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Vascular adhesion protein-1 (VAP-1) belongs to the semicarbazide-sensitive amine oxidases (SSAOs)
that convert amines into aldehydes. SSAOs are distinct from the mammalian monoamine oxidases
(MAO:s), but their substrate specificities are partly overlapping. VAP-1 has been proposed as a target for
anti-inflammatory drug therapy because of its role in leukocyte adhesion to endothelium. Here, we
describe the synthesis and in vitro activities of novel series of VAP-1 selective inhibitors. In addition, the
molecular dynamics simulations performed for VAP-1 reveal that the movements of Met211, Ser496,
and especially Leu469 can enlarge the ligand-binding pocket, allowing larger ligands than those seen in
the crystal structures to bind. Combining the data from molecular dynamics simulations, docking, and
in vitro measurements, the three-dimensional quantitative structure—activity relationship (3D QSAR)
models for VAP-1 (¢°1 oo: 0.636; r*: 0.828) and MAOs (4”1 oo: 0.749, r*: 0.840) were built and employed

in the development of selective VAP-1 inhibitors.

Introduction

Amine oxidases (AOs) are a group of enzymes that catalyze
amine metabolism; they convert amine compounds into cor-
responding aldehydes with concomitant hydrogen peroxide
and ammonia production. All reaction products are known
to be cytotoxic at high concentrations and may play an impor-
tant role in the pathogenesis of many types of vasculopathies.'
AOs can be divided into two families based on their cofactors,
namely, (1) posttranslationally modified amino acids [either
topaquinone (TPQ®)? or lysine tyrosylquinone* or (2) flavin.
Semicarbazide-sensitive amine oxidases (SSAOs) such as vascular
adhesion protein-1 (VAP-1) (EC 1.4.3.21) and diamine oxidase
(EC 1.4.3.22) use TPQ as a cofactor, whereas lysyl oxidase (EC
1.4.3.13) uses lysine tyrosylquinone. Flavin-containing AOs
are, for example, monoamine oxidases (MAO) A and B (EC
1.4.3.4), and polyamine oxidases (EC 1.5.3.11.). The natural
substrate for VAP-1 is not known, but primary amines are
known to be accepted as substrates (e.g., benzylamine and
methylamine).” MAOs’ natural substrates include, for example,
neurotransmitters such as dopamine, epinephrine, and nore-
pinephrine.® Both VAP-1 and MAOs can degrade serotonin
and tyramine.’
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molecular dynamics; PLS, partial least square; SEE, standard error of
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none; VAP-1, vascular adhesion protein-1.
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VAP-1 has adhesive properties, in addition to its catalytic
function. It is a type II transmembrane glycoprotein with a
large glycosylated extracellular domain and a short N-terminal
intracellular domain of four amino acids, which have a role in
the adhesion of lymphocytes to endothelial cells and lympho-
cyte recirculation in an L-selectin-independent manner.®? The
crystal structures determined for human VAP-1'""! show that
its structure is homodimeric. The active site is buried deep
within the protein, including the TPQ cofactor, three conserved
histidines which are coordinated to the Cu®>" required for TPQ
biogenesis, and the catalytic base (Asp386).!%!" The accessi-
bility of the active site is restricted by Leud469, which blocks the
entrance to the ligand binding site.""

Changes in the expression levels or enzymatic activity of
VAP-1 are related to numerous inflammation-associated dis-
eases such as arthritis,'>" type 1 and type 2 diabetes,'*'°
obesity,!” and congestive heart failure.'® In addition to the
harmful effects of changes in expression levels of VAP-1, some
reaction products, such as methylglyoxal, which is able to
form advanced-glycation end-products, can be cytotoxic.”
The number of VAP-1-related diseases and the populations
they affect make them an interesting target for drug discovery.
Several small molecule VAP-1 inhibitors have already been
identified, such as phenylallylhydrazines,”® thiocarbamoyl
derivatives,?!' carboxamides,”” and sulfonamides (Figure 1).%
In addition to small molecule inhibitors, VAP-1 function can
be altered by using (1) peptides with NH;" functionality
(lysine side chain),?* ° (2) function blocking antibodies
(that inhibit leukocyte trafficking),?” and (3) small interfering
RNAs (that inhibit both adhesion and enzymatic functions).®
The major challenge in the design of VAP-1 inhibitors is to
gain enzyme subtype selectivity against other amine oxidases.
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Figure 1. Structures of some known small molecule VAP-1 inhibi-
tors. Phenylallylhydrazines a—d, thiocarbamoyl derivatives a—c,
sulfonamide, and carboxamide.

Only a few molecules such as phenylallylhydrazines*® have so
far been reported to exhibit VAP-1 selectivity over MAOs.
Available crystal structures for VAP-1 with bound inhibitor, '
and for other amine oxidases such as MAO A%**” and MAO
B,3 1734 however, enable the rational structure-based inhibitor
design. The crystal structures of VAP-1'" and MAO B** with
bound hydrazine inhibitors reveal that the reaction mechan-
isms for these two enzymes are different: in MAO B the
hydrazine moiety of the ligand is removed in the course of
the reaction, whereas in VAP-1 it remains in the covalently
bound product.

Here, we show the ability of synthesized novel 46 hydrazine
molecules to inhibit VAP-1 and total MAO activities (both
MAO A and B). Among these compounds, there are several
molecules that are highly selective for VAP-1 over total MAO.
In addition, we have investigated the flexibility of the ligand-
binding pocket of VAP-1 using molecular dynamics (MD)
simulations. The results reveal that the flexibility of the VAP-1
ligand-binding pocket enables the binding of much larger
ligands than have thus far been shown. On the basis of the
biological data and information obtained from MD simula-
tion, we have built three-dimensional quantitative structure—
activity relationship (3D QSAR) models for VAP-1 and
total MAO. Both 3D QSAR models are based on the same
ligand superposition, allowing a rapid prediction not only of
inhibitor potency but also of inhibitor selectivity between
VAP-1 and total MAO. This is advantageous for VAP-1
ligand discovery, since only one docking simulation is needed.
To further validate the quality of these 3D QSAR models,
novel VAP-1 inhibitors were developed by employing the
models.

Results and Discussion

Synthesis. The N, N’-disubstituted hydrazines 3a—s (Table 1)
were prepared starting from the corresponding secondary
amines 1la—s by a conventional two-step procedure,>>* includ-
ing N-nitrosation and subsequent LiAIH, reductions of the
N-nitroso intermediates 2a—s (Scheme 1).

Unsubstituted hydrazino alcohols 5 and 6 were synthe-
sized by ring-opening reactions of the corresponding styrene
oxides 4a—c with hydrazine hydrate, resulting in a mixture of
the regioisomeric products 5 and 6 in a ratio of ca. 2:1
(Scheme 2).” For the unsubstituted compounds 5a and 6a,
both isomers could be isolated by fractional crystallization of
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their hydrogen maleate salt. For the methoxy-substituted
derivatives, this separation procedure could only result in the
main products (5b,c), and all of our efforts to isolate the
minor isomers (6b.c) failed (Scheme 2).

The synthesis of 1,2-hydrazino alcohols 9a—j and 10a—d
(Table 1) was also accomplished by sequential nitrosation
and reduction reactions starting from the corresponding
amino alcohol 7. C-Unsubstituted 1,2-amino alcohols (7:
R?® = R* = H) were obtained by the ring-opening reactions
of the corresponding styrene oxides with amines.*®3°
Ephedrine-homologue amino alcohols (7: R® = Et, Pr, R* =
H; or R® = R* = Me) were also prepared by using the
methods described in the literature.**~** The N-nitroso
intermediates 8 were also converted to their O-methyl deri-
vatives (11),*** the LiAlH, reduction of which resulted in
hydrazino ethers 12a—j (Scheme 3).

In Vitro Activity. In vitro potency was determined for the
synthesized inhibitors 3a—3s, 9a—9j, 12a—12j, and 10a—10d
(Table 1). The results indicate that most of the compounds
are specific inhibitors of human VAP-1 activity. The ICs, for
VAP-1 inhibition varies from 20 nM to 2.24 uM, which is
110-fold variation in inhibition (Table 1). The major diffe-
rences were in the selectivity of inhibitors against the total
MAO potency, with selectivity ranging from 6- to 200-fold
(Table 1).

Flexibility of the Ligand-Binding Pocket. All synthesized
compounds are larger (Table 1) than the 2-hydrazinopyr-
idine seen in the only crystal structure of VAP-1 with a bound
inhibitor.'” The biological data (Table 1) also show that
notably larger compounds also bind strongly to VAP-1, for
example, compounds 3b, 3f, 30, and Sa—c (Table 1). For
future improvement of VAP-1 inhibitors, it is crucial to
understand how the conformation of the ligand-binding
pocket changes when larger inhibitor molecules bind. The
flexibility of the ligand-binding pocket was hence examined
using MD simulations with a bound ligand. In particular, we
wanted to investigate the flexibility of Leu469, as Leud69
seems to act as a gate residue into the substrate binding site."'
From the synthesized molecules, compounds Sa—c (Table 1)
have a hydrogen atom and a hydroxyl group at positions R1
and R2, respectively, binds more strongly to VAP-1 than
those having a methyl group or larger at position R1 (9a—9j,
Table 1) or methyl and methoxy groups at positions R1
and R2, respectively (12a—j, Table 1). As the size of the
aryl group is not critical for binding to VAP-1 (Table 1,
compounds 5a—c), the molecule 5a was chosen for MD
simulations, as it has the simplest structure and shows
strong binding and good VAP-1 selectivity over total MAO
(Table 1).

In the crystal structure of VAP-1 with the bound inhibitor
2-hydrazinopyridine, Leu469 is in a conformation where its
side chain blocks the ligand-binding cavity (Figure 2A,B).
Interestingly, during the course of the MD simulations of
VAP-1 with the bound ligand Sa (Table 1), which is con-
siderably larger than 2-hydrazinopyridine as seen in the
crystal structure, the side chain of Leu469 rotates and un-
blocks the ligand-binding cavity, providing ligands with free
access from the solvent to the ligand-binding pocket
(Figure 2C,D). This new conformation of Leu469 is stabi-
lized by hydrophobic interactions with Phe239 (Figure 2D).
Another remarkable conformational change observed in
MD simulations is that the side chains of Met211 and
Ser496 rotate, and additional space becomes available for
ligand binding (Figure 2B,D); however, none of inhibitors in
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Table 1. Structures of the Synthesized Hydrazine Molecules and Commercially Available Phenelzine, and Their Measured Biological Potency,
Predicted pICso Values for Both VAP-1 and MAO as Well As the Selectivity of VAP-1 over MAO

R1
RN
N NH, @/\/\,I\,/
) NH2
R
3a-r, Sa-c, 9a-j, 10a-d and 12a-j 3s
VAPI MAO selectivity
pICSO + pSEM” pICSO + pSEMd IC50(.
molecule R R1 R2 R3 R4 pred. pICsy” pred. pICsy” pred. ICsy?

