
& Organic Synthesis

Carbamoyl Radical-Mediated Synthesis and Semipinacol
Rearrangement of b-Lactam Diols
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Abstract: In an approach to the biologically important 6-
azabicyclo[3.2.1]octane ring system, the scope of the
tandem 4-exo-trig carbamoyl radical cyclization—dithiocar-
bamate group transfer reaction to ring-fused b-lactams is
evaluated. b-Lactams fused to five-, six-, and seven-mem-
bered rings are prepared in good to excellent yield, and
with moderate to complete control at the newly formed di-
thiocarbamate stereocentre. No cyclization is observed with
an additional methyl substituent on the terminus of the
double bond. Elimination of the dithiocarbamate group
gives a,b- or b,g-unsaturated lactams depending on both
the methodology employed (base-mediated or thermal) and

the nature of the carbocycle fused to the b-lactam. Fused b-
lactam diols, obtained from catalytic OsO4-mediated dihy-
droxylation of a,b-unsaturated b-lactams, undergo semipina-
col rearrangement via the corresponding cyclic sulfite or
phosphorane to give keto-bridged bicyclic amides by exclu-
sive N-acyl group migration. A monocyclic b-lactam diol un-
dergoes Appel reaction at a primary alcohol in preference to
semipinacol rearrangement. Preliminary investigations into
the chemo- and stereoselective manipulation of the two
carbonyl groups present in a representative 7,8-dioxo-6-
azabicyclo[3.2.1]octane rearrangement product are also
reported.

Introduction

b-Lactams, both naturally occurring and synthetic, play a pre-
eminent role as medicinally important compounds, particularly
as antibiotics.[1, 2] The inherent ring strain and resultant reactivi-
ty of the four-membered ring also renders b-lactams useful in-
termediates for organic synthesis, particularly through ring-
opening reactions at the amide bond.[2, 3] As a consequence of
these dual roles in medicinal chemistry and synthesis, a wide
range of methodologies have been developed for the prepara-
tion and subsequent transformation of b-lactams, both mono-
cyclic and fused to other ring systems.[2, 4]

We have previously reported a high yielding synthesis of
fused b-lactam 2 through simple irradiation of readily prepared
carbamoyl diethyldithiocarbamate 1 (Scheme 1).[5] 4-Exo-trig
cyclization of carbamoyl radical 3 is followed by dithiocarba-
mate group transfer from 1 to the cyclohexyl radical 4 on the
less hindered convex face of the bicyclic ring system.[6] In relat-
ed research we have employed the regioselective cyclization of

carbamoyl dithiocarbamate 5 to synthesize the bridged 6-
azabicyclo[3.2.1]octane ring system 6 of aphanorphine, an alka-
loid isolated from a blue–green algae.[7]

The 6-azabicyclo[3.2.1]octane ring system is found within
a range of synthetic[8–10] and naturally occurring,[7, 11–18] biologi-
cally active compounds (Figure 1). The former include 7 (“azap-
rophen”), a synthetic muscarinic anatagonist,[9] and 8, a synthet-

Scheme 1. Tandem carbamoyl radical cyclization—dithiocarbamate group
transfer mediated synthesis of cis-fused b-lactams and 6-azabicyclo-
[3.2.1]octane ring system.
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ic cocaine analogue and inhibitor of dopamine reuptake.[10]

Representative natural products containing the 6-azabicyclo-
[3.2.1]octane ring system include aphanorphine,[7, 11] members
of the Securinega alkaloids, for example securinine,[12] actino-
bolamine,[13] members of the hetisine alkaloids, for example
nominine,[14] lyconadin A,[15] peduncularine,[16] calyciphilline D[17]

and sarain A.[18] Hence this ring system has been the focus of
intense synthetic interest, with a number of approaches report-
ed in addition to those applied in target synthesis.[19]

A challenge that must be addressed in the synthesis of
many of the natural products shown in Figure 1 is the func-
tionalization at C-8 of the 6-azabicyclo[3.2.1]octane ring
system. Although potentially accessible through modification
of our previous approach by incorporation of additional func-
tionality in radical precursors, such as 5, we instead sought to
exploit the simpler, high-yielding synthesis of b-lactam 2
(Scheme 1). In principle, the bridged bicyclic amide 11, bearing
a ketone at C-8, could be prepared through a semipinacol rear-
rangement[20] of an oxygenated b-lactam 10, in turn derived
from dithiocarbamate 9, the product of a group-transfer carba-
moyl radical cyclization reaction (Scheme 2). Related semipina-

col-like ring expansions of non-fused b-lactams to g-lactams
have been reported in the literature, and notably all occur
with exclusive migration of the N-acyl group rather than the
methylene or methine carbon atom (Scheme 3).[21–23] Our ap-
proach was also inspired by the X-ray crystal structure of b-
lactam 2, in which the cyclohexane ring adopts a boat-like ar-
rangement to accommodate the cis-ring fusion, placing the di-
ethyldithiocarbamate group axial with the C�S bond approxi-
mately antiperiplanar with the C�C(O) bond of the b-lactam
(C1-C2-C7-S1 torsion angle �173.2 (2)8) (Figure 2).[24] In as
much as 2 can be regarded as a model for the proposed rear-
rangement precursor 10, migration of the N-acyl group of the
b-lactam was expected to be preferred both electronically and
stereoelectronically over migration of the N-alkyl group.

Figure 1. Representative natural and non-natural products containing the 6-
azabicyclo[3.2.1]octane ring system.

Scheme 2. Proposed semipinacol rearrangement approach to keto-bridged
6-azabicyclo[3.2.1]octane ring system 11. LG = leaving group.

Scheme 3. Semipinacol rearrangement of b-lactams with N-acyl group mi-
gration. PPTS = pyridinium p-toluenesulfonate.

Figure 2. Crystal structure of b-lactam 2 with ellipsoids drawn at the 50 %
probability level. The group N2, C8–C12 is disordered over two positions.
Only the major component has been shown for clarity.
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In this paper, we report the successful implementation of
this strategy through conversion of fused b-lactams of general
structure 9 in three or four steps to keto-bridged bicyclic lac-
tams 11. We also report studies on the scope and limitation of
this methodology in our attempts to apply it to structurally re-
lated systems.[25]

Results and Discussion

Methodology development

Methodology development was carried on N-para-methoxy-
phenyl (PMP) substituted lactams (Scheme 4). The PMP deriva-
tive 13 was prepared through a similar sequence to that for
the N-benzyl system 1.[5, 25a] Treatment of p-methoxyaniline 12,
readily prepared through alkylation of p-anisidine with 3-bro-
mocyclohexene, with triphosgene gave an isolable carbamoyl
chloride intermediate of sufficient purity to be carried through

to the next step without the
need for further purification.
Chloride displacement with com-
mercially available sodium dieth-
yldithiocarbamate salt was
found to require more forcing
conditions for an N-PMP sub-
stituent than for the analogous
N-benzyl system 1 (refluxing ace-
tone rather than room tempera-
ture), but the radical precursor
13 could nevertheless be pre-
pared in similarly high yield. Irra-
diation of 13 gave the fused b-
lactam 14 as a single diastereo-
isomer in 84 % yield. The stereo-
chemistry at the new dithiocar-
bamate stereocentre was as-

signed based on the close spectral similarity of 14 with 2, and
the expected dithiocarbamate group transfer to the intermedi-
ate cyclohexyl radical (analogous to 4, Scheme 1). More gener-
ally, N-PMP systems were found to display favourable spectro-
scopic and practical features, including increased crystallinity,
compared with N-alkylated systems.

Our initial approach to convert b-lactam 14 into a suitable
substrate for the proposed semipinacol rearrangement was
based on incorporation of a hydroxyl group at the ring junc-
tion, and then employ the dithiocarbamate group as a latent
leaving group.[26] Unfortunately attempts to deprotonate b-
lactam 14 and quench the corresponding enolate with an elec-
trophilic oxidant, a reaction that has precedent in non-fused
systems,[27] met with failure.

Attention therefore turned to elimination of the dithiocarba-
mate group to form a ring-fused a,b-unsaturated b-lactam
suitable for further oxidation. At the outset of this work we
were unsure as to the feasibility of incorporating a double
bond at the ring-junction of a [4.2.0] fused bicyclic b-lactam, al-
though the analogous [5.2.0] bicyclic system had been previ-
ously prepared through a palladium-catalyzed carbonylation
reaction.[28] Indeed, our previous studies on the thermal elimi-
nation of the dithiocarbamate group from 2 had shown exclu-
sive elimination to the non-conjugaged alkene, and the same
reaction conditions applied to the N-PMP b-lactam 14 gave
alkene 16 regioselectively (Scheme 4).[29]

A screen of some common bases identified NaHMDS to be
the most promising for further optimization, although avoid-
ance of aqueous work-up proved necessary for the isolation of
a,b-unsaturated b-lactam 15 (Scheme 4 and Table 1, entries 1–
6). Increasing the equivalents of base or running the reaction
at higher temperature resulted in inseparable mixtures of 15
and 16 (entries 7 and 8). Independent subjection of alkene 15
to 1.1 equivalents of NaHMDS in THF at room temperature for
6 h showed conversion to a 1:1 mixture of 15 and 16, whereas
under the same conditions no change occurred starting from
16. This suggested that the formation of 16 in the base-medi-
ated elimination reaction occurs through isomerization of 15
rather than a competing elimination pathway from 14.

Scheme 4. Preparation and dithiocarbamate group elimination of N-PMP b-
lactam 14. mCPBA = meta-chloroperbenzoic acid; NMO = N-methylmorpho-
line N-oxide.

Table 1. Base-mediated elimination of dithiocarbamate 14.[a]

Entry Reagent[b] (equiv) T [8C] t [h] Result

1 LDA (1.1) �78 to RT 18 14
2 quinoline[c] 120 18 14
3 NaH (1.1) RT 26 14
4 tBuOK (1.1) RT 6 22 % 14, 37 % 15
5 NaHMDS (1) �78 4.5 22 % 14, 46 % 15
6 NaHMDS (1.5) �78 4.5 47 % 15
7 NaHMDS (3) �78 1 42 % 15 + 16
8 NaHMDS (1.5) �78 to RT 7.5 then 18 46 % 15 + 16
9 KHMDS (1.1) �78 5.75 60 % 15
10 LHMDS (1.1) �78 4 61 % 15
11 LHMDS (1.1) 0 2.75 16 % 15
12 LHMDS (1.1) �40 2.5 39 % 15
13 LHMDS (1.05) + MeI (1.05) �78 6.5 99 % 15

[a] All reactions were carried out in THF unless otherwise stated. [b] LDA = lithium diisopropylamide; K/Na/
LHMDS = potassium/sodium/lithium hexamethyldisilazide. [c] Quinoline was used as solvent.
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Increased yields of 15 were obtained using KHMDS and
LHMDS at low temperatures (Table 1, entries 9 and 10), with
higher temperatures resulting in reduced yields (entries 11 and
12). Addition of MeI to activate the dithiocarbamate group to-
wards elimination[26] caused a dramatic increase in yield, with
alkene 15 the exclusive product formed in nearly quantitative
yield (entry 13).

The strain inherent in alkene 15 is evident in the X-ray crys-
tal structure (Figure 3).[24] There is a notable deviation from pla-
narity in the alkene, as evidenced in the C1-C2-C3-C4 torsion
angle (�145.14(16)8). The C3-C2-C1 bond angle (138.30(13)8) is
also larger than expected. This strain may account for the iso-
merisation of 15 to the non-conjugated alkene 16 under cer-
tain conditions.

