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The preparation and assessment of biological activity of 6-substituted 2-naphthamidine
inhibitors of the serine protease urokinase plasminogen activator (uPA, or urokinase) is
described. 2-Naphthamidine was chosen as a starting point based on synthetic considerations
and on modeling of substituent vectors. Phenyl amides at the 6-position were found to improve
binding; replacement of the amide with other two-atom linkers proved ineffective. The phenyl
group itself is situated near the S1′ subsite; substitutions off of the phenyl group accessed S1′
and other distant binding regions. Three new points of interaction were defined and explored
through ring substitution. A solvent-exposed salt bridge with the Asp60A carboxylate was
formed using a 4-alkylamino group, improving affinity to Ki ) 40 nM. Inhibitors also accessed
two hydrophobic regions. One interaction is characterized by a tight hydrophobic fit made with
a small dimple largely defined by His57 and His99; a weaker, less specific interaction involves
alkyl groups reaching into the broad prime-side protein binding region near Val41 and the
Cys42-Cys58 disulfide, displacing water molecules and leading to small gains in activity. Many
inhibitors accessed two of these three regions. Affinities range as low as Ki ) 6 nM, and many
compounds had Ki < 100 nM, while moderate to excellent selectivity was gained versus four of
five members of a panel of relevant serine proteases. Also, some selectivity against trypsin
was generated via the interaction with Asp60A. X-ray structures of many of these compounds
were used to inform our inhibitor design and to increase our understanding of key interactions.
In combination with our exploration of 8-substitution patterns, we have identified a number
of novel binding interactions for uPA inhibitors.

Introduction
Urokinase-type plasminogen activator (uPA), or uroki-

nase, is a trypsin-family serine protease that converts
plasminogen into the active enzyme plasmin, a wide-
spectrum protease that digests various components of
the extracellular matrix and also activates proenzymes
of matrix metalloproteinases. Urokinase is secreted by
tumor cells or adjacent stroma and exists either as the
free enzyme or bound to its cell-surface receptor, uPAR.
Binding to uPAR significantly increases the rate of cell-
surface-associated plasminogen activation by urokinase
and can serve to spatially focus its activity. The uPA/
uPAR complex plays a role in many normal physiologi-
cal events, such as wound healing, but is also involved
in tissue remodeling processes of many diseases, includ-
ing arthritis,1 atherosclerosis,2 vascular restenosis,3 and
cancer. In particular, urokinase is implicated in many
tumor-associated processes, including extracellular ma-
trix degradation, invasion, angiogenesis, and metasta-
sis.4,5

Elevated levels of urokinase are common to many
cancer cell lines and are correlated with enhanced

invasiveness and metastasis and poor prognosis.5 Trans-
genic animals deficient in urokinase have shown slower
progression of induced tumors.6 The same has been
shown for plasminogen-deficient animals.7 Moreover,
small-molecule urokinase inhibitors have been shown
to slow primary tumor growth and metastasis.8-12

Small-molecule urokinase inhibitors have thus far
featured amidines or guanidines, positively charged
arginine-mimetic groups that form a salt bridge with
the Asp189 carboxylate in the S1 pocket of the active
site of urokinase and other trypsin-like serine proteases.
Typical early inhibitors were aryl amidines or guanidines
with minimal substitution.13-18 These compounds nor-
mally exhibited single- or double-digit micromolar ac-
tivities. Additionally, while the aryl guanidines as a
group showed some selectivity for urokinase, and to a
lesser extent trypsin, versus a number of other physi-
ologically relevant trypsin-like proteases,15a the class of
early inhibitors, largely confined to the S1 subsite, lack
sufficient potency and selectivity to be therapeutically
useful. Chart 1 shows some examples (1-4) of recently
reported urokinase inhibitors that are more structurally
elaborate and generally show increased potency and
selectivity.19-24

Rationale. Our efforts began with investigation of a
number of bicyclic aromatic amidine cores. On the basis
of information accumulated from substituent SAR on
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these series and on structure-based determinations of
the viability of further substitution, we decided to focus
on 2-naphthamidine 513 as the scaffold for further work.
5 itself has good affinity for urokinase (Ki ) 5.9 µM)
relative to other aromatic amidines, and exhibits some
selectivity on its own against tPA and plasmin. Selected
aspects of our work with derivatives of 5, detailing X-ray
structural studies on 8-substitution25 and species speci-
ficity,26 have already been reported.

Both modeling and testing of several variously sub-
stituted naphthamidines led us to conclude that the 6,
7, and 8 positions would tolerate substitution. Our
approach was to initially investigate each substituent
vector separately, assuming that a later combination of
our best substituents at each site would likely give
approximately additive affinities. We felt, and subse-
quent crystallographic data confirmed, that the rela-
tively tight fit of the 2-naphthamidine core in the S1
subsite of urokinase would help ensure the validity of
such an approach.25 Modeling led us to expect that
substituents at position 7 would project into solvent, and
an initial determination of the lack of any effect on
potency of several substituents led us to quickly aban-
don work at that site. We then concentrated our efforts
on exploring the effects of substitution at the 6 and 8
positions. Here we report on the synthesis and develop-
ment of 6-substituted 2-naphthamidine urokinase in-
hibitors, including structure-activity relationships of
the phenyl amide 6. In the future we will report further
on 8-substitution and on fully elaborated, disubstituted
2-naphthamidines.

Chemistry. Our general synthetic approach rested
on several factors. Given that the polarity and basicity
of the amidine group make it undesirable to carry
through a number of synthetic steps, and that there
exist many methods of synthesizing amidines from
nitriles, we targeted the cyano acid 11 and acid chloride
12 as cores from which we could generate a large
number of amide-containing compounds. It was thus

important to find a synthesis of 11/12 amenable to large-
scale work and requiring no chromatography. Scheme
1 shows this synthesis. We were able to start with the
inexpensive diester 7; monosaponification gave the acid
8, which was converted via the acid chloride to the
amide 9 in 89% yield. Dehydration to the nitrile 10 could
be easily performed in a number of ways; the cleanest
used TFAA/pyridine and gave the nitrile in 94% yield.27

Another saponification quantitatively gave the cyano
acid 11, which was easily carried on to pure acid chloride
12 by refluxing in toluene with oxalyl chloride and
condensing from toluene. It became convenient to
produce and store 12 in large quantity.

Scheme 2 shows the syntheses of the parent amide
6, its N-methyl derivative 14, and the N-methylamide
15. Early synthetic efforts did not employ 12; instead,
the acid 11 was used to couple to amines. Anilines were
found to be unreactive toward 11 with most coupling
agents; however, HATU in DMF gave sufficient yields
of amides. 13a-c were then transformed to amidines
6, 14 and 15 via nucleophilic attack on the nitriles by
LiN(TMS)2, followed by hydrolysis of the silyl groups
with aqueous HCl.28 This method of amidine synthesis
proved over time to be operationally simplest and
compatible with most functional groups. Normally the
nitriles were cleanly and completely transformed to
amidines, and groups with active hydrogens in the
substrate, such as the amide NH, usually necessitated

Chart 1. Amidine and Guanidine Inhibitors of UPA

Chart 2. Naphthamidine UPA Inhibitors with
Numbering Scheme

Scheme 1

Scheme 2
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only the use of a larger excess of LiN(TMS)2. Yields
varied significantly; while HPLC purification usually
produced high (70-90%) yields, occasional transforma-
tion to different salt forms and recrystallization, after
or in place of HPLC purification, could result in final
yields of between 15 and 90%.

We were able to use 12 in the syntheses of the ketone
and reverse amide analogues of 6. Scheme 3 shows the
synthesis of the benzyl ketone 18. Formation of the
Weinreb amide 16 from 12 is followed by benzyl Grig-
nard addition to give the ketone 17 in 28% yield. Due
to the presence of the enolizable ketone functionality,
the Pinner reaction29 was used to make 18. For the
reverse amide synthesis, shown in Scheme 4, sodium
azide was added to the acid chloride 12 to give 19, which
was decomposed to the amine 20 by treatment with H2-
SO4. The amine was coupled to benzoyl chloride, and
the resulting amide 21 was transformed to the amidine
22 via the thioamide and thioimidate ester, using the
method of Bredereck et al.30

With amide targets formally reduced to aniline syn-
theses, 4-(aminomethyl)aniline 23a was protected with
di-tert-butyl dicarbonate (Scheme 5), giving 23b, before
coupling to the acid 11 with HATU to give amide 24.
Amidination to 25 was achieved using the LiN(TMS)2
protocol, with BOC deprotection taking place during
acidic silyl group hydrolysis. Similarly for the corre-
sponding 4-hydroxymethyl compound (Scheme 6), the
alcohol 26a was protected with TBSCl, and the aniline
26b coupled with 11 using HATU. The crude product
was deprotected to the alcohol 27 with TBAF, and the
amidine 28 was produced via LiN(TMS)2. The 4-ethyl
compound, precursor 29a, was taken on to the amide
via 11 as before, but for amidoaniline 29b the acid
chloride 12 was used (Scheme 7). Products 30a and 30b
were transformed into amidines 31a and 31b via the
thioamide and Pinner protocols, respectively.

The 3-alkoxy series syntheses are shown in Scheme
8. The alkoxyanilines 32e and 32f were made under
standard Mitsunobu conditions in excellent yields. The
cyclopentylmethyl analogue 32i was made in 81%
yield from aldehyde 32h via Wittig reaction with cyclo-
pentyltriphenylphosphonium bromide, followed by im-
mediate one-pot reduction of the nitro and olefin groups.
The bis-ether syntheses (Scheme 9) began with 3,5-
dimethoxyaniline, 35a, and its monodemethylation with
NaSMe.31 Yields for this procedure were typically in the
30-60% range; however, single products were obtained
and Lewis acid reagents had proved unsuccessful.

Scheme 3

Scheme 4

Scheme 5

Scheme 6

Scheme 7
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Mitsunobu alkylation with 2-propanol then gave 35c
from 35b. Treatment of 35c, again with NaSMe, selec-
tively provided the phenol 35d, which similarly was
made to undergo Mitsunobu alkylation with 2-propanol
or cyclopentanol to give 35e and 35f in 83% and 87%
yields, respectively. All appropriately substituted anilines
32a-c,e-h and 35a,e,f were coupled to 12 to give
amides 33a-g and 36a-c in 60-90% yields, which
were in turn subjected to the LiN(TMS)2 protocol to give
amidines 34a-g and 37a-c.

Synthesis of the 7-aminodihydroisoquinoline deriva-
tives (Scheme 10) began with the synthesis of 39c and
the known 39a,b,32 via acylation of phenethylamine 38a
followed by cyclodehydration with FeCl3.33 Nitration
with KNO3 in H2SO4 to give 40a-c was followed by
selective reduction of the nitro groups using Raney
nickel to give the iminoanilines 41a-c. The correspond-
ing tetrahydroisoquinolines were obtained by reducing
41a-c to amines 44a-c with sodium borohydride,
followed by BOC protection. The syntheses were again
finished by coupling of the imines 41a-c and protected
amines 45a-c to 12 and subsequent formation of
amidines from 42a-c and 46a-c with LiN(TMS)2,
giving 43a-c and 47a-c, with BOC deprotection again
taking place upon desilylation.

The related 6-aminotetrahydroisoquinolines 56a,b
were made by modifying a route reported by Quallich
et al.34 (Scheme 11). The known 4834 was alkylated and
esterified to afford 49. Saponification and decarboxyla-
tion led to 50, followed by borane reduction to give the
diol 51a, which, along with the known 51b,34 was bis-
mesylated and displaced in situ by allylamine to afford
the tetrahydroisoquinolines 52a,b. Reduction of the
nitro groups to amines 53a,b was accomplished with
viologen,35 and the amides 54a,b were formed from the
acid chloride 12 as above in high yields. After LiN-
(TMS)2 amidine formation, deallylation of amines 55a,b

to products 56a,b was accomplished cleanly using Pd0

and thiosalicylic acid.36

Results and Discussion

Access to Secondary Binding Sites. Trypsin-like
serine protease inhibitor design has commonly targeted
the S2 and S4 and occasionally S3 subsites, as il-
lustrated by work on enzymes such as factor Xa or
thrombin.37 In addition to the expected improvements
in activity, interactions with these sites often lead to
an increase in selectivity against other trypsin-like
serine proteases. Urokinase, however, possesses a two-
amino acid insertion of Thr97A and Leu97B (chymo-
trypsin numbering system), which partially eclipses the
opening of, and drastically reduces the size of, S4.38 The
S2 subsite is also small, due to the relatively large
His99; similarly for tPA and factor Xa, Tyr99 makes S2
a relatively less important subsite. An excellent il-
lustration of this effect is provided by looking at natural
substrates of uPA, which uniformly have small hydro-
phobic residues at P2, along with hydrophobic residues
of various sizes at P1′.38 P3 residues project their side
chains into solvent or pack against the protein surface;
consequently, the exposed S3 allows a wide variety of
hydrophilic residues. The narrow and partially occluded
S4 subsite permits a range of hydrophobic and polar P4
residues, with little size restriction seen among natural
substrates. Thus, the reduced size of S2 and S4 in
urokinase relative to other trypsin-like proteases re-
duces their likely value as secondary targets for a
synthetic inhibitor, and it may be equally fruitful to
explore less traditional subsites.39

The direct vector off of the 6 position of 2-naphtha-
midine extends past the S2 subsite. For S2 and S4 to
be reachable, a naphthamidine-based inhibitor would
require a linking group that would “double back” toward
the S4 subsite. The crystal structure of urokinase
complexed with a Glu-Gly-Arg-chloromethyl ketone tri-
peptide inhibitor, mimicking a natural substrate, has
shown how this doubling back can be accomplished.38

Again, though, the relative narrowness of S4 requires
a level of precision in the geometry of a non-peptide
inhibitor that may prove difficult to build onto a typical
aromatic amidine or guanidine scaffold. Early efforts
of ours sought to do just this, but we were unable to
access the S4 pocket, and none of a large series of
inhibitors designed for this displayed a gain in activity.
Still, the 6 position offers access to other regions of the
urokinase surface, including the S1′ site, which leads
directly to the broad, shallow prime-side protein binding
region that other programs have had some success in
exploring,21,23a,24 and still other, non-peptide binding
distant sites. We were able to identify structures that
gave rise to interactions with S1′ and some of these
other, more distant regions of the urokinase surface.

Structure-Activity Relationships and Struc-
tural Analysis. Our early inhibitors were built with
the intent to explore the precise nature of vectors
pointing away from the naphthyl core. Among these
compounds, the phenyl amide 6 showed a 10-fold
improvement in potency against urokinase compared to
the parent 5 (Table 1). Many of our inhibitors were
evaluated for selectivity against a panel of physiologi-
cally important trypsin-like serine proteases involved

Scheme 8
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in coagulation and proteolysis. For 6, selectivities were
substantially the same as for 5, changing by only as
much as 3-fold in either direction.

As noted above, 5 itself possesses a modicum of
selectivity toward tPA and plasmin. Selectivity patterns
for various S1-only aromatic amidines have been dis-
cussed partly in terms of the identity of residue 190.23b,40

Aromatic amidines tend to bind with a small preference
for Ser190-containing proteases, including uPA, trypsin,
and plasmin, compared to Ala190 proteases such as tPA,
thrombin, and kallikrein. A glance at Table 1 indicates
that, for 5, other factors must play a role, especially for
plasmin; however, the high homologies of S1-forming
residues and resulting structural similarities of the
proteases in question make elucidation of other factors
challenging at best.40a We do note that the overall
selectivity pattern of 5 roughly parallels that of other
aromatic amidines, benzo[b]thiophene-2-carboxamidine
and even to some extent benzamidine,40a though 5 does
show a small improvement in selectivity with respect
to tPA.

Figures 1 and 2a show aspects of the X-ray structure
of 6 bound to urokinase. The 6-uPA complex structure
shows the naphthyl group anchored in the active site
by a typical salt bridge between the amidine and
Asp189. The interatomic distances are typical, at 2.9
and 3.0 Å, and show little variation between compounds
in this series. In general, our various inhibitor-uPA
structures exhibit very small differences in rotation
about the long axis of the naphthyl groups within S1
and almost no variation with respect to movement
toward or away from Asp189. The amide is situated
above the active site Ser195, with the phenyl group
extending beyond S2 toward the protein binding region.
Key to the amide conformation is its involvement in a
hydrogen-bonding network. Figure 1 highlights aspects
of this network. The amide NH is involved in a water-
mediated hydrogen bond to Ser214 Oγ. The bridging
water molecule is well-ordered, with a temperature (B)
factor of 7.5, and is similarly located in all of our amide
inhibitor-uPA complex X-ray structures. On the other
side, the amide carbonyl seems to interact with Gln192

Scheme 9

Scheme 10
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Nε2, which is in turn hydrogen-bonded through its
amide carbonyl to Lys143 Nú. All aspects of this
hydrogen-bonding network were found in each of our

inhibitor-uPA X-ray structures, though hydrogen-bond
distances and angles varied, in some cases considerably.
For many of the interactions seen in the 6-uPA
complex, geometries and distances are not optimal; first,
the 6-Gln192 Nε2 hydrogen-bond angle is closer to
orthogonal than linear, and the distance of 3.7 Å is much
longer than the normal hydrogen-bond distance of 2.8-
3.2 Å. Interestingly, the Gln192 Nε2-Lys143 Nú hy-
drogen bond is also longer than is typical (3.4 Å), and it
appears that both of these distances, and the geometry
of the former interaction, could be significantly im-
proved with simple rotation and possibly translational
movement of Gln192. At any rate, in most of the amide-
uPA complex X-ray structures the amide carbonyl-
Gln192 Nε2 hydrogen bond assumes a much more
normal distance. The amide NH-Ser214 Oγ water-
mediated hydrogen bond is more typical, with distances
of 3.0 and 2.8 Å from 6 to the water molecule to Ser214
Oγ. Here again, the amide NH-H2O O angle, calculated
to be 141°, is not ideal but is within the range of
normally acceptable values.

