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Preface

The chemistry of radical ions
The impact that adding or removing an electron from a mole-
cule can have on accessible reaction pathways is genuinely
remarkable. Stable bonds fragment. Electron-rich alkenes
and arenes react with nucleophiles. Electron-poor alkenes
react with electrophiles. Super acids and potent bases are
formed. Highly reactive intermediates are formed in down-
stream processes. The abundance of unusual pathways is per-
haps the reason that radical ion chemistry is often viewed as
being somewhat esoteric. Of course, this wealth of reactivity
creates ample opportunities for new reaction development,
provided that a particular pathway can be predictably
accessed. Indeed biological systems make extensive use of
radical ion intermediates to lower activation energies for a
range of processes. Substantial progress toward understand-
ing the reactivity patterns of radical ions has been reported
over the years, leading to a level of predictive capacity that
allows for efficient new processes to be developed on com-
plex substrates that yield integral components of important
materials.

The purpose of the Symposium-in-Print is to highlight
advances in design and theory for processes that proceed
through radical ion intermediates. Several elements of the
manuscripts should be noted. The structural features that
make a molecule susceptible to single electron oxidation or
reduction are often unique relative to those that lead to reac-
tivity through other manifolds such as acid/base association.
For example, alkenes, arenes, strained rings, and sulfides are
common precursors to electrophiles, and ethers can be used
as precursors to nucleophiles. Methods of accessing radical
ions are also diverse. Radical cations can be formed through
oxidation under electrochemical conditions, electron trans-
fer to ground state or photoexcited oxidants, or radical
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.05.002
solvolysis. Radical anions can be generated by electron
transfer from other radical anions or photoexcited neutral
molecules, or by electrochemical reduction. Substrates that
contain an electron donor and an electron acceptor can
undergo intramolecular electron transfer to yield a radical
cation and a radical anion in the same molecule, creating
the potential for truly unique transformations. Reaction
pathways can be controlled through rational substitution.
Fragmentation processes can be promoted by installing a
group that either stabilizes a reactive intermediate or releases
strain adjacent to the radical ion. Otherwise electrophilic
character will dominate for radical cations and nucleophilic/
basic character will dominate for radical anions.

As editor of this Symposium-in-Print, I owe a debt of grati-
tude to those who contributed to this endeavor. They have
done an outstanding job of illustrating the versatility and
power of radical ion intermediates at a level that is enjoy-
able for both those who work with these species routinely
and those who are looking to develop a greater understand-
ing of this chemistry. My underlying personal objective is
for this issue to stimulate new creative applications for
radical ion intermediates, allowing electron transfer reac-
tions to be considered as attractive options for routine
applications in synthesis design.

Paul E. Floreancig
Department of Chemistry,
University of Pittsburgh,

Pittsburgh, PA 15260, USA
E-mail address: florean@pitt.edu

Available online 19 May 2006

mailto:florean@pitt.edu
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Abstract—Photoreduction of ketones in the presence of amines led to ketyl radicals through photoinduced electron transfer (PET). Tertiary
amines, such as triethylamine (Et3N) have frequently been used in these reactions. Different reactions can occur from ketyl radicals such as
photoreduction, coupling reactions, additions on activated double bonds, cyclizations, bond cleavage of strained rings, tandem reactions such
as cyclization–ring opening or ring opening–cyclization.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Electron-transfer reactions are extensively studied in
chemistry1 and the photochemical approach of reactions of
this type has become familiar to most organic chemists as
the result of a better understanding of primary processes.
Recognition of charge transfer processes in photochemical
reactions, direct characterization and determination of
kinetic and thermodynamic properties of radical ion inter-
mediates, has induced a renewed interest in applications of
photochemical reactions to organic synthesis.2

Photoinduced electron transfer (PET) processes involve two
neutral molecules, a donor (D) and an acceptor (A) and an
electronic excitation (Eq. 1).

ðDÞ þ ðAÞ�!hn ðD�þÞ þ ðA��Þ�!Products ð1Þ

Production of radical ions (D�+) and (A��) depends on the
oxidation potential Eox1/2(D), the reduction potential Ered1/2

(A) of the starting molecules and on the electronic excitation
energy E00, according to the Rehm–Weller equation
(Eq. 2) where the coulombic interaction term in polar sol-
vents, such as acetonitrile, can be neglected in the first
approximation.3

DGset ¼ Eox1=2ðDÞ �Ered1=2ðAÞ �DE00 þDEc ð2Þ

When the PET is thermodynamically favourable (DG<0),
electron transfer proceeds close to a diffusion controlled
rate. However, the behaviour of the formed radical ion pair

* Corresponding author. Tel.: +33 1 40 79 44 29; fax: +33 1 40 79 46 60;
e-mail: janine.cossy@espci.fr
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.03.062
depends strongly on the nature of the solvent and on the
rate of the reverse electron transfer to molecules (A) and
(D) in their ground state. Use of polar solvents favours the
formation of solvent separated ion pairs and limits this re-
verse electron-transfer process. Furthermore, the selective
transformation of one of the radical ion often promotes effi-
cient chemical transformations.

PET processes between a carbonyl derivative considered as
an acceptor (A) and an amine considered as a donor (D) have
received considerable attention4 since the pioneering studies
on photoreduction of aromatic ketones with tertiary amines.5

Numerous developments have appeared during the last 30
years. In this review, we will focus our attention only on
the behaviour of the ketyl radical anion generated by photo-
reduction of ketones by amines and we will not consider the
reactivity of enones and quinones. Five different processes
can occur from the ketyl radical anion, e.g., abstraction of
hydrogen from the reaction media to produce alcohols, cou-
pling of two ketyl radical anions and/or coupling of the ketyl
radical anion with the radical cation formed from the donor,
intermolecular addition of the ketyl radical anion to an acti-
vated double bond, cyclization as in the case of u-unsatu-
rated ketyl radical anions, fragmentation when a Ca–X
bond (X¼O, C) is present. Tandem reactions can also take
place such as opening of strained rings followed by cycliza-
tion or cyclization followed by opening of strained rings.

Photoreduction of ketones in the presence of amines involves
charge transfer interactions between amines and ketones ex-
cited states.5a Kinetic studies indicate that for a given ketone,
the rate constants increase when the oxidation potential
of the amine is lowered [DABCO>R3N>R2NH>RNH2]
and the products are derived from an initial electron transfer

mailto:janine.cossy@espci.fr
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rather than from a direct hydrogen atom transfer.6 Early
studies by Cohen and co-workers7 as well as more recent
studies,8 have demonstrated that a radical ion pair is gener-
ated through electron transfer from the ground state of
the amine to the photoexcited ketone, followed by proton
transfer from the amine radical cation to the ketyl species.
Tertiary amines, such as triethylamine (Et3N) have fre-
quently been used in these reactions.9 Electron transfer can
also occur to the ground state of the ketone when the amine
is excited (Scheme 1).
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2N
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A
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B

B

R2C-OH

R2C-OH

R2C-O

Scheme 1.

Depending on the nature of the amine, either C–H or N–H
bond intervenes in the hydrogen atom transfer with the for-
mation of the hemipinacol radical and an aminyl or a-amino
radical. Furthermore, depending on the conditions and on the
substrate, the abstraction of a proton by the radical anion A
can be faster than the reactivity of the radical anion A itself
and products can come from radical A or B.

2. Photoreduction

The photoreduction of aromatic ketones by aliphatic amines
has been the subject of extensive investigation.5 In aqueous
media, it was found that the reduction of aromatic ketones by
amines proceeds rapidly to form secondary alcohols via a
ketyl radical anion rather than a pinacol type product5a,10

(Scheme 2).

Et3N/H2O

O OH

hν

1 2

Scheme 2.

In polar solvents, as well as in ionic liquids,11 benzydrols can
be obtained from amine-mediated photoreduction of benzo-
phenones 3 at room temperature. In ionic liquids, because
the reaction consumes only 1 equiv of amine and the solvent
can be easily recycled, the photoreduction allows a very
clean process for the conversion of benzophenones to benzy-
drols (Scheme 3).

BMI(BF4)

OH

hν
R' R R' R

Et3N
3 4

O

Scheme 3.

When 3b-hydroxy-5a-androstan-17-one and Et3N were ir-
radiated at 254 nm, such as Et3N absorbs 99% of the inci-
dent light, one obtains products resulting from Norrish
type I product, 6, and alcohol 7 coming from the reduction
of the ketone. The product ratio depends strongly on the sol-
vent. In ether and THF, compound 6 (Norrish type I product)
and alcohol 7 are observed in a ratio of 1/1 but in aceto-
nitrile only the 5a-androstane-3b,17b-diol 7 is formed12

(Scheme 4).

HO
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hν, Et3N
254 nm

HO

OH
CHO

HO

5

+

76

Scheme 4.

3. Coupling reactions

Coupling reactions between a radical cation and a radical
anion or between two radical anions can occur. The propor-
tion of the different products is very sensitive to the solvent
and additives. For example, the irradiation of benzophenone
1 in benzene in the presence of s-butylamine produces the
benzopinacol 8 in quantitative yield11 (Scheme 5).

hν

PhH

O

s-Butylamine

Ph Ph

PhPh
OH

OH

1 8

Scheme 5.

A mixed coupling product 11 is obtained when the aromatic
ketone 9 is irradiated in the presence of a tertiary amine
such as N,N-dimethyl N-benzylamine in acetonitrile. Com-
pound 11 corresponds to the coupling of the a-amino-alkyl
radical C with radical D. Both radicals possess an aromatic
and an electron-donating substituent and this structure re-
semblance favoured the photopinacolization type reaction13

(Scheme 6).
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Another example of cross-coupling reaction is observed
when a-ketoester 12 is irradiated in HMPA.14 The irradia-
tion resulted in the cross-coupling of the ketyl radical with
the generation of a HMPA-derived radical according to
Scheme 7.

hν
Ph

O

O
OR

HMPA

+

R = CH3

R = Allyl

20%
Ph

HO

OR

N

O

P
N

N

Ph
O

OH
OR

O

N P
N

N

O

12 13

Scheme 7.

4. Addition

A third process that can take place is an intermolecular ad-
dition of a radical onto an activated olefin. When ketones
14 are photoreduced by a tertiary amine in the presence of
an activated olefin such as (5R)-5-(�)-menthyloxy-2[5H]-
furanone 15, a ketyl radical anion is formed and after a
subsequent proton transfer from the tertiary amine, a stereo-
selective addition of the ketyl radical to olefin 15 is
observed.13,15 It is worth noting that, due to their low reactiv-
ity, a-amino alkyl radicals, which are generated at the same
time than the hydroxy radicals, do not add to 15 (Scheme 8).
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Scheme 8. Amine: Et3N; yield in 16 (n¼1–9): 12–38%. Amine:
(CH3)2NBn; yield in 16 (n¼1–9): 37–69%.

5. Cyclization

Before the 1980s, intermolecular photoreduction of ketones
by amines has not provided much synthetic utility except
for the production of alcohols, aminoalcohols, pinacols and
polymers. More interestingly, the amino group can belong
to the same molecule without disturbing the charge transfer
process. Depending on the structure of the starting amino-
ketones 17, 18 and 19, a-aminocyclopropanols 20, a-amino-
cyclopentanols 21 and hydroxyazetidines 22 can be,
respectively, obtained in high yields16 (Scheme 9).
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The most useful process in synthesis is probably the cycliza-
tion of u-unsaturated ketyl radical anions, which produces
functionalized substituted carbo- and heterocyclic com-
pounds. Cyclization of d,3-unsaturated radicals is a very
fast process,17 which leads to cyclopentylmethyl or cyclo-
hexyl radicals. Formation of the cyclopentane ring is highly
favoured according to the literature data18 and the Baldwin’s
rules.19 According to the very fast cyclization process d,3-
unsaturated ketyl radical anion, produced by photoinduced
electron donor such as HMPA or tertiary amines such
Et3N, leads to cyclopentanol or cyclohexanol derivatives20

rather than d,3-unsaturated alcohols or pinacols just as ob-
served in the ground-state reduction21–24 (Scheme 10).
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Irradiation of d,3-olefinic cyclopentanone 26 and cyclo-
hexanone 27 in HMPA with low pressure mercury lamps
(l¼254 nm) produced the bicyclic cyclopentanols 28 and
29, respectively, in high yields. Analysis of the reaction
mixture did not reveal any reduction compound such as u-
olefinic alcohol, other than the cyclized one. Furthermore,
only one stereoisomer having the methyl and the hydroxy
groups in a trans relationship was obtained (Scheme 11). Us-
ing Et3N as the donor, in a polar solvent such as acetonitrile,
the same reaction occurred but in lower yield. Due to the
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high regio- and stereoselectivity as well as the high yield
obtained in HMPA, the synthetic usefulness of the reaction
toward various bicyclic cyclopentanols was tested. When
3-allylcyclohexanone 30 is irradiated in HMPA, a mixture
of cyclized isomers 31 and 310 is obtained in 45% and
30% yields, respectively. Similarly, 4-cyclooctenone 32
produced bicyclo[3.3.0]cyclooctan-1-ol 33 in 67% yield.
When several functional groups are present in the starting
molecule, the electron transfer from the donor occurred
selectively to the most reducible group. Indeed, ketoesters
34 and 35 are transformed to the cyclized products 36/360

and 37/370, respectively. In contrast to 26 and 27, two stereo-
isomers were isolated, although the cyclization remains very
stereoselective. A better stereoselectivity is observed in
HMPA than in Et3N/CH3CN20 (Scheme 12).

hν

( )n ( )n

26 (n = 1) HMPA
Et3N/CH3CN

28 (81%)
28 (50%)

27 (n = 2) HMPA 29 (76%)

30

O OH

31 (45%)

HMPA

OH

31'  (30%)

+

O

HMPA

32

OH

H
33 (67%)

hν

hν

O OH

H

67%

Scheme 11.

O

CO2Me

HO

CO2Me

HO

CO2Me

hν

( )n ( )n ( )n

34 (n = 1) HMPA
Et3N/CH3CN

36 (87%)
36 (56%)

35 (n = 2)

36' (3%)
36' (4%)

HMPA
Et3N/CH3CN

37 (75%)
37 (43%)

37' (5%)
37' (15%)

Scheme 12.

Good regioselectivities and stereoselectivities are observed
and can be explained by a repulsive electrostatic inter-
action, which can take place between the negatively charged
oxygen centre and the terminal sp2 carbon atom in one of
the two diastereomeric cyclic and polar transition states21

(Scheme 13).

Even if HMPA gives better yields in the cyclization of un-
saturated ketones than Et3N, it is preferable to use Et3N since
this compound is less hazardous, more volatile and allows a
simpler work-up (only requiring evaporation of the sol-
vent).25 From a preparative point of view, it was found that
the procedure using Et3N tolerates various substituents
such as carbonitriles, esters, ethers, alkenes and alkynes.
For example, compounds 38 and 39, when irradiated in
acetonitrile in the presence of Et3N, leads, respectively, to
the cyclized products 41 and 42 in good yields. It is worth
of note that no cyclized product was observed when ketone
40 was irradiated in the presence of Et3N, alcohol 43 was the
only isolated product20 (Scheme 14).
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The behaviour of the intermediate radical formed from d,3-
unsaturated ketones does not depend strongly on the method
used to produce its chemical reduction, electroreduction or
photoreduction. However, the latter method presents the
advantage of being carried out under very mild and homo-
geneous conditions with few problems of reproducibility
constituting a complementary and advantageous approach
to cyclic compounds. For this reason, the photoreductive
cyclization was applied successfully to the synthesis of
cyclopentanoids, alkaloids, iridoids and sesquiterpenes.

One of the first achievements based on this method was
a short synthesis of (�)-hirsutene.26 The retrosynthetic
analysis shows that the tricyclic skeleton of hirsutene should
come from a acetylenic ketyl radical anion cyclization, which
will be issued from the photochemical reduction of ketone
45. After the stereoselective replacement of the angular hy-
droxy group by a methyl group, hirsutene should be obtained.
Thus, the photochemical reduction applied to compound 45,
obtained by alkylation of the bicyclic ketone 44, afforded
46 as the only tricyclic product, which possesses the desired
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cis-anti-cis stereochemistry. The highly regio-, stereo- and
chemoselective replacement of the tertiary allylic alcohol
in 46 with methylmagnesium bromide in the presence of
a Ni(II) catalyst27 completed the synthesis of (�)-hirsutene
(Scheme 15).

H

H

H

- Hirsutene

HO

H

H

H

O

H

H

H

H

H

OO

H

H

H

46 45

44I

CH3MgBr
hν

Et3N

a

Ni(II)

58%35%

50%

( )

CH3CN

Scheme 15. (a) (1) KH/DME, ICH2CH]C(CH3)Cl, �78 �C; (2) LiAlH4,
ether, 0 �C; (3) KAPA, APA, 0 �C; (4) PCC, MS 3A, CH2Cl2.

Straightforward access to heterocyclic compounds can be ob-
tained using the photoreductive cyclization of u-unsaturated
ketones. However, when N,N0-dialkyloxoamides are irradi-
ated under reducing conditions, competition between PET
and g-hydrogen abstraction products can be observed as
compounds 48 and 49 were isolated28 (Scheme 16).
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On the contrary, the photoreduction of N,N-unsaturated di-
alkyl b-oxamides 50 and 51 afforded only substituted 3-aza-
bicyclo[4.3.0]nonanes, which are issued from the ketyl
radical anion J29 (Scheme 17).
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This photoreductive cyclization is of great synthetic utility
as illustrated below in the synthesis of actinidine30,31 and iso-
oxyskytanthine,31,32 two rare monoterpenic alkaloids, which
contain a 3-azabicyclo[4.3.0]nonane skeleton substituted by
methyl groups at C4 and C7 (Scheme 18).
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Scheme 18.

The synthesis of the skeleton of these two monoterpenic al-
kaloids and the control of the relative stereochemistry at C7
and C7a was achieved by relying on a Wolff rearrangement
applied to a diazodiketone, followed by a photoreductive
cyclization of unsaturated N-alkyl-2-oxocyclopentane car-
boxamides of type K.

A Wolff rearrangement33 applied to the diazodiketone 54 in
the presence of diallylamine gave a 1.6/1 mixture of two
regioisomeric amides 55a and 55b. The major product
55a, which is the precursor of actinidine, was isolated in
56% yield. Similarly, photolysis of 54 in the presence of
N-methyl,N-propargylamine gave almost quantitatively a
mixture 57a and 57b (1.5/1). The photoreductive cycliza-
tion of 55a carried out in the presence of Et3N led to a 1.7/1
mixture of 56a and 56b, which was transformed to actini-
dine. Irradiation of 57a under the same conditions led to
a single product 58, which could be converted to isooxy-
skytanthine (Scheme 19).

Iridoids represent a class of highly oxygenated monoterpenes
characterized by a cis-fused cyclopentapyran ring system. In
principle, synthesis of such systems could be achieved by
a photoreductive cyclization of d,3-unsaturated b-ketoesters.
Unfortunately, unsaturated b-ketoester 59 did not lead to the
expected bicyclic compound 60 because of an unfavourable
conformation of the ester group of 59 (Scheme 20).34

In order to overcome this conformational effect, annulation
of the unsaturated b-ketoacetal 62 was investigated as
a model for the synthesis of C5 oxygenated iridoids.35 The
b-ketoester, readily available from the irradiation of the di-
azodiketone 54 in the presence of MeOH through a Wolff re-
arrangement was transformed into the ketoketal 62 in a few
steps. As expected, irradiation of 62 at 254 nm in acetonitrile
with Et3N led to the formation of the desired bicyclic com-
pound 63 with a yield of 80% (Scheme 21).

The photoreductive cyclization process has been extended to
unsaturated alkoxyketones to attain the furofuranic system
present in antifeedant substances such as azadirachtin.36 Ke-
tone 65, obtained from dihydrofuran 64, was irradiated in the
presence of Et3N to furnish the bicyclic compound 66. Its
transformation to 68 was then achieved in five steps by using
a Bamford–Stevens reaction37,38 as a key step (Scheme 22).

The photoreductive cyclization is very reproducible and
produces stereoselectively substituted carbocyclic or hetero-
cyclic compounds in high yields.
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6. Bond cleavage

While most of the work related to PET reactions has focused
on the formation of C–C bonds, the cleavage of C–O and C–
C bonds has gained interest. One synthetic application of the
cleavage of a C–O bond is the release of carboxylic acids
upon photolysis of phenacyl esters using photosensitizers
such as N,N,N0,N0-tetramethylphenylene diamine, N-methyl-
carbazole, 2-aminoanthracene or N,N-dimethyl-aniline.39

It is argued that this reaction is initiated by a photoinduced
electron transfer from the excited state sensitizer to the
phenacyl ester. The latter process forms the ketyl anion
radical of the phenacyl ester, which in turn undergoes a rapid
C–O bond scission leading to the phenacyl radical and to
the corresponding carboxylate anion (Scheme 23).
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A second synthetic application of the C–O bond cleavage is
the elimination of an allyl protection at the anomeric posi-
tion of a carboxylate, which is sometimes problematic. In
the case of compound 72, the deprotection problem was
solved by using a Wacker oxidation40 followed by photolysis
of 73 in the presence of Et3N41 (Scheme 24).
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Scheme 24. (a) PdCl2, CuCl, O2, DMF/H2O; (b) hn, Et3N, CH3CN, 254 nm.

The cleavage of heterocyclic strained rings can also be
achieved by using a PET process. Irradiation of a-epoxy-
ketones in acetonitrile in the presence of tertiary amine
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Scheme 22. (a) i. m-CPBA, CH2Cl2, 0 �C, ii. Propargyl alcohol, TsOH, iii.
CrO3, H2SO4, acetone; (b) hn, Et3N, 254 nm; (c) i. t-BuMe2SiCl, imidazole,
ii. O3; (d) i. H2NNHTs, MeOH, H2O, ii. Ethyleneglycol, Na, 140 �C, iii.
Bu4NF, THF.
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[Et3N, tribenzylamine, N,N-dimethyl,N-(trimethylsilyl-
methyl)amine, 2-phenyl-N,N-dimethylbenzimidazoline] pro-
duces the cleavage of the epoxide ring of the a-epoxyketone
and leads to 3-hydroxyketone42 (Scheme 25).

Although the exact mechanism of the epoxide ring opening
from intermediate L has not yet been determined, a PET
process seems to be involved. The observed cleavage of
the Ca–O bond of an epoxyketone is similar to the reductive
cleavage of the same bond using lithium in liquid ammo-
nia,43 Bu3SnH44 or by cathodic reduction.45 Surprisingly,
SmI2 did not cleave the epoxide ring of carvone oxide46

(Scheme 25).
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The photoinduced epoxy ring opening of an a-epoxyketone,
allowing stereospecific formation of a b-hydroxy ketone, has
also been used in the synthesis of the methyl glycoside of
cinerulose 82, a rare sugar present in the antibiotic cineru-
bine B.47

Irradiation of the epoxyketone 81, prepared from the
commercially available di-O-acetyl-L-rhamnam, affords
the methyl glycoside 82. The transformation of 81 to 82
considerably shortens the synthesis of this rare sugar as
compared with the previous synthesis48 (Scheme 26).
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Scheme 26. (a) i. BF3$OEt, MeOH, ii. Resin HO�; (b) i. m-CPBA CH2Cl2,
ii. PCC, CH2Cl2, MS 3A; (c) hn, Et3N, CH3CN, 254 nm.

Ptaquilosin is the aglycone of ptaquilosine, which has been
evaluated for its antitumor activity at the National Cancer
Institute (NCI).49 The photoreductive cyclization and photo-
reductive opening of an epoxide, which are two highly
chemo-, regio- and stereoselective processes, were used to
control the configurations at C5 and C9 and consequently
at C1 and C7 in a total synthesis of ptaquilosin.50 The photo-
reductive cyclization applied to compound 84 allows the for-
mation of the bicyclic compound 85 (70%) in which the ester
group is the precursor of the C5 hydroxy group present in
ptaquilosin. Compound 85 was transformed to the enone
86, which was epoxidized in a very stereoselective way
using H2O2 in a methanolic potassium carbonate solution.
The thus formed epoxide 87 was transformed under photo-
reductive conditions and hydroxy ketone 88 was isolated
with a yield of 79%. In this compound all the functionalities
needed are present to complete the synthesis of ptaquilosin.

As compound 84 can be prepared in its two enantiomeric
forms,51,52 both (+)-ptaquilosin and (�)-ptaquilosin have
been synthesized using this approach (Scheme 27).
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Scheme 27. (a) KOH, EtOH, 1-iodopent-4-yne; (b) hn, Et3N, CH3CN,
254 nm; (c) i. O3, MeOH, Me2S, ii. Ac2O, H3PO4 cat, iii. Resin OH�,
MeOH; (d) H2O2, K2CO3; (e) hn, Et3N, CH3CN, 254 nm; (f) i. TBDMSCl,
imidazole, ii. TMSOTf, 2,6-lutidine, iii. Pd(OAc)2, p-benzoquinone,
CH3CN, iv. CuBr$Me2S, CH3Li, TMSCl, v. Pd(OAc)2, p-benzoquinone,
vi. t-BuOK/t-BuOH, ICHCH2SMe2I, KI.

Oxonorbornanones, which possess a strained oxabridge
can be cleaved under PET conditions.42,53 When these
compounds are indeed irradiated in the presence of Et3N,
3-hydroxycyclohexanones are obtained in moderate to good
yields, depending on the nature of the substituents at C5 and
C6. This reaction was applied to the synthesis of 3-hydroxy-
cyclohexanones with excellent stereocontrol (transforma-
tion of 90 to 91) (Scheme 28).

Interestingly, the treatment of 90 with Na in liquid NH3

(�78 �C) did not induce the required C–O bond cleavage
but gave a 10/1 mixture of the endo and exo alcohols 92
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and 93.53 Furthermore, the treatment of 90 with 3 equiv of
SmI2 in THF led to the exclusive formation of the endo-alco-
hol 92. These experiments show the difference in reactivity
of intermediates produced by photochemistry and ground-
state chemistry (Scheme 28).

The photoreductive 7-oxa ring opening method has allowed
the synthesis of the erianolin skeleton from ketone 94.54

A new class of disaccharide mimics55 that are a-C-galacto-
pyranosides of carbo-pentopyranols56 have been synthesized
using the same approach (Scheme 29).
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Photoinduced electron transfer from Et3N to the all-endo
7-oxanorbornanone derivative (+)-98 prepared by radical
C–C bond formation between enone 9657 and acetobromo-
galactone 9758 led as expected to the reductive ring opening
of the oxabridge and provided the tetrasubstituted cyclo-
hexanone (+)-99 without epimerization in the position a of
the ketone. Compound (+)-99 was then converted into 100,
a dicarba analogue of 2-O-(a-O-galactopyranosyl)-xylo-
pyranodialdehyde (Scheme 30).
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Scheme 30. (a) i. Bu3SnH, AIBN, PhH, ii. m-CPBA, �78 �C, iii. Ac2O/
AcOH, iv. Bu3SnH; AIBN; (b) hn, Et3N, CH3CN, 254 nm; (c) i. NaBH4,
MeOH, ii. Ac2O, pyridine, DMAP.

The PET induced opening of oxygenated strained rings can
be extended to carbocyclic strained rings such as cyclopropa-
nes42a,59 or cyclobutanes. Irradiation of bicyclo[4.1.0]hepta-
none 101 at 254 nm in acetonitrile in the presence of Et3N
led to cyclohexanone 102 according to Scheme 31.60
Interestingly, the addition of LiClO4 avoids further reduction
of the ketone 102 to the alcohol 103 (Scheme 31).

In the rigid tricyclic octanone system represented by 104, the
major product comes from the cleavage of the C2–C8 bond,
arising from a better overlapping of this bond with the neigh-
bouring carbonyl p-orbital61 (Scheme 32).
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Scheme 32.

The preferred regioselectivity of the ring opening (exo vs
endo) depends on the substitution pattern of the bicycloalka-
nones and on their ring size62 (Scheme 33). When the
bicyclo[3.1.0]hexanone and bicyclo[4.1.0]heptanone are
substituted by electron-withdrawing groups at Cb, ring-
expanded products are formed. Similarly, the irradiation of
bicyclo[5.1.0]octanone and bicyclo[6.1.0]nonane in the
presence of Et3N led to the ring-expanded products62

(Scheme 33).
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The radical-enolate intermediates of type S arising from the
cleavage of the bond C2–C4 (ring enlargement process) are
more stable (3.4 kcal/mol if R2¼H and 11–14 kcal/mol if
R2¼CO2Me)62,63 than the corresponding intermediate R
(Scheme 34). The former intermediate is a secondary radical
either substituted or not by an ester moiety and the latter is
a primary radical. The ring enlargement can be explained
by the fact that the C2–C4 bond of the bicyclo[n.1.0]alkan-
2-ones is weaker than that of bond C2–C3. In the case of
compound 101, the C2–C3 bond is cleaved preferentially
due to stereoelectronic factors, the latter bond being better
aligned with the p-system of the ketyl radical anion than
bond C2–C4. In the case of compounds 106–108 the kinetic
stereoelectronic factor does not compete with the highly
favourable factor, which makes the ring-enlarged radical-
anion intermediates highly stabilized by the carbonyl group.
In compound 107, the flexibility of the bicyclic carbon
skeleton makes both the C2–C3 and C2–C4 bonds capable
of proper alignment with the p-system of the ketyl radical
anion, thus leading to mixtures of the corresponding methyl-
cycloheptanones and ring-enlarged cyclooctanones.
(Scheme 34).
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The ring cleavage of the cyclopropane ring of a chiral bi-
cyclo[4.1.0]heptanone has been used as the key step in the
synthesis of an antifungal agent, (+)-ptilocaulin.64 Thus
the chiral 2-butylbicyclo[4.1.0]heptanone was obtained by
the cyclopropanation65 of the chiral unsaturated ketal 11566

with high enantiomeric excess (96%). After deprotection, ke-
tone 116 was irradiated in the presence of Et3N and LiClO4 to
give the desired ketone 117, which is the key molecule in the
synthesis of (+)-ptilocaulin. The stereocontrol at C3 using
this ring opening of a bicycloalkanone is much better than
the addition of Me2CuLi in the presence of a chiral inductor
to the corresponding cyclohexenone.67 Intermediate 117 was
then transformed to ptilocaulin using a Sakuraı̈ reaction,68

a hydroboration69 an aldolisation and a treatment of 118 by
guanidine (Scheme 35).70

Ketyl radical anion can also induced the cleavage of a cyclo-
butane ring. Irradiation of compound 119 in the presence of
Et3N results in the formation of the spiroproduct 12059,71

(Scheme 36).

A PET mechanism was postulated for this reaction, since the
cleavage of the cyclobutane ring was not observed in the ab-
sence of Et3N. Similarly, various cyclobutylketones have
been subjected to PET conditions with Et3N. For example,
the irradiation of an ethanolic solution of 121 in the presence
of Et3N led to its quantitative conversion to 12272 (Scheme
37).
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7. Tandem reactions: cyclization–ring opening and
ring opening–cyclization

An intramolecular PET process in a-ketoazetidines induces
an interesting rearrangement and formation of bicyclic hy-
droxy azetidines. These hydroxyaziridines rearrange quickly
into 2-hydroxy-3,4-dihydroxypyrrole derivatives that aro-
matize through water elimination73 (Scheme 38).

The radical intermediate Y induced by the PET fragmenta-
tion of bicyclo[n.1.0]alkanones can be trapped intramole-
cularly as shown by irradiation of the bicycloalkanone
12659,62 (Scheme 39).
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diol, TsOH; (b) i. CH2I2, ZnEt2, ii. TsOH; (c) hn, Et3N, LiClO4, CH3CN,
254 nm; (d) i. LDA, NBS, ii. NaOH, iii. allylsilane, TiCl4, iv. RhCl3, cate-
cholborane, v. PCC, CH2Cl2, MS 4A, vi. HCl, 2 N.
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Spiro compounds can be obtained by applying a PET to
compound of type 128. Tricyclic compound 131 can also
be obtained from compound 13074 (Scheme 40).
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The skeleton of linear triquinanes is easily accessible from
the methyl 8-oxotricyclo[5.4.0.0]2,6undecan-1-carboxylate
132.71 Photoreduction of 132 implied the formation of
a ring-expanded intermediate Z, which cyclized to produce
the linearly fused triquinane 133 (Scheme 41). An extension
of this reaction to heterocyclic angular tricyclic compounds
has been achieved75 (Scheme 42).
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8. Miscellaneous

Even, if it is not a direct reactivity of a ketyl radical anion,
and based on previously reported catalyzed conjugate addi-
tions of a-amino alkyl radicals to enones in a non-enantio-
selective process,76 it is worth to point out that catalytic
enantioselective reactions driven by photoinduced electron
transfer can take place. Compound 137 can be obtained in
70% enantiomeric excess and in 64% yield when compound
135 is irradiated in the presence of 136. The facial differen-
tiation in the PET-catalyzed cyclization of the prochiral sub-
strate is probably due to the ketyl radical anion 1360, which
can produce intermediate 138 and, it is assumed, that the fa-
cial differentiation is due to this intermediate (Scheme 43).77
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9. Conclusion

Reactions involving PET processes are usually chemio-
regio- and diastereoselective. For this reason, numerous
synthetic developments have appeared during the last
30 years. At present and in spite of the interest of these
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reactions, the photoreduction of ketones by tertiary amines is
probably one of the most useful processes from a synthetic
point of view. In the field of natural products, carbocyclic
and heterocyclic molecules can be easily prepared from un-
saturated ketones and PET processes cannot be neglected in
synthetic schemes. The mild conditions and the high selec-
tivity involving PET processes, make these reactions very
attractive for further synthetic applications.
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Abstract—A range of systems bearing hydroxy functions tethered to the molecular framework gives rise to a family of interesting radical
cations, 5

�+–11
�+, upon electron transfer to photo-excited cyanoaromatics. Geraniol (5), nerol (6), citronellol (7), chrysanthemol (8), homo-

chrysanthemol (9), trans-1-o-hydroxyphenyl-2-phenylcyclopropane (10), and endo-5-hydroxymethylnorbornene (11), generate a series of
mono-, bi-, or tricyclic ethers via a series of four- to seven-membered transition states. Two of the radical cations, 5

�+ and 6
�+, undergo tandem

cyclizations where 1,5- and/or 1,6-C–C cyclizations precede nucleophilic capture.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The structures of organic radical cations and their reactions
have attracted much attention during recent decades and con-
tinue to be the focus of intense interest.1–13 Because of their
dual nature, radical cations contain an unpaired spin and a
positive charge, they may undergo a wide range of diverse re-
actions, including rearrangements3–6 and sigmatropic shifts,7

nucleophilic substitution or ‘capture’,8,9 cycloadditions,2d,10

as well as fragmentations11 and cycloreversions.12 Compared
to the analogous reactions of the parent molecules, many rad-
ical cation reactions show a dramatic decrease in activation
barriers,11,13 one of the most striking aspects of radical cation
chemistry.3 Among the plethora of reactions the capture by
nucleophiles has been investigated in detail.

As a result of their electron deficient nature radical cations
are strong acids and are excellent targets for nucleophilic
substitution or capture. A wide range of strained ring radical
cations undergo nucleophilic substitution, i.e., backside at-
tack with inversion of configuration.8,9 The stereochemical
requirements for this reaction are considered rigorous;
molecular orbital calculations indicate that a trajectory
close to 180� is critical.14 Many of these substitutions occur
at sterically encumbered carbons;7,13 apparently, relief of
ring strain significantly increases the driving force; this
increase more than compensates for the steric hindrance.

Keywords: Electron transfer; Radical cation; Photochemistry; Intramolecu-
lar nucleophilic substitution; Tandem cyclization.
* Corresponding authors. Tel.: +1 732 445 5664; fax: +1 732 445 5312

(H.D.R.); tel.: +1 732 445 2626 (R.R.S.); e-mail addresses: roth@
rutchem.rutgers.edu; sauers@rutchem.rutgers.edu
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.03.064
The various factors governing regio- and stereochemistry of
nucleophilic substitution on radical cations have been evalu-
ated in a series of substrates that offer regiochemical compe-
tition within the target molecule. Not surprisingly, molecular
orbital (MO) factors, particularly the nature of the singly oc-
cupied molecular orbital (SOMO) and the lowest unoccupied
molecular orbital (LUMO), are of major importance. If MO
factors allow more than one reaction, the thermodynamic
stability of the resulting free radicals determines the out-
come.7b,c,15 Steric factors typically do not play a major
role; in fact, several radical cations are captured by attack
on highly congested centers.7,13 However, at least one radical
cation is captured selectively at the less encumbered site.15

We illustrate the major factors in the following examples,
which were chosen to differentiate unambiguously between
potentially governing factors.

A simple system illustrating the role of molecular orbital
effects is the radical cation of trans-1,2-dimethylcyclo-
propane. The unpaired spin density, SOMO and LUMO of
this species are shown in Figure 1; both HOMO and
LUMO have a node at C-3. Accordingly, this radical cation
and likewise other 1,2-disubstituted cyclopropane radical
cations are unreactive at C-3.3b,16

The radical cation of sabinene, 1�+, contains a rigidly ar-
ranged vinylcyclopropane system; unpaired electron spin
and charge are delocalized over four atoms, C-5, C-1, C-4,
and C-40; however, only two centers, C-1 and C-40 have sig-
nificant orbital coefficients in both HOMO and LUMO. Thus,
nucleophiles should be able to attack 1�+ either at the exocy-
clic alkene position or at the cyclopropane ring. In fact, nu-
cleophilic attack occurs exclusively at the highly congested

mailto:roth@rutchem.rutgers.edu
mailto:sauers@rutchem.rutgers.edu
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quaternary cyclopropane carbon; this reaction is favored
because (1) it gives rise to a more stable allylic free radical
(/�1-A-OCH3) and (2) it occurs with complete release of
ring strain.7b

OCH3

Ar

.

OCH3

H3CO

1
.+

.
1-A-OCH

3

.

b

a

.

1
4

4'

5

X

+

In contrast, tricyclo[4.3.1.01,6]deca-2,4-triene radical cation,
2�+, which formally has two pathways of nucleophilic substi-
tution with relief of ring strain (a,b), fails to utilize either.
The species has spin and charge density at C-2, C-5, and
C-10 but is attacked exclusively at C-2/C-5 (c,d), retaining
the significant ring strain in the products. The course of
this substitution is determined by the large LUMO coeffi-
cients at C-2, C-5 in contrast to the absence of major
LUMO coefficients at C-10 or at the bridgehead carbons,
C-1 and C-6 (Scheme 1; Fig. 2).17

The role of steric factors is illustrated unambiguously by
comparison of two tricyclane isomers, 2,3,3-trimethyl-
tricyclo[2.2.1.02,6]heptane,18 3, and 1,3,3-trimethyltri-
cyclo[2.2.1.02,6]heptane,15 4. Nucleophiles attack 3�+ and
4�+ exclusively at tertiary carbons, not the quaternary ones;
this finding is ascribed to the formation of the more stable

Figure 1. Stereoview of unpaired spin density (bottom), singly occupied
molecular orbital (SOMO, center), and lowest unoccupied molecular orbital
(LUMO, top) for the radical cation of trans-1,2-dimethylcyclopropane.16
tertiary radicals, �3-A-OCH3 and �4-A-OCH3. The symmetri-
cal tricyclane, 3, does not offer an unambiguous conclusion:
attack at C-1/C-6 is unencumbered form either face. On the
other hand, the chiral isomer, 4, clearly illustrates the role
of steric hindrance. One of the tertiary cyclopropane centers

Figure 2. Stereoview of unpaired spin density (bottom), SOMO (center) and
LUMO (top) for the radical cation of norcaradiene.17

.
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[∆H = 0.4 kcal/mol]

[∆H = –13.9 kcal/mol]
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Scheme 1. Potential regioisomeric free radicals generated by nucleophilic
addition/capture of tricyclo[4.3.1.01,6]deca-2,4-triene radical cation, 2

�+,
by methanol. The enthalpies of the corresponding truncated norcaradiene
system are given in brackets.
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of 4, C-2, is a neopentyl type carbon whereas C-6 is sterically
unencumbered. The result, exclusive attack at C-6, clearly
establishes a significant role of steric hindrance in this
system.15 The intermediates of both reactions, �3-A-OCH3

and �3-A-OCH3respectively, form the final product by hydro-
gen, respectively, form the final product by hydrogen atom
transfer to an adventitious acceptor.
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Three of the reactions discussed above, those of 1�+, 3�+, and
4�+, are ‘genuine’ substitution reactions, akin to an SN2 reac-
tion, albeit on substrates that are one electron shy of the dia-
magnetic prototype. These reactions involve backside attack
with release of a leaving group, in each case a free radical that
remains attached to the molecule. For these reactions, the tra-
jectory of approach may be important.14 The reaction of 2�+ is
different as the nucleophile adds to, or is ‘captured’ by an
‘empty p-orbital’ or an electron deficient p-system. This
reaction is akin to the second, product-forming step of an
SN1 reaction. The stereochemical requirements for this
type of reaction may be less demanding.

We have an interest in the intramolecular variant of these
reactions, i.e., nucleophilic substitution or capture of radical
cations by hydroxy groups tethered to the centers bearing
spin and charge. Compared to the more general case of cap-
ture by an external nucleophile the intramolecular case offers
some intriguing features. Steric features, including confor-
mational preferences, may play a significant role in the sub-
stitution by or capture of an intramolecular nucleophile.
Particularly, introduction of ring strain is seen as a major
potential impediment for the cyclization of such systems.
In general, the factors may be similar to those governing
other ring-forming reactions such as the Dieckman conden-
sation19 or intramolecular nucleophilic substitution of
bifunctional compounds.20 For example, the Dieckman con-
densation works well for five-, six-, and seven-membered
rings, whereas larger rings require high-dilution techniques,
a direct reflection of the conformationally encumbered tran-
sition states of such ring systems. Similarly, intramolecular
SN2 reactions proceed optimally via five- and six-membered
transition states.
In order to probe various features of intramolecular reactions
of radical cations with nucleophiles, we selected a series of
substrates designed to cover a range of cases that would
allow us to elucidate the principles governing this reaction
type. For several of these species the tethered nucleophile
has only a single possibility to react whereas in others it
has the ‘option’ of attacking two or three different centers
via different transition states with different driving forces
and different barriers.

The systems chosen provide the opportunity to evaluate reac-
tions proceeding via four- to eight-membered transition
states, in several cases with intra-species competition. A
four-membered transition state is actually realized in one
system. Not surprisingly, several substrates utilize five- and
six-membered transition states; both substitution and capture
readily proceed via these common transition states. Three of
our systems have the potential of reacting via seven-
membered transition states; two radical cations react in this
fashion, one actually in competition with other cyclizations.
Finally, two radical cations offer the possibility of reaction
via an eight-membered transition state without, however,
using this pathway. Three of the systems studied contain
three-membered rings; they were chosen for the additional
driving force which relief of ring strain might provide.

The seven target molecules chosen for our investigation are
listed in Chart 1; geraniol (5), nerol (6), citronellol (7),
chrysanthemol (8), homochrysanthemol (9), trans-1-o-
hydroxyphenyl-2-phenylcyclopropane (10), and endo-5-
hydroxymethylnorbornene (11), generate a family of mono-,
bi-, or tricyclic ethers via a series of four- to seven-
membered transition states.

In all these systems the hydroxyl function serves as the
nucleophile. This moiety is not a potent nucleophile in SN2
reactions; for example, OH or COOH functions only undergo
intramolecular substitution after being deprotonated.
However, in reactions with radical cations, as well as carbo-
cations, which are superacids as well as ‘super electrophiles’,
the OH function is an efficient nucleophile. This is borne out
by rates of nucleophilic capture, e.g., k¼w108 l mol�1 s�1,
for the capture of phenylcyclopropane radical cation by
methanol.13d

CH2OH

CH2OH CH2OH

CH2OHCH2OH

OH

Ph HO

5 6 7

8 9

10 11

Chart 1. Target systems chosen for this study.
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In selected cases, these experimental findings are viewed in
the light of molecular orbital calculations with ab initio or
density functional theory (DFT) methods (vide infra). In ad-
dition to the geometries of selected intermediates, especially
key bond lengths, we have generated pictorial representa-
tions of unpaired spin densities (r), the singly occupied
molecular orbitals (SOMOs), and the lowest unoccupied
(LU) MOs. The unpaired spin densities on carbon determine
the hyperfine coupling constants (hfcc) of free radicals
and radical ions; in most cases the signs and magnitudes
of hfccs provide the only available experimental evidence
for the structures of these intermediates.

2. Method of generation

The radical cations of the target molecules, 5–11, were gen-
erated by electron transfer to a photo-excited sensitizer or
a sensitizer/co-sensitizer system (e.g., Scheme 2, Eq. 1–3).
The intramolecular nucleophilic substitution or capture of
radical cations, 5�+–11�+, give rise initially to bifunctional
radical cations containing an oxonium ion and a localized
or delocalized free radical. Rapid deprotonation of the oxo-
nium ions leaves free radicals (Eq. 4), which have several
potential reactions available, including aromatic substitution
on the sensitizer radical anion (Eq. 6); reduction by return
electron transfer (RET) from the sensitizer radical anion, fol-
lowed by protonation (Eq. 5); or hydrogen abstraction from
an adventitious hydrogen atom donor (Eq. 7). In some cases,
the neutral radicals may form alkenes by hydrogen transfer
to a suitable hydrogen atom acceptor (Eq. 8).

Sens 1Sens* 3Sens*

1,3Sens*   +   co-sens Sens
.–  +   co-sens

.+
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Scheme 2. Photo-induced electron transfer reactions of donor molecules
bearing a tethered hydroxyl function.

The free energy of formation of radical ion pairs generated
by electron transfer between a donor and an acceptor
(Scheme 2; Eq. 3) is determined by the excited state energy,
(E0,0), the reduction potential of the acceptor, E 0

(A
�

/A), the ox-
idation potential of the donor, E0

(D/D
+
), and a term accounting

for ion pairing (Eqs. 9 and 10).21 In a modified formulation
of the Rehm–Weller equation (Eq. 10), [2.6 eV/3�0.13 eV]
is an empirical term accounting for solvents of different po-
larity,21a when the excitation energy and redox potentials are
measured in acetonitrile; in polar solvents, e2/3a has a value
of w0.06 eV. Typically, a driving force, �DGET�0.5 eV, is
sufficient to generate solvent separated radical ion pairs
(SSRIP).

�DG0 ¼ Eð0;0Þ �E0
ðD=DþÞ þE0

ðA�=AÞ � e2=3a; ð9Þ

�DG0
SSRIP ¼ Eð0;0Þ �E0

ðD=DþÞ þE0
ðA�=AÞ

� ½2:6 eV=3� 0:13 eV� ð10Þ

The oxidative power of an acceptor/sensitizer can be gauged
by its excited state reduction potential,

�E 0
ðA�=AÞ ¼ E 0

ð0;0Þ þE 0
ðA�=AÞ ð11Þ

Photosensitizers used in this study include 1,4-dicyanobenz-
ene (DCB; E(0,0)

0 ¼4.29 eV, E0
(A
�

/A)¼�1.6 V; *E0
(A
�

/A)¼
2.7 V), 9,10-dicyanoanthrazene (DCA; E(0,0)

0 ¼2.88 eV,
E0

(A
�

/A)¼�0.9 V; *E0
(A
�

/A)¼2.0 V), and triphenylpyrylium
tetrafluoroborate (TPP; 1E(0,0)

0 ¼2.8 eV, E0
(A
�

/A)¼
�0.29 V; 1E0

(A
�

/A)¼2.5 V; 3E0
(A
�

/A)¼2.0 V). Their oxidative
strength should be sufficient to oxidize all electron donors
studied. Accordingly, all photoreactions discussed here can
be viewed as radical cation reactions. Details will be given
as appropriate.

3. Results

Photo-induced one-electron transfer causes the terpene gera-
niol, 5, to undergo an interesting five-center C–C cyclization.
With 1,4-dicyanoanthracene/biphenyl (DCA/BP) as sensi-
tizer/co-sensitizer, a primary stereoselective C–C cyclization
is followed by intramolecular hydrogen transfer yielding 12.
With 9,10-dicyanobenzene/phenanthrene (DCB/Ph) the
C–C cyclization is less selective and is followed by a second
five-center cyclization, capture of C7 by the alcohol function.
Overall, this reaction generates a series of cis- and trans-
fused 3-oxabicyclo[3.3.0]octanes, 13.22a

CH2OH

5

CH2OH
H3C

O

12 13

R

R = H, C6H4-CN

The Z-isomer of 5, nerol, 6, undergoes a range of signifi-
cantly different reactions. Irradiation of DCA/BP in the
presence of 6 gives rise to two monocyclic and two bicyclic
ring systems, 14–17. The formation of two products, 1,2,2-
cyclopentylacetaldehyde, 14, and 4-cyanophenyl-5,7,7-tri-
methyl-2-oxabicyclo[3.2.1]octane, 15, appears compatible
with a five-center C–C cyclization; one product, 2,2,6-tri-
methyl-7-oxabicyclo[4.2.0]octane, 16, arises by a ‘tandem’
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cyclization, initiated by a six-center C–C ring closure, which
is followed by a four-center nucleophilic capture. Finally,
the oxepene, 4-methyl-7-isopropyl-3-oxepene, 17, requires
a seven-center intramolecular nucleophilic capture. With
the DCB/Ph pair, 6 undergoes Z-to-E isomerization, and
forms aldehyde, 14, in addition to traces of 17 and tandem
cyclization product, 15.22b

R = H, C6H4-CN

CHO

CH2OH

6

O

O

O

14 15

16 17

R

R

Irradiation of DCA/BP as sensitizer/co-sensitizer in aceto-
nitrile in the presence of citronellol, 7, which has only one
olefinic function (i.e., dihydro-6), gives rise to the oxepane
derivative 18 (i.e., dihydro-17) in good yield, confirming
the dimethylethene function as a suitable electron donor
under these conditions. This reaction requires a seven-center
intramolecular nucleophilic capture.22b

R = H, C6H4-CN

CH2OH

7

O

18

R

The OH function of chrysanthemol [1-(2-hydroxy-ethyl)-
2,2-dimethyl-3-(2-methyl-1-propenyl)-cyclopropane] radi-
cal cation, 8�+, could attack the three-membered ring by
nucleophilic substitution or the olefinic side chain by nucleo-
philic capture. Only the capture reaction is observed forming
ring-expanded aryl-substituted products of type 19.23

8

O

Ar

19

HO

Homochrysanthemol [1-(3-hydroxy-propyl)-2,2-dimethyl-
3-(2-methyl-1-propenyl)-cyclopropane] radical cation, 9�+,
like the lower homolog 8�+, has two possible pathways for
the OH function to react with the electron deficient moiety.
The extended tether diverts the point of attack completely
to the three-membered ring, giving rise to aryl-substituted
products of type 20, as well as a free radical dimer.24

9

O Ar

20

O )2

HO
The electron transfer photochemistry of trans-10 was carried
out with triphenylpyrylium tetrafluoroborate (TPT). Sensi-
tized irradiation of trans-1 through Pyrex in methylene chlo-
ride under argon gave rise to 2-phenyl-2H-benzopyran, 21,
as the sole product (15% conversion after 5 h, 97% material
balance).25

OH

Ph
10

PhO

21

Finally, irradiation of DCA/BP as sensitizer/co-sensitizer in
acetonitrile in the presence of endo-5-hydroxymethylnor-
bornene, 11, generated the tricyclic ether, 4-oxatricyclo-
[4.2.1.03,7]nonane, 22, in moderate yield.22

HO
11

O
22

4. Discussion

We will discuss the radical cations whose reactions are being
treated here in three groups. First we consider the terpene
radical cations, 5�+, 6�+, and 7�+; they are of particular interest
because 5�+ and 6�+ provide a competition between C–C and
C–O bond formations. The second group, comprised of
chrysanthemol and homochrysanthemol radical cations, 8�+

and 9�+, offers two different competing pathways involving
nucleophilic substitution and capture. Finally, we discuss
two radical cations that undergo 1,5-cyclizations, at least
formally. The diarylcyclopropane radical cation, 10�+, poses
an intriguing structure/reactivity problem whereas 11�+

probes the interesting aspect of endo attack on a norbornene
radical cation.

4.1. Geraniol and nerol radical cations—competing C–C
and C–O cyclizations

The radical ions of geraniol and nerol undergo both C–C and
C–O cyclizations. Both processes generate bifunctional rad-
ical cations. The difference lies in the fact that the C–O clo-
sures generate a ‘product’ containing an oxonium ion, which
is readily deprotonated, and is not suitable for further cycli-
zation. In contrast, the species resulting from C–C closure
contain a carbocationic site; intermediates of this type are
less easily deprotonated and are still suitable/susceptible
for nucleophilic capture. These species have the potential
for tandem cyclization: both 5�+ and 6�+ undergo 1,5- and/
or 1,6-C–C cyclizations, which are followed by nucleophilic
capture.

Because of the E-geometry of geraniol the nucleophilic
center of its radical cation, 5�+, can only serve in this capacity
after having been ‘released’ or ‘unlocked’, for example,
by an addition at C-2. Accordingly, it was not surprising
that 5�+ reacted by bond formation between C-2 and C-6,
i.e., via a five-membered transition state; the resulting



6476 H. D. Roth et al. / Tetrahedron 62 (2006) 6471–6489
bifunctional radical cation, cis-5-C–Ccy-5�+, is a ditertiary
species and should be relatively stable. Indeed, with DCA/
BP as sensitizer/co-sensitizer, the reaction was arrested at
the stage of the monocyclic intermediate. The high stereo-
specificity observed with DCA/BP was unexpected: only
the cis-fused ring was formed and only one stereoisomer of
12 was generated.22a

In order to explain the (unexpected) stereospecificity of ring
closure, we note the limited driving force for electron trans-
fer. The reduction potential of DCA (E(A

�
/A)¼�0.9 V), and

its low excited state energy (E0,0¼2.88 eV) render the oxida-
tion of 5 by 1DCB* mildly exergonic (DGETw�0.1 eV) in
CH3CN and slightly endergonic (DGETw+0.2 eV) in
CH2Cl2. Accordingly, the radical ions DCA�� and 5�+ can
be generated only as tight (‘sandwich’) ion pairs, causing
the substituents at the developing bonds to move ‘outward’,
away from the counter ion, resulting in the observed cis-
stereochemistry. The orientation of the methyl group trans
to the isopropenyl function was explained via triplet return
electron transfer, generating a biradical, cis-5-C–Ccy-5��;
a 1,5-intramolecular (suprafacial) hydrogen shift readily
accounts for the trans-stereochemistry.22a

Return electron transfer in triplet radical ion pairs has been
of great interest for several decades.26 Of special interest
are systems that undergo rearrangement during the consecu-
tive lifetimes of radical ions and triplet states or biradicals.27

Geraniol belongs to a group of systems where the radical cat-
ion undergoes a major structure change, 5�+ to cis-5-C–Ccy-
5�+, a species corresponding to a non-Kekule structure in the
ground state.27 The reorganized structure is retained upon
electron return (cis-5-C–Ccy-5�+ to cis-5-C–C-cy-5��), then
reverts to a Kekule structure with a minor change in struc-
ture, a 1,5-H shift forming cis,trans-12.27 Details of this
interesting topic go beyond the scope of this article.
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For the reaction of 5 with the DCB/Ph pair, electron transfer
from the donor substrates to 1DCB* dicyanobenzene
(E0

(0,0)¼4.29 eV, E0
(A
�

/A)¼�1.6 V; *E0
(A
�

/A)¼2.7 V) should
be efficient, regardless of the solvent. Under these conditions
the reaction takes a different course in two respects: (a) the
C–C ring closure is much less stereospecific and (b) the re-
action proceeds past the stage of 5-C–Ccy-5�+, as the partial
positive charge at C-7 is captured by the hydroxy function,
completing a tandem cyclization.

Because the electron transfer reaction is comfortably exer-
gonic (�DGETw0.8 eV), the ion pair, DCA��–5�+, is gener-
ated as a solvent separated radical ion pair without
intra-pair interactions that would affect the stereochemistry
of C–C closure. The resulting bicyclic free radicals, Z- or
E-5�, react by aromatic substitution28 (Scheme 2, Eq. 6) as
well as by hydrogen abstraction (Scheme 2, Eq. 7)—neither
reaction has any pronounced stereochemical preference. The
lack of specificity in this reaction turned product separation
into a challenge and has precluded synthetic utility, at least
to date.22a
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The structural features of the three key radical cations, 5�+,
cis-5-C–Ccy-5�+, and 5,5-tan-5�+, were calculated using den-
sity functional theory (DFT) methods (Fig. 3); in order to al-
low a comparison of their calculated enthalpies the proton on
the oxonium ion, 5,5-tan-5�+ was not allowed to dissociate.
The first (C–C) cyclization is endergonic by 2.5 kcal mol�1,
whereas the second (O–C) cyclization is exergonic by
4.3 kcal mol�1. The deprotonation of the oxonium function
lowers the enthalpy further, rendering the tandem cycliza-
tion irreversible.

A comparison of the spin and charge density distributions in
the three species is illuminating. The parent radical cation,
5�+, has unpaired spin density in both alkene groups; the
dimethylethylene carbons bear similar spin densities (r6¼
0.212, r7¼0.213), whereas the hydroxyl group apparently
polarizes the partial double bond between C-2 and C-3
(r2¼0.272, r3¼0.096). In the first cyclization product, cis-
5-C–Ccy-5�+, the spin is distributed between C-3 (r¼0.461)
and C-7 (r¼0.542). Upon closing the second ring, forming
5,5-tan-5�+, the unpaired spin becomes localized on C-7
(r¼0.958) whereas the charge is placed on the oxygen, polar-
izing the bonds to the adjacent atoms (C1¼0.339, C7¼0.265,
O–H¼0.474).

Interestingly, under different reaction conditions, using 1,4-
DCB/Ph in anionic micellar solution, the acetate of 5 (23) as
well as the sesquiterpene and diterpene acetates, farnesyl
(24) and geranylgeraniol acetate (25), undergo 1,6-cycliza-
tions, generating six-membered mono-, bi-, and tricyclic
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H
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Figure 3. Chem-3D models of geraniol radical cation, 5
�+, and two isomers generated by C–C cyclization, cis-5-C–Ccy-5

�+, and tandem cyclization, 5,5-tan-5
�+,

respectively. The geometries were calculated by DFT methods using the 6-31G* basis set; relative enthalpies (kcal mol�1) are indicated.
products, respectively.29 The bi- and tricyclic products are
trans-fused and all are hydroxylated in anti-Markovnikov
fashion; apparently the radical ions are terminated by water.
These reactions are the first examples of photochemically
initiated biomimetic terpenoid cyclizations.

The Z-isomer of 5�+, nerol radical cation, 6�+, cannot be ex-
pected to undergo cyclization between C-2 and C-6 because
the conformer required for this conversion appears to be se-
riously hindered by the steric repulsion between the hydroxy-
methyl group and the terminal dimethylethylene moiety. For
5�+, a helical arrangement can relieve the less severe steric re-
pulsion between the hydrogens at C2 and C6 without compro-
mising their required proximity. However, the helical
conformer of 6�+ is still severely hindered, so that alternative
reactions must be expected. Indeed, 6 does not generate any
product derived by bond formation between C-2 and C-6.22b

However, other cyclizations also have steric challenges. For
example, products 14 and 15 result from five-carbon C–C
cyclization between C-3 and C-7, yielding 5-C–Ccy-6�+. Al-
though this approach avoids the C-2–C-6 crowding, the C-3
onto C-7 approach does not appear significantly less
crowded. Perhaps as a result of this steric impediment 6�+

undergoes the most varied ring formations of any system
discussed here. The various reactions of 6�+ result in the for-
mation of five-, six-, and seven-membered rings and support
nucleophilic capture via four-, six-, and seven-membered
transition states. These products are compatible with pri-
mary cyclizations yielding 5-C–Ccy-6�+, 6-C–Ccy-6�+, and
7-O–Ccy-6�+, respectively; the latter would be deprotonated
readily to 7-O–Ccy-6�.22b

CH2OH
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+ ( ).

O

.
CH2OH

+( ).

(+).

5-C-Ccy-6
.+ 6-C-Ccy-6

.+ 7-O-Ccy-6
.+

H
+

With DCB/Ph as sensitizer/co-sensitizer, 6 forms aldehyde
14 as the major product and undergoes Z-to-E isomerization.
This cyclization is not only sterically disadvantaged, but it
places spin and charge on two secondary carbons in the pu-
tative intermediate. For the conversion of 5-C–C-cy-6�+ to 14
we consider triplet electron return and an intramolecular
(suprafacial) 1,5-hydrogen shift from the b-carbon of the
side chain (C2) to the cyclopentyl ring (C6) in the resulting
biradical, 5-C–Ccy-6��; this species also explains the
observed Z-to-E isomerization.26,27 The bicyclic ether, 15,
suggests that 5-C–Ccy-6�+, in analogy to 5-C–Ccy-5�+,
undergoes intramolecular nucleophilic capture completing
a tandem cyclization. The resulting 5,6-tan-6� generates 15
by hydrogen abstraction (cf., Scheme 2, Eq. 7).22b
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With the DCA/BP as sensitizer/co-sensitizer, 6 is converted
to 14, 16, and 17. The intermediate leading to 16 is a cyclo-
hexane-1,4-diyl system, 6-C–Ccy-6�+, formed by bond for-
mation between C2 and C7; spin and charge are localized
on a secondary and tertiary carbon, respectively. This type
of system contains spin and charge in two parallel p-orbitals;
this arrangement allows ready delocalization, thereby stabi-
lizing the species.30 Interestingly, 6-C–Ccy-6�+ undergoes
nucleophilic capture of the tertiary carbon by the alcohol
function via a four-membered transition state. The conver-
sion of the 7-oxabicyclo[4.2.0]octan-4-yl radical, 6,4-tan-
6�, to 16 by hydrogen abstraction (cf., Scheme 2, Eq. 7) is
unexceptional. The formation of 6,4-tan-6� from 6-C–C-
cy-6�+ is significant as the only example of oxetane forma-
tion from a radical cation.22 The reason for the general
lack of specificity observed for 6�+ may well lie in the steri-
cally less demanding nature of nucleophilic capture and C–C
bond formations between two trisubstituted, sp2 hybridized
carbons.22b

CH2OH

+( ).

(+) . .

O

6-C-Ccy-6
.
+ 6,4-tan-6

.

Finally, the hydroxymethyl group of 6�+ interacts with the di-
methylethylene function by forming the oxepene system, ap-
parently by nucleophilic capture of C6. The Z-arrangement
of 6�+ causes the hydroxy function to reside in the general
vicinity of the molecule’s ‘tail end’, allowing nucleophilic
capture with formation of 7-O–Ccy-6�+. The transition state
appears sterically congested, but it may be possible to
arrange the seven centers C6 through O in a quasi-boat that
will reduce steric repulsion yet facilitate capture of C6 by
the OH function.22 Formally, 6�+ also has the potential to
form an eight-membered ring system, but no product of
this structure type was observed.22b

These results show that the potential hypersurface of nerol
radical cation is significantly more complicated than that of
5�+. The products suggest three primary cyclized species, 5-
C–Ccy-6�+, 6-C–Ccy-6�+, and 7-O–Ccy-6�+, and two species
resulting from tandem cyclization, 5,5-tan-6�+ and 6,4-tan-
6�+, in addition to the parent radical cation, 6�+. In order to
gain additional insight into this potential surface, the key
radical cations were probed using density functional theory
(DFT) methods. As was the case for the intermediates derived
from 5, the oxonium protons were not ‘allowed’ to dissociate.

The calculations yielded five of the radical cations con-
sidered as likely intermediates. The cyclized species,
6-C–Ccy-6�+ and 7-O–Ccy-6�+, lie 9.96 kcal mol�1 and
8.85 kcal mol�1, respectively, above 6�+ (DH¼0) and, thus,
should be accessible during its lifetime. The products of tan-
dem cyclization, 5,5-tan-6�+ (DH¼7.97 kcal mol�1) and 6,4-
tan-6�+ (DH¼11.70 kcal mol�1), appear likewise accessible;
deprotonation of the oxonium functions should lower the
free enthalpies further, rendering the second cyclizations
essentially irreversible. However, the calculations revealed
one irreconcilable discrepancy with the simple mechanism
considered: the putative precursor, 5-C–Ccy-6�+, for the
major product (14) proved to be elusive. The approach of
carbon atoms C-3 and C-7 is connected with a steep rise in
energy due to the interference of the alkyl groups, rendering
the formation of 5-C–Ccy-6�+ highly unfavorable. Accord-
ingly, we searched for additional pathways leading from
6�+ to 14.

We noted that in the lowest energy conformer of 6�+ one of
the H atoms attached to C-1 is pointing inward, quasi poised
for a hydride shift to C-6. This shift would lead to an inter-
mediate, 6,1-H-6�+, containing an allylic free radical teth-
ered to a tertiary carbocation. Rotational reorganization of
the tether would allow cyclization between C-3 and C-7,
yielding enol-14�+. Return electron transfer from the counter
ion followed by tautomerization would complete a pathway
to the major product, 14, which potentially is lower in
energy. In contrast to the conversion of 6�+ to 5-C–Ccy-6�+,
the hydride shift precedes the cyclization step in the newly
considered pathway.

CH2OH

6
+

+

1,6-H-6 +

OH

+

H
H

H

OH

+

OH
+

enol-14
+

An examination of the proposed pathway by density func-
tional calculations revealed the hydride shift to be exergonic;
the corresponding transition state lies only 2.7 kcal mol�1

above 6�+. Furthermore, the cyclization of 1,6-H-6�+ to
enol-14�+ is endergonic by only 0.13 kcal mol�1. These ener-
getic features readily explain why 14 is obtained as the major
product. The pertinent structures delineating the hydride
shift are shown in Figure 4.

The hydride shift revealed by the calculations is interesting
because it converts a bifunctional (‘distonic’) species in
which spin and charge occupy separate regions of the molec-
ular framework into a species in which spin and charge share
the same pi system. In general, hydride shifts in radical cat-
ions are not without precedent; several rigid radical cations
undergo stereospecific sigmatropic shifts. For example, the
puckered ions, anti- and syn-5-methyl-26�+, undergo stereo-
specific hydride or methyl migration, respectively, forming
1-methylcyclopentene radical cation, 27�+, as well as the
3-methyl isomer, 28�+.31

Rsyn

RantiCH3

5-methyl-26
• +

27
• +

28
• +

CH3

•   +
•

  +
•
  +

Rsyn = H Rsyn = CH3

Similarly, sabinene radical cation, 1�+, undergoes a stereo-
specific [1,3] shift to b-phellandrene radical cation, 29�+,
with high retention of optical purity whereas a-thujene
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Figure 4. Chem-3D models of nerol radical cation, 6
�+, an isomer generated by H-shift, 1,6-H-6

�+, and the transition state for the H-shift, TS-1,6-H-6
�+. The

geometries were calculated by DFT methods (6-31G* basis set); relative enthalpies (kcal mol�1) are indicated.
radical cation (not shown) undergoes competing [1,3] and
home-[1,5] shifts to a-phellandrene radical cation.7c In these
examples radical cations containing spin and charge in
a lengthened cyclopropane ‘sigma’ bond are converted
into species in which spin and charge share the same pi
system.

 +  +

1
+

29
+

H

The high barrier connected with the putative ring closure of
6�+ to 5-C–Ccy-6�+ affects the overall mechanism further as
it eliminates the ‘logical’ precursor for the tandem cycliza-
tion product, 5,6-tan-6�+. The newly uncovered species is
not bifunctional and, therefore, cannot undergo a second
ring closure. The possibility of yet another hydride shift,
generating 5,6-tan-6�+ from enol-14�+, is remote because of
the prohibitive enthalpy (DH¼+13.84 kcal mol�1) of this
reaction.

A comparison of the spin and charge density distributions in
6�+ and the diverse radical cations derived from it provides
additional insights. The parent radical cation, 6�+, has un-
paired spin density in both the alkene groups; the spin den-
sities of both the groups are slightly polarized (r6¼0.167,
r7¼0.212; r2¼0.232, r3¼0.137); the hydroxyl group affects
the spin density to a lesser degree than for 5�+. The product
generated by hydride shift, 1,6-H-6�+, has an unusual distri-
bution of spin and charge; the spin is located mainly on C-7
(r7¼0.632) and to a lesser extent on C-1 (r1¼0.214) and C-3
(r3¼0.210) whereas the charge is distributed between C-1
(0.156) and C-3 (0.205) and C-7 (0.211). Cyclization prod-
uct 6-C–Ccy-6�+ bears spin density mainly at C-6
(r6¼0.758) and C-3 (r3¼0.322) whereas the charge has its
greatest density at C-3 (0.273), which interacts with the
hydrogen atoms at C-2, C-4, and the adjacent methyl group;
finally, 7-O–Ccy-6�+ has the unpaired spin essentially local-
ized at C-7 (r7¼0.667) and the charge is placed on the oxy-
gen, polarizing the bonds to the adjacent atoms, C-6 (0.175),
C-1 (0.266), C-3 (0.197), and O–H (0.447). Tandem cycliza-
tion product 5,6-tan-6�+ has the unpaired spin localized on
C-2 (r2¼0.944) whereas the charge on the oxygen atom
polarizes the bonds to the adjacent atoms, C-1 (0.323), C-6
(0.265), and O–H (0.473). Finally, 6,4-tan-6�+ has the un-
paired spin localized on C-6 (r6¼1.019) whereas the charge
on the oxygen atom polarizes the bonds to the adjacent
atoms, C-1 (0.398), C-3 (0.277) and the adjacent methyl car-
bon (0.142), and O–H (0.471). The relative enthalpies of the
key intermediates are summarized in Figure 5.

Our interest in citronellol, 7, a terpene with only one double
bond, not likely to be an excellent electron donor, arose from
the unusual reaction of 6�+. This reaction might suggest
that the terminal dimethylethylene group serves as the pri-
mary electron donor. This possibility can be probed by
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Figure 5. Chem-3D models of nerol radical cation, 6
�+, and isomers: (i) generated by C–C or O–C cyclization, 6-C–Ccy-6

�+ and 7-C–Ocy-6
�+, (ii) resulting from

tandem cyclization, 5,6-tan-6
�+ and 6,4-tan-6

�+, and (iii) formed by a H-shift, 1,6-H-6
�+, and subsequent cyclization, enol-14

�+, respectively. The geometries were
calculated by DFT methods with the 6-31G* basis set; relative enthalpies (kcal mol�1) are indicated.
investigating the electron transfer photochemistry of citro-
nellol, 7, in essence the dihydro-derivative of 6. Irradiation
of DCA/BP in the presence of 7 gives rise to oxepane 18
(i.e., dihydro-17) in good yield, confirming the dimethyl-
ethene function as a suitable electron donor.22

However, 7�+ is of interest also because it offers a less biased
test for a seven-membered transition state than the formation
of 17 from 6�+. Radical ion 7�+ lacks the Z-arrangement of
6�+, which limits the hydroxy function to the same hemi-
sphere as the dimethylethylene target. In contrast, the reac-
tive groups of 7�+ have a full complement of conformers
accessible and have to meet by conformational diffusion.
Again, 7�+ has the potential to form, in addition, an eight-
membered ring system. The fact that this was not realized
has thermodynamic as well as kinetic reasons. Energetic rea-
sons favor the product formed via 7-O–C-cy-7, because it
has a tertiary free radical site compared to the secondary
site of 8-O–Ccy-7�. Conformational/kinetic reasons, such
as the precedent of the Dieckmann condensation,19 further
argue against the eight-membered transition state as a viable
option.
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We note, however, that a nucleophilic substitution via an
eight-membered transition state has been achieved by
Floreancig and co-workers. In this reaction a benzyl group is
being replaced by a tethered hydroxy function (vide infra).32

The intramolecular substitution in the system studied does
not have the option of a competing pathway, which may
be more favorable for either energetic or kinetic reasons.

4.2. Chrysanthemol and homochrysanthemol radical
cations—nucleophilic substitution versus nucleophilic
capture

The second group of target molecules is comprised of chrys-
anthemol and homochrysanthemol, whose radical cations,
8�+ and 9�+, offer two different cases of competing pathways
between nucleophilic substitution and capture. As deriva-
tives of vinylcyclopropane, the distribution of spin and
charge in these species is of special interest. The radical
cation of the parent system is of a very special structure
type: spin and charge are delocalized between the vinyl
group and the tertiary cyclopropane carbon (Fig. 6).33 This
radical cation is one of the few cyclopropane species with
two lengthened ring bonds.3a,c,d,17,33

The additional substituents in 8�+ and 9�+ distort the symme-
try and affect the distribution of spin and charge. The nature
of 8�+ was probed by chemically induced dynamic nuclear
polarization (CIDNP), an NMR technique that allows one
to derive patterns of hyperfine coupling constants of free

O

.

O

7-O-Ccy-7
. 8-O-Ccy-7

.

.

