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Summary

Low temperature (—130° to —110°) addition of exo-norborn-5-en-2-ol (7) to
excess HSO3F in SO,CIF yielded a mixture of exo-5-(fluorosulfonyloxy)-exo-2- and
endo-2-norbornylhydroxonium ions (9+ 10) under kinetic control that was different
from the mixture of 94 10 obtained by addition of endo-norborn-5-en-2-0l(8) to
HSO,F under kinetic control. These mixtures differed from the mixture of 9+ 10
observed at higher temperature (—80° to — 60°) (thermodynamic control). Addition
of 3-nortricyclanol (23) or exo-2,3-epoxynorbornane (24) to HSO,F at —120°+ 10°
yielded a mixture containing the exo-2-(fluorosulfonyloxy)-anti-7- and syn-7-nor-
bornylhydroxonium ions (26 + 27) as major adducts. Qualitative rates of the isomeri-
zation of 26+ 27 to the more stable ions 9+ 10 and of the isomerization 9 10 were
evaluated. The solvolysis of 9+10 in HSO,F yielded the exo-2 exo-5- and
exo0-2,endo-5-norbornanediyl bis (fluorosulfates) (21+22). Norbornadiene and
quadricyclane added 2 equivalents of HSO,F and furnished kinetically a mixture of
exo-2,anti-7- and exo-2,syn-7T-norbornanediyl bis (fluorosulfates) (36 +37) as major
adducts. The latter 36+ 37 were isomerized into a kinetic mixture of the more
stable isomers 21+ 22. The rates of these isomerizations were compared. The use of
DSO;F and (exo-2-D)-norborn-5-en-2-ol (15) confirmed that heterolyses of the
fluorosulfates were responsible for the observed isomerization; elimination-addition
processes occurred but much more slowly. The results are interpreted in terms of
substituted classical and o-bridged secondary 2-norbornyl cation intermediates.
It appears that the electron withdrawing substituents FSO; and H,0+ (HO) desta-
bilize the o-bridged 2-norbornyl cation more at C(5) than C(7). If the o-bridged
ions 5-Z substituted at C(5) by Z=FSO, or H,O* (HO) are transition states in the
isomerization of the corresponding classical ions 3-Z,4-Z, the free enthalpy differ-
ence between the ‘non-classical’ g-bridged ion and the classical ions is not higher
than the energy barrier to the quenching of the latter intermediates by FSO7 in
HSO,F/SO,CIF.

1y Present address: Lonza AG, CH-3930 Visp, Switzerland.
Z)  Author, to whom correspondence should be addressed.
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Introduction. - The nature of the secondary 2-norbornyl cation has stirred a con-
troversy that is not yet settled [1]. A long-standing problem is whether this carbo-
cation exists as a pair of ‘rapidly equilibrating’ enantiomorphic structures 121
(double minimum energy hypersurface) or as a ‘non-classical’ o-bridged carbonium
ion 2 with C,-symmetry in its ground state (single minimum energy hypersurface)?).

cy — oy — b - e
@
H
1) 2 (Co) )

1'(C,

In the gas phase, the 2-norbornyl cation is about 10 kcal/mol more stable than
simpler acyclic or cyclic secondary carbenium ions [2]. Measurements related to the
stability of the 2-norbornyl cation in solution have also shown this cation to be
somewhat more stable than other simpler secondary alkyl cations in solution
[la,b,f] [3]. The 'H- and 3C-NMR. spectra of 122 in SbFs/SO,CIF/SO,F; [1b]
[4a-c]} and its C(1s)-ESCA. spectrum [4a] did not allow its symmetry to be deter-
mined unequivocally [1d, e} [S]. These spectroscopic data [4] indicated, however, an
important delocalization of the positive charge in the norbornane skeleton. The rela-
tively high stability of the 2-norbornyl cation and its ability to delocalize the charge
suggested the g-bridged structure 2 for this ion in ‘super-ionizing’ media, 2 being
one particular example of a substituted corner-protonated cyclopropane [6]. These
carbonium ions are known to be transition states or intermediates in the rearrange-
ments of most ‘classical’ carbenium ions {7]. 4 priori the C-symmetry is not neces-
sary to explain the stability and charge delocalization in the secondary 2-norbornyl
cation. An ‘enhanced polarizability’ (i.e. hyperconjugative interaction of the puck-
ered cyclopentane ring C(1),C(7),C(4),C(5),C(6) with the empty p orbital at
C(2) [8]) of the norbornane skeleton could also explain the ‘special’ thermodynamic
and spectroscopic features of a pair of rapidly equilibrating classical ions 1= 1".

The o-bridged cation 2 is expected to delocalize the positive charge at the
H,C (6) group more than the asymmetric ions 1,1’ because the C(6),C(2) distance
must be shorter in 2 than in 1,1’ and because the overlap of the o-C (6)-H (6endo)
and ¢-C(6),C (1) bonds with the empty p orbital at C(2) is better in 2 than in 1,1"
These naive considerations imply that an electron-withdrawing substituent Z at C(5)
will destabilize the o-bridged cation 2 more than the ‘classical’ ions 1=21". 1t is
hoped that high level MO calculation will help to solve the problem of the nature of
2-norbornyl cation in the gas phase. For the moment, it is not unreasonable to say
that recent calculations [5] suggest 1 and 2 to be of comparable stabilities. According
to the above hypotheses, there should be a chance of detecting 2 equilibrating
‘classical’ S-substituted secondary 2-norbornyl cations 3-Z and 4-Z and of estimating
the energy barrier to their interconversion (expected to occur via the g-bridged ion
5-Z as transition state) for strong electron attracting groups Z. If the stability dif-
ference between 5-Z and 3-Z or 4-Z were relatively small (e.g. smaller than the

3)  We shall draw solid lines for bonds indicating apparently pentavalent carbocations even though,
because of electron deficiency, some if not all the bonds must be partial [7a].
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energy barrier to the quenching of these ionic species by their counter-ions) with
strongly destabilizing substituents Z, one would be tempted to conclude that the
unsubstituted 2-norbornyl cation prefers the C,-structure under the same conditions.
These ideas have been the working hypotheses of the investigations we report here.

Stille [9] and Brown [la,c] have attempted to prove the classical nature of the
unsubstituted 2-norbornyl cation intermediate by trapping kinetic mixtures of ad-
ducts respectively of protic acids to 2,3-D,-norbornene, and deuteriated acids to
norbornene. It was assumed that all the products arose from quenching of cationic
intermediates (ion-pairs, free ions, ezc.) formed by base-acid exchange between the
unsaturated hydrocarbon and the medium. Unless very strong acids are used, this
assumption can be a fallacy [10]; acids as strong as HC], HBr or CH;SO4H in acetic
acid can add to (E)- and (Z)-2-butene via concerted Adp3-mechanisms [11], thus
avoiding formation of cationic intermediates of the type generally involved in con-
ditions of halide and ester heterolyses. Kinetic solvent isotope effects suggested,
however, a rate-determining proton transfer in the addition of acetic acid to nor-
bornene catalyzed by CF3;SO;H [12]. A ‘super-acid’ such as HSO4F [13] should be
the best possible medium for generating carbocation intermediates in solution by
proton transfer to unsaturated hydrocarbons. Under these conditions, the 2-nor-
bornyl cations are highly stabilized by the strongly ionizing medium: the relative
thermodynamic basicities of norbornenes or nortricyclanes being relatively high,
their kinetic basicities are also expected to be relatively high, thus favouring proton
transfers over processes that avoid generating cationic species on their pathway to
the fluorosulfates.

