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Abstract—The synthesis of chiral, rigid analogues of glycerol and cyclitols has been achieved by means of the stereocontrolled reduc-
tion of chiral bridgehead-substituted camphorquinones. This simple and easy procedure exclusively affords dihydroxy derivatives
with a 2,3-cis-exo-configuration. The employment of different hydrides has also allowed the synthesis of enantiopure 2,3-dihydroxy
carboxylic acids with high diastereoselectivity.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Camphor or fenchone-based hydroxy derivatives are
naturally occurring terpenoids with a wide range of
applications as pharmaceuticals,1 raw materials for fla-
vour and fragance2 or chiral auxiliaries and catalysts
in asymmetric synthesis.3 Among them, the best known
is (1R,2S,3R)-3-hydroxyisoborneol, which has been used
as a chirality transfer agent in many asymmetric pro-
cesses.4 Although reactivity of this diol has been exten-
sively studied,5 no effort has been made to introduce
additional functional groups at the bridgehead position.
In this sense, the synthesis of trihydroxy norbornane
derivatives is a matter of interest because they can be
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Figure 1. Steroid hormones estradiol and estriol, and their synthetic 14,17-e
considered as conformationally restricted analogues of
glycerol and cyclitols,6 and consequently, be useful not
only as chiral ligands but also as centre pieces for the
preparation of non-natural lipids,7 chiral dendrimers8

or biologically active compounds9 among others. For
example, 1,2-diol and 1,2,3-norbornanetriol moieties
are located in the steroid hormone analogues 1 and 2
similar to estradiol10 and estriol11 (see Fig. 1), and it
has been found that the bicyclic ring plays a relevant
role in the oral estrogenicity.12

Furthermore, the replacement of one hydroxy group of
the molecule by a carboxylic acid gives place to cyclic
hydroxy acids; some of them, such as quinic acid or
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shikimic acid, are natural products widely used as
chiral building blocks for the synthesis of phar-
maceuticals.13
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Scheme 2. Synthesis an hydride reduction of 1-carboxyquinone 8.
2. Results and discussion

The synthesis of the title compounds has been achieved
using properly bridgehead-substituted 2,3-camphor-
quinones. These compounds have been the subject of
numerous studies on their chiroptical properties14 and
used as photosensitisers in polymerisation reactions,
but only 2,3-camphorquinone and some C7-substituted
derivatives have been reported to be used as substrates
in organic synthesis procedures.15–17 Taking into
account our previous experience on the synthesis and
applications of new bridgehead mono- and dihydroxy
derivatives based on the norbornane framework,18 we
planned the synthesis of the vicinal norbornanetriol 7
(Scheme 1), which can be considered as a conformation-
ally constrained glycerine analogue.7

For this purpose, we proposed (1R)-7,7-dimethyl-1-tri-
flyloxy-2,3-norbornanequinone 6 as the precursor,
which could be obtained through a three-step syn-
thetic route starting from commercially available
(1R)-fenchone 3.19 As shown in Scheme 1, the reaction
of 2-norbornanone 3 with trifluoromethanesulfonic
anhydride (Tf2O) and triisobutylamine (TIBA) affor-
ded, through a Wagner–Meerwein rearrangement and
proton elimination, a mixture of bridgehead triflates
4a and 4b that were easily separated by column
chromatography.19a Ozonolysis of triflate 4b in
MeOH/�78 �C, followed by treatment with Me2S,
yielded ketone 5,19b which was heated with selenium
dioxide in refluxing acetic acid to obtain (1R)-7,7-
dimethyl-1-triflyloxy-2,3-norbornanoquinone 6. The
total reduction of all functional groups with LiAlH4

afforded the desired (1R,2S,3S)-7,7-dimethylbicyclo-
[2.2.1]heptano-1,2,3-triol 7 with 63% overall yield in
four steps.

The replacement of the triflyloxy group with a carb-
oxylic acid group in the starting quinone allows the
7                                                              6
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Scheme 1. Total synthesis of chiral glycerol-analogue norbornanetriol 7 from
insertion of a methylene unit at the bridgehead posi-
tion to give a more flexible norbornanetriol. As shown
in Scheme 2, the reaction of commercially available (+)-
ketopinic acid 8 with selenium dioxide in refluxing ace-
tic acid yielded quinone 9, which was treated with two
hydrides with different ease of reduction. The most
powerful LiAlH4 gave, after refluxing in diethyl ether,
(1R,2S,3R)-3,10-dihydroxyisoborneol 10 with 77%
yield. Additionally, reaction of quinone 9 with the less
reactive hydride, NaBH4 in MeOH, allowed us to
obtain a different kind of compound, such as 2,3-
dihydroxy-1-norbornanecarboxylic acid 11 with 73%
yield.

