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Abstract : Starting from dicthyl benzylphosphonates, a wide variety of diethyl a-monofluoro, chloro,
bromo and iodobenzylphosphonates have been obtained in pure form by a one-pot procedure. This high

yielding method implies the intermediate protection of the benzyl anion with TMSCI followed by

halogenation with an electrophilic halogenating reagent. © 1999 Elsevier Science Lid. All rights reserved.

INTRODUCTION

The interest in generating dialkyl o.-monohalogenobenzylphosphonates lies for one part in their
potential for the synthesis of a-halogenoalkenes and alkynes which are important intermediates in organic

synthesis and material science.!-4 On the other hand, substitution of a hydrogen atom in o.-CHj position by

mnrﬁn;n 2l rhamictry with tha aim ta nranara hattar mimicng nf nhng ntoe narantc Awavysr a nrarticral
VAl lilal vilvliiioun VY ILEL L1V allll W lJl\-/Pul\l Uviilvi 1111111100 Ut lll\lﬂkllluLU lJ(.:lL\‘]Jl,D- 1iUwuvuel, a Plabkl\aﬂl,
general and high yielding method for the synthesis of pure dialkyl o-monohalogenobenzylphosphonates has

not yet been described. A number of approaches for the introduction of an halogen at the o-CHj position of
phosphonates has been reported and in order to limit the scope of this introduction only the four main
processes are discussed below :

(a) The most widely used synthetic method is the nucleophilic halogenation of diethyl o-
hydroxybenzylphosphonates, obtained via the Pudovik reaction between diethyl phosphite and aromatic
aldehydes, with a large variety of halogenating reagents: CHFCI-CF;NEt;6 and E(;N-SF3 (DAST)7 for
fluorination, POCI3,!-3 PPh3 / CCl4,8 SOCI,® for chlorination, PPh3 / CBry,'0 PPh3Br, / Py,!10

I A= CHARr / CDI ( I'_carhonvldiimidazole) 11 SORr9 for bromination, Mel / nTll and PIL9 for
CHp=CHCHBr / CD1 (NN -caroonyidiimidazole , SUDbrp7 or promination, Vel / ang riz” for
~li i mbion QA AA 1) Thio tviathadalaay: hao lhaan ammenlavad in tha mramaratian ~F o siatr ~F Arrviriaiin

1odaination {(Scacme 1). 1nis metnoaoiogy nas peen empi0yea in e préeparation Of a variely o1 compounas,
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the range of yields is large (25 - 97 %) but the harsh reaction conditions, high temperatures and long reaction

times preciude the presence of many functionalities.

H — —

(EtO)o,P—-H + '\/C \ . (E!O)-—P'—C“ﬂ
" 0" 7R Lodn YR

A v v T

|

l Halogenation
. .- N\ |
X=F.ClBr 1] [EO)P-CH— .o |

o X \ 'R

Scheme 1

(b) Occasionally, the Michaeclis-Arbuzov!? reaction may be used for the synthesis of o-

fluorobenzylphosphonate This unusual approach proved to be problematic in the case of the secondary

ction hus, moflu uene rcacts with (EtO)3P to afford diethyl p-carbethoxy-o-
fluorobenzyiphosphonate in 68% yield as illustrated in Scheme 2. 14
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(¢) Electrophilic chlorination of the diethyl (x’lithiobenzylphosphonate carbanion with CCly occured in
moderate to good yields (82-90%) (Scheme 3)
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NBS in the presence of benzoyl peroxide was reported (Scheme 4). 16 The reaction was very slow , requiring

CCly at reflux and long reaction times (2-3 days), to give moderate yields (47-53%).

QP—CHQ-/ " MR __NBS/(PhCO)O, I(EtO)2P~C n~< y—rl
i \_/ CCl,, reflux, 2.3 days TN/
© 47-53% S

Scheme 4.

Despite recent advances in developing methodology and new halogenation reagents, these approaches
are not highly selective and appear to have only limited synthetic potential. Consequently, mixtures of non-
halogenated and bis-halogenated benzylphosphonates could result, thereby canceling these reactions for
synthetic purposes.

Despite a large number of investigations, the effective control of the electrophilic monohalogenation at
N iti f nh t 3 1 1 Aals +, hi Th A Avrantas shinh
the a-CH; position of phosphonates remains largely a delicate problem. The major disadvantage which

attends the use of clectrophilic approach is the formation of complex mixtures of monohalogeno-, dihalogeno-
and nonhalogenobenzylphosphonates. Very recently, a wide variety of o,a-difluorobenzylphosphonates have
been synthesized from the corresponding phosphonates via electrophilic fluorination with NFBS.17 Owing to
both biologic and synthetic potential of halogenobenzylphosphonates, the search of a reaction sequence that
may be conveniently executed to produce a large variety of a-monohalogenobenzylphosphonates in pure
form is especially useful. The presence of protected carbanions is crucial to the success of the

enation to exclude the formation of side reactions.

monohalogenation to fsi
ToT
e

protected benzylphosphonate carbanions.
Herein, the con ‘1p1c e uetaxis a general and aitractive one-pot synthesis of diethyl a-monofiuoro-, chioro-,
bromo-, and iodobenzylphosphonates are described. We performed our synthesis with a variety of diethyl
benzylphosphonates which are commercially available or easily prepared on laboratory scale by heating

(EtO)3P with the corresponding benzyl halides according to the Michaelis- Arbuzov process.!8-29
RESULTS AND DISCUSSION

The preparation of diethyl o-monohalogenobenzylphosphonates 4 (X=F), § (X=Cl), 6 (X=Br) and 7
(X=I) from dicthyl benzylphosphonates 1 is accomplished by a four steps, one-pot procedure via electrophilic
halogenation of the !-lithio-1-(trimethylsilyl)benzylphosphonates 2. Each step of this reaction sequence may
be conveniently executed without isolation of the intermediates (Scheme 5). In the first step, extraction of a
proton at the benzylic position from 1 occurs easily at low temperature with LiHMDS. This first
deprotonation is followed at room temperature by simultaneous protection of the benzylic position with
TMSCI and extraction of the second benzylic proton. The complete transformation of 1 into 2 needs 3 eq. of

LiHMDS and the resulting silylated carbanions 2 are stable and easily identified by 31P-NMR analysns
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carbanion which reacts unambiguously with electrophile and thus avoids the problems associated with the

_ 1) 3 eq. LIHMDS / THF SiMe,
(EtO),P— CH R BLOC . (EO),P- C}——-(_\
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5a-h, Cl
6a-f, X=Br
7a-b, X=I
Scheme 5.
Halogenation of the tertiary carbanions 2 is effectively achieved using several clectrophilic
alnogenating reacgente ineclhnding _flnarnhenzeneciilfanimide (INFRSY far flnarinatinn havacrhlarasthane
LIQIVvVEWwLIQLILL luub\dlllo, 111\41uu1115 ANTHIUVIVUVILLOVIIVOUALVLLLRRIA \A‘L .IJL)} 1v1 Lluuxuluuvu, 1HvAadviiivivviliainsw

(C13C-CCl3) for chlorination, tetrachlorodibromoethane (BrCl,C-CCl;Br) for bromination and iodine for
iodination. All these reagents are crystaiiine, non-hygroscopic, easy to handie and commercially availabie.
Furthermore, the chlorination and bromination reagents give reaction by-products which are volatile and
easily eliminated. Chlorination, bromination and iodination, under various conditions of tempcrature,
demonstrated identical reaction behaviour in the range -90°C to -20°C. By contrast, fluorination has to be
achieved cxclusively at low temperature (-90°C) to prevent aromatic ring fluorination, which is generally
favoured by the presence of the electron-donating substituents. In these conditions the halogenation reactions
are fast, clean and complete providing quantitative formation of 3 (83!P (THF)=+20.5 ppm).

Direct elimination of the TMS oroun from 2 at 0°C i¢ realized with nnngnal facility When comnonnds

A AWl WALILIZAAACALANTIE WL Uil K LYEWT 5! \lutl LANFELL &7 QAL L 2 AwKAd1g,NS VALLL CARLIvIOLEiAr 1“\4111&]1 ¥Y 1141 vvx;xrvullu)
QA s sriornli; traantal to tha ranatiae mmaditiee mith oaithan o nattanito cnliitian AFT SNLT A e athomAalia caliieiae
J are merely tredteda in tne reaction meaium wiln €itner an aqueous so1iiion of Liun Or an etnanoiic soiution
LN Lt Aiatlil mv e mbal s ommmbam g lelmomh s ntae Aa b Eo e o £ M R Lt 1 s
01 CiuULl, e Ulcl[ly[ U -T1HOTIO ¢ lUch 0DENZ ylpﬂU SPHULIAICS 4d=11, JSa-i1, Dd-1 dilU /7/da-D dIC ODALICU 1l d 1CW
minutes as the only products (§3!P (THF)=+16 ppm) (in 31P-NMR spectroscopy we observe a shift of about 4

ppm between the silylated and desilylated derivatives). The efficiency of the deprotection step is due to the
three electron-withdrawing groups (phosphoryl, halogen and aromatic ring) which participate in the reaction
by weakening the C-Si bond and increasing the rate of desilylation. By contrast, deprotection of non-
halogenated diethyl trimethylsilylbenzylphosphonates is a slow reaction, requiring stirring overnight at room

temperature or heating.

of the reaction and we will discuss of the experimental parameters which have been recognized as important



to succeed the reactions. These include: (a) the nature and quantity of the base; (b) the reaction temperature;
(¢) the stoichiometry of the reagents; (d) the removal conditions of the TMS group and (e) the influence of

substituents on the aromatic ring.

