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1. Introduction

Malaria remains a major international health concearticularly in developing countriés,
and the identification of new targets for therapeuttervention provides opportunities for
discovering new antimalarial agents. TReEasmodium falciparum enzyme, 1l-deoxy-b-
xylulose-5-phosphate reductoisomera$$DKR), has been identified as such a tafget.
Fosmidomycinl, a naturally occurring antibiotic, and its acesylalogue FR900098 are
known to inhibit this enzynfeand, in our research programme, we have been igagsy
various ‘reversefosmidomycin analogue®as potentiaPfDXR inhibitors (Figure 1).

In silico examination of the intramolecular topology of #f®XR active-sité has confirmed
the presence of nearby hydrophobic pockets,Nubenzylated phosphonate ester analogues,
containing a bimethylene spacer between the phosppacand amide moieties, have been
prepared fromN-benzylated arylamines in the expectation that higdrophobic benzyl
moiety would occupy such a pockétSurprisingly, while a number of these compounds
exhibited activity against thef parasite (IG > 10.12 uM), they were inactive (as their
phosphonic acid derivatives) against BiBXR enzyme, thus suggesting the involvement of
a different but, as yet, unknown mechanism. In toisimunication we report the preparation
of the series oC-benzylated analoguda-g in which the phosphonate and amide moieties
are separated by a single methylene sp@aremes 1 and 3).
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Figurel.

2. Results and Discussion

Access to the desire@-benzylated phosphonate estérproved unexpectedly frustrating.
Direct, base-catalysed benzylation of tieafylcarbamoyl)phosphonate esté&esf, which

we had synthesised previoudlyas considered a reasonable option, and explgratodies
were undertaken using the available furfurylamieenxsd phosphonate estéa as the
substrate. Five different methods-E; Scheme 1) were investigated. Reactions in dry THF
using pyridine inethod A) or triethylamine ifiethod B) as the base, both at room temperature
and at reflux, failed to afford any of the desirpobduct. Refluxing a mixture of the
phosphonate est&a with benzyl bromide in 10% aqueous NaOH ¢ar2 h (nethod C) was
similarly unsuccessful. Use of finely powdered K@Hdry THF (nethod D) afforded the
desiredC-benzylated phosphonate es6a;, but only in 10% yield. The benzylation bF
arylcarboxamides under various conditions appeafavour theN-benzylated products as
reflected in the reaction of N-arylacetamides whinzyl bromide and NaH in THF as
reported by Clarket al.” However, reaction of the\N¢furfurylcarbamoyl)phosphonate ester
5a under similar conditions basedthod E) gave a very different result. Thus, a solution of
the phosphonate esteat in dry THF was boiled under reflux with sodium higeé as base for
ca 6 hours and benzyl bromide (2.4 equivalents) wes tadded in two portions. After



refluxing the mixture for 4 hours, work-up and amatography afforded thdesired C-
benzylated phosphonate estés in 56% vyield — not the N-benzylated analogueC-
Benzylation is clearly supported by the NMR dataud, aP-methine proton multiplet at
53.03ppm in the’H-NMR spectrum of the produda, replaces thé>-methylene proton
doublet atd 2.87 ppm observed in the spectrum of the preclidowhile DEPT-135 NMR
spectra;glow B-methylene doublet fdsa at d 34.2 ppm and &-methine doublet foéa at o
47.1 ppm.

o O O o Method Yield/%
S N I:I)_(D\/ X N I?_o\/
\_o5 H O\\ — \ 4 H OW A: Et;N, BnBr, THF 0
5a Methods 6a B: Pyridine, BnBr, THF 0
A-E C: 10% ag. NaOH, BnBr 0
D: KOH, BnBr, THF 10
E: NaH, BnBr, THF 56
Scheme 1.

Given its successful use in thebenzylation of the furfurylamine-derived phosphtenester
5a, method E (involving reaction with benzyl bromide in dry THR the presence of NaH)
was applied to theNtarylcarbamoyl)phosphonate estBbse. However,'H NMR analysis of
each of the purified products revealed the absehtke phosphonate ester moiety. Careful
examination of the experimenta data revealed thatally unexpected transformation had
taken place to form thN-benzylated tetrahydrofuran-2-yl derivativis-e (Scheme 2). The
origin of the tetrahydrofuran-2-yl moiety is atwiled to the presence of the cyclic enol ether,
2,3-dihydrofuran, in the batch of THF used as thieent in these reactioffsRepetition of
the reaction with compourtek using fresh THF, however, simply afforded tiidoenzylated
product 8e rather than the desire€-benzylated analogues and not the unusual
tetrahydrofuran-2-yl derivativde® It seems that the presence of the furfuryl gromp i
compound 5a decreases the acidity of the amide proton sufficientfy,relative to the
methylene protons adjacent to the carbonyl groappdrmit formation of the enolate
(Figure 2) and subseque@Gtbenzylation to afford compouréh. However, in compoun8e
(and, presumably, in thé-arylacetamides discussed by Clarke ef)alhe electron-
withdrawingN-aryl groupenhances the acidity of the amide proton sufficientlywi@ both - |
and - M effects) to facilitate formation of the oeance-stabilised anidin and, hence, the
observed\-benzylation observed in this case and elsewhere.
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Scheme 2.

