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Abstract: Rate constants for the reactions of Laser flash photolytically generated benzhydrylium ions
(diarylcarbenium ions) with halide ions have been determined in various solvents, including neat and aqueous
acetonitrile as well as some alcohols. Substitution of the rate constants into the correlation equation log k
= s(N + E) yields the nucleophilicity parameters N for the halide ions in different solvents. Linear correlations
with negative slopes are found between the nucleophilicity parameters N for CI~ and Br~ in different solvents
and the solvent ionizing powers Y of the corresponding solvents. Increasing halide solvation reduces the
rates of carbocation/chloride combinations by approximately half as much as it increases the rates of
ionizations of benzhydryl chlorides. Comparison of the solvent dependent nucleophilicity parameters N of
halide anions and the nucleophilicity parameters N for solvents yields a quantitative prediction of common
ion rate depression, as demonstrated by the analysis of a variety of literature reported mass-law constants
o.. Combination of the rate constants for the reactions of benzhydrylium ions with halide ions (k-1) reported
in this work with the ionization constants of benzhydryl halides (k1) and the recently reported rate constants
for the reactions of benzhydrylium ions with solvents (k) yields complete quantitative free energy profiles
for solvolysis reactions. The applicability of Hammond’s postulate for interpreting solvolysis reactions can
thus be examined quantitatively.

Introduction A

Unimolecular nucleophilic substitutions (& or Dy + Ay, - T
Scheme 1) are discussed in most undergraduate textbooks for g ot RY + X
introducing basic concepts of mechanistic organic chemistry, 5 A + SolvOH

e.g., reactive intermediates, molecularity, reaction order, rate
determining step, etc. | -

Qualitative free energy profiles, as shown in Figure 1, are RX + SolvOH
usually depicted to illustrate their typical course, which involves
slow ionization followed by fast trapping of the intermediate ROSolv + HX
carbocation by the solvent. o
Even if the differentiation of free and paired carbocatidas Reaction coordinate B

neglected, the qua”tativ_e energy profile depicted in Figure 1 Figure 1. Typical cartoon for an @l reaction as shown in most organic
cannot be generally valid. We have recently reported on the chemistry textbooks.

direct spectroscopic observation of the dianisylcarbenium ion

during the trifluoroethanolysis of dianisylmethyl chloride, i.e., Scheme 1 . SolvOH
a solvolysis reaction which proceeds with fast ionization RX ! R*+ X- TSOVPR ROSolv + HX
followed by slow trapping of the carbocation by the solvent k4 ko

(Scheme 2%. Obviously, this scenario, which has previously
been predicted by IngoRljs not in line with Figure 1. We,
T Universitd Minchen. therefore, suggest replacing qualitative schemes as shown in

* Kyushu University. . . L ; ’
(1) (a) Raber, D. J.; Harris, J. M.; Schleyer, P. v. Rldns and lon Pairs in Flgure 1 with quantitative free energy proflles. For this purpose,

Organic ReactionsSzwarc, M., Ed.; Wiley: New York, 1974; Vol. 2, pp  knowledge ofk;, k-1, andk;, as defined in Scheme 1, is need-
247-374. (b) Winstein, S.; Clippinger, E.; Fainberg, A. H.; Heck, R.; ed

Robinson, G. CJ. Am. Chem. Sod.956 78, 328-335. (c) Winstein, S.; '
Clippinger, E.; Fainberg, A. H.; Robinson, G. £.Am. Chem. S0d.954

76, 2597-2598. (d) Winstein, S.; Klinedinst, P. E., Jr.; Robinson, GJC. (2) Mayr, H., Minegishi, SAngew. Chem2002 114, 4674-4676; Angew.
Am. Chem. Sod961 83, 885-895. (e) Winstein, S.; Appel, B.; Baker, Chem., Int. Ed2002 41, 4493-4495.

R.; Diaz, A.Chem. Soc. (London), Spec. Publ. Organic Reaction Mech-  (3) Ingold, C. K. Structure and Mechanism in Organic ChemistGornell
anisms 1965 19, 109-130. University Press: London, 1969.
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Numerous kinetic investigations of solvolysis reactions of

benzhydryl derivative’sprovide the ionization constanks, and

we have reported a correlation equation from which absolute

values ofk; for benzhydryl chlorides and bromides in frequently

used solvolytic media can be derive@topped-flow and laser
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Scheme 3. Abbreviations and Electrophilicity Parameters E of
Benzhydrylium lons

oo

flash techniques have been employed to determine absolute rate

constants for the reactions of benzhydrylium ions with solvents
(k2 in Scheme 1578 Thus, the rate constanks; of Scheme 1
are the only remaining unknowns which are needed for the
construction of complete free energy profiles failSolvolyses

of benzhydrylium halides.

Rate constants for the reactions of some benzhydrylium ions
with chloride and bromide ionsk(;) in aqueous acetonitrile
have previously been determined by McClelland using laser
flash photolytically generated carbocatioR4In this work, we
have used the same methodology for deriving quantitative
relationships between structures of benzhydrylium ions and their
reactivities with halide ions which will be combined with the
previously reported values &f andk, (Scheme 1) to construct
quantitative energy profiles of \& solvolyses. Since the
stabilization of benzhydrylium ions can be modified tremen-
dously by variation of thepara- and metasubstituents, the
energy profiles determined in this work can be considered to
be representative also for other types of alkyl halides. We will
show that energy profiles as depicted in Figure 1 can hardly
ever be observed.