phenelzine® H H H H H 7.70 £+ 0.22 6.15 +0.06 40
7.38 6.11 20

3a H CH; H H H 6.96 £+ 0.04 5.27 £0.06 50
6.70 4.58 130

3b 2-F CHj; H H H 7.04 + 0.05 5.41 +£0.07 40
7.10 5.74 23

3c 4-F CH; H H H 6.96 +0.12 5.64 £0.11 21
7.13 5.70 27

3d 2-Cl CHj; H H H 6.77 = 0.08 543 +0.14 22
6.94 5.51 27

3e 3-Cl CH; H H H 6.92 +0.11 5.48 +£0.08 28
6.92 5.54 24

3f 4-Cl CHj; H H H 7.15 £ 0.06 5.50 £ 0.09 50
7.09 5.74 22

3g 2-OCHj; CH; H H H 6.46 +0.05 5.2240.12 17
6.48 5.11 23

3h 3-OCH; CH; H H H 7.05 £ 0.05 5.70 £ 0.22 20
6.95 5.34 40

3i 4-OCH; CH; H H H 7.22 +£0.07 5.68 £0.17 40
7.15 5.36 60

3j 2,5-(0OCHj), CH; H H H 6.43 £+ 0.06 5.41 4 0.07 11
6.23 5.19 11

3k 3,4-(OCHs3), CH; H H H 6.46 £+ 0.06 5.20 £ 0.07 18
6.70 5.22 30

31 2,3,4-(OCHs3)3 CHj; H H H 6.48 +0.07 496 £0.16 33
6.37 4.92 28

3m 3,4,5-(OCHs3)3 CH; H H H 6.49 £+ 0.05 4.64 + 0.09 72
6.30 5.08 17

3n H CH,CHj3 H H H 6.74 +0.02 5.74 £ 0.04 10
6.68 5.48 16

30 4-OCH; CH,CHj; H H H 7.10 £ 0.11 5.46 £0.16 40
6.87 5.55 20

3p 3,4,5-(OCH;)s CH,CHj H H H 5.65 + 0.09 4.89 4+ 0.07 6
5.78 5.17 4

3q H CH,CH(CH;), H H H 6.36 =+ 0.03 5.47 +0.02 8
6.65 5.62 11

3r 4-OCH; CH,CH(CH3), H H H 6.59 +0.05 5.57 £0.31 10
6.67 5.55 13

3s 6.62 +0.14 541 +0.16 16
6.59 5.59 10

5a H H OH H H 7.19 £ 0.01 5.05£0.05 140
7.18 5.27 80

5b 3-OCH; H OH H H 7.28 4 0.08 5.04 £+ 0.02 200
7.28 5.17 130

5S¢ 4-OCH; H OH H H 7.54 +£0.15 5.22 +£0.00 200
7.28 5.19 120

9a H CH; OH H H 6.68 £ 0.04 4.40 +0.01 190
6.72 4.57 140

9b 2-Cl CH; OH H H 6.57 +0.08 4.64 +0.02 85
6.69 4.63 120

9¢ 4-Cl CH; OH H H 6.51 +0.04 4.68 +0.02 68
6.64 4.61 110

9d 3-OCHj; CH; OH H H 6.554+0.05 4.36 +0.02 160
6.69 4.51 150

9e 4-OCHj; CH; OH H H 6.51 4+0.03 4.44 4 0.05 120
6.74 4.49 180

of 4-F CH; OH H H 6.49 +0.07 4.42 £0.01 120

6.72 4.59 140
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Table 1. Continued
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VAPI MAO selectivity
pICS() + pSEM” pIC50 + pSEM” IC50(.
molecule R R1 R2 R3 R4 pred. pICsy” pred. pICsy” pred. ICsy?

9g 2,3,4-(OCH3), CH; OH H H 6.66 + 0.04 435+0.02 200
6.58 4.52 120

9h 3,4-[O(CH,),0] CH, OH H H 6.70 + 0.07 4.55+0.03 140
6.70 432 240

9i 2-naphthyl® CH; OH H H 6.37 + 0.02 4.64 +0.04 53
6.31 4.65 46

9j H CH,CH(CH;),  OH H H 6.46 + 0.04 4.96 +0.08 31
6.39 491 30

10a’ H CH; OH CH; H 6.46 +0.14 4.41 £0.02 110
6.29 4.50 62

10b” H CH,4 OH CH,CH; H 6.59 £ 0.10 4.394+0.03 160
6.35 4.19 150

10¢” H CH; OH (CH»)>CH,4 H 6.59 +0.07 4.55+0.02 110
6.47 470 60

10d H CH; OH CH; CH; 6.25 + 0.05 426 +0.02 100
6.70 4.65 110

12a 3-F CH; OCH; H H 6.36 £ 0.02 4.69 +0.02 47
6.58 4.56 110

12b 4-F CH; OCH; H H 6.24 +0.04 4.51 +£0.01 53
6.21 435 7

12¢ 3-Cl CH; OCH; H H 6.39 £ 0.04 477 +0.10 41
6.39 4.41 95

12d 4-Cl CH; OCH; H H 6.37 + 0.04 4.72 +0.04 44
6.16 4.26 80

12e 3-CH, CH; OCH; H H 6.49 + 0.04 4.47 +0.08 110
6.35 4.65 50

12f 3-OCH; CH; OCH; H H 6.39 £ 0.01 436 4+ 0.01 110
6.45 4.63 70

12¢ 4-OCH; CH; OCH; H H 6.38 + 0.03 436 +0.01 110
6.35 4.61 60

12h 2,3,4-(OCH3)3 CH; OCH; H H 6.20 £ 0.03 4.1540.01 110
6.29 4.68 40

12i 1-naphthyl® CH; OCH; H H 6.40 £ 0.03 4.574+0.16 68
6.34 4.58 58

12 2-naphthyl¢ CH; OCH; H H 6.64 £ 0.04 4.88 +0.07 57
6.62 4.67 89

“Experimental pICs, data in M concentration. The pICsg-errors (for 2—4 similar experiments) are given as a relative error (SEM/1Cs0)*0.434 that
results significant progressive error with large ICsq-errors. ® Predicted pICs, values (final 3D QSAR models; see Table 2). ¢ Selectivity of molecules from
ICse-data MAO over VAP-1[ICso (MAO)]/[ICso (VAP-1)]. “ Predicted selectivity calculated from the pICsy-values 10Predicted pICS0 (VAP-1-predicted pICS0 (MAO)]
¢1-Naphtyl or 2-naphtyl group instead of phenyl group, does not refer to R. / Relative configuration 1 R*,28%; 1 R* 28*; 1 R* 25*. € Commercially

available.
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this study seem to use this additionally available space.
However, the site could be very important for VAP-1
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selectivity over total MAOs and should be taken into account
when new VAP-1 selective molecules are designed. None of the
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Figure 2. Flexibility of VAP-1 ligand binding site (A) Leu469 acts as a gate residue that blocks the entry into substrate binding site; (B) in the
crystal structure of VAP-1 with bound 2-hydrazinopyridine amino acids Met211 and Ser496 form a wall to the substrate binding site that
separates the substrate binding site and much larger side pocket. (C) Ligands can enter into substrate binding site, when the gate residue Leu469
takes another conformation. (D) During the MD simulation of VAP-1 with bound Sa the gate residue Leu469 is held “open” and Met211 and
Ser496 rotate and reveal a direct entrance from substrate binding site into side pocket (marked with X). In (A) and (C) the entrance into
substrate binding site is pointed with a yellow arrow. In (D) the starting structure (light green carbon atoms) and the key conformational

changes (pink carbon atoms) are shown.

Table 2. Statistics of 3D QSAR Models

2

quoo r SEE“

**2¢ 2

cSDEP

model (protein) no. of components quredb dqzl/drzyyc G bs
submodel 1 (VAP-1) 0.602 0.804 0.150 3 0.63
submodel 2 (VAP-1) 0.522 0.855 0.162 4 0.66
submodel 3 (VAP-1) 0.623 0.881 0.141 4 0.50
submodel 4 (VAP-1) 0.601 0.861 0.157 4 0.58
final model (VAP-1) 0.636 0.828 0.163 4 0.5457 0.2664 0.3373 0.868
submodel 1 (MAO) 0.676 0.838 0.208 3 0.79
submodel 2 (MAO) 0.717 0.843 0.205 3 0.63
submodel 3 (MAO) 0.776 0.866 0.200 2 0.53
submodel 4 (MAO) 0.673 0.824 0.223 3 0.88
final model (MAO) 0.749 0.840 0.209 3 0.5661 0.3612 0.9379 0.880

“Standard error of estimate. 2pred value acquired from the prediction of the molecules in test set (Table S1, column Set). “Model validation with
progressive scrambling-method. “ Model validation with bootstrapping-method.

other amino acids of the VAP-1 ligand-binding pocket undergo
any noteworthy conformational changes. Taken together, these
simulations clearly reveal that ligands having considerably
larger substituents at position R1 than hydrogen, as seen in 5a
(Table 1), could also bind to VAP-1. This information is
valuable for designing more selective and better inhibitors for
VAP-1.

3D QSAR Model Building. To fully understand the rela-
tionship between the ligand structure and its associated
biological activity, we used the 3D QSAR technique to build
statistical models that could explain and predict the binding
affinities for synthesized hydrazines. The superpositioning of
the ligands for 3D QSAR was obtained by using molecular
docking into the crystal structure of VAP-1,'" where the
conformation of Leu469 was changed to resemble that seen
in MD simulations. The representative conformation for
each ligand was selected based on the fitness function
implemented in the docking software. The molecules were
divided into four subsets, out of which three were used to
build the model and one was used as a test set (see Supporting
Information: Table S1, column: set), in order to validate the
built models for a full ligand set (four submodels, Table 2).

These validation sets resulted in a final model that predicted
the potency of test set molecules with reasonable accuracy
(Figure 3; Table 2: qured). All 47 molecules were also
predicted using final models (Table 2). All 47 molecules fit
into the final 3D QSAR models; that is, no outliers were
detected (Figure 3). Accordingly, this model should yield
predictions with even higher reliability than those of the
submodels. The final comparative molecular similarity in-
dices analysis (CoMSIA) models were built by using leave
one out (LOO) cross-validation (Table 2). The QSAR model
for total MAO was constructed using the ligand superposi-
tion obtained from the docking simulations to VAP-1.
Similarly as for VAP-1, four submodels and a final model
were also built for MAO (Table 2). Accordingly, single-
ligand superpositioning can be used to obtain meaningful
predictions for both VAP-1 and MAOs. For the VAP-1 3D
QSAR model, the correlation coefficients quoo, 1 0.636,
and 0.828, respectively, were obtained by means of a steric
CoMSIA field (Table 2). Four partial least-squares (PLS)
components were used and the standard error of estimate
(SEE) value was 0.163 (Table 2). For the MAO 3D QSAR
model, the best correlation was found with the hydrophobic
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Figure 3. Correlation between the experimental and predictions of
submodels —log ICsy. Blue squares represent VAP-1 correlation,
red spots MAO correlation.

field (quooi 0.749; r*: 0.840), where three PLS components
was used, and the SEE was 0.209 (Table 2). With neither of
the enzymes, other CoMSIA fields did not have as good
correlations with the experimental data. For example, the
hydrophobic field for VAP-1 and the steric field for total
MAO also correlated (see Supporting Information Table
S2), but especially quoo values were lower than the steric
field for VAP-1 and the hydrophobic field for total MAO,
respectively (Table 2). Combining the steric and electrostatic
field, in turn, correlated for both VAP-1 and MAO, but with
an outlier (see Supporting Information in Table S2 and
Figure S1).

Numerically both of the developed 3D QSAR models
indicate that the ICsg-values for similar molecules can be
predicted with reasonable accuracy, and they should be able
to separate the active inhibitors from inactive molecules. For
example, the predictions made using submodels (Figure 3)
show that the predicted potencies are clearly within one log-
unit of those experimentally measured. In practice, for both
VAP-1 and total MAO, the range of inhibitor potencies is
fairly narrow to build a quantitative QSAR model: approxi-
mately two logarithmic units. Thus, the inhibitor potency
predictions cannot be reliably made outside this potency
range. Furthermore, because of the redundancy in the data
set, further validation of the models was done by employing
progressive scrambling® and bootstrapping methods.***
These data show that the models are resilient to chance
(Table 2: dqzl/drzyy-values are lower than one), as well as
being predictive (Table 2).

