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Ammonia synthons for the multicomponent
assembly of complex y-lactams
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The synthesis of y-lactams that are unsubstituted at the 1-position
(nitrogen) as well as their subsequent N-functionalization is
reported. A recently discovered four-component reaction (4CR) is
employed with either an ammonia precursor or a protected form
of ammonia that can be deprotected in a subsequent synthetic
step. These methods represent the first multicomponent assembly
of complex lactam structures that are unsubstituted at nitrogen. In
addition, two methods for the introduction of nitrogen substitu-
ents that are not possible through the original 4CR are reported.
X-ray crystallographic analysis of representative structures reveals
conformational changes in the core structure that will enable
future deployment of this chemistry in the design and synthesis
of diverse collections of lactams suitable for the discovery of new
biological probes.

multicomponent reaction | stereoselective

ive-membered ring lactams, which are known as y-lactams or

2-oxopyrrolidines, are important structural motifs in biologi-
cally active natural products that are also found in medicinal
leads and approved drugs (Fig. 1). Heliotropamide (1, 2) and
bisavenanthramide B (3, 4) are examples of ferrulic acid amides
that undergo biosynthetic dimerization to produce y-lactams,
whereas lactacystin (5) and salinosporamide (6) emanate from
more complex biosyntheses. Although these compounds share
the y-lactam core, an important difference emerges in the substi-
tution at nitrogen, in that the latter examples are sometimes
described as “N-H lactams.” Among drug compounds that are
approved or in development, N-H lactams are represented signif-
icantly more often as shown by UCB-2892, rolapitant, and sali-
nosporamide, in which only UCB-2892 is substituted at nitrogen.
A survey of y-lactams of this general structure in preclinical and
clinical development (based on substructure searches of the
Thomson Pharma database) showed a nearly two-to-one ratio
of N-H lactams over their substituted counterparts. Perhaps
more telling is the overall occurrence of y-lactams related to
the structures in Fig. 1, which was quite low at just 89 out of 3
million. These examples highlight both the potential use of this
substructure in the discovery of new biological probes and the fact
that this core unit is underutilized, perhaps because of synthetic
limitations.

Importantly, some drugs in clinical development (6, 7, and
four others not shown), and many of the compounds reported
in hit-to-lead studies, are synthetic derivatives of pyroglutamic
acid (5). Although this useful building block has found many ap-
plications as a member of the “chiral pool,” it is a poor starting
point for the diverse synthesis of lactams given the limited oppor-
tunities for introducing substituents at the carbon centers of the
ring. Recently reported methods address this gap in synthesis
technology by allowing the rapid assembly of polysubstituted
y-lactams (7-9).

Multicomponent reactions (MCRs) are transformations invol-
ving the combination of three or more reagents in a single opera-
tion and are among the most powerful methods for the efficient
generation of molecular complexity (10). Although many MCRs
have been reported, only a small subset involve the simultaneous
combination of reagents (i.e., without regard to the order of
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Fig. 1. Structures of y-lactams from natural sources (green box) and as
drug leads (red box). N-substituted lactams are shown in the Left column,
and “N-H” lactams are shown in the Right column.

addition). Only a subset of these involve components that are
variable. Typical variable building blocks include amines, alde-
hydes, ketoesters, isocyanides, etc, as seen in the Hantszch (11),
Biginelli (12) and Ugi-type (13) MCRs. It can be argued that
these processes and others that meet both of these criteria are
the most powerful MCRs because they will generate maximum
complexity with minimal effort (14). We discovered a mechanis-
tically distinct four-component reaction (4CR, Fig. 24) that
enables the assembly of y-lactams in a single synthetic step in
high yield and diastereoselectivity (15). This method allows for
the introduction of different substituents at various positions
around the ring by the choice of building blocks that are em-
ployed or by subsequent functionalization. This reaction has
recently proven useful in the preparation of large libraries of
compounds for screening experiments that have, in one case,
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Fig. 2. (A) Lactam-forming four-component reaction reported by our group
in 2007. (B) 4CR product converted to the corresponding amide (two steps
total) recently described as a potential inhibitor of the p53-HDMA interac-
tion. (C) Summary of the transformations reported herein.

