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Comparison between the Cyano-group Hydrogen Bonding Abilities, 
Infrared Frequencies, and Intensities in Some a-Alkylthio-nitriles 
By Marino T. Fabi, Liliana Marzorati, Paulo R. Olivato, Roberto Rittner, Hans Viertler, and BIanka 

Wladislaw," lnstituto de Quimica, Universidade de Sio Paulo, SZo Paulo, Brazil 

The formation of the complexes between phenol or p-chlorophenol and a large number of the unsubstituted and 
ct-alkylthio-nitriles are studied by i.r. and n.m.r. spectroscopy and the equilibrium constants are correlated with the 
freauencv shifts of m-oton donors. The vibrational freauencies and intensities of the CZN bond are also measured 
and compared wi th  the equilibrium constants. 
ct-sulphur atom is suggested. 

IN a preliminary communication it was reported that 
the introduction of an a-ethylthio-group to some ali- 
phatic nitriles leads to a slight decrease of the basicity 
and that this is accompanied by a decrease of cyano- 
group frequencies. This anomalous relationship, as 
well as some modifications of the U.V. spectra in the a- 
alkylthio-nitriles, by comparison with those of some 
dialkyl sulphides , were interpreted in terms of ground 
and excited state interactions between the cyano-group 
and the sulphur atom. The relative basicities were 
determined by two methods : n.m.r. measurements of 
the CH shifts for phenylacetylene-nitrile systems and 
the extent of the unusual increase of the CN stretching 
frequencies in the presence of phenol. 

This paper details the evidence for the point made in 
the communication and provides data from measure- 
ments of the cyano-group hydrogen bonding ability 
using phenol and P-chlorophenol as proton donors and 
of the CEN bond stretching frequencies and polarities of 
a larger number of nitriles. The equilibrium constants 
for the association complexes between P-chlorophenol 
and nitriles are of interest since they are not available 
in the literature. 

RESULTS AND DISCUSSION 

The frequency shifts of hydroxylic group of phenol and 
9-chlorophenol (AVO=) measured by i.r. and n.m.r. spec- 
troscopy, the equilibrium constants for association com- 
plexes (KILS), the cyano-group stretching frequencies 
( v c ~ ) ,  and intensities ( A )  for a series of unsubstituted 
nitriles (1)-(9), and a-(10)-(M), p-(16) and (17), y-(18), 
and 8-alkylthio-nitriles (19), and for oxygen (20) and 
selenium (21) analogues are shown in the Table. 

The values of the three AvOE measurements correlate 
linearly, as well as each of them with the log Ka, values, 
as exemplified by the plots of AVOH of phenol by i.r. 
against Avo= of P-chlorophenol by n.m.r. (Y 0.985) (Figure 
1) and of AVO= of phenol by i.r. against log K,, (Y 0.981) 
(Figure 2). 

The inspection of the Ka, values shows that they in- 
crease in both series, the unsubstituted and the a-alkyl- 
thio-nitriles , with increasing number of methylene 
groups and by branching at  the a-carbon atom. Thus, 
the K,, values for compounds (9) and (15) are higher than 
those for (7) and (ll), respectively. 

The fact that the KaS values are affected by the a- 
B. Wladislaw, R. Rittner, P. R. Olivato, and C. C. Sancho, 

J.C.S. Chew. Covnm., 1972, 236. 

The existence of an interaction between the cyano-group and the 

methyl groups and by the size of the carbon-chain indi- 
cates that the estimation of the relative hydrogen bonding 
ability of an a-alkylthio-nitrile should be made by com- 
parison with an unsubstituted nitrile of the same fraine- 
work with a methylene group instead of a sulphur atom 
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Correlation between AVO= for phenol by i.r. spectro- 
scopy and  avo^ for p-chlorophenol by n.m.r. spectroscopy. The 
key to the numbering is in the Table 

FIGURE 1 

FIGURE 2 Correlation between Avo= for phenol by i.r. spectro- 
scopy and log &. The key to  the numbering is in the Table 

bonded to the a-carbon. On this basis it may be seen 
that there is a decrease of the cyano-group basicities in 
the a-alkylthio-nitriles by comparison with the corres- 
ponding unsubstituted nitriles and that the decrease oj 
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the Ka6 values is practically invariant (ca. 3.5) for three 
pairs of a-alkylthio- and unsubstituted nitriles here 
studied: (3) and (11); (8) and (14); (9) and (15). 

