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Reactions of halonorbornane and oxo-substituted derivatives with
different anions by the electron transfer mechanism; redox catalysis

in stabilized radicals1
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Reactions of 2-bromo-, 2-chloronorbornane, 3-chloronorbornan-2-one and 3-bromocamphor with
Me;Sn~, Phy,P™ or PhS™ ions were studied by an Sgn1 mechanism in liquid ammonia or DMSO.
The results show that substrates having a carbonyl group facilitate electron transfer reactions,
which are impeded in the absence of such a group. However, when the free radical formed is

stabilized by conjugation, the coupling reaction decreases, causing a concomitant increase in the
reduction product. Theoretical studies explain the observed reactivity on the basis of a mechanism
involving reductive cleavage as a function of the n—oc interactions.

Introduction

1-Bromonorbornane (1-BrNor) and other bridgehead compounds
react with nucleophiles by a mechanism involving radical
nucleophilic substitution (Sgyn1), which involves an inter-
molecular electron transfer step (inter-ET).! However,
chlorinated substrates are less reactive, or even unreactive,
by this mechanism.? The final outcome of an inter-ET reaction
for organic halides is the formation of radicals by dissociation
of the C-halogen bond. It is known that the presence of
n-electron acceptors facilitates this inter-ET pathway,” where
the reductive cleavage can be exerted by a mechanism
involving either a concerted-dissociative or stepwise mechanism,
with radical anions (RAs) as intermediates, depending
on the orbital interactions, which lead to different pathways
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The reactivity of derivatives of bicyclo[2.2.1]Theptan-2-one with
nucleophiles has been previously studied. For instance,
endo-bicyclo[2.2.1]heptan-2-on-3-yl-triflate reacts with NaOH,
NaSCN or NaSPh, giving the corresponding exo-substituted
products by the Sn2 mechanism.* Moreover, exo- and endo-
bicyclo[2.2.1]heptan-2-on-3-yl-tosylates afford solvolysis in
hexafluoroisopropanol.’

Sgn1  reactions in  o-chloro ketone-activated systems
have been also reported. Reactions of these ketones with
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PhS~ involve both ionic and free radical (Sgn1) processes.®
Furthermore, there is a recent report on the nucleophilic
behavior of o-keto radicals in addition reactions, depending
on their conjugation.”

It is known that the oxo group may increase the initiation
steps by redox catalysis in tertiary chlorides.> However,
little is known of the behavior of radicals formed at a position
o to the keto group, which can overlap with the oxo group.
Thus, it is important to evaluate the stability of the radical
formed, as well as its consequence on the global reaction
pattern.

The main goal of this study was to evaluate the reactivity of
the norbornyl system with nucleophiles by the Sgn1 mechanism.
We also sought to assess the influence of the orientation of the
oxo substituent in the global reaction. In addition, theoretical
calculations are reported to further understand the reactivity
and reaction mechanism.

Results and discussion
Reactions of compounds without an oxo substituent

exo-2-Chloronorbornane (2-CINor) was unreactive with
Ph,P™ and PhS™ ions under irradiation (Table 1, experiments
1 and 6), whereas the bromide (exo-2-BrNor) reacted with
Ph,P™ and PhS™ ions using the same conditions (Table 1,
experiments 2 and 7).

With Ph,P™ ions, exo-2-BrNor afforded exo- and endo-2-
norbornyldiphenyl phosphine (1) (92%, isolated as the oxide)
(exo/endo = 19) (eqn (2)). This reaction did not occur in the
dark and was partially inhibited by p-dinitrobenzene (p-DNB),
a well-known inhibitor of Sgn1 reactions' (Table 1, experi-

ments 2-5).
A7 v
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Table 1 Reactions of 2-halonorbornanes with nucleophiles for 180 min

Experiment Substrate (M x 10%) Nucleophile (M x 10%) Conditions Yield of substitution products (%)“
1 2-CINor (4) Ph,P™ (4.1) NHs, hv —

2 2-BrNor (4) Ph,P™ (4.1) NH;, /v 1, 92 (exo/endo = 19)
3 2-BrNor (4) Ph,P™ (4.1) NH; —