CH2OH

7

X

radicals and radical ions from enhanced NMR spectra, ob-
served in emission and/or absorption, during radical (ion)
pair reactions.34 The CIDNP spectrum of the electron trans-
fer reaction from 8 to photo-excited chloranil (Fig. 7) shows
that the spin density of 8�+ is extended to C-1. This assign-
ment is confirmed by the HOMO and LUMO coefficients
of 8�+ (Fig. 8).23

The SOMO and LUMO coefficients of 8�+ and the distribu-
tion of spin and charge are such that nucleophilic substitu-
tion is possible at two cyclopropane carbons, C-2 and C-3.
In addition, nucleophilic capture of the b-carbon in the
2-methylpropenyl side chain is feasible. We evaluate the
probability of the potential pathways by considering steric

Figure 6. Stereoview of unpaired spin density (bottom), SOMO (center) and
LUMO (top) for the radical cation of vinylcyclopropane.32
Figure 7. 1H CIDNP spectra observed during irradiation of chloranil solutions in acetonitrile in the presence of cis- (left) and trans-chrysanthemol, 8 (right).23

The spectra support radical cations of very similar spin density distributions. The signals representing the two pairs of non-equivalent methyl groups atw1.6 and
at 1.1 and 1.0 ppm, respectively, show strong emission; the single olefinic resonance appears in weak emission (not shown). The allylic cyclopropane proton
(1.25 ppm) and the proton adjacent to the hydroxymethyl group show negligible polarization.
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and energetic factors. Substitution at C-2 generates 4-NuS-
8�; substitution at C-3 generates 40-NuS-8� with inversion
of configuration at C-3; finally, nucleophilic capture at the
b-carbon forms 6-NuC-8�; the configuration at C-1 is re-
tained in all three reactions.23

The two pathways leading to oxetane formation do not
appear favorable, because they involve replacing a three-
membered ring by a four-membered one with negligible
change in strain energy. The pathway leading to 40-NuS-8�

is particularly unfavorable, because it generates an isolated
radical site, albeit a tertiary one, and a double bond rather
than an allylic radical, as in 4-NuS-8�. For both reactions,
the trajectory of approach is far from the ideal 180�. On the
other hand, the nucleophilic capture at the b-carbon offers an
unencumbered six-membered transition state, which has an
additional opportunity of stabilization by subsequent ring

Figure 8. Stereoview of unpaired spin density (bottom), SOMO (center) and
LUMO (top) for cis-chrysanthemol radical cation, 8

�+.23
opening with formation of a tertiary free radical as an intra-
molecular leaving group. Formally, the overall mechanism
belongs to the elusive SN20 type. In view of these consider-
ations, it is hardly surprising that 8�+, exclusively forms
6-NC-8�.23 The final product, 19, once again is formed by
aromatic substitution (cf., Scheme 2, Eq. 7).

4-NS-8. 6-NC-8.

. +
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H

H

H
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We illustrate the conformational challenges to intramolecu-
lar nucleophilic substitution by exploring the conforma-
tional hypersurface of 8�+ using density functional theory
(DFT) methods. The lowest energy conformer of radical
cation 8�+ is one in which the hydroxyl function is deployed
far from either electron deficient center, C-2 or Cb (Fig. 9).
Rotation of the 2-methylpropenyl function around the C-3–
C-10 bond results in a complex conformational profile; for
comparison, the distance between the oxygen atom and
C-2 is shown for selected conformers (Fig. 10).

The case of homochrysanthemol radical cation, 9�+, is differ-
ent because the two reaction types, substitution and capture,
now proceed via five- and seven-membered transition states,
respectively. This changes the energetic and conformational
features for both. Nucleophilic substitution now becomes fa-
vorable because of a five-membered transition state in which
an allyl radical is an intramolecular leaving group.24 On the
other hand, capture of the b-carbon, generating 7-NuC-9�,
now is encumbered by the presumably less favorable
seven-membered transition state.24 As a consequence of
Figure 9. cis,syn,syn-Conformer (left) and cis,syn,anti-conformer of cis-chrysanthemol radical cation, cis-8
�+ (right) calculated by DFT methods (6-31G* basis

set).
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the changed energetics compared to 8�+, the reaction of 9�+

takes a different course: it proceeds exclusively via the
five-membered transition state, producing 5-NuS-9�. The
final product, 20, once again is formed by aromatic substitu-
tion (Scheme 2, Eq. 7).

HO

OO

7-NC-95-NS-9

+
+

HO

9
+

The intramolecular nucleophilic substitution of 9�+ was not
without precedent. A bicyclic system, 1-(3-hydroxypropyl)-
bicyclo[4.1.0]heptane radical cation, 30�+, was known to
form the spiro-fused ether, 31. This reaction also involves
a five-membered transition state, 5-NuS-30�+; it proceeds
by backside attack with inversion of configuration and reten-
tion of chirality.35 In principle, 30�+ could also react via a six-
membered transition state, viz. 6-NuS-30�+, but the approach
of the OH function would have to follow a trajectory far from
the ideal 180�. Furthermore, this pathway does not benefit
from the favorable loss of benzyl radical (Scheme 3).

Results observed in the photo-induced electron transfer
reaction of 1-(4-hydroxypentyl)-4-methyl-2,3-diazabicyclo-
[2.2.1]hept-2-ene, 32, provide an interesting complement
to those observed for 30. Radical cation, 32�+, yields
a [6.4]spiro-fused six-membered ether, 34, via the deazetized
radical cation 33�+.36 This product arises by backside attack,
via a six-membered transition state, 6-NuS-33�+, with a tra-
jectory near 180�. The rigid steric requirements for intramo-
lecular nucleophilic substitution (as well as for nucleophilic

Figure 10. Conformational profile of cis,syn-chrysanthemol, cis,syn-8
�+, for

rotation around the bond between C-3 and C-10 (—, solid curve) and C-20–O
distance as a function of dihedral angle (- - -, dashed curve). The geometries
of seven individual conformers were calculated by DFT methods (6-31G*
basis set).
substitution in general) are further illustrated by the failure of
33�+ to yield products that could arise via the seven-mem-
bered transition state, 7-NuS-33�+ (Scheme 4).
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Scheme 4.

A system similar to 32, but with a side chain extended by one
methylene group, might be useful to probe the feasibility of
nucleophilic substitution via a seven-membered transition
state, although the approach of the OH function generating
the bridgehead free radical 7-NuS-35�might have a trajectory
deviating from the ideal 180�. A reaction of this type was
realized by Floreancig (vide infra).

N

N

HO
7-NS-35

+

HO

7-NS-35(–H)

O

+

Arnold and co-workers evaluated the intramolecular nucleo-
philic capture of 6-methyl-5-hepten-2-ol, 36�+, 6-methyl-6-
hepten-2-ol, 37�+, and terpineol [4-(1-hydroxy-1-methyl-
ethyl)cyclohexene] radical cations, 38�+.37 Their results
were published essentially simultaneously38 with our work
on geraniol22a and chrysanthemol.23 The systems studied
can form tetrahydrofuran or pyran rings via five- or six-
membered transition states, respectively. The five-membered
transition state is favored significantly: the internal alkene,
36�+, exclusively forms the tetrahydrofuran; the terminal
alkene, 37�+, preferentially forms the tetrahydrofuran ring,
even though this reaction requires formation of a primary rad-
ical (!); finally, the terpene, 38�+, prefers the five-membered
transition state by a ratio of 10:1.

S
Tol

OH

S
Tol

HO

O

O

S Tol

OH

30 5-NS-30
.+ 31

6-NS-30
+

S Tol

O

6-NS-30

+

+

Scheme 3.
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More recently, O–C cyclizations yielding five- through
eight-membered rings have been accomplished, in which
benzyl groups, the primary seat of spin and charge, act as
leaving groups for the tethered hydroxyl function; an alkoxy
group at the electrophilic center serves to further weaken the
benzylic bond.32 These studies included one case of an intra-
molecular competition between five- and six-membered
transition states. Substrate 39, which has hydroxyl functions
in both g- and d-positions, clearly prefers the formation of
the tetrahydrofuran derivative, 40, compared to the cycliza-
tion leading to the pyran derivative. In these reactions the
promise of synthetic utility is fulfilled.32

39

Ph
OH

OR

OH

ORO OH

HO
OH

Ph

RO

40

X

. +

4.3. Electron transfer photosensitized cyclization of
trans-1-(o-hydroxyphenyl)-2-phenylcylopropane

In the light of the preceding discussion, the formation of the
dehydrogenated cyclic ether, 21, upon triphenylpyrylium
tetrafluoroborate (TPT) sensitized irradiation of trans-10
poses a highly interesting mechanistic problem. The poten-
tial intramolecular capture of trans-10�+ is of special interest
because it would amount to an unprecedented front-side
substitution with retention of configuration. Formally, the
required five-membered transition state has precedence
(vide supra), but the trajectory is far from the suggested ideal
one for nucleophilic substitution.14

OH

Ph

trans-10

OO

.

5-NuS-10
.

21

Ph Ph

The available evidence supports the intermediacy of the radi-
cal cation, trans-10�+. Thus, the oxidation potential of trans-
10 is assumed to lie near that of 1,2-diphenylcyclopropane,
Eox¼1.17 V versus Ag/Ag+;39 given the reduction potential
of TPT (Ered¼�0.29 V vs SCE),40 electron transfer is ener-
getically feasible to both the excited singlet state, 1TPT*

36

OH O

OH O

37

HO O

38

O

5-O-Ccy-38(–H)6-O-Ccy-38(–H)

O

+

+

+

(E0,0¼65 kcal mol�1; DGw�1.0 eV), and the triplet state,
3TPT* (ET¼53 kcal mol�1; DGw�0.5 eV).41 In addition,
the formal product of intramolecular capture, the benzylic
free radical, 5-NuC-10�, is the likely immediate precursor
for 21.

This leaves the question whether trans-10�+ is the direct pre-
cursor for 5-NuC-10�, or whether the conversion of trans-
10�+ into 5-NuC-10� proceeds via an additional intermediate
and, thus, involves a mechanism other than intramolecular
nucleophilic substitution. The electronic structure of trans-
10�+ is of major importance in determining its reactivity.
Typically, disubstituted cyclopropane radical cations adopt a
‘trimethylene’ structure in which significant spin and charge
reside in one lengthened C–C bond.2e,3a,d However, the pres-
ence of the o-OH function in conjugation with charge and
unpaired spin, may change the structure of trans-10�+ to a
bifunctional one, e.g., bf-10�+. The details of this interesting
conversion go beyond the scope of this paper. Approaches
to gain further insight into the mechanism of this reaction
will be reported in a separate paper, including the results
of density functional theory (DFT) calculations, laser flash
photolysis (LFP), and an evaluation of the reactivity of a
related phenoxyl radical, trans-10� (–H�).

OH

Ph

trans-10
+

O

.

bf-10
+

Ph

+
H

+ O

Ph

trans-10 (–H )

Laser flash photolysis has proved to be an exceedingly
valuable tool to probe fast photo-induced conversions. This
technique has yielded a wealth of information about free
radicals, carbocations, carbenes, or nitrenes.42 Molecular
orbital calculations, either using ab initio or density func-
tional theory (DFT) methods are well suited to elucidate
this problem. Structural features such as spin and charge
density distribution will delineate the preferred structure
type and provide the key to the reactivity of the prevailing
species.

4.4. Electron transfer photosensitized cyclization of
endo-2-hydroxymethylbicyclo[2.2.1]heptene and related
compounds

The final intramolecular reaction to be discussed is the intra-
molecular capture of radical cation, 11�+, derived from endo-
5-norbornene-2-methanol, which forms the tricyclic ether
22. Compared to the complex structural and mechanistic
problem posed by the reaction of trans-10 this system
may appear trivial, but it does command some interest in
its own right. We selected this target because of its relation-
ship with norbornadiene and norbornene radical cations,
41�+ and 42�+, respectively, and to the radical cation, 43�+,

OH

434241



6485H. D. Roth et al. / Tetrahedron 62 (2006) 6471–6489
derived from 6,6-dimethylbicyclo[3.1.1]hept-2-ene-2-etha-
nol (nopol).

Norbornadiene radical cation, 41�+, and its valence isomer,
quadricyclane radical cation, undergo a rich variety of re-
actions with nucleophiles.43 Interestingly, 41�+ is captured
exclusively from the exo face,43a,b but forms a molecular
complex with cyanoaromatic radical anions from the endo
side.43c,d For example, addition of methanol forms a free
radical, 41-A�, which is in equilibrium with two isomeric
radicals, 41-B� and 41-C�, by cyclopropylcarbinyl–butenyl-
carbinyl rearrangements.43a,b The free radicals form products
by reduction/protonation43b (Eq. 5, Scheme 2), hydrogen
abstraction43b (Eq. 7, Scheme 2), or aromatic substitution
(Eq. 6, Scheme 2).43b

. . .

OCH3

41-A
.

41-B
.

41-C
.

OCH3
ArH3CO Ar

OCH3

OCH3

Ar

H3CO

Ar

H3CO

H3COH3CO

H3CO

Since norbornene, 42, on the other hand, is attacked from
endo and exo face,8c 11�+ was expected to readily undergo
nucleophilic capture. An interesting question concerned
the regiochemistry of capture, whether a six-membered tran-
sition state might give rise to a tricyclic pyran derivative. The
only product isolated from this reaction, 22, shows that
nucleophilic capture via a five-membered transition state
prevails; product 22 arises from the tricyclic radical inter-
mediate 5-O–Ccy-11(–H)� either by hydrogen abstrac-
tion (Eq. 7, Scheme 2) or reduction/protonation (Eq. 5,
Scheme 2).22b

HO
11

+

O

5-O-Ccy-11 (–H)

O
X

6-O-Ccy-11 (–H)

+

Nopol is one of several vinylcyclobutane systems whose
radical cations have attracted attention.18,44 As was demon-
strated particularly clearly for a-pinene radical cation, 44�+,
these intermediates delocalize spin and charge between the
vinyl group and the cyclobutane ring while retaining their
chirality.45 They are captured by nucleophilic attack on C-6
(/45�) or give rise to unusual ‘substitution’ products, e.g.,
46, which are initiated by deprotonation.44,45 The dehydroge-
nation product, verbenene, 47, also can be rationalized via
deprotonation (Scheme 5).44,45
44
+OCH3

[α]589 = –86°

[α]589 = 48°

[α]546 = 170°

C6H4CN

46

47

45

1)  –H+         

2) Ar-CN +

2) CA     

–Η +

1) –H+

3) –CN–+

Scheme 5.

Nopol radical cation, 43�+, has two potential pathways for
intramolecular nucleophilic reaction, capture at C-3
(/49�) and substitution at C-1 (/48�). Given the fact that
significant charge density is removed from the alkene func-
tion, it may not be too surprising that 43�+ fails to undergo
capture. In addition, this reaction will reintroduce any ring
strain partially relieved by delocalizing spin and charge
into the C-1–C-6 bond. The failure to undergo intramolecu-
lar substitution may have steric reasons; the required transi-
tion state is different from 5-NuS-30�+ (vide supra), because
three atoms are fixed leaving only rotations around two
bonds to align the nucleophile for the required trajectory.
Given the relatively high energy calculated for intermediate
5-NuS-10�+ in the analogous reaction of 10, it is understand-
able that 43�+ only reacts with intermolecular nucleophiles
(/52�; Scheme 6).18

OH O

48

O

H3CO

OH

52

4943
+

+

O
O

5150
.

Scheme 6.

Concerning the relationship of 11�+ to 43�+, the analogy is but
a formal one, a hydroxyl function attached in a fashion that
would allow a five-membered transition state for nucleo-
philic capture or substitution. The difference in reactivity
can be ascribed to the steric and electronic features that set
the reactions of 43�+ apart from those of 11�+. One significant
difference that might contribute to the eventual outcome of
the reactions, lies in the fact that 11�+ reacts by a Baldwin-
5-exo-trig process, whereas the conversion of 43�+ to 49� pro-
ceeds via a 5-endo-trig process. We ignore the 4-exo-trig
closure, which would generate a spiro-fused system. There
is only one analog for this reaction, the formation of 6,4-
tan-6� from 6-C–C-cy-6�+ (vide supra), where the OH func-
tion is captured by an empty p orbital. However, the analogy
is remote, as it does not involve a nucleophilic substitution.
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5. Conclusion

The seven systems, 5–11, investigated in our laboratory and
additional systems, 30, 32, 36–39, and 43, reported in the lit-
erature, provide a consistent framework for the understand-
ing of intramolecular nucleophilic substitution and capture
of alkene and strained ring systems and offer guidelines
for further studies. The target molecules form mono-, di-,
and tricyclic ethers via four to seven-membered transition
states. Not surprisingly, the majority of cyclizations proceed
via five- and six-membered transition states for both substi-
tution and capture. A four-membered transition state is real-
ized only in one system: the bicyclic oxetane, 16, is formed
following the C–C cyclization of nerol radical cation, 6�+,
which places a hydroxy group in close proximity to a carbo-
cationic site with no alternative cyclization accessible.

Two of the systems studied react via seven-membered tran-
sition states; in both cases competing reactions via eight-
membered transition states are avoided. The outcome of
the competition does not reflect kinetic factors alone; the
formation of the eight-membered ethers is also unfavorable
thermodynamically. Nerol radical cation, 6�+, forms a seven-
membered ether in competition with C–C cyclizations form-
ing five- and six-membered rings. For homochrysanthemol
radical cation, 8�+, nucleophilic substitution via a five-
membered transition state is preferred over nucleophilic
capture via a seven-membered transition state. Finally the
formation of dihydropyran, 21, from trans-1-(o-hydroxy-
phenyl)-2-phenylcyclopropane, trans-10, poses an intrigu-
ing mechanistic puzzle.

6. Experimental

6.1. Materials

Three hydroxy-substituted substrates, 5–7, are available
commercially (Aldrich). Chrysanthemol, 8, was prepared
by LiAlH reduction of the methyl chrysanthemate prepared
from a commercially available mixture of cis- and trans-
chrysanthemic acid (Aldrich). Homochrysanthemol, 9, was
prepared by LiAlH reduction of the methyl ester of homo-
chrysanthemic acid, which was prepared by Arndt–Eistert
homologation of chrysanthemic acid, Ex-1.46 The crude di-
azoketone, Ex-2, obtained by treatment of Ex-3 with thionyl
chloride, followed by reaction with diazomethane47 was
heated in methanol solution in the presence of silver benzo-
ate.48

COOH COCHN2

Ex-1

CH2OH
9

SOCl2
CH2N2

CH2COOCH3

CH3OH

C6H5COOAg

Ex-2

Ex-3

LiAlH4

(C2H5)O

Diarylcyclopropane trans-10 was prepared by a sequence of
reactions, initiated by Claisen–Schmidt condensation of
benzaldehyde with o-hydroxy-acetophenone; condensation
of the resulting chalcone with hydrazine hydrate generated
a pyrazoline,49,50 which was deazetized under basic condi-
tions.51 A mixture of endo- and exo-5-norbornene-2-metha-
nol (Aldrich) was used without separation because the
presence of the exo-isomer was not expected to interfere
with the chemistry of endo-11�+.

OH O OH O

Ph

Ex-4 Ex-5

OH

Ph
trans-10

OH N

Ph

NH

Ex-6

C6H5CHO

The electron acceptor/sensitizers, 1,4-dicyanobenzene (Al-
drich; 98%) and phenanthrene (Aldrich; 98%) were purified
by recrystallization. 9,10-Dicyanoanthracene (Eastman
Kodak) was purified by recrystallization from acetonitrile.
Acetonitrile (Fischer), methanol (Fischer), and methylene
chloride (Fischer; Spectranalyzed�) were distilled from cal-
cium hydride and stored over 4A molecular sieves in brown
bottles under argon atmosphere.

6.2. Electron transfer photosensitized
reactions—irradiation procedures

Solutions containing 0.1 M of donors 1–5 or 7 and either
0.1 M of 1,4-dicyanobenzene/0.02 M phenanthrene or
0.1 M of 9,10-dicyanoanthracene/0.02 M biphenyl as sensi-
tizer/co-sensitizer in acetonitrile or methylene chloride were
deoxygenated by purging with argon for 15 min and irradi-
ated in a Rayonet RPR-100 photoreactor equipped with 16
RPR-3500 lamps. The progress of the reaction was moni-
tored by gas chromatography on a GC/MS system (HP
5890 series II GC interfaced with an HP 5971 mass selective
detector), using a 12 m�0.2 mm�0.33 mm HP-1 capillary
column (cross-linked methyl silicone on fused silica).
Exploratory runs were carried out in 4-mm ID NMR tubes
capped with latex stoppers, preparative runs in 30-mm ID
tubes with central cooling fingers (water-cooling).

For donor 6 exploratory experiments were carried out by ir-
radiating solutions of 0.02 g substrate in 20 mL methylene
chloride with triphenylpyrilium tetrafluoroborate in 10%
molar ratio under argon for 1 h in Pyrex tubes surrounding
a central quartz cooling jacket with a 125-W medium-pres-
sure mercury lamp. For preparative runs solutions of 1.0 g
of the substrate in 400 mL freshly distilled methylene chlo-
ride were irradiated at ambient temperature with a 125-W
medium-pressure mercury lamp inside a quartz immersion
well.

6.3. Isolation of reaction products

Reaction products obtained in yields>5% were isolated by
chromatography on columns, 1 cm<ID<5 cm, packed with
w15-cm of TLC standard grade silica gel (Aldrich; without
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binder), and eluted with solvent gradients, usually from light
petroleum ether (bp<65 �C) to mixtures with either methyl-
ene chloride or ethyl acetate. Several passes were required to
isolate the products.

The product resulting from trans-10 was isolated and purified
by conventional column chromatography on silica gel Merck
60 (0.063–0.200 mm), by preparative layer chromatography
on silica gel Merck 60 PF254, using dichloromethane as
eluent, or by means of isocratic HPLC equipment fitted
with a semi-preparative Microporasil column, using hexane/
ethyl acetate as eluent.

6.4. Characterization/identification of products

Structure assignments of isolated products rest on MS and
NMR data, including DEPT, two-dimensional COSY, and
HETCOR experiments, where appropriate. NOE difference
spectra were recorded to elucidate the substituent stereo-
chemistry and the spatial relationship between the various
functional groups. 1H NMR spectra (CDCl3; d, ppm down-
field of TMS) were recorded on a Varian XL-400, a
300 MHz Varian Gemini instrument, or a Varian VXR-200
spectrometer. 13C and HETCOR spectra were recorded on
the Varian VXR-200 spectrometer operating at 50.3 MHz.
IR spectra were recorded on a GC–FTIR Hewlett-Packard
5965; the major bands are characterized by their nmax

(cm�1). Mass spectra were obtained using a Hewlett-Packard
5988 A spectrometer.

6.5. Computational details

Density functional theory (DFT) and/or ab initio calcula-
tions52 were carried out with the GAUSSIAN 03 series of
electronic structure programs,53 in some cases with earlier
versions, using extended basis sets, including p-type polari-
zation functions on carbon (6-31G*). The geometries of the
neutral parent molecules and radical cations were optimized
at the unrestricted Hartree-Fock (UHF/6-31G*//UHF/6-
31G*) and UB3LYP/6-31G* levels, respectively. Previous
experience suggests that this level of theory will reproduce
the major geometric features of the systems under study.
Some radical cations were also calculated to include higher
degrees of electron correlation at the MP2 level of theory
(MP2/6-31G*//MP2/6-31G*). Wavefunction analyses for
charge and spin density distributions used the conventional
Mulliken partitioning scheme.52

Møller–Plesset perturbation theory (MP2) reproduces posi-
tive 1H hyperfine coupling constants satisfactorily, but over-
estimates spin densities on carbon and negative hfcs
significantly, often by factors>2.54–57 On the other hand,
density functional theory methods59 give satisfactory agree-
ment with experimental results.58–60 Indeed, positive and
negative hfcs of norbornadiene, quadricyclane, and bicyclo-
butane radical cations are reproduced accurately with either
the (B3LYP/6-31G*//MP2/6-31G*) or the (B3LYP/6-31G*//
B3LYP/6-31G*) method.58–60 In selected cases, including
the radical cations of 1,2-dimethylcyclopropane, norcara-
diene, vinylcyclopropane, and chrysanthemol, pictorial rep-
resentations of spin density, SOMO and LUMO were
derived with the program SPARTAN.61 The previously
optimized MP2/6-31G* geometries were imported into
SPARTAN, an HF/6-31G* single point calculation was car-
ried out followed by a surface analysis for spin density,
SOMO and LUMO.
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Abstract—The electron transfer catalyzed cycloreversion of cyclobutane pyrimidine dimers is the key step in repair of light-induced DNA
lesions catalyzed by the enzyme CPD photolyase. The formation of the CPD radical anion was found to be strongly solvent dependent due to
a specific hydrogen bond that stabilizes the valence bound state over the dipole bound state of the additional electron. The effect of solvation
on the vertical and adiabatic electron affinity of uracil and uracil dimers as well as on the mechanism of the cycloreversion of the uracil dimer
radical anion is explored for three model systems that include explicit solvent molecules at the B3LYP/6-311++G**/B3LYP/6-31+G* level of
theory. The second solvation shell is described using the implicit C-PCM solvation model. These calculations indicate an effectively barrier-
less mechanism. These results are in agreement with the available experimental data for the reaction energies and isotope effects. It is also
shown that a single hydrogen bond donor is a sufficient minimal model for the first solvation shell by adequately describing the stabilization of
the valence bound state of the radical anion through hydrogen bonding. The relationship of these model systems with the enzymatic reaction
catalyzed by DNA photolyase is also discussed.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

UV irradiation of DNA with wavelengths around 280 nm
induces the [2+2] cycloaddition between adjacent thymine
bases to form cyclobutane-like cis, syn thymine dimer TT,
or cyclobutane pyrimidine dimer (CPD), as the major prod-
uct (Fig. 1). This lesion is the principal cause for skin cancer
as it blocks cell replication and transcription. The enzyme
CPD photolyase is capable of reversing this process by using
near-UV and visible light (300–500 nm) and has been the
subject of a number of reviews.1–11 The cycloreversion of
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.03.059
the neutral cyclobutane moiety is thermally forbidden
according to the Woodward–Hoffman rules of orbital
symmetry.12 From the same rules, a photo-induced cyclo-
reversion is symmetry allowed, but the system lacks the con-
jugated p system necessary for absorption of visible light.

To circumvent this problem, CPD photolyase uses electron
transfer catalysis to promote the cycloreversion of the CPD
lesion. The now commonly accepted pathway is shown in
Scheme 1 for the example of the most simple CPD, the uracil
pyrimidine dimer UU. The first step of the repair is the
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one-electron reduction to form the radical anion UU��. This
electron transfer (ET) is induced by the absorption of a pho-
ton by a light-harvesting cofactor, followed by a Förster–type
transfer of the excitation energy to the catalytic cofactor
FADH�. The S1 state of the flavin then acts as the donor in
the ET for UU��. Upon addition of the electron to the uracil
dimer (UU), the [2+2] cycloreversion of the cyclobutane
moiety is accelerated greatly by weakening the C5–C50

bond. In a stepwise mechanism, after C5–C50 bond breaking
through the transition state TS1��, UU�� leads to the interme-
diate INT��, which may or may not exist as a distinct, short-
lived reactive intermediate with an enolate on one moiety and
an a-carbonyl radical on the other. Subsequent breaking of
the C6–C60 bond via TS2�� leads to the complex ion–mole-
cule PROD��, which gives the two pyrimidine bases U+U
upon back electron transfer (BET) to the FADH�.

Despite the importance of this reaction for DNA repair
and maintaining the genetic integrity of the living cell,
there are relatively little reliable experimental data avail-
able for this reaction due to the inherently complex mech-
anism and the short lifetime of the species involved.
The anionic cycloreversion was found to be exothermic by
21 kcal/mol using photothermal beam deflection calorim-
etry for the neutral reaction and fluorescence quenching
experiments.14

In contrast to the radical cationic pathway, which has been
shown to be stepwise by trapping the corresponding 5,50-
singly linked radical cation intermediate INT�+,15 the
presence of an intermediate in the radical anionic pathway
could not be proven experimentally, by either trapping
through a cyclopropylcarbinyl rearrangement,16 cleavage
of a 5-CH2OMs substituted photodimer17 or observation
by low-temperature EPR.18 These results make the existence
of INT doubtful and a concerted mechanism was postulated
based on kinetic isotope effect studies,2 even though the
interpretation of isotope effects ET catalyzed reactions in
complex.19,20 More recently, potential evidence for a dis-
tinct stepwise pathway has been observed by ultrafast
spectroscopy.21

Computational investigations of the radical anionic reaction
mechanism have been ambiguous too. As discussed in more
detail in a recent review,22 calculations of the reaction path-
way in the gas phase using a variety of methods yielded very
different results for electron affinity, reaction mechanism,
and overall reaction energetics. This indicates that the under-
lying physical model, i.e., the calculation of a single mole-
cule in the gas phase, might not be appropriate and needs
to be evaluated carefully. First, unless large basis sets incor-
porating diffuse functions are used, the Electron Affinity
(EA) of pyrimidine dimers is endothermic with ab initio
methods. Second, the relationship between the dipole and
valence bond states and its dependence on the computational
method used is unclear. Finally, gas phase calculations nei-
ther reproduce the thermodynamics nor give a clear picture
of the mechanism of the reaction. In a previous communica-
tion,23 we addressed these points and presented the first
reconciliation between theory and experiment, based on
calculations of hydrogen bonded uracil dimers.

In this contribution, an investigation of the effects of solva-
tion on the electron affinities and the reaction mechanism of
the cycloreversion of the cyclobutane uracil dimer radical
anion UU�� is presented. Besides providing a more detailed
picture of how the environment affects the reaction mecha-
nism, the unique dependence of the properties of the radical
anions involved in the environment make them an interesting
test case for the performance evaluation of solvent models.
To address these questions, the previously published model
involving three water molecules and UU�� will be compared
to simpler models using a single hydrogen bond donor with
and without implicit description of solvation by a cavity
model. Finally, we will discuss some technical issues in
the application of implicit solvent models for the calculation
of radical anions.

2. Computational methodology

Because of the close energy spacing of the orbitals, an ade-
quate treatment of electron correlation is crucial for accurate
calculation of radical ions. The best way to treat electron cor-
relation for these systems, however, has been a matter of cur-
rent discussion.24–35 We adopted a computational strategy in
which all structures were fully optimized at the B3LYP level
of theory with the 6-31+G* basis set, followed by harmonic
frequency analysis to ensure that all species have the correct
number of negative eigenvalues. The G98 and G03 series of
programs36 has been used for all calculations and the one
negative eigenfrequency of the transition structures was
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animated using MOLDEN37 to ensure that the optimized
stationary point corresponds to the transition structure of
the desired reaction. In cases where the imaginary normal
mode in the transition structure was not unambiguous or
the localization of intermediates was difficult, intrinsic reac-
tion path calculations (IRC) were performed. Final energies
were evaluated using the 6-311++G** basis set.

The description of solvation beyond the first solvent shell,
which is described explicitly in the hydrogen bonded sys-
tems, can be achieved by a number of popular implicit solva-
tion models derived from statistically averaged information
on the solvent effects. The different methods within this
model differ in the size and shape of the solute cavity, the
method of calculating the cavity creation and the dispersion
contributions, how the charge distribution of the solute is
represented, and how the dielectric medium is described.
A number of reviews of this field appeared over the past
few years.38–42 In general, the cavity models available in
electronic structure calculation programs can reproduce
the behavior of a solvent from averaged descriptions, but
lack the description of specific interactions on a solute,
such as hydrogen bonds. In our case, where the effect of
such an interaction has already been addressed, implicit sol-
vation calculations can provide additional information.

We investigated the solvent effects using the C-PCM
model43 implemented in the Gaussian36 series of programs. It
derives from the original Polarizable Continuum Model44–46

where the surrounding medium is modeled as a conductor
instead of a dielectric, based on Klamt’s concept (the
COSMO model).47 The most important practical aspect is
that the procedure replaces the normal component of the
electric field on the cavity tesserae with the electrostatic
potential, making the surface–charge solving process non-
iterative since it is included directly in the SCF procedure,
with a noticeable reduction in computational costs. Also
the problems of the solvent outlying charge are noticeably
reduced.

3. Results and discussion

3.1. Dipole versus valence bound states

The electronic structure of the radical anions of nucleobases
has been a topic of intense interest in the last decade.48 Two
distinct states can be distinguished upon electron attachment
to a molecule. The valence bound (VB) state has the extra
electron localized in a valence shell of the molecule corre-
sponding to its LUMO. It is the most common way for a mole-
cule to localize an extra electron. In addition, the dipole
bound (DB) state is characterized by having its electron
localized outside the molecular frame and towards the attrac-
tive field of the permanent molecular dipole moment.49 This
state is energetically accessible, provided the dipole moment
of the molecule is above 2.5 D.50 Their relevance to DNA
and RNA bases attracted some attention both experimentally
and theoretically over the past decade.51

A DB state in the gas phase for the bases uracil and/or thy-
mine has been observed experimentally using negative ion
photoelectron spectroscopy (PES),52 charge exchange with
laser-excited Rydberg atoms,49,53–57 and photodetachment-
photoelectron (PD-PE) spectroscopy.58 Using very diffuse
functions, several groups were able to calculate DB states
with positive electron affinities close to the experimental
values.56,57,59–64 Since thymine and thymine dimer have
dipole moments of 4.5 D and 7 D, respectively,65 the impor-
tance in the gas phase of such a state for the study of the
DNA lesion is non-negligible.

The stabilization of the VB state by hydrogen bonding has
been first postulated by Adamowicz. The complexes of ura-
cil with water,66–69 and with uracil,70 thymine71 or adenine72

have been investigated computationally with as high as the
MP2/6-311++G** level of theory. The transformation
from DB to VB state was later observed experimentally by
negative ion photoelectron spectroscopy73 and photodetach-
ment–photoelectron spectroscopy.58 Bonding with water
stabilizes the valence state of the radical anion more than
the dipole state, because the stabilizing interaction of the
hydrogen-bonded water is greater with the localized electron
density in the molecular frame.

An agreement between the calculated and experimental EAs
has been elusive because of the problems associates with the
description of weakly bound electrons in the VB versus DB
states, and the uncertainties found in the experimental
values. In particular, only negative or small EAs were
obtained by calculations. Sevilla and co-workers scaled ab
initio results to fit experimental results.74–78 More recent
calculations critically evaluated the experimental data and
compared them with highly correlated methods and diffuse
basis sets and bracketing techniques, giving very low VB
AEAs of approximately 0.2 eV.51,79–82

In general, the C2 carbonyl is considered as the strongest
binding site and most of the studies mentioned above are
focused on that site. However, the C4 position is more acces-
sible in the case of a thymine base. In addition, a water
molecule can bridge the two C4 carbonyls in the case of
the dimer, which is thus more relevant in this case. Lastly,
the C4 carbonyl is the relevant position in the active site,
since it is the position because of which a radical anion is sta-
bilized by hydrogen bonding. Thus, bonding of water to the
C4 carbonyl was investigated first.

Table 1 summarizes calculations at the B3LYP/6-31++G**//
B3LYP/6-31+G* level of theory and structures are shown in
Figures 2–4. On the basis of the gas phase calculations of
electron affinities, these results allow one to dissect how in-
corporation of hydrogen bonded water molecules stabilizes

Table 1. Vertical (VEA) and adiabatic (AEA) electron affinities of uracil and
uracil dimer with different numbers of water (in kcal/mol)

U/
0$H2O

U/
1$H2O

U/
2$H2O

U/
3$H2O

UU/
1$H2O

UU/
3$H2O

Gas phase VEA �6.3 �2.5 �2.4 �0.3 8.7 7.9
AEAa 4.9 18.6 15.7 16.5 29.1 32.6

Ether VEA 27.5 29.8 29.6 30.0 30.2 30.5
AEAa 38.6 48.9 45.4 46.4 53.6 47.8

Water VEA 37.1 39.0 39.4 40.2 37.4 38.9
AEAa 48.2 57.5 54.6 55.3 60.1 58.6

a Zero-point corrected using B3LYP/6-31+G* frequencies.
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the uracil anion valence state and provides a reasonable
model for the study of the subsequent reaction. In particular,
it is clear that the stabilization of the VB state of the radical
anion by one or more water molecules is even more pro-
nounced for the case of UU��. Direct comparison of the
values reported in Table 1 with experimental data is not
straightforward. The reduction potential of uracil in water
is reported to be�1.1 eV versus NHE.83 Taking into account
the absolute potential of NHE of 4.44�0.02 eV,84 it is clear
that the combination of implicit and explicit water models
underestimates the stability of the uracil radical anion by
as much as 1 eV. Nevertheless, the application of the implicit
solvation model beyond the first solvent shell does improve
agreement with experiment considerably, demonstrating that
the long-range stabilization of the negative charge by the sol-
vent is important. The performance of the C-PCM model for
the relative electron affinities of U and UU is much better.
Although experimental values for the direct comparison of
the redox potentials of U and UU in water are not available,
the energy difference for the three water models of 1.4 and
3.3 kcal/mol in ether and water, respectively, is in good
agreement with the experimental value of 1.4 kcal/mol mea-
sured for 1,3-dimethyl thymine and its dimer in aceto-
nitrile.85 Thus, the relative reduction potentials can be
predicted quite well, while the absolute stabilities are consis-
tently too low, most likely due to an underestimation of the
solvent stabilization of the radical anions. It is not only clear
that the calculation of systems like the ones discussed here
remains a significant challenge for cavity-type solvation
models, but also that they could also serve as useful bench-
marks in the development of new methods for the implicit
treatment of solvation. Figure 2 shows the structures of ura-
cil with and without a water molecule and its corresponding
anion. One can observe a distortion from planarity upon
electron uptake, with a deformation of the C4 carbonyl func-
tion due to the initial ketyl radical anion formation. Pyramid-
alization of the C6 center can be rationalized in terms of
involvement of the b-radical enolate resonance form.

Figure 3 shows uracil with three water molecules. Due to
a very flat hypersurface, several minima, all less than
1 kcal/mol, with different orientations of water can be found.
There were several other orientations of the water molecules
found. These are all within 1 kcal/mol of each other, indi-
cating a very flat hypersurface with multiple minima. In all
cases, the hydrogen-bonding distances are shortened from
1.9–2.0 Å in the neutral form to 1.7–1.8 Å in the radical
anion. These stronger hydrogen bonds are reflected in the
energetics; the VEA is negative, and the AEA does not
change substantially from the one- or two-water model.

Figure 2. Two views of neutral and radical anion uracil with and without
water.
This indicates that the specific interactions occurring in the
first solvation shell are well reproduced with three water
molecules.

The hydrogen-bonding effect is more important in the case
of uracil dimer. UHF or MP2/6-31G* calculations of uracil
give a negative EA of about �28 kcal/mol.86 Introduction
of one bridging H2O across the C4 carbonyl groups of UU
increases the EA to +29.1 kcal/mol. Three water molecules
do not change the adiabatic EA significantly from the one-
water model, indicating that a single specific interaction is
responsible for the bulk of the effect. This indicates that
the introduction of one or more water molecules is a reason-
able model for studying the reaction in solution. Hydrogen
bonding is also important for substrate recognition in the
active site. Previously, Escherichia coli CPD photolyase
was found to interact through Trp384 with the C4 carbonyl
of a thymine dimer lesion in DNA.87–89 More recently, the
crystal structures of CPD photolyase from Thermus thermo-
philus with thymine in its active site90 and a DNA duplex
containing a model of CPD, bound to Aspergillus nidulans
photolyase91 were solved. In the first structure, the C2 car-
bonyl is hydrogen bonded to Asn340, and the second part
of the dimer is postulated to interact with Glu244, while in
the second, the model of CPD is hydrogen bonded to the
amino group of the adenine in the FADH cofactor.

3.2. Effects of explicit solvation on the mechanism
of the cycloreversion

Previously, we have shown that hydrogen bonding to the
radical anion has a dramatic effect not only on the electron
affinity of the CPD, but also on the reaction mechanism
for the cycloreversion of the CPD radical anion. The results
for a test system surrounded by three explicit water mole-
cules were found to be in good agreement with the available
experimental data.23 In the complex interplay of the hydro-
gen bonding and charge distribution between the CPD
radical anion and the three explicit water molecules, it is
less clear what influence the individual components has
and what the minimal model for an adequate description
of the reaction is. We have therefore studied several other
model systems to elucidate the effect of hydrogen bonding
on the reaction mechanism.

Figure 4 summarizes the results of the cycloreversion for
a model system where a single water molecule bridges the

Figure 3. Uracil with three water molecules. Values in brackets are relative
energies in kcal/mol.
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Figure 4. Reaction pathway for the one-water system. All energies are zero-point corrected B3LYP/6-311++G**//B3LYP/6-31+G*.
two C4 carbonyl groups. Dh represents the dihedral angle
formed by the atoms C5–C6–C60–C50.

As mentioned before, the AEA of uracil dimer is exothermic
by 29 kcal/mol because the hydrogen bonding stabilizes sig-
nificantly the radical anion formed by electron transfer. This
is in contrast to the value of�20.3 kcal/mol calculated at the
same level of theory for thymine dimers in the gas phase65

and demonstrates again the importance of specific inter-
actions with water. During the UU radical anion cyclo-
reversion, the cyclobutane framework undergoes distinctive
changes.Upon ionization, the C5–C50 bond length is consider-
ably increased, going from 1.6 Å to 2.5 Å, with a concomitant
twisting of the initial cyclobutane ring (Dh increases) and
a deformation similar to the parent uracil radical anion.
This can be rationalized in terms of delocalization of the sin-
gly occupied C4–O p* orbital into the C5–C50 s* orbital.92

Then, Dh changes from +30� in the anion to �71� in the in-
termediate. The transition state is characterized by an essen-
tially planar C5–C6–C60–C50 framework, and the associated
imaginary frequency corresponding to a rotation having for
axis the C6–C60 bond. The activation energy for this process
is with 2 kcal/mol very small. In the intermediate, which is
5.7 kcal/mol lesser in energy than UU��$H2O, the water
can no longer bridge the two C4 carbonyls due to the large
Dh, and stays with the moiety where the negative charge is
localized. The C6–C60 bond is already elongated, and further
increases its bond length in the second transition state, while
the other geometric parameters resemble the intermediate.
After zero-point correction, the barrier disappears. On the
way to the final complex, the two uracil molecules orient
themselves in an opposite direction to minimize the total
dipole moment of the model. The overall exothermicity is
calculated to be �17.2 kcal/mol.

The overall reaction mechanism predicted for this model
system is very similar to the one reported earlier for the
model system containing three explicit water molecules.23

This shows that a single hydrogen bond is sufficient to
achieve the stabilization of the valence bound state as a ketyl
radical anion and gives an effectively concerted reaction
pathway. Even though a formally stepwise pathway is found,
it is downhill and barrierless after the first transition state,
which is only slightly higher in energy than UU��$H2O
and easily accessible at ambient temperature. The differ-
ences with the previous studies at the same level of theory,
which predicted the intermediate to be separated from the
product by a 14 kcal/mol barrier,93 can be rationalized
in terms of localization of spin and charge through the
hydrogen bonded water molecule. The assumption of a
destabilization of the gas phase intermediate by the geo-
metry-constraining enzyme, proposed previously,94 is not
necessary to rationalize the concerted reaction mechanism.
However, the one-water system does not reproduce the
experimentally observed overall thermochemistry of the
reaction. The value of 17.2 kcal/mol is too low by 4 kcal/
mol compared to the experimental value14,13 when only
one water molecule is explicitly included in the calculation.
This is due to the fact that in this model system, the water
molecule can only bind to the product radical anion. The
neutral uracil remains unsolvated, which is not a good model
for the experimental conditions.

In light of the finding that a single water molecule constitutes
a sufficient minimal model, it is interesting to investigate the
role of the other two water molecules in the previous system.
As discussed above, the main differences between the three-
water model and the one-water model are in the values of the
EA and the overall thermochemistry. We thus revisited the
structures for the neutral uracil dimer UU and its radical
anion as well as the product ion–molecule complex in the
presence of the water molecules.

Figure 5 shows two different orientations of the water mole-
cules around the neutral uracil dimer within 1 kcal/mol.
With three coordinating water molecules around UU, other
water orientations and slightly higher energy structures
were found. Due to the flatness of the hypersurface, they
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are virtually identical in energy. This suggests that the inter-
actions between UU and water are relatively weak and the
exact position of the water molecules does not have a large
energetic effect. Figure 6 shows three different conforma-
tions of the water molecules around the UU�� radical anion,
with energy differences as high as 5.6 kcal/mol. It can thus
be concluded that the exact position of the water molecules
is much more important in this case. The lowest energy spe-
cies is the one where hydrogen bonding is maximized in
a network of hydrogen bonds with the C-4 oxygen that local-
izes the negative charge of the radical anion acting as an
acceptor in two hydrogen bonds. It is noteworthy that this
structure is also the one where C6–C60 bond length is
1.57 Å, the shortest of all the UU�� considered. This is
most likely because of an additional bridging water mole-
cule holding the C5–C6–C60–C50 moiety in a well-defined
conformation.

The reaction pathway of this three-water system was already
reported in a communication23 and will only be reviewed
briefly here. The first step of the cycloreversion reaction
has an activation energy of 1.1 kcal/mol, only 0.9 kcal/mol
smaller than the one-water system. Subsequent bond break-
ing is barrierless, with an exothermicity of 21.5 kcal/mol, in
accordance with the experimental results. In the final com-
plex, a network of water molecules holds the two molecules
together in a p-stacking fashion. The importance of this net-
work is demonstrated by the fact that another structure with
an energy 8.7 kcal/mol higher than the stacked structure was
also calculated (Fig. 7). The orientation of the dipoles oppo-
site to each other found in the gas phase calculation, is now
overcome by the hydrogen-bonding network. This structure
is also reminiscent to a restrained active site where radical
substrate movement like in the one-water systems is
restricted by the residues.

Figure 5. Different orientations of three water molecules bound to uracil
dimer. Relative energies are shown in kcal/mol and distances in Å.

Figure 6. Different orientations of three water molecules bound to uracil di-
mer radical anion. Relative energies are shown in kcal/mol and distances in Å.
3.3. Amine system

In the available computational models of the enzyme–sub-
strate complex87–89 as well as in the recent X-ray structure
of a DNA duplex containing a model of CPD, bound to
A. nidulans photolyase,91 the C4 carbonyl oxygen of CPD is
hydrogen bonded to an NH, either in the indole ring of a tryp-
tophane residue or in the amino group of the adenine in the
FADH cofactor. This raises the question whether there will
be significant differences between the hydrogen bonding to
the water molecules in our model systems, which could
lead to partial protonation, and the hydrogen bonding to
N–H bonds in the enzyme, which will be based on the
relative pKa’s of the ketyl radical anion and the amine.
Hydrogen-bonded methyl vinyl amine (MVA) was thus
introduced in our calculations as a model for specific inter-
actions in the active site of CPD photolyase.

The resulting reaction pathway is very similar to the one-
water pathway with some noticeable differences (Fig. 8). In
the initial ionization, the C5–C50 bond elongates more than
that in the one-water system. Because methyl vinyl amine
can only provide one hydrogen bond, and a weaker one, it
cannot provide the restraint that the bridging water does.
Thus, the localization of spin and charge is more pronounced
and the EA of the amine-bonded system is thus lower than
the water-bonded one. The second significant difference is
the disappearance of the barrier for C5–C6–C60–C50 rotation
after zero-point correction (even at the B3LYP/6-31+G*
level, it is a negligible 0.3 kcal/mol) since no hydrogen
bond needs to be broken. Since the C6–C60 bond breaking is
identical to the one-water system, the process is barrierless.

The overall exothermicity of the reaction is 16.9 kcal/mol.
This value is the first estimate of the energetics of the reac-
tion taking place in the enzyme as the MVA bonding models
the tryptophan bonding in the active site. As in the one-water
system, the product complex has the two uracil molecules
aligning their dipole moments in opposite directions. This
geometry is almost certainly not present in the active site
of the enzyme for the residues create a pocket where steric
interactions would hold the two uracil molecules close to
their initial position. A large change in Dh would not be fea-
sible. It can therefore be expected that a bridged hydrogen
bonding as indicated by the bifurcated interaction observed
in the experimental X-ray structure91 and modeled by a water
in our calculations, or a single hydrogen bonding as pre-
dicted by our model of the enzyme–substrate complex87

Figure 7. Different conformers of the product of cycloreversion. Relative
energies are shown in kcal/mol and distances in Å.
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Figure 8. Reaction pathway for the amine system. All energies are zero-point corrected B3LYP/6-311++G**//B3LYP/6-31+G*.
and represented by the MVA in this model system, will lead
to very similar results. This is indeed found in our calcula-
tions where the change from a water to an amine system
showed little changes. In both cases, the reaction is essen-
tially barrierless and strongly exothermic. Kinetic isotope
effects in solution, in CPD photolyase and in an antibody
all gave similar results that led the authors to conclude a con-
certed mechanism.95,96 It is demonstrated that hydrogen-
bond interaction either with solvent or an active site model
renders the cycloreversion concerted and non-synchronous.

3.4. Summary of the systems

Table 2 gives an overview of the three systems considered,
with the energies of the optimized B3LYP/6-31+G* struc-
tures and the zero-point corrected B3LYP/6-311++G** sin-
gle point calculations. Using the larger basis set with more
diffuse and polarized basis functions influences the EA
and the overall exothermicity of the cycloreversion, but
not the relative energies of the transition states and inter-
mediates. They are necessary to account for those systems,
however, since they describe hydrogen bonding and anionic
species more accurately. The good agreement between the
energies obtained from the two basis sets also shows that
the smaller basis set gives reasonable results based on error
cancellation between similar species along the reaction
pathway.

The EA of the uracil dimer increases when stronger hydro-
gen bonds are formed, and when the system can form several
of them. A complexed amine or a water molecule does not
change significantly the exothermicity of the reversion; how-
ever, a hydrogen-bond network can stabilize the complex
uracil–uracil radical anion complex.

When introducing only one hydrogen-bonded molecule to
the cycloreversion of the uracil dimer radical anion, a plausi-
ble mechanism for this process can be described. Through an
amine hydrogen bond, a model for the splitting in CPD pho-
tolyase is achieved. An arrangement of three water molecules
is sufficient to account for the first solvation shell and repro-
duce experimental results for the reaction thermodynamics
of model systems in the condensed phase. Because specific
hydrogen bonds stabilize the valence states of the radical
anion species, the effect of the first solvation shell is well re-
produced in these systems: a non-synchronous concerted
pathway with a low to no activation barrier for cycloreversion
after the initial ionization. The effect of a surrounding
medium as an averaged property in the second solvation shell
can now be addressed. This is the subject of the next section.
Table 2. Comparison of hydrogen bonded systems with different basis sets

1H2O MVA 3H2O

6-31+G*a 6-311++G**b 6-31+G*a 6-311++G**b 6-31+G*a 6-311++G**b

UU +28.1 +29.1 +26.2 +21.1 +31.8 +24.8
UU

�� 0 0 0 0 0 0
TS1 +2.1 +2.0 +0.3 �0.1 +1.4 +1.1
INT �5.4 �5.7 �8.4 �8.8 �5.1 �5.6
TS2 �5.5 �6.2 �8.5 �9.1 �5.2 �6.0
PROD �15.3 �17.2 �15.1 �16.9 �20.9 �21.5

All values are zero-point corrected at the B3LYP/6-31+G* level.
a Optimized geometries.
b Single-point calculations at the 6-31+G* geometry.
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3.5. Solvent effects

The one-water and amine systems, which model the initial
interaction of a solvation shell and a specific active site, re-
spectively, were analyzed in the presence of solvent to
account for the second solvation shell effects. Apart from
being a biologically important study, it can also constitute
a test case for the performance of implicit solvation models
due to the difficulties encountered in calculations of radical
anions. The cycloreversion was studied with the C-PCM
method in two solvents. Water (3¼78.39) was used to
account for further effects in solution other than the specific
hydrogen bonding to the C4 carbonyl. Since the active site
has no averaged macroscopic properties but discrete interac-
tions (van der Waals, hydrogen bonds.), the assignment of
an average dielectric constant for a protein active site is an
open question. Honig has evaluated the electrostatic effect
of active sites and suggested a value of 3¼4.97–99 Thus, the
characteristics of the solvent ether (3¼4.335) were intro-
duced in the second calculation. However, the effect of the
dielectric constant in the PCM model is largest for low
values of 3 due to the functional form of the underlying
Onsager equation. Therefore, little changes are expected
between water and ether.

In the course of these studies, several interesting technical
issues arose. First, the combination of the solvation model
and diffuse basis functions led to problems in converging
the wavefunctions. Second, the amount of charge escape
obtained by using the default parameters was found unac-
ceptably high (in some cases larger than 10%). The
C-PCM parameters radii, number of tesserae, and scaling
factor were thus adjusted for the species INT in the amine
system to minimize the amount of charge escape from the
solute cavity (3–4%) and used throughout the calculations,
except for the calculation of the INT–MVA complex in a
water cavity, where 80 tesserae were necessary to obtain a
converged wavefunction. The results of these calculations
are shown in Table 3.

As expected, UU�� is much more stabilized by the solvent
cavity than the neutral UU, increasing the electron affinity
in water by 32 kcal/mol in the case of the one-water system.
This effect is even more pronounced in the case of the amine
system, where only one weaker hydrogen bond is formed be-
tween the C4 carbonyl of one uracil moiety and the amine
hydrogen. Thus, the initial stabilization by MVA complexa-
tion is less, as can be seen by EA comparison of the two sys-
tems in the gas phase. This plays again a role in the
exothermicity of the reaction. In water, the one-water system
is less exothermic by 6.5 kcal/mol compared to the gas
phase. This is explained by the fact that the bridging water
molecule in UU�� delocalizes the extra electron on the whole
system, making the two uracil units equivalent with respect
to their charge. However, in PROD the charge is localized
on one uracil and only one hydrogen bond can be achieved
by the water. The effect of the solvent on the whole system
is thus less important. This charge delocalization through
the water molecule is best illustrated by the electrostatic
surface potential (ESP) mapped onto the electron density
surface rendered by the program ArgusLab 3.0100 and is
shown in Figure 9. Whereas the ESP charge is spread over
the whole dimer UU�� through the bridging water, a neutral
uracil with little extra charge density accounts for half of the
complex PROD.

In analogy to the above argument, the magnitude of the sol-
vent effect on the exothermicity of the amine system is only
4.8 kcal/mol in water. This is again represented by Figure 10,
where the smaller extent of a delocalization through the
amine hydrogen bond is clearly visible.

Compared to the large change in exothermicity, no signifi-
cant changes in the relative energies of TS1, INT and TS2
are observed in the cavity compared to the gas phase calcu-
lations. Finally, the changes between water and ether cavity

Table 3. Comparison of gas phase and C-PCM energies

1H2O MVA

Gas phase Water Ether Gas phase Water Ether

UU +29.1 +61.4 +53.9 +21.1 +57.1 +50.2
UU

�� 0 0 0 0 0 0
TS1 +2.0 +1.0 +1.3 �0.1 �1.0 �0.7
INT �5.7 �4.5 �4.8 �8.8 �8.3a �8.8
TS2 �6.2 �4.8 �5.1 �9.1 �8.5 �8.2
PROD �17.2 �10.7 �11.9 �16.9 �12.1 �12.9

All values are zero-point corrected at the B3LYP/6-31+G* level. Para-
meters: RADII¼PAULING (Merz–Kollman atomic radii), ALPHA (scaling
factor for the definition of the solvent accessible surface)¼1.5, TSNUM
(number of tesserae for each sphere)¼70. Values optimized based on the
least amount of charge diffusion in the case of INT.
a TSNUM¼80.
Figure 9. ESP mapped on electron density for UU
�� (left) and PROD (right) for the one-water system.
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Figure 10. ESP mapped on electron density for UU
�� (left) and PROD (right) for the amine system.
are minimal, ether having a lesser influence of approxi-
mately 7 and 1 kcal/mol on the EA and the exothermicity,
respectively.

4. Conclusions

Since the discovery of DNA repair by the enzyme CPD
photolyase, much effort has been deployed toward a better
understanding of its mode of action. Whereas energy and
charge transfer have been successfully studied, theory could
not be reconciled with experimental results on the key pro-
cess, the splitting of the thymine dimer radical anion. In
our study, the mechanism of the anionic cycloreversion of
the DNA UV lesions was elucidated by the introduction of
one hydrogen bond responsible for the reversal of the rela-
tive energies of dipole and valence states. Several systems
accounting for behavior in solution or in the active site
were investigated, and solvent effects were evaluated by
means of dielectric continuum theory.

The electron transfer catalyzed cycloreversion of pyrimidine
dimers is strongly influenced by specific hydrogen-bonding
interactions that stabilized the radical anion. A single hydro-
gen bond to one of the C4 carbonyl group is sufficient to sta-
bilize the valence bond state of the radical anion, resulting in
an exothermic electron affinity and an effectively barrierless
cycloreversion. A water molecule, which represents a mini-
mal model of the reaction in aqueous solution, bridges be-
tween the two C4 carbonyls of the dimer. The results for
a complex, with a methyl vinyl amine, designed to represent
the previously described hydrogen bond of the pyrimidine
dimer in the active site of CPD photolyase are very similar,
indicating again that the bulk of the interactions is caused by
a single hydrogen bond. The structure of intermediates along
the pathway shows an immediate C5–C50 bond breaking fol-
lowed by a twisting of the cyclobutane framework on the
way to the final complex, which can adopt a stacking or
anti conformation depending on its surroundings. The effect
of a solvent environment is rationalized in terms of further
stabilization of the initial radical anion. Although the reac-
tion pathway is described qualitatively correct by these mini-
mum models, a more complex model involving explicit
consideration of the first solvent shell is necessary to cor-
rectly describe the thermochemistry of the reaction.23
The solvation interactions in the product complexes respon-
sible for the accurate description of the overall reaction ther-
mochemistry cannot be satisfactorily described by the
C-PCM cavity solvation model alone. As a result, absolute
electron affinities in solution are consistently underesti-
mated by as much as 1 eV. Relative electron affinities be-
tween compounds and model systems are described much
more accurately, allowing the dissection of the influence of
different interactions in the model systems. Computed elec-
tron affinities and plots of the electrostatic surfaces indicate
that the localized reactant complex is strongly stabilized,
lowering the computed reaction energies. In comparison,
the relative energies of the stationary points along the reac-
tion pathways are not affected strongly because the degree of
delocalization of the additional electron over the molecule is
very similar in all cases.
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Abstract—The reaction of enantiomerically enriched 2-methyl-2-nitro-3-(diphenylphosphatoxy)alkyl radicals with tributyltin hydride and
AIBN in benzene at reflux results in the formation of alkene radical cation/anion pairs, which are trapped intramolecularly by amine nucleo-
philes, leading to pyrrolidine and piperidine systems with memory of stereochemistry. The scope and limitations of the system are explored
with respect to nucleophile, leaving group, and substituents within the substrate backbone.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Alkene radical cations generated within the confines of con-
tact ion pairs by the expulsion of leaving groups from the b-
position of radicals participate in stereoselective cyclization
reactions with suitably placed amines. This concept was
demonstrated (Scheme 1) with an extensive series of sub-
strates carrying methyl groups on the carbon backbone,
with the results best accommodated by a chair-like transition
state for cyclization with the maximum number of substitu-
ents pseudo-equatorial.1
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P(OPh)2

O
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H
P(OPh)2

O
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Bu3Sn N
Bn
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R''
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R''
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Scheme 1. Preferred model for diastereoselective alkene radical cation
cyclizations.1

In this paper we report in full on a parallel series of experi-
ments in which all stereogenic centers are destroyed on for-
mation of the alkene radical cation, leaving the operation of
a memory effect as the only explanation for the observed
enantioselectivity.2

2. Results and discussion

Working in collaboration with Newcomb we have estab-
lished, using time resolved laser flash photolytic techniques,

* Corresponding author. Tel.: +1 312 996 5189; fax: +1 312 996 0431;
e-mail: dcrich@uic.edu
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.03.063
that alkyl radicals substituted with a leaving group in the
b-position expel the leaving group to afford contact alkene
radical cation/anion pairs even in nonpolar solvents.3 In
polar solvents supporting charge separation these contact ion
pairs undergo equilibration with the medium leading to sol-
vent separated ion pairs and even free radical cations and the
corresponding anions. This type of behavior is seen under
anaerobic conditions with DNA C04 radicals when the C03-
phosphate group is expelled leading to the C30C40 alkene
radical cation, such as has been so productively employed as
a ‘hole’ source in the study of charge transfer through DNA
by Giese.4 In nonpolar solvents collapse of the contact al-
kene radical cation/anion pair to either the original radical or
a rearranged radical is extremely rapid, typically out compet-
ing equilibration of the components of the contact ion pair.
This extremely rapid recombination is now seen as the basis
for a number of regio-5 and stereoselective5a,6 rearrange-
ments that were originally interpreted as open-shell con-
certed processes (Schemes 2 and 3).7 Computational work
in this area, while originally supportive of the concerted
mechanisms, has evolved and now points to the fragmenta-
tion/recombination mechanisms for these rearrangements.8

In parallel with the mechanistic studies we have developed
a series of preparative methods in which nucleophilic attack,
inter- or intramolecular, on the contact radical ion pair takes
place in competition with collapse to a rearranged radical in
nonpolar solvents. When this nucleophilic trapping is fol-
lowed up by a radical cyclization the overall tandem polar/
radical crossover sequence affords diverse bicyclic systems
depending on the substitution pattern (Scheme 4).9

The combination of the stereoselectivity of the rearrange-
ment reactions (Schemes 2 and 3), which implies rapid col-
lapse of a highly ordered contact radical ion pair, coupled

mailto:dcrich@uic.edu
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Scheme 2. Changing regioselectivity of a b-phosphatoxyalkyl radical rearrangement as a function of solvent.5,6
with the polar/radical crossover reactions (Scheme 4), and
the implicit faster rates of nucleophilic trapping than ion
pair collapse, lead directly to the hypothesis of stereoselec-
tive nucleophilic trapping reactions in which the order of the
contact radical ion pair is reflected in the stereochemistry of
the product.
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N
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HN HN N

Ph

N

Ph

Scheme 4. Example of a polar/radical crossover sequence.9c,d

As discussed above, the hypothesis of memory effects in al-
kene radical cation reactions was first put to the test at the
level of diastereoselectivity leading to the model of Scheme
1. In this system the amine attacks the face of the alkene
radical cation opposite to that shielded by the just departed
leaving group through a chair-like transition state with
a maximum number of substituents pseudo-equatorial. The
second generation system described here is enantioselective
and requires the synthesis of a series of enantiomerically
enriched b-(phosphatoxy)nitroalkanes, the precursors of
choice in these tin hydride mediated polar radical crossover
sequences, which we accessed by Corey oxazaborolidine-
catalyzed reduction of a-nitroketones.10

The synthesis of a first pair of substrates, 11 and 12, was
accomplished as set out in Scheme 5.
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Scheme 5. Synthesis of substrates 11 and 12.
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In order to compare the effect of the leaving group the di-
ethylphosphate analog 14 of one of these substrates was
also prepared (Scheme 6).

BocN
Bn

NO2

7

OH

TFA,

i) (EtO)2PCl

ii) TBHP, 56%
N
Bn

NO2

O P(OEt)2

O

X

13: X = Boc

14: X = H 93%

Scheme 6. Synthesis of a diethylphosphate 14.

With a view to determining the influence of the ‘gem-disub-
stituent’ effect11 on the diastereoselectivity substrate 24,
bearing a quaternary carbon center, was synthesized by the
route outlined in Scheme 7.
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Scheme 7. Synthesis of substrate 24.

Yet another substrate, conformationally biased 30, was
obtained from the aniline derivative 25 (Scheme 8).12 Sub-
strate 30 was prepared only in racemic form, as a control
experiment indicated that it did not undergo cyclization on
treatment with tributyltin hydride under the usual condi-
tions, as discussed below.

A substrate for a tandem polar/radical process in which the
nucleophilic cyclization is followed by a radical cyclization
was prepared from 9 by a process in which a benzyl group
was exchanged for a propargyl moiety (Scheme 9).

Two substrates incorporating alcohol rather than amine
nucleophiles were accessed as described in Schemes 10
and 11. Whereas the synthesis of the simple substrate 41
was straightforward (Scheme 10), that of the gem-dialkyl
substituted variant proved more problematic owing to cycli-
zation of the newly revealed alcohol onto the phosphate in
the course of the final desilylation, with isolation of the
1,3,2-dioxaphosphepane 46 (Scheme 11). This problem,
which could only be overcome by switching to the less
electrophilic diethylphosphate, also reared its head in the
attempted polar/radical cyclization of racemic 48, as dis-
cussed below, and consequently no attempt was made to
obtain this compound in enantiomerically enriched form.

A common feature of the above syntheses is the borane
reduction of a-nitroketones catalyzed by the Corey oxaza-
borolidine catalyst. For ease of comparison the various
reductions are presented in Table 1. The absolute stereo-
chemistry of the nitroalcohols obtained from these reduc-
tions is assigned according to the standard model of Corey
for the oxazaborolidine reduction of disymmetrically
substituted ketones,13 with the 1-methyl-1-nitroethyl group
playing the role of the most bulky substituent. The applicabil-
ity of this model to the a-nitroketones was rigorously estab-
lished in our earlier model studies.10 It is noteworthy that
moderate to good enantioselectivities were obtained in all
instances, with only a minor reduction due to the presence
of the quaternary center in 21.

The polar/radical crossover reactions were conducted with
tributylstannane and AIBN in benzene at 80 �C leading to
the results presented in Table 2. The enantioselectivities
were determined by either chiral GC or HPLC as appropriate.
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Scheme 8. Preparation of an aniline-base substrate 30.
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Scheme 9. Synthesis of a propargylic substrate.
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Scheme 10. Synthesis of substrate 41.
The absolute configuration of pyrrolidine 49 was established
by hydrogenolytic debenzylation and subsequent tosylation
to give the sulfonamide 57, whose specific rotation was com-
pared to the literature value (Scheme 12).14,15 As all success-
ful cyclizations in Table 2, with the exception of alcohol 41,
gave comparable enantioselectivities it was not considered
necessary to rigorously establish the configuration of all
products, which consequently were assigned by analogy
with 49.

Comparison of entries 1–4 and 6 in Table 2 indicates that in
the case of a secondary amine as nucleophile neither ring
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Scheme 11. Preparation of substrate 48.
size (five or six), leaving group (diphenyl or diethylphos-
phate), nor the presence of a normally rate enhancing quater-
nary center has major significance on the enantioselectivity
of these cyclizations. We interpret this result as arising from
an extremely rapid trapping of the contact radical cation/
anion pair once it is formed in what is probably the rate lim-
iting radical ionic fragmentation step. This observation is
consistent with the earlier study based on diastereoselectiv-
ity (Scheme 1) and the general rational presented above.
This is entirely reasonable given the intramolecular nature
of the attack on a simple trialkyl substituted alkene radical

Table 1. Enantiomerically enriched nitro alcohols obtained by CBS reduc-
tion of a-nitroketones

Nitro alcohol % Yield % ee

BocN
Bn

NO2

OH
7

72 85

NO2

OH

BnN
Boc

8

78 86

BocN
Bn

NO2

OH
Bn

Bn
22

70 79

Ph Ph

NO2
OH

TBSO

39

87 96
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Table 2. Enantioselective alkene radical cation cyclizations

Entry Substrate Substrate % ee Product % Yield % eea

1

NH
Bn

O
(PhO)2P

O

NO2

11

85

N

H

Bn
49

43 61 (71)

2

NH
Bn

O
(EtO)2P

O

NO2

14

85 N

H

Bn
49

45 62

3

BnNH

O
(PhO)2P

O

NO2

12

86 N
Bn

H

50

41 60 (70)

4

NH

O
(PhO)2P

O

NO2

24

Bn

Bn
Bn

79 N

H

Bn
51

BnBn

44 60 (76)

5

NHBn

O
NO2(PhO)2P

O

30

(+/�)b

NHBn
52

50 —

6

NH

O
(PhO)2P

O

NO2

33

85
N

H

53

64 60 (71)

7

Ph Ph

O2N
O

(PhO)2P
O

HO

41

94

O

PhPh

54

Ph

Ph

OP
O

O OPh

+

55

54: 25
0

55: 52

8

HO NO2

O P(OEt)2

O

Bn
Bn

48

(+/�)b

OP
O

O OEt

Bn
Bn

56

67 —

a Actual ee (ee predicated on enantiomerically pure substrate).
b Reactions conducted with racemic material.
cation in a nonpolar solvent, in view of the 2.5�109 M�1 s�1

rate constant determined for the intermolecular rate constant
for the attack of butylamine on the stabilized p-methoxystyr-
ene radical cation in the polar solvent acetonitrile at 25 �C.16

Taking into account the absolute configurations of the
substrates and products, we are led to propose a model for
these cyclizations (Scheme 13) that is directly comparable
to the one advanced earlier for the diastereoselective cycliza-
tions. Thus, the initial radical undergoes rate determining
fragmentation to give an ordered contact alkyl radical
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cation/anion pair that suffers extremely rapid collapse to the
cyclized radical with attack of the nucleophile on the oppo-
site face of the alkene radical cation to the one shielded by the
counter-ion (Scheme 13). While this model bears some
resemblance to the widespread Beckwith/Houk model for
radical cyclization,17 it differs fundamentally in one key as-
pect. The Beckwith/Houk model requires full conformation
equilibration before cyclization through the most-favored
chair-like transition state, while the model of Schemes 1
and 13 implies very rapid cyclization before solvation of the
contact radical ion pair and conformational equilibration.18

O

NO2

NHR

P(OR')2

O

Bu3Sn N
R

n nN
R

H
(R'O)2P

O

O

n

Scheme 13. Preferred model for enantioselective alkene radical cation
cyclizations.

The remaining entries of Table 2 serve to illustrate the limi-
tations of the method. Thus, with the much weaker aniline-
based nucleophile (entry 5) no cyclization was seen, leading
to decomposition of the alkene radical cation and the forma-
tion of a complex reaction mixture from which only the
alkene 52 was isolated. Alcohols are generally much poorer
nucleophiles than amines as is known to hold with alkene
radical cations as electrophiles, with the rate constants for
the attack of alcohols being slower than those of amines.16

This leads to a reduced rate of cyclization, enabling solvation
of the contact ion pair and conformational equilibration to be-
come competitive, leading overall to a reduction in enantio-
selectivity (Table 2, entry 7). Finally, a significant limitation
to the use of alcohols as nucleophiles in these cyclizations, at
least when conducted under refluxing conditions in benzene,
is seen in the formation of the 1,3,2-dioxaphosphepanes 55
and 56 (Table 2, entries 7 and 8). Given the reaction protocol,
with dropwise addition of the stannane to a solution of the
substrate in benzene at reflux, these cyclizations involving
nucleophilic attack at phosphorus presumably take place
before the radical reaction. The formation of the cyclic phos-
phepane ring should not prevent fragmentation to the alkene
radical cation, as we have previously demonstrated that suit-
ably substituted phosphepanes undergo a rearrangement
analogous to the one in Scheme 3 with rate constants of
105–106 s�1 in benzene at 80 �C with a very high degree of
retention of configuration at phosphorus.19 However, the in-
tramolecular nature of the contact radical cation/anion pair
generated from expulsion of the phosphepane leaving group
presumably accelerates internal return and thereby reduces
the possibility of nucleophilic attack by the alcohol.

We considered an alternative approach to enantioselective
alkene radical cation reactions in which the leaving group

N
Bn
49

i) Pd(OH)2/C, H2

ii) TsCl, 45% N
Ts

57: [α]23
D -78.1°

Lit.14 [α]D -91.3°

Scheme 12. Establishment of absolute configuration.
in the fragmentation step serves as source of chirality,
thereby eliminating the need for the synthesis of enantio-
merically enriched nitroalcohols. This approach, employing
a stereogenic phosphorus or sulfur center, may be viewed as
an extension of the diastereoselective probes of mechanism
reported in Scheme 3. Before undertaking the synthesis of
any enantiomerically enriched compounds a series of simple
models were prepared to test the viability of such an ap-
proach in the context of a tandem polar/radical reaction.
Thus, reaction of chlorosulfonyl isocyanate with nitro-
alcohol 589b,20 afforded the sulfamate 59 which, following
N-alkylation21 and subsequent removal of the carbamate
group, gave the radical precursor 60 (Scheme 14).

ClSO2N=C=O
1. t-BuOH, Hexane

NO2Ph

OH2. , Et3N
NO2Ph

O
S

O
NHBoc

O

59, 84%

NO2Ph

O
S

O
N
H

O

60

1. DBU, allyl bromide  87%

2. TFA, DCM   41%

58

Scheme 14. Synthesis of an N-allyl sulfamate.

In the phosphorus series an N-allyl phosphoramide 62
was prepared in straightforward manner as outlined in
Scheme 15.

PhOPCl2
NO2Ph

OH 1. , THF

PMBHN2. , THF

3. t-BuOOH, CH2Cl2 61, 67%
d.r. 1/1.3

CAN

CH3CN/H2O Ph

O

NO2

P
N
H

O OPh

62, 88%

Ph

O

NO2

P
OPh

O N
PMB

58

Scheme 15. Synthesis of an N-allyl phosphoramide.

The synthesis of an N-allyl phosphorimidate 64, after some
experimentation, was also achieved in a straightforward
manner employing the Staudinger reaction22 of phosphite
63 with allyl azide (Scheme 16). In accordance with the
precedent for the Staudinger reaction with phosphites,23 as
opposed to the more common phosphines, reaction of allyl
azide with the diethylphosphite 63 proceeded according to
plan to give the unstable 64. However, reaction of allyl azide
with the corresponding diphenylphosphite corresponding to
63 was prohibitively slow.

Compounds 60, 62, and 64 were treated with tin hydride and
AIBN in benzene at reflux in the usual manner, unfortu-
nately, no evidence was found for any of the anticipated
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rearrangements. Nevertheless, as seen in Table 3, the results
obtained are of more general interest in the context of the
comportment of contact alkene radical cation/anion pairs.
Blank experiments in benzene at reflux demonstrated the
thermal stability of 60, 62, and 64, in the absence of air
and water.

