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The solvatochromic parameters are intended for use in linear solvation energy relationships (or, in the case 
of solute/solute interactions, linear complexation energy relationships) of the generalized form X Y Z  = XYZ,  + S ( K *  + db) + aa + bo + h b ~  + et. This equation may be reduced to a more manageable form by a judicious 
choice of solvents and reactants or indicators. One-, two-, and three-parameter correlations involving different 
combinations of the above parameters and various types of physicochemical properties are demonstrated. A 
comprehensive and up-to-date collection of T*,  a, and @ values is presented. 

The present paper demonstrates how the soluatochromic 
comparison method may be used to unravel, quantify, 
correlate and rationalize multiple interacting solvent effects 
on many types of physicochemical properties and reactivity 
parameters. A further purpose is to assemble in one 
convenient reference an up-to-date (as of Feb 1983) and 
comprehensive collection of the solvatochromic parameters 
T* ,  a, and @. The x* scale is an index of solvent dipo- 
larity/polarizability, which measures the ability of the 
solvent to stabilize a charge or a dipole by virtue of its 
dielectric effect.'-4 Values of x* for "select solvents", 
nonchlorinated nonprotonic aliphatic solvents with a single 
dominant bond dipole, have been shown to be generally 
proportional to molecular dipole  moment^.^ The a scale 
of solvent HBD (hydrogen-bond donor) acidities describes 
the ability of the solvent to donate a proton in a sol- 
vent-to-solute hydrogen  bond.'^"' The @ scale of HBA 
(hydrogen-bond acceptor) basicities provides a measure 
of the solvent's ability to accept a proton (donate an 
electron pair) in a solute-to-solvent hydrogen bond.'ls-'' 
The p scale has also been used to evaluate hydrogen- 
bond-acceptor strengths of solid HBA bases dissolved in 
non-HBA solvents. 

Rather than being based on solvent effects on single 
indicators, as has been the case for most earlier solvent 
property scales,'J2 the solvatochromic parameters were 
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arrived at by averaging multiple normalized solvent effects 
on a variety of properties involving many diverse types of 
indicators. After a series of successive approximations, 
most of the values have "settled down" (i.e., additional 
results are not likely to materially change the averages), 
and we are now fairly well satisfied with the x* and @ 
values of most HBA solvents and the T* and a values of 
most HBD solvents, but the /3 values of a number of im- 
portant amphiprotic solvents (most HBD solvents are 
amphiprotic) are still somewhat uncertain and remain 
subject to change. 

The solvatochromic parameters were intended for use 
in linear solvation energy relationships (LSER's) or, in 
the case of solute-solute interactions, linear complexation 
energy relationships of the generalized form of eq 1. The 
XYZ = XYZ, + s(x* + d6) + aa + bp + h6H + e[ (1 )  
6 parameter in eq 1 is a "polarizability correction term" 
equal to 0.0 for nonchlorinated aliphatic solvents, 0.5 for 
polychlorinated aliphatics, and 1.0 for aromatic solvents. 
The 6 values reflect the fact that, as a general rule, dif- 
ferences in solvent polarizability [expressed in terms of the 
refractive index function (n2 - 1 ) / ( 2 n 2  + l ) ]  are signifi- 
cantly greater between these classes of solvents than within 
the classes. The coefficient of 6 (the d term) is zero for 
all electronic spectra that are shifted bathochromically (to 
lower frequencies) with increasing solvent dipolarity (i.e., 
v,, is linear with x* with all non-hydrogen bonding sol- 
vents considered together). For spectra that are shifted 
hypsochromically (to higher frequencies), and for other 
XYZ's, the d term is zero only when the individual families 
of solvents are considered separately; when all solvents 
need to be considered together, the d term is finite and 
(usually) negative. The sign and magnitude of the d term 
have been related to the dipolarity/ polarizability blend 
in the solvent effect on XYZ, expressed in terms of 
functions of the refractive index and either the dipole 
moment or the dielectric ~ 0 n s t a n t . l ~  

The 6H term in eq 1 is the Hildebrand solubility pa- 
rameter,14 a measure of the solvent/solvent interactions 
that are interrupted in creating a cavity for the solute (the 
cavity term), and is important when dealing with en- 
thalpies or free energies of solution or of transfer between 
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solvents, or with gas-liquid chromatographic partition 
coefficients. The t parameter, a coordinate covalency 
measure, equal to -0.20 for P=O bases, 0.0 for C=O, 
S=O, and N=O bases, 0.20 for single-bonded oxygen 
bases, 0.60 for pyridine bases, and 1.00 for sp3-hybridized 
amine bases, has been useful in correlating certain types 
of basicity proper tie^.'^ The s,d, a, b, h, and e coefficients 
in eq 1 measure the relative susceptibilities of X Y Z  to the 
indicated solvent property scales. The a*, a, P, and 
parameters are roughly normalized to cover a range from 
near 0.0 to near 1.0 so that the als ,  bls,  alb,  and e / P  ratios 
should provide convenient measures of the relative con- 
tributions of the indicated solvent properties. 

We next show how, by a judicious choice of solvents and 
reactants and/or indicators, it has usually been possible 
to reduce eq 1 to a more manageable form. Thus, for 
example, we have reported one-, two-, or three-parameter 
correlations involving logarithms of rate constants, equi- 
librium constants, fluorescence lifetimes, and GLC par- 
tition coefficients, positions and intensities of maximal 
absorption in NMR, ESR, IR, and UV/vis spectra, NMR 
coupling constants, free energies and enthalpies of solution 
and of transfer of dipolar solutes between solvents, and 
enthalpies and free energies of formation of hydrogen- 
bonded and Lewis acidlbase complexes. Examples of the 
various types of correlations are as follows. 

Correlations wi th  a* and wi th  (a* + d6) 
The UV/vis spectrum of NJV-diethyl-4-nitroaniline (l), 

a nonprotonic indicator ( b  = 0) in non-HBA solvents ( a  
= 0), is shifted bathochromically with increasing solvent 
dipolarity (d = 0). From the Franck-Condon principle, 
the ground and electronic excited states occupy the same 
volume, so that h = 0. Thus, solvent effects on ~(1)" 
depend only on a*, as is shown in eq 2 

(2) 

where n (the number of solvents studied) = 28, r (the 
correlation coefficient) = 0.994, and sd (the standard de- 
viation) = 0.10 X lo3 cm-'. We have reported similar 
correlations with a* for 47 p - a* and a - a* electronic 
spectral transitions.2a 

With other types of XYZ's ,  separate regression lines 
with a* are observed for results in the individual solvent 
families. Thus, for rates of the Menschutkin reaction of 
tri-n-propylamine with methyl iodide3J6 (the reactants are 
nonprotic, thus b = 0) in non-HBD solvents ( a  = 01, the 
correlation equations are eq 3a for 15 nonchlorinated al- 

log k = -4.38 + 4.96a* ( 3 4  

log k = -4.40 + 4 .70~*  (3b) 

r = 0.993 sd = 0.13 
log k = -4.01 + 3.98a* (3c) 

r = 0.988 sd = 0.17 

v(l),,, = 27.52 - 3.18a* (lo3 cm-') 

r = 0.994 sd = 0.16 
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iphatic solvents, eq 3b for 11 polychlorinated aliphatics, 
and eq 3c for 18 aromatic solvents. The d value is calcu- 
lated to be -0.09,'' and the correlation with (a* - 0.096) 

(15) Taft, R. W.; Gal, J. F.; Maria, P. C.; Kamlet, M. J., to be sub- 
mitted for publication in J. Am. Chem. SOC. (deals with the [ parameter). 

(16) Lassau, C.; Jungers, J. C. Bull. SOC. Chim. Fr. 1968, 2678. 
(17) The d term is estimated through the equation d = ZAXYZ/[s(al) 

+ s(ar)], where AXYZ is the difference between the values calculated 
through the aliphatic and aromatic regression equations a t  r* = 0.7 and 
s(a1) and s(ar) are the slopes of those regression equations. 

is given by eq 3d. As with other correlations involving 
( 3 4  log k = -4.18 + 4.66(a* - 0.096) 

n = 44 r = 0.990 sd = 0.17 
reaction rate and equilibrium constants, there might be 
a difference between reactant and product or transition- 
state volumes. This might lead to a dependence also on 
6,. If there is such a dependence in the present instance, 
it is statistically insignificant and is not included in eq 
3a-d. 