4 2-BrNor (4) Ph,P™ (4.1) NHa, n” 1,77

5 2-BrNor (4) Ph,P™ (4.1) NH3;, /¢ 1, 13

6 2-CINor (167) PhS™ (833) DMSO, /hw —

7 2-BrNor (83) PhS™ (417) DMSO, hv 2,34

8 2-BrNor (83) PhS™ (417) DMSO —

9 2-BrNor (167) PhS™ (833) DMSO, /! 2,41

10 2-BrNor (333) PhS™ (1667) DMSO, ! 2, 67 (exo/endo = 4)

“ Yields quantified by GLC using the internal standard method. ® With p-DNB added (20 mol%). ¢ With p-DNB added (50 mol%). ¢ 240 min.

exo-2-BrNor reacted with PhS™ ions, yielding both endo- and
exo-2-norbornylphenylsulfide (2) (34-67%, exo/endo = 4)
(Table 1, experiments 7-10) (eqn (2)). However, this reaction
did not occur in the dark, thus showing that a non-polar
mechanism is involved (Table 1, experiment 8). Furthermore,
if we compare the isomer ratio obtained with PhS™ ions (exo/
endo = 4) to that observed with Ph,P™ ions (exo/endo = 19), a
better stereospecificity with Ph,P™ ions is evident, probably
due to the larger molecular size of the Ph,P™ ion. A similar
stereospecificity was found in the halogenation of norbornane
by a free radical mechanism. In these reactions, the increase of
stereospecificity was previously attributed to the relatively
lower accessibility of the intermediate 2-norbornyl radical
with bulkier reagents on the endo side.®

The absence of a reaction in the dark, as well as the
inhibition observed during photostimulation in presence of
p-DNB, suggests that these reactions occur by an Siynl
mechanism (Scheme 1). When 2-BrNor receives one electron,
it is fragmented at the C—Br bond by a dissociative electron
transfer (DET) process. This affords radical intermediate 3,
which gives radical anion 4°~ by a further reaction with the
nucleophile (eqn (3)). Finally, 4° yields the substitution
product and 3°* by DET to the substrate (eqn (4)), and 3°
can continue the propagation chain.

We never observed the reduction product, only substitution
products, indicating that 3° radicals react immediately with
nucleophiles such as Ph,P™ or PhS™ ions.

Reactions of bromo derivates with an oxo substituent

When endo-3-bromocamphor (5a) reacted with Me;Sn™ or
Ph,P™ ions in liquid ammonia in the dark, only the reduction
product was obtained (Table 2, experiments 1 and 3) (eqn (5)).
The photostimulated reactions with these anions showed
similar results.

2-BrNor + Nu’ Lﬂb _* Nu A& (3)
DET 3 .

- Br Ny

4
4 + 2-BrNor—>Lb + 3 + Br (4)
Nu

Scheme 1

+ Nu —_— +

o}
5 X Nu  (5)
a=Br MeSm 6, 92% -
Ph,P" 6, 78% -
PhS” hv 6, 79% 7,20%
b=ClI Phy,P 6, 20% -

With Mes;Sn™ ions, the reduction showed little inhibition upon
adding p-DNB (Table 2, experiment 2). These results might
indicate that the reduction process yielded 70% by a halogen—
metal exchange (HME) reaction, thus competing with a slow
Srn1 reaction.

When the Ph,P™ ion was used as a nucleophile, both 5a and
5b gave a reduced product (78 and 20%, respectively). The
reaction of 5b with Ph,P~ was inhibited by adding p-DNB,
while the same reaction for 5a was only partially inhibited
(Table 2, experiments 3—6). The reaction of Sa with Ph,P™ was
quenched by Mel, yielding less than 10% of two products
(3-methyl-3-bromocamphor and 3-methylcamphor), arising
from the methylation of a-keto-anions (Table 2). These results
suggest that the reduction process proceeds by an electron
transfer (ET) mechanism, as shown in Scheme 2. When 5
receives one electron, it fragments at the C—X bond through
dissociative electron transfer (DET) to give radical inter-
mediate 8°, which then provides the reduction product by
hydrogen abstraction from the solvent.

Me;Sn~ and Ph,P™ ions are common nucleophiles to the
Srn1 mechanism.! However, they do not react with radicals
such as 8°. The different reactivity of radicals 3* and 8° toward
Ph,P™ ions can be attributed to the stabilization of the latter
by conjugation with the oxo group (see the Computational
section). Further studies are in progress in order to understand
the nature of the coupling reaction between 8° and
nucleophiles.