Treatment of alkene 15 with mCPBA gave epoxide 17 in rea-
sonable yield as long as a non-aqueous work-up was em-
ployed.[30] Osmium tetraoxide-catalyzed dihydroxylation gave
diol 18 stereoselectively (Scheme 4).[31] Both 17 and 18 were
assigned as cis-fused b-lactams. The corresponding trans-fused
b-lactams would be considerably more strained and hence un-
likely to form under these conditions.[32]

The semipinacol rearrangement of epoxide 17 was first at-
tempted. Treatment of 17 with BF3 gave no reaction at low
temperature (�78 8C, CH2Cl2), and decomposition upon warm-
ing to room temperature. The use of TiCl4 resulted in ring-
opening of the epoxide to chloroalcohol 19. However, treat-
ment of 17 with PPTS in refluxing toluene gave tosylate 20 in
42 % yield after 2.25 h, and encouragingly the desired rear-
rangement product 21 when the reaction time was increased
to 18 h, albeit in a moderate 33 % yield.

Structural assignment of the semipinacol rearrangement
product as ketone 21 rather than the alternative 1,2-dicarbonyl
22 arising from methine carbon migration could not be made
unambiguously by NMR spectroscopic analysis. However X-ray
crystallography confirmed the formation of the 6-azabicyclo-
[3.2.1]octane ring system. Surprisingly the corresponding hy-
drate 23 crystallized rather than ketone 21 from acetone solu-
tion (Figure 4). Intermolecular hydrogen bonding is evident in
the solid state, which presumably stabilizes the hydrate struc-
ture.[24]

The more robust diol 18 offered a wider variety of potential
conditions to affect the semipinacol rearrangement; however,

selective activation of the secondary over the tertiary alcohol
proved to be challenging. Attempted mesylation gave pre-
dominantly the dimesylate 25, alongside 24, the product of
mesylation of the tertiary alcohol, with dimesylation favoured
even in the presence of starting diol. Treatment of 18 with
tosyl chloride, DMAP and triethylamine also showed the prefer-
ence for reaction at the tertiary alcohol, with tosylate 26 isolat-
ed in 71 % yield. Switching to pyridine as base partially re-
versed this selectivity, with the desired secondary tosylate 27,
clearly structurally distinct from its epimer 20, isolated in 50 %
yield alongside ditosylate 28. Tosylate 27 underwent the de-
sired rearrangement to 21 in refluxing toluene in the presence
of pyridine, and 21 could be prepared in 58 % yield in one
step from 18 without isolation of the tosylate (Scheme 5). At-

Figure 3. Crystal structure of alkene 15 with ellipsoids drawn at the 50 %
probability level. Selected bond lengths and angles: C3-C2-C1 138.30(13),
C3-C2-C7 125.47(12), C2-C3-C4 120.17(13), C7-C2-C3-C4 �5.1(2), C1-C2-C3-C4
�145.14(16)8.

Figure 4. Crystal structure of hydrate 23 with ellipsoids drawn at the 50 %
probability level.

Scheme 5. Attempted semipinacol rearrangement of epoxide 17 and diol
18. DMAP = 4-dimethylaminopyridine; py = pyridine.
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tempted direct pinacol rearrangement of diol 18 using PPTS in
toluene at 80 8C gave only starting material, and recourse to
a stronger acid (TsOH) gave either no reaction, or degradation
at higher temperatures.

The apparent higher reactivity of the tertiary over the secon-
dary alcohol in 18 may be a consequence of the conformation
adopted by the bicyclic ring system. Analogous to 2, the cyclo-
hexane ring of 18 is forced to adopt a boat-like conformation
to accommodate the cis-ring fusion of the b-lactam. As a conse-
quence the secondary alcohol is in a more hindered flagstaff
position and the tertiary alcohol is pseudo-equatorial and rela-
tively exposed. Hence reaction at the tertiary alcohol, or migra-
tion of groups from secondary to tertiary, is feasible.

The moderate yields of 21 from epoxide 17 and diol 18,
coupled with the difficulties in selectively activating the secon-
dary alcohol of 18, led us to investigate cyclic systems. At-
tempted rearrangement via a cyclic orthoester through treat-
ment of diol 18 with trimethylorthoformate and a Lewis acid
gave the formate ester 29 in 41 % yield (Scheme 6).[33] Suspect-

ing that the difficulty might lie in forming a five-membered
ring intermediate with a carbon linking the two alcohols, at-
tention turned to the use of a heteroatom linker offering a po-
tential driving force for rearrangement.[34] Although less prece-
dented in the literature, we were drawn to reports on the rear-
rangements of cyclopropyl diols to cyclobutanones by in situ
formation of cyclic sulfites or sulfates, occurring at or below
room temperature.[35, 36]

Treatment of diol 18 with thionyl chloride and pyridine gave
a 1:1 mixture of cyclic sulfites 30 and 31 in 91 % yield
(Scheme 6). The sulfites were separable by column chromatog-

raphy, and the stereochemistry at the sulfinyl group initially as-
signed on the basis of the 1H NMR chemical shift of the proton
in the cyclic sulfite ring, which appears at d= 5.41 ppm for 30
and 5.04 ppm for 31. The anisotropy of the sulfinyl (S=O)
group results in a downfield shift for the appropriately aligned
proton adjacent to oxygen in 30.[37] Subsequent X-ray crystal-
lography of both 30 and 31 confirmed the stereochemical as-
signment (Figure 5).[24]

Heating a solution of cyclic sulfites 30 and 31 in diphenyl
ether at 190 8C effected the desired semipinacol rearrangement
to the target bridged bicyclic ketone 21, which was isolated in
excellent yield by direct column chromatography of the reac-
tion mixture (Scheme 6). Other solvents at comparable or
lower temperatures were less effective, and attempts to cata-
lyze the process with a Lewis acid resulted in lower yields (see

Scheme 6. Attempted semipinacol rearrangement through cyclic activation. Figure 5. Crystal structures of 30 (top) and 31 (bottom) with ellipsoids
drawn at the 50 % probability level. Selected bond lengths and torsion
angles: 30 : C2�C7: 1.542(2), C2�C3: 1.558(2), C1�O2: 1.4559(18) �, O2-C1-
C2-C7: 140.95(13), O2-C1-C2-C3: �117.46(14)8 ; 31: C2�C7: 1.5394(17), C2�
C3: 1.5617(17), C1�O2 1.4670(15) �; O2-C1-C2-C7 147.23(11), O2-C1-C2-C3
�108.61(12)8.
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the Supporting Information). Qualitatively, 31 required a longer
reaction (135 min) time than 30 (45 min) for the semipinacol
rearrangement to go to completion, with the yield of ketone
21 also lower (87 vs. 100 %). Although the crystal structures
show that the migrating C2�C7 bond in 31 is shorter than in
30 (1.5394(17) vs. 1.542(2) �), conversely the leaving group
and the migrating group is better aligned in 31 than in 30
(O2-C1-C2-C7 torsion angle 147.23(11) vs. 140.95(13)8). Reduc-
tion in the overall dipole moment might also rationalize the
faster and higher yielding rearrangement of 30 compared to
31: the S=O and C=O dipoles in 30 are more closely aligned
than in 31. However, in the absence of additional examples
and knowledge of the concertedness of the rearrangement
with release of SO2 at relatively high temperatures, these ra-
tionales should be regarded as speculative at best.

Although the rearrangement of cyclic sulfites 30 and 31
overcame the need to selectively activate the secondary alco-
hol of 18, and provided 21 in much higher overall yield than
previously achieved, we were keen to reduce both the temper-
ature and the additional step required. To this end we investi-
gated the use of cyclic phosphoranes. These can be prepared
through reaction of diols with Ph3PCl2, conveniently generated
in situ through reaction of Ph3P with a suitable chlorine
source.[38] We[39] and others[40] have used in-situ-generated
cyclic phosphoranes to achieve related rearrangements with
1,2-hydride migration (Meinwald-like rearrangement). In prac-
tice, treatment of diol 18 with 1.5 equivalents of Ph3P and
C2Cl6 in refluxing acetonitrile gave the target ketone 21 in an
excellent 94 % yield through the presumed rearrangement of
an intermediate cyclic phosphorane 32 (Scheme 6). In contrast
to the use of similar methodology for the rearrangement of
diols to ketones with 1,2-hydride migration,[39, 40] the addition
of a base such as iPr2NEt to neutralize the HCl formed in the
cyclic phosphorane formation is not necessary, and in fact
proved detrimental to the yield of 21. The formation of triphe-
nylphosphine oxide as a byproduct did not prove problematic
for the purification of 21 by column chromatography. This rep-
resents the first use of cyclic phosphoranes to affect semipina-
col-like rearrangement with carbon–carbon bond migration.

Methodology scope and limitations

With a successful route from fused b-lactam 14 to bridged bi-
cyclic ketone 21 by the semipinacol rearrangement of cyclic
derivatives of diol 18 in hand, attention turned to determining
the scope and limitations of the methodology.

Carbamoyl radical mediated synthesis of b-lactams : The 4-
exo-trig carbamoyl radical cyclization has been previously in-
vestigated to a limited extent for the synthesis of b-lac-
tams.[41–45] However, at the outset of this work we were aware
of only one additional example in the literature, related to the
cyclization of 3 to 4, for the synthesis of a ring-fused system.[42]

A range of carbamoyl radical precursors 33–39 were pre-
pared in two steps (one purification) from the corresponding
amine by using our previously described methodology: forma-
tion of a carbamoyl chloride using triphosgene and pyridine in

toluene, followed by chloride displacement with sodium dieth-
yldithiocarbamate in acetone (Table 2). Yields were generally
>80 % over two steps.

The bridged bicyclic amine 42 was prepared from the
known dibromide 40 through a sequence of allylic substitu-
tion[46] followed by reductive lithiation to remove the vinyl bro-
mide. Attempts to employ vinyl bromide 41 a in a palladium-
mediated cyclocarbonylation to a,b-unsaturated b-lactam 43,

Table 2. 4-Exo-trig carbamoyl radical cyclization—dithiocarbamate group
transfer mediated synthesis of b-lactams.[a]

Entry Radical precursor b-Lactam Yield [%][b]

1 a : 80
2 b : 91

3 92

4[c] 39
29

5
65
16

6 55

7 86

8 no reaction 0
9[c] degradation 0

[a] Conditions: hu, 500 W Halogen lamp, Pyrex, cyclohexane (0.1 m),
reflux, 2–5 h. [b] Isolated yield after column chromatography. [c] Chloro-
benzene as the reaction solvent.
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a reaction reported for the corresponding non-bridged
system,[28] were unsuccessful.

The novel 1,4-cyclohexadiene 44 was prepared as an insepa-
rable 5:3 mixture with conjugated diene 45 through photoad-
dition of isopropylamine to benzene.[47] Treatment of the mix-
ture of aminodienes with triphosgene gave a mixture of carba-
moyl chlorides, from which the skipped diene 37 could be iso-
lated in 48 % yield over two steps after reaction with sodium
diethyldithiocarbamate (Scheme 7).

4-Exo-trig carbamoyl radical cyclization of carbamoyl dithio-
carbamates 33–38 proceeded in reasonable to excellent yield
under our standard conditions (irradiation with a 500 W halo-
gen lamp; Table 2, entries 1–7). Although the cis-ring junction
in the b-lactam products is ensured due to the constraint of
the tether in the cyclization, the stereochemistry at the dithio-
carbamate stereocentre depends on the facial selectivity in the
group transfer to the intermediate carbon-centred radical. The
cyclization of 33 a–b, 34, and 37 gave rise to single b-lactam
products (Table 2, entries 1–3 and 6). As for 14, the stereo-
chemistry of b-lactams 46 a and 46 b was assigned based on
the close spectral similarity to the previously reported b-lactam
2.[24] The stereochemistry in 47 and 52 was assigned on the
basis of the expected dithiocarbamate group transfer to the
less-hindered face of the bicyclic radical intermediate, but has
not been unambiguously determined.

The cyclization of the seven-membered carbocylic systems
35 and 36 gave rise to mixtures of diastereomers (Table 2, en-
tries 4 and 5). The structure of the major diastereomer 48 from
the cyclization of 35 was confirmed by X-ray crystallography
(Figure 6).[24] The relative stereochemistry in the bridged sys-
tems 50 and 51 was confirmed by X-ray analysis of a subse-

quent derivative of the minor isomer 51 (vide infra). Hence the
major isomer in the cyclization of both 35 and 36 results from
group transfer syn to the hydrogen atoms at the b-lactam ring
junction (as it does in the cyclization of 1, 13, 33, 34, and 37),
although the diastereoselectivity is higher for 36, presumably
due to the additional rigidity in the tricyclic ring system ren-
dering the face syn to the one-carbon bridge less accessible.