As another example, Dimroth and Reichardt's ET(30) 
"solvent polarity" scale is based on the "solvato- 
chromiebande" of 4-(2,4,6-triphenylpyridino)-2,6-di- 
phenylphenoxide betaine (2), a nonprotonic indicator ( b  
= 0), whose spectrum is shifted hypsochromically with 
increasing solvent dipolarity (d # 0).2aJ2 In nonprotonic 
solvents ( a  = 0), the correlation equations are eq 4a for 

142)" = 10.80 + 4.84a* (lo3 cm-l) ( 4 4  

r = 0.974 sd = 0.39 X lo3 cm-' 

v(2),,, = 9.56 + 5.93a* (lo3 cm-') (4b) 

r = 0.985 sd = 0.26 X lo3 cm-' 

v(2),,, = 8.88 + 5.82a* (lo3 cm-') (4c) 

r = 0.967 sd = 0.32 X lo3 cm-' 
16 nonchlorinated aliphatic solvents, eq 4b for 7 poly- 
chlorinated aliphatics, and eq 4c for 9 aromatic solvents. 
The d term is calculated to be -0.23,'' and the correlation 
with (a* - 0.236) is given by eq 4d for the 32 nonprotonic 
solvents. 

v(2),,, = 10.60 + 5.12(a* - 0.236) ( 4 4  

r = 0.972 sd = 0.33 X lo3 cm-' 

Correlations Also Involving CY and/or P 
Continuing the discussion of the E ~ ( 3 0 )  scale, in HBD 

solvents ( a  # 01, the spectrum of the betaine is shifted 
further hypsochromically (relative to predictions by eq 4d) 
due to type-A hydrogen bonding18 to the phenoxide oxy- 
gen. The magnitudes of the enhanced shifts, represented 
by AAv(2-x*), and calculated by eq 5, are linear with and 

(5) 

very nearly proportional to the solvent CY values. The 
regression equation of AAv(2-a*) with a ,  force fitted 
through the origin to reflect the necessary direct propor- 
tionality, is given by eq 6. Combining eq 4d and 6, the 

AAv(2-a*) = 5 . 7 8 ~ ~  f 0.22 (lo3 cm-l) (6) 

total solvatochromic equation for 42)" in 44 protonic and 
nonprotonic solvents of all types is given by eq 7 .  Thus, 

v(2),,,  = 10.60 + 5.12(a* - 0.236) + 5 . 7 8 ~ ~  (lo3 cm-') 
( 7 )  

a series of sequential correlations, wherein we consider 
different solvent subsets a t  the various stages (and which 
we refer to as the stepwise version of the solvatochromic 

AAv(~-T*) = ~ ( 2 ) , , , ~ ~ ' ~  - ~ ( 2 ) , ,  qCalCd 

n = 1 2  r = 0.986 

(18) In type-A hydrogen bonding, the solute acta as HBA base and the 
solvent as HBD acid; in type-B hydrogen bonding, the roles are reversed. 
In type-AB hydrogen bonding, which we will document in detail in a 
future paper, the solute acts simultaneously as HBD acid and HBA base 
at the sume site, associating (usually) with a t  least two molecules of 
amphiprotic solvent in a probably cyclic complex. We have so far ob- 
served type-AB hydrogen bonding with sp3- but not sp2-hybridized amine 
indicators. 
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comparison method), allows us to unravel and quantify 
the multiple effects of solvent dipolarity, polarizability and 
hydrogen bonding on the UV/vis spectrum of 2. 

An alternative version of the solvatochromic comparison 
method involves multiple linear regression analysis 
(multiple-parameter least-squares correlation). We take 
as an example Gutmann's solvent "acceptor number" (AN) 
scale, based on 31P NMR solvent shifts of triethyl- 
phosphine oxide (a nonprotonic indicator, b = 0) and 
purported to be a measure of solvent e lec t rophi l i~ i ty .~~~J~ 
If we consider protonic and nonprotonic aliphatic solvents 
(6 = 0, a # 0), the stepwise method (first AN vs. a*, then 
AAAN vs. a) leads to eq 8a, and multiple-parameter 

AN = 0.40 + 16.4a* + 31.la (8a) 
n = 17 r = 0.994 sd = 1.6 

AN = 0.04 + 16.2a* + 33.0~1 (8b) 

least-squares correlation of AN with a* and a leads to eq 
8b. Considering that seven A* values of protic solvents that 
served as input to eq 8b did not contribute to the deter- 
mination of s in eq 8a, the agreement between the two 
methods is quite satisfactory. If aromatic solvents are 
included in the correlation, the d value is calculated to be 
-0.08,'' and the multiple-parameter least-squares corre- 
lation of AN with (a* - 0.86) and a leads to eq 9. 

AN = 1.04 + 15.4(~*  - 0.086) + 3 2 . 6 ~ ~  (9) 
n = 22 r = 0.994 sd = 0.17 

Equations 7 and 9 show that when multiple interacting 
effects are correctly unravelled, Dimroth and Reichardt's 
ET(30), purported to be a scale of solvent polarity, and 
Gutmann's AN, purported to be a scale of solvent elec- 
trophilicity, both measure different linear combinations 
of the two properties. 

An example of a correlation with a* and 8 involves the 
UV/vis spectrum of 3,5-dinitroaniline (3),9 a protonic in- 
dicator whose absorption maximum is shifted batho- 
chromically with increasing solvent dipolarity and with 
type-B hydrogen bonding by the amine protons to HBA 
solvents (d = 0, b # 0). The stepwise and multiple linear 
regression equations for ~ ( 3 ) ~ ~  in 33 non-HBD solvents 
(a = 0) are given by eq 10a and lob. Again the agreement 

43)" = 27.60 - 1.42~* - 2.808 (lo3 cm-') (loa) 

r = 0.996 sd = 1.5 

r = 0.995 sd = 0.10 X lo3 cm-l 

43)" = 27.57 - 1.36a* - 2.828 (lo3 cm-l) (lob) 

r = 0.995 
between the two versions of the solvatochromic comparison 
method is highly satisfactory. 

This is quite important, because in other studies we have 
sometimes had insufficient data in non-hydrogen-bonding 
solvents to determine solvatochromic equations by the 
stepwise method, so that it was necessary to use the me- 
thod of multiple linear regression analysis. In several such 
instances we were faced with referees' assertions that, with 
the greater number of adjustable parameters, the effects 
of the individual solvent properties were less precisely 
defined (and, indeed, such a reaction should be natural 
from anyone on seeing eq 1 for the first time). We 
therefore emphasize the excellent correspondence between 
the two methods (see Table I1 of ref 9 for further examples) 

sd = 0.10 X lo3 cm-' 
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since we believe that it is difficult to find imprecision in 
the stepwise method, which involves successive single- 
parameter correlations and wherein the statistical goodness 
of fit is confirmed at  every stage of the calculation. 

Where we use the multiple linear regression method, it 
is, of course, correct to say that with the inclusion of each 
new adjustable parameter (exploratory variable), the 
goodness of fit, as judged by the multiple-correlation 
constant, must either improve or remain the same. There 
are statistical procedures based either on the t test or F 
statistic to demonstrate whether or not the inclusion of 
the new exploratory variable is statistically justified, and, 
where appropriate, we have applied such statistical tests. 

Examples of other types of properties that we have 
correlated with A* or (a* + d6) and 8 are given by 13C 
NMR shifts and J(13C, lH) coupling constants of chloro- 
form, using data reported by Lichter and Roberts.11bi20,21 

13C NMR A6 = -0.27 + 1.09a* + 3.108 ppm (W 
n = 10 r = 0.98520 

J(W, 'H) = 205.3 + 4.85(~* - 0.406) + 7.638 HZ ( l lb)  

n = 9 r = 0.996 

In situations where both solvents and solutes have been 
hydrogen-bond donors (and hence usually amphiprotic), 
it  has proven quite difficult to untangle solvent dipolari- 
ty/polarizability, typeB hydrogen bonding, and variable 
self-association  effect^^,^ from (usually multiple) type-A 
hydrogen-bonding interactions. Also, there are often 
further complications from type-AB hydrogen-bonding 
interactions18 (whose effects we can identify but have not 
yet been able to quantify). For these reasons we have 
demonstrated solvatochromic equations with unambigu- 
ously distinct dependences on the three solvatochromic 
parameters, r*, a, and 8 in only a few instances. 

