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Abstract: The intrinsic factors governing the diastereofacial selectivity of 2-methyl-5-X-2-adamantyl cations
(X =F (Ip), Si(CHs)s (Isj)) toward a representative nucleophile, i.e., methanol, have been investigated in the
gas phase at 750 Torr and in the-&D °C temperature range. The kinetic results indicate thaj@HHaddition

to | £ proceeds through tight transition structures#r'Sand T$2") characterized by advanced-© bonding.

The same interactions are much less pronounced in the comparatively loose transition structures involved in
the CHOH addition tol s (TSs»"and TS2™). The experimental evidence indicates that the activation barriers

for the anti addition tdg andls; are invariably lower than those for the syn attack. Large adverse entropic
factors account for the preferred syn diastereoselectivity observed in the reactioh-wihtropy plays a

minor role in the much looser transition structures involved in the reactionlgitlvhich instead exhibits a
preferred anti diastereoselectivity. Comparison of the above gas-phase results with related theoretical and solution
data suggests that the diastereofacial selectivityscdind |s; measured in solution arises in part from the
differential solvation of the two faces of the pyramidalized ions.

Introduction Chart 1

Understanding the origins of diastereofacial selectivity of a 1C1H3
trigonal carbon center is crucial for predicting the outcome of = pioren == > = synor zu
important stereochemical synthedd=zacial selectivity may be s
governed by several concurrent factors, such as steric hindrance, f}
conformational effects, and chelation, as well as electronic
factors. It is also highly sensitive to solvent and temperature () () ()
effects. Disentanglement of electronic factors from the others . )
is achieved by using rigid systems, such as the 2-methyl-5-x- @Ppreciated.Yet, the idea that entropy may govern the stereo-
2-adamantyl catiorly Chart 1), where the X substituent is sele_(:tlylty qf the nuclleophlllc attack dm cannot be dIS.mIS.SGd
sufficiently remote from the trigonal center not to influence it & Priori- This paper is aimed at evaluating the contribution of
either sterically or coordinatively. Depending upon the electronic €Ntropic factors on the diastereoselectivity of the nucleophilic
properties of X, iondx display diametrically opposite stereo- ttack of CHOH on two representative 2-methyl-5-X-adamanty|
chemistry. Syn (ozy) approach of the nucieophile is favored ~Cations, i.e.Ir andls.. The reaction takes place in an inert
when X is ac-electron-withdrawing substituent (e.qg., lig). gaseous medium (either Gldr CHsF at 750 Torr) to minimize
When instead X is ac-electron-donating substituent, the 2N environmental effects on diastereoselectivity. The rglanvely
nucleophile is preferentially directed to the anti @) face high pr_essures_use_d ensure the complete thermalization of all
(e.g., inls)). This selectivity has been interpreted in terms of (e active species involved. ,
differential hyperconjugative stabilization of syn and anti _ Methodology. Tertiary cationslr andls; are generated in
transition structures (TS):¢ However, far from defined is the the gas phase by two different procedures. Procedure A involves

mode whereby hyperconjugative stabilization operates, whetherth€ Protonation of t?e Ccirespondi"ng 2-methylene-5-X-adaman-
through electrostatic or orbital interactions or béth. tanely by the GHs™ (n = 1, 2) Bransted acids, formed from

Though entropy surely contributes to syn and anti TS free ¥-iradiation %o y-rays, T = 20-80 °C) of gaseous CH
energies, its role in controlling stereodifferentiation is rarely Mixtures. Protonation takes place in the presence of traces of a
nucleophile (CH®OH, 180-content, 95%), a radical scavenger

Si(CH,),

T University of Roma “La Sapienza”. ;
* The Flinders University of South Australia. (©), and a powerful base B (8:):N) (path i Of. Scheme ]3'
$ University of Calgary. In procedure B, ChF is used as the bulk gas, |r_13te_ad of CH
(1) For reviews on this topic, see the special iss@iem. Re. 1999 and K0 (180-content,>97%) as the nucleophile, instead of
99((25))-Ch - LT Lin M. He Srivastava. S.- le Nobl CH380H. Irradiation of the CHF/H,'80 gives rise to the
eung, C. K.; Iseng, L. |.; LIn, . H.; Srivastava, S.; le Noble, . 1. + 5 .

W. .3, Am. Chem. Sod 986 108 1598:1987 109 7239. formlatlon of CH!®OH," ions in the compLete absence of neu.tral
(3) Srivastava, S.; le Noble, W. J. Am. Chem. Sod 987, 109, 5874. CHj3'80H molecules (Scheme 2 (¥ F)).° Under such condi-
(4) Adcock, W.; Cotton, J.; Trout, N. Al. Org. Chem1994 59, 1867. tions, the 180-labeled ethereal product®y and 25« must
(5) Herrmann, R.; Kirmse, WLiebigs Ann.1995 699.

(6) Adcock, W.; Head, N. J.; Lokan, N. R.; Trout, N. A. Org. Chem. (7) Rosenberg, R. E.; Vilardo, J. $etrahedron Lett1996 37, 2185.