Carbamoyl dithiocarbamate 39 did not provide any of the
expected cyclization product under our standard conditions,
with extensive degradation occurring when the higher boiling
chlorobenzene was instead used in place of cyclohexane as re-
action solvent (Table 2, entries 8 and 9). Cyclization of 39, if it
occurred, would generate tertiary alkyl radical 54 (Figure 7).

We have previously observed lower yields in the 5-exo-trig car-
bamoyl radical cyclization onto a trisubstituted alkene to pro-
duce 55 b compared with a terminal alkene to produce 55 a.[5b]

This situation is exacerbated in the case of the 4-exo-trig cycli-
zation, with lactam 56 b only isolated in 5 % yield from a com-
plex reaction mixture, compared to 56 a lacking the methyl
groups.[5a, 48] A combination of a slower cyclization[45] of the nu-
cleophilic carbamoyl radical onto a more electron-rich double
bond, and a slower group-transfer reaction,[49] may accounts
for these trends, and the lack of product formation from 39.

Dithiocarbamate elimination : Elimination of the dithiocarba-
mate group from b-lactams 46 a and 2 bearing N-benzylic
groups to form a,b-unsaturated b-lactams 57 a and 57 c oc-
curred in excellent yield (Table 3, entries 1 and 2). The N-octyl
lactam 46 b required a larger excess of LHMDS and MeI to

Scheme 7. Preparation of allylic amines through reductive debromination
and amine–benzene photoaddition.

Figure 6. Crystal structure of 48 with ellipsoids drawn at the 50 % probability
level.

Figure 7. Effect of substitution on carbamoyl radical cyclization—dithiocar-
bamate group transfer.
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drive the reaction to completion, with a,b-unsaturated lactam
57 b obtained in lower yield (entry 2). Thermal elimination of
46 a gave alkene 58 a in a similar yield to 16 and that previous-
ly reported for 58 c.[29]

Attempted base-mediated elimination of the cyclopentyldi-
thiocarbamate 47 was unsuccessful, with only starting material
returned. The use of five equivalents each of LHMDS and MeI
gave mainly starting material alongside small quantities of the
C-methylated b-lactam 59, which suggests that deprotonation

occurs but presumably the a,b-unsaturated b-lactam is too
strained to form. Thermal elimination of 47 gave the expected
alkene 60 in good yield (Table 3, entry 4).

The epimeric dithiocarbamates 48 and 49 showed divergent
behaviour towards thermal and basic elimination conditions
(Table 3, entries 5 and 6). Whereas 48 proved surprisingly re-
sistant to base-mediated elimination, thermal elimination gave
predominantly the conjugated alkene 61, presumably the
larger ring size better accommodating the double bond at the

Table 3. Base-mediated and thermal elimination of the dithiocarbamate functional group.

Entry b-Lactam Base-mediated elimination[a] Yield [%][b] Thermal elimination[c] Yield [%][b]

1
2
3

a : 88
b : 67
c : 93

a : 80
b : not determined
c : 79[29]

4 9[d] 77

5 no reaction –
85
10

6 93 89

7 78 degradation

8 82 no reaction, recovered starting material

9
10
11

2 + 98 rsm[e]

65 + 22 rsm[f]

89 + 11 rsm[g]

34

12 95 not determined

[a] Conditions: MeI (1.1–5 equiv), LHMDS (1.1–5 equiv), THF, �78 8C, 5–8 h. [b] Isolated yield after column chromatography. [c] Conditions: Ph2O, reflux, 1–
7 h. [d] Conditions: MeI (5 equiv), LHMDS (5 equiv), THF, �78 8C to RT, 18 h. [e] Conditions: MeI (10 equiv), LHMDS (10 equiv), �78 8C to RT, 18 h. [f] Condi-
tions: MeI (1.1 equiv), LDA (1.1 equiv), THF, �78 8C to RT, 18 h. [g] Conditions: LHMDS (1.5 equiv), Davis oxaziridine (1.5 equiv), 0 8C to RT, 18 h.
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ring junction. In contrast, thermal elimination of 49 gave non-
conjugated alkene 62, consistent with the concerted Chugaev-
like mechanism of the process.[29] Previous studies in our group
have shown that, despite the high temperatures required for
thermal elimination of the dithiocarbamate group, equilibra-
tion between alkene regioisomers does not occur under the
reaction conditions. Product outcome is determined by the
availability of a suitable b-H syn to the dithiocarbamate group,
hence only 62 forms from thermolysis of 49. Base-mediated
elimination was successful in the case of 49, providing the
target alkene 61 in an excellent 93 % yield. Hence both 48 and
49 could be converged to the desired alkene 61 under appro-
priate conditions.

Tricyclic dithiocarbamate 50 was successfully converted to
alkene 63 under basic conditions, but degraded upon attempt-
ed thermolysis (Table 3, entry 7). The minor epimer 51 could
not be utilized—it underwent clean C-methylation to provide
64 in high yield under basic conditions, and unsurprisingly
could not be eliminated under thermal conditions given that
this would generate an anti-Bredt alkene (entry 8). The struc-
ture of 64 was proven by X-ray crystallography (Figure 8),[24]

which, given that the deprotonation and resulting methylation
of the b-lactam does not affect the dithiocarbamate stereocen-
tre, also confirmed that the major diastereoisomer formed in
the cyclization of 36 was 50 (Table 2, entry 5).

Attempted base-mediated elimination of 52 gave mainly
starting material and small amounts of N-isopropylbenzamide
(65) (Table 3, entry 9). The yield of 65 increased slightly with
a change of base to LDA (entry 10), and dramatically when MeI
was replaced with the Davis oxaziridine in an attempt to trap
out the putative deprotonated b-lactam with an oxygen
source (entry 11). Although the role of the oxaziridine in this
process is not known,[50] the formation of 65 in all cases is con-
sistent with a presumably facile base-mediated fragmentation
of the target diene 68, generated in situ (Scheme 8).

Thermolysis of 52 also generated a surprising result. In this
case the urea 66 was isolated from the reaction mixture in
34 % yield (Table 3, entry 9). The formation of 66 can be ration-
alized according to the sequence shown in Scheme 8. At the
high temperatures involved, conjugated diene 69, generated
in situ, undergoes pyrolytic ring fission to benzene and isopro-
pylisocyanate.[51] The dithiocarbamic acid byproduct of the di-
thiocarbamate group elimination fragments to diethylamine
and carbon disulfide,[29] and whereas normally these are lost at
high temperature, the amine reacts with the isocyanate to
form urea 66.

Base-mediated elimination of the dithiocarbamate group in
the simple monocyclic b-lactam 53 gave alkene 67 in excellent
yield (Table 3, entry 12). We have previously found the analo-
gous monocyclic N-Bn b-lactam degrades under thermal elimi-
nation conditions,[29] and hence overall this route provides effi-
cient access to exo-methylene b-lactams in combination with
our high-yielding radical cyclization methodology. Alkene 67
has previously been synthesized in a palladium-catalyzed car-
bonylation of a 2-bromoallylamine, albeit in low yield.[28]

mCPBA-mediated epoxidation of alkene 16 provided
a means to introduce additional functionality on the cyclohex-
anone ring of bicyclic lactam 21 (Scheme 9). The stereochemis-

try of epoxide 70 was assigned based on the expected prefer-
ential attack on the convex face of the bicyclic ring system. Re-
gioselective base-mediated ring-opening of epoxide 70 gave
a,b-unsaturated b-lactam 71. The liberated alcohol was pro-
tected as the benzoate ester 72.

Figure 8. Crystal structure of 64 with ellipsoids drawn at the 50 % probability
level.

Scheme 8. Base-mediated and thermal elimination of dithiocarbamate 52.

Scheme 9. Functionalization of alkene 16.
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Dihydroxylation and semipinacol rearrangement : The dihy-
droxylation of a,b-unsaturated b-lactams 57 a–c, 72, 61 and 67
gave diols 73 a–c, 74, 75 and 78, respectively, in reasonable to
good yield (Table 4, yields of diols in parentheses). Treatment
of alkene 63 under the same conditions gave the expected
diol 76 as the major product as an inseparable mixture along
with the a-hydroxyketone 77. Attempts to minimize the forma-
tion of the unwanted byproduct 77 were unsuccessful.[52] In all
cases dihydroxylation is completely diastereoselective, re-es-
tablishing the cis-ring fusion of the b-lactam.

Semipinacol rearrangement of diols 73 a–c, 74, 75 and 78
was attempted via both the corresponding cyclic sulfites in
two steps (Table 4, method A), and in one step via the cyclic
phosphorane (method B). As for 30 and 31, cyclic sulfites were
obtained as approximately 1:1 mixtures of diastereomers. For
comparison purposes yields in Table 4 for method A are over
two steps, formation of the cyclic sulfite and subsequent ther-

molysis of the mixture. In general yields are comparable or
slightly better using method B, but in some cases this method
fails, despite the milder conditions.

b-Lactams fused to six-membered rings rearranged under
both conditions (Table 4, entries 1–8). Notably the epoxide ste-
reochemistry, established in 70, is translated into the axially-
orientated benzoate in 80. The lack of a large axial–axial cou-
pling for the proton adjacent to oxygen in 80 is consistent
with the axial orientation, and confirms the expected stereose-
lectivity of the epoxidation step (Scheme 9).

Rearrangement of the seven-membered ring-fused b-lactam
diol 75 gave the keto-bridged bicyclic lactam 81, again with
complete selectivity for N-acyl group migration, despite the
larger ring size (Table 4, entries 9 and 10). The 7-azabicyclo-
[4.2.1]nonane ring system 81 is found in members of the Gelse-
mium alkaloids, which have been the subject of some synthetic
interest.[53]

Treatment of the mixture of diol 76 and ketoalcohol 77 with
thionyl chloride and pyridine allowed for the separation of 77
from the cyclic sulfites derived from 76. Rearrangement of the
cyclic sulfites did not occur at 190 8C, but in refluxing diphenyl
ether (b.p. 259 8C) conversion to the doubly bridged ring
system 82 occurred (Table 4, entry 11). In contrast, direct sub-
jection of the mixture of 76 and 77 to Ph3P and C2Cl6 in reflux-
ing MeCN (method B) did not give any of the semipinacol rear-
rangement product 82. Instead, chloroalcohol 83 was isolated
in low yield. The conversion of alcohols to chlorides by using
Ph3P and electrophilic chlorine sources (Appel conditions) is
known in the literature.[54] The stereochemistry in 83 was as-
signed on the basis of the expected SN2 displacement by chlo-
ride, and also suggested by the lack of coupling between the
proton adjacent to chlorine with the adjacent bridgehead
proton. Molecular models showed that the dihedral angle be-
tween these protons is close to 908 when the chlorine is syn to
the one carbon bridge, as in 83. The lack of rearrangement of
76 under these conditions may suggest that the cyclic phos-
phorane does not form, although we do not have any evi-
dence for this. The higher temperature required to rearrange
the corresponding sulfite suggests that the barrier to rear-
rangement is higher for the diol 76 compared to diol 75,
which lacks the constraint imposed by the additional one-
carbon bridge, allowing other reaction pathways to compete.
Raising the temperature of the Ph3P/C2Cl6 reaction by running
the reaction in a microwave up to 150 8C over 3 h still only
provided 83 in low yield, with no evidence of formation of 82.

