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ABSTRACT: The efficient syntheses of three new ra-
cemic NO-(1-iminoethyl)phosphalysine derivatives are
reported where the lysine carboxylate group is system-
atically replaced by phosphonic acid, 4, methyl phos-
phinic acid, 5, and phosphinic acid, 6. These com-
pounds were evaluated as potential inhibitors of the
three isoforms of human nitric oxide synthase. © 2000
John Wiley & Sons, Inc. Heteroatom Chem 11:505-
511, 2000

INTRODUCTION

Nitric oxide (NO) is an endogenously produced free
radical that plays an important role in many physi-
ological processes [1]. NO is produced by the con-
version of L-arginine to L-citrulline by a five-electron
oxidation reaction catalyzed by nitric oxide synthase
(NOS) [2]. To date, three distinct human isoforms of
NOS have been identified [3]. The constitutive iso-
forms, which require Ca?* and calmodulin for activ-
ity, include the neuronal (hncNOS) and endothelial
(hecNOS) isoforms that are found mainly in the
brain and the vascular endothelium, respectively. Ni-
tric oxide produced by hncNOS appears to act as a
neurotransmitter, whereas the NO produced by
hecNOS helps regulate blood pressure and platelet
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aggregation [4-6]. In contrast, the inducible human
isoform (hiNOS) is found in activated macrophages
and is not activated by Ca?* or calmodulin. Its major
function is in host defense, and overproduction of
NO by hiNOS is implicated in multiple disease states
[7-9]. Therefore, hiNOS represents an attractive
therapeutic target, and several approaches for selec-
tive inhibitors have been identified for the potential
treatment of these diseases [10-12].

Since L-arginine is the natural substrate of NOS,
and the NOS reaction takes place at the N¢-guani-
dino group, several Né-modified arginine derivatives
have been prepared as possible inhibitors of NOS
[13-15]. A series of racemic arginine analogs con-
taining replacements for the a-amino acid group by
various a-amino phosphorus moieties have also
been reported that include the phosphonic acid, 1,
and the phosphinic acid analog of L-NS-nitro-argi-
nine, 2. Unfortunately, neither 1 or 2 exhibited sig-
nificant inhibitory activity for NOS (IC,, > 100 uM)
[16]. In contrast to most arginine derivatives, a re-
lated amino acid, L-N¢-(1-iminoethyl)-lysine (L-NIL,
3), has been shown to be a potent (IC5, = 3.3 uM)
and selective inhibitor of murine iNOS [17]. The x-
ray crystal structure of arginine bound to the oxy-
genase domain of inducible murine NOS has been
published [18]. Examination of this structure indi-
cates that the protein interactions surrounding the
a-amino acid region should allow variation of the a-
amino acid group with larger moieties.

Consequently, we chose to explore analogs of 3,
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where the a-amino acid group was replaced by phos-
phonic or phosphinic acids to see if such groups
could be accommodated in the context of a different
inhibitor framework. Three new racemic analogs of
NIL, including the a-aminophosphonic, 4, a-amino
methylphosphinic, 5, and a-aminophosphinic, 6, ac-
ids were targeted to explore the effects of varying
size, shape, and pK, of the acidic functionality on
potency and selectivity [19]. This manuscript de-
scribes the synthesis of these three NIL analogs, as
well as their evaluations as potential inhibitors of the
three human NOS isoforms.

CHEMISTRY

A common feature in the preparation of all three an-
alogs involved the addition of a phosphorous com-
pound to an activated imine prepared from a suit-
ably protected aminopentanal. For the synthesis of
racemic 4, the a-amino phosphonic acid moiety is
introduced through the addition of lithium diethyl-
phosphite to a benzylimine [20]. The synthetic se-
quence (Scheme 1) began with mono-Boc protection
of the amine in aminopentanol to give 7 [21]. Sub-
sequent Swern oxidation gave the corresponding al-
dehyde, however, the product could not be isolated
possibly due to internal cyclization. The desired im-
ine was obtained by addition of benzylamine to the
crude reaction mixture from the Swern oxidation,
and addition of lithium diethylphosphite gave the
desired protected a-amino diethyl phosphonate es-
ter, 8. Purification of 8 from excess diethyl phosphite
proved difficult, but removal of the Boc group under
acidic conditions allowed isolation of the pure phos-
phono-lysine analog, 9. The conversion of 9 to the
corresponding (1-iminoethyl)lysine analog was car-
ried out with ethyl acetimidate hydrochloride in the
presence of 1,8-diabicyclo[5.4.0]Jundec-7-ene (DBU)
to give the protected product, 10 [17]. The desired
fully deprotected a-amino phosphonic acid, 4, was
obtained as a dihydrochloride salt by catalytic hy-
drogenation in the presence of Pd(OH), on carbon
to remove the N-benzyl group followed by hydrolysis
of the diethyl ester with concentrated aqueous HCI.
The product was isolated as a glassy, hygroscopic

