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Abstract: A variety of deuterated 3-amino-1-propanols were made by the LiAlD,4 or AlD3 reduction of nitrile or ester
precursors. The labeled aminopropanols and/or deuterated bis(2-chloroethyl)Jamines were used to synthesize
[4,4-°H,)-, [6,6-°H,]-, [o,0.0,0/-2Hyl-, and [4,4,B,B.p'.p'-*Hgl-cyclophosphamide. The labeled aminopropanols were
also used to synthesize deuterated 3-(2’-benzyloxyethylamino)-1-propanols [BnOCH,CH,NH(CH,)30H] which, along
with labeled and unlabeled 2-chloroethylamines, led to [4,4-2H,]-, [6,6-2H,]-, [o,0-2Ho]-, [of,0/-2Ho]-, [ot,00.00 .0 -2Hyl-,
and [6,6,u,0,0/,0/-2Hg]-ifosfamide. Copyright © 2007 John Wiley & Sons, Ltd.
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Introduction

The anticancer agents cyclophosphamide (1) and
ifosfamide (2) metabolize to active alkylating agents
through cytochrome P450-mediated oxidation at the
C-4 position.'™ Competing with this reaction in 1 and
2 are oxidations at the o and o positions, each of which
leads to a dechloroethylation and the formation of the
neurotoxic chloroacetaldehyde. Dechloroethylation is a
minor (~10%) pathway in the metabolism of 135 but
can constitute up to 50% of the metabolism of 2.3 For
MS studies of the enzymatic, kinetic, mechanistic, and
stereochemical factors that influence the oxidation of 1
and 2 at one site relative to another, the following were
synthesized: [4,4-?H,]-(1) and —(2); [6,6->H,]-(1) and -
2); [o0n0/,o/-2Hyl-(1) and —(2); [4.4...B.B-*Hel-(1);
lo,0-"Ho)-(2); [of,o/-*Ho]-(2): and [6.6,0,0.0/,0/-*Hg]-(2).

Results and discussion

As shown in Scheme 1, the synthesis of 1 is generally
accomplished in two steps. Bis(2-chloroethyl)Jamine
hydrochloride (3) is reacted with phosphorus oxychlor-
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ide to give bis(2-chloroethylamino)phosphoramidic
dichloride (4).° Reaction of 4 with 3-amino-1-propanol
(5) leads to 1.7 Thus, strategies for incorporating
isotopes into the exocyclic and/or endocyclic portions
of 1 include the synthesis of labeled precursors, 3/4
and/or 5.5°1°

Portions of many of the published syntheses for
3/4/5 were adapted and modified for the work
reported herein. Some improvements in yield and
purity resulted, with the following being the most
significant. Published syntheses of deuterated 5 have
commonly utilized LiAlD, to reduce an ester (e.g. 6) or a
nitrile (e.g. 7) precursor.''™'® While such reductions of
esters have generally afforded products in high yield
and good purity (e.g. 6 - 5, ~90%), LiAIH(D), reactions
with nitriles have given products that were low in yield
and difficult to purify. Relative to LiAlH,, AlH3 is a
better Lewis acid and reacts quickly with nitriles under
mild conditions'®; thus, AlDs; was used to reduce
nitriles in this work. Products were obtained in nearly
quantitative yield and were of much higher purity than
those generated from LiAlD,. The higher quality of
these difficult-to-purify amines led to improved yields
when they were incorporated into subsequent reac-
tions. For example, in the synthesis of [4,4-2H2]-(1], use
of deuterated 4 generated by LiAlD, gave a net yield of
~20%"® while use of 4 given by AlDs provided a net
yield of ~70%.
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Scheme 1 Pathway used to incorporate deuterium labels into cyclophosphamide (1).

As shown in Scheme 2, compound 2 can be
synthesized from three major starting materials:
3-amino-1-propanol (5), benzyloxyacetyl chloride and
2-chloroethylamine hydrochloride (12). Incorporating
deuterium into these three compounds provides for 2
with labels in the oxazaphosphorine ring, endocyclic
chloroethyl chain and/or the exocyclic chloroethyl
chain, respectively. The synthesis of target compound
[o,0.00 0/ -2Hyl-(2) as purified enantiomers (6% yield) has
been reported using a different pathway'”; Scheme 2
provides for racemic material in fewer steps and higher
yield (average 25%).