Experimental Section

Materials. 2,2,2-Trifluoroethanol (TFE), methanol, and ethanol were
reagent grade chemicals from commercial sources and used withou
further purification. Contamination of TFE by water does not harm
the results because it is later shown that halide nucleophilicities are
almost identical in TFE and water. 1,1,1,3,3,3-Hexafluoropropan-2-ol
(reagent grade) was dried over molecular sie4el and distilled over
CaSQ. Commercially available acetonitrile (Wako, spectrum grade or

(4) (a) Liu, K.-T.; Chuang, C.-S.; Jin, B.-Yd. Phys. Org. Chen2002, 15,
21-28. (b) Berliner, E.; Malter, M. QJ. Org. Chem1968 33, 2595-
2596. (c) Liu, K.-T.; Lin, Y.-S.; Tsao, M.-LJ. Phys. Org. Chenl998
11, 223-229. (d) Mindl, J.; Pivonka, P.; Veta, M. Collect. Czech. Chem.
Commun.1972 37, 2568-2578. (e) Schade, C.; Mayr, H.etrahedron
1988 44, 5761-5770. (f) Liu, K.-T.; Chin, C.-P.; Lin, Y.-S.; Tsao, M.-L.
Tetrahedron Lett1995 36, 6919-6922. (g) Nishida, SJ. Org. Chem.
1967, 32, 2692-2695. (h) Nishida, SJ. Org. Chem.1967, 32, 2695~
2697. (i) Nishida, SJ. Org. Chem1967, 32, 2697-2701.

(5) Denegri, B.; Minegishi, S.; Kronja, O.; Mayr, iAngew. Chenm2004 116,
2353-2356; Angew. Chem., Int. EQ004 43, 2302-2305.

(6) Minegishi, S.; Kobayashi, S.; Mayr, H. Am. Chem. So2004 126, 5174
5181

(7) (a) McClelland, R. A.; Kanagasabapathy, V. M.; Banait, N. S.; Steenken,
S.J. Am. Chem. S0&989 111, 3966-3972. (b) Pham, T. V.; McClelland,

R. A. Can. J. Chem2001, 79, 1887-1897.

(8) Rate constants for the reactions of solvents with other types of carbocations
have often been determined by the azide clock method: (a) Richard, J. P.;
Rothenberg, M. E.; Jencks, W. P. Am. Chem. S0d.984 106, 1361~
1372. (b) Richard, J. P.; Jencks, W.JPAmM. Chem. S04984 106, 1373~
1383.

(9) Faria, J. L.; McClelland, R. A.; Steenken,Ghem—Eur. J.1998 4, 1275~
1280.
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X Y E®
(pep),CIH™ Cl Cl 6.02
Ph,CH" H H 5.90
(tol)PhCH* CH;,4 H 4.59
(tol),CH" CH; CH; 3.63
(pop)PhCH*  OPh H 2.90
(ani)PhCH"  OCH; H 2.11
(ani)(to)CH"  OCHj; CH; 1.48
(ani),CH" OCH; OCH; 0.00
H
(fur),CH" -1.36
O (0]
(pfa),CH" N(Ph)CH,CF;  N(Ph)CH,CF;  -3.14
(mfa),CH' N(CH3)CH,CF; N(CH;)CH,CF; -3.85
(dpa),CH" NPh, NPh, —4.72

“ From ref 10.

Aldrich, H,O < 50 ppm) was used without further purification for all

daser flash experiments. For the laser flash experiments, etra-

butylammonium chloride (Flukaz99% or Tokyo Kasei,>99%),
bromide (Fluka,>99% or Tokyo Kasei;>99%), and iodide (Fluka,
>99%) were used without further purification.

The benzhydrylium tetrafluoroborates (Scheme 3) were prepared as
described in ref 10. Details will be published separately. Benzhydryl-
4-cyanophenolates and benzhydryl acetates were prepared according
to the procedures in ref 7.

Laser Flash Kinetics. Benzhydrylium ions were generated from
4-cyanophenolates or acetates in aqueous or alcoholic solutions in the
presence of tetrabutylammonium halides. The solutions in acetonitrile
used for the kinetic experiments were prepared in analogy to the
published procedure for the reactions of benzhydrylium ions with the
thiocyanate ior!

In most cases, the decays of the benzhydrylium absorbances followed
single exponentials from which pseudo-first-order rate constani$ (
were derived. As expressed by eq 1, the pseudo-first-order rate constants
kyw include a second-order term for the reactions of the carbocations
with halide ions k-1 in Scheme 1) and a first-order term for the

(10) Mayr, H.; Bug, T.; Gotta, M. F.; Hering, N.; Irrgang, B.; Janker, B.; Kempf,
B.; Loos, R.; Ofial, A. R.; Remennikov, G.; Schimmel, B. Am. Chem.
Soc.2001, 123 9500-9512.

(11) Loos, R.; Kobayashi, S.; Mayr, H. Am. Chem. So2003 125, 14126~
14132.
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Figure 2. Linear correlation of the pseudo-first-order rate constants of the _ . lati ; for th . ¢ (ariCH*
reactions of (anjCH" with CI- in 50/50 (v/v) water/acetonitrile with the ~ F/9ure 3. Linear correlation of i, + ry) for the reaction of (aniCH
concentration of tetrabutylammonium chiorid@not used for the construc- ~ With bromide ions in 50/50 (v/v) ethanol/water.
tion of the correlation line.

B 1/ mM —»