When the PhS™ ion was used as a nucleophile, the photo-
stimulated reaction of 5a in either liquid ammonia or DMSO
gave both reduction and substitution products (Table 2,
experiments 7 and 8) (eqn (5)). In the dark, 5 was unreactive
in DMSO (Table 2, experiment 9), showing that a non-polar
mechanism is involved. The formation of the substitution
product during the photostimulated reaction with PhS™ ions
indicates that radical intermediate 8° coupled with PhS™ ions,
surely in a similar pathway to that of 2-BrNor (Scheme 1).
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Table 2 Reactions of 3-bromocamphors (5) with different nucleophiles

Yield of products (%)”

Experiment Substrate (M x 10%) Nucleophile (M x 10%) Conditions (time/min) 6 Substitution
1 5a (4) Me;Sn~ (4.1) NH; (5) 92 —

2 5a (4) Me;Sn~ (4.1) NH; (5)° 65 —

3 5a (4) Ph,P~ (4.1) NH; (15) 787 —

4 5a (4) Ph,P™ (4.1) NH; (15)¢ 43¢ —

5 5b (4) Ph,P~ (4.1) NH;(30) 20 -

6 Sh (4) Ph.P~ (4.1) NH; (30)° - .

7 5a (4) PhS™ (12) NH3, /v (180) 79 7, 20

8 5a (25) PhS™ (75) DMSO, /w (180) 78 7,22

9 5a (25) PhS™ (75) DMSO (180) — —

“ The reactions were quenched with Mel. ? Yields quantified by GLC by the internal standard method. ¢ With p-DNB added (100 mol%).
4 3-Methyl-3-bromocamphor and 3-methylcamphor were found in 2-10 and 3-7% yield, respectively. ¢ With p-DNB added (50 mol%).

Ph,P" Z%O +SH
5 —= » —= 6

DET . -8
-X 8

Scheme 2

Considering the formation of the reduction product in these
reactions, it is evident that radical 3* reacted with PhS™ ions
faster than radical 8°.

Reactions of chloro derivates with an oxo substituent

2-CINor was unreactive in a photostimulated reaction with
PhS™ ions in DMSO (Table 1, experiment 6). However, as
previously mentioned, the reactivity could be increased when
the chlorinated compound had an oxo-substituent.

In liquid ammonia, the photostimulated reaction of a
mixture (1:1) of endo- and exo-3-chloro-2-norbornanone (9)
with PhS™ afforded substitution products (11, endo:exo;
1.5:1) from low to moderate yields (0-61%) (Table 3,
experiments 1-6). The same reaction in the dark did not
proceed (Table 3, experiment 5) (eqn (6)).

0 hv o] 0
+ PhS” +

Cl SPh
9 NH; or DMSO 10, 22-78% 11, 0-61%

(6)

From the above-mentioned results, it is clear that the oxo
group increases the initiation step but decreases the coupling
reaction for chlorinated derivatives. The carbonyl group has a
pronounced effect on the reduction potential of the radicals by
more than 2 V.° This explains why the reduction pathway
becomes much more favorable upon introducing an oxo
functionality.

Finally, 1-chloro-3,3-dimethylbicyclo[2.2.1]heptan-2-one
(12) is a bridgehead halide that is able to form a tertiary
radical. It is known that 12 reacts with Ph,P™ ions in liquid
ammonia, giving substitution products in good yields under
photostimulation (eqn (7)).> However, 12 failed to undergo a
photostimulated reaction with PhS™ in DMSO (eqn (7)),
probably due to problems in the initiation step. In order to

analyze these experimental results, theoretical studies have

been performed.
hv
+ N ——
Nu o] (7)
12 Ph,P"  NH, 13, 93%

Cl 0
PhS DMSO 0%

Theoretical studies of the chlorinated compounds

The coupling reactions between Ph,P~ ions and radicals 14° or
15° could be performed according to the relative stability of
the radicals and the substitution products.’® In this sense,
molecular orbital (MO) calculations were performed by
considering the LUMOs of both neutral substitution products.
In these cases, the LUMO energies were —0.0382 and —0.0369 eV
for products derived from 14° and 15°, respectively (Fig. 1).

In addition, an important factor to be considered is
AEr, which represents the loss of m energy when conjugated
radicals or conjugated nucleophiles couple. From the MO
analysis, it is clear that the loss of © energy is higher for the
substitution product arising from the secondary radical (from
15° to the product in Fig. 1) than that corresponding to the
product arising from the tertiary radical (from 14° to the
product in Fig. 1). The conjugation energy of 3.22 eV for
secondary radical 15° increases the energy gap necessary for
the coupling, probably precluding this last reaction (see the
ESIY).