Interpretation of Molecular Fields Using in Vitro Data. The
advantage of using enzyme structure-based inhibitor overlay
in 3D QSAR rather than superposition based on ligand
structures alone is that the molecular fields can be visualized
within the inhibitor binding site. This allows for the evalua-
tion of the reasonableness of the developed 3D QSAR model
by analyzing the possible interaction sites between the in-
hibitors and the amino acids at the binding cavity. As the
VAP-1 data correlates with the steric CoMSIA field, the
areas of favorable steric fields have space that could be filled
by the ligand’s substituents. According to the proposed
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covalent mechanism of inhibition, ICsy-values include asso-
ciation, reactivity, and dissociation components. In the case
of MAO, the hydrazine molecules react with flavin adenine
dinucleotide®® most likely via the mechanism where dissocia-
tion of the N(R1)NH, moiety leads to the same covalently
bound products if the remaining substitution patterns are
identical (e.g., in the case of phenelzine, 3a, 3n, and 3q).
However, in case of VAP-1 the hydrazine moiety remains in
the covalently bound product.'® These different components
of binding affinity should also affect the QSAR models.
Accordingly, reaction ability especially influences the mole-
cular fields near the hydrazine-moiety in both VAP-1 and
MAO. For example, there are unfavorable fields in VAP-1
(steric: Figure 4A, yellow) and total MAO (hydrophobic:
Figure 4B, red) 3D QSAR models adjacent to the hydrazine
moiety, which implies that substituents larger than hydrogen
atoms at position R1 would be disadvantageous for both
VAP-1 and MAO inhibition (Table 1). This can also be seen
from the experimental data when, for example, phenelzine,
3a, 3n, and 3q, or 5a, 9a, and 9j are compared (Table 1).
However, if the size of the R1-groups exceeds that of the
methyl-group, the selectivity toward VAP-1 against MAO is
decreased dramatically (e.g., compare compounds 3a and 3n,
3q, and 9a and 9j: Table 1).

The hydroxyl group at position R2 decreases both VAP-1
and MAO potency (compare e.g., phenelzine-5a, 3a—9a,
3d—9b, 3f—9c, 3h-9d, 3i—9e) except in compounds where
the aryl group has a fluoro group at the para-position
(9f—12b), or there is 2-naphtyl in place of the benzene ring
(9i—12j). Also, when the aryl group is trisubstituated
(2,3,4-(OCH3)3, 31, 9g), the addition of the hydroxyl group
decreases MAO potency but increases slightly VAP-1 po-
tency. In those molecules, where the addition of the hydroxyl
group at position R2 decreases both VAP-1 and MAO
potency, the influence is more prominent with MAO and,
consequently, the VAP-1 selectivity over MAO is clearly
improved. Actually, the molecules containing a hydroxyl-
group at position R2 are the most selective inhibitors in the
molecule set (Table 1). Modification of the R2 hydroxyl-
group to a methoxy-group does not have any clear influence
on either VAP-1 or MAO potency (Table 1).

Addition of substituents to positions R3 and R4 (compare
9a and 10a—d) has only a modest effect on MAO inhibitory
potency but slightly decreases VAP-1 potency, which clearly
decreases VAP-1 selectivity over MAO, especially when both
R3 and R4 positions are substituted (10d: Table 1).

The second favorable steric field (Figure 4A,C, green II)
shows that the addition of R-substituents to the para-
position (R-group, Table 1) of the phenyl ring improves the
binding to VAP-1. This is logical, as this area is toward the
VAP-1 surface. This is consistent with the inhibition data as
well. For example, with the addition of the methoxy-group at
the para-position of compounds 3a and Sa, resulting in
compounds 3i and Sc, respectively, the inhibition of VAP-1
is slightly increased. However, if the R1-substituent is the
methyl-group instead of the hydrogen atom, the VAP-1
inhibition ability is decreased when a methoxy-group is
added to the para-position of the phenyl ring (compare 9a
and 9e, Table 1). The influence of the para-substitutions to
selectivity is complex; when R2 is the hydroxyl-group rather
than the hydrogen atom, the VAP-1 selectivity over MAO is
increased (3a—3i, 5a—5c).

In addition to the favorable steric field near the phenyl
group, two sterically unfavorable fields are also found in the
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Figure 4. CoMSIA fields and the reference molecule (phenelzine, Table 1). (A) CoMSIA fields for VAP-1. Sterically favorable areas are green
and unfavorable areas yellow and they are shown with contribution levels of 85% and 25%, respectively. (B) CoMSIA fields for MAO.
Hydrophobically favorable areas are blue and unfavorable areas are red, and they are shown with contribution levels of 80% and 15%,
respectively. In (C), the parallel stereoview of the same spatial distribution of the CoMSIA fields in the ligand binding pocket.

VAP-1 3D QSAR model (Figure 4A,C: small yellow areas).
The clearest effect is seen with the compound 9i, where the
phenyl group is replaced by 2-naphtyl and the VAP-1
inhibition potency is clearly decreased compared to that of
the parent compound 9a.

Overall, the fields from the 3D QSAR model of MAO
(Figure 4B) are obviously more difficult to rationalize, as the
model is based on ligand superposition obtained from a
docking experiment to the VAP-1 structure. However, this
ligand-based alignment delineates the effect of field variables
on potency and leads to a descriptive and predictive QSAR
model. In particular, the location of MAO fields around the
ligand can be used to analyze where hydrophobic groups
would be beneficial for MAO but not necessarily for VAP-1.
Thus, these MAO-favorable fields can be used to guide the
synthesis of VAP-1 inhibitors in a way that favorable sites for
MAO inhibition would be avoided, especially if they do not
simultaneously contribute toward VAP-1 binding. Compar-
ison of the favored and unfavorable fields of MAO and VAP-
1 shows an interesting area where the hydrophobically
favorable field of MAO and the sterically unfavorable field
of VAP-1 overlap, in the area between the ligand and Phe389
(Figure 4). This MAO-favoring region can also be seen by
comparing the selectivity of compound-series 9 and 12
(Table 1), where the methylation of hydroxyl-group (R2-
substitution) decreases the binding into VAP-1 (except in the
compound pair 9i and 12j, where the aryl group is 2-naphtyl),
while the MAO potency is generally not affected. Thus, the
selectivity is lowered 2—3 times (Table 1). Accordingly,
addition of a group at this position should be avoided, since
it reduces VAP-1 selectivity.

Prediction, Synthesis, and in Vitro Potency of Novel Li-
gands. To further validate the built 3D QSAR models, they
were used to predict the ICsy values for hydrazine molecules
that have novel features, in contrast to those used in the

model building (Table 1). Specifically, we wanted to chal-
lenge our 3D QSAR models with molecules whose properties
vary significantly from those compounds that were used in
the model development. On the basis of predicted inhibitor
potency and selectivity toward VAP-1 over MAO, three
molecules were synthesized (Table 3: 13, 15, 16). Also, two
molecules with less selectivity were synthesized, since they
have novel substituents (Table 2: 14a, 14b). Compounds
13—16 were synthesized similarly to the analogous deriva-
tives 3, 9, and 12. In general, the developed molecules were
predicted to be slightly better inhibitors of VAP-1 than they
actually are, while the MAO potency was predicted quite
accurately (Table 3). First, we predicted a compound that
has a shorter linker between the hydrazine moiety and the
phenyl ring, that is, only one CH,-group in between (Table 3:
13). This was very challenging for the 3D QSAR models, as
they do not contain any molecules with such a short link.
This compound 13 was predicted to be highly active
and selective (pICsg-values for VAP-1: 7.70; MAO: 5.32,
Table 3); however, the measured ICs, values (pICsp-values
for VAP-1: 6.57; MAO: 5.74, Table 3) show that the models
cannot reliably predict this type of compound. Second, as the
VAP-1 3D QSAR model was built by using a steric field that
cannot discriminate between polar and hydrophobic groups,
we challenged the VAP-1 3D QSAR model by developing
molecules 14a and 14b, which have a methyl group at
position 2, instead of the hydroxyl group seen in their
counterpart compounds 5a and 9a, respectively. Logically,
the predicted pICsy values for these two new compounds
should be more highly similar than for their counterparts
(14a: 7.41; 5a: 7.19; 14b: 6.67; 9a: 6.68, Tables 1 and 3). It is
noteworthy that the measured pICsg-values are also quite
similar to those predicted (14a: 7.23; 14b: 6.33 uM; Table 3).
When both the hydroxyl and methyl group were introduced
into position 2 of the ligand (15), both 3D QSAR models
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Table 3. Structures of Five Novel Hydrazines and Their Predicted and Measured pICs, Values for the Inhibition of VAP-1 and MAO

Predicted Predicted Measured Measured MAO
Compound
VAP-1 pIC5)M MAO pICs)M VAP-1 pIC5;M*  pICsoM*
N.
\NH2
7.70 5.32 6.57 5.74
13
NH
\NHZ
741 5.95 7.23+0.14 6.46+0.02
14a
N
N,
6.67 5.67 6.33+0.05 5.26+0.08
14b
N.
NH,
7.18 4.63 6.46+0.06 3.96+0.06
OH
o
15
N
SN,
o 7.02 4.83 6.41+0.08 4.60+0.14
o

16

“plCsy data for VAP-1 in M concentration, mean & pSEM of 2—4 similar experiments [pSEM = (SEM/ICs,)*0.434]. prCSO data for MAO in M

concentration, mean = pSEM of 2—4 similar experiments.

slightly overestimated the binding (VAP-1:0.72 log-units;
MAO: 0.67 log-units: Table 3). This is quite a small error in
the context that none of the original compounds contained
two substituents in position 2. What is notable for future
ligand discovery is that compound 15 uses both sterically
favored regions in VAP-1 3D QSAR models (fields shown
in Figure 4A), which also resulted in high selectivity of this
compound (2.5 log-units, i.e., >300-fold selectivity to
VAP-1 over MAO, Table 3). Finally, we introduced a
clearly larger substituent into ligand position 2 (16;
Table 3). Again, the 3D QSAR models should not be able
to predict this compound accurately, as none of the com-
pounds used in the 3D QSAR model building had such a
large substituent in position 2. However, the predictions
were surprisingly good, and also this compound shows
selectivity toward VAP-1 against MAO (1.8 log-units:
Table 3).

The model presented here is the first published 3D QSAR
model for VAP-1 inhibitors, although structure—activity
relationship studies for SSAO substrates*>** and 3D QSAR
study for MAO A inhibitors* have been published previously.

The models obtained in this study are excellent tools to
guide future inhibitor discovery toward more potent and
selective ligands for VAP-1. The statistics (Table 2) suggest
that when using 3D QSAR models to predict potencies for
unmeasured molecules, these models can sufficiently pre-
dict 1Csy values. The molecules that have functional
groups at the positions that have not been varied within
this ligand series are beyond the limits of these models and
cannot therefore be predicted reliably. However, as shown
for five molecules that do not fall into same ligand set, the
predictions can be quite accurate (Table 3). In addition to
direct usage of these 3D QSAR models in the prediction of
new molecules, the developed 3D QSAR model can in-
dicate which properties are favorable for the design of
ligands, no matter whether they are similar to these
covalently binding hydrazines, or designed to bind rever-
sibly. The binding mode of possible reversible ligands is
not yet known, so the descriptor fields near TPQ should be
ignored, since the orientation of TPQ could be either
oxidized (inactive, bound to the copper ion'") or reduced
(active,'? also used in this study).
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Conclusions

A series of hydrazine compounds has been synthesized and
shown to selectively inhibit VAP-1 activity over MAO. The
built 3D QSAR model for VAP-1 is based on a rather large set
of biologically tested molecules (47 molecules) and can hence
be considered to be rather accurate for the prediction of the
properties required for selective and effective VAP-1 inhibi-
tors. Combination of the data from the 3D QSAR model with
the results obtained from MD simulations allows for the
design of even better inhibitors with different scaffolds.
However, when reversible inhibitors are developed, it must
be kept in mind that the TPQ can be in both inactive and active
conformations, and accordingly the 3D QSAR fields near the
TPQ should be used with care.

Materials and Methods

Materials. Benzylamine, tyramine, 2,4-dichlorophenol, 4-amino-
antipyrine, and horseradish peroxidase were purchased from Sigma
(St. Louis, MO). Cell culture reagents were supplied by Gibco.
Other chemicals were of analytical or reagent grade, and were
purchased from commercial suppliers.

