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ABSTRACT: Novel molecular scaffolds comprising two to four bridged and fused heterocycles were synthesized from amino
acids using seven-membered endocyclic N-acyliminium ions as key intermediates in acid-mediated tandem reactions with internal
nucleophiles. This complexity-generating synthesis proceeds with high efficiency and with full stereocontrol of the newly
generated stereogenic center. These results have extended the scope of medium-sized cyclic iminium ion chemistry, making it
applicable as a regio- and stereoselective synthetic strategy for the generation of complex polycyclic structures. Furthermore, its
compatibility with the traditional Merrifield synthesis of peptides on solid supports allowed the incorporation of the previously
unexplored conformationally restricted cyclic systems into peptides without a need to independently synthesize the scaffold.

■ INTRODUCTION

Natural products possess immense chemical diversity, bio-
chemical specificity, and other molecular properties that make
them an indispensable source of structural motifs for drug
discovery.1,2 Taking into account this important role, new
synthetic routes have been developed to access natural product-
like libraries via conventional or diversity-oriented synthesis
(DOS). The DOS approach is aimed at exploring the natural-
product-based chemical space that is currently unoccupied by
conventional combinatorial chemistry. This challenge is
addressed through the creation of structural diversity in terms
of appendages, functional groups, stereochemistry, and molec-
ular skeletons.3−6 The use of sequential complexity-generating
reactions that proceed from simple starting materials to diverse
and structurally complex compounds is one of the most useful
strategies and has been denoted as tandem reactions. Because of
their high atom economy, greater selectivity, and ability to form
multiple bonds in one-pot reactions, tandem or sequential
processes have been used for the efficient synthesis of highly
complex products.7−9

Medium-sized heterocyclic rings (seven- to nine-membered)
are a particularly valuable class of scaffolds that can be found in
the structures of numerous biologically active natural products
and drugs as well as in key intermediates of a wide range of
complex syntheses. These heterocycles are considered to be
difficult to synthesize because of unfavorable enthalpies and
entropies, especially in synthetic routes involving the direct
closure of such rings; therefore, their synthesis remains a
challenge for organic chemists.10−12 Currently, several method-
ologies are available for their construction, including the direct
cyclization of an acyclic precursor or ring expansion by
fragmentation and rearrangement.13−17 The use of tandem
reactions leading to these challenging heterocyclic molecular
scaffolds is an elegant strategy in both solution chemistry and
solid-supported synthesis.18,19

In addition, a successful approach in the search for
peptidomimetics relies on the synthesis of peptides containing
conformational restrictions on their backbones and exhibiting
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Figure 1. Reported synthetic methodology and structures of fused and bridged heterocycles via 6-membered cyclic iminium ions.

Figure 2. Bridged-designed scaffolds (XV−XIX) and representative natural products (XX−XXIII).
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enhanced biological properties, which are related to their affinity
and selectivity toward a given receptor. Such constrained
moieties have commonly been achieved by the incorporation
of ring systems into the peptide chain. In particular, the
introduction of small- and medium-sized rings in a peptide
sequence is intriguing because such rings are able to stabilize β-
turn conformations, which are commonly found in bioactive
peptides and are the most frequently occurring secondary
structure in proteins.20−22

Our recent research has been focused on the synthesis of
diverse fused and bridged bicyclic molecular scaffolds via tandem
iminium-ion cyclization-nucleophilic addition on a solid support
as the key chemical transformation (Figure 1). This efficient
strategy encompassed the formation of 6-membered cyclic
iminium ions (II, VII, and XI) from linear peptide-derived
intermediates (I, VI, and X). The cyclic iminium ions were
formed from a peptide amide and an aldehyde. The protected
aldehyde was attached via a two-carbon spacer to an α-amino
acid amino group. The formation of the fused or bridged bicycles
depends on the location of the internal nucleophile in the
iminium-ion intermediate. Fused bicycles (III−V, VIII, and IX)
are formed when the internal nucleophile is attached via a spacer
to the nitrogen involved in the iminium ion (N-position 1 or N-
position 4 in models A and B, Figure 1a,b). In contrast, when the
nucleophile is attached to position C-3 of the 6-membered cyclic
iminium ion, the bridged systems (XII) are produced instead
(model C, Figure 1c). The length of the spacer determines the
size of the fused/bridged heterocycle. The complete regiose-
lectivity of the reaction (via westbound or eastbound cyclization)
is achieved by the appropriate choice of building blocks.
Moreover, the formation of the new asymmetric carbon is
generated with complete stereocontrol.23−28

The synthesis of medium-sized fused bicycles via iminium-ion
chemistry has typically been used to form 5- or 6-membered
cyclicN-acyliminium ion intermediates, followed by nucleophilic
attack to close the second larger ring (from 5- to 8-membered
rings).29−31 However, the use of 7-memberedN-acyliminium ion
intermediates has been sparsely studied.32−34 Therefore, we
extended our ongoing research aimed at the chemistry of
iminium ions and explored the scope and limitations of medium-

sized cyclic iminium ions. In this research article, we report the
synthesis of diverse bridged molecular scaffolds (XV-XIX) using
seven-membered endocyclic N-acyliminium ions (XIV) as the
key intermediates in a complexity-generating synthetic route that
is compatible with the traditional Merrifield synthesis of peptides
on solid supports (Figure 2). These bridged scaffolds possess
complex 3D structures contained in several natural products such
as gelsemoxonine (XX),35 lyconadins (XXI),36 and indol
alkaloids such as geleganimine (XXII)37 and actinophyllic acid
(XXIII).38

Target molecular scaffolds were prepared from acyclic
precursors containing an acetal-protected aldehyde attached via
a three-carbon spacer to an amide nitrogen and an internal
nucleophile present on various amino acids (XIII, Figure 2). This
internal nucleophile is connected to position C-3 of the N-
acyliminium ion intermediate. The precursors have five points of
diversification, including the following: nucleophile (heteroatom
or aryl), length of the lateral chain and absolute configuration of
the amino acid, R1 substituents and R2 substituents. All of these
modifications provided diverse and complex structures prepared
in a straightforward synthetic route from simple starting
materials.

■ RESULTS AND DISCUSSION

All of the polymer-supported acyclic precursors were synthesized
using standard solid-phase chemistry protocols and commer-
cially available building blocks, as described in our previous
reports.23−28 Briefly, Rink amide39 and Wang resins40 were
acylated with natural and non-natural Fmoc-α-amino acids
containing N, O, or S nucleophiles in their lateral chains, such as
Ser(tBu), Thr(tBu), Cys(Trt), HSer(Trt), Dap(Alloc), and
Dab(Alloc). Removal of the Fmoc protecting group followed by
activation with a 4-nitrobenzenesulfonyl (4-Nos) group led to
resin-bound sulfonamides, which were subjected to the
Mitsunobu reaction using 3,3-dietoxy-1-propanol as the masked
aldehyde to obtain the desired linear precursors 1 (Scheme 1).
The final acidic treatment of the supported acyclic compounds 1
triggered several reactions in one pot, including release from the
resin, removal of the protecting groups (masked aldehyde and

