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tioned media was returned to the cultures. Viability was assessed 
the next day with the vital stains fluorescein diacetate and pro-
pidium iodide.49 At least 100 cells in randomly chosen fields were 
counted per culture to determine percent viability. Each com
pound was tested at n = 3 with cultures prepared on different 
days. 

Modified LDL Studies. Noninduced resident peritoneal 
macrophage (MPM) cells were isolated from BALB/c mice as 
described by Schultz and co-workers,50 resuspended in Dulbecco's 
modified Eagle's medium (DMEM) at a concentration of (2-5) 
X 106 cells/mL, and stored in ice until needed. The macrophage 
cell counts were estimated using a hemacytometer. 

Degradation of [126I] lipoprotein (BTI, MA) was measured ac
cording to the modified methods of Henriksen et al.51 and Drevon 
et al.62 Aliquots of freshly prepared MPM were incubated with 
[12SI]lipoprotein (1-5 ng/mL) in triplicate at 37 °C for 4 h in 
DMEM (1.5 mL) containing 10% FCS and gentamicin (50 Mg/mL) 
in polystyrene tubes.20 The degradation was terminated by adding 

(49) Jones, K. H.; Senft, J. A. An Improved Method to Determine 
Cell Viability by Simultaneous Staining with Fluorescein Di-
acetate-Propidium Iodide. J. Histochem. Cytochem. 1985,33, 
77-79. 

(50) Schulz, R. M.; Papamatheakis, J. D.; Luetzeler, J.; Ruiz, P.; 
Chirigos, M. A. Macrophage Involvement in the Protective 
Effect of Pyran Copolymer against the Madison Lung Carci
noma (M109). Cancer Res. 1977, 37, 358-364. 

(51) Henriksen, T.; Mahoney, E. M.; Steinberg, D. Enhanced Ma
crophage Degradation of Low Density Lipoprotein Previously 
Incubated with Cultured Endothelial Cells: Recognition by 
Receptors for Acetylated Low Density Lipoproteins. Proc 
Natl. Acad. Sci. U.S.A. 1981, 78, 6499-6503. 

(52) Drevon, C. A.; Attie, A. D.; Pangbum, S. H.; Steinberg, D. 
Metabolism of Homologous and Heterologous Lipoproteins by 
Cultured Rat and Human Skin Fibroblasts. J. Lipid Res. 
1981, 22, 37-46. 

The polyamines putrescine, spermidine, and spermine 
are synthesized and degraded via a series of enzyme-cat
alyzed reactions which are now well-established1 (Scheme 
I). We have described the synthesis2,3 and biological 
activity4,5 of two highly specific multisubstrate adduct 
inhibitors6 of the aminopropyltransferases. These com
pounds, S-adenosyl-l,8-diamino-3-mercaptooctane (Ado-
DATO, la) and S-adenosyl-l,12-diamino-3-mercapto-9-
azadodecane (AdoDATAD, lb), are very potent inhibitors 
of spermidine synthase and spermine synthase, respec-
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bovine serum albumin (final concentration, 10 mg/mL) and TCA 
(final concentration, 10%). After centrifugation, the supernatant 
was filtered through a 0.45-Mm Millipore (type HAWP) filter. 
AgN03 (final concentration, 1.5%) was added to precipitate free 
iodide, and the radioactivity of the supernatant was measured 
in a Micromedic System gamma spectrometer. Specific degra
dation was defined as the total radioactivity in the medium minus 
the radioactivity not inhibited by 200 iig/mL Ac-LDL or 
Cu2+-oxidized LDL. The specific degradation of [126I]Ac-LDL 
was typically about 95% at an [126I]Ac-LDL concentration of 1.5 
Mg/mL. The level of significance between groups was calculated 
using Student's t test. 

Cu2+-catalyzed oxidative LDL modification was performed in 
the following manner: radiolabeled or unlabeled LDL (100-300 
Mg/mL) in the presence or absence of test agent was incubated 
with Cu2+ (5 nM) in HBSS-Tris HC1 medium (pH 8.3) in poly
styrene tubes at 37 °C for 20 h. After incubation, aliquots of 
unlabeled samples were used immediately for an estimate of LDL 
oxidation by measuring its ability to competitively inhibit sca
venger receptor mediated degradation of [126I]Ac-LDL by MPM. 
Aliquots of 126I-radiolabeled LDL, on the other hand, were first 
diluted and the degree of oxidation assessed by direct MPM 
scavenger receptor mediated degradation as described above. 
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tively. In the course of investigating the biological activity 
of these inhibitors, we observed that AdoDATAD was 
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In order to assess the tolerance of the target enzyme spermine synthase for a-substituents on the aminopropyl moiety 
of the substrate spermidine, 1-methylspermidine (MeSpd, 2) was synthesized. It was determined that MeSpd is 
a poor substrate for spermine synthase and is not a substrate for spermidine A^-acetyltransferase, suggesting that 
a-methylated polyamines might be metabolically stable and therefore useful tools for studying polyamine effects 
in intact cells. On the basis of initial cellular results with 2,1-methylspermine (MeSpm, 3) and 1,12-dimethylspermine 
(MesSpm, 4) were also synthesized. When added to cells (L1210, SV-3T3, or HT29) depleted of both putrescine 
and spermidine by prior treatment with a-(difluoromethyl)ornithine (DFMO), these a-methylated polyamines were 
able to restore cell growth to that observed in the absence of DFMO. In accord with the enzyme data noted above, 
metabolic studies indicated a slow conversion of 2 to 3, but no metabolism of 4 in these cells. It was concluded 
from these results that the a-methylated polyamines are able to substitute for the natural polyamines spermidine 
and spermine in critical biochemical processes which involve polyamines for continued cell growth. In accord with 
the hypothesis, preliminary data indicate that MeSpd and Me2Spm are as effective as spermidine and spermine, 
respectively, in promoting the conversion of B-DNA to Z-DNA. 
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metabolized by serum amine oxidases, apparently to 
AdoDATO and the toxic metabolites acrolein and H202 
(eq l).5 This is a well-known serum-mediated reaction 

H , N / ^ - ^ S > 

a: R = S-Ado, X = CH2 (Ado-DATAD, 1b) 
b: R = H, X = NH (spermine) 

n 

H 2 N ' " ^ ^ > 

a: R = S-Ado, X = CH2 (AdoDATO, 1a) 
b: R = H, X = NH (spermidine) 

+ CH2=CHCHO + NH3 + H202 (1) 

of the natural polyamines, e.g., spermine and spermidine, 
and is thought to be responsible for polyamine toxicity in 
cultured cells.7 Although this type of metabolism can be 

(1) Pegg, A. E. Polyamine Metabolism and Its Importance in 
Neoplastic Growth and as a Target for Chemotherapy. Cancer 
Res. 1988, 48, 759-774. 

(2) Tang, K.-C; Mariuzza, R.; Coward, J. K. The Synthesis and 
Evaluation of Some Stable Multisubstrate Adducts as Inhib
itors of Spermidine Synthase. J. Med. Chem. 1981, 24, 
1277-1284. 

(3) Woster, P. M.; Black, A. Y.; Duff, K. J.; Coward, J. K.; Pegg, 
A. E. Synthesis and Biological Evaluation of S-Adenosyl-1,12-
diamino-3-thio-9-azadodecane, a Multisubstrate Adduct In
hibitor of Spermine Synthase. J. Med. Chem. 1989, 32, 
1300-1307. 

(4) Pegg, A. E.; Tang, K.-C; Coward, J. K. Effects of S-
Adenosyl-l,8-diamino-3-thiooctane on Polyamine Metabolism. 
Biochemistry 1982, 21, 5082-5089. 

(5) Pegg, A. E.; Wechter, R.; Poulin, R.; Woster, P. M.; Coward, 
J. K. Effect of S-Adenosyl-l,12-diamino-3-thio-9-azadodecane, 
a Multisubstrate Adduct Inhibitor of Spermine Synthase, on 
Polyamine Metabolism in Mammalian Cells. Biochemistry 
1989, 28, 8446-8453. 

(6) Broom, A. D. Rational Design of Enzyme Inhibitors: Multi
substrate Analogue Inhibitors. J. Med. Chem. 1989, 32, 2-7. 

(7) Alacorn, R. A. Evidence for the Formation of the Cytotoxic 
Aldehyde Acrolein from Enzymatically Oxidized Spermine or 
Spermidine. Arch. Biochem. Biophys. 1970, 137, 365-372. 

prevented by coadministration of the amine oxidase in
hibitor aminoguanidine,5 we sought to prevent the Ado
DATAD metabolism by alteration of the parent drug 
molecule. On the basis of numerous examples in the lit
erature,8 we focused our attention on a-methyl substituents 
as a way to prevent enzyme-catalyzed oxidative deami-
nation. In order to assess the tolerance of the target en
zyme spermine synthase for a-methyl substituents, we first 
synthesized 1-methylspermidine (2). Our reasoning was 
that if spermine synthase could catalyze the amino-
propylation reaction of the a-methyl substituted substrate 
2, the corresponding multisubstrate adduct a-methyl-
AdoDATAD should be an effective inhibitor of spermine 
synthase but not susceptible to serum amine oxidase-
mediated metabolism. In this paper we report the syn
thesis of 2 and show that it is substrate, albeit a poor one, 
for spermine synthase, but it is also a very poor substrate 
for the other major enzyme of intracellular spermidine 
metabolism, spermidine/spermine A^-acetyltransferase 
(SSAT, EC 2.3.1). As a result, we have synthesized two 
additional a-methyl polyamines, 1-methylspermine (3) and 
1,12-dimethylspermine (4), in order to evaluate the use of 
metabolically stable analogues of the natural polyamines 
spermidine and spermine as probes of intracellular func
tion of these biosynthetic cations. 