With the sulfamate 60 the only isolated product was N-allyl
sulfamic acid 65, which was obtained in 48% yield (Table 3,
entry 1). This material obviously derives from radical ionic
fragmentation followed by cage escape and reflects the poor
nucleophilicity of the sulfamate anion. With the phosphor-
amide 62, the main product 66 was that of a 1,2-shift of
the initial radical (Table 3, entry 2). This reflects the predom-
inant 1,2-shift identified with simple phosphate esters either
by stereochemical or isotopic labeling (Scheme 3).5a Aside
from the simple reduction product 67, which was isolated
in 7% yield from this reaction, the phosphoramide 62 also
gave rise to a very interesting minor product in the form of
the 1,3,2-azoxaphosphocane 68 in 8% yield (Table 3, entry
2). This product, which appears to be the first example of
its class,24 and which was isolated as a single but unassigned
diastereomer, is the apparent result of an 8-endo-trig cycliza-
tion of the initial radical. 8-endo-trig Cyclizations are
relatively uncommon, usually involve conformationally
constrained systems,25 and have low rate constants,26 and

Ph

O
NO2

P(OEt)2

allyl azide (6 equiv.)

C6D6, ∆

(EtO)2PCl

EtNiPr2 (2 equiv.), THF
NO2Ph

OH

63, 80%

Ph

O
NO2

P(OEt)2

64, quantitative

N

58

Scheme 16. Synthesis of an N-allyl phosphorimidate.
thus, the formation of 68 was somewhat unexpected as the
1,1-dimethyl-2-diphenylphosphatoxy-2-phenylethyl radical
is known to rearrange in benzene at 20 �C with a rate con-
stant of 1.2�106 s�1.3a However, it should be noted that
the rates of b-phosphatoxyalkyl rearrangement are severely
influenced by substituents on phosphorus. For example, the
1,1-dimethyl-2-diethylphosphatoxy-2-phenylethyl radical
rearranges too slowly to measure by time resolved laser flash
photolysis in benzene (k<104 s�1).3a,k,27 The failure of 62 to
rearrange in a formal 2,3-manner, preferring instead the 1,2-
mode, led us to the phosphorimidate 64 with the hope that
the exchange of a P]N double bond for a P]O would force
the rearrangement into the formal 2,3-mode of rearrange-
ment needed for the tandem polar/radical crossover process.
We were encouraged in this direction by recent publication
of the 3,3-sigmatropic rearrangements of O-allyl phosphor-
imidates by the Mapp group23f,g and by the formal analogy
between open-shell 2,3-rearrangements and closed shell
3,3-sigmatropic rearrangements recognized by Zipse in his
methyleneology principle.28 Unfortunately, the major prod-
uct isolated from this reaction was the simple phosphor-
amide 69. This suggests that recombination within the ion
pair formed on radical ionic fragmentation was not a viable
reaction path. Two other minor products isolated, 70 and 71,
suggest that decomposition of the phosphorimidate is com-
petitive with the radical ionic fragmentation under the reac-
tion conditions employed, discouraging us from further
work with this class of substrate.

3. Conclusion

The fragmentation of b-(phosphatoxy)alkyl radicals in
benzene at reflux results in the formation of alkene radical
cation/phosphate anion pairs. Amines trap these ion pairs
intramolecularly to form five- and six-membered rings on
a time scale that competes with equilibration of the ion
pair with solvent, resulting in the observation of significant
stereochemical memory effects. A chair-like transition state
is proposed as a model for these cyclizations. Oxygen
Table 3. Radical reactions of sulfamates, phosphoramides, and phosphorimidates

Entry Substrate Products % Yield

1 NO2Ph

O
S

O
N
H

O

60

HO
S

N
H

O O

65

w48%

2 Ph

O

NO2

P
N
H

O OPh

62

O
P

OPh

O NH

Ph

66

Ph

O
P

N
H

O OPh

H

67

NH
PO
OPhO

Ph

68

+ + 66: 42%
67: 7%
68: 8%

3
Ph

O
NO2

P(OEt)2

N

64

N
H

(EtO)2P
O

69

Ph

O
NO2

P
OEt

O

70

H
N

Ph

O
P

OEt

O

71

H
N

+ + 69: 40%
70: 6%
71: 5%
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nucleophiles, on the other hand, are not sufficiently nucleo-
philic to achieve cyclization before solvent equilibration of
the ion pair. Sulfamates, phosphoramides, and phosphorimi-
dates were also explored as leaving groups for alkene radical
formation and appear to function as such. However, it was
not possible to achieve rearrangements akin to the b-(phos-
phatoxy)alkyl and b-(acetoxy)alkyl rearrangements with
these groups.

4. Experimental

4.1. General

Unless otherwise stated, 1H, 13C and, 31P NMR spectra were
recorded in CDCl3 solution. Specific rotations were recorded
in CHCl3 solution, unless otherwise stated. All solvents were
dried and distilled by standard protocols. All reactions were
conducted under a blanket of dry nitrogen or argon. All
organic extracts were dried over sodium sulfate, and concen-
trated under aspirator vacuum at room temperature. Chro-
matographic purifications were carried out over silica gel.
Room temperature is referred to as rt.

4.1.1. Typical protocol for the Henry reaction.
4.1.1.1. N-Benzyl-N-(tert-butyloxycarbonyl)-4-hydroxy-

5-methyl-5-nitrohexylamine (3).1 2-Nitropropane (1.97 g,
22.1 mmol) and aldehyde 1 (3.01 g, 10.9 mmol) were dis-
solved in a 1:1 mixture of acetonitrile and tert-BuOH
(20 mL). To this solution was added potassium tert-butoxide
(597 mg, 5.32 mmol) and the reaction mixture was stirred
overnight. Satd aq NH4Cl and ether were then added. The or-
ganic layer was separated and the aqueous layer was extracted
with ether. The combined organic layer was washed with water
and brine, then dried, and concentrated to dryness. Purification
by column chromatography afforded the respective nitroaldol
product 31 (3.74 g, 94%).

4.1.2. Typical protocol for the Swern oxidation of nitro-
aldol adducts.

4.1.2.1. N-Benzyl-N-(tert-butyloxycarbonyl)-5-methyl-
5-nitro-4-oxo-hexylamine (5).1 A solution of oxalyl chloride
(1.3 mL, 14.9 mmol) in CH2Cl2 (50 mL) was cooled to
�78 �C under N2 followed by the dropwise addition of a so-
lution of DMSO (1.5 mL, 21.1 mmol) in CH2Cl2 (7 mL),
then the reaction mixture was stirred for 15 min. To this mix-
ture was added dropwise a solution of nitroaldol adduct
3 (2.58 g, 7.04 mmol) in CH2Cl2 (17 mL) and stirred at
�78 �C for 1 h. Triethylamine (7.4 mL, 53.1 mmol) was
added dropwise. After stirring for 20 min, the reaction mix-
ture was allowed to warm up to rt. Satd aq NH4Cl was then
added and the separated organic layer was washed with
H2O and brine, then dried and concentrated to dryness. Puri-
fication by column chromatography afforded 51 (2.26 g,
88%).

4.1.3. Typical protocol for the CBS reduction of nitro-
ketones.

4.1.3.1. (4R)-N-Benzyl-N-(tert-butyloxycarbonyl)-4-
hydroxy-5-methyl-5-nitrohexylamine (7). To a solution
of (S)-(�)-a,a-diphenyl-2-pyrrolidinemethanol (135 mg,
0.533 mmol, 9 mol %) in THF (4 mL) was added borane/
dimethyl sulfide (2 M in THF, 7.20 mL, 14.4 mmol) under
Ar. The mixture was stirred at 45–50 �C overnight. Ketone
5 (2.23 g, 6.12 mmol) in THF (35 mL) was added dropwise
to the solution of the catalyst for 30 min at 45–50 �C, then
the reaction mixture was stirred for 20 min. Then the reac-
tion solution was cooled to rt and quenched by dropwise
addition of satd aq NH4Cl until the vigor of the reaction
subsided. The aqueous layer was extracted with ethyl acetate
and the combined organic layer was washed with water and
brine, then dried and concentrated to dryness. Purification by
column chromatography gave 7 (1.57 g, 72%, 85% ee) as
colorless oil, [a]D

23 +12.2 (c 1.0) with spectral data identical
to those of the racemate (3).1

4.1.4. Typical protocol for the phosphorylation of nitro-
aldols.

4.1.4.1. (4R)-N-Benzyl-N-(tert-butyloxycarbonyl)-4-
diphenylphosphatoxy-5-methyl-5-nitrohexylamine (9).
Diphenyl chlorophosphate (179 mg, 0.67 mmol) was added
to nitroalcohol 7 (207 mg, 0.565 mmol) in CH2Cl2 (5 mL)
followed by the addition of DMAP (91 mg, 0.74 mmol) in
one portion at rt. The reaction mixture was stirred overnight,
then quenched by satd aq NH4Cl. The aqueous layer was
extracted with CH2Cl2, the combined organic layer was
washed with water and brine, then dried and concentrated
to dryness. Purification by column chromatography afforded
the corresponding phosphate 9 (331 mg, 98%) as colorless
oil. [a]D

23 +0.16 (c 2.5); 1H NMR: d 7.34–7.14 (m, 15H),
5.10 (br t, J¼6.9 Hz, 1H), 4.37 (d, J¼15.6 Hz, 1H), 4.29
(d, J¼15.6 Hz, 1H), 3.18 (m, 2H), 1.80 (m, 1H), 1.75–1.45
(m, 3H), 1.59 (s, 3H), 1.53 (s, 3H), 1.44 (s, 9H); 13C
NMR: d 155.9, 138.5, 129.8, 128.5, 127.5, 127.2, 125.5,
120.2, 90.3, 83.6, 79.9, 50.2, 45.9, 28.8, 28.5, 24.7, 22.7;
31P NMR: d �12.2; ESIHRMS: Calcd for C31H39N2O8PNa
[M+Na]+ 621.2342. Found 621.2344.

4.1.5. Typical protocol for the removal of Boc group.
4.1.5.1. (4R)-N-Benzyl-4-diphenylphosphatoxy-5-methyl-

5-nitrohexylamine (11). Phosphate 9 (257 mg, 0.43 mmol)
was stirred in 10% TFA/CH2Cl2 (10 mL) under N2 at rt over-
night. NaOH (15%) was then added to pH 11 and the aque-
ous layer was extracted with ethyl acetate. The combined
organic layer was washed with water and brine, then dried
and concentrated to dryness. Column chromatography af-
forded the respective radical precursor 11 (207 mg, 99%)
as colorless oil. [a]D

23 +3.2 (c 2.0); 1H NMR: d 7.37–7.14
(m, 15H), 5.19 (m, 1H), 3.69 (s, 2H), 2.58 (m, 2H), 1.74–
1.64 (m, 4H), 1.61 (s, 3H), 1.56 (s, 3H); 13C NMR:
d 150.5, 140.5, 131.0, 129.9, 128.5, 128.2, 127.0, 125.6,
120.4, 120.3, 120.2, 90.5, 83.9, 54.0, 48.6, 29.2, 26.3,
22.9, 21.8; 31P NMR: d �11.9; ESIHRMS: Calcd for
C26H32N2O6P [M+H]+ 499.1998. Found 499.1991.

4.1.6. Determination of enantiomeric excess. The ee’s of
nitroalcohols and nitrophosphates were determined by chiral
HPLC, whereas the ee’s of the radical cyclization products
were obtained by chiral GC. HPLC conditions: Chiralcel
OD (250�4.6 mm) column; eluent: 0.5, 1.7 or 2.0% 2-prop-
anol/hexanes with a flow rate 0.5 or 1.0 mL/min. UV Detec-
tor: 254 nm. GC conditions: Supelco ALPHA DEX 120
Capillary Column (a-cyclodextrin) (30 m�0.25 mm) or
Supelco GAMMA DEX 120 Capillary Column (g-cyclo-
dextrin) (30 m�0.25 mm), with He as carrier gas, a flow
rate of 20 or 30 cm/s, and FID detection.
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4.1.6.1. N-Benzyl-N-(tert-butyloxycarbonyl)-5-hydroxy-
6-methyl-6-nitroheptylamine (4). Following the general
procedure for Henry reaction, 2 (1.98 g, 6.79 mmol) was
converted to 4 (2.37 g, 92%) as colorless oil. 1H NMR:
d 7.32–7.19 (m, 5H), 4.41 (s, 2H), 3.91 (m, 1H), 3.18 (m,
2H), 1.61–1.47 (m, 6H), 1.54 (s, 3H), 1.51 (s, 3H), 1.45 (s,
9H); 13C NMR: d 156.1, 138.7, 128.5, 127.5, 1127.2, 92.2,
79.9, 77.3, 75.9, 50.6, 46.3, 31.3, 31.1, 28.5, 23.2, 20.8;
ESIHRMS: Calcd for C20H32N2O5 [M+H]+ 403.2209. Found
403.2227.

4.1.6.2. N-Benzyl-N-(tert-butyloxycarbonyl)-6-methyl-
6-nitro-5-oxo-heptylamine (6). Following the general
procedure for Swern oxidation, 4 (1.26 g, 3.32 mmol) was
converted to 6 (1.17 g, 93%) as colorless oil. 1H NMR:
d 7.30–7.19 (m, 5H), 4.41 (s, 2H), 3.17 (t, J¼6.6 Hz, 2H),
2.46 (t, J¼6.8 Hz, 2H), 1.70 (s, 6H), 1.57 (m, 4H), 1.46 (s,
9H); 13C NMR: d 206.7, 188.5, 138.7, 128.5, 127.5,
127.20, 127.17, 94.1, 79.8, 77.3, 50.5, 46.2, 35.8, 28.5,
23.3, 21.0; ESIHRMS: Calcd for C20H30N2O5 Na
[M+Na]+ 401.2052. Found 401.2037.

4.1.6.3. (5R)-N-Benzyl-N-(tert-butyloxycarbonyl)-5-
hydroxy-6-methyl-6-nitroheptylamine (8). Following
the general procedure for CBS reduction, 6 (313 mg,
0.827 mmol) was converted to 8 (245 mg, 78%) as color-
less oil. [a]D

23 +1.6 (c 1.0). Enantiomeric excess was deter-
mined by chiral HPLC after the derivatization to the
phosphate 10. The spectral data for this compound corre-
sponded with those of the racemate (4).

4.1.6.4. (5R)-N-Benzyl-N-(tert-butyloxycarbonyl)-5-
diphenylphosphatoxy-6-methyl-6-nitroheptylamine (10).
Following the general procedure for phosphorylation, 8
(192 mg, 0.51 mmol) was converted to 10 (306 mg, 99%,
86% ee) as colorless oil. [a]D

23 +4.0 (c 1.0); 1H NMR:
d 7.33–7.10 (m, 15H), 5.10 (m, 1H), 4.36 (s, 2H), 3.05 (m,
2H), 1.65–1.46 (m, 6H), 1.61 (s, 3H), 1.54 (s, 3H), 1.44 (s,
9H); 13C NMR: d 172.2, 138.7, 129.8, 129.4, 128.5, 127.4,
127.2, 125.4, 120.2, 100.2, 90.3, 83.7, 79.7, 77.3, 50.5,
46.3, 31.2, 28.5, 23.2, 22.6; 31P NMR: d �12.2; ESIHRMS:
Calcd for C32H41N2O8PNa [M+Na]+ 635.2498. Found
635.2489.

4.1.6.5. (5R)-N-Benzyl-5-diphenylphosphatoxy-6-methyl-
6-nitroheptylamine (12). Following the general procedure
for removal of Boc group, 10 (231 mg, 0.38 mmol) was con-
verted to 12 (183 mg, 95%) as colorless oil. [a]D

23 +3.1 (c
0.9); 1H NMR: d 7.35–7.12 (m, 15H), 5.14 (br t,
J¼9.0 Hz, 1H), 3.72 (s, 2H), 2.50 (m, 2H), 2.07 (m, 2H),
1.78–1.40 (m, 4H), 1.60 (s, 3H), 1.54 (s, 3H); 13C NMR:
d 150.6, 129.9, 128.6, 128.3, 128.2, 127.1, 125.6, 120.32,
120.26, 120.2, 120.1, 90.3, 83.8, 54.0, 48.8, 31.3, 29.8,
29.6, 23.7, 22.8; 31P NMR: d –11.9; ESIHRMS: Calcd for
C27H34N2O6P [M+H]+ 513.2155. Found 513.2167.

4.1.6.6. (4R)-N-Benzyl-N-(tert-butyloxycarbonyl)-4-
diethylphosphatoxy-5-methyl-5-nitrohexylamine (13).
Enantioenriched nitroalcohol 7 (385 mg, 1.05 mmol) and
pyridine (0.2 mL, 2.5 mmol) were dissolved in dry CH2Cl2
(20 mL) and the solution was cooled to 0 �C. Chlorodiethyl-
phosphite (0.30 mL, 2.1 mmol) was added dropwise. The re-
action was stirred for 50 min, then tert-butyl hydroperoxide
in decane (0.45 mL, 2.25 mmol) was added dropwise. After
stirring overnight, the reaction was quenched with satd aq
NH4Cl, then separated and the aqueous layer was extracted
with CH2Cl2. The combined organic layer was washed with
water and brine, then dried, and concentrated. Chromato-
graphic purification gave the colorless oil 13 (294 mg,
56%) 1H NMR: d 7.33–7.22 (m, 5H), 4.83 (m, 1H), 4.46
(d, J¼15.6 Hz, 1H), 4.38 (d, J¼15.6 Hz, 1H), 4.09 (m,
4H), 3.23 (m, 2H), 1.86 (m, 1H), 1.66–1.40 (m, 3H), 1.60
(s, 3H), 1.52 (s, 3H), 1.46 (s, 9H), 1.32 (m, 6H); 13C NMR
(CDCl3): d 155.8, 138.4, 128.5, 127.7, 127.2, 90.4, 81.8,
80.5, 79.8, 64.1, 61.8, 50.2, 45.8, 29.8, 28.4, 25.8, 22.9,
16.3, 16.1; ESIHRMS: Calcd for C23H39N2O8PNa
[M+Na]+ 525.2342. Found 525.2350.

4.1.6.7. (4R)-N-Benzyl-4-diethylphosphatoxy-5-methyl-
5-nitrohexylamine (14). Following the general procedure
for Boc group removal, 13 (258 mg, 0.513 mmol) afforded
14 (193 mg, 93%) as a colorless oil. 1H NMR: d 7.33–7.24
(m, 5H), 4.91 (m, 1H), 4.10 (m, 4H), 3.82 (s, 2H), 2.71 (br
s, 2H), 1.95–1.69 (m, 4H), 1.63 (s, 3H), 1.56 (s, 3H), 1.32
(t, J¼7.2 Hz, 6H); 13C NMR (CDCl3): d 130.1, 130.0,
129.5, 129.3, 127.3, 90.3, 81.9, 65.6, 65.4, 63.1, 52.3, 46.9,
30.3, 27.9, 23.4, 22.5, 19.6, 15.7; ESIHRMS: Calcd for
C18H32N2O6P [M+H]+ 403.1998. Found 403.2002.

4.1.6.8. Ethyl 2,2-dibenzylpent-4-enoate (16). n-BuLi
(2.4 M in hexanes, 1.0 mL, 2.4 mmol) was added dropwise
to diisopropylamine (30 mg, 2.3 mmol) in THF (3 mL)
over 5 min at �78 �C under N2 followed by stirring for
30 min. To this LDA solution was added 2-benzyl-3-phenyl-
propionate3 (406 mg, 1.86 mmol) in THF (3 mL) dropwise
for 5 min. The reaction mixture was stirred for 45 min at
�78 �C followed by dropwise addition of allyl bromide in
THF (3 mL) at �78 �C. The reaction was slowly warmed
up to 0 �C over a period of 2.5 h and quenched with satd aq
NH4Cl. The aqueous mixture was extracted with EtOAc,
combined organic layer was washed with brine and dried
and concentrated to dryness. Purification by column chroma-
tography (hexanes/EtOAc, 9:1) provided 16 (510 mg, 89%).
1H NMR: d 7.31–7.17 (m, 10H), 6.08–5.94 (m, 1H), 5.28–
5.16 (m, 2H), 4.09 (q, J¼7.2, 2H), 3.13 (d, J¼14.1 Hz,
2H), 2.92 (d, J¼13.2 Hz, 2H), 2.35 (dd, J¼7.2, 7.2 Hz,
2H), 1.190 (t, J¼7.5 Hz, 3H); 13C NMR: d 175.4, 137.6,
134.4, 130.3, 128.2, 126.7, 119.1, 60.6, 51.8, 42.2, 36.0,
14.2; ESIHRMS: Calcd for C21H24O2Na [M+Na]+

331.1674. Found 331.1669.

4.1.6.9. 2,2-Dibenzylpent-4-en-1-ol (17). Ester 16
(51 mg, 0.17 mmol) in dry ether (2 mL) was added to a solu-
tion of LiAlH4 (75 mg, 0.20 mmol) in dry ether (20 mL) at
0 �C under Ar. The resulting mixture was refluxed for 12 h
and quenched by dropwise addition of 10% NaOH (1 mL)
at rt. The organic layer was decanted off and the residue
was washed with EtOAc. The combined organic layer was
washed with water and brine and dried. Concentration and
purification of the crude mixture by column chromatography
(hexanes/EtOAc, 4:1) afforded the alcohol 17 (41 mg, 95%).
1H NMR: d 7.32–7.20 (m, 10H), 6.04 (m, 1H), 5.15 (m, 2H),
3.35 (s, 2H), 2.76 (d, J¼13.2 Hz, 2H), 2.68 (d, J¼13.2 Hz,
2H), 2.01 (d, J¼6.9 Hz, 2H); 13C NMR: d 138.4, 135.0,
130.8, 128.2, 126.3, 118.3, 66.5, 43.0, 41.3, 38.2; EIHRMS:
Calcd for C19H22O [M]+ 266.1671. Found 266.1688.
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4.1.6.10. 5-Benzylamino-4,4-dibenzylpent-1-ene (18).
Following the general procedure for Swern oxidation, alco-
hol 17 (4.77 g, 17.9 mmol) was converted to the correspond-
ing aldehyde (5.23 g) as colorless oil, which was directly
taken to the next reaction after the extraction. 1H NMR:
d 9.71 (s, 1H), 7.33–7.12 (m, 10H), 5.91 (m, 1H), 5.22 (m,
2H), 3.02 (d, J¼13.8 Hz, 2H), 2.85 (d, J¼13.8 Hz, 2H),
2.29 (d, J¼7.5 Hz, 2H); 13C NMR: d 206.6, 136.6, 133.4,
130.6, 128.5, 126.9, 119.5, 53.7, 40.3, 35.6; ESIHRMS:
Calcd for C19H20ONa [M+Na]+ 287.1412. Found
287.1424. To a CH3OH (50 mL) solution of crude aldehyde
(5.23 g), benzylamine (3.86 g, 36.0 mmol) and CH3CO2H
(1.10 mL, 18.5 mmol) was added sodium cyanoborohydride
(1.48 g, 22.4 mmol) in portions at 0 �C under N2. The reac-
tion was stirred at rt for 2 h. Satd aq NaHCO3 was added,
then CH3OH was removed by the evaporation. The aqueous
layer was extracted with ether, the combined organic layer
was washed with satd aq NH4Cl, satd aq NaHCO3, H2O,
and brine then dried. Concentration gave yellow oil which
was purified by column chromatography giving amine 18
(4.84 g, 76% from alcohol) as a colorless oil. 1H NMR:
d 7.42–7.12 (m, 15H), 6.03 (m, 1H), 5.13 (m, 2H), 3.70 (s,
2H), 2.77 (d, J¼6.0 Hz, 2H), 2.70 (d, J¼7.5 Hz, 2H), 2.34
(s, 2H), 2.03 (d, J¼6.9 Hz, 2H); 13C NMR: d 138.7, 135.2,
130.9, 129.4, 128.8, 128.2, 128.0, 127.1, 126.2, 118.1,
68.1, 54.7, 54.3, 51.5, 42.1, 39.4; ESIHRMS: Calcd for
C26H30N [M+H]+ 356.2378. Found 356.2376.

4.1.6.11. 5-[N-Benzyl-N-(tert-butyloxycarbonyl)]
amino-4,4-dibenzyl-pent-1-ene (19). To the CH2Cl2
(50 mL) solution of 18 (4.552 g, 12.80 mmol) and TEA
(2.8 mL, 20.1 mmol) was added Boc2O (3.781 g,
17.32 mmol) in CH2Cl2 (7 mL) at 0 �C under N2, then it
was stirred for 19 h at rt. The reaction was quenched with
satd aq NH4Cl, then aqueous layer was extracted with
CH2Cl2. The combined organic layer was washed with
satd aq NH4Cl, H2O, and brine, then dried and concentrated
to dryness. Purification by column chromatography then
afforded Boc-protected amine 19 (5.62 g, 96%) as a colorless
oil. 1H NMR: d 7.31–7.04 (m, 15H), 5.99 (m, 1H), 5.09 (m,
2H), 4.49 (s, 2H), 3.42 (s, 2H), 2.82 (d, J¼13.8 Hz, 2H), 2.74
(d, J¼13.8 Hz, 2H), 2.19 (d, J¼6.9 Hz, 2H), 1.39 (s, 9H);
13C NMR: d 157.1, 138.5, 135.5, 131.2, 130.8, 129.1,
128.5, 128.0, 127.1, 126.9, 126.2, 117.8, 80.1, 57.5, 43.0,
42.6, 40.1, 28.6, 28.4; ESIHRMS: Calcd for C31H37NO2Na
[M+Na]+ 478.2722. Found 478.2716.

4.1.6.12. N-Benzyl-N-(tert-butyloxycarbonyl)-2,2-di-
benzyl-4-hydroxy-5-methyl-5-nitrohexylamine (20). A
solution of alkene 19 (5.05 g, 11.1 mmol) in CH2Cl2
(50 mL) was bubbled with O3 at �78 �C until the solution
turned blue. On complete disappearance of the starting ma-
terial, N2 gas was bubbled through the reaction mixture for
15 min at �78 �C. To the resulting mixture was added
Ph3P (3.33 g, 12.7 mmol) at�78 �C and the reaction was al-
lowed to warm up to rt. After stirring the reaction mixture
overnight, it was concentrated and purified by column chro-
matography to afford an aldehyde (1.74 g, 34%). 1H NMR:
d 9.69 (t, J¼1.5 Hz, 1H), 7.34–7.09 (m, 15H), 4.43 (s, 2H),
3.51 (s, 2H), 3.00 (d, J¼13.8 Hz, 2H), 2.84 (d, J¼13.8 Hz,
2H), 2.37 (d, J¼1.5 Hz, 2H), 1.36 (s, 9H); 13C NMR:
d 202.2, 157.0, 138.4, 137.3, 131.20, 131.15, 128.7, 128.6,
128.4, 128.3, 127.2, 126.7, 106.2, 80.6, 54.3, 53.5, 48.0,
43.9, 43.8, 28.3; ESIHRMS: Calcd for C30H35NO3Na
[M+Na]+ 480.2515. Found 480.2500. To a mixture of this
aldehyde (1.30 g, 2.84 mmol) and 2-nitropropane (20 mL,
22 mmol) was added t-BuOK (177 mg, 1.58 mmol) at rt. Af-
ter stirring for 12 h, the reaction was quenched with satd aq
NH4Cl, diluted with water, and the aqueous layer was ex-
tracted with Et2O. The combined organic layer was washed
with H2O and brine, then dried and concentrated to dryness.
Purification of the residue by column chromatography
(Et2O/CH2Cl2, 0.5:99.5) afforded nitroalcohol 20 (838 mg,
54%). 1H NMR: d 7.33–7.13 (m, 13H), 7.01 (m, 2H), 4.67
(d, J¼15.9 Hz, 1H), 4.30 (br t, J¼8.7 Hz, 1H), 4.10 (d,
J¼15.0 Hz, 1H), 4.03 (d, J¼15.0 Hz, 1H), 3.03–2.07 (m,
5H), 1.64 (dd, J¼12.0, 11.4 Hz, 1H), 1.55 (s, 3H), 1.49–
1.41 (m, 1H), 1.38 (s, 12H); 13C NMR: d 158.4, 138.3,
138.1, 137.8, 131.2, 131.1, 128.6, 128.3, 128.24, 128.17,
127.3, 126.9, 126.6, 126.5, 92.8, 81.4, 77.2, 73.6, 43.0,
42.1, 28.3, 22.2, 21.8; ESIHRMS: Calcd for C33H42N2O5Na
[M+Na]+ 569.2991. Found 569.2997.

4.1.6.13. N-Benzyl-2,2-dibenzyl-5-methyl-5-nitro-4-
oxo-hexylamine (21). Following the general procedure for
removal of Boc group, 20 (140 mg, 0.26 mmol) afforded
the crude secondary amine, which was directly taken to
the next step after the extraction. Following the general pro-
cedure for Swern oxidation, ketone 21 (97 mg, 86%) was ob-
tained as colorless oil. 1H NMR: d 8.32 (br s, 1H), 7.47–7.06
(m, 15H), 4.05 (s, 2H), 3.35 (s, 2H), 3.11 (d, J¼13.5 Hz,
2H), 3.00 (d, J¼13.5 Hz, 2H), 2.37 (s, 2H), 1.67 (s, 6H);
13C NMR: d 202.1, 162.2, 138.2, 130.92, 130.90, 130.7,
130.6, 130.1, 129.0, 128.4, 128.3, 126.5, 94.9, 63.6, 57.5,
42.0, 40.5, 39.2, 23.8.

4.1.6.14. (4R)-N-Benzyl-N-(tert-butyloxycarbonyl)-
2,2-dibenzyl-4-hydroxy-5-methyl-5-nitrohexylamine (22).
Following the general procedure for CBS reduction, ketone
21 (95 mg, 0.21 mmol) was converted to alcohol. The color-
less oil was obtained by the extraction, then Boc protection
was directly accomplished. To the CH2Cl2 solution (15 mL)
of obtained alcohol, Boc2O (160 mg, 0.73 mmol) and TEA
(0.5 mL, 3.6 mmol) were added. The reaction was stirred
overnight and the solvent was removed by evaporation. Puri-
fication by column chromatography gave enantiomerically
enriched alcohol 21 (80 mg, 70%) as colorless oil, which
showed similar spectra to racemate 20. The enantiomeric ex-
cess was determined after the derivatization to 24.

4.1.6.15. (4R)-N-Benzyl-N-(tert-butyloxycarbonyl)-
2,2-dibenzyl-4-diphenylphosphatoxy-5-methyl-5-nitro-
hexylamine (23). I2 (306 mg, 1.21 mmol) was added to
a stirred solution of ethyldiphenylphosphite (250 mg,
0.95 mmol) in CH2Cl2 (2 mL) at 0 �C under N2. After
15 min, this solution was added to a mixture of nitroalcohol
22 (345 mg, 0.63 mmol), pyridine (0.120 mL, 1.48 mmol) in
CH2Cl2 (3 mL) under N2 at 0 �C. The reaction mixture was
stirred at 0 �C for 1 h, then NH4Cl was added. The aqueous
layer was extracted with CH2Cl2, the combined organic
layer was washed with 10% Na2S2O3, H2O, and brine,
then dried and concentrated to dryness. Purification by col-
umn chromatography afforded phosphorylated product 23
(371 mg, 75%). 1H NMR: d 7.36–7.03 (m, 25H), 5.78 (t, J¼
9.0 Hz, 1H), 4.45 (d, J¼16.2 Hz, 1H), 4.29 (d, J¼16.2 Hz,
1H), 3.71 (d, J¼14.7 Hz, 1H), 3.45 (d, J¼14.7 Hz, 1H),
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3.11 (d, J¼14.7 Hz, 1H), 3.02 (d, J¼14.4 Hz, 1H), 2.99
(d, J¼14.7 Hz, 1H), 2.83 (d, J¼14.4 Hz, 1H), 1.91 (dd,
J¼15.3, 10.8 Hz, 1H), 1.75 (dd, J¼15.3, 4.5 Hz, 1H), 1.61
(s, 3H), 1.42 (s, 3H), 1.33 (s, 9H); 13C NMR: d 157.3,
138.8, 138.1, 131.5, 130.1, 129.7, 128.7, 128.5, 128.3,
128.2, 126.8, 126.4, 125.3, 120.2, 91.7, 82.1, 80.2, 53.2,
53.0, 42.3, 41.7, 41.3, 35.8, 28.4, 27.7, 24.4, 21.3; 31P
NMR: d �12.9; ESIHRMS: Calcd for C45H51N2O8PNa
[M+Na]+ 801.3281. Found 801.3263.

4.1.6.16. (4R)-N-Benzyl-2,2-dibenzyl-4-diphenylphos-
phatoxy-5-methyl-5-nitrohexylamine (24). Following the
general procedure for removal of Boc group, phosphate 23
(294 mg, 0.38 mmol) gave the secondary amine 24
(245 mg, 96%, 79% ee). 1H NMR: d 7.33–7.09 (m, 25H),
5.96 (t, J¼8.4 Hz, 1H), 3.67 (d, J¼13.5 Hz, 1H), 3.61 (d,
J¼13.5 Hz, 1H), 3.01 (s, 2H), 2.77 (s, 2H), 2.73 (d,
J¼12.3 Hz, 1H), 2.63 (d, J¼12.3 Hz, 1H), 1.76 (m, 2H),
1.65 (s, 3H), 1.46 (s, 3H); 13C NMR: d 150.7, 138.4,
138.0, 131.1, 131.0, 129.9, 128.8, 128.7, 128.2, 128.1,
127.7, 126.6, 126.4, 125.5, 120.2, 91.7, 82.2, 54.9, 54.6,
43.3, 42.4, 41.0, 35.7, 24.7, 20.8; 31P NMR: d �12.8;
ESIHRMS: Calcd for C40H44N2O6P [M+H]+ 679.2937.
Found 679.2943.

4.1.6.17. 2-{2-[N-Benzyl-N-(tert-butyloxycarbonyl)-
amino]phenyl}ethanol (26). Carbamate 2512 (2.00 g,
8.45 mmol) was treated with NaH (60% in oil, 433 mg,
10.8 mmol) in DMF (80 mL) at 0 �C followed by dropwise
addition of BnBr (1.10 mL, 9.25 mmol). After stirring over-
night, the reaction was quenched with NH4Cl and the sepa-
rated aqueous layer was extracted with ether. The combined
organic layer was washed with water and brine then dried.
Purification by column chromatography gave 26 (1.39 g,
50%). 1H NMR: d 7.27–7.19 (m, 7H), 7.12 (m, 1H), 6.89
(br s, 1H), 4.91 (d, J¼14.5 Hz, 1H), 4.50 (d, J¼14.5 Hz,
1H), 3.75 (br s, 2H), 2.72 (m, 1H), 2.59 (m, 1H), 1.44 (s,
9H); 13C NMR: d 155.4, 141.3, 138.0, 136.8, 130.0, 129.1,
128.9, 128.3, 127.6, 127.4, 127.1, 80.6, 62.6, 54.3, 34.1,
28.3. Anal. Calcd for C20H25NO3: C, 73.37; H, 7.70. Found:
C, 73.27; H, 7.69.

4.1.6.18. 2-{2-[N-Benzyl-N-(tert-butyloxycarbonyl)-
amino]phenyl}ethanal (27). Alcohol 26 (2.14 g,
6.52 mmol) was stirred in CH2Cl2 (40 mL) with PCC
(98%, 1.74 g, 7.92 mmol) and 4 Å molecular sieves over-
night. The resulting black suspension was filtered through
silica gel pre-wetted by hexanes, eluting with Et2O. Chroma-
tographic purification gave 27 (1.326 g, 63%) as a colorless
oil. 1H NMR: d 9.38 (s, 1H), 7.26–7.04 (m, 9H), 4.72 (m,
2H), 3.38 (d, J¼16.5 Hz, 1H), 3.27 (d, J¼16.5 Hz, 1H),
1.41 (s, 9H); 13C NMR: d 199.0, 154.7, 141.5, 137.6,
131.4, 130.7, 128.8, 128.4, 128.3, 127.6, 80.7, 54.2, 45.8,
28.3. Anal. Calcd for C20H23NO3: C, 73.82; H, 7.12. Found
C, 73.65; H, 7.11.

4.1.6.19. 1-{2-[N-Benzyl-N-(tert-butyloxycarbonyl)-
amino]phenyl}-3-methyl-3-nitrobutan-2-ol (28). Follow-
ing the general Henry reaction procedure, 27 (1.39 g,
4.28 mmol) afforded 28 (1.63 g, 92%). 1H NMR: d 7.32–
6.90 (m, 9H), 4.79 (m, 1H), 4.60 (m, 1H), 4.37 (d,
J¼11 Hz, 0.5H), 4.24 (d, J¼11 Hz, 0.5H), 2.58 (br s, 1H),
2.27–2.10 (m, 2H), 1.57 (s, 3H), 1.53 (s, 3H), 1.47 (s, 9H);
13C NMR: d 155.3, 141.3, 137.8, 137.4, 135.5, 131.0,
129.8, 129.5, 128.8, 128.4, 128.38, 128.2, 128.0, 127.8,
127.6, 91.6, 91.4, 81.9, 80.9, 74.4, 55.2, 54.3, 33.6, 32.1,
28.4, 28.3, 23.1, 20.9; ESIHRMS: Calcd for C23H30N2O5Na
[M+Na]+ 437.2052. Found 437.2054.

4.1.6.20. 1-{2-[N-Benzyl-N-(tert-butyloxycarbonyl)-
amino]phenyl}-3-methyl-3-nitro-2-(diphenylphosphatoxy)-
butane (29). Following the general procedure for
phosphorylation, 28 (198 mg, 0.48 mmol) afforded colorless
oil 29 (291 mg, 94%). 1H NMR: d 7.50–6.80 (m, 19H), 5.61
(br s, 0.6H), 5.49 (m, 0.4H), 5.25 (m, 0.6H), 4.99 (d,
J¼14.5 Hz, 0.4H), 4.49 (d, J¼15 Hz, 0.4H), 4.31 (d,
J¼14.5 Hz, 0.6H), 3.05 (d, J¼15 Hz, 0.4H), 2.87 (m,
1.6H), 1.68 (s, 3H), 157 (s, 1H), 1.55 (s, 2H), 1.44 (s, 9H),
1.44; 13C NMR: d 155.1, 154.7, 150.52, 150.46, 150.4,
142.0, 141.6, 138.7, 138.0, 133.6, 133.4, 131.9, 130.1,
129.8, 129.6, 129.5, 129.49, 129.3, 128.8, 128.6, 128.4,
128.3, 128.1, 127.7, 127.6, 127.4, 127.3, 125.4, 125.3,
125.1, 120.2, 120.16, 120.1, 120.0, 90.5, 90.46, 90.38,
83.0, 82.98, 82.63, 82.6, 80.8, 80.7, 54.2, 53.3, 34.2, 32.3,
28.3, 23.4, 23.1, 21.8, 21.6; 31P NMR: d �12.4, �12.6;
ESIHRMS: Calcd for C35H39N2O8PNa [M+Na]+

669.2342. Found 669.2322.

4.1.6.21. 1-[2-Benzylaminophenyl]-3-methyl-3-nitro-
2-(diphenylphosphatoxy)butane (30). Removal of the
Boc group from 29 (685 mg, 1.06 mmol) according to the
general procedure gave 30 (568 mg, 98%). 1H NMR:
d 7.42–6.90 (m, 17H), 6.58 (m, 2H), 5.65 (m, 1H), 5.11
(br s, 1H), 4.41 (d, J¼15 Hz, 1H), 4.35 (d, J¼15 Hz, 1H),
3.15 (dd, J¼15, 6 Hz, 1H), 2.86 (dd, J¼15, 6 Hz, 1H),
1.68 (s, 3H), 1.42 (s, 3H); 13C NMR: d 150.4, 150.37,
150.3, 150.2, 146.4, 139.7, 131.5, 129.9, 129.0, 128.6,
127.3, 127.0, 125.6, 120.3, 120.2, 120.19, 119.1, 117.1,
111.6, 90.8, 90.75, 80.44, 80.40, 47.8, 35.5, 23.1, 21.7; 31P
NMR: d �11.1; ESIHRMS: Calcd for C30H31N2O6PNa
[M+Na]+ 569.1817. Found 569.1819.

4.1.6.22. (4R)-N-(tert-Butyloxycarbonyl)-4-diphenyl-
phosphatoxy-5-methyl-5-nitrohexylamine (31). Phos-
phate 9 (103 mg, 0.17 mmol) was treated with PdCl2
(64 mg, 0.36 mmol) in methanol (10 mL) under hydrogen
atmosphere for 4 h. Satd aq NaHCO3 was added, then it
was extracted with EtOAc. The organic layer was washed
with H2O and brine, then dried and concentrated to dryness.
Purification by column chromatography gave the secondary
amine 31 (84 mg, 97%) as colorless oil. [a]D

23 +0.3 (c 0.94);
1H NMR: d 7.36–7.14 (m, 10H), 5.15 (m, 1H), 4.43 (br s,
1H), 3.06 (m, 2H), 1.75–1.48 (m, 4H), 1.61 (s, 3H), 1.56
(s, 3H), 1.43 (s, 9H); 13C NMR: d 155.6, 129.9, 129.3,
125.6, 120.4, 120.1, 90.3, 83.5, 39.8, 28.5, 26.5, 23.0,
21.5; 31P NMR: d �12.0; ESIHRMS: Calcd for
C24H33N2O8PNa [M+Na]+ 531.1872. Found 531.1859.

4.1.6.23. (4R)-N-(tert-Butyloxycarbonyl)-N-prop-2-ynyl-
4-diphenylphosphatoxy-5-methyl-5-nitrohexylamine (32).
Secondary amine 31 (161 mg, 0.317 mmol) was treated
with NaH (60% in oil, 37 mg, 0.93 mmol) in DMF (15 ml)
at 0 �C under N2 for 20 min, then propargyl bromide
(75 mg, 0.63 mmol) was added dropwise. The reaction
was stirred for 1 h, then quenched with H2O. It was extracted
with EtOAc then washed with H2O and brine. It was dried
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over Na2SO4 followed by the evaporation, which gave
a brown oil. Purification by column chromatography gave
32 (160 mg, 92%) as a colorless oil. 1H NMR: d 7.34–7.18
(m, 10H), 5.15 (m, 1H), 3.92 (m, 2H), 3.31 (t, J¼7.2 Hz,
2H), 2.13 (t, J¼2.1 Hz, 1H), 1.90–1.78 (m, 2H), 1.75–1.65
(m, 2H), 1.62 (s, 3H), 1.57 (s, 3H), 1.45 (s, 9H); 13C
NMR: d 155.1, 129.8, 125.5, 120.2, 83.6, 80.4, 71.7, 46.1,
36.3, 28.8, 28.4, 24.7, 23.8, 22.7, 22.2; 31P NMR: d �12.1;
ESIHRMS: Calcd for C27H35N2O8PNa [M+Na]+

569.2029. Found 569.2036.

4.1.6.24. (4R)-4-Diphenylphosphatoxy-N-prop-2-ynyl-
5-methyl-5-nitrohexylamine (33). Following the general
procedure for removal of Boc group, 32 (211 mg,
0.386 mmol) gave the precursor of radical cyclization 33
(170 mg, 99%). 1H NMR: d 7.33–7.17 (m, 10H), 5.17 (m,
1H), 3.36 (s, 2H), 2.66 (m, 2H), 2.52 (br s, 1H), 2.21 (s,
1H), 1.66–1.64 (m, 4H), 1.61 (s, 3H), 1.56 (s, 3H); 13C
NMR: d 129.8, 125.5, 120.2, 106.2, 90.4, 83.7, 71.8, 47.7,
37.9, 29.2, 25.7, 22.7, 22.0; 31P NMR: d �11.9; ESIHRMS:
Calcd for C22H28N2O6P [M+H]+ 447.1685. Found
447.1677.

4.1.6.25. 4,4-Diphenylcyclohexanone oxime (34). 4,4-
Diphenylcyclohexanone29 (4.70 g, 18.8 mmol) in EtOH
(94 mL) was added to a stirred solution of hydroxylamine
hydrochloride (6.25 g, 90.0 mmol) and sodium acetate
(12.63 g, 154 mmol) in water (25 mL) at rt. The resulting
milky white solution was stirred for 2 h and concentrated
under rotary evaporation. The residue was extracted with
EtOAc, dried by Na2SO4, and concentrated. Purification of
the crude mixture by column chromatography (EtOAc/
hexanes, 1:5) afforded oxime 34 (4.85 g, 97%). IR (film):
3243, 1446 cm�1; 1H NMR: d 7.31–7.26 (m, 10H), 2.66 (t,
J¼6.9 Hz, 2H), 2.50–2.34 (m, 6H); 13C NMR: d 159.8,
146.6, 128.6, 127.0, 126.1, 46.3, 36.5, 35.5, 28.5, 21.4;
ESIHRMS: Calcd for C18H19NONa [M+Na]+ 288.1364.
Found 288.1360.

4.1.6.26. 1-Chloro-1-nitro-4,4-diphenylcyclohexane
(35). Trichloroisocyanuric acid (20.41 g, 88 mmol) was
added in five portions at 5 min intervals to a well stirred
two phase mixture of EtOAc/H2O (1:1, 1534 mL), oxime
34 (4.60 g, 17.5 mmol), and NaHCO3 (36.4 g, 434 mmol).
The reaction mixture developed a distinct blue color after
20 min and stirring was continued at rt until the organic layer
became colorless for 24 h. The reaction mixture was trans-
ferred into a separatory funnel and 0.2 M aq NaOH solution
(230 mL) was added. The aqueous layer was extracted with
EtOAc. The combined organic layer was washed with water
and brine and concentrated to dryness. Purification by
column chromatography (EtOAc/hexanes, 1:5) afforded 35
(1.54 g, 28%). IR (film): 1555, 698 cm�1; 1H NMR:
d 7.38–7.18 (m, 10 H), 2.67–2.43 (m, 8H); 13C NMR:
d 129.0, 128.84, 128.77, 126.9, 126.63, 126.60, 126.52,
126.49, 126.44, 35.8, 35.2, 33.2; EIHRMS: Calcd for
C18H18NO2Cl [M]+ 315.1.26. Found 315.1025.

4.1.6.27. 1-Nitro-4,4-diphenylcyclohexane (36). Ten
percent Pd/C (106 mg, 5%) and NaBH4 (337 mg,
8.9 mmol) were added to a solution of 35 (2.00 g,
6.3 mmol) in EtOH (33 mL) at rt. The reaction was stirred
for 1 h after which it was filtered and concentrated. The
residue was diluted with water and the aqueous layer was
extracted with EtOAc. The combined organic layer was
washed with brine, dried and concentrated. Purification of
the crude mixture by column chromatography (EtOAc/
hexanes, 1:4) afforded 36 (850 mg, 48%). IR (film):
1543 cm�1; 1H NMR: d 7.38–7.14 (m, 10H), 4.52–4.48 (m,
1H), 2.78–2.71 (m, 2H), 2.26–2.14 (m, 6H); 13C NMR:
d 149.6, 144.0, 128.9, 128.6, 127.3, 126.4, 126.3, 126.2,
83.8, 34.0, 27.2; EIHRMS: Calcd for C18H19NO2 [M]+

281.1415. Found 281.1414.

4.1.6.28. 4-(tert-Butyldimethylsiloxy)-1-(10-nitro-40,40-
diphenylcyclohexyl)butan-1-ol (37). To a stirred solution
of 36 (166 mg, 0.59 mmol) in THF (1 mL) was added
0.025 M aqueous NaOH (0.87 mL) at rt and further stirred
for 2 min. 4-(tert-Butyldimethylsiloxy)butan-1-al (107 mg,
0.53 mmol) was added followed by cetyl ammonium bro-
mide (21 mg, 0.059 mmol) at rt. After stirring the reaction
for 12 h at ambient temperature, the reaction was quenched
with satd aq NH4Cl solution (5 mL) and the aqueous layer
was extracted with EtOAc. The organic layer was washed
with water and brine and dried. Concentration and purifica-
tion of the residue by column chromatography (EtOAc/
hexanes, 1:9) afforded nitro alcohol 37 (0.142 g, 50%) as
a colorless oil. 1H NMR: d 7.38–7.10 (m, 10H), 3.68–3.57
(m, 3H), 3.39 (d, J¼4.8 Hz, 1H), 2.67–2.53 (m, 4H), 2.09–
1.60 (m, 8H), 0.87 (s, 9H), 0.03 (s, 6H); 13C NMR:
d 149.6, 144.0, 128.8, 128.4, 127.5, 126.2, 126.1, 126.0,
94.9, 76.4, 63.2, 45.3, 32.4, 29.1, 28.8, 27.5, 27.1, 26.0,
18.4, �5.3; ESIHRMS: Calcd for C28H41NO4SiK [M+K]+

522.2442. Found 522.2437. Anal. Calcd for C28H41NO4Si:
C, 69.52; H, 8.54. Found: C, 69.78; H, 8.45.

4.1.6.29. 4-(tert-Butyldimethylsiloxy)-1-(10-nitro-40,40-
diphenylcyclohexyl)butan-1-one (38). Following the
general procedure for Swern oxidation, nitroalcohol 37
(629 mg, 1.3 mmol) provided ketone 38 (388 mg, 62%). IR
(film) 1725, 1542 cm�1; 1H NMR: d 7.34–7.12 (m, 10H),
3.54 (t, J¼6.3 Hz, 2H), 2.62 (d, J¼11.4 Hz, 4H), 2.53 (t,
J¼6.9 Hz, 2H), 2.16 (d, J¼10.5 Hz, 4H), 1.73 (quint,
J¼6.0 Hz, 2H), 0.87 (s, 9H), 0.01 (s, 6H); 13C NMR:
d 201.7, 148.3, 144.1, 129.0, 128.5, 127.1, 126.5, 126.2,
98.4, 61.4, 44.9, 32.4, 32.1, 28.3, 26.4, 26.0, 18.4, �5.2.
Anal. Calcd for C28H39NO4Si: C, 69.82; H, 8.16. Found C,
69.74; H, 8.25.

4.1.6.30. (1R)-4-(tert-Butyldimethylsiloxy)-1-(10-nitro-
40,40-diphenylcyclohexyl)butan-1-ol (39). Following the
general procedure for CBS reduction, ketone 38 (563 mg,
1.0 mmol) afforded alcohol 39 (420 mg, 87%, 96% ee).
[a]D

23 +9.0 (c 1.0); with spectral data matching those of the
racemate (37).

4.1.6.31. (1R)-4-(tert-Butyldimethyl-silyloxy)-1-(10-nitro-
40,40-diphenylcyclohexyl)-1-diphenylphosphatoxy butane
(40). Following general procedure for phosphorylation, alco-
hol 39 (104 mg, 0.21 mmol) afforded phosphate 40 (109 mg,
74%). 1H NMR: d 7.37–7.08 (m, 20H), 4.73 (m, 1H), 3.64–
3.48 (m, 2H), 2.69–2.60 (m, 4H), 2.05–1.82 (m, 5H), 1.63–
1.51 (m, 3H), 0.86 (s, 9H), 0.00 (s, 6H); 13C NMR:
d 150.5, 149.3, 143.5, 129.9, 129.8, 129.0, 128.8, 128.4,
127.5, 127.3, 126.4, 126.2, 126.1, 126.0, 125.5, 120.3,
120.2, 120.1, 93.5, 93.4, 84.4, 84.3, 76.4, 63.2, 61.9, 45.0,
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32.2, 32.1, 29.2, 28.7, 27.8, 27.7, 27.5, 27.2, 27.1, 26.0, 18.4,
�5.2; 31P NMR: d �11.80; ESIHRMS: Calcd for
C40H50NO7PSiNa [M+Na]+ 738.2992. Found 738.2984.

4.1.6.32. (4R)-4-Diphenylphosphatoxy-4-(10-nitro-40,
40-diphenylcyclohexyl)butan-1-ol (41). To a solution of
40 (100 mg, 0.15 mmol) in acetonitrile (6 mL) at rt was
added aqueous solution of HF (49%, 0.15 mmol, 4 mL).
The reaction was further stirred for 5 min and diluted with
EtOAc. The organic layer was washed with water and brine
and dried over Na2SO4. Concentration and purification of
the residue by column chromatography (EtOAc/hexanes,
1:1) afforded alcohol 41 (55 mg, 63%, 94% ee). 1H NMR:
d 7.35–7.06 (m, 20H), 4.76 (t, J¼7.6 Hz, 1H), 3.54–3.47
(m, 2H), 2.69–2.61 (m, 4H), 2.03–1.55 (m, 8H); 13C
NMR: d 149.2, 143.4, 129.9, 129.0, 128.4, 127.4, 126.4,
126.1, 125.6, 120.2, 120.1, 93.5, 93.4, 84.2, 84.1, 62.0,
45.0, 32.1, 28.4, 27.8, 27.7, 27.5, 27.4; 31P NMR: d
�11.72; ESIHRMS: Calcd for C34H38NO7P [M+H]+

602.2308. Found 602.2335.

4.1.6.33. 2,2-Dibenzyl-1-(tert-butyldimethylsiloxy)-
pent-4-ene (42). Alcohol 17 (0.50 g, 1.87 mmol) in DMF
(2 mL) was added slowly to a stirred solution of TBDMSCl
(0.338 g, 2.24 mmol) and imidazole (0.317 g, 4.6 mmol) in
DMF (15 mL) at 0 �C under Ar. The resulting mixture was
warmed to rt and stirred for 2 h. Water (15 mL) was added
and the aqueous layer was extracted with hexane
(3�15 mL). The combined organic layer was washed with
water and brine and dried. Concentration and purification
of the crude mixture by column chromatography (hexanes/
EtOAc, 9:1) afforded 42 (0.60 g, 79%). 1H NMR: d 7.28–
7.17 (m, 10H), 6.08–5.99 (m, 1H), 5.17–5.03 (m, 2H),
3.18 (s, 2H), 2.69 (ABq, J¼13.2, 13.2 Hz, 4H), 1.93 (d,
J¼7.2 Hz, 2H), 1.00 (s, 9H), 0.06 (s, 6H); 13C NMR:
d 138.7, 134.9, 131.0, 127.8, 126.0, 117.9, 65.5, 42.9,
40.4, 37.1, 26.1, �5.3; ESIHRMS: Calcd for C25H36OSiNa
[M+Na]+ 403.2433. Found 403.2452.

4.1.6.34. 3-Benzyl-3-(tert-butyldimethylsiloxymethyl)-4-
phenylbutanal (43). A solution of olefin (6.0 g, 15.8 mmol)
in DCM (180 mL) cooled to �78 �C was bubbled O3 until
the solution turned light blue. On complete disappearance
of the starting material, N2 gas was bubbled through the re-
action mixture for 10 min at �78 �C. The resulting mixture
was treated with Me2S (4.89 g, 79 mmol) at �78 �C and
slowly warmed to rt. After stirring for 6 h at rt, it was con-
centrated and purified by column chromatography (hexanes/
EtOAc, 9:1) to afford 43 (5.77 g, 96%). IR (film): 1718,
1085 cm�1; 1H NMR: d 9.86 (br s, 1H), 7.33–7.21 (m,
10H), 3.42 (s, 2H), 2.92 (s, 4H), 2.23 (d, J¼2.1 Hz, 2H),
1.04 (s, 9H), 0.14 (s, 6H); 13C NMR d 202.6, 137.7, 130.9,
128.2, 126.6, 65.5, 47.6, 43.7, 41.1, 26.1, 18.4, �5.2;
ESIHRMS: Calcd for C24H34NO2SiNa [M+Na]+ 405.2226.
Found 405.2224.

4.1.6.35. 5-Benzyl-5-(tert-butyldimethylsilyloxy-
methyl)-2-methyl-2-nitro-6-phenylhexan-3-ol (44). To a
stirred solution of 43 (70 mg, 0.18 mmol) and 2-nitropropane
(0.77 g, 2.6 mmol) was added t-BuOK (0.77 g, 2.6 mmol)
at 0 �C. After stirring for 12 h at rt the reaction was quenched
with satd solution of NH4Cl, diluted with water and the
aqueous layer was extracted with EtOAc. Concentration
and purification of the residue by column chromatography
(EtOAc/hexanes, 3:7) afforded 44 (70 mg, 81%). IR (film)
3394, 1543, 1082 cm�1. 1H NMR: d 7.32–7.12 (m, 10H),
4.42–4.39 (m, 1H), 4.13 (d, J¼3.0 Hz, 1H), 3.56 (d,
J¼9.9 Hz, 1H), 3.41 (d, J¼9.9 Hz, 1H), 2.86 (d,
J¼13.5 Hz, 1H), 2.73 (m, 2H), 2.63 (d, J¼13.5 Hz, 1H),
1.51 (s, 3H), 1.49–1.39 (m, 2H), 1.40 (s, 3H), 0.93 (s, 9H),
0.09 (s, 3H), 0.08 (s, 3H); 13C NMR: d 137.6, 137.4,
131.0, 130.9, 128.2, 128.1, 126.6, 126.5, 92.4, 71.9, 68.5,
43.8, 40.8, 37.5, 26.0, 23.0, 20.8, 0.16, �5.3; ESIHRMS:
Calcd for C27H41NO4SiNa [M+Na]+ 494.2703. Found
494.2709.

4.1.6.36. 2,2-Dibenzyl-1-(tert-butyldimethylsiloxy)-5-
methyl-5-nitro-4-(diphenylphosphatoxy)hexane (45). I2

(0.0812 g, 0.32 mmol) was added to a stirred solution of
ethyldiphenylphosphite (0.08 g, 0.31 mmol) in dichloro-
methane (9 mL) at �30 to �20 �C under Ar. After 15 min
this solution was added to a mixture of 44 (0.15 g,
0.32 mmol), pyridine (0.10 g, 1.28 mmol) in dichloro-
methane (15 mL) under Ar at �30 to �20 �C. The reaction
mixture was allowed to warm to 0 �C, diluted with dichloro-
methane, subsequently washed with NH4Cl, satd Na2S2O3,
brine and dried. Concentration and purification by column
chromatography (hexanes/EtOAc, 4:1) afforded 45 (100 mg,
46%). IR (film): 1548, 1010, 956 cm�1; 1H NMR: d 7.29–
7.12 (m, 20H), 5.78 (t, J¼9.0 Hz, 1H), 3.42 (d, J¼9.9 Hz,
1H), 3.19 (d, J¼9.9 Hz, 1H), 2.99 (s, 2H), 2.94 (d,
J¼13.5 Hz, 1H), 2.65 (d, J¼13.5 Hz, 1H), 1.65 (s, 3H),
1.47–1.68 (m, 2H), 1.25 (s, 3H), 0.94 (s, 9H), 0.25 (s, 3H),
0.21 (s, 3H); 31P NMR: d �13.07; 13C NMR: d 156.4,
150.6, 150.5, 138.0, 137.9, 131.3, 129.9, 129.5, 128.1,
128.0, 126.3, 125.6, 125.5, 120.2, 120.1, 120.0, 115.6,
91.5, 82.0, 66.0, 41.6, 40.1, 39.5, 33.2, 33.1, 26.1, 24.3,
21.2, 18.3, �5.2, �5.3; ESIHRMS: Calcd for C39H50NO7-

SiPNa [M+Na]+ 726.2992. Found 726.2986.

4.1.6.37. 6,6-Dibenzyl-4-(1-methyl-1-nitroethyl)-2-
phenoxy-[1,3,2]dioxaphosphepane 2-oxide (46). Forty-
nine percent aqueous HF solution (2 mL) was added to a
solution of 45 (0.086 g, 0.08 mmol) in CH3CN (2 mL) at
0 �C. The reaction mixture was stirred for 5 min at rt fol-
lowed by quenching with water (5 mL) at rt. The aqueous
layer was extracted with EtOAc, washed with brine, and
dried. Concentration and purification by column chromato-
graphy (EtOAc/hexanes, 1:1) provided 46 (0.049 g, 70%).
IR (film): 1546 cm�1; 1H NMR: d 7.36–6.89 (m, 15H),
5.26–5.19 (m, 1H), 3.94 (d, J¼9.6 Hz, 1H), 3.44 (d,
J¼13.5 Hz, 1H), 2.61–2.45 (m, 4H), 1.90 (dd, J¼11.1,
10.8 Hz, 1H), 1.68 (s, 3H), 1.54 (s, 3H), 1.53–1.46 (m,
1H); 31P NMR: d �4.48; 13C NMR: d 135.8, 135.4, 131.2,
131.0, 130.5, 129.9, 128.7, 128.6, 128.6, 128.5, 127.1,
127.0, 125.6, 120.0, 120.0, 89.8, 89.7, 75.9, 75.8, 72.1,
43.5, 40.75, 40.73, 40.6, 38.4, 24.5, 20.3; ESIHRMS: Calcd
for C27H30NO6PNa [M+Na]+ 518.1708. Found 518.1689.

4.1.6.38. 2,2-Dibenzyl-1-(tert-butyldimethylsiloxy)-4-
(diethylphosphatoxy)-5-methyl-5-nitrohexane (47). To
a solution of 44 (0.370 g, 0.79 mmol), pyridine (0.312 g,
3.95 mmol) in dichloromethane (11 mL) at 10 �C was added
diethylchlorophosphite (0.37 g, 2.37 mmol) and stirred for
30 min at rt. When the starting material was consumed,
t-BuOOH (0.79 mL, 3.95 mmol) was added into the reaction
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flask at 10 �C over 5 min and continued stirring for 20 min at
rt. EtOAc (20 mL) was added and the organic layer was
washed with 5% Na2S2O3, and dried. Concentration and pu-
rification of the crude mixture by column chromatography
(EtOAc/hexanes, 3:2) gave 47 (0.233 g, 58%). IR (film):
1549, 1031, 1004 cm�1; 1H NMR: d 7.37–7.18 (m, 10H),
5.51 (t, J¼9.0 Hz, 1H), 4.20–4.13 (m, 4H), 3.41 (d, J¼
9.9 Hz, 1H), 3.19 (d, J¼9.9 Hz, 1H), 3.07 (d, J¼13.5 Hz,
1H), 2.98 (m, 1H), 2.93 (m, 1H), 2.69 (d, J¼13.5 Hz, 1H),
1.61 (s, 3H), 1.57–1.40 (m, 2H), 1.42 (s, 3H), 1.39–1.28
(m, 6H), 0.98 (s, 9H), 0.10 (s, 3H), 0.04 (s, 3H); 31P
NMR: d �1.99; 13C NMR: d 138.1, 131.2, 131.0, 127.8,
126.1, 91.5, 79.9, 79.8, 65.7, 64.4, 64.3, 64.2, 41.5, 39.8,
39.2, 32.6, 32.5, 26.0, 24.4, 20.7, 18.2, 16.2, 16.1, �5.3,
�5.4; ESIHRMS: Calcd for C31H50NO7SiPNa [M+Na]+

630.2992. Found 630.2987.

4.1.6.39. 2,2-Dibenzyl-4-(diethylphosphatoxy)-5-methyl-
5-nitrohexanol (48). To a solution of 47 (0.18 g, 0.29 mmol)
in acetonitrile (2 mL) was added aq HF (49%, 1.02 mL,
29 mmol) at rt. After stirring for 5 min at rt, water (4 mL)
was added and the aqueous mixture was extracted with
EtOAc. The organic layer was washed with water and brine
and dried. Concentration and purification of the crude
mixture by column chromatography (EtOAc/hexanes, 3:2)
afforded 48 (82 mg, 58%). 1H NMR: d 7.29–7.18 (m, 10H),
5.56 (m, 1H), 4.09 (m, 2H), 3.98 (m, 2H), 3.50 (s, 2H),
2.94 (d, J¼13.2, 1H), 2.90 (m, 2H), 2.54 (d, J¼13.2 Hz,
1H), 1.76 (dd, J¼15.3, 8.4 Hz, 1H), 1.58 (s, 3H), 1.58–1.48
(m, 1H), 1.42 (s, 3H), 1.32 (t, J¼6.0 Hz, 3H), 1.22
(t, J¼6.0 Hz, 3H); 31P NMR: d �2.09; 13C NMR: d 138.0,
137.9, 131.1, 131.0, 128.3, 128.2, 126.5, 126.4, 91.7, 79.8,
65.6, 64.7, 64.3, 41.7, 41.6, 41.4, 36.9, 24.3, 20.4, 16.2,
16.1; ESIHRMS: Calcd for C25H36NO7PNa [M+Na]+

516.2127. Found 516.2113.

4.1.7. Typical protocol for the radical cyclization.
4.1.7.1. (S)-1-Benzyl-2-isopropylpyrrolidine (49). To

the solution of the radical precursor 11 (200 mg,
0.40 mmol) and AIBN (14 mg, 0.085 mmol) in deoxygen-
ated benzene (30 mL) was added tributyltin hydride
(0.173 mL, 0.643 mmol). The reaction mixture was heated
to reflux for 30 h with addition of further AIBN (8 mg,
0.05 mmol) twice in 12 h intervals. The reaction mixture
was then cooled to rt, 2 M HCl (12 mL) was added, and
the biphasic mixture was stirred for 20 min. The organic
layer was washed with aq 2 M HCl and the combined aque-
ous layer was washed with hexane, then basified to pH 11
with 15% NaOH and extracted with ethyl ether. The com-
bined organic layer was washed with water and brine then
dried. Concentration under reduced pressure followed by
chromatographic purification afforded 49 (35 mg, 43%,
61% ee) as colorless oil. [a]D

23 �32.4 (c 1.0); 1H NMR:
d 7.38–7.22 (m, 5H), 4.04 (d, J¼13.2 Hz, 1H), 3.10 (d,
J¼13.2 Hz, 1H), 2.88 (m, 1H), 2.34 (m, 1H), 2.03 (m,
1H), 1.95 (m, 1H), 1.61 (m, 4H), 0.94 (s, 3H), 0.92 (s,
3H); 13C NMR: d 131.4, 129.9, 129.2, 127.9, 78.2, 71.6,
52.3, 29.7, 28.7, 26.1, 22.1, 21.1; ESIHRMS: Calcd for
C14H22N [M+H]+ 204.1752. Found 204.1747.

4.1.7.2. (S)-1-Benzyl-2-isopropylpiperidine (50). Fol-
lowing the general procedure for radical cyclization, 12
(180 mg, 0.351 mmol) afforded 50 (31 mg, 41%, 60% ee)
as colorless oil. [a]D
23 �23.7 (c 0.27); 1H NMR: d 7.39–

7.19 (m, 5H), 4.10 (d, J¼13.5 Hz, 1H), 3.09 (d,
J¼13.5 Hz, 1H), 2.81 (m, 1H), 2.26 (m, 1H), 2.00 (m,
1H), 1.92 (m, 1H), 1.73 (m, 1H), 1.60 (m, 2H), 1.42 (m,
1H), 1.23 (m, 2H), 0.94 (d, J¼3.0 Hz, 3H), 0.91 (d,
J¼3.0 Hz, 3H); 13C NMR: d 129.0, 128.2, 126.6, 124.4,
77.4, 66.6, 56.6, 27.7, 24.9, 24.7, 23.6, 20.3, 16.1;
ESIHRMS: Calcd for C15H24N [M+H]+ 218.1909. Found
218.1911.

4.1.7.3. (S)-1,4,4-Tribenzyl-2-isopropylpyrrolidine
(51). Following the general procedure for radical cycliza-
tion, 24 (205 mg, 0.30 mmol) afforded 51 (51 mg, 44%,
60% ee) as colorless oil. [a]D

23 �24.4 (c 1.0); 1H NMR:
d 7.35–7.00 (m, 15H), 3.96 (d, J¼13.5 Hz, 1H), 2.90–2.75
(m, 3H), 2.66–2.62 (m, 3H), 2.20 (td, J¼8.6, 4.5 Hz, 1H),
2.02–1.88 (m, 2H), 1.70 (dd, J¼12.6, 8.6 Hz, 1H), 1.57
(dd, J¼12.6, 9.0 Hz, 1H), 0.91 (d, J¼6.9 Hz, 3H), 0.85 (d,
J¼7.2 Hz, 3H); 13C NMR: d 140.1, 139.3, 131.0, 131.0,
128.8, 128.2, 128.0, 127.8, 126.7, 126.0, 125.9, 69.1, 62.8,
58.0, 46.1, 44.0, 35.0, 30.4, 27.8, 20.3, 15.3; ESIHRMS:
Calcd for C28H34N [M+H]+ 384.2691. Found 384.2691.

4.1.7.4. N-Benzyl-2-(3-methyl-2-butenyl)aniline (52).
Following the general procedure for radical cyclization, 30
(409 mg, 0.62 mmol) afforded 52 (80 mg, 50%) as a color-
less oil. 1H NMR: d 7.38–7.34 (m, 3H), 7.31–7.26 (m,
2H), 7.14–7.08 (m, 2H), 6.73–6.67 (m, 2H), 5.21 (t,
J¼6.9 Hz, 1H), 4.33 (s, 2H), 3.22 (d, J¼6.9 Hz, 2H), 1.69
(s, 3H), 1.58 (s, 3H); 13C NMR (CDCl3): d 133.7, 130.5,
129.3 129.1, 128.6, 127.8, 127.3, 121.9, 117.5, 111.0,
48.6, 31.2, 25.7, 17.7; ESIHRMS: Calcd for C18H21N
[M]+ 251.1674. Found 251.1670.

4.1.7.5. (7S)-1,1-Dimethyl-2-methylenepyrrolizidine
(53). The general procedure for radical cyclization was fol-
lowed but extraction method was changed. On complete
consumption of 33 (144 mg, 0.32 mmol) the reaction mix-
ture was cooled to rt, then 2 M HCl (12 mL) was added,
and stirred for 20 min. The aqueous layer was washed with
hexane, then basified to pH 11 with 15% aq NaOH and ex-
tracted with ethyl ether. The combined organic layer washed
with water and 2 M HCl (12 mL) was added again. After
stirring for 30 min, aqueous layer was separated and concen-
trated to give the pure HCl salt of pyrrolizidine 53 (39 mg,
64%, 60% ee). [a]D

23 �9.2 (c 1.0); 1H NMR: d 12.8 (br s,
1H), 5.08 (br s, 1H), 5.06 (br s, 1H), 4.51 (dd, J¼14.1,
6.3 Hz, 1H), 3.90 (m, 2H), 3.42 (d, J¼15.6 Hz, 1H), 2.84
(m, 1H), 2.05 (m, 3H), 1.61 (m, 1H), 1.33 (s, 3H), 1.17 (s,
3H); 13C NMR: d 108.9, 100.2, 76.9, 57.9, 56.2, 33.0,
28.8, 27.4, 25.2, 21.5; ESIHRMS: Calcd for C10H18N
[M+H]+ 152.1439. Found 152.1439.

4.1.7.6. 2-(40,40-Diphenylcyclohexyl)-tetrahydrofuran
(54) and (7R)-7-(40,40-diphenylcyclohexyl)-2-phenoxy-
[1,3,2]dioxaphosphepane-2-oxide (55). To the mixture of
41 (158 mg, 0.26 mmol), AIBN (22 mg, 0.14 mmol), and
tributyltin hydride (169 mg, 0.58 mmol) was added deoxy-
genated benzene (6.5 mL) and refluxed for 12 h. The reaction
mixture was cooled, concentrated, and purified by column
chromatography to provide tetrahydrofuran 54 (20 mg,
25%) and the cyclic phosphate 55 (68 mg, 52%). 54: 1H
NMR: d 7.38–7.16 (m, 10H), 3.81–3.79 (m, 1H), 3.67–3.65
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(m, 1H), 3.40–3.35 (m, 2H), 2.72 (d, J¼12.4 Hz, 1H), 1.97–
1.80 (m, 5H), 1.59–0.98 (m, 6H); 13C NMR: d 151.3, 146.1,
128.5, 128.2, 128.1, 126.3, 125.6, 125.5, 83.8, 67.8, 46.1,
43.1, 36.3, 29.4, 26.6, 25.9, 25.4; ESIHRMS: Calcd for
C22H26ONa [M+Na]+ 329.1881. Found 329.1886. 55: 1H
NMR: d 7.37–7.06 (m, 15H), 4.23–4.05 (m, 3H), 2.79–2.74
(m, 2H), 1.95–1.91 (m, 5H), 1.73–1.67 (m, 4H), 1.41–1.36
(m, 2H); 13C NMR: d 151.1, 144.8, 129.8, 128.7, 128.3,
128.0, 126.3, 125.8, 125.7, 125.1, 120.2, 83.0, 82.9, 68.9,
68.8, 45.9, 43.0, 36.3, 36.2, 31.8, 29.2, 25.5, 24.5; 31P
NMR: d �2.92; ESIHRMS: Calcd for C28H31O4PNa
[M+Na]+ 485.1858. Found 485.1838.

4.1.7.7. 6,6-Dibenzyl-2-ethoxy-4-(1-methyl-1-nitro-
ethyl)[1,3,2]dioxaphosphepane 2-oxide (56). In a one
necked 25 mL flask fitted with a condenser, and a septum
was placed nitrophosphate 48 (0.082 g, 0.177 mmol), tribu-
tyltin hydride (0.77 g, 0.27 mmol), and AIBN (0.012 g,
0.071 mmol). Degassed benzene (18 mL) was added to the
reaction mixture, which was then heated to reflux in an oil
bath preheated at 100 �C for 15 h. The reaction mixture
was cooled to rt and concentrated. Chromatographic purifi-
cation (EtOAc/hexanes, 3:7) provided cyclic phosphates
56 (44 mg, 67%). IR (film): 1026, 992 cm�1; 1H NMR:
d 7.32–7.20 (m, 8H), 6.94 (d, J¼6.9 Hz, 2H), 4.50–4.46
(m, 1H), 4.19–4.09 (m, 2H), 3.82–3.77 (m, 2H), 3.26 (d,
J¼13.8 Hz, 1H), 2.64 (d, J¼13.8 Hz, 1H), 2.58 (d,
J¼13.5, 1H), 2.48 (d, J¼13.5 Hz, 1H), 1.87–1.77 (m, 2H),
1.51 (d, J¼15.1 Hz, 1H), 1.29 (t, J¼7.2 Hz, 3H), 0.97 (d,
J¼6.9 Hz, 3H), 0.94 (d, J¼6.6 Hz, 3H); 31P NMR: d 2.71;
13C NMR: d 136.7, 136.2, 131.3, 130.7, 128.4, 126.8,
126.7, 77.9, 71.4, 64.2, 43.7, 41.0, 40.8, 40.4, 33.8, 33.7,
19.0, 17.4, 16.3; ESIHRMS: Calcd for C23H32O2PNa
[M+Na]+ 425.1775. Found 425.1773.

