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A New Family of Water-Soluble, Third Generation Antitumor Platinum Complexes
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[1,1-Cyclobutanedicarboxylato(2-)-0,0"(1,3-dioxane-5,5-dimethanamine-N,N)platinum(II), 3a, a third generation,
very water-soluble platinum complex, has been synthesized along with several of its analogues. All members of the
new family contain a 1,3-dioxane or 1,3-dioxolane-1,3-diamine as their basic ligand, a moiety which contributes to
their increased water solubility, and a bidentate acid ligand, which is responsible for their good stability. They
were all easily crystallized and characterized by 'H NMR and elemental analysis, and the parent complex 3a was
further characterized by 3C NMR. Their very desirable physical properties combined with their broad spectrum
of antitumor activity and reduced toxicity make them good candidates of further development.

In a previous report! we discussed a new class of
water-soluble, third generation platinum(II) complexes
derived from either hydroxylated aliphatic amines or
carbocyclic amino ligands bearing one oxygen atom in their
ring and a malonate derivative for the carboxylate ligand.
All these complexes, in addition to their good water solu-
bilities, exhibited excellent activity against a variety of
leukemias and solid tumors, low nephrotoxicity, pharma-
kokinetic stability, and a lack of cross resistance with
cis-diamminedichloroplatinum(II) (cisplatin).2® They are,
therefore, superior to cisplatin, a first generation platinum
complex; cis-diammine[1,1-cyclobutanedicarboxylato-
(2-)-0,0platinum(II) (carboplatin),**? a second genera-
tion platinum complex; and some third generation plati-
num complexes.4!7
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In this report we describe the synthesis and antitumor
activity of a new class of third generation, water-soluble
platinum complexes with 1,3-dioxanes or 1,3-dioxolanes
as their amine-bearing ligand.

Results and Discussion

I. Chemistry. The malonatoplatinum complexes 3 of
1,3-diamines 4 were prepared by two different methods
(Scheme I). These methods are (1) reaction of dichloro-
platinum complex 1 (n = 0, 1) with the silver salt of a
malonic acid 2!® and (2) reaction of the dimethyl sulf-
oxide—platinum complex 5'° with 1,3-diamine 4. The first
method is generally used for the preparation of water-
soluble platinum complexes and was the method of choice
for most of the platinum complexes synthesized in this
report. The second method, which is the most general one,
can be used for both water-soluble and water-insoluble
platinum complexes and it was used to synthesize 3a. The
dichloroplatinum complex 1 (n = 0, 1) was synthesized by
reaction of potassium tetrachloroplatinate with 1,3-diamine
4 (n = 0, 1). The dimethyl sulfoxide~platinum complex
5 was prepared by reaction of potassium tetrachloro-
platinate with dimethyl sulfoxide followed by reaction of
the resulting intermediate with the disilver salt of a
malonic acid 2. The synthesized platinum complexes 3
were supported by !H NMR and elemental analysis. The
structure of the platinum complex 3a was further con-
firmed by 3C NMR.

The syntheses of the two different diamines 4 (n = 1,
0) are outlined in Schemes II and III, respectively. Re-
action of 2,2-bis(bromomethyl)-1,3-propanediol with an
acetal 6 in acetic acid gave the 1,3-dioxanes 7. These then
reacted with sodium azide in N,N-dimethylformamide to
give 5-bis(azidomethyl)-1,3-dioxanes 8, which were reduced
with 5% Pd/CaCOj; to give the 5,5-bis(aminomethyl)-
1,3-dioxanes 4 (n = 1). This general procedure was slightly
modified for the synthesis of 3,3-bis(bromomethyl)-1,5-
dioxaspiro[5.5]undecane (7d, R;,R, = CsH,,), where 2,2-
(dibromomethyl)-1,3-propanediol reacted with 2,2-penta-
methylene-1,3-dioxolane in concentrated hydrochloric acid
at room temperature instead of by heating the corre-
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sponding reagents in acetic acid.

