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Abstract: The specific rates of solvolysis in 80% ethanol and 97% 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)
for various tertiary alkyl chlorides having different steric requirement and experimental (FT ICR) gas-phase
stabilities of the corresponding carbocations were determined. The experimental gas-phase stabilities were in
good agreement with theoretical values computed at the MP2/6-311G(d,p) or the MP2/6-311G(d,p)//MP2/
6-31G(d) level. The relation of differential activation Gibbs energy changes for solvolyAiGH{= —RT

In(k/ko)] (relative to 1-chloroadamantane) vs the experimental gas-phase cation-stahi#fegelative to
1l-adamantyl cation) was compared with the previously established similar relation for bridgehead systems. It
was revealed that the solvolysisteft-butyl chloride in 80% ethanol is nucleophilically assisted byB4kcal

mol~1. The SAG* vs AG® relation for heavily crowded 4-chloro-2,2,4,6,6-pentamethylheptane was found to

be comparable to that of bridgehead compounds. The reversal of the ranking of stabilitieset-theyl

cation and 1-adamantyl cation on going from the gas phase to aqueous solution was computationally assessed.
The results agree with the fact that larger substituents around a cationic center increase the stability of the ion
in the gas phase thanks to their larger polarizability, and that this effect is either offset or even dramatically
reversed in solution.

1. Introduction simplest tertiary substratégrt-butyl chloride (Cl). Statistical
analysis of solvolysis rates dfCl by means of the extended
Grunwald-Winstein model, eq 1, succeeded in evaluating the
magnitude of NSP in terms of tHecoefficient2>4

Detailed understanding of substratolvent interactions at
the molecular level is one of the most important problems in
physical organic chemistry. Among a large number of organic
reactions, the @l solvolysis is perhaps the most studied in this log(k/k,)) = IN + mY, (1)
respect since the historic work by Hughes and Ingold in the
1930s! Nevertheless, interaction between solvent molecules and | eq 1N is a nucleophilic parameter such ldgr2d or Nt2b
substrate in the transition state, and even in the ground stateyyhile Yy is a measure of the ionizing power of the solvent in
has not necessarily been well understood. Nucleophilic solventine absence of NSP effe@ad56The NSP as measured by using
participation (NSP) in the solvolysis trtiary alkyl compounds  eq 1 is considered to involve the interactions with both the
may be one of such typical examphgse reacting carbon atom and the hydrogen atoms, in particular the

Recent studies on the Grunwal@Winstein relations in the ﬂ-hydrogeng_ However, it is still an open question how much
solvolysis of a series of congested tertiary alkyl halides showed the transition state for the ionization €l is stabilized by NSP.
that NSP essentially vanishes in extremely congested systems. — — .

However, no energetic information has been obtained regardingCh(eS%_("i)gg‘%kell(‘fh;’l};j7%296‘(5\)("Tgighnc‘%’i’T'kjagizl;'fa@fihgﬁhgrgi;

the magnitude of the NSP in the solvolysis rates of even the Takasuka, MJ. Org. Chem1997, 62, 4904-4905. (c) Takeuchi, KPure
Appl. Chem1998 70, 2025-2032. (d) Liu, K.-T.; Hou, S.-J.; Tsao, M.-L.
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(1) Ingold, C. K.Structure and Mechanism in Organic Chemisteynd (6) In the pioneering work by Grunwald and Winstein (Grunwald, E.;
ed.; Cornell University Press: Ithaca, 1969. Winstein, S.J. Am. Chem. S0d.948 70, 846—854) the solvent ionizing

(2) (a) Bentley, T. W.; Carter, G. B. Am. Chem. So&982, 104 5741 power of a given solvent was defined by k) based on the rate constants
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Chart 1

Jorgensen and co-workers calculated stabilization energies byOf

hydration for t-Bu® Cl~ ion pairs by using Monte Carlo

simulations and extended RISM methodology, but the compu-
tational results have not been supported so far by experimenta

data® Very recently, Fecagu and Lukinskas carried out ab
initio calculations on the structure of thert-butyl cation ion-
paired with BHF~ or BF,~ at various interatomic distancés.
One of the results was that the anion interacts strongly with
only one of the hydrogen atoms, suggesting the importance o
solvation atB-hydrogen atoms to stabilize the ion p#ir.

Here we address the problem of the quantitative assessmen

of structural effects on the thermodynamics of NSP in the
solvolysis of tertiary alkyl halides. We believe that the informa-
tion thus obtained facilitates a better understanding of this
phenomenon.

