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Abstract 

The crystal structure of the 4-methoxy-2,6-dimethylpyridine N-oxide.pentachlorophenol complex has been 
determined by X-ray analysis. The O. . .  O distance is 2.439(6) ,~, the OHO angle is 152.3 ° and the hydrogen-bonded 
proton is close to the phenol molecule. The FT-IR spectra of pentachlorophenol complexes with some substituted 
pyridine N-oxides in the solid state and seven aprotic solvents of different polarity (e from 2.27 to 37.5) show a broad 
absorption. The broad absorption shows weak dependence upon solvent polarity and is classified as type (ii). UV spectra 
show that in the investigated complexes protons are not transferred from the phenol to the N-oxides. Formamide 
(e = 111) is a much stronger proton acceptor than the pyridine N-oxides. Pentachloroplaenol in formamide is converted 
to the phenolate ion. 

1. Introduction 

Pyridines with some carboxylic acids [1] and 
phenols [2] and pyridine N-oxides with some 
carboxylic acids [1] form AHB complexes con- 
taining strong hydrogen bonds, which are 
characterized by high enthalpies [3] (AH ,~ 9 -  
22 kcal mol- l) ,  short A - B  equilibrium distances 
[1,2(b)] (RA_~ < 2.6 A), and a spectacular broad 
(continuous) absorption in the 3000-400 cm -~ 
region. The profile of  the broad absorption exhibits 
a characteristic structure in some complexes; the 
subbands are generally denoted as A, B, C, D 
and E bands ( A > 2 8 0 0 ,  B ~ 2 5 0 0 ,  C ~ 1 9 0 0 ,  
D ~ 1100 and E ~  850 cm-~). Resonance 
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of the hydrogen-bonded protons is strongly 
deshielded. 

The profiles of  the broad absorption in solution 
can be reproduced theoretically by assuming that 
there are complex relaxation processes in which 
several oscillators, coupled by anharmonic forces, 
are simultaneously relaxing [4-8]. 

Contrary to the widely investigated complexes of 
pyridines with phenols, complexes of pyridine 
N-oxides have not been studied systematically. To 
our knowledge only a few data are available [9]. 
Pyridine N-oxides with pentachlorophenol, 
HPCP, (pKa = 4.5 [10(a)], 4.82 [10(b)] form two 
types of complexes with 1 : 1 and 2:1 acid/base 
ratios. In this paper we describe the l : l  com- 
plexes and discuss the prototropic equilibrium 
( A - H . - .  B ~ A-  . . .  H-B+) ,  widely postulated in 
the literature for phenol complexes. 
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Table 1 
Melting points and elemental analyses of complexes of substituted pyridine N-oxides with pentachlorophenol and tetrabutylamino- 
pentachlorophenolates 

No. Substituent pKa M.p. (~C) Formula Found (%) Required (%) 

C H N C H N 

1 4-C1 0.36 147 CIIHsNO2CI 6 33.35 1.44 3.69 33.37 1.27 3.54 
2 H 0.79 125 CllH6NO2CI5 36.47 1.55 3.90 36.55 1.67 3.88 
3 3,5-Me2 1.23 1 1 0 - 1 1 1  CI2HsNO2CI 5 39.82 2.76 3.59 40.09 2.59 3.60 
4 4-OMe-2,6-Me 2 3.45 115 C~4HI2NO3CI5 40.11 3.19 3.44 40.08 2.88 3.34 
5 4-NMe2-2,6-Me 2 4 .75  193-194 CIsHjsN202CI 5 41.42 3.48 6.49 41.65 3.50 6.48 
6 Bu4N- PCP 105-106 C22H36NOCI5 51.90 6,91 2.93 52.04 7.15 2.76 
7 Bu4N. (PCPHPCP) 92-93 C28H37NO2CII0 43.49 4.91 1.99 43.44 4.82 1.91 

2. Experimental 

Complexes were prepared by adding stoichio- 
metric amounts of HPCP to hot acetonitrile 
solutions of pyridine N-oxides. After cooling, the 
resulting precipitates were recrystallized from 
acetonitrile. Tetrabutylammonium pentachloro- 
phenolate, salt 6, was obtained by mixing equi- 
molar amounts of n-Bu4NOH (about 40% aq.) 
and HPCP; the product was extracted with chloro- 
form, the organic layer was dried with NazSO4, 
and the solvent removed by evaporation. The 
remaining solid was recrystallized from ethyl 
acetate. Tetrabutylammonium hydrogen dipenta- 
chlorophenolate, salt 7, was prepared by dissolving 
the equivalent amount of  salt 6 and HPCP in ethyl 
acetate. Melting points, elemental analyses and 
numbering of  the investigated complexes are 
given in Table 1. 

