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ABSTRACT CkmformationJ analy~ie of 2+ii Zehlorwthyl)aminoj-~~~thylcnalf,2_diosra- and ox- 
~aphoap’horinanea S-8, cyclophmphamble-type anticancer drugs, show that diaataeomeric six-membered ring t,3,2- 
diixaphosphor- inanee can adopt aiCba a eldr cdon~G~n with bii(2&kxoethyl)amino muetard group equ~b 
rial (5) or twist-boat conformation with the bi(2xhloroethyl)amino group pseudoequatorial (6). Aa X-ray crystal 
structure and NMR solution couformationd analysis of the diastereomeric oxaaaphosphorinanes 7 and.8 show that 
7 adopts a chair conformation with equatorial bk~-(2-chioroethyl)a&1o pup, and a exinb aa mixtnte of chair-twist 
boat conformations with ca. SO% twist-boat population. The diaauc pairs S/6 and 7/8 show similar, mod- 
erate activity against lymphocytic leukemia P3t38 cells in mice. This is explained in terms of a flexible chair-twist 
boat interconversion. 

INTRODUCTION 

The study of 1,3,2-dioxat aud 1,3,2+xaacphcephorinanee is of curred intend with regard to the understandiig 

of electronic and stvic effe& on the confor¶natioaal the phosphorinane six-membered For 

example, Beutrude and coworkers* have recmtl~ reported a systematic confarmational stidy of 5,5-diithyl-2~x~ 

24%1,3,2-oxazaphoephorinanes: 

R = A, 2 = MerN Me 6 k/p 

< 

z, B=H; Z=N(C&CI&Cl)r 0 0 
R = H, 2 = EtrN 5 

3 ,p\2 
2, R=CHrCH,Ck Z=N(CHtCH,Cl)r ‘P? 

R. = H, Z = isoPrrN Me 

R = H, Z = (cICB&H&N 
4 F z 

C 
4 R=CH,CHrCI; Z=NHCH,CH~CI $ ‘Z 

Cyt&ph~ph+&.ie 1, tqhqhmide ,9, and isopheephamide S, which all contain the 1,3,2_oxaeaphosphorinane 

ring, are important anticancer drt@.‘~’ 

Although many analogues of 1 have besn synthesized, none has bean found to be more active than the parent 

compound. s.4 It is now believed*s6 that the metaboliim of cyclophaaphamide involves an initial enzymatic hydmxy- 

lation at the C-t position to form the active metabolite, 2+ii(2-chloroethylamino)~4hydroxytetrahydr~2H-l,~,2- 

ox~aph~phorinano2+xide, 4. The sekrtive cytotoxic effect of 4 tuwards neoplaatic cells, has been suggested’ to be 

derived from differences in the toxificiion and d&xiRcatiou proceesee. Toxification has been suggested’ to proceed 

through a chemical &elimination that requires at least one hydrogen at the C-S position in 1. A studyd showed that 

a cyclophosphamide derivative substituted at C-4 with two methyl groups possessed moderate drug activity, thus 

raising a question as to the current accepted mechanism of act*bation. 

~JI this paper we report the preparation of diastereomeric pairs of the cyclophosphamide ~~dogua, 2-(bib-(2- 

chloroethyl)~ino]-2-trans-tetramethylexSe-l,3,2-dioxa- and oxasaphosphorinane 5-8 and studies of their conforma- 

tion by ‘H, I%, s’P NMR, and IR spectruecopy techniques. 

5, 6, X = O;‘Z=N(CH,CH,CI), 

7, 8, X = NH; Z=N(CHrCH,Cl)r 

Q, X = 0; Z=OPh 

An X-ray analysis of 7 WM alao performed, revealing that 7 exiuts in a %attened chair c6atarnution with a 

pseudoequatorial N-mustard group. Fi, the anticancer utivitiem of S-8 were examined and to our knowledge 

this is one of the few examplee of a compukmn of the biial activity d both ths uxasa- and dioxaphaephorinane 

ring syetem in cyclophoephamide type druga.‘m 
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EXPERIMENTAL SECTION 
Methodr md Matdab 
‘Hrnd~‘PNMRrra~~an~~~WP-~~~ 8t 100 rrrd So.1 MES, Nprttively, w proton 

NMRon~S80~Niedslor~~~A~ar~rpsetroclwrrrr chazaic4rbihria~fber~Ronfor 
*H and rsC NMR rpectra are duemcad to hcnarl Ma& and for s*P NMR are refereaced to d 8~36 &PO,. 
Infrared qactra were obtained on an AEI Msjo q&-tar. Mdtbg pointa were taken on a ‘Phnmll-Hoover 
apparatus and are unconocted. 

Chemicals were d d bight parity. Bake adpad M d aikaf gel wm naai fa aaphy 
after being activated at 13O’C overnight. ‘Diethykminr, phmp*f chloride, and methyknc chloride were distilkd 
before use. 

X-my Cryrtll stmctun of ‘I 
The c~xtak d 7 uwe trkliaic, space 

= 94.10(3)*, 7 = 99.61(3)*, v= 739.6(4) r 
p P 1, ‘a = MW(3), b = 9.434(3), c = 14.215(3) A, o = 9S.s0(2)’ B 

‘, R = 2, D, = 1.4s g us-‘. 
Intensity data were collected on l Pick PA-1 amtamtic dihctmmeter modified with the KM Control 

update pache. A total d 1795 unique r&c&m in the m 29-z 20 < 15.W (d type f h, k, I) with F > 2.00(F) 
were wed in the solution d the stiucttue r-m direct methoda (ACSREGX, C. She&i&, Pwama for CrystaI 
Structurt DeterminAom, Cambridge, 197S). * datr m cw for aboarptim. Th rtmctwe w retlord 
to R = .otn, UMI L = O.Wf uIB6 178 mirbie lW8&@WnadtiMW*be~2#=tY,rad2#=3S’. 
In the 6naI model H atoam m inser~I in eaicmIated WtIona and a&&opic thud p_ I#d for aU 
non-hydtgea atoms. 