The amide conformation is also partly determined by
other features evident in the complexed sturcture. The
amide has an energetic preference to remain in a near-

Scheme 11

Table 1. Amide Linker Binding and Effect of Changes to the Nature of the Linking Group

Figure 1. View of the hydrogen-bonding network in the
6-uPA complex. Hydrogen bonds are drawn to H atoms, while
labeled distances are heavy atom to heavy atom. The naph-
thyl-amide dihedral angle is 29° and the amide-phenyl
dihedral angle is 31°.
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Figure 2. Stereoviews of parent and monosubstituted amides in crystal structures of uPA complexes, with Connolly surfaces. (a)
6 bound to uPA. Residues within 6 Å of 6 are shown along with their solvent-accessible Connolly surfaces (orange). Hydrogen bonds
are shown by dotted lines. The water involved in a hydrogen bond with Ser214 and 6 is shown, above Ser214 Oγ and partially
occluded by the protein surface. The surface near Gln192 and Asp189 has been removed to permit viewing of the hydrogen-bonding
interactions with inhibitor. Approximate locations of the S2 and S4 subsites are indicated, showing the truncation of the subsites by
the Thr97A-Leu97B insertion. The phenyl group sits atop the narrow valley defined by the His57 side chain. The Cys58 half of the
Cys58-Cys42 disulfide, at the bottom of the prime-side protein binding cleft, is also shown. The active site Ser195 is just visible,
below the amide. (b) 25 bound to uPA. The surface near Asp60A is removed to permit viewing of the interaction with the protonated
amine of 25. The distance from the amino group of 25 to Asp60A Oδ2 could be reduced by rotation of the C-N bond, but the amine
is rotated toward solvent, maximizing interaction with solvent while still maintaining a good distance (3.2 Å) from Asp60A Oδ2. The
hydrogen bond to Gln192 Nε2 is shorter than for 6. (c) 34e bound to uPA, with the view turned slightly and the surface extended
beyond that in Figure 3a to illustrate the small hydrophobic dimple comprised by His 99, Ala96, Tyr94, and His57. The cyclopentyl
group fits well edge-on into the dimple between His99 and Asp60A.
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coplanar arrangement with the naphthyl and phenyl
groups, but it is required to adopt an out-of-plane
conformation in order to form the hydrogen bonds just
discussed and to situate the phenyl group in an orienta-
tion allowing for interaction with the protein surface.
The out-of-plane amide-naphthyl angle of 29° for the
6-uPA complex, as well as the amide-phenyl out-of-
plane angle of 31°, are representative within a few
degrees of all our amide-uPA crystal structures. These
angles allow for some interaction of the contiguous
π-systems, while more importantly situating the phenyl
group near the urokinase surface and creating good
hydrophobic contact with a relatively flat region of the
protein where there is little in the way of a well-defined
binding pocket (Figure 2a). This portion of the surface
of urokinase is largely defined by the imidazole side
chain of the highly conserved active site residue His57.
The flat, near-parallel nature of the two rings in the
crystal structure allows for good surface contact and
possibly generates a π-stacking interaction. The surface
beyond the phenyl group in the direction of the con-
served Cys58-Cys42 disulfide bond then drops off slightly,
near the S1′ binding site.

Given the water-mediated and solvent-exposed nature
of the hydrogen bonds with Ser214 and Gln192, respec-
tively, and the less than ideal geometries of those
interactions, we surmise that the hydrogen-bonding
network contributes little to the 10-fold gain in affinity
for 6 relative to 5, but it does importantly allow the
hydrophobic contact between the phenyl group and the
His57-defined protein surface, which probably is the
main driver of the affinity increase. In support of this
is the measured affinity of the N-methyl amide 15,
which lacks only the hydrophobic interaction and is
roughly equipotent with 5 (Table 1). Other related
compounds probed different aspects of the amide linker
structure. The N-methylation of 6 led to 14, which was
less active than 2-naphthamidine. The presence of the
methyl group in 14 not only eliminates the water-
mediated hydrogen-bonding interaction with Ser214 but
also produces a steric clash with the naphthyl 5-H,
necessitating an increase in the out-of-plane angle, and
a further reduction in any favorable interaction with
Gln192. Replacement of the NH with a methylene (18)
also reduced activity. Here, again, there is no possibility
of a water-mediated hydrogen bond with Ser214 Oγ, and
the more rotatable H2C-CO bond contributes an en-
tropic cost to binding in the most favorable conforma-
tion, compared to the rigidity and preferred trans nature
of the amide bond.

A number of two-atom linkers less closely related to
the amide of 6 also failed to increase affinity to uPA. It
is likely that less rigid linking groups fail to adequately
restrict the possible locations of the phenyl group,
ultimately favoring its extension into solvent, while even
other rigid linkers such as 14 and 21 lack a precise set
of interactions necessary to counter entropic contribu-
tions to overall energetics and situate the phenyl group
near the protein surface. The reverse amide 21, which
showed improved binding not only to urokinase but all
the members of the selectivity panel, was still inferior
to 6. The conformation of 21 bound to urokinase was
not determined; however, it probably has the capacity
to form a different set of hydrogen bonds with some of

the same residues involved in the binding of 6. Never-
theless, it is unlikely that 21 is able to situate the
phenyl group in a manner similar to 6. Later amide
inhibitors with improved potency over 6 were sometimes
made with alternate linking groups, such as the reverse
amide, and were always much less active than the
corresponding amide.41 This again demonstrates that
only the amide places the phenyl group near the protein
surface and His57, and while the improved binding of
6 ultimately derives from the hydrophobic interaction
of the phenyl group, the nature of the linking group is
crucial.

As noted above, and as the data in Table 1 indicates,
selectivities for 6 are roughly similar to those for 5. That
the presence of the phenyl amide has little effect on
selectivity is not surprising, as both the His57 and
Ser214 are unchanged across the selectivity panel.
Moreover, among the members of the panel, the Gln192
of urokinase is only substituted in the case of kallikrein
with a lysine, which may also be able to hydrogen bond
to the amide carbonyl, and in the case of thrombin with
a glutamic acid, which cannot. Thus, the majority of the
small selectivity changes on going from 5 to 6 are likely
driven by more subtle factors not evident from the
primary interacting residues.

The location of the phenyl group in the 6-uPA
complex makes it amenable to serve as a scaffold for
substitution into other regions of the protein. Figure 2
indicates that space exists for substitution at meta and
para positions, while ortho substitution would on one
side run into the His99 side chain. Again, an attempt
was made here to extend back toward S4 via ortho
substitution, but compounds with that modification had
greatly reduced activity, confirming the tight fit with
the defining side wall of S2. In general, even small ortho
substitution proved detrimental.41

A survey of meta and para substitution SAR is shown
in Table 2. The p-aminomethyl compound 25 produced
the greatest increase in potency and selectivity. The
crystal structure of the 25-uPA complex (Figure 2b)
shows substantially the same overall structure as that
of the parent amide 6, with the core position and all
relevant hydrogen bonds involving the amide of a very
similar nature. The amide NH and Ser214 hydrogen-
bond distances to the bridging water molecule for 25
are 3.0 and 2.8 Å, respectively, while the hydrogen-bond
distance involving Gln192 is a much more normal 3.1
Å. The important additional feature for 25 is a salt
bridge interaction between the Asp60A carboxylate Oδ2
and the charged amino group. The bond distance of 3.2
Å in the crystal structure is again within the expected
range for such an interaction. The amino group is swung
away from the protein surface in the X-ray structure,
slightly increasing the distance from Asp60A Oδ2,
probably in order to make it maximally available for
stabilization by solvent. The structure of this complex
shows a notable absence of well-defined water molecules
binding to 25; however, the relatively flat, nonpolar
environment in the vicinity of the amino tail of 25
provides little in the way of a template for ordering
solvent. In addition, we observed no ordered water
molecules in this region in any of our inhibitor-uPA
crystal structures, including the 6-uPA complex, though
a solvent-exposed water molecule with only one hydro-
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gen bond to protein is often not sufficiently ordered to
appear in a crystal structure. However, the protonated
amine almost certainly benefits from solvation by less
well ordered water molecules. It is also important to
note that the Asp60A carboxylate is not stabilized by
any nearby positively charged or even uncharged hy-
drogen-bonding residues.

The interaction with Asp60A is particularly signifi-
cant, as there is little sequence homology between other
members of the trypsin family for this and nearby
residues. Plasma kallikrein, for which there is not yet
a solved crystal structure, possesses a Gly60A and a
more distant Asp60 that might possibly lend some small
electrostatic stabilization to a complex with 25. Never-
theless, without generating a steric clash, the probable
lack of a meaningful salt bridge or hydrogen-bonding
interaction leads to a similar affinity toward kallikrein
for 6 and 25, resulting in an increase in selectivity for
25 from 4- to 180-fold (Table 2). Similarly, modeling 25
into the known tPA structure shows that the protein
accommodates binding of 25 but again provides no
stabilizing electrostatic interactions, resulting in an
affinity near that of 6 and a consequent increase in
selectivity. Trypsin, against which it is notoriously
difficult to generate selectivity, is missing a five amino
acid loop insertion between â-strands after residue 60,
which contributes to its overall open, promiscuous
structure; 25 nevertheless loses affinity toward trypsin,
resulting in 50-fold selectivity against it. Modeling of
25 into plasmin, with a charge-paired Glu60 and
Lys60A in the corresponding location, indicates that the
presence of the aminomethyl group of 25 may cause a
minor steric clash, which again may be responsible for
the small loss in activity compared to 6. Thrombin
possesses a very large and rigid five amino acid loop
insertion at residue 60, which greatly curtails the
available space in this region. Consequently, thrombin
is unable to bind to 25, resulting in >2500:1 selectivity
for uPA.

The hydroxymethyl analogue 28, able to form a
hydrogen bond but not a salt bridge with Asp60A,
interestingly has essentially identical binding affinity

to urokinase. Somewhat surprisingly, the almost com-
pletely solvent-exposed salt bridge between Asp60A Oδ2
and 25 is only roughly equivalent in energy to the more
typical hydrogen-bonding interaction with 28. The ethyl
derivative 31a presents only a steric challenge and is
accommodated with no change in binding energy to
urokinase relative to 6, but there is a small selectivity
increase across the board. Roughly the same holds for
the amide-substituted 31b; modeling of this compound
has demonstrated an inability of the amide to access a
conformation allowing for an effective hydrogen bond;
thus, toward urokinase, the effect of the group is
reduced to a steric one. The affinities for 28, 31a, and
31b toward the members of the selectivity panel are in
almost all cases the same as or less than those for 6.
As steric issues are virtually identical for these three
compounds as well as for 25, we surmise that with the
exception of thrombin, for which all of the compounds
clash with the 60-loop insertion, the other enzymes are
able to accommodate the added substituents, but these
groups do not in any meaningful way interact with the
protein surfaces. The slightly larger drop in affinities
for 25 toward the panel members as a group is probably
attributable to a small destabilization of the charged
amino group upon moving from an aqueous to a par-
tially surface-defined environment.

With the availabilty of cocrystals of urokinase with
many of our compounds, we sought to identify ad-
ditional, new subsites that were reachable from our
scaffold and which might impart added activity and
selectivity to our compounds. We became interested in
two small dimples extending beyond the His57 imida-
zole toward the outer surface of the protein (Figure 2c).
The first of these appeared readily accessible, leading
us to seek a hydrophobic interaction with this region
via substitution off the phenyl meta position. The series
of ethers 34a-f were made in an effort to explore this
interaction. As seen from the binding data for this series
(Table 2), urokinase affinity indeed increases with larger
size up to the cyclopentyl ether of 34e, with the
exception of the 3-pentyl 34d. It seems likely here that
the additional entropic contribution associated with the

Table 2. Acyclic Substitution and Disubstitution of Phenyl Ring

Ki (nM)a

R uPA kallikrein tPA trypsin plasmin thrombin

6 631 ( 86 2500 ( 1140 (9) 31800 ( 17800 (9) 325 ( 175 (8) 1950 ( 580 (9) 564 ( 2160 (9)
25 4-CH2NH2 40 7170 ( 2070 58400 2080 ( 400 16000 ( 900 >100000
28 4-CH2OH 38.0 ( 4.2 2570 8350 260 3820 35100
31a 4-Et 736 ( 283 18100 83900 1320 3870 43700
31b 4-CONH2 326 ( 70 2430 >100000 235 1970 2350
34a 3-OMe 233 ( 8
34b 3-OEt 82.0 ( 16.0 - - - - -
34c 3-OiPr 63.0 ( 13.0 1370 2370 51 554 3490
34d 3-O(3-pentyl) 104 ( 1 - - - - -
34e 3-OCyb 28.0 ( 4.0 2720 3390 56 498 5580
34f 3-OPh 517 ( 94 - - - - -
34g 3-CH2Cyb 167 ( 15 - - - - -
37a 3,5-OMe 139 ( 11 - - - - -
37b 3,5-OiPr 28.0 ( 0.0 4300 790 13 1060 21700
37c 3-OCy,b 5-OiPr 22.0 ( 4.0 3330 844 11 966 21600

a ( standard deviation (number of determinations if more than two). All determinations are triplicate values. b Cy ) cyclopentyl.
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pentyl group relative to the cyclopentyl is responsible
for the reduction in activity. In Figure 2c, the X-ray
structure of the 34e-uPA complex shows the floor of
this dimple region primarily defined by the His57
backbone and the more prominent wall by the edge of
the His99 imidazole. The small size of the surface
dimple does not allow the cyclopentyl group to lie flat;
instead, the ring is essentially edge-on, making an
excellent fit with the urokinase surface. The alkyl ring
is very well defined in the dimple region, with no
apparent density at the other meta position in the
crystal structure. A ring pucker was not assigned to the
cyclopentyl group, due to presumed freedom of move-
ment and typical uncertainties arising from the crystal
structure. The B factors for the cyclopentyl carbon atoms
were moderate to good, ranging from 24.65 to 26.15.

Other issues relating to the binding of 34e were
assessed through compounds 34f and 34g. The phenyl
group in 34f is roughly the same size as a cyclopentyl,
but changing the aliphatic group to an aromatic group
appears to provide little or no additional binding energy
over that of 6. Though this may demonstrate some
preference of the dimple subsite for aliphatic residues,
on closer inspection, given the small size of the dimple
and the tight nature of the fit of the surface with 34e,
it is more likely that the change from an sp3 to an sp2

linking carbon atom keeps the phenyl group from
adopting a position similar to the cyclopentyl ring of
34e. Thus, the geometry of attachment does not allow
an adequate test of the aromatic-for-aliphatic substitu-
tion. Next, the alkyl-substituted 34g was made in an
effort to probe the importance of the linking oxygen
atom. Though the ether oxygen in Figure 2c appears to
be in close contact with the protein surface, it was not
clear whether a small movement of the inhibitor would
be sufficient to allow a methylene enough room to serve
as a substitute. In the event, the drop in affinity for 34g
makes it appear that the ether oxygen is important due
to steric reasons, though we cannot rule out an elec-
tronic contribution of the ether regarding the interaction
with the phenyl group and His57.

Selectivities also increase somewhat from 6 to 34c to
34e, dramatically so toward thrombin, which again
suffers from the interference of its 60-loop insertion. In
particular, modeling of 34e into thrombin gives evidence
of a prohibitive clash with Tyr60A. While for the other
four enzymes there is an initial boost in affinity for the
isopropoxy 34c, the larger 34e produces a drop, or no
further gain, in affinity. Plasmin, with its characteristic
lack of a defined subsite, and kallikrein pick up little
binding energy, improving by 4-fold and remaining
constant, respectively. Though the active site His57 is
a conserved residue, the dimple-forming His99 is a
unique residue for urokinase among trypsin-like serine
proteases. Again, as there are no available X-ray
structures of plasma kallikrein, which possesses a
Gly99, we cannot with complete confidence assert that
this change drives the increases in selectivity for the
ethers; however, other enzymes in this family tend to
have the same secondary structure in this region.
Known crystal structures of trypsin and tPA, then,
possess the same dimple region, but the dimples take
different forms. Trypsin possesses a larger dimple
subsite, with the identities of key residues changed
(Figure 3a). His99 in urokinase becomes Leu99 in
trypsin, and additionally, Tyr94 becomes Phe94; in both
cases the slightly smaller residues of trypsin are nearly
superimposable on the corresponding urokinase resi-
dues. The result is a looser fit with the isopropyl and
cyclopentyl groups. In the event, 34c and 34e experience
a 6-fold gain in affinity to trypsin, compared to 10- and
22-fold gains toward urokinase, producing a reversal in
selectivity from 1:2 to 2:1. In the case of tPA, residue
99 becomes a tyrosine, leading to a much smaller dimple
subsite and a clash with the larger 34e (Figure 3b).
While tPA, like trypsin, has a smaller Phe94 rather than
a tyrosine, it also has a Gln60 residue whose side chain
projects into the space defined in the urokinase struc-
ture by Leu60. In Figure 3b, the bis-ether 37c, based
on the crystal structure of 34e, is shown modeled into
a tPA structure. The figure illustrates the clash with
the cyclopentyl group. The opposite meta position,

Figure 3. (a) Overlay of crystal structure of 34e (green carbons) in urokinase (orange carbons and surface) with a crystal structure
of trypsin (PDB entry 1EPT, blue carbons and surface). Residues Asp60A, Tyr94, and His99 of urokinase and Phe94 and Leu99
of trypsin are highlighted. The larger size of the dimple region is evident. (b) Model of 37c (an OiPr was appended to the structure
of 34e) bound to urokinase (orange), with residues Asp60A, Tyr94, and His99 highlighted. A crystal structure of tPA (PDB entry
1RTF, blue) is overlaid with a dotted surface over highlighted residues (counterclockwise from right) Arg39, Glu60A, Gln60,
Asp96, Phe94, and Tyr99. The dimple region of tPA clashes with the cyclopentyl ether, while the Arg39-Glu60A salt bridge truncates
the prime-side protein binding cleft.
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however, presents a pocket with room for an isopropyl
or even a cyclopentyl group. It seems likely based on
this and other data, discussed below, that the monoether
series 34a-g binds to tPA in this reverse sense, at least
for those inhibitors possessing larger substituents.

For urokinase, extending out in this opposite direction
from the dimple region is the very broad, shallow,
prime-side protein binding groove, immediately defined
by Tyr60B and Gln192, with the floor of the groove
defined by Val41 and the Cys42-Cys58 disulfide bond
(see Figure 2a-c). We sought to extend our ether
inhibitors into this cleft by synthesizing and testing the
series of bis-ethers 37a-c, designed to have one alkyl
group anchored into the dimple region with the other
exploring the broader cleft. Comparing 34a,c,e to 37a-
c, we find small improvements in affinity to uPA, while
compounds were slightly less active against kallikrein
and plasmin and much less active against thrombin.
The second ether substituent seemed to significantly
improve binding to tPA and trypsin, however.