1,3-Dioxolane-4,4-dimethanamine (4, n = 0) was pre-
pared from 3-chloro-2-(chloromethyl)-1,2-propanediol®! (9)
by reaction with formaldehyde in concentrated hydro-
chloric acid to give 4,4-bis(chloromethyl)-1,3-dioxolane (10).
This compound further reacted with lithium azide in
N,N-dimethylformamide to give 4,4-bis(azidomethyl)-
1,3-dioxolane (11) and, after reduction with 5% Pd/CaCOs,
1,3-dioxolane-4,4-dimethanamine (4e, n = 0). Finally,
5,5-bis(bromomethyl)-1,3-dioxane (7a, R; = Ry, = H) was
prepared by heating 2,2-bis(bromomethyl)-1,3-propanediol
and 37% formaldehyde in concentrated hydrochloric acid.

It is evident from our previous work! and this report that
the incorporation of oxygen in the amino moiety of the
platinum complex enhances water solubility. For example,
the solubilities of three different platinum complexes a,
b, and ¢ which contain 1,1-cyclobutanedicarboxylic acid
as their carboxylate ligand and (a) 1,1-cyclohexanedi-
methanamine, (b) tetrahydro-4H-pyran-4,4-dimethan-
amine,! and (¢) 1,1-dioxane-5,5-dimethanamine (3a) are
1, 90, and 100 mg/mL, respectively. For comparison, the
solubilities of cisplatin and carboplatin are 1 and 10
mg/mL, respectively.

The stability of platinum complex 3a in both D,O and
0.9% saline at room temperature was studied by 'H NMR.
The complex was found to be stable in water but slightly
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decomposed to produce 1.5% of free 1,1-cyclobutanedi-
carboxylic acid in 0.9% saline after 24 h. 'H NMR spectral
data for several compounds are listed in Tables I and II.

I1. Biology. The combined results from all biological
testing are given in Tables IIT and IV. As is evident from
Table I1I, all water-soluble (malonato)platinum(II) com-
plexes (3a-1) showed excellent activity against mouse
leukemia P388. Of these complexes, 3a, which was tested
more extensively, showed excellent activity against mouse
L1210 and L1210CPR leukemias. The antitumor activity
of complex 3a was compared with that of cisplatin and
carboplatin. Complex 3a was comparable to cisplatin and
carboplatin with respect to activity against P388 leukemia
and B-16 melanoma. It was significantly better than both
drugs against L.1210, L1210CPR, a subline resistant to
cisplatin, and Colon 26 adenocarcinoma. In addition, when
given ip, 3a was significantly more active (119% ILS)
against sc implanted L1210 cells than either cisplatin (33%
ILS) or carboplatin (19% ILS).

Similar evaluations of drug activity were made with
human breast (MX-1) and ovarian (H207) xenografts in
athymic mice! (Table IV). The activity of 3a against these
solid tumors was similar to that of cisplatin and carbo-
platin.

The potency of 3a was the same as that of carboplatin
(50 mg/kg) but significantly less than that of cisplatin (2
mg/kg) (Table IV). However, the safety margin (maxi-
mum effective dose divided by minimum effective dose)
of 3a was 16-fold better (64) than cisplatin (4) and 4-fold
better than carboplatin (16).