One such instance involves Y,, in the fluorescence 
spectrum (d # 0) of 4-amino-7-methylcoumarin (4), an 
HBD indicator (b  # 0) in 11 aliphatic HBD and non-HBD 
solvents (6 = 0, a # O).22t23 The amine protons of 4 form 
type-B hydrogen bonds to HBA and amphiprotic solvents, 
and HBD solvents form type-A hydrogen bonds to the 
C=O oxygen of 4. The effects of both types of hydrogen 
bonding and of increasing solvent dipolarity/polarizability 
are to shift ~ ( 4 ) ~ ~ " "  bathochromically, the solvatochromic 
equation being given by eq 12. 

~ ( 4 ) ~ ~ ~ ~ " "  = 26.71 - 2.02a* - 1 . 5 8 ~ ~  - 1.328 (lo3 cm-') 

r = 0.997 
(12) 

(19) Gutmann, V. CHEMTECH 1977, 255. Gutmann, V. "The Do- 
nor-Acceptor Approach to Molecular Interactions"; Plenum Press: New 
York, 1972; Chapter 2. 

Correlations with the Hildebrand Solubility 
Parameter 

The 6H parameter (usually represented as 6; the sub- 
script is to distinguish from the polarizability correction 
term), variously described as the square root of the internal 
pressure or of the cohesive energy density, is defined by 
eq 13 where-E is the molal heat of vaporization to a gas 

a t  zero pressure and V is the molal volume.24 A com- 

(20) A small d term (of about -0.02) has been ignored in this correla- 

(21) Lichter, R. L.; Roberta, J. D. J. Phys. Chem. 1970, 74, 912. 
(22) Kamlet, M. J.; Dickinson, C.; Taft, R. W. Chem. Phys. Lett. 1981, 

(23) Coosemans, L.; de Schryver, F. C.; van Dormael, A. Chem. Phys. 

tion. 

77, 69. 

Lett. 1979, 65, 95. 
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prehensive collection of 8H values has been reported by 
Barton.25 From eq 13 it is seen that 6H is a measure of 
the energy required to separate solvent molecules from one 
another and, consistent with this definition, 6H appears to 
be a good measure of the solvent/solvent interactions that 
are interrupted in creating a suitably sized cavity for the 
solute in the solvent. 

Free energies of solution of dipolar and nondipolar 
nonprotonic solutes (b  = 0) in nonprotonic aliphatic select 
solvents (d = 0, CY = 0) are well correlated by equations of 
the form of eq 14, with the sign of h positive (the endogenic 

AG," = (AG,"), + ST* + h6H (14) 

cavity term) and the sign of s negative (the exogenic so- 
lute/solvent interaction term). 

For nondipolar solutes, the solute/solvent interaction 
term is negligible (s = 0), and good linear regression is 
observed with 6,. An example is given by eq 15 for n- 
octane solute: 

(15) AG,"(n-C,H,,) = -6.63 + 0.566H kcal/mol 

n = 15 r = 0.974 sd = 0.26 kcal/mol 

We have reported similar correlations, with quite satis- 
factory precision, for free energies of solution of the rare 
gases from helium to xenon, the straight chain hydro- 
carbons from C1 to C8, cyclohexane, and tetramethyltin. 
Both the slopes, h, and the intercepts (AGa0),,, were shown 
to be nicely linear with solute molecular volumes.26 

In the case of dipolar solutes, statistically significant 
dependences on both 8H and a* are observed, with the 
positive (endogenic) h term becoming larger the greater 
the solute molecular volume and the negative (exogenic) 
s term becoming larger the greater the solute dipole mo- 
ment or charge separation. Representative examples are 
given by eq 16-19.27 Although eq 19 involves a free energy 

AG,"(t-BuCl) = -2.14 + 0.2613~ - 0.56a* kcal/mol (16) 

n = 9 r = 0.959 

AGS0(2-butanone) = -1.78 + O.17rlH - 1.51a* kcal/mol 
(17) 

n = 17 r = 0.924 

AG,"(nitromethane) = 
-1.54 + 0.21614 - 3.44a* kcal/mol (18) 

n = 18 r = 0.991 

AG,O(Et,N+I-) = 9.26 + O.36aH - 14.62a* kcal/mol 
(19) 

n = 13 r = 0.990 

of transfer between solvents rather than a free energy of 
solution, the s and h terms have the same meanings and 
can validly be compared with the corresponding quantities 
in eq 16-18. 

Solvent dipolarity and polarizability are important 
contributors to both a* and aH (with lone-electron-pair 
repulsions probably having more important influences on 
6H); also, the correlation coefficient, r ,  for the linear re- 

Kamlet et al. 

(24) Herbrandson, H. F.; Neufeld, F. R. J. Og. Chem. 1966,31,1140. 
Crowley, J. D.; Teague, G. S.; Lowe, J. W. J.  Paint TechnoE. 1966,38(496), 
269. 

(25) Barton, A. F. M. Chem. Rev. 1975, 75, 731. 
(26) Kamlet, M. J.; Carr, P. W.; Taft, R. W.; Abraham, M. H. J. Am. 

Chem. SOC. 1981. 103. 6062. 
(27) Abraham,'M. H.; K&et, M. J.; Taft, R. W. J. Chem. SOC., Perkin 

Trans. 2 1981, 923. 
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Figure 1. 19F NMR A of 5-fluoroindole plotted against p. 

gression of a* with 6H is 0.886.26 It  seems remarkable, 
therefore, that in most cases the dependences on the two 
parameters can be unraveled by multiple linear regression 
analysis to give the correct signs, and reasonable pro- 
gressions in the magnitudes of the s and h coefficients in 
eq 14 (such unscrambling can be accomplished only when 
the data set includes solvents that are out-of-line in the 
x* vs. 6H correlation).28 

All the above cases of dependences on AH have involved 
the free energy of solution or of transfer of a single species. 
However, if correlations are carried out involving rate or 
equilibrium constants, the hSH quantity will then represent 
the solvent effect on the differential cavity term, i.e., 
G,(prducts) - G,(reactants). Since the sizes or volumes 
of species involved in equilibira or rates of reactions will 
not change drastically in the course of the process, the 
differential cavity term will usually be very small, and it 
is expected that there will be little or no observed de- 
pendence on 8H in these latter cases. 

Correlations with p and  the Coordinate Covalency 
Parameter t 

In earlier papers we have described two general types 
of correlations with the basicity parameter p: (1) corre- 
lations where, after accounting for dipolarity/polarizability 
effects or dipolejdipole interaction effects, if necessary, 
the property studied is linear with p with all bases con- 
sidered together and (2) correlations where good linearity 
between the property and p is observed only when families 
of bases having similar types of hydrogen-bond acceptor 
sites are considered separately. In the latter instances, 
regression lines with p are usually nearly parallel. We refer 
to relationships of the first types as "family independent" 

(28) Solvents that are out-of-line in the ?r* vs. 6~ correlation include 
hexane, cyclohexane, triethylamine, diethyl ether, and di-n-butyl ether. 
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P 
Figure 2. AGf(aq BH+) plotted against @ of B. 

(FI) correlations and to those of the second type as "family 
dependent" (FD). 

As a general rule, FI relationships have been observed 
with electronic spectral hydrogen-bonding shifts, NMR 
spectral shifts and coupling constants, and free energy 
properties (e.g., logarithms of formation constants) of 
hydrogen-bonded complexes. A good example is provided 
by l9F NMR shifts of 5-fluoroindole complexes with HBA 
bases in CC1411b929 The linear regression equation in- 
volving many types of bases is given by eq 20. A plot of 
the data is shown in Figure 1. 