1997, 62, 6177. (8) Lias, S. G.; Hunter, E. P. lJ. Phys. Chem. Ref. Daféd98 27, 413.
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necessarily arise from thatracomplexaddition between the
two moieties of adductll x, generated by proton transfer in
the encounter between olefiy and CH'OH,™ (path ii of
Scheme 1).
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49) was separated by column chromatography (silica, 5% EtOAc/hexane
as eluent) to afford the pure epimers as white soligissomer @%s)
(50 mg, R = 0.19, 5% EtOAc/hexane); mp 8®0 °C; 3C NMR
(CDCls, relative to MaSi) 6 38.56 (C1,3), 73.79 (C2), 34.96 (C4,9),
20.33 (C5), 37.62 (C6), 26.50 (C7), 32.88 (C8,10), 27.19 (Me).
Z-Isomer @sj) (35 mg,R: = 0.26, 5% EtOAc/hexane); mp 887 °C;
13C NMR (CDCE, relative to MaSi) 0 38.56 (C1,3), 73.58 (C2), 32.48
(C4,9), 19.72 (C5), 37.62 (C6), 26.95 (C7), 35.01 (C8,10), 27.49 (Me).
The spectra were assigned by additivity methodofSdsrlsomer @Fs)
(calcd): 38.59 (C1,3), 73.89 (C2), 34.57 (C4,9), 20.25 (C5), 37.75 (C6),
26.51 (C7), 33.00 (C8,10¥-Isomer @Zsj) (calcd): 6 38.59 (C1,3),
73.89 (C2), 32.41 (C4,9), 19.74 (C5), 37.75 (C6), 27.02 (C7), 35.16
(C8,10).
2-Methyl-2-methoxyadamantane. To a solution of 2-chloro-2-
methyladamantane (100 mg, 0.54 mmol) in dry methanol (14 mL) was
added silver nitrate (192 mg) under.NI'he reaction was monitored
by GLC until complete. The solution was filtered, followed by
evaporation and passage through a short silica column eluting with
10% EtO/hexane, and afforded the ether as a colorless oil (50 mg,
51%).13C NMR (CDCk, relative to MaSi) ¢ 35.79 (C1,3), 77.32 (C2),
32.60 (C4,9), 26.93 (C5), 38.27 (C6), 27.72 (C7), 34.67 (C8,10), 47.29
(OMe), 20.49 (Me);*H NMR (CDCl;, relative to CHCJ) 6 3.19 (s,
3H), 2.12 (d, 2H), 1.831.40 (m, 12H), 1.24 (s, 3H); M&/z (M)
calcd for G2oH»00 180.15141, found 180.1513.
(E)-2-Methyl-5-(trimethylsilyl)-2-methoxyadamantane (Zs). To
a slurry of prewashed 50% NaH (10 mg) in THF (1 mL) undemks
added a solution of alcoh8Fs; (10 mg, 42umol) in THF (1 mL), and
the resultant mixture was allowed to stir for 30 min at room temperature,
before dropwise addition of Mel (206L). The solution was brought
to reflux for 10 min before cooling and allowed to stir overnight. The

A set of experiments has been carried out to evaluate theysual workup afforded the title compound as a colorless oil after

extent ofll Ex = 1l Zx epimerization Ke—z vs kz—.g in Scheme
1) prior to neutralizationlf andk'p in Scheme 1). The gaseous

chromatography (silica, 5% EtOAc/hexari®,= 0.56) (7 mg, 66%).
13C NMR (CDCE, relative to MaSi) 6 35.35 (C1,3), 77.26 (C2), 34.56

samples used for this purpose were identical to those used in(C4.9), 20.57 (C5), 37.72 (C6), 26.51 (C7), 32.62 (C8,10), 47.27 (OMe),

procedure B with the only important difference being that
CH3sCI (750 Torr), and not ChkF, was employed as the bulk
component. This prevents the radiolytic formation of
CH3'®0H,™ ions to any significant extent. In fact, contrary to
(CHg)oF*, the (CH).CIT ions react very slowly with the water
molecules present in the mixture (Scheme 2:=\CI).1° As a
consequence, the oxonium intermediates; and Il %x are
directly formed from (CH),Cl*-methylation of the correspond-
ing alcohal, i.e., E)- and @)-2-methyl-5-X-2-hydroxyadaman-
tane @%x and 3%, respectively; X= F or Si(CH)3), and any
contribution from other conceivable pathways, involving
CH380H,™, is excluded (route (iii) of Scheme 1.

Experimental Section

Materials. Methane, methyl fluoride, and oxygen were high-purity

20.44 (Me),—5.46 (SiMe); 'H NMR (CDCls, relative to CHG)) 6
3.19 (s, 3H), 2.15 (d, 2H), 1.861.40 (m, 13H), 1.21 (s, 3H);0.10
(s, 9H). The spectrum was assigned by additivity methodotdgy.
E-somer(25s)) (calcd): 35.26 (C1,3), 77.34 (C2), 34.10 (C4,9), 20.43
(C5), 37.70 (C6), 26.40 (C7), 32.62 (C8,10). M%z (M*) calcd for
CisH250Si 252.19094, found 252.2050
(E/Z)-2-Methyl-5-(trimethylsilyl)-2-methoxyadamantane (Zsy/
2%4). The tertiary chloride mixture obtained from the hydrochlorination
of 2-methylene-5-trimethylsilyladamantangsj (E/Z = 65/35) was
treated with silver nitrate in methanol to provide the title eth& (
= 53/47) as previously described for 2-methoxy-2-methyladamantane.
E-Isomer @%s): *C NMR (CDCl, relative to MeSi) 0 35.35 (C1,3),
77.26 (C2), 34.69 (C4,9), 20.59 (C5), 37.74 (C6), 26.54 (C7), 32.64
(C8,10), 47.26 (OMe), 20.44 (Me);5.45 (SiMe). Z-Isomer @%s);
35.38 (C1,3), 77.26 (C2), 32.64 (C4,9), 19.58 (C5), 37.67 (C6), 27.28
(C7), 34.59 (C8,10), 47.34 (OMe), 20.65 (Me)5.45 (SiMe). The
spectra were assigned by additivity methodoléy¥-Isomer @Fs)

gases from UCAR Specialty Gases N. V. and were used without further (calcd): 35.26 (C1,3), 77.34 (C2), 34.10 (C4,9), 20.43 (C5), 37.70

purification. H%0 (*%0-content,> 97%), CH¥0H (*%0-content, 95%),
and (GHs)sN were purchased from ICON Services and Aldrich Co.,
respectively. 2-Methylene-5-fluoroadamantarie),( 2-methylene-5-
(trimethylsilyl)adamantanelg), the E/Z mixture of the 2-methyl-5-
fluoro-2-hydroxyadamantane$t/3%), and theE/Z mixture of the
2-methyl-5-trimethylsilyl-2-hydroxyadamantanes®t{/3%s), used as

(C6), 26.40 (C7), 32.62 (C8,10J-Isomer %) (calcd): 35.26 (C1,3),
77.34 (C2), 32.03 (C4,9), 19.63 (C5), 37.70 (C6), 27.19 (C7), 34.69
(C8,10).