Experimental

Reactions were carried out under N,. Generally,
chemicals were purchased from Aldrich, Fisher, or
VWR. THF was distilled from potassium/benzophe-
none ketyl; CH,Cl,, CH3CN and EtsN were distilled
from CaH,. Flash chromatography used Merck 230-
400 mesh silica gel (~50ml silica gel per gram crude
material with a column height of 6in). Analytical TLC
plates were from Merck (250-microns). NMR spectra
were recorded on a Varian Inova-400 or a GE QE-300
spectrometer. Chemical shifts are reported relative to
TMS (O ppm, H), CDCl; (77 ppm, 130), or 25% H3PO4
(Oppm, 3'P, external reference). NMR solvent CDCly
was washed with NaHCO3;/D>0O prior to use. Deuter-
ium incorporation was measured with CI-MS using the

Copyright © 2007 John Wiley & Sons, Ltd.

average m/z values of eight injections. Error analyses
were calculated at the 95% confidence level.

Bis((1,1 -2H2)-2-ch|oroethyl)amine hydrochloride
{(1,1,1,1-?Hy)-3)}

Freshly distilled SOCl, (12ml, 165mmol) was added
dropwise to a solution of [1,1,1’,1’-?H4]-(10) (0.89g,
8.1 mmol) in CH5CN (30 ml). The mixture was stirred at
RT (36 h); product was isolated according to literature
procedures.®'® The product was obtained as a floccu-
lent, light brown solid (0.87 g, 59%). "H NMR (DMSO-
ds) 6 3.92 (s, 4H, two CH,Cl).

N,N-bis((1,1-2H,)-2-chloroethyl)phosphoramidic
dichloride {(1,1,1,1'-2H,)-(4)}

Prepared (60% yield) using reported procedures®'° but
with [1,1,1,1’->H,]-(3) as a starting material. 'H NMR
(CDCls) § 3.72 (s, 4H, two CH,Cl). 3C NMR (CDCls)
8 40.61 (d, 3Jcp = 2.7Hz, CH,Cl). 3'P NMR (CDCly)
6 18.0.

N,N-bis((2,2-?H,)-2-chloroethyl)phosphoramidic
dichloride {(2,2,2',2'-2H,)-(4)}

Prepared (58% yield) using reported procedures.®!'°
'"H NMR (CDCly) § 3.66 (d, 3Jup = 16.4Hz, 4H, two
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Scheme 2 Pathway used to incorporate deuterium labels into ifosfamide (2).

NCH,). '3C NMR (CDCls) & 49.28 (d, 2Jcp = 10.5Hz,
NCH,). 3'P NMR (CDCl) & 18.0.

(1,1-2H,)-3-amino- 1-propanol {(1,1-2H,)-(5)}

Compound 6 (9.98g, 65 mmol) was added slowly to a
cooled (ice bath) suspension of LiAlD4 (3.57 g, 81 mmol,
98 at % D, Aldrich) in THF (152 ml). The mixture was
stirred at RT (2 h) and the reaction was then quenched
with the sequential, dropwise addition of 50% water in
THF (20ml) and 40% NaOH (6.5 ml). The mixture was
filtered and the clear filtrate was concentrated at
reduced pressure. The filter cake was subjected to an
overnight Soxhlet extraction with THF and this extract
was combined with the residue from the initial filtrate
and co-evaporated with CH3CN. The residue was
dissolved in CHyCly, dried (Na,SO,), filtered, and
concentrated to give the product (4.51g, 90%). 'H
NMR (CDCl3) 6 2.98 (t, J = 6.0 Hz, 2H, CH,N), 2.39 (bs,
3H, OH and NH,), and 1.67 (t, J=6.0Hz, 2H,
CH,CHjN).

(3,3-2H,)-3-amino- 1-propanol {(3,3-2H,)-(5)}

AlD3 (17mmol) was freshly generated in dry THF
(29ml) from LiAID, (752mg, 17mmol, 98 at % D,

Copyright © 2007 John Wiley & Sons, Ltd.

