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Equilibrium Constants for the Interconversion of Substituted 
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Abstract: Equilibrium constants for the reactions of ring-substituted 1-phenylethyl alcohols with a series of aliphatic alcohols 
of pKa 12.4-16 to form the corresponding ethers, and for interconversion of the ethers, have been determined in 50:45:5 
HOH/CF3CH20H/ROH (v/v/v), p = 0.5 (NaCIO,), at  25 ‘C. Formation of ethers from the alcohols is favorable, with 
values of K = 3-74; replacement of water by methanol is favored by factors of 50-74. Equilibrium constants increase with 
increasing pKa of the alcohol with values of Peq = a log K/dpKRoH in the range 0.17-0.27. This is attributed to hydrogen 
bonding of the alcohol to the solvent and to an electrostatic interaction between substituents on the alcohol and the aryl group. 
The contribution from hydrogen bonding to the solvent is estimated to be 0 = 0.17; for 90% HOH it is 0.25. An increase 
in 8, with electron-withdrawing substituents on the benzene ring and a complementary increase in pq with electron-donating 
substituents on ROH are described by an electrostatic interaction coefficient 7 = d&/au = apq/apKROH = 0.10 f 0.01. No 
change in 7 for dipole-dipole interactions was observed with increasing water concentration in the range SO-90% (v/v). The 
electrostatic interactions that are described by 7 can cause changes in structure-reactivity parameters, such as p or /3, in the 
absence of changes in transition-state structure. 

Changes in structure-reactivity parameters, such as Hammett 
p or Bransted p values, are  widely used as indicators of changes 
in transition-state structure, as described by Hammond, Marcus, 
and  other^.^^^ Hammett and Bransted slopes are  first derivatives 
of log k, and changes in these slopes are second derivatives. These 
changes in slope are  often estimated from the curvature of 
structure-reactivity correlations, but it is difficult to  distinguish 
changes that represent changes in transition-state structure from 
other changes that arise from different chemical properties of the 
reactants or catalysts that are used for different parts of the curve 
and from other reasons for curvature. I t  is somewhat easier to  
evaluate changes in p or p in one series of reactants when the 
structure of a second reactant is changed. These changes may 
be described by cross coefficients such as  q or pxy (eq l).3*4 

(1) 
a0 aP 

However, cross coefficients can also arise from simple elec- 
trostatic effects that change the energy of the transition state, in 
the absence of any change in the structure of the transition ~ t a t e . ~ . ~  
In fact, Hine has derived the Hammett equation from a treatment 
of electrostatic interactions across a rigid molecular f r a m e ~ o r k . ~ ~ ’  
The  changes in K A B  with changing substituents X, Y, A, and B 
in the reaction of eq 2 may be described by the interaction 

X-N-A + Y-N-B & X-N-B + Y-N-A (2) 

P X Y  = -da = -dpKH, 
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coefficient T (eq 3). The  first-derivative slopes peq and Peq are  

(3) 
obtained from plots of jog K against a or pK with the other 
parameter held constant. The electrostatic interaction coefficient 
is then given by the slopes of plots of eq 4. These electrostatic 

(4) 

interactions can be mistakenly interpreted as evidence for changes 
in transition-state structure, if they have the same sign as  an 
expected change, or can lead to  an underestimation of such 
changes, if they have the opposite s ign3  

The  experiments described here were undertaken to  estimate 
the magnitude of 7 for dipole-dipole interactions of a reaction 
a t  equilibrium in a polar, largely aqueous medium. A knowledge 
of 7 makes it possible to distinguish simple electrostatic interactions 
from structure-reactivity interaction coefficients that arise from 
changes in transition-state structure. 

Experimental Section 
Materials. Reagent grade chemicals, including 2,2,2-trifluoroethanoI 

(TFE) (Aldrich, 99+% “Gold Label”), were generally used without 
further purification; other alcohols were redistilled. The preparation of 
1-phenylethyl derivatives has been described previously.8 All substrates 
were shown to be 298% pure by HPLC analysis. 

Reaction Procedures. Reaction solutions containing HOH/TFE/ 
ROH (50:45:5 v/v/v) at ionic strength 0.5 were prepared by mixing 
equal volumes of aqueous 1 M sodium perchlorate and 9:l (v/v) 
TFE/ROH. The acid concentration was usually adjusted to 0.002-0.01 3 
M with 1 M perchloric acid. Experiments with 4-methoxy-3-nitro- and 
4-methoxy-3-bromo-substituted substrates were run in solutions con- 
taining 0.25 or 0.5 M perchloric acid, which were prepared by replacing 
an appropriate volume of 1 M sodium perchlorate by 1 M perchloric acid. 
Solutions with higher concentrations of water were prepared by replacing 
part of the TFE/ROH by water; the ionic strength was maintained at 
0.5. Substrates were dissolved in acetonitrile, and an aliquot of 550 pL 
was added to 3 mL of reaction mixture to give a final concentration of - 1 mM. The reactions were incubated in a water bath at 25 ‘C .  

Reactions of 1-(4-(dimethylamino)phenyl)ethyl alcohol were carried 
out in 0.025 M 4-morpholinoethanesulfonic acid buffer at a pH in which 
296% of the substrate was shown spectrophotometrically to be in the free 
base form. Reactions of the protonated species were carried out at  an 
apparent pH about 3 units below its apparent pK, of 5 .5 . *  Equilibrium 
constants for the free base species were obtained from the observed 

(8) Richard, J. P.; Rothenberg, M. E.; Jencks, W. P. J .  Am. Chem. SOC. 
1984, 106, 1361-1372. 
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Figure 1. Approach to equilibrium for the reactions of 1-(3-nitro-4- 
methoxypheny1)ethyl alcohol (A) and the corresponding methyl ether (0) 
in HOH/TFE/MeOH (50:45:5) with 0.5 M perchloric acid at 25 "C. 

equilibrium constants for the fully protonated and -96% base species 
by a linear extrapolation of KoM to 100% base. 