Kidney damage, which occurs in 28-36% of patients
taking cisplatin, is a major dose-limiting factor. For this
reason, 3a and cisplatin were compared with respect to
blood urea nitrogen (BUN) elevation potential in the rat.
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Table I, 'H NMR® Spectral Data of Intermediates 1, 4, 7, 8, 10, and 11
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substituents 8 (J, Hz) .
no. R Rn. R, =n Ry Ry OCH,C CHR NH,
la (NH,),PtCl, H H 1 4,68 (2 H, s) 360 (4 H, s) 2.37 (4 H, br s) 5.03 (4 H, br s)
1b (NH,),PtCl, H CH;, 1 1.16 3 H, d, J = 5.0), 338 (2H,d,J =113), 2.08 (2 H, br s), 4.98 (2 H, br s),
453 (1 H, q,J = 5.0) 3.88(2H,d,J =11.3) 262 (2 H, brs) 5.06 (2 H, brs)
le (NH,),PtCl, CHj, CH, 1 1.28 (6 H, s) 3.56 (4 H, s) 238 (4 H, brs) 501 (4 H, brs)
1d  (NH).PiCl, -CH,(CHp),CH,- 1 139 (6 H,brs), 358 (4 H, 5) 2.39 (4 H, br s) 5.00 (4 H. br s)
163 (4 H, brs)
le (NH;),PtCl, H H 0 4.87 (2 H,s) 3.61 (2H,5s) 2.43 (2 H, m), 490 (2 H, br s),
3.55 (2H, m) 5.27 (2 H, br s)
4a NH, H H 1 4.81 (2 H, ) 373 (4H,s) 281 (4H,s) 151 (4 H, brs)
4b NH, H CH;, 1 458 (1 H, q, J = 5.0), 346 2H,d,J = 11.8), 2.52 (2 H, s), 1.68 (4 H, br s)
133 (3H,d, J =5.0) 398(2H,d, J=118) 3.10 (2 H, s) .
4c NH, CH, CH;, 1 1.40 (6 H, s) 368 (4 H, s) 272 (4 H,s) 2.08 (4 H, brs)
4 NH, CHy(CH).CH,- 1  13-2.0 (10 K, br m) 365 (4 H, 9) 275 (4 H, 9) 1.26 (4 H, br s)
4e NH, H H 0 481 (2 H,s) 3.73(4 H, s) 281 (4 H, s) 1.51 (4 H, br s)
7a Br H H 1 479 (2 H, s) 3.84 (4 H,s) 3.58 (4 H,s)
7b Br H CH,3 1 135 (3H,d, J = 5.0), 361 (2H,d,J=118), 3.23 (2 H, s),
458 (1 H, q,J = 5.0 407 (2 H,d, J = 11.8) 3.89 (2H,s)
Te Br CH, CH,4 1 1.40 (6 H, s) 3.75 (4 H, s) 352(4 H,s)
74 Br ~CHo(CH)sCH~ 1 1.2-2.0 (10 H, br m) 369 (4 H, s) 3.56 (4 H, 5)
8a N, H H 1 479 (2 H, s) 367 (4H,s) 346 (4 H,s)
8b N, H CH, 1 133@H4d,J=50), 351 (2H, d, J = 11.6), 3.16 (2 H, 8),
458 (1 H, q, J = 5.0) 3.86 2H,d,J =116) 375 (2 H,s)
8¢ Ny CH, CH, 1 1416H,s) 3.65 (4 H, 8) 345 (4 H, §)
8d Na -CH,(CH,)3CHy- 1 1.2-2.0 (10 H, br m) 3654 H,s) 345(4H,s)
10 Cl H H 0 5.07 (2H,s) 395 (2H,s) 373 (4 H,s)
11 N, H H 0 5.09 (2 H,s) 3.85(2H,s) 3.45 (4 H,s)

2 NMR spectra for compounds la—e were taken in DMSO-dg. All other spectra were taken in CDCl,.

Preliminary experiments® indicated a lower propensity to
cause elevation of BUN levels for 3a.

Complexes 3b—e also show interesting activities against
B16 melanoma and C26 adenocarcinoma and in most cases
appear to be more active or at least as active as cisplatin
and carboplatin. However, they are all less active than 3a,
the parent complex in this series.

The dichloroplatinate complexes 1a—e are very water
insoluble and presumably they are as nephrotoxic as cis-
platin and for this reason were tested only against P388
leukemia.