Aldrich) and double distilled H,SO4 (453 ul, 8.5 mmol,
Aldrich) according to a literature procedure.'® The
mixture was then cooled (ice bath) and a solution of
3-hydroxypropionitrile (7; 0.66ml, 9.7 mmol) in THF
(3ml) was added dropwise. The mixture was stirred at
RT (2h) and then worked up as described above for
[1,1-2H,]-(8). Product was obtained as an oil (686 mg,
92%). 'H NMR (CDCl5) § 3.78 (t, 2H, J = 5.6 Hz, CH,0),
2.56 (bs, 3H, OH and NH,), and 1.67 (t, 2H, J = 5.6 Hz,
CH,CH,0).

p-Alanine ethyl ester hydrochloride (6)

B-Alanine (8.9g, 0.1mol) was esterified with abs.
ethanol (228 ml) and HCI (gas) as reported for glycine. 18
The product crystallized from EtOAc (15.1g, 98%).
'H NMR (CDCl;) & 8.17 (bs, 3H, H3N%), 4.17
(q, J = 7.3Hz, 2H, CH,CH3) 3.39 (m, 2H, CH,N), 2.95
(t, J =6.9Hz, 2H, CH,CO,), and 1.27 (t, J = 7.3 Hz,
3H, CH,CHSs).

(2,2-2H,)-glycine methyl ester hydrochloride
{(2,2-°H,)-(8))

Glycine-ds (5.14g, 64mmol, 98at % D, Cambridge
Isotopes) was esterified as described in the literature
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but using CH30D (132ml, 99.5at % D, Aldrich).'® The
product crystallized in quantitative yield from EtOAc.
'H NMR (DMSO-dg) § 8.46 (bs, 3H, H3N*) and 3.72 (s,
3H, CHy).

Dimethyl (2,2,2',2'-2H,)-iminodiacetate
{(2,2,2',2'-?H,)-(9)}

Based on a similar synthesis,'® Et;N (1.8ml,
12.9 mmol), methyl [2,2-2H,]-2-bromoacetate (1.31 ml,
13.7 mmol, 98 at % D, Cambridge Isotopes), and EtzN
(1.80ml, 12.9mmol) were added sequentially to
[2,2-2H,]-(8) (1.31¢g, 10.4mmol) in THF (11ml). Pur-
ification employed flash chromatography using EtOAc-
hexanes (1:1) to elute impurities and then EtOAc to
elute the product [1.24g, 73%, R 0.16 in EtOAc-
hexanes (1:1)].

Bis((1,1-2H,)-2-hydroxyethyl)amine
{(1,1,1,1-2H,)-(10)}

With minor modifications to a literature procedure for
the synthesis of °N-labeled material,'® a solution of
[2,2,2/,2/-2H,4]-(9) (0.88¢g, 5.3mmol) in THF (2ml) was
added dropwise to a cooled (ice bath) suspension of
LiAlH, (0.54 mg, 14 mmol) in THF (10ml). The mixture
was stirred at RT (2.25h) and then worked up as
described above for [1,1-2H,]-(5) to give the product
(88%). '"H NMR (CDCls) § 3.85 (bs, 3H, NH and two OH)
and 3.69 (s, 4H, two CH,0).

(4,4-2H,)-cyclophosphamide monohydrate
{(4,4-2H,)-(1) monohydrate}

A solution of [3,3-H,]-(5) (1.0g, 13.0mmol) and EtsN
(5.4ml, 38.7mmol) in THF (11ml) was added to a
cooled (ice bath) solution of unlabeled 4 (3.7g,
14.4mmol, can be purchased from Aldrich) in THF
(13 ml). The mixture was stirred at RT (2 days). Water
(50 ml) was added and the mixture was extracted with
EtOAc (4 x 50ml). The combined organic layers were
dried (MgSO,), filtered, and concentrated. The residual
oil was flash chromatographed using CH;OH-CH,Cl,
(2:98) as eluent. Impure material was obtained and
then rechromatographed using CH3;OH-CH,Cl, (1:9).
[4,4-?H,]-(1) was obtained as a colorless oil [2.71g,
79%, Ry 0.33 in CH;OH-CH,Cl, (1:9)]. 'H NMR (CDCl5)
d 4.50-4.39 (m, 1H, Cg-H), 4.32-4.20 (m, 1H, Cg-H),
3.64 (t, J = 6.9 Hz, 4H, two CH,Cl), 3.51-3.35 (m, 4H,
two CH>,CH,Cl ), 3.02 (bs, 1H, NH), and 1.98-1.75 (m,
2H, CH>CH>0). Not observed: (C4)-H [6y 3.50-3.20 (m)].
13C NMR (CDCls) § 67.59 (d, 2Jcp = 6.5 Hz, Cg), 48.64
(d, 2Jcp = 4.6 Hz, CH,CH,C]), 42.19 (CH,Cl), and 25.47

Copyright © 2007 John Wiley & Sons, Ltd.

(d, 3Jcp =6.1Hz, Cs). Not observed: C, (5c 41.37).
31p NMR (CDCls) § 12.5.

