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The diastereoselectivity in the alkylation of the enolates of bicyclic lactams 2 derived from pyroglutaminol 1a has
been found to depend upon the nature of the hemiaminal ether protecting group. Although exo-alkylation has been
widely reported for 2a,b,e, endo-alkylation is favoured for 2d. It is postulated that this is a result of the opening of
the bicyclic structure of the enolate derived from 2d, and the consequent stereoelectronic facilitation of endo-facial
attack.

Introduction
The demand for structurally modified amino acids for appli-
cations in synthetic, biological and materials chemistry has
been met in part by the manipulation of naturally occurring
and readily available amino acids.1,2 In this regard, aspartic and
glutamic acids have proved to be important, and the alkylation
of their ester enolates has been examined in some detail; recent
results indicate that careful choice of protecting groups permits
highly diastereoselective reactions.3,4 Pyroglutamic acid, essen-
tially a protected form of glutamic acid, has found extensive
application in this regard, and recent work has demonstrated
the potential for manipulation of the ring periphery which
makes use of lactam enolate chemistry.5 We have been inter-
ested in the chemistry of hemiaminal ethers† 2a derived from

pyroglutaminol 1a 6,7 since these can be readily prepared in
enantiopure form, and the hydroxy and amide functionalities
are simultaneously protected by a single benzylidene protecting

† This nomenclature conforms to IUPAC Recommendations 1995 (Pure
Appl. Chem., 1995, 67, 1309–1375).

group, making for great economy in molecular mass; this pro-
tecting group also provides a bicyclic template which might be
expected to exert good diastereocontrol. Extensive investi-
gations into the applications of the bicyclic system of 2a–e
for synthesis have been reported in recent years by several
groups.6,8–26 In particular, alkylations at C-7 via the lactam
enolates of hemiaminal ethers 2a,b have received detailed
attention;7,21,27–30 diastereoselection in these alkylations was
found to depend on the nature of the electrophile. Thus, alkyl-
ations were found to predominantly occur in an exo-sense
(especially for larger electrophiles) giving products of type 3a
with ratios up to 19 :1 (exo :endo), but more typically about 3–
4 :1. Notable exceptions, however, were methylation, chlorin-
ation and hydroxylation, for which endo-products 4a were
obtained preferentially. This compares with predominant trans-
alkylation reported for the separately protected pyrrolidinones
1b–e, although the levels of diastereoselection do critically
depend on temperature of the reaction.31–34 Recent work sug-
gests that high levels of exo-alkylation for 2a may be possible
using carefully optimised conditions and/or a kinetic proton-
ation strategy.35 The preference for exo-alkylation in these sys-
tems has been most simply explained by assuming that the
observed product ratio arises from competing reactions in
which the exo-product is favoured on steric grounds, while the
endo-product is kinetically favoured due to a stereoelectronic
anti-directing effect from the nitrogen lone pair;10,30,35 the exact
balance of these two effects crucially depends on the size of the
electrophile. However, the importance of enolate solvation has
also been proposed.36

These results might appear to be straightforward were it not
for the well-known and extensive work of Meyers on a related
O,N-acetal bicyclic lactam 5, in which the O and a methylene

are transposed relative to 2.37,38 In this case, high levels of
diastereoselection in the alkylation of the lactam enolate are
routinely observed, and by careful choice of ring substituents
R1 and R2, exclusive endo (α) 38 or exo (β) 39,40 alkylation is
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Table 1 Yields and diastereomeric ratios of products exo-7 and endo-8 from the alkylations of 2d

Rf [α]D ∆δH6

Electrophile Yield (%) Ratio 7 :8 7 8 7 8 7 8 

a PhCH2Br
b pNO2C6H4CH2Br
c N-BOC Indole-3-methyl bromide
d MeI
e TsCl

64
82
77
49
52

1.0 :2.8
1.0 :2.4
1.0 :2.5
1.0 :4.8
1.0 :15.3

0.3
0.14
0.47
0.30
0.18

0.6
0.56
0.61
0.41
0.30

�39
�30

�116
�160
�142

�211
�153
�68

�238
�147

0.1
0.0
0.0
0.0
0.1

0.7
0.7
0.7
1.0
0.8

possible. Highly diastereoselective alkylations even in tricyclic
systems have been reported.41 Some recent elegant work which
has examined the reactions of simple γ-lactams 6 42 and of the
lactam systems 2 and 5 has ascribed the observed differences
in diastereoselection to electronic and steric 10 or torsional
effects 43 in the transition state of the alkylation reactions. These
effects have been reported in related systems,44 and the import-
ance of the counter-cation has also been suggested.45

We expected that greater levels of exo-diastereoselection of 2
would be favoured if the endo-face could be made more steric-
ally encumbered. To this end, we synthesised the hemiaminal
ether 2d and examined the reactions of its enolate. We report
here the surprising result that contra-steric alkylation of 2d to
favour the endo-product is observed for several electrophiles.
This is the first report of an endo-alkylation of bicyclic lactams
of type 2 suitable for various electrophiles, although a recent
report of highly selective endo-hydroxylations of lactam 2a has
appeared.46

Results and discussion
Treatment of pyroglutaminol 1a with acetophenone dimethyl
acetal 47,48 in refluxing toluene with toluene-p-sulfonic acid
and anhydrous zinc chloride gave the product 2d as a single
diastereoisomer in 75% yield after chromatographic purifi-
cation. Although at this stage the C-2 configuration could not
be assigned using NOE spectroscopy, later X-ray structural
assignment of two derivatives indicated the (R)-stereo-
chemistry, that is, with the C-2 phenyl substituent exo.