Semipinacol rearrangement of the monocyclic b-lactam diol
78 could not be achieved under either set of conditions. Al-
though the cyclic sulfite could be prepared in 68 % yield, no
rearrangement occurred upon heating at 190 8C, and the reac-
tion mixture underwent decomposition in refluxing Ph2O.
High-yielding conversion to the chloroalcohol 84 occurred
upon treatment of 78 with Ph3P and C2Cl6 in refluxing acetoni-
trile. Clearly the competing SN2 substitution pathway is particu-
larly favourable at the primary alcohol of 78. More generally,
the preference for ring-fused systems to undergo semipinacol
rearrangement rather than Appel reactions can, therefore, be
ascribed to a combination of factors: the slower SN2 reaction

Table 4. Dihydroxylation and semipinacol rearrangement of b-lactams.

Entry Diol (% yield from
alkene dihydroxylation)[a]

Method[b] Product(s) Yield [%]

1
A

79 a : 77
2 79 b : 77
3 79 c : 83
4 B 79 a : 80
5 79 b : 80
6 79 c : 97

7
8

A
B

75
77

9
10

A
B

82
98

11 A[c] 64[d]

12 B 28[e]

13 A no reaction[f] –

14 B 85

[a] Dihydroxylation conditions: cat. OsO4, NMO (2.4 equiv), 5:5:2 acetone/
H2O/tBuOH, 40 8C, 18 h. [b] Method A: i) SOCl2, pyridine, 0 8C to RT;
ii) Ph2O, 190 8C, 2–5 h. Method B: PPh3, C2Cl6, CH3CN, reflux, 18 h. [c] Reac-
tion conditions: ii) Ph2O, reflux, 2 h. [d] Yield over three steps from alkene
63. [e] Yield over two steps from alkene 63. [f] No reaction at 190 8C in
Ph2O. Decomposition in refluxing Ph2O.
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at a secondary rather than a primary alcohol, the enforcement
of a favourable orbital alignment for bond migration, and
increased ring strain offering a greater driving force for
rearrangement.

Functional-group transformations : The 7,8-dioxo-6-
azabicyclo[3.2.1]octane ring system is a potentially versatile in-
termediate for organic synthesis. Preliminary studies have
shown that the two carbonyl groups in 21 can be chemo- and
stereoselectively functionalized (Scheme 10). Treatment with

l-selectride gave the axial alcohol 85 stereoselectively. Wittig
methylenation gave terminal alkene 86 in excellent yield.
Carbon–carbon bond formation at the amide carbonyl pro-
ceeded through formation of thioamide 87, activation as the
methyl sulfonium salt 88, and subsequent treatment with allyl
Grignard followed by sodium cyanoborohydride.[16a] The result-
ing diene 89 was isolated as a single diastereomer, presumed
to be the result of reduction from the less-hindered exo-face of
the intermediate imminium. Tentative assignment of the C-7
stereocentre was also based on the absence of an nOe signal
between the axial hydrogen at C-3 and the newly installed hy-
drogen at C-7.

In the course of investigating potential activation pathways
for the transformation of a,b-unsaturated b-lactam 57 c into
bridged bicyclic amide 79 c, we also investigated a 1,3-dipolar
cycloaddition reaction with the isolable nitrile oxide 90.[55] The
double bond in 57 c was shown to be a competent dipolaro-
phile, providing 2-isoxazoline 91 as a single stereoisomer in
good yield (83 %). Notably, the regioselectivity is opposite to
that reported for the 1,3-dipolar cycloaddition of a nitrile oxide
with a monocyclic exo-methylene b-lactam.[56]

Conclusions

The 4-exo-trig carbamoyl radical cyclization—dithiocarbamate
group transfer reaction has been shown to be an efficient and

practical methodology for the synthesis of ring-fused b-lac-
tams. Good yields of b-lactams are achieved with the excep-
tion of a system carrying double substitution at the alkene ter-
minus. Novel conditions for the base-mediated elimination of
the dithiocarbamate group have been developed, which pro-
vide access to alkene regioisomers unavailable through ther-
molysis. Dihydroxylation of a,b-unsaturated b-lactams provides
substrates which undergo semipinanol rearrangement with ex-
clusive N-acyl group migration under all conditions. This selec-
tivity is consistent with prior examples of semipinacol rear-
rangement of non-fused b-lactams in the literature and the ex-
pected better alignment of the migrating bond with the break-
ing C�O bond, even when constrained within a heterocyclic
ring system. In situ generated cyclic phosphoranes have been
shown to undergo semipinacol rearrangement with C�C bond
migration for the first time, and provide milder and shorter
routes to target compounds over the use of non-cyclic systems
and of cyclic sulfites, unless chloroalcohol formation competes.
The resulting keto-bridged bicyclic lactams are versatile inter-
mediates in target synthesis.

Acknowledgements

We thank the EPSRC for funding (studentship to M.B. , EP/
G031371/1). The NMR spectrometers used in this research
were obtained through Birmingham Science City: Innovative
Uses for Advanced Materials in the Modern World (West Mid-
lands Centre for Advanced Materials Project 2), with support
from Advantage West Midlands (AWM) and part funded by the
European Regional Development Fund (ERDF). We thank the
EPSRC UK National Crystallographic Service (UK NCS) at the
University of Southampton for the collection of crystallograph-
ic data[57] and Dr. Mateusz B. Pitak and Dr. Simon J. Coles at UK
NCS for X-ray crystal structure determination as previously re-
ported.[25a] Mass spectrometry data was acquired at the EPSRC
UK National Mass Spectrometry Facility at Swansea University.

Keywords: cyclization · fused-ring systems · nitrogen
heterocycles · ring expansion · strained molecules

[1] S. Biondi, S. Long, M. Panunzio, W. L. Qin, Curr. Med. Chem. 2011, 18,
4223 – 4236.

[2] A. Kamath, I. Ojima, Tetrahedron 2012, 68, 10640 – 10664.
[3] A. Brandi, S. Cicchi, F. M. Cordero, Chem. Rev. 2008, 108, 3988 – 4035.
[4] B. Alcaide, P. Almendros, C. Aragoncillo, Chem. Rev. 2007, 107, 4437 –

4492.
[5] a) R. S. Grainger, P. Innocenti, Angew. Chem. 2004, 116, 3527 – 3530;

Angew. Chem. Int. Ed. 2004, 43, 3445 – 3448; b) R. S. Grainger, P. Innocen-
ti, Heteroat. Chem. 2007, 18, 568 – 571; c) C. McMaster, R. N. Bream, R. S.
Grainger, Org. Biomol. Chem. 2012, 10, 4752 – 4768.

[6] Related to radical chain processes through xanthante group transfer ex-
tensively developed by Zard. For a recent review, see: B. Quiclet-Sire,
S. Z. Zard, Pure Appl. Chem. 2011, 83, 519 – 551.

[7] R. S. Grainger, E. J. Welsh, Angew. Chem. 2007, 119, 5473 – 5476; Angew.
Chem. Int. Ed. 2007, 46, 5377 – 5380.

[8] M. Takeda, H. Inoue, K. Noguchi, Y. Honma, M. Kawamori, G. Tsukamoto,
Y. Yamawaki, S. Saito, K. Aoe, T. Date, S. Nurimoto, G. Hayashi, J. Med.
Chem. 1977, 20, 221 – 228.

[9] a) F. I. Carroll, P. Abraham, S. W. Mascarella, P. Singh, C. G. Moreland, S. S.
Sanker, Y. W. Kwon, D. J. Triggle, J. Med. Chem. 1991, 34, 1436 – 1440;

Scheme 10. Reactions of lactams 21 and 57 c.

Chem. Eur. J. 2014, 20, 6505 – 6517 www.chemeurj.org � 2014 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim6515

Full Paper

http://dx.doi.org/10.1016/j.tet.2012.07.090
http://dx.doi.org/10.1016/j.tet.2012.07.090
http://dx.doi.org/10.1016/j.tet.2012.07.090
http://dx.doi.org/10.1021/cr800325e
http://dx.doi.org/10.1021/cr800325e
http://dx.doi.org/10.1021/cr800325e
http://dx.doi.org/10.1021/cr0307300
http://dx.doi.org/10.1021/cr0307300
http://dx.doi.org/10.1021/cr0307300
http://dx.doi.org/10.1002/ange.200453600
http://dx.doi.org/10.1002/ange.200453600
http://dx.doi.org/10.1002/ange.200453600
http://dx.doi.org/10.1002/anie.200453600
http://dx.doi.org/10.1002/anie.200453600
http://dx.doi.org/10.1002/anie.200453600
http://dx.doi.org/10.1002/hc.20336
http://dx.doi.org/10.1002/hc.20336
http://dx.doi.org/10.1002/hc.20336
http://dx.doi.org/10.1039/c2ob25434d
http://dx.doi.org/10.1039/c2ob25434d
http://dx.doi.org/10.1039/c2ob25434d
http://dx.doi.org/10.1002/ange.200701055
http://dx.doi.org/10.1002/ange.200701055
http://dx.doi.org/10.1002/ange.200701055
http://dx.doi.org/10.1002/anie.200701055
http://dx.doi.org/10.1002/anie.200701055
http://dx.doi.org/10.1002/anie.200701055
http://dx.doi.org/10.1002/anie.200701055
http://dx.doi.org/10.1021/jm00212a007
http://dx.doi.org/10.1021/jm00212a007
http://dx.doi.org/10.1021/jm00212a007
http://dx.doi.org/10.1021/jm00212a007
http://dx.doi.org/10.1021/jm00108a030
http://dx.doi.org/10.1021/jm00108a030
http://dx.doi.org/10.1021/jm00108a030
http://www.chemeurj.org


b) D. J. Triggle, Y. W. Kwon, P. Abraham, J. B. Pitner, S. W. Mascarella, F. I.
Carroll, J. Med. Chem. 1991, 34, 3164 – 3171; c) P. Abraham, J. B. Pitner,
A. H. Lewin, J. W. Boja, M. J. Kuhar, F. I. Carroll, J. Med. Chem. 1992, 35,
141 – 144.

[10] J. Quirante, X. Vila, J. Bonjoch, A. P. Kozikowski, K. M. Johnson, Bioorg.
Med. Chem. 2004, 12, 1383 – 1391.

[11] Recent syntheses of aphanorphine: a) X. Yang, H. Zhai, Z. Li, Org. Lett.
2008, 10, 2457 – 2460; b) T. Yoshimitsu, C. Atsumi, E. Iimori, H. Nagaoka,
T. Tanaka, Tetrahedron Lett. 2008, 49, 4473 – 4475; c) X. Yang, B. Cheng,
Z. Li, H. Zhai, Synlett 2008, 2821 – 2822; d) P. A. Donets, J. L. Goeman, J.
Van der Eycken, K. Robeyns, L. Van Meervelt, E. V. Van der Eycken, Eur. J.
Org. Chem. 2009, 793 – 796; e) M. Medjahdi, J. C. Gonz�lez-G�mez, F.
Foubelo, M. Yus, Eur. J. Org. Chem. 2011, 2230 – 2234; f) D. N. Mai, B. R.
Rosen, J. P. Wolfe, Org. Lett. 2011, 13, 2932 – 2935; g) H. J. Lim, T. V. Ra-
janBabu, Org. Lett. 2011, 13, 6596 – 6599.

[12] For a review on the synthesis of the Securinega alkaloids, see: a) S. M.
Weinreb, Nat. Prod. Rep. 2009, 26, 758 – 775. For representative recent
syntheses of Securinega alkaloids, see: b) M. Sampath, P.-Y. B. Lee, T.-P.
Loh, Chem. Sci. 2011, 2, 1988 – 1991; c) J.-H. Chen, S. R. Levine, J. F. Buer-
gler, T. C. McMahon, M. R. Medeiros, J. L. Wood, Org. Lett. 2012, 14,
4531 – 4533; d) H. Wei, C. Qiao, G. Liu, Z. Yang, C.-c. Li, Angew. Chem.
2013, 125, 648 – 652; Angew. Chem. Int. Ed. 2013, 52, 620 – 624.

[13] Total synthesis of actinobolamine: A. B. Holmes, A. Kee, T. Ladduwahet-
ty, D. F. Smith, J. Chem. Soc. Chem. Commun. 1990, 1412 – 1414.