It is straightforward enough to rationalize the mea-
sured affinities of 37b and 37c for thrombin, which
again experiences a clash due to its 60-loop insertion.
Also, for urokinase, kallikrein, and plasmin, the inhibi-
tors evidently fail to generate much additional binding
energy by making close contact with the protein sur-
faces, instead fitting more loosely into the prime-side
cleft and picking up a small binding increment by
displacing disordered water molecules.42 Explanation of
the improvements seen toward tPA and trypsin, how-
ever, are less clear. Returning to Figure 3b, tPA exhibits
an interesting difference in prime-side architecture,
with Arg39 and Glu60A forming a salt bridge that
truncates the normally broad and poorly defined protein
binding cleft. As discussed above, this may allow for
close contact between tPA and the isopropyl or cyclo-

pentyl ethers. The second, smaller ether may then be
accommodated on top of the less well defined, smaller
dimple region, picking up an additional 4-fold gain in
binding. On the basis of the binding data for 34c and
34e and for 37b,c, the isopropyl and cyclopentyl groups
are roughly equivalent. Again, it seems likely that the
cyclopentyl group, which is much more difficult to
accommodate in the dimple subsite, will choose to go
into the prime-side cleft.

The improved binding of the bis-ethers to trypsin is
more difficult to rationalize. Trypsin crystal structures
display the more typical broad prime-side binding cleft,
and close contacts are not apparent; it is thus not
obvious where additional binding energy might be
generated. We cannot rule out the possibility of an
electronic effect involving added electron density to the
phenyl ring, though again, this should affect binding to
all of the enzymes through the conserved His57 residue.

The 1-alkyl di- and tetrahydroisoquinoline series
43a-c and 47a-c also extend alkyl groups into the
protein binding groove. The imine and amine function-
alities were included to interact with the Asp60A side
chain. For both series, the rank ordering of compounds
with respect to activity is isobutyl < isopropyl e
cyclopentyl (Table 3), with the latter two groups result-
ing in potencies equal to or better than 25 and selectivi-
ties increasing incrementally as a group. Figure 4a
shows the X-ray structures of the two isopropyl com-
pounds bound to urokinase. Both 43a and 47a place the
isopropyl group in the middle of the prime-side cleft
between Tyr60B and Gln192. As seen with 37b and 37c,
neither alkyl group makes a strong hydrophobic protein-
inhibitor contact. Given the small size of the energy gain
associated with the alkyl groups, we surmise that this
gain results from the displacement of what are likely
loosely bound, relatively disordered water molecules

Table 3. Cyclic Substitution of Phenyl Ring
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normally filling the cleft. The net benefit is then due to
entropy contributions, which are small when the dis-
placed water molecules were originally weakly bound
near the protein surface.42 Recently published work has
shown this region to be potentially fruitful in providing
additional binding energy toward urokinase;23a however,
due to the seeming preference for our scaffolds to extend
substituents toward solvent, we were unable to achieve
a significant hydrophobic interaction with the exocyclic
alkyl groups.

We can infer, based on the data for 43a-c, 47a-c,
and the bis-ethers above, that the intrinsic affinities of
the di- and tetrahydroisoquinolines without the exo-
cyclic alkyl groups are almost certainly less than for 25.
This is in keeping with the far less ideal interactions
with Asp60A. With the basic nitrogens moved one atom
farther away, the imino group of 43a is 3.3 Å from
Asp60A Oδ2, while the 47a amine nitrogen distance is
3.8 Å. The imine of 43a, with only one hydrogen in its
protonated form, has its hydrogen-bonding capacity
satisfied by the Asp60A Oδ2 interaction, while the
protonated amine of 47a can still benefit from extending
into solvent. The saturated ring containing the amine
of 47a is puckered outward at the nitrogen, projecting
the amine farther out into solvent and farther away
from Asp60A Oδ2; the increased distance to the car-

boxylate is probably balanced by better solvation by
water. This is similar to the behavior of 25, where the
primary amine has even more driving force favoring
solvation. Interestingly, the X-ray structure of 47a
shows density only for the S-stereoisomer, which at the
resolution of the structure in question indicates at least
a 10-fold difference in affinity between the two enanti-
omers. The observed ring pucker would have the iso-
propyl group of the R-enantiomer pointing straight
down and clashing with the urokinase surface, resulting
in the bias toward the S-enantiomer.

We should expect selectivity trends for 43a-c and
47a-c to roughly mirror those for 37a and 37b, being
driven by the alkyl substituents off of the ring system.
These alkyl groups are approximately superimposable
with the second ether groups of 37a and 37b when
protein-bound; however, not having the flexible oxygen
linking atom, their range of possible vectors is limited.
While no unsubstituted di- and tetrahydroquinolines
were synthesized to provide points of comparison for
members of the series, within the two groups there is a
general lack of discernible trends in affinities. Again,
with the exception of thrombin and its 60-loop, the
inhibitors seem to fail to produce a reasonable fit with
the broad, flat surface of the binding clefts, resulting
in equally flat SAR. The affinities to tPA are of note,

Figure 4. Stereoviews of substituted amides in crystal structures of uPA complexes, with Connolly surfaces. (a) 43a (green) and
47a (red) bound to uPA, showing relatively long contacts (dotted lines) with Asp60A, and isopropyl groups situated above the
Cys58-Cys42 disulfide bridge, pointing into the water-filled protein binding region of protein, away from the surface. For 47a, the
density for the R-enantiomer, with the isopropyl group pointing toward the surface, is not seen. Hydrogen bonds to Gln192 Nε2,
omitted for clarity, are 3.6 and 3.1 Å, respectively. (b) 56a bound to uPA. Excellent contact is made with Asp60A, with the ethyl
group again pointing into the protein binding cleft. Again, density for the R-enantiomer is not seen.
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however, as while the initial gains from the isopropyl
substituents in 43a and 47a are more substantial than
those for the other proteases, it appears that the
cyclopentyl substituents, and certainly the isobutyl
group in 47b, are too large to be accommodated by the
prime-side cleft. In Figure 3b the alkyl ether is permit-
ted to extend toward the Arg39-Glu60A salt bridge, but
here the alkyl groups are aimed toward the narrow cleft
extending alongside and beyond Arg39. This region is
much smaller and would likely not be able to fit an
isobutyl group. Thus, though the insertion of the salt
bridge might be responsible for the greater initial gain
in affinity to tPA, it also accounts for the greater
sensitivity toward larger or less optimally situated
substituents.

The final compounds in Table 3, the 6-linked tetrahy-
droisoquinolines 56a and 56b, were designed to interact
with the Asp60A carboxylate in identical fashion to 25,
while gaining additional affinity from extension into S1′.
The unsubstituted 56b gains a small increment of
affinity relative to 25, though there is a notable loss of
selectivity across the panel of enzymes. Alkyl substitu-
tion in the form of the ethyl compound 56a produces
the now familiar small increase in activity to Ki ) 6 nM,
with 2-3-fold improvements in selectivity against all
five enzymes in the panel. The gross structure of the
complex in the crystal structure is similar to those
discussed above, with a 2.9 Å hydrogen bond to Gln192
and a water-mediated hydrogen bond from the amide
to Ser214 with distances of 3.3 and 2.8 Å. In Figure 4b,
the ethyl derivative 56a is shown binding to urokinase
with a near optimal geometry of interaction with
Asp60A Oδ2. The placement of the amino group is
necessarily much closer to the urokinase surface than
for the acyclic 25. The potential for interaction with
water is thus reduced, with the remaining amine
hydrogen pointed directly into water, available for
solvation. Thus, combination of a near-optimized hy-
drogen-bonding geometry with the benefit accruing from
additional hydrophobic scaffolding has led to a single-
digit nanomolar urokinase inhibitor.

One aspect of our inhibitor data that is somewhat
difficult to clearly understand is the precise identifica-
tion of the driving force for the outstanding selectivity
of 25. While many compounds engage Asp60A Oδ2 with
suboptimal geometry, many also derive small contribu-
tions to selectivity from alkyl substituents. Neverthe-
less, 25 achieves overwhelming selectivity advantages
over our other compounds. Ignoring the various alkyl
substituents, and comparing 25 to 56b, selectivity seems
to be correlated with hydrogen-bonding capacity and
the extent of stabilization provided by the Asp60A
carboxylate. Specifically, the embedding of the amino
group of 25 into the ring system of 56b produces a much
smaller energy gain for binding to urokinase than to
the members of the selectivity panel, in particular
kallikrein and trypsin. The known crystal structures of
these proteases offer no clues as to other factors that
may be involved in the binding events of these inhibi-
tors. In the absence of X-ray data for these other
inhibitor-enzyme complexes, we can only speculate that
the well-documented reduced desolvation cost for a
secondary amine as compared to a primary amine
impacts less on urokinase affinities because of the

presence of the Asp60A carboxylate, which offers a great
deal of charge stabilization on its own. Nevertheless, it
seems likely that enthalpic and entropic differences
between bound and unbound enzyme-inhibitor states
must be partly driven by solvent contributions. The
effects on naphthamidine urokinase inhibitors of com-
bination of this substituent interaction and the hydro-
phobic interactions discussed above, along with those
of substituents at position 8, will be reported in due
course.

Conclusion
Our research into 2-naphthamidines as uPA inhibi-

tors has previously demonstrated the utility of the core
as a scaffold from which adding substituents at the 8
position can result in increased potency and selectivity.
By starting from the amide 6, using structure-based
design, we have been able to identify and access three
new points of interaction, again leading to improved
potency and selectivity. One interaction involves making
a salt bridge or hydrogen bond with Oδ2 of Asp60A, a
residue unique to urokinase among trypsin-like serine
proteases. Another interaction involves a hydrophobic
close contact with a small dimple on the protein surface
primarily defined by His57 and His99. Finally, we have
accessed the prime-side protein binding groove, where
small improvements in potency and selectivity are
gained through displacement of water molecules with
alkyl groups. Potency gains through these interactions
have resulted in compounds with Ki values as low as 6
nM, displaying a 1000-fold improvement in activity over
2-naphthamidine. Many compounds also achieved excel-
lent selectivity against other trypsin-like serine pro-
teases. Through combination of this work with efforts
investigating 8-substitution of 2-naphthamidines, more
fully elaborated, disubstituted naphthamidine uroki-
nase inhibitors accessing multiple binding sites and
possessing improved binding should be generated. Ap-
plication to other scaffolds of our work identifying these
new binding subsites may also help lead to improved
inhibitors of urokinase.

Experimental Section
General Methods. All reactions were carried out under

inert atmosphere (N2) and at room temperature unless other-
wise noted. Solvents and reagents were obtained commercially
and were used without further purification. All reported yields
are of isolated products and are not optimized. 1H NMR spectra
were obtained on a Nicolet QE-300 (300 MHz) or a General
Electric GN-300 (300 MHz) instrument. Chemical shifts are
reported as δ values (ppm) downfield relative to Me4Si as an
internal standard, with multiplicities reported in the usual
manner. Mass spectra determinations were performed by the
Analytical Research Department, Abbott Laboratories; DCI/
NH3 indicates chemical ionization in the presence of ammonia,
ESI indicates electron spray ionization, and APCI indicates
atmospheric pressure chemical ionization with ammonia.
Elemental analyses were performed by Robertson Microlit
Laboratories, Inc., Madison, NJ. Column chromatographies
were carried out in flash mode on silica gel (Merck Kieselgel
60, 230-400 mesh). Preparative HPLC purification was car-
ried out on a Pharmacia Biotech HPLC with p-50 pump and a
C18 column (40 micron, 30 × 2 cm, J.T. Baker), with UV
detection at 250 nM and solvent mixtures in a gradient
ranging from 90% A (0.1% aqueous TFA)/10% B (CH3CN or
MeOH) to 10% A/90% B over 160 min at a flow rate of 5 mL/
min [fractions were collected every 2 min for 100 min and
analyzed by TLC (10:1:1 acetonitrile/water/acetic acid) for
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product]. Purification methods for individual final products are
noted, and all physical data for final compounds correspond
to the indicated salt form.

6-Carbomethoxy-2-naphthalenecarboxylic Acid (8). A
suspension of dimethyl 2,6-naphthalenedicarboxylate 7 (50 g,
204 mmol) in dioxane (300 mL) was heated at 80 °C until all
solid dissolved, slowly treated with a solution of KOH (13.2 g,
210 mmol) in MeOH (10 mL), stirred for an additional 2 h at
80 °C, cooled to room temperature, and filtered, and a solid
residue was rinsed with ether. The solid was dissolved in
water and treated with 2 M HCl to pH 3, and the precipitate
was filtered, washed with water, and dried under vacuum
to provide 45.2 g (96%) of 8 as a white powder: 1H NMR
(DMSO-d6) δ 13.24 (br s, 1H), 8.68 (s, 1H), 8.66 (s, 1H),
8.23 (d, J ) 8.6 Hz, 2H), 8.04 (d, J ) 8.6 Hz, 2H), 3.92 (s, 3H);
MS (DCI/NH3) m/z 231 (M + H)+.

6-Carbamyl-2-naphthalenecarboxylic Acid, Methyl Es-
ter (9). A suspension of 8 (15 g, 65 mmol) in toluene (190 mL)
was treated with SOCl2 (20 mL, 276 mmol) and DMAP (15
mg, 0.123 mmol) and refluxed for 1 h. Excess SOCl2 and 60
mL of solvent were then removed by distillation. The thick
precipitate which formed while cooling to room temperature
was triturated with hexanes and filtered. The solid was
dissolved in CH2Cl2 (400 mL) at room temperature and was
treated with dry ammonia gas to precipitate the product. The
mixture was stirred for an additional 15 min, filtered, and
dried under vacuum to yield 13.3 g (89%) of 9 as a white
powder: 1H NMR (DMSO-d6) δ 8.69 (s, 1H), 8.56 (s, 1H), 8.24
(s, 1H), 8.22 (d, J ) 8.5 Hz, 1H), 8.14 (d, J ) 8.5 Hz, 1H), 8.04
(d, J ) 8.5 Hz, 2H), 7.60 (s, 1H), 3.94 (s, 3H); MS (DCI/NH3)
m/z 230 (M + H)+.

6-Cyano-2-naphthalenecarboxylic Acid, Methyl Ester
(10). To a solution of 9 (39.9 g, 174 mmol) and pyridine (28.2
mL, 350 mmol) in dioxane (200 mL) at 0 °C was added
dropwise TFAA (40.2 g, 192 mmol), and the reaction was
stirred for 3 h at room temperature. The reaction was then
poured into water and extracted with EtOAc (3 × 150 mL),
and the combined extracts were washed with water (4 × 100
mL), dried (MgSO4), and condensed to provide 34.7 g (94%) of
10: 1H NMR (CDCl3) δ 8.64 (s, 1H), 8.27 (s, 1H), 8.19 (dd, J )
8.5, 1.5 Hz, 1H), 8.04 (d, J ) 8.9 Hz, 1H), 7.96 (d, J ) 8.9 Hz,
1H), 7.68 (d, J ) 8.5, 1.7 Hz, 1H), 4.01 (s, 3H); MS (DCI/NH3)
m/z 212 (M + H)+.

6-Cyano-2-naphthalenecarboxylic Acid (11). Compound
10 (1.9 g, 9 mmol) in 1:1 THF/H2O (40 mL) was treated with
LiOH‚H2O (1.9 g, 45 mmol), stirred for 90 min, and concen-
trated to a thick slurry. The slurry was dissolved in 1 M HCl
(100 mL) and extracted with EtOAc (3 × 250 mL). The
combined organic extracts were washed with brine, dried (Na2-
SO4), filtered, and concentrated to provide 1.6 g (99%) of 11
as a white solid: 1H NMR (CDCl3) δ 13.38 (br s, 1H), 8.72 (s,
1H), 8.68 (s, 1H), 8.34 (d, J ) 8.9 Hz, 1H), 8.17 (d, J ) 8.5,
Hz, 1H), 8.12 (dd, J ) 8.5, 1.4 Hz, 1H), 7.90 (dd, J ) 8.5, 1.6
Hz, 1H); MS (DCI/NH3) m/z 198 (M + H)+.

6-Cyano-2-naphthalenecarbonyl Chloride (12). A sus-
pension of 11 (1.4 g, 7.1 mmol) in toluene (50 mL) was treated
with (COCl)2 (0.93 mL), heated at 70 °C for 18 h, treated with
additional (COCl)2 (0.5 mL), heated at 70 °C for 4 h, condensed,
and condensed twice more from toluene to provide 1.52 g (99%)
of 12: 1H NMR (CDCl3) δ 8.79 (s, 1H), 8.32 (s, 1H), 8.17 (dd,
J ) 8.9, 1.8 Hz, 1H), 8.13 (d, J ) 8.9 Hz, 1H), 8.03 (d, J ) 8.9
Hz, 1H), 7.77 (dd, J ) 8.9, 1.5 Hz, 1H); MS (DCI/NH3) m/z
216 (M + H)+.

6-(N-Phenylcarbamyl)-2-naphthalenecarbonitrile (13a).
A solution of 11 (930 mg, 4.72 mmol) and iPr2NEt (1.64 mL,
9.44 mmol) in DMF (40 mL) at 0 °C was treated with HATU
(1.79 g, 4.72 mmol), stirred for 30 min at 0 °C, treated with
aniline (473 µL, 5.19 mmol), and stirred for 18 h. The mixture
was poured into water (400 mL), extracted with EtOAc (3 ×
250 mL), washed with water and brine, dried (Na2SO4),
filtered, and concentrated to provide a yellow oil which was
flash chromatographed on silica gel eluting with 25% EtOAc/
hexanes to provide 567 mg (44%) of 13a: 1H NMR (CDCl3) δ
8.43 (s, 1H), 8.30 (d, J ) 1.5 Hz, 1H), 8.06 (d, J ) 8.9 Hz, 1H),

8.05 (m, 2H), 7.95 (br s, 1H), 7.71 (d, J ) 8.9 Hz, 1H), 7.68 (d,
J ) 8.5 Hz, 1H), 7.42 (dd, J ) 8.5, 8.4 Hz, 1H), 7.21 (t, J ) 8.4
Hz, 1H); MS (DCI/NH3) m/z (M + H)+ 273.

