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The 6-exo free radical cyclization of conveniently functionalized acyclic carbohydrate derivatives is a new and
efficient method for the asymmetric synthesis of polyhydroxylated cyclohexane compounds (aminocyclitols,
pseudosugars). The scope and versatility of this synthetic route has been analyzed by changing the absolute
configuration of the radical precursors and the nature of the radical trap. The yield and stereoselectivity in this

process is very structure dependent.

Introduction

Cyclitols are polyhydroxylated cyclohexanes formally
related to the simple carbohydrates.! The aminocyclitols?
and the branched chain cyclitols (pseudosugars)® are
subclasses of cyclitols with important biological activities;
the aminocyclitols form the aglycon part of numerous
aminoglycoside antibiotics, e.g., streptomycin and forti-
mycin;* the branched chain cyclitols have shown specific
inhibition for glycosidases® and potential use as artificial
sweeteners.? Despite many synthetic efforts,” the synthesis
of enantiomerically pure polyhydroxylated cyclohexane
derivatives remains a challenge. New methods are sought
in order to provide efficient synthetic routes to these
compounds. In most of these approaches sugars have been
used as chiral starting materials. In fact, the synthesis of
carbocycles from carbohydrates has been an area of in-
terest and growing activity in the last decade.® A number
of strategies have been developed in order to fulfil this
objective.”® In this context, free radical cyclization?? of
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sugar derivatives has proven to be an elegant and efficient
method for the synthesis of complex and polyfunctional-
ized carbocycles.!! Wilcox!? was the first to carry out such
cyclization with unsaturated acyclic halo sugars. A sub-
sequent study reported by Bartlett'3 has established the
potential of oxime ethers as acceptors in these processes.

Results and Discussion

In this paper!* we report the preparation of some chiral
amino and branched chain cyclitol derivatives via a new
synthetic route to polyhydroxylated cyclohexane deriva-
tives. The strategy is shown in Scheme I and is based on
6-exo'® free radical cyclization of acyclic and conveniently
functionalized sugar intermediates 2 derived from readily
available compounds 1. Fraser-Reid!¢ has reported a
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Scheme II°
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partial success in the free radical cyclization of substrates
related to 2, with aldehydes as acceptors. If this strategy
could be executed in practice we would have in hand a new
and powerful method for the preparation of advanced
chiral intermediates for the synthesis of natural or mod-
ified aminocyclitols and pseudosugars.

With this scenario in mind we have synthesized a range
of different radical precursors, thereby allowing a thorough
and balanced assessment of this approach. So, we have
prepared the gluco type derivatives 4-8 and 11-15, with
different protecting groups at carbons C2-C5 (sugar num-
bering) and radical traps at C1. In addition, we have
prepared the manno 9 and gulo 10 derivatives.

The radical precursors 4-15 have been obtained by
routine methods (see supplementary material). Com-
pounds 4-6 have been synthesized from 6-bromo-6-
deoxy-1,2-O-isopropylidene-a-D-glucofuranose (17)!7
(Scheme II) by total acetylation (Ac,0/pyridine, rt, 24 h)
or benzoylation (BzCl/pyridine, rt, 24 h), acid hydrolysis
(CF,COOH/H,0, 9:1), and oxime ether formation
(BnONH,CI or MeONH,Cl/pyridine, methylene chloride,
water, reflux, 18 h) of the resulting compound, followed
by complete acetylation or benzoylation. Compound 7
could be prepared from 3,4-di-O-benzyl-1,2-0O-iso-
propylidene-6-O-trityl-a-D-glucofuranose (25)'% (Scheme
II) by total acid hydrolysis (4% H,SO,/methanol), bro-
mination (CBr,, Ph;P), and acid hydrolysis (CF;,COOH/
H,0, 9:1) of the resulting compound 26 followed by oxime
ether formation. Acetylation of compound 7, under
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(66%); (c) BnONH,CI, pyridine, CH,Cl,, H,O (50%); (d) Ac,0,
pyridine (75%).

standard conditions, gave the precursor 8. The manno
precursor 9 has been obtained from 2,3-O-iso-
propylidene-a-D-mannofuranose (28)!° (Scheme III) by first
oxime ether formation, bromination at C6, and acetylation.
Compound 10 (gulo type) has been prepared from 2,3-0-
isopropylidene-D-gulonolactone (31)? (Scheme IV) by se-
lective bromination and reduction (DIBAH, toluene, -78
°C) of the resulting compound followed by oxime ether
formation and acetylation. The gluco derivative 11 was
synthesized from the alcohol 352! (Scheme V) by bromi-
nation and deprotection of the aldehyde (HgO, HgCl,,
acetone, water, 60 °C). Oximes 12 and 16 have been ob-
tained from aldehyde 11, following the standard method.
Nitrile 13 has been obtained from oxime 16 by dehydration
(trifluoroacetic anhydride, pyridine). Compounds 14 and
15 resulted from Wittig reactions of the corresponding
ylides with the aldehyde 11. In general, these radical
precursors have been synthesized in moderate to good yield
in multigram quantities. All new compounds showed good
analytical and spectroscopic data (see supplementary
material).

