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Linear Solvation Energy Relationships. 16. Dipole/Dipole Contributions to 
Formation Constants of Some “Hydrogen Bonded Complexes” 

4971 

Mortimer J. Kamlet* and Charles Dickinson 
Naval Surface Weapons Center, White Oak Laboratory, Silver Spring, Maryland 20910 

Thor Gramstad 
Department of Chemistry, University of Bergen, Bergen, Norway 

R. W. Taft* 
Department of Chemistry, University of California, Irvine, California 9271 7 

Received M a y  3, 1982 

Formation constants of “hydrogen bonded complexes” of a series of hydrogen bond acceptor (HBA) bases with 
the hydrogen bond donor (HBD) acids diphenylamine, Cbromoaniline, and 5-fluoroindole in CCh solvent, chloroform 
in cyclohexane solvent, and tri-n-butylammonium ion in o-dichlorobenzene solvent are shown to include important 
contributions of dipole/dipole interactions. For trifluoroethanol complexes in CCl,, the dipole/dipole interaction 
effects are statistically insignificant. Solvent effects on hydrogen bonding and dipole/dipole interactions are 
analyzed for complexes of 4-fluorophenol with HBA bases. 

In previous work on linear solvation energy relationships 
(LSERs) multiple solvent effects have been unraveled and 
rationalized in terms of linear combinations of dependences 
of three indexes of solvent properties (the solvatochromic 
parameters). The A* scale is an index of dipolarity/po- 
larizabilities, which measures the ability of the medium 
to stabilize a dipole or a charge by virtue of its dielectric 

the a scale of hydrogen bond donor (HBD) 
acidities measures the solvent’s ability to donate a proton 
in a solvent to solute hydrogen  bond;'^^' the /3 scale of 
hydrogen bond acceptor (HBA) basicities describes the 
solvent’s ability to accept a proton (donate an electron 
pair) in a solute to solvent hydrogen The p scale 
has also been used to evaluate hydrogen bond acceptor 
strengths of solid HBA bases dissolved in non-HBA sol- 
vents.l” 

Among the physicochemical properties and reactivity 
parameters which contributed to the initial formulation 
of the p scalesa were the formation constants of hydrogen 
bonded complexes of phenol (1) and 4-fluorophenol (2) 
with a series of HBA bases in CClk The log Kf(1-HBA) 
and log Kf(2-HBA) values showed excellent linear re- 
gressions with p, the correlation coefficients, r, being 0.987 
and 0.984, respectively. 

In marked contradistinction to the behavior of 1 and 2, 
log Kf values of complexes of diphenylamine (3) and 4- 
bromoaniline (4) with a number of aliphatic HBA bases 
in CC14 exhibit very poor linear correlation with p. Log- 
arithms of formation constants reported by Lauransan and 
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Pineau12 are assembled in Table I, together with p and A* 

values and dipole moments, p, of the aliphatic HBA bases. 
A plot of log Kf(3-HBA) vs. /3 (Figure 1) is virtually a 
scatter diagram; the correlation coefficient for the least- 
squares regression equation (represented by the line in the 
figure) is only 0.46. 

Although the r value of 0.87 is considerably higher than 
that for 3, the corresponding least-squares correlation of 
log Kf(4-HBA) with p must also be considered as statis- 
tically unsatisfactory by the standards which we have 
applied to linear solvation energy relationships [the better 
r value for 4 compared with that for 3 is because the latter 
but not the former data set includes the very much out- 
of-line data point for triethylamine ( p  = 0.7D, A* = 0.14, 
p = 0.71)]. Consistent with the above, Lauransan and 
Pineau observed reasonably good linear correlation of log 
Kk3-HBA) and log Kf(4-HBA) with one another, but poor 
correlations of either with corresponding log Kf( 1-HBA) 
values or with Kf values of HBA base complexes with such 
other HBD acids as tert-butyl alcohol and pyrrole. 