Scheme 1. Scope and Limitations of the Cyclization Reaction Using Heteroatom Nucleophiles
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protected nucleophile) and formation of the endocyclic N-
acyliminiun ion followed by internal nucleophilic addition,
providing the target molecular scaffolds 2.
C-Heteroatom Bond Formation. The acyclic intermedi-

ates derived from tBu-protected L-Ser [(S)-1a] and D-Ser [(R)-
1a] were selected as model compounds to study the tandem
cyclizations and stereochemistry. After 2 h of treatment with 50%
TFA, (1S,5S)-6-oxa-2,9-diazabicyclo[3.2.2]nonan-8-one [(S,S)-
2a] and (1R,5R)-6-oxa-2,9-diazabicyclo[3.2.2]nonan-8-one
[(R,R)-2a] were formed in excellent overall yields (90% and
66%, respectively). A new stereogenic center with a defined
stereochemistry was generated, and its configuration depended
exclusively on the stereochemistry of the amino acid present on
the linear precursor. Whereas L-amino acids led to the (S)-
configuration for the new stereocenter, D-amino acids promoted
the opposite (R)-configuration. With the aim of studying the
mechanism of the reaction, we conducted a kinetic study on the
L-Ser linear model (S)-1a. Surprisingly, because the reaction was
accomplished after 30 min of acid treatment, we hypothesized
that the t-butyl protecting group was cleaved from the amino acid
under the Mitsunobu conditions. We later confirmed this
hypothesis using 1H NMR spectrometry.
Encouraged by the smooth formation of bridged scaffolds by

the Ser-derived model compounds, we addressed the scope and
limitations of the acid-mediated cyclization of precursors derived
from amino acids with different heteroatom nucleophiles, the
stereochemistry at the α-carbon and the length of the lateral
chain. Linear intermediates derived from L-Thr [(S)-1b] and D-
Thr [(R)-1b] were treated with 50% TFA in DCM to give the
corresponding bridged compounds (S,S)-2b and (R,R)-2b in
good yields (70 and 56%, respectively). The S-nucleophile L-Cys
precursor (R)-1c provided the corresponding (1R,5S)-6-thia-
2,9-diazabicyclo[3.2.2]nonan-8-one [(R,S)-2c] in 11% yield,

along with the alkene-derivative (R)-3c as the major product
(55%). Similarly, the diaminopropionic acid (L-Dap) with its N-
nucleophile protected/activated as Nos [(S)-1d] led to the
enamide (S)-3d (43%) as the main product, because of
competition between the formation of the N-sulfonyliminium
andN-acyliminium ions, with both of them driving the formation
of seven-membered rings. An increase in the length of the side
chain to two carbons (n = 2) successfully provided (1S,5S)-6,9-
diazabicyclo[3.3.2]decan-10-ones [(S,S)-2e] and [(S,S)-2f] with
the generation of entirely new stereogenic centers with (S)-
configurations. The L-HSer lineal precursor (S)-1e led to the
corresponding bridged product (S,S)-2e in 17% yield, whereas
the incorporation of Nos-protected diaminobutyric acid (L-Dab)
yielded 2,6,9-triazabicyclo[3.3.2]decan-10-one [(S,S)-2f] as a
single product (33%). In contrast to the case of Dap derivatives,
the larger 8-membered N-sulfonyliminium ion is less favored,
and the corresponding enamide (S)-3f was not observed.
The 1H NMR spectra of compounds 2 and 3 showed the

presence of the secondary amide as a doublet at 8.37−8.93 ppm
and the proton on the new (bridged) stereogenic carbon as a
multiplet at 4.67−5.21 ppm; the signals of this secondary amide
and proton served as diagnostic signals for the bridged system.
Accordingly, the 13C NMR spectra showed the corresponding
bridged carbons at 58.0−77.8 ppm.

C−C Bond Formation. Afterward, inspired by the N-
acyliminium Pictet−Spengler reaction,41−43 we synthesized Phe
and Trp-derived linear intermediates [4a−f] to evaluate the
formation of a new C−C bond during the formation of the
second ring (Scheme 2). The polymer-supported substrates with
an unsubstituted phenyl or with a phenyl with an electron-
donating group in its para position as an internal nucleophile
[(S)-4a-c] generated the corresponding 7-membered enamides
[(S)-6a-c]. However, a different substitution pattern in the

Scheme 2. Scope and Limitations of Cyclization Reactions with Carbon Nucleophiles

aTreatment with 50% TFA in DCM, 2 h. bMinor isomer (7-OMe)-Ph due to steric hindrance. cDecomposed in acidic media. dCleavage of the linear
compound using 0.1 M NaOH in THF:MeOH (1:1), followed by purification of the linear precursor and finally overnight treatment with 50% TFA
in DCM.
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aromatic group of phenylalanine with an electron-donating
group in themeta position [(S)-4d] enhanced the nucleophilicity
of the phenyl ring and promoted closure of the second ring,
leading to the corresponding mixture of the isomeric 1,2,3,4,5,6-
hexahydro-6,2-(epiminomethano)benzo[d]azocin-12-ones
[(S,R)-5d and (S,R)-5d′] in total yields of 55% and 10%,
respectively. In this case, because two nonequivalent carbons
were activated, two regioisomers were obtained, both with full
stereocontrol of the nucleophilic attack. As expected, the major
isomer (S,R)-5d contained the OMe group in the less sterically
hindered position. Similarly, the more nucleophilic aromatic
groups furyl and indolyl present in the lateral chain [(R)-4e and
(S)-4f] achieved the bridged bicyclic products under acidic
treatment with complete control of the stereoselectivity of the
new chiral carbon. Unfortunately, because of the instability of
furyl under acidic conditions, compound (R,S)-5e was obtained
with a low yield (7%). In particular, the presence of Trp in the
linear supported substrates required a base-labile linker and a
modified procedure, which consisted of cleavage of the protected
intermediate from the Wang resin using 0.5 M NaOH.24 The
isolation of the highly pure product and further treatment with
50% TFA in DCM led to the corresponding indolyl-bridged
compound [(S,R)-5f].
Incorporation of the Constrained Scaffold into a

Peptide Chain. Taking into account that the bridged
compounds could be considered as a constrained mimetic of

an amino acid, we focused on the incorporation of the bridged
scaffolds into a peptide backbone. We first addressed the effect of
the amino acids present at the amino terminus (R2) and then at
the carboxy terminus (R1) (Scheme 3). Rink resin-bound model
compounds with several modifications at the R2 position,
including a Tos group [(S)-7] and N-derivatized amino acids
Nos-L-Ala, Nos-β-Ala and Nos-GABA [(S)-8a-c] were prepared.
After being treated with acid, the bridged compounds (S,S)-9
and (S,S)-10a-c were regioselectively obtained with good to
excellent yields (65−86%). The 1H NMR spectra of compounds
(S,S)-10a-c showed the presence of the diagnostic signals for the
bridged system, such as the secondary amide as a doublet at
8.95−9.09 ppm, the bridged proton as a multiplet at 5.04−5.13
ppm and the NH-Nosyl as a broad singlet at 8.04−8.50 ppm.
Accordingly, the 13C NMR spectra showed the corresponding
bridged carbon at approximately 78.2 ppm, as previously
described. In addition, in the cases where R2 is a Nos-amino
acid [(S,S)-10a-c], only one regioisomer was detected. This
isomer was isolated and characterized, and was determined to
exhibit the same eastbound directional preference due to the
formation of the endocyclic N-acyliminium ion intermediate
with the primary amide. It is worth to mention that we observed
presence of cis:trans rotamers for all N-acyl derivatives.
Because of the complete regioselectivity of the eastbound

cyclization with the second amino acid present at the R2 position,
we prepared simple precursors with modified R1 moieties. We

Scheme 3. Incorporation of Amino Acids into the Amino (R2) and Carboxy (R1) Termini
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incorporated different amino acids at the carboxy terminus [(S)-
11a-c]. Gly and β-Ala present at the carboxy terminus facilitated
the formation of the cyclic iminium ion, followed by the second
annulation to efficiently yield the extended bicycles with
exclusive stereochemistry [(S,S)-15b,c]. However, when L-Ala
was incorporated as the first amino acid of the backbone and after
overnight cleavage with 50% TFA, LC/MS analysis surprisingly
revealed the formation of the lactol intermediate 12a as themajor
product. After semipreparative HPLC purification in ammonium
acetate buffer and lyophilization, the analysis of the 1H NMR
spectra of the purified compound showed a mixture of lactol 12a
(78%, anomer mixture = 71:29) along with the dipeptide 13a
(19%) and traces of acrolein (3.5%). This result could be due to
the base-induced elimination of acrolein from the aldehyde,
which is in equilibrium with the hemiacetals in aqueous
solution.44,45 Acetylation of lactol 12a under standard conditions
afforded the corresponding acetate derivative 14awith very good
yield, confirming the structure of the cyclic hemiacetal.46 This
unexpected result prompted a more detailed study of the
mechanism of these tandem reactions promoted by TFA.
Mechanism. The time course of the cascade reaction was

monitored on a simple model (S)-1a (R1 = H) via LC/MS and
1H NMR. The final bridged bicycle [(S,S)-2a] was detected by
LC/MS as the main product after only 10 min of acid treatment,
along with the ethoxy-group-containing intermediate, which
completely disappeared after 90 min. NMR analysis revealed that
the terminal amide was involved in the formation of this cyclic
ethoxy intermediate, suggesting that it had been formed by the
nucleophilic attack of the amide on the oxonium species formed
during the acetal deprotection (path A, Scheme 4). This ethoxy
intermediate can eliminate ethanol after protonation to give the
N-acyliminium ion species, which, in turn, reacts with internal
nucleophiles (P = H), thereby closing the second ring to give the
expected bicycles [(S,S)-2a]. In the absence of an internal

nucleophile (P = Et), another alternative is the formation of the
more stable enamide [(S)-3g] via hemiazaacetals, as observed in
the case of Ser(OEt) linear intermediates (S)-1g. Different
models exhibited similar experimental evidence, suggesting that
this mechanism is the main route of the formation of the bridged
bicyclic system.
In contrast, an analogous study with the Ala-derived substrate