Compounds 4-10 and 12 have been obtained as mixtures
of syn and anti isomers in a 70:30 ratio, respectively, as
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2Key: (a) CBr,, PhyP (70%); (b) HgO, HgCl,, acetone, H,O (80%); (c) BnONH;Cl or HONH;Cl, pyridine, CH,Cl,, H,O (76%); (d)
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Table I. Tin Hydride Cyclization of Oxime Ethers

substrate product ratio®  yield

entry no. X Y R 37/38 (%)t
1 4 OA¢ OAc Bn 83/17 52
2 5 OBz OBz Bn 75,/25 55
3 6 OBz OBz Me 73/27 50
4 7 OH OBn Bn 80/20 40
5 8 OAc OBn Bn 78/22 42

sProduct ratios from 'H NMR analysis of crude mixture.
®Total yield of the cyclized product after chromatography.

we could determine by 'H NMR analysis (syn é H1 7.30,
d, J = 7.3 Hz; anti 6 H1 6.80, d, J = 5.5 Hz). The enol
ether 14 has been obtained as a mixture of E/Z 1/1 iso-
mers (E: 6 H16.62,d,J=12Hz; Z: §H16.12,d,J =6
Hz). The a,8-unsaturated ester 15 has been obtained as
a mixture of E/Z 1/1 isomers when the Wittig reaction
was conducted in toluene or methylene chioride (E: & H1
6.19,dd, J = 1.4 and 15.6 Hz; Z: é H16.00,dd, J = 1.1
and 11.7 Hz); when methanol was used as solvent? the
ratio E/Z was 1/7. It is important to point out that we
were unable to separate the isomers in compounds 4-8, 9,
10, 12, 14, and 15 by the conventional chromatographic
techniques.

The tributyltin hydride mediated free radical cyclization
of these unseparable mixtures of isomers has been per-
formed (see Experimental Section) under high dilution in
toluene (0.015 M), using dropwise addition (syringe pump).
Under these conditions the gluco derivatives 4-8 gave the
expected aminocyclitols 37/38 (eq 1) in yields and product

Y, Y,

%16
4-8 Bu,SnH Koo Q—NHOR 4 X Q ..... NHOR (1)
Y X Y x
37 38

ratios shown in Table I. The !H NMR analysis of the
crude mixtures showed a 4:1 ratio of isomers in the reaction

(22) Valverde, S.; Martin-Lomas, M.; Herradén, B.; Garcia-Ochoa, S.
Tetrahedron 1987, 43, 1895.

products; these values are independent of the nature of
the substituent at C5 in the radical precursor. In some
instances (entries 1 and 3) we could isolate pure, after
chromatography and recrystallization, the major isomer
37. For compounds 5, 7, and 8, the purification of the
major isomers was troublesome and we have obtained the
corresponding carbocycles as oils that we could not re-
crystallize in 60%, 92%, and 78% maximum diastereo-
meric excesses, respectively. The total yield of the isolated
carbocycles has been only moderate (50%); this is probably
due to the formation of some polar compounds, incom-
pletely identified. Several changes in the reaction con-
ditions, using 1.2 equiv of tributyltin hydride or a higher
dilution (0.01 M) or benzene as solvent, did not affect the
yield. In these type of compounds we have never observed
the formation of the reduced starting material. The ab-
solute configuration at the new stereocenter in compounds
37 has been established by careful '!H NMR analysis and
selective proton—proton decoupling experiments. In the
major isomers, H5 has been easily identified, appearing
at & 3.15-3.63, ddd, with vicinal coupling constants (J;
= 10 Hz, J5g4y = 12.5 Hz, J545.q = 4.2 Hz) in good
agreement with 5R as absolute con 1guratlon for a cyclo-
hexane ring in a chair-like conformation.

Encouraged by these promising results we next tried the
free radical cyclization of compound 9. Under the usual
conditions this manno-type derivative gave a mixture of
compounds 39/40 in a 97:3 ratio as we could determine
by 'H NMR in the crude reaction (eq 2). After chroma-

AcO, , AcQ
9 BusSnH Ao Q NHOBnN + AcO: Q_NHOB" (2)
0. o] o o
~ ~
/\ /\
39 (97:3) ©

tography we isolated the pure major isomer 39 in 50%
yield. The absolute stereochemistry at the new stereo-
center in this compound has been established by careful
1H NMR analysis; we have observed é H6(eq) 2. 1(;‘; (dt,

1=, = 5.4 Hz; Jg(eq) 6 = 13.6 Hz), 6 H6(ax) 1.90
(ddd JSG(S::Q)f 9.8 Hz; Jl 6(9‘1); = 8.0 HZ, JG(eq) 6(ax) — 13.6
Hz). H5 appears at 3.19 ppm as a multiplet showing a
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vicinal coupling constant Jyy) 5.y = 6.7 Hz, which is
consistent with the assigned absolute configuration at C5
(S) being the carbocycle in a chair-like conformation.
The radical precursor 10 (gulo type), under the usual
free radical conditions, gave only the expected carbocycle
41 (eq 3), isolated after chromatography in 50% yield. The

BusSnH

10 —

41 X=Ac
42 X=H

absolute configuration at the new stereocenter C5 (R) has
been determined by 'H NMR analysis and selective pro-
ton—proton decoupling experiments; we could observe 6 H5
3.53 as a multiplet and coupling constants J,5 = 3.7 Hz,
J5,6(ax) = J5,6(eq) = 4.6 Hz, le = 9.2 Hz, J1,6(eq) = 5.3 Hz,
J16ax) = 88 Hz, coherent with R as absolute configuration
for a cyclohexzane in a chair conformation; an alternaive
S as absolute configuration for a cyclohexane in a boat
conformation, also consistent with the 'H NMR data, was
finally discarded in view of the fact that no NOE effect
was observed between H4 and 2-H6. Basic hydrolysis gave
the partially deprotected aminocyclitol 42 (eq 3) whose
spectroscopic data are also in good agreement with this
structure.

In Scheme VI we present a simple model that could
justify the stereochemical outcome of the free radical cy-
clization of compounds 4-10. It is important to point out
that the final result is the sum of the combined effects in
the syn + anti isomers; unfortunately, we could not sep-
arate them and consequently analyze independently their
cyclization. This can be applied to the other cases analyzed
here (see below). In spite of this, and analyzing the results
obtained in the cyclization of compounds 4-8 (see Table
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Scheme VII®

g (% X=OH.Y=NHOBn
43 (d.e.: 82%) d (‘45 X= OH, Y= NH,
46 X= OAc, Y= NHAc

%Key: (a) BnySnH, AIBN, toluene (75%); (b) AcOH/H,0 (7:3)
(70%); (c) Hy, Pd/C, MeOH, 1 atm; (d) Ac,0, pyridine [44 — 46,
(59%)].