The propargyl ethers appeared to be stable under the conditions of the 
reactions, which is consistent with the small rate constant for acid-cat- 
alyzed hydration of 3-he~yne.~ 

Product Analysis. The equilibrium distribution of products was ana- 
lyzed by HPLC as described previously.s Solutions containing 80.1 M 
acid were neutralized with 1 M sodium bicarbonate before analysis. A 
large excess of sodium bicarbonate was added to samples containing 
4-(dimethylamino)-substituted compounds in order to prevent further 
reaction during analysis. In the absence of sufficient base the methyl 
ether is formed during chromatography in methanol-water.s The order 
of increasing retention times for most substrates was alcohol followed by 
2-methoxyethyl, methyl, propargyl, ethyl, 2-chloroethy1, 2,2,2-trifluoro- 
ethyl, 3-chloropropyl, 2,2-dichloroethyl, n-propyl, and n-butyl ethers. The 
product ratios were determined from the integrated peak areas. The 
extinction coefficients of the alcohol and ether products do not differ 
significantly.8 

1 -(4-Methoxyphenyl)ethyl ethyl ether and the corresponding styrene 
were not separated on chromatography. Small amounts of styrene for- 
mation presented a problem because of its high extinction coefficient, 
especially in solvents of high water content. The formation of styrene 
was minimized (to <0.6% of the peak area for the ethyl ether, with which 
it coeluted) by determining equilibrium constants at low acid concen- 
tration. A correction was made for the contribution of styrene to the 
ethyl ether peak, from parallel runs that were carried out in the absence 
of ethanol. Traces of the acetophenone precursor of the alcohol, which 
eluted - 1 min after the alcohol, were identified in some analyses. The 
4-methoxy-3-bromo substrate gave small amounts of unidentified de- 
composition products that increased to 9% of the total peak area after 
equilibrium had been reached and the experiment was terminated. 

The concentrations of substrate ( 1 3  mM) and the injection volumes 
for HPLC were increased for reactions carried out at high concentrations 
of water. It was shown that Beer's law was followed at these substrate 
concentrations. Data from runs in 90% water showed alcoho1:ether ratios 
as large as 50 and increased scatter of replicate determinations of 
equilibrium constants. 

Results 
The equilibrium distribution of reaction products was deter- 

mined for a series of substituted 1-phenylethyl alcohols after 
equilibration in 50:45:5 HOH/TFE/ROH (v/v/v) a t  ionic 
strength maintained a t  0.5 with sodium perchlorate, until all 

(9) Modena, G.; Rivetti, F.; Scorrano, G.; Tonellato, U. J .  Am. Chem. Sor. 
1977, 99, 3392-3395. 
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Figure 2. Dependence on solvent composition of log K ,  for the conversion 
of trifluoroethyl to ethyl ethers of 1-(4-methoxy-3-nitrophenyl)ethyl (0)  
and 1-(4-methoxyphenyl)ethyI (0) ethers. 

product ratios were constant. The  approach to equilibrium of 
1-(3-nitr0-4-methoxyphenyl)ethyl alcohol and its methyl ether is 
shown in Figure 1. Equilibration was catalyzed by dilute per- 
chloric acid, and the equilibrium constants were shown to be 
independent of the acid concentration in several cases. The 
equilibrium constants K,, K2,  and K3 for the reactions of eq 5-7 
were calculated from the ratio of peak areas of the phenylethyl 
derivatives, after HPLC analysis of the equilibrated solutions, and 
the concentrations of ROH and HOH. The  results a re  reported 
in Table I. 

CH3 c H3 

(51 
I I 

I I 

I Ai I 

X-Ar-C-OH t ROH & X-Ar-C-OR t HOH 

H H 

CH3 CH3 

X-Ar-C-OH + CF3CH20H $ X-Ar-C-OCH2CF3 t HOH 
I I 
I 
H 

I 
H (6 )  

C H I  CH3 
I K3 I 
I 

X-Ar-C-OCH2CF3 t ROH X-Ar-C-OR t CF3C&OH 

(7) 

A limited series of results from determinations in 90:9:1 
HOH/TFE/ROH (v/v/v) are  given in Table 11. These data are  
less accurate than those from experiments in 50:45:5 HOH/ 
TFE/ROH because of the small concentration of ether products 
and the resulting large ratios of peak areas in HPLC analysis; 
however, they confirm the trends of the data in Table I .  Figure 
2 shows the effect of increasing water concentration on the 
equilibrium constant K ,  for the reaction of ethanol with 1-(4- 
methoxy-3-nitropheny1)ethyl and 1-(4-methoxyphenyl)ethyl tri- 
fluoroethyl ethers. 

Discussion 
Figure 3 illustrates the 

dependence of the equilibrium constants K ,  and K3 (X = 4-NH- 
(CH,),') on the pK, of the alcohol, R O H .  These equilibrium 
constants describe the replacement of the OH and O R  groups of 
1-(4-(dimethylammonium)phenyl)ethyl alcohol and its tri- 
fluoroethyl ether by a series of aliphatic alcohols (eq 5 and 7 ) .  
The  reactions a re  favored by increasing basicity of the alcohol. 
Brersted slopes of p = 0.25 for K ,  and 0.26 for K3 were calculated 
from the data for ethanol and 2-methoxy-, chloro-, dichloro-, and 
trifluoroethanol. Methanol and propargyl alcohol show positive 
deviations from this correlation of 2.5-fold and 3.7-fold, respec- 
tively, which presumably arise from less favorable steric effects 
or internal rotational entropy in the ethers formed from substituted 

H H 

Structure-Reactivity Correlations. 
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Figure 3. Dependence on pKRoH of log K I  and log K ,  for the formation 
of 1-(4-(dimethy1ammonium)phenyl)ethyl ethers in HOH/TFE/MeOH 
(50:45:5), ionic strength 0.5 (NaCIO,), at 25 OC. The squares represent 
equilibrium constants for the addition of propargyl alcohol and methanol. 

ethanols. Space-filling molecular models show some restriction 
to rotation of the terminal methyl group in 1-phenylethyl ethyl 
ether; a AT interaction with the benzene ring may also stabilize 
the propargyl ether. Similar, but smaller, deviations of the rate 
constants for reactions of these alcohols or their anions have been 

The results for 1-(3-nitro-4-methoxyphenyl)ethyl 
alcohol (Table I) are very similar and give values of @ = 0.26 for 
KI  and /3 = 0.27 for K 3 .  