19F NMR A6 = -0.066 + 2.06p ppm (20) 
n = 15 r = 0.982 sd = 0.06 ppm 

FD correlations have included infrared stretching fre- 
quency shifts, Av(X-H, free minus hydrogen bonded), 
enthalpies of formation of base complexes with hydro- 
gen-bond donor acids and Lewis acids, free energies of 
formation of base complexes with Lewis acids, and, most 
particularly, the property of most widespread interest in 
any discussion of acidity/basicity, aqueous pK,. We have 
recently shown15 that the extent of family dependence 
could be quantified by, and the FD properties correlated 
through, the use of an empirical coordinate covalency 
parameter, 5, and equations of the form of eq 21. As has 

(21) 
been mentioned, values of 5 assigned to the various families 
are -0.20 for P = O  bases, 0.00 for C 4 ,  S 4 ,  and N=O 
bases, 0.20 for single-bonded oxygen bases, 0.60 for pyri- 
dine bases, and 1.00 for sp3-hybridized amine bases. 

XYZ = XYZ, + bp + e5 

(29) We are not considering the property of the HBA base acting as 
solvent but rather as solute in a non-HBA solvent. It is significant that 
for non-self-associating HBA bases, & values have been similar, irre- 
spective of whether the HBA base was a solvent or a solute in relatively 
dilute solution. 

1 = 0 9 9 J  00" 

0 p'" 
00" 

&A/ A 0 Po 

0 P 
0 C - 0  BASES 

S: 0 BASES 

A SINGLE BONDED 
OXYGEN BASES 

0 PYRIDINE BASES 

AMINE BASES J 
0 1  /. 
p' I I I I 

0 5 10 15 m 
26.4 -1lAP-15.q 

Figure 3. AGf(aq BH') as a combined function of f l  and 5'. 

The most important example of a correlation by eq 21 
has involved free energies of proton transfer to the aqueous 
bases from aqueous NH4+, AGf(aq BH+), which are linear 

AGf(aq BH') = 26.4 - 17.4p - 15.75 kcal/mol (22) 

n = 35 r = 0.992 

with the base pK, values.15 Plots of AGf(aq BH+) against 
p and against AG dd are shown in Figures 2 and 3. We 
believe this corrJttion to be the first instance wherein 
measures of hydrogen-bonding basicity and proton- 
transfer basicity involving all of the above families of 
bases have been quantitatively related to one another 
within the framework of the same calculational method. 

Another example of a correlation of a frequently re- 
ported type of FD property with p and f is given by Av- 
(0-H, free minus hydrogen bonded) of phenol complexes 
with the HBA bases in CC14.15~30 

Av(0-H) = -34.5 + 512p + 3135 cm-l (23) 

n = 43 r = 0.989 

We have pointed out that there are some formal and 
conceptual similarities and some important differences 
between eq 21 and the Drago E-C treatment.15"l We have 
also set forth some important caviats regarding correlations 
by eq 21. For example, steric effects in acid/base com- 
plexing can lead to severe deviations from eq 21. Aqueous 
ionic solvation energies of BH+ are large and variable,32 
but the relationship between the hydration energies and 
the corresponding gas-phase basicities frequently involves 
reciprocal family behavior,33 explaining in part the tend- 
ency of AGf(aq BH+) to follow eq 22.34 The formation of 
many acid/ base complexes is accompanied by significant 

(30) Data in ref loa. 
(31) For a s u m m a y ,  see: Drago, R. S. Struct. Bond. (Berlin) 1973,15, 

(32) (a) Fujio, M.; McIver, R. T.; Taft, R. W. J. Am. Chem. Soc. 1981, 

(33) Bromilow, J.; Brownleee, R. T.  C.; Craik, D. S.; Sadek, M.; Taft, 

(34) Reynolds, W. F.; Dim, P.; Taft, R. W.; Topsom, R. D. Tetrahe- 

72; Coord. Chem. Rev. 1980,33, 251. 

103, 4017. (b) Taft, R. W. Prog. Phys. Org. Chem. 1983, 14, 247. 

R. W. J.  Org. Chem. 1980,45, 2429. 

dron Lett. 1981,22, 1795. 
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Table I. Comprehensive Table of Solvatochromic Parametersa 
no. b solvents (and some solid bases) n* P iy 

1 
2 

4 
5 
7 
9 
1 3  
17 
40 
46 
59 
61 
86 
87 
88 
133  
134 

16 
1 8  
36 
41 
51 
58 
65 
66 
71 
76 
77 
98 
131 
139 
140 
141 
142 
143 
144 
145  
146 
147 
14 8 
149 
150 
151 
152 
153 
154 
155  
156 
157 
158  
24 8 
249 

11 
27 
38 
39 
47 
52 
55 
64 
85 
86 
95 
96 
136 
137 
138 
171 
172 
173 

Aliphatic Hydrocarbons 
n-hexane, n-heptane 
cyclohexane 

-0.08 
0.00 

Ethers and Orthoesters ( t  = 0.20) 
diisopropyl ether 0.27 
di-n-butyl ether 0.24 
diethyl ether 0.27 
dioxane 0.55 
tetrahydrofuran 0.58 
anisole 0.73 
te trahydropyran 0.51 
dibenzyl ether 0.80 
diphenyl ether 0.66 
1,2-dimethoxyethane 0.53 
di-n-propyl ether ((0.27)) 
phenetole ((0.69)) 
bis(2-methoxyethyl) ether 0.64 
trimethyl orthoacetate 0.35 
trimethyl orthoformate 0.58 

Aldehydes and Ketones (E  = 0.00) 
2-butanone 0.67 
acetone 0.71 
1,1,l-trichloroacetone 
cyclohexanone 0.76 
cyclopentanone 0.76 
acetophenone 0.90 
methyl tert-butyl ketone 
benzaldehyde ((0.92)) 
dime thyl-r -pyrone 
benzophenone 
biacetyl 
3-heptanone 0.59 
p hen ylace tone 0.88 
s y  m-dichloroacetone 
methyl isopropyl ketone 
p-me thoxyace tophenone 
acetylferrocene 
flavone 
p-ni trobenzaldehyde 
propionaldehyde 
butyraldehyde 
p -chlorobenzaldehyde 
p -me thoxy benzaldehyde 
p-(dime thy1amino)benzaldehyde 
2-naphthaldehyde 
di-tert-butyl ketone 
cinnamaldehyde 
propiophenone 
3 -pentanone 
2-pen tanone 
isobutyrophenone 
p-chloroace tophenone 
p-me thylacetophenone 
dicyclopropyl ketone 
methyl cyclopropyl ketone 

ethyl acetate 
butyrolactone 
butyl acetate 
ethyl chloroacetate 
ethyl benzoate 
methyl acetate 
methyl formate 
ethyl propionate 
diethyl carbonate 
diethyl malonate 
ethyl acetoacetate 
ethyl trichloroacetate 
methyl trifluoroace tate 
propylene carbonate 
ethyl formate 
phenyl benzoate 
ethyl p-nitrobenzoate 
dimethyl carbonate 

0.63 
0.66 

Esters (E  = 0.00) 
0.55 
0.87 
0.46 
0.70 
0.74 
0.60 
0.62 

((0.47 )) 
0.45 
0.64 
0.61 
0.61 
0.39 

(0.83) 
0.61 

0.00 
0.00 

0.49 
0.46 
0.47 
0.37 
0.55 
0.22 
0.54 
0.41 
0.13 
0.41 
0.46 
0.20 

0.48 
0.48 
0.14 
0.53 
0.52 
0.49 
0.48 
0.44 
0.79 
0.44 
0.31 

0.34 
0.48 
0.54 
0.58 
0.66 
0.32 
0.40 
0.41 
0.42 
0.49 
0.59 
0.43 
0.48 
0.53 
0.43 
0.45 
0.50 
0.42 
0.46 
0.51 
0.53 
0.52 

0.45 
0.49 

0.35 
0.41 
0.42 
0.37 
0.4 2 
0.40 

0.25 

0.40 
0.36 
0.39 
0.40 
0.38 

0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.06 
0.08 

0.00 

0.00 

0.00 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
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Table I (Continued) 
no. b solvents (and some solid bases) n* P a 

methvl benzoate 0.39 0.00 174  
1 7 5  

23 
25 
28 
69 
72 
75 
159 
160 
161 
162 
163 
164  
1 6 5  
166 
167 
167 
169 
170 
204 

