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Abstract: The mechanism and stereo-
chemistry of the intracomplex solvoly-
sis of proton-bound complexes
[Y--H-M]* between M = CH;"*OH
and Y = l-arylethanol [(S)-1-(para-tol-
yDethanol (1y), (S)-1-(para-chlorophe-
nyl)ethanol (2), (S)-1-(meta-a,0,0-tri-
fluoromethylphenyl)ethanol (3;), (S)-1-
(para-a,a.,0-trifluoromethylphenyl)-

ethanol (4s), (R)-1-(pentafluorophenyl)-
ethanol (5;), (R)-a-(trifluoromethyl)-
benzyl alcohol (6z), and (R)-1-phenyl-
ethanol (7;)] have been investigated in
the gas phase (CH,F; 720 Torr) in the
25-140°C temperature range. Gas-

3, 4, and 7;) leads to extensive race-
mization above a characteristic temper-
ature * (e.g. at t* > 60°C for 7), where-
as below that temperature the reaction
displays a preferential retention of con-
figuration. Predominant retention of
configuration is instead observed in the
intracomplex solvolysis of [Y--H:--M]*
(Y=1g, 45, 5, and 6;) with the temper-
ature range investigated (25 < T <
120°C). These results indicate that the
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intracomplex  solvolysis  proceeds
through the intermediacy of the rele-
vant benzylic cations (Bz*), which is
electrostatically coordinated to a H,O
and a CH;"®*OH molecule (a pure Syl
mechanism). The obtained gas-phase
mechanism is discussed in the light of
related solution data. It is concluded
that the stereochemistry of unimolecu-
lar solvolytic reactions is determined
by the lifetime and the dynamics of the
species involved and, if occurring in
solution, by the nature and the dynam-
ics of the solvent cage as well.

. substitution
phase solvolysis of [Y-H--M]* (Y =2,

Introduction

The mechanism of solvolytic reactions involving the inter-
mediacy of a free carbocation (Sy1) has been the matter of
intense investigation during the last century."? Despite such
a considerable effort, the modeling of Sy1 processes remains
difficult because of the lack of a sufficiently detailed knowl-
edge of the dynamics of the relevant ion—-dipole or ion-
counterion intermediates generated in the solvent cage.
Indeed, the presence itself of the solvent cage may affect
the behaviour of the active Syl transients, since transport
(diffusion) and solvation phenomena may prevail over in-
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trinsic reactivity factors.”*! For these reasons, it would be an
advantage to study simplified examples of these reactions.
The ideal would be to dissect the solvolytic process into its
components both with regard to the interaction with the sol-
vent molecules and the identification of the sequence of the
elementary steps.

In many respects, the gas phase provides an ideal environ-
ment for studying elementary solvolytic reactions involving
a single solvent molecule in the absence of bulk solvation
and diffusion phenomena.”! Recently, the kinetics and ster-
eochemistry of the evolution of proton-bound adducts be-
tween CH;'®*OH and the 1-arylethanols [Y--H--M]* [M=
(R)-1-(pentafluorophenyl)ethanol (5;) and (R)-1-phenyl-
ethanol (7;); Scheme 1] have been investigated in detail in
gaseous CH;F at 720 Torr and at temperatures from 25 to
100°C."" The noncovalent [Y--H-M]* adducts were ob-
tained in the gas phase by association of the relevant chiral
alcohol (Y in Scheme 1) with the CH;"®OH,™ ion, generated
by v radiolysis of CH;F/H,"*O mixtures (left-handed inset in
Scheme 1)."Y  This approach allows formation of
[Y-+-H--M]" in a gaseous inert medium (CH;F) at pressures
high enough (720 Torr) to ensure its complete thermaliza-
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Scheme 1.

tion. Furthermore, generation of the complex [Y--H--M]*
takes place in the absence of neutral solvent molecules, that
is, CH;'®*OH. Hence, the formation of *O-labeled!"” ethers
Y, and Y, of Scheme 1 must be necessarily traced to the
intracomplex solvolysis of [Y--H--M]™.

