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Norepinephrine N- Methyltransferase Inhibition by Benzamidines, 
Phenylacetamidines, Benzylguanidines, and Phenylethylguanidines 
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Norepinephrine N- methyl transferase (NMT) from rabbit adrenal glands was inhibited by benzylamine and phen-
ethylamine analogs in which the nitrogen was replaced by an amidino or guanidino group. Mono and dichloro deriva­
tives of benzamidines, phenylacetamidines, benzylguanidines, and phenethylguanidines were studied. The two most 
potent NMT inhibitors among the compounds examined were 2,3-dichlorobenzamidine and 3,4-dichlorophenylaceta-
midine, with p/50 values of 5.55 and 5.36, respectively. These inhibitors were reversible and were competitive with 
norepinephrine as the variable substrate. They inhibited NMT from human, rat, and bovine adrenal glands but were 
slightly less effective against those enzymes than against the rabbit adrenal enzyme. In exercised rats, 2,3-dichloro­
benzamidine had no significant effect on adrenal catecholamine levels. 3,4-Dichlorophenylacetamidine slightly re­
duced epinephrine levels in the adrenal glands of exercised rats, but the effect may have been due to release rather 
than inhibition of synthesis, since heart norepinephrine levels were also reduced significantly by that agent (which is 
from a chemical series known to release catecholamines). Thus, whereas these compounds are reasonably potent in­
hibitors of NMT in vitro, they apparently are not effective in blocking enzyme activity in vivo. 

Norepinephrine N- methyltransferase* (NMT) catalyzes 
the terminal step of epinephrine biosynthesis in the adre­
nal medulla. This enzyme is an ideal target for inhibiting 
epinephrine formation; an inhibitor of NMT would not af­
fect the synthesis of dopamine or norepinephrine, which 
have physiologic functions of their own in addition to being 
precursors of epinephrine. The pharmacologic conse­
quences of blocking NMT are unknown, since agents that 
specifically inhibit this enzyme in vivo have not been re­
ported. For several years we have been searching for inhibi­
tors of NMT and have found that phenethylamines and 
benzylamines are among the most effective inhibitors in 
vitro.6'1 This paper describes some compounds of those 
types in which the amine function has been replaced by an 
amidino or guanidino group. The compounds studied have 
the structures 

RCNH, or RNHCNH, 

Table I. In Vitro Inhibition (p/50 Values) of NMT by 
Benzylamines, a-Methylbenzylamines, and Benzamidines 

NH NH 

where R = phenyl, benzyl, or phenethyl. 
Inhibition by Analogs of Benzylamines. Table I shows 

the inhibition of NMT by chlorinated benzamidines. In-
fThis enzyme has previously been referred to as phenylethanolamine .V-

methyltransferase.1 However, norepinephrine is a much better substrate 
(lower Km) than phenylethanolamine2^ and is perhaps the only physiologi­
cal substrate for the enzyme. Thus the 1972 recommendations of the Inter­
national Union of Pure and Applied Chemistry and the International Union 
of Biochemistry list noradrenalin N- methyltransferase as their recommend­
ed name for this enzyme (E.C. 2.1.1.28).5 Following their recommendations 
and replacing norepinephrine (U. S.) for noradrenalin (British), we intend to 
refer to this enzyme as norepinephrine N-methyltransferase (NMT for nor­
epinephrine methyltransferase) in the future, despite the extensive use of 
the name phenylethanolamine .V-methyltransferase in the prior literature. 

