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The shifts  of the s t re tching v ibra t ions  of the hydroxyl  groups of phenol and pentachlorophenol  
during the format ion  of i n t e rmolecu la r  hydrogen bonds with 2-thienyl  phenyl ketones contain-  
ing subst i tuents  in the benzene r ing were  m e a s u r e d .  A cor re la t ion  dependence between the 
AAPOt- I va lues  and o ~- substi tuent  constants  was es tabl ished.  

In a preceding  communicat ion  [1] we descr ibed  the resu l t s  of an invest igat ion of the p ro ton -accep to r  
capaci ty  of 2-thienyl  phenyl ketones by UV, PMR, and IR spec t roscopy .  The magnitude of the shift of the 
f requency of the s t re tch ing  v ibra t ions  of the OH group of phenol in the IR spec t ra ,  which a r i s e s  during the 
format ion  of a ) C ~ O - . .  H - O - h y d r o g e n b o n d ,  can be used as a m e a s u r e  of the s t rength  of the bases  
in a s e r i e s  of monotypic compounds [2]. 

Continuing our  study of the basic  p rope r t i e s  of thienyl  phenyl ketones,  we have m e a s u r e d  the shift  
in the f requencies  of the s t re tch ing  v ibra t ions  of the hydroxyl  groups (VOH) of phenol and pentachlorophenol  
in carbon t e t rach lo r ide  solutions that a r i s e s  as a consequence of the format ion  of an i n t e rmolecu la r  hydro -  
gen bond with monosubst i tu ted 2-thienyl  phenyl ketones .  

The absorpt ion  s p e c t r a  of solutions of phenol and pentachlorophenol  at var ious  2-thienyl  phenyl ketone 
concentra t ions  a re  p resen ted  in Fig. 1. The spec t r a  contain, in addition to the absorpt ion band of a f ree  
hydroxyl  group for  phenol or  the assoc ia ted  i n t r amolecu l a r  hydrogen bond for  pentachlorophenol  as ketone 
is added to a solution of the pro ton-donor ,  a wider  band that is shifted to lower  f requencies .  The half-width 
of this band is much  g r e a t e r  than the half-width of the absorpt ion band of a f ree  hydroxyl  group. When the 
ketone concentra t ion in the s y s t em  is increased ,  the intensi ty of the h igh-f requency band falls ,  while the 
intensi ty of the low-f requency  band i n c r e a s e s .  This  sor t  of the change in the  spec t rum a t tes t s  to the develop-  
ment  of  a hydrogen bond between the components  of the solution (the complex composi t ion is 1 : 1 [3, 4]). 
The broad band is affi l iated with a hydroxyl  group that  pa r t i c ipa tes  in the format ion  of an H complex.  

One ' s  attention is drawn to the inflection at ~3300 cm -~ on the contours  of the POH o b a n d  of the H 
complex of pentachlorophenol  with 2-thienyl  phenyl ketone (Fig. 1, curve  b). There  a re  ~A~rad ic to ry  opin-  
ions in this connection in the l i t e r a tu re .  F r i t z sche ,  who observed  the a s y m m e t r y  of these  bands [5], con-  
s idered  them to be doubled and explained this fact by the p resence  of two types  of H complexes  of phenol 
with carbonyl  ba s e s .  However ,  Iogansen and c o - w o r k e r s  [6] supposed that there  is only local  d is tor t ion 
of the usual  contour  of the broad band that  is caused by disrupt ion of the compensa t ion  of the absorpt ion  
in the region of the f i r s t  overtone of the carbonyl  band and also poss ib ly  due to the resonance  in teract ion 
of the contiguous POH.. .O and 2 PC = O vibra t iona l  levels .  