Chemistry 
Our strategy for synthesizing the a-methyl substituted 

polyamines 2-4 involved a disconnection across one of the 
internal carbon-nitrogen bonds. This bond might then be 
formed as an amide with an appropriately substituted 
(3-amino acid and a suitably blocked putrescine derivative. 
Once this bond is formed, simple reduction of the amide 
to the secondary amine after deblocking of the terminal 
nitrogens should give the desired polyamine. This syn
thetic route is outlined in Scheme II. 

(8) Comer, W. T.; Matier, M. L.; Amer, M. S. Antihypertensive 
Agents. In Burger's Medicinal Chemistry, 4th ed.; Wolff, M. 
E., Ed.; Wiley Interscience: New York, 1981; Part m, Chapter 
42, pp 285-337. 
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Commercially available D,L-3-aminobutyric acid was 

acylated with benzyl chloroformate (ZC1) to give D,L-3-
(Z-amino)butyric acid 5, a suitable precursor for coupling 
(DCC/HOBt) withiST4-Z-l,4-diaminobutane (7). Coupling 
of 5 and 7 gave amide 9 in moderate yield. Unfortunately, 
compound 9 proved to be especially insoluble in most 
organic solvents, thus complicating the purification of this 
material from the reaction byproduct DCU. Reduction of 
the amide functionality of 9 directly in BH3-THF was 
impractical due to the poor solubility of 9 in THF. How
ever, prior catalytic hydrogenation of the terminal carbc-
benzyloxy protecting groups to give the diamine compound 
11 proved feasible since 11 was much more soluble in the 
reduction milieu. Conversion of 11 to 1-methylspermidine 
(2) using BH3-THF was then accomplished in moderate 
yield. 

In order to synthesize compounds 3 and 4 using this 
methodology, we wanted to address the solubility problems 
incurred with compound 9. It was envisioned that the 
extended semirigid structure of 9 containing a relatively 
polar carbobenzyloxy group led to its poor solubility in 
THF. Replacement of the terminal Z-protected amines 
with the less polar azide functionality might lend greater 
solubility to these intermediates. It would also be expe
dient to be able to simultaneously reduce both the amide 
and azide moieties in order to liberate the tri- and tetra-
amines in one step, thus simplifying the synthesis. Con
version of crotonic acid to 3-azidobutyric acid (6) was 
accomplished in moderate yield. Compound 6 was then 
condensed with amine 8 to produce amide 10. The 
phthalimido protecting group of 10 was then removed and 
the free amine 12 was condensed with 3-azidopropionic 
acid (13) to form diazido diamide 14. In accord with our 
expectations, compound 14 was freely soluble in THF and 
could be reduced directly with BH3«THF to polyamine 3. 

Similarly, the bis-Z (15) and bis-azido (16) versions of 
a symmetrical diamide were produced. Compound 15, as 

15000 

10000 

5000 
1 

3 4 5 6 7 
(Polyamlnel, mM 

Figure 1. Activity of spermidine (•) and 1-methylspermidine 
(O) as substrates for spermine synthase. MTA = 5'-Deoxy-5'-
(methylthio)adenosine. 

expected, had the same solubility problems as found with 
compound 9. For reduction, the same approach was taken; 
i.e., first removing the Z protecting groups via hydrogen
ation to produce an intermediate diamine which was then 
reduced to compound 4. Compound 16, however, was 
freely soluble in THF and could be reduced to compound 
4 directly with BH3-THF. 
Biological Results and Discussion 

As shown in Figure 1,1-methylspermidine (MeSpd, 2) 
is a poor substrate for spermine synthase isolated from rat 
brain. Although this was disappointing in terms of our 
desire to incorporate an a-methyl substituent into Ado-
DATAD as discussed in the introduction, we decided to 
investigate the substrate properties of MeSpd (2) with the 
other major enzyme of spermidine metabolism, SSAT. At 
a concentration of 1 mM, MeSpd was acetylated at only 
2% of the rate of the parent polyamine, spermidine. 
Taken together, these results suggested that 2 might be 
sufficiently stable metabolically to be useful as a probe of 
polyamine function in vitro. Initial experiments showed 
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Figure 2. Toxicity of spermidine, spermine, and a-methyl derivatives 2-
(hashed bars) of the amine oxidase inhibitor aminoguanidine (1 mM). 
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Figure 3. Toxicity of spermidine, spermine, and a-methyl derivatives 2-4 in HT29 cells grown in the presence (open bars) or absence 
(hashed bars) of the amine oxidase inhibitor aminoguanidine (1 mM). 

that 2 is capable of rescuing cells from the cytostatic effects 
of a-(difluoromethyl)ornithine (DFMO) (vide infra), thus 
indicating tha t 2 is capable of mimicking the growth-
stimulating effects of the natural polyamine spermidine. 

The initial observations on the oxidative metabolism of 
AdoDATAD were made in L1210 cells.6 Since this same 
type of oxidative metabolism is thought to be responsible 
for the observed toxicity of spermine (eq 1) and spermidine 
in a variety of cells,7 we studied the effects of spermidine 
and MeSpd (2) on cell growth using L1210 (Figure 2) and 
HT29 (Figure 3) cells. The most striking observation in 
these experiments was the lack of toxicity of MeSpd to 
these cells even in the absence of the serum amine oxidase 

inhibitor aminoguanidine. This is strong support for the 
synthetic rationale; i.e., a-methyl substitution on Ado
DATAD or spermidine should render these compounds 
resistant to oxidative metabolism. 

I t is also noteworthy tha t it was only necessary to add 
a methyl group at C-l in order to completely prevent the 
toxicity of spermidine toward cells in culture. This ad
dition would not be expected to affect oxidation at the 
other end of the molecule (C-8) and indicates that the toxic 
metabolites produced by oxidases in the medium (or 
possibly in the cells) are formed only by oxidation of the 
aminopropyl end of the molecule and not by attack on the 
nitrogen at the C-8 position. This supports the concept 



728 Journal of Medicinal Chemistry, 1992, Vol. 35, No. 4 Lakanen et al. 

Table I. Polyamine Levels (nmol/mg Protein) in DFMO-Treated L1210 Cells Exposed to a-Methyl Polyamines0 

addition 
none (t = 0 h) 
none 
10 n.M Spd 
10 MM MeSpd (2) 
10 tM Spm 
10 iM MeSpm 
10 MM Me^pm 
no DFMOc 

Put 
b 
b 
0.8 ± 0.2 
b 
b 
b 
b 
5.8 ± 0.5 

Spd 
1.0 ± 0.2 
b 

38.0 ± 2.4 
b 
6.4 ± 0.6 
b 
0.2 ± 0.1 

41.0 ± 2.0 

MeSpd 

67.2 ± 6.6 

6 
6 

Spm 
13.4 ± 1.3 
7.3 ± 1.0 

16.3 ± 1.7 
1.1 ± 0.1 

35.6 ± 3.5 
1.7 ± 0.5 
3.2 ± 0.3 
9.1 ± 0.9 

MeSpm 

7.8 ± 0.8 

63.4 ± 2.3 

Me2Spm 

61.9 ± 2.1 

"Unless otherwise noted, all cultures were exposed to 5 mM DFMO for 72 h prior to the start of the experiment and throughout the 
remaining time period of 72 h. Cultures were refed at 72 h. Standard deviation is based on results from at least four separate experiments. 
bBelow detection limits of 0.2 nmol/mg protein. 'Not treated with DFMO. Total time in culture = 72 h. 