Series 

CSH5CH2NH, 
QHgCHNHo 

CH:J 

C„H,CNH, 
II * 
NH 

None 

3.12 
3.04" 

2.62* 

ay 

Aromatic 

2-CI 

4.66 
5.29 

4.09r 

(2) 

3-CI 

5.07 
4.72 

4.25 

(3) 

substituent 

4-Cl 3,4-CI 2,3-CI 

4.07 4.97 6.23 
3.70 6.42 

3.02" 3.83 5.55 

(4) (5) (6) 

a d isomer 3.17, / isomer 2.2. h Marshallton Research Labora­
tories. c' Reference 8. d Compound numbers are shown in parenthe­
ses in this table and Table II. 

eluded for comparison are data for the inhibition by ben­
zylamines and a-methylbenzylamines (taken from ref 7). 
The benzamidines were slightly weaker inhibitors of NMT 
than were the benzylamines, but the order of potency of 
the various chlorine-substituted isomers was generally sim­
ilar. The 2,3-dichloro compound was the most active inhib­
itor in all three series. The 3-chloro compound was next 
most potent with the 2-chloro just behind it in the benzam-
idine series and the benzylamine series. Among the a-
methylbenzylamines, the 2-chloro compound was more po­
tent than expected probably due to steric interaction be­
tween the a-methyl and the bulky 2-chloro substituent. 
The 4-chloro compound was least potent of the chloro com­
pounds in all three groups. 
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Table II. In Vitro Inhibition (p/50 Values) of NMT by 
Amphetamines, Phenylacetamidines, Benzylguanidines, 
and Phenylethylguanidines 

W 

Series 

C6H5CH2CHNH2 

CH3 

C6H5CH2CNH2 

II 
NH 

C8H5CH2NHCNH2 

NH 
C8H5CH2CH2NHCNH2 

II 
NH 

None 

2.89" 

3.246 

(7) 

2.56" 
(12) 

3.20* 
(17) 

Aromatic substituent 

2-CI 

3.24 

3.26c 

(8) 

3.10s 

(13) 

4.44 
(18) 

3-CI 

4.23 

4.36" 
(9) 

4.13" 
(14) 

4.56 
(19) 

4-CI 

3.60 

4.47" 
(10) 

3.21s 

(15) 

3.60' 
(20) 

3,4-Cl 

5.10 

5.36c 

(U) 

4.68 / 

(16) 

4.69 
(21) 

a d isomer 3.14, / isomer 2.46. " K and K Laboratories.c J. Mills, 
U. S. Patent 3,445,517 (to Eli Lilly and Co.); Chem. Abstr., 71, 
21913f (1969). d R. Fielden, A. L. Green, and G. L. Willey, Brit. J. 
Pharmacol., 24, 395 (1964). eJ. H. Short, U. Biermacher, D. A. 
Dunnigan, and T. D. Leth, J. Med. Chem., 6, 275 (1963). ' Refer­
ence 10. 

Table III. Effect of 2,3-Dichlorobenzamidine and 
3,4-Dichlorophenylacetamidine on Adrenal Gland 
Catecholamine Levels in Exercised Rats0 

Group 

A. Control 
2,3-Dichloro­

benzamidine 
treated 

B. Control 
3,4-Dichloro­

phenylacetamidine 
treated 

Adrenal catecholamines, 
Mg/adren 

Norepinephrine 

4.1 ± 0.8 
3.5 ± 0.8 

(n.s.) 

3.2 ± 1.2 
2.7 ± 0.7 

(n.s.) 

al pair 

Epinephrine 

7.3 ± 1.6 
8.6 ± 1.5 

(n.s.) 

9.1 ± 0.9 
6.1 ± 0.9 

(p < 0.05) 

° Drugs were injected at 40 mg/kg ip into groups of five rats 1 hr 
before the start of a 3-hr exercise period; rats were killed at the end 
of that period. 

Table IV. Effect of 2,3-Dichlorobenzamidine and 
3,4-Dichlorophenylacetamidine on Rat Heart 
Norepinephrine Levels0 

Group Heart norepinephrine control 

A. Control 
2,3-Dichloro­

benzamidine 
treated 

B. Control 
3,4-Dichloro­

phenylacetamidine 
treated 

1.03 ± 0.11 
1.03 ± 0.07 (n.s.) 100 

0.76 ± 0.04 
0.42 ± 0.03 (p < 0.001) 55 

a Drugs were injected at 40 mg/kg ip 4 hr before groups of four 
rats were killed. 