In conclusion, the third generation platinum complexes
described in this report exhibit good water solubility, ex-
cellent activity against murine tumors, and reduced tox-
icity.

Experimental Section

Chemistry. Unless otherwise noted, all carboxylic acids and
potassium tetrachloroplatinate were obtained from commercial
suppliers and were used without further purification. Tetra-
hydro-4H-pyran-4,4-dicarboxylic acid? and 3-chloro-2-(chloro-
methyl)-1,2-propanediol?’ (9) were synthesized by literature
procedures. Silver saits of carboxylic acids were prepared by
reactions of sodium carboxylates with an equimolar amount of
silver nitrate at room temperature in the dark overnight. NMR
spectra were determined with a Nicolet NT-300 WB (*H at 300
MHz, 13C at 75 MHz) spectrometer and chemical shifts (5) are
in parts per million relative to internal tetramethylsilane. All
platinum complexes spectra were taken in DMSO-dg and were
run as soon as solutions were prepared. The spectra of all non-
platinum intermediates were taken in CDCl, and all intermediates
were used “as is” without purification to avoid decomposition,
which was evident when distillation of oil intermediates was
attempted.

1,3-Dioxane-5,5-dimethanamine (4a). Step A. 5,5-Bis-
(bromomethyl)-1,3-dioxane (7a). A suspension of 2,2-bis(bro-
momethyl)-1,3-propanediol (26.2 g, 0.1 mol) and 37% form-
aldehyde solution (50 mL) in concentrated hydrochloric acid was
stirred in an oil bath at 50 °C overnight. The reaction mixture
was cooled to room temperature and filtered. The filtrate was
extracted with three 100-mL portions of ether. The combined
ether phase was dried over magnesium sulfate and evaporated

(23) Unpublished results.
(24) Stanfield, J. A.; Daugherty, P. M. J. Am. Chem. Soc. 1959, 81,
5167.

to give 26.9 g (98%) of 7a as colorless oil, which was used directly
in step B. i :

Step B. 5,5-Bis(azidomethyl)-1,3-dioxane (8a). Typical
Procedure for 8a-d. A suspension of 7a (26.9 g, 0.098 mol) and
sodium azide (38 g, 0.59 mol) in DMF (250 mL) was stirred in
an oil bath at 130 °C overnight. The reaction mixture was cooled
to room temperature and the solid was removed by filtration. The
filtrate was evaporated to an oily residue. The residue was slurried
in water (100 mL) and extracted with three 100-mL portions of
ether. The combined either phase was washed with water (25
mL), dried over magnesium sulfate, and evaporated to give 18.7
g (96%) of 8a as a yellow oil. IR: strong stretching at 2120 cm™.
The oil was used immediately in step C.

Step C. The oil 8a (18.6, 0.044 mol) was dissolved in ethanol
(180 mL) and mixed with a 5% Pd/CaCO; catalyst (5 g). The
mixture was first purged with argon and then hydrogen was
bubbled through for 5 h (or until no azido stretching was present
in the IR spectrum). The catalyst was filtered, after the reaction
mixture was purged again with argon, and the filtrate was
evaporated to give 13.2 g (96.4%) of 1,3-dioxane-5,5-dimethan-
amine (4a) as colorless oil. The oil was used directly for the
preparation of la.

5,5-Bis(bromomethyl)-2-methyl-1,3-dioxane (7b). Typical
Procedure for 7b,c. A solution of 2,2-bis(bromomethyl)-1,3-
propanediol (5.25 g, 0.020 mol) and acetal (10 mL, 0.102 mol) in
glacial acetic acid (40 mL) was refluxed for 1 h and evaporated
to give 5.7 g (100%) of 7b as a colorless oil. The compound 7b
was used directly for the preparation of 8b.