(S)-11a (R1 = Ala) pointed to an alternative mechanism (path B,
Scheme 4). The cyclic ethoxy intermediates were formed from
the oxonium species by ring closure with the free alcohol of Ser,
which, as previously mentioned, had been deprotected under
Mitsunobu conditions. This cyclic ethoxy acetal can be
hydrolyzed to the corresponding lactol 12a, which proved to
be unstable because of the equilibrium with the lineal aldehyde
that underwent dealkylation in basic media to give dipeptide 13a,
as previously described.44,45 Fortunately, the acetylation of the
lactol 12a efficiently afforded the stable acetate derivative 14a
(Scheme 3), confirming the structure of the cyclic hemiacetals.46

Finally, we introduced a bridged heterobicycle during
traditional Merrifield peptide synthesis to demonstrate the
feasibility of this scaffold as a peptide backbone constraint and to
gain insight into its potential significance as an inducer of peptide
secondary structures (β-turns). Taking into account the
restrictions previously detailed in Scheme 3, we designed a
model pentapeptide derivative with the suggested incorporation
of β-Ala as a neighboring amino acid of the Ser (shown in blue in
Scheme 5). Therefore, a simple pentapeptide model (S,S)-16a
(Nos-Ala-Ala-Bridged-bicycle-β-Ala-Ala-NH2) was prepared in
satisfactory yield from the lineal precursor (S)-15a after
treatment with 50%TFA in DCM, with complete regioselectivity
and with full control of the stereochemistry (Scheme 5).

Scheme 4. Proposed and Confirmed Mechanism for the Formation of Bridged Bicycles (Path A) and Lactol Derivatives (Path B)
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■ CONCLUSION
The synthesis of diverse medium-sized bridged molecular
scaffolds via tandem reactions promoted by TFA with 7-
membered endocyclic N-acyliminium ions as key intermediates
was described. The complex heterocyclic compounds were
synthesized with moderate to excellent total yields and with full
stereocontrol of the newly generated asymmetric carbon from
simple starting materials, whose syntheses were straightforward.
This strategy enables the generation of 7- and 8-membered
bridged-heterobicycles in addition to the possibility of variability
in the heteroatom involved in the second cyclization, including
N, O, and S. Furthermore, the use of electron-rich aromatic rings
provided complex tri- and tetracycles via C−C bond formation.
Additionally, the bridged heterocyclic scaffold was incorporated
into the backbone of a model peptide, demonstrating the
applicability of this synthetic strategy in the generation of larger
molecules. Further work to explore the potential of these bridged
molecular scaffolds as inductors of secondary structures is
currently in progress.

■ EXPERIMENTAL SECTION
The solid-phase syntheses were performed in plastic reaction
vessels (syringes, each equipped with a porous disc) using a
manually operated synthesizer. The volume of the wash solvent
was 10 mL per 1 g of resin. For washing, the resin slurry was
shaken with fresh solvent for at least 1 min before changing the
solvent. Commercially available Rink resin (100−200 mesh, 0.66
mmol/g) and Wang resin (100−200 mesh, 1.0 mmol/g) were
used. The yields of the crude products were calculated with
respect to the loading of the first building block. The reaction
conditions for the individual steps of the synthesis have been
reported in previous communications.27,28

Analytical Data of Individual Compounds. (1S,5S)-2-((4-
Nitrophenyl)sulfonyl)-6-oxa-2,9-diazabicyclo[3.2.2]nonan-8-
one [(S,S)-2a].

Yield 24.0 mg (90%) of amorphous solid. 1H NMR (400 MHz,
DMSO-d6) δ (ppm) 8.94 (d, J = 4.4 Hz, 1 H), 8.42 (d, J = 9.2 Hz,
2 H), 8.11 (d, J = 8.8 Hz, 2 H), 5.06 (ddd, J = 5.5, 4.2, 3.1 Hz, 1

H), 4.42−4.46 (m, 1 H), 3.98−4.04 (m, 1 H), 3.92−3.97 (m, 1
H), 3.60 (dt, J = 12.9, 5.4 Hz, 1 H), 3.04 (ddd, J = 12.8, 8.2, 4.8
Hz, 1 H), 2.00−2.09 (m, 1 H), 1.89−1.98 (m, 1 H). 13C NMR
(101 MHz, DMSO-d6) δ (ppm) 164.4, 150.0, 143.2, 129.0,
124.6, 77.8, 66.2, 58.1, 40.8, 35.0. HRMS (ESI-TOF) m/z calcd
for C12H13N3NaO6S [M + Na]+ 350.0417, found 350.0428.

(1R,5R)-2-((4-Nitrophenyl)sulfonyl)-6-oxa-2,9-diazabicy-
clo[3.2.2]nonan-8-one [(R,R)-2a].

Yield 11 mg (66%) of amorphous solid. 1H NMR (400 MHz,
DMSO-d6) δ (ppm) 8.92 (d, J = 3.9 Hz, 1 H), 8.40 (d, J = 9.2 Hz,
2 H), 8.10 (d, J = 9.2 Hz, 2 H), 5.08−5.02 (m, 1 H), 4.44−4.39
(m, 1 H), 3.99 (dd, J = 3.5, 11.5 Hz, 1 H), 3.93 (dd, J = 1.5, 11.9
Hz, 1 H), 3.58 (td, J = 5.4, 12.9 Hz, 1 H), 3.02 (ddd, J = 4.8, 8.3,
13.2 Hz, 1 H), 2.08−1.98 (m, 1 H), 1.96−1.86 (m, 1 H). 13C
NMR (101MHz, DMSO-d6) δ (ppm) 164.4, 150.0, 143.2, 129.0,
124.6, 77.8, 66.1, 58.1, 40.8, 35.0. HRMS (ESI-TOF) m/z calcd
for C12H14N3O6S [M + H]+ 328.0598, found 328.0589.

(1S,5S,7R)-7-Methyl-2-((4-nitrophenyl)sulfonyl)-6-oxa-2,9-
diazabicyclo[3.2.2]nonan-8-one [(S,S)-2b].

Yield 12 mg (70%) of amorphous solid. 1H NMR (400 MHz,
DMSO-d6) δ (ppm) 8.83 (d, J = 3.9 Hz, 1 H), 8.42 (d, J = 9.2 Hz,
2 H), 8.09 (d, J = 9.2 Hz, 2 H), 5.02 (dt, J = 1.5, 5.2 Hz, 1 H), 4.28
(s, 1 H), 4.02 (dq, J = 3.1, 6.3 Hz, 1 H), 3.72−3.61 (m, 1 H),
2.55−2.41 (m, 1 H), 2.09−1.87 (m, 2 H), 1.19 (d, J = 6.1 Hz, 3
H). 13C NMR (101 MHz, DMSO-d6) δ(ppm) 164.7, 150.1,
142.6, 129.3, 124.6, 77.6, 70.5, 62.7, 40.4, 36.4, 18.0. HRMS (ESI-
TOF) m/z calcd for C13H16N3O6S [M + H]+ 342.0754, found
342.0720.

(1R,5R,7S)-7-Methyl-2-((4-nitrophenyl)sulfonyl)-6-oxa-2,9-
diazabicyclo[3.2.2]nonan-8-one [(R,R)-2b].