The monohydrate was made with minor modifica-
tions to a literature preparation.'? A solution of H,O
(0.2ml, 11.3mmol), [4,4-2H,]-(1) (2.71 g, 10.3mmol)
and Et,O (31ml) was stored overnight at —20°C. A
white precipitate was observed. Petroleum ether
(1-2ml, low boiling) was added until the supernatant
was cloudy and the flask again stood at —20°C until
precipitation ended, as evidenced by a clear super-
natant. This procedure of adding petroleum ether until
the solution was cloudy, followed by allowing the
mixture to stand at —20°C until clear, was repeated
several times until no amount of added petroleum ether
could effect cloudiness. The supernatant was decanted
and the precipitate was dried under vacuum to afford
[4,4->H,]-(1) monohydrate as a white solid (2.66g,
92%). MS analysis: 98.7 + 1.8% 1-dy and 1.3 + 0.7%
1-d. 'H NMR (CDCl5) & 4.48-4.40 (m, 1H, Cs-H), 4.32-
4.22 (m, 1H, Cg-H), 3.63 (t, J = 6.8 Hz, 4H, two CH,Cl),
3.53-3.35 (m, 4H, two CH>CHCl), 2.82 (bs, 1H, NH),
2.16 (bs, 2H, H50), and 1.93-1.78 (m, 2H, CH,CH50).
'3C NMR (CDCls) 8 67.65 (d, 2Jcp = 6.5 Hz, Cg), 48.65
(d, 2Jcp = 4.2 Hz, CH,CH,Cl), 42.24 (CH5C)), and 25.48
(d. 3Jcp = 6.1 Hz, Cs). >'P NMR (CDCl;) § 12.6.

(6,6-2H,)-cyclophosphamide {(6,6-2H,)-(1)}

As for [4,4-2H,]-(1) but with [1,1-?H,]-(5) as precursor.
Flash chromatography used CH3;OH-CH5Cl, (2:98).
Yield: 91% (colorless oil). Attempts to form a crystalline
hydrate were unsuccessful. MS analysis: 98.7 + 1.9%
1-d, and 1.3 + 0.8% 1-d.

(a,2,0 ,'-2H,)-cyclophosphamide {(a,a,a ,o/-2Hg)-(1)}

As for [4,4-°H,]-(1) but with [1,1,1,1-’Hy]-(4) and
unlabeled 5 as precursorss. Flash chromatography
used CH30OH-CH,Cl, (2:98). Yield: 83% (colorless oil).
Attempts to form a crystalline hydrate were unsuccess-
ful. MS analysis: 92.8 + 1.8% 1-d4, 6.7 + 0.7% 1-ds
and 0.5 + 0.5% 1-d,.

(4,4,8,8,8 .8 -*Hs)-cyclophosphamide
{(414!B)ﬂugl’ﬂl-2H6)'( 1 )}

As for [4,4-°H,]-(1) but with [2,2,2/,2'->H4]-(4) and
[3,3-2H,)-(8) as precursors. Flash chromatography
used an eluent of CH30H-CH,Cl, with increasing
amounts of CH3OH (from 2 to 10%). Yield: 54%
(colorless oil). Attempts to form a crystalline hydrate
were not successful. MS analysis: 97.1 + 1.9% 1-ds,
2.1 +£0.7% 1-ds and 0.8 + 0.6% 1-dj4.
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(2,2-2H,)-2-aminoethanol {(2,2-2H,)-(11)}

[2,2-?H,]-(8) (9.16 g, 72 mmol) was reduced with LiAlH,
(3.63 g, 91 mmol) by analogy to a literature procedure
for the synthesis of [1,1-2Hy]-2-aminoethanol (mis-
named in the paper as 2-amino-2,2-dideuterioethanol
HC]).2° The product was obtained in 58% yield (2.62 g).
'H NMR (CDCly) § 3.6 (s, 2H, CH,0) and 2.3 (bs, 3H,
OH and NH,).

(1,1-2H,)-2-chloroethylamine hydrochloride
{(1,1-2H)-(12)}

The title compound was synthesized from [2,2-2H2]—
(11) and SOCI, based on literature methods for other
labeled chloroethylamines.'®2° The product was ob-
tained as a flocculent, off-white solid (1.55 g, 32%). H
NMR (DMSO-dg) 8 8.43 (bs, 2H, NH,) and 3.84 (s, 2H,
CH,CI).

