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A convenient method for the synthesis of optically active dialkyl diselenides derived from bicyclic
terpenes functionalized with hydroxy, etheral, sulfide, and selenide groups is described. The di-
selenides were used for a synthesis of chiral electrophilic selenium reagents, then in the asymmetric
selenenylation of styrene and selenocyclization with o-allylphenol. The influence of nonbonding
selenium-heteroatom interactions in the generated organoselenium electrophiles on the stereo-
selectivity of an addition reaction has been investigated. Calculations by a DFT method on a B3LYP (6–
311G (d)) level, confirmed the existence of nonbonded selenium–heteroatom interactions in the
investigated systems.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Diselenides are important reagents in modern organic synthesis
and have been very often used as the key substrates in multistep
syntheses. The major advantage of diselenides is the ease of their
transformation into nucleophilic, radical, and electrophilic reagents,
as well as their air, acid, base, and temperature stability.1 Diselenides
are also used in asymmetric synthesis, for example, as ligands in the
addition of diethylzinc to aldehydes.2

The search for a useful method of a diselenide synthesis has also
great importance because of their physiological and pharmacological
role, in particular their antioxidant, antiviral, and antitumor activity.3

Our previous research has focused on the synthesis of nonracemic
monoterpene dialkyl diselenides, the precursors for a synthesis of
chiral electrophilic selenium reagents. Recently, we have described
a convenient methodology for epimeric dialkyl diselenides synthe-
sis, based on the reaction of alkyl tosylates or chlorides with
disodium diselenide generated in situ (Se, NaOH, N2H4�H2O). The
obtained nonracemic diselenides derived from p-menthane, pinane,
carane or bornane groups4–7 have been converted to triflate salts and
used for a stereoselective selenenylation of olefins, 5–7 as well as
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selenocyclization of unsaturated alcohols and carboxylic acids.8 Until
now, the best stereoselectivity in the methoxyselenenylation of
styrene with the electrophile 1a containing a isopinocampheyl
group in its molecule (dr 82:18) has been observed.5 On the other
hand the best results for the selenocyclization of o-allylphenol have
been achieved with the triflate salt 3a generated from (þ)-neo-
menthyl diselenide 3 (dr 70:30) (Scheme 1). The diastereomeric
mixture of dihydrobenzofuran derivatives 4 was separated by
crystallization from n-pentane and the structure of the major ste-
reoisomer confirmed by X-ray crystal structure determination.8

Stereoselective selenenylation is a matter of permanent interest
for numerous scientific groups, and highly selective electrophilic
reagents are known. Inspite of numerous papers describing an
influence of a heteroatom on the asymmetric induction in addition,9

the lack of experimental examples showing a difference in stereo-
selection between unsubstituted alkyl electrophiles and their analogs
containing functional groups with different heteroatoms is evident.

Among the functionalized terpene diselenides used so far in the
asymmetric synthesis, a bornane system and its derivatives were
the only chiral source.10

Furthermore, to date, no comparative analysis of the influence of
the structure, or the range of functional group or heteroatom, on
the stereoselectivity of selenenylation has been reported for
unfunctionalized and functionalized alkyl electrophiles. Therefore
the aim of the reported research was to investigate the syntheses
and reactions of functionalized dialkyl diselenides containing
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Scheme 1. Asymmetric selenenylation of olefins.
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hydroxy, etheral, sulfide, and selenide groups. The other goal was to
conduct the methoxyselenenylation of styrene and selenocycliza-
tion of o-allylphenol with the use of the respective triflate salts
generated from diselenides. The final goal was to explain the
influence of selenium–heteroatom interaction on the stereo-
selectivity of addition and to compare the results with those
obtained for electrophiles generated from diselenides not having
any functional groups.
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Scheme 2. Synthesis of functionalized alcohols from the pinane system. Reagents and
conditions: (a) dihydropyrane, TsOH/CH2Cl2, RT, 18 h; or NaH, MeI, RT, 20 h; (b) (i)
BH3$SMe2, THF, 0 �C/RT, 18 h; (ii) NaOH, 30% H2O2, RT/60 �C, 5.5 h (two steps); (c)
CCl4, PPh3, reflux, 20 h; (d) NaXAr (X¼O, S), DMF, 100 �C, 20 h; (e) PBr3, hexane,
�20 �C/RT, 18.5 h.
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Scheme 3. Reaction of (�)-myrtenyl bromide with sodium benzenethiolate.
2. Results and discussion

The first step of our investigation was the synthesis of terpene
alcohols containing functional groups at the C-10-position, to ob-
tain precursors for a synthesis of functionalized nonracemic
diselenides. The commercially available (1R)-(-)-myrtenol 5 was
used as a substrate for most of the obtained alcohols. Alcohols 8 and
9, with hydroxy groups protected with tetrahydropyranyl and
methoxy groups, were obtained directly from myrtenol 5 in a re-
action with dihydropyran in the presence of catalytic amounts of
p-toluenesulfonic acid or sodium hydride and methyl iodide, fol-
lowed by hydroboration-oxidation.7 Aryl ethers 11 and 12 were
obtained by chlorination of myrtenol 5 by means of carbon
tetrachloride in the presence of triphenylphosphine7 and sub-
sequent substitution with sodium phenolate or sodium penta-
fluorophenolate. Hydroboration of the resulting ethers gave chiral
alcohols 13 and 14 (Scheme 2).

Alcohol 16 was synthesized by inserting a p-nitrophenoxy group
to a pinane system after hydroboration-oxidation of myrtanyl
chloride 10. Alcohol 17 was obtained analogously. Because of the
higher reactivity of allylic bromides, myrtanyl bromide 18 was used
for the reaction with sodium benzenethiolate. 1H NMR spectro-
scopic analysis showed the presence of two products 21 and 22,
indicating that under the reaction conditions the product of rear-
rangement is also formed (Scheme 3).

The hydroboration-oxidation of myrtanyl bromide 18 and sub-
stitution of bromoalcohol 19 by means of sodium benzenethiolate
gave the isopinocampheyl derivative 20 with a sulfide substituent
(Scheme 2).

We also tried to synthesis a ethers containing the bulky tert-
butyl groups in the ortho-position of a phenyl ring. Instead, the
reaction of myrtanyl chloride 10 with 2,6-di-tert-butyl phenolate
gave 23, a product of substitution in para-position relative to
hydroxyl. The similar substitution in the para-position in relation
to the hydroxyl group was observed, for example, by Hayakawa
and co-workers.11 Hydroboration-oxidation gave alcohol 24
(Scheme 4).

10-Phenylselanylisopinocampheol 29, was obtained from 10-
phenylselanyl-2-pinene 27 via chlorination of b-pinene 25 with
N-chlorosuccinimide12 and substitution by means of sodium ben-
zeneselenolate13 (Scheme 5).
It is generally known that under oxidation conditions the SePh
group can easily undergo the syn-elimination to olefins. Hydrogen
peroxide usually used in hydroboration–oxidation is also com-
monly employed for elimination of a phenylselanyl group (SePh).1

The use of the standard conditions (30% hydrogen peroxide) in the
oxidation step gave allylic alcohol 28. An alternative oxidation with
sodium perborate (NaBO3) under alkaline conditions gave selec-
tively 10-phenylselanylisopinocampheol 29 without elimination of
the SePh group. To the best of our knowledge this is the first
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example of hydroboration–oxidation in the presence of SePh
leading to formation of hydroxyphenylselenides. To confirm the
universal character of the described oxidation methodology we
also obtained the respective 10-phenylselanyl-4-isocaranol 31,
which was formed from 10-phenylselanyl-3-carene 3014 by
hydroboration with the adduct of borane-dimethyl sulfide and
subsequent oxidation with sodium perborate (Scheme 6).
SePh SePh
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THF
2. NaOH, NaBO3

1. BH3  SMe2

30 (33%)31

Scheme 6. Synthesis of 10-phenylselanyl-4-isocaranol 31.
The terpene alcohols obtained using the previously developed
methodology based on a reaction of alkyl tosylates and halides with
generated in situ disodium diselenide5 (Scheme 7), were used in
the synthesis of chiral tosylates and chlorides leading to the re-
spective diselenides.
A route through tosylates 32–38 led via a single inversion of con-
figuration and gave diselenides 45–51. Alternatively, when chlo-
rides 39–44 were employed, double inversion was observed during
transformation of alcohols to the corresponding chlorides. Reaction
of these chlorides with disodium diselenide gave epimeric
diselenides 52–57. The yields of the syntheses of tosylates, chlo-
rides, and diselenides are presented in Table 1.

The reaction of alcohol 8 with tosyl chloride in pyridine or car-
bon tetrachloride in the presence of triphenylphosphine gave the
respective tosylate 58 and chloride 59 (Scheme 8). An attempt at
deprotection of the tosylate 58 THP group to a hydroxyl group
failed. As a result of the reaction of chloride 59 with catalytic
amounts of p-toluenesulphonic acid in methanol, the respective
hydroxychloride 39 was obtained, which was used for the synthesis
of diselenide 52 (Table 1).

Tosylate 60 with pentafluorinated phenoxy group at the C-10-
position proved to be unreactive in a reaction with disodium
diselenide at room temperature, as well as when heated to 50 �C for
24 h. When this reaction was conducted at 100 �C a reaction
product was obtained, being a result of intramolecular substitution
of the pentafluorophenoxyl group to give unsymmetric cyclic di-
selenide 61 in 11% yield (Scheme 9). The same product was also
obtained conducting a reaction of tosylate 38 with a disodium
diselenide at 100 �C.

When analogous conditions were employed for chloride 44,
only a mixture of undefined products was observed. The lowering
of the reaction temperature to 20 �C allowed us to obtain dis-
elenides bis(10-phenylselanylpinocampheyl) 51 and bis(10-phe-
nylselanylisopinocampheyl) 57 in good yields. There is only one
literature example of the synthesis of a chiral aryl diselenide with
a selenide substituent (SeMe).15 The structure of diselenide 51 was
confirmed by X-ray analysis (Fig. 1).

We used the obtained diselenides for asymmetric methoxy-
selenenylation of styrene. The diselenides 45–51 and 52–57 were
treated with a 1 M solution of bromine and then with silver triflate
to obtain the corresponding triflate salts 46a–57a, which in turn
were used for the addition to styrene in the presence of methanol
as a nucleophile. Stereoselectivities and yields of methoxy-
selenenylation of styrene for products 63–75 are presented in
Table 2.

Attempts to isolate the methoxyselenenylation derivatives of
diselenides 45 and 49 failed. For electrophiles 46a–51a having
a selenenyl group (SeOTf) in the cis position relative to the group
bound to C-2, we observed the stereoselection to be higher than
that found with the use of electrophile 62, which has no functional
group (dr 52:48). That might be caused by a selenium–heteroatom
interaction in the transition state of the methoxyselenenylation
reaction. It has been found that for electrophiles 46a–51a the best
stereoselectivity can be obtained for electrophile 46a with a phe-
noxy group (dr 70:30). Introduction of an electron-acceptor (–NO2)



Table 1
Syntheses of functionalized tosylates, chlorides and diselenides
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Figure 1. Crystal structure of 51 with the thermal ellipsoids plotted at 30% probability.

J. Ścianowski et al. / Tetrahedron 65 (2009) 10162–1017410166
or electron-donor (–OMe) substituents reduced the stereo-
selectivity of the reaction. Replacement of the etheral group of
electrophile 46a with a sulfide or a selenide group (electrophiles
50a and 51a) resulted in a considerable drop in the stereo-
selectivity. So far, the literature reports for chiral aryl electrophilic
reagents demonstrated a dependence in which the increase of
Table 2
Methoxyselenenylation of the styrene with the use of functionalized selenium electroph

2. AgOTf, MeOH
Ter*Se)2 CH2Cl2 −78 οC

1. 1M Br2, CCl4

Ter*Se   OTf

Entry Alkene Electrophile

1 62

Ter*Se

2 46a
3 47a
4 48a
5 50a
6 51a
7a 1a
8 52a
9 53a
10 54a
11 55a
12 56a
13 57a

a See ref 5.
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62
a stereoselection correlated with ability of heteroatoms to donate
electrons into the sigma-* orbital of the selenium atom in the
N<O<S series.16 In the reported research we have observed the
opposite tendency for electrophiles 46a, 50a or 51a with OPh, SPh,
and SePh groups (O>SzSe).

