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’ INTRODUCTION

Epigenetic mechanisms are essential for normal development
and maintenance of tissue-specific gene expression patterns in
mammals. As a whole, these modifications create an “epigenetic
landscape”, alteration or disruption of which is a hallmark of
virtually all cases of cancer.1�7 Both genetic and epigenetic events
regulate the onset of cancer,8,9 but unlike genetic mutations,
epigenetic aberrations are potentially reversible and can be restored
to their normal state.10,11 This makes epigenetic therapy a promis-
ing and valuable approach to chemotherapy as well as chemopre-
vention of cancer.

Probably, the most extensively studied epigenetic modifica-
tion in humans is the addition of a methyl group at the carbon-5
position of cytosine residues.12 DNA methylation in humans
occurs almost exclusively in the context of CpG dinucleotides13

clustered in∼1 kb regions, termedCpG islands.4,14 In addition, it
also occurs at regions of lower CpG density that lie in close
proximity (∼2 kb), termed “CpG island shores”.15,16

In general, DNAmethylation is associated with transcriptional
silencing of genes implicated in the pathogenesis of many
diseases including cancer.4,8,17�21 Establishment and mainte-
nance of DNAmethylation patterns are governed by catalytically
active DNA methyltransferase (DNMT) enzymes.

To date, three22 activeDNMTs have been identified in humans.
DNMT1 is the most abundant among the three and is responsible

for the maintenance of CpG methylation patterns in mammals
with hemimethylated CpG dinucleotides serving as preferred
substrates.23 The DNMT3 isoforms (DNMT3A and DNMT3B)
are responsible for de novo methylation during germ cell and
embryonic development, thus being able to use hemimethylated as
well as unmethylated DNA sequences as substrates. It has been
shown that the inhibition of DNA methyltransferase activity can
lead to demethylation and reactivation of epigenetically silenced
tumor suppressor genes24 and, indeed, DNA methylation inhibi-
tors were the first successful epigenetic drugs developed and used
as cancer therapeutics.

Two types of DNMT inhibitors have been hitherto described
(Chart 1).11,25 Nucleoside analogues, such as the U.S. Food and
Drug Administration (FDA)-approved 5-azacytidine (5-aza-CR,
Vidaza, Calgene) and 5-aza-20-deoxycytidine (5-aza-CdR, deci-
tabine, Dacogen, Supergen), or 2-pyrimidone-1-β-D-riboside
(zebularine), or the recently discovered dinucleotide derivative
1 (SGI-110),26,27 exert their effects by incorporation into DNA
inducing substantial DNA demethylation and reactivation of
hypermethylated genes. Yet, they also carry considerable con-
cerns about toxicity. Their use, in fact, is associated with
increased incidence of bone marrow suppression, including
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ABSTRACT: A series of Δ2-isoxazoline constrained analogues
of procaine/procainamide (7a�k and 8a�k) were prepared
and their inhibitory activity against DNA methyltransferase 1
(DNMT1) was tested. Among them, derivative 7b is far more
potent in vitro (IC50 = 150 μM) than other non-nucleoside
inhibitors and also exhibits a strong and dose-dependent
antiproliferative effect against HCT116 human colon carcinoma
cells. The binding mode of 7b with the enzyme was also
investigated by means of a simple competition assay as well as of
docking simulations conducted using the recently published crystallographic structure of human DNMT1. On the basis of the
findings, we assessed that the mode of inhibition of 7b is consistent with a competition with the cofactor and propose it as a novel
lead compound for the development of non-nucleoside DNMT inhibitors.
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neutropenia and thrombocytopenia,11,28�31 even if the toler-
ability of 1 seems to be more favorable.27

Because of these concerns, the search and the development of
non-nucleoside compounds, which can effectively inhibit DNA
methylation without being incorporated into DNA, is being
actively pursued.1,11 Differently from nucleoside analogues, non-
nucleoside inhibitors exhibit a wide structural diversity (Chart 2),
as they include dietary polyphenols like (�)-epigallocatechin-3-
gallate (EGCG),32 curcumin,33 apple polyphenols,34 caffeic and
chlorogenic acids,35 the soy bean isoflavone genistein,36 the
bisulfide bromotyrosine derivatives psammaplins,37 the L-trypto-
phan derivative 2 (RG108)38,39 and relatedmaleimide derivatives,40

the antibiotic nanaomycin A41 and mithramycin A,42 constrained
analogues of S-adenosylhomocysteine (SAH),43,44 the sulfonamide
IM-25,45 the quinoline derivative SGI-1027,46 the vasodilatator

hydralazine,47,48 the 4-aminobenzoic acid derivatives procaine and
procainamide,49�52 as well as other compounds.53,54

It is worth noting that few efforts have been conducted so far
with non-nucleoside inhibitors to elucidate experimentally the
kinetics and specific mode of inhibition.

Being interested in the development of small-molecule mod-
ulators of epigenetic targets,38,39,41,48,53�72 we focused our atten-
tion on procaine/procainamide as a lead structure for further
modification. Originally approved by the FDA as local anesthetic
and antiarrhythmic drug, respectively, procaine and procainamide
have emerged as potential DNA demethylating agents.45,51 It has
been reported that procainamide specifically inhibits DNMT1
by reducing the affinity with hemimethylated DNA (substrate)
and S-adenosylmethionine (cofactor),49,52,73 thus causing growth
arrest51 and reactivation of tumor suppressor genes in cancer
cells.74 With the aim to increase potency, according to the frozen
analogue approach, we decided to limit the very high flexibility of
procaine/procainamide scaffold by constraining the N-alkylamide
moiety into a 4-substituted- or 5-substituted-oxazoline ring
(derivatives 3,4 and 5,6, Figure 1).55 Among the synthesized
compounds, unexpectedly, the nitro derivative 5b (Chart 2

Chart 1. Nucleoside Inhibitors of DNMTs

Chart 2. Non-nucleoside Inhibitors of DNMTs

Figure 1. Oxazoline derivatives 3�6 andΔ2-isoxazoline derivatives 7a�
k and 8a�k.
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and Figure 1) exhibited the highest inhibitory potency against
DNMT1 and, when tested for its effects on the genome methyla-
tion levels in HL60 human myeloid leukemia cells, it revealed a
recognizable demethylation of chromosomal satellite repeats.55

To extend structure�activity relationships for this class of
inhibitors, we needed a scaffoldmore stable and versatile than the
oxazoline ring. Therefore, we decided to explore the possibility of
replacing it with the Δ2-isoxazoline (7a�k) and to introduce a
new conformational restriction (8a�k) as shown in Figure 1.

Herein we report the synthesis of such compounds and their
inhibitory activity toward DNMT1 in both enzymatic and
cellular assays. We also present the results of competition
assays for the most potent enzyme inhibitor. These outcomes
shed light into the binding site of the enzyme and served as basis
to conduct molecular modeling studies of the inhibitor with a
recently published crystallographic structure of human
DNMT1.75 To the best of our knowledge, this is the first
molecular modeling study conducted with the crystallographic
structure of human DNMT1.

’CHEMISTRY

The key step for the synthesis ofΔ2-isoxazolines 7was the 1,3-
dipolar cycloaddition of nitrile oxides to allylic alcohol. Nitrile
oxides were formed in situ by the corresponding aldoximes 9
after oxidative chlorination with aqueous NaOCl solution
(common bleach), followed by base-induced dehydrochlorina-
tion of the intermediate hydroxymoyl chlorides (chlorooximes).
The cycloaddition reaction afforded alcohols 10 in good isolated
yields (93�68%) (Scheme 1).

The nucleophilic displacement of the corresponding mesy-
lates 11 with dimethylamine furnished derivatives 7a�d, 7h�j,
and 7l. The carboxylic acid derivative 7e was obtained by
deprotecting the t-butyl ester 7l with trifluoracetic acid at room
temperature. The phenol derivative 7g was obtained from the
corresponding tosylate 7d after hydrolysis with NaOH. Finally,
reduction with zinc powder in acetic acid converted nitro
derivatives 7b and 7i into the corresponding amino derivatives
7f and 7k, respectively.

An analogous strategy was exploited to obtain bicyclic-Δ2-
isoxazolines 8 (Scheme 2). As previously reported by us,76 N-
Boc-protected pyrroline has low reactivity and the yields of 1,3-
dipolar cycloaddition reaction are poor under conventional
reaction conditions, even when the nitrile oxide is slowly
generated from the corresponding stable chloroximes 12. Con-
versely, running the reaction under continuous-flow conditions
resulted in both an increased yield and an acceleration of the
process, straightforwardly generating theN-Boc-protected bicyc-
lic-Δ2-isoxazolines 13.76

Removal of the N-Boc group with 4 M HCl solution in
dioxane and subsequent methylation with methyl iodide in
acetone produced derivatives 8a�d, 8h�j, and 8l. The car-
boxylic acid derivative 8e was obtained by deprotecting the
t-butyl ester 7l with trifluoracetic acid at room temperature.
Cleavage of the tosylate group of 8d with NaOH in EtOH
afforded derivative 8g. Finally, reduction with zinc powder in
acetic acid converted the nitro-substituted compounds 8b and 8i
into the corresponding amino derivatives 8f and 8k, respectively.

The substituted oximes 9 were prepared from the correspond-
ing aldehydes under standard conditions. Oximes 9 were then
reacted with NCS in the presence of pyridine to give the
corresponding chlorooximes 12a�d, 12h�j, and 12l (Scheme 3).

Scheme 1. Synthesis of Δ2-Isoxazolines 7a�ka

aReagents and conditions: (a) 3% NaOCl, CH2Cl2, 0 �C to room
temperature, 15 min; (b) MsCl, TEA, CH2Cl2, 0 �C to room tempera-
ture, 45 min; (c) dimethylamine, THF, 100 �C, sealed tube, 12 h;
(d) TFA/CH2Cl2 1:3, room temperature, overnight; (e) 1N NaOH,
EtOH, reflux, 1 h; (f) zinc powder, acetic acid, room temperature, 1 h.

Scheme 2. Synthesis of Δ2-Isoxazolines 8a�ka

aReagents and conditions: (a) R2/R4 flow reactor, EtOAc, K2CO3,
80 �C, 10 min; (b) 4N HCl, dioxane, room temperature, 1 h; (c) CH3I,
K2CO3, acetone, room temperature, 12 h; (d) TFA/CH2Cl2 1:3, room
temperature, overnight; (e) 1N NaOH, EtOH, reflux, 1 h; (f) zinc
powder, acetic acid, room temperature,1 h.

