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Abstract: L-Alanyl-, D-alanyl-, L-prolyl-, L-pyroglutamyl- and D-phenylalanyimelphaian were synthesized in 8 steps,
with the reactive nitrogen mustard moiety formed at the penultimate step. After protection of p-nitrophenylalanine
with benzyl ester and N-t-butyloxycarbonyl (BOC) groups, the aromatic nitro was reduced to an amine which was
reacted with ethylene oxide to give a product with a bis(2-hydroxyethyl)amino moiety. After removal of BOC, it
was coupled to the relevant N-benzyloxycarbonyl-a-amino acid. Chiorination of hydroxyethyl yielded the bis(2-
chlorethyl)amino compound. Final removal of protecting groups was by catalytic hydrogenolysis. © 1999 Elsevier
Science Ltd. All rights reserved.

A selective method of cancer treatment by cytotoxic drugs remains an elusive goal. Tumor cells are essentially
transformed normal cells and as such exhibit very few if any biochemical differences which may be exploited to afford a
selective method of treatment. Nevertheless one such difference is the presence of tumor-associated antigens. Monoclonal
antibodies with affinity for a wide range of antigens have been successfully raised” and are being exploited in the
antibody directed enzyme pro-drug therapy (ADEPT) approach to cancer chemotherapy. ADEPT is a two-stage therapy
whereby a cytotoxic molecule is selectively generated at the tumor site.® A conjugate formed between an antibody and an
enzyme is first administered, and becomes localized at the tumor through binding to the tumor-associated antigen.
Sufficient time is allowed to elapse for whatever unbound conjugate present to be cleared from the circulation. A latent
form of a cytotoxic agent (a pro-drug) is then administered, whereupon the enzyme moiety of the bound conjugate
converts the non-cytotoxic pro-drug to the active cytotoxic species. In this way ADEPT overcomes many of the problems
associated with direct conjugation of cytotoxic agents to monoclonal antibodies.?

The present study reports the synthesis of a series of pro-drugs of melphalan which are activated by aminopeptidase
enzymes. Melphalan (1), p-bis(2-chloroethyl)amino-L-phenylalanine, is a widely used cytotoxic drug which incorporates
an active nitrogen mustard moiety linked to L-phenylalanine. Melphalan is actively transported into cells via amino acid
transport pathways.’ It is believed that the free amino group of the phenylalanine moiety is involved in such transport
since N-acyl derivatives of melphalan are two orders of magnitude less cytotoxic.*® We reasoned that melphalan could
be linked via this amino group to a second a-amino acid, forming a non-cytotoxic pro-drug. For ADEPT, the
complementary enzyme will be an aminopeptidase which cleaves the peptide bond with release of free melphalan.’
Available to us are three bacterially derived aminopeptidases with activities not found in the body, viz. D-
aminopeptidase,'® proline iminopeptidase'' and pyroglutamy! peptidase.'? These enzymes cleave from the N-terminal of a
peptide a D-amino acid, an L-proline and an L-pyroglutamic acid residue respectively. To complement these enzymes
three pro-drugs have been synthesized: D-alanylmelphalan (8b), L-prolymelphalan (8¢) and L-pyroglutamylmelphalan
(8d). D-Phenylalanylmelphalan (8€) and L-alanylmelphalan (8a) were also synthesized, as possible pro-drug and
reference compound respectively. The synthesis of D- and L-alanylmelphalan has earlier been communicated."” We

present here details of the synthesis of the above five c-aminoacyl' derivatives of melphalan, employing a general
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pathway designed to be applicable for the synthesis of unesterified a-aminoacyl' and peptide derivatives of melphalan,
starting from p-nitro-L-phenylalanine, a synthetic precursor of melphalan.

In contrast to our work, previous syntheses of N-acyl, N-aminacy! or N-peptide derivatives of melphalan invariably
involved building from melphalan itself or its ester. A number of such derivatives of melphalan ethyl ester were
synthesized'* but no attempt was made to remove the ester group since the nitrogen mustard moiety is highly reactive
towards nucleophiles. Hitherto the only known unesterified a-aminoacyl derivative of melphalan is L-valymelphalan
which was synthesized via removal of the ethyl ester by strong acid treatment,’* the Val-Phe bond being resistant to acid
hydrolysis. Ac-Asp-Arg-Val-Tyr-Val-His-Pro-melphalan of doubtful optical purity was prepared via carbodimide
coupling to melphalan benzyl ester and hydrogenolysis.'* Direct acylation of melphalan (unesterified) yielded the
following derivatives: acetylmeiphalan,® phenylacetylmelphalan® and p-hydroxyphenoxyacetylmelphalan,’ the last two for
use in ADEPT in conjunction with penicillin amidases. -Alanylmelphalan was synthesized also via direct coupling to
melphalan itself.'®