4.1.7.8. (S)-1-p-Toluenesulfonyl-2-isopropylpyrroli-
dine (57). Pyrrolidine 49(15 mg, 0.074 mmol) was treated
in EtOAc (10 mL) with 20% Pd(OH)2/C (18 mg) under
a H2 atmosphere for 4 h. The reaction mixture was carefully
filtered through Celite and residue was washed with EtOAc
(10 mL). The filtrate was treated with diisopropylethylamine
(0.1 mL, 0.57 mmol) and TsCl (45 mg, 0.24 mmol), then
stirred overnight at rt. The reaction was quenched with
satd aq NaHCO3 and aqueous layer was extracted with
EtOAc. The combined organic layer was washed with H2O
and brine then dried. After the evaporation, the residue
was purified by silica gel chromatography. The sulfonamide
57 (9 mg, 45%) was obtained as a colorless solid, [a]D

23

�78.1 (c 0.9), lit.14 [a]D
23 �91.3 (c 1.0).

4.1.7.9. N-tert-Butyloxycarbonyl O-(2-methyl-2-nitro-
1-phenylpropyl) sulfamate (59). A solution of chlorosul-
fonyl isocyanate (0.8 mL, 9.1 mmol) in hexanes (8 mL) was
added dropwise to a solution of 2-methylpropan-2-ol
(675 mg, 9.1 mmol) in hexane (17 mL) and the solution
was stirred at rt for 45 min. Then a solution of alcohol
5820 (1.2 g, 6.07 mmol) and triethylamine (1.35 mL,
9.7 mmol) in THF (20 mL) was added dropwise. After 2 h,
the reaction was quenched with water and extracted with
CH2Cl2. The organic layer was washed with brine, dried,
and concentrated. Chromatographic purification (hexanes/
EA from 90:10 to 70:30) afforded 59 (1.914 g, 84%) as a col-
orless oil. IR (neat): 3255, 2987, 1757, 1550, 1456, 1147,
923 cm�1; 1H NMR: d 7.39 (s, 5H), 7.30 (br s, 1H), 6.18
(s, 1H), 1.70 (s, 3H), 1.45 (s, 3H), 1.42 (s, 9H); 13C NMR:
d 148.6, 133.1, 129.9, 128.8, 128.0, 90.5, 87.3, 84.9, 27.9,
23.9, 20.2.

4.1.7.10. N-Allyl O-(2-methyl-2-nitro-1-phenylpropyl)
sulfamate (60). To a solution of 59 (1.0 g, 2.7 mmol) and
allyl bromide (10 mL) in acetonitrile (16 mL) was added
dropwise 1,8-diazabicyclo[5.4.0]undec-7-ene (0.52 mL,
3.5 mmol) at rt. The reaction mixture was stirred overnight
and quenched with a satd aq NH4Cl. The aqueous layer
was extracted twice with CH2Cl2 and the resulting organic
layer was washed with brine, dried, and concentrated. The
residue was purified by flash chromatography (hexanes/EA
from 95:5 to 85:15) to afford N-allyl N-tert-butyloxy-
carbonyl O-(2-methyl-2-nitro-1-phenylpropyl) sulfamate
(962 mg, 87%) as a white solid. mp 68–70 �C; IR (neat):
3069, 2983, 1742, 1550, 1401, 1191, 1149, 958, 857,
843 cm�1; 1H NMR: d 7.35–7.40 (s, 5H), 6.13 (s, 1H),
5.76 (m, 1H), 5.22 (d, J¼18.1 Hz, 1H), 5.18 (d,
J¼11.1 Hz, 1H), 3.97–4.07 (ABX, J¼16.5 Hz, 4H), 1.70
(s, 3H), 1.48 (s, 9H), 1.44 (s, 3H); 13C NMR: d 150.1,
133.3, 132.5, 130.0, 128.8, 128.0, 118.6, 90.4, 87.2, 85.2,
51.4, 28.1, 24.1, 20.3. Anal. Calcd for C18H26N2O7S: C,
52.16; H, 6.32. Found: C, 52.07; H, 6.29. To a solution of
this sulfamate (207 mg, 0.5 mmol) in CH2Cl2 (5 mL) was
added at 0 �C trifluoroacetic acid (0.39 mL, 5 mmol). The
reaction mixture was stirred at rt for 2 h and quenched
with a 1 N NaOH solution. The aqueous layer was extracted
with CH2Cl2 and the combined organic layer was washed
with brine, dried, and concentrated. Chromatographic purifi-
cation (hexanes/EA from 100:0 to 80: 10) afforded 60
(64 mg, 41%) as a colorless oil. IR (neat): 3317, 3067,
1647, 1547, 1456, 1349, 1180, 963 cm�1; 1H NMR: d 7.40
(s, 5H), 5.96 (s, 1H), 5.66 (ddt, J¼16.9, 10.5, 5.0 Hz, 1H),
5.11–5.18 (m, 2H), 4.51 (t, J¼5.9 Hz, 1H), 3.57–3.43 (m,
2H), 1.67 (s, 3H), 1.47 (s, 3H); 13C NMR: d 133.9, 132.5,
129.9, 128.8, 128.1, 118.6, 90.8, 85.7, 46.5, 24.3, 19.9.
Anal. Calcd for C13H18N2O5S: C, 49.67; H, 5.77. Found:
C, 49.77; H, 5.74.

4.1.7.11. N-Allyl N-(4-methoxybenzyl) O-(2-methyl-2-
nitro-1-phenylpropyl) O-phenyl phosphoramidate (61).
To a solution of phenylphosphorodichloridite (2.87 mL,
20.0 mmol) and N,N-diisopropylethylamine (11.6 mL,
66.8 mmol) in THF (40 mL) was added dropwise, at
�78 �C, a solution of alcohol 5820 (3.26 g, 16.7 mmol) in
THF (15 mL). The reaction mixture was warmed up to rt and
stirred for 1 h. Then the solution was cooled to �78 �C
and a solution of allyl-(4-methoxybenzyl)amine (5.33 g,
30.1 mmol) in THF (10 mL) was added dropwise. The reac-
tion mixture was warmed up to rt and stirred for 2 h. The
solid was filtrated and washed with EtOAc. The filtrate
was concentrated in vacuo to give the phosphoramidite as
oil. The crude reaction mixture was dissolved in CH2Cl2
(80 mL) and a solution of tert-butyl hydroperoxide (5–6 M
in decane, 8 mL, 40 mmol) was added at 0 �C and the reac-
tion mixture was stirred at rt for 1 h. The reaction was
quenched with satd aq NaHCO3, extracted with CH2Cl2,
washed with water and brine, dried, and concentrated. Chro-
matographic purification (CH2Cl2/EA from 100:0 to 90:10)
afforded the phosphate 61 (5.55 g, 67%) as a viscous oil. IR
(neat): 3066, 1612, 1591, 1545, 1491, 1266, 1210, 1025,
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926 cm�1; 1H NMR: d 7.39–7.10 (m, 20H, two dias), 6.97
(m, 2H, one dias), 6.91 (m, 2H, one dias), 6.82 (m, 2H,
one dias), 6.74 (m, 2H, one dias), 5.95 (d, J¼8.5 Hz,
1H, one dias), 5.93 (d, J¼8.6 Hz, 1H, one dias), 5.66 (m,
1H, one dias), 5.30 (m, 1H, one dias), 5.19–4.95 (m, 4H,
two dias), 4.20–4.08 (m, 3H, two dias), 3.96 (dd, J¼14.8,
10.1 Hz, 1H, one dias), 3.79 (s, 3H, one dias), 3.77 (s, 3H,
one dias), 3.52 (m, 2H), 3.45 (m, 1H), 3.26 (m, 1H), 1.62
(s, 3H, one dias), 1.57 (s, 3H, one dias), 1.45 (s, 3H, one
dias), 1.38 (s, 3H, one dias); 13C NMR: d 159.2, 159.1,
151.0 (d, JPC¼7.0 Hz), 150.9 (d, JPC¼6.8 Hz), 135.1,
135.0, 134.0, 133.8, 130.1 (2C), 129.8, 129.7, 129.5,
129.2, 129.0 (d, JPC¼3.4 Hz,), 128.6, 128.3, 128.2, 128.1,
125.0, 124.8, 120.5 (d, JPC¼4.6 Hz), 120.3 (d, JPC¼4.9 Hz),
119.0, 118.9, 114.0, 113.9, 91.2 (d, JPC¼4.7 Hz), 91.1 (d,
JPC¼4.7 Hz), 82.6 (d, JPC¼5.2 Hz), 82.5 (d, JPC¼5.1 Hz),
60.6, 55.5, 48.2 (d, JPC¼3.5 Hz), 48.1 (d, JPC¼3.7 Hz),
47.7 (d, JPC¼2.7 Hz), 47.4 (d, JPC¼2.7 Hz), 24.1, 23.6,
20.4, 20.0; 31P NMR: d 4.78, 2.39. Anal. Calcd for
C27H31N2O6P: C, 63.52; H, 6.12. Found: C, 63.40; H, 6.14.

4.1.7.12. N-Allyl O-(2-methyl-2-nitro-1-phenylpropyl)
O-phenyl phosphoramidate (62). To a solution of phos-
phoramidate 61 (two dias ratio 1.7:1) (1 g, 1.96 mmol) in
CH3CN/H2O (6:1, 19 mL) was added at rt cerium ammoni-
um nitrate (3.22 g, 7.84 mmol). The mixture was stirred at rt
for 1 h and then diluted with CH2Cl2 and quenched with satd
aq NaHCO3. The organic layer was washed with brine, dried
and concentrated. Chromatographic purification (CH2Cl2/
EA from 100:0 to 90:10) afforded 62 as an unassigned mix-
ture of two diastereomers (670 mg, 88%) as a white solid. IR
(neat): 3223, 1593, 1545, 1491, 1261, 1212, 1041, 1025,
934 cm�1; 1H NMR: d 7.40–7.08 (m, 18H, major and
minor), 7.00 (d, J¼8.7 Hz, 2H, major), 5.95 (d, J¼8.5 Hz,
1H, major), 5.92 (d, J¼8.6 Hz, 1H, minor), 5.81 (m, 1H,
major), 5.56 (m, 1H, minor), 5.20 (dq, J¼17.1, 1.6 Hz, 1H,
major), 5.10 (dq, J¼10.3, 1.3 Hz, 1H, major), 5.01 (dq,
J¼17.0, 1.4 Hz, 1H, minor), 4.97 (dq, J¼10.2, 1.3 Hz, 1H,
minor), 3.62–3.49 (m, 2H, major), 3.40–3.30 (m, 2H, minor),
2.98 (dt, J¼12.1, 6.8 Hz, 1H, major), 2.82 (dt, J¼12.6,
6.9 Hz, 1H, minor), 1.60 (s, 3H, minor), 1.59 (s, 3H, major),
1.44 (s, 3H, major), 1.41 (s, 3H, minor); 13C NMR: d 159.9
(d, JPC¼6.5 Hz, major and minor), 135.7 (d, JPC¼6.3 Hz,
major), 135.4 (d, JPC¼6.5 Hz, minor), 135.1 (major and
minor), 129.8, 129.7, 129.6, 129.3 (major and minor),
128.1 (minor), 128.6 (minor), 128.4 (major), 128.0 (major),
125.1 (minor), 125.0 (major), 120.44 (d, JPC¼4.5 Hz,
minor), 120.42 (d, JPC¼4.1 Hz, minor), 116.0 (minor),
116.2 (major), 91.4 (d, JPC¼8.6 Hz, major), 91.2 (d, JPC¼
8.2 Hz, minor), 84.5 (d, JPC¼4.7 Hz, major), 82.4 (d,
JPC¼4.8 Hz, minor), 44.2 (major), 44.0 (minor), 24.4 (ma-
jor), 23.5 (minor), 20.5 (minor), 19.4 (major); 31P NMR:
d 3.45 (major), 2.39 (minor). ESIMS m/z: 413 ([M+Na]+,
100), 803 ([2M+Na]+, 65). Anal. Calcd for C19H23N2O5P:
C, 58.46; H, 5.94. Found: C, 58.64; H, 6.00.

4.1.7.13. Diethyl 2-(ethyl-2-nitro-1-phenylpropyl)
phosphite (63). To a solution of diethylchlorophosphite
(0.9 mL, 6.3 mmol) and N,N-diisopropylethylamine
(1.74 mL, 10 mmol) in THF (10 mL) was added dropwise
at �78 �C a solution of alcohol 5820 (975 mg, 5 mmol) in
THF (3 mL). The reaction mixture was warmed up to rt
and stirred for 1 h. The solid was filtered off and washed
with EtOAc. The filtrate was concentrated to give an oil,
which was purified by column chromatography on neutral
Al2O3 (hexane/EA from 90:10) to afford the phosphite 63
(1.28 g, 80%) as colorless oil. IR (neat): 2980, 1545, 1455,
1025, 924 cm�1; 1H NMR: d 7.36–7.31 (m, 5H), 5.63 (d,
J¼8.7 Hz 1H), 3.77–3.58 (m, 4H), 1.41 (s, 3H), 1.59 (s,
3H), 1.10 (t, J¼7.0 Hz, 3H), 1.07 (t, J¼7.0 Hz, 3H); 13C
NMR: d 137.4, 128.9, 128.3, 91.9 (d, JPC¼3.9 Hz), 78.8
(d, JPC¼13.1 Hz), 59.0 (d, JPC¼12.2 Hz), 58.7 (d,
JPC¼10.6 Hz), 23.6, 19.1, 16.9, 16.8; 31P NMR: d 140.9.
Anal. Calcd for C14H22NO5S: C, 53.33; H, 7.03. Found: C,
53.60; H, 7.07.

4.1.7.14. N-Allyl O,O-diethyl O-2-(ethyl-2-nitro-1-
phenylpropyl) phosphorimidate (64). To a solution of
sodium azide (2 equiv) and tetrabutylammonium bromide
(0.05 equiv) in water was added allyl bromide. The solution
was heated at 50–60 �C for 2 h with a vigorous stirring. The
aqueous layer was washed twice with benzene (C6H6 or
C6D6). The combined organic layers were washed with
brine, dried over MgSO4, and filtered to afford a solution
of allyl azide in benzene (w0.5 M in C6H6; w1.33 M in
C6D6,), free from allyl bromide as determined by GC, which
was stored over molecular sieves for 24 h prior to use. The
1.33 M solution of allyl azide in C6D6 (3.3 mL,
4.38 mmol) was added to a solution of phosphite 63
(230 mg, 0.73 mmol) in C6D6 (5 mL) and the solution was
heated at reflux for 4 h. The NMR of the crude reaction mix-
ture indicated quantitative conversion of 63 to 64. 1H NMR
(C6D6): d 7.26–7.22 (m, 2H), 7.12–7.08 (m, 3H), 6.19 (m,
1H), 6.10 (d, J¼9.0 Hz 1H), 5.62 (dq, J¼16.9, 2.4 Hz,
1H), 5.21 (dq, J¼10.0, 2.4 Hz, 1H), 4.09–3.70 (m, 6H),
1.49 (s, 3H), 1.12 (s, 3H), 1.05 (br t, J¼7.0 Hz, 3H), 1.01
(dt, J¼7.0, 1.0 Hz, 3H); 13C NMR (C6D6): d 141.6 (d,
JPC¼15.5 Hz), 136.4, 128.6, 128.1, 127.9, 111.6, 90.7 (d,
JPC¼8.2 Hz), 82.1 (d, JPC¼7.2 Hz), 62.9 (d, JPC¼9.2 Hz),
62.8 (d, JPC¼7.8 Hz), 45.6, 23.6, 19.1, 15.8; 31P NMR:
(C6D6) d �3.69.

4.1.7.15. N-Allyl sulfamic acid (65). A solution of 60
(229 mg, 0.73 mmol) in benzene (36 mL) was degassed by
sparging with nitrogen for 40 min. Bu3SnH (289 mL,
1.17 mmol) and AIBN (48 mg, 0.31 mmol) were added
and the solution was heated at reflux for 6 h. Then, Bu3SnH
(96 mL, 0.39 mmol) and AIBN (18 mg, 0.11 mmol) were
added and the solution was heated for 3 h. The solvent was
evaporated and CH2Cl2 and water were added. The organic
layer was concentrated but contained only thin residues. The
aqueous layer was evaporated to give a gum (90 mg), which
was washed with CH3CN and hexanes to give 65 (80 mg,
w48%) contaminated by some tin residues. 1H NMR:
d 5.94 (m, 1H), 5.23 (d, J¼17.1 Hz, 1H), 5.08 (d,
J¼10.0 Hz, 1H), 3.60 (d, J¼5.2 Hz, 2H); 13C NMR:
d 135.1, 115.1, 46.2; ESIMS m/z: 136 (100).

4.1.7.16. N-Allyl O-(1,1-dimethyl-2-phenylethyl) O-
phenyl phosphoramidate (66), N-allyl O-(2-methyl-1-
phenylpropyl) O-phenyl phosphoramidate (67), and 7,7-
dimethyl-2-phenoxy-8-phenyl-[1,3,2]oxazaphosphocane
2-oxide (68). A solution of 62 (195 mg, 0.5 mmol), AIBN
(33 mg, 0.20 mmol), and Bu3SnH (0.2 mL, 0.75 mmol) in
degassed benzene (25 mL) was heated at reflux for 6 h.
Then AIBN (8 mg, 0.05 mmol) and Bu3SnH (50 mL,
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0.18 mmol) were added and the mixture was heated for
a further 15 h. The reaction mixture was concentrated and
the residue was purified by column chromatography
(CH2Cl2/EA from 100:0 to 70:30) to afford by order of elu-
tion 67 (12 mg, 7%), 66 (73 mg, 42%), and 68 (14 mg, 8%).
Compound 66: white solid. mp 40–41 �C. IR (neat): 3220,
1593, 1545, 1491, 1261, 1212, 1041, 1025, 934 cm�1; 1H
NMR: d 7.39–7.10 (m, 3H), 5.77 (m, 1H), 5.13 (dq,
J¼17.1, 1.5 Hz, 1H), 5.05 (dq, J¼11.7, 1.4 Hz, 1H), 3.50
(m, 2H), 2.93–3.05 (m, 2H), 1.54 (s, 3H), 1.52 (s, 3H);
13C NMR: d 151.5 (d, JPC¼6.9 Hz), 137.2, 131.0 (d,
JPC¼6.9 Hz), 131.0, 129.7, 128.4, 126.8, 124.7, 120.7 (d,
JPC¼4.6 Hz), 115.8, 84.9 (d, JPC¼7.4 Hz), 49.5 (d, JPC¼
6.4 Hz), 44.3, 28.0, 27.5; 31P NMR: d �0.18. Anal. Calcd
for C19H22NO3P: C, 66.07; H, 7.00. Found: C, 66.19; H,
7.02. Compound 67: colorless oil. 1H NMR: d 7.37–6.97
(m, 20H, two dias), 5.81 (m, 1H, one dias), 5.47 (m, 1H,
one dias), 5.23–5.03 (m, 4H, two dias), 4.91 (m, 1H, one
dias), 3.58 (m, 2H, one dias), 3.35 (m, 1H, one dias), 3.17
(m, 1H, one dias), 2.17–2.07 (m, 2�1H, two dias), 1.03
(d, J¼6.8 Hz, 3H, one dias), 0.93 (d, J¼6.8 Hz, 3H, one
dias), 0.83 (d, J¼6.8 Hz, 3H, one dias), 0.74 (d,
J¼6.8 Hz, 3H, one dias); 13C NMR: d 151.3 (d,
JPC¼6.7 Hz), 151.2 (d, JPC¼6.6 Hz), 139.9, 139.7, 136.0
(d, JPC¼6.4 Hz), 135.7 (d, JPC¼7.0 Hz), 129.8, 129.7,
128.5, 128.3 (2C), 128.1, 124.9, 124.6, 120.8 (d,
JPC¼4.6 Hz), 120.3 (d, JPC¼4.8 Hz), 116.1, 115.9, 85.7
(d, JPC¼6.7 Hz), 85.2 (d, JPC¼5.4 Hz), 44.3, 44.1, 35.2
(d, JPC¼6.4 Hz), 35.1 (d, JPC¼6.1 Hz), 18.8 (2C), 18.6,
18.5; 31P NMR: d 3.82, 3.70; HRMS: Calcd for
C19H24NO3NaP [M+Na]+ 368.1392. Found 368.1397.
Compound 68: white solid. mp 132 �C; IR (neat): 3222,
2963, 1592, 1491, 1250, 1214, 936 cm�1; 1H NMR:
d 7.33–7.10 (m, 10H), 5.25 (d, J¼11.8 Hz, 1H), 3.60 (br
s, 1H), 3.15–3.10 (m, 1H), 3.05–2.95 (m, 1H), 2.00–1.93
(m, 1H), 1.90–1.60 (m, 3H), 0.82 (s, 3H), 0.80 (s, 3H);
13C NMR: d 151.4 (d, JPC¼6.0 Hz), 138.3, 129.8, 128.1,
127.9, 127.8, 124.8, 120.7 (d, JPC¼4.25 Hz), 84.5 (d,
JPC¼3.6 Hz), 43.8, 41.5, 38.7 (d, JPC¼3.8 Hz), 26.7, 24.5,
21.1; 31P NMR: d 5.16; HRMS: Calcd for C19H24NO3P
[M+Na]+ 368.1392. Found 368.1388.

4.1.7.17. N-Allyl diethyl phosphoramidate (69), N-allyl
O-ethyl O-(2-methyl-2-nitro-1-phenylpropyl) phosphor-
amidate (70), and N-allyl O-ethyl ester O-(2-methyl-1-
phenylpropyl) phosphoramidate (71). The phosphorimi-
date 64 was prepared by reaction of 63 (450 mg,
1.4 mmol) and a 0.5 N solution of allyl azide in C6H6

(11.2 mL, 5.6 mmol) as described above. Benzene (60 mL)
was added to the solution of 64 and the resulting solution
was degassed for 30 min. Then AIBN (92 mg, 0.56 mmol)
and Bu3SnH (1.48 mL, 5.6 mmol) were added and the
mixture heated at reflux for 10 h. The reaction mixture was
concentrated and the residue was purified by column chro-
matography (CH2Cl2/EA from 100:0 to 50:50) to afford by
order of elution 70 (30 mg, 6%), 71 (22 mg, 5%), and 69
(120 mg, 40%). Compound 69: IR (neat): 3227, 3086,
2980, 1645, 1445, 1233, 1034, 965 cm�1; 1H NMR: d 5.85
(m, 1H), 5.20 (dq, J¼17.0, 1.6 Hz, 1H), 5.08 (dq, J¼10.4,
1.6 Hz, 1H), 4.09–3.99 (m, 4H), 3.51 (m, 2H), 1.30 (t,
J¼7.0 Hz, 6H); 13C NMR: d 136.3 (d, JPC¼6.1 Hz), 115.6,
62.5 (d, JPC¼5.1 Hz), 44.0, 16.4 (d, JPC¼7.0 Hz); 31P
NMR: d 9.40; HRMS: Calcd for C7H16NO3NaP [M+Na]+
216.0766. Found 216.0758. 70: 1H NMR: d 7.38–7.35 (m,
10H, two dias), 5.85 (d, J¼8.6 Hz, 1H, one dias), 5.81 (d,
J¼8.5 Hz, 1H, one dias), 5.82 (m, 1H, one dias), 5.61 (m,
1H, one dias), 5.19 (dq, J¼17.0, 1.7 Hz, 1H, one dias),
5.10 (dq, J¼10.1, 1.5 Hz, 1H, one dias), 5.03 (dq, J¼17.2,
1.4 Hz, 1H, one dias), 4.98 (dq, J¼10.4, 1.5 Hz, 1H, one
dias), 4.05–3.80 (m, 4H, two dias), 3.52–3.38 (m, 2H, two
dias), 3.38–3.20 (m, 2H, two dias), 1.64 (s, 3H, one dias),
1.62 (s, 3H, one dias), 1.45 (s, 3H, one dias), 1.44 (s, 3H,
one dias), 1.26 (t, J¼7.0 Hz, 3H, one dias), 1.12 (t,
J¼7.0 Hz, 3H, one dias); 13C NMR: d 136.1 (d,
JPC¼6.4 Hz), 135.9 (d, JPC¼6.7 Hz), 135.6, 135.5, 129.5,
129.4, 128.6, 128.5, 128.2, 128.1, 115.9, 115.7, 91.4 (d,
JPC¼8.6 Hz), 91.3 (d, JPC¼8.3 Hz), 82.1 (d, JPC¼4.9 Hz),
82.0 (d, JPC¼5.0 Hz), 63.2 (d, JPC¼5.4 Hz), 63.0 (d,
JPC¼5.4 Hz), 44.0, 43.9, 24.1, 23.9, 19.6, 19.4, 16.3, 16.2;
31P NMR: d 8.44, 7.46; HRMS: Calcd for C15H23N2O5NaP
[M+Na]+ 365.1243. Found 365.1238. Compound 71:
slightly yellow oil. 1H NMR: d 7.33–7.25 (m, 10H, two
dias), 5.84 (m, 1H, one dias), 5.50 (m, 1H, one dias), 5.18
(dq, J¼17.2, 1.6 Hz, 1H, one dias), 5.07 (dq, J¼10.3,
1.3 Hz, 1H, one dias), 4.99–4.88 (m, 4H, two dias), 4.08
(m, 2H, one dias), 3.81 (m, 2H, one dias), 3.48 (m, 2H,
one dias), 3.17 (m, 1H, one dias), 3.08 (m, 1H, one dias),
2.16–2.05 (m, 2H, two dias), 1.31 (t, J¼7.1 Hz, 3H, one
dias), 1.09 (t, J¼7.1 Hz, 3H, one dias), 1.05 (d, J¼6.7 Hz,
3H, one dias), 1.01 (d, J¼6.6 Hz, 3H, one dias), 0.79 (d,
J¼6.7 Hz, 3H, one dias), 0.78 (d, J¼6.7 Hz, 3H, one dias);
13C NMR: d 140.2, 136.5 (d, JPC¼7.0 Hz), 136.1 (d,
JPC¼7.0 Hz), 128.4, 128.2, 128.0, 127.4, 127.3, 115.7,
115.5, 84.8 (d, JPC¼6.3 Hz), 84.4 (d, JPC¼5.2 Hz), 62.6
(d, JPC¼5.2 Hz), 62.5 (d, JPC¼5.3 Hz), 44.1, 43.9, 35.2 (d,
JPC¼7.1 Hz), 35.1 (d, JPC¼7.1 Hz), 19.0, 18.8, 18.6, 16.5
(d, JPC¼7.1 Hz, one dias), 16.2 (d, JPC¼7.1 Hz, one dias);
31P NMR: d 8.75, 8.63; HRMS: Calcd for C15H24NO3NaP
[M+Na]+ 320.1392. Found 320.1403.
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Abstract—Hexabutyldistannane was found to be an effective mediator allowing the reaction of N-acyliminium ion pools with alkyl halides.
A chain mechanism involving the addition of an alkyl radical generated from an alkyl halide to an N-acyliminium ion followed by the one-
electron reduction of the resulting radical-cation by distannane was proposed.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Radical-cations serve as key intermediates in a variety of
electron transfer driven transformations in organic synthesis.
For example, one-electron oxidation of organic compounds
gives radical-cations, which undergo follow-up reactions.
Fragmentation of radical-cations to give either a carbocation
or a neutral carbon radical as shown in Scheme 1 is one of the
most feasible pathways. Extensive studies have been carried
out on fragmentation reactions of radical-cations, which are
generated in chemical,1 electrochemical,2 and photochemi-
cal3 electron transfer. Schmittel’s classification4 of reactivity
patterns of radical-cations is very useful to understand elec-
tron transfer driven reactions.5

C
- e

C

C + X

C + X
X = carbon or heteroatom

much information upon 

radical-cation fragmentation
XX

Scheme 1.

Much less information, by contrast, is available for the
reverse process: the reaction of a radical and a cation to form
a radical-cation (Scheme 2). The Minisci reaction, which
involves the addition of nucleophilic radicals, such as alkyl,
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e-mail: yoshida@sbchem.kyoto-u.ac.jp
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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benzyl, and phenyl radicals, to protonated heteroaromatic
rings, serves as an example of the process.6,7 In this reaction,
the rates of the addition to protonated heteroaromatic com-
pounds are much higher than that of the addition to the
unprotonated compounds. For example, the addition of an
n-butyl radical to the protonated picoline is 100 times faster
than that to neutral picoline, indicating significant polar
effects in the transition state (Scheme 3).7

CC + X

X = carbon or heteroatom

Much less information upon the 

reaction of a radical and a cation 

to form a radical-cation

X

Scheme 2.

N

CH3
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k  = 1.1 x 105

+

+

-Bu

N
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Bu-n

N

CH3

CH3

Bu-n

accelerated

:

n

-Bun

Scheme 3.

In the arylative amination of aldehydes promoted by tita-
nium trichloride, a mechanism involving the addition of an
aryl radical to the cationic carbon of the protonated imine
intermediate has been suggested (Scheme 4).8
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It has also been reported that alkyl radical addition to C]N
bond is remarkably accelerated by the Lewis acid such as
BF3$OEt2 (Scheme 5).9 Lewis acid was suggested to lower
the LUMO energy of the radical acceptor and decrease the
electron density at the iminyl carbon atom. Similar reactions
are possible using imines having an electron-deficient
substituent.

R1 NOBn

BF3-OEt2
R2I, Bu3SnH, Et3B R1 NOHBn

R2

R1 NOBn
BF3

R1 NOBn
BF3

+ R2

R1 NOBn
BF3

R1 NOBn
BF3

R2

R2

key step

Scheme 5.

These observations in the literature indicate the importance
of electrophilic character of radical acceptors in radical
addition and prompted us to investigate the radical addition
to N-acyliminium ions, which are generated and accumu-
lated by the ‘cation pools’ method10 (Scheme 6). In a prelim-
inary communication we have reported that the reaction does
take place in the presence of distannane.11 A chain mecha-
nism involving the addition of an alkyl radical generated
from an alkyl iodide to an N-acyliminium ion followed by
the one-electron reduction of the resulting radical-cation
by distannane has been proposed. In this paper we report
full details of this study.

C RC + R

C M M = H, Si

cation pool

-2e -M+

Scheme 6.

2. Result and discussion

We began our study with surveying appropriate conditions to
generate alkyl radicals, which could react with the cation
pools. N-Acyliminium ion 2, generated from N-methoxy-
carbonyl-2-trimethylsilylpyrrolidine 1 by low temperature
electrochemical oxidation and accumulated in a solution
(cation pool), was utilized as a carbocation component
(Scheme 7).

-78 °C

N-acyliminium 
ion pool

1

2

N
CO2Me

N
CO2Me

SiMe3

R
N R

-2e, -"Me3Si+"

CO2Me

Scheme 7.

The triethylborane/O2 system,12 which could be widely
utilized to generate alkyl radicals from alkyl halides at low
temperatures, was unsuccessful; however, we found that
the hexabutyldistannane (Bu3SnSnBu3)/hn system was quite
successful. Thus, heptyl iodide reacted with 2 in the pres-
ence of Bu3SnSnBu3 under UV irradiation at �20 �C to
afford the corresponding heptylated compound 3 (Table 1,
entries 1 and 2). It was surprising that the reaction proceeded
even in the dark (entries 3–15), although photo irradiation
was well-known to enhance the homolytic cleavage of
Sn–Sn bond.13 A stoichiometric amount of Bu3SnSnBu3 was
necessary to complete the reaction, because the reactions
using 0.5 and 0.1 equiv of Bu3SnSnBu3 led to the formation
of 3 in 50 and 10% yields, respectively (entries 8 and 9).
The reaction rates strongly depended on temperature.
The reaction almost completed around 60 min at �20 �C

Table 1. The addition of heptyl radical to the N-acyliminium ion 2

(Bu3Sn)2N
CO2Me
2

N C7H15

3

CO2Me

C7H15I (5.0 eq)

CH2Cl2

Entry Temperature
(�C)

Time
(min)

Condition (Bu3Sn)2

(equiv)
Yield
(%)

1 �20 60 hn 5.0 64a

2 �20 60 hn 2.5 66a

3 �20 60 Dark 2.5 77
4 �20 60 Dark 1.5 77
5 �20 60 Dark 1.5 86b

6 �20 60 Dark 1.0 72
7 �20 60 Dark 0.5 37
8 �20 180 Dark 0.5 50
9 �20 180 Dark 0.1 10
10 �20 5 Dark 1.5 16
11 �20 30 Dark 1.5 45
12 0 60 Dark 1.5 82
13 �78 60 Dark 1.5 9
14 �20 60 Dark 1.5 82c

15 �20 60 Dark 1.5 8d

a Isolated yield.
b Slow addition of distannane.
c 2,2,6,6-Tetramethyl-1-piperidinyloxyl (TEMPO) (0.1 equiv) was added.
d TEMPO (1.0 equiv) was added.
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(entries 4, 10, and 11), but only 9% of 3 was obtained at
�78 �C (entry 13).

To obtain a deeper insight into the mechanism, the reaction
of 2 with Bu3SnSnBu3 in the absence of alkyl halides was
examined at �20 �C. The dimeric product 4 was obtained
in 81% yield (a mixture of dl and meso) probably via
one-electron reduction of 2 by Bu3SnSnBu3 to form radical
intermediate 5 (Scheme 8).14,15 The radical-cation of
Bu3SnSnBu3 thus formed may undergo Sn–Sn bond cleav-
age to give a tributylstannyl radical.

N
CO2Me

Bu3SnSnBu3

N
CO2Me

N
CO2Me

2 4, 81%

N
CO2Me

5-20 °C
CH2Cl2+

Bu3SnSnBu3

+
Bu3Sn + SnBu3

Scheme 8.

The reaction with cyclopropylmethyl iodide 6 was also
examined, because the ring opening of cyclopropylmethyl
radical is often used as a radical clock (Scheme 9).16 The
product having the cyclopropyl ring (8) was obtained
together with the ring-opened product (7). Formation of the
product containing cyclopropyl ring indicated that the rate
of radical addition to N-acyliminium ion 2 is comparable
to that of ring opening.17 It is also worth mentioning that
the product ratio depends upon the concentration of 2. At
lower concentration of 2, the relative rate of the isomeriza-
tion compared to the addition increases, and therefore, the
amount of 7 increased with the expense of 8.

N
CO2Me

I
6

(Bu3Sn)2 (1.5 eq)

-20 °C, 2 h

(5.0 eq)

dropwise
N
CO2Me

+ N
CO2Me

0.05 M
0.025 M
0.01 M

20% 54%27:73

16% 30%34:66

12% 15%44:56

ratio

2

conc. of 2

N
CO2Me

++

+

intermolecular reaction

intramolecular reactionisomerization:

addition:

vs
(favorable in high concentration)

(favorable in low concentration)

7 8

Scheme 9.

On the basis of the above observations, we propose a mecha-
nism described in Scheme 10. The reaction is initiated by
one-electron transfer from Bu3SnSnBu3 to N-acyliminium
ion 2 to generate the radical-cation of Bu3SnSnBu3.
Cleavage of the Sn–Sn bond leads to the formation of a tri-
butylstannyl radical, together with a tributylstannyl cation,
which may react with tetrafluoroborate (electrolyte in elec-
trolysis, see Section 4) to give tributylstannyl fluoride. The
tributylstannyl radical abstracts iodine atom from an alkyl
iodide to give an alkyl radical. The alkyl radical adds to
N-acyliminium ion 2 to generate the radical-cation, which
undergoes the electron transfer reaction with Bu3SnSnBu3

to give the final product together with the radical-cation of
Bu3SnSnBu3. This electron transfer regenerates the radi-
cal-cation of Bu3SnSnBu3. It is important to note that the re-
duction of the radical-cation by Bu3SnSnBu3 is faster than
the reduction of cation 2 by Bu3SnSnBu3. This consideration
is supported by the DFT calculations.18 The DFT calcula-
tions using N-(methoxycarbonyl)dimethylamine as a model
compound indicate that the ionization energy of the radical
to cation is ca. 6 eV, whereas the ionization of the neutral
molecule to radical-cation is 8.44 eV (Fig. 1). It is also note-
worthy that the slow addition of Bu3SnSnBu3 increased the
yield of the product (Table 1, entry 5). Moreover, the addi-
tion of a catalytic amount of TEMPO (0.1 equiv) as a radical
inhibitor did not affect the yield of 3, but the addition of
a stoichiometric amount of TEMPO (1.0 equiv) decreased
the yield significantly (8%) (Table 1, entries 14 and 15).
These results suggested the participation of Bu3SnSnBu3

in the initiation step of the reaction, and the radical initiation
process took place spontaneously in situ.

Next, we investigated the scope of the present method
using other organic halides and cation pools (Table 2).
The reaction with an alkyl bromide was rather slow, and

neutral

radical-cation

-8.44 eV

0.00 eV

N

N

O
O

O
O

cation (cisoid)

cation (transoid)

radical (transoid)

radical (cisoid)0.00 eV 

0.04 eV

-6.06 eV

-6.07 eV

N

N

N

N

O

O

O

O O

O O

O

Figure 1. DFT calculations of the radical-cation, neutral molecule, cation,
and radical of a model compound.
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N R
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Bu3SnI

Bu3Sn
Bu3Sn

R

(Bu3Sn)2
electron

transfer
+ +
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N
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CO2Me

initiation

step

radical

addition

reduction

N
CO2Me

BF4-
Bu3SnF

+
BF3

Scheme 10.
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the reaction with an alkyl chloride was unsuccessful. The re-
action with 1-chloro-6-iodoheptane gave rise to the forma-
tion of the corresponding chloroheptylated compound in
81% yield. The slow addition of the distannane was quite ef-
fective for the improvement in the yields of the product in the
reaction with secondary and tertiary alkyl iodides. Benzyl
bromide smoothly reacted with the cation, whereas the reac-
tions using allylic halides were ineffective. The reaction also
works for other cyclic and acyclic N-acyliminium ions.

3. Conclusion

In summary, we found that Bu3SnSnBu3 markedly promoted
the reactions of alkyl halides with N-acyliminium ions. A
chain mechanism involving the addition of an alkyl radical
to an N-acyliminium ion followed by electron transfer re-
duction of thus formed radical-cation has been suggested.
The present observations shed light on a new aspect of the
chemistry of radical-cations. It is also noteworthy that the
present reaction opens a new possibility for radical-cation
crossover-mediated carbon–carbon bond formation.19

4. Experimental

4.1. General remarks

1H and 13C NMR spectra were recorded on Varian GEMINI-
2000 (1H 300 MHz and 13C 75 MHz), Varian MERCURY-
plus-400 (1H 400 MHz and 13C 100 MHz), JEOL A-500

Table 2. Reactions of organic halides with N-acyliminium ion pools in the
presence of Bu3SnSnBu3

RX (5.0 eq)
(Bu3Sn)2 (1.5 eq)

-20 °C, 1 h
R1 N R2

CO2Me
CH2Cl2

R1 N R1

CO2Me

R

R1 N R2

CO2Me

RX Yield (%)

Normal
addition

Slow
addition

N
CO2Me

C7H15I 77 86
C7H15Br 20 39
C7H15Cl 1
ClC7H14I 81
c-C6H11I 60 74
iso-C3H7I 43 73
tert-C4H9I 19
PhCH2Br 69 77

I 3

Br 4

Ph Br Complex
mixture

Ph Cl Complex
mixture

N
CO2Me

C7H15I 35

N
CO2Me

C7H15I 31 57
(1H 500 MHz and 13C 125 MHz), and JEOL ECA-600
(1H 600 MHz and 13C 150 MHz) spectrometers in CDCl3.
EI and CI mass spectra were recorded on JMS-SX102A
spectrometer. FAB mass spectra were recorded on JMS-
HX110A spectrometer. IR spectra were measured with a
SHIMADZU FTIR 1600 spectrometer. GC analysis was
performed on a gas chromatograph (SHIMADZU GC-14B)
equipped with a flame ionization detector using a fused silica
capillary. Gel permeation chromatography (GPC) was carried
out by Japan Analytical Industry’s LC-908 equipped with
JAIGEL-1H and 2H using CHCl3 as an eluent. Thin-layer
chromatography (TLC) was carried out by using Merck
precoated silica gel F254 plates (thickness 0.25 mm).

4.2. Materials

Dichloromethane was washed with water and distilled from
P2O5, then removal of a trace amount of acid was carried out
by distillation from dried K2CO3, and distillate was stored
over 4 Å molecular sieves. Trifluoromethanesulfonic acid
(TfOH) was purchased from Nacalai and was used with-
out purification. Tetrabutylammonium tetrafluoroborate
(Bu4NBF4) was purchased from TCI and dried with P2O5

under vacuum. All reactions were carried out under Ar atmo-
sphere unless otherwise noted.

4.3. Reactions

4.3.1. Generation of N-acyliminium ion pool (2). The
anodic oxidation was carried out in an H-type divided cell
(4G glass filter) equipped with a carbon felt anode (Nippon
Carbon JF-20-P7, ca. 320 mg, dried at 250 �C/1 mmHg for
1 h before use) and a platinum plate cathode (40�20 mm).
In the anodic chamber was placed a solution of 1
(563.8 mg, 2.8 mmol) in 0.3 M Bu4NBF4/CH2Cl2 (56 mL).
In the cathodic chamber were placed 0.3 M Bu4NBF4/
CH2Cl2 (56 mL) and trifluoromethanesulfonic acid (0.62 mL,
7.0 mmol). The constant current electrolysis (20 mA) was
carried out at �78 �C with magnetic stirring until 2.5
F/mol of electricity was consumed.

4.3.2. Methyl 2-heptylpyrrolidinecarboxylate (3).
Typical procedure. The electrolysis of 1 was carried out
as described above. To the cation pool 2 generated from 1
(56.4 mg, 0.28 mmol) was added 1-iodoheptane (0.20 mL,
1.25 mmol), and hexabutyldistannane (0.19 mL, 0.375 mmol)
at �20 �C, and the reaction mixture was stirred for 1 h.
Triethylamine were added to the solution at �20 �C, and
the resulting mixture was warmed up to room temperature.
Solvent was removed under reduced pressure. DBU
(1.2 mL, 0.90 mmol) and diethyl ether (10 mL) were added
to the residue, and thus obtained solution was quickly filtered
through a short column (10 cm) of silica gel. The silica gel
was washed with ether (150 mL). The combined solu-
tion was concentrated by rotary evaporator, and the crude
product thus obtained was purified using flash chromato-
graphy (hexane/EtOAc 9:1) and GPC to obtain the title
compound (49 mg, 77% by GC analysis): 1H NMR
(400 MHz, CDCl3) d 0.88 (t, J¼6.8 Hz, 3H), 1.20–1.36 (m,
11H), 1.63–1.71 (m, 2H), 1.76–1.97 (m, 3H), 3.30–3.49
(m, 2H), 3.67 (s, 3H), 3.73–3.86 (m, 1H); 13C NMR
(100 MHz, CDCl3) d 14.2, 22.8, 23.6, 26.3, 29.4, 29.7,
30.2, 31.9, 34.2, 46.4, 52.1, 57.7, 155.4; IR (neat) 2926.4,
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1705.3 cm�1; LRMS (CI) m/e 228 (M++H); HRMS (CI)
calcd for C13H26NO2 (M++H): 228.1964, found: 228.1965.

4.3.3. Methyl 2-cyclohexylpyrrolidinecarboxylate.
Typical procedure for slow addition of hexabutyldistan-
nane. The electrolysis of 1 was carried out as described
above. To the cation pool 2 generated from 1 (56.4 mg,
0.28 mmol) was added 1-iodocyclohexane (0.16 mL, 1.25
mmol) at �20 �C. Then, hexabutyldistannane (0.19 mL,
0.375 mmol) was added dropwise over a period of 30 min
at the same temperature. Then the reaction mixture was
stirred for 1.0 h at �20 �C. Triethylamine was added to the
solution at �20 �C, and the resulting mixture was warmed
up to room temperature. Solvent was removed under reduced
pressure. DBU (1.2 mL, 0.90 mmol) and diethyl ether
(10 mL) were added to the residue, and thus obtained solu-
tion was quickly filtered through a short column (10 cm) of
silica gel. The silica gel was washed with ether (150 mL).
The combined solution was concentrated by rotary evapora-
tor, and the crude product thus obtained was purified by flash
chromatography (hexane/EtOAc 9:1) and GPC to obtain the
title compound (33.6 mg, 0.159 mmol, 60% yield): 1H NMR
(400 MHz, CDCl3) d 0.87–1.09 (m, 2H), 1.09–1.30 (m, 3H),
1.54–1.70 (m, 4H), 1.70–1.90 (m, 6H), 3.21–3.31 (m, 1H)
3.40–3.83 (m, 2H) 3.69 (s, 3H); 13C NMR (100 MHz,
CDCl3) d 23.6 and 24.4, 26.2, 26.4, 26.6, 27.3 and 27.7,
30.0, 40.6 and 41.3, 46.7, 52.1, 61.8 and 62.4, 156.0; IR
(neat) 2926.4, 1703.4 cm�1; LRMS (CI) m/e 212 (M++H);
HRMS (CI) calcd for C12H22NO2 (M++H): 212.1651, found:
212.1656.

4.3.4. Methyl 2-(4-chlorobutyl)pyrrolidinecarboxylate.
Prepared from cation pool 2 generated from 1 (50.3 mg,
0.25 mmol), hexabutyldistannane (0.19 mL, 0.375 mmol),
and 1-chloro-4-iodobutane (0.15 mL, 1.25 mmol), and then
purified by flash chromatography (hexane/EtOAc 9:1) to
obtain the title compound (44.6 mg, 0.203 mmol, 81%
yield): 1H NMR (400 MHz, CDCl3) d 1.13–2.03 (m, 10H),
3.21–3.50 (m, 2H), 3.53 (t, J¼6.4 Hz, 2H), 3.66 (s, 3H),
3.71–3.89 (m, 1H); 13C NMR (100 MHz, CDCl3) d 23.1
and 24.0, 23.5, 30.0 and 30.6, 32.5, 33.2 and 33.8, 45.0,
46.3 and 46.6, 52.1, 57.0 and 57.7, 155.4; IR (neat)
2955.4, 2872.4, 1701.4 cm�1; LRMS (CI) m/e 220
(M++H); HRMS (CI) calcd for C10H18ClNO2 (M++H):
220.1104, found: 220.1100.

4.3.5. Methyl 2-isopropylpyrrolidinecarboxylate.
Prepared from cation pool 2 generated from 1 (56.4 mg,
0.28 mmol), hexabutyldistannane (0.19 mL, 0.375 mmol),
and iso-propyl iodide (0.12 mL, 1.25 mmol), and then puri-
fied by flash chromatography (hexane/EtOAc 9:1) and GPC
to obtain the title compound (20.6 mg, 0.120 mmol, 43%
yield): 1H NMR (400 MHz, CDCl3) d 0.77–0.94 (m, 6H),
1.69–1.94 (m, 4H), 2.00–2.30 (m, 1H), 3.20–3.30 (m, 1H),
3.54–3.80 (m, 2H), 3.64 (s, 3H); 13C NMR (100 MHz,
CDCl3) d 17.2, 19.9, 24.8, 26.0, 30.4, 47.4, 52.4, 63.3,
156.2; IR (neat) 2961.1, 1703.4 cm�1; LRMS (CI) m/e 172
(M++H); HRMS (CI) calcd for C9H18NO2 (M++H):
172.1338, found: 172.1337.

4.3.6. Methyl 2-benzylpyrrolidinecarboxylate. Prepared
from cation pool 2 generated from 1 (56.4 mg, 0.28 mmol),
hexabutyldistannane (0.19 mL, 0.375 mmol), and benzyl
bromide (0.15 mL, 1.25 mmol), and then purified by flash
chromatography (hexane/EtOAc 9:1) and GPC to obtain
the title compound (42.4 mg, 0.190 mmol, 69% yield): 1H
NMR (400 MHz, CDCl3) d 1.69–1.89 (m, 4H), 2.58 (dd,
J¼13.2, 9.6 Hz, 1H), 2.96–3.09 (m, 0.5H), 3.16–3.26 (m,
0.5H), 3.31–3.50 (m, 2H), 3.732 (s, 3H), 3.99–4.14 (m,
1H), 7.12–7.30 (m, 5H); 13C NMR (100 MHz, CDCl3)
d 22.8 and 23.6, 29.0 and 29.9, 39.6 and 40.6, 46.6, 52.2,
58.6 and 59.3, 126.0, 128.2, 129.3, 138.8, 155.4; IR (neat)
2953.4, 1699.5, 702.2 cm�1; LRMS (CI) m/e 220 (M++H);
HRMS (CI) calcd for C13H18NO2 (M++H): 220.1338, found:
220.1337.

4.3.7. Methyl ethyl(1-methyloctyl)aminecarboxylate.
The electrolysis of diethylamine carboxylate (52.5 mg,
0.40 mmol) was carried out as described above. To the cation
pool 2 thus generated in the anodic chamber, were added
1-iodoheptane (0.33 mL, 2.0 mmol) and hexabutyldistan-
nane (0.30 mL, 0.60 mmol) at�20 �C and the reaction mix-
ture was stirred for 1 h. Triethylamine was added to the
stirred solution at �20 �C. Then the mixture was warmed
up to room temperature. Solvent was removed under reduced
pressure and the residue was quickly filtered through a short
column (10 cm) of silica gel to remove Bu4NBF4. The silica
gel was washed with ether (150 mL). Then, the crude prod-
uct thus obtained was purified using flash chromatography
(hexane/EtOAc 9:1) and GPC to obtain the title compound
(28.6 mg, 0.125 mmol, 31% yield): 1H NMR (400 MHz,
CDCl3) d 0.87 (t, J¼6.8 Hz, 3H), 1.00–1.19 (m, 6H),
1.19–1.57 (m, 13H), 3.00–3.29 (m, 2H), 3.69 (s, 3H),
3.91–4.21 (m, 1H); 13C NMR (100 MHz, CDCl3) d 14.5,
15.4 and 16.1, 19.6 and 20.0, 23.1, 27.1, 29.6, 30.0, 32.2,
35.3, 37.4 and 38.2, 52.3, 52.5, 156.9; IR (neat) 2928.3,
1703.4 cm�1; LRMS (CI) m/e 230 (M++H); HRMS (CI)
calcd for C13H28NO2 (M++H): 230.2120, found: 230.2119.

4.3.8. Methyl 2-(3-butenyl)pyrrolidinecarboxylate (7).
Prepared from cation pool 2 generated from 1 (56.4 mg,
0.28 mmol), hexabutyldistannane (0.19 mL, 0.375 mmol),
and cyclopropylmethyl iodide (227.5 mg, 1.25 mmol), and
then purified by flash chromatography (hexane/EtOAc 9:1)
and GPC to obtain the title compound (5.5 mg,
0.030 mmol, 11% yield): 1H NMR (400 MHz, CDCl3)
d 1.30–2.11 (m, 8H), 3.28–3.47 (m, 2H), 3.74–3.88 (m,
1H), 4.88–5.11 (m, 2H), 5.72–5.88 (m, 1H); 13C NMR
(100 MHz, CDCl3) d 22.9 and 23.8, 29.8 and 30.4, 33.0
and 33.5, 46.2, 52.0, 56.8 and 57.4, 114.5, 138.2, 155.6;
IR (neat) 2953.9, 1701.4, 733.0 cm�1; LRMS (EI) m/e 183
(M+); HRMS (EI) calcd for C10H17NO2 (M+): 183.1259,
found: 183.1256.

4.3.9. Methyl 2-(cyclopropylmethyl)pyrrolidine-
carboxylate (8). Prepared from cation pool 2 generated from
1 (56.4 mg, 0.28 mmol), hexabutyldistannane (0.19 mL,
0.375 mmol), and cyclopropylmethyl iodide (227.5 mg,
1.25 mmol), and then purified by flash chromatography
(hexane/EtOAc 9:1) and GPC to obtain the title compound
(22.0 mg, 0.12 mmol, 42% yield). 1H NMR (400 MHz,
CDCl3) d 0.01–0.16 (m, 2H), 0.37–0.50 (m, 2H), 0.54–
0.67 (m, 1H), 1.33–1.46 and 1.49–1.59 (m, 2H), 1.77–2.03
(m, 4H), 3.29–3.51 (m, 2H), 3.67 (s, 3H), 3.80–3.99 (m,
1H); 13C NMR (100 MHz, CDCl3) d 4.3, 5.2, 8.3, 23.5 and
24.3, 30.2 and 30.9, 38.7 and 39.6, 46.6, 52.4, 58.0 and
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58.5, 155.8; IR (neat) 2955.3, 1703.4 cm�1; LRMS (CI) m/e
184 (M++H); HRMS (CI) calcd for C10H18NO2 (M++H):
184.1338, found: 184.1339.

4.3.10. Methyl 2-heptylpiperidinecarboxylate. Prepared
from cation pool generated from methyl piperidinecar-
boxylate (60.3 mg, 0.28 mmol), 1-iodoheptane (0.20 mL,
1.25 mmol), and hexabutyldistannane (0.19 mL, 0.375
mmol), and then purified by flash chromatography (hex-
ane/EtOAc 9:1) and GPC to obtain the title compound
(23.7 mg, 0.098 mmol, 35% yield): 1H NMR (400 MHz,
CDCl3) d 0.88 (t, J¼6.8 Hz, 3H), 1.14–1.33 (m, 10H),
1.33–1.71 (m, 8H), 2.74–2.87 (m, 1H), 3.67 (s, 3H), 3.90–
4.06 (m, 1H), 4.14–4.27 (m, 1H); 13C NMR (120 MHz,
CDCl3) d 14.1, 18.9, 22.6, 25.6, 26.2, 28.3, 29.3, 29.5,
29.5, 31.8, 40.0, 50.7, 52.3, 156.3; IR (neat) 2930.2,
2856.9, 1701.4 cm�1; LRMS (CI) m/e 242 (M++H);
HRMS (CI) calcd for C14H28NO2 (M++H): 242.2115, found:
242.2120.

4.3.11. N,N0-Dimethoxycarbonyl-2,20-bipyrrolidine (4).
This compound was obtained by the reaction of 2 and
Bu3SnSnBu3 in the absence of an alkyl halide. The electrol-
ysis of 1 was carried out as described above. To the cation
pool 2 (0.056 M, 5.0 mL, 0.28 mmol) was added hexabutyl-
distannane (0.19 mL, 0.375 mmol) at �20 �C and the reac-
tion mixture was stirred for 5 h at the same temperature.
Triethylamine (0.25 mL) was added to stirred solution at
�20 �C and the resulting mixture was warmed to room tem-
perature. Solvent was removed under reduced pressure and
the residue was quickly filtered through a short column
(10 cm) of silica gel to remove Bu4NBF4. The silica gel
was washed with ether (150 mL). Then, the crude product
thus obtained was purified using flash chromatography (hex-
ane/EtOAc 9:1) and GPC to obtain the title compound
(29.3 mg, 0.114 mmol, 82% yield), which was identified
by comparison of its 1H NMR spectrum with that of an
authentic sample reported previously.14

4.3.12. DFT calculations. The DFT calculations were
carried out with model compounds (methyl dimethylamine
carboxylate, the radical-cation, radical, and cation derived
from it at B3LYP/6-31G(d) level using the Gaussian 98W
and 2003W.18 Geometries were fully optimized. All the
optimized geometries were local minima according to the
vibration analysis.
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Organolithiums by reductive lithiation: the catalytic aromatic
method versus the use of preformed aromatic radical-anions.
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Abstract—Two common modes, using aromatic radical-anions for reductive lithiation, the replacement of a C–heteroatom bond with a C–Li
bond, have been compared with regard to yield and the mildness of reaction conditions required. It was found that the use of preformed radical-
anions generally resulted in higher yields and milder reaction conditions than the ‘catalytic’ method in which catalytic amounts of the aromatic
compound are used and the radical-anion is generated and used in situ. The one apparent exception is N-phenylaziridine, but it is shown that in
this case the aromatic compound, naphthalene, is actually an inhibitor rather than a catalyst. Rational mechanistic explanations are given.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Since its introduction in 1978,2,3 reductive lithiation of phenyl
thioethers using aromatic radical-anions has been demon-
strated to be one of the most versatile methods known for
generating organolithiums.4,5 A number of other leaving
groups, such as halides,6 sulfones,7 sulfates,8 nitriles,9 sele-
nides,10 allylic and benzylic ethers,11,12 sulfides,13 amines,13

and acetals,14 have also been used but they have been con-
siderably less versatile than the phenylthio group.15 An im-
portant advantage of reductive lithiation is that unlike the
most conventional method of organolithium preparation, re-
moval of an electrophile such as H+, I+, R3Sn+, etc. by another
organolithium, it is often the case that the less stable the
organolithium, the greater the ease of its generation by reduc-
tive lithiation. The reason is that the mechanism involves the
transfer of an electron from the aromatic radical-anion to the
substrate followed by a homolytic cleavage of the bond
between the organic moiety and the leaving group.16 Since
this step is rate determining, the rate of the reaction is deter-
mined largely by the stability of the intermediate radical,
rather than that of the carbanion, to which the radical is rap-
idly reduced. Thus, it is an extremely general method of orga-
nolithium production especially since phenyl thioethers are
available by a wide variety of synthetic methods, many of

* See Ref. 1.
Keywords: Reductive lithiation; Aromatic catalysis; Radical-anions; Di-
anions; Organolithium.
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them connective. Another considerable advantage is that
the aromatic and the thiophenol are recoverable and thus
a stoichiometric amount of lithium metal is the only reagent
that is destroyed, making this the most economical method
available since lithium is far less expensive than any organic
form of lithium.

In the earliest reports of the reductive lithiation of phenyl thio-
ethers,2 a stoichiometric quantity of lithium naphthalenide
was used but in several cases, a sub-stoichiometric quantity
of naphthalene was used along with a stoichiometric quantity
of lithium metal. The latter conditions were successful in re-
ducing the amount of naphthalene that had to be removed
from the desired product but the reductive lithiations required
higher temperatures and longer reaction times.

In 1980, a report from this laboratory indicated a solution
to the problem of removal of the aromatic hydrocarbon.17

When lithium 1-(dimethylamino)naphthalenide (LDMAN 1,
Scheme 1) was used as the reducing agent, the basic aromatic
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byproduct 2 could be removed and recovered by washing
the reaction mixture with dilute acid. An additional advan-
tage of the use of LDMAN is that it can be used in solvents
other than THF, the solvent universally used in synthetic
procedures involving aromatic lithium radical-anions.18

Because LDMAN 1 decomposes to 1-lithionaphthalene 4
above �45 �C,19 a ‘catalytic method’ was devised, which
allowed reactions with LDMAN to be performed with good
results at higher temperatures.17 Because of the great insta-
bility of aryl radicals, it was thought that the decomposition
of LDMAN at this low temperature was probably not due to
the homolytic cleavage of the bond between the ring carbon
atom and the heteroatom, the usual mode in radical-anion
decompositions.20 It was postulated instead that the aromatic
dianion 3 was generated in THF in an unfavorable equilib-
rium21 with the radical-anion 1 and was decomposing
directly to the relatively stable napthyl anion and the di-
methylamido anion 5 (Scheme 1).

Since DMAN 2 and Li metal react over a period of hours
to produce LDMAN while most reductive lithiations are
extremely rapid, it was reasoned that DMAN would act as
a conduit for electrons to the substrate undergoing reductive
lithiation and that the concentration of the radical-anion 1
would be extremely low until the reductive lithiation is com-
plete. Thus, the equilibrium in Scheme 1 would be driven
even further to the left, resulting in a negligible concentra-
tion of the unstable dianion 3 and consequently in a very
slow decomposition of LDMAN. This reasoning is appar-
ently correct as evidenced by the fact that the green-black
color of LDMAN only became evident when all of the
substrate thioether had reacted and by the ability, using
the catalytic method, of performing reductive lithiations
above �45 �C.17

The success of the next published use of the catalytic method
was more mixed. During a study in this laboratory of the
reductive lithiation, using lithium 4,40-di-tert-butylbiphenyl-
ide (LDBB), one of the most common aromatic radical-
anions,22 of oxetanes 6 to produce organolithiums 7 bearing
an oxyanionic group (Scheme 2), the catalytic aromatic
method, as expected from the above results and discussion,
took far longer than the method using preformed aromatic
radical-anion at the same temperature.23 However, the result
led to just as favorable an outcome with 6 (R¼Me) but with 6
(R¼H), the production of 7 (R¼H) was far less efficient, giv-
ing a lower yield of dianion than when preformed aromatic
radical-anion was used and leading to the production of con-
siderable 1-propanol. Undoubtedly, the propanol resulted
when the intermediate anion 7 (R¼H), during the long reac-
tion time required, removed a proton from the 2-position
of the sterically unhindered oxetane, a known type of proton
loss for oxetanes.24 The steric hindrance provided by the
methyl groups of 6 (R¼Me) apparently saved it from this
fate.
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Li OLi
R R
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Scheme 2.
More recently, Yus and his co-workers in Spain introduced
the use of the catalytic aromatic method, in a mode some-
what different than that used previously, for the reductive
lithiation of some primary alkyl chlorides and two alkyl
phenyl sulfides.25 In their work,26–28 a solution of the
substrate to be reduced in THF is mixed with 1–5 mol %
of the aromatic compound, usually naphthalene or 4,40-di-
tert-butylbiphenyl (DBB), and a large excess of lithium
powder, usually a 4–7-fold molar excess. In their exten-
sive and impressive publications on this topic, they have
demonstrated that a large variety of organic compounds
can be reductively lithiated, and that this method eases
the separation of the aromatic byproduct from the reaction
product.25–28

In a number of these papers, the claim is made that this
version of the catalytic aromatic method (which we abbrevi-
ate CA), in which the radical-anion is continually generated
and rapidly destroyed by electron transfer to the substrate,
is far more powerful than the use of a stoichiometric amount
of preformed aromatic radical-anion (PAR).26,29–32 For
example, ‘‘above all, the catalytic version is far more reac-
tive, so it is possible to perform new lithiation reac-
tions, which do not work when a lithiation-arene is used as
lithiation agent’’29a and ‘‘in the catalytic version, yields are
better, reaction times are far shorter, the reactions are very
clean.’’26a

This assertion seemed unlikely to us based on the experi-
mental results enumerated above and some other results
from our laboratory, heretofore only reported in a thesis
(see below). The theoretical basis also appears inconsistent
with our experience that radical-anion formation is virtually
always slower than the reductive lithiation, as mentioned
above. Thus, in most cases the rate-determining step for
the reductive lithiation would be the transfer of an electron
from the surface of the metal to the aromatic catalyst. The
net result would be that, as found in the published work
described above, the process of reductive lithiation would
be slower at any given temperature than the process using
preformed radical-anion. As again indicated above, such
longer reaction times can in some cases translate into
destruction of some organolithium compounds. Of course,
damage is minimized in the Yus protocol in which the
radical-anion formation is accelerated by supplying the
lithium as a powder instead of larger chunks with less sur-
face area and by the use of a very large excess of lithium.
Nonetheless, the rate-determining step is still the electron
transfer to the aromatic catalyst as evidenced by the fact
that, as in the use of the catalytic method with LDMAN
mentioned above,17 the color of the radical-anion does not
appear until all of the reduction substrate has been con-
sumed.25,29,33

The mechanistic explanation suggested30 to account for the
purported superiority of the CA method is that there is
a greater concentration of aromatic dianion during reduction
by the CA method than that by the PAR method and that the
dianion is expected to be a more powerful reducing agent.
However, it seems to us that there should be a far lower con-
centration of aromatic dianion in the CA method than in the
PAR method for the reasons in our earlier paper17 that are
outlined in the discussion above pertaining to Scheme 1.
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For example, in that scheme, the concentration of dianion 3
is given by the expression: [3]¼K[1]2/[2] where 1 is the
radical-anion and 2 is the neutral aromatic. Thus, in the
case of preformed aromatic radical-anion, the concentration
of dianion is at the maximum since virtually all of the aro-
matic compound is in the form of the radical-anion and the
concentration of neutral aromatic is negligible. On the other
hand, in the CA method, the concentration of dianion is min-
imal since the rapid transfer of an electron from the slowly
formed radical-anion to the substrate maintains a negligible
concentration of radical-anion and virtually all of the aro-
matic compound is in the neutral form; this is clearly indi-
cated by the fact that the color of the radical-anion appears
only after the substrate has been consumed.25,29,33

Presumably, these claims of the greater power of the CA
method are at least partly responsible for the choice that
most groups now make to adopt it in new work as indicated
in recent reviews of Yus.26,34 On the other hand, if this supe-
riority is found to be unsubstantiated, the choice as to which
of the two modes of reductive lithiation is appropriate in
a given case should be made on other grounds. The present
study was performed to directly compare the PAR and CA
methods by conducting reactions using both methods to
determine the relative advantages of each.

2. Results and discussion

2.1. Reductive lithiation of 2-methyl-1-(phenylthio)-
cyclohexene

In work that we had performed 15 years ago, but was hereto-
fore only reported in a thesis because its significance was not
obvious at the time,1 evidence for a decreased yield using the
catalytic method rather than PAR method was found in the re-
ductive lithiation of 2-methyl-1-(phenylthio)cyclohexene 8
for 8 h at �78 �C (Scheme 3), followed by quenching with
various electrophiles. The use of a slightly greater than stoi-
chiometric amount of LDBB gave yields of 80%, 71%, and
71%, respectively, of products 9 when the vinyllithium was
quenched with cyclohexanecarboxaldehyde, n-hexyl iodide,
and allyl bromide. When the same reaction was performed
using a slight excess of lithium and only 20% of the stoichio-
metric amount of DBB, the yields were 54%, 50%, and
52%, respectively. Thus, in this case as in those described
in Section 1, preformed aromatic radical-anion gave better
yields than the use of the same quantity of Li but a con-
siderably sub-stoichiometric quantity of the aromatic hydro-
carbon.

SPh E1. Li/DBB or LDBB
2. E+

8 9

Scheme 3.

2.2. Reductive lithiation of acrolein diethyl acetal

In 1994, a report32 appeared in which acrolein diethyl acetal
10 was reductively lithiated via the CA method at 0 �C in
the presence of various carbonyl compounds that captured
the resulting allylic lithioether 12 (the Barbier method35)
to give 34–40% yields of alcohols. Scheme 4 shows one
example. Significantly, it was stated that no reduction oc-
curred at �40 �C and that if the carbonyl compound were
added after the reductive lithiation, the yields were greatly
reduced due to decomposition of the allyl anionic inter-
mediate.

t-BuCHO
EtO

EtO
+

1. Li (4 fold excess), DBB
    (0.05 eq), THF, 0 °C
2. H2O

t-Bu
OEt

OH

Z:E = 7:134%

10

EtO

11

_
Li+

12

Scheme 4.

This caught our attention for two cogent reasons. First,
a previous publication from our laboratory had reported
the reductive lithiation of an analogous acrolein acetal 13
at �75 �C using the PRA method to deliver a far higher
yield of trapped product 15 (Scheme 5).12 Second, the
anions of allyl ethers such at 12 are known to undergo the
Wittig rearrangement, the probable cause of the reported32

instability of 12, at temperatures as low as �25 �C,36 thus
making it imperative to work at a lower temperature; a com-
parison of Schemes 4 and 5 made it appear that this would
be possible only by using the PAR method, as discussed
above.

Thus, the substrate 10 was subjected to the PAR con-
ditions. It was found (Scheme 6) that the reductive cleav-
age occurred smoothly at �50 �C to provide the anion
12, which was trapped with the same aldehyde to provide
a 70% yield of 11 with higher stereoselectivity than that
reported using the CA method under the required Barbier
conditions and higher temperature.37 Attempts to cleave
10 with Li powder in the absence of DBB failed, indicat-
ing as expected that the aromatic hydrocarbon indeed acts
as a catalyst in this reductive lithiation. This case is an
excellent demonstration that in cases in which the carban-
ion being produced by reductive lithiation is unstable, the
use of preformed aromatic radical-anion is preferable to
the catalytic method even with a large excess of lithium
powder (compare Schemes 4 and 6). It seems likely that
a more recent reductive lithiation of a related acetal of
acrolein38 using the CA method could have also benefited
by the use of a stoichiometric quantity of preformed
LDBB.

2.3. Reductive lithiation of 6-chloro-6-methyl-1-heptene

In 2002, a report appeared that the reductive lithiation of
6-chloro-6-methyl-1-heptene 16 using the CA method at
�78 �C gave an anion that cyclized at higher temperatures
but that the cyclization product could be trapped by 2-penta-
none only under very special conditions, namely Barbier
mode at 0 �C (76% yield) or in a two-step process at �30 �C
(75% yield).39 The anion 17 was reported to be unstable
at �78 �C (Scheme 7).
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This report surprised us since we had performed a reductive
lithiation of the phenylthio analogue 20 of 16 at�78 �C and
found that the reductive lithiation and cyclization, after
warming 17 to �50 �C, occurred smoothly under the usual
PAR conditions to provide a 94% yield of trapped product
2140 (Scheme 8).

PhS LiLDBB
-78 °C 

SC6H4Me-pLi

20 17

18 21

-78 °C 

(p-MeC6H4S)2

to -50 °C 

-78 °C 
94%,

Scheme 8.

In order to make a direct comparison with the published CA
method, the tertiary alkyl chloride 16 was treated with LDBB
at three temperatures and the cyclized organolithium 18 was
treated with 3-pentanone to provide the alcohol 19. From the
results in Scheme 9, it is clear that the reductive lithiation
product 17 of 16 does not cyclize rapidly at �78 �C but
that it cyclizes smoothly at�50 �C to give an excellent yield
of trapped product. In order to test the possibility that higher
temperatures would cause destruction of the intermediate
organolithiums, the experiment was repeated at �30 �C
and the yield was found to drop slightly, indicating that lower
temperatures are preferred for reductive lithiations. These are
generally better attainable by the PAR mode as discussed

EtO

EtO
1. 2.2 eq LDBB, THF
   -75 °C, 90 min

Bu
OEt

OH
70%
Z only

10

2. t-BuCHO
    30 min

Scheme 6.
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Scheme 9.
above. Once again, the importance of the presence of DBB
was tested by performing the reductive lithiation at �30 �C
without DBB and the yield merely fell to 53%, thus indicat-
ing that in this particular case, the catalyst is not absolutely
essential.

Unfortunately, this apparent comparison of the CA and PAR
methods became somewhat less meaningful when a more re-
cent paper41 by the Spanish group revealed that the structure
16 in their preliminary communication,39 was in error and
that the real compound used was 6-chloro-6-ethyl-1-octene
(terminal ethyl groups rather than methyls). Nevertheless,
the results in Scheme 9 do indicate that tertiary organo-
lithiums can be readily generated by reductive lithiation of
the chloride using the PAR method, just as had occurred
with the corresponding phenyl thioether at very low temper-
atures and that this carbanion cyclizes at �50 �C to give
an excellent yield of cyclized organolithium. It is also
clear (Scheme 8) that the tertiary carbanion is not unstable
at �78 �C as the corresponding tertiary carbanion from CA
reductive lithiation of 6-chloro-6-ethyl-1-octene is reported
to be.39,41 It seems likely that the latter carbanion does not
necessarily remove a proton from the THF at that tempera-
ture as suggested, but that the hindered carbanion abstracts
an a-proton from the trapping agent, 3-pentanone, instead;
the alternative reaction of the carbanion with the carbonyl
group would yield a very highly congested di-tertiary C–C
bond.

2.4. Reductive cleavage of anisole

A report of the reductive cleavage of anisole 22 at the alkyl
C–O bond at room temperature using CA conditions (14-
molecular equiv of Li and 0.05 equiv of DBB) yielded
80% of 23, the product of capture of the methyllithium by
benzaldehyde (Scheme 10).42 This paper indicated that the
PAR conditions were somewhat inferior but the conditions
of the comparison were somewhat nebulous, particularly be-
cause room temperature was apparently used and we have
found that LDBB is unstable above 0 �C.43

+ CH3Li PhCHO

O

conditions

22

OLi OH

23

Scheme 10.

We therefore, undertook a comparison of the two methods at
0 �C for 2 h. The results were striking. The CA method
(same conditions as above but at 0 �C) yielded 30% of 23
while the PAR method provided 87% of 23. Using 14 equiv
of Li but no DBB gave no product. Thus, the reaction is
clearly faster using preformed stoichiometric LDBB than
using the catalytic method even with the use of a large excess
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of the metal. This is consistent with our preconceived
notions as indicated in Section 1.

2.5. Reductive cleavage of 2,3-benzofuran

The reductive lithiation of 2,3-benzofuran 24 with an excess
of lithium in the presence of DBB was reported to give the
result shown in Scheme 11.44 Other electrophiles were
also used. It occurred to us that the LUMO of 24 may be
lower in energy than that of DBB and that the electron trans-
fer might occur directly from the metal to 24, thus obviating
the requirement for the purported catalyst, DBB. Indeed,
when the reported conditions were duplicated, but in the ab-
sence of DBB, a 91% yield of 26 was generated. It is thus
doubtful that DBB serves as a catalyst when the CA method
is attempted.