The Brmsted slopes of /3 = 0.25-0.26 may be explained by 
relatively strong hydrogen bonding of the more acidic alcohols 
to the solvent, which is lost when the ether is formed, and by an 
unfavorable electrostatic interaction of electron-withdrawing 
substituents on the alcohol with the electron-withdrawing benzene 
ring and its 4-dimethylammonium ion substituent. Both of these 
effects are expected to make the equilibrium addition of acidic 
alcohols less favorable. The contributions to p of the electrostatic 
interactions with the substituent and the benzene ring are  ap- 
proximately 0.06 and 0.03, respectively,'* which gives a value of 
/3 = 0.26 - 0.09 = 0.17 for breaking the hydrogen bonds of R O H  
to the solvent. The /3 values in the 90% aqueous solvent, from 
the data in Table 11, are larger by an average of 0.08. This gives 
a value of p = 0.25 for breaking the hydrogen bonds of alcohols 
to this solvent. The data collected by Guthrie for replacement 
of the O H  group of aldehyde hydrates and related compounds 
by ethanol or methanol in aqueous solution give a value of p = 
0.25, for substituents on the carbonyl group.', 

Electron-withdrawing substituents on the benzene ring have 
little or no effect on the equilibrium constants K ,  for formation 
of the methyl and ethyl ethers from 1-phenylethyl alcohols, as 

~~ ~ ~~ 

( I O )  Richard, J. P.; Jencks, W. P. J .  Am. Cfiem. SOC. 1984, 106, 

(11) Hupe, D. J.; Jencks, W. P. J .  Am. Cfiem. SOC. 1977, 99, 451-464. 
(12) I t  is shown below that T = a(3/au = 0.10 for substituents on the 

benzene ring. The contribution of the 4-NH(CH3)*+ group is then Ab = TAU 
= O.lO(0.56) = 0.06. The electrostatic effect of the benzene ring may be 
estimated from the substituent effect for the Ph group, by correcting for the 
fact that it is closer to the alcohol than the substituents for which T = 0.10. 
Taking an attenuation factor for the benzene ring of 0.34, based on the p 
values for ionization of ArPhCOOH and ArCOOH (ref 7, p 162) and u" = 
0.10 for Ph (ref 7, p 72), the increase in (3 that may be attributed to the 
electron-withdrawing effect of the benzene ring is A(3 = TAU = 0.10(0.10/ 
0.34) = 0.03. 

(13) Guthrie, J. P. Can. J.  Cfiem. 1975,53, 898-906. Guthrie, J. P. J.  Am. 
Cfiem. SOC. 1977, 99, 3991-4001. The equilibrium constants close to 1 .O M-' 
for the reactions of hydrates with MeOH or EtOH are based on a standard 
state of 1.0 for liquid water and correspond to values of K, - 55 for the 
dimensionless equilibrium constants described here. 
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Figure 5. Dependence on PKR~H of log KAB for the interconversion of 
substituted 1-arylethyl ethers. The aryl substituents are X = 4- 

OCH, (A); and X = 4-OCH3-3-N02, Y = 4-N(CH3), (0) .  The lines 
were calculated by least squares. The line of zero slope, for a reaction 
with X = Y and no interaction coefficient, is included for reference. 

shown in Figure 4. However, ether formation is less favorable 
when electron-withdrawing substituents are  added to both the 
aliphatic alcohol and the 1-arylethyl compound. The same trend 
is observed with the more limited data for formation of the n-butyl, 
3-chloropropyl, and propargyl ethers and with the equilibrium 
constants K3 for interconversion of substituted 1 -phenylethyl ethers 
(Table I) .  There is a small but consistent increase in the equi- 
librium constants for ether formation from 1-(4-(dimethyl- 
amm0nium)phenyl)ethyl alcohol compared with the 4-methoxy- 
3-nitro compound. This is a specific effect on the replacement 
of O H  by O R  because these substituents have almost identical 
effects on the equilibrium constants for interconversion of ethers 
(K3 ,  Table I). The closely similar effects of these substituents 
support the assignment of 0" = 0.56 for the 4-NH(CHJ2+ group,14 
which is close to Ean = 0.71 - 0.13 = 0.58 for the 4-methoxy- 
3-nitro substituents (Table 111). 

Structure-Reactivity Interactions. The interaction between polar 
substituents on the aliphatic alcohol and the phenylethyl alcohol 
may be described by the equilibrium constants KAB for inter- 
conversion of ethers with substituents in both positions, eq 8. When 
X is more electron withdrawing than Y the values of KAB increase 
with increasing pK, of the alcohol and plots of log KAB against 
pKRoH have slopes in the range 0.01-0.08. Figure 5 shows that 
for the systems X = 4-OCH3-3-N02,  Y = 4-N(CH3)* and X = 

OCH3-3-NO2, Y = 4-NH(CH3)2+ (m); X = 4-NH(CH,),', Y = 4- 

(14) Hoefnagel, A. J.; Hoefnagel, M. A,; Wepster, B. M .  J .  Org. Cfiem. 
1978, 43, 4720-4745. 
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I I 
4-NH(CH3)2+, Y = 4-OCH3, the slopes are /3 = 0.08 and 0.04, 
respectively. There is little or no change in KAB for X = 4- 
OCH3-3-N02,  Y = 4-NH(CH3)2+, which have almost identical 
values of xu" (squares, Figure 5). 