Methods. Synthesis. General Methods. Melting points were
measured on a Kofler hot-plate microscope apparatus and are
uncorrected. For routine thin-layer chromatography (TLC),
Silica gel 60 F,s4 plates (Merck, Germany) were used. Elemental
analyses were performed with a Perkin-Elmer 2400 CHNS
elemental analyzer. '"H NMR spectra were recorded in CDCl;,
in DMSO-d; or in D,O solutions on a Bruker DRX 400 or DRX
500 spectrometer by using completely dissolved samples. These
spectra indicated the >95% purities of the prepared com-
pounds. Chemical shifts are given in d (ppm) relative to TMS
(CDCl3, DMSO-dg) or to TSP (D-»0) as internal standards.

General Procedure for the Preparation of N-Nitroso Amines 2
and Amino Alcohols 8. A solution of NaNO, (1.38 g, 20 mmol) in
H,O (5 mL) was added dropwise to a suspension/emulsion/
solution of the corresponding amine (1a—s) or amino alcohol (7)
(10 mmol) in H,O (20 mL) with vigorous stirring on an ice-cold
bath, and then AcOH (0.90 g, 15 mmol) was added dropwise.
The mixture was stirred at room temperature for 5—10 h and
then was extracted with EtOAc (4 x 30 mL). The combined
organic phases were dried (Na,SO,) and evaporated under
reduced pressure to give the N-nitroso derivative which was
used in the next steps without further purification.

General Procedure for the Preparation of Hydrazines 3a—s, 13,
and 14b and Hydrazino Alcohols 9a—j and 10a—d and 15. A
solution of the corresponding N-nitroso compound (2 or 8,
10 mmol) in THF (10 mL) was added dropwise to a strirred and
ice-cooled suspension of LiAlH4 (0.76 g, 20 mmol) in THF
(25 mL), and the mixture was stirred at ambient temperature for
3 h. The excess of LiAIH4 was decomposed with a mixture of
H>O (1.5 mL) and THF (20 mL), and the resulting precipitate
was filtered off and washed with EtOAc (3 x 25 mL). The
combined filtrate and washings were dried (Na,SO4) and
evaporated under reduced pressure. The oily residue was
treated with an equivalent amount of maleic or fumaric acid,
or with an excess of 22% ethanolic HCl in a mixture of EtOH
and Et,O to give crystalline salts which was filtered off and
recrystallized.

1-Methyl-1-(2-phenylethyl)hydrazine Hydrochloride (3a Hy-
drochloride). White crystalline solid, yield 1.18 g (63%); mp
93—94 °C (EtOH—Et,0); '"H NMR (400 MHz, D,0) 6 3.06 (s,
3H, NCH;), 3.07-3.14 (m, 2H, ArCH,), 3.48—3.55 (m, 2H,
NCH,), 7.31=7.46 (m, SH, C¢Hs). Anal. Calcd for CoH;5CIN,:
C, 57.90; H, 8.10; N, 15.04. Found: C, 57.63; H, 7.98; N, 14.88.