solid, and its characterization by '"H NMR, 3'P NMR,
HRMS, and microanalyses was consistent with the
desired product being obtained in greater than 95%
purity.

The methyl phosphinic acid analog, 5, was pre-
pared in a similar manner from the fully protected
aminopentanal (Scheme 2). The phthalimide-pro-
tected aminopentanol, 11 [22], underwent Swern ox-
idation to allow isolation of the desired aldehyde, 12.
A three-component reaction with aldehyde 12, ben-
zyl carbamate, and dichloromethylphosphine pro-
ceeded smoothly in the presence of acetyl chloride
to give the Z-protected a-amino methylphosphinic
acid, 13a [23]. The related protected a-amino phos-
phinic acid, 13b, was prepared by addition of phos-
phonous acid to the diphenylmethyleneimine. In
contrast to the stepwise method used in Scheme 1,
the reaction of the aldehyde, 12, with the diphenyl-
methylamine salt of phosphonous acid in refluxing
ethanol gave the protected a-amino phosphinic acid,
13b, directly [24].

The phthalimide-protected lysine analogs 13a
and 13b were similarly converted to the desired de-
protected products (Scheme 3). Removal of the
phthalimide was accomplished with hydrazine in re-
fluxing ethanol to give the amines 14a and 14b. The
1-iminoethyl moiety was introduced as described in
Scheme 1 to give 15. The final racemic products, 5
and 6, were obtained by deprotection of the a-amino
group under acidic conditions to give the desired a-
amino phosphinic acids as dihydrochloride salts.
Both products were isolated as white, hygroscopic
foams and characterized by 'H NMR, 3'P NMR,
HRMS, and microanalyses. The analytical data for
the methylphosphinic acid, 5, were all satisfactory,
whereas the phosphinic acid, 6, was contaminated
with a small amount (approx. 5% by microanalyses)
of diphenylmethane.

RESULTS AND DISCUSSION

The analytically pure targets 4, 5, and 6 were eval-
uated as potential inhibitors of the three human
NOS isoforms using previously described assays
[25]. Unfortunately, none of these compounds dis-
played significant activity against any of the enzymes
tested under conditions in which 3 was used as a
positive control (Table 1).

These results confirm those observed previously
with the phospha-arginine derivatives, 1 and 2. None
of the NOS isoforms are able to tolerate replacement
of the a-amino acid carboxylate functionality with
the larger phosphonic or phosphinic acid groups.
These results are especially surprising given the high
potency and selectivity observed with 16 in which
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SCHEME 2 Reaction Conditions: (i) (COCI),, DMSO, Et;N, CH,Cl,, —78°C; (ii) AcCl, benzyl carbamate, MePCl,, r.t. (iii) H,O,

THF, r.t. (iv) Ph,CHNH; H,PO;, EtOH, reflux.

the carboxylate moiety in 3 has been reduced to in-
troduce a chiral diol motif [26].

)J\H NH,

16

EXPERIMENTAL

Proton and 3'P NMR spectra were recorded on either
a Varian Unity Plus 300 (300 MHz) or a Varian Unity

Inova 400 (400 MHz) spectrometer. All proton chem-
ical shifts are recorded in ppm () relative to trimeth-
ylsilane (TMS), and 3'P chemical shifts are refer-
enced to H,PO,. Column chromatography was
performed on silica gel (200-400 mesh). Reverse-
phase chromatography was performed on a Gilson
semipreparative HPLC with a YMC Combiprep
ODS-A semiprep column eluting with acetonitrile/
water (0.1% TFA) at 20 mL/min. Microanalyses were
performed at Searle analytical lab (Skokie, IL). Mass
spectra was obtained on a HP series 1100MSD, and
high-resolution mass spectra were obtained with a
PerSeptive Biosystems Mariner TOF. All solvents
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SCHEME 3 Reaction Conditions: (i) N,H,, EtOH; (ii) ethyl
acetimidate HCI, N,N-diisopropyl ethyl amine, EtOH, r.t.; (iii)
conc. HCI, reflux.