Yield 11.3 mg (56%) of amorphous solid. 1H NMR (400 MHz,
DMSO-d6) δ (ppm) 8.84 (d, J = 3.9 Hz, 1 H), 8.44 (d, J = 8.8 Hz,
2 H), 8.11 (d, J = 9.2 Hz, 2 H), 5.03 (td, J = 5.0, 1.3 Hz, 1 H), 4.30
(s, 1 H), 4.04 (qd, J = 6.3, 2.6 Hz, 1 H), 3.65−3.72 (m, 1 H),
2.46−2.54 (m, 1 H), 1.93−2.07 (m, 2 H), 1.21 (d, J = 6.6 Hz, 3
H). 13C NMR (101 MHz, DMSO-d6) δ (ppm) 164.7, 150.1,
142.6, 129.2, 124.6, 77.6, 70.5, 62.7, 40.4, 36.4, 17.9. HRMS (ESI-
TOF) m/z calcd for C13H16N3O6S [M + H]+ 342.0754, found
342.0767.

(1R,5S)-2-((4-Nitrophenyl)sulfonyl)-6-thia-2,9-diazabicy-
clo[3.2.2]nonan-8-one [(R,S)-2c].

Yield 4.2 mg (11%) of amorphous solid. 1H NMR (400 MHz,
DMSO-d6) δ (ppm) 8.93 (d, J = 7.5 Hz, 1 H), 8.42 (d, J = 8.8 Hz,

Scheme 5. Synthesis of a Pentapeptide Derivative (S,S)-16a
Containing an O-Bridged Bicycle
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2 H), 8.12 (d, J = 8.8 Hz, 2 H), 4.70−4.78 (m, 2 H), 3.90 (dt, J =
13.8, 3.8 Hz, 1 H), 3.60 (ddd, J = 14.3, 9.0, 5.7 Hz, 1 H), 3.21 (dd,
J = 13.6, 5.3 Hz, 1 H), 2.96 (dd, J = 13.6, 1.8 Hz, 1 H), 1.87−1.93
(m, 2 H). 13C NMR (101 MHz, DMSO-d6) δ (ppm) 168.1,
150.0, 143.8, 128.7, 124.8, 58.0, 52.4, 42.4, 37.2, 27.6. HRMS
(ESI-TOF) m/z calcd for C12H13N3NaO5S2 [M + Na]+

366.0189, found 366.0216
(R)-4-((4-Nitrophenyl)sulfonyl)-2,3,4,5-tetrahydro-1,4-thia-

zepine-3-carboxamide [(R)-3c].

Yield 20.9 mg (55%) of amorphous solid. 1H NMR (400 MHz,
DMSO-d6) δ (ppm) 8.35 (d, J = 9.2 Hz, 2 H), 8.04 (d, J = 9.2 Hz,
2 H), 7.52 (s, 1 H), 7.28 (s, 1 H), 5.86−5.94 (m, 1 H), 5.54−5.62
(m, 1 H), 4.63 (dd, J = 11.8, 4.8 Hz, 1 H), 4.44 (dt, J = 19.3, 2.6
Hz, 1 H), 4.35 (dd, J = 19.3, 6.1 Hz, 1 H), 3.36 (dd, J = 14.9, 11.8
Hz, 1 H), 3.08 (ddd, J = 14.9, 4.8, 0.9 Hz, 1 H). 13C NMR (101
MHz, DMSO-d6) δ (ppm) 170.5, 149.6, 145.2, 128.7, 124.0,
123.9, 123.2, 61.4, 43.0, 34.9. HRMS (ESI-TOF) m/z calcd for
C12H13N3NaO5S2 [M + Na]+ 366.0189, found 366.0218.
1,4-bis((4-Nitrophenyl)sulfonyl)-2,3,4,7-tetrahydro-1H-1,4-

diazepine-2-carboxamide [(S)-3d].

Yield 9 mg (43%) of amorphous solid. 1H NMR (400 MHz,
DMSO-d6) δ (ppm) 8.35 (d, J = 8.8 Hz, 2 H), 8.34 (d, J = 9.2 Hz,
2 H), 8.06 (d, J = 8.8 Hz, 2 H), 8.02 (d, J = 9.2 Hz, 2 H), 7.82 (s, 1
H), 7.40 (s, 1 H), 6.22 (d, J = 8.8 Hz, 1 H), 4.87 (ddd, J = 3.9, 5.3,
8.8 Hz, 1H), 4.57 (dd, J = 5.5, 11.6Hz, 1 H), 4.30 (d, J = 3.9Hz, 2
H), 4.01 (dd, J = 5.7, 14.9 Hz, 1 H), 3.45 (dd, J = 11.4, 14.9 Hz, 1
H). 13C NMR (101 MHz, DMSO-d6) δ (ppm) 169.2, 150.2,
149.7, 144.7, 143.0, 128.9, 128.7, 128.4, 124.9, 124.3, 108.6, 59.2,
49.7, 42.0. HRMS (ESI-TOF)m/z calcd for C18H18N5O9S2 [M+
H]+ 512.0546, found 512.0587.
(1S,5S)-6-((4-Nitrophenyl)sulfonyl)-2-oxa-6,9-diazabicy-

clo[3.3.2]decan-10-one [(S,S)-2e].

Yield 4.0 mg (17%) of amorphous solid. 1H NMR (400 MHz,
DMSO-d6) δ (ppm) 8.60 (d, J = 5.7 Hz, 1 H), 8.43 (d, J = 8.8 Hz,
2 H), 8.11 (d, J = 8.8 Hz, 2 H), 4.82 (td, J = 6.4, 2.6 Hz, 1 H), 4.44
(td, J = 4.5, 1.5 Hz, 1 H), 3.98−4.06 (m, 1 H), 3.75−3.82 (m, 1
H), 3.58−3.66 (m, 1 H), 3.09 (ddd, J = 13.4, 9.0, 3.9 Hz, 1 H),
2.14−2.23 (m, 1 H), 1.88−1.98 (m, 2 H), 1.71 (ddt, J = 15.1, 6.6,
4.1 Hz, 1 H). 13C NMR (101 MHz, DMSO-d6) δ (ppm) 170.4,
150.0, 143.5, 128.7, 124.8, 75.9, 61.4, 58.7, 41.4, 31.7, 29.8.
HRMS (ESI-TOF) m/z calcd for C13H15N3NaO6S [M + Na]+

364.0574, found 364.0571.

(1S,5S)-2,6-Bis((4-nitrophenyl)sulfonyl)-2,6,9-triazabicyclo-
[3.3.2]decan-10-one [(S,S)-2f].

Yield 7.2 mg (33%) of amorphous solid. 1H NMR (400 MHz,
DMSO-d6) δ (ppm) 8.67−8.62 (m, 1 H), 8.39 (d, J = 8.8 Hz, 2
H), 8.37 (d, J = 9.2 Hz, 2 H), 8.08 (d, J = 8.8 Hz, 2 H), 8.07 (d, J =
9.2 Hz, 2 H), 5.22 (dt, J = 3.1, 7.0 Hz, 1 H), 4.40 (t, J = 4.2 Hz, 1
H), 3.78−3.56 (m, 2 H), 3.29−3.09 (m, 2 H), 2.23−2.09 (m, 1
H), 2.04−1.93 (m, 1 H), 1.80−1.68 (m, 2 H). 13C NMR (101
MHz, DMSO-d6) δ (ppm) 169.7, 150.0, 143.9, 143.2, 128.7,
124.8, 124.8, 60.7, 60.5, 41.3, 39.8 (hide in the DMSO signal),
33.0, 27.5. HRMS (ESI-TOF)m/z calcd for C19H20N5O9S2 [M+
H]+ 526.0697, found 526.0702.

(S)-3-Benzyl-4-((4-nitrophenyl)sulfonyl)-1,3,4,5-tetrahy-
dro-2H-1,4-diazepin-2-one [(S)-6a].

