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The enthalpies of solution of the anhydrous trifluoromethanesulfonates of barium, zinc, and cadmium

are strongly exothermic and decrease in their degree of exothermicity in the order of solvents, DMF > DMSO >
MeOH > HCONH, > H,O > MeCN. Some enthalpies of solution of other salts in these solvents are reported.
Single ion enthalpies of transfer from water to the nonaqueous solvents, based on the extrathermodynamic assump-
tion that AH..(Ph:As*) = AH.(Ph,B7), are discussed in terms of the properties of the ions and of the solvents.
Transfer of the divalent cations from water to methanol, dimethylformamide, or dimethyl sulfoxide is a strongly
exothermic process but the transfer of many anions is endothermic.

Over the past few years there has been increasing in-
terest in the thermodynamics of solvation of elec-
trolytes in nonaqueous solvents. To date, most of the
studies have dealt with solvation of the silver cation,
the monovalent alkali metal cations, alkylammonium
ions, and the halide anions.?~* Few studies on the
solvation of divalent ions in nonaqueous solvents have
beenreported. Entropies of transfer of single ions from
an ideal solution in an ideal solvent to aqueous solution
indicate that the higher ionic potential of the divalent
metal cations relative to monovalent ions causes more
extensive ‘‘structure making” in water,® but the situa-
tion in nonaqueous solvents was not clear before this
work. Most of our ideas about solvation of ions are
based on data for monovalent ions, so that it is impor-
tant to consider the solvation of multivalent ions, before
developing a general theory for solvation.

The enthalpies of solution have been reported®’ of
some alkaline earth halates and halides in the amide
solvents formamide, ¥-methylformamide, and dimethyl-
formamide and of some alkaline earth perchlorates in
methanol,® but problems with ion association, salt
activity effects, and the difficulty of preparing anhydrous
diunivalent salts have discouraged extensive studies of
diunivalent salts.

In this paper, we report the enthalpies of solution of
anhydrous Ba(ClO,), and the anhydrous trifluoro-
methanesulfonates of zinc, barium, and cadmium in
the solvents water, methanol, formamide, dimethyl-
formamide, dimethyl sulfoxide, and acetonitrile. We
have been particularly careful to prepare anhydrous
salts and by using perchlorate and trifluoromethane-
sulfonates at the lowest practicable concentrations (10—3
M) in an LKB calorimeter we have tried to minimize
effects due to ion association and salt concentrations.
We prefer trifluoromethanesulfonates to perchlorates.
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Single ion enthalpies of transfer, AH,., of the ions from
water to the nonaqueous solvents are reported. These
values are based on an extrathermodynamic assumption,
which has been justified elsewhere,® that AH . (PhiAs™)
= AH.(BPh,”). The results are discussed in terms of
the properties of the ions and solvents,

Experimental Section

Materials. (a) Solvents. Water was distilled from an all-glass
system. The purification has been described®® of the solvents
dimethyl sulfoxide (DMSO), dimethylformamide (DMF), acetoni-
trile (CH;CN), and methanol (CH;OH). The specific conductance
of each solvent at 23° and its water content, as determined by Karl
Fischer titrations, were used to judge the solvent purity. The
values obtained for each solvent were as follows: DMSO, 1.4 X
1077 ohm~! cm™%, 40 ppm; DMF, 3.4 X 1077 ohm~! cm™}, 65
ppm; CH;CN, 2.4 X 1077 ohm~! cm™%, 30 ppm; CH,OH. 1.4 X
10-¢ ohm™! ¢cm™1, 50 ppm. Formamide (Merck, AR grade) was
dried over freshly activated 4A molecular sieves, once distilled at 0.1-
0.2 Torr then subjected to several fractional crystallization cvcles.
The specific conductance and water content were 6 X 1075 ohm™!
cm~! and 60 ppm, respectively.

(b) Solutes. Anhydrous Ba(ClO,); was obtained by drying AR
Fluka Ba(ClOy),;-3H:0 over concentrated sulfuric acid to form the
monohydrate!! then heating at 120° and 0.3 Torr for 30 hr.  Anal-
ysis for barium by titration with standard EDTA!2 gave 40.8 =
0.1 (calcd for Ba(ClOy),, 40.8%;). The ir spectrum of the salt
showed no absorptions characteristic of an OH group (<0.01 mol
H,;0).