Reagents and conditions: i) NaH, BnBr, THF; ii) NaH, BnBr, fresh THF.
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Figure 2. a) C-Benzylation of theN-furfuryl derivative 5a. b) N-Benzylation of theN-(3-
hydroxyphenyl) derivativée.

Clearly, while the furfuryl derivativééa could be obtained usingethod E (Scheme 1),
alternative approaches to an expanded series afefieedC-benzylated l-arylcarbamoyl)-
phosphonate esters had to be explored. 2-BromaeBypropanoic acidl was identified as
a possible key intermediate in the constructiontha remaining targeted compound® (
(Scheme 3). Catalytic hydrogenation of cinnamid &cfforded 3-phenyl-propanoic aclg,
but attempteda-bromination of the latter compound using the Hélhard-Zelinsky
reactiort®failed to afford compoundl. Attention was consequently turned to the prejpamat
of the a-chloro analogudl4 instead.N-Boc-phenylalaninel2 was de-protected by stirring
with 4v-HCI in dioxane for 2 hours at room temperature;rkmep and trituration with
EtOAc afforded phenylalanine hydrochloridig in yields of up to 96%. Diazotisation of the
phenylalanine salt3 in 6M-HCI afforded 2-chloro-3-phenylpropanoic acid*! which, on
reaction with triethylphosphite, gave the correspog ethyl esterl5 instead of expected
phosphonate estd. Consequently, amidation of 2-chloro-3-phenylproga acid14 was
effectedvia the acid chloridevhich was reacted directly with the aromatic amjrasline
and 3-bromoaniline. Work-up and flash-chromatogyagtiorded the correspondiniy-aryl-
2-chloro-3-phenylpropanamidédgg (which is known?), 17b and17f in moderate yields (65-
71%). Michaelis-Arbuzov reactions of the intermediatd3f and 17g in refluxing
triethylphosphite (3 eq.) led to the target€benzylated N-arylcarbamoyl)phosphonate
esterssf and6g, but in low yields (25-45%).

Since bromide is generally a better leaving grdwamtchloride, attention returned to the use
of 2-bromo-3-phenylpropanoic acid in place of the 2-chloro analogad. In a variation of
the diazotisation conditions, a solution of phelaie hydrochloridel3 in 4M-H,SO, (in
place of &-HCI) was treated with NaBr (3.5 eq) and NaN®.25 eq) in water at 0 °C to
produce 2-bromo-3-phenylpropanocic acl in 72% vyield*® The N-substituted 2-
bromopropanamidesl9b-eh were then obtained in 60-65% vyield by reacting the
corresponding aromatic amines with 2-bromo-3-phanoganoic acidll in the presence of
the coupling agent 1,1'-carbonyldiimidazole (CDt) DCM* (instead of using the acid
chloride used to access to the 2-chloropropanamamkdogues). Similar reaction of 3-
(hydroxymethylaniline, however, afforded thid,0O-diacylated analogue, necessitating
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protection of the hydroxyl group prior to amidationhis was achieved by reacting 3-
(hydroxymethyl)aniline with tert-butyldimethylsilyl chloride (TBDMSCI; 1.1 eq) and
imidazole (1.5 eq) at 0 °C in dry DCM, and the t&sg TBDMS ether-protected derivative
18 was reacted with CDI and 2-bromo-3-phenylpropasaid 11 to afford (followingin situ
cleavage of the unstable silyl eth&h) 2-bromoN-(hydroxymethyl)-2-phenylpropanamide
19c. Arbuzov reactions of the 2-bromo-2-phenyl-propaitges with triethylphosphite finally
afforded the phosphonate estegb,cieh in moderate vyield (32-61%) following
chromatography. An interesting feature of tié-NMR spectra of thehiral C-benzylated
phosphonate ester6) (s that the inherentlgliastereotopic phosphonat®-methylene carbons
are observed to resonate gsaa of doublets exhibiting, in some cases, slightifedentJp ¢
values.
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Scheme 3.