3-(2'-Benzyloxyacetylamido)-1-propanol (13)

Benzyloxyacetyl chloride (6.0 ml, 38 mmol) was added
dropwise to a solution of 3-amino-1-propanol (unla-
beled 5, 3.05ml, 40 mmol) and Et3N (5.80 ml, 42 mmol)
in THF (400ml) at —20°C (ice/MeOH bath). The
reaction mixture was stirred for 20h at RT and then
concentrated. The residue was diluted with water
(100ml) and extracted with EtOAc (4 x 75ml). The
combined organic layers were dried (MgSO,), filtered,
concentrated, and flash chromatographed using
EtOAc-hexanes (3:1) to elute impurities and then
EtOAc to elute product as a colorless oil which
solidified on standing [4.88g, 58%, Rf 0.27 (EtOAc]].
Material tentatively identified (H NMR) as the N,O-
bisacetylation product was also obtained [726mg,
10%, Rr 0.68 (EtOAc)]. 'H NMR (CDCl5) 6 7.39-7.31
(m, 5H, aromatic), 6.97 (bs, 1H, OH), 4.56 (s, 2H,
CH,Ph), 3.99 (s, 2H, CH,C=0), 3.60 (apparent q,
J =6Hz, 2H, CH>OH), 3.43 (m, 3H, NHCH,), and
1.68 (quint, J =6Hz, 2H, CH,CH,CH,). '3C NMR
(CDCl3) 8 170.6 (C=0), 136.7, 128.5, 128.2, and
127.9 (aromatic), 73.49 (CH,C=0), 69.22 (CHyPh),
59.09 (CH,OH), 35.52 (NCHy), and 32.06
(CHyCH,CH,).

(1,1-2H,)-3-(2'-benzyloxyacetylamido)-1-propanol
{(1,1-?H,)-(13))

As for 13 with [1,1-2H,]-3-amino-1-propanol®
{[1,1-2H,]-(5)} as precursor. Yield: 60%.

Copyright © 2007 John Wiley & Sons, Ltd.
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(3,3-2H,)-3- (2 -benzyloxyacetylamido)-1-propanol
{(3,3-°Hy)-(13))

As for 13 but with [3,3-2H2]—3—amin0-1-pr0palnol6
{[3,3-2H,]-(B)} as precursor. Yield: 58%.

3-(2'-Benzyloxyethylamino)-1-propanol (14)

AlH; (7.8 mmol) was generated in THF (15ml) from
LiAlH, (0.310g, 7.8 mmol) and conc HySO4 (0.21 mlL,
3.8 mmol) according to the literature.'® The mixture
was cooled (water bath) and a solution of 13 (1.06 g,
4.7 mmol) in THF (1.8 ml) was added dropwise. Addi-
tional THF (2 x 2ml) was used to rinse down the flask
and syringe. The mixture was stirred at RT (2.5h) and
the reaction was then quenched at ice bath tempera-
ture by the dropwise addition of THF-H5O (1:1, 3ml)
and then 40% NaOH (1 ml). The mixture was diluted
with water (100 ml) and extracted with ether (6 x 50 ml).
The combined ether layers were extracted with 1 M HCI
(2x50ml) and the combined acidic layers, which
contained desired product, were set aside. The ether
layer from this step was washed with saturated
NaHCOj3 (50ml), dried (MgSO,), filtered, and concen-
trated to afford recovered starting material (13) (0.19g,
18%). The pH of the set-aside, combined acidic layers
was adjusted to >14 (pH paper) with 40% NaOH and
the resultant basic solution was extracted with ether
(6 x 50ml). The combined ether layers were dried
(Nay,SO,), filtered, concentrated and flash chromato-
graphed using CH3OH-CH,Cl, (1:9) to elute impurities
and then NHz-saturated CHsOH in CH5Cl, (1:9) to elute
product (Rf 0.50) which was isolated as an oil (0.53 g,
53%). '"H NMR (CDCls) § 7.37-7.28 (m, 5H, aromatic),
4.51 (s, 2H, CHyPh), 3.79 (t, J = 6 Hz, 2H, CH,OH),
3.59 (t, J =5Hz, 2H, OCH5CH5N), 3.53 (bs, 2H, NH
and OH), 2.87 (t, J = 6 Hz, 2H, NCH,CH,CH,0), 2.82
(t, J=5Hz, 2H, OCH;CH,N), and 1.70 (quint,
J = 6Hz, 2H, CH,CH,CH,). '3C NMR (CDCls) § 138.0
(1C), 128.4 (2C), and 127.7 (3C) (aromatic), 73.20
(CHPh), 69.06 (OCH;CH,N), 64.04 (CH,OH), 49.54
(OCH,CH,N), 49.05 (NCH,CH,CH,O), and 30.43
(CHo,CH,CHs).

