
J. Org. Chem. 1992,57,6547-6552 6847 

Extension of the Unified Scale of Solvent Polarities to Acceptor Probes: 
Concerns about @-r* Parameters 

Russell S. Drago 
Department of Chemistry, University of  Florida, Gainesville, Florida 32611 

Received March 16, 1992 

The previously reported unified scale of nonspecific solvation, S', is extended to acceptor probes in this article. 
Incomplete complexation of the acceptor in weak donor solvents is proposed with 4-nitroaniline. This proposal 
is supported by data for a series of other substituted nitroanilines. The Kamlet-Taft @-r* parameters are derived 
assuming complete complexation of the probe. Averaging in the effects of incomplete complexation into fi  and 
n* limits the utility of these parameters. In those instances where discrepancies exist in S a n d  +, a good correlation 
of S' and the Dimroth-Reichardt ET(30) parameters exists. 

Introduction 
In the first paper in this series,' it was shown that a 

multitude of scales for estimating solvent polarity could 
be combined into one unified scale. This was accomplished 
by a least-squares data fit of systems that were devoid of 
specific donor-acceptor interactions (including r-stacking) 
and of solute aggregation problems. Solvents with rota- 
tional conformers of different polarity were also excluded. 
In all, over 300 data points were fit to eq 1: 

A x = S T +  W (1) 

Solvation parameters, S', for 31 solvents as well as probe 
parameters, P, and probe values, W, for 30 probes are 
reported. In eq 1, S' is a measure of solvent polarity, P 
measures the susceptibility of the probe property to non- 
specific solvation, and W is the gas-phase value plus any 
constant change in the property that occurs in the probe 
when added to a solvent, Le., a non-zero intercept. Probe 
spectral shifts (electronic, NMR, and EPR spectra), Ax, 
can be calculated for over 900 systems by substituting these 
solvent parameters and the reported' probe parameters 
into eq 1. 

The model is impressive, for it correlates a wide variety 
of physical properties (electronic transitions, NMR chem- 
ical shifta, and EPR hyperfme couplings), as well as a wide 
range of probe dimensions and shapes. The use of the 
same S'parameters for a wide variety of solute shapes and 
sizes suggests a dynamic cavity model for solvation. 
Solvent rearranges to form a cavity for the solute that 
maximizes the nonspecific solvent-solute interactions at 
the expense of solvent-solvent and solute-solute interac- 
tions. With a spectroscopic correlation only the solvent- 
solute interactions are relevant if the probe is soluble and 
dispersed in the solvent. In contrast, solubility and en- 
thalpies of solution depend on both specific and nonspe- 
cific solvent-solute, solute-solute, and solvent-solvent 
interactions. 

The E and C model2 is now widely recognized3 as a 
method for calculating enthalpies and spectral shifts for 
specific donor-acceptor interactions. Enthalpies are cor- 
related with 

-AH = EAEB + C A C B  + W (2) 

When applied to physicochemical properties other than 
enthalpies, the equation takes the form 

(1) Drago, R. S. J. Chem. SOC. Perkin, in press. 
(2) (a) Drago, R. S .  Coord. Chem. Rev. 1980,33,251. (b) Drago, R. S.; 

Feme, D. C.; Wong, N. J. Am. Chem. SOC. 1990,112,8953 and referencea 
cited therein. (c) Drago, R. 5. Stru t .  Bonding (Berlin) 1973, 15, 73. 

(3) The E and C model is described in most textbooks on Inorganic 
Chemistry. 

AX = EA*EB + CA*CB + W* (3) 
where the asterisk can be placed on either the acceptor or 
donor to indicate which is undergoing the spectral change 
as the other is varied. When a constant value of EA* and 
CA* is found for measurements with several different do- 
nors using enthalpy-based parameters, EB and CB, in eq 
3, the physicochemical measurements of the acceptor are 
shown to be determined by the same factors that influence 
bond strength. 

The enthalpy data set used to determine the electro- 
static and covalent parameters for donor-acceptor bonding 
is limited to those systems that have minimal, if any: 
nonspecific solvation contributions. The data set used to 
determine the P and S parameters is devoid of specific 
donor-acceptor interactions and treats nonspecific inter- 
actions. We are now in a position to test the combination 
of these models to analyze measurements of specific in- 
teractions in polar solvents. Adding eq 1 and 2 produces 
the equation: 

AX - W = EA*EB + CA*CB + PASL (4) 
The asterisks indicate an acceptor probe in a basic solvent. 
Asterisks on EB* and CB* and the term PBSA' would be 
employed when a basic probe is studied in acidic solvents. 
Reported2 enthalpy-based donor parameters are used in 
the former system and enthalpy-based acceptor parameters 
in the latter. 

