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ABSTRACT

Numerous previous studies of GABAAR ligands have suggested that GABAAR
agonists must be zwitterionic and feature an intercharge separation similar to that of
GABA (approx. 4.7-6.0 A). We have demonstrated that monomeric, homodimeric and
heterodimeric non-zwitterionic GABA amides are partial, full, or superagonists at the
murine GABA, receptor (GABAAR). The agonism of these GABA amides is
comparable to that of THIP, as shown by in vitro assay results. The assay data indicate
that the agonism of GABA amides is tether length-dependent. Optimum agonism is
achieved with a tether length of four methylenes in GABA amide dimers and in GABA
amides bearing pendant amide or amino groups. We have further investigated the
structure-activity relationship for GABA amides on the GABAAR by performing
structural modifications to both the superagonist 2¢ and the agonist 6¢. Synergism and
[’H]muscimol binding experiments show that 2¢ binds to the same sites as GABA.
Structural modification of 2¢c demonstrated that partial rigidification of the tether
eliminated agonism and caused ligands to behave as weak competitive antagonists. We
have also investigated the agonism of four ZAPA derivatives in *°Cl” uptake functional
assay. Two of them are found to be as potent as GABA.

In our studies of 1,4-benzodiazepines, our goal was to synthesize three different

subtypes of quaternary 1,4-benzodiazepines by use of the memory of chirality (MOC)



strategy. Disappointingly, most of the deprotonation/alkylations failed, due to various
reasons. The failure of the reactions of (S)-alanine-derived tetrahydro-1,4-
benzodiazepin-3-ones was probably due to either the unexpected side reactions or the
steric hindrance of enolate alkylation. In the case of tetrahydro-1,4-benzodiazepin-2-
ones, computational studies suggested that steric hindrance by both the benzo ring and
N4-allyl group might retard deprotonation at C3 by bulky bases like KHMDS or LDA.
Finally, (S)-serine-derived 1,4-benzodiazepin-2-ones and their elimination products (ot-
methylene benzodiazepines) were prepared. These proved unreactive towards
deprotonation/alkylations and conjugate additions, respectively. The low reactivity of the

a-methylene benzodiazepines towards nucleophiles was attributed to highly delocalized

LUMOs that failed to direct nucleophiles to the B-carbons.
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Chapter 1  Introduction and Background of GABA, Receptors

1.1  Background and Significance of the GABAA Receptor

Gamma-aminobutyric acid (GABA) is the major inhibitory neurotransmitter in
the mammalian central nervous system (CNS). It is found mainly in the brain,' and is an
agonist at three receptor subtypes.” Altered GABAergic function (GABA-activated
neurotransmission) in the brain is believed to responsible for the development of some
neurological and psychiatric disorders in humans such as Huntington’s chorea and
schizophrenia."" *

GABA, which was first discovered in the brain by Roberts and Awapara in 1950,
functions as an inhibitory neurotransmitter in the CNS, as suggested by
electrophysiological studies between 1950 and 1965.* Since then, the complicated
mechanisms that contribute to GABA-mediated neurotransmission have been studied
extensively using electrophysiological, pharmacological, and molecular biological
techniques.” Generally, GABA serves as an inhibitory neurotransmitter that decreases
neuronal excitability by increasing the conductance of post-synaptic membranes to CI’
ion.®"® Its inhibitory effect plays an important role in all central neurons, and it has been
suggested that 30% or more of central neurons may use GABA as a neurotransmitter.'

GABA plays a part in the regulation of physiological mechanisms, including the
secretion of hormones such as prolactin and growth hormone. GABA is also involved in
the control of cardiovascular functions and pain processes. The synaptic mechanisms
associated with anxiety, and with feeding and aggressive behavior are also believed to be

under control of GABA." In addition, GABA also has physiological functions in the



peripheral nervous system (PNS). GABA receptors have been detected in the endocrine

glands, smooth muscles, and the female reproductive system.’

1.2 Classification of Three GABA Receptor Subtypes

GABA (1) is important for the overall balance between neuronal inhibition and
excitation, and is an agonist at three receptor subtypes: GABA, GABAg, and GABAc
receptors.” ° The notion of GABA, and GABAgRs were introduced by Hill and Bowery
in 1981, based on the discovery of difference between GABA-mediated activation of
bicuculline-sensitive chloride channels and GABA-mediated activation of cation
channels. These two receptors are pharmacologically, electrophysiologically and
biochemically different.”* The GABAR is a ligand-gated chloride ion channel (Figure
1.1),"" ' and has a number of binding sites for other ligands, including benzodiazepines,
barbiturates, convulsants such as picrotoxinin (2) (Scheme 1), some general anesthetics,

. 2,10, 12
neurosteroids, and perhaps ethanol.> '*



GABA
(Agonists/Antagonists)

Picrotoxinin Site Benzodiazepine site
Convulsants Agonists (depressants)
Antagonists
Inverse Agonists

Steroid Site
Barbiturate Site Anesthetic (also volatile?)
Depressants (also ethanol?) Excitants?

Excitants?

Figure 1.1 A highly simplified illustration of the GABA,R. Picture is adapted from Ref. 10

The GABAAR is a member of the ligand-gated ion channel (LGIC) superfamily,
that consists of the glycine receptor, the nicotinic acetylcholine receptor (nAChR),
glutamate receptor, and the serotonin type 3 receptor (5-HT3).* " The GABA binding
site of the GABAAR is the site directly responsible for the Cl” channel opening. GABAA
agonists, including muscimol (3), isoguvacine (4), 4,5,6,7-tetrahydroisoxazolo [5,4-C]
pyrindin-3-ol (THIP) (5), and 3-aminopropane sulfonic acid (3-APS) (6) (Scheme 1) bind
to the same site and induce GABA-like responses. The potent and specific GABAsR
agonist muscimol is one of the most useful GABA analogs, and has been used
extensively for both pharmacological and radioligand binding studies.* The binding of
GABA to the GABA4R is blocked by the competitive antagonist, bicuculline (7)
(Scheme 1.1). Non-competitive antagonists of the GABAR are also known; these

compounds (e.g., picrotoxinin)® bind to another site but effectively block channel gating.



Scheme 1.1 GABAAR, GABAgR and GABAcR Agonists and Antagonists
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GABAGg receptors, which are 7-transmembrane domain spanning G-protein
coupled receptors, are associated with a second messenger system, and coupled to Ca*"

and K™ channels.>*% '* The GABAGR is insensitive to the GABA 4 antagonist



bicuculline, and to the GABA 4 agonists isoguvacine, THIP, and 3-APS.* The GABAgRs
are found on dopaminergic and glutamatergic neurons in the ventral tegmental area. The
systematic administration of GABAgR agonist baclofen 8 has shown to decrease the
firing rate and bursting firing of ventral tegmental dopaminergic neurons as well as
reducing extracellular dopamine levels in the nucleus accumbens, suggesting the
inhibitory role of the GABAgR in the mesolimbic circuitry."” Clinical and preclinical
data also suggest the importance of the GABAgR in therapeutic drug action. The
GABAGgR agonists such as baclofen have shown to demonstrate muscle relexant and
analgesic properties, reduce the craving for alcohol and nicotine consumption as well as
abuse of drugs such as cocaine, heroin, opiate and methamphetamine.'>'®'" In addition,
the data suggest that these agonists may be useful in treatment of gastrointestinal
disorders, asthma and overactive bladder. In the case of GABAgR antagonists, animal
studies indicate that these antagonists display antiepileptic, neuroprotectant, cognition
enhancement and antidepressant properties.'®'**

The GABAC( receptor also gates a Cl ion channel, which led to its initially being
classified as a subspecies of the GABAAR.2 However, unlike the GABAAR, the
GABACR is not widely distributed in the CNS; it appears principally in the vertebrate
retina.” The GABACR is insensitive to the GABAg agonist-baclofen (8) (Scheme 1.1),
and the GABA 4 antagonist-bicuculline, as first identified by Johnston and colleagues in
1984. The GABAC( receptor has been further identified by its response to agonist CACA
(cis-4-amino-crotonic acid) (9) and selective agonist (+)-CAMP (1S, 2R-2-
(aminomethyl)cyclopropanecarboxylic acid (10) (Scheme 1), to which the GABAAR is

insensitive.” > *° GABA( receptors are either homooligomers of p (p1-3) subunits or



pseudohomooligomers (p1p2),> and cloning studies have shown that p1 shares some
homology with the o and B subunits of GABA4R (vide infra).” The GABA4R and
GABACR share structural and functional features with other members of the LGIC
superfamily. However, many details of the physiology and pharmacology of GABAcR

. 2,5,20
remain unknown.” ™

1.3  GABAAa Receptor Physiology and Pharmacology
1.3.1 Current Models for the Structure and Function of the GABAAa Receptors
GABAARs are chloride channel proteins, which are opened by the binding of
GABA agonists. GABARSs, like nicotinic acetylchlorine receptors (nAChRs), are 70 A-
wide heteropentameric glycoproteins with a central water-filled pore,”' as suggested by
electron microscopic studies. Many GABAAR subunits have been identified by cDNA
cloning and sequencing (ct1-, B4, Y1-3, S, €, p1-2,0 and 1).** * The predominant native
isoforms (60%) of GABA receptors consist of 2a;, 232, and one ¥, subunit (Figure
1.2),'*2* % ag suggested by protein chemistry, antibody separations and site-directed
mutagenesis.”® The isoforms of each subunit class share 70 percent sequence identity,
and the subunits have approximately 20-30 percent sequence identity between classes.” *
1227 Each individual subunit is about 50-60 kDa, which includes a large N-terminal
extracellular domain (ECD), a transmembrane domain (TMD) with four a-helical
segments (TM1-TM4), and a large intracellular domain.”> *® The combination of o, § and
v subunits is necessary to reconstitute the full pharmacological functions of the native

receptor, including sigmoidal dose-response to GABA and benzodiazepine



29-31

potentiation. The importance of the a subunit has been further suggested by Sigel et

al.,’” who has studied the point mutation of o.1-Phe64 to Leu and found that o.1-Phe64 is
essential for GABA dependent channel gating. Substitution of Phe64 by Leu
dramatically decreases the GABA agonism: the ECs( value (concentration of agonists that

elicits half-maximal ion flux)* increases from 6 uM to 1260 uM.

agonist site 1

benzodiazepine
binding site

agonist site 2

Figure 1.2 Proposed GABA 4R structure showing the two functional agonist sites (G) and the
benzodiazepine binding site (B). Letters A-F are designated as six discontinous polypeptide loops that are
participated in the formation of agonist binding pocket. Picture is adapted from Ref 23 and 34

In 2000, when we started this project, evidence suggested that there exist two
distinct classes of binding sites on the GABAR: high- and low affinity agonist sites,
which differ by up to three orders of magnitude in their affinities for agonists.” >’
Channel-gating is proposed to be the consequence of agonist binding to the low affinity

sites, since micromolar concentrations are required to activate the chloride channel. In

contrast, radioligand binding studies have been used to identify the existence of high



affinity sites, since displacement of radiolabeled agonist from the high affinity sites
occurs at nanomolar concentrations.”> For instance, [*’H]muscimol can be displaced from
membranes with nanomolar concentrations of muscimol or GABA. What possible
reasons are there for the observation of these two classes of sites? One possibility is that
the difference in apparent affinities is due to the fact that functional and binding assays
involve quite different measurements. That is, there is in fact only one type of agonist
binding site that exhibits high affinity under some conditions, and low affinity under
other conditions. The second possibility is that the high- and low- affinity sites are
structurally distinct. In 1989, Dunn’® reported characterization of both nanomolar and
micromolar binding of [*H]muscimol in the same membrane preparations. Dunn was the
first to use equilibrium binding studies to demonstrate a biphasic binding curve, and
concluded that the GABA4R contains structurally distinct low and high affinity sites.
Her conclusions influenced our earlier thinking of the structure of the GABAAR, as will
be discussed in chapter 2. In line with this view, based on the photoaffinity
[*H]muscimol labeling studies in the bovine GABAAR a1- subunit, Olsen et al.” suggest
that the high- and low-affinity sites may be differently located, but the data propose a
location for low affinity agonist binding that agrees with Sigel mutagenesis studies. The
amino acid residue which is labeled with [°’H]muscimol was identified Olsen et al.”’ as
Phe65. However, this Phe65 residue is the bovine homolog to Phe64 in the rat al-
subunit, which was previously identified by the mutageneis studies of Sigel et al.* as
possibly involving the functional GABA binding site.

Dunn's demonstration of two classes of binding sites is an important break-

through, but does not take into consideration the fact that a typical binding assay



membrane preparation is very different from a functional assay membrane preparation.
Functional assays (e.g., measurement of the uptake of *°Cl into vesicles) are generally
carried out under approximately physiological conditions; typically with
synaptoneurosomes (which bear intact membranes) at 30 °C and pH 7.4. However,
binding assays (radioligand displacement studies of agonists from the high affinity sites)
are carried out under optimal ligand binding conditions.*® Typical binding assays are
done with frozen-thawed, well-washed, lysed membranes.*® Perhaps the preparation of
the membranes for a binding experiment actually creates high affinity sites that were not
there to begin with. In support of this idea, both Schwartz et al.*® and Brown et al.*°
have done binding studies under conditions that more closely approximate functional
assays, and found only micromolar binding of [°’H]muscimol. Their perhaps suggest that
high affinity sites are an artifact of the binding assay membranes preparation method.

In order to further test the theory of two distinct classes of binding site in the
GABA,R. Dunn et al. * have expressed single receptor isoforms in HEK (human
embryonic kidney)-293 cells and characterized both micromolar and nanomolar
concentration binding of ["H]muscimol in 2000. Interestingly, Dunn’s published study
does not address or offer any explanation to Schwartz’s results. On the other hand,
Dunn® has also studied the effect of mutation of tyrosine residues at positions 62 and 74
to phenylalanine or serine on both [’H]muscimol binding in HEK-293 cells, and ion
channel activation in Xenopus oocytes, and found that Y62S mutation (mutation of
tyrosine to serine) completely eliminates high affinity binding in HEK-293 cells without
affecting low affinity binding, Enax, or benzodiazepine potentiation; however, both

mutations (Y62S and Y74F) increase the ECs channel activation, 6- and 2-fold



respectively. Since disruption of the high affinity site does not have a significant effect
on receptor function, Dunn and coworkers suggest that the high affinity sites may play a
role in receptor desensitization (closed state of the receptor).35 In line with this idea,
Dunn et al.”” later on studied the effect of mutations of both Y62S and Y74F on the
desensitization of the GABA 4R in Xenopus oocytes, and suggested that high affinity sites
stabilize the desensitized state of the receptor, based on the voltage clamp results. At low
concentration, the desensitization characteristics measured in Y74F mutant receptor is
similar to those of wild-type receptor; but the Y62S mutant receptor recovers from
desensitization even in the continued presence of GABA.

Based on Dunn's experiments, it is reasonable to believe that there are distinct
high and low affinity agonist sites on intact individual receptors, and that only the low
affinity sites are involved in channel gating. However, Sigel et al.*’ in 2003 published a
study that challenged the idea of independent high- and low-affinity sites on a single
receptor. Sigel and co-worker investigated the effect of point mutation of o,;F64L and
the similar mutation of B,Y62L on binding and receptor function. The data show that
o F64L mutation strongly affects the channel activation (38-fold increase in ECsg value)
and desensitization by GABA; it also causes the maximum binding of [*’H]muscimol to
drop dramatically. On the other hand, mutation of B, Y62L has little effect on binding
properties, channel activation (3.4-fold increase in ECs, value) and desensitization, as
compared with the wild-type receptor. The shift of 3.4-fold in ECs( value upon mutation
of B2Y62L is comparable to the shifts of 2- and 6-fold for B, Y62F and ,Y62S mutations
that are reported by Dunn et al.*> Apparently, mutation of o, F64L causes complete loss

of the high affinity sites and the channel activation to be affected strongly, but the
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changes are not significant with the 3, Y62L mutation. Therefore, Siegel et al. argue that
high- and low-affinity sites are probably structural identical.*’
a1 F64 has been previously shown to be important in channel activation, and is

photoaffinity labeled by [*H]muscimol.”" ¥

This is consistent with Siegel’s recent
published data.*” However, the significant discrepancies between Siegel’s and Dunn’s
results require a good explanation. It is believed that the dissociation constant (Kp) of
high affinity binding sites for GABAAR agonists is 10-30 nM, whereas that for low
affinity sites is 0.1-1.0 uM. Dunn has shown that $,Y62S mutation shifts Kp of
[*H]muscimol to 300 nM in HEK293 cell, and this result leads Dunn and coworker to
believe the importance of ,Y62 in high affinity site binding.”> However, Siegel et al.
claim that Kp values in the 100 nM range (150-300 nM) are difficult to measure due to
two reasons. Firstly, fast dissociation rates of [’H]muscimol lead to a significant loss of
observed binding. Secondly, non-specific binding becomes significant as compared with
specific binding at higher ligand concentrations. Thus Dunn’s data and conclusions are
subject to question.*” Siegel et al. also challenge the role of B,Y62 in the process of
desensitization. They believe that the voltage clamp measurements that were performed
by Dunn and co-worker’’ have not been done in a classical way, which describes the
time-dependent current decay in the presence of the agonist. On the other hand, Siegel
and co-worker observe that B,Y62L mutation does not have significant effect on the time
course of desensitization after exposure to 1-10 mM GABA. In contrast, mutation of

a1 F64L changes the current decay properties greatly.*” Based on these results, Siegel et
al. conclude that high-and low-affinity sites are structurally identical and these are the

two classes of site that are in equilibrium conformations during agonist binding. After
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reviewing Sigel’s works and criticism of Dunn’s experiments, we also believe that high-
and low-affinity sites are interconvertible sites on the GABAAR. That is, these sites are
identically located and exhibit different affinities towards agonist binding.

Figure 1.2 shows a hypothetical model of the GABA, receptor with the agonist
and modulatory site at subunit interface. In the GABA4R, low affinity sites are proposed
to be located between o and 3 subunit interfaces, while both photoaffinity radiolabeling
experiments and site-directed mutagenesis studies suggest that the modulatory
benzodiazepine binding site is located between the o and y subunits.”®** Based on
structural notation of the binding loops of X-ray crystal structure of AChBP and more
detailed analyses of the GABAAR binding sites, six discontinuous polypeptide loops
designated A-F at the a.and 3 subunit interfaces are identified to take part in the
formation of the agonist binding pocket of the GABAR (Figure 1.2).* The charged
residues in the TM1-TM2 are believed to form the ion channel “gate” in the GABAAR.28
As we mentioned previously, GABAAR and nAChR belong to the same super family, and
share structural and functional features. AChBP (acetylcholine-binding protein) is a
structural and functional homologue of the extracellular portion of the a-subunit of
nAChR.*" Therefore, it is relevant to use structural notation of the binding loops of X-
ray crystal structure of AChBP in assigning the binding loops for the GABAAR.

Patch-clamp® studies demonstrate that the dose-response curves of GABA
typically have a Hill slope of 2, implying that there are two low affinity binding sites
(agonist site 1 and 2, Figure 1.2) in the GABAAR and at least two agonist molecules (one
to each low affinity agonist site) are bound to these sites before the CI” ion channel

opens.”>*** A proposed gating scheme is given in Figure 1.3.%
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Figure 1.3 A proposed gating scheme for the GABAAR in the presence of agonist and
benzodiazepine modulators; * represents activated receptor.

Within a few seconds of reversible channel gating, the receptor becomes
desensitized® at this point the channel will remain closed until the agonist concentration is
made very low. The rapid desensitization of GABAAR upon exposure to agonists also
indicates that chloride ion is transported into brain membrane vesicles quickly. Although
Siegel et al.* have recently reported that o,;F64 is involved in channel desensitization,

the exact mechanism of desensitization still remains unknown.
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1.3.2 Benzodiazepine Binding Sites of The GABAA Receptors

The GABAAR is the target of a variety of clinically and pharmacologically
important drugs such as anxiolytic benzodiazepines (e.g., diazepam (11)). The
benzodiazepine binding site is believed to be located at the o;(+)/y2 (-) subunit interface,
and the amino acid Phe77 residue has been identified to participate in the formation of
the benzodiazedine binding site (Figure 1.2).** Benzodiazepines, which were first
introduced in the 1960s as sleeping pills, are agonistic modulators of the GABAAR.**
Agonistic modulators by definition, are ligands that bind to an allosteric site on the
GABAAR, and enhance the agonistic effect of GABA. Benzodiazepines such as
diazepam and flurazepam (12) have a sedative, anxiolytic, muscle relaxant, hypnotic and
anticonvulsant action.* Therefore, benzodiazepine sites are significant therapeutic
targets of the GABAAR within the brain.'>*® Benzodiazepines such as chlordiazepoxide
and midazolam enhance the GABAAR function by increasing the apparent potency of
GABA.***" However, benzodiazepines cannot open the ion channel in the absence of
agonist. How do benzodiazepines exert this action on the GABAAR? Serfozo et al.
propose that benzodiazepines enhance chloride flux by introducing another gating
mechanism: only one agonist molecule is required to open the chloride channel with one
benzodiazepine bound.*” (As shown in Figure 1.3)

Many studies have demonstrated that benzodiazepine agonists such as Ro 11-
6896 [Bjo(+)] (13) (Scheme 2), diazepam, clonazepam and flurazepam, shift the GABA
agonist (GABA, muscimol) concentration-response curves shift to the left, indicating that
benzodiazepines potentiate GABAergic function by decreasing the agonist ECs (Figure

1.4) with no effect on the maximal response induced by GABA.'> **-%-* Studies of

14



[’H]muscimol binding to low affinity sites by Schwartz et al. also suggest that
benzodiazepines do not increase the affinity of the receptor for the agonist.”®

The rank of order of potentiation of these agonists was [Bo(+)] > diazepam >
clonazepam > flurazepam using 1 uM of each drug. However, these benzodiazepines

have no effect on *°CI” uptake in the absence of GABA agonist.

gU = 60 o Control
5 e e Diazepam
Eg s
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T
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s E 20-
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-
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Log [Muscimol] M
Figure 1.4 Enhancement of muscimol-induced **CI" uptake by diazepam. Picture is modified from
Ref. 41

(o) Synaptoneurosomes were preincubated with buffer,
(®) Synaptoneurosomes were preincubated with 10 uM diazepam.

Benzodiazepines increase the chloride channel opening frequency, but they do not
alter single channel currents or channel opening burst duration of GABAAR*”!

1
("bursts"

are defined as an opening or a group of openings separated by a relatively long
closed period). The effect of diazepam (20-1000 nM) on GABAR single channel
currents has been studied by Macdonald et al. Their patch-clamp studies show that

GABA-mediated channel opening frequencies and bursts are increased with increasing

concentrations of diazepam up to 50 nM.”' However, the magnitudes of the increase in
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channel opening and burst frequencies are decreased at higher concentration of diazepam
(250 nM). Macdonald et al.”" proposes that perhaps the rate of GABAAR channel
desensitization is increased with higher concentration of diazepam since the frequency of
bursts of channel openings is increased. In contrast, the mean GABA4R single-channel
current amplitudes are decreased by inverse agonists (ligands that exert a negative
allosteric effect on GABA agonism), such as methyl-6,7-dimethyoxyl-4-ethyl-3-

carboline-3-carboxylate (DMCM).”!

1.3.3 Barbiturates, Picrotoxinin and Steroid Anesthetic Binding Sites in the
GABAAR

The GABAAR is also the target of action of depressant and sedative-hypnotic
barbiturates (e.g., pentobarbital, PB, 14), and anesthetics such as etomidate (15),
propoflo, and alfaxalone (16) (Scheme 1.2)."" Electrophysiological studies have
demonstrated that at a 50-200 uM concentration range, barbituates such as pentobarbital
enhance GABAergic neurotransmission by increasing the mean channel open time to
chloride ion, but without affecting the channel opening frequency.”® The single-channel
bursting inward currents from spinal cord neurons of mice induced by both GABA (2
uM) and GABA plus PB (50 uM) have been studied by Macdonald et al., and they have
found that PB increases the mean open time of GABAAR from 3.5 ms (with GABA only)

to 8.3 ms (GABA plus PB).”
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Scheme 1.2 Important drugs and modulators for GABAAR
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Pentobarbital (50 uM) enhances the muscimol-mediated *°Cl" uptake by shifting
the muscimol concentration response curve to the left, decreasing the ECs, value from 7.0
uM to 2.5 pM.° At higher concentrations (100-500 M), barbituates are able to elicit CI

conductance in the absence of GABA, with a maximal response at 500 uM.'* >

However, at concentrations higher than 500 uM, pentobarbital causes the functional
desensitization of the GABAAR. Higashi and Nishi>* propose that barbiturates at high
concentrations may induce a conformational change in the receptor complex, thereby
causing blockade of CI” channels.’

Convulsant neurotoxicants such as picrotoxinin, and insecticides such as lindane,
(17)> are channel blockers. The picrotoxinin site is located on or closely associated with
the chloride ion channel,”® and picrotoxinin inhibits the GABA-activated chloride influx

by causing a decrease in mean channel open time and stabilizing closed channel states.'"

57

The hypnotic neurosteroids such as 3a-OH-DHP (18) and 5a-THDOC (19)
(Scheme 1.2), are among the most potent known steroid modulators of GABARs.'* >®
The synthetic anesthetic steroids such as pregnanolone (PRE, 20),” ethanol, volatile gas
anesthetics halothane® (21) and isoflurane (22),°' and propofol (23), also enhance
GABAAR chloride channel function and modulate binding in vitro. PRE is a "barbituate-
like modulator" of the GABAR, which increases the average chloride channel open time

at low concentration (100 nM to 1 uM) and decreases the prolongation of the average

open duration at higher concentration (10 uM), (as shown in Table 1.1), indicating that
GABA-mediated chloride channel is blocked by PRE, the reason is that PRE at high

concentrations may also cause conformational change in the receptor complex. The
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modulating effects of ethanol on GABAAR is also concentration-dependent, at relatively
low concentration (subanesthetic concentration, 20 mM). Ethanol has sedative and
motor-uncoordinating effects, and at high concentration (anesthetic concentrations, 50-
400 mM), it has an anesthetic effect, suggesting that the GABAAR may play important

roles in the actions of ethanol and in alcoholism.

Table 1.1 PRE regulation of GABAAR open properties*

GABA +PRE | +PRE (1 uM) +PRE

(2 uM) (100 nM) (10 uM)
Average open 3.92 5.07 5.59 5.33
duration (ms)

* GABA and GABA + PRE induced bursting single-channel currents in patch-clamp recordings from
spinal cord neurons of mouse held at =75 mV.

The anxiolytic B-carbolines such as 6-benzyloxy-4-methoxymethyl-f-carboline-
3-carboxylate ethyl ester (ZK 93423) (24), and Abecarhil (25), (Scheme 1.2) are a potent
positive, and a partial positive allosteric modulator for GABA4R, respectively.' The
anxiogenic B-carboline, DMCM (26) however, is a very potent negative modulator for
GABAAR."

With such a therapeutically relevant and rich pharmacology, the GABAAR has

been extensively studied by molecular biologists and medicinal chemists.” '*** T

n
particular there is increasing interest in separating the anxiolytic, muscle relaxant,

sedative, and antiepileptic properties of benzodiazepines, with respect to both receptor

isoform specificity®® and drug structure.”® Due to their potential therapeutic use for
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treatment of anxiety disorders,’ epilepsy,* pain,’ and insomnias,** design of novel

GABAAR agonists and partial agonists is also of considerable interest.

1.4  GABAAa Receptor-Agonists and Partial Agonists

GABAAR agonists are compounds that induce GABA-gated chloride channel
opening. Channel opening is proposed to result from binding to the low affinity agonist
sites of GABAAR. The inhibitory nature of the GABA in the CNS encouraged the design
and development of various structural types of GABA agonists.” In the past, based on the
conformational restriction of different parts of the GABA molecule and bioisosteric
replacements of the functional groups of this amino acid, a diverse group of specific
GABA, agonists have been developed. Some of these agonists have played an important

role in the development of the GABAAR pharmacology.”*°

1.4.1 Structure and Conformation of Active GABA Analogs (Exogenous GABAA
agonists)

GABA is a flexible molecule, which can exist in several conformations, ranging
from “fully extended, partially folded, to fully folded,” as shown in

Figure 1.5.2% %

There is great interest in determining which comformation GABA adopts
when bound to the receptor. If only staggered conformations (i.e. energy minima) are
allowed, 9 conformers must be considered. Of course, the receptor bound agonist may
exist in other conformations (e.g. eclipsed conformations) not described in Figure 1.5.

The different efficacies of enantiomers of (RS)-dihydromuscimol (DHM)® suggest that

GABA may adopt a chiral conformation on binding. (S)-DHM (27) is the most potent
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GABA, agonist described so far. It is 40 times more potent than GABA, suggesting that

(S)-DHM may closely mimic the receptor bound conformation of GABA.

Fully extended
3

H,N CO,H
DRSS

2,3-anti-3,4-anti

l

Partially folded

(oo oo AT

NH, NH, CO,H CO,H
2,3-anti-3,4-g"  2,3-anti-3,4-g" 2,3-g*-3,4-anti 2,3-g™-3,4-anti

I

Fully folded

NH, CO,H NH, CO,H NH, CO,H NH, CO,H
23-g-34-9°  23-g"-34-g 2,3-9"-34-g°  23-g-34-g°

Figure 1.5 Potential conformational energy minima of GABA'"

On the basis of the possibility of different interactions of these different GABA
conformations with various receptors, enzymes, and transporters, medicinal chemists
have developed GABA analogs that feature various geometric constraints. The
introduction of double bonds into the GABA backbone, incorporation of the backbone
atoms into a ring structure, and addition of bulky substituents have all been explored, as

illustrated in Scheme 1.3.
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Scheme 1.3 Conformationally restricted GABA analogs in their ionized and unionized

forms
OH
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\ \
HoN / _N HoN / _N HoN_ .. \N
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Muscimol (3), which was first introduced in 1968 as a conformationally restricted
GABA analog, is a psychoactive natural product from Amanita muscaria mushrooms.*”

57 1t is a more potent GABAAR agonist than GABA, with an ECs value of 7.3 £ 0.5 uM,
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compared with 10 uM of GABA.® However, muscimol is toxic and it will be
metabolized after peripheral administration, so it is not clinically useful."* The relatively
rigid muscimol analog, THIP (5), is a partial GABAAR agonist, and it has some
selectivity for particular B-subunits of the GABA4 receptor.®® THIP is less potent than
musicmol, but it is comparatively non-toxic in rats and dogs, and also, it can penetrate the
blood brain barrier (BBB) very easily after systematic administration.”® THIP is a
proven antinociceptive agent-it can be as effective as morphine. Its analgesic action
therefore highlights the possible importance of GABA mechanisms in pain.®> ®

However its side effects, including sedation, dizziness, and blurred vision, prevent it from

being a useful therapeutic agent.'**°

Based on the structure of THIP, several specific
monoheterocyclic GABA, agonists have been developed, including isoguvacine (4),
isonipecotic acid (28), 5-(4-piperidyl)isoxazol-3-ol (4-PIOL, 29) and piperidine-4-
sulfonic acid (P4S, 30). Isoguvacine (5) is approximately as potent as GABA in
competing for the binding of PH]GABA, but it is slightly less potent than GABA in
mediating chloride flux.> " 4-PIOL is a partial agonist with an ECso of 91 uM at
GABA, receptor, and it is approximately 200 times less potent than isoguvacine as an
agonist.'> !

Both thiomuscimol (31) and DHM are derived from muscimol. The GABA,
agonism of muscimol is not lost upon certain minor structural modifications.
Thiomuscimol is approximately equipotent with muscimol as a GABA, agonist, whereas
"(S)-DHM (27) is the most potent GABA agonist so far described", as demonstrated in

both functional and binding assays. However, replacement of oxygen in the iosoxazole

moiety in THIP by sulphur to give thio-THIP (32), is less potent than its parent
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compound. Likewise, the sulfonic acid analog of GABA, 3-aminopropane sulfonic acid
(APS, 6) is less potent than GABA at inducing *°CI” influx.** However, 3-APS is twice
as potent as GABA in competing for the binding of [H]GABA.” This result highlights
the fact that agonist potency may not always track well with high-affinity binding.
(2)-3-[(Aminoiminomethyl)thio]prop-2-enoic acid (ZAPA, 33), an
isothiouronium analog of GABA of restricted conformation, is more potent than GABA
on low-affinity GABA binding sites, with ECsy of 10.3 = 0.7 uM, while the ECs of
GABA is 12.8 + 0.4 uM.'"* " The Hill slopes of the concentration-dependent curve of
ZAPA are 2, indicating that 2 ZAPA molecules are needed to activate GABAAR.™ The
cyclopentane analogue of GABA, (1S, 3S)-(+)-trans-3-aminocyclopentane-1-carboxylic
acid ((+)-TACP, 34), is also a potent GABA 4 agonist.” '* The conformationally restricted
analog of isoguvacine and GABA, trans-4-aminocrotonic acid (TACA, 35), is an agonist

at GABAAR.

1.4.2 Endogenous Agonists

GABA itself is the most significant endogenous agonist, the other agonists
include imidazole-4-acetic acid (IAA, 36), taurine (37) and B-alanine (38).'* TAA, the
histamine metabolite, is present in the mammalian CNS, and is a comparatively potent
GABA4 agonist. It has hypnotic and analgesic effects, however, few studies have been

done to determine its pharmacological and clinical potential." > '

Taurine, -amino
sulfonic acid, is a weak GABAR agonist, being 68-fold less potent than GABA.”

Taurine is also a partial GABA agonist in activating benzodiazepine binding.'* -

Alanine is a much weaker agonist, being 230 times less potent than GABA in stimulating
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GABAR." Finally, the synthetic dipeptide, GABA-taurine (39) has no effect on

GABA4R.™
OH y
N
ﬂ I G
3 COOCH GABA-Taurine (39)
IAA (36)

Taurine (37) B-Alanine (38)

1.5  GABAAa Agonist-Receptor Interactions

Based on structure-activity analyses, the GABA, receptor can tolerate some
bioisosteric alteration of the functional groups of GABA. For example, we have already
discussed the agonistic potency of muscimol, DHM, TACA and ZAPA. Surprisingly,
however minor structural modification of a particular agonist molecule usually results in
the loss of GABA 4 agonism.™ I Generally, the presence of negatively and positively
charged groups (zwitterionic) is essential, but not major for GABA, agonist activity.
The GABAAR agonism is maintained or enhanced if the GABA analogs resemble one of
the possible comformations of GABA. All of the potent GABA,4 agonists described so
far are structurally related to GABA.

At least three aspects of agonist structure affect GABA agonism, including
electronic factors, structural and conformational factors, and stereochemical factors.”’

We will also review the work on current agonist binding model of the GABAaR.
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1.5.1 Electronic Factors

Prior to our work, it was believed that a zwitterionic structure of GABA analogs
is necessary for GABAAR agonism. In addition, on the basis of structure-activity
analysis, a high degree of delocalization of the positive charges reduces both GABAA
agonism and inhibition of GABAAR binding. TAA (36) is a good example. IAA is less
potent than GABA in both functional and binding assays.”’ As shown below, [AA
features more delocalization of positive charge than GABA. However, ZAPA is an

exceptional case, as we mentioned earlier, ZAPA is more potent than GABA as

GABAAR agonist.
,O
0 / \\e
s 0 o
—( © ® J_/@ 'SH
H3N !
\®/ 3 O i \\
HN\V/NH HoN=%) NH,
IAA (36) GABA (1) ZAPA (28)

On the other hand, Wermuth et al.”® suggested that the delocalization of cationic
charge is important for improving GABA 4 antagonist activity. N-Pyridazinyl derivatives

of GABA (e.g. SR 95531), muscimol, and thiomuscimol”’ are very potent antagonists.
MeOWN o o7
N \_/_<

&
o)

Gabazine (SR 95531)

1.5.2 Structural and Conformational Factors.
As we have mentioned before, it is important to have a "GABA structural

element" for the interaction of GABA4 agonists with the GABAR. But within certain
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limits, the primary amino group of GABA can be substituted by other functional groups
without significant loss of GABA 4 agonism. ZAPA is a good example. However, an
incorporation of substituents onto the terminal amino groups of GABA, agonists
normally results in a significant or complete loss of GABA A agonism.™ " * N-Methyl-
GABA®! is almost inactive, N, N-dimethyl- and N, N,N-trimethyl-GABA are completely
inactive. The N-methyl derivatives of muscimol® and thiomuscimol are only weak

GABAAR agonists.77’ 8

1.5.3 Stereochemical Factors

Structure-activity analysis studies have demonstrated that GABAAR is
stereoselective. (S)-DHM, is 50 times more potent than its (R)-isomer for gating the
GABAAR. % ZAPA (33) and TACA (35) are both conformationally restricted analogues
of GABA. The trans-isomer of 33 is inactive at GABAR, while 33 is more potent at the
GABA4R than GABA and muscimol. 73 Likewise, TACA is a GABAR agonist, but its
isomer, CACA (9) is a GABACR agonist.zo (S)-4-Me-TACA is also a GABA4 agonist,
but its (R)-isomer has no effect on GABAAR. ® 5'-Me-muscimol has been studied in the
binding assay, the S-(-)-isomer has found to have a 31-fold higher binding affinity than

the R-(+)-isomer at binding assays.”®

OH OH
: 0) @)
S-(-) - R- (+) -

5'-Me-muscimol
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1.5.4 Current Agonist Binding model of the GABAA Receptor

To date, direct structural determination of the GABA 4R has been a challenge due
to its low abundance (pmol/mg of protein) and heterogeneous nature, in addition to the
difficulties of isolating and purifying whole membrane proteins. Many indirect but
useful methods such as site-directed mutagenesis, chemical modification and molecular
modeling were therefore used to provide insight into receptor structure and function.”
Photoaffinity labeling, site-directed mutagenesis and SCAM (substituted cysteine
accessibility method) have been used to identify many amino acid residues that

13,23, 84-85

participate in agonist binding (Table 1.2). Many of these studies assayed in how

mutation affects GABA dose-response curves in both agonism and gating.

Table 1.2 Residues lining the GABA AR agonist binding pocket

Binding A B C D E F
loop
notation*

Phe64, Thr129, Argl76,
Phe65, Argl3l Vall78,

Arg66, Val180,

Residues - - - Arg67, Aspl183
of o Ser68,
subunits Ser69,
Gln67,
Trp69

Tyr97, Tyr198, Thr244,
Leu99 Tyr200, Tyr247,

Residues Tyr157 Thr202,
of B Tyr205, - - -

subunits Ser204,

Arg207,

Ser209

*Binding loop notations are depicted in Figure 1.2.
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SCAM has been used to identify pore-lining residues in the binding pocket of
nicotinic and GABA receptors. This method is based on how the modification of the
substituted cysteine (selected amino acids were mutated to cysteine) by a reactive water-
soluble sulthydryl compound (MTSEA-biotin: N-biotinylaminoethyl
methanethiosulfonate) could affect the receptor function. If the modification takes part in
a binding domain of the receptor, it is likely to cause a change in the functional properties
of the receptor. There are two factors that affect the rate of reaction of MTSEA-biotin
with introduced cysteine: ionization of the sulthydryl side chain and steric hindrance.
Ionization of cysteine side chain is more likely to occur in aqueous environment. MTS
reacts 10°-10'"" times faster with ionized sulfhydryl side than they do with protonated
sulthydryls. Steric hindrance reflects how easy or difficult it is for MTS to physically
access and interact with the sulfhydryl group. Therefore, whether the substituted cysteine
can be accessed by MTS and how quickly cysteine can react with MTS provide useful
information about the structure and the environment of the receptor.'® Based on the
accessibility pattern and the results of MTSEA-biotin reaction rates from G203C-S209C,
Czajkowski et al."® have proposed that /3 loop C is a coil and the GABAAR binding
pocket is a narrow cleft that is located in both a hydrophobic environment and a sterically
hindered region. The results also suggest that the binding site constrict during gating due
to the movement of «; and /% domains of the GABA binding sites toward each other.

A flexible binding-site model has been used by Jones et al.* to explain the
binding behavior of the GABA, agonists. They propose that the binding site behaves
like a pair of movable "arms" attached to rigid "anchor" sites by spring-like tethers,

which are separated by a distance. Binding induces movement of the arms to “hold” the
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agonist molecule. Such process involves activation energy, which is consistent with the
idea that the gating of the ion channel is initiated by agonist-triggered movements within
the ligand binding site.*” On the other hand, Czajkowski et al.’s have proposed that the
binding site constricts during gating due to the movement of ¢; and £, domains of the
GABA binding site toward each other. Three arginine residues at the ; and £, domains
(P-Arg207, a;-Arg66 and a;-Argl31) have been identified to directly stabilize GABA
during binding by electrostatic interaction between the positively charged guanido group
at the end of the arginine side chain and the negatively charged carboxylate group on the
GABA molecule. Czajkowski et al.*’ propose that these three arginines form a triangle
of positive charge that collaborate to accommodate the negatively charged carboxylate
group of the GABA molecule. Since the GABA binding pocket is narrow, this “crown of
arginine” arrangement would have implied that GABA molecule is situated vertically
within the binding pocket, with the positively charged amino group pointing away from
the arginine crown.

Figure 1.6 is a simple description of receptor occupancy and gating of the
GABAR. Basically, the agonists activate the CI' channel of the GABAAR by interacting
with the agonist-binding sites, triggering a conformational change in the receptor
(structural transition from closed state, AR to open state, A,R*) that results in the
opening of the ion channel. This process, which also known as gating happens quickly
and reversibly, but the exact mechanism involved in structural rearrangement, was not
well understood.”®** Recently, several workers have studied the nature of the coupling

agonist binding to channel gating, and identified four amino acids in loop C &; domain
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and the charged residues located in flexible loops of either ¢ or £ subunits are involved

in coupling agonist binding to channel gating.'*** *
KDl KD2 E
A+R = A+ AR = AR = A)R*
A: Agonist
Closed Open R: Receptor

Kp = Dissociation constant (agonist affinity)
E = Agonist efficacy

Figure 1.6 Schematic description of receptor occupancy and gating of GABAR

Based on SCAM, Wagner and Czajkowski'> have proposed that the residues Phe200,
Ser201, Tyr202 and Gly203 in loop C ¢; subunit are involved in mediating GABA
binding. Three of the residues (Phe200 to Tyr202) appear to be outside the binding
pocket and buried in membrane lipid. Gly203 has been shown to be at the mouth of the

binding pocket. Harrison et al.’

show that electrostatic interactions between negatively
charged Asp57 and Asp149 in the flexible loops 2 and 7 in the extracellular domain, and
positively charged Lys279 in the short transmembrane linker (TM2-3L) region of the
GABAAR-¢; subunit are involved in the process of receptor activation. Apparently,
Asp149 and Lys279 move closer together during gating. In line with the results of this
view, Kash et al.”® also obtained the same observations using site-directed mutagenesis.
They identified the acidic residue Asp 146 in loop 7 of /5 subunit and basic residue
Lys215 in pre-transmembrane domain—1 are involved in coupling agonist binding to the
gating of channel through electrostatic interactions.

The studies described previously are based on how mutation changed the ECs

values of GABA. The question is how we can determine whether the amino residues
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involved in mutation studies are related to coupling agonist binding to channel gating or
binding directly. The amino acid residues in Table 1 were identified lining the binding
pocket. Both site-directed mutagensis and SCAM have found that mutation of these
residues causes a large increase in ECsg values of GABA; there is no doubt that these
residues are directly involved in agonist binding and the subsequent opening of ion
channel. However, the residues like Phe200, Ser201, Tyr202, Gly203, Asp57, Asp 149,
Lys279, Asp 146 and Lys215 are identified either in extracellular domains or in
transmembrane domains. Mutation of these residues causes an increase in ECsg values of
the GABAAR agonists, especially partial agonist like P4S with a decrease in agonist
efficacy. Such decrease in agonist efficacy suggests that mutated amino residues are

involved in gating.