(1,1-2H,)-3-(2'-benzyloxyethylamino)-1-propanol
{(1,1-2H)-(14)}

As for 14 but with [1,1->H,]-(18) (1.0g, 4.5mmol) as
precursor and stirring overnight at RT. The reaction
was quenched as described for 14 and the concen-
trated residue was diluted with water (100ml) and
extracted with CH,Cly; (6 x 50ml). The combined
organic layers were dried (NasSO,), filtered, and
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concentrated. Kugelrohr distillation (110°C/0.05mm)
gave impure material which was then chromato-
graphed as for 14. Yield: 60%.

3-((1/,1'-2H,)-2'-benzyloxyethylamino)- 1-propanol
{(1,1-?H)-(14)}

As for 14 but using AlD3 generated from LiAlD, (0.5g,
11 mmol, 98 at % D, Aldrich). The reaction mixture was
stirred at RT overnight before quenching with THF-H,O
(1:1, 3.5ml) and then 40% NaOH (1.2 ml). The mixture
was vacuum filtered and the filter cake was washed
consecutively with THF (3x30ml and CHyCl,
(3 x30ml). The filtrate was dried (Na,SO,), filtered,
concentrated, and flash chromatographed as for 14.
Yield: 81%.

(3,3-2H,)-3-(2'-benzyloxyethylamino)- 1-propanol
{(3,3-2Hz)-(14)}

As for 14 but using [3,3-2H,]-(18) as starting material.
Yield: 69%.

(1,1-2H,)-3-(2'-benzyloxy-(1’,1-2H,)-ethylamino)-1-
propanol {(1,1,1,1-2H,)-(14)}

As for [1’,1’-2H,]-(14) but with [1,1-2H,]-(18) as pre-
cursor. Yield: 55%.

(4,4-2H,)-2-(p-chloroethylamino)-3-(§' -benzylox-
yethyl)-2H-1,3,2-oxaza-phosphorinane-2-oxide
{(4,4-2H,)-(15)}

A solution of [3,3-2H,]-(14) (0.68 g, 3.2 mmol) in CH,Cl,
(3ml) was added dropwise to a cooled (ice bath)
solution of freshly distilled POCl; (0.3 ml, 3.3 mmol) in
CH»Cl5 (10ml). Additional CH5Cl, (2 x 3ml) was used
to rinse down the flask and syringe. EtsN (0.91ml,
6.5mmol) was added and the mixture was stirred for
5h (ice bath). 2-Chloroethylamine hydrochloride (12,
0.43g, 3.7mmol) was added as a solid, followed by
EtsN (0.91ml, 6.5mmol). After being stirred at RT
overnight, the reaction mixture was washed with water
(2 x 50ml). The combined aqueous layers were back-
extracted with CH5Cl, (2 x 15ml) and then the organic
reaction solution and extracts were combined, dried
(Nay,SO,), filtered, concentrated and flash chromato-
graphed using CH;OH-CH,Cl, (2.5: 97.5). The product
was obtained as an oil [0.82 g, 76%, Ry 0.47 in CH3OH-
CH,Cl, (1:9)]. 'H NMR (CDClg) § 7.38-7.29 (m, 5H,
aromatic), 4.56 (d, J = 12Hz, 1H, one benzylic), 4.51
(d, J = 12 Hz, 1H, one benzylic), 4.39-4.25 (m, 1H, one
CgH), 4.24-4.15 (m, 1H, one CgH), 3.71-3.38 (m, 6H,
NCH,;CH,0 and CH,Cl), 3.18-2.92 (m, 3H, NCH,CH,Cl

Copyright © 2007 John Wiley & Sons, Ltd.

and NH), 2.00-1.80 (m, 2H, CsH). Not observed: (C4)-H
[y 3.30-3.11 (m)]. '3C NMR (CDCl;) & 137.8, 128.5,
and 127.8 (aromatic), 73.16 (CH,Ph), 68.00 (d,
3Jcp = 3Hz, NCH,CH50), 67.17 (d, 2Jcp = 7Hz, Cg),
47.77 (NCH,CH,0), 45.63 (d, 3Jcp=5.5Hz,
NCH,CH,Cl), 42.85 (NCH5CH-Cl), and 26.26 (d,
3Jcp = 4 Hz, Cs). Not observed:C4 (3¢ 47.01). 3'P NMR
(CDCly) & 12.4.