Brcansted plots of log K, and log K3 for the interconversion of 
1 -arylethyl alcohols and ethers with different aliphatic alcohols 
have slopes, p1 and p3, in the range 0.17-0.27. Values of p and 
p are summarized in Table 111. Figure 6A shows that the PI and 
p3 values increase regularly with increasing un for substituents 
on the 1-arylethyl ether. The slope of this line, 7, is the interaction 
coefficient that describes the polar interaction between substituents 
on the benzene ring and the aliphatic alcohol (eq 4). The value 
of 7 is 0.10 f 0.014 ( r  = 0.982) for PI and 0.10 * 0.004 ( r  = 
0.998) for p3; the limits refer to the standard error. 

There is a complementary increase in -pl and p3 for the in- 
terconversion of different substituted 1-arylethyl ethers with in- 
creasing ApK, of the aliphatic alcohols (eq 4), as shown in Figure 
6B. The correlation is less good than that for the p values, but 
the increase with increasing alcohol basicity is certainly present. 
The slopes of the lines are 7 = 0.081 f 0.019 ( r  = 0.883) for -pl 
and T = 0.088 f 0.016 ( r  = 0.927) for p 3 .  The same trend is 
followed by the limited data for 3-chloropropyl and n-butyl alcohols 
in Table I .  

The slopes, /3, of the two upper correlation lines of log KAB and 
pK, in Figure 5 ,  divided by A x o n ,  give values of 7 = 0.1 1 and 
0.06, respectively. 

There is no indication of an effect of the composition of these 
highly polar solvents on T for dipoledipole interaction in the range 
50-90% H 2 0 / T F E  (v/v). The values of K3 for the substitution 
of ethanol for trifluoroethanol increase over this range for both 
the 4-OCH3 and the 4-OCH3-3-N02 substituted phenylethyl 
ethers, as shown in Figure 2, but the ratio of the two equilibrium 
constants does not change significantly; the ratio is 1.7 in the 50% 
and 90% solutions. The increase of K3 may be accounted for by 
the relatively strong hydrogen bonding of the released trifluoro- 
ethanol to the more basic water molecules in the more aqueous 
solvent. 

The values of K, for substitution of OEt for O H  decrease by 
factors of 2-3 when the water concentration is increased from 50% 
to 90% (Table 11). This represents a relative destabilization of 
the phenylethyl ether and H O H  relative to the phenylethyl alcohol 
and R O H  with increasing water content of the solvent. The 
activity coefficients for simple ethers, alcohols, and water also 
indicate larger destabilization of ethers in water than might be 
expected from the stabilities of the reactants.ls The reason for 
this behavior is not clear to us. It does not represent an increase 
in the activity coefficient for water with increasing water con- 
centration, because water-trifluoroethanol mixtures show positive 
deviations from Raoult's law.16 

There is a larger decrease in K2 with increasing water content 
(Table 11) that presumably reflects the strong hydrogen bonding 
of trifluoroethanol to water that was noted above. Another 
consequence of this stabilization of trifluoroethanol is an increase 
in the p values for Kl  and K, by 0.06-0.09 units; the values of 
p for Kl  in the 90% aqueous medium are 0.28, 0.31, and 0.35 (2 
points) for the 4-OCH3, 4-NH(CH3)2+,  and 4-OCH3-3-N02 
substituted compounds, respectively. Although the data are in- 
sufficient for a definite conclusion, the smaller difference in p of 

(15) Hine, J.; Weimar, R. D., Jr. J .  Am. Chem. Soc. 1965,87,3387-3396. 
(16) Smith, L. S.; Tucker, E. E.; Christian, S. D. J .  Phys. Chem. 1981, 

85, 1120-1126. 
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Figure 6. Dependence of p, (0) and p3 (0)  on 6" (A) and - p ,  (0) and 
p3 (0)  on pKRoH (B) for the formation of 1-arylethyl ethers. 

0.03 for the 4-OCH3 and 4-NH(CH3)2+ substituents compared 
with 0.06 units in the 50% aqueous medium suggests that the 
charge-dipole interaction may be smaller in the more aqueous 
medium. Charge-dipole and dipole-dipole interactions are ex- 
pected to show differences in behavior, which may be solvent 
dependent .I4J7 

Comparison with Other Interactions. Electrostatic interactions 
will perturb structure-reactivity coefficients that are used to 
characterize a transition state, in the absence of any change in 
transition-state structure. The resulting changes in structure- 
reactivity coefficients might be mistakenly interpreted as evidence 
for a change in transition-state structure. In the addition of 
alcohols to substituted 1-phenylethyl carbocations, for example, 
a value of T = ap/au = ap/apKRo, = 0.10 means that an 
electron-withdrawing group on Ar (increased u) will interact with 
an electron-donating group on the alcohol (increased pK,) to 
stabilize the transition state, 1, and increase log k. This will result 

8 +  6 +  
\ 

R-0 . * *  C-Ar 
H /  

1 

in an increased sensitivity of kobsd to the pK, of the alcohol, &,, 
= a log k /a  PKROH, with the electron-withdrawing substituent on 
the electrophile, u2, in the absence of any change in transition-state 
structure, as shown by the arrow in Figure 7. 

