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We have discovered a mild, catalytic protocol for the regio- and stereoselective synthesis of
trisubstituted allyl diarylphosphonates from the corresponding disubstituted allyl silyl ethers,
circumventing the challenges related to the preparation and availability of stereodefined trisubstituted
olefins. A closely related arylation reaction was also discovered during the methodology development.
By simply switching the reaction medium, high phosphonylation/arylation ratios and vice versa can be
achieved. This may not be a direct result of changing solvent polarity. The allyl diarylphosphonates
were evaluated as carboxylesterase inhibitors, and the screening results revealed that the inhibitory
efficiency is highly related to the choice of alkenes and aryl substituents.

Introduction

Tetracoordinate phosphoryl groups are recognized as excellent
mimics of the tetrahedral transition state of ester and amide
hydrolysis."* Recently, strategies for preparing related stereo-
defined allyl phosphonates have received increasing attention,*”
providing a good platform from which to introduce chiral elements
close to the phosphonate functionality through a wide range
of enantioselective olefin transformations*'* and to synthesize
dienes through the HWE reaction.”*"s Although many diarylphos-
phonates have been identified as potent enzyme inhibitors, the
synthesis of allyl diarylphosphonates is much less studied than that
of their dialkyl relatives. Current methods for stereodefined allyl
phosphonate synthesis with concomitant formation of a new C-P
bond and an olefin generally focus on the addition of dialkyl phos-
phites (RO),P(O)H to acrylate derived Baylis—Hillman adducts
or rearrangement of dialkyl phosphonyl protected adducts.'**®
However, we are aware of no related examples for allyl di-
arylphosphonates, probably because of the lower nucleophilicity
of aryl phosphites, and the synthesis involves a very different
hydrolysis mechanism.* Also, one of the inherent problems of
the above approaches is that they have limited choices of [-
substituents, generally bearing an electron-deficient group and
yielding acrylic esters. Olefin cross-metathesis provides a powerful
method of making allyl phosphonates, but the stereoselectivity of
the allyl phosphonate group has been reported to be problematic
when unsymmetrical higher substituted olefins were used.” As
part of a programme evaluating phosphonates for chemical and
biological applications (carboxylesterase inhibitors), we decided to
develop a new method for allyl diarylphosphonate preparations
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with high olefin stereoselectivity and PB-substituent flexibility,
with a view to obtaining a good platform for subsequent B-y-
position asymmetric functionalization. Herein we describe a novel
synthetic strategy for that preparation by using triarylphosphites
and allyl silyl ethers directly obtained from the corresponding
Ni-catalyzed coupling.?*?' Interestingly, by simply switching the
solvent system employed, various stereodefined trisubstituted allyl
arylation products can also be obtained (a Friedel-Crafts like
reaction), which provides mechanistic insights for both reactions
and should simulate further developments in this area (Scheme 1).
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Scheme 1  Allyl phosphonylation versus arylation. P : A refers to the ratio
of total phosphonylation isomers to total arylation isomers.

Result and discussion

Using the Ni-catalyzed alkene-aldehyde-silyl triflate coupling
product 1a (Table 1) reported previously by one of the authors here
and Jamison®* with P(OPh); as reaction partners, a systematic
investigation led to the identification of the reaction conditions
(Scheme 2). Our first attempts to synthesize the phosphonates
involved heating the two reaction components together, which
is analogous to other procedures commonly used for allyl di-
alkylphosphonate synthesis, summarily failed.'®*¢ Inspired by
Spilling’s pioneering work that used a stoichiometric amount
of mild Lewis acidic silylating reagent (BSA) to facilitate the
phosphonylation of acrylate derived Baylis—Hillman adducts with
dialkyl phosphite,’ and the protic acid to accelerate dialkyl
phosphonylation of conjugated imines reported by Stevens,'
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Table 1 Catalytic stereoselective and regioselective synthesis of allyl diarylphosphonates.