We have now found that the measures of‘ goodness of 
the statistical fits are dramatically better for the linear 
regression equations of log Kf(3-HBA) and log Kf(4-HBA) 
with the dipolarity/polarizability parameter, r*,13 and 
better still if one allows multiple dependences of the K;s 
on r* and 0. The correlation equations for 3 are 

log Kf(3-HBA) = -0.79 + 1.54~* ( la)  
r = 0.971, u (the standard deviation) = 0.11 

log Kf(3-HBA) = -1.08 + 1.45~* + 0.60/3 (lb) 
r = 0.984, u = 0.09, CL(Ehr) = 97.5% 

log Kf(4-HBA) = -0.98 + 1 .55~*  
r = 0.973, u = 0.10 

and for 4 are 
( 2 4  

log Kf(4-HBA) = -1.17 + 1.23~* + 0.72p (2b) 
r = 0.986, u = 0.08, CL(Ehr) = 90% 

The CL(Ehr) values given with eq l b  and 2b are the 

(12) Lauransan, J.; Pineau, P. J. Chim. Phys. Phys.-Chim. Bid.  1968, 
65, 1937. 

(13) The term solvent dipolarity is intended as a more specific de- 
scription than the often misused solvent polarity, which has frequently 
included as well the effects of hydrogen bonding interactions in varying 
combinations with the dipole/dipole effects. 
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Linear Solvation Energy Relationships 

cording to the CL(Ehr) criterion, a statistically insignificant 
dependence on the HBA basicity parameter (eq 3b). A 

log Kf(3-HBA) = 4 .89  + 0.387~ + 0.1770 (3b) 
r = 0.985, u = 0.09, CL(Ehr) = 50% 

somewhat similar situation applies for the log Kf values 
of the HBA base complexes with 4-bromoaniline. The 
correlation equation with p is given in eq 4a, and the 

log Kf(4-HBA) = -0.87 + 0.353~ (44  
r = 0.986, u = 0.07 

multiple linear regression equation with p and 8 is, given 
in eq 4b. 

log Kf(4-HBA) = -0.74 + 0 .411~  - 0.5048 (4b) 

r = 0.989, u = 0.07, CL(Ehr) = 75%16" 

Thus, eq la-2b and 3a-4b lead to somewhat different 
conclusions. Both sets of correlations indicate that the 
dominant dependences of the log Kf values are on the 
dipole moments, but the CL(Ehr) values for eq l b  and 2b 
suggest that there is also a smaller, but statistically sig- 
nificant, dependence on the HBA basicities, whereas the 
Cl(Ehr) values for eq 3b and 4b indicate that the depen- 
dences on 0 are insignificant. Because we believe the 
experimental precisions of the r* values to be better than 
those of the dipole moments (which are from a number of 
sources and are determined under a variety of conditions), 
we prefer the former possibility. Either way, however, 
there seems no question that the dipole/dipole interactions 
are the main contributors to the free energies of formation 
of the complexes of diphenylamine and 4-bromoaniline 
with HBA bases. Lauransan and Pineau's experiences in 
attempts a t  intercorrelations between the various log Kf 
values are completely consistent with these findings. 

Nor is the complexation behavior of 3 and 4 unusual. 
We have found numerous instances of dipole/dipole con- 
tributions to formation free energies of hydrogen bonded 
complexes. For example, Mitsky, Joris, and Taftleb had 
noted earlier that linear correlation was poor when log Kf 
values for complexes of 5-fluoroindole (5) with HBA bases 
in CCll were plotted against pKHB (pKm being an earlier 
HBA basicity measure which is linear with @).& Seemingly 
better correlations were observed, however, when families 
of HBA bases with similar acceptor sites (carbonyl and 
oxide bases, pyridine and guanidine bases, trialkylamine 
bases) were treated separately. The separation of the log 
Kf(5-HBA) values into the three family lines was attrib- 
uted at  that time to a steric entropy effect. 