Scheme 3. Synthesis of Aldoximes 9a�d, 9h�j, and 9l and
chlorooximes 12a�d, 12h�j, and 12la

aReagents and conditions: (a) NH2OH 3HCl, Na2CO3, H2O/methanol
1:1, room temperature, 3 h; (b) NCS, pyridine, CHCl3, 40 �C, 0.5�3 h.
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’RESULTS AND DISCUSSION

Enzymatic Assays. So far, there is no standardized biochem-
ical assay available that delivers reliable data of the enzymatic
activity of DNMTs.77 As previously reported,53,55 we established
a biochemical in vitro methylation assay using recombinant
DNMT1 isolated and purified from insect cells. The identity
and integrity of recombinant DNMT1 was confirmed by SDS gel
electrophoresis and Western blotting with a DNMT1 specific
antibody (data not shown). Enzymatic activity of purified
DNMT1 was determined by the incorporation of radioactive
labeled methyl groups into hemimethylated oligonucleotide
substrates. Tritium labeled S-adenosylmethionine (SAM) was
used as methyl group donor, and the incorporation of radio-
activity was quantitated by a scintillation counter. The results
showed that the recombinant DNMT1 enzyme has substantial
enzymatic activity (Figure 2).
We performed a preliminary screening of the activity of com-

pounds 7a�k and 8a�k at the single concentration of 2 mM, using
procaine, 2,38,39 and S-adenosylhomocysteine (SAH) as reference
compounds (2 mM DMSO solution). Procaine (as well as
procainamide) was reported to inhibit DNMT activity at high drug
concentrations. In addition, the assay sensitivity requires compar-
ably high concentrations (500 nM) of enzyme and, consequently,
high concentrations of test compounds. Even if accurate structure
�activity relationships could not be derived from this assay, a few
empirical considerations could be drawn pointing at the identifica-
tion of potential inhibitors and to rule out inactive compounds.
It is noticeable that while both procaine and 2 were inactive in

this assay, a number of tested compounds show a clear-cut
inhibition of the enzyme activity (Figure 2 and Table 1),
particularly when a nitro- or an amino- group is present as a
substituent of the benzene ring (compounds 7b, 7f, 7i, 7k and 8b,
8f, 8i, 8k). Indeed, at the tested concentration, these compounds
reduced the activity of DNMT1 at a very low level (0.3% in the
case of 7b, Table 1), a particularly significant outcome for non-
nucleosidic inhibitors.
Similarly to what we previously reported for their oxazolino-

analogues,55 nitro-substituted isoxazolines derivatives seem to be
more active than their amino- counterparts (nearly 70-fold in the

case of compounds 7b and 7f, Table 1), but this become less
evident (nearly 2-fold) when the phenyl ring linked to the
heterocycles is replaced by a benzyl moiety (compare the
inhibition elicited by compounds 7b and 7f with those elicited
by 7i and 7k, respectively).
It is noteworthy that quite an opposite trend is observed in

the case of bicyclic derivatives 8. In fact, the nitrophenyl-
substituted pyrrolidinoisoxazoline 8b is 6-fold less active than
its aminophenyl- counterpart (Table 1), whereas the activities
of the benzylic analogues 8i and 8k are comparable. In a
similar way, the introduction of the methoxy group produced
active derivatives only in the case of phenyl-substituted
isoxazolines (compound 7c) and benzyl-substituted pyrroli-
dinoisoxazolines (compound 8j), whereas the corresponding
benzyl- and phenyl- analogues (compounds 7j and 8c, re-
spectively) were inactive.

Figure 2. Biochemical DNMT activity assays for compounds 7a�k and
8a�k against recombinant human DNMT1. SAH was used as reference
drug. All compounds were tested as 2 mM DMSO solutions. The assay
sensitivity and the enzymatic activity required comparably high con-
centrations (500 nM) of enzyme and, consequently, high concentrations
of test compounds. Error bars indicate standard deviations of each
measurement. DMSO (2 mM) alone (ctrl) did not affect the enzymatic
activity of DNMT1. Data are reported as mean ( SD of the relative
enzyme activity in three independent experiments.

Table 1. Biochemical DNMTAssay of Compounds 7a�k and
8a�k against hDNMT1a,b

compd R mean (%)a SDb

ctrl 100.3 1.78

7a Ph NAc

7b p-NO2-Ph 0.3 0.02

7c p-CH3O-Ph 3.3 0.02

7d p-TsO-Ph 90.6 0.09

7e p-COOH-Ph 23.0 0.21

7f p-NH2-Ph 20.2 0.28

7g p-OH-Ph 88.0 0.37

7h Bn 17.1 0.08

7i p-NO2-�Bn 14.8 0.16

7j p-CH3O-Bn NAc

7k p-NH2-Bn 28.3 0.39

8a Ph NAc

8b p-NO2-Ph 34.9 0.30

8c p-CH3O-Ph 95.6 0.39

8d p-TsO-Ph 18.6 0.06

8e p-COOH-Ph NAc

8f p-NH2-Ph 5.1 0.06

8g p-OH-Ph NAc

8h Bn 84.0 0.07

8i p-NO2-Bn 3.8 0.07

8j p-CH3O-Bn 1.7 0.02

8k p-NH2-Bn 3.3 0.05

procained NAc

2d NAc

SAHd 0.5 0.01
aThe relative enzymatic activity (in percent) is shown as the mean value
of three measurements. b Standard deviation values are indicated in
percentage points. cNot active. d Procaine, RG108, and SAH (S-
adenosylhomocysteine) were used as reference compounds. All com-
pounds were tested in a concentration of 2 mM against 500 nM of
DNMT1. Compounds with an inhibition greater than 20% were scored
as positive.
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Following the above considerations, we then selected deriva-
tives 7b, 7f, 7i, 8f, 8i, and 8j among the most active compounds
and carried out dose�response assay to generate curves from
which the corresponding IC50 values were obtained (Figure 3).
In agreement with results in Table 1, the nitrophenyl isoxazoline
7b showed the highest inhibition of DNMT1 with an IC50 value
of 150 μM, whereas its amino- counterpart 7f as well as the
aminophenyl- and the nitrobenzyl-substituted pyrrolidinoisoxa-
zolines 8f and 8iwere 2- to 4-fold less potent (IC50 values of 270,
570, and 310 μM, respectively). Both the nitrobenzyl isoxazo-
lines 7i and the methoxybenzyl pyrrolidinoisoxazoline 8j were
consistently less active (IC50 values of 1600 and 1130 μM,
respectively). SAH was used as a nonspecific positive control
and confirmed its efficient inhibition of DNMT1 (IC50 of 4 μM,
dose�response curve not shown).
Competition Assays. As derivative 7b emerged as the most

promising candidate for further development, we decided to gain
a better understanding of the kinetic mechanism(s) for the
observed inhibition of DNMT1. Because mutational analyses
are long-lasting and may affect the enzyme conformation, we
applied a simple method reported by Lai and Wu for assessing
the mode of inhibition.78 According to this method, the mode of

inhibition can be evaluated by holding the inhibitor constant at
its IC50 concentration and varying the substrates. The behavior of
the curves obtained under these conditions will point to the
mode of inhibition. For DNMTs, these substrates are the methyl
group donor SAM and the DNA (represented by a short oligo)
and each of them binds to its distinct binding site in the catalytic
domain of DNMT1. Therefore, the concentration of 7bwas kept
constant at 150 μM(IC50 value, Figure 3), and either the SAM or
the oligo substrate was varied (Figure 4). It can be seen that
increasing the SAM concentration can nearly completely relieve
the enzyme inhibition, whereas this is not affected by increasing
the oligo substrate. According to the model,78 this is consistent
with an inhibitor that is competitive with respect to SAM and
noncompetitive with respect to the oligo.
Inhibition of Cell Proliferation. Finally, we explored the effect

of compound 7b on the proliferation of HCT116 human colon
carcinoma cell line. To this end, cells were incubated for 72 h with
increasing concentrations (300, 500, and 750 μM) of 7b in
comparison to azacytidine (1 μM) or DMSO alone for control.
The proliferation was assessed by counting viable cells after trypan
blue staining. As shown in Figure 5, in these conditions compound
7b induces a strong and dose-dependent antiproliferative effect,

Figure 3. Dose�response plots for selected compounds 7b, 7f, 7i, 8f, 8i, and 8j against DNMT1. The IC50 concentrations of selected compounds were
determined by biochemical DNMT assays under identical conditions (500 nM enzyme, 0.7 μM AdoMet, 400 nM hemimethylated oligo). Each data
point represents the mean ( SD of three measurements, and the data were analyzed by SigmaPlot version 12.0.
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with aGI50 value (the concentration of the compound that inhibits
cell growth by 50%, calculated by SigmaPlot version 12.0, Systat
Software Inc., San Jose, CA) of 360 μM. In the same assay,
derivative 5b does not affect the proliferation rate/doubling time
(not shown).
Molecular Modeling Studies. On the basis of the results of

the competition assay discussed above, the binding mode of 7b
into the binding pocket of the cofactor of human DNMT1 was
analyzed using molecular modeling studies. Molecular docking
and other computational approaches are increasingly being
used to explore the ligand-binding interactions of DNMT in-
hibitors.79�81 Until now, molecular modeling studies have
been conducted using validated homology models of the methyl-
transferase domain of DNMT1.79,80,82 However, a crystallo-
graphic structure of human DNMT1 has been recently pub-
lished75 which contains the methyltransferase domain bound

to DNA-containing unmethylated CpG sites. On the basis of the
experimental results of the competition assays, the binding of 7b
into the binding site of the cofactor was further explored using
molecular docking. The docking protocol is presented in the
Experimental Section. Briefly, the R and S configurations of 7b in
neutral and protonated forms (at the amino group) were flexibly
docked into the crystallographic structure of the methyltransfer-
ase domain of humanDNMT1 using Glide Extra Precision (XP),
version 5.7.83,84 Before docking 7b, we tested the docking
protocol for its ability to reproduce the experimental binding
mode of the cocrystallized SAH.
To this end, SAH bound to the crystal structure was removed

from the binding pocket and docked back into the cofactor

Figure 4. Derivative 7b competes with the SAM binding site. The
catalytic domain of DNMT1 has two binding sites, one for the oligo
substrate and one for the SAM substrate. A modified biochemical
DNMT activity assay was established to determine the mode of action
of 7b. Competition experiments were performed by increasing the
concentration of the oligo substrate (oligo varied) or, alternatively, the
SAM substrate (SAM varied). The assay was performed under standard
conditions; please note that DNMT1 concentration was always kept
constant (500 nM) as well as the inhibitor (7b) concentration (150 μM).
The initial enzymatic activity under standard conditions in presence of the
inhibitor was defined as 100% inhibition before increasing substrate
concentrations to look for competition events. According to the model
of Lai andWu (see text), 7b competes with SAM for the cofactor binding
site but not for the oligo-binding site.

