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material). Reminimization was then done in AMBER. 
The octanucleotide duplex d(GATGCAT02 was constructed 

and minimized in AMBER using Amott's B DNA geometry.% 
Figure 3 shows a schematic for this sequence. Minimized saf- 
ramycin A species were docked onto it near G4 using MIDAS. In 
many cases, it was obvious that certain orientations would give 
unsatisfactory models. For protonated saframycin A hydro- 
quinone the covalent models were made in both the 3' and 5' 
direction. Subsequent models were made only in the 3' direction. 
Coordinates of the docked models were captured and the struc- 
tures were refined in AMBER to a root mean square value of <0.1 
kcal/mol A. They were then subjected to 48 ps of molecular 
dynamics at  300 f 10 K in AMBER, with a temperature increase 
from 10 to 300 K in the first 16 ps. The equilibrium conditions 
were non-classical dynamics with velocity scaling (constant tem- 
perature). There was no periodicity and shake was on. A control 
fie for molecular dynamics is given in the supplementary material. 
The resulting structures were then reminimized using molecular 
mechanics under the conditions described above. 

Helix distortion enthalpies (Table I) were calculated by sub- 
tracting the helix enthalpies in the adduct from the enthalpies 
of the unbound helix, and drug distortion enthalpies were cal- 
culated in the same way. Net binding enthalpies were obtained 
by adding the total intermolecular binding and the distortion 
enthalpies. Enthalpies for the binding of the drug to individual 
DNA residues were generated by the analysis module (ANAL) 

(24) Arnott, S.; Campbell-Smith, P.; Chandrasekaran, R. In CRC 
Handbook of Biochemistry, Vol. 2; Fasman, G. D., Ed.; CRC; 
Cleveland, OH, 1976; pp 411-422. 

of AMBER 3.0. Hydrogen-bond data were generated in the same 
way. 

Solvation and counterions were added to the completed model 
of protonated saframycin A with 3'R geometry. This was done 
by placing the complex in a box of water extending +7 A from 
ita farthest coordinates. Solvated sodium cations were placed at 
the bisector of each phosphate group at a distance of 3.0 A from 
the phoaphorus atom% and a solvated chloride ion was placed near 
the protonated amino group. The system was then minimized 
in AMBER until the root mean square gradient was <0.2 kcal/mol 
A. The model was then submitted for molecular dynamics in 
AMBER for 15 ps at 300 f 10 K (starting at  10 K) and then 
reminimized using molecular mechanics. A control file for mo- 
lecular mechanics on the solvated adduct is given in the sup- 
plementary material. 
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and torsional parameters for the cyano group of saframycin A, 
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files for AMBER (7 pages). Ordering information is given on any 
current masthead page. 

(25) Seibel, G. L.; Singh, U. C.; Kollman, P. A. R o c .  Natl. Acad. 
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A series of new amino phoephonic acid derivatives of vinblastine (1, VLB) has been synthesized and teated in vitro 
and in vivo for antitumor activity. The compounds were obtained from 0'-deacetyl-VLB azide (5). All of the new 
products studied were capable of inhibiting tubulin polymerization in vitro. The most potent antitumor compounds 
bore an alkyl substituent on the phosphonate. In these compounds, the antitumor activity strongly depended on 
the stereochemistry of the phosphonate. The phosphonate (IS)-[ 1-[ [ [0'-deacetyl-3-de(methoxycarbonyl)vinca- 
leukoblastin-3-yl]c~bonyl]amino]-2-methylp~pyl]phosphonic acid diethyl ester (15) exhibited a remarkable activity 
against cancer cell lines both in vitro and in vivo. 

Bisindole alkaloids (Vinca alkaloids) extracted from the 
Madagascan periwinckle (Catharantus roseus) are com- 
plex, dimeric structures that occupy a particular place 
among natural substances. The antitumor activity of this 
class of compounds was discovered during the 1960s by 
serendipity, and this instigated many studies concerning 
the chemical, pharmacological, and clinical aspects of these 
 substance^.'-^ 

Vinblastine (I, VLB) and vincristine (2, VCR) have been 
used in human anticancer chemotherapy for several years 
(Chart I). It is striking that a minor structural modifi- 

(1) Taylor, W. I.; Farnsworth, N. R. In The Catharanthus Alka- 
loids; Dekker: New York, 1975. 

(2) Barnett, C. J.; Cullinan, G. J.; Gemn, K.; Hoying, R. C.; Jones, 
W. E.; Newlon, W. M.; Poore, G. A.; Robison, R. L.; Sweeney, 
M. J.; Todd, G. C. J. Med. Chem. 1978,21,88. 

(3)  (a) Gerzon, K.; Cassady, J. M. In Medicinal Chemistry; Dou- 
rus, J. D., Ed.; Academic Press: New York, 1980; Vol. 16, 
Chapter 8. (b) Conrad, R. A.; Cullinan, G. J.; Gerzon, K.; 
Poore, G. A. J. Med. Chem. 1979,22,391. 

cation (compared with the size and complexity of these 
compounds) induces very different clinical responses, as 
VLB and VCR differ only by the transformation, by ox- 
idation, of the indolic methyl of vindoline into a formyl 
group. 

The mechanism of action of Vinca alkaloids at  the 
molecular level is not well known, but i t  is generally con- 
sidered that they inhibit microtubule formation and sub- 
sequently arrest cells in mitosis.' Microtubules are in- 
volved in many other essential biological processes and 
inhibiting their formation with drugs can produce im- 
portant secondary effects. In addition, the antitumor 
activity of the Vinca alkaloids seems to depend critically 
on their uptake by, and release from, the tumor cells? 

Numerous structural analogues have been prepared in 
order to reduce clinical side effects (particularly neuro- 

(4) Owellen, R. J.; Hartke, C. A.; Dickerson, R. M.; Hains, F. 0. 
Cancer Res. 1976,36, 1499. 