Table 1. Kinetics of the Reactions of Halide Anions with

reactions of the carbocations with the solvemhktsi(on = k2 in Scheme Benzhydrylium lons at 20 °C
1). rxn with solvent rxn with CI~ rxn with Br~
- Ar,CH* solvent? kols™t kyM-ts7t kyM-tst
ki =k [X7] + Q) : : ! !
_ oo Ksonon dpa)CH' AN 176 x 107
As illustrated in Figure 2, the second-order rate constiantsvere (mfa)CH* AN 1.61x 108
obtained as the slopes of the plotskef versus the concentrations of (pfaCH" AN 9.70x 10°  1.39x 1¢°
the halide anions, and the intercepts correspond to the reactions of the(fur2CH" AN 9.39x 10°  1.13x 10!
o ) ) ; (anipCH* M 8.4x10% 533x 107 531x 108
benzhydrylium ions with the solvent, which have independently been S50M50AN  2.33x 10°  3.02x 10 1.63x 10°
determined previously? E 55x 108 6.99x 100 2.75x 10
However, the situation shown in Figure 2 is not found in all cases. 50E50AN  1.41x 10/ 1.71x 10'; 4.32x 10°
Sometimes, the pseudo-first-order rate constants do not correlate linearly 80E20W  1.51x 10 6.05x 107  4.84x 10°
. . . . . 50E50W 4.96x 10°¢  1.20x 107 1.37x 108
with the concentrations of the halide anions, and the curves are flattening 80W20AN  1.0x 10 3.93x 10°
at halide concentrations [Hgl > (2.5-40) x 1073 M, probably due 50W50AN  1.04x 105¢ 1.51x 107 1.86x 18
to the increase of ion strength. In such cases (see Supporting 20WB0AN 9.82x 10* 9.53x 18;* 7.02x 1?(}
Information), only the linear parts of the correlations in the low . AN 15x1 16x1
), only P (@ni)(to)CH* 80E20W  7.88< 105 5.01x 1CP
concentration range were evaluated to calculate the second-order rate S0E50W 3.86x 105° 126x 10F  8.26x 1P
constants for the reactions of benzhydrylium ions with halide anions. Wi 78x 109 924x 1069 8.24x 1079
Sometimes the decay of the absorption did not follow a single 80W20AN  8.2x 10P¢ 2.41x 109 1.53x 1CP9
exponential because the benzhydryl halides are partially ionic under ggwggﬁ“ gggx ig égéx 1829 gg;x igg
the reaction conditions. In such cases, the carbocations are partially 10W90AN 6:81§ 106 2:26§ 10% 6:58§ 109
consumed by halide anions in fast reversible reactions, while the AN 244 % 1019 2.59x% 1009
remaining carbocations react with the solvents in slower consecutive (ani)PhCH \SI\C/)ESOW 17.9901>< %g"g g%gx %83 %'zllix igg
. . .90 x 16 x 9 41 x 9
reactions to give alcohols or ethers (egs 2 and 3). SOW20AN 100x 109 522x 1070  4.37x 1069
4 _ fast 50W50AN 1.84x 10f¢ 2.64x 108 9.29x 1089
Ar,CH™ + X == Ar,CHX @ 20W80AN 1.87x 10 1.02x 10 3.40x 10%
<low 10W90AN 1.83x 10% 3.33x 109  7.02x 10%
Ar,CH" + SolvOH== Ar,CHOSolv+ H" 3) AN 2.20x 1019 2.73x 101%
. L . T 1.2x 10%° 2.60x 107 1.92x 108
For evaluating such kinetics, the observed decay of the absorption (tol),cH* T 24%10% 253x 10 1.76x 10°
was fitted to a double exponential (eq 4), and eq 5 was used to obtain (tol)PhCH" T 27x 10 1.07x10° 3.89x 1(°
the rate constants for the combination of benzhydrylium ions with H 3.47x 107
anions (Figure 3) Ph,CH* T 3.2x 106_b 1.9x 10 6.5 x 10
9 : H 5x 109 6.12x 108 2.55x 10°
— AN 25x 100)f  2.0x 101 2.1x 101
[Al = Aexp(-r,)] + AJexp(-r.)] @) (e5x10Y 20x x
_ - a Mixtures of solvents are given as (v/v). Solvents:=Mmethanol, E=
=k X 1T+k+tk ®) ethanol, W= water, AN = acetonitrile, T= 2,2,2-trifluoroethanol, H=
P ; : -~ 1,1,1,3,3,3-hexafluoropropan-2-8lFrom ref 12.¢ From ref 6.9 From ref
A derlvatloq of_eq 5 which refers_ to the rate_ constants defined in 152 From ref 7a! Erom ref 14.9 From ref b From ref 9.1 Erom ref
Scheme 1, is given in the Supporting Information. 15.

According to eq 5, the slope of the correlation{ ry) versus [X]
corresponds té—; (Table 1), and the intercept reflects the skynt ) ] )
ky, as illustrated in Figure 3. Thoudd as well as can, in principle, rate constants of the reactions of carbocations with charged and

be derived from these intercepts k, + ki) if either k; or ki is known, noncharged nucleophiles can be expressed by
the precision of the rate constants thus obtained is rather low; for that

reason, the intercepts of such plots have not been evaluated. logk=s(N + E) ©)

Results and Discussion
Nucleophilicity Parameters for Halide Anions in Various wherek is a rate constant at 2@ in M~1 s1, sis a nucleophile-
Solvents.In numerous investigations we have shown that the specific slope paramete is a nucleophilicity parameter, and

J. AM. CHEM. SOC. = VOL. 127, NO. 8, 2005 2643
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25
E —»

Figure 4. Plot of the rate constants for the reactions of benzhydrylium
ions with chloride ions in 80/20 (v/v) water/acetonitrile versus the
corresponding electrophilicity parametedts

E is an electrophilicity parameté?.16-20 While this linear
correlation holds well for rate constarks< 10° M~1 s7%, the
correlations log vs E bend at higher rate constants when the
diffusion limit is approached. Chloride in 80% water/20%
acetonitrile (B0W20AN) is the only halide anion/solvent com-
bination listed in Table 1 for which more than two rate constants
below 1¢ M~1s™1 are available. Figure 4 shows that these rate

constants correlate perfectly with the electrophilicity parameters CI"/AN

E and give rise to the nucleophile-specific paramehérs 11.3
ands = 0.58. Closely similar values &f have been found for
other anions in aqueous soluti&hro

Because of the paucity of suitable data{10° M~1s1), N

parameters for other halide anion/solvent combinations have not
been determined by our conventional statistical analysis of CI7/H

reaction serie¥? Instead,N was calculated by eq 6 from the
rate constank-; of the slowest reaction investigated for the

corresponding halide/solvent couple and the typical slope

parameter for anions in aqueous solutier=(0.6)22°However,
only rate constants_; < 5 x 10° M1 s~ were employed for
the evaluation oN. While this procedure appears arbitrary, it

is justified by the excellent agreement between observed and Br-/60W40AN
calculated rate constants (standard deviation: factor 1.9) in Table g, sows0aN

2'21
In agreement with theN parameters shown in Table 2,

McClelland has already demonstrated the increase of the

nucleophilicities of halide anions in agueous acetonitrile mix-
tures with decreasing amount of watemvith the N parameters

(12) McClelland, R. A.; Kanagasabapathy, V. M.; Steenken]. Am. Chem.
S0c.1988 110, 6913-6914.