I), we can conclude that in the chair-like conformations
A and B, corresponding to the transition states leading
to the carbocycles 37-38 (Scheme V1), the steric repulsion
between the substituent at C5 and Cl1 is not critical. We
can assume that, as in the hex-5-enyl radical cyclization,
the major products arise via conformers where the sub-
stituents occupy quasiequatorial positions.2 The observed
improvement on going to substrates 9 and 10 point to the
significance of the gauche interaction between the C2
substituent (isopropylidenedioxy group) and the C1 sub-
stituent (alkyl oxime ether) (see structures C and E;
Scheme VI).

At this point it was clear that the type of functionali-
zation in the radical precursor had a powerful influence
in the stereochemical course of the process; the yields of
the cyclized products were only moderate and it was of
interest to prove other radical traps in order to extend the
versatility of the method. So, we have designed and syn-
thesized the radical precursors 14 and 15 (gluco type)
derived from the readily available aldehyde 11; in this
compounds the oxygens at C2-C5 are blocked as iso-
propylidenedioxy groups, giving the desired rigidity. Not
surprisingly these expectations have been confirmed; we
have obtained better diastereomeric excesses and chemical
yields.

The free radical cyclization of the oxime ether 12, under
typical conditions (see Experimental Section), gave the
major carbocycle 43 (Scheme VII) in high diastereomeric
excess (de 82%) and good yield (75%). The absolute
configuration at C5 (R) (6 H5 3.40~3.20, m) was firmly
established after 'H NMR analysis; in effect, we could
observe vicinal coupling constants Jgq 5 = 4.8 Hz, Jg(an) 5
= 9.0 Hz consistent with previous observations (see above;
compounds 37/38) for a cyclohexane in a chair-like con-
formation. Compound 43 has been submitted to further
transformation: acid hydrolysis gave the tetrol 44 that,
after hydrogenation, afforded the amino alcohol 45; this
compound has been characterized as its peracetate 46
(Scheme VII).

The good result obtained in the cyclization of compound
12 prompted us to study the free radical cyclization of the
aldehyde 11 and nitrile 13. Unfortunately we could not
detect the expected carbocycles from these substrates.
This is in accord with other previous reports'®? about the
low ability of these functional groups as radical acceptors.

On the contrary, the enol ether 14 (E/Z 1/1) submitted
to 6-exo cyclization gave the carbocycle 47 (Scheme VIII)

(23) RajanBabu, T. V. Acc. Chem. Res. 1991, 24, 139. Beckwith, A.
L. J.; Easton, J. C.; Lawrence, T.; Serelis, A. K. Austr. J. Chem. 1983, 36,
545. Hanessian, S.; Dhanoa, D. S.; Beaulieu, P. Can. J. Chem. 1987, 65,
1859.
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1990, 31, 759.
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Scheme VIII®

47 (d.e. 84%)
48 (d.0.: 86%)

X=0CHa 50
X=CO,CH3 51

sKey: (a) BusSnH, AIBN, toluene [14 — 47 (60%); 15 — 48
(80%)]; (b) AcOH/H,0 7:3, [47 — 50 (70%); 48 — 51 (68%)].

(de in crude mixture: 84%). The «,8-unsaturated ester
18 (E/Z 1/1) afforded, in the same conditions, compound
48 (Scheme VII) (de in crude mixture: 86%) plus the
reduced and uncyclized product 49 (7% yield). In each
case, simple chromatography and recrystallization gave
pure the major isomers 47 [C1(S)] and 48 [C1(S)] in 60%
and 80% yields, respectively; the minor carbocyclic isomers
could not be obtained pure during the chromatography and
were recovered partially contaminated with the major
isomers (this applies also for the cyclization of compound
12).

The formation of compound 49 ['H NMR: § 6.90 (dd,
J2’3 =40 HZ, J1,2 =15.8 HZ, 1 H, H2), 6.15 (dd, J1,2 =15.8
Hz, J,3 = 2.0 Hz, 1 H, H1), 1.28 (d, J = 5.9 Hz, 3 H, CHy)]
during the free radical cyclization of the a,8-unsaturated
15 is noteworthy, because this is the first case in the
present study where we have detected a reduced starting
material, but in very low yield.

We have also cyclized the radical precursor 15, as a
mixture of E/Z isomers in 1:7 ratio and observed that the
stereochemical result is the same and independent of the
ratio of the isomers in the substrate 15. This has also been
observed by RajanBabu in related compounds during 5-exo
free radical cyclizations.?

The absolute configuration at C1 in compound 47 and
48 has been established as S by 'H NMR analysis; we have
observed for H7 vicinal coupling constants J; ; = 9.7 Hz,
Jean,1 = 10.6 Hz, Jgeq)1 = 5.1 Hz; compound 48 shows a
simiiar pattern in the 'H NMR spectrum.

Finally, acid hydrolysis of the branched chain cyclitols
47 and 48 gave the full deprotected compounds 50 and 51.

The stereochemical results obtained in the cyclization
of compounds 12, 14, and 15 can be rationalized by in-
voking the model previously discussed (Scheme VI struc-
ture F); the acceptor is prone to be in a pseudoequatorial
position? that gives the major products.

In summary, in this work we have developed a new
synthetic route for the chiral synthesis of polyhydroxy-
cyclohexane compounds based on 6-exo free radical cy-
clization of acyclic carbohydrate derivatives. A range of
radical precursors have been synthesized and cyclized,
showing the scope and versatility of the method.