Solvents were purified by standard methods and 
stored over molecular sieves (4 or 3 A). 

The FT-IR spectra were measured at 2 cm -l 
resolution using a Bruker IFS l l3v  instrument, 
which was evacuated to avoid water and CO2 
absorptions. Each spectrum consists of  250 scans 
at 31 ° in a cell with KBr windows, 0.1 and 0.25 mm 
thick. A standard solution of a crystalline complex 
was 0.1 tool dm 3. The solid-state spectra were 
measured as suspensions in Nujol and 
poly(chlorotrifluoroethylene). Centre of gravities, 
u' = f u log(Io/I) du/ f log(Io/I ) du, were obtained 
by numerical integration with du -- 0.964 cm -1 . 

UV-visible spectra were determined on a 
Specord M-40 Carl Zeiss Jena spectrometer in 
two different cells, l - - 0 . 1  cm, c ~ 5 × 10 -4 tool 
dm -3 and 1 = 0.0029 crn, c -- 0.05 mol dm -3. The 
high concentration was used to minimize the 
amount of  "free" HPCP in solution. The solid- 
state spectra were measured in a KBr disc and in 
Nujol. 

Crystal data, details concerning data collection 
and structure refinement are given in Table 2. 
Intensity data were collected on a KM-4 diffract- 
ometer using graphite-monochromated Cu Kc~ 
radiation. Two check reflections (023, 032) 
recorded every 100 measurements showed maxi- 
mum intensity variation of  3.5%. The intensities 
were corrected for Lorentz and polarization 
factors, and prepared for further calculations by 
DATARED [11] from the KM-4 package. The 
structure was solved by direct methods using the 
SnELXS-86 program [12]. All hydrogen atoms were 
located from the geometry, except for the 
hydrogen-bonded proton, which was located on 
the difference Fourier map. The parameters of  
non-hydrogen atoms were refined by a full-matrix 
least-squares procedure with anisotropic displace- 
ment factors and only Biso was refined for hydrogen 
atoms using the program SHELX-76 [13]. The struc- 
ture factors were corrected for extinction according 
to F* = F(I  - 0.0001 xF2/sin O) where x refined 
to 0.065(4). Atomic scattering factors were taken 
from the International Tables for X-ray Crystallo- 
graphy [14]. 
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Table 2 
Crystallographic data and experimental details 

Crystal data 
Molecular formula CI4H12CIsNO 3 
Molecular weight 419.5 
Crystal habit Colourless prism 
Crystal size (ram) 0.20 x 0.25 x 0.40 
Crystal system Triclinic 
Space group PI 
Unit cell parameters 

a (A) 7.765(1) 
b (/k) 9.377(1) 
c (A) 12.566(2) 
c~ (deg) 91.13(1) 

(deg) 106.25(1) 
(deg) 90.69(1) 

V (A~) 878,1(4) 
Z 2 
D x 1.587 

Wavelength (A.) 1.54178 
Absorption coefficient (ram-J) 7.642 
Reflections for lattice parameters 25 

calculations 
20 range (deg) 24.9-62.2 
Temperature (K) 292 

Data collection 
Diffractometer type KM-4 
Collection method ~-20 
Number of reflection measured 3004 
Number of independent reflections 2855 
Number of observed reflections 2262 
Criterion for observed F 0 >~ 4.0a(F) 
20max (deg) 1.0 to 130.0 
Rim 0.0378 
Index ranges - 9  ~< h ~< 8 

-11 ~<k~<ll 
0~<1~<14 

Refinement 
Number of parameters 221 
Number of reflections used in 2262 

refinement 
Function minimized ~ w(F 0 - Fc) 2 
Weighting scheme, g 0.00015 
w I = c r 2 ( F )  +g(F)2 

R 0.0716 
R. 0.0829 
S 2.72 
(/X/s)n,a x 0.001 
(Ap)min(e /k -3) --0.48 
(Ap)max(g A -3) 0.58 

3. Results and Discussion 

3.1. IR spectra 

In the solid-state IR spectra of the investigated 
complexes (Fig. l) a broad absorption, as expected, 
strongly depends on the proton-acceptor proper- 
ties of the N-oxides. In complex 1 (the weakest 
base) bands A and B are the most intense, whereas 
bands C and D are weak. On increasing the pK a 
values of the N-oxides, the intensity of bands A and 
B decreases and simultaneously the intensity of 
bands D and E increases. In complex 4 bands B 
and C are very weak and bands D and E are very 
strong. Further increases of basicity caused the 
intensity of bands B-E changes to reverse, as in 
complex 5. The observed changes of the broad 
absorption with the proton-acceptor properties of 
the pyridine N-oxides reflect variation of the 
O. -- O distance. These data suggest that the short- 
est bonds are in complexes 4 and 5 and X-ray 
results confirmed this conclusion (see below~. 