1.6 Traditional Assays for Agonists

Functional assays, such as patch-clamp and *°Cl flux, provide functional
measurement of actions of GABA agonists and antagonists.”’ Due to the unique
pharmacological and clinical importance of GABAAR, there is considerable interest in
studying the factors that would affect the functional assays of the GABA, agonists. As
regards *°CI flux, the first factor is the incubation time of agonists; generally, GABA-
mediated *°CI" flux was complete within 15 seconds of incubation.* Prolonged
incubation time results in a higher absolute chloride uptake, and therefore decreases the
ECso of GABA, as listed in Table 1.3.°%°! Longer incubation time also enhances the
modulatory effect of pentobarbital, indicating that the potentiation effect of pentobarbital

on GABA-activated *°CI" flux takes place only after GABA has bound to the binding
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sites.” Prolonged incubation time also demonstrated that GABA-dependent *°CI” uptake
was slowly recovered in the presence of GABA antagonists, picrotoxinin, endrin and

TBPS.#

Table 1.3 Correlation of incubation time on GABA-mediated chloride flux

and EC5()
Incubation time 24 50 500 3000
(msec)
ECso (uM) 100 59 42 22

The second factor is the temperature effect; the GABA-induced *°C1” uptake
depends on temperature slightly, as indicated by little change in GABA-stimulated
chloride flux within the range 20 to 40 °C. This result also suggests that the GABA-

43,90 .
77 However, the action of

dependent chloride transport is passive rather than active.
ethanol on GABA-activated chloride uptake is temperature dependent. At 34 or

37 °C, ethanol shows potentiation effect on *°CI” uptake but not at 30 or 32 °C."

Rapid desensitization of the GABA receptor-coupled chloride ion channel is the third
factor that affects the functional assay.® *** The duration of GABA-mediated chloride
channel opening is of the order of 1-10 ms, followed by rapid desensitization induced by

. . . 42 .
GABA or muscimol at higher concentration.*>°* *> However, the exact mechanism of

desensitization remains unknown.
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1.7 Pharmacokinetic Aspects and Prodrugs

All GABAAR agonists described so far have zwitterionic structures; however,
only non-ionized neutral molecules can penetrate the BBB. The inadequate ability of
GABAAR agonists to penetrate the BBB reflects the difficulties in developing such
agonists with satisfactory pharmacokinetics properties.”’ The ratio between the
concentrations of ionized and unionized molecules (1/U ratio) indicates the ability of
GABAAR agonists to penetrate the BBB. This I/U ratio is a function of the difference
between the pK,' and pK," values.’>"* Figure 1.7 shows an illustration of the
determination of the /U ratio for isoguvacine in aqueous solution. Basically, the 1/U ratio
of neutral isoguvacine can be calculated in two ways, as the ratio between the intrinsic
constants K, and K, or between K4 and K. The approximate values of K, and K, are
measured by titration of isoguvacine. Species i will be the predominant form below pH
4, species ii will predominate at pH 5-9, and species iii will predominate at pH>10. The
values of K}, and K4 can not be determined by titration directly, since species iV will not
predominate at any pH, they are thus estimated indirectly by titration of appropriate
derivatives of isoguvacine, in which either the acid or the basic function, respectively, has
been blocked, as shown in Figure 1.7. From the values of K,, K., Ky, and Kg, two
similar /U ratios were calculated for isoguvacine. Values of pK,, and 1/U ratios of some
GABA 4R agonists and their ability to penetrate the BBB are shown in Table 1.4.°” In
general, the higher the 1/U ratio, the smaller the fractions of un-ionized molecules will be
present in the solution, and the lower the ability of GABAAR agonists to penetrate the

1
BBB." 5,53, 67
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Table 1.4 pK, values, and 1/U ratios of some GABA4R agonists and their ability to
penetrate the BBB®

GABAAR agonists  pK, values (I; 11) I/U ratio* Penetration of the BBB

GABA 4.0; 10.7 800,000 No
(RS)-DHM 5.8;9.3 630 Yes
Muscimol 4.8;84 900 Yes

Thiomuscimol 6.1; 8.5 16 Yes
THIP 44;8.5 1,500 Yes
Isoguvacine 3.6; 9.8 200,000 No
4-PIOL 5.2;10.2 31, 000 No
P4S <1;10.3 >1,000,000 No

Both muscimol and THIP can penetrate the BBB, however, muscimol is toxic and
it will be easily metabolized after systemic administration; THIP has analgesic effects,
but its side effects such as sedation and blurred vision prevent it to be clinical useful.
(RS)-DHM can also penetrate the BBB, however, pharmacological data of animal
behavioral studies is not available.*

Because most of the GABA, agonists do not penetrate the BBB, the prodrug
approach would be a useful strategy to convert zwitterionic GABA  agonists into
clinically useful CNS agents. An ideal prodrug is the derivative of the biologically active
compound that can be easily converted into parent compound in the CNS without
formation of toxic by-products, and also it should have a long half-life.”> Important

GABA prodrugs include progabide (40) and (41) (Figure 1.8).">*%> The
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pharmacological data of (40) show that it has anticonvulsant effects in diverse types of
epilepsy, and no potential toxicity of the benzophenone moiety has been reported so far.'
(41), like (40) which decomposes in the brain to give GABA and increases GABA level,
and shows continual anticonvulsant effects in rats.' The acyloxymethyl esters (42) and
(43) are systemically active prodrugs of isoguvacine.">> Their half-lives are about 10

minutes and 6 hours respectively under approximate physiological conditions in vitro.”

NH NH,
OH
SeUn °
N H
F - (@] N

0

O N%<
H

]

40 41

O O e} e}

| o/\o)K o/\o)*
HN HN |
42 43

Figure 1.8  GABA, agonists prodrugs

Compound 40 is a benzophenone imine derivative of GABA. It is believed that
(40) is partially metabolized into the corresponding carboxylic acid in vivo by oxidative
deamination or transamination, which is then hydrolyzed to give GABA and
orthohydroxy-benzophenone (path A to B to D). The corresponding carboxylic acid (SL
75102) is a GABA, agonist,”® being 33-fold less potent than GABA.”® An alternative

possibility is that (40) is converted into GABA-amide by cleavage of imine bond, which
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1,95

is subsequently hydrolyzed to provide GABA (path A to C to D), as illustrated in

Scheme 1.4. Path (A to B to D) is believed to the preferred pathway.”

Scheme 1.4  Proposed mechanisms for the hydrolysis of progabide (40)
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Chapter 2 Syntheses of GABA, receptor analogs

Numerous previous studies of GABA, receptor (GABA4R) ligands have
suggested that GABA AR agonists must be zwitterionic and feacture an intercharge
separation similar to that of GABA (approx. 4.7-6.0 A)."> GABA amides were studied
relatively early in the development of GABAAR pharmacology, and received little
attention thereafter. Suckling reported that 1a-d were 5,000-11,000-fold less potent that
GABA to displace ["H]GABA from human cerebellum membranes; however, no
functional assay data on these compounds were reported” (Scheme 2.1). More recently,
GABA dipeptides such as GABA-His and GABA-Gly were studied.” Chloride flux assay
at 0.1 and 1 mM showed that these compounds were not agonists.” Taken together, these
published studies provided little motivation to further explore GABA amides. However,
because of our interest in developing tethered GABAAR agonists,”” and because
functionalization of the GABA carboxyl is one of the few conceivable ligation strategies,
we were motivated to synthesize three series of new GABA amides and re-examine a
small collection of known GABA amides in a functional assay. We have published the
synthesis and evaluation of some of these GABA amides in 2002.® With eventual goal of
developing bivalent ZAPA agonists, we also examined one of the GABAR analogs,

ZAPA and its derivatives in the same functional assay.
Scheme 2.1 GABA amides examined previously by other workers

(0] NH
|
HzN\/\)J\NHR o /li’\l) o
+ — + —
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1c R=Ph -
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1d R =n-CyoHs y
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2.1  Syntheses and Evaluation of homodimeric GABAA receptor analogs

GABA amide homodimers 2a-i were prepared from N-Boc-2-pyrrolidone, which
was in turn synthesized from Boc anhydride and 2-pyrrolidone according to the literature
method’ (Scheme 2.2). Ring-opening with diamines afforded the corresponding N-Boc
GABA amide dimer derivatives, and either HCI or trifluoroacetic acid (TFA)

deprotection provided 2a-i in moderate to good yields.

Scheme 2.2 Synthesis of GABA amide homodimers
O O
(Boc),0, DMAP, EtsN

NH > NBoc
CH,Cly, r.t., 12 h

2-pyrrolidinone N-Boc-2-pyrrolidinone
99% (lit. 96%)

i) HoN(CH5),NH, (0.5 equiv),
dioxane, reflux, 12 h.

if) Concd HCI/CH30H or
TFA, CH,Cly, r.t.,, 1 h

N-(CHy) N
HzN/W 2)n Y\/\NHz

0] O

2a*2HC| n = 2 (69%) 2fs2HCI n = 8 (54%)
20+2TFA*N =3 (73%)  2g+2HCln = 9 (32%)
2c*2HCI n = 4 (69%) 2h+2HCl n = 10 (22%)
20+2TFA*N =5 (72%)  2is2HCI n = 12 (33%)
2e*2HCI n = 6 (77%)

*Compounds 2b and 2d were synthesized by Yiqun Zhang. Bioassay experiments were
performed by the author.
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2.1.1 Bioassay Results of New GABA amide homodimers

The new GABA amide dimers were screened for their activity as GABAAR
agonists using a standard *°CI" flux assay in mouse brain synaptoneurosomes.'® Prior to
assay, the amide homodimers that are hydrochloride salts were analyzed by HPLC using
a modification of Sallers’ procedure (assay of the dansyl sulfonamide derivatives),'" to
confirm that they were free from trace GABA impurities (<0.1 wt%). Details of the
HPLC analysis are discussed in section 2.5.

These GABA amide homodimers were first screened for their activity at 1 mM.
The results showed that the agonism by these dimers was tether length dependent (Figure
1.1). As can be seen, chloride uptake increased as the tether length increased from 2 to 4
methylenes; the uptake then gradually declined to the background level from four
methylenes to nine methylenes. Chloride uptake above background was statistically
significant (p<0.05, t-test) only for tether lengths of 2-6 methylenes (2a-e); at longer
tether lengths (8, 9,10, and 12 methylenes) uptake was indistinguishable from
background. At this point the optimum tether length appeared to be four methylenes.
Dose-response curves were also obtained for GABA amide dimers 2a-e; compound 2¢
proved to be the most potent (Figure 2.2, Table 2.1). The Hill slopes for all of these
GABA amide dimers were in the range of 1.3-2.1, consistent with the idea that two
agonists must bind in order to gate the GABAAR. The dose-response curves displaced

differing degrees of agonism for different tether lengths.
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Figure 2.1 Effect of tether length of GABA amide dimers (n = number of methylenes) on *°CI" flux
(at 1 mM drug) in mouse brain synaptoneurosomes, expressed as % uptake versus background (bkd, 100%,
dotted line). An asterisk signifies that uptake is significantly different than background (p<0.05, t-test)
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Figure 2.2 Dose-response relationship of CI” uptake and drug (GABA and 2a-€) concentrations in
mouse brain synaptoneurosomes
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Table 2.1 GABAAR agonism (Enax), chloride uptake (ECs values) and Hill slope of
GABA amides and controls

Compound Chloride uptake Agonism (Emax) Hill Slope
E(ko,uhd

2ae2HCl 733£1.3 Partial (264+36) 1.3
2be2TFA 184£3.5 Full (314£100) 1.7
2ce2HCI 475%1.1 Super (578+40) 1.6
2de2TFA 130£1.3 Full (353£25) 1.3
2ee2HCI 643t1.4 Full (4331£94) 2.1
GABA 14.311.1 Full (389+12) 1.3
GABA + 2ce2HCI 6.01+2.6 Super (530£48) 1.4
GABA + 3be2TFA 30.4+1.4 Full (362+36) 1.2

Although 2c is 33-fold less potent than GABA, it is a ‘superagonist’ because its
maximal uptake (Enax) is 49% higher than that achieved by GABA (Figure 2.2, Table
2.1). To establish that the superagonism of 2¢ was not an artifact, we took steps to
determine whether GABA active transport during the assay casued a sub-optimal GABA
Emax. The GABA transport inhibitor nipecotic acid (100 },LM)lz was added to chloride
flux experiments containing 13 uM and 1 mM GABA. In neither case did addition of
nipecotic acid give additional ion flux (Figure 2.3), indicating that GABA transport did

not limit GABA Enax, confirming the ‘superagonist’ status of 2c.

= 150

] a b
125+

100_ ...........................................
754

1 1: GABA (13 uM)

50 2: GABA (13 uM) + Nipecotic acid (100 uM)

254

Net CI" Uptake (vs bkd

0

bkd 1 2

Figure 2.3 Effect of nipecotic acid (100 uM) on GABA-induced CI" uptake. Letters a and b signify
that uptake is significantly different than background (p<0.05, t-test); and the uptake of experiment 1is not
significantly different than that of experiment 2
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To confirm that the effects of 2¢ on chloride uptake were indeed mediated by the
GABAAR, control experiments were performed (Figure 2.4). Picrotoxinin (a GABAAR
non-competitive antagonist) blocked the stimulating effects of 2¢ on *°CI” uptake,
confirming that the observed uptake was mediated by the GABAR and not another
chloride channel. Additional controls with bicuculline (a GABAAR competitive
antagonist) also showed the antagonism of chloride uptake by 2c, confirming that

observed 2¢ bound to the same GABAAR agonist site as GABA.
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Figure 2.4 Effect of non-competitive (picrotoxinin, PTX) and competitive (bicuculline, BCC)
inhibitors on **CI ion flux elicited by 2¢ (1 mM) in mouse brain synaptoneurosomes; bkd represents
background uptake in the absence of agonist. Asterisks indicate that the aonist-induced uptake in the
presence of blocker significantly less than that observed with 1 mM 2c alone (p<0.05, t-test)

Compound 2c is a ‘superagonist’ and also the best homodimer among the GABA
amides that we have evaluated so far. In order to determine whether GABA and 2¢ might
show synergism with each other, we conducted a dose-response experiment of GABA in
the presence of 250 uM 2c (Figure 2.5). At lower concentrations of GABA (<1 uM), the
net CI” uptake in the co-application experiment was due to the presence of 250 uM 2c
alone. As the concentration of GABA increased from 1uM to 100 uM, the dose-response

curve of GABA in the presence of 250 uM 2c did not level off at the Eyax of GABA, but
52



rather reached the approximate Enax of 2C. However, further increase in GABA
concentration caused the net Cl uptake to decrease, suggesting that GABA dominated the
binding at the GABAR at higher concentrations (=1 mM); and the effect of 2¢ on
receptor activation was no longer significant. Therefore, these data indicate that GABA
and 2¢ bind to the same site. At GABA concentration <1 uM, 250 uM 2¢ competes with
GABA for binding to the receptor and an additive effect of the two agonists is seen.
However, above 1 mM, GABA out-competes 250 uM 2c for binding to the receptor and a

typical GABA Epay is seen.

00T GARA

. 5507 O GABA + 250 uM 2c

%E 450 @ 2¢

%E 350-

,G_._E 250
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Figure 2.5  Co-incubation experiment of (dose-response curve of GABA + 250 uM 2c) GABA and
2c

2.1.2 Synthesis of Derivatives of ‘Superagonist’ Dimer 2c (4a-h)

We have discussed the role of tether length on agonism by the GABA amide
dimers and shown that the optimum activity achieved by dimer with four methylenes.
However, the distance imparted by this tether could be spanned with other linkers. It is
possible that dimers that are structurally similar to 2¢ will show greater potency or

agonism than 2c. In addition, flexible methylene tethers suffer from a higher entropic
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penalty upon binding when compared to relatively rigid tethers. Partial rigidification of
the tether can reduce the entropic penalty of binding, and hence improve efficacy or
potency of GABA amide agonists. Thus, as part of our investigation of the structural
requirements for optimal binding of GABA amide homodimers to the low-affinity sites
on the GABAAR, we replaced the tether length of four methylenes of 2¢ with a more
rigid framework A and that imparts approximately the same distance between N ;| and N,

(Scheme 2.3).

Scheme 2.3 Design of derivatives of 2¢ (4a-h)

A

H H
HZN/\/\H Nl-X—Nzn/\/\NH2
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o]

2¢-2HCI
X = CH,CH,CH,CH, (superagonist)

Compound Framework A Distance (A) Compound Framework A Distance (A)
H _ \ /
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4e-2TFA _6
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4f.2TFA SN N~

H
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H
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\H g HN— _ /—NH
~ e
N
H/\©/\H 58

4d-2TFA

4h2TFA > /\
N NV H 5.8
H XX\ N—_

*N;-N, distances of equilibrium geometries of 4a-h in the fully extended conformation
are measured at MM/MMEFF, using Spartan’04 windows

Note that attempts to synthesize 4a and 4b from N-Boc-2-pyrrolidinone by
refluxing in dioxane were unsuccessful. This was probably due to the steric crowding

around the amine groups in trans-1,4-cyclohexanediamine which might inhibit formation
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of the tetrahedral intermediate needed for reactivity with N-Boc-2-pyrrolidinone. On the
other hand, 3-aminobenzylamine was less reactive because it is an aniline derivative,
which makes it less nucleophilic. Both compounds are thus less reactive than the primary
amines that were used in the synthesis of 2a-i. Therefore, new GABA amide
homodimers 4a-h were prepared from N-Boc-GABA (3), which was synthesized
according to the literature method in quantitative yield."> Coupling of diamines or
hydrochloride salts of diamine with N-Boc-GABA in the presence of EDCI and DMAP
in CH,Cl, afforded the corresponding N-Boc GABA derivatives, and subsequent
trifluoroacetic acid (TFA) deprotection provided 4a-h as TFA salts in moderate to good
yields (31-97%, Scheme 2.4). Et;N (4.0 equiv.) was added to the coupling reaction when

the HCI salts of diamine were used.

Scheme 2.4 Synthetic scheme of derivatives of 2¢ (4a-h)

e} O
+ |. 10% NaOH, dioxane
' ' NHBoc
-O/U\/\/NH3 - HO)J\/\/
i. (Boc),0, r.t.,, 12 h 3
100% (lit. 100%)©

i. Diamines, EDCI, DMAP,
CH,Clp, rt., 12 h
ii. TFA/CH,Cl,, r.t.,, 1 h

@) O
H,N \/\)I_ A_U\/\/ NH,
4a-h
4a+2TFA (76%) 4e<2TFA (88%)
4b+2TFA (89%) 4f2TFA (37%)
4c+2TFA (97%) 4ge2TFA (39%)
4de2TFA (87%) 4he2TFA (70%)

Four of the diamines that are used in the coupling reactions in Scheme 4 are not
commercially available. These diamines include 0-xylylenediamine, trans/cis-1,4-

diaminobut-2-ene dihydrochlorides and 1,4-diaminobut-2-yne dihydrochloride, which are
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in turn synthesized from corresponding dihalides according to the modified literature
method (Scheme 2.5)."* The synthesis of 0-xylylenediamine has been reported
previously, but the other three diamines are new compounds.

Scheme 2.5  Synthesis of dihydrochloride salts of diamine

NaNg, THF/EtOH/H,0(2:2:1
- N i. PPhg, THF,
Br 1t (1h)—= 50°C (1h) s reflux, 0.5 h

ii. concd HCI,
95% reflux, 2 h

+7
NH; Cl

+ —
NH; I

81%

i. NaN3z, THF/EtOH/H,0O
(4:3:1), reflux, 13 hr

/ Br >
Br N NS ii. PPhg, reflux, 2 hr
iii. concd HCI, reflux, 2 hr 99%

+ —
-+ /\/\/NHg CI
Cl H3N

Cl i. NaNg, THF/EtOH/H,0 e,

(4:3:1), reflux, 13 hr NH3
al = ii. PPhg, reflux, 2 hr cl —+ HaN =

iii. concd HCI, reflux, 2 hr

94%

i. NaN3, EtOH/H,0

RN (1:3). rt. 12 hr o "H N/\ ;
> 3 -
cl
/\/C' ii. PPhg, r.t., 5 hr o NHs

iii. concd HCI, reflux, 2 hr 71%
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2.1.3 Bioassay Results of the Derivatives (4a-h)

All of these new analogues of 2¢ derivatives were screened for their activity as
GABAAR agonist. To our surprise, none of the new homodimer analogs 4a-h elicited
any net chloride uptake at the highest concentration tested (1mM). Apparently, partial
rigidification of tethers of these new amide dimers caused the loss of activity, which
indicates that flexible tethers (methylene chains) are important for agonism of GABA
amide agonists. As agonists must bind to the receptor in both closed and open
conformations, flexibility may be required to trigger a conformational change of the
receptor and eventually the gating of the chloride channel.

In order to test the possibility that agonism, not binding, is diminished in the
partially rigidified analogues, we screened these new amide dimers for their ability to
block the stimulating effect of GABA on *°CI” uptake.'® Six of the new GABA amide
dimers (4b-g) were found to inhibit the chloride ion flux elicited by GABA (Figure 2.6).
As can be seen, the GABA-induced uptake in the presence of blockers (4b-g) were
significantly less than that observed with 100 uM GABA alone (p < 0.05, t-test). Since
all six of these new dimer analogs, which contain rigid double bonds, were not agonists
but were antagonists, it was likely that partial rigidification caused these amide dimers to

lose activity and antagonize GABA-induced channel activation.
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Figure 2.6  Effects of GABA amide dimer derivatives 4a-h on ion flux elicited by GABA (0.1 mM);
bkd represents background, uptake in the absence of agonist. Asterisks indicate that the GABA-induced
uptake in the presence of the blocker at ImM is significantly less than that observed with 0.1 mM GABA

alone (p < 0.05, t-test)

We also performed the dose-response experiment of GABA in the presence of one
of these antagonists, 4b, in order to determine whether compounds 4b-g are competitive
or non-competitive antagonists. The result showed that the dose-response curve of
GABA in the presence of 4b was shifted parallel to the right (Figure 2.7). The potency of
GABA was decreased by about 2-fold (Table 2.1), but Eyax remained about the same as
that of GABA alone. This experiment demonstrated that 4b (and by extension 4c-g) can

compete with agonist for binding, but cannot gate the receptor.
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Figure 2.7 Inhibitory effect of 4b on concentration dependent chloride uptake by GABA in mouse
brain synaptoneurosomes

2.1.4 [*H]Muscimol Binding Experiments

The inhibitory effect of these partial rigidified homodimers (4b-h) was further
examined in the binding experiments. The ability of GABA, 2c or 4b to displace
[*H]muscimol from binding sites were tested in two different assays (filtration and
centrifugation assays). Typical binding assays (PH]muscimol or ["THJGABA) were done
with frozen-thawed, well-washed, lysed membranes to optimize the binding.'® However,
these studies generated little information regarding low affinity binding associated with
the channel gating in functional assay. In order to address this issue, both DeLorey and
Brown (filtration assay) and Schwartz et al.*” (centrifugation assay) have done binding
studies under conditions that more closely approximate functional assays, and found only
micromolar binding of ["H]muscimol (1.9 uM ®and 2.0 uM'” respectively). Based on
Brown’s literature method, we carried out [*’H]muscimol (70 nM) binding experiments in
the presence of three unlabeled ligands (1 mM GABA, 2c and 4b respectively). The
specific ["H]muscimol binding in the presence of I mM GABA or 2¢ was about 50% of

total binding. This value was comparable to the value that reported (40%) by DeLorey
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and Brown.'® However, specific [*H]muscimol binding in the presence of the weak
antagonist 4b was indistinguishable from background (Figure 2.8). One possible reason
for the apparent lack of binding by 4b is the rapid washing and filtering used in the
filtration assay. Since 4b is a low potency antagonist, the wash and filtration may have
facilitated the dissociation of 4b from the binding sites; thus no binding was detected.

The centrifugation assay is better at detecting low affinity binding since no rapid
wash and filtration are required as in the filtration assay. Thus, dissociation of weakly
bound ligands to the binding sites should be minimal in the centrifugation assay. We
therefore conducted [*’H]muscimol (70 nM) binding experiments in the presence of three
unlabeled ligands (1 mM GABA, 2¢ and 4b respectively) based on Schwartz’s method."’
Unlabeled mucimol (1 uM) was also added to each experiment to ensure the
measurement of low affinity-site binding. In the presence of 1 mM GABA or 2c, the
specific [’H]muscimol binding was about 40% (Figure 2.8). This result again indicated
that 2¢ bound to the same sites as GABA. The specific ["’H]muscimol binding in the
presence of the weak antagonist 4b was only about 15%; however this result was
statistically significant. The result of 4b also shows that the centrifugation method is a
better technique for weak agonist or antagonist binding. In general, these results were in
good agreement with Schwartz’s published data (56 to 67% specific ["H]muscimol

binding in the presence of | mM GABA)."”
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Figure 2.8 % Total binding of [*"H]muscimol in the presence of unlabeled ligands and other
unlabeled ligands in mouse brain synaptoneurosomes. An asterisk indicates that the binding is significantly
different than from treatment 1 (p < 0.05, t-test)

Despite the fact that we have conducted the [’H]muscimol binding experiments in
two completely different assays, the values of specific ["H]muscimol binding (in the
presence of | mM GABA or 2c) generated from the centrifugation assay (micromolar
concentration measurements) were not significantly different (p > 0.05, t-test) than the
results that obtained from the filtration assay (nanomolar concentration measurements).
A similar observation has also been made by Brown et al. In both assays,
synaptoneurosomes and the ligands were co-incubated for 20 to 30 minutes, which
allowed the tissue and ligands to equilibrate before filtration or centrifugation.

Note that since we have not performed any dose-response binding experiments,
we are not able to determine the actual Kq of either GABA or 2c to displace
[*H]muscimol. All we can say is that these compounds do displace [*H]muscimol under

conditions optimized to assess low affinity binding.
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2.2  Syntheses and Evaluation of heteromeric GABAA receptor analogs

Simple GABA amide heterodimers 1a-b, and 5a-e were also prepared from N-
Boc-2 pyrrolidinone (Scheme 2.6). In the case of 5a-e, excess corresponding amines
were used in order to obtain good yield of heteromers instead of dimers. In order to
prepare GABA amides with a pendant acetyl group, acetylation of the terminal amino
group was carried out before acidic deprotection, to afford 6a-e in moderate to good
yields (Scheme 2.7). In general, HCI deprotection provided crystalline products; in case

where the HCI salts were not crystalline, the trifluoroacetic acid salts were prepared.

Scheme 2.6  Synthetic scheme for simple GABA amides

0]

O
2
1aeTFA (88%) 1beTFA (46%)
i. n-BuNH,, dioxane
i. NH4OH (concd), reflux, 2 h reflux, 12 h
ii. TFA/CH3OH, r.t., 10 min ii. concd HCl(5q)/CH3OH,
r.t., 30 min

o
o
H2N(CH2)NH,,
BOCHN\/\)k|\“_|7(C|_|2)7|\“_|2 dioxane, reflux, 12 h NBoc
q -
N-Boc-2-pyrrolidinone

i. Ac,0O, 0.5M NaCOH,
CH,Cl,,
ii. concd HCI/'TFA

concd HCI/CH;0OH
or TFA/CH,Cl,

0 0
H,N
? MNH*(CHz)rNHz HZN\/\)LNH*(CHZ)TNHAC
5a*2TFA n = 2 (80%) 5d«2TFA n =5 (74%) 6a*TFA: n = 2 (48%) 6dTFA: n =5 (95%)
5b<2TFA n = 3 (51%) 5e<2TFA n = 6 (92%) 6b*TFA: n = 3 (85%) 6e*TFA: n = 6 (83%)
5¢+2HCI: n =4 (77%) 6¢*HCI: n =4 (61%)
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Attempts to synthesize 1C in the same method as other simple GABA amides
failed (Scheme 2.7). Thus compound 1c was prepared from aniline and N-Boc-GABA

using the EDCI/ DMAP coupling method in excellent yield (Scheme 2.7).

Scheme 2.7  Synthesis of 1¢ under two different conditions

(@]
§ NBoc
» No reaction
NH, Dioxane, reflux, 12 h

@ — .
Aniline O HNMNHZ
HO)J\/\/NHBOC

-

y

i. EDCI, DMAP, CH,Cly, 1. t.,, 12 h
ii. TFA/CH,CI,, r.t.,, 1 h 1c*TFA (95 %)

2.2.1 Bioassay Results of the Amide Heterodimers

All of these amide heteromers were also screened for their activity as GABAAR
agonists using the same functional assay that we employed previously. As in the case of
dimers, two of these heterodimers (5ce2HCI and 6¢e2HCI) were also analyzed by HPLC
prior to assay to make sure that they were free trace of GABA contamination (<0.1 wt%).
In fact, compounds 5a and 6a were first synthesized as hydrochloride salts, which turned
out to be contaminated with GABA (>0.1 wt%). Compounds 1a-b were reported by
other workers to be inactive in a high affinity [’HJGABA binding assay, and were shown
to be partial and full agonists respectively (Figure 2.9, Table 2.2). However, compound
1c was inactive in the functional assay. As we mentioned in chapter 1, THIP is shown to

be a GABA4R partial agonist and a potent antinociceptive agent'®. As can be seen in
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Figure 2.9, the ECs( values and degree of agonism of compounds 1a and 1b were

comparable to that of THIP.
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Figure 2.9 Dose-response relationship of Cl” uptake and drug (GABA, 1a-b and THIP)
concentrations in mouse brain synaptoneurosomes

Both series of compounds 5a-e and 6a-e were first tested for their ability to elicit
CI uptake at ImM (Figures 2.10). As can be seen, in the series of 5a-e, chloride uptake
above background was significant only for tether length of 4 and 6 methylenes (5¢ and
5e,); neither 5a nor 5b was active at 1 mM, however, activity seemed to increase as the
tether length increased from 2 to 4 methylenes. It appeared that agonism of this series of
compounds was also tether length dependent, as in the case of amide dimers (2a-i). We
also observed the same tether length dependence trend for compounds 6a-e. Chloride
uptake above background was significant for tether length of 3 to 5 methylenes (6b-d ),
but not for 6a and 6e. In both compounds 5 and 6 series, the optimum tether appeared to
be four methylenes, which is consistent with the optimum tether length that we observed

in the amide dimer series.
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Figure 2.10  Effect of tether length of GABA amides (n = number of methylenes) on chloride flux (at
1 mM drug) in mouse brain synaptoneurosomes, expressed as % uptake versus background. An asterisk
indicates that the uptake is significantly different than background (p < 0.05, t-test)

Table 2.2 GABAAR agonism by GABA amides and controls

Compound Chloride uptake Agonism (Epax) Hill Slope
Ecso, },lM

laeTFA 313+1.1 Partial (307+19) 1.4
1be2HCI 336£1.9 Full (361481) 1.5
5ce2HCI 1137+1.4 Full (497£76) 1.5
6ce2HCI 422+1.3 Full (549+40) 1.7
TaeTFA 317+1.1 Partial (188+8) 1.0

THIP 643+1.4 Partial (252420) 2.1

We have also obtained the ECsg values of both compounds 5¢ and 6¢ from dose-
response curves (Figure 2.11, Table 2.2). Both of these compounds are full agonists, but
less potent than GABA. Since within experimental error the Epax values of 5¢ and 6¢
match that of GABA. Based on the agonism of 5C and 6c, the pendant amide group (6¢)
appears to be superior to the ammonium group (5C). This suggests that proximal to the
agonist binding site there exist a site that can weakly bind the pendant amide group. The
superior activity of 6C to 5C (note these differ only in that 6¢ has an additional acetyl
group) must be due to another complementary binding interaction of the acetyl group in
6C.
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Figure 2.11  Dose-response relationship of CI” uptake and drug (GABA, 5¢ and 6¢) concentrations in
mouse brain synaptoneurosomes

Four methylenes appear to be the optimum tether length for these two series of
amide heterodimers; however, only two pendant groups (acetamide and amino groups)
have been explored so far, it is too early to conclude that the acetamide group is the best
pendant group among the amide heterodimers with four methylenes. Moreover, the
binding preferences of the proximal subsite are unknown. Therefore, as part of structural
investigation for this kind of compounds, we optimized the pendant group (Y) based on

the structure of 6¢ (Scheme 2.8).
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Scheme 2.8  Design of derivatives of 6¢ (7a-i)
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*Compounds 7c-i were synthesized by Yiqun Zhang; bioassay experiments were
performed by the author.

Based on the structure of 6¢, nine compounds (Scheme 2.8, 7a-i ) were
synthesized by varing the pendant groups Y. All of these compounds were synthesized in
good yields according to the procedures that we used for the sythesis of 6¢, with the
exception that pyridine or Et;N was used as base (instead of 0.5 M NaOH) in some cases.
The bioassay results for this series of compounds reveal a significant loss of activity
when compared with the original compound (6¢). Only two out of these nine compounds
are active at the highest concentration tested (1mM). Compound 7a is a partial agonist
(Table 2.2, dose-response curve is not shown), and though 7c induces chloride uptake

significantly above the background at 1 mM, the potency of 7c is too weak to be
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determined. All of these nine compounds are structurally similar to 6¢; however,
replacing the acetamide group with either the bulkier amide groups or sulfonamide
groups caused a loss of activity. These results suggest the important role of the actamide
group in investigated bioactivity. These results also suggested that the proximal binding

site for the pendant amide is small.

2.3  Syntheses and Evaluation of ZAPA and its derivatives
2.3.1 Synthesis of ZAPA and its derivatives

As mentioned in chapter 1, ZAPA (Z-3-[(aminoiminomethyl)thio]prop-2-enoic
acid), an isothiouronium analog of GABA (y-aminobutyric acid), is a potent GABAAR
agonist, which is a potentially therapeutic agent for anxiety, epilepsy, and pain."” ZAPA
has also shown good antidiabetic activity in animal models of non-insulin diabetes
mellitus (NIDDM).? Interestingly, the E-isomer of ZAPA has been shown to be inactive
at the GABA,R.?' A structure-activity relationship study of ZAPA have been reported
by Allan et al.? in 1997 in a guinea pig ileum contraction assay, which tested the ability
of ZAPA and its derivatives to produce GABA-like contractions in the guinea pig ileum.
Most of the ZAPA derivatives studied by these authors produced GABA-like agonism,
but all of them were less potent than either GABA or ZAPA.*> However, none of the
derivatives that studied by Allan and co-workers have been tested in a standard *°CI" flux
or electrophysiological functional assay. Due to our interest in preparing ZAPA linked
bivalent agonists that can be tethered to other drug sites, we synthesized two new and two
known ZAPA derivatives and the tested these derivatives in the standard *°CI" flux

functional assay for the first time.
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ZAPA derivatives were prepared from the corresponding primary N-
alkylthioureas and propiolic acid. The traditional syntheses of primary or N, N’-
disubstituted thioureas usually involved a two-step process, which often required
vigorous conditions to cleave the benzoyl group from thiourea.”” ** 7 We employed
several modified methods that were reported in the literature for the synthesis of n-
alkylthioureas. Most of the methods that we tried were unsuccessful. Prolonged heating
and use of strong bases led to the formation of side product n-alkylurea. Detailed

syntheses were shown in Table 2.3.
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O)J\C' + NH,SCN

Table 2.3

O

i. Acetone, reflux, 15 min

Two-step synthesis of n-alkylthioureas

O S

il RNH, in acetone

- ©)J\NJ\NHR
H
8

Base/solvent,

temp./time

9or 10
Entry Base/solvent Temp/time Remarks R
1 4.0 eq. KOH/ Heated in a pressurized Isolated 30% yield of n-butyl
EtOH bottle/10 h thiourea and 24% yield of
side product urea
2 2.0 eq. KOH/ Reflux/1 h Observed 8 spots on TLC;  n-pentyl
1-pentanol no pure product isolated
3 4.0 eq. KOH/ Reflux/1 h Recovered n-pentyl amine  n-pentyl
1-pentanol and isolated 26% yield of
urea
4 4.0 eq. KOH/ Heated in a pressurized Recovered n-pentyl amine  n-pentyl
1-pentanol bottle/10 h
5 4.0 eq Na/ r.t. to reflux/15min Isolated 42% yield of n-pentyl
EtOH product
6 4.0 eq KOH/ Reflux/2 h Isolated 77% yield of n-pentyl
EtOH product
7 2.0eq Reflux/2 h Isolated 84% yield of n-pentyl
K,CO5/ product
MeOH-H,0
8 10% NaOH/ Reflux/2 h Isolated 83% yield of n-pentyl
MeOH product
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Due to initial unsuccessful attempts to synthesize N-alkylthioureas from the two-
step method described above, we explored other reaction conditions at the same time.
Eventually, we found that compound 9 and 10 could be synthesized from a simple one-
step synthesis of n-alkylthioureas from respective n-alkylamines and 1,1°-
thiocarbonyldiimidazole, using the modified literature method in good yields (74-89%,
Scheme 2.9).* The corresponding ZAPA derivatives 11 and 12 were prepared from
respective primary n- alkylthioureas (9 and 10) and propiolic acid (Scheme 2.9). ZAPA

was prepared as an off-white crystalline hydrochloride salt based on the literature

method.”
Scheme 2.9  Synthesis of ZAPA derivatives
R_+ -
X
COOH
N 87w
Z: E
11(R=n-butyl) 9 1
s 12(R=n-pentyl) 2 1
L . CHCN, j\ propiolic acid,
(/:'N l\\|\/\§ + RNH, 0°Ctor.t., 18 hL R\N NH, glacial AcOH,
— - .. o H
N N i, excess NH40H, 2N HCI, r.t., 12 h
0°Ctor.t,1h 9 R=n-butyl (74%)
i. CHaCN, 10 R = n-penty! (89%)
0°Ctor.t., 18 h,
ii, excess NH,OH,
O0°Ctort,1h
R = BocNHCH,CH, propiolic acid, H
lacial AcOH
glacial AcOH, = />—S COOH
N =
S H 2N HCI, r.t., 12 h cH
HZNJ\N/\/NHBOC + [N\FS 16 (72%)
H Boc
13 (35%) 14 (60%)
propiolic acid, c|’H3K1\/\+ _
glacial AcOH, JN\HC'
2N HCl, r.t., 12 h
- HNT ST
COOH

15 (57%)
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The corresponding two N-alkylZAPA analogs (11 and 12), as reported by Allan et al.,”2
were prepared as mixtures of Z and E isomers (Scheme 2.9), which were difficult to
separate due to their non-crystalline nature. The synthesis of compound 12 was
previously reported by Allan et. al, but compound 11 was not previously known. An
attempted to synthesize N-ethyl-3-(aminoiminomethyl)thiourea 13 yielded a mixture of
compounds, with compound 14 being the major product. Apparently compound 13
underwent an intramolecular nucleophilic addition and eliminated NH3 from the reaction
(Scheme 2.10). Both compounds 13 and 14 reacted with propiolic acid under acidic

conditions to afford pure Z-isomers (15 and 16 respectively) after crystallization.

Scheme2.10 Proposed mechanism for the formation of compound 13

H H H
@\ N s H* transfer N (-S\ N
~_NHBoc _____ [ >< —_— ><+ E
H N N b + . S + NH
20\ H N NH> N GNH; N\F ’
HBoc Boc Boc

13 14

2.3.2 Bioassay Results of ZAPA and its derivatives

We tested all four of these ZAPA derivatives (11, 12, 15, 16) in the OCT flux
functional assay. As mentioned in earlier section, compounds 12 and 16 were previously
tested in guinea pig ileum, but not in a neuronal *°Cl" flux assay. Compounds 11 and 12
were tested as a mixture of Z/E isomers (11: Z/E 9:1; 12: Z/E 2:1) in the standard *°CI
functional assay. Allan et al.? have reported that Z/E mixture of n-pentyl ZAPA (12)
was 2.5 times less potent than GABA; however, we found that the potencies of both 11
and 12 were comparable to that of GABA (Figure 2.12, Table 3.3). In fact, compound 12

(n-pentyl ZAPA, 12.4 uM) was in fact slightly more potent than GABA (14.3 uM).
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Compound 15 was also found to be a GABA R agonist with a ECs value of 95.6 uM
(Figure 2.12, Table 2.4). Interestingly, the net chloride uptake of compound 15 did not

reach down to zero as other two ZAPA derivatives at the lowest concentration tested

(1uM).
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Net CI' Uptake,
nmol/min/mg
N
o
<@

-71.5 -6.5 -5.5 -4.5 -3.5 -2.5
log [drug], M

Figure 2.12  Dose-response relationship of Cl” uptake and drug (GABA, ZAPA, compound 11, 12 and
15) concentrations in mouse brain synaptoneurosomes

Both compounds (11 and 12) were about 6 to 7-fold less potent than ZAPA (Table 2.3).
Since the E-isomer of ZAPA has been shown to be inactive at the GABAAR,21 we
calculated the ECsg values of 11 and 12 in terms of the concentrations of Z-isomers only.
Attempts to recrystallize pure Z-isomer from Z/E mixture of 12 yielded mainly its E-
isomer (97:3 E/Z) as a white solid. We conducted a dose-response experiment (1 uM to 2
mM) on this 97% pure E-isomer. When the concentrations were >1mM, the chloride
uptake induced by this 97:3 E/Z mixture were significantly different than background (p
<0.05, t-test, Figure 2.13); however, when concentrations were < 100 uM, the chloride
uptake elicited by this compound were indistinguishable from the background. Thus the
activity of the 97:3 E/Z mixture at both 1 mM and 2 mM is likely due to the presence of a
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small amount (3%) of the Z-isomer. This experiment further confirmed that E-isomers of

ZAPA and its derivatives were indeed inactive at the GABAAR.
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Figure 2.13  Ton flux elicited by 97% pure E-isomer (with 3% Z-isomer ) of compound 12 in mouse
brain synaptoneurosomes, expressed as % uptake versus background. An asterisk indicates that the uptake
is significantly different than background (p < 0.05, t-test)

Table 2.4 GABAAR agonism, ECsg values and Hill slopes of GABA, ZAPA and
ZAPA derivatives

Compound Chloride uptake Agonism (Epax) Hill Slope
ECSO, },lM
11eHCI 16.4+1.3 Full (440£36) 1.4
12eHCI 12.4+1.2 Full (373423) 1.3
ZAPA 2.4+1.3 Full (379£28) 1.4
15e2HCI 95.6+1.4 Full (323£34) 1.7
GABA 14.3+1.1 Full (389£12) 1.3

Compound 16 may be viewed as a restricted conformer of N-ethyl-3-
[(aminoiminomethyl)thio]prop-2-enoic acid (15) and it was shown to be 30-fold less
potent than GABA in producing GABA-like contraction activity in guinea pig ileum.?
However, when we tested 16 in the functional assay; it did not show any agonism at the

highest concentration (2 mM) tested (Figure 2.14).
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Figure 2.14  Ton flux elicited by 4 different concentrations of compound 15 in mouse brain
synaptoneurosomes, expressed as % uptake versus background

Allan and co-workers discovered that the GABA-like contraction activity of N-
substituted ZAPA derivatives increased significantly when the size of alkyl group
increased from methyl to hexyl, with maximum activity obtained by N-hexyl and pentyl
derivatives. No clear explanation has been reported for the activity changes as the alkyl
group became longer. From the assay results of these four ZAPA derivatives (11, 12, 15
and 16) that we tested, we also observed that the activities of these compounds increased
as the alkyl chain became longer and the potency was greatly enhanced as the alkyl group
changed from hydrophilic group (15) to hydrophobic alkyl groups (11 and 12). We
propose that there are two main factors that affected the strength of N-substituted ZAPA
derivative- GABA4R interactions: steric compensation and desolvation penalty. Steric
compensation is the steric effect that changes the shape of both agonist and the receptor
in order to allow binding of the agonist to the receptor. The desolvation penalty is the
desolvation energy of both the receptor and the ligand that must be overcome before a
charged ligand (N-substituted ZAPA derivative) can either bind to a hydrophobic host
(GABAQR, Figure 2.15) or activate the receptor. In our case, the desolvtion penalty

effect outweighed the steric effect. The more hydrophobic the ligand, the less
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desolvation penalty would be, as reflected in the agonism of compounds 11, 12, 15 and

16.