In their classical studi@Schleyer and co-workers succeeded
in rationalizing the rates of solvolysis of bridgehead derivatives,

RX, in terms of the strain changes between the corresponding

hydrocarbons (RH) and carbocations{RThese strain changes

are fundamental contributors to the difference in thermodynamic

stabilities between these speciés.
More recentlyt°@Fourier Transform lon Cyclotron Resonance
Spectroscopy (FT ICR) was used to determine the intrinsic

Takeuchi et al.

it was found by means of experimental and computational
methods thatAG°(2,X=ClI) is essentially the same asG°-
(2,X=Br). Inasmuch as thein log ks, are also extremely
close!?13a nice linear relationship (hereafter called “bridgehead
line”) betweenA log ksoy for chlorides andAG°(2,X=ClI)
follows. Since NSP from the backside is precluded in the cage-
shaped compounds, the “bridgehead line” permits, as a first
approximation, the quantitative estimation of the energetics of
NSP in the solvolysis of open chain, tertiary alkyl substrates.
In what follows we use the tool of the “bridgehead line” for
the comparison of the solvolysis rates for compout@é—
7Cl in 80% ethanol and 97% HFIP (1,1,1,3,3,3-hexafluoro-2-
propanol) with theiAG°(2,X=Cl) values, determined by means
FT ICR using the Dissociative Proton Attachment (DPA)
method. This study is complemented with and supported by a
series of ab initio calculations of substantial level and several
Iancillary experiments.

2. Experimental Section

2.1. Gas-Phase Studies. A. The FT ICR Spectrometem this
work, use was made of a modified Bruker CMS 47 FT ICR mass

fSpectrometer. A detailed description of the original instrument is given

in ref 14. It has already been used in a number of studi€d.15The
ield strength of its supraconducting magnet, 4.7 T, allows the
onitoring of ion—molecule reactions for relatively long periods of
time and the performing of experiments under “high” pressures (up to
ca. 5x 1074 mbar).
B. The DPA Method. Reaction 3 is a particular case of reaction 2,
in which Ri* and R are two carbocations and * H, halogen.

@)

The direct study of equilibrium 3 has been carried out (witk=>XH,
Cl, or Br) in a number of instancé8lts usefulness is limited, however,
to cases wherein the carbocations do not easily rearfdnge’This
is why we obtain herd\G° ) by a different method, namely the DPA
technique, summarized as follows:

The gas-phase protonation of a halide or an alcohelXRoften

R (@ +RX(@ =RX(@) +R,(@  AG

(gas-phase) stabilities of a number of bridgehead carbocationsieads to ior-molecule complexes that readily decompose to yield free

R™(g) relative to 1-adamantyl cation (1-Ad8") by means of
the formal bromide exchange process (27XBr):

1-Ad*(g) + RX(g) = 1-AdX(g) + R'(g)
AG°, (2)

The range of structural effects on the stabilities of these
cations spans some 50 kcal mbl% Moreover, it was found
that the relative stabilities of these ions [as measured®%,)]
and the corresponding logarithmic solvolysis rates relative to
1-bromoadamantan8mr), A log kson, Show an excellent linear
relationship [correlation coefficiert 0.9957, standard deviation
(o of 0.77 onA log kson)]. This work was later extendé#ito

ions R"(g) and neutral XH(g) moleculé&1217The DPA method allows
one to find the base B such that its conjugate acid{ Bbljust able to
transfer a proton to RX (X = OH, halogen) according to eq 4. This

(11) (8) Lehman, T. A.; Bursey, M. Mlon Cyclotron Resonance
SpectroscopyJohn Wiley & Sons: New York, 1976. (bfT-ICR/MS
Analytical Applications of Fourier Transform lon Cyclotron Resonance Mass
SpectrometryAsamoto, B., Ed.; VCH Publishers: New York, 1991. (c)
Marshall, A. G.; Hendrickson, L.; Jackson, G.Mass Spectrom. Re1998
17, 1-35. (d) Abboud, J.-L. M.; Notario, R. IrfEnergetics of Stable
Molecules and Reac# IntermediatesMinas da Piedade, M. E., Ed.; NATO
Science Series; Kluwer: Dordrecht, 1999; pp 28D2.

(12) Abboud, J.-L. M.; Herreros, M.; Notario, R.; Lomas, J. S.; Mareda,
J.; Muller, P.; Rossier, J.-CJ. Org. Chem1999 64, 6401-6410.

(13) (a) Bentley, T. W.; Carter, G. B. Org. Chem1983 48, 579~
584. (b) Bentley, T. W.; Roberts, K. Org. Chem1985 50, 5852-5855.

(14) Laukien, F. H.; Allemann, M.; Bischofberger, P.; Grossmann, P.;
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(7) (a) Bentley, T. W.; Schleyer, P. v. R. Am. Chem. S0d.976 98,
7658-7666. (b) Bentley, T. W.; Bowen, C. T. Chem. Soc., Perkin Trans.
21978 557-562. (c) Bentley, T. W.; Bowen, C. T.; Parker, W.; Watt, C.
I. F. J. Chem. Soc., Perkin Trans.1®8Q 1244-1252.

(8) (a) Jorgensen, W. L.; Buckner, J. K.; Huston, S. E.; Rossky, P. J.
Am. Chem. So0d.987, 109, 1891-1899. (b) Facagu, D.; Lukinskas, PJ.
Phys. Chem. 200Q 104, 1944-1949.

(9) (@) Bingham, R. C.; Schleyer, P. v. R.Am. Chem. S0d 971 93,
3189-3199. (b) Parker, W.; Trauter, R. L.; Watt, C. I. F.; Chang, L. W.
K.; Schleyer, P. v. RJ Am. Chem. Sod 974 96, 7121-7122.