Reagents and conditions:- (i) H,, 10% Pd/C catalyst, AcOH; (ii) PBr(iii) 4m-HCI, dioxane,
rt., 2 h; (iv) 61-HCI, NaNQ, H,0, r.t., 24 h; (v) triethylphosphite, 120-150 °Ch5(vi)
SOCL, DMF, 70 °C, 1 hthen ArNH,, DMF, overnight.; (vii) triethylphosphite, 120-15C,
10 h; (viii) NaBr, NaNQ, 4M-H,S0y, H,0, r.t.; (ix) CDI, DCM, ArNH; (x) TMSBr, DCM:;
(xi) NaH, BnBr, THF.



Thus, while the furfuryl derivativéa was readily obtainedia direct N-benzylation of the
phosphonate ester precur&ar(Scheme 1), thél-aryl analogue$b-g had to be accessed by
very different routes, commencing froNiBoc-phenylalanind2 (Scheme 3). Although the
purified phosphonate esters might have been exgpéatserve directly as possible pro-drugs
in the P.falciparum parasite PfLDH) bioassays,in vitro evaluation of specifidc®fDXR
inhibition potential was expected to require the o$ the phosphonic acid analogues. The
phosphonate estde was hydrolysed to the corresponding, represemtadnid 20e using
bromotrimethylsilane in dry DCNf The phosphonic acid and the phosphonate esters
then subjected to screening using a range wtro bioassays?

None of the compounds teste®h{c,e-g and20e) exhibited significant cytotoxicity against
HeLa cells in concentrations of up to 100 uM; abtvs concentration, however, all nine
compounds were toxic. Thé&-benzylated N-furfurylcarbamoyl)phosphonatester 6a
exhibited low micromolar activity against malariarasite lactate dehydrogenas¥LOH)
(16.1%PfLDH viability at 20 uM; 1Go = 16.4 uM). This represents a marked improvement
in activity compared to the non-benzylated precubso(64.1%PfLDH viability at 20 pM).
Surprisingly, theC-benzylated -arylcarbamoyl)phosphonate estélbsc,e-g — unlike theC-
benzylated N-furfurylcarbamoyl)phosphonatester 6a or the N-benzylated dimethylene-
linked analogués- failed to exhibit any significanPfLDH inhibition. The C-benzylated
phosphonic acid20e also failed to inhibitPfDXR significantly at 20 uM. One of the
compounds, however, showed modest activigp: (ICsp = 31 pM) against Nagana
Trypanosoma brucel (T.b.) parasites which are responsible for African trygsmiasis in
cattle — an important agricultural problem.

In conclusion, convenient synthetic routes havenbestablished to access a rangeCef
benzylated diethyl phosphonate derivatives, andligihpegioselectivity issues have been
resolved. While theC-benzylatedN-furfurylcarbamoyl derivativeéa exhibited encouraging
anti-malarial activity, theC-benzylated\-arylcarbamoyl derivativegb,c,e-g exhibited little

if any such activity. The observed inhibition of déaaTrypanosoma brucei by one of theC-
benzylated\-arylcarbamoyl derivatives, however, raises intimgspossibilities for parallel
studies on the development of novel trypanocides.

3. Experimental

'H and’*C NMR spectra were typically recorded on Bruker 80@00 MHz spectrometers
in CDCkand calibrated using solvent signalg:[7.26 ppm for residual CHEI6¢c: 77.0 ppm
(CDCl)]. Melting points were measured using a hot stggEaratus and are uncorrected.
High-resolution mass spectra (HRMS) were recorded Waters APl Q-TOF Ultima
spectrometer (University of Stellenbosch, Stelleabg South Africa). NMR spectra for new
compounds are available in the Supporting InforamefFile 11). Methods for the preparation
and characterisation of new compounds are as fellow

