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Copper-Mediated Introduction of the CF,PO(OEt), Motif: Scope

and Limitations

Maria V. lvanova, Alexandre Bayle, Tatiana Besset, Xavier Pannecoucke, and Tho

Abstract: Herein, we reported a general procedure to access
CF,PO(OEt),-containing molecules. CuCF,PO(OEt), reagent is
accessible by a simple protocol and a broad range of substrates
could be functionalized. The procedure allowed to convert aryl
diazonium salts as well as aryl, heteroaryl, vinyl and alkynyl
iodonium salts into the corresponding fluorinated molecules at room
temperature. Mechanistic studies were performed to get a better
understanding of the reaction pathway. Using similar conditions,
vinyl and aryl iodides, allyl halides and benzyl bromides were also
functionalized and the scope and limitations of the reaction were
studied. Finally, the procedure was extended to disulfides to offer a
new access to SCF,PO(OEt),-containing molecules.

Introduction

Organofluorine chemistry is a blossoming research field mainly
due to the impressive properties of the second smallest element
of the periodic table: the fluorine atom.""! The propensity of this
atom to alter the physical and biological properties of a molecyle
gave it a pivotal role in the discovery of drugs
pharmaceuticals.”” For instance, the appropriate introducty
a fluorine atom on a molecule might change its affinity for a
biological receptor and modify its metabolic profile as
lipophilicity.

At last but not least, the fluorine atom or fluorinate
often employed as a bioisoster of important fun
As an example, the CF,H residue is widely u
alcohol or a thiol group.™ In that
difluoromethylphosphonate residue is of prime importan
it behaves as an in vivo stable phosphate bioisoster.

hampers a possible in vivo
presents electronic and struc
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New approaches using transition metals:
Zhang and co-workers:

CL
CG

Cu(l) (10 mol%), ligand (20 mol%)

©:CF2PO(OEt)2
cG

BrCF,PO(OEt),, Zn (2-3 equiv)
dioxane, 60 °C

X=1lorBr
~-B(OH),  Pd(0) (6 mol%), Ligand (10 mol%) - CF2PO(OEY),
R_' R_‘
~ BrCF,PO(OEY), ©/

base, dioxane, 80 °C

R? Pd(ll) (5 mol%), Ligand (10 mol%) ~ R?
R1J\/H R1J\,CFZPO(OiPr)z
BrCF,PO(OiPr);

3 3
R KsPO,, DCE, 120 °C R

New photocatalytic approaches:

Liu and co-workers: fac-Ir(ppy)s (3 mol%)

BrCF,PO(OEt),

H
{ X
RQ\H or EDG—:()/

fac-Ir(ppy)s (1-2 mol%)
BrCF,PO(OEt),

K3POy4, 450 nm, DCM, RT

base
visible or blue light

Scheme 2. State of the art. CG = coordinating group.

As part of this renewal, one should mention the impre
contributions made by the group of Zhang, regardin
development of new methodologies to introduge
CF,PO(OR), moiety according to metal-catalyzed cros
reactions,™ a strategy pioneered by Shibuya and ¢
1996.""  Indeed, they developed accesse
difluoromethylphosphonates according
Ullman-type cross-coupling reactions!***! or pal

alkenyl difluoromethylphosphonates was reported by th
group."*? In parallel, the group of Qing depicted oxidative cro
coupling reactions to access either aryl or al
difluoromethylphosphonates."® More rgcently, Hashmi rep
the difluoromethylphosphonylation o,
gold-photocatalyst,”"”! while the g

However, despite the real adv:
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full account of
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Qing and co-workers:

©/B(OH)2
RT
=

Cu(l) (1 equiv), ligand CF,PO(OEt),

TMSCF,PO(OEt),
Ag,CO3, pyridine, DMF, 45

R—==—CF,PO(OEY),

. pm),](OTf), (2 mol%)
rCF,PO(OEt),

(0]
e
M

CF,PO(OEt),

2,6-lutidine, 315-400 nm
MeCN, RT R

of various substrates: aryl diazonium salts,?”

derivatives,®enzyl halides and disulfides.

Its and Discussion

e outset of the project we envisioned to develop a versatile
active species that might easily enable an efficient introduction
f the CF,PO(OEt), moiety on various classes of molecules. We
focused on the formation of the CuCF,PO(OEt), species, since
organocopper derivatives are well recognized as reactive
species in a broad range of transformations.”? In addition,
copper is an attractive transition metal due to its low cost and
low toxicity compared to the other metals from the block d.**?! It
is worth to mention that Burton and co-workers already reported
the formation of this species.”® However its access required the
formation of the highly toxic cadmium derivatives prior to a
transmetallation reaction with a copper salt (eq. 1). In order to
avoid the use of cadmium, which hampered a wide application of
this reagent, we turned our attention to the TMSCF,PO(OEt), as
a precursor? of the corresponding copper derivative. Indeed,
inspired by the work from GooBen and co-workers,”® we
hypothesized the formation of the CuCF,PO(OEt), species from
the TMS derivative in the presence of an activator and a copper
salt (eq. 2). Note that this species was independently suspected
by Zhang!**® and Qing"® to be the active species in their
transformation. However no clear evidence of its involvement in
the transformations was reported.
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Burton, 1999: internal standard. [b] Isolated yields. NR = no reaction.

Cd(0 CuBr

. FPO(OEt)ZW(;T> BerI?(FPO(OEt)z MCUI?(FPO(OEUZ eq.1 Pleasingly, we found that the use CN as a copper source
’ ’ with 2.5 equiv of TMSCF,PO(OEt), presence of CsF
e Ol % . fluoride as an activator in MeCN allowe ation of 2a in
This work: 73% NMR yield and 72% isolated yielglVithi ptimization
TMSXPO(OEt)z Copper salt CUXPO(OEt)z of the reaction, it turned se of CsF was crucial
FF activator FF ea2 since its replacement by ot ators did not allow the
formation of the product r provided it in very
Scheme 3. Past method for the formation of CuCF,PO(OEt), species and  low yield (entry 4). T| by other copper
present strategy. salts was deleterio tion of 2a (entries 5 and
6), while a reductifll of the amount {8 TMSCF,PO(OEt), gave
the product in a Iofr yield (entry 7) Minally, the use of MeCN

Pleasingly, after a screening of copper salts and activators, we  \was crucial since D better yield (entry 8).
found that 2.5 eqUiVaIentS of TMSCFzPO(OEt)Q in the presence Having Opt|m| 3 ns regarding the formation
of 1 equivalent of CUSCN and CsF as an activator in MeCN at  of the CuCF,P d its reactivity toward 1a, we
40 °C furnished the CuCF,PO(OEt), species in a quantitative  gought to extend cope of this transformation to other aryl

yield according to "*F NMR (Scheme 4). and heteroaryl diazo salts (Scheme 5).2%
TMS.___PO(OEt), CuSCN (1 equiv) Cu.__PO(OEt),
£ F CSF (3 equiv), MeCN, 40 °C FF . CuSCN (1 equiv), CsF (3 equiv) . (j/CFzPO(OEt)Z
2.5 equiv 99%lal _ TMSCF,PO(OEt), (2.5 equiv) =
1ok MeCN, 0 °C to RT 2ok

Scheme 4. Formation of CuCF,PO(OEt), species monitored by '°F NMR. [a] Bh SRR e

Determined by "F NMR using a,a,o-trifluorotoluene as an internal standard. CF,PO(OEt), : CF,PO(OEt), CF,PO(OEt),
OMe
. . . . b]
As a model reaction and in order to ascertain the forma 2b, 60% 2c, 65%, 68%/"]
the copper species, we decided to react the in situ formed ,PO(OEt), R —
CuCF,PO(OEt), species in the reaction with aryl diazo, \©/ 2 2 65 PO(OEY
2 2
1a (Table 1).?” Indeed, due to the high reactivity o O
. . . . e
species with diazonium salts, we assumed that a 2d. 40% 2. 54% 2f 60%
type reaction would be appropriate to demonstrat
of the CuCF,PO(OEt), species. /©/CF2P0(OE1)2 Br\©/CF2PO(0Et)2 /©/CF2PO(OEt)2
F3C
2g, 37% 2h, 44% 2i, 36%
Table 1. Sandmeyer type reaction — effect of the reaction parameters. ‘
CF,PO(OEt), CF,PO(OEt),
© CUSCN (1equiv.) /©/ /©/
TMSCF,PO(OEt), (2.5 equi
/©/Nz eBF4 2PO( )2 (2.5 equiv) EtO,C O,N
MeO CsF (3 equiv) 2j, 35% 2k, 18%

MeCN, 0 °C to RT, over,

Unreactive substrates:

2a
Entry Change from the standard conditio‘d{%][a]

@ [}
N
1 N 3(72
°¢ (72) ST Nco,Me N? SN
2 ‘zinstm NR

Scheme 5. Scope and limitations of the reaction of the CuCF,PO(OEt),
3 WStead of CSF‘ NR species with aryl and heteroaryl diazonium salts, see ref 20. [a] The product
was contaminated with 7% of HCF,PO(OEt),. [b] Reaction was performed on

4 CSZCOMd of CsF 23 a gram scale.
5 m 30 Aryl diazonium salts bearing an electron-donating group
furnished the corresponding CF,PO(OEt),—containing
of TMSCF,PO(OE), 53 derivatives in good yields. Indeed, the presence of a methoxy
‘mad of MeCN " substituent at the para- or meta-position gave Fhe corresponding
products 2a and 2b in 72% and 60%, respectively. Noteworthy,
[a] Yields were dem using a,a,o-trifluorotoluene as an the reaction with para-methylpheny! diazonium salt 1c provided

This article is protected by copyright. All rights reserved.
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the product 2c in 65% vyield and the reaction scale was
increased to the gram scale, without any loss of efficiency. The
reaction was then extended to aryl diazonium salts 1d, 1e and 1f
furnishing the targeted fluorinated products 2d-f in moderate to
good yields. Then, the reaction was applied to diazonium salts
bearing a halogen substituent, however the corresponding
products 2g and 2h were isolated in moderate yields, 37% and
44%, respectively. The use of aryl diazonium salts, bearing
electron-withdrawing group like a CF;, an ester or a nitro
substituent (2i-k) gave the corresponding
difluoromethylphosphate derivatives in low yields, which
represents a limitation of this Sandmeyer approach to introduce
the CF,PO(OEt), motif. Disappointingly, heteroaryl diazonium
salts were reluctant substrates and none of them furnished the
corresponding product.

Then, to confirm that the reaction proceeded according to a
classical Sandmeyer pathway involving a SET (single electron
transfert),” a radical clock experiment using the 2-(allyloxy)
diazonium salt 11 was performed (Scheme 6).

CF,PO(OEY),
@C§

N(;a@BF4 CuSCN (1 equiv), CsF (3 equiv)
@ o~  TMSCF,PO(OEY); (2.5 equiv)

MeCN, 0 °C to RT

1l 3,68%,[21 (84%)[°]

1l 1

N
Cu(l)—CF,PO(OEt),

CF,PO(OEY), .

3 i

Cu(ll)—CF,PO(OE),

Scheme 6. Radical clock experience — proposed mechanism. [a] Isolate
[b] Yield was determined by "°F NMR usin
internal standard.

e reactions.?71?5!

Hence, the diazoniu ET with the
CuCF,PO(OEt), reagent
species and the radical I.
the aryl radical_ll, which unde
the primary rad i
furnished the cycli
To address the
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synthesis, bench-stable, non toxic and easily prepared.”®
Moreover, in contrast to the diazonyg salts, alkenyl and alkynyl
iodonium species are stable and ccessible. Therefore,
this class of compounds might offer a s to a broader
range of difluoromethylphosphonate-c
the initial stage of this proj
commercially available diph

substrate.

oTf
98
4a

2

Entry Yield [%]*

CMm the standard conditions

2 MeCN !s a sole solvent 89

A 3 ’ DMF as a sole solvent 35
\ ’ CuOAc instead of CUSCN 78
‘ KF instead of CsF 64

Phl instead of 4a NR

[a] YieldWetermined by F NMR using a,a,a-trifluorotoluene as an

internal standdrd. [b] Isolated yields. NR = no reaction.

After a careful examination of the reaction parameters, we found
e use of slightly modified reaction conditions furnished the
ponding product 2l in 71% isolated yield and 91% NMR
. Indeed, the 1:1 mixture of MeCN/DMF was important to
ure a decent conversion into the corresponding product. The
se of MeCN as a sole solvent provided 2l in 89% yield, while
DMF gave 2l in 35% yield (entries 2 and 3). The use of other
copper salts or activators furnished the product 21 in lower yields
(entries 4 and 5). A control experiment shown that phenyl iodide
was unreactive under our reaction conditions. This observation
assess that the reaction proceeded with the A® iodane rather
than with the aryl iodide that might arise from the decomposition
of the hypervalent iodine species (entry 6). Having demonstrated
the reactivity of the CuCF,PO(OEt), species toward 4a, we
sought to extend the scope of this transformation to other
iodonium salts. First, various symmetric and non-symmetric
diaryl iodonium salts were tested (Scheme 7).

This article is protected by copyright. All rights reserved.
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CuSCN (1 equiv)

X
i CuSCN (1 equiv), CsF (3 equiv) . CF2PO(OEt), Phen (0-1 equiv), CsF (3 equiv) CF,PO(OEt),
XY “Mes R+
R TMSCF,PO(OEt), (2.5 equiv) s ‘
Z MeCN/DMF, 0 °C to RT MeCN/DMF, 0 °C to R
4a-n ' 6a-e
X=OTf or BF4 Mes = mesityl

= phenyl or mesityl

©/CF2PO(OEt)2 CF,PO(OEt), \/©/CF;PO(OEt)2

Q/CFZPO(OEt)Z
21, 71%[a 2¢, 59%[alb] 2m, 53% l =

N
CF,PO(OEt), CF,PO(OEt), o CF,PO(OEt),
/©/ /©/ \©/ 6a, 44%,[21 (89%)[LHcl
O;N

2a, 68%M@ 2n, 65% 20,71%

\N)Jj/CFZPO(OEt)2
\
O)\N

I
, 34%, (74%)Phle]

Io¥ial

) CF,PO(OEY),

CF,PO(OEt), CF,PO(OEt), CF,PO(OEt),
/©/ /©/ /©/ e, 76%, 66%(°
Cl Br
2p, 63%!2 2g, 52%la 2q, 51%!
Scheme 8. Scop! eroaryl iodonium salts. [a] 1,10-
cl CF,PO(OEY); Br CF,PO(OEt), CF,PO(OEt), phenanthroline (Ph Yields were determined by "°F NMR
\©/ using a,a,o-trifluoroto as an internal standard. [c] See ref 21. [d]
cl EtO,C

Reaction was performed mmol scale.

2r, 77% 2h, 76%@ 2j, 51%0
CFzPO(OEt)z CFPO(OBY): e CF,PO(OEt),
/©/ \©/ First, pyridine derivatives 6a and 6b were readily obtained in
2k, 68%! 2s, 70%0@ 2t, 57%lal oderate yiglds. Interestingly, the N,N-dimethyl uracil

rivatives as obtained in a 74% NMR yield and isolated in
yield, ile the quinoline derivative 6d was obtained in a
29% yield. Finally, the thienyl difluoromethylphosphonate
obtained in 76% yield and 66% yield on a gram scale,
ting the synthetic utility of the process.

to further broaden the scope of our
transform we expanded this process to the synthesis of
vinyl and "alkynyl CF,PO(OEt), derivatives by using the
corresponding iodonium salts (Scheme 9).

Scheme 7. Scope of the reaction with diaryl iodonium salts. [a] See reference
21. [b] Symmetrical iodonium salt was used.

Aryl iodonium salts bearing electron-donating groups
evaluated. para-Alkyl substituted salts provided
corresponding difluoromethylphosphonate derivatives
2m in good yields. The methoxy- and phenyl-s
iodonium salts were also compatible giving the prod
2n in 68% and 65% isolated yields, respectively.
substrate 40 was reactive furnishing the biaryl
20 in 71% isolated yield. Then, iodonium salts b
as a substituent were tested. Whatever, the substi
fluoride, chloride and bromide substituents were tolerate

CuSCN (1 equiv), CsF (3 equiv) 1,\/CF2po(oEt)z

TMSCF,PO(OEt), (2.5 equiv)
MeCN/DMF, 0 °C to RT

8a-f
the corresponding products 2p, 2g, 2q, 2r and 2h in MOderate N - - - <o
good yields. Finally, electron-withdrawing groups like ester, X CF2PO(OEt), . CF2PO(OEt), X CF2PO(OEt),
ketone and even aldehyde were compatible with our rea ©/\ @i\ @EF\
conditions and the corresponding flu 8a, 76%0 J— -
2s and 2t were isolated in good yiel&#%8
of 2s and 2t no addition product on the - CF2PO(OEt),
. ) . . . . Ph CF,PO(OE)
detected in the reaction media pyoving the high O/\ X CF2 2 CFZPO(OEt)Z
transformation. 8d. 879%. 7204la1] 8o 0404l
Heteroaryl derivatives are in/i@ERcaffolds in agrochemical e e o 67l
and Pharmaceutlcal . then turneq our BF, CuSCN (1 equiv), CSF (3 equiv)
attention to the syn es bearing a e L b X CF2PS(OEt),
TMSCF,PS(OEt), (2.5 equiv)
CF,PO(OEL); residue (Sch 7a MeCN/DME, 0 °C to RT 9, 63%
N o __CFPOOE)
\I _ standar //
— conditions
Ph-EBX 10, 64 %lal

Scheme 9. Scope of the reaction with vinyl and alkynyl iodonium salts. [a] See
ref 21. [b] Reaction was performed on 3.4 mmol scale.
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First, iodonium salt bearing styryl substituents were tested. The
salts 7a-c provided the corresponding
difluoromethylphosphonates 8a-c in good to excellent yields.
Then, alkyl-substituted olefins 8d and 8e were synthesized in
good yields and the reaction was scaled-up to 3.4 mmol as
demonstrated with 8d. Notably, internal olefin 8f was obtained in
67% isolated yield. In addition, this transformation was extended
to the introduction of the difluoromethylphosphonothioate motif.
Using a similar procedure to prepare the CuCF,PS(OEt),
species, the reaction with vinyl iodonium salt 7a provided the
corresponding vinyl difluoromethylphosphonothioate 9 in 63%
yield. Finally, by using the Ph-EBX,*® alkynyl derivatives 10 was
isolated in 64% yield.