Among the selenium electrophiles 52a–57a with the selenenyl
group (SeOTf) positioned trans relative to the group bound to C-2,
the best results have been obtained for triflate 55a with a penta-
fluorophenoxy group (OC6F5, dr 84:16) and 57a with a selenide
group (SePh, dr 72:28). Comparison with electrophiles 46a and 54a
with the opposite configuration at C-3, showed a decrease in
stereoselection for electrophile 54a, which seems to be caused by
a lack of Se/O interaction. Our results revealed that in methoxy-
selenenylation with electrophiles 54a, 56a, and 57a containing the
OPh, SPh or SePh groups, the stereoselectivity increases with the
atomic mass and the size of a heteroatom in the Se>S>O series.
Such a dependence of stereoselection on the size of a heteroatom
suggests that in these cases the effects connected with a steric
hindrance of the functional group has a predominant influence on
the asymmetric induction. The role of the substituents in the
pinane ring can be determined by comparison of a stereoselection
of nonfunctionalized electrophilic reagents 62 and 1a with func-
tionalized compounds 46a, and 52a–57a. Data for the pair of
electrophiles 62 and 46a suggest, that the increased selectivity
found for electrophile 46a when compared to unsubstituted 62, can
be caused by the Se/O interaction between the phenoxy group
oxygen and selenium atom. For triflates 52a–54a the presence of
a hydroxy, methoxy or phenoxy group in the C-10-position of
pinane reduces the stereoselectivity with respect to electrophile 1a.
On the other hand, an increase in asymmetric induction has been
iles
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Table 3
Selected structural parameters for bromides 76–80

Entry Electrophile rSe/X
a, [Å] qX/Se-Br

b, [deg]

1 76 2.66 172.0
2 77 2.67 169.6
3 78 2.56 170.6
4 79 2.88 173.9
5 80 2.90 176.0

a Distance between selenium atom of SeBr and heteroatom.
b Angle between bromine atom and heteroatom in X/Se–Br.
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observed for the bulky aryl group –OC6F5 of electrophile 55a and
phenylselanyl group –SePh in 57a, suggesting a dependence of the
stereoselection on steric effects.

To confirm the hypothesis concerning the role of the selenium–
heteroatom interactions in the cis-pinane system, the molecular
modeling was performed with density functional theory (DFT)
using the B3LYP method17 and a 6–311G(d) functional base, as
implemented in GAUSSIAN 03.18 The aim was an optimization of
geometric parameters for the selected selenium electrophiles and
to check if a linear arrangement of heteroatom with a selenenyl
group is possible. Calculations have been conducted for selenenyl
bromides containing phenoxy 76, p-nitrophenoxy 77, p-methoxy-
phenoxy 78, phenylsulphanyl 79, and phenylselanyl 80 groups.
The optimized structures are presented in Figure 2.

On the basis of the calcd structural parameters (Table 3) it can be
established that atomic distances (rSe/X) between the selenium
atom (SeBr) and heteroatoms (O, S, Se) are significantly smaller
then the sum of the van der Waals radii (Se/O, 3.40 Å Se/S, 3.68 Å
Se/Se, 3.76 Å).19

Furthermore, a near linear arrangement of X/Se–Br with angles
close to 180� (OX/Se–Br) revealed the presence of selenium-het-
eroatom interactions for the model compounds.

The selenocyclization of o-allylphenol with electrophiles gen-
erated from functionalized diselenides 46–57 was also investigated.
The resulting diselenides were transformed to the respective tri-
flate salts 46a–57a and converted to the dihydrobenzofuran de-
rivatives 81–91 in the reaction with o-allylphenol. The highest
stereoselectivity of selenocyclization was obtained for electrophile
55a with a OC6F5 group (dr 77:23) and for electrophile 57a with a –
SePh (Table 4).

We also conducted the syntheses of diselenides from the carane
system starting from alcohol 31 and used them in methoxy-
selenenylation and selenocyclization (Scheme 10).

The reaction of alcohol 31 with tosyl chloride in pyridine or with
carbon tetrachloride in the presence of triphenylphosphine gave
tosylate 92 and chloride 96, respectively, that were further trans-
formed to diselenides 93 and 97 with the use of disodium di-
selenide. During the reaction of diselenides with bromine and silver
triflate in situ, the triflate salts 93a and 97a were obtained. These
salts reacted with styrene and methanol giving the methoxy-
selenenylation products 94 and 98, whereas reaction with
Figure 2. Structures of 76–80 optimized with the DFT method. Heteroatoms are color-
o-allylphenol led to dihydrobenzofuran derivatives 95 and 99. The
diastereomeric ratio was estimated on the basis of the 1H NMR and
77Se NMR spectroscopic analyses. A small increase in diaster-
eoselection was observed for methoxyselenenylation with
diselenide 93, in which the groups in positions 3 and 4 are in a cis-
relationship, compared to diselenide 97 in which these groups are
positioned trans. No differences were observed in the diaster-
eoselection for the selenocyclization reaction.
3. Conclusion

The developed methodology was used to synthesize a series of
optically active dialkyl diselenides, derivatives of monoterpenes
from the pinane and carane systems and functionalized with hy-
droxy, methoxy, phenoxy, phenylsulfanyl and phenylselanyl
groups. We have developed a convenient method of oxidation of
products of the hydroboration reaction in the presence of a phe-
nylselanyl group with the use of NaBO3. It has been demonstrated
that when in the pinane system the functional group bound to C-2
is in a cis-relationship to the selenide group at the C-3-position,
the stereoselectivity of methoxyselenenylation of styrene is
increased relative to the nonfunctionalized pinocampheyl elec-
trophile. DFT calculations on model selenenyl bromides have
confirmed that the stereoselectivity may be coupled to the
interaction between a heteroatom and selenium atom in the
transition state of the addition reaction. For compounds having
substituents in the C-2 and C-3 positions in the cis stereochem-
istry, it is evident that the highest stereoselectivity of methoxy-
selenenylation can be achieved for a substituent with an oxygen
atom and it decreases with a size of the heteroatom (S and Se). For
coded: nitrogen blue, oxygen red, sulfur yellow, selenium orange, bromine brown.



Table 4
Asymmetric selenocyclization of o-allylphenol

2. AgOTf, MeOH
Ter*Se)2 CH2Cl2 −78 οC

1. 1M Br2, CCl4

Ter*Se   OTf
CH2Cl2 −78 οC

, MeOH *

81-91

HO
OTer*Se

Entry Alkene Electrophile Product Dra Yield
[%]

1

HO

46a

OTer*Se
*

81 63:37 23
2 47a 82 63:37 28
3 48a 83 61:39 34
4 50a 84 61:39 60
5 51a 85 56:44 57
6 52a 86 d d

7a 53a 87 57:43 60
8 54a 88 52:48 57
9 55a 89 77:23 49
10 56a 90 52:48 62
13 57a 91 72:28 23

a Dr estimated on the basis of 1H NMR and 77Se NMR.
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compounds with these substituents at the C-2 positioned trans
relative to the selenide group at position C-3, the presence of
substituents with heteroatoms decreased the diastereomeric ex-
cesses in selenenylation when compared to a non-substituted
system. In these cases the increase in size of the heteroatoms or
the introduction of bulky groups improves the stereoselection of
addition and the effects connected with a steric hindrance of the
functional group have a dominating influence on the asymmetric
induction. The best results have been observed for –OC6F5 and
–SePh substituents. We demonstrated that the stereoselection of
selenocyclization is lower than the stereoselection of methoxy-
selenenylation in the investigated systems. The use of electro-
philes from the carane system in methoxyselenenylation of
styrene and selenocyclization of o-allylphenol has not revealed
OH

SePh

OTs

SePh

Cl

SePh

Se)2

SePh

Se)2

SePh

a) c)

c)b)

31

92 93(40%) (42%)
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Scheme 10. Synthesis of the functionalized diselenides from carane systems and selenenylat
20 h; (c) (i) Se, NaOH, N2H4�H2O, 100 �C, 15 min; (ii) terpene chloride or tosylate, RT, 20 h (
steps); e) styrene, �78 �C, 5 h; f) o-allylphenol, �78 �C, 5 h.
any significant improvement in the stereoselection. Until now the
results of addition and cyclization reactions with the use of ter-
pene selenium electrophiles are lower than presented for aryl
selenium electrophiles, inspite searching for new electrophiles
derived from natural products seems to be interesting course of
research.

4. Experimental section

4.1. General

Unless otherwise stated, all manipulations were performed in
dried glassware under argon atmosphere using dried solvents.
The 1H, 13C, and 77Se NMR spectra were measured in CDCl3 with
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Se
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O
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93a

94
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(82%, dr 60:40)

(64%, dr 54:46)

97a

98 (59%, dr 53:47)

99 (51%, dr 54:46)

ion reaction. Reagents and conditions: (a) TsCl, py, 0 �C/RT, 20 h; (b) CCl4, PPh3, reflux,
two steps); (d) (i) 1 M Br2/CCl4, �78 �C, 15 min; (ii) AgOTf/MeOH, �78 �C, 15 min (two
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TMS as an internal standard. All melting points are uncorrected.
Elemental analyses were carried out by the Instrumental Analy-
ses Laboratory. All alcohols, chlorides, tosylates and diselenides
were obtained according to procedures described in the litera-
ture.5,6 The methoxyselenenylation and selenocyclization re-
actions were carried out according to the protocols described in
the literature.5,8
4.2. Synthesis of ethers and alcohols

4.2.1. (1R)-Myrtenyl tetrahydro-2H-pyrane ether (6). A solution of
myrtenol (10.0 g, 65.7 mmol), dihydropyran (9.5 g, 112.7 mmol)
and p-TSA (130 mg) in CH2Cl2 (130 mL) was stirred at room
temperature for 18 h. The reaction mixture was washed with the
saturated Na2CO3 solution, water, brine and dried over anhydrous
MgSO4. The solvent was evaporated, and the residue was purified
by distillation to afford the desired ether 6 (11.5 g, 74%) as a col-
orless oil; bp 84–86 �C/0.15 Torr; 1H NMR (300 MHz, CDCl3):
mixture of diastereomers d¼0.84 (s, 3H; CH3), 1.18 (d, J¼8.7 Hz,
1H, CHH), 1.28 (s, 3H, CH3), 1.46–1.90 (m, 6H), 2.06–2.20 (m, 2H),
2.23–2.33 (m, 2H), 2.35–2.44 (m, 1H), 3.46–3.55 (m, 1H), 3.84–
3.93 (m, 2H), 3.99–4.09 (m, 1H), 4.62 (m, 1H), 5.45–5.52 (m, 1H);
13C NMR (50.3 MHz, CDCl3): mixture of diastereomers d¼19.3
(CH2), 19.4 (CH2), 20.9 (CH3), 21.0 (CH3), 25.4 (CH2), 25.5 (CH2),
26.0 (CH3), 26.1 (CH3), 30.5 (CH2), 30.6 (CH2), 31.0 (CH2), 31.2
(CH2), 31.3 (CH2), 31.5 (CH2), 37.9 (C), 38.0 (C), 40.8 (CH), 40.9
(CH), 43.3 (CH), 43.6 (CH), 61.9 (CH2), 62.0 (CH2), 69.4 (CH2), 69.5
(CH2), 97.1 (CH), 97.4 (CH), 118.9 (CH), 119.4 (CH) ppm; elemental
analysis calcd (%) for C15H24O2 (236.35): C 76.23, H 10.24; found:
C 76.02, H 10.17.