In our synthesis the reactive nitrogen mustard group was formed near the end of the reaction sequence (Scheme 1).
The carboxylic and amino functions of the common stating material p-nitro-L-phenylalanine was protected by conversion
to the benzyl ester 2'” and then the N-t-butyloxycarbony] derivative 3." Hydrazine and graphite were then used according
to the method of Han et al."” to reduce the aromatic nitro group, yielding the corresponding amine 4 (76% yield). Through
careful monitoring by TLC and addition of extra hydrazine where necessary, hydrazinolysis of the benzyl ester was
minimized. Ethylene oxide in 50% aqueous acetic acid was then used to introduce two 2-hydroxyethy! chains to the
aromatic amino group, following the method of Bergel and Stock! in their original synthesis of melphalan. The product 5
could be obtained pure by preparative TLC and its structure was confirmed by spectroscopy (see Tables 1-3).
Nevertheless the crude product produced under optimal conditions (see Experimental) was used directly. The N-t-
butyloxycarbonyl protecting group was removed from 5 by acid treatment, immediately prior to coupling with the
appropriate N-protected a-amino acid. Coupling was achieved by reacting the deprotected product from § in separate
reactions with the N-hydroxysuccinimide active esters of N-benzyloxycarbonyl-L- and -D-alanine, L-proline, L-
pyroglutamic acid and D-phenylalanine to yield the respective N-benzyloxycarbonyl ‘peptide’ derivatives 6a ~ 6e (70-
76% in 3 steps). The 2-hydroxyethyl chains were then chlorinated with thionyl chloride yielding 7a ~ 7e (50-82%).
Finally the required a-aminoacylmelphalan' was obtained upon simultaneous removal of the benzyl ester and N-
benzyloxycarbonyl groups by hydrogenolysis over palladium-charcoal. L-Alanylmelphalan (8a) and D-
phenylalanylmelphalan (8e¢) were isolated as the hydrochloride and oxalate respectively (53 and 62%). D-
Alanylmelphalan (8b) and L-prolylmelphalan (8¢) were isolated as the free bases (50, 42%). The poor base L-
pyroglutamylmelphalan (8d) was obtained as a gum (97%). The overall yield in 8 steps for 8a, 8b, 84 and 8e was 18-
25%, but was lower for L-prolymelphalan partly since its precursors exist in syn and anti forms (see NMR Tables).

EXPERIMENTAL
Solvents and chemicals used were of AR grade. p-Nitrophenylalanine monohydrate, N-benzyloxycarbonyl
derivatives of L-proline, L-pyroglutamic acid, D-phenylalanine, and the N-hydroxysuccinimido esters of L-alanine and
D-alanine were purchased from Bachem Fine Chemicals. Di-t-butyl carbonate and N,N’-dicyclohexylcarbodiimide were
from Aldrich Chemicals. Toluene-p-sulfonic acid monohydrate and benzyl alcohol were from AJAX Chemicals. Thionyl
chloride was purchased from Merck. Ethylene oxide in a glass ampoule was obtained from Kodak Australia. After the
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ampoule was opened the volatile liquid was stored in a ground-glass stoppered flask in the freezer. Dioxane was dried by
distillation from sodium/benzophenone. Chloroform for reactions was washed with water to remove ethanol, then dried
by distillation from CaCl,. Benzyl alcoho! was distilled at 61-63°C, 1mm Hg. Thiony! chloride was distilled prior to use.
Pyridine was distilled and stored over molecular sieves. Other solvents for reactions were distilled and stored under N,.
Analytical TLC was performed using Merck 60 F,s, sillica on aluminium-backed plates, and spots were visualized
under UV at 254 nm, or following complexation with iodine vapour. Prepartive TLC was carried out using the same silica
but on glass-backed plates (0.5 mm thickness). Vacuum chromatography was performed using Merck 60 H TLC-grade
silica packed under reduced pressure in a sintered-glass funnel. Melting points were determined on a Reichert hot-stage
apparatus and are uncorrected. Optical rotations were measured at 25°C either on a Perkin-Elmer 241 Polarimeter (10 cm
cell) or an Optical Activity PolAAr polarimeter (5 cm cell) using 1% solutions. Elemental analyses by combustion were
performed by Dr B. Pham at the Universtiy of New South Wales. Mass spectra were recorded using a Finnigan/Mat 46
triple-stage quadrupole mass spectrometer with thermal desorption probe. Mass matching by methane chemical ionization
was undertaken at the Central Science Laboratory, University of Tasmania. NMR spectroscopy was performed on a
Varian Gemini 300 spectrometer. '"H NMR was carried out at 300 MHz referenced to SiMe,, while 3C NMR at 75 MHz

was referenced to the solvent. MS and NMR data not previously reported are given in Tables 1-3.

Table 1. CH4 Chemical Ionization Mass Spectral Data=
MH* MH*CHs  MH*-C4Hs- MH*-HCl MH*-H,O MH*-nH,O  Others
CO,
2 301 (100) 138 (75)

3 401 (1) 345 (100) 301 (15)
4 371 (3 315 (100) 271 (35)
5 459 (100) 403 (45) 359 (7)
6a 564 (100)
6b 564 (100)
6c 59 (100)
6d 604 (100)

6e 640 (95) 532 (100)¢
7ae 600 (100) 564 (35)
7be 600 (100) 564 (25)
Tee 626 (100) 590 (30)
7de 640 (100) 604 (45)
Tee 676 (100) . 640 (35)
8abe 376 (100) 340 (55) 358 (100) 322 (60)f
gbe 376 (100) 340 (40) 358 (15) 322 (5)
8ce 402 (100) 366 (35) 384 (10)
8de 416 (100) 380  (60)
8eve 452  (60) 434 (100) 416 (30)
398  (50)

s Relative abundances given in brackets. Adduct ions (M+C;Hs) and (M+C3Hs)* accompany the quasimolecular jon MH*.

b For salts, data of the acid component not included. ¢ (CH3CsH4NO,+H)* derived from MH* as shown by MS-MS.

d Loss of benzyl alcohol appears to be facilitated by presence of the phenylalanine residue. With NHs as reagent gas, the
same loss also took place, but from the NH,* adduct ion, yielding m/z 550 (35%); the quasimolecular ion yields the base
peak.