Norbornene mixed with an excess (10-20x) of HSO,F in SO,CIF at —130°
yielded a solution of the exo-2-norbornyl fluorosulfate (6), the 'H-NMR. and
BC-NMR. spectra of which showed this ester to undergo a fast degenerate Wagner-
Meerwein rearrangement at — 110° (k~10 s™!; 4G* ~8,6 kcal/mol). This observa-
tion established that kinetic mixtures of the exo-3-D- and syn-7-D-2-norbornyl
fluorosulfates (D-6 and D-6") in excess DSO,F cannot be trapped and observed by
the NMR. techniques available to us*). It is therefore necessary to destabilize the
secondary 2-norbornyl cation intermediate in order to make possible the generation

DX -
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D

%) Polymerization of norbornene was observed at temperature above —60° or when a small excess of
HSO;F was used.

13
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and observation of kinetic mixtures of adducts arising from the HSO;F (DSO;F)
additions to the corresponding norbornenes or nortricyclanes. This can be done by
remote substitution at C(5) and C(7) with electron-withdrawing groups such as
H,0" (HO) and FSO;. We now show that HSO;F (DSO,F) additions to exo- (7)
and endo-norborn-5-en-2-ol (8) lead to kinetic mixtures of exo-5-(fluorosulfonyloxy)-
exo-2 and endo-2-norbornylhydroxonium ions (94 10) at low temperature; these
adducts could be equilibrated at higher temperature. Additions of HSO,F to nor-
tricyclan-3-o0l (23) or exo-2,3-epoxynorbornane (24) furnished 2,7-disubstituted
norbornanes (26 + 27) that could be isomerized into their more stable isomers 9+ 10.
The additions of HSO;F to norbornadiene and to quadricyclane were also studied.

Scheme 1
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Results and discussion. - Addition of HSO;F to exo-2- and endo-2-norborn-5-enols.
When exo-2 (7) or endo-2-norborn-5-enol (8) in CD,Cl, or SO,CIF were mixed at
—130° with a solution of HSO,F in SO,CIF in slight excess (2-3 equiv. of HSO;F),
the corresponding protonated alcohols 7-H* and 8-H™ (Scheme 1) could be observed
by 'H- and 1*C-NMR. at — 110° (see Table 4). By increasing the excess of HSO5F or
by heating the mixture to ca. —60°, 7-H* or 8-H* added 1 mol of HSO;F and gave
different mixtures of exo-5-(fluorosulfonyloxy)-exo-2- and -endo-2-norbornylhydro-
xonium ions (9+ 10) (see Fig. 1) whose structures were deduced from their 'H-, 13C-
and "F-NMR. characteristics (see Tables 4, 5 and 7) and by comparison with data
obtained for other isomers to be discussed below. The ion 8-H* reacted faster
(3-4 times) than 7-H*. A similar reactivity difference has been noted with the acid-
catalyzed hydration of 7 and 8 [14]. The difference is too small to justify assigning a
specific role to the endo-OH group in 8 that would accelerate the proton transfer on
the endo face of the endo-norborn-5-en-2-ol. It might be partly attributed to the
stability difference between 7 and 8, assuming 8 to be slightly less stable than its
exo-isomer 7 [la] [15] and assuming similar solvation for both protonated alcohols
7-H* and 8-H* ).

)  Cf. protonated 2-dimethylaminonorbornanes and N-alkyl-2-azanorbornanes [16).
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Careful addition of the alcohol 7 dissolved in SO,CIF or dispersed in frozen
CD,Cl, to a large excess (10-20x) of HSO4F in SO,CIF at —130° to —110° af-
forded a kinetic mixture of the adducts 9+ 10 (see Fig. 14). The kinetic product ratio
9/10 was practically insensitive (59/41-66/34) to the concentration of HSO,F; it was
measured by '3C- and F-NMR. between — 100° and —85° (final concentration:
9+10=0.2 to 0.7M; HSO;F =2 to 4M). Under the same conditions, the endo-alcohol
8 yielded the same adducts but with a different kinetic product ratio 9/10
(43/57-45/55). When these mixtures were allowed to warm to —80° to —60°,
equilibration of 92 10 was observed (Scheme 1). The rates of the isomerization and
the equilibrium constant K,=[9]/[10] were dependent upon the concentration of
HSO;F (see Table 1): the larger the excess and concentration of HSO5F, the faster
was the isomerization 92 10. The exo-5-(fluorosulfonyloxy)-exo-2-norbornylhydro-
xonium ion (9) was more stable than the exo-5-(fluorosulfonyloxy)-endo-2-nor-
bornylhydroxonium ion (10) as expected by comparison with other 2-norbornyl
derivatives [1a] [15] [16] thus reinforcing our hypotheses on the relative stabilities of
7-H* and 8-H* in HSO4,F/SO,CIF.

Fig.1. BC-NMR. (15.08 MHz) spectra in HSO3F(DSO3F}/SO,CIF/CDyClh of (A): a kinetic mixture of

9410 obtained by addition of HSO3F (3-fold excess, — 50°) to 8; (B): a kinetic mixture of 11+ 12 obtained

by addition of DSOsF (10-fold excess, —75°) to 7-d; (C): a kinetic mixture of 13+ 14 obtained by addition

of DSOyF (4-fold excess, — 60°) to 8-d; (D): equilibrated mixture of 16+ 17 (1:11) obtained by addition of
HSOsF (10-fold excess, — 50°) to 15.
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Table 1. Approximate first order rate constants of the isomerization 10—9 (ko) as a function of the acid
and substrate concentrations (kinetic mixtures of 9+ 10 obtained by addition of HSO3F/SO,CIF to 7 or 8

[HSO3F ) {9+ 10[%) To[1?) kyols™ [9)/[10]
at equilibrium at — 50°
1.8 0.22 —-60 ~230- 1075 ©) 73405
2.3 0.2 -7 ~ 87-1075 ) 9.240.5
23 0.7 -70 ~ 521075 9 12-15
40 0.2 —87 ~ 85.1075 9) 9.5+0.5
1.2 0.3 —-52 (55+6)- 1075 ©) 11.0+0.5

4)  Approximate molar concentrations in SO,CIF.

by Temperature of the NMR. probe (1 2°).

©)  Kinetics measured by 1°F-NMR. (correlation coefficients: 0.99-0.994),

4y Kinetics measured by 3C-NMR. (correlation coefficients: 0.986-0.98).

€) By measuring the kinetics of the isomerization of 26+ 27— 92 10, see text.

Addition of DSO,F to exo-2- and endo-2-norborn-5-enol. When O (D)-exo-nor-
born-5-en-2-ol (7-d, previously equilibrated with an excess of D,Q) was reacted with
an excess of DSOF in SO,CIF at — 120°, the deuteriated 2-norbornyl fluorosulfates
11+ 12 were obtained. Under the same conditions, O (D)-endo-norborn-5-en-2-0l
(8-d) yielded the adducts 13+ 14 (Scheme 2). The TH-NMR. of these solutions
(—100° to —50°) compared with those of mixtures of 9+ 10 in HSO;F/SO,CIF
showed a decreased intensity of the peaks attributed to the CH, hydrogen atoms
corresponding to the substitution of one hydrogen atom by deuterium (see Fig. 2).
The position of the deuterium in the adducts 11, 12, 13 and 14 was determined by
FT'H}-'3C-NMR. The triplets expected for the carbon atoms bearing one D-atom
were broadened (because of the quadrupolar relaxation of C-D and of the relatively
high correlation time at < —50° and their intensity was decreased because of the
smaller Overhauser effect (CDH vs. CH, [17]) (see Fig. I). The 13C-NMR. spectra of
the solutions of 11212 and 132 14 in DSO;F/SO,CIF remained unchanged below
—50°; the 'H-NMR. spectra did not show the formation of HSO;F (no signal at

/ + DSOFF —13+14
OH

s f N A N 2 "
pm 1 10 5 a 3 2 1

Fig.2. \H-NMR. (60 MHz) of an equilibrated mixture of 13:14 (1:11) in DSO3F(10 equiv.)+ SO,CIF
+ CDyCl (— 56°). The signal at 11.3 ppm is due to incomplete deuteriation of DSO;F and 8-d
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3u=11.3 ppm for HSO,F+ROH,+RODH). The experiments established that
elimination-addition processes of the type pictured in Scheme 3 did not occur below
—50° after several hours.