Then, to further showcase the synthetic utility of our procedure,
we carried out the introduction of the CF,PO(OEt), motif onto
biorelevant molecules (Scheme 10).

MGOQC
\i/\©\ standard Meozcv\©\
AcHN ~Mes N
[ conditions AchN CF,PO(OEt),
BF,
1 12, 48%, (85%)e
standard
—_—

conditions

as a substrate and the
difluoromethylphosphonate 12 was isolated in 48%
compound is a synthetic intermediate toward the synthesis
potent phosphatase inhibitor.*® Then, we applied ou
methodology to the functionalization of the estrone derivativ
The iodonium salt was readil converted into
difluoromethylphosphonate 14 in a m 7% yield.
Intrigued by the mechanism of this tran
investigations were carried out.

OFt): none: 72%l@

EMPO: 59%!2

2

ith CuCF,PO(OEt), was performed in

the pr equivalent of TEMPO ((2,2,6,6-
tetra (Scheme 11). The reaction
furnished roduct 21 without a significant

decrease of the reaction yield. This result ruled out the
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intervention of a possible free radical pathway. Then, during the
course of our investigations regaging the functionalization of
unsymmetrical iodonium salts, a sting impact of the
addition of a ligand was observed o electivity of the
transformation (Scheme 12).

o CI)Tf

N )ﬁ/ I standard CF,PO(OEt),
e J
O)\N
! 5c B
witt il 74%,18 A:B = 73:270°)

with 73%,18 A:B = 20:80[]

. MeS,CFzPO(OEt)z

CF,PO(OEt),
D

without : 91%,18 C:D = 50:50[!
with: 75%,@ C:D = 17:83[°]

Scheme 12. Mechanistic studies — ligand effect. [a] Yields were determined by
YF NMR using a-trifluorotoluene as an internal standard. [b] Ratios were
termined byiMR on the crude reaction mixture.

, when the reaction was carried with unsymmetrical
salt 5¢, the mixture of compounds A and B was
Y% yield with a 73:27 ratio. Impressively, when
roline was added to the copper species prior to
the reactior? with 5c¢, the reaction furnished the corresponding
mixture of products in 20:80 ratio and 73% yield. Similarly, with
iodonium salt 13, the impact of 1,10-phenanthroline on the
ivity of the transfer was observed. Without the addition of
an equimolar mixture of compounds C and D was
rved, while its addition provided a 17:83 ratio.

wever, this significant ligand effect suggested that a copper
pecies is involved in the reaction mechanism (Scheme 13).
Therefore, the possible formation of a new A° iodane A resulting
from the replacement of the triflate by a CF,PO(OELt), residue
can be ruled out. With this information in hand, we suggested
the following reaction mechanism. First, the CuCF,PO(OEt),
species reacted with the iodonium salt to form a putative Cu(lll)
species B. The latter underwent a reductive elimination to
deliver the product 2.5

Formation of a new A% iodane:

AralOTf CF,PO(OEt), | reductive
CuCF,PO(OEt); —*%—— T =  Ar—CF,PO(OEt),
Ar” Ar elimination
A 2
Proposed mechanism:
ArplOTf Ar, reductive
CuCF,PO(OEt); ——— \Cu”‘—CFzPO(OEt)z ———» Ar—CF,PO(OEt),
oxidative | TfQ elimination
addition B 2

Scheme 13. Proposed mechanism.
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Then, we explored the reaction of the CuCF,PO(OEt), reagent
with vinyl halides (Scheme 14). Indeed, in 1996, Shibuya and
co-workers reported the reaction between XZnCF,PO(OEt), in
the presence of a stoichiometric amount of CuBr.I"®! We thought
that the use of our protocol could avoid the use of Zn to prepare
the corresponding fluorinated organometallic species prior the
reaction.

Pleasingly, by using our standard conditions along with the
addition of 1,10-phenanthroline as a ligand, a broad range of
vinyl halides (bromide and iodide) were readily functionalized at
room temperature. First, (E)-p-bromostyrene 15a was engaged
under our reaction conditions providing the corresponding
fluorinated product 8a in 72% yield as a single (E)-isomer. When
the reaction was carried out with (Z)-p-iodostyrene 15b, the
reaction afforded the (Z)-isomer 8g in 79% isolated yield. This
result proved that the reaction proceeded with the retention of
the starting material geometry. Styryl derivatives bearing an
electron-donating or an electron-withdrawing group were
suitable substrates, as demonstrated with compounds 8h and 8i,
which were isolated in 82% and 63% yields, respectively.

CuSCN (1 equiv), CsF (3 equiv)
1,10-phenanthroline (1equiv) R2

RZ
RW’&/X
15a-h
X=Brorl

X CF2PO(OEt); A
@A szPO(OEt)z

TMSCF,PO(OEY), (2.5 equiv) R1J\/°F2P°(°E‘)2
MeCN/DMF, 0 °C to RT 8

8a, 72%, (99%)e! Sg 79%
X=Br
/@/\/Cszo(OEt)z /@/\ ~-C
8h, 82%, (87%)E 63%, (
X=Br X= Br

o CF2PO(OE), < _~_~-CF2PO(OE),

8j, 62%, (94%)(2!
X= 1

8k, 53%, (66% )2

COLE
K\CF,PO(OEY),

81, 66%, (70%)[!
X=Br

Scheme 14. Functionalization of alk
by "°F NMR using
yield of the (E)- and (

halides. [a] Yields were determined
n internal standard. [b] Combined

yl iodides were smoothly reacted,
species 8j and 8k in moderate to
ectively). Interestingly, (Z)-ethyl-
reacted and provided the

good yields
p-bromoacrylate

159 was
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corresponding (Z)-CF,PO(OEt),-containing olefin 81 in 66% yield
as a single diastereoisomer. This ult demonstrated that the
reaction conditions did not affec ereochemistry of the
starting halo olefin. Similarly, methacr e derivative 15h
(2:1  E/IZ mixture) was readily f i and the
corresponding product 8 i yield as a
separable 2:1 mixture of ers. Unfortunately, o-
as cyclic vinyl bromide
. These examples
h was restricted to

terminal vinyl halid
Aiming at develo
CFQPO(OEt)z moti
CuCF,PO(OE

ethod to introduce the
protocol to generate the
e Ullman cross-coupling
coordinating group (CG) at
. Indeed, the group of Zhang

a convenient
thought that

iazene derivatives.*?"]

CuCl (1 equiv), CsF (3 equiv)
(i 1,10-phenanthroline (1 equiv) X cG
R
TMSCF,PO(OEt); (2.5 equiv) Z CF,PO(OEt),
MeCN/DMF, 0 °C to RT
17a-l
CO,Et @COC% ©:N02
OEt), CF,PO(OEt), CF,PO(OEt),
17b, 53% 17c, 54%
COMe MeO\QiCOZMe
CF,PO(OEt), MeO/[ICFfO(OEt)Z CF,PO(OEt),
OMe
17d, 61% 17e, 69% 17f, 93%
J@ECOZMe \@COZMG \©[002Me
LN CF,PO(OEt), CF,PO(OEt), CF,PO(OEt),
179, 62% 17h, 68% 17i, 74%
I\@COZMe /@iCOZMe
CF,PO(OEt), Cl CF,PO(OEt),
17j, 56% 17k, 43%
CF,PO(OEt), AN
0 (L
O,N N~ “CF,PO(OEt),
2k, 47% 171, 32%

Unreactive substrates:
©1N\\/Ph @[NHCOR @[CN @[COZH
| | | |
R =CHj
R =CF;

Scheme 15. Synthesis of aryl-CF,PO(OEt), derivatives from aryl iodides. [a]
Ethyl ortho-bromobenzoate was used instead of 16a. CG = coordinating group.

By replacing CuSCN by CuCl along with the addition of 1,10-
phenanthroline as a ligand, the reaction with ethyl ortho-
iodobenzoate 16a afforded the corresponding product 17a in
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84% isolated yield (Scheme 15). Note that, the use of ortho-
bromobenzoate instead of 16a, allowed the formation of 17a in a
lower yield (25%). Interestingly and in contrast to the previous
report on the Ullman cross-coupling reactions to introduce the
CF,PO(OEt), motif,"*® our transformation proceeded at room
temperature. Then, the scope of the reaction was extended to
other aryl iodide bearing a coordinating group at the ortho-
position of the halide. Pleasingly, ketone and nitro groups could
be a suitable coordinating group to promote this transformation
since the corresponding products 17b and 17c were isolated in
53% and 54% yield. The reaction scope was further extended to
several ortho-iodobenzoate derivatives. First, benzoates bearing
an electron-donating group were tested. The sterically hindered
substrates 16d furnished the desired product 17d in a decent
61% vyield, while the iodobenzoates 16e and 16f bearing
methoxy substituents were readily functionalized in 69% and
93% yields, respectively. A nitro substituent was also tolerated
since the product 17g was isolated in 62% yield. Then, ortho-
iodobenzoate derivatives bearing a halogen substituent were
evaluated. Pleasingly, chloro-, bromo- and even iodo-substituted
substrates were functionalized in good yields (17h-k).
Interestingly, in the case of 17j no functionalization was
observed at the meta-position, highlighting the high selectivity of
this process and the importance of a coordinating group at the
ortho-position of the halide in the Uliman cross-coupling reaction,
the so-called “ortho effect’.” Finally, the methodology wgs
applied to the functionalization of para-nitro iodobenzene a
bromo-pyridine, albeit in moderate yields (47% and 0,
respectively). Noteworthy, other coordinating groups like imine,
acetamide, trifluoroacetamide, as well as nitrile and
acid were inefficient under our reaction conditions.

Then, the functionalization of allyl halides was in
access the allyl-CF,PO(OEt), derivatives (Schem
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UUDUIN (I BYuIV), USE (O equlv)
1,10-phenanthroline (1 equiv)
RTX"pgr R™X>"CF,PO(OE),
TMSCF,PO(OEt), (2.
18a-g MeCN/DMF, 0 °C to R 192-g

©A\/\CF2PO(OEt)2

19a, 91%, (96%)EMe] (60%)al el

19b, 62%
CF,PO(OEt),

19¢, 61% 19d, 63%

CF,PO(OEt),
19f, 99%

CF,PO(OEt),

+ CuCF,PO(OEt),

18 l

2 B, CF2PO(OEY), PN
— — ,
R/\l// CF,PO(OEt),
w-allyl o-allyl
R CF,PO(OE),

eme 16. Functionalization of allyl halide with the CuCF,PO(OEt), reagent.
Yields were determined by "F NMR using o,a,a-trifluorotoluene as an
ternal standard. [b] Cinnamyl chloride was used instead of 18a. [c] Cinnamyl
diethyl phosphate was used instead of 18a.

First, (E)-cinnamyl bromide 18a was reacted under our standard
conditions affording the (E)-difluoromethylphosphonate 19a in
92% NMR vyield. Pleasingly, the addition of 1,10-phenanthroline
as a ligand increased the reaction yield to 99% and the product
19a was isolated in 91% yield. Notably, cinnamyl chloride and
cinnamyl diethyl phosphate can also be used as starting
materials, since 19a was obtained in 96% and 60% NMR yields,
respectively. Then, to study the impact of our reaction conditions
on the stereochemical outcome, the reaction was carried out
using (Z)-cinnamyl bromide. Under the standard conditions, the
product with the (E)-configuration 19a was isolated in 51% yield.
This result was in agreement with the literature data, which
suggested the involvement of a m-allylcopper(lll) in allylic
substitution.®® The stereoselectivity of the reaction could be
explained by the formation of the m-allyl complex followed by an
isomerization step to form the o-complex and a reductive
elimination to furnish the linear product 19. Interestingly, no
trace of the branched product was detected in the reaction
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mixture. Then, the reaction scope was extended to the para-
chloro cinnamyl derivatives 19b. Unfortunately, strong electron-
donating (OMe) and electron-withdrawing (NO) groups at the
para-position of the aromatic ring were not tolerated. The o-
substitution did not have an impact on the reaction and the
corresponding products 19¢ and 19d were isolated in good
yields. Note that the presence of an ester group was tolerated.
Finally, prenyl, geranyl and farnesyl bromides were readily
functionalized giving the targeted difluoromethylphosphonate
derivatives 19e-g in good to excellent yields (98%, 99% and
88% respectively).

To further extend the reactivity and by analogy with the allyl
derivatives, benzyl bromide derivatives were then functionalized
(Scheme 17).

CuSCN (1 equiv), CsF (3 equiv)
1,10-phenanthroline (1 equiv)

RN B (jACFZPO(OEt)2
U
z TMSCF,PO(OEt), (2.5 equiv) Z
20af MeCN/DMF, 0 °C to RT 21adf

CF,PO(OEt), /©/\CF2PO(OE1)2 CF,PO(OE),

2.9
Q

21a, 87% 21b, 42% 21c, 74%
Y@ACFZPO(OE‘)Z CFZPO(OEt)z Ej\ﬂ(:FZPO(OEt)2
21d, 47% 21e, 36%, (65%)1 21f, 48%

Unreactive substrates:
©/\ cl @ﬁ Br
N

Scheme 17. Synthesis of benzyl CF,PO(OEt), derivatives,
determined by "F NMR using a,a,o-trifluorotoluene as an in

First, benzyl bromide 20a was reacted under the

87% isolated yield. Unfortunately,
chloride did not afford trace of the c
Then para-substituted benzyl brom#

corresponding products 21b-d were isolat . The
reaction proved to be compatible with a bromi ketone
substituent. These examples d ity of the

were tested and th
tolerated giving the
36% and 48% respecti
romatic ring was deleterious as
substituted benzyl bromide

that did not affo CF,PO(OEt), derivative.

Quite recently, ight on the emergent
SCF,PO(OEt), ce, we thought that the
reaction CF,PO(OEt), species and a disulfide

lock (Scheme 18).F%!

10.1002/chem.201703542

WILEY-VCH

N CuCl (1 equiv), CsF (3 equiv)
R—- 1,10-phenanthroline (1 equiv) . SCF2PO(OEt),
ANe SN R—'O/
\GR TMSCF,PO(OEt), L
Z MeCN/DMF, 0 °C to

22a-e

: SCF,PO(OEt), : _SCF,PO(OEt)
Me

23a, 49%, (50%)[!

23b, 57%, (6

'F NMR using cxcxcx-tnfluorotoluene as an
internal standard.

st, the phldisulfide 22a was used as a substrate and to our
ht the Corresponding SCF,PO(OEt), derivative 23a was
ed in 50% NMR yield and isolated with 49% vyield. Then,
| disulfides were evaluated. The para-methyl and para-
disulfides reacted with the CuCF,PO(OEt), and
rresponding SCF,PO(OEt),-containing aryls 23b
and 23c 57% and 48% yields, respectively. Finally, the
disulfides bearing halogens at the para-position were also
readily converted into the targeted fluorinated molecules 23d
23e in moderate yields. Noteworthy, heteroaromatic
e and aliphatic one were unreactive and did not provide
esired fluorinated products.

Conclusions

In summary, we reported herein a full account of our
investigations toward the copper-mediated introduction of the
valuable phosphate bioisoster: the CF,PO(OEt), motif. Thanks
to a straightforward procedure to prepare the CuCF,PO(OEt),
reagent from the readily available silylated precursor a broad
range of substrates were functionalized to access important
fluorinated building blocks bearing this particular motif. The
procedure allowed the functionalization of aryl diazonium salts,
aryl, heteroaryl, vinyl and alkynyl iodoniums salts. This protocol
was applied to the synthesis of biorelevant molecules. The
mechanism of the transformation using iodonium salts was
studied and an interesting ligand effect was observed. This
study suggested the involvement of a Cu(lll) species as an
intermediate. Then, the methodology was extended to the
functionalization of vinyl halides (bromides and iodides) and aryl
iodides bearing a coordinating group at the ortho-position. The
corresponding products were obtained in good yields and the
developed methodology offered an interesting alternative to the
existing methods. By using our protocol to generate the
CuCF,PO(OEt), reagent, allyl halides and benzyl bromides were
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readily converted into the corresponding fluorinated compounds
at room temperature in moderate to good yields. Finally, we
demonstrated that our methodology afforded an interesting
pathway to access SCF,PO(OEt),-containing molecules from
disulfides. In conclusion, we developed a straightforward
manifold to access a braod range of CF,PO(OEt),-containing
molecules at room temperature. We believe that this approach
will be useful to synthesize important building blocks and will be
applied to the synthesis of important biorelevant molecules.