¢ Corresponding Cl isotope peak(s) also observed. f MH*-HCI-H,O.



3269

D. W. Larden, H. T. A. Cheung / Tetrahedron 55 (1999) 3265-3276

@718
w ¢ Mm< _,ﬁ_swo
- - - w gt wyr-yy - - - yL-€L | LES9TS - - - - - oJAdzd)
w [(XINEZ:
0s'T PPICE
w 8.0 W8 .M TFL8L.N
- - - Ywusev oz [ woiz | wysy - - - - P8iL PELY UL PP8OE woLy I8
w 98,1 ©98.1
y0'T PSOL PE99
w w wpgc 98.n 98.0n
- - - wezy | oLl | woLl [ worg - - ¥L-TL wze'r P 669 PSS9 Wep'p w98y $69E SEYE L
w 8.0 ©8.0
v0'T P669 WPLSY9
w w 98,0 ©8.n
- - - Qawerr §oaen pwgg) | wery - - YL-TL woo's P T69 POSY LJWOrP wg'y [l wee'y ot
ey | w WGt w w SO
- - - | me9r | seT jwiog [, wzsE - - SL-€L | £5-60°¢ - - - - - - 0idZg)d
gy
PPL6T
w 89 ws.n ws.n (CE1°eD
- - - - - - - $9¢ | pOL'l - - P869 P6sy weiy PPSLT $L9¢ 98
@€Y
(f%3 PPL6T
w 89 ws.n °s.n BLLE) (8¢5 °¢6)
- - - - - - - 8¢ | PsEl - - POL'L P99Y PPPBEt PP6LT SOLE 5p°8
w ap w ©98.r [CX: %) as.n
- - - - - - - 0ty | PFEL yLEL wols PL89 P89 wog'y PI0E SL9E qL
w o w 98.1 v8.n ©s.n
- - - - - - - 8Tr | Prel PLEL Wl PL89 P8F9 wog't P10€ W pY's ‘WRS'E L
[INEPR
PP LET
w ay w 88,0 ®8.n GELSL.
- - - - - - - g1y | poTl | sered wolg P069 PSSy wzgt PP 88T wey'g wep'g -9
w @0 w ©9R.N 4g.n ©'s.0 65,11
- - - - - - - 6l | povl ) tieL wlg P86Y P99 Wy w667 ViLE VigE 3,59
[§{5al
w by [CEW 8.0 e [C2 3] &,
- - - - - - - - - el § 8IS P 069 P8SY wysy PR6T HigE 166°¢ ~
€D
w bey @s.n @8.n ®6,0)
- - - - - - - - - el | elsors | pegy P99 wc'y P 66T - - N
HO[HD [HD] HD [HD ] HO [ HVD [HD | @1y (H ¢/9) HYO HD HO HD H HP H
S | P il » d 4 Q 0 g HD HD 9TH S'EH © ] HOAFHD | HON
W4-a JSAdjoad | By JFED740 spunodwo)) d&-usydppy, Jo AR10W 4d
(panuiuod 2q o)) eyeq YWN H, ZHW 00€ "T2198L




D. W. Larden, H. T. A. Cheung / Tetrahedron 55 (1999) 3265-3276

3270

~Xosp "ng() 10180 [i7uq “ZHQ) *|SHOGIROAXOIAZU-N ZH)) ‘SUONBIAAIQY ZH - Jo
Soumowios °/-¢ @ 18 pareadde ‘poussosip asym ‘HNOD Jo sjeudis ‘suonnjos £
sonpoydnnu juaredde 0) 1j01 sew ) pue p's SIOQUAS oy |

"“Apancadsas syd-q-2g) pue 01igzg ) jaigzg ) JO 510159 OplLIIIONS {XOIPAY ) 10 ¢§°

‘Tesioras anmbas {ewr suoSospsy ¢ juspeambo-uou o Jo sjeudis Smddepsos
£ YORNIOS AOODQ © 30) popsodas

“euBts HO Jo ssdeyjon Smasesqo pur Surydnosop

IS ejexo uw sem ojduws oy

A0 Sjued i jo spourudissy
9501]) s WISISUOO LR

“3uiidnooop 4q poysmBunsip speudis o proe ounry

q pauBisse 39 Jo HOMHD ¢

£:T D2 J0 onea w1 “wosaud sunso) sruw pu udy; |

TPUR 987 "€8°7 ¢ spwuds wydnmu 00H)

'ASOD D¢, - H, 4 pousoddns nwudissy
SIFTY'L ‘b 20} pr'|  soudis wiBuis DY)
“WRAS A0ODQ) ,
WIS EIIOSEAD

