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Abstract: Precise relative proton affinities from a recent pulsed ion cyclotron resonance spectroscopy study have made it possi-
ble to evaluate the medium effects of water and of fluorosulfuric acid on the standard free energy and/or enthalpy change for
reaction 1, B + NHs+ = BH* + NHa, involving a wide variety of onium jons. The large medium effects (up to 50 kcal mol~!)
are associated primarily with onjum ion solvation, although effects of neutral bases of different types are not negligible. With
the use of a thermodynamic cycle, evaluations have been made of the relative heats and free energies (water only) of transfer
of onium ions from the gas phase to dilute solution in water and in fluorosulfuric acid. An analysis of the relative onjum ion hy-
dration entropies and energies has been carried out which approximately separates the contributions of hydrogen bonding
(HB) terms from the sum of “physical’ terms associated with differential cavity sizes, solvent structure, van der Waals disper-
sion forces, and electrostatic interactions. It is shown that these “physical” terms make relatively minor contributions to the
differences in the heats of transfer from the gas to aqueous phase for onium ions which have the same hydrocarbon content and
substitutional pattern at the central atom. The major contributions to such differential heats of transfer are the differences in
the favorable HB terms arising from the association of water clusters with each of the available protonic sites of the onium jons.
The energy differential for the HB terms is found to be approximately the same as the corresponding difference in binding en-
ergy of single water attachments in the gas phase. The magnitude of electrostatic hydration energy for the aquated ions, OH3*
«[(OH3),]3 and NH %+ [(OH3),]4, has been estimated. There is a marked reduction in solution compared to the gas phase
in the stabijlization of ammonjum and oxonjum ions by polarization of hydrocarbon substituents. The strong H-bond donor pro-
tons of these jons give rise to ionic polarization of the H-bonded solvent in preference to jonic polarijzation of the hydrocarbon
substituents. The relative free energies of transfer of substituted ammonium and oxonium ions from the gas phase to aqueous
solution are shown to contain large unfavorable contributions from such electrostatic polarizability effects. The corresponding
relative heats of transfer are much less dependent upon unfavorable polarizability effects because of compensating favorable
effects of hydrocarbon substituents on solvent structure and van der Waals dispersion force terms. The relative heats of hydra-
tion of gaseous onium jons are determined primarily by favorable HB terms which depend upon the number and kind of acidic
protons present, Certain substituents are shown to also exert dipolar electron-withdrawing effects, steric hindrance, and reso-
nance effects on the HB solvation energy terms. In fluorosulfuric acid solutions, the relative heats of solvation of gaseous onium
ions depend in particular on the number of protonic sites present, with much less dependence (compared to the results in water)
on the type of protonic site. The strong leveling effect on HB terms in this solvent is especially evident in the appreciably small-
er solvation energies of oxonium ions in fluorosulfuric acid as compared with aqueous solution. The relative heats of transfer
from water to fluorosulfuric acid solutions for substituted ammonium and oxonjum ions are found to be dominated by differen-
tial HB terms. These heats of transfer also are found to correlate with the Bunnett activity coefficient parameter, ., for indica-
tor bases in HSO4-H,0 media.

Introduction

In this paper we have combined recently obtained precise
gas phase basicities? and solution basicities* for the reaction

NHs* + B=BH* + NH; N

to evaluate the solvent effects (on both free energy and en-
thalpy) involved in the formation of oxonium, sulfonium,
phosphonium, and carbonium ions (BH*). The results are
placed in perspective with previous evaluations of solvent ef-
fects for ammonium ions.%2-¢3 Two solvent systems, water and
the superacid fluorosulfuric acid, are treated in this work. To
aid in understanding the solvent effects, the following ther-
modynamic cycle is used to evaluate the solvation energies of
BH* relative to NH,4*:

+ BH* + N
NH,” + B Ay, H,
AG'{NH™ AG'(B) AG°(BH*) AG(NH,)
AHNH,") l lAH"s(B) AH°YBHY) AH’«NH;)
+ AGo(s) +
NH4 {8) + B(s) —_— BI-I(Q) + NHS(S)

AH )
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The solvent effects on reaction 1 are defined as follows

3:AGO = AGY,, — AGY, (2)
8;AHO = AHY, — AHY,) (3)
The above cycle then gives
—3rRAGY(BH*) = —[AGY(BH*)
— AGX(NH4*)] = 6,AG® — 6rAG{(B)  (4)

where R AGY(B) = AGY(B) — AG(NH,)

or —AGYBH™*) = —AGYNH.*)
+ AGY,) — AGY) — AGY(B) + AG)(NH3) (4a)

and —6RAHY(BH*) = —[AHY(BH™)
— AHY(NH.%)] = 6,AH® — 5RAHY(B)

where g AHY(B) = AHY(B) — AH?(NH3)
or —AHX(BH*) = —AHY(NH4*)
+ AHY, — AHY) — AHY(B) + AH)(NH3) (5a)

An analysis of the effects of molecular structure on these
solvation parameters is presented which extends or modifies

(5)
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earlier considerations of organic cation solvation.>:6 Many of
the major features of structure-solvation effects in onium ions
are discussed in detail. The solvation energies reported herein
supersede some previously published values#:b:5f which were
based upon earlier less accurate literature values for gas phase
proton affinities relative to ammonia (having errors up to 10
kcal mol~!) and upon erroneous standard states for BRAG?B)
values for some nitrogen bases (those indicated in Table I).

Results

Table I presents a summary of available data for onium ions
in aqueous solution. Table II gives a similar summary for data
available in the FSO;H solvent system. It must be reiterated
that for the data in Table II the quantity AH%g0,1 applies to
the following process:’

NH4*(rs0;H) + Biccly) 2 BH{rsosn) + NHsca)  (6)

In contrast, the aqueous data of Table I involve water in
reaction | as the solvent for both neutral bases and their con-
jugate acids. As a consequence, the FSO3H solvent effect on
reaction |, i.e., 6F503HAH° values of Table II, contain contri-
butions from the differentials in the heats of transfer of the
neutral bases from the gas phase to carbon tetrachloride so-
lution rather than to FSO3;H solution. It has been proposed that
these contributions are relatively minor.” Our present results
(cf. Discussion section) support this conclusion.

Discussion

Aqueous Solution Medium Effects. Reaction | is in general
accompanied by extremely large medium effects in water. The
medium effect parameters, 6,qAG® and 6,qAHO, of Table |
cover ranges of up to 50 kcal mol~!. This range for all onium
ions is appreciably extended over that (~30 kcal mol~!) noted
earlier for only nitrogen bases.>¢f It is further readily estab-
lished by the data of Table I that these aqueous medium effects
arise largely because of major differences between the solvation
energies of the cation. However, differentials in both the free
energy and the heat of transfer of different types of neutral
bases from the gas phase to dilute aqueous solution are by no
means trivial. Values of s AGJ,(B) range over 8.3 kcal mol~!
for all of the bases in Table I, whereas for nitrogen bases, the
range in SR AG2(B) values is only 2.7 kcal mol~!, Thus, for
bases of different types, the values of 6,qAG® by themselves
provide only poor quantitative estimates of the relative cation
hydration energies, i.c., of —6g AG2,(BH™*) values. This sit-
uation is even more pronounced for the nonequality between
corresponding values of 6,AH® and —érAHJ(BH*). The
values of SR AHR(B) range in Table I over 9.5 kcal mol~!.
Furthermore, note that the orders of increasing —égr-
AG,q(BH*) or —6rAH ,q(BH™) values (in the former case,
in progressive order from the bottom to the top of Table I)
clearly do not correspond to the order of decreasing gas phase
basicity, i.e., of AGY value.