TABLE 1 Inhibitory Properties of a-Amino Phospha-NIL An-
alogs Versus Three Human NOS Enzymes.2

hiNOS hecNOS hncNOS

ICy, ICy, IC,,
Inhibitor (uM) (uM) (uM)
3 5 135 55
4 > 100 > 100 > 100
5 > 100 > 100 > 100
6 > 100 > 100 > 100
aSee Ref. [25].

and reagents were purchased from Aldrich Chemical
Co. (Milwaukee, WI).

Preparation of Carbamic Acid, [5-(phenylmeth-
ylamino)-5-diethoxyphosphinylpentyl]-, C-(1,1-
dimethyl-ethyl) Ester, 8

To a solution of oxalyl chloride (24 mmol) in CH,Cl,
(30 mL) at —78°C was added DMSO (3.0 mL, 45
mmol). After 5 minutes, a CH,Cl, (20 mL) solution
of 7 [21] (2.13 g, 10.5 mmol) was added, and the
stirring continued at —78°C for 30 minutes. Neat tri-
ethylamine (30 mL) was added, and the resulting
slurry was stirred at —78°C for 20 minutes. The re-
action mixture was allowed to reach room tempera-
ture, stirred for 15 minutes, and poured into water
(100 mL). The organic layer was separated and
washed with 0.5 N citric acid and saturated NaHCO,.
To the CH,CI, solution of the crude aldehyde was
added benzylamine (1.0 mL, 10.9 mmol) and MgSO,.
The resulting slurry was stirred for 1.5 hours at room
temperature, filtered, and the filtrate stripped to a
give the crude imine as a yellow oil (confirmed by 'H
NMR). In a separate flask, a THF (15 mL) solution
of diethyl phosphite (3.4 mmol, 26 mmol) was

cooled in an ice bath and n-BuLi in hexanes (6.9 mL,
1.6 M, 11 mmol) was added dropwise. After 30 min-
utes, the ice bath was removed, and the solution was
allowed to reach room temperature. To this solution
was added a THF (20 mL) solution of the above im-
ine, and the reaction mixture was stirred for 18
hours at room temperature. The reaction was
poured into water (30 mL), and the organic solvents
were removed in vacuo. The aqueous layer was sat-
urated with NaCl and extracted with ethyl acetate (3
X 30 mL). The organic layers were combined, dried
(MgSO0,), filtered, and evaporated to give a yellow oil.
The oil was purified by silica gel chromatography
eluting with 2% EtOH in EtOAc to give a mixture of
the desired a-amino phosphonate diester and diethyl
phosphite as a pale yellow oil (1.90 g). This product
was taken forward crude without further purifica-
tion. MS: m/z = 429.3 [M+H]".

Preparation of [5-amino-1-[(phenylmethyl)
amino Jpentyl]phosphonic Acid, Diethyl Ester, 9

To an ethyl acetate (30 mL) solution of crude 8 (1.90
g) was added 1IN HCI (20 mL), and the mixture was
stirred for 18 hours. The aqueous layer was sepa-
rated and adjusted to pH 9 (saturated NH,OH) and
extracted with EtOAc (3 X 30 mL) and CH,CI, (2 X
30 mL). The combined extracts were dried (MgSO,),
filtered, and evaporated to give 0.36 g (10% yield
based on 7) of the desired product as a clear colorless
oil. HRMS calcd. for C,;H,,N,O,P: m/z = 329.1994
[M+H]+, found: 329.2013. '"H NMR (CDCl,) ¢ 1.36
(t, 6H), 1.4-2.0 (m, 9H), 2.70 (t, 2H), 2.87 (m, 1H),
3.95 (dd, 4H), 4.15 (m, 4H), 7.3 (m, 5H). 3'P NMR
(CDCL,) 6 29.29 (s).