4.2.2. (R)-(-)-Methyl myrtenyl ether (7). To a solution of sodium
hydride (4.7 g, 197.1 mmol) in dry THF (110 mL), the THF (100 mL)
solution of myrtenol (15.0 g, 98.5 mmol) was slowly added at room
temperature. After stirring for 20 min, methyl iodide (12.3 mL,
197.1 mmol) was added dropwise. The resulting solution was stir-
red at 20 �C for 24 h. The reaction was quenched by addition of
water, then the volatiles were removed under reduced pressure.
Subsequently ethyl acetate (100 mL) was added and the mixture
was washed sequentially with water, saturated aq Na2S2O3 and
brine. The organic phase was dried over magnesium sulfate, fil-
tered, and the solvent was removed under vacuum. The crude
product was purified by the distillation under reduced pressure to
afford ether 7 (12.5 g, 76%) as a colorless liquid; bp 36–38 �C/
0.6 Torr; [a]D

20¼�32.6 (c 8.0, CHCl3); 1H NMR (300 MHz, CDCl3):
d¼0.84 (s, 3H, CH3), 1.17 (d, 1H, J¼9.9 Hz, CHH), 1.29 (s, 3H, CH3),
2.08–2.14 (m, 1H), 2.16 (dt, 1H, J¼5.7 Hz, J¼1.5 Hz), 2.25–2.30 (m,
2H), 2.40 (dt, 1H, J¼8.7 Hz, J¼5.7 Hz), 3.29 (s, 3H, OCH3), 3.76–3.79
(m, 2H), 5.48–5.51 (m, 1H); 13C NMR (75.5 MHz, CDCl3): d¼21.0
(CH3), 26.1 (CH3), 31.2 (CH2), 31.5 (CH2), 37.9 (C), 40.9 (CH), 43.3
(CH), 57.7 (OCH3), 75.5 (CH2), 119.9 (CH]), 145.3 (C]) ppm; ele-
mental analysis calcd (%) for C11H18O (166.26): C 79.46, H 10.91;
found: C 79.40, H 10.88.

4.2.3. (1S)-10-(Tetrahydro-2H-pyran-2-yloxy)isopinocampheol
(8). Yield: 9.0 g, (75%), colorless oil; bp 120–122 �C/0.2 Torr; 1H
NMR (200 MHz, CDCl3): mixture of diastereomers d¼0.90 (s, 3H,
CH3), 1.12 (d, J¼9.8 Hz, 1H CHH), 1.20 (s, 3H, CH3), 1.47–1.68 (m, 4H),
1.70–2.03 (m, 5H), 2.16–2.60 (m, 4H), 3.34–3.58 (m, 2H), 3.62–3.93
(m, 2H), 4.36–4.44 (m, 1H), 4.62 (m, 1H); 13C NMR (50.3 MHz,
CDCl3): mixture of diastereomers d¼19.3 (CH2), 19.5 (CH2), 23.6
(CH3), 23.7 (CH3), 25.0 (CH2), 25.1 (CH2), 27.2 (CH3), 27.3 (CH3), 30.4
(CH2), 30.5 (CH2), 33.9 (CH2), 34.1 (CH2), 36.5 (CH2), 36.6 (CH2), 37.8
(C), 41.6 (CH), 43.1 (CH), 43.4 (CH), 52.8 (CH), 61.9 (CH2), 62.4 (CH2),
67.5 (CH), 68.1 (CH), 71.7 (CH2), 72.0 (CH2), 98.6 (CH), 99.4 (CH)
ppm; elemental analysis calcd (%) for C15H26O3 (254.37): C 70.83, H
10.30; found: C 70.98, H 10.44.

4.2.4. (1S)-(þ)-10-Methoxyisopinocampheol (9). Yield: 11.5 g (86%),
colorless oil; bp 72–74 �C/0.6 Torr; [a]D

19¼þ4.8 (c 5.4, CHCl3); 1H
NMR (200 MHz, CDCl3): d¼0.90 (s, 3H, CH3), 1.12 (d, 1H, J¼9.9 Hz,
CHH), 1.20 (s, 3H, CH3), 1.68–2.04 (m, 3H), 2.12–2.25 (m, 1H) 2.31
(bs, 1H, OH), 2.35–2.58 (m, 2H), 3.36 (s, 3H, OCH3), 3.38–3.43 (m,
2H), 4.23–4.34 (m, 1H); 13C NMR (50.3 MHz, CDCl3): d¼23.8 (CH3),
27.5 (CH3), 34.3 (CH2), 36.9 (CH2), 38.0 (C), 41.8 (CH), 43.4 (CH), 53.1
(CH), 55.5 (OCH3), 68.3 (CH), 77.5 (CH2) ppm; elemental analysis
calcd (%) for C11H20O2 (184.28): C 71.70, H 10.94; found: C 71.62, H
10.73.

4.2.5. (1S)-(þ)-10-Phenoxyisopinocampheol (13). Yield: 3.2 g (74%),
colorless oil; [a]D

17¼þ0.7 (c 4.12, CHCl3); 1H NMR (200 MHz, CDCl3):
d¼0.94 (s, 3H, CH3), 1.19 (d, 1H, J¼9.6 Hz, CHH),1.25 (s, 3H, CH3), 1.82
(dd, 1H, J¼13.5 Hz, J¼4.5 Hz), 2.01 (d, 2H, J¼6.1 Hz, CH2), 2.28 (d, 1H,
J¼2.7 Hz), 2.41–2.59 (m, 3H), 3.94–4.05 (m, 2H), 4.33–4.44 (m, 1H),
6.90–6.99 (m, 3H, arom. H), 7.27–7.33 (m, 2H, arom. H); 13C NMR
(50.3 MHz, CDCl3): d¼23.9 (CH3), 27.3 (CH3), 34.0 (CH2), 37.1 (CH2),
38.0 (C), 41.7 (CH), 43.3 (CH), 52.7 (CH), 67.8 (CH), 71.8 (CH2), 114.4
(2�CH), 120.8 (CH), 129.4 (2�CH), 158.7 (C) ppm; elemental anal-
ysis calcd (%) for C16H22O2 (246.34): C 78.01, H 9.00; found: C 77.95,
H 8.91.

4.2.6. (1S)-(-)-10-Pentafluorophenoxyisopinocampheol (14). Yield:
1.8 g, (57%); colorless oil; [a]D

20¼�0.2 (c 2.09, CHCl3); 1H NMR
(200 MHz, CDCl3): d¼0.88 (s, 3H, CH3), 1.20 (d, 1H, J¼9.6 Hz, CHH),
1.23 (s, 3H, CH3), 1.76–1.88 (m, 1H), 1.97–2.06 (m, 2H), 2.18 (m, 1H),
2.21–2.63 (m, 3H), 4.19 (d, 2H, J¼7.8 Hz, CH2), 4.34–4.46 (m, 1H);
13C NMR (50.3 MHz, CDCl3): d¼23.7 (CH3), 27.1 (CH3), 33.4 (CH2),
37.2 (CH2), 37.8 (C), 41.4 (CH), 42.8 (CH), 53.2 (CH), 67.4 (CH), 79.6 (t,
J¼3.4 Hz, CH2) ppm; elemental analysis calcd (%) for C16H17F5O2

(336.30): C 57.14, H 5.10; found: C 57.10, H 5.08.

4.2.7. (1S)-(-)-10-(3,5-Di-tert-butyl-4-hydroxyphenyl)isopinocampheol
(24). Yield: 1.6 g (59%), colorless oil; [a]D

20¼�15.3 (c 3.59, CHCl3);
1H NMR (200 MHz, CDCl3): d¼1.04 (s, 3H, CH3), 1.19 (d, 1H, J¼9.9 Hz,
CHH), 1.24 (s, 3H, CH3), 1.44 (s, 18H, 6�CH3), 1.67 (ddd, 1H,
J¼14.0 Hz, J¼4.6 Hz, 2.0 Hz), 1.90–1.99 (m, 3H), 2.03–2.17 (m, 1H),
2.30–2.58 (m, 2H), 2.64–2.70 (m, 2H), 4.16–4.27 (m, 1H), 5.07 (s, 1H,
OH), 7.00 (s, 2H, arom. H); 13C NMR (50.3 MHz, CDCl3): d¼24.0
(CH3), 27.6 (CH3), 30.3 (6�CH3), 34.0 (2�C), 34.2 (CH2), 37.9 (C),
38.0 (CH2), 41.4 (CH), 41.6 (CH2), 45.1 (CH), 55.3 (CH), 69.6 (CH),
125.3 (2�CHar), 131.4 (Car), 136.0 (2�Car), 151.9 (Car) ppm; elemental
analysis calcd (%) for C24H38O2 (358.56): C 80.39, H 10.68; found: C
80.37, H 10.64.

4.2.8. General procedure for a preparation of aryl ethers 11, 12, 16, 17,
20, and 23. To a stirred solution of sodium hydride (33.0 mmol) in
DMF (20 mL) under Argon, a DMF (10 mL) solution of phenol
(33.0 mmol) was slowly added at room temperature. The reaction
mixture was stirred for 20 min, then a solution of terpene chloride
(30.0 mmol) in DMF (10 mL) was added and the mixture was stirred
at 100 �C for 20 h. After quenching with water, the mixture was
extracted with Et2O (3�40 mL), and the combined organic phases
were washed with a 1.5 M solution of NaOH, water, brine, and dried
over anhydrous MgSO4. The solvent was removed under vacuum,
and the crude product was purified by silica gel column
chromatography.

4.2.8.1. (1R)-Myrtenyl phenyl ether (11). Yield: 3.6 g (53%), col-
orless oil; [a]D

20¼�12.6 (c 2.92, CHCl3); 1H NMR (300 MHz, CDCl3):
d¼0.84 (s, 3H, CH3), 1.20 (d, 1H, J¼8.4 Hz, CHH), 1.30 (s, 3H, CH3),
2.09–2.15 (m, 1H), 2.20 (dt, 1H, J¼5.4 Hz, J¼1.2 Hz), 2.27–2.32 (m,
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2H), 2.42 (dt, 1H, J¼8.7 Hz, J¼5.4 Hz), 4.34–4.44 (m, 2H, CH2), 5.58–
5.62 (m, 1H, CH]), 6.88–6.96 (m, 3H, arom. H), 7.25–7.38 (m, 2H,
arom. H); 13C NMR (75.5 MHz, CDCl3): d¼21.0 (CH3), 26.2 (CH3), 31.2
(CH2), 31.5 (CH2), 38.1 (C), 40.8 (CH), 43.2 (CH), 70.5 (CH2), 114.8
(2�CH), 120.1 (CH), 120.5 (CH), 129.2 (2�CH), 144.0 (C]), 159.0
(CH) ppm; elemental analysis calcd (%) for C16H20O (228.33): C
84.16, H 8.83; found: C 84.06, H 8.76.

4.2.8.2. (1R)-(þ)-Myrtenyl pentafluorophenyl ether (12). Yield:
6.8 g (71%), colorless oil; [a]D

22¼þ8.9 (c 3.33, CHCl3); 1H NMR
(200 MHz, CDCl3): d¼0.78 (s, 3H, CH3), 0.98 (d, 1H, J¼9.6 Hz, CHH),
1.31 (s, 3H, CH3), 2.04–2.13 (m, 1H), 2.24–2.45 (m, 4H), 4.51–4.63
(m, 2H), 5.60–5.68 (m, 1H, CH]); 13C NMR (50.3 MHz, CDCl3):
d¼20.9 (CH3), 26.0 (CH3), 31.4 (CH2), 31.5 (CH2), 38.0 (C), 40.5 (CH),
43.3 (CH), 77.7 (t, J¼3.4 Hz, CH2), 124.4 (CH]), 143.5 (C]) ppm;
elemental analysis calcd (%) for C16H15F5O (318.28): C 60.38, H 4.75;
found: C 60.26, H 4.71.

4.2.8.3. (1S)-(þ)-10-(4-Nitrophenoxy)isopinocampheol
(16). Yield: 2.4 g (28%), white solid; mp 95–98 �C; [a]D

24¼þ5.6 (c
1.43, CHCl3); 1H NMR (300 MHz, CDCl3): d¼0.94 (s, 3H, CH3), 1.19
(d, 1H, J¼9.9 Hz, CHH), 1.26 (s, 3H, CH3), 1.82 (ddd, 1H, J¼14.1 Hz,
J¼4.8 Hz, 2.4 Hz), 1.97 (bs, 1H, OH), 2.00–2.09 (m, 2H), 2.43–2.62
(m, 3H), 4.05 (dd, 1H, J¼8.7 Hz, J¼6.6 Hz, CHH), 4.14 (dd, 1H,
J¼8.7 Hz, J¼8.7 Hz, CHH), 4.30–4.39 (m, 1H), 6.97 (d, 2H, J¼9.6 Hz,
arom. H), 8.20 (d, 2H, J¼9.6 Hz, arom. H); 13C NMR (50.3 MHz,
CDCl3): d¼24.0 (CH3), 27.3 (CH3), 33.8 (CH2), 37.7 (CH2), 38.0 (C),
41.6 (CH), 43.1 (CH), 52.4 (CH), 67.4 (CH), 72.5 (CH2), 114.5
(2�CH), 126.0 (2�CH), 141.6 (C), 163.8 (C) ppm; elemental anal-
ysis calcd (%) for C16H21NO4 (291.34): C 65.96, H 7.27; found: C
65.87, H 7.20.