SYNTEESES 
/6is-(P-cMaoct~~jernirq’ phorphod iicNorik, To a _kaiiy &red rdmticm d phoaphory1 oxychbride 

(2.6 1. 0.01 md) in 50 mL of rnett+~ cbloeM M J’ ww addrb drq+r a molntioa d bii(2&oreethyl)atnine 
hydmhktide (0.01 moi) od t&hylaraine (OmS d) la SO mL of tiybae dichb&b over 1 h. ‘Sk reaction 
mixture was stirred overnight at room temparatnre, concentrated in vuuo and mixed with Kane. The pmcip&ted 
amine salt wyu filtered off and the BItrate was crystallized in ethyl uekk/baane to give light yelIar crystab, m-p. 
4648’. (lit” 46’) "P NMR (CD&): 17.3 ppm; “C NMR (DMSO-&): 39.17, 42.07. 

tnnr-C-Cpnoc&hsmnd TO a Mica& Irind ahtkn d 7.0 g d aodium cymide in 60 ml, d wetonitrik 
and 200 mL d water, S-0 g d cycbhaane apeida wu added r&b cataiytit amount d ~%crowti. Th two phase 
reaction mixture was stirred for 40 h at 4VC. The nnreactod radium cyanide was titered off, and the Bltmte wu 
concentrated in vacua. The -idue wag then atncted with chlomkm (3xla) mL). The combed orgaaic layers 
were dried over anhydrous ma6naium ruIfate, concentrated in vacua to give a right yellow oil, which w c~tallized 
m ethyl acetate and hexane with cuolin6. m.p. 4P (lit? W). ‘E NM8 (CDCI,) 6 1.0-2.40 (m, OH, ring hydrqens), 
2.50-3.05 (m, lH, OCE), 3.18 (I, III, -08); "C NMR (CDCI,) -23.48, 23.U5,zS.l~. 33.81, 37.52, 70.53, 123.56; IR 
(KBr): 3470, 2980, 2960,2870, Lao, 1450, 132S, 1175, 1125, m, 1012 cm”. 

tronr.P-(Aminamct~~~cycloirr~nd. To a magnetically stirred -ion of 3.7S g d lithium aIuminum hydride 
in 150 mL of anhydrow ether, 4.0 g d trrar -ano cycloh~d was added dropwiae at room temwature over 
40 min. The reaction mixture w= then gently hoikd for 4 h. Tbe mixture was worked up by rucccrivcly adding 
I mL d water, 4 mL d IS% KOH and 12 mL d uatm. ‘Be white iaorguic a& was ~&red d d the BIttate 
wu extracted with ether, concentrated and dried met aahydroua ~riora ruK&e to give a 1*&t bruaa liquid. 
This was vacuum dried and used without f-her purification. ‘H NMR” (CC&)6 062.10 (m, 9H, riw hydrogens), 
2.3-3.60 (m, 3A, -0CH urd NC&), 3.0 (I, 3H, -OH and -NH,); “C NMR (CDCls) 22.31,2S.41,28.91,36.02,45.33, 
47.86, 76.50. 

troru-P-HpcfrotycycfoAr~ cotboxpfic acid. -2-Cyanocyclohexanol (4.6 g) W*Y hydroId in akoholic KOA 
(10 g KOH in 100 mL of 95% ethanol) under r&u overnight. The rew;tion mixture WY carefully widifled with 
cold 6M HCI to pH 2 with cooling in ice. The uidiesd aohtkm mm tbm extracted with CECl, (200 mL ti). The 
combined organic Iaytr was dried over aahydrow ma6naium aulfak and concentrated in vacua to give 3.0 g of trans 
2-hydroxy<yclohexane car~lic acid (60%); ‘E NMR (CDCIs) b 0.&2.35 (m, OR, ring hydrogens), 2.75420 (m, 
2H, CHOH), 6.37.2 (br a, lR, COOK). 

Iralu-O.(Hydrotymrth~~rycldr. Tran&-EydwcyciohauPr (2.5 g) cuboxylic uid in SO mL of anhydrous 
tLher was added over 30 mio to a stirred mixture of lithium aluminum hydride (2.0 g, 0.051 rxml) in SO mL of ether. 
Tht rtaction mixture was left to rtir overnight tid heated under r&x for 2 h.” ‘This was followed by successive 
addition of 2 mL of wattr, 2 mL of lS% ROE and 6 mL d watm. The praulu precipitate was BItered of7 and 
the r-idue was extracted with ethtt and concantrati in vacua to give a light brown liquid (1.4 6, 62%). This wan 
distilled to give a colorleas viscous liquid, b.p. gdloly, 0.11 mm (lit= b.p.: lOl-lW, 0.96 mm). ‘H NMR (CDCI,) 6 
0.62.38, (m, 9H, ring hydrogens), 3.32-4.0 (m, 38, OCR, and OCH,), 4.40 (I, 2E, -OH). 