Yield 13 mg (45%) of amorphous solid. 1H NMR (400 MHz,
DMSO-d6) δ (ppm) 8.93 (d, J = 6.1 Hz, 1 H), 8.25 (d, J = 9.2 Hz,
2 H), 7.84 (d, J = 9.2 Hz, 2 H), 7.21−7.14 (m, 5 H), 5.54 (tdd, J =
1.8, 6.1, 10.5 Hz, 1 H), 4.87 (ddd, J = 2.2, 4.6, 10.5 Hz, 1 H), 4.70
(dd, J = 6.1, 10.1 Hz, 1 H), 4.31 (dd, J = 4.4, 19.7 Hz, 1 H), 3.87
(td, J = 2.2, 19.7 Hz, 1 H), 3.04 (dd, J = 6.6, 14.6 Hz, 1 H), 3.02
(dd, J = 10.5, 14.6 Hz, 1 H). 13C NMR (101 MHz, DMSO-d6) δ
(ppm) 171.6, 149.7, 144.1, 135.7, 128.7, 128.4, 126.7, 124.2,
122.2, 107.6, 63.0, 52.2, 43.1, 33.2. HRMS (ESI-TOF)m/z calcd
for C18H18N3O5S [M + H]+ 388.0967, found 388.0992.

(S)-3-(4-Hydroxybenzyl)-4-((4-nitrophenyl)sulfonyl)-
1,3,4,5-tetrahydro-2H-1,4-diazepin-2-one [(S)-6b].

Yield 12.0 mg (39%) of amorphous solid. 1H NMR (400 MHz,
DMSO-d6) δ (ppm) 9.27 (s, 1 H), 8.94 (d, J = 6.1 Hz, 1 H), 8.26
(d, J = 9.2Hz, 2H), 7.82 (d, J = 8.8Hz, 2 H), 6.93 (d, J = 8.8Hz, 2
H), 6.55 (d, J = 8.8 Hz, 2 H), 5.57 (ddt, J = 10.3, 6.1, 2.2 Hz, 1 H),
4.89 (ddd, J = 10.4, 4.8, 2.2 Hz, 1 H), 4.63 (dd, J = 10.3, 5.9 Hz, 1
H), 4.33 (dd, J = 19.7, 4.8 Hz, 1 H), 3.86 (dt, J = 19.3, 2.2 Hz, 1
H), 2.94 (dd, J = 14.5, 6.1 Hz, 1 H), 2.87 (dd, J = 14.5, 10.3 Hz, 1
H). 13C NMR (101 MHz, DMSO-d6) δ (ppm) 171.9, 156.3,
149.5, 144.3, 129.6, 128.3, 125.4, 124.2, 122.2, 115.2, 107.6, 63.4,
42.8, 32.4. HRMS (ESI-TOF) m/z calcd for C18H17N3NaO6S
[M + Na]+ 426.0730, found 426.0722.

(S)-3-(4-Methoxybenzyl)-4-((4-nitrophenyl)sulfonyl)-
1,3,4,5-tetrahydro-2H-1,4-diazepin-2-one [(S)-6c].

Yield 4.7 mg (19%) of amorphous solid. 1H NMR (400 MHz,
DMSO-d6) δ (ppm) 8.97 (d, J = 6.1 Hz, 1 H), 8.25 (d, J = 8.8 Hz,
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2H), 7.82 (d, J = 8.8 Hz, 2 H), 7.06 (d, J = 8.8 Hz, 2 H), 6.71 (d, J
= 8.3 Hz, 2 H), 5.59 (ddt, J = 10.1, 6.1, 1.9 Hz, 1 H), 4.91 (ddd, J
= 10.1, 4.6, 2.2, 1 H), 4.64 (dd, J = 9.9, 6.4 Hz, 1 H), 4.35 (dd, J =
19.5, 4.6 Hz, 1 H), 3.89 (dt, J = 19.3, 2.2 Hz, 1 H), 3.68 (s, 3 H),
2.99 (dd, J = 14.6, 6.1 Hz, 1 H), 2.94 (dd, J = 14.9, 10.1 Hz, 1 H).
13C NMR (101 MHz, DMSO-d6) δ (ppm)171.9, 158.0, 149.5,
144.3, 129.7, 128.3, 127.3, 124.2, 122.2, 113.7, 107.7, 63.4, 54.9,
42.9, 32.3. HRMS (ESI-TOF) m/z calcd for C19H19N3NaO6S
[M + Na]+ 440.0887, found 440.0856.
(2S,6R)-9-Methoxy-3-((4-nitrophenyl)sulfonyl)-1,2,3,4,5,6-

hexahydro-6,2-(epiminomethano)benzo[d]azocin-12-one
[(S,R)-5d].

Yield 11.5 mg (55%) of amorphous solid. 1H NMR (400 MHz,
DMSO-d6) δ (ppm) 8.39−8.45 (m, 3 H), 8.12 (d, J = 9.2 Hz, 2
H), 7.04 (d, J = 8.3 Hz, 1 H), 6.67−6.72 (m, 2 H), 4.67−4.72 (m,
1 H), 4.27 (ddd, J = 7.5, 5.3, 2.2 Hz, 1 H), 3.90−3.98 (m, 1 H),
3.68 (s, 3 H), 3.44 (dd, J = 19.3, 5.7 Hz, 1 H), 3.08 (ddd, J = 15.0,
12.6, 2.6 Hz, 1 H), 2.91 (dd, J = 19.5, 2.9 Hz, 1 H), 1.80−1.89 (m,
1 H), 1.69−1.77 (m, 1 H). 13C NMR (101 MHz, DMSO-d6) δ
(ppm) 171.3, 158.2, 149.9, 145.1, 137.1, 129.9, 128.7, 128.5,
124.8, 115.0, 112.1, 59.8, 55.0, 52.3, 40.5, 35.1, 32.0. HRMS (ESI-
TOF) m/z calcd for C19H20N3O6S [M + H]+ 418.1067, found
418.1057.
(2S,6R)-7-Methoxy-3-((4-nitrophenyl)sulfonyl)-1,2,3,4,5,6-

hexahydro-6,2-(epiminomethano)benzo[d]azocin-12-one
[(S,R)-5d′].

Yield 2.1 mg (10%) of amorphous solid. 1H NMR (400 MHz,
DMSO-d6) δ (ppm) 8.41 (d, J = 9.2 Hz, 2 H), 8.33 (dd, J = 7.7,
1.5 Hz, 1 H), 8.12 (d, J = 8.8 Hz, 2 H), 7.15 (t, J = 8.1 Hz, 1 H),
6.82 (d, J = 7.9 Hz, 1 H), 6.71 (d, J = 7.9 Hz, 1 H), 4.96 (ddd, J =
7.8, 5.2, 2.9 Hz, 1 H), 4.65−4.69 (m, 1 H), 3.92 (dt, J = 14.7, 3.0
Hz, 1 H), 3.48 (dd, J = 19.5, 5.5 Hz, 1 H), 3.05 (ddd, J = 14.8,
12.6, 2.4 Hz, 1 H), 2.90 (dd, J = 19.7, 3.1 Hz, 1 H), 1.81−1.90 (m,
1 H), 1.61−1.68 (m, 1 H). 13C NMR (101 MHz, DMSO-d6) δ
(ppm) 171.6, 154.9, 149.9, 145.0, 137.4, 128.5, 127.9, 124.8,
124.8, 122.3, 108.4, 59.6, 55.8, 43.1, 41.0, 33.3, 31.9. HRMS (ESI-
TOF) m/z calcd for C19H20N3O6S [M + H]+ 418.1067, found
418.1043.
(4S,8R)-7-((4-Nitrophenyl)sulfonyl)-4,5,6,7,8,9-hexahydro-

4,8-(epiminomethano)furo[2,3-d]azocin-10-one [(R,S)-5e].

Yield 1.9 mg (7%) of amorphous solid. 1H NMR (400 MHz,
DMSO-d6) δ (ppm) 8.37−8.43 (m, 3 H), 8.12 (d, J = 8.8 Hz, 2
H), 7.47 (d, J = 1.8 Hz, 1 H), 6.33 (d, J = 1.8 Hz, 1 H), 4.85−4.89
(m, 1 H), 4.20 (ddd, J = 7.3, 4.9, 2.6 Hz, 1 H), 3.96 (dt, J = 15.0,
3.2 Hz, 1 H), 3.27−3.34 (m, 1 H overlapped with water), 3.19
(ddd, J = 15.1, 12.3, 2.9 Hz, 1 H), 2.78 (dd, J = 18.9, 2.6 Hz, 1 H),

1.75−1.86 (m, 1 H), 1.63 (ddt, J = 14.3, 5.0, 2.6 Hz, 1 H). 13C
NMR (101MHz, DMSO-d6) δ (ppm) 171.7, 149.9, 148.3, 144.9,
141.0, 128.5, 124.8, 119.8, 110.1, 58.8, 44.6, 40.7, 32.9, 26.7.
HRMS (ESI-TOF) m/z calcd for C16H16N3O6S [M + H]+

378.0754, found 378.0743.
(2S,6R)-3-((4-Nitrophenyl)sulfonyl)-2,3,4,5,6,7-hexahydro-

1H-6,2-(epiminomethano) azocino[5,4-b]indol-13-one [(S,R)-
5f].