(E/Z)-2-Methyl-5-fluoro-2-methoxyadamantane (Z¢/2%¢). The
(25:/2%¢) mixture (100 mg, 70%)H/Z = 67/33) was obtained using
the NaH/Mel method as described abo¥% NMR (CDCk, relative

starting substrates, were prepared according to previously describedg Me,Si) & E-isomer %), 38.51,Jcr = 10.38 Hz (C1,3), 76.02c¢

procedured:* The 3%/3% mixture [E/Z = 66/34) was separated by

=1.22 Hz (C2), 39.19cF = 18.31 Hz (C4,9), 92.48cr = 183.72 Hz

preparative GLC on a 10% Silicone OV17 on Chromosorb Wax (C5), 43.31Jce = 16.48 Hz (C6), 29.90ce = 9.77 Hz (C7), 31.03cr
80—100 mesh, 2-m-long, 4.5-mm-i.d., stainless steel column, operated = 2 44 Hz (C8,10), 47.98 (OMe), 20.58 (M&k-Isomer %), 38.84

at 50 < T <100°C, 10°C min™. The melting points anéd’C NMR
data of theE- andZ-tertiary fluoroalcohols were in accord with those
reported in the literaturgé? The 3Fs/3%s; mixture (130 mgZ/E = 51/

(9) Blint, R. J.; McMahon, T. B.; Beauchamp, J. L.Am. Chem. Soc.
1974 96, 1269.

(10) Speranza, M.; Troiani, Al. Org. Chem1998 63, 1020.

(11) A direct proof of the inertness of (GHCI™ ions toward water arises
from the observation that the ethereal products, recovered in th€ICH
H2®0/1x mixtures, contain less than 3% of th# label.

Jer = 10.38 Hz (C1,3), 75.63cF = 2.44 Hz (C2), 37.58cr = 18.31

Hz (C4,9), 91.7%cr = 183.11 Hz (C5), 43.23c¢ = 17.09 Hz (C6),
30.70Jcr = 9.77 Hz (C7), 33.00cr = 1.83 Hz (C8,10), 47.42 (OMe),
19.52J)c = 2.44 Hz (Me). The spectra were assigned by the additivity
of substituent effects on chemical shifts of the adamantané?rasy
well as the relative intensity of the peak&/Z = 67/33) and the

(12) Srivastava, S.; Cheung, C. K.; le Noble, WMagn. Reson. Chem
1985 23, 232.



6398 J. Am. Chem. Soc., Vol. 123, No. 26, 2001 Filippi et al.

Scheme 2
srays CHY CHY iy sH,50 3= CH,80H,"  (Y=F)
CHyY ———= CH,Y" 7% CHyYH —0 (CHy), CHY LS¢a CH,10H,  (Y=CI)

characteristic carbenfluorine coupling constant pattern in 1-fluoro-
adamantan€e’s.E-Isomer @%) (calcd): 38.89 (C1,3), 75.46 (C2), 39.69
(C4,9), 91.73 (C5), 43.29 (C6), 30.03 (C7), 30.74 (C8,MIsomer
(2%) (calcd): 38.89 (C1,3), 75.46 (C2), 37.62 (C4,9), 90.94 (C5), 43.29
(Ce), 30.82 (C7), 32.81 (C8,10). MBVz (M*) calcd for GoH1s0O
198.14198, found 198.1428.

Procedure. The gaseous mixtures were prepared by conventional
procedures with the use of a greaseless vacuum line. The starting
adamantane substrate, the labeled nucleophile (eithEOH®O-
content,>97%) or CH!OH (*%0-content, 95%)), the thermal radical
scavenger @ and the base B- (C;Hs)sN were introduced into carefully
outgassed 130-mL Pyrex bulbs, each equipped with a break-seal tip.
The bulbs were filled with the bulk gas (G¥, Y = H, F, CI (750
Torr)), cooled to the liquid nitrogen temperature, and sealed off. The
gaseous mixtures were submitted to irradiation at a constant temperatur
ranging from 20 to 140C in a®Co source (dose, 2 10* Gy; dose
rate, 1x 10* Gy h%, determined with a neopentane dosimeter). Control
experiments, carried out at doses ranging from 10*to 1 x 10° Gy,
showed that the relative yields of products are largely independent o
the dose. The radiolytic products were analyzed by GLC on a Tgple 1. B3LYP/6-31G* Reaction Enthalpies
MEGADEX DACTBS3 (30% 2,3-diO-acetyl-60-(tert-butyldimeth-

Figure 1. B3LYP/6-31G*-optimized geometries of 2-methyl-5-fluoro-
2-adamantyl catiohg (a) and 2-methyl-5-(trimethylsilyl)-2-adamanty!
cationls; (b). Bond distances in structure a: €C€8 = C3—C10=
J1.611 A; C+C9= C3-C4=1.546 A. Bond distances in structure b:
C1-C8=C3-C10=1.551 A; CE--C9= C3—-C4=1.632 A. Angle

0 is defined as the deviation of the EC2—C3 plane from the bisector
of the 8-10, 1-3, 94 midpoint lines. Angleg is defined as the
f C2—-C11 bond deviation from the GIC2—C3 plane in each case.

ylsilyl)- B-cyclodextrin in OV 1701; 25-m-long, 0.25-mm-i.d;, 0.25 reaction AHagg(kcal mof™)
um) fused-silica column, at 68 T <170°C, 5°C min*. The products I E-— Il % —-0.81
were identified by comparison of their retention volumes with those I Egj— 1l Zg; +0.03
of authentic standard compounds and their identity confirmed by-GLC Il & — 1 + CHsOH +12.93
MS. Their yields were determined from the areas of the corresponding 1% — I+ CHOH +13.74
eluted peaks, using benzyl alcohol as the internal standard and individual Il Esi— Isi+ CH;OH +7.39
calibration factors to correct for the detector response. Blank experi- Il %si— Isi+ CHsOH +7.37

ments were carried out to exclude the occurrence of thermal decom-

position and isomerization of the starting substrates as well as the the | surface at the B3LYP/6-31G* level of theory, whose
epimerization of their ethereal products within the temperature range structure is schematized in Figure 1a Accordingkydisblays
investigated. a distorted structure with a C+H hydrogen coplanar to the