6-(N-Phenylcarbamyl)-2-naphthalenecarboxamidine
(6). A solution of 13a (52 mg, 0.191 mmol) in THF (2 mL) was
treated with 1 M LiN(TMS)2 in THF (0.6 mL), stirred for 18
h, treated with 2 M HCl (4 mL), stirred for another 24 h,
basicified with saturated Na2CO3, and extracted with EtOAc
(3 × 10 mL). The extracts were washed with brine, dried (Na2-
SO4), filtered, and concentrated. The crude product was
converted to the CH3SO3H salt to provide 15 mg (20%) of 6:
1H NMR (DMSO-d6) δ 10.56 (s, 1H), 9.50 (br s, 2H), 9.09 (br s,
2H), 8.69 (s, 1H), 8.54 (s, 1H), 8.33 (d, J ) 8.8 Hz, 1H), 8.25
(d, J ) 8.8 Hz, 1H), 8.16 (dd, J ) 8.8, 1.7 Hz, 1H), 7.90 (dd,
J ) 8.5, 1.7 Hz, 1H), 7.83 (d, J ) 8.2 Hz, 2H), 7.40 (dd, J )
8.2, 7.5 Hz, 2H), 7.14 (t, J ) 7.5 Hz, 1H), 2.32 (s, 3H); MS
(DCI/NH3) m/z 290 (M + H)+. Anal. (C18H16N3O‚CH3SO3H‚
0.5H2O) C, H, N.

6-(N-Phenyl-N-methylcarbamyl)-2-naphthalenecarbo-
nitrile (13b) was prepared from 11 and N-methylaniline using
the procedure described for the preparation of 13a: 1H NMR
(DMSO-d6) δ 8.50 (s, 1H), 8.03 (d, J ) 1.5 Hz, 1H), 8.00 (d, J
) 8.5 Hz, 1H), 7.87 (d, J ) 8.5 Hz, 2H), 7.76 (dd, J ) 8.5, 1.7
Hz, 1H), 7.49 (dd, J ) 8.5, 1.5 Hz, 1H), 7.23 (m, 5H), 3.44 (s,
3H); MS (DCI/NH3) m/z 287 (M + H)+.

6-(N-Phenyl-N-methylcarbamyl)-2-naphthalenecarbox-
amidine (14) was prepared from 13b using the procedure
described for the preparation of 6. The crude product was
purified by HPLC to provide 14: 1H NMR (DMSO-d6) δ 9.42
(br s, 4H), 8.39 (s, 1H), 8.03 (d, J ) 8.4 Hz, 1H), 7.99 (s, 1H),
7.90 (d, J ) 8.4 Hz, 1H), 7.78 (dd, J ) 8.5, 1.7 Hz, 2H), 7.48
(d, J ) 8.5 Hz, 1H), 7.22 (m, 4H), 7.11 (m, 1H), 3.45 (s, 3H);
MS (DCI/NH3) m/z 304 (M + H)+. Anal. (C19H17N3O‚C2HF3O2)
C, H; N: calcd, 10.07; found, 9.64.

6-(N-Methylcarbamyl)-2-naphthalenecarbonitrile (13c)
was prepared from 11 and methylamine using the procedure
described for the preparation of 13a: 1H NMR (DMSO-d6) δ
8.74 (br q, 1H), 8.64 (s, 1H), 8.53 (s, 1H), 8.22 (d, J ) 8.8 Hz,
1H), 8.15 (d, J ) 8.8 Hz, 1H), 8.06 (dd, J ) 8.6, 1.7 Hz, 1H),
7.86 (dd, J ) 8.5, 1.8 Hz, 2H), 2.86 (d, J ) 4.4 Hz, 3H); MS
(DCI/NH3) m/z 228 (M + NH4)+.

6-(N-Methylcarbamyl)-2-naphthalenecarboxamidine
(15) was prepared from 13c using the procedure described for
the preparation of 6. The crude product was purified by HPLC
to provide 15: 1H NMR (DMSO-d6) δ 9.42 (br s, 4H), 8.65 (br
q, J ) 4.8 Hz, 1H), 8.54 (m, 2H), 8.25 (d, J ) 8.8 Hz, 1H), 8.17
(s, 1H), 7.90 (d, J ) 8.8 Hz, 1H), 8.07 (dd, J ) 8.4, 1.7 Hz,
2H), 7.88 (dd, J ) 8.6, 1.8 Hz, 1H), 2.86 (d, J ) 4.8 Hz, 3H);
MS (DCI/NH3) m/z 228 (M + H)+. HRMS (FAB) calcd,
228.1137; found, 228.1142.

6-(N-Methoxy-N-methylcarbamyl)-2-naphthalenecar-
bonitrile (16). A solution of 12 (1.5 g, 6.96 mmol) and CH2-
Cl2 (30 mL) was added dropwise to a 0 °C solution of N,O-
dimethylhydroxylamine hydrochloride (0.68 g, 6.96 mmol),
Et3N (2.4 mL, 17.4 mmol), and CH2Cl2 (40 mL). The reaction
mixture was stirred for 15 min at 0 °C and for 2.5 h at room
temperature and then was diluted with CH2Cl2; washed with
1 M KOH, 1 M HCl, water, and brine; dried (MgSO4); filtered;
and condensed to yield 1.6 g (96%) of 16 as a white solid: 1H
NMR (CDCl3) δ 8.26 (s, 2H), 8.00 (d, J ) 8.5 Hz, 1H), 7.94 (d,
J ) 8.9 Hz, 1H), 7.87 (dd, J ) 8.9, 1.5 Hz, 1H), 7.67 (dd, J )
8.5, 1.5 Hz, 1H), 3.55 (s, 3H), 3.43 (s, 3H); MS (DCI/NH3) m/z
241 (M + H)+.

6-(1-Oxo-2-phenylethyl)-2-naphthalenecarbonitrile (17).
Benzylmagnesium chloride (2 M solution in THF, 1.2 mL, 2.4
mmol) was added dropwise to a 0 °C solution of 16 (200 mg,
0.8 mmol) in THF (10 mL). The reaction mixture was stirred
for 0.5 h at 0 °C and then quenched with 1 M HCl and
extracted with ether (2 × 30 mL). The extracts were washed
with brine, dried (MgSO4), filtered, and condensed, and the
residue was flash chromatographed on silica gel eluting with
5% EtOAc/hexanes, followed by crystallization from hexanes/
EtOAc to afford 60 mg (28%) of 17 as a white solid: 1H NMR
(CDCl3) δ 8.55 (s, 2H), 8.26 (s, 1H), 8.17 (dd, J ) 8.5, 1.7 Hz,
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1H), 8.06 (d, J ) 8.5 Hz, 1H), 7.97 (d, J ) 8.5 Hz, 1H), 7.69
(dd, J ) 8.5, 1.7 Hz, 1H), 7.33 (m, 5H), 4.42 (s, 2H); MS (DCI/
NH3) m/z 289 (M + NH4)+.

6-(1-Oxo-2-phenylethyl)-2-naphthalenecarboxami-
dine (18). Compound 17 (60 mg, 0.22 mmol) in MeOH (20 mL)
at 0 °C was saturated with HCl gas, and the reaction was
capped, stirred for 18 h, and concentrated to provide an off-
white solid. The solid was treated with NH4OAc (77 mg, 1
mmol) in MeOH (10 mL), heated at 40 °C for 15 h, cooled, and
concentrated to a yellow solid. The residue was purified by
HPLC to afford 30 mg (34%) of 18 as a white solid: 1H NMR
(DMSO-d6) δ 9.50 (s, 2H), 9.16 (s, 2H), 8.93 (s, 1H), 8.53 (s,
1H), 8.38 (d, J ) 8.8 Hz, 1H), 8.22 (d, J ) 8.8 Hz, 1H), 8.17
(dd, J ) 8.8, 1.7 Hz, 1H), 7.91 (dd, J ) 8.8, 1.7 Hz, 1H), 7.34
(s, 2H), 7.33 (s, 2H), 7.26 (m, 1H), 4.57 (s, 2H); MS (ESI) m/z
289 (M + H)+. Anal. (C19H16N2O‚C2HF3O2‚0.5H2O) C, H, N.

6-Azidocarbonyl-2-naphthalenecarbonitrile (19). To a
solution of 12 (7.0 g, 32.5 mmol) in acetone (200 mL) was added
a solution of NaN3 (10.6 g, 163 mmol) in water (100 mL). The
mixture was stirred for 90 min, and the precipitated product
was filtered, washed thoroughly with water, and dried in a
vacuum to yield 6.5 g (90%) of 19 as an off-white solid: 1H
NMR (CDCl3) δ 8.64 (s, 1H), 8.28 (s, 1H), 8.16 (dd, J ) 8.6,
1.5 Hz, 1H), 8.07 (d, J ) 8.5 Hz, 1H), 7.98 (d, J ) 8.6 Hz, 1H),
7.71 (dd, J ) 8.5, 1.5 Hz, 1H); MS (DCI/NH3) m/z 223
(M + H)+.

6-Amino-2-naphthalenecarbonitrile (20). To a solution
of concentrated H2SO4 (45 mL) at 0 °C was added 19 (6.5 g,
29.2 mmol) and gas evolution immediately commenced. After
30 min at 0 °C the reaction mixture was warmed to room
temperature, stirred for 30 min, poured into ice, and carefully
neutralized with 50% NaOH solution. The solid product was
filtered, washed with water, and dried under vacuum to yield
3.3 g (67%) of 20 as a light yellow solid: 1H NMR (CDCl3) δ
8.04 (s, 1H), 7.69 (d, J ) 8.6 Hz, 1H), 7.60 (d, J ) 8.5 Hz, 1H),
7.46 (dd, J ) 8.5, 1.5 Hz, 1H), 7.02 (dd, J ) 8.6, 2.2 Hz, 1H),
6.95 (d, J ) 2.2 Hz, 1H); MS (DCI/NH3) m/z 169 (M + H)+.

6-Benzoylamino-2-naphthalenecarbonitrile (21). To a
solution of 20 (280 mg, 1.7 mmol) in a mixture of dioxane (50
mL) and 10% K2CO3 (15 mL) was added benzoyl chloride (400
µL, 3.5 mmol). After 10 min the reaction mixture was quenched
with N,N-dimethylethylenediamine (2 mL) and stirred for 10
min. The reaction mixture was diluted with EtOAc (100 mL)
and water (50 mL) and separated, and the organic phase was
washed with 1 M HCl (60 mL), water, and brine; dried
(MgSO4); filtered; and condensed. The resulting solid was
treated with a solution of 1:1 ether/hexane and filtered and
dried under vacuum to yield 154 mg (34%) of 21 as a white
solid: 1H NMR (DMSO-d6) δ 8.57 (s, 1H), 8.09 (d, J ) 8.8 Hz,
1H), 8.03 (d, J ) 8.8 Hz, 1H), 7.98 (d, J ) 2.0 Hz, 1H), 7.80
(m, 2H), 7.75 (m, 2H), 7.50 (d, J ) 7.1 Hz, 1H), 7.43 (m, 2H);
MS (DCI/NH3) m/z 273 (M + H)+.

6-Benzoylamino-2-naphthalenecarboxamidine (22). To
a solution of 21 (157 mg, 0.58 mmol) in 10:1 pyridine/Et3N (8
mL) was bubbled H2S gas for 5 min, and the green solution
was stirred overnight. EtOAc was added (100 mL) and the
solution was washed with water (2 × 30 mL), followed by 1%
aqueous citric acid and brine, dried (MgSO4), filtered, and
condensed. The crude product was treated with a mixture of
ether (15 mL) and hexane (5 mL), and the resulting product
was filtered, washed with ether and hexane, and dried in a
vacuum to yield the thioamide. To the resulting yellow solid
in acetone (20 mL) was added MeI (1.5 mL) and the mixture
stirred for 3 h, after which the precipitated imidate thioester
HI salt was collected by filtration. The salt was suspended in
MeOH (10 mL), to which was added NH4OAc (770 mg, 10
mmol), and the reaction was stirred overnight. The product
was purified by HPLC to yield 84 mg (36%) of 22: 1H NMR
(DMSO-d6) δ 10.67 (s, 1H), 9.22 (br s, 4H), 8.65 (d, J ) 1.5
Hz, 1H), 8.43 (d, J ) 1.4 Hz, 1H), 8.10 (d, J ) 9.2 Hz, 2H),
8.04 (m, 3H), 7.80 (dd, J ) 8.8, 1.8 Hz, 1H), 7.61 (m, 3H); MS
(ESI) m/z 290 (M + H)+. Anal. (C18H15N3O‚C2HF3O2) C, H, N.

(4-tert-Butoxycarbonylaminomethyl)aniline (23b). 4-
Aminomethylaniline 23a (2.00 g, 16.4 mmol) in 2:1 THF/water

(30 mL) was treated with di-tert-butyl dicarbonate (3.93 g, 18
mmol), stirred for 18 h, diluted with water, and concentrated
to a white slurry. The slurry was dissolved in EtOAc, washed
with water and brine, dried (Na2SO4), filtered, and concen-
trated to provide 2.40 g (66%) of 23b as a yellow solid: 1H
NMR (CDCl3) δ 7.88 (d, J ) 7.8 Hz, 2H), 7.45 (d, J ) 7.8 Hz,
2H), 6.92 (m, 1H), 4.08 (m, 2H), 1.40 (s, 9H); MS (DCI/NH3)
m/z 223 (M + H)+.

6-[N-(4-(tert-Butoxycarbonylaminomethyl)phenyl)-
carbamyl]-2-naphthalenecarbonitrile (24) was prepared
from 23 using the procedure described for the preparation of
14a: 1H NMR (DMSO-d6) δ 10.68 (s, 1H), 8.70 (s, 1H), 8.58
(s, 1H), 8.33 (d, J ) 8.5 Hz, 1H), 8.23 (d, J ) 7.8 Hz, 1H), 8.18
(dd, J ) 7.8, 1.7 Hz, 1H), 8.02 (dd, J ) 8.5, 1.7 Hz, 1H), 7.88
(d, J ) 8.5 Hz, 2H), 7.45 (d, J ) 8.5 Hz, 2H), 4.08 (m, 2H),
1.48 (s, 9H); MS (DCI/NH3) m/z 419 (M + NH4)+.

6-[N-(4-(Aminomethyl)phenyl)carbamyl]-2-naphtha-
lenecarboxamidine (25) was prepared from 24 using the
procedure described for the preparation of 6. The crude product
was purified by HPLC to provide 25: 1H NMR (DMSO-d6) δ
10.68 (s, 1H), 9.52 (s, 2H), 9.39 (s, 2H), 8.71 (s, 1H), 8.57 (s,
1H), 8.32 (d, J ) 8.8 Hz, 1H), 8.24 (d, J ) 8.8 Hz, 1H), 8.20
(m, 3H), 8.17 (dd, J ) 8.5, 1.7 Hz, 1H), 7.92 (dd, J ) 8.8, 2.1
Hz, 1H), 7.87 (d, J ) 8.6 Hz, 2H), 7.48 (d, J ) 8.6 Hz, 2H),
4.08 (m, 2H); MS (DCI/NH3) m/z 319 (M + H)+. Anal.
(C19H18N4O‚2C2HF3O2) C, H, N.

(4-tert-Butyldimethylsilyloxymethyl)aniline (26b). A
solution of 4-aminobenzyl alcohol 26a (1 g, 8.1 mmol) in DMF
(20 mL) was treated with imidazole (0.54 g, 8.1 mmol) and
TBSCl (1.22 g, 8.12 mmol); stirred overnight at room temper-
ature; diluted with EtOAc (100 mL); washed with 1 M H3PO4,
saturated NaHCO3, and brine; dried (Na2SO4); filtered; and
concentrated to an oil which was flash chromatographed on
silica gel eluting with 25% EtOAc/hexanes to provide 0.5 g
(26%) of 26b as a clear oil: 1H NMR (CDCl3) δ 7.11 (d, J ) 8.3
Hz, 2H), 6.66 (d, J ) 8.3 Hz, 2H), 4.62 (s, 2H), 3.61 (bs, 2H),
0.93 (s, 9H), 0.07 (s, 6H); MS (DCI/NH3) m/z 238 (M + H)+.

6-[N-(4-(Hydroxymethyl)phenyl)carbamyl]-2-naphtha-
lenecarbonitrile (27). The TBS-protected amide was pre-
pared from 26 (300 mg, 1.26 mmol) using the procedure
described for the preparation of 14a, and the crude product
was carried on directly to the deprotection step: MS (DCI/
NH3) m/z 434 (M + NH4)+.

The silyl ether in TBAF solution (1 M in THF, 2 mL) was
stirred for 1 h, quenched with 10% NH4Cl solution (50 mL),
and diluted with EtOAc (100 mL). The layers were separated,
and the organic layer was washed with brine, dried (MgSO4),
filtered, and concentrated to provide a light brown oil which
was triturated with CH2Cl2 and filtered to provide 100 mg
(26%) of 27 as a white solid: 1H NMR (DMSO-d6) δ 10.51
(s, 1 H), 8.68 (s, 1 H), 8.67 (s, 1H), 8.34 (d, J ) 8.5 Hz,
1H), 8.23 (d, J ) 7.8 Hz, 1H), 8.18 (d, J ) 7.8 Hz, 1H), 7.95
(d, J ) 8.5 Hz, 1H), 7.77 (d, J ) 8.5 Hz, 2H), 7.33 (d, J )
8.5 Hz, 2H), 4.49 (d, 2 H), 3.08 (bs, 1H); MS (DCI/NH3) m/z
320 (M + NH4)+.

6-[N-(4-(Hydroxymethyl)phenyl)carbamyl]-2-naphtha-
lenecarboxamidine (28) was prepared from 27 using the
procedure described for the preparation of 18. The resulting
brown solid was purified by HPLC to yield 28: 1H NMR
(DMSO-d6) δ 10.91 (s, 1H), 9.75 (br s, 4H), 8.93 (s, 1H), 8.79
(s, 1H), 8.53 (d, J ) 8.8 Hz, 1H), 8.47 (m, 1H), 8.45 (d, J ) 8.8
Hz, 1H), 8.38 (d, J ) 8.5 Hz, 1H), 8.14 (d, J ) 8.5 Hz, 1H),
8.08 (d, J ) 8.6 Hz, 2H), 7.69 (d, J ) 8.6 Hz, 2H), 4.25 (s, 2H);
MS (DCI/NH3) m/z 320 (M + H)+. Anal. (C19H17N3O2‚C2HF3O2)
C, H, N.