Preparation of [5-[(1-iminoethyl Jamino]-1-
[ (whenylmethyl Jamino JpentylJphosphonic Acid,
Diethyl Ester, Mono(trifluoroacetate), 10

To an ethanol (5 mL) solution of 9 (0.35 g, 1.1 mmol)
was added ethyl acetimidate hydrochloride (0.20 g,
1.6 mmol) followed by N,N-diisopropylethylamine
(0.282 mL, 1.62 mmol). The clear solution was
stirred at room temperature for 18 hours, and ad-
ditional ethyl acetimidate hydrochloride (0.050 g,
0.4 mmol) and N,N-diisopropylethylamine (0.070
mL, 0.40 mmol) were added. After 4 hours, the sol-
vent was removed in vacuo, and the resulting oil was
purified by reverse-phase HPLC using a YMC Com-
biprep ODS-A semiprep column eluting with a 6
minute gradient of 0-45% CH,CN/H,O. Fractions
containing product were combined and concen-
trated to afford approximately 120 mg (23%) of the
desired acetamidine product as a trifluoroacetate
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salt. HRMS calcd. for C,;H,;;N,O,P: n/z = 370.2260
[M+H]*, found: 370.2273. '"H NMR (CDCl,) 6 1.38
(t, 6H), 1.58 (brs, 4H), 1.92 (br s, 2H), 2.10 (s, 3H),
3.20 (br s, 2H), 3.4 (m, 1H), 4.18 (m, 4H), 4.3 (dd,
2H), 7.4 (m, 5H), 8.28 (s, 1H), 8.58 (s, 1H), 9.43 (s,
1H). 3'P NMR (CDCIl,) 6 30.99 (s).

Preparation of [1-amino-5-[ (1-iminoethyl)
amino Jpentyl]phosphonic Acid,
Dihydrochloride, 4

A methanol (5 mL) solution of 10 (120 mg) was
stirred under a hydrogen atmosphere (60 psi) in the
presence of Pd(OH), on C (70 mg) for 4 hours at
room temperature. The slurry was filtered through
celite, and the filtrate was stripped to an give the di-
ethyl ester as an oil. The ester was dissolved in con-
centrated HCl and heated to 98°C for 18 hours. The
solution was concentrated in vacuo, taken up in wa-
ter and again stripped in vacuo. The resulting solid
was dried in vacuo at 60°C for 1 hour to give 15 mg
(14%) of the desired product as a pale yellow glass.
Anal. calced. for C;H(N,O,P - 2.0 HCI - 2.0 H,O: C,
25.31; H, 7.28; N, 12.65. Found: C, 25.33; H, 7.14; N,
12.53. HRMS calcd. for C;H,(N;O,P: m/z = 224.1164
[M+H]~, found: 224.1166. '"H NMR (D,0) § 1.4-1.8
(br m, 6H), 2.25 (s, 3H), 3.12 (t, 2H), 3.18 (s, 1H). 3'P
NMR (D,0) ¢ 14.27(s).

Preparation of 5-(1,3-dihydro-1,3-dioxo-2H-
isoindol-2-yl )pentanal, 12

To a CH,Cl, (40 mL) solution of oxalyl chloride (32
mmol) at —78°C was added DMSO (2.4 mL, 34
mmol) dropwise. After 5 minutes, a CH,Cl, (20 mL)
solution of 5-phthalimido-1-pentanal (4.99 g, 21.1
mmol) was added, and the stirring continued at
—78°C for 25 minutes. Neat triethylamine (30 mL)
was added, and the resulting slurry was stirred at
—78°C for 2 hours. The reaction mixture was al-
lowed to reach room temperature, stirred 15 min-
utes, and poured into water (100 mL). The reaction
mixture was extracted with ethyl acetate (150 mL),
and the extracts were washed with 0.5 N citric acid
and saturated NaHCO,. Evaporation of the solvent
gave 4.78 g (98%) of the desired aldehyde as a pale
orange oil. 'H NMR (CDCl,) ¢ 1.63 (m, 4H), 2.47 (t,
2H), 3.68 (t, 2H), 7.78 (dd, 4H), 9.74 (s, 1H).