Calorimetric measurements demonstrate that in 
solution there are dipolar and specific interactions 
between the phenol-pyridine complex and solvents 
[3(c,d)]. In the investigated complexes the dipolar 
interaction can be estimated from the variation of 
the broad absorption, but the specific interaction 
can be determined from the intensity and frequency 
of absorption in the 3550-3250 cm -r region due 
to the uOH.. .  Solv. vibration (Fig. 1). The follow- 
ing values of the uOH...Solv, vibration were 
found: benzene, 3489 cm l; tetrachloroethylene, 
3522 cm-I; chloroform, 3518 cm i; l,l,l-trichloro- 
ethane, 3512 cm-~; dichloromethane, 3505 cm--1; 
1,2-dichloroethane, 3499  cm-1; acetonitrile, 
3306cm i. Chloroform interacts with pyridine 
N-oxides and the uOH.. .  SoN. band is the most 
intense, while acetonitrile interacts with HPCP 
causing broadening of the band. The intensity of 
the uOH.. .  Solv. band decreases with increasing 
pKa values of the N-oxides. Thus, in solution the 
following equilibrium exists: 

A - H + B ~ A H B  (1) 

When excess of base is added, the intensity of the 
uOH.. .  Solv. band decreases and simultaneously 
absorption below 3000 cm -1 increases, indicating 
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Fig. 1. FT-IR spectra of complexes (a) 1 in CH2C12, (b) 2 in CH2CI2, (c) 4 in C6H 6 and (d) 5 in CH2C] 2. Dotted lines denote spectra in 
Nujol and poly(chlorotrifluoroethylene) emulsion. Numbers refer to Table 1. 
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that the equilibrium is shifted towards the complex. 
The presence of uncomplexed HPCP with the 
N-oxide in solution is not surprising and agrees 
with the available formation constants; for 

complexes of phenols with amines, the formation 
constants are one order of magnitude lower than 
those for carboxylic acids [3(b)]. 

As Fig. 1. shows, the intensity of the broad 
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Fig. 2. FT-IR spectra of  (a) Bu4N +.  -OC6C15 and (b) Bu4N + (C6C150. H .  OC6C1~)- in CHCI3 solution ( - - )  and in Nujol and 
poly(chlorotrifluoroethylene) emulsion ( . . . . .  ) and (c) ( - - )  1 : 1 and ( . . . . .  ) 2 : 1 mixtures of 4-Me-pyridine N-oxide with HPCP. 
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absorption in solution is much weaker than in the 
solid state. Although this is partly caused by equi- 
librium (1), it seems that a shift of the absorption 
above 1700 cm q towards higher wavenumbers 
relative to the solid state strongly suggests that 
the hydrogen bonds in the investigated solutions 
are longer than those in the solid state. 

All of the pyridine N-oxides [15] and phenols 
[10(a),l 6] form homoconjugated complexes, 
(BHB)+X - and (AHA)-Y +, with comparable 

formation constants. Indeed, HPCP forms both a 
neutral salt, 6, and an acid salt, 7, in the solid state, 
The 3518 cm -~ band in the solution spectrum of 
salt 7 indicates that this salt is in equilibrium with 
salt 6 and HPCP (Fig. 2). 

Pawlak et al. [17] investigated the complex of 
trimethylamine N-oxide with HPCP and 
postulated the formation of the complexes 
M e 3 N O + H  (C6C150 .  H. OC6C15)- and (Me3NO. 
H. ONMe3)+C6C15 O- on addition of an excess of 
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Fig. 3. Solvent effect on FT-IR spectra of complex 4 in: (a) CHCI3; (b) CH2C12; (c) CH3CN. Dotted lines denote spectra in C6H 6. 
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HPCP or N-oxide to the equimolar complex, 
respectively. Lack of the broad absorption below 
2000 cm-1 demonstrates that the homoconjugated 
complex is not formed in the 2:1 mixture of 
4-methylpyridine N-oxide with HPCP (compare 
Figs. 2(b) and 2(c); an excess of N-oxides only shifts 
the equilibrium towards the complex side. On the 
contrary, the formation of homoconjugated com- 
plexes (BHB)÷A - was observed in addition of an 
excess of N-oxides to the equimolar complexes of 
some pyridine N-oxides with trifluoroacetic acid 
[181. 