34 
176 
177 
178 
179 
201 
203 

3 
48 
49 
57 
22 5 
226 
22 7 
228 
229 
230 
231 
23 2 
23 3 
234 
235 
23 6 
237 

29 
45 
56 
67 
74 
192  
193 
194 
195  
196 
197 
198 
199 
200 

19 
26 
42 
68 
70 
73 
180 
181 

ethy1"trifluoroacetate 

Amides, Carbamates, and Ureas ( t  = 0.00) 
dimethylacetamide 0.88 
dime thylformamide 0.88 
N-me th ylpyrrolidone 0.92 
N,N-dimethyl trifluoroacetamide 
N,N-dimethyl chloroacetamide 
tetrame thylurea 0.83 
N,N-dimeth yl-p-nitrobenzamide 
N,N-dime thylbenzamide 
N,N-di-n-hexylacetamide 
N,N-die thylacetamide 
N,N-die thylbenzamide 
N-ace tylpiperidine 
N,N-diphenylacetamide 
te trae th ylurea 
N-me th ylpyridone 
ethyl diethylcarbamate 
N,N-die th ylpropionamide 
N,N-dip henylpropionamide 
formamide 0.97 

Acids, Acid Halides, Acid Anhydrides (5 = 0.00) 
acetic anhydride 0.76 
benzoyl fluoride 
propionyl fluoride 
benzoyl chloride 
benzoyl bromide 
acetic acid 0.64 
trifluoroacetic acid 0.50 

Amines ( I  = 1.00) 
triethylamine 0.14 
tri-n-butylamine 0.16 
N,N-dimethylbenzylamine 0.49 
N,N-dimethylaniline 0.90 
trial1 ylamine 
tri-n-propylamine 
N,N-dimethy 1-N-propy lamine 
N,N-dimeth yl-N-cyclohexylamine 
p ,p ,p-trifluoroethylamine 
propargylamine 
cyclopropylamine 
benzylamine 
n-butylamine 
quinuclidine 
N-meth ylimidazole 
1,4-diazabicyclo [2.2.2]octane (Dabco ) 
di-n-butylamine 

dimethyl sulfoxide 1 .oo 
ethyl sulfate 0.69 
sulf olan e 0.98 
diphenyl sulfoxide 
di -n-bu tyl sulfoxide 
dibenzyl sulfoxide 
methyl phenyl sulfoxide 
methyl p-nitrophenyl sulfoxide 
diethyl sulfite 
di-n-propyl sulfite 
di-n-butyl sulfite 
di-p-tolyl sulfoxide 
diisopropyl sulfoxide 
tetramethylene sulfoxide 

Sulfoxides ([ = 0.00) 

Phosphine Oxides ( E  = -0.20) 
triethyl phosphate 0.72 
hexame thylphosphoramide 0.87 
tri-n-butyl phosphate 0.65 
triphenylphosphine oxide 
trimethyl phosphate 
trimethylphosphine oxide 
triphenyl phosphinate 
diethoxy( trichloromethy1)phosphine oxide 

0.19 

0.76 
0.69 
0.77 
0.46 
0.62 
0.80 
0.61 
0.72 
0.77 
0.78 
0.70 
0.73 
0.64 
0.71 
0.78 
0.65 
0.75 
0.61 

0.16 
0.20 
0.20 
0.16 

0.71 
0.62 
0.57 

0.54 
0.56 
0.68 
0.71 
0.37 
0.57 
0.60 
0.63 
0.72 
0.80 
0.82 
0.73 
0.70 

0.76 

0.70 
0.83 
0.74 
0.71 
0.60 
0.45 
0.45 
0.46 
0.72 
0.78 
0.80 

0.77 
1.05 

0.94 

1.02 
0.62 
0.68 

0.00 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.71 

0.00 
0.00 
0.00 
0.00 
0.00 
1.12 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0 .oo 
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Table I (Continued) 
no. solvents (and some solid bases) n* P 01 

182 diethoxv(dichloromethv1 )phosphine oxide 0.74 0.00 
183 
184 
185  
186 
187 
188 
189 
190 
191 

31 
32 
37 
50 
63 
89 
222 
223 
224 
250 

24 
78 
79 
80 
81 
82 
83 
84 
238 
239 
24 0 
241 
24 2 

8 
14  
1 5  
33 
35 
53 
60 
62 
90 
92 
97 
135  

6 
10  
1 2  
20 
21 
30 
43 
44 
54 
91 
93 
132 
251 
252 

24 3 
244 
24 5 
24 6 
24 7 

101 
1 0 2 

diethoxi (chloromethyljphosphine oxide 
dimethoxyphosphine oxide 
diethoxyphosphine oxide 
diisopropoxyphosphine oxide 
dimethoxyethylphosphine oxide 
diethoxymethylphosphine oxide 
diethoxy(dimethy1amino)phosphine oxide 
tri-n-propylphosphine oxide 
triethylphosphine oxide 

nitrobenzene 1.01 
nitromethane 0.85 
benzonitrile 0.90 
acetonitrile 0.75 
phenylacetonitrile 0.99 
butyronitrile 0.71 
p-methoxybenzonitrile 
p ethoxypropionitrile 
p-(dime thy1amino)benzonitrile 
propionitrile 0.71 

Nitro Compounds and Nitriles (6 not yet known) 

Pyridines ( t  = 0.60) 
pyridine 0.87 
4-methylpyridine ((0.84)) 
2,6-dimethylpyridine ((0.80 

quinoline ((0.9 2)) 
2,4,6-trimethylpyridine 

3,5-dichloropyridine 
3-bromopyridine 
4-(dimethy1amino)pyridine 
2-n-butylpyridine 
pyrimidine 
2,4-dimethylpyridine 
3-me thylpyridine 
4-methoxypyridine 

toluene 
benzene 
chlorobenzene 
bromobenzene 
p -xy lene 
mesitylene 
o-dichlorobenzene 
iodobenzene 
cumene 
m-dichloro benzene 
fluorobenzene 
m-xylene 

carbon tetrachloride 
trichloroethylene 
1,l ,l-trichloroethane 
1,2-dichloroethane 
methylene chloride 
chloroform 
tetrachloroethylene 

Aromatics and Haloaromatics 
0.54 
0.59 
0.71 
0.79 
0.43 
0.41 
0.80 
0.81 
0.41 
0.67 
0.62 
0.47 

Haloaliphatics 
0.28 
0.53 
0.49 
0.81 
0.82 
0.58 
0.28 

1,1,2,2-tetrachloroethane 
n-butyl chloride 
1,2-dibromoethane 
trans-l,2-dichloroethylene 
pentachloroe thane 
methylene bromide 
methylene iodide 

0.95 
(0.39) 
0.75 
0.44 

(0.62) 
(0.92)' 
(1.12)' 

Perfluorinated Compounds 
perfluoro-n-octane -0.41 
perfluoro-n-heptane -0.3gd 
perfluorodime thyldecalin -0.33d 

perfluoro-n-hexane -0.40' 
perfluorotri-n-bu tylamine -0.36d 

Alcohols and Water ( t  = 0.20) 
tert-butanol 
2-propanol 

0.41 
0.48 

0.79 
0.74 
0.76 
0.80 
0.81 
0.84 
0.88 
1.04 
1.05 

0.39 

0.41 
0.31 

0.46 
0.48 
0.53 
0.37 

0.64 
0.67 
0.76 
0.78 
0.64 
0.42 
0.51 
0.87 
0.66 
0.48 
0.74 
0.68 
0.72 

0.11 
0.10 
0.07 
0.06 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 

0.00 

(1.01) 
(0.95) 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.22 
0.00 
0.19 

0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

(0.30) 
(0.44) 
0.00 

0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.68 
0.76 



Linear Solvation Energy Relationships J. Org. Chem., Vol. 48, No. 17, 1983 2885 

Table I (Continued) 
no. b solvents (and some solid bases) T* P (Y 

103  
104 
105  
106  
107 
109 
110 
111 
11 2 
113 
114 
115  
116  

n-butanol 
ethanol 
methanol 
2-pheny le than01 
ethylene glycol 
benzyl alcohol 
2-chloroethanol 
water 
n-propanol 
trifluoroethanol 
hexafluoroisopropanol 
2-fluoroethanol 
2-methoxyethanol 

Amine N-Oxide (E = 0.00) 
221 pyridine N-oxide 

0.47 
0.54 
0.60 

(0.88) 
0.92 
0.98 

1.09 
0.52 
0.73 
0.65 

(0.72) 
(0.71) 

(0.88) 
(0.77) 
(0.62) 
(0.61) 
(0.52) 
(0.50) 
(0.31) 
(0.18) 

0.00 
0.00 

0.79 
0.83 
0.93 

0.90 

1.17 
0.78 
1.51 
1.96 

0.85 0.00 

a Data in parentheses are relatively less certain. Data in double parentheses are estimated from eq 24 and 25. Solvent 
numbering is the same in all papers of the Linear Solvation Energy Relationships and Solvatochromic Comparison Method 
Series. 
Chem. 1982,54,1751.  