Inhibition by Analogs of Phenethylamines. The inhi­
bition of NMT by phenylacetamidines, benzylguanidines, 
and phenylethylguanidines is shown in Table II. For com­
parison, data on the inhibition by amphetamines (ref 6) are 

1/s 
Figure 1. Lineweaver-Burk plots showing competitive inhibition 
of NMT with L-norepinephrine as the variable substrate. Recipro­
cal plots of v in pmol/30 min and of s in \xM are shown for (a) 
2,3-dichlorobenzamidine and (b) 3,4-dichlorophenylacetamidine, 
both inhibitors present at 5 X 10~6 M. 

Inhibitor concentration |M| 

Figure 2. Inhibition of NMT from various species by (a) 2,3-di­
chlorobenzamidine and (b) 3,5-dichlorophenylacetamidine. NMT 
from rabbit (9), human (•), bovine (•), and rat (C) adrenal glands 
was used as the enzyme source. 

included. In all groups, the 3,4-dichloro compound was 
most potent. Among the monochloro compounds, the order 
of potency was 3 > 4 > 2 for the benzylguanidines and am­
phetamines, 4 > 3 > 2 for the phenylacetamidines, and 3 > 
2 > 4 for the phenylethylguanidines. 

Other in Vitro Studies. The two most active com­
pounds among the new inhibitors reported in Tables I and 
II were 2,3-dichlorobenzamidine and 3,4-dichlorophenyla­
cetamidine. The in vitro properties of these two inhibitors 
were studied further. The inhibition by both compounds 
was found to be reversed by dialysis of the enzyme-inhibi­
tor mixture, indicating that the compounds were not irre­
versible inactivators but simply were reversible inhibitors 
of NMT. Kinetic analysis of the inhibition thus becomes 
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Table V 

Compd 

3 
5 
6 

18 
19 
21 

Method ' 

I 
I 
I 
II 
II 
II 

F o r m u l a 

C :H7C1N2-C4H.,04 
C7H, Ci,N, • HC1 
C;HKC12N, -HC1 
C,H 1 2 C1N : ' 0 .5H 2 SO! 
C ! ,H I ,ClN. i-0.5H2SO. 
C.HnCUNv-O.SHjSO, 

Mp, C 

210 dec 
235-237 
250 
211-213 
150-160 
245-250 

0 Method refers to general procedures in the Experimental Section 

meaningful. Figure 1 shows t h a t both 2,3-dichlorobenzam-
idine and 3,4-dichlorophenylacetamidine inhibi ted norepi­
nephr ine methy la t ion in a classically compet i t ive manner . 
Th i s kinet ic p a t t e r n of inhibit ion is like t h a t found earlier 
with benzylamines 7 and phene thy lamines . 6 F rom the da ta 
in Figure 1, K[ values were calculated to be 3.3 X 10~fi M 
for 3 ,4-dichlorophenylacetamidine and 1.8 X 10~6 M for 
2,3-dichlorobenzamidine. 

Figure 2 compares t he inhibi t ion of N M T from other 
species—rat , h u m a n , and bovine—in addi t ion to N M T 
from the rabbi t adrenal . Both inhibi tors were slightly less 
active against the h u m a n enzyme and still less active 
against the rat or bovine enzymes. T h e differences, how­
ever, were small. T h e calculated p /50 values for 2,3-dichlo­
robenzamidine were 5.55, 5.10, 4.71, and 4.70, respectively, 
for rabbi t , h u m a n , rat , and bovine enzymes. T h e values for 
3 ,4-diehlorobenzamidine were 5.36, 5.14, 4.44, and 4.40, re­
spectively. 