The lactam enolate was readily generated by treatment of 2d
with LDA (1.3 equiv.), and quenched with several reactive
electrophiles (Table 1). Yields were in general good; in all cases
a readily separable mixture of diastereomers was obtained with
preferential endo-alkylation. Chlorination led to dichloro
compound 9a in addition to the expected 7e and 8e. For
the exo-benzyl and exo-p-nitrobenzyl adducts 7a and 7b, the
stereochemistry was unequivocally established by single crystal
X-ray crystallographic analysis 49 (confirming the configur-
ations in both cases as 2R and 7R respectively) and the stereo-
chemistry of the endo-benzyl adduct 8a was determined by
NOE spectroscopic analysis (Fig. 1); the presence of the
C-4(Hexo)→C-5(H)→C-6(Hexo)→C-7(Hexo) and C-4(Hendo)→
C-6(Hendo)→PhCH2 enhancement sequences was crucial in
this regard. Similar analysis was used to establish the relative
stereochemistry of the compounds 7a,e and 8e (Fig. 1). The
stereochemistry of the other products was assigned indirectly
by comparison of 1H NMR, [α]D and Rf values using a protocol
established by Armstrong with the analogous bicyclic lactams
3a/4a, for which a consistent trend was observed 30 and sub-
sequently found to be general;28,29 thus, the endo-diastereomers
8 consistently possessed higher Rf and optical rotation data,
and a bigger difference in the chemical shift values for H-6exo

and H-6endo, than for the exo-diastereomers 7.
Interestingly, alkylation of a monosubstituted enolate to

afford a 7,7-disubstituted product resulted in diminished endo-
stereoselection. Thus, deprotonation (LDA) of 8a in THF at
�78 �C, followed by treatment with MoOPD 50 (MoOPD =
MoO5–pyridine–DMPU) gave a 3 :2 mixture of hydroxy deriv-

atives 9b,c (relative stereochemistry not assigned). This com-
pares with alkylation of either 3a or 4a (R2 = CH2Ph) with
LDA/MeI, which both gave a 2.5 :1 ratio of 10a :10b (the
stereochemistry of the former was established by NOE spectro-
scopic analysis, see Fig. 1), i.e. favouring endo-attack by the
electrophile. However, alkylation with benzyl bromide of the
enolate derived from 4a (R2 = Me) gave the same products 10a,b
in a ratio of 6 :1. These observations are consistent with a
preferred kinetic endo-attack for small electrophiles, which
switches to a preferred exo-attack for larger electrophiles.
A similar reduction in diastereoselectivity of reactions of C-7
monosubstituted lactams has been reported.29

Meyers has recently proposed an explanation for the
observed diastereoselectivity in the alkylations of lactam
enolates 42 in which the nitrogen lone pair exerts a strong
anti-stereoelectronic directing effect in these systems, a phen-
omenon noted earlier by Eschenmoser in enamines.51 The
deformation of amide groups in medium ring lactams and the
stereochemical implications thereof have been investigated in
some detail.52,53 For alkylations using methyl halides, Meyers 10

has indicated that both electronic and steric effects have signifi-
cant roles in the observed diastereoselectivity of the alkylations
of the enolates derived from bicyclic lactams 2 and 5, although
Houk has recently suggested that only torsional and steric
influences are significant.43 A more general explanation, origin-
ally proposed by Armstrong 30 and more recently confirmed by
Madalengoitia 35 which is applicable for a range of electrophiles
and consistent with existing published experimental data, sug-
gests that two opposing factors are operating: endo-alkylation is
favoured by virtue of the anti-stereoelectronic directing effect
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of the nitrogen lone pair, but exo-alkylation by a sterically pre-
ferred entry of the electrophile to the more open (convex) face
of the bicyclic system. The relative importance of these two
factors appears to depend on the size of the incoming electro-
phile; noteworthy, however, is that the latter would appear to be
relatively unimportant for lactams of type 5, but of consider-
able significance for lactams of type 2, for which progressively
increasing levels of exo-diastereoselection are observed for
bulky electrophiles; conversely, some highly endo-diastereo-
selective protonations have also been reported.30,35 In the case
of alkylations of the enolate derived from 2d, the balance of
these steric and electronic effects has been altered relative to 2a
so as to favour endo-alkylation, although not exclusively. One
possible reason for this is the fact that the C-2 (methyl) substitu-
ent of 2d impedes closure of the bicyclic lactam system, and
thereby allows the stereoelectronic directing effect of the nitro-
gen to operate more effectively to the now more open endo-face.
That this is possible is borne out by molecular modelling 54 of
the enolates of lactams 2a and 2d: the degree of pyramidalis-
ation of the nitrogen, as indicated by the distance of the nitro-
gen to the plane defined by its three carbon substituents,‡ is
11% lower for the enolate 2d than for 2a (0.47 and 0.42 Å
respectively), the distance between H-4endo and the C-2 substi-
tuent is increased by 15% for 2d over 2a (3.47 and 3.89 Å
respectively), and so too is the C(8)–N–C(2) bond angle (116 vs.
120� respectively);§ the steric importance of H-4endo in alkyl-
ations of 2a has been recognised.10 The differences in energies
of the transition states for alkylation would also appear to be