Owing to the high number of polar hydroxy groups in
the structure, all compounds are quite soluble in water,
and were extracted continuously (24 h) in diethyl ether
or dichloromethane after hydrolysis of the reaction mix-
ture. Two-dimensional NMR techniques (HMQC,
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HMBC, NOESY and COSY) were used for the
structural elucidation of C2 and C3 stereogenic centres,
whose configuration was determined in all the cases to
be exclusively 2,3-exo.
3. Conclusions

In conclusion, we have demonstrated that the hydride
reduction of bridgehead-substituted canforquinones
takes place with high stereocontrol to give 2,3-exo-deriv-
atives; therefore, it constitutes a convenient and simple
procedure to obtain interesting chiral polyhydroxylated
norbornane derivatives with potential applications in
asymmetric synthesis and biological studies.
4. Experimental

4.1. General

1H and 13C NMR spectra: Brucker AMX500 and Bruc-
ker AM300 spectrometers, with tetramethylsilane as
internal standard. Capillary GC/MS: Shimadzu QP-
17A (column type: TRB-1, 30 m) coupled to a Shimadzu
QP-5000 Mass-spectrometer (EI, 70 eV). Melting
points: Gallenkamp apparatus; values are uncorrected.
Molecular rotations: Perkin–Elmer 241 spectropolari-
meter. Elemental analysis: Perkin–Elmer 2400 CHN
analyser. Exact mass: VG AutoSpec Mass Spectro-
meter. Synthesis of (1R)-7,7-dimethyl-2-oxobicyclo-
[2.2.1]-hept-1-yl triflate 5 was achieved according to a
procedure previously described by us.19

4.2. Synthesis of bridgehead 2-3-camphorquinones

In a typical procedure, 1.50 mmol of 2-norbornanone
and 1.50 mmol of SeO2 were heated in acetic acid
(4 mL) under refluxing conditions. The reaction pro-
gress was monitored by GC or NMR until total disap-
pearance of the starting ketone; additional amounts of
SeO2 (0.2 mmol) were added if necessary. Once the reac-
tion was finished, the mixture was diluted in 30 mL of
CH2Cl2, filtrated through Celites and washed with satu-
rated NaHCO3 and water (quinone 6) or only water
(quinone 9) to eliminate the acetic acid. After drying
over MgSO4 and filtration, the yellow product was puri-
fied through recrystallisation.

4.3. (1R)-7,7-Dimethyl-2,3-dioxobicyclo[2.2.1]hept-1-yl
trifluoromethanesulfonate 6

Following the standard procedure, 370 mg (82% yield)
of the title compound were obtained. The resulting qui-
none was crystallised in hexane to give yellow needles.
Mp 85.0–86.5 �C. ½a�20D ¼ þ275.1 (c 0.92, CH2Cl2). IR
(KBr) m 2940, 1795, 1770, 1420, 1250, 1220, 1150,
1100, 1015, 935 cm�1. 1H NMR (300 MHz, CDCl3): d
2.78–2.74 (m, 1H), 2.50–2.25 (m, 2H), 2.41
(d, J = 1.96 Hz, 1H), 1.75–1.58 (m, 1H), 1.19 (s, 3H),
1.04 (s, 3H) ppm. 13C NMR (75 MHz, CDCl3): d
195.4, 193.4, 118.3 (q, J = 317 Hz), 99.5, 55.1, 44.0,
24.6, 20.7, 19.5, 16.5 ppm. MS m/e (% B): 139 (M+Æ�Tf
and CO, 15), 111 (5), 95 (4), 94 (2), 83 (22), 79 (6), 69
(90), 55 (100), 41 (41). Anal. Calcd for C10H11F3O5S:
C, 40.00; H, 3.70; S, 10.70. Found C, 40.30; H, 3.81;
S, 10.76.

4.4. (1S)-7,7-Dimethyl-2,3-dioxobicyclo[2.2.1]heptane-
1-carboxylic acid 9

Following the standard procedure, 255 mg (87% yield)
of the title compound were obtained starting from (+)-
ketopinic acid; the resulting quinone was crystallised
in hexane/diethyl ether to give pure 9 as yellow needles.
Mp 236.2–237.5 �C, [a�20D ¼ þ200.1 (c 0.92, CH2Cl2).
Experimental data agree with that previously reported
for 9:14a mp 236 �C. ½a�20D ¼ þ204 (c 0.5, CHCl3).