Addition of HSO,F to exo-2-D-endo-norborn-5-en-2-0l (15). When 15 in SO,CIF
was added slowly to an excess of HSO;F in SO,CIF at —120° (£ 10°), a mixture of
the monodeuteriated adducts 16+17 was formed (Scheme 4). 3C-NMR. spectros-
copy established that the deuterium substituted exclusively at C(2) (almost complete
disappearance of the signal of the carbon atom bearing the HyO" group was ob-
served at < —50°; the C(2) was saturated by relatively fast proton noise decoupled
pulses [18] (see Fig. 1D).The 'H-NMR. spectrum confirmed the deuterium substitu-
tion at C(2). The ¥C-NMR. and the '"H-NMR. spectra stayed unchanged below
—40°, demonstrating that the OH-group migration via a protonated 7-oxatricyclo-
[2.2.1%31]octane intermediate 18 (yielding 19 20) did not occur during the addi-
tion of 15 (and 8) to HSO3F nor during the isomerization 16217 (and 9= 10).
These results also confirmed the absence of elimination-addition processes (Scheme 3)
below —40°.

Ifthe adducts9+10 can be considered to arise exclusively from proton transfer to the
double bond of 7 and 8 (base-acid exchange reaction as a first step), the simplest way to
rationalize our results is to assume the intermediacy of 2 equilibrating ‘classical’ 5-sub-
stituted 2-norbornyl cations (or ion-pairs) 3-6H2<——’4-6H2 or 3-OH<4-OH, 5-6H2
or 5-OH being the transition state of their interconversion (hypothesis I). Equili-
brating intermediate pairs 3-OH,25-OH, (or 3-OH=5-OH) or 5-OH,=4-OH,
(or 5-OH 2 4-OH) could also explain the facts (hypothesis IT). Our results thus do not

- say whether the g-bridged cation is a transition state or ap intermediate which is more
or lessstable than one of the ‘classical’ ion3-Z or4-Z (Z= OH,, OH). Because the kinetic
product ratio [9)/[10] was close to 1 in the additions of HSO;F to 7 and 8, the free en-
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Table 2. Approximate first order rate constants of the isomerization of the exo-2-(fluorosulfonyloxy)-7-
norbornyl-hydroxonium ions 26+ 27 1o their 2,5-isomers 9+10 (k'+ k!, see Scheme 6) and of the
isomerization of the bisfluorosulfates 36+ 37 to their isomers 21+ 22 (kT + kIV, see Scheme 7)

[HSO3F] [9+10+26+27] Tn,(°) K+ kU [s1) Variation of Variation of

) ) ®) [26)/[27] at T©) [91/{10] at Ty,

12 0.3 —52 261075 d) 1.1-12 1.8~ 11.0

4.0 0.4 —~ 78 23-1075 4 0.8—0.9 1.0—10.0
[21+22+36+37] K4 IV [s71) Variation of Variation of

B6VBTat Ta®)  R1V[22]atT,o)
3.0 0.3 —89 10.5- 1075 ¢) 2.1-19 1.9-39
2.5 0.7 -~ 89 5.8-1075 ¢ 2.1-20 1.8—-238

%Y See Table 1.

¢} During the kinetic run, until > 4 half-lives.

9y By F-NMR,, by reporting In[26 + 27] = f (time), correlation coefficient: 0.989-0.992.
£) By I3C-NMR,, by reporting In[36+ 37]=f (time), correlation coefficient: 0.989-0.985.

thalpy barrier separating the intermediate pairs in hypotheses I or Il must be about the
same as the free enthalpy barrier of the quenching of this ionic species by FSO7 in
HSO;F/SO,CIF. An other interpretation involves the equilibrating o-bridged ions
5-OHziS-6H2 with the condition that they have different selectivities k,/k, and
k',/k'y toward FSO3 or HSO;F to yield the adducts 9 and 10 (hypothesis I11). Since the
kinetic product ratio [9)/[10] was practically insensitive to the mode of addition of
HSO;F t07 and 8 and to the excess and concentration of the acid, this hypothesis is not
probable; furthermore, it is not clear why the ratio 5-OH/5-OH, (or corresponding
ion-pairs) should not be the same by protonation of 7 or 8 in HSO,F.

Solvolysis of 9+ 10 in HSO;F/SO,CIF (approximate first order rate constant:
~5.6 107° s~ ! at —21° and with [HSO;F]~2M) afforded a ~ 3:1 mixture of the
exo-2,exo-5 and exo-2,endo-5-norbornanediyl bisfluorosulfates 21+ 22 (Scheme 5).
This reaction was much slower than the isomerization 92 10 (see Table 1) under the
same conditions. This is not surprising for heterolytic processes, since the FSO3 anion
should be a much better leaving group than H,O, H,O being more basic than FSO3[13].

Scheme 4
D D H)O
] .+ HX XX " —_ y X
OH &, 0
15 16 17
,%/ -40° X = 0S0,F
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ki . ) 1 [,OHZ
5 D

18 19 20
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AtRT., fast decomposition of 21+ 22 to intractable polymeric fluorosuifates and pro-
tonated norbornanone occurred, the latter being demonstrated by the 'H-NMR.
spectrum [19] and by quenching with water.

The mixtures of the deuteriated derivatives 11+ 12 and 13+ 14 also yielded mix-
tures of bisfluorosulfates 21422 when allowed to warm up to — 20° (excess of HSO5F).
The 'H-NMR. spectra of these solutions did not show any privileged position bearing a
D-atom. Moreover, a signal at ;= 11.3 ppm for ROH,+ HSO,F appeared with a rela-
tive intensity of 2 H after 1 h at 0° (with [HSO3F]=2 to 3M). Similarly, the mixture of
16+ 17 was solvolyzed to 21+ 22 whose 'H-NMR. spectrum indicated scrambling of
the D-atom in 21+ 22 and the medium. The same conclusion was reached by following
the fluorosulfatolyses by '3C-NMR. spectroscopy, indicating that elimination-addition
processes (e.g. Scheme 3) did occur during the solvolyses 9+ 10— 21+ 22 at > —20°.
Analogous processes have been reported for the solvolyses of 3-nortricyclyl deriva-
tives in AcOD/D,0 at 25° which yielded norbornanone containing 30-50% D at all
the positions [201°).

Scheme 5
X
o=o - Uy .oy
X =0S0,F 21 22

Additions of HSO5F to 3-nortricyclanol (23) and exo-2, 3-epoxynorbornane (24).
When 23 dissolved in SO,CIF or dispersed in CD,Cl, was mixed slowly with a solution
of HSO,F 2-3 equiv.) in SO,CIF at —130°, the corresponding protonated alcohol 25
(Z= Hzé) was observed by 'H- and '*C-NMR. at — 110° (see Table 4). By increasing

Table 3. Kinetic mixtures (%) of 2,7- and 2, 5-norbornanediy! bisfluorosulfates 21, 22, 36, 37 formed by
addition of HSO3F/SO,CIF/CDyCly to norbornadiene (32) or quadricyclane (33) at T< —110°

Precursor [HSO4F) [21+22436437) T, () 36/37/21/229)
32 3.0 0.3 - 100 46/18/17/18
32 1.4 0.75 - 100 40/18/17/25
32 0.25 0.5 ~100 74/15/4/7

33 3.5 0.7 — 106 40/18/17/27
33 20 0.75 - 96 45/18/15/22
33 2.0 0.4 —-100 36/12/30/21

2)  Approximate molar conc. of the HSO3F excess.

b) Approximate final conc. of the bis-adducts.