Fig. 1

‡ This parameter was defined and used by Meyers.10

§ These values compare with 0.17 and 0.20, 4.52 and 4.28 Å, and 132
and 129� from the X-ray structures of the product lactams 7a,b respec-
tively. Meyers reports corresponding degrees of pyramidalisation of
0.5 Å for the enolate of 2e and 0.1–0.3 Å for the lactam 2e (determined
from X-ray data), indicative that the enolate has a more pyramidalised
nitrogen compared to the lactam; the values for the bicyclic system 5 are
assumed to be similar.10

reflected in the calculated and observed product stabilities: thus,
for 4a (R2 = Me), 8a and 8d, the endo-isomer is more stable than
the exo- (by 3.64, 14.1 and 0.33 kJ mol�1 respectively) but for 3a
(R2 = PhCH2), the exo-isomer is more stable than the endo- (by
6.8 kJ mol�1). This estimate of relative product stability is con-
firmed by equilibration experiments: the endo-diastereomers 8a
and 8d could be converted to an exo :endo mixture (3 :7 and 3 :8
respectively) in refluxing methanol with NaOMe for 48 h,
whereas equilibration of 4a (R2 = PhCH2) gave the exo-
diastereoisomer exclusively.

There could be several reasons, in addition to those previ-
ously identified,10,35,43 for the intrinsically weaker endo-directing
effect of lactams of type 2 compared to those of type 5: a more
shielded endo-face, coupled with better N-lone pair overlap
with the adjacent C–O σ* (anomeric effect) and higher intrinsic
twist in the lactam,52,55 could all diminish endo-facial bias in the
corresponding enolate of the lactams 2.

Conclusions
We have shown that by appropriate modification of the hemi-
aminal protecting group of bicyclic lactams derived from pyro-
glutaminol, endo-diastereoselective alkylations of the lactam
enolate derived from 2 are feasible for several electrophiles.
These alkylations would appear to be favoured by a stereo-
electronic interaction involving the nitrogen lone pair in the
enolate. This observation could be useful in the design of
new lactam systems capable of displaying higher levels of
diastereocontrol in their reactions.

Experimental
For general procedures, see our earlier report.28 Zinc() chlor-
ide was washed with toluene, which was removed in vacuo and
then dried under high vacuum to remove water prior to use.
(�)-(2S)-2-(Hydroxymethyl)-5-oxopyrrolidine was prepared
according to the literature method.56 Acetophenone dimethyl
acetal was prepared from acetophenone, trimethyl orthoformate
and concentrated hydrochloric acid.47 3-(Bromomethyl)-1-(tert-
butyloxycarbonyl)indole was prepared from 1-tert-butoxy-
carbonyl-3-formyl indole 57 using the literature method.58

(�)-(2R,5S)-2-Methyl-2-phenyl-1-aza-3-oxabicyclo[3.3.0]octan-
8-one 2d

To a vigorously stirred suspension of 1a (1.50 g, 13.0 mmol) in
toluene (20 cm3) was added toluene-p-sulfonic acid (40 mg).
After heating at reflux for 3 h using a Dean Stark trap to azeo-
tropically remove water, the mixture was cooled to rt and
acetophenone dimethyl acetal (13.0 g, 78.3 mmol) together with
zinc() chloride (0.18 mg, 1.3 mmol) was added. After heating
at reflux for 19 h the mixture was cooled to rt and partitioned
with EtOAc (20 cm3) and saturated sodium bicarbonate solu-
tion (20 cm3). The organic layer was washed with water (20
cm3). The aqueous layer was extracted with EtOAc (20 cm3),
and the combined organic extracts washed with brine (20 cm3),
dried (MgSO4), and solvent removed in vacuo to leave an orange
liquid. Excess acetal was removed by Kugelrohr distillation
(60 �C, 1 mmHg) to leave a dark orange gum, which was puri-
fied by flash column chromatography (50 :50 EtOAc–petrol) to
give the product 2d as a yellow oil (2.1 g, 75%); Rf 0.32 (60 :30
petrol–EtOAc); [α]D

20 �244 (c, 1.0 in CHCl3); νmax (film)/cm�1

1674 (s); δH(200 MHz, CDCl3) 1.80–1.91 (m, 1H, C(6)Hendo),
1.99 (s, 3H, CH3), 2.18–2.33 (m, 1H, C(6)Hexo), 2.56–2.92 (m,
2H, C(7)H2), 3.60–3.70 (m, 1H, C(4)H), 4.05–4.17 (m, 2H,
C(4)H and C(5)H), 7.30–7.56 (m, 5H, ArH); δC(50.3 MHz,
CDCl3) 25.01 (C(7)), 25.71 (CH3), 36.26 (C(6)), 61.01 (C(5)),
70.00 (C(4)), 94.21 (C(2)), 125.06, 125.24, 128.12, 128.49
(ArCH), 143.45 (ArC), 173.48 (C��O); MS (CI�) m/z 218
(M � H�, 100%); HRMS 218.1181 (found), 218.1180 (calc. for
C13H16NO2).
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General method for deprotonations