(10) (a) Abboud, J.-L. M.; Castan O.; Della, E. W.; Herreros, M.;
Miiller, P.; Notario, R.; Rossier, J.-G. Am. Chem. S04997, 119, 2262
2266 and references therein. (b) Mu, P.; Mareda, J.; Milin, DJ. Phys.
Org. Chem.1995 8, 507-528. (c) Miler, P.; Mareda, J. InCage
Hydrocarbons Olah, G. A., Ed.; John Wiley & Sons: New York, 1990;
Chapter 6.

Evolution, Innazation, and ApplicationsBuchanan, M. V., Ed.; ACS Symp.
Ser. No. 359; American Chemical Society: Washington, DC, 1987; Chapter
5.

(15) Abboud, J.-L. M.; Notario, R.; Ballesteros, E.; Herreros, M.;,Mo
O.; Yaiez, M.; Elguero, J.; Boyer, G.; Claramunt, R.Am. Chem. Soc.
1994 116, 2486-2492.

(16) (a) Sharma, R. B.; Sen Sharma, D. K.; Hiraoka, K.; Kebarld, P.
Am. Chem. Sod985 107, 2262-2266. (b) Chuchani, G.; Mishima, M.;
Notario, R.; Abboud, J.-L. M. IPAdvances in Quantitatie Structure-
Property RelationshipCharton, M., Charton, B., Eds.; JAl Press: Green-
wich, CT, 1999; Vol. 2, pp 35176. (c) Abboud, J.-L. M.; Hehre, W. J;
Taft, R. W.J. Am. Chem. S0d.976 98, 6072-6073. (d) Weiting, R. D.;
Staley, R. H.; Beauchamp, J. I. Am. Chem. S0d.974 96, 7552-7556.

(17) (a) Abboud, J.-L. M.; Castan O.; Herreros, M.; Elguero, J.;
Jagerovic, N.; Notario, R.; Sak, Hnt. J. Mass Spectrom. lon Processes
1998 175 35-40 (b) Abboud, J.-L. M.; Castan O.; Herreros, M.; Leito,

I.; Notario, R.; Sak, KJ. Org. Chem1998 63, 8995-8997.



Sobolysis of Tertiary Alkyl Chlorides

defines the onset of DPA.

R—X(g) + BH'(g)— R"(g) + XH(g) + B(g) @)

J. Am. Chem. Soc., Vol. 122, No. 30, 203863

rinated with HCI in a mixture of pentane and @&, at 0°C until HCI
absorption ceased.The reaction mixture containing small amounts of
white crystals was dried (Caglland the solvent was evaporated to
give a pale yellow solid, which was recrystallized from pentane at dry

The gas-phase basicity of the base B, GB(B), is defined as the standardce temperature to giveCl as white needles: mp 554 °C: 3C NMR

Gibbs energy change for reaction AG° ).

BH'(9)—~B(@)+H'(g) AG° ®)

Let B; and B stand for the two bases respectively defining the DPA
onsets of RX(g) and RX(g) as determined under the same experimental
conditions. Equation 6 hold4§212.17

AG® )~ GB(B,) — GB(B,) (6)

(CDCl;, 67.94 MHz)0 28.8 (CH), 34.6 (C), 35.1 (C§), 36.9 (CH),

43.6 (CH), 59.3 (CH), 71.7 (C). Anal. Calcd for GH,sCl: C, 74.15;

H, 10.22. Found: C, 73.98; H, 10.22.
4-Chloro-4-ethyl-2,2-dimethylhexang6Cl). The precursor alcohol,

3-ethyl-5,5-dimethylhexan-3-0l6QH),2® was prepared from 3-pen-

tanone and neopentyllithium. The crude product was purified by

medium-pressure liquid chromatography (giexane-ether 3:1) and

then distilled to give a colorless liquid: bp 6%68.5°C/13 mmHg:

3C NMR (CDCE, 67.94 MHz)0 8.1(CH), 31.4 (C), 31.8 (Ch), 32.3

(CHyp), 50.3 (CHy), 76.4 (C). The alcohol was hydrochlorinated with

Thanks to this expression, the experimental determination of the relative dry HCl in CH,Cl at 0°C until HCI absorption ceased. The reaction

stabilities of R™(g) and R*(g) through the formal equilibria 2 and 3

mixture was dried (Cag) and then distilled to give a colorless liquid:

reduces to that of the DPA onsets for the corresponding precursorsbp 51.5-52°C/10 mmHg: **C NMR (CDCk, 67.94 MHz)) 9.2 (CHp),

[reaction 4]1021217|n this work, the GB values of the reference bases
are taken from the recent, major critical compilation by Lias and
Hunter?®

The experimental determination of these onsets involves a bracketing

procedure. ThereforedG°e values determined by this method are
formally less precise (uncertainties estimated at ca. 2 kcat¥ntblan

those obtained by direct equilibration. In practice, this inconvenience
is largely offset by the fact that the carbocations are generated under
extremely mild conditions and have much less tendency to rearrange

than in the standard equilibrium experimeHgst217
C. The DPA Experiments. The experimental technique is quite

similar to that used in refs10a, 12, and 17. As in ref 17b, some minor

changes were introduced to specifically avoid the deprotonation(@)R

by B(g). Full details, as well as the table of raw experimental results

(Table S1), are given as Supporting Information.
Compound$Cl and particularlypOH have very low vapor pressures.