(25) RajanBabu, T. V.; Fukunaga, T.; Reddy, G. S. J. Am. Chem. Soc.
1989, 111, 1759.
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Experimental Section

General Procedures. Melting points were determined in a
Kofler apparatus and are uncorrected. The 'H NMR coupling
constants were verified by homonuclear decoupling experiments.
The progress of all reactions was monitored by thin-layer chro-
matography (TLC), which was performed on aluminum plates
precoated with silica gel HF-254 (0.2-mm layers) containing a
fluorescent indicator (Merck, 5539). Detection was by UV (254
nm), followed by charring with sulfuric acid spray, or with a
solution of ammonium molybdate(VI) tetrahydrate (12.5 g), and
cerium sulfate hydrate (5.0 g) in 10% aqueous sulfuric acid (500
mL). Flash chromatography was performed by using Kiesegel
60 (230-400 mesh, Merck) silica gel and hexane/ethyl acetate
mixtures as eluent.

Standard Procedure for Free Radical Cyclization. The
bromide in dry toluene (0.015 M), at reflux, under argon was
treated with tributyltin hydride (2.4 equiv) and AIBN (cat.) by
dropwise addition (syringe pump). The reaction mixture was
cooled and the solvent evaporated. The residue was dissolved
in ether and 10% aqueous potassium fluoride solution was added,
and the mixture stirred for 18 h. The organic phase was separated,
dried, and evaporated. Flash chromatography?® of the residue
gave the product.

Free Radical Cyclization of 4. Compound 4 (1.3 g, 2.5 mmol)
was cyclized by following the general procedure. The hydride
was added in 2 h. After chromatography (hexane/EtOAc, 4:1)
we obtained (37/38)a (570 mg, 52%). Recrystallization from
hexane gave pure 37a (the minor isomer 38a was detected im-
purified with 37a, in the mother liquors). 37a: mp 116-118 °C;
[a]®p —72° (¢ 4.5, CHCly); IR (KBr) 3200, 3080, 1755 cm™; 'H
NMR (300 MHz, CDCl,) § 7.34-7.26 (m, 5 H, aromatic), 5.44 (q,
J =3.1Hz,1H, H1),5.35 (t,J = 10 Hz, 1 H, H3), 5.21 (t,J =
10 Hz, 1 H, H4), 4.92 (dd, J = 10 and 3.2 Hz, 1 H, H2), 4.61 (s,
2 H, NHOCH,C¢Hjs), 3.25 (ddd, J = 10.1, 12.4, and 4.2 Hz, 1 H,
HS5), 2.10, 2.03, 2.01, 1.98 (s, 5, 8, 8, OCOCH,), 1.88 (ddd, J = 3.0,
12.4, and 14.8 Hz, H6(ax)); 13C NMR (20 MHz, CDCl,) 4 170.23,
170.05, 169.97, 169.91 (OCOCH3), 139.14, 128.67, 128.55, 128.14
(aromatic), 76.99 (OCH,Cgy;5), 71.87, 71.72, 71.20, 67.82 (C1, C2,
C3, C4), 56.87 (C5), 29.78 (Cs), 21.01, 20.84, 20.75, 20.66 (OCO-
CH,); MS m/z 438 (M* + 1, 8). Anal. Calcd for CyHyNOg: C,
57.66; H, 6.17; N, 3.20. Found: C, 57.27; H, 6.12; N, 3.50.

Free Radical Cyclization of 5. Compound 5 (628 mg, 0.82
mmol) was transformed by the standard procedure. The hydride
was added in 5 h. Flash chromatography (hexane/EtOAc, 4:1)
gave compound (37/38)b (317 mg, 55%) as an unseparable
mixture of isomers; in the collected fractions the best ratio
(37/38)b was 80,20 (de 60%): oil; IR (film) 3500, 3060, 1730 cm™;
!H NMR (300 MHz, CDCl;) 6 (major isomer) 7.60~7.25 (m, 25
H, aromatic), 6.15 (t, Jy3 = J3 4 = 10.3 Hz, 1 H, H3), 5.91 (ddd,
J1,6(eq) =41 HZ, Jl,G(u) =25 HZ, J]_'z =3.2 HZ, 1 H, Hl), 5.82 (t,
J4’5 = J3’4 =10.3 HZ, 1 H, H4), 5.51 (dd, Jl,2 =3.2 Hz, Jg,a =103
Hz, 1 H, H2), 4.62 (3, 2 H, NHOCH,C¢Hj), 3.63 (ddd, J5 = 10.3
HZ, J5’6(u) =125 Hz, J5.6(eq) =4.1 Hz, 1 H, H5), 2.52 (dt, 1 H,
JG(eq),S(ax) =149 HZ, H6(eq)), 2.22 (ddd, 1 H, H6(ax)). Anal. Caled
for C;HasNOg: C, 71.82; H, 5.11; N, 2.04. Found: C, 71.58; H,
5.40; N, 2.31.

Free Radical Cyclization of 6. Compound 6 (300 mg, 1.3
mmol) was cyclized by following the general method. The hydride
was added in 5 h. After chromatography (hexane/EtOAc, 4:1)
we obtained (37/38)c (267 mg) and 37¢ (139 mg) (total yield 50%).
37¢: mp 71-73 °C; [a]®p -105° (¢ 0.7, CHC)y); IR (KBr) 3420,
3070, 1730 cm™; *H NMR (300 MHz, CDCly) 6 7.60-7.20 (m, 20
H, aromatic), 6.19 (t, Jy3 = J34 = 10.3 Hz, 1 H, H3), 5.95 (ddd,
Jl.g =31 HZ, J1,6(eq) =40 HZ, Jl.G(ax) =24 HZ, 1 H, Hl), 5.81 (t,
J4,5 = J3,4 =10.3 HZ, 1 H, H4), 5.53 (dd, Jl,2 =31 HZ, Jg’a =103
HZ, 1 H, H2), 3.63 (ddd, J4,5 =103 HZ, J5.6(u) =12.5 Hz, J5's(,q)
=472 HZ, 1 H, H5), 3.48 (S, NHOCH3), 2.59 (dt, 1 H, JG(oq),ﬁ(u)
= 14.8 Hz, H6(eq)), 2.27 (ddd, 1 H, H6(ax)). Anal. Calcd for
C;sHy NOy: C, 68.96; H, 5.09; N, 2.29. Found: C, 68.98; H, 5.30;
N, 2.50.