To a solution of LDA (1.3 equiv., generated from diisoprop-
ylamine and n-butyllithium in dry THF) was added lactam 2d
(1.3–2.5 mmol) dropwise over 5 min and the solution left to
stir for a further 15 min. The electrophile (0.9–1.1 equiv.) (see
Table 1) was then added and the reaction left stirring at �78 �C
until TLC analysis indicated completion. The reaction mixture
was then warmed to rt and quenched with distilled water and
partitioned with DCM (30 cm3). The aqueous layer was
extracted with EtOAc and the combined organics washed with
brine, then dried (MgSO4). Solvent removal in vacuo and puri-
fication by flash column chromatography gave the products, as
indicated below.

(�)-(2R,5S,7S)-2-Methyl-2-phenyl-7-(phenylmethyl)-1-aza-
3-oxabicyclo[3.3.0]octan-8-one 8a and (�)-(2R,5S,7R)-2-
methyl-2-phenyl-7-(phenylmethyl)-1-aza-3-oxabicyclo[3.3.0]-

octan-8-one 7a. exo-Diastereomer 7a: white crystalline solid
(0.12 g, 17%); mp 108–110 �C; Rf 0.3 (50 :50 petrol–EtOAc); [α]D

20

�39.0 (c, 1.0 in CHCl3); found: C, 77.85; H, 6.85; N, 4.98.
C20H21NO2 requires C, 78.1; H, 6.9; N, 4.6%; νmax (film)/cm�1

1691 (s); δH(200 MHz, CDCl3) 1.89–2.08 (2H, m, C(6)H2), 1.97
(3H, s, CH3), 2.92–2.99 (2H, m, PhCH2), 3.08–3.15 (1H, m,
C(7)H), 3.51–3.56 (1H, m, C(4)Hendo), 3.62–3.68 (m, 1H,
C(5)H), 3.94–4.00 (1H, dd, J 7.5, 6.0 Hz, C(4)Hexo), 7.22–7.45
(10H, m, ArH); δC(125.8 MHz, CDCl3) 25.66 (CH3), 28.36
(CH2Ph), 37.17 (C(6)), 49.44 (C(7)), 59.16 (C(5)), 70.19 (C(4)),
125.25, 126.83, 128.09, 128.44, 128.71, 129.42 (ArCH); m/z
(CI�) 308 (M � H�, 100%), 188 (55).

endo-Diastereomer 8a: yellow oil (0.34 g, 47%); Rf 0.6 (50 :50
petrol–EtOAc); [α]D

20 �210.8 (c, 1.0 in CHCl3); νmax (film)/cm�1

1696 (s); δH(500 MHz, CDCl3) 1.50–1.57 (1H, m, C(6)Hendo),
1.98 (3H, s, CH3), 2.22–2.27 (1H, m, C(6)Hexo), 2.76 (1H, dd,
J 14.0 Hz, J� 10.0 Hz, PhCHH), 3.11–3.17 (1H, m, C(7)H),
3.32 (1H, dd, J 14.0 Hz, J� 4.0 Hz, PhCHH), 3.51 (1H, m,
C(4)Hendo), 3.91–3.96 (1H, m, C(5)H), 4.03–4.06 (1H, m,
C(4)Hexo), 7.22–7.40 (2H, m, ArH), 7.53–7.54 (8H, m, ArH);
δC(125.8 MHz, CDCl3) 25.88 (CH3), 32.11 (CH2Ph), 36.55
(C(6)), 48.90 (C(7)), 58.39 (C(5)), 70.08 (C(4)), 125.29, 126.60,
128.17, 128.53, 128.74, 129.18 (ArCH); m/z (CI�) 308
(M � H�, 15%), 138 (30), 121 (95), 105 (100); HRMS 308.1651
(found), 308.1651 (calc. for C20H22NO2).

(�)-(2R,5S,7S)-2-Methyl-2-phenyl-7-(p-nitrophenylmethyl)-
1-aza-3-oxabicyclo[3.3.0]octan-8-one 8b and (�)-(2R,5S,7R)-2-
methyl-2-phenyl-7-(p-nitrophenylmethyl)-1-aza-3-oxabicyclo-
[3.3.0]octan-8-one 7b. exo-Diastereomer 7b: colourless solid
(0.078 g, 24%), Rf 0.14 (2 :1 petrol–EtOAc), mp 103–105 �C;
found: C, 67.96; H, 5.61; N, 7.87. C20H20N2O4 requires C,
68.18; H, 5.68; N, 7.95%; [α]D