Table II. Polyamine Levels (nmol/mg Protein) in DFMO-Treated HT29 Cells Exposed to a-Methyl Polyamines" 

addition Put Spd MeSpd Spm MeSpm MejSpm 

none (t - 0 h) 
none 
10 nM Spd 
10 MM MeSpd (2) 
25 iM Spd 
25 MM MeSpd (2) 
10 iM Spm 
10 nM MeSpm (3) 
15 MM Spm 
25 iM MeSpm (3) 
no DFMOc 

none (t = 0 h) 
none 
10 iM Spm 
10 iM MejSpm (4) 
25 iM Me2Spm (4) 
no DFMO0 

b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
4.4 ± 0.4 

b 
b 
b 
b 
b 
5.9 ± 0.4 

0.3 ± 0.1 
0.7 ± 0.1 
23.6 ± 0.8 
6 
25.1 ± 2.8 
b 
7.9 ± 1.3 
0.4 ± 0.2 
4.8 ± 0.2 
0.3 ± 0.04 
9.8 ± 1.5 

1.0 ± 0.2 
0.4 ± 0.1 
4.4 ± 0.4 
b 
b 
13.4 ± 0.4 

Experiment A 

13.3 ± 0.5 

16.8 ± 2.3 

0.2 ± 0.04 

b 

Experiment B 

b 
b 

5.4 ± 0.9 
3.8 ± 0.8 

10.3 ± 0.5 
1.1 ± 0.1 
9.0 ± 0.7 
1.2 ± 0.1 

21.5 ± 4.3 
0.7 ± 0.03 

21.7 ± 1.5 
0.8 ± 0.04 

10.5 ± 3.0 

7.1 ± 1.1 
4.4 ± 1.2 

21.5 ± 1.2 
0.9 ± 0.1 
0.7 ± 0.2 

17.8 ± 1.0 

7.8 ± 0.4 

8.6 ± 0.8 

21.3 ±0.3 

24.2 ±1.2 

18.2 ± 1.1 
17.3 ± 3.1 

' Unless otherwise noted, all cultures were exposed to 5 mM DFMO for 120 h prior to the start of the experiment and throughout the 
remaining time period of 72 h (experiment A) or 96 h (experiment B). Cultures were refed at 96 h. Standard deviation is based on results 
from at least four separate experiments. b Below detection limits of 0.2 nmol/mg protein. c Not treated with DFMO. Total time in culture 
= 96h. 

that the major toxic products are derived from the action 
of the bovine serum oxidase which is reported to attack 
only the aminopropyl end of spermidine.9 The results are 
also in agreement with early studies in which the decom
position of the oxidation products produced by this enzyme 
to yield acrolein was shown to be a major factor in the 
toxicity of polyamines.7,10 However, the direct toxicity 
of the aldehydes themselves or other degradation products 
as suggested by Smith et al.11 cannot be ruled out. 

On the basis of these results, the synthesis of the 
analogous spermine derivative 1,12-dimethylspermine 
(Me2Spm, 4) was carried out as described above. In ad
dition, the unsymmetrical spermine derivative 1-
methylspermine (MeSpm, 3), a possible metabolite of 
MeSpd (2), was prepared. When assayed as substrates for 
SSAT, spermine and the methylated derivatives 3 and 4 
were acetylated at 41%, 20%, and <2% of the rate of 
spermidine, respectively. Thus, not unexpectedly at this 
point, spermine analogue 4, with both aminopropyl groups 
containing an a-methyl substituent, is not a substrate for 
this acetyltransferase whereas analogue 3, which still 
contains an unsubstituted aminopropyl group, is a sub
strate. Shown in Figures 2 and 3 are toxicity data for 

(9) Morgan, D. L. M. Polyamines. Essays Biochem. 1987, 23, 
82-115. 

(10) Kimes, B. W.; Morris, D. R. Inhibition of Nucleic Acid and 
Protein Synthesis in Escherichia Coli by Oxidized Polyamines 
and Acrolein. Biochim. Biophys. Acta 1971, 228, 235-244. 

(11) Smith, C. J.; Hussain, J. I.; Allen, J. C. Inhibition of Cell 
Proliferation by Polyamines Does Not Depend on the Cyto
toxicity of Acrolein. Biochem. Soc. Trans. 1985,13, 326-329. 

spermine, MeSpm (3), and Me2Spm (4). As was the case 
with spermidine vs MeSpd (2) discussed above, the most 
striking observation in these experiments was the lack of 
toxicity of Me2Spm, especially to the HT29 cells, even in 
the absence of aminoguanidine. Although there is less 
complete protection in the case of the L1210 cells, com
parable effects were observed with or without amino
guanidine. As in the case of spermidine derivative 2, these 
data indicate that a-methyl substitution at both amino-
propyl groups of spermine leads to a spermine analogue 
which is resistant to oxidative deamination (eq 1). Mo-
nomethyl spermine derivative MeSpm (3) was somewhat 
less sensitive than the parent polyamine spermine to ox
idative metabolism. Toxic metabolites were produced 
(Figures 2 and 3), with L1210 cells once again being more 
sensitive than HT29 cells to 3, especially in the absence 
of aminoguanidine. 

In order to test whether compounds 2-4 could replace 
their natural polyamine equivalents in supporting cell 
growth, experiments were set up in which mammalian cells 
were cultured in the presence of DFMO, an inhibitor of 
endogenous polyamine synthesis. It is well-known that the 
addition of this compound to cell cultures leads to a de
pletion of intracellular polyamines and a cessation of cell 
growth which can be reversed by the addition of either 
spermidine or spermine.12 Therefore, attempts were made 
to reverse the growth inhibition produced by DFMO by 
the addition of MeSpd, MeSpm, and Me2Spm (Figures 

(12) Pegg, A. E. Recent Advances in the Biochemistry of Poly
amines in Eukaryotes. Biochem. J. 1986, 234, 249-262. 
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Table III. Polyamine Levels (nmol/mg Protein) in DFMO-Treated SV3T3 Cells Exposed to a-Methyl Polyamines0 

addition 

none (t = 0 h) 
none 
1 MM Spd 
1 juM MeSpd 
10 MM Spd 
10 MM MeSpd (2) 
25 MM MeSpd (2) 
1 MM Spm 
1 MM MeSpm (3) 
10 iM Spm 
10 iM MeSpm (3) 
25 nM MeSpm (3) 

none (t = 0 h) 
none 
1 fiM MejSpm (4) 
10 iM Spm 
10 iM Me2Spm (4) 
25 MM Spm 
25 vM Me2Spm (4) 
no DFMOc 

Put 

0.5 ± 0.02 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 

b 
b 
b 
b 
b 
b 
b 
0.9 ± 0.3 

Spd 

0.3 ± 0.1 
b 
b 
b 
8.7 ± 1.9 
b 
b 
b 
b 
2.6 ± 0.5 
b 
b 

b 
b 
b 
11.5 
b 
3.1 
b 
26.4 ± 1.6 

MeSpd 
Experiment A 

11.8 ± 1.6 

26.8 ± 2.5 
31.2 ± 4.9 

0.6 ± 0.2 

2.7 ± 1.0 
0.4 ± 0.1 

Experiment B 

1.2 ± 0.2 

b 

Spm 

9.3 ± 1.0 
13.5 ± 1.0 
11.5 ± 0.9 
3.8 ± 0.5 
9.5 ± 2.3 
0.4 ± 0.2 
0.3 ± 0.1 

14.3 ± 0.8 
3.5 ± 0.6 

20.6 ± 6.2 
0.3 ± 0.2 
0.8 ± 0.04 

7.8 ± 0.4 
7.7 ± 0.9 
7.8 ± 0.9 

24.5 
3.3 ± 0.4 

31.5 
1.0 ± 0.1 
7.1 ± 1.0 

MeSpm 

2.4 ± 0.4 

4.2 ± 0.4 
4.4 ± 0.6 

11.8 ± 2.2 

33.7 ± 2.8 
33.1 ± 5.3 

MejSpm 

4.2 ± 0.7 

29.4 ± 1.1 

24.8 ± 1.2 

" Unless otherwise noted, all cultures wre exposed to 5 mM DFMO for 72 h prior to the start of the experiment and throughout the 
remaining time period of 72 h. Standard deviation is based on results from at least four separate experiments. Where no standard deviation 
is given, the experiment was run only in duplicate. b Below detection limits of 0.05 nmol/mg protein (experiment A) or 0.2 nmol/mg protein 
(experiment B). cNot treated with DFMO. Total time in culture = 72 h. 
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Figure 4. Rescue of DFMO-treated L1210 cells by spermidine 
(panel A, •) or spermine (panel A, O) vs a-methyl derivatives 
2 (panel B, • ) , 3 (panel B, • ) , and 4 (panel B, •). All polyamines 
were present at a concentration of 10 MM and cells were cultured 
in the presence of 1 mM aminoguanidine. In both panels, cells 
not rescued with added polyamines show little or no growth (O). 

4-6). As shown in Figure 4, addition of 10 /iM MeSpd 
was as effective as spermidine itself in supporting the 
growth of mouse L1210 cells and MeSpm was as active as 
spermine in this respect. Me2Spm was able to stimulate 
the growth of cells exposed to DFMO but was slightly less 
active than spermine itself. Similar results were obtained 
with human colon carcinoma HT29 cells (Figure 5) and 
with virally transformed mouse fibroblasts, SV-3T3 cells 
(Figure 6). Dose-response studies with these cells showed 
that 10 /iM concentrations were needed to give a maximal 
response and that spermine and the methyl-substituted 
spermines did not differ in this respect. 
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Figure 5. Rescue of DFMO-treated HT29 cells by spermine 
(panel A) vs a-methyl derivatives 2 (panel B) or 4 (panel C) at 
concentrations of 0 (O), 10 (A), and 25 MM (•). Cells were cultured 
in the presence of 1 mM aminoguanidine. In a separate exper
iment, cells treated with 10 or 25 nM spermidine showed growth 
curves superimposable with those shown in panel A. 