Figure 5. Derivative 7b induces a strong antiproliferative effect after
72 h in HCT116 human colon carcinoma cells compared to DMSO
treated cells. Azacytidine was included as a positive control. Ctrl are
DMSO treated cells. GI50 value was determined by SigmaPlot 12.0.

Figure 6. (A) Comparison of the binding modes of the R (green) and S
(yellow) configurations of 7b predicted by Glide. Crystallographic SAH
(gray) is shown as reference. Hydrogen bonds for R-7b are displayed as
magenta dashes. Selected amino acids residues within 4.5 Å of 7b are
shown. Nonpolar hydrogen atoms are omitted for clarity. (B) Two-
dimensional interaction map displaying amino acid residues within 4.5 Å
of R-7b. The ligand proximity contour is depicted with a dotted line. The
ligand solvent exposure is represented with blue circles; larger and
darker circles on ligand atoms indicate more solvent exposure. The
receptor solvent exposure differences, in the presence and absence of the
ligand, are represented by the size and intensity of the turquoise discs
surrounding the residues; larger and darker discs indicate residues highly
exposed to solvent in the active site when the ligand is absent. Figure
created with the Ligand Interactions application of MOE.
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binding site. The root-mean-square deviation between the pre-
dicted conformation and the observed X-ray crystallographic
conformation was 1.5 Å, indicating the capability of the docking
protocol to reproduce the binding mode of SAH.
The calculated docking scores of the R and S configurations of

7b in protonated form were �4.0 and �3.5 kcal/mol, respec-
tively. The docking score of the neutral form of each configura-
tion was �3.0 kcal/mol. These results suggest that 7b binds to
the cofactor binding site in the protonated form. The docking
scores of 7b were higher, i.e. less favorable, than the calculated
docking score for SAH, which was �7.6 kcal/mol. The docking
scores are in agreement with the results of the experimental
DNMT1 inhibition assays, which shows that SAH is a more
potent inhibitor than 7b (see above).
Figure 6a shows a tridimensional binding model of the

protonated R and S configurations (carbon atoms in green and
yellow, respectively). The structure of cocrystallized SAH is
shown as a reference (carbon atoms in gray).
As shown, Glide XP found a very similar binding mode for

both R and S configurations. Together with the comparable
docking energies calculated for the two configurations (see
above), this hints that both enantiomers have similar enzymatic
inhibitory activity. A two-dimensional representation of the
binding mode of R-7b is shown in Figure 6b.
According to the derived docking model, 7b occupies the

binding site of the cofactor which is created by residues from the
motifs I�III and X of the methyltransferase domain.85 Com-
pound 7b binds in the region where the L-homocysteine and
ribose moieties of SAH bind. The Δ2-isoxazoline ring makes
contacts with the side chain of Asn1578 and the backbone of
Phe1145. The phenyl rings makes hydrophobic interactions
mainly with Gly1147, Gly1223, Ala1579, and the backbone
atoms of Ser1146 and Asn1578. The positively charged amino
group forms a hydrogen bond with the side chain of Glu1168,
which is located in motif II. Of note, two oxygen atoms (O20 and
O30) of the ribose ring of SAH also form hydrogen bond
interactions with the side chain of Glu1168. Similar hydrogen
bond interactions with the equivalent glutamic acid residue are
observed in other methyltransferases, e.g. Glu40 in the crystal
structure of M.HhaI.86

The nitro group of 7b occupies a region similar to the
carboxylate group of SAH making similar interactions with the
binding pocket. Hydrogen bonds between the oxygen atoms of
the nitro group of 7b and the backbone NHofGly1150 (motif I),
Leu1151, and Val1580 (motif X) were also predicted by Glide
(Figure 6).75,86

’CONCLUSION

The inactivation of tumor suppressor genes, which often results
from epigenetic silencing associated with DNA hypermethylation,
plays a pivotal role in the development of most forms of human
cancer. Functional knockdown of DNMT1 is reported to reduce
the genomic methylation patterns by approximately 93%.87More-
over, complete knock out of DNMT1 led tomitotic catastrophe in
HCT116 cells,88 indicating the interdependency of genomic
methylation and cell viability but also substantiating the impor-
tance of targeting DNMT1 in cancer chemotherapy. Nucleoside
analogues of cytosine (e.g., 5-azacytidine) effectively inhibit the
activity of DNAmethyltransferases, but their high cytotoxicity and
the low therapeutic index make the development of novel non-
nucleoside inhibitors highly desirable. Procaine and procainamide,

already used as a local anesthetic and an antiarrhythmic drug,
respectively, exhibit a weakDNA demethylating activity (even if at
high drug concentrations) and are “repositionable” as non-nucleo-
side inhibitors. Following on our previous studies that led to the
identification of a constrained analogue (5b) of procaine as a lead
compound for the discovery of non-nucleoside inhibitors of
DNMT1, we herein describe the preparation of a series of Δ2-
isoxazoline analogues (7a�k and 8a�k) and their inhibitory
activity toward DNMT1. While both procaine and 2 (see above)
were inactive in this assay, a number of tested compounds show a
clear inhibition of the enzyme activity. In particular, one of them,
namely derivative 7b, showed the highest inhibition of DNMT1
with an IC50 value of 150μM,noteworthy nearly 10-fold improved
compared to procaine or constrained analogue 5b. Taking advan-
tage of a simple method reported by Lai and Wu,78 we assessed
that the mode of inhibition of 7b is consistent with a competition
with the cofactor. Of note, these experiments represent one of the
first efforts to elucidate experimentally the binding site of a non-
nucleoside inhibitor of DNMT1. On the basis of the experimental
evidence of the competition assays, we conducted molecular
docking of 7b into the binding site of the cofactor in order to
explore its binding orientation and conformation. Docking simula-
tions were conducted with the R and S configurations using the
recently published crystallographic structure of the methyltrans-
ferase domain of human DNMT1.75 To our knowledge, this is the
first molecular modeling study reported with the crystallographic
structure of human DNMT1. Both enantiomers showed compar-
able binding energy and a very similar binding mode. According to
the bindingmodel, compound 7b binds in the samebinding region
of the L-homocysteine and ribose moieties of SAH and makes
several hydrogen bonding interactions with amino acid residues
common to SAH. Interestingly, these outcomes seem to exclude a
direct interaction of 7b with DNA, thus differentiating the
mechanism of inhibition of this compound from those proposed
for procaine51 or procainamide.52 As a matter of fact, whereas
relatively high concentrations of these drugs are required for their
inhibition of DNAmethylation, derivative 7b is far more potent in
vitro (IC50 = 150 μM) and also exhibits a strong and dose-
dependent antiproliferative effect against HCT116 human colon
carcinoma cells. On the basis of these findings, we propose 7b as a
novel lead compound for the development of non-nucleoside
DNMT inhibitors. As it competes with SAM for the binding site, a
proper derivatization of this scaffold could lead to longer “bi-
substrate” inhibitors, able to occupy both DNA and SAM binding
pockets. Indeed, further studies are ongoing to develop analogues
endowed with improved enzyme binding properties and higher
inhibitory potency.

’EXPERIMENTAL SECTION

Chemistry. All chemicals were purchased from Sigma Aldrich (Milan,
Italy) or from Alfa Aesar GmbH (Karlsruhe, Germany) and were of the
highest purity. All solvents were reagent grade and, when necessary, were
purified and dried by standard methods. All reactions requiring anhydrous
conditions were conducted under a positive atmosphere of nitrogen in
oven-dried glassware. Standard syringe techniques were used for anhy-
drous addition of liquids. Reactions were routinely monitored by TLC
performed on aluminum-backed silica gel plates (Merck DC, Alufolien
Kieselgel 60 F254) with spots visualized by UV light (λ = 254, 365 nm) or
using a KMnO4 alkaline solution. Solvents were removed using a rotary
evaporator operating at a reduced pressure of∼10 Torr. Organic solutions
were dried over anhydrous Na2SO4. Chromatographic separations were



7670 dx.doi.org/10.1021/jm2010404 |J. Med. Chem. 2011, 54, 7663–7677

Journal of Medicinal Chemistry ARTICLE

performed on silica gel (silica gel 60, 0.015�0.040 mm; Merck DC)
columns. Melting points were determined on a Stuart SMP30 melting
point apparatus in open capillary tubes and are uncorrected. 1H NMR
spectra were recorded at 300 MHz on a Bruker Avance 300 spectrometer.
Chemical shifts are reported in δ (ppm) relative to the internal reference
tetramethylsilane (TMS). When compounds were tested as salts, NMR
data refer to the free base. Mass spectra were recorded on a Finnigan LCQ
DECA TermoQuest (San Jose, USA) mass spectrometer in electrospray
positive and negative ionization modes (ESI-MS). Purity of tested
compounds was established by combustion analysis, confirming a purity
g95%. Elemental analyses (C, H, N) were performed on a Perkin-Elmer
2400 CHN elemental analyzer at the laboratory of microanalysis of the
Department of Chemistry and Biology, University of Salerno (Italy); the
analytical results were within (0.4% of the theoretical values. When the
elemental analysis is not included, compounds were used in the next step
without further purification.
General Procedure for Synthesis of Oximes (Compounds

9a�d, 9h�j, 9l).To a suspension of the proper aldehyde (30.0 mmol)
and hydroxylamine hydrochloride (2.29 g, 33.0 mmol) in a 1:1 mixture
of H2O/methanol (40 mL), an aqueous solution of Na2CO3 (1.59 g,
15.0 mmol, 20 mL) was slowly added. The resulting mixture was stirred
at room temperature for 3 h, and then methanol was evaporated. The
aqueous phase was extracted with Et2O (3 � 30 mL). The combined
organic phases were washed with brine (30 mL), dried (Na2SO4),
filtered, and concentrated in vacuo to give the title compounds 9, which
were used in the next step without further purification. Yields, physical,
and spectral data of compounds are reported in Supporting Information.
General Procedure for Synthesis of Chlorooximes