20 �30.3 (c, 1.0 in CHCl3); νmax

(CHCl3)/cm�1 1694 (s), 1346 (s); δH(200 MHz, CDCl3) 1.96–
2.07 (2H, m, C(6)H2), 1.96 (3H, s, CH3), 3.07–3.17 (3H, m,
ArCH2, C(7)H), 3.52–3.61 (2H, m, C(4)H and C(5)H), 3.98–
4.03 (1H, m, C(4)H), 7.31–7.44 (7H, m, ArH), 8.02–8.08 (2H,
m, ArH); δC(50.3 MHz, CDCl3) 25.42 (CH3), 28.14 (CH2Ph),
37.13 (C(6)), 48.85 (C(7)), 59.00 (C(5)), 70.13 (C(4)), 94.16
(C(2)), 123.90, 125.06, 128.30, 128.46, 130.22 (ArCH), 143.11,
146.40, 147.11 (ArC), 173.96 (C��O); m/z (EI�) 353.2 (M � H�,
50%), 323.2 (30), 233.1 (100).

endo-Diastereomer 8b: colourless solid (0.19 g, 58%), Rf 0.56
(2 :1 petrol–EtOAc); mp 93–95 �C; found: C, 67.9; H, 5.96;
N, 7.31. C20H20N2O4 requires C, 68.17; H, 5.72; N, 7.95%; [α]D

20

�152.7 (c, 1.0 in CHCl3); νmax (CHCl3)/cm�1 1347, 1696 (s);
δH(200 MHz, CDCl3) 1.44–1.61 (1H, m, C(6)Hendo), 1.97 (3H, s,
CH3), 2.22–2.35 (1H, m, C(6)Hexo), 2.84–2.96 (1H, dd, J 14.0,
9.0 Hz, ArCH), 3.14–3.23 (1H, m, C(7)Hexo), 3.34–3.43 (1H, dd,
J 14.0, 4.5 Hz, ArCH), 3.52–5.59 (1H, m, C(4)Hendo), 3.93–4.10
(2H, m, C(4)Hexo and C(5)Hexo), 7.28–7.54 (7H, m, ArH), 8.16–
8.21 (2H, d, J 8.5, ArH); δC(50.3 MHz, CDCl3) 25.82 (CH3),

32.34 (CH2Ph), 36.30 (C(6)), 48.34 (C(7)), 58.30 (C(5)), 69.90
(C(4)), 94.39 (C(2)), 123.94, 125.10, 125.22, 128.56, 130.12,
143.02 (ArCH), 146.98, 147.53 (ArC), 173.00 (C��O); m/z (CI�)
353 (M � H�, 8%), 323 (50), 218 (100), 203 (40).

(�)-(2R,5S,7S)-7-{[1-(tert-Butyloxycarbonyl)-3-indolyl]-
methyl}-2-methyl-2-phenyl-1-aza-3-oxabicyclo[3.3.0]octan-8-
one 8c and (�)-(2R,5S,7R)-7-{[1-(tert-butyloxycarbonyl)-3-
indolyl]methyl}-2-methyl-2-phenyl-1-aza-3-oxabicyclo[3.3.0]-

octan-8-one 7c. exo-Diastereomer 7c: (20 mg, 22%); Rf 0.47
(50 :50 petrol–EtOAc); [α]D

20 �67.8 (c, 1.0 in CHCl3); νmax (film)/
cm�1 1371 (s), 1453 (s), 1692 (s), 1731 (s); δH(200 MHz, CDCl3)
1.70 (9H, s, C(CH3)3), 1.98 (3H, s, CH3), 1.90–2.20 (2H, m,
C(6)H), 2.95–3.40 (3H, m, C(7)H and ArCH2), 3.56–3.60 (1H,
m, C(4)H), 3.80–4.16 (2H, m, C(4)H and C(5)H), 7.24–7.67
(9H, m, ArH), 8.10–8.14 (1H, m, ArH); δC(50.3 MHz, CDCl3)
25.75 (CH3), 26.74 (ArCH2), 28.14 (C(CH3)3), 28.97 (C(6)),
47.98 (C(7)), 59.26 (C(5)), 70.13 (C(4)), 83.80 (C(CH3)3), 94.57
(C(2)), 115.47 (Indole CH), 117.89 (Indole C), 119.37, 122.73,
123.76, 124.78 (Indole CH), 125.14, 127.87, 128.29 (PhCH),
130.64, 135.66 (Indole C), 143.38 (PhC), 149.97 (C��O(Boc)),
175.70 (lactam C��O); m/z (CI�) 447.0 (M � H�, 20%), 391.1
(30), 347 (90); HRMS 447.2284 (found), 447.2284 (calc. for
C27H31N2O4).

endo-Diastereomer 8c: (0.050 g, 55%); Rf 0.61 (50 :50 petrol–
EtOAc); [α]D

20 �116.6 (c, 1.0 in CHCl3); νmax (film)/cm�1 1371 (s),
1452 (s), 1693 (s), 1730 (s); δH(200 MHz, CDCl3) 1.50–1.70 (1H,
m, C6(H)endo), 1.80 (9H, s, C(CH3)3), 2.00 (3H, s, CH3), 2.25–
2.40 (1H, m, C6(H)exo), 2.75–2.90 (1H, m, ArCH), 3.20–3.45
(3H, m, ArCH and C-7(H)), 3.50–3.52 (1H, m, C-4(H)), 3.80–
4.20 (2H, m, C-4(H) and C-5(H)), 7.25–7.60 (8H, m, ArH),
8.13–8.17 (1H, m, ArH); δC(50.3 MHz, CDCl3) 25.60 (C(7)),
25.92 (CH3), 28.14 (C(CH3)3), 32.00 (C(6)), 47.32 (C(7)), 58.39
(C(5)), 70.07 (C(4)), 83.61 (C(CH3)3), 94.26 (C(2)), 115.50
(Indole CH), 118.11 (Indole C), 119.16, 122.74, 123.57, 124.70
(Indole CH), 125.31, 128.05, 128.56 (PhCH), 130.84, 135.73
(Indole C), 143.41 (PhC), 149.97 (C��O), 173.94 (lactam C��O);
m/z (CI�) 447 (M � H�, 20%), 347 (100), 190 (60), 145 (90);
HRMS 447.2284 (found), 447.2284 (calc. for C27H31N2O4).