In this paper, we test eq 4 on systems involving specific 
donor solvent-acceptor probe interactions in polar solvents. 
We find that the resulting unified solvation parameters 
and specific interaction parameters are not in agreement 
with the Kamlet-Taft p-r* parametems The B and r* 
reactivity parameters6 are derived by assuming complete 
complexation of the acceptor probe in the solvent. The 
derivation also assumes that no specific -* interactions 
occur between r-probes and r-solvents. The breakdown 
in these assumptions restricts the utility of these param- 
eters. 

Results and Discussion 
Interpretation of the Solvent Dependence of 4- 

Nitrophenol and 4-Nitrdline. The relevant equation 

(4) (a) Drago, R. S.; Ferris, D. C.; Wong, N. J. Am. Chem. SOC. 1990, 
112,8953. (b) Drago, R. S.; Wong, N. M.; Ferris, D. C. J. Am. Chem. SOC. 
1991,113, 1970. 

(5) (a) Kamlet, M. J.; Taft, R. W. J. Am. Chem. SOC. 1976,98,377. (b) 
Mmesinger, R. R.; Jones, M. E.; Taft, R. W.; Kamlet, M. J. J. Org. Chem., 
1977,42,1929. (c) Kamlet, M. J.; Jones, M. E.; Taft, R. W.; Abboud, J.-L. 
M. J. Chem. SOC., Perkin Trans. 2 1979,342. (d) Kamlet, M. J.; Abboud, 
J.-L. M.; Abraham, M. H.; Taft, R. W. J.  Org. Chem. 1983,48,2877. (e) 
Kamlet, M. J.; Abboud, J.-L. M.; Taft, R. W. J. Am. Chem. SOC. 1977, 
99, 6027. 

0022-326319211957-6547$03.00/0 0 1992 American Chemical Society 
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Table I. Fit of Solvent Changes in the Electronic Tramition (kK) of 4-Nitrophenol and &Nitroaniline to eq 4 

solvent Vcxptt vcd.2 solvent vexpt14 vole 
4-NOzCBHbOH (4' = 4,269;  C** 4.246;  P = -1.08; W 35.22) 

(CHz)40 32.47 32.41 CHSC(O)CZHF, 32.57 32.59 
HC(O)N(CHJz 31.35 31.30 (CzHs)zO 33.11 33.02 
CH,C(O)N(CH,)z 31.30 31.37 (~-CIH&O 33.17 33.19 
(CH,)#O 31.06 30.96 (CzH50)J'O 31.70 31.86 
O(CHzCHz)zO 32.89 32.79 CSHSN 31.44 31.53 

4-NOzCBH4NHz (EA* = 4.801;  CAI = 4.143;  P -1.06; W 31.06) 
O(CHzCHz)zO 28.25 (27.80) 
CH&(O)OCzHb 27.93 (27.71) 
(CvHAO 28.65 (28.10) 

for treating spectral shifts of probes that are capable of 
hydrogen bonding to donor solvents is eq 4. Since EB, CB, 
and SB' are known, the individd data sets for an acceptor 
probe are solved for four unknowns EA*, CA*, PA, and W. 
The results of fitting the 4-nitrophenol and 4nitroaniline 
acceptor probes to eq 4 are shown in Table I. 

The available experimental data for 4-nitrophenol are 
fit very well. The W value of 35.22 leads to a calculated 
value of 35.06 for cyclohexane (S' = 0.15) compared to an 
experimental value of 34.97. Except for pyridine, where 
specific n-r charge-transfer interactions complicate the 
picture, an equally good fit of the data to eq 4 results for 
the parameters CA* 0.46, and P = 1.01. This 
indicates a very shallow minimum in the data set leading 
to large errors in the breakup of the specific interaction 
into EA* and CA* componentse6 As a result, the param- 
eters for this probe (EA*, CA*, 8, or r) should only be used 
to predict shifta for donors whose CB/EB ratio falls in the 
range of 0.4-1.5. Interpretations involving covalent- 
electrostatic contributions to the specific interaction are 
without meaning. 

The data fit of all the solvents for 4nitroaniline is poor. 
Solving a full data set for four unknowns can give a fair 
fit with unreasonable parameters when unusual chemistry 
is involved. Accordingly, this data set is solved by fming 
W at the value found in cyclohexane plus 0.15 (i.e., esti- 
mating P = 1). A poor fit still results. Running several 
fits, varying W by i0.5 (or more if improvement is ob- 
served) in 0.1 increments, does not improve matters. The 
pattern observed in the deviation of experimental and 
calculated values suggests that aniline derivatives are such 
poor acceptors that they are not fully complexed when 
dissolved in poor donor solvents. Incomplete complexation 
would lead to a predicted shift that is larger than that 
observed experimentally. Diethyl ether and di-n-butyl 
ether mias in the same direction. Though these donors are 
comparable in strength to THF, the unfavorable entropy 