‘WRAl0S J0fa) ,
(5)8uLl d1RWOE JO UOHRIIDLIO 0) Papas Sjqemnsaud *susSoipAy jszuaq jo oudjeainba-uou ponquyxo usyo sdnasd zgy puezgQ

“Sptow owweniSossd-] -o1vg 1so oplunuioons
o WDIN°6-8 @ 18 puno] 210 S{RUSIS Yons ‘SUONNIOS EIOSHQ) NP S04 7H 6-8J0 , 1 Buimoys

snpp o weisuod §ujdno Juasedde o siopau, £ isiayraq ur udAI8 21 Z) ut smsuos Surdno)

“HINO0E 1% {1001 1t pasmiseous 52 PAspus)s [Busaiu FONIS WL PIOYUMOP  Uf 218 SIN[E: YIS [EMED “POIEIS IO SSOYU)

@8t S€E1'L)
w R PP 887 Wws.n [ 98.0 ) PP Y67
tL-0L | tot w697 - - - - - - - - PSOL P9y | stt w697 Wyt-9g wurp®8
w wgyy woy'y
L w ({31 ] a-q wzig ws.n | «s.n w WrErs,n
Sl 't PPOR'T - - - - - - 08 w/o¢ P99 PIr9 | st PP96T Wey'y ‘wyg'g wdl
W67 g9, n
u w (P60 - witg 98 | 98.n w PP LOE €t.n ©r.n
vL-1L | brr PP I8 - - - - - - 205 W ho'g PILY PLF9 | oLt w67 16LE 1rg uw?d
@rigs,n (ydu
w PPELE uo)
tL w el zy.n ay4-q nsod
-STL So'€ PPETE - - - - - - 208 wol'g - - - - - - -a-26)
(IR
PPOTE
wezy | wiye &% | 8.0 w (€€1°6'6)
- - - Wiy | wosy | wyzy - - - - - PHI'L PLY | T9t P67 WoL g woLy P8
w9 w wyze ws.m | @ws.n w ¢,n
- - - Wegy | Woig | mypy - - - SL-yL | wyre P89 PES9 | (8t PR6'T Wyy'y ‘W gy PL
GEr08,M
PPL6T
Wy w ®8.N | ®8.nN w OETtY9,M [ 09,0
- - - Wige | wygy | wepyg i B - SL-¢L | wzis POO'L P9 | zov PPC8T 1R9'E 185°E P9
HO HD [TK) HD HY HD [HVD[HD [HO | RS | "D MY HD [(TIN ary HP [{dX3
D) n i o 9 4 Q © d SHED O 9Tl $'t¢-H o 4 HOAYHD | THON
3yd-a (OHAd/0ag wy 2427280 spunodwio) ad&-usjeydpy, Jo HHatoly gy

(papnouod) jered YNN H; ZHW 00€ ‘T d198.L




327

D. W. Larden, H. T. A. Cheung / Tetrahedron 55 (1999} 3265-3276

‘spunodwod ,>dA)-uereydjows, w1 Aot
‘30 SUONBIASIGQY ‘88 PUE B9 U0 pawiojsad ASOD Oy, H, Aq papioddns are s

PayDENE JO Joquunu Jo uonrudooy “(wdd °££) F1DQD WIA[OS 3Y) 01 PaduaIaJl pue

“(wdd /°6€) EADOSEQD WWIA[OS Y} 0) pAduI3Y
“(widd p'gp) QOFQD WIA[OS ) 03 PIOUIYY

a)dures sTip WI0K) PIACWAI UIIQ Pey ([RIUSWLIAAXT II5) JEAJOS HOHO(*HO)
ow ,sutuefejAuayd, ‘AYJIoN ‘1Au0qIedAx0lAZuaq-N ‘2€D ‘jAuoqreokxojfing1-N
uouruSissy ‘1ojsuen uopezuejod AQ JUSWIIULBYUS SSI[UOLIOISIP Aqsem DUo H
3N woly prayumop widd Ut 312 SYIYs [BIRUIYD ‘PajEls ISIMIIO SSju()
"PasIaAal 3q APt UWIN{OD [BTLISA € UTHIM sjpourudissy

- - - - - - €Sl TSST 6951 NOJO
- - - - - - 008 6'6L ¥'08 0-3(tHD)
- - - - - - ¥'8C ¥'8T ¥'8Z DfEHD) Dod
- - 6'SS1 6'SS1 S'LST 9°LS1 - - - NODO zdD
- - TATA 61L1x Tl €T 1ZLl 0TLl 6°0LT 2007 zd0
- - €19 £L9 vL9 ¥L9
- - LY 0°L9 9'99 1'L9 I'L9 0L9 $'L9 HD
- - £9¢1 €9€1 9LEl 9'LEl
- - 1's€l 1'S€ET yotl v9€1 £sEl PSEl 8YEl ol
- - L'8T1 L'8Z1 0621 6871
- - L821 L8T1 6871 6’821
- - 9871 9871 6'8C1 8871
- - 9821 9821 88Tl L8T1 9'8Z1 9871 88Tl
- - £'8Z1 €871 $'8Tl ¥'8Z1 $'8z1 9'871 881
- - 1821 1821 €821 A 1Al $'8zZ1 87l L'8TI HO ¥'€‘T 26dD/26d0
8TLI $TLl TATA 1L OtLle Ll - - - oo
88y vy 90§ $°0S ¥1s 1S - - - HO®
061 181 681 881 8Ll LLl - - - THO Y ey
8oLl 9691 - - - - - - - HOO0D
S bl oSyl TSyl 1'spl Lyl Livl Loyl gyl 8evl oY
$971 €621 74 £Vl K74 rA Al IR7A! $szl  6'9vl o1
01 o1 L'OET L'OE1 S0El 9°0€1 T0g1 TOEl  S€Tl HD 9T
A 9111 0zZIt 0zlt Lzt LTl 8Tl ySIl TOEl HOS€
Ly TYs £'€s S¢S S'vS 1'ss 8vS L'YS €S HO©
¥'9t a3 8°9¢ 89¢ 6'9¢ 0LE TLE vLE ¥'8¢ HO 9
'ty 'y v oy Sov 665 665 L09 - - HOMAD'HIHON
TS 1S S'ES SES LYS oS $'ss - - THO'HDON _ SudiPN
a8 28 qL 8L .29 .89 S v €