Rag) * Lagy = (R-L)ag)

R = GABAAR

L = N-substituted ZAPA
Desolvation derivatives
energy

R(desolvated) + I-(desolvated) + HZO

Figure 2.15 A schematic diagram of desolvation penalty effect in ligand-receptor interaction

2.4  Syntheses and Evaluation of PEG-linked GABAA receptor analogs

2.4.1 Synthesis of PEG-linked GABA amide dimers

This part of the GABA project involves design of bivalent agonists to test models
of GABAR structure and function. It has been shown in the literature that GABAAR has

3931 How far are these agonist binding sites on the

two low affinity agonist sites.
GABAAR? To date, no estimates have been published and within this superfamily, most
is known about nAChR. During the course of our research, the leading theories on the
location of these sites underwent major change. Electron microscopy of the nicotinic
acetylcholine receptor (nAChR), although at low resolution, suggests a 70 A-wide
heteropentameric transmembrane structure ((o;),pyS) with an approximate 30 A-wide

33,34
" and fluorescence resonance

central, water-filled pore.”> On the basis of microscopy,
energy transfer (FRET)™ of the intact nAChR receptor, the agonist (ACh) binding sites
were proposed to be located at the bottom of 20 A deep channels on the extracellular face
of the receptor. This proposed localization would result in a through-space distance

between two agonist binding sites on the nAChR of 40-50 A.
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However, Sixma et al.*

published an X-ray crystal structure of a related protein,
the acetylcholine binding protein (AChBP), that revealed the same general gross structure
features. AChBP is a soluble homopentameric protein found in the nail Lymnaea
stagnalis. AChBP is not a functional protein, and it does not possess the transmembrane
and intracellular portions of the nAChR. However, the primary sequence of the AChBP
and the extracellular portion of the a-subunit of the nAChR are highly similar. In
addition, the AChBP binds nAChR agonists and antagonists such as acetylcholine and
nicotine. Five HEPES (N-2-hydroxyethylpiperazine-N’-2-ethanesulphonic acid)
surfactants are also found to bind at residues corresponding to those proposed to line the
agonist binding sites in the nAChR. HEPES contains a positively charged quaternary
ammonium group, and thus it is similar to some known nicotinic receptor ligands. For
these reasons, the AChBP likely provides the clearest picture to date of the nAChR.

The ligand-binding sites in the AChBP structure are proposed to be at subunit
junctions on the external cylindrical portion of the receptor, approximately 22 A below

the extracellular face (Figure 2.16). Figure 2.16 shows the homopentameric structure of

the AChBP and presence of 5 identical ligand binding sites at the subunit junctions.
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Figure 2.16  Side view of X-ray crystal structure of the AChBP (pdb code 119B, graphic created with
RasMol Molecular Graphics). HEPES ligands (red) represent the putative ACh binding sites

As mentioned previously, the nAChR and GABAR belong to the same ligand-gated ion
channel (LGIC) superfamily, and share similar structural and functional features.’’ By
assuming that there is a high degree of homology between the GABAAR and nAChR, we
can estimate a mouth-to-mouth distance of 40-50 A between two low affinity agonist
sites on the GABAAR based on nAChR-like facial model, and a “as the crow flies
distance” distance (through space distance) of 88 A (Figure 2.17) between these two sites

based on AChBP-like structural model (cf. Figure 2.16).
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Figure 2.17 A simplified schematic diagram of mouth-to-mouth distance between two agonist binding
sites of on the GABA4R (top), and a bivalent ligand designed to span the sites (bottom, with an example of
liagand (ZAPA in this case) and spacer)

How can we span the distances between the relevant binding sites? One strategy
is to synthesize homodimers that can span such long distances; this can be achieved by
linking GABA 4 agonists with poly(ethylene glycol) (PEG) derived tethers (Figure 2.17,
bottom right). Kramer and Karpen,®® and Fan®® have demonstrated that bi- and
multivalent binding at distances of 15-45 A can be achieved successfully by use of these
tethers. Carlier and Pang have also demonstrated that dual-site binding enhances the

inhibition of acetylcholinesterase (Scheme 2.1 1).40-41

In the case of bis(n)-tacrine, the
best dimer is bis(7)-tacrine with a AChE ICs value of 1.5 = 0.3 nM. The ICs, values are
tether-length dependent, AChE ICs, values increase dramatically when the tether is
shorter than 5 methylenes. The dimer potency reaches to the 1Csy value of mononer
(tacrine) when the tether lengths are 3 or 4 methylenes, indicating that dual-site binding is
no longer significant. (S,S)-(-)-17 is another good example of dual-site binding that
improves the potency of bivalent drug significantly. (-)-Huperzine A is a potent and

selective reversible inhibitor of AChE, but simplified fragment (+)-18 has almost no
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inhibition potency. However, the potency of bivalent drug (S,5)-(-)-17 is improved
greatly by dimerizing 18, optimizing the tether length, and selecting the proper
enantiomer.

Scheme 2.11 Selected successful examples of bivalent acetylcholinesterase inhibitors

(bis(7)-tacrine (both Carlier and Pang) and (S,S)-(-)-17 (Carlier), and its corresponding
monomers (tacrine, (-)-Huperzine A and simplified fragment (+)-18)

N/ \E—H—(CHZ)n—H—E\—/N > N/ \E—NH2

n=2-12
ICs0 (NM)  1.5+0.3(n =7, bis(7)-tacrine) 223 + 11 (tacrine)
H
N.__O
| P CHs
H
NH N O H
) | N O
((l:HZ)l2 > P > HaC o= 4 _
NH H,N
X HN
AN “hBu _
| (-)-Huperzine A
N ()18
H
(S.5)-(-)-17
IC 55 (NM) 52 ~500,000 114

Therefore, we expect that the dimerization of GABA agonists may provide
similar dramatic performance improvements as in the case of AChE inhibitors, when the
appropriate distances are realized. Each dimer will be tested for tether- length dependent
GABA, agonism using the *°CI” influx assay. Significant tether length-dependent
enhancement of ECs, values relative to a monomeric control will be considered as an

evidence of dual-site binding.
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The amide-bond forming protocols were used to prepare the corresponding PEG-
linked dimers (Scheme 2.12). PEGs are available from Aldrich and have average
molecular weights (M,) ranging from 200 to 10,000. From the average molecular
weights we can calculate the average degree of polymerization N (Table 2.5), which can
be used to calculate the root mean square (rms) length of the polymer. According to the
polymer theory,* the rms length of a flexible polymer is proportional to the square root
of the number of monomers (i.e. N): rms length = N"2*L. From the light-scattering
experiments of Knoll and Hermans™ it is possible to extract a value of 5.76 A for the L
value of PEG. Using this figure we can calculate that the rms lengths for PEGs range

from 12-87 A (Table 2.5), which meets our above stated requirement.

Table 2.5 Selected commercially available PEGs and their molecular properties
PEG a b C d E f

PEG (Mp) 200 400 1500 3400 8000 1000

N# 4.1 8.7 33.7 45.0 1814 2269

rms length (n) (A)° 11.7  17.0 334 50.5 77.6 86.8

N = (M,-18)/44, where 18 and 44 are the molecular masses of water and ethylene oxide, respectively.
°rms length = sqrt(N)*5.76

Prior to reaction with Boc protected 5C precursor, the corresponding PEGs were
activated by bis(4-nitrophenylcarbonate) (PNP) in CH,Cl, at room temperature for 3 days
in the presence of N,N-diisopropylethylamine (Scheme 2.12). The synthesis of activated
PEGs in our group was first worked out by our former group member Dr. Polo Lam. The
detail analysis of percentage of capping of end hydroxyl groups of PEG can be found in

Dr. Lam’s thesis. As can be seen below in Table 2.6, if we chose H, in the aromatic ring
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as the internal reference, there is about 15-20% discrepancy between the predicted
internal CH, integral of PEG monomer units and the actual internal CH; integral of PEG
monomer units that was determined from 'H NMR. There are two possible reasons for
such discrepancy. Firstly, there may be an error in the reported average molecular
weights of PEGs from Aldrich. For example, the molecular weight of PEG 2000 from
Aldrich is 136Da higher than that we obtained from MALDI-TOFMS. This demonstrates
that the average molecular weights of PEG from Aldrich are estimated values, as stated in
the label. Secondly, the desired activated PEG dimers were contaminated with either
mono-activated PEGs or non-activated (free) PEGs. As reported by Dr. Lam, the %
activation of PEG dimer by PNP is usually less than 100%. He has also proven that
neither prolonged reaction time nor use of excess of reagents increase the % activation.

If we are taking the second reason into account and neglect the fact that the average
molecular weights of PEG from Aldrich are estimated values, the % activation for four of
the PNP PEG dimers that we obtained ranges from 80%-86% (Table 2.6). Attempts to
synthesize PNP PEG 400 dimer from PEG 400 and PNP proved to be fruitless since at
least 5 to 6 side products were observed on TLC. No pure desired PEG 400 dimer can be

1solated.
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Scheme 2.12 Synthesis of PEG-linked GABA amide dimers
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Table 2.6 % Activations and yields of PNP activated-PEG dimers

Entry PEG Predicted Predicted H % rms %

ca. monomer HgHpratio NMR  Activation’  length  vyield
(Mp)  units (n) Hc:Hp (A)
ratio

1 400 9 4:36 N/A N/A 17 N/A

2 1500 34 4:136 4:170 80 334 45

3 3400 77 4:308 4:359 86 50.5 64

4 8000 181 4:724 4:878 82 77.6 87

5 10000 227 4:908 4:1071 85 86.8 88

0% activation = (Thereoretical internal PEG mononer CH, integral in column 4/Actual PEG mononer CH,
integral in column 5)*100%

Stirring Boc protected 5C precursor and corresponding activated PEGs in CH;CN
at room temperature for 24 hours afforded the Boc protected PEG-linked GABA amide
dimers in good yields (Scheme 2.12, Table 2.6). TFA deprotection provided the desired
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PEG-link GABA amide dimers as ditrifluoacetate salts. Based on the % activation that
we calculated for the activated PEG dimers, we also calculated the % incorporation of 5¢

into the PEG linkers, using H, as the internal reference (Scheme 2.12, Table 2.7).

Table 2.7 % Incorporations and yields of PEG-linked GABA amide dimers

PEG- PEG Predicted Predicted H % rms %
linked ca. monomer H¢Hpyratio NMR Incorporation® length vyield
dimers (M,) units (n) He:Hp (A)
ratio
17a 1500 34 4:136 4:166 82 334 74
17b 3400 77 4:308 4:348 89 50.5 85
17c 8000 181 4:724 4:875 83 77.6 89
17d 10000 227 4:908 4:1118 81 86.8 84

*%Incorporation is based on estimated monomer units

The average molecular weights of PEGs that provided by Aldrich were measured
according to their viscosity. Since there is discrepancy between predicted internal CH,
integral of PEG monomer units and the actual internal CH, integral of PEG monomer
units that was determined from 'H NMR, we characterized all four of these PEG-linked
GABA amide dimers (19a-d) by MALDI-TOFMS (Table 2.8). For the shorter PEG-
linked dimers (19a and b), the molecular weights that we found from MALDI-TOFMS
are close to the estimated values; however, as the molecular weights become bigger, there
is much larger discrepancy between the experimental values and the estimated values
from Aldrich (19¢ and d, Table 2.8). Clearly, the average molecular weights are more
difficult to estimate as the molecular weight become bigger and the PEGs become more
viscous (19c and d). We therefore believe that the molecular weights that we obtained

from MALDI-TOFMS are more convincing than the ones from Aldrich because the
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average molecular weights that measured by Aldrich were based on viscosity. MALDI-

TOFMS should be a more accurate measurement.

Table 2.8 MALDI-TOFMS data of PEG-linked GABA amide dimers

PEG- PEG Predicted Calc. PEG MALDI- Calc.

linked ca. monomer dimers TOF PEG monomer

dimers (Mp) units (n)  (Mp) dimers (My) units (n)
17a 1500 34 1913.2 2089.3 38
17b 3400 77 3806.3 3718.2 75
17c 8000 181 8385.0 9265.5 201
17d 10000 227 10410.2 11863.1 260

2.4.2 Bioassay Results of PEG-linked GABA amide dimers
As in the case of other GABA amides, all four of these PEG dimers were screened
for their activity as GABAR agonists at 500 uM in the functional assay.

Disappointingly, none of these four PEG-linked dimers (19a-d) were shown to be active

as GABA4R agonists (Figure 2.18).
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Figure 2.18  Ton flux elicited by 19a-d (500 uM) in mouse brain synaptoneurosomes; bkd represents
background, uptake in the absence of agonist
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We postulated two possible reasons for lack of activity for these dimers. Firstly, the
GABA amide (5c) that we used to couple with PEG-linker is a weak agonist; a 10-fold
loss in affinity would give no detectable agonism at 500 uM. It would be reasonable to
observe that the activity was lost upon coupling to a long chain linker. Secondly, the
GABAR binding sites, which we mentioned in chapter 1, are located in a narrow pocket.
The 5c portion of PEG dimers would be able to reach down to the binding pocket if the
PEG dimers remain in a straight chain conformation; however, the binding would be
hindered if the flexible chains of PEG linkers formed a coil or any possible loop
conformations.

The effect of PEG-linked 10000 GABA amide dimer (19d) on GABA induced
chloride uptake was studied by coincubating GABA (100 uM) with five different
concentrations (1 uM to 1 mM) of 19d (Figure 2.19). Interestingly, the chloride uptake
that elicted by GABA was greatly enhanced in the presence of 1 mM 19d, but not by
other concentrations. As we mentioned previously, compound 19d did not induce any
net chloride uptake when it was tested by itself, suggesting that it does not bind to the
same binding sites as GABA. Therefore, we proposed following three possible reasons
for this unusual result. Firstly, compound 19d may have blocked chloride pump of the
GABAAQR, so that less *°CI” ions would have been pumped out of the cell, resulting in
more *°CI” ions being trapped inside the receptor than otherwise. Secondly, it may have
blocked the voltage-gated CI” channel, which means that most of the *°Cl ions that
entered the receptor through GABA-gated channel would remain inside. Thirdly,
compound 19d may have also blocked the desensitization state of the GABAR so that
the receptor would remain opening state longer, resulting in a larger count of *°CI ions

that it would have been.

86



Q |
x — e ' " e
£ & 1201 = 1: GABA (100 uM)
o< 2: GABA (100 uM) + 19d (1 mM)
59 so- 3: GABA (100 uM) + 19d (0.5 mM)
=2 4: GABA (100 pM) + 19d (0.1 mM)
Z 1]2]]3||4a]||5]|]6 5: GABA (100 pM) + 19d (10 uM)

407 6: GABA (100 uM) + 19d (1 uM)

0

Figure 2.19  Effect of 19d on chloride uptake elicited by GABA (100 uM) in mouse brain
synaptoneurosomes; backgroud uptake was at 100%. Dash line represented chloride uptake induced by
GABA (100 uM). An asterisk signifies that uptake is significantly different than background (p<0.05, t-
test)

We have also synthesized two PEG-linked GABA amide heterodimers (20a-b,
Scheme 2.13) using the same synthetic methods we described above to see whether the
simple coupling of a PEG-linker would affect the activity of 5¢C or not. Both 20a and 20b
were tested at 1 mM, and were shown to be inactive. These data are consistent with the
results of homodimers, which means the activity of GABA amides was lost upon
coupling of 5¢ with a long chain PEG-linker.

Scheme 2.13 PEG-linked GABA amide heteromers (20a-b)
O

Me{o/\)/r?THW\H)J\/\/NHZ
el

n=17 20aeTFA
n=45 20beTFA

2.4.3 Synthesis of PEG-linked ZAPA analogs
PEG-linked GABA amide dimers were shown to be inactive as GABAAR agonists.
We therefore focused on our attention on the PEG-linked ZAPA analogs due to the fact

that ZAPA is a more potent agonist than GABA. Since ZAPA itself would not directly
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react with the activated PEG linkers, compound 15 was chosen to couple to the PEG
linkers (Table 2.9). Two syntheses were attempted, as shown below; however, neither of
these reactions worked under the condition that was used for the synthesis of PEG-linked
GABA amide dimers.

Table 2.9 Attempted synthesis of PEG-linked ZAPA analogs

NO
?
RO
<\/\o 0

N COOH
PNP™ CHaeN, EtgN, HN__S.A

7
.

HoN
COOH
15
Entry R PEG ca. M, rms length (A) Remarks
1 CH; 2000 39 No reaction; recovered PEG linker
2 PNP 10000 87 No reaction; recovered PEG linker

As we discussed previously, compound 15 was 40-fold less potent than ZAPA.
We were concerned about the bioactivities of these PEG-linked ZAPA analogs would be
lost upon coupling with 15, in addition to the failure in synthesizing these two analogs.

We therefore did not pursue further for the study of PEG-linked ZAPA analogs.

2.5 HPLC Analysis of GABA amides
Some of the non-zwitterionic GABA amides that we synthesized were Boc-

deprotected in concentrated HCI/CH3OH, which raised a question of potential
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contamination of GABA amides with GABA. Scheme 2.14 showed how the
contamination would occur during deprotection of the Boc group, H,O would act as a

nucleophile and react with GABA amides under strong acid conditions.

Scheme 2.14 Proposed mechanism for acid-catalyzed Boc deprotection of GABA
amides. Boc protected 5a was used as an example

HZQ.')

j\/\/H conc. HCI, o H
H
HaN -~ N._O MeOH _ hN N__o§
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H H (
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5aeBoc l
o C HCl(ag) T H
co, + HZN\/\NJ\/\/NH3CI 2 HZN\/\NJ\/\/NYO .\ )k
H ) OH
carbamic acid
HCl(aq)
OH e} N B
NH3Cl ™ H.Cl -t NH5Cl
HZN\/\HE/\/NHga — HO)J\/\/NH:’)Cl . Cl HgN/\/ 3
2

If this decomposition occurred, our GABA amide samples would be contaminated with
GABA. Thus the weak agonism displayed by GABA amides would be due to the
presence of trace of GABA. To rule out the possibility, we assayed our GABA amides
for free GABA using Saller’s modified procedure, we analyzed some of the GABA
amides by HPLC to ensure that these GABA amides were GABA free (<0.1 wt%).
Refluxing GABA or GABA amides with dansyl chloride in NaHCOj3 and acetone/CH,Cl,
for 0.5 h to 12 h and followed by column chromatography (9:1 CH,Cl,-CH3;0OH)

afforded the desired dansylated products in good yields for GABA or mono-dansylated

GABA amides (Scheme 2.15).
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Scheme 2.15 Synthetic scheme of selected GABA amides with dansyl chloride
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The retention times of each purified compound 21a-h were first determined by

HPLC using RP18 column and H,O/CH;3CN (85:15, v/v) as mobile phase with 0.1% TFA

as additive. In order to determine whether each of the GABA amides that we studied was

contaminated with GABA or not, the syntheses of compounds 21a-h were repeated. The

crude mixture of each compound was also analyzed by HPLC. By comparing the

spectrum of each crude mixture with that of the corresponding pure compound, we

discovered that the hydrochloride salts of 1a, 6a and 6b were contaminated with GABA

(Table 2.10). The other four compounds were proven to be GABA free (<0.1 wt%) due
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to their crystalline nature; recystallization of these four compounds from MeOH would

have removed any GABA impurity.

Table 2.10 HPLC* data of selected GABA amides

GABA/GABA Retention time of Retention time of Wt% GABA
amides pure dansylated crude mixtures
GABA/GABA amides
GABA 7.06 7.15 -
laeHCl 3.48 3.52 1.4
1beHCI 18.5 18.68 <0.1
5ae2HC1 18.23 18.38 0.46
6aeHCI 3.53 3.52 0.89
5ce2HCI 18.99 19.00 <0.1
6ceHCI 4.95 4.74 <0.1
2ce2HCl 19.38 18.50 <0.1
*HPLC conditions:

- Mobile phase: H,O:CH;CN (85:15, v/v) with 0.1 % (v/v) TFA; isocratic at first 10 min, gradient from 10
to 30 min. (15% to 100% CH;CN)

- Flow rate: 1 mL/min

- Injection volume: 5 uL

- UV detection: 254 nm

The purity of each GABA amide was important because it would give a false
positive if the agonism of a particular amide was due to the presence of small amount of
GABA. The contaminated GABA amide would seem like an agonist, but actully it was
not. The hydrochloride salts of 1a, 5a and 6a were shown to be contaminated with
GABA and found to be GABAAR full agonists when they were first tested in the
functional assay. Therefore, the agonism of these GABA amides is yet to be proven. We
resynthesized these three amides and removed Boc groups by use of TFA/CH,Cl; instead
of concentrated HCI/CH3OH. Only trifluoroacetate salt of 1a was found to be a partial
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agonist and both 5a and 6a were inactive at the highest concentration tested (4 mM)
when the trifluoroacetate salts of these three GABA amides were analyzed in the same
assay.
The controversial bioassay results of these two kind salts of GABA amides raises

a question: does trifluoroacetate ion (CF;COQ") have any inhibitory effect on the GABA
activated chloride uptake? Figure 2.20 shows the effect of sodium trifluoroacetate on the
chloride uptake of GABA. Sodium trifluoroacetate (1 mM) is coincubated with
synaptoneurosomes for 10 minutes prior to the addition of GABA solution (1 mM). The
net chloride uptake that elicted by GABA will decrease if the trifluoroacetate ion is a
channel blocker. As can be seen, the chloride uptake that induced by GABA with or
without sodium trifluoroacetate remains nearly the same. This experiment demonstrates
that trifluoroacetate ion is not a channel blocker and the full agonism of the hydrochloride

salts of la, 5a and 6a are indeed due to the contamination of small amount of GABA.

150

T 1251

Ko J

2 1004----- s e e A
Q

< 751 GABA

8 .,| |Bkd GABA +

o AmM) | | NaTFA

= 251 (ImM)

Figure 2.20  Effect of NaTFA (1 mM) on chloride uptake elicited by GABA (1 mM), expressed as %
uptake versus background (bkd)
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2.6 Conclusions

In chapter 2.1-2.2, we described the syntheses and bioassay results of non-
zwitterionic GABA amides. We first demonstrated that appropriately functionalized
GABA amides are partial, full and superagonists, despite their non-zwitterionic
structures. Note that none of these GABA amides has been tested in vivo assay, but the
agonism of these GABA amides is comparable to that of THIP, as shown by in vitro
assay results. The bioassay results of all three series of GABA amides showed that the
agonism of these amides are tether-length dependent, with a optimum tether length
appearing to be four methylenes. Based on the agonism of both homodimers and
heterodimers, we observed that the pendant amide group (2¢ and 6¢) seemed to be
superior to the ammonium group (5¢). We proposed that superior activity of 2c and 6¢
over 5C the was due to the presence of a proximal subsite to the agonist binding site that
can weakly bind the pendant amide group.

In chapter 2.1, we focused on the syntheses and bioassay results of GABA amide
homodimers (2a-i). Compound 2¢ which has a flexible four methylene tether was found
to be the most potent dimer among this series of compounds. Compound 2C was a
‘superagonist’, and both co-application with GABA and [*H]musicimol binding
experiments demonstrated that 2¢ binds to the same site as GABA. Replacing the
flexible four methylenes tether of 2¢ by eight more rigid tethers (4a-h) revealed a
significant loss of activity compared with the original compound 2¢. Six derivatives of
2¢ were found to be competitive antagonists. ["H]musicimol binding experiments further
confirmed the competitive antagonism of one of these antagonists (4b). Structural
modifications of 2¢ demonstrated the importance of flexible tether length for the agonism

of these GABA amide homodimers.
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In chapter 2.2, the syntheses and bioassay results of two series of simple GABA
amide heterodimers were described. Compound 6, which has a pendant amide group was
found to be the best heterodimer among these two series of compounds. Optimization of
pendant amide group by other nine groups (7a-i) revealed a significant loss of activity
compared with the original compound 6¢. Structural modifications of 6¢ demonstrated
that the amide group is important in the investigated bioactivity. It also showed that the
proximal binding site for the pendant amide is small. The superior activity of 6C over 7¢
(note they differ only in that 6¢ has an additional amine group) must be due to another
complementary binding interaction of the amino group in 6C.

In chapter 2.3, we described the syntheses and first assays of four ZAPA
derivatives in the Cl" uptake functional assay. The agonism of these four ZAPA
derivatives was shown to be related to the size of the alkyl groups. The agonism of these
derivatives increased as the alkyl group became longer and the potency was greatly
improved as the alkyl group changed from hydrophilic to hydrophobic groups.

The syntheses and bioassay data of PEG-linked GABA amide homodimers were
described in chapter 2.4. PEG-linked dimers were designed to span the distances
between two low-affinity binding sites. However, little information is known about the
binding sites on the GABAAR and lack of crystal structure have made this approach
fruitless. GABA amide 5c lost activity upon coupling to PEG linkers. PEG-linked
GABA amide heterodimers were also shown to be inactive. Attempted to synthesize
PEG-linked ZAPA derivatives did not yield any desired products.

Finally, in chapter 2.5, the purity of some GABA amides were analyzed by HPLC
based on modification of Saller’s procedure (assay of the dansyl sulfonamide
derivatives). Three of the small GABA amides (1a, 5a and 6a) that we studied were

found to be contaminated with GABA impurity (>0.1 wt%). The contaminated GABA
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amides gave false positive assay results, which demonstrated the importance of the purity

of GABA amides in bioassay experiments.
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Chapter 3 Experimental Section of GABA Project

3.1  Chemistry

3.1.1 General Methods

GABA was obtained from Aldrich. N-Boc-GABA (3) was prepared according to
the literature method.' 2-Pyrrolidinone was purchased from Acros. N-Boc-2-
pyrrolidinone was prepared according to the published method.” 'H and >C NMR spectra
were recorded on a Bruker R-300 300 MHz, Bruker JOEL 500 MHz or INOVA 400 MHz
spectrometer. All chemical shifts are expressed in ppm and the coupling constants in

Hertz. Stardards for chemical shifts are as follows:

Nuclei Standard Chemical Shifts (ppm)

'H TMS 0

CDCl; 7.26

CD;0OD 33

DMSO-dg 2.5

D,0O 4.8

Bc CDCl; 77

CD;0OD 49.5

DMSO-dg 39.5

Chemical ionization (CI) mass spectra were acquired using CHjy as the reagent gas.

Positive ion high resolution FAB+ mass spectra were collected on a JEOL HX110 dual
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focusing mass spectrometer using a direct inlet with 3-nitrobenzyl alcohol as the sample
matrix. Elemental analysis was performed by Atlantic Microlab, Inc.

Analytical thin-layer chromatography (TLC) was performed with aluminum
sheets coated with RDH silica gel 60 F254. Flash column chromatography was
performed using VWR silica gel 60 (60-240 mesh). High-performance liquid
chromatography (HPLC) analysis was performed on a Xterrra™™ RPg column (5.6 x 150
mm, 5 uM), detection at 254 nM, flow rate 1.0 mL/min with isocratic at first 10 minutes
and gradient in the next 20 minutes. Elution program: H,O:CH3;CN (85/15, v/v) at 0-10
minutes with 0.1 % TFA as additive; 15-100% CH3CN at 10-30 minutes with 0.1 % TFA

as additive.

3.1.2 Procedures
Synthesis of 4-amino-butyramide trifluoroacetic acid salt (gabamide, 1a)
N-Boc-2-pyrrolidinone (330.1 mg, 1.78 mmol) and concentrated NH; (29.3 wt %,
10 mL) were combined and heated to reflux for 2 hours. After cooling to room
termperature. the mixture was diluted with CH,Cl, (50 mL), which was then extracted
with H,O (40 mL). The CH,Cl, layer was collected and the aqueous layer was extracted
with CH,ClI; (3 x 50 mL). The combined CH,Cl, layers were dried over Na,SOy, filtered
and evaporated under reduced pressure to afford the corresponding Boc-protected 1a as
white solid. The TFA salt was prepared by dissolving the white solid in CH;OH (1mL),
followed by addition of trifluoroacetic acid (2 mL). The resulting solution was stirred at
room temperature for 1 hour, and concentrated in vacuum to yield the title compound as a

brown oily liquid (317.9 mg, 88%). 'H NMR (CD;OD): § 1.91 (5-let, J = 7.5 Hz, 2H),
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2.35(t,J=7.2 Hz, 2 H), 2.96 (t, J = 7.6 Hz, 2 H); °C NMR (CD;0D): & 24.75, 33.58,

40.88, 177.79; MS (FAB+): caled for C4H;1N,O [M+1]", 103.0866, found 103.1

Synthesis of N-4-aminobutyl butyramide hydrochloride salt (1b)
N-Boc-2-pyrrolidinone (524 mg, 2.83 mmol) and n-butylamine (1.1 mL, 8.49
mmol) were combined in dioxane (10 mL) and heated to reflux for overnight. After
cooling to room termperature, the mixture was diluted with CH,Cl; (25 mL), which was
then extracted with H,O (2 x 25 mL). The CH,Cl, layer was collected, dried over
MgSOy, filtered and evaporated under reduced pressure to give a crude brown residue.
Purified by flash column chromatography (10% MeOH-CH,Cl, with 7 mL of
concentrated NHj per liter) on silica gel afforded corresponding Boc-N protected 1b as
pale yellow solid. The HCIl salt was prepared by redissolving the white solid in 5 mL of
CH;0H, followed by addition of HCI1 (37 % in H,O, 1 mL). The resulting solution was
stirred at room temperature for 2 h, and concentrated in vacuum to yield the title
compound as yellow solid (294 mg, 53 %). 'H NMR (CD;OD): § 0.93 (t, J = 7.4 Hz,
3H), 1.32-1.39 (m, 2 H), 1.44-1.50 (m, 2 H), 1.91 (5-let, J = 7.3 Hz, 2H), 2.34 (t,J="7.2
Hz, 2H), 2.96 (t, J = 7.6 Hz, 2H), 3.17 (t, J = 7.0 Hz, 2H); °C NMR (CD;0D): § 14.57,
21.58,25.05, 32.97, 34.28, 40.70, 40.93, 174.88; MS (FAB+): calcd for CsH 9N,O

[M+1]" 159.1497, found 159.1493 (-2.7 ppm, -0.4 mmu).

Synthesis of N-(4’-aminobutanoyl)aniline trifluoroacetate (1ceTFA)
To a solution of Boc-GABA (624 mg, 3.07 mmol), EDCI (631 mg, 3.29 mmol)

and DMAP (295 mg, 2.41 mmol) in CH,Cl, (10 mL) was added aniline (100 uL, 1.10
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mmol). The yellow mixture was then stirred at room temperature for 12 hours. The
mixture was partitioned between CH,Cl, (1 x 50 mL) and H,O (40 mL). The CH,Cl,
layers was collected, dried over Na,SOy, filtered and evaporated under reduced pressure.
Purified by flash column chromatography (5% MeOH-CH,Cl, with 7 mL of concentrated
NH; per liter) on silica gel afforded corresponding Boc-N protected 1c as a yellow solid.
The TFA salt was prepared by dissolving the yellow solid in CH,Cl, (5SmL), followed by
addition of trifluoroacetic acid (2 mL). The resulting solution was stirred at room
temperature for 1 hour, and concentrated in vacuo to yield the title compound 1c as a pale
yellow solid (256.5 mg, 95 %). 'H NMR (CD;0D): & 2.00 (5-let, J = 7.1 Hz, 2H), 2.53
(t, J=7.0 Hz, 2H), 3.01 (t, J=7.6 Hz, 2H), 7.08 (t, J = 7.4 Hz, 1H), 7.29 (t, J = 7.8 Hz,
2H), 7.53 (apparent d, J = 7.6 Hz, 2H); °C NMR (CD;0D): & 24.75, 34.91, 40.87,
121.75, 125.77, 130.30, 140.19, 173.30; MS (FAB+): 179.1184, found 179.1191 (+3.7

ppm, +0.7 mmu).

General procedures for the preparation of GABA amide homodimers (2a-
)

N-Boc-2-pyrrolidinone (3.90 mmol, 2.5 equiv) and 1,n-diaminoalkane (n = 2-12,
1.56 mmol, 1.0 equiv) were combined in 10 mL of dioxane, and refluxed overnight.
After cooling to room temperature, the volatiles were removed and ether was added to the
residue, which was then stirred for another hour. N-Boc-GABA amide dimer derivatives

were collected as white precipitates and washed with ether, followed by H,O. Either HCI

or trifluoroacetic acid deprotection provided the desired compounds (2a-i) in good yields.
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N,N’-bis(4-amino-1-butanoyl)-1,2-ethanediamine dihydrochloride (2a) The general
procedures for the synthesis of homodimers were followed: N-Boc-2-pyrrolidinone 2
(1.79 mg, 9.67 mmol) and 1,2-diaminoethane (232 mg, 3.87 mmol) were combined in
dioxane (20 mL), and treated as above. The title compound 2a was obtained as a straw-
colored solid (836 mg, 71%)). 'H NMR (CD;0D): & 1.93 (5-let, J = 7.3 Hz, 4H), 2.39 (t,
J=17.1Hz, 4 H),2.97 (t,J = 7.4 Hz, 4 H), 3.28 (s, 4 H); °C NMR (CD;0D): § 24.88,
34.27,40.51,40.91, 175.37; MS (CI'): calcd 231, found 231 [M+1]". Anal.

(C10H26N40202.1HC1) C, H, N.

N,N’-bis(4-amino-1- butanoyl)-1,4-butanediamine dihydrochloride (2c) The general
procedures for the synthesis of homodimers were followed: N-Boc-2-pyrrolidinone 2
(721 mg, 3.90 mmol) and 1,4-diaminobutane (138 mg, 1.56 mmol) were combined in
dioxane (10 mL), and treated as above. The title compound 2¢ was obtained as a pale
yellow solid (403 mg, 78%). 'H NMR (CD;OD): & 1.53-1.56 (m, 4H), 1.95 (5-let, J =
7.3 Hz, 4 H), 2.40 (t, J = 7.2 Hz, 4 H), 2.95 (t, J = 7.4 Hz, 4 H); 3.21-3.23 (m, 4 H); °C
NMR (CD;0D): § 25.09, 28.01, 34.10, 40.79, 40.84, 175.34; MS (CI"): calcd 259, found

259 [M+1]". Anal. (C,H2¢N40,¢2.2HC1¢0.8H,0) C, H, N.

N,N’-bis(4-amino-1- butanoyl)-1,6-hexanediamine dihydrochloride (2e) The general
procedures for the synthesis of homodimers were followed: N-Boc-2-pyrrolidinone 2
(670 mg, 3.62 mmol) and 1,6-diaminohexane (168 mg, 1.45 mmol) were combined in
dioxane (10 mL), and treated as above. The title compound 2ewas obtained as a pale

yellow solid (403 mg, 77%). 'H NMR (CD;0D): & 1.35-1.41 (m, 4H), 1.50-1.54 (m,
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4H), 1.94 (5-let, J =7.3 Hz, 4H), 2.39 (t, J=7.2 Hz, 4 H), 2.97 (t, J= 7.4 Hz, 4 H), 3.18
(t, J=6.9 Hz, 4 H); BC NMR (CD;0D): 6 25.11, 28.00, 30.55, 34.10, 40.84, 41.06,
175.22; MS (CI+): calcd 287, found 287 [M+1]". Anal. (C14H39N40O,02.0HCle0.2H,0)

C, H,N.

N,N’-bis(4-amino-1- butanoyl)-1,8-octanediamine dihydrochloride (2f) The general
procedures for the synthesis of homodimers were followed: N-Boc-2-pyrrolidinone 2
(526 mg, 2.84 mmol) and 1,8-diaminooctane (178 mg, 1.23 mmol) were combined in
dioxane (10 mL), and treated as above. The title compound 2f was obtained as a pale
yellow solid (290 mg, 59%). 'H NMR (CD;0D): & 1.33 (s, br, 8H), 1.50-1.52 (m, 4H),
1.95 (5-let, J=7.4 Hz, 4H), 2.42 (t, J="7.3 Hz, 4 H), 2.98 (t, J="7.4 Hz, 4 H), 3.20 (t, J =
7.0 Hz, 4 H); °C NMR (CD;0D): § 25.14, 28.34, 30.54, 30.68, 33.92, 40.77, 41.41,

175.46; MS (CI"): caled 315, found 315 [M+1]".

N,N’-bis(4-amino-1- butanoyl)-1,9-nonanediamine dihydrochloride (2g) The general
procedures for the synthesis of homodimers were followed: N-Boc-2-pyrrolidinone 2
(529 mg, 2.86 mmol) and 1,9-diaminononame (181 mg, 1.14 mmol) were combined in
dioxane (10 mL), and treated as above. The title compound 2g was obtained as a pale
yellow solid (195 mg, 43%). 'H NMR (CD;OD): & 1.31 (s, br, 10H), 1.50 (s, br, 4H),
1.91 (5-let, J =7.2 Hz, 4H), 2.34 (t,J="7.1 Hz,4 H), 2.96 (t, J=7.4 Hz,4 H), 3.15 (t, J =
7.0 Hz, 4 H); °C NMR (CD;0D): § 25.06, 28.49, 30.84, 30.86, 31.08, 34.29, 40.95,

40.98, 174.86; MS (CI"): caled 329, found 329 [M+17".
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N,N’-bis(4-amino-1- butanoyl)-1,10-decanediamine dihydrochloride (2h) The general
procedures for the synthesis of homodimers were followed: N-Boc-2-pyrrolidinone 2
(1.22 g, 6.61 mmol) and 1,10-diaminodecane (569 mg, 3.30 mmol) were combined in
dioxane (10 mL), and treated as above. The title compound 2h was obtained as a pale
yellow solid (443 mg, 32%)). 'H NMR (CD;0D): & 1.31 (s, br, 12H), 1.47-1.51 (m, 4H),
1.91 (5-let, J=7.3 Hz, 4H), 2.34 (t, J="7.1 Hz, 4 H), 2.96 (t, J="7.5 Hz, 4 H), 3.15 (t, J =
7.1 Hz, 4 H); °C NMR (CD;0D): § 25.08, 28.53, 30.89, 30.91, 31.14, 34.30, 40.96,

41.01, 174.86; MS (CI'): calcd 343, found 343 [M+1]".

N,N’-bis(4-amino-1- butanoyl)-1,12-dodecanediamine dihydrochloride (2i) The
general procedures for the synthesis of homodimers were followed: N-Boc-2-
pyrrolidinone 2 (532 mg, 2.87 mmol) and 1,12-diaminododecane (250 mg, 1.25 mmol)
were combined in dioxane (10 mL), and treated as above. The title compound 2i was
obtained as a pale yellow solid (266 mg, 48%). 'H NMR (CD;OD): & 1.29 (s, br, 16H),
1.46-1.81 (s, br, 4H), 1.93 (5-let, J = 7.2 Hz, 4H), 2.34 (t, J="7.1 Hz, 4 H), 2.96 (t,J =
7.4 Hz, 4 H), 3.15 (t, J = 7.1 Hz, 4 H); °C NMR (CD;0D): & 25.05, 28.53, 30.87, 30.92,

31.18, 31.19, 34.28, 40.93, 41.01, 174.86; MS (CI"): caled 371, found 371 [M+1]".

General procedures for the preparation of GABA amide dimer derivatives

(4a-h)

Diamines or diamine dihydrochloride salts (2.42 mmol, 1.0 equiv), Boc-GABA

(3)' (6.04 mmol, 2.5 equiv), EDCI (6.04 mmol, 2.5 equiv), DMAP (6.04 mmol, 2.5
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equiv) and Et;N (7.26 mmol, 3 equiv it was needed only when dihydrochlorides were
used) were combined in CH,Cl, (or pyridine in case of hydrochloride salts were used) (10
mL), and stirred at room temperature for 12 hours. The mixture was then partitioned
between CH,Cl, (30 mL) and KHSO4 (IN, 2 x 20 mL). The CH,Cl, layer was collected,
dried over Na,SOy, filtered and evaporated in vacuo to dryness. Either recrystallization
or purification by column chromatography on silica gel yielded the corresponding N-Boc
GABA derivatives. Trifluoroacetic acid deprotection provided the desired compounds

(4a-h) in modest to good yields.

N,N’-bis(4-amino-1-butanoyl)-trans-1,4-cyclohexanediamine bis(trifluoroacetic acid)
salts (4a) The general procedures for the synthesis of 4a-h were followed: trans-1,4-
cyclohexanediamine (276 mg, 2.42 mmol), Boc-GABA (3)' (1.23 g, 6.04 mmol), EDCI
(1.16 g, 6.04 mmol), DMAP (738 mg, 6.04 mmol) were combined in CH,Cl, (10 mL)
and treated as above. The corresponding N-Boc GABA derivative was recrystallized
from EtOH/H,0 (1:2). The title compound 4a was obtained as a brown solid (195 mg,
76%). "HNMR (CD;0D): & 1.29-1.34 (m, 4H), 1.86-1.93 (m, 8H), 2.28-2.32 (m, 4H),
2.94 (t,J=17.6 Hz, 4H), 2.99 (t, J = 7.6 Hz, 4H), 3.60-3.63 (m, 2H); °C NMR (CD;OD):
0 24.99, 32.68 (two peaks overlapped), 34.29, 40.90, 174.19; HRMS (FAB+): calcd for

Ci4H31N4O, [M+1]"285.2285, found 285.2293.

N,N’-bis(4-amino-1- butanoyl)-3-aminobenzylamine bis(trifluoroacetic acid) salts

(4b) The general procedures for the synthesis of 4a-h were followed: 3-

aminobenzylamine (287 mg, 0.94 mmol), Boc-GABA (3)' (559 mg, 2.63 mmol), EDCI
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(540 mg, 2.82 mmol), DMAP (253 mg, 2.07 mmol) were combined in CH,Cl, (10 mL)
and treated as above. The corresponding N-Boc-GABA derivative was purified by flash
column chromatography on silica gel (15:85 MeOH-CH,Cl, with 7 mL of concentrated
NHj per liter). The title compound 4b was obtained as a yellow oil (437 mg, 89%). 'H
NMR (CDs;0OD): 6 1.92-2.05 (m, 4H), 2.41 (t, J =7.0 Hz, 2H), 2.54 (t, J= 7.2 Hz, 2H),
3.00 (5-let J=7.7 Hz, 4H), 4.35 (s, 2H), 7.03 (d, J= 7.6 Hz, 1H), 7.27 (t, J = 8.0 Hz,
1H), 7.40 (apparent d, J = 8.1 Hz, 1H), 7.56 (s, br, 1H); >*C NMR (CD;0D): & 24.78,
24.90, 34.21, 34.93, 40.87, 40.92, 44.59, 120.50, 120.79, 124.80, 130.53, 140.48, 141.24,
173.33, 174.89; HRMS (FAB+): calcd for C;5H,5N40; [M+1]+ 293.1972, found

293.1989 (+4.0 ppm, +1.2 mmu).