Experimental Section

General: All reactions were carried out using oven dried glassware and
magnetic stirring under an atmosphere of argon unless otherwise stated.
Flash chromatography was performed with silica gel (0.040-0.060 nm).
Reverse phase chromatography was performed on a puriFIash®215
using a puriFlash® C18HP 15um 55G Flash column. Analytical thin layer
chromatography was performed on silica gel aluminium plates with F-254
indicator and visualized by UV light (254 nm) and/or chemical staining
with a KMnO, solution. "H NMR spectra were recorded on a Bruker
DXP 300 at 300 MHz and a Bruker DXP 400 at 400 MHz, *C NMR
spectra at 75 MHz and at 100 MHz, "°F NMR spectra at 282 MHz and *'P
NMR at 121 MHz. Chemical shifts () are quoted in parts per million
(ppm) relative to the residual solvent peak for CDCl; (64 = 7.26 ppm;
dc = 77.16 ppm; or relative to external CFCls: 6 = 0 ppm), [Dg]acetone (4
= 2.05 ppm; dc =29.84 ppm), CD30D (84 = 3.31 ppm; ¢ = 49.00 pp
The following abbreviations have been used: 5 (chemical shift
(coupling constant), app. (apparent), br. (broad), s (singlet), d (d
dd (doublet of doublets), ,t (triplet), td (triplet ou doublets), tq (triplet of
quadruplets) q (quartet), m (multiplet). High-resolution mas
(HRMS) were recorded on Waters LCT Premier, IR sp
recorded on a PerkinElmer Spectrum 100.

Starting material synthesis:

Diethyl [difluoro(trimethylsilyl)methyllphosphonate wa

according to the procedure described by O’Hagan.?*! Diazo
were prepared according to reported methods, see reference 25b
references cited herein. lodonium salts, 4, 5, 7, 11 and 13 were prepare
according to the literature.©*®

General procedure  for
difluoromethylphosphonates from aryl

Method A:

In a glove box, a sealed fube

placed at 0 °C.
mg, 1.25 mmol)

re for 1 h. Unless otherwise noted,
mmol) was added dropwise as a
eptum was removed, the tube
r 16 h. The reaction mixture
her (30 mL) and filtered through a plug of
s washed with water (4 x 10 mL), brine (2 x
solvents were carefully removed. Unless
sh chromatography on silica gel gave

and allowed to stirred at this temp
the correspondinOygs jum salt (O

the pure desired pr
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General procedures for the copper-mediated
difluoromethylphosphonates from io

synthesis of

Method B:

CsF (228 mg, 1.50 mmol)
acetonitrile (1 mL) was added a
Diethyl [(trimethylsilyl)difluor

h. The corresponding
ise as a solution in DMF (1
tube was sealed and the
n mixture was diluted with
lug of Celite®. The organic
, brine (25 mL), dried over

iodonium salt (0.50
mL). The rubber se
suspension was stirr
diethyl ether (304nL)

) was added dr
was removed,

Method C (wi

F (228 m .50 mmol) and sealed with a rubber septum. Dry
tonitrile ( ) was added and the mixture was placed at 0 °C.
yl [(trimethylsilyl)difluoromethyllphosphonate (neat, 325 mg, 1.25
was added and the mixture was heated at 40 °C for 1 h, cooled to
d allowed to stir at this temperature for 1 h. 1,10-Phenanthroline
1.00 mmol) was added followed by a solution of the
gonium salt (0.50 mmol) in DMF (1 mL). The rubber
moved, the tube was sealed and the suspension was
. The reaction mixture was diluted with diethyl ether (30
mL) and filtered through a plug of Celite®. The organic layer was washed
with water (4 x 25 mL), brine (25 mL), dried over MgSQO4, and solvents
arefully removed under vacuum. Reverse phase chromatography
3CN or MeOH, gradient: 9:1 to 0:1, rate: 1% CH3CN or MeOH
inute) gave the product.

In a glove box, g tube was loaded with CuSCN (61 mg, 0.50 mmol) and
4

procedures for the copper-mediated synthesis of
difluoromethylphosphonates from vinyl halides, allyl bromides and
benzyl bromides.

Method D:

In a glove box, a tube was loaded with CuSCN (61 mg, 0.50 mmol) and
CsF (228 mg, 1.50 mmol) and sealed with a rubber septum. Dry
acetonitrile (1 mL) was added and the mixture was placed at 0 °C.
Diethyl [(trimethylsilyl)difluoromethyllphosphonate (neat, 325 mg, 1.25
mmol) was added and the mixture was heated at 40 °C for 1 h, cooled to
0 °C and allowed to stir at this temperature for 1 h. 1,10-Phenanthroline
(90.1 mg, 1.00 mmol) was added followed by a solution of the
corresponding vinyl halide or allyl halide or benzyl bromide (0.50 mmol).
The rubber septum was removed, the tube was sealed and the
suspension was stirred for 16 h. The reaction mixture was diluted with
diethyl ether (30 mL), the organic layer was washed with water (4 x 25
mL), brine (25 mL), dried over Na,SO4, and solvent was carefully
removed under vacuum. Reverse phase chromatography (H.O/CH;CN,
gradient: 9:1 to 0:1, rate: 1% CH3CN per minute) gave the product.

General procedures for the copper-mediated
difluoromethylphosphonates from iodoarenes

synthesis of

Method E:
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In a glove box, a tube was loaded with CuCI (50 mg, 0.50 mmol) and CsF
(228 mg, 1.50 mmol) and sealed with a rubber septum. Dry acetonitrile (1
mL) was added and the mixture was placed at 0 °C. Diethyl
[(trimethylsilyl)difluoromethyl]phosphonate (neat, 325 mg, 1.25 mmol)
was added and the mixture was heated at 40 °C for 1 h, cooled to 0 °C
and allowed to stir at this temperature for 1 h. 1,10-Phenanthroline (90.1
mg, 1.00 mmol) was added followed by a solution of the corresponding
iodoarene (0.50 mmol). The rubber septum was removed, the tube was
sealed and the suspension was stirred for 16 h. The reaction mixture was
diluted with diethyl ether (30 mL), the organic layer was washed with
water (4 x 25 mL), brine (25 mL), dried over Na,SO4, and solvent was
carefully removed under vacuum. Reverse phase chromatography
(H20/CH3CN, gradient: 9:1 to 0:1, rate: 1% CH3;CN per minute) gave the
product.

General procedures for the copper-mediated synthesis of diethyl
phosphono)difluoromethylthiolated derivatives

Method F:

In a glove box, a tube was loaded with CuSCN (61 mg, 0.50 mmol) and
CsF (228 mg, 1.50 mmol) and sealed with a rubber septum. Dry
acetonitrile (1 mL) was added and the mixture was placed at 0 °C.
Diethyl [(trimethylsilyl)difluoromethyllphosphonate (neat, 325 mg, 1.25
mmol) was added and the mixture was heated at 40 °C for 1 h, cooled to
0 °C and allowed to stir at this temperature for 1 h. The corresponding
disulfide (0.50 mmol) was added. The rubber septum was removed, the
tube was sealed and the suspension was stirred for 16 h. The reaction
mixture was diluted with diethyl ether (30 mL), the organic layer
washed with water (4 x 25 mL), brine (25 mL), dried over Na,SO.
solvent was carefully removed under vacuum. Reverse
chromatography (H.O/CH3CN, gradient: 9:1 to 0:1, rate: 1% CH3CN per
minute) gave the product.

Diethyl [(4-methoxyphenyl)difluoromethyl]phosp
Prepared following the procedure A from 4-methoxybe
tetrafluoroborate 1a with 72% yield (106 mg, 0.5
procedure B from di(4-meth

MHz, CDCl3): 8 7.56 (d, J = 8.3 Hz, 2H), 6.94 (d, J = 8.6 Hz, 2H), 4.
3.97 (m, 4H), 3.81 (s, 3H), 1.29 (t, J = 7.1 Hz, 6H); "*C NMR (75 MHz,

124.6 (td, J = 22.7 and 14.0 Hz), 118.3
113.9 (d, J = 1.2 Hz), 64.8 (d, J = 6.7
"F{'H} NMR (CDCls, CFCls, 282 MHz) & -1
¥P{"H} NMR (CDCls, 121 MHz) 6 6.6 (t, J = 119
cm™) 2985, 1614, 1515, 12504 1011; HRMS (
[M+H]+ C12H18F204P 1 295.091 1, fo,

le). Yellow oil; 'H
41 (app. t, J=7.9

1324 (dd, J=3.2a
=21.7 and 13.7 Hz), - 8.6 (td, J = 264.1 and 219.4
(d, J=6.7 Hz), 55.9, 16.4 (d, J = 5.8 Hz);
282 MHz) 6 -105.2 (d, J = 116.5 Hz, 2F);
8 6.7 (t, J = 116.3 Hz, 1P); IR (neat,
1036, 1017; HRMS (ESI*) calcd for
d: 295.0914 (1 ppm).

[M+H]+ C12H1gF204P:
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Diethyl [(p-tolyl)difluoromethyl]phosphonate 2c. Prepared following
the procedure A from p-tolyldiazoniungtetrafluoroborate 1c with 65%
yield (90 mg, 0.5 mmol scale), 68% vyi mg, 3.6 mmol scale); the
procedure B from di(4-tolyl)iodonium triflu
59% vyield (82 mg, 0.5 mmol scale). Rever

), 2.37 (s, 3H), 1.29 (t, J =
7.1 Hz, 6H); *C NMR (75 MHz, 5(dd, J = 4.1 and 2.1 Hz),
= 1.3 Hz), 118.3 (td, J =
16.4 (d, J = 5.6 Hz);
3, J = 118.0 Hz, 2F);
= 118.0 Hz, 1P); IR (neat,
HRMS (ESI*) calcd for
57 (-1.8 ppm).

"F{'H} NMR (CDCl,,
¥P{"H} NMR (CDCl,
cm™") 2985, 1617,
[M+H]" C12H1gF205P

515, 1260, 101
9.0962, found: 27

Diethyl [(3, methyl]phosphonate  2d.
Prepared cedure A from 3,5-
dimethoxybenzene tetrafluoroborate 1d. Reverse phase
chromatography (H H). Yield: 40% (65 mg, 0.5 mmol scale).

Yellow CDCls): 8 6.74 (s, 2H), 6.53 (s, 1H), 4.27-
4.07 (m, 2V (t, J = 7.1 Hz, 6H); "*C NMR (75 MHz,
CDCl3): 6 160.8 (d, J= 1% 134.6 (td, J = 22.1 and 14.1 Hz), 117.9
(td, J = 263.8 and 217.8 Hz), 104.3 (td, J = 7.1 and 2.3 Hz), 103.0 (dd, J

=3.4 and 1.7?64.9 (d, J=6.7 Hz), 55.6, 16.4 (d, J = 5.6 Hz); "°F{'H}

R (CDCl;,4FCls, 282 MHz) 6 -108.5 (d, J = 115.5 Hz, 2F); *'P{'H}
(CDCls, ¥21 MHz) 6 6.2 (t, J = 115.6 Hz, 1P); IR (neat, cm™") 2985,
1460, 1270, 1205, 1157, 1011; HRMS (ESI") caled for
] C1sHasNF,05P : 342.1282, found: 342.1274 (-2.3 ppm).

nzyloxyphenyl)difluoromethyl]phosphonate 2e.
g the procedure A from 3-benzyloxybenzenediazonium
tetrafluoroboMite 1e. Reverse phase chromatography (H.O/MeCN). Yield:
54% (100 mg, 0.5 mmol scale). Pale yellow oil; 'H NMR (300 MHz,
CDClg): 6 7.36-7.25 (m, 5H), 7.17-7.12 (m, 3H), 6.99 (d, J = 8.1 Hz, 1H),
(s, 2H), 4.18-3.97 (m, 4H), 1.21 (t, J = 7.1 Hz, 6H); "*C NMR (75
DCl3): 6 158.7 (d, J = 1.2 Hz), 136.6, 134.0 (td, J = 22.0 and 13.8
9.7 (d, J = 1.2 Hz), 128.7, 128.2, 127.6, 118.8 (td, J= 6.9 and 2.3

(td, J = 263.5 and 217.8 Hz), 112.6 (td, J = 7.1 and 2.3 Hz),
2, 64.9 (d, J = 6.7 Hz), 16.4 (d, J = 5.5 Hz); "F{"H} NMR (CDCls,
FCls, 282 MHz) 6 -108.6 (d, J = 115.7 Hz, 2F); *'P{"H} NMR (CDCl,,
121 MHz) 6 6.3 (, J = 115.7 Hz, 1P); IR (neat, cm™') 2985, 1587, 1442,
1268, 1012; HRMS (ESI*) calcd for [M+NH,]" C1gHasNF,04P : 388.1489,
found: 388.1487 (-0.5 ppm).

Diethyl [(naphten-1-yl)difluoromethyl]phosphonate 2f. Prepared
following the procedure A from naphthalene-1-diazonium
tetrafluoroborate 1f. Yield: 60% (94 mg, 0.5 mmol scale). Dark orange oil;
"H NMR (300 MHz, CDCls): $8.45 (d, J = 8.5 Hz, 1H), 7.95 (d, J = 8.2 Hz
1H), 7.86 (d, J = 7.8 Hz, 1H), 7.81 (d, J = 7.4 Hz, 1H), 7.59-7.48 (m, 3H),
4.29-4.01 (m, 4H), 1.25 (t, J = 7.1 Hz, 6H); *C NMR (75 MHz, CDCl3): &
134.1 (d, J = 0.9 Hz), 132.1 (dd, J = 3.4 and 1.7 Hz), 129.9 (dd, J = 3.7
and 1.8 Hz), 128.6 (d, J = 2.5 Hz), 128.4 (td, J = 20.1 and 13.5 Hz),
126.9, 126.4 (td, J = 10.4 and 3.6 Hz), 126.3, 126.1 (td, J = 5.2 and 0.7
Hz), 124.4 (d, J = 1.7 Hz), 120.0 (td, J = 264.1 and 216.8 Hz), 64.8 (d, J
= 6.8 Hz), 16.3 (d, J = 5.6 Hz); "*F{"H} NMR (CDCls, 282 MHz) §-102.4
(d, J = 114.6 Hz, 2F); *'P{"H} NMR (CDCls, CFCls, 121 MHz) 6 6.7 (t, J =
114.7 Hz, 1P); IR (neat, cm™') 2985, 1514, 1269; 1010; HRMS (ESI")
caled for [M+NH,]" C15H21NF203P : 332.1227, found: 332.1233 (1.8 ppm).

Diethyl [(4-chlorophenyl)difluoromethyl]phosphonate 2g. Prepared
following the procedure A from 4-chlorobenzenediazonium
tetrafluoroborate 1g with 37% yield (55 mg, 0.5 mmol scale); the
procedure B from (4-chlorophenyl)(mesityl)iodonium
trifluoromethanesulfonate 4g with 52% yield (77 mg, 0.5 mmol scale).
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Reverse phase chromatography (H,O/MeCN). Dark yellow oil; '"H NMR
(300 MHz, CDCl): 6 7.54 (d, J = 7.9 Hz, 2H), 7.42 (d, J = 8.5 Hz, 2H),
4.29-4.08 (m, 4H), 1.30 (t, J = 7.1 Hz, 6H); *C NMR (75 MHz, CDCls): &
137.2 (dd, J = 4.7 and 2.4 Hz), 131.2 (td, J = 22.5 and 14.0 Hz), 128.9 (d,
J=1.3Hz), 127.8 (td, J = 6.8 and 2.3 Hz), 117.8 (td, J = 263.5 and 218.8
Hz), 65.0 (d, J = 6.8 Hz), 16.4 (d, J = 5.5 Hz); "°F{'"H} NMR (CDCls,
CFCls, 282 MHz) & -109.1 (d, J = 115.1 Hz, 2F); *'P{'"H} NMR (CDCls,
121 MHz) 6 5.9 (t, J = 115.2 Hz, 1P); IR (neat, cm—1) 2986, 1602, 1492,
1270, 1256, 1012; HRMS (ESI*) calcd for [M+NH4]* C11H1sNF,05PCl :
316.0681, found: 316.0675 (-1.9 ppm).