Abstract in Italian: [/ meccanismo e la stereochimica della
solvolisi intramolecolare in complessi di tipo [Y--H--M]*
con M=CH;®*OH e Y=1I-ariletanolo [(S)-1-(para-tolil)eta-
nolo (1s), (S)-1-(para-clorofenil)etanolo (2g), (S)-I1-(meta-
a,a,a-trifluorometilfenil)etanolo  (3s), (S)-1-(para-a,a,o-tri-
fluorometilfenil)etanolo (4s), (R)-1-(pentafluorofenil)etanolo
(5r), (R)-a-(trifluorometil)benzil alcool (6y), and (R)-1-feni-
letanolo (7y)] sono stati studiati in fase gassosa (CH;F;
720 torr) nell’intervallo di temperature da 25 a 140°C. La sol-
volisi in fase gassosa di [Y--H--MJ]t (Y=24 3 45 and 7y)
comporta una estesa racemizzazione al di sopra di una tem-
peratura t* caratteristica per ogni alcool (per esempio, a t'>
60°C per 7y), mentre al di sotto di tale temperatura, si osser-
va un limitato eccesso di ritenzione di configurazione. Preva-
lente ritenzione di configurazione si osserva invece ad ogni
temperatura (25 < T < 120°C) in [Y--H--M]* (Y=14 4
5y, and 6y). Questi risultati indicano che la solvolisi intramo-
lecolare di [Y--H-M]* procede tramite la formazione dei
corrispondenti intermedi benzilici (Bz'), coordinati elettro-
staticamente a molecole di H,O e CH;*OH (meccanismo
SyI). I risultati in fase gassosa sono discussi alla luce di ana-
loghi dati in soluzione. Si conclude che la stereochimica di
reazioni solvolitiche unimolecolari é determinate dal tempo
di vita e dalla dinamica delle specie transienti coinvolte e, in
soluzione, anche dalla natura e dalla dinamica della cavita
del solvente.
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The investigation is now extended to other variously sub-
stituted 1-arylethanols in order to elucidate the effect of
ring substituents on the kinetics and stereochemistry of the
intracomplex solvolysis of the relevant [Y--H--M]* com-
plexes. It is thereby anticipated that our knowledge of the
factors governing the dynamics of solvolytic processes in the
condensed phase can be extended.

Experimental Section

Materials: Methyl fluoride and oxygen were high-purity gases from
UCAR Specialty Gases N.V., used without further purification. H,"*O
(**O content >97%) and (C,H;);N were purchased from ICON Services.
The racemate of 1-(para-tolyl)ethanol (rac-1) was supplied by Lancaster
Co. The racemates of 1-(X-phenyl)ethanols [X=p-Cl (rac-2), m-CF;
(rac-3), p-CF; (rac-4)], the pure R- (5;) and S enantiomers of 1-(penta-
fluorophenyl)ethanol (5;), the pure R- (6;) and S enantiomers of a-(tri-
fluoromethyl)benzyl alcohol (65), and the pure R- (7;) and S enantiomers
of 1-phenylethanol (7;) (Scheme 1) were purchased from Aldrich Co.
The S enantiomers of 1-(X-phenyl)ethanols [X=p-CHj; (L), p-Cl (25), m-
CF; (35), p-CF; (45)], used as starting substrates, were purified from the
corresponding racemates by enantioselective semipreparative HPLC on
the following chiral columns: i) 15: FSC-poly-DACH-METACR, 5 pm,
250x 4.0 mm 1i.d., eluent: n-hexane/dichloromethane/1,4-dioxane 70:30:5;
flow rate: 1.0 mLmin~'; detection by UV (254 nm) and ORD (polarime-
ter) in series; [k/(—)=2.63; a=1.12; t = 25°C]; ii) 25 (R,R)-Ulmo,
S um, 250x4.0 mm i.d., eluent: n-hexane/propan-2-ol 99:1; flow rate:
2.0 mLmin~'; detection by UV (254nm) and ORD (polarimeter) in
series; [ky'(—)=3.85; a=1.22; ¢t = 25°C]; iii) 3;: (R,R)-Ulmo, 5 um, 250 x
4.0 mm i.d., eluent: n-hexane/dichloromethane/1,4-dioxane 90:10:3; flow
rate: 1.5 mLmin~'; detection by UV (254 nm) and ORD (polarimeter) in
series; [k/(—)=2.33; a=1.09; t = 25°C]; iv) 45: FSC-poly-DACH-
METACR, 5 pm, 250x4.0 mm i.d., eluent: n-hexane/dichloromethane/
1,4-dioxane 80:20:3; flow rate: 1.0 mLmin™"; detection by UV (254 nm)
and ORD (polarimeter) in series; [k,'(—)=4.79; a=1.16; ¢t = 25°C]. The
enantiomeric purity of the isolated enantiomers was checked by enantio-
selective HRGC on: i) MEGADEX DACTBS-f (30 % 2,3-di-O-acetyl-6-
O-tert-butyldimethylsilyl-p-cyclodextrin in OV 1701; 25 m long, 0.25 mm
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i.d., d; = 0.25 um) fused silica column, at 60 <¢<170°C, 4°C min'; ii)
MEGADEX 5 (30% 2,3-di-O-methyl-6-O-pentyl-B-cyclodextrin in OV
1701; 25 m long, 0.25 mm i.d., d; = 0.25 um) fused silica column at =
125°C. The S- and R enantiomers of 1-(X-phenyl)-1-methoxyethanes
[(S)/(R): X=p-CH, (1%/1°), p-Cl (22 ), m-CF (33%), p-CF (4%
4°5), of 1-(pentafluorophenyl)-1-methoxyethane (5%¢/5z), of 1-(a-(tri-
fluoromethylphenyl)-1-methoxyethane (6°/6*%), and of 1-phenyl-1-me-
thoxyethane (7°¢/7%';) were synthesized from the corresponding alcohols
by the dimethyl sulfate method.”! Their identity was verified by IR,
"H NMR spectroscopy, and mass spectrometry.