(Compounds 12a�d, 12h�j, 12l). To a solution of the proper
aldoxime (2.75 mmol) in CHCl3 (10 mL), pyridine was added
(20 μL, 0.27 mmol). The reaction mixture was heated at 40 �C, and
N-chlorosuccinimide (405 mg, 3.03 mmol) was added portionwise.
After the reaction was complete (0.5�3 h, monitored by TLC), the
mixture was diluted with CH2Cl2 (30 mL) and washed with brine
(3 � 10 mL). The organic phase was dried (Na2SO4), filtered, and
concentrated in vacuo to give the title compounds 12, which were
used in the cycloaddition step without further purification. Yields,
physical, and spectral data of compounds are reported in Support-
ing Information.
General Procedure for Synthesis of 3-Substituted-5-hy-

droxymethyl-4,5-dihydroisoxazoles (Compounds 10a�d,
10h�j, 10l). To a vigorously stirred solution of the proper aldoxime
(7.0 mmol) and allylic alcohol (0.81 mg, 0.95 mL, 14.0 mmol) in
CH2Cl2 (50 mL) at 0 �C, a solution of common bleach (3% aqueous
solution of NaOCl, 35mL, 14.0mmol) was added dropwise, keeping the
temperature below 5 �C. The resulting biphasic mixture was vigorously
stirred at room temperature for 15 min. The aqueous phase was
separated and extracted with CH2Cl2 (3 � 20 mL). The combined
organic phases were washed with brine (25 mL), dried (Na2SO4),
filtered, and concentrated in vacuo. The residue was purified by silica gel
chromatography (EtOAc/hexane) to give the title compounds 10,
which were recrystallized from the appropriate solvent.
5-Hydroxymethyl-3-phenyl-4,5-dihydroisoxazole (10a). White so-

lid, 87% yield; mp (EtOAc/hexane) 83�84 �C. 1H NMR (300 MHz,
CDCl3): δ 7.72�7.60 (m, 2H), 7.45�7.35 (m, 3H), 4.94�4.81 (m,
1H), 3.88 (ddd, J = 12.1, 6.3, 3.3 Hz, 1H), 3.68 (ddd, J = 12.1, 6.3, 4.7 Hz,
1H), 3.39 (dd, J = 16.5, 10.4 Hz, 1H), 3.29 (dd, J = 16.5, 8.0 Hz, 1H),
2.09 (t, J = 6.3 Hz, 1H). ESI-MS m/z: 178 (M + H) +.
5-Hydroxymethyl-3-(4-nitrophenyl)-4,5-dihydroisoxazole (10b).

Pale-yellow solid, 82%; mp (methanol) 141�143 �C. 1H NMR (300
MHz, CDCl3): δ 8.30 (d, J = 8.4 Hz, 2H), 7.84 (d, J = 8.4 Hz, 2H),
5.02�4.92 (m, 1H), 3.96 (ddd, J = 12.1, 4.4, 3.6 Hz, 1H), 3.72 (ddd, J =
12.1, 7.7, 4.4 Hz, 1H), 3.42 (dd, J = 16.5, 10.5, 1H), 3.36 (dd, J = 16.5, 8.5
Hz, 1H), 1.92�1.84 (m, 1H). ESI-MS m/z: 223 (M + H) +.

5-Hydroxymethyl-3-(4-methoxyphenyl)-4,5-dihydroisoxazole (10c).
White solid, 83% yield; mp (EtOAc) 144�146 �C. 1H NMR (300
MHz, CDCl3): δ 7.60 (d, J = 8.7 Hz, 2H), 6.92 (d, J = 8.7 Hz, 2H),
4.89�4.79 (m, 1H), 3.89�3.82 (m, 4H), 3.68 (dd, J = 12.0, 3.7 Hz, 1H),
3.37 (dd, J = 16.8, 10.7Hz, 1H), 3.25 (dd, J = 16.8, 7.7Hz, 1H), 1.80 (br s,
1H). ESI-MS m/z: 208 (M + H) +.

5-Hydroxymethyl-3-(4-(tosyloxy)phenyl)-4,5-dihydroisoxazole (10d).
White solid, 83% yield; mp (i-PrOH) 85�87 �C. 1H NMR (300 MHz,
CDCl3):δ 7.68 (d, J= 8.0Hz, 2H), 7.56 (d, J= 8.0Hz, 2H), 7.30 (d, J= 8.0
Hz, 2H), 7.00 (d, J = 8.0 Hz, 2H), 4.90�4.79 (m, 1H), 3.84 (dd, J = 12.4,
3.3 Hz, 1H), 3.65 (dd, J = 12.4, 4.4 Hz, 1H), 3.32 (dd, J = 16.8, 11.0 Hz,
1H), 3.22 (dd, J = 16.8, 7.7 Hz, 1H), 2.43 (s, 3H), 2.18 (br s, 1H). ESI-MS
m/z: 348 (M + H) +.

3-Benzyl-5-hydroxymethyl-4,5-dihydroisoxazole (10h). Pale-yellow
oil, 80% yield. 1H NMR (300 MHz, CDCl3): δ 7.40�7.15 (m, 5H),
4.70�4.58 (m, 1H), 3.71 (dd, J = 12.1, 3.3 Hz, 1H), 3.67 (s, 2H), 3.51
(dd, J = 12.1, 5.0 Hz, 1H), 2.85 (dd, J = 17.1, 10.5 Hz, 1H), 2.71 (dd, J =
17.1, 7.7 Hz, 1H), 2.10 (br s, 1H). ESI-MS m/z: 192 (M + H) +.

5-Hydroxymethyl-3-(4-nitrobenzyl)-4,5-dihydroisoxazole (10i). Yellow
solid, 93% yield; mp (EtOAc/hexane) 69�71 �C. 1H NMR (300 MHz,
CDCl3):δ 8.20 (d, J= 8.5Hz, 2H), 7.42 (d, J=8.5Hz, 2H), 4.74�4.66 (m,
1H), 3.89�3.70 (m, 3H), 3.53 (dd, J= 12.2, 4.1Hz, 1H), 2.89 (dd, J= 17.6,
10.7Hz, 1H), 2.79 (dd, J = 17.6, 7.5Hz, 1H), 1.92 (br s, 1H). ESI-MSm/z:
237 (M + H)+.

5-Hydroxymethyl-3-(4-methoxybenzyl)-4,5-dihydroisoxazole (10j).
White solid, 78% yield; mp (isopropyl ether) 70�71 �C. 1H NMR (300
MHz, CDCl3): δ 7.11 (d, J = 8.5 Hz, 2H), 6.82 (d, J = 8.5 Hz, 2H),
4.66�4.54 (m, 1H), 3.76 (s, 3H), 3.66 (dd, J = 12.3, 3.2 Hz, 1H), 3.58 (s,
2H), 3.48 (dd, J = 12.3, 4.6 Hz, 1H), 2.82 (dd, J = 17.3, 11.0 Hz, 1H), 2.68
(dd, J = 17.3, 7.8. Hz, 1H), 2.58 (br s, 1H). ESI-MS m/z: 222 (M + H) +.

3-(4-tert-Butyloxycarbonylphenyl)-5-hydroxymethyl-4,5-dihydroi-
soxazole (10l). White solid, 68% yield; mp (i-PrOH) 89�91 �C. 1H
NMR (300MHz, CDCl3): δ 7.99 (d, J = 8.8 Hz, 2H), 7.69 (d, J = 8.8 Hz,
2H), 4.96�4.84 (m, 1H), 3.90 (dd, J = 12.4, 3.0 Hz, 1H), 3.70 (dd, J =
12.4, 4.1 Hz, 1H), 3.40 (dd, J = 16.8, 10.7 Hz, 1H), 3.30 (dd, J = 16.8, 8.2
Hz, 1H), 2.20 (br s, 1H), 1.60 (s, 9H). ESI-MS m/z: 278 (M + H) +.
General Procedure for Synthesis of (3-Substituted-4,5-di-

hydroisoxazol-5-yl)methyl Methanesulfonate (Compounds
11a�d, 11h�j, 11l). To a solution of the proper (3-substituted-4,5-
dihydroisoxazol-5-yl)methanol 10 (1.66 mmol) and triethylamine
(0.28 mL, 2.00 mmol) in dry CH2Cl2 (20 mL), methanesulfonyl chloride
(0.16mL, 2.00mmol)was added at 0 �C.The resultingmixturewas stirred
at room temperature for 45min, and then the solvent was evaporated. The
residue was taken upwith water (20mL) and extracted with CH2Cl2 (3�
20 mL). The combined organic phases were washed with 1N HCl (2 �
10 mL), NaHCO3, saturated aqueous solution (2 � 10 mL), and brine
(10 mL), dried (Na2SO4), filtered, and concentrated in vacuo. Mesylates
11 were obtained in quantitative yields and used without further purifica-
tion in the subsequent reaction. Recrystallization from the suitable solvent
gave an analytical sample.

5-Hydroxymethyl-3-phenyl-4,5-dihydroisoxazole Methanesulfonate
(11a). White solid; mp (i-PrOH) 109�111 �C. 1H NMR (300 MHz,
CDCl3): δ 7.70�7.60 (m, 2H), 7.42�7.38 (m, 3H), 5.06�4.96 (m, 1H),
4.39 (dd, J = 11.3, 3.9 Hz, 1H), 4.27 (dd, J = 11.3, 5.0 Hz, 1H), 3.45 (dd, J
= 17.0, 11.0Hz, 1H), 3.30 (dd, J = 17.0, 7.2Hz, 1H), 3.09 (s, 3H). ESI-MS
m/z: 256 (M + H) +.

5-Hydroxymethyl-3-(4-nitrophenyl)-4,5-dihydroisoxazoleMethanesul-
fonate (11b). White solid; mp: (MeOH/H2O) 171�173 �C. 1H NMR
(300 MHz, CDCl3): δ 8.29 (d, J = 8.8 Hz, 2H), 7.84 (d, J = 8.8 Hz, 2H),
5.19�5.06 (m, 1H), 4.45 (dd, J = 11.3, 4.1 Hz, 1H), 4.39 (dd, J = 11.3, 4.7
Hz, 1H), 3.54 (dd, J = 16.8, 11.0 Hz, 1H), 3.36 (dd, J = 16.8, 7.2 Hz, 1H),
3.09 (s, 3H). ESI-MS m/z: 301 (M + H) +.