(a) Three lithium amides, LIHMDS (lithium hexamethyldisilazide), LDA (lithium diisopropylamide)
and LiTMP (lithium 2,2,6,6-tetramethylpiperidide) were tested as metallation agents. All three were basic
enough to give the two successive deprotonations. However, we found that diisopropylamine and
2,2,6,6-tetramethylpiperidine, which are regenerated in the reaction mixture, are not inert towards TMSCI

under our experimental conditions and react at room temperature with TMSCI forming HCI which partially

11 1 IVl 1 s 1102 1

rotonates the carbanions 2
fonates 10ns

' and o ‘ .
the carbanions 2 and comes back to the starting diethy 1zyIphosphonat

3

hexamethyldisilazane is a more sterically hindered amine, less basic too, which is tolerated in the reaction of
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We proved that for a fast and complete obtaining of diethyl 1-lithio-1-(trimethylsilyl)-
benzylphosphonates 2 it is necessary to employ 3 eq. of base. Effectively, when a sample of diethyl 1-
(trimethylsilyl)benzylphosphonate is independently submitted to deprotonation with either LIHMDS or LDA
at room temperature in THF, 2 eq. of base are required to provide full metallation.

(b) The reaction of TMSCI] with the metallated derivative of 1 proceeds exclusively at room

temperature. At low temperature the reaction is sluggish and never complete.

i8S (OB 3 3 10 4 LE witiiouw 2z 1

(¢) TMSCI has to be introduced without excess to p

all because TMSCI undergoes an halogen exchange reaction with NFBS. In the presence of unreacted
TR AC g prmmne ~LONTTTICO Ll 0Tt PPN SI, P P DR PRI
1IVIDU], uespue [l'lC use O an €XCess Ol INIFDY, e 1Iuorination reaction remains 1ar ICLYy unCompicie

(d) Two appropriate hydrolytic procedures may be employed for the cleavage of the C-Si bond. The
method using LiOH / HO is preferred for fluorinated benzylphosphonates 3 (X=F) and the method using
EtOLi / EtOH for chloro-, bromo- and iodobenzylphosphonates 3 (X=Cl, Br, I). In the case of 3 (X=F), the
cleavage of the C-Si bond with ethanolic lithium ethoxide produces N-cthylbenzenesulfonimide which
remains in the organic phase and consequently is very difficult to separate from the o-
monofluorobenzylphosphonates 4a-f, whereas treatment of 3 (X=F) with concentrated aqueous lithium
hydroxyde affords lithium benzenesulfonimide which is retained in the aqueous phase. In addition, while no
difficulties are encountered in the treatment of compounds 3 with lithium hydroxide, the use of sodium
i etal lii‘g enzesulfonimide in t € agqueous phase.

(e) We also studied the influence of substituents R of the aromatic ring. The reaction is general for
substituents such as p- and m-methyl, o- and p-fluoro, p-chloro, p-bromo and p-methoxy which do not
interfere with the halogenation process. These substituents R have a significant influence when they are in the
ortho-position. Under these conditions, the second deprotonation is slowed down because of a difficult
approach of LiIHMDS in a highly crowded position. Fluorine atom is the largest substituent allowed for
successful deprotonation. This can be explained by the comparable size of fluorine and hydrogen atoms. The
only cases where halogenation occurs are when the aromatic substituent R=2-F (Scheme 5). All attempts to

pure form failed.

which slowly decompose.

~ Al as s

The prCU’d of the o- nalogcnonenZyxpnmpnonates show a magnet tic non- CquVdICHLC of

i—?‘*
o
<)
g 0
=
c
)

diethyl groups due to the presence of an asymmetric carbon in the a-position inducing a diastereotopic effect
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at the phosphoryl group. This diastereotopic effect is not the consequence of a restricted rotation around the

B. Iorga et al. / Tetrahedron 55 ( 1999)

U4 €

phosphorous-carbon bond.!! The main spectroscopic data are collected in the following Tables 1-4.

Table 1. 31P, 19F, 1H, 13C-NMR data of diethy! a-fluorobenzylphosphonates 4

4 R 5 31P (ppm) S I9F (ppm) & 'H P-CHF-Ar-R 8 13C P-CHF-Ar-R  Yields
(CDCl3) (CDCl3) (ppm) (CDCl3) (ppm) (CDCl3) (%)
a H 13.0 (d, 2/pp=85.6) -200 6 5.75 (dd, Upu=7.9, 89.9 (dd, 1/pc=170.5. 97
(d, 2/pp=85.6) 2Jm=44.6) e=184.2)
b 2-F 12.6 (dd, 2Jpp=88.6, -204.0 6.10 (dd, 2/py=8.0, 83.5 (ddd, WUpc=177.0, 68
4/pr=5.2) (d, 2/pr=590.4) 2jpy=44.2) Lpc=180.1, Vrc=3.0)
C 3-Me  15.5 (dd, 2/pp=85.9) -198.4 5.75 (dd, 2Jpy=1.5, 89.6 (dd, 1/pc=170.0, 83
(d, 2Jpp=86.1) 2ey=44.7) Vpc=183.7)
d 4-Me  13.5(d, 2pp=87.7) -199.2 5.70 (dd, 2Jpy=17.5 89.6 (dd, /pc=172.4, 90
(d, 27pp=86.9) 2Jpy=44.4) | Tpc=183.2)
e 4-F  129(d, 2pp=85.6) -199.2 5.62 (dd, 2py=7.5 88.7 (dd, Upc=171.5, 68
(d, 2Jpp=85.8) 2Jpy=44.5) Urc=183.9)
f 4-Cl 12.6 (d, 2Ipp=83.3) -201.4 5.70 (dd, ZJpy=1.3, 88.9 (dd, Jpc=172.9, 74
(d, 2Jpp=83.6) 2 Jpy=44.5) 1 Jpe=184.0)
g 4-Br  14.4 (d, ZJpp=85.1) -199.7 5.77 (dd, 2Jpy=8.0, 89.1 (dd, Jpc=171.0, 76
(d, Zpp=85.4) 2 Fry=44.6) U pc=184.6)
h 4-OMe 15.8 (dd, 2/pp=91.3) -192.5 5.66 (dd, 2Jpy=1.0, 89.5 (ddd, 1Jpc=173.9, 79
(d, 2Jpp=90.3) 2Jep=44.4) pc=183.0)
Table 2. 3P, IH, 13C-NMR data of diethyl c-chlorobenzylphosphonates 5
5 R 53'-P(pp“ﬁ) 8 'H P-CHCI-Ar-R 3 13C P-CHCFAr-R  Yields
(CDCli3) (ppm) (CDCl3) (ppm) (CDCl3) (%)
a H 18.2 (s) 4.87 (d, 2Jpy=14.1) 53.2 (d, LJpc=159.6) 93
b 2-F 16.6 (s) 5.20 (d, 2Jpu=14.3) 45.0 (d, LUpc=163.3) 92
c 3-Me 17.3 (s) 4.93 (d, 2Jpy=14.0) 53.9 (d, 1Jpc=160.0) 95
d 4-Me 17.5(s) 4.90 (d, 2Jpg=13.9) 53.3 (d, WUpc=161.2) 90
e 4-F 17.0 (s) 4.75 (d, ZJpy=14.1) 53.1 (d, 1Jpc=160.6) 94
f 4-C] 16.4 (s) 4.79 (d, ,})H=143) 533 (d _’Pcz16052) 93
g 4Br 164 (s) 4.75 (d, 2Jpp=14.3) 53.1(d, Upc=159.5) 93
h 4-OMe 17.6 (s) 4.93 (d, 2Jpy=13.7) 53.9 (d, 1Jpc=162.0) 95
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Table 3. 31P, IH, 13C-NMR data of diethyl o-bromobenzyiphosphonates 6

6 8 31P (ppm) 3 'TH P-CHBr-Ar-R 8 13C P-CHBr-Ar-R Yields
(CDCl3) {ppmy (CDCl3) {ppm) (CD<Cl3) (%)

a H 17.3 (s) 4.81 (d, 2Jpy=13.0) 42.0 (d, Wpc=159.5) 87

b 2-F 16.2 (s) 5.20 (d, ZJpy=13.7) 33.9 (d, L/pc=164.5) 88

¢ 4-Me 17.6 (s) 4.87 (d, 2Jpy=12.8) 41.9 (d, Upc=161.2) 85

d 4-F 17.4 (s) 4.74 (d, 2Jpy=13.1) 40.9 (d, lJpc=160.3) 93

e 4 16.8 (s) 4.76 (d, Zlpp=13.2) 40.9 (d, Jpc=160.0) 95

f 4-Br 16.6 (s) 4.70 (d, 2Jpy=13.2) 41.0 (d, 'Jpc=159.1) 92

Table 4. 31P, IH, 13C-NMR data of diethyl o-iodobenzylphosphonates 7

- R 8 31P (ppm) 8 IH P-CHI-Ar-R d 13C P-CHI-Ar-R Yields
(CDCl3) {ppm) (CDCl3) {(ppm) (CDCl3) (%)
a H 19.6 (s) .96 (d,2Ipy=13.5) 15.4 (d,1Jpc=155.6) 98
b 4-Me 20.7 (s) 5.09 (d,2Jp=13.5) 16.2 (d,1Jpc=160.2) 97
CONCLUSION
Consequently, we describe herein a general, versatile unambiguous one-pot procedure for the

synthesis of a wide variety of diethyl o-monohaloger

electrophilic halogenation of the benzylphosphonate anions. The experimental conditions offer a shorter and
more convenient preparation than those early reported, each step of this reaction sequence being executed in
quantitative yields without the isolation of intermediates. Extension of this methodology, using easily

available electrophilic halogenation reagents, to other functional phosphonates is in progress.
EXPERIMENTAL SECTION