Yield 4.4 mg (22%) of amorphous solid. 1H NMR (400 MHz,
DMSO-d6)) δ (ppm) 10.92 (s, 1 H), 8.40 (d, J = 9.2 Hz, 2 H),
8.08 (d, J = 8.8 Hz, 2 H), 7.33 (d, J = 7.9 Hz, 1 H), 7.28 (d, J = 7.9
Hz, 1 H), 7.05 (t, J = 7.9 Hz, 1 H), 6.95 (t, J = 7.9 Hz, 1 H), 5.07
(dd, J = 2.0, 5.9 Hz, 1 H), 4.75 (dd, J = 2.4, 5.0 Hz, 1 H), 3.96 (d, J
= 14.9 Hz, 1 H), 3.52−3.19 (m, 4 H, below water signal), 2.87
(dd, J = 2.4, 18.2 Hz, 1 H), 2.11−2.04 (m, 2 H), 2.00−1.90 (m, 1
H), 1.77−1.66 (m, 1 H). 13C NMR (101 MHz, DMSO-d6) δ
(ppm) 172.7, 170.3, 149.9, 145.3, 134.4, 132.4, 128.5, 127.2,
124.8, 121.6, 118.8, 117.9, 111.3, 107.4, 60.3, 54.2, 45.3, 40.7,
32.7, 32.1, 24.7. HRMS (ESI-TOF) m/z calcd for C23H22N4O7S
[M + H]+ 499.1287, found 499.1281.

((1S,5S)-2-Tosyl-6-oxa-2,9-diazabicyclo[3.2.2]nonan-8-
one [(S,S)-9].

Yield 12.3 mg (65%) of amorphous solid. 1H NMR (400 MHz,
DMSO-d6) δ ppm 8.89 (d, J = 4.4 Hz, 1 H), 7.71 (d, J = 8.3 Hz, 2
H), 7.42 (d, J = 7.9 Hz, 2 H), 5.02−5.06 (m, 1 H), 4.37−4.40 (m,
1 H), 3.96 (dd, J = 11.4, 3.5 Hz, 1 H), 3.84 (dd, J = 11.6, 1.1 Hz, 1
H), 3.46 (dt, J = 12.7, 5.5 Hz, 1 H), 2.93 (ddd, J = 13.0, 8.4, 4.8
Hz, 1 H), 2.40 (s, 3 H), 1.96−2.06 (m, 1 H), 1.86−1.94 (m, 1 H).
13C NMR (101 MHz, DMSO-d6) δ ppm 164.7, 143.6, 134.8,
129.8, 127.3, 77.8, 66.2, 58.1, 40.5, 35.1, 21.0. HRMS (ESI-TOF)
m/z calcd for C13H17N2O4S [M + H]+ 297.0904, found
297.0926.

4-Nitro-N-((S)-1-oxo-1-((1S,5S)-8-oxo-6-oxa-2,9-diazabi-
cyclo[3.2.2]nonan-2-yl)propan-2-yl)benzenesulfonamide
[(S,S)-10a].

Yield 14 mg (86%) of amorphous solid. Rotamers cis/trans =
30:70. 1H NMR (400 MHz, DMSO-d6) δ (ppm) Trans rotamer:
8.98 (dd, J = 1.4, 5.3 Hz, 1 H), 8.50 (br. s., 1 H), 8.37 (d, J = 9.0
Hz, 2 H), 8.02 (d, J = 9.0 Hz, 2 H), 5.18−5.00 (m, 1 H), 4.48 (q, J
= 7.0 Hz, 1 H), 4.46−4.43 (m, 1 H), 3.88 (td, J = 4.1, 14.5 Hz, 1
H), 3.68 (dd, J = 2.9, 11.2 Hz, 1 H), 3.37 (dd, J = 1.2, 10.5 Hz, 1
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H), 3.17−3.03 (m, 1 H), 1.95−1.87 (m, 2 H), 1.09 (d, J = 6.7 Hz,
3 H).Cis rotamer: 9.09 (d, J = 4.3 Hz, 1 H), 8.50 (br. s., 1 H), 8.31
(d, J = 8.6Hz, 2H), 7.98 (d, J = 9.0Hz, 2H), 5.12−5.05 (m, 1H),
4.58 (q, J = 7.1 Hz, 1 H), 4.35−4.32 (m, 1 H), 4.24 (d, J = 11.7
Hz, 1 H), 4.00 (dd, J = 3.5, 11.7 Hz, 1 H), 3.58 (td, J = 5.0, 13.8
Hz, 1 H), 3.30−3.19 (m, 1 H), 1.87−1.77 (m, 1 H), 1.42−1.27
(m, 1H), 1.17 (d, J = 7.0Hz, 3 H). 13CNMR (101MHz, DMSO-
d6) δ (ppm) Trans rotamer: 169.4, 165.9, 149.5, 146.7, 128.2,
124.4, 78.2, 64.8, 56.5, 49.0, 40.5, 36.5, 18.6. Cis rotamer: 170.0,
166.8, 149.4, 146.2, 128.5, 124.0, 77.9, 64.9, 56.3, 49.2, 40.6, 36.6,
19.3. HRMS (ESI-TOF) m/z calcd for C15H18N4NaO7S [M +
Na]+ 421.0788, found 421.0778.
4-Nitro-N-(3-oxo-3-((1S,5S)-8-oxo-6-oxa-2,9-diazabicyclo-

[3.2.2]nonan-2-yl)propyl) benzenesulfonamide [(S,S)-10b].

Yield 14.0 mg (78%) of amorphous solid. Rotamers cis/trans =
40:60. 1H NMR (400 MHz, DMSO-d6) δ (ppm) Trans rotamer:
8.97 (d, J = 3.9 Hz, 1 H), 8.40 (d, J = 8.8 Hz, 2 H), 8.04 (d, J = 9.2
Hz, 2 H), 8.21−7.86 (m, 1 H), 5.14−5.05 (m, 1 H), 4.74 (d, J =
1.8 Hz, 1 H), 3.87−3.85 (m, 3 H), 3.14 (ddd, J = 5.3, 9.2, 14.5 Hz,
1 H), 3.07−2.97 (m, 2 H), 2.70−2.54 (m, 2 H), 1.98−1.90 (m, 2
H). Cis rotamer: 8.95−8.90 (m, 1 H), 8.40 (d, J = 8.8 Hz, 2 H),
8.03 (d, J = 9.2 Hz, 2 H), 8.21−7.86 (m, 1 H), 5.14−5.05 (m, 1
H), 4.39−4.31 (m, 1 H), 4.23 (d, J = 11.8 Hz, 1 H), 3.97 (dd, J =
3.5, 11.8 Hz, 1 H), 3.92−3.80 (m, 1 H), 3.49 (ddd, J = 4.8, 9.3,
14.4 Hz, 1 H), 3.07−2.97 (m, 2 H), 2.70−2.54 (m, 2 H), 1.98−
1.90 (m, 1 H), 1.76−1.62 (m, 1 H). 13C NMR (101 MHz,
DMSO-d6) δ (ppm) Trans rotamer: 168.7, 166.1, 149.6, 146.0,
128.1, 124.6, 78.2, 65.5, 55.5, 38.8, 36.0, 34.9, 33.1. Cis rotamer:
169.1, 167.1, 149.6, 146.0, 128.1, 124.6, 78.1, 64.9, 56.6, 38.8,
36.1, 34.9, 33.3. HRMS (ESI-TOF) m/z calcd for
C15H18N4NaO7S [M + Na]+ 421.0788, found 421.0770.
4-Nitro-N-(4-oxo-4-((1S,5S)-8-oxo-6-oxa-2,9-diazabicyclo-

[3.2.2]nonan-2-yl)butyl) benzenesulfonamide [(S,S)-10c.