5-Hydroxymethyl-3-(4-methoxyphenyl)-4,5-dihydroisoxazole Metha-
nesulfonate (11c). White solid; mp: (EtOAc) 146�148 �C. 1H NMR
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(300 MHz, CDCl3): δ 7.60 (d, J = 8.8 Hz, 2H), 6.93 (d, J = 8.8 Hz, 2H),
5.04�4.94 (m, 1H), 4.40 (dd, J = 11.3, 4.1 Hz, 1H), 4.34 (dd, J = 11.3, 5.0
Hz, 1H), 3.85 (s, 3H), 3.48 (dd, J = 16.8, 11.0 Hz, 1H), 3.28 (dd, J = 16.8,
7.2 Hz, 1H), 3.09 (s, 3H). ESI-MS m/z: 286 (M + H) +.
5-Hydroxymethyl-3-(4-(tosyloxy)phenyl)-4,5-dihydroisoxazole Metha-

nesulfonate (11d). White solid; mp: (i-PrOH) 123�125 �C. 1H NMR
(300 MHz, CDCl3): δ 7.69 (d, J = 8.5 Hz, 2H), 7.57 (d, J = 8.5 Hz, 2H),
7.32 (d, J = 8.5 Hz, 2H), 7.02 (d, J = 8.5 Hz, 2H), 5.07�4.95 (m, 1H), 4.38
(dd, J= 11.6, 3.9Hz, 1H), 4.31 (dd, J= 11.6, 3.9Hz, 1H), 3.44 (dd, J= 17.1,
11.0 Hz, 1H), 3.24 (dd, J = 17.1, 7.1 Hz, 1H), 3.06 (s, 3H), 2.44 (s, 3H).
ESI-MS m/z: 426 (M + H) +.
3-Benzyl-5-hydroxymethyl-4,5-dihydroisoxazole Methanesulfonate

(11h). White solid; mp (i-PrOH): 43�44 �C. 1H NMR (300 MHz,
CDCl3): δ 7.38�7.20 (m, 5H), 4.82�4.72 (m, 1H), 4.22 (dd, J = 11.3,
3.9 Hz, 1H), 4.15 (dd, J = 11.3, 5.0 Hz, 1H), 3.66 (s, 2H), 2.98 (s, 3H),
2.96 (dd, J = 17.6, 10.9 Hz, 1H), 2.71 (dd, J = 17.6, 7.0 Hz, 1H). ESI-MS
m/z: 270 (M + H) +.
5-Hydroxymethyl-3-(4-nitrobenzyl)-4,5-dihydroisoxazole Methanesul-

fonate (11i).Pale-yellow solid;mp (i-PrOH): 107�109 �C. 1HNMR(300
MHz, CDCl3): δ 8.24 (d, J = 8.8 Hz, 2H), 7.45 (d, J = 8.8 Hz, 2H),
4.92�4.81 (m, 1H), 4.29 (dd, J = 11.3, 3.8 Hz, 1H), 4.21 (dd, J = 11.3, 4.4
Hz, 1H), 3.83 (s, 2H), 3.08 (s, 3H), 3.02 (dd, J = 17.4, 10.8 Hz, 1H). 2.82
(dd, J = 17.4, 6.8 Hz, 1H). ESI-MS m/z: 315 (M + H) +.
5-Hydroxymethyl-3-(4-methoxybenzyl)-4,5-dihydroisoxazole Metha-

nesulfonate (11j). White solid; mp (i-PrOH): 104�105 �C. 1H NMR
(300 MHz, CDCl3): δ 7.12 (d, J = 8.7 Hz, 2H), 6.83 (d, J = 8.7 Hz, 2H),
4.83�4.72 (m, 1H), 4.24 (dd, J = 11.3, 3.9 Hz, 1H), 4.17 (dd, J = 11.3, 5.0
Hz, 1H), 3.79 (s, 3H), 3.62 (s, 2H), 3.03 (s, 3H), 2.96 (dd, J = 17.3, 11.0
Hz, 1H), 2.72 (dd, J = 17.3, 7.1 Hz, 1H). ESI-MS m/z: 300 (M + H) +.
3-(4-tert-Butyloxycarbonylphenyl)-5-hydroxymethyl-4,5-dihydroi-

soxazole Methanesulfonate (11l). White solid; mp (i-PrOH):
128�129 �C. 1H NMR (300 MHz, CDCl3): δ 8.02 (d, J = 8.8 Hz,
2H), 7.68 (d, J = 8.8 Hz, 2H), 5.12�4.99 (m, 1H), 4.42 (dd, J = 11.7, 4.1
Hz, 1H), 4.35 (dd, J = 11.7, 5.0 Hz, 1H), 3.52 (dd, J = 17.0, 11.1 Hz, 1H),
3.30 (dd, J = 17.0, 7.3 Hz, 1H), 3.08 (s, 3H), 1.60 (s, 9H). ESI-MS m/z:
356 (M + H) +.
General Procedure for Synthesis of 3-Substituted-5-(N,N-

dimethylaminomethyl)-4,5-dihydroisoxazoles (Compounds
7a�d, 7h�j, 7l). The proper mesylate (1.30 mmol) was dissolved in a
2 M THF solution of dimethylamine (20 mL, 39.0 mmol) under N2

atmosphere. The vessel was sealed, and the reactionwas stirred at 100 �Cfor
12 h and then concentrated in vacuo. The residue was purified by silica gel
chromatography (EtOAc/hexane) to give the title compounds. Com-
pounds 7c,d and 7l were recrystallized from the appropriate solvent.
Compounds 7a,b, and 7h�j were dissolved in 4N HCl in dioxane, and
the mixture was stirred at room temperature for 10 min. The solvent was
concentrated in vacuo, and the resulting solid was recrystallized from the
appropriate solvent to yield title compounds as hydrochloride salts.
5-(N,N-Dimethylaminomethyl)-3-phenyl-4,5-dihydroisoxazole Hydro-

chloride (7a).White solid, 79% yield; mp (2-propanol) 188�190 �C; free
base. 1HNMR (300MHz, CDCl3): δ 7.62�7.51 (m, 2H), 7.35�7.23 (m,
3H), 4.86�4.72 (m, 1H), 3.30 (dd, J = 16.5, 10.5 Hz, 1H), 3.05 (dd, J =
16.5, 8.0 Hz, 1H), 2.53 (dd, J = 12.7, 6.6 Hz, 1H), 2.46 (dd, J = 12.7, 5.2 Hz,
1H), 2.24 (s, 6H). ESI-MSm/z: 205 (M+H) +. Anal. (C12H16N2O 3HCl)
C, H, N.
5-(N,N-Dimethylaminomethyl)-3-(4-nitrophenyl)-4,5-dihydroisox-

azole Hydrochloride (7b). White solid, 78% yield; mp (methanol)
262 �C (decomp); free base. 1HNMR (300MHz, CDCl3): δ 8.26 (d, J=
8.7 Hz, 2H), 7.84 (d, J = 8.7 Hz, 2H), 5.06�4.90 (m, 1H), 3.43 (dd, J =
16.7, 10.6 Hz, 1H), 3.24 (dd, J = 16.7, 8.1 Hz, 1H), 2.66 (dd, J = 12.8, 6.4
Hz, 1H), 2.55 (dd, J = 12.8, 6.0 Hz, 1H), 2.34 (s, 6H). ESI-MSm/z: 250
(M + H) +. Anal. (C12H15N3O3 3HCl) C, H, N.
5-(N,N-Dimethylaminomethyl)-3-(4-methoxyphenyl)-4,5-dihydroi-

soxazole (7c).White solid, 75% yield; mp (diisopropylether) 75�76 �C.

1HNMR (300MHz, CDCl3): δ 7.61 (d, J = 8.8 Hz, 2H), 6.91 (d, J = 8.8
Hz, 2H), 4.93�4.80 (m, 1H), 3.83 (s, 3H), 3.40 (dd, J = 16.7, 10.5 Hz,
1H), 3.14 (dd, J = 16.7, 7.6 Hz, 1H), 2.63 (dd, J = 12.9, 6.7 Hz, 1H), 2.55
(dd, J = 12.9, 5.6 Hz, 1H), 2.35 (s, 6H). ESI-MS m/z: 235 (M + H) +.
Anal. (C13H18N2O2) C, H, N.

5-(N,N-Dimethylaminomethyl)-3-(4-(tosyloxy)phenyl)-4,5-dihydroisox-
azole (7d).White solid, 78%yield;mp (2-propanol) 123�124 �C. 1HNMR
(300MHz,CDCl3):δ 7.70 (d, J=8.2Hz, 2H), 7.57 (d, J=8.2Hz, 2H), 7.31
(d, J = 8.2Hz, 2H), 7.00 (d, J= 8.2Hz, 2H), 4.93�4.82 (m, 1H), 3.32 (dd, J
= 16.8, 10.5 Hz, 1H), 3.12 (dd, J = 16.8, 8.0 Hz, 1H), 2.60 (dd, J = 12.9, 6.3
Hz, 1H), 2.49 (dd, J = 12.9, 6.3 Hz, 1H), 2.43 (s, 3H), 2.31 (s, 6H). ESI-MS
m/z: 375 (M + H) +. Anal. (C19H22N2O4S) C, H, N.

3-Benzyl-5-(N,N-dimethyl-aminomethyl)-4,5-dihydroisoxazole Hy-
drochloride (7h).White solid, 76% yield; mp (EtOAc) 80�82 �C; free
base. 1H NMR (300MHz, CDCl3): δ 7.35�7.22 (m, 5H), 4.70�4.60
(m, 1H), 3.68 (s, 2H), 2.86 (dd, J = 17.0, 10.4 Hz, 1H), 2.60 (dd, J =
17.0, 8.0 Hz, 1H), 2.50 (dd, J = 12.8, 6.5 Hz, 1H), 2.33 (dd, J = 12.8,
5.7 Hz, 1H), 2.25 (s, 6H). ESI-MS m/z: 219 (M + H) +. Anal.
(C13H18N2O 3HCl) C, H, N.

5-(N,N-Dimethyl-aminomethyl)-3-(4-nitrobenzyl)-4,5-dihydroisox-
azole Hydrochloride (7i). White solid, 79% yield; mp (EtOH/Et2O)
164�167 �C; free base. 1H NMR (300 MHz, CDCl3): δ 8.20 (d, J = 8.8
Hz, 2H), 7.42 (d, J = 8.8 Hz, 2H), 4.78�4.66 (m, 1H), 3.78 (s, 2H), 2.89
(dd, J = 17.0, 10.4 Hz, 1H), 2.65 (dd, J = 17.0, 8.0 Hz, 1H), 2.52 (dd, J =
12.9, 6.5 Hz, 1H), 2.40 (dd, J = 12.9, 5.5 Hz, 1H), 2.27 (s, 6H). ESI-MS
m/z: 264 (M + H) +. Anal. (C13H17N3O3 3HCl) C, H, N.