NMR spectra were recorded on a Bruker AC 200 spectrometer operating at 200 MHz for proton, 50.3
MHz for carbon and 81.01 MHz for phosphorus. 31P downfield shifts (8) are expressed with a positive sign,
in ppm, relative to external 85% H3PO4 in H20. 'H and 13C chemical shifts (8) are reported in ppm relative
to CDCl3 as internal standard.1%F chemical shifts (8) are reported in ppm relative to CFCl3 as external
standard. Coupling constants (J ) are given in Hz. Gas chromatography was performed on a Hewlett Packard
5890 gas spectrometer with an SGE BPX (25M x 0.22 mm) column using splitless injection and a helium gas

vector at 1 ml / min. Low resolution mass spectra were recorded on a Hewlet Packard 5989 B mass

grmantramiatas

DPUbLlUlllDLDl
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Organic solvents were puri by standard procedures. THF was distilled under an inert atmosphere
from purple solutions of sodium benzophenone ketyl. The synthesis of ali compound ere carried out under

dry nitrogen.

al. / Tetrahedron 55 (1999) 2671-2686 2677
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An oven-dried, 500 ml, four necked, round-bottomed flask was fitted with an efficient mechanical
stirrer, a thermometer, a fractionating Vigreux column equipped with a condenser, and a pressure equalizing
funnel with a nitrogen inlet. Under a gentle flow of nitrogen the flask was charged with 0.4 mol of a
substituted benzyl chloride or bromide. The flask was heated at 150°C (for benzyl chloride) or at 100°C (for
benzyl bromide). At this temperature 66.4 g (0.4 mol) of (EtO)3P was slowly added. After the addition was

completed, the mixture was heated for 5h at 150°C for benzyl chloride and for 2h at 100°C for benzyl
romide, The react 3 Il the ethy! bromide was

bromide. The reaction is easily monitored by 3!P-NMR spectroscopy. When all
distilled, in the of benzyl bromide, the residue was transferred to a pear-shaped flask for distillation

¢ vigr ux column and fractionated at vacuum-pump pressure,

Diethyl benzylphosphonate (1a)18-23 C;1H|703P (M=228) : 31P-NMR +274 (s). / IH-NMR 1.17 (t,
3Jup=7.1, 6H, CH3CH0), 3.09 (d, 2Jpr=21.6, 2H, PCH>), 3.94 (p, 3Juu=3Jpu=7.1, 4H, CH3CH,0), 7.16-

H»>
7.24 (m, 5H, Harom of CgHs). / 13C-NMR 16.8 (d, 3Jpc=5.8, CH3CH»0), 34.3 (d, 1Jpc=138.5, PCH»), 62.6
(d, 2Jpc=7.0, CH3CH,0), 127.3 (d, 3Jpc=3.0, Cpara of C¢Hs), 129.0 (d, 4/pc=2.7, Cmeta of CeHs), 130.3 (d,

3Jpc=7.1, Cortho of C¢Hs), 132.1 (d, 2Jpc=9.3, Cipso of CeHs). / m/z (CI): 229 (M+1, 100), 246 (M+18, 11).

I\Aﬂ -

Diethyl 2-fluorobenzylphosphonate (1b)18,:24.25 C;H¢O3FP (M=246) : 3IP-NMR +24.8 (s). / 19F-NMR
-90.7 (s). / TH-NMR 1.09 (t, 3/yu=7.0, 6H, CH3CH,0), 3.04 (d, 2Jpy=21.6, 2H, PCH»), 3.89 (p,
3Jgu=3Jpy=7.0, 4H, CH3CH;0), 6.83-7.27 (m, 4H, Harom of CgHa). / 13C-NMR 16.6 (d, 3Jpc=6.1,
CH3CH,0), 26.6 (dd, 1Jpc=140.4, 3Jpc=2.7, FCHy), 62.5 (d, 2Jpc=7.1, CH3CH,0), 115.6 (dd, 4/pc=2.8,
2JpC=22.8, Cmeta 0f CeHy), 119.4 (dd, 2Jpc=16.0, 2Jrc=9.7, Cipso of CeHa), 124.4 (1, 4/pc=*TrC=3.6, Cmeta’
of CgHy), 129.0 (dd, SJpc=3.7, 3Jpc=7.7, Cpara of CgHa), 132.1 (t, 3Jpc=3Jpc=4.4, Corho' of CgHy), 161.1

para =5 =UT 5 =0Tuid bt S ks 4

(dd, 3Jpc=7.6, UUp=246.9, Corno of CeHy). / m/z (CI): 247 (M+1, 100), 264 (M+18, 63).

Diethyl 2-chlorobenzylphosphonate (1¢)20:29 C| H 503CIP (M=262.5) : 3IP-NMR +26.1 (s). / IH-NMR
1.14 (1, 3Jyn=7.0, 6H, CH3CH,0), 3.26 (d, Z/pg=22.0, 2H, PCH>), 3.90 (p, 3Jyn=3Jpu=7.0, 4H,

Ldi\] (2 8 )

CH3CH»0), 7.04-7.36 (m, 4H, Haom of CeHy). / 13C-NMR (CDCl3), § (ppm): 16.5 (d, 3Jpc=6.1,

CH3CH,0 ) 30.9 (d, LJpc=139.2, PCH»), 62.4 (4 2Jpc=6.3, CH3CH,0), 127.0 (d, 3Jpc=4.0, Cpara of Cela),

128.5 (d 4Jpc=3.2, Cimeta' of CgHy), 129.8 (d, 4Jpc=2.9, Cieta of CgHa), 130.2 (d, 2/pc=9.2, Cipso of CgHig),

131.9 (4, ’JpC—S 8, Cortho of CeHy), 134.4 (d, 3Jpc=7.8, Cortho of CgHy). / m/z (CT): 263 (M+1 33Cl, 100),
265

(M+137Cl, 33), 280 (M+18 35Cl, 54), 282 (M+18 37Cl, 19).

Diethyl 3-methyibenzyiphosphonate (1d)18:2% C1H1903P (M=242) : 31P-NMR +26.7 (s). / IH-NMR 1.12 (t,
3Jun=7.0, 6H, CH3CH,0), 2.21 (d, 4/gg=2.2, 3H, C¢H4CH3), 2.98 (d, 2Jpu=21.6, 2H, PCH>), 3.89 (p,
3Jgp=3Jpu=7.1, 4H, CH3CH,0), 6.90-7.11 (m, 4H, H of CgHy). / 13C-NMR 16.7 (d, 3Jpc=6.2, CH3;CH,0),
21.6 (s, C¢H4CH3), 33.9 (d, lJpc=137.5, PCHy), 62.3 (d, 2Jpc=6.9, CH3CH,0), 127.1 (d, 3Jpc=6.4, Cortho of
CgHy), 127.9 (d, STpc=4.4, Cpara 0f CeHy), 128.6 (d, 4Jpc=3.3, Cmeta’ of CgHa), 130.8 (d, 3Jpc=7.3, Corho of
CeHy), 131.7 (d, 2Jpc=9.3, Cipso of CeHa), 138.3 (d, 4/pc=4.4, Cmeta of CsHa). / m/z (CT): 243 (M+1, 100),
260 (M+18, 7).



Diethyl 4-meth) lberzyl"hw"hu’i"t" (1e) C12Hj903P (M=242) : 31P-NMR +26.3 (s). / YH-NMR 1.16 (1,
37 71 o s Wa ,-\ A1 471 A A ATT TY ~vr \ A nA 1 Dx - AT ’_.—.-\ ~
Jup=7.1, 6H, mbngu;, .24 (d, ~Jyu=2.2, 3H, Cgli4CH3), 3.03 (d, <Jpy=2i.4, ZH, PCH»), 3.93 (p,

3Jap=3Jpu=7.1, 4H, CH3CH20), 7.03 (d, 3/yn=8.2, 2H, Hnea of CeHy), 7.11 (dd, 3Jgu=8.2, 4JpH—2 2, 2H,
Hpara of C¢Hg). / I3C-NMR 16.8 (d, 3Jpc=5.6, CH3CH,0), 21.5 (s, C¢H4CH3), 33.7 (d, \Jpc=138.5, PCHa),
62.5 (d, 2Jpc=6.4, CH3CH,0), 128.8 (d, 2/pc=9.2, Cipso of CgHa), 129.7 (d, 4Jpc=2.8, Cmeta of CsHa), 130.1
(d, 3Jpc=7.0, Cortho of CeHy), 136.8 (d, SJpc=5.4, Cpara of CgHy). / m/z (CI): 243 (M+1, 100), 260 (M+18,
13).