O

Li (10 eq), 0 °C
DBB (0.1 eq ) Li

H2O

or D2O H(D)

24 25

26 93%

45 min OLi

OH

Scheme 11.

2.6. Reductive cleavage of N-phenylaziridine

In some of the papers in which the claim is made that the cata-
lytic method is more powerful than the stoichiometric
method, there is a reference to a report of the reductive cleav-
age of N-phenylaziridine by the CA method as shown in
Scheme 12.45 Other electrophiles were used as well. There
is a statement in that paper that aziridines do not undergo re-
ductive opening by lithioarenes at low temperature. Since the
type of aziridine and the reaction conditions were not in-
cluded in the paper, we decided to directly compare the CA
and PAR methods as applied to the reductive cleavage of
N-phenylaziridine 27. To our initial surprise, lithium naph-
thalenide (LN) did not cause the cleavage of 27 at the temper-
ature and in the time reported in Scheme 12; only the starting
material was recovered. A repetition of the literature proce-
dure (Scheme 12)45 did indeed produce the reported result.
This result appeared to support the claim that the CA method
is more powerful than the PAR method. However, for the rea-
sons stated in Section 1, it seemed highly unlikely that the
method using naphthalene as a catalyst could lead to a faster
reductive cleavage than the use of preformed lithium naph-
thalenide.

N N Li
Li

H2O NH
93%

27 28

29

10 eq Li
0.1 eq Naph
 -78 °C, 6 h

Scheme 12.

A possible alternative explanation for these experimental re-
sults is illustrated in Scheme 13. The transfer of an electron
from the surface of the lithium occurs more rapidly to the
N-phenylaziridine 27 than to the naphthalene but in the pres-
ence of the latter, the resulting radical-anion 30 can rapidly
transfer an electron to the naphthalene to generate the more
thermodynamically stable naphthalenide radical-anion 31.
In other words, the radical-anion 30 is the kinetic product
of electron transfer from the lithium but the naphthalenide
ion 31 is the thermodynamic radical-anion as indicated by
the inequality of the arrows leading from 30 and naphthalene
to 27 and 31. Since 30 is the immediate precursor of the ring-
opened product 32, its concentration is directly proportional
to the rate of ring cleavage. The higher the concentration of
naphthalene, the lower is the rate of ring cleavage. By behav-
ing as a sink for electrons, naphthalene reduces the concen-
tration of 30, and thus inhibits the reductive ring opening. If
this reasoning is correct, the aziridine should open at�78 �C
even in the absence of the naphthalene ‘catalyst.’ In fact,
naphthalene in this specific case should behave as an inhibi-
tor rather than a catalyst.

N Li N

N
NLi LiNLi

Li+

Li+

+
–

+

+
–

kinetic radical-anion

thermodynamic 
radical-anion

fast

27 30

32 28

31

Li
27

Scheme 13.

This hypothesis was tested first by attempting the cleavage
of 27 with lithium in the absence of naphthalene. The result
was quantitative ring opening within the 6 h test period at
�78 �C (entry 2, Table 1). Thus, as predicted, naphthalene
is not required and, in fact, the yield in its absence was some-
what higher than the 90% in the presence of 0.1 equiv of
naphthalene (entry 3). In order to test the prediction that
naphthalene is an inhibitor, reductive cleavages were per-
formed with the usual 5-fold excess (10 equiv) of lithium
with 1.0 equiv and 10 equiv of naphthalene. As seen in
entries 2–5, the larger the quantity of naphthalene the lower
the yield. Thus, naphthalene is indeed an inhibitor. The
inability of LN to reductively cleave N-phenylaziridine is
understandable on the basis of the unfavorable position of
the equilibrium in which an electron is transferred from the
naphthalenide ion 31 to 27 (Scheme 13).

The reason that N-phenylaziridine accepts an electron more
rapidly from lithium than naphthalene does is not known but
this finding is consistent with our experience that 1-(N,N-
dimethylamino)naphthalene forms a lithium radical-anion
at�45 �C somewhat faster46 than naphthalene does2 at room
temperature. One can speculate that the amino group com-
plexes with a lithium cation on the surface of the metal

Table 1. Reductive cleavage of N-phenylaziridinea

Entry Reagents Yield%

1 2.2 equiv LN 0
2 10 equiv Li 100
3 10 equiv Li, 0.1 equiv Np 90
4 10 equiv Li, 1.0 equiv Np 76
5 10 equiv Li, 10.1 equiv Np 16

a All reactions were performed at �78 �C for 6 h in THF.
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thus increasing the electrophilicity of the ring while at the
same time increasing the electron donating power of the
metal surface, leading to a more rapid transfer of an electron
to the pi system of the aromatic. Further studies of this phe-
nomenon and its practical applications are now underway in
this laboratory.

3. Conclusions

Yus and his group have made an important contribution to
the practice of reductive lithiation using lithium radical-
anions as a method of cleavage of bonds between carbon and
various heteroatoms to produce organolithiums by develop-
ing the version, abbreviated in this paper as the CA method,
in which a large excess of finely divided lithium is used in
the presence of a catalytic amount of naphthalene or 4,40-
di-tert-butylbiphenyl. In extensive publications, they have
demonstrated the wide generality of this procedure that
can significantly ease the problem of separating the aromatic
byproduct of the reductive lithiation from the cleavage prod-
uct. Another advantage that has to our knowledge only been
used once17 in a different version in which a stoichiometric
amount of lithium is used along with a catalytic amount of
aromatic in order to maintain a low concentration of the
aromatic dianion, when this species can do damage; this is
discussed in Section 1.

In the present work, we have demonstrated a major disadvan-
tage of the CA method that should be weighed against its ad-
vantages in deciding whether to use that method or the PAR
method, involving a stoichiometric quantity of preformed
aromatic radical-anion, for performing reductive lithiations.
The disadvantage of the CA method is that at any given
temperature, the catalytic method is slower than that using a
stoichiometric amount of preformed aromatic radical-anion.
This is illustrated in all of the cases compared above but most
vividly by the large decrease in yield in the reductive cleav-
age of anisole in going from the PAR to the CA method in ex-
periments with the same limited duration. In some cases this
lower rate may not be a highly significant disadvantage, par-
ticularly when the organolithium being produced is stable
under the reaction conditions and some of the reductive
lithiations that the Yus group have performed proceed in
good yields. However, in cases in which the organolithium
is not entirely stable to the reaction conditions, significant
decreases in yield are observed in going from the PAR to
the CA method. Examples are the reductive lithiation of
acrolein acetals to produce allylic a-lithioethers that are
capable of undergoing the Wittig rearrangement and of ter-
tiary alkyl chlorides that can undergo elimination in the pres-
ence of the tertiary organolithium products.

Furthermore, some compounds previously believed to un-
dergo catalytic reductive lithiation, such as 2,3-benzofuran
24, pick up an electron and cleave as fast in the absence as
in the presence of the aromatic catalyst. This is not surpris-
ing as the radical-anion derived from this substrate has
extensive delocalization, probably greater than that in the
LDBB that would be the intermediate radical-anion if the
catalytic process was indeed occurring.

A far more surprising and significant result is that the re-
ductive cleavage of N-phenylaziridine 27 not only does not
require naphthalene as a catalyst but the naphthalene is actu-
ally an inhibitor of the reductive lithiation. Apparently, this
substrate forms a radical-anion 30 by reaction with lithium
more rapidly than naphthalene does but the radical-
anion 31 from naphthalene is more thermodynamically
stable than that of 30 from N-phenylaziridine. Thus, the
aromatic compound can behave as a catalyst, an unnecessary
additive or an inhibitor, depending on the specific substrate.

Finally, one other disadvantage of the CA method should be
mentioned. Lithium metal is the most expensive ingredient
used in reductive lithiations since the aromatic compound
can easily be recovered and recycled. The large excess of
lithium used could become an economic liability as well
as something of a safely hazard, especially in an industrial
setting. The expense is especially onerous considering that
the cost of lithium powder from Aldrich is almost six times
the cost of the ribbon that we ordinarily use to make pre-
formed radical-anion.

4. Experimental

4.1. General

All reactions were performed under an argon atmosphere in
oven-dried (110 �C) flasks and standard precautions against
moisture were taken. A dry ice/acetone bath was used to ob-
tain a temperature of�78 �C. An ice bath was used to obtain
0 �C. Silica gel 60 (40–60 mm, Sorbent Technologies) was
used for flash column chromatography. Thin-layer chromato-
graphy was performed on glass supported 250-mm silica GF
plates (Analtech). Visualization of TLC plates was accom-
plished with one or more of the following: 254 nm UV light,
aqueous KMnO4 (1%) with NaOH (0.1%) and K2CO3 (6%).
Commercial solvents and reagents were used as received
with the following exceptions. Tetrahydrofuran (THF) and
diethyl ether were distilled over sodium benzophenone ketyl.
Most reagents were commercially available from Sigma-
Aldrich or Acros. Lithium dispersion was commercially
available from Alfa, 30% in paraffin. 1H and 13C NMR spec-
tra were recorded on Bruker DPX-300 spectrometer operat-
ing at 300 MHz for 1H and 75 MHz for 13C at 22 �C unless
otherwise noted. Chemical shift data are reported in units
of d (ppm) using CHCl3 as the internal standard: d¼7.27
for 1H NMR spectra and d¼77.09 for 13C NMR spectra unless
indicated otherwise. Multiplicities are given as s (singlet),
d (doublet), t (triplet), q (quartet), m (multiplet), and br
(broad). Coupling constants, J, are reported in Hertz.

4.1.1. Reductive lithiation of 1-phenylthio-2-methyl-
cyclohex-1-ene (8).

4.1.1.1. Reductive lithiation of 1-phenylthio-2-methyl-
cyclohex-1-ene (8) with preformed LDBB. To a solution of
LDBB47 (5.25 mL of a 0.40 M solution in THF, 2.1 mmol) at
�78 �C, 1-phenylthio-2-methylcyclohex-1-ene (8, 0.204 g,
1.00 mmol) in THF (2 mL) was slowly added via syringe
pump over a 0.50 h period. The deep blue-green reaction
mixture was stirred at �78 �C for 8 h during which time
the color slowly changed to red. Cyclohexanecarboxalde-
hyde (0.133 mL, 0.123 g, 1.10 mmol) (or 1-iodohexane or
allyl bromide) in THF (2 mL) was added dropwise until
the mixture turned yellow. The reaction was quenched at
�78 �C with brine and was allowed to warm to room
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temperature. The reaction mixture was extracted with ether
(3�20 mL) and the combined extract was washed with
10% NaOH (3�10 mL, or at least until all of the thiophenol
was removed) and brine. The organic layer was dried over
MgSO4 and the solvent was removed by rotary evaporation.
Radial chromatography (4 mm rotor) with hexane was used
to recover DBB from the reaction mixture, followed by 20%
ethyl acetate in hexane to give the desired product.

9a: E+¼cyclohexanecarboxaldehyde, 80%, 1H NMR
(CDCl3) d 4.23 (d, J¼9.2 Hz, 1H), 2.07–2.17 (m, 2H),
1.97 (m, 1H), 1.70–1.87 (m, 2H), 0.75–1.64 (m, 18H). 13C
NMR (CDCl3) d 130.9, 130.0, 75.4, 41.1, 32.4, 30.3, 29.0,
26.6, 26.2, 26.0, 23.1, 22.8, 19.2. MS m/e exact mass calcu-
lated for C14H240 208.1827, found 208.1827. IR (thin film)
3378 (s), 2924 (s), 2851 (s), 1449 (s), 1273 (m), 1261 (m),
1076 (m), 999 (m) cm�1.

9b: E+¼iodohexane, 71%, 1H NMR (CDCl3) d 1.96–2.03
(m, 6H), 1.64 (s, 3H), 1.60–1.62 (m, 4H), 1.31–1.32 (m,
8H), 0.93 (t, J¼6.4 Hz, 3H). 13C NMR (CDCl3) d 130.4,
125.7, 33.6, 32.0, 29.7, 29.6, 28.4, 23.7, 23.5, 22.8, 19.1,
14.2. MS m/e exact mass calculated for C13H24 180.1878,
found 180.1876. IR (thin film) 2924 (s), 1459 (s), 1354 (s),
1141(w) cm�1.

9c: E+¼allyl bromide, 71%, 1H NMR (CDCl3) d 5.69–5.82
(m, 1H), 4.93–5.02 (m, 2H), 2.73 (d, J¼6.28 Hz, 2H),
1.81–1.93 (m, 4H), 1.61 (s, 3H), 1.54 –1.59 (m, 4H). MS
exact mass calculated for C10H16 136.1252, found 136.1252.
IR (thin film) 3078 (w), 2926 (s), 1638 (m), 1438 (m), 992
(m), 909 (m) cm�1.

4.1.1.2. Reductive lithiation of (8) with lithium in
the presence of a deficiency of DBB. To a mixture of
DBB (100 mg, 0.40 mmol) and lithium powder (21 mg,
2.4 mmol) in 2 mL of THF at�78 �C, 1-phenylthio-2-methyl-
cyclohex-1-ene (1, 0.204 g, 1.00 mmol) in THF (2 mL) were
slowly added via syringe pump over a 2 h period. The reaction
mixture was stirred for an additional 6 h. Cyclohexanecarbox-
aldehyde (0.133 mL, 0.123 g, 1.10 mmol) (or iodohexane or
allyl bromide) in THF (2 mL) was added dropwise and
worked-up as described in the procedure above.

9a: 54%; 9b: 50%; 9c: 52%.

4.1.2. Reductive lithiation of acrolein diethyl acetal (10).
4.1.2.1. Reductive lithiation of 10 with preformed

LDBB. To a stirred solution of LDBB (4.00 mmol) under
argon at �78 �C, acrolein diethyl acetal (10, 0.31 mL,
2.1 mmol) was added dropwise over a period of 5 min. Since
no new spot except starting material was observed on TLC
for the reaction at�78 �C, the reaction mixture was allowed
to warm to �50 �C, where it was stirred for 90 min. Pivalal-
dehyde (180 mg, 0.23 mL, 2.1 mmol) was then added drop-
wise to the reaction flask and the mixture was allowed to
stir at �50 �C for an additional 30 min. Ice-water (10 mL)
was added to quench the reaction. The resulting mixture
was extracted with ether (3�20 mL), and the combined ex-
tract was dried over anhydrous MgSO4, filtered, and concen-
trated by solvent removal by rotary evaporation. Column
chromatography, with 10% ethyl acetate in hexanes, afforded
the pure product Z-1-ethoxy-5,5-dimethylhex-1-ene-4-ol 11
(0.27 g, 70%). 1H NMR (CDCl3): d 6.20 (dt, J¼6.0, 1.5 Hz,
1H), 4.55 (ddd, J¼6.9, 6.3, 6.0 Hz, 1H), 3.90 (q, J¼7.0 Hz,
2H), 3.31 (1H, m), 2.28 (2H, m), 2.02 (1H, br s), 1.34 (t,
J¼7.0 Hz, 3H), 1.0 (9H, s). 13C NMR (CDCl3) d 146.5,
103.4, 78.9, 67.3, 34.4, 26.3, 25.2, 14.9. These spectral data
are consistent with those reported in the literature.32

4.1.2.2. Reductive lithiation of 10 with lithium in the
absence of DBB. Li (dispersion, 460 mg, 20.0 mmol) was
washed with three 10.0 mL portions of hexane in a 100 mL
three-necked flask under argon. THF (10.0 mL) and acrolein
dimethyl acetal (10, 260 mg, 2.00 mmol) were added under
argon at 0 �C. After being stirred for 90 min at that tempera-
ture, the mixture was cooled to �78 �C and pivalaldehyde
(180 mg, 0.23 mL, 2.10 mmol) was added dropwise to the re-
action flask and the mixture was allowed to stir at�50 �C for
an additional 30 min. Ice-water (20.0 mL) was slowly added
to quench the reaction. The resulting mixture was extracted
with ether (3�20 mL) and the organic layer was dried over
anhydrous MgSO4 and concentrated by solvent removal.
The residue was starting material acrolein diethyl acetal by
crude NMR analysis.

4.1.3. Reductive lithiation of 6-chloro-6-methyl-1-hept-
ene48 (16).

4.1.3.1. Reductive lithiation of 16 with preformed
LDBB. To a stirred solution of LDBB (4.0 mmol) under
argon at �78 �C, 6-chloro-6-methyl-1-heptene (16, 0.27 g,
1.9 mmol) was added dropwise over a period of 5 min. The
reaction mixture was allowed to warm to �50 �C, where
it was stirred for 120 min. 3-Pentanone (180 mg, 2.1 mmol)
was added dropwise to the reaction flask and the mixture
was allowed to stir at �50 �C for an additional 30 min.
Sodium bicarbonate was added to quench the reaction and
the reaction vessel was allowed to warm to room temperature.
The resulting mixture was extracted with ether (3�20 mL),
and the combined extract was dried over anhydrous
MgSO4, filtered, and concentrated by solvent removal using
rotary evaporation. Column chromatography, with 5% ethyl
acetate in hexanes as eluent, afforded pure 3-(2,2-dimethyl-
cyclopentylmethyl)-pentan-3-ol 19 (0.34 g, 92%). 1H NMR
(CDCl3) d 2.0 (m, 1H), 1.30 (m, 12H), 0.96 (s, 3H), 0.85
(2t, J¼7.2 Hz, 6H), 0.71 (s, 3H); 13C NMR (CDCl3)
d 74.87, 44.20, 41.59, 41.03, 38.64, 31.95, 31.59, 30.87,
27.36, 21.34, 20.92, 8.03, 7.63. This compound was reported
by Yus,41 but no spectral data were provided.

Under the same conditions but at �30 �C, 0.32 g (86%) of
19 was obtained.

4.1.3.2. Reductive lithiation of 16 with lithium in the
absence of DBB. Li (dispersion, 460 mg, 20.0 mmol) was
washed with three 10.0 mL portions of hexane in a 100 mL
three-necked flask under argon. THF (10.0 mL) and 6-
chloro-6-methyl-1-heptene (16, 293 mg, 2.00 mmol) were
added under argon at �30 �C. After 2 h stirring at the same
temperature, the mixture was cooled to�78 �C and 3-penta-
none (180 mg, 2.10 mmol) was added dropwise to the reac-
tion flask and the mixture was allowed to stir at �78 �C for
an additional 30 min. Ice-water (20 mL) was added slowly
to quench the reaction and the reaction mixture was allowed
to warm to room temperature. The resulting mixture was
extracted with ether (3�20 mL) and the organic layer was
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dried over anhydrous MgSO4, filtered, and concentrated. The
residue was purified by column chromatography (5% ethyl
acetate in hexanes) to afford 19 (0.21 g, 53%).

4.1.4. Reductive lithiation of anisole (22).
4.1.4.1. Reductive lithiation of 22 with preformed

LDBB. A solution of freshly prepared LDBB (4.40 mmol)
in 10.0 mL of THF was cooled to 0 �C prior to the slow ad-
dition of anisole (22, 216 mg, 2.00 mmol) under argon over
a period of 5 min. The reaction mixture was stirred at the
same temperature for 2 h and was then cooled to �40 �C
and the reaction was quenched by dropwise addition of benz-
aldehyde (223 mg, 2.10 mmol). After the reaction mixture
had been further stirred for 30 min at �40 �C, the tempera-
ture was allowed to rise to room temperature over a period of
ca. 3 h and ice-water (20 mL) was added slowly. The result-
ing mixture was extracted with ether (3�20 mL), and the
organic layer was dried over anhydrous MgSO4 and con-
centrated by solvent removal. The residue was purified by
column chromatography (10% ethyl acetate in hexanes),
affording 1-phenylethanol 23 (212 mg, 87%). 1H NMR
(CDCl3) d 7.30 (m, 5H), 4.5 (q, J¼6.5 Hz, 1H), d 2.10 (s,
1H), 1.47 (d, J¼6.5 Hz, 3H); 13C NMR (CDCl3) d 145.75,
128.44, 127.41, 125.34, 70.33, 25.09. These NMR data com-
pared well with those in Ref. 42.

4.1.4.2. Reductive lithiation of 22 with lithium in the
presence of DBB. Li (dispersion, 644 mg, 28.0 mmol) was
washed with three 10 mL portions of hexane in a 100 mL
three-necked flask under argon. THF (10.0 mL), DBB
(53.2 mg, 0.20 mmol), and anisole (22, 216 mg, 2.00 mmol)
were added under argon at 0 �C. The reaction mixture
was stirred at that temperature for 2 h before it was cooled
to �40 �C and quenched by dropwise addition of benzalde-
hyde (223 mg, 2.10 mmol). After the reaction mixture had
been further stirred for 30 min at �40 �C, the temperature
was allowed to rise to room temperature over a period of
ca. 3 h and ice-water (20 mL) was added slowly. The result-
ing mixture was extracted with ether (3�20 mL), and the
organic layer was dried over anhydrous MgSO4 and con-
centrated by solvent removal. The residue was purified
by column chromatography (10% ethyl acetate in hexanes),
affording 1-phenylethanol 23 (73.0 mg, 30%).

4.1.4.3. Reductive lithiation of 22 with lithium in the
absence of DBB. Under otherwise identical conditions but
with no DBB, no 1-phenylethanol 23 was obtained.

4.1.5. Reductive lithiation of 2,3-benzofuran (24).
4.1.5.1. Reductive lithiation of 24 with lithium disper-

sion. Li (dispersion, 460 mg, 20.0 mmol) was washed with
three 10.0 mL portions of hexane in a 100 mL three-necked
flask under argon. THF (10.0 mL) and 2,3-benzofuran (24,
236 mg, 0.22 mL, 2.00 mmol) were added under argon at
0 �C. After being stirred for 45 min at that temperature, the
reaction mixture was cooled to �30 �C and ice-water
(20 mL) was added slowly to the resulting mixture. After
15 min, the reaction mixture was neutralized with 1.0 M hy-
drochloric acid (5 mL). The resulting mixture was extracted
with ether (3�20.0 mL), and the organic layer was dried over
anhydrous MgSO4 and concentrated by solvent removal. The
residue was purified by column chromatography (10% ethyl
acetate in hexanes), affording 2-vinylphenol 26 (218 mg,
91%). 1H NMR (CDCl3) d 7.38 (dd, J¼7.7, 1.7 Hz, 1H),
7.14 (td, J¼7.7, 1.1 Hz, 1H), 6.92 (m, 2H), 6.78 (dd,
J¼7.7, 1.1 Hz, 1H), 5.74 (dd, J¼17.7, 1.4 Hz, 1H), 5.36
(dd, J¼13.2, 1.4 Hz, 1H), 5.01 (s, 1H); 13C NMR (CDCl3)
d 152.58, 131.31, 128.84, 127.21, 124.79, 120.94, 115.81.
These NMR data compared well with those in Ref. 44.

When the above reaction was quenched with D2O (0.5 mL),
after the same workup procedure, 220 mg of deuterated 26
was obtained; yield 92% (30% cis- and 70% trans-isomer),
1H NMR (CDCl3) d 7.40 (dd, J¼7.7, 1.7 Hz, 1H), 7.16 (td,
J¼7.7, 1.1 Hz, 1H), 6.97 (m, 2H), 6.79 (dd, J¼7.7, 1.1 Hz,
1H), 5.75–5.69 (d, J¼17.7 Hz, 0.7H), 5.35–5.51 (d,
J¼11.2 Hz, 0.3H), 5.019 (s, 1H); 13C NMR (CDCl3)
d 152.78, 131.40, 128.86, 127.35, 124.84, 120.93, 115.85,
115.52, 115.20.

4.1.6. Reductive lithiation of N-phenylaziridine49,50 (27).
4.1.6.1. General procedure for reductive lithiation of

N-phenylaziridine (27) by the PAR method. A solution
of freshly prepared lithium naphthalenide (4.40 mmol) in
10 mL of THF was cooled to �78 �C prior to the slow addi-
tion of N-phenylaziridine (27, 238 mg, 2.00 mmol) under
argon. The reaction mixture was stirred at that temperature
for 6 h and the reaction was quenched by slow addition of
ice-water (20 mL). The resulting mixture was extracted
with ether (5�20 mL) and the organic layer was dried over
anhydrous Na2SO4 and concentrated by solvent removal.
The residue was purified by column chromatography (5%
ethyl acetate in hexanes), affording only starting material
27 and no 29.

4.1.6.2. General procedure for reductive lithiation of
N-phenylaziridine (27) by the CA method. Li (dispersion,
460 mg, 20.0 mmol) was washed with four 10 mL portions of
hexane in a 100 mL three-necked flask under argon. THF
(10 mL) was added and the reaction mixture was cooled
to �78 �C. N-Phenylaziridine (27, 238 mg, 2.00 mmol) and
naphthalene (0.05 equiv) were added under argon at the
same temperature. After the mixture had been stirred for
another 6 h at �78 �C, the reaction was quenched by add-
ing ice-water (20 mL) slowly. The resulting mixture was
extracted with ether (5�20 mL) and the organic layer was
dried over anhydrous Na2SO4 and concentrated by solvent
removal. The residue was purified by column chromato-
graphy (5% ethyl acetate in hexanes), affording N-ethylani-
line 29.

N-Ethylaniline 29: 1H NMR (CDCl3) d 7.36 (m, 2H), 6.88
(m, 1H), 6.79 (m, 2H), 3.37 (s, 1H), 3.11 (q, J¼7.1 Hz,
2H), 1.21 (t, J¼7.1 Hz, 3H); 13C NMR (CDCl3) d 148.38,
129.15, 117.12, 112.66, 38.37, 14.82. The spectral data are
consistent with those reported by Aldrich.
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33. Huerta, F. F.; Gómez, C.; Yus, M. Tetrahedron 1996, 52, 8333–
8340.

34. At least one other group has mentioned this assertion in expla-
nation of their use of the CA method: Manteca, I.; Etxarri, B.;
Ardeo, A.; Arrasate, S.; Osante, I.; Sotomayor, N.; Lete, E.
Tetrahedron 1998, 54, 12361–12378.

35. Blomberg, C. The Barbier Reaction and Related One-step
Processes; Springer: New York, NY, 1993.
36. (a) Dimmel, D. R.; Huang, S. J. Org. Chem. 1973, 38, 2756–
2757; (b) Schlosser, M.; Strunk, S. Tetrahedron 1989, 45,
2649–2664.

37. It is known that alkyllithiums such as 12 tend to exist at equi-
librium in the cis configuration. Evans, D. A.; Andrews, G. C.;
Buckwalter, B. J. Am. Chem. Soc. 1974, 96, 5560–5561.

38. Shin, J.; Gerasimov, O.; Thompson, D. H. J. Org. Chem. 2002,
67, 6503–6508.

39. Yus, M.; Ortiz, R.; Huerta, F. F. Tetrahedron Lett. 2002, 43,
2957–2960.

40. Deng, K.; Bensari, A.; Cohen, T. J. Am. Chem. Soc. 2002, 124,
12106–12107. This paper had not been published at the time
when the Yus report39 appeared but the work had been com-
pleted.

41. Yus,M.; Ortiz, R.; Huerta, F. F. Tetrahedron 2003, 59, 8525–8542.
42. Bachki, A.; Foubelo, F.; Yus, M. Tetrahedron Lett. 1998, 39,

7759–7762.
43. Strohmann, C.; Schildbach, D. The Chemistry of Organo-

lithium Compounds; Rappoport, Z., Marek, I., Eds.; Wiley:
New York, NY, 2004; Chapter 15.

44. Yus, M.; Foubelo, F. Eur. J. Org. Chem 2001, 2809–2813.
45. Almena, J.; Foubelo, F.; Yus, M. J. Org. Chem. 1994, 59, 3210–

3215.
46. Cohen, T.; Sherbine, J. P.; Hutchins, R. R.; Lin, M. T. Organo-

met. Synth. 1986, 3, 361–368.
47. Cohen, T.; Doubleday, M. D. J. Org. Chem. 1990, 55, 4784–

4786; Mudryk, B.; Cohen, T. Org. Synth. 1995, 72, 173–179.
48. Vogel, A. I. Vogel’s Textbook of Practical Organic Chemistry,

5th ed.; Wiley: New York, NY, 1989; p 556.
49. Bird, R.; Knipe, A. C.; Stirling, C. J. M. J. Chem. Soc., Perkin

Trans. 2 1973, 1215–1220.
50. Heine, H. W.; Kapur, B. L.; Mitch, C. S. J. Am. Chem. Soc.

1954, 76, 1173.



Tetrahedron 62 (2006) 6536–6550
Anodic cyclization reactions: probing the chemistry of
N,O-ketene acetal derived radical cations

Yung-tzung Huang and Kevin D. Moeller*

Department of Chemistry, Washington University in St. Louis, St. Louis, MO 63130, USA

Received 27 June 2005; accepted 21 September 2005

Available online 4 May 2006

Abstract—The chemical reactivity of radical cations derived from N,O-ketene acetals has been examined and compared with the reactivity of
radical cations derived from both ketene dithioacetals and enol ethers. Synthetically, the N,O-ketene acetal radical cations lead to more
efficient cyclization reactions than either the ketene dithioacetal or enol ether derived radical cations. Cyclic voltammetry experiments using
allylsilane trapping groups show that the efficiency of these cyclizations is not due to the N,O-ketene acetal radical cations being more reactive
but rather more stable to decomposition. Finally, cyclizations using chiral oxizolidinones were examined.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Intramolecular anodic olefin coupling reactions using ketene
dithioacetal initiating groups often afford high levels of stereo-
selectivity.1–4 Consider the reactions illustrated in Scheme 1.
In both examples, the reaction originating from oxidation of
the ketene dithioacetal was far more selective than the anal-
ogous reaction originating from oxidation of the enol ether.
While the stereochemistry of reactions originating from enol
ether oxidation can often be rationalized by kinetic consider-
ations,5 the same cannot be said for reactions originating

OMe OMeMeO
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0.1 M LiClO4
50% MeOH/ THF
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MeO
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from ketene dithioacetal oxidation. For example, the differ-
ence in stereoselectivity obtained for the oxidation of 3a and
3b is most consistent with the oxidation of 3b leading to a
reaction controlled by thermodynamics. This hint that the
enol ether and ketene dithioacetal reactions might be gov-
erned by different mechanistic concerns suggests that while
the reactions look very similar, the radical cation inter-
mediates might be quite different.

It did not take long to identify other significant differences
between enol ether and ketene dithioacetal derived cycliza-
tions. Enol ethers undergo efficient oxidative cyclizations
with less reactive allylsilane trapping groups while ketene di-
thioacetals do not (Scheme 2).6 This is especially true for cy-
clizations utilizing trisubstituted allylsilane trapping groups.
The oxidation of 7b led to a product that was so messy that
the cyclic product (8b) could not be isolated in pure form.
These observations led to a working model for the cycliza-
tions that treated the radical cation derived from oxidation
of a ketene dithioacetal as being less reactive than the radical
cation derived from oxidation of an enol ether.

CH2TMS

Y

X

R

 5a. X=H, Y=OMe, R=H
 5b. X=H, Y=OMe, R=CH3

7a.  X=Y= S(CH2)3S, R=H
7b.  X=Y= S(CH2)3S, R=CH3

RVC anode
Pt wire cathode
0.1 M Et4NOTs
30-50% MeOH/THF
2,6-lutidine
8.0 mA, 2.2 F/mole

Y

XMeO

CH2

R

  6a.   86%
  6b.  66% 

  8a.   55%
  8b.  (20-30%)

Scheme 2.

mailto:moeller@wustl.edu


6537Y. Huang, K. D. Moeller / Tetrahedron 62 (2006) 6536–6550
The suggestion that the reactivity of a radical cation can be
altered by varying the substituents bound to it is very intrigu-
ing. If a change from a methoxy substituent to two thioether
groups caused the radical cation to be less reactive, then pos-
sibly other changes would lead to a more reactive radical cat-
ion. Such a discovery would be extremely useful. Consider
the retrosynthetic analysis of scopadulcic acid B illustrated
in Scheme 3.7 The key step in this proposed synthesis would
involve an anodic cyclization of 11 to form the bridged bi-
cyclic intermediate 12. A hydroboration/oxidation sequence
would then convert the olefin to an aldehyde for use in an in-
tramolecular aldol condensation. The strength of the route is
that the oxidative cyclization reaction would lead to a prod-
uct having all of the carbons needed for completing the third
ring. However, the proposal is badly flawed in that oxidative
cyclization reactions using less reactive allylsilane trapping
groups are normally not compatible with the simultaneous
formation of six-membered rings and quaternary centers.6b,8

But is this always the case? Are there more reactive radical
cations that would allow for this transformation? With these
questions in mind, we began to expand our exploration of
oxidative cyclization reactions by diversifying the nature
of the radical cation intermediate.
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OCOPhCO2H
H

O

H
O

O

O

H
O

X

X

MeO

X
X

MeO

X
X

O

 Scopadulcic acid B anodic
oxidation

TMS

13 12

11109

Scheme 3.

2. N,O-Ketene acetal substrates—an initial look

The first question that needed to be addressed was whether
the lower efficiency of the dithioketene acetal derived cycli-
zations with allylsilane trapping groups was representative
of all ketene acetal groups or specifically a result of the
dithiane moiety. For this reason, we decided to build an
oxazolidone based ketene acetal substrate (Scheme 4).
Oxazolidinone ketene acetals were selected for this effort
because they are stable and can be isolated by chromato-
graphy. This enabled the use of clean substrates for the elec-
trolysis reactions. In addition, oxazolidinone ketene acetals
possessing a stereogenic atom have been utilized in
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R
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(   )n
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oxidation
    ?
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O
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R
(   )n

15

*
*

*
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Scheme 4.
asymmetric alkylation and aldol reactions. Their availability
suggested the possibility of studying asymmetric oxidative
cyclization reactions (Scheme 4).

Initially, the very reactive enol ether trapping group was se-
lected for the cyclizations.9 This was done in order to probe
the compatibility of the N,O-ketene acetal groups with the
anodic oxidations using substrates that had the best possible
chance for cyclization. The substrates were synthesized as
outlined in Scheme 5. Both five- and six-membered ring pre-
cursors were made by nearly identical routes. The only dif-
ference was that the six-membered ring precursor required
a one carbon chain extension. The yields in the scheme for
steps e–h are given for the synthesis of the five-membered
ring substrate. Yields for the six-membered ring substrate
are included in Section 7.

O

O

a,b OH

OMe
(   )n

16
17a. n=1
17b. n=2c,d

e-g

N
(   )n

OMe

O

O O

18a. n=1
18b. n=2

hN
(   )n

OMe

O

TIPSO O

19a. n=1
19b. n=2

Scheme 5. Reagents: (a) Dibal-H, THF/CH2Cl2 (1:1), �78 �C–0 �C,
15 min; (b) Ph3PCH2OMeCl, s-BuLi, THF, �78 �C–rt, 12 h, 90% (two
steps); (c) 4 N HCl/acetone (1:1), 0 �C–rt, 1 h; (d) Ph3PCH2OMeCl,
s-BuLi, THF, �78 �C–rt, 3 h, 70% (two steps); (e) PDC, DMF, 0 �C–rt,
12 h, 44%; (f) Et3N, Pivaloyl chloride, THF, �20 �C, 2 h; (g) LiCl,
2-Oxazolidinone, �20 �C–rt, 6 h, 62% (two steps) and (h) i. LDA, THF,
�78 �C, 1 h, ii. TIPSOTf, �78 �C–rt, 5 h, 87%.

The electrolyses of 19a and 19b were conducted in an
undivided cell using constant current conditions (8 mA/
2.2 F/mol), a reticulated vitreous carbon (RVC) anode and
cathode, 2,6-lutidine as a proton scavenger, and a 0.1 M
tetraethylammonium tosylate electrolyte solution.10 The
solvent for the reaction was either methanol or a mixture
of methanol and THF as indicated in Table 1. The overall
process was neutral since acid is generated at the anode
and base (from the reduction of methanol) is generated at
the cathode. Hence the added proton scavenger played no

Table 1

N

TIPSO

O

O

OMe

(  )n

RVC anode
0.1 M Et4NOTs
2,6-lutidine
8 mA/ 2.2 F/mole

19a. n=1
19b. n=2

N

O

O

O

OMe

(  )n

20a. n=1
20b. n=2

OMe

Substrate Solvent Product Yield (%) Isomer ratio

19a MeOH 20a 74 2:1
19a 4:1 MeOH/THF 20a 87 3:2
19b MeOH 20b 63a 1:2
19b 4:1 MeOH/THF 20b 65 1:2

a 7% recovered starting material.
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net role in the reaction. However, due to the acid sensitivity
of ketene acetal, the presence of 2,6-lutidine was important
for maintaining the neutrality of the reaction in the region
immediately surrounding the anode. Using these conditions,
both reactions led to good yields of cyclized product. For the
oxidation of 19a, a 74% isolated yield of 20a was obtained
when methanol was used as solvent. The reaction benefited
from the use of THF as a cosolvent. An 87% isolated yield of
cyclized product was obtained with the addition of 20% THF
as a cosolvent. Like previous enol ether–enol ether coupling
reactions,9 the cyclization did not lead to the formation of
products in stereoselective fashion. In this case, the ratio
of stereoisomers of the newly formed C–C bond ranged
from 2:1 to 3:2. The major isomer was not assigned since
the isomers could not be separated and the NMR signals
for the methine protons overlap.

The oxidation of 19b in methanol solvent led to a 63% iso-
lated yield of 20b in a 1:2 ratio of cis/trans isomers. With the
use of the THF cosolvent, a 65% unoptimized yield of prod-
uct was obtained having the same 1:2 ratio of cis/trans
isomers. The poor diastereoselectivity obtained for the cycli-
zation of 20b was consistent with the stereochemical
outcome of earlier anodic cyclizations using enol ether de-
rived radical cations and enol ether trapping groups.9

3. N,O-Ketene acetal radical cations and allylsilane
trapping groups

With the oxidations of 19a and 19b leading to good yields of
cyclic product, it was time to determine if a radical cation de-
rived from an N,O-ketene acetal would be reactive enough to
cyclize with a less efficient allylsilane trapping group. To
this end, cyclization substrates 23a and 23b were synthe-
sized as outlined in Scheme 6. These syntheses paralleled
the syntheses of 19a and 19b. The ylide used for generating
the trisubstituted allylsilane was prepared in situ from ethyl-
triphenylphosphonium bromide according to the known lit-
erature procedure.11 As in the earlier synthesis of 19b, the

O
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a,b or c OH
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16

17a. n=1, R1=H, R2=OMe
21b. n=2, R1=Me, R2=CH2TMS

d,e
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N
(   )n

O

O O

22a. n=1
22b. n=2

iN
(   )n

O

O O

23a. n=1
23b. n=2

R2

R1

21a. n=1, R1=Me, R2=CH2TMS

TMSTMS

Scheme 6. Reagents: (a) Dibal-H, THF/CH2Cl2 (1:1), �78 �C–0 �C,
15 min; (b) Ph3PC(CH3)CH2TMS, s-BuLi, THF, �78 �C–rt, 65% (two
steps); (c) Ph3PCH2OMeCl, s-BuLi, THF, �78 �C–rt, 12 h, 90% (two
steps); (d) 4 N HCl/acetone (1:1), 0 �C–rt, 1 h; (e) Ph3PC(CH3)CH2TMS,
s-BuLi, THF, �78 �C–rt, 12 h, 58% (two steps); (f) PDC, DMF, 0 �C–rt,
12 h. 49%; (g) Et3N, Pivaloyl chloride, THF, �20 �C, 2 h; (h) LiCl,
2-Oxazolidinone, �20 �C–rt, 6 h, 91% (two steps) and (i) i. LDA, THF,
�78 �C, 1 h, ii. TIPSOTf, �78 �C–rt, 5 h, 83%.
six-membered ring substrate was made by doing a one
carbon chain extension of the aldehyde generated from
Dibal-H reduction of the 3-caprolactone. The yields given
in Scheme 6 for steps f–i are for the five-membered ring sub-
strate. Yields for the six-membered ring case are again given
in the Section 7.

Once synthesized, the allylsilane substrates were electro-
lyzed using the same conditions described above (Table 2).
From the start, it was obvious that cyclization reactions orig-
inating from the oxidation of N,O-ketene acetals proceed far
better than do cyclizations originating from the oxidation of
a ketene dithioacetal. Electrolysis of 23a in 4:1 MeOH/THF
led to a 70% isolated yield of cyclized product 24a. The use
of dichloromethane as the cosolvent led to a 74% yield of cy-
clized product along with 7% recovered starting material.
Surprisingly, cyclized product was formed even in the
absence of a cosolvent. This was a surprise because enol
ether–allylsilane coupling reactions require a cosolvent.6a

Without it, they predominately form products derived from
methanol trapping of the radical cation prior to cyclization.
The fact that the N,O-ketene acetal reactions do not require
a cosolvent suggests that N,O-ketene acetal derived radical
cations undergo the cyclizations more efficiently than not
only ketene dithioacetal radical cations but also the more
reactive enol ether radical cations. While it was not clear
that the differences observed were really due to changes in
radical cation reactivity (vide infra), it was clear that the con-
clusions made with respect to ketene dithioacetal radical
cations cannot be universally applied to all ketene acetal
substrates.

While the oxidation of 23a led nicely to cyclized products, it
was not stereoselective. In each case, a 3:2 ratio of cis and
trans-products was obtained. This ratio was consistent with
the mixtures observed for enol ether–allylsilane coupling
reactions leading to five-membered rings (substrates 5a
and 5b in Scheme 2).6a In both cases, one would expect a
reaction controlled by thermodynamics to place the groups
on the ring trans to each other. Hence, the formation of
a stereochemical mixture was most consistent with the
reactions being controlled by kinetics and the result of
five-membered ring transition states not having well defined

Table 2

N

TIPSO

O

O

(  )n

RVC anode
0.1 M Et4NOTs
2,6-lutidine
8 mA/ 2.2 F/mole

23a. n=1
23b. n=2

N

O

O

O

(  )n

24a. n=1
24b. n=2

TMS

Substrate Solvent Product Yield (%) Isomer ratio

23a MeOH 24a 51 3:2
23a 4:1 MeOH/THF 24a 70 3:2
23a 1:4 MeOH/CH2Cl2 24a 74a 3:2
23b MeOH 24b 54 trans
23b 4:1 MeOH/THF 24b 71 trans
23b 1:4 MeOH/CH2Cl2 24b 54b trans
23cc 4:1 MeOH/THF 24b 60 trans

a 7% recovered starting material.
b 10 F/mol.
c TBS enol ether.
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pseudoequatorial and pseudoaxial positions. The oxidation
of 23b supported the suggestion that cyclizations originating
from the radical cation of an N,O-ketene acetal was under
kinetic control. Cyclizations leading to six-membered rings
have well defined pseudoaxial and pseudoequatorial posi-
tions in their transition states. Since both allylsilane5 and
ketene acetal4a groups are known to prefer pseudoequatorial
positions in anodic cyclizations, a kinetically controlled re-
action resulting from the oxidation of 23b was expected to
afford predominately trans-product (Scheme 7). This was
the case. Electrolysis of 23b using 4:1 MeOH/THF as sol-
vent led to a 71% isolated yield of the trans six-membered
ring product (Table 2). Only a small amount (<5%) of a
second cyclized product (assumed to be the cis-isomer)
was observed in the 1H NMR spectrum of the crude reaction
material. The stereochemistry of the major product was
assigned using the coupling patterns observed in the 1H
NMR spectrum for the ring methine protons. Both protons
show the triplet of doublets pattern consistent with the
protons being axial and trans to each other.

N

TIPSO

O

TMS

O

23b

TMS

N
H

H OTIPS

OO

25

N
H

H O

OO

24b

. +

Scheme 7.

The oxidation of 23b using dichloromethane as the cosol-
vent led to a much less efficient cyclization (10 F/mol of
charge was needed to obtain 54% of the cyclized product).
However, the cyclization still proceeded without the use of
a cosolvent in spite of the slower six-membered ring forma-
tion. With methanol as solvent, the oxidation led to a 57%
isolated yield of the trans-product.

Finally, the compatibility of the anodic oxidation with the
less stable TBS enol ether was examined. The oxidation of
23c in 4:1 MeOH/THF (all other conditions the same) led
to a 60% isolated yield of the trans material. In this reaction,
a significant amount of imide byproduct from methanolysis
of the ketene acetal was observed.

At this point it was clear that radical cations derived from the
N,O-ketene acetals lead to more efficient cyclizations than
either radical cations derived from enol ethers or radical cat-
ions derived from ketene dithioacetals. Our working model
suggested that this results from the N,O-ketene acetals being
more reactive than their ketene dithioacetal and enol ether
counterparts. But was this really true?

4. Cyclic voltammetry—measuring relative rates

A number of years ago,9 we observed that the potential mea-
sured by cyclic voltammetry for a bis enol ether substrate
was dependent upon the length of the tether connecting the
olefins. Substrates expected to give rise to faster cyclizations
afforded lower potentials.12 For example, a bis methoxyenol
ether substrate leading to six-membered ring formation (27)
had an oxidation potential 100 mV lower than that of a mono
methoxyenol ether (26) whereas an analogous bis methoxy-
enol ether substrate leading to five-membered ring formation
(28) had an oxidation potential 200 mV lower than that of
a mono methoxyenol ether (Scheme 8). A five-membered
ring precursor (30) showed a drop in potential of about
150 mV relative to its corresponding mono enol ether (29)
even when the reaction required the formation of a quater-
nary carbon (Scheme 9). These observations are consistent
with an oxidation reaction that is followed by a cyclization
fast enough to influence the concentration of the radical cat-
ion at the electrode surface (Scheme 9). In this scenario, the
oxidation reaction (k1) leads to a radical cation that un-
dergoes either the transfer of an electron back to the electrode
(k�1) or cyclization (k2). If one assumes a steady state con-
centration of the radical cation, then solving for this concen-
tration and plugging the resulting expression into the Nernst
equation affords an equation relating the observed potential
to the rate of cyclization. Since E0 in this equation is positive
and everything following the minus sign is positive, a faster
cyclization will lead to a lower value for Eobs. Hence, the
value measured for Eobs provides a method for measuring
the relative rates of various cyclizations.

OMe
OMe
OMe

OMe

OMe

26. Ep/2 = +1.40 V (Ag/AgCl) 27. Ep/2 = +1.30 V (Ag/AgCl)

28. Ep/2 = +1.20 V (Ag/AgCl)

Scheme 8.

OMe

MeOMeO

29. Ep/2=+1.16V (Ag/AgCl) 30. Ep/2=+1.01V (Ag/AgCl)

SM [radical cation] Product
k2k1

k-1

A shift in potential?

Using steady state kinetics,...

[radical cation] =
k1[SM]

(k-1+k2)

...and then the Nernst equation

Eobs = Eo - RT/nF ln = Eo - RT/nF ln
(k-1+k2)

k1

[SM]
[radical cation]

Scheme 9.

An alternative explanation for the drop in potentials that in-
vokes an associative electron transfer where oxidation and
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cyclization occur in a concerted fashion can be viewed as
a limiting example of this general scheme. In this case, the
more the overlap between the olefins during the electron-
transfer step, the lower is the oxidation potential observed.
Of course, the extent of overlap between the olefins during
the electron-transfer step is directly related to the rate of
cyclization. Therefore, the value of Eobs would again
provide a method for measuring the relative rates of various
cyclizations.

With this in mind, we undertook a CV study of the ketene
acetal based substrates in order to determine the relative re-
activity of the radical cation intermediates towards allyl-
silane trapping groups. In order to establish a baseline for
these studies, the shifts in potential associated with the cou-
pling of an enol ether to an allylsilane trapping group were
examined (Table 3). The parent enol ether 31 was measured
to have a potential (Ep/2) of +1.44 V versus Ag/AgCl13 using
a Pt anode, a sweep rate of 25 mV/s, and a 0.1 M LiClO4 in
acetonitrile electrolyte solution. A substrate concentration of
0.025 M was used. All of the potentials listed in Table 3 were
obtained using identical conditions. For the six-membered
ring enol ether/allylsilane precursor (32b), a drop in poten-
tial of 100 mV relative to the parent enol ether 31 was ob-
served. For the five-membered ring precursor (32a) an
additional 80 mV drop in potential (a 180 mV drop for the
substrate relative to the parent enol ether 31) was observed.
The smaller drop in potential for the six-membered ring
precursor 32b confirmed that the cyclization derived from
this substrate proceeds more slowly than the cyclization
originating from the five-membered ring precursor 32a.

Next, attention was turned towards the cyclizations originat-
ing from oxidation of a ketene dithioacetal. In this case, the
potential measured for the six-membered ring cyclization
substrate (34b) was only 30 mV lower than the potential
measured for the parent ketene dithioacetal 33. The five-
membered ring substrate (34a) had a potential only 50 mV
lower than the parent ketene dithioacetal 33. Clearly, these
cyclizations were slower than the cyclizations resulting

Table 3

Ag/AgCl reference
electrode Pt anode,
25 mV/s 0.1 M LiClO4

in CH3CN 0.025 M
[substrate]

Potential
V
(Ep/2)

Potential V
(Ep/2)

OMe

2

31

+1.44

TMS

OMe
n

32a n¼1 +1.26

32b n¼2 +1.34

S S

2

33

+1.15

TMS

n S

S 34a n¼1 +1.10

34b n¼2 +1.12

NO

O OTIPS
n

35 +1.15 N O

O
OTIPS

TMS

n(  )n

23a n¼1 +1.07

23b n¼2 +1.11
from oxidation of enol ethers 32a and 32b, an observation
that was consistent with our working model for the reactions.
Following these measurements, attention was turned to the
N,O-ketene acetal derived cyclizations. Surprisingly, the
drop in potential measured for substrates 23a and 23b was
not significantly different than the drop in potential mea-
sured for the ketene dithioacetal substrates 34a and 34b.
For 23b, a 40 mV drop in potential was measured relative
to 35, while for 23a an 80 mV drop in potential relative to
35 was observed. In neither case was the drop in potential
close to what was observed for the enol ether derived radical
cations. This result indicated that the most efficient (N,O-
ketene acetal) and least efficient (ketene dithioacetal) cycli-
zation reactions from a yield perspective proceeded roughly
at the same rate, whereas, the cyclization with an intermedi-
ate efficiency (enol ether) proceeded much faster than either
of the others. Clearly, our working model for the cyclizations
was not correct. The yield of the electrolyses did not depend
solely on the rate of the cyclization reaction.

So what does control the yield of an anodic olefin coupling
reaction? Typically, when the reactions give a low yield of
the desired cyclic product they form products that are de-
rived from either trapping of the initially formed radical
cation with solvent, proton elimination from the uncyclized
radical cation, or polymerization. Hence, the yield of cyclic
product obtained depends on a partitioning between intra-
molecular trapping of the initially formed radical cation ver-
sus solvent trapping, elimination, and polymerization. If
higher yielding cyclizations are not faster with respect to
the intramolecular reaction, then the radical cation inter-
mediates involved must be more stable with respect to the
decomposition reactions. In other words, switching from the
ketene dithioacetal to the N,O-ketene acetal did not lead to
a more reactive radical cation, but rather a more stable one.

It is tempting to speculate that the differences in cyclization
efficiency observed for the reactions above result from the
ability of the substituents on the radical cation to stabilize
a cation (Scheme 10). It is known that enol ether radical
cations react with allyl- and vinylsilanes in a ‘radical-like’
fashion meaning that the reaction leads to a radical at the
terminating end of the cyclization.14 At the same time, two
of the three decomposition pathways (methanol trapping
and elimination) are clearly ‘cation-like’ processes and the
third leads to a polymethoxylated polymer that may also
be ‘cation-like’ in origin. Do substituents on the radical cat-
ion that stabilize a cation reduce the rate of decomposition
and afford more time for the ‘radical-type’ cyclization that
leads to the desired product? Efforts are underway to begin
addressing this question with more electron-rich ketene
acetal derivatives.

R
S

S

Oxygen nucleophiles compete
with olefin trapping

R
N

OR
+.

Olefin trapping strongly favored
over oxygen nucleophiles

O

O
+.

R
OR

+.

Scheme 10.
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5. Chiral auxiliaries

The degree of stereoselectivity obtained for the cyclization
originating from 23b provided an excellent opportunity to
probe the potential for asymmetric anodic olefin coupling re-
actions. Two key, contradictory literature precedents formed
the backdrop for this effort. First, Evans and co-workers
demonstrated that chiral oxazolidinones are very useful
auxiliaries for inducing asymmetry into both aldol and alkyl-
ation reactions using silyl based N,O-ketene acetal deriva-
tives directly analogous to substrates 23a and 23b.15,16 In
these reactions, the chiral auxiliaries adopt a conformation
that minimizes the dipole of the substrate in the transition
state leading to product. Second, Sibi and co-workers have
shown that chiral oxazolidinone groups are not useful
auxiliaries for inducing asymmetry into radical reactions
that originate from a radical on the carbon alpha to the imide
carbonyl.17,18 In these cases, rotation around the bond con-
necting the nitrogen of the chiral oxazolidinone to the car-
bonyl of the substrate interferes with the auxiliaries ability
to place the sterically bulky directing group on a single
face of the substrate. For a radical cation initiated cycliza-
tion, the problem can be summarized using the transition
state structures as illustrated in Scheme 11. Transition state
36 represents the preferred transition state (relative to 37) if
the radical cation cyclization behaves in a fashion analogous
to the aldol and alkylation reactions studied by Evans. In this
picture, the large allylsilane group would approach the face
of the radical cation opposite to the sterically bulky substit-
uent on the oxazolidinone. Transition states 36 and 38 repre-
sent the two preferred transition states if the radical cation
cyclization behaves in a fashion analogous to the radical re-
actions studied by Sibi. In this case, rotation around the bond
connecting the nitrogen of the oxazolidinone and C1 of the
substrate leads to two conformations that place the bulky
R group of the chiral oxazolidinone on opposite faces of
the radical cation. Approach of the allylsilane moiety
away from the R group would then lead to a mixture of
diastereomers.

O

36

vs.

.+ .+

37

TIPSO
N

O

TMS

R

N

OTIPS

OO

R
TMS

vs.

.+

38

N

OTIPS

O

TMS
O

R

Scheme 11.

To test which of these two scenarios best describes the radi-
cal cation cyclizations, electrolysis substrates 40a and 40b
were prepared (Scheme 12). The syntheses began with the
formation of imides 39a and 39b in a fashion identical to
that used in Scheme 7. However, formation of the ketene
acetal moiety needed for the oxidation proved to be more
challenging. With the extra steric bulk of the chiral auxiliary,
efforts to synthesize the triisopropylsilyl ketene acetal were
not successful. In each case, the starting imide was recovered
without silylation. Fortunately, using the same reaction con-
ditions, the less hindered tert-butyldimethylsilyl ketene ace-
tal could be made in a 57% isolated yield (along with 39% of
the recovered starting material) when the benzyl substituted
oxazolidinone was used (40a) and an 88% isolated yield
when the isopropyl substituted oxazolidinone was used
(40b). The TBS based ketene acetals were significantly
less stable to the electrolysis conditions than ones possessing
the TIPS group. However, they did allow us to assess the
utility of the chiral auxiliaries for effecting asymmetric
anodic olefin coupling reactions.

OH

TMS

21b

a,b, c or d

O

N

TMS

O

O

R

39a. R = CH2Ph
39b. R = CH(Me)2

e

TBSO

N

TMS

O

O

R

40a. R = CH2Ph
40b. R = CH(Me)2

Scheme 12. Reagents: (a) PDC, DMF, 0 �C, 12 h, 65%; (b) Et3N, Pivaloyl
chloride, THF, �20 �C, 2 h; (c) LiCl, (4S,5R)-(�)-4-Methyl-5-phenyl-2-
oxazolidinone,�20 �C–rt, 6 h, 94%; (d) LiCl, (S)-(�)-4-Isopropyl-2-oxazoli-
dinone, �20 �C–rt, 6 h, 85% and (e) i. LDA, THF, �78 �C, 30–90 min. ii.
TBSOTf, �78 �C–rt, 6–8 h, 57% (with 39% 39a) for 40a, 88% for 40b.

The oxidation of 40a was conducted using the same constant
current electrolysis conditions as described earlier (Table 4).
Unfortunately, only poor yields of the cyclized product
could be obtained. In the best case, a 20% yield of product
41a was obtained. For this product, only the two trans-dia-
stereomers were observed. These diastereomers were sepa-
rated, characterized, and then their experimental ratio (2:1)
determined by integration of the proton NMR spectrum
taken for the crude reaction product. Efforts to optimize the
yield for the reaction were halted when it became clear that
the chiral auxiliary was not effective for inducing asymme-
try into the oxidative cyclization.

The oxidation of 40a suggested that the chiral auxiliary
rotated and that the radical cation behaved in a fashion anal-
ogous to the radical chemistry of Sibi and co-workers rather

Table 4

TIPSO

N

TMS

O

O

R

40a. R = CH2Ph
40b. R = CH(Me)2

RVC anode
0.1 M Et4NOTs
2,6-lutidine
8 mA

O

N O

R

O

41a. R = CH2Ph (trans product)
41b. R = CH(Me)2 (trans product)

+   39a and 39b

Substrate Solvent # (F/mol) Recovered
40 (%)

41 39 Diast.
ratio

40a 4:1 MeOH/THF 2.2 0 20 45 2:1
40a MeOH 2.2 0 15 53 2:1
40a 1:4 MeOH/CH2Cl2 2.2 37 6 10 2:1

40b 4:1 MeOH/THF 2.2 10 20 20 1:1.5
40b 4:1 MeOH/CH3CN 2.2 27 20 13 2:1
40b 1:1 MeOH/CH3CN 2.2 11 26 8 2:1
40b 1:4 MeOH/CH2Cl2 2.2 26 25 8 1:1.5
40b 1:4 MeOH/CH2Cl2 4.7 <8 42 6 1:1.5
40b 1:1 MeOH/CH2Cl2 3.0 <5 40 7 2:1
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than the alkylation chemistry of Evans and co-workers. But
what if the poor selectivity obtained from 40a was simply
a result of the benzyl group being too small to be effective?
The use of the larger isopropyl group in 40b was studied in
order to address this issue. If the poor diastereoselectivity
obtained from the oxidation of 40a was due to the benzyl
group being too small, then the use of the larger isopropyl
group in 40b should improve the diastereoselectivity.
However, if the poor diastereoselectivity obtained from the
oxidation of 40a was due to rotation of the chiral auxiliary,
then the use of the larger inducing group would not help.
The electrolyses of 40b is summarized in Table 4. While al-
terations in the solvent used and amount of current employed
helped to improve the yield of the cyclizations, the diastereo-
selectivity of the reaction remained poor in all cases.

In the end, neither the benzyl nor the isopropyl directing
group induces a significant degree of asymmetry into the
process, a result consistent with rotation of the chiral auxil-
iary and the radical cation cyclizations being analogous to
the corresponding radical reactions.

6. Conclusions

Our work with N,O-ketene acetal derived radical cations has
led to two major findings. First, the use of an N,O-ketene
acetal initiating group for anodic olefin coupling reactions
leads to more efficient carbon–carbon bond formation than
the use of either an enol ether or a ketene dithioacetal initi-
ating group. The higher yield of cyclic product in these reac-
tions is not due to the cyclizations being faster but rather the
radical cation intermediates being more stable to decompo-
sition. Knowing that a change in the substituents on a radical
cation can dramatically improve the yield of subsequent cy-
clization, current efforts are aimed at identifying ketene
acetal groups that will allow for the simultaneous formation
of both quaternary carbons and six-membered rings.19

Second, the experiment using chiral oxazolidinones demon-
strated that the radical cation cyclizations are analogous to
asymmetric radical reactions in that rotation of the chiral
auxiliary precludes useful levels of induction. This observa-
tion will be critical for designing future asymmetric anodic
olefin coupling reactions that would appear to require the
use of either a Lewis acid to stop rotation of the auxiliary18

or a C2-symmetric chiral auxiliary.

7. Experimental

7.1. 7-Methoxy-hept-6-en-1-ol (17a)

To a flame-dried 500-mL round-bottom flask under an argon
atmosphere were added 3-caprolactone (5.597 g, 48.5 mmol)
and 300 mL of anhydrous solvent (CH2Cl2/THF¼1:1). The
reaction was cooled to �78 �C and 1 M DIBAL solution in
toluene (50 mL, 50 mmol) was added dropwise. The reaction
was stirred at �78 �C for 15 min. The reaction was then
allowed to warm to room temperature, quenched with
200 mL of ether and 60 mL of H2O, and stirred until it be-
came a translucent white gel. The solution was further diluted
with 200 mL of ether, Celite 545 added, and then stirred until
the solution became clear. The resulting mixture was filtered
and concentrated in vacuo. The crude product was diluted
with 200 mL of ether and dried using anhydrous MgSO4. It
was then filtered and concentrated in vacuo the second
time. The crude product was then taken up in 60 mL of anhy-
drous THF and used directly in the following steps. (The
hemiacetal should not be left concentrated in order to avoid
polymerization).

A flame-dried 500-mL round-bottom flask under an argon
atmosphere was charged with a stirred suspension of
(methoxymethyl)triphenylphosphonium chloride (34.985 g,
100 mmol) in 220 mL of anhydrous THF. The reaction
was cooled to �78 �C, a 1.4 M sec-butyllithium solution
in cyclohexane (110 mL, 154 mmol) was added dropwise,
and the resulting dark brown mixture allowed to warm
from�78 �C to room temperature over 3 h. When complete,
the reaction was recooled to �78 �C and the crude hemi-
acetal synthesized above in 60 mL of anhydrous THF added
via cannula. The mixture was allowed to warm to room tem-
perature and stirred overnight. In the morning, the reaction
was quenched with 300 mL of satd NaHCO3. The aqueous
phase was then extracted with ether (6�300 mL) and the
combined organic layers dried over MgSO4, filtered and
concentrated in vacuo. At this point 150 mL of 1:3 ether/
hexane was added to the crude product and the mixture
stirred for 4 h. (This will precipitate most of triphenylphos-
phine and triphenylphosphine oxide.) The mixture was fil-
tered and concentrated in vacuo for the second time. The
crude product was chromatographed through a silica gel
column (crude/gel¼1/15w20) with 2–3% Et3N in 1:6
EtOAc/hexane to afford the desired product 17a (6.488 g,
45 mmol, 93%, over 2 steps) as a yellow oily liquid. The
spectral data were as follows: 1H NMR (CDCl3/300 MHz)
d 6.28 (dt, J¼12.6, 1.2 Hz, trans H8, 0.56H), 5.87 (dt,
J¼6.3, 1.4 Hz, cis H8, 0.44H), 4.72 (dt, J¼12.6, 7.4 Hz,
trans H7, 0.61H), 4.34 (td, J¼7.4, 6 Hz, cis H7, 0.39H),
3.63 and 3.63 (t and t, J¼6.6 and 6.8 Hz, H2, 2H), 3.58 (s,
cis H9, 1.29H), 3.50 (s, trans H9, 1.71H), 2.13–2.02 (m,
cis H6, 0.88H), 1.98–1.88 (m, trans H6, 1.12H), 1.70 (br s,
H1, 1H), 1.63–1.51(m, H3, 2H), 1.44–1.30 (m, H4 and H5,
4H); 13C NMR (CDCl3/300 MHz) d 147.2, 146.3, 106.9,
103.1, 63.1, 63.1, 59.6, 56.0, 32.8, 30.7, 29.7, 27.8, 25.4,
25.3, 23.9; IR (neat/NaCl) 3342, 3033, 2998, 2931, 2856,
1656, 1462, 1391, 1208, 1110, 1054, 933, 736 cm�1;
LRMS (EI) 144 ([M]+, 4), 97 (10), 72 (100); HRMS (EI)
m/z calculated for C8H16O2 [M]+ 144.1150, found 144.1155.

7.2. 3-(7-Methoxy-hept-6-enoyl)-oxazolidin-2-one (18a)

To a flamed-dried 100-mL round-bottom flask under an
argon atmosphere were added 17a (1.503 g, 10.4 mmol)
and 60 mL of anhydrous DMF. The reaction was cooled to
0 �C and the solution was treated with pyridinium dichro-
mate (PDC) (15.806 g, 42.0 mmol). The temperature of mix-
ture was allowed to warm to room temperature and stirred
overnight. The reaction was quenched with 600 mL of water,
the aqueous layer extracted with ether (10�150 mL), and the
combined organic layers were dried over anhydrous MgSO4,
filtered and concentrated in vacuo. The crude product was
eluted with 1:4 ether/hexane through a silica gel column
(crude/gel¼1:25) to afford the acid product (0.722 g,
4.6 mmol, 44%) as a colorless oily liquid.
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A solution of the acid synthesized above (0.47 g, 3.0 mmol)
and 20 mL of anhydrous THF was placed in a 100-mL
round-bottom flask under an argon atmosphere. After
cooling the reaction to �20 �C, anhydrous Et3N (2.0 mL,
14.3 mmol) was added dropwise followed by trimethyl-
acetyl chloride (0.44 mL, 3.5 mmol). The resulting white
suspension solution was stirred at �20 �C. After 2 h, oven-
dried lithium chloride (0.155 g, 3.6 mmol) and 2-oxazoli-
done (0.325 g, 3.7 mmol) were added, the reaction allowed
to warm slowly to room temperature, and the room temper-
ature solution stirred for 8 h. After this point, the reaction
was concentrated to about 10% of its initial volume. The res-
idue was filtered through a pad of silica gel with 3% Et3N in
ether as eluant. After concentration in vacuo, the crude prod-
uct was chromatographed through a silica gel column
(crude/gel¼1:30) with 2–3% Et3N in 1:4 EtOAc/hexane as
eluant in order to afford the desired imide 18a (0.416 g,
1.8 mmol, 62%) as a colorless oily liquid. The spectral
data were as follows: 1H NMR (CDCl3/300 MHz) d 6.29 (d
with fine coupling, J¼12.6 Hz, trans H8, 0.81H), 5.88 (dt,
J¼6.0, 1.4 Hz, cis H8, 0.19H), 4.71 (dt, J¼12.6, 7.4 Hz,
trans H7, 0.79H), 4.42 (t, J¼8.1 Hz, H1, 2H), 4.32 (apparent
td, J¼7.2, 6.0 Hz, cis H7, 0.21H), 4.02 (t, J¼8.1 Hz, H2,
2H), 3.57 (s, cis H9, 0.57H), 3.49 (s, trans H9, 2.43H),
2.91 (t, J¼7.5 Hz, H3, 2H), 2.13–2.03 (m, cis H6, 0.42H),
2.01–1.91 (m, trans H6, 1.58H), 1.73–1.60 (m, H4, 2H),
1.47–1.36 (m, H5, 2H); 13C NMR (CDCl3/300 MHz)
d 173.5, 173.4, 153.6, 147.3, 146.4, 106.3, 102.5, 62.1,
59.5, 55.9, 42.5, 34.9, 30.1, 29.2, 27.4, 23.8, 23.6, 23.5; IR
(neat/NaCl) 3540, 3380, 2930, 2855, 1773, 1698, 1457,
1389, 1209, 1039, 937, 760 cm�1; LRMS (EI) 209 (13),
140 (100); HRMS (EI) m/z calculated for C11H17NO4 [M]+

227.1158, found 227.1157.

7.3. 3-(7-Methoxy-1-triisopropylsilanyloxy-hepta-1,6-
dienyl)-oxazolidin-2-one (19a)

Into a flamed-dried 50-mL round-bottom flask under an
argon atmosphere were placed freshly distilled diisopropyl
amine (0.23 mL, 1.6 mmol) and 5 mL of anhydrous THF.
The reaction was cooled to �0 �C, 1.6 M n-butyllithium
(1 mL, 1.6 mmol) was added dropwise, and then the mixture
stirred for 30 min. The reaction was then cooled to �78 �C,
a solution of imide 18a (0.299 g, 1.3 mmol) in 5 mL of
anhydrous THF was added via a cannula, and the resulting
solution stirred for 20 min. While the reaction was still at
�78 �C, triisopropylsilyl trifluoromethanesulfonate (0.42 mL,
1.6 mmol) was added. This mixture was allowed to slowly
warm to room temperature and stirred for 5 h. The reaction
mixture was concentrated to 10% of its original volume and
the residue was filtered through a pad of silica gel with 3%
Et3N in ether as eluant. After concentration in vacuo, the
crude product was chromatographed through a silica gel
column (crude/gel¼1:25) using 2–3% Et3N in 2:3 ether/
hexane as eluant in order to afford the desired ketene acetal
19a (0.438 g, 1.1 mmol, 87%) as a colorless oily liquid. The
spectral data were as follows: 1H NMR (CDCl3/300 MHz)
d 6.27 (d with fine coupling, J¼12.6 Hz, trans H8, 0.78H),
5.86 (dt, J¼6.0, 1.5 Hz, cis H8, 0.22H), 4.69 (dt, J¼13.5,
7.2 Hz, trans H7, 0.78H), 4.66 (t, J¼7.2 Hz, H3, 0.22H),
4.65 (t, H3, J¼7.2 Hz, 0.78H), 4.31 (dd of H1 with cis
H7 buried, J¼8.8, 7.1 Hz, 2.22H), 3.77 (dd, J¼8.8, 7.1 Hz,
H2, 2H), 3.56 (s, cis H9, 0.66H), 3.49 (s, trans H9, 2.34H),
2.16–2.02 (m of H4 with cis H6 buried, 2.44H), 1.94 (dtd,
J¼7.4, 7.2, 1.1 Hz, trans H6, 1.56H), 1.41 (p, J¼7.4 Hz,
H5, 2H), 1.25–1.07 (m of H11 with d of H10 at 1.11,
J¼5.4 Hz, 21H); 13C NMR (CDCl3/300 MHz) d 156.0,
147.4, 146.5, 140.1, 106.6, 105.0, 104.8, 102.7, 61.8, 59.6,
56.0, 46.6, 30.6, 29.7, 27.6, 25.3, 25.0, 23.8, 18.0, 13.2; IR
(neat/NaCl) 3518, 3055, 2944, 2868, 1770, 1681, 1463,
1398, 1268, 1210, 1109, 1040, 933, 883, 685 cm�1; LRMS
(EI) 383 (M+, 2), 368 ([M�CH3]+, 10), 340 ([M
�C(CH3)2]+, 100), 244 (92), 200 (40); HRMS (EI) m/z
calculated for C20H37NO4Si [M]+ 383.2492, found
383.2489.

7.4. 3-(2-Dimethoxymethyl-cyclopentanecarbonyl)-
oxazolidin-2-one (20a)

Under an argon atmosphere, a solution of oven-dried tetra-
ethylammonium tosylate (0.453 g, 1.5 mmol), ketene acetal
19a (0.094 g, 0.25 mmol), and 2,6-lutidine (0.22 mL,
1.5 mmol) in 15 mL of anhydrous solution (THF/
MeOH¼1:4) was placed in a flame-dried 25-mL three-
necked round-bottom flask equipped with a reticulated vitre-
ous carbon (RVC) anode and a RVC cathode. The reaction
was electrolyzed at a constant current of 8 mÅ until 2.2 F/
mol of charge was passed. The solution was concentrated
to 10% of its original volume and then diluted with 80 mL
of pure ether to precipitate tetraethylammonium tosylate.
The reaction was then dried over sodium sulfate for 2–3 h,
filtered and concentrated in vacuo. The crude product was
chromatographed through a silica gel column (crude/
gel¼1:30) using 2–3% Et3N in 3:1 ether/hexane as eluant
in order to afford the desired product 20a (0.055 g,
0.21 mmol, 87%) as a colorless oily liquid. The spectral
data were as follows: 1H NMR (CDCl3/300 MHz) d 4.34
(t, J¼7.8 Hz, H1, 0.7H), 4.33 (t, J¼7.8 Hz, H1, 1.3H),
4.21 (d, J¼9.3 Hz, H8, 0.65H), 4.15 (d, J¼7.8 Hz, H8,
0.35H), 4.05–3.81 (m of H2 with H3 buried, 3H), 3.23 (s,
H9, 1.05H), 3.21 (s, H9, 1.05H), 3.19 (s, H9, 1.95H), 3.14
(s, H9, 1.95H), 2.79–2.61 (m, H7, 1H), 2.12–1.40 (m, H4,
H5 and H6, 6H); 13C NMR (CDCl3/300 MHz) d 176.5,
175.0, 153.5, 153.5, 107.4, 104.3, 61.9, 61.8, 54.3, 53.4,
52.2, 51.5, 46.1, 44.6, 44.3, 43.7, 43.0, 42.9, 31.9, 29.3,
28.2, 28.0, 25.3, 24.4; IR (neat/NaCl) 3535, 3372, 2956,
2831, 1770, 1694, 1524, 1480, 1454, 1385, 1223, 1045,
973, 926, 761, 706 cm�1; LRMS (EI) 226 (43), 166 (63),
138 (100); HRMS (FAB) m/z calculated for C12H19NO5

[M+Li]+ 264.1423, found 264.1424.