Barium trifluoromethanesulfonate, Ba(CF,;SQ;),, was prepared
by the reaction of BDH AR barium carbonate with an aqueous
solution of CF;SO;H. (Reagent grade 3M Company, Saint Paul,
Minn.). The product was recrystallized three times from hot water
and then dehydrated by heating under vacuum (90° and 0.1 Torr)
for 40 hr. The ir spectrum indicated the absence of water. Anal-
ysis for barium EDTA titration gave 31.5% (caled for Ba(CF;SOy3)s,
31.59).

Anhydrous zinc trifluoromethanesulfonate, Zn(CF;SO;),. was
obtained by dehydration, at 120° and 0.2 Torr, of the twice re-
crystallized product prepared from the reaction of BDH basic zinc
carbonate and an aqueous solution of CF;SO;H. Metal ion anal-
ysis for Zn?+ by EDTA titration gave 17.93 &= 0.05% Zn (calcd for
Zn(CF,S0s),, 17.98%). The ir spectrum indicated no OH absorp-
tions.

Anhydrous Cd(CF,;SO;), was prepared by the same procedure as
for the zinc compound. Analysis for Cd2* by EDTA titration gave
27.33 = 0.06% Cd (calcd for Cd(CF;S0;),, 27.38%). The ir spec-
trum also showed no characteristic OH absorptions.
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Table I. Enthalpies of Solution,» AH® (kJ mol)~1, of Electrolytes at 25.0 == 0.05°
Solvents
Solute H:0 CH,;0OH HCONH, DMF? DMSOQp CH:CN

Ba(ClO.), +3.85 4+ 0.02 —60.3 = 0.3 —60.3£+0.2 —126.8 0.2 —113.0 £ 0.3 —41.4+04
Zn(CF;S0,), —79.9 0.2 —116.7 £ 1 —100.8 = 0.9 —149.4 04 —139.7 = 2 —54.840.4
Cd(CF;:S03), —61.3 0.3 —-929+0.4 —85.8 0.3 —131.4 0.3 —129.7 £ 0.6 —48.1 0.4
KCF;SO; +17.2 £ 0.1 +3.2+0.2 +2.0+0.2 —25.5+0.1 —16.3 0.2 —29+0.3
Ba(CF;S0;), -9.8+0.2 —98.4+0.3 —87.3 0.3
NaClO; +21.9+0.2 +2.6 = 0.06 —8.8+0.1

« Errors are expressed as the standard deviation from the mean of a number of independent determinations.

DMSO is dimethyl sulfoxide.

All the divalent ion salts were handled and stored under a dry
atmosphere in a glove box. The ir spectra of samples stored under
these conditions indicated no water absorption over a period of
many months.

Potassium trifluoromethanesulfonate, KCF,SO;, was prepared
by the neutralization of an aqueous solution of CF;SO;H with
BDH AR K,CO;. The product obtained by evaporation of this
solution almost to dryness was then recrystallized three times from
distilled water. The sample was dried at 110--120° and ca. 0.02 Torr
for 48 hr and stored over silica gel in a desiccator. The ir spectrum
indicated the absence of OH absorptions, (Calcd for KCF;SO5;:
K, 20.78; C, 6.38. Found: K, 20.8; C, 6.53) BDH sodium
chlorate (NaClOy;) was recrystallized three times from hot water.

The preparation of anhydrous Cd(ClIO.), was attempted using a
reported method and although the analysis for Cd?™ indicated satis-
factory purity to within the experimental error, the ir spectrum in-
dicated slight water absorption. For this reason, the sample was
not used in the heat of solution measurements. Attempts to dehy-
drate Zn(ClO,); - 6H:0 by heating under vacuum were not successful.
Careful desolvation of Zn(dioxan)e-(ClO4); by heating under vac-
uum?? also did not yield a sample of sufficient purity for calorimetric
measurements. (NB: although the authors had no problems with
this procedure the process has been reported!* as explosive under
certain conditions.)

Heats of Solution. Heats of solution measurements were made
with an LKB-Produckter AB (Stockholm, Sweden) Model 8700-1
precision calorimetry system using a 100-cm? reaction vessel. The
calorimeter is essentially based on the design described by Sunner
and Wadso.!®

As the dissolution times in the solution experiments were all less
than 4 min, the corrected resistance change was calculated using the
Dickinson extrapolation method.!¢ For the dissolution of the di-
univalent electrolytes, the sample ampoules were filled under a dry
atmosphere in a glove box and sealed using an oxy-propane flame.