In the intermediate radical studied, the m-acceptor may be
orthogonal and adjacent to the C-X bond (such as 14°
from 12) or overlapped and adjacent to the C—X bond (as
15° from 9); the latter forming conjugated radicals. The
conjugation of these radicals can be observed by their
spin density distribution (Fig. 2A). Our calculations show
that SOMOs corresponding to radicals 3° or 14° have higher
spin densities on the carbon, whereas only radical 15°
has a spin density distributed between the carbon and the
C=0 bond.

Fig. 3 shows the B3LYP!' profiles corresponding to the
formation of different radicals from chlorinated compounds
(such as 2-CINor 9 and 12), without including the methyl
substituents in the calculations. These potential energy
surfaces (PES), evaluated for the dissociation reaction, show
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Table 3 Reactions of 3-chloro-2-norbornanone (9) and 1-chloro-3,3-dimethylbicyclo[2.2.1]heptan-2-one (12) with nucleophiles”

Yield of products (%)”

Experiment Substrate (M x 107) Nucleophile (M x 10%) Conditions (time/min) Reduction Substitution
1 9 (0.4) PhS™ (1.2) NHs;, /v (180) 10, 22 —

2 9 (0.4) PhS™ (2) NHs, /v (240) 10, 26 11, 25

3 9 (0.4) PhS™ (2) NH3, /v (330) 10, 34 11, 27

4 9 (5) PhS™ (25) DMSO, /v (180) 10, 78 11, 22

5 9 (5 PhS™ (25) DMSO (180) — —

6 9 (20) PhS™ (100) DMSO, hv (240) 10, 27 11, 61¢

7 12 (20) PhS™ (100) DMSO, /v (240) — —

@ The reactions were quenched with Mel. ? Yields based on substrate concentration, quantified by GLC using the internal standard method with

adamantan-2-one as the reference. © The endo/exo ratio was 1.5.

R + Nu— R-Nu- q
PPh,
—_—
[ —
LIQ Y
a ~7
. ‘/ 7
140 7/ AEn (thP 0)

'Lb"'o
15 g
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’

’

’
’.‘} Conjugation Energy

Fig. 1 A schematic profile of the coupling reactions of both con-
jugated (15°) and non-conjugated (14°) radicals toward the Ph,P™
anion.

Fig. 2 A: The spin density on the carbon for radicals 3°, 15° and 14°,
respectively. B: Franck—-Condon RAs for 2-CINor 9 and 12. C:
Franck—Condon RAs for brominated analogues 2-BrNor 16 and 17.

that a concerted dissociative pathway takes place, because no
radical anions (RA) are observed on the anionic surface, which
is in agreement with the experimental results observed with
o-haloacetophenones.'> Furthermore, Savéant'® has proposed
that an adiabatic estimation of the activation energy of the
inter-DET can be evaluated from the crossing between the
neutral and anionic surfaces for a given family of substrates
with the same leaving group. Moreover, the relative energy of
the anionic o-surface, with respect to the neutral surface,
provides information on the reductive cleavage (AEf,,). When
the conjugated radical is formed, it modifies the energy of the
anionic n- and o-surfaces (— in Fig. 3), thereby producing a

Energy (kcal/mol)
w
S

13 15 1.7 1.9 21 23 25 27 29 31 33 35
C-CI Distance

Fig. 3 Neutral (---) and anionic (—) profiles of 2-CINor (3°, —¢-), 12
(14°, —@-) and 9 (15°, —M-). The neutral molecule is taken as zero
energy.

crossing between the neutral and the anionic surfaces at lower
energy.

Profiles for the brominated analogues 2-BrNor, 1-bromo-2-
norbornanone (16) and 3-bromo-2-norbornanone (17) follow
a similar tendency to the corresponding chlorinated compounds
(Fig. 4). However, a significant difference observed with the
brominated compounds is the enhancement in the stability
of the anionic surface, which is largely due to the fact
that bromide is a superior leaving group to chloride. However,
it is difficult to make a straightforward comparison of
energy surfaces belonging to the different leaving groups.'?
This is mainly because changes depend on several factors,
not only the anionic curve stability. However, an important
contribution that facilitates the inter-ET for brominated
compounds is the shape of the crossing zone, being sharp
for the chlorinated family and smooth for the brominated
family. This effect could be attributed to both the stability
of the anionic c*-surface and the contribution of the lower
bond dissociation energies (BDE) when the leaving group
is Br™.