0.06, EA* 

(6) This data eet has.& been analyzed' by subpacting the frequency 
of the tranaihon for Cmtroanisole from that of Cmtrophenol m the same 
solvent to correct the phenol for nonspecific solvation. The resulting & 
is then corrected for the frequency difference of Cnitrophenol and 4- 
nitroanisole in an inert solvent to give the specific acid base contribution 
to the phenol shift. Theae values of the acid-base contribution to hv can 
be fit' with EA* = 4.669; CA* = 4.090, and W = 0.78 where W corre- 
sponds to the frequency difference of the 4-mtrophenol and Cnitroanisole 
transitions in hexane. The standard deviation of the fit of all the donors 
in Table I is 0.06 kK compared to a standard deviation of 0.08 for the AV 
fit. The donor-acceptor contribution to the frequency shift of the 4- 
nitrophenol-CH3CON(CH3)1 adduct, for example, is calculated to be 0.87 
in the hv fit and 0.96 from eq 4. Thie suggests that 4-nitroanieole slightly 
underestimata the nonspecific solvation of 4-nitrophenol. The CA* and 
EA: values from the two data fita are not in good agreement. The CB/EB 
ratma of the donors that were employed in this study do not vary enough 
to accurately define EA* and CA*. Thie accounts for the difference in the 
CA* and EA* values from the Av fit and thoee from eq 4. 

(7) Drago, R. 5.; Vogel, G. C. J.  Am. Chem. SOC. 1992, 114, oo00. 

(n-k4Xg)20 29.03 i28.2ij 
(CHJzCO 27.32 (26.86) 
CSHSN 26.42 (26.83) 

term associated with the ethyl and butyl groups' loss of 
rotational freedom upon adduct formation d e s  a positive 
contribution to AG (Le., AS  is more negative) for these 
systems. This leads to a small K and incomplete com- 
plexation. Accordingly, the poor donors8 (EB below 1.8 
with CB below 1.4) as well 88 the ethers were omitted. The 
omitted systems are indicated by parentheses on the data 
in Table I. An excellent fit of the remaining systems 
results which is optimalB with a value of W equal to 31.06. 
The W value of 31.06 leads to a calculated value of 30.90 
for cyclohexane compared to an experimental value of 
31.01. Specific interactions do not exist in cyclohexane, 
and agreement of the calculated and experimental values 
suggests the probe is not extensively associated at the 
concentrations employed. It is ale0 important to note that 
the C/E ratio of the omitted donors fall inside the range 
of the remaining donors employed in the fit. It is often 
possible to fit poorly behaved systems by restricting the 
C/E ratio of the bases involved. 

It is not sufficient that the data can be fit well by as- 
suming an incomplete complexation model to eliminate 
donors.1° The values of Y that are calculated for the 
omitted donor solvents using the parameters from the 
restricted data fit must show deviations consistent with 
the explanation offered to exclude them. In this system 
all of the weak coordinating solvents give rise to smaller 
experimental shifts then calculated. Furthermore, if we 
attribute the deviation, A, to incomplete complexation, the 
fraction of 4-nitroaniline not complexed, 9% free, can be 
estimated with eq 5. This formula leads to 15%, 33%, 

9% free = A/(EA*EB + CA*CB) (5) 

29%, 27%, and 47% free acceptor in the solvents ethyl 
acetate, diethyl ether, acetone, dioxane and di-n-butyl 
ether, respectively. At 1 X 10-4 probe concenhtion in pure 

(8) The E and C parameters measure the enthalpy contribution to AG. 
They provide an estimate of donor strength which in a related series and 
in the absence of unusual entropy effects parallels AG. An unusual 
entropy effect is proposed for diethyl and di-n-butyl ether leadine to a 
-AS contribution. 

(9) The criterion for optimal involvea aelectina the fit with the W value 
that produces the small& total standard de6ation in calculated and 
experimental frequencies with all the stronger coordinating solvents f i t  
ting to 0.1 kK (experimental error) or better. When any one of the 
solventa excluded is added into the optimal data set (Table I) the fit 
becomes poorer and one of the better coordinating solventa doee not fit 
to within the 0.1 kK error limit. 