This has prevented us from obtaining reliable data for these materials.

2.2. Solution Studies. A. Rate StudiesThe solvent 80% ethanol
was prepared as described previoud8hi,1,1,3,3,3-Hexafluoro-2-
propanol (HFIP) was distilled from Molecular Siev8 A and mixed
with 3.0 wt % water. The rates of solvolysis in 80% ethanol were

31.7 (CH), 32.3 (C), 34.8 (Ch), 51.9 (CH), 80.3 (C). SincésCl was
unstable and contaminated by small amounts of olefins, the crude
product was used without further purification.

3. Computational Methods

All calculations were performed using the Gaussian 98 package of
computer programé'.

3.1. Standard Calculations.In all cases, a careful search of the
most stable conformers was performed. All derivatives (cations,
hydrocarbons, alcohols, and chlorides) from spetie4, 6, and8 were
studied at the MP2/6-311G(d,p) level. Because of their very large size,
derivatives of5 and 7 were studied at the MP2/6-311G(d,p)//MP2/
6-31G(d) level. It was established in the case83@nd its derivatives
that the differences between MP2/6-311G(d,p) and MP2/6-311G(d,p)//
MP2/6-31G(d) energetic results are very small.

For all species, harmonic frequencies were computed at the
HF/6-31G(d) level. These calculations were used to generate the zero-
point energies (ZPE), thermal corrections to enthalpy (TCE), and
entropies ). ZPE values were scaled by the factor 0.94385The
vibrational contributions to enthalpy (excluding ZPE) and entropy were

determined titrimetrically or conductometrically in the presence of 0.025 also corrected according to ref 25a. To this end, the computed harmonic

mol L~* 2,6-lutidine following previously reported procedufés he
rates of solvolysis in 97% HFIP f&Cl, 3Cl, and9Cl were determined
conductometrically in this study by using-3 mL of solvent in the
absence of 2,6-lutidine, whereas thoselfict and8Cl were taken from
the literature and that fodCl was obtained by extrapolation of the
Grunwald-Winstein plot® The first-order plots were satisfactorily
linear until 80-90% conversion in all measurements. The ratesQf
6Cl, and 7Cl in 97% HFIP were estimated from the Grunwald

vibrational frequencies were respectively multiplied by the factors
0.8905 and 0.8978 and the corresponding contributions calculated by
means of standard equatioiis.

These computational results are summarized in Table S3 of the
Supporting Information Section.

3.2. Medium Effects The medium effects were explored in the case
of 1H, 1Cl, 1%, 8H, 8Cl, and8™. In all cases, use was made of the
PCM (polarizable continuum model) of Tomasi and colleaguas

Winstein relationship for nonaqueous solvents (see Supporting Informa-implemented in the Gaussian 98 package of programs. This program
tion). The experimental solvolysis rates are summarized in Table S2. performs the self-consistent computation of the electrostatic interaction

B. Materials. The synthesis of alcohols and chlorides 22 3,202
4,200 and72°c was reported previously. The new chlorid#s! and6Cl
were prepared as follows.

1-(2-Chloro-2-methylpropyl)adamantane (5Cl). The known pre-
cursor alcohol, 1-(1-adamantyl)-2-methyl-2-proparsdH), was pre-

pared from 1-(bromomagnesiomethyl)adamantane and acetone in diethyl

ether: mp 57.558.5°C (from hexane). Although the melting point
was about 20C lower than the reported values 788 °C 2 79—-81
°C?7, the 13C NMR spectrum showed a purity higher than 99%C
NMR (CDCl;, 67.94 MHz)6 28.8 (CH), 32.0 (Ch), 33.6 (C), 37.0
(CHy), 43.8 (CH), 57.3 (CH), 72.5 (C). The alcohol was hydrochlo-

(18) Hunter, E. P. L.; Lias, S. Gl. Phys. Chem. Ref. DatE998§ 27,
413-656.

(19) Takeuchi, K.; Ikai, K.; Shibata, T.; Tsugeno,AOrg. Chem1988
53, 2852-2855.

(20) (a) Shiner, V. JJ. Am. Chem. S0d961 83, 240-243. (b) Brown,
H. C.; Fletcher, R. SJ. Am. Chem. S0d.949 71, 1845-185. (c) Brown,
H. C.; Berneis, H. LJ. Am. Chem. Sod.953 75, 10—14.

(21) stepanov, F. N.; Sidrova, L. |.; Dovgan’, N.Zh. Org. Khim 1972
8, 1834-1837, 1882-1884.