Yield 24.0 mg (80%) of amorphous solid. Rotamers cis/trans =
40:60. 1H NMR (400 MHz, DMSO-d6) δ (ppm) Trans rotamer:
8.95 (d, J = 3.1 Hz, 1H), 8.41 (d, J = 9.2 Hz, 2 H), 8.02 (d, J = 8.8
Hz, 2 H), 8.09−7.87 (m, 1 H), 5.13−5.04 (m, 1 H), 4.75 (d, J =
2.2 Hz, 1 H), 3.84 (d, J = 2.2 Hz, 1 H), 3.80−3.66 (m, 2 H), 3.14
(ddd, J = 5.7, 8.9, 14.4 Hz, 1 H), 2.82 (q, J = 7.0 Hz, 2 H), 2.44−
2.30 (m, 2 H), 1.99−1.91 (m, 2 H),1.65−1.53 (m, 2 H). Cis
rotamer: 8.95 (d, J = 3.1 Hz, 1H), 8.40 (d, J = 9.2 Hz, 2 H), 8.02
(d, J = 8.8 Hz, 2 H), 8.09−7.87 (m, 1 H), 5.13−5.04 (m, 1 H),
4.41−4.32 (m, 1 H), 4.21 (d, J = 11.4 Hz, 1 H), 3.97 (dd, J = 3.5,
11.8 Hz, 1 H), 3.80−3.66 (m, 1 H), 3.58 (ddd, J = 5.0, 8.7, 13.9
Hz, 1 H), 2.82 (q, J = 7.0 Hz, 2 H), 2.44−2.30 (m, 2 H), 1.99−
1.91 (m, 1 H),1.78−1.66 (m, 1 H), 1.65−1.53 (m, 2 H). 13C
NMR (101 MHz, DMSO-d6) δ (ppm) Trans rotamer: 170.3,

166.3, 149.5, 146.1, 128.1, 124.6, 78.2, 65.5, 55.5, 42.1, 36.1, 35.0,
29.6, 24.7. Cis rotamer: 170.7, 167.0, 149.5, 146.1, 128.1, 124.6,
78.1, 65.2, 56.8, 42.2, 36.0, 35.0, 29.6, 24.7. HRMS (ESI-TOF)
m/z calcd for C16H20N4O7S [M + H]+ 413.1131, found
413.1125.

2-((1S,5S)-2-((4-Nitrophenyl)sulfonyl)-8-oxo-6-oxa-2,9-
diazabicyclo[3.2.2]nonan-9-yl)acetic acid [(S,S)-15b].

Yield 15 mg (61%) of amorphous solid. 1H NMR (400 MHz,
DMSO-d6) δ (ppm) 8.39 (d, J = 8.8 Hz, 2 H), 8.09 (d, J = 8.8 Hz,
2 H), 7.35 (s, 1 H), 6.99 (s, 1 H), 5.21 (dd, J = 2.4, 4.6 Hz, 1 H),
4.56 (dd, J = 0.9, 3.6 Hz, 1 H), 4.05 (d, J = 16.7 Hz, 1 H), 4.03
(dd, J = 3.6, 11.4 Hz, 1 H), 3.94 (dd, J = 0.9, 11.4 Hz, 1 H), 3.72
(d, J = 16.7 Hz, 1 H), 3.59 (td, J = 5.3, 13.0 Hz, 1 H), 3.17 (ddd, J
= 4.6, 8.7, 13.0 Hz, 1 H), 2.27 (qd, J = 4.8, 14.5 Hz, 1 H), 2.01−
1.91 (m, 1 H). 13C NMR (101 MHz, DMSO-d6) δ (ppm) 169.2,
163.3, 150.0, 143.3, 128.9, 124.6, 84.4, 66.6, 57.6, 47.5, 40.6, 33.8.
HRMS (ESI-TOF) m/z calcd for C14H16N4NaO7S [M + Na]+

407.0637, found 407.0618.
3-((1S,5S)-2-((4-Nitrophenyl)sulfonyl)-8-oxo-6-oxa-2,9-

diazabicyclo[3.2.2]nonan-9-yl) propanoic acid [(S,S)-15c].

Yield 12 mg (52%) of amorphous solid. 1H NMR (400 MHz,
DMSO-d6) δ (ppm) 8.40 (d, J = 8.8 Hz, 2 H), 8.08 (d, J = 8.8 Hz,
2 H), 5.27 (t, J = 3.5 Hz, 1 H), 4.55−4.50 (m, 1 H), 4.00−3.96
(m, 2 H), 3.58 (td, J = 5.7, 13.2 Hz, 1 H), 3.41 (td, J = 7.0, 14.0
Hz, 1 H), 3.32 (td, J = 7.0, 14.0 Hz, 1 H), 3.03 (td, J = 6.9, 13.5
Hz, 1 H), 2.25 (t, J = 7.0 Hz, 2 H), 2.02−1.95 (m, 2H). 13CNMR
(101 MHz, DMSO-d6) δ (ppm) 172.5, 163.2, 150.0, 143.3,
129.0, 124.6, 83.8, 66.2, 57.4, 41.0, 40.7, 33.6, 32.6. HRMS (ESI-
TOF) m/z calcd for C15H17N3NaO8S [M + Na]+ 422.0629,
found 422.0635.

(3S,7S)-N-((S)-1-Amino-1-oxopropan-2-yl)-7-hydroxy-4-
((4-nitrophenyl)sulfonyl)-1,4-oxazepane-3-carboxamide
[12a].

Yield 28 mg (42%) of amorphous solid. Crude purity = 69%. RT
= 2.50 min, Mixture of anomers (78%), dealkylated product
(18.5%), and acrolein (3.5%) of amorphous solid. 1H NMR (400
MHz, DMSO-d6) δ (ppm)Major anomer: (71%) 8.37 (d, J = 9.2
Hz, 2 H), 8.12 (d, J = 7.0 Hz, 1 H), 8.01 (d, J = 9.2 Hz, 2 H), 7.19
(br. s., 1 H), 6.99 (br. s., 1 H), 6.38 (d, J = 4.8 Hz, 1 H), 4.81 (td, J
= 4.8, 8.8 Hz, 1 H), 4.66 (dd, J = 4.0, 6.4 Hz, 1 H), 4.05 (quin, J =
7.0 Hz, 1 H), 3.99 (dd, J = 4.0, 13.8 Hz, 1 H), 3.74 (dd, J = 6.4,
13.8 Hz, 1 H), 3.71−3.64 (m, 1 H), 3.53 (dd, J = 11.2, 14.5 Hz, 1
H), 2.01−1.92 (m, 1 H), 1.61−1.48 (m, 1 H), 1.15 (d, J = 7.0 Hz,
3 H)Minor anomer: (29%) 8.39−8.33 (m, 2 H), 8.23 (d, J = 7.5
Hz, 1 H), 8.04−7.99 (m, 2H), 7.24 (br. s., 1 H), 6.94 (br. s., 1 H),
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6.44 (d, J = 4.4 Hz, 1 H), 4.99 (td, J = 3.0, 4.4 Hz, 1 H), 4.63 (dd, J
= 5.5, 9.6 Hz, 1 H), 4.15 (dd, J = 9.6, 13.6 Hz, 1 H), 3.88 (quin, J =
7.0 Hz, 1 H), 3.70−3.65 (m, 2 H), 3.58 (dd, J = 5.5, 13.6 Hz, 1
H), 1.72−1.65 (m, 2H), 1.14 (d, J = 7.0Hz, 3 H). 13CNMR (101
MHz, DMSO-d6) δ (ppm) Major anomer: 173.8, 167.7, 149.6,
145.5, 128.4, 124.4, 96.2, 62.4, 59.9, 47.9, 40.4, 37.1, 18.5.Minor
anomer: 173.8, 167.7, 149.6, 145.5, 128.5, 124.4, 92.2, 60.5, 58.9,
48.0, 41.1, 37.6, 18.2. HRMS (ESI-TOF) m/z calcd for
C15H21N4O8S [M + H]+ 417.1075, found 417.1079.
(S)-N-((S)-1-Amino-1-oxopropan-2-yl)-3-hydroxy-2-((4-

nitrophenyl)sulfonamido) propanamide [13a].