(5)  Fergusson, P. J.; Cass, C. E. Cancer Res. 1986,45, 6480. 
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Scheme I 

,&, - 

R i  Rz R3 

VLB 1 C M H 3  CH3 OCH3 

VCR 2 COCHi CHO OCH3 

Vinglydnatr 3 COCHzN K H d z  CH3 OCH3 

Vintrypol 4 H  CH3 L-Trp-OCzHs 

toxicity) and to broaden the spectra of activity of these 
compounds.a"6 

Chemists have grafted amino acid vectors onto the 
vindoline part of VLB to facilitate transport of these large 
alkaloid molecules. Vinglycinate (3) (an NJV-dimethyl 
derivative of glycine in the 0' pition)' and vintryptol (4), 
a deacetylated VLB that has been grafted onto an L- 
tryptophan used in the ethyl ester form? illustrate such 
an approach. The latter compound was particularly in- 
teresting since it showed no evidence of neurotoxicity in 
Phase I clinical trials? 
As a-amino phosphonic acids are considered as bioi- 

sosters of natural amino acids and are widely used to 
modify biological processes,'OJl we wondered whether thew 
vectors could be used to generate valuable analogues of 
VBL and VCR. 

The present work deals with the chemical properties of 
these new compounds and their antitumor activity, in 
comparison with reference Vinca alkaloida: VLB (l), VCR 
(2), and vintryptol(4). In particular, (i) the nature of the 
substituent borne by the a-amino phoephonate and (ii) the 
stereochemistry of these amino acids were examined. This 
last point will be more thoroughly discussed on account 
of the surprising results obtained in the present work. 
Chemistry 

The compounds studied here have been synthesized 
starting from compound 1 via the 0'-deacetyl-VLB azide 
(5) (Scheme I)? 

The condensations of 5 with the a-amino phosphonates 
6 were performed in cold methylene chloride. The prod- 
ucts were purified by preparative HPLC and their struc- 

(6) Kuehne, M. E.; Bornmann, W. G. J. Org. Chem. 1989,54,&. 
(7) Armstrong, J. G.; Dyke, R. W.; Fouta, P. J.; Hawthorne, J. J.; 

Janeeen, C. J., Jr.; Peabody, A. M. Cancer Rea. 1967,27,221. 

Dejonghe, J.-P. C.; A b s i ,  C.; Hannart, J. A.; Trouet, A. J.  
Med. Chem. 1986,28,1079. 

(9) Ceulrmam, F.; Humblet, Y.; Body, A.; Symann, M.; Trouet, 
A. 13th International Congress of Chemotherapy Vienna, Aug 
2&&pt 2, 1983; Abstr. S.E. 12.4.7 f B5. 

(10) Kafarski, P.; htalerz., P. In Beit* rum Wirketofforschung; 
Akademic-Induetrie-Klomplex: Berlin, DDR, 19W, Heft no. 
21. 

(11) Hilderbrand, R. L. In The role of phosphonates in liuing 
systems; CRC Press: Boca Raton, FL, 1983. 

(8) Kmdukuri, S. P.; B h h  Rae, K. S. P.; Collard, M.-P. M.; 

6 

EONHCH' 
t \C,OCzHs 

POCzHs 
0 

7-24 

7 R = H  ig,zo,zi R - CH) - CH - C H ~  

22 R = CH~(CHZ)~CHZ 

23 R = CHzCOOCzHs 

10,11,12 R R = c H z P  CH3 24 R I (CH3)2CH - CH2 

13.14,15 R I (CH3)zCH 

16,17,18 R * Ph -CH2 

Table I. or-Amino Phosphonic Derivatives of Vinblastine 

04k3 
no. 

7 
- 

8 
9 

10 
11 
12 d-Ala(P)-(Oc&j* 21 u-aUyl-Gl;(P)-(OC;~* 
13 dl-Val(P)-(OCpH& 22 dl-cr-n-pentyl-Gly(P)-(OC~~)zd 
14 I-Val(P)-(OC*Hb)p 28 dl-GlU(P)-(OC$€&' 
1S d-Val(P)-(OC&s)p 24 dl-Leu(P)-(OC~H& 

u-amino phoephonic acid diethyl esters. *Isolated after HPLC, 
starting from epimeric mixtures of 16 and 19. No direct informa- 
tion on the configuration at C1. e dl-(l-aminobuten-3-y1)- 
phosphonic acid diethyl ester. dl-(l-Amiiohexyl)phoephonic acid 
diethyl ester. edl-l-Amino-l-(diethylphosphono)propionic acid 
ethyl ester. 

tures established (IR, UV, 13C and 'H NMR, and MS). 
The overall yield of pure derivatives was in the range of 
30 to 50%. 

The condensation of a racemic phosphonate onto VLB 
(11, which is a chiral molecule, gives rise to the formation 
of two diastereoisomers, which are epimers. For practical 
reasons, in order to ascertain the influence of the sub- 
stituent R borne by the phosphonate, the first screening 
testa were performed by using mixtures of epimers (Table 
I, compounds 10, 13, 16, 19,22,23, and 24). 

Next, given the results of Table I, some of the most 
promising individual epimers were prepared in stereo- 
chemically pure form according to one of the following 
methods. 
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Table 11. Configuration of the a-Amino Phosphonic Acid Diethyl Eaters 
a-amino phosphonic acid diethyl esters corresponding a-amino phosphonic acids 

6b d-T&(P)-(Od,H,& +18.6 
6c I-Ala( P)- (OC2Hs), -5.2 27c -11.3 - 1 6 9  R 
6d d-Ala(P)-(OC2H& +5.1 27d +13.1 +16.8: +12.14d sy 
6e I-Val(P)-(OCZH& -9.5' 270 +0.9 +lo? +0.6h R 
6f d-Val(P)-(OC2H& +9.5' 271 -0.3 -10: -0.6h B 

O c  1, CHCla. *c  0.5, NaOHN. ' c  2, NaOHN, reported in ref 20. d~ 0.5, NaOHN, reported in ref 13. eReference 20, ref 15. 'From a pure 
oil. I C  2, NaOHN, reported in ref 14; but as reported by the authors of the ref 21. [This specific rotation value for the valine analogue is an 
apparent error and should be printed as LO.] " C  5, NaOHN, reported in ref 21. 'Reference 14. 