7.5. 8-Methoxy-oct-7-en-1-ol (17b)

At 0 �C, 240 mL of 1 N HCl/acetone (1:1) was added to
a 500-mL round-bottom flask containing enol ether 17a
(8.694 g, 60.3 mmol). The reaction was allowed to warm
to room temperature and stirred for 1 h (TLC). The reaction
was recooled to 0 �C and the pH of the reaction was adjusted
to 6w8 using 10% NaOH and satd NaHCO3. After excess
NaCl was added, the reaction was extracted with ether
(6�200 mL). The combined organic layers were dried
over anhydrous MgSO4, filtered and concentrated in vacuo.
The crude aldehyde was used directly in the following step
without purification. This crude aldehyde should be diluted
with solvent (CH2Cl2 or ether) or it will polymerize during
storage.
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To a flamed-dried 1000-mL round-bottom flask under an
argon atmosphere was added a stirred suspension of
(methoxymethyl)triphenylphosphonium chloride (42.667 g,
120.7 mmol) in 400 mL of anhydrous THF. The mixture
was cooled to �78 �C, 1.4 M sec-butyllithium solution in
cyclohexane (115 mL, 161 mmol) was added dropwise,
and the resulting dark brown mixture allowed to warm
from �78 �C to room temperature over 3 h. The reaction
was recooled to �78 �C and the crude aldehyde synthesized
above in 60 mL of anhydrous THF added via a cannula. The
mixture was allowed to warm to room temperature and
stirred overnight. The reaction was quenched with 450 mL
of satd NaHCO3. The aqueous phase was extracted with
ether (6�300 mL). The combined organic layers were dried
over MgSO4 and concentrated in vacuo. At this point the
crude reaction mixture was taken up in 150 mL of 1:3
ether/hexane and allowed to stand for 4 h. This procedure
precipitates most of the Ph3PO. The mixture was filtered
and concentrated in vacuo for the second time. The crude
product was chromatographed through a silica gel column
(crude/gel¼1:15w20) with 2–3% Et3N in 1:8 EtOAc/hexane
as eluant in order to afford the desired product 17b (6.658 g,
42.1 mmol, 70%, over 2 steps) as a yellow oily liquid. The
spectral data were as follows: 1H NMR (CDCl3/300 MHz)
d 6.28 (dt, J¼12.6, 1.5 Hz, trans H9, 0.56H), 5.87 (dt,
J¼6.3, 1.4 Hz, cis H9, 0.44H), 4.72 (dt, J¼12.6, 7.4 Hz,
trans H8, 0.58H), 4.34 (td, J¼7.4, 1.4 Hz, cis H7, 0.43H),
3.63 and 3.63 (t and t, J¼6.6 and 6.8 Hz, H2, 2H), 3.58 (s,
cis H10, 0.43H), 3.50 (s, trans H9, 0.57H), 2.15–2.02 (br s,
H1, 1H), 2.12–2.0 (m, cis H7, H), 1.97–1.87 (m, trans H7,
0.9H), 1.63–1.51(m, H3, 1.1H), 1.63–1.49 (m, H3, 2H),
1.41–1.28 (m, H4, H5 and H6, 6H); 13C NMR (CDCl3/
300 MHz) d 147.0, 146.1, 107.1, 103.2, 63.0, 63.0, 59.6,
56.0, 32.8, 30.8, 29.8, 29.1, 28.9, 27.7, 25.7, 25.7, 23.8; IR
(neat/NaCl) 3343, 3033, 2997, 2929, 2855, 1656, 1463,
1390, 1208, 1108, 1056, 934, 737 cm�1; LRMS (EI) 158
([M]+, 20), 143 (100), 125 (80); HRMS (EI) m/z calculated
for C9H18NO2 [M]+ 158.1307, found 158.1318.

7.6. 3-(8-Methoxy-oct-7-enoyl)-oxazolidin-2-one (18b)

The acid substrate was prepared using the same method for
the synthesis of imide 18a as described above using 17b
(3.083 g, 19.5 mmol), 200 mL of anhydrous DMF, and
PDC (29.932 g, 78.0 mmol). The crude product was chro-
matographed through a silica gel column (crude/gel¼1:25)
using 1:2 ether/hexane as eluant in order to afford the acid
product (1.47 g, 8.5 mmol, 44%) as a colorless oily liquid.

The coupling reaction was accomplished using the same
method as described above for the synthesis of imide 18a.
In this experiment was used the acid made above (1.11 g,
6.4 mmol) in 65 mL of anhydrous THF, anhydrous Et3N
(3.6 mL, 25.8 mmol), trimethylacetyl chloride (0.8 mL,
6.4 mmol), oven-dried lithium chloride (0.2649 g,
6.4 mmol) and 2-oxazolidone (0.574 g, 6.5 mmol). The
crude product was chromatographed through a silica gel col-
umn (crude/gel¼1:30) using 2–3% Et3N in 3:4 ether/hexane
as eluant in order to afford the desired imide 18b (1.003 g,
4.2 mmol, 65%) as a colorless oily liquid. The spectral
data were as follows: 1H NMR (CDCl3/300 MHz) d 6.27
(d with fine coupling, J¼12.6 Hz, trans H9, 0.80H), 5.87
(dt, J¼6.3, 1.2 Hz, cis H9, 0.20H), 4.71 (dt, J¼12.6,
7.2 Hz, trans H8, 0.75H), 4.41 (t, J¼8.1 Hz, H1, 2H), 4.32
(apparent td, J¼7.5, 6.3 Hz, cis H8, 0.25H), 4.02 (t,
J¼8.1 Hz, H2, 2H), 3.57 (s, cis H10, 0.58H), 3.50 (s, trans
H10, 2.42H), 2.91 (t, J¼7.5 Hz, H3, 2H), 2.11–2.01 (m,
cis H7, 0.4H), 1.98–1.87 (m, trans H7, 1.60H), 1.73–
1.59(m, H4, 2H), 1.44–1.32 (m, H5 and H6, 4H); 13C
NMR (CDCl3/300 MHz) d 173.7, 173.7, 153.7, 147.2,
146.3, 106.8, 103.0, 62.2, 59.6, 56.0, 42.7, 35.2, 30.6,
29.6, 28.8, 28.6, 27.6, 24.2, 24.2, 23.8; IR (neat/NaCl)
3538, 2993, 2930, 2855, 1781, 1700, 1655, 1388, 1208,
1115, 1040, 935, 761 cm�1; LRMS (EI) 242 ([M+H]+

(22), 209 (17), 176 (19), 154 (96), 142 (37), 129 (61), 112
(100); HRMS (EI) m/z calculated for C12H19NO4 [M+H]+

242.1392, found 242.1401.

7.7. 3-(8-Methoxy-1-triisopropylsilanyloxy-octa-1,7-
dienyl)-oxazolidin-2-one (19b)

The triisopropylsilyl enol ether was prepared using the
method described as above for the synthesis of ketene acetal
19a. In this case, the reaction utilized freshly distilled diiso-
propyl amine (0.82 mL, 5.9 mmol) and 40 mL anhydrous
THF in 100-mL round-bottom flask along with 2.5 M
n-butyllithium (2.1 mL, 5.3 mmol), a solution of imide 18b
(1.003 g, 4.2 mmol) in 20 mL of anhydrous THF, and triiso-
propylsilyl trifluoromethanesulfonate (1.4 mL, 5.1 mmol).
The crude product was chromatographed through a silica
gel column (crude/gel¼1:25) using 2–3% Et3N in 4:5
ether/hexane as eluant in order to afford the desired ketene
acetal 19b (1.314 g, 3.3 mmol, 80%) as a colorless oily liq-
uid. The spectral data were as follows: 1H NMR (CDCl3/
300 MHz) d 6.26 (d, J¼12.6 Hz, trans H9, 0.82H), 5.85 (ap-
parent d, J¼6.3 Hz, cis H9, 0.18H), 4.70 (dt, J¼12.6, 7.4 Hz,
trans H8, 0.82H), 4.64 (t, J¼7.4 Hz, H3, 1H), 4.30 (dd of H1
with cis H8 buried, J¼8.5, 7.6 Hz, 2.18H), 3.77 (dd, J¼8.5,
7.6 Hz, H2, 2H), 3.56 (s, cis H10, 0.54H), 3.48 (s, trans H10,
2.46H), 2.16–1.99 (m of H4 with cis H7 buried, 2.36H),
1.96–1.84 (m, trans H7, 1.64H), 1.50–1.28 (m, H5 and H6,
4H), 1.25–1.07 (m of H12 with d of H11 at 1.10,
J¼6.0 Hz, 21H); 13C NMR (CDCl3/300 MHz) d 156.0,
147.2, 146.2, 140.0, 107.0, 105.1, 105.0, 103.1, 61.8, 59.6,
56.0, 46.6, 30.7, 29.7, 29.2, 28.9, 27.7, 25.5, 25.5, 23.8,
18.0, 13.2; IR (neat/NaCl) 3517, 3055, 2944, 2867, 1767,
1678, 1655, 1464, 1399, 1277, 1209, 1131, 1040, 883,
686 cm�1; LRMS (EI) 397 (M+, 2), 382 ([M�CH3]+, 12),
354 ([M�C(CH3)2]+, 100), 244 (97), 200 (89), 128 (68);
HRMS (EI) m/z calculated for C21H39NO4Si [M]+

397.2648, found 397.2765 for [M]+ and 382.2424 for
[M�CH3]+.

7.8. 3-(2-Dimethoxymethyl-cyclohexanecarbonyl)-
oxazolidin-2-one (20b)

The cyclization was conducted using the same procedure
described above for the synthesis of 20a. This experiment
utilized oven-dried tetraethylammonium tosylate (0.607 g,
2.0 mmol), ketene acetal 19b (0.096 g, 0.02 mmol), 20 mL
1:4 THF/MeOH, 2,6-lutidine (0.22 mL, mmol), an RVC
anode and cathode, a constant current of 8 mÅ, and 2.2 F/
mol of charge. The crude product was chromatographed
through a silica gel column (crude/gel¼1:30) using 2–3%
Et3N in 3:5 EtOAc/hexane as eluant in order to afford the de-
sired product 20b (0.041 g, 0.015 mmol, 63%) as a colorless
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oily liquid. The spectral data were as follows: 1H NMR
(CDCl3/300 MHz) d 4.51–4.33 (m of H1 with cis H9 buried,
2.27H), 4.13 (d, J¼7.2 Hz, trans H9, 0.73H), 4.09–4.89 (m,
H2, 2H), 3.85–3.61 (m, cis and trans H3, 1H), 3.29 (s, cis
H10, 0.81H), 3.24 (s, trans H10, 2.19H), 3.23 (s, cis H10,
0.81H), 3.20 (s, trans H10, 2.19H), 2.26–2.04 (m, H8, 1H),
1.98–0.94 (m, H4, H5, H6 and H7, 8H); 13C NMR
(CDCl3/300 MHz) d 177.1, 175.3, 153.8, 153.3, 107.5,
104.4, 61.9, 54.2, 53.9, 53.0, 52.6, 51.8, 43.2, 43.0, 41.8,
41.7, 40.3, 39.9, 30.3, 29.8, 27.1, 26.1, 25.6, 25.4, 25.3,
25.0, 23.7, 23.5; IR (neat/NaCl) 3585, 3534, 3373, 2930,
2857, 1789, 1770, 1728, 1694,1480, 1454, 1385, 1325,
1262, 1223, 1046, 985, 943, 761, 705 cm�1; LRMS (EI)
240 ([M�OCH3]+, 19), 208 (9), 185 (23), 180 (40), 152
(59), 125 (59), 93 (53), 81 (44), 75 (100); HRMS (EI) m/z
calculated for C13H21NO5 [M+] 271.1420, found 240.1231
for [M�OCH3]+.

7.9. 7-Methyl-8-trimethylsilanyl-oct-6-en-1-ol (21a)

The hemiacetal from the reduction of 3-caprolactone was
prepared using the same method as for the synthesis of
enol ether (17a) as described above.

A flamed-dried 500-mL round-bottom flask under an argon
atmosphere was charged with a suspension of (ethyl)triphe-
nylphosphonium bromide (18.567 g, 49.5 mmol) in 150 mL
of anhydrous THF. The mixture was cooled to �78 �C,
a 1.4 M sec-butyllithium solution in cyclohexane (37 mL,
51.8 mmol) was added dropwise, and the resulting dark
brown mixture allowed to warm from �78 �C to room tem-
perature over a period of 3 h. The reaction was recooled to
�78 �C, iodomethyl-trimethylsilane (7.2 mL, 50.2 mmol)
was added dropwise, and the mixture was allowed to warm
to room temperature. After 3 h, the mixture became a cloudy
red-brown solution. To this mixture was added a 1.6 M
n-butyllithium in hexane (32 mL, 51.2 mmol) in a dropwise
fashion. The resulting dark brown mixture was allowed to
warm from �78 �C to room temperature over a period of
3 h. The reaction was recooled to�78 �C and then the crude
hemiacetal (2.4 g, 20.7 mmol) in 40 mL of anhydrous THF
added via a cannula. The mixture was allowed to warm to
room temperature and stirred overnight. The reaction was
then quenched with 300 mL of satd NaHCO3. The layers
were separated and the aqueous phase was extracted with
ether (6�300 mL). The combined organic layers were dried
over anhydrous MgSO4, filtered and concentrated in vacuo.
The crude product was then taken up in 150 mL of 1:3 ether/
hexane and allowed to stand for 4 h in order to precipitate
most of the triphenylphosphine and triphenylphosphine
oxide present in the crude. This mixture was filtered and con-
centrated in vacuo for the second time. The crude product
was chromatographed through a silica gel column (crude/
gel¼1:25) using 2–3% Et3N in 1:2 ether/hexane in order
to afford the desired product 21a (2.793 g, 13.0 mmol,
63%) as a colorless oily liquid. The spectral data were as fol-
lows: 1H NMR (CDCl3/300 MHz) d 5.03–4.89 (m, H7, 1H),
3.63 and 3.62 (t and t, J¼6.3 and 6.3 Hz, H2, 2H), 2.03–1.85
(m, H6, 2H), 1.68–1.64 (m, allylic coupling, H8, 1.65H),
1.59–1.56 (m, allylic coupling, H8, 1.35H), 1.65–1.51 (m,
H1 and H3, 3H), 1.49 (s, H9, 1.26H), 1.45 (s, H9, 0.74H),
1.41–1.38 (m, H4 and H5, 4H), 0.02 (s, H10, 5.35H),
�0.01 (s, H10, 3.65H); 13C NMR (CDCl3/300 MHz)
d 133.2, 132.9, 122.7, 122.3, 63.2, 63.2, 33.0, 33.0, 30.1,
30.0, 30.0, 28.7, 28.3, 26.4, 25.8, 25.5, 23.4, 18.8, �0.5,
�1.1; IR (neat/NaCl) 3337, 2931, 2857, 1659, 1436, 1416,
1376, 1248, 1162, 1055, 840, 755, 693 cm�1; LRMS (EI)
214 ([M]+, 100), 199 (8), 143 (47), 129 (88); HRMS (EI)
m/z calculated for C12H26OSi [M]+ 214.1753, found
214.1747.

7.10. 3-(7-Methyl-8-trimethylsilanyl-oct-6-enoyl)-
oxazolidin-2-one (22a)

The acid substrate was prepared using the same method
as described above during the synthesis of imide 18a. In
this case, the experiment used 21a (3.236 g, 15.1 mmol),
100 mL of anhydrous DMF in a 250 mL flame-dried
round-bottom flask, and PDC (22.32 g, 59.3 mmol). The
crude product was chromatographed through a silica gel
column (crude/gel¼1:25) using 1:2 ether/hexane as eluant
in order to afford the acid product (1.6805 g, 7.4 mmol,
49%) as a colorless oily liquid.

The coupling reaction was also performed using the same
method as described earlier for the synthesis of imide 18a.
In this experiment, the acid made in the preceding paragraph
(1.384 g, 6.1 mmol), 65 mL of anhydrous THF in flamed-
dried 100-mL round-bottom flask, Et3N (3.4 mL,
24.3 mmol), trimethylacetyl chloride (0.75 mL, 6.1 mmol),
oven-dried lithium chloride (0.258 g, 6.2 mmol), and 2-oxa-
zolidone (0.548 g, 6.2 mmol) were used. The crude product
was chromatographed through a silica gel column (crude/
gel¼1:30) with 2–3% Et3N in 1:1 ether/hexane as eluant
in order to afford the desired imide 22a (1.634 g,
5.5 mmol, 91%) as a colorless oily liquid. The spectral
data were as follows: 1H NMR (CDCl3/300 MHz) d 5.01–
4.88 (m, H7, 1H), 4.94 (t, J¼8.0 Hz, H1, 2H), 4.00 (t,
J¼8.0 Hz, H2, 2H), 2.90 (t, J¼7.8 Hz, H3, 2H), 2.04–1.87
(m, H6, 2H), 1.71–1.59 (m, H4, 2H), 1.67–1.62 (m, allylic
coupling, H8, 2.18H), 1.53–1.55 (m, allylic coupling, H8,
0.82H), 1.48 (s, H9, 1.38H), 1.44 (s, H9, 0.62H), 1.45–
1.31 (m, H5, 2H), 0.01 (s, H10, 5.78H), �0.02 (s, H10,
3.22H); 13C NMR (CDCl3/300 MHz) d 173.7, 153.7,
133.4, 133.1, 122.2, 121.9, 62.2, 42.7, 35.2, 35.2, 30.0,
29.8, 29.6, 28.4, 28.1, 26.4, 24.2, 24.1, 23.4, 18.8, �0.5,
�1.1; IR (neat/NaCl) 3546, 3384, 2951, 1782, 1700, 1478,
1387, 1246, 1110, 1040, 953, 851, 760, 695 cm�1; LRMS
(EI) 297 ([M]+, 2), 195 (8), 160 (100); HRMS (EI) m/z cal-
culated for C15H27NO3Si [M]+ 297.1760, found 297.1765.

7.11. 3-(7-Methyl-1-triisopropylsilanyloxy-8-trimethyl-
silanyl-octa-1,6-dienyl)-oxazolidin-2-one (23a)

The TIPS silyl enol ether was prepared using the same
method as described earlier for the synthesis of ketene acetal
19a. This experiment used freshly distilled diisopropyl
amine (0.65 mL, 4.6 mmol) and 20 mL of anhydrous THF
in a 100-mL round-bottom flask, a 1.6 M n-butyllithium in
hexane solution (2.9 mL, 4.6 mmol), imide 22a (1.234 g,
4.2 mmol), 16 mL of anhydrous THF, and triisopropylsilyl
trifluoromethanesulfonate (1.3 mL, 4.7 mmol) in a 50-mL
pear-bottom flask. The crude product was chromatographed
through a silica gel column (crude/gel¼1:25) with 2–3%
Et3N in 1:2 ether/hexane as eluant in order to afford the
desired ketene acetal 23a (1.567 g, 3.5 mmol, 83%) as a
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colorless oily liquid. The spectral data were as follows: 1H
NMR (CDCl3/300 MHz) d 5.00–4.88 (m, H7, 1H), 4.65
and 4.64 (t and t, J¼7.2 and 7.2 Hz, H3, 1H), 4.29 (dd,
J¼8.7, 7.2 Hz, H1, 2H), 3.75 (dd, J¼8.7, 7.2 Hz, H2, 2H),
2.09 (dt, J¼7.5, 7.5 Hz, H4, 2H), 2.02–1.84 (m, H6, 2H),
1.64 (m, allylic coupling, H8, 2.04H), 1.56 (s, H8, 0.96H),
1.48 (s, H9, 1.36H), 1.43 (s, H9, 0.64H), 1.37 (p,
J¼7.5 Hz, H5, 2H), 1.10 (m of H12 with d of H11 at 1.06,
J¼5.7 Hz, 21H), 0.00 (s, H10, 6.12H), �0.03 (s, H10,
2.88H); 13C NMR (CDCl3/300 MHz) d 155.9, 140.0,
133.3, 133.0, 122.4, 122.1, 105.0, 61.8, 46.6, 30.1, 30.0,
29.8, 28.4, 28.2, 26.4, 25.4, 25.4, 23.3, 18.0, 13.2, �0.6,
�1.1; IR (neat/NaCl) 3519, 2946, 2867, 1770, 1681, 1464,
1398, 1248, 1054, 883, 856, 687 cm�1; LRMS (EI) 453
(M+, 5), 410 ([M�CH(CH3)2]+, 67), 366 (14), 244 (100),
210 (36), 200 (51), 128 (59); HRMS (EI) m/z calculated
for C24H47NO3Si2 [M+] 453.3095, found 453.3097.

7.12. 3-(2-Isopropenyl-cyclopentanecarbonyl)-
oxazolidin-2-one (24a)

The anodic cyclization was conducted using the same
procedure as described above for the synthesis of 20a.
The experiment used oven-dried tetraethylammonium
tosylate (0.517 g, 1.7 mmol), ketene acetal 23a (0.225 g,
0.05 mmol), 17 mL 1:4 THF/MeOH, 2,6-lutidine (0.36 mL,
3.1 mmol), an RVC anode and cathode, a constant current
of 8 mÅ, and 2.2 F/mol of charge. The crude product was
chromatographed through a silica gel column (crude/
gel¼1:35) with 2–3% Et3N in 1:1 ether/hexane as eluant
in order to afford the desired product 24a (0.083 g,
0.037 mmol, 75%) as white solid, and 0.016 g of starting ma-
terial 23a was recovered (0.03 mmol, 7%). The spectral data
were as follows: Isomer 1: 1H NMR (CDCl3/300 MHz)
d 4.72 and 4.70 (s and s, H9, 2H), 4.41–4.16 (m, H1 and
H3, 3H), 4.05–3.81 (m, H2, 2H), 3.01 (dt, approx. J¼8.3,
8.3 Hz, H7, 1H), 2.13–1.97, 1.95–1.76 and 1.64–1.52 (m,
H4, H5 and H6, 6H), 1.67 (s, H8, 3H); 13C NMR (CDCl3/
300 MHz) d 175.0, 153.5, 146.2, 111.7, 62.0, 50.0, 46.8,
43.0, 30.4, 29.1, 24.7, 22.1; IR (neat/NaCl) 3508, 3363,
3083, 2957, 2868, 1778, 1690, 1644, 1477, 1388, 1362,
1249, 1226, 1107, 1038, 914, 894, 699 cm�1; LRMS (EI)
223 (M+, 9), 182 (69), 136 (100), 121 (49), 108 (53), 93
(69), 88 (69); HRMS (EI) m/z calculated for C12H17NO3

[M+] 223.1208, found 223.1199. Isomer 2: 1H NMR
(CDCl3/300 MHz) d 4.71 and 4.68 (s and s, H9, 2H), 4.38
(t, J¼8.3 Hz, H1, 2H), 4.00 (t of H2 with H3 buried,
J¼8.3 Hz, 3H), 3.00 (dt, J¼9.8, 8.9 Hz, H7, 1H), 2.28–
2.10, 2.01–1.87 and 1.83–1.46 (m of H4, H5 and H6 with s
of H8 at 1.70, 9H); 13C NMR (CDCl3/300 MHz) d 176.4,
153.4, 146.7, 110.3, 62.0, 50.8, 46.5, 43.0, 31.7, 31.2, 24.9,
20.6; IR (neat/NaCl) 3538, 3075, 2979, 2953, 2871, 1795,
1772, 1682, 1645, 1485, 1386, 1362, 1223, 1041, 899,
757 cm�1; LRMS (EI) 223 (M+, 16), 136 (100), 121 (100),
109 (80), 108 (73), 93 (100), 88 (66); HRMS (EI) m/z calcu-
lated for C12H17NO3 [M+] 223.1208, found 223.1212.

7.13. 8-Methyl-9-trimethylsilanyl-non-7-en-1-ol (21b)

The aldehyde from the hydrolysis of enol ether 17a was pre-
pared using the same method for the synthesis of 17b as de-
scribed above. This experiment used enol ether 17a (3.671 g,
25.5 mmol) and 300 mL of 4 N HCl/acetone (1:1) in a
500-mL round-bottom flask. The crude aldehyde was used
directly in the following step without purification. The alde-
hyde was diluted with solvent (CH2Cl2 or ether) in order to
avoid polymerization.

The allylsilane alcohol 21b was prepared using the same
method as described earlier for the synthesis of 21a using
ethyltriphenylphosphonium bromide (23.538 g, 62.8 mmol)
and 250 mL of anhydrous THF in a 500 mL flame-dried
round-bottom flask, a 1.4 M sec-butyllithium solution in
cyclohexane (48 mL, 67.2 mmol), iodomethyl-trimethyl-
silane (9.4 mL, 62.7 mmol), a 1.6 M n-butyllithium solution
in hexane (41 mL, 65.6 mmol), and the crude aldehyde syn-
thesized above in 40 mL of anhydrous THF. The crude prod-
uct was chromatographed through a silica gel column (crude/
gel¼1:25) using 2–3% Et3N in 1:1.5 ether/hexane as eluant
in order to afford the desired product 21b (3.433 g,
15 mmol, 59%, over 2 steps) as an almost colorless oily liq-
uid. The spectral data were as follows: 1H NMR (CDCl3/
300 MHz) d 5.02–4.89 (m, H8, 1H), 3.63 and 3.61 (apparent
overlap of t and t, J¼6.3 and 6.6 Hz, H2, 2H), 2.02–1.83 (m,
H7, 2H), 1.68–1.64 (m, allylic coupling, H9, 1.34H), 1.66–
1.52 (m, H1 and H3, 3H), 1.59–1.56 (m, allylic coupling,
H9, 1.63H), 1.49 (s, H10, 0.46H), 1.45 (s, H10, 0.54H),
1.40–1.25 (m, H4, H5 and H6, 6H), 0.02 (s, H11,
4.15H), �0.01 (s, H11, 4.85H); 13C NMR (CDCl3/
300 MHz) d 133.0, 132.7, 122.8, 122.5, 63.1, 33.0, 32.9,
30.3, 30.1, 30.0, 29.5, 29.2, 28.7, 28.2, 26.4, 25.9, 25.9,
23.3, 18.8, �0.5, �1.1; IR (neat/NaCl) 3326, 2929,
2855, 1658, 1437, 1416, 1376, 1248, 1162, 1056, 856,
756, 694 cm�1; LRMS (EI) 228 ([M]+, 84), 143 (100),
129 (73); HRMS (EI) m/z calculated for C13H28OSi
[M]+ 228.1909, found 228.1922.

7.14. 3-(8-Methyl-9-trimethylsilanyl-non-7-enoyl)-
oxazolidin-2-one (22b)

The acid intermediate was prepared using the same method
as described for the synthesis of acid 18a. This experiment
used 21b (2.175 g, 9.5 mmol), 50 mL of anhydrous DMF,
and PDC (12.434 g, 33 mmol). The reaction was quenched
with 500 mL of water, the layers separated, and the aqueous
layer extracted with ether (12�150 mL). The combined
organic layers were dried over anhydrous MgSO4, filtered
and concentrated in vacuo. The crude product was chromato-
graphed through a silica gel column (crude/gel¼1:25) using
1:6 EtOAc/hexane as eluant to afford the acid product
(1.484 g, 6.1 mmol, 64%) as an almost colorless oily liquid.

The imide intermediate was prepared using the procedure as
described earlier for the synthesis of imide 18a. This exper-
iment used 0.146 g (6.0 mmol) of the acid synthesized in
the preceding paragraph in 20 mL of anhydrous THF, anhy-
drous Et3N (0.4 mL, 2.9 mmol), trimethylacetyl chloride
(0.08 mL, 6.4 mmol), oven-dried lithium chloride (0.03 g,
7.2 mmol), and 2-oxazolidone (0.06 g, 6.7 mmol). The
crude product was chromatographed through a silica gel col-
umn (crude/gel¼1:30) using 2–3% Et3N in 3:4 ether/hexane
as eluant in order to afford the desired imide 22b (0.171 g,
5.8 mmol, 96%) as a colorless oily liquid. The spectral
data were as follows: 1H NMR (CDCl3/300 MHz) d 5.01–
4.87 (m, H8, 1H), 4.40 (t, J¼8.1 Hz, H1, 2H), 4.00 (t,
J¼8.0 Hz, H2, 2H), 2.90 (apparent t, J¼7.5 Hz, H3, 2H),
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2.02–1.82 (m, H7, 2H), 1.72–1.58 (m, H4, 2H), 1.67–1.62
(m, allylic coupling, H9, 1.50H), 1.58–1.55 (m, allylic cou-
pling, H9, 1.50H), 1.48 (s, H10, 1H), 1.44 (s, H10, 1H), 1.42–
1.29 (m, H5 and H6, 4H), 0.01 (s, H11, 4.50H), �0.02 (s,
H11, 4.50H); 13C NMR (CDCl3/300 MHz) d 173.7, 153.7,
133.1, 132.8, 122.6, 122.3, 62.2, 42.7, 35.3, 35.3, 30.0,
30.0, 29.9, 29.1, 28.9, 28.5, 28.1, 26.4, 24.4, 24.4, 23.3,
18.8, �0.5, �1.1; IR (neat/NaCl) 3545, 3385m, 2952,
2929, 2855, 1782, 1700, 1479, 1387, 1247, 1224, 1040,
857, 760, 696 cm�1; LRMS (EI) 311 ([M]+, 5), 160 (100),
144 (11); HRMS (EI) m/z calculated for C16H29NO3Si
[M]+ 311.1917, found 311.1929.

7.15. 3-(8-Methyl-1-triisopropylsilanyloxy-9-trimethyl-
silanyl-nona-1,7-dienyl)-oxazolidin-2-one (23b)

The triisopropylsilyl enol ether was prepared using the same
method as described earlier for the synthesis of ketene acetal
19a. This experiment used freshly distilled diisopropyl
amine (0.33 mL, 2.4 mmol) in 15 mL of anhydrous THF,
a 1.6 M n-butyllithium (1.5 mL, 2.4 mmol) in hexane solu-
tion, imide 22b (0.669 g, 2.1 mmol) in 10 mL anhydrous
THF, and triisopropylsilyl trifluoromethanesulfonate
(1.3 mL, 4.7 mmol). The crude product was chromato-
graphed through a silica gel column (crude/gel¼1:25) using
2–3% Et3N in 1:2 ether/hexane as eluant in order to afford
the desired ketene acetal 23b (0.814 g, 1.7 mmol, 81%) as
an almost colorless oily liquid. The spectral data were as fol-
lows: 1H NMR (CDCl3/300 MHz) d 4.99–4.87 (m, H8, 1H),
4.63 (t, J¼7.2 Hz, H3, 1H), 4.29 (dd, J¼8.4, 7.1 Hz, H1,
2H), 3.75 (dd, J¼8.4, 7.1 Hz, H2, 2H), 2.08 (dt, J¼7.2,
7.0 Hz, H4, 2H), 1.99–1.83 (m, H7, 2H), 1.64 (m, allylic
coupling, H9, 1.5H), 1.55 (s, H9, 1.5H), 1.47 (s, H10, 1H),
1.43 (s, H10, 1H), 1.40–1.26 (m, H5 and H6, 4H), 1.23–
1.06 (m of H13 with d of H12 at 1.09, J¼6 Hz, 21H), 0.00
(s, H11, 4.5H), �0.03 (s, H11, 4.5H); 13C NMR (CDCl3/
300 MHz) d 155.9, 139.9, 132.9, 132.6, 122.7, 122.4,
105.1, 105.1, 61.8, 46.6, 30.0, 29.9, 29.4, 29.1, 28.5, 28.1,
26.4, 25.6, 25.5, 23.3, 17.9, 13.1, �0.6, �1.1; IR (neat/
NaCl) 2946, 2868, 1769, 1680, 1464, 1399, 1368, 1279,
1248, 1061, 1040, 883, 856, 687 cm�1; LRMS (EI) 467
(M+, 11), 452 ([M�CH3]+, 5), 424 ([M�CH(CH3)2]+, 52),
244 (100), 200 (56), 128.1 (37); HRMS (EI) m/z calculated
for C25H49NO3Si2 [M]+ 467.3251, found 467.3256.

7.16. 3-(2-Isopropenyl-cyclohexanecarbonyl)-
oxazolidin-2-one (24b)

The anodic cyclization was conducted using the same proce-
dure as described for the synthesis of 20a. This experiment
used oven-dried tetraethylammonium tosylate (0.459 g,
1.5 mmol), ketene acetal 23b (0.091 g, 0.19 mmol), 15 mL
of 1:4 THF/MeOH, 2,6-lutidine (0.16 mL, 1.4 mmol), an
RVC anode and cathode, a constant current of 8 mÅ, and
2.2 F/mol of charge. The crude product was chromato-
graphed through a silica gel column (crude/gel¼1:35) using
2–3% Et3N in 1:1 ether/hexane as eluant in order to afford the
desired product 24b (0.033 g, 0.14 mmol, 71%) as white
solid. The spectral data were as follows: 1H NMR (CDCl3/
300 MHz) d 4.66 and 4.66 (s and s, H10, 2H), 4.40–4.32 (ap-
parent t, J¼8.1 Hz, H1, 2H), 3.96 (t, J¼8.1 Hz, H2, 2H), 3.88
(td, J¼11.2, 3.6 Hz, H3, 1H), 2.38 (td, J¼11.2, 3.2 Hz, H8,
1H), 2.02–1.94 and 1.86–1.73 (m, H4 and H7, 4H), 1.71 (s,
H9, 3H), 1.46–1.13 (m, H5 and H6, 4H); 13C NMR
(CDCl3/300 MHz) d 176.3, 153.5, 149.3, 109.8, 61.9, 47.0,
45.1, 42.8, 31.9, 30.5, 26.2, 25.7, 21.5; IR (neat/NaCl)
3080, 2938, 2912, 2850, 1788, 1766, 1689, 1648, 1475,
1437, 1384, 1360, 1270, 1193, 1038, 942, 909, 759 cm�1;
LRMS (EI) 237 (2), 150 (100), 135 (28); HRMS (EI) m/z cal-
culated for C13H19NO3 [M]+ 237.1365, found 237.1362.

7.17. 3-[1-(tert-Butyl-dimethyl-silanyloxy)-8-methyl-9-
trimethylsilanyl-ona-1,7-dienyl]-oxazolidin-2-one (23c)

The tert-butyldimethylsilyl enol ether was prepared using the
same method as described above for the synthesis of ketene
acetal 19a. In this experiment, freshly distilled diisopropyl
amine (0.22 mL, 1.6 mmol) in 20 mL anhydrous THF was
used along with a 2.5 M solution of n-butyllithium in hexane
(0.63 mL, 1.6 mmol), imide 22b (0.457 g, 1.5 mmol) in
10 mL of anhydrous THF, and tert-butyldimethylsilyl tri-
fluoromethanesulfonate (0.38 mL, 1.6 mmol). The crude
product was chromatographed through a silica gel column
(crude/gel¼1:25) using 2–3% Et3N in 1:2 ether/hexane as
eluant in order to afford the desired product 23c (0.347 g,
0.8 mmol, 56%) as an almost colorless oily liquid. The spec-
tral data were as follows: 1H NMR (CDCl3/300 MHz) d 5.02–
4.89 (m, H8, 1H), 4.75 (t, J¼7.2 Hz, H3, 0.35H), 4.75 (t,
J¼7.2 Hz, H3, 0.65H), 4.32 (dd, J¼8.7, 7.4 Hz, H1, 2H),
3.74 (dd, J¼8.7, 7.4 Hz, H2, 2H), 2.07 (dt, J¼7.2, 7.2, H4,
2H), 2.02–1.84 (m, H7, 2H), 1.67 (m, allylic coupling, H9,
1.05H), 1.58 (m, allylic coupling, H9, 1.95H), 1.50 (s, H10,
0.7H), 1.46 (s, H10, 1.3H), 1.43–1.23 (m, H5 and H6, 4H),
0.97 (s, H13, 9H), 0.18 (s, H12, 6H), 0.023 (s, H11,
3.15H), 0.002 (s, H11, 5.85H); 13C NMR (CDCl3/
300 MHz) d 155.9, 139.1, 133.1, 132.8, 122.8, 122.5,
106.7, 106.7, 61.9, 45.6, 30.1, 30.0, 23.0, 29.5, 29.2, 28.6,
28.2, 26.5, 25.8, 25.6, 25.5, 23.4, 18.8, 18.2, 14.3, �0.5,
�1.0, �4.5; IR (neat/NaCl) 2954, 2930, 2857, 1766, 1683,
1472, 1402, 1249, 1041, 841, 783 cm�1; LRMS (EI) 425
([M]+, 1), 410 ([M�CH3]+, 12), 368 ([M�C(CH3)2]+, 42),
202 (100), 160 (90); HRMS (EI) m/z calculated for
C22H43NO3Si2 [M]+ 425.2782, found 425.2773.

7.18. (S)-(L)-4-Benzyl-3-(8-methyl-9-trimethylsilanyl-
non-7-enoyl)-oxazolidin-2-one (39a)

The imide intermediate 39a was prepared using the proce-
dure as described earlier for the synthesis of imides 18a
and 22b. This experiment used the acid derived from 21b
(see above) in 90 mL of anhydrous THF, anhydrous Et3N
(5.0 mL, 35.9 mmol), trimethylacetyl chloride (1.1 mL,
8.8 mmol), oven-dried lithium chloride (0.345 g,
8.4 mmol), and (S)-(�)-4-benzyl-2-oxazolidinone (1.491 g,
8.3 mmol). The crude product was chromatographed
through a silica gel column (crude/gel¼1:30) with 2–3%
Et3N in 1:4 ether/hexane as eluant in order to afford the de-
sired imide 39a (2.729 g, 6.8 mmol, 82%) as a colorless oily
liquid. The spectral data were as follows: 1H NMR (CDCl3/
300 MHz) d 7.35–7.15 (m, H4, H40, H5, H50, H6, 5H), 5.01–
4.88 (m, H12, 1H), 4.69–4.59 (m, H2, 1H), 4.21–4.10 (m, H1
and H10, 2H), 3.27 (dd, J¼13.2, 3.2 Hz, H3, 1H), 3.02–2.80
(m, H7, 2H), 2.74 (dd, J¼13.2, 9.6 Hz, H30, 1H), 2.03–1.83
(m, H11, 2H), 1.72–1.60 (m, H8, 2H), 1.68–1.61 and 1.58–
1.54 (m and m, allylic coupling, H13, 3H), 1.48 and 1.43 (s
and s, H14, 2H), 1.42–1.26 (m, H9 and H10, 4H), 0.00 and
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0.03 (s and s, H15, 9H); 13C NMR (CDCl3/300 MHz)
d 173.4, 153.5, 135.5, 133.0, 132.8, 129.5, 129.0, 127.4,
122.6, 122.3, 66.2, 55.2, 38.0, 35.6, 30.0, 29.9, 29.8, 29.0,
28.9, 28.5, 28.1, 26.4, 24.4, 24.3, 23.3, 18.7, �0.6, �1.1;
IR (neat/NaCl) 3550, 3385, 2930, 2856, 1790, 1770, 1704,
1704, 1698, 1604, 1454, 1385, 1246, 1210, 1107, 1029,
875, 701 cm�1; LRMS (EI) 401 ([M]+, 10), 250 (100), 73
(59); HRMS (EI) m/z calculated for C23H35NO3Si [M]+

401.2386, found 401.2381.

7.19. (S)-(L)-4-Benzyl-3-[1-(tert-butyl-dimethyl-silanyl-
oxy)-8-methyl-9-trimethylsilanyl-nona-1,7-dienyl]-
oxazolidin-2-one (40a)

The tert-butyldimethylsilyl enol ether 40a was prepared us-
ing the same method initially as described above for the syn-
thesis of ketene acetal 19a above. In this experiment, freshly
distilled diisopropyl amine (0.18 mL, 1.3 mmol) in 20 mL
anhydrous THF was used along with a 1.6 M n-butyllithium
(0.86 mL, 1.4 mmol), imide 39a (0.461 g, 1.2 mmol) in
20 mL of anhydrous THF, and tert-butyldimethylsilyl
trifluoromethanesulfonate (0.35 mL, 1.5 mmol). The crude
product was chromatographed through a silica gel column
(crude/gel¼1:25) using 2–3% Et3N in 1:4 ether/hexane as
eluant in order to afford the desired ketene acetal 40a
(0.335 g, 0.65 mmol, 57%) as a colorless oily liquid and
starting material 40a (w0.18 g, 0.45 mmol, 39%). The spec-
tral data were as follows: 1H NMR (CDCl3/300 MHz)
d 7.36–7.12 (m, H4, H40, H5, H50, H6, 5H), 5.04–4.90 (m,
H12, 1H), 4.86 (dd, J¼6.3, 6.3 Hz, H7, 1H), 4.24–4.10 (m,
H1 and H10, 2H), 4.08–3.97 (m, H2, 1H), 3.2 (dd, J¼13.5,
3.3 Hz, H3, 1H), 2.61 (dd, J¼13.5, 9.6 Hz, H30, 1H), 2.32–
1.85 (m, H8 and H11, 4H), 1.69–1.63 (m, allylic coupling,
H13, 1.59H), 1.61–1.56 (m, allylic coupling, H13, 1.41H),
1.48 and 1.43 (s and s, H14, 2H), 1.48–1.30 (m, H9 and
H10, 4H), 1.00 (s, H17, 9H), 0.23 and 0.17 (s and s, H16
and H160, 6H), 0.0 and �0.02 (s and s, H15, 9H); 13C
NMR (CDCl3/300 MHz) d 155.5, 137.2, 135.8, 132.9,
132.7, 129.5, 129.0, 127.2, 122.6, 122.3, 109.9, 66.7, 56.3,
38.3, 38.2, 30.0, 29.9, 29.8, 29.3, 29.1, 28.4, 28.0, 26.3,
25.7, 25.6, 25.5, 23.3, 18.7, 18.1, �0.6, �1.1, �4.4, �4.7;
IR (neat/NaCl) 3520, 3087, 3063, 3068, 2928, 2857, 1770,
1682, 1644, 1585, 1497, 1454, 1393, 1248, 1122, 1090,
1043, 838, 699 cm�1; LRMS (EI) 401 ([M]+, 10), 250
(100), 73 (59); HRMS (EI) m/z calculated for
C23H35NO3Si [M]+ 401.2386, found 401.2381.

7.20. (S)-(L)-4-Benzyl-3-(2-isopropenyl-cyclohexane-
carbonyl)-oxazolidin-2-one (41a)

The anodic cyclization was conducted using the same proce-
dure as described for the synthesis of 20a. This experiment
used oven-dried tetraethylammonium tosylate (0.458 g,
1.5 mmol), ketene acetal 40a (0.0959 g, 0.19 mmol),
15 mL MeOH, 2,6-lutidine (0.14 mL, 1.2 mmol), an RVC
anode and cathode, a constant current of 8 mÅ, and
2.2 F/mol of charge. The crude product was chromato-
graphed (crude/gel¼1:30) through a silica gel column using
2–3% Et3N in 1:4 ether/hexane as eluant in order to afford
the desired product 41a (0.008 g, 0.0023 mmol, 13%) as
a colorless oil and imide 39a (0.039 g, 0.1 mmol, 53%). A
second chromatography (crude/gel¼1:60) was performed
to further separate two isomers using 2–3% Et3N in 1:4
ether/hexane as eluant. The spectral data were as follows:
Isomer 1 (trans): 1H NMR (CDCl3/600 MHz) d 7.35–7.18
(m, H4, H40, H5, H50 and H6, 5H), 4.70–4.67 (m, allylic cou-
pling, H14 and H14, 2H), 4.67–4.61 (m, H2, 1H), 4.17–4.12
(m, H1 and H10, 2H), 3.84 (dt, J¼3.3, 11.0 Hz, H7, 1H), 3.22
(dd, J¼2.7, 13.5 Hz, H3, 1H), 2.74 (dd, J¼9.6, 13.2 Hz, H30,
1H), 2.41 (dt, J¼3.3, 11.0 Hz, H12, 1H), 2.11–2.05 (m, H9,
1H), 1.88–1.77 (m, H8, H10, and H11, 3H), 1.73 (s, H13,
3H), 1.46–1.30 (m, H80, H90, and H100, 3H), 1.28–1.19 (m,
H110, 1H); 13C NMR (CDCl3/600 MHz) d 176.1, 153.4,
149.5, 135.5, 129.7, 129.1, 127.5, 109.8, 66.2, 55.3, 46.8,
45.4, 38.1, 32.0, 30.6, 26.6, 26.3, 25.8, 21.7. Isomer 2
(trans): 1H NMR (CDCl3/600 MHz) d 7.34–7.19 (m, H4,
H40, H5, H50, and H6, 5H), 4.79–4.77 and 4.75–4.72 (m,
allylic coupling, H14 and H140, 2H), 4.68–4.63 (m, H2,
1H), 4.16–4.09 (m, H1 and H10, 2H), 3.96 (dt, J¼3.2,
11.0 Hz, H7, 1H), 3.23 (dd, J¼3.3, 13.5 Hz, H3, 1H), 2.62
(dd, J¼9.9, 13.5 Hz, H30, 1H), 2.46 (dt, J¼3.2, 11.0 Hz,
H12, 1H), 2.00–1.95 (m, H8, 1H), 1.87–1.82 (m, H11,
1H), 1.82–1.78 (m, H9 and H10, 2H), 1.77–1.75 (m, allylic
coupling, H13, 3H), 1.47–1.23 (m, H80, H90, H100, H110,
4H); 13C NMR (CDCl3/600 MHz) d 176.3, 153.5, 149.0,
135.7, 129.7, 129.1, 127.4, 110.5, 65.9, 44.4, 47.5, 45.0,
38.1, 31.9, 30.6, 26.2, 25.7, 21.5.

7.21. (S)-(L)-4-Isopropyl-3-(8-methyl-9-trimethyl-
silanyl-non-7-enoyl)-oxazolidin-2-one (39b)

The imide intermediate 39b was prepared using the proce-
dure as described earlier for the synthesis of imide 18a and
22b. This experiment used the acid derived from alcohol
21b (0.481 g, 2.0 mmol) in 30 mL of anhydrous THF, anhy-
drous Et3N (1.2 mL, 8.6 mmol), trimethylacetyl chloride
(0.26 mL, 2.1 mmol), oven-dried lithium chloride (0.095 g,
2.3 mmol), and (S)-(�)-4-benzyl-2-oxazolidinone (0.276 g,
2.1 mmol). The crude product was chromatographed
through a silica gel column (crude/gel¼1:30) with 2–3%
Et3N in 1:5 ether/hexane as eluent in order to afford the de-
sired imide 39b (0.599 g, 1.7 mmol, 85%) as a colorless oily
liquid. The spectral data were as follows: 1H NMR (CDCl3/
300 MHz) d 5.02–4.88 (m, H10, 1H), 4.47–4.39 (m, H2,
1H), 4.26 (apparent t, J¼9.0 Hz, H1, 1H), 4.19 (dd, J¼9.0,
3.3 Hz, H10, 1H), 3.05–2.78 (m, H5, 2H), 2.37 (m, H3,
1H), 2.03–1.82 (m, H9, 2H), 1.72–1.59 (m, H6, 2H), 1.68–
1.63 (m, allylic coupling, H11, 1.61H), 1.59–1.56 (m, allylic
coupling, H11, 1.39H), 1.49 (s, H12, 1.04H), 1.45 (s, H12,
0.96H), 1.42–1.29 (m, H7 and H8, 4H), 0.91 and 0.87
(d and d, J¼7.2, 6.9 Hz, H4 and H40, 6H), 0.01 and �0.01
(s and s, H13, 9H); 13C NMR (CDCl3/300 MHz) d 173.2,
154.0, 132.8, 132.5, 122.5, 122.2, 63.3, 58.3, 35.4,
29.8, 29.8, 29.7, 28.9, 28.7, 28.4, 28.3, 28.0, 26.2, 24.5,
24.4, 18.6, 17.9, 14.7, �0.7, �1.3; IR (neat/NaCl) 2957,
2876, 2856, 1785, 1703, 1386, 1247, 1206, 858 cm�1;
LRMS (EI) 353 ([M]+, 6), 202 (100), 158 (9); HRMS (EI)
m/z calculated for C19H35NO3Si [M]+ 353.2386, found
353.2384.

7.22. 3-[1-(tert-Butyl-dimethyl-silanyloxy)-8-methyl-9-
trimethyl-silanyl-nona-1,7-dienyl]-(S)-(L)-4-isopropyl-
oxazolidin-2-one (40b)

The tert-butyldimethylsilyl enol ether 40b was prepared
using the same method as described earlier for the synthesis
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of ketene acetal 19a. In this experiment, freshly distilled di-
isopropyl amine (0.2 mL, 1.4 mmol) in 30 mL of anhydrous
THF was used along with 1.6 M n-butyllithium (0.87 mL,
1.4 mmol), imide 39b (0.363 g, 1.0 mmol) in 20 mL of an-
hydrous THF, and tert-butyldimethylsilyl trifluoromethane-
sulfonate (0.34 mL, 1.5 mmol). The crude product was
chromatographed through a silica gel column (crude/
gel¼1:25) using 2–3% Et3N in 1:4 ether/hexane as eluant
in order to afford the desired ketene acetal 40b (0.423 g,
0.9 mmol, 88%) as a colorless oily liquid. The spectral
data were as follows: 1H NMR (CDCl3/300 MHz) d 5.02–
4.88 (m, H10, 1H), 4.83–4.75 (m, H5, 1H), 4.23 (apparent
t, J¼9.0 Hz, H1, 1H), 4.07 (dd, J¼9.3, 8.7 Hz, H10, 1H),
3.98–3.90 (m, H2, 1H), 2.22–1.84 (m, H3, H6 and H5,
5H), 1.68–1.63 and 1.59–1.55 (m and m, allylic coupling,
H11, 3H), 1.49 and 1.45 (s and s, H12, 2H), 1.43–1.24 (m,
H7 and H8, 4H), 0.96 (s, H15, 9H), 0.92 and 0.90 (d and
d, J¼3.3, 3.0 Hz, H4 and H40, 6H), 0.2 and 0.15 (s and s,
H14 and H140, 6H), 0.02 and �0.01 (s and s, H13, 9H);
13C NMR (CDCl3/300 MHz) d 156.1, 137.7, 133.1, 132.8,
122.8, 122.5, 109.6, 63.3, 59.1, 30.0, 29.9, 29.4, 29.2,
28.9, 28.5, 28.1, 26.5, 25.8, 25.6, 25.5, 23.4, 18.8,
18.2, 17.8, 15.2, �0.5, �1.0, �4.3, �4.6; IR (neat/NaCl)
2956, 2930, 2857, 1768, 1683, 1472, 1463, 1401, 1248,
1053, 841, 784 cm�1; LRMS (EI) 467 (M+, 11), 452
([M�CH3]+, 25), 410 (100), 244 (75), 202 (75); HRMS
(EI) m/z calculated for C25H49NO3Si2 [M+] 467.3251, found
467.3248.

7.23. 3-(2-Isopropenyl-cyclohexanecarbonyl)-(S)-(L)-4-
isopropyl-oxazolidin-2-one (41b)

The anodic cyclization was conducted using the same proce-
dure as described for the synthesis of 20a. This experiment
used oven-dried tetraethylammonium tosylate (0.6240 g,
2.1 mmol), ketene acetal 40b (0.1052 g, 0.23 mmol),
20 mL of a 1:1 CH2Cl2/MeOH mixture, 2,6-lutidine
(0.2 mL, 1.33 mmol), an RVC anode and cathode, a constant
current of 8 mÅ, and 2.2 F/mol of charge. The crude product
was chromatographed through a silica gel column (crude/
gel¼1:40) using 2–3% Et3N in 1:6 ether/hexane as eluant
in order to afford the desired product 41b (0.0105 g of
Isomer 1, 0.038 mmol, 17%, and 0.0159 g of Isomer 2,
0.057 mmol, 25%) as colorless oil. The spectral data were
as follows: Isomer 1 (trans): 1H NMR (CDCl3/300 MHz)
d 4.70–4.65 (m, allylic coupling, H12, 2H), 4.46–4.39 (m,
H2, 1H), 4.27–4.15 (m, H1 and H10, 2H), 3.90 (dt, J¼3.6,
11.1 Hz, H5, 1H), 2.38 (dt, J¼3.0, 13 Hz, H10, 1H), 2.32
(dqq, J¼1.2, 7.1, 7.1 Hz, H3, 1H), 2.11–2.02 and 1.88–
1.76 (m, H6 and H9, 4H), 1.74–1.71 (m, allylic coupling,
H11, 3H), 1.52–1.15 (m, H7 and H8, 4H), 0.90 and 0.86 (d
and d, J¼7.2, 6.9 Hz, H4 and H40, 6H); 13C NMR (CDCl3/
300 MHz) d 176.0, 154.0, 149.6, 109.6, 63.5, 58.2, 46.6,
45.6, 32.1, 31.0, 29.9, 28.8, 26.3, 25.9, 21.7, 18.1; IR
(neat/NaCl) 3537, 3384, 3076, 2929, 1779, 1698, 1644,
1487, 1447, 1384, 1300, 1203, 1090, 944, 892, 708 cm�1;
LRMS (EI) 279 (M+, 7), 242 (10), 150 (100); HRMS (EI)
m/z calculated for C16H25NO3 [M+] 279.1834, found
279.1825. Isomer 2 (trans): 1H NMR (CDCl3/300 MHz)
d 4.77–4.73 and 4.70–4.66 (m, allylic coupling, H12, 2H),
4.47–4.40 (m, H2, 1H), 4.26–4.13 (m, H1 and H10, 2H),
3.99 (dt, J¼3.6, 11.1 Hz, H5, 1H), 2.41 (dt, J¼3.2,
11.4 Hz, H10, 1H), 2.27 (m, H3, 1H), 2.00–1.90 and
1.86–1.76 (m, H6 and H9, 4H), 1.75–1.72 (m, allylic cou-
pling, H11, 3H), 1.48–1.18 (m, H7 and H8, 4H), 0.88 and
0.82 (d and d, J¼6.9, 6.8 Hz, H4 and H40, 6H); 13C NMR
(CDCl3/300 MHz) d 176.1, 154.0, 148.9, 110.3, 63.0, 58.6,
31.9, 30.5, 28.5, 27.1, 26.2, 25.6, 21.3, 18.1; IR (neat/
NaCl) 3536, 3380, 3074, 2929, 1772, 1700, 1645, 1487,
1448, 1385, 1300, 1259, 1204, 1060, 894, 777, 711 cm�1;
LRMS (EI) 279 (M+, 4), 200 (12), 186 (100), 150 (71),
100 (32), 73 (57); HRMS (EI) m/z calculated for
C16H25NO3 [M+] 279.1834, found 279.1839.
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Abstract—The wide range of chemical transformations possible with furans and thiophenes, especially reactions leading to dearomatization
of the nucleus, make them highly versatile synthons for complex molecule construction. As part of a program to exploit this intrinsic reactivity,
we have developed a convenient method to prepare annulated versions of these heterocycles. The strategy is based on a two-step annulation
involving the initial conjugate addition of a heteroaryl organometallic to an enone with trapping of the enolate as the silyl enolether. Anodic
oxidation of this molecule leads to the initial formation of a radical-cation that is trapped in a heteroaryl-terminated cyclization to give the
annulated products.
� 2006 Published by Elsevier Ltd.
1. Introduction

Over the past several years, we have worked on the develop-
ment of methodology for the synthesis of annulated furans
and thiophenes based on the formation and trapping of an in-
termediate radical-cation generated by electrochemical oxi-
dation at the anode. Our interest in a method of this type has
been driven by the recognition that p-excessive heterocycles
such as furan and thiophene can serve as versatile precursors
to a wide array of non-aromatic functionality.1 Much of the
inspiration for this work has been from erinacine C2 and tri-
cholomalide A3, two terpenoid metabolites of fungal origin
that act as inducers of nerve growth factor (NGF) expression
(Scheme 1).
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Scheme 1. Retrosynthetic analysis of terpenoid NGF inducers.
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Inducers of NGF have potential for the treatment of neuro-
degenerative disorders such as Alzheimer’s disease and
amyotrophic lateral sclerosis.4

Retrosynthetic analysis of both structures can lead to a com-
mon angular furan framework 1 and 2 where the furan can
serve as a precursor to both the carbocyclic seven-membered
ring of erinacine C via a [4+3] cycloaddition as well as the
furanoid ring of tricholomalide A through adjustment of
oxidation states. The initial approach taken to intermediate
1 involved a vinyl furan Diels–Alder reaction between 3-
methylcyclopentenone and 3-vinyl furan. Unfortunately,
this process was completely ineffective and prompted us to
develop new strategies for the construction of annulated fu-
rans such as 1 and 2. We formulated a direct route to such
angular-fused heterocycles that would involve the stepwise
coupling of simple enone building blocks 3 with alkyl metal
derivatives 4 containing a pendant furan. Addition of re-
agents such as 4 in a conjugate fashion to the enone would
form one of the new bonds of the B-ring. The second
stage of this annulation protocol was less obvious as it re-
quired the polarity reversal of one of the electron-rich car-
bons either at the silyl enolether or at the C2-position of
the furan. Radical-cation chemistry seemed particularly
well-suited to trigger the second step of the annulation
as removal of one electron from either of the electron-rich
p-systems could be followed by nucleophilic attack of the
other group to close the central carbocyclic system. In this
report, we give a full account of this annulation strategy
and an update of the current scope and limitations of this
methodology.

mailto:dwright@dartmouth.edu
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2. Results and discussion

2.1. Six-membered ring annulations with furan

The first efforts centered upon the preparation of six-
membered ring systems as would be needed for an approach
to the erinacines5 (Scheme 2).
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Scheme 2. Six-membered ring annulations.

The requisite furylethyl bromide could be easily prepared by
lithiation of 3-bromofuran followed by addition to ethylene-
oxide and conversion of the resultant alcohol to the bromide.6

Formation of the Grignard reagent 5 under standard con-
ditions was followed by a copper-catalyzed addition to 3-
methylcyclopentenone 6 in the presence of trimethylsilyl
chloride to give the enolether 7. The second stage of the an-
nulation would involve the generation of a radical-cation in-
termediate through a one-electron oxidation of 7. We initially
examined a variety of chemical oxidants including chromium
and vanadium reagents but were unable to effect the desired
cyclization reaction. Instead, cleavage of the silyl enolether
to the corresponding ketone dominated. The seminal work of
Moeller7 on the electrochemical oxidation of electron-rich
alkenes inspired us to examine this non-chemical method
for generation of the required radical-cation. Gratifyingly,
it was found that oxidation of 7 under electrochemical condi-
tions provided high yields of a cyclized product (all annula-
tion yields are reported as the overall yield for the two steps
from the enone) as a single diastereomer 8. The initially
formed product is not the furan 8 but an acetal intermediate
derived from addition of isopropanol to the intermediate oxo-
carbenium ion. Brief acid treatment upon work-up converts
this intermediate to the furan. A detailed study on the closure
of six-membered rings revealed that the reaction was effec-
tive, highly diastereoselective, and tolerant to a wide range
of functional groups such as ketals, olefins, and carbamates.8

A related example of the enolether 10 derived from cryptone
shows how three contiguous stereogenic centers are set and
that groups in the allylic position of the enone 9 can effectively
direct the addition of the cuprate. As in other cases, the radi-
cal-cation initiated cyclization reaction proceeds under com-
plete kinetic control, yielding only the cis-descalin isomer 11.

2.2. Seven- and five-membered ring annulations with
furan

With the successful application of this method to the annu-
lation of six-membered rings, our attention turned to the
extension of the process to seven- and five-membered ring
annulations. The required furylpropyl bromide 12 needed
for the seven-membered ring annulation was conveniently
prepared from 3-bromofuran 11 by reaction of the derived
organolithium species with trimethyleneoxide9 followed
by bromination (Scheme 3).
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Scheme 3. Seven-membered ring annulations.

Addition of this reagent to cyclopentenone and 3-methyl-
cyclopentenone gave the corresponding silyl enolethers 14
and 15. A surprising trend emerged during the study of these
substrates.10 Electrochemical oxidation of 14 gave only
polymeric materials that precipitated onto the surface of
the electrode and caused the consumption of excessive
amounts of current. In contrast, electro-oxidation of 15 pro-
ceeded smoothly, giving the desired adduct 17 as the exclu-
sive cis-isomer. Slightly better yields could be realized with
the use of RVC electrodes in place of graphite, likely due to
passivation of the graphite anode. No appreciable difference
in yields for six-membered cyclizations between graphite
and RVC have been observed.

A more detailed investigation revealed that not only a variety
of groups could be used in place of methyl but also in the
absence of this quaternary center, the reaction would not
proceed. We currently favor a model whereby the full substi-
tution at this center helps to pre-organize the substrate for
ring closure, an effect related to the well-known gem-dialkyl
effect. In the absence of this effect, trapping by the furyl ter-
minator is too slow and the initially generated radical-cation
suffers decomposition through bimolecular reactions. This
model is based on the substantially different oxidation
potential of the two substrate of approximately 100 mV.
The oxidation potential is directly related to the energy of ac-
tivation for the reaction11 and indicates a more favorable and
faster reaction when the additional substitution is present.
The pre-organization induced by the alkyl substituent
decreases the potential for formation of the radical-cation.
Current efforts are focused on incorporating additional con-
trol elements into the substrate and enhancing the nucleo-
philicity of the furan terminator to enhance the rates of
cyclization in the absence of this pre-organizing effect.

Five-membered ring closures have thus far proved elusive,
owing not to difficulty in the electrochemical cyclization
but in the preparation of the required silyl enolether sub-
strates (Scheme 4).

Addition of a furylmethyl Grignard reagent 18 to a typical
enone reproducibly gives mixtures of two regioisomeric silyl
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enolethers 19 and 20 in approximately equal ratios. The
undesired product 20 apparently arises from addition of
the allylic metal at the C2-position of the furan followed
by a subsequent isomerization. The distribution of the prod-
ucts has thus far been shown not to be effected by additives,
solvent or copper source. Other methods for accessing enol-
ethers such as 19 are currently under investigation.

2.3. Thiophene-based ring annulations

With the successful application of furan terminators to both
six- and seven-membered ring annulations, attention was
turned to studying the possibility of thiophenes in the annu-
lation (Scheme 5). These adducts would provide access to
post-annulation chemistry complimentary to the furans
such as Raney nickel desulfurization and access to cyclo-
hexadienes and arenes through Diels–Alder reaction of the
derived S,S-dioxides.12 The required thiophene fragment
22 was easily prepared by bromination of commercially
available thiophene-3-ethanol while 26 was prepared by
reaction of 3-lithiothiophene with trimethyleneoxide and
bromination.
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Scheme 5. Thiophene-based annulations.

Addition of the Grignard reagent derived from 22 to 3-meth-
ylcylopentenone gave 23 that smoothly cyclized to the annu-
lated thiophene 24 in excellent overall yield. The reaction
generally mimicked that observed for the related furan ex-
cept that the thiophene ring was regenerated immediately
rather than being trapped by alcohol to produce a thioacetal
intermediate. In contrast to furan, the seven-membered ring
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Scheme 4. Attempted application to five-membered rings.
system failed to undergo ring closure, even with the presence
of the methyl group that was necessary for a successful furan
terminated cyclization. Attempted cyclization of 27 under
electrochemical conditions (graphite or RVC) failed to pro-
duce any of the desired annulated thiophene. As in the case
of other failed reactions, polymeric materials could be
observed as coating the electrodes.

2.4. Mechanistic studies

During the course of the synthetic investigations, it was also
possible to study various aspects of the mechanism of the
key electrochemical step. Two major yet convergent path-
ways presented themselves that differ primarily to the initial
site of oxidation, the silyl enolether or the furan. Unlike
chemical oxidation, electrochemical processes can be di-
rectly studied by voltammetry to gain insight into the under-
lying mechanism (Fig. 1).

Voltammetry of simple model systems 28 and 29 indicated
that, in general, silyl enolethers had a significantly lower
oxidation potential than a monoalkyl furan.8 Moreover, the
oxidation potential of intermediate 30 showed two oxidation
potentials with the lowest one closely corresponding to the
model silyl enolether, thus suggesting this site as the primary
position of electron loss. In an attempt to verify the site, two
mechanistic probe molecules 31 and 34 were synthesized8

by typical cuprate chemistry that contained cyclopropanes
adjacent to the two carbons of the silyl enolether (Scheme 6).
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Scheme 6. Mechanistic probe molecules.

It was expected that electrochemical oxidation would gener-
ate a cyclopropyl carbinyl radical-cation 32/35 that would
undergo rapid ring opening. Surprisingly, oxidation of 31
produce a high yield of the annulated product 33 with no
evidence of cyclopropyl cleavage. In contrast, attempted
ring closure of 34 led directly to the ring opened products
36 and 37. These contrasting results suggest that the radical
or cation localized at C1 is highly stabilized by the siloxy
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Figure 1. Oxidation potentials of model substrates.
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group and perhaps that loss of the silyl group to generate an
a-carbonyl radical is rapid. If the loss of the silyl group is
rapid, then the lifetime of the initial radical-cation may be
very short.

Based on these studies, we have developed a working mech-
anistic model for the electrochemical closure of furans and
thiophenes (Scheme 7).
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Scheme 7. Proposed mechanism for oxidative ring closure.

Loss of the first electron from the generic substrate 38 is be-
lieved to occur from the silyl enolether to produce radical-
cation 39. Rapid loss of the trimethylsilyl group as suggested
by probe 31 generates an a-carbonyl radical. The furyl trap
could cyclize on the radical (before or after loss of TMS)
prior to a second oxidation. Attack of the heterocycle on
the initial radical could lead directly to delocalized radical
40 that suffers a second electron loss to generate carbenium
ion 41. Nucleophilic trapping by an alcohol scavenger (furan
case) or proton loss (thiophene case) neutralizes the final
cation, giving initial products 42 and 43. Several variations
on this model are possible relating to the timing of the loss
of the second electron. For example, a second oxidation to
a highly reactive a-carbonyl cation could precede cycliza-
tion and attack of the heterocycle would directly give the
carbenium ion 41.

The interesting differences between six- and seven-mem-
bered ring closures is also rationalized by a mechanism that
involves a highly unstable intermediate such that ring closure
on the radical-cation intermediate 39 must be sufficiently fast
to compete with decomposition pathways that likely involve
bimolecular processes or even polymerization. The seven-
membered closure illustrates this fine line as the kinetically
slower cyclization competes poorly in the absence of pre-
organization. Likewise, the failure of the thiophene seven-
membered ring closure can be attributed to the decreased
nucleophilicity of the heterocycle. To examine the potential
of kinetic differences in the radical-cation cyclization, two
competition substrates have been prepared and examined
for competing cyclizations (Scheme 8).

Addition of heteroaryl substituted Grignard reagents to the
vinylogous ester 44 followed by hydrolysis gave substituted
enones that undergo a second addition to yield substrates 45
and 47. The bis-furan 45 sets up a direct competition be-
tween a six- and seven-membered ring closure with the
sole product 46 arising from cyclization of the smaller
ring.10 This complete selectivity is consistent with attack
of the furan on the radical-cation derived from oxidation
of the silyl enolether. Primary oxidation of the furan would
not be expected to show significant selectivity and products
arising from both closures would be observed. At this time,
the possibility of initial oxidation at the heterocycle followed
by rapid electron transfer from the silyl enolether cannot be
ruled out. The second competition probed the difference be-
tween the two heterocycles. Again, the reaction was com-
pletely selective with the only product observed being that
of closure of the furan, consistent with the greater nucleophi-
licity of this heterocycle. The assignment of the adduct 48
was easily made by a subsequent Diels–Alder reaction13 to
give 49 (tentative assignment of stereochemistry). It is note-
worthy that although thiophene closes slower than furan, the
yields of the six-membered thiophene closure are higher
than the furan. This seems to relate primarily to the sensi-
tivity of the furan adduct, which undergoes some oxidation
at the bridgehead position. The thiophene seems not to suffer
from this problem.

3. Conclusions

The generation of radical-cation reactive intermediates by
electrochemical oxidation forms the basis of a selective,
high-yielding, and mild method for the formation of angu-
larly fused heterocycles. Through this method, we have
been able to develop routes for six-membered annulations
involving both furans and thiophenes and seven-membered
ring cyclizations involving furans. Mechanistic studies in-
volving voltammetry, probe molecules, and competition re-
actions strongly point to a mechanism that involves primary
oxidation of the silyl enolether. The radical-cation cycliza-
tion is extremely sensitive to structural effects and features
that slow the rate of ring closure result in the formation of
oligomeric products to the complete exclusion of the cyclic
product. Several challenges for the methodology remain in-
cluding the development of a five-membered ring annulation
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and annulation of seven-membered ring systems in the
absence of geminal disubstitution. Current efforts are also
focused on the synthesis of erinacine C and tricholomalide A.

4. Experimental

4.1. General experimental

All reactions were carried out in flame-dried glassware
under an atmosphere of argon unless otherwise noted. Tetra-
hydrofuran was freshly distilled from Na/benzophenone and
dichloromethane from calcium hydride. Mixtures of TMSCl
and Et3N refer to the supernatant liquid from a centrifuged
1:1 (v/v) solution made in a flame-dried distillation receiver
under argon. These solutions can be kept up to 3 days in a
�20 �C freezer. All commercially available enones were
distilled prior to use and kept in a freezer under an atmo-
sphere of argon. Copper(I) iodide was either purchased at
99.999% purity (Aldrich) or purified by Soxhalet extraction
with CH2Cl2. NMR spectra were either obtained on a Varian
300 or a Varian Inova 500 in CDCl3 with residual chloroform
as the internal standard. Elemental analyses were performed
by Atlantic Microlab, Inc., and high-resolution mass spec-
trometry was performed by the Washington University Re-
source for Biomedical and Bio-organic Mass Spectrometry.

4.2. Synthesis of heteroaryl ethyl and propyl bromides

4.2.1. General trimethyleneoxide opening conditions. To
a solution of either 3-bromofuran or 3-bromothiophene
(137 mmol) in 137 mL of THF was added n-BuLi
(137.5 mmol, 55 mL in hexanes) dropwise at �78 �C. After
45 min, trimethyleneoxide (137 mmol, 8.0 g) was added via
syringe. Immediately following, BF3$OEt2 (137 mmol,
17.2 mL) was added dropwise over 30 min, keeping the reac-
tion temperature below �70 �C. The mixture was stirred for
5 h at �78 �C and quenched by the dropwise addition of
saturated sodium bicarbonate. The mixture was allowed to
warm slowly overnight and the aqueous layer extracted three
times with ethyl acetate. The combined organic layers were
washed with water, brine, and dried over sodium sulfate. The
product was concentrated in vacuo and vacuum distilled
(bulb-to-bulb,w0.1 mmHg) to provide the desired alcohol.

4.2.1.1. 3-Furan-3-yl-propan-1-ol. Isolated as a color-
less oil (12.5 g, 99 mmol, 72%). IR (thin film) lmax (cm�1):
3359, 2936, 2862, 1502, 1449, 1382, 1157; 1H NMR
(500 MHz, CDCl3): d 7.35 (d, J¼1.2 Hz, 1H), 7.23 (m,
1H), 6.28 (d, J¼1.3 Hz, 1H), 3.65 (t, J¼7.7 Hz, 2H), 2.52
(t, J¼6.3 Hz, 2H), 1.82 (m, 2H), 1.29 (br s, 1H); 13C NMR
(125 MHz, CDCl3): d 143.1, 139.1, 124.7, 111.2, 33.0,
32.1, 21.2. HRMS: Anal. Calcd for C7H10O2: 126.0681;
found: 126.0688.

4.2.1.2. 3-Thiophen-3-yl-propan-1-ol. Isolated as a col-
orless oil (13.6 g, 95 mmol, 69%). IR (thin film) lmax (cm
�1): 3366, 3011, 2982, 1455; 1H NMR (500 MHz, CDCl3):
d 7.20 (dd, J¼1.2 Hz, 1H), 7.23 (m, 1H), 6.28 (d,
J¼1.3 Hz, 1H), 3.54 (t, J¼7.6 Hz, 2H), 2.62 (t, J¼6.9 Hz,
2H), 1.80 (m, 2H), 1.34 (br s, 1H); 13C NMR (125 MHz,
CDCl3): d 143.3, 127.5, 125.3, 123.8, 34.6, 33.4, 22.2. EI-
HRMS: Anal. Calcd for C7H10OS (M+): 142.0452; found:
142.0463.
4.2.2. General bromination conditions. To a solution of tri-
phenylphosphine (12.85 g, 49 mmol) in 80 mL of dichloro-
methane was added bromine (2.51 mL, 49 mmol) via
syringe at 0 �C. The suspension was allowed to stir for
10 min and 2,6-lutidine (7 mL, 60 mmol) was added drop-
wise. After 15 min, a solution of the alcohol (44.6 mmol)
in 20 mL of dichloromethane was added slowly via syringe.
The now homogeneous solution was stirred for 5 h at 0 �C
and monitored by TLC until complete. It is imperative that
excess bromine need not be added to the reaction mixture
due to over-bromination of the heterocyclic ring. Once com-
plete, the solvent was removed in vacuo (25 �C water bath)
and the slurry treated with 300 mL of pentane. The resulting
slurry was passed through a plug of 6 cm Celite and 6 cm
silica gel to remove the triphenylphosphine oxide. Once all
of the bromide had passed through the plug, the pentane
(total pentane volume¼1.5 L) was removed to provide the
desired bromide as colorless oils. Typical yields ranged
from 90–97%. Caution: these bromides are volatile and are
serious lachrymators.

4.2.2.1. 3-(3-Bromo-propyl)-furan, 12. Isolated as a
colorless oil (8.14 g, 43.3 mmol, 97%). IR (thin film) lmax

(cm�1): 3132, 2936, 2854, 1572, 1501, 1435, 1258; 1H
NMR (500 MHz, CDCl3): l 7.39 (d, J¼1.5 Hz, 1H), 7.28
(m, 1H), 6.30 (d, J¼1.6 Hz, 1H), 3.43 (t, J¼6.6 Hz, 2H),
2.62 (t, J¼7.3 Hz, 2H), 2.11 (m, 2H); 13C NMR
(125 MHz, CDCl3): l 143.3, 139.5, 123.4, 111.1, 33.4,
33.0, 23.3. EI-HRMS m/z calcd for C7H9BrO (M+):
187.9837; found: 187.9845.