4.5. Reduction of bridgehead 2,3-norbornanequinones with
lithium aluminium hydride

A solution of the corresponding quinone (1.0 mmol) in
absolute ether (5 mL) was added through a dropping
funnel to lithium aluminium hydride (380 mg, 10 mmol)
in absolute ether (20 mL) at 0 �C. The reaction was
heated to reflux (8 h), cooled and carefully hydrolysed
with NH4Cl solution. The aqueous mixture was contin-
uously extracted in ether (24 h) to recover all the reac-
tion product. After work-up, the triol can be purified
by column chromatography or recrystallisation.

4.6. (1R,2S,3S)-7,7-Dimethylbicyclo[2.2.1]heptane-
1,2,3-triol 7

Following the procedure described above, the reduction
of quinone 6 yields, after recrystallisation in CH2Cl2 at
+4 �C, 148 mg (86% yield) of the title compound as
white prisms. Mp 235.2–237.0 �C. ½a�20D ¼ þ16.0 (c
0.99, MeOH). IR (KBr) m 3370, 3270, 2950, 2920,
1460, 1345, 1280, 1135, 1090, 1050 cm�1, 1H NMR
(300 MHz, CD3OD): d 3.85 (d, J = 7.1 Hz, 1 H), 3.65
(d, J = 7.1 Hz, 1H), 1.85–1.60 (m, 2H), 1.62 (d,
J = 4.7 Hz, 1H), 1.20–1.04 (m, 2H), 1.14 (s, 3H), 0.92
(s, 3H) ppm. 13C NMR (75 MHz, CD3OD): d 82.4,
77.6, 75.6, 49.0, 45.7, 31.1, 23.3, 21.5, 20.5 ppm. MS
m/e (% B): 154 (M+Æ�H2O, 2), 139 (7), 136 (2), 129
(16), 128 (17), 125 (12), 111 (52), 97 (41), 95 (27), 86
(25), 83 (40), 82 (27), 71 (43), 69 (61), 67 (49), 55 (50),
43 (81), 41 (93), 29 (100). Exact Mass Calcd 172.1104.
Found 172.1104.

4.7. (1R,2S,3R)-1-(Hydroxymethyl)-7,7-dimethyl-
bicyclo[2.2.1]heptane-2,3-diol 10

Following the procedure described above, the reduction
of quinone 9 yields, after recrystallisation in hexane/
dichloromethane or hexane/diethyl ether, 143 mg (77%
yield) of the title compound as white needles. Mp 275–
277 �C. ½a�20D ¼ �27.7 (c 1.05, MeOH). IR (KBr) m
3370, 2940, 2885, 1460, 1395, 1375, 1120, 1045, 1020,
990 cm�1. 1H NMR (500 MHz, CDCl3 with a drop of
D2O): d 3.96 (d, J = 7.0 Hz, 1H), 3.94 (d, J = 11.1 Hz,
1H), 3.84 (d, J = 7.0 Hz, 1H), 3.76 (d, J = 11.0 Hz,
1H), 1.79 (d, J = 4.7 Hz, 1H), 1.72 (dddd, J = 12.5,
12.3, 4.7, 4.2 Hz, 1H), 1.46 (ddd, J = 12.5, 12.3, 4.2 Hz,
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1H), 1.27 (s, 3H), 1.08 (ddd, J = 12.5, 12.0, 4.0 Hz,
1H), 1.01 (ddd, J = 12.5, 12.0, 4.0 Hz, 1H), 0.90
(s, 3H) ppm. 13C NMR (125 MHz, CDCl3 with a drop
of D2O): d 78.0, 75.7, 62.6, 52.4, 52.2, 46.6, 29.1, 23.7,
22.1, 22.0 ppm. MS m/e (% B): 168 (M+Æ�H2O, 3), 167
(2), 154 (2), 150 (2), 137 (8), 121 (9), 111 (22), 110
(28), 95 (27), 81 (23), 79 (30), 77 (22), 69 (36), 67 (44),
55 (30), 53 (19), 43 (50), 41 (100), 39 (4). Exact Mass
Calcd (for M�H2O) 168.1150. Found 168.1150.

4.8. (1S,2S,3R)-2,3-Dihydroxy-7,7-dimethylbicyclo-
[2.2.1]heptane-1-carboxylic acid 11