N,N’-bis(4-amino-1- butanoyl)-4-aminobenzylamine bis(trifluoroacetic acid) salts
(4c) The general procedures for the synthesis of 4a-h were followed: 4-
aminobenzylamine (60 pL, 0.53 mmol), Boc-GABA (3)' (448 g, 2.21 mmol), EDCI (423
mg, 2.21 mmol), DMAP (270 mg, 2.21 mmol) were combined in CH,Cl, (10 mL) and
treated as above. The corresponding N-Boc-GABA derivative was purified by flash
column chromatography on silica gel (15:85 MeOH-CH,Cl, with 7 mL of concentrated
NH; per liter). The title compound 4c was obtained as yellow oil (251 mg, 97%). 'H
NMR (CD;0D): 6 1.93 (5-let, J = 7.5 Hz, 2H), 1.99 (5-let, J = 7.5 Hz, 2H), 2.38 (t, J =
7.0 Hz, 2H), 2.53 (t,J = 7.0 Hz, 2H), 4.32 (s, 2H), 7.23 (d, J = 8.4 Hz, 2H), 7.23
(apparent d, J = 8.4 Hz, 2H); °C NMR (CD;OD): § 24.74, 24.96, 34.21, 34.90, 40.94,
44.27,96.33, 121.84, 129.65, 136.28, 139.38, 173.28, 174.80; HRMS (FAB+): calcd for

CisHasN4O, [M+17"293.1972, found 293.1975 (-0.8 ppm, -0.2 mmu).
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N,N’-bis(4-amino-1- butanoyl)-m-xylylenediamine bis(trifluoroacetic acid) salts (4d)
The general procedures for the synthesis of 4a-h were followed: m-xylylendiamine (51.8
mg, 0.38 mmol), Boc-GABA (3)' (238 g, 1.17 mmol), EDCI (224 mg, 1.17 mmol),
DMAP (143 mg, 1.17 mmol) were combined in CH,Cl, (10 mL) and treated as above.
The corresponding N-Boc-GABA derivative was purified by flash column
chromatography on silica gel (10:90 MeOH-CH,Cl, with 7 mL of concentrated NH3 per
liter). The title compound 4d was obtained as yellow oil (165 mg, 87%). 'H NMR
(CDs;0OD): 6 1.94 (5-let, J=7.3 Hz, 4H), 2.39 (t, J = 7.2 Hz, 4H), 2.96 (t, J = 7.6 Hz, 4H),
4.35 (s, 4H), 7.17-7.20 (m, 3H), 7.26-7.30 (m, 1H); >C NMR (CD;0D): § 25.01, 34.21,
40.91, 44.58, 127.95, 128.38, 130.33, 140.82, 174.85; HRMS (FAB+): calcd for

Ci16H27N4O, [M+1]+ 307.2129, found 307.2117 (-5.5 ppm, -1.7 mmu).

N,N’-bis(4-amino-1- butanoyl)-o-xylylenediamine bis(trifluoroacetic acid) salts (4e)
0-Xylylenediamine was prepared from a, o’-dibromo-0-xylene according to the literature
method in 81% yield.> The general procedures for the synthesis of 4a-h were followed:
o0-xylylenediamine (58 mg, 0.44 mmol), Boc-GABA (3)' (265 g, 1.31 mmol), EDCI (251
mg, 1.31 mmol), DMAP (160 mg, 1.31 mmol) were combined in CH,ClI, (10 mL) and
treated as above. The corresponding N-Boc GABA derivative was purified by flash
column chromatography on silica gel (10:90 MeOH-CH,Cl, with 7 mL of concentrated
NH; per liter). The title compound 4e was obtained as yellow oil (193 mg, 88%). 'H
NMR (CD;0OD): 6 1.94 (5-let, J = 7.2 Hz, 4H), 2.39 (t, J=7.0 Hz, 4H), 2.97 (t, J = 7.6

Hz, 4H), 4.43 (s, 4H), 7.24-7.30 (m, 4H); °C NMR (CD;0D): § 24.97, 34.13, 40.89,
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42.12,129.37, 130.33, 137.82, 174.77; HRMS (FAB+): caled for C16Ho7N4O, [M+1]"

307.2129, found 307.2133 (-0.4 ppm, -0.1 mmu).

N,N’-bis(4-amino-1-butanoyl)-trans-1,4-diaminobut-2-ene bis(trifluoroacetic acid)
salts (4f) trans-1,4-Diaminobut-2-ene dihydrochloride was prepared from trans-1,4-
dibromo-2-butene according to the literature method in 99% yield.” The general
procedures for the synthesis of 4a-h were followed: trans-1,4-diaminobut-2-ene
dihydrochloride (147 mg, 0.92 mmol), Boc-GABA (3)" (469 g, 2.31 mmol), EDCI (443
mg, 2.31 mmol), DMAP (282 mg, 2.31 mmol), Et;N (520 uL, 3.68 mmol) and were
combined in pyridine (10 mL) and treated as above. The corresponding N-Boc-GABA
derivative was recrystallized from Hexane/EtOAc/Dioxane (4:4:2). The title compound
4f was obtained as a brown oil (132 mg, 31%). 'H NMR (CD;OD): & 1.91 (5-let, J = 7.3
Hz, 4H), 2.34 (t, J= 7.2 Hz, 4H), 2.95 (t, J = 7.6 Hz, 4H), 3.76-3.77 (m, 4H), 5.61-5.62
(m, 2H); °C NMR (CD;0D): & 24.94, 34.14, 40.89, 42.18, 129.58, 174.72; HRMS
(FAB+): calcd for for C1,HasN4O, 257.1972 [M+17", found 257.1989 (+4.5 ppm, +1.2

mmu).

N,N’-bis(4-amino-1- butanoyl)-cis-1,4-diaminobut-2-ene bis(trifluoroacetic acid)
salts (49) cis-1,4-Diaminobut-2-ene dihydrochloride was prepared from cis-1,4-dichloro-
2-butene according to the literature method in 94%.” cis-1,4-diaminobut-2-ene
dihydrochloride (189 mg, 1.19 mmol), Boc-GABA (3)' (603 g, 2.97 mmol), EDCI (569
mg, 2.97 mmol), DMAP (363 mg, 2.97 mmol), Et;N (498 uL, 3.57 mmol) and were

combined in pyridine (10 mL) and treated as above. The corresponding N-Boc-GABA
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derivative was recrystallized from Hexane/EtOAc/Dioxane (4:4:2). The title compound
49 was obtained as brown oil (213 mg, 39%). 'H NMR (CD;OD): 6 1.91 (5-let, J=7.3
Hz, 4H), 2.34 (t, J= 7.0 Hz, 4H), 2.96 (t, J = 7.4 Hz, 4H), 2.92-2.98 (m, 4H) 3.88
(apparent d, J = 5.2 Hz, 4H), 5.52 (t, J = 4.4 Hz, 2 H); >°C NMR (CD;OD): § 24.94,
34.15,37.85, 40.87, 129.85, 174.75; HRMS (FAB+): calcd for C1,H2sN4O; [M+1]"

257.1972, found 257.1991 (+5.2 ppm, +1.3 mmu).

N,N’-bis(4-amino-1-butanoyl)-1,4-diaminobut-2-yne bis(trifluoroacetic acid) salts
(4h) 1,4-Diaminobut-2-yne dihydrochloride was prepared from 1,4-dichloro-2-butyne
according to the literature method in 71%.” 1,4-diaminobut-2-yne dihydrochloride (144
mg, 0.92 mmol), Boc-GABA (3)' (465 g, 2.29 mmol), EDCI (439 mg, 2.29 mmol),
DMAP (280 mg, 2.29 mmol), Et3N (520 pL, 3.68 mmol) and were combined in pyridine
(10 mL) and treated as above. The corresponding N-Boc-GABA derivative was
recrystallized from Hexane/EtOAc/Dioxane (4:4:2). The title compound was obtained as
a brown oil (291 mg, 70%). 'H NMR (CD;0D): & 1.87 (5-let, J = 7.3 Hz, 4H), 2.30 (t, J
= 7.0 Hz, 4H), 2.91 (t, J = 7.6 Hz, 4H), 3.91 (s, 4H); °C NMR (CD;0D): & 24.79, 30.21,
33.90, 40.84, 79.83, 174.56; HRMS (FAB+): calcd for C1,H»3N4O, [M+1]" 255.1816,

found 255.1819 (-0.8 ppm, -0.2mmu).

General procedures for the preparation of GABA amide heterodimers with

pendant ammonium group (5a-e)

N-Boc-2-pyrrolidone (3.95 mmol, 1 equiv) and 1,n-diaminoalkane (n = 3-6, 11.86

mmol, 3 equiv) were combined in dioxane (5 mL) and refluxed overnight. After cooling
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to room temperature, the mixture was evaporated in vacuum to dryness. The
corresponding N-Boc-GABA amide derivatives were purified by flash column
chromatography (2:8 MeOH-CH,Cl, with 7 mL of concentrated NHj3 per liter) on silica
gel. Either HCI or trifluoroacetic acid deprotection provided the desired compounds (5a-

e) in good yields.

N-(4’-aminobutanoyl)-1,2-diaminoethane bis(trifluoroacetic acid) salts (5a) The
general procedures for the synthesis of heterodimers 5a-e were followed: N-Boc-2-
pyrrolidinone 2 (753 mg, 4.07 mmol) and 1,2-diaminoethane (816 pL, 12.20 mmol) were
combined in dioxane (10 mL), and treated as above. The title compound 5a was obtained
as brown oil (709 mg, 80%). 'H NMR (CD;0D): & 1.94 (5-let, J = 7.1 Hz, 2H), 2.42 (t, J
=7.0 Hz, 2H), 3.00 (t, J = 6.9 Hz, 2H), 3.07 (t, J = 6.2 Hz, 2H), 3.46 (t,J = 5.7 Hz, 2H);
*C NMR (CD;OD): § 22.75, 32.20, 36.88, 39.10, 39.51, 174.45; MS (DICI+): calcd for

CeH16N30 [M+1]" 146, found 146.

N-(4’-aminobutanoyl)-1,3-diaminopropane bis(trifluoroacetic acid) salts (5b) The
general procedures for the synthesis of heterodimers 5a-e were followed: N-Boc-2-
pyrrolidinone 2 (663 mg, 3.58 mmol) and 1,3-diaminopropane (1.51 mL, 17.9 mmol)
were combined in dioxane (20 mL), and treated as above. The title compound 5b was
obtained as brown oil (729 mg, 51%). "H NMR (CDs;OD): & 1.92 (5-let, J = 7.3 Hz, 2H),
1.84 (5-let, J = 7.1 Hz, 2H), 2.36 (t, J = 7.2 Hz, 2H), 2.92-2.98 (m, 4H) 3.28 (t,J=6.6
Hz, 2H); °C NMR (CD;OD): & 24.88, 29.21, 33.99, 37.53, 38.74, 40.86, 175.76; HRMS

(FAB+): calcd for C;H gN30 [M+1]" 160.1450, found 160.1450 (+0.1ppm, 0.0 mmu).
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N-(4’-aminobutanoyl)-1,4-diaminobutane bis(trifluoroacetic acid) salts (5¢) The
general procedures for the synthesis of heterodimers 5a-e were followed: N-Boc-2-
pyrrolidinone 2 (731 mg, 3.95 mmol) and 1,4-diaminobutane (1.20 mL, 11.86 mmol)
were combined in dioxane (10 mL), and treated as above. The title compound 5¢ was
obtained as brown oil (733 mg, 75%). 'H NMR (CD;OD): & 1.57-1.61 (m, 2H), 1.65-
1.70 (m, 2H), 1.92 (5-let, J = 7.3 Hz, 2H), 2.36 (t, J = 7.2 Hz, 2H), 2.93-2.98 (m, 4H)
3.22 (t, J= 6.9 Hz, 2H); >C NMR (CD;0D): § 23.21, 24.56, 25.98, 32.49, 38.31, 39.11,
173.34; HRMS (FAB+): caled for CgHyoN;O [M+1]" 174.1606, found 174.1612 (+3.2

ppm, +0.6 mmu).

N-(4’-aminobutanoyl)-1,5-diaminopentane bis(trifluoroacetic acid) salts (5d) The
general procedures for the synthesis of heterodimers 5a-e were followed: N-Boc-2-
pyrrolidinone 2 (659 mg, 3.56 mmol) and 1,5-diaminopentane (1.25 mL, 10.68 mmol)
were combined in dioxane (20 mL), and treated as above. The title compound 5d was
obtained as brown oil (1.13 g, 74%). 'H NMR (CD;OD): & 1.36-1.43 (m, 2H), 1.54 (5-
let, J=7.4 Hz, 2H), 1.66 (5-let, J=7.7 Hz, 2H), 1.91 (5-let, J = 7.2 Hz, 2H), 2.33 (t, J =
7.2 Hz, 2H), 2.89-2.97 (m, 4H) 3.18 (t, J = 7.2 Hz, 2H); >*C NMR (CD;0D): § 25.01,
25.23,28.67, 30.34, 34.20, 40.57, 40.89, 41.07, 174.98; HRMS (FAB+): calcd for

CoH»,N30, [M+1]+ 188.1763, found 188.1757 (-3.1ppm, -0.6 mmu)

N-(4’-aminobutanoyl)-1,6-diaminohexane bis(trifluoroacetic acid) salts (5e) The

general procedures for the synthesis of heterodimers 5a-e were followed: N-Boc-2-

pyrrolidinone 2 (520 mg, 2.81 mmol) and 1,6-diaminohexane (1.63 g, 14.10 mmol) were
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combined in dioxane (10 mL), and treated as above. The title compound 5e was obtained
as brown oil (1.15 g, 92%). 'H NMR (CD;0D): & 1.34-1.45 (m, 4H), 1.52 (5-let, J=7.0
Hz, 2H), 1.65 (5-let, J=7.5 Hz, 2H), 1.90 (5-let, J = 7.4 Hz, 2H), 2.33 (t, J = 7.2 Hz,
2H), 2.89-2.97 (m, 4H) 3.18 (t, J = 7.0 Hz, 2H); °C NMR (CD;0D): § 25.02, 27.53,
27.89, 28.95, 30.63, 34.22, 40.75, 40.91, 41.13, 174.91; HRMS (FAB+): calcd for

C1oH24N30, [M +1]" 202.1914, found 202.1929 (+4.8 ppm, +1.0 mmu)

General procedures for the preparation of GABA amide heterodimers

with pendant acetamide group (6a-e)

To a solution of 5¢ (197.3 mg, 0.73 mmol) in CH,Cl, (5 mL) was added acetic
anhydride (103 pL, 1.09 mmol) and 0.5 M NaOH (2.9 mL, 2.0 mmol). The reaction
mixture was stirred at room temperature for overnight. The mixture was then partitioned
between CH,Cl; (20 mL) and H,O (2 x 20 mL). The CH,Cl; layer was collected, dried
over Na,SQy, filtered and evaporated in vacuo to afford pure N-Boc-GABA amide
derivative of 6C as a pale yellow solid; and no further purification step was required.
Either HCI or trifluoroacetic acid deprotection provided the desired compounds (6a-€) in

good yields.

N-acetyl-N’-(4’-aminobutanoyl)-1,2-diaminoethane trifluoroacetic acid salt (6a) The
general procedures for the synthesis of 6¢ were followed: 5a (187.3 mg, 0.76 mmol) and
acetic anhydride (108 uL, 1.15 mmol) and 0.5 M NaOH (3.04 mL, 1.52 mmol) were

combined in CH,Cl; (5 mL) and treated as above. The title compound 6a was obtained
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as a brown oil (110 mg, 48%). 'H NMR (CD;0D): & 1.91 (5-let, J = 7.0 Hz, 2H), 1.94 (s,
3H), 2.34 (t,J =7.0 Hz, 2H), 2.96 (t, J = 7.4 Hz, 2H), 3.27 (s, br, 2H); MS (DICI-): calcd

for CsHsN3O, [M-1] 186, found 186.

N-acetyl-N’-(4’-aminobutanoyl)-1,3-diaminopropane trifluoroacetic acid salt (6b)
The general procedures for the synthesis of 6¢ were followed: 5b (119 mg, 0.46 mmol)
and acetic anhydride (65 pL, 0.69 mmol) and 0.5 M NaOH (1.84 mL, 0.92 mmol) were
combined in CH,Cl, (10 mL) and treated as above. The title compound 6b was obtained
as a brown oil (123 mg, 85%). 'H NMR (CD;0D): & 1.67 (5-let, J = 6.8 Hz, 2H), 1.91
(5-let, J=7.2 Hz, 2H), 1.93 (s, 3H), 2.34 (t, J = 7.0 Hz, 2H), 2.96 (t, J = 7.26Hz, 2H),
3.19 (q, J = 7.2 Hz, 4H); °C NMR (CD;0D): § 23.06, 24.96, 30.58, 34.25, 38.25, 38.28,
40.90, 173.90, 175.03; HRMS (FAB+): calcd for CoHyoN30, [M+1]"202.1550, found

202.1559 (+1.7 ppm, +0.3 mmu).

N-acetyl-N’-(4’-aminobutanoyl)-1,4-diaminobutane hydrochloride (6¢) The title
compound 6¢C was obtained as a yellow solid (112 mg, 61%). 'H NMR (CD;OD): & 1.50-
1.53 (m, 4H), 1.92 (5-let, J = 7.3 Hz, 2H), 1.95 (s, 3H), 2.34 (t, J = 7.2 Hz, 2H), 2.96 (t, J
= 7.6 Hz, 2H), 3.17-3.19 (m, 4H); °C NMR (CD;0D): & 22.91, 25.02, 34.30, 40.54,
40.73, 40.97, 173.97, 174.95; HRMS (FAB+): calcd for C;0H»nN30, [M+1]7216.1712,

found 216.1716 (+2.3 ppm, +0.5 mmu)

N-acetyl-N’-(4’-aminobutanoyl)-1,5-diaminopetane trifluoroacetic acid salt (6d) The

general procedures for the synthesis of 6¢ were followed: 5d (108 mg, 0.37 mmol) and
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acetic anhydride (53 pL, 0.56 mmol) and 0.5 M NaOH (1.5 mL, 0.74 mmol) were
combined in CH,Cl, (10 mL) and treated as above. The title compound 6d was obtained
as a brown oil (121 mg, 95%). 'H NMR (CD;OD): & 1.31-1.37 (m, 2H), 1.47-1.55 (m,
4H), 1.90 (5-let, J=7.3 Hz, 2H), 1.92 (s, 3H), 2.33 (t,J=7.2 Hz, 2H), 2.95 (t, J=7.4
Hz, 2H), 3.12-3.18 (m, 4H); *C NMR (CD;0D): § 23.03, 25.00, 25.73, 30.47, 30.53,
34.26,40.82, 40.95, 173.75, 174.89; HRMS (FAB+): caled for C;Ho4N;0, [M+1]"

230.1863, found 230.1877 (+3.7 ppm, +0.8 mmu).

N-acetyl-N’-(4’-aminobutanoyl)-1,6-diaminohexane trifluoroacetic acid salt (6e) The
general procedures for the synthesis of 6¢ were followed: 5e (157 mg, 0.52 mmol) and
acetic anhydride (75 pL, 0.78 mmol) and 0.5 M NaOH (2.0 mL, 1.04 mmol) were
combined in CH,Cl, (12 mL) and treated as above. The title compound 6e was obtained
as a brown oil (155 mg, 83%). 'H NMR (CD;0D): & 1.32-1.37 (m, 4H), 1.47-1.51 (m,
4H), 1.90 (5-let, J=7.3 Hz, 2H), 1.91 (s, 3H), 2.32 (t, J=7.0 Hz, 2H), 2.95 (t, J= 7.6
Hz, 2H), 3.12-3.18 (m, 4H); >*C NMR (CD;OD): & 23.03, 25.03, 28.02, 30.71, 30.73,
34.26, 40.81, 40.84, 40.93, 173.70, 174.86; HRMS: calcd for Cj;Hy6N30, [M+1]"

244.2025, found 244.2017 (-3.3 ppm, -0.8 mmu).

General procedures for the preparation of GABA amide derivatives (7a-b)

To a solution of 5¢ (0.73 mmol) in CH,Cl, (5 mL) was added a pendant group
synthon as described below (1.10 mmol) and 0.5 M NaOH or Et;N or pyridine. The

reaction mixture was stirred at room temperature for 12h. The mixture was then

115



partitioned between CH,Cl, (20 mL) and H,O (2 x 20 mL). The CH,Cl; layer was
collected, dried over Na,SOy, filtered and evaporated in vacuo to dryness. The
corresponding N-Boc GABA derivatives were purified by flash column chromatography
(2:8 MeOH-CH,Cl, with 7 mL of concentrated NHj3 per liter). Trifluoroacetic acid

deprotection provided the desired compounds (7a-b) in good yields.

N-cyclopropyl-N’-(4’-aminobutanoyl)-1,4-diaminobutane trifluoroacetic acid salt
(7a) The general procedures for the preparation of 7a-b were followed: 5¢ (105.3 mg,
0.39 mmol), cyclopropanecarbonyl chloride (45 mg, 0.59 mmol) and 0.5 M NaOH (1.6
mL, 0.78 mmol) were combined as above. The title compound 7a was obtained as a
yellow solid (111 mg, 80%). "H NMR (CD;0D): § 0.70-0.75 (m, 2H), 0.80-0.83 (m,
2H), 1.50-1.55 (m, 4H), 1.90 (5-let, J = 7.3 Hz, 2H), 2.33 (t,J=7.0 Hz, 2H), 2.95 (t, J =
7.6 Hz, 2H), 3.16-3.19 (m, 4H); °C NMR (CD;0D): & 7.10, 14.82, 24.49, 27.68, 27.95,
33.74, 40.08, 40.17, 40.41, 174.42, 176.46. HRMS (FAB+): calcd Cj,H24N30, [M+1]"

242.1863, found 242.1869.

N-chloroacetyl-N’-(4’-aminobutanoyl)-1,4-diaminobutane trifluoroacetic acid salt
(7b) The general procedures for the preparation of 7a-b were followed: 5¢ (106.6 mg,
0.39 mmol), chloroacetic anhydride (100.8 mg, 0.59 mmol) and 0.5 M NaOH (1.6 mL,
0.78 mmol) were combined as above. The title compound 7b was obtained as a brown
0il (104 mg, 73%). 'H NMR (CD;0D): & 1.50-1.55 (m, 4H), 1.90 (5-let, J = 7.3 Hz, 2H),

2.33 (t,J = 7.0 Hz, 2H), 2.95 (t, = 7.4 Hz, 2H), 3.18-3.24 (m, 4H), 4.02 (s, 2H); °C
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NMR (CDs;OD): 6 25.00, 28.08, 28.11, 34.24, 40.50, 40.89, 43.69, 96.32, 169.85, 174.93;

HRMS: calcd CjoHyN30,Cl, [M+1]"250.1317, found 250.1322.

Synthesis of N-benzoylamino-N-pentylthiourea (8)*

To a solution of NH4NCS (3.76 g, 49.4 mmol)) in dry acetone (37 mL) was added
benzyol chloride (5.8 mL, 49.4 mmol) dropwise and heated to reflux for 15 min. The
reaction mixture was allowed to cool to room temperature, followed by addition of n-
amylamine (7.0 mL) in acetone (10 mL). The reaction mixture was then stirred at room
temperature for additional 1 h. White precipitate was filtered off, and the filtrate was
concentrated under vacuum to afford the desired product 8 as yellow solid (7.90 g, 67%).
The desired product was pure by TLC and NMR. No further purification step was
required. "H NMR (CDCls): § 0.92 (t, J = 7.0 Hz, 3H), 1.32-1.43 (m, 4H), 1.71 (5-let, J
=7.6 Hz, 2H), 3.68 (q, J = 7.1 Hz, 2H), 7.48-7.53 (m, 2H), 7.56-7.62 (m, 1H), 7.79-7.84
(m, 1H), 9.07, (s, 1H), 10.73 (s, 1H); °C NMR (CDCl;): 5 13.85, 22.24, 27.83, 29.01,
45.87,127.30, 127.37, 128.52, 129.02, 131.81, 131.93, 133.41, 166.85, 179.62; HRMS:

calcd CoH21N30,Cl, [M+1]+ 251.1218, found 251.1213 9 (-2.0 ppm, -0.5 mmu).

General procedures for the preparation of n-alkylthioureas (9, 10, 13 and
14)
To a stirring solution of 1,1’-thiocarbonyldiimidazole (4.83 mmol, 2.0 equiv) and

imidazole (7.23 mmol, 3.0 equiv) in CH3CN (15 mL) at 0 °C, was added n-alkylamine

(2.41 mmol, 1.0 equiv) in CH3CN (2 mL) dropwise. The yellow mixture was then stirred
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at room temperature for 18 h. The reaction mixture was then cooled to 0 °C, NH,OH
(29.2 wt% in H,0, 1.5 mL) was added. The ice-bath was removed, and the reaction
mixture was stirred at room temperature for 1 h. Solvent was removed under reduced
pressure to afford brown liquid residue, which was then purified by column

chromatography on silica gel (1:9 CH,Cl,-CH;0H).

n-Butylthiourea (9) The general procedures for the preparation of n-alkylthioureas were
followed: 1,1’-thiocarbonyldiimidazole (1.18 g, 6.62 mmol), imidazole (676 mg, 9.92
mmol), and n-butylamine (327 pL, 3.31 mmol) were combined in CH3CN (15 mL) and
treated as above. The title compound 9 was obtained as a yellow solid (325 mg, 74%)).
'H NMR (CDCl): 8 0.9 (t, J = 7.4 Hz, 3H), 1.22-1.28 (m, 4H), 1.42-1.43 (m, 2H), 3.31
(s, br, 2H), 6.84 (s, br, 2H), 7.61 (s, br, 1H); °*C NMR (CDCl;): § 13.61, 19.97, 30.27,
31.09, 43.88, 45.15, 180.53, 182.91; HRMS (FAB+): calcd for CsH 3N,S [M+1]"

133.0799, found 133.0798 (-1.1 ppm, -0.1 mmu).

N-Pentylthiourea (10) The general procedures for the preparation of n-alkylthioureas
were followed: 1,1’-thiocarbonyldiimidazole (860 mg, 4.83 mmol), imidazole (492 mg,
7.23 mmol), and n-pentylamine (280 pL, 2.41 mmol) were combined in CH3CN (10 mL)
and treated as above. The title compound 10 was obtained as a yellow solid (314 mg,
89%). The title compound was obtained as yellow solid in 89% yield as described above.
'H NMR (DMSO): § 0.85 (t, J = 7.1 Hz, 3H), 1.33-1.38 (m, 2H), 1.56 (s, br, 2H), 3.13 (s,

br, 1H), 3.49 (s, br, 1H), 6.40 (s, br, 2H), 7.17 (s, br, 1H); *C NMR (CDCls): § 13.90,
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21.85,27.93,28.53, 42.84, 43.85, 45.15, 180.21, 183.06; HRMS (FAB+): calcd for

CeHisN,S [M+1]" 147.0956, found 147.0953 (-2.0 ppm, -0.3 mmu).

N-(2-diaminoethyl)thiourea (13) The general procedures for the preparation of n-
alkylthioureas were followed: 1,1’-thiocarbonyldiimidazole (884 mg, 4.96 mmol),
imidazole (507 mg, 7.44 mmol), and N-tert-butoxylcarbonyl-1,2-diaminoethane (397 mg,
2.48 mmol) were combined in CH3CN (9 mL) and treated as above. The title compound
13 was obtained as a yellow solid (191 mg, 35%). 'H NMR (CD;CN): & 1.41 (s, 9H),
3.00-3.01 (m, 2H), 3.38 (s, br, 2H), 6.82 (s, br, 1H), 7.00 (s, br, 1H), 7.52 (s, br, 1H);
FTIR (neat film): 1511, 1683, 2979, 3184, 3295, 3350, 3374, 3403 cm™. *C NMR

(DMSO): 28.30, 43.56, 77.72, 155.70, 183.37.

N-ethylenethiourea (14) The title compound 14 was obtained as ayellow solid (303 mg,
60%) as described above. Compound 14 is a side product in the synthesis of 13. 'H
NMR (CDCls): 6 1.54 (s, 9H), 3.57 (t, J = 8.7 Hz, 2H), 3.57 (apparent t, J = 8.8 Hz, 2H),
7.04 (s, 1H); FTIR (neat film): 1504, 1700, 1732, 2974, 3293, 3243 cm’”. MS (DIET"):

calcd for CgH4N>O,S [M]+ 202.0776, found 202.

General procedures for the preparation of N-alkyl ZAPA (11, 12, 15 and
16)

To a solution of n-alkylthiourea (0.92 mmol, 1.0 equiv) in glacial acetic acid (3

mL) and 2 N HCI (10 mL) at room temperature was added propiolic acid (1.02 mmol, 1.1
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equiv) in HO (2 mL) dropwise. The reaction mixture was then stirred at room
temperature for 12 h. Solvent was removed under reduced pressure to provide gummy

residue, which would not recrystallize from any attempted solvent.

N-butyl -3-[(aminoiminomethyl)thio]prop-2-enoic acid (11) The general procedures
for the synthesis of N-alkyl ZAPA were followed: n-butylthiourea (218 mg, 0.92 mmol),
glacial acetic acid (3 mL), 2 N HCI (10 mL) and propiolic acid (115 pL, 1.02 mmol)
were combined and treated as above. The title compound 11 was obtained as yellow gum
of Z/E isomers (Z/E ratio: 9:1) in quantitative yield (395 mg, 100 %). '"H NMR
(CDs0OD): 6 0.87 (t,J=7.4 Hz, 3H), 1.3 (6-let, J= 7.5 Hz, 2H), 1.53 (5-let, J = 7.3 Hz,
2H), 3.33-3.39 (m, 2H), 6.23 (d, J=9.6 Hz, 1H), 6.31 (d, J = 15.2 Hz, 0.12H), 7.65 (d, J
=9.6 Hz, 1H), 7.75 (d, J = 15.6 Hz, 0.11H), 9.68 (s, 1H), 9.93 (s, 1H), 10.33 (s, 1H); °C
NMR (CD;0OD): ¢ 13.46, 19.30, 29.25, 43.92, 117.57, 138.36, 163.80, 167.20; HRMS
(FAB+): calcd for CgHsN,0,S [M+1]"203.0854, found 203.0865 (+5.3 ppm, +1.1

mmu).

N-pentyl -3-[(aminoiminomethyl)thio]prop-2-enoic acid (12) The general procedures
for the synthesis of N-alkyl ZAPA were followed: n-pentylthiourea (137 mg, 0.94
mmol), glacial acetic acid (3 mL), 2 N HCI (10 mL) and propiolic acid (64 uL, 1.03
mmol) were combined and treated as above. The title compound 12 was obtained as
yellow gum of Z/E isomers (Z/E ratio: 2:1) in quantitative yield (239 mg, 100 %). 'H
NMR (CDs;0D): 6 0.96-0.99 (m, 3H), 1.39-1.43 (m, 4H), 1.71-1.74 (m, 2H), 3.40-3.45

(m, 2H), 6.28 (d, J = 9.2 Hz, 0.65H), 6.35 (d, J = 15.6 Hz, 0.31H), 7.52 (d, J = 9.2 Hz,
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0.65H), 7.79 (d, J = 15.2 Hz, 0.31H); HRMS (FAB+): calcd for CoH;7N,0,S [M+1]"

217.1011, found 217.1027 (+7.5 ppm, +1.6 mmu).

(2)-N-aminoethyl-3-[(aminoiminomethyl)thio]prop-2-enoic acid (15) The general
procedures for the synthesis of N-alkyl ZAPA were followed: N-(2-
diaminoethyl)thiourea (228 mg, 1.04 mmol), glacial acetic acid (2 mL), 2 N HCI (5 mL)
and propiolic acid (78 pL, 1.25 mmol) were combined and treated as above. The title
compound 15 was obtained as an off-white solid after recrystallizing from iPr/CH,OH
(8:2) (154 mg, 57 %). '"H NMR (DMSO): § 3.06-3.08(m, 2H), 3.71-3.72 (m, 2H), 6.22 (d,
J=10Hz, 1H), 7.77 (d, J = 10 Hz, 1H), 8.42 (s, 2H), 9.95 (s, 1H), 10.2 (s, 1H), 10.48 (s,
1H); °C NMR (DMSO): § 36.92, 41.81, 117.50, 138.69, 165.22, 167.26; HRMS

(FAB+): caled for C¢H2N30,S [M+1]"190.0650, found 190.0643 (-3.8 ppm, -0.7 mmu).

(2)-N-ethylene-3-[(aminoiminomethyl)thio]prop-2-enoic acid (16) The general
procedures for the synthesis of N-alkyl ZAPA were followed: N-ethylenethiourea (1.56
g, 7.12 mmol), glacial acetic acid (5 mL), 2 N HCI (15 mL) and propiolic acid (530 uL,
5.84 mmol) were combined and treated as above. The title compound 16 was obtained as
an off-white solid after recrystallizing from iPr/CH,OH (8:2) (1.07 g, 72 %). 'H NMR
(DMSO): & 3.91 (s, 4H), 6.34 (d, J = 9 Hz, 1H), 7.76 (d, J = 9 Hz, 1H), 10.83 (s, 2H); "°C
NMR (DMSO): 6 45.28, 119.42, 135.39, 166.86, 167.26; HRMS (FAB+): calcd for

CeHi1N20,S [M+1]" 173.0379, found 173.0362.
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General procedures for the synthesis of PEG-linked GABA amide

homodimers (19a-d)

PNP (p-nitrophenyl carbonate) activated PEG 10000° (56 umol, 1.0 equiv) and
5ceBoc (168 umol, 3.0 equiv) were combined in CH3CN (500uL) and stirred at room
temperature for 24 h. The reaction mixture was then diluted to 50 mL CH,Cl,, washed
with 0.1 N HCI (1 x 40 mL) and 10% NaHCO; (2 x 40 mL). The organic layer was
collected and dried over Na,SQy, filtered and concentrated under reduced pressure to
provide yellow oily residue. Column chromatography on silica gel, eluting with 95:5
CH,Cl,-CH3OH was used to remove the side product p-nitrophenol and with 80:20
CH,Cl,-CH3OH was used to yield the corresponding N-Boc PEG 10000 GABA amide.

Trifluoroacetic acid deprotection provided the desired compounds (19a-d) in good yields.

PEG 1500 bis[4-(4-aminobutanoyl)butyl] carbamatee2TFA (19a) PNP activated PEG
1500 (205 mg, 112 umol) and 5ceBoc (91 mg, 336 umol) were combined in CH3CN (620
pL) as described above. The title compound 19a was otained as off-white solid (197 mg,

74%). "H NMR (CD;OD): & 1.92 (5-let, J = 7.7 Hz, 4H), 2.33 (t, = 7.5 Hz, 4H), 2.99 (t,
J=17.6 Hz, 4H), 3.11-3.12 (m, 4H), 3.18-3.19 (m, 4H), 3.63-3.78 (m, 166H), 4.15

(apparent t, J = 5.1 Hz, 4H).

PEG 3400 bis[4-(4-aminobutanoyl)butyl] carbamatee2TFA (19b) PNP activated PEG
3400 (430 mg, 115 pmol) and 5ceBoc (93 mg, 346 umol) were combined in CH;CN (640

uL) as described above. The title compound 19b was otained as off-white solid (384 mg,
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85%). The title compound was otained as off-white solid in 85% yield as described
above. '"HNMR (CD;OD): & 1.92 (5-let, J = 7.7 Hz, 4H), 2.33 (t, J = 7.0 Hz, 4H), 3.00
(t,J=7.1 Hz, 4H), 3.11-3.12 (m, 4H), 3.19-3.20 (m, 4H), 3.61-3.70 (m, 348H), 4.14-4.16

(m, 4H).

PEG 8000 bis[4-(4-aminobutanoyl)butyl] carbamatee2TFA (19c) PNP activated PEG
8000 (408 mg, 49 umol) and 5ceBoc (40 mg, 147 umol) were combined in CH3;CN (500
pL) as described above. The title compound 19¢ was otained as off-white solid (376 mg,
89%). '"H NMR (CDsOD): & 1.93 (5-let, J = 7.5 Hz, 4H), 2.33 (t, J = 6.9 Hz, 4H), 3.01 (t,
J=7.8 Hz, 4H), 3.11-3.12 (m, 4H), 3.20-3.21 (m, 4H), 3.50-3.78 (m, 875H), 4.14-4.16

(m, 4H).

PEG 10000 bis[4-(4-aminobutanoyl)butyl] carbamatee2TFA (19d) PNP activated
PEG 10000 (579 mg, 56 umol) and 5ceBoc (45 mg, 168 umol) were combined in
CH;CN (500 pL) as described above. The title compound 19d was otained as off-white
solid (529 mg, 89%). 'H NMR (CD;OD): & 1.93 (5-let, J = 7.8 Hz, 4H), 2.33 (t, J = 7.0
Hz, 4H), 3.01 (t, J = 7.9 Hz, 4H), 3.11-3.12 (m, 4H), 3.20-3.21 (m, 4H), 3.51-3.3.78 (m,

1118H), 4.14-4.15 (m, 4H).
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General procedures for the preparation of dansyl GABA and its derivatives
(21a-h)°

N,N’-bis[4’-(5’’-Dimethylnaphthyl-1’’-sulfonyl)amido butanoyl]-1,4-diaminobutane

(21h)

To a solution of 2ce2HCI (65.3 mg, 0.20 mmol) in 10% NaHCO; (2 mL) was
added dansyl chloride (53.1 mg, 0.20 mmol) in 2 mL CH,Cl,. The two phase reaction
mixture was heated to reflux for 12 h. After cooling to room temperature, the reaction
mixture was partitioned between CH,Cl, (2 x 25 mL) and H,O (1 x 25 mL). The
combined organic layer were dried over MgSOy, filtered and concentrated under reduced
pressure to provide a viscous yellow residue. Column chromatography on silica gel,
eluting with 90:10 CH,Cl,-CH;0H afforded the title compound 21h as a green solid
(27.3 mg, 20%). "H NMR (CDClLs): & 1.56 (s, br, 2H), 1.76-1.78 (m, 4H), 1.98 (s, 3H),
2.25(t,J=6.7 Hz, 4H), 2.86(s, 12H), 2.91 (apparent q, J = 5.8 Hz, 4H), 3.24-3.25 (m,
4H), 6.15 (t, J=5.7 Hz, 2H), 6.47 (t, J = 5.6 Hz, 2H), 7.15 (d, J= 7.6 Hz, 2H), 7.50 (q, J
=17.9 Hz, 4H), 8.20 (dd, J = 7.4 Hz, 2H), 8.31 (d, J=8.7 Hz, 2H), 8.51 (d, J = 8.5 Hz,
1H); HRMS (FAB+): calcd for C36H49NgOgS, [M+1]" 725.315, found 725.455; HPLC:

18.38 min.

4’-(5”’-Dimethylnaphthyl-1"’-sulfonyl)amido butanoyl alcohol (21a) The general
procedures for the synthesis of 21h were followed: GABA (27.1 mg, 0.26 mmol in 1 mL
0.1 NaHCO3) and dansyl chloride (7.0 mg, 0.026 mmol) were combined acetone (2 mL)

and treated as above. The title compound 21a was obtained as a green solid (8.7 mg,
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100%). "H NMR (CDCl3): 8 1.73 (5-let, J = 6.8 Hz, 2H), 2.31 (apparent t, J = 6.8 Hz,
2H), 2.88 (s, 6H), 2.94-2.95 (m, 2H), 4.97 (s, br, 1H), 7.17 (d, J = 7.4 Hz, 1H), 7.50
(apparent d, J =7.9 Hz, 1H), 7.55 (apparent, J = 8.3 Hz, 1H), 8.22 (dd, J =7.3, 1.2 Hz,

1H), 8.25 (d, J = 8.5 Hz, 1H), 8.5(d, J = 8.5 Hz, 1H); HPLC: 7.06 min.

4’-(5”’-Dimethylnaphthyl-1""-sulfonyl)amido butanoyl amine (21b) The general
procedures for the synthesis of 21h were followed: 1aeHCI (12.9 mg, 0.09 mmol in 1 mL
0.1 NaHCO3) and dansyl chloride (2.5 mg, 0.009 mmol) were combined acetone (2 mL)
and treated as above. The title compound 21b was obtained as a green solid (3.2 mg, 100
%). '"HNMR (CDCls): & 1.76 (5-let, J = 6.4 Hz, 2H), 2.34 (t, J = 6.9 Hz, 2H), 2.88 (s,
6H), 2.94 (q, J = 6.3 Hz, 2H), 5.36-5.38 (m, 2H), 5.54 (s, br, 1H), 7.18 (d, J = 7.4 Hz,
1H), 7.52 (apparent d, J = 8.5 Hz, 1H), 7.57 (apparent, J = 8.3 Hz, 1H), 8.21 (d,J=8.5
Hz, 1H), 8.27 (d, J=8.7 Hz, 1H), 8.53 (d, J = 8.5 Hz, 1H); HRMS (FAB+): calcd for

Ci16H21N205S [M+1]" 336.1376, found 336.1380 (+1.2 ppm); HPLC: 3.48 min.

N-butyl-4’-(5"’-Dimethylnaphthyl-1"’-sulfonyl)amido butanoyl amine (21c) The
general procedures for the synthesis of 21h were followed: 1beHCI (45.2 mg, 0.23 mmol
in 2 mL 10% NaHCOs) and dansyl chloride (75.1 mg, 0.28 mmol) were combined
CH,Cl, (2 mL) and treated as above. The title compound 21c was obtained as a brown
solid (82.0 mg, 87%). 'H NMR (CDCls): § 0.90 (t, J = 7.4 Hz, 3H), 1.31 (6-let, J = 7.7
Hz, 2H), 1.43 (5-let, J=7.3 Hz, 2H), 1.75 (5-let, J = 6.5 Hz, 2H), 2.16 (t, J = 6.8 Hz,

2H), 2.88 (s, 6H), 2.91 (q, J = 6.2 Hz, 2H), 3.17 (q, J = 7.1 Hz, 2H), 5.38 (t, J = 6.2 Hz,
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2H), 5.52 (s, br, 1H), 7.17 (d, J= 7.1 Hz, 1H), 7.51 (apparent d, J = 8.7 Hz, 1H), 7.56
(apparent, J = 8.5 Hz, 1H), 8.21 (d, J = 8.5 Hz, 1H), 8.28 (d, J =8.7 Hz, 1H), 8.52 (d, J =
8.5 Hz, 1H); HRMS (FAB+): calcd for CooH20N303S [M+1]"392.2008, found 392.2011

(+0.8 ppm/+0.3 mmu); HPLC: 18.50 min.

N,N’-bis[4’-(5"’-Dimethylnaphthyl-1"’-sulfonyl)amido] butanoyl-1,2-diaminoethane
(21d) The general procedures for the synthesis of 21h were followed: 5ae2HCI (30.8 mg,
0.14 mmol in 2 mL 10% NaHCO3) and dansyl chloride (25.3 mg, 0.09 mmol) were
combined CH,Cl, (2 mL) and treated as above. The title compound 21d was obtained as
a green solid (9.6 mg, 17%). 'H NMR (CDCls): & 1.74 (5-let, J = 6.2 Hz, 2H), 2.18 (t, J
=6.9 Hz, 2H), 2.84-2.91 (m, 16H), 3.06 (apparent q, J = 5.4 Hz, 2H), 3.28 (apparent q, J
=5.4 Hz, 2H), 5.63 (t,J = 6.1 Hz, 1H), 6.06 (t, J= 6.1 Hz, 1H), 6.31 (t,J = 5.9 Hz, 1H),
7.13(d, J="7.5Hz, 1H), 7.16 (d, J =7.4 Hz, 1H), 7.47-7.57 (m, 4H), 8.17 (d, J = 8.5 Hz,
1H), 8.21 (d, J=8.7 Hz, 1H), 8.32 (dd, J = 8.7, 2.6 Hz, 1H), 8.52 (d, J = 8.5 Hz, 1H);
HRMS (FAB+): calcd for C30H37N505S, [M+1]" 612.2314, found 612.2304 (-1.6 ppm);

HPLC: 18.29 min.

N-acetyl-N’-[4’-(5°"-Dimethylnaphthyl-1’’-sulfonyl)amidobutanoyl]-1,2-
diaminoethane (21e) The general procedures for the synthesis of 21h were followed:
6aeHCI (15.5 mg, 0.07 mmol in 2 mL 10% NaHCOs) and dansyl chloride (12.4 mg, 0.05
mmol) were combined CH,Cl, (2 mL) and treated as above. The title compound 21e was

obtained as a brown solid (9.1 mg, 47%). '"H NMR (CDCls): & 1.79 (5-let, J = 6.4 Hz,
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2H), 1.97 (s, 3H), 2.27 (t, J = 6.5 Hz, 2H), 2.88 (s, 6H), 2.91 (q, J = 6.1 Hz, 2H), 3.36-
3.39 (m, 4H), 5.71 (t, J = 6.2 Hz, 1H), 6.44-6.45 (m, 1H), 6.55 (s, br, 1H), 7.17 (d, I = 7.6
Hz, 1H), 7.52-7.55 (m, 2H), 8.18 (d, J = 8.4 Hz, 1H), 8.26 (d, J = 8.5 Hz, 1H), 8.53 (d, J
= 8.5 Hz, 1H); HRMS (FAB+): calcd for CaoHpsN404S [M+1]" 421.1910, found

421.1915 (+1.1 ppm); HPLC: 4.88 min.