Terms Contributing to the Relative Energetics of Transfer
between the Gas Phase and Solution. The solvation energies of
organic ions in aqueous solution are difficult to interpret and
understand quantitatively because of the unique and complex
structures of ions and solvent involved and the various possible
modes of charge distribution within the ions. The following
terms are generally accepted as probable contributors to the
relative heat or free energy of transfer of a cation (compared
to NH4*) from the gas phase to solution:%08 (1) the differential
energy of creating a cavity in the solvent structure to accom-
modate the ions (to be referred to as CAV terms); (2) differ-
ential hydrogen bonding between the H-bond donor jons and
the H-bond acceptor solvent molecules (to be referred to as HB
terms); (3) differential Born charging or electrostatic (ELS)
solvation of the cationic charge (inversely proportional to the
“effective” radius of the “chemically” solvated cations); (4)

124]

differential structure-making hydrophobic interactions or ionic
solvent structure-breaking interactions®19 (STR terms); (5)
differential van der Waals dispersion force interactions be-
tween the ions and solvent (VWD terms). The ELS terms re-
quire additional comment. We include (somewhat arbitrarily)
in these terms the effects of hydrocarbon substituents on
electrostriction of solvent!! and on the differential between
solution and the gas phase in ion-induced dipole stabilization
(differential polarizability effects).42:b12

Contributions from the CAV, HB, ELS, STR, and VWD
terms to the solvation energies of the gaseous onium ions are
not mutually exclusive, of course, so that even partial evalua-
tions cannot be expected to be very precise. For present pur-
poses, we shall endeavor to separate the more chemical HB and
ELS terms from the sum of the “‘physical” ELS, CAV,STR,
and VWD terms.

The directions of these solvation terms are usefully sum-
marized at this point. Table III lists the expected trends for the
introduction of hydrocarbon substituents.

The directions indicated in Table I1I are either self-evident
or are based upon the following considerations. For the ELS
term, the oversimplified assumption is made that the “effec-
tive” radius of the non-spherically symmetric cation is
(somehow) increased by the substituent. Also a negative ELS
term will result if there is charge dispersal to the solvent (cf.
subsequent discussion). For the HB term, the reduction in the
number and hydrogen-bond donor ability of protonic hydration
sites leads to a negative term (e.g., MeNH3* compared to
NH,*). Steric hindrance to H-bonding solvation!3 also will
lead to a negative HB term in Table III. Hydrocarbon sub-
stituents increase the enthalpy of solution (+ term in Table IIT)
by either dispersion force (VWD) or structural (STR) inter-
actions with the solvent. However, overridingly unfavorable
entropies of solution*®< lead to corresponding negative terms
in _6RAG(5)(BH+)-

It is noteworthy that all terms of Table III are negative
(unfavorable) for the effect of hydrocarbon substituents on the
—BRAGS(BH+) values, whereas there are positive terms con-
tributing to the —6g AHpu+values which will reduce (or could
even reverse) the negative terms. Evidence that this in fact
occurs is provided in Table IV, which compares the effects of
methyl and ethyl substituents on the relative free energies and
enthalpies of transfer from the gas phase to aqueous solution
for oxonium and ammonium ions.

The oxonium ion series suffers from more unfavorable ef-
fects of alkyl substituents than does the ammonium ion series.
Although these unfavorable effects are greater on the free
energy than the enthalpy of solution in both series, the oxonium
ion series also shows bigger differences in these quantities.
There is greater entropy loss on solution (Table IV) of the more
highly hydrated oxonium ions (cf. Table I). We examine fur-
ther the effects on entropies of solution in the following sec-
tion.

Effects of Hydrocarbon Substituents on Entropies of
Aquation. Table V presents a representative comparison of the
effects of hydrocarbon structure on the relative entropies of
transfer both for neutral bases (6RAqu(B)) and their corre-
sponding conjugate acids (BRAqu(BH+)) from the gas phase to
aqueous solution. The figures are derived readily from the data
of Table I and are relative to NH3 and NHy4*, respectively. The
bases in Table V are arranged in order of increasing entropy
loss on solution. As expected,*®< this order corresponds to in-
creasing hydrocarbon complexity. For the corresponding
onium ions, however, it is clear that no such order prevails.

We have found, however, that there is a very close corre-
spondence between the effects of hydrocarbon structure of the
entropies of aquation of neutral bases and their conjugate acids
for the same class. That is, comparisons must be made for
onjum ions with the same number and type (NH*, OH*, etc.)
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Table I. Aqueous Solvent Effects on the Energetics of Proton Transfer Reaction (1) and Energies of Hydration of Gaseous Onium Ions
Relative to Ammonium Ions. All Values in kcal mol™

. 5R,AGa‘.]q‘ 5RAHa°q-—5RAG ~5RAH aq”

BH AGge  AHD AGLLC AH Q. © 8aqAG° 8aqAH® (B) (B) (BH) © (BH")
H,0* 3.4 320 14.2d 12.6¢ 17.2 19.4 _20f  —20# 19.2 214
MeOH," 19.3 20.1 15.41 13.1 3.9 7.0 0.8k  _2.1i 4.7 9.1
EtOH, 14.8 15.6  15.26 12.1 ~0.5 3.5 —0.6h  —4.1i 0.1 7.6
Me,OH" 11.0 122 15.99 11.9 ~5.0 0.3 24h  _0.9i 74 1.2
MeEtOH"* 7.5 8.3 15.82 (11.8)J -8.3 -35 2.5J (1.7 -108 -1.8
Me,COH* 7.2 84 1650 11.8 9.3 _34 0.5h 16l 98 -18
Me(OEt)COH* 3.4 42 17.32w 1155 —13.9 ~73 12k —23y  _151  —50
Et,OH" 3.7 49 1587 11.8 ~122 ~6.9 26k 26 _14.8  —4.3
Me,SOH* 72 60  14.71 14.8 -219 ~20.8 _570  -86i  -162 -122
Me(NMe ,)COH* 124  —11.6  13.16% 149%  _256 ~26.5 _7.6i ~18.9
NH,* (0.0) 0.0)  (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) 0.0)  (0.0)
CF,CH,NH," 1.8 2.0 4.96m 42m 32 22 —1.8n —0.4
MeNH,* 9.2 90 -1.92 -0.7 ~7.3 ~8.3 ~0.3 ~2.6 -70 =57
EtNH," -11.9  —11.7  -1.96 ~1.2 -9.9 ~10.5 -0.2 4.5 97  —-6.0
n-PrNH,* 135  —133  —1.80 ~1.4 ~11.7 ~11.9 ~0.1 —4.8 ~11.6  -7.1
i-PINH," 144  —142  —1.94 ~1.5 ~125 ~12.7 ~0.1 4.8 _124  -19
n-BuNH," 139  —137  -1.90 ~15 ~120 122 0.0 -5.6 ~120 -66
t-BuNH,* -16.7  —165  —-1.96 ~1.9 ~147 _146 0.0 -5.6 147 -9.0
CHNH," -6.7 ~6.5 6.34 5.1 ~13.0 ~116 —4.40 72
cC,H, NH,* 164 -162  -1.82 ~19 —14.6 ~14.3 —6.4 ~7.9
Me,NH,* -16.0 —156  —-2.09 0.5 ~13.9 ~16.1 0.0 4.7 139 -11.4
ETH»' 182 178  -2.79 ~0.1 ~15.4 ~17.7 _16v -5 ~13.8 -120
DNH; ~200 —19.6  -2.81 ~05 ~17.2 ~19.1 “12v  —67  -160 124
Et,NH," 208 204 242 ~0.3 —18.4 ~20.1 0.2 —6.8 ~18.6 133
<3NH_,+ 209 -205 -2.56 ~0.3 ~18.3 ~202 —0.8v  —7.1 175 -13.1
n-Pr,NH, * 228 224  -2.39 ~0.7 ~20.4 217 0.7 -8.7 211 —13.0
Me,NH* 206 -19.8  -0.75 3.7 ~19.8 _235 1.1 —4.7 209 -18.8
C,H.,NMe,H" _186 -17.8 5.69 —243
allyl) ,NH* ~25.3 —245 1.32 377 _266 ~28.2