[14] Total syntheses of nominine: a) H. Muratake, M. Natsume, Angew. Chem.
2004, 116, 4746 – 4749; Angew. Chem. Int. Ed. 2004, 43, 4646 – 4649;
b) K. M. Peese, D. Y. Gin, Chem. Eur. J. 2008, 14, 1654 – 1665.

[15] Total syntheses of lyconadin A, see: a) D. C. Beshore, A. B. Smith, J. Am.
Chem. Soc. 2008, 130, 13778 – 13789; b) S. P. West, A. Bisai, A. D. Lim,
R. R. Narayan, R. Sarpong, J. Am. Chem. Soc. 2009, 131, 11187 – 11194;
c) T. Nishimura, A. K. Unni, S. Yokoshima, T. Fukuyama, J. Am. Chem. Soc.
2013, 135, 3243 – 3247.

[16] Total syntheses of peduncularine: a) W. J. Klaver, H. Hiemstra, W. N.
Speckamp, J. Am. Chem. Soc. 1989, 111, 2588 – 2595; b) J. H. Rigby, J. H.
Meyer, Synlett 1999, S1, 860 – 862; c) X. Lin, D. Stien, S. M. Weinreb, Tet-
rahedron Lett. 2000, 41, 2333 – 2337; d) C. W. Roberson, K. A. Woerpel, J.
Am. Chem. Soc. 2002, 124, 11342 – 11348; e) D. G. Washburn, R. W. Hei-
debrecht, S. F. Martin, Org. Lett. 2003, 5, 3523 – 3525; f) M. Kitamura, Y.
Ihara, K. Uera, K. Narasaka, Bull. Chem. Soc. Jpn. 2006, 79, 1552 – 1560;
g) D. M. Hodgson, R. E. Shelton, T. A. Moss, M. Dekhane, Org. Lett. 2010,
12, 2834 – 2837.

[17] For isolation and structural determination, see: a) S. Saito, T. Kubota, E.
Fukushi, J. Kawabata, H. Zhang, J. Kobayashi, Org. Lett. 2007, 9, 1207 –
1209. For structurally related calyciphylline F and caldaphnidine M, see:
b) S. Saito, T. Kubota, J. Kobayashi, Tetrahedron Lett. 2007, 48, 3809 –
3812; c) C.-R. Zhang, S.-P. Yang, J.-M. Yue, J. Nat. Prod. 2008, 71, 1663 –
1668.

[18] Total synthesis of sarain A: M. H. Becker, P. Chua, R. Downham, C. J.
Douglas, N. K. Garg, S. Hiebert, S. Jaroch, R. T. Matsuoka, J. A. Middleton,
F. W. Ng, L. E. Overman, J. Am. Chem. Soc. 2007, 129, 11987 – 12002.

[19] For representative recent methodology, see: a) D. J. Callis, N. F. Thomas,
D. P. J. Pearson, B. V. L. Potter, J. Org. Chem. 1996, 61, 4634 – 4640;
b) H. M. L. Davies, G. Cao, Tetrahedron Lett. 1998, 39, 5943 – 5946; c) Y.-S.
Kwak, J. D. Winkler, J. Am. Chem. Soc. 2001, 123, 7429 – 7430; d) H. Neu-
mann, A. J. von Wangelin, D. Gçrdes, A. Spannenberg, W. Baumann, M.
Beller, Tetrahedron 2002, 58, 2381 – 2387; e) K. C. Nicolaou, P. S. Baran, Y.-
L. Zhong, K. Sugita, J. Am. Chem. Soc. 2002, 124, 2212 – 2220; f) K. C. Nic-
olaou, P. S. Baran, Y.-L. Zhong, S. Barluenga, K. W. Hunt, R. Kranich, J. A.
Vega, J. Am. Chem. Soc. 2002, 124, 2233 – 2244; g) O. O. Grygorenko,
O. S. Artamonov, G. V. Palamarchuk, R. I. Zubatyuk, O. V. Shishkin, I. V.
Komarov, Tetrahedron: Asymmetry 2006, 17, 252 – 258; h) K. G. R. Mas-
schelein, C. V. Stevens, N. Dieltiens, D. D. Claeys, Tetrahedron 2007, 63,
4712 – 4724; i) A. B. Pulipaka, S. C. Bergmeier, J. Org. Chem. 2008, 73,
1462 – 1467; j) F. Zanardi, C. Curti, A. Sartori, G. Rassu, A. Roggio, L. Bat-
tistini, P. Burreddu, L. Pinna, G. Pelosi, G. Casiraghi, Eur. J. Org. Chem.
2008, 2273 – 2287; k) J. D. Winkler, M. E. Fitzgerald, Synlett 2009, 562 –
564; l) T. J. Donohoe, C. K. A. Callens, A. L. Thompson, Org. Lett. 2009,
11, 2305 – 2307; m) D. J. Wardrop, E. G. Bowen, R. E. Forslund, A. D. Suss-
man, S. L. Weerasekera, J. Am. Chem. Soc. 2010, 132, 1188 – 1189; n) F.
Moa, F. Li, D. Qiu, J. Wang, Tetrahedron 2010, 66, 1274 – 1279; o) D. Li, Y.

Cao, A. Shi, Z. Xi, Chem. Asian J. 2011, 6, 392 – 395; p) X. Xu, Y. Li, Y.
Zhang, L. Zhang, L. Pan, Q. Liu, Adv. Synth. Catal. 2011, 353, 1218 – 1222.

[20] Reviews: a) D. J. Coveney, in Comprehensive Organic Synthesis (Eds. :
B. M. Trost, I. Fleming), Pergamon, Oxford, 1991, Chapter 3.4, pp. 777 –
801; b) Z.-L. Song, C.-A. Fan, Y.-Q. Tu, Chem. Rev. 2011, 111, 7523 – 7556.

[21] L. A. Paquette, S. Brand, S. C. Behrens, J. Org. Chem. 1999, 64, 2010 –
2025.

[22] E. L. Williams, Synth. Commun. 1992, 22, 1017 – 1021.
[23] a) B. Alcaide, P. Almendros, A. Luna, M. R. Torres, Adv. Synth. Catal. 2010,

352, 621 – 626; b) B. Alcaide, P. Almendros, A. Luna, S. Cembell�n, M.
Arn�, L. R. Domingo, Chem. Eur. J. 2011, 17, 11559 – 11566.

[24] CCDC-972078 (2), -866296 (15), -866295 (23), -866297 (30), -866298
(31), -869870 (48) and -972079 (64) contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif. X-ray crystal data for 2 :
C19H26N2OS2, Mr = 362.54. Crystal dimensions: 0.6 � 0.3 � 0.05 mm. Triclin-
ic, a = 6.4252(3), b = 11.5439(6), c = 13.0833(7) �, a= 100.156(4), b=

90.832(3), g= 93.064(2)8, U = 953.56(8) �3, T = 220(2) K, space group
P�1, Z = 2. 1calcd = 1.263 g cm�3, lMoKa = 0.71073 �, 2qmax = 508, m=

0.287 mm�1, max./min. transmission factors = 0.9858/0.8464. 5316 re-
flections measured, 3311 unique (Rint = 0.0824) which were used in all
calculations; 268 parameters. The final R1 was 0.0657 (I>2s(I)) and
wR(F2) was 0.1826 (all data). Max./min. residual electron density = 0.529/
�0.466 e �3. The group N2, C8 – C12 is disordered over two positions
with the refined occupancy ratio being 0.65(1):0.35(1). Atoms C9a, C10a
and C12a have been refined using a riding model. X-ray crystal data for
64 : C22H30N2O2S2, Mr = 418.60. Crystal dimensions: 0.28 � 0.18 � 0.02 mm.
Orthorhombic, a = 45.85(7), b = 6.260(11), c = 7.640(13) �, U = 2193(6) �3,
T = 100(2) K, space group Pna21, Z = 4. 1calcd = 1.268 g cm�3, lCu�Ka =

1.54184 �, 2qmax = 133.198, m= 2.351 mm�1, max./min. transmission fac-
tors = 0.9545/0.5589. 13394 reflections measured, 3417 unique (Rint =

0.1247) which were used in all calculations. 258 parameters. The final
R1 was 0.1215 (I>2s(I)) and wR(F2) was 0.3709 (all data). Max./min. re-
sidual electron density = 1.078/�0.618 e �3. Further details on X-ray
crystal structure analysis of 2 and 64 : Suitable crystals were selected
and datasets were measured on a Nonius Kappa CCD diffractometer for
2 and by the EPSRC UK National Crystallography Service[56] on a Rigaku
AFC11 goniometer equipped with a Saturn944 + detector mounted at
the window of a Rigaku 007 HF copper rotating anode generator for
64. Absorption corrections were applied using SCALEPACK (Z. Otwinow-
ski, W. Minor, Methods Enzymol. 1997, 276, 307 – 326) for 2 and Crystal-
Clear-SM Expert 2.0 r7 (Rigaku, 2011) for 64. The structures were solved
by direct methods in SHELXS-97 (G. M. Sheldrick, Acta Crystallogr. Sect.
A 2008, 64, 112 – 122) and were refined by a full-matrix least-squares
procedure on F2 in SHELXL-97 for 2 and SHELXL-2013 for 64. All non-
hydrogen atoms were refined with anisotropic displacement parame-
ters. The hydrogen atoms were added at calculated positions and re-
fined by use of a riding model with isotropic displacement parameters
based on the equivalent isotropic displacement parameter (Ueq) of the
parent atom. Figure were produced using OLEX2 (O. V. Dolomanov, L. J.
Bourhis, R. J. Gildea, J. A. K. Howard, H. Puschmann, J. Appl. Crystallogr.
2009, 42, 339 – 341).

[25] For a preliminary communication on portions of this work, see: a) R. S.
Grainger, M. Betou, L. Male, M. B. Pitak, S. J. Coles, Org. Lett. 2012, 14,
2234 – 2237. For other work from our group in the use of strained het-
erocycles, see: b) R. S. Grainger, A. Procopio, J. W. Steed, Org. Lett. 2001,
3, 3565 – 3568; c) R. J. Boxall, L. Ferris, R. S. Grainger, Synlett 2004, 2379 –
2381; d) R. J. Boxall, R. S. Grainger, C. S. Aric�, L. Ferris, Synlett 2008, 25 –
28; e) R. S. Grainger, B. Patel, B. M. Kariuki, Angew. Chem. 2009, 121,
4926 – 4929; R. S. Grainger, B. Patel, B. M. Kariuki, Angew. Chem. 2009,
121, 4926 – 4929; Angew. Chem. Int. Ed. 2009, 48, 4832 – 4835; f) R. S.
Grainger, B. Patel, B. M. Kariuki, L. Male, N. Spencer, J. Am. Chem. Soc.
2011, 113, 5843 – 5852; g) B. Patel, J. Carlisle, S. E. Bottle, G. R. Hanson,
B. M. Kariuki, L. Male, J. C. McMurtrie, N. Spencer, R. S. Grainger, Org.
Biomol. Chem. 2011, 9, 2336 – 2344; h) K. R. Munro, L. Male, N. Spencer,
R. S. Grainger, Org. Biomol. Chem. 2013, 11, 6856 – 6862.