€) Temperature of the NMR. probe (£ 2°) of the first measurement.
4y + 5%, by integration of the °F- and 13C-NMR. signals.

6)  See also the perdeuteriation of norbornane derivatives [21].



344 HeLvETICA CHIMICA ACTA - Vol. 62, Fasc. 1 (1979) - Nr. 36

Scheme 6
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the excess of HSO,F or by allowing the mixture to warm to —90°,25 added one equiv.
of HSO,4F and yielded a clear solution containing traces of the ions 9+ 10 and the
exo-2-(fluorosulfonyloxy)-anti-7- and -syn-7-norbornylhydroxonium ions (26+27)
whose structures were established by 'H-, 3C- and YF-NMR. spectroscopy (see
Tables 4, 5 and 7). The latter, 26 + 27 were isomerized into a kinetic mixture of 9+ 10 at
higher temperature (Scheme 6).

The first order rate constants (k’+ k") of the isomerization of 26+27—-9+ 10
depend on the concentration of HSO;F (cf. Table 2). Less than 2% (1*F-NMR. detection
limit) of 26 + 27 were present in the mixture at equilibrium (— 40°). The kinetics of the
rearrangements 26 + 27— 9 10 (Scheme 6) were simulated by using a computer pro-
gram employing the Runge-Kutta method for integrating the kinetic differential
equations {22]. Several choices of rate constants were tried until a satisfactory fit with
the experimental data was obtained. A serious simplification was possible because the
concentration of 10 remained constant over about 3 half-lives after 1/3 of 26+ 27 had
reacted, so evaluation of the first order rate constants k' + k”, kg and ko was easy. With
[HSO,;F]=1.2M and [26+27+9+10]=0.3M, we calculated ko= (5+0.6) - 1075 571,
kio=(55+6)- 107°s ' withk’+ k”=(27+2)- 10~°s~ and k’= (0.7-1.0)k” at — 52° (by
YF-NMR.). During the isomerization 26 + 27— 9+ 10, the product ratio [26]/[27] was
practically constant (see Table 2), and slightly higher than the kinetic product ratio
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(0.75-0.8) measured at lower temperature (< —95°). This indicated (but, because of
the relatively large experimental errors, did not prove) that 26 and 27 were equilibrated
before their isomerization to 9+ 10.

Acid additions to exo-2,3-epoxynorbornanes afford exo-2,syn-7-disubstituted
norbornane derivatives [23]; the 2, 3-disubstituted isomers are not normally observed
[24] because the exo-3-hydroxy-2-norbornyl cation intermediates isomerize rapidly
by a Wagner-Meerwein rearrangement into the syn-7-hydroxy-2-norbornyl cation
intermediates or form the corresponding ¢-bridged carbonium ions (28-OH in
Scheme 6) that are attacked by the nucleophile selectively at.the carbon atom (C(1)
of norbornene oxide) away from the electron-withdrawing substituent. When exo-
2,3-epoxynorbornane 24 diluted in SO,CIF or dispersed in CD,Cl, was added
slowly to a 4-20-fold excess of HSO;F in SO,CIF at — 110° a mixture of the adducts
26+27 (>94%) and 9+ 10 (<6%) was formed as in the case of the addition of
HSO;F to 3-nortricyclanol (23) (Scheme 6). The kinetic product ratio [26]/[27] was
dependent upon the HSO;F excess and varied between 0.67 to 0.9 for mixtures
prepared at — 110° and measured by ?F-NMR. at —95°7),

These results are most simply interpreted by invoking the formation of the
cationic intermediate 28-Z or 29-Z (Z=OH, or OH) that allows the H-[6, 1]-shift to
occur, yielding a mixture of the adducts 26+ 27. An energy barrier of 6-7 kcal/mol
has been measured for the H-[6,2]-shift in 2-norbornyl cations in SbFs/SO,CIF
[la] [26]. It must be higher than the energy barrier of the quenching of 28-Z=30-Z
(or 29-Z=231-2)%) with FSO3 or HSO5F (~3 kcal/mol for ion-pairs, if diffusion
limited [27]). This implies that the adducts 26 and 27 are equilibrated via these inter-
mediates during their formation at about —110°. The H-[6,2]-shift 28-Z—5-Z
or/and H-[1,2]-shift 30-Z—5-Z are not favoured since the more stable adducts
9+ 10 are formed in minor amounts only by addition of HSO;F to 23 or 24. This
suggests a higher energy barrier for the H-[6,2}- and/or H-[1,2]-migrations than for
the H-[6, 1]- and H-[1, 6]-migrations, which could be due to the lower stability of the
5-substituted g-bridged cation 5-Z compared with that of the 7-substituted 2-nor-
bornyl cations 28-Z,30-Z (Z= 6H2, OH). The relatively high stereoselectivity of the
addition of HSO,F to 3-nortricyclanol (23) favouring the less stable adducts 26 + 27
over the more stable isomers 9+ 10 could also be explained by a higher stability of
28-7Z,30-Z (or 29-Z,31-Z) over that of 5-Z (or 3-Z,4-Z) or the corresponding ion-
pairs (Z= 6H2, OH).

A lower limit of 1.7 kcal/mol is obtained (less than 2% of 26 + 27 being observed
in equilibrium with 9410 at —50°) for the free enthalpy difference between 26 and
9 ([9)/[10)=7.3-12, see Table 1). This difference should not be higher than 2-3
kcal/mol as suggested by the comparison of the heats of formation (JAH ~A4G?) of
model compounds [15] and by assuming that there is no special differential solva-

7y Regardless of the nature (g-bridged or classical) of the 2-norbornyl cation intermediates, the kinetic
product ratio of the addition of HSO3F to 23 or 24 may not be the same because of the relatively
high energy barriers to the H-[1,6]- and H-{6, I]-migrations that equilibrate the ionic intermediates
28-Z=30-Z or 29-Z=31-Z; ¢f. [25]).

#) Because the 3-Z-2-norbornyl cations are expected to be much less stable than the 7-Z-2-norbornyl
cations, it is highly probable that the pair 28-Z, 29-Z corresponds to the same intermediate (single
energy minimum); the same can be said about the pair 30-Z, 31-Z.
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Fig.3. \TH-NMR. (60 MHz) spectrum of a kinetic mixture of 21+ 22(traces) and 36 (major)+37 (—90°,
[HSO3F]~ 0.4m)

tion effect on the pairs 26+ 27 and 9+ 10. The kinetics of the rearrangements of
26+27—-9+10 and 9= 10 showed these reactions to have comparable activation
free enthalpies (AGf ~AGS, see Fig. 5). If one considers an energy barrier of
6-7 kcal/mol for the H-[6,2]- and H-[1,2]-shifts [1a] [26] corresponding to the rear-
rangements 28-Z— 5-Z and 30-Z— 5-Z respectively, a free enthalpy diagram can be
constructed in which the o-bridged ions 28-Z,30-Z are more stable than the
a-bridged ion 5-Z (Fig. 5). This conclusion is in complete agreement with the deduc-
tions made from product analysis of the additions of HSO4F (in excess, at < — 100°)
to 3-nortricyclanol (23) and exo-2, 3-epoxynorbornane (24).