5-(N,N-Dimethylaminomethyl)-3-(4-methoxybenzyl)-4,5-dihydroi-
soxazole Hydrochloride (7j).White solid, 79% yield; mp (acetone/Et2O)
126�128 �C; free base. 1H NMR (300 MHz, CDCl3): δ 7.14 (d, J = 8.5
Hz, 2H), 6.86 (d, J = 8.5 Hz, 2H), 4.69�4.59 (m, 1H), 3.79 (s, 3H), 3.61
(s, 2H), 2.86 (dd, J = 16.9, 10.3 Hz, 1H), 2.59 (dd, J = 16.9, 8.0 Hz, 1H),
2.49 (dd, J = 12.8, 6.6 Hz, 1H), 2.33 (dd, J = 12.8, 5.7 Hz, 1H), 2.25 (s,
6H). ESI-MS m/z: 249 (M + H) +. Anal. (C14H20N2O2 3HCl) C, H, N.

5-(N,N-Dimethylaminomethyl)-3-(4-tert-butyloxycarbonylphenyl)-
4,5-dihydroisoxazole (7l).White solid, 81%yield;mp (i-PrOH) 75�76 �C.
1H NMR (300 MHz, CDCl3): δ 8.00 (d, J = 8.8 Hz, 2H), 7.70 (d, J = 8.8
Hz, 2H), 4.98�4.84 (m, 1H), 3.41 (dd, J= 16.7, 10.6Hz, 1H), 3.18 (dd, J=
16.7, 8.2 Hz, 1H), 2.63 (dd, J = 12.9, 6.2 Hz, 1H), 2.52 (dd, J = 12.9, 6.2Hz,
1H), 2.32 (s, 6H), 1.60 (s, 9H). ESI-MS m/z: 305 (M + H) +.
Synthesis of 5-(N,N-Dimethylaminomethyl)-3-(4-hydro-

xyphenyl)-4,5-dihydroisoxazole Hydrochloride (7g). To a solu-
tion of 7d (110 mg, 0.29 mmol) in EtOH (5 mL) an aqueous solution of
1N NaOH (1.45 mL, 1.45 mmol) was added. The mixture was heated at
reflux and stirred for 1 h. The reaction mixture was then cooled to room
temperature, treated with HCl 1 N to pH 9, and concentrated in vacuo.
The residue was treated with water (30 mL) and extracted with EtOAc
(3 � 30 mL). The combined organic phases were washed with brine
(10 mL), dried (Na2SO4), filtered, and concentrated in vacuo to give the
title compound as a free base (61.2 mg, 96%), which was converted in
the corresponding hydrochloride salt following the general procedure
described for compounds 7a,b, and 7h�j; mp 232�235 �C (decomp);
free base. 1HNMR (300MHz, DMSO-d6): δ 9.90 (br s, 1H), 7.47 (d, J =
8.5 Hz, 2H), 6.80 (d, J = 8.5 Hz, 2H), 4.77�4.66 (m, 1H), 3.37 (dd, J =
16.9, 11.7 Hz, 1H), 3.07 (dd, J = 16.9, 8.0 Hz, 1H), 2.51�2.39 (m, 2H),
2.20 (s, 6H). ESI-MS m/z: 221 (M + H)+. Anal. (C12H16N2O2 3HCl)
C, H, N.
Synthesis of 5-(N,N-Dimethylaminomethyl)-3-(4-carboxy-

phenyl)-4,5-dihydroisoxazole (7e). A mixture of TFA and DCM
(1:3, 12 mL) was added to compound 7l (314 mg, 1.03 mmol). The
reaction was stirred at room temperature overnight and then concen-
trated in vacuo to give the title compound as a white solid (256 mg,
99%), which was recrystallized from methanol/H2O. White solid; mp
249�251 �C (decomp). 1H NMR (300 MHz, DMSO-d6): δ 9.96 (br s,
1H), 8.0 (d, J = 8.2 Hz, 2H), 7.78 (d, J = 8.2 Hz, 2H), 5.25�5.15 (m,
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1H), 3.80�3.63 (m, 1H), 3.50�3.23 (m, 3H), 2.84 (s, 6H). ESI-MSm/
z: 249 (M + H)+. Anal. (C13H16N2O3) C, H, N.
Synthesis of 5-(N,N-Dimethylaminomethyl)-3-(4-ammino-

phenyl)-4,5-dihydroisoxazole Hydrochloride (7f). To an ice
cooled solution of 7b free base (160 mg, 0.64 mmol) in AcOH
(36 mL) zinc powder (336 mg, 5.13 mmol) was added. The resulting
mixture was stirred at room temperature for 1 h, the solid was filtered off,
and the solvent was evaporated. The residue was taken up with EtOAc
(20 mL) and washed with NaHCO3 saturated aqueous solution twice.
The organic phase was dried (Na2SO4), filtered, and concentrated in
vacuo. The residue was purified by silica gel chromatography (CH2Cl2/
MeOH) to give the title compound (121 mg, 63%), which was converted
in the corresponding hydrochloride salt following the general procedure
described for compounds 7a,b, and 7h�j. White solid; mp 268�270 �C
(decomp); free base. 1H NMR (300MHz, CDCl3): δ 7.47 (d, J = 8.8 Hz,
2H), 6.67 (d, J = 8.8 Hz, 2H), 4.86�4.76 (m, 1H), 3.87 (br s, 2H); 3.36
(dd, J = 16.5, 10.3 Hz, 1H), 3.11 (dd, J = 16.5, 7.8 Hz, 1H), 2.60 (dd, J =
12.8, 6.4 Hz, 1H), 2.50 (dd, J = 12.8, 6.1 Hz, 1H), 2.32 (s, 6H). ESI-MS
m/z: 220 (M + H)+. Anal. (C12H17N3O 3HCl) C, H, N.
5-(N,N-Dimethylaminomethyl)-3-(4-aminobenzyl)-4,5-di-

hydroisoxazole Hydrochloride (7k). Reduction of compound 7i
(154 mg, 0.58 mmol) according to the procedure used for 7f yielded the
free amine (102 mg, 75%), which was converted to the hydrochloride
salt following the general procedure described for compounds 7a,b, and
7h�j. White solid; mp (EtOH/Et2O) 211�212 �C (decomp); free
base. 1H NMR (300 MHz, CDCl3): δ 6.99 (d, J = 8.2 Hz, 2H), 6.62 (d,
J = 8.2 Hz, 2H), 4.79�4.46 (m, 1H), 3.75 (br s, 2H), 3.54 (s, 2H), 2.86
(dd, J = 17.0, 10.3 Hz, 1H), 2.58 (dd, J = 17.0, 10.3 Hz, 1H), 2.50 (dd, J =
12.8, 7.0 Hz, 1H), 2.35 (dd, J = 12.8, 5.5 Hz, 1H), 2.26 (s, 6H). ESI-MS
m/z: 234 (M + H)+. Anal. (C13H19N3O 3HCl) C, H, N.
General Procedure for the Synthesis of tert-Butyl 3-Sub-

stituted-6,6a-dihydro-3aH-pyrrolo[3,4-d]isoxazole-5(4H)-car-
boxylates (Compounds 13a�d, 13h�j, 13l). A 0.25M solution of
N-Boc-3-pyrroline 9 (169mg, 1.00mmol) in EtOAc (4mL) and a 0.37M
solution of the proper chloroxime 12 (1.50mmol) in EtOAc (4mL) were
prepared. The two reactant streamsweremixedusing a simpleT-piece and
delivered to anOmnifit glass column (6.6 mm id by 100mm length) filled
with K2CO3 (540 mg, 4.00 mmol) heated at 90 �C at a total flow rate of
0.1 mL min�1, equivalent to a residence time of about 10 min. A 100 psi
backpressure regulator was applied to the system. The solvent was
evaporated, and the product was purified by silica gel column chroma-
tography (hexane/EtOAc 7:3) to give the title compound 13.
tert-Butyl 3-Phenyl-6,6a-dihydro-3aH-pyrrolo[3,4-d]isoxazole-5(4H)-

carboxylate (13a)76. White solid, 69% yield; mp (EtOAc/hexane)
146�147 �C (decomp). 1H NMR (300 MHz, CDCl3): δ 7.65�7.55
(m, 2H), 7.45�7.35 (m, 3H), 5.28 (ddd, J = 9.3, 5.5, 1.1 Hz, 1H),
4.25�4.15 (m, 1H), 3.90 (d, J = 12.6 Hz, 1H), 3.51�3.70 (m, 3H), 1.40
(s, 9H). ESI-MS m/z: 233 (M + H � tBu)+.
tert-Butyl 3-(4-Nitrophenyl)-6,6a-dihydro-3aH-pyrrolo[3,4-d]isoxazole-5

(4H)-carboxylate (13b)76.Pale-yellow solid, 60%yield;mp (EtOAc/hexane)
189�190 �C(decomp). 1HNMR(300MHz,CDCl3):δ8.28 (d, J=8.8Hz,
2H), 7.80 (d, J = 8.8 Hz, 2H), 5.40 (dd, J = 8.3, 4.1 Hz, 1H), 4.30�4.20 (m,
1H), 4.03 (d, J = 13.2 Hz, 1H), 3.85�3.55 (m, 3H), 1.42 (s, 9H). ESI-MS
m/z: 278 (M + H � tBu)+.
tert-Butyl 3-(4-Methoxyphenyl)-6,6a-dihydro-3aH-pyrrolo[3,4-d]

isoxazole-5(4H)-carboxylate (13c)76. White solid, 73% yield; mp
(EtOAc/hexane) 137�138 �C. 1H NMR (300 MHz, CDCl3): δ 7.56
(d, J = 8.8 Hz, 2H), 6.93 (d, J = 8.8 Hz, 2H), 5.26 (dd, J = 9.3, 5.2 Hz,
1H), 4.25�4.15 (m, 1H), 3.95 (d, J = 12.6 Hz, 1H), 3.83 (s, 3H),
3.72�3.58 (m, 3H), 1.40 (s, 9H). ESI-MS m/z: 263 (M + H � tBu)+.
tert-Butyl 3-(4-(Tosyloxy)phenyl)-6,6a-dihydro-3aH-pyrrolo[3,4-d]

isoxazole-5(4H)-carboxylate (13d)76. Pale-yellow solid, 58% yield;
mp (EtOAc/hexane) 189�190 �C. 1H NMR (300 MHz, CDCl3): δ
7.72 (d, J = 8.2Hz, 2H), 7.56 (d, J = 8.2Hz, 2H), 7.33 (d, J = 7.8Hz, 2H),