The extent of'®0 incorporation into the radiolytic products was - . .
determined by GLEMS, setting the mass analyzer in the selected ion C5—F bond and oriented toward it. The €C2—C3 bridge

mode (SIM). The ion fragments avz = 183 (%O-[M — CHy|*) and leans away from the F substituent ®y= 14.6" using the angle
m/z = 185 (#0-[M — CHs]*) were monitored to analyze the epimeric  definitions shown in Figure 1. In addition, the €211 bond
25 and 2% ethers. The ion fragments aiz = 237 (°O-[M — CHg] ") leans away from the F substituent by= 6.2° relative to the
and n/iz = 239 (80-[M — CHg]") were examined to analyze the C1—C2—C3 plane. A global minimum structure has been
epimeric2fg; and 2%g; ethers. identified also on theés; B3LYP/6-31G* surface. Its geometry

Computational Details. Quantum chemical calculations were s jllustrated in Figure 1b. It presents a Cid hydrogen
pe_rformed on PC-'based computers and the L@nux operating SyStem'copIanar to the C5Si(CHs)s bond, but oriented away from it.
using the A7 version of the suite of programs in Gaussiaf’ 9the The C1-C2—-C3 bridge leans toward the Si(GH substituent
6-31G* basis set was employed using the B3LYP hybrid density by § = 12.7 as defined in Figure 1. The €11 bond leans

functional proceduré At the same level of theory, frequency calcula- . . T e .
tions were performed for all the optimized structures to ascertain their further toward the Si(Chjs substituent byy = 8.1° relative to

minimum or transition-state nature. Thermal contribution to enthalpy the CI~C2—C3 plane. )

at 298 K and 1 atm, which includes the effects of translation, rotation,  The 298 K C-O bond enthalpies off Zy and 1l Bx and the

and vibration, was evaluated by classical statistical thermodynamics 298 K Il Zx == 11 Ex epimerization enthalpies, calculated at the

within the approximation of ideal gas, rigid rotor, and harmonic B3LYP/6-31G* level of theory, are listed in Table 1.

oscillator behavior and using the recommended scale factor (0.98) for  Radiolytic Experiments. Tables 2 and 3 report the absolute

frequencies and zero point energy correction. and relative yields of th&?O-labeled ethergFy and2%y (X =

F or Si(CH)3, respectively) obtained from thextra (i) and

) ) o intracomplex(ii) pathways of Scheme 1. The tables report
Theoretical Calculations. A global minimum structure  gyerage values obtained from several separate irradiations

(stationary point, all real frequencies) has been identified on carried out under the same experimental conditions and whose
(13) Adcock, W.; Trout, N. AMagn. Reson. Chem 998 36, 181. reproducibility is expressed by the uncertainty level quoted. The

(14) Frish, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson, iqni i E Z,, i
B. G.. Robb, M. A Cheeseman. J. R Keith. T. A: Petersson. G A ionic origin of ether2tx and24x is demonstrated by the sharp

Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, v. decrease (over 80%) of their abundance as thgH{GN
G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; concentration is quintupled.
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;  The relative distribution of labeled ethe?8x and 25« can

Wong, M. W.; Andres, J. L.; Repogle, E. S.; Gomperts, R.; Martin, R. L.; . . P
Fox, D. J.: Binkley, J. S.; Defrees, D. J.; Baker, J.. Stewart, J. P.: Head- be taken as representative of that of the corresponding ionic

Gordon, M.; Gonzales, C.; Pople, J. &aussian 98 Revision C. 2 precursor$| Zx andll Ex, if the efficiency of their neutralization

Gaussian, Inc., Pittsburgh, PA, 1995. by the strong base B (C;Hs)sN (proton affinity (PA)= 234.7
(15) (a) Becke, A. DJ. Chem. Physl993 98, 1372, 5648. (b) Lee, C.;

Yang, W.; Parr, R. GPhys. Re. B 1988 37, 785. (16) Scott, A. P.; Radom, L1. Phys. Chem1996 100, 16502.

Results
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Table 2. 180-Labeled Product Distribution from the Gas-Phase
Attack of Gaseous Acids ot in the Presence of BN(CHs)s?)

J. Am. Chem. Soc., Vol. 123, No. 26, 26699

Table 4. Kinetics of Gas-Phase Epimerization Ibfr andll % in
the Presence of BN(CHs)s?

rxn  RY¥OH B T ™ absolute yield B T ™ ke
path (Torr) (Torr) (°C) (x1®®s) [2%] [25°¢ (G x 107 substrate (Torr) (°C) (x10°s) ¢ (x107%s™) Ked
i CH;1.33 0.39 20 6.78 0.614 0.386 10.7 35:(0.24) 0.72 40 3.93 0.038 1.00(6.00) 0.92x04)
! CH3,1.32 0.44 40 6.45 0.644 0.356 8.9 3F(0.19) 0.68 50 430 0.052 1.27(6.10) 0.810(09)
i CH; 133 044 60 6.88 0.656 0.344 9.2 3F:(0.28) 0.85 60 356 0.061 1.81(6.26) 0.96(05)
i CHs;, 1.23 0.44 80 7.32 0.650 0.350 9.7 3F(0.29) 0.81 80 3.97 0.097 2.68(6.43) 0.76)12)
i H,311 039 20 6.78 0.733 0.267 0.4 3F(0.25) 0.90 90 3.68 0.126 3.91(6.59) 0.870(06)
i H, 2.89 0.44 40 6.45 0.725 0.275 1.2 3F(0.22) 0.80 100 4.26 0.213 6.16(6.79) 0.65(19)
i E é.gg g.ﬁ gg g.gg 8%; 8%2 8.; 3F:(0.23) 0.74 120 4.86 0.325 9.52(6.98) 0.63(20)
i H,3. . . . . .
B T il kz—gd
aBulk gas, 750 Torrlg, 0.2-0.3 Torr; Q, 4 Torr; radiation dose, substrate (Torr) (°C) (x1CPs) ¢ (qugsfl) Ked
2 x 10* Gy (dose rate, & 10* Gy h™?). P Reaction timeg, calculated >
from the reciprocal of the first-order collision constant between 3ZF(0-20) 072 40 3.93 0.035 0.92(5.96) 0.92(04)
intermediates B¢ andll Z and B.¢ Each value is the average of several 3’F(0.32) 0.68 50 4.30 0.042 1.02(6.01) 0.810(09)
determinations, with an uncertainty level-e10%.¢ Gy, as the number ~ 3%¢(0.23) 0.85 60 3.56 0.055 1.64(6.22) 0.96)(04)
of molecules M produced per 100 eV of absorbed energy. gip Egg% 833 38 ggg 8(1)13 52411 gggég 8%33
Table 3. ¥O-Labeled Product Distribution from the Gas-Phase 3%(0.20) 0.80 100 4.26 0.138 3.99(6.60) 0.69(19)
Attack of Gaseous Acids of; in the Presence of BN(CHjz)s? Fr(0.27) 0.74 120 4.86 0.205 6.00(6.78) 0.63(20)
mn RYOH B T ° absolute yield aCHsCl, 750 Torr; K80, 3 Torr; Q, 6 Torr; radiation dose, X