Procedure: The gaseous mixtures were prepared in a greaseless vacuum
line. The starting chiral alcohol (0.2-0.6 Torr), H,"O (2-3 Torr), the radi-
cal scavenger O, (4 Torr), and the powerful base B=(C,H;);N (0.2—
1.4 Torr; proton affinity (PA)=234.7 kcalmol ")"*! were introduced into
carefully evacuated 130 mL Pyrex bulbs, each equipped with a break-seal
tip. The bulbs were filled with CH;F (720 Torr, at each given tempera-
ture), cooled to the liquid-nitrogen temperature, and sealed off. The irra-
diations were carried out at constant temperatures ranging from 25 to
140°C with a ®Co source to a dose of 2x10*Gy at a rate of 1x
10° Gyh™!, as determined by a neopentane dosimeter. Control experi-
ments, carried out at doses ranging from 1x 10* to 1x10° Gy, showed that
the relative yields of products were largely independent of the dose. The
radiolytic products were analyzed by enantioselective HRGC, with a
Perkin-Elmer 8700 gas chromatograph equipped with a flame-ionization
detector, on the same columns used to analyze the starting alcohols. The
products were identified by comparison of their retention volumes with
those of authentic standard compounds and their identity confirmed by
HRGC-MS, using a Hewlett—Packard 5890 A gas chromatograph in line
with a HP 5970 B mass spectrometer. Their yields were determined from
the areas of the corresponding eluted peaks, using the internal standard
(i.e., benzyl alcohol) method and individual calibration factors to correct
for the detector response. Blank experiments were carried out to exclude
the occurrence of thermal decomposition and racemization of the starting
alcohols as well as of their methylated ethers within the temperature
range investigated.

The extent of '*O incorporation into the radiolytic products was deter-
mined by HRGC-MS, setting the mass analyzer in the selected ion mode
(SIM). The ion fragments corresponding to '°O-[M—CH;]* and "O-
[M—CH;]* (M *=parent ion) were monitored to analyze alcohols 1-5
and 7 and their corresponding ethers 1°-5* and 7¢". The ion fragments
corresponding to '*O-[M]* and '®O-[M]* were monitored to analyze al-
cohols 6, while the extent of labeling of its methylated ethers 6 was
measured by using the corresponding O-[M—CF;]* and "*O-[M—CF;]*
fragments.