4.2.2.2. 3-(2-Bromo-ethyl)-thiophene, 22. Isolated as a
colorless oil (8.05 g, 42.4 mmol, 95%). IR (thin film) lmax

(cm�1): 3100, 2962, 1423, 1411, 1270, 1210; 1H NMR
(500 MHz, CDCl3): d 7.32 (dd, J¼4.9, 2.9 Hz, 1H), 7.10
(m, 1H), 7.00 (dd, J¼4.9, 1.2 Hz, 1H), 3.60 (t, J¼7.6 Hz,
2H), 3.24 (t, J¼7.6 Hz, 2H); 13C (125 MHz, CDCl3):
d 139.4, 128.1, 126.1, 122.1, 34.1, 32.6. EI-HRMS m/z calcd
for C6H7BrS (M+): 189.9452; found: 189.9455.

4.2.2.3. 3-(3-Bromo-propyl)-thiophene, 26. Isolated as
a colorless oil (8.28 g, 40.6 mmol, 91%). IR (thin film)
lmax (cm�1): 3105, 3069, 2935, 2848, 1732, 1437, 1254;
1H NMR (500 MHz, CDCl3): d 7.19 (dd, J¼5.2, 1.2 Hz,
1H), 6.98 (dd, J¼5.9, 5.1 Hz, 1H), 6.88–6.89 (m, 1H),
3.48 (t, J¼7.4 Hz, 2H), 3.06 (t, J¼7.5 Hz, 2H), 2.25 (pentet,
J¼7.4 Hz, 2H); 13C (125 MHz, CDCl3): d 143.3, 127.2,
125.2, 123.8, 34.6, 33.0, 28.3. EI-HRMS m/z calcd for
C7H9BrS (M+): 203.9608; found: 203.9611.

4.3. Synthesis of enones from 44

4.3.1. 3-(3-Furan-3-yl-propyl)-cyclopent-2-one. To a de-
gassed solution of bromide (12) (5 mmol, 945 mg) in THF
(5 mL) was added magnesium turnings (5 mmol, 122 mg).
The reaction was allowed to stir for 2 h, then cooled to
0 �C. A solution of 3-ethoxy-2-cyclopenten-1-one 44
(4 mmol, 504 mg) in 5 mL of THF was then added dropwise
and the bright orange solution was stirred for 2 h at 0 �C and
2 h at 25 �C. The reaction was quenched by adding 20 mL of
1 M HCl and stirred for 4 h. The aqueous layer was extracted
twice with 50 mL of EtOAc. The combined organic layers
were washed with 20 mL of saturated NaHCO3, 20 mL of
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water, and 20 mL of brine. After drying over sodium sulfate
and concentrating, the crude enone was subjected to flash sil-
ica gel chromatography (5:1 Hex/EtOAc/1:1 Hex/EtOAc)
to provide the enone as a pale-yellow oil (2.84 mmol,
504 mg, 71%) which solidified in a �20 �C freezer. IR
(neat) lmax (cm�1) 2930, 1667, 1622, 1251; 1H NMR
(500 MHz) d 7.37 (dd, J¼2.9, 1.7 Hz, 1H), 7.23 (s, 1H),
6.27 (d, J¼2.8 Hz, 1H), 5.96 (s, 1H), 2.57 (m, 2H), 2.49 (t,
J¼7.6 Hz, 2H), 2.44 (t, J¼7.6 Hz, 2H), 2.40 (m, 2H), 1.86
(pentet, J¼7.6 Hz, 2H); 13C NMR (125 MHz) d 210.3,
182.7, 143.2, 139.2, 129.8, 124.3, 111.0, 35.5, 33.1, 31.8,
27.5, 24.6; EI-HRMS m/z calcd for C12H14O2 (M+):
190.0994; found 190.0996.

4.3.2. 3-(2-Thiophen-3-yl-ethyl)-cyclopent-2-enone. To
a degassed solution of bromide (22) (23.7 mmol, 4.5 g) in
THF (24 mL) was added magnesium turnings (23.7 mmol,
492 mg). The reaction was allowed to stir for 2 h, then
cooled to 0 �C. A solution of 3-ethoxy-2-cyclopenten-1-
one 44 (15.8 mmol, 2.0 g) in 10 mL of THF was then added
dropwise and the bright orange solution was stirred for 2 h at
0 �C and 2 h at 25 �C. The reaction was quenched by adding
60 mL of 1 M HCl and stirred for 4 h. The aqueous layer was
extracted twice with 100 mL of EtOAc. The combined or-
ganic layers were washed with 50 mL of saturated NaHCO3,
50 mL of water, and 50 mL of brine. After drying over
sodium sulfate and concentrating, the crude enone was
subjected to flash silica gel chromatography (5:1 Hex/
EtOAc/1:1 Hex/EtOAc) to provide the enone as a white
solid (3.37 g, 17.5 mmol, 74%). Isolated as a white solid
(mp 91.5–93 �C). IR (neat) lmax (cm�1) 2930, 1667, 1622,
1251; 1H NMR (500 MHz): d 7.29 (dd, J¼4.9, 2.8 Hz,
1H), 6.99 (m, 1H), 6.97 (dd, J¼4.9, 1.5 Hz, 1H), 6.00 (m,
1H), 2.96 (t, J¼7.3 Hz, 2H), 2.77 (t, J¼8.1 Hz, 2H), 2.61
(m, 2H), 2.42 (m, 2H); 13C NMR (125 MHz): d 210.2,
181.9, 141.1, 130.1, 128.0, 126.1, 120.8, 35.5, 34.4, 31.9,
27.9. Anal. Calcd for C11H12OS: C, 68.71; H, 6.29; O,
8.32; S, 16.68; found: C, 68.94; H, 6.47; O, 8.23; S, 16.57.

4.4. General cuprate conditions

A solution of the bromide (6 mmol) in 6 mL of THF was de-
gassed by sonication for 10 min. Magnesium turnings (pre-
viously washed with 1 M HCl, water, acetone, and diethyl
ether) (144 mg, 6 mmol) were added and stirred for 2.5 h
or until mostly dissolved. The dark solution was cooled to
0 �C and CuI (1.2 mmol, 228 mg) was added. The black
slurry was stirred for 20 min then cooled to �78 �C. A 1:1
solution of Et3N/TMSCl (6 mL) was added dropwise fol-
lowed by TMEDA (0.98 mL, 6 mmol). After 10 min, a solu-
tion of the desired enone (4.6 mmol) in 3 mL of THF was
added dropwise at �78 �C. If done correctly, the slurry
will turn yellow upon addition of enone. The mixture was al-
lowed to stir for 4 h and allowed to warm to room tempera-
ture over 1 h. The now black solution was placed into a
�20 �C freezer overnight. The reaction was quenched by
pouring the mixture into ice-cold saturated ammonium chlo-
ride (30 mL) and pentane (60 mL) in a separatory funnel.
The organic layer was washed with saturated sodium bicar-
bonate and brine and dried over sodium sulfate. The crude
enolether was concentrated in vacuo and taken forward with-
out further purification.
4.5. General electrolysis conditions

Electrolyses were carried out with either a custom-made
electrode system consisting of alternating carbon (anode)
and stainless steel (cathode) electrodes, or with reticulated
vitreous carbon (RVC) fixed onto a carbon rod serving as
the anode and another carbon rod serving as the cathode.
No attempts were made to exclude air from the prior exam-
ple, but the latter requires degassing by sonication for repro-
ducible yields. All solvents were purchased at the highest
purity and used without further purification. Lithium
perchlorate and 2,6-lutidine were also used without further
purification. RVC was purchased from Electrolytica, Inc.

4.5.1. Electrolysis with carbon/stainless steel electrodes.
To the crude enolether generated from the cuprate addition
(4.6 mmol) was added a 4:1 CH3CN/i-PrOH (230 mL) and
2,6-lutidine (18.4 mmol, 2.14 mL). Lithium perchlorate
(2.48 g, 23 mmol) was then added and allowed to dissolve.
An electrode system consisting of alternating carbon and
stainless steel plates (five stainless steel and four carbon)
was submerged and connected to the potentiostat so that
the stainless steel plates acted as the cathode and the carbon
plates as the anode. In order to determine the surface area of
the electrode (anode), the carbon plates were measured to the
depth of the solution and the width of the plate and multi-
plied by four. The potentiostat was then activated and the
current necessary for a current density¼1 mA/cm2 was
dialed in and locked. The reaction was checked by TLC
once 2.2 F/mol were consumed and, if complete, the current
was stopped. If the reaction was not yet complete, then the
reaction was closely monitored by TLC until completion
(usually every 10 min). The reaction was worked up by con-
centrating the reaction solution and partitioning the crude
product between ether (100 mL) and 1 M HCl (60 mL).
The aqueous layer was extracted three times and the com-
bined organic layers washed again with 1 M HCl, water,
saturated sodium bicarbonate, brine, and dried over sodium
sulfate. After concentrating, the product was purified by
flash chromatography (typical gradient elution conditions
were 20:1 hexanes/ethyl acetate/10:1 hexanes/ethyl ace-
tate). It is imperative that the silica gel be degassed before
chromatography to obtain reported yields (for procedure,
see Ref. 8).

4.5.2. Electrolysis with RVC/carbon electrodes. To the
crude enolether generated from the cuprate addition
(4.6 mmol) was added a 4:1 CH3CN/i-PrOH (230 mL) and
2,6-lutidine (18.4 mmol, 2.14 mL). Lithium perchlorate
(2.48 g, 23 mmol) was then added and allowed to dissolve.
An electrode system consisting of two carbon rods (dia-
meter¼7 mm, serving as the cathode) and one carbon rod with
an approximately 1 cm3 piece of RVC (serving as the anode)
attached at the end was submerged and purged with argon.
After 5 min, the solution was degassed by sonication for
15 min. The carbon rods were connected to the potentiostat
accordingly, via alligator clips. The optimized current must
be determined through several experimental trials and is de-
pendent upon scale and substrate. On this scale (4.6 mmol),
8 mA was passed until 2.3 F/mol were consumed. The reac-
tion was worked up by concentrating the reaction solution
and partitioning the crude product between ether (100 mL)
and 1 M HCl (60 mL). The aqueous layer was extracted



6557J. B. Sperry, D. L. Wright / Tetrahedron 62 (2006) 6551–6557
three times and the combined organic layers washed again
with 1 M HCl, water, saturated sodium bicarbonate, brine,
and dried over sodium sulfate. After concentrating, the prod-
uct was purified by flash chromatography (typical gradient
elution conditions were 20:1 hexanes/ethyl acetate/10:1
hexanes/ethyl acetate). Again, It is imperative that the silica
gel be degassed before chromatography to obtain reported
yields.

4.5.2.1. cis-5a-Methyl-4,5,5a,6,7,8a-hexahydro-1-oxa-
as-indacen-8-one, 8. Isolated as a white solid (mp 42–
43 �C, 74%); IR (KBr pellet) lmax (cm�1) 2959, 2862,
1742, 1625, 1550, 1050; 1H NMR (300 MHz): d 7.35 (dd,
J¼1.9 Hz, 1H), 6.21 (J¼1.9 Hz, 1H), 3.00 (s, 1H), 2.51
(m, 2H), 2.41 (m, 2H), 2.00 (m, 1H), 1.81 (m, 1H), 1.62
(m, 2H), 1.19 (s, 3H); 13C NMR (125 MHz): d 215.1,
144.7, 142.6, 116.7, 110.0, 54.9, 40.2, 35.5, 33.1, 31.7,
25.5, 19.0. Anal. Calcd for C12H14O2: C, 75.76; H, 7.42;
found: C, 75.64; H, 7.51.

4.5.2.2. cis-6-Isopropyl-4,5a,6,7,8,9a-hexahydro-5H-
naphtho[1,2-b]furan-9-one, 11. Isolated as a colorless oil
that solidified in a �20 �C freezer, (65%). IR (neat) lmax

(cm�1): 2927, 1717, 1634, 1511; 1H NMR (500 MHz,
CDCl3) d 7.40 (dd, J¼2.0, 0.9 Hz, 1H), 6.21 (d, J¼2.0 Hz,
1H), 3.59 (d, J¼11.2 Hz, 1H), 2.43–2.60 (m, 4H), 2.10–
2.23 (m, 3H), 1.87 (qd, J¼11.5, 2.2 Hz, 1H), 1.78 (tt,
J¼11.5, 3.4 Hz, 1H), 1.54–1.63 (m, 1H), 1.39 (dddd,
J¼30.5, 24.4, 11.7, 5.6 Hz, 1H), 1.03 (d, J¼6.9 Hz, 3H),
0.80 (d, J¼7.1 Hz, 3H); 13C NMR: d 208.9, 146.8, 142.6,
119.4, 110.1, 52.9, 46.5, 46.1, 41.4, 27.4, 26.8, 26.5, 22.1,
21.7, 15.0. EI-HRMS m/z calcd for C15H20O2 (M+):
232.1463; found: 232.1465.

4.5.2.3. cis-6a-Methyl-5,6,6a,7,8,9a-hexahydro-4H-
azuleno[4,5-b]furan-9-one, 17. Isolated as a colorless oil,
which solidified in a �20 �C freezer, (61% carbon/stainless
steel, 70% RVC/carbon) IR (neat) lmax (cm�1) 2930, 1715,
1631, 1505, 1251, 1107; 1H NMR (500 MHz) d 7.28 (d,
J¼1.7 Hz, 1H), 6.18 (d, J¼1.7 Hz, 1H), 3.37 (s, 1H),
2.49–2.55 (m, 1H), 2.43 (ddd, J¼8.7, 2.7, 1.0 Hz, 1H),
2.41 (dd, J¼10.6, 8.4 Hz, 1H), 2.31–2.36 (m, 1H), 1.84–
1.99 (m, 2H), 1.70–1.72 (m, 4H), 1.27 (s, 3H); 13C NMR
(125 MHz) d 215.4, 145.3, 141.3, 121.9, 113.4, 62.0, 40.2,
39.3, 37.6, 35.1, 26.1, 25.9, 22.5. EI-HRMS m/z calcd for
C13H16O2 (M+): 204.1150; found: 204.1137.

4.5.2.4. cis-5a-Methyl-4,5,5a,6,7,8a-hexahydro-1-thia-
as-indacen-8-one, 24. Isolated as a white solid (mp 70.1–
70.8 �C, 81%). IR (neat) lmax (cm�1): 2922, 2855, 17,454,
1454, 1433, 1381; 1H NMR (500 MHz, CDCl3): d 7.19
(dd, J¼5.1, 0.5 Hz, 1H), 6.80 (dd, J¼5.1, 0.5 Hz, 1H),
3.04 (s, 1H), 2.68–2.71 (m, 2H), 2.39–2.47 (m, 2H), 2.02
(ddd, J¼17.5, 8.7, 4.4 Hz, 1H), 2.01 (dt, J¼13.1, 9.5 Hz,
1H), 1.60–1.72 (m, 2H), 1.24 (s, 3H); 13C NMR
(125 MHz): d 215.8, 134.3, 129.4, 126.6, 124.2, 56.5,
39.4, 35.2, 33.5, 31.2, 25.4, 22.4. Anal. Calcd for
C12H14OS: C, 69.86; H, 6.84; O, 7.76; S, 15.54; found: C,
69.83; H, 6.85; O, 7.78; S, 15.46.

4.5.2.5. cis-5a-(3-Furan-3-yl-propyl)-4,5,5a,6,7,8a-
hexahydro-1-oxa-as-indacen-8-one, 46. Isolated as a vis-
cous colorless oil. IR (neat) lmax (cm�1) 2933, 1717, 1630,
1505, 1107; 1H NMR (500 MHz) d 7.35–7.36 (m, 2H),
7.21–7.22 (m, 1H), 6.27 (s, 1H), 6.22 (d, J¼1.6 Hz, 1H),
3.03 (s, 1H), 2.39–2.47 (m, 6H), 1.97 (ddd, J¼13.2, 7.9,
5.1 Hz, 1H), 1.83–1.89 (m, 1H), 1.75 (dt, J¼13.7, 4.4 Hz,
1H), 1.57–1.69 (m, 4H) 1.37–1.44 (m, 1H); 13C NMR
(125 MHz) d 215.4, 145.2, 143.1, 142.9, 139.1, 124.9,
116.9, 111.0, 110.2, 55.0, 43.4, 37.4, 35.5, 31.0, 28.7,
25.5, 24.5, 19.0. EI-HRMS m/z calcd for C18H20O3 (M+):
284.1412; found: 284.1412.

4.5.2.6. cis-5a-(2-Thiophen-3-yl-ethyl)-4,5,5a,6,7,8a-
hexahydro-1-oxa-as-indacen-8-one, 48. Isolated as a
viscous, pale-yellow oil (1.00 g, 3.5 mmol, 76%), which so-
lidified in a�20 �C freezer. IR (thin film) lmax (cm�1): 3104,
2920, 2856, 1745, 1502, 1453; 1H NMR (500 MHz):
d 7.37 (dd, J¼1.9, 0.7 Hz, 1H), 7.26–7.27 (m, 1H), 6.94–
6.95 (m, 2H), 6.24 (d, J¼1.7 Hz, 1H), 3.10 (s, 1H), 2.71–
2.75 (m, 2H), 2.52–2.64 (m, 2H), 2.44–2.48 (m, 2H),
1.93–2.07 (m, 3H), 1.85 (dt, J¼13.9, 4.7 Hz, 1H), 1.64–
1.76 (m, 2H), 1.17–1.28 (m, 1H); 13C NMR (125 MHz):
d 215.1, 145.2, 143.0, 142.4, 128.3, 125.9, 120.2, 116.9,
110.3, 55.1, 43.5, 38.6, 35.6, 31.1, 28.6, 24.9, 19.1. EI-
HRMS m/z calcd for C17H18O2S: 286.1028; found:
286.1040.
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Abstract—Density functional quantum chemical methods are used to predict the thermodynamics of disproportionation of electrochemically
generated polycyclic aromatic hydrocarbon radical anions (2) into the corresponding neutral species (1) and dianions (3). The computations
reveal the overwhelming influence of solvation effects upon the disproportionation equilibrium. By comparison, the effect of ion pairing
between 3 and the cation of the supporting electrolyte (R4N+) is modest but real. The computational results can be combined with a variety
of entropy effects to calculate the spacing DE between the first and second reduction potentials of 1 within 100–150 mV. The highly asym-
metric structures of the ion pairs between 3 and R4N+ show little evidence for steric hindrance to ion pairing, yet the computations do show that
the strength of the ion pairs does appear to diminish with increasing size of the R group. The strength of the ion pairs with small cations appears
to arise out of the large charge-to-size ratio in such cations.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The most fundamental process in electrochemical reduction
of organic substrates, and indeed most reduction and oxida-
tion processes in organic chemistry in general, is injection of
an electron into the LUMO orbital of an organic substrate.
For most substances, especially those containing hetero-
atoms, the initial electron transfer is quickly followed by
a rapid chemical reaction, indeed often by a cascade of cou-
pled chemical processes initiated by the electron transfer.
This makes it quite difficult to study the nature and charac-
teristics of the initial step itself. It has been recognized for
many years that reductions of polycyclic aromatic hydrocar-
bons (PAH’s) in aprotic media offer the best opportunity to
study such processes: (a) PAH’s contain no heteroatoms;
(b) electron transfer to the PAH affords long-lived anion
radicals, which can be studied by a variety of spectroscopic
methods, and (c) a wide variety of PAH’s are available,
which permits, inter alia, studies of the correlation of redox
potentials and electrochemical reactivity with structure.1

Many such substances also undergo further addition of a sec-
ond electron at more negative potential to afford a dianion.
Dianions are much more reactive toward trace electrophilic
impurities in the solvent than the corresponding radical
anions, but reversible behavior can be observed in highly

Keywords: Radical anions; Ion pairing; Polycyclic aromatic hydrocarbons;
Density functional computations; Electrochemically generated dianions.
* Tel.: +1 860 685 2622; fax: +1 860 685 2211; e-mail: afry@wesleyan.edu
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.03.057
purified media,2–5 permitting acquisition of thermodynami-
cally valid data. A particularly significant property of the
PAH in such media is the difference in DE (in volts) between
the first and second reduction potentials (E1 and E2, respec-
tively) of the hydrocarbon. It is readily shown that DE is
a measure of Kdisp, the equilibrium constant for dispropor-
tionation of the arene radical anion (2) into the neutral (1)
and dianion (3) species (Scheme 1). The three species are in-
terrelated via the disproportionation equilibrium (Eq. 3);
thus, the study of processes involving the dianion can be
used to obtain information about the properties of the radical
anion itself. Ion pairing can be accommodated within this
schema by incorporating an additional equation (Eq. 4) rep-
resenting formation of the ion pair between the dianion and
the cation of the supporting electrolyte (Scheme 2).

ArH      +       e– ArH–● E (1)

(2)

(3)

1

ArH–● ArH–  +       e– 2 E2

Subtracting Eq 1 from Eq 2, one has:

2 ArH–● ArH    +     ArH– 2

∆Gdisp = –nF∆E = –nF(E2 – É1) = –RT ln Kdisp

Kdisp

1                                                 2

2                                                 3

Scheme 1.
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1 e–                   2

2

       +        

      +       e–  3

3     +     R4N+
3/R4N+

(1)

(2)

(4)

Scheme 2.

We pointed out a number of years ago that it ought to be pos-
sible to obtain an estimate of DE and thus, Kdisp by compu-
tation of the energies of species 1–3.6 We found in fact,
however, that estimates of DE using energies computed by
a semi-empirical quantum mechanical method differed by
almost an order of magnitude from the experimentally mea-
sured values; the theoretical values lie in the range of 4–5 V
in contrast to the typical experimental values of 0.5–0.7 V.6

While appreciating that part of the discrepancy might have
been due to the relatively primitive computational method
available at that time, we suggested it to be much more likely
that the principal contributors are solvation and ion pairing
effects, which were not included in the computations. Be-
cause of the high degree of charge on the dianion 3, it should
be stabilized substantially more than either 1 or 2 by these
effects. Both effects would have the effect of displacing E2

to more positive potentials and thus reducing DE to the ex-
perimental value. This interpretation is now generally ac-
cepted. Several laboratories have made further inroads into
understanding the significance of the value of DE for several
systems. Evans and Hu assumed a series of PAH’s to be ap-
proximately spherical and estimated the spherical radius of
each PAH.7 They then estimated the corresponding values
of DGdisp from Born theory, considering the hydrocarbons
simply as structureless chargeable spheres. Values of DGdisp

for a series of PAH’s calculated from the corresponding en-
thalpies of 1–3 by the AM1 semi-empirical method agreed
closely with those calculated from Born theory, suggesting
that (in vacuum) DE is ‘almost entirely electrostatic in ori-
gin’.7 Kubota et al. reached similar conclusions, again using
Born theory to estimate the solvation energies.8 Both groups
were aware of the fact that ion pairing and solvation act in
the same way upon DE. However, a problem arises when
one wishes to dissect the discrepancy between theory and ex-
periment further into the individual contributions of solva-
tion and ion pairing. No experimental method can do so.
Even the magnitude of this discrepancy is not known with
certainty for any PAH because of the rather low accuracy
of the semi-empirical methods that have been generally ap-
plied to this problem. Development of sufficiently fast com-
puters in recent years has permitted the use of an ab initio
theory with rather large basis sets in structure calculations
even for molecules as large as these. This, together with
the development of DFT (density functional) theory, which
permits inclusion of electron correlation into the calcula-
tions at reasonable computational cost, has permitted the ap-
plication of quantum chemical methods to relatively large
molecular systems with excellent accuracy.9 In addition
and of critical importance to studies such as these, the devel-
opment of good methods for computing solvation energies
within the ab initio framework permits the extension of com-
putational methods to experimental situations in solution.
The polarized continuum model (PCM), for example,
though grounded in Born theory, discards the assumption
of a molecule as a sphere (ill-founded in the case of PAH’s)
in favor of a more realistic model consisting of a series of
spheres centered on each nonhydrogen atom.10 We recently
reported11 a study in which DE’s for reduction of the PAH’s
anthracene (4) and perylene (5) in dimethylformamide
(DMF) in the presence of tetraethylammonium ion were
computed to surprisingly good accuracy (100–200 mV) by
a DFT method, including estimation of solvation energies
by the PCM procedure. The calculations showed that at least
98% of the difference between the computed (essentially gas
phase) and experimental values of DE is due to differential
solvation effects favoring the dianion 2. A corollary of this
result is that ion pairing plays a very modest role in such sys-
tems. Still, it is known that DE is sensitive to the size of the
electrolyte cation, suggesting that ion pairing does make
a real contribution in these systems.2,6,12,13 A number of in-
vestigators, including our group, have found that the value of
DE for any particular hydrocarbon depends on the nature of
the cation of the supporting electrolyte.2,6 The data of Jensen
and Parker for the reduction of 4 and 5 in the presence of a se-
ries of tetraalkylammonium ions illustrate the phenomenon
clearly (Table 1).2 A regular pattern can be noted in which
DE is relatively large for Me4N+ ion, reaches a minimum
for Et4N+, and increases again as the size of R increases.
The effect of increased DE for large tetraalkylammonium
ions has been observed with hydrocarbons other than PAH’s,
including cyclooctatetraene6 and a series of 15,16-dialkyl-
15,16-dihydropyrenes.14,15 The increase has been inter-
preted by all commentators on this effect as arising from
steric hindrance to ion pairing of R4N+ to the hydrocarbon
dianion (3) as R increases in size. It was not possible in
our previous work to address the dependence of DE upon
electrolyte size for electrolytes larger than tetraethylammo-
nium because the calculations on ion pairing of cations
larger than Et4N+ to large arene dianions such as 4 or 5
would have been impractical with our previous resources.
However, recent acquisition of a multiprocessor parallel
computer in this laboratory has now permitted an attack on
such problems. We report herein the results of such a study.
The present study has two aims: (a) to define more closely
the thermodynamics, both enthalpy and entropy, of ion pair-
ing and solvation interactions between the larger tetraalkyl-
ammonium ions and arene dianions and (b) to develop
a clearer picture of the structure of such ion pairs through
DFT computations. The computational results provide
a number of new insights into the phenomena that operate
in these systems.

Table 1. Experimental first and second voltammetric reduction potentials of
some polycyclic aromatic hydrocarbons (0.001 M) in dimethylformamide
solution containing various tetraalkylammonium supporting electrolytes
(0.1 M)

Arene Electrolyte cation �E1 (V)a,b �E2 (V)a,b DE (V)c

4 Me4N+ 1.920 2.650 0.730
4 Et4N+ 1.915 2.585 0.670
4 Pr4N+ 1.910 2.650 0.740
4 Bu4N+ 1.905 2.655 0.750
5 Me4N+ 1.620 2.230 0.610
5 Et4N+ 1.635 2.180 0.545
5 Pr4N+ 1.625 2.205 0.580
5 Bu4N+ 1.610 2.205 0.595

a Potential versus SCE.
b See Ref. 2.
c DE¼�(E2�E1).
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Jensen and Parker ascribed the relatively large value of DE
with Me4N+ ion to the incursion of solvent-separated ion
pairs with this species.2 It is possible, however, that the small
Me4N+ ion is itself solvated, i.e., surrounded by a shell of
solvent molecules that prevent it from approaching the di-
anion closely. This ‘specific solvation’ effect, which would
not be accounted for in the standard PCM method, would
also have a tendency to increase DE. We have deferred
a computational decision between these alternatives at this
time; it can be expected to be computationally demanding
because of the need to include specific solvent molecules
into the calculation. This issue is currently under investiga-
tion in this laboratory and will be reported on separately
when the calculations are complete.

4 5

2. Results and discussion

2.1. Radical anion disproportionation equilibria

Computed values for the disproportionation equilibrium for
the three hydrocarbons both in the presence and absence of
solvent are given in Table 2. The energies of species 1–3 for
compounds 4 and 5 have been reported previously.11 We
found earlier11 that DH for the disproportionation reaction
(Eq. 3) is almost +100 kcal/mol in the gas phase for anthra-
cene (4) and pyrene (5) (column 3 of Table 2). This corre-
sponds to a peak spacing DEp of about 4 V in the gas
phase. However, as column 6 of the table shows, solvation
effects have a major effect on the equilibrium, such that in
solution DG is computed to be not more than 20 kcal/mol,
or less than 1 V. The data in columns 3 and 6 represent
what may be considered as the ‘intrinsic’ (in the absence
of ion pairing) disproportionation free energies of the two
radical anions in the gas phase and in a polar organic solvent,
respectively. For comparison purposes, the corresponding
computed data for benzene, naphthalene, and chrysene are
shown as well, although for the first two of these substances
DE cannot be determined experimentally because E2 for
them is at too negative a potential to be measured in typical
organic media (We were unable to obtain good voltammetric
data for chrysene in acetonitrile at or below room tem-
perature because of its poor solubility in this solvent). It
can be seen that DGdisp becomes less endothermic as the
size of the arene increases. The effect of solvation in mitigat-
ing the gas phase DGdisp arises through differential solvation
effects, as seen in Table 3, which shows the dramatically
larger solvation energies of the arene dianions in acetonitrile
compared to the corresponding neutral species (1) and
radical anions (2). The solvation energies of the latter are
also less sensitive to the size of the hydrocarbon than the di-
anion solvation energy. The solvation energy of 4�2 is some-
what greater than that of 5�2. To some extent, this may be
due to the charge, which is more evenly distributed in the
latter species, whereas most of the charge in anthracene
dianion is concentrated at the 9 and 10 positions. At least as
important as this and probably more so, however, is simply
the fact that anthracene is smaller, and with a larger solvation
energy per carbon than 5 for the dianions. The solvation
energy per carbon atom, which is a direct measure of the
charge-to-size ratio, is very large for the smallest dianion,
benzene (last column of Table 3); this represents the organic
analogue of a phenomenon well known for a number of
series of inorganic ions, e.g., the alkali metal (lithium) and
halide (fluoride) ions, in which the smallest ion in the series
has the highest solvation energy. Although the solvation
energies of the neutral hydrocarbons increase with increas-
ing molecular size, those of the monoanions and dianions
decrease, though the changes for all species begin to level
out for hydrocarbons of 18–20 carbon atoms.

2.2. Entropy effects

The energies computed for species 1–3 in the absence of
solvation are enthalpies. Those computed in solution by

Table 3. Computed solvation energies of arene species in acetonitrilea

Arene No. of
carbon
atoms

Neutral
(kcal/
mol)

Anion
radical
(kcal/
mol)

Dianion
(kcal/
mol)

Dianion
solvation
energy/carbon
atom (kcal/mol)

Benzene 6 �4.1 �50.0 �159.0 �26.5
Naphthalene 10 �5.7 �49.7 �163.3 �16.3
Anthracene 14 �7.3 �47.2 �162.9 �11.6
Chrysene 18 �8.8 �46.1 �154.3 �8.6
Perylene 20 �8.9 �45.7 �152.3 �7.6

a Solvation energies were computed at the B3LYP/6-311+G* level using
the Gaussian 03 PCM parameters for acetonitrile.
Table 2. Thermodynamics of arene radical anion disproportionation in both the absence and presence of solvent

Arene Number of
carbon atoms

�DHdisp, unsolv
a

(kcal/mol)
DEunsolv, calcd

b

(V)
DGsolv

c

(kcal/mol)
�DGdisp, solv

d

(kcal/mol)
DEsolv, calcd

e,f

(V)

Benzene 6 69.5 3.016 �44.9 24.6 1.065
Naphthalene 10 92.5 4.010 �69.7 22.8 0.990
Anthracene 14 96.9 4.204 �76.7 20.2 0.876
Chrysene 18 87.4 3.788 �70.9 16.5 0.717
Perylene 20 86.3 3.742 �70.4 15.9 0.694

a DHdisp, unsolv¼2�H2�H1�H3.
b DEunsolv, calcd¼DHdisp, unsolv/23.06 kcal/volt.
c DGsolv, calcd¼DHdisp, solv�DGdisp, unsolv.
d DGdisp, solv¼2�G2�G1�G3.
e DEsolv, calcd¼�DGdisp, solv/23.06 kcal/volt.
f Includes an entropy of mixing term of RT ln 2, or 0.017 V at 284 K.
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the PCM method, however, are free energies.10 However,
there are other entropy terms that must also be included in
these computations to obtain the final DGdisp. Thus, Eq. 3
represents an encounter between two radical anions in which
one transfers an electron to the other. In this encounter, either
radical anion can be the electron donor, whereas the reverse
reaction can occur in only one sense (transfer of an electron
from 3 to 1). This confers a kinetic advantage on the forward
reaction that acts close to the DE gap by increasing the equi-
librium constant for disproportionation (Eq. 3). This entropy
of mixing contribution DS is thus Rln 2. At 284 K (the
temperature at which the data of Jensen and Parker were
measured2) (Table 1), the corresponding contribution to
DGdisp is �0.39 kcal favoring disproportionation.

Turning to the ion pairing equilibrium (Eq. 4), three more DS
terms must be included. All of them involve entropy of mix-
ing contributions to the equilibrium free energy. First, the tet-
raalkylammonium ion can ion pair to either face of 3. Second,
dianion 3 can pair to either face of the pseudoplanar R4N+

cation. The surprising fact that the lowest energy geometry
of all tetra-n-alkylammonium ions larger than tetramethyl
is approximately planar (D2h symmetry), not tetrahedral,
was first pointed out by Alder et al.16 Figure 1 shows a skeletal
model of the Bu4N+ cation, which illustrates key features of
this geometry. Including the nitrogen atom, one pair of butyl
groups forms a continuous 9-atom chain. The other pair of
butyl groups forms a second 9-atom chain perpendicular to
that containing the first and lying in a plane parallel to it. A
space filling model (Fig. 2) shows that upon formation of
the ion pair, each chain presents two rows of four hydrogen
atoms each to the approaching PAH dianion (We will see later
that it is more appropriate to think of the eight methylene hy-
drogen atoms in this way than as four methylene pairs). The

Figure 1. Skeletal model of the tetrabutylammonium ion, illustrating its
quasi-planar geometry.

Figure 2. Space filling model of the tetrabutylammonium ion. The molecule
has been rotated 90� around an axis running from left to right and passing
through the nitrogen atom.
Pr4N+ cation also exhibits this feature. On the other hand, the
Et4N+ cation presents two rows of only two hydrogen atoms
each (Fig. 3). We will address the significance of this differ-
ence in Sections 2.4 and 2.5. Finally, inspection of the struc-
tures of the ion pairs reveals the fact that each of the three
arene dianions studied here has two binding sites on each
face (see Section 2.3). These three entropic phenomena col-
lectively provide a factor of 3Rln 2 favoring ion pair forma-
tion (1.17 kcal/mol at 284 K) that must then be added to the
DGion-pair computed from the solution free energies of the
three species in Eq. 4. The ion pairing constants for Et4N+

to 4�2 and 5�2 are larger by a factor of 2, and the resulting
DE values are smaller, than reported earlier11 because of
the fact that 4 and 5 exhibit multiple binding sites on each
face, which had not been discovered in our earlier work.

4a 5a

2.3. Thermodynamics of ion pairing

The computed solution free energies of the various tetraalkyl-
ammonium ions and their ion pairs with the dianions of 4
and 5 are given in Table 4. The energies were also computed
for anthracene in the gas phase to permit estimates of the
inherent tendency of these species to associate. The data in
Table 4 can then be used to obtain values for the voltammet-
ric peak spacing DE (Scheme 1) for various combinations
of arene and electrolyte cation (Table 5). These values are

Figure 3. Space filling model of the tetraethylammonium ion.

Table 4. Energies (in hartrees)a,b of tetraalkylammonium ions and their ion
pairs with anthracene and perylene dianions

R4N+ �Energy of
R4N+

�Energy of
R4N+/4�2

�Energy of
R4N+/5�2

Et4N+ (unsolvated) 371.501977 911.274291 —
Et4N+ (solvated) 371.5718067 911.364662 1141.313867
Pr4N+ (unsolvated) 528.792260 1068.557105 —
Pr4N+ (solvated) 528.858704 1068.647892 1298.594973
Bu4N+ (unsolvated) 686.082714 1225.845391 —
Bu4N+ (solvated) 686.147838 1225.934919 1455.881960

a One hartree¼627.5 kcal/mol.
b Energies were computed at the DFT B3LYP/6-311+G* level using the

Gaussian 03 PCM parameters for acetonitrile.



6562 A. J. Fry / Tetrahedron 62 (2006) 6558–6565
Table 5. Computed values of DE for various combinations of arene and electrolyte cation

Arene Cation DGion-pair
a (kcal/mol) Kion-pair DEp, calcd

b (mV) DEp, exp
c (mV) Difference (mV)

4 Et4N+ �2.51 85 820 670 150
4 Pr4N+ +0.21 1.4 873 740 133
4 Bu4N+ +1.11 0.14 875 750 125
5 Et4N+ �2.58 96 629 545 84
5 Pr4N+ +1.06 0.15 674 580 94
5 Bu4N+ +2.40 0.014 687 595 92

a These values are obtained by adding 3RT ln 2 (�1.71 kcal/mol at 284 K) to the computed DG for ion pair formation from the free energies of the various
species.

b Computed value of peak spacing by voltammetric simulation.
c Experimental peak spacing (see Ref. 2).
obtained by using the computed intrinsic disproportionation
free energy (in volts) of the arene radical anion in solution
(the last column of Table 2), the ion pairing equilibrium con-
stant Kion-pair, and the respective voltammetric concentra-
tions of the arene (1 mM) and the supporting electrolyte
(0.1 M) as input into a standard voltammetric simulation
program.17 The computations exhibit the expected electro-
lyte effect, that is, an increase in DE with increasing support-
ing electrolyte size. This increase arises directly from the
lower values of Kion-pair for the larger cations. The reasons
for this decrease are given in Section 2.5. We have previ-
ously presented dramatic graphical evidence for the effect
of solvation and ion pairing on voltammetric peak spacings;
see Figure 1 of Ref. 10.

The data in Table 1 show clearly that ion pairing of the radi-
cal anions 2 with the R4N+ counter-ions apparently does not
occur to any significant extent in polar media. The first
reduction potentials (E1) of 4 and 5 are essentially identical
within an experimental error of �10 mV. If ion pairing was
involved, E1 would become more negative with increasing
size of the R4N+ ion, as observed for E2. The fact that ion
pairing is not significant with PAH radical anions in polar
solvents is unsurprising, as we have previously pointed
out.11

2.4. Structure of tetraalkylammonium ion/arene dianion
ion pairs

One of the most surprising results that arise from these com-
putations is the structure of the ion pairs. One might expect
that since both the electrolyte cation and dianion are sym-
metric species, they would form symmetric ion pairs. This
turns out to be far from the case. For example, a reasonable
a priori assumption would be that the nitrogen atom of the
tetraalkylammonium ion should be located directly above
the geometric center of the arene ring. Of the six ion pairs
represented in Table 4, there are none in which this is so.
With both hydrocarbons that we have examined, the nitrogen
atom is located as shown in structures 4a and 5a, where the
black dots represent the point on the dianion nearest to the
nitrogen atom in the ion pair. It can be seen that in each
case there are two symmetrically equivalent positions in-
volved in ion pairing. The entropic consequences of this
fact on DEp have already been discussed in Section 2.2.

Undoubtedly the most surprising geometrical feature of
these ion pairs is the fact that the symmetry plane of the
quasi-planar16 tetraalkylammonium ions is never even
approximately parallel to that of the arene dianion. The ion
pair between the anthracene dianion and tetrabutylammo-
nium ion exemplifies this point. A side view of the ion pair
(Fig. 4a) indicates that the lower chain (closest to the anthra-
cene ring) of the cation is aligned roughly along the long axis
of the arene ring. This is more or less as expected, since it
places the hydrogen atoms of the lower four methylene
groups, which carry a partial positive charge, in close contact
with the negatively charged arene ring. However, an end
view along the short axis of the anthracene ring (Figs. 4b
and 5) indicates that the upper chain of the cation is tipped
such that one of its two butyl groups is much closer to the
ring than the other. The tip angle of the upper chain with
respect to the plane of the anthracene ring is 35�, a very
substantial deviation from coplanarity. The corresponding
Et4N+ is tipped much less strongly, only 13� (Fig. 6). Every
one of the six ion pairs we have examined presents this same
Figure 4. Space filling models of the ion pair between anthracene dianion and tetrabutylammonium ion. (a) [Left-hand structure] side view; (b) [right-hand
structure] end view.
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‘tipped’ feature, which strongly suggests that there is some
inherent advantage to it. Closer examination of Figures 4b
and 5 suggests an explanation. It will be recalled from
Figure 2 that each chain presents two parallel rows of four
hydrogen atoms to an approaching arene dianion. The same
is true for tetra-n-propylammonium ion, while tetraethyl-
ammonium presents only two pairs of methylene hydrogen
atoms to the dianion (Fig. 3). If one were to rotate the left-
hand butyl group in Figure 5 clockwise so that the two chains
are equidistant from the anthracene ring and lie in a plane
parallel to it, all eight hydrogen atoms of the lower chain
would then be equidistant from the ring. The advantage of
the tipped geometry, however, is that it not only brings one
of the two lower chains of four hydrogen atoms into close
contact with the ring (the C–H bond in each of the four is per-
pendicular to the ring) but it simultaneously places one of the
lower methylene groups of the upper chain (see arrow on the
left side of Fig. 5) in closer contact with the charged ring.
There appears to be an advantage to this orientation, which
directs six carbon–hydrogen atoms more or less directly at
the dianion ring, over the symmetrical arrangement, in

Figure 5. Ball-and-stick model of the ion pair between anthracene dianion
and tetrabutylammonium ion. The arrow indicates the interaction between
a methylene group and the dianion.

Figure 6. Ball-and-stick model of the ion pair between anthracene dianion
and tetraethylammonium ion.
which eight C–H bonds are directed only obliquely at the
ring.

The desirability of directing the maximum number of hydro-
gen atoms directly at the arene ring can also be seen in the
computed structure of the anthracene dianion/NMe4

+ ion
pair (Fig. 7); steric considerations would have suggested
an orientation of the cation with only one methyl group in
close contact with the ring; this would however require
that the three hydrogen atoms of that methyl group would
have to be oriented obliquely with respect to the ring. In-
stead, the preferred orientation of the tetramethylammonium
ion is such that the three methyl groups are in closer proxim-
ity to the ring, with each contributing one hydrogen atom
perpendicular to the ring. Furthermore, unlike the others,
in this ion pair the nitrogen atom is located directly above
the geometric center of the anthracene nucleus; this suggests
that the off-center orientation observed with the other ion
pairs is associated with their ability to contribute additional
hydrogen atoms to the dianion.

Finally, recall the fact that the tip angle of the upper chain in
the Et4N+/4�2 ion pair is much less than those of the Pr4N+

and Bu4N+ ions. The Et4N+ ion (if tipped as greatly as the
other two ions) could still expose only a total of four hydro-
gen atoms to the anthracene ring (two from the bottom chain
and two from the top chain). It appears to be more favorable
for it to present all four of the methylene hydrogen atoms of
the lower chain more obliquely rather than orienting two of
them perpendicularly, though a small degree of tip remains
(Figs. 6 and 8).

Figure 7. Ball-and-stick model of the ion pair between anthracene dianion
and tetramethylammonium ion.

Figure 8. Space filling model of the ion pair between anthracene dianion
and tetraethylammonium ion.
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Table 6. Free energies of association between tetraalkylammonium ions and anthracene dianion in the gas phase and in solution

R4N+ DGsolv
a for 4�2

(kcal/mol)
DGsolv

a for R4N+

(kcal/mol)
DGsolv

a for 4�2/R4N+

(kcal/mol)
DGsolv for ion
pairing (kcal/mol)

DGion-pair in gas
phase (kcal/mol)

DGion-pair in solutionb

(kcal/mol)

Et4N+ �169.8 �43.8 �56.7 +156.9 �158.2 �1.3b

Pr4N+ �169.8 �41.7 �56.2 +154.8 �153.5 +1.4b

Bu4N+ �169.8 �40.9 �56.2 +154.5 �152.2 +2.3b

a Solvation energies are the difference between the solution and gas phase computed energies of the species.
b An entropy of mixing correction of 3RTln 2 (�1.17 kcal/mol at 284 K) must be added to these values to obtain the overall DGion-pair values (column 3 of

Table 5).
2.5. Origin of the ‘steric’ effect

The increase in DE with increasing size of the electrolyte
cation has been interpreted as arising from increasing steric
hindrance to ion pairing as the cation becomes larger.2,6 Yet
we have seen in the preceding section that, far from a simple
steric repulsion effect, the Pr4N+ and Bu4N+ ions actually
orient themselves in a fashion such that they maximize their
contact with the anthracene ring. Examination of the data in
Table 6 suggests that other considerations come into play as
well. In the gas phase DGion-pair for the interaction between
4�2 and Et4N+ is more negative than for Pr4N+ and Bu4N+ by
4.7 and 6.0 kcal/mol, respectively (Table 6, column 6). In
solution, however, the magnitude of this effect is reduced
(Table 6, column 7). This is because the solvation energies
of the three ion pairs are almost identical, whereas the solva-
tion energies of the tetraalkylammonium ions increase with
decreasing size. This effect opposes the gas phase ion pairing
size dependency and hence DGion-pair for Et4N+ in solution is
favored by the two larger ions by only 2.7 and 3.6 kcal,
respectively, compared to the gas phase values of 4.7 and
6.0 kcal/mol.

Finally, it is not clear that even in the gas phase the preference
for ion pairing to Et4N+ ion represents a steric effect. Space
filling models of the Bu4N+/4�2 and Et4N+/4�2 ion pairs
(Figs. 4 and 7) show that the Bu4N+ cation offers no more ste-
ric barrier to close approach to the dianion than does Et4N+/
4�2. We have seen that the Pr4N+ and Bu4N+ ions even appear
to benefit by the larger number of hydrogen atoms in close
contact with the negatively charged ring compared to
Et4N+. However, the latter effect is very likely outweighed
by the larger charge-to-size ratio of the tetraethylammonium
ion, which will result in it having a stronger affinity for co-
ordination to dianions. There is evidence that this is so: the
distance of the central nitrogen atom from carbons 9 and 10
of the anthracene ring in the ion pair is 4.3 Å for the Et4N+ ion
and 4.8 Å for Bu4N+. The butyl groups in Bu4N+ may them-
selves provide an electrostatic solvation-like stabilizing
effect to the central nitrogen atom in the gas phase, which
would cause the Bu4N+ ion to require less electrostatic stabi-
lization from the dianion and thus permit it to move further
away from the latter. The larger tip angle of the upper chain
permits two of its methylene protons to remain in contact
with the dianion even though the nitrogen atom is further
away from the ring.

3. Conclusions

Solvation and ion pairing greatly influence the dispro-
portionation energies of polycyclic aromatic hydrocarbon
radical anions into the corresponding dianions and neutral
species. The difference between DG for disproportionation
(98% or more) arises from differential solvation of the three
species involved in the disproportionation. Ion pairing
between tetraalkylammonium counter-ions and the arene
dianions makes a small but real contribution. The tendency
to form ion pairs decreases with increasing size of the cation.
It is not clear, however that this is a steric effect, since space
filling models suggest that large tetraalkylammonium ions
form ion pairs in which they are in almost close contact
with the dianion as smaller cations. The highly unsymmetric
‘tipped’ structure of the ion pairs suggests that there is even
an energetic advantage to ion pairs from larger cations.
Rather than steric hindrance to ion pairing with large cations,
it is suggested that ion pairing to small cations is favored
because of their greater charge-to-size ratio, which calls
for more electrostatic stabilization by the dianion.

4. Computations

The energies of species 1–3 were computed at the DFT
B3LYP/6-311+G* level using the Gaussian 03 suite of pro-
grams.18 The reasons for the choice of this computational
method have been described previously.11 Solvation ener-
gies of the individual constituents were computed by the
PCM (polarized continuum model)10 as implemented in
Gaussian. The energies of the tetraalkylammonium ions
(R4N+; R¼Et, Pr, and Bu) and their corresponding ion pairs
with each of the three hydrocarbon dianions were also com-
puted in order to obtain values for the equilibrium constants
(Kion-pair) for ion pairing. The corresponding computed
values for the potential peak spacings of DE were obtained
by a final digital simulation to account for the differing con-
centrations of the arene and electrolyte.11,17 Computations
were carried out on a computer (Puget Custom Computers,
Seattle, WA) equipped with four parallel 64-bit AMD
Opteron� processors sharing 4 GB of RAM.

Acknowledgements

Financial support for this research was provided by the
National Science Foundation through grants CHE-0100727
and CHE-0411699. Additional support was provided by
Wesleyan University.

References and notes

1. Fry, A. J.; Fox, P. C. Tetrahedron 1986, 42, 5255.
2. Jensen, B. S.; Parker, V. D. J. Am. Chem. Soc. 1975, 97, 5211.



6565A. J. Fry / Tetrahedron 62 (2006) 6558–6565
3. Heinze, J.; Mortensen, J.; Mullen, K.; Schenk, R. J. Chem. Soc.,
Chem. Commun. 1987, 701.

4. Heinze, J. Angew. Chem., Int. Ed. Engl. 1984, 23, 831.
5. Kiesele, H. Anal. Chem. 1981, 53, 1952.
6. Fry, A. J.; Hutchins, C. S.; Chung, L. L. J. Am. Chem. Soc.

1975, 97, 591.
7. Evans, D. H.; Hu, K. J. Chem. Soc., Faraday Trans. 1996, 92,

3983.
8. Kubota, T.; Kano, K.; Uno, B.; Konse, T. Bull. Chem. Soc. Jpn.

1987, 60, 3865.
9. Foresman, J. B.; Frisch, A. Exploring Chemistry with Elec-

tronic Structure Methods, 2nd ed.; Gaussian: Pittsburgh, PA,
1996; p 147.

10. Tomasi, J.; Persico, M. Chem. Rev. 1994, 94, 2027.
11. Fry, A. J. Electrochem. Commun. 2005, 7, 602.
12. Heinze, J. Organic Electrochemistry, 4th ed.; Lund, H.,

Hammerich, O., Eds.; Dekker: New York, NY, 2001; p 293.
13. Fry, A. J. Topics in Organic Electrochemistry; Fry, A. J.,

Britton, W. E., Eds.; Plenum: New York, NY, 1986.
14. Fry, A. J.; Simon, J.; Tashiro, M.; Yamato, T.; Mitchell, R. H.;

Dingle, T. W.; Williams, R. V.; Mahedevan, R. Acta Chem.
Scand. 1983, 37B, 445.

15. Fry, A. J.; Chung, L. L.; Boekelheide, V. Tetrahedron Lett.
1974, 445.
16. Alder, R. W.; Allen, P. R.; Anderson, K. R.; Butts, C. P.;
Khosravi, E.; Martin, A.; Maunder, C. M.; Orpen, A. G.;
Pourcain, C. P. S. J. Chem. Soc., Perkin Trans. 2 1998, 2083.

17. Digisim 3.0, 2004 Bioanalytical Systems: West Lafayette, IN.
18. Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;

Robb, M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven,
T.; Kudin, K. N.; Burant, J. C.; Millam, J. M.; Iyengar, S. S.;
Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.; Scalmani,
G.; Rega, N.; Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara,
M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Naka-
jima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li, X.;
Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo,
C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.;
Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala,
P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg,
J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain,
M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari,
K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox,
D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.;
Wong, M. W.; Gonzalez, C.; Pople, J. A. Gaussian 03, Revision
C.02; Gaussian: Wallingford, CT, 2004.



Tetrahedron 62 (2006) 6566–6573
C–S bond cleavage in the sensitized photooxygenation of tert-alkyl
phenyl sulfides. The role of superoxide anion

Enrico Baciocchi,a,* Tiziana Del Giacco,b,* Paolo Giombolinib and Osvaldo Lanzalungaa,*

aDipartimento di Chimica, Universit�a degli Studi di Roma ‘La Sapienza’ and Istituto CNR di Metodologie Chimiche (IMC-CNR),
Sezione Meccanismi di Reazione, P.le A. Moro, 5 I-00185 Rome, Italy

bDipartimento di Chimica and Centro di Eccellenza Materiali Innovativi Nanostrutturati (CEMIN), Universit�a di Perugia,
Via Elce di Sotto 8, 06123 Perugia, Italy

Received 2 September 2005; accepted 26 September 2005

Available online 18 May 2006

Abstract—The N-methylquinolinium tetrafluoroborate (NMQ+)-photosensitized oxidation of tert-alkyl phenyl sulfides 1a–c (1a, tert-
alkyl¼tert-butyl; 1b, tert-alkyl¼2-phenyl-2-propyl; 1c, tert-alkyl¼1,1-diphenylethyl) and benzyl phenyl sulfide (2) were investigated in
CH3CN by nanosecond laser flash photolysis (LFP) and steady-state irradiation either under nitrogen or in the presence of O2. By laser irra-
diation, the formation of sulfide radical cations 1a+�–c+� in the monomeric form (lmax¼520 nm) and of 2+� in both the monomeric
(lmax¼520 nm) and dimeric form (lmax¼780 nm) were observed within the laser pulse. In both cases, the radical cations decayed by second-
order kinetics without any apparent formation of transients attributable to C–S bond rupture. In line with these results, very small amounts of
photoproducts were obtained under nitrogen thus suggesting that the sulfide radical cations mainly undergo a back electron transfer process
with the reduced N-methylquinolinium (NMQ

�
). A different situation was found in the presence of O2 since steady-state photolysis produced

substantial amounts of C–S bond cleavage products (alcohols, alkenes, and ketones from 1a–c and benzaldehyde from 2), in contrast with LFP
experiments. Formation of products was, however, significantly reduced in the presence of benzoquinone, a trap for O2

�� generated by NMQ
�

and O2. For the tert-alkyl phenyl sulfides, 1a–c, these results have been interpreted by suggesting that C–S bond cleavage products in the
presence of oxygen mostly derive from the decomposition of a thiadioxirane 6 formed by the reaction of the sulfide radical cation with O2

��.
In this cleavage a sulfinate and a carbocation formed. The former is oxidized to sulfonate, whereas the carbocation can react with adventitious
water to form the alcohol (and the alkene therefrom) and with O2

�� to produce the ketone. For 2 (a sulfide with a-CH bonds) probably a different
mechanism holds, benzaldehyde coming from the a-phenylthio carbon radical formed from deprotonation by O2

�� of 2n+�.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The sensitized photooxygenation of organic sulfides is re-
ceiving continuous attention for the important biological
implications as well as the possible practical applications
in organic synthesis.1–14 Two different mechanisms have
been suggested for this process.15,16 The Type I mechanism
involves the intervention of 1O2 generated by the reaction of
the excited sensitizer with 3O2 (henceforth simply indicated
as O2), whereas in the Type II mechanism the excited sensi-
tizer abstracts an electron from the substrate forming a radi-
cal cation that then reacts with O2

�� formed by O2 and the
reduced form of the sensitizer. Recent work has presented
evidence indicating that the two mechanisms involve differ-
ent intermediates, namely a persulfoxide in the Type I mech-
anism and a thiadioxirane in the Type II mechanism
(Scheme 1).15,16

* Corresponding authors. Tel.: +39 0649913711; fax: +39 06490421;
e-mail: enrico.baciocchi@uniroma1.it
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.09.154
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(a) Type I Mechanism
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S RRO2    +    R2S S RR

O

R2S +    S* R2S     +    S

(b) Type II Mechanism

persulfoxide

S S*
hν

S    +    O2 S     +    O2
O O

thiadioxirane

Scheme 1.

In both mechanisms, sulfoxides are generally the main
products. However, variable amounts of C–S bond cleavage
products can also be obtained, depending on the substrate
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structure. The formation of these products has been dis-
cussed in some detail for the Type I mechanism, where
they are suggested to be derived by additional pathways
available to the persulfoxide intermediate.10,11 In the elec-
tron transfer mechanism the fragmentation products are
attributed to possible reactions of the sulfide radical cation
involving the cleavage of a C–S or an a-C–H bond, in com-
petition with the reaction with O2

�� leading to sulfoxide
(Scheme 2).13,17

R2S    +    O2

RS   +   R+   or   R(-H)SR   +   H+

+ R2SO
a

b

Scheme 2.

In view of the importance of sulfides photooxygenation, it is
certainly of interest to get more information on this problem.
Thus, we have carried out a detailed investigation of the
photochemical oxygenation of tert-alkyl phenyl sulfides
1a–c sensitized by N-methylquinolinium tetrafluoroborate
(NMQ+) in CH3CN. These reactions, that exclusively lead
to fragmentation products, have been studied by nanosecond
laser flash photolysis (LFP) and steady-state photolysis and
the transient species produced, their decay pathways, and
the final photoproducts have been identified. The results of
this study, reported herewith, have led to the important con-
clusion that the main pathway for the formation of fragmen-
tation products is not the direct C–S bond cleavage in the
radical cation, but the reaction of the sulfide radical cation
with the superoxide anion generated in the reaction of
NMQ� with oxygen. For comparison purposes, the photolysis
of benzyl phenyl sulfide (2) has also been investigated.
Fragmentation products are formed in this case too, but the
mechanism is probably different than that proposed for the
tert-alkyl phenyl sulfides.

S C
R1

CH3
R2

1a   R1,R2 = CH3
1b   R1 = C6H5, R2 = CH3
1c   R1,R2 = C6H5

S CH2

2

2. Results

2.1. Steady-state photolysis

The steady-state photooxidations sensitized by NMQ+ were
carried out in air-saturated CH3CN or for comparison pur-
pose under N2. No reaction was observed in the absence of
the sensitizer. The reaction products were identified by
GC–MS and 1H NMR (comparison with authentic speci-
mens, see Section 5).

Photolysis in the presence of O2. Under air, quite efficient
photochemical processes were observed with 1a–c.
Fragmentation products were obtained exclusively in the
photoirradiation of tert-alkyl phenyl sulfides 1a–c with quan-
tum yields (F) between 0.3 and 0.5 for the products coming
from the alkyl moiety. Benzenesulfonate is the main product
derived from the sulfide moiety even though a small amount
of diphenyl disulfide was detected. No quantum yields were
determined for the sulfur containing products. Alcohols,
alkenes, and ketones were the products formed from 1b
and 1c as described in Scheme 3, where only the products
derived from the alkyl moiety are indicated. The correspond-
ing alcohol and ketone were also formed with 1a. In this case,
N-tert-butylacetamide was also produced, whereas the
alkene was not observed.

S C
R1

CH3
R2

1a   R1,R2 = CH3
1b   R1 = C6H5, R2 = CH3
1c   R1,R2 = C6H5

R1

R2
+ R1

CH3
OH

R2

+ O
R1

R2

3b-3c 4a-4c

NMQ+

hν

5a-5c

Scheme 3.

A further notation, however, was that with 1b and 1c, the
alcohol is progressively converted into alkene as the reaction
proceeds, as shown, for example, from the data in Table 1 for
the photolysis of 1b.

Accordingly, it can be seen that whereas the overall quantum
yield is substantially independent of irradiation time, those
of the alkene 3b and the alcohol 4b increase and decrease,
respectively, by increasing the irradiation time. However,
the sum F(3b)+F(4b) remains almost constant. Most likely,
alcohol is the primary product and there is a substantial and
increasing conversion of the alcohol into the alkene, proba-
bly promoted by H+ formed during the photolysis. Thus, in
Table 2, where the results for all tert-alkyl phenyl sulfides
are depicted, we report the F value for the ketone and the
overall quantum yield, F(3)+F(4), of alkene and alcohol
for 1b and 1c. In the same Table the results of the steady-
state photolysis of benzyl phenyl sulfide that leads to benzyl
phenyl sulfoxide and a fragmentation product, benzalde-
hyde, are also reported. The possible role of O2

��, that forms
in the reaction with NMQ� (Scheme 1b, S¼NMQ+), was
investigated by performing the photolysis in the presence
of benzoquinone, a well known trap for O2

��.18 A very sig-
nificant drop in the product quantum yields was observed,
particularly with 1a and 1b (Table 2).

When the above reactions were carried out in the absence of
oxygen (flushing the solutions with N2 before irradiation) no
products were observed with the NMQ+/1a and NMQ+/2
systems and a substantial decrease (about one order of mag-
nitude) in quantum yields was observed with the sulfides 1b
and 1c. Under these conditions, diphenyl disulfide was also

Table 1. Quantum yields of the photoproducts formed in the oxidation of
2-phenyl-2-propyl phenyl sulfide (1b) photosensitized by NMQ+ in air-
saturated CH3CNa

T (min) F(3b) F(4b) F(5b) F(3b)+F(4b)

60 0.018 0.17 0.10 0.188
90 0.13 0.060 0.086 0.190
120 0.16 0.057 0.096 0.217

a [sulfide]¼0.01 M. [NMQ+]¼3.4�10�3 M.
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formed, whereas no formation of the ketone 5 was observed.
These results are also displayed in Table 2.

Finally, since excited NMQ+ can also react with O2 to form
1O2,15 we tested the reactivity of our sulfides toward 1O2.
Thus, the photolysis of 1b was carried out in the presence
of Rose Bengal in O2-saturated CH3CN.19 No detectable
amounts of photoproducts were obtained after 30 min of
irradiation.

2.2. Fluorescence quenching

Fluorescence quenching experiments were carried out in air-
saturated CH3CN to determine the efficiency by which sub-
strates 1a–c and 2 quench the lowest excited singlet state of
NMQ+. The fluorescence intensity of NMQ+ was recorded
by steady-state experiments in the absence (I�) and in the
presence (I) of increasing concentrations of the substrates
1a–c and 2. The second-order rate constants for NMQ+ fluo-
rescence quenching (kq) were calculated from the slopes
of the linear Stern–Volmer plots (I�/I vs [1a–c, 2]) divided
by the lifetime of 1NMQ+* (20 ns)20 (Fig. S1 and Table S1
in the Supplementary data). The Stern–Volmer plots show
that all the substrates quench the emission of NMQ+ with
rate constants, which are close to the diffusion limit (1.5–
1.8�1010 M�1 s�1).21

2.3. Laser flash photolysis studies

The laser photolysis experiments (lexc¼355 nm) were car-
ried out in CH3CN under N2- and O2-saturated conditions
in the presence of 1 M toluene, which was used as cosensi-
tizer to reduce the efficiency of the back electron transfer
process and, consequently, to increase the concentration of
the transient formed within the laser pulse.22 By laser photo-
lysis of the NMQ+/toluene/1a–c systems in N2-saturated
solutions, similar time-resolved absorption spectra were

Table 2. Quantum yields of the photoproducts formed in the oxidation of
tert-alkyl phenyl sulfides (1a–c) and benzyl phenyl sulfide (2) photosensi-
tized by NMQ+ in CH3CNa

Substrate Quantum yieldsb

FTOT F(3)+F(4) F(5)

1a Air 0.36 0.085c 0.21
Aird —e —e —e

N2 —e —e —e

1b Air 0.29 0.19 0.10
Aird 0.015 0.007 0.008
N2 0.038 0.038 —

1c Air 0.44 0.31 0.13
Aird 0.13 0.087 0.043
N2 0.058 0.058 —e

F(PhCH2SOPh) F(PhCHO)
2 Air 0.14 0.03 0.11

Aird —e —e —e

N2 —e —e —e

a [sulfide]¼1.0�10�2 M, [NMQ+]¼1.0�10�2 M under nitrogen and
[NMQ+]¼3.4�10�3 M in air-saturated condition. Quantum yields are
determined after 1 h irradiation.

b Quantum yields of all the products from the alkyl moiety. The error is
�10%.

c N-tert-butylacetamide (F¼0.065) is also formed.
d In the presence of 1.2�10�3 M p-benzoquinone.
e Under the detection limit (F<0.001).
observed. Two absorption bands were detected just after
the laser pulse in the 400 and 520 nm regions (time-resolved
absorption spectra for the NMQ+/toluene/1a system are
reported in Fig. 1a, time-resolved absorption spectra for
the NMQ+/toluene/1b and NMQ+/toluene/1c systems are
reported in Figs. S2 and S3 in the Supplementary data). These
bands were assigned to NMQ� (lmax¼400 and 550 nm)23 and
the sulfide radical cations in the monomeric form (lmax¼
520 nm).24

Laser photolysis of the NMQ+/toluene/2 system under N2

showed an additional broad absorption band at 780 nm that
was assigned to the dimer sulfide radical cation (Fig. 2a).25

Very reasonably, the dimer was not observed with 1a–c
due to the steric hindrance of the tert-alkyl group.26

The time-evolution of the absorption spectra shows that the
decay of the two signals recorded at ca. 400 and 520 nm is
not accompanied by the buildup of any transient, which
can be assigned to products of C–S bond cleavage, i.e., the
phenylthiyl radical PhS� (lmax¼450–490 nm)27 and, in the
case of 1c+�, the 1,1-diphenylethyl cation (lmax¼420 nm).28

Moreover, in the LFP experiment with the NMQ+/toluene/2
system, analysis of the spectral evolution did not show the
growth of the absorption of PhSCH�Ph (lmax¼350 nm),21

i.e., the product of benzylic C–H deprotonation of 2+�. In
O2-saturated solutions, an identical situation was observed,
apart from the fact that the time-resolved absorption spectra
are modified by the fast decay of NMQ�, that is efficiently
quenched by molecular oxygen;15 thus, the shoulder at ca.
400 nm disappears and the only recorded transient concerns

400 600 800
0,00

0,04

0,08 b

0,00

0,04

0,08 a

25 µs

25 µs

∆A

λ (nm)

Figure 1. Time-resolved absorption spectra of the NMQ+ (3.4�10�3 M)/
toluene (1 M)/(CH3)3CSPh (1.0�10�2 M) system in CH3CN: (a) N2-
saturated, recorded 0.2 (6), 4.8 (:), 10 (B) and 16 (C) ms after the laser
pulse; inset: decay kinetics recorded at 520 nm. lexc¼355 nm. (b) O2-
saturated, recorded 0.08 (6), 2.0 (:), 4.0 (B), 6.1 (C) ms after the laser
pulse; inset: decay kinetics recorded at 520 nm. lexc¼355 nm.
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the sulfide radical cation (time-resolved absorption spectra
are reported in Fig. 1b and Fig. 2b for the NMQ+/toluene/
1a and NMQ+/toluene/2 systems and in Figures S2 and S3
in the Supplementary data for the NMQ+/toluene/1b and
NMQ+/toluene/1c systems). The decay rate of radical cat-
ions 1a–c+� and 2+� was determined by following the absorp-
tion decay at 520 nm. Under nitrogen and oxygen the decay
kinetics followed second-order laws, (see insets in Figs. 1
and 2 for the decay of 1a+� and 2+�, respectively) and the de-
cay rate constants (k2) divided by the extinction coefficient
(3), for all the radical cations, measured at 25 �C are reported
in Table 3.

It can be observed that the decay rate constants are not
significantly influenced by the structure of the sulfide and
that the values under oxygen are higher than those observed
under nitrogen.

Time-resolved spectra recorded by laser flash photolysis of
the NMQ+/1b system in the presence of BQ (9.7�10�4 M)
in O2-saturated CH3CN (see Fig. S4 in the Supplementary
data) showed the characteristic absorption band of BQ��

(lmax¼520 nm)29 thus confirming the electron transfer pro-
cess from O2

�� to BQ.

400 600 800

0,00

0,04

0,08

b

0,00

0,04

0,08

0,12 a

 

25 µs

25 µs

∆A

λ (nm)

Figure 2. Time-resolved absorption spectra of the NMQ+ (3.4�10�3 M)/
toluene (1 M)/PhCH2SPh (1.0�10�2 M) system in CH3CN: (a) N2-satu-
rated, recorded 0.08 (6), 0.32 (:), 1.0 (B) and 5.8 (C) ms after the laser
pulse; (b) O2-saturated, recorded 0.08 (6), 0.94 (:), 3.0 (B), 6.0 (C) ms
after the laser pulse. Inset: decay kinetics recorded at 530 nm. lexc¼355 nm.

Table 3. Decay rate constants of 1a–c+� and 2+� formed by laser photolysis of
the NMQ+ (3.4�10�3 M)/toluene (1 M)/1a–c, 2 (1.0�10�2 M) systems in
N2- and O2-saturated CH3CN (lecc¼355 nm)

Sulfide k2/3 (106 s�1 cm)

N2 O2

1a 4.0 12
1b 2.7 12
1c 5.0 16
2 4.0 15
3. Discussion

3.1. tert-Alkyl phenyl sulfides

The observation that sulfides 1a–c quench the fluorescence
emission of NMQ+ with rates close to the diffusion limit in-
dicates that NMQ+ acts as an electron transfer sensitizer. The
high efficiency is certainly related to the reduction potential
of 1NMQ+* (2.7 V vs SCE)22 that is much higher than those
of the tert-alkyl phenyl sulfide radical cations 1a+�–c+� (ca.
1.6 V vs SCE).17 Any possible contribution of 1O2 to the
photooxidation has been shown to be negligible.

The ET mechanism from the sulfides to 1NMQ+* is also sup-
ported by the observation, in the laser flash photolysis exper-
iments of the NMQ+/toluene/1a–c systems in N2-saturated
solutions, of absorption bands that have been assigned to
NMQ� (lmax¼400 and 550 nm) and the sulfide radical cat-
ions (lmax¼520 nm). Under oxygen, the only recorded tran-
sient is the sulfide radical cation (lmax¼520 nm) since NMQ�

is converted to NMQ+.

However, both under oxygen and nitrogen the decay of the
radical cation is not accompanied by the buildup of any tran-
sient. Particularly, the transients expected for a direct C–S
bond cleavage in the radical cation (phenylthiyl radical in
all cases and the tertiary carbocation from 1c+�) were not
observed. Since second-order kinetics were followed and
the rates are faster under oxygen, the decays are reasonably
attributed to back electron transfer, under nitrogen, and to
a reaction with O2

��, under oxygen.

The results of steady-state photoirradiations under nitrogen
(formation of small amounts of photoproducts with sulfides
1b and 1c, and no reaction at all with 1a) were in substantial
agreement with those of the laser photolysis study. The low
efficiency observed is fully consistent with a process domi-
nated by back electron transfer in the geminate radical/
radical cation pair (Scheme 4, path b).

The structure of photoproducts formed (alkenes 3b and 3c
and alcohols 4b and 4c, from 1b and 1c, respectively) sug-
gests that at least for 1b+� and 1c+� a pathway involving the
cleavage of the C–S bond, leading to the tertiary benzylic
cations and the phenylthiyl radical (Scheme 4, path c) can
also operate, albeit as a minor route (not revealable in LFP
experiments). The benzylic cations can react with adventi-
tious water to form the alcohols 4 or lose a proton to produce
the alkenes 3 (paths d and e in Scheme 4). However, alkenes
3 seem to be formed primarily by acid induced dehydration
of the alcohol (Scheme 4, path f, see Section 2). In both
cases, dimerization of the phenylthiyl radical leads to
diphenyl disulfide. With 1a+�, C–S bond cleavage is probably
slower (a less stable carbocation is formed) than with 1b+�

and 1c+� and cannot compete at all with back electron trans-
fer. Thus, no products are observed in the steady-state
photolysis.

However, as shown by the data in Table 2, the efficiency of
photolysis of the sulfides 1a–c significantly increases in the
presence of oxygen (under air). From 1a, the alcohol 4a and
tert-butylacetamide are formed together with acetone (5a).
The ketones 5b and 5c, the alkenes 3b and 3c, and the
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alcohols 4b and 4c, are formed from 1b and 1c, respectively.
In all cases, benzenesulfonate is the main product coming
from the phenyl sulfide moiety even though small amounts
of diphenyl disulfide are observed.

Clearly, the presence of O2 promotes a fragmentation pro-
cess that is much more important than that coming from
the direct C–S bond cleavage in the radical cation mentioned
above. A possible proposal is that the fragmentation prod-
ucts in the presence of oxygen mostly derive from the de-
composition of an intermediate formed by the reaction of
the radical cation with the superoxide anion generated by
NMQ� and O2. As already mentioned, the reaction of sulfide
radical cations with O2

�� is the key step in the electron trans-
fer photoinduced sulfoxidations of sulfides and it is reason-
able to suggest that it can play a fundamental role also in the
fragmentation reactions investigated. This suggestion is
supported by the following. First, as already observed, the
presence of oxygen strongly increases the efficiency of the
photolysis, producing quantum yields of fragmentation
products much higher that those found in the presence of
nitrogen. Second, a reaction of O2

�� with the radical cation
is indicated by the results of time-resolved experiments.
Accordingly, as already noted, the second-order decay of
the radical cation in the presence of O2 is ca. 3–4 times faster
than in the presence of nitrogen, being probably determined
by the reaction of the radical cation with O2

��, and there is no
effect of the sulfide structure on the reactivity. Third and still
more significant, in the presence of benzoquinone that can
trap O2

��, a substantial drop of the quantum yield in the
photolysis of 1a–c under air was observed.30

With convincing evidence in hand that the reaction of the
sulfide radical cations of 1a–c with O2

�� is en route to frag-
mentation products, we can try to envisage a reasonable
mechanistic scheme. In previous work15 we have reported
evidence indicating that in electron transfer photooxygena-
tions, the reaction of the sulfide radical cation with O2

�� leads
to a thiadioxirane 6 (Scheme 5, path a). Usually, the thia-
dioxirane is expected to react with another sulfide molecule
to form the sulfoxide. However, it is not unreasonable to
suggest that with the sterically crowded sulfides 1a–c,
such a bimolecular reaction can become very difficult and
the thiadioxirane (that probably is in a vibrationally excited
state due to the very large exergonicity of its formation) may
instead undergo C–S bond cleavage, presumably concerted
with the opening of the three-member ring, leading to a quite
stable tertiary carbocation and phenylsulfinate (Scheme 5,
path b).31 The phenylsulfinate should be oxidized to the
sulfonate under the reaction conditions.32 The alcohols (and
alkenes) are formed from the carbocations as shown in
Scheme 4. With 1a, also N-tert-butylacetamide is formed,33

whereas the alkene is not observed.
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The formation of ketones 5, that are a significant fraction of
the products mixture obtained under air, may be justified by
the possible reaction of the carbocation with O2

��. An alkyl-
peroxyl radical is formed that can be converted into ketone
as shown in Scheme 6. Indeed, by generating the cumyl-
peroxyl radical in the photolysis of cumene in the presence
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of di-tert-butyl peroxide and oxygen, benzophenone 5b was
obtained as the main product accompanied by small amounts
of 3b and 4b (Section 5).34

3.2. Benzyl phenyl sulfide

The behaviors of sulfide (2) were similar to that of the tert-
alkyl phenyl sulfides, discussed above. Thus, laser photoly-
sis experiments showed the formation of the sulfide radical
cation (in this case the dimeric form was also observed)
that, however, decayed without the apparent formation of
any transient. The decay rate followed second-order kinetics
with a k23 value very close to that found with the radical cat-
ions of tert-alkyl phenyl sulfides. In this case too the decay
rate was faster under oxygen than under nitrogen (Table
3). As with tert-alkyl phenyl sulfides, steady-state photolysis
of 2 sensitized by NMQ+ led to significant amounts of
products (benzyl phenyl sulfoxide and benzaldehyde) only
in the presence of oxygen. However, when the photolysis
was run in the presence of benzoquinone the yield of
products dropped almost to zero in the presence of oxygen.