We have recently shown that the formation of 
homoconjugated complexes between 1 : 1 com- 
plexes of N-dodecy l -N ,N-d ime thy lamine  N-oxide 
(DDAO) with mineral and organic acids on addi- 
tion of excess of DDAO depends on the acid used 
[19]. The stronger the interaction between 
DDAO+H and the anion, the smaller is the forma- 
tion constant of the homoconjugated cation 
(BHB) +. In the series of DDAO complexes with 

halogenoacetic acids, the formation of 
(BHB)+A - decreases in the order: CF3COOH > 
CHC12COOH > CH2C1COOH > CH3COOH. 

Only complex 4 is soluble enough in organic 
solvents. In benzene (e = 2.27), tetrachloroethyl- 
ene (e = 2.30), chloroform (c = 4.81), 1,1,1-tri- 
chloroethane (e=7.25) ,  dichloromethane ( e=  
8.93) and 1,2-dichloroethane (c = 10.37) the spec- 
tra are very similar (Fig. 3). This suggests that the 
dipolar interactions between complex 4 and these 
solvents are similar. The structure and intensity of 
the broad absorption are the same within the 
experimental reproducibility; the centres of gravity 
for the total absorption in the 1700-400 cm -1 
region in the six investigated solvents are similar, 
u' = 1145 5:25 cm -~. More pronounced variation 
is observed in acetonitrile (e=35.94) where 
absorption in the 2900-2100 cm -1 region is weaker 
but in the 1000-500 cm -3 region is stronger (Fig. 
3(c)). This suggests that in acetonitrile the hydro- 
gen bond is shorter than in less polar solvents. 
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Fig. 4. FT-IR spectra of complex 4 ( . . . . .  ) and its deuterated analogue ( ) in (a) C6H 6 and (b) CD3CN. 
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Similar resistance has been observed in complexes 
of pyridine N-oxides with trifluoroacetic acid and 
some acid salts [18,19]. This broad absorption is 
classified as type (ii). Absorption showing larger 
and linear variations with solvent polarity is classi- 
fied as type (i). Absorption of type (i) has been 
observed in complexes of pyridines with halogeno- 
acetic acids [1]. The type of broad absorption is 
related to the potential energy function. Absorp- 
tion of type I is generally observed for OHN com- 
plexes where the simultaneous appearance of two 
kinds of species, a molecular complex (A-H. • • B) 
and an ionic ( A - . - . H - B  +) complex, were 

present observed. When only one species is 
absorption of type II was observed. 
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Fig. 5. UV spectra of  pentachlorophenol (HPCP) and its 
complexes: (a) HPCP ( - - ) ,  salt 6 ( - -  - -  - - )  and salt 7 
( . . . . .  ) in CH2C12; (b) complex 5 ( ), 4-NMez-2,6- 
Me2CsH2NO ( - -  - -  - - )  and 4-NMe2-2,6-Me2CsH2NO. HC1 
( . . . . . .  ) in CH2C12; (c) complex 4 ( - - ) ,  4-OMe-2,6- 
MezCsHzNO ( - -  - -  - - )  and 4-OMe-2,6-Me2CsHzNO.HCI 
( . . . .  ) in CH3CN. 

When a proton is replaced by deuterium the 
broad absorption becomes less intense and hence 
the ratio of the centres of gravity, ' UH/UD, is close to 
unity (Fig. 4). Theory predicts such a low isotope 
ratio both for asymmetrical double and quasi- 
single minimum potentials with sufficient 
anharmonicity [20]. The observed weak solvent 
effect and the low isotope ratio exclude prototropic 
equilibrium in the investigated complexes. 

3.2. Ultraviolet spectra 

Figs. 5-8 show selected UV-visible spectra and 
Table 3 lists spectroscopic data. In the spectra of 
HPCP only the long-wavelength band at about 
303 nm with a shoulder at about 293 nm is observed 
(Fig. 5). Replacing the proton by N+Bu4 (salt 6) 
caused a bathochromic shift of the absorption and 
two transitions at about 270 and 344 nm are 
observed. The short wavelength band is narrow 
and the long wavelength band is broad with a 
shoulder at about 320 nm (Fig. 5). HPCP in 
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Fig. 6. UV spectra of  pentachlorophenol (HPCP) and its 
complexes in formamide: (a) HPCP ( ); salt 6 ( - -  - -  - - ) ;  
salt 7 ( . . . .  ); (b) complex 4 ( - - ) ;  4-OMe-2,6-Me2CsH2NO 
( . . . .  ); 4-OMe-2,6-Me2CsH2NO • HC1 ( . . . . .  ). 