1-[2-(2-Fluorophenyl)ethyl]-1-methylhydrazine Hydrochloride
(3b Hydrochloride). White crystalline solid, yield 1.66 g (81%);
mp 138—140 °C (EtOH—Et,0); '"H NMR (400 MHz, D,0) ¢
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3.06 (s, 3H, NCH;), 3.11-3.18 (m, 2H, ArCH,), 3.47—
3.53 (m, 2H, NCH,), 7.15—7.25 (m, 2H, CsH,), 7.34—7.41 (m,
2H, C¢H,). Anal. Caled for CoH4CIFN,: C, 52.81; H, 6.89; N,
13.69. Found: C, 52.54; H, 6.61; N, 13.48.
1-[2~(4-Fluorophenyl)ethyl]-1-methylhydrazine Hydrogen Maleate
(3¢ Hydrogen Maleate). White crystalline solid, yield 1.96 g (69%);
mp 82—84 °C (EtOH—Et,0); '"H NMR (400 MHz, D,0) 6 3.04—
3.12 (m, SH, NCHj;, ArCH>), 3.47—3.54 (m, 2H, NCH,), 6.28 (s,
2H, CH=CH), 7.09-7.17 (m, 2H, C¢Hy), 7.29—7.37 (m, 2H,
CgHy). Anal. Caled for Ci3H7FN,Oy4: C, 54.92; H, 6.03; N, 9.85.
Found: C, 54.66; H, 5.83; N, 9.72.
1-[2-(2-Chlorophenyl)ethyl]-1-methylhydrazine Hydrochloride
(3d Hydrochloride). Beige crystalline solid, yield 1.62 g (73%);
mp 97—99 °C (EtOH—Et,0); 'H NMR (400 MHz, D,0) 6 3.08
(s, 3H, NCH3), 3.20—3.26 (m, 2H, ArCH,), 3.45—3.52 (m, 2H,
NCH,), 7.31=7.44 (m, 3H, CcHy), 7.47—7.53 (m, 1H, CcHy).
Anal. Calced for CoH 4CILN,: C, 48.88; H, 6.38; N, 12.67. Found:
C, 48.60; H, 6.29; N, 12.55.
1-[2-(3-Chlorophenyl)ethyl]-1-methylhydrazine Hydrochloride
(3e Hydrochloride). Yellowish white crystalline solid, yield 1.65 g
(75%); mp 73—76 °C (EtOAc—Et,0); 'H NMR (400 MHz,
D,0) 0 3.02—3.13 (m, 5H, ArCH,, NCHs;), 3.46—3.54 (m, 2H,
NCH,), 7.25—=7.31 (m, 1H, CcHy), 7.34—7.43 (m, 3H, CcH,).
Anal. Caled for CoH 4C1,N»: C,48.88; H, 6.38; N, 12.67. Found:
C, 49.02; H, 6.25; N, 12.51.
1-[2-(4-Chlorophenyl)ethyl]-1-methylhydrazine Hydrochloride
(3f Hydrochloride). Pale yellow crystalline solid, yield 1.72 g
(78%); mp 96—98 °C (EtOH—Et,0); "H NMR (400 MHz, D,0)
0 3.02—3.12 (m, 5H, ArCH,, NCH;), 3.46—3.53 (m, 2H,
NCH,), 7.32 (d, 2H, J = 8.3 Hz, C¢H,), 7.42 (d, 2H, J = 8.3
Hz, C¢H,). Anal. Caled for CoH4CLLN,: C, 48.88; H, 6.38; N,
12.67. Found: C, 48.69; H, 6.46; N, 12.63.
1-[2-(2-Methoxyphenyl)ethyl]-1-methylhydrazine Hydrogen
Maleate (3g Hydrogen Maleate). Beige crystalline solid, yield
1.68 g (57%); mp 61—63 °C (EtOH—Et,0); '"H NMR (400
MHz, DMSO-ds) 6 2.50 (s, 3H, NCH3) 2.78—2.90 (m, 2H,
ArCH,»), 2.99—3.12 (m, 2H, NCH»), 3.80 (s, 3H, OCHs), 6.03
(s, 2H, CH=CH), 6.87—7.03 (m, 2H, C¢H,), 7.15—7.30 (m,
2H, C¢Hy). Anal. Calcd for C14H»o)N,Os: C, 56.75; H, 6.80; N,
9.45. Found: C, 56.62; H, 6.97; N, 9.41.
1-[2-(3-Methoxyphenyl)ethyl]-1-methylhydrazine Hydrogen
Maleate (3h Hydrogen Maleate). Beige crystalline solid, yield
1.84 g (62%); mp 88—90 °C (EtOH—Et,0); '"H NMR (400
MHz, D,0) 6 3.03—3.14 (m, 5SH, NCH;, ArCH,), 3.48—3.57
(m, 2H, NCH,), 3.84 (s, 3H, OCH3), 6.28 (s, 2H, CH=CH),
6.93—7.02 (m, 3H, C¢Hy), 7.33—7.40 (m, 1H, C¢H,4). Anal.
Calcd for C14H20N205Z C, 5675, H, 680, N, 9.45. Found: C,
56.55; H, 6.69; N, 9.54.
1-[2-(4-Methoxyphenyl)ethyl]-1-methylhydrazine Hydrogen
Maleate (3i Hydrogen Maleate). White crystalline substance,
yield 1.90 g (64%); mp 113—115 °C (EtOH—Et,0); 'H NMR
(400 MHz, D,O) 6 3.00—3.08 (m, 5H, ArCH,, NCH;),
3.45-3.52 (m, 2H, NCH,), 3.82 (s, 3H, OCHs;), 6.27 (s, 2H,
CH=CH), 6.99 (d,2H, J = 8.6 Hz, CcH,), 7.28 (d, 2H, J =
8.6 HZ, C6H4). Anal. Calcd for C14H20N205: C, 5675, H,
6.80; N, 9.45. Found: C, 56.49; H, 6.52; N, 9.30.
1-[2-(2,5-Dimethoxyphenyl)ethyl]-1-methylhydrazine Hydrogen
Maleate (3j Hydrogen Maleate). Pinkish white crystalline sub-
stance, yield 1.60 g (49%); mp 84—87 °C (EtOH—Et,0); 'H NMR
(400 MHz, D,0) ¢ 3.02—3.09 (m, 5H, NCH3, ArCH,), 3.43—3.49
(m, 2H, NCH,), 3.81 (s, 3H, OCHs), 3.85 (s, 3H, OCH3), 6.27 (s,
2H,CH=CH),6.91—6.98 (m,2H, C¢H3), 7.04(d, 1H,J = 8.9 Hz,
C6H3). Anal. Calcd for C15H22N206Z C, 5521, H, 679, N, 8.58.
Found: C, 55.03; H, 6.58; N, 8.41.
1-[2-(3,4-Dimethoxyphenyl)ethyl]-1-methylhydrazine Hydro-
chloride (3k Hydrochloride). White crystalline substance,
yield 1.95 g (79%); mp 127—130 °C (MeOH—Et,0); 'H
NMR (400 MHz, D,0) 6 3.02—3.08 (m, 5H, ArCH,, NCH;),
3.46—3.52 (m, 2H, NCH,), 3.86 (s, 3H, OCH3), 3.88 (s, 3H,
OCH3), 6.92—6.97 (m, 1H, C¢H3), 6.99—7.07 (m, 2H, CsH3).
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Anal. Calcd for C;H;9CIN>O,: C, 53.55; H, 7.76; N, 11.35.
Found: C, 53.31; H, 7.87; N, 11.18.
1-[2-(2,3,4-Trimethoxyphenyl)ethyl]-1-methylhydrazine Hydro-
chloride (31 Hydrochloride). White crystalline solid, yield 1.80 g
(65%); mp 129—131 °C (EtOH—Et,0); '"H NMR (400 MHz,
D,0) d 3.01—-3.09 (m, SH, ArCH,, NCH>), 3.39—3.46 (m, 2H,
NCH>), 3.89 (s, 6H, 2 x OCH3), 3.93 (s, 3H, OCH3), 6.91 (d, 1H,
J = 8.6 Hz, C¢H,), 7.08 (d, 1H, J = 8.6 Hz, C¢H>). Anal. Calced
for C,H,;CIN,Os: C, 52.08; H, 7.65; N, 10.12. Found: C, 51.87;
H, 7.42; N, 9.94.
1-[2-(3,4,5-Trimethoxyphenyl)ethyl]-1-methylhydrazine Hydro-
gen Maleate (3m Hydrogen Maleate). White crystalline solid, yield
2.56 g (72%); mp 76—78 °C (EtOH—Et,0); '"H NMR (400 MHz,
D,0) d 3.01-3.12 (m, 5H, ArCH,, NCH;), 3.46—3.55 (m, 2H,
NCH,), 3.77 (s, 3H, OCH3), 3.88 (s, 6H, 2 x OCH3), 6.27 (s, 2H,
CH= CH), 6.69 (S, 2H, C6H2). Anal. Calcd for C16H24N2072 C,
53.92; H, 6.79; N, 7.86. Found: C, 53.99; H, 7.86; N, 7.73.
1-Ethyl-1-(2-phenylethyl)hydrazine Hydrogen Maleate (3n
Hydrogen Maleate). White crystalline solid, yield 1.70 g
(61%); mp 75—77 °C (EtOH—Et,0); '"H NMR (400 MHz,
D,0) 6 1.33 (t, 3H, J = 7.3 Hz, CH3), 3.08—3.16 (m, 2H,
ArCH,), 3.37 (q, 2H, J = 7.3 Hz, CH,CH3), 3.47—3.57 (m,
2H,NCH,),6.29 (s,2H,CH=CH), 7.32—7.45 (m, SH, C¢H3).
Anal. Caled for C4H,0N>Oy4: C, 59.99; H, 7.19; N, 9.99.
Found: C, 59.76; H, 6.93; N, 9.85.
1-Ethyl-1-[2-(4-methoxyphenyl)ethyl|hydrazine Hydrochloride
(30 Hydrochloride). Yellowish white crystalline solid, yield 1.50
2 (65%); mp 132—134 °C (MeOH—Et,0); 'H NMR (400 MHz,
D,0) 6 1.33 (t, 3H, J = 7.3 Hz, CH,CH3), 3.03—3.11 (m, 2H,
ArCH,), 3.35(q, 2H, J = 7.3 Hz, CH,CH3), 3.43—3.51 (m, 2H,
NCH,), 3.84 (s, 3H, OCHs;), 7.02 (d, 2H, J = 8.8 Hz, C¢H,), 7.31
(d, 2H, J = 8.8 Hz, CsHy4). Anal. Calcd for C;;H;9CIN,O: C,
57.26; H, 8.30; N, 12.14. Found: C, 57.49; H, 8.16; N, 11.96.
1-Ethyl-1-[2-(3,4,5-trimethoxyphenyl)ethyllhydrazine Hydro-
chloride (3p Hydrochloride). White crystalline substance, yield
2.02 g (69%); mp 189—192 °C (MeOH—Et,0); '"H NMR (400
MHz, D,0O) 6 1.35(t,3H, J = 7.3 Hz, CH,CHs;), 3.06—3.13 (m,
2H, ArCH,), 3.37(q, 2H, J = 7.3 Hz, CH,CH3), 3.48—3.56 (m,
2H,NCH,),3.79 (s, 3H, OCH3), 3.89 (s, 6H, 2 x OCH3), 6.73 (s,
2H, C¢H>). Anal. Calcd for C13H,3CIN,O5: C, 53.70; H, 7.97; N,
9.63. Found: C, 53.84; H, 8.08; N, 9.51.
1-Isobutyl-1-(2-phenylethyl)hydrazine Hydrogen Maleate (3q
Hydrogen Maleate). White crystalline solid, yield 1.72 g (56%);
mp 96—97 °C (EtOH—Et,0); 'H NMR (400 MHz, D,0) 6 0.99
(d, 6H, J = 6.7 Hz, CH(CH3),), 2.10—2.22 (m, 1H CH(CH3),),
3.08—3.17 (m, 4H, ArCH,, NCH,), 3.45—3.54 (m, 2H, NCH,),
6.29 (s, 2H, CH=CH), 7.31—7.45 (m, SH, C¢Hs). Anal. Calcd
for CsH>4N>04: C, 62.32; H, 7.84; N, 9.08. Found: C, 62.05; H,
7.58; N, 8.86.
1-Isobutyl-1-[2-(4-methoxyphenyl)ethylhydrazine Hydrogen
Maleate (3r Hydrogen Maleate). Yellowish white crystalline
solid, yield 2.15 g (64%); mp 109—111 °C (MeOH—Et,0); 'H
NMR (400 MHz, D,0) 6 0.99 (d, 6H, J = 6.6 Hz, CH(CHs)>),
2.09—2.22 (m, 1H CH(CHj;),), 3.02—3.16 (m, 4H, ArCH,,
NCH,), 3.41-3.51 (m, 2H, NCH,), 3.82 (s, 3H, OCHs), 6.27
(s,2H, CH=CH), 6.99 (d, 2H, J = 8.6 Hz, CcHy,), 7.28 (d, 2H,
J =286 HZ, C6H4). Anal. Calcd for C|7H26N205: C, 6034, H,
7.74; N, 8.28. Found: C, 60.09; H, 7.63; N, 8.16.
1-Methyl-1-(3-phenylpropyl)hydrazine Hydrogen Maleate (3s
Hydrogen Maleate). White crystalline solid, yield 2.10 g (75%);
mp 71—72 °C (EtOH—Et,0); 'H NMR (400 MHz, D,0) 6
2.03—-2.14 (m, 2H, CH,CH-CH,), 2.75 (t, 2H, J = 7.5 Hz,
CH,CH,NCH3), 3.02 (s, 3H, NCH3), 3.23—3.29 (m, 2H, CH>-
CH,CgHy), 6.31 (s, 2H, CH=CH), 7.29—7.45 (m, SH, C¢H).
Anal. Caled for C4H,9N»O4: C, 59.99; H, 7.19; N, 9.99. Found:
C, 60.21; H, 7.35; N, 10.15.
2-(1-Methylhydrazino)-1-phenylethanol Hydrogen Maleate
Hemiethanolate (9a Hydrogen Maleate Hemiethanolate). White
crystalline substance, yield 1.52 g (54%); mp 63—66 °C (EtOH—
Et,0); 'H NMR (400 MHz, D-0) 6 3.06 (s, 3H, NCH3), 3.40
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(dd, 1H, J = 3.4, 13.3 Hz, NCH,), 3.47 (dd, IH, J = 9.9, 13.3
Hz, NCH,), 5.18 (dd, IH, J = 3.4,9.9 Hz, OCH), 6.30 (s, 2H,
CH=CH), 7.39—7.51 (m, SH, C¢Hs). Anal. Caled for C3H -
N>Os: C, 55.31; H, 6.43; N, 9.92. Found: C, 55.26; H, 6.70; N,
9.87.
1-(2-Chlorophenyl)-2-(1-methylhydrazino)ethanol Hydrogen
Fumarate (9b Hydrogen Fumarate). White crystalline solid, yield
2.06 g (65%); mp 127—128 °C (MeOH—Et,0); '"H NMR (400
MHz, D,0) 6 3.07 (s, 3H, NCH3), 3.32 (dd, IH, J = 9.9, 13.4
Hz, NCH,), 3.43 (dd, 1H, J = 2.8, 13.3 Hz, NCH,), 5.56 (dd,
IH, J = 2.6,9.8 Hz, OCH), 6.62 (s, 2H, CH=CH), 7.32—7.45
(m, 3H, C¢Hy), 7.59—7.63 (m, 1H, CcH,). Anal. Caled for
C3H;CIN,Os: C, 49.30; H, 5.41; N, 8.84. Found: C, 49.05;
H, 5.15; N, 8.65.
1-(4-Chlorophenyl)-2-(1-methylhydrazino)ethanol (9¢). White
crystalline solid, yield 1.44 g (72%); mp 86—88 °C (Et,0—
n-hexane); '"H NMR (400 MHz, CDCls) 6 2.48 (dd, 1H, J =
9.2,12.8 Hz, NCH,), 2.56 (s, 3H, NCH;), 2.64 (dd, 1H, J = 2.3,
12.7 Hz, NCH,), 4.98 (dd, 1H, J = 2.3, 9.3 Hz, OCH), 7.28—
7.35 (m, 4H, C¢H4). Anal. Calcd for CoH3CIN,O: C, 53.87; H,
6.53; N, 13.96. Found: C, 53.59; H, 6.37; N, 13.75.
1-(3-Methoxyphenyl)-2-(1-methylhydrazino)ethanol Hydrogen
Fumarate (9d Hydrogen Fumarate). White crystalline solid, yield
2.16 2 (69%); mp 88—90 °C (EtOH—Et,0); '"H NMR (400 MHz,
D,0) 6 3.06 (s, 3H, NCH3), 3.36 (dd, 1H, J = 9.9, 13.4 Hz,
NCH,), 3.47 (dd, 1H, J = 10.1, 13.3 Hz, NCH,), 3.84 (s, 3H,
OCH5;), 5.13 (dd, 1H, J = 3.2, 10.0 Hz, OCH), 6.66 (s, 2H,
CH=CH),7.03(d,2H, J = 8.4 Hz, C4H,), 7.41 (d,2H, J = 8.8
Hz, C¢Hy). Anal. Caled for C14H0N,Oq: C, 53.84; H, 6.45; N,
8.97. Found: C, 53.57; H, 6.25; N, 8.73.
1-(4-Methoxyphenyl)-2-(1-methylhydrazino)ethanol Hydrogen
Fumarate (9¢ Hydrogen Fumarate). White crystalline solid, yield
2.06 g (66%); mp 142—144 °C (EtOH—Et,0); '"H NMR (400
MHz, D,0) 6 3.09 (s, 3H, NCH3), 3.39 (dd, IH, J = 3.4, 13.5Hz,
NCH,), 3.50 (dd, 1H, J = 10.1, 13.4 Hz, NCH,), 3.86 (s, 3H,
OCH;), 5.16 (dd, 1H, J = 3.3, 10.1 Hz, OCH), 6.68 (s, 2H,
CH=CH),7.06 (d, 2H, J = 8.8 Hz, C¢H,), 7.41 (d,2H, J = 8.8
Hz, C¢Hy). Anal. Calced for Ci4H50N,Og: C, 53.84; H, 6.45; N,
8.97. Found: C, 53.59; H, 6.21; N, 8.70.
1-(4-Fluorophenyl)-2-(1-methylhydrazino)ethanol Hydrogen
Maleate (9f Hydrogen Maleate). White crystalline solid, yield
1.89 g (63%); mp 101—104 °C (MeOH—Et,0); 'H NMR (400
MHz, D,0) 6 3.05 (s, 3H, NCH3), 3.36 (dd, 1H, J = 3.4, 134
Hz, NCH,), 3.44 (dd, 1H, J = 10.1, 13.4 Hz, NCH,), 5.16 (dd,
1H,J =3.4,99Hz, OCH), 6.28 (s,2H,CH=CH), 7.16 (dd, 2H,
J = 8.8,9.0 Hz, C¢Hy), 7.44 (dd, 2H, J = 5.5, 8.5 Hz, CcHy).
Anal. Calcd for C13H17FN205: C, 5200, H, 571, N, 9.33.
Found: C, 52.24; H, 5.97; N, 9.58.
2-(1'-Methylhydrazino)-1-(2,3,4-trimethoxyphenyl)ethanol
Hydrogen Fumarate (9g Hydrogen Fumarate). White crystal-
line solid, yield 2.42 g (65%); mp 139—141 °C (MeOH—Et,0); 'H
NMR (500 MHz, D,0) 0 3.06 (s, 3H, NCH3), 3.26—3.45 (m, 2H,
NCH,), 3.86 (s, 3H, OCHs), 3.88 (s, 3H, OCH3), 3.92 (s, 3H,
OCH;), 5.36 (d, 1H, J = 8.4 Hz, OCH), 6.70 (s, 2H, CH=CH),
6.95(d, 1H,J = 8.7Hz, CsH,),7.22 (d, 1H, J = 8.7, CcH;). Anal.
Calcd for CigH-4N,Og: C, 51.61; H, 6.50; N, 7.52. Found: C,
51.46; H, 6.43; N, 7.40.
1-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)-2-(1-methylhydrazino)-
ethanol Hydrogen Maleate (9h Hydrogen Maleate). White crystal-
line solid, yield 2.48 g (73%); mp 127—129 °C (MeOH—Et,0); 'H
NMR (400 MHz, CDCl;) 6 3.05 (s, 3H, NCH3), 3.30—3.45 (m,
2H,NCH,), 4.30 (s,4H, OCH,CH0), 5.07 (dd, 1H, J = 2.9,9.8
Hz, OCH), 6.29 (s, 2H, CH=CH), 6.91—6.98 (m, 3H, CcH3).
Anal. Calcd for C;sH,oN-O7: C, 52.94; H, 5.92; N, 8.23. Found:
C, 52.66; H, 5.63; N, 8.00.
2-(1-Methylhydrazino)-1-(2-naphthyl)ethanol Hydrogen Maleate
(9i Hydrogen Maleate). Yield 2.26 g (68%); mp 143—145 °C
(MeOH—Et,0); '"H NMR (400 MHz, CDCls) ¢ 3.11 (s, 3H,
NCH;), 3.35-3.59 (m, 2H, NCH,), 5.35 (dd, 1H, J = 2.9, 9.9
Hz, OCH), 6.19 (s, 2H, CH=CH), 7.53—7.62 (m, 3H, C,oH>),
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7.91-7.99 (m, 4H, C10H7)‘ Anal. Calcd for C17H20N205: C, 6144,
H, 6.07; N, 8.43. Found: C, 61.71; H, 5.90; N, 8.23.