The polyamine levels present in cells exposed to DFMO 
and then treated with compounds 2-4 to stimulate growth 
are shown in Tables I—III. As expected, the exposure of 
L1210 cells to DFMO produced a complete loss of pu-
trescine and spermidine with a small decline in spermine. 
Addition of 10 nM. MeSpd to the culture medium led to 
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Figure 6. Rescue of DFMO-treated SV3T3 cells by spermine 
(panel A) vs a-methyl derivative 4 (panel B) at concentrations 
of 0 (O), 1 (•), 10 (D) and 25 nM (•). Cells were cultured in the 
presence of 1 mM aminoguanidine. 

a substantial accumulation of this compound and to the 
presence in the cells of a smaller amount of MeSpm (Table 
I). This level of MeSpm confirms the results obtained with 
the isolated spermine synthase enzyme (Figure 1), showing 
that MeSpd is a weak substrate for this enzyme. When 
MeSpm or Me2Spm was added to the cultures, they were 
accumulated to high levels in the L1210 cells, but there 
was no evidence for significant metabolism of these com
pounds. 

The polyamine content of HT29 cells exposed to DFMO 
and the methylated polyamines also showed that the 
compounds were accumulated in the cells and that MeSpd 
was converted into MeSpm (Table II). Untreated HT29 
cells have a higher ratio of spermine to spermidine than 
L1210 cells, which presumably reflects the larger amount 
of spermine synthase in these cells. In agreement with this, 
the extent of conversion of MeSpd into MeSpm was much 
greater in the HT29 cells. A small amount of MeSpd was 
found in the HT29 cells treated with 10 nM MeSpm. This 
is consistent with a very weak ability of MeSpm to serve 
as substrate for the acetylase/oxidase pathway of con
verting spermine. However, this amounts to less than 1% 
conversion as compared to more than 35% conversion of 
spermine into spermidine in the HT29 cells treated with 
spermine itself (Table II). No metabolism of Mê Spm was 
detected. 

The content of polyamines found in SV-3T3 cells treated 
in the same way was consistent with the findings in L1210 
and HT29 cells. There was a clear indication of some 
conversion of MeSpd into MeSpm, a very small conversion 
of MeSpm into MeSpd, and essentially no metabolism of 
Me2Spm (Table III). 

In all cases there was a major decrease in the cellular 
spermine content when MeSpd, MeSpm, or Me2Spm was 
added to the DFMO-treated cultures (Tables I-III). This 
decline is clearly due to the fact that the cells treated in 
this way are able to grow but are unable to continually 
synthesize spermine in new cells. The inability to form 
spermine is likely to be due predominantly to the lack of 
putrescine, and hence spermidine synthesis, owing to the 
presence of DFMO, but a minor contributory factor may 

be the presence of the methylated derivatives which could 
affect spermine synthase activity. 

It can be seen from the results in Tables I and III that 
MeSpd, MeSpm, and Me2Spm are accumulated in the 
L1210 cells and the SV-3T3 cells to much higher levels 
than spermidine or spermine themselves. It is known that 
polyamines are transported into cells by an active transport 
system, that this system will also transport polyamine 
derivatives, and that it is regulated by the internal poly
amine content.13,14 These results indicate that the 
methylated derivatives are likely to be good substrates for 
this system but are less effective than their normal coun
terparts in repressing the transport activity when present 
at high levels in the cells. These properties, combined with 
their relative lack of metabolism, suggest that the meth
ylated compounds will be very useful as model substrates 
for the further study of this transport system. Interest
ingly, the HT29 cells, which are known to have a much 
lower activity of the polyamine transport system when 
compared to rodent cell line,16 did not show a greater 
accumulation of the methylated polyamines over the 
natural compounds. 

Conclusion 
Substitution of a methyl group a to one or both terminal 

nitrogen atoms on the aminopropyl end of spermidine or 
spermine has proven effective in preventing amine oxi-
dase-mediated metabolism of compounds 2-4. This is in 
accord with results obtained with the ODC inhibitor 
(2#,5fl)-6-heptyne-2,5-diamine (i?^-MAP)16 and WJP-
bis(3-aminobutyl)-l,8-octanediamine,17 both developed by 
Merrell-Dow. Although different amine oxidases may be 
involved, this structural modification seems to be quite 
general in preventing oxidative metabolism of polyamine 
analogues. Cellular toxicity associated with the oxidative 
degradation of the natural polyamines spermidine and 
spermine is therefore markedly diminished with a-methyl 
polyamines, especially 2 and 4. Dimethylation at the 
carbon a to the terminal nitrogen atoms has been effective 
in blocking this metabolism in a series of polyamine ana
logues synthesized by Nagarajan and Ganem.18'19 Similar 
to what was found in the present work, the gem-dimethyl 
derivatives analogous to 2 and 4,1,1-dimethylspermidine 
and 1,1,12,12-tetramethylspermine, respectively, were 

(13) Seiler, M.; Dezeure, F. Polyamine Transport in Mammalian 
Cells. Int. J. Biochem. 1990, 22, 211-218. 

(14) Byers, T. L.; Pegg, A. E. Regulation of Polyamine Transport 
in Chinese Hamster Ovary Cells. J. Cell. Physiol. 1990,143, 
460-467. 

(15) Byers, T. L.; Wechter, R.; Nuttall, M.; Pegg, A. E. Expression 
of Human Gene for Polyamine Transport in Chinese-hamster 
Ovary Cells. Biochem. J. 1989, 263, 745-752. 

(16) (a) Casara, R.; Danzin, C; Metcalf, B.; Jung, M. Stereospecific 
Synthesis of (2R,5R)-Hept-6-yne-2,5-diamine: A Potent and 
Selective Enzyme-activated Irreversible Inhibitor of Ornithine 
Decarboxylase (ODC). J. Chem. Soc. Perkin Trans. 1 1985, 
2201-2207. (b) Danzin, C; Casara, P.; Claverie, N.; Metcalf, 
B. W.; Jung, M. J. (2R,5R)-6-Heptyne-2,5-Diamine, an Ex
tremely Potent Inhibitor of Mammalian Ornithine De
carboxylase. Biochem. Biophys. Res. Commun. 1983, 116, 
237-243. 

(17) Edwards, M. L.; Prakash, N. J.; Stemerick, D. M.; Sunkara, S. 
P.; Bitonti, A. J.; Davis, G. F.; Dumont, J. A.; Bey, P. Poly
amine Analogues with Antitumor Activity. J. Med. Chem. 
1990, 33, 1369-1375. 

(18) Nagarajan, S.; Ganem, B. Chemistry of Naturally Occurring 
Polyamines. Nonmetabolizable Derivatives of Spermine and 
Spermidine. J. Org. Chem. 1986, 51, 4856-4861. 

(19) Nagarajan, S.; Ganem, B.; Pegg, A. E. Studies of Non-metab-
olizable Polyamines That Support Growth of SV-3T3 Cells 
Depleted of Natural Polyamines by Exposure to a-Difluoro-
methylornithine. Biochem. J. 1988, 254, 373-378. 
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found to be poor substrates for spermine synthase and 
SSAT. Although the fem-dimethyl compounds were ef
fective in facilitating growth of DFMO-treated SV3T3 
cells, they were not as effective as the natural polyamine 
spermidine; no data were presented which would allow a 
comparison with spermine.19 In contrast, compounds 2-4 
are nearly as effective as either spermidine or spermine 
(Figures 4-6) in rescuing cells from the cytostatic effects 
of DFMO. The gem-dimethyl compounds do not have any 
deleterious effects on the growth of SV3T3 cells and ac
cumulate intracellular^ when added in the presence of 
aminoguanidine.19 A major difference in the present work 
and the previous work with gem-dimethyl analogues is the 
finding that compounds such as 2-4 can be added to cells 
in the absence of the amine oxidase inhibitor amino
guanidine. Chemically, it seems reasonable to speculate 
that this also may be possible with the gem-dimethyl 
analogues. The ability to add metabolically stable ana
logues of spermidine and spermine to cells without the 
toxicity seen with the natural products should be of great 
value in future biochemical and pharmacological studies. 

The development of new polyamine analogues tradi
tionally has been focused upon maximizing antimetabolite 
activity while limiting the analogue's ability to substitute 
for the natural polyamines. T^^-Diethylspermidine and 
AP.iV^-diethylspermine are two representative polyamine 
antimetabolites which have been found to stop cell growth 
by inducing SSAT activity and/or lowering ODC and 
AdoMet DC activities.20 In either case, a reduction of 
intracellular spermidine is observed. However, both 
i^^-diethylspermidine and i^^^diethylspermine are 
thought to substitute partially for the natural poly
amines.2*1 In the present work, the a-methylated poly
amines 2-4 appear to substitute very effectively for the 
natural polyamines in DFMO rescue experiments using the 
three cell lines investigated so far. 