Table 111. ComDarison of Phvsicochemical Data for EDimers 
carbon 

no. 11 12 14 15 17 18 20 21 

6 5.79 5.12 5.14 5.68 5.14 5.68 5.13 5.67 
I 5.84 5.82 5.84 5.81 5.81 5.80 5.83 5.80 
19 2.59 2.51 2.56 2.53 2.58 2.53 2.51 2.51 
22 2.84 2.18 2.83 2.19 2.82 2.15 2.18 
21' 0.94 0.92 0.93 0.89 0.93 0.89 0.90 0.89 

2 84.00 84.33 84.00 84.30 83.80 84.40 83.80 84.03 
4 13.80 13.10 14.30 13.10 14.10 73.80 14.06 
8 50.45 50.64 50.30 50.70 50.60 50.60 50.30 50.60 
10 49.94 50.18 49.60 50.10 50.10 50.50 50.00 50.40 
11 93.40 93.60 93.40 93.10 93.40 93.10 93.30 93.40 
21' 8.61 8.64 8.63 8.57 8.70 8.63 8.64 8.59 

'H NMR" 

'9c NMRO 

Polarity of Compounds* 
tR 4.46 5.00 4.58 5.69 6.94 8.08 5.06 5.11 

"400 MHz, CDC18, 6 given in ppm/TMS. *HPLC: Lichrosorb 
RPl8 5 pm; MeOH-NaHPO, 0.01M (41); flow, 2 mL/min. Re- 
tention time ( t R )  given in min. 

Method A: Preparative HPLC. Being diastereoiso- 
mers, the pairs of epimers could be separated after reverse 
phase HPLC. Only small quantities of pure epimers could 
be obtained by this technique, however, and, furthermore, 
no direct information about the stereochemistry at C' (a 
to phosphorus) could be acquired. Compounds 17,18,20, 
and 21 were obtained by this method. 

Method B Phosphonate Resolution. Three racemic 
phosphonates 6, Ala(P)-(OC2Hs)2, Val(P)-(OC2Ha)2, and 
T~ypt(P)-(oC~Hs)~, were resolved in the diethyl ester form, 
using (+)- and (-)-dibenzoyltartaric acids. The optical 
purity attained for each enantiomer was up to 99.5% and 
was assessed by derivatization with camphanyl chloride 
and CPV studies. The rotation values obtained are listed 
in Table 11. These optically pure diesters were then 
separately condensed with the azide 5. Compounds 8,9, 
11, 12, 14, and 15 were prepared by this method in an 
essentially pure form, and their physicochemical properties 
are reported in Table 111. 

Configuration at C1 (a to Phosphorus). The con- 
figuration at the C' position was determined by starting 
from the precursor phosphonate. Despite the fact that 
almost all the phosphonic analogues of the corresponding 
natural cy amino acids have been synthesized,12 only few 
asymmetrical syntheses'*1s and few systematic studies on 
the chemicaP or physic~chemical'~ correlations giving 

(12) Baylis, E. K.; Campbell, C. D.; Dingwall, J. G. J.  Chem. SOC., 
Perkin Trans. I1984, 2845. 

(13) SchBllkopf, U.; Schotze, R. Liebigs. Ann. Chem. 1987,45. 
(14) Growiak, T.; Sawka-Dobrowlska, W.; Kowalik, J.; Mastalerz, 

P.; Soroka, M.; Zon, J. Tetrahedron Lett. 1977, 3965. 
(15) Hanessian, S.; Bennani, Y. L. Tetrahedron Lett. 1990, 6465. 
(16) Kowalik, J.; Zygmunt, J.; Mastalen, P. Phosphorus Sulfur 

1983, 18, 393. 

6r.f 25 e, f 

I I b. cl 

27 e, f 26 e. f 

"(a) PhCHO, toluene, reflux; (b) Hs-PtOl, EtOH; (c) HBr, 

access to their absolute confiiations have been published. 
At this time, only Tyr(P), the phosphonated analogue of 
tyrosine has been found as a natural compound.'@Jg For 
compounds 11, 12 and 14, 15 the assignment of the C' 
position of the phosphonate was based upon X-ray crys- 
tallographic data from the literature for two of the phos- 
phonic acid (Ala(P) and Val(P)). As the data are missing 
for the other phosphonates, a tentative assignment for the 
configuration at C' for the compounds 17,18 and 20,21 
was inferred by analogy using physicochemical data ob- 
tained for the epimers. 

Assignment for Compounds 11, 12 and 14, 15. 
(Ala(P)-(OC2H6)2 (6c and 6d). The hydrolysis in an 
acidic medium (HBr/acetic acid) gave the corresponding 
diacids 27c and 27d. Their rotations are in agreement with 
those in the literature (Table 11). Since the absolute 
configuration of d-Ala(P) (27d) had been established by 
X-ray,20 the corresponding diesters 6d and the compound 
12 have the same S configuration at C'. 

Val(P)-(OC2Ha)2 (6e and 6f). The hydrolysis condi- 
tions used for 27c and 27d gave intractable residues where 
R is isopropyl. We had to use a more laborious method 
(Scheme 11): protection of the primary amine as its N- 
benzyl derivative, hydrolysis of the diester, and then de- 
benzylation to yield 278 and 27f. The optical rotations 
found are in good agreement with those reported by Ka- 
farski2' and as the absolute configuration of d-Val(P) 27f 

CH&OOH (d) Ha-Pd/C, EtOH. 

(17) Frelek, J.; Majer-Decker, Z.; Snatzke, G. Liebigs Ann. Chem. 