4.2.8.4. (1S)-(þ)-10-(4-Methoxyphenoxy)isopinocampheol
(17). Yield: 1.7 g (21%), colorless oil; [a]D

24¼þ1.9 (c 2.27, CHCl3); 1H
NMR (300 MHz, CDCl3): d¼0.93 (s, 3H, CH3), 1.18 (d, 1H, J¼9.9 Hz,
CHH), 1.24 (s, 3H, CH3), 1.80 (ddd, 1H, J¼13.8 Hz, 5.1 Hz, 1.8 Hz),
1.96–2.04 (m, 2H), 2.26 (bs, 1H, OH), 2.36–2.58 (m, 3H), 3.77 (s, 3H,
CH3), 3.89–3.99 (m, 2H, CH2), 4.36–4.42 (m, 1H, CH), 6.84 (s, 2H,
arom. H), 6.85 (s, 2H, arom. H); 13C NMR (75.5 MHz, CDCl3): d¼23.8
(CH3), 27.3 (CH3), 33.9 (CH2), 37.1 (CH2), 38.4 (C), 41.6 (CH), 43.1
(CH), 52.7 (CH), 55.5 (CH3), 67.5 (CH), 72.5 (CH2), 114.4 (2�CH),
115.3 (2�CH), 152.8 (C), 153.8 (C) ppm; elemental analysis calcd (%)
for C17H24O3 (276.37): C 73.88, H 8.75; found: C 73.77, H 8.64.

4.2.8.5. (1S)-(-)-10-Phenylsulfanylisopinocampheol (20). Yield:
2.0 g (45%), yellow oil; [a]D

22¼�11.9 (c 6.15, CHCl3); 1H NMR
(300 MHz, CDCl3): d¼0.92 (s, 3H, CH3), 1.18 (d, J¼9.9 Hz, 1H, CHH),
1.22 (s, 3H, CH3), 1.74 (ddd, 1H, J¼14.2 Hz, J¼4.6 Hz, J¼2.4 Hz), 1.90–
2.02 (m, 2H), 2.08–2.19 (m, 1H), 2.23 (bs, 1H, OH), 2.32–2.61 (m,
2H), 3.03 (d, J¼8.0 Hz, 2H, CH2), 4.28 (qui, 1H, J¼4.8 Hz, CH), 7.16–
7.38 (m, 5H, arom. H); 13C NMR (50.3 MHz, CDCl3): d¼23.8 (CH3),
27.4 (CH3), 33.6 (CH2), 37.8 (CH2), 38.0 (C), 39.1 (CH2), 41.5 (CH),
45.8 (CH), 52.2 (CH), 69.6 (CH), 126.1 (CH), 129.0 (2�CH), 129.1
(2�CH), 136.1 (C) ppm; elemental analysis calcd (%) for C16H22OS
(262.41): C 73.23, H 8.45; found: C 73.16, H 8.38.

4.2.8.6. (1R)-(-)-10-(3,5-Di-tert-butyl-4-hydroxyphenyl)-2-pinene
(23). Yield: 7.5 g (73%), colorless oil; [a]D

22¼�4.5 (c 2.34, CHCl3); 1H
NMR (200 MHz, CDCl3): d¼0.76 (s, 3H, CH3), 1.11 (s, 3H, CH3), 1.37
(d, 1H, J¼9.9 Hz, CH2), 1.43 (s, 18H, 6�CH3), 1.97–2.42 (m, 5H),
3.18–3.27 (m, 2H), 5.03 (s, 1H, OH), 5.25 (m, 1H), 6.98 (s, 2H, arom.
H); 13C NMR (50.3 MHz, CDCl3): d¼21.0 (CH3), 26.2 (CH3), 30.3
(6�CH3), 31.4 (CH2), 31.9 (CH2), 34.2 (2�C), 37.8 (C), 40.6 (CH), 43.3
(CH2), 45.4 (CH), 117.3 (CH]), 125.4 (2�CH), 129.9 (C), 135.4 (2�C),
147.6 (C]), 151.8 (C) ppm; elemental analysis calcd (%) for C24H36O
(340.54): C 84.65, H 10.66; found: C 84.71, H 10.74.
4.2.9. General procedure for the preparation of alcohols 29 and
31. To a solution of olefin (15.0 g, 51.5 mmol) in dry THF (75 mL),
borane–dimethyl sulfide complex (5.2 mL, 10 M, 51.5 mmol) was
added dropwise at 0 �C and stirred for 20 h at room temperature.
The reaction mixture was carefully quenched by addition of water
and stirred at room temperature until hydrogen was no longer
evolved. The volatiles were pumped off, then THF (75 mL) was
added. The reaction mixture was immersed in an ice-water bath,
then 3 M sodium hydroxide (8.6 mL, 25.8 mmol) and sodium per-
borate (7.9 g, 51.5 mmol) was added. The reaction mixture was
stirred at 0 �C for 4 h, then at room temperature overnight. After
quenching with sodium chloride, the organic phase was separated
and dried over anhydrous MgSO4 in a presence of MnO2. The sol-
vent was removed under vacuum, and the crude product was
purified by column chromatography (silica gel, chloroform as an
eluent) to give the terpene alcohols with the phenylselenide group
as a yellow oils.

4.2.9.1. (1S)-(-)-10-Phenylselanylisopinocampheol (29). Yield:
10.0 g (63%), yellow oil, [a]D

17¼�35.5 (c 5.18, CHCl3); 1H NMR
(200 MHz, CDCl3): d¼0.90 (s, 3H, CH3), 1.06 (d, 1H, J¼9.0 Hz,
CHH), 1.20 (s, 3H, CH3), 1.70–1.78 (m, 1H), 1.92–2.03 (m, 2H),
2.11–2.22 (m, 1H), 2.34–2.43 (m, 2H), 2.47–2.55 (m, 1H), 3.15 (d,
2H, J¼8.1 Hz, CH2), 4.20–4.28 (m, 1H), 7.24–7.31 (m, 3H, arom.
H), 7.48–7.53 (m, 2H, arom. H); 13C NMR (50.3 MHz, CDCl3):
d¼23.6 (CH3), 27.1 (CH3), 33.4 (CH2), 33.6 (CH2), 37.6 (CH2), 37.8
(C), 41.3 (CH), 46.4 (CH), 52.8 (CH), 69.9 (CH), 126.7 (CH), 129.0
(2�CH), 129.9 (C), 132.2 (2�CH); 77Se NMR (38.1 MHz, CDCl3):
d¼277.1 (Se) ppm; elemental analysis calcd (%) for C16H22OSe
(309.31): C 62.13, H 7.17; found: C 62.11, H 7.22.

4.2.9.2. (1S)-(-)-10-Phenylselanyl-4-isocaranol (31). Yield: 5.3 g
(33%), yellow oil; [a]D

21¼�63.4 (c 1.58, CHCl3); 1H NMR (300 MHz,
CDCl3): d¼0.62 (m, 2H), 0.85–0.88 (m, 1H), 0.92 (s, 3H, CH3), 0.97 (s,
3H, CH3), 1.45–1.67 (m, 3H), 2.06 (dd, 1H, J¼14.4 Hz, J¼6.9 Hz), 2.13–
2.27 (m, 1H), 2.85 (dd, 1H, J¼12.0 Hz, J¼7.5 Hz, CHH), 3.25 (dd, 1H,
J¼12.0 Hz, 3.9 Hz, CHH), 3.32–3.42 (m, 1H, CH), 7.19–7.38 (m, 3H,
arom. H), 7.45–7.55 (m, 2H, arom. H); 13C NMR (50.3 MHz, CDCl3):
d¼15.8 (CH3), 17.8 (C), 20.0 (CH), 21.4 (CH), 26.1 (CH2), 28.7 (CH3),
30.7 (CH2), 32.0 (CH2), 42.3 (CH), 72.7 (CH), 126.6 (CH), 129.1
(2�CH), 131.1 (C), 132.2 (2�CH) ppm; elemental analysis calcd (%)
for C16H22OSe (309.31): C 62.13, H 7.17; found: C 62.32, H 7.45.

4.3. Synthesis of tosylates

4.3.1. (1S)-(þ)-10-Methoxyisopinocampheyl tosylate (32). Yield:
3.60 g (67%), colorless oil; [a]D

24¼þ36.1 (c 7.4, CHCl3); 1H NMR
(200 MHz, CDCl3): d¼0.83 (s, 3H, CH3), 1.14 (d, 1H, J¼9.6 Hz, CHH),
1.19 (s, 3H, CH3), 1.85–1.99 (m, 2H), 2.03–2.14 (m, 2H), 2.32–2.42 (m,
2H), 2.44 (s, 3H, CH3), 3.14 (s, 3H, OCH3), 3.16–3.22 (m, 2H), 4.80
(ddd, 1H, J¼9.6 Hz, J¼5.4 Hz, J¼4.2 Hz, CH), 7.26–7.36 (m, 2H, arom.
H), 7.78–7.84 (m, 2H, arom. H); 13C NMR (50.3 MHz, CDCl3): d¼21.5
(CH3), 24.0 (CH3), 27.0 (CH3), 32.9 (CH2), 36.1 (CH2), 38.0 (C), 41.3
(CH), 42.6 (CH), 49.1 (CH), 58.4 (OCH3), 74.1 (CH2), 77.9 (CH), 127.8
(2�CH), 129.6 (2�CH), 134.6 (C), 144.4 (C) ppm; elemental analysis
calcd (%) for C18H26O4S (338.46): C 63.88, H 7.74; found: C 63.97,
H 7.93.

4.3.2. (1S)-(þ)-10-Phenoxyisopinocampheyl tosylate (33). Yield:
2.08 g, (69%), white solid; mp 92–94 �C; [a]D

19¼þ41.2 (c 2.32,
CHCl3); 1H NMR (200 MHz, CDCl3): d¼0.90 (s, 3H, CH3), 1.14 (d, 1H,
J¼9.9 Hz, CHH), 1.21 (s, 3H, CH3), 1.91–2.15 (m, 2H), 2.18–2.26 (m,
1H), 2.36 (s, 3H, CH3), 2.37–2.62 (m, 3H), 3.69 (d, 2H, J¼7.0 Hz, CH2),
4.91–5.01 (m, 1H), 6.72 (d, 2H, J¼8.2 Hz, arom. H). 6.89–6.97 (m, 1H,
arom. H), 7.22–7.29 (m, 4H, arom. H), 7.82 (d, 2H, J¼8.2 Hz, arom.
H); 13C NMR (75.5 MHz, CDCl3): d¼21.6 (CH3), 24.2 (CH3), 27.0
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(CH3), 33.6 (CH2), 36.1 (CH2), 38.1 (C), 41.3 (CH), 42.9 (CH), 48.9
(CH), 68.5 (CH2), 77.2 (CH), 114.4 (2�CH), 120.7 (CH), 127.8 (2�CH),
129.3 (2�CH), 129.8 (2�CH), 134.2 (C), 144.6 (C), 158.5 (C) ppm;
elemental analysis calcd (%) for C23H28O4S (400.53): C 68.97, H 7.05;
found: C 68.85, H 7.01.