3.1. Diethyl 1-(N-furfurylcarbamoyl)-2-phenylethylphosphonate 6a. A solution of
diethyl (furfurylcarbamoyl)methylphosphonaba (0.35 g, 1.3 mmol) in THF (10 mL) was
added drop-wise over 10 min. to a stirred suspensidNaH (0.034 g, 1.4 mmol) in dry THF
(10 mL) under M. The reaction mixture was stirred until the mietlorecame clear (30 min;
during which time, Hwas evolved), and a solution of benzyl bromide 4L, 1.7 mmol)
in THF (5 mL) was added drop-wise during 10 mineTasulting solution was refluxed for 4
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h, allowed to cool and then filtered. Water (10 migs added and the solvents evaporated
vacuo. The crude product was chromatographed [PLC aocasdel; elution with hexane-
EtOAc (7:3)] to afforddiethyl 1-(N-furfurylcarbamoyl)-2-phenylethyl-phosphonate 6a as an
orange oil (0.26 g, 56%yma/cm’: 1675 (C=0)du/ppm (300 MHz; CDGJ) 1.30 (6H, tJ =
6.0 Hz, 2 x CH), 3.03 (1H, m, CHP), 3.08 and 3.32 (2H, 2 x m Rk}, 4.09 (4H, m, 2 x
OCH,CHg), 4.38 (2H, m, ChkN), 6.16 (IH, s, Ar-H), 6.28 (1H, s, Ar-H), 6.6 br s, NH)
and 7.20-7.32 (6H, overlapping m, Ar-Rx/ppm (75 MHz; CD() 16.4 (d,Jp.c= 3.5 Hz, 2
x CHg), 32.8 (d,J = 9.1 Hz, CHPh), 36.9 (CkEN), 48.6 (d,Jp.c= 129.5 Hz, CHP), 62.9 (d,
Jp-c = 5.4 Hz, @ H,CHz), 63.2 (d,Jp.c = 6.8 Hz, @,H,CH3), 107.5, 110.5, 126.7, 128.6,
128.9, 139.1, 142.1 and 151.3 (Ar-C) and 166.8 (GHRMS (ESI) calc’'d for GgH2sNOsP
[M+H] *: 366.1470. Found 366.1466.

3.2. Thegeneral procedurefor the synthesis of the N-benzylated 2-tetrahydrofuranyl
derivatives 7b-e is illustrated by the following example. A solutiaof diethyl [N-(3-
bromophenyl)carbamoyllmethylphosphon&te (0.10 g, 0.29 mmol) in dry THF (10 mL)
was added drop-wise over 10 min. to a stirred suspe of NaH (0.007 g, 0.3 mmol) in dry
THF (10 mL) under M The reaction mixture was stirred until a cleduson was obtained
(30 min.; during which time FHwas evolved), A solution of benzyl bromide (0.G64R, 0.35
mmol) in dry THF (10 mL) was then added drop-wiseging 10 min. , followed by further
benzyl bromide (0.19 mL, 1.7 mmol) in THF (5 mLhdathe resulting solution was refluxed
for 4 h. After cooling, the mixture was filtereddawater (10 mL) was added to the filtrate.
The solvents were evaporatedvacuo and the residue was chromatographed [PLC on silica
gel; elution with hexane-EtOAc (1:2)] to afford -Bénzyl-N-(3-bromophenyl)-2-
(tetrahydrofuran-2-yl)acetamide 7b as an orange oil (0.034 g, 32%}./cm™: 1671 (C=0);
du/ppm (400 MHz; CDGJ) 1.44 (2H, m, 3CHy), 1.84 (2H, m, 4CH,), 2.15 (1H, m, 2-C}},
2.45 (1H, m, 2-CH), 3.73 (2H, m, 5CH,), 4.32 (1H, m, 2-CH), 4.88 (2H, m, CkPh), 6.91
(H, d,J =7.8 Hz, Ar-H), 7.15-7.22 (7H, overlapping m, Aj)-and 7.43 (1H, d) = 8.0 Hz,
Ar-H); dc/ppm (100 MHz; CDG) 25.8 (C-3), 31.6 (C-4), 40.5 (C-2), 53.1 (CpPh), 67.9
(C-5), 76.2 (C-2, 122.8, 127.6, 127.7, 128.6, 128.7, 128.9, 128P,8, 131.3, 132.0, 137.1
and 143.7 (Ar-C) and 170.5 (C=0); HRMS (ESI) caldar C;gH,:BrNO, [M+H]™
374.0756. Found 374.0749.

33. The general procedure for the synthesis of the N-aryl-2-chloro-3-
phenylpropanamides (17) is illustrated by the following examplé mixture of 2-chloro-3-
phenylpropanoic acid4 (0.1 g, 0.5 mmol), thionyl chloride (0.08 mL, 1.08mol) and a
catalytic amount of DMF (3 drops) was heated at’@Ofor 1 h. The resulting 2-chloro-3-
phenylpropanoic acid chloride was added dropwisedbirred cold solution of 3-bromoaniline
(0.06 mL, 0.54 mmol) in DMF (1 mL), and the resudfimixture was stirred at rt overnight.
Excess water was added and the mixture extractbdBtOAC (3 x 15 mL). The organic layer
was dried overanhydr. MgSQ, filtered and concentrateéh vacuo to afford N(3-
bromopheny!)-2-chloro-3-phenylpropanamide 17b (0.12 g, 65%) as a brown oWpma/cm™
1668 (C=0);5u/ppm (600 MHz; CDG) 3.30 (1H, m, CHPh), 3.51 (1H, m, CHPh), 4.68
(1H, m, CHCI), 7.21-7.36 (8H, overlapping m, Ar-H),73 (1H, s, Ar-H) and 8.05 (1H, s,
NH); dc/ppm (150 MHz; CDG) 41.5 CH2Ph), 61.9 (CHCI), 118.8, 122.8, 123.3, 127.6,
128.3, 128.7, 129.9, 130.5, 135.8 and 138.0 (Aai®) 166.4 (C=0); HRMS (ESI) calc’d for
C1sH14BrCINO [M+H]™: 337.9947. Found 337.9933.