Diethyl [(3-bromophenyl)difluoromethyl]phosphonate 2h. Prepared
following the procedure A from  3-bromobenzenediazonium
tetrafluoroborate 1h with 44% vyield (75 mg, 0.5 mmol scale); the
procedure B from (3-bromophenyl)(mesityl)iodonium
trifluoromethanesulfonate 4h with 76% yield (129 mg, 0.5 mmol scale).
Reverse phase chromatography (H,O/MeCN). Orange oil; '"H NMR (300
MHz, CDCl3): 6 7.73 (s, 1H), 7.60 (d, J = 8.0 Hz, 1H), 7.54 (d, J = 7.7 Hz,
1H), 7.32 (app. t, J = 7.9 Hz, 1H), 4.32-4.09 (m, 4H), 1.31 (t, J = 7.1 Hz,
6H); "*C NMR (75 MHz, CDCl3): 6 134.7 (td, J = 22.3 and 13.9 Hz), 134.0
(dd, J = 3.6 and 1.7 Hz), 130.2 (d, J = 1.3 Hz), 129.4 (td, J= 7.1 and 2.4
Hz), 125.1 (td, J = 6.7 and 2.2 Hz), 117.3 (td, J = 264.1 and 218.0 Hz),
65.1 (d, J = 6.8 Hz), 16.4 (d, J = 5.5 Hz); "*F{"H} NMR (CDCls, CFCls,
282 MHz) 6-109.4 (d, J = 113.9 Hz, 2F); *'P{"H} NMR (CDCls, 121 MHz)
85.7 (t, J= 114.0 Hz, 1P); IR (neat, cm™") 2985, 1574, 1476, 1270, 1242,
1012; HRMS (ESI") calcd for [M"°Br+NH,]" C14H:sNF,03P"°Br: 360.0176,
found: 360.0170 (-1.7 ppm).

Diethyl [(4-{trifluoromethyl}phenyl)difluoromethyl]phosphonate
Prepared following the procedure A from
(trifluoromethyl)benzenediazonium tetrafluoroborate 1i. Yield: 3
mg, 0.5 mmol scale). Orange oil; "H NMR (300 MHz, CDCly): § 7.75-7.65
(m, 4H), 4.32-4.10 (m, 4H), 1.31 (t, J = 7.1 Hz, 6H); *C NM
CDCl3): 6 136.9-136.0 (m), 133.6-132.2 (m), 127.0 (td, J =
Hz), 125.6 (qd, J = 3.7 and 1.3 Hz), 120.1 (q, J = 272.7 H
=263.6 and 217.3 Hz), 65.1 (d, J = 6.8 Hz), 16.4 (d, J =
NMR (CDCls, CFCls, 282 MHz) 6 -63.5 (s, 3F), -109.9
2F); *'P{'"H} NMR (CDCls, 121 MHz) § 5.6 (t, J = 112.

0.5 mmol scale)j
nyl)(mesityl)io

tetrafluoroborate 1j with 35% vyield (59 ,
procedure B from  (((4-ethoxycar

MHz, CDCls): $8.11 (d, J = 8.2 Hz,
J = 7.1 Hz, 2H), 4.27-4.07 (m, 4H
7.1 Hz, 6H); "*C NMR (75 MHz,

65.0 (d, J = 6.8
), 14.4; F{'H (CDCls, CFCls,
2F); *'P{"H} NMR (CDCls, 121 MHz)
at, cm™) 2985, 1719, 1270, 1107,
C14H23NF205P: 3541282, found:

Hz), 615, 16.4 (d, J = 5.
282 MHz) §-109.9 (d, J = 113.
5 5.8 (t, J = 113.4 Hz, 1P); |
1011; HRMS (ES{,

Diethyl [
following

A from  4-nitrobenzenediazonium
yield (28 mg, 0.5 mmol scale); the
(4-nitrophenyl)(mesityl)iodonium
trifluoromethanesu % yield (105 mg, 0.5 mmol scale);
the procedure E from 1-iodo-4-nitrobenzene 16k with 47% yield (72 mg,
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0.5 mmol scale). Orange oil; '"H NMR (300 MHz, CDCls): 6 8.31 (d, J =
8.6 Hz, 2H), 7.81 (d, J = 7.9 Hz, 2H), 4a32-4.13 (m, 4H), 1.33 (t, J = 7.1
Hz, 6H); *C NMR (75 MHz, CDCl5): 6 9.1 (td, J = 22.3 and 13.8
Hz), 127.8 (td, J = 6.7 and 2.2 Hz), 123.7 2 Hz), 117.3 (td, J =
264.3 and 216.3 Hz), 65.3 (d, J = 6.9 Hz), 1 4 Hz); “F{'H}

NMR (CDCls, CFCls, 282 MHz) 6 -110.1 (d 110: 2F); 3'P{'H}
NMR (CDCls, 121 MHz) 6 5.1 ( 1P); IR (neat, cm™") 2919,
1522, 1343, 1270, 1253, RMS (ESI") calcd for

[M+NH,]* C11H1sN2F,05P : 327.0921, 7.0920 (-0.3 ppm).

Diethyl
difluoromethyl]phos,
from 2-(allyloxy)ben
chromatography (H;

enzofuran-3-yl)-1,1-
following the procedure A
borate 1l. Reverse phase
109 mg, 0.5 mmol scale).
-7.12 (m, 2H), 6.88 (dt, J =

5-3. .73-2.51 (m, 1H), 2.45-2.23 (m,
°C NMR (75 MHz, CDCls): 6 159.7, 128.9, 128.8
and 215.9 Hz), 120.8, 109.8, 64.8-64.7 (m),
, 35.5 (dt, J = 6.4 and 3.9 Hz),16.5 (d, J =
5.4 Hz), T Cls, CFCls, 282 MHz) 6 -111.1 (dd, J =
298.2 and 105.4 Hz) an (dd, J = 298.2 and 106.2 Hz); *'P{'H}
NMR (CDCls, 121 MHz) 6 6.6 (t, J = 105.6 Hz, 1P); IR (neat, cm™) v:
2986, 1599, ﬁ 1462, 1269, 1230, 1162,1013, 979; HRMS (ESI")

435424 (m, 5
1H), 1.42-1.37 (m,
124.2, 1235 (td, J =
38.7 (dt

cd for [M+ 14H20F204P: 321.1067, found: 321.1072 (1.6 ppm).

I [(phenyl)difluoromethyl]phosphonate 2l. Prepared following
cedure B from diphenyliodonium trifluoromethanesulfonate 4lI.
hase chromatography (H.O/CH3;CN). Yield: 71% (94 mg, 0.5
aytion: this compound is volatile. Pale yellow oil; "H NMR
): 8 7.62 (d, J = 7.2 Hz, 2H), 7.47-7.45 (m, 3H), 4.28-
.31 (t, J = 7.1 Hz, 6H); "*C NMR (75 MHz, CDCl5): & 132.7
(td, J = 22.0 and 13.7 Hz), 130.8 (dd, J = 3.9 and 1.9 Hz), 128.5 (d, J =
1.3 Hz), 126.3 (td, J = 6.9 and 2.4 Hz), 118.1 (td, J = 263.1 and 218.2
Hz)y64.8 (d, J = 6.7 Hz), 16.4 (d, J = 5.5 Hz); "°F{'"H} NMR (CDCls,
282 MHz) 6 -109.0 (d, J = 116.3 Hz, 2F); *'P{"H} NMR (CDCls,
z) 66.4 (t, J = 116.3 Hz, 1P); IR (neat, cm™") v: 2986, 2917, 1452,
, 1011; HRMS (EI") calcd for [M]" C11H1sF203P : 264.0727, found:
4.0726 (-0.2 ppm).

w

Diethyl ((4-ethylphenyl)difluoromethyl)phosphonate 2m. Prepared
following the procedure B from (4-ethylphenyl)(mesityl)iodonium
trifluoromethanesulfonate 4m. Reverse phase chromatography
(H20/CH3CN). Yield: 53% (78 mg, 0.5 mmol scale). Brown oil; '"H NMR
(300 MHz, CDCl3): 6 7.45 (d, J = 7.2 Hz, 2H), 7.20 (d, J = 8.0 Hz, 2H),
4.20-4.00 (m, 4H), 2.61 (q, J = 7.6 Hz, 2H), 1.26-1.21 (m, 6H), 1.17 (t, J =
7.6 Hz, 3H); "°C NMR (75 MHz, CDCl3): 6 147.3 (dt, J = 2.0 Hz), 129.9
(dt, J = 22.2 and 13.6 Hz), 128.0 (d, J = 1.3 Hz), 126.3 (td, J = 7.0 and
2.4 Hz), 118.2 (td, J = 262.8 and 219.6 Hz), 64.7 (d, J = 6.7 Hz), 28.8,
16.4 (d, J = 5.7 Hz), 15.4; "F{"H} NMR (CDCls, CFCls, 282 MHz) §
-108.3 (d, J = 118.6 Hz, 2F); *'P{'"H} NMR (CDCls, 121 MHz) 5 6.6 (t, J
= 118.3 Hz, 1P); IR (neat, cm™") v: 2971, 2935, 1616, 1415, 1261, 1164,
1118, 1037, 1013, 976; HRMS (ESI*) calcd for [M+H]" C43H0F203P:
293.1118, found: 293.1118 (0.0 ppm).

Diethyl [(1,1'-biphenyl)-4-yldifluoromethyl]phosphonate 2n. Prepared
following the procedure B from [1,1'-biphenyl]-4-yl(mesityl)iodonium
trifluoromethanesulfonate  4n. Reverse phase chromatography
(H20/CH3CN). Yield: 65% (111 mg, 0.5 mmol scale). Brown oil; 'H NMR
(300 MHz, CDCl3): 6 7.72-7.66 (m, 4H), 7.61 (d, J = 7.7 Hz, 2H), 7.46 (t,
J=7.0 Hz, 2H), 7.41-7.36 (m, 1H), 4.32-4.12 (m, 4H), 1.34 (t, J = 6.9 Hz,
6H); "*C NMR (75 MHz, CDCls): § 143.7 (dt, J = 2.1Hz), 140.1, 131.5 (dt,
J =224 and 13.4 Hz), 131.4, 129.0, 128.1, 127.4-127.3 (m), 126.8 (td, J
= 6.8 and 2.1 Hz), 118.2 (td, J = 263.9 and 216.6 Hz), 64.9 (d, J = 6.8
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Hz), 16.4 (d, J = 5.7 Hz); F{"H} NMR (CDCls;, CFCls, 282 MHz) &
-108.8 (d, J = 116.6 Hz, 2F); *'P{'"H} NMR (CDCls, 121 MHz) 5 6.4 (t, J
= 116.4 Hz, 1P); IR (neat, cm™") v: 2984, 1611, 1394, 1267, 1166, 1114,
1013, 978; HRMS (ESI*) calcd for [M+NH,]* C17H23NF,03P: 358.1384,
found: 358.1383 (-0.3 ppm).

Diethyl [(3-(4-nitrophenoxy)phenyl)difluoromethyl]phosphonate 2o.
Prepared  following the procedure B  from  mesityl(3-(4-
nitrophenoxy)phenyl)iodonium trifluoromethanesulfonate 4o0. Reverse
phase chromatography (H,O/CH3;CN). Yield: 71% (142 mg, 0.5 mmol
scale). Brown oil; "H NMR (300 MHz, CDCls): 6 8.24-8.19 (m, 2H), 7.55-
7.48 (m, 2H), 7.34 (s, 1H), 7.22-7.19 (m, 1H), 7.04-7.01 (m, 2H), 4.31-
4.11 (m, 4H), 1.32 (t, J = 7.0 Hz, 6H); "*C NMR (75 MHz, CDCl;): § 162.7,
154.9, 143.1, 135.3 (td, J = 22.7 and 14.0 Hz), 130.6 (d, J = 1.0 Hz),
126.1, 123.1 (dt, J= 6.7 and 2.3 Hz), 122.7 (d, J = 1.9 Hz), 118.5 (dt, J =
6.9 and 2.1 Hz), 117.7 (dt, J = 264.3 and 218.6 Hz), 117.5, 65.1 (d, J =
6.8 Hz), 16.4 (d, J = 5.3 Hz); "*F{"H} NMR (CDCls, CFCls, 282 MHz) §
-109.1 (d, J = 114.0 Hz, 2F ); *'P{"H} NMR (CDCls, 121 MHz) § 5.8 (t, J
= 113.8 Hz, 1P); IR (neat, cm™") v: 2986, 2917, 1583, 1517, 1487, 1442,
1343, 1263, 1237, 1163, 1111, 1013; HRMS (ESI") calcd for
[M+NH,]" C17H25F2N,O6P: 419.1184, found: 419.1183 (-0.2 ppm).

Diethyl [(4-fluorophenyl)difluoromethyl]phosphonate 2p. Prepared
following the procedure B from (4-fluorophenyl)(mesityl)iodonium
trifluoromethanesulfonate  4p. Reverse phase chromatography
(H20/CH3CN). Yield: 63% (44 mg, 0.25 mmol scale). Colourless oil; 'H
NMR (300 MHz, CDCls): 6 7.64-7.59 (m, 2H), 7.16-7.11 (m, 2H), 4.29-
4.09 (m, 4H), 1.31 (t, J = 7.1 Hz, 6H); "*C NMR (75 MHz, CDCl3): § 164.3
(m), 128.7 (m), 117.9 (td, J = 263.5 and 220.1 Hz), 115.8 (dd, J =
and 1.2 Hz), 65.0 (d, J = 6.8 Hz), 16.5 (d, J = 5.6 Hz); "°F{'H}
(CDCls, CFCl3, 282 MHz) 6 -108.2 (d, J = 116.6 Hz, 2F), -109.9 (# A
¥P{"H} NMR (CDCls, 121 MHz) 6 6.1 (t, J = 116.0 Hz, 1P); IR (neat,
cm™) v: 2921, 2852, 1609, 1513, 1463, 1256, 1022; HRMS (
for [M+NH,]" C44H1sF3NO3P : 300.0976, found: 300.0970 (-2
that despite a long acquisition time, the aromatic quat
bearing the CF; group is missing.

Diethyl [(4-bromophenyl)difluoromethyl]phospho
following the procedure B from (4-bromophenyl)(me
trifluoromethanesulfonate 4q. Reverse phase chroma

131.8 (d, J = 1.3 Hz), 131.8 (td, /=226 a
and 2.3 Hz), 125.6 (m), 117.8 (td, J = 26
6.8 Hz), 16.4 (d, J = 5.5 Hz); "9F{'"H} NMR
-109.3 (d, J = 114.6 Hz, 2F); *'P{'H} NMR (CD
= 114.9 Hz, 1P); IR (neat, cm™) v:
1060, 1021; HRMS (ESI*) calcd fory
found: 360.0172 (-1.1 ppm).

Diethyl [(3,4-dichlo
Prepared following the proce
tetrafluoroborate 4r. Reverse
Yield: 77% (128 mg, 0.5 mmol
CDCl3): 6 7.68 (s;
Hz, 1H), 4.30-4.1
CDCl3): 6 135.5 (dt,
and 14.1 Hz), 130.7 (d,

). Brown oil; '"H NMR (300 MHz,
z, 1H), 7.45 (dd, J= 8.4 and 0.6
m, 6H); C NMR (75 MHz,
1.3 Hz), 132.7 (dt, J = 22.9
,J=7.3and 2.6 Hz), 125.7

), 128.4 (t

(td, J = 7.3 and 2.6 Hz), (td, J = 266.1 and 218.4 Hz), 65.0 (d, J =
6.9 Hz), LF{"H} NMR (CDCls, CFCls, 282 MHz) &
-100. 'H} NMR (CDCls, 121 MHz) 6 5.5 (t, J
= 113.9 Hz, 1P); 985, 2932, 1470, 1385, 1271, 1237,
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1164, 1124, 1013, 980;
[M+NH,]" C41H47NCI,F,03P: 350.0291,

HRMS  (ESI") caled for
nd: 350.0291 (0.0 ppm).

ate 2s. Prepared

esityl)iodonium
H,O/MeOH).
ss oil; "H NMR (300 MHz,
=7.9 Hz, 2H), 4.28-4.09 (m,
NMR (75 MHz, CDCl3): 6
= 21.9 and 13.6 Hz),
. , 117.7 (td, J = 263.6
6.4 (d, J = 5.5 Hz); "°F{'H}
= 115.3 Hz, 2F); *P{'H}
z, 1P); IR (neat, cm'1) v:
1; HRMS (ESI*) calcd for
.0900 (-3.6 ppm).