Bekarek, V.; Jurina, S. Collect. Czech. Chem. Commun. 1982,47,1060.  Brady, J. E.; Carr, P. W. Anal. 

entropy effects.35 However, these entropy effects tend to 
fall into family relationships that follow 5 values. This 
accounts, in part, for the tendency of both AHf and AGf 
to follow eq 21. Finally, stabilization of bases and their 
conjugate acids by conjugative a-electron donation may 
vary nonlinearly with the difference in electron demand 
between B and BH+ or between HBA and HBAHBD. For 
these and additional reasons to be discussed in a future 
paper, eq 21 is not expected generally to be a highly precise 
relationship (although the correlation coefficients for the 
properties so far studied have been quite re~pectable).’~ 
However, with the proper accounting of factors leading to 
deviations or nonparallel FD behavior, we believe that eq 
21 provides a useful quantitative norm for behavior of 
oxygen and nitrogen bases in properties of many differing 
types. 

A Comprehensive Collection of the 
Solvatochromic Parameters 

All a*, a, and P values that are now known to us (as of 
Feb 1983) are assembled in Table I (with the relatively less 
certain results in parentheses). As we have mentioned, 
most of the a* and /3 values of the non-hydrogen-bonding 
and HBA solvents have “settled down” after a series of 
successive approximations, with additional results not 
likely to materially change the averages. 

In the case of the amphiprotic solvents, the complica- 
tions caused by self-association, type-AB hydrogen bond- 
ing, and multiple type-A and type-B interactions18 have 
caused us to change published parameter values more often 
than we would care to detail. However, on the basis of 
results for up to 11 a* indicators2b and 25 a  indicator^,^^ 
we are now reasonbly well satisfied with the average a* 
and a values reported in Table I for these solvents (with 
the proviso, however, that the average deviations for most 
of the a values are near *0.08, compared with f0.04 for 
most of the other results in Table I). The P values of the 
amphiprotic solvents are less certain (possibly >*O.lO) and 
remain subject to change. 

The table includes some important results for fluoro- 
carbon solvents recently reported by Brady and Cad’  and 

(35) Amett, E. M.; Mitchell, E. J.; Murty, T. S. S. R. J. Am. Chem. 

(36) Taft, R. W.; et al.: paper on the a scale, in preparation. 
(37) (a) Brady, J. E.; Carr, P. W. Anal. Chem. 1982, 47, 1060. (b) 

SOC. 1974, 96, 3875. 

Brady, J. E.; Carr, P. W. J. Phys. Chem. 1982,86, 3053. 

by Bekarek and J ~ r i n a . ~ ~  These ‘materially increase the 
range of the a* scale (extending the lower limit from -0.08 
for n-hexane to -0.40 for the perfluoro-n-alkanes). Brady 
and Carr’s a* values are based on electronic spectra of 17 
of the indicators used in the original formulation of the 
a* scale (these authors also reported a* values of 0.07-0.64 
for some liquid methyl/phenyl silicone polymers used as 
chromatographic stationary  phase^).^' Bekarek and Ju- 
rina’s results3s are based on electronic spectra of three of 
the original T* indicators and the infrared spectrum of 
acetone. I t  is significant that the two investigations agree 
to within 0.01 a* unit for perfluoro-n-hexane, -heptane, 
and -octane. 

The a* scale is extended even further by a result recently 
reported by Abboud and c o - w ~ r k e r s . ~ ~  On the basis of 
vapor-phase electronic spectra of eight of the original 
solvatochromic indicators, the a* value of the gas phase 
is -1.1 f 0.1. The latter result and those for the per- 
fluorocarbon solvents are likely to have important bearings 
on the many attempts that have recently been made to 
relate the empirical a* scale to more fundamental mea- 
sures of dipolarity and polari~abili ty.~~ 

We prefer the @ values in Table I, obtained by averaging 
multiple (as many as 15) Pi results, over the “corrected p” 
(BKT) values suggested by Krygowski and co-workers41 and 
based on a single Pi (from the solvatochromic comparison 
of 4-nitroaniline with Nfl-diethyl-4-nitroaniline). We 
believe that the differences between P and BKT are largely 
the results of systematic instrumental differences between 
the spectrophotometers a t  the University of Warsaw and 
the Naval Surface Weapons Center. 

Estimation of Additional a* and P Values42 
As mentioned earlier, numerous attempt have been 

made to relate the a* parameter to more fundamental 

(38) Bekarek, V.; Jurina, S. Collect. Czech. Chem. Commun. 1982,47, 
1060. 

(39) Essfar, M.; Guiheneuf, G.; Abboud, J.-L. M. J. Am. Chem. SOC. 
1982,104,6786. 

(40) (a) Kolling, 0. W. Trans. Kans. Acad. Sci. 1981, 84, 32. (b) 
Ehrenson, S. J. Am. Chem. SOC. 1981,103,6036. (c) Bekarek, V. J.  Phys. 
Chem. 1981,85, 722. (d) Reference 37. (e) Reference 13. 

(41) Krygowski, T. M.; Milczarek, E.; Wrona, P. K. J. Chem. SOC., 
Perkin Trans. 2 1982, 1563. 

(42) Note added in prooE Krygowski and co-workers have recently 
reported the following additional j3 values: nitromethane, 0.22; propylene 
carbonate, 0.40; formamide, (0.55) [Krygowski, T. M.; Reichardt, C.; 
Wrona, P. K.; Wyszomirska, C.; Zielkowska, U.]. These workers have also 
reported 0 values of mixtures of methanol with a number of solvents. 
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dipolarity and polarizability measures, expressed in terms 
of functions of the solvent refractive index (n) and either 
its dipole moment (p) or bulk dielectric constant (e).& In 
addition to lending a measure of theoretical respectability 
to the empirically derived a* scale, these relationships can 
often be used to determine new solvent a* values where 
experimental spectral information is not available. Al- 
though characterized by Ehrenson40b and by Brady and 

as “fundamentally disquieting” (in that first-order 
terms in the reaction-field parameter are neglected and 
only a second-order term used as the sole parameter and 
in that they lead to a T* estimate of -0.6 for the gas phase 
compared with the -1.1 determined by Abboud3), separate 
equations for aliphatic and aromatic solvents proposed by 
Bekarek4OC appear to give the best correlations of the 
available data. Bekareks relationship for aliphatic solvents 
is given by eq 24. The corresponding relationship for 

(24) 
a* = -0.573 + 14.65(t - l)(n2 - 1) / (2 t  + 1)(2n2 + 1) 

aromatic solvents is given by eq 25. 
a* = -0.058 + 8.08(t - l)(n2 - 1)/(2t  + 1)(2n2 + 1) 

(25) 

We have used eq 24 and 25 to estimate the a* values 
in Table I that are enclosed in double parentheses. We 
suggest, however, that when new a* are estimated by this 
method, the results be checked for consistency with known 
T* values. Thus a* = ((0.69)) for phenetole in Table I 
accords well with a* = 0.73 for anisole, and ((0.84)) for 
4-methylpyridine and ((0.80)) for 2,6-dimethylpyridine are 
consonant with a* = 0.87 for pyridine. 