Results

v Radiolysis of the CH;F/H,"®O/alcohol gaseous samples
leads to the formation of significant yields of the corre-
sponding '®O-labeled ethers (denoted as X*'), together with
minor amounts of the relevant O isotopomers (denoted as
Y, [Y!)/[X*] < 0.09). The ionic origin of these products is
demonstrated by the sharp decrease (over 80%) of their
abundance as the (C,H;);N concentration is quintupled.
Predominance of the retained and inverted '°O-labeled
ethers, that is, X', and X*,, respectively, is mainly"? at-
tributed to the direct attack of the (CHs),F* ions on the ar-
omatic alcohol, while the formation of the corresponding
80O-labeled ethers, that is, Y*, and Y%, respectively, is
traced to the attack on the same alcohols by the CH;"*OH,*
ions ([H--M]*), generated according to the reaction se-
quence shown in the left-hand side inset of Scheme 1. The
different origin of the '®O- and '®O-labeled ethers is testified
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by their different enantiomeric distribution. This can be
easily appreciated by the large discrepancy between the
X JAIX o] + [X]} Tatio (a in Table 1) and the homolo-
gous [V (Y ]+ [Y']} = (148)" ome (B =
(Y /[Y'n]; Table1). According to Scheme 1, the rate-
constant ratio K., /kpa for the frontside versus backside in-
tracomplex solvolysis of [Y-H:-+-M]*t can be expressed by
the 8 = [Y"..J/[ Y] ratio, once corrected by the [Y*,.~H]
< [Y*,v~H] interconversion during their lifetime 7. Within
the reasonable assumption of a fast neutralization of all the
ionic intermediates by the strong base B=(C,Hs);N (proton
affinity (PA)=234.7 kcalmol!)®! and negligible *0/**O ki-
netic isotope effects, the a factor can be taken as represen-
tative of the extent of the inversion of configuration of
X" H]T (X H]T < [X%wH]T) as well as of
(Yo' H]T ([Y'r-H]T < [Y.~H]H!" during the rele-
vant ion lifetime 7= (k,[B])"2.[**! In this case, the 8 term of
Table 1 can be expressed in terms of the a factor as shown
in Equation (1).'*'1 Rearrangement of Equation (1) leads
to the Equation (2) for the kg, /ku.x ratio, that is, the rate-
constant ratio for the frontside versus the backside
CH,"®OH-to-H,0 displacement in complex [Y--H--M]"
(Scheme 1).

[(1ia)kfront+akback}
ﬂ B [akfrom + (1ia)kback] (1)

kfmm [(1_a)ﬁ_a}
T~ [(1—c)—fa] @

The kgon/kiax Tatios reported in Table 1M represent aver-
age values obtained from several separate irradiations car-
ried out under the same experimental conditions, and
whose reproducibility is expressed by the uncertainty level
quoted.

The temperature dependence of the log(kton/kpaei) is illus-
trated in Figures 1 and 2. In Figure 1, the plots relative to
[Y--H-M]*" (M = II, I, or VII) are linear below a char-
acteristic temperature ' (e.g. *<100°C for IILy). At ¢ >7*,
they tend towards a constant value of zero or even negative
(i.e., with VII). This means that above ¢* intracomplex sol-
volysis of [Y--H-M]* mainly yields the [Y*.H]'/
[Y,,H]* ~1 racemate, whereas, below ¢ the solvolysis of
the same complex is appreciably stereoselective and front-
side substitution predominates over backside substitution
(Y- H]H[Y"H] T >1). In contrast, the plots relative
to [Y-~H-M]* (M = I (Figure 1) and IV, Vg, and VI,
(Figure 2)) are linear over the entire 25-120°C temperature
range explored and do not exhibit any tendency to reach a
plateau within the same temperature interval (except per-
haps IV). This means that, in these systems and within the
temperature range explored, the frontside substitution invar-
iably prevails over the backside displacement ([Y*,H]*/
[Yu~H]* >1). The linear portions of the Arrhenius plots
of Figures 1 and 2 obey the Arrhenius equations shown in
Table 2. The differential activation parameter relative to the
backside versus frontside solvolyses of [Y--H--M]* are
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Table 1. Gas-phase intracomplex substitution in the [Y-H--M]* adducts.

System composition [Torr]"! T, caction il Inversion  Yield ratiol® Rate-constant ratiol®!
extent!