Z. Dega-Szafran et al./Journal of Molecular Structure 356 (1995) 169-182 177 

D M F  (e : 38.3) is partly dissociated (a shoulder at 
270 nm and a weak absorption at about 344 nm) 
but in formamide ( e =  111) it is completely 
dissociated (spectra of HPCP and salt 6 are the 
same) (Fig. 6). 
Absorption of salt ? in CH2CI 2 can be treated as an 
intermediate between HPCP and salt 6. With 
increasing electric permittivity of the solvent, 
dissociation increases and the absorption of  salt 7 
becomes more similar to that of salt 6, Salt 7 in 
formamide is completely dissociated and a band 
at about 330 nm is, as expected, twice as large as 
that in salt 6 (Fig. 6(a)). 

In 4-MeO-2,6-Me2CsH2NO and 4-NMe2-2,6- 
MezCsH2NO only one transition is observed at 
about 270 and 290 nm, respectively, with addi- 
tional long-wavelength tails. In hydrochlorides 
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Fig. 7. UV spectra of complex 4 in: (a) CH2C12; (b) CH3CN; (c) 
DMF. Dashed line is sum of absorption of 4-OMe-2,6- 
Me2CsH2NO and HPCP. 

the N-oxides are protonated and this produces a 
hypsochromic shift (Table 3; Fig. 5). 

In complex 4 the long-wavelength band due to 
the phenol undergoes a bathochromic shift of 
about 2-3  nm relative to the "free" HPCP, but 
the long-wavelength band of the N-oxides is shifted 
about 8-10 nm to the blue relative to the free 
N-oxide and is accompanied by a hyperchromic 
effect (Fig. 7). In complex 5 the phenol band is 
hidden by the N-oxide absorption and the observed 
band is shifted about 3 nm to the blue relative to 
the free N-oxide. The magnitude of these shifts with 
the solvent decreases in the order CH2C12 > 
CH3CN > D MF  and can be explained by a specific 
interaction of HPCP with the solvents. Phenol 
forms complexes with CH3CN and DMF; the 
formation constants are 4.8 :t: 0.1 and 72 + 6, 
respectively [3(b)]. The weak hypsochromic shift 
of the short-wavelength band and the absence of  
absorption at 340 nm exclude the formation of a 
hydrogen-bonded ion pair (A- • • • H - B  +). 

The absorption observed in formamide solution 
of complex 4 is attributed to solvated N-oxide and 
dissociated phenol. Spectra of 4-MeO-2,6- 
Me2CsHzNO and its hydrochloride in formamide 
are practically identical. This suggests that HC1 
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interacts with the solvent and not with the N-oxide 
(Fig. 6(b)). 

In the solid-state spectra of complexes 4 and 5 the 
long-wavelength band is shifted by about 6-10 nm 
to the red but the short-wavelength band is shifted by 
about 3 nm to the blue in comparison with the 
solution spectra (Fig. 8), The solid-state spectra of 
complexes 4 and 5 can be treated as intermediate 
between the spectra of HPCP and salt 6. 

Wolny et al. [21] investigated complexes of 
oxygen bases with several phenols in CCI 4. For 
some of these complexes, and particularly for 
tri-n-butylamine N-oxide (TBNO) with HPCP, 
the proton transfer equilibrium constant, 
Kr,T = 1.635, has been estimated. Brzezinski et al. 
[22] postulated a prototropic equilibrium for the 
complex of trimethylamine N-oxide (TMNO) 
with HPCP from the IR spectrum. The proton- 
acceptor properties of these oxygen bases estimated 

from their pKa values (4-NMez-2,6-Me2CsH2NO, 
PKa =4.75 [23]; TBNO, pK a =4.75-5.1, value 
estimated [21]; TMNO, pK a =4.65 [22]) are 
comparable but their interactions with HPCP are 
different; in complexes of TBNO and TMNO 
proton transfer occurs. The difference may be caused 
partially by the excess of TBNO used by Wolny et al. 
[21]. An excess of base or acid changes the number of 
hydrogen-bonded species in solution [23]. 