path (Torr) (Torr) (°C) (x1(®s) [2%s] [25s]¢ (G x 107

i CHs;0.88 048 20 5.72 0.409 0.591 0.6
i CH; 085 046 40 6.40 0.445 0.555 1.0
i CHs;0.77 047 60 6.68 0.432 0.568 0.7
i CHs; 100 053 80 6.30 0.480 0.520 0.8
i H,3.05 051 20 538 0.363 0.637 14
i H,3.29 050 40 5.88 0.385 0.615 12
i H,3.08 050 60 6.28 0.469 0.531 0.7
i H,3.26 050 80 6.68 0.508 0.492 0.4

b Bulk gas, 750 Torrls;, 0.2-0.3 Torr; Q, 4 Torr; radiation dose,
2 x 10* Gy (dose rate, X 10* Gy h™1). ® Reaction timer, calculated
from the reciprocal of the first-order collision constant between
intermediatesl Es; andll Zs;and B.¢ Each value is the average of several
determinations, with an uncertainty level-o10%. ¢ Gy as the number
of molecules M produced per 100 eV of absorbed energy.

kcal mol1)8 is taken equal to unity. In this frame, the rate
constant raticksyr/kani Of Scheme 1 can be expressed by the
[2%x]/[ 25«] ratio, once corrected by the extent bFy = II By
epimerization by the time of their neutralization with the strong
base B £ = (k,[B]) 1) at each temperatufd.

This piece of information is obtained by generating directly
thell Zx andll Ex intermediates by route iii of Scheme 1 and by
measuring their epimerization rate&s(z vs kz-.g) under
conditions similar to those of Tables 2 and 3. The yield factors
of the unlabeled ether?x and 25, obtained from attack of
(CHg3),CI" ions on eitheB?%y or 3F in the presence of the base
B = (C.H5s)3N, are given in Tables 4 (< F) and 5 (X= Si-
(CHg)3) under theZ ande headings, respectively.

Taking into account that, during its lifetime |l Ex epimerizes
by the¢ fraction (andl Zx by thee fraction), thekz—g andke—z
rate constants can be expressed as follows:

. Keq
6} with  €gq= 1+K,
(eqgs VIl and X of Appendix)

€eq eq

€
—In
e —

T eq

I(Z%E -

and

 Ceq Ceq . 1
ke ., = - In{—éeq — C} with Ceq— 1Tk Keq

(egs VIl and XI of Appendix)

Thell %=1l Bx equilibrium constanKeqcan be calculated from
the ratio between thé& term from Il Ex and thee term from

10* Gy (dose rate, Xk 10* Gy h™1). b Reaction timer, calculated from

the reciprocal of the first-order collision constant between intermediates
Il B=andll % and B.¢ c= [ZZF]/([ZEF] + [ZZF]), €= [ZEF]/([ZEF] + [ZZF])

Each value is the average of several determinations, with an uncertainty
level of ~5%. ¢ See text; logk and logKeq in parentheses.

Table 5. Kinetics of Gas-Phase Epimerization Ibfs; and 1l Zg; in
the Presence of BN(CHs)s?

B T ™ ke .
substrate (Torr) (°C) (x10®s) ¢ (x106s?) Ked
F(0.27) 071 80 470 0.088 2.00(6.30) 0.48)32)
3F5(0.27) 0.82 100 4.31 0.130 3.35(6.52) 0.5@(30)
3Fs(0.27) 068 120 549 0.222 5.08(6.71) 0.740(15)
3(0.22) 0.67 140 5.88 0.417 12.03(7.08) 0.69(19)

B T ™ Ky
substrate (Torr) (°C) (x10°s) € (x10°6s7Y) Ked
F5(0.29) 0.71 80 4.70 0.042 0.96(5.98) 0.48)32)
F5(0.28) 0.82 90 4.31 0.065 1.68(6.23) 0.500(30)
35(0.28) 0.68 100 5.49 0.158 3.62(6.56) 0.740(15)
F5(0.22) 0.67 120 5.88 0.272 7.85(6.89) 0.63)(19)

aCHCl, 750 Torr; B*0O, 3 Torr; Q, 6 Torr; radiation dose, X
10* Gy (dose rate, &k 10* Gy h™1). ® Reaction timez, calculated from
the reciprocal of the first-order collision constant between inter-
mediated| Es; andll %5 and B.¢ § = [2%5]/([ 25s] + [2%s]]); € = [25si)/
([25s] + [2%s)]). Each value is the average of several determinations,
with an uncertainty level of~5%. 9 See text; logk and log Keq in
parentheses.

[l ?x, measured under the same experimental conditions.

Keq= €/ (eq XVII of Appendix)

Linear correlations are observed between the logarithm of
ke andkz—g and the inverse of temperature (Figure 2:=X
F; Figure 3, X = Si(CHg)3). Table 6 reports the relevant
Arrhenius equations and activation parameters, as calculated
from the transition-state theory equation. According to these
values, intermediath B is more stable than epim#érée by 1.0
+ 0.7 kcal motL. In contrast, intermediat Eg; is less stable
than epimeil Zs; by 1.94 1.3 kcal mot™.