spunoduio)) [Kug[y-(] PUe ] JO PUE § — £ SIIEIPAULISIU] UOILOD JO SYIYS [EONIIAD YN Dy, "B A4EL



‘HAwein|BoiAd-1 ‘oshg '19)SB OpILIDONSAXDIPAY ‘NSO ‘SuoHeIAdIqge Jayung ‘wdd ¢'yg| 1e feubls yum jjes ajejexo ue si sidwes
‘Juasaid Yioq suuloj fue pue uds | (0D Jo3 wdd €'221) QOODAD JUBAIOS BY) 0] padUBIBIRY
"pasIoAal 9q Aew UWNIOD [BOILIBA B ulyim sieubis ayy jo sjuswubissy

‘B¢ 9|qe ] 99s ‘p-e S9jouj00; Jo4

D. W. Larden, H. T. A. Cheung / Tetrahedron 55 (1999) 3265-3276

- - - - - - - - - 9'6e 96T 1's2 HD
- - - - - - - - - 1881 S'89L 1’891
- - - - - - - - - 929} 29 v'89l 0O00'00N iSO
- - - 6651 1'1S1 8'eS) 6651 9161 L'ESL v'SSi T0SL  9¥SL LIS 00 28D
- - - 0Ll el ceLl. YA Lelh. CCLi - - - 00 280
€/.9 5§89 099 2.9 9'89 6'G9
- - - 129 §.9 969 1’49 v'i9 969 v'i9 6'89 S'.9 'v'19 *HO
C9€l. L'gel (A4 (A4 1'GEl 0Ll
- - - L'sel o'sel L'G€EL 2'6el 0'set L'GEL yyeL gvEL  G'9E) 'VOEL Ol 280/z80
v'6cl v'6ct
8'8ct 1821
1’821 9'8¢)

1821 881 0’0t ‘v'821 98¢t L'8¢) '8zl ‘€82l  L'62L
9’821 88zl €821 'e'8el 5'8Ci 1821 £8zL 1’821 @8z
9'82l L'get B TAR 141 S'8¢l L'821 1’821 ‘0’82t 9’821

g6zt €82zl 1821 0'gzL ‘082  Z'8TL 9'gzL  082L‘6'L2L €82F 992L §'8ZL'S8CI
€8zt o8zt 582l 621°L2L 082 o8zl 6212 Z82L  982L  ZT8ZLL'STl
022l - - T 1821 viziL'geer VL2l €82l vlZL'692h 9.2L  982L 1’821 ‘082l HO ¥'€'z  Z8D/280/84d
9°2Li. vl VOLL,  SO0Lb.  L69L. Vil 90LL. §69L. Sl - - - 00 oihdfoid/eyd
Lvel - - v'9el. - - v'otL. - - 0'9eL - - o4
T'ES. - - Z'€S, - - £'es - - 0'€s - - HO©
0°LE. - - g'ec - - 9’8 - - 08¢ - - 4o d aud
- €vLl - - blba - - €LLia - - €221 - 009
- - 69 - - 0Ly 'g9p - - 0¥ '¥or - - 89y ‘vov *HO ¢
- v'is 9'65 - L'6S G'6G ‘0’65 - 09 $'6S ‘0'65 - 895 L5 VIS HO®©
- 62 zoe - vig 6°0E '8'62 - S'Ie 6°0¢ ‘8'6 - L0e Vg '€0e *HO ¢
- (74 ovez - €22 9'€2'8'22 - (444 9'€Z°822 - 1’22 L'vZ 's0e tHO 4 0dhd/oid
089}, vl 9'691. - - - - - - - - - HOOD
0'shl L'ovl S'S¥l oSyl bl 6l 6'9v1 obL  govl - - - o
(¥+741 474 g'vZi 8 A : 274 324 geet 9eeL o€zt - - - o1l
£0¢L 6'0¢€} S°0El 9°0c} L0EL L'oEL 20el LoeL  L'e2t - - - HO9'C
i P 4X! b'2hL LZLt 9zt 9oLl Lzt L 0L - - - HOG'E
6°€5, 9vg SYS 795, 8¢S LS '8'eS 99 9'S €S '6'€S - - - HO®
2'9¢. 9'9¢ LS L'9€ L9€ 9'Ge 89 8'9¢ r'se - - - *Ho d
Ly i v'ov £oy zoy L 109 265 '8 - - - HONDPHO
028 8'€S L'€S S'€S z€s 128 €65 0°€s €€ - - - *HON _8udisn
98 ) 28 oL PL Y] o9 P9 129 eud-q ¢0Xd 0id