4.3.3. (1S)-(þ)-10-(4-Nitrophenoxy)isopinocampheyl tosylate
(34). Yield: 1.80 g (91%), white solid; mp 98–99 �C; [a]D

23¼þ23.8 (c
1.63, CHCl3); 1H NMR (200 MHz, CDCl3): d¼0.92 (s, 3H, CH3), 1.18 (d,
1H, J¼9.9 Hz, CHH), 1.23 (s, 3H, CH3), 1.90–2.08 (m, 2H), 2.15–2.24
(m, 1H), 2.40 (s, 3H, CH3), 2.41–2.58 (m, 2H), 2.60–2.71 (m, 1H),
3.81–4.00 (m, 2H, CH2), 4.96–5.05 (m, 1H), 6.83 (d, 2H, J¼7.8 Hz,
arom. H), 7.28 (d, 2H, J¼7.8 Hz, arom. H), 7.82 (d, 2H, J¼7.8 Hz, arom.
H), 8.18 (d, 2H, J¼7.8 Hz, arom. H); 13C NMR (75.5 MHz, CDCl3):
d¼21.6 (CH3), 24.2 (CH3), 27.0 (CH3), 33.3 (CH2), 35.8 (CH2), 38.1 (C),
41.3 (CH), 42.9 (CH), 48.9 (CH), 69.6 (CH2), 76.7 (CH), 114.4 (2�CH),
125.8 (2�CH), 127.7 (2�CH), 129.8 (2�CH), 134.4 (C), 141.6 (C), 144.8
(C), 163.6 (C) ppm; elemental analysis calcd (%) for C23H27NO6S
(445.53): C 62.00, H 6.11; found: C 61.98, H 6.06.

4.3.4. (1S)-(þ)-10-(4-Methoxyphenoxy)isopinocampheyl tosylate
(35). Yield: 1.32 g (83%), white solid; mp 73–76 �C; [a]D

21¼þ39.6 (c
4.03, CHCl3); 1H NMR (200 MHz, CDCl3): d¼0.89 (s, 3H, CH3), 1.17 (d,
1H, J¼9.9 Hz, CHH), 1.21 (s, 3H, CH3), 1.84–2.12 (m, 3H), 2.18–2.24
(m, 1H), 2.38 (s, 3H, CH3), 2.40–2.62 (m, 2H), 3.65 (d, 2H, J¼7.2 Hz,
CH2), 3.77 (s, 3H, OCH3), 4.91–5.01 (m, 1H), 6.60–6.68 (m, 2H, arom.
H), 6.77–6.89 (m, 2H, arom. H), 7.26–7.36 (m, 2H, arom. H), 7.76–
7.84 (m, 2H, arom. H); 13C NMR (75.5 MHz, CDCl3): d¼21.5 (CH3),
24.1 (CH3), 27.0 (CH3), 33.2 (CH2), 36.0 (CH2), 38.0 (C), 41.3 (CH),
42.9 (CH), 49.0 (CH), 55.6 (OCH3), 69.3 (CH2), 77.2 (CH), 114.4
(2�CH), 115.2 (2�CH), 127.7 (2�CH), 129.7 (2�CH), 134.2 (C), 144.5
(C), 152.6 (C), 153.7 (C) ppm; elemental analysis calcd (%) for
C24H30O5S (430.56): C 66.95, H 7.02; found: C 66.92; H 6.93.

4.3.5. (1S)-(þ)-10-Phenylsulphanylisopinocampheyl tosylate
(37). Yield: 2.50 g (79%), yellow solid; mp 95–96 �C; [a]D

20¼þ19.2 (c
1.88, CHCl3); 1H NMR (200 MHz, CDCl3): d¼0.87 (s, 3H, CH3), 1.03 (d,
1H, J¼9.9 Hz, CHH), 1.18 (s, 3H, CH3), 1.82–2.05 (m, 2H), 2.22–2.41
(m, 4H), 2.43 (s, 3H, CH3), 2.76 (dd, 1H, J¼10.5, J¼9.9 Hz, CHH), 2.98
(dd, 1H, J¼10.5 Hz, J¼3.8 Hz, CHH), 4.82–4.94 (m, 1H), 7.16–7.26 (m,
5H, arom. H), 7.34 (d, 2H, J¼7.8 Hz, arom. H), 7.80 (d, 2H, J¼7.8 Hz,
arom. H); 13C NMR (50.3 MHz, CDCl3): d¼21.6 (CH3), 23.8 (CH3), 27.0
(CH3), 33.0 (CH2), 36.2 (CH2), 36.6 (CH2), 38.1 (C), 41.2 (CH), 43.1
(CH), 48.8 (CH), 80.5 (CH), 125.9 (CH), 127.8 (2�CH), 128.8 (4�CH),
129.8 (2�CH), 134.3 (C), 136.1 (C), 144.7 (C) ppm; elemental analysis
calcd (%) for C23H28O3S2 (416.60): C 66.31, H 6.77; found: C 66.39,
H 6.70.

4.3.6. (1S)-(þ)-10-(Phenylselanyl)isopinocampheyl tosylate
(38). Yield: 4.61 g (88%), white solid; mp 67–69 �C [a]D

22¼þ5.7 (c
7.60, CHCl3); 1H NMR (300 MHz, CDCl3): d¼0.84 (s, 3H, CH3), 1.01 (d,
1H, J¼9.9 Hz, CHH), 1.14 (s, 3H, CH3), 1.86–2.00 (m, 2H), 2.24–2.42
(m, 4H), 2.43 (s, 3H, CH3), 2.77 (dd, 1H, J¼12.3 Hz, J¼12.3 Hz, CHH),
2.93 (dd, 1H, J¼12.3 Hz, J¼4.2 Hz, CHH), 4.75 (ddd, 1H, J¼9.6 Hz,
J¼5.4 Hz, J¼4.2 Hz, CH), 7.21–7.26 (m, 3H, arom. H), 7.31 (d, 2H,
J¼8.4 Hz, arom. H), 7.36–7.41 (m, 2H, arom. H), 7.79 (d, 2H, J¼8.4 Hz,
2�CH); 13C NMR (50.3 MHz, CDCl3): d¼21.6 (CH3), 23.7 (CH3), 26.9
(CH3), 31.0 (CH2), 33.0 (CH2), 36.1 (CH2), 38.0 (C), 41.2 (CH), 43.7
(CH), 49.8 (CH), 81.1 (CH), 126.7 (CH), 127.7 (2�CH), 129.0 (2�CH),
129.7 (2�CH), 130.2 (C), 132.2 (2�CH), 134.2 (C), 144.6 (C); 77Se
NMR (38.1 MHz, CDCl3): d¼280.8 (Se) ppm; elemental analysis
calcd (%) for C23H28O3SSe (463.49): C 59.60, H 6.09; found: C 59.64,
H 6.16.

4.3.7. (1S)-10-(Tetrahydro-2H-pyran-2-yloxy)isopinocampheyl tosy-
late (58). Yield: 4.9 g (68), colorless oil; 1H NMR (300 MHz, CDCl3):
mixture of diastereomers d¼0.85 (s, 3H, CH3), 1.11–1.16 (m, 1H), 1.20
(s, 3H, CH3), 1.42–1.65 (m, 5H), 1.68–2.19 (m, 5H), 2.34 (m, 2H), 2.44
(s, 3H, CH3), 3.16–3.22 (m, 1H), 3.42–3.65 (m, 2H), 3.72–3.84 (m,
1H), 4.40–4.46 (m, 1H), 4.80–4.95 (m, 1H), 7.35 (m, 2H, arom. H),
7.81 (m, 2H, arom. H); 13C NMR (50.3 MHz, CDCl3): mixture of dia-
stereomers d¼19.2 (CH2), 19.3 (CH2), 21.6 (2�CH3), 24.0 (CH3), 24.2
(CH3), 25.3 (CH2), 25.4 (CH2), 27.0 (CH3), 27.1 (CH3), 30.3 (CH2), 30.4
(CH2), 32.9 (CH2), 33.4 (CH2), 36.0 (CH2), 36.1 (CH2), 38.0 (C), 38.1
(C), 41.3 (CH), 41.4 (CH), 42.8 (CH), 43.4 (CH), 49.4 (CH), 49.5 (CH),
61.8 (2�CH2), 68.6 (CH2), 68.8 (CH2), 77.7 (CH), 77.9 (CH), 98.5 (CH),
98.9 (CH), 127.7 (2�CH), 129.9 (2�CH), 134.7 (C), 144.4 (C) ppm;
elemental analysis calcd (%) for C23H34O5S (422.58): C 65.37, H 8.11;
found: C 65.53, H 8.23.

4.3.8. (1S)-(þ)-10-Pentafluorophenoxyisopinocampheyl tosylate
(60). Yield: 1.80 g (69%), white solid; mp 90–92 �C; [a]D

19¼þ33.4 (c
1.64, CHCl3); 1H NMR (200 MHz, CDCl3): d¼0.83 (s, 3H, CH3), 1.17 (d,
1H, J¼9.9 Hz, CHH), 1.21 (s, 3H, CH3), 1.82–2.17 (m, 2H), 2.21–2.32
(m, 1H), 2.43 (s, 3H, CH3), 2.45–2.70 (m, 3H), 3.88 (d, 2H, J¼7.4 Hz,
CH2), 4.77–4.87 (m, 1H, CHSe), 7.28 (d, 2H, J¼7.8 Hz, arom. H), 7.78
(d, 2H, J¼7.8 Hz, arom. H); 13C NMR (50.3 MHz, CDCl3): d¼21.4
(CH3), 23.9 (CH3), 26.9 (CH3), 32.7 (CH2), 36.1 (CH2), 38.0 (C), 41.2
(CH), 42.3 (CH), 49.6 (CH), 76.1 (CH), 76.2 (CH2), 127.8 (2�CH), 129.6
(2�CH), 134.2 (C), 144.6 (C) ppm; elemental analysis calcd (%) for
C23H23F5O4S (490.48): C 56.32, H 4.73; found: C 56.23, H 4.70.

4.3.9. (1S)-(-)-10-Phenylselanyl-4-isocaranyl tosylate (92). Yield:
2.42 g (40%), yellow oil; [a]D

20¼�36.6 (c 4.40, CHCl3); 1H NMR
(200 MHz, CDCl3): d¼0.63–0.83 (m, 2H), 0.86 (s, 3H, CH3), 0.96 (s,
3H, CH3), 1.64–1.89 (m, 3H), 2.20–2.36 (m, 2H), 2.40 (dd, 1H,
J¼12.2 Hz, J¼9.8 Hz, CHH), 2.43 (s, 3H, CH3), 3.10 (dd, 1H, J¼12.2 Hz,
J¼3.4 Hz, CHH), 4.28 (dt, 1H, J¼9.8 Hz, J¼7.2 Hz, CH), 7.19–7.42 (m,
7H, arom. H), 7.77 (d, 2H, J¼8.4 Hz, arom. H); 13C NMR (50.3 MHz,
CDCl3): d¼15.6 (CH3), 17.9 (C), 19.7 (CH), 20.6 (CH), 21.6 (CH3), 25.4
(CH2), 27.7 (CH2), 28.2 (CH3), 30.6 (CH2), 39.9 (CH), 85.1 (CH), 126.5
(CH), 127.6 (2�CH), 129.0 (2�CH), 129.7 (2�CH), 130.6 (C), 131.9
(2�CH), 134.4 (C), 144.5 (C) ppm; elemental analysis calcd (%) for
C23H28O3SSe (463.49): C 59.60, H 6.09; found: C 59.52, H 6.01.

4.4. Synthesis of chlorides

4.4.1. (1S)-(-)-10-Hydroxypinocampheyl chloride (39). A mixture of
(1S)-10-(tetrahydro-2H-pyran-2-yloxy)pinocampheyl chloride
(2.0 g, 7.3 mmol) and p-toluenesulfonic (100 mg) acid in methanol
(50 mL) was stirred at 50 �C for 4 h. The resulting mixture was
allowed to stir at room temperature, then a saturated solution of
sodium hydrogen carbonate (10 mL) was added and stirring was
continued for another 30 min. The organic phase was separated,
and the aqueous layer was extracted with ethyl acetate (2�50 mL).
The combined organic phases were washed with water and brine,
dried over MgSO4, filtered and the solvent was removed under
vacuum. The crude product was purified by column chromatogra-
phy (silica gel, petroleum ether/chloroform/ethyl acetate¼15/7/1 as
an eluent) to afford deprotected alcohol 39 (1.20 g, 86%) as a col-
orless oil. [a]D

21¼�18.0 (c 3.9, CHCl3); 1H NMR (200 MHz, CDCl3):
d¼0.88 (s, 3H; CH3), 1.12 (d, J¼9.8 Hz, 1H, CHH), 1.22 (s, 3H, CH3),
1.75–1.84 (m, 1H), 1.93–2.02 (m, 2H), 2.08 (bs, 1H, OH), 2.20–2.35
(m, 1H), 2.38–2.62 (m, 2H), 3.54 (dd, J¼10.4, J¼6.2 Hz, 1H, CHH),
3.54 (dd, J¼10.4, J¼10.4 Hz, 1H, CHH), 4.28 (qui, J¼5.4, 1H, CHSe);
13C NMR (50.3 MHz, CDCl3): d¼23.6 (CH3), 27.0 (CH3), 33.0 (CH2),
37.3 (CH2), 37.6 (C), 41.3 (CH), 44.4 (CH), 48.5 (CH2), 55.5 (CH), 67.9
(CH) ppm; elemental analysis calcd (%) for C10H17ClO (188.69): C
63.35, H 9.08; found: C 66.31, H 9.04.