Considering the uncertainties associated in the experimental
measurements and theoretical calculatiah® kcal mol?), the
experimentall Z¢ < Il & and Il Zs; > Il Eg; stability trends can
be taken as coinciding with the B3LYP/6-31G* calculated ones

(17) The collision constarit, betweenll Zx (or Il Ex) and (GHs)sN is
calculated according to: Su, T.; Chesnavitch, WJ.JChem. Phys1982,
76, 5183.
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Figure 2. Temperature dependence of tke.z (circles) andkz.g
(diamonds) rates and of the relevaty; = kz—e/ke—z (squares)
concerning the gas-pha#iés = Il - epimerization.
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Figure 3. Temperature dependence of tke.z (circles) andkz.g
(diamonds) rates and of the relevat, = kz—e/ke—z (squares)
concerning the gas-pha#ig’si == Il Es; epimerization.

(AH°(I1 Br) — AH°(Il %) = 0.81 kcal mot?l; AHC(Il Es) —
AH°(Il Zg)) = —0.03 kcal mot?) (Table 1).

Knowledge of thell Zx = Il Bx epimerization extent during
the ion lifetimer allows Ksyi/kani Of Scheme 1 to be expressed
as follows:

250 -
&' = [EX]—C (eq XIX of Appendix)
Kani  [25] — €
with the [2Zx] and [2Ex] values as listed in Tables 2 and 3 and
the { ande terms, as recalculated at= 7 of Tables 2 and 3
using eqs VIl and VII of the Appendix, respectively. Thg,/
kant ratios are reported in Figure 4 as a functionTot. Table
7 reports the relevant Arrhenius equations and activation

Filippi et al.

on ionlsjinvolves less significant activation entropies; (3) anti
attack of CHOH on both iond andl s is enthalpically favored
over the competing syn addition irrespective of whether it
proceeds through the extracomplex i or the intracomplex
pathway ii; (4) the preferred syn diastereoselectivity, observed
with ion Ig at T = 20 °C (Table 2), is determined by the large
adverseentropic factors and not by the enthalpy terms; (5)
contrariwise, the ant> syn selectivity, measured with idr;

atT = 20°C (Table 3), is essentially governed by the relevant
activation enthalpies; (6) adverse entropy factors are more
important in the intracomplex anti attack of @PH on Ig;
(Figure 6b) than in the extracomplex one (Figure 5b).

Discussion

Transition Structures. Some information about the transition
structures T and TS of Figures 5 and 6 may be inferred
from the comparison between the B3LYP/6-31G*QO bond
dissociation energies of oxonium ioHgx andIl Ex (Table 1)
and the experimental activation enthalpies of the gas-plhéage
= || Bx epimerization (Table 6). It is noted that the experimental
AH* values of thell Z5; = Il E; epimerization (Table 6) are
comparable to the theoreticaHD bond dissociation energies
of the interconverting oxonium ions (Table 1). This indicates
that thell ?s; == Il Es; epimerization proceeds through loose
transition structures T8 and TS, characterized by the
almost complete €0 bond cleavage and by no intense
interactions of the moving methanol with the; moiety.
However, comparison of Figures 5b and 6b shows that, while
the extracomplex (i) and the intracomplex syn addition (ii) in
[l si exhibit equally large activation barriers, the enthalpy barrier
involved in the intracomplex anti addition (i) il s; (Figure
6b) is 1.6 kcal mot! lower than that governing the correspond-
ing extracomplex reaction i (Figure 5b). This suggests that, while
the syn addition inlll ; proceeds through a single loose
transition structure T$Y", the corresponding anti addition in
Il s may involve two different T2 transition structures with
very similar activation free energies in the temperature range
investigated. One is characterized by a loose structure similar
to that involved in the competing syn addition (Figure 5b). The
lower enthalpy value associated with S8 of Figure 6b is
instead consistent with a much tighter structure. The fact that
the latter T$2" is involved in the intracomplex addition (ii),
where the incipient CEt8OH nucleophiles necessarily proton
bondedto the CH hydrogens of s;, provides strong support in
favor of a structure where the methanol molecule is specifically
coordinated between the C2 center and the adjacent acidjc CH
hydrogens of thés; moiety.

parameters, as calculated from the transition-state theory equa- The experimentaAH* values of thell Z= = 1l E¢ intercon-

tion. According to these values, the 298 K enthalpy and free
energy profiles of the gas-phasxtracomplexaddition of
CH30H to | andl gj (path i of Scheme 1) can be depicted as in
Figure 5a and b, respectively. The 298 K enthalpy and free
energy profiles of the gas-phasetracomplexaddition of
CH30H tol andls; (path ii of Scheme 1) are reported in Figure
6a and b, respectively.

version (Table 6) amounts to only half of the theoretical@
bond dissociation energies of the involved cations (Table 1).
This points to thell 2= == Il B epimerization as proceeding
through transition structures #8%and T$SY" characterized by

a limited G-O bond elongation. The coincidence of the
activation parameters of the extracomplex addition ilirg
(Figure 5a) with those of the intracomplex reaction ii (Figure

The enthalpy and free energy level of the relevant complexes 6a) indicates that both syn and anti attacks involve tight
Il x remain undefined. However, the poor dependence of the transition structures. This hypothesis finds further support in

absolute yields of the ethereal produ@s and 2%y upon

the large adverdé activation entropies associated in their

temperature (Tables 2 and 3) points to the enthalpy and freeformation (Figures 5a and 6a). The same correspondence is

energy of the correspondinlj x as falling rather close to those
of the two relevant transition structures ?S' and TS".