(6,6-2H,)-2-(B-chloroethylamino)-3-('-benzylox-
yethyl)-2H-1,3,2-oxaza-phosphorinane-2-oxide
{(6,6-*H2)-(15)}

As for [4,4->H,]-(15) but using [1,1->H,]-(14) as start-
ing material. Yield: 83%.

2-(-Chloroethylamino)-3-(p’-benzyloxy-(«', «'-2H,)-
ethyl)-2H-1,3,2-oxaza-phosphorinane-2-oxide
{(, «/~?Hp)-(15)).

As for [4,4-°H,]-(15) but using [1’,1-?Hy]-(14) as
starting material. Yield: 84%.

2-(B-Chloro—(a, a-2H,)-ethylamino)-3-(f'-benzylox-
yethyl)-2H-1,3,2-oxaza-phosphorinane-2-oxide
{(o, 2-2H2)-(15))

As for [4,4-2H,)-(15) but using [1,1->H,]-(12) and
unlabeled 14 as starting materials. Yield: 87%.

2-(B-Chloro-(a, a-2H,)-ethylamino)-3-(§ -benzyloxy-
(«/«’-2H,)-ethyl)-2H-1,3,2-oxazaphosphorinane-2-
oxide {(«, «, ', o/ -2Hz)-(15))

As for [4,4->’H,]-(15) but using [1,1-2H,]-(12) and
[1/,1'-2H,]-(14) as precursors. Yield: 85%.

(6,6-2H,)-2-(B-chloro-(«, x-2H,)-ethylamino)-3-(f’ -
benzyloxy-(«'«’-2H,)-ethyl)-2H-1,3,2-oxazaphosphor-
inane-2-oxide {(6,6,a, a, o, o/ -2Hg)-(15))

As for [4,4->’H,]-(15) but using [1,1-2H,]-(12) and
[1,1,1/,1'-?H,]-(14) as starting materials. Yield: 82%.

(4,4-2H,)-2-(p-chloroethylamino)-3-(§'-hydro-
xyethyl)-2H-1,3,2-oxazaphos-phorinane-2-oxide
{(4,4-H2)-(16)}

A solution of [4,4-°H,]-(15) (0.79g, 2.4mmol) in
absolute EtOH (18 ml) with added 10% Pd/C (0.18g)
was hydrogenated at 60psi for 1h. The mixture was
vacuum filtered through a pad (2”) of Celite and the
filtrate was concentrated to afford the product with
high purity [0.57g, 98%, R; 0.22 in CH3zOH-CH,Cl,

J Label Compd Radiopharm 2007; 50: 115-122
DOI: 10.1002.jler



(1:9)]. 'H NMR (CDCls) & 4.55 (bs, 1H, OH), 4.41-4.33
(m, 1H, one CgH), 4.30-4.21 (m, 1H, one CgH), 3.90-
3.60 (m, 5H, CH,Cl, CH>OH and NH), 3.35-3.05 (m,
4H, two NCH,), and 1.90-2.01 (m, 2H, CsH). Not
observed: (C4)-H [64 3.39-3.04 (m)]. '3C NMR (CDCls)
5 67.24 (d, 2Jcp = 7Hz, Cg), 58.95 (CH,OH), 51.57
(NCH,CH,0), 45.17 (d, 3Jcp = 5Hz, CH,Cl), 43.03
(CH,CH,Cl), and 26.04 (d, 3Jcp =4Hz, Cs). Not
observed: C, (8¢ 46.82). 3'P NMR (CDCls;) & 14.9.

(6,6-2H,)-2-(B-chloroethylamino)-3- (' -hydro-
xyethyl)-2H-1,3,2-oxazaphos-phorinane-2-oxide
{(6,6-2Hy)-(16)}

As for [4,4-?H,]-(16) but with [6,6-°H,]-(15) as starting
material. Yield: 100%.

2-(p-Chloroethylamino)-3-(p'-hydroxy-(«’, «'-2H,)-
ethyl)-2H-1,3,2-oxazaphosphorinane-2-oxide
{(of, a/-*Hp)-(16)

As for [4,4->H,]-(16) but with [o,o/-?H,]-(15) as starting
material. Yield: 97%.