In fact, the reaction of substituted alcohols with these carbo- 
cations shows a normal "Hammond effect", with a decrease in 
p,,, for the more reactive cations that have electron-withdrawing 
substituents. This decrease may be described by the interaction 
coefficient pyy = ap,,,/-au = ap/-d pKRoH = 0.1. This is in the 
opposite direction from the electrostatic effect ( T  and puu, are 
defined with opposite signs). It suggests that the transition state 
for the more reactive carbocation has less bonding and charge 
development on the oxygen atom of ROH.l0 Correction for the 

(17) van de Graaf, B.; Hoefnagel, A. J.; Wepster, B. M .  J .  Org. Chem. 
1981, 46, 653-657. 
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Table I. Equilibrium Constants for the Interconversion of Substituted 1-Phenylethyl Alcohols and Ethers in H,O/TFE/ROH (50:45:5 v / v / v ) ~  

phenyl phenyl 
substituent ROH K ,  K2 K3 substituent ROH Kl 

4-OCH3-3-NO2 EtOH 30 3.2 9.5 4-OCH3 EtOH 36 
31 3.4 8.9 35 

CH,OEtOH 17 3.5 4.8 
17 3.6 4.6 

ClEtOH 13.2 3.3 4.0 
15 3.9 3.8 

C1,EtOH 5.7 3.6 1.6 
MeOH 55' 3.5b 16b 

49 3.1 16 
HC=CCH,OH 22 3.1 7.1 

26 3.5 7.5 
CFSCH20H 3.4 3.4 1 .o 

4-NH(CH3)zt EtOH 

CHjOEtOH 

ClEtOH 

CIIEtOH 
MeOH 
HC=CCH,OH 

CF3CH20H 

38 4.1 9.2 
36 4.6 7.7 
41 5.0 8.2 
36 4.7 7.7 
38 4.2 9.0 
24 4.7 5.2 
22 4.4 4.9 
21 4.7 4.5 
17 4.9 3.6 
16 4.6 3.6 
16 5.1 3.1 
8.2 5.2 1.6 4-N(CH3),' 

72 4.9 15 
38 4.7 8.0 
37 5.1 7.3 
42 4.8 8.8 
43 4.8 9.1 
35 5.1 6.9 
40 5.0 8.0 
38 5.0 7.7 
4.8 4.8 1 .o 

38 
37 
34 
38 

20 
20 
17 
18 
20 

ClEtOH 19 
16 
17 
19 

CHjOEtOH 21 

ClZEtOH 10 
9.3 

MeOH 
HCECCH~OH 

CFjCH20H 

EtOH 

CH,OEtOH 

ClEtOH 

MeOH 

Butanol 

63 
37 
38 
40 
37 
6.6 

36 
34 
3 7d 
20 
21 
18 
20 
76 
12 
43 
46 

K2 
7.1 
6.8 
6.9 
6.3 
6.3 
6.9 
6.4 
6.6 
6.6 
5.9 
6.5 
6.5 
6.7 
6.6 
6.7 
6.8 
7.0 
7.2 
6.3 
6.3 
6.4 
7.0 
6.8 
6.6 

8.7 
8.1 
8.1d 
8.1 
8.6 
8.6 
8.8 
8.2 
7.5 
9.2 
9.7 

- 

CF3CHzOH 8.5 8.5 

4-OCH3-3-Br EtOH 37 5.6 
33 5.0 

MeOH 59 5.0 
60 5.2 

CF,CH,OH 5.2 5.2 

K? 
5.1 
5.2 
5.6 
5.8 
5.4 
5.6 
3.2 
3.1 
3.1 
2.9 
2.8 
3.0 
2.8 
2.4 
2.6 
2.8 
1.4 
1.3 

10 
5.9 
5.9 
5.7 
5.4 
1 .o 
4.1 
4.2 
4.5d 
2.5 
2.5 
2.1 
2.2 
9.2 
9.5 
4.6 
4.8 
1 .o 
6.7 
6.6 

12 
11 

1 .o 
At 25 O C ,  ionic strength 0.5 maintained with sodium perchlorate. b This reaction was started with 1-(4-methoxy-3-nitrophenyl)ethyl methyl 

ether. 'In 0.025 M 4-morpholinoethanesulfonic acid buffer. 0.050 M buffer. 

transition state than in the product; a correction for this might 
be made from an estimate of the small difference in C-0 bond 
lengths in the transition state and the product and the appropriate 
attenuation factor for polar substituent effects.I8 

It is of particular interest to compare this value of 7 to 7' for 
the formation of hydrogen bonds between solutes according to 
eq 9 and 10, as described by Hine.I9 A value of 7' = 0.024 was 

L I I I I I 
P K R O H  estimated for methanol, but a smaller value might be expected 

for an aqueous solvent. This coefficient differs from that for 
1-arylethyl ethers in that pK, values rather than u were used as 
measures of the polar effects of the substituent, and the molecular 

Figure 7. Schematic Bransted plot to show how an electron-withdrawing 
group (u2)  on the electrophilic reagent can increase p,,, for the addition 
of substituted alcohols, as indicated by the arrow, by a favorable elec- 
trostatic interaction with an electron-donating group in the alcohol. 

electrostatic contribution gives a value of pyf  = 0.2 for the change 
in p,,, that is attributed to an increase in bond formation in  the 
transition state. A more accurate correction would be slightly 
smaller because of the larger distance between the dipoles in the 

(18) The C-0 bond length has been estimated to be 0.2-0.4 A longer in 
the transition state than in the product for the addition of water to form- 
aldehyde (Williams, I .  H.; Spangler, D.; Femec, D. A.; Maggiora, G. M.;  
&howen, R,  L, J ,  A ~ ,  Chem, sot. 1983, 105, 31-40), 

(19) Hine, J. J .  Am. Chem. SOC. 1972, 94, 5766-5111. 
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that the development of charge at  position a of 1-arylethyl ethers, 
2, may be measured by ApK = 1.1 Au. This gives T = 0.1 O/ 1.1 

a ’  a , b  

Table 11. Equilibrium Constants for Interconversion of Substituted 
1-Phenylethyl Alcohols and Ethers in H20/TFE/ROH 
(90:9: 1 v/v Jv)‘? 