(13) McClelland, R. ATetrahedron1996 52, 6823-6858.

(14) Bartl, J.; Steenken, S.; Mayr, H. Am. Chem. Sod991 113 7710~
7716.

(15) Kirmse, W.; Guth, M.; Steenken, &.Am. Chem. S0od996 118 10838~
10849.

(16) Reviews: (a) Mayr, H.; Patz, MAngew. Chem1994 106, 990-1010;
Angew. Chem., Int. Ed. Endl994 33, 938-957. (b) Mayr, H.; Patz, M.;
Gotta, M. F.; Ofial, A. R.Pure Appl. Chem1998 70, 1993-2000. (c)
Mayr, H.; Kuhn, O.; Gotta, M. F.; Patz, M. Phys. Org. Chenl998 11,
642—-654. (d) Mayr, H.; Kempf, B.; Ofial, A. RAcc. Chem. Re®003
36, 66—77.

(17) Lucius, R.; Loos, R.; Mayr, HAngew. Chen2002 114, 97—102; Angew.
Chem., Int. Ed2002 41, 91-95.

(18) (a) Minegishi, S.; Mayr, HJ. Am. Chem. So2003 125 286-295. (b)
Bug, T.; Lemek, T.; Mayr, HJ. Org. Chem2004 69, 7565-7576.

(19) (a) Kempf, B.; Hampel, N.; Ofial, A. R.; Mayr, HChem—Eur. J. 2003
9, 2209-2218. (b) Bug, T.; Hartnagel, M.; Schlierf, C.; Mayr, Bhem-—
Eur. J.2003 9, 4068-4076. (c) Tokuyasu, T.; Mayr, HEur. J. Org. Chem.
2004 2791-2796.

(20) Bug, T.; Mayr, H.J. Am. Chem. So@003 125 12980-12986.

(21) Of course, an even better agreement between observed and calculated rat

constants in Table 2 would be achieved if a least-squares fit to eq 6 would
be performed. Because of the small differences inkdagnrealistic values

of s (andN) would result by this procedure, which would give rise to larger
errors for rate constants outside the range investigated in this work.
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Table 2. Nucleophilicity Parameters N for Chloride and Bromide
lons in Various Solvents and Comparison between Experimental
and Calculated Rate Constants (eq 6, s = 0.6)

anion/solvent? N Ar,CH* Ke/M1s7t kM Ls72
CI-/IM 12.9 (ani)CH*  5.33x 107 b
CI-/50M50AN 14.1 (@aniCH*  3.02x 10 b
Cl-/E 14.7 (anidCH*  6.99x 108 b
CI~/80E20W  13.0 (anpCH™ 6.05x 10’ b
(ani)(tol)CHF 5.01x 108 4.9x 108
CI-/50E50W  11.8 (anpCH* 1.20x 10° b
(ani)(tol)CH"™ 1.26x 10° 9.3 x 107
(ani)PhCH  6.19x 108 2.2x 10°
cl-w 10.1 (ani)(to)CH 9.24x 105 b
(ani)PhCH  2.16x 10° 2.1x 107
CI-/80W20AN 11.36=058) (aniCH®  3.23x 106 3.6x 10P
(ani)(tol)CH" 2.41x 10 2.6 x 107
(ani)PhCH  5.22x 107 6.0 x 107
CI-/60W40AN 11.3 (ani)(tol)CH 4.82x 107 b
(ani)PhCH  1.18x 10% 1.1x 108
CI-/50W50AN 12.0 (angCH+  1.51x 107 b
(ani)(tol)CH" 1.01x 18 1.2x 108
(ani)PhCH  2.64x 108 2.9x 10°
CI-/40W60AN 12.0 (ani)(to)CH 1.27x 10% b
(ani)PhCH  2.26x 10% 2.9x 108
CI=/20W80AN 13.3 (anpCH* 9.53x 10° b
(ani)(tol)CH" 5.29x 10%¢ 7.4 x 108
(ani)PhCH  1.02x 10 1.8x 10°
17.2 (dpa)CH+*  1.76x 107 3.1x 107
(mfa)CH* 1.61x 108 1.0x 108
(pfaCH*  9.70x 10 2.7 x 1(B
(fu)oCH*  9.39x 1(° 3.2x 10°
(aniyCH"  15x 10 2.1x 10
cr-T 10.3 (an)PhCH 2.60x 10/ b
(tol).CH*  2.53x 108 2.3x 108
(to)PhCH  1.07x 10° 8.6x 108
Ph,CH* 1.9x 109 53x 1
8.0 (to)PhCH  3.47x 107 b
Ph,CH* 6.12x 108 2.2x 10°
Br-/80E20W  14.5 (anpCH* 484x 108 b
Br-/50E50W  13.6 (aniCH*  1.37x10® b
(ani)(tol)CH" 8.26x 108 1.1x 10°
(ani)PhCH  1.19x 10° 2.7 x 10°
Br-/W 11.7 (ani)(to)CH 8.24x 10 b
(ani)PhCH  2.41x 10% 1.9x 108
Br-/80W20AN 12.2 (ani)(tol)CH 1.53x 10%¢ b
(ani)PhCH  4.37x 108 3.9x 10°
12.8 (ani)(tol)CH 3.72x 10 b
(ani)PhCH  6.15x 10% 8.8x 108
138 (anpCH*  1.86x 10® b
(ani)(tol)CH"™ 5.37x 10* 1.5x 10°
(ani)PhCH  9.29x 108 3.5x 10°
Br/T 11.7 (ani)PhCH  1.92x 10® b
(tol).CH*  1.76x 10° 1.6x 10P
(tol)PhCH"  3.89x 10° 5.9 x 1(°
Ph,CH* 6.5x 10% 3.6x 10%0

a Mixtures of solvents are given as (v/v). Solvents:=Mmethanol, E=
ethanol, W= water, AN = acetonitrile, T= 2,2,2-trifluoroethanol, H=
1,1,1,3,3,3-hexafluoropropan-2-6lkcac = kexp Value was used for the
calculation ofN. ¢ From ref 7b.9 From Figure 4& N was calculated from
rate constants of (dpgJH' and (mfa)CH™ by least-squares minimization
with s = 0.6.f From ref 14.9 From ref 9.

now derived, we are able to compare the nucleophilicities of
halide ions in different solvents with those of other nucleophiles
(Figure 5).