The precision of the calorimetry system with water in the calorim-
eter, determined {rom electrical calibrations, was to ==0.29 for
heat changes of ca. 10 J. For the aprotic solvents the precision for
similar heat inputs was generally within 4:0.49;. The accuracy of
the instrument was checked by determining the heat of solution of
TRIS (tris(hydroxymethyl)aminomethane) in 0.1 M aqueous hydro-
chloric acid.¥ The mean of five determinations with heat inputs in
the range 5-10 J was —29.66 % 0.02 kJ mol~! which is 0.3 % lower
than accepted literature values.’~1° All heats of solution were
determined at 25.00 & 0.05°.

Results

For all the electrolytes, the enthalpies of solution,
AH,, were determined in the concentration range of
ca. 0.7-3.0 X 10=3 M. In this range, the concentra-
tion dependence of AH, is small and masked by experi-
mental errors. For each electrolyte the mean AH; of a
number (at least three) of determinations was taken as
the enthalpy of solution at infinite dilution, AHL. The
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(17) R.J. Irving and I. Wadso, Acta Chem. Scand., 18, 195 (1964),

(18) I. O. Hill, G. Ojelund, and 1. Wadso, J. Chem. Thermodyn., 1,
111 (1969).

(19) S.R. Gunn,J. Chem, Thermodyn., 2,535 (1970).

b DMF is dimethylformamide,

results are shown in Table I. In the limit of infinite

dilution
AH, = AHL + ke'”-

where ¢ is the molar concentration and k is readily cal-
culated.?® Using literature data from the references
indicated, the calculated values of k for the dissolution
of biunivalent electrolytes in the solvents H,O,%
CH;OH,?'-22 formamide,?!22 DMSO?2!.2¢ DMF,2!.23
and CH;CN?2!2 are +10.3, +61.9, +0.3, 9.4,
+33.0, and +15.5 kJ mol =" 1", respectively. For
the solvents H,O, formamide, DMSO, and acetonitrile
and at an electrolyte concentration of 1 X 1073 M,
the kc'/2 values are less than 0.5 kJ mol—!. For DMF,
the kc'? value is 1.0 kJ mol-1.

For methanol, even though the kc'* value is slightly
larger than for the other solvents, no corrections were
applied to the AH, results in Table I. For the dissolu-
tion of 1:1 electrolytes the coefficient k is three times
smaller? than for the 2:1 case, so no corrections were
made to the A H, data for uni-univalent electrolytes.

Possible ion pairing effects have been neglected in the
analysis of the heat of solution measurements. No
effects were detected over the range of concentrations
studied. The use of the weakly coordinating ClO,~
anion of low ionic potential should minimize ion pairing.
The CF;SO;~ anion is also a very weak nucleophile,
although there is evidence to suggest that it is a slightly
stronger coordinator than ClO,~.?% lon association
constants for di-univalent electrolytes in the dipolar
aprotic solvents are scarce but perchlorates are strong
electrolytes at 10—% M whenever studied.?” The K4 of
LiClO, in CH;CN,® a solvent in which ion association is
likely to be more significant than others, is only 4, sug-
gesting that K, for the di-univalent electrolytes studied
is less than 50 and thus that ion-association effects are
not sigificant at <3 X 10=% M.

The internal consistency of AH(Ba?t), derived from
measurements on Ba(CF;SO;).,, Ba(ClO,),, and Ba-
(ClOy;), (vide infra), gives strong support to our con-
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clusion that ion association and salt effects are not
significant for the salts, solvents, and concentrations
used.

The enthalpies of solution have been reported® of
anhydrous Ba(ClOy), in water and methanol. The
values of +4 kJ mol~! (water) and —60 kJ mol—!
(methanol) are in excellent agreement with those in
Table I.

Enthalpies of transfer from water to each nonaqueous
solvent, S, of the electrolyte MX, (AH(MX,) = AH.
(MX, in S) — AHNMX, in H,O)) have been split into
single ion values using the extrathermodynamic as-
sumption (TATB assumption)® that AH.,(BPhs) =
AH(PhsAst). Values are in Table II.