OTES  Cat TsOH RP(O)ORY: P(O)(ORY),
Rl _ CHLN I(H + R!
R? B R R2
| P(OR) R2 H)\
R® 0°Ctort R®
1 2 2
2:2¢
R' R? R* R* Yield (%)* 2E:Z°

1 la n-Hex p-CsH,OMe H Ph 88 3.0:1
E only

2¢ n-Bu 80 3.0:1
E only

3¢ 79 3.5:1
E only

4 77 4.3:1
E only

5 1b CH,i-Pr 90 4.0:1
E only

6 1c c-Hex 99 1:1.2
13.0:1

7 1d Ph 86 3.0:1
E only

8 1le PhCH, 78 3.3:1
E only

9 1f BnCH, 86 4.0:1
E only

10¢ 1g n-Hex 0-C¢H,OMe 61 1:1.7
E only

11 1h 0,p-C¢H;(OMe), 85 1:2.7
E only

12¢ 1i p-CsH,Me 52 2.0:1
E only

13¢ 1j Ph 52 2.0:1
E only

14# 1k p-C¢H,Cl 18 1.5:1
1.3:1

15¢ 1 m-CsH,OMe 35 1.5:1
3.0:1

16" 1m p-CiH,NMe, 92 1:1
E only

17 In Me p-CsH,OMe Ph 90 1:5.7
E only

18 1a n-Bu p-CsH,OMe H p-CsH,Me 90 3.3:1
E only

19 p-C¢H,Cl 99 4.0:1
E only

See Scheme 2 for structures and Experimental section for details. Typical conditions: 0.1 mmol substrate, 500 mol% P(OPh);, 5 mol% p-TsOH-H,O,
2 mL CH;CN. ® Isolated yield of phosphonylation (2+2, average of at least two runs, separable by column chromatography). ¢ Determined by 'H NMR,
olefin stereochemistry was determined by NOESY. ¢ 3 times the scale. ¢ Using 2 mL PhCN./ Using 2 mL i-PrCN. ¢ Using 100 mol% p-TsOH-H,O, run at

35 °C for 18 h. " Using 105 mol% of p-TsOH-H,O.

3 4 ' o3 4
OTES P(ORY Ry PONORD: PO)ORY, | R oM
R! , — s, H + R 5 : H
I R catalyst RS r R PRI
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1 fves 2 2 : 3

Scheme 2 Catalytic stercoselective trisubstituted olefin synthesis.

p-toluenesulfonic acid was selected as a promoter for our di-
arylphosphonylation. The hope was to enhance the electrophilicity
of our silyl allylic components toward weakly nucleophilic tri-
arylphosphites. To our delight, by using only a catalytic amount
of TsOH in neat conditions and simply at room temperature in
open air, the desired allyl diarylphosphonates were obtained. This
consisted of 2 different regio-isomers (2a, 2’a), favoring the one
forming an E-trisubstituted olefin (Table 1, see ESI for details).

They can be separated by typical silica gel column chromatography
without any decomposition. This procedure allowed in situ hydrol-
ysis of the phosphonium salts and the typical strictly anhydrous
condition employed for the phosphonylation step can be avoided.
However, this modification alone is not a practical method for
allyl diaryl phosphonates synthesis. An unexpected allyl arylation
pathway (or aromatic allylation, giving 3a) is operating as a major
side reaction with phosphonylation:arylation (P:A) equal to
38:62 (Scheme 2).2%

We suspected that the formation of the arylation product could
be attributable to the phenol generated after the phosphonylation
step and the acid catalyzed phosphite hydrolysis.® Extensive
variation of physical parameters including acidic additives stoi-
chiometry, rate/order of addition and reaction temperature failed
to favor the phosphonylation pathway. We thus required an

This journal is © The Royal Society of Chemistry 2010
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alternative means of overcoming this problem and acquiring
phosphonylation more easily.