From theN parameters for Cl and Br presented in this
work and the previously publishdglparameter of the tritylium
ion (E = 0.51)!%2 one can calculate rate constants for the
reaction of the tritylium ion with Ct and Br in water, which
are 6-20 times greater than experimentally determined by
McClelland (Table 3). This deviation is within the postulated
error limit (factor 10-100) of eq 6 and illustrates the power of
'éhis correlation to semiquantitatively predict the rate of any
carbocatior-nucleophile combinatiotf

In accord with the similar values df for ClI~ and OH"
determined by us, McClelland observed similar rates for the
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N A 16
18 . O : . .
B® in CI¥ in Various nucleophiles
in water 14 -
—_ 5
AN — 30326 =
12 +
16 |
—_ HOO0®© 10
— 80E20W  —E sl
14 + = 50M50AN
- 50W50AN
TSRS _zowaN — omcronaty TR e 1z s i
= 80E20W ) “oT
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Table 3. Comparison of Calculated and Experimental Rate
Constants (M~1s™1) for the Reaction of ClI-, Br—, and OH~ with the
Tritylium lon (E = 0.51) in Aqueous Acetonitrile

YBr —

Figure 7. Correlation ofN parameters of Brin several solvents with
solvent ionizing powelrg, (derived from 1-adamantyl bromide solvolysis)

Hal~ Nis (0W40AN) Keaic (BOWA0AN) Kexp (BTW33AN)? of the corresponding solver@8Ng~ = —0.68Yg, + 14.4,n = 4,12 =
Cl- 11.3/0.6 1.2x 107 2.2x 108 0.781.

Br~ 12.8/0.6 9.7x 107 5 x 108

OH~ 10.19/0.62 43x 1P 5.2x 1C°

2-ol by almost 7 units inN. At the same time, the solvent
ionizing powerYc of ethanol is 7 units smaller than that of
hexafluoropropanol-2-aF If one substitutes(CI) by (log k—)/
0.6 + const (from eq 6 and Table 2) ang, by (log k;)/0.9 +
const (from ref 26) into the correlation equation for Figure 6,
one arrives at logk-1 = —0.5 logk; + const' which implies
that the solvent effect on the catienhloride combination is
half as strong as on the corresponding ionization reaction, in

afFrom ref 22.°[Br-] = 0.1-0.3 M (KBr). N and s for 50W50AN
from ref 18a.

reactions of the tritylium ion with Cl and OH in aqueous
acetonitrile (Table 3%2 In contrast, Richard deriveN, = 1.2
for CI~ in water2® which implies that Cf is 3.5 orders of
magnitude less reactive than OHIN; = 4.75)24 The reason
for this discrepancy is presently not clear. | > SO -
Relationship between Halide Nucleophilicities and Solvent  line with ion-like transition states.
lonizing Power. The strong dependence of halide nucleophi- A correlation of comparable slope (Figure 7) was found
licities on solvent can be explained by halide solvation, mostly PetweenN for bromide in different solvents andfs,* but
by hydrogen bonding, which is abandoned during formation of because of the paucity of data, this correlation is less meaningful.
the covalent adduct. Since the combinations of carbocations withMore correlations betweeN and variousY-scales, all with
halides studied in this workk(, Scheme 1) are the reverse of Similar slopes, are shown in the Supporting Information.
the ionization step in solvolysis reactiong,(Scheme 1), thal Common lon Rate DepressionAccording to the solvolysis
parameters of Cland Br- in different solvents should be related scheme by Hughes and IngéldScheme 1), the intermediate
to the solvent ionizing powey. carbocation R can either react with the solvent to yield the
This is indeed the case: Figure 6 shows that the nucleophi- product or with the halide ion to regenerate the alkyl halide
licity of chloride in ethanol exceeds that in hexafluoropropan- RX. Using the steady-state approximation and neglecting the

(22) McClelland, R. A.; Banait, N.; Steenken, 5. Am. Chem. S0d.986 108
7023-7027.

(23) Richard, J. P.; Toteva, M. M.; CrugeirasJJAm. Chem. So200Q 122,
1664-1674.

(24) Ritchie, C. D.Can. J. Chem1986 64, 2239-2250.

(25) Bentley, T. W.; Llewellyn, GProg. Phys. Org. Cheml99Q 17, 121—
159

(26) Kevill, D. N. InAdvances in Quantitatie Structure-Property Relationships
Charton, M., Ed.; JAl Press: Greenwich, CT, 1996; Vol. 1, pp-815.