Our interpretations of these results might become relevant to the nature of the
secondary 2-norbornyl cation if the observed substituent effects on the stability of
this cation could be reproduced with electron-withdrawing substituents other than
Z= 6H2, OH. Deprotonation (6H2<——>OH+H+) of the (fluorosulfonyloxy)nor-
bornylhydroxonium ions 9, 10, 26 and 27 could occur before the ionization of the
fluorosulfates and therefore cloud the simple pictures presented. We show now that
very similar substituent effects can be observed for secondary 2-norbornyl cation
intermediates substituted at C(5) or C(7) by Z=FSO,.

Additions of HSO5F to norbornadiene (32) and quadricyclane (33)°). Norborna-
diene and quadricylane derivatives add protic acids [12a] [29] and electrophiles [30]
to give 3-nortricyclyl and norborn-5-en-3-yl derivatives, probably via 3-nortricyclic
cationic intermediates [31]. When norbornadiene dissolved in SO,CIF or dispersed
in CD,Cl, was mixed slowly with a solution of 1.2 equiv. of HSO4F in SO,CIF at
—120°, a clear, slightly yellow solution was formed. Its 'H-, 13C- and ""F-NMR.
spectra taken at — 100° confirmed that a mixture of 3-nortricyclyl fluorosulfate (34)
and exo-norborn-5-en-2-yl fluorosulfate (35) was obtained under these carefully con-
trolled conditions. The product ratio [34]/[35] was 6/1 to 6/2 when 1.1 to 1.3 equiv.
of HSOsF were employed. Using a larger excess of HSO,F solutions of the exo-2,

%) Preliminary report, see [28].
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e 5 n 3 3 T
Fig.4. YH-NMR. (60 MHz) spectrum of a thermodynamic mixture of 21:22 (2.5:1)+ 1 equiv. of HSO3F
(109

anti-7- and exo-2,syn-7T-norbornanediy!l bisfluorosulfates (36 +37) and of a kinetic
mixture of the exo-2,5-norbornanediyl bisfluorosulfates 21+ 22 were observed at
< —100° (see Table 3). Mixtures of 34+35+0.1 equiv. of HSO;F polymerized
rapidly at — 60° (35 disappeared slightly faster than 34).

The same monoadducts 34+ 35 and bis-adducts 36+ 37+ 21+ 22 were obtained
by adding HSO;F/SO,CIF to quadricyclane (33) under the same conditions (see
Table 3, Scheme 7).

By analogy with the additions of HSO5F to 3-nortricyclanol (23) and norborn-
enols 7, 8, 34 is assumed to yield preferentially 36 +37 whereas 35 is assumed to
yield 21+ 22 by addition of HSO;F. We cannot exclude a possible isomerization
34235 under our conditions. Various mixtures of 36 +37+ 21+ 22 were obtained
as a function of the acid excess and the unsaturated precursors 32 and 33 (see Table 3);
proof of these structures is given below.

In presence of a 5-10-fold excess of HSO4F in SO,CIF (with or without CD,Cl,),
the 2,7-adducts 36 + 37 were isomerized to their more stable 2, 5-isomers 21+ 22 at

Scheme 7
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> —90° (see Table 2). At equilibrium, less than 2% of 36+ 37 were detected (by
YF-NMR., — 80°). The product ratio [36]/[37] did not vary within the limits of ex-
perimental error (& 10%) during the isomerization 36 +37 — 21+ 22. A kinetic mix-
ture of 21+ 22 was formed; 21 and 22 were equilibrated competitively with their
formation from 36+ 37. These observations were completely analogous to the iso-
merizations of the exo-2-(fluorosulfonyloxy)-anti-7- and -syn-7-norbornylhydroxo-
nium ions 26+ 27 to the more stable exo-5-(fluorosulfonyloxy)-exo-2- and -endo-2-
norbornylhydroxonium ions 9+ 10 (Scheme 6).

The isomerization 36 +37— 21+ 22 and 224 21 were somewhat faster than the
corresponding isomerizations 26 +27—- 9410 and 1029 under similar conditions.
By assuming a kinetic stationary state between 36 and 37, the simulated kinetics of
the isomerizations 37+36—21+22 and 22221 fitted our experimental data for
k”+ k™ =(10.5+1)- 107357 (see Table 2), kyy=(35+3) - 1075 s~ (4GF =13.3-13.7
kcal/mol) and &y =(9+1)- 1075 s~} when [36+37+21+22)=0.3M and HSO,F=
3.0M at —89+2° (Scheme 7; see Fig. 5, Z=X=FSO,).

Glkecal/mot) z

— = - =~

g’ 21 10 ’ 22

Fig.5. Free enthalpy diagram for the rearrangements of 7-substituted exo-2-norbornyl fluorosulfates

(X=FS0;, Z=H,0%, FSO3) o the 5-substituted exo-2-norbornyl fluorosulfates (4G} and the isomeriza-

tion of exo-5-substituted exo-2-norbornyl fluorosulfate @ endo-5-substituted exo-2-norbornyl fluorosulfate
(4GF ~ 4G ; — 100° to — 50° in HSO3F/SO,CIF)
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The isomerizations 36 +37—21+22 and 21222 are competitive (4G] ~ 4G5,
see Fig. 5); a free enthalpy difference 4G (36, 37—21)~2-3 kcal/mol is assumed as
in the case of 4G (26, 27—9). If the isomerization 36 and/or 37— 21, 22 imply 6, 2-
and/or H-[1,2]-migrations (36—->30-Z—5-Z—21+22 and/or 37-28-Z—>5-Z—
21+22, Z=0S0,F, see Scheme 6) with a transition state 6-7 kcal/mol above the
classical or g-bridged 7-(fluorosulfonyloxy)-2-norbornyl cations [la] [26], one can
conclude that the FSO; group destabilizes the o-bridged secondary 2-norbornyl
cation intermediates in HSO3F/SO,CIF more when substituting C(5) than C(7).
Parallel results have been reported for the activation parameters of the solvolyses of
substituted secondary 2-norbornyl esters [1a]. In particular, the transition states of

X
X + | X + HX
X

22 (exo-2) 22 (endo-5)

/\ )

/ .

A

I
HSOSF -37 //&{_ .
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° r'd
_ 31 k
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et N s f"/\\¢~,
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\ ;

38.5 38ppm. 378 Ho—

Fig.6. 9 F-NMR. spectrum of a mixture of 21422 (3:1)~+ 20 equiv. of HSO5F in SO,CIF+ CD,Cly as a
function of temperature. The line-width of the HSO3F peak stayed practically constant between — 60° to
—20°. I=impureties

ads
:
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the buffered acetolyses of exo- and endo-2-norbornyl tosylates are more destabilized
by the exo-5-methoxy than by the anti-7-methoxy group [32a] (see also the effect of
7-0x0 [32b] and 5-oxo0 [32¢] groups and of other polar substituents [32d] on the
solvolysis rates of 2-norbornyl esters; the transition states of these reactions may
differ a priori from the transition states of the rearrangements studied here).