Diethyl 4-fluorobenzylphosphonate (1f) C11H,603FP (M=246) : 31P-NMR +26.0 (d, 6JpF=5.4). / 19F-NMR
-90.8 (d, 6Jpp=5.5). / TH-NMR 1.17 (t, 3Jun=7.0, 6H, CH3CH;0), 3.04 (d, 2Jpg=21.4, 2H, PCH>), 3.94 (p,
3/uu=37pu=7.0, 4H, CH3CH,O0), 6.92 (t, 3Jyu=>Jru=8.7, 2H, Hmeta of C¢Ha4), 7.14-7.23 (m, 2H, Hoyqhe of
CgHy). / 13C-NMR 16.9 (d, 3Jpc=6.0, CH3CH,0), 33.4 (d, 'Jpc=139.1, PCH»), 62.7 (d, 2/pc=6.9,

o2 pC=0.0, LN3LHaU)), 23.4 (G, JPC=1o7.1 a2s 2
C113_CH20), ! 16. dd 4JPC:A. 7 2JF”—21 4 _Cme‘[a Of C6H14), 128 0 (dd, ZJ’PC=9 2, 4d FC=3.u, _lpSO Uf C6H4),
131.8 (t, 3Jpc=3J5C=T7.6, Cortho of CgHly), 162.5 (dd, STpc=4.6, |Jpc=245.7, Cpara of CeHy). / m/z (CT): 247

o - o
[\
-
W
S~
T
m
\lta
no
(@)Y
e
O
=
W
@)
jun)
N
9
w
~~
Q..
[\
.§~.
“s
[\
—
O\
%]
jos
(')
lm
joe)
,v
B
o
:3
(98]
~
o
T
I
-?
“.
\]
O
S
jon

IJpc—138 0, PCHQ) 62.1 (d lJpc=7 2, CH3QH20) 128.6 (d, 4Jpc—2 8, Cmcta of C6H4) 130.4 (d, inC=9 2,
Cipso of CeHy), 131.1 (d, 3Jpc=6.2, Cortho of CsHy), 132.7 (d, SJpc=4.5, Cpara of GsHyg). / m/z (CI): 263

(M+1 35Cl, 100), 265 (M+1 37Cl, 38), 280 (M+18 35Cl, 27), 282 (M+18 37Cl, 9).

Diethyl 4-bromobenzylphosphonate (1h)27.28 C|H03BrP (M=307) : 31P-NMR +20.1 (s). / TH-NMR 1.07
(t, 3Jun=7.0, 6H, CH3CH»0), 2.91 (d, 2Jpy=21.7, 2H, PCHy), 3.84 (p, 3Juu=>Jpy=7.0, 4H, CH3CH>0),
6.99 (dd, 3/yu=8.4, 4Jpu=2.5, 2H, Hotho of CeHy), 7.24 (d, 3Jyn=8.4, 2H, Heta of CeHy). / 13C-NMR 16.6
(d, 3Jpc=6.0, CH3CH»0), 33.4 (d, LJpc=138.6, PCH»), 62.4 (d, 2Jpc=7.3, CH3CH0), 121.0 (d, 3Jpc=4.6,
Cpara of C6Hy), 131.1 (d, 27pc=9.2, Cipso of CgHy), 131.7 (d, 3Jpc=6.6, Cortho of CeHa), 131.8 (5, Cimera Of

Y- 307 (M+1 79Rr 632) 200 (M1 81Rr £2) 324 (M118 79Rr. 100) 326 (M+18 BIRe 100
) 307 (M+1 /ZBr, 63), 309 (M1 81Br 62}, 324 (M+18 /7Br, 100), 326 (M+18 1By, 100).
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Diethyl 4-methoxybenzylphosphonate (1i) Ci12H1904P (M=258) : 31IP-NMR +27.3 (s). / 1TH-NMR 1.21 (t,
3Jgu=7.0, 6H, CH3CH;0), 3.06 (d, 2Jpg=21.1, 2H, PCH3), 3.70 (s, 3H, OCH3), 3.98 (p, 3Juu=3Jpu=7.1,

4H, CH3CE§_20), 682 {d, 3J’HH—8.}, ZH, Ex_meta Of C6114), 721 (dd, 3JHH:S 7!4"IPIi:2 4, ZH, F—IOTTHO ot C6| lq)
/ 13C-NMR 15.7 (d, 3Jpc=5.3, CH3CH 1Jp 38.7, PCH CH 2Ipc=6.6,
o~ ~ o — A O S ~ —~ A4 2 2 r om o~ r
CH3CH20), 113.3 (s, Cieta of CeHy), 122.8 (d, 2Jpc=9.0, Cipso of CeHy), 130.1 (d, 3Jpc=6.3. Cortho of
CgHy), 158.0 (d, SJpc=2.6, Cpara of CeHag). / m/z (CD): 259 (M+1, 100), 276 (M+18, 8).
General procedure for the synthesis of diethyl a-fluorobenzylphosphonates
A freshly titrated solution of n-BuLi (4.69 ml of 1.6 M solution in hexane; 7.5 mmol) was added to
THF (20 ml) cooled to -78°C. A mixture of hexamethyldisilazane (HMDS) (1.33 g; 8.25 mmol) and diethyl

benzylphosphonate (2.5 mmol) in THF (20 ml) was then slowly added at this temperature via a dropping

funnel. Few minutes later, the reaction mixture was allowed to warm siowly to 20°C and Me3SiClI (0.3 g;
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i ) was lapxuxy added. After 15 mi 1, tHe 1 action m iUIC was cooled to -50°C and
1 Ac

obenzenesulfonimide (NFBS) (1.02 g; 3.25 mmol) in THF (’2 mi) was siowly added. After 15
min at low temperature, the reaction mixture was allowed to warm-up to 0°C and treated at this temperature
with an excess of LiOH in H>O (15 ml) for 15 min. The organic layer was washed with 1M LiOH solution (2
x 15 ml) and then poured with stirring into a mixture of 3M HCI (20 mi), CH,Cl or Et;O (20 ml) and ice (10
g). After two extractions (2 x 20 ml) of the aqueous layer, the combined organic layer was dried over MgSOy4
and evaporated under reduced pressure to afford the desired compounds as the pale-yellow oil. All isolated
compounds were pure enough to make further purification useless, but can be chromatographed on a silica

column (70-230 mesh) and eluted with hexane:ethyl acetate (70:30).

Diethyl a-fluorobenzylphosphonate (4a)7-17:30.31 C11H 603FP (M=246) : 3IP-NMR +13.0 (d, 2/pp=85.6). /
31P.NMR ('H coupled) +13.2 (dd, 2/pr=84.8, 2/pp=7.6). / 19F-NMR -200.6 (d, 2Jpp=85.6). / 19F-NMR
01.0 ( dd, 2Jpp=83.0, 2Jr=44.4). / 1TH-NMR 1.30 (¢, 3Jyu=7.1, 3H, (CH3C

IIH C““p \«d) 2 U, v pPR—UJT AR=iNivaEw x [RAV AR Jnn— s PALdy \dASsoXX 20 ) 1.32 {{,
3Jyu=7.1, 3H, (CH3CH,0)g), 4.01-4.24 (m, 4H, CH3CH,0), 5.75 (dd, 2Jpy=7.9, 2Jpy=44.6, 1H, CHF),
7.41-7.54 (m, 5H, 5) / 13C-NMR 16.8 (d, 3Jpc=5.2, CH3CH,0), 64.1 (dd, 2Jpc=7.0, Jrc=18.:’.,

CH3CH,0), 89.9 (dd 1 Jpc=170.5, iJpc=184.2, CHF), 127.3 (t, 3Jpc=3J5c=6.0, Cortho of CeHs), 129.0 (d,
4J5c=2.4, Cmeta of CHs), 129.7 (s, Cpara 0f CeHs), 133.4 (d, 2/rc=18.4, Cipso of CeHs). / m/z (CI): 247
(M+1, 100), 264 (M+18, 44).

Diethyl o-fluoro-2-fluorobenzylphosphonate (4b) C11H 503FP (M=264) : 3IP-NMR +12.6 (dd, 2Jpp=88.6,
4Jpp=5.2). / 31IP-NMR (1H coupled) +12.6 (dt, 2Jpp=88.9, 4Jpr=2Jpy=6.9). / 19F-NMR -117.4 (s, CcH4F),
-204.0 (d, 2Jpg=90.4). / 19F-NMR (1H coupled) -117.4 (s, CsH4F), -204.0 (dd, 2Jpp=88.2, 2Jgpy=45.0, CHF).
/ TH-NMR 1.33 (t, 3Jyy=7.0, 3H, (CH3CH;0),A), 1.41 (t, 3Jgu=7.0, 3H, (CH3CH,0)g), 4.03-4.34 (m, 4H,
CH3CH>0), 6.10 (dd, 2Jpu=8.0, 2Jgu=44.2, 1H, CHF), 7.11-7.77 (m, 4H, C¢H4). / 13C-NMR 17.0 (1,
0, CH3CH,0), 64.3 (dd, 2Jpc=6.7, 4Jgc=12.7, CH3CH,0), 83.5 (ddd, 'Jpc=177.0,

l.}’FC=]| O\ 1 5 J’FC:3.0, QE{A ), 116.0 {d, 2J"FC=21.4, _Qm ia Gf CéHq), 12‘1 3 (dd, ZJIFCZI().(), 2J’Fn=12.2, _C_ipg()
of CHa), 125.1 (5, Cortho' Of C6Ha), 129.7 (5, Crnetar Of CoHa), 131.7 (d, 3c=8.0, Cparg of CeHa), 160.3 ({1,
1y PO 2y - — foTY , Ty e A A P a o~

VRe=248.7, 3Jpc=>Jpc=6.1, Cortho of CgHy). / miz (CI): 265 (M+1, 100), 282 (M+18, 33)