Substrate (GH;):N [°C] [ns] a B Kiront/Kvack log(Kcont/Kback)
1, 0.62 1.16 25 22 0.432 1.25 9.93 0.997
1, 0.62 1.19 40 23 0.439 1.20 6.85 0.836
1, 0.65 1.13 70 26 0.470 1.08 4.13 0.616
1, 0.51 1.11 80 27 0.475 1.06 3.79 0.579
2, 0.18 0.80 25 32 0.230 1.26 1.54 0.188
24, 0.55 0.78 40 35 0.290 1.14 1.37 0.136
2, 0.30 0.63 60 47 0.400 1.03 1.16 0.064
24, 0.61 0.79 70 39 0.413 1.01 1.06 0.025
24, 0.28 0.90 80 35 0.418 1.01 1.06 0.026
24, 0.33 0.61 100 55 0.475 1.00 1.00 0.000
3, 0.26 0.40 40 71 0.140 2.10 2.94 0.469
3, 0.30 0.49 60 62 0.240 1.49 2.22 0.346
3, 0.23 0.41 80 78 0.342 1.17 1.66 0.220
35, 0.24 0.61 100 56 0.405 1.03 1.17 0.068
3, 0.27 0.67 120 54 0.450 1.01 1.10 0.043
3, 0.24 0.60 140 64 0.490 1.00 1.00 0.000
4, 0.22 0.68 25 40 0.066 3.53 4.62 0.665
4, 0.23 0.73 40 39 0.120 291 4.58 0.661
4, 0.25 0.49 60 62 0.200 1.81 2.85 0.454
44, 0.30 0.51 80 63 0.280 1.40 2.22 0.346
4, 0.40 0.49 100 70 0.380 1.08 1.38 0.140
4, 0.21 0.55 120 66 0.400 1.01 1.05 0.022
54, 0.22 0.53 25 52 0.025 7.50 9.25 0.966
5%, 0.28 0.51 40 57 0.050 5.14 6.97 0.843
5%, 0.25 0.46 60 67 0.085 3.41 4.85 0.686
5z, 0.22 0.39 70 81 0.130 2.82 4.61 0.664
5z, 0.24 0.39 80 85 0.155 2.07 3.04 0.483
54, 0.21 0.46 100 75 0.257 1.46 2.25 0.352
65, 0.23 0.31 40 89 0.005 36.37 44.50 1.648
65, 0.32 0.35 60 86 0.015 16.05 21.22 1.372
65, 0.30 0.31 70 99 0.025 13.55 20.72 1.316
65, 0.34 0.32 80 99 0.030 9.44 13.29 1.123
65, 0.35 0.24 100 141 0.081 4.68 7.82 0.352
Tx, 0.22 1.15 25 22 0.302 1.26 1.82 0.260
Tx, 0.22 1.25 30 20 0.296 1.22 1.63 0.213
Tx, 0.23 1.42 40 19 0.303 1.09 1.25 0.097
Tx, 0.25 1.15 60 24 0.387 1.00 1.00 0.000
Tz, 0.30 1.10 70 26 0.407 0.98 0.90 -0.047
Tz, 0.40 1.16 80 26 0.437 0.98 0.85 -0.070
Tz, 0.21 1.18 100 27 0.442 0.98 0.84 -0.076

[a] CH4F: 720 Torr, H,'*O: 2-3 Torr; O,: 4 Torr. Radiation dose: 2x 10* Gy (dose rate: 1x10* Gyh™). [b] Re-
action time, 7, calculated from the reciprocal of the first-order collision constant between the relevant
[Y-H]* intermediate and (C,Hs);N (see text). [c] a=[X J{[X "] + [X*e]); see text and ref. [14]. [d] f=
Y../Y,; each value is the average of several determinations, with an uncertainty level of ca. 5%. [e] See
text.

given in the same table under the relevant AAH® and

AAS* headings.

Discussion

Recent theoretical and experi-
mental studies demonstrated
that the kinetics and the stereo-
chemistry of gas-phase nucleo-
philic substitutions on protonat-
ed alcohols ROH,* crucially
depend upon the stability of the
R* jon.'"1 Thus, the more
stable is the R moiety in the
displacement transition struc-
ture (TS), the smaller are both
the covalent character of the
[M--R--OH,]* interactions and
the activation barrier associated
with the motion of the nucleo-
phile M around ROH,*.'7 It
follows that frontside substitu-
tion becomes competitive with
the classical backside displace-
ment by increasing the R sta-
bilization. With highly stabi-
lized R™, such as the zert-butyl
cation, the limiting frontside
and backside pathways may
merge into the Syl mecha-
nism.[%17)

The stabilization energy of
substituted 1-arylethyl cations
(Bz"), relative to tert-butyl
cation, can be derived from the
difference between the proton
affinity (PA) of the correspond-
ing alkenes, that is, substituted
styrenes and 2-methyl-1-pro-
pene (PA=191.7 kcalmol™"),l"¥
respectively. On the grounds of
a well-established correlation
between the basicity data of
ring-substituted styrenes and
the Brown-Hammett o sub-
stituent constants,'® it is possi-

ble to derive the following stability order for Bz*: p-CH; >

H > p-Cl > m-CF; > p-CF; > 2345,6-F; > o-CF,.[1%%

Table 2. Differential Arrhenius parameters for the gas-phase intracomplex substitution in the [Y-+H--M]* adducts.