(�)-(2R,5S,7S)-2,7-Dimethyl-2-phenyl-1-aza-3-oxabicyclo-
[3.3.0]octan-8-one 8d and (�)-(2R,5S,7R)-2,7-dimethyl-2-
phenyl-1-aza-3-oxabicyclo[3.3.0]octan-8-one 7d. exo-Diastereo-
mer 7d: yellow oil (10 mg, 3%); Rf 0.3 (50 :50 40–60 petrol–
EtOAc); [α]D

20 �160 (c, 0.5 in CHCl3); δH(200 MHz, CDCl3) 1.34
(3H, d, J 7.4 Hz, CH3), 1.84–2.18 (2H, m, C(6)H2), 1.97 (3H, s,
CH3), 2.79–2.88 (1H, m, C(7)H), 3.55–3.70 (1H, m, C(4)H),
4.06–4.17 (2H, m, C(4)H and C(5)H), 7.29–7.53 (m, 5H, ArH);
m/z (CI�) 232 (M � H�, 20%), 121 (90), 105 (100); HRMS
232.1338 (found), 232.1338 (calc. for C14H18NO2).

endo-Diastereomer 8d: yellow solid (0.15 g, 46%); mp 50–
55 �C; Rf 0.41 (50 :50 petrol–EtOAc); [α]D

20 �238 (c, 1.0 in
CHCl3); found: C, 72.87; H, 7.63; N, 5.66. C14H17NO2 requires
C, 72.7; H, 7.4; N, 6.1%; νmax (film)/cm�1 1695 (s); δH(200 MHz,
CDCl3) 1.26 (3H, d, J 7.0 Hz, CH3), 1.48 (1H, dd, J� 12.0 Hz,
J 3.0 Hz, C(6)Hendo), 1.97 (3H, s, CH3), 2.40–2.52 (1H, m,
C(6)Hexo), 2.83–2.93 (1H, m, C(7)H), 3.63 (2H, t, J 7.0 Hz,
C(4)Hendo), 3.95–4.31 (2H, m, C(4)Hexo and C(5)H), 7.29–7.40
(4H, m, ArH), 7.51–7.55 (1H, m, ArH); δC(50.3 MHz, CDCl3)
16.0 (CH3), 26.0 (CH3), 35.0 (C(6)), 42.5 (C(7)), 59.0 (C(5)),
70.0 (C(4)), 94.0 (C(2)), 125.0, 128.0, 128.5 (ArCH), 143.0
(ArC), 175.0 (C��O).

(�)-(2S,5S,7S)-7-Chloro-2-methyl-2-phenyl-1-aza-3-oxa-
bicyclo[3.3.0]octan-8-one 8e, (�)-(2S,5S,7R)-7-chloro-2-methyl-
2-phenyl-1-aza-3-oxabicyclo[3.3.0]octan-8-one 7e, and (�)-(2R,
5S)-7,7-dichloro-2-methyl-2-phenyl-1-aza-3-oxabicyclo[3.3.0]-

octan-8-one 9a. exo-Diastereomer 7e: colourless solid (21 mg,
9%); Rf 0.18 (4 :1 petrol–EtOAc); mp 135–140 �C; [α]D

20 �142.6
(c, 1.0 CHCl3); νmax (CHCl3)/cm�1 1710; δH(200 MHz, CDCl3)
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1.98 (1H, s, CH3), 2.31–2.38 (1H, m, C(6)Hendo), 2.44–2.47 (1H,
m, C(6)Hexo), 3.66–3.74 (1H, m, C(4)Hendo), 4.10–4.18 (1H, dd,
J 8.1 Hz, C(4)Hexo), 4.39 (1H, m, C(5)H), 4.56–4.58 (1H, d,
J 5.9 Hz, C(7)H), 7.28–7.54 (5H, m, ArH); δC(50.3 MHz,
CDCl3) 25.65 (CH3), 29.60 (C(6)), 36.55 (C(7)), 59.1 (C(5)),
68.98 (C(4)), 125.13, 128.46, 128.75 (ArCH); m/z (CI�) 252
(M � H�, 100%), 202.0 (55), 131.9 (95).

endo-Diastereomer 8e: colourless solid (0.10 g, 43%); Rf 0.30
(4 :1 petrol–EtOAc), mp 85–88 �C; found: C, 62.67; H, 5.86; N,
5.44. C13H14NO2 requires C, 62.03; H, 5.57; N, 5.57%); [α]D