O-~8rr-(O-chlanmthyl~oni~~-t-ozo-tronr-5,6-trfmmrth~cnr-f,~,,i-dio~~~ne, 5 and 6. To 2.6 g (0.01 
mol) of bis(2<hloroethyl)amino phaphoryi dicbbtide in 100 mL d THF, 1.3 g (0.01 nd) of trana Zhydtoxylmethyf- 
cyclohexanol and 2.3 mL (0.02 mol) d trkthytunine in 50 mL d THF wm ddod dropkiae over 1 h with vigorous 
stirring. Tht reaction was left to rtir ovemigbt and heated at dux for 6 h under nit-. After cooling, the amino 
ralt was filtered off and filttatt wm concmtrated in vacua to give a light ytlkrw oil. “P NMR rhwed mainly two 
peaks at 6.7 ppm md 2.7 ppm in a ratio d 1.6;l if TEF b wed u the ~lvaat, 1.3:1 if ethyl uttatt or ether is us&. 
The crude product of two ibomvr WY eeparatad by Baxh chromatography oa a 2UO/4m PDlrh ‘Aldrich Davisil’ silica 
gel using chbtoform/wthanol (ml) Y l lueat. The felutiag kunu S wu m fraQ ethyl wetate/hexane 
to givt pure granular crystals (m.p. 81.b62.5’) and tht rCtm+lutb iwmu 6 give cokwk 6at wed& cryttab (m.p. 
62d4*). isomer 5: 6.70 ppm, slow Lomtt 6: 2.70 ppm. ‘I’! NMk (CDCls) I: 60.~1.02 Rn, lK), l.~MS(m, 28). 
1.35-1.50 (m, lH), 1.6&1.70 (m, lR), 1.7&1.90 (m, 3R), 3.323.48 (m, 4E, NCEt~). 3.61 (t, J= 7.0 Iin), 4.11 (dddd, 
Jz11.0 Hx, J=4.S Ht. J= 22.8 Iit), 4.21 (d d t, J=ll.O Et, J=ll.o Da, J= 15 Ha), 4.26 (J= 11.0 Ht. J= 10.4 Hz, 
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J=4.1 Rt). d: 1.cLt.21 (m, la), l.Cl.55 (m, 2l.i). 1.7-1.87 (m. Iii), U8-1.IB (4 24Jn 2.B22 (mq Ia), 2.24-2.3s 
(m, la), 2.~2.52 (m, III), 3.57 (t, J=b.M EL, 28, NC&), 3.61 (t, JU 5 4B, tICaL), 4.~ (ddd, J= 9.4 Hr, 
J= 10.4 Es, J= 11.4 Rs), 4.24 (d d t, J= 10.6 Es, J= 10.6 ,k, J = 4.3 tk, J= 2.2 Iis), 4.S9 (ddd, J= 11.2 Hz, 
J= 10.4 Eis, J= 5.4 En). uC HMR (C’fKZt), 5: 24.04,24.51, YS.sO, 22.84 (d, J=8.24 Em), It.40 (d, 5.63 Rx), 42.43, 
49.M (d, 4.22 Es), 71.29 (d, 6.63 31). bo.9 (d, 4.22 Ea). L 23.67,24.17,26.43, a@1 (d, 6.09 ih), IO.01 (d, 11.86 
Rx), 41.83.49.17 (d, 4.62 Ha), 72.26 (d, 6.03 Rx), 62.~6 (d, 7.24 5); IR (CDCI,) $1 3lu) (w), 1010 (m), M (w), 
2250 (I), 14W (m), 1475 (m), 8340 (a), loo0 (m), lab0 (a), lO2O (a), 1m (I), 90 (I), m (I), OBO (I), Qbo (8). 6~ 
3050 (w), 2940 (wf, 22SO (a), 1QL (1). 1450 (m), t3W (mj, 8240 (w), 1210 (w), lmjm), 790 (8); MS, 5: m/c 
316 (A), 266.1 (51.7). 174.1 (XI.?), 172.1 (KJO), 118.0 (4&D), m.1 (2X2),, 67.1 (M&), 63.0 (22.0). 56.1 (18.3), 55.1 
(28.Q 29.1 (19.7), 26.1 (20.6),2’7.1-(39.6). 6: SIB.2 (W.S)),286.2 (73.8). 174.1 (32.4), 172.0 (100), 110.0 (36.5). 95.1 
(25.0). 67.1 (2f.O). 63.0 (17.9), b5.1 (21.2). 41.0 (30.0). 26.0 (19.5). 

And. C&d. for CIIB~NO#CC~: C, 41.77; A, 6.33;N. 4.43; P, 9.81. Found fbr S: C, 41.82. A, 6.42: N, 4.26; P, 
10.11. 6: C, 41.75; H, 6.32; N, 4.lOq P, 10.15. 

O-~~ir-(t-chlorocth~~s~~-~~-S,btct~clylcu-1,S,t-~~~rU 7 d 8 
To 8 stirred Autioa of 2.24 ml (22.0 mmol) of tiylmaine and 2.8S & (11 arrrol) of bb(2shbroethyt)amina 