The results summarized in Figures 5 and 6 indicate that (1)
the gas-phase addition of GBH to ion|g is characterized by

observed with regard to the tight, strongly coordinated transition

(18) In the frame of transition structures resembling the corresponding
Il x adducts, the adverse activation entropies associated with their formation
can be accounted for inter alia by the large structural distortion of,the

significant adverse activation entropies; (2) the same reaction moiety which is a symptom of a diffuse, pronounced torsional freezing.
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Table 6. Arrhenius Parameters for the Gas-Phase Epimerizatidh®gfand Il %x

epimerization corr coeff AH?* AS
reaction Arrhenius equatién r? (kcal mol?) (cal moFtK=1)
N E— 112 log kez = (10.82 0.3) — (6.9+ 0.4)x 0.983 6.2+ 0.5 —115+1.3
17— I B log kz—e = (10.04 0.3)— (5.9 0.4% 0.974 5.2+ 0.5 —14.74+2.1
1 Esi— I Zg; logke -z= (11.42 0.6)— (8.3+ 1.1 0.966 75+ 1.1 —8.8+£4.2
1 Zg;— Il Eg; logkz g = (12.2+ 0.4) — (10.1+ 0.8% 0.988 9.4+ 0.7 —4.8+209

ax = 1000/2.30RT.

07 . . ' more. Le Noble et al. explained the origin of this stereoselec-
'\'\ tivity in terms of the differential hyperconjugative stabilization
= 0.51 I of two rapidly equilibrating o-delocalized 2-methyl-5-F-2-

5 (3l O\O\O\o L adamantyl cations. The possibility that hyperconjugative stabi-
\g lization in these ions is facilitated by partial pyramidalization
5 0N r of the cationic C2 center was advanced after comprehensive
= | 13C NMR20:21 gand ab initi3223 studies on related ionic inter-

-0.14 < . . . L .
3 . mediates. Accordingly, diastereoselectivity in 5-substituted-2-
0.3 o adamantyl cations is ascribed to different hyperconjugative
0.60 0.65 070 055 effects of the substituent at C5 on the relative stability of rapidly
1000/2 303RT equilibrating pyramidalized syn and anti ions prior to nucleo-
philic attack?

Figure 4. Temperature dependence of thg/ka ratios concerning . : .
the gas-phase extracomplex (open symbols) and intracomplex (solid TNis picture is not corroborated by the present B3LYP/

symbols) addition of CE8OH to | (circles) and s (diamonds). 6-31G* calculations. Accordingly, the 2-methyl-5-F-2-adamantyl
cationlg presents a single syn pyramidalized structure (Figure
structure TS2" involved in the intracomplex! Eg; — Il g 1a), whereas the 2-methyl-5-Si(G)t2-adamantyl catiorls;
process (Figure 6b). By the same token, the loose transitionexhibits a single anti pyramidalized geometry (Figure 1b).
structures T2, involved in the extracompleH Es; — Ill g Occurrence of a single structure precludes the intrinsic diaste-

process (Figure 5b), and §3" are consistent with the  reoselectivity of these cations being influenced by an equilibrium
comparatively limited activation entropies accompanying their population of the two syn/anti invertomers. Rather, the present
formation (Figures 5b and 6b). kinetic results demonstrated that it is mainly determined by the
Origin of the Diastereofacial Selectivity.lrrespective of the relative stability of their addition products with methanol and
specific reaction pathway, whether (i) or (i) of Scheme 1, the that entropic factors may play a major role. In this connection,
gas-phase anti attack of GBIH to ionslg and Is; involves it should be noted that the gas-phase diastereoselectivity of ions
activation enthalpies lower than those of the corresponding syn | andls; toward methanol, expressed by the relevant’@0
reaction (Figures 5 and 6). These findings may be rationalized K, /Kanti ratios., i.e., 1.63.0 (f) and 0.5-0.7 (s (Tables 2
in terms of the Leffle-Hammond postulat by assuming that ~ and 3 using eq XIX), is much less pronounced than that of the
the difference in the activation barriers of the anti and syn same ions toward the chloride anion in solution, i.e., 9¢) (
addition of CHOH tolx is directly proportional to the stability ~ and 0.5 [sj) in CHxCI, (dielectric constant, 8.9) ane50 (1g)
difference of the corresponding addition products, ll&x and and 1.0 (s) in CH3NO;, (dielectric constant, 37.5)¢ This
Il 2, respectively. In other words, the substituent effect on the diverging behavior cannot be satisfactory explained in terms
activation barriers of the gas-phase anti and syn addition of of equilibrating syn/antir andl s; structures, allowed by specific
CH30H tolx is somewhat expressed by changes in the relative solvent effects in solution. In fact, the conceivable coexistence
stability of the reaction products. in solution of any anti pyramidalized form with the more stable
The observed predominance of syn attackoatT = 20°C syn 2-methyl-5-F-2-adamantyl structure would lead to a dia-
(Table 2) is due tdarge adverse entropic factors reersing the stereoselectivity in solutiomower and not greater than that
enthalpic diastereoseleetty (Figures 5a and 6a). The different measured in the gas phase. The same argument applies for the
adverse activation entropy associated with the competing synconceivable coexistence of any syn pyramidalized structure with
and anti additions is ascribed to the different physical space the more stable anti form of the solvated 2-methyl-5-SigaH
available to the CkDH nucleophile in its approach to ttz 2-adamantyl cation. Hence, the higher diastereoselectivity
andenfaces of the distorted ioh: (Figure 1a). monitored in solution may find a plausible rationale only in
As pointed out in the previous section, the gas-phase additionthe differential solvation of the two faces of a pyramidalized
of CHsOH onls; involves more limited entropic factors. Their  2-methyl-5-substituted-2-adamantyl cation. Indeed, differential
effect is insufficient to reverse the enthalpic diastereoselectivity solvation may modify the cage viscosity contribution to the
(Figures 5b and 6b), thereby, the prevalence of anti attack of addition activation barrier as well as the associated activation
CH3OH onlg; (Table 3). entropy. The importance of differential face solvation is strictly
Comparison with Related Solution Data.In their seminal related to the factors stabilizinig in solution, i.e., solvation
work,23 le Noble at al. reported on the diastereoselectivity of and/or hyperconjugation, and their relative contribution. This
chloride ion attack on 2-methyl-5-F-2-adamantyl catidas
generated in CkCl, by reaction of gaseous HCI withe)- and (20) Finne, E. S.; Gunn, J. R.; Sorensen, TJSAm. Chem. S0d.987,
(2)-2-methyl-5-fluoro-2-hydroxyadamantan& and 3%, re- 109 7616.