We have now confirmed that, even when consideration 
is limited to aliphatic HBA bases (Table I), the linear 
correlation of log Kf(5-HBA) values with 8 is rather poor 
(eq 5a). Nor is the quality of the linear regression with 

log Kf(5-HBA) = -1.52 + 3.668 (54  
n = 9, r = 0.905, u = 0.30 

p much better (eq 5b). Here, however, the multiple-pa- 
log Kf(5-HBA) = -0.09 + 0.409~ (5b) 

r = 0.910, u = 0.32 

rameter least-squares correlation with p and 0 leads to a 
very much better statistical fit, coupled with a very high 
CL(Ehr) value (eq 5c). 
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log Kf(5-HBA) = -1.14 + 0.249~ + 2.146 ( 5 ~ )  
r = 0.994, u = 0.08, CL(Ehr) = 99.9% 

Equation 5c suggests that the hydrogen bond and the 
dipole/dipole interaction contribute comparable amounts 
to the free energies of formation of the 5-HBA complexes. 
For a representative HBA base like dimethylformamide 
(p = 3.8 D, 0 = 0.76), the ratio of the dipole/dipole term 
to the hydrogen bonding term is 0.9511.62. We now prefer 
such an explanation over the steric entropy effect proposed 
earlier, and we now consider that the seeming separation 
into families in the plot of log Kf(5-HBA) against pKHB 
was an artifact, deriving from the generally lower dipo- 
larity/basicity ratios for the trialkylamine and pyridine 
bases compared with the oxygen bases. 

On the basis of formation constants reported by Taka- 
yama, Fujita, and Nakajima,17" a similar complexation 
situation applies for chloroform (6) complexes with HBA 
bases in cyclohexane (Table I). As before, linear correla- 
tion of the log Kf values with 8 is poor17b (eq 6a), and the 

log Kf(6-HBA) = -1.46 + 2.250 (64  
n = 11, r = 0.868, u = 0.26 

quality of the linear fit with p is only slightly better (eq 
6b). Again the multiple linear regression equation with 

log Kf(6-HBA) = -1.01 + 0.372~ (6b) 
r = 0.926, u = 0.20 

p and 0 shows excellent goodness of fit, coupled with a very 
high Cl(Ehr) value (eq 6c). 

log Kf(6-HBA) -1.46 + 0.252~ + 1.230 ( 6 ~ )  
r = 0.995, u = 0.07, CL(Ehr) = 99.9% 

On comparison of eq 5c and 6c, it is seen that for chlo- 
roform complexes in cyclohexane the dipole/dipole in- 
teraction term contributes relatively more and the hy- 
drogen bond relatively less than was the case with the 
5-fluoroindole complexes in CCL. This may, in part, be 
a solvent effect (as a general rule, the dependences of the 
log K f  values on p and @ increase with decreasing solvent 
dipolarity, the effect being greater for the dipole/dipole 
term; see further discussion below), but it probably also 
reflects a greater HBD acidity for 5 compared with 6. 

Considering next the somewhat stronger HBD acid, 
trifluoroethanol(7), we encounter a completely different 
type of situation than was the case with 3-6. Log Kf(7- 
HBA) values in CCll reported by Sherry and Purcell'* 
(Table I) show poor linearity with p (the r value being only 
0.53), but very much better linear regression with 8 (eq 7a). 

log Kf(7-HBA) = -0.55 + 3.076 ( 7 4  
n = 8, r = 0.977, u = 0.15 

Here, however, the multiple linear regression shows an 
insignificant improvement in the goodness of the statistical 
fit over eq 7a, as well as a coefficient of p which is small 
in magnitude and of the wrong sign (i.e., the dipole/dipole 
effect seemingly destabilizing the complex): 

log Kf(7-HBA) = -0.54 - 0.036~ + 3.228 (7b) 
r = 0.979, u = 0.14, CL(Ehr) = 50% 

It is seen that the term in p is also statistically insignificant 

(16) (a) Note the negative sign of the coefficient of ,9 to which it is 
difficult to attribute any physical significance. (b) Mitaky, J.; Joris, L.; 
Taft, R. W. J. Am. Chem. SOC. 1972,94, 3442. 

(17) (a) Takamaya, C.; Fujita, T.; Nakajima, M. J .  Org. Chem. 1979, 
44,2871. (b) These workers also observed seemingly separate regression 
lines against p K ~ e  for different families of HBA bases in a patter of 
behavior resembling that reported for 5.'" For quite similar reasons, the 
apparent family behavior was probably an artifact. 

(18) Sherry, A. D.; Purcell, K. F. J. Phys. Chem. 1970, 74, 3535. 
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Table 11. 

Kamlet et al. 