Diethyl [(4-acetylphenyl)difluoromethyl]p'
following the procedure B from (4-ac
tetrafluoroborate 4s. Reverse phase ch
Yield: 70% (107 mg, 0.5 mmol

and 216.8 Hz), 65.0
NMR (CDCls, CFCls,
NMR (CDCl;, 121 M
3670, 2988, 1689, 1
[M+H]" C13H1sF, :

2 MHz) 6 -105.3
659 (t J=115

Diethyl [(3-formyl
following
tetraflu

B from (3-formylphenyl)(mesityl)iodonium
hase chromatography (H,O/MeOH). Yield:
57% (83 mg, O lourless oil; "H NMR (300 MHz, CDCl3):
§10.04 (s, 1H), 8.10 (s, %9 (d, J=7.6 Hz, 1H), 7.87 (d, J = 7.6 Hz,
1H), 7.62 (dd, J = 7.6 and 7.6 Hz, 1H), 4.29-4.10 (m, 4H), 1.30 (t, J = 7.1
, 6H); °C NIy (75 MHz, CDCl3): 6 191.4, 136.6 (d, J = 0.7 Hz), 134.1
J = 22.6,14.0 Hz), 132.2 (td, J = 6.5 and 2.0 Hz), 131.6 (m),
5 (d, J = 079 Hz), 127.9 (td, J = 6.8 and 2.3 Hz), 117.6 (td, J = 263.6
18.0 Hz), 65.2 (d, J = 6.8 Hz), 16.4 (d, J = 5.5 Hz); "F{'"H} NMR
CFCls, 282 MHz) 6 -109.5 (d, J = 113.6 Hz, 2F); *'P{'"H} NMR
21 MHz) 6 5.6 (t, J = 113.6 Hz, 1P); IR (neat, cm'1) v: 3676,
, 1394, 1250, 1212, 1014, 577, HRMS (ESI") calcd for
[M+H] 4P 1 293.0754, found: 293.0740 (4.8 ppm).
Diethyl [(pyridin-3-yl)difluoromethyl]phosphonate 6a. Prepared
following the procedure C from (pyridin-3-yl)(mesityl)iodonium
trifligromethanesulfonate 5a. Reverse phase chromatography
(H2 eOH). Yield: 44% (58 mg, 0.5 mmol scale). Caution: this
co und is volatile. Yellow oil; '"H NMR (300 MHz, CDCls): 6 8.83 (br. s,
8.73 (d, J = 4.7 Hz, 1H), 7.93 (d, J = 8.0 Hz, 1H), 7.40 (dd, J = 8.0
d 4.9 Hz, 1H), 4.32-4.13 (m, 4H), 1.33 (2 x t, J = 7.1 Hz, 6H); "°C NMR
75 MHz, CDCl3): 6 151.9 (dd, J = 4.0 and 2.0 Hz), 147.5 (td, J= 7.3 and
2.5 Hz), 134.3 (td, J = 6.5 and 2.0 Hz), 128.9 (td, J = 22.4 and 13.6 Hz),
123.2, 117.3 (td, J = 263.5 and 218.7 Hz), 65.1 (d, J = 6.9 Hz), 16.4 (d, J
= 5.4 Hz); "F{"H} NMR (CDCls, CFCls, 282 MHz) 6 -110.4 (d, J = 112.8
Hz, 2F); *'P{"H} NMR (CDCls, 121 MHz) § 5.4 (t, J = 112.8 Hz, 1P); IR
(neat, cm™") v: 2987, 2915, 1594, 1480, 1422, 1263, 1011; HRMS (EI*)
caled for [M]™ C1oH14F2NO3P : 265.0679, found: 265.0684 (1.9 ppm).

Diethyl [ (pyridin-3-yl)difluoromethyl]phosphonate 6b. Prepared
following the procedure C from (6-chloropyridin-3-yl)(mesityl)iodonium
trifluoromethanesulfonate  5b. Reverse phase chromatography
(H20/MeOH). Yield: 57% (85 mg, 0.5 mmol scale). Note that the product
is contaminated with 10% of an unknown product. Yellow oil; 'H NMR
(300 MHz, CDCl3): 6 8.61-8.59 (m, 1H), 7.92-7.87 (m, 1H), 7.45-7.42 (m,
1H), 4.34-4.16 (m, 4H), 1.31 (2 x t, J = 7.1 Hz, 6H); "*C NMR (75 MHz,
CDCl3): 6 154.2 (dd, J = 4.3 and 2.2 Hz), 147.7 (td, J = 7.4 and 2.6 Hz),
137.1 (td, J = 6.1 and 1.8 Hz), 128.0 (td, J = 22.9 and 13.9 Hz), 124.2 (d,
J=1.1Hz), 117.0 (td, J = 263.8 and 219.1 Hz), 65.3 (d, J = 6.9 Hz), 16.4
(d, J = 5.4 Hz); "F{"H} NMR (CDCls, CFCls, 282 MHz) 6 -110.4 (d, J =
111.8 Hz, 2F); *'P{'H} NMR (CDCls, 121 MHz) 6 5.0 (t, J = 111.7 Hz,
1P); IR (neat, cm™') v: 2986, 2917, 1591, 1461, 1372, 1263, 1107, 1012,
575; HRMS (EI+) caled for [M]" C1oH13CIFaNOsP : 299.0290, found:
299.0277 (-4.2 ppm).
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Diethyl [(1,3-dimethyl-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)difl
uoromethyl]phosphonate 6c. Prepared following the procedure B from
(1,3-dimethyl-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)(phenyl)iodonium
trifluoromethane-sulfonate  5¢c. Reverse phase chromatography
(H20/MeOH). Yield: 34% (55 mg, 0.5 mmol scale). Yellow oil; '"H NMR
(300 MHz, CD3OD): 6 7.94 (dd, J = 3.0 and 1.3 Hz, 1H), 4.33-4.21 (m,
4H), 3.41 (s, 3H), 3.21 (s, 3H), 1.32 (2 x t, J = 7.1 Hz, 6H); '*C NMR (75
MHz, CDs;0OD): 6 162.0 (m), 153.6, 147.5 (td, J = 10.7 and 3.8 Hz), 118.8
(td, J = 264.2 and 226.9 Hz), 107.0 (td, J = 22.9 and 14.9 Hz), 67.5 (d, J
= 7.0 Hz), 38.6, 29.0, 17.6 (d, J = 5.6 Hz); "F{'"H} NMR (CDsOD,
282 MHz) 6 -107.7 (d, J = 116.7 Hz, 2F); *P{'"H} NMR (CD;OD,
121 MHz) 6 5.7 (t, J = 116.7 Hz, 1P); IR (neat, cm™") v: 2996, 1716, 1663,
1482, 1452, 1365, 1262, 1013; HRMS (ESI') caled for
[M+H]" C11H1gF2N,05P: 327.0921, found: 327.0917 (-1.2 ppm).

Diethyl ( (quinolin-6-yl)difluoromethyl)phosphonate 6d. Prepared
following the procedure B from mesityl(quinolin-6-yl)iodonium
trifluoromethanesulfonate  5d. Reverse phase chromatography
(H20/CH30H). Yield: 29% (45 mg, 0.5 mmol scale). Brown oil; '"H NMR
(300 MHz, CDCl3): 6 8.99 (d, J = 3.2 Hz, 1H), 8.24 (d, J = 8.8 Hz, 1H),
8.18 (d, J = 9.0 Hz, 1H), 8.13 (s, 1H), 7.90 (d, J = 8.6 Hz, 1H), 7.47 (dd, J
= 8.2 and 4.4 Hz, 1H), 4.30-4.10 (m, 4H), 1.31 (t, J = 7.0 Hz, 6H); *C
NMR (75 MHz, CDCl5): § 152.2, 148.9 (d, J = 1.5 Hz), 137.1, 130.8 (dt, J
=22.1 and 13.6 Hz), 130.1 (d, J = 0.8 Hz), 127.5 (d, J = 1.2 Hz), 126.8
(td, J=7.5and 3.2 Hz), 126.5 (td, J = 5.9 and 1.6 Hz), 122.1, 117.8 (dt, J
= 264.7 and 216.5 Hz), 65.0 (d, J = 6.8 Hz), 16.4 (d, J = 5.5 Hz); "°F{'H}
NMR (CDCls, CFCls, 282 MHz) 6 -108.7 (d, J = 114.5 Hz, 2F ); *'P{'H}
NMR (CDCls, 121 MHz) 6 6.1 (t, J = 115.0 Hz, 1P); IR (neat, cm™) v:
2985, 2934, 1501, 1464, 1444, 1393, 1370, 1268, 1245, 1179, 1141,
1012, 979; HRMS (ESI") calcd for [M+H]" C14H:7F,NOsP: 316.,
found: 316.0912 (-0.6 ppm).

Diethyl [(phenyl)difluoromethyl]phosphonate 6e. Prepare
the procedure B from phenyl(thiophen-2
trifluoromethanesulfonate 5e. Reverse phase
(H2O/MeOH). Yield: 76% (103 mg, 0.5 mmol scale), 6
mmol scale). Pale yellow oil; "H NMR (300 MHz, CDCl;

6.4 and 3.1 Hz), 127.9 (dd, J = 4.0 and 2.0 Hz), 126.3 (d, J =
115.6 (td, J = 261.1 and 224.9 Hz), 64.1 (d, J = 6.7 Hz), 16.4 (d, J =
Hz); "F{'"H} NMR (CDCls, CFCls, 282 MHz) 6 -97.4 (d, J = 114.6 Hz,
2F); *'P{'"H} NMR (CDCls, 121 MHz) § 5.1 (t, J = 114.6 Hz, 1P); IR
cm™) v: 2920, 2847, 1431, 1271, 1240,
[M]" CoH13F204PS: 270.0291, found: 270.

Diethyl [(E)-1,1-difluoro-3-phenylallyl]phosph
following the procedure B from
tetrafluoroborate 7a with 76% vyi

mg, 0.5 mmol scale).
Colourless oil; 'H NMR (
(m, 3H), 7.12-7.04 (m, 1H), 6¥
J=7.1Hz, 6H); *C NMR (75
Hz), 134.5 (dd, J=3.0 and 1.5 H
=21.2and 13.0 117.6 (td, J =
Hz), 16.5 (d, J =
-108.8 (d, J = 114.7
=114.7 Hz, 1P); IR (n
1180, 101

, 2H), 7.40-7.34
(m, 4H), 1.37 (t,
CDCly): 6 137.2d, J = 10.7 and 6.1
29.6, 128.9, 127.5 (m), 118.9 (td, J

(CDCls, CFCls, 282 MHz) &
(CDCls, 121 MHz) 5 6.4 (t, J
, 1580, 1497, 1451, 1266,

hylphenyl)allyl]phosphonate 8b.
procedure B from (E)-(2-

Diethyl
Prepared

[(E)-1,7-

following the
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methylstyryl)(phenyl)iodonium tetrafluoroborate 7b. Reverse phase
chromatography (H,O/CH3CN). Yield: % (140 mg, 0.5 mmol scale).
Colourless oil; "H NMR (300 MHz, CD 48-7.46 (m, 1H), 7.37-7.29
(m, 1H), 7.24-7.16 (m, 3H), 6.27-6.12 (m, 1 4.20 (m, 4H), 2.38 (s,
3H), 1.38 (t, J = 7.1 Hz, 6H); *C NMR (75 ): 6 136.7 (m),
135.1 (td, J = 10.7 and 6.1 Hz), 133.6 (m), 1 , 129. 4,126.2 (m),
120.2 (td, J=21.1and 129 H 259.5 and 220.8 Hz), 64.8
(d, J = 6.7 Hz), 19.7, 16.5 (d, J F{'"H} NMR (CDCls, CFCl,,
282 MHz) § -108.7 (d, J = : ¥*'P{"H} NMR (CDCls,

D) v: 2985, 1650, 1486,
* C14H19F203P:

Diethyl [(E)-1,1-di l)allylJphosphonate  8c.
Prepared followin from (E)-(2-
fluorostyryl)(ph 7c. Reverse phase
chromatography 3% (128 mg, 0.5 mmol scale).

Yellow oil; '"H NMR
1H), 7.23-7.03 (
7.1 Hz, g’

MHz, CDCls): 6 7.49-7.44 (m, 1H), 7.34-7.27 (m,
-6.34 (m, 1H), 4.36-4.20 (m, 4H), 1.37 (t, J =
z, CDCl): 6 161.0 (m), 131.0 (d, J = 8.7
Hz), 130 (d, J = 3.6 Hz), 122.4 (m), 121.6 (m),
117.4 (td, J = 259.9 an z), 116.2 (d, J = 21.9 Hz), 64.9 (d, J =
6.8 Hz), 16.5 (d, J = 5.4 Hz); "*F{"H} NMR (CDCls;, CFCls, 282 MHz) §
-109.2 (d, J @d14.4 Hz, 2F), -116 (s, 1F); *'P{'H} NMR (CDCls,

1 MHz) 56lJ = 114.4 Hz, 1P); IR (neat, cm™") v: 2918, 1654, 1613,
, 1489, 1¥67, 1012, 755; HRMS (EI") calcd for [M]" Ci3H16F303P :
789, found: 308.0775 (-4.6 ppm).

E)-1,1-difluoro-3-cyclohexylallylJphosphonate 8d. Prepared
rgcedure B from (E)-(2-cyclohexylvinyl)(phenyl)iodonium
7d. Reverse phase chromatography (H,O/CH3CN).
Yield: 87% 9 mg, 0.5 mmol scale), 72% (725 mg, 3.4 mmol scale).
Colourless oil; "H NMR (300 MHz, CDCl3): 6 6.27-6.17 (m, 1H), 5.66-5.52
(m, 1H), 4.31-4.14 (m, 4H), 2.07 (app. br. s, 1H), 1.75-1.63 (m, 4H), 1.34
= 7.1 Hz, 6H), 1.25-1.04 (m, 6H); °C NMR (75 MHz, CDCls): § 145.3
9.7 and 5.8 Hz), 118.6 (td, J = 21.3 and 13.3 Hz), 117.3 (id, J =
and 220.2 Hz), 64.6 (d, J = 6.7 Hz), 40.2, 31.9 (m), 26.0, 25.8, 16.4
= 5.5 Hz); ""F{"H} NMR (CDCls;, CFCls, 282 MHz) 6 -108.7 (d, J =
.2 Hz, 2F); *'P{"H} NMR (CDCls, 121 MHz) § 6.4 (t, J = 116.2 Hz,
P); IR (neat, cm™") v: 2926, 1668, 1450, 1269, 1018, 972, 562; HRMS
(ESI") calcd for [M+NH4]" C13Hp7F,NOsP: 314.1697, found: 314.1687
(-3.2 ppm).

Diethyl [(E)-1,1-difluoro-4-phenylbut-2-en-1-yl)]phosphonate 8e.
Prepared following the procedure B from (E)-phenyl(3-phenylprop-1-en-
1-yl)-iodonium tetrafluoroborate 7e. Reverse phase chromatography
(H20/CH3CN). Yield: 94% (72 mg, 0.25 mmol scale). Colourless oil; 'H
NMR (300 MHz, CDCl): § 7.37-7.29 (m, 3H), 7.22 (d, J = 7.2 Hz, 2H),
6.51-6.46 (m, 1H), 5.82-5.68 (m, 1H), 4.36-4.18 (m, 4H), 3.53 (app. br. s,
2H), 1.37 (t, J = 7.1 Hz, 6H); "*C NMR (75 MHz, CDCl): 6 138.7 (td, J =
10.2 and 5.9 Hz), 138.0 (dd, J = 2.7 and 1.3 Hz), 128.7, 128.7, 126.7,
122.2 (td, J = 21.5 and 13.2 Hz), 117.0 (td, J = 259.0 and 220.0 Hz), 64.6
(d, J = 6.7 Hz), 38.4, 16.4 (d, J = 5.5 Hz); "*F{"H} NMR (CDCls, CFCls,
282 MHz) & -109.3 (d, J = 114.8 Hz, 2F); *P{'H} NMR (CDCls,
121 MHz) 6 6.5 (t, J = 114.8 Hz, 1P); IR (neat, cm™") v: 2986, 1669, 1604,
1497, 1455, 1268, 1016, 974, 700; HRMS (EI) caled for
[M]* C14H1gF,03P : 304.1040, found: 304.1050 (3.4 ppm).

Diethyl [(1H-inden-2-yl)difluoromethyl]phosphonate 8f. Prepared
following the procedure B from (1H-inden-2-yl)(phenyl)iodonium
tetrafluoroborate 7f. Reverse phase chromatography (H.O/MeOH). Yield:
67% (101 mg, 0.5 mmol scale). Yellow oil; 'H NMR (300 MHz, CDCly): &
7.51-7.45 (m, 2H), 7.34-7.28 (m, 3H), 4.37-4.20 (m, 4H), 3.70 (br. s, 2H),
1.37 (t, J = 7.1 Hz, 6H); "°C NMR (100 MHz, CDCl3): 6 144.0, 142.8,
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138.4 (m), 134.8 (td, J = 8.4, 5.8 Hz), 127.0, 126.7, 124.3, 122.8, 117.8
(td, J = 258.2, 220.7 Hz), 65.0 (d, J = 6.7 Hz), 38.3, 16.7 (d, J = 5.4 Hz);
"F{'H} NMR (CDCls, CFCls, 282 MHz) 6 -105.3 (d, J = 115.2 Hz, 2F);
¥P{"H} NMR (CDCls, 121 MHz) 6 5.9 (t, J = 115.3 Hz, 1P); IR (neat,
cm™') v: 2926, 1718, 1462, 1394, 1268, 1164, 1014; HRMS (ESI*) calcd
for [M+H]" C44H1gF203P: 303.0962, found: 303.0948 (-4.6 ppm).

(E)-(diethoxy-A*-sulfanylidene)(1,1-difluoro-3-phenylallyl)phosphane
9. Prepared following the procedure B from (E)-phenyl(styryl)iodonium
tetrafluoroborate 7a and 0O,O-diethyl
(difluoro(trimethylsilyl)methyl)phosphonothioate. Reverse phase
chromatography (H,O/CH3CN). Yield: 63% (48 mg, 0.25 mmol scale).
Yellow oil; "H NMR (300 MHz, CDCly): 6 7.48-7.45 (m, 2H), 7.41-7.36 (m,
3H), 7.08 (dq, J = 16.3 and 2.9 Hz, 1H), 6.40-6.26 (m, 1H), 4.32-4.21 (m,
4H), 1.35 (t, J = 7.1 Hz, 6H); "*C NMR (75 MHz, CDCls): 6 137.1 (td, J =
10.4 and 6.5 Hz), 134.7 (d, J = 1.4 Hz), 129.6, 128.9, 127.6 (d, J = 1.0
Hz), 118.6 (td, J = 21.6 and 14.2 Hz), 118.4 (td, J = 264.6 and 183.9 Hz),
64.8 (d, J = 6.7 Hz), 16.3 (d, J = 6.2 Hz); "*F{"H} NMR (CDCls, CFCls,
282 MHz) & -109.5 (d, J = 120.6 Hz, 2F); *P{'H} NMR (CDCls,
121 MHz) & 75.3 (t, J = 120.8 Hz, 1P); IR (neat, cm™') v: 2983, 2927,
1651, 1474, 1452, 1390, 1298, 1274, 1181, 1013, 961, 855; HRMS
(ESI") caled for [M+H]" C43H1gF2SO,P: 307.07332, found: 307.07202 (-
4.22 ppm).