From femtosecond-picosecond laser photolysis 
studies it is known that the proton transfer process 
is fast in the excited state of hydrogen-bonded 
complexes and can be described by Eq. (2) (see 
for example [24]): 

( A - H . . . B ) - ~ ( A - H . . . B ) *  PT (A- , . .HB+)  * 

ID , 
[(A )sol + (HB+)soZ] or [(A-)sol + (HB+)~ol] 

(2) 

Table 3 
UV absorption data for pentachlorophenol (HPCP) and its complexes w i t h  

nium salts; c = 0.05 tool dm -3 and l = 0.0029 cm if not stated o t h e r w i s e  

4-R-2,6-dimethyl-pyridine-N-oxides and tetrabutylammo- 

Compound Benzene CH 2 CI 2 CH3CH DMF Formamide 

A(nm) ~ A(nm) e A(nm) e A(nm) e A(nm) e 

HPCP 

Bu4N- PCP 

Bu4N. (PCPHPCP) 

4-OMe-2,6-Me2-C5 H2NO • HPCP 

4-OMe-2,6-Me2-CsHeNO 

4-OMe-2,6-Me2-CsH2NO • HCI 

4-NMe2-2,6-Me2-C5 H2NO • HPCP 

4-NMe2-2,6-Me2-C5 H2NO 

4-NMe2-2,6-Me2-C5 H2 NO • HCI 

306 4315 

293 22000 a 

(295) (2100) (295) (2120) (297) (2120) 
303 2750 304 2760 305 2750 330 5 5 5 0  a 

269 12760 268 12300 272 13450 
(320) (4700) (320) (4570) 330 5780 330 5360 a 
344 6034 344 5726 349 6100 

309 7250 309 6700 309 6370 
(329) (5640) (327) (5730) (330) (5930) 330 10796 a 

(350) (3950) 

264 17860 263 18830 273 15250 262 25450 a 
305 4040 305 4080 306 4620 

(329) (1810) 330 5740 ~ 

272 13710 271 14450 274 12690 
(319) (1330) (319) (1350) (327) (1420) 264 13200 a 

- 247 14430 250 11850 264 14430 a 

290 25200 b 293 23800 a 296 25280 a 291 25530 a 

(350) (3820) a (331) (8280) a 

293 22610 b 293 22400 b 290 c 
(336) (2500) b (336) (2530) b 

223 12700 b 223 12680 a 
288 21510 b 287 22270 a 

a 1 = 0.1 cm, c m 5 × 10 -a mol dm-3; b I -= 0.0029 cm, c = 0.025 mol din-3; c I = 0.1 cm, saturated solution. 
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,,' 0(1) FC(8 ) 
oils) 6 

C(15)  jk>)C(1O) C 013) 

CI(3) C1(2) 
Fig. 9. Thermal ellipsoid view of the 4-methoxy-2,6-dimethylpyridine N-oxide complex with pentachlorophenol illustrating the mutual 
orientation of the two rings in the crystal and showing the labelling scheme. The thermal ellipsoids have been drawn at the 50% 
probability level. 

This is due to the well-known fact that phenols in 
their ground state are much weaker acids relative to 
their Sl state (see for example [25]). In UV spectros- 
copy absorption is due to transition between the 
ground and excited states and the estimated proton 
transfer degree in the literature is probably a total 
for these two states. 

3.3 X-Ray  diffraction studies 

Displacement parameters of complex 4 are listed 
as supplementary data} Fig. 9 shows a plot of 
complex 4 drawn with a Siemens program [26] 
and the numbering of the atoms. Atomic coordi- 
nates of  complex 4 are listed in Table 4 and bond 
distances and angles in Table 5. Most of the bonds 

Z Supplementary data: atomic coordinates for hydrogen 
atoms, lists of structure factors, anisotropic thermal parameters, 
torsion angles and complete geometry have been deposited at 
the Cambridge Crystallographic Data Centre. 

and angles of the phenol skeleton are very close to 
those in HPCP [27]. 

The mean C - O  bond length and the mean 
C - C ( O ) - C  bond angle for HPCP and its six 
molecular complexes are 1 .332i0 .008  A and 
117.8 4-0.9 ° , respectively [28]. For  ten ionic com- 
plexes these values are: C-O,  1.285 +0.014 A; 
C -C(O ) -C ,  114.84-0.8 °. In complex 4 both 
C(10)-O(3) bond and the C( l l ) -C(10)-C(15)  
angle (Table 5) are very close to those in the mol- 
ecular complexes, proving that the hydrogen- 
bonded proton is not transferred from the HPCP 
to the N-oxide. The difference Fourier map showed 
that the hydrogen-bonded proton is located close 
to the phenolic oxylgen (O(3) -H(0)=  1.04 A; 
O(1 ) . . -H(0 )  = 1.47 A); however, the peak height 
is equal to one third of the electron and hence it 
cannot be used as evidence of  its localization. The 
bond length and angles of  the pyridine skeleton are 
in the range of data for pyridine N-oxides [29]. 
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Table 4 
Atomic coordinates (x 10 4) for non-hydrogen atoms and (x 10 3) 
for hydrogen atom, equivalent isotropic displacement coetfi- 
cients for non-hydrogen atoms (,~2 × 10 3) and isotropic for 
hydrogen atom (,~ x 10 2) 