As the phosphite hydrolysis in aqueous organic solution may
increase on account of the interaction of water molecules with
the organic medium,” we tried to use toluene as the reaction
medium on the presumption that it might help to slow down
phosphite hydrolysis. Unfortunately, this strategy failed to favor
the phosphonylation pathway, and strongly favored the arylation
pathway. Next, we shifted our attention to look for additives
that might facilitate the nucleophilic phosphonylation but that
would also be compatible with the phosphonium ion hydrolysis
step. Noting that CH;CN was frequently employed to modulate
nucleophilic displacement reaction pathways, such as in the
preparation of various glycoside linkages by forming nitrilium
conjugates and the Ritter reaction, we tested CH;CN as an
additive for our phosphonylation.?® We were mindful of the fact
that this approach could result in faster phosphite hydrolysis and
provide a higher phenol availability for the arylation, and could
also incorporate CH;CN into the substrate in a manner similar
to the N-glycosyl amine formation. Nevertheless, the CH;CN
was found to be a superior additive for the phosphonylation.
This additional modification reversed the selectivity observed when
toluene or P(OPh); was used as reaction medium and provided a
new system for allyl diarylphosphonate preparation with good
yield (P: A = 87:13). This remarkable result prompted us to
screen other solvents as reaction medium further for completeness,
but none promoted the phosphonylation pathway to the extent
that CH;CN did (Scheme 3, see ESI for details). Other solvents
examined included CHCI,, Acetone, THF, CH;NO,, DMF and
NEt;. In fact, we also could not find any direct correlation between
the product selectivity with the solvent polarity or dielectric
constant. In particular, CH;NO, and DMF are solvents having
similar polarity or dielectric constant with CH;CN (with ¢ ~
35-37),” however, experimental results showed that they strongly
favored the undesired arylation pathway, and the phosphonylation
was observed only in minor amounts (P: A = 24:76; 14:86). In
addition, when PhCN was employed as the medium, which has a
much lower dielectric constant (with ¢, ~ 26), the reaction outcome
(P:A = 81:19) sharply contrasted with those obtained with

A/ Heati
i OTES | P(OPh); v oLt S.M. recovery
R 2
[ 2/ TsOH
Favor Arylation
R® ’ X nitrile
3 TsOH Ph i |
I I osphonylation
V nitrile v
g T
Favor Arylation I(PiA up to 5:95)
] ¥
Trend in Polarity: |[CH;CNJJ= DMF & CH3NO, >>|PhCN] >> Toluene
-~

T ~onirast with oh
Favor Phosphonylation (P:A up to 95:5) (F;ﬂ?,;‘}':ﬁ:j ¢

Phosphonylation Regioselectivity was found sensitive to the R-CN structures:

e O et

431 351 3.0:1

2:2'Ratio R=

Scheme 3 Remarkable observations by using nitriles as medium. P: A
refers to the ratio of total phosphonylation isomers to those in arylation.

CH;NO, and DMF. Together with the change in phosphonylation
regioselectivity observed when a more bulky nitrile source was
employed as reaction medium (see later section), all of the above
indicated that the superiority of using CH;CN may not entirely
be the result of a higher P(OPh); nucleophilicity in a more polar
solvent, suggesting the nitrile functionality may play a substantial
role.

We propose a possible scenario here which may account for
these unusual observations and this is shown in Scheme 4. The
nitrile employed may first provide a nitrilium ion intermediate
with the allyl silyl ether under a tosyl acid accelerated addition,
which is analogous to the Ritter reaction. The weakly nucleophilic
triarylphosphite may regenerate the nitrile at this point, and
provide the phosphonium ion intermediate. Followed by an in
situ hydrolysis step in open air atmosphere, the desired allyl
diarylphosphonate was obtained. Slightly higher 2: 2" ratios were
observed in reactions using a more bulky nitrile source and
may be a result of a more selective formation of nitrilium ion
owing to steric considerations. This change in phosphonylation
regioselectivity also supports the theory that this is not a direct
Sx1 or Sy1” reaction. It should be noted that we could not observe
any nitrilium ion formation directly by spectroscopic techniques
and could not isolate any Ritter products, thus the reason(s) for
the selectivity improvement (P: A and regioselectivity) remains
elusive. Further studies revealed that P(OPh); is the nucleophile
responsible for the phosphonylation. Control experiments showed
that the HP(O)(OPh), which resulted from P(OPh); hydrolysis
did not produce any desired phosphonylation product under the
standard TsOH/CH;CN conditions, but the arylation product
was obtained in good yield (a result of further hydrolysis of
HP(O)(OPh),).

P(O)(OAr),

R-CN + TsOH*H,0 OTES

\(\RQ & RQJ\/
1 (OAr) |‘| ESOH 4
P(OAr); ® TESO '
H,0 ®N il Rz/\\I/\N\\\

i
R? R 2

R INitriIium ion intermedlalesl

Scheme4 A possible rationale for the unusual observation: nitrile assisted
catalytic allyl diarylphosphonylation.