Formation Constants of 4-FC,H40H-HBA Complexes Correlated with p and n* Values of HBA Bases __ 
solvent eq log KO b S r SD n 

c-C,H,, ( T *  = 0) a -0.776 4.301 0.9925 0.17 5 
b -0.947 4.109 0.431 0.9991 0.05 5 

CCl, (n* = 0.29) a -0.909 4.291 0.984 0.14 19 
b -1.011 4.096 0.345 0.990 0.11 19 

C,H,Cl (n* = 0.71)  a -0.773 3.697 0.995 0.10 5 
b -0.796 3.659 0.075 0.996 0.10 5 

o-C,H,Cl, (n* = 0.80) a -0.964 3.915 0.992 0.13 6 
b -0.914 3.969 -0.124 0.993 0.12 6 

ClCH ,CH,Cl a -1.273 3.744 0.977 0.21 6 
(n* = 0.81) b -1.085 3.964 -0.466 0.990 0.14 6 

CH,Cl, a -1.062 3.401 0.922 0.37 6 
(n* = 0.63, cy = 0.33) b -0.654 3.842 -1.017 0.988 0.14 6 

a log Kf (2-HBA)-  l o g K O  + bo. l ogKf  (2-HBA) = log K O  + bp + sn* .  

according to the CL(Ehr) criterion. 
Thus, with 3-7, we have covered the gamut of interac- 

tion effects, from predominantly (perhaps exclusively) 
dipole/dipole for the very weak HBD acids diphenylamine 
and 4-bromoaniline to blends of hydrogen bond and di- 
pole/dipole effects of comparable magnitudes for the 
somewhat stronger HBD acids 5-fluoroindole and chloro- 
form to predominantly (perhaps exclusively) hydrogen 
bond acid/base effects for the still stronger HBD acid 
trifluoroethanol. 

Rather than dipole/dipole interactions, our next exam- 
ple involves contributions of charge/dipole interactions to 
formation constants of hydrogen bonded complexes. The 
data (Table I) are those of Gilkerson and co-w~rkers'~ for 
complexes of tri-n-butylammonium ion (8) with HBA bases 
in o-dichlorobenzene solvent. As is seen in eq 8a and 8b, 

log Kf(&HBA) = -0.80 + 1 . 3 7 ~  ( 8 4  
r = 0.963, u = 0.60 

log Kf(&HBA) = -2.31 + 8.558 (ab) 
r = 0.966, u = 0.57 

fair single parameter correlations are obtained between log 
Kf(8-HBA) and both p and 8 (the r value for the linear 
correlation of p with 8 for the six HBA bases involved is 
0.871). As with 5 and 6, the goodness of the fit becomes 
excellent, and a high CL(Ehr) value is obtained for the 
multiple linear regression equation with p and 8 (eq 8c). 

r = 0.997, u = 0.18, CL(Ehr) = 99.5% 
On comparing eq 8c with the earlier correlations, it is seen 
that, as might be expected, the coefficients of p and 8 are 
greater for the charged than for the uncharged HBD acids. 
Further, although statistically stronger cases could be made 
if there were more data for each of the individual corre- 
lations, the 52 formation constants in Table I conform with 
a series of progressions (i.e., with increasing indicator 
acidity) which comprise a mutually consistant, and hence 
mutually supporting, framework of linear free energy re- 
lationships. 

The solvation effects on formation constants were also 
studied and some thought-provoking results were obtained 
when we next examined effects of solvent dipolarity on 
hydrogen bonding and dipole/dipole contributions to 
formation constants of 4-fluorophenol(2) with HBA bases. 
The data are those of Gurka, Mitsky, Joris, and Taft'6,20 
and, as before, are for the aliphatic HBA bases only. The 

log Kf(8-HBA) = -1.92 + 0.727~ + 4.688 ( 8 ~ )  

correlations are with /3 and a* rather than with 8 and p 
so as to make more readily evident the ratios of the con- 
tributions of the dipolarity and the hydrogen bonding 
effects.21 

The single- and dual-parameter correlations are sum- 
marized in Table 11, where it is seen that, while the dom- 
inant effects are, indeed, those of the 8 terms, there are 
also statistically significant dependences on n* values of 
the HBA bases in four of the six solvents. Considering first 
the b terms in Table 11, we see a progression such as might 
have been anticipated from a priori considerations, i.e., a 
small and gradual decrease in the magnitude of b with 
increasing solvent dipolarity, with b remaining always 
positive in sign. 