Diethyl [1,1-difluoro-3-phenyl-2-propyn-1-ylJphosphonate 10.
Prepared following the procedure B from 1-(phenylethynyl)-1,2-
benziodoxol-3(1H)-one. Reverse phase chromatography (HO/CHs;CN).
Yield: 64% (92 mg, 0.5 mmol scale). Yellow oil; 'H NMR (300 MHz,
CDCl3): 6 7.54-7.51 (m, 2H), 7.43-7.33 (m, 3H), 4.40-4.30 (m, 4H), 140
(m, 6H); *C NMR (75 MHz, CDCls): 6 132.4 (td, J = 2.7 and 1.8
130.6, 128.7, 119.6 (td, J = 3.3 and 1.9 Hz), 109.6 (td, J = 253
229.6 Hz), 91.7 (dd, J = 14.2 and 7.4 Hz), 78.5 (td, J = 33.6 and 17.2 Hz),
65.6 (d, J = 6.6 Hz), 16.5 (d, J = 5.5 Hz); "9F{"H} NMR (CD
282 MHz) 5 -96.8 (d, J = 107.8 Hz, 2F); *'P{'"H} NMR (CDCI
53.42 (t, J = 108.1 Hz); IR (neat, cm™") v: 2987, 2236, 149
1114, 1030, 757; HRMS (EI") calcd for [M]" Ci3H1sF2
found: 288.0731 (1.4 ppm).

Diethyl[((S)4-{2-acetamido-3-methoxy-3-oxopropyl}phen
ethyllphosphonate 12. Prepared following the procedure B fro
(2-acetamido-3-methoxy-3-oxopropyl)phenyl)(mesityl)iodonium

tetrafluoroborate 11. Reverse phase chromatography (H.O/CH3CN).

262.9 and 218.3 Hz), 64.9 (d, J =
J = 5.5 Hz); F{"H} NMR (CD
116.2 Hz, 2F); *'P{'H}
1P); IR (neat, cm™) v:
1452, 1373, 1260,

60, 1542, 1493,
) caled for

.0 ppm).

1123,

Diethyl
following

14. Prepared

mesityl(estronyl)iodonium
matography (H.O/CH3CN).
Yield: 37% (82 mg, 0.
CDCl3): 64.36 (s, 2H), 7.
2.55-2. , 4H), 1.67-1.42 (m, 6H), 1.33 (m, 6H),
0.91 ( DCls): 6 220.7, 142.8 (d, J = 2.0 Hz),
136.9 (d, J = 1. 2.2 and 13.6 Hz), 126.8 (dt, J = 6.7
and 2.5 Hz), 125.6 (d, J = 1.1 Hz), 123.5 (dt, J = 6.9 and 2.3 Hz), 118.5
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(dt, J = 265.4 and 218.4 Hz), 64.8 (d, J = 6.7 Hz), 50.6, 48.0, 44.5, 37.9,
35.9, 31.6, 29.5, 26.4, 25.7, 21.7, 16.4(d, J = 5.6 Hz), 13.9; "F{'H}
NMR (CDCls, CFCls, 282 MHz) 6 -1088 = 117.9 Hz, 2F); *'P{'H}
NMR (CDCl;, 121 MHz) 6 6.5 (t, J = 117. ; IR (neat, cm'1) v:
2933, 1737, 1259, 1123, 1015, 910, 727; SI*) calcd for
[M+NH4]+ 023H35NF204P: 4582272, found:

Diethyl [(Z)-1,1-difluoro-3-phe
following the procedure D from
phase chromatography
scale). Colourless oil; ]
2H), 7.35-7.28 (m, 3
1H), 4.29-4.16 (m,
CDCl3): 6 139.1 (q,

phonate 8g. Prepared

os
WVI)benzene 15g. Reverse

¥57.46 (d, J = 8.0 Hz,
3.1 Hz, 1H), 5.84-5.67 (m,
, 6H); *C NMR (75 MHz,
1.4 Hz), 129.3 (dt, J = 3.9

93 (dt, J = 12!
132 (t, J = 7.1
6 Hz), 134.8 (d

and 1.2 Hz), 120.1 (td, J =489 and 13.6 Hz), 117.6 (td, J
= 260.7 and 22 1 16.4 (d, J = 5.3 Hz); "F{"H}
NMR (CDCls, C (d, J = 111.6 Hz, 2F); *'P{'H}

6 6.7 (t, J = 111.4 Hz, 1P); IR (neat, cm'1) v:
1446, 1393, 1269, 1196, 1139, 1093, 1011,
M“'NH4]+ C13H21NF203P: 3081227, found:

NMR (CDCls, 121
2985, 2916, 1645, 1
977: H I") calc

Diethyl (E)-(1,1-difluoro-3-(4-methoxyphenyl)allyl)phosphonate 8h.
Pgepared foll g the procedure D from (E)-1-(2-bromovinyl)-4-
thoxybenz’15h. Reverse phase chromatography (H,O/CH3CN).
: 82% (131 mg, 0.5 mmol scale). Brown oil; 'H NMR (300 MHz,
): 67.40 (d, J = 8.4 Hz, 2H), 7.01 (d, J = 14.5 Hz, 1H), 6.88 (d, J =
2H), 6.16 (app. qt, 1H), 4.32-4.23 (m, 4H), 3.82 (s, 3H), 1.37 (t, J
6H); '*C NMR (75 MHz, CDCl5): 6 160.8, 136.6 (td, J = 10.8
290 (d, J = 0.9 Hz), 127.1 (d, J = 1.6 Hz), 118.0 (td, J =
257.3 a Hz), 116.3 (td, J = 21.3 and 13.2 Hz), 114.3,64.8 (d, J =
6.7 Hz), 55¢, 16.6 (d, J = 5.6 Hz); "F{'"H} NMR (CDCls, CFCls,
282 MHz) & -108.3 (d, J = 116.4 Hz, 2F); *P{'H} NMR (CDCls,
121 MHz) 6 6.5 (t, J = 116.6 Hz, 1P); IR (neat, cm™") v: 2963, 1652, 1606,
151¢, 1252, 1172, 1098, 1013, 972, 791; HRMS (ESI*) calcd for
1" C1aH23NF,04P: 338.1333, found: 338.1341 (2.4 ppm).

(E)-(1,1-difluoro-3-(4-nitrophenyl)allyl)phosphonate 8i.
epared following the procedure D from (E)-1-(2-bromovinyl)-4-
itrobenzene 15i. Reverse phase chromatography (H,O/CH3;CN). Yield:
63% (106 mg, 0.5 mmol scale). Brown oil; '"H NMR (300 MHz, CDCls): &
8.19 (d, J = 8.6 Hz, 2H), 7.63 (d, J = 8.3 Hz, 2H), 6.98 (d, J = 12.8 Hz,
1H), 6.01-5.85 (m, 1H), 4.36-4.18 (m, 4H), 1.37 (t, J = 7.1 Hz, 6H); "°C
NMR (75 MHz, CDCls): 6 147.5, 141.5, 136.5 (q, J = 6.9 Hz), 129.9 (dt, J
= 3.8 and 1.3 Hz), 123.4 (dt, J = 21.3 and 13.4 Hz), 123.2, 117.2 (td, J =
260.1 and 216.9 Hz), 65.0 (d, J = 6.9 Hz), 16.4 (d, J = 5.4 Hz); "F{'H}
NMR (CDCls, CFCls, 282 MHz) 8 -105.4 (d, J = 109.2 Hz, 2F); *'P{'H}
NMR (CDCls, 121 MHz) 6 6.0 (t, J = 109.2 Hz, 1P); IR (neat, cm™) v:
2987, 2916, 1598, 1519, 1344, 1268, 1140, 1091, 1011, 857; HRMS
(ESI") calcd for [M+NH,]" C3H20F2N,0sP: 353.1078, found: 353.1081
(0.8 ppm).

Diethyl (E)-(1,1-difluoronon-2-en-1-yl)phosphonate 8j. Prepared
following the procedure D from (E)-1-iodooct-1-ene 15j. Reverse phase
chromatography (H,O/CH3CN). Yield: 62% (93 mg, 0.5 mmol scale).
Colourless oil; "H NMR (300 MHz, CDCl3): 6 6.34-6.21 (m, 1H), 5.72-5.57
(m, 1H), 4.30-4.18 (m, 4H), 2.13 (s, 2H), 1.44-1.26 (m, 14 H), 0.87 (app. t,
3H); *C NMR (75 MHz, CDCl3): 6 140.4 (td, J = 10.2 and 6.0 Hz), 120.7
(td, J =21.2 and 13.1 Hz), 116.9 (td, J = 259.3 and 220.6 Hz), 64.6 (d, J
=6.9 Hz), 32.2, 31.7, 28.8, 28.3 (d, J = 1.5 Hz), 22.6, 16.5 (d, J = 5.6 Hz),
14.1;°F{'"H} NMR (CDCls, CFCls, 282 MHz) 5 -108.6 (d, J = 115.7 Hz,
2F); *'P{'"H} NMR (CDCls, 121 MHz) § 6.8 (t, J = 116.0 Hz, 1P); IR (neat,
cm™) v: 2930, 2859, 1270, 1189, 1165, 1100, 1019, 969; HRMS (ESI")
caled for [M+H]" Cq3H26F203P: 299.1588, found: 299.1589 (0.3 ppm).
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Diethyl (E)-(1,1-difluorohept-2-en-1-yl)phosphonate 8k. Prepared
following the procedure D from (E)-1-iodohex-1-ene 15k. Reverse phase
chromatography (H,O/CH3CN). Yield: 53% (72 mg, 0.5 mmol scale).
Colourless oil; "H NMR (300 MHz, CDCl3): 6 6.35-6.22 (m, 1H), 5.73-5.57
(m, 1H), 4.31-4.18 (m, 4H), 2.15 (s, 2H), 1.42-1.29 (m, 10H), 0.89 (t, J =
7.3 Hz, 3H); "*C NMR (75 MHz, CDCl5): & 140.4 (td, J = 10.2 and 5.9 Hz),
120.8 (td, J = 21.2 and 13.2 Hz), 117.2 (td, J = 258.4 and 220.2 Hz), 64.5
(d, J=6.6 Hz), 31.9, 30.4 (d, J = 1.5 Hz), 22.2, 16.5 (d, J = 5.5 Hz), 13.9;
"F{'H} NMR (CDCls, CFCls, 282 MHz) 6 -108.6 (d, J = 115.4 Hz, 2F);
¥P{"H} NMR (CDCls, 121 MHz) 6 6.8 (t, J = 115.4 Hz, 1P); IR (neat,
cm™) v: 2960, 2933, 2875, 1671, 1269, 1187, 1165, 1099, 1016, 974;
HRMS (ESI) calcd for [M+H]" Cy41H,,F,03P: 271.1275, found: 271.1268

(-2.6 ppm).

Ethyl (2)-4-(diethoxyphosphoryl)-4,4-difluorobut-2-enoate 8l.
Prepared following the procedure D from ethyl (Z)-3-bromoacrylate 15I.
Reverse phase chromatography (H,O/CH3CN). Yield: 66% (95 mg, 0.5
mmol scale). Brown oil; "H NMR (300 MHz, CDCl3): 6 6.24 (app. dd, 1H),
5.96 (app. ddt, 1H), 4.33-4.18 (m, 6H), 1.36 (t, J = 7.2 Hz, 6H), 1.28 (t, J
= 7.2 Hz, 3H); *C NMR (75 MHz, CDCls): 6 164.8 (d, J = 1.3 Hz), 128.6
(dd, J=13.8 and 7.1 Hz), 127.5 (dt, J = 22.1 and 14.0 Hz), 116.4 (td, J =
262.5 and 217.0 Hz), 65.1 (d, J = 6.7 Hz), 61.4, 16.4 (d, J = 5.6 Hz),
14.1; “F{"H} NMR (CDCls, CFCls, 282 MHz) 6 -108.5 (d, J = 107.1 Hz,
2F); *'P{'"H} NMR (CDCls, 121 MHz) § 5.1 (t, J = 107.9 Hz, 1P); IR (neat,
cm™') v: 2987, 2919, 1736, 1658, 1446, 1396, 1270, 1212, 1149, 1095,
1010, 868, 795; HRMS (ESI") calcd for [M+H] C1oH1gF,0sP: 287.0860,
found: 287.0854 (-2.1 ppm).

Diethyl  (E)-(3-cyano-1,1-difluorobut-2-en-1-yl)phosphonate

Prepared following the procedure D from 3-bromo-2-methylacrylo
(E/Z=1/0.7) 15m. Reverse phase chromatography (H>O/CHs;CN). !
38% (48 mg, 0.5 mmol scale). Colourless oil; "H NMR (300 MHz, CDCl):

65.3 (d, J = 7.1 Hz), 17.2-17.1 (m), 165 (d, J = 55 H
(CDCls, CFCls, 282 MHz) 6 -107.9 (d, J = 107.5 Hz, 2
(CDCls, 121 MHz) 8 5.2 (t, J = 107.2 Hz, 1P); IR (n
1272, 1171, 1107, 1011, 950; HRMS
IM+NH,]* CoH1sF2N203P: 271.1023, found: 271.1026 (1.1 ppm).

Diethyl (2)-(3-cyano-1,1-difluorobut-2-en-1-yl)phosphonate
Prepared following the general procedure D from 3-bro
methylacrylonitrile (E/Z=1/0.7) 15m. Revgllse phase chromatog
(H2O/CH3CN). Yield: 19% (24 mg, 0.5

¥P{"H} NMR (CDCls, 1
cm™") v: 2918, 2848, 1

Ethyl 2-[(diethoxyphosphoryl)di
following the pro
chromatography
Brown oil; "H NMR (3
3H), 4.39-4.32 (m, 2H),
1.27 (m,
130.7 ( = 1.4 Hz), 129.9 (dt, J = 21.7 and 15.2
Hz), 1 ,128.6, 118.2 (td, J = 265.5 and 215.8
Hz), 64.9 (d, J = ©: (d, J = 5.5 Hz), 14.1; "*F{'H} NMR
(CDCls, CFCls, 282 MHz) 6 -102.0 (d, J = 112.1 Hz, 2F); *'P{'"H} NMR
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(CDCls, 121 MHz) 6 5.8 (t, J = 112.6 Hz, 1P); IR (neat, cm™") v: 2984,
2920, 2852, 1732, 1445, 1392, 1368, 1263, 1141, 1095, 1012, 940, 761;
HRMS (ESI*) calcd for [M+H]" CraHao 37.1016, found: 337.1022

(1.8 ppm).

ophenyl)ethan-1-one 16b.
)- Yield: 53% (81 mg, 0.5
l3): 67.73 (d, J = 6.7 Hz,

(dt,J=73and 1.2 H d 15.2 Hz), 126.0, 118.6 (td

J=265.1and 216.8 A(d, J=69HEN317 (t J = 3.4 Hz), 16.4 (d
J = 55 Hz); (CDCls, CFilf282 MHz) 6 -101.2 (d, J =
112.7 Hz, 2F); Hz) 6 5.5 (t, J = 112.9 Hz,

1P); IR (neat, cm . 2986, , 1268, 1248, 1120, 1032, 1011,
939, 766; HRMS ( calcd for [M+H]™ Cy3H1gF2.04P: 307.0911, found:
307.0909 (-0.7 ppm).