Y Process Arrhenius Equation Corr. coeff. AAH* AAS !
(Y- H] Y —[Y-H-M]* > [Y,,~H]* (y=1000/2.303RT) @) [kcalmol™] [calmol 'K
1 Ig—I—I log(kronikpack) = (—1.6 £0.1) 4+ (3.4 £0.6)y 0.997 3.4+£0.6 72+0.5
2 I I —1I, log(ktronikpack) = (—0.9£0.1) + (1.5+0.1)y 0.979 1.5+0.1 43+04
3 e — I — 1, log(ktrondkiack) = (—2.0+£0.2) +(3.5+0.3)y 0.989 35+03 9.1+0.7
4 IV IV —IV, log(kronikpack) = (—2.1£0.2) +(3.9+£0.4)y 0.963 39+04 9.6+1.1
5 Ve = V=V log(kondkpack) =(—2.0£0.2) +(4.1£0.4)y 0.969 41+04 93+12
6z VI? VI, — VI log(kronikpack) = (—2.9£0.4) 4 (6.6 £0.6)y 0.977 6.6£0.6 13.5+1.7
Tr VII*, — VI, —VII¥ log(Kgontkaek) = (—2.24+0.3)+(3.4£0.4)y 0.967 3.4+04 102+1.4

[a] AAH " =AH "= AH ¥ 1. [D] AAS T =AS ¥ 0= AS Ftron-
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Figure 1. Temperature dependence of the ko /ky.e ratios for the intra-
complex solvolyses of I (0), Il (o), Il (o), and VII (e).
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Figure 2. Temperature dependence of the kg, /ky. ratios for the intra-
complex solvolyses of IV (@), Vi (¢), and VI ().

Since most of them are significantly more stable than tert-
butyl cation, the intracomplex displacement in [Y--H--M]*
is thought to proceed through a Sy1 process involving transi-
tion states characterized by noncovalent interactions be-
tween Bz* and the CH;'"* OH/H,O pair and qualitatively re-
sembling the structures depicted in Figure 3. The formation
of the relevant Y, /Y%, ~1 racemate from I IIl5, and
VII; above the corresponding ¢, is entirely consistent with
this view. The Sy1 model may also account for the predomi-
nance of Y, over Y%, from I IV Vg, and VI, at all
temperatures, and from II IIlg, and VIIg, below ¢/, under
the assumption of a hindered motion of CH,;"*OH around
the Bz moiety in the relevant TS before covalent bond-
ing "7

Indeed, the procedure adopted to produce [Y-H--M]* in
the gas phase requires that the CH;'®*OH moiety is generat-
ed in the same region of space containing the leaving H,O
molecule and is originally proton-bonded to it (Scheme 1).
With this arrangement, frontside attack of CH;'*OH on Bz*
may be favoured by the predominant local concentration of
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H _
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\%O/ CH,
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Figure 3. Schematic representation of the evolution of the reactive inter-
mediates involved in the intracomplex nucleophilic substitution in
a) [Y--H-M]* (Y=III; IV Vg, and VI;) and b) [Y--H-M]* (Y=I
1L, and VII).

the nucleophile on the same prochiral face of Bz* where-
from the leaving group is released. This is a special case of
substrate-directable reactions,?! called troposelective substi-
tution.”” The preferred frontside attack of CH,'"*OH on Bz™*
in [Y-+-H--M]" is always accompanied by a variable extent
of backside substitution, consequently proceeding through
the relocation of the CH;"OH on the opposite face of Bz*.
According to previous computational and experimental evi-
dence,™! the TS for such a facial relocation involves signifi-
cant electrostatic interactions between the O atom of the
nucleophile and the acidic o (H,) and, if available, ortho
(Houmo) hydrogen atoms of Bz*. If Bz contains strong elec-
tron-withdrawing substituents (EWG), the interaction with
H,, prevails over that with H_,,.