/Me

DN\ 241 233  —166 3.4 ~224 ~26.7 0.3v —6.6  —22.7 -20.1

H+
@w ~271 -263  -2.554 130 _245 _276 —9.5n ~18.1
Et,NH' 275 -267 2.0l 2.2 ~25.5 ~28.9 1.3 82  -268 —207
n-Pr,NH* 294  —286  —193 2.0 ~275 ~30.6
4-CF pyrH* -8.8 —8.0 9.02 1037 —17.8 ~18.3 —3.1r ~15.2
pyrH* 166 —15.8 5.50 7.1 ~22.1 _23.5 —04v 34 217 -20.1
4-MepyrH* -20.6 —19.8 4.38 6.4 ~25.0 ~26.2 0.6V —4.7 244 -215
26-Di-t-BupyrtH*  —-26.9  —26.1 5.78 ~326
Me2PH2+ —-12.1 —-11.7 7.3t (est) —19.4 (est)
Me,PH -22.0 -21.2 0.8¢ (est) —22.8 (est)
Me,SH* 3.5 47 2214 19.4 ~18.6 —147 2.8k _21.4
C,H.CMe,* ~33 25  ~30.8u —34.1
(C,H,),CMe* 7.7 6.9  268u -34.5

@ All positive values are from ref 3; all negatlve values are from ref 4a with small corrections based upon additional unpublished results; pre-
cision is * 0.2 kcal mol™* bObtalned from AG(g)values using corrections for molecular rotational symmetry numbers—cf. ref 3 for justifica-
tion. ¢ Unless otherwise c1ted values are from the literature as quoted in ref 4a or 4b (for ammonium ions) and ref 4d or 4e (for oxonium
ions), @ H,0 has been estimated (ref 4d) to have ap = 1 and be half-protonated in 84.5% H,SO, (ref 5f), which gives the value cited. If the
formal value of pKgu* = —1.74 is used (cf. ref f), this leads to a value in reasonable agreement, ie., AGl3q) = 15.0. ¢From the temperature
coefficient of the estimated pK g+ values. Using the formal pK gyy* values gives the same result. This result is also expected on the basis of ex-
trapolation of the AHSaq) values for alcohols. 7J. Hine and R. D. Weimar, Jr., J. Am. Chem. Soc., 87, 3387 (1965). £Obtained from AHg =0
and AH, = 10.52 kcal. h Obtained from J. Hine and P. K. Mookerjee, J. Org. Chem., 40, 292 (1975). The AH;q and AH,, values needed to
compute AH},(B) were taken from Tables 17 and 19 of ref 5f, except for the followmg MeOH, AHyq = —1.74 (E. M. Arnett and D. R.
McKelvey in “Solute-Solvent Interactions”, J. F. Coetzee and C. D. Ritchie, Ed., Marcel Dekker, New York, N.Y., 1969); Me(OMe)CO, AH,q =
—1.89 (1. P. Guthrie, J. Am. Chem. Soc., 96, 3608 (1974); AH, = 7.9 (N. A. Lange “Handbook of Chemistry”, 10th ed, McGraw-Hill, New
York, N.Y.); Me, SO, AH, = 7.9 (W.S. MacGregor,Ann. N.Y. Acad. Sci., 141, 33 (1967)); Me(NMe, )CO, AH]q = —5.2 and AH, =109 (J. P.
Guthrie, J. Am. Chem. Soc., 96, 3608 (1974). The values for Me,O were estimated through data reported in ref 5d concerning the pair
Me,0/Et,0./ Estimated value obtained by assuming a value lying halfway between that for Me,O and Et,0. ¥ G. Zangrossi, Thesis, Padova,
1976. !Computed from data of S. Y. Lam and R. L. Benoit, Can. J. Chem., 52,718 (1974). mP, Love, R. B. Cohen, and R. W. Taft,J. Am.
Chem. Soc., 90, 2455 (1968). " Unpublished results of J. F. Wolf. oReference 5d.p]J. J. Christensen, R. M. Izatt, D. P. Wrathall, and L. D.
Hansen, J. Chem. Soc. A, 1212 (1969). 4 C. A. Grob and M. G. Schlageter, Hely. Chim. Acta, 59, 264 (1976).TE. M. Arnett, B, Chawla, L.
Bell, M. Taagepera, W. J. Hehre, and R. W. Taft, J. Am. Chem. Soc., 99, 5729 (1977).5D. H. McDaniel and M. Ozcam, J. Org. Chem., 33,
1922 (1968). tEstimated measurements in CH;NO, solution: W. A. Henderson and C. A. Streuli, J. Am. Chem. Soc., 82, 5791 (1960). uCf,
J. F. Wolf, P. G. Harch, and R. W. Taft, J. Am. Chem. Soc., 97, 2904 (1975). ¥ Value given is for the correct standard state. An error in the
standard state used was made for a value previously given (ref 4b and 4c). The error has been corrected by adding 2.303R T log 55.5 to pre-
viously tabulated values. WD. G. Lee and M. H. Sadar, J. Am. Chem. Soc., 96, 1862 (1974). XEstimated value for results in ref k; Y AH' =
—2.5, E. M. Arnett, J. J. Burke, J. V. Carter, and C. F. Douty, J. Am. Chem. Soc., 94, 7837 (1973); AH, = 8.30, ""CRC Handbook of Chem-
istry and Physics’, 57th ed., CRC Press, Cleveland, Ohio.
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Table II. Fluorosulfuric Acid Solvent Effects on the Enthalpy Change for Reaction (6) and the Heats of Solution of Gaseous Onium Ions

Relative to Ammonium lon, All Values in kcal mol™',

BH* AH (g8 AHrso)?  Srso,HAH® SRAH®(B)d  —6RAH°Fgo,u(BH")
H,0" 32.0 26.8 +5.2 22 7.4
MeOH," 20.1 26.2 —6.1 ~22 -39
EtOH,* 15.6 2.6 ~9.0 _27 ~6.3
Me,OH"* 12.2 25.1 ~12.9 ~0.7 ~122
Et,OH" 49 23.8 ~18.9 24 ~16.5
Me,COH* 8.4 242 ~15.8 ~29 ~12.9
Me,SOH* ~6.0 14.7 ~20.7 —6.9¢ ~13.8
Me(OEt)COH* 4.2 25.9 _217 _44 ~17.3
Me(NMe,)COH* ~11.6 11.3 ~22.9 —6.57 ~16.4
NH,* (0.0) (0.0) 0.0) 0.0) (0.0)
SH,* 28.4 38.0 96 “1.1 -85
PH,* 14.9 29.3 —14.4 1.1 ~15.5
CF,CH,NH,* 2.0 3.9¢ ~1.9 _1.5¢ —0.4
MeNH,* 9.0 ~3.0 ~6.0 “14 —4.6
EtNH,* ~117 _35 8.2 ~2.1 6.1
n-PrNH,* ~13.2 ~29 ~10.3 ~30 ~7.3
i-PINH," ~14.2 6.0 82 ~2.1 —6.1
n-BuNH, * ~137 ~2.9 ~10.8 _34 ~7.4
+-BuNH, * ~16.5 55 ~11.0 _26 —8.4
C H.NH," 65 9.3¢ ~15.8 _5.6¢ ~10.2
Me,NH,* ~15.6 _as ~11.1 ~2.0 ~9.1
EtNH, ~20.4 —4.4 ~16.0 ~39 ~12.1
4CF,pytH* ~8.0 7.2¢ ~152 _5.5¢ —9.7
CH,C==NH" 15.3 29.7 —14.4 -2.1 -12.3
Me NH* ~19.8 ) ~15.6 ~20 ~13.6
pyrH* ~15.8 47 ~20.5 52 ~15.3
C,H,NMe,H" ~177 5.6 ~233 _5.7¢ ~17.6
4MepyrH* ~19.8 a2c ~24.0 —6.9¢ ~17.1
@NW ~26.3 ~25 ~238
Et,NH* ~26.7 -5.9 ~20.8 -5.0 ~15.8
2,6-di-+-Bu-pyrH* ~26.1 5.1¢ ~312 _g.4c ~2238
Me PH" ~21.2 13 ~19.9 ~20 ~17.9
Me,SH* 47 25.2 ~20.5 _26 ~17.9
Et,SH* ~03 2.2 _245 _5.1 ~19.4
(C.H,),CMe* —6.9 28.6¢ _355