Table IT.  Single Ion Enthalpies of Transfer (kJ mol=?) from
Water to Nonaqueous Solvents of Some Cations and Anions
(Assumption AHy(Ph,As*) = AH:(Ph,B7))

Solvents
H,0 CH;OH HCONH; DMF DMSO CH;CN
Ton AHy:

Ba?* 0 —-59.2 -—40.2 —85.5 -—78.5 —8.5
Zn*t 0 —45.6 —23.9 —62.7 —62.2 +20.1
Cd2* 0 —40.4 -=-27.5 —63.3 —70.8 +8.2
Na* e 0 -20.5 -—-16.3 -—33.1 =276 —13.0
K+ 0 —184 —16.7 -—39.3 -—-34.7 -=22.6
Agte 0 —209 -—22.6 -—38.5 -—54.8 —52.7
CF;S0;,- 0 +4.4 +1.5 -3.4 +1.2 +2.5
CiO;~ 0 -2.9 +2.5
ClO, @ 0 -2.5 -—12.0 -—226 —19.2 -—18.4
Cl-¢ 0 +8.4 +3.3 +21.3 +18.8
PhB-? 0 —-1.7 -0.4 -19.7 -—-11.7 —10.5

@ Data fromref 2. * Value for PhiAs™is the same.

Published heats of solution of the alkali metal
perchlorates in water and formamide?® do not yield a
satisfactorily consistent value of AH(ClO,~) based on
the TATB assumption. The value in Table II was
obtained by determining AH, of EtiNCIO; in water and
formamide (AH,(H.0) = +30.5 kJ mol—!, AH,(forma-
mide) = +25.7 kJ mol—') and using A H,,(Et,N*) cal-
culated from the AH, data for the Et,NBr salt® and the
single ion AH(Br—) based on the TATB assumption.?

The enthalpies of solution have been reported of
anhydrous Ba(ClQ;), in formamide and DMF.¢ Using
these data and the single ion enthalpies of transfer of the
ClO; anion, as calculated from the AH, of NaClO; in
Table I, the single ion enthalpies of transfer of the
barium cation from water to formamide and DMF are
—38.5 and —82.0 kJ mol—, respectively. These are in
fair agreement with the values in Table II. To check
consistency, the enthalpies of solution were determined
of Ba(CF;SQy), in the three solvents H,O, DMSO, and
DMF. Using the single ion AH,(CF;SO;~) values
from Table 1I, the enthalpies of transfer of Ba2* from
water to DMSO and to DMF are —79.9 and —81.8
kJ mol—1, respectively. These are in reasonable agree-
ment with the values calculated from the ClO,~ data
(Table II).

Discussion

The enthalpies of solution, AH.?, of the anhydrous tri-
fluoromethanesulfonates of barium, zinc, and cadmium

(29) D. Gili, J. P. Singla, R. C. Paul, and S. P, Narula, J. Chem, Soc.,
Dalton Trans., 522 (1972).

(30) C. De Visser and G. Somsen, Recl. Trav. Chim. Pays-Bas, 90,
1129 (1971).
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are strongly exothermic and decrease in their degrees of
exothermicity in the order of solvents: DMF > DMSO
> MeOH > HCONH > H;O > MeCN. Thus enthal-
pies of transfer from water are exothermic except when
transfer is to acetonitrile. The enthalpies of solution of
the corresponding uni-univalent potassium trifluoro-
methanesulfonates are much less exothermic; indeed in
some solvents they are endothermic. In an enthalpic
sense, water is a relatively poor solvent when consider-
ing the electrolytes and solvents in Table I. Water is
especially poor for the di-univalent electrolytes, com-
pared to uni-univalent electrolytes. Dimethylforma-
mide and dimethyl sulfoxide are excellent solvents, in an
enthalpic sense, for these di-univalent electrolytes.

Further consideration of the data in Table I is much
more profitable if we estimate enthalpies of transfer of
single ions from water to other solvents. Values based
on the TATB assumption® are in Table II. We
agree®!—%3 that electrostatic interactions, whose magni-
tude can be estimated by Born-type calculations of the
work required to charge a sphere in a vacuum and in a
continuous dielectric, are the major contributor (90
95%) to the solvation enthalpies of ions (i.e., transfer
from vacuum to solvent) as recorded in Table III.
Each gaseous ion is solvated to much the same extent,
in terms of enthalpy, in water, methanol, acetonitrile,
formamide, DMSO, and DMF. However, enthalpies
of transfer (Table II) between a series of solvents of
relatively high and similar dielectric constant require
more subtle considerations of considerable importance
to the solution chemistry of ions. Our discussion is in
terms of changes in three types of interaction, with trans-
fer of ions. Solvent-solvent interactions, ion-solvent
interactions, and interactions between solvent and the
ion plus its first solvation shell are all important.