7.04 (d, J = 7.8 Hz, 2H), 5.34 (dd, J = 9.5, 5.1 Hz, 1H), 4.25�4.13 (m,
1H), 4.00 (d, J = 12.9 Hz, 1H), 3.85�3.55 (m, 3H), 2.46 (s, 3H), 1.42 (s,
9H). ESI-MS m/z: 403 (M + H - tBu)+.

tert-Butyl 3-Benzyl-6,6a-dihydro-3aH-pyrrolo[3,4-d]isoxazole-5(4H)-
carboxylate (13h)76. Pale-yellow oil, 71% yield. 1H NMR (300 MHz,
CDCl3): δ 7.21�7.37 (m, 5H), 5.08 (ddd, J = 9.1, 5.6, 1.5 Hz, 1H),
3.95�3.80 (m, 3H), 3.62�3.50 (m, 2H), 3.45 (dd, J = 13.5, 5.6 Hz, 1H),
3.29 (dd, J= 11.7, 8.5Hz, 1H), 1.45 (s, 9H). ESI-MSm/z: 325 (M+Na)+.

tert-Butyl 3-(4-Nitrobenzyl)-6,6a-dihydro-3aH-pyrrolo[3,4-d]iso-
xazole-5(4H)-carboxylate (13i)76. Yellow solid, 67% yield; mp
(EtOAc/hexane) 108�110 �C. 1H NMR (300 MHz, CDCl3): δ
8.20 (d, J = 8.5 Hz, 2H), 7.45 (d, J = 8.5 Hz, 2H), 5.12 (dd, J = 8.2, 4.8
Hz, 1H), 4.00�3.80 (m, 2H), 3.75�3.55 (m, 3H), 3.45 (dd, J = 12.6,
4.8 Hz, 1H), 3.32 (dd, J = 11.8, 8.2 Hz, 1H), 1.42 (s, 9H). ESI-MS
m/z: 292 (M + H � tBu)+.

tert-Butyl 3-(4-Methoxybenzyl)-6,6a-dihydro-3aH-pyrrolo[3,4-d]iso-
xazole-5(4H)-carboxylate (13j)76. Pale-yellow oil, 64% yield. 1H NMR
(300 MHz, CDCl3): δ 7.15 (d, J = 8.5 Hz, 2H), 6.88 (d, J = 8.5 Hz, 2H),
5.07 (ddd, J = 9.1, 5.8, 1.6 Hz, 1H), 3.80 (s, 3H), 3.85�3.75 (m, 2H),
3.60�3.40 (m, 4H), 3.30 (dd, J = 11.8, 8.5 Hz, 1H), 1.45 (s, 9H). ESI-MS
m/z: 355 (M + Na)+.

tert-Butyl 3-(4-(tert-Butoxycarbonyl)phenyl)-6,6a-dihydro-3aH-
pyrrolo[3,4-d]isoxazole-5(4H)-carboxylate (13l). White solid, 69%
yield; mp (EtOAc/hexane) 143�145 �C. 1HNMR (300MHz, CDCl3):
δ 8.02 (d, J = 8.2 Hz, 2H), 7.67 (d, J = 8.2 Hz, 2H), 5.34 (dd, J = 9.4, 5.6
Hz, 1H), 4.27�4.18 (m, 1 H), 4.00 (d, J = 12.9 Hz, 1H), 3.80�3.58 (m,
3H), 1.65 (s, 9H), 1.40 (s, 9H). ESI-MS m/z: 389 (M + H)+.
General Procedure for the Synthesis of 5-Methyl-3-sub-

stituted-4,5,6,6a-tetrahydro-3aH-pyrrolo[3,4-d]isoxazoles
(Compounds 8a�d, 8h�j, 8l). A solution of the proper N-Boc-
protected derivative 13 (1.00 mmol) in 4 M HCl solution in dioxane
(5.0 mL, 20.0 mmol) was stirred for 1 h and then concentrated in vacuo.
The residue was treated with water (10 mL) and washed with CH2Cl2
twice. The aqueous phase was basified with NaHCO3 and extracted with
EtOAc (3 � 30 mL). The combined organic phases were washed with
brine (10 mL), dried (Na2SO4), filtered, and concentrated in vacuo to
afford the crude, unprotected derivative, which was used for the next step
without further purification.

To a solution of the proper unprotected 4,5,6,6a-tetrahydro-3aH-
pyrrolo[3,4-d]isoxazole (0.80 mmol) in acetone (8 mL), K2CO3

(442 mg, 3.20 mmol) and methyl iodide (49 μL, 0.80 mmol) were
added. The resulting mixture was stirred at room temperature for
12 h, the solid was filtered off, and the solvent was evaporated. The
residue was purified by silica gel chromatography (CH2Cl2/MeOH)
to give the title compounds. Derivatives 8a�d were recrystallized
from the appropriate solvent. Compounds 8h and 8i were converted
in the corresponding hydrochloride salts following the general
procedure described for compounds 7a,b and 7h�j. Compound 8j
(53.0 mg, 0.21 mmol) was dissolved in EtOH (3 mL), and a solution
of oxalic acid (30.0 mg, 0.24 mmol) in EtOH (1 mL) was added. The
mixture was stirred at room temperature for 10 min, and the resulting
solid was recrystallized from EtOH/Et2O to yield title compounds as
oxalate salt.

5-Methyl-3-phenyl-4,5,6,6a-tetrahydro-3aH-pyrrolo[3,4-d]isoxazole
(8a). White solid, 48% yield; mp (EtOAc/hexane) 119�121 �C
(decomp). 1H NMR (300 MHz, CDCl3): δ 7.68 (m, 2H), 7.40 (m,
3H), 5.22 (dd, J = 9.1, 4.5 Hz, 1H), 4.21�4.16 (m, J = 9.1, 7.4, 1.7 Hz,
1H), 3.26 (d, J = 11.0 Hz, 1H), 3.09 (d, J = 9.6 Hz, 1H), 2.51 (dd, J = 9.6,
7.4 Hz, 1H), 2.45 (dd, J = 11.0, 4.5 Hz, 1H), 2.33 (s, 3H). ESI-MS m/z:
203 (M + H)+. Anal. (C12H14N2O) C, H, N.

5-Methyl-3-(4-nitrophenyl)-4,5,6,6a-tetrahydro-3aH-pyrrolo[3,4-d]iso-
xazole (8b).White solid, 38% yield;mp (EtOAc/hexane) 161�162 �C. 1H
NMR (300 MHz, CDCl3): δ 8.27 (d, J = 7.7 Hz, 2H), 7.85 (d, J = 7.7 Hz,
2H), 5.33 (dd, J = 4.3, 9.5, 1H), 4.23�4.17 (m, 1H), 3.33 (d, J = 11.2 Hz,
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1H), 3.08 (d, J = 9.7, 1H), 2.66�2.43 (m, 2H), 2.37 (s, 3H). ESI-MSm/z:
248 (M + H)+. Anal. (C12H13N3O3) C, H, N.
5-Methyl-3-(4-methoxyphenyl)-4,5,6,6a-tetrahydro-3aH-pyrrolo[3,

4-d]isoxazole (8c). White solid, 33% yield; mp (EtOAc/hexane)
158�160 �C. 1H NMR (300 MHz, CDCl3): δ 7.61 (d, J = 8.8 Hz,
2H), 6.91 (d, J = 8.8 Hz, 2H), 5.19 (dd, J = 10.0, 4.6 Hz, 1H), 4.17�4.12
(m, 1H), 3.84 (s, 3H), 3.25 (d, J = 10.9 Hz, 1H), 3.07 (d, J = 9.0, 1H),
2.59�2.40 (m, 2H), 2.32 (s, 3H). ESI-MS m/z: 233 (M + H)+. Anal.
(C13H16N2O2) C, H, N.
5-Methyl-3-(4-(tosyloxy)phenyl)-4,5,6,6a-tetrahydro-3aH-pyrrolo-

[3,4-d]isoxazole (8d). White solid, 32% yield; mp (EtOAc/hexane)
122�123 �C. 1H NMR (300 MHz, CDCl3): δ 7.70 (d, J = 8.5 Hz, 2H),
7.59 (d, J = 8.5 Hz, 2H), 7.32 (d, J = 8.5 Hz, 2H), 7.00 (d, J = 8.5 Hz,
2H), 5.22 (dd, J = 9.4, 4.1 Hz, 1H), 4.14�4.08 (m, 1H), 3.28 (d, J = 11.9
Hz, 1H), 3.07 (d, J = 9.4, 1H), 2.49�2.38 (m, 5H), 2.33 (s, 3H). ESI-
MS m/z: 373 (M + H)+. Anal. (C19H20N2O4S) C, H, N.
3-Benzyl-5-methyl-4,5,6,6a-tetrahydro-3aH-pyrrolo[3,4-d]isoxazole

Hydrochloride (8h). White solid, 31% yield; mp (EtOH/Et2O) 122�
123 �C; free base. 1H NMR (300 MHz, CDCl3): δ 7.37�7.16 (m, 5H),
4.97 (dd, J = 4.6, 9.3 Hz, 1H), 3.89 (d, J = 15.1 Hz, 1H), 3.50 (d, J = 15.1
Hz, 1H), 3.55�3.42 (m, 1H), 3.20 (d, J = 10.9 Hz, 1H), 2.96 (d, J = 9.4
Hz, 1H), 2.31 (s, 3H), 2.26 (dd, J = 10.9, 4.6 Hz, 1H), 2.17 (dd, J = 9.4,
7.3 Hz, 1H). ESI-MS m/z: 217 (M + H)+. Anal. (C13H16N2O 3HCl)
C, H, N.
5-Methyl-3-(4-nitrobenzyl)-4,5,6,6a-tetrahydro-3aH-pyrrolo[3,4-d]

isoxazole Hydrochloride (8i). Pale-yellow solid, 40% yield; mp (EtOH/
Et2O) 239�240 �C (decomp); free base. 1HNMR (300MHz, CDCl3):
δ 8.20 (d, J = 8.5 Hz, 2H), 7.45 (d, J = 8.5 Hz, 2H), 5.03 (dd, J = 9.3, 4.6
Hz, 1H), 3.93 (d, J = 15.5 Hz, 1H), 3.64 (d, J = 15.5 Hz, 1H), 3.55�3.45
(m, 1H), 3.23 (d, J = 10.9Hz, 1H), 2.94 (d, J = 9.7 Hz, 1H), 2.31 (s, 3H),
2.27 (dd, J = 10.9, 4.6 Hz, 1H), 2.20 (dd, J = 9.7, 7.2 Hz, 1H). ESI-MS
m/z: 262 (M + H)+. Anal. (C13H15N3O3 3HCl) C, H, N.
3-(4-Methoxybenzyl)-5-methyl-4,5,6,6a-tetrahydro-3aH-pyrrolo-