6-[N-(4-Ethylphenyl)carbamyl]-2-naphthalenecarbo-
nitrile (30a) was prepared from 29a using the procedure
described for the preparation of 14a: 1H NMR (CDCl3) δ 10.44
(s, 1H), 8.73 (s, 1H), 8.63 (s, 1H), 8.29 (d, J ) 8.6 Hz, 1H),
8.21 (d, J ) 8.6 Hz, 1H), 8.08 (m, 2H), 7.72 (d, J ) 8.6 Hz,
2H), 7.22 (d, J ) 8.6 Hz, 2H), 2.60 (q, J ) 7.6 Hz, 2H), 1.19 (t,
J ) 7.6 Hz, 3H); MS (DCI/NH3) m/z 301 (M + H)+.

6-[N-(4-Ethylphenyl)carbamyl]-2-naphthalenecarbox-
amidine (31a) was prepared from 30a using the procedure
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described for the preparation of 22. The crude product was
converted to the AcOH salt to provide pure 31a: 1H NMR
(DMSO-d6) δ 10.43 (br s, 1H), 8.63 (s, 1H), 8.47 (d, J ) 1.7
Hz, 1H), 8.23-8.08 (m, 3H), 7.94 (dd, J ) 8.8, 1.7 Hz, 1H),
7.72 (d, J ) 8.5 Hz, 2H), 7.22 (d, J ) 8.5 Hz, 2H), 2.60 (q, J )
7.4 Hz, 2H), 1.19 (t, J ) 7.4 Hz, 3H); MS (ESI) m/z 318
(M + H)+. Anal. (C20H19N3O‚C2H4O2‚0.5H2O) C, H, N.

6-[N-(4-Carbamylphenyl)carbamyl]-2-naphthalenecar-
bonitrile (30b) was prepared from 29b using the procedure
described for the preparation of 33d: 1H NMR (DMSO-d6) δ
10.73 (br s, 1H), 8.70 (s, 2H), 8.32 (s, 1H), 8.30 (d, J ) 8.8 Hz,
1H), 8.23 (d, J ) 8.8 Hz, 1H), 8.15 (dd, J ) 8.5, 1.7 Hz, 1H),
7.92-7.87 (m, 5H), 7.27 (m, 1H); MS (DCI/NH3) m/z 333
(M + NH4)+.

6-[N-(4-Carbamylphenyl)carbamyl]-2-naphthalenecar-
boxamidine (31b) was prepared from 30b using the proce-
dure described for the preparation of 18. The crude product
was purified by HPLC to provide 31b: 1H NMR (DMSO-d6) δ
10.76 (s, 1H), 9.51 (s, 2H), 9.14 (s, 2H), 8.74 (s, 1H), 8.56 (s,
1H), 8.33 (d, J ) 8.8 Hz, 1H), 8.26 (d, J ) 8.8 Hz, 1H), 8.16
(dd, J ) 8.5, 1.1 Hz, 1H), 7.91 (m, 6H), 7.31 (s, 1H); MS (DCI/
NH3) m/z 333 (M + H)+. Anal. (C19H16N4O2‚C2HF3O2‚1.25H2O)
C, H, N.

6-[N-(3-Methoxyphenyl)carbamyl]-2-naphthalenecar-
bonitrile (33a) was prepared from 32a using the procedure
described for the preparation of 33d: 1H NMR (DMSO-d6) δ
10.51 (s, 1H), 8.68 (s, 1H), 8.66 (s, 1H), 8.29 (d, J ) 8.5 Hz,
1H), 8.21 (d, J ) 8.9 Hz, 1H), 8.14 (dd, J ) 8.5, 1.6 Hz, 1H),
7.90 (d, J ) 8.5, 1.7 Hz, 1H), 7.51 (s, 1H), 7.42 (d, J ) 8.9 Hz,
1H), 7.29 (t, J ) 8.1 Hz, 1H), 6.62 (d, J ) 8.1 Hz, 1H), 3.78 (s,
3H); MS (APCI) m/z 303 (M + H)+.

6-[N-(3-Methoxyphenyl)carbamyl]-2-naphthalenecar-
boxamidine (34a) was prepared from 33a using the proce-
dure described for the preparation of 6. The crude product was
purified by HPLC to provide 34a: 1H NMR (DMSO-d6) δ 10.52
(s, 1H), 9.50 (s, 2H), 9.21 (s, 2H), 8.68 (s, 1H), 8.55 (s, 1H),
8.32 (d, J ) 8.9 Hz, 1H), 8.23 (d, J ) 8.5 Hz, 1H), 8.15 (dd, J
) 8.5, 1.7 Hz, 1H), 7.91 (dd, J ) 8.5, 1.7 Hz, 1H), 7.51 (s, 1H),
7.42 (d, J ) 8.8 Hz, 1H), 7.29 (t, J ) 8.1 Hz, 1H), 6.73 (dd, J
) 8.1, 2.3 Hz, 1H), 3.78 (s, 3H); MS (APCI) m/z 320 (M + H)+.
Anal. (C19H17N3O2‚C2HF3O2‚0.25H2O) C, H, N.

6-[N-(3-Ethoxyphenyl)carbamyl]-2-naphthalenecarbo-
nitrile (33b) was prepared from 32b using the procedure
described for the preparation of 33d: 1H NMR (DMSO-d6) δ
10.51 (s, 1H), 8.68 (s, 1H), 8.66 (s, 1H), 8.29 (d, J ) 8.8 Hz,
1H), 8.21 (d, J ) 8.8 Hz, 1H), 8.14 (dd, J ) 8.5, 1.7 Hz, 1H),
7.90 (d, J ) 8.5, 1.7 Hz, 1H), 7.50 (s, 1H), 7.39 (m, 1H),
7.27 (t, J ) 8.0 Hz, 1H), 6.70 (d, J ) 8.0 Hz, 1 H), 4.04 (q,
J ) 7.0 Hz, 2H), 1.35 (t, J ) 7.0 Hz, 3H); MS (APCI) m/z 317
(M + H)+.

6-[N-(3-Ethoxyphenyl)carbamyl]-2-naphthalenecar-
boxamidine (34b) was prepared from 33b using the proce-
dure described for the preparation of 6. The crude product was
purified by HPLC to provide 34b: 1H NMR (DMSO-d6) δ 10.52
(s, 1H), 9.51 (s, 2H), 9.24 (s, 2H), 8.68 (s, 1H), 8.56 (s, 1H),
8.32 (d, J ) 8.9 Hz, 1H), 8.24 (d, J ) 8.8 Hz, 1H), 8.15 (dd, J
) 8.8, 1.7 Hz, 1H), 7.90 (dd, J ) 8.5, 1.7 Hz, 1H), 7.51 (s, 1H),
7.40 (d, J ) 9.1 Hz, 1H), 7.27 (t, J ) 8.1 Hz, 1H), 6.71 (dd, J
) 8.2, 1.7 Hz, 1H), 4.04 (q, J ) 6.9 Hz, 2H), 1.36 (t, J ) 6.9
Hz, 3H); MS (APCI) m/z (M + H)+ 334; HRMS (FAB) calcd
334.1556, found 334.1557. Anal. (C20H19N3O2‚C2HF3O2) C, H;
N: calcd, 9.39; found, 9.82.

6-[N-(3-Isopropoxyphenyl)carbamyl]-2-naphthalene-
carbonitrile (33c) was prepared from 32c using the proce-
dure described for the preparation of 33d: 1H NMR (CDCl3) δ
9.74 (s, 1H), 8.59 (s, 1H), 8.32 (s, 1H), 8.17 (d, J ) 8.5, 1.7 Hz,
1H), 8.09 (d, J ) 8.5 Hz, 1H), 8.01 (d, J ) 8.5 Hz, 1H), 7.69 (d,
J ) 8.5, 1.7 Hz, 1H), 7.55 (s, 1H), 7.26 (m, 2H), 6.69 (d, J )
7.8 Hz, 1 H), 4.49 (sep, J ) 6.0 Hz, 1H), 1.31 (d, J ) 6.0 Hz,
6H); MS (APCI) m/z 331 (M + H)+.

6-[N-(3-Isopropoxyphenyl)carbamyl]-2-naphthalene-
carboxamidine (34c) was prepared from 33c using the
procedure described for the preparation of 6. The crude product
was purified by HPLC to provide 34c: 1H NMR (DMSO-d6) δ

10.49 (s, 1H), 9.51 (s, 2H), 9.23 (s, 2H), 8.67 (s, 1H), 8.55 (s,
1H), 8.32 (d, J ) 8.5 Hz, 1H), 8.23 (d, J ) 8.5 Hz, 1H), 8.15
(dd, J ) 8.5, 1.7 Hz, 1H), 7.89 (dd, J ) 8.5, 1.7 Hz, 1H), 7.49
(s, 1H), 7.38 (d, J ) 8.8 Hz, 1H), 7.26 (t, J ) 8.1 Hz, 1H), 6.69
(dd, J ) 8.1, 2.0 Hz, 1H), 4.59 (sep, J ) 6.3 Hz, 1H), 1.30 (d,
J ) 6.3 Hz, 6H); MS (APCI) m/z 348 (M + H)+. Anal.
(C21H21N3O2‚C2HF3O2‚0.75H2O) C, H, N.

3-(3-Pentyloxy)aniline (32e). 3-Aminophenol 32d (1.0 g,
9.2 mmol), PPh3 (2.88 g, 11 mmol), and 3-pentanol (1.15 mL,
11 mmol) were dissolved in THF (25 mL). DEAD (1.91 g, 11
mmol) was then added dropwise over 1 min. The solution was
allowed to stir for 15 min and was poured slowly into hexanes
while the reaction stirred. Filtration through silica gel/Celite
afforded 1.48 g (90%) of 32e as a viscous yellow oil: 1H NMR
(CDCl3) δ 7.03 (t, J ) 8.2 Hz, 1H), 6.31 (m, 1H), 6.27 (m, 1H),
6.26 (s, 1H), 4.07 (p, 1H), 3.9-3.4 (br s, 2H), 1.64 (m, 4H), 0.94
(t, J ) 7.4 Hz, 6H); MS (APCI) m/z 180 (M + H)+.

3-Cyclopentyloxyaniline (32f) was prepared from 32d
using the procedure described for the preparation of 32e: 1H
NMR (CDCl3) δ 7.03 (t, J ) 7.8 Hz, 1H), 6.32-6.22 (m, 3H),
4.71 (m, 1H), 3.9-3.4 (br s, 2H), 1.84 (m, 6H), 1.79 (m, 2H);
MS (APCI) m/z 178 (M + H)+.

6-[N-(3-(1-Ethylpropoxy)phenyl)carbamyl]-2-naphtha-
lenecarbonitrile (33d). Compound 32e (269 mg, 1.5 mmol),
12 (215 mg, 1 mmol), Et3N (50 µL, 0.36 mmol), and DMAP (7
mg, 0.05 mmol) in CH2Cl2 (8 mL) were stirred for 18 h,
concentrated, and flash chromatographed on silica gel eluting
with 30% EtOAc/hexane to provide 263 mg (74%) of 33d as a
clear oil: 1H NMR (CDCl3) δ 9.59 (s, 1H), 8.41 (s, 1H), 8.29 (d,
J ) 8.8 Hz, 1H), 8.02 (m, 2H), 7.99 (br s, 1H), 7.70 (dd, J )
8.5, 1.7 Hz, 1H), 7.46 (t, J ) 2.0 Hz, 1H), 7.26 (d, J ) 7.8 Hz,
1H), 7.27 (d, J ) 6.1 Hz, 1H), 7.13 (d, J ) 7.8 Hz, 1 H), 6.75
(d, J ) 7.8 Hz, 1 H), 4.19 (m, 1H), 1.70 (m, 4H), 0.96 (t, J )
7.4 Hz, 6H); MS (DCI/NH3) m/z 359 (M + H)+.

6-[N-(3-(1-Ethylpropoxy)phenyl)carbamyl]-2-naphtha-
lenecarboxamidine (34d) was prepared from 33d using the
procedure described for the preparation of 6. The crude product
was purified by HPLC to provide 34d: 1H NMR (DMSO-d6) δ
10.47 (s, 1H), 9.49 (s, 2H), 9.14 (s, 2H), 8.67 (s, 1H), 8.55 (s,
1H), 8.32 (d, J ) 8.8 Hz, 1H), 8.24 (d, J ) 8.8 Hz, 1H), 8.14
(dd, J ) 8.5, 1.7 Hz, 1H), 7.90 (dd, J ) 8.5, 1.7 Hz, 1H), 7.51
(s, 1H), 7.38 (d, J ) 8.8 Hz, 1H), 7.26 (t, J ) 8.1 Hz, 1H), 6.72
(dd, J ) 8.1, 1.7 Hz, 1H), 4.19 (p, J ) 7.4 Hz, 1H), 1.65
(m, 4H), 0.93 (t, J ) 7.4 Hz, 6H); MS (DCI/NH3) m/z 376
(M + H)+. Anal. (C23H25N3O2‚C2HF3O2) C, H, N.

6-[N-(3-Cyclopentyloxyphenyl)carbamyl]-2-naphtha-
lenecarbonitrile (33e) was prepared from 32f using the
procedure described for the preparation of 33d: 1H NMR
(CDCl3) δ 9.59 (s, 1H), 8.56 (s, 1H), 8.30 (s, 1H), 8.17 (d, J )
8.8, 1.7 Hz, 1H), 8.07 (d, J ) 8.5 Hz, 1H), 7.98 (d, J ) 8.5 Hz,
1H), 7.69 (dd, J ) 8.5, 1.7 Hz, 1H), 7.54 (s, 1H), 7.26 (m, 2H),
6.67 (d, J ) 7.4 Hz, 1 H), 4.55 (sep, J ) 7.1 Hz, 1H), 2.02-
1.72 (m, 6H), 1.63 (m, 2H); MS (APCI) m/z 357 (M + H)+.

6-[N-(3-Cyclopentyloxyphenyl)carbamyl]-2-naphtha-
lenecarboxamidine (34e) was prepared from 33e using the
procedure described for the preparation of 6. The crude product
was purified by HPLC to provide 34e: 1H NMR (DMSO-d6) δ
10.50 (s, 1H), 9.51 (s, 2H), 9.30 (s, 2H), 8.68 (s, 1H), 8.56 (s,
1H), 8.32 (d, J ) 8.8 Hz, 1H), 8.24 (d, J ) 8.5 Hz, 1H), 8.15
(dd, J ) 8.5, 1.7 Hz, 1H), 7.90 (dd, J ) 8.5, 1.7 Hz, 1H), 7.49
(s, 1H), 7.38 (d, J ) 8.1 Hz, 1H), 7.25 (t, J ) 8.1 Hz, 1H), 6.71
(dd, J ) 8.2, 1.7 Hz, 1H), 4.04 (p, J ) 7.4 Hz, 1H), 1.96-1.08
(m, 8H); MS (APCI) m/z 374 (M + H)+. Anal. (C23H23N3O2‚
C2HF3O2‚0.25H2O) C, H, N.

6-[N-(3-Phenoxyphenyl)carbamyl]-2-naphthalenecar-
bonitrile (33f) was prepared from 32g using the procedure
described for the preparation of 33d: 1H NMR (DMSO-d6) δ
10.61 (s, 1H), 8.68 (s, 1H), 8.64 (s, 1H), 8.29 (d, J ) 8.8 Hz,
1H), 8.20 (d, J ) 8.8 Hz, 1H), 8.11 (dd, J ) 8.5, 1.7 Hz, 1H),
7.90 (dd, J ) 8.4, 1.7 Hz, 1H), 7.63 (d, J ) 8.8 Hz, 1H), 7.56
(s, 1H), 7.41 (m, 3H), 7.17 (t, J ) 7.3 Hz, 1H), 7.08 (d, J ) 7.4,
2H), 6.81 (d, J ) 8.1 Hz, 1H); MS (APCI) m/z 365 (M + H)+.

6-[N-(3-Phenoxyphenyl)carbamyl]-2-naphthalenecar-
boxamidine (34f) was prepared from 33f using the procedure
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described for the preparation of 6. The crude product was
purified by HPLC to provide 34f: 1H NMR (DMSO-d6) δ
10.62 (s, 1H), 9.50 (s, 2H), 9.20 (s, 2H), 8.66 (s, 1H), 8.55
(s, 1H), 8.30 (d, J ) 8.8 Hz, 1H), 8.22 (d, J ) 8.8 Hz, 1H), 8.16
(dd, J ) 8.5, 1.7 Hz, 1H), 7.90 (dd, J ) 8.5, 1.7 Hz, 1H), 7.63
(d, J ) 8.2 Hz, 1H), 7.57 (s, 1H), 7.46-7.37 (m, 3H), 7.17 (t,
J ) 7.3 Hz, 1H), 7.07 (d, J ) 7.3 Hz, 2H), 6.81 (dd, J ) 8.1,
2.1 Hz, 1H); MS (APCI) m/z 382 (M + H)+. Anal. (C24H19N3O2‚
C2HF3O2) C, H, N.

3-(Cyclopentylmethyl)aniline (32h). Cyclopentyltriphenyl-
phosphonium bromide (3.6 g, 8.75 mmol) was suspended in
anhydrous THF (60 mL) and cooled to -78 °C. BuLi (3.5 mL,
8.75 mmol) was added dropwise over 10 min. After complete
addition, the slurry was warmed to 0 °C, maintained at that
temperature for 30 min, and then cooled to -78 °C. A solution
of 3-nitrobenzaldehyde (1.06 g, 7 mmol) in THF (14 mL) was
added to the above solution dropwise over 5 min, and the
solution was allowed to warm to room temperature. The
reaction was poured into ether and filtered through a plug of
silica gel, concentrated, dissolved in ether, filtered through
silica gel a second time, and concentrated to a clear oil. The
crude olefin was dissolved in MeOH (10 mL) with AcOH (250
µL) and stirred with 10% Pd/C (100 mg) under 1 atm hydrogen
for 18 h. The reaction was filtered through Celite and
concentrated to afford 992 mg (81%) of 32i: 1H NMR (CDCl3)
δ 7.08 (t, J ) 8.6 Hz, 1H), 6.63 (d, J ) 8.6 Hz, 1H), 6.59 (s,
2H), 4.75-3.75 (br s, 2H), 2.52 (d, J ) 6.4 Hz, 2H), 2.11 (m,
1H), 1.65 (m, 4H), 1.51 (m, 2H), 1.20 (m, 2H); MS (APCI) m/z
176 (M + H)+.