In Vivo S tud ies . In t he normal uns t ressed rat , tu rnover 
of ca techolamines in the adrena l gland is slow,8 and the 
synthesis would have to be inhibi ted for long periods of 
t ime before levels of catecholamines would decline. T h u s , 
we have evaluated the in vivo effects of N M T inhibi tors in 
rats forced to run; this mild stress marked ly accelerates 
ca techolamine turnover wi thout al tering the levels of cate­
cholamines in the adrena l glands or o ther t issues.9 Such 
rats are then sensitive to inhibi tors of ca techolamine syn­
thesis and respond with a rapid drop in ca techolamine lev­
e l s . 9 ' " Tab le III shows the results of such an exper iment 
with 2,3-dichlorobenzamidine and 3,4-dichlorophenylace­
tamidine . T h e former compound caused no significant 
change in the levels of ei ther norep inephr ine or ep ineph­
rine in the adrenal glands. T h e lat ter compound caused a 
modest d rop in the levels of both norep inephr ine and epi­
nephr ine , only the effect on ep inephr ine being stat ist ical ly 
significant. Since norep inephr ine levels t ended to fall, it 
seems unlikely t h a t the effect of 3 .4-dichlorophenylacetam-
idine was due to N M T inhibit ion. Compounds of this sort 
were known to deple te ca techolamine from storage gran­
ules (C. M a t s u m o t o and R. W. Fuller, unpubl i shed s tud­
ies). We compared the effects of these two agents on hear t 
norep inephr ine levels in unstressed rats (Table IV). 2,3-
Dichlorobenzamidine was wi thout effect at the 40 mg/kg 
dose, and higher doses could not be used wi thout encoun­
tering toxicity. 3 ,4-Dichlorophenylaeetamidine, on the 
o ther hand , caused a marked and statist ically significant 
reduct ion in hear t norep inephr ine levels. T h u s , the com­
pound appears to have the ability to deple te catechol­
amines from storage granules , and the modes t reduct ion of 
ep inephr ine levels in the adrena l glands (Table III) may 
well have been a consequence of such an action ra the r than 
of N M T inhibi t ion. 

E x p e r i m e n t a l S e c t i o n 

Compound 1, 2, 4, 7-17, and 20 were purchased from commercial 
sources or were previously described in the literature (see foot-

c vie 

33 
63 
28 
15 
28 
32 

Id Crys tn solvent 

EtOH 
/ - P r O H 
/ - P r O H - EtOAc 
EtOH 
EtOH 
MeOH 

C. 

c. 
c. 
c. 
c. 
c. 

Analyses 

H, N. CI 
H, N. CI 
H, N, CI 
H, N 
H, N, CI, 
H. N, CI. 

S 
g 

notes to Tables I and II). The remaining compounds are shown in 
Table V and were prepared by the general methods described 
below. The melting points (capillary) are uncorrected. The results 
of elemental analyses were within ±0.4% of the theoretical value. 

I. Benzamidines 3, 5, and 6. General Procedure." The appro­
priate amide (0.1 mol) was slurried in dry CH2CI2 (200 ml). A solu­
tion of triethyloxonium fluoroborate (0.105 mol) in dry CH2CI9 (50 
ml) was added dropwise and the mixture was stirred overnight at 
room temperature. The solvent was removed to yield the iminoflu-
oroborate. A 10% alcoholic ammonia solution (200 ml) was added 
to the residue; the reaction vessel was sealed and allowed to stand 
at room temperature for 4 days. The solvent was removed and the 
residue was dissolved, H 2 0 (200 ml), and treated with 5 N NaOH 
(200 ml). After extraction with Et ;.0, the ethereal layer was 
washed (saturated NaCl) and dried (K2CO3). Evaporation yielded 
the benzamidine which was treated with HC1 gas or an organic acid 
to form a salt which was subsequently recrystallized. 