N,N’-bis[4’-(5"’-Dimethylnaphthyl-1’’-sulfonyl)amido] butanoyl-1,4-diaminobutane
(21f) The general procedures for the synthesis of 21h were followed: 5ce2HCI (23.4 mg,
0.10 mmol in 2 mL 10% NaHCO3) and dansyl chloride (14.9 mg, 0.06 mmol) were
combined CH,Cl, (2 mL) and treated as above. The title compound 21f was obtained as a
green solid (8.4 mg, 24%). 'H NMR (CDCL): & 1.44-1.45 (m, 4H), 1.74 (5-let, J = 6.4
Hz, 2H), 2.18 (t, J = 6.8 Hz, 2H), 2.87-2.91 (m, 16H), 3.11 (apparent q, J = 6.1 Hz, 2H),
5.24 (t,J=6.2 Hz, 1H), 5.44 (t, J=6.1 Hz, 1H), 5.70 (t, J = 5.5 Hz, 1H), 7.16 (apparent
t, J = 8.5 Hz, 2H), 7.48-7.53 (m, 4H), 8.20 (d, J = 8.5 Hz, 1H), 8.23 (d, J = 8.7 Hz, 1H),
8.9 (t, J=9.1 Hz, 2H), 8.52 (d, J = 8.5 Hz, 2H); HRMS (FAB+): calcd for C3;,H4,N505S,

[M+1]" 640.2622, found 640.25; HPLC: 18.99 min.

N-acetyl-N’-[4’-(5°"-Dimethylnaphthyl-1’’-sulfonyl)amidobutanoyl]-1,4-
diaminobutane (21g) The general procedures for the synthesis of 21h were followed:
6ceHCI (20 mg, 0.08 mmol in 2 mL 10% NaHCOs) and dansyl chloride (14.3 mg, 0.05
mmol) were combined CH,Cl, (2 mL) and treated as above. The title compound 21g was

obtained as a green solid (15.6 mg, 66%). 'H NMR (CDCls): & 1.54-1.57 (m, 4H), 1.77

127



(5-let, J = 6.2 Hz, 2H), 1.98 (s, 3H), 2.23 (t, J = 6.2 Hz, 2H), 2.89-2.95 (m, 8H), 3.26-
3.27 (m, 4H), 5.78 (s, br, 1H), 6.17 (s, br, 2H), 7.22 (d, J = 7.4 Hz, 1H), 7.53 (apparent t,
J=7.8 Hz, 2H), 7.56 (apparent t, J = 8.3 Hz, 2H), 8.20 (dd, J=7.3, 0.9 Hz, 1H), 8.32 (d,
J=28.7Hz, 1H), 8.56 (d, J = 8.5 Hz, 1H); HRMS (FAB+): calcd for C,,H3,N404S

[M+1]" 449.2223, found 449.2212 (-1.2 ppm/-0.5 mmu); HPLC: 4.95 min.

3.2  Biological Assays
Agonism tests:®

The procedures for GABA-gated chloride flux into brain vesicles are similar to
those of Bloomquist and Soderlund.*® The brains of two male ICR mice (Harlan Sprague
Dawley, Dublin, VA) are removed following sacrifice by cervical dislocation. The

brains are minced in cold buffer containing 118 mM NaCl, 5 mM KCI, 1.2 mM MgSO4,
2.5 mM CaCly, and 54 mM glucose, and 20 mM HEPES, pH = 7.4 (low-Cl buffer). The

tissue is homogenized gently by hand in 2.5 ml of cold buffer using 5 strokes of a Dounce
glass-glass homogenizer. The membranes are then diluted with 12 ml of additional cold
low-Cl buffer and filtered through 3 layers of 100 mesh nylon to remove any
unhomogenized tissue. The filtrate is then centrifuged for 15 min at 1000 g to pellet

synaptoneurosomes. Finally, the supernatant is decanted and the pellet gently

resuspended in 3 mL low-ClI buffer containing 1 mg/mL BSA. The influx of **Cl- (> 3
mCi/g Cl, Amersham Corporation) is measured by vacuum filtration assay from
established methods.”® Membranes are aliquotted into triplicate tubes, flux is initiated by

the addition of agonist solution in high-CI buffer (145 mM NaCl, 27 mM glucose)

128



containing 0.5 uCi/ml *°Cl" and agonist. After a 15 second incubation at 30 °C, uptake is
stopped by addition of 4 ml of ice cold high-Cl buffer w/o BSA and vacuum filtered
through Whatman GF/C glass fiber filters. The filter is then washed twice with 4 ml cold

buffer, and the radiation on the filter quantified by liquid scintillation counting.

Antagonism tests

Synaptoneurosomes are prepared as above. Membranes are aliquotted into
triplicate tubes, with compounds 4a-h added to the membranes in deionized water and
preincubated for 10 min at 25 °C. Flux is initiated by the addition of GABA solution
containing antagonist in high-Cl buffer (145 mM NaCl, 27 mM glucose) containing 0.5
nCi/ml *°CI". After a 15 second incubation at 30 °C, chloride uptakes are determined as

above.

Filtration binding assay:’

Synaptoneurosomes were prepared as in the chloride flux assay. A stock solution
of [’H]muscimol (70 nM) was prepared in HEPES buffer (same buffer that was used in
the chloride flux assay) immediately before assay. Stock solutions of unlabeled ligands
(0.5 M, GABA, 2c or 4b) were similarly prepared in HEPES buffer. Each assay tube was
charged with [*H]muscimol solution (50 uL) and unlabeled ligand (50 uL, GABA, 2¢C or
4b). Binding reactions were initiated by addition of 100 uL of synaptoneurosome
suspension for a total assay volume of 200 pL. Each triplicate set of sample was
incubated at 20 °C for 20 minutes. The binding reaction was terminated by diluting with

4 mL of ice-cold buffer. The tissue was immediately collected on Whatman GF/C filters

129



by vacuum fitration and washed once within 10 seconds with another 4 mL cold buffer.

Radioactivity was determined by scintillation counting.

Centrifugation binding assay:®

Synaptoneurosomes were prepared as in the chloride flux assay. A stock solution
of [’H]muscimol (70 nM) was prepared in HEPES buffer (same buffer that was used in
the chloride flux assay) immediately before assay. Stock solutions of unlabeled ligands
(0.5 M, GABA, 2c or 4b) were similarly prepared in HEPES buffer. Each assay tube was
charged with [*H]muscimol solution (50 pL) and unlabeled ligand (50 uL, GABA, 2c or
4b). Binding reactions were initiated by addition of 100 uL of synaptoneurosome
suspension for a total assay volume of 200 pL. Each triplicate set of sample was
incubated at 30 °C for 30 minutes. The binding reaction was terminated by
centrifugation (13,000 x g, 0-4 °C, 10 min), and the supernatant was removed. Pellets
were washed superficially, without disturbance, twice with 500 uL of cold buffer. The
washed pellet was mixed with 100 puL buffer and placed in a scintillation vial. The
centrifugation tube was subsequently rinsed with buffer twice (100 uL), and the washings
were also transferred to the scintillation vial. Radioactivity was determined by

scintillation counting.

Bradford Protein Assay-Dynex Plate Reader Assay

Stock solution of dye: the stock solution of dye is made of Coomassie Brilliant

Blue G250 (1g/500 mL EtOH). The dye working solution contains 50 mL of stock
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solution of dye, 100 mL of H4PO; and 850 mL of D.I. H,O. The dye working solution
must be filtered until it reaches an amber color and may need to be re-filtered weekly.

General Procedures: four standards and a control in 12 x 75 mm borosilicate test

tubes were prepared using the following table:

Standard ~ BSA® (uL) Dye (uL) Serial Dilution from Conc. (ng/pL)
(STD) previous Standard
1 90 2910 N/A 0.030
2 - 1500 1500 pL from STD 1 0.015
3 - 1500 1500 pL from STD 2 0.008
4 - 1500 1500 pL from STD 3 0.004
CTL" 20 2980 N/A 0.013

*BSA (bovine serum albumin)= 1 mg/mL H,O
°CTL: Control

The analysis of each protein sample was performed in two different volumes (2 and 4 puL)
and the protein sample was aliquotted into a set of triplicate wells in a 96-well plate
reader, followed by addition of 348 puL and 346 pL of dye working solution respectively
(a total of 350 pL solution in each well). 350 uL of each standard, control and blank
(containing dye working solution only) were placed into the plate in triplicate
accordingly. The plate was then incubated at room temperature for 15 minutes and
placed in Dynex plate reader for protein analysis. The sample’s protein concentration in
png/ul was calculated based on the concentrations that produced by curve fitting output
by taking the dilutions into consideration. Thus, the calculation of the final concentration

of protein sample is shown below:
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Final concentration of each protein sample = (C1 x 175 + C2 x 87.5)/2  where Cl is

the concentration output (from curve fitting) of 2 uL protein sample and C2 is the

concentration output (from curve fitting) of 4 uL protein sample.
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Chaper 4  Introduction and Background of 1,4-benzodiazopines

4.1 Importance of 1,4-benzodiazopine scaffolds in medical chemistry

Drug candidates containing the 1,4-benzodiazepine pharmacophore have
demonstrated activity in diverse therapeutic areas.'? The best known subtype is the 1,4-
benzodiazepin-2-one (1) class (Scheme 4.1), which were first known as GABA receptor
agonistic modulators.’ 1,4-benzodiazepin-2-ones such as diazepam (1) and flurazepam
(2) have a sedative, anxiolytic, muscle relaxant, hypnotic and anticonvulsant action.” (S)-
Trp derived 1,4-benzodiazepin-2-ones and structural analogues have shown activities as
the CCK-A/CCK-B antagonists, (3-5)°~ which are potential drugs for treating digestive
disorders. Benzodiazepine peptidomimetics have demonstrated promising anti-cancer
activity in inhibiting and Ras farnesylation e.g. (6).® Moreover, 1,4-benzodiazepin-2-
ones derived from tyrosine have also demonstrated anti-cancer activity in inhibiting the
Src Protein Tyrosine Kinase (7).” The phenylalanine-derived 1,4-benzodiazepin-2-ones
have shown activities as the human bradykinin B, receptors antagonists (8-9),'° which
could be useful in treating pain/inflammation. In addition, 1,4-benzodiazepin-2-one.
Bzd-423 (10) and its derivatives have been reported recently as promising anti-cancer
candidates, which have both cytotoxic and anti-Proliferative properties against Malignant
B-cells.''"* Bzd-423 also shows good activity as an immunomodulatory agent, which
could be useful in treating defective Fas signaling.'” Finally, 1,4-benzodiazepin-2-ones

have shown promise as antiarrhythmic drugs (11)'* and HIV-1 Tat antagonists (12)."
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Scheme 4.1 Bioactive 1,4-benzodiazepin-2-ones 1-12
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The tetrahydro-1,4-benzodiazepin-3-one scaffold (11, Scheme 4.2) has been found
to be useful for the preparation of fibrinogen receptor antagonists (13, SB 214857 and
14),'*'® angiostensin II analogs (15)," and protein kinase C activators (16).%°
Compounds 13 and 14 have been shown to be selective, potent and orally active
GPIIb/IIIa Integrin antagonists, which could be useful in treating thrombogenic

. 16,1
disorders.'®!’

Compound 15 shows high affinity binding at the angiotensin II AT,
receptor, which has attracted much attention as a new potential therapeutic target due to
its possible role in mediating anti-Proliferation, cellular differentiation, apoptosis, and
vasodilation. The tetrahydro-1,4-benzodiazepin-2-ones (I11, so-called TIBO derivatives,
Scheme 4.2) on the other hand have been shown to possess anti-HIV-1 activity.”’ TIBO
are a class of 4,5,6,7-tetrahydro-5-methylimidazo-[4,5,1-jk]benzodiazepin-e-(1H)-one
compounds; examples of TIBO derivatives including R86183, R82913 and R84923 are

shown in Scheme 4.2.
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Scheme 4.2  Medicinally important tetrahydro-1,4-benzodiazepin-2 & 3-ones
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4.2 Importance of exploring enantiopure quaternary 1,4-benzodiazepines

The three subtypes of 1,4-benzodiazepines (I-111) that we mentioned in previous
section are all prepared from a-amino acids derivatives. There are only a few cases that
3,3-disubstitution was reported (subtypes 1),?* and prior to our group’s communication,”

the published examples of enantiopure 3,3-disubstitution 1,4-benzodiazepines have
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merely relied upon lipase-catalyzed kinetic resolution.**> One possibility for the
development of quaternary 1,4-benzodiazepines is to extend the existing synthetic
methods for I-111 to the use of enantiomerically pure quaternary amino acids. However,
despite the fact that several asymmetric methods have been developed for the synthesis of
quaternary amino acids,’®?’ few enantiomerically pure quaternary amino acids are
available commercially. Moreover, the amide (I and I11) and amination (I1) bond-
forming reactions during the ring closure that led to these heterocycles may be
problematic with the quaternary amino acids. A direct synthesis of quaternary 1,4-
benzodiazepines from commercially available ‘tertiary’ amino acids might then be the
key to therapeutically discovery quaternary 1,4-benzodiazepines as promising agents.
Our research group has developed such a procedure for the preparation of
quaternary 1,4-benzodiazepin-2-ones. The route to quaternary 1,4-benzodiazepin-2-ones
depends on enantioselective functionalization of the already-formed heterocycles, which
were prepared using normal, enantiomerically pure a-amino acids. This method relies on
the “memory of chirality (MOC)” imparted by the conformation of the benzodiazepine
ring. The concept of MOC was introduced by Fuji and Kawabata as a useful strategy for
asymmetric synthesis.”® As defined by Carlier, MOC is “often used to describe formal
substitution reactions at the sole sp center of an enantiopure starting material, which
proceed by trigonalization of that center, and yet retain high enantiomeric purity in the
product.” Such process can occur when the static, central chirality of the reactants is
preserved in the form of dynamic conformational chiral reactive intermediate.” One of
the best examples of this phenomenon is demonstrated by Fuji and Kawabata (Scheme

4.3).%°
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Scheme 4.3  The MOC alkylation protocol of Fuji & Kawabata
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Enantiomerically pure phenylalanine ester (S)-17a and b are both deprotonated by
KHMDS, and subsequently methylated with Mel. Compound (S)-17a undergoes o.-
methylation to give (S)-19a in 81% ee, symmetrically protected (S)-17b gives product
19b in 0% ee. How can these divergent results be explanted? Furthermore, how did the
enantioselective transformation of (S)-17a succeed? The authors have proposed that
deprotonation of (S)-17a generated a chiral non-racemic enolate intermediate 18a with a
dynamically chiral C(2)-N axis, and that subsequent reaction is stereospecific, giving
(S)-19a. On the other hand, deprotonation of symmetrically protected (S)-17b would
give an achiral enolate 18b, which then undergoes methylation to give racemic 19b.

Prior to our work, the MOC protocols™ * developed by Fuji & Kawabata were
the most general and successful examples of MOC.** ** MOC has also been reported in

41,42

many other reactions, including acyliminium ion chemistry, radical and diradical

43-45

chemistry, and other chemistry involving trigonal intermediates.*
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4.3  Overview of Pioneering Work in Carlier’s Research Group

As mentioned earlier, our group has also developed an asymmetric alkylation that
depends upon MOC. The success of this method depends upon the nature of the
benzodiazepine ring. Despite the absence of a chiral center, glycine-derived 1,4-
benzodiazepin-2-ones such as diazepam (1) are chiral, due to the boat-shaped
conformation of the diazepine ring (Scheme 4.4).*”** Based on the sign of the 12345
torsional angle, the helical descriptors (M)- and (P)- have been used to describe the sense
of chirality of the ring. A negative dihedral angle is denoted (M)-, meaning “minus™’ a
positive dihedral angle is denoted (P)-. The same sense of chirality is noted using the

more easily perceived 12176 torsional angle in this thesis.

Scheme 4.4 Dynamic chirality of 1, 20a*"*
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*AG* was measured by Dr. Polo Lam.

When the N1 substituent is small (e.g. R = H or Me), rapid racemization (via ring

. . . 47.4
inversion) prevents the resolution of these compounds at room temperature.*”*  In such
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cases, the addition of a single substitutent at C3 (e.g. 21a, Scheme 4.5) exclusively shifts

the conformation of equilibrium to the pseudo-equatorial methyl confomer.

Scheme 4.5  Stereochemical cooperativity in 21a
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Therefore, (3S)-stereochemistry will induce the diazepine ring to adopt the (M)-
conformation.’”! The stereochemical cooperativity demonstrated by compounds like
21a provides the basis for enantioselective a-alkylation conditions that developed by our

former postdoctoral associate Dr. Hongwu Zhao (Scheme 4.6).
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Scheme 4.6  Schematic of a successful MOC deprotonation/alkyaltion sequence of a
(S)-alanine-derived 1,4-benzodiazepin-2-one
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The success of our MOC strategy (Scheme 4.6) depends on at least two requirements, as
shown in Scheme 6. Firstly, deprotonation of the stereogenic center by LDA in the
reactant (M)-(3S)-22 must generate a chiral non-racemic enolate intermediate, (M)-22-Li.
Secondly, this chiral enolate intermediate must react with electrophile (E-X) in high
stereospecificity to produce product (M)-(3S)-23. Failure to meet these two requirements
will result in a racemic mixture.

Clearly, these two requirements must have been met in the highly enantioselective

deprotonation/alkylation of (S)-alanine -derived 1,4-benzodiazepines-2-ones (Scheme
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4.7), as first developed by Dr. Zhao. Note that the treatment of enolate of N1-Me 1,4-
benzodiazepin-2-one (3S)-21a gave racemic products. In contrast, application of this
protocol to the enolate of N1-i-Pr analog (3S)-21b gave the desired product in high

enantiomeric excess (97% ee) with retention of configuration.

Scheme 4.7 MOC enantioselective alkylation of (S)-alanine derived 1,4-
benzodiazepin-2-ones

1. 1.2 equiv. LDA

(i\j:Rz 6.0 equiv. HMPA, 15 min; Q E\\R2
R1~N1 3 N 1 equiv. n-BulLi, 15 min; R1~N1 3 N
/ THF, -78 °C /
Ph ' Ph
2. 10 equiv. BnBr, -78 °C, 2 h
Cl 3. NH4C| (aq.) Cl
Ri R Ri Rz %Yield %ee
(3S)-21a: Me Me 25a: Me Me 75 0
(3S)-21b: i-Pr Me (3R)-25b: i-Pr Me 74 97

We attribute the racemic outcome of (3S)-21a and the enantioselective outcome
of (3S)-21b to differences in the size of the N1-substitutent. We have shown that the
inversion barrier of the enolate is a function of the size of the N1substitutent. Thus we
propose that the inversion barrier of the enolate of N1-Me benzodiazepine is not
sufficient to maintain enantiopurity of the enolate ring at -78 °C under this
deprotonation/alkylation protocol. On the other hand, when a bulkier i-Pr group is used
in place of Me at N1 position, the reaction turns out to be highly enantioselective.
Clearly, the enolate of N1-i-Pr benzodiazepine has a higher inversion barrier (cf Scheme

4.4), which helps preserving the chirality of the starting material (3S)-21b under the same
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reaction conditions and thus yield the desired product in high enantiomeric excess with
retention of configuration.

Density functional theory (DFT) calculations of the inversion barriers of 1,4-
benzodiazepin-2-one enolates indicate that the equilibrium geometries of 21a and 21b are
chiral. The free energies of activation for ring inversion of 21a (N1-Me) and 21b (N1-i-
Pr) at 195 K are 12.4 and 17.5 kcal/mol, which correspond to racemization half-life
values of 0.11 min and 970 h, respectively. Dr. Polo Lam has performed enolate trapping
experiments that confirm this proposal.™

The optimized conditions involve use of LDA and n-BuLi as bases and HMPA as
additive and the reactions were conducted at -78 °C. Dr. Zhao has discovered that HMPA
was essential for this type of reaction; only traces of the desired products were yielded in
the absence of HMPA. Use of DMPU in place of HMPA also proved to be fruitless. He
has also found that use of LIHMDS in place of LDA gave none of the desired products.

Using this basic MOC strategy, we will attempt to prepare three other classes of
1,4-benzodiazepine from enantiomerically pure ai-amino acids. These include (S)-
alanine-derived tetrahydro-1,4-benzodiazepin-3-ones, (S)-phenylalanine-derived

tetrahydro-1,4-benzodiazepin-2-ones, and (S)-serine-derived 1,4-benzodiazepin-2-ones.
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Chapter 5 Syntheses of 1,4-Benzodiazepine Analogs

51 Investigation of Enantioselective Synthesis of Quaternary (S)-alanine
Derived Tetrahydro-1,4-benzodiazepin-3-ones
As we mentioned in chapter 4, some members of the tetrahydro-1,4-
benzodiazepin-3-ones subtype have been found to be important therapeutic agents (13-
16, chapter 4). Note that all of these compounds (13-16) were prepared from
proteinogenic amino acid derivatives. The lack of 2,2-substituted analogs has motivated
us to extend our MOC strategy to the enantioselective synthesis of quaternary (S)-alanine

derived tetrahydro-1,4-benzodiazepin-3-ones.

5.1.1 Synthesis of (S)-alanine Derived Tetrahydro-1,4-benzodiazepin-3-ones

We have recently published the improved synthesis of (S)-alanine derived
tetrahydro-1,4-benzodiazepin-3-ones.' The synthesis began with commercially available
2-fluoro-5-nitrotoluene 1 (Scheme 5.1) by adopting the basic strategy of Miller et al.:>
treatment with NBS in CCly afforded 2 as off-white, needle-like crystals in 66% yield.
Compound 2 was previously prepared by Sveinbjornsson et al.® from o-fluorobenzyl
bromide and fuming nitric acid (>90%) in 81% yield; However, our attempts to repeat
this synthesis using regular nitric acid (70%) with concentrated sulfuric acid as catalyst,
gave a low yield (20%). Subsequent reaction of 2 with excess allyamine in THF gave 3
in 87%. The reaction of 2 with methylamine was however less selective, giving a
mixture of the desired product 4 and the undesired nucleophilic aromatic substitution

product 5, which were difficult to separate. Coupling of 3 with either (S)-Boc-Ala-OH,
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(S)-Boc-N-Me-Ala-OH, or (S)-N-i-Pr-Ala-OH (DCC, HOBT in CH,Cl,) afforded (S)-6
(86%), (S)-7 (86%), and (S)-8 (68%) respectively. Apparently, the i-Pr group was large

enough to prevent self-condensation of the unprotected N-i-Pr-Ala-OH under these

conditions.
Scheme 5.1  Synthesis of tetrahydro-1,4-benzodiazepin-3-ones
MeNH,, THF,
rt,16h
F F
Allylamine, THF,
CHs  \gs, CCly, hv, 18 h Br rt,16h NN
> R
66% 87% H
NO, NO, NO,
1 2 3
CH.
(S)-Boc-Ala-OH, or
R2R1N (S)-Boc-N-Me-Ala-OH, or
(S)-N-i-Pr-Ala-OH
DCC, HOBT, CH,Cly, r.t.; 4 h
NO,
Ri Ry

(S)-6 H Boc (86%)
(S)-7 Me Boc (86%)
(S)-8 i-Pr H (68%)

The key step in most syntheses of tetrahydro-1,4-benzodiazepin-3-ones is closure
of the heterocyclic ring by intramolecular nucleophilic aromatic substitution. To
accelerate substitution, a carboxyl ester’ **or a nitro group”*° is usually placed para to the
leaving group. However, prior to our work, these reactions either afford the desired
product in low yield (18%) or require long reaction times. Furthermore, previous

syntheses of tetrahydro-1,4-benzodiazepin-3-ones from intermediates like 6 required the
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removal of the N1-protecting group (Boc and Fmoc) in a separate step prior to cyclization
under basic conditions.™® To attempt a stream-lined synthesis, we carried out the ring
closure of the hetercyclic ring (S)-9 at the temperature (DMSO, 125°C) that Miller et al. 2
suggested, but we did not carry out the Boc-deprotection prior to the ring closure. The
desired product was obtained in low yield (26%, Table 5.1). We therefore explored
different reaction conditions in order to improve the yield for the ring closure of (S)-6.
Results are shown in Table 5.1. The yield for the ring closure of (S)-6 in dioxane was

reasonable. But it required both a separate deprotection step and long reaction time.

Table 5.1 Ring closure reaction conditions

CHs
0 HC O
BocHN H
F N\_= 1.TFA CH)Cl,rt, 1h ~N N
2. 10% NaOH =

-
’

3. Solvent, temp/time

NO, NO;
(S)-6 (S)-9
Entry  Solvent Temp./Time % Yield Remarks
1 DMSO 125°C/44 h 26% No separate Boc-deprotection steps

were carried out before ring closure

2 THF Reflux/23 h 56% -

3 Dioxane Reflux/8-19h 26-69% -

Based on the result in Entry 1 of Table 5.1, we discovered that simple heating of
(S)-6 and (S)-7 to 200 °C in DMSO without base for 30 min to 3 h caused the thermolysis

of the Boc group and cyclization, yielding (S)-9 (67%) and (S)-10 (92%) (Scheme 5.2).
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Therefore, cyclization of (S)-9 and (S)-10 can be carried out directly without a separate
deprotection step. Cyclization of N-i-Pr analog (S)-8 proceeded in 61 % yield, despite the
steric hindrance provided by the secondary alkyl group. All three of the tetrahydro-1,4-
benzodiazepin-3-ones 9-11 were analysed by chiral stationary phase HPLC; the results
indicated that no racemization had occurred during the high temperature cyclization to 9-
11. The cyclizations of (S)-7 and (S)-8 are especially noteworthy as they demonstrate for

the first time that 2° amines are competent nucleophiles for the ring closure.

Scheme 5.2  Ring closure of heterocyclic ring (S)-9 to 11 at 200 °C

CHs
0
RleN H3C O
F N\ —= R
DMSO, 200 °C, 30 min to 3 h NN

NO,
(S-6 H Boc (86%) (S)-9 R=H (67%)
(S-7 Me Boc (86%) (S)-10 R = Me (92%)
(S8 i-Pr H (68%) (S)-11 R = i-Pr (61%)

(S)-Boc-N-methyl-Ala-OH is commercially available. However, it can be
economically prepared from (S)-Boc-Ala-OH and Mel in THF by use of NaH as base in
92% yield .” (S)-N-i-Pr-Ala-OH is on the other hand not commercially, but it can be
synthesized from (S)-Ala-OH and acetone in CH3OH by use of NaBH;CN as the

reducing agent in good yield (65%) according to the modified literature method.®
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Based on Miller et al.’s method,? we have also employed two other starting
materials that have a carboxyl group as electron-withdrawing group para to the leaving

group in the synthesis of tetrahydro-1,4-benzodiazepin-3-ones (Scheme 5.3).

Scheme 5.3  Synthetic scheme of carboxyl ester-accelerated substitution

F
(Boc),0, DMAP CHs
THF, r.t, 19 h
% F
" o CO,'B
u
CHs 2 NBS, CCl,, Br
13 .
hv, 18 h
1. (COCl)z, CH2C|2, F R
COOH DMFcat), N2, 1 h
) 72 "7 CHz 15 R = CO,-'Bu (65%)
12 2. MeOH, r.t., 20 h — 16 R = CO,Me (59%)
90 %
’ COzMe Allylamine, THF,
14 rt,16h
CHs o (S)-Boc-Ala-OH F
DCC, HOBT,
BocHN CH,Cly, 1.t.; 4 h NN
F N/\¢ - H
R
1. TFA, CHyCly, 17 R = CO,-Bu (67%)
rt;1h R 18 R = CO,Me (81%)
2. 0.5 NaOH (S)-19 R =CO,-'Bu (78%)
’ (S)-20 R = CO,Me (95%)
3. DMSO, 125 °C, DMSO, 200°C, 1 h
19 h
H3C (@) . .
Recovered starting material 19
H~N and isolated an unknown side-product
N\
CO,Me

(S)-21 (21%)
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Reaction of 4-fluoro-3-methyl-benzoic acid with (Boc),0’ and oxalyl chloride/MeOH "
afforded 13 (63%) and 14 (90%) accordingly; subsequent treatment with NBS in CCly
afforded 15 and 16 in 65% and 59% yield correspondingly. Reactions of 15 and 16 with
allyamine and subsequent couplings with (S)-Boc-Ala-OH provided (S)-19 and (S)-20 in
good yields respectively. Attempts to ring close (S)-19 in DMSO at 200 °C were not
successful; a majority of the starting material (S)-19 was recovered, which demonstrated
that the successful cyclization of (S)-6 to 8 involved nucleophilic substitution of the
fluoride group by the corresponding amide, followed by loss of the Boc group. Small
amounts of an unidentified side product from attempted cyclization of (S)-19 were also
obtained. Therefore, due to the unsuccessful ring closure of (S)-19 at 200 °C, we carried
out the Boc deprotection step prior to performing the ring closure at 125 °C in DMSO.
The desired compound (S)-21 was however obtained in low yield (21%), which indicates
that stronger electron-withdrawing effect of NO, group facilitates the ring closure of (S)-
9to 11. Finally, attempts to methylate the N1of (S)-21 by use of NaH and MeOTf

yielded none of the desired product.

5.1.2 Synthesis of Quaternary (S)-alanine Derived Tetrahydro-1,4-benzodiazepin-
3-ones Via “Memory of Chirality” (MOC)

We then attempted extension of our previously described'' synthesis of
quaternary tetrahydro-1,4-benzodiazepine-3-one (S)-10. Surprisingly, (S)-10 appears
unreactive toward alkylation under many different reaction conditions (Table 5.2).
Apparently, the electron-withdrawing NO; group para to the N1-Me either prevents the

enolate formation or reduces the reactivity of the enolate towards the electrophile. We
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believe that the NO, group somehow prevented the enolate formation, because only the

starting material seen by TLC during attempted reaction.

Table 5.2 Attempted alkylations of (S)-10

H o E o
HaC: HaCo =
Mei g 1. 1.2-7 equiv base, THF Me?l H
N N\ 6 equiv HMPA, temp (T), 15 min N N\
1.2 equiv. n-BulLi, T, 15 min
2. 10 equiv. E-X, T, time (t)
NO, 3. NH,4CI (ag.) NO,
(S)-10 No desired product formed
Entry Base T E-X t Remarks
1 1.2 equiv LDA -100 °C BnBr 2h Recovery of (S5)-10
2 1.2 equiv LDA -100 °C BnBr 8h Recovery of (S)-10
3 l1.2equivLDA -78°Cto0°C DO/ 3tol8h  Recovery of (5)-10
tor.t. d-TFA
4 1.2 equivLDA  -78°Cto 0 °C Mel 3to 18 h  Recovery of (S)-10
tor.t.
1.2 equiv
5 KHMDS 0°C D,0O/ 3h Recovery of (5)-10
(witout n-BuLi) d-TFA
6 1.2 equiv 0°C Mel 3h Recovery of (S)-10
KHMDS
(witout n-BuLi)
7 7.0 equiv LDA -78 °C MeOTf 3h Recovery of (S)-10
8 1.3 equiv -78 °C BnBr 2h Recovery of (S)-10
t-BuLi (without
n-BuLi
9 2 equiv NaH r.t. MeOTf 2h Recovery of (S)-10;
(without n-BuLi MeOTf( caused the
and HMPA) polymerization of

THF at room temp.
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There are four possible pathways for the prevention of enolate formation for (S)-
10 (Schemes 5.4 and 5.5). As shown in Scheme 5.4, two possible mechanisms via single
electron reduction'? deactivation towards deprotonation are proposed. In pathway I,
LDA reduces the carbonyl group of (S)-10 via a free radical mechanism to give a radical-
anion intermediate 22. In pathway Il, the aromatic ring of (S)-10 reacts with LDA via
one-electon transfer to form the radical-anion intermediate 23. Both intermediates (22
and 23) are unreactive towards additional base, thus both 22 and 23 are converted back to
the starting material upon treatment with saturated NH4ClI (Scheme 5.4), which accounts

for the recovery of starting material after the reactions (cf Table 5.2).

Scheme 5.4  Proposed pathways | and Il for the deactivation of enolization for (S)-10
via single electron reduction

CHs 0 C§i< o° C>Hi<0
Me~
N N\ Me-\" ° Me~
— N\ N N
LDA NH4Cl (satd) =
e —— —_—
THF, -78 °C d
| NO, NO,
L 22 _ 10

unreactive towards
additional base

B CHs O
Me\NH
N/\j
NH4Cl (satd)
_—
-e-
NO, NO,
L 23 _ 10

unreactive towards
additional base
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In Scheme 5.5, mechanisms (pathways |11 and 1V) involving addition reactions
that deactivate deprotonation of (S)-10 are proposed. In pathway 111, LDA reacts with
(5)-10 via a 1,2-addition mechanism to afford intermediate 24. In pathway IV, the
aromatic ring of (5)-10 undergoes a nucleophilic substitution upon treatment with LDA
to, give 25. Both intermediates (24 and 25) are also unreactive towards additional base,
thus both 24 and 25 are likewise converted back to the starting material upon treatment
with saturated NH4Cl1 (Scheme 5.5), which could also account for the recovery of starting
material after the reactions (cf Table 5.2).

Scheme 5.5 A proposed mechanism involving addition reactions that deactivate
deprotonation of (S)-10

CHs O [ cHsO L ] -
8 i CH3 O
N(i-Pr i
Me-p” Vo P NP2 %_%}IHU-POZ
/\§ N N Me~
LDA \= N NN\ =
NH4CI (satd)
THF, -78 °C
NO, i NO, NO
(S)-10 2
L 24 _
unreactive towards
v LDA, THF additional base
-78 °C
Me~ CHz O
/\5 Me\NHN/\/ N/\§
(i-P),N @ NH4Cl (satd) —
. +
H (i-Pr)oH @
NO, " NO,
- 25 - NO2 10

unreactive towards
additional base
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Based on electron spin resonance (ESR) spectroscopy studies, Russell et al.
reported that one electron transfer occurred (pathways | and 1) from organometallic
reagent such as n-BuLi to an aromatic nitro or unsaturated compound in basic solution.
On the other hand, the LIHMDS-mediated 1,2-addition mechanism of pyrrolidine to 2-
methylcyclohexanone has been proposed by Collum et al."? previously. Based on in situ
IR spectroscopy studies, Collum and coworkers have found that the reaction of 2-
methylcyclohexanone with LIHDMS in pyrrolidine gave exclusive 1,2-addition of

pyrrolidine 26 (Scheme 5.6).

Scheme 5.6  1,2-Addition of pyrrolidine to 2-methylcyclohexanone proposed by

Collum et al.
Q LiO NO

Me H LiIHMDS Me
pyrrolidine, -78 °C

2-methyl- 26
cyclohexanone

Thus pathways | to 111 may be responsible for unsuccessful deprotonation/alkylation of
(5)-10. Pathway IV is feasible based on the well known ability of the NO, group to
activate substitution at the ortho & para position. However, without a leaving group on
25, substitution cannot occur; intermediate 25 would revert to starting material upon
aqueous workup. One factor arguing against this mechanism is that compound 10 is a
para-nitro aniline derivative, which is much less nucleophilic towards substitution than
nitro benezene, as shown below. Thus, pathway 1V may be less likely than pathways I-
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NO, NO,

(S)-10 less nucleophilic
towards substitution

Thinking that the NO, group may have been responsible for our failure to achieve
the deprotonation/alkylation, we therefore reduced it and functionalized it as the
phthalimido or N,N-dimethyl group derivative.

Nitro compounds (S)-10 and (S)-11 were first reduced to primary aromatic amines
(S)-27 and (S)-28 accordingly by refluxing in CH3OH for 3 h in the presence of Fe
powder and aq. NH4Cl (Scheme 5.7)."

Scheme 5.7  Conversion of nitro compounds 10 and 11 to other 1,4-benzodiazepin-3-
ones

CH; O
CHs O C>Hi<o 1. NaBH,/THF, )\
R~p \ Fe/NH,Cl(ag), R~N N formaldehyde/H,SOy, N N/\j
"N\ CHzOH, — 0°C, 15 min
reflux, 3 h

-
Y o

2. 10% NaOH
NO, NH, NI
(S)-29 (89%)

S)-10 R=Me
gsg-ll R=i-Pr (S)-27 R =Me (97%)
(S)-28 R =i-Pr (92%)
C>Hi<0
Phthalic anhydride —
AcOH, reflux, 1.5 h
Nphth

(S)-30 (80%)

o

Nphth = N;:]ij

o}
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The primary amine of (S)-28 was converted to corresponding N,N-dimethylamine (S)-29
in 89% in the presence of NaBH, and formaldehyde in THF."” Refluxing (S)-28 with
phthalic anhydride in acetic acid for 1.5 h'® afforded (S)-30 in 80% yield. HPLC analysis
of both (S)-29 and (5)-30 indicated 99% and 98% ee, respectively.

We carried out the alkylations with both (5)-29 and (S)-30 based on the MOC
strategy. The details of the results are summarized in Table 5.3. As can be seen,
attempts to carry out alkylation at C2 with these two compounds were also fruitless.
However, these two compounds behaved differently than (S)-10 under
deprotonation/alkylation conditions. Whereas (S)-10 seemed to be stable at the reaction
conditions that we attempted, (S)-29 and (S)-30 either decomposed or gave undesired
products in most of the reactions attempted. O-alkylation of (S)-29 was observed when
benzyl bromide was used as electrophile; the O-alkylation was evidenced by one new
product spot (starting material was consumed) observed on TLC immediately followed
the reaction. However, this new product 31 rapidly decomposed upon aqueous workup,
which suggested that this new product is likely a O-alkylation product (Scheme 5.7).
Although no pure O-alkylation product could be characterized by either 'H or ?C NMR
characterization. Both GC-MS'” and HRFAB MS indicated the presence of a compound

with the correct mass.
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Table 5.3

Attempted C-alkylations of (S5)-29 and (S)-30

CHz O
)\ N N/ __ 1. HMPA/THF, temp (T)
= bases
2. E-X, time (1)
R 3. NH,Cliaq)
(S)-29 R = NMe,
(S)-30 R = Nphth
Starting Bases E-X T t Remarks
material
(S)-29 1.2 equiv. LDA, BnBr -78°C 1h  O-alkylation product 31 based
15 min /n-BulLi, on TLC; result confirmed by
15 min GC/HRFABMS
(5)-29 1.2equiv.LDA, Mel -78 °C lh Decomposition product
15 min /n-BulLi, observed on TLC
15 min
(5)-29 1.2 equiv. LDA, Etl -78 °C lh Decomposition products
15 min /n-BulLi, observed on TLC
15 min
(5)-29 1.2 equiv. LDA, D)0/ -78 °C lh No reaction based on TLC
15 min /n-BuLi, d-TFA
15 min
(5-30 6.0equiv. LDA, BnBr -78°C/ 3h/ A mixture of 30 and side
15 min /n-Buli, 0°C to 18h  products observed in 'H NMR
15 min r.t.
(5)-30 20 equiv. NaH BnBr r.t. 3h A mixture of 30 and side
products observed in "H NMR
(5-30 4.5 equiv. NaH D,0O/ r.t. 3h A mixture of 30 and side
d-TFA products observed in "H NMR
(5)-30 KO-Bu/n-BuLi, BnBr -78°C 3h Decomposition products

30 min

observed on TLC
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A proposed mechanism for the formation of O-alkylation product 31 and
subsequent decomposition of 31 upon aqueous workup is shown in Scheme 5.8. As seen
in Scheme 5.8, the enolate intermediate generated from deprotonation of 29 by bases
reacted with BnBr to give the O-alkylation product 31. Compound 31 was then
hydrolyzed by aq. NH4Cl to afford recovered starting material 29.

Scheme 5.8 A proposed mechanism for the formation and decomposition of O-
alkylation product 31

H3C, 0 [ HsC o@ \_
)\NH HMPA/THF, LDA, -78 °C, 15 min )\N>:<
N

N N\= n-BuLi, 15 min =

/N\ /N\
(S)-29 enolate intermediate
Ph/\LBr
,-78°C,1h
Ph
J ~ Ph Ph
HsC O™+ HsC ('o—/ HsC\ ‘0—/

HaC
H_+ + 3 O
H-.C ~O .. HsC
N OH )3HOH /LNHN
N N NN e =
-PhCH,OH =
/N\
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Clearly, the substitutents para to the N1 position greatly affected the reactivity of
these three tetrahydro-1,4-benzodiazepin-3-ones. We thus eliminated the NO; substituent

by reduction and deamination (Scheme 5.9).

Scheme 5.9  Deamination of (S)-27 and (S)-28

R\N>-\<N >i<o
“\= 1.H,SO,/AcOH, R-N Y
NaNO,/H,0, 30 min =
2. FeSO4*7H,0/DMF, 15 min
NH, 3. 10% NaOH
(S)-27 R =Me
(S)-28 R=i-Pr (S)-32 R =Me (57%)

(S)-33 R = i-Pr (44%)
Amines (S)-27 and (S)-28 from reduction of nitro compounds were deaminated by use of
NaNO, and FeSO,4in DMF'® to afford (S)-32 and (S)-33 in moderate yields, respectively.
HPLC analysis of both compounds indicated 99% ee.

Based on catalyst studies, Wassmundt and coworker proposed that the reductive
deaminations occurred via a free-radical mechanism. As shown in Scheme 5.10,
compound (S)-27 or (S)-28 was first diazotized by aqueous NaNO; to give the
corresponding diazonium cation in the presence of AcOH and H>SOj4 at room
temperature, followed by reduction of this diazonium cation to the diazenyl radical by
Fe*". The diazenyl radical then underwent cleavage to form the aryl radical and N».
Abstraction of a hydrogen by the aryl radical from DMF generated the desired product

(5)-32 and 33 and the corresponding radical derived from the solvent.
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Scheme 5.10 A proposed mechanism for reductive deamination of (S)-32 and 33

CH3 (@)

R~N

4
Ar N/\§

NH»
(S)-27 R=Me
(S)-28 R =i-Pr
H,SO4/ACOH,
NaNO,/H,0, 30 min . FeS04+7H,O/DMF
ArNH, > ArN, » AN, + Fe’t
Diazonium ion Diazenyl radical
. . HCON(CH3),
ArH + HCONH(CH3)CH; and CON(CH3), = Are  + N
(S)-32 R=Me aryl radical
(S)-33 R=i-Pr

Alkylation reactions were carried out with (S5)-32 by use of our standard
deprotonation/alkylation protocol for 1,4-benzodiazepin-2-ones (Table 5.4). As can be
seen, 2,2-substituted N1-Me-1,4-benzodiazepin-3-ones were obtained in moderate yields
when the smaller electrophiles were used (Entries 2-4). All of these 2,2-substituted N1-
Me-1,4-benzodiazepin-3-ones were obtained as racemic products. Though unfortunate,
this outcome was not surprising, since the small N1-methyl group of (S)-32 might be

expected to impart a low inversion barrier.
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Table5.4 Attempted alkylations of (S)-32 and (5)-33

H3C, o) CHz o H3C HN—/:
Ro 1. HMPA/THF, LDA, -78 °C, 15 min R E _
N N\__  n-BuLi, 15 min NN RN o
@J 2.E-X,1h,-78°C @J * ©)
3. NH,Cl (aq)
(S)-32 R=Me 35-38, R = Me 34, R = Me,
(S)-33 R=i-Pr 39, 41, R =i-Pr 40, R =i-Pr
Entry  Starting E-X % Remarks %
material Yield ee®
1 (5)-32 BnBr 61%  Obtained proposed rearrangement -
product (34) instead of the desired
product, based on 'H and °C
NMR
2 (5)-32 D,0/d-TFA  45% 80 % deuterium incorporation 0
based on 'H NMR; product (35)
confirmed by both "H NMR and
HRMS
3 (5)-32 Mel 56%  Product (36) confirmed by both 'H -
NMR and HRMS
4 (5)-32 Etl 50%  Product (37) confirmed by both '"H 0
NMR and HRMS
5 (5)-32 BrCH,CO.Et  19%  Product (38) confirmed by both '"H 0
NMR and HRMS
6 (5)-32 n-Prl 8% Obtained rearrangement product -
(34) instead of the desired product
based on 'H NMR and HRMS
7 (S)-33 D,0/d-TFA 6% 85 % deuterium incorporation (39) -
based on 'H NMR
8 (5)-33 Etl 25% Obtained similar rearrangement -
product (40) as 34
9 (S)-33 BrCH,CO,Et - No pure product (41) was isolated -

"%%ee was measured by chiral stationary HPLC.
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On the other hand, when a larger electrophile like BnBr or n-Prl (Table 5.4, Entry 1 & 6)
was used, no desired product was obtained. Instead, these reactions yielded an isomer of
the starting material (S)-32, as confirmed by both GC-MS and HRMS. In any event, the
isolation of desired alkylation products 35-38, and the rearrangement product 34 indicates
that enolate formation from 32 is not problematic. Attempted deprotonation of N1-i-Pr
analogs (S)-33 was less successful. No alkylation products were obtained with EtI or
BrCH,CO,Et (Table 5.4, Entry 8 & 9). Instead the analogous N-iPr rearrangement
product 40 was however obtained. These results indicate that the reactivity of the enolate
is so low that the rearrangement reaction outcompetes alkylation.