Dieth.“l (k’=ju'/.’.(,‘r.’}=3=m€frn"lbenZ‘y‘xph()S"u()Haté’ (4{-‘) C1211l803F1 (u1=260} 31P=1 ‘AVAR +15 5 (d, 2"’PP:85 9) Il
1(’] RTR A 27 o ) ll 1!9 RTR A ixr 2 rPF=ﬁU O EJFH:45O) / 117_\‘111le

"=
1
£
&
=
t
—
O
| e o}
=
~~
P-‘

F-NMR (*H coupled) -198.4 (dd,
1.32 (t, 3Jyu=7.0, 3H, (CH3CH70)4), 1.34 (t, 3/yn=7.0, 3H, (CH3CH,0)R), 2.41 (s, 3H, CqH4CH3), 4.04-
4.25 (m, 4H, CH3CH;0), 5.75 (dd, 2Jpy=7.5, ZJpy=44.7, 1H, CHF), 7.24-7.64 (m, 4H, CcHy). / 13C-NMR
16.5 (d, 3Jpc=5.5, CH3CH70), 21.6 (s, C¢H4CH3), 64.0 (dd, 2Jpc=7.3, 4Jrc=19.2, CH3CH,0), 89.6 (dd,
1pc=170.0, 1Jpc=183.7, CHF), 124.1 (d, 3Jrc=6.0, Cortho of CeHy), 124.3 (d, 3Jpc=6.0, Cortho of CeHy),
128.6 (d, SJpc=2.1, Cpara of CeHa), 130.3 (s, Cmea' of CeHy), 132.8 (d, 2Jpc=18.6, Cipso 0f CeHa), 138.5 (s,
Cmeta of CgHy). / m/z (CI): 261 (M+1, 100), 278 (M+18, 34).

)

Diethyl a-fluoro-4-methylbenzylphosphonate (4d)’ Cy,H3O3FP (M=260) : 3IP_.NMR +13.5 (d, 2Jpp=87.7).
/31P.NMR (1H coupled) +13.5 (dd, 2/pp=86.3, 2Jpy=6.5). / 19F-NMR -199.2 (d, 2/pr=86.9). / 19F-NMR
(1H coupled) -199.2 (dd, 2Jpp=86.7, 2Jpr=45.0). / TH-NMR 1.23 (t, 3Jguy=7.0, 3H, (CH3CH»0)A), 1.26 (t,

j a5 & Lafa My RS AR DR AT

3J4u=7.0, 3H, (CH3CH,0)p), 2.35 (s, 3H, CgH4CH3), 3.97-4.14 (m, 4H, CH3CH,0), 5.70 (dd, 2Jp=7.5,

RN S WA .0 S, I3, LIls% 12 )
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2 err=dd 4 1TH CHEY 721 (d 3J:—Q N JLT LT AECULT Y 7240 37 on T
vEHTST.T, 10, aany, 7.21 U, TyHHT0.U, 411, Imeta OI Lgrl4), /.94 (4, “JHH=0.U, Qi)rtho or L,(;I’l4) /
130 WND 17062 37 1 OTT I N ~ry o PR
C-NMR 17.0 (d, °Jpc=3.3, CH3CH0), 21.7 (s, CeH4CH3), 64.3 (dd, L.Ip(* 0.9, Fc'-lf) 4, CH3CH,0),

89.6 (dd, lJpc=172.4, 1Upc=183.2, CHF), 127.7 (t, 3Jpc=3Jrc=6.0, Cortho of CsHy4), 129.9 (s, Creta of
CgHa), 130.4 (d, ZJrc=15.0, Cipso of CgHy), 140.1 (d, SJpc=3.1, Cpara of CcHyg). / m/z (CI): 261 (M+1, 100),
278 (M+18, 37).

Diethyl o-fluoro-4-fluorobenzylphosphonate (4e) C11H503F;P (M=264) : 3IP-NMR +12.9 (d, 2/pp=85.6). /
19F.NMR -112.4 (s, CeH4F), -199.2 (d, 2Jpp=85.8). / 19F-NMR (AH coupled) -112.4 (s, CeHyF), -199.1 (dd,
2Jpp=85.9, 2Jpg=45.0, CHF). / 1H-NMR 1.24 (t, 3/ypg=7.0, 6H, CH3CH,0), 3.94-4.16 (m, 4H, CH3CH,0),
5.62 (dd, 2Jpy=7.5, 2Jgpy=44.4, 1H, CHF), 7.06 (t, 3ua=3JFH=8.6, 2H, Hpe(a of CeHy), 7.44 (1,

3Jun=*JFH=6.3, 2H, Hortho of CeHy). / 13C-NMR 17.0 (d, 3Jpc=3.5, CHqCHoO), 64.5 (dd, 2Jpc=6.8,
4Jpc=19.5, CH3CH,0), 88.7 (dd, 'Jpc=171.5, LUpc=183.9, CHF), 116.2 (d, 2Jrc=21.0, Ciews of CeHa),
129.4 (d, 2Jpc=21.3, Cipso of CsHa), 129.5 (d, 3J :4. . Cortho of GeHy), 163.8 (dt, pc=248.7
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SIpe=Jpc=3.0, Cpara of CeHa). / m/z (CI): 265 (M+1, 5

Diethyl o.-fluoro-4-chlorobenzylphosphonate (4f)7 C11H;503FCIP (M=280.5) : 31P-NMR +12.6 (d,
2Jor=83.3). / 3IIP.NMR (1H coun led) +12.6 (dd. 2Jo:=84.6. 2J5:=7.2). / I9F.NMR 201 4 (d 275:=83 6) /
JPRE—0J.7). INIVEEN \T XK CUUPICU ) TI1L.U \UU, "V pPR=07.U, “JpPH—/.2). 7 L INLVAIN LU LS U, “JPE=—00.U). /
1I9F.NMR (1H coupled) -201.3 (dd, 2Jpr=83.1, 2Jpu=46.6). / 1TH-NMR 1.22 (t, 3Jyu=7.0, 3H,

(CH3CH20)A), 1.24 (t, 3/gy=7.0, 3H, (CH3CH,0)R), 3.95-4.16 (m, 4H, CH3CH,0), 5.70 (dd, 2Jpy=7.3,

2Jry=44.5, 1H, CHF), 6.95-7.34 (m, 4H, CgHy). / 13C-NMR 17.0 (d, 3/pc=5.5, CH3CH,0), 64.3 (dd,
2Jpc=T.1, 4Jpc=20.1, CH3CH,0), 88.9 (dd, 1Jpc=172.9, JEc=184.0, CHF), 128.7 (t, 3Jpc=3J5c=6.0, Cortho

of CeHa), 129.3 (s, Cmeta of CgHa), 132.1 (d, ZJ/pc=19.5, Cipso of CeHa), 135.7 (t, SIpc=3Jpc=2.9, Cpara of
CeH4). / m/z (CI): 281 (M+1 35CL, 100), 283 (M+1 37CL, 34), 298 (M+18 35C, 97), 300 (M+18 37Cl, 32).

Diethyl «a-fluoro-4-bromobenzylphosphonate (4g) CiH 1503FBrP (M=325) : 31P-NMR +14.4 (d.
2Jpg=85.1). / 31P-NMR (1H coupled) +14.4 (dd, 2Jpp=83.7, 2Jpp=7.6). / 19F-NMR -199.7 (d, 2Jpp=85.4). /
I9F-NMR (1H coupled) -199.8 (dd, 2Jpp=83.2, 2Jpy=45.8). / TH-NMR 1.21 (1, 3Jgu=7.0, 3H,
(CH3CH720)a), 1.24 (t, 3]uu-70 3H, (CHzCH;0)g), 3.90-4.16 (m, 4H, CH2CH,0), 5.77 (dd, 7/ 1=8.0,

fifs T Rl b VA eSOV ARRL Y

2Jgy=44.6, 1H, CHF), 7.30 (dd, 3JHH=8 6, 4JFH=1 8. 2H, Hortho of CeHy), 7.48 (d, 3J511=8.6, 2H, Hmeta Of
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100), 327 (M+1 81Br, 100) 342 (M+18 "Br, 44), 344 (M+18 81Br, 44).
Jiethyl aﬂuurc) -4-methoxybenzylphosphonate (4h) CoH gO4FP (M=276) : 31P-NMR +15.8 (d, 2 'p}.=91 3).
/31P-NMR (1H coupled) +15.8 (dd, ZJpp=91.1, ZJpy=5.4). / I9F-NMR -192.5 (d, 2Jpp=90.3). / I9F-NMR