phasphoryl dichloride in 100 mL d dry TEF, 1.41 6 (11 mmol) d tr~hmibomcthyl cyclohound in 50 mL d 
THF WY added dropwtc over SO mia rt CM’ under l dtqm l tmarphm. The reutioo mixture wu then left to 
stir ovcrni& at room tan-. The rminc MIX rry UJtav!d off md the 6ll~ WM coaccntrrted in VWJO to 
give l light yellow oil. “P NMR d the crude product im CDCI, rbowed only two pea&a at 12.9 ppm md lo.9 ppm 
in l rrtio of l-1:1. The crude pm&t ol two b wan mepuated by flub chruautography on a 209/100 mesh 
‘4ldrich D~iriF silica gel (1.2Sh. x s.) win6 ch~/mbnol(97:3) u ht. Th futslutiag LsmEI wu 
crystallized from chloroform/bexaae to give colorlm needle cryatab (m.p. 12~121’) aad the skmdating her 
give pure granulu crystab (m.p. OaW). ‘lP NM2 (CDCI,) d the fut isomer 7, 12.9 ppm, 11l0rr isomer 8, 10.9 
ppm. ‘ii NMR (CDCIa, 360 MBr) 6 2 O.Bb1.08 (m, lH), 1.161.30 (m, 28). 1.m1.45 (m, la). l.sbl.6~ (m, 4H), 
1.9s 2.10 (m, III), 2.45 (I, NE), 3.15 (m, lB, Al), 3.20 (m, la, HI), 3.31-3.57 (m, 4E. NCR,), 3.62 (t, J= 6.9 Rt. 
4H. -C&Cl), 4.24 (d of t, J=10.6 Es, J=10.6 Bt, Jr4.3 Iix, 1=2.2 tft, lIi+ a,). 8! O.Wl.0 9m, la), 1.18 (m, OR). 
1.4tbl.60 (RI, la), 1.62-1.95) (m, 4R), 1.98-2.16 [m, IS), 2.84 ( m, -NE), 3.13 [dddd, J=21.4 Xz, J=6.8 5, J=r.S 
Hz, 1H. HI), 3ZW3.42 (m, 4H, -NCH& 3.45 (m, 18. RR), 3.67 (t, J= 6.64 Hx, 4E, -C&Cl). llC NMR (CDCt,) 7: 
24.19, 24.76, 28.07, 33.30, (d, J=9.65 Ea), 4O.M (d, J= 2 IIs), 42.32, 47.94 (d, J= 3.0 Ea), 49.07 (d, J=4.02 Rx), 
60.5? (d, J=5.83 Hz). 8: 24.29,24.75,26.07, 33.3S (d, J= 7.64 Eix), 41.61 (d, J=MS Ha), 42.05, 47.19,46.78 (d, J= 

X22), 63.0 (d, J=6.43 Es). IR (CD&) ‘p: 3150 (w), 2930 (w), 22W (I), 17#) (w), 14a (m), 12llo (m), 1215 (m), 
1090 (m), 7%) (a). %: 3050 (w), 2930 (m), 2250 (m), 14SO (m), 1370 (m), 1250 (m), 10#) (mf, loo0 (m), #S (m). 
MS ‘7: m/e 315.0 (.22), 267.2 (31.3). XL2 (loO), 174.1 (27.3). 110.2 (22.2). 91.1 (20.6), 96.1 (19.3). 92.1 (W.O), 11.1 
(32.3). 67 1 (35.31, 30.1 (22.0f. 26.0 03.4). & 315.1 (AU) m7.2 (zO.l), #u.P (6&S), 229.2 (26.3). 197.1 (37.7). 174.1 
(92.4), 110.2 (31.7). 95.1 (18.3), 93.1 (36.1), 92.1 (SS.t), 81.1 (34.6), 79.1 (26.1),67.1 (M.2). 65.1 (28.5). 56.1 (54.5). 
55.1 (32.1), 54.1 (35.4), 49.1 (30.7), 42.1 (fl.S), 41.1 (MO), 30.1 (36.1), 29.1 (54.5),27.1 (69.2). 

Anal. C&d for CrlHtlN&PClr: C. 41.90, 8, 6.66; N, 8.68. Found for 2 C, 41.82; If, 6.52; N, 8.85. & C, 
41.92; H, 6.51; N. 8.95. 

RESULTS 

Syat bes@a 

The bicyclophaphunida S-8 were prepared from Ibid-(khhmetbyl)-uninoj phapboryl dichloride and the l p 

ptopriatt diol or amino Ilcobd. Cyclohexene ori& wru & to inrun the required trana rtenochcmisty for the dial 

and amino alcohol. Dim-’ K mixture of S/U were obkined in 8 ratio of 1.6:1, md 7/8 in a ratio of 1.1:l if 

TNF wu used aa solvent. For convenience, buck upon t&e rtertachemical relrtioarbip ktwscn the -N(CtI&H~Cl): 

group md C-5 cyclohexanc CUbQCi. 6md Bare debed u the *tr~# iwown, and 5 and 7 u the ‘cis” i5omers. 

X-ray Structurt 

An ORTEP pempective drawing of 7, aion with the bbel@ cchenra appan in Figtue 1. Abmic coordinrla 

Pigun 1 ORTEP Plot of 7. Hydrqen rtoma bvr b oulitkd far CluiQ. 
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Table -1. tinil POtitiOMl p6-tW6 (nf) 
for Non-HydrO#6d l tolla,iIi phOSphotiarr# 7 

ATOM 
C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
N(1) 
P 
O(1) 
O(2) 
N(2) 
C(8) 
C(9) 
Cl(l) 
ccioj 
cc111 
Cl(2) 

'1o'x 
-6564(31) 
0281(27) 
0772(25) 
-1349(24) 
-2223(27) 
-Z737(30) 
1638(24) 
1888(20) 
0030(7) 
-1896(14) 
-0776(U) 
1596(19) 
3586(24) 
2797(23) 
5278(7) 
1468(22) 
3364 (21) 
3369 (7) 

1O'Y 
2776(15) 
3016(14) 
1615(M) 
.0653(13) 
0381&j 
1757(16) 
1904(13) 
0611(12) 

.-0783(4) 
-0899(7) 
-0692(8) 
-2284(8). 
-2ti5(13) 
-353O(l5) 
-3882(b) 
-3258(U) 
-2866(U) 
-4190(3) 

10% 
4592(10) 
3617(10) 
3027(10) 
2937(10) 
3878(g) 
4470(12) 
2080(10) 
1460(g) 
1399(3) 
0638(S) 
2445(S) 
6318(6) 
2051(9) 
2670(g) 
3492i2 j 
0473(7) 
-0181(7)- 
-1162(2) 

a. .Numbers in parenthe6e6 are estimated 6tand6rd deVi6tiOItJ. Atom6 are 
labeled to agree with Figure 1. 