II. Phenethylguanidines 18, 19, and 21. General Proce­
dure.1 2 , 1 3 The appropriate benzyl- or phenethylamine (0.1 mol) 
and 2-methyl-2-thiopseudourea sulfate (0.05 mol) were slurried in 
alcohol (125 ml); the mixture was heated to reflux and H >0 added 
until solution was complete. Refluxing was continued untii the 
odor of methanethiol was no longer detectable. The solution was 
allowed to cool and the product was isolated by filtration. The re­
sultant guanidine hemisulfate usually required several recrystalli-
zations to separate it from residual amine hemisulfate. 

Enzyme Assay. Frozen rabbit adrenal glands were obtained 
from Pel-Freez Biologicals (Rogers. Ark.) and were used as the en­
zyme source. The preparation and assay of the enzyme have been 
described in detail previously.14 An (NH4)2S04 fraction of the 
high-speed centrifugal supernatant fluid from a homogenate of 
whole adrenal glands was the enzyme. The methyl-accepting sub­
strate was L-norepinephrine (40 fiM). and the methyl-donating 
substrate was S-adenosylmethionine-me£/ij7-' 4C (20 y.M). Each 
inhibitor was tested at several molar concentrations chosen to pro­
duce inhibition both greater and less than 50%. The molar concen­
tration producing 50% inhibition was determined by interpolation, 
and the negative log of that concentration was defined as the p/.=,y 
value. 

Catecholamine Determinations. Norepinephrine and epi­
nephrine levels in the adrenal gland were measured by the spectro-
fluorometric method of Shore and 01in,'° and norepinephrine lev­
els in the heart were measured spectrofluorometrically according 
to Chang.ir' 
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During the studies on structure elucidation of the mi­
tomycins a variety of solvolysis products were obtained.2^4 

These products generally were 1,2-disubstituted mitosenes 
(e.g., 3) in which the aziridine ring had been opened and 
the elements of methanol (water from mitomycin B) elimi­
nated. More vigorous hydrolysis resulted in cleavage of the 
7-substituent and the carbamate group. A careful kinetic 
study of these hydrolytic processes was made with porfir-
omycin.5 

Despite the significance of mitosenes to the mitomycin 
structure elucidation studies, almost nothing was reported 
about their stereochemistry. Subsequent reports6-7 on the 
antibacterial and antitumor activities of mitosenes such as 
6 and its N- acetyl derivative made a knowledge of their 
stereochemistry even more important. These consider­
ations, combined with an urgent need to establish unambi­
guously the stereochemistry of 1,2-disubstituted mitosenes 
resulting from our mitomycin synthesis program, led us to 
reinvestigate the mitomycin solvolysis products. 

The only mitosene whose structure and stereochemistry 
had been assigned in the literature was trans-2,7-diamino-
1-methoxymitosene (15).3 This compound was claimed to 
be formed by treating mitomycin C with Dowex resin and 
methanol, with glacial acetic acid, or with methanol and 
acetic acid. The stereochemical assignment was based upon 
a probable migration of the 9a-methoxy group, especially in 
acetic acid solvent where recapture of the eliminated me-
thoxy group was considered unlikely. However, acetylation 
of 15 was reported to give a derivative (16) which was iden­
tical with the compound prepared by O-methylation of a 
second product (l-hydroxy-2-acetamide, 5) isolated from 
the acetic acid reaction and claimed to have been formed 
by 0 —* N acetyl migration.3 Since such a migration re­
quires cis stereochemistry the two pieces of evidence were 
in apparent conflict. However, the basis upon which that 
identity had been established was not given. 