a Cf. footnotes g and b of Table 1. Cf. ref Se and 5f and E. M. Arnett and J. F. Wolf, J. Am. Chem. Soc., 95, 978 (1973); E. M. Arnett, E.
J. Mitchell, and T. S. S. R. Murty, ibid, 96, 3875 (1974). ¢ Reference 4b. dCf. ref 5f, Tables 16 and 17, unless otherwise indicated. € Value in
Table 17 of ref 5f has been corrected using AH,, = 12,64 kcal/mol: W. S, MacGregor, Ann. N.Y. Acad. Sci., 141, 3 (1967). f Unpublished re-
sult of J. F, Wolf. £E. M, Arnett, J. V, Carter, and R, P, Quirk, J. Am. Chem. Soc., 92, 1770 (1970).

of acidic protons. The results of such a comparison are given
in Table V1, in which it will be noted that the unfavorable en-
tropy of aquation increases with increasing hydrocarbon
complexity both for the neutral base and its conjugate acid.
The increased carbon number, Ane = no. C’s (B|) — no. C’s
(B32), provides a reasonable index of these effects. The effects
of hydrocarbon structure in Table VI may be seen to be per-
haps slightly larger for the onium ions.

The results of Tables V and VI suggest that a separation is
possible of the hydrogen bonding effects (associated with
number and type of acidic proton) on g AS; (py+) values from
the physical type effects (sum of ELS, CAV, STR, and VWD
terms which are associated with hydrocarbon structure). In
particular, it appears from Tables V and VI that approximately
—8and —15 eu may be assigned to the latter for the effects of
methyl and ethyl substituents, respectively. Applying such
approximate “correction” effects to the values of 6g ASY g+
in Table V does indeed give entropy contributions (Table VII)
which are generally very consistent with the expectations of
the H-bond theory.14

In Table VII, the entropy contributions for substituted
ammonium ions relative to NH4* increase (more favorable
entropy of transfer from the gas to aqueous phase) as acidic
protons are replaced by the alkyl substituents, since with the
expected decreased -NH*—(OH3),, hydration of the ion there
is less entropy loss of water. For all oxonium ions relative to
NH4*, the HB entropy contribution is decreased. Generally
this decrease corresponds to that expected from the increased

Table II1, Effect of Hydrocarbon Substituents on Relative Solvation
Terms for Gaseous Onium Ions (+ Denotes Increasing Spontaneity
or Exothermicity of Solution)

CAV STR YWD ELS HB

~ g—H,0 _ . . B B
SrRAs gy

_ g—H,0 _ p— a — _ _
5R'AGS(BH+)

-OH*—(OH,), hydration, although values for the weakest
oxygen bases, HyO and MeOH, are subject to greater uncer-
tainties (cf. footnotes to Table I). For support of this inter-
pretation, we turn next to evidence from the energetics of
onium ion hydration.

Comparison with Binding Energies of Water Molecules to
Gaseous Onium lons. The relative hydration energies of Table
I canin a few instances be directly compared to the relative
binding energies of water molecules to the ions in the gas phase.
The binding energy of attaching three water molecules to the
protonic sites in H3O™* (the most highly solvated ion in either
Tables I or I1) is 76 kcal.!® The binding energy of attaching
four water molecules to NH,* is 58 keal, !¢ i.e., 18 kcal less.
Kebarle has shown that these binding energies involve prin-
cipally H-bonding interactions.!® In close correspondence to
this figure are the values of —3gAG,Bn+ and —SrAH Y pH+)
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Table IV. Effects of Methyl and Ethyl Substituents on the Relative Free Energy and Enthalpy of Transfer for Oxonium and Ammonium
lons?

(SAG(()BHﬂb (SAH?BHﬂb (SAS?EHﬂC (SAG(()BHﬂb (SAH(()BH+)b (SAS?BHﬂc
H,;0* (0.0) (0.0) (0.0) NH,* (0.0) (0.0) 0.0)
MeOH,* -14.5 =123 -7.4 MeNH;+ =7.0 =57 —4.4
EtOH,* -19.1 -13.8 -17.8 EtNH;* -9.7 -6.0 -12.4
Me,OH* —26.6 -20.2 -21.5 Me;NH,+ -13.9 -11.4 -8.4
Et,OH* —34.0 —25.7 =278 Et,NH,* —18.6 -13.3 -17.8

9 Negative sign denotes unfavorable g — aq transfer for BH*+. ¢ In kcal mol~1. ¢ In cal deg™! mol~!.

Table V. Comparison of the Relative Entropies of Transfer from the
Gas Phase to Aqueous Solution for Neutral Bases and for Their
Corresponding Conjugate Acids (in cal deg™ mol™).

Table VII, Relative Entropy Contributjons from H-Bonding
Hydration of Gaseous Methyl and Ethyl Substituted Ammonijum
and Oxonium lons

SRAqu 5RAqu 5RAS:q 5RAqu

B (B) (BH") B (B) (BH*)
H,0 00 74 MeNH 158 -84
MeNH, 77 44 EL0 _174  -352
MeOH _44  _148 DNH _184  -12.1
Me,0 111 -289  MeN _194  _70
EtNH, _144 _124 EtNH _235  —-17.8
EtOH _11.7  -252 (P,NH -315 272
APINH, —158 —15.1 EtN ~319  -205

Table VI. Comparison of the Differential Entropies of Transfer from
the Gas Phase to Aqueous Solution for Pairs Having the Same Type
of Conjugate Acids (in cal/deg™ mol™").

Ang B,-B, 8A554(B)  5AS34(BHY)
0 Et,NH- DNH -5.1 -5.7

1 EtOH-MeOH =13 -10.4

1 EtNH,-MeNH, -6.7 -8.0

2 Et,0-Me, O -6.3 -6.3

2 Et,NH-Me,NH -7.7 -9.4

2 n-PrNH,-MeNH, -8.1 -10.7

3 Et;N-Me N -12.5 -135

4 n-Pr,NH-Me,NH -15.7 —-18.8

(Table 1), which show NH,™* to be less energetically hydrated
than H30™* by 19-21 kcal.

We believe that it would be naive to conclude from this re-
markable correspondence that in aqueous solution only three
and four water molecules are involved in chemical binding to
H30* and NH,*, respectively. With the abundance of clusters
of water molecules associated through an extended network
by hydrogen bonds, it seems certain that more (but an uncer-
tain number of) water molecules should be regarded as
“chemically” bound to these ions.!” The equivalence of gas
phase and solution hydration energies instead suggests that the
additional water molecules in bulk water “share’ in the total
binding energy available with each protonic hydration site in
the onium ion. In the gas phase, this energy is liberated by the
interaction on a 1:1 basis between each available protonic site
and a water molecule. In solution, the same energy is appar-
ently liberated at each of the available protonic sites by addi-
tional hydrogen-bonded water molecules sharing in this total
binding energy.