T6ble II. Selected Bond lengths (9) 6nd Bond Angle6 (deg) for 7. 

P-O(l) 
P-N(l) 
N(2)-W3) 
C(8P.W) 
C(9)-Cl(l) 
N(l)-C(7) 
C(3)-C(4) 
w-c(3) 
C(l)-C(6) 

0(1)-P-O(2) 
0(1)-P-N(1) 
0(2)-F-N(2) 
P-N(2)-C(8) 
C(8)-N(2)-C(10) 
P-N(l)-C(7) 
O(2)-C(b)-C(3) 
C(l)-C(2)-C(3) 
C(6)-C(5)-C(4) 

1.461 (7) 
1.655 (11) 
1.485 (12) 
1.497 (13) 
1.799 (11) 
1.444 (13) 
1.471 (lb) 
1.531 (13) 
1.524 (16) 

116.5 (5) 
108.3 (5) 
102.6 (5) 
118.1. (8) 
118.1 (9) 
123.9 (7) 
109.8 (10) 
112.2 (11) 
111.7 (12) 

Bond Lkngtb 

P-O(2) 
P-R(2) 
N(2)-C(lO) 1.433 iii) 
C(lO)-C(U) 1.521. (13) 
C(ll)-Cl(Z) 1.775 (10) 
C(3)-C(7) 1.511 (14) 
C(4)-O(2) 1.436 (11) 
C(1)-C(2) 1.531 (15) 
C(4)-C(5) 1.499 (14) 

Bond Angles 

0(1)-P-N(1) 
0(2)-P-N(1) 
N(l)-P-N(2) 
P-N(2)-C(10) 
P-0(2)-C(4) 
N(l)-C(7)-C(3) 
c(7j-c(3bcw 
C(2)-C(l)-C(6) 
C(7)-C(3)-C(2) 

117.0 (5) 
101.5 isj 
109.9 (6) 
122.3 (8) 
120.7 (7) 
112.3 (11) 
112.9 (11) 
109.6 (13) 
110.4 (11) 

1.578 (7) 
'1.668 (9) 

Table III. Selected Torsion61 Angles of Phosphorinane 7' 

C6-C1-C2-C3 -54.1(6) Cl-C2-C3-U +54.9(6) 
C2-C3-Cb-C5 -56.8(6) C3-CLCS-C6 +55.1(6) 
CLCS-Cb-Cl -54.6(6) CS-Cb-Cl-C2 +53.9(6) 
C7-C3-CA-02 +59.9(a) C3-CL02-F -60.7(S) 
GL02-P-N1 +42.3(6) 02-P-Nl-C7 -31.0(S) 
P-Nl-C7-C3 l 37.1(5) Nl-C7-C346 -49.0(6) 
C4-02-F-01 -85.9(S) C4-02-P-N2 +l56.0(5) 
Ol-P-Nl-C7 +97.1(6) N2-P-Nl-C7 -139.0(6) 
Ol-P-N2-Cl0 +17.8 Ol-P-N2-C8 -176.8 

a. Number6 in parentheses are estimated standard deviations; atoms are labeled to 
agree vith Figure 1. 
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far non&y- ato- appear in Table I, and important bond w and angk6 are in Tabk II. Tbe 1,3,2- 

oxtiapheephoriaane ring system bf 7 k in the chair izonformation with the [bk-(2-chrotoethyl)amko] group in the 

peeu~&t an&the pitaephoryl oxygen in the pseudo-?uial poeitti. ‘IUk III gives the ring torsional 

engles, which aku&ou the hetemcyclii ring to be quite chairllke but with considembk tlaCtening at the phosphoras 

end. 

The geometry about the [bii(24d0methyt)amh~ nim en atom, N(2), is nearly planar, the mnn of bond tigles 

about N(2) beiig 358.5O compared to the ktdedd sum of 328.4’ and the planar sum of-. The geometry about 

the ring nitrogen, N(1) k pyrimidal [with a sum of bond anglar around N(l), 331.2“) and a typical bond kngth 1.655 

(.01i) A. 
Proton NMR Parameters and Solution Con!lgurational and Confwmational Analysis of 5 and 6. 

Chemical shifts and coupling constants for the protons of dio~aphoephorinanea 5 and 6 were derived essentially 

from the first-order ‘H ,NMR spectra obtained at hii. field (360 MEs) and are listed in Tables IV and V. Vicinal 

three-bond coupling constants gamrally follow a Karplus-type relationship, iu which the coupling constant varies Ed a 

function of the torsional angle. Thii thretbond proton-phoephow coupliug has been widely used in determining the 

conformation of 1,3&dioxa- and oxazap$osph.orinauesystems. 10Ao-Y The dioxaphosphorinane ring in diastereomer 5 

appears to be entirely in a chair conformation based on a comparison of the large sIrp coupling constant, 22.8 Kr,, and 

a small sJlp value, 4.1 Hz, with similar coupling constants in the structurally related compound dioxaphosphorinane 

&er Qa (Table IV), which is ako belkved to be ahmwt entirely ‘m the chair coaf6rmation fsJw, 24;4 Hz).l” 

I 
B 

+ 

p- N(cH,CH,CO, 

&X,X-O 

nct.X-NH 

Scheme I 

Diasiereomer 6 appears in solution to be almoet entirely in a boat or time-averaged twist-boat conformation 60 

because of its much smaller ‘Jw cou&g const.ant, 11.2 Es, and larger ‘J 1p coupling constants, 11.4 Hz. This 

result is similar to that in our studylo of 2-aryloxy-2-oxodioxaphasphorinan~ Q6. These ‘H NMR results combined 

with the s’P, lsC NMR and IR spectral data discussed below, generally rmpport the assignment of 5 a8 the “cism 

diastereomer with the bii(tiloroethyl)amino group in the equatorial position of a chair dioxaphosphorinane ring 

and 6 as the “tram? diastereomer with the bis-(2-chloroethyl)amino group in a pseudoequatorial position of a 

twist-type dioxaphosphorinaue ring (&I). 