Gas-phase intracomplex nucleophilic displacement in
[Y--H--M]* is expected to be facilitated by charge dispersal
over all moieties involved in the relevant TS. Free Bz™* tran-
sients during intracomplex displacement are destabilized by
strong EW groups, such as o-CF;, m-CF; (67 =+0.52),
p-CF; (6t =+40.61), or five-ring F atoms. The charge prefers
to reside as far as possible from ring EW groups. Conse-
quently the leaving H,O moiety efficiently interacts with the
incipient Bz* and, therefore, can maintain a strong hydro-
gen-bond (HB) interaction with the CH;'®*OH nucleophile
as well (dashed line in Figure 3a). The result is that the
CH,"®OH nucleophile is kept away from the H, atom of the
incipient Bzt during the C,—O bond cleavage. With this ar-
rangement, frontside attack of the nucleophile on Bz* is
strongly favored, whereas relocation of the CH;"®*OH on its
back face is hindered by the lack of a sufficiently intense
180--H, interaction. This model is supported by the AAH*
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= (AH pasc—AH t1ory) and AAS™ = (AS o~ AS pron) terms
of Table 2, which express the difference between the activa-
tion parameters for face-to-face relocation of CH;OH in
the relevant electrostatic complex versus its frontside addi-
tion to the Bzt moiety. The relatively large AAH™® (3.5-
6.6 kcalmol™) and AAS® (9.1-13.5 calmol'K™") values,
measured for IIlg, IV, Vi and VI, (Table 2), reflect the rel-
ative increase in energy and degrees of freedom when
CH,"®OH frees itself from the leaving H,O and moves to
the opposite Bz™ side.

Free Bz*, containing either weak electron-donating
groups (EDG), such as p-CH; (0t =-0.31), or weak EWG
substituents, such as p-Cl (0% =+0.11)), are instead easily
generated in [Y-+H--M]™. Their incipient formation leads to
the development of a partial positive charge at the H, and
ring hydrogens, which therefore can establish intense inter-
actions with the CH;'*OH nucleophile.?!! The result is a rel-
atively frozen TS qualitatively resembling the structure
shown in Figure 3b, where the CH;®OH nucleophile is
placed between the Bz™ moiety and the leaving H,O, in a
position still favouring frontside attack. Obviously, such a
facial preference depends critically on the HB strength be-
tween the nucleophile and H,O. At temperatures below ¢,
HB is strong enough to favour the frontside attack over the
backside one. At temperatures above ¢, hydrogen bonds are
so weakened that they allow the nucleophile to attack both
faces of Bz* with almost equal probability (Y*,./Y", ~1;
Figure 1). Again, this model is supported by the differential
AAH* and AAS™ parameters, measured for I, and II, re-
spectively (Table 2). Their relatively small values (AAH* =
1.5-3.4 kcalmol '; AAS™ = 4.3-7.2 calmol ' K™!) reflect the
limited surplus in activation energy and degrees of freedom
for the motion of the CH;'"*OH nucleophile from the front
to the back of Bz". The VII; complex behaves somewhat
differently, since it exhibits a similarly small AAH* value
(3.4+0.4 kcalmol™"), but accompanied by a more pro-
nounced AAS™ value (10.241.4 calmol 'K™'). A plausible
explanation for these findings may be found in the hypothe-
sis of a tighter C,--OH, interaction in the relevant TS,
which makes the frontside CH;'®*OH attack entropically less
favored since encumbered by the presence of the leaving
molecule in the neighbour of the reaction center. This inter-
pretation may also explain the slightly predominant inver-
sion of configuration, observed for VIl at t ># (Y, ./ Y
<1; Figure 1).