phenyl 
substituent ROH KI K ,  K, 

4-OCH3 

4-NH(CH3)2+ 

4-OCH3-3-NO2 

EtOH 

CH3OEtOH 

ClEtOH 

CI2EtOH 

MeOH 
CH3CH2CHzOH 

ClEtOH 

MeOH 

13 1.2 11  
14 1.4 10 
10 1.4 7.2 
9 1.2 7.6 

14 1.4 9.6 
13 1.5 8.8 
7.4 1.5 4.8 
6.6 1.6 4.2 
8.1 1.6 5.1 
2.3 1.5 1.6 
2.9 1.5 1.8 

24 1.3 18 
12 1.7 7.0 
11 1.4 7.5 
13 1.4 9 
13 1.3 11 
14 1.2 11 
1.4 1.4 1.0 

12 1.1 11  
12 1.1 11  

9.5 1.0 9.4 
9.2 1.0 9.1 
6.1 1.1 5.4 
6.0 1.1 5.7 

22 1.0 22 
23 1.1 21 
8.7 1.1 7.7 

11 1.1 9.8 
1.1 1.1 1.0 

13 0.7 18 
CFSCH20H 0.7 0.7 1.0 

‘At 25 ‘C, ionic strength maintained at 0.5 with NaCIO,. 

Table 111. Structure-Reactivity Parameters for K ,  and K3a 
phenyl 

substituent Z U n b  P ’ q u i l  S ’ q u i l  

4-N(CHA -0.22 0.17 0.18 .. 

4-OCH3 -0.13 0.20 0.20 
4-OCH3-3-Br 0.26 0.23 0.23 
4-NH(CH3)2+ 0.56‘ 0.25 0.26 
4-OCH3-3-NO2 0.58 0.26 0.27 

ROH PKad P ‘ q u i l  p ’ q u i l  

EtOH 16.0 -0.02 0.35 
MeOH 15.5 -0.08 0.26 
CH3OEtOH 14.8 -0.03 0.33 
ClEtOH 14.3 -0.10 0.26 
HCGCCH2OH 13.6 -0.14 0.15 
CI2EtOH 12.9 -0.22 0.11 
CF3CH,0H 12.4 -0.37 0 

“In H20/TFE/ROH (50:45:5 V/V/V) at 25 ‘C, ionic strength 0.5 
maintained with sodium perchlorate. Calculated from the original 
data, using three significant figures. Reference 7, pp 66-72. 
CReference 14. The contribution of the Bjerrum field term, aB, is small 
at p = 0.5 and is neglected. “Ballinger, P.; Long, F. A. J .  Am. Chem. 
SOC. 1959, 81, 1050-1053; 1960, 82, 795-798. 

framework of the two systems is different. The two coefficients 
may be compared in two ways. 

(1) The pu and /3-pKa scales may be interconverted by using 
the value of p = 1.1 for the acid dissociation of trifluoroaceto- 
phenone hydrates20 and protonated benzylamines21 This shows 

(20) Stewart, R.; Van der Linden, R. Can. J .  Chem. 1960,38, 399-406. 

i l  
I 

a b 

1 1  
X-Ph-6-0-R-Y X-B.0 H-A-Y 

I 3 
2 

= 0.09 for this system if the polar substituents X are calibrated 
by their effects on charge development at  position a as measured 
by pK,. The effects of polar substituents Y are calibrated by the 
pKa of the alcohol YROH,  which is a measure of charge devel- 
opment a t  position b of 2. 

The effects of polar substituents on the stability of hydrogen 
bonds are calibrated by their effects on charge development at  
positions a and b of 3, as measured by the pKa values of Y A H  
and XB. The positions a and b in a hydrogen bond are separated 
by 2.8-3.0 A, which is approximately twice the C-C bond distance 
of 1.54 A.22923 The attenuation factor for dipole-dipole inter- 
actions is not known, but a value of 0.4 may be estimated from 
a value of 0.5 for pole-dipole interactions and an equation de- 
scribed by Hine, using exponents of 3 and 2, respectively, for the 
dependence of the two kinds of interactions upon distance.24 This 
gives a corrected value of T = 0.4 X 0.4 X 0.09 = 0.014, which 
may be compared with an estimated value of T = 0.01325 and a 
measured value of T = 0.014 for hydrogen bonding in water.26 
The agreement is better than might have been expected, in view 
of the approximations in the calculation. 

(2) The p value for the effect of substituents X on charge 
development a t  position a of 1-arylethyl ethers, 2, may be con- 
verted to the P-pK, scale by using values of p = 2.7 for the 
dissociation of phenols in 49% EtOH, p = 2.5 for thiophenols in 
49% EtOH, and p = 3.0 for anilinium ions in 50% ethan01.~’ A 
value of p = 2.7 gives ApK = 2.7Aa and T = 0.10J2.7 = 0.037, 
based on the pK, scale. In 1-arylethyl ethers the interacting groups 
are separated by the covalent C - 0  bond, 1.43 A.23 Correction 
for the additional 1.37-1.57 A separation in the hydrogen bond, 
using the fall-off factor of 0.4 for the 1 S4-A distance of the C-C 
bond, gives T = 0.015. This agrees with the above estimate. 

Water vs. Alcohols. The replacement of water by an alcohol 
in the 1-phenylethyl system at equilibrium is favored by large 
factors of 52-74 for methanol and 30-37 for ethanol (Table I). 
Similar factors of up to 73 for methanol and 47 for ethanol favor 
the rate constants for addition of alcohols compared with water 
to 1-arylethyl carbocations, although the selectivity decreases with 
increasing reactivity of the carbocation.I0 Analogous behavior 
has been observed for many other systems, but the differences 
are  usually smaller when electron-withdrawing substituents are  
present in the compound undergoing sub~titution.’~ For example, 
replacement of water by alcohol in pyridine-4-aldehyde hydrate 
is favored by 20-fold for methanol and 10-fold for ethanol.28 In 
the 1-phenylethyl system the behavior of water is not very different 

(21) Blackwell, L. F.; Fischer, A.; Miller, I .  J.; Topsom, R. D.; Vaughan, 

(22) Pimentel, G. C.; McClellan, A. L. “The Hydrogen Bond”; W. H. 
J. J .  Chem. SOC. 1964, 3588-3591. 