Support for’ these stereochemical assignments is provided by the ‘H chemical shifts of H-l, H-2 and H-I. When 

H-l is cis to the P=O group, it ia downfield of the diaatereotopic H-2 and the H4 protons. The opposite is true 

when H-l is trans to the P=O group, as observed in both 1,3,2-dioxa- and oxazaphosphorinanea esters and may 

be a result of the deshielding effect of the P=O group. “-‘PO Furthermore, thii deshielding effect is expected to be 

large when the P=O has a syn-axial relationship to the hydrogena, and small when the P=O has a syn-equatorial 

relationship to the hydrogen. Apparently cis-5 adopts a conformation in solution with axial P=O group, and as a 

result there is a deahilding of the axial H-l and E-4 protons in 5 relative to the equatorial H-2 proton (Table V). 

Proton NWIt ‘Parametere and Confignrati&ml and Conformational Analysis of Diastereomers 7 

and 8. 

The configuration of 7 and 8 have ban established by the X-ray crystal structure determination of one of the 

diastereomers, cis-7 (and confirmed by IR and NhfR analysis). Aa dkcuased above for S/6 the large=Jtp, 21.4 Hz 

(Table IV), and small ‘J1p, 4.2 Hz, con6rn1 that 7exkb largely in a chatr c&&nation. 

The conformation of -8 has been an-- by both ‘H and =C NMR. A modemtely large sJw coupling 

constant of f7.S Ek is &erved for 8, aad thii sagge& that 8 e&e in solution ee a &we of chair ‘md twist-boat 

conformatiena, 8a A rough aetimate of the equilibrium between &air-form 8 aad twist-boat form 8a can be made 

from a consideration of the population-weighted averaged coupIii constants. Since 5 and 6 are almost entirely in 
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chair and twist-boat conformation ~reapwtively, the rrka of J w, 22.8 and Xl.2 Hs for 5 and 6, provide reasonable 

edmates for the limiting Jtp’s of pure chair and twisttype conformations, reepectively. Using these valor and the 

Jv value of 17.5 Hx for 8, we ahmate that 8 exists as ck 30/30 mixture of tw+boat/cbair confamatbne in a 1% 

solution in CDCls.. Unexpectedly, the H-l chemical shift of 7 isup6sld of the H-2 signal. This is notcoesirtent with 

the expected deshielding of an axial P=O group, as diecussed above for 5. 

rsC NMR Spectra 

The conformations for 5-8 may ahm be deduced from the vicinal P-C three-Bdnd coaplii constants (Table VI) 

derived from ther*C NMR spectra,. In an earlier study by dorenstein et al.“, for 9 (R= various aryl esters), vicinaf 

P-C coupling constants sJc_sp in the range 3.9 - 9.9 Hz were used to assign a chair conformation, those about 

6.1 Hz a twist boat, and in the range 7.8 -.8.5 Ifs for a rapid equilibration between nearly equal popdations of 

chair and twist boat. However, in the earlier work, the magnitude of the vicinal coupling apparently depended on 

the identity of the suhetituent group in addition to .th@ torsional angle change. Thus, 5 and 7, which are both in 

chair conformations, have sJo_sp of 8.24 and 9.63 Hz reepectively. A ‘Jc_sp = 6.03 Rz for 6 is coneistimt with 

the assignment of a twist boat conformation (this b also seen the large sJc_~ = 11.86 Ha, indicating flipping at 

phosphorus with.an almoat 00 diiedral angle for P-N-C,-Cs or P-O-CrCs.) Values for sJo_sp of 7.64 Hi, and sfc-sp 

of 9.6 Hz are consistent with the notion that 8 exisb ae a mixture of chair andtwist-boat conformations. 

Infrared Studiee 
Hydrogen bonding does not. appear to play a m&r role’ in the determination of the conformation of 7 or 8, as no 

significant hydrogen-bonded NH adsorption at 3133-3230 cm-’ was observed. The use of the P=O bond stretching 

frequency in JR has been used to help establish the configuration of l,t+dioxa- and oxasaphosphorinane’*rs in 

many instances. Generally, in closely related phoephorinanes, an equatorial P=O group has a phosphoryl stretch 

ca. 20-30 cm-’ larger than an axial P=O group r*r’. However, this correlation must be cautiobly applied* and 

conclusions from P=O atretching frequencies are best when buttressed by results from other techniie~ such as ‘H, 

lsC, slP NMR and X-ray analysis. Nevertheless, good conclusions can generally be reached if the phosphorinanea 

under study are very much alike, as in a comparison of diastereomeric pairs, 6uch as 516 and 7/8. The phmphoryl 

stretching frequencies in the IR spectra for 3-g in different media are collected in Table VII. 

In the solid state in KBr, 5 and 6 have similar P=O stretching frequencies, 1234 and 1266 cm-‘, respectively. 