Some of the relevant parameters calculated for the system
are shown in Table 4. Compounds 12 (bridgehead) and
2-CINor (no m-substitution) show less favorable electron
affinities than 9. This can be explained by considering that
both the LUMO in the neutral structure and the SOMO in the
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Fig. 4 Neutral (---) and anionic (—) profiles of 2-BrNor (3°*, —¢-), 16
(14°, —@-) and 17 (15°, —M-). The neutral molecule is taken as zero
energy.

reduced form are delocalized over a molecular orbital (MO)
having m-c* character, which increases the vertical electron
affinity (VEA) for 9. This indicates that the incoming electron
is injected directly into a o* C—Cl bond, with no formal
intra-ET being necessary to break the bond (see Fig. 2B).
Similar observations were made for SOMOs corresponding to
brominated compounds, which showed a similar distribution
(see Fig. 2C). However, the larger difference appears to be
in the bridgehead compounds, where the o* C-Br MO has a
larger contribution in the SOMO, which seems to be the factor
that enhances its VEA (as can be seen from Table 4).

The different thermodynamic parameters, such as AEj,,
and the BDE, are in excellent agreement with the observed
reactivity. No evidence of a sticky dissociative ET mechanism'
was observed, since the interaction energies between the
reduced fragments (D) for the oxo compounds (9 and 12)
were quite similar.

The experimental reactivity of the observed initiation step
(C-Cl fragmentation) is in agreement with a concerted
dissociative cleavage of the halides, which depends on the
global stability of the anionic c-surface.

By considering the redox catalysis, 9 and 12 (oxo
compounds) should be more reactive than 2-ClNor, since the
oxo group is able to increase the electron affinity. However, in
spite of this, 12 did not react with PhS™ ions due to the VEA of
the isolated & system being not enough to ensure the formation
of 2-oxo-1-norbornyl radicals (14°®).

Conclusions

These results present new insights into understanding the effect
of redox catalysis on the reactivity of chlorinated compounds.
The presence of an oxo substituent facilitated the inter-ET
pathway as it increased the electron affinity of the substrate,
promoting the fragmentation of the C—Cl bond. However, the
presence of the oxo substituent did not ensure the formation of
a substitution product for the conjugated radical. Further
studies on the influence of coupling conjugated radicals with
different nucleophiles are necessary in order to fully under-
stand the behavior of these radicals.

Experimental
General methods

Irradiation was conducted in a reactor equipped with two
400 W UV lamps emitting maximally at 350 nm (Philips
Model HPT, water-refrigerated).

Materials

exo-2-Bromonorbornane, exo-2-chloronorbornane, endo- and
exo-3-chloro-2-norbornanone, endo-3-bromocamphor, Me;SnCl,
PhsP, PhSH and potassium #-butoxide were commercially
available and used as received. DMSO was distilled under
vacuum and stored under molecular sieves (4 A). Liquid ammonia

was distilled under nitrogen and metallic Na, and used
immediately.

General procedures

Photostimulated reactions of exo-2-BrNor with “SnMej3 ions
in liquid ammonia. The following procedure is representative of
these reactions. Me3SnCl (1.2 mmol and Na metal (2.4 mmol)
in small pieces were added to 250 mL of distilled ammonia
until there was total decoloration between two consecutive
additions. 20 min after the last addition, when no more solid
was present, the “SnMejs ions were ready for use (lemon yellow
solution). The substrate exo-2-bromonorbornane (1 mmol)
was added to the solution and the reaction mixture irradiated.
Next, the reaction was quenched with an excess of ammonium
nitrate and the ammonia allowed to evaporate. The residue
was dissolved in water and then extracted with diethyl ether.
The products were isolated by column chromatography. In the
other experiments, the products were quantified by GLC using
the internal standard method.