Diethyl [ methyl]phosphonate 17c. Prepared
following the procedure thyl 1-iodo-2-nitrobenzene 16c. Reverse
phase chromatography (H,O/CH3CN). Yield: 54% (83 mg, 0.5 mmol
sgale). Browr’H NMR (300 MHz, CDCl5): 6 7.82-7.81 (m, 1H), 7.63-

1 (m, 3H) #85-4.17 (m, 4H), 1.34 (t, J = 7.0 Hz, 6H); '*C NMR (75
, CDCl3): 3 148.8, 132.1 (d, J = 1.4 Hz), 131.4 (d, J = 1.1 Hz), 129.9
= 7.7 and 1.4 Hz), 125.4 (dt, J = 22.8 and 15.9 Hz), 124.0, 117.2 (td
6.7 and 216.9 Hz), 65.5 (d, J = 7.1 Hz), 16.4 (d, J = 5.4 Hz);
MR (CDCls, CFCl3, 282 MHz) & -103.4 (d, J = 108.8 Hz, 2F);
Cls, 121 MHz) 6 4.4 (t, J = 108.6 Hz, 1P); IR (neat,
541, 1370, 1270, 1036, 1012, 939; HRMS (ESI*) calcd
15F2NOsP: 310.0656, found: 310.0665 (2.9 ppm).

for [M+H]" C

Methyl  2-[(diethoxyphosphoryl)difluoromethyl]-3-methylbenzoate
17 Prepared following the procedure E from methyl 2-iodo-3-
enzoate 16d. Reverse phase chromatography (H,O/CH3CN).
61% (103 mg, 0.5 mmol scale). Yellow oil; '"H NMR (300 MHz,
3): 6 7.37-7.29 (m, 2H), 7.21 (d, J = 6.7 Hz, 1H), 4.27-4.06 (m, 4H),
6 (s, 3H), 2.62 (t, J = 2.8 Hz, 3H), 1.31-1.26 (m, 6H); "*C NMR (75
Hz, CDCl3): 6 170.0, 139.3 (td, J = 3.9 and 1.4 Hz), 134.0 (d, J = 1.4
Hz), 133.7 (dt, J = 5.6 and 3.0 Hz), 130.3 (d, J = 1.2 Hz), 128.5 (dt, J =
20.5 and 15.2 Hz), 125.9, 119.6 (td, J = 267.6 and 213.7 Hz), 64.8 (d, J =
6.7 Hz), 52.7, 21.6 (t, J = 4.3 Hz), 16.4 (d, J = 5.5 Hz); "°F{'H} NMR
(CDCls, CFCls, 282 MHz) 8 -98.1 (d, J = 112.5 Hz, 2F); *P{"H} NMR
(CDCl3, 121 MHz) 6 6.6 (t, J = 112.3 Hz, 1P); IR (neat, cm™') v: 2953,
1735, 1587, 1435, 1392, 1370, 1290, 1269, 1147, 1061, 1011, 976;
HRMS (ESI*) calcd for [M+NH,]" C14H2sNF,0sP: 354.1282, found:
354.1286 (1.1 ppm).

Methyl 2-[(diethoxyphosphoryl)difluoromethyl]-4-methoxybenzoate
17e. Prepared following the procedure E from methyl 2-iodo-4-
methoxybenzoate 16e. Reverse phase chromatography (H>O/CHs;CN).
Yield: 69% (122 mg, 0.5 mmol scale). Brown oil; 'H NMR (300 MHz,
CDCl3): § 7.54 (d, J = 8.7 Hz, 1H), 7.23 (s, 1H), 6.98 (ddd, J = 8.5 and
1.6 and 0.9 Hz, 1H), 4.27-4.12 (m, 4H), 3.85 (s, 3H), 3.83 (s, 3H), 1.32-
1.27 (m, 6H); *C NMR (75 MHz, CDCls): & 168.3, 160.9, 132.8 (dt, J =
21.7 and 15.5 Hz), 131.3, 124.1 (dt, J = 3.4 Hz), 117.9 (td, J = 265.1 and
215.0 Hz), 115.9 (d, J = 1.5 Hz), 113.9 (td, J = 8.6 and 1.6 Hz), 64.9 (d, J
= 6.8 Hz), 55.7, 52.6, 16.4 (d, J = 5.7 Hz); "®F{'H} NMR (CDCls;, CFCls,
282 MHz) 6 -101.1 (d, J = 111.7 Hz, 2F); *P{'H} NMR (CDCls,
121 MHz) 6 6.1 (t, J = 111.1 Hz, 1P); IR (neat, cm™") v: 2986, 1733, 1609,
1576, 1505, 1435, 1268, 1130, 1209, 1130, 1097, 1013, 985, HRMS (EI")
caled for [M]" C14H1gF206P: 352.08873, found: 352.08840 (-0.95 ppm).
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Methyl 2-[(diethoxyphosphoryl)difluoromethyl]-3,5-
dimethoxybenzoate 17f. Prepared following the procedure E from
methyl 2-iodo-3,5-dimethoxybenzoate 16f. Reverse phase
chromatography (H,O/CH3CN). Yield: 93% (178 mg, 0.5 mmol scale).
Brown oil; '"H NMR (300 MHz, CDCly): 6 7.17 (s, 1H), 6.98 (s, 1H), 4.26-
4.02 (m, 4H), 3.87 (s, 3H), 3.86 (s, 3H), 3.82 (s, 3H), 1.29-1.24 (m, 6H);
®C NMR (75 MHz, CDCls): 6 168.5, 150.1 (d, J = 1.2 Hz), 150.0 (d, J =
1.2 Hz), 124.9 (q, J = 3.9 Hz), 123.7-122.7 (m), 117.9 (td, J = 264.6 and
219.1 Hz), 111.6, 110.9 (td, J = 7.8 and 1.1 Hz), 64.9 (d, J = 7.2 Hz),
56.2, 56.1, 52.7, 16.4 (d, J = 5.5 Hz); "*F{"H} NMR (CDCls, CFCls,
282 MHz) & -100.7 (d, J = 114.2 Hz, 2F); *P{'H} NMR (CDCls,
121 MHz) 6 6.2 (t, J = 114.2 Hz, 1P); IR (neat, cm™") v: 2941, 2852, 1733,
1605, 1525, 1464, 1435, 1356, 1271, 1205, 1165, 1129, 1090, 1007,
974; HRMS (ESI*) calcd for [M+H]" CisH2F20,P: 383.1071, found:
383.1081 (2.6 ppm).

Methyl 2-[(diethoxyphosphoryl)difluoromethyl]-4-nitrobenzoate 17g.
Prepared following the procedure E from methyl 2-iodo-4-nitrobenzoate
16g. Reverse phase chromatography (H,O/CH3;CN). Yield: 62% (114 mg,
0.5 mmol scale). Yellow oil; "H NMR (300 MHz, CDCl;): 6 8.56 (s, 1H),
8.35 (dd, J = 8.5 and 1.2 Hz, 1H), 7.70 (d, J = 8.5 Hz, 1H), 4.33-4.20 (m,
4H), 3.94 (s, 3H), 1.35 (t, J = 7.2, 6H); "*C NMR (75 MHz, CDCly): 8
166.9, 148.5, 137.6 (q, J = 3.3 Hz), 132.7 (td, J = 23.1 and 15.5 Hz),
130.2, 125.5 (d, J = 1.4 Hz), 124.0 (dt, J = 7.9 and 1.3 Hz), 117.4 (td, J =
266.2 and 218.1 Hz), 64.4 (d, J = 6.9 Hz), 53.3, 16.4 (d, J = 5.6 Hz);
"F{'H} NMR (CDCls, CFCls, 282 MHz) 6 -103.3 (d, J = 109.1 Hz, 2F);
¥P{"H} NMR (CDCls, 121 MHz) 6 4.7 (t, J = 108.8 Hz, 1P); IR (neat,
cm™') v: 2988, 1740, 1614, 1592, 1532, 1436, 1352, 1278, 1259, 1089,
1012, 951; HRMS (ESI") calcd for [M+H]" Ci3Hi7NF,0;P: 368.0741,
found: 368.0713 (0.5 ppm).

Methyl 5-chloro-2-[(diethoxyphosphoryl)difluoromethyl]benzoate
17h. Prepared following the procedure E from methyl
iodobenzoate 16h. Reverse phase chromatography (H.O/CH,

968; HRMS (ESI*) calcd for [M+NH,]* C13H
374.0738 (0.5 ppm).

Methyl 5-bromo-2-[(diethoxyphosphoryl)di
17i. Prepared following the procgdure E from m
iodobenzoate 16i. Reverse phase
74% (149 mg, 0.5 mmol scale).
7.66-7.58 (m, 3H), 4.27-4,
NMR (75 MHz, CDCls):
Hz), 131.7, 130.3 (td, J = 7.
Hz), 125.3 (dt, J = 1.9 Hz), 117%
= 6.9 Hz), 53.0, 16.4 (d, J =
282 MHz) 6 -1
121 MHz) 6 5.3 (t,
1591, 1566, 1436, 1
HRMS (ESI*) calcd
420.0225 (3.6 ppm).

334 (d, J=14
=22.1 and 15.4
d, J = 265.4 and ¥16.4 Hz), 65.1 (d, J
z); "F{'"H} NMR (CDCls, CFCls,
z, 2F); *'P{'H} NMR (CDCl,,

eat, cm™') v: 2989, 2954, 1740,
1124, 1102, 1012, 965, 938;
rF,0sP: 420.0210, found:

Methy, difluoromethyl]-5-iodobenzoate 17j.
Prepared followin from methyl 2,5-diiodobenzoate 16;j.
Reverse phase chromatography (H,O/CH3CN). Yield: 56% (125 mg, 0.5
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mmol scale). Brown oil; "H NMR (300 MHz, CDClg): 6 7.87 (d, J = 7.9 Hz,
2H), 7.46 (d, J = 8.2 Hz, 1H), 4.25-4.11a(m, 4H), 3.89 (s, 3H), 1.34-1.29
(m, 6H); "*C NMR (75 MHz, CDCl): & 9.3 (d, J = 1.4 Hz), 137.5,
133.5 (q, J = 3.6 Hz), 130.1 (dt, J = 6.4 an , 129.9 (dt, J = 22.2
and 15.4 Hz), 118.1 (td, J = 264.5 and 216.0 dt, J = 2.2 Hz),
MR (CDCl,
F); **P{"H} NMR (CDCls,
,cm™') v: 2918, 1738, 1585,
98, 1039, 1013, 965, 938;
1 466.0092, found:

I)difluoromethyl]benzoate
from methyl 4-chloro-2-
graphy (H>O/CH3CN). Yield:
H NMR (300 MHz, CDCls): &
. z, 1H), 7.49 (d, J = 8.3 Hz, 1H),
(s, 3H), 1.41-1.36 (m, 6H); *C NMR (75 MHz,
= 1.5 Hz), 132.6 (dt, J = 22.1 and 15.3 Hz),
(m), 130.4, 128.7 (td, J = 8.3 and 1.4
Hz), 117, 6.1 Hz), 65.2 (d, J = 6.7 Hz), 52.9, 16.4
(d, J = 5.7 Hz); F{ DCls, CFCls, 282 MHz) 6 -102.3 (d, J =
110.2 Hz, 2F); *'P{'H} NMR (CDCls, 121 MHz) 6 5.4 (t, J = 110.7 Hz,
); IR (neatzw v: 2988, 1738, 1596, 1435, 1393, 1290, 1261, 1224,

7.62 (s, 1H), 7.5
4.43-4.24 (m, 4H),
CDCls): 5 167.8, 136.
130.9 ( Hz),

12, 1013, 3; HRMS (ESI") calcd for [M+H]" Cy3H:,CIF,05P:
0470, fouMd: 357.0458 (-3.4 ppm).

[(pyridin-2-yl)difluoromethyl]phosphonate 17l.  Prepared
the procedure E from 2-bromopyridine 16l. Reverse phase
(H2O/CH3CN). Yield: 32% (43 mg, 0.5 mmol scale).
R (300 MHz, CDCl3): § 8.68 (d, J = 4.3 Hz, 1H), 7.81 (t,
), 7.68 (d, J = 8.3 Hz, 1H), 7.39 (t, J = 6.3 Hz, 1H), 4.32-
4.25 (m, 4H), 1.33 (t, J = 7.1 Hz, 6H); '*C NMR (75 MHz, CDCls): 6 151.7
(dt, J =23.8 and 14.4 Hz), 149.6, 137.2, 125.4 (d, J = 1.4 Hz), 121.8 (app
16.5 (td, J = 264.1 and 216.8 Hz), 65.0 (d, J = 6.6 Hz), 16.4 (d, J =
; "F{"H} NMR (CDCls;, CFCls, 282 MHz) 6 -111.0 (d, J = 108.8
) ¥P{"H} NMR (CDCls, 121 MHz) § 5.5 (t, J = 108.8 Hz, 1P); IR
t, cm™") v: 3505, 2987, 1589, 1437, 1370, 1266, 1132, 1101, 1012,
4; HRMS (ESI") caled for [M+H]"C1oH1sNOsF,P: 266.0758, found:
66.0764 (2.3 ppm).

Diethyl (E)-(1,1-difluoro-4-phenylbut-3-en-1-yl)phosphonate  19a
Prepared following the procedure F from (E)-(3-bromoprop-1-en-1-
yl)benzene 18a with 91% yield (139 mg, 0.5 mmol scale); the procedure
F from (Z)-(3-bromoprop-1-en-1-yl)benzene with 51% yield (76 mg, 0.5
mmol scale). Reverse phase chromatography (H,O/CH3;CN). Colourless
oil; "H NMR (300 MHz, CDCl3): §7.39 (d, J = 7.6 Hz, 2H), 7.32 (t, J= 7.5
Hz, 2H), 7.28-7.25 (m, 1H), 6.60 (d, J = 16.4 Hz, 1H), 6.21 (dt, J = 15.8
and 7.1 Hz, 1H), 4.33-4.23 (m, 4H), 3.10-2.92 (m, 2H), 1.37 (t, J=7.1 Hz
6H); "*C NMR (75 MHz, CDCls): & 136.6, 136.0, 128.6, 127.8, 126.3,
119.7 (td, J = 262.6 and 213.8 Hz), 118.3 (dt, J = 11.0 and 5.7 Hz), 64.4
(d, J = 6.4 Hz), 38.0 (td, J = 21.1 and 16.3 Hz), 16.3 (d, J = 5.6 Hz);
"F{'H} NMR (CDCl;, CFCls, 282 MHz) 6 -110.7 (d, J = 107.9 Hz, 2F);
¥P{"H} NMR (CDCls, 121 MHz) 8 6.9 (t, J = 107.5 Hz, 1P); IR (neat,
cm™') v: 2985, 1497, 1268, 1163, 1014, 957, 745; HRMS (ESI*) calcd for
[M+Na]" C14H19F203 NaP: 327.0938, found: 327.0936 (-0.6 ppm).

Diethyl (E)-(4-(4-chlorophenyl)-1,1-difluorobut-3-en-1-
yl)phosphonate 19b. Prepared following the procedure F from (E)-1-(3-
bromoprop-1-en-1-yl)-4-chlorobenzene 18b. Reverse phase
chromatography (H,O/CH3CN). Yield: 62% (105 mg, 0.5 mmol scale).
Brown oil; '"H NMR (300 MHz, CDCl3): 6 7.22 (app. t, 4H), 6.46 (d, J =
15.7 Hz, 1H), 6.11 (dt, J = 15.9 and 7.1 Hz, 1H), 4.24-4.15 (m, 4H), 3.00-
2.83 (m, 2H), 1.29 (t, J = 7.3 Hz, 6H); '*C NMR (75 MHz, CDCls): §
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135.2, 134.9, 133.5, 128.8, 127.7, 119.9 (td, J = 261.0 and 215.2 Hz),
119.0 (q, J = 5.7 Hz), 64.5 (d, J = 6.6 Hz), 38.1 (dt, J = 21.4 and 15.6 Hz),
16.4 (d, J = 5.5 Hz); "F{"H} NMR (CDCls, CFCls, 282 MHz) 8 -111.2 (d,
J =107.9 Hz, 2F); *'P{"H} NMR (CDCls, 121 MHz) & 6.8 (t, J = 107.4 Hz,
1P); IR (neat, cm™") v: 2992, 2915, 1491, 1456, 1266, 1093, 1011, 967,
794; HRMS (ESI") calcd for [M+NH,]" C14H22CINF,05P: 358.0964, found:
358.0966 (0.6 ppm).

Diethyl (1,1-difluoro-3-methylbut-3-en-1-yl)phosphonate 19c.
Prepared following the procedure F from 3-bromo-2-methylprop-1-ene
18c. Reverse phase chromatography (H,O/CH3CN). Yield: 61% (74 mg,
0.5 mmol scale). Brown oil; "H NMR (300 MHz, CDClg): 6 5.02 (s, 1H),
4.92 (s, 1H), 4.30-4.21 (m, 4H), 2.77 (td, J = 20.3 and 4.9 Hz, 2H), 1.84
(s, 3H), 1.37 (t, J = 7.2 Hz, 6H); "*C NMR (75 MHz, CDCl5): & 135.9 (dt, J
= 3.3Hz), 119.9 (td, J = 262.2 and 216.1 Hz), 117.9, 64.5 (d, J = 6.7 Hz),
41.7 (dt, J = 20.7 and 14.8 Hz), 23.7, 16.5 (d, J = 5.5 Hz); "°F{'"H} NMR
(CDCls, CFCls, 282 MHz) 6 -111.1 (d, J = 107.8 Hz, 2F); *'P{'"H} NMR
(CDCl3, 121 MHz) 6 7.0 (t, J = 108.1 Hz, 1P); IR (neat, cm™') v: 2986,
1652, 1446, 1394, 1269, 1164, 1099, 1014, 977; HRMS (ESI") calcd for
[M+NH,]"CgH21F,03PN: 260.1227, found: 260.1227 (0.0 ppm).

Ethyl 4-(diethoxyphosphoryl)-4,4-difluoro-2-methylenebutanoate
19d. Prepared following the procedure F from ethyl 2-
(bromomethyl)acrylate ~ 18d. Reverse  phase  chromatography
(H20/CH3CN). Yield: 63% (95 mg, 0.5 mmol scale). Colourless oil; 'H
NMR (300 MHz, CDClg): 6 6.44 (s, 1H), 5.85 (s, 1H), 4.28-4.20 (m, 6H),
3.14 (dt, J = 19.7 and 3.8 Hz, 2H), 1.37 (dt, J = 7.1 and 1.8 Hz, 6H), 1.29
(dt, J = 7.1 and 1.9 Hz, 3H); "*C NMR (75 MHz, CDCls): 6 166.3, 131.3,
130.9 (dt, J = 3.6 Hz), 119.2 (td, J = 262.6 and 217.7 Hz), 64.7 (d, J =
Hz), 61.3, 35.1 (td, J = 20.8 and 15.7 Hz), 16.5 (d, J = 5.6 Hz),
"F{'H} NMR (CDCls, CFCls, 282 MHz) 6 -112.3 (d, J = 106.8 H#2F),
¥P{"H} NMR (CDCls, 121 MHz) 6 6.5 (t, J = 107.6 Hz, 1P); IR (neat,
cm™) v: 2985, 1718, 1635, 1273, 1155, 1012, 799; HRMS
for [M+Na]" C11H19F,05 NaP: 323.0836, found: 323.0834 (-0.

