts of [ZnCI 4]2- have been isolated when 

the cation is large, but five-coordinate zinc species are also known. 55 

Therefore there are two possibilities for the zinc compound: H2P11[ZnC14]'H20 

and H2PH[ZnCI4H20] . 

Crystals of the copper compound are turquoise in colour, which suggests that 

oxygen is coordinated to the copper atom in the solid state. Concentrated 

solutions of this compound are yellow, due to the [CUCl4]2- ion. 56 Since 

the oxygen sites in H2PH2+ are blocked by protons, the only available 

oxygen donors are the water molecules. Thus a reasonable formulation is 

(H2PM)2[CuCl4(H20)2]CI2' 

One bonding site is free in monoprmtonated pyridoxamine. Therefore, 

I-1P~r+- could act either as a positive cation or as a monodentate ligand. In 

ZnCl3HPH, the monoprotonated pyridoxamine is probably acting as a monodentate 

ligand coordinating through the phenolic oxygen. Since this compound is 

not hygroscopic it is unlikely that a coordination number of four is 

achieved through chloride bridges. Also, zinc(II) has a greater affinity 

for oxygen ligands than for chloride ions. In contrast, cadmium(II) 

prefers chloride to oxygen, so the result of its reaction with monoprotonated 

pyridoxamine is probably (HPH)2[CdCl4]·2H20.57 

Neutral pyridoxamine can chelate to metals through the phenolic oxygen 

and the amino nitrogen. For complexes involving two pyridoxamine molecules 

this results in a coordination number of four. Higher coordination numbers 



can be achieved if the anions or water molecules are also coordinated. 

There are two complexes which involve only one pyridoxamine: 

58 

CUCI2PM'I;~H20 and Zn(N03hPM·H20. Since both copper(II) and zinc(II) 

usually form complexes that are at least four-coordinate, either the anions 

or water molecules must be bonded as well. 

The magnetic susceptibility of the cobalt-pyridoxamine complex 

indicates that the compound is diamagnetic. Therefore octahedral cobalt(III) 

is involved rather than cobalt (II) , even though COC12'6H20 was used in the 

synthesis. In the presence of strong complexing agents, it is not unusual 

for cobalt(II) to be oxidized to cobalt(III).58 Since the elemental 

analysis shows only two chloride ions per molecule, one more negative charge 

is required to achieve electroneutrality. If one of the pyridoxamine 

molecules is in the anionic form, the charges will be balanced. Since most 

diamagnetic cobalt(III) complexes are octahedral, all three pyridoxamine 

molecules should be chelated through the phenolate oxygen and the amino 

nitrogen, and two of the pyridine nitrogen atoms will be protonated. Thus 

the formulation for this compound is probably [Co (PM-H) (PM)2]CI2"3H20. 

The two copper complexes of anionic pyridoxamine have similar chemical 

compositions but strikingly different appearances. According to 

T. N. Waters and D. Ha11 59 ,60 copper(II) complexes of salicylaldehyde and 

2-hydroxy-I-naphthaldehyde derivatives appear brown or violet when the 

copper coordination number is four, but are green when the coordination 

number is greater than four. Several crystal structures confirm this 

correlation for many examples,61-65 but at least one exception is known 

where a four-coordinate copper complex is green. Since [Cu(P~1-H)2]'6H20 

is onown, it is probably four-coordinate, with the two pyridoxamine molecules 

chelated to the copper. The water molecules will not be directly bonded tb 
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the copper atom. 

For Cu(PH-H)2(H20)2, which is dark green, an octahedral structure can 

be visualized with the water molecules occupying the axial positions. 

How'ever, i-Jaters and co-workers 61 ,62,63 found that the green crystals were 

always five-coordinate, with square pyramidal geometry. A study of copper 

chloride structures 66 showed that [(CH3)2NH2]CuC13 with square pyramidal 

geometry was green, but octahedral LiCuC13'2H20 and KCuC13 were yellow. 

A more relevant comparison can be made with [CU(N0 3)2(Pt1)2] 'H20, which is 

octahedral and has a green colour. 38 

It is interesting that the protonation state of pyridoxamine sometimes 

changes from the starting material to the complex. This occurs when 

CuC12Ptl'1~H20 and NiC12 (PH) 2' 2H20 are isolated from solutions containing 

HPH and [Cu (PH-H) 2] • 6H20 and [eu (P~1-H) 2 (H20)] are produced when P~1 is used 

as a starting material. The species H2PH +, HP~t+, PH and (PH-H)- are in 

equilibrium in aqueous solution: 25 

H2FH2+ ,.--2 HP~:t+ + H+ pKl == 3.37 

HP}l+ ~ PM.+ H+ pK2 = 8.01 

PH ...-' (PH-H) + H+ pK3 = 10.13 

This means that the pH and the initial concentration of the vitamin form 

are important. 

The disproportionation reaction of pyridoxamine could be written as: 

2PM ~ (PH-H) - + HP~rt" 

with K = [PH-H] [HP?>1] = KK23 f\) 0.01 
[PH] 2 

This value of K indicates that the concentrations of (PN-H) and HPl1 should 

be significant. 