[26] a) T. Hayashi, A. Sakurai, T. Osihi, Chem. Lett. 1977, 6, 1483 – 1486; b) A.
Sakurai, T. Hayahi, I. Hori, Y. Jindo, T. Oishi, Synthesis 1978, 370 – 372;
c) A. Sakurai, T. Hayashi, T. Oishi, Synthesis 1980, 843 – 844; d) T. Hayashi,
I. Hori, T. Oishi, J. Am. Chem. Soc. 1983, 105, 2909 – 2911; e) T. Hayashi,

Chem. Eur. J. 2014, 20, 6505 – 6517 www.chemeurj.org � 2014 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim6516

Full Paper

http://dx.doi.org/10.1021/jm00115a003
http://dx.doi.org/10.1021/jm00115a003
http://dx.doi.org/10.1021/jm00115a003
http://dx.doi.org/10.1021/jm00079a018
http://dx.doi.org/10.1021/jm00079a018
http://dx.doi.org/10.1021/jm00079a018
http://dx.doi.org/10.1021/jm00079a018
http://dx.doi.org/10.1016/j.bmc.2004.01.019
http://dx.doi.org/10.1016/j.bmc.2004.01.019
http://dx.doi.org/10.1016/j.bmc.2004.01.019
http://dx.doi.org/10.1016/j.bmc.2004.01.019
http://dx.doi.org/10.1021/ol800737d
http://dx.doi.org/10.1021/ol800737d
http://dx.doi.org/10.1021/ol800737d
http://dx.doi.org/10.1021/ol800737d
http://dx.doi.org/10.1016/j.tetlet.2008.05.058
http://dx.doi.org/10.1016/j.tetlet.2008.05.058
http://dx.doi.org/10.1016/j.tetlet.2008.05.058
http://dx.doi.org/10.1002/ejoc.200801175
http://dx.doi.org/10.1002/ejoc.200801175
http://dx.doi.org/10.1002/ejoc.200801175
http://dx.doi.org/10.1002/ejoc.200801175
http://dx.doi.org/10.1002/ejoc.201100091
http://dx.doi.org/10.1002/ejoc.201100091
http://dx.doi.org/10.1002/ejoc.201100091
http://dx.doi.org/10.1021/ol2009895
http://dx.doi.org/10.1021/ol2009895
http://dx.doi.org/10.1021/ol2009895
http://dx.doi.org/10.1021/ol203052y
http://dx.doi.org/10.1021/ol203052y
http://dx.doi.org/10.1021/ol203052y
http://dx.doi.org/10.1039/b902265a
http://dx.doi.org/10.1039/b902265a
http://dx.doi.org/10.1039/b902265a
http://dx.doi.org/10.1039/c1sc00311a
http://dx.doi.org/10.1039/c1sc00311a
http://dx.doi.org/10.1039/c1sc00311a
http://dx.doi.org/10.1021/ol3020072
http://dx.doi.org/10.1021/ol3020072
http://dx.doi.org/10.1021/ol3020072
http://dx.doi.org/10.1021/ol3020072
http://dx.doi.org/10.1002/ange.201208261
http://dx.doi.org/10.1002/ange.201208261
http://dx.doi.org/10.1002/ange.201208261
http://dx.doi.org/10.1002/ange.201208261
http://dx.doi.org/10.1002/anie.201208261
http://dx.doi.org/10.1002/anie.201208261
http://dx.doi.org/10.1002/anie.201208261
http://dx.doi.org/10.1039/c39900001412
http://dx.doi.org/10.1039/c39900001412
http://dx.doi.org/10.1039/c39900001412
http://dx.doi.org/10.1002/ange.200460332
http://dx.doi.org/10.1002/ange.200460332
http://dx.doi.org/10.1002/ange.200460332
http://dx.doi.org/10.1002/ange.200460332
http://dx.doi.org/10.1002/anie.200460332
http://dx.doi.org/10.1002/anie.200460332
http://dx.doi.org/10.1002/anie.200460332
http://dx.doi.org/10.1002/chem.200701290
http://dx.doi.org/10.1002/chem.200701290
http://dx.doi.org/10.1002/chem.200701290
http://dx.doi.org/10.1021/ja804939r
http://dx.doi.org/10.1021/ja804939r
http://dx.doi.org/10.1021/ja804939r
http://dx.doi.org/10.1021/ja804939r
http://dx.doi.org/10.1021/ja903868n
http://dx.doi.org/10.1021/ja903868n
http://dx.doi.org/10.1021/ja903868n
http://dx.doi.org/10.1021/ja312065m
http://dx.doi.org/10.1021/ja312065m
http://dx.doi.org/10.1021/ja312065m
http://dx.doi.org/10.1021/ja312065m
http://dx.doi.org/10.1021/ja00189a036
http://dx.doi.org/10.1021/ja00189a036
http://dx.doi.org/10.1021/ja00189a036
http://dx.doi.org/10.1016/S0040-4039(00)00194-5
http://dx.doi.org/10.1016/S0040-4039(00)00194-5
http://dx.doi.org/10.1016/S0040-4039(00)00194-5
http://dx.doi.org/10.1016/S0040-4039(00)00194-5
http://dx.doi.org/10.1021/ja012152f
http://dx.doi.org/10.1021/ja012152f
http://dx.doi.org/10.1021/ja012152f
http://dx.doi.org/10.1021/ja012152f
http://dx.doi.org/10.1021/ol0354066
http://dx.doi.org/10.1021/ol0354066
http://dx.doi.org/10.1021/ol0354066
http://dx.doi.org/10.1246/bcsj.79.1552
http://dx.doi.org/10.1246/bcsj.79.1552
http://dx.doi.org/10.1246/bcsj.79.1552
http://dx.doi.org/10.1021/ol100943j
http://dx.doi.org/10.1021/ol100943j
http://dx.doi.org/10.1021/ol100943j
http://dx.doi.org/10.1021/ol100943j
http://dx.doi.org/10.1021/ol0631455
http://dx.doi.org/10.1021/ol0631455
http://dx.doi.org/10.1021/ol0631455
http://dx.doi.org/10.1016/j.tetlet.2007.03.156
http://dx.doi.org/10.1016/j.tetlet.2007.03.156
http://dx.doi.org/10.1016/j.tetlet.2007.03.156
http://dx.doi.org/10.1021/np800323m
http://dx.doi.org/10.1021/np800323m
http://dx.doi.org/10.1021/np800323m
http://dx.doi.org/10.1021/ja074300t
http://dx.doi.org/10.1021/ja074300t
http://dx.doi.org/10.1021/ja074300t
http://dx.doi.org/10.1021/jo9519672
http://dx.doi.org/10.1021/jo9519672
http://dx.doi.org/10.1021/jo9519672
http://dx.doi.org/10.1016/S0040-4039(98)01221-0
http://dx.doi.org/10.1016/S0040-4039(98)01221-0
http://dx.doi.org/10.1016/S0040-4039(98)01221-0
http://dx.doi.org/10.1021/ja010542w
http://dx.doi.org/10.1021/ja010542w
http://dx.doi.org/10.1021/ja010542w
http://dx.doi.org/10.1016/S0040-4020(02)00116-3
http://dx.doi.org/10.1016/S0040-4020(02)00116-3
http://dx.doi.org/10.1016/S0040-4020(02)00116-3
http://dx.doi.org/10.1021/ja012124x
http://dx.doi.org/10.1021/ja012124x
http://dx.doi.org/10.1021/ja012124x
http://dx.doi.org/10.1021/ja012126h
http://dx.doi.org/10.1021/ja012126h
http://dx.doi.org/10.1021/ja012126h
http://dx.doi.org/10.1016/j.tet.2007.03.084
http://dx.doi.org/10.1016/j.tet.2007.03.084
http://dx.doi.org/10.1016/j.tet.2007.03.084
http://dx.doi.org/10.1016/j.tet.2007.03.084
http://dx.doi.org/10.1021/jo702444c
http://dx.doi.org/10.1021/jo702444c
http://dx.doi.org/10.1021/jo702444c
http://dx.doi.org/10.1021/jo702444c
http://dx.doi.org/10.1002/ejoc.200800040
http://dx.doi.org/10.1002/ejoc.200800040
http://dx.doi.org/10.1002/ejoc.200800040
http://dx.doi.org/10.1002/ejoc.200800040
http://dx.doi.org/10.1055/s-0028-1087561
http://dx.doi.org/10.1055/s-0028-1087561
http://dx.doi.org/10.1055/s-0028-1087561
http://dx.doi.org/10.1021/ol900631y
http://dx.doi.org/10.1021/ol900631y
http://dx.doi.org/10.1021/ol900631y
http://dx.doi.org/10.1021/ol900631y
http://dx.doi.org/10.1021/ja9069997
http://dx.doi.org/10.1021/ja9069997
http://dx.doi.org/10.1021/ja9069997
http://dx.doi.org/10.1016/j.tet.2009.12.013
http://dx.doi.org/10.1016/j.tet.2009.12.013
http://dx.doi.org/10.1016/j.tet.2009.12.013
http://dx.doi.org/10.1002/asia.201000257
http://dx.doi.org/10.1002/asia.201000257
http://dx.doi.org/10.1002/asia.201000257
http://dx.doi.org/10.1002/adsc.201000880
http://dx.doi.org/10.1002/adsc.201000880
http://dx.doi.org/10.1002/adsc.201000880
http://dx.doi.org/10.1021/cr200055g
http://dx.doi.org/10.1021/cr200055g
http://dx.doi.org/10.1021/cr200055g
http://dx.doi.org/10.1021/jo982259u
http://dx.doi.org/10.1021/jo982259u
http://dx.doi.org/10.1021/jo982259u
http://dx.doi.org/10.1080/00397919208019291
http://dx.doi.org/10.1080/00397919208019291
http://dx.doi.org/10.1080/00397919208019291
http://dx.doi.org/10.1002/adsc.200900864
http://dx.doi.org/10.1002/adsc.200900864
http://dx.doi.org/10.1002/adsc.200900864
http://dx.doi.org/10.1002/adsc.200900864
http://dx.doi.org/10.1002/chem.201101160
http://dx.doi.org/10.1002/chem.201101160
http://dx.doi.org/10.1002/chem.201101160
http://dx.doi.org/10.1016/S0076-6879(97)76066-X
http://dx.doi.org/10.1016/S0076-6879(97)76066-X
http://dx.doi.org/10.1016/S0076-6879(97)76066-X
http://dx.doi.org/10.1107/S0108767307043930
http://dx.doi.org/10.1107/S0108767307043930
http://dx.doi.org/10.1107/S0108767307043930
http://dx.doi.org/10.1107/S0108767307043930
http://dx.doi.org/10.1107/S0021889808042726
http://dx.doi.org/10.1107/S0021889808042726
http://dx.doi.org/10.1107/S0021889808042726
http://dx.doi.org/10.1107/S0021889808042726
http://dx.doi.org/10.1021/ol300605y
http://dx.doi.org/10.1021/ol300605y
http://dx.doi.org/10.1021/ol300605y
http://dx.doi.org/10.1021/ol300605y
http://dx.doi.org/10.1021/ol016678g
http://dx.doi.org/10.1021/ol016678g
http://dx.doi.org/10.1021/ol016678g
http://dx.doi.org/10.1021/ol016678g
http://dx.doi.org/10.1002/ange.200901788
http://dx.doi.org/10.1002/ange.200901788
http://dx.doi.org/10.1002/ange.200901788
http://dx.doi.org/10.1002/ange.200901788
http://dx.doi.org/10.1002/ange.200901788
http://dx.doi.org/10.1002/ange.200901788
http://dx.doi.org/10.1002/ange.200901788
http://dx.doi.org/10.1002/ange.200901788
http://dx.doi.org/10.1002/anie.200901788
http://dx.doi.org/10.1002/anie.200901788
http://dx.doi.org/10.1002/anie.200901788
http://dx.doi.org/10.1039/c0ob00976h
http://dx.doi.org/10.1039/c0ob00976h
http://dx.doi.org/10.1039/c0ob00976h
http://dx.doi.org/10.1039/c0ob00976h
http://dx.doi.org/10.1039/c3ob41390j
http://dx.doi.org/10.1039/c3ob41390j
http://dx.doi.org/10.1039/c3ob41390j
http://dx.doi.org/10.1055/s-1978-24749
http://dx.doi.org/10.1055/s-1978-24749
http://dx.doi.org/10.1055/s-1978-24749
http://dx.doi.org/10.1055/s-1980-29232
http://dx.doi.org/10.1055/s-1980-29232
http://dx.doi.org/10.1055/s-1980-29232
http://dx.doi.org/10.1021/ja00347a072
http://dx.doi.org/10.1021/ja00347a072
http://dx.doi.org/10.1021/ja00347a072
http://www.chemeurj.org


M. Yanagida, Y. Matsuda, T. Oishi, Tetrahedron Lett. 1983, 24, 2665 –
2668; f) T. Hayashi, T. Oishi, Chem. Lett. 1985, 14, 413 – 416; g) T. Hayashi,
K. Sasaoka, T. Oishi, J. Chem. Soc. Chem. Commun. 1990, 1362 – 1363.