1H NMR (400 MHz, DMSO-d6) δ (ppm) 8.32 (d, J = 9.2 Hz, 2
H), 8.13 (d, J = 7.5 Hz, 1 H), 7.98 (d, J = 8.8 Hz, 2 H), 7.19 (s, 1
H), 7.02 (s, 1 H), 3.92 (quin, J = 7.2 Hz, 1 H), 3.77 (t, J = 6.4 Hz,
1 H), 3.39 (d, J = 6.6 Hz, 3 H), 1.06 (d, J = 7.5 Hz, 3 H). 13C
NMR (101MHz, DMSO-d6) δ (ppm) 174.1, 168.2, 149.4, 146.9,
128.2, 124.1, 62.5, 58.6, 48.8, 21.2. HRMS (ESI-TOF)m/z calcd
for C12H17N4O7S [M + H]+ 361.0812, found 361.0808.
(3S)-3-(((S)-1-Amino-1-oxopropan-2-yl)carbamoyl)-4-((4-

nitrophenyl)sulfonyl)-1,4-oxazepan-7-yl acetate [14a].

A solution of crude lactol 12a (0.06 mmol) in DCM (4 mL) was
treated with 4-dimethylaminopyridine (76 mg, 0.063 mmol),
TEA (69 μL, 0.49 mmol), acetic anhydride (24 μL, 0.25 mmol).
The reaction mixture was allowed to stir for 1 h then
concentrated in vacuo. The resulting yellow oil was purified by
semipreparative HPLC to afford acetal 14a (as a 2.75:1 mixture
of anomers) as an amorphous solid.
Yield 8mg (28%) of amorphous solid. Crude purity = 75%. RT

= 0.87 (22%) and 0.92 (78%) of amorphous solid. 1HNMR (500
MHz, DMSO-d6) δ (ppm) Major anomer: 8.36 (d, J = 9.2 Hz, 2
H), 8.11 (d, J = 7.4 Hz, 1 H), 7.99 (d, J = 9.2 Hz, 2 H), 7.19 (br. s.,
1 H), 6.98 (br. s., 1 H), 5.77 (dd, J = 5.2, 8.6 Hz, 1 H), 4.70−4.66
(m, 1H), 4.08 (dd, J = 3.3, 13.8 Hz, 1 H), 4.04 (quin, J = 7.0 Hz, 1
H), 3.94 (dd, J = 5.2, 13.7 Hz, 1 H), 3.82−3.73 (m, 1 H), 3.62
(dd, J = 10.9, 14.3 Hz, 1 H), 2.19−2.10 (m, 1 H), 1.95 (s, 3 H),
1.84−1.73 (m, 1H), 1.12 (d, J = 7.0 Hz, 3 H).Minor anomer: 8.38
(d, J = 8.8 Hz, 2H), 8.29 (d, J = 7.0Hz, 1H), 8.04 (d, J = 8.8Hz, 2
H), 7.25 (br. s, 1 H), 6.97 (br. s, 1 H), 4.72 (dd, J = 4.8, 8.8 Hz, 1
H), 4.06 (dd, J = 9.7, 14.0 Hz, 1 H), 4.00 (quin, J = 7.0 Hz, 1 H),
3.84−3.69 (m, 4 H), 2.01 (s, 3 H), 1.94−1.88 (m, 2 H), 1.14 (d, J
= 7.0 Hz, 3 H). 13C NMR (101MHz, DMSO-d6) δ (ppm)Major
anomer: 173.6, 168.7, 167.0, 149.7, 145.2, 128.5, 124.5, 94.6, 64.5,
59.2, 47.9, 41.0, 34.0, 20.9, 18.6. Minor anomer: 172.2, 169.0,
167.6, 149.7, 145.2, 129.0, 124.6, 92.4, 62.3, 60.1, 48.0, 40.6, 35.2,
20.8, 18.3. HRMS (ESI-TOF) m/z calcd for C17H22N4NaO9S
[M + Na]+ 481.1000, found 481.0974.

(S)-3-(Ethoxymethyl)-4-((4-nitrophenyl)sulfonyl)-1,3,4,5-
tetrahydro-2H-1,4-diazepin-2-one [(S)-3g].

Yield 4.4 mg (22%) of amorphous solid. 1H NMR (500 MHz,
DMSO-d6) δ (ppm) 9.00 (d, J = 6.3 Hz, 1 H), 8.38 (d, J = 9.2 Hz,
2 H), 8.04 (d, J = 9.2 Hz, 2 H), 5.48−5.54 (m, 1 H), 4.84−4.91
(m, 1 H), 4.63 (dd, J = 9.7, 4.6 Hz, 1 H), 4.39 (dd, J = 18.9, 4.6
Hz, 1 H), 3.79 (d, J = 18.9 Hz, 1 H), 3.74 (t, J = 10.3 Hz, 1 H),
3.60 (dd, J = 10.9, 4.6 Hz, 1 H), 3.26−3.39 (m, 2 H), 0.90 (t, J =
6.9 Hz, 3 H). 13C NMR (101 MHz, DMSO-d6) δ (ppm) 170.2,
149.8, 144.4, 128.7, 124.3, 122.2, 107.7, 65.5, 65.2, 61.9, 43.1,
14.7. HRMS (ESI-TOF) m/z calcd for C14H17N3NaO6S [M +
Na]+ 378.0730, found 378.0710.

N-((S)-1-Amino-1-oxopropan-2-yl)-3-((1S,5S)-2-(((4-
nitrophenyl)sulfonyl)-L-alanyl-L-alanyl)-8-oxo-6-oxa-2,9-
diazabicyclo[3.2.2]nonan-9-yl)propanamide [(S,S)-16a].

Yield 24.4 mg (24%) of amorphous solid. Rotamers cis/trans =
21:79. 1H NMR (400 MHz, DMSO-d6) δ (ppm) Trans rotamer :
8.37 (d, J = 8.8 Hz, 2 H), 8.26 (d, J = 7.0 Hz, 1 H), 8.04 (d, J = 7.9
Hz, 1 H), 8.00 (d, J = 8.8 Hz, 2 H), 7.27 (br. s., 1 H), 6.95 (br. s., 1
H), 5.24 (d, J = 4.8 Hz, 1 H), 4.78 (d, J = 3.1 Hz, 1 H), 4.51 (quin,
J = 7.0 Hz, 1 H), 4.16 (quin, J = 7.0 Hz, 1 H), 3.95 (quin, J = 7.0
Hz, 1 H), 3.95−3.84 (m, 1 H), 3.78 (d, J = 11.0 Hz, 1 H), 3.74−
3.58 (m, 2 H), 3.49−3.37 (m, 1 H), 3.04−2.91 (m, 1 H), 2.43−
2.28 (m, 2 H), 2.11−1.97 (m, 1 H), 1.93−1.75 (m, 1 H), 1.15 (d,
J = 7.0 Hz, 3 H), 1.07 (d, J = 7.0 Hz, 3 H), 0.99 (d, J = 7.0 Hz, 3
H). 13C NMR (101 MHz, DMSO-d6) δ (ppm) 174.2, 170.2,
170.2, 169.6, 164.2, 149.5, 146.8, 128.1, 124.3, 84.4, 65.8, 55.4,
51.5, 47.9, 44.8, 41.7, 39.1, 34.9, 34.0, 19.1, 18.3, 17.2. HRMS
(ESI-TOF) m/z calcd for C24H33N7O10S [M + H]+ 612.2088,
found 612.2087.
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(27) Cankarova, N.; Krchnaḱ, V. J. Org. Chem. 2012, 77, 5687−5695.
(28) Cankarova, N.; La Venia, A.; Krchnaḱ, V.ACS Comb. Sci. 2014, 16,
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■ NOTE ADDED AFTER ASAP PUBLICATION
AnMe group configuration was corrected in Scheme 1 and in the
structure for [(R,R)-2b] on October 16, 2014.
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