In the case of anionic pyridoxamine, [Cu(PH:::H) 2] 2.61:12° crystallized 
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from a 1:2 solution of Cu(N03)2°3H20 and PH, whereas a 1:1 solution yielded 

Cu(N03)2(PH)2eH20. Both higher concentrations of neutral pyridoxamine and 

higher pH's caused (PH-H)- to be present in appreciable amounts. 

The pH of solutions which produced CuC12PH'1~H20 and NiCl2 (PH) 2 ';ZHiO 

was about 5 and the ratio of the metal to monoprotonated pyridoxamine was 

1: 1. HPlr+ can be considered to be a complex of H+, a "hard" Lewis acid, 

and PH, a Lewis base. Pyridine is in the borderline category of hard 

and soft bases, and the phenolic oxygen is borderline also, since it is 

attached to an aromatic system. The 4' amino nitrogen is separated from the 

ring by a methylene group, th~r~fore it will be a hard base. 67 Nickel (II) 

and copper(II) are both borderline Lewis acids, so they could successfully 

compete with the proton for the amino nitrogen. Both of these metal ions 

also have a tendency to prefer nitrogen donors to oxygen. 68 Although zinc(II) 

is a borderline acid, it has an affinity for oxygen ligands,57 so a stable 

complex can be formed with the phenolate oJeygen of HP1~, to form ZnC13HPH. 

Cadmium(II) is a soft Lewis acid so it does not displace the proton, and 

forms the salt (HPM)2[CdC14]o2H20. 

Pyridoxine probably functions as a bidentate ligand in metal complexes 

of the neutral vitamin. Chelation involving the phenolate oxygen and the 

4-hydroxymethyl oxygen has been indicated by 13C nuclear magnetic resonance 

for CdC12PN.34 Since this complex contains only one pyridoxine molecule, 

the two chloride ions must also be coordinated to achieve a coordination 

number of four. 

The zinc(II) and manganese(II) complexes both have three pyridine units 

per molecule. Since both of these metal ions have a preference for 

oxygen57 ,68 donors1octahedral structures involving the three pyridoxine 
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molecules appear reasonable. Thus appropriate formulae are 

[Hn(PN)~G12·2H20 and [Zn(PN)3]G12. However, the manganese compound is 

yellow in colour, which could indicate tetrahedral geometry. The visible 

absorption spectrum of a solution of pyridoxine and MnG14°4H20 shows a very 

broad band at 420 nm. This is in approximately the same position as one 

of the peaks observed in the spectrum of tetrahedral [~1nBr4]2-.69 

Alternatively, the 420 nm peak could be a charge transfer band. The 

ultraviolet spectrum of pyridoxine itself has an intense absorption that 

will cover up the other tetrahedral peaks at about 380 nm. The 420 nm 

peak is also broad enough to hide the characteristic pattern of octahedral 

manganese(II), so the visible absorption spectrum does not provide conclusive 

proof that the manganese ion is in a tetrahedral environment. 

Table 15 summarizes the reactions and products of pyridoxine and 

pyridoxamine with metal ions. 
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Table 15: Summary of Reactions 

H2PMC12 + HC12 -7 (H2PM)2CUC16°2H20 

H2PM[ZnC14]oH20 

HPHCl + ~1C12 -7 (HPM)2[CdC14]o2H20 

ZnC13HPN: 

CuC12PMol~H20 

NiC12(Pl1)2°2H20 

P!·I + !HN03) 2 -7 Cu(N03)2(PM)2oH20 

Ni(N03)2(PM)202H20 

Cd(N0 3) 2 (PM) 2 

Zn(N0 3) 2PN:oH20 

P~1 + COC1206H20 -7 [Co (Pl1-H) (Pl<i) 2] C12 ° 3H20 

2PH + CU(N03ho3H2O -7 [Cu(Pl1-H)2]o6H2O 

[Cu(Pl~-H) 2 (H20) 2] 

PN + HC12 -7 CdC12PN 

[Mn (pN) 3] C12 ° 2H20 

PN + Zn(N03)2°6H20 -7 [Zn(PN) 3] (N03)2°2H20 
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3. Conclusion 

Transition metal complexes of pyridoxine and pyridoxamine have been 

isolated in the solid state. The infrared spectra show that neutral 

pyridoxine and pyridoxamine are not protonated at the ring nitrogen. 

Pyridoxine is in the non-dipolar form, and pyridoxamine is in the zwitter-

ionic form with protonation occurring at the amino nitrogen. Except for 

the two complexes of anionic pyridoxamine, the ring nitrogen is protonated 

in the metal complexes, indicating dipolar structures. The complexes of 

the neutral vitamins are probably chela ted through the phenolate oxygen 

and the functional group at the 4'-positions. Thus the zwitterionic state 

found for the complexes of neutral pyridoxamine is not the form that occurs 

in pyridoxamine itself. 

CH2NH; 

0:- HOCH 2 

+ MN+ ~ 

H H 

Pyridoxamine Pyridoxamine metal complex 
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