3,3-Bis(bromomethyl)-1,5-dioxaspiro[5.5]undecane (7d).
A solution of 2,2-bis(bromomethyl)-1,3-propanediol (5.24 g, 0.020
mol) and 2,2-pentamethylene-1,3-dioxolane (5 mL, 0.036 mol) in
concentrated hydrochloric acid was stirred at room temperature
for 2 h and at 45 °C for 1 h. The two-phase solution was cooled
to room temperature and extracted with ether to give, after
evaporation and distillation at 1.8 mm, 5.87 g (85.8%) of 7d as
a colorless oil.

4,4-Bis(chloromethyl)-1,3-dioxolane (10). A solution of
3-chloro-2-(chloromethyl)-1,2-propanediol (9)? (11.8 g, 0.074 mol)
and 37% formaldehyde (37 mL) in concentrated hydrochloric acid
(37 mL) was heated in an oil bath at 50 °C for 17 h. The two-phase
solution was cooled to room temperature and extracted with two
100-mL portions of ether. The combined ether phase was washed
with water, dried over magnesium sulfate, and evaporated to give,
after distillation at 0.4 mm and 55 °C, 6.8 g (53.7%) of 10 as a
colorless oil. Anal. Caled for CsHgCl,0y: C, 35.1; H, 4.71; Cl,
41.5. Found: C, 34.9; H, 4.78; Cl, 41.5.

4,4-Bis(azidomethyl)-1,3-dioxolane (11). A solution of 10
(8.05 g, 0.047 mol) and lithium azide (7.0 g, 0.143 mol) in DMF
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Table III. Activity of Platinum Complexes against Murine Tumors

32, No. 9 2067

water solub,

media % increase in life span (optimal dose, mg/kg; % survivors)

complex mg/mL P388° L1210° L1210CPR?* B-16° C26¢
la 0.5 173 (6.2; 3) 27 (0.4; 0) 41 (8.1; 0)
1b 0.1 136 (12.5; 1)
le 0.1 141 (6.2; 2)
1d 0.2
le =<0.2 160 (25.5; 0) 44 (12.5; 0) 50 (6.2; 0)
3a 100 >195 (50; 33) 172 (50; 50) 168 (50; 33) 61 (12.5; 3) 153 (50; 0)
3b 100 173 (100; 5) 62 (25; 0)
3c 100 173 (25; 5) 68 (25; 0)
3d 10 190 (50; 2) 117 (100; 0) 36 (25; 0) 30 (100; 0)
3e 100 138 (100; 0) 28 (50; 0) 41 (25; 0)
3f 100 142 (6.2; 3) 56 (6.2; 0) 21 (6.2; 0) 35 (3.1;0) 79 (6.2; 0)
3g 50 119 (25; 2)
3h 17 146 (50; 3) 64 (25; 0) 127 (100; 3)
3i 100 146 (50; 3) 84 (25; 0) 61 (50; 0)
3j 100 146 (25; 2) 14 (12.5; 0) 20 (25; 0)
3k 10 120 (25; 1) 110 (25; 1) 44 (25; 0) 56 (12.5; 0) 46 (25; 0)
31 5 125 (50; 0)
cisplatin 140 (6.2; 17) 96 (6.2; 4) IA° 36 (0.4; 0) 47 (1; 17)
carboplatin 144 (100; 6) 35 (100; 0) 1A 43 (12.5; 0) 85 (50; 17)

¢ With BDF; mice; the test compounds were administered ip on days 1, 5, and 9 relative to tumor inoculation and the mice were observed
for 30 days. ®L1210 cisplatin-resistant leukemia. °With C57BC/6 mice; the test compounds were administered ip on days 1-9 relative to
tumor inoculation and the mice were observed for 60 days. ¢ With Balb/C mice; the test compounds were administered ip on days 1, 5, and
9 relative to tumor inoculation and the mice were observed for 30 days. ¢Inactive.