Free Radical Cyclization of 7. Compound 7 (660 mg, 1.2
mmol) was treated according to the standard method. The hy-
dride was added in 4 h. Chromatography (hexane/EtOAc, 7:3)

(26) Still, W. V.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923.
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gave (37/38)d (196 mg, 40% yield) as a mixture of isomers that
we could not separate by flash chromatography; in the collected
fraction the best ratio of isomers was 94/6 (de 92%): oil; IR (film)
3450, 3200 cm™; 'H NMR (300 MHz, CDCl;) (major isomer) &
7.40-17.27 (m, 15 H, aromatic), 4.93 (d, J = 11.4 Hz, 1 H,
OCH,CgH;), 4.74 (d, J = 10.3 Hz, 1 H, OCH,C¢Hjy), 4.68 (d, J =
11.4 Hz, 1 H, OCH,C.H;), 4.47 (d, J = 10.3 Hz, 1 H, OCH,C¢H;),
4.08 (s, 2 H, NHOCH,CgHy), 3.88 (m, 1 H, H1), 3.62-3.58 (m, 3
H, H2, H3, H4), 3.10 (ddd, J4,5 =85 HZ, JE,S(OQ) =38 HZ, J5.6(ax)
=13.4 HZ, 1 H, H5), 2.28 (dt, Ja(,q)'l =38 HZ, JG(eq),G(lx = 14.2
Hz, 1 H, H6(eq)), 151 (ddd, Jis = 2.3 Hz, 1 H, Ho(ax)). Anal.
Caled for C;yH; NOs: C, 72.14; H, 6.95; N, 3.12. Found: C, 71.99;
H, 6.90; N, 3.05.

Free Radical Cyclization of 8. Compound 8 (1.0 g, 1.6 mmol)
was transformed by following the usual method. The hydride
was added in 4 h. Chromatography (hexane/EtOAc, 4:1) gave
product (37/38)e (367 mg, 42% total yield) as a mixture of isomers
that we could not separate by chromatography; in the collected
fractions the best ratio was 89/11 (de 78%): oil; IR (film) 3400,
3080, 1745 cm™; 'H NMR (300 MHz, CDCl;) (major isomer) &
7.35~7.15 (m, 15 H, aromatic), 5.10 (t, J, 3 = J45 = 10 Hz, 1 H,
H4),4.75 (dd, J = 3.0 and 9.1 Hz, 1 H, HZ), 462 (d,J =11.8 Hz,
1 H, OCH2CHj;), 4.57 (s, NHOCH,C;Hj;), 4.53 (d, J = 11.8 Hz,
1 H, OCH,C¢Hj), 452 (d, J = 12.2 Hz, 1 H, OCH,C¢Hj), 4.42 (d,
J =122 Hz, 1 H, OCH,C¢H,), 3.93 (t, J = 10.0 Hz, 1 H, H3), 3.89
(m, 1 H, H5), 3.21 (ddd, J = 4.4, 13.0, and 10.2 Hz, 1 H, H5), 2.16
(dt, J = 4.2 and 14.4 Hz, 1 H, H6(eq)), 1.91, 1.88 (s, s, OCOCHj;),
1.55 (ddd, J = 2.2, 14.4, and 10.2 Hz, 1 H, H6(ax)). Anal. Calcd
for C4;HasNO7: C, 69.77; H, 6.61; N, 2.63. Found: C, 69.41; H,
6.52; N, 2.31.

Free Radical Cyclization of 9. Compound 9 (322 mg, 0.68
mmol) was cyclized according to the standard method. The
hydride was added in 3 h. After flash chromatography (hex-
ane/EtOAc, 7:3) we obtained compound 39 (154 mg, 50%) as an
oil: [a]®p +2.7° (c 2.2 CHC,); IR (film) 3500, 3080, 1750 cm™?;
'H NMR (300 MHz, CDCl,) & 7.40-7.30 (m, 5 H, aromatic),
5.30-5.20 (m, 2 H, H1, H2), 4.70 (s, 2 H, OCH,C¢Hj), 4.22 (m, 2
H, H3, H4), 3.19 (m, 1 H, H5), 2.16 (dt, J]_'e( ) = J5,6( =54 HZ,
Jeeqsten = 136 Hz, 1 H, H6(eq)), 2.08, 2.01 (5, s, OCOCH,), 1.90
(déﬁ, Je ax),5 = 9.8 HZ, Js(u)'l = 8.0 HZ, 1 H, H6(ax)), 1.46, 1.33
(s, 8, OCECH3)20). Anal. Caled for CooHxNO,: C, 61.05; H, 6.92;
N, 3.56. Found: C, 60.85; H, 6.83; N, 3.71.