Unfortunately, it is not possible to learn whether the same
result applies to other unsubstituted cations, e.g., H3S* or
PH,*, for lack of needed data in both the gas phase and solu-
tion. Comparisons (cf. Table VIIT) with substituted oxonium
and ammonium ions, however, make it clear that such a direct
correspondence does not apply to them as it does for NH4* and
H;O07 ions,

There is no equality between gas phase energies of attach-
ment of water molecules to substituted onium ions and the

BH* SRASHBS1 ) cajaeg®  BH*  SRASERau4) caaeg?
EtsNH* 24, Et20H2+ -5.
MegNH+ 17. MCOH2+ =7
Et;NH,* 12. H;0* =1.
Me,NH,* 8. EtOH,* —10.
MeNH;+ 4., Me,OHt —-13,

NH,+ (0)

@ Relative H-bonding entropy contribution, BRAS:!]*(]BHﬂ, obtained
from the 6RASSq(aH+) value of Table V by subtracting —8 and —15
cal deg=1 mol~! for each Me or Et substituent, respectively.

corresponding energies of hydration of these ions. This is seen
in Table VIII especially in terms of the AH? values. The AH®
values, however, are evidently more appropriate than the values
of AGO in this comparison since there is much greater trans-
lational entropy loss on hydration in the gas phase than in
aqueous solution. Consequently, we conclude that the CAYV,
STR, VWD, HB, and ELS terms contribute in differing de-
grees to the AHY and AG? values of Table VIII for the transfer
of gaseous substituted onium ions to aqueous solution.

In order to minimize the contributions from the total of
CAV, STR, VWD, and ELS terms and evaluate HB terms,
it appears that a key feature is to maintain the same hydro-
carbon content and substitutional pattern at the central atom
of the onium ion. Grunwald,2° for example, used tetraphen-
ylphosphonium ion, tetraphenylmethane, and tetraphenyl-
boride ion to separate ELS from non-ELS terms for the sol-
vation energies of the cation and anion. We propose specifically
that the difference in solvation energies between two gaseous
onium ijons having the same hydrocarbon content and substi-
tutional pattern will include minimal (but not necessarily
negligible) contributions from the sum of ELS, CAV, STR,
and VWD terms.

Table IX lists values of differential free energies and heats
of transfer between the gas and aqueous phases for a reason-
ably extensive variety of pairs of onium ions having the same
hydrocarbon content and substitutional pattern (such a pair
of ions will be designated as an HCSP pair).

Using the observed heats of attachments of successive water
molecules to H3O* and NH4* in the gas phase (cf. footnote
b of Table IX for the figures used), one may estimate the dif-
ferential heats of attachment of the appropriate number of
water molecules to each pair of the HCSP jons of Table 1X.
The results (given as calcd value in Table IX) do agree roughly
with the corresponding values of either SAGEHIC or
SAH{EHE. The calculated values are too crude to indicate a
preference for the latter values (which presumably do not
contain, as do the former ones, the entropy contributions al-
ready discussed).

There may be major sources of error affecting the agreement
of values in Table IX arising from the failure of substituent
effects to cancel in the differential binding energies both in the
gas phase and in solution. The few direct determinations
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Table VIIL Differentials in Gas Phase Attachment Energies and in Corresponding Hydration Energies of Substituted Onjum lons

Process? —AGO# —AHOA AS0z
Me;OH* + MeaNH*+«.0OHj; = Me;OH+.OH; + Me3NH* 7.36 8.¢ (est) -2.
MesOH* + MesNH*(aq) = Me;OH*(aq) + MesNHY 13.54 20.04 —22.
OH;* + Me;OH++.OH; + 2H;0 = OH3+(OH3): + Me;OHY 32.0¢ 53.4¢ =72.
OH3* + Me;OH*(aq) + (aq) = OH3*(aq) + Me;OHY 26.69 20.24 +22.
NH4* + MesNH*..OH; + 3H,0 = NH4*(OH3)4 + MesNH* 223/ 43.¢.f =70.
NH,* + MesNH*(aq) + (aq) = NHa*(aq) + MesNH* 20.94 18.8¢ +7.

a If not otherwise indicated, reactants and products are in the gas phase. # References 18 and 19. ¢ AH % estimated from AGC using a value
of ASO typically found in ref 15, 16, and 18. 4 From Table 1. ¢ References 15 and 18. / References 16 and 19. & Cal deg™! mol~!. * kcal

mol~!,

Table IX. Differential Free Energies and Heats of Transfer from
the Gaseous to Aqueous Phase for HCSP Pairs of Onium lons (in
kcal mol~1)

Table X. Heats of Hydration of Unsubstituted Onjum lons, and
Their Approximate “Chemical” and “Physical’ Solvation
Components

B H*-B,H* —3AGEP  —sAHEPe  Caled®
OHs+*-NH4*+ ~19.2 ~21.4 20,
MeOH,+-MeNH;+ 11.7 14.8 13.
EtOH»*-EtNH3* 9.8 13.6 13.
CsHsNMe H*- 15.¢ 20.

C6H5CM62+
Me;OHY-Me,SH 14.0 17.4
Me,OH*-Me;NH,* 6.5 12,6 3.
Et;OH*-Et,NH,* 3.8 9.0 3.
Me;COH¥-Me,SO- 6.4 10.4

H+

@ A positive value denotes greater solvation energy for the left-hand
onjum ion. ¢ Calculated using for 1st OH*, 37; 2nd OH*, 22; 3rd
OH*, 17; and for 1st NH*, 20; 2nd NH*, 14: 3rd NH*, 12; 4th NH+,
10. (These are values reported for H3O+ and NH4* in ref 15, 16, 18,
19, and 21, or interpolated from them.) ¢ Obtained from data of Table
| assuming 5g AGPy, to be 5 kcal mol~! greater for N, N-dimethylan-
iline than a-methylstyrene. ¢ Estimated on the basis that the at-
tachment of the first water to SH¥ is approximately the same as that
for NH+.

available regarding this cancellation of substituent effects in
the calculated gas phase values indicate that this assumption
may involve substantial imperfections, e.g.

M620H+ L OHz(g) + MC3NH&)
= Me;OH(,) + MesNH* « .. OHyy,

AH%q = 9.0 kcal mol~!,!8:19 as compared with 17.0 kcal!$16
for the same process with unsubstituted H3;O% and NH,*.
Further, imperfect cancellation of the hydrocarbon substituent
effects on the heats of solutions of the HCSP ions is to be ex-
pected, especially for ELS terms arising from differential po-
larizability effects of the hydrocarbon substituents (cf. sub-
sequent discussion).

In general, the more highly substituted the ammonium or
oxonium ion, the poorer is the prospect for cancellation of
substituent effect contributions to the differential binding and
solvation energies for the HCSP pair of onium ions. It will be
noted in Table IX that for such ions there is generally poorer
quality of agreement between the calculated and the corre-
sponding solution values.

In spite of this difficulty, we believe that the rough agree-
ment between the results in Table IX supports our three
premises. First, there are only small contributions from CAV,
STR, VWD, and ELS terms in the differential heats of transfer
from the gas to aqueous phases for onium ions having the same
hydrocarbon content and substitutional pattern at the central
atom. Second, the major contributions to such differential
heats of transfer are the differences in the total HB binding
energies of water clusters associated with the available protonic
sites in the onium ions. Third, there is near equality between
the difference in HB binding energies of water clusters in so-

Total physical

HB[BH*; solv terms?
Oniumion —AHY(BHY)  (H0),]° (TPST)
H,;0* 102.6 76. 26.
NH4+ 81. 56. 25.
H,S* (70.)¢ (50.)¢ (20)
PH4* (50.)¢ (30.)¢ (20)

@ These interaction energies have been arbitrarily given as positive
quantities, i.e., —AHg(BH*) = HB[BH*;(H,0),] + TPST in keal
mol~!, ® Combining this figure with the recent proton affinity value
of H,O (ref 3a) gives the enthalpy of solution for H&) as —272 kcal
mol~!, ¢ Crude estimates.

lution and the corresponding difference in HB binding energies
of water attachments in the gas phase.