14O S19)$9 OpILIUDANSAX0IPAY-Z2ED)

3272

Spunodwo) iAueleifuayd-q pue [Awein|boiAd-T ‘|Aj01d-T JO Pue S181S3 opILIUDONSAXOIPAH-ZED JO SYIUS 1BIMIBYD HINN O, "dE 81qel



D. W. Larden, H. T. A. Cheung / Tetrahedron 55 (1999) 3265-3276 3273

N-t-Butyloxycarbonyl-p-nitro-L-phenylalanine benzyl ester (3). p-Nitro-L-phenylalanine benzyl ester (2), prepared
as the toluene-p-sulfonate following a recent procedure,” has physicai'” and 'H and >C NMR data® indentical to the
literature values. It was converted to the N-t-butyloxycarbonyl (BOC) derivative by the method used by Tarbell et al.”' to
synthesize BOC-glycine ethyl ester. Thus 2 (10.0 g, 21.2 mmol) was suspended in cholroform (120 mL) and NaHCO;
(1.78 g, 21.2 mmol) and NaCl (2 g) in water (90 mL) were added, followed by di-t-butyl carbonate (9.24 g, 42.4 mmol) in
chloroform (10 mL). After the mixture was refluxed for 2 h, the aqueous layer was extracted with chloroform and the
chloroform solutions washed with saturated aqueous NaCl, dried over MgSO, and evaporated in vacuo. The residue was
crystaliized from aqueous methanol and dried under vacuum over P,Os to give 3 as needles (8.1 g, 94%), mp 83-84°C,
[a]p — 18.3° (ethanol) (lit 82-83°C, [alp— 19.2° (c 1, ethanol)'®); the '"H NMR data were identical to those reported.'®

p-Amino-N-t-butyloxycarbonyl-L-phenylalanine benzyl ester (4). To 3 (8.0 g, 20 mmol) dissolved in dry dioxane
(30 mL) was added powdered graphite (12 g) and hydrazine hydrate (2.0 mL, 40 mmol). The thick, black mixture was
heated with stirring at 105°C under N,. After 3 h it was analysed by TLC. If unreacted starting material was present,
additional hydrazine hydrate (1.0 mL portions) was added and the mixture heated for further 1 h periods. Graphite was
filtrated and washed repeatedly with ethanol. The residue obtained on removal of solvents in vacuo was crystallized from
aqueous methanol (with removal of hydrazide by-products) to give plates of 4 (5.7 g, 76%), mp 89-90°C, [a]p — 6.6°
(ethanol) (Found: C, 68.15; H, 7.28; N, 7.64%. C,,H,sN,0, requires C, 68.09; H, 7.07; N, 7.56%).
N-t-butyloxycarbony-p-bis(2-hydroxyethyl)amino-L-phenylalanine benzyl ester (5). A solution of 4 (2.0 g, 54
mmol) in 1:1 water:acetic acid (54 mL) was cooled in ice, and ethylene oxide (6.0 mL) was added. The mixture was
stirred at room temperature for 24 h in a stopped flask protected from light. The yellow solution was poured into water
(200 mL), and NaHCO; (0.56 g, 6.6 mmol) was added slowly with stirring. The gummy precipitate was extracted with
ethyl acetate. Upon drying with MgSQ, and removal of solvents in vacuo, an orange gum was obtained which, being of
fair purity by TLC analysis, was used in subsequent reactions. Purification of a portion by preparative TLC (ethyl acetate)
produced 5 as a gum, [a]p — 4.3° (ethanol) (Found: MH" by CH, CI MS, 549.250. C,sH3,N,Q; requires MH" 459.249).
Removal of the t- butyloxycarbonyl protecting group from 5. A solution of § (from 5.4 mmol of 4) in 4 M HCl in
3:2 water:dioxane (20 mL) was stirred for 2 h unstoppered (to allow release of CQ,). The reaction mixture, basified by
addition of saturated aqueous Na,CO,, was extracted with dichloromethane. The solution, dried with MgSO, was
evaporated to give the deprotected product as an orange gum which was used immediately.
N-(N-Benzyloxycarbonyi-L-alanyl)-p-bis(2-hydroxyethyl)amino-L-phenylalanine benzyl ester (6a). To crude
deprotected product (above) in dry dioxane (20 mL) was added with stirring N-benzyloxycarbonyl-L-alanine N-
hydroxysuccinimido ester (1.70 g, 5.4 mmol). After 90 min, dioxane was removed in vacuo and the remaining orange
gum redissolved in ethyl acetate and washed with saturated aqueous Na,CO; to remove N-hydroxysuccinimide. The
aqueous extracts were washed with ethyl acetate, and the combined ethyl acetate solutions dried (MgSO,) and evaporated
in vacuo to give an orange gum which was purified by vacuum chromatography over silica with elution by ethyl acetate
to give 6a as needles from ethyl acetate (2.3 g, 76% in 3 steps), mp 124-125°C, [a]p — 18.3° (methanol) (Found: C, 66.15;
H, 6.78; N, 7.56%. C3H3;N;0; requires C, 66.06; H, 6.62; N, 7.46%).
N-(N-Benzyloxycarbonyl-D-alanyl)-p-bis(2-hydroxyethyl)amino-L-phenylalanine benzyl ester (6b). To a dry
dioxane solution (20 mL) of the crude deprotected product from 5 (derived from 5.4 mmol of 4) N-benzyloxycarbonyl-D-
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alanine N-hydroxysuccinimido ester (1.70 g, 5.4 mmol) was likewise added with stirring. The reaction and work-up were
carried out as described above. Upon vacuum chromatography with elution by ethyl acetate, 6b was obtained as needles
from ethyl acetate (2.2g, 72% in 3 steps), mp 111-112°C, [a]p + 10.3° (methanol) (Found: C, 66.35; H, 6.76; N, 7.57%.
C;1H37N:05 requires C, 66.06; H, 6.62; N, 7.46%).