(18) Eur. Pat. Appl. 061172, March 19, 1982. 
(19) Kido, Y.; Hamakado, T.; Anno, M.; Miyagawa, E.; Motoki, Y.; 

Wadamiya, T.; Shiba, T. J.  Antibiot. 1984, 37, 965. 
(20) Atherton, F. R.; Hall, M. J.; Hassal, C. H.; Lambert, R. W.; 

Ringrose, P. S. Antimicrob. Agents Chemother. 1979,14677. 

1988, 281. 
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has previously been established by X-ray,14 6f and 15 have 
the same S configuration at C'. 

Tentative Assignment of Configurations at C' (a to 
Phosphorus) for Compounds 17,18 and 20,21. The '9c 
and 'H NMR spectra of compounds 11,12 and 14,15 are 
not very different from the spectra obtained under similar 
conditions for VLB (1): the presence of the phosphonic 
residue does not significantly modify the alkaloid back- 
bone. Nevertheless, when the spectra of two epimers (11, 
12 and 14,15) are compared (Table In), slight differences 
in the position of the signals in the vicinity of the phos- 
phonic residue can be observed. For instance, a systematic 
shift in 'H NMR spectra appears for positions at carbon 
6,7,19,22, and 21' when 11 is compared to 12 and 14 to 
15. A similar phenomenon occurs when 17 is compared 
to 18 and 20 to 21. Hence, these changes seem to be 
related to the C' configuration. 

Furthermore, the polarity on HPLC seems to vary in the 
same way when pairs of diastereoisomeric epimers are 
compared (Table 111, footnote b), both of the S compounds 
12 and 15 are less polar than their R epimers 11 and 14. 

Thus, considering the compounds where R is alkyl, we 
can postulate tentatively that the less polar compounds 
have the S configuration at C': 12, 15,18, and 21. These 
results are consistent with the biological data we have 
obtained, since only the compounds assigned the S con- 
figuration show potent antitumor activity. 
Pharmacology 

The study of the biological properties of these new VLB 
(1) derivatives was carried out in vitro on leukemia L1210 
cells in culture and in vivo on P388 leukemia-inoculated 
mice. In order to examine their mechanism of action, we 
measured their capacity to inhibit tubulin polymerization. 

The most potent compounds in vitro generally bear an 
alkyl group at C' (1,13,19,27,23,24). The compounds 
substituted with an aromatic group at this position are less 
active (8,9,16). Moreover, the antitumor activity presents 
a dramatic stereoselectivity: one of the epimers, the less 
polar compound, shows almost all of the activity (12,15, 
21) while the other epimer is almost inactive. The active 
epimers are 5 to 10 times more potent than the reference 
drugs 1 and 2 in inhibiting the growth of L1210 cells in 
culture. 

In vivo, the antitumor activity of the compounds shows 
a remarkable correlation with the results obtained in vitro. 
The most active compounds 12 and 15 are eficient at doses 
10 to 20 times lower than the reference compounds 1 and 
2 and allow much higher T/C ratios to be reached. After 
treatment with 15, one-third of the P3Wbearing animals 
were long-term survivors, a result that is uncommon with 
Vinca alkaloid derivatives. The most active compound, 
15, has been more extensively studied in comparison with 
its epimer 14.22 

All of these compounds are inhibitors of tubulin po- 
lymerization. Their inhibitory potency ranges between 0.07 
pM (for VLB) to 0.2 pM (for VCR) (Table IV). There is 
no obvious direct correlation between the potency on this 
test and the nature of the phosphonate grafted onto VLB 
(1). 
Discussion 

The present work deals with the synthesis and evalua- 
tion, in vitro and in vivo, of new VLB (1) derivatives 

(21) Kafmki, P.; Lejczak, B.; Szewczyk, J. Can. J. Chem. 19&3,61, 
2425. 

(22) Pierr€, A.; Lavielle, G.; Hautefaye, P.; Seurre, G.; LBonce, S.; 
Saint-Dizier, D.; Boutin, J.; Cudennec, C. A. Anticancer Res. 
1990, 10, 139. 
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Table IV. Biolotzical Activity of Comwunds - 
antitumor activity against 

P388 leukemia in mice* inhibitn of 
cyto- OPt tubulin 

toxicity dosagec T / C  (%) LTSe polymnn 
no. ICm (nM) (mg/kg) ranged (60days) ICw &M) 

1 3.15 
2 
4 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
1s 
19 
20 
21 
22 
23 
24 

4.85 

17.75 
36.67 
64.67 
2.50 

37.00 
0.40 
0.64 

10.92 
0.43 
46.00 
14.26 
9.64 
3.70 

26.40 
1.29 
3.97 
2.77 
3.13 

3.00 157-203 
3.00 165-181 

100.00 150-285 
3.00 230 

40.00 197 
40.00 188 
0.50 151-480 
1.00 145 
0.25 342 
0.50 160-447 
3.00 135 
0.15 168-600 
5.00 149-224 

20.00 261 
8.00 229 
1.00 234-302 

12.00 195 
1.00 294 
3.00 203 
3.00 122 
1.50 261 

02/45 0.07 
00115 0.50 
02/54 0.20 

00106 
00106 

00/N 
02/06 

00/06 

01/06 0.30 
0.10 
0.10 
0.10 
0.08 
0.20 

11/54 0.30 
0.80 
0.40 08/25 

00112 0.07 
01/05 
00105 
02/12 0.30 
00105 
00105 

01 I 0 6  

07/96 

0.02 
0.30 

00106 
c@/M 

~ 

Inhibition of L1210 cell proliferation measured by [sH] incor- 
poration assays (mean of 2 to 5 values obtained in independent 
experiments). *Mice were inoculated ip on day 0 with 1@ P388 
cells. Treatment is given ip on day 1. Dosage that gives the best 
TIC. dRange of T / C  obtained at the optimal dosage in inde- 
pendent experiments. 

bearing an a-amino phosphonate group 6 at C.29 Some of 
our derivatives, namely, those bearing an alkyl R residue, 
were more cytotoxic than either the parent VLB and VCR 
or their carboxylic counterparts. These high activities are 
closely related to the stereochemistry of the phosphonate, 
the most active compounds 12 and 15 having the S con- 
figuration. These two derivatives are 7-fold more cytotoxic 
and more active in vivo (both in terms of increase of life 
span and long-term survivors) than VLB. Moreover, their 
optimal dosages are at least 10-fold lower than that of 
VLB. 