Completely unanticipated, however, was the behavior 
of s with increasing solvent dipolarity. It is seen that, as 
the solvent changes from C6HI2 to CC1, to chlorobenzene 
to o-dichlorobenzene to 1,2-dichloroethane to methylene 
chloride, the initially positive and statistically significant 
s term decreases in magnitude and becomes statistically 
insignificant, goes through zero and turns negative, and 
then increases in magnitude, becoming a highly significant 
negative contributor to the overall free energy of complex 
formation in CH2C12 (in which solvent the negative ST* 

term offsets ca. 20-30% of the effect of the bp term for 
typical HBA bases). 

It remains, then, to explain how increasing dipolarity 
of the HBA base can destabilize or lessen the formation 
free energy of the hydrogen bonded complex in the more 
dipolar solvent. We believe that the answer can be found 
on examining how the various solute/solute and solute/ 
solvent dipole/dipole interactions affect the equilibrium 
in eq 9. We consider four types of dipolar interactions: 

HBA + HBD 2 HBA-HBD 
(a) the dipolar interaction between HBA and HBD shifts 
the equilibrium to the right; (b) the dipolar interaction 
between the complex (whose dipole moment is greaterz2 
but which is sterically more shielded from the solvent than 
that of either HBA or HBD) and the solvent also shifts 
the equilibrium to the right; (c) the dipolar interaction 
between the solvent and HBD shifts the equilibrium to the 
left; (d) the dipolar interaction between the solvent and 
HBA (and the hydrogen bonding interaction in the case 
of CHzClz solvent) also shifts the equilibrium to the left. 
In the nondipolar or weakly dipolar solvents, interactions 
c and d are minimal, and interaction a is dominant; the 
effect of increasing the dipolarity of the HBA base is to 

(19) Aitkin, H. W.; Gilkerson, W. R. J. Am. Chem. SOC. 1973,95,855. 
Flora, H. B.; Gilkerson, W. R. Ibid. 1970, 92, 3273. Gilkerson, W. R.; 
Ezell, J. B. Ibid. 1967, 89, 808. 

(20) Gurka, D.; Taft, R. W. J. Am. Chem. SOC. 1969, 91, 4794. 

(21) Since the ?r* and @ scales both range from near zero t o  near 1.0, 
the b and s terms (the coefficients of p and T*) are rough relative mea- 
sures of the dipolarity and hydrogen bonding contributions to formation 
free energies. 

(22) Ratajczak, H. J. Phys. Chem. 1972, 76, 3000. 
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shift the equilibrium to the right, thereby stabilizing the 
hydrogen bonded complex. 

In the more dipolar solvents, however, factor c and d 
become increasingly important, and the phenomenon 
which destabilizes the hydrogen bonded complex with in- 
creasing HBA dipolarity is the dipolar interaction between 
the HBA base and the solvent, which shifts the equilibrium 
to the left. Thus, we can rationalize stabilization of the 
hydrogen bonded complex with decreasing solvent dipo- 
larity and with either increasing or decreasing solute di- 
polarity. 

As a concluding comment, it seems fair to state that 
certain associated species, previously referred to as hy- 
drogen bonded complexes, might more properly be des- 
ignated as hydrogen bonded dipolar complexes. 
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Liquid-phase reactions of anhydrous hydrogen chloride with p-methyl-, p-methoxy., p-fluoro., and unsubstituted 
phenylacetylene afforded cyclic trimers, tetramers, and pentamers of the corresponding arylacetylenes. Phe- 
nylacetylene gave additionally l-methyl-l-phenyl-3-chloroindene. The reactions proceeded via the corresponding 
HCl diadducts, Le., via l-aryl-1,l-dichloroethanes as intermediates. 