Freeman and Co.: San Francisco. 1960: D 289. 
(23) Hine, J. S. ‘Physical Organic Cgemistry”, 2nd ed.; McGraw-Hill: 

New York. 1962: D 28. 
(24) The aver& attenuation factor for a CH2 group is 0.53, based on 

ionization constants of substituted phenylacetic and phenylpropionic acids in 
10, 50, and 75% ethanol and rate constants for alkaline hydrolysis of the 
corresponding ethyl esters (Hoefnagel, A. J.; Wepster, B. M. J .  Am. Chem. 
SOC. 1973,95,5357-5366). Conversion from a pole-diple to a dipole-dipole 
interaction gives an attenuation factor of 0.39, using an equation proposed by 
Hine (ref 7, p 96). 

(25) Funderburk, L. H.; Jencks, W. P. J .  Am. Chem. SOC. 1978, 100, 

( 2 6 )  Stahl, N.; Jencks, W. P., in preparation. 
(27) Wells, P. R. Chem. Reu. 1963.63, 171-219. The dielectric constants 

of ethanol and trifluoroethanol are almost identical (Mukherjee, L. M.; 
Grunwald, E. J .  Phys. Chem. 1958, 62, 131 1-1314). Ehrenson, S.; Brownlee, 
R. T. C.; Taft, R. W. Prog. Phys. Org. Chem. 1973, 10, 1-80, 

(28) Sander, E. G.; Jencks, W. P. J .  Am. Chem.Soc. 1968,90,6154-6162. 

6708-6714. 
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from that of trifluoroethanol for both ratel0 and equilibrium 
constants; at  equilibrium the trifluorcethyl ether is only 3-9 times 
more stable than the alcohol in the 50% aqueous solvent and is 
equally stable in 90% water. 

This behavior may be described in terms of a relatively large 
carbon basicity of RO- compared with HO-.I5 The reason for 
this is not clear to  us, although it is possible that dispersion 
interactions stabilize the ether compared with the phenylethyl and 
aliphatic alcohols. It is not simply a hydrophobic effect, because 
ether formation is less favorable when the water content of the 
solvent is increased (Tables I and 11). I t  is conceivable that it 
involves solvophobic interactions with both the fluorocarbon 
component of the solvent29 and water. 

Registry No. EtOH, 64-17-5; CH30(CH2)20H, 109-86-4; Cl(C- 
H2),0H, 107-07-3; CI2CHCH20H, 598-38-9; MeOH, 67-56-1; HC= 
CCH20H, 107-19-7; CF3CH20H, 75-89-8; Me2N-p-C6H4CH(OH)- 

23-8; CI(CH2),0H, 627-30-5; Me2N-p-C6H4CH(CH3)OEt.HC104, 
94670-03-8; Me2N-p-C6H4CH(CH3)0(CH2)20Me.HC104, 94670-05-0; 
Me2N-p-C6H4CH(CH3)O(CH2)2Cl.HC104, 94670-07-2; Me2N-p- 
C6H4CH(CH3)OCH2CHC12.HC104, 94670-09-4; Me2N-p-C6H4CH- 

CH,.HCIO,, 94670-01-6; CH,(CH,),OH, 71-36-3; CH,(CH2)20H, 7 1- 

1985, 107, 1346-1351 

(29) Hildebrand, J. H.; Scott, R. L. “The Solubility of Nonelectrolytes”, 
3rd ed.; Reinhold: New York, 1950; p 454. 

(CH3)OMe.HC10,, 94670- 1 1-8; Me2N-p-C6H4CH(CH3)OCH2=CH. 
HCIO,, 94670- 13-0; Me2N-p-C6H4CH(CH3)O(CH2),CH3.HC1O4, 
94670-1 5-2; Me2N-p-C6H,CH(CH3)O(CH2)2CH3~HC104, 94670-1 7-4; 
Me2N-p-C6H4CH(CH3)O(CH2)3cl.HC104, 94670-19-6; MeO-p- 
C6H4CH(CH3)OH, 33 19-15-1; MeO-p-C6H4CH(CH,)OEt, 67233-95-8; 
MeO-p-C6H4CH(CH3)O(CH2)20Me, 94670-20-9; MeO-p-C6H4CH- 
(CH3)O(CH2)2CI, 94670-21-0; MeO-p-C6H4CH(CH,)OCH2CHC12, 
94670-22-1; MeO-p-C6H4CH(CH3)OMe, 77525-91-8; MeO-p- 
C6H4CH(CH3)OCH2C=CH, 94670-23-2; MeO-p-C6H,CH(CH3)O- 
(CH,),CI, 94670-24-3; Me,N-p-C6H4CH(CH,)OH, 5338-94-3; Me2N- 
p-C6H4CH(CH3)OEt, 94670-02-7; Me2N-p-C6H,CH(CH,)O- 
(CH,),OMe, 94670-04-9; Me2N-p-C6H4CH(CH3)O(CH2)2C1, 94670- 
06-1; Me2N-p-C,H,CH(CH,)OMe, 94670-10-7; Me2N-p-C6H,CH- 
(CH3)0(CH2),CH,, 94670-14-1; Me2N-p-C6H4CH(CH,)OCH2CF3. 
HC104, 94670-30-1; MeO-p-C6H,CH(CH3)OCH2CF3, 94670-31-2; 
Me2N-p-C6H4CH(CH3)OCH2CF3, 94670-29-8; 1 -(4-methoxy-3-nitro- 
phenyl)ethanol, 67223-02-3; 1-(4-methoxy-3-nitrophenyI)ethyl ethyl 
ether, 94669-95-1; l-(4-methoxy-3-nitrophenyl)ethyl 2-methoxyethyl 
ether, 94669-96-2; 1 -(4-methoxy-3-nitrophenyl)ethyl 2-chloroethyl ether, 
94669-97-3; 1 -(4-methoxy-3-nitrophenyl)ethyl 2,2-dichloroethyl ether, 
94669-98-4; 1-(4-methoxy-3-nitrophenyl)ethyl methyl ether, 94669-99-5; 
1-(4-methoxy-3-nitrophenyl)ethyl prop-2-yn-1-yl ether, 94670-00-5; 3- 
bromo-a-methyl-4-methoxybenzenemethanol, 94670-25-4; 1 -(3-bromo- 
4-methoxyphenyl)ethyl ethyl ether, 94670-26-5; 1-(3-bromo-4-methoxy- 
pheny1)ethyl methyl ether, 94670-27-6; 1-(4-methoxy-3-nitrophenyI)ethyl 
2,2,2-trifluoroethyl ether, 94670-28-7; 1-(3-bromo-4-methoxyphenyl)- 
ethyl 2,2,2-trifluoroethyl ether, 94670-32-3. 