The high potencies of 12 and 15 are not easily explained, 
since our resulta show that (i) the presence of the a-amino 
phosphonate does not modify the conformation of the 
alkaloid skeleton and the ability of the compounds to in- 
teract with tubulin and (ii) the epimers of 12 and 15, 
namely, 11 and 14, inhibit tubulin polymerization to the 
same extent but are clearly less active antitumor agents. 

Hence, although the overall mechanism of action of thee 
compounds probably lies in their ability to inhibit tubulin 
polymerization, the higher potency of their epimers seems 
not to be due to a better interaction with this target. This 
lack of correlation between cytotoxic activity and inhibition 
of tubulin polymerization has previously been pointed out 
for the currently used Vinca alkaloid In 
this case, the different growth inhibition induced by VCR 
and VLB was found to correlate with their intracellular 
retention by tumor cells.6 

Studies conducted on the tritiated 14 and 15 have shown 
that (i) 15 was more accumulated by the tumor cells in 
culture than ita inactive epimer 14 and (ii) 14 was more 
rapidly released from cells than the active epimer 15, which 
is strongly retained.2s 

(23) Jurdan, M. A.; Himes, R. H.; Wilson, L. Cancer Res. ISM,&, 

(24) Himes, R. H.; Kersey, R. W.; Heller-Betlinger, I.; Samson, F. 
2741. 

E. Cancer Res. 1976,36,3798. 
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These results suggest that the potency of 15 is due to 
both cellular accumulation and retention. 

These properties observed in human solid tumor cell 
linesa6 present numerous advantages over the existing 
Vinca derivatives and make these new derivatives very 
promising. Compound 15 is currently in Phase I clinical 
trials. 
Experimental Section 

Vinblastine sulfate was obtained from ORIL, Bolbec, France. 
Melting points were determined on a KBfler apparatus and are 
uncorrected. Optical rotations were measured (g/100 mL) on a 
Perkin-Elmer 241 polarimeter. Spectral data were obtained with 
a Perkin-Elmer Model 682 IR spectrophotometer (y an-', CHC13 
or KBr) and a Perkin-Elmer Model X 7 UV spectrophotometer 
(CH30H, max, nm). Positive (MH+) ion FAB spectra were ob- 
tained on a Nermag R10-1OC apparatus. The samples were 
dissolved in a glycerol-thioglycerol matrix (1:l) and ionization 
was effected by a beam of krypton ions accelerated through 6 to 
8 KeV. 'H and '8c NMR spectra were recorded on Brucker W360 
and Brucker WP60 NMR spectrometers (CDCl,, Me& as internal 
standard). HPLC analyses were carried out on a Waters system 
consisting of two Models 590 HPLC pumps, a W Waters Model 
M455 detector (detection at  205 nm), and a data module Per- 
kin-Elmer LCI 100. 

Cell Culture Study. L1210 cella were cultivated in an RPMI 
1640 medium supplemented with 10% FCS (Fetal calf serum, 
Gibco) 2 mM L-glutamine, 100 unita/mL penicillin, 100 pg/mL 
stmptomycin, and 10 mM HEPES buffer (pH = 7.4). Cytotoxicity 
was measured by the inhibition of [Wlthymidine (PH1-T 43 
Ci/mmol, CEA, France) incorporation. The cells in the expo- 
nential phase of growth (loa cells/mL) were incubated with the 
teated drugs (5 concentrations in triplicate) for 24 h and then were 
labeled with 0.5 pCi/mL 18H]-T for 3 h in 96-well microplates. 
Cells were then harvested onto filters, lyzed, and washed with 
water, and the filters were counted in a Beckman Model LS 3801 
counter. Results are expressed as ICm, the drug concentration 
that inhibits by 50% [*HI-T incorporation with respect to un- 
treated cells. 

In Vivo Activity. The antitumor activities were evaluated 
on the experimental P388 leukemia. Murine P388 leukemic cella 
were given by Mario Negri Institute (Milano, Italy) and were 
maintained by ip inoculation into DBA2 mice (Iffa Credo, France). 
For the chemotherapeutic assays, the cells were inoculated ip (le 
cells) into DBA2 mice on day 0. The drugs as sulfate salts were 
dissolved in saline and injected ip on day 1. The resulta are 
expressed in term of TIC in 9% (median survival time of treated 
animals divided by median survival of controls) and LTS (sur- 
vivors up to 60 days). 

Tubulin Polymerization. Tubulin was partially purified by 
succeesive polymerization/depolymerimtion cycles according to 
the method of Shelanski.as The final preparation contained 
approximately 50 mg per starting dog brain (90 g). The inhibition 
assays were conducted by turbidimetry at  350 nm in a total 
reaction volume of 500 pL containing 0.5 mg/mL of tubulin 
preparation and 10 pL of DMSO in which were solubilized the 
compounds. Controls were systematically run in parallel with 
DMSO alone. The compounds were tested between the con- 
centrations of lod and 10-0 M. The values of the various rates 
of polymerization (two separated experiments) were plotted versus 
the concentration of Vinca derivatives and the ICm appreciated 
graphically. 