Scope of allyl diarylphosphonylation

After further optimization, we found that only 5 mol% of
TsOH-H,O was necessary, with a ratio of P: A further improved
to 93 : 7. With this new protocol in hand, the scope and generality
of the system was explored, with the results summarized in
Table 1. This new system generally allowed a highly selective
allyl diaryl phosphonylation over arylation, provided excellent
olefin stereoselectivity and expanded the scope particularly at the
B-position (R').

Scaling up the reaction or employing more sterically encum-
bered substrates, such as R! = a-branch, B-branch, benzyl and
aryl, did not compromise the high phosphonylation to arylation
ratio, high olefin stereoselectivity and yield of phosphonylation
(P:A =73-19; E:Z >93:7; 78-99% yield; entries 2-9). Also,
the trisubstituted olefin 2 is generally favored over the terminal
olefin 2’ by a factor of 3-4 in this series except in case of
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1c. Moderate improvement in 2:2’ can be obtained when i-
PrCN was employed as reaction medium, but the yield was
diminished considerably (entries 1 and 4, from 3.0:1 to 4.3:1).
Although an o-anisyl group is required as directing group, the
phosphonylation regioselectivity can be swapped to favor 2’
without sacrificing the high P: A ratio (entries 1 vs. 10, 11). The
possibility of forming a benzopyran-like intermediate may account
for this interesting observation. We found that the yields of the
desired phosphonylation were decreased considerably when less
electron-rich substrates were employed (entries 12-15), but the
substrate with R? bearing basic aryl/alkyl amine substituent can
still undergo the phosphonylation reaction with high yield and
required no specialized protecting group (entry 16).

While the effect of additional alkene substituents (R3 # H) in
approaches using Baylis—Hillman adducts on yield and selectivity
was not examined,' it should be noted that a higher substituted
allyl silyl ether (R® = Ph) synthesized by Ni-catalyzed alkyne-
aldehyde coupling® was found also a compatible substrate for
this new method, providing a-branched allyl diarylphosphonate in
good yield and selectivity (entry 17). Furthermore, substituents on
the triarylphosphite are well-tolerated (R*), providing additional
flexibility in synthesis when necessary (entries 18, 19).

Several notable features of this new methodology deserve
further comment. Strictly anhydrous conditions, high reaction
temperature, a stoichiometric amount of additive, or strongly
acidic medium are required most of the time in the allyl phos-
phonylation, particularly for those with concomitant formation
of a new C-P bond and an olefin.!t!6*6" Qur catalytic system
did not require a strictly anhydrous medium to proceed, allowed
in situ hydrolysis of the highly unstable allyl diarylphosphonium
intermediate without isolation or delicate hydrolysis steps, and
can be conducted at r.t. using only a catalytic amount of additive,
overall highlighting their technical advantages and providing good
functional group tolerance. Existing methods of stereoselective
allyl phosphonate synthesis generally focused on acrylate derived
Baylis—Hillman adducts and alkyl phosphites, which results in
the dialkyl phosphonates having an electronically activated Z-
trisubstituted olefin (Scheme 5). The new approach and findings
here complement the existing methods in several respects, allowing
diaryl derivatives to be synthesized with an electronically neutral
E-trisubstituted olefin, and expanding the scope particularly at the
B-position. In addition, subsequent trials showed that the Baylis—
Hillman adduct diarylphosphonylation can also be done with
81% yield by using our tosyl acid—-CH;CN combination at 35 °C

Typical Allyl DiAlkylphosphonylation .--~-¢ deficient
OAc BSA, y Z-Olefin
HP(O)OAlkyl COOMe
COOMe M.. Ar X k
Ar THF, 2-4 d
Reflux P(O)(OAlkyl),
Allyl DiArylphosphonylation (This work) - - -neutral
OTES . E-Olefin

0°Ctort

14
Ar)\ﬂ/ R ————— AT TP(O)(OPh),

Cat. TsOH R!
GHSCN .-~~~ e deficient
OTES [ P(OPh)3 I Z-Olefin
COOMe ———— > 5 7, ~COOMe
Ar 35°C
P(O)(OPh),

Scheme 5 Complementarity of allyl phosphonylation of acrylates and
allyl silyl ethers. Remarkable substituent effect on olefin selectivity.