The YF-NMR. spectrum (as well as the 'H- and 1*C-NMR. spectra) of the mix-
ture of the bisfluorosulfates 21+ 22 in a large excess (20x ) of HSO;F/SO,CIF (1/1
to 3/1, v/v) is temperature dependent. Above —40°, line broadening is observed
(see Fig. 6). "F-NMR. line shape analysis as a function of the temperature should
enable us to evaluate the relative activation parameters of the isomerization 2122
and of the FSO; group exchanges between HSO;F and 21,22 and to establish the
mechanism limits for the processes (distinction between the intermediacy of a
o-bridged cation 5-Z or of fast equilibrating classical ions or ion-pairs 3-Z24-Z
(Z=08S0,F)). Unfortunately this was not possible because 21 and 22 were already
decomposing slowly at —30° (forming impurities whose *F-NMR. signals perturbed
the broadened lines under investigation). Complete coalescence of HSO,F +21+ 22
1F_signals must occur above + 10° and could not be observed because of too rapid
decomposition at this temperature. The following observations could, nevertheless,
be made: a) The line-broadening of the peak attributed to the exo-2-FSO, group in
22 was 2.1-2.7 times as large as that of the endo-5-FSO; group in 22 (between —40°
and —28°, after deduction of the natural line-width and line-broadening due to
long-range H,F couplings); b) The line-broadening of the FSO; signal of 21 was
0.5-0.7 time as large as that of the endo-5-FSO; peak of 22 (between —40° and
—28° [21)/[22]=3.0 at —30°). The endo-5-FSO; group in 22 exchanged with the
ex0-2,5-FSO; groups of 21, but not directly with HSO;F because it must be less
reactive than the exo-2-FSO; group in a S/ displacement [la] [33] by HSO;F.
A AGF (22—21)=13.5-13.8 kcal/mol at —31° was evaluated from the line-broad-
ening of the endo-5-FSO; of 22 (k=2-3 s7!). A AGS (22— 21)=13.3-13.7 kcal/mol
at —89°+2° was obtained from the slow kinetics 21 — 22 of the same solution; this
allowed estimation of A4St =—8 to —3 e.u. for the isomerization of 22— 21, in
agreement with expectations [1a] [33].

Scheme 8

21

H
b
|
|
e
l
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Our observations therefore suggest that external return intervenes competitively
with the ionization and isomerization of 21 and 22 (Scheme 8)'°). We conclude that if
the o-bridged cation 5-Z is a transition state rather than an intermediate in the
isomerization 212 22, its free enthalpy is not higher than that of the classical ions
3-7Z,4-Z plus the free enthalpy barrier to their quenching by FSO3 in HSO;F
(< 3 kecal/mol, if diffusion limited: k> 10'9s~! at —30°[27]).

Structural determination and spectral assignments of the adducts 9, 10, 21, 22, 26,
27, 34, 35, 36 and 37. The fluorosulfates discussed in this work cannot be isolated
pure; their structures were deduced from their 'H-, 3C- and "F-NMR. spectra and
were consistent with their mode of formation, their expected reactivity in an ionizing
medium and their expected relative stabilities.

The 1*C-NMR. spectra of 9, 10, 21, 22, 26, 27, 36 and 37 (see Table 4) confirmed
the bis-substitution of the norbornane skeleton. There was no quaternary carbon
atom, thus excluding substituted bridgehead centres and geminal bis-substitution of
a methylene group. Only 21 displayed *C- and '"F-NMR. signals consistent with
C,-symmetry. The other bisfluorosulfates cannot have C,-symmetry. The 'H-NMR.
spectra of mixtures of 21 (major)+ 22 (minor) (see Fig. 4) showed signals attributed
to 21 that were comparable to those reported for exo-2, exo-5-difluoronorbornane
[34] and exo-2, exo-5-norbornanediol [35]. In particular, the shape of the multiplet at
dp~5 ppm attributed to H—C (2) and H-C(5) (see Fig. 4) was consistent with exo-
substitution (J(H—C(1),H—C(2) (endo)) ~ 0 Hz, 3J(H—C(1),H-C(2) (exo0)) ~
3-4 Hz [36]) and not with endo-substitution as in 38 (Table 6). 21 was more stable
than 22 in agreement with exo-2 substituted norbornanes being more stable than
their endo-2 isomers [1a] [15].

The 'H- and 1*C-NMR. of 9 and 10 were very similar to those of 21 and 22. The
exo-substitution of the FSO; group agreed with the well known exo-selectivity of
the acid additions to norbornene derivatives [1a] [9]{37]. The spectral assignments of
9 and 10 could be made without ambiguity by comparing their spectra with those of
the deuteriated derivatives 112 12,132 14 (Scheme 2) and 162 17 (Scheme 4). The
carbon atoms bearing the H,O" substituent showed a J¢ strongly dependent upon
the concentration of HSO,;F, probably because of the equilibrium: ROH+
HSO4F 2 ROH, + FSO7 (see Table 4, Fig. 1).

The 'H-NMR. spectra of mixtures of 36 (major)+37 (minor) (see Fig. 3) were
comparable with those reported for exo-2,anti-7-difluoronorbornane [38] and
exo-2,anti-T-norbornanediol [35] (br. s at dy=15.15 ppm and br. ¢ at éy=4.9 ppm).
Little information was given by the 'H-NMR. spectra about the substitution pattern
of 10, 22, 26, 27 and 37. The BC-NMR. spectra were more helpful. By making use
of the FSO; and H,O" substituent effects on d¢ of norbornane derivatives (Table 5),
the calculated 3C-NMR. spectra (Table 6) of disubstituted norbornanes were com-
pared with the experimental data and confirmed the proposed structures.

Polar substituent effects on . of norbornane derivatives. Owing to the rigidity of
the norbornane skeleton, the assignment of the C-signals based on the substituent

10y Qur results could also be explained by a scheme in which the cation 3-Z or 4-Z (or the corresponding
ion-pairs) is never attained as an intermediate in these cases 5-Z can be an intermediate (Z= FSOs).
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Table 5. Polar substituent effects on 6¢ of 2- and 7-substituted norbornanes, norbornenes and nortricyclane

(ppm)

Skeleton Substituent Substituent effect on dc of

C) C2) CcB CcHm CcG» co <O

383 exo0-2-OH [39d] 7.9 45.1 126 -09 -15 —52 -39
-OAc [39d] 53 47.9 10.1 —-0.8 -13 —-52 —-3.0
296 -0SO,CHj3 6.2 56.0 89 —08 —17 —57 —329
363 -0SO,F 5.6 66.3 89 -09 —-24 ~69 —3.6Y
[39d] -OH, 5.4 61.4 8.1 -04 —2.5 —-6.7 —3.79
endo-2-OH [39d] 62 433 9.8 0.9 0.3 -%6 07
-OAc [39d] 4.0 46.1 7.5 04 -0.1 —8.6 —-13
-0SO,F 49 61.0 8.0 02 —44 —78 —1.69
-OH, 43 58.9 5.3 03 —10 —95 —13¢
syn-7-OH [39] 4. -25 =25 41  —25 25 407
-OH, 2.5 -39 -39 2.5 —43 —43 53.80
485 ex0-2-OH [39d] 8.3 4717 123 -1l 50 -17  —29
135.8 ‘”24 . -OAc 4.8 49.7 93 ~19 52 =32 —3.08)
1 : -OH, 5.3 60.6 84 =07 79  —47 —3.1h
° [9q] endo-2-OH [39d] 63 477 130 11 48 —41 —03
-OAc 35 499 9.5 0.0 28 —4.1 —1.38)
-OH, 44 59.9 7.6 0.6 65 —58 —0.6h
334
299 3-OH [57] 29 5.6 43.6 5.7 —40 0.4 - 2'8,
3 -OAc 24 3.0 46.5 34 32 0.9 31
S -OH, 2.1 40 586 31 -43 L1 —43h
10.3 571 -OSO,F 34 3.7 62.6 39 -34 —14 -390
2)  1.0M in CD,Cl, containing 1 equiv. of CH3;SO3H; by increasing the conc. of CH3SO3H, 6¢(2) is
shifted to lower field (a-effect=57.6 ppm in CH3;SO3H 9m).
) 1.0M in CD,Cly/SO,CIF (1/2), with 1.1 equiv. of HSO3F, at — 100°.
¢ 1.0M in CD,Cl/SO,CIF (1/2), with 1.5 equiv. of HSO3F, at — 60°; in the presence of 0.85 equiv. of
HSO3F an a-effect of 59.4 ppm is measured for 6C(2).
9)  Calculated by comparison of the §¢ of 22 and 6 (Table 4).
¢)  0.35M in CD,Cl/SO,CIF (1/2) with 1.5 equiv. of HSO3F at — 60°.
fy  0.3M in CD,Cly/SO,CIF (1/2) with 1.4 equiv. of HSO3F at — 60°; the distinction between 6C(2,3)
and 6C(5,6) was made by measuring the spectrum of (ex¢-2,3-D,)-anti-7-norbornanol in HSO;F/
SO,CIF/CD;Cl,. This alcohol was prepared by deuteration (Dy/Pd/C in CH30D at 25°) of anti-
T-norborn-2-enol. The upfield substituent effect of the D atoms on 6C(2,3) (0.4 ppm) was taken
mto account.
28) 2.0Mmin CDCls, BCDCU =769 ppm.
by See Table 4.
) 0.5 in CDCly; the assignments for §C(5,7) are not definitive [18].