Another mitosene for which much evidence had been 
published was apomitomycin A.2'8 This compound under-

(12) J. Short and T. Darby, J. Med. Chem., 10, 833 (1967). 
(13) C. Braun, J. Amer. Chem. Soc, 55,1280 (1933). 
(14) R. W. Fuller and J. M. Hunt, Anal. Biochem., 16,349 (1966). 
(15) P. A. Shore and J. S. Olin, J. Pharmacol. Exp. Ther., 122, 295 

(1958). 
(16) C. C. Chang, Int. J. Neuropharmacoi, 3, 643 (1964). 

went semipinacolic deamination to 7-methoxymitosen-l-
one upon treatment with nitrous acid, and it afforded a 
1,2-cyclic carbamate with phosgene. Although not explicit­
ly stated in the literature, these data are conclusive in es­
tablishing apomitomycin A to be cis-2-amino-l-hydroxy-
7-methoxymitosene (6). 

Since it seemed likely that mitosenes 15 and 6 represent­
ed examples of trans and cis stereochemistry, respectively, 
we sought to link them by suitable chemical transforma­
tions into a pair of compounds differing only by being ep-
imeric at C-l and examine the nmr spectra of these epim-
ers. Although it appeared unlikely that these compounds 
would follow the Karplus equation we hoped for some char­
acteristic differences in their spectra which might aid in 
stereochemical assignments for related compounds. 

Hydrolysis of mitomycin C by 0.05 N hydrochloric acid 
according to Stevens procedure3 gave in addition to the 
previously reported 2,7-diamino-l-hydroxymitosene (the 
cis isomer 3 as shown below) a second mitosene (3.5% yield) 
which was isomeric with 3 according to the analytical data. 
As described below this is the previously unknown trans 
isomer 10. Mitomycin A was hydrolyzed with 0.05 N hydro­
chloric acid2 and again two mitosenes were obtained. One 
of these was the previously reported apomitomycin A, 
which was confirmed to be «s-2-amino-l-hydroxy-7-
methoxymitosene (6). The other mitosene, called isoapomi-
tomycin A, had been assigned the structure l-amino-2-hy-
droxy-7-methoxymitosene (stereochemistry not speci­
fied).8 This structure actually should be irans-2-amino-l-
hydroxy-7-methoxymitosene (13) as shown below. Treat­
ment of 6 and 13 with methanolic ammonia gave the corre­
sponding 7-aminomitosenes 3 and 10, respectively, which 
interrelated the hydrolysis products from mitomycin A and 
mitomycin C. 

Assignment of the 2-amino-l-hydroxy structural feature 
to mitosenes 3 and 6 was based upon spin decoupling ex­
periments on their corresponding diacetates 4 and 7, re­
spectively. Thus irradiation of the signals containing the 

St ruc tu re and Stereochemistry of Some 1,2-Disubstituted Mitosenes from Solvolysis 
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Starting with mitomycin C (1), a number of solvolytic reactions were investigated and were found to result in opening 
of the aziridine ring with loss or migration of the 9a-methoxy group. A careful examination of the resulting 1,2-disub­
stituted 7-aminomitosenes indicated that there was a strong tendency for the aziridine ring on opening to furnish 
mainly one stereoisomer, always with the oxygen atom at C-l and the nitrogen atom at C-2. Thus the hydrolysis of 1 
with dilute aqueous hydrochloric acid gave mostly ds-2,7-diamino-l-hydroxymitosene (3) in addition to small 
amounts of the tnms-aminohydrin (10). Mitomycin A (2) behaved analogously. Both 1 and 2 generated a ci's-1-ace-
toxy-2-acetamide when they were allowed to react with acetic anhydride. Acetolysis of mitomycin C was found to 
give the cis-l-hydroxy-2-acetamide (5), the trans-l-acetoxy-2-amine (14), and a cis-trans mixture of l-acetoxy-2-
acetamides (4 and 11, respectively). Routes to ci's-l-methoxy-2-acetamide (9) were possible through the methanolysis 
of 1 or through the methylation of 5. For comparison, the trares-l-methoxy-2-acetamide (16) was obtained through a 
known resin-catalyzed methoxy migration from C-9a to C-l in mitomycin C. The use of *H nmr spectroscopy to as­
sign configurations to 1,2-disubstituted mitosenes is discussed. 