[27] a) T. C. Smale, R. Southgate, J. Chem. Soc. Perkin Trans. 1 1985, 2235 –
2239; b) B. B. Snider, M. I. Johnston, Synth. Commun. 1987, 17, 1877 –
1886; c) W. W. Ogilvie, T. Durst, Can. J. Chem. 1988, 66, 304 – 309; d) R. E.
Dolle, D. McNair, M. J. Hughes, L. I. Kruse, D. Eggelston, B. A. Saxty,
T. N. C. Wells, P. H. E. Groot, J. Med. Chem. 1992, 35, 4875 – 4884; e) R.
Annunziata, M. Benaglia, M. Cinquini, F. Cozzi, A. Scolaro, Gazz. Chim.
Ital. 1995, 125, 65 – 68; f) M. D. Ferguson, J. P. Meara, H. Nakanishi, M. S.
Lee, M. Kahn, Tetrahedron Lett. 1997, 38, 6961 – 6964; g) C. Yoakim,
W. W. Ogilvie, D. R. Cameron, C. Chabot, I. Guse, B. Hach	, J. Naud, J. A.
O’Meara, R. Plante, R. D	zield, J. Med. Chem. 1998, 41, 2882 – 2891;
h) J. A. Burkhard, C. Gu	rot, H. Knust, E. M. Carreira, Org. Lett. 2012, 14,
66 – 69.

[28] M. Mori, K. Chiba, M. Okita, I. Kayo, Y. Ban, Tetrahedron 1985, 41, 375 –
385.

[29] S. Ahmed, L. A. Baker, R. S. Grainger, P. Innocenti, C. E. Quevedo, J. Org.
Chem. 2008, 73, 8116 – 8119.

[30] a) H. Adams, J. C. Anderson, R. Bell, D. N. Jones, M. R. Peel, N. C. O. Tom-
kinson, J. Chem. Soc. Perkin Trans. 1 1998, 3967 – 3973; b) For use of KF
work-up in the mCPBA-mediated oxidation of amines to amine oxides
see ref. [7] .

[31] a) N. Kumari, Y. D. Vankar, Org. Biomol. Chem. 2009, 7, 2104 – 2109. For
OsO4-catalysed dihydroxylation of a,b-unsaturated b-lactams see: b) K.
Chiba, M. Mori, Y. Ban, Tetrahedron 1985, 41, 387 – 392; c) B. Alcaide, G.
Esteban, Y. Mart�n-Cantalejo, J. Plumet, J. Rodr�guez-L�pez, A. Monge, V.
P	rez-Garc�a, J. Org. Chem. 1994, 59, 7994 – 8002; d) ref. [21] ; e) B. Al-
caide, P. Almendros, C. Aragoncillo, Chem. Eur. J. 2002, 8, 3646 – 3652;
f) B. K. Banik, O. Zegrocka, M. S. Manhas, A. K. Bose, Heterocycles 2009,
78, 2443 – 2454; g) X. Wang, F. Meng, Y. Wang, Z. Han, Y.-J. Chen, L. Liu,
Z. Wang, K. Ding, Angew. Chem. 2012, 124, 9410 – 9416; Angew. Chem.
Int. Ed. 2012, 51, 9276 – 9282.

[32] M. E. Piotti, H. Alper, J. Am. Chem. Soc. 1996, 118, 111 – 116.
[33] Y. Kita, Y. Yoshida, S. Mihara, D.-F. Fang, K. Higuchi, A. Furukawa, H. Fu-

jioka, Tetrahedron Lett. 1997, 38, 8315 – 8318.
[34] Subsequent studies using N-Bn lactam diol 73 c showed that cyclic car-

bonate 92 can be formed without problem; however, 92 is thermally
stable in refluxing diphenyl ether, and does not undergo an analogous
semipinacol rearrangement to give 79 c with loss of CO2.

[35] a) G. W. Griffin, A. Manmade, J. Org. Chem. 1972, 37, 2589 – 2600; b) H.
Nemoto, J. Miyata, H. Hakamata, M. Nagamochi, K. Fukumoto, Tetrahe-
dron 1995, 51, 5511 – 5522.

[36] J. Miyata, H. Nemoto, M. Ihara, J. Org. Chem. 2000, 65, 504 – 512.
[37] For examples of the use of sulfinyl group anisotropy for the assignment

of stereochemistry, see: a) S. T. Bedford, R. S. Grainger, J. W. Steed, P. Tis-
selli, Org. Biomol. Chem. 2005, 3, 404 – 406; b) S. Tanaka, Y. Sugihara, A.
Sakamoto, A. Ishii, J. Nakayama, J. Am. Chem. Soc. 2003, 125, 9024 –
9025; c) V. K. Aggarwal, R. S. Grainger, G. K. Newton, P. L. Spargo, A. D.
Hobson, H. Adams, Org. Biomol. Chem. 2003, 1, 1884 – 1893.

[38] For recent applications of chlorophosphines in synthesis, see: a) R. M.
Denton, J. An, P. Lindovska, W. Lewis, Tetrahedron 2012, 68, 2899 – 2905;
b) K. V. Rajendran, J. S. Kudavalli, K. S. Dunne, D. G. Gilheany, Eur. J. Org.
Chem. 2012, 2720 – 2723; P. A. Byrne, K. V. Rajendran, J. Muldoon, D. G.
Gilheany, Org. Biomol. Chem. 2012, 10, 3531 – 3537, and references
therein.

[39] B. Defaut, T. B. Parsons, N. Spencer, L. Male, B. M. Kariuki, R. S. Grainger,
Org. Biomol. Chem. 2012, 10, 4926 – 4932.

[40] a) D. E. Applequist, P. A. Gebauer, D. E. Gwynn, L. H. O’Connor, J. Am.
Chem. Soc. 1972, 94, 4272 – 4278; b) A. E. Decamp, S. G. Mills, A. T. Kawa-
guchi, R. Desmond, R. A. Reamer, L. DiMichele, R. P. Volante, J. Org.
Chem. 1991, 56, 3564 – 3571; c) A. F. Barrero, E. J. Alvarez-Manzaneda, R.
Chahboun, Tetrahedron Lett. 2000, 41, 1959 – 1962.

[41] a) G. B. Gill, G. Pattenden, S. J. Reynolds, Tetrahedron Lett. 1989, 30,
3229 – 3232; b) G. B. Gill, G. Pattenden, S. J. Reynolds, J. Chem. Soc.
Perkin Trans. 1 1994, 369 – 378; c) G. Pattenden, S. J. Reynolds, J. Chem.
Soc. Perkin Trans. 1 1994, 379 – 385.

[42] a) L. V. Jackson, J. C. Walton, Chem. Commun. 2000, 2327 – 2328; b) A.
Franco Bella, L. V. Jackson, J. C. Walton, Org. Biomol. Chem. 2004, 2,
421 – 428.

[43] a) E. M. Scanlan, J. C. Walton, Chem. Commun. 2002, 2086 – 2087;
b) E. M. Scanlan, A. M. Z. Slawin, J. C. Walton, Org. Biomol. Chem. 2004,
2, 716 – 724.

[44] L. Benati, G. Bencivenni, R. Leardini, M. Minozzi, D. Nanni, R. Scialpi, P.
Spagnolo, G. Zanardi, J. Org. Chem. 2006, 71, 3192 – 3197.

[45] a) G. A. DiLabio, E. M. Scanlan, J. C. Walton, Org. Lett. 2005, 7, 155 – 158;
b) E. M. Scanlan, J. C. Walton, Helv. Chim. Acta 2006, 89, 2133 – 2143.

[46] R. Grigg, V. Sridharan, P. Stevenson, S. Sukirthalingam, T. Worakun, Tetra-
hedron 1990, 46, 4003 – 4018.

[47] a) M. Bellas, D. Bryce-Smith, M. T. Clarke, A. Gilbert, G. Klunkin, S. Kresto-
nosich, C. Manning, S. Wilson, J. Chem. Soc. Perkin Trans. 1 1977, 2571 –
2580; b) D. Chappell, M. G. B. Drew, S. Gibson, L. M. Harwood, A. T. Rus-
sell, Synlett 2010, 517 – 520.

[48] R. S. Grainger, P. Innocenti, unpublished results ; P. Innocenti, PhD
Thesis, University of London, UK, 2005.

[49] For discussion in the context of the use of dithiocarbamates in RAFT
polymerization, see: a) M. Destarac, D. Charmot, X. Franck, S. Z. Zard,
Macromol. Rapid Commun. 2000, 21, 1035 – 1039; b) J. Chiefari, R. T. A.
Mayadunne, C. L. Moad, G. Moad, E. Rizzardo, A. Postma, M. A. Skid-
more, S. H. Thang, Macromolecules 2003, 36, 2273 – 2283; c) D. J. Keddie,
G. Moad, E. Rizzardo, S. H. Thang, Macromolecules 2012, 45, 5321 – 5342.

[50] As pointed out by a referee, oxidation of a sulfur in the dithiocarba-
mate group to create a better leaving group is a reasonable possibility.
For oxidation of dithiocarbamates, see: a) R. M. Lawrence, S. A. Biller,
J. K. Dickson, Jr. , J. V. H. Logan, D. R. Magnin, R. B. Sulsky, J. D. DiMarco,
J. Z. Gougoutas, B. D. Beyer, S. C. Taylor, S.-J. Lan, C. P. Ciosek, Jr. , T. W.
Harrity, K. G. Jolibois, L. K. Kunselman, D. A. Slusarchyk, J. Am. Chem.
Soc. 1996, 118, 11668 – 11669; b) D. Chevrie, P. Metzner, Tetrahedron Lett.
1998, 39, 8983 – 8986.

[51] a) L. A. Paquette, T. Kakihana, J. F. Kelly, J. Org. Chem. 1971, 36, 435 –
442; b) K. Somekawa, R. Imai, R. Furukido, S. Kumamoto, Bull. Chem.
Soc. Jpn. 1981, 54, 1112 – 1116.

[52] E. Erdik, D. S. Matteson, J. Org. Chem. 1989, 54, 2742 – 2748.
[53] a) M. Kitajima, H. Takayama, S.-i. Sakai, J. Chem. Soc. Perkin Trans.

1 1994, 1573 – 1578; b) H. Takayama, Y. Tominaga, M. Kitajima, N. Aimi,
S.-i. Sakai, J. Org. Chem. 1994, 59, 4381 – 4385; c) W. G. Beyersbergen van
Henegouwen, R. M. Fieseler, F. P. J. T. Rutjes, H. Hiemstra, J. Org. Chem.
2000, 65, 8317 – 8325; d) Y. Yamada, M. Kitajima, N. Kogure, S. Wongseri-
pipatana, H. Takayama, Tetrahedron Lett. 2009, 50, 3341 – 3344.

[54] R. M. Denton, J. An, B. Adeniran, A. J. Blake, W. Lewis, A. M. Poulton, J.
Org. Chem. 2011, 76, 6749 – 6767, and references therein.

[55] J. W. Bode, Y. Hachisu, T. Matsuura, K. Suzuki, Tetrahedron Lett. 2003, 44,
3555 – 3558.

[56] S. Anklam, J. Liebscher, Tetrahedron 1998, 54, 6369 – 6384.
[57] S. J. Coles, P. A. Gale, Chem. Sci. 2012, 3, 683 – 689.