General Procedure for Preparation of Compounds 7 to 
24. Compounds were prepared by coupling azide 5 to appropriate 
a-amino phoephonate 6. The procedure for the preparation of 
the azide from VLB was based on that of Barnett2 and Rao? The 
phosphonates 6 were obtained by following published procedures 
or as described below. For the coupling reactions, an equimolar 
solution of 5 and 6 in methylene chloride was kept in the dark 

Lavielle et  al. 

for 48 h, with stirring at room temperature. Depending on the 
structure of the product, different procedures of purification were 
utilized as described below. 

Epimeric Mixtures (Compounds 10,13,16,19,22,23,24) and 
7. Methylene chloride was evaporated in vacuo and the crude 
product purified by chromatography (silica gel, 230-400 mesh; 
Merck-Clevenot, France; tolueneethanol (41)). The separations 
were monitored by TLC (silica gel 60 F 254; Merck-Clevenot, 
France; 5 x 10 cm; toluene-ethanol(41)) and the product was 
analyzed by HPLC CH3CN-Na2HP04 0.01 M, (7:3); Lichroeorb 
RP18 5 pm (Merck-Clevenot); solvent flow, 2 mL/mn. 

Pure Epimers. Method A (Compounds 17,18,20,21). After 
evaporation of the methylene chloride, the crude products were 
solubilized in the minimum of ethanol and the separation of the 
epimers was carried out by HPLC M e 0 H - N w 4  0.01 M (7:3); 
Lichroprep RP18 15-25 pm. The fractions containing the more 
polar epimer were combined, methanol was evaporated in vacuo, 
and the resulting aqueous solution was extracted with methylene 
chloride (2 x 50 mL). The organic solution was washed with water 
(1 x 50 mL), dried (MgSOJ, and evaporated in vacuo. The eecond 
less polar epimer was obtained by following the same treatment. 

Method B (Compounds 8,9,11,12,14,15). The crude products 
were purified by HPLC: Lichroprep RP18 15-25 pm; MeOH- 
Na2HP04 0.01 M (41). 

Sulfates were obtained by addition of a theoretical quantity 
of sulfuric ethanol (2%) prepared starting from ethanol and 1 
N sulfuric acid. For these pure epimers and compound 7, 'H and 
13C NMR data are available as supplementary material. 

Compound 7 ([[[[ 0'-deacetyl-3-de(methoxycarbonyl)- 
vincaleukoblastin-3-yl]carbonyl]amino]methyl]ph~phonic 
acid diethyl ester) from Gly(P)-(OC2Ha)2n and 5 yield 4796, 
TLC Rf = 0.31; HPLC, 1 peak, t R  = 6.5; MS (FAB), m / z  904 
(MH+). 

Compound 10 from dl-Ah(P)-(OC2H6)$ and 5: yield 30%, 

m / z  932 (MH+ + 14), 918 (MH+), 900,886,872,858. 
Compound 13 from dl-Val(P)-(OC2Ha)2as and 5: yield 3396, 

TLC R,= 0.31; HPLC, 2 peaks 1/1, t R  5.66,6.80, MS (FAB), 

TLC Rr = 0.35; HPLC, 2 peaks 1/1, t~ = 5.56,6.02; MS (FAB), 

(26) Pierr& A.; Perez, V.; Lbnce, S.; Lavielle, G.; Hautefaye, P.; 
Lucas, C.; Binari, J. P. Roc. Am. Assoc. Cancer Res. 1990,31, 
414. 

(26) Shelanski, M. L.; Gaskin, E.; Cantor, C. R. h o c .  Natl. Acod. 
Sci. U.S.A. 1973, 70, 766. 

m / z  946 (MH+), 709,651. 

m / z  994 (MH+), 992,962,934,856. 

yield 25%, TLC Rf = 0.37; WLC, 2 peaks 55/45, t R  
MS fFAB). m l z  944 fMH+). 

Compound 16 from dl-Phe(P)-(OCJZb)2as and 5 yield 4096, 

Compound 19 from dl-a-allyl-Gl~(P)-(OC~H~)2~ and 6: 
6.57,7.43; 

TLc R, 0.38; m L C ,  2 peake 1/1, t R  10.02,10.!% MS @AB), 

.- ---,, ~ ~. 

Compound22 from tf1-i-n -pentyl-Gly(P)-(OC~H~H,)$ and 
5: yield35%,TLCRI=0.36;HPLC,2psaks1/1,tR=7.08,8.16; 
MS (FAB), m / z  974 (MH+), 972,651,649,571,542,355. 

Compound 23 from dl-Glu(P)-(OC&.)B' and 5: yield 4796, 

m / z  990 (MH+), 988,752,651,649,571,542,355. 
Compound 24 from ~ ~ - L ~ U ( P ) - ( O C @ ~ ) ~ ~  and 5: yield 3196, 

TLC Rf = 0.36; HPLC, (MeOH-N%HP04 0.01 M (41), 2 peaks 
6/4, tR = 13.64, 17.89; MS (FAB), m / z  974 (MH+ + 14), 960 
(MH'), 944, 928,900,709, 651,649,604, 571, 542,355,86. 

Compounds 17 and 18 from 16  16 (0.3 g) gave 17 (0.1 g) (yield 
66%; HPLC, 2 peaks (98.2/1.8)) and 18 (0.13 g) (yield 86%; 
HPLC, 2 peaks (1.5/98.5)). 

Compounds 20 and 21 from 19 19 (0.350 g) gave 20 (0.16 
g) (yield 85%; HPLC, 1 peak) and 21 (0.13 g) (yield 74%; HPLC, 
2 peaks (2.3/97.7)). 

Compound 8 from J-Tryp(P)-(0C2H5)2 (6a) and 5: yield 
54%; MS (FAB), m / z  1047 (MH+ + 14), 1033 (MH+), 709,691, 
679, 651, 571, 542, 355, 295, 272, 130, 124. 

Compound 9 from d -Tryp(P) - (Oc@~~)~  (6b) and 5 yield 
55%; MS (FAB), m / z  1033 (MH+), 709,679,651,571,542,517, 
355, 297. 