3.3.1 2-Chloro-N-(3-nitrophenyl)-3-phenylpropanamide 17f as a pale-yellow oil (0.31 g,
65%) following chromatography [PLC on silica geluteon with EtOAc-hexane (5:5)];
Vma/Cm* 3486 (NH) and 1675 (C=O¥n/ppm (300 MHz; CDGJ) 3.27 (1H, dd,) = 13.5 and
7.5 Hz, CHPh), 3.46 (1H, dd) = 13.5 and 7.5 Hz, GJ®h), 4.66 (1H, dd) = 7.5 and 4.5 Hz,
CHCI), 7.19-7.23 (5H, overlapping m, Ar-H), 7.454Im, Ar-H), 7.78 (1H, dJ = 9.0 Hz, Ar-
H), 7.94 (1H, dJ = 7.3 Hz, Ar-H), 8.15 (1H, br s, NH) and 8.27 (1H, Ar-H); dc/ppm (75
MHz; CDCk) 41.4 (CHPh), 61.7 (CHCI), 115.3, 120.0, 120.1, 127.7, 12828.9, 129.6,
130.1, 135.6 and 138.0 (Ar-C) and 166.8 (C=0); HRSI-) calc’d for GsH1,CIN,O3 [M-
H] : 303.0536. Found 303.0534.

34. tert-Butyldimethylsilyl ether-protected 3-aminobenzyl alcohol 18. Imidiazole (0.48
g, 7.14 mmol) was added to a solution of 3-aminaikalcohol5b (0.59 g, 4.8 mmol) in dry
DCM at 0 C. After stirring for 15 min., TBDMSCI (0.79 g, 82mmol) was added in
portions and the reaction mixture was stirred oggtnat room temperature. The solution
was diluted with DCM, washed with water and brimgied over anhydr. MgSQand
evaporatedin vacuo to afford the terbutyldimethylsilyl ether-protected 3-aminobenzyl
alcohol 18 (1.08 g, 95%)vma/cm’: 3340 (NH);8./ppm (300 MHz; CDGJ)) 0.11 (6H, s,
Si(CHg),), 0.95 [9H, s, C(Ch)g], 4.67 (2H, s, CHOSI), 6.53 (1H, dJ = 8.7 Hz, Ar-H), 6.69-
6.72 (2H, overlapping m, Ar-H) and 7.11 (1H,Jt= 8.7 Hz, Ar-H);dc/ppm (75 MHz;
CDCl) -5.10 [Si(CH)2], 18.6 [C(CHa)3], 26.2 [CCH3)3], 65.1 (CHPh), 112.9, 113.8, 116.4,
129.3, 142.9 and 146.5 (Ar-C); HRMS (ESI) calc’'d f0,3H,4NOSi [M+H]": 238.1627.
Found 238.1632.

3.5. Thegeneral procedure for the preparation of propanamides (19) is illustrated by
the following example. 2-bromo-3-phenylpropanoidda¢l (0.19 g, 0.81 mmol) was
dissolved in dry DCM and CDI (0.15 g, 0.89 mmol)swadded in portions. The mixture was
stirred for 1 h before theert-butyldimethylsilyl ether-protected amii8 (0.19 g, 0.81 mmol)
was added and stirring was continued at room temtyper for 48 h. The solution was
concentrated and the residue chromatographed [Pk@matography] on silica gel; elution
with hexane-EtOAc (7:3)] to affordN-{[3-(tert-butyldimethylsilyloxy)methy]phenyl}-2-
bromo-3-phenylpropanamiddh’® as a yellow oil 17 (0.16 g, 60%);a/cm™: 1678 (C=0);
dn/ppm (300 MHz; CDGJ) 0.04 [6H, s, Si(Ch),], 0.79 [9H, s, C(Ch)4], 3.20 (1H, ddJ =
15.0 Hz and 9.0 Hz G}®h), 3.48 (1H, ddJ = 15.0 Hz and 6.0 Hz GRh), 4.46 (1H, m,
CHBr), 4.57 (2H, s, OCHPh), 7.98 (1H, dJ = 8.4 Hz, Ar-H), 7.11-7.26 (7H, overlapping m,
Ar-H), 7.38 (1H, s, Ar-H) and 7.71 (1H, br s, NH)¢/ppm (75 MHz; CDG) -5.12
[Si(CHs)2], 18.6 [C(CHs)s], 26.1 [CCH3)s], 29.9 (CHPh), 52.0 (CHBr), 64.8 (CHSIi),
117.7,118.7, 122.8, 127.5, 128.2, 128.7, 129.9,68,237.1, 142.8 (Ar-C) and 166.1 (C=0);
HRMS (ESI) calc’d for GH3BrNO,Si [M+H]": 448.1307. Found 448.1301.