2-(1-Isobutylhydrazino)-1-phenylethanol Hydrogen Fumarate
(9j Hydrogen Fumarate). White crystalline solid, yield 1.91 g
(59%); mp 90—92 °C (EtOH—Et,0); '"H NMR (400 MHz,
CDCl3) 6 3.11 (d, 6H, J = 6.5 Hz, CH(CHz),), 1.98—2.13
(m, 1H, CH(CHs;),), 2.98—3.92 (m, 2H, NCH,), 3.30—3.48
(m, 2H, NCH») 5.24 (dd, 1H, J = 3.8, 9.1 Hz, OCH), 6.69
(s, 2H, CH=CH), 7.42—7.53 (m, 5H, C¢Hs). Anal. Calcd for
C6Ho4N>Os: C, 59.24; H, 7.46; N, 8.64. Found: C, 59.32; H,
7.67; N, 8.85.

(1R*,285%)-2-(1-Methylhydrazino)-1-phenylpropan-1-ol Hydro-
chloride (10a Hydrochloride). White crystalline solid, yield 1.63 g
(75%); mp 145—146 °C (EtOH—Et,0); '"H NMR (400 MHz,
D,0) 6 1.22 (d, 3H, J = 7.0 Hz, CHCH5), 2.99 (s, 3H, NCH,),
3.66—3.73 (m, I1H, CHCHs;), 5.40—5.47 (m, 1H, CHOH), 7.41—
7.54 (m, 5SH, C¢Hs). Anal. Calcd for C;oH;,CIN>O: C, 55.42; H,
7.91; N, 12.93. Found: C, 55.17; H, 7.65; N, 12.66.

(1R*,25%)-2-(1-Methylhydrazino)-1-phenylbutan-1-ol Hydro-
gen Fumarate (10b Hydrogen Fumarate). White crystalline solid,
yield 1.90 g (61%); mp 141—143 °C (EtOH—Et,0); '"H NMR
(400 MHz, DMSO-dq) 6 0.63 (t, 3H, J = 7.5 Hz, CH,CH3),
1.26—1.38 (m, 1H, CH,), 1.49—1.62 (m, 1H, CH>), 2.58—2.64 (m
4H, NCH;, ArCH), 5.15(d, 1H, J = 2.1 Hz, NCH), 6.55 (s, 2H,
CH=CH), 7.17—7.38 (m, SH, C¢Hs). Anal. Calcd for C;5H,,-
N,Os: C, 58.05; H, 7.15; N, 9.03. Found: C, 57.89; H, 7.02; N,
8.86.

(1R*,28%)-2-(1-Methylhydrazino)-1-phenylpentan-1-ol Hydrogen
Fumarate (10c Hydrogen Fumarate). White crystalline solid, yield
223 g (69%); mp 132—134 °C (EtOH—Et,0); '"H NMR (400
MHz, DMSO-dq) 0.64 (t, 3H, J = 7.3 Hz, CH,CH5),0.79—0.93 (m,
1H, CH,), 1.07—1.31 (m, 2H, CH,), 1.46—1.57 (m, 1H, CH,), 2.60
(s, 3H,NCH5), 2.66—2.71 (m, 1H, ArCH), 5.15(d, 1H,J = 2.1 Hz,
NCH), 6.57 (s, 2H, CH=CH), 7.16—7.37 (m, SH, C¢Hs). Anal.
Calcd for C1H,4N5Os: C, 59.24; H, 7.46; N, 8.64. Found: C, 59.03;
H, 7.28; N, 8.45.

2,2-Dimethyl-2-(1'-methylhydrazino)-1-phenylethanol Hydro-
gen Fumarate (10d Hydrogen Fumarate). White crystalline solid,
yield 2.10 g (68%); mp 184—186 °C (MeOH—Et,0); 'H NMR
(400 MHz, DMSO-dg) 1.04 (s, 6H, 2 x CCH3), 2.20 (s, 3H,
NCH3), 6.59 (s,2H, CH=CH), 7.22—7.43 (m, SH, CcHs). Anal.
Calcd for C;sH»,N,Os5: C, 58.05; H, 7.15; N, 9.03. Found: C,
57.92; H, 6.94; N, 8.95.

1-Benzyl-1-methylhydrazine Hydrogen Maleate (13 Hydrogen
Maleate). White crystalline solid, yield 1.18 g (47%); mp 88—90
°C (MeOH—Et,0); '"H NMR (400 MHz, D,0) 6 2.99 (s, 3H,
CHs3), 4.38 (s, 2H, CH,), 6.29 (s, 2H, CH=CH), 7.46—7.58 (m,
5H, C¢Hs). Anal. Caled for C,H ¢N-Oy4: C, 57.13; H, 6.39; N,
11.10. Found: C, 57.01; H, 6.20; N, 10.98.

1-Methyl-1-(2-Phenylpropyl)hydrazine Hydrogen Fumarate
(14b Hydrogen Fumarate). White crystalline solid, yield 1.88 g
(67%); mp 143—146 °C (MeOH—Et,0); '"H NMR (400 MHz,
D,0) 6 1.31 (d, 3H, J = 7.0 Hz, CCH3), 2,96 (s, 3H, NCH>),
3.25—-3.37 (m, 1H, CH), 3.44 (dd, 1H, J = 12.9, 5.9 Hz, CH,),
3.55(dd, 1H, J = 12.9, 9.9 Hz, CH,), 6.67 (s, 2H, CH=CH),
7.34—7.49 (m, 5H, C¢Hs). Anal. Calcd for Ci4H,0N,Oy4: C,
59.99; H, 7.19; N, 9.99. Found: C, 60.14; H, 7,01; N, 9.82.

2-(4-Methoxyphenyl)-1-(1'-methylhydrazino)-2-propanol Hydro-
gen Maleate (15 Hydrogen Maleate). White crystalline solid, yield
2.02 g (62%); mp 127—129 °C (MeOH—Et,0); '"H NMR (400
MHz, D,0) ¢ 1.62 (s, 3H, CCHs), 2.77 (s, 3H, NCHs), 3.26—3.48
(m, 2H, CH,), 3.84 (s, 3H, OCH}), 6.30 (s, 2H, CH=CH), 7.05 (d,
2H,J = 8.8 Hz,CsH,), 7.47(d,2H, J = 8.8 Hz, C4Hy). Anal. Calcd
for C;sH»N>Oq: C, 55.21; H, 6.79; N, 8.58. Found: C, 55.03; H,
6.68; N, 8.50.

General Procedure for the Preparation of Hydrazino Alcohols
S5a—c and 6a. To a stirred solution of hydrazine hydrate (12.5 g,
0.25 mol) in EtOH (10 mL), the corresponding styrene oxide
(4a—c, 25 mmol) was added dropwise. The exothermic reaction
brought the mixture to reflux. After addition was complete, the
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mixture was kept at 60 °C for 10 min. The solvent was evapo-
rated off and the oily residue was dissolved in EtOH and treated
with an equivalent amount of maleic acid. The separated
crystals of the corresponding 5a—c¢ maleate were filtered off
and recrystallized from EtOH. In case of compounds a, the
filtrate was treated with Et,O to give crystalline 6a maleate
which was filtered off and recrystallized twice from a mixture of
EtOH and Et,0.

2-Hydrazino-1-phenylethanol Hydrogen Maleate (5a Hydro-
gen Maleate). Beige crystalline solid, yield 3.22 g (48%); mp
120—122 °C (EtOH—Et,0); 'H NMR (D,0) 6 3.38 (d, 2H, J =
7.9 Hz, NCH,»), 5.07 (t, I1H, J = 7.0 Hz, OCH), 6.29 (s, 2H,
CH=CH), 7.39—7.52 (m, SH, C¢Hs). Anal. Caled for C|,H ¢-
N>Os: C, 53.73; H, 6.01; N, 10.44. Found: C, 53.50; H, 5.83; N,
10.28.

2-Hydrazino-1-(3-methoxyphenyl)ethanol Hydrogen Maleate
(5b Hydrogen Maleate). Pale yellow crystalline solid, yield 3.80 g
(51%); mp 130—133 °C (EtOAc—MeOH); '"H NMR (D,0) ¢
3.38(d,2H, J = 6.5Hz, NCH,), 3.87 (s, 3H, OCH3), 5.07 (t, 1 H,
J = 6.5 Hz, OCH), 6.29 (s, 2H, CH=CH), 6.99—7.10 (m, 3H,
C6H4), 7.42 (t, 1H, J=19 HZ, C6H4). Anal. Calcd for C13H|8-
N,Og¢: C, 52.34; H, 6.08; N, 9.39. Found: C, 52.52; H, 6.21; N,
9.65.

2-Hydrazino-1-(4-methoxyphenyl)ethanol Hydrogen Maleate
(5¢ Hydrogen Maleate). Pale yellow crystalline solid, yield 3.51 g
(47%); mp 117—120 °C (EtOH—Et,0); '"H NMR (D,0) ¢
3.32—3.45 (m, 2H, NCH,), 3.87 (s, 3H, OCH3), 5.04 (dd, 1H,
J = 4.4,8.8 Hz, OCH), 6.32 (s, 2H, CH=CH), 6 7.06 (d, 2H,
J = 88Hz,CsH,),7.41 (d, 1H, J = 8.8 Hz, C¢H,). Anal. Calcd
for C13HgN,>Oq: C, 52.34; H, 6.08; N, 9.39. Found: C, 52.50; H,
6.17; N, 9.69.

2-Hydrazino-2-phenylethanol Hydrogen Maleate (6a Hydro-
gen Maleate). White crystalline solid, yield 0.80 g (12%); mp
107—110 °C (EtOH—Et,0); 'H NMR (D,0) 6 3.91 (2H, m,
OCH,),4.32(1H,m,NCH),6.31 2H,s, CH=CH), 7.47 (SH, m,
CgHs). Anal. Calcd for C1oH14N»Os5: C, 53.73; H, 6.01; N, 10.44.
Found: C, 53.48; H, 5.78; N, 10.57.

General Procedure for the Preparation Hydrazino Alcohol
O-Methyl Ethers 12a—j and O-Benzyl Ether 16. 55% Sodium
hydride suspension (1.40 g, 32 mmol) was washed with n-hexane
and suspended in THF (35 mL). A solution of the corresponding
N-nitroso amino alcohol (8, 10 mmol) in THF (60 mL) was
degassed with N, flushing and added dropwise to the NaH
suspension with stirring and continuous N, flushing at 0 °C over
a period of 1 h. Stirring was continued at 0 °C for 2 h, and then
a solution of Mel (2.41 g, 17 mmol) or benzyl bromide (2.05 g,
12 mmol) in THF (20 mL) was added dropwise to the stirred
suspension at 0 °C. The mixture was stirred at 0 °C for 30 min
and then was allowed to warm to room temperature. The excess
of NaH was decomposed by addition of MeOH. The solution
evaporated to dryness, and the residue was dissolved in H,O
(40 mL) and extracted with EtOAc (3 x 40 mL). The combined
EtOAc extracts were washed with H,O (40 mL) and then dried
(Na,S0O,) and evaporated under reduced pressure to give the
O-methyl-substituted product (11a—j) as a yellow oil.