(22) Yurchenko, A. G.; Fedorenko, T. ¥h. Org. Khim 1987, 23, 970—
976; Engl. Trans. 875880.

between the polarizable solute and the reaction field of the solvent. It
also calculates the cavitation, dispersive, and repulsive schsatiite
contributions to the energetics of the system. The medium was
considered to be water (relative permittivity 78.39). Symmetry
constraints were lifted and the conditiopt = (nonlinear) was applied.

(23) Whitmore, F. C.; Stahly, El. Am. Chem. Sod 945 67, 2158-
2160.

(24) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
QOchterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
Peng, C. Y.; Nanayakkara, A.; Gortea, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B.; Chen, W.; Wong, M. W.; Aridrel. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98, Resion A.§ Gaussian,
Inc.: Pittsburgh, PA, 1998.

(25) (a) Scott, A. P.; Radom, L1. Phys. Chem1996 100, 16502
16513. (b) Davidson, NStatistical MechanicsMcGraw-Hill: New York,
1962, Chapter 8.
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Table 1. Experimental and Computational Data for Reactiéfi 2 Table 2. Thermodynamics of Hydride Transfer Reactidhs
AG°(2, AG°(2, G°(10, G°(9, G°(10, G°(9,
AG°(2, AG°(2, X=OH, AG°(2, X=Cl, compd G°(9,th) X=Cl) calcdCl) X=O0H) calcdOH)
compd X=Cl,exp) X=Clth) exp) X=OH,¢th) AG°y calcdOH) X 103 i1 ol 28
X 5.3 6.2 75 13 2X 5.9 4.0 5.1 26
3X 71.9 70.7 0.7 71.4 4X 3.1 7.0 2.1 4-8 2.8
4X —4.9 -3.9 —-2.0 —-1.6 —-2.3 —4.3 5X —0.2 6.9 4.7
5 (-50F  -71 —49  -22 6X ~01 8.0 0.4 5.4 11
6X -7.6 -80 —43 -54 -26 —6.9 e ' iy ; o
7X 3.0 9.9 34 6.8 21
X —13.3 —13.0 —8.9 —-9.8 -32 121
ax 0.0 00 0.0 0.0 00 0.0 8X 0.00 0.00 0.00 0.00 0.00
R A e e _a- _no S 9xe -1.8 24 -1.8 15 -2.8
9x 4.2 4.2 4.3 33 0.9 5.2 10X° g 39 o7 26 _93
10xe —13.6 —-124 —1109 —-111 -13 —13.2 ) ) ) ) )
X b - - -
aAll values in kcal mot?. b All magnitudes defined in the text. * All values in kcal mof. ® Magnitudes defined in the textFrom

¢ From ref 10ad Less reliable value, see tegtTaken from ref 12. ref 12.
Calculations of this sort are quite heavy. Thus, a rather modest level means (using data from Table S3). Also given are the values of
was used, HF/6-31G(d). Frequencies were computed numerically AG°(2,X=Cl,calcdOH), that isAG°(2,X=Cl) obtained from
because analytical calculations for the solvation model were not the experimentaAG°(2,X=0H) and the corresponding correc-
available. Raw computational data were corrected as indicated in sectiontjon through eq 7. For comparison purposes we report similar
3.1. o , data for compoundaX (3-homoadamanty! derivatives) at@X

The results are summarized in Table S4 of the Supporting Informa- (manxyl derivatives), taken from ref 12
tion Section. In a large study involving 16 different carbocatiéh@nostly
bridgehead species) obtained from chlorides, bromides, and
) o ) . alcohols it was firmly established that the quantitative experi-

4.1. Relative Stabilities of Carbocations 1 to 8" inthe  mental rankings of stabilities determined from these different
Gas PhaseThe results given in Table S1 are used to determine precursors were in remarkably good agreement, provided the
the ranking of carbocation stabilities relative to 1-adamantyl appropriate “leaving group corrections” (such as the one
cation according to reaction AG(y is given by the difference  indicated above) were applied. Our present results seem equally
between the DPA onsets for 1-AdX(g) and the corresponding satisfactory. Thus, the experimental valueAGP(2,X=Cl) and
RX(g). The experimental values &G°(;) are summarized in  AG°(2,X=Cl,calcdOH) are seen to agree within an average of

4, Discussion

Table 1. Two sets of valueaG®(2,X=Cl) andAG®(2,X=0H), 0.7 kcal mot’. The agreement between the experimental and
are obtained, corresponding respectively to the formal chloride g initio values ofAG°(2,X=Cl) is also excellent’
and hydroxide exchanges, reactions 2a and 2b: 4.2. Hydride Exchange ProcessesA conceptually conve-
" N nient, alternative way of ranking the thermodynamic stabilities
1-Ad"(g) + RCI(g) = 1-AdCl(g) + R"(9) of carbocations is through the hydride-transfer process, reaction
AG°2,X=Cl) (2a)  9l0al217a
1-Ad"(g) + ROH(g)= 1-AdOH(g)+ R*(q) R—H(g) + 1-Ad"(g) = R'(g) + Ad-H(q)
AG°(2,X=0H) (2b) AG% (9)