Photostimulated reactions of exo-2-BrNor with “PPh, ions in
liquid ammonia. The following procedure is representative of
these reactions. PPhs (1.1 mmol) and Na metal (2.2 mmol) in

Table 4 Summary of results for the chlorinated and brominated substrates”

2-CINor 9 12 2-BrNor 17 16
VEA? —-0.974 —0.253 —0.611 —0.761 —0.011 —0.468
BDE® (RX — R* + X*) 75.98 65.68 87.02 74.4 63.69 85.11
AEﬁag" (RX - R*+ X7) -9.63 —19.93 1.17 —8.12 —18.83 2.59
D, (R*---X™ - R* + X7) 4.30 10.22 12.24 13.98 6.26 10.95

@ Zero-point energy corrections were made at the 6-31 +G* level. » Gas phase vertical electron affinity (VEA) in eV. ¢ Bond dissociation energy
(BDE) in kcal mol~'. ¢ AEj;,, in kcal mol~'. ¢ Interaction energy between dissociated fragments.
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small pieces were added to 250 mL of distilled ammonia until
no more solid was present, the Ph,P™ ions now being ready for
use (orange solution), and #-BuOH (I mmol) was added
to neutralize the amide ions formed. The substrate exo-2-
bromonorbornane (1 mmol) was added to the solution and
the reaction mixture irradiated. Next, the reaction was
quenched with an excess of methyl iodide and the ammonia
allowed to evaporate. The residue was dissolved in water and
then extracted with diethyl ether. The products were isolated
by column chromatography. In the other experiments, the
products were quantified by GLC using the internal standard
method.

Photostimulated reactions of endo- and exo-3-chloro-2-
norbornanone with PhS™ ions in liquid ammonia. The following
procedure is representative of these reactions. PhSH (5 mmol)
and -BuOH (5.1 mmol) were added to 250 mL of distilled
ammonia, the PhS™ ions now being ready for use. The
substrates endo- and exo-3-chloro-2-norbornanone (I mmol)
were added to the solution, and the reaction mixture irradiated.
Next, the reaction was quenched with an excess of methyl
iodide and the ammonia allowed to evaporate. The residue
was dissolved in water and then extracted with diethyl ether.
The products were isolated by column chromatography. In the
other experiments, the products were quantified by GLC using
the internal standard method.

Photostimulated reactions of endo- and exo-3-chloro-2-
norbornanone with PhS™ ions in DMSQO. The following procedure
is representative of these reactions. To 5 mL of dry and de-gassed
DMSO under nitrogen were added #-BuOK (5.1 mmol) and
PhSH (5 mmol). After 15 min, endo- and exo-3-chloro-2-
norbornanone (1.0 mmol) were added and the reaction mixture
irradiated. The reaction was quenched with an excess of methyl
iodide. The residue was dissolved in water and then extracted
with diethyl ether. Finally, HNO; was added to the water phase
up to pH 5-6. The water phase was then extracted with diethyl
ether. The products were isolated by column chromatography. In
similar experiments, the products were quantified by GLC using
the internal standard method.

Reactions in the dark. The procedure was similar to that for
the previous reaction, except that the reaction flask was
wrapped with aluminium foil prior to substrate addition.

Inhibited reactions. The procedure was similar to that for the
previous reaction, except that 20 mol% of p-DNB was added
to the solution of nucleophile prior to substrate addition.

Isolation and identification of the products

2-Norbornyldiphenylphosphine oxide (1). exo—GC-MS
(EI") m/z (%): 296 (24), 295 (61), 230 (15), 229 (100), 202
(60), 201 (29), 155 (19), 125 (8), 77 (18). endo—GC-MS (EI")
m/z (%): 296 (39), 295 (15), 230 (18), 229 (100), 202 (89), 201
(23), 155 (14), 125 (8), 77 (16). exo—"H-NMR (400.16 MHz,
CDCls, 25 °C): 6 1.17 (d, J = 9.8, 1H), 1.23-1.33 (m, 2H),
1.54-1.62 (m, 2H), 1.82-1.88 (m, 1H), 1.88-2.00 (m, 1H), 2.29
(t,J = 7.7, 1H), 2.34-2.37 (b, 1H), 2.49 (b, 1H), 7.52-7.39 (m,
6H) 7.70-7.84 (m, 4H). '3C-NMR 0 28.67, 31.42 (d), 32.13 (d),
36.44 (CH, d), 37.30, 38.15, 39.89. exo and endo—128.41,

128.44, 128.45, 128.52, 128.57, 128.62, 130.57 (d), 130.88,
130.91, 130.95, 130.97, 131.00, 131.03, 131.26, 131.29, 131.32,
131.34, 131.39 (d), 132.03 (d), 134.0 (d). endo—'"H-NMR
5 1.21-1.32 (m, 2H), 1.34-1.40 (m, 1H), 1.48-1.53 (m, 2H),
1.68-1.77 (m, 2H), 2.27-2.31 (m, 1H), 2.35-2.39 (b, 1H),
2.36-2.40 (b, 1H), 2.55-2.60 (m, 1H) 7.52-7.39 (m, 6H)
7.70-7.84 (m, 4H). *C-NMR 4 25.23 (d), 29.21, 30.16, 37.58
(CH, d), 39.52 (d), 39.57, 41.28 (d). HRMS [MH] " calc. for
Ci19H,,OP 297.1408; found: 297.1407.