20

�147.4 (c, 1.0 in CHCl3); νmax (CHCl3)/cm�1 1699; δH(200 MHz,
CDCl3) 2.01 (3H, s, CH3), 1.95–2.16 (1H, m, C(6)Hendo), 2.86–
2.99 (1H, m, C(6)Hexo), 3.69–3.77 (1H, dd, J 7.7, 7.5 Hz,
C(4)Hendo), 3.90–3.98 (1H, m, C(5)H), 4.12–4.19 (1H, dd, J 7.9,
6.3 Hz, C(4)Hexo), 4.71–4.80 (1H, dd, J 11.2, 7.65 Hz, C(7)H),
7.30–7.54 (5H, m, ArH); δC(50.3 MHz, CDCl3) 25.56 (CH3),
37.22 (C(5)), 56.85 (C(7)), 58.24 (C(5)), 69.89 (C(4)),
95.24 (C(2)), 125.14 (ArH), 128.46 (ArH), 128.64 (ArH), 142.54,
167.72 (C��O); m/z (CI�) 252.1 (M � H�, 60%), 131.9 (100).

Dichlorinated product 9a: colourless solid (24 mg, 10%); mp
125–129 �C; Rf 0.43 (petrol–EtOAc); [α]D

20 �184.4 (c, 0.5 in
CHCl3); νmax (CHCl3)/cm�1 1732; δH(200 MHz, CDCl3) 1.99
(3H, s, CH3), 2.42–2.64 (1H, m, C(6)H), 3.15–3.24 (1H, dd,
J 13.54, 5.21 Hz, C(6)H), 3.74–3.79 (1H, m, C(5)H), 4.10–4.17
(2H, m, C(4)H2), 7.26–7.49 (5H, m, ArH); δC(50.3 MHz,
CDCl3) 25.65 (CH3), 36.51 (C(7)), 59.01 (CH2Ph), 60.11 (C(6)),
69.01 (C(5)), 125.13, 126.17, 128.34, 128.74; m/z (CI�) 288.2
((M � 2H)�, 10%), 218.1 (100), 121.7 (35).

(�)-(2R,5S,7S)-7-Hydroxy-2-methyl-2-phenyl-7-(phenyl-
methyl)-1-aza-3-oxabicyclo[3.3.0]octan-8-one 9b and (�)-
(2R,5S,7R)-7-hydroxy-2-methyl-2-phenyl-7-(phenylmethyl)-1-
aza-3-oxabicyclo[3.3.0]octan-8-one 9c. To a stirred solution of
diisopropylamine (0.07 cm3, 0.51 mmol) in dry THF (5 cm3),
was added n-butyllithium (1.7 M, 0.28 cm3, 0.51 mmol) and the
solution left stirring at �78 �C for 15 min. Lactam 8a (120 mg,
0.39 mmol) was added dropwise as a solution in THF (10 cm3).
After stirring for a further 15 min the solution of preformed
enolate was transferred via cannula to a suspension of MoOPD
(226 mg, 0.59 mmol) in THF (5 cm3) at �78 �C and left stirring
at this temperature for 4 h until TLC analysis indicated comple-
tion. The reaction was allowed to warm to rt and diethyl ether
(10 cm3) was added. The reaction mixture was partitioned with
2 M hydrochloric acid (10 cm3). The organic layer was washed
with saturated sodium bicarbonate solution (10 cm3) and the
aqueous layer extracted with diethyl ether (10 cm3). The com-
bined organic layers were washed with brine (10 cm3) and dried
(MgSO4). Solvent removal in vacuo and purification by flash
column chromatography (EtOAc) gave both diastereomers of
the product 9b and 9c.

Diastereomer 1: (40 mg, 32%); [α]D
20 �207 (c, 1.0 in CHCl3);

found: C, 74.56; H, 6.26; N, 4.18. C20H21NO3 requires C, 74.28;
H, 6.55; N, 4.33%; νmax (film)/cm�1 1687 (s), 3373 (br); δH(500
MHz, CDCl3) 1.94–1.98 (1H, m, C(6)Hendo), 1.99 (3H, s, CH3),
2.53 (1H, dd, J 12.7 Hz, J� 6.3 Hz, C(6)Hexo), 3.03 (1H, d, J 13.3
Hz, PhCHH), 3.09 (1H, d, J 13.3 Hz, PhCHH), 3.16 (1H, m,
C(5)H), 3.57 (1H, m, C(4)H), 3.65 (1H, m, OH), 4.01 (1H, dd,
J 8.1 Hz, J� 6.4 Hz, C(4)H), 7.14–7.42 (10H, m, ArH); δC(125.8
MHz, CDCl3) 25.21 (CH3), 37.98 (C(6)), 44.55 (CH2Ph), 55.68
(C(5)), 70.36 (C(4)), 82.48 (C(7)), 94.23 (C(2)), 124.97, 127.03,
127.99, 128.19, 128.27, 129.99 (ArCH), 134.83 (ArC), 142.35
(ArC), 173.79 (C��O); m/z (CI�) 324 (M � H�, 100%).