These processes can be combined to yield reaction 7: ) )
AG°@) can be obtained from the experimental values of

1-AdOH(g) + RCI(g)= 1-AdCl(g) + ROH(g) AG°(2,X=Cl) andAG°(2,X=0H) and the appropriate leaving
AG® (7) group correctionAG®(1g), pertaining to reaction 10. As in the
@ case ofAG°), AG°u0) is obtained computationally.
where
R—H(g) + 1-Ad-X(g) = R—X(g) + Ad-H(g)
AG® 7= AG°(2,X=Cl) — AG®(2,X=0H) (8) AG® 1 (10)

AG°() is a “leaving group correction” that quantitatively links  \yhere X= CI, OH.
the scales of carbocation stabilities obtained through the \we present in Table 2 the values afs° ) based on the
experimental study of alcohols and chlorides. In principle, this experimental data foAG°(2,X=Cl) and AG°(2,X=0H), cor-
magnitude can be determined experimentally. In practice, rected through combination withG°(10) as well as the purely
thermodynamic data for the relevant neutral species are seldomeomputational value\G°(9,th), obtained from the data given
available. Fortunately, reaction 7 is an isodesmic processin Table S3. Data fo8X and 10X are reported for comparison.
inVOIVing neutral speCieS and reliable values of the Corl’espond— The agreement between the Computed and experimental
ing changes in thermodynamic state functions can be 0?7ta'”edvalues ofAG°(g) is quite satisfactory because, for the set of 11
by means of ab initio calculations of even moderate I8 gata the values agree within an unsigned average of 0.6 kcal
We present in Table 1 the experimental valueAGF(2,X=Cl) mol~1. This can be considered to substantiate the self-
and AGO(Z,X:OH) for CompoundSLX to 8X as well as the Consistency of our approach.
values of these magnitudes obtained by purely computational

(27) The following correlation equation holdsAG°(2,X=Cl,th) =
(26) (a) Miertu, S.; Scrocco, E.; Tomasi, J. Chem. Phys1981, 55, 0.64(0.25) + [1.038(0.039)AG°(2,X=Cl,exp). In kcal moll, R? =
117-129. (b) Miertu, S.; Scrocco, E.; Tomasi,JJ.Chem. Physl982 65, 0.993 withn = 7 and sd= 0.6 kcal mof L. This correlation includes data
239-245. (c) Cossi, M.; Barone, V.; Cammi, R.; TomasiChem. Phys. for compoundsLCl to 4Cl and6Cl to 8Cl. The less reliable datum f&Cl

Lett. 1996 255 327—-331. was not included.
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Table 3. Experimental Differential Gibbs Activation Energies for
the Solvolysis of CompoundsCl—10CI&P

compd —0AGH80% EtOH,70°C)  —dAG¥(97% HFIP,25°C)

L | -

1Cl 43 0.6 T
2Cl 45 1.8 5
3Cl 5.2 3.0 £
4Cl 6.3 4.3 s ]
5CI 6.6 4.6 < o
6ClI 6.7 5.2 ©
7CI 8.1 7.0 L]
8Cl (0.0) (0.0) a |
oCl 3.& 3.9 L
10CI 10.8 <]
2 All values in kcal mol™. See Table S2 for rate dataDefined ﬂEi 1
through eq 11¢Based on data from ref 12. 2 :
0 -20

20

"

L

-30
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-AG°(2,X=Cl,exp)/kcal mol”

Figure 2. Plot of —0AG*97% HFIP, 25°C) vs —AG°(2,X=Cl,exp)

for 1CI-7Cl, open circles, with reference to “bridgehead line”, filled
squares, defined for the solvolysis data in 80% EtOH &t@.0~or the

data for the “bridgehead line” see Tables 1 and 2 and refs 10a and 12.

N
S
1

the solvolysis in HFIP at 258C: the SAG* value for bicyclo-
[2.2.2]oct-1-yl tosylaté® vs 1-adamantyl tosylatgunder these
conditions is 5.7 kcal mot,3° very close to 5.6 kcal mot for
the corresponding bromides in 80% EtGH.Similarly, the
OAG* value for 3-chlorohomoadamantar@€() and8Cl in 97%
HFIP at 25°C is —4.03! which is again close te-3.6 kcal
mol~1 in 80% ethanol at 70C 32