For the estimation of new P values, one can use corre- 
lations of structural effects on P by dual-substituent-pa- 
rameter equations, which we have reported earlierlob for 
carbonyl and pyridine bases. These equations are as 
follows: 
for RCOCH, 

/3 = 0.40 - 0.56~1 - 0.200R+ 

/3 = 0.30 - 0.46~1 - 0.14aR+ 

/3 = 0.70 - 0.74U1 - 0.072~R+ 

P = 0.44 - 0.17~71 - 0.092~R+ 

(26) 

(27) 

(28) 

(29) 

for RCOOEt 

for RCON(CH& 

for 4-X-C6H4CH=0 

and 
for 4-X-C5H4N 

P = 0.63 - 0.35~1 - 0.16uR+ (30) 

Acknowledgment. The work by R.W.T. is supported 
in part by a grant from the Public Health Service. The 
work by M.J.K. was done under Naval Surface Weapons 
Center Foundational Research Task IR-210. 

Registry No. n-Hexane, 110-54-3; cyclohexane, 110-82-7; 
diisopropyl ether, 108-20-3; di-n-butyl ether, 142-96-1; diethyl 
ether, 60-29-7; dioxane, 123-91-1; tetrahydrofuran, 109-99-9; an- 
isole, 100-66-3; tetrahydropyran, 142-687; dibenzyl ether, 103-50-4; 
diphenyl ether, 101-84-8; 1,2-dimethoxyethane, 110-71-4; di-n- 
propyl ether, 111-43-3; phenetole, 103-73-1; bis(2-methoxyethyl) 
ether, 111-96-6; trimethyl orthoacetate, 1445-45-0; trimethyl or- 
thoformate, 149-73-5; 2-butanone, 78-93-3; acetone, 67-64-1; 
l,l,l-trichloroacetone, 918-00-3; cyclohexanone, 108-94-1; cyclo- 
pentanone, 120-92-3; acetophenone, 98-86-2; methyl tert-butyl 
ketone, 75-97-8; benzaldehyde, 100-52-7; dimethyl-y-pyrone, 

Kamlet e t  al. 

1004-36-0; benzophenone, 119-61-9; biacetyl, 431-03-8; 3-hepta- 
none, 106-35-4; phenylacetone, 103-79-7; sym-dichloroacetone, 
534-07-6; methyl isopropyl ketone, 563-80-4; p-methoxyaceto- 
phenone, 100-06-1; acetylferrocene, 1271-55-2; flavone, 525-82-6; 
p-nitrobenzaldehyde, 555-16-8; propionaldehyde, 123-38-6; bu- 
tyraldehyde, 123-72-8; p-chlorobenzaldehyde, 104-88-1; p-meth- 
oxybenzaldehyde, 123-11-5; p-(dimethylamino)benzaldehye, 
100-10-7; 2-naphthaldehyde, 66-99-9; di-tert-butyl ketone, 815- 
24-7; cinnamaldehyde, 104-55-2; propiophenone, 93-55-0; 3-pen- 
tanone, 96-22-0; 2-pentanone, 107-87-9; isobutyrophenone, 611- 
70-1; p-chloroacetophenone, 99-91-2; p-methylacetophenone, 
122-00-9; dicyclopropyl ketone, 1121-37-5; methyl cyclopropyl 
ketone, 765-43-5; ethyl acetate, 141-78-6; butyrolactone, 96-48-0; 
butyl acetate, 123-86-4; ethyl chloroacetate, 105-39-5; ethyl ben- 
zoate, 93-89-0; methyl acetate, 79-20-9; methyl formate, 107-31-3; 
ethyl propionate, 105-37-3; diethyl carbonate, 105-58-8; diethyl 
malonate, 105-53-3; ethyl acetoacetate, 141-97-9; ethyl tri- 
chloroacetate, 515-84-4; methyl trifluoroacetate, 431-47-0; pro- 
pylene carbonate, 108-32-7; ethyl formate, 109-94-4; phenyl 
benzoate, 93-99-2; ethyl p-nitrobenzoate, 99-77-4; dimethyl car- 
bonate, 616-38-6; methyl benzoate, 93-58-3; ethyl trifluoroacetate, 
383-63-1; dimethylacetamide, 127-19-5; dimethylformamide, 68- 
12-2; N-methylpyrrolidone, 872-50-4; N,N-dimethyltrifluoro- 
acetamide, 1547-87-1; NJV-dimethylchloroacetamide, 2675-89-0; 
tetramethylurea, 632-22-4; N,N-dimethyl-p-nitrobenzamide, 
7291-01-2; NJV-dimethylbenzamide, 611-74-5; N,N-di-n-hexyl- 
acetamide, 16423-51-1; N,N-diethylacetamide, 685-91-6; N,N- 
diethylbenzamide, 1696-17-9; N-acetylpiperidine, 618-42-8; N,N- 
diphenylacetamide, 519-87-9; tetraethylurea, 1187-03-7; N- 
methylpyridone, 694-85-9; ethyl diethylcarbamate, 3553-80-8; 
NJV-diethylpropionamide, 11 14-51-8; NJV-diphenylpropionamide, 
20619-23-2; formamide, 75-12-7; acetic anhydride, 108-24-7; 
benzoyl fluoride, 455-32-3; propionyl fluoride, 430-71-7; benzoyl 
chloride, 98-88-4; benzoyl bromide, 618-32-6; acetic acid, 64-19-7; 
trifluoroacetic acid, 76-05-1; triethylamine, 121-44-8; tri-n-bu- 
tylamine, 102-82-9; N,N-dimethylbenzylamine, 103-83-3; N,N- 
dimethylaniline, 121-69-7; triallylamine, 102-70-5; tri-n-propyl- 
amine, 102-69-2; NJV-dimethyl-N-propylamine, 926-63-6; N,N- 
dimethyl-N-cyclohexylamine, 98-94-2; P,P,@-trifluoroethylamine, 
753-90-2; propargylamine, 2450-71-7; cyclopropylamine, 765-30-0; 
benzylamine, 100-46-9; n-butylamine, 109-73-9; quinuclidine, 
100-76-5; N-methylimidazole, 616-47-7; 1,4-diazabicyclo[2,2.2]- 
octane, 280-57-9; di-n-butylamine, 11 1-92-2; dimethyl sulfoxide, 
67-68-5; ethyl sulfate, 540-82-9; sulfolane, 126-33-0; diphenyl 
sulfoxide, 945-51-7; di-n-butyl sulfoxide, 2168-93-6; dibenzyl 
sulfoxide, 621-08-9; methyl phenyl sulfoxide, 1193-82-4; methyl 
p-nitrophenyl sulfoxide, 940-12-5; diethyl sulfite, 623-81-4; di-n- 
propyl sulfite, 623-98-3; di-n-butyl sulfite, 626-85-7; di-p-tolyl 
sulfoxide, 1774-35-2; diisopropyl sulfoxide, 2211-89-4; tetra- 
methylene sulfoxide, 1600-44-8; triethyl phosphate, 78-40-0; 
hexamethylphosphoramide, 680-31-9; tri-n-butyl phosphate, 
126-73-8; triphenylphosphine oxide, 791-28-6; trimethyl phosphate, 
512-56-1; trimethylphosphine oxide, 676-96-0; triphenyl phosphate, 
115-86-6; diethoxy(trichloromethy1)phosphine oxide, 866-23-9; 
diethoxy(dichloromethy1)phosphine oxide, 3167-62-2; diethoxy- 
(chloromethy1)phosphine oxide, 3167-63-3; dimethoxyphosphine 
oxide, 868-85-9; diethylphosphine oxide, 762-04-9; diisoprop- 
oxyphosphine oxide, 1809-20-7; dimethoxyethylphosphine oxide, 
6163-75-3; diethoxymethylphosphine oxide, 683-08-9; diethoxy- 
(dimethy1amino)phosphine oxide, 2404-03-7; tri-n-propyl- 
phosphine oxide, 1496-94-2; triethylphosphine oxide, 597-50-2; 
nitrobenzene, 98-95-3; nitromethane, 75-52-5; benzonitrile, 100- 
47-0; acetonitrile, 75-05-8; phenylacetonitrile, 140-29-4; butyro- 
nitrile, 109-74-0; p-methoxybenzonitrile, 874-90-8; /3-ethoxy- 
propionitrile, 2141-62-0; p-(dimethylamino)benzonitrile, 1197-19-9; 
propionitrile, 107-12-0; pyridine, 110-86-1; 4-methylpyridine, 
108-89-4; 2,6-dimethylpyridine, 108-48-5; 2,4,6-trimethylpyridine, 
108-75-8; quinoline, 91-22-5; 3,5-dichloropyridine, 2457-47-8; 3- 
bromopyridine, 626-55-1; 4-(dimethylamino)pyridine, 1122-58-3; 
2-n-butylpyridine, 5058-19-5; pyrimidine, 289-95-2; 2,4-di- 
methylpyridine, 108-47-4; 3-methylpyridine, 108-99-6; 4-meth- 
oxypyridine, 620-08-6; toluene, 108-88-3; benzene, 71-43-2; chlo- 
robenzene, 108-90-7; bromobenzene, 108-86-1; p-xylene, 106-42-3; 
mesitylene, 108-67-8; o-dichlorobenzene, 95-50-1; iodobenzene, 
591-50-4; cumene, 98-82-8; m-dichlorobenzene, 541-73-1; fluoro- 
benzene, 462-06-6; m-xylene, 108-38-3; carbon tetrachloride, 56- 