(2:2" = 3.2:1.). Notably, the olefin stereochemistry preference
(E:Z = 18:82) were found opposite to what we observed in
Table 1, and was found parallel to those observed in typical allyl
dialkylphosphonylations, these experimental results highlighted
the important role of R' substituents in these reactions (see ESI for
details). The stereodefined olefins obtained may offer a correlated
foundation for enantioselective olefin transformation or HWE
reactions.

A variety of organophosphorus compounds were identified as
potent human blood monocyte carboxylesterase (CBE) inhibitors,
especially O=P(OPh), and P(OPh),.*® However, we are aware
of no study using allyl phosphonates being reported. Therefore
our newly synthesized allyl diarylphosphonates were evaluated as
carboxylesterase inhibitors in rat plasma (see ESI for details).3"*
The results showed that our newly synthesized allyl diarylphos-
phonates were potent carboxylesterase inhibitors with a broad
range of inhibitory efficiency (ICs, = 4.99-0.52 uM), revealing
that the alkene inclusion (or/and the substituents) may provide a
positive effect on inhibition and providing room for fine tuning
when necessary. Allyl diarylphosphonates with much stronger
inhibitory effects than P(OPh), were identified quickly through
our small chemical library developed here and provided us with
new directions for the development of a new generation of
carboxylesterase inhibitors in our programme.

Scope of allyl arylation.

Next, we decided to study the closely related arylation using
the same silyl allyl ether starting material based on the findings
discovered in preliminary screening. This arylation method is
attractive to us, not only because it may provide insight on
how to improve the P: A selectivity, but also because it yields
only one single regioisomer over all the other 5 possible isomers
(terminal/carbinol position of allyl silyl ethers and o-/m-/p- of the
aromatic nucleophile) in a single operation, together with excellent
trisubstituted olefin stereoselectivity, C- to O-allylation ratio and
no multiple allylations observed on phenol or on the allyl silyl
ether (Table 2, entry 1).22

Although unable to exclude direct arylation between the allyl
silyl ethers and the phosphite, we believe that the arylation product
was formed mainly from the reaction between the substrates and
phenol. The control experiments showed that using phenol in place
of P(OPh); with 1a also provided the arylation product successfully
with no oxy-allylation product observed under otherwise the same
reaction conditions, suggesting that phenol is the actual substrate
for the aromatic allylation and protecting the O with a P atom is not
necessary. Also, in an experiment where P(OPh);, HP(O)(OPh),
and phenol were allowed to run in parallel, the reaction employing
phenol provided the highest yield with a reduced reaction time,
which also supports the hypothesis. In view of these control
experiments and the observations of phosphonylation, we believe
the change in the P: A ratio observed after switching the solvent
employed is similar to that incurred by adding two different
reagents to carry out the experiment, one providing phenol and
one accelerated C-P bond formation, rather than a direct result of
the difference in solvent physical properties. Therefore, the change
is not an example of solvent-dependent chemoselectivity between
an sp? carbon center and a phosphorus atom on the P(OPh);.
With the genuine aryl nucleophile identified, various allyl silyl
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Table 2 Stereoselective and regioselective arylation of allyl silyl ethers®

OTES Cat. TsOH ArOH
1 Toluene
R R2 Ho 2~g1
R

ArOH

RZ

0°Ctort

3

Yield (%)® Regioselectivity ratio**

ArOH E:.Z4 P 0 m

1 la P(OPh); or (phenol) 850r92 100 — —

E only

3 1c 98
4 1d 40
5 le 100
6 1f 91
v 1g 73

8 1i 99

10¢ 1a

HO OMe

)

o9

s
<

11#
HO

12¢
HO

13¢ o
HO

;
o
;%
=

14" 86

MeO E only

O -

100 — _
21 77 —
100 — —
100 — _
100 — _
72 28 —
61 39 —

53 47 —

— 100 —

65 35 —

100 — —

No phosphonylation product was observed in all cases examined when using P(OPh);; see Scheme 2 for structures and Experimental section for
details.” Typical conditions: 0.1 mmol substrate, 500 mol% P(OPh);, 20 mol% p-TsOH-H,O, 2 mL toluene. > Combined yield of p-, o- and m-substituted
products (average of at least two runs, isolated and separable by column chromatography). ¢ Determined by 'H NMR analysis. “ Determined by NOESY,
for all regioisomers. ¢ Regioselectivity relative to the hydroxyl group./ Using 40 mol% of catalyst. ¢ Using 1.5 equivalents of alcohols in place of phosphite.