S U AN RARAE RERAN RRRRE REREE RN R The following characteristic features are noted. First, the data
-40 -3 -20 -10 0 10 20 30 points in 80% ethanol fatCl—5ClI deviate significantly upward
-AG*(2,X=Cl,exp)/kcal mol’* from the bridgehead line, but the deviation decreases as the steric
Figure 1. Plot of —9AG#(80% EtOH, 70°C) vs —AG®(2,X=Cl,exp) crowding increases, and finally the points f6Cl and 7CI
for 1CI—7Cl, open circles, with reference to “bridgehead line”, filed essentially fall on the bridgehead lig&The deviation forlCl
squares. For the data for the “bridgehead line” see Tables 1 and 2 andfrom the line amounts to 7.4 kcal mdl Second, the data points
refs 10a and 12. for 97% HFIP, a solvent having a very low nucleophilicity,
approach more closely to the line, but there still is a difference
AG®(109) has an interesting meaning, as it includes differential of 3.1 kcal mot for 1CI.35 Notably, thed AG* values for7Cl
strain effects relative to hydrogen. In the case of bridgeheadin 80% ethanol and 97% HFIP are essentially the same,
compounds, absolute values of this magnitude are generallyindicating thathe protection of the backside of the open chain,
smaller. Here, they are substantial. Thus, on the bagi<3f), tertiary alkyl system by steric congestion can change the
the only cation significantly more stable than 1-Ai$ 7+, the behavior of the system to that of a bridgehead one with respect
difference being about 3 kcal mdl The difference for this  to NSP36 Therefore, the major portion in the deviation of 7.4

same couple, in terms &G°(2,X=Cl), amounts to 13.3 kcal  kcal mol! for 1Cl in 80% ethanol (Figure 1) would most
mol~1. This suggests that the structural effects on solvolysis

rates observed in this study are very largely affected by the (28) Bentley, T. W.; Bowen, C. T.; Morten, D. H.; Schleyer, P. v.JR.

-SAG'(80% EtOH,70 °C)/kcal mol™

{
el
=3

TR

release of strain attending the loosening of theGT bond. Ar?ég)hggnz;dfe\}v 1%3%03:33%7&9 Chem1985 50, 48214828,
4.3. Structural Effects on Solvolysis RatesDifferential (30) Specmc' rates in 97% HFIP at 2 for bicyclo[2.2.2]oct-1-yl
activation Gibbs energy changes for the solvolysis of compoundstosylate (1.52x 10-3 57328 and for 1-adamantyl tosylate (27%3%° were
1ClI to 7Cl relative to8Cl, SAG*, are given by eq 11: used. _ _ o
(31) Based on the conductometrically determined specific rates of
" solvolysis of9Cl in 97% HFIP: 0.0687 s' (0.0°C), 0.179 s! (10.0°C),
O0AG" = —RTIn(k/k,) (12) and 0.294 st (15.0°C), which give an extrapolated specific rate of 0.705
1 at 25.0°C.
. . (32) AG°(2,X=Cl) for 3-chlorohomoadamantan8Cl) has been deter-
Values of 6AG* for these reactions in 80% EtOH at 7G and mined to be—4.3 kcal motL12 The rate ratio betweefCl and 8Cl has

97% HFIP at 25°C are collected in Table 3 and are plotted been reported aSh211 in 80% ethanol a@ Bingham, R. C.; Schleyer,
; o i ; .v. R.J. Am. Chem. Sod. 971, 93, 3189-3199.

againstAG°e in Flgureg 1and 2. . N (33) Recently, the dispersion of data points that is found in the

The plot for the chloride4Cl to 7Cl in 80% EtOH in Figure Grunwald-Winstein type relation in the solvolysis GiCI3¢ has been
1 utilizes 70°C data since the bridgehead line has been defined ascribed to possible mechanistic change to concerted elimiftion
for data at 70°C:1%a12 however. the use of 28C data only differential ion-pair returid*® However, the essential agreements ofdhe&*

. s ’ . data for7Cl with the bridgehead line suggest the discrete formation of an
shifts the points upward by ca. 0.6 kcal mbllt is also ion-pair intermediate that is usually the case in the solvolysis of bridgehead
remarkable that the bridgehead line is almost unchanged for substrates.
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probably be ascribed to NSP to the carbenium carbon in the this reversal on going from the gas phase to solution has been
transition state for ionization. known for some time. Thus, Arnett and Péfrbave reported
According to Jorgensen’s theoretical calculations on enthalpies of ionization ofCsHeCl and 1-AdCl in SbESO,-
t-ButCl~ ion pairs in water, the Lewis base type hydration CIF solutions of—25.4 and—21.6 kcal mot?. This leads to an
toward the carbenium carbon contributes to stabilization of a approximate value oAH*(13,SQCIF) of 3.8 kcal mot*. A
contact ion pair at 2.75 A separation by 7.8 kcal molThe value of AH?(13,CHC;) of 4.4 kcal mot™ was obtained for
present results that the data points for the highly cong&teéd ~ the same process in SYEH,CI,.** While all these results are
fall on the bridgehead line and that the differenceinG* for known to be affected by medium effects, ion-pairing, étdt,
1CI between 80% ethanol and 97% HFIP corresponds to 4.3 i rewarding thathe magnitudef our results compares nicely
kcal molt suggest that NSP amounts to at least 4.3 kcaffnol ~ With these data. In any case, all this agrees with the fact that
in the solvolysis ofL.Cl in 80% ethanol. If NSP is not important ~ 1arger substituents around a cationic center increase the stability
in 97% HFIP, the acceleration of solvolysis amounting to ca. 3 Of the ion in the gas phase thanks to their larger polarizability,
kcal motL for 1Cl in this solvent would be attributed to other and that this effect is either off$ébr even dramatically reversed
effects. A more efficient dielectric stabilization of the relatively in solution? These results seem to reflect the importance of
smallt-But CI~ ion pair than bridgehead and bulky open-chain the thermodynamics of the process examined in this work and
compounds might be a responsible factor. the role played by the nonspecific, largely dielectric effect of