Received: December 20, 2013

Revised: February 21, 2014

Published online on April 7, 2014

Chem. Eur. J. 2014, 20, 6505 – 6517 www.chemeurj.org � 2014 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim6517

Full Paper

http://dx.doi.org/10.1016/S0040-4039(00)87972-1
http://dx.doi.org/10.1016/S0040-4039(00)87972-1
http://dx.doi.org/10.1016/S0040-4039(00)87972-1
http://dx.doi.org/10.1039/c39900001362
http://dx.doi.org/10.1039/c39900001362
http://dx.doi.org/10.1039/c39900001362
http://dx.doi.org/10.1039/p19850002235
http://dx.doi.org/10.1039/p19850002235
http://dx.doi.org/10.1039/p19850002235
http://dx.doi.org/10.1080/00397918708057798
http://dx.doi.org/10.1080/00397918708057798
http://dx.doi.org/10.1080/00397918708057798
http://dx.doi.org/10.1139/v88-053
http://dx.doi.org/10.1139/v88-053
http://dx.doi.org/10.1139/v88-053
http://dx.doi.org/10.1021/jm00104a014
http://dx.doi.org/10.1021/jm00104a014
http://dx.doi.org/10.1021/jm00104a014
http://dx.doi.org/10.1016/S0040-4039(97)01664-X
http://dx.doi.org/10.1016/S0040-4039(97)01664-X
http://dx.doi.org/10.1016/S0040-4039(97)01664-X
http://dx.doi.org/10.1021/jm980131z
http://dx.doi.org/10.1021/jm980131z
http://dx.doi.org/10.1021/jm980131z
http://dx.doi.org/10.1021/ol2028459
http://dx.doi.org/10.1021/ol2028459
http://dx.doi.org/10.1021/ol2028459
http://dx.doi.org/10.1021/ol2028459
http://dx.doi.org/10.1016/S0040-4020(01)96429-4
http://dx.doi.org/10.1016/S0040-4020(01)96429-4
http://dx.doi.org/10.1016/S0040-4020(01)96429-4
http://dx.doi.org/10.1021/jo801652x
http://dx.doi.org/10.1021/jo801652x
http://dx.doi.org/10.1021/jo801652x
http://dx.doi.org/10.1021/jo801652x
http://dx.doi.org/10.1039/a806470i
http://dx.doi.org/10.1039/a806470i
http://dx.doi.org/10.1039/a806470i
http://dx.doi.org/10.1039/b900011a
http://dx.doi.org/10.1039/b900011a
http://dx.doi.org/10.1039/b900011a
http://dx.doi.org/10.1016/S0040-4020(01)96430-0
http://dx.doi.org/10.1016/S0040-4020(01)96430-0
http://dx.doi.org/10.1016/S0040-4020(01)96430-0
http://dx.doi.org/10.1021/jo00105a013
http://dx.doi.org/10.1021/jo00105a013
http://dx.doi.org/10.1021/jo00105a013
http://dx.doi.org/10.1002/1521-3765(20020816)8:16%3C3646::AID-CHEM3646%3E3.0.CO;2-M
http://dx.doi.org/10.1002/1521-3765(20020816)8:16%3C3646::AID-CHEM3646%3E3.0.CO;2-M
http://dx.doi.org/10.1002/1521-3765(20020816)8:16%3C3646::AID-CHEM3646%3E3.0.CO;2-M
http://dx.doi.org/10.1002/ange.201204925
http://dx.doi.org/10.1002/ange.201204925
http://dx.doi.org/10.1002/ange.201204925
http://dx.doi.org/10.1002/anie.201204925
http://dx.doi.org/10.1002/anie.201204925
http://dx.doi.org/10.1002/anie.201204925
http://dx.doi.org/10.1002/anie.201204925
http://dx.doi.org/10.1021/ja9531586
http://dx.doi.org/10.1021/ja9531586
http://dx.doi.org/10.1021/ja9531586
http://dx.doi.org/10.1016/S0040-4039(97)10210-6
http://dx.doi.org/10.1016/S0040-4039(97)10210-6
http://dx.doi.org/10.1016/S0040-4039(97)10210-6
http://dx.doi.org/10.1021/jo00981a016
http://dx.doi.org/10.1021/jo00981a016
http://dx.doi.org/10.1021/jo00981a016
http://dx.doi.org/10.1016/0040-4020(95)00226-X
http://dx.doi.org/10.1016/0040-4020(95)00226-X
http://dx.doi.org/10.1016/0040-4020(95)00226-X
http://dx.doi.org/10.1016/0040-4020(95)00226-X
http://dx.doi.org/10.1021/jo991430e
http://dx.doi.org/10.1021/jo991430e
http://dx.doi.org/10.1021/jo991430e
http://dx.doi.org/10.1039/b415529g
http://dx.doi.org/10.1039/b415529g
http://dx.doi.org/10.1039/b415529g
http://dx.doi.org/10.1021/ja035892s
http://dx.doi.org/10.1021/ja035892s
http://dx.doi.org/10.1021/ja035892s
http://dx.doi.org/10.1039/b302834h
http://dx.doi.org/10.1039/b302834h
http://dx.doi.org/10.1039/b302834h
http://dx.doi.org/10.1016/j.tet.2012.01.067
http://dx.doi.org/10.1016/j.tet.2012.01.067
http://dx.doi.org/10.1016/j.tet.2012.01.067
http://dx.doi.org/10.1002/ejoc.201200285
http://dx.doi.org/10.1002/ejoc.201200285
http://dx.doi.org/10.1002/ejoc.201200285
http://dx.doi.org/10.1002/ejoc.201200285
http://dx.doi.org/10.1039/c2ob07074j
http://dx.doi.org/10.1039/c2ob07074j
http://dx.doi.org/10.1039/c2ob07074j
http://dx.doi.org/10.1039/c2ob25384d
http://dx.doi.org/10.1039/c2ob25384d
http://dx.doi.org/10.1039/c2ob25384d
http://dx.doi.org/10.1021/ja00767a040
http://dx.doi.org/10.1021/ja00767a040
http://dx.doi.org/10.1021/ja00767a040
http://dx.doi.org/10.1021/ja00767a040
http://dx.doi.org/10.1021/jo00011a022
http://dx.doi.org/10.1021/jo00011a022
http://dx.doi.org/10.1021/jo00011a022
http://dx.doi.org/10.1021/jo00011a022
http://dx.doi.org/10.1016/S0040-4039(00)00071-X
http://dx.doi.org/10.1016/S0040-4039(00)00071-X
http://dx.doi.org/10.1016/S0040-4039(00)00071-X
http://dx.doi.org/10.1016/S0040-4039(00)99209-8
http://dx.doi.org/10.1016/S0040-4039(00)99209-8
http://dx.doi.org/10.1016/S0040-4039(00)99209-8
http://dx.doi.org/10.1016/S0040-4039(00)99209-8
http://dx.doi.org/10.1039/p19940000369
http://dx.doi.org/10.1039/p19940000369
http://dx.doi.org/10.1039/p19940000369
http://dx.doi.org/10.1039/p19940000369
http://dx.doi.org/10.1039/p19940000379
http://dx.doi.org/10.1039/p19940000379
http://dx.doi.org/10.1039/p19940000379
http://dx.doi.org/10.1039/p19940000379
http://dx.doi.org/10.1039/b007454n
http://dx.doi.org/10.1039/b007454n
http://dx.doi.org/10.1039/b007454n
http://dx.doi.org/10.1039/b313932h
http://dx.doi.org/10.1039/b313932h
http://dx.doi.org/10.1039/b313932h
http://dx.doi.org/10.1039/b313932h
http://dx.doi.org/10.1039/b205962b
http://dx.doi.org/10.1039/b205962b
http://dx.doi.org/10.1039/b205962b
http://dx.doi.org/10.1039/b315223e
http://dx.doi.org/10.1039/b315223e
http://dx.doi.org/10.1039/b315223e
http://dx.doi.org/10.1039/b315223e
http://dx.doi.org/10.1021/jo0602064
http://dx.doi.org/10.1021/jo0602064
http://dx.doi.org/10.1021/jo0602064
http://dx.doi.org/10.1021/ol047716+
http://dx.doi.org/10.1021/ol047716+
http://dx.doi.org/10.1021/ol047716+
http://dx.doi.org/10.1002/hlca.200690202
http://dx.doi.org/10.1002/hlca.200690202
http://dx.doi.org/10.1002/hlca.200690202
http://dx.doi.org/10.1016/S0040-4020(01)90535-6
http://dx.doi.org/10.1016/S0040-4020(01)90535-6
http://dx.doi.org/10.1016/S0040-4020(01)90535-6
http://dx.doi.org/10.1016/S0040-4020(01)90535-6
http://dx.doi.org/10.1039/p19770002571
http://dx.doi.org/10.1039/p19770002571
http://dx.doi.org/10.1039/p19770002571
http://dx.doi.org/10.1002/1521-3927(20001001)21:15%3C1035::AID-MARC1035%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3927(20001001)21:15%3C1035::AID-MARC1035%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3927(20001001)21:15%3C1035::AID-MARC1035%3E3.0.CO;2-5
http://dx.doi.org/10.1021/ma020883+
http://dx.doi.org/10.1021/ma020883+
http://dx.doi.org/10.1021/ma020883+
http://dx.doi.org/10.1021/ma300410v
http://dx.doi.org/10.1021/ma300410v
http://dx.doi.org/10.1021/ma300410v
http://dx.doi.org/10.1021/ja962505o
http://dx.doi.org/10.1021/ja962505o
http://dx.doi.org/10.1021/ja962505o
http://dx.doi.org/10.1021/ja962505o
http://dx.doi.org/10.1016/S0040-4039(98)02033-4
http://dx.doi.org/10.1016/S0040-4039(98)02033-4
http://dx.doi.org/10.1016/S0040-4039(98)02033-4
http://dx.doi.org/10.1016/S0040-4039(98)02033-4
http://dx.doi.org/10.1021/jo00802a015
http://dx.doi.org/10.1021/jo00802a015
http://dx.doi.org/10.1021/jo00802a015
http://dx.doi.org/10.1246/bcsj.54.1112
http://dx.doi.org/10.1246/bcsj.54.1112
http://dx.doi.org/10.1246/bcsj.54.1112
http://dx.doi.org/10.1246/bcsj.54.1112
http://dx.doi.org/10.1021/jo00272a054
http://dx.doi.org/10.1021/jo00272a054
http://dx.doi.org/10.1021/jo00272a054
http://dx.doi.org/10.1039/p19940001573
http://dx.doi.org/10.1039/p19940001573
http://dx.doi.org/10.1039/p19940001573
http://dx.doi.org/10.1039/p19940001573
http://dx.doi.org/10.1021/jo00095a010
http://dx.doi.org/10.1021/jo00095a010
http://dx.doi.org/10.1021/jo00095a010
http://dx.doi.org/10.1021/jo001119t
http://dx.doi.org/10.1021/jo001119t
http://dx.doi.org/10.1021/jo001119t
http://dx.doi.org/10.1021/jo001119t
http://dx.doi.org/10.1016/j.tetlet.2009.02.092
http://dx.doi.org/10.1016/j.tetlet.2009.02.092
http://dx.doi.org/10.1016/j.tetlet.2009.02.092
http://dx.doi.org/10.1021/jo201085r
http://dx.doi.org/10.1021/jo201085r
http://dx.doi.org/10.1021/jo201085r
http://dx.doi.org/10.1021/jo201085r
http://dx.doi.org/10.1016/S0040-4039(03)00614-2
http://dx.doi.org/10.1016/S0040-4039(03)00614-2
http://dx.doi.org/10.1016/S0040-4039(03)00614-2
http://dx.doi.org/10.1016/S0040-4039(03)00614-2
http://dx.doi.org/10.1016/S0040-4020(98)00296-8
http://dx.doi.org/10.1016/S0040-4020(98)00296-8
http://dx.doi.org/10.1016/S0040-4020(98)00296-8
http://dx.doi.org/10.1039/c2sc00955b
http://dx.doi.org/10.1039/c2sc00955b
http://dx.doi.org/10.1039/c2sc00955b
http://www.chemeurj.org