identified potential ligands (13, Fig. 2B) for the disruption of
p53-HDMA (16). In addition, we have disclosed a synthesis of
the natural product heliotropamide (1, Fig. 1) using this reaction
to assemble the lactam core (2). In this report, we disclose meth-
odology for the synthesis of structurally diverse y-lactams using
our previously described 4CR as a starting point. Specifically,
we recognized the need for the synthesis of N-H lactams, which
is a general problem facing many MCRs that typically employ
amines. We demonstrate two methods for preparing these struc-
tures and then document subsequent N-functionalization reac-
tions that allow for the divergent synthesis of lactams that are
not currently available from the MCR directly. The functionali-
zation of sterically hindered lactams is a problem of fundamental
importance that is, in part, addressed by the reactions that we
have surveyed and optimized for this process (Fig. 2C).

Results and Discussion

y-Lactams are produced by using ammonia or ammonium salts
in the lactam-forming MCR. Although there was scant precedent
on which to draw from related MCRs (17, 18), we examined
the effectiveness of a series of ammonium salts and ammonia
solutions (Table 1). Our first reaction employed aqueous ammo-
nium hydroxide on the assumption that the azeotropic removal
of water, which is necessary for the formation of the presumed
iminium ion intermediate, would enable the net delivery of
ammonia that would react with the anhydride. Although this
reaction was low-yielding, the observance of a small amount of
the desired product prompted us to explore a series of potential
ammonia precursors. Various salts were employed, revealing
that ammonium acetate (Table 1, entry 11) provided the highest
yield (32%). Changes in reaction time or temperature failed to
increase the yield significantly, as did increasing the amount of
ammonium acetate. Ammonium trifluoroacetate provided the
product in similar yield (Table 1, entry 20), whereas ammonium
benzoate was relatively ineffective (Table 1, entry 21). In all cases,
the yield reflects the isolated yield of the major diasteromer,
thus representing a lower limit for the efficiency of this reaction.
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Table 1. Optimization of the 4CR using various ammonia sources

o HS 1) "NHy',
)]\ \©\ | conditions
2) K5COg,
" 16 " 7 Chy PP
Sp-tol
19
Entry Ammonia source, “NH3" Conditions Yield of 19, %
1 NH,OH (aq) PhMe, 145°C, 22 h 15
2 NH,4OH (aq) PhMe, 150°C, 3 h 22
3 NH,HCO, PhMe, 150°C, 3 h 16
4 NH,CO,NH, PhMe, 150°C, 3 h 17
5 NH,CI PhMe, 150°C, 1 h —
6 NH,4Cl + DIPEA PhMe, 150°C, 1 h —
7 NH,OAc PhMe, 150°C, 0.5 h 30
8 NH;0ACc PhMe, 110°C, 1 h —
9 NH4OACc PhMe, 130°C, 1 h 7*
10 NH,OACc PhMe, 150°C, 10 min 11
1 NH,;O0Ac PhMe, 150°C, 1 h 32
12 NH4OACc PhMe, 150°C, 3 h 23
13 NH;0Ac CHCl3, 150°C, 3 h 12
14 NH,0AC PhMe, 170°C, 3 h 17
15 NH,OACc PhMe, 170°C, 1 h 13
16 NH;0ACc PhMe, 145°C, 22 h 5
17 NH4OACc (4 eq) PhMe, 145°C, 22 h 10
18 NH,4OAc (4 eq) PhMe, 150°C, 1 h 9
19 NH,OAc + DMAP PhMe, 150°C, 1 h 11
20 NH,CF;CO, PhMe, 150°C, 1 h 32%
21 NH,0Bz PhMe, 150°C, 1 h 21
22 (NH,4),CO; PhMe, 150°C, 1 h 18
23 NH3 MeOH, 150°C, 1 h —
24 NH; 1,4-dioxane, 150°C, 1 h 12
25 NH,OH (aq) CHsCN, 150°C, 3 h 3
26 NH; (9)' PhMe, 145°C, 22 h 14
27 NH; (9)' PhMe, 150°C, 1 h 6
28 NH; ()" CHCl;, 150°C, 1 h 4
29 NH; (9)' CH3CN, 150°C, 1 h 4

*Refers to conversion observed by HPLC. In all other cases, isolated yields are
listed.