" Using 5 equivalent of anisole in place of phosphite.

ethers and several aromatic alcohols were subjected to the TSOH-
toluene conditions (Table 2).

To our delight, the reactions generally proceeded with high
yields by using a slight excess of aromatic alcohols, with good
arylation regioselectivity and olefin stereoselectivity. Less electron-
rich substrate 1i can be used by increasing the catalyst loading
(entry 8). When the para-position of the phenol was blocked by
an additional substituent or difficult to access (OMe, Me, Cl), the
allylation can still take place with high yield at the ortho-position,
providing structures that were analogous to an allyl aryl ether
thermo Claisen rearrangement without sacrificing the high olefin
stereoselectivity and without increasing the reaction temperature
or catalyst loading (entries 10-12). The allylation was found more
favorable to take place at the para-position when the phenol was

substituted with a meta-Cl group (entry 13). Typical aromatic
allylation substrates such as aryl alkyl ether (entry 14, anisole), was
found less reactive than phenol but was also allylated successfully
in this system, providing an ethereal compound that should also
be accessible from 3a.

The success of stereodefined trisubstituted allyl phenol (or
trisubstituted styrenes) synthesis found here is informative to
the field of allylic alkylation of aromatic compounds. It should
be noted that most of the aromatic allylation reports in the
literature employed cinnamyl alcohol types of substrates (trans-
disubstituted alkene) or symmetrical substrates for aromatic ally-
lation, and leaving the effect of an additional alkene substituent on
yield and selectivity not well-examined (Scheme 6). We surmised
that this observation is probably due to the limited availability of
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Routine aromatic allylation systems:
1,2-Disubstituted Olefins
e Y
Ar X trans-Cinnamyl-X
X i

Ar/\)\Ph Symmetrical Substrates

For Trisubstituted Olefins:

Typical Approach

Preformed
Trisubstituted Olefins

AT
R‘I

Limited availability
Multi-steps synthesis required
Maybe problematic if use larger R

This work
1,1-Disubstituted Olefins

As Stereodefined
Trisubstituted Olefin Precursors

R1
Ar

Avoided synthetic challenges
in the stereo-defined olefin preparation
Branched R proved compatible

cf

—

Other advantages:

Phenol protecting group not required (no oxy-allylation)
Stoichiometric amount of metal additives avoided (e.g. AICI3)
Conducted at ambient temperature (no multiple allylations)
Forming 2 new C-C bonds in high regio and stereoselectivity

Scheme 6 Preparation of allyl phenolic compounds: 1,1-disubstituted
olefins as aromatic allylation precursors.

stereodefined trisubstituted allylic alcohols or their synthetic chal-
lenge. It should be noted that our method avoided that synthetic
challenge, simply forming the targets directly from Ni-catalyzed
coupling products (terminal disubstituted alkenes) through a
conjugated addition with concomitant formation of two new C—
C bonds with excellent regioselectivity and olefin stereoselectivity
outcome. The trisubstituted allyl arylation products may be also
difficult to prepare with high olefin selectivity by dehydration of the
corresponding alcohols or by olefin cross-metathesis (e.g. Table 2,
entry 5, benzyl vs p-hydroxybenzyl).

Conclusions

In summary, we have discovered two novel catalytic synthetic
strategies for the intermolecular stereo and regioselective allyl di-
arylphosphonylation and allyl arylation that complements existing
methods under mild conditions. The allyl silyl ethers obtained
from Ni-catalyzed aldehyde-alkene/alkyne coupling were first
identified as valuable precursors and seem generally useful for
highly stereoselective synthesis of functionalized trisubstituted
olefins by forming two new bonds, providing alternatives to
those strategies involving prior preparations of stereodefined
trisubstituted olefins bearing a good leaving group with a
regioselective substitution. The stereodefined alkenes obtained
here may be a useful platform for chiral center introduction at
the phosphonate’s and phenol’s B,y-positions by conventional
catalytic asymmetric olefin functionalization technologies. The
diaryl phosphonylation works best for electron-rich systems and
provided olefin stereoselectivity outcome contrasted with previous
work. The novel use of nitriles in terms of differentiating the
reaction pathways and accelerating phosphonylation is one of
the keys for the above accomplishments. The newly synthesized
allyl diarylphosphonates from this work were first identified as
potent carboxylesterase inhibitors and provided us with important
clues for further development. The results obtained here should
find applications in both chemical transformations and biological
studies.