To determine what role, if any, the allyl group played in this rearrangement. We
hydrogenated the allyl group to n-propyl group by 10% Pd/C in CH30H to afford N4-n-
propyl benzodiazepine-3-one (S)-42 in quantitative yield."” Results of alkylation of (S)-

42 are summarized in Table 5.5.
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CHs o
P
N

©)/\/

Table 5.5 Attempted alkylations (S)-42

CHz o CHz NH-
HMPA/THF, -78 °C /L amd /LNH

N/\/
base, time (t) ©) @J

(S)-42 43 E = allyl
44 E =CN
45 E = Et
Entry Base E-X t Method Results
1 KHMDS Allyl bromide 5h@-78 °C, Insitu  Recovered 77% of
18h @r.t. 42; obtained no
desired product 43
2 LDA/n-BuLi p-TsCN 0.5h Inverse®  Obtained desired
(30 min) (no HMPA) product 44 (55 %)
3 LDA/n-BuLi Etl 4h Direct Obtained 11% of
(30 min) 46 & recovered

58% of 42; no
desired product 45

?Addition of enolate solution to the electrophile in THF.

A majority of the starting material was recovered when KHMDS was used as base

and allyl bromide was used as electrophile. Apparently, either KHMDS was not strong

enough to deprotonate (S)-42 or the allyl bromide was not reactive enough for the

alkylaton. The desired product 44 was obtained in 55% yield when LDA and n-BuLi

were used as bases and p-tosyl cyanide (p-TsCN) was used as electrophile (Entry 2).

Note that Dr. Zhao has successfully obtained the 3,3-substituted 1,4-benzodiazepin-2-

ones in high yields using p-TsCN as electrophile (unpublished results). The identity of

44 was confirmed by both '"H NMR and HRMS. However, compound 44 was unstable
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and decomposition was observed at room temperature. Finally, attempted reaction of the
enolate derived from (S)-42 with ethyl iodide gave an apparent rearrangement product 46.
The '"H NMR spectrum of 46 is highly similar to that of 40, except the allyl and n-propyl
regions (Table 5.6). The "H NMR data of both compounds 40 and 46 are summarized in

Table 5.6. HRMS confirmed that 46 is a constitutional isomer of 42.
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Table 5.6

Summary of "H NMR data of both compounds 40 and 46

15 16 13 14 H\ 15 16
HAC CH N—\:18 HaC CHs N—\_
N2 17 >27:<3 17 8
Hyc12 1 40 HaC 12 N,© 40
6 > 6 >
9 11 9 11
40 46
40 46
Position (8w, multiplicity, coupling (8w, multiplicity, coupling
constant, # of protons) constant, # of protons)
5 4.50,s,2 H 451,s,2H
8 6.61, apparent d, 8.0 Hz, 1 H 6.61, apparent d, 8.0 Hz, | H
9 7.19-7.23, m, 1 H 7.18-7.23, m, 1 H
10 6.55-6.59, m, 1H 6.56-6.60, m, 1H
11 7.00,dd, 7.4,1.4Hz, 1 H 7.02,dd,7.2,1.4Hz, 1 H
12 3.65, 7-let, 6.0 Hz, 1 H 3.65,s,br, 1 H
13 1.21,d,6.4Hz, 6 H 1.21,d,6.4Hz, 6 H
14 241,s,3H 2.43,s,3H
15 4.90, s, br, 1 H (NH) 4.83, s, br, 1 H(NH)
16 3.76, apparent d, 6.0 Hz, 2 H 3.06-3.08, m, 2 H
17 5.68-5.77, m, 1 H 1.53-1.63, m,2 H
18 5.18-5.30,m,2 H 0.83,t,7.2Hz,3 H

A possible rearrangement mechanism for the formation of compounds 40 and 46

is proposed in Scheme 5.11; and a previously proposed mechanism for a related reaction

is shown in Scheme 5.12.
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Scheme 5.11 Proposed rearrangement mechanism for compounds 40 and 46

O

PR P joig

N N-R 1. HMPA/THF, -78 °C, Nj N-R N \

> - N-R
@J 2. LDA/nBuLi, 30 min
3. E-X,4-5h i;
= allyl

ig E = ﬁl—gropyl a7 48

enolate intermediate

CH S S
)\ >i<NHR C>Hi<N—R CHs N-R
‘ aqg. NH,ClI —
Voo AT )\ N o /L N~/ (o
@ oy
40 R = Allyl
46 R = n-Propyl 49

Following the formation of enolate 47, a 3,3-sigmatropic rearrangement occurs to open
the benzodiazepine ring and form a spirocyclic intermediate 48. Single bond rotation and
a second pericyclic reaction would lead to formation of an oxazepine heterocycle.
Treatment with aq. NH4Cl affords the final rearrangement products.

A similar rearrangement of 1,4-benzodiazepin-2-one enolate has been proposed
by Fryer et al. (Scheme 5.12).%° They have found that diazepam 50 and its derivatives
underwent ring contraction rearrangement upon treatment with NaH at 0-75 °C, to give
isoindole derivatives. As seen in Scheme 5.12, their proposed rearrangement mechanism
involves the removal of one of the C3 protons by NaH, is followed by a ring contraction
to give two possible tricyclic intermediates. Further ring contraction of either

intermediates give the salt of isoindole carbanion 51; treatment with H,O yielded
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isoindolenine 52. Though Fryer et al. did not draw a discrete enolate intermediate, the

basic mechanism remains unchanged.

Scheme 5.12 Two ring contraction rearrangement mechanisms of diazepam proposed by
Fryer et al %

SN

H

HaC- ) Sy, HaC-N D
—_— o=

@]
Ph i CH3HN
L | 3 N
S0 tricyclic intermediate O ~ph
o HK—\ _ _ 51
“H
e H Q o leo
S¥°N (/N N)
—> |HC” y —Ph o)
Ph HaCHN—X M
3C N
50 - - \ Ph

52

The proposed mechanism in Scheme 5.11 like that in Scheme 5.12 involves the
disruption of aromaticity in the enolate intermediate 47 to form a strained 3-membered
ring intermediate 48. Such process would be expected to have a high activation barrier.
In order to assess the feasibility of our proposed mechanism (Scheme 5.11), we
conducted equilibrium geometry optimization calculations of both enolate 47 and
spirocylic intermediate 48 at B3LYP/6-31G(d) level. The energy difference between
these two intermediates (47 and 48) would give us an idea about the activation barrier of
this reaction. According to the energy that we obtained at B3LYP/6-31G(d), the enolate

intermediate 47 is lower in energy than the intermediate 48 by 27.0 kcal/mol, which
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means that the activation barrier for this reaction would be higher than 27.0 kcal/mol.
Therefore, the proposed mechanism in Scheme 5.11 is not likely to be rapid at -78 °C.
Note that the rearrangement reported by Fryer et al. occurs at 0-75 °C (cf Scheme 5.12).
We therefore propose the following free radical mechanism (Scheme 5.13) to
account for the formation of the rearrangement products 40 and 46. As seen in Scheme
5.13, single electron reduction of either 33 or 42 by LDA gives a radical-anion
intermediate 53; fragmentation of the 7-membered ring forms a benzylic radical-anion
intermediate 54. Single bond rotation of 54 and cyclization lead to third radical-anion
intermediate 55. Finally, oxidation of 55 upon treatment of aq. NH4Cl affords the
rearrangement products. This proposed free radical mechanism is more feasible than that
proposed in Scheme 5.11 due to two reasons; firstly, this mechanism does not involve the
disruption of aromaticity of the aromatic ring nor involve the formation of a strained 3-
membered ring. Secondly, the benzylic radical intermediate 54 can be stabilized by the

aromatic ring by delocation.
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Scheme 5.13 Proposed reduction/oxidation free radical mechanism for the formation of
rearrangement products 40 and 46

b ] e
)\N N-R  LDA /LN\/LT%N,R /LHN\/LK\N/R
THF, -78 °C @ﬂ ©/&Hz
33R = alyl - - - -
42 R = n-propyl 53 54

)\ ,\(1:>H;H<N_R )\ NHQ - )\ N%&(O

o 1 NHiCl (sara)
-~

&,
2. Tautomerize

40 R = allyl 55
46 R = n-propyl

Despite the unsuccessful alkylations of tetrahydro-1,4-benzodiazepin-3-ones, we
developed an efficient synthesis of tetrahydro-1,4-benzodiazepin-3-ones derived from
(S)-alanine and introduced diversity at N1. In order to introduce the diversity at N4, we
need to remove the N4-allyl group. However, removal of the N4-allyl group from the
tetrahydro-1,4-benzodiazepin-3-ones proved more difficult than anticipated. As shown in
Table 5.7, we carried out deallylations at different reaction conditions; disappointing
results were obtained from most of the reactions. Traditional Pd(PPhs)s catalyzed
deallylation methods, either with N,N’-dimethylbarbturic acid (NDMBA),?' or with

Et;N/HCO,H system recommended for imides,”* were fruitless. Catalysis by
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RhCI(PPh);> also proved ineffectual, and RuCl,(PPh)s 2 catalyzed deallylation

proceeded only in low to moderate yields.
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Table 5.7

Attempted deallylation of tetrahydro-1,4-benzodiazepin-3-ones

CH3 (@) CHS O
Ri~N N Ri~N NH
/\f 1. Catalyst, solvent, Temp, time (t)
2. HgO/H(gCl,, Acetone-H,0, r.t., 24 h
R2 RZ
R Ry Ri R
(S)-10 Me NO, (S)-56 Me NO,
(S)-11  i-Pr NO, (S)-57 i-Pr NO,
(S)-29 i-Pr NMe, (S)-58 i-Pr NMe,
(S)-30 i-Pr Nphth (S)-59 i-Pr Nphth
(S)-33 i-Pr H (S)-60 i-Pr H
Entry Catalyst Solvent/t Temp. R R, Results
1 RhCI(PPh), CH;CN-H,0/ Reflux i-Pr NMe, No reaction
(no 2™ step) 24h
2 RuCl,(PPh), Toluene/24 h Reflux i-Pr H 51-54 % of desired
(with DIPEA) product (S)-60
3 RuCl,(PPh); Toluene/24 h Reflux i-Pr NMe, 37 % of desired product
(with DIPEA) (S)-58
4 RuCl,(PPh); Toluene/24 h Reflux i-Pr Nphth No reaction
(with DIPEA)
5 RhCI(PPh), EtOH-H,0/ Reflux iPr NMe, 8 % of desired product
(with DABCO) 24 h (S)-58
6 RuCl,(PPh), Toluene/24 h Reflux Me NO, 14 % of desired product
(with DIPEA) (S)-56; contaminated with
P(=0)Ph;
7 RuCl,(PPh); Toluene/24 h Reflux i-Pr NO, Trace of desired product
(with DIPEA) ((S)-57) seen on TLC
8 RhCI(PPh), Toluene/ Reflux Me NO, No reaction
(with DABCO) 24 h
9 Pd(PPhs), CH,CL/3 h 35°C i-Pr H No reaction
(with NDMBA)
10 Pd(PPh;), Dioxane/24 h Reflux Me NO, No reaction
(with
Et;N/HCO,H)

176



Rh (I) or Ru (II) catalyzed deallylations involve isomerization of allylamine to
enamine 61 (Scheme 5.14), followed by acidic hydrolysis the amine. The isomerization
of 33 to 61 should not be problematic. However, for deprotection of N4-allyl of
tetrahydro-1,4-benzodiazepin-3-ones, the enamine intermediate 61 is actually an enamide
and is thus rather non basic. The unfavorable formation of acyliminium ion 62 is thus
likely the rate-determining step for Rh (I) or Ru (II) catalyzed deallylations of 33, which
may accounts for the low yielding in these reactions (cf Table 5.7, Entries 1-8).

Scheme 5.14 A proposed mechanism for an example of Rh (I) or Ru (II) catalyzed
deallylations of tetrahydro-1,4-benzodiazepin-3-one (S)-33

H:C 0O

/L N%HN’\j R() or Ru(l) catalyst )\NHN(;\IJ+_> )\NH;,\/

HC O HsC

o

61 62

H3C H3C @) H3C

)\NHN’H )\NHN/H )\NHZ/éH/Z

©/ -CH3CH,CHO @) é/\ proton transfer
T 'OH < ——

(S)-60

(S)-33

In order to understand why the deallylations of tetrahydro-1,4-benzodiazepin-3-
ones by Pd(PPh;), in the presence of NMDBA were unsuccessful, we present in Scheme
5.15 a general catalytic cycle involved in the deallylation of allylamines by Pd(PPh;)4

/NMDBA as proposed by Guibé et al.
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Scheme 5.15 Palladium(0)-catalyzed deallylation of allylamines

Pd(PPh3)4 ~ Pd(PPh3)2 + 2(Pph3)2

H H H
OWO OWO
_N__N. + RUNTN NN + RHATN
HaC™ [~ "CHs HsC™ " "CHs
O 0
NDMBA
7 63 64
H
O O
+/\/
N N RH>N
H3C \H/ CH3 Pd(PPh3)2 2
O

66
i ~ N\
OWO P'J RNH,
N /N
HsC™ Y[ “CHs
o)
63

Allylamine is represented by a general formula: RHN/\/ R = any alkyl group

As seen in Scheme 5.15, allylamine is first protonated by NMDBA to form an
allylammonium species 64. The formation of allylammonium species 64 is necessary for
transfer of the allyl group to the palladium (0) catalyst Pd(PPhs),. The allylammonium
species 64 then reacts with Pd(PPhs), to give a w-allyl palladium (II) complex 65 and the
deallylated amine RNH,. Complex 65 is then trapped by allyl group scavenger 63
irreversibly to give the corresponding C-alkylated derivative 66 and the regenerated
palladium (0) catalyst Pd(PPh;)s,.

Tetrahydro-1,4-benzodiazepin-3-ones are much less basic than an aliphatic amine.

Thus the failed deallylation of the compounds shown in Table 5.7 (Entry 9 and 10) by
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Pd(PPh;3)s /NMDBA is perhaps due to the difficulty in formation of allylammonium

species, as shown below.

OWO H:C o W HsC /\/
Hoe " e ’ N N\=

3 5 3 — HaC” \ﬂ/ “CHy *

NDMBA

Finally, we attempted deallylation under Bundle’s oxidative deallyation
protocol.25 Heating (S)-10 and (S)-29 in dioxane-H,O with 8-10% potassium osmate in
the presence of N-methyl morpholine N-oxide (NMO) and sodium periodate afforded (S)-
56 and (S)-58 in 75% and 64% respectively (Scheme 5.16). Chiral stationary HPLC
indicated that no racemization had occurred during the deallylation. Prolonged heating of
(5)-29 (18 h) caused the complete decomposition of the desired product. We have also
carried out the oxidative deallylations with (S)-10, (S)-29 and (S)-30 by use of only 2-4%
potassium osmate. Although the reduced catalyst loading was successful for (S)-29,

incomplete deallylation was observed for both (S)-10 and (S)-30.
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Scheme 5.16 Bundle’s oxidative deallyation protocol of (S)-10 and (S)-29

CH3 O CH3 O

N'© NN\ 2-10% K,0s042H,0, NMO, NalOy, NH

dioxane-H,0, 60-80 °C, 6-18 h

R' R'
R R' R R % Yield
(S-10 Me NO, (S)-56 Me NO, 75%
(S)-29 i-Pr  NMe, (S)-58 i-Pr  NMe, 64%

Bundle’s mechanism for the oxidative deallylation is despicted for tetrahydro-1,4-

benzodiazepin-3-ones in Scheme 5.17.
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Scheme 5.17 A proposed mechanism of deallylation of (S)-10

HC O
. ) E, H3C O H3C O
3C~N N\ HaC~pN N HsC~p \
K,050,4, NMO vd  OH Nalo, /¥O
> —_— H
dioxane:H,0 (3:2)
NO; NO» NO,
(S)-10 /\/ﬁ 67
NMO = ='Me o8
HiC O HiC O HG O
OH L{ OH M
H3C\ H H3C\ H3C\
o OH OH
H HO Ko0sOy4
- -
NMO
NO, NO, NO;
L 69 _
NaIO4
H,O
H:C 0O HC O
H3C\NH //<O HaC~ >~
N, H,0 N NH
NO, NO,
70 (S)-56

The proposed mechanism first involves the osmium tetroxide (OsO4)-catalyzed
dihydroxylation of the allyl double bond in (S)-10. The resulting glycerol derivative 67 is
then oxidized by NalOy to give the ai-amino-aldehyde 68, followed by further oxidation
of the enol tautomeric form of 68 by OsO4 to afford aldehyde hydrate hemiaminal 69.

The final deallylated product (S)-56 may be obtained either by direct hydrolysis of the
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hemiaminal 69 or hydrolysis of the formimide 70 that formed from further oxidation by

NaIO4.

5.1.3 Computational Studies of Tetrahydro-1,4-benzodiazepin-3-ones

Compound (S)-56 and its racemic mixture were analyzed by chiral stationary
HPLC. Unexpectedly, a pair of peaks were observed for (S)-56, and two pairs were

observed for (S/R)-56, as shown in Figure 5.1.

NO, NO;
H3C\ H3C\
N N
H3C'$/~N (S)-56 HSCJ>\N (S/R)-56

d H o H
ows] o (P, S)-conformer
m% P)-conformer | o / i
00 (M, R)-conformer

0034 0050

00204 004

(M)-conformer
o] 7 M, S)-conformer

003

AL

(P, R)-conforme

=

0014

0020
001

00084 001y

"200 e 5o sod io0r 1200 1ebd aeod 1e0d 0d “2o0d aadd 00 2s0d 000 R R T T T R R T
Minutes Minutes

Figure 5.1 HPLC chromatograms of (S)-56 (left) and its racemic mixture (S/R)-56 (right); X denotes
an unknown impurity

Our initial analysis is that unlike alanine-derived 1,4-benzodiazepin-2-ones, alanine-
derived 1,4-benzodiazepin-3-ones existed as mixtures of the pseudoequatorial and

pseudoaxial confomers. 'H NMR spectroscopy of 44 supported this proposal (Table 5.8).
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Table 5.8 Calculated ratios of (P)- and (M)-conformers (cf Figure 5.1) and C2-CH3
proton signals of (S/R)-56.

(M,S)' (P!S)- (M!S)/ (M!R)- (P!R)- (M!R)/
conformer  conformer (P,S) conformer conformer (P,R)
ratio ratio
% Area 5.70 41.69 7.4 5.56 41.37 7.3
Rt"(min) 14.47 17.02 - 20.29 23.19 -
Proton 0.45 2.73 6.1 - - -

integrals”

R = Retention time
°C2-CHj integrals (dd) are chosen for calculation.

If interconversion of these conformers was slow (i.e. on the HPLC time scale),
then the pairs of peaks might arise from the pseudoequatorial and pseudoaxial confomers.
In order to test this explanation, we performed geometry optimization calculations of
(5)-56 (B3LYP/6-31G(d)). As we mentioned previously, 1,4-benzodiazepines are
classified using (M)- and (P) descriptors. (S)-alanine-derived 1,4-benzodiazepin-2-ones
((S)-71, see Table 5.9) prefer to adopt an (M)-conformation due to the pseudoequatorial
preference for the methyl. As shown for 56, the equatorial preference of the methyl
induces (S)-alanine-derived tetrahydro-1,4-benzodiazepin-3-ones to adopt the (P)-

conformation (Figure 5.2).
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(P)-(5)-56 (M)-(5)-56
pseudoequatorial-Me pseudoaxial-Me
0 kcal/mol +2.0 kcal/mol

Figure 5.2 B3LYP/6-31G(d) electronic energy difference between the (M)- and (P)- conformers of
(S)-56; the sign of the dihedral angle C6-C7-N1-C2 defines the helical chirality descriptor (M (minus) or P
(plus))

As can be seen in Figure 5.2, two equilibrium geometries were found for the (S)-
enantiomer of 56. The (P)-conformer of 56, which features an equatorial C2-Me, is
lower in energy than the (M)-conformer by 2.0 kcal/mol. Thus the equatorial preference
for tetrahydro-1,4-benzodiazepin-3-ones is calculated to be considerably less than that of
tetrahydro-1,4-benzodiazepin-2-ones®’ (Table 5.9). The calculated electronic energy
difference of (S)-56 and sum of internal angles of both (S)-56 and (S)-71 are summarized
in Table 5.9. The sum of the internal angles of the (P)- and (M)-conformers of (S)-56 are
829° and 844° respectively. These angles are between the value of 809° calculated for a
puckered ring from simple VSEPR considerations®® and the value of 900° calculated for
a flat heptagon.” The calculated sum of internal angles for (S)-71 is 833°, which
corresponds to a calculated value of 829° based on the simple VSEPR considerations.
Since the calculated sum of internal angles for (S)-71 is close to the estimate based on
VSEPR considerations, while the sum of internal angles for (P)-S-56 and (M)-S-56 are

20° and 35° different than the VSEPR estimate, then N1-Me (S)-alanine-derived
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tetrahydro-1,4-benzodiazepin-3-ones appear to be flatter than N1-Me (S)-alanine-derived
1,4-benzodiazepin-2-ones. This greater flatness may account for the smaller
pseudoequatorial preference for the methyl seen in the tetrahydro-1,4-benzodiazepin-3-
ones, because a flatter structure may make interconversion between the two
conformations easier.

To test our argument, we also performed equilibrium geometry calculations for
glycine-derived tetrahydro-1,4-benzodiazepine-3-one 72 by use of the same basis set.
The (P)- and (M)-conformers of 72 are enantiomers and therefore equal in energy. In the
equilibrium geometries, the sum of the internal angles of both (P) and (M)-conformers is
833° (Table 5.9), which is close to the sum of internal angles of (P)- and (M)-conformers
of (5)-56. So, since the sum of internal angles for (P)- and (M)-conformers of (S)-56 are
close to the sum of internal angles for (M)- or (P)-72, for which there is no
conformational preference, then these calculations support the idea that there is little
preference between (P)- and (M)-conformers of (S)-56 as well. The observed
pseudoequatorial:pseudoaxial ratios (cf Table 5.8) of 6:1 ("H NMR) and 7:1 (HPLC) for
(S)-56 correspond to an energy difference of 1.1 kcal/mol at 298 K, which is very close to

the calculated electronic energy difference of 2.0 kcal/mol.
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Table 5.9 Summary of sum of internal angles and energy differences (B3LYP/6-

31G(d))
HsC o) e) CH @)
ch\NHN’H HSC\NHN i H3C\N/\/<N’H
: Ph
NO, Cl NO;
(2S)-56 (35)-71 72
Compound C3 AE? Sum of internal angle  Sum of internal angle
methyl  (kcal/mol) (°) based on (°) based on simple
computational studies VSEPR considerations
(P)-(5)-56 eq 0 829 809
(M)-(S)-56 ax 2.0 844 809
(M)~(S)-71° eq 0 833 829
(P)-(S)-71° ax 4.7 848 829
(P)-72 na 0 833 809
(M)-72 na 0 833 809

“Difference in electronic energies between axial and equatorial conformers
°AE and sum of internal angles of compound 71 were calculated by Dr. Polo Lam.

5.2 Investigation of Enantioselective Synthesis of Quaternary (S)-phenylalanine
Derived Tetrahydro-1,4-benzodiazepin-2-ones

5.2.1 Synthesis of (S)-phenylalanine Derived Tetrahydro-1,4-benzodiazepin-2-ones

As mentioned previously, various tetrahydro-1,4-benzodiazepin-2-ones have been

found to possess important biological activity.”® As in the case of tetrahydro-1,4-
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benzodiazepin-3-ones, 3,3-substituted derivatives are unexplored territory. We are
therefore also interested in extending our MOC protocol to this subtype.

The synthesis of certain tetrahydro-1,4-benzodiazepin-2-ones has been previously
reported either by solid phase synthesis®' or via phenyliodine (III)bis(trifluoroacetate)-
mediated intramolecular cyclization.’> We carried out the synthesis of (S)-phenylalanine-
derived tetrahydro-1,4-benzodiazepin-2-ones based on modified literature method
(Scheme 5.18). The synthesis started with commercially available 2-nitrobenzylbromide
(73): treatment with (S)-phenylalanine methyl ester hydrochloride in the presence of
DIEA in DMF afforded (S)-74 in 95% yield. Heating of (S)-74 with either excess CH;l
or allyl bromide in DMF at the boiling point of the alkylating agent in the presence of
DIEA provided (S)-75 and (S)-76 respectively in good yields. However, attempts to
carry out reductive ring closure of (S)-75 by use of SnCl,e2H,O/NH4OAc were
completely unsuccessful. (S)-75 decomposed to (S)-N-methyl phenylalanine methyl ester

(77) and 2-amino benzylethylether (78) via elimination/addition (Scheme 5.18).
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Scheme 5.18 Synthesis of (S)-75, (S)-76 and proposed mechanism for the
decomposition of (S)-75

Br
o Ph OMe
2
- OMe NO,
+ Cl H3Nj}( DIPEA, DMF, r.t.,, 24 h
(@]
73

(S)-74 (95%)

excess CHsl (1.5 h)
or allyl bromide (24 h)
DIPEA, DMF, 100 °C

Ph
o R. :L{o
HsCo+ N
. SnCl,*2H,0/NH,4OAC OMe
H  Ome NO
NH, EtOH-H,0 (1:1), 90 °C, 2
20 h

L (S)-75R = CHs (79%)

EtOH (S)-76 R = Allyl (76%)
Y
Ph

.
- OMe NH, o
o)

NH,

77 78

We then explored other methods for the ring closure of the heterocyclic ring. As
shown in Scheme 5.19, the nitro groups was reduced to corresponding amines (S)-79 and
(5)-80 in good yields by use of Fe powder and NH4Cl (54, and the methyl ester of (S)-80
was hydrolyzed to corresponding sodium carboxylate (S)-81 in the presence of 2 N

NaOH in CH;CN in quantitative yield.”> Subsequent intramolecular amide coupling of
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(5)-81 in the presence of DCC/HOBT in CH,Cl, at room temperature for 18 hours

afforded the desired product (S)-82 in 77% yield.

Scheme 5.19 Ring closure of heterocyclic ring

O O Ph
R.
A ol h L<
oM 2 N NaOH, CH3CN

e OMe
Fe. NH4Cl (aq),
NO, e NH,

CH3OH, reflux, 3 h rt., 5days
(S)-75 R = CH3 (S)-79 R = CHg
(S)-76 R = Allyl (S)-80 R = Allyl —— (S)-81 (99%)

Ph
i DCC/HOBT,
CH,Cl,, r.t., 4 h

(S)-82 (77%)

5.2.2 Attempted Synthesis of Quaternary Tetrahydro-1,4-benzodiazepin-2-ones
Via MOC

Before we attempting deprotonation/alkylation, it is necessary to replace the
acidic H on N1 of (S)-82. Thus, we carried out the alkylation at N1 with dianisylmethyl
bromide (DAM-Br) at 0 °C (Table 5.10). The desired product (S)-83 was obtained in
72% yield. DAM-Br was synthesized from 4,4’-dimethoxybenzhydrol and acetyl
bromide in benzene at 75 °C for 1.5 h according to a modified literature method.>* As we
mentioned previously, the ring inversion barrier is expected to increase with increasing

size of the alkyl group at N1-position. Based on Dr. Zhao’s research on 1,4-
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benzodiazepin-2-ones, the DAM group should be larger enough to prevent the enolate

from racemizing at -78 °C.
Table5.10  Attempted alkylations of (S)-83
\ \
Ph Ph
N N
©  NaHITHF, 0°C, 30 min O 1 HMPA/THF, base, T

NH > N, -
DAM
DAM-Br,0°C, 2 h 2. E-X, t
3. NH,Cl(aq)
(S)-82 (S)-83
MeO O O OMe
DAM-Br =
Br
Entry Base T E-X T Results
1 LDA/n-BuLi -78 °C D,O l1h A mixture of 82 and 83 based on
(30min) 'H NMR
2 LDA/n-Buli -78 °C CHil 1h Recovered 47% of 83; obtained
(30min) two by products: 26% of 82 and
20% of 84 based on '"H NMR and
HRMS
3 KHMDS -78 °C CHslI 2-5h No reaction
(30min)

As shown in Table 5.10, we attempted trapping the enolate with D,O using the
deprotonation/alkylation protocol published for 1,4-benzodiazepin-2-ones. Surprisingly,
none of the desired product was detected. Alkylation with CH;I in the presence of

LDA/n-BuLi was also unsuccessful; in addition to recovered starting
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material (47%), N1-deprotected by product 82 (26%)

MeO OMe
and the DAM-OH oxidation product 84 (20%)

were obtained. Both by products were (82 and 84) confirmed by ;)4

'H NMR and HRMS. Apparently, LDA/n-BuLi was not

suitable for the deprotonation of N-DAM benzodiazepines; such decomposition in 1,4-
benzodiazepin-2-ones has also been noted by Dr. Hongwu Zhao. We thus used weaker
base KHMDS (Entry 3, Table 5.10) for the deprotonation of (S)-83. However, none of

the desired product was obtained. We then abandoned deprotonation/alklylation of (S)-

83.

5.2.3 Computational Studies of (S)-phenylalanine-derived Tetrahydro-1,4-
benzodiazepin-2-ones

In order to understand why the (S)-phenylalanine-derived tetrahydro-1,4-
benzodiazepin-2-one (S)-83 was unreactive towards the deprotonation/alkylation
protocol, we performed equilibrium geometry calculations of this compound (B3LYP/6-
31G(d)). Note that phenylmethylene group was replaced by a methyl group to speed up

the calculation.
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(M)-(35)-83 (P)-(3S)-83

pseudoequatorial-Me pseuoaxial-Me
0 kcal/mol +5.0 kcal/mol
ZH3-C3-C2-0: +139.0° /H3-C3-C2-0: -2.5°
Sum of internal angles: 812° Sum of internal angles: 819°

Figure 5.3  B3LYP/6-31G(d) electronic energy difference between the (P)- and (M)- conformers of
(5)-83; the sign of the dihedral angle C6-C7-N1-C2 defines the helical chirality descriptor (M (minus) or P
(plus)); B denotes a base such as KHMDS or LDA

As shown in Figure 5.4, the pseudoequatorial (M)-conformer is 5.0 kcal/mol lower in
energy than the pseudoaxial (P)-conformer. This energy difference corresponds to an
approximate equilibrium ratio of 4670:1 at room temperature, which suggests that (S)-83
will exclusively exist as the (M)-conformer at this temperature. The dihedral angle H3-
C3-C2-0 of the pseudoequatorial-Me is 139.0° (Figure 5.4, Table 5.11), but dihedral
angle of the less favorable pseudoaxial-Me (P)-conformer is nearly eclipsed (-2.5°).
These dihedral angles suggest that the lowest energy (M)-conformer is more suitable for
deprotonation than the (P)-conformer.”> We propose that the deprotonation is sterically
difficult due to two contributing factors. Firstly, as seen in Figure 5.4, the sum of internal
angles in the (M)- conformer is 812° (Table 5.11), close to the value of 809° that is

calculated from simple VSEPR considerations for a puckered ring. The H3-C8 and H3-
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C11 distances are 3.37 A and 3.65 A (Table 5.11) respectively. These relatively short
distances of suggest that the benzo ring might block the approach of bulky base to H3.
Secondly, N4-CHj is pointing up and the distance of H3 to N4-CHj is only 2.60 A (Table
5.11), which also suggest that approach of bulky base to H3 may be sterically hindered
by N4-CHj; group. The steric hindrance from both benzo ring and N4-CHj3 group may
account for the failure of deprotonation/alkylations of (S)-83. On the other hand, the
distances from H2 to C8/C11 and H2 to N1-CH; (Table 5.11) of the (P)-conformer of the
(S)-alanine-derived tetrahydro-1,4-benzodiazepin-3-one such as (S)-32 are longer than
those of (S)-83. In these cases, H2 is free from steric hindrance from both the benzo ring
and N1-CHj3 group, as both the benzo ring and the N1-CHj3 group are not crowding
around H2. That is, H2 is more easily accessed by LDA due to its flatter ring geometry,
which alleviates the steric hindrance. The flatter ring geometry of (S)-32 is also reflected
in the sum of internal angles (Table 5.11). Furthermore, the dihedral angle H2-C2-C3-O
of pseudoequatorial-Me is 138° (Table 5.11), suggesting that the (P)-conformer of (S)-32
is suitable for deprotonation, which is consistent with the successful alkylations of (5)-32

(cf Table 5.4).
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Table5.11  Selected structural parameters for (S)-alanine-derived tetrahydro-1,4-
benzodiazepin-2 & 3-ones equilibrium geometries

(35)-83 (25)-32

Compound  Dihedral angles Sumof H3/H2-C8 H3/H2-C11 H2/H3-
internal distance distance N-CH3

angles distance

(35)-83  139° (H3-C3-C2-O0)  812° 337A 3.65A 2.60 A

(809°y  (H3-C8)  (H3-Cll)  (N4-CH)

(25)-32  138° (H2-C2-C3-O)  829° 3.77 A 3.98 A 337A
(809°)? (H2-C8) (H2-C11)  (N1-CHs)

*Sum of internal angles in parenthesis is calculated from the simple VSEPR considerations

5.3 Investigation of Enantioselective Synthesis of Quaternary (S)-serine -derived

1,4-benzodiazepin-2-ones through Michael Addition

1,4-Benzodiazepin-2-ones comprise the most well known class of the 1,4-
benzodiazepine scaffold in medicinal chemistry. Members of this class have shown
activities in diverse therapeutic areas.***” We have previously discussed the synthesis of
1,4-benzodiazepin-2-ones via MOC alkylations of conformationally chiral enolates. We
would like to develop a complementary approach to quaternary 1,4-benzodiazepin-2-ones
that relies upon conjugate addition to an enantiopure conformationally chiral Michael

acceptor (M)-85 (Scheme 5.20).
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Scheme 5.20 Design of 3,3-disubstituted 1,4-benzodiazepin-2-ones through conjugate
addition

O H O O E
“OR, M
©)’ Base ©)
—_—
(M)-(S)-85 (M)-86 (M)-(S)-87
R =i-Pr or DAM

R4 =Bn, TBDMS or Ts

The synthesis of (R)-O-benzyl protected serine derived 1,4-benzodiazepin-2-one ((3R)-
90) was reported by Evans, et. al (Scheme 5.21),*® and this compound was shown to be

weak CCK antagonist.

Scheme 5.21 Synthesis of (3R)-90 by Evan et al.

OBn
O>/[NHBOC O>\_.(OBn

NH, O NH O H~

Boc-(R)-Ser(Bzl)-OH, N N

N >~ Ph

THE, 0°Ctor.t, 12 h 2. CH3OH-H,0(4:1), r.t.,

Cl Cl 10% NaOH, pH 859, 1,
3 days

88 (R)-89 (3R)-90 (78%)

Coupling of Boc-(R)-ser(Bzl)-OH with 5-chloro-2-aminobenzophenone (88) in the
presence of DCC/HOBT afforded the coupling product (R)-89, which was subsequently
subjected to ring closure to provide (R)-serine derived 1,4-benzodiazepin-2-one ((R)-90)
in 78% yield. Quaternary serine-derivedl,4-benzodiazepin-2-ones have been prepared in
enantioenriched-form by lipase-catalyzed kinetic resolution. (Scheme 5.22).>**° First, a

racemic mixture of serine-derived 3,3-disubstituted 1,4-benzodiazepin-2-one 94 was
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prepared from deprotonation/methylation of corresponding acetate derivative 91 and
subsequent reduction of 93. Lipase (Novozym 435)-catalyzed acetylation and kinetic
resolution afforded the corresponding diastereomers ((M,3S)-95 and (M,3R)-96

respectively).

Scheme 5.22 Synthetic scheme of 3,3-disubstituted 1,4-benzodiazepin-2-ones

O COyEt O COyEt O COyEt
H HCH3 HH
H-N N 1. n-BuLi/Hexane, Me~y N H-n N
/ LDA, -50 °C / /
Ph > Ph * Ph
2. Mel, 0°C
Cl Cl Cl
91 92 93
EtzA'HzNa
THF, 0 °C
O CH,OH O CH,0A Qo
2 CHoOAC CH
\CH3 HCHg H\NH 3
H-N N H-N N /N
/ / Novozym 435
- Ph
Ph Ph
AcOEt, vinyl acetate
gas reactor, 10 °C Cl
Cl Cl
(3R)-96 (3S)-95 94
(36% yield, 35% ee) (48% yield, 25% ee)

Clearly, (S)-serine derived 3,3-disubstituted 1,4-benzodiazepin-2-ones are unexplored
territory; we are therefore also motivated to attempt deprotonation/alkylation of (S)-
serine-derived 1,4-benzodiazepin-2-ones under conditions that do not undergo [3-

elimination (Scheme 5.23).
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Scheme 5.23 Design of proposed MOC route to quaternary serine-derived 1,4-
benzodiazepin-2-ones.

o —OR - S - o —OR
. » .H O}\(*OR \; e
1//N N Rl'/N - N RlllN N
// Base / 1.E-X /
‘Ph — >
Ph 2. NH4Cl (satq) Ph
Cl L CI _ C|

R =Bn or TBDMS

. Chiral non-racemic enolates
R1 = DAM or i-Pr

5.3.1 Sythesis of (S)-serine -derived 1,4-benzodiazepin-2-ones

The synthesis started with commercially available 2-amino-5-
chlorobenzophenone (88): coupling with O-Bn or TBDMS*' protected Boc-(S)-serine in
the presence of DCC in CH,Cl, afforded (S)-89 and (S)-90 respectively (Scheme 5.24).
Subsequent Boc-deprotection by TFA in neat CH,Cl, and ring closure of the heterocyclic
ring at pH 7 in the presence of NH4Cl/NaHCOs (1:1) was unsuccessful, as no desired
product collected after stirring the reaction mixture at room temperature for 18-66 h.
Evan et al. reported that ring closure of (R)-88 at pH 8.5-90 with addition of 10% NaOH
to yield (R)-O-benzyl-protected serine-derived 1,4-benzodiazepin-2-one ((3R)-90) did not
cause racemization (>99% ee); so, Boc-deprotection of (S)-89 and (5)-97 by TFA
followed by cyclization in CH;0H-H,O (2:1) at pH 8.5-9.0 with addition of 10% NaOH
provided (35)-90 and (35)-98 in 76% and 50 % yield accordingly. HPLC analysis of
(35)-90 and (35)-98 indicated 68% and 86% ee, respectively. Apparently, though basic

conditions were required for the cyclization reaction, basic conditions may have also
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contributed to the partial racemization of our compounds ((35)-90 and (35S)-98). Thus we
postponed the development of a non-racemizing cyclization of 90 until the subsequent

synthetic steps were proven successful.

Scheme 5.24 Synthetic scheme of (S)-serine-derived 1,4-benzodiazepin-2-ones

OR

i
O, :

NH, O »""NHBoc

oh 0 NH O

NHB
+ HO)J\( oc DCC/CHzClz, Ph
(o]

cl OR THF,0°Ctort, 18 h (S)-89 R = Bn (799%)
88 R = Bn or TBDMS Cl (S)-97 R = TBDMS (62%)

1. TFA/CH,Cly, 1.t,, 1 h
2. CH3OH-H20(211), r.t.,
10% NaOH, pH 8.5-9

O —OR Q +OR
R'\N>\j H\N%N
N 1. NaH/THF, 0 °C, 30 min /
Ph = Ph
2. DAM-Br (4-18 h) or
iPrOTf (20 min), 0 °C,
Cl Cl
R R % Yield

(3S)-90 R = Bn (76%)

(35)-99 Bn DAM 51 (3S)-98 R = TBDMS (50%)

(35)-100 TBDMS DAM 52
(35)-101 TBDMS i-Pr 67

Treatment of (35)-90 and (35)-98 with DAM-Br for 4-18 h by use of NaH afforded the
corresponding N1-DAM (35)-99 and (35)-100 in moderate yields. Treatment of (3S)-98
with i-PrOTf* at 0 °C also afforded N1-i-Pr (35)-101 in good yield after 20 min.

Ring closure of (S)-97 at pH 8.5-9 only provided the desired product in 50%
yield. We explored other reaction conditions for the ring closure step of this compound
and found that % yield of (35)-98 was improved to 60% by heating (S)-97 in CH3;0H-

H,0 (2:1) at pH 7 for 22 h at 40 °C. Interestingly, HPLC analysis of the subsequent
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product (35)-98 indicated >99% ee. The HPLC result suggested the importance of pH
during ring closure, but it is not clear why a similar result was not obtained with benzyl
protected analog 90. A side product (3S)-102 was observed due to the deprotection of
TBDMS group at higher temperature (Scheme 5.25). Treatment of (S)-102 with

TBDMSCI in DMF in the presence of imidazole recovered (S)-98 in 79% yield.

Scheme 5.25 Ring closure of (S)-98 at 40 °C.

_OTBDMS
o O  —OTBDMS O  —OH
»—"~NHBoc H\NM He P

NH O N NN

1. TFA/ICH,Cl, r.t., 1 h J J
Ph . Ph + Ph

2. CH3OH-H,0(2:1),

Cl pH7,40°C, 22 h Cl cl

(35)-97 (3S)-98 (60%) (3S)-102 (40%)

1. TBDMS-CI/DMF
imidazole, Np, r.t., 22 h

2. Satd. NH,ClI
79%

5.3.2 Attempted Synthesis of 3,3-Substituted (S)-serine -derived 1,4-
benzodiazepin-2-ones

From our first attempted deprotonation of (3S)-101, we were surprised to see that
(3S)-101 underwent elimination to give 103 (Scheme 5.26) in 55% yield when KHMDS
was used as base at -78 °C. No such elimination was however observed in the

deprotonation of either (35)-99 or (3S)-100, which contains N1-DAM group instead of
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N1-i-Pr group. In fact, no elimination was obtained in the case of (3S)-100 until the

TBDMS group was converted to tosylate (Ts) group (Scheme 5.26).

Scheme 5.26 Elimination reaction of (3S)-101 and (3S)-102.