Atom x y : U(eq) ~ 

O(1) 7143(5) 2836(3) 3919(3) 83(1) 
N(I) 7412(4) 4241(3) 4169(3) 6l(l) 
C(2) 7624(6) 5139(5) 3373(4) 66(2) 
C(3) 7980(6) 6545(5) 3648(4) 62(1) 
C(4) 8163(5) 7052(4) 4703(4) 56(1) 
C(5) 7899(5) 6109(5) 5492(4) 61(1) 
C(6) 7512(5) 4685(4) 5210(4) 60(1) 
C(7)  7471(11) 4531(7) 2238(5) 95(3) 
C(8) 7193(7) 3619(6) 5999(5) 80(2) 
C(9 )  8904(10) 9021(6) 5983(5) 93(3) 
0(2) 8538(5) 8447(3) 4884(3) 74(1) 
0(3) 4070(4) 2682(3) 2723(3) 70(1) 
C(10) 3577(5) 1817(4) 1843(3) 55(1) 
C(11) 2450(6) 2301(5) 863(4) 62(1) 
C(12) 1869(5) 1427(5) -68(4) 66(2) 
C(13) 2434(6) 13(5) -39(4) 67(2) 
C(14) 3552(6) -494(4) 929(4) 64(2) 
C(15) 4114(5) 391(4) 1963(4) 56(1) 
CI(1) 1788(2) 4053(1) 827(2) 98(1) 
C1(2) 413(2) 2051(2) -1265(1) 102(1) 
C1(3) 1743(2) -1077(2) -1196(1) 109(1) 
C1(4) 4 2 5 6 ( 2 )  -2232(1) 994(2) 96(1) 
C1(5) 5485(2) -228(1) 3084(1) 80(1) 
H(0) 527 249 333 16(3) 

a Equivalent isotropic U defined as one-third of the trace of the 
orthogonalized Uij tensor. Biso for hydrogen atom, 

Table 5 
Molecular geometry of complex 4 (4-methoxy-2,6-dimethyl- 
pyridine N-oxide with pentachlorophenol) 

Bond Distance Bond angle Value (deg) 
(A) 

O(1)-N(I) 1,349(4) O(1) N(I)-C(2) 118.9(4) 
N(I) C(2 )  1.364(6) O(I)-N(I)-C(6) 118.1(4) 
N(I)-C(6) 1.346(6) N(1)-C(2)-C(3) 118.5(4) 
C(2)-C(3) 1,361(6) N(1)-C(2)-C(7) 118.5(4) 
C(2)-C(7) 1.498(8) N(1)-C(6)-C(5) 118.5(4) 
C(3)-C(4) 1.369(6) N(1)-C(6)-C(8) 118.3(4) 
C(4)-O(2) 1.338(5) C(2)-N(1)-C(6) 123.0(4) 
C(4)-C(5) 1,397(6) C(2)-C(3)-C(4) 121,2(4) 
C(5)-C(6) 1.382(6) C(3)-C(2)-C(7) 123.0(5) 
C(6)-C(8) 1.489(8) C(3)-C(4)-O(2) 116.2(4) 
O(2)-C(9) 1.423(7) C(3)-C(4)-C(5) 118.7(4) 
C(10) 0(3) 1.322(5) C(4)-C(5)-C(6) 120.0(4) 
C(10) C(11) 1.385(6) O(3)-H(0)-O(1) 152,3 
C(10)-C(15) 1.405(5) H(0)-O(I)-N(1) 112.1 
C(11)-C(12) 1.378(6) C(10)-O(3)-H(0) 119.0 
C(12)-C(13) 1.399(7) C(10)-C(I 1)-C(12) 121.8(4) 
C(13)-C(14) 1.379(6) C(11)-C(10)-O(3) 119.9(4) 
C(14)-C(15) 1,386(6) C(I I)-C(10)-C(15) 117.6(4) 
CI(I )- C(l 1) 1.725(5) C(12)-C(13)-C(14) 119.3(4) 
C1(2)-C(12) 1.727(4) C(13)-C(14)-C(15) 120.3(4) 
C1(3)-C(13) 1.713(5) C(14)-C(15)-C(10) 121.1(4) 
C1(4)-C(14) 1.721(4) CI(1)-C(I I)-C(10) 118.0(3) 
C1(5) C(15) 1.721(4) C1(2)-C(12)-C(11) 120.5(4) 
O(1)--O(3) 2.439(6) C1(3)-C(13)-C(12) 120.3(3) 
0(3)- H(0) 1 .04  C1(4)-C(14)-C(13) 120.5(4) 
O(I)-H(0) 1 .47  C1(5)-C(15)-C(10) 117.9(3) 