TAmmonia gas was bubbled through the solvent before adding the other
reagents. Changing the order of addition so that the ammonia was
added last resulted in a slight (2%) reduction in isolated yield for entries
26 and 27.

In two parallel runs of this reaction on identical scale, the pro-
ducts were isolated in yields of 39% and 35% with a diastereo-
meric ratio (dr) of 56:44 for the first run and 78:22 for the
second. The relative configuration of the major diastereomer
was established by chemical correlation to 4CR products that
were deprotected and by X-ray crystallography (see below).
We also explored the delivery of ammonia gas to the three sol-
vents that have proven favorable for the 4CR (CHCls, toluene,
and acetonitrile) and found that none of these conditions was
satisfactory, regardless of whether the ammonia was predissolved
in the solvent or bubbled through the reaction mixture (Table 1,
entries 26-29). Although the highest observed yield in this reac-
tion is still rather low, the practical simplicity of this process,
paired with the readily available and inexpensive reagents, makes
it viable for the facile preparation of large quantities of N-H
lactam 19.

The modest yield of the ammonia-based MCR prompted us
to consider a two-step process using an ammonia equivalent in
analogy to the Gabriel amine synthesis and other reactions using
synthetic equivalents of ammonia. In this process, we envisioned
using a primary amine in the 4CR and then cleaving the attached
group to reveal the N-H lactam product. The second step
amounts to a deprotection, which immediately revealed the gen-
eral problem of protecting groups for amides. Unlike amines,
alcohols, and other functional groups for which dozens of com-
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Table 2. Use of synthetic equivalents of ammonia in the 4CR

A DRNH, 1617 P .
| toluene, reflux "N conditions "N
(o] —_—
2) KoCO3, CH3l p, {1.CO,CH;, Ph '1:CO,CHj
o

[o]

Sp-tol Sp-tol
18 20a-i 19
RNH, o~ NH; ch\rﬂ,NHz X Y
AFYNHz 23 24 CHj3 NH,
26, X=CH30, Y=H
Ar H5CO 27, X=Y=CHz0
21, Ar=Ph 28, X=Cl, Y=H
22, Ar=p-CH;OCeH, 25 NH, 29, X=NCHPh, Y=H
Entry RNH, Product (yield; dr) Conditions for removal of R Yield of 19, %
1 21 20a (70%, 92:8) TFA (neat), reflux, 48 h 62
2 22 20b (77%, 80:20) TFA (neat), reflux, 48 h 91
3 23 20c (52%, 90:10) RhCl; (2 mol %), EtOH, 2 h; HOAc/H,O0, reflux, 22 h 65
4 24 20d (NR) MMPPeH,0, MeOH, RT —
5 25 20e (66%, 92:8) CAN, CH3CN/H,0, 0°C, 30 min 30
6 26 20f (65%, 98:2) CAN, CH,Cl,/H,0, 0°C, 16 h 40
7 27 20g (66%, 92:8) CAN, CH3CN, RT, 16 h 29
8 28 20h (62%, 92:8) Pd (1 mol %), PANHCHj3; Lewis acid, CH,Cl,, RT —
9 29 20i (67%, 95:5) CAN, CH3CN/H,0, RT, 16 h 29

MMPP, magnesium monoperoxyphthalate; CAN, ceric ammonium nitrate; NR, no reaction.