O . —OTBDMS Q< OH
R NM DAM\NH

/N (n-Bu)4N*F (5.0 eq) /N
Ph THF, r.t., Np, 1 h Ph
cl Cl
(35)-100 R' = DAM— (35)-104 (92%)
— (35)-101 R' =i-Pr a. TsCl, pyr|d|ne (46%)
1. HMPA/THF, KHMDS, b. DMAP TsCl, Et3N,
- 78 °C, 30 min CH,Cly, O °C to r.t., 1h (79%)
2. Satd. NH,CI
55 %
° M O —OTs
RN Y 1. HMPA/THF, KHMDS, DAM\NH
— .
/ - 45 °C, 30 min I
Ph - Ph
2. Satd. NH,CI
103 R' = i-Pr (3S)-105
106 R' = DAM

In the case of (3S)-100, the TBDMS group was converted to hydroxy group by
tetrabutylammonium fluoride in THF* to afford (3S)-104 in 92% yield. Subsequent
treatment of (3S)-104 with TsCl in the presence of DMAP and Et;N in CH2C1244
provided (35)-105 in good yield. Finally, compound (3S)-105 underwent elimination in
the presence of KHMDS at -45 °C to provide a.,B-unsaturated amide 106 in 79% yield.
No elimination of 105 was detected at -78 °C. In any event, as hoped, we were able to

effect low temperature formation of the a.-methylene benzodiazepine. Thus, it may be
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possible to generate 103 and 106 in enantiopure form as intermediates for conjugate
addition/alkylation (cf Scheme 5.20).

Before discussing our attempts at conjugate addition of 103 and 106, it is worthy
noting that the failure of 99 and 100 to undergo elimination with KHMDS at the
temperature as high as -45 °C, which means that these substrates might be useful for
deprotonation/alkylation (cf Scheme 5.23). Thus, we attempted several
deprotonation/alkylation experiments at both -78 °C and -45 °C. Results are summarized
in Table 5.12. To our surprise, these 1,4-benzodiazepin-2-ones were also unreactive
towards the deprotonation/alkylation protocol. Most of the starting material was
recovered at low reaction temperatures (-78 °C); decomposition was observed when the

temperature was raised to -45 °C and the reaction time was extended.
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Table5.12  Attempted alkylations of (35)-99 and 100

O —OR
DAM\N»j,\I
/ 1. HMPA/solvent, T, base, 30 min
Ph >

2.E-X, T, t
3. Satd. NH,CI

Cl

(35)-99 R =Bn

(3S)-100 R = TBDMS

Entry R R’ Base/Solvent T E-X t Results

1 Bn DAM KHMDS/THF -78°C Mel 4h  Recovered 50%
99

2 TBDMS DAM KHMDS/THF -78°C Mel 21h Recovered 70%
100

3 Bn DAM KHMDS/Et,O -45°C Mel 10 Observed mainly

min. 99 on TLC

4 Bn DAM KHMDS/Et,O -45°C BnBr 1.5h A mixture of 99

and
decomposition
products on TLC

5 TBDMS DAM KHMDS/THF -45°C Mel 10 Recovered 70%
min. 100

5.3.3 Investigation of Enantioselective Synthesis of 1,4-benzodiazepin-2-ones Via
Michael addition

45- 48 49-51
)

The successful use of organometallic (organolithium or organocuprates
reagents in enantio- or diasteroselective conjugate additions to acyclic a,f-unsaturated

amide/ketone/ester systems has been studied extensively in the literature. However, to

date, there are only a few published examples of conjugate additions of organometallic
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reagents to cyclic carbonyl compounds where o, unsaturation is exocyclic.”> >* These
reactions involve 1,4-additions of either organolithium or organocuprate reagents to 2-

methylenecycloalkanones, as shown in Scheme 5.27.

Scheme 5.27 Examples of 1,4-conjugate addition to 2-methylenecycloalkanones

0
1. n-BuLi/THF, -78 oC, 30 min
1. (PhS);CH S
2. . TMSCITHF C(SPh)s
75 %°2
3. 1N HClI
1. n-BuLi/THF, -78 °C, 30 min o
(PhS)3CH
0
2. , ITMSCI/THF C(SPh)s
82 %°2
3. 1N HClI
0 0
2. Ph,CulLi RSN R = Me (59% vield, 90% de)
Ph n-Bu (72% yield, 90% de)
0, 1 0,
R .789C. 30 min® R Ph (42% vyield, 90 % de)

S
o) o)
3. Me)K/SMe

LDA/THF>*

SMe

Since both compounds 103 and 106 are structurally similar to these 2-
methylenecycloalkanones, we envisioned that conjugate additions of organometallic
reagents to 103 and 106 would be possible. However, to date all our attempts have been

unsuccessful.
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Our first attempts to effect conjugate addition employed n-BuLi in the reaction
with 106 to generate a lithium enolate at -78 °C, followed by trapping of this enolate
CHsl (Reaction 1, Scheme 5.28). To our surprise, mainly starting material 106 was
observed on TLC after 2.5 h. Attempts to carry out the 1,4-conjugate additions to this

49-51

o,B-unsaturated amide system in other reaction conditions™ ~ were also unsuccessful, as

shown in Scheme 5.28.

Scheme 5.28 Attempted conjugate additions to compound 106

3
/

1. HMPA/THF, -78 °C, n-BuLi, 15 min
»  No reaction

Ph 2.CHgl, -78°C,25h

Cl
106
3.satd. NH4Cl g reaction:
] ] : recovered 70 % of 106
1. 2 equiv MelLi
Et,0, -45 °C, 30 min
2. cul >
2. 106 in Et,0, 30 min
3.CHsl,2h
L Noreaction
4. satd. NH,CI
1. CH3MgBr, Et,0,
- 45 °C, 30 min Observed a mixture of 106
3. Cul > | and decomposition products
2. Add 106 in Et,0, 30 min (0on TLC
3. Mel,2h
3. Satd. NH,CI
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In the case of N-i-Pr analog 103, we attempted alkylations under two different
reaction conditions, as shown in Table 5.13. In Entry 1, organolithium/cuprate reagent
was used as the nucleophile, but disappointingly, starting material 103 was recovered
after the aqueous workup. At last, we attempted the conjugate reduction-alkylation of
103 (Entry 2 and 3) by use of hydrido(triphenylphosphine) copper (I) hexamer, which is
also known as Stryker’s reagent.”> The common application of Stryker’s reagent has
been in the conjugate reduction of o,B-unsaturated carbonyl compounds.® >’ The
successful use of Stryker’s reagent in tandem 1,4-reduction/alkylation reactions of a,3-
unsaturated ketones has also been reported by Lipshutz et al.”® Other applications of

59,60

Stryker’s reagent includes tandem conjugate reduction-aldol cyclization. Despite the

successful use of Stryker’s reagent in other reactions, no desired product was however

obtained in our case (Table 5.13, Entries 2 and 3).

Table 5.13  Attempted conjugate additions to 103

O
)\ M 1. Solvent/temp,
N N
/

organometallic reagent, t;

-
'

Ph 2. E-X, t,

3. Satd. NH,CI
Cl
103
Entry Solvent/temp t Organometallic  E-X/t; Results
reagent
1 Et,0/-78 °C 5h Cul/LiMe CH5I/1  Recovered 103
h
2 Toluene/-45 °C lh [(Ph3;P)CuH]¢ - Recovered 69
% of 103
3 Toluene/reflux 1.5h [(Ph;P)CuH]¢ - Recovered 103
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5.3.4 Computational Studies of 2-Methylenecycloalkanones and Heterocyclic 2-
methylenecycloalkanones

In the hope of understanding the lack of reaction of 103 and 106 towards
nucleophiles, we studied the structures of many a-methylene cyclic carbonyl compounds.
In particular, we were interested to learn whether the reactivity towards conjugate
addition could be correlated with the dihedral angle made by the C=0O and C=C. Since
the conjugate addition of organometallic reagents to o,3-unsaturated carbonyl system
would generate an enolate as the intermediate, which means the good conjugation of the
double bond with the carbonyl group should be required. We thus calculated dihedral
angles (Cp=C,-C=0) of the selected molecules at B3BLYP/6-31G(d). Larger dihedral
angles would suggest the poor or no overlap of the double bond with the carbonyl group

during the enolate formation.Results are shown in Figure 5.5.

206



S b & iy S

107 108 109 110 111 112
DA (°) +3.7 +2.0 +21.1 +9.3 +2.6 +22.8

@]
Y S, 7 }w oan, ¢
M \;N \/< \/< \/<
113 114
DA (°) +7.9 +19.6 +22.3 +18.9 +24.3

(@) (@) (@) (@)
@*R - @*ph o

118 123 124

DA(®) +0.3  +19.7(119R=H) +34.9(121R=H) +30.2 +40.9
+32.2 (120 R = Ph) +39.8 (122 R = Ph)

3 3¢ M 3¢ 3¢
(; Hoy' N Me-n /L N DAM.y
/]

/] /]
R Ph Ph
Cl

cl
125 103 106
DA(°) +1.0  +19.9(126R=H)  +34.5(128R=H) +30.6 +41.6

+32.0 (127 R=Ph)  +39.6 (129 R = Ph)

Figure 5.4  Calculated dihedral angles (Cg=C,-C=0) of a,B-unsaturated carbonyl system of selected
molecules at B3LYP/6-31G(d)

As seen in Figure 5.5, the dihedral angle is small for 5-membered ring compounds
(107 and 108). The dihedral angle of 109 is larger possibly due to a preference for more
stable chair conformation. The dihedral angles of 7-membered ring systems vary
considerably, depending on the number of ring N and upon the hybridization of the ring
atoms. For reference, we show the dihedral angles (Figure 5.6) for substrates that

successfully underwent conjugate addition (cf Scheme 5.27). Apparently, there is a good
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conjugation of the double bond with the carbonyl group during enolate formation of these

compounds.
0
0 0
o)
p
o
107 130 109 111
DA(°) +3.7 +2.6 +21.1 +2.6

0 0 O
ij:/li i‘;/(/\/ Ph

131 132 133

DA (°) +28.2 +32.5 +29.8

Figure 5.5 Calculated dihedral angles(Cg=C,-C=0) of a,f3-unsaturated carbonyl system of substrates
that underwent successful conjugate addition at B3LYP/6-31G(d)

From this analysis, it is not clear why 103 and 106 proved unreactive to conjugate
addition, since the dihedral angles in 103 and 106 (+30.6° and +41.6°, respectively) are
not greatly removed from that of 132 (32.5°). As an alternative approach to
understanding conjugate addition reactivity, we calculated the shape of the LUMO of the
compounds that are shown in Figures 5.5 and 5.6. In this way we would get an idea
where these molecules would accept a nucleophile. Selected LUMOs are shown in
Figure 5.7. Clearly, in the cases of a,p-unsaturated ketone systems such 2-
methylenecyclohexanones (109, 131-133) and 2-methylenecycloheptanone (111), the
LUMO is shown to have a large orbital coefficient at the B-carbon (Figure 5.7). This
result is consistent with the successful conjugate addition of organocuprate reagent to
compounds 111 and 131-133. Compound 112 is the N-Me amide analog of 111 and it

should also be an effective Michael acceptor, as judged the large LUMO orbital
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coefficient at the B-carbon (Figure 5.7). However, in the case of 113, the LUMO also
includes imine C=N. When both amide and imine are present on the ring, as in the case
of 116, LUMO is delocalized over the imine C=N and the 5-phenyl ring (Figure 5.7). In
the case of 103, which is the Michael acceptor we synthesized, the LUMO is very
delocalized over the imine and both benzene rings (Figure 5.7), but not over the carbonyl
group. As we mentioned previously, good conjugation of the double bond with the
carbonyl group should be required for the conjugate addition in order to form an enolate
intermediate. The highly delocalized LUMO of 103 over the imine and both benzene
rings instead of the carbonyl group might suggest that the enolate formation might not be
feasible for this reaction. Therefore, we suggest that this highly delocalized LUMO fails
to direct nucleophiles to the B-carbon, which accounts for the low reactivity of the .-
methylene benzodiazepines towards nucleophiles. One final caveat is that both the
dihedral angle and the LUMO structure approaches are ground state argument. A more
convincing explanation of the failed Miacheal addition reactions would require analysis

of possible reaction transition structures.
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Figure 5.6 LUMOs of selected compounds arranged to the right of or below the bold-line structural
drawings. LUMOs were calculatid at B3LYP/6-31-G(d)
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54  Conclusions

In chapter 5, we improved the synthesis of three different subtypes of 1,4-
benzodiazepines, including (S)-alanine derived tetrahydro-1,4-benzodiazepin-3-ones, (S)-
phenylalanine derived tetrahydro-1,4-benzodiazepin-2-ones and (S)-serine derived 1,4-
benzodiazepin-2-ones. Since the members of these subtypes possess important biological
activities, the synthetic methods described here may be useful for the corresponding
examples derived for other amino acids.

Our goal was to synthesize three different subtypes of quaternary 1,4-
benzodiazepines by use of the MOC strategy. Disappointingly, most of the
deprotonation/alkylations failed, due to various reasons. In the case (S)-alanine derived
tetrahydro-1,4-benzodiazepin-3-ones, 2,2-disubstituted analogs were obtained when
smaller electrophiles such as D,O, Mel or Etl were used in the alkylation of the N1-CHj3
benzodiazepine. O-alkylation or rearrangement reaction was seen when larger
electrophiles such as BnBr or n-Prl were used in the reaction. The same rearrangement
reaction was seen in the case of N1-i-Pr tetrahydro-1,4-benzodiazepine-3-one. The
failure of these reactions was probably due to the steric hindrance of enolate alkylation.

The reason for our failure to achieve deprotonation/alkylation of tetrahydro-1,4-
benzodiazepin-2-ones are much less clear. Computational studies suggest that steric
hindrance by both benzo ring and N4-allyl group might retard deprotonation at C3 by
bulky bases like KHMDS or LDA.

Finally, (S)-serine derived 1,4-benzodiazepin-2-ones and their elimination
products were prepared. These proved unreactive towards deprotonation/alkylations and

conjugate additions respectively. The low reactivity of the a.-methylene benzodiazepines
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towards nucleophiles was attributed to highly delocalized LUMOs. In the ground state,
the LUMOs of these compounds were delocalized over the imine and both benzene rings,
but not the carbonyl group. These LUMOs would then fail to direct nucleophiles to the
-carbons due to the lack of overlap between the carbonyl carbon and the o methylene

carbon in the LUMOs.
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Chapter 6 Experimental Section of 1,4-Benzodiazepine Analogs

6.1 General Methods

'H and "*C NMR spectra were recorded on a INOVA 400 MHz spectrometer. All
chemical shifts are expressed in ppm and the coupling constants in Hertz. Stardards for

chemical shifts are as follows:

Nuclei Standard Chemical Shifts (ppm)

'H TMS 0

CDCl; 7.26

CD;0OD 3.3

DMSO-dg 2.5

D,0O 4.8

Pc CDCl; 77

CD;0OD 49.5

DMSO-dg 39.5

Positive ion high resolution FAB+ mass spectra were collected on a JEOL HX110 dual
focusing mass spectrometer using a direct inlet with 3-nitrobenzyl alcohol as the sample
matrix.

Analytical thin-layer chromatography (TLC) was performed with aluminum
sheets coated with RDH silica gel 60 F254. Flash column chromatography was
performed using VWR silica gel 60 (60-240 mesh). High-performance liquid

chromatography (HPLC) analysis was performed on a CHIRALPAK AD column (4.6 x
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250 mm), detection at 254 nM, flow rate 1.0 mL/min unless specified with isocratic

solvent system; elution program: i-PrOH:Hexane (Table 6.1).

Table 6.1 HPLC data of chiral (S)-Alanine-derived tetrahydro-1,4-benzodiazepin-3-
ones
Racemic mixture

Compounds Rr%of (S)- Rt*of (S)- Rt*of (R)- Elution Flow rate
enantiomer enantiomer enantiomer 1PrOH:Hexane (min/mL)

9 15.52 min 12.08 min 15.63 min 20:80 1.0

10 13.02 min 13.10 min 15.06 min 15:85 1.0

11 26.16 min 26.01 min 29.61 min 1:99 2.0

29 9.56 min 9.53 min 11.06 min 5:95 1.0

30 13.31 min 13.36 min 16.62 min 20:80 1.0

32 12.16 min 12.16 min 13.29 min 3:97 1.0

33 11.24 min 11.14 min 12.92 min 2:98 1.0

56° 16.96 min 17.02 min 23.19 min 20:80 1.0

R = Retention time
"Compound 56 exists as a mixture of pseudoequatorial (P)- and pseudoaxial (M)- conformers on the HPLC
time scale and (P, S) is the major conformer.

6.2 Procedures

6.2.1 (S)-Alanine-derived tetrahydro-1,4-benzodiazepin-3-one project

Both 2-fluoro-5-nitrotoluene and Boc-(S)-Ala-OH were purchased from ACROS,
and used without purification. Boc-(S)-N- Me-Ala-OH was prepared from Boc-(S)-Ala-
OH and Mel according to the literature method." (S)-N-i-Pr-Ala-OH was synthesized

from Boc-(S)-Ala-OH and acetone based on modified literature method.”
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Synthesis of 2-Fluoro-5-nitrobenzyl bromide (2)

2-Fluoro-5-nitrotoluene (1) (2.74 g, 17.7 mmol) and NBS (3.14 g, 17.7 mmol)
were combined in CCly (35 mL). The yellow suspension was irradiated under a Hg lamp
for 19 hours. The white solid was filtered and washed with CCl4 (10 mL). The volatiles
were removed under reduced pressure to afford yellow liquid residue, which was then
mixed with EtOH/i-PrOH (20 mL, 95/5). The clear yellow solution was placed in the
freezer for overnight. Off-white, long needle-like crystals were obtained as desired
product (2.75 g, 66% yield) by filtration. 'H NMR (CDCls): 8 4. 53 (s, 1H), 7.25 (t, J =
8.8 Hz, 1H), 8.21-8.25 (m, 1H), 8.36 (dd, J =2.4, 8.4 Hz, 1H); >C NMR (CDCl3): &
23.55,23.58,116.79, 117.03, 126.07, 126.18, 127.06, 127.12, 162.65, 165.25; HRMS

(FAB"): calcd for C;HsBrFNO, [M] 232.9488, found 232.9560.

Synthesis of N-Allyl-2-fluoro-5-nitrobenzylamine (3)

To a stirring solution of allylamine (682 uL, 8.98 mmol) in THF (6 mL) at 0°C
was added 2 (1.05 g, 4.49 mmol) in THF (10 mL) dropwise. The ice-bath was removed,
and the reaction mixture was stirred at room temperature for 3 hours. The reaction
mixture was then partitioned between CH,Cl, (2 x 40 mL) and 10% NaOH (40 mL). The
combined organic layers were dried over Na,SOys, filtered and evaporated to dryness. The
crude greenish yellow residue was purified by flash column chromatography on silica
gel, eluting with CH,Cl,-CH30H (98/2) to afford the desired product as yellowish green
oil (822.3 mg, 87%). 'H NMR (CDCl;): & 3.36 (ddd, J = 1.2, 3.2, 6 Hz, 2 H), 3.97 (s,
2H), 5.19-5.31 (m, 2H), 5.93-6.03 (m, 1H), 7.24, (t, J =9 Hz, 1H), 8.20-8.24 (m, 1H),

8.42 (dd, J=3.0, 6.2 Hz, 1H); °C NMR (CDCl;): 8 46.66, 45.68, 51.69, 116.04, 116.28,
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116.61, 124.44, 124.55, 126.02, 129.29, 129.47, 136.11, 144.32, 163.18, 165.73; HRMS
(FAB): caled for C1oH,FN,0, [M+1]"211.0877, found 211.0896 (+6.2 ppm/+1.3

mmu).

General procedures for the coupling reactions: (S)-6 to (S)-8°

To a stirring solution of 3 (1.0 equiv), DCC (1.2 equiv) and HOBT (1.2 equiv) in
CH,CI; (0.1 M) at 0°C was added (S)-alanine (1.2 equiv). The ice-bath was removed and
the greenish yellow suspension was stirred at room temperature for 12 hours. The white
precipitate was filtered off and washed with cold CH,Cl, (10 mL). The filtrate was
evaporated under reduced pressure to provide greenish yellow oil residue, which was

purified by flash column chromatography (EtOAc-CHCl; 2/8) on silica gel.

Synthesis of (S)-N4-Boc, N-allyl-N-(2-fluoro-5-nitrobenzyl)alaninamide (S-6)
Compound 3 (182 mg, 0.87 mmol) and Boc-(S)-Ala-OH (80.4 mg, 0.43 mmol)
were combined as describe above. The title compound was obtained as green oil (141.3
mg, 86%). 'H NMR (CDCls): 8 1.36 (d, J = 6.4 Hz, 3 H), 1.40 (s, 1 H), 1.44 (s, 8 H),
2.78 (s, 3 H), 3.90-4.00 (m, 1 H), 4.09-4.18 (m, 1 H), 4.63-4.71 (m, 3 H), 5.09-5.33 (m, 3
H), 5.78-5.87 (m, 1 H), 7.19 (t, J = 9.2 Hz, 1 H), 8.11-8.21 (m, 2 H); °C NMR (CDCl):
0 14.14,19.22, 28.20, 28.26, 42.53, 42.57, 43.94, 46.18, 48.28, 50.30, 79.80, 116.18,
116.43, 118.23, 124.31, 124.88, 124.98, 125.55, 125.62, 126.12, 126.29, 131.78, 132.09,

144.52, 155.13, 162.89, 165.46, 174.09.
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Synthesis of (S)-Ng-Boc-Ng-methyl- N-allyl-N-(2-fluoro-5-nitrobenzyl)alaninamide
(S-7)

Compound 3 (518 mg, 2.47 mmol) and Boc-(S)-N-Me-Ala-OH (652 mg, 3.21
mmol) were combined as describe above. The title compound was obtained as green oil
(732 mg, 75%). '"H NMR (CDCl3): § 1.26 (s, 2 H), 1.29 (d, J = 7.6 Hz, 3 H), 1.45 (s, 7
H), 2.78 (s, 3 H), 3.77-4.21 (m, 2 H), 4.42-4.49 (m, 1 H), 4.67-4.92 (m, 2 H), 5.15-5.27
(m, 2 H), 5.70-5.79 (m, 1 H), 7.17 (t, J =9.0 Hz, 1 H), 7.99-8.16 (m, 2 H); °C NMR
(CDCls): 6 14.70, 28.04, 28.29, 28.94, 29.18, 42.47, 43.59, 48.17, 49.83, 49.95, 50.20,
51.8, 80.23, 80.34, 116.15, 116.40, 116.52, 116.75, 117.55, 118.11, 123.99, 124.69,
124.80, 124.91, 125.13, 125.20, 126.06, 126.53, 131.97, 132.26, 132.72, 144.42, 155.41,
162.88, 165.44, 172.37; HRMS (FAB): calcd for C;oH»7FN;0s M+1]" 396.1935, found

396.1945 (+2.6 ppm/+1.0 mmu). [a]*p (S-7) = - 99.9° ( ¢ 0.020, CHCl;).

Synthesis of (S)-Ng-isopropyl-N-allyl-N-(2-fluoro-5-nitrobenzyl)alaninamide (S-8)
Compound 3 (531 mg, 2.53 mmol) and (S)-N-i-Pr-Ala-OH (398 mg, 3.04 mmol)
were combined as describe above. The title compound was obtained as yellow oil (556
mg, 68%). 'H NMR (CDCl;): 8 0.99 (d, J = 6.4 Hz, 3H), 1.05 (d, J = 6.4 Hz, 3 H), 1.27
(d,J=6.8 Hz,3 H), 2.67 (7-let,J =7.2 Hz, 1H), 3.69 (q, J=7.2 Hz, 1 H), 3.94 (dd, J =
5.2,17.6 Hz, 1 H), 4.04 (dd, J=5.2,17.4 Hz, 1 H), 4.54 (d,J=15.6 Hz, 1 H), 4.81 (d, J
=16 Hz, 1 H), 5.08-5.26 (m, 2 H), 5.75-5.85 (m, 2 H), 7.18 (t, J= 8.8 Hz, 1 H), 8.11-8.16
(m, 2 H); "C NMR (CDCls): § 19.72, 19.93, 21.85, 22.07, 23.61, 23.78, 33.90, 42.81,
42.85, 43.39, 46.49, 48.54, 49.90, 50.54, 50.89, 116.22, 116.46, 116.64, 116.88, 117.71,

118.19, 123.93, 124.74, 124.85, 125.26, 125.33, 126.40, 126.56, 132.16, 132.29,144.43,
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162.88, 165.44, 176.95; HRMS (FAB): calcd for C16H23FN305 [M+1]Jr 324.1723, found

324.1703 (-6.3 ppm/-2.1 mmu). [0.]*p (S-8) = - 53.4° (¢ 0.016, CHCL;).

General procedures for the ring closure reactions

0.1-0.2 M of (S)-6, (S)-7, or (S)-8 in DMSO was heated to 200°C for 30 minutes to 3
hours. After cooling to room temperature, the reaction mixture was partitioned between
Et,0 (2 x 30 mL) and H,O (30 mL). The ether layers were dried over Na,SOys, filtered,
and evaporated to dryness to provide brown oily residue, which was then purified by
flash column chromatography (CH,Cl,-EtOAc-Hexane: 7/2/1) on silica gel to afford the

desired product.

Synthesis of (S)-N*-allyl-2-methyl-10-nitro-tetrahydro-1,4-benzodiapin-3-one (S-9)
(S)-6 (71.5 mg, 0.19 mmol) was dissolved in DMSO (1.9 mL) and heated to
200°C for 30 minutes. The title compound was obtained as yellow solid (32.5 mg, 67%)
after the workup as described above. 'H NMR (DMSO): & 1.24 (d, J = 6.4 Hz, 3 H),
3.92-4.10 (m, 3 H), 5.04-5.14 (m, 2 H), 5.12(d, J=17.2 Hz, 1 H), 5.37 (d,J=16.4 Hz, 1
H), 5.63-5.73 (m, 1 H), 6.65 (d, J =9.2 Hz, 1 H), 7.20 (apparent d, J = 2.8 Hz, 1 NH),
7.85(dd, J=2.6,9.0 Hz, 1 H), 7.92 (d, J = 2.8 Hz, 1 H); *C NMR (DMSO): § 16.10,
48.51, 48.72,49.22, 66.38, 114.77, 116.84, 118.48, 125.06, 126.30, 133.56, 135.40,
153.12, 169.44. HRMS (FAB): calcd for C13H;sN30; [M+1]" 262.1192, found 262.1176

(-5.9ppm/-1.6mmu); HPLC (2:8 i-PrOH:Hexane, CHIRALPAK AD, 4.6 x 250 mm: 1.0
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mL/min; UV detection at 254 nM): 15.52 min., 100 % ee; [a]**p (S-9) = - 528.8° (¢

0.013, DMSO).

Synthesis of (S)-N*-allyl-N*-methyl-2-methyl-10-nitro-tetrahydro-1,4-benzodiapin-3-
one (S-10)

(5)-7 (1.28 mg, 3.23 mmol) was dissolved in DMSO (32 mL) and heated to 200°C
for 3 hours. The title compound was obtained as yellow solid (814 mg, 92%) after the
workup as described above. 'H NMR (CDCl): 8 1.52 (d, J = 6.4 Hz, 3 H), 3.01 (s, 3 H),
3.04-4.19 (m, 2 H), 4.18 (d,J=16.4 Hz, 1 H), 4.59 (q,J=6.9 Hz, 1 H), 4.87 (d,J=16.4
Hz, 1 H), 5.17-5.22 (m, 2 H), 5.67-5.76 (m, 1 H), 6.82 (d,J=10 Hz, 1 H), 7.91 (d, J=
2.8 Hz, 1 NH), 8.06 (dd, J =2.8, 9.2 Hz, 1 H); °C NMR (CDCl;): & 15.36, 36.80, 49.52,
50.85,57.83,117.02, 118.26, 123.23, 124.89, 125.44, 132.80, 138.54, 155.19, 169.60.
HRMS (FAB): calcd for C14HsN303 [M+1]" 276.1348, found 276.1351 (+1.0 ppm/+0.3
mmu). HPLC (15:85 i-PrOH:Hexane, 4.6 x 250 mm: 1.0 mL/min; UV detection at 254

nM: 13.02 min., 100 % ee; [0.]*p (S-10) = - 890.6° ( ¢ 0.014, CHCI;).

Synthesis of (S)-N*-allyl-N*-isopropyl-2-methyl-10-nitro-tetrahydro-1,4-
benzodiapin-3-one (S-11)

(5)-8 (733 mg, 2.27 mmol) was dissolved in DMSO (15 mL) and heated to 200°C
for 3 hours. The title compound was obtained as yellow solid (417 mg, 61%) after the
workup as described above. 'H NMR (CDCls): § 1.19 (d, J= 6.8 Hz, 3 H), 1.37 (d, J =
6.8 Hz, 3 H), 1.41 (d, J=7.2 Hz, 3 H), 3.69 (7-let, J = 6.8 Hz, 1 H), 4.00-4.06 (m, 2 H),

4.14-420 (m, 1 H), 4.42 (q, J= 7.2 Hz, 1 H), 4.43 (d, J = 15.6 Hz, 1 H), 4.54 (d, J = 16.4
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Hz, 1 H), 5.18-5.23 (m, 2 H), 5.69-5.79 (m, 1 H), 6.99 (d,J=9.2 Hz, 1 H), 7.94 (d, J =
2.8 Hz, 1 NH), 8.06 (dd, J=2.6, 9.0 Hz, 1 H); *C NMR (CDCl5): § 17.29, 21.39, 22.30,
50.39, 51.06, 51.49, 56.33, 118.20, 119.55, 124.26, 125.08, 125.53, 132.69, 139.57,
153.48, 171.63. HRMS (FAB): calcd for C;6H»N30;3 [M+1]" 304.1661, found 304.1659
(-0.7 ppm/-0.2 mmu). HPLC (1:99 i-PrOH:Hexane, CHIRALPAK AD, 4.6 x 250 mm:
2.0 mL/min; UV detection at 254 nM): 26.16 min., 100 % ee; [a]**p (S-11) = + 245.0° (

¢ 0.015, CHCL).

General procedures for nitro group reduction”
Synthesis of (S)-N*-allyl-10-amino-N*-methyl-2-methyl-tetrahydro-1,4-benzodiapin-
3-one (S-27)

To a mixture of (S)-10 (829 mg, 3.01) and Fe powder (1.20 g, 21.4 mmol) was
added CH3OH (20 mL) and NH4ClI (1.47g, 27.5 mmol) in 10.5 mL H,0. The yellow
suspension was heated to reflux for 3 hours under N,. The hot reaction mixture with
black precipitate was filtered off immediately and washed with hot CH3;OH (10 mL). The
filtrate was evaporated to dryness and partitioned between CH,Cl, (2 x 50 mL) and 10%
NaHCOs; (50 mL). The combined organic layers were dried over Na;SQOy, filtered, and
concentrated under vacuum to afford (S)-27 as the light green solid (715 mg, 97% yield).

The amine was immediately used next step without further purification.
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Synthesis of (S)-N*-allyl-10-amino-N*-isopropyl-2-methyl-tetrahydro-1,4-
benzodiapin-3-one (S-28)

(S)-11 (109 mg, 0.37 mmol), Fe powder (141 mg, 2.52 mmol) and NH4CI (178
mg, 3.33 mmol) in 1.2 mL H,O were treated as above to afford the desired amine (S)-28
as green oil (93 mg, 92%). The amine was immediately used next step without further

purification.

Synthesis of (S)-N*-allyl-N*-isopropyl-10-(N,N-dimethylamino)-2-methyl-
tetrahydro-1,4-benzodiapin-3-one (S)-29°

To a mixture of formaldehyde (683 pL, 8.4 mmol) and first 2 equiv. of 3 M
H,SO4 (0.7 mL, 2.1 mmol) at 0 °C was added a suspension of S-28 (381 mg, 1.4 mmol)
and NaBH4 (370 mg, 9.77 mmol) dropwise. After the addition was complete, second 2
equiv. of 3 M H,SO4 (0.7 mL, 2.1 mmol) was added. The reaction mixture was stirred at
0 °C for 5 minutes. 10% NaOH was added to the reaction mixture until pH =9. The
reaction mixture was then partitioned between CH,Cl, (2 x 30 mL) and H,O (25 mL).
The combined organic layers were dried over Na,SQOy, filtered, and concentrated on
vacuum to provide brown crude oil, which was then purified by flash column
chromatography (CH,Cl,-CH30H: 98/2) on silica gel to afford the desired product (S)-29
as yellow oil (394.7 mg, 94 %). 'H NMR (CDCls): § 1.04 (d, J = 6.4 Hz, 3 H), 1.10 (d, J
=7.2 Hz, 3 H), 1.25 (d, J = 6.4 Hz, 3 H), 2.90 (s, 6 H), 3.57 (7-let, J = 6.4 Hz, 1 H), 3.75
(d,J=13.6 Hz, 1 H), 3.98 (dd, J = 6.0, 15.6 Hz, 1 H), 4.25 (q, J = 6.9 Hz, 1 H), 4.29 (dd,
J=5.4,154Hz, 1 H), 5.17-5.22 (m, 2 H), 5.75-5.85 (m, 1 H), 6.53 (d, J=3.2 H, 1 H),

6.68 (d,J=14.0 Hz, 1 H), 7.00 (d, J = 8.4 Hz, 1 H); '*C NMR (CDCl): § 16.45, 22.71,
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22.76,30.28, 41.06, 49.44, 51.44, 51.59, 58.37, 112.83, 112.88, 116.84, 125.06, 133.47,
133.59, 137.58, 146.80, 173.60. HRMS (FAB): calcd for CigsH»N30 [M+1]" 301.2154,
found 301.2145 (-3.0 ppm/-0.9 mmu); HPLC (5:95 i-PrOH:Hexane, CHIRALPAK AD,

4.6 x 250 mm: 1.0 mL/min; UV detection at 254 nM): 10.33 min., 99 % ee; [o.]*p (S-29)

=+168.5° (¢ 0.015, CHCI3).

Synthesis of (S)-N*-allyl-N*-isopropyl-10-phthalimido-2-methyl-tetrahydro-1,4-
benzodiapin-3-one (S)-30°

Compound 27 (92.6 mg, 0.34 mmol) and phthalic anhydride (51 mg, 0.34 mmol)
were combined in AcOH (3 mL), and heated to reflux for 1.5 hours. After cooling to
room temperature, the reaction mixture was partitioned between CH,Cl, (2 x 30 mL) and
H,0 (25 mL). The combined organic layers were dried over Na,SOy, filtered, and
evaporated to dryness to provide brown oily residue, which was then purified by flash
column chromatography (CH,Cl,-EtOAc-Hexane: 7/2/1) on silica gel to afford the
desired product (S)-30 as yellow foamy solid (109.2 mg, 80 %). 'H NMR (CDCls): & 1.11
(d,J=6.4Hz,3H),1.22(d,J=7.2Hz 3 H), 1.34 (d, J=6.4 Hz, 3 H), 3.73 (7-let, J =
6.6 Hz, 1 H), 3.96-4.01 (m, 1 H), 4.00 (d, J = 14.8 Hz, 1 H), 4.24-4.27 (m, 1 H), 4.31 (q,
J=73Hz, 1 H),4.77 (d, J=14.4 Hz, 1 H), 5.16-5.21 (m, 2 H), 5.73-5.82 (m, 1 H), 7.17-
7.19 (m, 2 H), 7.31 (dd, J = 2.6, 8.6 Hz, 1 H), 7.76-7.80 (m, 1 H), 7.91-7.96 (m, 1 H); "*C
NMR (CDCl): 8 16.99, 22.40, 22.61, 50.27, 50.91, 50.98, 57.33, 117.48, 123.81, 123.64,
125.18, 126.36, 126.78, 130.91, 131.70, 133.10, 134.36, 147.90, 167.39, 172.73. HRMS

(FAB): calcd for Cy4H6N30;3 [M+1]+ 404.1974, found 404.1989 (+3.6 ppm/+1.4 mmu).
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HPLC (2:8 i-PrOH:Hexane, CHIRALPAK AD, 4.6 x 250 mm: 1.0 mL/min; UV

detection at 254 nM): 13.31 min., 98 % ee; [a]**p (S-30) = + 138.8° (¢ 0.020, CHCL,).

General procedures for aromatic deamination’
Synthesis of (S)-N*-allyl-N*-methyl-2-methyl-tetrahydro-1,4-benzodiapin-3-one (S)-
32

Compound 27 (192 mg, 0.78 mmol) was dissolved in a warm solution of H,SO4
(84 uL, 1.57 mmol) and AcOH (2 mL). After cooling to room temperature, NaNO,; (81
mg, 1.17 mmol) in H,O (1.2 mL) was added to in 15 minutes. After stirring at room
temperature for additional 15 minutes, the reaction mixture was added to a suspension of
Fe;S047H,0 (217 mg, 0.78 mmol) and DMF (11 mL). Gas evolution was observed and
the reaction mixture was stirred at room temperature for 30 more minutes or until the
cease of gas evolution. The reaction mixture was then partitioned between CH,Cl, (3 x
30 mL) and NaOH (25 mL). The combined organic layers were dried over Na,SOy,
filtered, and evaporated to dryness to provide brown oily residue, which was then
purified by flash column chromatography (CH,Cl,-CH3OH: 96/4) on silica gel to afford
the desired product as brown oil (90 mg, 57%). 'H NMR (CDCls): & 1.30 (d, J = 7.2 Hz,
3 H), 2.85 (s, 3 H), 3.98-4.04 (m, 2 H), 4.01 (d, J =15.2 Hz, 1 H), 4.20 (q, J = 6.9 Hz, 1
H),4.79 (d,J=15.2 Hz, 1 H), 5.16-5.22 (m, 2 H), 5.71-5.81 (m, 1 H), 6.89 (ddd, J = 0.9,
8.0, 7.6 Hz, 1 H), 6.99 (apparent dd, J=1.0, 8.1 Hz, 1 H), 7.05 (apparent dd, J=1.0, 7.4
Hz, 1 H), 7.25 (apparent ddd, J = 1.6, 7.6, 7.6 Hz, 1 H); >C NMR (CDCls): & 14.82,

38.49, 50.33, 50.71, 60.67, 117.30, 120.77, 121.20, 128.42, 128.65, 128.72, 133.40,
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150.10, 171.33. HRMS (FAB): calcd for C14H9N,O [M+1]"231.1497, found 231.1490 (-
3.2 ppm/-0.7 mmu); HPLC (3:97 i-PrOH:Hexane, CHIRALPAK AD, 4.6 x 250 mm: 1.0
mL/min; UV detection at 254 nM): 12.16 min., 100 % ee; [a]**p (S-32) =+ 94.1° (¢

0.005, CHCl).

Synthesis of (S)-N*-allyl-N*-isopropyl-2-methyl-tetrahydro-1,4-benzodiapin-3-one
(5)-33

Compound 27 (350 mg, 1.28 mmol), H,SO4 (205 pL, 3.85 mmol) and AcOH (4
mL), NaNO, (132 mg, 1.92 mmol) and Fe,SO4+7H,0 (354 mg, 1.28 mmol) in DMF (20
mL) were treated as above. The title compound was obtained as yellow solid (147 mg,
44%). "HNMR (CDCls): § 1.08 (d, J = 6.4 Hz, 3 H), 1.14 (d, J = 7.2 Hz, 3 H), 1.32 (d, J
= 6.4 Hz, 3 H), 3.69 (7-let, J= 6.5 Hz, 1 H), 3.89 (d, J = 14.4 Hz, 1 H), 3.95 (dd, ] = 6.0,
15.6 Hz, 1 H), 4.30 (q, J=6.5 Hz, 1 H), 4.30-4.35 (m, 1 H), 4.80 (d, J=14.4 Hz, 1 H),
5.16-5.29 (m, 2 H), 5.74-5.84 (m, 1 H), 6.96 (apparent ddd, J=1.1, 7.4, 7.4 Hz, 1 H),
7.09-7.13 (m, 1 H), 7.25 (apparent ddd, J = 1.6, 7.6, 7.8 Hz, 1 H); °C NMR (CDCl;): &
16.83, 22.59, 22.61, 49.89, 51.09, 51.11, 57.59, 117.07, 122.33, 123.28, 128.29, 128.75,
131.50, 133.29, 148.14, 172.98. HRMS (FAB): calcd for C;sH,3N,0 [M+1]"259.1810,
found 259.1813 (+1.0 ppm/+0.3 mmu); HPLC (2:98 i-PrOH:Hexane, CHIRALPAK AD,

4.6 x 250 mm: 1.0 mL/min; UV detection at 254 nM) : 11.24 min., 99 % ee; [a]*p (S-33)

=+279.3° (¢ 0.006, CHCI5).
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Synthesis of (S)-N'-isopropyl-N*-propyl 2-methyl-tetrahydro-1,4-benzodiapin-3-one
(S)-42°

Compound (S)-33 (87 mg, 0.32 mmol) and 10% Pd/C (34 mg, 0.032 mmol) were
combined in degassed CH3OH (3 mL) and stirred under H, at room temperature for 2
hours. Pd/C was filtered off through celite. The filtrate was concentrated under reduced
pressure to afford off-white solid as desired product (S)-42 (87 mg, 100%). The desired
product was pure by both NMR and TLC, no further purification step was required. 'H
NMR (CDCl3): 6 0.90 (t,J=7.2 Hz, 3 H), 1.06 (d, J= 6.8 Hz, 3 H), 1.13 (d, J = 6.8 Hz,
3H),1.31(d,J=6.4Hz 3 H), 1.60(d,J=7.1 Hz, 2 H), 3.33-3.40 (m, 1 H), 3.50-3.57
(m, 1 H), 3.68 (7-let, J=6.5 Hz, 1 H), 3.90 (d,J=14.4 Hz, 1 H), 4.26 (q, J = 6.9 Hz, 1
H),4.86 (d,J=14.0Hz, 1 H), 6.9 (t,J=7.4Hz, 1 H),7.08 J=7.4Hz, 1 H),7.25(d,J =
7.2 Hz, 1 H), 7.22-7.26 (m, 1 H); >*C NMR (CDCls): § 11.27, 16.74, 21.06, 22.44, 22.76,
49.77,50.71, 52.00, 57.40, 122.12, 123.21, 128.19, 128.53, 131.32, 148.05, 172.71.
HRMS (FAB): calcd for C;6HasN,O [M+1]"261.1967, found 261.1979 (+4.7 ppm/+1.2

mmu); [a]*p (S-42) = +207.9° ( ¢ 0.013, CHCLy).

General procedures for Bundle’s® oxidative deallylation
Synthesis of (S)-N*-methyl-2-methyl-10-nitro-tetrahydro-1,4-benzodiapin-3-one (S-
56)

To a solution of 10 (19.3 mg, 0.07 mmol) in dioxane (1 mL) and water (100 pL)
was added a mixture of 4-methyl-morpholine N-oxide (24.6 mg, 0.21 mmol) and

K,0s0402H,0 (2.06 mg, 0.0056 mmol) in t-BuOH (0.5 mL) followed by addition of a
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suspension of NalO4 (44.9 mg, 0.21 mmol) in H,O (0.5 mL). The mixture was stirred at
60 °C for 18 h and 90 °C for 6 h. After cooling to room temperature, the reaction mixture
was diluted with brine (10 mL) and extracted with CH,Cl, (2 x 15 mL). The combined
organic layers were dried over Na,SQOy, filtered and concentrated to provide brown liquid
residue. Purification by preparative TLC (CH,Cl,-CH3;OH: 96/4) afforded the desired
product as yellow solid (12.3 mg, 75%). "H NMR (CDCls): § 1.43 (d, J = 6.8 Hz, 3 H),
3.01(s,3H),4.14(dd,J=7.2,14.8 Hz, 1 H),4.39(q, J=6.9 Hz, 1 H), 4.76 (dd, J = 4.0,
16.0 Hz, 1 H), 6.40 (s, br, 1 H), 6.92 (d,J=9.2 Hz, 1 H), 7.96 (d, J = 2.8 Hz, 1 NH), 8.10
(dd, J=3.2,9.2 Hz, 1 H); *C NMR (CDCls): & 14.51, 29.68, 37.68, 45.41, 58.50,

118.48, 124.67, 124.93, 125.73, 139.59, 155.29, 172.21. HRMS (FAB): calcd for

C11Hi4N30; [M+1]7236.1035, found 236.1053 (+7.6 ppm/+1.8 mmu).