This is consistent with a chair conformation for 5 with an axial P=O bond, and a twist-boat conformation for 6 I 
with a pseudoaxial P=O bond. In solution, the P=O strekhing frequencies for 5/6 are also quite comparable, 

confirming these assignments. Phosphorinane 7 has a lower stretching frequency, 1228 cm-‘, compared to that of 

8, 1245 cm-‘, which is also consistent with the assignments, i.e. axial P=O bond for chah conformation cis-7and 

equatorial P=O bond for a chair conformation tram-8. In CDCls solution, in which apparently both chair and 

twist-boat conformations are obaerved for 8, hvo P=O stretching frequencies are noted (1210 cm-’ for twist-boat 

80 and 1230 cm-’ for chair 8). However, the P=O stretch for 7 in CC4 cannot readily be rationalized. 

‘lP NMR Spectra 

in diastereomeric 2-oxol,3,2-dioxaphoephorinane estera, an upfield chemical shift in 31P NMR will generally be 

observed for the 2-substitutent ester or amide group in an axial position compared to the equatoriafly substituted 

diastereomer.lY~‘O~lQ~r” This effect is seen in the oxaza ester system as well.‘” Diastereomeric p-airs S/8 and 7/S follow 

this criterion (Table V), with the slP chemical shii of 5 6.0 ppm upfield of 6 and 7 2.6 ppm upfield of 8. However, 

this “P correlation is not consistent with the solution twist-boat conformations for 6 and 8: Thus, while the bis(-2- 

chloroethylamino) groups are axial in chair conformations for 6 and 8, the subatituent is pseudoequatorial in a twist 

boat conformation. In both chair 5 and 7 and twist-boat 6 and 8, the bii(-2-chloroethylamino) group is in the same 

relative position and the slP chemical shifts of the diastereomem are apected to be ~imilar.~ 

Anticancer Activity 

The acute toxicity of the cyclophuephamide anakgs‘-*, were evaluated using Swiss mice. At dmm of 50, 100, 

200, and 400 m&/kg of body weight of the Swim mice, ali animab remained dive indicating no acute toxicity of 

compounds 3-8 at the tested concentrations. Furthermore, no chronic toxicity was oheerved during the tenting of 

compounds 5-8 agakst the lymphocytic leukemia p3M in CDsFt.male mice at 75 m&/k&/&y, ukniniaarrl for 9 

consecutive days. The decreased toxicity of compounds 5-8 as compared to cpbpboephnniide migltt be attributed 
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Table IV. Selected ‘g IMR Sprctrti Paramtcrr for 5-8 

5, 6, X = 0; Z=N(CH&HrCI):. 

7, 8, X = NH; Z=N(CH&H#l)2 

9, X = 0; Z=OPh 

Coupling constants 

cowd J12 J1, J,, Jlp J,P J,P J,, J,,, J,# 

5 11.0 10.6 6.5 6.1 22.8 0 11.0 11.0 1.5 
6 10.1 9.h .5.0 11.6 11.2 2.2 10.6 10.6 4.3 
7 12.2 10.5 6.5 L.2 21.4 1.4 11.0 11.0 5.4 
8 - _ - - 17.5* 1.1 11.0 11.0 6.3 
9a 10.8 11.1 0.0 24.6 1.0 0 
9b 10.7 11.0 

::: 
5.5 la.5 2.0 

*Obtained from coupled phosphorus spectrum. 

Table V. Selected Chemical Shifts for Phosphorinanes 5-g. 

Compd. 88-l 68-2 68-b b”P 

5 4:20 4.11 4.21 6.7 

6 4.50 4.15 6.24 2.7 

7 2.04 3.15 3.93 12.9 

a 3.20 3.15 6.14 10.3 

to the fact that in the case of compounds 5-8 no formation of the very tvxic acrokin during the metabolism of these 

compounds can be expected, whereas the metabolism of cyclophoeph&&~a*~~ is known to produce acrolein which 

is the source of severe side effects of the cyclophosphamide therapy.” 

The anticancer activity of compounds 5-8 against p388 was found to be low to moderate depending on the 

concentration as evidenced by the increase in lie spap wg betwee-n 37%-67% (Table VIII). No optimum dose 

response wss attempted because of nnrealiitically i&h dose requirementa to achieve th+ goal. The dieater monoamide 

cpmpounds $ and 6 seem to be marginally less active @an the monoe&er diamide deri?tivee 7 and 8. However, the 

differences are considered to be within the expezimental error. All compounds S-8 are less active than the &&cally 

used c+phosphamide at comparable doses. Thus, the increase in lie span for cyclophosphamide at 65 mg/kg/day 

wan bupda to be 239%. 

DISCUSSION 
X-ray Crye$al Structure of 7. 

When not sterically restricted, dialkylamino &N and P=O prefer a geometry with trigonal planarity about 

nitrogen and coplanarity between the P=O and R pups. *‘* This usually is accompanied by a shortening of 

the P-N bond as a result of I bonding involving the nitrogen (or oxygen) p-orbital with either a phosphorus d- 

orbital% or a phosphorus substituent o-orbitaL”‘~n Similar considerations hold for 2-oxo-!&alkylamino-1,3,2&axa- 

and oxazaphosphorinanee.z4~~ However, in six-membued dioxa- and oxasaphosphorinane ring systems with axial 

dialkyl amino groups (such aa the N-mustard group), coplanarity between the P=O bond aud exocyclic nitrogen C(l0) 

and C(8) is not favored for thin would result in non-bonded interaction of a stericaliy b&y &chloroethyl group and 

the syn-axial hydrogcns. This eteric interaction k~ lag importaut for an equatorial biro-(tilor&)amino group. 