[3,4-d]isoxazole Oxalate (8j). White solid, 34% yield; mp (Et2O/
EtOH) 138�140 �C; free base. 1H NMR (300 MHz, CDCl3): δ 7.14
(d, J = 8.4 Hz, 2H), 6.83 (d, J = 8.4 Hz, 2H), 4.94 (dd, J = 9.2, 4.6 Hz,
1H), 3.86�3.75 (m, 1H), 3.77 (s, 3H), 3.53�3.39 (m, 2H), 3.17 (d,
J = 10.9 Hz, 1H), 2.93 (d, J = 9.4 Hz, 1H), 2.29 (s, 3H), 2.23 (dd, J =
10.9, 4.6 Hz, 1H), 2.14 (dd, J = 9.4, 7.4 Hz, 1H). ESI-MSm/z: 247 (M
+ H)+. Anal. (C14H18N2O2 3H2CO4) C, H, N.
5-Methyl-3-(4-(tert-butoxycarbonyl)phenyl)-4,5,6,6a-tetrahydro-

3aH-pyrrolo[3,4-d]isoxazole (8l). Colorless oil, 45% yield. 1H NMR
(300 MHz, CDCl3): δ 8.00 (d, J = 8.8 Hz, 2H), 7.70 (d, J = 8.8 Hz, 2H),
5.25 (dd, J = 9.6, 4.4 Hz, 1H), 4.22�4.15 (m, 1H), 3.28 (d, J = 11.0 Hz,
1H), 3.06 (d, J = 9.3 Hz, 1H), 2.51 (dd, J = 9.3, 7.4 Hz, 1H), 2.45 (dd, J =
11.0, 4.4 Hz, 1H), 2.32 (s, 3 H), 1.58 (s, 9 H). ESI-MS m/z: 303 (M +
H)+.
3-(4-Hydroxyphenyl)-5-methyl-4,5,6,6a-tetrahydro-3aH-

pyrrolo[3,4-d]isoxazole (8g). Deprotection of compound 8d
(70.0 mg, 0.19 mmol) according to the procedure used for 7g yielded
the title compound as a white solid (40.5 mg, 95%), which was
recrystallized from EtOAc/hexane; mp 126�127 �C. 1H NMR (300
MHz, DMSO-d6): δ 9.87 (s, 1H), 7.46 (d, J = 8.5 Hz, 2H), 6.79 (d, J =
8.5 Hz, 2H), 5.05 (dd, J = 9.4, 4.3 Hz, 1H), 4.25�4.20 (m, 1H), 3.01 (d,
J = 10.8 Hz, 1H), 2.85 (d, J = 9.5 Hz, 1H), 2.33 (dd, J = 9.5, 7.4 Hz, 1H),
2.25 (dd, J = 10.8, 4.3 Hz, 1H), 2.15 (s, 3H). ESI-MS m/z: 219 (M +
H)+. Anal. (C12H14N2O2) C, H, N.
3-(4-Aminophenyl)-5-methyl-4,5,6,6a-tetrahydro-3aH-

pyrrolo[3,4-d]isoxazole Hydrochloride (8f). Reduction of
compound 8b (135 mg, 0.55 mmol) according to the procedure
used for 7l yielded the free amine (101 mg, 85%), which was
converted to the hydrochloride salt following the general procedure
described for compounds 7a,b, and 7h�j. White solid; mp (EtOH/
Et2O) 211�212 �C (decomp); free base. 1H NMR (300 MHz,

CDCl3): δ 7.47 (d, J = 8.5 Hz, 2H), 6.67 (d, J = 8.5 Hz, 2H), 5.15 (dd,
J = 9.3, 4.4 Hz, 1H), 4.15�4.08 (m, 1H), 3.87 (br s, 2H), 3.22 (d, J = 10.7
Hz, 1H), 3.06 (d, J = 9.6 Hz, 1H), 2.55�2.40 (m, 2H), 2.32 (s, 3H). ESI-
MS m/z: 218 (M + H)+. Anal. (C12H15N3O 3HCl) C, H, N.
3-(4-Aminobenzyl)-5-methyl-4,5,6,6a-tetrahydro-3aH-

pyrrolo[3,4-d]isoxazole oxalate (8k). Reduction of compound
8i (140 mg, 0.54 mmol) according to the procedure used for 7f
yielded the free amine (103 mg, 83%), which was converted to the
oxalate salt following the general procedure described for compound
8j. White solid; mp (EtOH/Et2O) 164�165 �C; free base. 1H NMR
(300 MHz, CDCl3): δ 7.02 (d, J = 8.5 Hz, 2H), 6.64 (d, J = 8.5 Hz,
2H), 4.96 (dd, J = 9.3, 4.6 Hz, 1H), 3.77 (d, J = 15.1 Hz, 1H), 3.64 (br
s, 2H), 3.49 (dd, 9.3, 7.5 Hz, 1H), 3.38 (d, J = 15.1 Hz, 1H), 3.19 (d,
J = 10.9 Hz, 1H), 2.94 (d, J = 9.7 Hz, 1H), 2.31 (s, 3H), 2.31�2.25
(m, 1H), 2.18 (dd, J = 9.7, 7.5 Hz, 1H). ESI-MS m/z: 232 (M + H)+.
Anal. (C13H17N3O 3H2CO4) C, H, N.
3-(4-Carboxyphenyl)-5-methyl-4,5,6,6a-tetrahydro-3aH-

pyrrolo[3,4-d]isoxazole (8e). Deprotection of compound 8l
(200 mg, 0.66 mmol) according to the procedure used for 7e yielded
the title compounds (162mg, 99%).White solid; mp (methanol/H2O)
255�257 �C dec. 1H NMR (300MHz, DMSO-d6): δ 10.20 (br s, 1H),
8.02 (d, J = 8.5 Hz, 2 H), 7.84 (d, J = 8.5 Hz, 2H), 5.50 (dd, J = 9.6, 4.4
Hz, 1H), 4.82�4.70 (m, 1H), 3.98�3.80 (m, 1H), 3.78�3.60 (m, 1H),
3.58�3.25 (m, 2H), 2.78 (s, 3H). ESI-MS m/z: 247 (M + H)+. Anal.
(C13H14N2O3) C, H, N.
DNMT1 Expression, Purification, and Assay. Cloning and

Purification of Recombinant DNMT1. DNMT1 was produced and
purified as described before.55 Briefly, proteins were expressed in Sf9
insect cells (derived from Spodoptera frugiperda) and purified by affinity
chromatography and gel filtration. The protein concentration of purified
DNMT was determined by Bradford assay and verified by using
Coomassie blue stained SDS/polyacrylamide gels and suitable molec-
ular mass markers of known concentration. Protein identity was con-
firmed by immunoblotting using a DNMT1-specific antibody (Santa
Cruz) according to the manufacturer’s protocol.

Biochemical DNMT Activity Assay and Dose�Response Assays.DNA
methylation assays were carried out in total reaction volume of 25 μL
containing 0.4 μM hemimethylated or unmethylated oligonucleotide
substrate purchased from MWG (upper strand: 50-GATCGCXGATG-
CGXGAATXGCGATXGATGCGAT-30, X = 5mC for hemimethylated
or X = C for unmethylated substrate, and lower strand: 50-ATCGC-
ATCGATCGCGATTCGCGCATCGGCGATC-30), purified DNMT
(500 nM) in reaction buffer (100 mMKCl, 10 mMTrisCl pH 7.5, 1 mM
EDTA), and BSA (1 mg/mL). All reactions were carried out at 37 �C in
the presence of 0.7 μM [methyl-3H] AdoMet (2.6 TBq/mmol,
PerkinElmer). After 3 h, the reaction was stopped by adding 10 μL of
20% SDS and spotting of the whole volume onto DE81 cellulose paper.
Filters were baked at 80 �C for 2 h and washed three timeswith cold 0.2M
NH4HCO3, three times with distilled water, and once with 100% ethanol.
After drying, filters were transferred into Mini-Poly Q vial (PerkinElmer)
and 5 mL of Ultima Gold LSC Cocktail was added per vial. Analysis was
done in a scintillation counter, each measurement was repeated once.

Competition Assay. For the determination of the mode of action of
7b in the catalytic domain of DNMT1, we used the model of Lai and
Wu78 as recommended by the NIH Chemical Genomics Center
(http://www.ncgc.nih.gov/guidance) and adapted it to our biochemical
DNMT activity assay. The conditions of the biochemical DNMT
activity assay (see above) were slightly modified for the competition
experiments: the inhibitor concentration was held constant at 150 μM,
the reaction time at 37 �C was decreased to 1 h. The concentrations of
either SAM substrate or oligo substrate were increased to test for
competition with 7b, which should result in a decreasing inhibition.

Cell Culture.HCT116 cells were obtained directly from the American
Type Culture Collection (ATCC, www.atcc.org) and passaged in our
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laboratory for fewer than 6 months after resuscitation. HCT116 were
cultured in DMEM/Ham’s F12 (BIOCHROM) supplemented with 10%
FCS (Invitrogen). Cell proliferation and viability was assessed by counting
trypan blue stained cells by TC10 automated cell counter (Bio-Rad).
Compounds. SAH, 2 and procaine were purchased by Sigma-Aldrich,

and both were dissolved in water to 50 mM stocks and stored in aliquots
at �80 �C.
Molecular Modeling.To conduct the docking studies, the protonated

and neutral states of the R and S enantiomers of 7b were prepared using
Molecular Operating Environment (MOE), version 2008.10.89 The
crystal structure of human DNMT1 bound to SAH was retrieved from
the Protein Data Bank (PDB entry 3PTA).75 Docking was performed
with the methyltransferase domain using the Glide (Grid-Based Ligand
Docking with Energetics) program, version 5.7.83,84 The Protein Pre-
parationWizard module of Maestro was used to prepare the protein90 as
we reported previously for other systems.91 For docking, the scoring
grids were centered on the crystal structure of SAH using the default
bounding sizes, with an inner box of 10 Å on each side and an outer box
of 25.4 Å on each side. Flexible docking with default parameters was
used. Glide XP (Extra Precision) was employed for all docking
calculations.84 The best docked poses were selected as the ones with
the lowest GlideScore; the more negative the Glide Score, the more
favorable the binding.
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