mon protecting groups have been developed, there are few
amide protecting groups, and only a subset of these can be
cleaved efficiently in a one-step process (18). Fewer still would
represent stable species when appended to an NH, group, as
would be necessary in the 4CR. A thorough survey of the litera-
ture revealed several possibilities (Table 2): p-methoxyphenyl,
p-methoxybenzyl, 2,4-dimethoxybenzyl, allyl, and diphenylmethyl
(DPM) (19). In addition, several additional options emerged
in the form of dianisylmethyl (DAM) (20), which should be
more easily cleaved with acid than the analogous DPM group,
and N,N-dimethylamino, which can be cleaved oxidatively (21)
or photolytically (22). Finally, we drew inspiration from the work
of Buchwald and Seeberger, who demonstrated that alcohol pro-
tection could be controlled by the use of different p-halobenzyl
groups. The aromatic halide was then converted to a substituted
aniline that could be cleaved under Lewis or Brgnsted acidic
conditions (23).

Each of the protecting groups was evaluated, and nearly all
provided access to the desired product. In each case, we deter-
mined the efficiency and diastereoselectivity of the 4CR and
the highest-yielding conditions for cleavage (Table 2). Diphenyl-
methylamine (21) underwent the 4CR with good dr, and its clea-
vage was effected in modest (62%) yield using TFA. Attempted
cleavage by hydrogenolysis was ineffective (24). The introduction
of p-methoxy groups to both phenyl rings in the form of dianisyl-
methylamine (DAM-NH,, 22) (25) resulted in higher yield and
lower diastereoselectivity for the 4CR as well as high yield for
the cleavage reaction (91%). The utility of this sequence is re-
duced somewhat by the harsh conditions for cleavage. Allylamine
(23) exhibited a lower yield in the 4CR and offered the mildest
possible conditions for cleavage by rhodium-catalyzed rearrange-
ment and acidic cleavage of the resultant enamide (26). N,
N-dimethylhydrazine failed to produce any 4CR product. p-
Anisidine (25), p-methoxybenzylamine (26), and 2,4-dimethoxy-
benzylamine (27) all provided satisfactory yields of 4CR product
and low yields of 19 under the oxidative conditions needed for
cleavage (27-31). Resubjection of 19 to the oxidative conditions
revealed that the product was stable to the reaction medium,
suggesting that aberrant oxidative processes were destroying the
starting material. Although p-chlorobenzylamine (28) provided
the 4CR product in decent yield, the conditions needed for
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amination with N-methylaniline (23, 32) seemed to destroy the
starting material. We could escape this liability by preparing
the requisite amine 29 before executing the 4CR, which pro-
ceeded in good yield. The cleavage of this group from the lactam
was predictably more difficult than for an alcohol and was never
higher than 30%. All things considered, use of dianisylmethyla-
mine (22) gives the highest yield of the final product (70%, two
steps). Although the other methods in Table 2 might find specia-
lized applications for certain substrates, none provides a signifi-
cantly higher yield of 19 over the two steps when compared to
ammonia 4CR (32%, Table 1).

The optimized conditions for the formation of 19 were em-
ployed in the synthesis of related substrates (Fig. 3). A series
of p-substituted benzaldehydes suggests that the electronic nature
of this substituent significantly impacts their reactivity and, as
such, the yield of final product. p-Anisaldehyde provided the
lactam in almost double the yield (59%) of benzaldehyde, and

p-bromobenzaldehyde was higher as well. An electron-deficient

aldehyde (p-trifluoromethylbenzaldehyde) was slightly lower
yielding. Replacement of the phenyl ring of benzaldehyde with
a furan resulted in a comparable yield of the product, which is
one of the few successful reactions that we have observed with
this substrate. Finally, use of two different thiols, one that is un-
substituted (thiophenol) and one that is electron-rich (p-methox-
ythiophenol), provided the 4CR products in lower (30e) and