6-[N-(3-(Cyclopentylmethyl)phenyl)carbamyl]-2-naph-
thalenecarbonitrile (33g) was prepared from 32h using the
procedure described for the preparation of 33d: 1H NMR
(DMSO-d6) δ 10.46 (s, 1H), 8.68 (s, 1H), 8.67 (s, 1H), 8.28 (d,
J ) 8.4 Hz, 1H), 8.20 (d, J ) 8.9 Hz, 1H), 8.15 (dd, J ) 8.8,
1.7 Hz, 1H), 7.90 (dd, J ) 8.4, 1.7 Hz, 1H), 7.66 (m, 2H), 7.28
(t, J ) 8.1 Hz, 1H), 6.96 (d, J ) 7.4 Hz, 1 H), 2.59 (d, J ) 6.6
Hz, 2H), 2.12 (m, 1H), 1.65 (m, 4H), 1.53 (m, 2H), 1.21 (m,
2H); MS (APCI) m/z 355 (M + H)+.

6-[N-(3-(Cyclopentylmethyl)phenyl)carbamyl]-2-naph-
thalenecarboxamidine (34g) was prepared from 33g using
the procedure described for the preparation of 6. The crude
product was purified by HPLC and converted to the HCl salt
to give 34g: 1H NMR (DMSO-d6) δ 10.48 (s, 1H), 9.55 (s, 2H),
9.18 (s, 2H), 8.70 (s, 1H), 8.56 (s, 1H), 8.31 (d, J ) 8.8 Hz,
1H), 8.23 (d, J ) 8.9 Hz, 1H), 8.17 (d, J ) 1.4 Hz, 1H), 8.16 (d,
J ) 1.7 Hz, 1H), 7.91 (dd, J ) 8.5, 2.1 Hz, 1H), 7.66 (m, 2H),
7.28 (t, J ) 7.5 Hz, 1H), 6.97 (d, J ) 7.5 Hz, 1H), 2.59 (d, J )
7.1 Hz, 2H), 2.10 (m, 1H), 1.74-1.55 (m, 4H), 1.51 (m, 2H),
1.21 (m, 2H); MS (APCI) m/z 372 (M + H)+. Anal. (C24H25N3O‚
HCl‚H2O) C, H, N.

6-[N-(3,5-Dimethoxyphenyl)carbamyl]-2-naphthalene-
carbonitrile (36a) was prepared from 3,5-dimethoxyaniline
35a using the procedure described for the preparation of
33d: 1H NMR (CDCl3) δ 8.42 (s, 1H), 8.30 (s, 1H), 8.06 (d,
J ) 9 Hz, 1H), 8.05 (s, 2H), 7.90 (br s, 1H), 7.72 (d, J ) 9 Hz,
1H), 6.94 (d, J ) 2.1 Hz, 2H), 6.32 (t, J ) 2.1 Hz, 1H); MS
(DCI/NH3) m/z 333 (M + H)+.

6-[N-(3,5-Dimethoxyphenyl)carbamyl]-2-naphthalene-
carboxamidine (37a) was prepared from 36a using the
procedure described for the preparation of 6. The crude product
was converted to the CH3SO3H salt to provide pure 37a: 1H
NMR (DMSO-d6) δ 10.50 (s, 1H), 9.51 (s, 2H), 9.14 (s, 2H),
8.68 (s, 1H), 8.56 (s, 1H), 8.33 (d, J ) 8.9 Hz, 1H), 8.24 (d, J
) 8.9 Hz, 1H), 8.14 (dd, J ) 8.5, 1.7 Hz, 1H), 7.90 (dd, J )
8.5, 1.6 Hz, 1H), 7.13 (d, J ) 2.1 Hz, 2H), 6.31 (t, J ) 2.1 Hz,
1H), 3.76 (s, 6H), 2.33 (s, 3.75H); MS (DCI/NH3) m/z 350
(M + H)+. Anal. (C20H19N3O3‚1.25CH4SO3‚H2O) C, H, N.

3-Amino-5-methoxyphenol (35b). To a solution of 35a
(61.2 g, 400 mmol) in NMP (300 mL) was added NaSMe (56.0
g, 800 mmol) and the reaction was heated to 140 °C for 1 h.
The reaction was cooled, poured into saturated NaH2PO4

solution (500 mL), and extracted with EtOAc (3 × 300 mL).
The extracts were washed with brine, dried (Na2SO4), filtered,
and condensed. The crude product was flash chromatographed

on silica gel eluting with 50% EtOAc/hexanes to yield 30.7 g
(55%) of 35b: 1H NMR (DMSO-d6) δ 8.86 (s, 1H), 5.61 (m, 2H),
5.53 (dd, J ) 2.4, 2.4 Hz, 1H), 4.91 (br s, 2H), 3.58 (s, 3H); MS
(DCI/NH3) m/z 140 (M + NH4)+.

3-Isopropyloxy-5-methoxyaniline (35c) was prepared
from 35b using the procedure described for the preparation
of 32e: 1H NMR (CDCl3) δ 5.92 (dd, J ) 2.5, 2.5 Hz, 1H),
5.87 (m, 2H), 4.47 (sep, J ) 7.1 Hz, 1H), 4.0-3.5 (br s, 2H),
3.74 (s, 3H), 1.31 (d, J ) 7.1 Hz, 6H); MS (DCI/NH3) m/z 182
(M + NH4)+.

3-Amino-5-isopropyloxyphenol (35d) was prepared from
35c using the procedure described for the preparation of 35b:
1H NMR (DMSO-d6) δ 8.80 (s, 1H), 5.59 (m, 2H), 5.50 (dd, J )
2.2, 2.2 Hz, 1H), 4.85 (br s, 2H), 4.34 (sep, J ) 7.2 Hz, 1H),
1.19 (d, J ) 7.2 Hz, 6H); MS (DCI/NH3) m/z 168 (M + NH4)+.

3,5-Diisopropyloxyaniline (35e) was prepared from 35d
using the procedure described for the preparation of 32e: 1H
NMR (CDCl3) δ 5.90 (t, J ) 2.5 Hz, 1H), 5.84 (d, J ) 2.5 Hz,
2H), 4.45 (sep, J ) 7.0 Hz, 2H), 3.85-3.55 (br s, 2H), 1.30 (d,
J ) 7.0 Hz, 12H); MS (DCI/NH3) m/z 210 (M + NH4)+.

3-Cyclopentyloxy-5-isopropyloxyaniline (35f) was pre-
pared from 35d using the procedure described for the prepara-
tion of 32e: 1H NMR (CDCl3) δ 5.90 (dd, J ) 2.5, 2.7 Hz, 1H),
5.86 (m, 2H), 4.68 (m, 1H), 4.46 (sep, J ) 7.0 Hz, 1H), 4.10-
3.85 (br s, 2H), 1.90-1.72 (m, 6H), 1.59 (m, 2H), 1.31 (d, J )
7.0 Hz, 6H); MS (DCI/NH3) m/z 236 (M + NH4)+.

6-[N-(3,5-Diisopropyloxyphenyl)carbamyl]-2-naphtha-
lenecarbonitrile (36b) was prepared from 35e using the
procedure described for the preparation of 33d: 1H NMR
(CDCl3) δ 8.49 (s, 1H), 8.38 (s, 1H), 8.04 (d, J ) 8.9 Hz, 1H),
8.01 (s, 2H), 7.89 (br s, 1H), 7.69 (dd, J ) 8.9, 1.7 Hz, 1H),
6.89 (d, J ) 2.1 Hz, 2H), 6.29 (t, J ) 2.1 Hz, 1H), 4.55 (sep, J
) 7.1 Hz, 2H), 1.34 (d, J ) 7.1 Hz, 12H); MS (DCI/NH3) m/z
389 (M + H)+.

6-[N-(3,5-Diisopropyloxyphenyl)carbamyl]-2-naphtha-
lenecarboxamidine (37b) was prepared from 36b using the
procedure described for the preparation of 6. The crude product
was converted to the CH3SO3H salt to provide pure 37b: 1H
NMR (DMSO-d6) δ 10.40 (s, 1H), 9.49 (s, 2H), 9.11 (s, 2H),
8.66 (s, 1H), 8.55 (s, 1H), 8.32 (d, J ) 8.9 Hz, 1H), 8.23 (d, J
) 8.5 Hz, 1H), 8.12 (dd, J ) 8.5, 1.7 Hz, 1H), 7.90 (dd, J )
8.9, 1.7 Hz, 1H), 7.07 (d, J ) 2.2 Hz, 2H), 6.22 (t, J ) 2.2 Hz,
1H), 4.55 (sep, J ) 7.0 Hz, 2H), 2.31 (s, 6.75H), 1.29 (d, J )
7.0 Hz, 12H); MS (DCI/NH3) m/z 406 (M + H)+. Anal.
(C24H27N3O3‚2.25CH4SO3‚0.5H2O) C, H, N.

6-[N-(3-Cyclopentyloxy-5-isopropyloxyphenyl)carbam-
yl]-2-naphthalenecarbonitrile (36c) was prepared from 35f
using the procedure described for the preparation of 33d: 1H
NMR (CDCl3): δ 8.49 (s, 1H), 8.39 (s, 1H), 8.05 (d, J ) 8.9 Hz,
1H), 8.01 (s, 2H), 7.85 (br s, 1H), 7.70 (dd, J ) 8.6, 1.8 Hz,
1H), 6.88 (m, 2H), 6.28 (t, J ) 2.0 Hz, 1H), 4.77 (m, 1H), 4.55
(sep, J ) 7.0 Hz, 1H), 1.95-1.72 (m, 6H), 1.52 (m, 2H), 1.34
(d, J ) 7.0 Hz, 6H); MS (DCI/NH3) m/z 415 (M + H)+.

6-[N-(3-Cyclopentyloxy-5-isopropyloxyphenyl)carbam-
yl]-2-naphthalenecarboxamidine (37c) was prepared from
36c using the procedure described for the preparation of 6.
The crude product was converted to the CH3SO3H salt to
provide pure 37c: 1H NMR (DMSO-d6) δ 10.40 (s, 1H), 9.49
(s, 2H), 9.12 (s, 2H), 8.66 (s, 1H), 8.55 (s, 1H), 8.32 (d, J ) 8.9
Hz, 1H), 8.23 (d, J ) 8.6 Hz, 1H), 8.12 (dd, J ) 8.6, 1.7 Hz,
1H), 7.90 (dd, J ) 8.9, 1.7 Hz, 1H), 7.07 (d, J ) 2.1 Hz, 2H),
6.21 (t, J ) 2.1 Hz, 1H), 4.76 (m, 1H), 4.55 (sep, J ) 7.2 Hz,
1H), 2.31 (s, 3.75H), 1.92 (m, 2H), 1.71 (m, 4H), 1.60 (m, 2H),
1.29 (d, J ) 7.2 Hz, 6H); MS (DCI/NH3) m/z 432 (M + H)+.
Anal. (C26H29N3O3‚1.25CH4SO3‚0.25H2O) C, H, N.

1-Isopropyl-7-nitro-3,4-dihydroisoquinoline (40a). A
solution of 39a32 (730 mg, 4.2 mmol) in concentrated H2SO4

(7.5 mL) was stirred at 0 °C as KNO3 (0.47 g, 4.6 mmol) was
added. The reaction mixture was stirred at 0 °C for 30 min,
then ice and water were added. The mixture was basicified at
0 °C with 25% NaOH and was then extracted with CH2Cl2 (3
× 200 mL). The organic layer was washed with water and
brine, dried (MgSO4), filtered, condensed, and flash chromato-
graphed on silica gel eluting with 30% EtOAc/hexanes to afford
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560 mg (61%) of 40a as a yellow oil: 1H NMR (CDCl3) δ 8.38
(d, J ) 2.2 Hz, 1H), 8.22 (dd, J ) 8. 5, 2.2 Hz, 1H), 7.39 (d, J
) 8.5 Hz, 1H), 3.74 (t, J ) 7.2 Hz, 2H), 3.32 (m, 1H), 2.77 (t,
J ) 7.2 Hz, 2H), 1.24 (d, J ) 6.6 Hz, 6H); MS (DCI/NH3) m/z
219 (M + H)+.

1-Isopropyl-7-amino-3,4-dihydroisoquinoline (41a).
Compound 40a (180 mg, 0.82 mmol) was hydrogenated in a
Parr shaker at 4 atm for 48 h with Raney nickel (0.12 g) in
EtOAc (30 mL). The reaction mixture was degassed, filtered
through Celite, and evaporated to afford 155 mg (100%) of
41a: 1H NMR (CDCl3) δ 6.99 (d, J ) 8.0 Hz, 1H), 6.88 (d, J )
2.2 Hz, 1H), 6.70 (dd, J ) 8.0, 2.2 Hz, 1H), 3.63 (t, J ) 7.3 Hz,
2H), 3.20 (sep, J ) 6.8 Hz, 1H), 2.54 (t, J ) 7.3 Hz, 2H), 1.20
(d, J ) 6.8 Hz, 6H); MS (DCI/NH3) m/z 189 (M + H)+.

6-[N-(1-Isopropyl-3,4-dihydro-7-isoquinolinyl)carbam-
yl]-2-naphthalenecarbonitrile (42a) was prepared from 41a
using the procedure described for the preparation of 33d: 1H
NMR (DMSO-d6) δ 10.86 (s, 1H), 8.71 (s, 2H), 8.56 (s, 1H),
8.32 (d, J ) 8.7 Hz, 1H), 8.25 (d, J ) 8.7 Hz, 1H), 8.18 (dd,
J ) 8.5, 1.8 Hz, 1H), 8.14 (dd, J ) 8.5, 1.8 Hz, 1H), 7.94
(dd, J ) 8.5, 1.1 Hz, 1H), 7.57 (dd, J ) 8.5, 1.1 Hz, 1H), 3.85
(t, J ) 7.4 Hz, 2H), 3.61 (sep, J ) 6.6 Hz, 1H), 3.07 (t, J )
7.4 Hz, 2H), 1.39 (d, J ) 6.6 Hz, 6H); MS (DCI/NH3) m/z 368
(M + H)+.

6-[N-(1-Isopropyl-3,4-dihydro-7-isoquinolinyl)carbam-
yl]-2-naphthalenecarboxamidine (43a) was prepared from
42a using the procedure described for the preparation of 6.
The crude product was purified by HPLC to provide 43a: 1H
NMR (DMSO-d6) δ 10.88 (s, 1H), 9.52 (s, 2H), 9.26 (s, 2H),
8.75 (s, 1H), 8.57 (s, 1H), 8.54 (s, 1H), 8.34 (d, J ) 8.8 Hz,
1H), 8.27 (d, J ) 8.5 Hz, 1H), 8.19 (dd, J ) 8.5, 1.7 Hz, 1H),
8.14 (d, J ) 8.8 Hz, 1H), 7.94 (dd, J ) 8.3, 1.7 Hz, 1H), 7.55
(d, J ) 8.3 Hz, 1H), 3.84 (t, J ) 8.14 Hz, 2H), 3.60 (sep, J )
6.8 Hz, 1H), 3.04 (t, J ) 8.14 Hz, 2H), 1.38 (d, J ) 6.8 Hz,
6H); MS (DCI/NH3) m/z 385 (M + H)+. Anal. (C24H24N4O‚2C2-
HF3O2‚1.25H2O) C, H, N.

7-Amino-1-isopropyl-1,2,3,4-tetrahydroisoquinoline
(44a). NaBH4 (200 mg, 5.3 mmol) was added portionwise to a
0 °C solution of 41a (210 mg, 1.1 mmol) in MeOH (10 mL).
The reaction mixture was refluxed for 30 min and then was
cooled to 0 °C, and acetone (5 mL) was added dropwise. The
solvent was evaporated and water (25 mL) was added to the
residue. The mixture was extracted with ether (3 × 30 mL).
The organic layer was washed with brine, dried (MgSO4),
filtered, and evaporated to afford 200 mg (96%) of 44a: 1H
NMR (CDCl3) δ 6.87 (d, J ) 8.5 Hz, 1H), 6.51 (m, 2H), 3.86
(d, J ) 3.4 Hz, 1H), 3.51 (s, 2H), 3.27 (m, 1H), 2.88 (m, 1H),
2.72 (m, 1H), 2.56 (m, 1H), 2.29 (m, 1H), 1.61 (s, 1H), 1.11
(d, J ) 7.1 Hz, 3H), 0.75 (d, J ) 6.8, 3H); MS (DCI/NH3) m/z
191 (M + H)+.

7-Amino-2-tert-butoxycarbonyl-1-isopropyl-1,2,3,4-tet-
rahydroisoquinoline (45a). Di-tert-butyl dicarbonate (250
mg, 1.15 mmol) was added to a 0 °C solution of 44a (200 mg,
1.05 mmol) in CH2Cl2 (5 mL). The reaction mixture was stirred
for 2 h at 0 °C, then water (20 mL) was added. The mixture
was extracted with CH2Cl2 (3 × 20 mL). The extracts were
washed with 5% citric acid, saturated NaHCO3, and brine;
dried (MgSO4); filtered; and evaporated to afford 250 mg (82%)
of 45a as a colorless oil: 1H NMR (CDCl3) δ 7.03 (t, J ) 6.8
Hz, 0.5H), 6.92 (t, J ) 7.5 Hz, 0.5H), 6.59-6.40 (m, 3H), 4.80-
4.58 (m, 1H), 3.98 (m, 0.5H), 3.69 (m, 0.5H), 3.47 (m, 0.5H),
3.35 (m, 0.5H), 2.76 (m, 2H), 1.97 (m, 1H), 1.46 (d, J ) 4.4 Hz,
9H), 0.97 (m, 6H); MS (DCI/NH3) m/z 291 (M + H)+.