(1H coupled) -192.5 (dd, 2Jpp=90.8, 2Jp=42.4). / TH-NMR 1.25 (t, 3/gu=7.1, 3H, (CH3CH,0),), 1.30 (t,
3Jyn=7.1, 3H, (CH3CH,0)g), 3.70-4.19 (m, 4H, CH3CH,0), 3.80 (s, 3H, OCH3), 5.66 (dd, 2Jpu=7.0,
2Jeu=44.4, 1H, CHF), 6.93 (d, 3Juu=8.6, 2H, Hieta of CeHa), 7.91 (d, 3Jgu=8.6, 2H, Horiho of CeHa). /
13C-NMR 16.8 (dd, 3Jpc=3.1, 3Jpc=5.6, CH3CH,0), 55.8 (s, OCH3), 64.3 (dd, 2Jpc=7.1, 4Jc=14.0,
CH3CH0), 89.5 (dd, IJpc=173.9, lJpc=183.0, CHF), 114.5 (s, Creta of Cglla), 125.1 (d, 2Jc=19.5, Cipso
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of CsHuy), 129.1 (d 3,::{*:10_ 7 (AGr hea OF ( GHA) 161.0 (s oo Of CeHa). / miz (C1Y: 277 (M1 1000). 204
6114) (s “JERC s eorth Lglls), (8, &para CgH4g) WE (1) 2 (M+1, 1U0), 24
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benzylphosphonate (10 mmol) n THF (20 ml) was s
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slowly added at this temperature vi
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HF (10 ml) was rapidly added. After 15 min, the reaction mixiure was cooled to -

halogenating agent (11 mmol) in THF (20 ml) was slowly added. After 15 min, the reaction mixture was
allowed to warm-up to 0°C and then treated with an excess of EtOLi in EtOH. After 15 min the solution was
poured with stirring into a mixture of 3M HCI (20 ml), CH2Cl; (20 ml) and ice (10 g) and the aqueous layer
was extracted with CH2Cly (2 x 20 ml). The combined organic extracts are dried over MgSQOy4 and evaporated
under reduced pressure to afford the desired products as the pale-yellow oil for the chloro and bromo
compound and as the reddish-brown oil for the iodo compound. All isolated products were pure enough to

make further purification useless. The chloro and bromo derivatives can be distilled under reduced pressure

with a hulb-to-bulh annaratug or chromatooranhed on a silica column (70-230 mesh) and eluted with
ALLL &4 VULV LWV Uuiw utlllﬂ RALUAD W ERENS lut\J&L“yl sl LIl 4L Jilivdl vuUiuiiiiag \ P ol lllvoll} GLiv viiuvlvu ¥v iiil
nnnnnnnn ol nantanta (7NN

1ICAdliIC. C‘llyl LCLldll | 71U.OVU).

, (CH3CH20)a), 16.1 (d, 3/pc=4.7,
(QH3CH20)B), 53.2 (d, IJpc=159.6, QHC]), 63.5 (t, 2Jpc=6.7, (CH3CH20)A), 63.7 (t, 2Jpc=6.7,
(CH3CH20)B), 128.2 (s, Cmeta of CsHs), 128.7 (s, Cpara of CeHs), 128.8 (s, Cortho of CeHs), 134.0 (s, Cipso
of CgHs). / m/z (Cl): 263 (M+1 33Cl, 100), 265 (M+1 37Cl, 34), 280 (M+18 35Cl, 31), 282 (M+18 37Cl, 9).

Diethyl «-chloro-2-fluorobenzylphosphonate (5b) Cy1H;503FCIP (M=280.5) : 31P-NMR +16.6 (s). /
I9F-NMR -113.8 (s, C¢H4F). / TH-NMR 1.04 (t, 3/yu=7.0, 3H, (CH3CH;0)A), 1.19 (t, 3Jgg=7.0, 3H,
(CH3CH70)B), 3.75-4.04 (m, 2H, (CH3CH20)B), 4.10 (p, 3Jgu=3Jpuy=7.0, 2H, (CH3CH,0)A), 5.20 (d,
2jpu=14.5, 1H, CHCI), 6.86-7.24 (m, 3H, Hortho',meta,meta’ Of CsHa4), 7.65 (dt, 3Juu=4Jru=7.6, */uu=1.8,
1H, Hpara of CgHy). ). / 3C-NMR 16.5 (d, 3Jpc=5.8, (CH3CH20)4), 16.7 (d, 3Jpc=5.3, (CH3CH>O)R), 45.5

S it

(dd 1] c=163.3, 37 IrC ;A’% CHCD), 64.3 (d, 2’nn—74 (CHaCH-O)p), 64.6 (d, J—Inn—ﬁA (CH3CH»>O)p)

L, fe LS ANS Y (RO B\ W28 WA S s P LA s P2

115.6 (d, 2Jpc=21.6, Cmeta Of C6H4), 122.3 (dd, 2Jpc—131 2Jpc=2.9, c.pso of CgHg), 124.4 (t,

Ve llh & U N 71 Q — £ M TT N\ 121 ™ 74 T & O A & (VY
47pc=pc=3.0, Cmeta of CeHa), 131.0 (d, 3Jpc=2.5, Cortho' of CeHa), 131.2 (d, 3Jpc=4.6, Cpara 0f CeHa),
160.0 (dd, 3Jpc=7.6, LJpc=248.7, tho of CgHy). / m/z (CI): 281 (M+1 35Cl, 100), 283 (M+1 37Cl, 30), 298

(M+18 35CI, 30), 300 (M+18 37Cl, 10).

v T

. 3H, (CH3CH;0)p), 2.40 (s, 3H,
CeH4CH3), 3.86-4.31 (m, 4H, CHgCH;;_O) 493 (d, LJpH— 40 1H, CHCD), 7.17-7.40 (m, 4H, Ce¢Ha). /



: AOTHG ear:

BCNMR 165 (d. 3/o0=5.7. (CH:CH->O)4). 16.7 (d 3 for=5 0 (CH.CH-O%a) 31 & fc CeH4CH3), 53.9 (d
SINIRR AU WU, TUPCEYL L, WNIBLII7VUJA Y, 1007 (G, SUPC=0.L Y, (LUl ), £1.0 (8, CeH4C H3), 33.Y (d,

1IN LIy £A4 A 72 21 e e BTl 6 P2t & SIFa S o 3 -y e w g

spC=160.0, LA, 64.2 {t, </pc=7.7, (CH3CH20)A), 64.4 (1, “Jpc=7.7, (CH3CH0)B), 126.3 (d, 3J/pc=6.0,

1
Cortho' 0f CeHa), 128.7 (s, Cineta of CeHy), 129.8 (d, 3Jpc=6.1, Cortho of CeHa), 130.1 (s, Cpara of CsHa),
134.2 (d, 2Jpc=3.0, Cipso 0f CHa), 138.5 (s, Cmeta of CeHy). / m/z (CI): 277 (M+1 35CI, 100), 279 (M+1
37Cl, 40), 294 (M+18 35Cl, 27), 296 (M+18 37Cl, 9).

Diethyl a-chloro-4-methylbenzylphosphonate (5d) C12Hg03CIP (M=276.5) : 31IP-NMR +17.5 (s). /
IH-NMR 1.21 (t, 3Jgu=7.1, 3H, (CH3CH20)a), 1.35 (t, 3JgH=7.0, 3H, (CH3CH,O)p), 2.37 (s, 3H,
CeH4CH3), 3.90-4.11 (m, 2H, (CH3CH,0)p), 4.21 (p, 3Juu=3/pu=7.0, 2H, (CH3CH70)4), 4.90 (d,
2Jpp=13.9, 1H, CHCI), 7.19 (d, 3/gu=7.9, 2H, Hmeta of CeHy), 7.44 (dd, 3Jgu=7.9, 4Jpy=1.6, 2H, Hortho of
C6H4) / 13C-NMR 16.1 (d, 3Jpc=6.5, (CH3CH70)4), 16.3 (d, 3Jpc=6.1, (CH3:CH,0)R), 21.1 (s, CeHy
3 (d, lpc=161.2, CHCI), 63.7 (t, 2Jpc=6.7, (CHiCH70),), 63.9 (t, 2/pc=6.7, (CH

1

2
’ 55
3Jpc=6.1, Ciriho of CeHy), 129.1 (s, Cmets of C (d, 2Joe=3.2. Cien of Celd

s =0THI0 VY1 ~0424), 14£7.12 (5, meia v \Msy P4 22IpSO VY
CeHa). / m/z (CI): 277 (M+1 35Cl, 19), 279 (M+

12
«H). 131.1
0L124 ), [ W §

1 37Cl, 6), 294 (M+18 35C1, 100), 296 (M+18 37Cl, 38)
Diethyl o-chloro-4-fluorobenzylphosphonate (Se) Cy1H;

g

s
1912‘ -NMR 1125 (s. CcH l:\ /T NMBR 100 (¢ 31:=7 0 21 (CH-CH-0O) v 371 __"
9, \/Dllql 7 ARTINIVEAN 1.UU (L, JHH— . Sk, (WL _5\,111U}A), 1.1"f i J}iH—-I.

(CH3CH20)B), 3.67-3.93 (m, 2H, (CH3CH20)B), 4.02 (p, 3J/uu=3Jpu=7.0, 2H, (CH3CH,0)A), 4.75 (d,
2Jpy=14.1, 1H, CHCI), 6.87 (t, 3Jgu=37ru=8.7, 2H, Humera of CgHa), 7.32-7.50 (m, 2H, Hortho of CgHy). /
13C.NMR 16.5 (d, 3Jpc=6.8, (CH3CH20)4), 16.7 (d, 3Jpc=6.1, (CH3CH»0)g), 53.1 (d, Jpc=160.6, CHCD,
64.2 (d, 2Jpc=7.1, (CH3CH20)B), 64.5 (d, 2Jpc=6.9, (CH3CH20)a), 115.9 (d, 2Jp¢=21.3, Cmeta of CeHa),
130.5 (d, 2Jpc=3.0, Cipso of CgHy), 131.2 (t, 3Jpc=3Jrc=1.5, Cortho of CeHy), 163.3 (dd, 5Jpc=2.8,
1Jpc=248.8, Cpara of CeHa). / m/z (CI): 281 (M+1 35CI, 100), 283 (M+1 37Cl, 33), 298 (M+18 35Cl, 39), 300

(M+18 37Cl, 11).