Diastereomer 2: yellow oil (26 mg, 21%); [α]D
20 �64.1 (c, 1.0 in

CHCl3); found: C, 74.41; H, 6.35; N, 3.89. C20H21NO3 requires
C, 74.28; H, 6.55; N, 4.33%; νmax (film)/cm�1 1681 (s), 3365 (br);
δH(500 MHz, CDCl3) 1.86–1.94 (1H, m, C(6)Hendo), 1.90 (3H, s,
CH3), 2.08–2.12 (1H, m, C(6)Hexo), 2.94 (1H, s, OH), 3.07 (1H,
d, J 13.6 Hz, PhCHH), 3.16 (1H, t, J 8.2 Hz, C(4)H), 3.23 (1H,
d, J 13.6 Hz, PhCHH), 3.99–4.02 (1H, m, C(4)H), 4.09–4.14
(1H, m, C(5)H), 7.22–7.51 (10H, m, ArH); δC(125.8 MHz,

CDCl3) 25.67 (CH3), 35.34 (C(6)), 43.62 (CH2Ph), 57.10 (C(5)),
69.82 (C(4)), 83.73 (C(7)), 93.84 (C(2)), 124.95, 127.06, 128.01,
128.34, 128.46 (ArCH), 130.37 (ArC), 135.80 (ArCH), 142.73
(ArC), 172.43 (C��O); m/z 324 (M � H�, 30%), 308 (100), 118
(90).

Epimerisations

To a stirred solution of lactams 8a,d (62 mg, 0.20 mmol) in
THF was added sodium methoxide (12 mg, 0.22 mmol) in
MeOH and the reaction refluxed at 65 �C for 48 h. After this
time TLC analysis indicated partial epimerisation had taken
place. Water (10 cm3) and EtOAc (10 cm3) were added. The
aqueous layer was extracted with EtOAc (3 × 10 cm3) and the
combined organic layers washed with water (10 cm3) and brine
(10 cm3), dried (MgSO4) and solvent removed in vacuo to leave a
yellow gum. By 500 MHz 1H NMR the isolated product was
found to be a mixture of the diastereomers in the ratio 8 :3 and
7 :3 in favour of the endo-compounds 8a,d respectively.

(2R,5S,7R)-2-Phenyl-7-(phenylmethyl)-7-methyl-1-aza-3-
oxabicyclo[3.3.0]octan-8-one 10a and (2R,5S,7S)-2-phenyl-7-
(phenylmethyl)-7-methyl-1-aza-3-oxabicyclo[3.3.0]octan-8-one
10b. To endo benzyl compound 4a (R = PhCH2) (100 mg, 0.31
mmol) in dry THF (3 cm3) at �78 �C was added dropwise
LiHMDS (1 M soln. in THF (0.38 cm3, 0.38 mmol)). After stir-
ring for 15 minutes, MeI (0.070 cm3, 1.1 mmol) was added and
the reaction warmed to room temperature and stirred at this
temperature for 2 hours. The reaction was quenched with water
(10 cm3) and extracted with DCM (3 × 30 cm3). The combined
organic extracts were dried (MgSO4), and the solvent removed
in vacuo giving the product as a mixture of 2 diastereomers
which were separated by chromatography (1 :1 ethyl acetate–
petrol).

Compound 10a: (52 mg, 50%); [α]D
20 �34.5 (c, 1.0 in CHCl3);

νmax (CHCl3)/cm�1 1697; δH(500 MHz, CDCl3) 1.34 (3H, s, Me),
1.69 (1H, dd, J 6.6 Hz, J� 13.2 Hz, C(6)Hendo), 2.45 (1H, dd,
J 6.6, 13.5 Hz, C(6)Hexo), 2.72 (1H, d, J 13.5 Hz, CH2Ph), 3.01
(1H, d, J 13.5 Hz, CH2Ph), 3.27–3.33 (1H, m, C(5)), 3.37 (1H,
dd, J 8.0, 8.0 Hz, C(4)Hendo), 4.06 (1H, dd, J 12.0, 6.0 Hz,
C(4)Hexo), 7.15–7.35 (10H, m, ArH); δC(125 MHz, CDCl3)
25.40, 37.21, 45.31, 50.99, 55.24, 72.62, 86.69, 126.12, 126.76,
128.17, 128.23, 128.46, 130.01, 137.13, 138.36, 179.73; m/z (CI�)
308 (M � H�, 100%); HRMS 307.1562 (found), 307.1572 (calc.
for C20H21NO2).

Compound 10b: (20 mg, 18%); [α]D
20 �213.8 (c, 1.0 in CHCl3);

νmax(CHCl3)/cm�1 1697; δH(200 MHz, CDCl3) 1.38 (3H, s, Me),
1.98–2.00 (2H, m, C(6)H2), 2.67–2.72 (2H, m, C(4)Hendo and
CHPh), 3.16 (1H, d, J 13.5 Hz, CHPh), 3.97–4.04 (2H, m, C(5)-
H and C(4)-Hexo), 6.22 (1H, s, C(2)H), 7.21–7.45 (10H, m,
ArH); δC(125 MHz, CDCl3) 25.89, 35.12, 43.47, 50.49, 55.20,
71.74, 86.63, 125.95, 126.72, 128.34, 128.39, 128.49, 130.33,
137.93, 138.86, 181.03; m/z (CI�) 308 (M � H�, 100%).
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