As well as electrostatic interactions, many ions, such
as the IB and IIB cations, Agt, Zn** and Cd*+, and
other class b cations,®* have covalent ion-solvent inter-
actions with suitable donor solvents. These are the
soft cations in the Pearson ferminology,?® and suitable
donor solvents are soft bases. The Ag+ and Cd?** ions
are very typical soft and class b ions, whereas Zn?*
is intermediate between these cations and the hard and
class a cations of Table II, like K+, Na*, and Ba?*.
The concept of a transition from predominantly elec-
trostatic to covalent cation-ligand interactions as the
cation and ligand change is well established in inorganic
chemistry.?* However, chemical intuition about cation-
ligand interactions does not provide a complete under-
standing of solvation, because most ideas about cation—
ligand interactions come from studies of agueous solu-
tions, dilute in cation and ligand.

However, with solvation in various pure solvents the
bulk solvent is not water and one must consider the
effect on different solvent-solvent interactions of chang-
ing ion-solvent interactions. There will be different
interactions of the ion plus its solvation shell with the
different bulk solvents. When ions are transferred
between some solvents there will be enthalpy changes

(31) M. Salomon, J, Phys, Chem., 74, 2519 (1970), and references
therein.

(32) R. M. Noyes, J. Amer, Chem. Soc., 84,513 (1962).

(33) R. H. Stokes, J. Amer, Chem, Soc., 86, 979 (1964),

(34) S. Ahrland in “Structure and Bonding,” Vol. 5, Springer-Verlag,
Berlin, 1968.

(35) R. G. Pearson in ““Hard and Soft Acids and Bases,” R. G. Pear-
son, Ed., Dowden, Hutchinson, and Ross, Stroudsburg, Pa., 1973,
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Table III. Enthalpies of Solvatione® (kJ mol~1) of Some Gaseous Mono- and Divalent Ions at 298 °K
Solvents

H,0 CH;0H HCONH, DMF DMSO CH;CN
Ton AHj
Na* —418.0 —438.5 —434.3 —451.1 —445.6 —431.0
K+ —333.5 —351.9 —350.2 —372.8 —368.2 —356.1
Ag* —487.9 —508.8 —510.5 —526.4 —542.7 —540.6
Ba?t —1328 —1387 —1368 —1413 —1406 —1336
Zn+ —2069 —2115 —2093 —2132 —2132 —2049
Cdz+ —1831 —1871 —1858 —1894 —1902 —1823

« The hydration enthalpies were calculated from the conventional standard enthalpies of hydration using AHuea(H*) = —1103.3 kJ mol~!

(—263.7 kcal mol™);
Rosseinsky, Chem. Rev., 65, 467 (1965).

cf. D. F. C. Morris in “Structure and Bonding,” Vol. 4, Springer-Verlag, Berlin, Germany, 1968, and data in D. R,
b For the nonaqueous solvents, the solvation enthalpies were calculated from the hydration enthal-

pies and the single ion enthalpies of transfer from Table I1, i.e., AH{(M"") = AHpya(M™") + AH:(M™) fromH,0 — S.

associated with the changes in solvent-solvent hydrogen-
bond interactions, but with other solvents such changes
are absent, because the solvent lacks suitable hydrogens.
Thus in considering enthalpies of transfer between pure
solvents, we need much more than a knowledge of ion-
ligand interactions in a predominantly aqueous solvent.

The enthalpies of transfer of the alkali metal cations
from water to the nonaqueous solvents of this study
including acetonitrile are all exothermic.? Similarly
the enthalpies of transfer of the divalent ions Zn?3t,
Cd*+, and Ba*t from water to methanol, formamide, di-
methylformamide, and dimethyl sulfoxide are also
strongly exothermic. All these solvents are strong
donors. However, transfer of Ba®t from water to the
weaker base acetonitrile®® is only slightly exothermic
and transfer of Zn*+ and Cd?+ from water to acetonitrile
is endothermic.