. . . o 21) Buffam, D. J.; Sorensen, T. S.; Withworth, S. ®an. J. Chem.
spectively). The dominant product from this reaction is the 19§(,Q ()38’ 1889,

chloride which exceeds the chloride by a factor of 3 to 1 or (22) Dutler, R.; Rauk, A.; Sorensen, T. S.; Withworth, S.IVMAm. Chem.
Soc.1989 111, 9024.
(29) (a) Leffler, J. E.Sciencel953 117, 340. (b) Hammond, G. Sl (23) Rauk, A.; Sorensen, T. S.; Maerker, C.; Carneiro, J. W. de M;

Am. Chem. Sod 955 77, 334. Sieber, S.; Schleyer, P. v. R. Am. Chem. S0od 996 118 3761.
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Table 7. Differential Arrhenius Parameters for the Formationlidf andIl Zx from the Gas-Phase Attack of GHOH onlx

corr coeff AAH* AAS
reaction path Arrhenius equatfn r2 (kcal mof?) (cal moFr*K=1)
X=F
[ l0g(Ksy/Kant) = (1.1 0.1) — (1.1% 0.2 0.965 1.1+0.1 +4.94 0.6
i l0g(Key/Kang) = (1.2 0.2) — (1.0+ 0.2 0.885 1.0+ 0.2 +5.44+1.0
X = Si(CHg)s
[ 10g(Ksy/Kan) = (0.1 0.2) — (0.4 4 0.4)x 0.328 0.4+ 0.4 +0.5+ 1.7
i log(KsyfKant) = (1.2 0.2) — (2.0+ 0.3K 0.959 2.0£0.3 +5.4+1.2
ax = 1000/2.30RT.
AH® TsFanti TSFsyn a4G° AH® TsFanti Tstyn AG®
(kcal molt) 96 (kcal‘{nol") (kcal mol") 96 (keal lmol»l)
== A D -
Z- 2
6.2 _ 52
5.1 - _ 52
i it
BN 112
e 1.0 HE_ 1.0
0o 00 %o %o
(a) (a)
AH® TSSianti TSSisyn AG® AH® TsSianti TSSisyn AG©
(keal mol ) (keal mol ™) (kcal mol") (kcal mol )
h 106 108 . i 108 \
10.4
— . 94
714
g g
Sl ‘EESi
1.9
s 07 — s
0.0

(b)
Figure 5. The 298 K enthalpy (so||d bars) and free energy (open bars) Figure 6. The 298 K enthalpy (solid bars) and free energy (open bars)

profiles of the gas-phase extracomplex addition of;¥@H to I (a) profiles of the gas-phase intracomplex addition ofs&8H to I (a)
andls; (b) (path i of Scheme 1). andlsg; (b) (path ii of Scheme 1).
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However, large adverse activation entropies are associated withAppendix

the tight transition structures for to make the anti activation In the I Zx = 11 Ex epimerization, if initially onlyll Zx is

free energy higher than that of the syn structure in the & present with a yield factorl[Z] = 1 and its fractione has

°C temperature range. Entropy factors are much less pronouncegeacted at time, then the differential eq |

in the loose transition structures fbg. Therefore, anti attack

of methanol onlg; is invariably preferred in the same temper-

ature range. Comparison of the gas-phlasend|s; diastereo-

selectivity with the more pronounced ones observed in solution

is explained in terms of the differential solvation of the two May be rewritten with|f 2] = 1 — e and |l &] = e:

faces of the 2-methyl-5-X-2-adamantyl pyramidalized ions in

the condensed phase. defdt = k; (1 —€) — ke .z¢ (1

dfn Ex]/dt = kzglll Zx] — kel Ex] 0]
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According to the principle of microscopic reversibility, at the
equilibrium,t = o, € = eeqand

de/dt =
de/dt = 0= ky g(1 — €o) — Kg.z€¢q (1
Then
Kze(1 — € = Kez€eq Kez = (Kpe(1 — €eg)leeq  (IV)

Introducing eq IV into eq Il

de _ kze(1 — €ee  Kpg(€eq—€)
—e(l—€)— = V)
& feE €eq €eq
By integrating eq V and considering that= 0 att = 0
€ K, .t
In[ = ] = ZF (V1)
(Eeq —€) €eq
Then
e“\ Vil
Z—’E { (eeq _ E)] ( )

A similar expression may be derived for the reverse reaction:

Ceq Ceq ]
ke, In {(Ceq 9 (VI

if initially only 11Ex is present with a yield factodl[Fx] = 1
and its fractionZ has reacted at time By definition (eq IV),
the equilibrium constanKeg, is given

ks, € 1-¢
Ko™ =T (1X)
kEﬂZ Eeq Ceq
Then
K I(Z—'E
€eq ™ 1+e|i Tkt ke ()
eq 7—E —Z
and
Ceq _ 1 _ ke .2 (XI)
1 + Keq kZHE + kEHZ
Equation VI may be rewritten:
Kz gt/€eq= IN €q = IN(€eq — €) (Xn)
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Analogously, for the reverse reaction

kEﬂZt/Ceq =In Ceq - (XIII)

In(geq =)

Introducing eq X into eq XII

ke J"{
et ke

_ ky e
tk,g + key) = In{ m - 6}

(XIV)
In the same way, introducing eq Xl into eq Xl
ke . Z} { ke .z }
t(k, g + ke =In{— —In{e——-"—F—-¢
et "M i e Miet ke
(XV)

Combining egs XIV and XV at the same reaction titnand
under identical conditions

= Gk (XVI)

ZﬂE
and then
Keq =¢lC (XVII)

The measured2fx] and [28«] yield factors of Tables 2 and 3
may be expressed

[ZZX] = [zzx]true_ E[sz]true+ @[ZEX]Irue and

[ZEX] = [ZEX]true_ C[ZEX]true+ E[sz]true (XVIin)
Recalling that 2%x]wue + [28x]true = 1
— C —
[ZZX]true E__X]G _ C and P X]true [ X] C (XIX)
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