3.5.1. 2-Bromo-N-(3-bromophenyl)-3-phenylpropanamide 19b as a yellow solid (0.24 g,
69%), m.p. 116-118 °Cyma/cm’; 1670 (C=0):;8x/ppm (600 MHz; CDGJ) 3.35 (1H, m,
CH4Ph), 3.60 (1H, m, CHPh), 4.60 (1H, m, CHBr), 7.26-7.36 (8H, overlappmg Ar-H),
7.72 (1H, s, Ar-H) and 7.82 (1H, br s, NK)/ppm (150 MHz; CDGJ) 41.7 (CHPh), 51.7
(CHBIr), 118.7, 123.2, 127.6, 128.2, 128.8, 12929.6, 130.5, 136.6 and 138.2 (Ar-C) and
166.3 (C=0); HRMS (ESI) calc’d for{gH14Bro-NO [M+H]": 381.9442. Found 381.9430.
3.5.2. 2-Bromo-N-[3-(hydroxymethyl)phenyl]-3-phenylpropanamide 19¢*° as yellow oil
(0.16 g, 60%)yma/cm™: 1669 (C=0)du/ppm (300 MHz; CDGJ) 3.34 (1H, ddJ = 12.0 Hz
and 6.0 Hz, CKPh), 3.61 (1H, dd) = 12.0 Hz and 4.5 Hz, GRh), 4.61 (1H, m, CHBr),
4.67 (2H, s, OCkLPh), 7.14 (1H, dJ = 7.5 Hz, Ar-H), 7.25-7.31 (7H, overlapping m, Aj;
7.37 (1H, d,J = 8.2 Hz, Ar-H), 7.47 (1H, s, Ar-H) and 7.96 (1bt, s, NH);8c/ppm (150



MHz; CDCL) 41.7 (CHPh), 52.0 (CHBr), 65.1 (PhGBH), 118.7, 119.4, 123.6, 124.1,
125.0, 127.5, 128.7, 129.0, 129.6 and 130.2 (Aai@) 166.4 (C=0); HRMS (ESI) calc’'d for
C16H17BrNO, [M+H] " 334.0443. Found 334.0429.

3.5.3. 2-Bromo-3-phenyl-N-(2-pyridyl)propanamide 19d as yellow oil (0.21 g, 62.5%);
Vma/Cm'Y: 1671 (C=0):;5u/ppm (300 MHz; CDGJ) 3.24 (1H, ddJ = 13.5 Hz and 7.5 Hz,
CHJPh), 3.56 (1H, ddJ = 13.5 Hz and 7.5 Hz, GRh), 4.48 (1H, m, CHBr), 7.02 (1H, m,
Ar-H), 7.17-7.24 (5H, overlapping m, Ar-H), 7.67H1t,J = 8.7 Hz, Ar-H), 8.12 (1H, d] =
4.9 Hz, Ar-H), 8.21 (1H, dJ = 8.3 Hz, Ar-H) and 8.58 (1H, br s, NH)¢/ppm (75 MHz;
CDCl) 41.3 (CHPh), 49.8 (CHBr), 127.5, 128.8, 129.1, 129.5, 12920.9, 136.8, 140.4,
143.3 and 150.4 (Ar-C) and 167.6 (C=0); HRMS (E&i)c’'d for G4H14BrN,O [M+H]":
305.0290. Found 305.0294.

3.5.4. 2-Bromo-N-(3-hydroxyphenyl)-3-phenylpropanamide 19e as a brown solid (0.18
g, 63%), m.p. 118-120 °Gina/cm™ 1677 (C=0):5x/ppm (300 MHz; CDG) 3.35 (1H, dd,
J=15.0 Hz and 7.5 Hz, GRh), 3.61 (1H, dd] = 13.5 Hz and 4.5 Hz, GRh), 4.61 (1H, m,
CHBr), 6.68 (2H, m, Ar-H), 7.17 (1H, 8 = 8.1 Hz, Ar-H), 7.28-7.32 (5H, overlapping m,
Ar-H) and 7.45 (1H, m, Ar-H)pc/ppm (150 MHz; CDG) 41.9 (CHPh), 51.9 (CHBI),
107.6, 111.9, 112.7, 127.6, 128.8, 129.6, 130.6,6,3138.0 and 156.9 (Ar-C) and 166.8
(C=0); HRMS (ESI) calc'd for GH1sBrNO, [M+H]": 320.0286. Found 320.0275.