The effect of methylene and a-methyl groups influences 
slightly the cyano-group stretching frequencies. Thus, 
the v C ~  values for (9) and (15) are lower than those for (3) 
and (1 1), respectively. 

Comparison of the a-alkylthio-nitriles (1 l), (14), and 
(15) with the corresponding unsubstituted nitriles (3) , 
(S), and (9) indicates that a slight decrease of the V ~ N  

values (4-9 cm-l) takes place by substitution of the 
methylene group bonded to  the a-carbon by a sulphur 
atom. This frequency shift can hardly be attributed to 
the mass change due to substitution of the methylene 
group by sulphur as in this case masses greater than 12 
are involved.2 Therefore, it may be interpreted as due 
to a decrease of the force constant of the cyano-group. 

hydrogen bonding ability in the a-alkylthio-nitriles, 
accompanied by the decrease of the cyano-group stretch- 
ing frequencies is due to an interaction between the 
cyano-group and sulphur. 

The Table also shows the K,, data for some alkylthio- 
nitriles with sulphur further removed from the cyano- 
group. The comparison of the K,, values for the p-alkyl- 
thio-nitriles (16) and (17) with those for the corresponding 
unsubstituted nitriles (4) and (8) indicates a slight de- 
crease of the hydrogen bonding ability in the former 
compounds. This result is not in accord with our pre- 
vious measurements of the CH phenylacetylene shift,l 
which indicated an increase of basicity for one of these 
compounds (16) by comparison with the unsubstituted 
nitriles. We cannot at present offer any plausible ex- 
planation for this difference. It is noteworthy that the 
y- and 6-alkylthio-nitriles (18) and (19) do not show any 

Data a on the hydrogen bonding of phenol and pchlorophenol with nitriles RCN, cyano-bond frequencies, and intensities 

R 
Et 
CH3 [CH21 2 

CH3 [CH213 
CH3 [CH214 

CH3iCH2J, 
Pri 
CH3 [CHzI 2C(CH3) 
CH3[CH212C[CH,I 2 
CH,SCH2 
EtSCH, 
(CH,) ,CSCH2 
CH,SCH(CH,) 
EtSCH(CH,) 
EtSC[CH,], 
E tS [ CH,] 
EtSCH (CH,) CH, 
E t S [CH 2] , 
EtS[CH2], 
EtOCH(CH,) 
EtSeCH, 

CH3 CCH21 5 

Phenol 
(cm-l) 

164 
164 
166 
167 
166 
168 
168 
168 
169 
139 
146 
149 
143 
153 
156 
157 
158 
167 
165 
135 
159 

AVOH 
p-Chlorophenol 

(cm-l) (Hz) 
177 
178 
178 
179 
178 
179 
179 
180 
183 
152 
159 
161 
155 
168 
170 
173 
173 
179 
179 
148 
172 

45 
45 
48 
47 
48 
48 
49 
50 
52 
28 
32 
32 
31 
35 
39 
39 
38 
47 
47 
26 
40 

Ka, 
1 mol-l 

7.8 
7.8 
7.9 
8.3 
8.1 
8.1 
8.8 
9.0 
9.3 
4.1 
4 .7  
4.8 
4.8 
5.5 
5.9 
6.6 
6.3 
8.5 
8.3 
3.8 
6.6 

VCN b /  
cm-l 
2 250 
2 250 
2 249 
2 246 
2 247 
2 247 
2 247 
2 242 
2 239 
2 244 
2 245 
2 248 
2 238 
2 237 
2 230 
2 249 
2 249 
2 248 
2 248 

2 242 

10-2A a /  
1 mol-l cm-2 

5.3 
5.9 

6.6 

6.6 
5.9 
7.6 
8.6 
4.2 
5.3 

6.2 
7.5 

8.5 
a Solvent CC1,. By extrapolation to zero concentration of nitrile. C From n.m.r. measurements. a Integrated absorption 

intensities. 