Free Radical Cyclization of 10, Compound 10 (1.51 g, 3.2
mmol) was cyclized by following the standard procedure. The
hydride was added in 5 h. After flash chromatography (hex-
ane/EtQAc, 4:1) we obtained compound 41 (628 mg, 50%) as an
oil: [a]®p +45° (¢ 1.9, CHCly); IR (film) 3490, 1750 cm™; 'H NMR
(300 MHz, CDCly) 4 7.37 (m, aromatic), 5.18 (dd, J; ; = 9.2 Hz,
J2'3 =171 HZ, 1 H, HZ), 5.05 (td, J1,6(lx) = 8.8 HZ, Jl,s(eq) =53 HZ,
J12 = 9.2 Hz, 1 H, H1), 475 (d, J = 11.7 Hz, 1 H, NHOCH,C¢Hj),
470 (d, J = 11.7 Hz, 1 H, NHOCH,Cygys), 4.11 (dd, J;5 = 3.7 Hz,
J4,3 =54 Hz, 1 H, H4), 4.03 (dd, J3'2 =171 Hz, J4'3 = 5.4 HZ, 1
H, H3), 3.53 (m, 1 H, H5), 2.07, 2.02 (s, s, OCOCHj), 2.01-1.90
(m, 2 H, H6, J5 g0y = J5 506 = 4.6 Hz), 1.52, 1.31 (s, 5, OC(CH),0);
MS m/z 378 (M* - 15, 2). Anal. Caled for Coo0H;NO7 C, 61.05;
H, 6.92; N, 3.56. Found: C, 61.20; H, 6.74; N, 3.81. Compound
41 (393 mg, 1 mmol) was treated with excess sodium methoxide
in methanol at room temperature for 24 h. The solvent was
evaporated and the residue was dissolved in methylene chloride,
washed with brine, dried, and evaporated. After flash chroma-
tography of the residue (CH,Cl,/methanol, 95:5) we obtained
compound 42 (275 mg, 70%): mp 95-97 °C; [«]®p +20° (¢ 1.3,
CHCly); IR (KBr) 3490, 3470, 3300-3200 cm™; 'H NMR (300 MHz,
CDCly) & 7.33 (m, aromatic), 4.67 (s, 2 H, NHOCH,C¢Hj;), 4.14
(dd, J4'5 =39 HZ, Ja‘ =5.9 Hz, 1 H, H4), 3.95 (dd, Ja’z =74 HZ,
Jis = 5.9 Hz 1 H, H3), 3.70 (td, J,, = 8.9 He, J; ¢ = 6.0 Hz,
Jl 6(az) = 8.9 HZ, 1 H, Hl), 3.56 (dd, J1,2 =89 Hz, Jz'a =74 HZ,
1 H, H2), 3.47 (m, 1 H, H5), 3,40 (br s, 1 H), 1.87-1.79 (m, 2 H,
HS6); *C NMR (20 MHz, CDCl,) é 137.37, 128.67, 128.43, 128.05
(aromatic), 109.14 (C8), 79.15, 77.00, 75.01, 68.56, 56.73 (C1, C2,
C3, C4, Cb), 77.00 (C7), 31.26 (C6), 28.03, 25.78 (C9, C10); MS
m/z 294 (M+ - 15, 1)- Anal- Calcd for CIGHZSNO5: C, 62.12; H,
7.49; N, 4.63. Found: C, 62.39; H, 7.44; N, 4.60.

Cyclization of Compound 12, Compound 12 (704 mg, 1.6
mmol) gave, after reaction (the hydride was added in 7 h) and
chromatography (hexane/EtOAc, 4:1), 43 + 43[C1(R)] (85 mg)
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and 43 (421 mg, 75%) as an oil: [«]®3p -39° (¢ 2.1, CHCl,); IR
(film) 3500 cm™; *H NMR (300 MHz, CDCl,) § 7.40-7.28 (m, 5
H, aromatic), 5.86 (br, s, 1 H, NHOCH,C:H;), 4.71 (s, 2 H,
NHOCHZCGH5), 4.40 (td, J1,2 = Jx'sm) =5.3 HZ, Jl.&(eq) =33 HZ,
1H, H2), 3.61 (m, 1 H, H3), 3.40-3.30 (m, 2 H, H4, H5), 2.40 (ddd,
Js(eq),s(“) =14.6 HZ, J6(eq),5 =48 HZ, JS(eq),l =33 HZ, 1 H, H6(eq)),
1.82 (ddd, JG(u),l =53 Hz, Js ax)5 = 9.0 HZ, 1 H, H6(ax)), 1.49,
142,141,134 (0 5,5, 5, 12 H); B¢ NMR (20 MHz, CDCly) 3 138.00,
128.34, 127.75 (aromatic), 111.26, 109.16 (C7, C8), 80.49, 78.61,
75.42, 74.33 (C1, C2, C3, C4), 76.99 (NHOCH,C.H;), 57.86 (C5),
30.54 (Cs6), 28.20, 26.87, 25.69 (C9, C10, C11, C12); MS m/z 349
(M*, 2). Anal. Caled for C,qH;7NO;,: C, 65.31; H, 7.79; N, 4.01.
Found: C, 65.43; H, 7.68; N, 4.07. Compound 43 (500 mg, 1.4
mmol) was stirred with acetic acid/water (7:3, 10 mL) at room
temperature 24 h. The solvent was evaporated and the residue
submitted to chromatography (CH,Cl;/methanol, 90:10), giving
compound 44 (279 mg, 70%): mp 137-139 °C; [a]%p —60° (¢ 0.3,
CHCl,); IR (KBr) 3600-3100 cm™!; 'H NMR (300 MHz, CDCl,)
6 7.40-7.20 (m, aromatic), 4.67 (s, 2 H, NHOCH,C.H;), 3.99 (q,
J = 3.0 Hz, 1 H, H1), 3.56 (t, J = 9.3 Hz, 1 H, H3), 3.40-3.26 (m,
2 H, H2, H4), 3.07 (ddd, J;4q = 3.9 Hz, 1 H, Hé(eq)), 1.61 (ddd,
JS(u),S( =139 HZ, JG(lx),l =24 HZ, J5'3(“) =117 HZ, 1 H, H6(ax));
MS m/z 269 (M*, 2). Anal. Caled for C,3H,,NO;: C, 57.98; H,
7.11; N, 5.20. Found: C, 57.78; H, 7.04; N, 5.01. Compound 44
(19.5 mg, 0.72 mmol) dissolved in methanol (6 mL) was hydro-
genated over 10% Pd/C at room temperature and 1 atm during
12 h. The catalyst was removed and washed with methanol, the
solvent was evaporated, and the residue was acetylated (Ac,0/
pyridine, 24 h, rt). After evaporation and chromatography
(hexane/EtOAc, 4:1) we obtained compound 46 (161 mg, 59%):
mp 37-39 °C; [«]% -9.6° (c 6.5, CHCl,); IR (KBr) 3360, 1750,
1645 cm™!; 1H NMR (300 MHz, CDCl;) 5 5.78 (d, J = 8.8 Hz, 1
H, NHAC), 5.47 (t, Jz’a = J3’4 =10.1 HZ, 1 H, H3), 5.38 (q, Jl,s(lx)
= Jl,G(eq) - J1,2 = 3.0 HZ, 1 H, Hl), 4.90 (t, J3'4 = J45 =10.1 HZ,
1 H, H4), 4.87 (dd, J;, = 3.0 Hz, J,5 = 10.1 Hz, 1 H, H2), 4.42
(m, 1 H, H5), 2.20 (td, Js(m'e(u) =147 HZ, JS(sq).l = JS(eq),5 =31
Hz, 1 H, H6(eq)), 2.12, 2.02, 1.99, 1.95, 1.89 (s, s, 8, s, 5, 15 H),
1.56 (ddd, JG( )6(ax) = 14.7 HZ, Jﬁ(ax),l =22 HZ, Js(“)’5 =125 HZ,
1 H, H6(ax)); MS m/z 373 (M*, 2). Anal. Caled for CysHyNOg:
C, 51.47; H, 6.21; N, 3.75. Found: C, 51.27; H, 6.29; N, 3.46.