Preparation of Carbamic acid, [5-(1,3-dihydro-
1,3-dioxo-2H-isoindol-2-yl )-1-(hydroxymethy-
phosphinyl )-pentyl]-, phenylmethyl ester, 13a

To an ice cooled slurry of benzyl carbamate (3.17 g,
21.0 mmol) and dichloromethylphosphine (1.87 mL,

21.0 mmol) in acetyl chloride (20 mL) was added a
solution of 12 (4.78 g, 20.7 mmol) in acetyl chloride
(5 mL) dropwise over 10 minutes. The reaction mix-
ture was allowed to reach room temperature, stirred
for one hour, and the solvent was removed in vacuo.
The residue was dissolved in THF (20 mL) and
slowly hydrolyzed by the dropwise addition of water
(0.5 mL). After 10 minutes, the solvent was removed
in vacuo to give 9.00 g (98%) of the desired protected
a-amino methylphosphinic acid as an oil. MS: n/z
= 4452 [M+H]*. 'H NMR (CDCL,) § 1.38 (t, 6H),
1.58 (brs, 4H), 1.92 (br s, 2H), 2.10 (s, 3H), 3.20 (br
s, 2H), 3.4 (m, 1H), 4.18 (m, 4H), 4.3 (dd, 2H), 7.4
(m, 5H), 8.28 (s, 1H), 8.58 (s, 1H), 9.43 (s, 1H). 3'P
NMR (CDCl,) 6 54.08 (s).

Preparation of Carbamic Acid, [1-(hydroxy-
methylphosphinyl )-5-(aminpentyl)]-,
Phenylmethyl Ester, 14a

Neat hydrazine hydrate (1.7 mL, 30 mmol) was
added to an ethanol (60 mL) solution of 13a (9.00 g,
20.2 mmol), and the solution was brought to reflux
for one hour. The resulting viscous slurry was diluted
with ethanol (30 mL), and additional hydrazine hy-
drate (0.85 mL, 15. mmol) was added. After an ad-
ditional 30 minutes of reflux, water (20 mL) and a
third portion of hydrazine hydrate (0.85 mL, 15.
mmol) were added. The reflux was continued for 30
minutes, at which time TLC indicated the consump-
tion of starting material. The reaction mixture was
cooled to room temperature, filtered, and the filtrate
was stripped to give a mixture of the desired free
amine product and phthalylhydrazide. The crude
product was used in the next step without additional
purification. MS: m/z = 315.0 [M+H]*.

Preparation of Carbamic Acid, [1-(hydroxy-
methylphosphinyl )-5-[ (1-iminoethyl Jamino]
pentyl]-, Phenyl-methyl Ester, Mono(trifluoro-
acetate) Salt 15a

To a slurry of crude 14a (0.84 g) in ethanol (15 mL)
was added ethyl acetimidate hydrochloride (0.50 g,
4.1 mmol) followed by DBU (0.83 mL, 5.6 mmol).
The slurry was stirred at room temperature 2 hours,
and additional ethyl acetimidate hydrochloride (0.25
g, 2.0 mmol) and DBU (0.30 mL, 2.0 mmol) were
added. After 18 hours, the solvent was removed in
vacuo, and the resulting oil was purified by reverse-
phase HPLC using a YMC Combiprep ODS-A semi-
prep column eluting with a 6 minute gradient of 5-
45% CH,CN/H,0. Fractions containing product were
combined and concentrated to afford 108 mg of the
desired acetamidine product as a trifluoroacetate
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salt (12% based on 13a). HRMS calcd. for
C,;H,,N,0,P: 356.1739 [M+H]*, found: 356.1742.
'H NMR (CD,0OD) 6 1.38 (d, 3H), 1.6 (m, 4H), 1.86
(m, 2H), 2.17 (s, 3H), 3.18 (m, 2H), 3.29 (m, 1H), 3.81
(m, 1H), 5.10 (m, 2H), 7.3 (m, 5H). *'P NMR (CD,0D)
0 50.23 (s).