(10) The data fit of these systems has tacitly assumed that all of the 
different adducta formed by hydrogen bonding of the acceptor probe to 
different donors (solvents) have the same P value in treating the non- 
specific solvation by PS'. A breakdown in this approximation would lead 
to a different interpretation of the deviations in the fit of the experi- 
mental and calculated frequencies when the totd data set is employed. 
The donors in the restricted fit, that give good reaulta, cover a range of 
shapes and donor strengths. Consequently, this explanation of the de- 
viations is considered less likely than incomplete complexation. 
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Table 11. Electronic Spectral Changes for Acceptor Probes in Donor Solvents (kK) 
solvent %Xfi V d C  solvent %xptl vale 

N-Methyl-4-nitroaniline (EA* = -0.42; CA* = -0.31; P 1.03; W = 29.60) 
(CHd40 26.60 26.50 CHSC(0)OCZHS 26.81 (26.77) 
HC(O)N(CHdz 25.45 25.43 (CzHs)zO 27.66 (27.10) 
CHsC(O)N(CHs.)z 25.45 25.47 (n-C4H9)20 27.82 (27.24) 
(CH3)zSO 25.06 25.06 (C~HSO)~PO 25.87 25.93 
(CH3)zCO 26.28 (25.95) CSHSN 25.48 25.54 
O(CHzCHz)zO 26.92 26.89 

N-Ethyl-4-nitroaniline (EA* = -0.44; CA* = -0.31; P = -1.01; W = 29.50) 
(CHz)rO 26.46 26.38 CHSC(0)OCpHS 26.77 (26.65) 
HC(O)N(CH~)Z 25.35 25.31 (CzHs)zO 27.55 (26.97) 
CHSC(O)N(CH~)~ 25.35 25.35 (n-C4HShO 27.78 (27.10) 
(CH3)aO 24.91 24.94 (CzHs0)3PO 25.77 25.80 
(CH3)zCO 26.18 25.83 CSH5N 25.38 25.42 
O(CHzCH2)zO 26.77 26.77 

3-Nitroaniline (EA* = -0.84; CA* = -0.17; P -0.56; W = 29.07) 
(CHz)rO 26.42 26.37 CH3C(O)OCzHS 26.81 (26.53) 
HC(O)N(CH& 25.54 25.45 (CzHdzO 27.14 (26.60) 
CH~C(O)N(CHJP 25.32 25.38 (n-C4Hs)~0 27.36 (26.62) 
(%)80 25.06 25.12 (CzH.@)d'O 25.54 25.52 

25.83 (25.76) 
26.92 (25.83) 

(CH3)zCO 26.49 (26.01) CSHSN 
(CZHS)~N 26.74 26.75 CH3CN 
O(CHzCHz)zO 26.99 (26.45) 

N-Ethyl-3-nitroaniline (EA* = -0.50; CA. -0.10; P -0.61; W = 27.21) 
(CHz)rO 25.19 25.14 CH&(O)OC2H, 25.45 (25.20) 
HC(O)N(CH&z 24.33 24.28 (CzH&O 25.97 (25.41) 
CH~C(O)N(CHB)Z 24.24 24.27 (n-C4H~)z0 26.14 (25.47) 
(CHB)@O 23.98 24.03 (CzHs0)3PO 24.48 24.47 
(CHJzCO 25.06 (24.70) CSHSN 24.39 (24.55) 
(CZH&N 25.74 25.75 CHSCN 25.16 (24.41) 
O(CHzCHz)zo 25.51 (25.24) 

3,5-Dinitroaniline (EA* = -0.80, CA* = -0.10; P = -0.42; W = 27.52) 
CH&(O)OCzHS 25.64 (25.36) 
(C,HAO 25.84 (25.40) 
(n-k4H9)20 25.77 (25.40) 
(CzHs0)3PO 24.48 24.44 

24.69 (24.81) 
25.74 (24.82) 

CSHSN 
CH3CN 

solvent, 25% free acceptor, would correspond to an 
equilibrium formation constant of about 0.3. This is a 
reasonable estimate of the equilibrium constant for these 
donors coordinating to 4-nitroaniline. Equilibrium con- 
stanta of 0.3, 0.5, and 0.6 at 20 OC are reported1' for p- 
bromoaniline reacting with di-n-butyl ether, tetrahydro- 
pyran, and dioxane. Since errors of M.5 are usual for such 
low values of K, assigning a K of X0.3, for weak donor 
adducta of 4-nitroaniline, is supported by these studies. 

The donor strength (-AH) of the solventa is given by the 
EB and CB parameters. The extent of complexation, Le., 
the % free acceptor, is determined by AG. Weak donors 
will not have a large enough enthalpy to lead to an ap- 
preciable -AG. However, donors of moderate strength can 
have unfavorable entropy contributions that reduce K. 
Both entropy and enthalpy effects determine the extent 
of complexation. 