effects on ¢ [39] is normally easy. Increments for the FSO; and H,O" substituent
effects have not been reported. We have determined them by recording the spectra
of exo-2-norbornyl fluorosulfate (6), of exo-2 and endo-2-norbornylhydroxonium
ions and of (exo-2,exo0-3-Dy)-anti-7-norbornylhydroxonium ion (see Table 5). The
a-effect of the FSO; group was larger than that of the H,O", CH;S0; and CH,COO
substituents, in agreement with the empirical rule correlating a-effects with the
electron-withdrawing ability of the substituent [40]. The f-effect on § C(1) and on
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Table 6. Calculated o for norbornanediyl bisfluorosulfates and (fluorosulfonyloxy)norbornylhydroxonium
ions by assuming additivity of the increments associated with the substituent effects reported in the
Table 5 (X=FS0;3)

311 35.19 331 331 ¥-93.0
X . a4 419y 34.1/\35.69 233379
X ‘ 29.84 18.3 103.99 X 352 X342
210 Y035 % 486.2%) 19.4720.37/99.%9) gg 1 46877 83.79 188 44279, 5
X X X
38 39 40 36
93. o 950 X~ 95.09 31.0 334
3 390 X a5 X faz2
229 )(346 20.9 33 7 213 333 93.4 (')H;OB 94.9 280
184533550 17.8)-237786.7 17.99-43.786.3 31.8 408 ggg 29.07739.7 7861
a2 X 9 10 %%

3y ¢ deviating most from experimental data and which exclude the hypothetical structures 38-42.

0 C(3) decreased with the electron-withdrawing ability of the substituent at the
exo-2 or endo-2 positions. The other substituent effects were about the same for
H,0" and FSO; at C(2). One typical feature of the ¢ of norbornanes is the upfield
y-effects of the 2- and 7-substituents {39] [41] (see Table 5). These effects are re-
sponsible for the relatively low § C(5,6) in 2, 7-disubstituted norbornanes (compare
21, 22 with 36, 37 or 9, 10 with 26, 27).

The calculated J¢ of the bisfluorosulfates 38-42 (with an endo-2 FSO, group)
deviate strongly from the observed spectra of 36, 37 (Table 6). Since 36 and 37 are
equilibrating it would be unexpected if the endo-2 fluorosulfates were more stable
than their exo-2 isomers [la] [15]. The distinction between 36 and 37 cannot be
made unambigously by 3C-NMR. spectroscopy but "F-NMR. spectra can help in
solving this problem.

Table 7. WF-NMR. chemical shifts (8, ppm) of the monofluorosulfates 6, 34, 9, 10, 26 and 27 and of the
bisfluorosulfates 21, 22, 36 and 37 in HSO3F/S0,CIF/CD,Cl, (internal reference: dso,cip= — 99.1 ppm

[48]); X=FS0O5?)
N
x —38.4

Hp0 OHy
X 3865 &x -385 [/&x ~37.55

&

HZO
9 10 27
—ar3 ¢ X ~37.15
X
bbx _384 &bx _386 X ~386 ;&x—w g
;(—373
37

21
X —3815
X—385 CH3—>(‘31 2 43}
6
2)  The df are slighty dependent upon the conc. of HSO3F and the temperature (46p=0.1 ppm for
[HSO3;Fj=0.3 to 4.0M and — 80° to —30°).

N
d><
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Because of the similarities between the H,O" and FSO; substituent effects on dc,
the structures 26 and 27 could be deduced from 36 and 37.

YF_NMR. characteristics of the fluorosulfates. The &g of exo-2-norbornyl, 3-nor-
tricyclyl fluorosulfates and of the HSO;F adducts to norbornenols (9, 10), to nortri-
cyclanol (26, 27) and to norbornadiene (21, 22, 36, 37) are reported in Table 7. Below
—50°, the half-height line-width of the FSO, signals varied between 1.5 and 2 Hz
(with a line-width of 0.5 Hz for the SO,CIF singlet). These line-broadenings were
due to long-range H, F couplings [42]. 4J (H,F)=0.4 Hz and °J (H,F)=0.9 Hz have
been reported [43] for CH;0SO,F and CH;CH,OSO,F respectively. The ¢ of the
exo-2-(fluorosulfonyloxy) substituent in 9, 21, 26, 27, 37 and in exo-2-norbornyl
fluorosulfate are about the same (--38.4 to —38.6 ppm). When the exo-2-FSO;
group is perturbed by the bulk of another substituent such as H,O" or FSO, (27
and 37) a shielding effect of about 1 ppm is observed. The endo-2-FSO; group in 22,
the syn-7 and the anti-7-FSO; groups are also shielded relative to the exo-2-FSO,
substituents. A feature of the spectrum of 37 is the apparent doublets observed for
the FSO; signals. This can be attributed to a through-space F,F coupling
(/(F,F)~2 Hz, see Fig.7) between the syn-7 and exo-2-FSO; groups. Such cou-
plings have been reported for difluorohydrocarbons [44]. This observation can be
proposed as a criterium for differentiating the assignments of the spectra charac-
teristics between 36 and 37; in particular, it confirms the exo-2 substitution in 37.

HSOF

10 Hz
2(ex0-2,5) —

36 @nti-7)

37 exo-2)

“—

i i
-38.5 =] “a7s “37ppm

Fig.7. ®F-NMR. (84.67 MHz) spectrum of a mixture of the bisfluorosulfates 21+ 22+ 36+ 37+ ~ I equiv.
of HSO3F (SO,CIF + CD,Cly; — 50°; dusosr= — 41.8 ppm). Upfield satellites of F 34805 [58] are visible
for the intense peaks (HSO3F; 21)
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Conclusion. - 1) The secondary 2-norbornyl cation intermediate formed in
HSO3F/SO,CIF is destabilized when substituted at C(5) by an electron-withdrawing
groups such as FSO, or H,O1 (HO). A destabilization of about 5 kcal/mol is esti-
mated for the 5-FSO; substituent by comparing the rate constants of the Wagner-
Meerwein rearrangements of exo-2-norbornylfluorosulfates (AG* (6 —6")~ 8.6 kcal/
mol at — 110°) and of 2,5-norbornanediyl bisfluorosulfates (4GF (22—21)~13.5
kcal/mol at — 89°; AS* ~ — 5 e.u.) in HSO,F (3.0M)+ SO,CIF.