Reactions of monosubstituted acetylenes with hydrogen 
chloride have been examined under various aspects and 
a variety of conditions.2 From the published data it ap- 
pears that both in the gas phase and in organic solvents 
the corresponding mono- and/or diadducta are formed. By 
contrast, reactions of monoalkylacetylenes with anhydrous 
hydrogen chloride in the liquid phase and in the absence 
of a solvent provided a greater variety of products, In 
particular, [2 + 21 cycloadditions to yield the corresponding 
1,3-dialkyl-1,3-dichlorocyclobutanes have been observed 
in all cases e ~ a m i n e d . ~  To our knowledge, reactions of 
monosubstituted arylacetylenes under such conditions 
have not been reporteda4v5 In this paper we describe the 
results of the reactions of neat hydrogen chloride with 
phenylacetylene (la) and with p-methyl-( lb), p-methoxy- 
(IC), and p-fluorophenylacetylene (la) in the liquid phase 
and at  ambient temperatures. 

Reaction Products. Phenylacetylene (la). Reactions 
of la with HC1 in a molar ratio of 1:5 afforded entirely 
different products, depending on the reaction time 
(Scheme I). Termination of the reaction after 1 and after 
3 days afforded in each case mobile liquids, whereas after 
7 days a highly viscous liquid was obtained, after 13 days 
a semisolid was obtained, and after 27 days a solid reaction 
product was obtained. 'H NMR analyses showed that in 

(1) This DaDer has been Dresented bv G. Leifker. V. V. Ramana Rao. 
K. Vittinghbff, and K. Grksbaum, at the 19th Hauptversammlug der 
Gesellschaft Deutacher Chemiker. held in Hamburg. 1981. 

(2) For a summary, see, for example, P. J. Stang,' 2. Rappoport, M. 
Hanack, and L. R. Subramanian in "Vinyl Cations", Academic Press, New 
York, 1979. 

(3) G. Stammann and K. Griesbaum, Chem. Ber., 113,598 (1980), and 
references cited therein. 

(4) Liquid-phaee reactions of anhydrous HCl with the alkylaryl-sub- 
stituted acetylene-l-phenylpropyne have been carried out in our labora- 
tory. They afforded unusual products, having indene structures. Pre- 
liminary resulta about some reaction products have been reported,'J and 
a full paper is in preparation. 

(5) B. Deppisch and K. Vittinghoff, Acta. Crystallogr., 36,3191 (1980). 

each case the starting material la had been consumed. 
Diadduct 4 s  was the major reaction product after short 
reaction times. Its proportion of the total products de- 
creased, however, from 82% (1 day), via 68% (3 days), 20% 
(7 days), and 11% (13 days) to 6% (27 days). Monoadduct 
2a was also detected by 'H NMR analysis, despite the 
excess HC1 applied. Its proportion was 5% (1 day), 8% 
(3 days), 2% (7 days), and trace amounts after 13 and 27 
days, each. In the 'H NMR spectra of all reaction prod- 
ucts, the intensities of the signals in the aromatic region 
were in excess over those expected for 2a and 4a. This 
excess amounted to 13,27,79,89, and 94% in the products 
obtained after 1, 3,7, 13, and 27 days, respectively. This 
was indicative of the enhanced formation of aromatic 
products at the expense of diadduct 4a with increasing 
reaction times. 

GLC analyses of the crude reaction products obtained 
after 13 and 27 days showed in each case 4a as the minor 
component, whereas the major peaks had longer retention 
times. Chromatographic separation of these products 
afforded six compounds that corresponded to these peaks. 
The isolated compounds were assigned to the structures 
of 15a-20a. From the crude products obtained after 13 
days of reaction, the yields of the isolated, purified com- 
pounds were 7% for 15a, 11% for 16a, 8% for 17a, 4% for 
18a, and ca. 1% for 19a and 20a, each. The actual yields 
were higher, but the purification resulted in considerable 
material losses. In addition to compounds 15a-20a, ca. 
46 wt ?& of a dark-brown solid material was isolated. Its 
lH NMR spectrum showed predominantly signals in the 
aromatic region (6 6.3-8.0) and unstructured, broad signals 
in the aliphatic region (6 0.6-2.8). GLC analysis showed 
no peaks, thus indicating that the material was probably 
oligomeric or polymeric. 

Compounds 15a-17a have been identified with the help 
of authentic samples: 15a was prepared by the reaction 
of phosphorus pentachloride with 3-methyl-3-phenyl- 1- 
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