N-(N-Benzyloxycarbonyl-L-prolyl)-p-bis(2-hydroxyethyl)amino-L-phenylalanine benzyl ester (6¢). The crude
deprotected product from § was likewise reacted with N-benzyloxycarbonyl-L-proline N-hydroxysuccinimido ester®
(1.87g, 5.4 mmol), prepared following the literature method. The reaction, work-up and purification were as for 6a,
yielding syn and anti forms of 6¢ as needles from ethyl acetate — light petroleum (2.4 g, 73% in 3 steps), mp 55-75°C,
[a)p - 15.8° (dioxane) (Found: C, 65.40; H, 6.97; N, 6.86%. C33H3yN;0,.H,0 requires C, 65.22; H, 6.80; N, 6.91%).

N-(N-Benzyloxycarbonyl-L-pyroglutamyl)-p-bis(2-hydroxyethyl)amino-L-phenylalanine benzyl ester (6d). The
crude deprotected product from 5 was likewise reacted with N-benzyloxycarbonyl-L-pyroglutamic acid N-hydroxy-
succinimido ester™?* (1.95g, 5.4 mmol), and worked up and purified to give 6d as needles from ethyl acetate (2.2 g,
72%), mp 138-140°, [a]p + 25.5° (dioxane) (Found: C, 65.42; H, 6.39; N, 7.10%. Cs;H;;N;0s requires C, 65.66; H, 6.18;
N, 6.96%).

N-(N-Benzyloxycarbonyl-D-phenylalanyl)-p-bis(2-hydroxyethyl)amino-L-phenylalanine benzyl ester (6e). The
crude deprotected product from 5 was likewise reacted with N-benzyloxycarbonyl-D-phenylalanine N-
hydroxysuccinimido ester™® (2.14 g, 5.4 mmol), and worked up and purified to give 6e as ncedles from ethyl acetate
(2.40g, 70% in 3 steps), mp 140-142°C, [a]p + 3.0° (dioxane) (Found: C, 69.31; H, 6.70; N, 6.77%. Cs7H,;N;0; requires
C,69.47, H, 6.46; N, 6.57%).

Chlorination of the bis(2-hydroxyethyl)amino group of 6a - 6e to yield the nitrogen mustards Ta - 7e. Individually
6a - 6e (1.0 g) was dissolved in dry, ethanol-free chloroform (20 mL). The solution was cooled in an ice-bath before
thionyl chloride (3 mL) and pyridine (0.6 mL) were added. The ice-bath was removed and the reaction mixture stirred at
room temperature for 1 h, then at 40-45°C for 2 h. The chloroform and excess thionyl chloride were removed in vacuo.
The black residue was dissolved in dichloromethane and washed twice with saturated aqueous NaCl to remove
pyridinium hydrochioride. Combined aqueous washes were extracted with dichloromethane, and the combined
dichloromethane solutions were dried (MgSO,) and evaporated. Products were isolated from the resulting black gum by
vacuum chromatography over TLC-grade silica using, as eluting solvent, ethyl acetate in dichloromethane in the
following ratios: 7a and 7b, 1:10; 7¢, 3:20; 74, 1:5; 7e, 1:20.

N-(N-Benzyloxycarbonyl-L-alanyl)-p-bis(2-chloroethyl)amino-L-phenylalanine benzyl ester (7a). Chlorination of
6a (1.0 g, 7.78 mmol) was carried out as described above to give the nitrogen mustard 7a as needles from 2-propanol
(0.70 g, 66%), mp 128-129°C, [a]p — 14.0° (methanol) (Found: C, 62.05; H, 6.10; N, 6.77%. C3;H3sCI,N;0s requires C,
62.00; H, 5.87; N, 7.00%).

N-(N-Benzyloxycarbonyl-D-alanyl)-p-bis(2-chloroethyl)amino-L-phenylalanine benzyl ester (7b). Chlorination of
6b (1.0 g, 1.78 mmol) was likewise carried out to give the nitrogen mustard 7b as needles from 2-propanol (0.75 g, 71%),
mp 128-129°C, [a]p + 6.3° (methanol) (Found: C, 62.21; H, 6.12; N, 6.92%. C;;H;sCI,N,O;5 requires C, 62.00; H, 5.87;
N, 7.00%).