Indeed, as seen in the crystal structure of 7, the P=O and dialkylamino group are essentially cow. ?Yhe Ol-P- 

NZ-ClO.ti Ol-P-N2-C8 dihedral angla are 17.80 and -178&O, reapectivedy (Tab& III). The steric interaction of au 

axial &chloroethyl group with the symuial hydrogans qpamnUy explains the larger conformation energy ditTerence 

of N-mtu&ard diastereomers over dietbylamino spimers~group as reported by Bantrpde and coworkers.’ Siarly, in 

2-ox++chloroethyi amino)]-r&dbnethyi-1,3&xxasaphospha+ln ane, the exocyclic nitrogen with a mun of bond 
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Table VI - 
“C Chemical Shifts* 

(“C-“P coupling constants)b 
u 

6 

carbon 1 5 6 7 8 
-------- I ____________________----_--____________ 

6 ( 24.06 23.07 24.19 26.29 

: 1 1 24.54 25.50 26.17 26.43 24.76 28.07 24.75 20.07 
5 1 32.84 32.91 33.30 33.35 

I X’ 
(6.03) (9.65) (7.64) 

3 
1 (5:63) 

40.01 40.66 41.51 

%*E) 
(2.0) (9.65) 

7 1 71.29 47.94 47.19 
(6:03) (3.0) (0) 

6 62.56 80.57 83.0 
i (4.32) (7.24) (5.83) (6.43) 

a. Chemical shifts in parts per million from Tbs. 
b. In Iierts. 

Table VII. IR P-0 Stretching Frequencies (cm -1 of 5-S 

Medium 

Coopd KBr 
_________ 1 _______________________________E!E:_____ 

ccl, 

z I 1256 1266 1245 1250 1240 12&O 
7 1228 1260 1215 
8 I 1245 1250 1250.121@ 

angles of 369.V faiis to adopt an ektronicaily optimai geometry due to the severe syn-I,3 diaxial interaction.” 

Configuration and Conformation of 68 in Solution 

Compound S,Sdimethyt-2-(diiethyl&nino)-2+x~l,3,2- oxaaaphosphorinane was reported to exist in a chair con- 

formation with predominately (t&5%) axial dhnethylamino group, while the dioxa anaLognero, exists with predom- 

inately (86%) equatorial dimethylaniino group. As explained above, the bih@chloro&hylamino) mustard group 

is sterically even bulkier than the diiethylamino group and the latter is expected to exist predominantly in the 

equatorial position of both dioxaphoephorinane and oxaaaphoaphorinane rings. 

Thus in the dioxa system 5 and 6, this steric effect appears to largely determine the conformation. Phosphorinane 

5 is almost entirely in a chair form with an equatorial mustard group, and 6 is in a twist boat form 6o with a 

pseudoequatorial group. It ia presumably the steric interaction of the axial N-mustard group with the syn-axial 

H-l and H-4 protons in the chair form that drives the conformation into the twist-boat conformation f3o with the 

N-mustard group in the sterically favorable pseudoequatorial position. Similar steric interactions are responsible for 

the conformations of 7/8. In the oxasa system ‘land 8, however, the steric effect is less important presumably due to 

the longer endocyclic nitrogen bond relative to the endocyclic oxygen bonds in the dioxaphoephorines. Thus 7 favors 

a chair conformation with an equatorial mustard group, while 8 exists in both chair and twist-boat conformations. 

Anticancer Activity 

Low anticancer diastveoselectivity between diastereomeric pairs and low seiectivity between oxasa and dioxaphos- 

phorinanes 5-8 are observed. This may he a rseult of poor drug transfer due to the introduction of the hydrophobic 

moiety in addition to specificity of the mixed-function oxidaae. ss0.so In addition, as pointed out by Bentrude et al.,’ 

cyclophosphamide and its cyclic mctaboliks should be readily able to adopt the chair or twist conformations moat 

advantageous to oxidation, rhsg opening of the COH derivatiwa, or trampod. Thm, due to thii inherent gexibility 

of the heterocyclic six-mer&mxlring, all didereomaa ahow assentidly no d&mm= in terma of diastereoaelectivity. 

It might be hypo@aeiaed that an analogous lipophiicity - activity relationship might exint in the cyclophoephamide 

series as was found for the nim using QSAR anaiysii.” The answer to thkr question can only be provided by 
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tabla VIII.Anticancer Activity Against P-388 Leukemia in CL$yr hale nice. 

COhPD . WseCa@g) r T/2 x xLsa 

5 -25 137 37 
75 152 52 

6 25 146 46 
75 156 56 

7 25 152 52 
75 16C 60 

8 25 152 52 
75 167 67 

a Antileukemic l xperinents were initiated on day 0 by IP iaplanation into the male 
CD F nice of 16‘ P388 l citir cellr l ccordLg_to the NC1 protocol(ref. 23). Drug 
tr&a\ment vu commenced on day 1 and xonrieted of nine daily I.8 in)ections (days 
l-9). Exprr$~te vue terminates when no aice rained alive. All-treated 
groups consisted of six mice and the leukemia group consisted of ten mice. The 
mice vere observed daily, and the antileukemic activity of each compound vas 
compared on the baaie of the T/C criterion, tiera T represents the Atari survival 
time of the treated group and C the mean survival tine of the tumor-bearing 
control group. A value of T/C > 125 is usually considered to he the mininum 
requiruent for a compound to be considered as active (ref. 23). The 
percent increase in life+rpan (ILlI%) vaa calculeted from the fomula [(T; 
C)/C]xlQQ. Clearly, the larger the value of the ILS, the more promising is the 
compound as an anticancer drug. 

analogous QSAR analysis using a large number of cyclophoephamide derivatives p dg various lipophilicitiea. 
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