Preparation and Dimerization of 1,2,4,6-Thiatriazinyl 
Radicals: Crystal and Molecular Structure of 
Bis( 3,5-diphenyl- 1,2,4,6-thiatriazine) 
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Abstract: The reduction of Ph2C2N3SC1, prepared from the reaction of benzamidine with S3N3C13, with triphenylantimony 
yields the 3,5-diphenyl- 1,2,4,6-thiatriazinyI radical Ph2C2N,S-, whose ESR signal in CH2CI2 consists of a seven-line pattern 
with equal hyperfine coupling constants to all three nitrogen atoms (aN = 0.397 mT, g = 2.0059). In the solid state the radical 
forms a dimer, whose crystal structure has been determined by X-ray diffraction. Crystals of (Ph2C2N3S), are triclinic, space 
group Pi, a = 8.894 (3) A, b = 11.058 (3) A, c = 12.814 ( 5 )  A, CY = 81.76 (2), p = 86.75 (3), y = 76.00 (2)’, V = 1209.9 
A), and Z = 2. The structure was solved by direct methods and refined by Fourier and full-matrix least-squares techniques 
to give a final R = 0.050 and R, = 0.056 for 1125 reflections with I > 20I. The solid-state structure of the dimer consists 
of a pair of cofacial Ph2C2N3S rings with a dihedral angle of 14’ between their respective mean planes. The closest interring 
contact is between two sulfur atoms (2.666 (3) A). The electronic structures of the radical and the dimer are discussed in 
the light of MNDO molecular orbital calculations on related model compounds. 

The possibility of emulating the electronic properties of the 
(SN), polymer2 by incorporating carbon atoms into conjugated 
sulfur-nitrogen chains has provided a stimulus for research in 
organothiazyl chemistry. As  a result the preparation and char- 
acterization of a variety of novel heterocyclic thiazyl compounds 
have recently been In principle a t  least these com- 

(1 )  (a) University of Guelph. (b) University of Arkansas. 
(2) For a review of the physical properties of the (SN), polymer, see: 

Labes, M.; Love, P.; Nichols, L. F. Chem. Rev. 1979, 79, 1. 
(3 )  (a) Koenig, H.; Oakley, R. T. J .  Chem. SOC., Chem. Commun. 1983, 

73. (b) Codding, P. W.; Koenig, H.; Oakley, R. T. Can. J .  Chem. 1983, 61, 
1562. 

(4) Ernst, E.; Hollick, W.; Rihs, G.; Schomburg, D.; Shoham, G.; Wenkert, 
D.; Woodward, R.  8. J .  Am. Chem. SOC. 1981, 103, 1540. 

(5) Maclean, G. K.; Passmore, J.; Schriver, M. J.; White, P. S.; Bethell, 
D.; Pilkington, R. S.; Sutcliffe, L. H. J .  Chem. Sor., Chem. Commun. 1983, 
807. 

pounds combine the structural stability of carbocyclic x systems 
with the interesting redox properties of sulfur-nitrogen linkages. 
In this latter context the generation of planar ring systems which 
can exist in a variety of stable oxidation states (cation, anion, and 
radical) is a particularly appealing target. The importance of such 

(6 )  (a) Daley, S. T. A. K.; Rees, C. W.; Williams, D. J. J .  Chem. SOC., 
Chem. Commun. 1984, 55. (b) Daley, S. T. A. K.; Rees, C. W.; Williams, 
D. J .  J .  Chem. SOC., Chem. Commun. 1984, 57.  

(7) Vegas, A,; Perez-Salazar, A,; Banister, A. J.; Rey, R. G. J .  Chem. SOC., 
Dalton Tians. 1980, 1812. 

(8) (a) Boutique, J. P.; Riga, J.; Verbist, J. J.; Delhalle, J.; Fripiat, J .  G.; 
Andre, J. M.; Haddon. R. C.: Kaplan, M. L. J .  Am. Chem. SOC. 1982, 104, 
2691. (b) Haddon, R. C.; Kaplan; M. L.; Marshall, J. H. J .  Am. Chem. SOC. 
1978, 100, 1235. (c) Kaplan, M. L.; Haddon, R. C.; Schilling, F. C.; Mar- 
shall, J .  H.; Bramwell, F. B. J .  Am. Chem. SOC. 1979, 101, 3306. (d) Gieren, 
A,; Lamn, V.; Haddon, R. C.; Kaplan, M. L. J .  Am. Chem. SOC. 1979, 101, 
7277. 

0002-7863/85/1507-1346$01.50/0 0 1985 American Chemical Society 