Compound 11 ((1R)-[l-[[[04-deacetyl-3-de(methoxy- 
carbonyl)vincaleukoblastin-3-yl]carbonyl]amino]ethy1]- 
phosphonic acid diethyl ester) from l-Ala(P)-(OCaHa)2 (Bc) 

(27) Ratcliffe, R. W.; Christensen, B. G. Tetrahedron Lett. 1973, 

(28) Kowalik, J.; Kupczyk-Subatkowska, L.; Maatalen, P. Synthe- 

(29) Dehnel, A.; Lavielle, G. Bull. SOC. Chim. h.. 1978, 96. 

TLC R, = 0.25; HPLC, 2 peaks 1/1, t~ = 7.63,8.03; MS (FAB), 

4645. 

sis 1981, 57. 



Vinblastine a- Amino Phosphonic Acid Derivatives 

and I: yield 29%; [(rImD + 18.7' (c 1, MeOH); W 214 (502071, 
266 (15544); IR 1730 (ester), 1665 (amide), 1300-1150 (p-0); 
MS (FAB), m/z 932 (MH+ + 14), 918 (MH+), 916,900,886,858, 
709,542,355,337,323,295, 154,144,122,108. 
Compound 12 from d-Ala(P)-(OC2Hs)2 (6d) and 5: yield 

30%; [aImD + 20.6O (c 1, MeOH); w 214 (50116), 266 (15291); 
IR 1730 (ester), 1670 (amide), 1300-1150 (M); MS (FAB), m / z  
932 (MH+ + 14), 930 (MH+ + 12), 918 (MH+), 900,886,858,651, 
649, 571, 355, 337, 323, 295, 154, 144, 122, 108. 
Compound 14 from I-Val(P)-(OCzH6)2 (6e) and 5: yield 

32%; UV 214 (43472), 266 (13975); IR 1730 (eater), 1675 (amide), 
1300-1150 (F-0); MS CFAB), m/z  946 (MH+), 944,928,926,914, 
886, 709,649,604, 571, 124, 122. 
Compound 15 ((1S)-[l-[[[04-deacetyl-3-de(methoxy- 

carbonyl)vi~caleukoblaetin-3-yl]carbonyl]amino]-2-me- 
thylpropyl]phosphonic acid diethyl ester) from d-Val- 
(P)-(OC2H6)2 (64 and 5: yield 29%; UV 214 (45043), 264 
(13707); IR 1730 (ester), 1675 (amide), 1300-1150 ( P 4 ) ;  MS 
(FAB), m/z 946 (MH+), 944,928,926,914,886,709,649,604,571, 
124, 122. 
Synthesis of Phosphonates. I-Tryp(P)-(OC2HS)2 (6a). The 

synthesis of d,l-Tryp(P)-(OCzHs)z was performed by following 
exactly the procedure described for the preparation of the cor- 
responding d , l - T r y ~ ( P ) - ( 0 C H ~ ) ~ , ~  but starting with the triethyl 
ester of phosphonoacetic acid. Then a solution of d,l-Tryp- 
(P)-(OC2H6)2 previously obtained (7.1 g, 24 "01) in ethanol (25 
mL) was poured into a solution of dibenzoyl-D-tartaric acid 
monohydrate (9 g, 24 mmol) in ethanol (50 mL). The mixture 
was stirred for 1 h at  room temperature and filtered and the 
precipitate was washed with ethanol (1 X 30 mL) and dried. Two 
recrystallizations from ethanol (60 mL) afforded 6.9 g of a com- 
pound melting at 225-226 OC. The phosphonate 6a was liberated 
with 1 N aqueous NaOH and extracted with methylene chloride 
(2 X 30 mL). The combined organic solutions were washed with 
water, dried (MgSO,), and evaporated in vacuo to yield a colorless 
oil: yield 75%; [almD -18' (c 1, CHClJ; IR 3500-3100 (NH, NHd, 
1280-1200 (P-0), 1080-1020 (P-0-C); 745 (P-0-C); 'H 
NMR 8 8.8 (1 H, br s, NH), 7.8-7.1 (5 H, m). Anal. (Cl4Hz1N2O9p) 
C, H, N. 
d-Trypt(P)-(OC2Hs)2 (6b). A solution of d,l-Trypt(P)- 

(OC2H6)2 (7.1 g, 24 mmol) in ethanol was treated as described 
above with 9 g (24 "01) of dibenzoyl-btartaric acid monohydrate 
to yield a salt melting at 217-218 "C. 6b was liberated as above: 
colorless oil, 2.7 g, 75%; [almD +18"6 (c 1, CHCl,); IR; 'H NMR. 
Anal. (C14H21N20sP) C, H, N. 
I-Ala(P)-(OCzHs)2 (6c). A solution of d,l-Ala(P)-(OC2H6)2 

(27 g, 0.149 mol) in ethanol (200 mL) was poured into a solution 
of dibenzoyl-Dtartaric acid monohydrate (56 g, 0.149 mol) in 
ethanol (350 mL). The mixture was treated as described above. 
Two recrystallizations from ethanol (65 mL) afforded 18 g of a 
compound melting at  210 "C. The phosphonate 6c was liberated 
with concentrated NaOH and obtained as a colorless oil (3.9 9): 

1235 (P=O). Anal. (C&lBNOsP) C, H, N. 
d-Ala(P)-(OCzH6)z (6d). The same procedure was applied 

to a solution of d,l-Ala(P)-(OCzH6)z (48.5 g, 0.267 mol) in ethanol 
(250 mL) and dibenzoyl-btartaric acid monohydrate (95.9 g, 0.267 
mol) in ethanol (750 mL). Salt mp: 212 "C; oil (6.3 9); yield 26%; 
[ a I m ~  +5.7" (c 1, CHCls); IR. Anal. (CBH,BNOsP) C, H, N. 
I-Val(P)-(OC2Hs)2 (6e). A solution of d,l-Val(P)-(OCzH6)2 