To a solution of quinone 9 (1.0 mmol) in 5 mL of meth-
anol was added sodium borohydride in small pieces
(380 mg, 10 mmol) at 0 �C. The cooled reaction was stir-
red for 30 min and carefully hydrolysed with water. The
aqueous mixture was then washed with CH2Cl2, acidi-
fied with HCl 10% and continuously extracted with
CH2Cl2 (24 h) to recover all the dihydroxy acid 11. After
drying and evaporation of the solvent, the product can
be purified by recrystallisation in CH2Cl2/hexane (73%
yield, white prisms). Mp 241–243 �C. ½a�20D ¼ �18.2 (c
0.50, MeOH). IR (KBr) m 3500–2600, 3420, 2960,
1700, 1460, 1390, 1375, 1270, 1110, 1050 cm�1. 1H
NMR (500 MHz, CDCl3): d 4.50 (br s, 2H), 4.08 (d,
J = 6.9 Hz, 1H), 3.98 (d, J = 6.9 Hz, 1H), 2.25 (td,
J = 8.4 Hz, 4.3 Hz, 1H), 1.93 (d, J = 4.7 Hz, 1H), 1.90–
1.80 (m, 1H), 1.35–1.25 (m, 1H), 1.33 (s, 3H), 1.10–
1.00 (m, 1H), 1.07 (s, 3H) ppm. 13C NMR (125 MHz,
CDCl3): d 177.1, 77.6, 75.8, 57.5, 52.0, 50.4, 29.6, 23.7,
22.9, 21.5 ppm. Exact Mass Calcd 200.1049. Found
200.1055.
Acknowledgements

We wish to thank the Ministerio de Educación y Ciencia
of Spain (research project CTQ2004-07244-C02-02) for
the financial support of this work. We also want to
thank the NMR-CAI of UCM for their helpful
assistance.
References

1. (a) Chacko, S.; Sethuraman, M. G.; George, V. Fitoterapia
2000, 71, 616–617; (b) Ferreira, M. J. P.; Rodrigues, G. V.;
Emerenciano, V. P. Can. J. Chem. 2001, 79, 1915–1925.

2. Bajgrowicz, J. A.; Frank, I. Tetrahedron: Asymmetry 2001,
12, 2049–2057.

3. (a) Dimitrov, V.; Kostova, K.; Hesse, M. Tetrahedron:
Asymmetry 1994, 5, 1891–1894; (b) Mellao, M. L.;
Vasconcellos, M. L. A. A. Tetrahedron: Asymmetry
1996, 7, 1607–1610; (c) Chen, Ch.-J.; Chu, Y.-Y.; Liao,
Y.-Y.; Tsai, Z.-H.; Wang, Ch.-Ch.; Chen, K. Tetrahedron
Lett. 1999, 40, 1141–1144; (d) Miyazawa, M.; Miyamoto,
Y. Tetrahedron 2004, 60, 3091–3096.

4. (a) Oppolzer, W. Tetrahedron 1987, 43, 1969–2004; (b)
Caballero, M.; Garcı́a-Valverde, M.; Pedrosa, R.; Vicente,
M. Tetrahedron: Asymmetry 1996, 7, 219–226; (c) Xu,
P.-F.; Lu, T.-J. J. Org. Chem. 2003, 68, 658–661.

5. Coates, R. M.; Denmark, S. E. In Handbook of Reagents
for Organic Synthesis; In Reagents, Auxilliaries and
Catalysts for C–C Bond Formation; John Wiley and Sons:
England, 1999; Vol. 1.

6. Koskinen, A. In Asymmetric Synthesis of Natural Prod-
ucts; John Wiley and Sons: England, 1993, p 111.

7. (a) Jandaceck, R. J. J. Chem. Ed. 1991, 68, 476–479; (b)
Bittman, R.; Fugler, L.; Clejan, S.; Lister, M. D.;
Hancock, A. J. Biochim. Biophys. Acta 1992, 1106, 40–
44; (c) Riley, A. M.; Potter, B. V. L. Tetrahedron Lett.
1999, 40, 2213–2216.

8. (a) Seebach, D.; Lapierre, J. M.; Skobridis, K.; Greivel-
dinger, G. Angew. Chem., Engl. 1994, 33, 440–442; (b)
Ghorai, S.; Bhattacharyya, D.; Bhattacharjya, A. Tetra-
hedron Lett. 2004, 45, 6191–6194.

9. Matsumoto, T.; Konegawa, T.; Yamaguchi, H.; Naka-
mura, T.; Sugai, T.; Suzuki, K. Synlett 2001, 10, 1650–
1652.

10. (a) Bull, J. R.; de Koning, P. D. J. Chem. Soc., Perkin
Trans. 1 2000, 1003–1013; (b) Bull, J. R.; Thomson, R. I.
J. Chem. Soc., Perkin Trans. 1 1990, 241–251.

11. (a) Bull, J. R.; Thomson, R. I. J. Chem. Soc., Chem.
Commun. 1986, 451–453; (b) Bull, J. R.; Mountford, P. G.
Tetrahedron 1994, 50, 6363–6376.

12. (a) Bull, J. R. ; Thomson, R. I.; Laurent, H.; Schröder, H.;
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