Table IV, Activity of 3a against Human Tumors in Athymic
Mice

% tumor weight

optimal dose,? inhibn (TWI)®

drug mg/kg MX-1 H207
3a 50 159 198
cisplatin 2 86 200
carboplatin 50 90 200

%IP on days 8, 12, and 16 after sc tumor implantation. *TWI =
58% is considered necessary to demonstrate activity.

(35 mL) was heated in an oil bath at 150 °C for 2 days. The
solution was then evaporated to dryness and the oil was dissolved
in water and extracted with two 100-mL portions of ether. The
combined ether phase was washed with water, dried over mag-
nesium sulfate, and evaporated to give 3.3 g (37%) of 11 as a
colorless oil. IR (KBr): 2120 cm™. The oil was used immediately
for the preparation of 4e.

Dichloro(1,3-dioxane-5,5-dimethanamine-N,N)platinum-
(II) (1a). Typical Procedure for la-e. To a stirred solution
of potassium tetrachloroplatinate (3.62 g, 8.73 mmol) in water
(20 mL) was added a solution of 4a in 5 mL of water. Within
0.5 h crystals precipitated out. After stirring overnight at room
temperature, the crystals were collected by filtration, washed well
with water, and dried to give 2.9 g (81%) of 1a.

[1,1-Cyclobutanedicarboxylato(2-)-0,0](1,3-dioxane-
5,5-dimethanamine-N,N)platinum(II) (3a). Procedure A.
Typical Procedure for 3a-e. A suspension of 1a (27.41 g, 0.067
mol) and 1,1-cyclobutanedicarboxylic acid disilver salt (23.9 g,
0.067 mol) in water (2.9 L) was stirred in the dark for 17 h. The
resulting silver chloride was removed by filtration and the light
yellow filtrate was evaporated to dryness. The residue was re-
crystallized from 400 mL of hot water to give 19.0 g (59%) of 3a
as colorless crystals. 3C NMR (DMSO-dg): § 15.02 (CCH,C, 1
C), 30.43 (CH,-t-CC=0, 2 C), 37.33 (t-CCH,0, 1 C), 45.71 (CH,N,
2 C), 55.64 (¢t-CC=0, 1 C), 69.72 (OCH-t-C, 2 C), 93.27 (OCH,0,
1 C), 177.47 (OC=0, 2 C).

Procedure B. Applicable to 3a—e and 3g-1. A solution of
[1,1-cyclobutanedicarboxylato(2-)-0,0]bis[sulfinylbis(meth-
ane)-S]platinum(IT)! (1.97 g, 0.04 mol) in water (48 mL) was added
to a solution of la (0.585 g, 0.04 mol) in water (12 mL). The
mixture was kept in an oil bath at 100 °C for 6 h and was then
evaporated to dryness. The residue was recrystallized from a small

amount of water to give 0.787 g (41%) of 3a as colorless crystals.

Biology. The platinum compounds were dissolved or sus-
pended in 0.85% saline or 0.2% Klucel in water or saline. Klucel
HF (lot 4830) was obtained from Hercules, Inc., Wilmington, DE.

The transplantable mouse tumors P388 and L1210 leukemia
and B-16 melanoma were obtained through the Drug Evaluation
branch of the National Cancer Institute. Mouse colon tumor 26
was obtained from Dr. T. H. Corbett, Southern Research Institute,
Birmingham, AL. The mouse L1210 cisplatin-resistant leukemia
(L1210CPR) and the human mammary MX-1 and human ovarian
H207 xenografts were obtained from the Mason Research In-
stitute, Worchester, MA.

All tumors were propagated and used for testing in general
accordance with protocols described by the National Cancer In-
stitute.?

In all mouse tumor systems, an increase in life span (ILS) 225%
over controls was considered necessary to demonstrate activity.
With human tumor xenografts, a tumor weight inhibition (TWI)
>58% was considered necessary to demonstrate activity. Only
treatment that reduced ILS or body weight by 215% over control
mice was rated toxic.
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