4.4.2. (1S)-(-)-10-Methoxypinocampheyl chloride (40). Yield: 4.60 g
(69%), colorless oil; bp 54–56 �C/0.3 Torr; [a]D

24¼�24.2 (c 5.9,



J. Ścianowski et al. / Tetrahedron 65 (2009) 10162–1017410172
CHCl3); 1H NMR (200 MHz, CDCl3): d¼0.98 (s, 3H, CH3), 1.20 (s, 3H,
CH3), 1.24 (d, 1H, J¼9.8 Hz, CHH), 1.85–1.96 (m, 1H), 2.14–2.28 (m,
3H), 2.56–2.79 (m, 2H), 3.33 (s, 3H, OCH3), 3.44 (dd, 1H, J¼10.2 Hz,
J¼5.8, Hz, CHH), 3.86 (dd, 1H, J¼10.2 Hz, J¼8.6 Hz, CHH), 4.73 (dt,
1H, J¼8.6 Hz, J¼6.0 Hz, CH); 13C NMR (50.3 MHz, CDCl3): d¼22.8
(CH3), 26.8 (CH3), 27.7 (CH2), 38.6 (CH2), 39.0 (C), 41.2 (CH), 45.3
(CH), 45.4 (CH), 53.5 (CH), 58.2 (OCH3), 74.3 (CH2) ppm; elemental
analysis calcd (%) for C11H19ClO (202.74): C 65.17, H 9.45; found: C
65.34, H 9.61.

4.4.3. (1S)-(-)-10-Phenoxypinocampheyl chloride (41). Yield: 1.71 g
(43%), colorless liquid; [a]D

20¼�23.3 (c 2.06, CHCl3). 1H NMR
(300 MHz, CDCl3): d¼1.06 (s, 3H, CH3), 1.23 (s, 3H, CH3), 1.25 (d, 1H,
J¼9.9 Hz, CHH), 1.93–1.99 (m, 1H), 2.24–2.39 (m, 3H), 2.69 (ddd, 1H,
J¼14.4 Hz, J¼9.9 Hz, J¼4.8 Hz), 3.02 (dddd, 1H, J¼10.2 Hz,
J¼10.2 Hz, J¼6.9 Hz, J¼3.3 Hz), 4.05 (dd, 1H, J¼9.9 Hz, J¼6.9 Hz,
CHH), 4.50 (dd, 1H, J¼9.9 Hz, J¼6.3 Hz, CHH), 4.82 (ddd, 1H,
J¼10.2 Hz, J¼10.2 Hz, J¼7.2 Hz, CH), 6.68–6.98 (m, 2H, arom. H),
7.23–7.37 (m, 3H, arom. H); 13C NMR (75.5 MHz, CDCl3): d¼22.8
(CH3), 26.9 (CH3), 27.7 (CH2), 38.6 (CH2), 39.1 (C), 41.1 (CH), 44.5
(CH), 44.8 (CH), 53.1 (CH), 69.2 (CH2), 114.7 (2�CH), 120.6 (CH),
129.4 (2�CH), 158.8 (C) ppm; elemental analysis calcd (%) for
C16H21ClO (264.79): C 72.57, H 7.99; found: C 72.54, H 7.98.

4.4.4. (1S)-(-)-10-Pentafluorophenoxypinocampheyl chloride
(42). Yield: 3.70 g (72%), colorless oil; [a]D

22¼�35.6 (c 4.10, CHCl3);
1H NMR (300 MHz, CDCl3): d¼1.01 (s, 3H, CH3),1.24 (s, 3H, CH3),1.28
(d, 1H, J¼9.9 Hz, CHH), 1.90–1.99 (m, 1H), 2.25 (ddt, 1H, J¼14.4 Hz,
J¼7.5 Hz, J¼1.5 Hz), 2.31–2.41 (m, 2H), 2.68 (ddd, 1H, J¼14.4 Hz,
J¼9.9 Hz, J¼4.8 Hz), 3.02 (dddd, 1H, J¼9.9 Hz, J¼9.9 Hz, J¼6.6 Hz,
J¼3.0 Hz), 4.28 (dd, 1H, J¼9.6 Hz, J¼7.2 Hz, CHH), 4.64 (dd, 1H,
J¼9.6 Hz, J¼6.6 Hz, CHH), 4.77 (ddd,1H, J¼9.9 Hz, J¼9.9 Hz, J¼7.2 Hz,
CHSe); 13C NMR (75.5 MHz, CDCl3): d¼22.7 (CH3), 26.7 (CH3), 27.6
(CH2), 38.6 (CH2), 39.0 (C), 41.0 (CH), 44.6 (CH), 45.4 (CH), 52.3 (CH),
77.0 (t, J¼2.9 Hz, CH2) ppm; elemental analysis calcd (%) for
C16H16ClF5O (354.74): C 54.17, H 4.55; found: C 54.16, H 4.52.

4.4.5. (1S)-(-)-10-Phenylsulfanylpinocampheyl chloride (43). Yield:
1.30 g (41%), colorless liquid; [a]D

20¼�32.2 (c 4.90, CHCl3); 1H NMR
(300 MHz, CDCl3): d¼1.08 (s, 3H, CH3), 1.18 (d, 1H, J¼10.2 Hz, CHH),
1.21 (s, 3H, CH3), 1.90–1.96 (m, 1H), 2.20–2.42 (m, 3H), 2.66 (ddd, 1H
J¼14.7 Hz, J¼9.9 Hz, J¼5.1 Hz), 2.70–2.79 (m, 1H), 3.12 (dd, 1H,
J¼13.5 Hz, J¼9.3 Hz, CHH), 3.58 (dd, 1H, J¼13.5 Hz, J¼6.0 Hz, CHH),
4.77 (ddd, 1H, J¼9.9 Hz, J¼9.9 Hz, J¼7.8 Hz, CH), 7.22–7.36 (m, 5H,
arom. H); 13C NMR (75.5 MHz, CDCl3): d¼22.8 (CH3), 26.8 (CH3),
27.9 (CH2), 35.9 (CH2), 38.7 (CH2), 39.2 (C), 41.2 (CH), 44.4 (CH), 45.0
(CH), 54.7 (CH), 125.7 (CH), 128.8 (2�CH), 128.9 (2�CH), 136.9 (C)
ppm; elemental analysis calcd (%) for C16H21ClS (280.86): C 68.42; H
7.54%. found: C 68.65, H 7.83.

4.4.6. (1S)-(-)-10-Phenylselanylpinocampheyl chloride (44). Yield:
3.10 g (73%), yellow oil; [a]D

21¼�47.5 (c 10.54, CHCl3); 1H NMR
(300 MHz, CDCl3): d¼1.05 (s, 3H, CH3), 1.17 (s, 3H, CH3), 1.19 (d, 1H,
J¼9.6 Hz, CHH), 1.89–1.95 (m, 1H), 2.17–2.40 (m, 3H), 2.65 (ddd, 1H,
J¼14.4 Hz, J¼9.6 Hz, J¼4.5 Hz), 2.83 (dddd, 1H, J¼9.6 Hz, J¼9.6 Hz,
J¼6.3 Hz, J¼3.3 Hz), 3.11 (dd, 1H, J¼12.3 Hz, J¼9.6 Hz, CHH), 3.57
(dd, 1H, J¼12.3 Hz, J¼6.3 Hz, CHH), 4.75 (dt, 1H, J¼9.9 Hz, J¼7.5 Hz,
CH), 7.20–7.31 (m, 3H, arom. H), 7.46–7.54 (m, 2H, arom. H); 13C
NMR (50.3 MHz, CDCl3): d¼22.7 (CH3), 26.8 (CH3), 28.0 (CH2), 31.0
(CH2), 38.6 (CH2), 39.0 (C), 41.2 (CH), 45.6 (CH), 45.8 (CH), 55.1 (CH),
126.5 (CH), 128.9 (2�CH), 131.0 (C), 132.3 (2�CH); 77Se NMR
(38.1 MHz, CDCl3): d¼299.8 (Se) ppm; elemental analysis calcd (%)
for C16H21ClSe (327.75): C 58.63, H 6.46; found: C 58.77, H 6.59.

4.4.7. (1S)-10-(Tetrahydro-2H-pyran-2-yloxy)pinocampheyl chloride
(59). Yield: 3.0 g (62%), colorless oil; bp 80–82 �C/0.4 mmHg; 1H
NMR (300 MHz, CDCl3): mixture of diastereomers d¼0.88 (s, 3H,
CH3), 1.10 (d, J¼9.6 Hz, 1H, CHH), 1.24 (s, 3H, CH3), 1.50–1.60 (m, 2H),
1.68–2.03 (m, 5H), 2.16–2.54 (m, 4H), 3.47–3.54 (m, 2H), 3.64 (dd,
J¼10.5, J¼6.6 Hz, 1H, CHH), 3.80 (dd, J¼10.5, J¼4.5 Hz, 1H CHH), 3.86
(m, 2H), 4.68–4.78 (m, 1H); 13C NMR (50.3 MHz, CDCl3): mixture of
diastereomers d¼19.4 (CH2), 20.0 (CH2), 23.4 (CH3), 23.6 (CH3), 25.5
(CH2), 25.6 (CH2), 27.1 (CH3), 27.2 (CH3), 31.2 (CH2), 32.2 (CH2), 32.5
(CH2), 35.1 (CH2), 36.9 (CH2), 38.0 (C), 38.3 (C), 41.3 (CH), 41.5 (CH),
41.9 (CH), 43.1 (CH), 47.4 (CH2), 48.0 (CH2), 52.7 (CH), 53.2 (CH), 62.5
(CH2), 63.1 (CH2), 70.5 (CH), 73.3 (CH), 96.0 (CH), 99.3 (CH) ppm;
elemental analysis calcd (%) for C15H25ClO2 (272.81): C 66.04, H
9.24; found: C 66.31, H 9.54.

4.4.8. (1S)-(þ)-10-Phenylselanyl-4-caranyl chloride (96). Yield:
2.80 g (76%), yellow oil; [a]D

20¼þ83.6 (c 4.26, CHCl3); 1H NMR
(300 MHz, CDCl3): d¼0.38 (dt, 1H, J¼9.3 Hz), 0.83–0.97 (m, 2H),
0.99 (s, 3H, CH3), 1.09 (s, 3H, CH3), 1.64–1.74 (m, 1H), 1.78–1.87 (m,
1H), 1.98 (dt, 1H, J¼17.1 Hz, J¼2.4 Hz), 2.59 (dt, 1H, J¼17.1 Hz,
J¼9.0 Hz), 2.87 (dd, 1H, J¼12.6 Hz, J¼6.6 Hz, CHH), 2.87 (dd, 1H,
J¼12.6 Hz, J¼8.1 Hz, CHH), 4.56–4.63 (m, 1H, CH), 7.21–7.31 (m, 3H,
arom. H), 7.45–7.53 (m, 2H, arom. H); 13C NMR (75.5 MHz, CDCl3):
d¼15.9 (CH3), 17.4 (CH), 18.0 (C), 20.7 (CH2), 23.4 (CH), 28.6 (CH3),
29.2 (CH2), 32.0 (CH2), 40.0 (CH), 61.3 (CH), 126.8 (CH), 129.0
(2�CH), 130.3 (C), 132.5 (2�CH); 77Se NMR (38.1 MHz, CDCl3):
d¼266.7 (Se); elemental analysis calcd (%) for C16H21ClSe (327.75):
C 58.63, H 6.46; found: C 58.76, H 6.57.