The EA* and CA* values reported in Table I1 for 4- 
nitroaniline are in fair agreement12 with those obtained 
from a Av fit employing NJV-diethyl-4-nitroaniline as a 
model compound to correct for nonspecific interaction (EA* 
-1.02 and CA* = -0.185). The data point for (C2H6),N 

helps to define the CA*/E+ ratio better for this system than 
for 4nitrophenoL It is signifcant to note that even in the 
Av fit, di-n-butyl ether, diethyl ether, and dioxane were 
omitted because they missed badly, again in the direction 

(11) Lauranson, J.; Pineau, P. J.  Chim. Phys. 1968,66, 1937. 

of incomplete complexation. 
The donor-acceptor contribution to the shift is greater 

for 4-nitroaniline than for 4nitrophenol even though the 
former is behaving as a weaker acceptor leading to in- 
complete complexation. In comparing different probes, 
probe electronic properties govern the response of the 
probe to the donor-acceptor interaction. Consequently, 
the shift for a given acceptor as the donor is varied may 
be related to donor strength, but the response of the dif- 
ferent probes (i.e., the EA* and CA* values) toward a given 
base may not reflect acceptor strength. For a given 
strength (-AH) of donor-acceptor interaction, the elec- 
tronic transition of 4-nitroaniline is changed more on ad- 
duct formation than that of 4-nitrophenol. 

Extension of eq 4 to Other Acceptor Probes. One 
of the main advantages of the E and C analysis is the 
ability to detect unusual trends in reactivity and spec- 
troscopy.2 Clearly, the ability of the E and C model to 
correlate the enthalpies and OH frequency shifts of a wide 
variety of phenols and pyrroles suggesta unusual behavior 
for 4-nitroaniline. When an unusual effect is indicated, 
independent confirmation is sought by further experi- 
mentation.* Incomplete complexation of a solute in a 
solvent is difficult to ascertain experimentally. One test 

(12) Slightly larger Contributions to the ahift from the donor-acceptor 
interaction are calculated in the Au fit than in the fit reportad here. As 
is the cam for rl-nitroanieole, this suggesta that Nfl-diethyl4ni-e 
slightly underestimates the nonspecific solvation contribution. 
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of the incomplete complexation proposal for the 4-nitro- 
aniline shifta involves examining other substituted nitro- 
anilines6b*c to determine if the explanation can be con- 
sistently applied. The results are given in Table 11. The 
first two systems listed involve substituting an amine 
proton of Cnitroaniline by a methyl or ethyl group. The 
two system produce identical results within experimental 
error. The cyclohexane frequencies are calculated to be 
29.44 and 29.35 kK, respectively, compared to experimental 
values of 29.37 and 29.15. These two acceptor probes are 
not fully coordinated in acetone (28%), di-n-butyl ether 
(50% free), diethyl ether (45% free), and ethyl acetate 
(12% free). In contrast to Cnitroaniline, these two solutes 
are well behaved in acetone and dioxane. These results 
suggest that the acceptor strengths of the N-methyl and 
N-ethyl derivatives are slightly greater than that of 4- 
nitr~aniline.’~ The extent of the complexation of these 
derivatives in di-n-butyl ether and diethyl ether is com- 
parable to that for 4-nitroaniline. In these solvents the 
stronger acidity of the N-alkyl derivative is compensated 
by the N-alkyl substituent causing an even less favorable 
entropy contribution to adduct formation than in 4- 
nitroaniline.16 

The next system to be considered is 3-nitroaniline. The 
fit for a limited set of solvents is shown in Table 11. The 
calculated value for cyclohexane is 28.99 compared to an 
experimental value of 28.82. The Hammett substituent 
constads for the group is 0.71 compared to 0.81 
for the 4-N02 substituent. Accordingly, 3-nitroaniline is 
expected to have acceptor properties comparable to 4- 
nitroaniline. Consistent with this expectation, it is found 
that the calculated results deviate in the direction of in- 
complete complexation for 3-nitroaniline (Table 11) and 
the same four solvents need to be omitted as in the 4- 
nitroaniline fit. In addition, the weak donor acetonitrile, 
not reported for the earlier systems, must be omitted. 
Equation 5 suggests that only about 30% of the probe is 
complexed in CH3CN. 

The fit for N-ethyl-3-nitroaniline is shown in Table 11. 
The calculated value for the transition in cyclohexane, 
where specific donor-acceptor interactions are absent, is 
27.12 kK compared to an experimental value of 27.06. 
With the possibility of enhanced contribution from the 
resonance form discussed above for N-ethyl-4-nitroadine 
absent, N-ethylation of the %No2 derivative does not in- 
crease the acidity of the N-H proton. This is reflected in 
the necessity of eliminating all five weak donor solvents 
to obtain a good data fit. 

The 3,5-dinitro derivative is also a weak acceptor com- 
parable in strength to the 3-nitro derivative. The same 
weak donor solventa are omitted from both probe fits. The 
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calculated value for the electronic transition in cyclohexane 
is 27.46, in excellent agreement with an experimental value 
of 27.43. 