The decrease of the cyano-group stretching frequencies 
in the a-alkylthio-nitriles is not in accord with the de- 
crease in basicity shown by the same compounds. This 
anomalous relationship seems to indicate that the de- 
crease in basicity can hardly be due to the inductive 
effect of sulphur, as this, normally, should lead to an 
increase of the cyano-bond frequencies. Evidence that 
the inductive effect of sulphur is not responsible for the 
decrease of the cyano-group basicity was provided 
when the K,, values for a large number of nitrile-9- 
chlorophenol complexes were correlated with the (r* 

Taft values for the corresponding substituents. A linear 
correlationship was obtained for all nitriles, except a- 
alkylthio-nitriles. 

alteration in basicity and cyano-group frequency by 
comparison with the corresponding unsubstituted nitriles 
(5) and (6). 

The data of the cyano-group stretching band intensities 
( A )  (see Table) confirm the previous observation4 that 
the intensity of the cyano-group vibration band rises to a 
steady value as the chain-length increases. It may also 
be seen that the value for isobutyronitrile (7) is too low, 
practically the same as that for the corresponding straight 
chain nitrile (2). However, the A values for the long- 
chain nitriles (4) and (6) increase markedly as one or two 
methyl groups are introduced in the a-position to give 
(8) and (9). 

The low A values for the short-chain nitriles were at- 
It seems reasonable to suggest that the decrease in tributed to  self-associati~n.~-~ It seems likely that 

F. E. Murray and W. G. Schneider, Canad. J .  Ckem., 1955,33, 

A. M. Saum, J .  Polymer Sci., 1960,42, 57. 
B. H. Thomas and W. J. Orville Thomas, J .  MoZ. Structzwe, 

L. J .  Bellamy, ‘Advances in Infrared Group Frequencies,’ 

B. T. Buzzi, M. T. Fabi, L. Marzorati, P. R. Olivato, R. 
Rittner, C. Trufem, H. Vietler, and B. Wladislaw, unpublished 
results. 1969, 3, 19. 

Methuen, London, 1968, pp. 66-74. 797. 

H. W. Thompson and G. Steel, Trans. Faruduy SOC., 1956,52, A.  Allerhand and P. von Schleyer, J .  Anzer. Clzem. SOC., 1963, 
1451. 85, 371. 
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self-association is also responsible for the low A value of 
isobutyronitrile (7), in which it should be stronger due 
to the increased polarity of the cyano-group. As for 
the compounds (8) and (9) self-association may become 
difficult due to the increase of the chain-length. 

The low A values for the short-chain nitriles constitute 
the main cause for the lack of a linear relationship between 
the K a s  and A values for the unsubstituted and a-alkyl- 
thio-nitriles. The KaB values do not show any influence 
of self-association, which is probably suppressed in the 
presence of strong proton donors, such as phenol and $- 
chlorophenol. The lack of correspondence between the 
basicities and polarities of the cyano-group seems to be 
an exception to a general rule, considering that for other 
classes of compounds linear relationships were reported to 
exist9 between the hydrogen bonding ability and i.r. 
intensity of the proton accepting group. 

It is noteworthy that the A data agree with those of 
K a s ,  showing a decrease for the a-alkylthio-nitriles (ll), 
(13), and (14) compared with the corresponding unsub- 
stituted nitriles (4), (8), and (9). This suggests that the 
interaction between the cyano-group and sulphur de- 
creases the polarization of the C-N bond. 

The Table also shows the Ka, data for the oxygen 
analogue (20) and the Kas,  VON, and A data for the selen- 
ium analogue (21). The low K a s  value for a-ethoxypro- 
piononitrile (20) may be easily explained by the inductive 
effect of the oxygen atom. The inspection of the data 
for a-ethylselenoacetonitrile (21) indicates that the K,, 
value, though lower than that for the unsubstituted ni- 
trile (3), is higher than for a-ethylthio-acetonitrile (11) 
and that V ~ N  is lower and A higher than those for (3) and 

The K a s  and high A values for the a-ethylseleno-nitrile 
(21) suggest that the interaction between the cyano-group 
and selenium is practically suppressed. The stronger 
association complex and increased polarization of the 
cyano-group may be due to the electron-repelling effect 
of selenium, which is less electronegative than carbon. 
Therefore, contrary to expectation, considering the size 
of the sulphur and selenium $ orbitals, the interaction is 
much stronger in the a-alkylthio-nitriles. 