2) If the ¢-bridged cations 5-Z (Z=H,0* (HO) and FSO,) are transition states
rather than intermediates in the additions of HSO5F to exo-2- and endo-2-norborn-
5-enols (7, 8) and exo-2-norborn-5-enyl fluorosulfate (35) and in the reversible iso-
merizations of the adducts 9210 and 21«22, then their free enthalpies are not
higher than those of the classical intermediates 3-Z, 4-Z plus the free enthalpy bar-
rier to their quenching by FSO73 in HSO4F/SO,CIF.

3) The stability difference between the 5-substituted o-bridged ions 5-Z and
the classical ions 3-Z,4-Z being relatively small, it will be even smaller in the case
of the unsubstituted 2-norbornyl cation; at the limit the o-bridged ion 2 might be
more stable than the classical ions 1, 17 in HSOsF/SO,CIF. This conclusion implies
an electron-attracting substituent at C(5) to destabilize more the o-bridged than
the classical ion because the positive charge-delocalization at C(6) should be
greater in the former than in the latter ion. This hypothesis is not inconsistent with
what follows.

4) The kinetic stereoselectivity of the additions of HSO;F to 3-nortricyclanol
(23) and 3-nortricyclyl fluorosulfate (34), as well as the comparison of the rate
constants of the isomerizations of the 2,7-norbornanediyl adducts to their more
stable 2,5-isomers (26+27—9+10 and 36+37—21+22) and the reversible
isomerizations of the 2,5-norbornanediyl adducts (92 10 and, respectively, 21« 22)
suggest that an electron-withdrawing group at C(5) destabilizes the o-bridged
2-norbornyl cation more than at C(7)'"). This fact can be rationalized by assuming
a larger positive charge delocalization at C(6,5) than at C(1,7) or by invoking a
‘special polarisability’ of the 2-norbornyl cation skeleton that would render the
effects of a substituent such as FSO; or H,Ot (HO) more sensitive at C(5) than at
C(7) (hyperconjugative effects outweighing the expected field and inductive effects
[45]; the n (0) electrons of the groups FSO,, H,O* (HO) could also perturba simple
picture derived from the pure electrostatic effects of these substituents [46]).

We thank the Swiss National Science Foundation (FN 2.446-0.75 and FN 2.648-0.76) as well as
the Fonds Herberte, Lausanne, for financial support. We are grateful also to Prof. P.v.R. Schleyer,
Prof. M. Saunders and to Prof. C. A. Grob for helpful discussions.

1y MINDO/3 calculations on 2-norbornyl cations substituted by an HO or H,O* group agreed with this
conclusion. MINDO/3 calculations showed also that classical exo-5- and endo-5-hydroxy-2-
norbornyl cations are energy minima, the corresponding o-bridged ion 5-OH being a transition state
about 2,5 kcal/mol above the classical ion 3-OH; with the Rrotonated glcohols, the o-bridged ion
5-OH, was found about 6 kcal/mol above the classical ions 3-OH; and 4-OH, [46].
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Experimental Part

'H-NMR. spectra were recorded on a Bruker WP-60 (60 MHz) or a Bruker HX-90 (90 MHz)
spectrometer in the FT mode. The signal of CDHCI, was used as internal reference (6=5.3 ppm,
drms=0.0 ppm). The 13C-NMR. spectra were measured on a Bruker WP-60 (15.08 MHz, spectrum
width: 3750 Hz, 4096 points) or a Bruker HX-90 (22.63 MHz, spectrum width: 6000 Hz, 4096 points)
in the FT mode. The dc are reported relative to externai TMS; CD;,Cl, was used as internal reference
(53.6 ppm [47]). I9F-NMR. spectra were measured on a Bruker HX-90 spectrometer in the FT mode
(84.67 MHz), dg being relative to CFCl; (0.0 ppm, [48]); negative dr corresponds to deshielded
F-atoms. The D-signal of CD,Cl, was used as lock signal. Temperature stabilization of the NMR.
probes were made by using a Bruker BST 100-700 regulator. Temperatures were measured directly
in a rotating reference tube containing CH,Cl, before and after the recording of spectra of superacid
samples (Pt resistance of 100 Ohms/ice-water). Product ratios and kinetics were measured by integration
of the IF- or 13C-NMR. peaks or by the “Xeroxing-cutting-weighing’ technique.

HSOsF (Fluka) was distilled twice under reduced pressure and stored under N, in a desiccator,
and redistilled in vacuo before use. DSO3F, SO,CIF (A4ldrich) and CD,Cl, (Radium Chemie AG) were
distilled in vacuo before use. Exo-Norborn-5-en-2-0l (7) [49], endo-norborn-5-en-2-ol (8) [50], 3-nortri-
cyclanol (23) {51}, exo-2,3-epoxynorbornane (24) [52] and quadricyclane (33) [53] were prepared by
known procedures. (Exo-2-D)-endo-norborn-5-en-2-ol (15) was prepared according to [50] by reducing
dehydronorcamphor with LiAl(OCH;3);D in tetrahydrofuran; yield: 80%, D>99% (MS.); m.p.
107-108° (sublimation at 90°/15 Torr), [54} 110°.

General procedure for the preparation of unstable fluorosulfates by addition of HSOF to unsaturated
precursors RX. These reactions must be carried out with exclusion of air and moisture. Polymerization
can be avoided if the precursor RX dissolved in SO,CIF (with or without CD,Cl,) is dispersed rapidly
in a large excess of HSO3F/SO,CIF at low temperature, by using a vacuum line with the apparatus in
Figure 8 and the following procedure.

Fig.8. Apparatus for mixing HS OsF with RX in SO;CIF

A stopper is placed at J, (ground joint), the apparatus is connected to a vacuum line via Jg (verti-
cally) and evacuated. Dry N is introduced via Jg and is allowed to flush the apparatus when J, is
opened. A weighed amount (0.2 to 3 g) of HSO4F is introduced with a pipette into the NMR. tube T
which is then cooled in liquid Nj. A stopper is placed again at J, and the apparatus is evacuated
completely. A known amount of SO,CIF (1 to 2 ml) is transferred on the vacuum line into T. Dry N;
is introduced into the apparatus. The tube T is removed from the liquid N, bath until the SO,CIF has
dissolved the HSO3F completely; then T is again frozen in liquid N;. Under N, and trough Jg, a
weighed amount of the precursor RX is place into the side-arm $ containing a Pyrex coated magnetic
bar. The stopper is replaced at J, and the apparatus is evacuated via Jg. A known amount of SO,CIF
(+ possibly CD,Cly) is condensed at B and is allowed to flow slowly to S under Nj; the side-arm S is
withdrawn from the liquid N3 bath until complete solution of RX in SO,CIF (+CD,Cly); then this
solution is frozen at once with liquid Nj (crystallization of the precursor RX must be avoided). The
apparatus is evacuated on the vacuum line; joints J4 and Jg are sealed successively under vacuum. The
complete apparatus is then immersed into a bath of EIOH/MeOH/liquid N; at —130° to — 110°. When
the solution of HSO3F/SO,CIF in T has melted, it is poured into the ‘reactor’ R. The solution of
RX+SO,CIF (+CD,Cly) in the side-arm S is poured portionwise with vigorous shaking, into the
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reactor R. After mixing, the adduct mixture is poured into the NMR. tube T, keeping the apparatus
immersed in the — 130° bath. More than one NMR. tubes can be connected at C; this allows various
analyses of the same solution of fluorosulfates to be made. The NMR. tubes are immersed in liquid
N, and sealed. Depending upon the precursor RX and the concentration of HSOs;F, CD;Cl, can lead
to the formation of two phases at low temperature.
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