J. Org. Chem. 1983,48, 2887-2891 2887 

23-5; trichloroethylene, 79-01-6; l,l,l-trichloroethane, 71-55-6; 
1,2-dichloroethane, 107-06-2; methylene chloride, 75-09-2; chlo- 
roform, 67-66-3; tetrachloroethylene, 127-18-4; 1,1,2,2-tetra- 
chloroethane, 79-34-5; n-butyl chloride, 109-69-3; 1,2-dibromo- 
ethane, 106-93-4; trans-1,2-dichloroethylene, 156-60-5; penta- 
chloroethane, 76-01-7; methylene bromide, 74-95-3; methylene 
iodide, 75-11-6; perfluoro-n-octane, 307-34-6; perfluorc-n-heptane, 
335-57-9; perfluorodimethyldecalin, 54471-59-9; perfluorotri-n- 

butylamine, 311-89-7; perfluoro-n-hexane, 355-42-0; tert-butyl 
alcohol, 75-65-0; 2-propanol, 67-63-0; n-butanol, 71-36-3; ethanol, 
64-17-5; methanol, 67-56-1; 2-phenylethanol, 60-12-8; ethylene 
glycol, 107-21-1; benzyl alcohol, 100-51-6; 2-chloroethanol, 107-07-3; 
water, 7732-18-5; n-propanol, 71-23-8; trifluoroethanol, 75-89-8; 
hexafluoroisopropanol, 920-66-1; 2-fluoroethanol, 371-62-0; 2- 
methoxyethanol, 109-86-4; pyridine N-oxide, 694-59-7; 5-flUOrO- 
indole, 399-52-0; n-heptane, 142-82-5. 

Reaction of Triflates with Potassium Diethyl Phosphite. Formation of 
Phosphate Esters 

Xavier Creary,* Brigitte Benage, and Kathryn Hilton 
Department of Chemistry, University of Notre Dame, Notre Dame, Indiana 46556 

Received January 10, 1983 

Phenyl triflate and substituted analogues react with potassium diethyl phosphite in liquid ammonia to form 
aryl diethyl phosphate esters. The reaction formally involves loss of trifluoromethanesulfiiate ion from the triflate 
and concomitant oxidation of phosphorus to the phosphate stage. Preliminary data suggest that, in a series of 
triflates, reactivity follows the order aryl > cyclohexenyl > cyclopropyl > alkyl. Studies on aryl triflates with 
added labeled phenoxide rule out a mechanism involving free phenoxide ion, i.e., displacement of phenoxide 
by nucleophilic attack of diethyl phosphite ion on sulfur followed by phosphorylation of displaced phenoxide. 
Three potential mechanisms, including one involving initial attack of phosphorus at sulfur, a biphilic insertion 
mechanism, and one involving nucleophilic attack on oxygen, are suggested, all of which could account for these 
observations. 

The diethylphosphonate group is a well-known carban- 
ion-stabilizing substituent.' This feature permits facile 
generation of anions of general structure 1. Recently we 

1 - 2 

have generated carbocations of general structure 2 by the 
solvolytic route.2 In view of the unexpected ease of gen- 
eration of 2, we wanted to evaluate the electronic prop- 
erties, both conjugative and inductive, of the diethyl 
phosphonate group. We therefore wanted to introduce this 
group onto an aromatic nucleus for potential measurement 
of u+ values and also for potential measurement of effects 
on benzylic-type free radicals. 

Various methods for substitution of PO(OEt), for hal- 
ogen on an aromatic ring have been d e ~ e l o p e d . ~ ~  Since 
the requisite aryl iodides and bromides necessary for the 
transformation shown below are not always readily 

- 

0 
/ I  

A r X  - Ar-P(OEt)e 

3 X ' L I I ,  4 - - 

available, we sought to develop a method starting with the 
more accessible phenols. In principle, conversion of a 

(1) Wadsworth, W. S., Jr.; Emmons, W. D. J. Am. Chem. SOC. 1961, 
33,1733-1738. The u value for this group is 0.52. See: Tsvetkov, E. N.; 
Lobanov, D. I.; Isoeen&ova, L. A.; Kabachnik, M. I. J .  Gen. Chem. USSR 
(Engl. Traml.)  1969, 39, 2126-2132. 

(2) Creary, X.; Geiger, C. C.; Hilton, K. J. Am. Chem. SOC. 1983,105, 
2851. 

(3) Bunnett, J. F.; Creary, X. J. Org. Chem. 1974, 39, 3612-3614. 
(4) (a) Balthazor, T. M.; Grabiak, R. C. J. Org. Chem. 1980, 45, 

54255426. (b) Grabiak, R. C.; Miles, J. A.; Schwenzer, G. M. Phosphorus 
Sulfur 1980,9, 197-202. 

(5) (a) Plumb, J. B.; Griffin, C. E. J. Org. Chem. 1962,27,4711-4712. 
(b) Plumb, J. B.; Obrycki, R.; Griffin, C. E. Zbid. 1966,31,2455-2458. (c) 
Obrycki, R.; Griffin, C. E. Ibid. 1968,33,632-636 and references therein. 

(6) (a) Tavs, P. Chem. Ber. 1970,103,2428-2436. (b) Tavs, P.; Korte, 
F. Tetrahedron 1967,23, 4677-4679. 

phenol to the aryl triflate followed by displacement of the 
triflate leaving group with the anion of diethyl phosphite 
would lead to the aryl phosphonate 4. It was hoped that 
the displacement of the excellent nucleofugic triflate group 
could be accomplished by either an SRNl mechanism,' an 
SnAr process,* or possibly even a direct displacement of 
t ~ i f l a t e . ~  Reported here are the results of a study of the 
reaction of aryl triflates with potassium diethyl phosphite 
in liquid ammonia. 

Results and Discussion 
A variety of phenols were converted to the corresponding 

triflates 5. These were added to potassium diethyl 
phosphite in liquid ammonia at -33 O C .  Under these 
conditions, even in the dark, the triflates were all con- 
sumed. However, none of the aryl phosphonates 4 were 

'R 
5 - 

0 

formed. The major products were the phosphate esters 
6, along with small amounts of the original phenol (see 
Table I). The phosphate ester products represent a formal 

(7) Bunnett. J. F. Acc. Chem. Res. 1978. 11. 413-420. 
(8) (a) Bunnett, J. F. Q. Rev., Chem. Soc. 1958,12, 1-16. (b) Pietra, 

F. Ibid. 1969,23, 504-521. 
(9) The possibility of such a process occurring in nucleophilic vinylic 

substitution has been discussed. See: Rappoport, Z. Acc. Chem. Res. 
1981,14, 7-15. 
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