6-[N-(2-tert-butoxycarbonyl-1-isopropyl-1,2,3,4-tetrahy-
dro-7-isoquinolinyl)carbamyl]-2-naphthalenecarboni-
trile (46a) was prepared from 45a using the procedure
described for the preparation of 33d: 1H NMR (CDCl3) δ
8.43 (s, 1H), 8.30 (s, 1H), 8.04 (t, J ) 8.5 Hz, 3H), 7.94 (s, 1H),
7.67 (m, 2H), 7.35 (d, J ) 7.5 Hz, 1H), 4.81 (m, 1H), 4.05
(s, 0.5H), 3.81 (s, 0.5H), 3.50 (s, 0.5H), 3.38 (s, 1H), 2.86
(s, 2H), 2.06 (s, 1H), 1.48 (s, 9H), 1.02 (m, 6H); MS (ESI) m/z
468 (M - 1)-.

6-[N-(1-Isopropyl-1,2,3,4-tetrahydro-7-isoquinolinyl)-
carbamyl]-2-naphthalenecarboxamidine (47a) was pre-

pared from 46a using the procedure described for the prepa-
ration of 6. The crude product was purified by HPLC to provide
47a: 1H NMR (DMSO-d6) δ 10.61 (s, 1H), 9.50 (s, 2H), 9.35
(s, 1H), 9.22 (s, 2H), 8.69 (s, 1H), 8.56 (s, 1H), 8.34 (s, 1H),
8.32 (d, J ) 8.8 Hz, 1H), 8.25 (d, J ) 8.8 Hz, 1H), 8.24 (d, J )
8.8 Hz, 1H), 8.16 (dd, J ) 8.5, 1.7 Hz, 1H), 7.91 (dd, J ) 8.5,
2.0 Hz, 1H), 7.83 (d, J ) 1.7 Hz, 1H), 7.70 (dd, J ) 8.5, 2.0 Hz,
1H), 7.28 (d, J ) 8.5 Hz, 1H), 4.49 (s, 1H), 3.27 (s, 2H), 2.98
(m, 2H), 2.42 (m, 1H), 1.11 (d, J ) 6.8 Hz, 3H), 0.93 (d, J )
6.8 Hz, 3H); MS (DCI/NH3) m/z 387 (M + H)+. Anal.
(C24H26N4O‚3C2HF3O2) C, H, N.

7-Nitro-1-(2-methylpropyl)-3,4-dihydroisoquinoline (40b)
was prepared from 39b using the procedure described for the
preparation of 40a: 1H NMR (CDCl3) δ 8.32 (d, J ) 2.3 Hz,
1H), 8.22 (dd, J ) 8.1, 2.3 Hz, 1H), 7.38 (d, J ) 8.1 Hz, 1H),
3.74 (t, J ) 5.9 Hz, 2H), 2.79 (m, 2H), 2.68 (d, J ) 5.9 Hz,
2H), 2.08-2.11 (m, 1H), 0.98 (d, J ) 6.4 Hz, 6H); MS
(DCI/NH3) m/z 233 (M + H)+.

7-Amino-1-(2-methylpropyl)-3,4-dihydroisoquinoline
(41b) was prepared from 40b using the procedure described
for the preparation of 41a: 1H NMR (CDCl3) δ 6.99 (d, J )
8.1 Hz, 1H), 6.81 (d, J ) 2.2 Hz, 1H), 6.69 (dd, J ) 8.1, 2.2 Hz,
1H), 3.62 (m, 4H), 2.56 (t, J ) 4.7 Hz, 2H), 2.07 (m, 1H), 0.94
(d, J ) 6.8 Hz, 6H); MS (DCI/NH3) m/z 203 (M + H)+.

6-[N-(1-(2-Methylpropyl)-3,4-dihydro-7-isoquinolinyl)-
carbamyl]-2-naphthalenecarbonitrile (42b) was prepared
from 41b using the procedure described for the preparation
of 33d: 1H NMR (DMSO-d6) δ 10.84 (s, 1H), 8.71 (d, J ) 1.8
Hz, 2H), 8.45 (d, J ) 1.1 Hz, 1H), 8.33 (d, J ) 8.5 Hz, 1H),
8.25 (d, J ) 8.5 Hz, 1H), 8.18 (dd, J ) 8.5, 1.1 Hz, 1H), 8.12
(dd, J ) 8. 5, 1.8 Hz, 1H), 7.93 (dd, J ) 8.5, 1.1 Hz, 1H), 7.56
(d, J ) 8.5 Hz, 1H), 3.87 (t, J ) 7.4 Hz, 2H), 3.07 (t, J ) 7.7
Hz, 2H), 2.93 (d, J ) 7.4 Hz, 2H), 2.13 (m, 1H), 0.99 (d, J )
6.3 Hz, 6H); MS (DCI/NH3) m/z 382 (M + H)+.

6-[N-(1-(2-Methylpropyl)-3,4-dihydro-7-isoquinolinyl)-
carbamyl]-2-naphthalenecarboxamidine (43b) was pre-
pared from 42b using the procedure described for the prepa-
ration of 6. The crude product was purified by HPLC to provide
43b: 1H NMR (DMSO-d6) δ 10.91 (s, 1H), 9.51 (s, 2H), 9.28
(s, 2H), 8.74 (s, 1H), 8.57 (s, 1H), 8.49 (d, J ) 1.7 Hz, 1H),
8.35 (d, J ) 8.8 Hz, 1H), 8.27 (d, J ) 8.5 Hz, 1H), 8.20 (dd, J
) 8.5, 1.7 Hz, 1H), 8.18 (d, J ) 8.8 Hz, 1H), 7.92 (dd, J ) 8.5,
1.7 Hz, 1H), 7.58 (d, J ) 8.5 Hz, 1H), 3.93 (t, J ) 8.0 Hz, 2H),
3.11 (t, J ) 8.0 Hz, 2H), 2.97 (d, J ) 6.5 Hz, 2H), 2.14 (m,
1H), 1.00 (d, J ) 6.8 Hz, 6H); MS (ESI) m/z 399 (M + H)+.
Anal. (C25H26N4O‚2C2HF3O2‚1.5H2O) C, H, N.

7-Amino-1-(2-methylpropyl)-1,2,3,4-tetrahydroisoquin-
oline (44b) was prepared from 41b using the procedure
described for the preparation of 44a: 1H NMR (CDCl3) δ 6.87
(d, J ) 8.1 Hz, 1H), 6.50 (dd, J ) 8.1, 2.4 Hz, 1H), 6.45 (d, J
) 2.4 Hz, 1H), 3.91 (m, 1H), 3.52 (s, 2H), 3.19 (m, 1H), 2.94
(m, 1H), 2.67 (m, 2H), 1.86 (m, 2H), 1.67 (m, 1H), 1.52 (m,
1H), 1.01 (d, J ) 6.6 Hz, 3H), 0.97 (d, J ) 6.6 Hz, 3H); MS
(DCI/NH3) m/z 205 (M + H)+.

7-Amino-2-tert-butoxycarbonyl-1-(2-methylpropyl)-
1,2,3,4-tetrahydroisoqu inoline (45b) was prepared from
44b using the procedure described for the preparation of 45a:
1H NMR (CDCl3) δ 6.97 (m, 2H), 6.67 (m, 1H), 6.57 (s, 1H),
4.17 (m, 1H), 3.14 (m, 1H), 2.83 (m, 1H), 2.60 (m, 1H), 1.72
(m, 4H), 1.49 (s, 9H), 1.05 (d, J ) 6.6 Hz, 3H), 0.93 (d, J ) 6.6
Hz, 3H); MS (DCI/NH3) m/z 305 (M + H)+.

6-[N-(2-tert-Butoxycarbonyl-1-(2-methylpropyl)-1,2,3,4-
tetrahydro-7-isoquinolinyl)carbamyl]-2-naphthalene-
carbonitrile (46b) was prepared from 45b using the proce-
dure described for the preparation of 33d: 1H NMR (CDCl3) δ
8.43 (s, 1H), 8.30 (s, 1H), 8.03 (m, 3H), 7.95 (s, 1H), 7.71 (dd,
J ) 8.5, 1.0 Hz, 1H), 7.54 (m, 1H), 7.33 (m, 1H), 7.12 (m, 1H),
4.22 (m, 1H), 4.07 (m, 1H), 3.20 (m, 1H), 2.93 (m, 1H), 2.70
(m, 1H), 1.82 (m, 1H), 1.70 (m, 1H), 1.50 (s, 9H), 1.26 (t, J )
7.1 Hz, 1H), 1.08 (d, J ) 6.1 Hz, 3H), 0.96 (d, J ) 6.4 Hz, 3H);
MS (ESI) m/z 482 (M - 1)-.

6-[N-(1-(2-Methylpropyl)-1,2,3,4-tetrahydro-7-isoquino-
linyl)carbamyl]-2-naphthalenecarboxamidine (47b) was
prepared from 46b using the procedure described for the
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preparation of 6. The crude product was purified by HPLC to
provide 47b: 1H NMR (DMSO-d6) δ 10.53 (s, 1H), 9.51 (s, 2H),
9.26 (s, 2H), 8.82 (s, 1H), 8.70 (s, 1H), 8.56 (s, 1H), 8.33 (d, J
) 8.8 Hz, 1H), 8.25 (d, J ) 8.8 Hz, 1H), 8.16 (dd, J ) 8.5, 1.1
Hz, 1H), 7.91 (dd, J ) 8.5, 1.5 Hz, 1H), 7.74 (d, J ) 7.4 Hz,
2H), 7.27 (d, J ) 8.8 Hz, 1H), 4.55 (s, 1H), 3.35 (m, 2H), 3.00
(m, 2H), 1.81 (m, 3H), 1.03 (d, J ) 6.6 Hz, 6H); MS (DCI/NH3)
m/z 401 (M + H)+. Anal. (C25H28N4O‚2.5C2HF3O2) C, H, N.

N-(2-Phenylethyl)cyclopentanecarboxamide (38b).
Phenethylamine 38a (4.5 mL, 35.8 mmol) was added dropwise
to a 0 °C suspension of cyclopentanecarboxylic acid (3.9 mL,
35.8 mmol), EDCI (13.7 g, 71.7 mmol), DMAP (8.6 g, 71.7
mmol), and THF (130 mL). The reaction mixture was stirred
for 30 min at 0 °C and for 15 h at room temperature. Water
(100 mL) was added and the mixture was extracted with
EtOAc (3 × 100 mL). The combined extracts were washed with
saturated NaHCO3, 1 M HCl, water, and brine; dried (MgSO4);
filtered; and evaporated. The crude product was purified by
flash chromatography on silica gel eluting with 30% EtOAc/
hexanes to afford 7.45 g (94%) of 38b as a white solid: 1H NMR
(CDCl3) δ 7.35-7.14 (m, 6H), 3.52 (dt, J ) 6.8, 6.1 Hz, 2H),
2.82 (t, J ) 6.8 Hz, 2H), 2.44 (m, 1H), 1.86-1.62 (m, 8H), 1.61-
1.46 (m, 2H); MS (DCI/NH3) m/z 218 (M + H)+.

1-Cyclopentyl-3,4-dihydroisoquinoline (39c). This prepa-
ration follows the procedure of Larsen et al.33 (COCl)2 (2.2 mL,
36 mmol) was added dropwise to a 0 °C solution of 38b (7.08
g, 32.6 mmol) and CH2Cl2 (335 mL). The reaction mixture was
stirred for 15 min at 0 °C and for 30 min at room temperature.
After cooling to -15 °C, FeCl3 (6.4 g, 39 mmol) was added in
portions. The reaction mixture was stirred for 15 min at -15
°C and then was allowed to warm to room-temperature
overnight. After cooling to 0 °C, 2 M HCl (275 mL) was added
slowly, and the solution was stirred for 1 h at room temper-
ature. The layers were separated and the aqueous layer was
extracted with CH2Cl2 (2 × 200 mL). The combined organic
layers were washed with brine, dried (MgSO4), filtered, and
evaporated to afford an orange oil. The oil was dissolved in
MeOH (200 mL), H2SO4 (13 mL) was added slowly, and the
reaction mixture was refluxed for 15 h. Solvent was evapo-
rated, and water (100 mL) was added. The solution was
washed with EtOAc (3 × 100 mL), and the washes were
discarded. The aqueous layer was cooled to 0 °C and was
basicified with 28% NH4OH. The basic solution was extracted
with CH2Cl2 (3 × 100 mL). The basic extracts were combined,
washed with brine, dried (MgSO4), filtered, and evaporated
to afford 3.9 g (60%) of 39c as a brown oil: 1H NMR (CDCl3)
δ 7.55 (m, 1H), 7.34-7.17 (m, 3H), 3.67 (t, J ) 7.5 Hz, 2H),
3.37 (m, 1H), 2.66 (t, J ) 7.5 Hz, 2H), 2.02-1.58 (m, 8H); MS
(DCI/NH3) m/z 200 (M + H)+.

7-Nitro-1-cyclopentyl-3,4-dihydroisoquinoline (40c) was
prepared from 39c using the procedure described for the
preparation of 40a: 1H NMR (CDCl3) δ 8.38 (d, J ) 2.4 Hz,
1H), 8.21 (dd, J ) 8.2, 2.4 Hz, 1H), 7.37 (d, J ) 8.2 Hz, 1H),
3.74 (t, J ) 7.4 Hz, 2H), 3.41 (m, 1H), 2.77 (d, J ) 7.4 Hz,
2H), 2.06-1.89 (m, 2H), 1.89-1.62 (m, 6H); MS (DCI/NH3) m/z
245 (M + H)+.

7-Amino-1-cyclopentyl-3,4-dihydroisoquinoline (41c)
was prepared from 40c using the procedure described for the
preparation of 41a: 1H NMR (CDCl3) δ 6.97 (d, J ) 8.1 Hz,
1H), 6.88 (d, J ) 2.3 Hz, 1H), 6.68 (dd, J ) 8.1, 2.3 Hz, 1H),
3.63 (m, 4H), 3.29 (m, 1H), 2.53 (t, J ) 7.3 Hz, 2H), 1.91
(m, 2H), 1.77 (m, 4H), 1.63 (m, 2H); MS (DCI/NH3) m/z 215
(M + H)+.

6-[N-(1-Cyclopentyl-3,4-dihydro-7-isoquinolinyl)car-
bamyl]-2-naphthalenecarbonitrile (42c) was prepared from
41c using the procedure described for the preparation of 33d:
1H NMR (DMSO-d6) δ 10.62 (s, 1H), 8.70 (br s, 2H), 8.31 (d, J
) 8.9 Hz, 1H), 8.23 (d, J ) 8.8 Hz, 1H), 8.16 (dd, J ) 8.8, 1.5
Hz, 1H), 8.08 (s, 1H), 7.92 (dd, J ) 8.4, 1.5 Hz, 1H), 7.87 (dd,
J ) 8.1, 1.9 Hz, 1H), 7.27 (d, J ) 8.1 Hz, 1H), 3.57 (t, J ) 7.2
Hz, 2H), 3.34 (m, 1H), 2.59 (d, J ) 7.2 Hz, 2H), 1.92 (m, 2H),
1.78 (m, 2H), 1.64 (m, 4H); MS (DCI/NH3) m/z 394 (M + H)+.

6-[N-(1-Cyclopentyl-3,4-dihydro-7-isoquinolinyl)car-
bamyl]-2-naphthalenecarboxamidine (43c) was prepared

from 42c using the procedure described for the preparation of
6. The crude product was purified by HPLC and converted to
the HCl salt to provide 43c: 1H NMR (DMSO-d6) δ 10.88, (s,
1H), 9.52 (s, 2H), 9.26 (s, 2H), 8.75 (s, 1H), 8.57 (s, 1H), 8.54
(s, 1H), 8.34 (d, J ) 8.8 Hz, 1H), 8.27 (d, J ) 8.5 Hz, 1H), 8.19
(dd, J ) 8.5, 1.4 Hz, 1H), 8.14 (d, J ) 8.8 Hz, 1H), 7.94 (dd, J
) 8.3, 2.0 Hz, 1H), 7.55 (d, J ) 8.3 Hz, 1H), 3.84 (t, J ) 8.1
Hz, 2H), 3.60 (m, 1H), 3.04 (m, 2H), 1.38 (d, J ) 6.8 Hz, 6H);
MS (ESI) m/z 411 (M + H)+. Anal. (C26H26N4O‚4HCl) C, H, N.

7-Amino-1-cyclopentyl-1,2,3,4-tetrahydroisoquino-
line (44c) was prepared from 41c using the procedure
described for the preparation of 44a: 1H NMR (CDCl3) δ 6.86
(d, J ) 8.1 Hz, 1H), 6.52 (m, 2H), 3.82 (d, J ) 6.5 Hz, 1H),
3.50 (m, 3H), 3.23 (m, 1H), 2.93 (m, 1H), 2.68 (m, 2H), 2.39
(m, 1H), 1.82-1.41 (m, 6H), 1.31 (m, 2H); MS (DCI/NH3) m/z
217 (M + H)+.

7-Amino-2-tert-butoxycarbonyl-1-cyclopentyl-1,2,3,4-
tetrahydroisoquinoline (45c) was prepared from 44c using
the procedure described for the preparation of 45a: 1H NMR
(CDCl3) δ 6.91 (d, J ) 7.0 Hz, 1H), 6.53 (m, 2H), 4.86 (d, J )
9.9 Hz, 0.5H), 4.70 (d, J ) 9.2 Hz, 0.5H), 4.05 (m, 0.5H), 3.80
(m, 0.5H), 3.75 (br s, 3H), 3.42 (m, 0.5H), 3.30 (m, 0.5H), 2.75
(m, 2H), 2.14 (m, 1H), 1.77-1.55 (m, 6H), 1.51 (m, 2H), 1.45
(s, 9H); MS (DCI/NH3) m/z 317 (M + H)+.

6-[N-(2-tert-Butoxycarbonyl-1-cyclopentyl-1,2,3,4-tet-
rahydro-7-isoquinolinyl)carbamyl]-2-naphthalenecarbo-
nitrile (46c) was prepared from 45c using the procedure
described for the preparation of 33d: 1H NMR (CDCl3) δ 8.44
(s, 1H), 8.29 (s, 1H), 8.03 (m, 4H), 7.71 (m, 2H), 7.34 (m, 1H),
7.15 (d, J ) 8.4 Hz, 1H), 4.98 (d, J ) 9.6 Hz, 0.5H), 4.86 (d, J
) 9.2 Hz, 0.5H), 4.12 (m, 0.5H), 3.91 (m, 0.5H), 3.50-3.28 (m,
1H), 2.87 (m, 2H), 2.18 (m, 1H), 1.71 (m, 4H), 1.48 (s, 9H),
1.47 (m, 4H); MS (ESI) m/z 496 (M + H)+.