Comparison with related solution data: The above gas-
phase reaction pathway may represent a guideline for under-
standing the effects of the presence and the nature of the
solvent cage on the mechanism and the stereochemistry of
1-arylethanol solvolysis in solution. The Syl mechanism of
gas-phase 1-arylethanol solvolysis, involving predominant re-
tention of configuration, finds an interesting correspondence
in the same process carried out in electrophilic solvents,
such as phenol.” Indeed, in phenol solutions, 1-arylethanols
undergo retentive phenolysis to an extent which depends on
the electronic properties of their ring substituents. These
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findings have been interpreted a)
in terms of a mechanism involv-
ing the intimate four-center ion-
pair intermediate, shown in Fig-
ure 4a. Here, the phenol mole- Cmmems OH
cule electrophilically assists the
departure of the leaving group

PhO------H
OH"™ before frontside attack by
the incipient PhO™ ion on the L ]
Bz* residue (another case of b) -
troposelective substitution). In +
our gas-phase systems, the role
of phenol is taken over by the
CH;'"®*OH,™* ion which assists the ot BT OH
release of the leaving group E\C/ T &
OH"™ before frontside attack by Z:H 18O ---=-- H
the CH;"®OH nucleophile on ’
Bz* (Figure 4b). The solution L H ]

and gas-phase models differ in
the origin of the minor inverted
products. As pointed out above,
the inverted Y, products in
the gas phase arise from the in-
tracomplex motion of CH;"OH
around the Bz"  moiety
(Figure 3). In solution, the same
motion is prevented by fast co-
valent bonding of the Bz*/PhO~
pair. In other words, it is the long lifetime of the Bz*/
CH;'"®*OH pair in the gas-phase complexes of Figure 3 which
determines the yield of the inverted Y, products. In phe-
nolic solution, the formation of the inverted product is in-
stead assigned to: 1) the partial racemization of the intimate
Bz*t/OH™ pair first formed in the phenol cage, and 2) the
backside attack on the Bz*/OH™ pair by a PhOH molecule
from the solvent cage. Analogous events are obviously pre-
vented in the gas phase. Hence, in phenol, it is the lifetime
of the intimate Bz*/OH™ pair which determines the extent
of the inversion of configuration. This conclusion is support-
ed by the pronounced dependence of the phenolysis stereo-
chemistry upon the presence of substituent groups in the
ring of 1-arylethanols.”"! Indeed, highly retentive phenolysis
is observed with substrates, containing strong EW groups
(p-NO,; 90.0% net retention), which are relatively reluctant
to generate long-lived intimate Bz*/OH™ pair. Much less re-
tentive phenolysis is instead observed with substrates, con-
taining ED groups (p-OCHj; 16.6% net retention), which
can readily form long-lived Bz*/OH™ pair.

The occurrence of the intimate four-center ion-pair inter-
mediate, depicted in Figure 4a, crucially depends on the
nature of the solvent cage. In diluted aqueous acids contain-
ing '®O-enriched 1-arylethanols, electrophilic assistance to
the leaving *OH™ group is provided by H;O% (O denotes
the oxygen atom belonging to the acid catalyst) and the
mechanistic model is much more similar to that depicted in
Figure 3b than in Figure 4a.2°%! Thus, in these media, *O-
enriched 1-arylethanols reversibly dissociate to correspond-

Figure 4. Schematic represen-
tation of the evolution of the
reactive  intermediates  in-
volved in the troposelective
nucleophilic substitution in the
phenolysis of 1-arylethanols
a) in solution and b) in the
analogous process in gaseous
[Y--H-M]* (Y=l-aryletha-
nols; M= CH,"*OH).
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ing intimate Bz*/H,"®*O/H,O three-body complexes, which
are very long-lived because of the low nucleophilicity of
water, relative to for example, PhO~. Within the solvent
(H,0) cage, the H,'®O and H,O are readily interchangeable
and moving around Bz™* at a rate which is comparable with
those of the H,0-to-H,'*O and H,0O-to-H,O exchanges. The
consequence is that '®O-enriched 1-phenylalkanols undergo
loss of the *O label with partial racemization (cf. Figure 3b)
and inversion of configuration without **O loss.

The present results provide further support that pure Syl
processes may follow completely different or even opposite
stereochemistry, depending upon the dynamics and the life-
time of the reactive intermediates involved.”) These factors
do not reflect only the kind of interactions operative in the
reaction intermediates, but also the nature of the medium in
which they are generated. In electrophilic solvents (e.g.
PhOH), the Syl ion-pair intermediates are short-lived and
predominant retention of configuration is observed. In
water, the Syl ion-pair intermediates are long-lived and ex-
tensive racemization takes place. Sometimes, inversion of
configuration is observed even for pure Syl solvolyses. This
may happen when the leaving group hampers the approach
of the nucleophile from the frontside (cf. gaseous
[Y--H-M]* (M=VIL,) at >1").
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