We studied the posit ion of the f i r s t  over tone of the carbonyl  group of the invest igated ketone in c a r -  
bon t e t rach lo r ide  solution (2v C =O for  2-thienyl  phenyl ketone, for  example ,  is 3260 cm- i ) .  In the f o r m a -  
tion of the H complex  of the ketone with pentachlorophenol  (which is a m o r e  acidic proton donor than phenol), 
the 2p C =O band undergoes  a cons iderable  shift and, cor respondingly  , the compensa t ion  of the absorpt ion 
at 3300-3350 cm -1 is d isrupted (when the spec t rum is r ecorded  with a double-beam s p e c t r o m e t e r  with iden- 
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TABLE 1. IR Spect ra  of H Complexes  of ~-C4H3SCOR with Phenol 
(1) and Pentachlorophenol  (2) 

II 
III 
IV 
V 

VI 
VII 

VIII 
IX 

4-Anisyl 
4-Tolyt 
Phenyl 
4-Diphenylyl 
4-Chlorophenyt 
4-Bromophenyl 
4-Nitrophenyl 
2-Thienyl 

VOH...O, 

343O 
3421 
3433 
3439 
3442 
3451 
3453 

3~3 

A V O K ,  

en2-1 

181+-1 
190+_2 
1~s722 
169_+2 
160+3 i~8~2 
168• 

I hydrogen 
I bond 
i strength, vorL..o. 
kcal/mole cm-i 

~cc~topcc~to{ 

3,1 3,9 3350 
3,3 4,1 
3,1 3,9 73~ 
3,0 3,8 
2,9 3,8 
2,8 3,6 
2,7 3,.6 3373 
2,5 3,3 
2,9 3,8 3350 

AV 0 ~, 
CrTl-1 

242+_2 
264• 1 

233_+ 1 
227• 
219~82 

235+2 

hydrogen 
bond 
strength, 
keaI/mole 

acc,~olacc ~ to 

4,2 4,7 
4.6 4,9 
4,2 4,7 
4,2 4,7 
4,0 4,6 
4,0 4,5 
3,8 4,4 
3,4 4,1 
4,1 4,6 
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Fig. 1. IR s p e c t r a  of solutions of phenol (a, c =0.01 M) and pentachlorophenol  (b, c =0.03 
M) containing 2- thienyl  phenyl ketone.  Ketone concentrat ion:  1) 0.00; 27 0.01; 3) 0,05; 4) 
0.10 M (a); 1) 0.00; 27 0.05; 3) 0.10; 4) 0.15 M (b). 

Fig. 2, Dependence of the pK of protolyt ic  equi l ibr ium and the AvOH values  of phenol (a) 
and pentachlorophenol  (b) (the Roman n u m e r a l s  in the figure co r respond  to the number s  
of  the compounds in Table 17, 

t i ca l  amounts  of carbonyl  compound in the paths of both beams) .  We the re fo re  obtain a broad  so l i t a ry  ab-  
sorpt ion  band of an assoc ia ted  hydroxyl  group of the p ro ton  donor with a supe r imposed  over tone  of the c a r -  
bonyl group on the base  of the s p e c t r o g r a m  (as noted by Iogansen [6]7. 

The shif ts  of the f requencies  of the s t re tch ing  v ibra t ions  of the hydroxyl  groups of phenol and penta-  
chlorophenol  that we obtained are  p resen ted  in Table  1. Fo r  compar i son ,  the AvOH values  for  H complexes  
with benzophenone are  also p re sen ted  in Table 1. Replacement  of the phenyl r ing in the benzophenone m o l e -  
cule by a thienyl  r ing is accompanied  by a dec r ea se  in AvOH (I and V), i .e.,  by a dec rease  in the basic  
p r o p e r t i e s  of 2- thienyl  phenyl ketone.  

A similar fact was noted in the case of replacement of the benzene ring in the chalcone molecule by 
a thiophene ring next to the carbonyl group and was explained by the dominating effect of the negative in- 
ductive effect of the thienyl ring as compared with its positive conjugation effect [4]. In addition, the thienyl 
grouping creates additional steric hindrance to the approach of the phenol and pentachlorophenol molecules 
to the C =O group. 