The crude O-methyl-N-nitroso amino alcohol (11a—j) was
dissolved in THF (20 mL) and was added dropwise to a strirred
and ice-cooled suspension of LiAlH,4 (1.26 g, 33.2 mmol) in THF
(60 mL). The mixture was stirred at 0 °C for 3 h, and then
allowed to warm to room temperature. The excess of LiAlH4
was decomposed with a mixture of H,O (2.5 mL) and THF (20
mL), and the resulting precipitate was filtered off and washed
with EtOAc (2 x 75 mL). The combined filtrates were dried
(Na,SO,4) and evaporated under reduced pressure. The oily
residue was treated with an equivalent amount of maleic or
fumaric acid in a mixture of EtOH and Et,O to give crystalline
hydrogen maleate or hydrogen fumarate salt which was filtered
off and recrystallized.

1-[2-(3-Fluorophenyl)-2-methoxyethyl]-1-methylhydrazine
Hydrogen Fumarate (12a Hydrogen Fumarate). White crystalline
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solid, yield 1.67 g (53%); mp 108— 110 °C (EtOH—Et,0); '"H NMR
(400 MHz, D,O) 6 3.21 (s, 3H, NCH3), 3.47 (s, 3H, OCH3), 3.52
(dd, 1H, J = 3.4, 13.8 Hz, NCH,), 3.43 (dd, 1H, J = 10.1, 13.7 Hz,
NCH,), 496 (dd, 1H, J = 3.2, 10.3 Hz, OCH), 6.84 (s, 2H,
CH=CH), 7.30—7.45 (m, 3H, C¢H,), 7.61—7.69 (m, 1H, CcHy).
Anal. Calcd for C4H;9FN,Os: C, 53.50; H, 6.09; N, 8.91. Found:
C, 53.24; H, 5.95; N, 8.70.
1-[2-(4-Fluorophenyl)-2-methoxyethyl]-1-methylhydrazine
Hydrogen Fumarate (12b Hydrogen Fumarate). White crystalline
solid, yield 1.70 g (54%); mp 117—119 °C (EtOH—Et,0); '"H NMR
(500 MHz, D,0) 6 3.02 (s, 3H, NCHs), 3.24 (s, 3H, OCH3), 3.30 (d,
1H,J = 13.8 Hz, NCH,), 3.44 (dd, 1H, J = 10.1, 13.4 Hz, NCH,),
475 (d, 1H, J = 9.8 Hz, OCH), 6.65 (s, 2H, CH=CH), 7.18 (dd,
2H,J = 7.4,9.0 Hz C¢Hy), 7.41 (dd, 2H, J = 5.8, 7.8 Hz, C¢Hy).
Anal. Calcd for C4H19FN,Os: C, 53.50; H, 6.09; N, 8.91. Found:
C, 53.27; H, 591; N, 8.75.
1-(2-(3-Chlorophenyl)-2-methoxyethyl)-1-methylhydrazine
Hydrogen Fumarate (12¢ Hydrogen Fumarate). White crystalline
solid, yield 1.62 g (49%); mp 116—118 °C (EtOH—Et,0); 'H NMR
(400 MHz, D,O) 6 3.21 (s, 3H, NCH3), 3.47 (s, 3H, OCH3), 3.51
(dd, 1H,J = 3.1, 14.1 Hz, NCH,), 3.63 (dd, 1H, J = 10.1, 13.7 Hz,
NCH,), 4.95 (dd, 1H, J = 3.1, 10.1 Hz, OCH), 6.85 (s, 2H,
CH=CH), 7.51=7.55 (m, 1H, C¢H,), 7.62—7.67 (m, 3H, CcHy).
Anal. Calcd for C4H,9CIN,Os: C, 50.84; H, 5.79; N, 8.47. Found:
C, 51.00; H, 5.99; N, 8.70.
1-[2-(4-Chlorophenyl)-2-methoxyethyl]-1-methylhydrazine
Hydrogen Maleate (12d Hydrogen Maleate). Yield 1.95 g (59%);
mp 98—100 °C (EtOH—Et,0); 'H NMR (500 MHz, D,0) 6 2.98
(s, 3H, NCHj3), 3.20—3.30 (m, 5SH, OCH3, NCH,), 3.35—3.43 (m,
1H, NCH,), 4.72 (dd, 1H, J = 2.5, 10.1 Hz, OCH), 6.25 (s, 2H,
CH=CH),7.34(d,2H,J = 8.3 Hz,C¢H,), 7.43(d,2H, J = 8.3Hz,
C¢Hy). Anal. Caled for C4HoCIN,Os: C, 50.84; H, 5.79; N, 8.47.
Found: C, 50.59; H, 5.55; N, 8.19.
1-[2-Methoxy-1-(3-tolyl)ethyl]-1-methylhydrazine Hydrogen
Fumarate (12e Hydrogen Fumarate). White crystalline solid,
yield 1.74 g (56%); mp 116—119 °C (EtOH—Et,0); '"H NMR
(400 MHz, D,0) 6 2.37 (s, 3H, (CH;)CsHy), 3.05 (s, 3H, NCH;),
3.28 (s, 3H, OCH;), 3.32 (dd, 1H, J = 2.8,14.0 Hz, NCH,),
3.45(dd, IH, J = 10.4, 13.4 Hz, NCH,»), 4.74 (dd, IH, J = 3.0,
10.3 Hz, OCH), 6.67 (s, 2H, CH=CH), 7.21-7.32 (m,
3H, C6H4), 7.37—7.42 (m, 1H, C6H4). Anal. Calcd for C15H22-
N,Os: C, 58.05; H, 7.15; N, 9.03. Found: C, 57.77; H, 6.93;
N, 8.77.
1-[2-Methoxy-2-(3-methoxyphenyl)ethyl]-1-methylhydrazine
Hydrogen Fumarate (12f Hydrogen Fumarate). Yield 1.99 g
(61%); mp 140—143 °C (MeOH—Et,0); '"H NMR (400 MHz,
D>0) 0 3.03 (s, 3H, NCHs;), 3.27 (s, 3H, OCH3), 3.31 (dd, 1H,
J = 3.5, 13.8 Hz, NCH,), 3.45 (dd, 1H, J = 10.3, 13.6 Hz,
NCH,), 3.84 (s, 3H, (CH;0)C¢Hy), 4.74 (dd, 1H, J = 3.2, 10.4
Hz, OCH), 6.65 (s, 2H, CH=CH), 6.99—7.05 (m, 3H, CsH,),
7.41 (t, lH, J=28.1 HZ, C(,H4)‘ Anal. Calcd for C15H22N20(,2 C,
55.21; H, 6.80; N, 8.58. Found: C, 55.48; H, 7.05; N, 8.95.
1-[2-Methoxy-1-(4-methoxyphenyl)ethyl]-1-methylhydrazine
Hydrogen Fumarate (12g Hydrogen Fumarate). Pale yellow
crystalline solid, yield 1.96 g (60%); mp 104—107 °C (EtOH—
Et,0); "H NMR (400 MHz, D,0) 6 3.07 (s, 3H, NCH3), 3.27 (s,
3H, OCH3), 3.33 (dd, 1H, J = 3.3, 13.8 Hz, NCH,), 3.51 (dd,
1H,J = 10.7, 13.8 Hz, NCH,), 3.87 (s, 3H, (CH;0)CsHy,), 4.74
(dd, 1H, J = 3.1, 10.5 Hz, OCH), 6.68 (s, 2H, CH=CH), 7.08
(d, 2H, J = 8.8 Hz, C¢Hy), 7.39 (d, 2H, J = 8.8 Hz, CcH,).
Anal. Calcd for C;5H,,N>Oq4: C, 55.21; H, 6.80; N, 8.58.
Found: C, 55.47; H, 7.01; N, 8.85.
1-{2-Methoxy-2-(2,3,4-trimethoxyphenyl)ethyl]-1-methylhydrazine
Hydrogen Fumarate (12h Hydrogen Fumarate). Beige crystalline
solid, yield 1.97 g (51%); mp 122—124 °C (MeOH—Et,0); 'H
NMR (500 MHz, CDCl;) 6 2.80 (s, 3H, NCHs), 3.44 (s, 3H, OCHj),
3.76—3.85 (m, 1H, NCH), 3.88 (s, 3H, OCHs), 3.91 (s, 3H, OCHs),
3.94 (s, 3H, OCH;), 4.07—4.15 (m, 1H, NCH), 4.70—4.80 (br s,
overlapped with the peak of the residual H,O, 1H, OCH), 6.61
(s, 2H, CH=CH), 6.96 (d, 1H, J = 8.6 Hz, C¢H>), 7.22 (d, 1H,
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J = 8.6 Hz, C4H>). Anal. Caled for C7H6N>Og: C, 52.84; H, 6.78;
N, 7.25. Found: C, 52.60; H, 6.63; N, 7.19.
1-[2-Methoxy-2-(1-naphthyl)ethyl]-1-methylhydrazine Hydro-
gen Fumarate (12i Hydrogen Fumarate). Yield 2.01 g (58%); mp
147—149 °C (MeOH—Et,0); "H NMR (400 MHz, D,0) 6 3.11
(s, 3H, NCH>), 3.37 (s, 3H, OCHs), 3.48 (dd, 1H, J = 3.0, 13.8
Hz, NCH,), 3.63 (dd, 1H, J = 10.4, 13.8 Hz, NCH,), 5.61 (dd,
1H,J = 3.4,10.8 Hz, OCH), 6.67 (s, 2H, CH=CH), 7.60—7.72
(m, 4H, C,oH>), 8.01 (d, 1H, J = 8.1 Hz, C|oH7), 8.05 (d, 1H,
J = 8.1 Hz, C(H>), 8.22 (d, 1H, J = 8.1 Hz, C|oH7). Anal.
Calcd for C1gH»»N>Os: C, 62.42; H, 6.40; N, 8.09. Found: C,
62.70; H, 6.67; N, 8.38.
1-[2-Methoxy-2-(2-naphthyl)ethyl]-1-methylhydrazine Hydro-
gen Maleate (12j Hydrogen Maleate). Yield 1.94 g (56%); mp
119—120 °C (MeOH—Et,0); '"H NMR (400 MHz, D,0) 6 3.09
(s, 3H, NCH3), 3.33 (s, 3H, OCH3), 3.41 (dd, 1H, J = 2.8,13.6
Hz, NCH,), 3.63 (dd, 1H, J = 10.5, 13.6 Hz, NCH,), 4.95 (dd,
1H, J = 2.6, 10.4 Hz, OCH), 6.25 (s, 2H, CH=CH), 7.54 (dd,
IH, J = 1.7, 8.8 Hz, CjoH7), 7.60—7.65 (m, 2H, C;oH7),
7.95—8.04 (m, 4H, C10H7). Anal. Calcd for C18H22N205: C,
62.42; H, 6.40; N, 8.09. Found: C, 62.17; H, 6.15; N, 8.38.
1-[2-Benzyloxy-2-(4-methoxyphenyl)ethyl]-1-methylhydrazine
Hydrogen Fumarate (16 Hydrogen Fumarate). Beige crystalline
solid, yield 1.52 g (38%); mp 118—120 °C (EtOH—Et,0); 'H
NMR (400 MHz, D,0) 6 2.97 (s, 3H, NCHs3), 3.31 (dd, 1H, J =
13.4,3.0Hz, NCH), 3.54(dd, 1H,J = 13.4,10.4 Hz, NCH), 3.86
(s, 3H, OCH;), 4.37 (d, IH, J = 11.3 Hz, OCH,), 4.49 (d, 1H,
J =11.3Hz, OCH,),4.87(dd, 1H,J = 10.4, 3.0 Hz, OCH), 6.66
(s,2H,CH=CH),7.07(d,2H, J = 8.6 Hz, CcHy), 7.32—7.46 (m,
7H, C6H4, C6H5). Anal. Calced for C21H26N20(,: C, 6267, H,
6.51; N, 6.96. Found: C, 62.49; H, 6.71; N, 7.11.
1-(2-Phenylpropyl)hydrazine Hydrogen Fumarate (14a Hydro-
gen Fumarate). 2-Phenylpropyl bromide (1.99 g, 10 mmol) was
added dropwise to a stirred refluxing solution of hydrazine
hydrate (6.00 g, 0.12 mol) in EtOH (10 mL). The solution was
refluxed for 22 h and evaporated in vacuo. Et;0 (25 mL) and
K,CO; (5 g) was added to the residue and the mixture was stirred
for 15 min at ambient temperature. It was then filtered and
evaporated. The oily residue was treated with an equivalent
amount of fumaric acid in a mixture of EtOH and Et,O to give a
crystalline hydrogen fumarate salt. The crystalline product was
filtered off and recrystallized.