6-[N-(1-Cyclopentyl-1,2,3,4-dihydro-7-isoquinolinyl)-
carbamyl]-2-naphthalenecarboxamidine (47c) was pre-
pared from 46c using the procedure described for the prepa-
ration of 6. The crude product was purified by HPLC and
converted to the HCl salt to provide 47c: 1H NMR (DMSO-
d6) d 10.69 (s, 1H), 9.72 (s, 2H), 9.61 (s, 2H), 9.34 (s, 2H), 8.75
(s, 1H), 8.60 (s, 1H), 8.32 (d, J ) 8.8 Hz, 1H), 8.24 (d, J ) 8.5
Hz, 1H), 8.18 (dd, J ) 8.5, 1.4 Hz, 1H), 7.93 (dd, J ) 8.5, 1.7
Hz, 1H), 7.85 (d, J ) 1.7 Hz, 1H), 7.74 (dd, J ) 8.1, 1.7 Hz,
1H), 7.25 (d, J ) 8.5 Hz, 1H), 4.42 (m, 1H), 3.42 (m, 2H), 3.05
(m, 2H), 2.41 (m, 1H), 1.80 (m, 2H), 1.70 (s, 2H), 1.52 (m, 4H);
MS (ESI) m/z 413 (M + H)+. Anal. (C26H28N4O‚2HCl‚1.5H2O)
C, H, N.

2-(2-Ethoxycarbonyl-5-nitrophenyl)-2-ethylmalonic
Acid, Dimethyl Ester (49). To a solution of 4834 (16.0 g, 53.8
mmol) in acetone (450 mL) was added K2CO3 (22.0 g, 159
mmol) followed by EtI (20.0 mL, 292 mmol) and the mixture
was refluxed for 14 h. The solvent was evaporated, EtOAc (200
mL) was added, and the mixture was washed with water (3 ×
100 mL) and brine, dried (MgSO4), filtered, and evaporated
to afford 18.6 g (98%) of 49 as light reddish oil: 1H NMR
(CDCl3) δ 8.24 (m, 2H), 8.11 (d, J ) 8.1 Hz, 1H), 4.33 (m, 2H),
3.72 (s, 6H), 2.58 (q, J ) 7.5 Hz, 2H), 1.38 (t, J ) 7.2 Hz, 3H),
0.98 (t, J ) 7.5 Hz, 3H); MS (ESI) m/z 354 (M + H)+.

2-(2-Carboxy-5-nitrophenyl)butanoic Acid (50). To a
suspension of 49 (22.0 g, 62.3 mmol) in a mixture of water
(300 mL) and EtOH (100 mL) was added 50% aqueous NaOH
(30 mL), and the mixture was heated to reflux for 2.5 h. The
reaction was cooled, acidified with 6 M HCl, refluxed for 30
min, and then cooled. The product, which precipitated upon
cooling, was filtered, washed with water, and dried under
vacuum to afford 3.9 g (78%) of 50 as a pale yellow solid: 1H
NMR (DMSO-d6) δ 8.20 (m, 2H), 8.00 (d, J ) 8.5 Hz, 1H), 4.38
(t, J ) 7.4 Hz, 1H), 1.93 (m, 2H), 0.84 (t, J ) 7.4 Hz, 3H); MS
(ESI) m/z 252 (M - 1)-.

2-(2-Hydroxymethyl-5-nitrophenyl)-1-butanol (51a). To
a solution of 50 (11.25 g, 44.4 mmol) in THF (100 mL) at room
temperature was added a solution of 1 M BH3 in THF (133
mL) and the mixture was allowed to stir overnight. The
reaction mixture was quenched with 1 M citric acid, the solvent
was partially concentrated, and EtOAc (150 mL) was added.
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The mixture was washed with water (60 mL), 1 M NaOH (60
mL), water, and brine; dried (MgSO4); filtered; and evaporated
to afford 9.2 g (92%) of 51a as a light yellow oil: 1H NMR
(CDCl3) δ 8.15 (d, J ) 2.3 Hz, 1H), 8.09 (dd, J ) 8.5, 2.3 Hz,
1H), 7.53 (d, J ) 8.5 Hz, 1H), 4.91 (d, J ) 12.4 Hz, 1H), 4.59
(d, J ) 12.4 Hz, 1H), 3.98 (dd, J ) 10.0, 6.0 Hz, 1H), 3.67 (dd,
J ) 10.0, 4.6 Hz, 1H), 3.20 (m, 1H), 1.73 (m, 2H), 0.84 (t, J )
7.3 Hz, 3H); MS (DCI/NH3) m/z 243 (M + NH4)+.

N-Allyl-4-ethyl-6-nitro-1,2,3,4-tetrahydroisoquino-
line (52a). To a solution of 51a (6.13 g, 27.2 mmol) in THF
(80 mL) at 0 °C were added TEA (12.0 mL, 86.1 mmol) and
DMAP (30 mg, 0.24 mmol), followed by MsCl (4.85 mL, 61.2
mmol). After 15 min, allylamine (4.7 g, 81.6 mmol) was added
and the mixture was stirred at 0 °C for 15 min, room
temperature for 12 h, and finally 75 °C for 4 h. The reaction
mixture was cooled, EtOAc (120 mL) and water (70 mL) were
added, and the organic phase was washed with water (2 × 50
mL) and brine, dried (MgSO4), filtered, and evaporated. The
product was flash chromatographed on silica gel eluting with
15% EtOAc/hexanes to afford 4.50 g (67%) of 52a as a light
yellow oil: 1H NMR (CDCl3) δ 8.09 (d, J ) 2.4 Hz, 1H), 7.96
(dd, J ) 8.5, 2.4 Hz, 1H), 7.15 (d, J ) 8.5 Hz, 1H), 5.91 (m,
1H), 5.26 (m, 2H), 3.66 (m, 2H), 3.18 (m, 2H), 2.86 (m, 1H),
2.69 (m, 2H), 1.80 (m, 2H), 1.00 (t, J ) 7.5 Hz, 3H); MS (ESI)
m/z 247 (M + H)+.

N-Allyl-6-amino-4-ethyl-1,2,3,4-tetrahydroisoquino-
line (53a). To a solution of 52a (1.00 g, 4.1 mmol) in CH2Cl2

(10 mL) were successively added water (1 mL), 1,1′-di-n-octyl-
4,4′-bipyridinium dibromide (10 mg, 18.4 µmol), and a solution
of K2CO3 (2.80 g, 20.3 mmol) and Na2S2O4 (3.18 g, 18.3 mmol)
in water (10 mL). A very strong blue color developed and the
mixture was heated at 35 °C for 24 h, at which time the color
had dissipated. An additional solution of K2CO3 (500 mg, 3.62
mmol) and Na2S2O4 (500 mg, 2.88 mmol) in water (2 mL) was
added to the reaction and the resulting mixture was stirred
for an additional 1 h. Water (30 mL) was added to the mixture
and the aqueous layer was extracted with CH2Cl2 (3 × 40 mL).
The combined CH2Cl2 layers were dried (MgSO4) and filtered
through a plug of silica gel, eluting with 5% MeOH/EtOAc to
afford 694 mg (79%) of 53a as a white solid: 1H NMR (CDCl3)
δ 6.81 (d, J ) 8.1 Hz, 1H), 6.55 (d, J ) 2.2 Hz, 1H), 6.49 (dd,
J ) 8.1, 2.2 Hz, 1H), 5.92 (m, 1H), 5.20 (m, 2H), 3.49 (m, 2H),
3.12 (m, 2H), 2.26 (m, 3H), 1.71 (m, 2H), 0.96 (t, J ) 7.4 Hz,
3H); MS (ESI) m/z 217 (M + H)+.

6-[N-(4-Ethyl-1,2,3,4-tetrahydro-2-(2-propenyl)-6-iso-
quinolinyl)carbamyl]-2-naphthalenecarbonitrile (54a)
was prepared from 53a using the procedure described for the
preparation of 33d: 1H NMR (CDCl3) δ 10.42 (s, 1H), 8.44 (s,
1H), 8.27 (s, 1H), 8.05 (m, 3H), 7.69 (dd, J ) 8.5, 1.7 Hz, 1H),
7.62 (s, 1H), 7.41 (d, J ) 8.1 Hz, 1H), 7.04 (d, J ) 8.1 Hz, 1H),
5.96 (m, 1H), 5.28 (m, 2H), 3.61 (m, 2H), 3.19 (m, 2H), 2.70
(m, 3H), 1.80 (m, 2H), 0.99 (t, J ) 7.5 Hz, 3H); MS (ESI) m/z
396 (M + H)+.

6-[N-(4-Ethyl-1,2,3,4-tetrahydro-2-(2-propenyl)-6-iso-
quinolinyl)carbamyl]-2-naphthalenecarboxamidine (55a)
was prepared from 54a using the procedure described for the
preparation of 6: 1H NMR (DMSO-d6) δ 10.60 (s, 1H), 10.10
(br. s, 1H), 9.52 (s, 2H), 9.16 (s, 2H), 8.70 (s, 1H), 8.57 (s, 1H),
8.34-8.14 (m, 3H), 7.90 (m, 2H), 7.74 (m, 1H), 7.27 (d, J ) 8.5
Hz, 1H), 6.02 (m, 1H), 5.63 (m, 2H), 4.37 (m, 2H), 3.78 (m,
2H), 3.33-3.09 (m, 2H), 2.08-1.74 (m, 2H), 0.91 (t, J ) 8.7
Hz, 3H); MS (ESI) m/z 413 (M + H)+.

6-[N-(4-Ethyl-1,2,3,4-tetrahydro-6-isoquinolinyl)car-
bamyl]-2-naphthalenecarboxamidine (56a). To a solution
of Pd(dba)2 (17.1 mg, 0.018 mmol) in THF (3 mL) was added
DPPB (7.9 mg, 0.018 mmol) and the mixture was stirred for
20 min. Thiosalicylic acid (87 mg, 0.56 mmol) was added and
the resulting mixture was transferred via cannula to a solution
of 55a (154 mg, 0.37 mmol) in DMF (3 mL). After 2.5 h the
reaction mixture was quenched with 1 M HCl and diluted with
water (20 mL) and EtOAc (20 mL). The aqueous phase was
separated, concentrated, and purified by HPLC to yield 115
mg (48%) of 56a as a white powder: 1H NMR (DMSO-d6) δ
10.60 (s, 1H), 9.50 (s, 2H), 9.25 (s, 2H), 9.03 (br d, 2H), 8.70

(s, 1H), 8.56 (s, 1H), 8.33-8.17 (m, 3H), 7.88 (m, 2H), 7.72 (m,
1H), 7.25 (d, J ) 9.5 Hz, 1H), 4.26 (br s, 2H), 3.25-3.03 (m,
4H), 1.92-1.71 (m, 2H), 0.98 (t, J ) 8.5 Hz, 3H); MS (ESI)
m/z 373 (M + H)+. Anal. (C23H24N4O‚2.25C2HF3O2‚1.5H2O) C,
H, N.

N-Allyl-6-nitro-1,2,3,4-tetrahydroisoquinoline (52b) was
prepared from 51b34 as described in the procedure for prepara-
tion of 52a: 1H NMR (CDCl3) δ 7.97 (m, 2H), 7.17 (d, J ) 8.5
Hz, 1H), 5.93 (m, 1H), 5.27 (m, 2H), 3.70 (s, 2H), 3.20 (d, J )
6.8 Hz, 2H), 3.00 (t, J ) 5.9 Hz, 2H), 2.78 (t, J ) 5.9 Hz, 2H);
MS (ESI) m/z 219 (M + H)+.

N-Allyl-6-amino-1,2,3,4-tetrahydroisoquinoline (53b)
was prepared from 52b using the procedure described for the
preparation of 53a: 1H NMR (CDCl3) δ 6.82 (d, J ) 8.1 Hz,
1H), 6.48 (m, 2H), 5.94 (m, 1H), 5.26 (m, 2H), 3.57 (s, 2H),
3.19 (d, J ) 6.6 Hz, 2H), 2.84 (t, J ) 5.9 Hz, 2H), 2.74 (t, J )
5.9 Hz, 2H); MS (ESI) m/z 189 (M + H)+.

6-[N-(1,2,3,4-Tetrahydro-2-(2-propenyl)-6-isoquinolinyl)-
carbamyl]-2-naphthalenecarbonitrile (54b) was prepared
from 53b using the procedure described for the preparation
of 33d: 1H NMR (CDCl3) δ 10.43 (s, 1H), 8.67 (m, 2H), 8.33-
8.12 (m, 3H), 7.88 (m, 1H), 7.56 (m, 2H), 7.05 (d, J ) 8.5 Hz,
1H), 5.95-5.76 (m, 1H), 5.22 (m, 2H), 3.53 (s, 2H), 3.13 (d, J
) 6.4 Hz, 2H), 2.83 (t, J ) 5.8 Hz, 2H), 2.67 (t, J ) 5.8 Hz,
2H); MS (ESI) m/z 368 (M + H)+.

6-[N-(1,2,3,4-Tetrahydro-2-(2-propenyl)-6-isoquinolinyl)-
carbamyl]-2-naphthalenecarboxamidine (55b) was pre-
pared from 54b using the procedure described for the prepa-
ration of 6: 1H NMR (DMSO-d6) δ 10.61 (s, 1H), 10.14 (s, 1H),
9.50 (s, 2H), 9.20 (s, 2H), 8.68 (s, 1H), 8.56 (s, 1H), 8.32
(d, J ) 8.5 Hz, 1H), 8.24 (d, J ) 8.5 Hz, 1H), 8.15 (dd, J )
8.5, 1.6 Hz, 1H), 7.91 (dd, J ) 8.5 1.6 Hz, 1H), 7.79 (s, 1H),
7.70 (m, 1H), 7.26 (d, J ) 8.5 Hz, 1H), 6.00 (m, 1H), 5.60
(m, 2H), 4.37 (m, 2H), 3.81 (m, 2H), 3.15 (m, 2H); MS (ESI)
m/z 385 (M + H)+.

6-[N-(1,2,3,4-Tetrahydro-6-isoquinolinyl)carbamyl]-2-
naphthalenecarboxamidine (56b) was prepared from 55b
using the procedure described for the preparation of 56a. The
crude product was purified by HPLC to provide 56a: 1H NMR
(DMSO-d6) δ 10.55 (s, 1H), 9.48 (s, 2H), 9.12 (s, 2H), 8.97 (br
s, 1H), 8.68 (s, 1H), 8.55 (s, 1H), 8.31 (d, J ) 8.7 Hz, 1H), 8.23
(d, J ) 8.7 Hz, 1H), 8.15 (dd, J ) 8.7, 1.7 Hz, 1H), 7.90 (dd, J
) 8.4, 2.0 Hz, 1H), 7.75 (s, 1H), 7.66 (dd, J ) 8.4, 2.0 Hz, 1H),
7.24 (d, J ) 8.4 Hz, 1H), 4.27 (s, 2H), 3.41 (t, J ) 6.1 Hz, 2H),
3.03 (t, J ) 6.1 Hz, 2H); MS (ESI) m/z 345 (M + H)+. Anal.
(C21H20N4O‚2.25C2HF3O2‚1.5H2O) C, H, N.

Enzymology. Synthetic compounds were tested in a spec-
trophotometric assay for their inhibitory activity toward
urokinase and several other serine proteases, using chromoge-
nic substrates (DiaPharma Group, Inc. Distributor of Chro-
mogenix). Their inhibitory activity was determined from
comparison of their reaction rates to the substrate alone. The
assay was performed in a 96-well, polystyrene, flat-bottom
plate in 50 mM Tris/0.15 M NaCl + 0.5% Pluronic F-68 (Sigma
P-5556), pH 7.4 (with HCl) buffer. The compounds were
dissolved in DMSO and tested at 0.01-250 µM concentration
in a final reaction volume of 200 µL. The reactions were
initiated by the addition of substrate and were followed by the
formation of p-nitroaniline at 405 nm on the Spectromax
(Molecular Devices) plate reader for 15 min. The Spectromax
determined the reaction rates that were used to calculate
percent inhibition. Ki values were calculated from the percent
inhibition and previously established Km values. Enzymes,
substrates, and their concentrations in the assay: human uPA
(Abbokinase, Abbott Laboratories, Abbott Park, IL), 2-3 nM;
substrate, pyroGlu-Arg-pNA-HCl (S-2444), 200 µM; human
plasma kallikrein (Sigma), 100 ng/mL; substrate, H-D-Pro-Phe-
Arg-pNA-2HCl (S-2302), 330 µM; human plasmin (DiaP-
harma), 18 nM; substrate, H-D-Val-Leu-Lys-pNA-2HCl (S-
2251), 360 µM; human alpha thrombin (Enzyme Research
Laboratories), 8.2 nM; substrate, H-D-Pro-Phe-Arg-pNA-2HCl
(S-2302), 820 µM; human tPA (Sigma), 1 µg/mL; substrate,
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H-D-Ile-Pro-Arg-pNA-2HCl (S-2288), 1350 µM; porcine trypsin
(Sigma), 1.25 nM; substrate, pyroGlu-Arg-pNA-HCl (S-2444),
200 µM.

Crystallography. Procedures for preparation of uPA-
inhibitor complexes and data processing have been reported
by Nienaber et al.43 Resolution (in Å), temperature factors (B,
in Å2), and PDB atomic coordinate codes for the structures
referred to in the text are as follows: 6 (resolution 2.0, B 2.0-
16.8, code 1OWE); 25 (1.6, 2.7-16.6, 1OWH); 34e (2.9, 11.9-
26.1, 1OWI); 43a (3.1, 14, 1OWJ); 47a (2.8, 17, 1OWK); 56a
(2.3, 23.6, 1OWD).

Supporting Information Available: NMR spectra of
compounds 14, 15, and 34b. This material is available free of
charge via the Internet at http://pubs.acs.org.
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