4.5. Synthesis of diselenides

4.5.1. (1S,1 0S)-(þ)-Bis(10-methoxypinocampheyl) diselenide
(45). Yield: 2.10 g (81%), yellow oil; [a]D

30¼þ44.2 (c 3.6, CHCl3); 1H
NMR (200 MHz, CDCl3): d¼0.92 (s, 6H, CH3), 1.19 (s, 6H, CH3), 1.37
(d, 2H, J¼9.3 Hz, CHH), 1.90–1.95 (m, 2H), 2.06 (dd, 2H, J¼14.1 Hz,
J¼9.3 Hz), 2.14–2.24 (m, 4H), 2.52 (ddd, 2H, J¼14.1 Hz, J¼9.3 Hz,
J¼4.8 Hz), 2.64–2.70 (m, 2H), 3.32 (s, 6H, OCH3), 3.43 (dd, 2H,
J¼9.3 Hz, J¼6.0 Hz, CHH), 3.79 (dd, 2H, J¼9.3 Hz, J¼7.2 Hz, CHH),
4.11 (q, 2H, J¼9.6 Hz, CH); 13C NMR (50.3 MHz, CDCl3): d¼23.0
(2�CH3), 27.1 (2�CH3), 27.2 (2�CH2), 36.4 (2�CH2), 37.5 (2�CH),
39.2 (2�C), 41.8 (2�CH), 44.4 (2�CH), 45.6 (2�CH), 58.2 (2�OCH3),
76.2 (2�CH2); 77Se NMR (38.1 MHz, CDCl3): d¼366.5 ppm; ele-
mental analysis calcd (%) for C22H38Se2 (492.46): C 53.66, H 7.78;
found: C 53.81, H 7.94.

4.5.2. (1S,1 0S)-(þ)-Bis(10-phenoxypinocampheyl) diselenide
(46). Yield: 170 mg (30%), yellow oil; [a]D

18¼þ131.8 (c 6.23, CHCl3);
1H NMR (300 MHz, CDCl3): d¼1.00 (s, 6H, CH3), 1.23 (s, 6H, CH3),
1.42 (d, 2H, J¼10.2 Hz, CHH), 1.97 (q, 2H, J¼4.8 Hz,), 2.06 (dd, 2H,
J¼13.8 Hz, J¼9.3 Hz,), 2.23–2.38 (m, 4H), 2.56 (ddd, 2H, J¼13.8 Hz,
J¼9.6 Hz, J¼4.8 Hz), 2.95 (dddd, 2H, J¼10.5 Hz, J¼10.5 Hz, J¼6.9 Hz,
J¼3.6 Hz), 4.04 (dd, 2H, J¼9.6 Hz, J¼6.9 Hz, CHH), 4.20 (q, 2H,
J¼9.9 Hz, CHSe), 4.46 (dd, 2H, J¼9.6 Hz, J¼6.9 Hz, CHH), 6.90–6.97
(m, 6H, arom. H), 7.23–7.32 (m, 4H, arom. H); 13C NMR (50.3 MHz,
CDCl3): d¼23.0 (2�CH3), 27.2 (2�CH3), 27.3 (2�CH2), 36.2 (2�CH2),
37.4 (2�CH), 39.2 (2�C), 41.7 (2�CH), 43.4 (2�CH), 45.1 (2�CH),
71.0 (2�CH2), 114.7 (4�CH), 120.5 (2�CH), 129.3 (4�CH), 158.6
(2�C); 77Se NMR (38.1 MHz, CDCl3): d¼364.7 (Se2) ppm; elemental
analysis calcd (%) for C32H42O2Se2 (616.59): C 62.33, H 6.8; found: C
62.21; H 6.84.

4.5.3. (1S,10S)-(þ)-Bis[10-(4-nitrophenoxy)pinocampheyl] diselenide
(47). Yield: 320 mg (27%), yellow solid; mp 43–45 �C;
[a]D

21¼þ170.1 (c 1.82, CHCl3); 1H NMR (200 MHz, CDCl3): d¼0.97
(s, 6H, CH3), 1.23 (s, 6H, CH3), 1.42 (d, 2H, J¼9.9 Hz, CHH), 1.94–
2.10 (m, 4H), 2.22–2.38 (m, 4H), 2.52 (ddd, 2H, J¼14.1 Hz,
J¼6.9 Hz, J¼4.2 Hz), 2.86–2.97 (m, 2H), 4.11 (dd, 2H, J¼9.6 Hz,
J¼6.6 Hz, CHH), 4.18 (q, 2H, J¼9.6 Hz, CHSe), 4.55 (dd, 2H,
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J¼9.6 Hz, J¼6.9 Hz, CHH), 6.92 (d, 4H, J¼9.2 Hz, arom. H), 8.16 (d,
4H, J¼9.2 Hz, arom. H); 13C NMR (75.5 MHz, CDCl3): d¼23.0
(2�CH3), 27.0 (2�CH3), 27.1 (2�CH2), 35.7 (2�CH2), 37.5 (2�CH),
39.0 (2�C), 41.4 (2�CH), 43.0 (2�CH), 45.0 (2�CH), 72.2 (2�CH2),
114.5 (4�CH), 125.8 (4�CH), 141.3 (2�C), 144.8 (2�C), 163.6
(2�C); 77Se NMR (38.1 MHz, CDCl3): d¼361.4 (Se2) ppm; ele-
mental analysis calcd (%) for C32H40N2O6Se2 (706.59): C 54.39, H
5.71; found: C 54.29, H 5.70.

4.5.4. (1S,10S)-(þ)-Bis[10-(4-methoxyphenoxy)pinocampheyl] di-
selenide (48). Yield: 250 mg (25%), yellow oil; [a]D

23¼þ135.3 (c 5.24,
CHCl3); 1H NMR (300 MHz, CDCl3): d¼0.97 (s, 6H, CH3), 1.21 (s, 6H,
CH3), 1.39 (d, 2H, J¼9.9 Hz, CHH), 1.93–1.98 (m, 2H), 2.07 (dd, 2H,
J¼14.1 Hz, J¼9.6 Hz), 2.12–2.34 (m, 4H), 2.54 (ddd, 2H, J¼14.1 Hz,
J¼9.9 Hz, J¼4.8 Hz), 2.90 (dddd, 2H, J¼10.2 Hz, J¼10.2 Hz, J¼6.6 Hz,
J¼3.6 Hz), 3.76 (s, 6H, OCH3), 3.97 (dd, 2H, J¼9.6 Hz, J¼6.6 Hz, CHH),
4.17 (q, 2H, J¼9.6 Hz, CHSe), 4.38 (dd, 2H, J¼9.6 Hz, J¼6.9 Hz, CHH),
6.78–6.86 (m, 8H, arom. H); 13C NMR (75.5 MHz, CDCl3): d¼23.0
(2�CH3), 27.2 (2�CH3), 27.3 (2�CH2), 36.2 (2�CH2), 37.4 (2�CH),
39.2 (2�C), 41.8 (2�CH), 43.6 (2�CH), 45.2 (2�CH), 55.7 (2�OCH3),
71.9 (2�CH2), 114.6 (4�CH), 115.7 (4�CH), 152.9 (2�C), 153.8 (2�C);
77Se NMR (38.1 MHz, CDCl3): d¼364.9 (Se2) ppm; elemental anal-
ysis calcd (%) for C34H46O4Se2 (676.65): C 60.35, H 6.85; found: C
60.30, H 6.81.

4.5.5. (1S,10S)-(-)-Bis[10-(3,5-di-tert-butyl-4 hydroxyphenyl)pino
campheyl] diselenide (49). Yield: 59.0 mg, (8%), yellow solid; mp
173–175 �C; [a]D

22¼�11.9 (c 1.08, CHCl3); 1H NMR (300 MHz, CDCl3):
d¼1.20 (s, 6H, CH3), 1.24 (s, 6H, CH3), 1.29 (d, 2H, J¼10.2 Hz, CHH),
1.44 (s, 36H, CH3), 1.89–1.98 (m, 4H), 2.12–2.33 (m, 4H), 2.59–2.69
(m, 4H), 2.80 (dd, 2H, J¼12.9 Hz, J¼12.9 Hz), 3.15 (dd, 2H, J¼12.9 Hz,
J¼4.5 Hz), 4.33 (q, 2H, J¼9.9 Hz, CH), 5.02 (s, 2H, OH), 6.95 (s, 4H,
arom. H); 13C NMR (50.3 MHz, CDCl3): d¼24.1 (2�CH3), 27.5
(2�CH3), 27.9 (2�CH2), 30.4 (12�CH3), 34.3 (4�C), 37.3 (2�C), 39.1
(2�CH2), 39.3 (2�CH), 40.4 (2�CH2), 42.1 (2�CH), 43.9 (2�CH),
46.6 (2�CH), 125.8 (4�CHar), 132.5 (2�Car), 135.5 (4�Car), 151.6
(2�Car);

77Se NMR (38.1 MHz, CDCl3): d¼362.0 (Se2) ppm; ele-
mental analysis calcd (%) for C48H74O2Se2 (841.02): C 68.55, H 8.87;
found: C 68.49, H 8.95.

4.5.6. (1S,10S)-(þ)-Bis(10-phenylsulfanylpinocampheyl) diselenide
(50). Yield: 120 mg, (15%), yellow oil; [a]D

22¼þ121.6 (c 0.65, CHCl3);
1H NMR (200 MHz, CDCl3): d¼1.01 (s, 6H, CH3), 1.20 (s, 6H, CH3),
1.33 (d, 2H, J¼9.9 Hz, CHH), 1.86–1.99 (m, 2H), 2.11 (dd, 2H,
J¼13.8 Hz, J¼9.3 Hz), 2.18–2.28 (m, 2H), 2.37–3.77 (m, 6H), 3.18 (dd,
2H, J¼10.2 Hz, J¼9.6 Hz, CHH), 3.56 (dd, 2H, J¼10.2 Hz, J¼4.2 Hz,
CHH), 4.19 (q, 2H, J¼10.2 Hz, CHSe), 7.10–7.37 (m, 10H, arom. H); 13C
NMR (50.3 MHz, CDCl3): d¼22.9 (2�CH3), 27.2 (2�CH3), 27.5
(2�CH2), 36.4 (2�CH2), 38.2 (2�CH), 39.3 (2�C), 40.1 (2�CH), 41.8
(2�CH), 43.0 (2�CH), 45.0 (2�CH), 125.6 (2�CH), 128.8 (4�CH),
128.9 (4�CH), 137.0 (2�C); 77Se NMR (38.1 MHz, CDCl3): d¼360.0
(Se2) ppm; elemental analysis calcd (%) for C32H42S2Se2 (648.73): C
59.25, H 6.53; found: C 59.20, H 6.39.

4.5.7. (1S,10S)-(þ)-Bis(10-Phenylselanylpinocampheyl) diselenide
(51). Yield: 1.09 g (68%), yellow solid; mp 90–92 �C;
[a]D

20¼þ115.5 (c 1.90, CHCl3); 1H NMR (300 MHz, CDCl3): d¼1.00
(s, 6H, CH3), 1.17 (s, 6H, CH3), 1.31 (d, 2H, J¼9.9 Hz, CHH), 1.88–
1.98 (m, 2H), 2.03–2.11 (m, 2H), 2.18–2.29 (m, 2H), 2.35–2.43 (m,
2H), 2.54 (ddd, 2H, J¼14.1 Hz, J¼9.6 Hz, J¼4.1 Hz,), 2.72–2.85 (m,
2H), 3.21 (dd, 2H, J¼12.0 Hz, J¼10.5 Hz, CHH), 3.54 (dd, 2H,
J¼12.0 Hz, J¼6.0 Hz, CHH), 4.15 (q, 2H, J¼9.6 Hz, CH), 7.16–7.32
(m, 6H, arom. H), 7.41–7.53 (m, 4H, arom. H); 13C NMR (50.3 MHz,
CDCl3): d¼22.8 (2�CH3), 27.1 (2�CH3), 27.7 (2�CH2), 33.4
(2�CH2), 36.4 (2�CH2), 39.2 (2�CH), 40.7 (2�CH), 41.8 (2�C),
44.2 (2�CH), 45.6 (2�CH), 126.6 (2�CH), 128.9 (4�CH), 131.1
(2�C), 132.4 (4�CH); 77Se NMR (38.1 MHz, CDCl3): d¼295.0 (Se),
360.2 (Se2) ppm; elemental analysis calcd (%) for C32H42Se4

(742.52): C 51.76, H 5.70; found: C 51.79, H 5.75.