A major factor tending to produce exothermic trans-
fer from water to other solvents is the enthalpy gained
in re-forming the unique three-dimensional hydrogen-
bonded structure of water, when ions are desolvated and
removed from water and transferred to a less structured
solvent in which a new ion-centered solvent shell is
formed.? The enthalpy gained in the water is greater
than the corresponding enthalpy required to disrupt
solvent-solvent interactions in the nonaqueous solvents.
One must also consider the enthalpy changes associated
with ion-solvent interactions in the first solvation
sphere, but transfers from water to most polar solvents
tend to be exothermic processes, except where the sol-
vent is a much weaker donor than water, e.g., acetoni-
trile,® and the cation is a very strong acceptor, e.g.,
Zn*t. In these cases the effect of ion-solvent inter-
actions prevails and transfer from water is endothermic;
however, as noted, exothermic transfers from water to
acetonitrile are the rule for monovalent cations even
although acetonitrile is the weaker base. Presumably
the monovalent cations are not sufficiently acidic to
generate ion-solvent interactions whose enthalpic effect
outweighs the effect due to changes in solvent-solvent
interactions.

An important factor which must be considered is the
number of solvent molecules which interact with the
cation.? This is related to the question of interaction
between solvent and the ion plus its solvation shell.
Zinc and Cd** in water polarize the water in their inner
coordination shells, as reflected by the much greater
acidity of M(H;0),*" species vs. M(H:0),".¥" A hy-

(36) R, H. Erlich, E. Roach, and A. 1. Popov, J. Amer. Chem. Soc.,
92, 4989 (1970).

drated divalent cation is a strong hydrogen-bond donor
and this provides a mechanism by which these structure
making cations can extend their strong interaction with
water beyond the water in the first coordination shell.
A mechanism whereby the first solvation shell is ex-
tended via hydrogen bonds to other solvent molecules
is not possible in acetonitrile, because acetonitrile is a
poor H-bond acceptor and it lacks protons of suitable
acidity. Thus more water than acetonitrile strongly co-
ordinates to divalent cations in these respective solvents,
and this, coupled with the stronger ion-solvent co-
ordination of water than of acetonitrile in the first
solvation sphere, leads to an endothermic transfer of
Zn*t and Cd?r from water to acetonitrile. It is ap-
preciated that more solvent-solvent interactions are
disrupted as second or higher hydration shells are
formed, but the solvent-coordinated ion interaction
predominates.

The enthalpy of transfer of Agt from water to
acetonitrile is —52.7 kJ mol—!. This is a much more
exothermic transfer than that of Na+t (—13 kJ mol~?!) and
is attributable primarily to the specific covalent inter-
actions (back-bonding) of the d'® Agt ion with acetoni-
trile. It might seem surprising that Zn** and Cd2**
which are also d!° cations do not have strongly
exothermic transfers from water to acetonitrile. How-
ever, the greater formal positive charge on Zn*t and on
Cd?>+, which is isoelectronic with Ag+, makes back bond-
ing much less significant® than with monovalent Ag™,
so that as noted, AH:.(Zn>*) and AH(Cd?~) are endo-
thermic, while AH..(Agt) is exothermic for transfer to
acetonitrile.

The enthalpy of transfer of Cd** from DMF to
DMSO is —7.5 kJ mol~1, while, enthalpywise, DMF is a
significantly better solvator than DMSO of Ba** and
the alkali metal cations. Zinc cation is similarly sol-
vated, enthalpywise, in DMF and DMSO. These
variations are consistent with the concept of covalent
vs. electrostatic interactions and with the concept of soft
vs. hard interactions. DMSO has stronger covalent
interactions with electron acceptors than does DMF. It
is softer than DMF. Cadmium has stronger covalent
interactions with donors than has zinc, which in turn
has stronger interactions than has barium ion, whereas
electrostatic interactions increase in the opposite sense;
ie., cadmium is the softest cation in the series of in-
creasing softness: Ba?+ < Zn*+ < Cd**. 3¢

(37) L. G, Sillén and A. E. Martell, Chem, Soc., Spec. Publ., No. 17
(1964), No. 25 (1971).

(38) C. S. G. Phillips and R, I. P, Williams, “‘Inorganic Chemistry,”
Vol. II, Oxford University Press, Oxford, 1966.
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The enthalpies of transfer of the divalent cations and
the alkali metal ions from water to the protic solvents
methanol and formamide are exothermic. The endo-
thermic transfer of all cations to methanol and forma-
mide from DMF and DMSQO is attributable to ion-
solvent interactions which disrupt the hydrogen-bonded
solvent-solvent interactions that occur in both CH;OH
and HCONH,. In the case of methanol the endo-
thermicity is enhanced by the greater donor power of
DMF and DMSO, relative to methanol. Transfer of
cations from formamide to dimethylformamide is a
strongly exothermic transfer. These solvents use a
similar NC=0 grouping for cation solvation and are of
comparable donor strength so that cation-solvent inter-
actions are likely to be comparable. The exothermicity
of transfer is a function of the hydrogen-bonded solvent—
solvent interactions in formamide which are absent in
DMF and which re-form when cations are transferred
from formamide to DMF.