(27) See p 483 in ref 3.
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effects of variable ionic strength, the observed solvolysis rate
constants can be expressed by eq 7.

ok K
k,+k X 1+a[X]

kobs (7)

The mass-law constant = k_i/k, has the dimension M
and reflects the relative reactivities of Xand solvent toward
the carbocation; it is often extrapolated to zero ionic strength
(a° = Kki/kz).2 A reduction ofkgps by addition of a salt with a
common anion X, as expressed by eq 7, can only be observed
when the carbocation is sufficiently selective to react competi-
tively with the more nucleophilic X that is present in low
concentration and with the less nucleophilic solvent that is
present in high concentration. Ingold has already recognized
that this is the case for benzhydryl halide solvolysis in agueous
acetone but not falert-alkyl halides under the same conditions.
It has been shown thatincreases with increasing stabilization
of the carbocations and decreasing nucleophilicity of the
solvents?®

We can now employ Figure 8 which is based on the data in
Table 1 and in ref 6 to quantitatively derive the magnitudes of

the mass-law constants, because the differences between the

correlation lines for halides and solvents equal ¢§g

Figure 8a, for example, shows that, in 20W80AN, the mass
law constant® decreases from 2dor (aniCHCI (E = 0) to
~10 for PhCHCI (E = 5.9), in agreement witho-values
reported for benzhydryl chloride solvolyses in 15% to 30%
aqueous acetone in the literature (Table 4, entrie8)1 As
expected from Figure 8a, the solvolysisteft-butyl bromide
(E = 8.5-9)%in aqueous acetonitrile (or acetone) does not show
common ion rate depression (Table 4, entry 9).

Common ion rate depression can be expected to be much

greater in trifluoroethanol, a solvent with low nucleophilicity
(N1 = 1.23,s = 0.92)8 Whereas the chloride and 20W80AN
correlation lines are close to meetingeat= 6 (Figure 8a), the
chloride and TFE correlation lines are still far apart from each
other atE = 6 and only meet d ~ 10 (Figure 8b). This is in
line with the reportedx-values for solvolyses of big{chloro)-
benzhydryl chloride [(pcpCHCI, E = 6.021° in ethanol/
trifluoroethanol mixture¥ (Table 4, entries 1:613). While we

do not know the solvent nucleophilicities of ethanol/trifluoro-
ethanol mixtures, nucleophilicity parameters for aqueous

(28) For reviews on common ion rate depression see: (a) ref 1a. (b) Stang, P.
J.; Rappoport, Z.; Hanack, M.; Subramanian, LMyl Cations Academic
Press: New York, 1979; pp 29@47. (c) Rappoport, Z. IrReactive
IntermediatesAbramovitch, R. A., Ed.; Plenum Press: New York, 1983;
Vol. 3, pp 583-594. (d) Kitamura, T.; Taniguchi, H.; Tsuno, Y. In
Dicoordinated CarbocationsRappoport, Z.; Stang, P. J.; Eds.; Wiley:
Chichester, 1997; pp 321376.

(29) Mayr, H.; Schneider, R.; Wilhelm, D.; Schleyer, P. v.ROrg. Chem.
1981, 46, 5336-5340.

(30) Calculated fronN; = 1.23 ands = 0.92 for trifluoroethanol (from ref 6)
and the rate constant of 2:3 1° s~1 for the reaction of the 1ptanisyl)-
2,2-dimethyl vinyl cation with trifluoroethanol determined by: Cozens, F.
L.; Kanagasabapathy, V. M.; McClelland, R. A.; SteenkerC&h. J. Chem.
1999 77, 2069-2082.

(31) Bailey, T. H.; Fox, J. R.; Jackson, E.; Kohnstam, G.; Queed, &hem.
Soc., Chem. Commuh966 122—-123.

(32) Bateman, L. C.; Church, M. G.; Hughes, E. D.; Ingold, C. K.; Taher, N.
A. J. Chem. Soc194Q 979-1011.

(33) Page 492 from ref 3.

(34) Rappoport, Z.; Ben-Yacov, H.; Kaspi,d.0rg. Chem1978 43, 3678—
3684.

(35) Page 361 in ref 28b.

(36) Rappoport, Z.; Kaspi, J. Am. Chem. Sod.974 96, 4518-4530.

(37) Roth, M.; Mayr, HAngew. Cheml995 107, 2428-2430;Angew. Chem.,
Int. Ed. Engl.1995 34, 2250-2252.
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Figure 8. Comparison of the second-order rate constants of the reactions
of benzhydrylium ions (characterized by their electrophiliciie$rom ref

10) with CI~ and Br in (a) 80% aqueous acetonitrile (20W80AN), (b)
trifluoroethanol (TFE), and (c) 80% aqueous ethanol (20W80E) with the
first-order rate constants for the reactions of the benzhydrylium ions with
the same solvents. The correlation lines for the reactions with solvents are
based on more rate constants which are outside the range shown in Figure
8.

trifluoroethanol and for pure trifluoroethandll{ = 1.23) have
been determinetllf one assumes 80T20E to resemble 80T20W
(N1 = 3.20)8 the corresponding correlation line can be expected
to be two units above that of trifluoroethanol in Figure 8b. Since,
at the same time, only a slight increase of chloride nucleophi-
licity (compared to Cf in TFE) can be expected, the observed
value ofa = 41 for a carbocation witte = 6.02 (Table 4,
entry 10$4 is in line with Figure 8b. When TFE is gradually
exchanged by ethanol, halide and solvent correlation lines get
closer to each other and the reported decrease (hable 4,
entries 1+13) is in qualitative agreement with this analysis.
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Table 4. Mass-Law Constants o. Reported for the Solvolyses of Various Alkyl Chlorides and Bromides

entry Substrate R-X ERYH Solvent” T/°C o Ref.
1 (ani)>CH-Cl 0 15W85A 0 3700 31
2 (ani)(tol)CH-Cl 1.48 15W85A 0 1500 31
3 (ani)PhCH-CI 2.11 15W85A 0 700 31
4 (pop)PhCH-CI 2.90 15W85A 0 140 31
5 (tol),CH-CI 3.63 20W80A 0 74 32
6 (tol)PhCH-Cl 4.59 20W80A 25 32 32
7 Ph,CH-CI 5.90 20W80A 25 11.5 32
30W70A 0 2.08 31
8 (4-NO,C¢Hy)PhCH-Cl ~9°¢ 30W70A 0 0.71 31
9 (CH3);C-Br 8.5-9¢ 10W90A 25 =1 33
10 (pep)2CH-CI 6.02 80T20E 0 41 34
11 70T30E 25 10 34
12 50TS50E 25 6 34
13 30T70E 25 4 34
14 Br 46° 20W80E 120 very 35
m small
MeO
15 T 35 394 36

a Electrophilicity parameterg from ref 10 unless noted otherwiseMixtures of solvents are given as (v/v). Solvents:=Aacetone, E= ethanol, W=
water, T= trifluoroethanol.c From ref 5.9 From ref 37.¢ From ref 30.