Using the extent of the complexation of acetone (A/ 
(EA*EB + CA*CB)) as an approximate criterion to indicate 
the free energy of complexation we obtain: Cnitrophenol 
(-0% free) > 3,5-dinitroaniline (22% free) > N-ethyl-4- 
nitroaniline - N-methyl-4-nitroaniline - 4-nitroaniline - 3-nitroaniline (29% free) > N-ethyl-3-nitmanihe (36% 
free). This is a reasonable order which, coupled with the 
trends in donor strength of the solvents omitted from the 
various fits,17 provides strong support for incomplete 
complexation of these probes in weak donor solvents. 

The interpretation of this set of acceptor probes with 
eq 4, i.e., the ECS’ analysis, has provided an alternative 
description of the chemistry to that reported in the lit- 
erature! The proposal of incomplete probe complexation 
is supported by the data fit, which suggests elimination 
of donors which either are known to be weak on the basis 
of their E and C values or have unfavorable entropy con- 
tributions. Further support comes from the consistency 
of this interpretation in the comparison of all the acceptors 
studied and in the reasonable order deduced for the extent 
of the complexation of the probes. 

The specific donol-acceptor contributions calculated in 
this ECS’ analysis are determined using donor-acceptor 
EB and CB parameters that have been demonstrated to 
correlate enthalpies and spectroscopies for a wide range 
of acceptors including gas-phase ion-molecule reactions? 
The excellent fit of these electronic transitions for mod- 
erate and strong donor solvents indicates that the com- 
ponent of the electronic transitions arising from specific 
solvation is related to solvent donor strength. The covalent 
and electrostatic components of the donol-acceptor con- 
tribution to the transition in all of these systems is in need 
of better definition. This could be provided by adding 
more strong nitrogen donor solvents to the data base. 
Normally, sulfur donors are desirable for this purpose, but 
incomplete complexation is expected to lead to compli- 
cations with these probes. Sulfur donors are weak donors 
toward hydrogen-bonding acceptors. 

Comparison of the ECS’ and B-rr* Approaches. The 
data sets in Tables I and I1 are part of a more extensive 
data base that has been used by Kamlet, Taft, and co- 
workers to derive 0 parameters to treat the specific in- 
teraction and ?r* parameters to treat the nonspecific in- 
teractions in polar solvents.w complete complexation of 
the probe is assumed, and the 0 and ‘R values are empir- 
ically determined by fitting this and other data (pk@’s, A h ,  
AGs) whose trends are determined by essentially elec- 
trostatic interactions. The frequencies in Tables I and I1 
would be calculated with the O-T* model using eq 6. 

Y = &j3p + as*?rp + w (6) 
Using the refined seP of 0 and ?r* values, all of these data, 
including those solvents whose misses in the ECS’ analysis 
are attributed to incomplete complexation, are fit very well 
with equation 6. 

(13) The increesed acceptor strength of the N-H proton of the N-alkyl 
substituent is contrary to the inductive effect of the alkyl groups which 
would came the N-H to be a poorer acceptor. NMR coupliy constanta 
suggest6J4 that nitrogen hybridization is between sp3 and sp in aniline. 
N-Methylation and N-ethylation lead to an increase in the e-character 
toward sp2. An increase in s-character in the 4-nitroaniline system would 
leads to a more favorable contribution from the resonance form 

D d * R  - 
and lead to an increase in the acidity of the proton as observed. 

(14) (a) Axenrod, T.; Pregonsin, P. 5.; Wieder, M. J.; Becker, E. D.; 
Bradley, R. B.; Milne, G. W. A. J. Am. Chem. SOC. 1973,93,6536 and 
referencea cited therein. (b) PaoliUo, L.; Becker, E. D. J. Magn. Res. 1970, 
2, 168. (c) Wasylishen, R. E. Can. J .  Chem. 1976, 54, 533. 

(15) Pyridine appears to be well behaved in these fits. Unfortunately, 
shifta for donors with large CB/EB ratios are not available to determine 

A EA ratio more accurately and confirm the data fit to pyridine. the&;c er, 0. In Correlation Analysis in Chemistry; Chapman, N. B., 
Shorter, J., Eds.; Plenum Press: New York, 1978 Chapter 10. 

- 

(17) The donor solvent hexamethylphoephoramide has not been in- 
cluded in these analyses. This solvent has consistently caused problems 
in spectral correlations involving acceptor molecules, but is well behaved 
when donor probes are studied in donor solventa.’ Toward acceptor 
probes with large EA* and CA* valuea, the deviations are greater than 600 
kK and in the direction of shifting more than calculted. This could arise 
from primary coordination at oxygen with an added contribution to the 
observed shift from specific or nonspecific interaction with the nitrogen 
lone pair. Thie interaction makes a minor contribution to the enthalpies 
of adduct formation becaw this donor is well behaved in enthalpy fits. 
The limited data available make it difficult to rationalize the spectral 
deviations for this donor with confidence. 
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Figure 1. Comparison of the nonspecific solvation parameters 
S’and 17* for donor solvents. The numbering scheme corresponds 
to the numbers listed in Table I of ref 1. The asterisks refer to 
solvents that contain a r-system. The + symbols refer to weak 
donor solvents that are proposed to incompletely complex many 
of the &r* probe molecules. 