Although it is obvious that an interaction between 
the cyano-group and sulphur is responsible for the size 
of the basicity and cyano-group stretching frequency, it 
is far from clear whether it is a through-space or through- 
bond interaction,1° and which orbitals contribute most to 
it. 

(11) * 

T. Gramstad and H. T. Storesund, Sfiectrochzimica Acta, 1970. 
- A  

26A, 426. 

Perkin II, 1973, 210. 
l o  C. C. Levin, R. Hoffman, W. J. Hehre, and J. Hydec, J.C.S. 

l1 D. D. Perrin, W. L. F. Armarego, and D. R. Perrin, ' Puri- 

l2 R. N. Lewis and P. V. Susi, J .  Amer. Chem. Soc., 1952, 74, 

13 A. I. Vogel, 'A Text-book of Practical Organic Chemistry,' 

14 Union Carbide Corp., Fr. P. 1,310,392/1962 (Chsm. Abs.,  

l5 A. Van Cauwenbergue and J. P. Branquet, G.P. 2,157,545/ 

fication of Laboratory Chemicals,' Pergamon, Oxford, 1966. 

840. 

Longman, London, 1956, 3rd edn., pp. 406-409. 

1063, 58, 13,880~). 

1972, (Chem. Abs. ,  1972, 77, 100,861q). 

EXPERIMENTAL 

Reagents.-All solvents in the spectrometric measurements 
were spectrograde reagents and were used without any 
further purification. Commercial propiononitrile, iso- 
butyronitrile, phenol, and p-chlorophenol were purified as 
described elsewhere.11 Butyronitrile,12 valeronitrile,l3 ca- 
pronitrile,13 heptanenitrile,13 octanenitrile,l3 2-methyl- 
pentanenitrile,14 2,2'-dimethylpentanenitrile,f6 methylthio- 
acetonitrile,l6 a-methylthiopr~piononitrile,~~ ethylthio- 
acetonitrile,18 cc-ethylthioisobutyr~ronitrile,~~ p-ethylthio- 
propiononitrile,20 y-ethylthiobutyronitrile,21 and a-ethoxy- 
propiononitrile 22 were prepared by literature procedures. 
t-Butylthioacetonitrile, b.p. 68" a t  9.5 mmHg, cc-ethyl- 
thiopropiononitrile, b.p. 73" at 13 mmHg, P-ethylthio- 
butyronitrile, b.p. 98" a t  11 mmHg, and 8-ethylthiovalero- 
nitrile, b.p. 103" a t  1.5 mmHg were prepared by known 
methods 19,203 23 and gave correct analyses. Ethylseleno- 
acetonitrile, b.p. 84' a t  2 mmHg, was prepared by the 
reaction of chloroacetonitrile with ethylselenomagnesium 
bromide, by the procedure described for ethylseleno- 
acetone 24 and gave correct analysis. 

The cyano-bond frequencies and i.r. basicity measure- 
ments were performed on a Perkin-Elmer model 457-A 
grating spectrometer using a sodium chloride cell. All 
measurements were made at room temperature (23 f lo). 
E N  Bond Frequewies.-EN Bond frequencies were 

measured for carbon tetrachloride solutions over a concen- 
tration range 0.60-0.06~. The V ~ N  values were obtained 
by extrapolation to infinite dilution. The E N  bond fre- 
quencies are accurate to f2 cm-l. 