Because of the high intrinsic barriers for the reactions of vinyl calculated by the correlation eqs 6 an&'8are converted into
cations with nucleophiles, vinyl cations are less electrophilic activation free enthalpies by the Eyring equation.

than expected from their solvolyses ra&Bor the 1-p-anisyl)- Figure 9 shows that ionization of benzhydry! chloride £X
2,2-dimethylvinyl cation, an electrophilicity parameterif= H) in 80% aqueous ethanol yields the parent benzhydrylium
4.6 can be derived from the rate of its reaction with trifluoro- jon, which undergoes diffusion-controlled reactions with chlo-
ethanol (laser flash experimer).Figure 8c shows that a (ige jons as well as with the solvent. When the benzhydrylium
carbocation of this electrophilicity can be expected to possession s stabilized by two 4-Ckigroups, its reaction with chloride
little selectivity in 80% aqueous ethanol (20W80E), but Figure remains diffusion controlled, but the rate of the reaction with
8b indicates high selectivity in trifluoroethanol in line with  {he solvent is getting below diffusion contréb( 108 s73). In
entries 14 and 15 in Table 4. both cases, the carbocation is in a shallow energy minimum,

Though the presently availabte andN parameters do not 44 the approximation (Hammond postulate) that the transition
exactly mirror the conditions of the corresponding experiments state of the ionization reaction has a similar energy as the

in the literature, it is obvious that a semiquantitative prediction .:armediate carbocation is thus experimentally proven. In

of common on effects has becpme possible. contrast, the ionization of dianisylmethyl chloride £XOCHs)
Construction of Energy F?roﬂles for.S,\.ll Solvquses.‘l’he in 80% aqueous ethanalj,(ionization)= 3.3 x 1074 s] yields

Ir_ate (_:onstgnts fo_r thg _rear:;_tmns if halide 'OES with g_enzhyq?]/ " a carbocation which meets significant barriers in the reactions

t'rl:m. lons t_eterrrtune |ntt Its W]f’l; Car? govl\{ € ﬁoln; |nethW|t with the solvent as well as with chloride ions. Both reactions
€ lonization rafe cc;]ns ants o en? g ryrllur; I? wihe h are faster, however, than the ionization which implies that the

rate constants for the reactions of benzhydrylium lons With o niration of the carbocation will be low throughout the

solvents to construct free energy profiles for the solvolysis reaction. The bisN-morpholino-substituted benzhydryl chloride

reactions of benzhydryl chlorides and bromides. . 7
In orevious work. we have reported that the ionization [(mor),CHCI] does not exist as a covalent species in aqueous
P ' P ethanol. Figure 9 shows thah & 1 Msolution of RN*CI~ in

const_antskl of benzhydry| derlva_tl_ves can be expressed as a 80% aqueous ethanol, the corresponding benzhydrylium tet-
function of the nucleofuge-specific parametersand Ny and - : . .
o 5\ A rafluoroborate (X= N-morpholino) will react faster with Cl
the electrofuge specific paramet&r(eq 8)°> While E; refers to . .
. : o . than with solvent. Because of unfavorable thermodynamics, only
a certain carbocatior; andN; refer to a combination of leaving . . ;
group and solvent. a small equilibrium concentration qf covale_nt (n“gm-l_CI W|I_I
lonization constant: be produced, however, before the irreversible reaction with the
solvent takes place.
logk; (25°C)=s (N; + Ey) (8) The fact that the barrier for ion combinations is generally
smaller than the barrier for the reaction of a carbocation with
Rate constants, which are either directly measured or the solvent does not contradict the observation that b S
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Figure 9. Free energy profiles (kJ mol) for the solvolysis of benzhydryl chlorides in 80% aqueous ethanol 4C2@5 °C for k;). 2Direct measurement,
Table 1.PDirect measurement, ref EDirect measurement, ref SCalculated by eq 6 using data in Table 2 and refCalculated by eq 8 and data from ref
5. For (mor)CH* E; was estimated from the correlati@ = —1.03FE + 0.05 (ref 5)./Diffusion-controlled rate constants ofs3 10°—3 x 10** M~1s1 (ref
8a) correspond tAG* = 7.4—18.6 kJ mof! at 20°C. 9Direct measurement in 100% ethandd:= 1.4 x 10 s~ (ref 38).

reactions the ionization step is often rate-determining when the in agreement with Figure 10, which indicates comparable

concentration of halide ions in the solution is small. standard free energies of covalent and ionic dianisylmethyl
From the solvolysis rate constantteft-butyl chloride in 80% chloride in trifluoroethanol.
aqueous ethanol (9.26 1076 s~1 at 25°C),3 one can calculate In an analogous manner, further rate constenémdk; (listed

AG* = 102 kJ mot? for the ionization step, i.e., a value in refs 5 and 6) and_; values from Table 2 in this work can
somewhat higher than that for the parent benzhydrylium ion. be combined to construct energy profiles for solvolyses of
Since Scheme 9 in ref 16b shows that other types &f sp benzhydryl chlorides and bromides in other solvents.
hybridized carbocations also follow linear correlations between  \we now can turn to the question to which extent do rates of