We have carried out a preliminary exploration of the solvation the solven_t. However, tr_'e direct extension Of. these results to
problem by quantum-mechanical methods. From the information the analysis of the experimental kinetic effects is not warranted.
available at this poidf a treatment of medium effects on the
transition states for the solvolysis of the systems studied herein

seems well beyond our computational capabilities. Thus, we (1) The experimental indexes of gas-phase stability of open-
have simply explored the effect of the solvent on the energetics chain tertiary-alkyl carbocations fromiX—7X relative to the

5. Conclusions

of reactions 12 and 13: 1-adamantyl cation&") from 8X, AG°(2,X=Cl) and AG°-
(2,X=0H), were obtained by means of FT ICR techniques.
t-C4H9+ + 1-AdCl=t-C,H,Cl + 1-Ad* These values are in very good agreement with the corresponding

AG® 1, (12) computational values obtained at the MP2/6-311G(d,p) or MP2/
42 6-311G(d,p)//MP2/6-31G(d) levels.
t-C4H9+ + 1-AdH = i-C,H,, + 1-Ad" (2) The differential activation Gibbs energy chang®AG*
o (eq 11) for the solvolysis olClI to 7ClI relative to8X were
AG%(13 13) plotted againsAG°») and compared with the case for bridge-
head compounds, the so-called “bridgehead line”. For the
Using the data given in Table S4, we obtain values of solvolysisin 80% ethanol the data point ft€l deviates upward
respectively—1.7 and —4.3 kcal mof? for AG°(12,g) and by 7.4 kcal mof?, whereas the deviation decreases with
AG°(13,9) at the HF/6-3:G(d) level. Modeling of the same  increasing steric crowding, and the points@ and7Cl finally
reactions in water (at the same level) leads to values for fall on the bridgehead line. A similar plot for the solvolysis in
AG°(12,aq) andAG°(13,aq) of 3.7 and 1.7 kcal nidi, 97% HFIP (1,1,1,3,3,3-hexafluoro-2-propanol), a solvent having
respectively. a very low nucleophilicity, shows closer approach to the
The level of calculation used for these comparisons is “bridgehead line”, bqt there still exists the difference of 3.1 kcal
admittedly low and this explains the modest quality of the Mol for 1Cl. The discrepancy of 4.3 kcal mdlbetween the
agreement betweehG°(12,g) andAG°(13,g) obtained here and WO Solvents, 80% ethanol and HFIP, would reasonably be
the corresponding values reported in previous sections. This@scribed to the minimum value of nucleophilic solvent participa-
notwithstandingthese results show theuersal of the ranking ~ tion for the solvolysis oflCl in 80% ethanol.
of stabilities of 17 and 8" on going from the gas phase to (3) The faster rate of solvolysis @€l than8Cl corresponding
aqueous solutionWhile we believe that this is the first ime 10 0AG* ~ 0.6 kcal mot™ even in 97% HFIP is not in harmony

this result has been arrived at computationally, the existence ofWwith the greater value ofG°(2,X=Cl) (5.3 kcal mot?) favoring
8" over 1' in the gas phase. Computation feBu™ + 1-AdCl

(34) (a) Bentley, T. W.; Llewellyn, G.; Ryu, Z. H.. Org. Chem1998 = t-BuCl + 1-Ad" (eq 12) and-But + 1-AdH = t-BuH +
O ey ao0- () Kevill, D. N.; D'Souza, M. JTetrahedron Lett1993 1-Ad* (eq 13) in the gas phase and in water at the HF/6-31G(d)
’(35) It has been reported that td&G* value for 1Cl in 97% HFIP level (usmg the polarizable continuum model in Water)_ gave
changes only to an extent &f0.3 kcal mot for several kinds of leaving negative values folAG°(12,9) andAG°(13,9) and positive
group?® values forAG°(12,aq) and\G°(13,aq). This shows the reversal

(36) Evaluation of the data points fdiCl-7Cl in terms of the 95% ; i + + ;
confidence level bands of the bridgehead 1#aé?indicates that the points of the ranking of stabilities of™ and8™ on going from the gas

for 6Cl and 7Cl in 97% HFIP fall well within the line. For 80% ethanol ~ Phase to aqueous solution. The results agree with the fact that

solvent, the point foBCl is on the borderline and that f@Cl is well within larger substituents around a cationic center increase the stability
the line. ; ; ; ; i
(37) Schreiner, P. R.; Schleyer, P. v. R.; Schaefer, H. ©rg. Chem. of the ion I.n the ga_s phase thanks to their Iarger.p0|a”2ab|“ty’
1997 62. 4216-4228. and that this effect is either offset or even dramatically reversed
(38) Arnett, E. M.; Petro, S. CJ. Am. Chem. Sod.978§ 100, 2563 in solution.
2564.
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