Estimates of Absolute Hydration Energies. The enthalpy of
transfer of gaseous NHy* to dilute aqueous solution has been
estimated to be 81 kcal mol~1.6¢ Combining this figure with
the relative enthalpy values, S AH o1+ from Table I provides
approximate absolute values for the enthalpies of hydration
of each BH*. Using these values together with our estimate
of the HB terms, [BH*; (H,0),], obtained in the previous
section, a rough evaluation is made (Table X) of the total of
the contributions from ELS, CAV, STR, and VWD terms
(TPST) to the enthalpies of hydration for the unsubstituted
gaseous onium ions.

It appears significant that the sum of ELS, CAV, STR, and
VWD terms (which we call the total physical solvation) is
about the same figure, 26 kcal mol~’, for both H3;0* and
NH,*. The lack of aqueous solution data unfortunately pre-
vents a similar evaluation for HyS* and PH4* ions. However,
the available data (Tables I and I1X) do suggest a major de-
crease (as given in Table X) in the HB hydration terms for
these ions compared to H3O* and NH4*, respectively.

The Born equation for ELS solvation can be appropriately
applied only to the “chemically” hydrated ion. That is, for the
most successful application of this equation, one needs to know
the effective radius of the “chemically” hydrated (not the
anhydrous) ion and that there is little or no chemical binding
of the hydrated ion to the solvent. The tetrahydrate of K+,
[K(OH,)4]*, has been estimated?? to have a radius of 3.5 A
compared to 1.33 A for the anhydrous ion.23:24 The binding
energy of four water molecules to K* in the gas phase is 59 kcal
mol~1.2! The enthalpy of hydration of K{,)is greater than this
binding energy by 27 kcal mol~".21.28 Using the above radius
for K(OH3,)4*, the Born equation gives essentially this same
figure for the ELS hydration energy contribution. Since the
nonelectrostatic contribution to the solvation enthalpies for
the alkali metal ions is thought to be small (~4 kcal),26 this
agreement accords with the idea that four water molecules are
“chemically” bound to K* in dilute aqueous solutions. Various
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Table XI. Differential Free Energies and Heats of Transfer of Closely
Related Gaseous Ions into Water (in kcal mol ™)

K L H.0b _H.0b
B,H'-B,H'¢ —5AG(SB:+’)O ~6alf0 Calege

4CF,pyrH*-4CH,pyrH* 6.3

CF,CH,NH,"-CH,CH,NH,* 5.6

(allyl) ;NH*~(n-Pr),NH* ~0.9¢ ~2.4d

@—NH}O—NW 0.7 (0)e
@f\'H*-CNH[’

Me
@NH*-[>N<H+ 1.0 0.0 (0)e

NH,
MeEtOH*-D 3.0 10.2 3

Dm;-mmn 26 0.9 0

—4.2 -7.0 (-6)¢

@ Substituents present have approximately the same polarizability
(cf. ref 3b). b A positive value denotes greater solvation energy for
the left-hand onium ion. ¢ Calculated as in footnote b of Table V1.
dQObtained from data of Table I, assuming the same 65 AG34(B) and
8 R AH¢q(B) values for triallylamine and trin-propylamine, € As-
sumes the same NH*'++OH, binding energy for unsaturated as
saturated substituents,

methods of estimating hydration numbers are in general in
support of this conclusion.?’

An effective radius for H3O%[(H20),]3, or NHg* -
[(H,0)4]4 near the 3.5 A value for [K(OH,)4])* seems to be
a reasonable figure. On this basis, the results of our separation

of HB and TPST terms (Table X) appear consistent, Thatis, ,

a figure in the region of 25-30 kcal mol~! for the ELS hy-
dration term for the “chemically” hydrated NH4* and H;O*
ions appears to be a realistic one. Also, the enthalpies of hy-
dration of —23 to —38 kcal mol~! obtained by Ladd?8 for the
presumably chemically inert (n-Pr)sN*, (Et)4N*, and MesN*
ions seem also to be in reasonable accord.

ELS Terms from Polarizability Effects. Evidence has been
recently summarized'? favoring the idea that the large polar-
izability effects of hydrocarbon substituents which stabilize
gas phase onium jons are largely dissipated for ammonium and
oxonium ions in aqueous solution. The marked reduction in
solution of the stabilization of these ions by polarization of the
hydrocarbon substituents is pictured to be the consequence of
the dispersal of charge to the medium which accompanies the
hydrogen bonding between the solvent and the strong H-bond
donor protons, -NH* and ~-OH*. In effect, ionic polarization
of the H-bonded solvent then takes priority over ionic polar-
ization of the hydrocarbon substituents.

The picture of charge dispersal from oxonium and ammo-
nium ions through hydrogen bonding is supported by both
theoretical calculations?%30 and indirect experimental evi-
dence.3! The simple electrostatic model for the polarizability
effect,32 —ae?/2r4, indicates that this effect falls off with in-
verse fourth power of the distance, r, between the center of
polarizability and the center of positive charge. Consequently,
charge dispersal by H-bonding will increase the effective dis-
tance, r, and markedly reduce the polarizability effect.

The prerequisites for large ELS terms contributing to the
relative  solvation energies, —8rAGY(BH*) and
—SRAH(BH*) values of Table I (or —8rAHEsou(BHY)
values of Table II) are substituted onium ions with strong
H-bond donor protons and good H-bond acceptor solvents.
When these prerequisites are not met, polarizability effects of
hydrocarbon substituents on proton transfer energetics are
nearly as large in solution as in the gas phase.!333

Journal of the American Chemical Society | 100:4 | February 15, 1978

As illustrated in Table III, the unfavorable contributions
of hydrocarbon substituents to the sum of CAV, STR, and
VWD terms tend to be compensated between entropy effects
(e.g., in Table VI) and enthalpy effects. Thus these terms tend
to make large favorable contributions to —6RAHEq(BH+), and
relatively small unfavorable contributions to —6r AGog(BH*)
values. Important consequences follow, which can be depicted
only on a qualitative basis at present.

Values of —6rAGy s+ have major contributions from
favorable HB terms (which decrease as protons are replaced
by hydrocarbon substituents), and from unfavorable polariz-
ability effects (ELS terms, cf. Table III and Discussion) which
for oxonium and ammonium ions also decrease with increasing
numbers of polarizable hydrocarbon substituents. Thus, unless
the number and kind of proton in BH* is held constant, these
two major contributions will be complementary and values of
_6RAGEq(BH+) will be complex.

Values of —8r AHgq(sn+) have major favorable contributions
from the HB terms and from the sum of CAV,STR, and VWD
terms as well as the unfavorable polarizability effect ELS terms
(for oxonium and ammonium ions). The latter two contribu-
tions are opposed and tend to cancel since they have a quali-
tatively similar dependence upon the hydrocarbon structure.
Thus, =8r AHZsp+) Values are primarily dependent upon the
number and kind of acidic protons, i.e., the favorable HB
terms. Table I clearly shows —3rAHpy+) values to be
markedly superior to —5RAGEq(aH+) values in reflecting this
feature of ion structure.

The polarizability effects of hydrocarbon substituents may
be best estimated from the values of —5RAGEq(BH+) for onium
jons, which have the same number and kind of acidic proton.
With this prescription, HB terms tend to remain constant as
does also the opposed enthalpy and entropy contributions from
the total of CAV, STR, and VWD terms. Thus, for example,
the 7.7 or the 7.4 keal less favorable =g AG(yq(BH™) values
for -BuNH;3* compared to MeNH;* or EtoOH* compared
to Me;OH, respectively, are primarily due to the differential
polarizability effects (ELS terms). As required for consist-
ency,* it will be noted that there are only very small differences
in AG?aq) values (for reaction 1 in aqueous solution) for both
members of each of these pairs of onium ions. This (or similar)
evaluation of polarizability effects cannot be accepted as
quantitative, since, in addition to contributions arising from
inexact compensation of CAV, STR, and VWD terms, there
may also be some smaller contributions from dipolar inductive
effects and from steric effects on the HB terms.