Preparation of [1-amino-5-[ (1-iminoethyl)
amino JpentylJmethylphosphinic Acid,
Dihydrochloride, 5

A solution of 15a (108 mg, 0.23 mmol) in 6 N HCI
(10 mL) was refluxed for 3 hours. The solvent was
stripped to give a gum that was triturated with meth-
anol and stripped to give a white foam. The foam was
dried in vacuo at room temperature for 3 hours to
give 15 mg (20%) of the desired product as a white
foam. Anal. caled. for C;H,,N,0,P - 2.0 HCl - 1.5 H,O:
C, 29.92; H, 7.85; N, 13.08. Found: C, 29.87; H, 7.66;
N, 12.86. HRMS calcd. for CyH,,N,O,P: m/z =
222.1371 [M+H]+, found: 222.1357. 'H NMR (D,0)
01.33(d, 3H), 1.6 (m, 4H), 1.84 (m, 2H), 2.09 (s, 3H),
3.18 (t, 2H), 3.24 (s, 1H), 3.81 (m, 1H). 3'P NMR
(D,0) 6 38.88 (s).

Preparation of [5-amino-1-
[(diphenylmethyl yamino Jpentyl]
methylphosphinic Acid, 14b

A slurry of 13b[24] (1.30 g, 2.8 mmol) and hydrazine
hydrate (0.24 mL, 4.2 mmol) in ethanol (20 mL) was
heated to reflux giving a clear solution. After 1 hour
of reflux, additional hydrazine hydrate (0.24 mL, 4.2
mmol) was added, and the solution was refluxed for
4 hours. The solution was cooled to room tempera-
ture, and the precipitate was removed by filtration.
Evaporation of the filtrate gave 0.91 g (98%) of the
desired amine as a white foam. MS: m/z = 333.1
[M+H]*. '"H NMR (CDCL,) 6 1.6-1.8 (m, 6H), 2.43
(m, 1H), 2.86 (t, 2H), 3.28 (s, 2H), 5.19 (s, 1H), 7.2—
7.4 (m, 10H).

Preparation of [5-(1-imino-
ethyl )amino-1-[ (diphenylmethyl Jamino]
pentylJmethyl-phosphinic Acid, 15b

To an ethanol solution of 14b (0.50 g, 1.50 mmol)
was added ethyl acetimidate hydrochloride (0.28 g,
2.3 mmol) followed by DBU (0.44 mL, 2.9 mmol).
After 18 hours, the solvent was removed in vacuo,
and the resulting foam was purified by reverse-phase
HPLC using a YMC Combiprep ODS-A semiprep col-
umn eluting with a 6 minute gradient of 5-60%
CH,CN/H,0. Fractions containing product were
combined and concentrated to afford 300 mg (41%)

of the desired acetamidine product as a trifluoroac-
etate salt. MS: m/z = 3742 [M+H]+*. '"H NMR
(CD,0D) 6 1.5 (m, 4H), 1.9 (m, 2H), 2.20 (s, 3H), 2.83
(m, 1H), 3.17 (t, 2H), 2.28 (s, 2H), 6.10 (s, 1H), 7.2—
7.4 (m, 10H). P NMR (CD,0D) 6 18.50 (s).

Preparation of [1-amino-5-[(1-iminoethyl)
amino [Jpentylphosphinic Acid, Hydrochloride, 6

A solution of 15b (0.30 g, 0.62 mmol) in 6 N HCI (10
mL) was refluxed for 18 hours and cooled to room
temperature. The solution was diluted with water
(20 mL) and washed twice with diethyl ether. The
aqueous layer was stripped and dried in vacuo for 4
hours to give 11 mg (5%) of the desired a-amino-
phosphinic acid as a foam. Anal. calcd. for
C,H;(N,0,P-2.3HCI-2.0H,0-0.05C;H,,: C,27.39;
H, 7.48; N, 12.52. Found: C, 27.67; H, 7.27; N, 12.23.
HRMS caled. for C,H,(\N,O,P: m/z = 208.1215
[M+H]", found: 208.1224. '"H NMR (CD,0D) 6 1.6—
1.8 (m, 6H), 2.22 (s, 3H), 3.26 (s, 2H), 3.42 (br's, 1H),
8.42 (s, 1H), 8.98 (s, 1H), 9.30 (s, 1H). 3*'P NMR
(CD,0D) 6 25 (br s).
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