(30 g, 0.143 mol) in ethanol (150 mL) was poured into a solution 
of dibenzoyl-D-tartaric acid monohydrate (54 g, 0.143 mol) in 

(30) Shu Feng, Chen; Kumar, S. D.; Tishler, M. Tetrahedron Lett. 

yield 32%; [CY]~D -5.3" (C 1, CHClS); IR 336&3280 (NH, NHZ), 

1983,24, 5461. 
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ethanol (1350 mL). After being stirred at  room temperature, the 
precipitate was fdtered and recrystaked five times from ethanol 
(5 x 600 mL). Salt, mp: 232 "C, 30 g. The phoephonate 6e was 
liberated with concentrated NaOH as described before and ob- 
tained as a colorless oil (9.6 g): yield 64%; [a]'-D -9.47" (from 
the pure oil). 
d-Val(P)-(OC2Hs)2 (6f), as described for 6e. A solution of 

d,l-Val(P)-(OCzH6)z (30 g, 0.143 mol) in ethanol (150 mL) was 
poured into a solution of dibenzoylc-tartaric acid monohydrate 
(54 g, 0.143 mol) in ethanol (1350 mL). Salt mp: 225 "C, 15 g; 
colorless oil (4.5 g); yield 30%; [almc +9.4708(from the pure oil); 
'H NMR 8 4.15 (4 H, m), 2.85 (1 H, dd), 2.15 (1 H, m), 1.95 (2 
H, m, D20 exchangeable), 1.35 (6 H, t), 1.05 (6 H, m). Anal. 
(CBH~ONOSP) C, H, N. 

I - (  1-Amino-2-methy1propyl)phosphonic Acid (27f). (a) 
I - [  l-(Benzylimino)-2-methylpropyl]phosphonic Acid Methyl 
Ester (25f). A solution of 6f (4 g, 0.019 mol) and benzaldehyde 
(2 g, 0.019 mol) in toluene (50 mL) was refluxed, the water formed 
being removed by azeotropic distillation. The cold solution was 
evaporated to yield 5.6 g (99%) of an oil, which was used in the 
next step: [almD -40.4" (c 1, CHCl,); IR 1640 (C-N), 1160-1260 
( P 4 ) ;  'H NMR 8 8.2 (d, 1 H, N=CH), 7.75 (m, 2 H, Ar), 7.4 
(m, 3 H, Ar), 3.9-4.3 (m, 4 H, OCHJ, 3.45 (dd, 1 H, CHP), 2.2-2.5 
(m, 1 H, CH(CHJ2), 1.2-1.5 (m, 6 H, CH3CH2P), 1.05 (m, 6 H, 
(CHS)&H). Anal. (ClSHUNO3P) C, H, N. 
(b) 1-[ l-(Benzylamino)-2-methylpropyl]phosphonic Acid 

(26f). A solution of 25f (5.3 g, 0.018 mol) in ethanol (20 mL) was 
hydrogenated over PtOz (0.2 g) at room temperature and at- 
mospheric pressure. After absorption of 1 equiv of He, the solution 
was filtered and the solvent was evaporated to yield 5.3 g (100%) 
of an oil: IR, disappearance of C=N bond; 'H NMR disap- 
pearance of d at  8 = 8.2. The crude oil was then treated during 
3 h at reflux with 100 mL of a solution of acetic acid containing 
10 mL of aqueous hydrobromic acid (48%). The solvent was 
removed under reduced pressure and the residue dried overnight 
on PzOs and then dissolved in ethanol (50 mL). The acid was 
precipitated by slow addition of 10 mL of propylene oxide. After 
filtration: 2.6 g (61%); mp 260 "c; [almD -37.4" (c 1, EtOH); 'H 
NMR (DzO) 6 7.5 (m, 5 H, Ar), 4.45 (d, 2 H, CHzAr), 3.1 (dd, 1 
H, HC(P)N), 2.3 (m, 1 H, CH(CHS)2), 1.1 (m, 6 H, CH(CH&J. 
(c) 27f. A solution of 26f (2.4 g, 0.01 mol) in ethanol (100 mL) 

was stirred during 8 h at 40 "C, over 10% Pd/C (0.3 g), under 
an atmosphere of hydrogen (normal pressure). After filtration, 
the precipitate was washed with water (3 X 25 mL), and the 
combined aqueous solutions were evaporated under reduced 
pressure. The residue was then triturated in ethanol to give after 
filtration 1.2 g (80%) of crystals: mp >260; [almD -0.3" (c 2, 
NaOHN); 'H NMR (DzO) 8 3.1 (1 H, HC(P)N), 2.2 (m, 1 H, 
CH(CHd2), 1.1 (m, 6 H, (CH3)2CH). Anal. (C4Hl2NOSP) H, N 
C. Calcd 31.38. Found: 32.07. 

d-( 1-Amino-2-methylpropy1)phosphonic Acid (278). (a) 
d - [  l-(Benzylimino)-2-methylpropyl]phosphonic Acid Di- 
ethyl Ester (256). 25e was prepared as previously described 
starting from 6e (amD -9.5) (1 g, 0.005 mol) and benzaldehyde 
(0.5 g, 0.005 mol) in toluene (10 mL) to yield an oil: 1.4 g (94%); 

(b) d-[ l-(Benzylamino)-2-methylpropyl]phosphonic acid 

EtOH); IR; 'H NMR. 
(c) ne: crystals; 0.3 g (79%); mp >260 "C; [almD +0.9" (c 2, 

NaOHN); 'H NMR. Anal. (C4HI2NO3P) C, H, N. 
Supplementary Material Available: lH NMR and '9c NMR 

spectral data of compounds 7-9,11,12,14,15,17,18,20, and 21 
(11 pages). Ordering information is given on any current masthead 
page. 

[CY]~D +40.8" (C 1, CHClS); I R  'H NMR. 

(26e); cryst&, 0.65 g (74%); mp >260 "c; [almD +37.1" (c 1, 