30a (R=CFs), 24%, 82:18 dr
30b (R=OCHy), 59%, 76:24 dr
HEC0CH, 30c (R=Br), 45%, 7723 dr
Sp-tol o
[o]
HN
{.co,cH;  Ph” [ "COLHs

s S
111CO,CH;
Sp-tol OCH;3
30d, 37%, 30e, 34% 30f, 44%
71:29 dr 75:25 dr 77:23 dr

Fig. 3. Substrate scope of 4CR with ammonium acetate, maleic anhydride,
and various aldehydes and thiols.
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Fig. 4. Acylation, sulfonylation, and phosphonylation of 19.

higher (30f) yields, respectively. In all cases, the diasteromer ratio
hovered around that of 19. Control experiments revealed that
extended heating of 19 caused the dr to erode to 50: 50 over time,
whereas a similar experiment with 30e showed no change. It is
clear from these results that the electronic natures of both the
aldehyde and the thiol impact the efficiency of the 4CR.
Having established unique routes to N-H lactams, we set out
to use these compounds in reactions that would provide access to
N-substituted products not currently available from our 4CR.
The high propensity for related compounds to be derived from
pyroglutamic acid (5), or derivatives in which the exocyclic car-
boxy group has been reduced, results in many y-lactam functio-
nalization reactions that are not suitable for larger substituents at
the 5-position, such as phenyl rings. We ultimately focused on two
types of functionalization: acylation (including phosphonylation
and sulfonylation) and arylation. Additional possible N-functio-

RB(OH), (4 equiv)
Cu(OAc), (2 equiv)

EtsN (4 equiv)

S I s S i

{1:CO,CH3 3AMS, CH;CN N !

23°C,48h i

Sp-tol '

19

a8 O,
Ph 111CO,CH; Ph ":CO,CHs Ph "1:CO,CH3

Sp-tol Sp-tol Sp-tol
32d, 49% 32e, 44% 32f, 74%

Sp-tol Sp-tol Sp-tol
32j, 28% 32k, 77% 32l nr.

cl
QW
N
Ph {1\CO,CH,

nalization reactions of a related bicyclic substrate have been sum-
marized in the work of Borthwick et al. (33).

The key to effective acylation was the choice of base that
was used. In our substrate, there is a risk of equilibration between
the amidate and enolate ions, the latter of which can sponta-
neously decompose by B-elimination of the thioaryl group. After
surveying various bases including lithium bis(trimethylsilyl)
amide, potassium bis(trimethylsilyl)amide, and NaH, we found
that n-BuLi provided the highest yields of products derived from
the resultant anion. Acylation reactions, in analogy to the work of
Gage and Evans (34), proceed in modest yields with a variety of
acyl chlorides (Fig. 4) (35). Additionally, ethyl chloroformate
and phenyl isocyanate (36) provided acceptable yields of the
corresponding acyl-carbamate and urea products, respectively.
Finally, dimethyl chlorophosphate chloride (33) and p-toluene-
sulfonyl chloride (37) were also effective electrophiles for reac-
tions with the lactam-derived anion.

Arylation of lactam 19 is achieved in high yields using cross-
coupling reactions that employ stoichiometric quantities of cop-
per. Although many methods, employing catalytic quantities of
either copper (38-40) or palladium (41), have been described,
these are often limited to substrates with little steric occlusion
of the amide nitrogen. Use of these conditions with our substrate
resulted in little or no observed product. A complement to these
methods is found in the use of boronic acids to functionalize
amines, amides, alcohols, and phenols in the presence of stoichio-
metric quantities of a copper (II) salt, often Cu(OAc), as origin-
ally described by Chan et al. (42) and Evans et al. (43). Since
these initial studies, this reaction has been adopted widely and
used in the syntheses of many complex molecules. The popularity
is, in part, derived from the very mild temperatures and wide
compatibility with other functional groups that might be present.
In spite of the wide use of this reaction for amide functionaliza-
tion, few reports subsequent to the original work of Chan docu-
ment success on substrates with substitution similar to 19. Specific
examples are found in the work of Ishikura and coworkers (44)
and Bolshan and Batey (45), the latter of which replaces the
boronic acid with the analogous aryl or alkenyl trifluoroborate
salt. Extensive exploration of conditions revealed that boronic
acids functioned well for the arylation of 19, that Cu(OAc),
was the optimal reagent, and that triethylamine was the optimal
base (Fig. 5). Electron-rich aromatic groups were introduced in
high yield (32a, 32b) unless the electron-donating substituent
was in the ortho position (32¢). Aromatic groups lacking an elec-
tron-donating substituent worked less well with a similar trend