The conclusion of incomplete complexation in the ECS’ 
analysis has profound implications on the /3++ parameters. 
In this section, we shall assume incomplete complexation 
occurs in order to examine these implications. Incomplete 
complexation averages incorrect shift data mostly into the 
values of 8. However, when the data for N,N-dialkyl de- 
rivatives are combined with the data for the NH2, NHR, 
and OH systems to provide a best fit, a* accommodates 
some of the error in the a* parameters for weak donor 
solvents. Figure 1 illustrates the differences in the 
treatment of nonspecific solvation with eq 4 and 6. The 
numbering scheme corresponds to that in Table I and uses 
S‘values determined from donor probes in donor solvents.’ 
Those systems in which the probe molecule is thought to 
be incompletely complexed are indicated with a plus sign 
in Figure 1. In all instances, except for dioxane, the points 
fall below the line. The largest deviations occur for the 
most weakly basic solvents where the extent of complex- 
ation is least, i.e., CH3CN and CH3N02. Thus, in the 88-* 
averaging procedures, incomplete complexation is being 
compensated for with a small a* value. This permits a 
larger component of the shift to be fit by the Bparameter. 
Averaging aids in obtaining an excellent fit of the data at 
the cost of making the parameters less meaningful for 
interpreting specific @) and nonspecific (?rc) contributions. 

Solvents that contain an aromatic ring have been in- 
dicated with a star in Figure 1. The measured shifts of 
theae solvents toward the aromatic nitroaniline probes used 
in the 8-a* data set have been shown’ to have a contri- 
bution from charge-transfer complexation, Le., a specific 
donol-acceptor interaction. Fitting this data to a a* value 
attributes these specific interactions to nonspecific inter- 
actions. As seen in Figure 1, in every instance this leads 
to a a* value that is too large when compared to S’. 

The a* values for the remaining systems, which are 
devoid of charge-transfer or incomplete complexation 
complications, fall on the line in Figure 1 and are in ex- 
cellent agreement with the S’values. In order for CH3N02 
and CH&N to be consistent with a*, their S’value would 
have to be 2.6 and 2.2, respectively. These S’values would 
lead to large errors in the fit of most of the nine donor 
probes usedl to derive S’. In order to circumvent misses 
by these solvents in &a* analyses, these solvents are 
claimed% to be hydrogen bonding toward certain probes. 
In the analysis with eq 4, these solvents are well-behaved 

- 3  0 2 2.2 2.4 2 6  2 0  3 
EE+CC 

Figure 2. Plot of the specific donor-acceptor contribution to the 
shift in the electronic absorption spectrum of 3-nitroaniline 
calculated with /%parameters and EB, CB parameters. 

donor solvents showing no tendency to hydrogen bond. 
Thus, not only are there differences in the magnitude of 
the parameters in the two approaches, but most impor- 
tantly, there are differences in the interpretation of the 
chemistry that is taking place in these solvents and in other 
systems where the @-a* parameters have been used on 
weak donors and a solutes for data interpretation. 

In Figure 2, the specific interaction contribution to the 
shift of 3-nitroaniline, calculated with EA*EB + CA*CB, is 
plotted versus that calculated with &&. Again a good 
trend exists for those non-aromatic solvents in which the 
probe is fully complexed. Relative to E and C, the /3 pa- 
rameters of CH,CN, dioxane, diethylether, and di-n-bu- 
tylether underestimate the specific donor acceptor inter- 
action. Thus, incomplete complexation is being averaged 
over both 8 and T* to fit the data. The &JP contribution 
to pyridine is below the trend line to compensate for the 
large u* value that results from charge-transfer complex- 
ation of pyridine with a-probes. Thus, the good fit of the 
data set used to derive 8 and a* is obtained at the expense 
of producing parameters that mask the subtle effects of 
incomplete complexation and charge-transfer interaction. 
The averaging distributes these effects in a complex way 
over both /3 and a*. This analysis does not imply that the 
O-T* parameters will not fit experimental data sets. For 
those systems that fall on the line in Figures 1 and 2, the 
same essential conclusions will result in @8-* and ECS’ 
analyses. When weak donor solvents are employed on new 
systems that also are not fully complexed by the solvent, 
a better fit to &a* than to eq 4 could result. When a- 
solutes are studied in a-solvents, charge-transfer interac- 
tions can lead to a better fit of the data to O-T* than to 
eq 4. However, the full understanding of these systems 
will be lost in the complacency of a good correlation. 