Dipolar Substituent Effects on HB Terms. The best current
method of eliminating polarizability effect ELS terms in the
solvation energies is to limit the comparison of onium ions to
those ions having substituents of essentially the same polar-
izability.5d In Table X, differences in the free energies and
enthalpies of transfer from the gas phase to aqueous solution
are given for a number of pairs of onium ions which are so re-
lated.

Since there are only minimal contributions to these differ-
ences in hydration energies from CAV, STR, VWD, and ELS
terms, we believe that HB terms predominate. The effect of
a CF; substituent compared to a Me substituent is to sub-
stantially increase the solvation energy, both in aliphatic am-
monium ions and in 4-substituted pyridinium ions. This result
is attributable to the electron-withdrawing CF3 dipolar sub-
stituent effect, which increases the HB term.? Similar, but
appreciably smaller, electron-withdrawing effects for aryl and
alkenyl substituted ammonium ions compared to their aliphatic
substituted counterparts are also indicated by the HB terms
in Table XI.

Steric and Resonance Effect Contributions. These contri-
butions are difficult to evaluate because of the current lack of
data on appropriate model compounds. However, the 2.6 kcal
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Table XII Differential Heats of Transfer of HCSP Pairs of Onium Ions into Fluorosulfuric Acid (in kcal mol™)

N . —FSO . H + + g-»FSO.H
B,H"-B,H —5HfBH+) : Calcde B,H'-B,H —bAH 02 Calcdoe
OH,"-NH,’ 74 7.0 NH,'-PH,’ 15.5 16.0
MeOH,*-MeNH ;* 0.7 1.0 Me ,NH*-Me ,PH" 4.3 4.0
EtOH,*-EtNH* -0.2 1.0 NH,*-SH,* 8.5 8.0
Me,OH*-Me,NH,* _3.1 ~5.0 Me,NH,*-Me,SH* 8.8 10.0
Et,OH*-Et,NH,* -44 -5.0 Et,NH,*-Et,SH* 7.3 10.0
OH,*-SH,* 15.9 15.0 SH,*-PH,* 7.0 8.0
Me,OH*-Me,SH* 5.7 5.0 Me,COH*-Me ,SOH* 0.9 0.0
Et,OH*-Et,SH* 2.9 5.0 OH* _LOH*
’ ’ Me——c:/:' —NMe—T -0.9 0.0
“NoE NMe,

aCalculated using 17.0 for each ~-OH*, 12.0 for each -SH*, 11.0 for each -NH*, 7.0 for each -PH"*.

greater enthalpy of solution of

(e

than Et;NH* (Table I) must surely be attributed largely to
the greater steric hindrance to the NH*-..(OH,),, H-bonding
for Et;NH™*. The value of 6,qAG? for 2,6-di-tert-butylpyri-
dinium ion is 10.5 kcal more negative than that for pyridinium
(Table I). The much poorer solubility in water of the 2,6-di-
tert-butylpyridine means that the corresponding difference
in —6RAGgq(BH+) values will be substantially more negative
yet. Even so, until results for an appropriate model compound
are available to evaluate the polarizability effect and other
contributions due to the tert-butyl groups, a quantitative as-
sessment of the apparent steric hindrance to solvation cannot
be made.
In the series of substituted oxonium ions

X

CH,—C=+0H*

where X = CHj3, OEt, and NMe,,34 there is in this order in-
creasing internal delocalization of the positive charge (reso-
nance effect). The enthalpies of aquation of the gaseous cations
decrease in this order by X = CH; — OEt, 3.2 kcaland X =
OEt — NMe,, 13.9 kcal. These large substituent effects ap-
pear to indicate that HB terms do decrease as the H-bond
donor ability of the OH™* hydration site becomes less due to
the internal delocalization of the positive charge.?> However,
here too data for appropriate model compounds are required
to make more certain assessments.

Medium Effects on Process 6. Fluorosulfuric Acid Solution
Results. The solvent effects of FSO3H on the proton transfer
process 6, 6rso;HAHO values of Table I range over 41 keal
mol~'. As in water (Table 1), the FSO3H effects are associated
predominantly with differences in onium ion solvation energies.
Neutral base effects, however, are not trivial, as shown by the
range of 9.5 kcal mol~! for SR AH (g) values of Table I1.

Relative Heats of Transfer of Onium lons from the Gas Phase
to Fluorosulfuric Acid Solution. The heats of solvation of onium
ions relative to NH4*, —6rAH rso,u(BH*) values of Table
11, increase with increasing number and H-bond donor ability
of the protonic solvation sites in the ion. There are no excep-
tions to this rule within one’s ability to apply it. The use of
onium ions with the same hydrocarbon content and substitu-
tional pattern at the central atom to minimize any CAV, STR,
and ELS terms in the enthalpies of solvation in the fluorosul-
furic acid is especially rewarding. In Table XII are given dif-
ferences in —0rAH a5 °H values for an extensive variety of
HCSP pairs of cations. The differences in heats of solution for
these pairs of onium ions are given to relatively good approx-
imation by the number and kind of protonic sites in the ions.
This agreement is shown by calculated values in Table XII

Table XIII, Differential Heats of Transfer Closely Related Gaseous
Onium Ions into Fluorosulfuric Acid (in kcal mol ™)

g~FSOH
B,H'-B,H'e OAH gy
4-CF ;pyrH*-4CH pyrH* 7.4
CF,CH,NH,’-CH ,CH,NH," 5.7
CH,C==NH"-CH,CH,-NH," ~6.2

@ Substituents in these bases pairs have approximately the same
polarizability (cf. ref 3b).

which are based upon the following HB term assignments: 17.0
kcal for each ~-OH*, 12.0 kcal for each SH*, 11.0 kcal for each
NH*, and 7.0 kcal for each PH*. Better agreement yet can be
achieved if the binding energy associated with each kind of
proton site is decreased with successive solvations, i.e., for
example, Ist NH* > 2nd NH* > 3rd NH*. However, in the
absence of gas phase attachment energies for FSO3H mole-
cules, the number of parameters required is unwarranted.

In fluorosulfuric acid solution, the solvation energies depend
in particular on the number of protonic sites present in the
onium ion, with much less dependence (compared to the results
in water) on the type of protonic site. Thus, the results in Table
XI1 show that two (or three) NH* sites lead to greater heats
of solvation in FSOsH than does a single OH * site and that two
OH sites are essentially equivalent to three NH ¥ sites.

Similar results are obtained for pairs of onium ions having
substituents with similar polarizabilities {Table XIII). The
enthalpy of solution in fluorosulfuric acid is 6 kcal greater for
CH3;CH,NH;3*, with three -H™* protons, than for
CH3;C=NH" with a single (but more acidic) NH* proton.
Table XIII does show that the dipolar electron-withdrawing
CF; substituent substantially increases the solvation energy
of NH* protonic sites in FSO3H solution.