Free Radical Cyclization of 14. Compound 14 (370 mg, 1.0
mmol) was submitted to the usual standard procedure for cy-
clization. The hydride was added in 6 h. Flash chromatography
(hexane/EtOAc, 95:5) gave 47 + 47[C1(R)] (20 mg) and 47 (165
mg, 60%) as an oil: [a]®p ~58° (¢ 1.8, CHCl,); IR (film) 2990,
1220 em™}; 'H NMR (300 MHz, CDCly) 8 4.36 (td, J5gieq) = 2.4
HZ, J5,s(u) = J5,4 =52 HZ, 1 H, H5), 4.14 (dd, J5" =52 Z, J43
= 8.5 Hz, 1 H, H4), 3.56 (dd, J,3 = 8.5 Hz, J;, = 9.7 Hz, 1 H,
H3), 3.45 (m, 2 H, CH,0CH,), 3.35 (s, CH,0CH,), 3.21 (t, Jy3 =
J2,1 =97 HZ, Hl, H2), 2.27 (ddd, Js(oq 6ax) — 154 HZ, Js(n),5 =
2.4 HZ, J6(eq),1(lx) =51 HZ, 1 H, H6(eq);, 2.12 (m, 1 H, Hl), 1.72
(ddd, Jy)1 = 10.6 Hz, Jous = 5.2 Hz, 1 H, H6(ax)), 1.50, 1.42,
1.41, 1.35 (s, s, 8, 5, 12 H); 1°C NMR (50 MHz, CDCl,) § 110.47,
108.93 (C7, C8), 81.63, 77.62, 76.06, 74.43 (C2, C3, C4, C5), 73.03
(C13), 58.99 (C14), 36.61 (C1), 29.12 (C6), 28.38, 26.92, 25.96 (C9,
C10, C11, C12); MS m/z 272 (M*, 5). Anal. Caled for C, HyOg:
C,61.74; H, 8.88. Found: C, 61.57; H, 8.59. Compound 47 (358
mg, 1.3 mmol) was treated with acetic acid/water (7:3, 8 mL) at
room temperature for 24 h. The solvent was evaporated and the
residue submitted to chromatography (CH,Cl;/methanol, 90:10),
giving compound 50 (173 mg, 70%): mp 98-100 °C; [a]®p —57°
(c 0.5, CH;0H); IR (CHCl,) 3500-3200, 1070 cm™; 'H NMR (300
MHz, CD,0D) é 3.94 (dd, J = 3.2 and 2.4 Hz, 1 H, H5), 3.54 (t,
J = 94 Hz, 1 H, H3), 3.46 (m, 2 H, CH,0CHjy), 3.30 (s, 3 H,
CH,0CH,;), 3.25 (dd, J = 3.2 and 9.4 Hz, 1 H, H4), 3.18 (dd, J
=9.4 and 10.5 Hz, 1 H, H2), 1.98 (m, 1 H, H1), 1.84 (td, J = 3.2
and 14.4 Hz, 1 H, H6(eq)), 1.38 (ddd, J = 14.4, 13.0, and 2.4 Hz).
Anal. Caled for CgHOg: C, 49.99; H, 8.39. Found: C, 49.71;
H, 8.16.

Free Radical Cyclization of 15. Compound 15 (244 mg, 0.64
mmol) was submitted to the usual conditions. The hydride was
added in 3 h. After flash chromatography (hexane:EtOAc, 90:10)
we obtained 48 + 48{CI(R)] (15 mg) and 48 (134 mg, 80%) and
49 (15 mg, 7%). 48: mp 75-77 °C; [«]®p -61° (¢ 1.2, CHCly);
IR (KBr) 2875, 1740 cm™; 'H NMR (300 MHz, CDCl,) 6 4.32 (td,
J5,4 = J5,6(ax) =52 HZ, J5,G(eq) =15 HZ, 1 H, H5), 4.14 (dd, J4,3
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= 8,6 Hz, J,5 = 5.2 Hz, 1 H, H4), 3.68 (s, 3 H, COOCHj,), 3.56
(dd, Jy3 = 8.6 Hz, J;, = 9.7 Hz, 1 H, H3), 3.08 (t, Jp3 = Jz; =