I.r. Basicity Measurements.-Dilution studies of phenol 
and p-chlorophenol in carbon tetrachloride were made over a 
concentration range 0.045-0.002~. The stretching fre- 
quencies (vo) of phenol and p-chlorophenol extrapolated to 
infinite dilution were 3 616 and 3 615 cm-l, respectively. 
The frequencies (v') of OH of phenol and 9-chlorophenol 
were determined by maintaining the concentration of 
phenol (0.030~) or $-chlorophenol (0.028~) constant and 
varying the molar concentrations of nitrile between 
0.03 and 0.30~. For each solution five spectra were re- 
corded and the mean value calculated. The vo - v' values 
(Av) were plotted against the molar concentrations of nitrile 
and the straight lines extrapolated to zero concentration of 
nitrile to give AVO= (cm-1) values 25 (Table). The i.r. data 
were submitted to statistical analysis to afford the mean 
values and standard error. The precision of the i.r. measure- 
ments is f 4 cm-1. 

N.m.r. Basicity Measurements.-N,m.r. spectra were re- 
corded at  60 MHz on a Varian T-60 spectrometer. The 
chemical shifts were determined relative to cyclohexane as 
internal standard. Dilution studies of fi-chlorophenol in 

l6 H. J. Baker, J. Strating, and J. F. A. Hazemberg, Rec. 

l7 T. Guudermann, Chem. Ber., 1956, 89, 1263. 
A. I. Kiprianov, 2. P. Suitinikov, and E. D. Suich, J .  Gen. 

l9 R. von Braun, Ber., 1934, 67, 1770. 
2o M. F. Gribbins, U.S.P. 2,416,05211947 (Chem. Abs., 1947, 41, 

21 J. W. Lynn, R. L. Roberts, and J. R. Kilsheimer, J .  Org. 

82 H. R. Henze and J. T. Murchinson, J .  Amer. Chem. Soc., 

2.3 W. Schneider and H. Kaufmann, Annalen, 1912, 392, 1. 
24 G. Bergson and A. L. Delin, Arkiv. Kemi, 1962, 18, 441. 
25 S. C. White and H. W. Thompson, Yroc.  Roy. Soc., 1966, 291, 

Trav. chim., 1953, 72, 813. 

Chem. (U.S.S.R.), 1936, 6, 576. 

6328b). 

Chem., 1961, 28, 4300. 

1931, 53, 4077. 

460. 
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carbon tetrachloride were performed using a concentration 
range 0.045-0.002~ and the chemical shift (vo) of the hy- 
droxy-group in pchlorophenol extrapolated to infinite dilu- 
tion was 178 Hz. The chemical shifts (v') of OH in the pro- 
ton donor-nitrile complexes in carbon tetrachloride were 
determined maintaining the concentration of p-chlorophenol 
(0 .028~)  constant and varying the molar concentrations 
of nitrile between 0.08 and 0 . 2 8 ~ .  For each solution five 
spectra were recorded and the mean value calculated. The 
v'-vo values (Av) were plotted against the molar concentra- 
tions of nitrile and the straight lines extrapolated to zero 
concentration of nitrile to give Avo= (Hz) values (Table). The 
association constants (ISas) were calculated by the method 
of Mathur et by plotting l /Av  against 1/c where G is 
the molar concentration of nitrile. All n.m.r. measurements 
were made a t  35". The n.m.r. data were submitted to 
statistical analysis to afford the mean values and standard 
error. The precision of the n.m.r. measurements is &2 Hz. 

E N  Bond Intensity Measurements.-Spectra were re- 

26 R. Mathur, E. D. Becker, R. B. Bradley, and N. C. Li, J .  
Phys. Chem., 1963, 67, 2190. 

corded on a Perkin-Elmer model 180 grating spectrometer. 
In  all measurements the spectral slit width, 1.75 cm-l, and 
the temperature, 25", were maintained constant. The 
E N  group band intensities were measured for carbon 
tetrachloride solutions, in five low concentrations for each 
nitrile (between 0.025 and 0 . 0 6 5 ~ ) .  The integrated absorp- 
tion intensities were calculated by the method of direct 
integration 27 for all concentrations and the mean value ( A )  
taken. 

All plots for i.r. and n.m.r. measurements data were 
treated by appropriate least-square regression analysis to 
obtain the best straight lines which fit the results. The 
analysis of the data was accomplished with the aid of a 
Hewlett-Packard 9820 A. 

The precision of the A values is f 5%. 
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