Comparison of Relative Enthalpies of Solution of Gaseous
Onium lons in Water and in Fluorosulfuric Acid. HB Terms.
The range of —6r AH)(BH*) values (Table 11) is only about
30 kcal mol™! compared to about 50 kcal mol~! for
—drAH,(BHY) values (Table 1) for the same onium ions. The
HB solvation terms from Tables 1X and X1 show substantial
reductions in FSO3H compared to H;O. The solvent FSO3H
is revealed as a less selective one than water in H-bonding
solvation of the onium ion protonic sites. This result is one that
is strongly suggested by the nature of these solvents, namely,
that the much greater acid strength of FSO3;H would be ac-
companied by poorer H-bond accepting power. In Table X1V
are given the HB solvation terms for the unsubstituted onium
ions derived from Tables IX and XII for H,O and FSO;H
solvent systems. The greatest reduction in HB solvation energy
terms for FSO3H compared to water is for the most highly
solvated cation, i.e., H3O.* This feature (and others) of the
leveling of HB terms which occurs in FSO3H compared to
H,0 is clearly evident through the comparative results of Table
X1V,
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Table XIV. Approximate HB(BH*;s) Terms in the Heats of
Solvation of Unsubstituted Onjum lons in H,0 and FSO3H
Solutions (in kcal mol~1)

HB[BH*;(H,0),] HB(BH*;FSO3;H) A
H,0+ 76 51 25
NH4* 56 44 12
SH;* ~50 36 ~14
PH,* ~30 28 ~2

One additional feature which evidently results from the
poorer H-bond acceptor ability of FSOs;H compared to H,O
as solvent is worthy of special note. The onium ions, Me;
COH* and Me,SOH™, have nearly equal solvation enthalpies
in FSOsH, as do also the pair

LOH* OH*
Me—C and Me—C""
OEt NMe,

(cf. Table XII and ref 34 and 35). However, in aqueous solu-
tion the heat of solvation of Me;COH™* is 10.4 kcal greater
than that of Me,SOH™ and, likewise, that for

o8
Me—C
ORY
is 13.9 kcal greater than the value for
LOH*
Me—C
NMe,

(Table I). The —6r AH¥s0,n(BH*) values for all four of these
onium ions are leveled to essentially the same 4-5 kcal/mol
range as for the saturated Me;OH* and Et,OH™ oxonium ions
(cf. Table II).

Evidently, while the delocalization of charge internally
within the ion reduces the OH* H-bond donor ability (and
consequently, the solvation energies in both solvents), in flu-
orosulfuric acid the effects are of small magnitude. In contrast,
it seems apparent that in water there is an interesting compe-
tition between effects of internal delocalization of charge vs.
external dispersal of charge by hydrogen bonding. If the sta-
bilization by internal delocalization of charge is only moderate
or small, then the HB[BH*;(H;0),,] terms are also relatively
large, approaching that for the dialkyloxonium ions of similar
hydrocarbon content, as for Me,;COH* and

OH*
Me—C.
OEt
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However, if the internal delocalization of charge produces
major stabilization of the ion, as with Me,S-=OH* and

OH*
Me—-C{

NMeg

then HB[BH*;(H,0),/] terms are also relatively small.

In the next section we examine the differences in the relative
heats of solution between water and fluorosulfuric acid of
onium ions with “saturated” substituents.

Relative Heats of Transfer of Onium Ions from Water to
Fluorosulfuric Acid. From the values of =g AH3(BH*) of
Table I and the corresponding values of —6r AHYs0,1(BHY)
of Table I1, one obtains the heat of transfer of BH* relative to
NH,* from water to fluorosulfuric acid, —sg AH{H3HFSOH
= —0rAH¥s0,u(BH*) + SrRAH(BH*). These results are
examined in Table XV for unsubstituted H3O* and NH4* and
for onium ions with saturated hydrocarbon or fluorocarbon
substituents.

Surprisingly, in view of possible complex STR terms in
water, the relative heats of transfer from water to fluorosulfuric
acid (Table XV) are not reliably different within the combined
experimental errors for oxonium or ammonium ions which
have the same number of substituents. That is, the differential
heats of solvation seem to depend principally upon the HB
features of structure, i.e., number and principally the type of
protonic solvation sites. The results are, in kcal mol~}, relative
to NHy*: H,O%, 14.0; ROH,*, 13.5 £ 0.5; R,OH*, 128 +
0.6; RNH3*, —0.3 £ 0.4, R,NH,*, —1.8 £ 0.6; R;NH*,—4.8
+ 0.2 (average values and errors are given). These remarkable
results further emphasize the importance of making compar-
isons in enthalpies of solvation between ions which have the
same or nearly the same hydrocarbon content and substitution
pattern when transfer energies from the gas phase are con-
sidered. We have shown earlier that this requirement is even
more important for the corresponding free energies of aquation.
However, for transfers between solvents in which HB(BH™;s)
terms are similar, ELS terms due to changes in stabilization
of onium ions by polarizable substituents are small. Thus, much
wider variations in structural features of the onium ions are
permitted with some degree of assurance that ELS, CAV,
VWD, and STR terms make small contributions to the ener-
gies of transfer between such solvents.

The heats of transfer between water and fluorosulfuric acid
for onium ions with “saturated” substituents correlate with
indicator activity coefficient (solvation) behavior observed in
the H,O-H,SO, binary system. The Bunnett-Olsen treat-
ment3¢ makes it possible to express this behavior in H,O-
H,SO, mixtures in terms of the parameter ¢

_ log (fixut)/fx) — log (fen+/fs)
i —Ho — log (Cr+)

where f°s depend upon the free energy of transfer from dilute

Table XV. Heats of Transfer of BH* Relative to NH4* from Water to Fluorosulfuric Acid (in kcal mol~1)

BH* —oR AH QSO @ BH* —oRAH B TSOsH e
H3O0* 14.0 1.0 n-PrNHy* 0.2 ~0.0
MeOH,* 13,0 087  /-PrNHs* -18 ~0.0
EtOH,* 13.9 0.86  n-BuNHy* +0.8 ~0.0
Me,OH* 13.4 082  r-BuNH;* -0.6 ~0.0
Et,OH* 12.2 0.78  Me;NHy* -2.3 -0.05
NH,* 0.0 ~00  EtLNHp* -1.2 -0.05
MeNH;* -1 ~00  MesNH* -5.2 -04
CF3CH,NH3* 0.0 ~00  EtNH* —49 —0.4
CH3CHNH;+ 0.1 ~0.0  4-CFypyrH* =55 -0.4

pyrH+ —-438 -04
4-MepyrH* —4.4 -0.4




Kresge, Chwang | Hydrolysis of Methyl a-Cyclopropylvinyl Ether

aqueous solution to concentrated acid solution of the general
base X and its conjugate acid XH*, or the Hammett aniline
indicator B and its conjugate acid BH* (for which ¢, = 0).
Values of ¢, from ref 4¢ and 5f are listed in Table XV and are
shown to correlate with —rAH {7+ 759 values. This cor-
relation evidently follows from the greater variation in solvation
energies of XH™* than of X (since strictly ¢, values depend upon
both XH* and X) and in approximately proportionally reduced
HB(BH™;s) terms in the transfer between water and concen-
trated H,O-H,SOy4 mixtures as compared with the corre-
sponding transfer between water and FSO3H solutions.

Finally, we wish to note that the conclusions reached in this
work are further supported by evidence on solvation effects
observed recently for excited state BH* species.3’
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Vinyl Ether Hydrolysis. 10. Methyl a-Cyclopropylvinyl
Ether. A Search for a Change in Reaction Mechanism!
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Abstract: The rate of hydrolysis of methyl a-cyclopropylvinyl ether catalyzed by H30%, H,0, seven carboxylic acids, six mo-
nohydrogen phosphonate anions, two ammonium ions, and biphosphate ion was measured in wholly aqueous solution at 25 °C.
These data, the isotope effect on the H3O* reaction, and a lack of isotopic exchange of the substrate in D;O solution all point
to an unchanging rate-determining proton transfer mechanism for this reaction. It is inferred from this constancy of mecha-
nism that the second step of this reaction, hydration of the alkoxycarbonium ion intermediate, is subject to general base cataly-
sis. The combined carboxylic acid and phosphonate anion catalytic coefficients give a curved Brgnsted relation from which the
Marcus theory parameters AGo* = 6 kcal/mol and w* = 4 kcal/mol are derived.

The acid-catalyzed hydrolysis of simple vinyl ethers oc-
curs through electrophilic addition of H* to a carbon-carbon
double bond (eq 1); the alkoxycarbonium ion thus formed then
reacts with water to give a hemiacetal or hemiketal interme-
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diate (eq 2), which itself undergoes rapid decomposition to
alcohol and aldehyde or ketone products (eq 3).

In very nearly all examples of this reaction, the carbon
protonation step is rate determining, i.e. in these cases, reversal
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