2-(B-Chloro-(x, «-2H,)-ethylamino)-3-(f'-hydro-
xyethyl)-2H-1,3,2-oxaza-phosphorinane-2-oxide
{(o, a-*H2)-(16)

As for [4,4-2H,]-(16) but with [«,0-2H,]-(15) as starting
material. Yield: 95%.

2-(p-Chloro-(a, a-2H,)-ethylamino)-3-('-hydroxy-
(o, ' -2H,)-ethyl)-2H-1,3,2-oxazaphosphorinane-2-
oxide {(x, «, o', ' -2H,)-(16)}

As for [4,4-2H,]-(16) but with [o,0,0/,0/-2H,]-(15) as
starting material. Yield: 100%.

(6,6-2H,)-2-(p-chloro-(x, a-2H,)-ethylamino)-3-(p'-hy-
droxy-(«, o’ -2H,)-ethyl)-2H-1,3,2-oxazaphosphori-
nane-2-oxide {(6,6,a, a, «', & -*He)-(16)}

As for [4,4-2H,]-(16) but with [6,6,0,0,0/,o/-2Hgl-(15) as
precursor. Yield: 97%.

(4,4-2H,)-ifosfamide {(4,4-2H,)-(2)}

A solution of triphenylphosphine (0.67 g, 2.6 mmol) in
THF (3 ml) was added dropwise to a solution of freshly
recrystallized N-chlorosuccinimide (0.34g, 2.6 mmol)
in THF (15 ml). Additional THF (3 ml) was used to rinse
the flask and syringe. The turbid mixture was stirred
vigorously for several minutes and then a solution of
[4,4-2H,]-(16) (0.57g, 2.3mmol) in THF (3ml) was
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added quickly with another 3ml THF being used to
rinse the flask and syringe. The mixture was stirred at
RT for 20 h. Absolute ethanol (10 ml) was then added to
react with excess N-chlorosuccinimide and the solvents
were evaporated and the residue was purified by flash
chromatography using EtOAc to elute impurities and
then EtOH-EtOAc (1:9) to elute product [0.37 g, 61%, Ry
0.38 in CH3OH-CH,Cl, (1:9)]. 'H NMR (CDCls) $
4.42-4.34 (m, 1H, one CgH), 4.29-4.19 (m, 1H, one
CeH), 3.66 [t, J =6Hz, 2H, CD,NCH,CH,CIl], 3.61
(t, J=6Hz, 2H, NHCH,CH-Cl], 3.52-3.18 (m, 5H,
CD,;NCH, and NHCHy), and 2.05-1.92 (m, 2H, CsH).
Not observed: (C,)-H [6y 3.30-3.20 (m)]. '*C NMR
(CDCls) & 67.08 (d, 2Jcp=7Hz, Cg), 49.94 (d,
2Jcp = 3Hz, CDyNCH,), 45.54 (d, 3Jcp=5Hz,
CD,NCH,CH,Cl), 43.03 (NHCH,), 42.02 (d,
3Jcp = 4 Hz, NHCH,CH,C)), and 26.06 (d, 3Jcp = 5 Hz,
Cs). Not observed: C, (3¢ 47.56). 3'P NMR (CDCls) &
12.1.

(6,6-H,)-ifosfamide {(6,6-2H,)-(2)}

As for [4,4-H,]-(2) but using [6,6-2H,]-(16) as starting
material. Yield: 56%.

(2, x-2H,)-ifosfamide {(x, x-2Ho)-(2)}

As for [4,4-2H,]-(2) but using [o,a-2H,]-(16) as starting
material. Yield: 68%.

(', o -2H,)-ifosfamide {(«', o’ -2H,)-(2)}

As for [4,4-2H,]-(2) but using [« ,o/-2H,]-(16) as starting
material. Yield: 65%.

(x, o, o, a-2Hy)-ifosfamide {(a, «, o, &’ -2H4)-(2)}

As for [4,4-°H,]-(2) but with [o,0,0,0/-*H,]-(16) as
starting material and a 42h rxn time. Yield: 54%.

(6,62, a, o, o -2Hg)-ifosfamide {(6,6,x, «, o', o’ -2Hg)-(1)}

As for [4,4-?H,]-(2) but using [6,6,0,0,0/,0/->H4]-(16) as
starting material. Yield: 66%.

Conclusion

This describes the synthesis of various deuterium
labeled cyclophosphamides and ifosfamides that can
be used for LC-MS and GC-MS investigations of
kinetics, mechanism and enzyme specificity. These
syntheses are readily adapted to tritium incorporation
at specific sites through the use of [*H]-LiAlH,.
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