9.7 Hz, 1 H HZ) 2.70 (dd J1313! = 150HZ,J131 = 38Hz, 1 H
H13), 2.50-2.28 (m, 2 H Hl H6(eq)) 2.20 (dd J13 1w= 15.0 HZ,
Jiy, = 8.8 Hz, 1 H, H13"), 1.51, 1.40, 1.39, 1.35 (s, s, s, 5, 12 H),
1.50-1.45 (m, 1 H, H6(ax)), 13C NMR (20 MHz, CDCl3) 6171.99
(COOCHy,), 110.35, 108.92 (C7, C8), 81.69, 78.56, 77.60, 74.20 (C2,
C3, C4, C5), 51.40 (COOCHy,), 36.94 (C6), 33.16 (Cl), 31.59 (C13),
28.38, 26.78, 25.97 (C9, C10, C11, C12); MS m/z 285 (M* - 15,
18). Anal. Caled for C;sHpOq: C, 58.31; H, 8.39. Found: C, 58.22;
H, 8.31. 49: mp 35-37 °C; [a]®p -10° (c 0.6, CHCly); IR (CHCl,)
2990, 1720 em™; 'H NMR (300 MHz, CDCly) § 6.90 (dd, J;5 =
40HZ,J21 = 158HZ, ].H H2) 6.15 (dd J12 = 158HZ,J13
2.0 HZ, 1 H Hl), 4.66 (ddd J32 =40 Hz, JSI = 2.0 HZ J34
24HZ,1H H3) 378(dd J54—24HZ,J65—54HZ,1H H5
3.74 (s, 3 H, COOCH,;), 3.72 (m, 1 H, H6), 3.60 (t, J54 = J,5 =
2.4 Hz, 1 H, H4), 1.47, 1.45, 1.41, 1.31 (s, 5, 5, 5, 12 H), 1.28 (d,
J =59 Hz, 3 H, CH;-7); MS m/z 285 (M* -15, 13). Anal. Caled
for Ci;H, 0 C, 58.21; H, 8.39. Found: C, 57.99; H, 8.26.
Compound 48 (252 mg, 0.8 mmol) was treated with acetic
acid/water (7:3, 7 mL) and stirred at room temperature for 24
h. The solvent was evaporated and the residue submitted to

n=uu

chromatography (CH,Cly/methanol, 90:10), giving the polyol 51
(118 mg, 68%): mp 113-115 °C; [oz]25 -52° (¢ 0.4, CHyOH); IR
(KBr) 3600-3200, 2975, 1730 cm‘1 lH NMR (300 MHz, CDCly)
64.12 (ddd J56 =36 HZ, J5,6(lx) =22 HZ, J5,4 =32 HZ, 1 H,
HS5), 3.83 (s, 3 H, COOCHS,), 3.74 (¢, Jgz = Jo, = 9.2 Hz, 1 H, H3),
348 (dd, J5, = 9.2 Hz, J, 5 = 3.2 Hz, 1 H, H4), 3.21 (dd, Jp5 =
9.2 Hz, J,; = 10.4 Hz, 1 H, H2), 291 (dd, J;, = 14.6 Hz, J;, =
4.0 Hz, 1 H, H7), 2.4 (m, 1 H, H1), 2.32 (dd, J; » = 14.6 Hz, Jy;
=8.7 Hz, 1 H H7/), 2.05 (td J6(eq) 6lax) = 14.2 HZ, Js(.q) 1= Js(,q)g,
= 3.6 Hz, 1 H, H6(eq)), 1.47 (ddd, Js@ns = 2.2 Hz, S sieq) =
14.2 Hz, Jyp), = 11.5 Hz, 1 H, H6(ax)). Anal. Calcd for CgH,¢06:
C, 49.08; H, 7.32. Found: C, 48.91; H, 7.01.
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Conditions have been found for 1,4-reduction of aromatic sulfonamides (conveniently monitored by electrical
conductivity), using metals in THF/liquid ammonia on the pre-formed N-lithium salts (BuLi), without concomitant
C-S reductive cleavage. The resulting 1,4-dihydro compounds could be alkylated, either in situ (in the case of
simple unfunctionalized halides only) or, following isolation, after further N-alkylation and then forming the
monoanion, or after forming the dianion of the N-monoalkylated dihydrosulfonamide, generally using as base
n-butyllithium (a simple titration procedure). In the former case functionalized electrophiles (bromo esters,
chloroformates) could be utilized. The ratio of a- to y-alkylation was dependent on the method of alkylation,
the reaction medium, the nature of the N-alkyl group(s), and whether a monoanion or a dianion served as substrate.
v-Alkylation products could in some cases be further a-substituted. The a-substituted products aromatized,
with loss of SO, and amine, by heating, whereas vy-substitution products required hydrolysis by aqueous alkali;
this greatly facilitated separation where mixtures were formed. Thus, this dihydrosulfonamide route constitutes
a novel and nucleophilic route to 1-substituted, 2-substituted, and, notably, 1,3-disubstituted naphthalenes.

Introduction

The Birch reduction by metals in liquid ammonia con-
tinues to be the most effective way of transforming an
aromatic system into alicyclic and, ultimately, acyclic
compounds.? It proceeds with particular ease (with little
or no proton donor required) when the aromatic ring is
substituted by electron-withdrawing groups, such as car-
boxyl,? carboxylic ester,! carboxamide,’ nitrile,® and, no-
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ticeably, ketone.” In most cases the experimental con-
ditions permit the trapping of a stable carbanion inter-
mediate by an electrophile such as alkyl or alkenyl halide,?
epoxide,? or a,8-unsaturated ester even when a limited
amount of proton donor may have to be present to avoid
side reactions.*” This adds greatly to the usefulness of
the reaction, particularly when followed by further, often
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