In complex 4 the O ( 3 ) - . . O ( 1 )  distance is 
2.439~6) A, while the hydrogen bond length is 
2.53 A and the O ( 3 ) - H . . . O ( 1 )  angle is 152.3 ° . 
This indicates that the hydrogen bond in complex 
4 is much shorter than that in complexes of HPCP 
with nitrogen heterocycles; the shortest NHO bond 
is in the complex of  4-methylpyridine with HPCP 
( N . . . O  distance is 2.552(4) ,~; NHO angle is 
170(5) °) [30]. This is not surprising, since O . . .  O 
distances are generally shorter than N - . . O  
distances. The hydrogen bonds also vary with the 
proton-donor and proton-acceptor properties of 
phenols and N-oxides. In complexes of 4-nitro- 
pyridine N-oxide with 3-aminophenol [9(c)] and 4- 
nitrophenol [9(d)] the O . . .  O distances are 2.696(3) 
and 2.618 A and the O - H - O  angles are 175(4) and 
179.8 °, respectively. 

The conformation of complex 4 may be 
described by essentially four planes, whose 
equations of  the form ax  + by  + cz  = d referred 
to crystal coordinates are: plane 1, through the 
six atoms of the pyridine ring with a = 7.334, 
b - - - -1 .936 ,  c = - 0 . 0 7 5  and d = 4.572; plane 2, 
through six carbon atoms of the HPCP ring with 
a = 7.072, b = 2.627, c = - 6 . 8 1 9  and d = 1.748; 
plane 3, through O(3), O(l)  and N(1) atoms with 
a = -4 .508,  b = -1 .229,  c = 11.759 and 
d =  1.041; plane 4 through atoms C(9), O(2), 
C(4) with a = 7.545, b = -1 .827,  c = -1 .559  and 
d = 4.137. The dihedral angles between these 
planes are: 1 to 2, 43.5°; 1 to 3, 108.0°; 2 to 3, 
143.5°; 1 to 4, 6.8 °. 

The stacking of  the pyridine N-oxide rings in 
columns parallel to the X-axis is found in the 
structure of  complex 4 (Fig. 10). 
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4. Conclusions 

In complex 4 the O . . .  O distance is 2.439(6) A 
and the OHO bond angle is 152.3 ° and the hydrogen- 
bonded proton is close to the phenol molecule. The 
IR spectra show that in solution the following equi- 
librium exists: AH + B ~ A - H - . .  B. The amount 
of uncomplexed species decreases with an increase 
of the proton-acceptor property of the N-oxide and 
increases with dilution. Solvent effects on the IR 
spectra are explained in terms of dipolar and 
specific interactions. 

The UV spectra demonstrate that solvents 
interact strongly with HPCP, N-oxides and the 
complexes. In solutions with c>~ 37.5 HPCP 
becomes partly dissociated and in formamide 
(~ = 111) it is completely dissociated. Formamide 
is a much stronger proton-acceptor than the 
investigated pyridine N-oxides. All the investi- 
gated complexes exist as a molecular complexes 

\ 
/ \, 

Fig. 10. The molecular packing of complex 4 in the unit cell. 

(A-H- .  - B). Although 4-dimethylamino-2,6- 
dimethylpyridine N-oxide, TBNO and TMNO 
have similar PKa values, their interactions with 
HPCP are very different. In the case of TBNO 
and T M N O  an ionic complex (A- . . .  H -B  +) was 
found. The difference is probably caused by an 
excess of TBNO added to the equimolar 
complex. 

The broad absorption in the investigated 
complexes is classified as type (ii) because it is 
resistant to the solvent effect. The hydrogen 
bonds in the investigated complexes of HPCP 
with pyridine N-oxides can be described by a 
strongly asymmetrical double minimum 
(complexes 1-3) and by a quasi-single minimum 
(complexes 4 and 5). 
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