Because the a-methylated polyamines substitute so 
completely and effectively for the natural polyamines in 
cellular rescue experiments, one might imagine that they 
may substitute in many more specific polyamine functions. 
Because these analogues are not further metabolized, they 
may represent a useful tool for kinetic investigations into 
polyamine uptake and transport across cellular mem
branes. In addition, the study of intracellular receptor 
interactions such as those involving the NMDA receptor,21 

hypusine biosynthesis,22 and polyamine-DNA interac
tions23 might be facilitated by the use of these new ana-

(20) (a) Bergeron, R. J.; Neims, A. H.; McManis, J. S.; Hawthorne, 
T. R.; Vinson, J. R. T.; Bortell, R.; Ingeno, M. J. Synthetic 
Polyamine Analogues as Antineoplastics. J. Med. Chem. 1988, 
31,1183-1190. (b) Bergeron, R. J.; Porter, C. W. Regulation 
of Polyamine Biosynthetic Activity by Spermidine and Sper
mine Analogs—A Novel Antiproliferative Strategy. In Prog
ress in Polyamine Research; Pegg, A. E., Zappia, V., Eds.; 
Plenum Press: New York, 1988; p 677. (c) Casero, R. A., Jr.; 
Ervin, S. J.; Celano, P.; Baylin, S. B.; Bergeron, R. J. Differ
ential Response to Treatment with the Bis(ethyl)polyamine 
Analogues between Human Small Cell Lung Carcinoma and 
Undifferentiated Large Cell Lung Carcinoma in Culture. 
Cancer Res. 1989,49,639-643. (d) Igarashi, K.; Kashiwagi, K.; 
Fukuchi, J.-I.; Isobe, Y.; Otomo, S.; Shirahata, A. Spermine-
Like Functions of N1,N12-Bis(ethyl)spermine: Stimulation of 
Protein Synthesis and Cell Growth and Inhibition of Gastric 
Ulceration. Biochem. Biophys. Res. Commun. 1990, 172, 
715-720. 

(21) Williams, K.; Romano, C; Dichter, M. A.; Molinoff, P. B. 
Modulation of the NMDA Receptor by Polyamines. Life Sci. 
1991, 48, 469-498. 

(22) Park, M. H.; Wolff, E. C. Cell-free Synthesis of Deoxy-
hypusine. J. Biol. Chem. 1988, 263, 15264-15269. 

logues. In this regard, it is interesting to note that MeSpd 
(2) and Me2Spm (4) are effective in stimulating the B-Z 
transition in poly(dG-MedC) at concentrations in the 1-20 
nM. range, similar to that observed with the natural 
polyamines spermidine and spermine (H. Basu and L. 
Marton, personal communication). These data suggest 
new directions for development of additional analogue 
modifications, e.g., synthesis of specific stereoisomers of 
polyamines 2 and 4. Further studies to examine possible 
stereospecificity in these interactions are in progress. 

Experimental Section 
*H NMR and 13C NMR spectra were obtained using Bruker 

WM 270, AM 300, or WM 360 spectrometers with chemical shifts 
referenced to tetramethylsilane internal standard. *H NMR 
spectra recorded in deuterium oxide, unless otherwise indicated, 
were referenced to tetramethylsilane external standard in CDC13. 
13C NMR spectra in D20 were referenced to the CDC13 contained 
in an external standard. All melting points were obtained using 
a Mel-Temp apparatus and are uncorrected. IR spectra were 
recorded on a Nicolet FTIR spectrometer. High-resolution mass 
spectra were obtained using a VG 70-250S mass spectrometer. 
Elemental analyses were acquired from Atlantic Microlabs (At
lanta, GA). Analytical thin-layer chromatography was done on 
either silica gel plates (EM Science, 5554-7) with 254-nm fluor
escent indicator or Eastman cellulose plates with fluorescent 
indicator. Flash column chromatography refers to the method 
described by Still et al. using silica gel 60.24 Solvents were 
purchased in their anhydrous form and used directly or dried by 
distillation from sodium benzophenone ketyl (tetrahydrofuran), 
calcium hydride (dichloromethane), or barium oxide (DMF). 
Unless otherwise indicated, all chemicals were used directly from 
the supplier without further purification. All experiments were 
carried out in oven-dried or flame-dried glassware and reaction 
solutions were magnetically stirred. Reactions involving air- or 
moisture-sensitive material were carried out under a positive 
pressure of dry nitrogen. D,L-3-[(Carbobenzyloxy)amino]butyric 
acid (S)25 was prepared as previously described. 

D,L-3-Azidobutyric Acid (6). To solid white crotonic acid (6.46 
g, 75 mmol) was added 20 mL of glacial acetic acid. With stirring, 
sodium azide (19.5 g, 300 mmol) in 40 mL of H20 was slowly 
added. The reaction was stirred for 1 h at room temperature 
followed by 24 h at reflux temperature. After 24 h, the reaction 
mixture was extracted with CHC13 (4 X 100 mL), dried (MgS04), 
filtered, and evaporated under high vacuum to give 4.96 g of a 
yellow oil. Distillation at reduced pressure (bp 72-75 °C, 0.3 
mmHg) (lit.,26 R isomer, bp 105-110 °C, 0.1 Torr) gave 4.64 g 
(48%) of 6 as a clear and colorless liquid: JH NMR (CDC13) S 
11.42 (s, 1 H), 4.02-3.91 (m, 1 H), 2.60-2.45 (m, 2 H), 1.35-1.34 
(d, 3 H); 13C NMR (CDC13) « 176.84, 53.84, 40.73,19.24; FTIR 
(neat, cm"1) 2980, 2650, 2116, 1722, 1413, 1237, 934. Anal. 
(C4H7N302) C, H, N. 

iV-[4-[(Carbobenzyloxy)amino]butyl]phthalimide. 7V-(4-
Aminobutyl)phthalimide hydrochloride (8, 583 mg, 2.29 mmol) 
was added to 15 mL of dry DMF with iV-methylmorpholine (0.554 
mL, 5.95 mmol). The off-yellow solution was stirred for 1 h to 
dissolve all the starting materials. The solution was then cooled 
to 0 °C and benzyl chloroformate (0.457 mL, 2.24 mmol) was 
added via syringe. The ice bath was removed after 10 min and 
the reaction was stirred at room temperature overnight. After 
14 h the DMF was removed in vacuo to give a dry residue. The 
residue was then taken up in 15 mL of CHC13 and washed with 
1 N HC1,1 N NaHC03) and H20, dried (MgS04), filtered, and 
evaporated in vacuo to give 751 mg of a yellow solid. Crystal-

(23) Basu, H. S.; Schwietert, H. C. A.; Feuerstein, B. G.; Marton, 
L. J. Effects of Variation in the Structure of Spermine on the 
Association with DNA and the Induction of DNA Conforma
tional Changes. Biochem. J. 1990, 269, 329-334. 

(24) Still, W. C; Kahn, M.; Mitra, A. Rapid Chromatographic 
Technique for Preparative Separations with Moderate Reso
lution. J. Org. Chem. 1978, 43, 2923-2925. 

(25) Birkofer, L.; Modic, R. Annalen 1959, 628, 162-172. 
(26) Griesbeck, A.; Seebach, D. Helv. Chim. Acta 1987, 70, 

1326-1332. 
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lization from EtOH gave 617 mg (76%) of the desired unsym-
metrically protected 1,4-diaminobutane as a white crystalline solid: 
mp 107.5-109.5 °C; SH NMR (CDC13) & 7.84-7.81 (m, 2 H), 
7.74-7.68 (m, 2 H), 7.34 (s, 5 H), 5.08 (s, 2 H), 4.83 (s, 1 H), 
3.72-3.68 (t, 2 H), 3.27-3.21 (q, 2 H), 1.74-1.66 (m, 2 H), 1.60-1.53 
(m, 2 H); FTIR (Nujol, cm"1) 3311,2931, 2854,2727,1771,1701, 
1546,1462,1384,1272,1166,1054,745,723. Anal. (CajHjoNA) 
C, H, N. 

JV1-(Carbobenzyloxy)-l,4-diaminobutane (7). iV-[4-[(Car-
bobenzyloxy)ammo]butyl]phthalimide (255 mg, 0.724 mmol) was 
placed in a 35-mL round-bottom flask along with 8 mL of absolute 
ethanol. The flask was then cooled to 0 °C. Hydrazine mono-
hydrate (112 mg, 2.24 mmol) was slowly added via syringe into 
the cooled solution. The reaction mixture was stirred for 30 min 
while the ice was allowed to melt. The ice bath was then removed 
and the reaction was stirred at room temperature for 15 min. The 
solution was then slowly brought to reflux temperature with 
formation of a grey precipitate. Upon cooling the reaction solution 
a white precipitate formed. Ethanol was then carefully removed 
in vacuo to give an off-white residue. Water (20 mL) was added 
to this residue and was stirred for several hours. The aqueous 
mixture was then acidified to pH 4-5 (glacial acetic acid) with 
formation of white phthalhydrazide precipitate. The phthal-
hydrazide precipitate was then removed by filtration and the 
filtrate was brought to pH 13 with 4 N NaOH. The aqueous 
mixture was then extracted with CHC13 (3 X 30 mL), and the 
organic extract dried (MgS04) and evaporated in vacuo to give 
129 mg (79%) of 7 as a yellow oil which solidified on standing. 
A small portion of this residue (43 mg) was dissolved in absolute 
ethanol (5 mL) and was crystallized as the HC1 salt by bubbling 
dry HC1 gas through the mixture: mp 189.5-195 °C (lit.27 mp 
195-197 °C); *H NMR (CDC13, free base) & 7.34 (s, 5 H), 5.29 (s, 
1H), 5.08 (s, 2 H), 3.21-3.16 (m, 2 H), 2.70-2.67 (t, 2 H), 1.55-1.42 
(m, 4 H), 1.19 (s, 2 H); 13C NMR (CDC13, free base) 5 156.37, 
136.67,128.33,127.87,66.37,41.62,40.81,30.67,27.28; FTIR (neat, 
free base, cm"1) 3332, 3035, 2936, 2866,1712, 1539,1456, 1258, 
1138,1026, 914, 745, 699. 