White crystalline solid; yield 1.24 g (47%); mp 126—129 °C
(EtOH—Et,0); "H NMR (400 MHz, D,0) 6 1.32(d, 3H, J = 6.8
Hz, CH3), 3.10—3.23 (m, 1H, CH), 3.30—3.42 (m, 2H, CH,),
6.67 (s, 2H, CH=CH), 7.28—7.47 (m, SH, C¢Hs). Anal. Calcd
for C13H §N,Oy4: C, 58.63; H, 6.81; N, 10.52. Found: C, 58.75;
H, 6.62; N, 10.37.

Expression of Recombinant VAP-1. Recombinant VAP-1
protein was obtained from Chinese hamster ovary (CHO) cells
stably transfected with a full-length human VAP-1 cDNA.
Recombinant human VAP-1 SSAO expressed in CHO cells
was used as a source of VAP-1 SSAO for activity measurements.
Native CHO cells have negligible SSAO activity. These cells and
their culture have previously been described.® A cell lysate was
prepared by suspending approximately 3.6 x 108 cells in 25 mL
lysis buffer (150 mM NaCl, 10 mM Tris-Base pH 7.2, 1.5 mM
MgCl,, 1% NP40) and incubating at 4 °C overnight on a
rotating table. The lysate was clarified by centrifugation at
18000g for 5 min at room temperature and the supernatant
was used directly in the assay.

Mitochondrial MAO Extract. Rat total monoamine oxidase
enzyme (MAO, mixture of MAO A and MAO B) was prepared
from rat liver tissues by rinsing the liver sample several times in
KCI-EDTA-solution to remove all blood. Then the liver sample
was homogenized in ice-cold potassium phosphate buffer
(0.1 M, pH 7.4) with an Ultra-Turax homogenizer (setting
11000 rpm, 4 x 10 s). After centrifugation at 500g for 10 min
at 4 °C the supernatant was carefully withdrawn and was
centrifuged at 12300g for 15 min at 4 °C. The supernatant was
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discharged and sedimented mitochondria were resuspended in

fresh phosphate buffer and centrifuged as previously. The

mitochondria were suspended in phosphate buffer and homo-

genized with an Ultra-Turax homogenizer (setting 11000 rpm,

2 x 10 s). Mitochondrial preparate was aliquoted and stored
=70 °C.

In Vitro Inhibition of VAP-1 SSAO Activity. VAP-1 SSAO
activity was measured using the coupled colorimetric method
essentially as described for monoamine oxidase and related
enzymes.*® The VAP-1 SSAO assay was performed in 96 well
microtiter plates as follows. To each well was added a prede-
termined amount of inhibitor if required. The amount of inhi-
bitor varied in each assay but was generally at a final concentra-
tion of between 1 nM and 50 uM. Controls lacked inhibitor. The
inhibitor was in a total volume of 20 4L in water. The assay was
performed in a final volume of 200 uL consisting of 0.2 M
potassium phosphate buffer (pH 7.6) and freshly made chromo-
genic solution containing 1 mM 2.,4-dichlorophenol, 500 uM
4-aminoantipyrine and 4 U/mL horseradish peroxidase and an
amount of CHO cell lysate containing VAP-1 SSAO that caused
a change of 0.6 Ay per h. This was within the linear response
range of the assay. The plates were incubated for 30 min at 37 °C
and the background absorbance measured at 490 nm using a
Wallac Victor II multilabel counter. To initiate the enzyme
reaction 10 mM benzylamine (final concentration = I mM)
was added and the plate incubated for 1 h at 37 °C. The increase
in absorbance, reflecting VAP-1 SSAO activity, was measured
at 490 nm. Inhibition was presented as percent inhibition
compared to control after correcting for background absor-
bance and ICs, values calculated using GraphPad Prism.

Comparison of VAP-1 SSAO Activity versus Rat Total MAO
Activity. Total MAO activity was measured in a similar way as
for VAP-1 SSAO except that 2,4-dichlorophenol was replaced
by 1 mM vanillic acid. To each well was added a predetermined
amount of inhibitor if required. The amount of inhibitor varied
in each assay but was generally at a final concentration of
between 10 nM and 800 uM. Controls lacked inhibitor. The
inhibitor was in a total volume of 20 L in water. The assay was
performed in a final volume of 300 uL consisting of 0.2 M
potassium phosphate buffer (pH 7.6) and of freshly made
chromogenic solution (as above) and total MAO preparation.
The plates were incubated for 30 min at 37 °C and the back-
ground absorbance measured at 490 nm using a Wallac Victor I1
multilabel counter. To initiate the enzyme reaction 5 mM
tyramine (final concentration 0.5 mM) was added and the plate
incubated for 1 hat 37 °C. The increase in absorbance, reflecting
total MAO activity, was measured at 490 nm. Inhibition was
presented as percent inhibition compared to control after cor-
recting for background absorbance and 1Csq values calculated
using GraphPad Prism. Clorgyline and pargyline (inhibitors of
MAO A and MAO B, respectively) at 0.5 uM were added to
some wells as positive controls for MAO inhibition.

Starting Structures for Molecular Dynamics Simulations. A
3D structure of VAP-1 with TPQ in an active conformation
(PDB ID 2Cl11, resolution of 2.90 A)m without a bound
2-hydrazinopyridine ligand was used in the MD simulations.
All studied inhibitor molecules bind covalently to TPQ (called
thereafter as TPQ-ligand complex) and they were parametrized
as following: (1) TPQ-ligand complex was build with SYBYL
7.3,% (2) optimized with GAUSSIANO03* at the HF/6-31+G*
level, (3) the electrostatic potentials of the ligand were calculated
with GAUSSIANO3 (HF/6-314+-G*) for the optimized TPQ-
ligand complex, and (4) the RESP methodology®' was used to
create the atom-centered point charges from the electrostatic
potentials. The charges of chemically comparable atoms in the
ligand molecules were set to identical values.

To maintain the coordination of three histidines (HID520,
HIDS522, and HIE684) to the Cu®" ion, the negative charges of
the coordinating N-atoms were increased in order to keep the
Cu’?"ion in the coordination site throughout the MD simulation
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[(HID(520, 522)N°: —0.76: HIE(684)¢ —0.93]. Finally, hydro-
gens, neutralizing counterions, and TIP3P water molecules
extending 13 A around the protein complex (rectangular box)
were added with LEAP.>

Molecular Dynamics Simulations. All energy minimizations
and molecular dynamics simulations were 5performed with
NAMD 2.6% using ff03 force field parameters>* for the protein
and gaff99 parameters™ for the ligands (TPQ + compound 5a,
Table 1). The whole MD simulation procedure comprised of two
minimization runs and two MD simulation runs. (1) The water
molecules, counterions, and amino acid side chains were mini-
mized with the conjugate gradient algorithm (3000 steps) as rest
of the complex was constrained by restraining Co-atoms into
thelr initial positions with the harmonic force of 5 kcal mol™!

2. (2) The whole system was minimized without constraints
(3000 steps) to make sure complete equilibration; (3) the first
MD simulation (360 ps), where the Ca-atoms were restrained as
in step (1), was performed in the constant pressure, and (4) the
2.4 ns production simulation was performed without con-
straints. Since large conformation changes are not likely on
inhibitor binding, the 2.4 ns were considered to be long enough
simulation time.

The simulated complex was held at constant temperature
(300 K) with Langevin dynamics for all non-hydrogen atoms,
using a Langevin damping coefficient of 5 ps~'. A constant
pressure of 1 atm was upheld by a Nosé-Hoover Langevin
piston>® with an oscillation time scale of 200 fs and a damping
time scale of 100 fs. An integration time step of 2 fs was used
under a multiple time stepping scheme.®’ The bonded and short-
range interactions were calculated every time step and long-
range electrostatic interactions every third step. A cutoff value
of 12 A was used for the van der Waals and short-range
electrostatic interactions. A switching function was enforced for the
van der Waals forces to smoothen the cutoff. The simulations were
conducted under the periodic boundary conditions with the full-
system, and the long-range electrostatics were counted with the
particle-mesh Ewald method.”® The bonds involving hydrogen
atoms were restrained by the SHAKE algorithm.>

Startmg Structures for 3D QSAR. The crystal structure of
VAP-1 in complex with 2- hydrazmopyndme was retrieved
from the Protein Data Bank.®® The conformation of the side
chain of Leu469 was changed to resemble that obtained from
MD simulations (see Results and Discussion) using amino acid
side-chain rotamer library®' incorporated into BODIL model-
ing environment.®> In addition, the water molecules and the
atoms of bound inhibitor molecule 2-hydrazinopyridine (CI,
C2, C3, C4, C5, and N3 in the crystal structure) were removed.
Hydrogen atoms were added using SYBYL.*

Construction of Ligands for 3D QSAR. ngands were sketched
in SYBYL® and energy was minimized by using MMFF94s°
force field with MMFF94 charges and conjugate gradient
method until the energy gradient was less than 0.05 kcal/mol.
All possible enantiomers were built.

Docking Simulations. Bioactive conformations for studied
ligands were predicted with GOLD 3.1.1.°%% The ligand bind-
ing pocket was defined using the CPH from Leu468 as a central
atom with radius of 20 A. The ligands were docked covalently to
nitrogen atom N1 of PAQ1729 (PAQ is used in PDB file (PDB-
code: 2C11'% to assign TPQ and the 2-hydrazinopyridine
covalently bonded to it). Each ligand was docked 10 times;
however, the docking simulation was allowed to terminate in
cases where the root-mean-squared deviations (rmsd) of three
best conformations were within 1.5 A.

3D QSAR Analysis. The superpositioning of ligands for 3D
QSAR was obtained by using the first ranked conformation for
each ligand from docking by using the fitness function of
GOLD. The CoMSIA method in SYBYL*’ was used for model
building to explore physicochemical properties that contribute
to the correlation. The CoMSIA descriptors for steric and
hydrophobic fields were calculated in SYBYL* using default
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settings, and were used for model building. The correlation of
these fields with the —log ICs, values was calculated by using
the partial least-squares (PLS) method.®® Column filtering of
0.5 kcal/mol was used for leave-one-out (LOO) cross-valida-
tions. The built models were validated as follows: (1) the
47 molecules were sorted according to their experimental data,
(2) molecules were divided into four sets that where equal in size
(one containing 11 and three containing 12 molecules) and
diversity in VAP-1 potency, (3) three out of four sets were used
to build a QSAR model, and the potencies for the molecules in
the fourth set were predicted. Finally, all 47 molecules were used
to build a 3D QSAR model for both VAP-1 and MAO. Thus,
in total, 10 QSAR models were made: five for VAP-1 (one
that contained all 47 molecules and four containing 3/4 of
molecules), and similarly five for MAO.

The validation of the VAP-1 and MAO models was done
using progressive scrambling®® and bootstrapping.*®*’ In pro-
gressive scrambling the maximum number of bins was set to 10
and the minimum number of bins was set to 2. The default value
of 0.85 was used for critical point, and a total of 100 scramblings
were used for both VAP-1 and MAO models. Progressive
scrambling was performed five times for both models and
average values were calculated for parameters. The parameters
acquired from the progressive scrambling are (1) ¢*** which
indicates the predictivity of the model after potential effects of
redundancy have been removed, that is, the expected value of ¢°
at the specified critical point, (2) cSDEP which is the estimated
crossvalidated standard error at the specified critical point for
2., (the correlation of the scrambled responses with the un-
perturbed data), and (3) dg* /dr?,, which is the slope of ¢ (the
crossvalidated correlation coefficient) evaluated at the specified
critical point with respect to the correlation of the original
dependent variables versus the perturbed dependent variables.
The value of the slope should be under 1 as the values over
1 indicate the overfitting of the model. For bootstrapping
validation 100 runs were performed.
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