2-Norborylphenylsulfide (2). exo—GC-MS (EI") m/z (%):
206 (2), 205 (4), 204 (M ™) (33), 110 (24), 109 (8), 96 (9), 95
(100), 79 (14), 67 (34), 65 (11). endo— GC-MS (EI ") m/z (%):
206 (1), 205 (3), 204 (M ") (20), 110 (20), 109 (6), 96 (7), 95
(100), 79 (6), 67 (29), 65 (9). exo—'H-NMR & 1.03 (ddd
Ji =2,J, = 6,J; = 12, 1H), 1.22-1.31 (m, 1H), 1.33-1.42
(m, 1H), 1.40-1.44 (t, J = 1.91 2H), 1.50-1.59 (m, 1H),
1.96-2.05 (m, 1H), 2.08-2.17 (m, 1H), 2.28 (t, J = 4.35,
1H), 2.38 (t, J = 2, 1H), 3.51-3.59 (m, 1H), 7,14 (tt, J; = 2,
J> = 7, 1H), 7.22-7.29 (m, 2H), 7.32 (ddd, J, = 1.2, J, = 9,
2H). *C-NMR: § 23.23, 29.81, 37.04, 38.16, 39.15, 40.84,
47.83, 125.52, 128.74, 129.53, 137.60. endo—'"H-NMR:
8 1.12-1.32 (m, 1H), 1.32-1.47 (m, 3H), 1.48-1.64 (m, 1H),
1.65-1.74 (m, 1H), 1.76-1.84 (m, 1H), 2.30 (b, 1H), 2.32 (b,
1H), 3.16-3.22 (m, 1H), 7.14 (m, 1H), 7.22-7.29 (m, 2H), 7.32
(m, 2H). '*C-NMR: 6 28.70, 28.91, 35.61, 36.52, 38.63, 42.33,
48.16, 125.52, 128.78, 128.97, 137.60. HRMS [MH]" calc.
Ci3H S 205.1021; found: 205.1046.

1,7,7-Trimethyl-3-(phenylthio)bicyclo|2.2.1]heptan-2-one (7).
exo—GC-MS (EI") m/z (%): 260 (M) (34), 232 (5), 149
(100), 123 (35), 116 (16), 83 (8), 81 (11). endo—GC-MS (EI™)
m/z (%): 260 (44), 232 (6), 150 (11), 149 (100), 147 (11), 134
(5), 123 (37), 116 (16), 115 (10), 109 (6), 81 (12), 65 (6), 55 (12).
endo—"H-NMR: 6 0.92 (s, 3H), 0.96 (s, 3H), 1.03 (s, 3H), 1.7
(m, 4H), 2.0 (m, 1H), 2.28 (m, 1H), 3.92 (d, 1H), 7.33-7.17 (m,
3H), 7.43-7.56 (m, 2H). '3C-NMR 6 9.68, 19.37, 19.67, 21.47,
30.81, 46.03, 48.66, 56.75, 58.64, 126.87, 130.06 (2C), 130.93
(2C), 135.72, 215.94. exo—"H-NMR & 0.96 (s, 3H), 0.98 (s,
3H), 1.02 (s, 3H), 1.7 (m, 4H), 2.0 (m, 1H), 2.28 (m, 1H), 3.33
(d, 1H), 7.17-7.33 (m, 3H), 7.43-7.56 (m, 2H). '*C-NMR ¢
9.57,19.37,19.83, 21.51, 30.92, 46.7, 51.3, 57.71, 58.06, 126.57,
128.97 (2C), 130.10 (2C), 135.77, 216.89. HRMS [MH] " calc.
for C;¢H»oOS 261.1313; found: 261.1308.

Computational procedures

These calculations were performed using Gaussian 03.'> The
characterization of stationary points was performed by
Hessian matrix calculations. Exploration of the potential
surface was carried out within the functional B3LYP,'? and
varying the selected coordinate with full optimization for the
remaining degrees of freedom.
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