JV-(4-Azidobutyl)phthalimide. Ar-(4-Bromobutyl)phthal-
imide (1.50 g, 5.3 mmol) was added together with sodium azide 
(1.05 g, 16.2 mmol) into a flask containing 6 mL of DMF. Using 
an oil bath, the reaction temperature was maintained at 57 °C 
and stirring was continued overnight. After 16 h the reaction flask 
was allowed to cool and then the reaction contents were poured 
into 30 mL of ice water. A white precipitate formed immediately. 
This mixture was stirred on ice for 25 min and then the white 
solid was collected by filtration, giving 1.18 g (91 %) of the desired 
unsymmetrically protected 1,4-diaminobutane: mp 40.5-42.0 °C; 
*H NMR (CDCI3) 6 7.87-7.71 (m, 4 H), 3.75-3.70 (t, 2 H), 3.36-3.31 
(t, 2 H), 1.81-1.56 (m, 4 H); 13C NMR (CDC13) & 168.32,133.94, 
132.08,123.23,50.89,37.26,26.23,25.81; FTIR (Nujol, cm"1) 3466, 
3065, 2945, 2868, 2516, 2102,1771,1722, 1616, 1047, 723. 

JV-(4-Aminobutyl)phthalimide Hydrochloride (8). To a 
thick-walled 250-mL hydrogenation bottle was added JV-(4-azi-
dobutyl)phthalimide (1.1 g, 4.51 mmol), along with 100 mg of 
Pd(OH)2/carbon catalyst, 5 mL of 1 N HC1, and 22 mL of 
reagent-grade methanol. The mixture was then hydrogenated 
at 32 psi hydrogen pressure for 36 h. The catalyst was filtered 
out through a 45-/itm Millipore filter with 1 in. of Celite powder 
on top. The solvent was then removed in vacuo to give 1.15 g 
of a yellow oil which solidified on standing. Crystallization from 
MeOH/EtjO gave 810 mg (70%) of 8 as light yellow flakes: mp 
204-206.5 °C; lH NMR (D20, ref to residual HOD peak) 6 7.67 
(m, 4 H), 3.56-3.51 (t, 2 H), 2.93-2.87 (t, 2 H), 1.59-1.56 (m, 4 
H); FTIR (Nujol, cm"1) 3402, 2868,1778,1722,1616,1574,1462, 
1377, 1068, 723. Anal. (C12HUN202-HC1) C, H, N. 

JV1-(Carbobenzyloxy)-JV4-[3-[(carbobenzyloxy)amino]-
butyryl]-l,4-diaminobutane (9), White solid iV-(carbo-
benzyloxy)-l,4-diaminobutane hydrochloride (7, 107 mg, 0.413 
mmol) and D,L-3-Z-aminobutyric acid (5,98 mg, 0.413 mmol) were 
combined together in a 25-mL two-neck round-bottom flask along 
with DCC (102 mg, 0.496 mmol), iV-methylmorpholine (63 mg, 

(27) Atwell, G. J.; Denny, W. A. Monoprotection of a,«-Alkanedi-
amines with the N-Benzyloxycarbonyl Group. Synthesis 1984, 
1032-1033. 

0.62 mmol), and hydroxybenzotriazole (56 mg, 0.413 mmol). The 
flask was cooled to 0 °C. Two milliliter of dry DMF was then 
added via syringe. The ice bath was removed after 15 min and 
the reaction was stirred for 36 h with the color changing from clear 
yellow to cloudy yellow. Precipitated DCU was removed by 
filtration and the resulting filtrate was evaporated in vacuo to 
give a white solid. The solid residue was triturated with CHC13 
to give 9 with some residual DCU contaminants. Crystallization 
from methanol gave 82 mg (45%) of 9 as a white microcrystalline 
solid: mp 168-172 °C; »H NMR (DMSO-de) 6 7.79 (s, 1 H), 7.31 
(s, 10 H), 7.19 (s, 1 H), 7.13 (s, 1 H), 5.00 (s, 4 H), 3.88-3.84 (m, 
1 H), 2.99-2.97 (m, 4 H), 2.31-2.09 (m, 2 H), 1.04-1.02 (s, 4 H), 
1.03 (d, 3 H); 13C NMR (DMSO-dg) S 169.72,156.05,155.09,137.24, 
128.25,127.63,65.04,44.23,42.32,39.96 (under DMSO peak), 38.07, 
26.81,26.35,20.23; FTIR (KBr, cm"1) 3456,3303,3070,2951,2871, 
1689,1635,1540,1455,1310,1260,1200,1146,1112,1071, 781, 
746, 721, 696; HRMS (EI, 70 eV) calcd for C ^ N A (MH+) 
441.2264, found 441.2275. 

JV1-Phthaloyl-7V4-(3-azidobutyryl)-l,4-diaminobutane(10). 
D,L-3-Azidobutyric acid (6, 507 mg, 3.9 mmol) and N1-
phthaloyl-l,4-diammobutane hydrochloride (8,1 g, 3.9 mmol) were 
combined with DCC (972 mg, 4.71 mmol), HOBT (584 mg, 4.3 
mmol), NMM (874 mg, 8.6 mmol), and DMF (15 mL) in a 100-mL 
round-bottom flask and was stirred at room temperature for 2.5 
days. The precipitated DCU was removed by filtration and the 
DMF was removed from the resulting filtrate by short-path 
distillation (0.1 mmHg, 25 °C). The resulting residue was stirred 
with EtOAc for 30 min and then the additional DCU precipitate 
was collected by filtration. The remaining orange filtrate was 
washed with 3 x 30 mL of 1N HC1,3 X 30 mL of 1N NaHC03, 
and 2 X 30 mL of water. The organic layer was dried (MgSOj, 
filtered, and evaporated to give 1.2 g of yellow solid. This solid 
was crystallized from EtOAc to give 785 mg (61%) of 10 as a light 
yellow crystalline solid: mp 118.5-120.5 °C; XH NMR (CDC13) 
« 7.83-7.80 (m, 2 H), 7.70-7.68 (m, 2 H), 5.80 (s, 1 H), 4.01-3.96 
(m, 1 H), 3.71-3.67 (t, 2 H), 3.33-3.28 (m, 2 H), 1.75-1.67 (m, 2 
H), 1.59-1.51 (m, 2 H), 1.30-1.28 (d, 3 H); 13C NMR (CDC13) S 
169.59,168.45,133.98,132.17,123.26, 54.88, 43.38, 39.06, 37.44, 
26.65,26.08,19.44. Anal. (C16Hx9N603) C, H, N. 

JVM3-Aminobutyryl)-l,4-diaiiiiiiobutaiie (11). W-Z-N4-
(3-Z-butyryl)-l,4-diaminobutane (9, 502 mg, 1.13 mmol) was 
partially dissolved in 15 mL of reagent-grade methanol in a 
250-mL hydrogenation bottle. Palladium catalyst (62 mg, 10% 
on carbon) was then carefully added to the solution. The resulting 
mixture was gently slurried and then placed under 40 psi hydrogen 
pressure with mechanical shaking for 24 h. Hydrogen pressure 
was then released and the resulting solution was filtered through 
a 0.45-Mm Zetapore membrane with 1 in. Celite powder on top. 
Evaporation of the methanol in vacuo gave a white, sticky residue. 
Trituration of the residue with water resulted in extraction of 
the desired product; contaminating DCU was removed by fil
tration. Lyophilization of the resulting aqueous filtrate gave 165 
mg (97%) of 11 as a clear glassy hygroscopic solid which was 
sufficiently pure for conversion to 2: lU NMR (D20) S 3.19-3.11 
(m, 1 H), 3.07-3.02 (t, 2 H), 2.77-2.72 (t, 2 H), 2.17-2.14 (m, 2 
H), 1.49-1.32 (m, 4 H), 0.95-0.93 (d, 3 H); 13C NMR (D20, HC1 
salt) 6 171.88, 45.34, 39.41, 39.13, 38.80, 25.50, 24.37,17.82. 

1-Methylspermidine Trihydrochloride (2). A^-O-Amino-
butyryl)-1,4-diaminobutane (11,124 mg, 0.72 mmol) was added 
to a 25-mL round-bottom flask in methanol solution which was 
subsequently dried in vacuo to an oily residue. Dry THF (10 mL) 
was then added. BH3-THF complex (1 M, 6.1 mL, 6.1 mmol) was 
added to the reaction flask via syringe followed by heating at reflux 
temperature for 48 h, during which time the starting material 
dissolved off the sides of the reaction vessel. After 48 h the 
reaction was cooled to ambient temperature and stirred for 24 
h. The reaction was then quenched with a minimum volume of 
6 N HC1 and allowed to stand at ambient temperature for 3 days. 
Following removal of THF in vacuo, the crude reaction solution 
was then poured directly onto a Dowex 50W-X8 (H+ form) (25-mL 
resin bed) cation-exchange column, the column was washed with 
distilled H20,1 N HC1, and 2.3 N HC1, and 2 finally eluted with 
3.3 N HC1. The acidic mixture was evaporated in vacuo, and the 
resulting solid was resuspended in distilled water and lyophilized 
to give a glassy solid. This material was impure by 1H NMR 
analysis, so the free base was isolated by dissolving this solid in 
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water, adding 4 N NaOH to pH 14, and extracting with CHC13 
(3 X 10 mL). The HC1 salt was then reisolated by dissolving the 
free base in 1 N HC1 and lyophilizing to give 69 mg (36%) of 2 
as a glassy, hygroscopic, colorless solid: mp (HC1 salt) 283 °C 
dec; XH NMR (CDC13, free base) 8 3.02-2.96 (m, 1 H), 2.73-2.59 
(m, 6 H), 1.57-1.42 (m, 11H), 1.08-1.04 (d, 3 H); 13C NMR (CDC13, 
free base) 8 49.78, 47.32, 45.58, 41.89, 39.86, 31.37, 27.28, 24.32; 
HUMS (EI, 70 eV) calcd for C8H21N3 (MH+) 160.1814, found 
160.1809. Anal. (C8H21N3-3HC1) C, H, N. 