3.6. Thegeneral procedurefor Arbuzov reactions of the N-aryl-2-halogeno-3-phenyl-
propanamides 17b,g and 6b-f is illustrated by the following example. A mixtud 2-
bromo-N-[3-(hydroxymethyl)phenyl]-3-phenylpropanamidg®c (0.12 g, 0.35 mmol) and
triethylphosphite (0.2 mL, 1.1 mmol) undeg Was heated under reflux at 120-1%Dfor 10

h. Preparative layer chromatography of the resmltimxture [on silica gel; elution with
EtOAc-hexane (6:4)] affordeddiethyl 1-[ N-(3-bromophenyl)carbamoyl]-2-phenylethyl-
phosphonate 6b as a pale white solid (0.086 g, 61%), m.p 108-1C0O vyna/cm™: 1671
(C=0); 8u/ppm (600 MHz; CDGJ) 1.31 (3H, t,J = 5.1 Hz, CH), 1.35 (3H, tJ = 5.5 Hz,
CHs), 3.13 and 3.20 (2H, 2 x m, GPh), 3.43 (1H, m, CHP), 4.16 (4H, m, 2 x BCHj),
7.07 (1H, m, Ar-H), 7.15 (1H, m, Ar-H), 7.21-7.26H, overlapping m, Ar-H), 7.72 (1H, s,
Ar-H) and 8.73 (1H, br s, NHjc/ppm (150 MHz; CDG) 16.40 and 16.44 (2xdp.c= 7.8
Hz, 2 x CH), 32.5 (d,Jp-.c = 3.6 Hz, CHPh), 48.6 (dJp.c= 127.1 Hz, CHP), 63.02 (dp-c =
6.7 Hz, GC,H,CHs), 63.67 (dJp.c = 6.7 Hz, @CyH,CH3), 118.3, 122.6, 122.8, 126.9, 127.3,
128.6, 128.6, 128.7, 130.2 and 139.2 (Ar-C) and.1g&=0); HRMS (ESI) calc'd for
C19H24BrNO4P [M+H]": 440.0626. Found 440.0634.

3.6.1. Diethyl 1-{N-[3-(hydroxymethyl)phenyl]carbamoyl}-2-phenylethylphosphonate
6c as a yellow oil (0.068 g, 48.9%).a/cm’: 1694 (C=0);5n/ppm (600 MHz; CDGJ) 1.32
(6H, t,J = 6.8 Hz, 2 x CH), 3.28 and 3.34 (2H, 2 x m, GPh), 3.62 (1H, m, CHP), 4.10
(4H, m, 2 x OG,CHg), 5.04 (2H, s, €,0H), 7.26-7.37 (7H, overlapping m, Ar-H), 7.50
(2H, m, Ar-H) and 8.14 (1H, br s, NH); HRMS (ESlalcd for CH2sNOsP [M-1]":
391.1470. Found 390.1454,

3.6.2. Diethyl 1-[N-(3-hydroxyphenyl)carbamoyl]-2-phenylethylphosphonate 6e as a
white solid (0.095 g, 59%), m.p 158-160 °Gina/cm™: 1677 (C=0):54/ppm (600 MHz;
CDCl) 1.28 and 1.29 (6H, 2xm, 2 x GH3.13 (1H, m, CHP), 3.30 and 3.36 (2H, 2 x m,
CH.Ph), 4.13 (4H, m, 2 x O&;CHs), 6.56 (1H, dJ = 7.6 Hz, Ar-H), 6.84 (1H, d) = 7.3
Hz, Ar-H) 7.16-7.26 (5H, overlapping m, Ar-H), 7.41H, s, Ar-H) and 8.47 (1H, br s, NH);
dc/ppm (150 MHz; CDGJ) 16.5 (d,Jp.c = 5.4 Hz, 2 x CHh), 32.8 (d,Jp.c = 3.2 Hz, CHPh),
49.5 (d,Jp-C = 128.3 Hz, CHP), 63.3 (dp-c = 6.5 Hz, @aHche,), 63.7 (d,Jp-c = 6.5 Hz,
OCyH2CHs), 105.9, 107.2, 111.3, 112.1, 126.9, 128.7, 12B28.0, 138.7 and 157.2 (Ar-C)
and 165.6 (C=0); HRMS (ESI) calc’'d forgEl,sNOsP [M+H]": 378.1470. Found 378.1468.