OCH3

TR
N
Ph {1\CO,CH, {..CO,CH,

Sp-tol Sp-tol Sp-tol
32a, 84% 32b, 81% 32c, 56%

H,CO

,N NC CN
s O Oz
N N N
Ph !:CO,CH; Ph 1:.CO,CH; Ph 1:.CO,CH;
ch
)\J> 'CO,CH, )j> 'CO,CHj )\JP 'CO,CH; )\J> 'CO,CH,4

Fig. 5. Arylation of lactam 19 by copper-mediated reactions of arylboronic acids.
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Fig. 6. X-Ray crystal structures of 19 (A, B), 31e (C, D), 31d (E, F), and 32g (G, H).

regarding ortho substitution (32d, 32j). Electron-poor aromatic
rings were introduced in generally poorer yields (32g, 32h,
320). A similar reactivity range was observed for heterocycles;
i.e., an electron-rich indole ring was added in high yield (32k),
whereas electron-poor pyridylboronic acids were unreactive
(32m, 32n). Copper-mediated direct functionalization of hetero-
cycles with amides and the cross-coupling of bromides using the
protocols of Wang and Schreiber (46) and Borthwick et al. (47),
respectively, were unsuccessful.

X-Ray crystallographic analysis of several representative struc-
tures reveals changes to the lactam conformation that result from
the changes in substitution at nitrogen (Fig. 6). Unsubstituted
lactam 19 sits in a nearly flat five-membered ring conformation
with a slight upward envelope that disposes the phenyl ring
and carbomethoxy groups in pseudoequatorial positions with a
dihedral angle of 100°. When nitrogen is substituted, with an
acyl group, the conformation flips to a more puckered downward
envelope in which the phenyl ring and the carbomethoxy groups
of 31e and 31d now adopt a dihedral angle of 153°. In addition,
the two acyl substituents adopt different conformations. Copla-
narity of the two imide carbonyls minimizes 1,2-allylic strain
with the benzylic hydrogen of the lactam ring. Although the car-
boethoxy group of 31e can adopt a conformation in which the
carbonyl group aligns with that of the lactam, the cinnamoyl
group of 31d is in an antiparallel conformation due to the de-
creased steric demand of the carbonyl group when compared
to the benzylidene carbons. N-Aryl lactam 32g adopts a confor-
mation similar to that of the two acyl compounds in which the
aromatic ring is almost coplanar with the lactam carbonyl.
Although conformational information derived from the solid
state is likely to be less reliable for the peripheral substituents
of these molecules, knowledge of the core conformations should
be helpful in assessing how functionality might be presented by
one of these y-lactams when it interacts with a biological target.

In summary, we have demonstrated that our lactam-forming
4CR is useful for the preparation of unsubstituted y-lactams
and that these substrates can be further functionalized through
acylation and arylation. The diverse products are useful starting
points for the discovery of biological probes and medicinal
leads. The synthetic advances reported will help pave the way for
increased use of this important scaffold in the discovery and
development of biologically active molecules.

Tan et al.

Materials and Methods

A subset of experimental procedures is provided. A detailed description
of materials, methods, and full characterization data for all previously unde-
scribed compounds is provided in SI Appendix. Most of the compounds re-
ported herein will be deposited in the National Small Molecule Repository
(National Institutes of Health) and made available for screening experiments.