JVMS-AzidobutyrylH^-diaminobutane (12). Nl-
Phthaloyl-AT4-(3-azidobutyryl)-l,4-diaminobutane (10, 500 mg, 
1.52 mmol) was added to a two-neck 100-mL round bottom flask 
and dissolved in 15 mL of reagent-grade methanol. A reflux 
condenser was positioned on the flask and hydrazine (295 mg, 
5.89 mmol) was added via syringe. The reaction mixture was 
heated to reflux for 6 h followed by room temperature stirring 
overnight Methanol was then removed in vacuo and the resulting 
white residue was dissolved in 20 mL of 4 N NH4OH. The aqueous 
mixture was then extracted with 4 X 20 mL of chloroform. The 
resulting organic layer was dried (MgSO^, filtered, and evaporated 
in vacuo to give 250 mg (83%) of 12 as a clear, sticky, and colorless 
oil which was sufficiently pure for conversion to 14: XH NMR 
(CDC13, free base) 6 6.35 (s, 1 H), 4.03-3.96 (m, 1 H), 3.28-3.21 
(m, 2 H), 2.73-2.68 (t, 2 H), 2.27-2.25 (d, 2 H), 1.56-1.44 (m, 4 
H), 1.34 (s, 2 H), 1.30-1.27 (d, 3 H); 13C NMR (MeOD-d4, HC1 
salt) 6 172.75,56.28,43.59,40.37,39.55,27.24,25.81,19.68; FTIR 
(Nujol, free base, cm"1) 3302, 3188, 2905, 2117,1652,1558,1461, 
1378, 975, 724. 

3-Azidopropionic Acid (13). Acrylic acid (5.40 g, 75 mmol) 
was added to a 250-mL three-neck round-bottom flask with water 
(20 mL) and sodium azide (19.5 g, 300 mmol). Acetic acid (glacial) 
(20 mL) was added and the resulting yellow mixture was heated 
to approximately 80 °C for 2 days followed by 1 day at room 
temperature. The black reaction mixture was transferred to a 
250-mL separatory funnel and extracted with CH2C12 (5 X 100 
mL). The combined organic layers were dried (MgS04), filtered, 
and evaporated in vacuo to give a light amber oil. Excess acetic 
acid was removed via short-path distillation (0.5 mmHg, 25 °C) 
to give 3.2 g of light amber oil. This oil was purified again by 
short-path distillation (bp 73-75 °C, 0.4 mmHg) (lit.28 bp 74-75 
°C, 0.45 mmHg) to give 1.67 g (19%) of 13 as a clear and colorless 
liquid: : H NMR (CDC13) 8 9.15 (s, 1 H), 3.59-3.55 (t, 2 H), 
2.65-2.60 (t, 2 H). 

JVl-(3-Azidobutyryl)-.ZV4-(4-azidopropionyI)-l,4-diamino-
butane (14). 3-Azidopropionic acid (13,139 mg, 1.20 mmol) was 
combined with T^-O-azidobutyrylJ-l^-diaminobutane (12, 240 
mg, 1.20 mmol) along with DCC (298 mg, 1.44 mmol), HOBt (179 
mg, 1.32 mmol), NMM (146 mg, 1.44 mmol), and DMF (10 mL) 
in a 100-mL round-bottom flask. The resulting solution was 
stirred at room temperature for 2.5 days. Precipitated DCU was 
removed via vacuum filtration and the resulting filtrate was 
vacuum distilled to remove excess DMF (25-45 °C at 0.1 mmHg) 
and give a yellow residue. This residue was transferred to a 
separatory funnel using chloroform and was washed with 3 X 20 
mL of 1 N HC1, 3 X 20 mL of 1 N NaHC03, and 2 X 20 mL of 
H20. The resulting organic layer was dried (MgS04), filtered, 
and evaporated in vacuo to give 200 mg of yellow solid. Flash 
column chromatography on silica gel (100% CH2C12 to 10% 
MeOH in CH2C12; I2 detection) gave 101 mg of DCU-contaminated 
product. Eluting a second column with 1%, then 3%, and finally 
10% MeOH in CH2C12 gave 52 mg (15%) of 14 as a white solid: 
!H NMR (CDC13) 8 6.35 (s, 2 H), 4.08-3.97 (m, 1 H), 3.66-3.60 
(m, 2 H), 3.34-3.28 (m, 4 H), 2.46-2.42 (t, 2 H), 2.34-2.31 (m, 2 
H), 1.59-1.55 (m, 4 H), 1.33-1.31 (d, 3 H); 13C NMR (CDC13) 8 
170.07,169.89,54.91, 53.35,47.48,43.28,39.15,39.08,35.85, 26.78, 
26.67,19.47; HRMS (CI, NHg) calcd for CuHajNA (M+) 297.1787, 
found 297.1786. 

1-Methylspermine Tetrahydrochloride (3). NMS-Azido-
butyryl)-iV4-(4-azidopropionyl)-l,4-diaminobutane (14, 50 mg, 
0.169 mmol) was added to a 25-mL round-bottom flask fitted with 
a reflux condenser. THF (5 mL) was added via syringe, dissolving 

(28) Leffler, J. E.; Temple, R. D. The Staudinger Reaction between 
Triarylphosphines and Azides. A Study of the Mechanism. J. 
Am. Chem. Soc. 1967, 20, 5235-5246. 

all the solid. BH3-THF solution (1.0 M, 2.02 mL, 2 mmol) was 
slowly added and the resulting mixture was heated at reflux 
temperature for 24 h. After this time, the mixture was stirred 
at room temperature for 6 h. An ice bath was then used to cool 
the reaction mixture to 0 °C, followed by slow addition of 1.5 mL 
of 6 N HC1. This mixture was then heated at reflux temperature 
for 6 h followed by room temperature stirring overnight. THF 
was removed in vacuo followed by dilution of the resulting aqueous 
layer to 9 mL of total volume with distilled H20. This mixture 
was then applied to a Dowex 50W-X8 (H+ form) cation-exchange 
column (25-mL volume of resin). Step gradient elution with 
distilled H 2 0,1 N HC1, 2.3 N HC1, 3.3 N HC1, and finally 4.3 N 
HC1 resulted in product elution at 4.3 N HC1. The fractions 
containing the desired product were pooled and excess HC1 was 
removed in vacuo followed by lyophilization to give 54 mg of yellow 
solid. This material proved impure by XH NMR analysis, so it 
was dissolved in 1 mL of water, and the solution was made basic 
(pH 14) with solid NaOH. Extraction with 3 X 5 mL CHC13 and 
evaporation gave 19 mg of free base. This oil was then taken up 
in 1 N HC1 and lyophilized to give 26 mg (42%) of the 4-HC1 salt 
(3) as a white solid: mp 247 °C dec; 'H NMR (D20) 8 3.54-3.48 
(m, 1 H), 3.22-3.10 (m, 10 H), 2.20-1.92 (m, 4 H), 1.83-1.78 (m, 
4 H), 1.37-1.35 (d, 3 H); 13C NMR (D20) 8 47.11,45.44,44.65,44.03, 
36.70, 30.50, 23.82, 22.85, 17.34; HRMS (DCI, NH3) calcd for 
CnH28N4 (M+) 217.2392, found 217.2405. 

iV1,A r4-Bis[3-[(carbobenzyloxy)amino]butyryl]-l,4-di-
aminobutane (15). D,L-3-Z-aminobutyric acid (5, 592 mg, 2.5 
mmol), putrescine (100 mg, 1.13 mmol), DCC (516 mg, 2.5 mmol), 
and HOBt (372 mg, 2.75 mmol) were combined in a 100-mL 
round-bottom flask and 20 mL of THF was added to effect so
lution. After cooling to 0 °C, N-methylmorpholine (253 mg, 2.5 
mmol) was added via syringe. The resulting milky white slurry 
was stirred at room temperature for 48 h with formation of a 
yellow-white precipitate. The desired product and DCU appeared 
to be precipitates in the reaction mixture and were isolated via 
filtration using a Buchner funnel with THF washes to remove 
residual reactants. The resulting white powder (1 g) was dissolved 
in boiling methanol and allowed to cool to room temperature 
slowly and then refrigerated overnight. White microcrystalline 
15 (365 mg, 64%) was isolated by vacuum filtration: mp 213.5-215 
°C; *H NMR (DMSO-d6) 8 7.80-7.79 (m, 2 H), 7.42-7.27 (m, 10 
H), 7.15 (m, 1 H), 5.05 (s, 4 H), 3.86-3.83 (m, 2 H), 3.08-2.98 (s, 
4 H), 2.29-2.06 (m, 4 H), 1.44-1.34 (s, 4 H), 1.02-1.00 (d, 6 H); 
HRMS (FAB+) calcd for C ^ ^ N A (M+) 527.2870, found 
527.2868. Anal. (CjjHseNA) C, H, N. 