It is a lso apparen t  f rom the data in Table 1 that the AVot t value is sens i t ive  to the effect  of subs t i t -  
uents in the 4-pos i t ion  of the benzene r ing.  The introduction into the 2- thienyl  phenyl ketone molecule  of 
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electron-donor substituents (II and l/I) leads to an increase in the AvOH value, i.e., to an increase in the 
basicity of the compounds, while electron-acceptor  substituents bring about a decrease in the electron 
density on the oxygen of the carbonyl group and thereby cause a decrease in the AvOH values (VI and VII). 
Thus, the strength of the hydrogen bonds formed increases in the following order  of substituents: Br < C1 < 
H < C~H~ < CHs <OCH 3. The calculated values of the hydrogen bond energy [7, 8] are presented in Table 1 
and are within the limits of the values usually observed for these sorts of H complexes. 

The strength of the hydrogen bonds increases in the above order  of substituents when phenol is r e -  
placed by the more acidic proton-donor pentachlorophenol. 

The shifts of the frequencies of the stretching vibrations of the hydroxyl groups of phenol and penta- 
chlorophenol correlate  satisfactorily (r is 0.95 for phenol and 0.97 for pentachlorophenol) with the param- 
eters  of substituents in the benzene ring in accordance with the equation ( ~ O H  R - AvOH H) Nhc/2.303RT = 
po-+, where AVoH R and AvOH H are the shifts in the frequencies of the stretching vibrations of the hydroxyl 
groups of phenol and pentachlorophenol with substituted and unsubstituted 2-thtenyl phenyl ketones, and N, 
h, c, T, and R are known physical constants. The p values of-0.068 for phenol and-0 .093 for pentachloro- 
phenol confirm the greater  polarization of the carbonyl group of ketones during the formation of a hydro- 
gen bond with pentachlorophenol than during association with phenol. Using the linear dependence between 
the AAvOH values and ~+ substituent constants that we obtained, we calculated the AvOH values for 2-thienyl 
4-nitrophenyl ketone and for 2-thienyl 4-diphenylyl ketone, which we were unable to determine because of 
the insolubility of these ketones in carbon tetrachloride.  

It is interesting to note the observed approximately l inear dependence between the previously obtained 
[1] protolytic equilibrium constants and the shifts of the frequencies of the stretching vibrations of the 
hydroxyl groups of the proton-donor as a result of the formation of a hydrogen bond with substituted 2- 
thienyl phenyl ketones (Fig. 2). 

E X P E R I M E N T A L  

The 2-thienyl phenyl ketones were synthesized from thiophene and the appropriate acid chlorides 
via known methods [9]. 

The carbon tetrachtoride,  phenol, and pentachlorophenol were purified in accordance with known methods. 

The frequencies of the stretching vibrations of the hydroxyl groups of the phenols were measured 
with a UR-20 spectrometer  (with an LiF prism and a cuvette thickness of 4 mm for phenol and 1 mm for 
pentachlorophenol) in CC14 solutions. The phenol concentration was 0.01 M, the pentachlorophenol concen- 
tration was 0.03 M, and the ketene concentrations were 0.05 and 0.15 M, respectively. A solution of the 
ketone in carbon tetrachloride of the same concentration was placed in the comparison cuvette. The f re -  
quency of the stretching vibrations of the hydroxyl group of unassociated phenol was taken to be 3610 ~-1 
cm -1. In connection with the fact that the experimentally determined v band of pentachlorophenol OH...CI 
is the band of the intramolecular hydrogen bond, the frequency of the stretching vibrations of the hydroxyl 
group of pentachlorophenol was taken as 3592 cm -i in accordance with [10]. The position of the maximum 
of the band of the H complex was found by the kanod method [11]. The measurements were repeated three 
to five times in two independent experiments and were processed statistically with a reliability (~) of 0.95. 
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