N-(N-Benzyloxycarbonyl-L-prolyl}-p-bis(2-chloroethyl)amino-L-phenylalanine benzyl ester (7¢). Likewise 6¢ (1.0
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g, 1.65 mmol) was chlorinated to give 7¢ as a white solid from diethyl-ether at 4°C (0.55 g, 53%), mp 65-75°C, [a]p
- 12.7° (dioxane) (Found: C, 63.28; H, 6.18; N, 6.65%. C;;H;,C1,N;Os requires C, 63.26; H, 5.95; N, 6.71%).

N-(N-Benzyloxycarbonyi-L-pyroglutamyl)-p-bis(2-chloroethyl)amino-L-phenylalanine benzyl ester (7d). In the
same way 6d (1.0 g, 1.66 mmol) yielded 7d as needles from 2-propanol (0.53 g, 50%), mp 143-145°C, [a]p + 23.7°
(dioxane) (Found C, 61.84; H, 5.76; N, 6.50%. Cs; H3sC1,N;04 requires C, 61.88; H, 5.51; N, 6.56%).

N-(N-Benzyloxycarbonyl-D-phenylalanyl)-p-bis(2-chloroethyl)amino-L-phenylalanine benzyl ester (7e). In the
same way 6e (1.0 g, 1.56 mmol) yielded 7e as needles from ethanol (0.87 g, 82%), mp 180-181°C, [a]p + 0.30° (dioxanc)
(Found: C, 65.64; H, 6.03; N, 6.26%. C;7H33C1,N;0s requires C, 65.68; H, 5.81; N, 6.21%).

L-Alanylmelphalan (8a). The N-benzyloxycarbonyl benzyl ester 7a (100 mg, 0.167 mmol) was dissolved in
methanol (5 mL), and 1.0 M aqueous HC1 (167 uL, 0.167 mmol)*® and 10% palladium-on-charcoal (20 mg) were added.
Hydrogen was then bubbled through the mixture with stirring. After 2 h at room temperature, the catalyst was removed by
filtration, and the solvent evaporated in vacuo. The white residue was crystallized from 2-propanol to yield needles of the
solvated hydrochloride (see below) of L-alanylmelphalan (8a) (40 mg, 53%), mp 126-128°C, [a]p + 7.9° (M HCI)
(Found: C, 46.40; H, 6.68; N, 894%. C,H»;Cl,N;0;,HCL.Y:C;H0./2H,0 requires C, 46.52; H, 6.47; N, 9.30%).
Following drying at 95°C under 0.5 mm Hg pressure for 5 h, mp and [a]p were unchanged (Found: C, 46.66; H, 6.10; N,
10.23%. C6H,3ClI;N;0;,HC requires C, 46.56; H, 5.86; N, 10.18%).

D-Alanyimelphalan (8b). The N-benzyloxycarbonyl benzyl ester 7b (100 mg, 0.167 mmol) was likewise subjected
to hydrogenolysis in methanol (10 mL) over palladium-charcoal, but in the absence of added acid. After removal of
catalyst, methanol was evaporated slowly in vacuo with chilling. D-Alanylmelphalan (8b) precipitated out as a white
powder (32 mg, 50%), mp 209-211°C, [a]p + 12.2° (M HCI) (Found: C, 50.72; H, 6.40; N, 10.98%. C,¢H;;Cl:N;0;
requires C, 51.07; H, 6.16; N, 11.17%).

L-Prolylmelphalan (8¢). The N-benzyloxycarbonyl benzyl ester 7¢ (100 mg, 0.160 mmol) in methanol (5 mL) was
hydrogenated as for the preparation of 8b above . The white residue obtained upon removal of methanol (27 mg, 42%)
was pure by TLC. It was crystallized from dimethyl sulfoxide, washed with ethanol and dried under vacuum to yield L-
prolymelphalan (8c) as plates (12 mg), mp 175-177°C, [a]p — 25.2° (M HC1) (Found: C, 51.42; H, 6.47; N, 9.72%.
C,sH»5sC1,N;305.H,0 requires C,'51.43; H, 6.47; N, 10.00%).

L-Pyroglutamylmelphalan (8d). Hydrogenation of 7d (100 mg 0.156 mmol) in methanol (5 mL) was carried out as
above. During the 2 h period the solid starting material dissolved. The catalyst and methanol were removed to yield L-
pyroglutamylmelphalan (84) as a clear gum (64 mg, 97%), [ct]p + 27.2° (methanol) (Found: MH" by CH,CI MS, 416.114.
C1:H1CLN,O, requires MH' 416.114).

D-Phenylalanylmelphalan (8e). 7e (100 mg, 0.148 mmol) was hydrogenated as for the preparation of 8a but in the
presence of 1.0 M aqueous oxalic acid (148 uL, 0.148 mmol). The oxalate of D-phenylalanylmelphalan (8e) crystallized
from methanol - diethyl ether as needles (50 mg, 62%), mp 180°C (dec), [a]p + 13.2° (M HCI) (Found: C, 53.21; H, 5.66;
N, 7.75%. C2,H2,C13N;0,,C,H,0, requires C, 53.15; H, 5.39; N, 7.75%).
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If HC1 was in excess, esterification during crystallization with 2-propanol occurred.