In addition to differences in the estimate of specific and 
nonspecific solvation with the two approaches, differences 
exist in many instances in the interpretation of the chem- 
istry. One example is the unsubstantiated labeling of 
acetonitrile and nitromethane as hydrogen-bonding acids6 
as discussed above. The a* scale correlates poorly with 
the Dimroth-Fbichardt, ET(30), scale,18 and thia has been 
attributed to differences in polarity and polarizability 
contributions to overall solvent effects. The E X  analysis 
attributes the differences in a* values and the Dimroth- 
Reichardt parameters to averaging in incomplete com- 
plexation and charge-transfer effects in the former while 
they are much less important in the latter. In support of 
this conclusion, it is reported” that elimination of aromatic 

(IS) Reichardt, C. Angeur. Chem., Int. Ed. Engl. 19611,4, 29. 
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Figure 3. Comparison of the nonspecific solvation parameters, 
S', with Dimroth-Reichardt's ET(30) scale (kcal mol-'). 

solventa, chlorinated aliphatic solvents, CH3N02, CH&N, 
and (CH&CO lead to a good correlation of ET(30) and +. 
The excellent correlation of ET(30) and S' for all these 
systems, shown in Figure 3, suggests that the problems lie 
with r*. 

The &r* analysis attributes differences in the /3 pa- 
rameters for N-alkyl-3-nitroaniline and 3-nitroaniline to 
the existence of 2:l donor-acceptor adducts in the for- 
mer.6b*c If some of the strong donor solvents formed 2:l 
complexea with 3-nitroaniline and medium donor-strength 
solvents did not, the data would not fit E and C. With 
such a low K for the 1:l adduct of dioxane and with the 
large size of N,N-dimethylacetamide, it is highly unlikely 
that any 2:l adduct would form in these solvents. Fur- 
thermore, both the decrease in partial positive charge and 
probability considerations would lead to a very low K for 
a 2:l adduct. 

A very significant difference in ECS' and P-r* arises in 
those cases where correlations to P-r* give rise to fami- 
ly-dependent properties, i.e., different linear plots for 

C 4 ,  ether, amine, etc. families of compounds. The 
concept of families is foreign to the EC approach and was 
shown to occur with B-r*  when the property correlated 
had larger contributions from covalency than those used 
to derive the parameters.lB This was subsequently rec- 
ognized,20J1 and an additional term was added to fl-r*. 
The analysis in this paper suggests this modification of 
@-.* wil l only provide additional opportunity to average 
in effects not related to specific and nonspecific solvation. 
The enthalpy-based data set, which includes donors and 
acceptors of widely varying covalent and electrostatic 
bonding contributions, fixes the E B  and CB values and 
prevents this from happening in E and C analyses. This 
is evidenced by the fact that the weak donor systems in 
this article cannot be averaged into EA* and CA* for the 
nitroaniline probes. 

In conclusion, the &r* and the ECS' approaches are 
very different. The wider range of donor-amptor systems 
that are accurately correlated in the latter is ita main 
advantage. A broad data base does not permit deviant 
systems to be averaged in, but identiflea them as involving 
unusual effects. It is hoped that this analysis will stimulate 
further research to determine which of these two very 
different interpretations is correct. Is incomplete com- 
plexation an incorrect proposal or does the limited data 
set for &.* average in deviant systems introducing errors 
in the parameters? Using both appmachea in data analysea 
may reveal patterns consistent with those reported here 
and provide more details about the subtle, important, 
interesting chemistry occurring in solution. 

Registry No. p-N02C6H40H, 100-02-7; p-N02C6H4NH2, 
100-01-6; p-N02C6H4NHMe, 100-15-2; p-N02C6H4NHEt, 3665- 
80-3; m-N02C6H4NH2, 99-09-2; m-N02C6H4NHEt, 4319-19-1; 
3,5-(N02)2C6H3NHz9 618-87-1. 
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Various (chloromethy1)silanes undergo Wagner-Meerwein-type rearrangements using a catalytic amount of 
EtAlC12 in dichloromethane. The resulting chlorosilanea have been converted to alkyl(or ary1)silanea with RMgX 
and/or to fluomilanes with NHIHFo. In this way phenyl-, akenyl-, and allyl(chloromethy1)silanea were converted 
to benzyl-, allyl-, and homoallyleilanes, respectively. Attempted rearrangements of methyl-, alkynyl-, and 
furyl(chloromethy1)silanes under these conditions were not successful. 

In general, nucleophilic displacements at silicon in 
R3SiX are considerably more facile than those at carbon 
in RX. We have therefore initiated a program to explore 
the possibility of making carbon-carbon bonds by first 
attaching two organic groups (which might be difficult to 
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join by conventional methods) to silicon and forming the 
carbon-carbon bond in an intramolecular process. The 
silicon, having served as a template, could subsequently 
be removed, or used as a site for further useful reactions. 

Rearrangements of a-substituted organosilicon com- 