Diethyl (1,1-difluoro-4-methylpent-3-en-1-yl)phosp
Prepared following the procedure F from 1-bromo-3-me;
Reverse phase chromatography (H,O/CH3;CN). Yield:
mmol scale). Brown oil; "H NMR (300 MHz, CDCl3): 6 5.

J = 6.7 Hz), 33.2 (dt, J = 21.2 and 15.4 Hz), 25.9, 18.1, 16.4 (d, J
Hz); "F{"H} NMR (CDCl;, CFCls, 282 MHzZlA5 -111.4 (d, J = 108.
2F); *'P{"H} NMR (CDCls, 121 MHz) § 7.
cm™") v: 2985, 2917, 1444, 1393, 1261, 11
(ESI") calcd for [M+H]"CioH2oF204P: 257.1118,
ppm).

Diethyl [(E)-1,1-difluoro-4,8-di
19f. Prepared following
Reverse phase chroma
mmol scale). Colourless oil;
Hz, 1H), 5.04 (s, 1H), 4.26-4.1
1.71(d, J=4.2 Hz, 1H), 1.62 (d,
7.1 Hz, 6H); **C
J =260.0 and 214.

:65.18 (t, J=6.4
4H), 2.82-2.69 (M, 2H), 2.00 (s, 4H),
7 Hz, 5H), 1.55 (s, 3H), 1.33 (t, J =
L 5 141.7, 124.1, 131.8, 120.2 (td,
Hz), 64.4 (d, J = 6.7 Hz), 39.9,
33.2 (dt, J = 20.7 an @S 258, 17.8, 16.5 (d, J = 5.7
Hz); "F{"H} NMR (CDS@\ CFCls, 282 MHz) 6 -111.5 (d, J = 109.3 Hz,
2F); *'P{'d} NMR (CDCl; @1 MHz) § 7.4 (t, J = 109.3 Hz, 1P); IR (neat,
cm™) v; 1, 1262, 1162, 1016, 977; HRMS (ESI")
calcd

: 347.1564, found: 347.1566 (0.6 ppm).
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Diethyl [(3E,7E)-1,1-difluoro-4,8,12-trimethyltrideca-3,7,11-trien-1-
yllphosphonate 19g. Prepared followigg the procedure F from farnesyl
bromide 18g. Reverse phase chromat H,O/CH3CN). Yield: 88%
(172 mg, 0.5 mmol scale). Colourless oil; 300 MHz, CDCls): 6
5.22-5.18 (m, 1H), 5.08-5.06 (m, 2H), 4.28-4 . 2.84-2.71 (m,
2H), 2.05-1.94 (m, 8H), 1.74-1.57 (m, 12H), (t, Hz, 6H); *C
z), 135.4 (d, J = 9.5 Hz),
.6 Hz), 123.8, 120.5 (td, J =
1.6 Hz), 64.4 (d, J = 6.7
14.8 Hz), 32.0 (app.
=22Hz),17.7 (d, J
(CDCls, CFCl3, 282 MHz) 6§
DCls, 121 MHz) 6 7.4 (t, J
6, 1444, 1375, 1269, 1162,
[M+Na]+ CooH3sF2,03 NaP:

d), 26.8-26.6 (app dt),
= 3.9 Hz), 165 (d, J 5
-111.5 (d, J = 109.3
=109.3 Hz, 1P); IR (
1016, 977, 899 H

| 2F); *'P{"H} NM
t, cm™') v: 2968,
(ESI") calcd

-phenylethyl]phosphonate 21a. Prepared
from benzyl bromide 20a. Reverse phase
. Yield: 87% (121 mg, 0.5 mmol scale).
Brown oll; ): 67.31 (s, 5 H), 4.25-4.11 (m, 4H),
3.44-3.29 (td, J = 20.2 an#iz, 2H), 1.30 (t, J = 7.1 Hz, 6H); *C NMR
(75 MHz, CDCls): 6 131.0, 130.9-130.7 (m), 128.4, 127.7, 119.5 (d, J =
262.6 and 2112), 64.5 (d, J=7.1 Hz), 40.3 (dt, J = 21.4 and 15.9 Hz)

chromat

4 (d, J = 5487): "F{"H} NMR (CDCls, CFCls, 282 MHz) 6 -111.1 (d,
107.6 Hz, %F); *P{"H} NMR (CDCls, 121 MHz) 6 6.9 (t, J = 107.5 Hz,
R (neat, cm™") v: 2985, 1497, 1456, 1269, 1164, 1081, 1028, 977,

fluoro-2-(p-tolyl)ethyl)phosphonate 21b. Prepared
Reverse phase chromatography (H,O/CH3CN). Yield: 42% (61 mg, 0.5
mmol scale). Brown oil; "H NMR (300 MHz, CDCl3): 67.20 (d, J = 7.7 Hz,
7.14 (d, J = 7.7 Hz, 2H), 4.29-4.10 (m, 4H), 3.40-3.25 (td, J = 20.0
Hz, 2H), 2.33 (s, 3H), 1.31 (t, J = 7.1 Hz, 6H); '*C NMR (75 MHz,
: 6137.4,130.9, 129.1, 127.6 (dt, J = 6.3 and 3.9 Hz), 119.7 (td, J
1.1 and 215.0 Hz), 64.5 (d, J = 6.9 Hz), 39.8 (dt, J = 20.8 and 15.4
,21.2,16.4 (d, J = 5.6 Hz); "*F{"H} NMR (CDCls, CFCls, 282 MHz) §
111.3 (d, J = 107.4 Hz, 2F); *'P{"H} NMR (CDCls, 121 MHz) 6 7.1 (t, J
=107.5 Hz, 1P); IR (neat, cm™") v: 2985, 2932, 1516, 1269, 1165, 1033,
1012, 978, 769; HRMS (ESI*) calcd for [M+H]" C13HzF20:P: 293.1118,
found: 293.1114 (-1.4 ppm).

Diethyl  (2-(4-bromophenyl)-1,1-difluoroethyl)phosphonate  21c.
Prepared following the procedure G from 1-bromo-4-
(bromomethyl)benzene. 20c  Reverse phase chromatography

(H20/CH3CN). Yield: 74% (132 mg, 0.5 mmol scale). Brown oil; 'H NMR
(300 MHz, CDCl): 6 7.43 (d, J = 8.3 Hz, 2H), 7.16 (d, J = 8.2 Hz, 2H),
4.24-4.13 (m, 4H), 3.37-3.23 (td, J = 19.5 and 5.3 Hz, 2H), 1.30 (t, J= 7.3
Hz, 6H); '*C NMR (75 MHz, CDCl3): 6 132.6, 131.5, 129.8 (dt, J = 6.4
and 3.9 Hz), 121.9, 119.1 (td, J = 261.4 and 214.6 Hz), 64.6 (d, J = 6.9
Hz), 39.7 (dt, J = 21.0 and 15.3 Hz), 16.3 (d, J = 5.6 Hz); "*F{'"H} NMR
(CDCls, CFCls, 282 MHz) 6 -111.4 (d, J = 106.0 Hz, 2F); *'P{'"H} NMR
(CDCl3, 121 MHz) 6 6.6 (t, J = 106.1 Hz, 1P); IR (neat, cm™') v: 2985,
2915, 1490, 1268, 1164, 1032, 1011, 979; HRMS (ESI*) calcd for
[M+NH,]" C12H20BrNF,03P: 374.0332, found: 374.0319 (-3.5 ppm).

Diethyl  (2-(4-acetylphenyl)-1,1-difluoroethyl)phosphonate  21d.
Prepared following the procedure G from 1-(4-
(bromomethyl)phenyl)ethan-1-one 20d. Reverse phase chromatography
(H20/CH3CN). Yield: 47% (75 mg, 0.5 mmol scale). Brown oil; '"H NMR
(300 MHz, CDCls3): 6 7.94-7.90 (app. dt, 2H), 7.41 (d, J = 8.3 Hz, 2H),
4.30-4.12 (m, 4H), 3.50-3.35 (td, J = 19.6 and 5.3 Hz, 2H), 2.59 (s, 3H),
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1.32 (t, J = 7.2 Hz, 6H); "*C NMR (75 MHz, CDCl3): 5 197.9, 136.6, 136.3
(dt, J= 6.4 and 3.7 Hz), 131.3, 128.4, 119.2 (td, J = 262.1 and 215.7 Hz),
64.7 (d, J = 6.9 Hz), 40.2 (dt, J = 21.0 and 15.5 Hz), 26.8, 16.4 (d, J= 5.6
Hz); "F{"H} NMR (CDCl;, CFCls, 282 MHz) 6 -111.2 (d, J = 106.3 Hz,
2F); *'P{'"H} NMR (CDCls, 121 MHz) § 6.6 (t, J = 106.5 Hz, 1P); IR (neat,
cm™) v: 2986, 1683, 1610, 1360, 1267, 1165, 1089, 1033, 1011, 979,
957; HRMS (ESI+) caled for [M+NH4]" C14H23NF.04P: 338.1333, found:
338.1333 (0.0 ppm).

Diethyl  (2-(2-cyanophenyl)-1,1-difluoroethyl)phosphonate  21e.
Prepared following the procedure G from 2-(bromomethyl)benzonitrile
20e. Reverse phase chromatography (H.O/CHsCN). Yield: 36% (55 mg,
0.5 mmol scale). Brown oil; "H NMR (300 MHz, CDCl3): 67.68 (d, J=7.7
Hz, 1H), 7.57 (t, J= 7.4 Hz, 1H), 7.49 (d, J = 7.4 Hz, 1H), 7.42 (t, J=7.3
Hz 1H), 4.34-4.24 (m, 4H), 3.69-3.55 (app. t, 2H), 1.37 (t, J = 7.2 Hz,

6H); *C NMR (75 MHz, CDCls): 6 134.5 (dt, J = 7.5 and 2.9 Hz), 133.1,
132.7, 132.3, 128.5, 118.5 (td, J = 262.0 and 214.4 Hz), 117.8, 114.9,
65.0 (d, J = 6.8 Hz), 38.4 (dt, J = 20.9 and 15.9 Hz), 16.5 (d, J = 5.5 Hz);
"F{'H} NMR (CDCls, CFCls, 282 MHz) 6 -111.6 (d, J = 104.9 Hz, 2F);
¥P{"H} NMR (CDCls;, 121 MHz) 6 5.9 (t, J = 104.5 Hz, 1P); IR (neat,
cm™') v: 2987, 2228, 1270, 1163, 1028, 1010, 762; HRMS (ESI") calcd
for [M+NH,4]" C13H20F2N,03P: 321.1180, found: 321.1191 (3.4 ppm).

Diethyl (1,1-difluoro-2-(2-iodophenyl)ethyl)phosphonate 21f.
Prepared following the procedure G from (1-(bromomethyl))-2-
iodobenzene 20f. Reverse phase chromatography (H.O/CH;CN). Yield:
48% (97 mg, 0.5 mmol scale). Brown oil; "H NMR (300 MHz, CDCly): &
7.88(d, J=7.9Hz, 1H), 7.39 (d, J= 7.5 Hz, 1H), 7.32 (t, J = 7.5 Hz, 1H),
6.98 (t, J = 7.5 Hz, 1H), 4.35-4.26 (m, 4H), 3.63 (t, J = 19.9 Hz, 2H), 189
(t, J = 7.0 Hz, 6H); *C NMR (75 MHz, CDCls): 6 139.9, 134.7 (dt, J
and 2.5 Hz), 132.0, 129.5, 128.3, 119.2 (td, J = 261.7 and 214
102.5, 64.8 (d, J = 6.7 Hz), 43.7 (dt, J = 20.1 and 16.1 Hz), 16.6 (d, J =
5.6 Hz); "F{'"H} NMR (CDCls;, CFCls, 282 MHz) 6 -111.6 (d,
Hz, 2F); *'P{"H} NMR (CDCls, 121 MHz) § 6.6 (t, J = 106.4

1.9 ppm).

Diethyl [(phenylthio)difluoromethyl]phosphonate
following the procedure H from 1,2-diphenyldisulfide 22a. Revers
chromatography (H,O/CH3CN). Yield: 49% (72 mg, 0.5 mmol scal
Brown oil; "H NMR (300 MHz, CDCly): 6 7.65-7.63 (m, 2H), 7.48-7.35 (m,
3H), 4.36-4.23 (m, 4H), 1.40-1.35 (m, 6H); *C NMR (75 MHz, CDOR:

(d, J = 6.6 Hz), 16.4 (d, J = 5.6 Hz);
282 MHz) 8 -84.6 (d, J = 100.7 Hz, 2F);

Diethyl [((4-methylph io)di 23b.
Prepared following the
22b. Reverse phase chroma
0.5 mmol scale). Brown oil; H

leld: 57% (88 mg,
): 67.51(d, J=8.0
(m, 4H), 2.36 (s, 3H), 1.39-
1 0 140.9, 137.0, 130.0, 130.4-
7), 65.4 (d, J = 6.5 Hz), 21.4,
Cls, 282 MHz) 6 -84.9 (d, J
Hz) 6 4.1 (t, J = 101.4 Hz,
926, 1493, 1445, 1395, 1371, 1273, 1164,
(ESI") caled for [M+H]" CyoH1sF205PS:
m).

1.34 (m, 6H); ®
130.0 (m), 124.5 (t
16.4 (d, J = 5.7 Hz);
=101.1 Hz, 2F); 31P{
1P); IR (ngat, cm™") v: 29
1116, 1 :

311.0
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Diethyl (difluoro((4-methoxyphenyl)thio)methyl]phosphonate 23c.
Prepared following the from 1,2-bis(4-
methoxyphenyl)disulfide  22c. chromatography
(H20/CH3CN). Yield: 48% (78 mg, 0.5 mm _ Brown oil: '"H NMR
(300 MHz, CDCl3): 6 7.57-7.52 (m, 2H), 6.93- , 4.35-4.23 (m
4H), 3.81 (s, 3H), 1.40-1.35 (m, 6H); *C N ls): 6161.7,
138.9, 124.6 (td, J = 266.6 an m), 114.8, 65.4

F{"H} NMR (CDCl;, CFCl,,
} NMR (CDCls, 121 MHz)
7, 1591, 1495, 1464,
RMS (ESI*) calcd for
0634 (0.9 ppm).

23d.
-bis(4-fluorophenyl)disulfide
/CH3CN). Yield: 52% (82 mg,
0 MHz, CDCl): & 7.64-7.59 (m
(m, 4H), 1.39-1.35 (m, 6H); °C NMR
= 250.6 Hz), 139.2 (d, J = 8.8 Hz), 124.7
119.7-119.5 (m), 116.5 (d, J = 22.0 Hz),
65.5 (d, = 5.7 Hz); "F{'"H} NMR (CDCls, CFCls,
282 MHz) 6 -85.2 (d, z, 2F) and -110.2 (s,1F); *'P{'"H} NMR
(CDCl3, 121 MHz) 6 3.8 (t, J = 101.4 Hz, 1P); IR (neat, cm™') v: 2987,
2918, 1590, 148, 1397, 1371, 1273, 1225, 1159, 1118, 1010, 913;
MS (ESl’cd for [M+NH,]* C11H1gNF303PS: 332.0697, found:
0696 (- 0.¥ppm).

Diethyl  [((4-fluor
Prepared following th
22d. Reverse
0.5 mmol scale).
2H), 7.11-7.02 (m
(75 MHz, CDCls): 6 1

(td, J = nd 219.

[((4-chlorophenyl)thio)difluoromethyl]phosphonate  23e.
following the procedure H from 1,2-bis(4-chlorophenyl)disulfide
se chromatography (H,O/CH3;CN). Yield: 57% (94 mg,
 Brown oil; '"H NMR (300 MHz, CDCl3): 8 7.56 (m, 2H),
.38-4.23 (m, 4H), 1.39-1.35 (m, 6H); *C NMR (75 MHz,
CDCI 3): 6 138.2, 137.2, 129.5, 124.6 (td, J = 298.6 and 219.7 Hz), 122.8
(td, J= 4.4 and 2.9 Hz), 65.5 (d, J = 6.5 Hz), 16.4 (d, J = 5.6 Hz); "°F{'H}
(CDCls, CFCls, 282 MHz) & -84.9 (d, J = 100.1 Hz, 2F); *'P{'H}
DCl3, 121 MHz) & 3.7 (t, J = 100.1 Hz, 1P); IR (neat, cm_1) v
2934, 1574, 1477, 1391, 1274, 1163, 1118, 1092, 1010, 910;
S (ESI") caled for [M+NH4]" C41H1gNCIF,03PS: 348.0402, found:
.0414 (3.4 ppm).
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