Lactam 19. The following were combined in a microwave vial: maleic anhy-
dride (0.098 g, 1.0 mmol), p-thiocresol (1.0 mL, 1.0 mmol, 1.0 M in toluene),
ammonium acetate (0.077 g, 1.0 mmol), and benzaldehyde (0.10 mL,
1.0 mmol). The reaction mixture was stirred at room temperature (RT) for
5 min, then heated in the microwave at 150 °C for 1 h. After cooling to
RT, the solvent was evaporated under reduced pressure, and the reaction
mixture was dissolved in acetone (20 mL). Potassium carbonate (0.55 g,
4.0 mmol) and methyl iodide (0.25 mL, 4.0 mmol) were then added, and
the reaction was stirred for 16 h. The solvent was removed under reduced
pressure, and the residue was partitioned with CH,Cl, and water. The
aqueous layer was extracted twice with CH,Cl,. The combined organic
was washed with brine, dried over Na,SO,, filtered, and concentrated.
Purification was accomplished using 20-80% EtOAc:hexanes, which gave
the product as a white solid (0.11 g, 32%).

Lactam 20b. A mixture of maleic anhydride (0.098 g, 1.0 mmol), p-thiocresol
(1.0 mL, 1.0 mmol, 1 M in toluene), diphenylmethylamine (0.243 g, 1.0 mmol),
and benzaldehyde (0.10 mL, 1.0 mmol) in toluene (5 mL) were heated to
145 °C with a Dean Stark trap under a reflux condenser for 16 h. After cooling
to RT, the reaction mixture was concentrated under reduced pressure and
was dissolved in acetone (20 mL). K,COs3 (0.55 g, 4.0 mmol) and methyl iodide
(0.25 mL, 4.0 mmol) were then added, and the reaction was stirred for 16 h.
The solvent was removed under reduced pressure, the residue was taken up
in CH,Cl, and water, and the layers were separated. The aqueous layer
was extracted twice more with CH,Cl,. The combined organics was washed
with brine, dried over Na,SO,, filtered, and concentrated. Purification by
column chromatography afforded the desired product (0.44 g, 77%).

Deprotection of 20b. TFA (3 mL) was added to 20b (0.198 g, 0.35 mmol), and
the mixture was stirred for 48 h at reflux. The excess TFA was removed under
reduced pressure, and the residue was purified by column chromatography
(50 to 70% EtOAc:hexanes) to afford 19 (0.11 g, 91%).

Lactam 31d. Lactam 19 (0.044 g, 0.129 mmol) dissolved in 2 mL of dry THF was
added to a flame-dried flask. The solution was cooled to —78 °C and allowed
to stir for 10 min. At this time n-BuLi (0.082 mL, 0.129 mmol, 1.58 M in hex-
anes) was added, and the solution was stirred at —78°C for 2 h; 3-Phenyla-
cryloyl chloride (0.032 g, 0.194 mmol) was then added, and the solution was
stirred at —78°C for an additional 1 h. The reaction was warmed to 0°C,
stirred for 20 min, and then warmed to room temperature and stirred for
an additional hour. Finally, the reaction was quenched with 5 mL of saturated
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Bane

NaHCO; solution and allowed to stir for 20 min. After quenching, THF was
removed in vacuo, and the remaining solution of water and oily solid was
partitioned between 5 mL of water and 10 mL of CH,Cl,. The layers were
separated, and the aqueous layer was extracted with 3 x5 mL of CH,Cl,.
The combined organic layers were washed with 3 x 5 mL of brine, dried over
NaSOy,, filtered, and concentrated to give a yellow solid. Purification by flash
chromatography (20 to 80% EtOAc/hexanes) afforded the title compound
(0.046 g, 76%) as a white solid.

Lactam 32a. A flask with 3 A molecular sieves and a stir bar was flame dried
under vacuum and allowed to cool to RT under argon. Lactam 19 (0.027 g,
0.08 mmol), 4-chlorophenylboronic acid (0.049 g, 0.32 mmol), and Cu(OAc),
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