E and the corresponding solvolysis rate constants, one cansplyolysis reactions reflect the relative energies of the carboca-
conclude that the relationships derived for benzhydrylium ions tjgns. Usually, carbocations are considered as high-energy
in this work hold analogously for such systems. intermediates, and Hammond’s postutateas been employed
The corresponding energy profiles in 2,2,2-trifluoroethanol to justify that the transition states leading to reactive intermedi-
(Figure 10) differ significantly from those in 80% aqueous ates are close to the latter in energy. In a more sophisticated
ethanol. Due to the better solvation of Gly CRCH,OH than approach, Arnett, Petro, and Schleyer demonstrated that the free
by 80% aqueous ethanol, the barriers for ionization are generallyenergies of activation for the solvolysis of alkyl chlorides in
lower and the barriers for the carbocatieshloride combination  ethanol correlate with the heats of ionization of the same alkyl
are higher than those in aqueous ethanol. As the solventchlorides in superacid solutidd. From the slope of the
nucleophilicity of CRCH,OH (N1 = 1.23) is lower than that  correlation line (0.89), it was concluded that “carbocation
of 80% aqueous ethandN{ = 6.68)? also the barriers for the  character” is largely developed in the solvolysis transition states.
combination with the solvent are higher in Figure 10 than in We can now approach this problem more directly.
Figure 9. As a consequence, the carbocationic intermediates are Figure 9 shows that in 80% aqueous ethanol, carbocations
generally surrounded by higher barriers in trifluoroethanol than \yith E > 3 (see Scheme 3) will undergo diffusion-controlled

in aqueous ethanol. Because (@@hi* + CI~ is only 2 kJ mof * reactions with chloride and with the solvent, which implies that
higher in standard free energy than its covalent counterpartihe solvolysis transition states fully reflect the relative energies
(aniCHCI (Figure 10), dissolution of a 18 M solution of ot the carbocations being generated. Since carbocationsEwith

(anipCHCl in trifluoroethanol led to almost quantitative ioniza- — 3 g1 generated with a half-life of 0.3 s at 254 one can

tion, and the intermediate carbocation could be observed
spectroscopically before it reacted with the solvent in a slower (40) Juric, S.; Mayr, H. Unpublished results.
consecutive reactiochOnly 65% of (ani)CHCI was instanta- (41) Amyes, T. L Diver, S. T.; Richard, J. P.; Rivas, F. M.; Toth,JXAm.

neously ionized, however, when it was dissolved in a SOIUION (45) Haemmons G- & Am Chem. 964955 77, 334336,

of 1072 M tetra-n-butylammonium chloride in trifluoroethandl, (43) SAzrgetst,ZE. M.; Petro, C.; Schleyer, P. v. R.Am. Chem. Sod979 101,

(44) By using‘ eq 8E ~ —E;, andN; = 3.36 andss = 0.99 for CI" in 80%
(38) Chateauneuf, J. B. Chem. Soc., Chem. Commuaf91, 1437-1438. aqueous ethanol (from ref 5), an ionization ratekpf= 2.27 st is
(39) Fainberg, A. H.; Winstein, SI. Am. Chem. Sod.956 78, 2770-2777. calculated.
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Figure 10. Free energy profiles (kJ mol) for the solvolysis of various benzhydryl chlorides in trifluoroethanol (TFE) at@Q25 °C for k;). @Direct
measurement, Table 1Direct measurement, ref 1% alculated by eq 6 using data in Table 2 and refGalculated by eq 8 and data from refNg.for CI~
in TFE was calculated by eq 8 to 5.9 from the rate constant @€RAEI in TFE (6.17x 1071 s71)%0 assumings = 1. ®Direct measurement, ref 4@For
(mory,CH*' Ef was calculated from the correlatid = —1.0F + 0.05 (ref 5). Substitution o for (mor),CH" into eq 8 predicts a rate constant10
s 1. We therefore assumed the rate constant of 101! s~ for solvent reorganization (from ref 41).

conclude that this situation is encountered in all solvolysis steric effects, its implications are more general. We have
reactions in aqueous ethanol which have solvolysis half-lives previously shown that eq 6 does hold not only for combinations
of more than a second. An exception to this rule are vinyl halides of benzhydrylium ions with nucleophiles but also for other types
which ionize via high intrinsic barriers and, therefore, do not of carbocations, though with lower accurdéSince the same

follow the approximationEs ~ —E (ref 5). Furthermore, is true for eq 8, a systematic ordering of a large variety of
deviations may be expected for acceptor-substituted carbocationgexperimental observations becomes possible. By using less
which also react via untypically high intrinsic barriéps. stabilized benzhydrylium ions, it should be possible also to

Figure 10 shows, however, that this situation is different in describe the change fromy&to Sy2 reactions on the basis of
trifluoroethanolysis: Because of the higher barriers for car- absolute rate constants along the lines previously shown by
bocation chloride combinations, the activated complex of the Richard and JencKs.
ionization reaction is higher in energy than the corresponding
carbocation. Since there are, furthermore, significant barriers Acknowledgment. This paper is dedicated to Professor H.
for the reactions of many carbocations with {CF,OH, one Martin R. Hoffmann on the occassion of his 70th birthday.
has to conclude that the observed activation energies for Financial support by the Deutsche Forschungsgemeinschaft (Ma
solvolysis in fluorinated alcohols often are considerably higher 673/20) and the Fonds der Chemischen Industrie is gratefully
than the standard free energies of the intermediate carbocations2cknowledged. We thank Dr. Masahi Kotani and Masanori
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photolysis instruments and Professor Takaaki Sonoda (Kyushu)

With the halide nucleophilicities determined in this work, it ~for a gift of HFIP.
has become possible to construct complete free energy profiles . ) . . L
for Sy1 reactions which allow one to rationalize a large variety Sup_portmg |nfc_>rmat|on_Av_a|IabIe_: Details of the k|net_|c
of phenomena in solvolysis reactions on the basis of absolute &XPeriments. This material is available free of charge via the
rate constants, which can be expressed by correlation equationsl.nternet at hitp://pubs.acs.org.

Though this work is restricted to benzhydryl derivatives which JA045562N
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Conclusion

(46) (a) Richard, J. P., Jencks, W. P.Am. Chem. Sod982 104, 4689
(45) Richard, J. P.; Amyes, T. L.; Toteva, M. Mcc. Chem. Re2001, 34, 4691. (b) Richard, J. P.; Jencks, W.JPAm. Chem. S04984 106, 1383~
981-988. 1396.

J. AM. CHEM. SOC. = VOL. 127, NO. 8, 2005 2649