3.6.3. Diethyl 1-[N-(3-nitrophenyl)carbamoyl]-2-phenylethylphosphonate 6f as a yellow
oil (0.050 g, 45%)vmadcm™: 1667 (C=0);5u/ppm (300 MHz; CDGJ)) 1.31 (6H, m, 2 x
CHs), 3.24 and 3.26 (2H, 2 x m, GPh), 3.48 (1H, m, CHP), 4.19 (4H, m, 2 x BCHy),
7.13 (1H, s, Ar-H), 7.26-7.38 (5H, overlapping nr;), 7.51 (3H, m, Ar-H) and 8.6 (1H, br
S, NH); éc/ppm (150 MHz; CDQ) 16.19 and 16.23 (2xdlp.c = 6.7 Hz, 2 x Ch), 29.9
(CH.Ph), 61.2 (dJp.c = 109.8 Hz, CHP), 64.7 (dp.c = 6.0 Hz, @ H,CHs), 64.9 (d,Jp.c =
5.5 Hz, GCyH.CHg), 115.0, 119.5, 125.8, 127.3, 127.4, 128.5, 128%.7, 129.8, 130.0,
135.4 and 138.7 (Ar-C) and 167.8 (C=0). HRMS (Ealx'd for GgH2:N,07P [M+OH-2H]

: 421.1165. Found 421.1159.

3.6.4. Diethyl 1-(N-phenylcarbamoyl)-2-phenylethylphosphonate 6g as a yellow oil
(0.08 g, 25%)ymad/cm™: 1678 (C=0):5./ppm (300 MHz; CDG) 1.33 (6H, m, 2 x CH,
3.17 and 3.22 (2H, 2 x m, GPh), 3.42 (1H, m, CHP), 4.12 (4H, m, 2 x BLH;), 7.07
(1H, s, Ar-H), 7.20-7.32 (6H, overlapping m, Ar-H).A5 (2H, m, Ar-H) and 8.51 (1H, br s,
NH); éc/ppm (150 MHz; CDGJ) 16.38 and 16.42 (2 x GH 32.5 (dJp.c = 4.1 Hz, CHPh),
48.6 (d,Jp.C = 127.6 Hz CHP), 62.9 (d]p.c =6.4 Hz, @aHchg), 63.3 (d,Jp.C =64 Hz,
OCyH2CHs), 119.7, 120.0, 124.3, 126.7, 127.9, 128.6, 12B28.8, 137.8 and 139.0 (Ar-C)
and 165.0 (C=0); HRMS (ESI) calc’'d forgEl,sNO4P [M+H]": 362.1521. Found 362.1519.

3.7.  1-{N-[3-Hydroxyphenyl)carbamoyl]}-2-phenylethylphosphonic acid 20e. Bromo-
trimethylsilane (0.15 mL, 1.1 mmol) was added tosalution of diethyl 1-N-[(3-
bromophenyl)carbamoyl]}-2-phenylethylphosphon@ive(0.10 g, 0.23 mmol) in dry DCM (5
mL) at 0°C under N. After 1 h., the solution was allowed to warm é@m temperature and
stirred for an additional 24 h. The solvent wasageedin vacuo and the residue dissolved in
THF (0.5 mL) and KO (0.05 mL). After stirring for 1 h, the resultingixture was
concentratedn vacuo and EtOAc was added to the residue; sonicatiorthef mixture,
followed by cooling at -16C and the formation of a dense oil. The EtOAc wesadted and
the residual solvent was evaporaited/iacuo to afford 1-{N -[3-hydroxyphenyl)carbamoyl]} -
2-phenylethylphosphonic acid 20e as a yellow oil (0.09 g, 86%yma/cm™: 1674 (C=0) and
3450 (OH);dn/ppm (600 MHz; CROD) 2.99 and 3.02 (2H, 2 x m, GPh), 3.24 (1H, m,
CHP), 6.38 (1H, s, Ar-H), 6.70 (1H, s, Ar-H), 6.@84, m, Ar-H) and 7.06 (5H, overlapping
m, Ar-H); dc/ppm (150 MHz; CROD) 16.9 (d,Jp-c = 5.6 Hz, CHPh), 34.1 (dJp.c = 28.6
Hz, CHP), 108.4, 108.5, 112.4, 127.6, 127.7, 12129,6, 129.7, 130.3 and 130.4 (Ar-C) and
158.8 (C=0); HRMS (ESI) calc’d forsgH;;NOsP [M+H]": 322.0844. Found 322.0836.
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