It seems clear that with 2, the reaction of the sulfide radical
cation with O2

�� also plays a key role in product formation.
When O2

�� attacks sulfur, thiadioxirane forms leading to sulf-
oxide by reaction with another molecule of sulfide, as previ-
ously suggested for electron transfer sulfoxygenations.15 In
this case, the sulfide is not sterically congested, thus this re-
action predominates with respect to the C–S bond cleavage
reactions observed with 1a–c.35 However, since a-CH bonds
are present in 2+�, O2

�� can also perform a deprotonation pro-
cess forming an a-phenylthio carbon radical that can lead to
benzaldehyde and diphenyl disulfides by reaction with O2, as
shown in Scheme 7. The possibility that in electron transfer
sulfoxygenations of sulfides with a-CH bonds, C–S bond
cleavage products would derive from deprotonation of the
sulfide radical cation had already been proposed,13 but the
key role played by O2

�� in this respect had not been hitherto
demonstrated.

+ O2S CH2Ph Ph S CHPh
HOO

O2

S CHPh

O
O

PhCHO + PhSSPh

Ph

Ph

Scheme 7.

4. Conclusions

The results of LFP and steady-state photolysis experiments
have allowed us to reach the important conclusion that the
C–S bond cleavage products formed in the photooxygena-
tion of tert-alkyl phenyl sulfides sensitized by NMQ+ mainly
derive from the sterically congested thiadioxirane formed by
the reaction of the sulfide radical cation with O2
��. The meso-

lytic rupture of the C–S bond in the intermediate radical
cation plays a minor role. A different situation holds with
benzyl phenyl sulfide 2 (a primary alkyl sulfide with a-CH
bonds) where the fragmentation product, benzaldehyde, is
suggested to come from deprotonation of 2�+ by O2

�� in com-
petition with the formation of thiadioxirane. The latter spe-
cies is much less congested than that formed from tert-alkyl
phenyl sulfides and can therefore react, as expected, with
another sulfide molecule to give benzyl phenyl sulfoxide
that accordingly is among the reaction products.

5. Experimental

5.1. Starting materials

Commercial benzyl phenyl sulfide (2) was further purified by
recrystallization from EtOH/H2O. tert-Butyl phenyl sulfide
(1a) was prepared by acid catalyzed reaction of thiophenol
with tert-butanol.36 2-Phenyl-2-propyl phenyl sulfide (1b)
and 1,1-diphenylethyl phenyl sulfide (1c) were prepared by
acid catalyzed addition of thiophenol on a-methylstyrene
and 1,1-diphenylethylene, respectively.37 CH3CN (spectro-
photometric grade) and toluene were used as received.
N-Methylquinolinium tetrafluoroborate was prepared
according to a literature procedure.38

5.2. Quantum yields

A 2 ml solution of NMQ+ (4�10�4 M) in CH3CN and 1a–c
and 2 (1.0�10�2 M) in CH3CN (CD3CN in the case of 1a)
was placed in a quartz cuvette and irradiated at 313 nm,
selected with a Balzer interference filter by a high pressure
Hg lamp. The substrate conversion to photoproduct was
held below 10% to avoid secondary reactions. The photo-
products were quantified by GC and 1H NMR. Bibenzyl
was used as an internal standard. The products from sulfide
1a were analyzed exclusively by 1H NMR, because of their
high volatility. Water soluble photoproducts were identified
by 1H NMR after evaporation of the solvent CH3CN and
addition of D2O. All products formed were identified by
comparison with authentic specimens. tert-Butyl acetamide,
acetophenone, benzophenone, 2-phenyl-2-propanol, a-
methylstyrene, 1,1-diphenylethanol, 1,1-diphenylethylene,
tert-butanol, acetone, benzaldehyde, diphenyl disulfide,
sodium benzenesulfonate were commercial products.
Benzyl phenyl sulfoxide was prepared by oxidation of benzyl
phenyl sulfide with NaIO4.39 The light intensity (ca.
1�1015 photons s�1) was measured by potassium ferric
oxalate actinometry.40

5.3. Steady-state photooxidation of cumene

By irradiation of tert-butyl peroxide (0.16 M) at 313 nm in
the presence of cumene (1.0�10�2 M) in O2-saturated
CH3CN, acetophenone (3.4%), a-methylstyrene (1.0%),
and 1,1-diphenylethanol (0.8%) formed after 7 h.

5.4. Fluorescence quenching

Measurements were carried out on a Spleg Fluorolog
F112AF spectrofluorometer. Relative emission intensities
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at 390 nm (NMQ+ emission maximum) were measured by
irradiating at 315 nm (NMQ+ absorption maximum) a solu-
tion containing NMQ+ (1.0�10�5 M) and the substrates
1a–c and 2 at different concentrations (from 0 to 7.0�
10�3 M) in CH3CN at 22 �C. The error estimated on the
Stern–Volmer constants (KSV) was �5%.

5.5. Laser flash photolysis

The excitation wavelength of 355 nm from a Nd:YAG laser
(Continuum, third harmonic) was used in nanosecond flash
photolysis experiments (pulse width ca. 7 ns and energy
<3 mJ per pulse). The transient spectra were obtained by
a point-to-point technique, monitoring the absorbance
changes (DA) after the flash at intervals of 5–10 nm over
the spectral range 350–850 nm, averaging at least 10 decays
at each wavelength. The lifetime values (the time at which the
initial signal is reduced to 1/e, experimental error�10%) are
reported for transients showing first-order decay kinetics.
The k2/3 values are reported for the transients showing sec-
ond-order kinetics. A 2 ml solution containing the substrate
(1.0�10�2 M), NMQ+ (4�10�4 M) and the cosensitizer
(1 M toluene) was flashed in a quartz photolysis cell while
nitrogen or oxygen was bubbling through them. All measure-
ments were carried out at 22�2 �C. The experimental error
was �10%.
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Abstract—The apparent activation enthalpies, DHs, for externally sensitized mesolytic fragmentations in benzophenone–dithiane adducts
were obtained in variable temperature photolyses and compared with DFT activation barriers calculated for b-scission in the corresponding
oxygen-centered radicals. The results of these experimental and theoretical studies further support the mechanism in which deprotonation of
the hydroxy-group, in the transient cation radical, is coupled with intramolecular electron transfer furnishing the O-centered radical, which
subsequently fragments. The quantum yields of fragmentation increase for higher alkyl substituted dithiane adducts.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Heteroatom-centered cation radicals, Cb–Ca–X�+, which are
readily generated by photoinduced electron transfer (ET),
are subject to mesolytic fragmentation. It is well known
that removal of one electron from the heteroatom’s lone
pair in the ground state significantly reduces the bond order
of the geminal bonds, which either increases the acidity of
the alpha-proton (H–Ca) or causes the Ca–Cb bond to cleave.
In our previous work we utilized this increased acidity of the
alpha-proton and developed an efficient electrochemical de-
protection for carboxylates in general, and amino acids in
particular, based on esters of hydroxymethyldithiane.1 In
this paper we will focus primarily on photoinduced C–C
bond fragmentations in adducts of dithianes with ketones.

ET-induced fragmentations in vicinal amino alcohols and
diols have been extensively studied.2 The accepted mecha-
nistic rationale includes photoinduced electron transfer to an
ET-sensitizer, e.g., benzophenone, followed by a mesolytic
cleavage of the generated cation radical, assisted by the ben-
zophenone anion radical deprotonating the vicinal hydroxy
group. It was noted that the C–C bond cleavage step is rem-
iniscent of the Grob fragmentation in closed shell systems.3
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One of the early examples by Whitten and Ci involved thio-
indigo-sensitized fragmentation in the threo- and erythro-2-
morpholino-1,2-diphenylethanol.3a Assuming that the only
temperature-dependent process in the reaction of the gemi-
nate ion radical pair is kfrag, they determined the Arrhenius
activation energy for the threo- and erythro diastereomers
to be 4.9 and 2.8 kcal/mol, respectively. This demonstrates
a strong conformational dependence of the cleavage and
shows that the activation barrier is very low.
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Similar reactions of sulfido-alcohols are also known. For ex-
ample, Gravel et al. utilized the C–C cleavage in b-phenyl-
thioalkanols as a synthetic method for indirect cleavage of
olefins4 and also in carbohydrate synthesis.5 Some time
ago we found that dithianes are particularly suitable for
this chemistry: their adducts are readily synthesized and
they cleave efficiently upon photoinduced fragmentation.
The mechanism of cleavage in dithiane adducts was investi-
gated by utilizing classical physical organic methods such as
the Hammett substituent effect, the kinetic isotope effect,6

and laser flash photolysis studies.7 Our initial mechanistic
findings were in keeping with the universally recognized
‘Grob-like’ mechanism, until we tested the photoinduced
fragmentation in the tert-butyl derivative A, which in addi-
tion to the expected pivalaldehyde B (‘normal’ cleavage)
produced dithiane-2-carboxaldehyde C as a major product
in 1:6.2 ratio.8 It became clear that the quasi-Grob electron
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Scheme 1.
pushing rationale needed refinement because adduct A was
primarily cleaving the wrong bond.

Further experimental and computational investigation
suggested that deprotonation of the hydroxy group in the
initially generated cation radical does not result in the forma-
tion of a charge separated ‘Grob-like’ precursor �O–C–C–
S+�–R, but rather produces a neutral oxygen-centered radical
(or a species behaving as one) via intramolecular electron
transfer. The O-centered radical undergoes subsequent frag-
mentation in either direction and the partitioning correlates
with stability of the produced radicals, Scheme 1.9 When
methyldithiane derivative D was used in place of A, the ratio
of B:C¼1:6.2 was inverted to become B:E¼1.8:1, all in
keeping with relative stability of tert-butyl, dithian-2-yl,
and 2-methyldithian-2-yl radicals. We also compared the

results of the fragmentation in methylene chloride and aceto-
nitrile, which constitutes almost an order of magnitude
difference in the dielectric constant, and did not see any dif-
ference in the partitioning within experimental error. All
these results seem to indicate that the charge separated spe-
cies does not exist, or at best it is in fast equilibrium with the
alkoxy radical (Scheme 1).

The case of tert-butyl derivatives, such as A and D, is unique
in a sense that it allowed us to discover this new channel in
the mechanism of fragmentation simply by product analysis.
For dithiane adducts of aromatic aldehydes and ketones the
barrier for the aryl radical departure is prohibitively high,
i.e., it is the dithiane radical, which is always departing.
Therefore, it is much more difficult to ascertain whether or
not the original Grob-like mechanism for cleavage competes
with the anomalous O-centered radical mechanism (or either
one of them is operating exclusively) in the case of aromatic
adducts. Because of the presence of sulfur it is synthetically
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challenging, if not impossible, to generate the O-radical A�

from an alternative precursor, for example, a peroxide, and
study the effect of substituents on the rate of its degradation.

In this paper we report our experimental and computational
study of the mechanism of photoinduced cleavage in adducts
of 2-alkyl substituted dithianes with benzophenone, which is
intended to further refine the mechanism of fragmentation.
Benzophenone-sensitized mesolytic fragmentations, in ad-
ducts of the sensitizer itself, result in generation of more
benzophenone and, as such, constitute its amplification.
Hence, our particular interest in this system, which we
plan to utilize in various photochemical applications.

2. Results and discussion

Benzophenone adducts 2a–e of unsubstituted (1a), 2-
methyl- (1b), 2-ethyl- (1c), 2-hexyl (1d), and 2-decyl (1e)
dithiane were synthesized according to a modified Corey–
Seebach procedure10 (Scheme 2) and their photoinduced
fragmentation was studied over a temperature range from
�40 to +40 �C in acetonitrile upon benzophenone sensitiza-
tion. The driving force for the oxidative electron transfer
from the dithiane moiety to the triplet state of benzophenone
in acetonitrile is rather large: the one electron reduction po-
tential of triplet benzophenone is�1.68 V (vs SCE in aceto-
nitrile),11 whereas various 2-substituted dithianes oxidize in
the range of +0.73 to +1.18 V in the same solvent.12 During
the course of a laser flash photolysis study7 we found that the
rate of initial electron transfer quenching of triplet benzo-
phenone with dithiane–benzophenone adduct in dry aceto-
nitrile was near the diffusion limit, 8.4�0.7�108 M�1 s�1.
In 10% aqueous acetonitrile the quenching rate was even
higher, 1.31�0.06�109 M�1 s�1. In the present study we
have determined the dependence of the quantum efficiency
of fragmentation on temperature and compared the experi-
mental (apparent) activation enthalpy with the calculated
activation barrier for the b-scission in the corresponding
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O-centered radicals. The computations were run at the DFT,
B3LYP/6-31G(d), level using Gaussian 03, revision C.02.13

Photolyses were carried out in a carousel Rayonet photo-
reactor with a Pyrex heat exchange jacket cooled by ethanol
circulating through a FTS Systems Multi-Cool refrigeration
unit. The quantum yield determinations were done using the
classic benzophenone—benzhydrol actinometer system as
a standard.14 Having benzophenone as a common sensitizer,
in both the photoinduced fragmentation under study and the
actinometer system, significantly improves the accuracy of
quantum yield determinations. In addition to the overall
quantum yield of adduct disappearance another important
parameter is the percent recovery of the corresponding
dithiane. Both the Grob-like and the O-centered radical
mechanisms have a dithian-2-yl radical as the immediate
fragmentation product. Its fate depends on multiple factors,
including the reactivity of such a radical towards oxygen, di-
merization, disproportionation etc. The recovery of dithiane
in turn depends on all of the above and also on the rate of its
degradation as a result of secondary photooxidation by
benzophenone. We found that more substituted dithianes
showed better recovery, which is in agreement with the over-
all trends in reactivity of the dithian-2-yl radicals (i.e., un-
substituted dithianyl radicals react/degrade faster) and of
the final products—dithianes (i.e., less substituted dithianes
undergo benzophenone-sensitized oxidative photodegrada-
tion faster). The quantum efficiency of cleavage also steadily

Table 1. Quantum efficiencies and dithiane recovery rates at +20 �C for
adducts 2b–e

Adduct f Dithiane recovery (%)

Methyl- (2b) 0.20 32.8
Ethyl- (2c) 0.23 35.3
Hexyl- (2d) 0.25 41.0
Decyl- (2e) 0.27 47.8

Table 2. Quantum yields of fragmentation and % dithiane recovery as a
function of temperature

T (�C) Ethyl adduct 2c Methyl adduct 2b

f Dithiane
recovery (%)

f Dithiane
recovery (%)

�40 0.04 0.7 0.01 1.5
�20 0.13 6.2 0.05 4.3
0 0.18 17.8 0.10 6.2
20 0.21 14.8 0.15 8.7
40 0.32 37.6 0.25 12.5
increases for adducts of dithianes substituted with longer
alkyl chains (Table 1).

The adduct of the parent compound, unsubstituted dithiane,
showed poor efficiency of cleavage. This deficiency is not
due to the impediment of the initial electron transfer: our
previous LFP experiments show that the initial electron
transfer quenching rate increases with the decreased substi-
tution.7 It is difficult to argue definitively about the partition-
ing of the initially formed dithiane cation radical—
benzophenone anion radical pair (i.e., the partition between
the back electron transfer and the productive deprotonation
of the adduct by the anion radical leading to fragmentation).
However, following Whitten’s assumption3a that the only
temperature-dependent process in a reaction of the geminate
radical ion pair is fragmentation, we obtained the enthalpy of
activation by plotting the data shown in Table 2 as log(f/T)
versus 1/T for the reaction of 2b and 2c (Fig. 1).

The activation enthalpies, DHs, are obtained from the
slopes: 4.7 kcal/mol for the methyl derivative 2b and
1.5 kcal/mol for the ethyl derivative 2c (Fig. 1a). These
values are very similar to the activation energies obtained
by Whitten for the thioindigo-sensitized fragmentation in
vicinal amino alcohols.3a

We suggest that the effect of substitution at position 2 of di-
thiane reflects largely the acceleration of the fragmentation
in the deprotonated species, the oxygen-centered radical.
Walling and Padwa15 studied the substitution effect in de-
composition of hypochlorites of alkyldimethylcarbinols,
R–C(Me)2–O–Cl, by comparing the differences in activation
energies for decomposition and hydrogen abstraction. They
reported that while the difference was 10 kcal/mol for tert-
butoxy radical (i.e., R¼Me), it decreased to 1.7 for R¼
i-Pr, 0.7 for R¼benzyl, and was negligibly small for R¼
t-Bu. The absolute value for the activation energy of frag-
mentation in tert-butoxy radical is 11–13 kcal/mol.16 As-
suming that the rate of hydrogen abstraction does not
change much, introduction of the tert-butyl group in place
of methyl should lower the activation energy of fragmenta-
tion in these alkoxy radicals by about 10 kcal/mol, to approx.
1–3 kcal/mol. 2-Methyl-1,3-dithian-2-yl and 2-ethyl-1,3-di-
thian-2-yl are very stable (and bulky) radicals. Judging by
our previous observations of the competitive cleavage, the
2-methyldithianyl radical is more stable than tert-butyl,
which in turn is more stable than the unsubstituted di-
thiane-2-yl radical.8 Summarizing these arguments, it is
ln(φ/T) = -2155.8/T - 0.097
r2 = 0.97

-9

-8

-7

-6

0.003 0.0035 0.004

1/T

ln(φ/T) = -745.8/T - 4.619
r2 = 0.94

-7.75

-7.25

-6.75

0.003 0.0035
2c 2b

0.004

1/T

Figure 1. 1/T dependence of fragmentation quantum yields for ethyl (2c) and methyl (2b) adducts.
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not unreasonable to assume that the apparent DHs of 4.7
and 1.5 kcal/mol, obtained in this study, correspond to
fragmentation in the oxygen-centered radicals, expelling
methyldithianyl and ethyldithianyl radicals, respectively.

To support this hypothesis we carried out DFT computations
at a B3LYP/6-31G(d) level, using the whole untruncated
structures of the methyl- and ethyldithiane adducts of benzo-
phenone (2b and 2c). The initial geometries of the respective
oxygen-centered radicals (2b� and 2c�) were generated with
Chem3D and pre-optimized at the AM1 level. Vibrational
analysis of the DFT optimized geometries show no imagi-
nary frequencies for the computed minima (ground states)
and only one imaginary frequency for the transition states
corresponding to the reaction coordinate (i.e., C–C stretch).
Given the importance of conformational considerations, we
scanned the conformational space and analyzed the relative
energies of the starting alkoxy radicals and their respective
fragmentation transition states for the four major con-
formers: (i) equatorial 2-alkyl with the CO bond in anti
conformation to this alkyl, denoted eMaO, i.e., equatorial
Methyl anti Oxygen (the oxygen is anti to the methyl group),
and eEaO for Ethyl; (ii) equatorial 2-alkyl—gauche CO
bond, eMgO/eEgO; (iii) axial 2-alkyl—anti CO bond;
aMaO/aEaO; (iv) axial 2-alkyl—gauche CO bond, aMgO/
aEgO. The other two sets of the gauche conformers are
enantiomers of eMgO/eEgO and aMgO/aEgO. The relative
energies of the starting oxy-radicals and their respective
transition states are listed in Table 3 with the calculated
DHs summarized in the third column.

Strikingly, the lowest energy conformations for both methyl
and ethyl derivatives had the smaller alkyl substituent in the

Table 3

SS (kcal/mol) TS (kcal/mol) DHs (kcal/mol)

Ethyl-derivative 2c� (O-radical)
aEaO-2c� 5.4 10.2 4.77
aEgO-2c� 4.5 22.6 18.15
eEaO-2c� 1.1 a —
eEgO-2c� 0.0 1.7 1.70

Methyl derivative 2b� (O-radical)
aMaO-2b� 3.4 8.5 5.05
aMgO-2b� 2.8 5.1 2.24
eMaO-2b� 0.9 a —
eMgO-2b� 0.0 1.7 1.72

a Computations did not converge.
equatorial position, whereas the bulky benzhydryl group was
axial, with oxy-radical being gauche to methyl/ethyl (i.e.,
anti to one of sulfur atoms). The transition state geometries
were obtained at the same B3LYP/6-31G(d) level of theory.
The electronic energies for all the species in Table 3 are
zpe-corrected. As follows from the table, the eMgO/eEgO
conformers have the lowest energies both at the minima
and the transition states (see also Fig. 2). This is also in keep-
ing with the computed conformational energies of the parent
alcohols that showed at least a 2 kcal/mol preference for the
eRgO conformers (Table 4).

On the contrary, for the C-2 unsubstituted dithiane adduct it
was the axial-H (i.e., the equatorial benzhydrol) conformers
aHaO and aHgO that were expectedly more stable by
approx. 3 kcal/mol.

NMR spectroscopic study of the parent alcohols supported
the DFT findings. The initial analysis of the 1D proton
NMR spectra of the three adducts shows systematic upfield
shift of the dithiane’s H2C(3) and H2C(5) protons upon intro-
duction of the methyl and then ethyl group. The downfield
multiplet corresponds to two axial H2C(3) and H2C(5) protons
and the upfield—equatorials (Fig. 3).

Low temperature NMR data show dramatic differences in
conformational behavior of the substituted (2b and 2c)
versus unsubstituted (2a) derivatives. The temperature-
dependent changes in one-dimensional 1H NMR spectra
are shown in Figure 4. Below�40 �C the multiplets for both
axial and equatorial protons H2C(3) and H2C(5) in the Me-
and Et-derivatives split into two sets. It appears that the

Table 4. DFT relative energies for the conformers of alcohols 2a–c

Conformers Rel energy (kcal/mol)

aMaO-2b 3.15
aMgO-2b 3.45
eMaO-2b 2.90
eMgO-2b 0.00

aEaO-2c 5.52
aEgO-2c 1.91
eEaO-2c 3.18
eEgO-2c 0.00

aHaO-2a 0.01
aHgO-2a 0.00
eHaO-2a 3.31
eHgO-2a 2.80
Figure 2. The lowest energy conformers of the respective O-centered radicals: eMgO-2b� (left) and eEgO-2c� (right).
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Figure 3. 1D proton NMR spectra of 2a–c.

Figure 4. VT NMR data for 2a–c. The inset shows low temperature COSY spectrum for 2c at �95 �C.
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rotation of the benzhydryl group is stopped at this tempera-
ture and that the most stable isomer is unsymmetrical.

On the contrary, NMR spectrum of unsubstituted 2a shows
negligible temperature-dependent changes, which could
indicate that the most stable conformer is symmetric (i.e.,
anti). An alternative interpretation is that the rotation of
the benzhydrol group is not stopped even at �95 �C in
unsubstituted 2a.

Equal integrated intensities of the split signals of the equato-
rial and axial protons indirectly confirm that they belong to
the same conformer, not to two frozen populations of con-
formers, e.g., chair-to-chair, or chair–twist conformers of
dithiane, in which case they would be expected to have
different integrated values. For more definitive assignment,
we ran a COSYexperiment of 2c at�95 �C, which unambig-
uously showed strong cross-peaks for the respective split
pairs of signals. We therefore conclude, that below �40 �C
both equatorial protons Heq–C(3) and Heq–C(5) of the dithiane
ring are not equivalent and separate into two signals. The
same is true for the pair of axial protons Hax–C(3) and
Hax–C(5). These data can only be explained in terms of asym-
metric conformation of the frozen benzhydrol group, which
is in keeping with our computational finding that the asym-
metric eRgO conformers are the most stable. The low tem-
perature data for the Me derivative 2b in Figure 4 show
some additional line broadening for each of the upfield
(right) signals of the split peaks, indicating that another de-
gree of freedom is being frozen at�60 �C and below. We do
not have an immediate explanation for this behavior—there
can be a number of conformational processes that can cause
the observed coalescence of signals at this temperature.

In conclusion, the measured apparent enthalpies of activa-
tion for photoinduced fragmentation in the alkyl dithiane–
benzophenone adducts are in keeping with the kinetic
barriers computed at the B3LYP/6-31G(d) level of theory
for the mechanism involving formation of an alkoxy radical
and its subsequent fragmentation. The findings do not rule
out the charge separated Grob-like mechanism, but rather
provide new evidence to support an alternative nonpolar
mechanism. As to the design and development of the
dithiane-based photolabile latches: utilization of higher
alkyls at position 2 of dithiane increases both the quantum
yield of fragmentation and recovery of dithiane, attesting
to the potential of longer alkyl chains as a promising alterna-
tive for the molecular design of efficient photolabile tethers.

3. Experimental

3.1. General

Common solvents were purchased from Pharmco and used
as is, except for THF, which was refluxed over and distilled
from potassium benzophenone ketyl prior to use. n-BuLi
(as a 1.6 M solution in hexane), 1,3-dithiane, 2-methyl-1,3-
dithiane, benzophenone, and benzhydrol were purchased
from Aldrich. 1,3-Dithiol was purchased from Acros. Propa-
nal, decanal, and heptanal were purchased from Alfa Aesar.
All reagents were used without purification. 1H NMR spec-
tra were recorded at 25 �C on a Varian Mercury 400 MHz
instrument in CDCl3 with TMS as an internal standard (un-
less noted otherwise). Low temperature NMR was carried
out in CD3OD using a Varian Mercury VT system. Temper-
ature was controlled using dry nitrogen flow through a liquid
nitrogen Dewar. Column chromatography was performed on
silica gel, 70–230 mesh ASTM, using ethyl acetate–hexane
mixtures as eluent. Photoreactions were carried out in the
carousel Rayonet photoreactor outfitted with a jacketed
Pyrex reaction vessel connected to a FTS Systems Multi-
Cool refrigeration unit with a peristaltic pump, using ethanol
as a coolant.

Ab initio computations were performed on a Linux worksta-
tion using Gaussian 03, Revision C.02.13 Input geometries
were created and pre-optimized using a force field geometry
optimization as implemented in Chem3D (Cambridgesoft).
The geometries were further pre-optimized at the AM1 level.
Full geometry optimizations were performed using density
functional theory (DFT) at the B3LYP/6-31G(d) level of the-
ory (the Becke three-parameter hybrid functional combined
with Lee, Yang, and Parr correlation functional17).

3.2. General method for dithiane preparation

1,3-Propanedithiol (0.07 mol) and the appropriate aldehyde
(0.06 mol) were dissolved in 250 mL CH2Cl2. BF3$Et2O
(0.26 mol) was added to the solution. The reaction mixture
was then stirred overnight at room temperature. The mixture
was washed with NaOH (5% aq soln) and water. The organic
layer was dried over anhydrous NaSO4 and the solvent was
removed by rotary evaporator and the resulting product was
distilled under vacuum.

3.2.1. 2-Ethyl-1,3-dithiane (1c). Yield 8.7 g, 59 mmol,
86%; bp 38 �C/63 mTorr; 1H NMR (CDCl3, 400 MHz):
d 4.0 (t, 1H, J¼6.8 Hz), 2.80–2.92 (m, 4H), 2.09–2.16 (m,
1H), 1.84–1.92 (m, 1H), 1.77–1.92 (m, 2H), 1.09 (t, 3H).

3.2.2. 2-Hexyl-1,3-dithiane (1d). Yield 5.4 g, 26 mmol,
54%; bp 125 �C/72 mTorr; 1H NMR (CDCl3, 400 MHz):
d 4.03 (t, 1H, J¼6.9 Hz), 2.76–2.90 (m, 4H), 2.06–2.13
(m, 1H), 1.83–1.92 (m, 1H), 1.68–1.74 (m, 2H), 1.44–1.52
(m, 2H), 1.22–1.35 (m, 6H), 0.87 (t, 3H).

3.2.3. 2-Decyl-1,3-dithiane (1e). Yield 12.56 g, 48 mmol,
63%; bp 142 �C/69 mTorr; 1H NMR (CDCl3, 400 MHz):
d 4.07 (t, 1H, J¼6.9 Hz), 2.81–2.94 (m, 4H), 2.10–2.17
(m, 1H), 1.85–1.94 (m, 1H), 1.73–1.79 (m, 2H), 1.48–1.55
(m, 2H), 1.25–1.33 (m, 14H), 0.90 (t, 3H).

3.3. General method for adduct preparation

A generic method by Corey and Seebach was modified
and used to prepare the desired dithiane–benzophenone
adducts.10 Dithiane (5.1 mmol) was dissolved in freshly
distilled THF (30 mL) and placed under nitrogen. n-Butyl-
lithium (4.3 mL, 6.8 mmol) was added at room temperature
upon stirring and the resulting mixture was stirred for 10
more minutes. Benzophenone (3.4 mmol) was dissolved in
freshly distilled THF (10 mL) and added to the anion mix-
ture with stirring. The reaction was left overnight. The reac-
tion mixture was quenched with a saturated solution of
ammonium chloride and the aqueous layer was extracted
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twice with ethyl acetate. The combined organic layer was
dried over anhydrous sodium sulfate. The solvent was re-
moved with a rotary evaporator, and the residue was purified
by column chromatography (silica gel, ethyl acetate–
hexane) or recrystallization (methanol).

3.3.1. (2-Methyl-[1,3]-dithian-2-yl)-diphenyl-methanol
(2b). Yield 0.80 g, 2.7 mmol, 80%; 1H NMR (CDCl3,
400 MHz): d 7.85–7.87 (m, 4H), 7.21–7.30 (m, 6H), 2.82
(ddd, 2H, J¼3.5, 10.5, 14.6 Hz), 2.53 (ddd, 2H, J¼3.9,
5.7, 14.7 Hz), 1.80–1.97 (m, 2H), 1.894 (s, 3H).

3.3.2. (2-Ethyl-[1,3]-dithian-2-yl)-diphenyl-methanol
(2c). Yield 0.94 g, 2.8 mmol, 93%; 1H NMR (CDCl3,
400 MHz): d 7.93–7.96 (m, 4H), 7.28–7.33 (m, 4H), 7.22–
7.26 (m, 2H), 2.52 (ddd, 2H, J¼4.8, 7.0, 14.2 Hz), 2.25
(ddd, 2H, J¼4.8, 8.1, 13.0 Hz), 1.97–2.04 (m, 2H), 1.67–
1.73 (m, 2H), 1.12–1.16 (m, 3H).

3.3.3. (2-Hexyl-[1,3]-dithian-2-yl)-diphenyl-methanol
(2d). Yield 0.61 g, 1.6 mmol, 49%; 1H NMR (CDCl3,
400 MHz): d 7.91–7.94 (d, 4H), 7.20–7.31 (m, 6H), 2.49
(td, 1H, J¼4.8, 10.3 Hz), 2.22 (ddd, 1H, J¼5.9, 8.0,
14.1 Hz), 1.91–1.96 (m, 2H), 1.60–1.73 (m, 4H), 1.10–
1.31 (m, 6H), 0.81–0.85 (t, 3H).

3.3.4. (2-Decyl-[1,3]-dithian-2-yl)-diphenyl-methanol
(2e). Yield 0.62 g, 1.4 mmol, 52%; 1H NMR (CDCl3,
400 MHz): d 7.92–7.94 (dd, 4H), 7.20–7.33 (m, 6H), 2.49
(td, 2H, J¼5.4, 14.1 Hz), 2.23 (ddd, 1H, J¼5.7, 8.2,
13.9 Hz), 1.91–1.96 (m, 2H), 1.60–1.77 (m, 6H), 1.10–
1.34 (m, 12H), 0.81–0.85 (t, 3H).
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Abstract—Photoinduced electron-transfer reactions of several ketone substrates were studied to evaluate the utilities of 1,6-bis(dimethyl-
amino)pyrene (BDMAP), 1,6-dimethoxypyrene (DMP), 9,10-bis(dimethylamino)anthracene (BDMAA), and 9,10-dimethoxyanthracene
(DMA) as electron-donating sensitizers cooperating with 2-aryl-1,3-dimethylbenzimidazolines. BDMAP and DMP generally led higher
conversion of ketones and better yield of reduction products compared to BDMAA and DMA.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Electron transfer is a fundamental reaction process, which is
operating in reduction and oxidation (redox) reactions in
chemical and biological systems.1 Single electron transfer
(SET) of neutral organic molecules generates radical ions
that undergo various transformations.2 Whereas using redox
reagents as well as electrochemical procedures are tradi-
tional ways to generate these reactive species, photoinduced
electron-transfer (PET) is an alternative method.1 Without
a doubt, PET chemistry of organic molecules has been a
central topic in organic photochemistry over the past several
decades.3 Significant progress has been accomplished in
understanding PET reaction mechanisms and application
of PET reactions to organic synthesis. Reactivity of radical
cations generated by PET processes between electron-donat-
ing substrates and electron-accepting sensitizers has been
extensively investigated.3 On the other hand, reactivity of
radical anions has been less explored in PET reactions,4

which must be in part ascribed to the fact that practical elec-
tron-donating sensitizers are few as compared to electron-
accepting sensitizers such as aromatic nitriles, quinones,
and cationic salts.

In the course of our research program focused on reaction
mechanism and synthetic application of carbonyl radical

* Corresponding author. Tel./fax: +81 25 262 6159; e-mail: ehase@chem.
sc.niigata-u.ac.jp
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.03.061
anions (ketyl radicals) in PET reactions,5 we needed to find
effective PET conditions to generate such radical anions.
Especially, to promote reactions of substrates not efficiently
absorbing light filtered by Pyrex� of which ordinary photo-
reaction vessels are made, electron-donating sensitizers ab-
sorbing light of longer wavelength were desired. Related
to this purpose, we have also found that some benzimidazo-
lines act as effective electron- and proton-donors to promote
PET reduction of various carbonyl compounds in which their
radical anions are generated.6 In this context, we became
interested in developing electron-donating sensitizers co-
operating with benzimidazolines for PET-promoted reduc-
tions of carbonyl compounds.

For this objective, we chose dimethylamino- or methoxy-
substituted pyrenes or anthracenes,7 namely 1,6-bis-
(dimethylamino)pyrene (BDMAP), 1,6-dimethoxypyrene
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(DMP), 9,10-bis(dimethylamino)anthracene (BDMAA), and
9,10-dimethoxyanthracene (DMA),8 and five 2-aryl-1,3-
dimethylbenzimidazolines (DMBIs), which are shown in
Chart 1. Carbonyl substrates, epoxy ketones 1, a-bromo-
methyltetralone 3, carbon–carbon multiple bond tethered
ketones 5, and 3-methylbenzophenone 7, and the correspond-
ing PET reaction products 2, 4, 6, and 8 are represented in
Chart 2. In the reactions, unimolecular or bimolecular rear-
rangements of ketyl radicals of these substrates are expected
to proceed, i.e., Ca–O bond cleavage of the ketyl radicals of
1,10 Cb–Br bond cleavage of the ketyl radical of 3,6e intramo-
lecular ketyl radical addition to C–C multiple bonds for 5,11

and dimerization of ketyl radical of 7.6g We also conducted
PET reactions using above four sensitizers with N,N-
diethyl-N-trimethylsilylmethylamine (TMSA),12 and using
Ru(bpy)3Cl2, well-known PET sensitizer,13 with DMBI. In
this paper, we report the results obtained and discuss the
features and the utilities of these PET systems.

2. Results and discussion

2.1. Fundamental properties of sensitizers and benz-
imidazolines, and basic concept of PET systems

Selected photophysical and electrochemical data of the
sensitizers are summarized in Table 1. These pyrenes and
anthracenes can absorb the light of longer wavelength than
both ketone substrates and DMBIs studied. As shown in
Figure 1, cyclic voltammograms of BDMAP and DMP
demonstrate reversible redox processes (differences of redox
peak potentials are 56 mV and 66 mV, respectively), while
those of BDMAA and DMA do not.
Expected PET reaction pathways are presented in Scheme 1.
Selective photoexcitation of a sensitizer produces its singlet
excited state (1sensitizer*). The excited sensitizer donates
single electron to a ketone within its lifetime to produce
a radical cation of the sensitizer (sensitizer�+) and a radical
anion of the ketone. Feasibility of this initial SET step is
evaluated using the equation DG ¼ Eox

1=2 � Eex � Ered
1=2 þ C,

in which Eox
1=2 and Eex are a half-wave oxidation potential

of the ground state and an excitation energy of a sensitizer,
respectively, Ered

1=2 is a half-wave reduction potential of ketone
substrate studied,14 and C is the coulomb term that depends

BDMAP
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Figure 1. Cyclic voltammograms of sensitizers (E in V vs SCE).
Table 1. Photophysical and electrochemical data of sensitizersa

Sensitizer lmax (log 3) (nm) lend (nm) lF
max (nm) t (ns) Eex (kcal/mol)b Eox

1=2 in V vs SCE Eox* in V vs SCE

BDMAP 373 (4.35) 450 450 5.3c 64 (2.8) +0.43d �2.4
DMP 335 (4.38), 351 (4.57), 376 (4.16), 397(4.24) 420 402, 423 7.0e 72 (3.1) +0.85d �2.2
BDMAA 397 (3.76) 490 —f —f ca. 60 (2.6)f,g +0.24 ca. �2.4
DMA 361 (3.79), 381 (3.95), 402 (3.87) 430 436 14.3h 70 (3.0) +0.98 �2.0

a Measured in MeCN. lmax, Absorption maximum; lend, end absorption; lF
max, fluorescence maximum; t, lifetime; Eex, excitation energy; Eox

1=2, Half-wave
oxidation potential of ground state and E ox*, oxidation potential of the excited state that is obtained by the equation Eox

1=2 � Eex.
b Values in parentheses are reported in eV.
c In 5% aqueous THF (Ref. 7d).
d Standard potential.
e The lifetime in DMF was 6.5 ns (this work).
f BDMAA was non-fluorescent.
g Estimated from the absorption spectrum.
h In heptane (Ref. 9b).
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on the polarity of solvent used; the value for MeCN was
reported to be �0.06 eV.15 Formed sensitizer�+, except for
BDMAA�+, is exoergonically reduced by DMBIs to its
ground state because Eox

1=2 of DMBIs (Eox
1=2 in V vs SCE:

+0.33, +0.28, +0.29, +0.40, and +0.30 for DMPBI, ADMBI,
DMTBI, DCDMBI, and HPDMBI, respectively) are lower
than that of each sensitizer. Then, a radical cation of
DMBI (DMBI�+) and a radical anion of the ketone react
with each other. For an effective sensitization (Scheme 1),
a radical ion pair generated from a sensitizer and a ketone
should smoothly dissociate. Therefore, a polar solvent is rec-
ommended to be used because such dissociation proceeds
more efficiently in polar solvents than in nonpolar sol-
vents.16,17 Also noted that, in these PET reactions, HPDMBI
is expected to act as a two-electron- and two-proton-donor,6f,g

while other DMBIs are expected to perform as two-electron-
and one-proton-donors that require addition of appropriate
proton-donors (ROH) for reduction of ketones (Scheme 2).6

-2e-, -H+

N

N

YMe

Me

-H+ (ROH)

-2e-, -2H+

ROH

HPDMBI
(Y = 2-HO)

N

N

Me

Me O

OR
N

N
Me

Me
H Y

DMBI

Scheme 2.

2.2. Ca–O bond cleavage of a,b-epoxy ketones 1

The first examples of PET reactions of a,b-epoxy ketones
with amines were independently reported by Cossy10a

and us.10b At that moment, triethylamine was used as an
electron- and proton-donor, and yields of the expected b-
hydroxy ketones were moderate. Furthermore, it was found
that b-diketones were major products instead of the desired
b-hydroxy ketones in the reactions of 1,3-diaryl-2,3-epoxy-
1-propanones (chalcone epoxides) with triethylamine.10b

A breakthrough to solve this problem was a discovery of
DMBIs, which act as effective electron- and proton-donors
to give b-hydroxy ketones.6

First, we conducted PET reactions of epoxy ketones 1 to
compare DMP, BDMAA, and DMA with previously exam-
ined BDMAP.6 Whereas reactions of 1a with ADMBI in
DMF–AcOH afforded 2a (86% for BDMAP, 85% for
DMP, 68% for BDMAA, 62% for DMA based on the con-
versions of 1a), some conversions from 1a to 2a were also

sensitizer

sensitizer

1sensitizer*

hν

O

O

DMBI

DMBI

products

Scheme 1.
observed without irradiation in the cases of BDMAP and
BDMAA. Therefore, we concluded that 1a is too reactive
to evaluate these sensitizers. Then, we conducted PET reac-
tions of 1b under two different sensitization conditions,
using sensitizer–ADMBI–AcOH6d and sensitizer–HPDMBI
(Table 2).6f In most of the cases, 2b was obtained in good
yields based on the conversion of 1b. However, in the case
of BDMAA with ADMBI and AcOH, 2b could not be
isolated although 1b was consumed (exp 3). Because the
decomposition of 2b was suspected during irradiation,
2b was subjected to the same reaction condition using
BDMAA. However, 2b was quantitatively recovered. Al-
though this unique behavior of BDMAA could not be ratio-
nalized at the moment, combination of ADMBI and AcOH
seems not to be tolerated with BDMAA (also see exp 3 in
Table 6). In the reactions using HPDMBI, the conversion
of 1b in the case of BDMAA was lower than those of other
sensitizers (compare exp 7 to exps 5, 6, and 8). This must be
in part ascribed to endoergonic electron transfer between
BDMAA�+ and DMBIs (Scheme 1).

We then studied substituent effects of the phenyl group of
DMBI on PET reaction of 1c with BDMAP under the condi-
tions same as experiment 1 in Table 2. Plots of the conver-
sion of 1c versus Eox

1=2 of DMBIs are presented in Figure 2.
The conversion of 1c decreased as Eox

1=2 increases, being con-
sistent with the expected SET between BDMAP�+ and DMBI
(Scheme 1).

A set of Ru(bpy)3Cl2 and amines is a well-known sensitiza-
tion system for reductive transformation of organic com-
pounds,13d–h and Ru(bpy)3Cl2 is considered to have some
advantages compared with organic sensitizers, for example,
photoexcitation using longer wavelength of light is possible,
and separation of Ru(bpy)3Cl2 is more easily performed.
Then, we examined PET reaction of 1b using Ru(bpy)3Cl2
with ADMBI and AcOH or with HPDMBI (Table 3). In this
sensitization system, Ru(I) is an expected reducing agent.
Based on the standard potential of Ru(I) (E¼�1.30w
�1.33 V vs SCE),13a–c,18 reducing ability of Ru(I) must be

Table 2. PET reactions of 1b with DMBIa

Me
O Ph

O

1b

hν / sens / DMBI / additive

DMF Me

O OH

Ph

2b

Exp Sensitizer DMBI Additive Conv. of
1bb (%)

Yield of
2bb,c (%)

1 BDMAP ADMBI AcOH 64 80
2 DMP ADMBI AcOH 67d 84
3 BDMAA ADMBI AcOH 57 —e

4 DMA ADMBI AcOH 54 64
5 BDMAP HPDMBI — 41 93
6 DMP HPDMBI — 30 86
7 BDMAA HPDMBI — 15 92
8 DMA HPDMBI — 30 90

a Compound 1b (0.40 mmol), sensitizer (0.05 equiv vs 1b), DMBI
(1.2 equiv vs 1b), AcOH (5.0 equiv vs 1b), DMF (4 mL), l>340 nm for
1 h.

b Determined on the basis of isolated compounds.
c Based on the conversion of 1b.
d Determined with 1H NMR.
e Detected with 1H NMR but not isolated.
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weaker than those of the excited states of above electron-
donating pyrenes and anthracenes (see Eox* in Table 1). As
anticipated, although the reactions of 1b proceeded, yields
of 2b were relatively low as compared to those reported in
Table 2.

2.3. Cb–Br bond cleavage of a-bromomethyltetralone 3

Next, we conducted PET reactions of 2-bromomethyl-2-
(3-butenyl)-1-tetralone 3 with ADMBI or TMSA (Table 4).
Although yields of the expected spiro-cyclization product 4
were good in all cases, the conversions of 3 in the reactions
with BDMAP or DMP were greater than those with
BDMAA or DMA. This tendency was more significant in
the reactions with TMSA. SET steps between ADMBI and
sensitizers�+, except for BDMAA�+, are exoergonic as de-
scribed above. On the other hand, calculated free energy
changes for SET between TMSA (Eox

1=2¼+0.49 V vs SCE)
and sensitizers�+ suggest that SET with DMP�+ is exoergonic
(DG¼�8.3 kcal/mol) while SET with BDMAP�+ is slightly
endoergonic (DG¼+1.4 kcal/mol). However, the conver-
sions of 3 were not significantly different from each other
(greater than 50% in both cases). This phenomena would

Table 3. PET reactions of 1b with Ru(bpy)3Cl2 and DMBIa

Me
O Ph

O

1b

h  / Ru(bpy)3Cl2 / DMBI / additive

solvent Me

O OH

Ph

2b

ν

Exp DMBI Solv Additive Conv. of
1bb (%)

Yield of
2bb,c (%)

1 ADMBI DMF AcOH 71 41
2 HPDMBI DMF — 45 70
3 HPDMBI MeCN — 41 75
4 HPDMBI THF — 25 71
5 HPDMBI MeOH — 36 72

a Compound 1b (0.40 mmol), Ru(bpy)3Cl2 (0.01 equiv vs 1b), DMBI
(1.2 equiv vs 1b), AcOH (5.0 equiv vs 1b), solvent (4 mL), l>390 nm
for 3 h.

b Determined with 1H NMR.
c Based on the conversion of 1b.

20

30

40

50

C
on

ve
rs

io
n 

of
 1

c
 (%

)

60

70

80

90

100

0.25 0.3 0.35 0.4 0.45
+E

ox
1/2 in V vs SCE

Figure 2. Plots of conversion of 1c versus oxidation potentials of DMBIs in
PET reaction of 1c using BDMAP and DMBIs with AcOH in DMF.
be ascribed to an efficient and irreversible fragmentation
of TMSA�+.4a,19

2.4. Intramolecular ketone–olefin or –acetylene coupling
of C–C multiple bond tethered ketones 5

Cossy and co-workers reported that PET-promoted intra-
molecular coupling reactions of ketone carbonyls with C–C
multiple bonds.11 However, the light of shorter wavelength
(254 nm) was usually used, and highly toxic hexamethyl-
phosphorictriamide (HMPA) was in some cases required
to obtain cyclization products in better yields. Therefore,
we became interested in testing applicability of our PET
methods to these synthetically relevant transformations.
Then, we conducted reactions of 5a with HPDMBI using
four sensitizers. The results presented in Table 5 clearly in-
dicate that both the conversion of 5a and the yield of 6a were
essentially same regardless of the sensitizer (exps 1–4).
Similar cyclization reactions of 5b and 5c were achieved by
BDMAP with HPDMBI to produce 6b and 6c, respectively.
Notably, addition of Mg(ClO4)2 significantly increased the

Table 4. PET reactions of 3 with ADMBI or TMSAa

O Br

3

O

4

hν  / sens / amine

DMF

Exp Sensitizer Amine Conv. of 3b (%) Yield of 4b,c (%)

1 BDMAP ADMBI 83 57
2 DMP ADMBI 70 54
3 BDMAA ADMBI 42 53
4 DMA ADMBI 56 59
5 BDMAP TMSA 68 67
6 DMP TMSA 53 59
7 BDMAA TMSA 19 69
8 DMA TMSA 27 46

a Compound 3 (0.50 mmol), sensitizer (0.05 equiv vs 3), ADMBI
(1.2 equiv vs 3), TMSA (5.0 equiv vs 3), DMF (5 mL), l>360 nm for 5 h.

b Determined with 1H NMR.
c Based on the conversion of 3.

Table 5. PET reactions of 5 with HPDMBIa

5

hν  / sens / HPDMBI / additive

DMF

OH

CO2R
6

O

CO2R
(R = Me, Et)

Exp 5 Sensitizer Additive Conv. of
5b (%)

Yield of
6b,c (%)

1 5a BDMAP — 71 59
2 5a DMP — 72 62
3 5a BDMAA — 75 55
4 5a DMA — 78 60
5 5b BDMAP — 68 71
6 5b BDMAP Mg(ClO4)2 93 88
7 5c BDMAP — 58 86

a Compound 5 (0.40 mmol), sensitizer (0.05 equiv vs 5a; 0.1 equiv vs 5b
and 5c), HPDMBI (1.2 equiv vs 5), Mg(ClO4)2 (1.2 equiv vs 5b), DMF
(4 mL for exps 1–4; 2 mL for exps 5–7), l>340 nm for 22 h for exps
1–5 and 7; for 16 h for exp 6.

b Determined with 1H NMR.
c Based on the conversion of 5.
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conversion of 5b and the yield of 6b for the shorter reaction
time (compare exp 6 to exp 5). This phenomenon would be ra-
tionalized by the assumption that back-electron transfer from
5�� to BDMAP�+ is suppressed through ion-pair exchange
with Mg(ClO4)2, and therefore the reaction is accelerated.20

2.5. Pinacol coupling of 3-methylbenzophenone 7

We recently found that 3-methylbenzophenone 7 was a suit-
able substrate to probe the mechanism of PET reactions with
DMBIs.6g Thus, we decided to examine the PET reaction of
7 using the sensitizers with ADMBI and AcOH, or with
HPDMBI (Table 6). Whereas benzpinacol 8 was obtained al-
most quantitatively in the case of DMP with ADMBI and
AcOH (exp 2), BDMAA did not work at all (exp 3). Both
BDMAP and DMA were similarly effective (exps 1 and 4).
In the cases of HPDMBI, both the conversion of 7 and the
yield of 8 were greater in the reactions with BDMAP and
DMP than in those with BDMAA and DMA. It should also
be noted that selective formation of 8 rather than benzhydrol
is similar to the product selectivity observed in the PET reac-
tions of 7 with DMPBI and AcOH or with HPDMBI without
sensitizers.6g In the latter case, specific interactions of radi-
cal ion pairs are involved. Therefore, observed product selec-
tivity in this work is consistent with the proposed reaction
pathways in which reaction between independently gener-
ated 7�� and DMBI+� proceeds (Scheme 1).

3. Conclusion

We have studied PET reactions of several ketone substrates
using electron-donating pyrenes or anthracenes as sensitizers
with benzimidazolines as electron- and proton-donors (re-
ducing reagents). Differences in effectiveness of these sen-
sitizers were observed depending on the substrates and
conditions. Among properties to be required for an effective
sensitizer is the stability of its radical cation. Based on the cy-
clic voltammetry of sensitizers (Fig. 1), radical cations of the
pyrenes must be more stable than those of the anthracenes in
the sensitization cycle in Scheme 1, which is compatible with
some of the results described above. Therefore, we would
like to conclude that BDMAP and DMP are more reliable

Table 6. PET reactions of 7 with DMBIa

hν  / sens / DMBI / additive

DMFAr

O

Ph
7

OH

Ph
8

OH

Ph
ArAr

(Ar = 3-MeC6H4)

Exp Sensitizer DMBI Additive Conv. of
7b (%)

Yield of
8b,c (%)

1 BDMAP ADMBI AcOH 78 86
2 DMP ADMBI AcOH 100 100
3 BDMAA ADMBI AcOH 6 0
4d DMA ADMBI AcOH 64 79
5 BDMAP HPDMBI — 34 100
6 DMP HPDMBI — 57 92
7 BDMAA HPDMBI — 17 53
8d DMA HPDMBI — 22 77

a Compound 7 (0.20 mmol), sensitizer (0.05 equiv vs 7), DMBI (1.2 equiv
vs 7), AcOH (6.6 equiv vs 7), DMF (2 mL), l>360 nm for 4 h.

b Determined with 1H NMR.
c Based on the conversion of 7.
d Benzhydrol was also obtained: 13% for exp 4 and 6% for exp 8.
sensitizers than BDMAA and DMA. As a result, we recom-
mend both BDMAP and DMP as visible light absorbing and
electron-donating sensitizers for PET reactions. Another no-
table point is that DMP, unprecedented PET sensitizer, acted
reasonably well in above examples. We will further explore
the PET reactions of DMP and other alkoxy substituted
pyrenes. The results and discussion described in this paper
will hopefully provide useful information for any individual
who is interested in PET chemistry to perform reductive
transformation of organic compounds.

4. Experimental

4.1. General

NMR spectra were recorded in CDCl3 with Me4Si as an
internal standard at 200 and 270 MHz for 1H NMR, and
50 MHz for 13C NMR. Uncorrected melting points are re-
ported. Absorption and fluorescence spectra were measured
in MeCN. The fluorescence lifetime was determined by
time-correlated single photon counting technique based on
picoseconds laser pulse excitation. Oxidation and reduction
potentials in MeCN were measured with cyclic voltammetry
using platinum electrodes as working and counter elec-
trodes, Ag/0.01 M AgNO3 as a reference electrode, and
0.1 M Et4NClO4 as a supporting electrolyte at the scan
rate of 100 mV/s. Sample solutions were purged with N2

before measurements. Ferrocene was used as a reference.21

Standard Potentials of ferrocene/ferrocenium couple were
measured to be +0.066 V and +0.439 V versus Ag/AgNO3

and SCE, respectively. Then, peak potentials of sensitizers,
DMBIs, and ketone substrates were converted to those
against SCE. Half-wave potentials were obtained from these
peak potentials by subtracting or adding 0.029 V.22 Photo-
reactions were conducted in a Pyrex test tube (1.5 cm dia-
meter) immersed in a water bath at room temperature with
either a 500 W Xe lamp or 500 W Xe–Hg lamp as a light
source. Column chromatography was performed with
silica-gel (Wakogel C-200). Preparative TLC was performed
on 20 cm�20 cm plates coated with silica-gel (Wakogel
B-5F). Anhydrous DMF was purchased and used for the
photoreactions. MeCN was distilled over P2O5 and subse-
quently with K2CO3. THF was distilled over sodium–benzo-
phenone under N2. Other reagents and solvents were
purchased and used without further purification. DMPBI,23a

ADMBI,6g HPDMBI,6g DMTBI,23b and DCDMBI23b were
prepared by the previously reported methods.6g BDMAP,9a

DMP,9a BDMAA,9c DMA9a,24 were prepared by the slight
modifications of the literature procedures (see below). Sub-
strates (1a,10b 1b,25 1c,25 5a,11 5b,11 5c,11 and 76g) and
photoproducts (2a,10b 2b,25 2c,25 6a,11 6b,11 6c,11 and 86g)
are known compounds. Preparation of 3 and spectral data of
3 and 4 are described below because their characterizations
have not been completed.6e

4.2. Preparations of sensitizers

4.2.1. Preparation of BDMAP.9a 1,6-Diaminopyrene was
prepared by the reaction of pyrene with HNO3, followed
by the reduction of 1,6-dinitropyrene with Na2S$9H2O.
Then, an aqueous MeOH solution (H2O+MeOH¼
21 mL+86 mL) of 1,6-diaminopyrene (1.9 g, 8.3 mmol),
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CaCO3 (1.8 g, 18 mmol), and MeI (20.7 mL, 0.33 mol) was
heated at 55 �C for 29 h. After addition of MeI (20.0 mL,
0.32 mol), the mixture was heated for another 36 h. Precip-
itated yellow solid obtained after cooling was heated with
NaOEt (19.7 g, 0.29 mol) at 90 �C for 48 h. After concentra-
tion and addition of H2O, extraction with C6H6 was per-
formed. The extract was treated with H2O, satd aqueous
NaCl, and dried over anhydrous MgSO4, and then concen-
trated. Silica-gel column chromatography (CH2Cl2) gave
yellow solid that was recrystallized twice from EtOH to
give BDMAP (709 mg, 2.5 mmol, 30%) as yellow plates:
mp 163.2–164.5 �C (lit.9a 164–165 �C).

4.2.2. Preparations of DMP and DMA.26 Pyrene (4.3 g,
21 mmol) and K2Cr2O7 (6.2 g, 21 mmol) in 8 M H2SO4

(44 mL) were heated at 90 �C for 1 h and subsequently at
120 �C for 3 h. The mixture was poured into H2O and the
precipitated red-brown solid was filtered. The solid was
subjected to silica-gel column separation (AcOH) to give
a mixture of 1,6-pyrenedione and 1,8-pyrenedione (1.2 g,
5.2 mmol, 25%).27 A part of the mixture (250 mg,
1.08 mmol), Na2S2O4 (1.13 g, 6.48 mmol), and n-Bu4NBr
(35 mg, 0.11 mmol) in aqueous THF (H2O+THF¼4.7 mL+
2.7 mL) were stirred at room temperature for 1 h. KOH
(1.39 g, 24.8 mmol) in H2O (3.6 mL) was added, and
Me2SO4 (2.1 mL, 22.7 mmol) was slowly added in an ice-
water bath. After the resulting mixture was stirred at room
temperature for 22 h, addition of H2O was followed by
extraction with CH2Cl2. The extract was treated with H2O
and dried over anhydrous MgSO4, and then concentrated.
Silica-gel column chromatography (CH2Cl2) gave a mixture
of 1,6-dimethoxypyrene and 1,8-dimethoxypyrene. The
mixture was subjected to fractional recrystallization three
times from C6H5Cl, and then DMP (52.7 mg, 0.20 mmol,
19%) was obtained as yellow needles: mp 250–252 �C
(lit.9a 244–245 �C). DMA was prepared from anthraquinone
(624 mg, 3.00 mmol) in the similar manner to DMP (see
above). Successive recrystallization of the crude product
from EtOH gave DMA (466 mg, 1.95 mmol, 65%) as pale
yellow plates: mp 204–207 �C (lit.24 198–199 �C).

4.2.3. Preparation of BDMAA.9c 9,10-Diaminoanthracene
was obtained by the reaction of anthraquinone (6.0 g,
29 mmol) with formamide, followed by a treatment with
KOH. To the crude 9,10-diaminoanthracene were added
MeOH (8 mL), MeI (8.0 mL, 129 mmol), and subsequently
Na2CO3 (3.2 g, 30 mmol) in H2O (8 mL). After the resulting
mixture was stirred under N2 for 16 h at room temperature
and heated at 60 �C for 24 h, addition of H2O was followed
by extraction with CHCl3. The extract was treated with H2O,
satd aqueous NaHCO3, and dried over anhydrous MgSO4,
and then concentrated. Silica-gel column chromatography
(CHCl3/n-C6H14¼2/1) gave yellow solids, which were re-
crystallized twice from EtOH to give BDMAA (552 mg,
2.09 mmol, 19% from anthraquinone) as yellow plates: mp
197–200 �C.

4.3. Preparation of 2-bromomethyl-2-(3-butenyl)-1-
tetralone 3

To the mixture of NaH (ca. 66% in oil, 604 mg, 16.6 mmol)
and HMPA (2.9 mL, 16.6 mmol) in THF (23 mL) was
slowly added a THF solution (7 mL) of 2-(3-butenyl)-1-
tetralone (1.66 g, 8.31 mmol) that was obtained through the
sequence of NaH promoted reaction of 4-bromo-1-butene
with ethyl 1-tetralone-2-carboxylate28 and NaOH promoted
hydrolytic decarboxylation, and stirred for 1 h under N2.
Then, CH2Br2 (2.9 mL, 41.6 mmol) was added and the re-
sulting mixture was heated at 75 �C for 22 h. After addition
of H2O, extraction with Et2O was performed. The extract
was treated with satd aqueous Na2S2O3, satd aqueous
NaHCO3, satd aqueous NaCl, and dried over anhydrous
MgSO4, and then concentrated. Silica-gel column chromato-
graphy (C6H6/n-C6H14¼1/1) and subsequent distillation
gave 3 (924 mg, 3.15 mmol, 38%) as colorless oil: bp
105–110 �C (0.45 mmHg); IR (Neat) 1681 cm�1; 1H NMR
(270 MHz) d 1.73–2.37 (m, 6H), 2.93–3.15 (m, 2H), 3.66
(d, J¼10.4 Hz, 1H), 3.76 (d, J¼10.4 Hz, 1H), 4.91–5.04
(m, 2H), 5.66–5.81 (m, 1H), 7.22–7.34 (m, 2H), 7.45–7.51
(m, 1H), 8.02–8.05 (m, 1H) ppm; 13C NMR (50 MHz)
d 24.9, 27.9, 31.1, 32.5, 39.1, 48.5, 115.1, 126.8, 128.1,
128.8, 131.3, 133.6, 137.6, 142.9, 198.4 ppm. HRMS
(ESI) calcd for C15H17O79BrNa+: 315.0361, found:
315.0355; C15H17O81BrNa+: 317.0341, found: 317.0335.

4.4. General procedure of PET reactions

A solution of a ketone substrate (0.20–0.50 mmol) and DMBI
(0.24–0.60 mmol) or TMSA (2.50 mmol) with a sensitizer
(generally 1.0–4.0�10�2 mmol and 4.0�10�3 mmol for
Ru(bpy)3Cl2) in DMF (2–5 mL) or other solvents (MeCN,
THF, MeOH 4 mL) in the presence or absence of AcOH
(1.32–2.00 mmol) or Mg(ClO4)2 (0.48 mmol) was purged
with N2 for 5 min prior to irradiation. This solution was irradi-
ated with the light (l>340 and 360 nm for pyrenes and anthra-
cenes, and 390 nm for Ru(bpy)3Cl2) using a cut-off glass-filter
for an appropriate irradiation time. While a photolysatewithout
additive was concentrated, a photolysate containing AcOH or
Mg(ClO4)2 was subjected to the extraction with EtOAc or
C6H6. The extract was treated with satd aqueous NaHCO3,
satd aqueous NaCl, and dried over anhydrous MgSO4, and
then concentrated. For the reactions of 7, the resulting residue
was directly analyzed with 1H NMR using triphenylmethane as
an internal standard. For other reactions, the residues were sub-
jected to silica-gel TLC or column separation for the reactions
of 1, 3 or 5 using appropriate mixed solvents (EtOAc/n-C6H14

for 1, C6H6/n-C6H14 for 3, EtOAc/C6H6 for 5) to give the start-
ing ketones and the products. Photoproducts were identified by
analyses with their NMR and IR spectra. Product 4 (3/1 mixture
of two diastereomers): colorless oil; IR (Neat) 1678 cm�1; 1H
NMR (270 MHz) d 1.00 (d, J¼6.5 Hz, 3H, major isomer), 1.07
(d, J¼6.8 Hz, 3H, minor isomer), 1.12–2.28 (m, 9H), 2.91–
3.06 (m, 2H), 7.18–7.31 (m, 2H), 7.40–7.46 (m, 1H), 8.02–
8.05 (m, 1H) ppm; 13C NMR (50 MHz) d 19.8, 20.2, 26.3,
26.7, 34.2, 34.3, 34.4, 34.5, 35.4, 35.7, 36.5, 42.6, 44.6, 53.4,
126.4, 127.9, 128.5, 131.5, 132.8, 143.5, 202.2 ppm. Anal.
Calcd for C15H18O: C, 84.07; H, 8.47; found: C, 83.91; H, 8.63.
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Abstract—Siloxy cyclopropanes undergo ring opening and fragmentation of formal silyl cations under formation of b-keto radicals. These
reactive intermediates can be used in inter- and intramolecular addition reactions leading to complex ring systems if more than one unsaturated
side chain is present in the starting material. Beside some synthetic examples mainly the mechanism will be discussed focusing on the struc-
ture of the primarily formed radical cations, the regioselectivity of cyclopropane cleavage (endo vs exo ring opening), leaving of the silyl
group, and termination by H-transfer.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Single Electron Transfer (SET)1 and especially Photo-
induced Electron Transfer (PET)2 has become a powerful
tool in organic synthesis3 after fundamental research, which
started already in 1960s, e.g., by Marcus,4 Weller,5 and
others.6 Early highlights of synthetic applications are related
to the work of Arnold,7 Mariano,8 Schuster,9a Steckhan,9b

and many other groups10 including ourselves.11

The very simple but even most powerful concept behind this
methodology is based on the weakening of bonds by oxida-
tion/reduction under formation of radical cations/radical
anions leading to an increased reactivity of the molecules.12

Examples of synthetic applications cover addition,13 cyclo-
addition,14 fragmentation,15 substitutions,16 and other reac-
tions.17 Often the details of the mechanisms involved in
these reactions are not yet completely known although the
primary and initiating step is always PET. Especially in frag-
mentation and addition reactions radical species may also be
involved.18

In this report we will focus on a new method of generating
b-keto radicals from siloxy cyclopropanes by oxidative
PET (Scheme 1). The primary step is oxidation of the start-
ing material under cleavage of the cyclopropane A leading to
a distonic radical cation B, which finally forms the b-keto
radical C.

Keywords: Siloxy cyclopropanes; Photoinduced electron transfer; Radical
cations; Radicals; Radical cascade reactions; Reaction mechanism.
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Scheme 1. Cleavage and fragmentation of siloxy cyclopropanes A to radical
cations B and b-keto radicals C.

Both the radical cation B and the b-keto radical C are very
useful intermediates especially in intramolecular addition
reactions to p-systems leading to new cyclized products.
We have made use of this method for synthesizing poly-
cyclic compounds.19 Beside some exemplary reactions
we will discuss in more detail the mechanism involved
especially regarding bicyclic siloxy cyclopropanes
(Scheme 2).
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Scheme 2. exo- and endo-cleavage of bicyclic siloxy cyclopropanes.
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Important questions concern the structure of siloxy cyclo-
propane radical cations in comparison with unsubstituted
or alkyl-substituted cyclopropane radical cations, the regio-
selectivity of endo- versus exo-cleavage of bicyclic cyclo-
propanes D yielding E and G, and the factors controlling
the fragmentation of D to the b-keto radicals F and H.

2. Structure of siloxy cyclopropane radical cations

Upon ionization, cyclopropane derivatives can form two
types of radical cations depending on the substitution pattern
(Scheme 3, top).20,21 The 2N1L type (2 normal, 1 long)
shows a long one electron-two center bond in the range of
1.85–1.95 Å. The calculated bond lengths of the radical
cations 2–4 indeed confirm this classification (Scheme 3,
bottom). On the contrary, aryl- and vinyl-substituted cyclo-
propanes prefer the 2L1S type (2 long, 1 short) as shown
for 1-phenylcyclopropane 1 (Scheme 3).
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Scheme 3. Types of cyclopropane radical cations according to Hudson and
structural details of selected examples (for Refs. 20 and 21 see text).

Following this classification for siloxy cyclopropanes of the
type D should give radical cations of the type 2N1L after
oxidation. Scheme 4 shows the results of an ab initio calcula-
tion of the model compound 1-methoxy-1,2-dimethylcyclo-
propane 5. Note, that the elongated C–C bonds of 6 and 7
are even longer (ca. 2.17 Å) compared to 2–4 (ca. 1.72–
1.94 Å). However, the results considering only the energetics
show that it is not possible to differentiate between the two
ways of cleavage leading to 6 and 7, respectively.

Even similar calculations on the radical cations 9 and 10
generated from the bicyclic siloxy cyclopropane 8 upon
oxidation (cf. Scheme 2, D, n¼2) do not allow a differentia-
tion between endo- versus exo-cleavage (Scheme 5). Both
semiempirical and ab initio methods lead to extremely
elongated endo- and exo-bonds (ca. 2.4–2.5 Å).22 Only a
calculation of the transition states and the complete potential
hypersurface clearly verify the preferred cleavage of the en-
docyclic bond under formation of 9. Details of this theoret-
ical analysis including matrix isolation studies on the
reactive intermediates will be published separately.23
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Scheme 5. Quantum chemical calculations on the structure of radical
cations 9 and 10.

3. Experimental studies on endo- versus
exo-cleavage of bicyclic siloxy
cyclopropanes of structure D

Irradiation of bicyclic siloxy cyclopropanes D leads to the
ring opening of the three-membered ring under ring enlarge-
ment (endo-cleavage) or under preservation of the ring (exo-
cleavage) depending on the ring size (Scheme 6). However,
in presence of methyl acrylate as scavenger only the ring
enlarged addition products are formed (e.g., 8/13 and
14/17). This observation strongly indicates that the pri-
mary step after oxidation is ring opening of the endocyclic
bond of 8 and 14.
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Scheme 4. Structural details of radical cations of 1-methoxy-1,2-dimethyl-
cyclopropane.
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The ring opening may already occur at the level of the radi-
cal cation of the D (leading to G) or at the level of the oxy
radical I generated after fragmentation of the trimethylsilyl
cation (leading to H). These results also show that the possi-
ble equilibrium between ring-preserved and ring-opened in-
termediates (E4G and F4H) is slow compared to the fast
scavenging reactions in the presence of the methyl acrylate
(Scheme 7).
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Scheme 7. Equilibrium between ring-opened and ring-preserved intermedi-
ates (radical cations E and G structures are presented with already broken
C–C bond, cf. Scheme 2).

Further studies on the kinetics of 18 as model compound in
the presence of methyl acrylate confirm these findings and
furthermore, show that the termination step (H-abstraction)
is relatively slow (Scheme 8). A detailed analysis is reported
elsewhere.22,24
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Scheme 6. PET reactions of bicyclic siloxy cyclopropanes in the absence
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Scheme 8. Yield of the trapping product 19 in dependence on the methyl
acrylate concentration.

4. Fragmentation of the trimethylsilyl group

One important question concerns the timing of loss of the
silyl group. Recent studies on the PET reactions of silyl
enol ethers have shown that this cleavage is strongly influ-
enced by nucleophiles such as alcohols or even the solvents
(most often acetonitrile whose nucleophilicity can be in-
creased by high pressure).18,24 Silyl enol ethers give nondis-
tonic radical cations on PET-oxidation, whereas siloxy
cyclopropane radical cations undergo C–C bond cleavage
activationless according to quantum chemical calcula-
tions.22,25 Therefore, we assume that the loss of the silyl
group takes place only at the stage of the distonic radical cat-
ions E and G. Using silyl enol ethers the course of the reac-
tion, i.e., radical cation versus radical reaction pathway, can
be controlled by timing the cleavage of the silyl group. For
example, in solvent mixtures of high nucleophilicity loss
of the silyl group leads to the corresponding a-keto radical
23, which preferentially undergoes 5-exo cyclization to 24
if a suitable unsaturated side chain is present.18,24 However,
in the absence of nucleophiles 6-endo is the preferred cycli-
zation mode leading to 22 (Scheme 9).
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Scheme 9. Radical cations versus radical cyclization pathways in PET
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In the case of siloxy cyclopropanes this dependency on the
reaction medium is not as pronounced as for silyl enol
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ethers.19a,22 This might be taken as an indication for the
higher reactivity of the distonic radical cations compared
to nondistonic ones.

5. Termination by H-transfer

An often discussed question is related to the mechanism of
the final step of PET-induced cyclizations of unsaturated
silyl enol ethers and siloxy cyclopropanes. In all examples
studied by us this termination is based on H-transfer to the
final radical intermediate of the cascade fragmentation addi-
tion process (cf. Schemes 6–9). Two mechanisms can be dis-
cussed, i.e., a formal H-atom transfer (e.g., from the solvent)
and a two-step process via electron and proton transfer
(Scheme 10). The reduction of the radical R

�
may occur by

electron transfer from the radical anion of the sensitizer
(cf. Scheme 1).

+H

R H

R(-)
+ H(+) 

R
+e-

Scheme 10. Possible H-saturation pathways.

We have shown by a comprehensive study using deuterated
solvents that both acetonitrile and water are sources for this
saturation. In addition, kinetic isotope effects of H-transfer
from acetonitrile influence the ratio of direct and two-step
H-transfer as well. These effects are even stronger for sec-
ondary radicals.

In summary, both H-atom transfer from the solvent and re-
turn electron transfer followed by protonation from water
are responsible for the final saturation process.

6. Synthetic examples of radical cationic/radical
cascade cyclizations

As shown above siloxy cyclopropanes are useful starting
materials for generation of b-keto radicals. These radicals
can be used in further cyclization reactions leading to new
rearranged products or even in radical cascade reactions
involving two cyclization steps. Examples are shown in
Scheme 11 and were taken from recent reports.19 The pri-
mary step after PET-oxidation is cleavage of the endocyclic
C–C-bond of the cyclopropane followed by transannular
cyclization (e.g., 25/26, 27/28, and 29/30).

The PET reaction of 31 is somewhat more complicated.
Compound 32 is probably formed via a cyclopropyloxy radi-
cal rearrangement, whereas the formation of 33 requires
first transannular addition of the b-keto radical to the benz-
ene ring followed by second C–C bond cleavage.19a This
latter example already indicates some limitations of the
method regarding aryl substituents. However, examples
38/40 and 39/41 show that this protocol is still applica-
ble to arene systems in moderate yields.19b Example 34/36
and 37 demonstrate that even more complicated condensed
ring systems are accessible by this method.19b
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