Diethyl o-chloro-4-chlorobenzylphosphonate (5£)15 C1H503C1oP (M=297) : 31IP-NMR +16.4 (s). / 1H-
NMR 1.10 (t, 3Jgyg=7.0, 3H, ((H3CH20)p), 1.22 (t, 3JHH=70 3H, (CH3CH720)R), 3.78-4.01 (m, 2H,
(CH3CH7O)R), 4.08 (p, 3Juu=3Jpuy=7.0, 2H, (CH3CH,0)4), 4.79 (d, 2Jpu=14.3, 1H, CHCI), 7.24 (d,

213 SIS 2LY 22

3JuH=8.5, 2H, Hmets of CeHa), 7.44 (dd, 3Jgu=8.5, 4Jpuy=1.6, 2H, Horiho of CeHy). / 13C-NMR 16.6 (d,
LA A
64.4

3 =T 2 (CHACHAMN )Y 1A (A 3Tm—G QO (CLI A §2274 1716019 OO (121 7"
SPO 7T A3 XA I A S, 107 U, "I PC=U.7, \ LTI IV R ), J5.0 (U, “UPC=10U.L, uriul), M, Vp(C—="7.4
T T 73 27 1T Yy N 1N A L SNEOCLUIT N 1207 (A4 37 N o o
/1Q, ), 12,2 (S, Lumeta OI Lellg), 13U./ (4, “JpC=0.U, ortho o1

)
>

hh

CeHa), 133.3 (d, 2/pc=3.0, Cipso of CgHy), 135.4 (d, 2Jpc=2.8, Cpara of CeHg). / m/z (CI): 297 (M+1 2% 35y,
100), 299 (M+1 35C1+37Cl, 69), 301 (M+1 2*37Cl, 14), 314 (M+18 2*35Cl, 67), 316 (M+18 35C1+37Cl, 47),
318 (M+18 2*37(Cl, 9).

Diethyl o-chloro-4-bromobenzylphosphonate (5g)15 C(H|503CIBrP (M=341.5) : 3IP-NMR +16.4 (s). /
IH-NMR 1.03 (t, 3Jgu=7.1, 3H, (CH3CH0)4), 1.15 (t, 3Jgy=7.1, 3H, (CH3CH,0)g), 3.71-3.94 (m, 2H,
(CH3CH20)B), 4.03 (p, 3Jgu=3Jpu=7.1, 2H, (CH3CH10)A), 4.75 (d, 2Jpg=14.3, 1H, CHC), 7.25 (dd,
3JuH=8.7, 4Jpu=1.7, 2H, Hortho of CgHy), 7.33 (d, 3Jgu=8.7, 2H, Hmeta of CeHys). / 13C-NMR 16.5 (d,
3Ipc=1.5, (CH3CH20)A), 16.7 (d, 3Jpc=6.7, (CH3CH,0)R), 53.1 (d, 1Jpc=159.5, CHC)), 64.2 (d, 2Jpc=6.7,
(CH3CH0)4), 64.5 (d, 2Jpc=6.5, (CH3CH20)R), 123.3 (d, SJpc=3.0, Cpara of CgHy), 130.8 (d. 3Jpc=6.0.
ortho Of CgHa), 131.9 (s, Cimeta of CsHa), 133.7 (d, 2Jpc=4.3, Cinso of CgHa). / m/z (C): 341 (M+1

311 121.7 (0, Lomet G114 ), 120 =ipso

p
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Diethyl o-chloro-4-methoxybenzylphosphonate (5Sh) C2H g04CIP (M=292.5) : 3IP.NMR +17.6 (s). /
TH-NMR 1.23 (t, 3/yu=7.1, 3H, (CH3CH70),), 1.38 (t, 3/y11=7.0, 3H, (CH3CH,0)g), 3.85 (s, 3H, OCH3)

=3 Lixrs 3 \ =20 ra YPaVal I Jes el £l 2\ £ WS Uy SRRy NI D/
3.87-4.16 (m, 2H. (CH2CH,O)). 424 (n 3Jue=3Tor=7.1. 2H. (CH2CH-OV4) 4901 (d 2J5:=137 14
SO TTRGENY \Ridy &XE, \N ALV ), TS (P TVHH VEH™= T +1y &dly (AL XAINTIA J, 770 (0, "JPH—10./7, 111,
CHCD), 6.93 (d, 3Jyn=8.2, 2H, Hineta of CgHy), 7.51 (dd, 3Juu=8.8, 4Jp=2.0, 2H, Horiho of CeHy). /
13C-NMR 16.8 (d, 3Jpc=6.4, (CH3CH20)4), 17.0 (d, 3Jpc=4.6, (CH3CH»0)B), 53.9 (d, 1/pc=162.0, CHCI),

55.8 (s, OCH3), 64.4 (t, ZJpc=7.2, (CH3CH,0),A), 64.6 (t, "Jpc=7 2, (CH3CH»O)B), 114.6 (s, Cmeta of
CeHa), 126.7 (d, ZJpc=4.0, Cipso of CgHyg), 130.8 (d, 3Jpc=6.2, Cortho of CeHy), 160.7 (d, SJpc=2.6, C Cpara of
CeHa). / m/z (CI): 293 (M+1 35Cl, 100), 295 (M+1 37Cl, 32), 310 (M+18 35Cl, 15), 312 (M+18 37C1, 6).

Diethyl a-bromobenzylphosphonate (6a)19,16.30 C;1H;403BrP (M=307) : 3IP-NMR +17.3 (s). / TH-NMR
1.07 (t, 3Jyy=7.0, 3H, (CH3CH0)A), 1.26 (t, 3Jyu=7.0, 3H, (CH3CH»O)g). 3.73-4.04 (m, 2H,
(CH3CH70)R), 4.16 (p, 3Jyu=>Jpu=7.0, 2H, (CH3CH20)4A), 4.81 (d, 2Jpg=13.0, 1H, CHBr), 7.22-7.30 (m,
3H, Hmeta,para of C¢Hs), 7.46-7.52 (m, 2H, Hortho of CgHs). / I3C-NMR 16.7 (d, 3Jpc=5.1, (CH3CH;0)),
16.9 (d, 3/pc=5.3, (CH3CH;0)R), 42.0 (d, 1Jpc=159.5, CHBr), 64.5 (d, ZJpc=6.0, (CH3CH,0)a), 64.6 (d,
2Jpc=6.3, (CH3CHy0)R), 129.2 (s, Cmeta of CeHs), 129.7 (s, Cpara of CgHs), 130.0 (d, 3Ipc=7.1, Cortho Of

Y./ m/z (CD: 307 (M+1 79Br, 100). 300 (M+1 Slnr 100 DA

C AN =3 - Af O, H.

~Or1y ), 190 i, PC—2-Y, pso Vi W0E1) ). 7 Bia (i), U7 VT i, 1UV), JUZ VLT LUV, JLT

AA10 79M . g5y 27£ /w10 RIn. c&y

{Vi+10 DI, 3)), 220 {(IVi+10 °*DT, 3J)

Diethyl «-bromo-2-fluorobenzylphosphonate (6 b) C11H 1503FBrP (M=325) : 3IP-NMR +16.2 (s). /

19 NAMD 114N /7. M T .Y /7 16X NMR 106 {t 3Tccee7 0 20T (LT OLT WY 19 (4 3Tize:="TN 21T
F=INIVIR\ -114.U (8, Ugri4L ). / ~m=iNivAR 1.UO (L, “vHH=/.U, J11, (LO3CoUJA ), 1.2 (4, "UHH=/.V, 511,

FENTT  ANTT N A AN s qr r M A O ATT s NTT _NTT NNy A a s 27 ¥ N AYTY sNTY EY NN

(LH3LH2V)B), 3.97 (P, "JHH="JPH=/.U, 40, (LH3LH2W)B), 4.14 (P, "VHH=VPH=/.U, 21, (LH3LH2U)A),

5 20 (d, 2 ~PH_13 7 1H r), 6 87 7 24 (m 3H I—_I.Dﬂho meta, meta’ Ot (.6H4) 7 67 7 76 (nl, IH ;para f

C¢Hy). / 13C-NMR 165 (d, 3Jpc=5.8, (CH3CH20)p), 16.7 (d, 3Jpc=5.9, (CH3CH,0)p), 33.9 (d,

1Jpc=164.5, CHBI), 64.3 (d, 2Jpc=7.8, (CH3CH,0)R), 64.6 (d, 2Jpc=5.3, (CH3CH20)a), 115.7 (d,
2Jk=22.3, Cmeta of C¢Ha), 122.5 (d, 2Jpc=14.7, Cipso of CeHy), 125.2 (d, #Jrc=2.9, Cineta’ of GsHy), 131.2
(d, 3Jpc=2.5, Cortho' of C¢H4), 132.2 (s, Cpara of CeHa), 159.9 (dd, 3Jpc=9.1, Jrc=248.8, Cortho of CsHa). /
m/z (CI): 325 (M+1 7%Br, 100), 327 (M+1 81Br, 100), 342 (M+18 79Br, 77), 344 (M+18 8!1Br, 10).