iV1,iV4-Bis(3-azidobutyryl)-l,4-diaminobutane (16). 3-
Azidobutyric acid (6,1 g, 7.74 mmol) and putrescine (310 mg, 3.52 
mmol) were combined with DCC (1.60 g, 7.74 mmol), HOBt (523 
mg, 3.87 mmol), NMM (783 mg, 7.74 mmol), and THF (10 mL) 
in a 100-mL round-bottom flask and the resulting solution was 
stirred at room temperature for 3 days. Precipitated DCU was 
removed by filtration and the resulting filtrate was dried in vacuo 
to give a yellow-orange solid. This solid was dissolved in a 
minimum volume of ethyl acetate with subsequent filtration of 
additional DCU precipitate. The filtrate was washed with 3 X 
20 mL of 1 N HC1,3 X 20 mL of 1 N NaHC03,3 X 20 mL of H20, 
and 1 X 20 mL of brine solution. The resulting organic layer was 
dried (MgS04), filtered, and evaporated in vacuo to give a yellow 
solid (718 mg). Flash chromatography on silica gel (100% CHC13 
to 10% MeOH in CHCI3) gave 331 mg (30%) of 16 as a white solid: 
mp 83-84.5 °C; XH NMR (CDC13) 8 6.06 (s, 2 H), 4.08-3.97 (m, 
2 H), 3.38-3.24 (m, 4 H), 2.33-2.30 (m, 4 H), 1.59-1.55 (m, 4 H), 
1.33-1.31 (d, 6 H); 13C NMR 8 169.79, 54.94, 43.39, 39.11, 26.79, 
19.51. Anal. (C12H22N802) C, H, N. 

1,12-Dimethylspermine Tetrahydrochloride (4). Method 
A. i^^-BistS-KcarbobenzyloxyJaminolbutyryll-l^-diamino-
butane (15, 852 mg, 1.6 mmol) was placed into a 250-mL hy-
drogenation bottle along with 100 mg of Pt0 2 catalyst and 15 mL 
of methanol. The resulting slurry was hydrogenated at 40 psi 
hydrogen pressure for 24 h. The catalyst was then removed via 
filtration through 1 in. Celite powder on top of a 0.45-Mm Millipore 
filter. The methanol was then removed in vacuo to give 480 mg 
of sticky oil. After drying under vacuum for 24 h, 5 mg of oil was 
removed and the remaining material (475 mg, 1.84 mmol) was 
mixed with BH3-THF (1 M, 27.6 mL, 27.6 mmol). The resulting 
mixture was initially cooled to 0 °C and then brought to reflux 
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temperature for 36 h. The reaction was then cooled to 0 °C and 
30 mL of 6 N HC1 was slowly added. The ice bath was removed 
and the mixture was stirred at room temperature for 4 h. THF 
was removed in vacuo and the resulting aqueous layer was basified 
to pH 14 with solid KOH. The solution, which appeared to be 
saturated with KOH, was extracted with 5 X 30 mL of chloroform, 
dried (MgS04), filtered, and evaporated in vacuo to give 143 mg 
of yellow oil. This oil was dissolved in 5 mL of water, and 6 N 
HC1 was added to pH 6. This solution was applied to a Dowex 
50W-X8 (H+ form) resin. Step gradient elution with distilled H20, 
1 N HC1, 2.3 N HC1, 3.3 N HC1, and finally 4.3 N HC1 resulted 
in product eluting at 4.3 N HC1 to give 172 mg (28%) of 4 as a 
yellow solid after lyophilization: mp 180 °C br, dec; XH NMR 
(D20) 5 3.32-3.28 (m, 2 H), 3.02-2.94 (m, 8 H), 1.98-1.89 (m, 2 
H), 1.84-1.75 (m, 2 H), 1.61 (br s, 4 H), 1.16-1.15 (d, 6 H); 13C 
NMR (D20) 8 47.40,45.86,44.30,30.76, 23.10,17.70; HRMS (CI, 
NH3) calcd for C ^ H ^ (M+) 231.2549, found 231.2541. 

Method B. JVJv^-BisO-azidobutyryU-l^diaminobutane (16, 
239 mg, 0.765 mmol) was added to a 25-mL round-bottom flask 
followed by attachment of a reflux condenser. THF (5 mL) was 
added via syringe, dissolving all the solid. BH3-THF solution (1.0 
M, 9.18 mL, 9.18 mmol) was slowly added and the resulting 
mixture was brought to reflux temperature for 24 h. After this 
time, the mixture was stirred at room temperature for 6 h. An 
ice bath was used to cool the reaction mixture to 0 °C, followed 
by slow addition of 1.5 mL of 6 N HC1. This mixture was then 
heated to reflux for 6 h followed by room temperature stirring 
overnight. THF was removed in vacuo followed by dilution of 
the resulting aqueous layer to 9 mL of total volume. This mixture 
was then applied to a Dowex 50W-X8 (H+ form) cation-exchange 
column (100 mL volume of resin). Step gradient elution with 
distilled H20,1 N HC1, 2.3 N HC1, 3.3 N HC1, and finally 4.3 N 
HC1 resulted in product elution at 4.3 N HC1. The fractions 
containing the desired product were pooled and excess HC1 was 
removed in vacuo followed by lyophilization to give 85 mg of yellow 
solid. This material proved impure by lH NMR analysis, so it 
was dissolved in 1 mL of water and was made basic (pH 14) with 
solid NaOH. Extraction with 3 X 5 mL of CHC13 and evaporation 
gave 73 mg of free base. This oil was then taken up in 1 N HC1 
and lyophilized to give 109 mg (38%) of the 4HC1 salt (4) as a 
white solid: mp 250 °C dec; JH NMR (D20) S 3.54-3.48 (m, 2 H), 
3.23-3.15 (m, 8 H), 2.2-2.09 (m, 2 H), 2.06-1.96 (m, 2 H), 1.82-1.79 
(m, 4 H), 1.37-1.35 (d, 6 H); 13C NMR (D20) & 47.10,45.45,44.02, 
30.49, 22.85,17.34; HRMS (DCI, NH3) calcd for C12H30N4 (M+) 

231.2549, found 231.2549. Anal. (C12H3oN4-4HCl) C, H, N. 
Enzyme Assays and Cell Culture. Methods for the prep

aration and assay of spermine synthase and for the determination 
of growth and polyamine content of SV-3T3 cells are described 
by Pegg et al.29 Preparation and assay of human SSAT30 and 
cell culture experiments using L1210 cells6 or HT29 cells31 were 
carried out as previously described. Metabolism and uptake of 
compounds 2-4 were studied using HPLC analysis of cellular 
extracts29 prepared at various times from cells exposed to these 
compounds as described in the text and legends. The retention 
time (tR, min) during a typical experiment were as follows: 
spermidine (33.9), MeSpd (34.5), spermine (40.0), MeSpm (40.5), 
and Me2Spm (40.9). 
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Binding of Phenylalkylamine Derivatives at 5-HT1C and 5-HT2 Serotonin 
Receptors: Evidence for a Lack of Selectivity 
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Certain phenylalkylamine derivatives have been considered to bind selectively at 5-HT2 serotonin receptors. It 
is now recognized that the most widely used derivatives, i.e., l-(2,5-dimethoxy-4-X-phenyl)-2-aminopropanes where 
X = Me (DOM), Br (DOB), and I (DOI) (1-3, respectively) also bind at the more recently identified population 
of serotonin 5-HT1C receptors. The purpose of the present investigation was to determine whether simple phe-
nylalkylamines bind selectively at one population of receptors over the other. An examination of 34 derivatives 
reveals (i) similar structure-affinity relationships and (ii) a significant correlation (r = >0.9, n = 25) between 5-HT1C 
and 5-HT2 affinity. None of the compounds included in the present study displayed more than a 10-fold selectivity 
for one population of these receptors over the other; the results suggest that these compounds (including the widely 
used 5-HT2 agonists DOB and DOI) are 5-HT1C/5-HT2 agents. 

The 5-HT2 population of serotonin (5-hydroxytrypt-
amine) receptors has been implicated in cardiovascular 
function, muscle contraction, depression, anxiety, psych
oses, and hallucinogenic activity (see refs 1-3 for recent 
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reviews). Much of the impetus for clinical research in this 
area is directly related to the discovery of the "selective" 

(1) Glennon, R. A. Central serotonin receptors as targets for drug 
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(2) Glennon, R. A. Serotonin receptors: Clinical implications. 
Neuro. Sci. Biobehav. Rev. 1990,14, 35-47. 

0022-2623/92/1835-0734$03.00/0 © 1992 American Chemical Society 