4.5.8. (1S,10S)-(þ)-Bis(10-methoxyisopinocampheyl) diselenide
(53). Yield: 1.80 g (45%), yellow oil; [a]D

30¼þ166.2 (c 4.1, CHCl3); 1H
NMR (200 MHz, CDCl3): d¼0.99 (s, 6H, CH3), 1.19 (d, 2H, J¼9.6 Hz,
CHH), 1.21 (s, 6H, CH3), 1.90–2.01 (m, 2H), 2.10–2.27 (m, 4H), 2.33–
2.64 (m, 6H), 3.33 (s, 6H, CH3), 3.38–3.54 (m, 6H); 13C NMR
(50.3 MHz, CDCl3): d¼23.2 (2�CH3), 27.5 (2�CH3), 32.5 (2�CH2),
35.8 (2�CH), 38.2 (2�CH2), 38.5 (2�C), 42.3 (2�CH), 43.3 (2�CH),
51.5 (2�CH), 58.6 (2�OCH3), 75.6 (2�CH2); 77Se NMR (38.1 MHz,
CDCl3): d¼462.8 ppm; elemental analysis calcd (%) for C22H38Se2

(492.46): C 53.66, H 7.78; found: C 53.63, H 7.80.

4.5.9. (1S,10S)-(þ)-Bis(10-phenoxyisopinocampheyl) diselenide
(54). Yield: 308 mg (19%), yellow oil; [a]D

20¼þ62.6 (c 1.27, CHCl3);
1H NMR (200 MHz, CDCl3): d¼1.01 (s, 6H, CH3), 1.08 (d, 2H,
J¼9.6 Hz, CHH), 1.22 (s, 6H, CH3), 1.93–2.08 (m, 2H), 2.18–2.38 (m,
4H), 2.39–2.72 (m, 8H), 3.50–3.62 (m, 2H), 3.87–4.17 (m, 2H), 6.81–
7.00 (m, 6H, arom. H), 7.19–7.36 (m, 4H, arom. H); 13C NMR
(50.3 MHz, CDCl3): d¼23.3 (2�CH3), 27.5 (2�CH3), 32.7 (2�CH2),
35.4 (2�CH), 38.1 (2�CH2), 38.5 (2�C), 42.3 (2�CH), 43.4 (2�CH),
51.4 (2�CH), 70.0 (2�CH2), 114.4 (4�CH), 120.5 (2�CH), 129.4
(4�CH), 158.8 (2�C); 77Se NMR (38.1 MHz, CDCl3): d¼461.0 (Se2)
ppm; elemental analysis calcd (%) for C32H42O2Se2 (616.59): C
62.33, H 6.87; found: C 62.45, H 6.98.

4.5.10. (1S,10S)-(-)-Bis(10-pentafluorophenoxyisopinocampheyl) di-
selenide (55). Yield: 1.10 g, (33%), yellow oil; [a]D

22¼�12.3 (c 13.36,
CHCl3); 1H NMR (300 MHz, CDCl3): d¼1.03 (s, 6H, CH3), 1.24 (s, 6H,
CH3), 1.26 (d, 2H, J¼9.6 Hz, CHH), 1.94–2.05 (m, 2H), 2.17–2.48 (m,
6H), 2.67 (ddd, 2H, J¼14.4 Hz, J¼9.9 Hz, J¼4.8 Hz), 3.05 (dddd, 2H,
J¼9.9 Hz, J¼9.9 Hz, J¼6.1 Hz, J¼3.0 Hz,), 4.36–4.44 (m, 2H), 4.74–
4.84 (m, 4H); 13C NMR (75.5 MHz, CDCl3): d¼22.7 (2�CH3), 26.7
(2�CH3), 27.5 (2�CH2), 38.5 (2�CH2), 39.0 (2�C), 41.0 (2�CH), 44.6
(2�CH), 45.4 (2�CH), 52.2 (2�CH), 76.5 (t, J¼3.8 Hz, 2�CH2); 77Se
NMR (38.1 MHz, CDCl3): d¼383.5 (Se2) ppm; elemental analysis
calcd (%) for C32H32F10O2Se2 (796.50): C 48.25, H 4.05; found: C
48.44, H 4.21.

4.5.11. (1S,10S)-(þ)-Bis(10-phenylsulfanylisopinocampheyl) diselenide
(56). Yield: 350 mg (23%), yellow oil; [a]D

20¼þ108.7 (c 2.14,
CHCl3); 1H NMR (200 MHz, CDCl3): d¼1.01 (s, 6H, CH3), 1.14 (d,
2H, J¼9.6 Hz, CHH), 1.19 (s, 6H, CH3), 1.92–2.01 (m, 2H), 2.16–2.48
(m, 8H), 2.50–2.66 (m, 2H), 2.94 (dd, 2H, J¼12.8 Hz, J¼10.4 Hz,
CHH), 3.18 (dd, 2H, J¼12.8 Hz, J¼4.2 Hz, CHH), 3.44–3.62 (m, 2H,
CHSe), 7.11–7.37 (m, 10H, arom. H); 13C NMR (50.3 MHz, CDCl3):
d¼23.2 (2�CH3), 27.5 (2�CH3), 32.8 (2�CH2), 38.3 (2�CH2), 38.5
(2�CH), 38.6 (2�C), 39.9 (2�CH), 42.3 (2�CH), 44.2 (2�CH), 51.2
(2�CH), 125.7 (2�CH), 128.7 (4�CH), 128.9 (4�CH), 136.8 (2�C);
77Se NMR (38.1 MHz, CDCl3): d¼458.6 (Se2) ppm; elemental
analysis calcd (%) for C32H42S2Se2 (648.73): C 59.25, H 6.53;
found: C 59.24, H 6.50.

4.5.12. (1S,10S)-(þ)-Bis(10-phenylselanylisopinocampheyl) diselenide
(57). Yield: 311 mg (35%), yellow oil; [a]D

20¼þ64.0 (c 1.00, CHCl3);
1H NMR (300 MHz, CDCl3): d¼1.00 (s, 6H, CH3), 1.15 (d, 2H, J¼9.9 Hz,
CHH), 1.16 (s, 6H, CH3), 1.93–1.98 (m, 2H), 2.18–2.47 (m, 8H), 2.50–
2.61 (m, 2H), 2.99 (dd, 2H, J¼12.0 Hz, J¼10.5 Hz, CHH), 3.54 (dd, 2H,
J¼12.0 Hz, J¼4.8 Hz, CHH), 4.15 (m, 2H, CH), 7.18–7.32 (m, 6H, arom.
H), 7.43–7.53 (m, 4H, arom. H); 13C NMR (50.3 MHz, CDCl3): d¼23.1
(2�CH3), 27.4 (2�CH3), 32.7 (2�CH2), 33.3 (2�CH2), 38.5 (2�CH2),
38.6 (2�C), 40.5 (2�CH), 42.2 (2�CH), 44.9 (2�CH), 52.2 (2�CH),
126.6 (2�CH), 129.0 (4�CH), 130.9 (2�C), 132.2 (4�CH); 77Se NMR
(38.1 MHz, CDCl3): d¼297.3 (Se), 461.2 (Se2) ppm; elemental
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analysis calcd (%) for C32H42Se4 (742.52): C 51.76, H 5.70; found: C
51.85, H 5.68.

4.5.13. (1S,2R,3R,5S)-(-)-3,10-Pinane diselenide (61). Yield: 0.56 g
(22%), red oil; [a]D

22¼�258.1 (c 4.68, CHCl3); 1H NMR (300 MHz,
CDCl3): d¼1.12 (s, 3H, CH3), 1.20 (d, 1H, J¼9.6 Hz, CHH), 1.22 (s, 3H,
CH3), 1.88–1.99 (m, 2H), 2.21–2.33 (m, 2H), 2.39–2.48 (m, 1H), 2.84
(dddd, 1H, J¼13.8 Hz, J¼11.1 Hz, J¼5.7 Hz, J¼3.0 Hz), 3.34 (dd, 1H,
J¼11.1 Hz, J¼5.7 Hz, CHH), 3.68 (dd, 1H, J¼12.9 Hz, J¼11.1 Hz, CHH),
4.49 (dt, 1H, J¼10.5 Hz, J¼6.6 Hz, CHSe); 13C NMR (75.5 MHz,
CDCl3): d¼24.9 (CH3), 27.0 (CH3), 29.1 (CH2), 33.9 (CH2), 39.1 (C),
39.2 (CH2), 40.3 (CH), 41.1 (CH), 46.3 (CH), 56.9 (CH); 77Se NMR
(38.1 MHz, CDCl3): d¼342.3 (Se), 435.2 (Se) ppm; elemental anal-
ysis calcd (%) for C10H16Se2 (294.15): C 40.83, H 5.48; found C 40.87,
H 5.54.

4.5.14. (1S,10S)-(þ)-Bis(10-phenylselanyl-4-caranyl) diselenide
(93). Yield: 490 mg (42%), yellow oil; [a]D

20¼þ140.0 (c 0.50, CHCl3);
1H NMR (200 MHz, CDCl3): d¼0.53 (dt, 2H, J¼9.0 Hz, J¼4.6 Hz),
0.72–0.95 (m, 4H), 0.98 (s, 6H, CH3), 1.03 (s, 6H, CH3), 1.77–2.03 (m,
6H), 2.50 (dt, 2H, J¼16.2 Hz, J¼8.6 Hz), 2.88 (dd, 2H, J¼12.2 Hz,
J¼7.6 Hz, CHH), 3.17 (dd, 2H, J¼12.2 Hz, J¼6.8 Hz, CHH), 3.75 (m, 2H,
CHSe), 7.19–7.30 (m, 6H, arom. H), 7.43–7.57 (m, 4H, arom. H); 13C
NMR (50.3 MHz, CDCl3): d¼16.3 (2�CH3), 18.2 (2�C), 19.6 (2�CH),
22.8 (2�CH), 23.6 (2�CH2), 27.7 (2�CH2), 28.5 (2�CH3), 34.4
(2�CH2), 38.9 (2�CH), 48.5 (2�CH), 126.6 (2�CH), 128.9 (4�CH),
131.0 (2�C), 132.3 (4�CH); 77Se NMR (38.1 MHz, CDCl3): d¼275.4
(Se2), 368.6 (Se) ppm; elemental analysis calcd (%) for C32H42Se4

(742.52): C 51.76, H 5.70; found: C 51.74, H 5.66.

4.5.15. (1S,10S)-(-)-Bis(10-phenylselanyl-4-isocaranyl) diselenide
(97). Yield: 530 mg (47%), yellow oil; [a]D

20¼�108.0 (c 0.50, CHCl3);
1H NMR (300 MHz, CDCl3): d¼0.55–0.78 (m, 4H), 0.93 (m, 2H), 0.99
(s, 12H, CH3), 1.55–1.78 (m, 2H), 2.00 (ddd, 2H, J¼15.0 Hz, J¼6.3 Hz,
J¼3.3 Hz), 2.15–2.27 (m, 4H), 2.87 (m, 2H), 2.90 (dd, 2H, J¼12.0 Hz,
J¼7.8 Hz, CHH), 3.36 (dd, 2H, J¼12.0 Hz, J¼3.9 Hz, CHH), 7.18–7.30
(m, 6H, arom. H), 7.45–7.55 (m, 4H, arom. H); 13C NMR (50.3 MHz,
CDCl3): d¼15.6 (2�CH3), 17.9 (2�C), 20.5 (2�CH), 20.6 (2�CH), 26.6
(2�CH2), 28.6 (2�CH3), 28.9 (2�CH2), 35.3 (2�CH2), 40.2 (2�CH),
47.2 (2�CH), 126.5 (2�CH), 129.0 (4�CH), 131.1 (2�C), 132.2
(4�CH); 77Se NMR (38.1 MHz, CDCl3): d¼255.4 (Se2), 368.7 (Se)
ppm; elemental analysis calcd (%) for C32H42Se4 (742.52): C 51.76, H
5.70; found: C 51.71, H 5.65.
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