Diethyl o-bromo-4-methylbenzylphosphonate (6¢) C1oHgO3BrP (M=321) : 3IP-NMR +17.6 (s). / lH-NMR
1.16 (t, 3Jgu=7.1, 3H, (CH3CH20)A), 1.33 (t, 3Jgu=7.1, 3H, (CH3CH,0)g), 2.33 (s, 3H, C¢H4CH3), 3.72-

4.12 (m, 2H, (CH3CH>0)R), 4.21 (p, 3Juu=3Jpu=7.1, 2H, (CH3CH,0)A), 4.87 (d, 2Jpy=12.8, 1H, CHBI),
715¢d 3F=20.2H H. ... of C« 7.45 (dd, 3Jqy=8.0, 4Jpu=1.6, 2H, Hyho of CgHa). / I3C-NMR 16.7
S22 G, VHHESWY, 211, Ometa O V61 14 ? v MM, v i PV VPRI 4V &ids 2ADTN0 VA 00240 7 L g
(A 37 & Q (OLI LT Y 1EQ (A 3T &N (O OLI-MsY 21 R (o O 0N 410764 1 To-—161 0
(4, “JpC=o.7, \LI13LCIIPU)A ), 10.7 (G, “JPC=0.U, (LT3 TIJUJR ), «41.0 (O, LAIi4.113), 41.7 (U, "yp(C=1VUl.o,
CHBr), 64.7 (d, 2Jpc=6.0, CH3CH,0), 129.8 (s, Cortho of CeHa), 129.9 (s, Cpeta of CeHg), 131.9

—r
~

2Jpc=3.8, Cipso of CeHa). 139.6 (d, 5Jpc=2.8, Cpara of C¢Ha). / m/z (CI):
81Br, 100), 338 (M+18 79Br, 30), 340 (M+18 81Br, 30).

Diethyl a-bromo-4-ﬂuor0benzylphosphonate (6d) C;H503FBrP (M=325) : 31P.NMR +17.4 (s). /

iISF-NMR -115.5 (s, CgH4F). / tH-NMR 1.00 (t, 3Jgyg=7.0, 3H, (CH3CH0)a), 1.18 (t, 3Jygy=7.0, 3H,
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(CHACMTIAMNS)Y 2 64 200 (a YT /OO OII_ M\ ANN 7~ 371 2 __rv n /'\YY

(VI3 IV B ), 0.04-5.57 (i, <0, (Cn3lgou)p), 4.U2 (p, “yHH="/pH=".0, , (CH3CH»0) ), 4.74 (d,
') 1 ] 11T AITTY N\ £ 00 s, ’l' 2y fo NV ~rr rr — e i mem = ==

“Jpu=13.1, 1H, CHBr), 6.88 (t, °Jyu="Jpy=8.6, 2H, Hmeta of CeHa), 7.38-7.46 (m, 2H, Hortho of CeHa). /

13C-NMR 16.5 (d, 3Jpc=6.0, (CH3CH70),), 16.7 (d, 3/pc=6.0, (CH3CH20)g), 40.9 (d, 1/pc=160.3, CHBr),
64.3 (d, 2Jpc=6.4, (CH3CH20)B), 64.5 (d, 2Jpc=6.7, (CH3CH20)4), 116.0 (d, 2Jpc=22.1, Ceta of CeHy),
131.1 (d, 2Jpc=3.0, Cipso of CgHy), 131.8 (t, 3Jpc=3JEC=7.6, Cortho of CeHs), 163.2 (dd, SJpc=3.0,
1Jpc=251.5, Cpara of CgHa). / m/z (CI): 325 (M+1 7°Br, 10), 327 (M+1 81Br, 10), 342 (M+18 79Br, 100), 344
(M+18 81Br, 100).

Diethyl a-bromo-4-chlorobenzylphosphonate (6e) C11H;503CIBrP (M=341.5) : 3IP-NMR +16.8 (s). /
IH-NMR 1.07 (t, 3Jgu=7.0, 3H, (CH3CH20)4), 1.23 (t, 3Jgu=7.0, 3H, (CH3CH20)p), 3.75-4.03 (mm, 2H,
(CH3CH20)B), 4.12 (p, 3Jun=3Jpu=7.0, 2H, (CH3CH20)4), 4.76 (d, 2Jpy=13.2, 1H, CHBr), 7.21 (d,
3JuH=8.5, 2H, Hieta of CgHy), 7.41 (dd, 3Juu=8.5, 4Jpr=1.6, 2H, Horho of CcH
3Jpc=6.1, (CH3CH70)4), 16.7 (d, 3Jpc=6.1, (CH3CH,0)p), 40.9 (d lrh =160.0

U=V 1, (AdR3%0 1 AJs WGy TV PVl (A3 ai ) v » .ll—'C

(CH3CH20)B) 64.8 (d, 2Jpc=7.3, (CH3CH20)4), 129.3 (s, Cmeta of CsHa), 131.3 (d, 3Jpc=6.2, Corino of
sto of CeHy), 135.3 (s, Cpara of CeHy). / m/z (CI): 341 (M+1 35Ci+7%Br, 78),
+81 1Br, 100), 345 (M+1 ”CI+MB1‘ 25), 358 M+18 jDC1+’9Br 60), 360 (M+18

62 (M+18 37Cl1+81Br, 19).

)
b-\

6
()
1

TR aws

Diethyl a-bromo-4-bromobenzylphosphonate (6f) C11H1503BroP (M=386) : 31P-NMR +16.6 (s). / 1H-NMR
1.03 (t, 3Jgu=7.0, 3H, (CH3CH>0)a), 1.19 (t, 3Jyu=7.0, 3H, (CH3CH0)R), 3.71-3.98 (m, 2H,
(CH3CH20)B), 4.08 (p, 3Jyu=>Jpy=7.0, 2H, (CH3CH20)4), 4.70 (d, 2Jpg=13.2, 1H, CHBr), 7.23-7.39 (m,
4H, C¢Hy). / 13C-NMR 16.7 (d, 3Jpc=7.0, (CH3CH20)A), 16.9 (d, 3Jpc=7.0, (CH3CH,0)g), 41.0 (d,
1Jpc=159.1, CHBY), 64.5 (d, 2/pc=6.9, (CH3CH,0)B), 64.7 (d, 2Jpc=7.2, (CH3CH>0) ), 123.4 (d, 5Jpc=3.0,

Cpara of CgHy), 131.4 (d, 3Jpc=6.9, Cortho of CgHa), 132.2 (s, Cmeta of C¢Ha), 134.1 (d, 2Jpc=3.1, Cipso of

CeHy). / m/z (CI): 385 (M+1 2*79Br, 50), 387 (M+1 79Br+8!Br, 100), 389 (M+1 2*81Br, 50), 402 (M+18
2%79Br, 38), 404 (M+18 79Br+81Br, 73), 406 (M+18 2*81Br, 38)

SOy, VT 1]y TUY s U J.

Diethyl a-iodobenzylphosphonate (Ta) C11H1603IP (M=354) : 3IP-NMR +19.6 (s). / TH-NMR 1.08 (t,
3Jun=7.0, 3H, (CH3CH20)A), 1.26 (t, 3Jyu=7.0, 3H, (CH3CH,0)R), 3.76-4.05 (m, 2H, (CH3CH,0)B), 4.14

(n 3Tirrr=3Torr—7 0 YH (CHIACHTAN Y AOA (A 210-—12 & 1L O 799 (3 21T 1T I\ 7 AQ
\Py "JHH— YPH— /7 .-V, &£11, (CLI{CLLZ A}, T.70U (U, “J —iJ.J, Lii, 111}, 5.2 (lil, O11, imeta, para Ul \..()115) 7 .940
e ATT LT L TT N 113 WTRATY 12 A 1 164 £ YT 10 £ 73 A7 P a7l o o1
{iM, 20, Oortho O Lgris5). 7/ *“U-INIVIR 10.4 (Q, *JpC=130.0, Lil), 10.3 (q, “Jpc=0.U, (&n‘;Ll’l2U)A) 16.7 (d,
o o T —~ P e I — ,.-,-'n , PR I —_ p— —~ ~

“Jpc=6.0, (CH3CH20)B), 64.7 (d, <Jpc=7.7, (CH3CH20)B), 65.0 (d, “<Jpc=7.3, (CH3CH0)A), 129.2 (s,

Creta of C6Hs), 129.3 (s, Cpara of CgHs), 130.1 (d, 3Jpc=6.6, Cortho of CgHs), 136.5 (d, 2Jpc=3.0, Cipso of
CgHs). / m/z (CI): 355 (M+1, 100), 372 (M+18, 64).

Diethyl o-iodo-4-methylbenzylphosphonate (Tb) C12H 1303IP (M=368) : 3IP-NMR +20.7 (s). / 1H-NMR
1.24 (t, 3Jgu=7.0, 3H, (CH3CH»0)a), 1.34 (t, 3Jgu=7.0, 3H, (CH3CH,0)R), 2.37 (s, 3H, C¢H4CH3), 3.73-
4.05 (m, 2H, (CH3CH0)g), 4.13 (p, 3Juu=3Jpy=7.0, 2H, (CH3CH>?)A), 5.09 (d, 2Jpy=13.5, 1H, CHI), 7.19
(d, 37yn=7.2, 2H, Hmeta of CgHy), 7.41 (d, 3Jgu=7.2, 2H, Hortho of CgHa). / 13C-NMR 16.2 (d, lJpc=160.2,
CHI), 16.6 (d, 3Jpc=6.0, CH3CH»0), 21.5 (s, CgH4CH3), 64.2 (d, 2Jpc=7.3, (CH3CH,0)R), 64.4 (

2Jpc=6.5, (CH3CH20)4), 127.5 (d, 3Jpc=5.8, Cortho of CeH4), 129.2 (s, Cmera Of CeHa), 133.6 (s, Cpara Of

CgHy), 138.1 (d, 2Jpc=2.8, Cipso of CeHy). / m/z (CI): 369 (M+1, 100), 3836 (M+18, 67).

L0 (8} -1 L QL YL
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