Experimental

p-Toluenesulfonic acid monohydrate and phosphorous trichloride
were purchased from Acros Organics and used without further pu-
rification. Triphenyl phosphite was purchased from International
Laboratory and used as received. Sodium hydride (60% in mineral
oil) was purchased from Panreac Sintesis. Triethylamine and
phosphorous trichloride were distilled over calcium hydride. All
solvents were purchased from LAB-SCAN and used as received.
Analytical thin layer chromatography (TLC) was performed using
EM Science silica gel 60 F254 plates. The developed chromatogram
was analyzed by UV lamp (254 nm), ethanolic phosphomolyb-
dic acid (PMA) or potassium permanganate (KMnO,). Liquid
chromatography was performed using a forced flow (flash chro-
matography) of the indicated solvent system on Silicycle Silica Gel
(230-400 mesh).'H, *C and *P NMR spectra were recorded on
Bruker 300 or 400 MHz spectrometers in CDCl;. High resolution
mass spectra were obtained on a Finnigan MAT 95XL GC Mass
Spectrometer by Miss H.-Y. Ng.

General procedure for allyl diarylphosphonylation and arylation

A mixture of 0.1 mmol substrate with 500 mol% of P(OPh), and
5 mol% p-TsOH-H,O in 2 mL of CH;CN (for phosphonylation)
or 20 mol% p-TsOH-H,0 in 2 mL of toluene (for arylation) was
stirred at 0 °C for 2 h in open air and then stirred at r.t. for 9 h.
Solvent was removed under reduced pressure. The yield and the
selectivity were averages of at least two runs. Purification via flash
chromatography on silica gel afforded the desired product. The
stereochemistry of the olefin was determined by NOESY using
isolated product.

Representative spectroscopic data for allyl diaryl phosphonyla-
tion and arylation (see ESI for details):

Allyl diarylphosphonylation:

2a:"HNMR (400 MHz, CDCl;) 8: 7.33-7.29 (m, 5H), 7.19-7.10
(m, 7H), 6.86 (d, J = 8.7 Hz, 2H), 6.48 (d, J = 6.1 Hz, 1H), 3.82
(s, 3H), 3.05 (d, J = 22.3 Hz, 2H), 2.47-2.42 (m, 2H), 1.54-1.42
(m, 2H), 1.35-1.25 (m, 6H), 0.88-0.83 (m, 3H).

'P NMR (121 MHz, CDCl;) 6: 20.36.

2’a: "H NMR (400 MHz, CDCl;) é: 7.42 (d, J = 8.8 Hz, 2H),
7.31-7.02 (m, 8H), 6.86 (d, J = 8.8 Hz, 2H), 6.84 (d, J = 8.8 Hz,
2H), 5.69 (d, J = 2.8 Hz, 1H), 5.19 (d, J = 2.8 Hz, 1H), 4.06 (d,
J =24.8 Hz, 1H), 3.80 (s, 3H), 2.07-1.90 (m, 2H), 1.41-1.37 (m,
2H), 1.36-1.20 (m, 6H), 0.89-0.83 (m, 3H).

'P NMR (121 MHz, CDCl,) 6: 18.42.

Allyl arylation:

3a: '"H NMR (400 MHz, CDCl;) é: 7.15 (d, J = 8.6 Hz, 2H),
7.10 (d, J = 8.4 Hz, 2H), 6.85 (d, J = 8.6 Hz, 2H), 6.76 (d, J =
8.4 Hz, 2H), 6.21 (s, 1H), 5.05 (brs, 1H), 3.80 (s, 3H), 3.39 (s, 2H),
2.13 (t, J = 8.2 Hz, 2H), 1.47-1.41 (m, 2H), 1.28-1.20 (m, 6H),
0.86 (t, J = 7.1 Hz, 3H).
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