Synthesis of (S)-N-isopropyl-10-(N,N-dimethylamino)-2-methyl-tetrahydro-1,4-
benzodiapin-3-one (S-58)

Compound 29 (9.9 mg, 0.033 mmol), 4-methyl-morpholine N-oxide (12.0 mg,
0.099 mmol), K,0s0402H,0 (1.2 mg, 0.0099 mmol in 0.5 mL t-BuOH) and NalO4 (21.2
mg, 0.099 mmol) were treated as above, except that the reaction mixture was heated to 60
°C for 6 h. The title compound was obtained as brown solid (5.5 mg, 64%). 'H NMR
(CDCl3): 6 1.08 (d, J=6.4 Hz, 6 H), 1.23 (d, J = 76.4 Hz, 3 H), 2.91 (s, 6 H), 3.58 (7-let,
J=6.3Hz 1 H),3.67(dd,J=13.4Hz, 1H),4.16 (q,J=7.1 Hz, 1 H),4.76 (d,J=13.6
Hz, 1 H), 6.36 (apparent d, J = 6.4 Hz, 1 H), 6.57 (apparentd, J=2.8 H, 1 H), 6.67 (d, J
= 8.8 Hz, 1 H), 7.00 (d, J = 8.4 Hz, 1 H); C NMR (CDCls): & 16.15, 22.17, 23.36,

40.96, 46.07,49.92, 58.13, 112.26, 112.54, 126.04, 135.88, 136.90, 147.32, 177.02.
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HRMS (FAB): calcd for C;sHx3N30 [M+1]"261.1841, found 261.1841 (-0.2 ppm/-0.1

mmu).

Synthesis of N-allyl-(2-fluoro-5-carbomethoxy)benzylamine (18)

4-Fluoro-3-methyl benzoic acid (1.01 mg, 6.56 mmol) and oxalyl chloride (700
pL, 7.87 mmol) with 2 drops of DMF were combined in CH,Cl, (10 mL). % The
suspension was stirred at room temperature under N, for 1 h, followed by addition of
CH3;0H (2 mL). The resulting solution was stirred at room temperature for another 20 h.
The reaction mixture was then partitioned between CH,Cl, (50 mL) and H,O (1 x 40
mL). The CH,Cl; layer was dried over Na,SQOy, filtered and concentrated under vacuum
to afford 4-fluoro-3-methyl-methylbenzoate 14 as yellow solid (992 mg, 90 %), which
was used immediately for NBS bromination without further purification. Compound 14
(combined from two separate reactions, 1.18 g, 7.01 mmol) and NBS (1.26 g, 7.01 mmol)
were combined in CCly (20 mL) and treated as in the synthesis of compound 2 to provide
the crude product (1.52 g) as a mixture of mono-and di-brominated compounds. The %
yield of compound 16 was calculated based on 'H NMR integral. The desired compound
2-fluoro-5-carbomethoxybenzylbromide 16 was obtained as yellow oil (1.03 g, 59%).
The crude mixture containing 1.03 g 16 (4.15 mmol) and allylamine (621 pL, 8.3 mmol)
were combined in THF (20 mL) and treated as in the synthesis of compound 3. The title
compound 18 was obtained as yellow oil (748 mg, 81%). 'H NMR (CDCls): & 3.39 (d, J
= 6.4 Hz, 2 H), 3.88 (s, 3H), 4.01 (s, 2H), 5.23-5.32 (m, 2H), 5.94-6.01 (m, 1H), 7.11, (t,
J=9.0 Hz, 1H), 7.96-8.00 (m, 1H), 8.19 (dd, J =2.4, 7.2 Hz, 1H); *C NMR (CDCl;): &

44.59, 44.61, 50.43, 52.27, 115.62, 115.85, 119.55, 123.78, 123.94, 126.58, 126.61,
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131.69, 131.79, 132.82, 133.04, 133.09, 162.80, 165.33, 165.90; HRMS (FAB): calcd for

C12HsFNO, [M+1]"224.1087, found 224.1093 (+2.8 ppm/+0.6 mmu).

Synthesis of (S)-N4-Boc, N-allyl-N-(2-fluoro-5-carbomethoxybenzyl)alaninamide (S-
20)

Compound 18 (748 mg, 3.35 mmol), DCC (830 mg, 4.02 mmol), HOBT (543 mg,
4.02 mmol)and Boc-(S)-Ala-OH (761 mg, 4.02mmol) were combined in CH,Cl, (15 mL)
and treated as in the synthesis of (S)-6 to 8. The title compound was obtained as yellow
0il (1.26 g, 95%). '"H NMR (CDCls): & 1.30 (d, J = 6.4 Hz, 1 H), 1.35 (d, J=6.8 Hz, 2
H), 1.43 (s, 9 H), 3.98 (apparent d, J = 4.8 Hz, 2 H), 4.50 (d, J=15.2 Hz, 1 H), 4.59-4.70
(m, 1 H), 4.80 (d, J =15.2 Hz, 1 H), 5.08-5.27 (m, 2 H), 5.38-5.46 (m, 1 H), 5.72-5.84
(m, 1 H), 7.09 (t, J=9.0 Hz, 1 H), 7.84-8.01 (m, 2 H); >C NMR (CDCls):  19.34, 19.50,
28.26, 28.32,42.36, 44.20, 46.21, 46.34, 48.03, 49.76, 52.24, 52.34, 77.20, 79.63, 115.51,
115.74, 115.84, 116.06, 117.84, 118.10, 124.28, 124.44, 126.66, 130.06, 131.09, 131.18,
131.52,131.62, 131.73, 131.78, 131.86, 132.15, 155.07, 162.61, 165.14, 165.96, 173.70.
HRMS (FAB): calcd for C0HosFN,Os [M+1]"395.1982, found 395.1963 (-4.9 ppmy/- 1.9

mmu).

Ring closure of heterocyclic ring: (S)-N*-allyl-10-carbomethoxy-2-methyl-
tetrahydro-1,4-benzodiapin-3-one (S-21)

Compound 20 (1.26g, 3.19 mmol) was dissolved in CH,Cl, (30 mL), followed by
addition TFA (1 mL). The resulting mixture was stirred at room temperature for 1 h.

Volatiles were evaporated under reduced pressure to provide brown liquid residue, which
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was neturalized with 0.5 M NaOH (20 mL). The resulting free amine (884.8 mg, 3.01
mmol) that obtained after liquid-liquid partition was redissolved in DMSO (10 mL) and
heated to 125 °C for 19 h. After cooling to room temperature, the reaction mixture was
portioned between Et,O (2 x 40 mL) and H,O (30 mL). The combined organic layers
were dried over Na,;SQy, filtered and evaporated under reduced pressure to afford brown
oily residue. Purification by column chromatography on silica gel, eluting with CH,Cl,-
CH;OH: 95/5 provided the title compound 21 as grey solid (178 mg, 22 %). '"H NMR
(CDCl3): 6 1.42 (d,J=6.4Hz, 3 H),3.82 (d,J=14.8 Hz, 1 H), 3.84 (s, 3 H), 3.92
(apparentd, J=3.2 Hz, 1 H), 4.31 (apparent dd, J =5.6, 11.2 Hz, 1 H), 4.83-4.89 (m, 1
H), 5.15-5.21 (m, 2 H), 5.26 (d, J = 16.4 Hz, 1 H), 5.66-5.76 (m, 1 H), 6.44 (d,J=7.6
Hz, 1 H), 7.58 (apparent d, J = 1.6 Hz, 1 NH), 7.69 (dd, J= 1.8, 8.2 Hz, 1 H); BC NMR
(CDCl): 8 16.99, 42.62,49.11, 49.67, 51.64, 115.31, 117.98, 118.02, 118.46, 130.80,
131.71, 133.01, 149.68, 166.79, 169.89; HRMS (FAB): calcd for C;sH oN,O3 [M+1]"
275.1396, found 275.1393 (-0.7 ppm/- 0.3 mmu); HPLC (2:8 i-PrOH:Hexane,
CHIRALPAK AD, 4.6 x 250 mm: 1.0 mL/min; UV detection at 254 nM): 9.08 min., 93

% ee.

General procedures for the formation of rearrangement products (40 and

46)

Formation of 40
To a solution of 33 (13.2 mg, 0.05 mmol) in dry THF (2 mL) at room temperature

was added HMPA (54 uL, 0.31 mmol). The reaction mixture was then cooled to -78 °C,
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followed by addition of LDA (1.5 M in cyclohexane, 68 pL, 0.102 mmol). The resulting
orange mixture was stirred at -78 °C for 15 min. n-BuLi (2.5 M in hexanes, 41 uL,
0.102 mmol) was then added to it, and the reaction mixture was stirred at -78 °C for
another 15 min. before the addition of EtI (42 pL, 0.51 mmol). The corresponding
reaction mixture was stirred at -78 °C for further 1 h, followed by addition of NH4Clsaw,)
(10 mL). The mixture was allowed to warm up to room temperature and diluted with
CH,Cl; (15 mL). The organic layer was dried over Na,SOy, filtered and evaporated
under reduced pressure to afford brown oily residue. Purification on preparative TLC
(EtOAc-CH,Cl,: 20/80) afforded the rearrangement product as yellow solid 40 (3.0 mg,
23 %). '"HNMR (CDCls): 8 1.21 (d, J = 6.4 Hz, 6 H), 2.41 (s, 3 H), 3.63-3.68 (m, 1 H),
3.76 (apparent d, J = 6.0 Hz, 2 H), 4.50 (s, 2 H), 4.90 (s, br, 1 NH), 5.15-5.30 (m, 2 H),
5.68-5.77 (m, 1 H), 6.55-6.65 (m, 2 H), 7.00 (dd, J=1.4, 7.4 Hz, 1 H), 7.19-7.23 (m, 1

H).

Formation of 46

Compound 42 (18.7 mg, 0.068 mmol), HMPA (71 uL, 0.41 mmol), LDA (227,
uL, 0.34 mmol), n-BuLi (136 pL, 0.34 mmol) and EtI (55 uL, 0.68 mmol) were
combined in THF (1 mL) and treated as above. The title compound 46 was obtained as
yellow solid (3.1 mg, 17%). 'H NMR (CDCls): 6 0.83 (t, J=7.2 Hz, 3 H), 1.21 (d, J =
6.4 Hz, 6 H), 1.53-1.63 (m, 2 H), 2.43 (s, 3 H), 3.04-3.08 (m, 2 H), 3.65 (s, br, 1 H), 4.51
(s, 2 H), 4.83 (s, br, 1 NH), 6.56-6.65 (m, 2 H), 7.02 (dd, J=1.4, 7.2 Hz, 1 H), 7.18-7.23
(m, 1 H); HRMS (FAB): calcd for C;sHxN,O [M]" 259.1810, found 259.1823 (+6.0

ppm/+1.5 mmu);
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6.2.2 (S)-Phenylalanine-derived tetrahydro-1,4-benzodiazepine-2-one project
(S)-Phenylalanine methyl ester hydrochloride was purchased from Aldrich. 2-
Nitrobenzylbromide was obtained from ACROS. Both reagents were used without

purification.

Synthesis of (S)-N-(2-nitrobenzylphenylalanine)methyl ester (S)-74

To a solution of (S)-phenylalanine methyl ester hydrochloride (1.06 g, 4.90 mmol)
and 2-nitrobenzylbromide 73 (1.06 g, 4.90 mmol) in DMF (10 mL) was added DIEA
(1.75 mL, 9.80 mmol). The resulting reaction mixture was stirred at room temperature
for 24 h. The volatiles were removed under reduced pressure to provide a yellow liquid
residue, which was then partitioned between Et,O (2 x 50 mL) and 10 % NaHCO; (1 x 50
mL). The combined Et,0 layers were dried over Na,SOys, filtered and evaporated under
reduced pressure to afford yellow oily residue. Purification by column chromatography
on silica gel, eluting with CH,Cl,-EtOAc-Hexane: 38/2/60 provided the title compound
74 as greenish yellow oil (1.31 g, 95 %). 'H NMR (CDCls): & 2.07 (s, br, 1 H), 2.91 (dd,
J=7.6,13.6 Hz, 2 H), 2.99 (dd, J = 6.0, 13.6 Hz, 1 H), 3.48-3.51(m, 1 H), 3.66 (s, 3 H),
3.93(d,J=15.2Hz 1H),4.10 (d,J=15.2 Hz, 1 H), 7.14-7.16 (m, 2 H), 7.20-7.30 (m, 3
H), 7.35-7.39 (m, 1 H), 7.44-7.51 (m, 2 H), 7.90 (dd, J = 1.2, 8.0 Hz, 1 H); °C NMR
(CDCl3): 6 39.73,48.97, 51.76, 62.42, 124.67, 126.72, 127.88, 128.39, 129.19, 130.78,
133.01, 135.17, 137.13, 148.96, 174.65; HRMS (FAB): calcd for C;7HoN,O4 [M+1]"

315.1345, found 315.1344 (-0.3 ppm/- 0.1 mmu).
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General procedures for the preparation of (S)-75 and (S)-76
Synthesis of (S)-N-methyl-N’-(2-nitrobenzylphenylalanine)methyl ester (S)-75

To a solution of 74 (107 mg, 0.39 mmol) in DMF (5 mL) was added CH;I (188
pl, 3.03 mmol) and DIEA (69 ul, 0.39 mmol). The resulting green reaction mixture was
heated to 100 °C for 1.5 h. The volatiles were removed under reduced pressure to
provide a brown liquid residue, which was then partitioned between Et,O (2 x 40 mL)
and 10 % NaHCO; (1 x 30 mL). The combined Et,0O layers were dried over Na,;SOs,
filtered and evaporated under reduced pressure to afford yellow oily residue. Purification
by column chromatography on silica gel, eluting with CH,Cl,-EtOAc: 97/3 provided the
title compound (S)-75 as green oil (88 mg, 76 %). 'H NMR (CDCls): & 2.43 (s, 3 H),
2.89(dd,J=7.2,14.0 Hz, 2 H), 3.11 (dd, J= 8.0, 13.6 Hz, 1 H), 3.55 (apparent t, J = 8.0
Hz, 1 H), 3.69 (s, 3 H), 4.03 (apparent d, J =2.0 Hz, 1 H), 7.15-7.17 (m, 2 H), 7.19-7.29
(m, 3 H), 7.29-7.37 (m, 2 H), 7.40-7.45 (m, 1 H), 7.80-7.82 (m, 1 H); °C NMR (CDCl;):
0 35.84,37.54,51.15, 55.96, 67.65, 124.36, 126.31, 127.75, 128.31, 129.14, 130.79,
132.46, 134.51, 138.24, 149.57, 171.98; HRMS (FAB): calcd for C sHN,O4 [M+1]"

329.1501, found 329.1491 (-3.1 ppm/- 1.0 mmu).

Synthesis of (S)-N-allyl-N’-(2-nitrobenzylphenylalanine)methyl ester (S)-76
Compound 74 (132 mg, 0.49 mmol), allylbromide (342 pl, 3.92 mmol) and DIEA
(86ul, 0.49 mmol) were combined in DMF (5 mL) and treated as above. The title
compound (S)-76 was obtained as green oil (118 mg, 75 %). 'H NMR (CDCls): & 2.94
(dd, J=28.0, 14.0 Hz, 2 H), 3.10-3.18 (m, 2 H), 3.37-3.42 (m, 1H), 3.63 (t, J=7.6 Hz, 1

H), 3.70 (s, 3 H), 4.03 (d, J= 16.4 Hz, 1 H), 4.22 (d, J = 16.4 Hz, 1 H), 5.09-5.19 (m, 2
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H), 5.66-5.76 (m, 1 H), 7.12-7.14 (m, 2 H), 7.22-7.30 (m, 3 H), 7.32-7.41 (m, 3 H), 7.82-
7.85 (m, 1 H); *C NMR (CDCls): § 35.77, 51.27, 51.43, 54.04, 64.38, 117.80, 124.17,

126.35, 127.46, 128.25, 129.32, 130.67, 132.54, 134.99, 135.57, 138.19, 149.53, 172.45.

Synthesis of (S)-N*-allyl-3-benzyl-tetrahydro-1,4-benzodiapin-2-one (S)-82
Compound (S)-76 was reduced to corresponding primary amine by following the
general procedures in the synthesis of (S)-27. Compound 76 (435 mg, 1.35 mmol), Fe
powder (530 mg, 9.46 mmol), and NH4CI (650 mg, 12.16 mmol in 6.0 mL H,O) were
combined in CH30H (16 mL) and treated as described previously. The corresponding
primary amine (S)-80 was obtained as brown oil (385 mg, 98%). Compound (S)-80 was
used immediately in next step. To a solution of (S)-80 (216 mg, 0.74 mmol) in CH3;CN
(2.2 mL) was added 2 N NaOH (0.5 mL)."* The resulting mixture was stirred at room
temperature for 5 days. Volatiles were removed under reduced pressure to provide (S)-81
as sodium salt (246 mg, 100%). No further purification was performed. Compound (S)-
81 (220 mg, 0.66 mmol), DCC (227 mg, 1.10 mmol) and HOBT (149 mg, 1.10 mmol)
were combined in CH,Cl, (10 mL) and treated as in the synthesis of (S)-6 to 8. The title
compound (S)-82 was obtained as yellow solid (148 mg, 77%). 'H NMR (CDCl;): & 2.81
(dd, J=7.6, 14.0 Hz, 2 H), 3.14-3.22 (m, 2 H), 3.31-3.36 (m, 1H), 3.70 (t, J=7.6 Hz, 1
H), 3.87 (s, 3 H), 5.15-5.22 (m, 2 H), 5.72-5.82 (m, 1 H), 6.93 (d, J =8.0 Hz, 1 H), 7.10-
7.30 (m, 8 H), 8.42 (s, br, 1 H); >C NMR (CDCls): & 36.65, 53.88, 55.93, 66.48, 118.07,
120.35, 124.71, 126.18, 128.13, 128.55, 129.10, 129.25, 130.26, 135.36, 137.12, 138.63,
173.33; HRMS (FAB): calcd for C;9H,;N,O [M+l]+ 293.1654, found 293.1645 (-3.1

ppm/- 0.9 mmu).
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Synthesis of (S)-N*-allyl-3-benzyl-N*-DAM-tetrahydro-1,4-benzodiapin-2-one (S)-83
Compound (S)-82 (143 mg, 0.48 mmol) and NaH (60 wt% in oil, 23.2 mg, 0.58
mmol) were combined in THF (5 mL) and stirred at 0 °C for 30 min., followed by
addition of DAM-Br (178 mg, 0.58 mmol) in THF (2 mL) dropwise. The resulting green
suspension was stirred at 0 °C for 2 h. The excess NaH was quenched by H,O (10 mL) at
0 °C. After the gas evolution was completed, the reaction mixture was partitioned
between CH,Cl; (2 x 30 mL) and H,O (1 x 20 mL). The combined CH,Cl, layers were
dried over Na,SOy, filtered and evaporated under reduced pressure to afford yellow oily
residue. Purification by column chromatography on silica gel, eluting with CH,Cl,-
EtOAc: 9/1 provided the title compound (S)-83 as yellow solid (181 mg, 72 %). 'H NMR
(CDCl3): 6 2.75 (apparent d, J = 10.0 Hz, 1 H), 3.19-3.35 (m, 3 H), 3.46-3.48 (m, 2H),
3.65-3.81 (m, 1 H), 3.71 (s, br, 3 H), 3.80 (s, br, 3 H), 6.62 (apparent d, J = 7.6 Hz, 2 H),
6.73 (apparent d, J = 7.6 Hz, 2 H), 6.83-6.93 (m, 5 H), 7.07-7.29 (m, 9 H); °C NMR
(CDCl3): 6 34.83, 54.22, 54.73, 55.08, 55.23, 63.04, 64.82, 113.23, 113.45, 113.77,
118.04, 123.67, 126.09, 127.71, 127.97, 128.21, 129.04, 129.54, 129.88, 130.76, 131.26,
135.85, 138.97, 141.11, 158.45, 158.55, 169.37; HRMS (FAB): calcd for C34H35N,O3

[M+1]" 519.2648, found 519.2661 (+2.6 ppm/+1.3 mmu).

6.2.3 (S)-Serine-derived 1,4-benzodiazepine-2-one project
Both Boc-(S)-serine and Boc-O-benzyl-(S)-serine were purchased from Advanced
ChemTech, and used without purification. Boc-O-TBDMS-(S)-serine was synthesized

from tert-butyldimethylsilyl chloride (TBDMSCI) and Boc-(S)-serine based on the

239



literature method." 2-Amino-5-chloro-benzophenone was obtained from ACORS, and

also used without purification.

Synthesis of Nq-Boc-O-benzyl-N-(2-benzoyl-4-chloro)phenyl serinamide (S-89)

To a solution of 2-amino-5-chlorobenzophenone 88 (1.74 g, 7.53 mmol) and Boc-
O-benzyl-(S)-serine (2.02 g, 6.85 mmol) in THF (15 mL) was added DCC (1.55 g, 7.53
mmol) in 7.5 mL CH,Cl; at 0 °C. The yellow mixture was allowed at warm up to room
temperature at its own accord and stirred at room temperature for 18 h. White precipitate
was filtered off and washed with cold CH,Cl, (10 mL), and the filtrate was evaporated
under reduced pressure to provide crude yellow oil. Purification by column
chromatography on silica gel, eluting with CH,Cl,-EtOAc: 9/1 afforded the desired
product as off-white solid (2.75 g, 79%). 'H NMR (CDCls): & 3.69 (dd, J=4.4,9.6 Hz, 1
H), 4.06 (apparent d, J = 7.2 Hz, 1 H), 4.43 (s, br, 1 H), 4.53 (apparent d, J =4.2 Hz, 2
H), 5.56 (apparent d, J = 6.4 Hz, 1 H), 6.73 (apparent d, J = 7.6 Hz, 2 H), 7.24 (s, 5 H),
7.48-7.55 (m, 4 H), 7.63 (apparent tt J = 1.3, 7.4 Hz, 1 H), 7.68-7.70 (m, 2 H), 8.66 (d, J
=8.4 Hz, 1 H), 11.34 (s, 1 NH); °C NMR (CDCl;): & 28.24, 55.76, 69.52, 73.35, 80.56,
122.93, 125.17, 127.55, 127.64, 127.76, 128.35, 128.44, 128.57, 129.92, 132.42, 132.84,
133.67, 137.35, 137.77, 138.25, 169.83, 197.48; HRMS (FAB): calcd for CysH3oN,O5Cl

[M+1]"509.1843, found 5109.1828 (-3.0 ppm/-1.5 mmu).
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Synthesis of N,-Boc-O-(tert-butyldimethylsilyl)-N-(2-benzoyl-4-chloro)phenyl
serinamide (S-97)

To make Boc-O-TBDMS-(S)-serine: to a solution of N-(tert-butoxycarbonyl)- (S)-
serine (1.73 g, 8.44 mmol) in DMF (17 mL) under N, at 0 °C was added TBDMSCI (1.65
g, 10.97 mmol) and imidazole (1.72 g, 25.32 mmol). The reaction mixture was stirred at
0 °C for 1 h. The ice-bath was removed, and the reaction mixture was allowed to warm
up to room temperature and stirred at room temperature for another 24 h. The reaction
mixture was then partitioned between Et,O (2 x 50 mL) and H,O (1 x 40 mL). The
combined Et,;O layers were dried over Na,SOy, filtered and evaporated under reduced
pressure to afford pale yellow residue. Purification by column chromatography on silica
gel, eluting with CH,Cl,-EtOAc: 4/1 (with 7 mL of AcOH per liter of solvent) provided
Boc-O-TBDMS-(S)-serine as colorless oil (2.15 g, 92 %, lit. 85%). Boc-O-TBDMS-(S)-
serine was used immediately in the next step. The general coupling procedures for the
synthesis of S-89 was followed for the preparation of S-97: 2-amino-5-
chlorobenzophenone 88 (689 mg, 2.97 mmol) and Boc-O-TBDMS-(S)-serine (862.3 g,
2.70 mmol) and DCC (613 mg, 2.97 mmol in 4.0 mL CH,Cl,) in THF (9 mL) were
combined and treated as described above. The title compound was obtained as white
foamy solid (892 mg, 62%). 'H NMR (CDCls): & -0.022 (s, 3 H), 0.021 (s, 3 H), 0.78 (s,
9H),3.81(dd,J=4.2,10.2 Hz, 1 H), 4.21 (apparentd, J =4.8 Hz, 1 H), 4.30 (s, br, 1 H),
5.53 (apparent d, J = 4.2 Hz, 2 H), 5.56 (apparent d, J = 6.4 Hz, 1 H), 6.73 (apparent d, J
=5.2Hz, 2 H), 7.24 (s, 5 H), 7.48-7.54 (m, 4 H), 7.59-7.63 (m, 1 H), 7.68 (d, J = 7.2 Hz,
2 H), 8.66 (d, J=8.8 Hz, 1 H), 11.31 (s, 1 NH); >C NMR (CDCls): & -5.57, -5.53, -

0.026, 18.44, 25.58, 28.26, 57.55, 63.38, 80.50, 122.83, 125.01, 127.46, 128.41, 129.90,
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132.47,132.81, 133.73, 137.83, 138.28, 155.54, 170.19, 197.58; LRMS (FAB): calcd for

C,7H3sN,05CI1Si [M+1]" 533, found 533.

Synthesis of (S)-3-benzyloxymethyl)-10-chloro-5-phenyl-1,4-benzodiazepin-2-one (S-
90)

To a solution of S-89 (557 mg, 1.10 mmol) in CH,Cl, (10 mL) was added TFA (1
mL). The resulting solution was stirred at room temperature for 1 h. Volatiles were
removed under reduced pressure to provide yellow residue, which was immediately
redissolved in CH;0OH-H,O (10 mL: 5 mL), and the pH was adjusted to pH 8.5-9.0 with
10 % NaOH. The yellow mixture was stirred at room temperature for 65 h. Solvent was
removed under reduced pressure and the yellow residue was partitioned between CH,Cl,
(2 x50 mL) and H,O (1 x 40 mL). The combined CH,Cl, layers were dried over
NaySOy, filtered and evaporated under reduced pressure to afford yellow oil. Purification
by column chromatography on silica gel, eluting with CH,Cl,-EtOAc: 9/1 provided the
title compound as white foamy solid (328 mg, 76 %). '"H NMR (CDCls): & 3.86 (t, J = 6.4
Hz, 1 H), 4.21 (dd, J=6.2,9.4 Hz, 1 H), 4.45 (dd, J=6.6,9.4 Hz, 1 H), 4.71 (s, 2 H),
7.08 (d, J = 8.4 Hz, 1 H), 7.28-7.49 (m, 9 H), 7.53-7.55 (m, 2 H), 8.97 (s, | NH); "*C
NMR (CDCls): 8 63.41, 70.29, 73.69, 122.90, 126.94, 127.54, 127.63, 127.80, 128.33,
128.35, 128.47, 128.75, 128.82, 129.71, 130.39, 130.60, 131.75, 136.88, 138.41, 140.86,
168.62, 170.81; HRMS (FAB): calcd for C3H,0N,0,Cl [MJrl]+ 391.1213, found

391.1188 (-6.5 ppm/-2.5 mmu).
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Synthesis of (S)-3-(tert-butyldimethylsilyloxymethyl)-10-chloro-5-phenyl-1,4-
benzodiazepin-2-one (S-98)

To a solution of S-97 (2.79 mg, 5.24 mmol) in CH,Cl, (30 mL) was added TFA (4
mL). The resulting solution was stirred at room temperature for 1 h. Volatiles were
removed under reduced pressure to provide yellow residue, which was immediately
redissolved in CH3;OH-H,0O (30 mL: 15 mL), and the pH was adjusted to pH 7 with 10 %
NaOH. The yellow mixture was heated to 40 °C for 22 h. Solvent was removed under
reduced pressure and the yellow residue was partitioned between CH,Cl, (2 x 50 mL) and
H>O (1 x 40 mL). The combined CH,Cl; layers were dried over Na,SOy, filtered and
evaporated under reduced pressure to afford yellow oil. Purification by column
chromatography on silica gel, eluting with CH,Cl,-EtOAc: 9/1 (with 7 mL of AcOH per
liter of solvent) provided the title compound as white foamy solid (1.30 g, 60 %). 'H
NMR (CDCls): 6 0.16 (s, 3 H), 0.18 (s, 3 H), 0.95 (s, 9 H), 3.74 (t, J = 6.6 Hz, 1 H), 4.29
(dd, J=6.4,10.0 Hz, 1 H), 4.58 (dd, J=6.8, 10.4 Hz, 1 H), 7.13 (d, J=8.4 Hz, 1 H),
7.31(d,J=2.0Hz, 1 H), 7.36-7.40 (m, 2 H), 7.43-7.48 (m, 2 H), 7.51-7.53 (m, 2 H),
9.06 (s, I NH); °C NMR (CDCls): & -5.25, -5.17, 18.48, 25.96, 63.30, 65.08, 123.05,
128.38, 128.77, 129.96, 130.63, 132.01, 137.16, 170.63; HRMS (FAB): calcd for

C2oHasN,0,CISi [M+1]" 415.1609, found 415.1629 (+4.9 ppm/+2.0 mmu).

Synthesis of (S)-3-benzyloxylmethyl-10-chloro-N*-DAM-5-phenyl-1,4-
benzodiazepin-2-one (S-99)
General procedures for the synthesis of (S)-83 are followed: (S)-90 (169 mg, 0.43

mmol), NaH (60 wt% in oil, 21 mg, 0.52 mmol) and DAM-Br (160 mg, 0.52 mmol) were
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combined in THF (5 mL) and treated as described previously. The title compound (5)-99
was obtained as off-white foamy solid (134 mg, 51 %). 'H NMR (CDCls): 8 3.76 (s, 3
H), 3.84 (s,3 H), 4.03 (t, J=6.4 Hz, 1 H), 4.25 (dd, J=6.4,9.6 Hz, 1 H), 4.50 (dd, J =
6.4,9.6 Hz, 1 H), 4.71 (d, J =4.2 Hz, 2 H), 6.63 (d, J= 8.4 Hz, 2 H), 6.90 (d, J = 3.2 Hz,
2 H), 6.93 (d,J=2.8 Hz, 2 H), 7.02 (s, br, 1 H), 7.04 (d, J=2.0 Hz, 1 H), 7.13 (dd, J =
2.4,8.8Hz, 1H),7.18 (d,J=9.2 Hz, 1 H), 7.25-7.30 (m, 8 H), 7.32-7.40 (m, 5 H), 7.45
(apparent t, J = 7.4 Hz, 1 H); *C NMR (CDCl;): & 55.16, 55.23, 55.30, 63.69, 64.24,
70.92, 73.87,75.26, 113.57, 113.74, 113.85, 126.07, 127.59, 127.69, 127.95, 128.16,
128.34, 128.86, 129.05, 129.45, 129.93, 130.05, 130.20, 130.24, 130.59, 131.24, 133.03,
137.03, 137.60, 138.38, 139.35, 158.71, 158.95, 167.76, 168.73; HRMS (FAB): calcd for

C38H34N204C1 [M+1]+ 6172207, found 617.2222 (+25 ppm/+15 mmu).

Synthesis of (S)-3-(tert-butyldimethylsilyloxymethyl)-10-chloro-N*-DAM-5-phenyl-
1,4-benzodiazepin-2-one (S-100)

General procedures for the synthesis of (S)-83 are followed: (S)-98 (164 mg, 0.40
mmol), NaH (60 wt% in oil, 32 mg, 0.80 mmol) and DAM-Br (246 mg, 0.80 mmol) were
combined in THF (5 mL) and treated as described previously. The title compound (S)-
100 was obtained as white foamy solid (133 mg, 52 %). 'H NMR (CDCls): 8 0.15 (s, 3
H), 0.16 (s, 3 H), 0.92 (s, 9 H), 3.76 (s, 3 H), 3.84 (s, 3 H), 3.89 (s, 2 H), 3.93 (t,J = 6.4
Hz, 1 H), 4.29 (dd, J=6.2, 10.4 Hz, 1 H), 4.66 (dd, J=7.0,9.8 Hz, 1 H), 4.71 (d,J=4.2
Hz, 2 H), 6.63 (d, J=8.4 Hz, 2 H), 6.91-6.93 (m, 3 H), 6.96 (d, J= 8.4 Hz, 2 H), 7.06-
7.07 (m, 2 H), 7.13 (dd, J=2.4, 8.8 Hz, 1 H), 7.20 (d, J=8.8 Hz, 1 H), 7.24-7.29 (m, 4

H), 7.35 (t, J = 7.6 Hz, 2 H), 7.45 (apparent t, = 7.4 Hz, 1 H), 7.79 (d, J = 7.6 Hz, 1 H);
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C NMR (CDCls): & -5.26, -5.18, 18.39, 25.93, 55.19, 55.33, 55.45, 63.23, 63.80, 66.16,
113.43,113.54, 113.81, 126.01, 128.19, 128.85, 129.01, 129.41, 129.88, 130.08, 130.14,
130.54, 131.33, 132.22, 133.06, 137.78, 139.39, 140.61, 158.68, 158.92, 162.81, 167.67,
168.68; HRMS (FAB): caled for C37H4,N,04CISi [M+1]" 641.2602, found 641.2601 (-

0.3 ppm/-0.2 mmu).

Synthesis of (S)-N'-isopropyl 3-(tert-butyldimethylsilyloxymethyl) -10-chloro- 5-
phenyl-1,4-benzodiazepin-2-one (S-101)

To make isopropyl triflate (i-PrOTY): to a solution of isopropanol (500 pL, 6.33
mmol) and pyridine (520 pL, 6.33 mmol) in CH,Cl, (10 mL) at 0 °C was added triflate
anhydride (3.2 mL, 18.99 mmol). The resulting pink solution with white precipitate was
stirred at 0 °C for 45 min. The white precipitate was filtered off and the volatile of
filtrate was removed by rotary evaporator (water bath temperature < 40 °C). The pink
solution of was used immediately in next step. General procedures for the synthesis of
(5)-83 are followed: (S)-98 (417 mg, 1.01 mmol), NaH (60 wt% in oil, 202 mg, 5.04
mmol) and i-PrOTTf (1.22 g, 6.33 mmol) were combined in THF (10 mL) and treated as
described previously. The title compound (S)-101 was obtained as yellow oil (310 mg,
67 %). '"HNMR (CDCl3): § 0.14 (s, 3 H), 0.11 (s, 3 H), 0.92 (s, 9 H), 1.15 (d, J = 6.4 Hz,
1 H), 1.18 (d,J=7.2Hz, 3 H), 1.47 (d,J=6.8 Hz, 3 H), 3.67 (t,J = 6.4 Hz, 1 H), 4.30
(dd, J=7.2,10.4 Hz, 1 H), 4.55 (7-let, J=7.0 Hz, 1 H), 4.53 (dd, J=6.2, 10.2 Hz, 1 H),
7.27 (d, J=2.4 Hz, 1 H), 7.36-7.49 (m, 5 H), 7.59-7.62 (m, 2 H); >C NMR (CDCl;): & -
5.30,-5.16, 18.49, 20.51, 22.15, 22.28, 25.97, 26.61, 29.62, 50.95, 63.08, 64.03, 66.39,

67.99, 125.42, 128.46, 129.28, 129.33, 130.31, 130.55, 132.86, 138.03, 140.18, 167.17,
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168.80; HRMS (FAB): calcd for CosH3aN>0-CISi [M+1]" 457.2078, found 457.2062 (-

3.5 ppm/-1.6 mmu).

Synthesis of (S)-10-chloro-N*-DAM-3-(hydroxymethyl)-5-phenyl-1,4-benzodiazepin-
2-one (S-104)

To a solution of (S)-100 (677 mg, 1.06 mmol) in THF (10.6 mL) under N, at
room temperature was added tetrabutylammonium fluoride'* (5.3 mL, 5.29 mmol)
dropwise. The resulting orange mixture was stirred at room temperature under N, for 1
h. The volatile was removed under reduced pressure and the brown residue was
partitioned between CH,Cl, (2 x 40 mL) and H,O (1 x 30 mL). The combined CH,Cl,
layers were dried over Na,SQy, filtered and evaporated under reduced pressure to afford
brown oil. Purification by column chromatography on silica gel, eluting with CH,Cl»-
EtOAc: 9/1 (with 7 mL of AcOH per liter of solvent) provided the title compound as
yellow foamy solid (511mg, 92 %). 'H NMR (CDCls): & 2.87 (t, J = 7.2 Hz, 1 H), 4.30
(dd, J=7.2,10.4 Hz, 1 H), 3.76 (s, 3 H), 3.84 (s, 3 H), 3.96 (dd, J =4.2, 7.6 Hz, 1 H),
4.19-4.25 (m, 1 H), 4.48-4.54 (m, 1 H), 6.63-6.67 (m, 1 H), 6.64 (d, J = 8.8 Hz, 1 H),
6.90-6.96 (m, 2 H), 6.94 (d, J=8.8 Hz, 1 H), 6.98 (s, br, 1 H), 7.15 (dd, J=2.6,9.0 Hz, 1
H), 7.20 (s, 1 H), 7.22-7.30 (m, 4 H), 7.36 (apparent t, J = 7.6 Hz, 2 H), 7.47 (dd, J = 1.5,
7.4 Hz, 1 H); ®C NMR (CDCl3): 8 55.20, 55.33, 63.03, 63.99, 64.59, 113.63, 113.95,
126.09, 128.25, 128.78, 129.05, 129.42, 129.88, 129.91, 130.09, 130.45, 130.77, 131.25,
133.06, 137.53, 139.04, 158.80, 159.03, 168.31, 170.41; HRMS (FAB): calcd for

C31H2sN,04C1 [M+1]"527.1738, found 527.1735 (-0.5 ppm/-0.2 mmu).
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Synthesis of (S)-10-chloro-N*-DAM-5-phenyl-3-(tosylatemethyl)-1,4-benzodiazepin-
2-one (S-105)

To a solution of (S)-104 (491 mg, 0.93 mmol), DMAP (137 mg, 1.12 mmol), and
TsCI (1.06 g, 5.58 mmol) in CH,Cl, (10 mL) at 0 °C was added Et;N (790 pL, 5.58
mmol)."” The ice-bath was removed and the resulting mixture was then stirred at room
temperature for 1 h. The volatile was removed under reduced pressure and the brown
residue was partitioned between CH,Cl, (2 x 40 mL) and H,O (1 x 30 mL). The
combined CH,Cl, layers were dried over Na,SOy, filtered and evaporated under reduced
pressure to afford brown oil. Purification by column chromatography on silica gel,
eluting with CH,Cl-EtOAc: 97/3 provided the title compound (S)-105 as yellow foamy
solid (555mg, 88 %). "H NMR (CDCls): & 2.41 (s, 3 H), 3.75 (s, 3 H), 3.85 (s, 3 H), 4.11
(dd,J=5.6,11.2Hz, 1 H), 4.77 (dd,J=7.2, 10.0 Hz, 1 H), 4.89 (dd, J=5.6, 10.4 Hz, 1
H), 6.60-6.63 (m, 1 H), 6.62 (d, J=8.8 Hz, 1 H), 6.86 (d, J = 8.8 Hz, 2 H), 6.92-6.95 (m,
1 H), 6.93 (d, J=8.8 Hz, 2 H), 7.04 (apparent d, J = 1.2 Hz, 1 H), 7.18-7.23 (m, 5 H),
7.32-7.36 (m, 4 H), 7.46 (apparent t, J = 7.2 Hz, 1 H), 7.86 (d, J = 8.8 Hz, 2 H); BC NMR
(CDCl3): 6 21.66, 29.68, 55.18, 55.33, 62.75, 63.96, 70.46, 113.64, 113.92, 126.20,
128.12, 128.21, 128.82, 129.17, 129.48, 129.69, 129.83, 129.89, 130.33, 130.74, 130.91,
131.21, 132.76, 137.16, 138.94, 144.79, 158.82, 159.07, 167.62, 168.27, HRMS (FAB):

caled for C3gH34N,06CIS [M+1]" 681.1826, found 681.1807 (-2.8 ppm/-1.9 mmu).
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Synthesis of N*-isopropyl-10-chloro-3-methylene-5-phenyl-1,4-benzodiazepin-2-one
(103)

To a solution of (S)-101 (19.7 mg, 0.043 mmol) and HMPA (46 uL, 0.26 mmol)
in THF (1 mL) at -78 °C was added KHMDS (350 pL, 0.17 mmol). The resulting orange
mixture was then stirred at -78 °C for 30 min. The reaction was then quenched by
saturated NH4CI (10 mL) and partitioned between CH,Cl, (2 x 10 mL) and H,O (1 x 10
mL). The combined CH,Cl, layers were dried over Na,SOy, filtered and evaporated
under reduced pressure to afford brown oil. Purification by preparative TLC (CH,Cl,-
EtOAc-Hexane: 50/49/1 provided the title compound 103 as yellow solid (7.7mg, 55 %).
'H NMR (CDCl5): § 1.28 (d, J = 6.8 Hz, 3 H), 1.57 (d, J = 6.8 Hz, 3 H), 4.49 (7-let, J =
7.0 Hz, 1 H), 4.82 (s, 1 H), 5.09 (s, 1 H), 7.26 (apparent t, J=2.0 Hz, 1 H), 7.37 (d, J =
8.4 Hz, 1 H), 7.42-7.47 (m, 3 H), 7.52 (apparent tt, J = 1.6, 7.2 Hz, 1 H), 7.71-7.73 (m, 2
H); *C NMR (CDCls): § 20.60, 22.35, 51.72, 104.46, 125.44, 128.52, 129.29, 129.45,
130.16, 130.62, 131.18, 133.08, 137.04, 139.51, 149.70, 165.43, 169.60; HRMS (FAB):

calcd for C9H1sN,OCl1 [M+1]+ 325.1108, found 325.1093 (-4.5 ppm/-1.5 mmu).

Synthesis of 10-chloro-N*-DAM-3-methylene-5-phenyl-1,4-benzodiazepin-2-one
(106)

To a solution of (S)-105 (22.1 mg, 0.033 mmol) and HMPA (34 uL, 0.20 mmol)
in THF (2 mL) at -45 °C was added KHMDS (163 uL, 0.081 mmol). The resulting
orange mixture was then stirred at -45 °C for 2 h. The reaction was then quenched by
saturated NH4Cl (10 mL) and partitioned between CH,Cl, (2 x 10 mL) and H,O (1 x 10

mL). The combined CH,Cl, layers were dried over Na,SOy, filtered and evaporated
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under reduced pressure to afford brown oil. Purification by column chromatography on
silica gel, eluting with CH,Cl,-EtOAc: 9/1 provided the title compound 106 as yellow
solid (13.1mg, 79 %). 'H NMR (CDCl): 8 3.77 (s, 3 H), 3.85 (s, 3 H), 4.91 (s, 1 H), 5.22
(s, 1 H), 6.67 (d,J=28.4 Hz, 2 H), 6.87 (s, br, 1 H), 6.94 (d, J=8.4 Hz, 2 H), 7.01 (d, J =
8.8 Hz,2 H), 7.04 (d,J=2.4 Hz, 1 H), 7.10 (dd, J=2.8, 8.8 Hz, 1 H), 7.19 (d, J = 8.8
Hz, 1 H), 7.26 (d, J = 8.4 Hz, 2H), 7.40-7.43 (m, 4 H), 7.49-7.61 (m, 1 H); °C NMR
(CDCls): 6 55.21, 55.33, 64.91, 104.91, 113.61, 113.83, 126.44, 128.33, 128.95, 129.05,
129.55,129.93, 130.01, 130.11, 131.12, 131.17, 133.44, 137.03, 138.71, 149.19, 158.73,
159.00, 165.96, 169.41; HRMS (FAB): calcd for C3;HsN,03C1 [M+1]" 509.1632, found

509.1602 (-5.9 ppm/-3.0 mmu).
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