The enthalpies of transfer of many small anions, which
are strong hydrogen bond acceptors, from water to
dipolar aprotic solvent are endothermic. This is be-
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cause strong anion-water hydrogen-bonding inter-
actions are lost and this outweighs the gain of water—
water H bonds (vida supra) when these anions are trans-
ferred from water to dipolar aprotic solvents. How-
ever, the enthalpies of transfer of ClO,~ from water to
all of the nonaqueous solvents are strongly exothermic.
The perchlorate ion is a very weak H-bond acceptor.?

Transfer from water of the ClO;~ anion, which has a
pyramidal structure, is less exothermic than transfer of
ClO4~. This is consistent with a loss of stronger
ClO;——water interactions due to the greater hydrogen-
bonding acceptor ability of ClO;~ and its lower polar-
izability, relative to ClO,~. The small, usually endo-
thermic enthalpies of transfer of the CF;SO;~ ion from
water indicate that this anion is a stronger hydrogen-
bond acceptor than ClO,~, a much weaker acceptor than
Cl-, and a slightly weaker acceptor than ClO;™.
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Abstract: The crystal and molecular structure of a-acetoxy-a,2-anti-diphenylmethylenecyclohexane, CoHs:Os, has
been determined by a single-crystal, three-dimensional, X-ray diffraction study. The compound crystallizes in
space group Pbca with lattice parameters a = 24.157 = 0.006, b = 16.758 == 0.004, and ¢ = 8.535 = 0.002 A (Z =
8). The intensities of 2929 independent reflections were measured on a Picker automatic diffractometer (Cu Ko
radiation) and the structure was solved by the symbolic addition method. Full-matrix least-squares refinement of
atom positions, hydrogen isotropic temperature factors, and anisotropic thermal parameters for carbons and oxy-
gens converged at a final Ry = 6.5% for the 1722 reflections above background. The cyclohexylidene system is
found in a flattened chair conformation with the 2-phenyl substituent axial as required by the theory of A¢:®
strain. Torsion angles in the ring range from 52.9 to 57.1° (average 55.3°), and internal bond angles at sp® hy-
bridized carbons average to 110.7°  Except for the C(sp?-C(sp?) bond distances of 1.503 and 1.515 A and the
C(2)-C(1)-C(6) angle of 114.0°, metric parameters in the saturated ring conform quite closely to values observed in
cyclohexanes. The C(sp2)-O bond lengths in the acetoxy group are 1.427 and 1.358 A for the bonds to the methyl-
ene and carbonyl carbon atoms, respectively. Bond distances and angles in the aromatic rings are in good agree-

ment with literature values.

t has long been recognized that of the two possible
conformers of a cyclohexane ring the chair is far
more stable than the boat—2 and that substituents, in all
but a few cases, tend to occupy equatorial positions.?
However, the basic structural parameters of the cyclo-
hexane system, which define essentially a flattened chair
conformation, have been measured only during the last
decade. For cyclohexane itself, electron diffraction
analysis has given a value of 111.9° for the internal
bond angle,* and X-ray studies of several of its sub-

(1) K. W. F. Kohlrausch and W. Stockmair, Z, Phys. Chem., Abt. B,
31,382(1936).

(2) R.S.Rasmussen, J. Chem, Phys., 11, 249 (1943).

(3) O.Hassel and H. Viervoll, Acta Chem. Scand., 1,149 (1947).

(4) M. Davis and O. Hassel, Acta Chem. Scand., 17,1181 (1963).

stituted derivatives®— have determined mean ring angles
ranging from 110.6 to 112.1°,  As a result of minimiza-
tion of bond angle strain, the internal angle thus appears
to lie between the tetrahedral angle and the n-paraffin
angle of 112.7°% In addition, torsional strain is
minimized by reducing the torsion angle from an ideal
60° to values ranging from 52.9 to 57.1°.5—7

While there is ample experimental evidence indicating
that the chair form is also the predominant ground-state
conformation of six-membered rings containing one sp?

(5) J. D. Dunitz and P. Strickler, Hele. Chim. Acta, 49, 2502 (1966).
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