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A novel and efficient N,N’-carbonyl diimidazole-catalyzed protocol for the direct esterification
of P(O)-OH compounds using phenals as efficient esterification reagents is illustrated. It is a
simple way to synthesis a broad spectrum of functionalized O-aryl phosphinates, phosphonates,
and phosphates from basic starting materials with moderate to excellent yields.

2015 Elsevier Ltd. All rights reserved.

1. Introduction

Phosphonic and phosphoric acids are widely existed in natural
resources, especially certain phosphoryl esters are important
motifs in natural products, pharmacological agents, amino acid
analogues, and synthetic precursors. In recent years, due to the
wide application of O-aryl substituted phosphonic and
phosphoric acids derivatives in. industrial materials, medicinal
chemicals, lubricants, and phosphine Iicj;ands, there is a growing
interest in these kinds of compounds. ™"

For their preparation, orthodox nucleophlic substitution of
toxic phosphorus halides with phenols are commonly adopted.
The Atherton-Todd reaction of P(O)-H compounds with phenols
is also extensively used for the synthesis of the compounds, but
the protocol suffers from the low tolerance of functional groups
and substrate limitations, as well as the introduction of toxic
reagents.””! In 2014, Feringa et al first disclosed the synthesis of
mixed alkyl aryl phosphonates using easily available
phosphonates with diaryl iodonium triflates over copper
catalysts, where the P=O bond coordinates with copper
efficiently to activate the phosphonates.”) In addition, we
recently reported the functionalization of P(O)-OH compounds
using diaryl iodonium triflates or phenols for the synthesis of O-
aryl organophosphorus compounds, and where the copper salts
and CCl, is essential for the reaction of P(O)-OH compounds
with phenols.[')

As an ongoing effort on the activation of P(O)-OH
compounds, we studied the direct esterification of P(O)-OH
compounds with phenols under mild conditions using N,N -
carbonyl diimidazole as the coupling reagent. Herein we report
this efficient and simple protocol that is more economical and

convenient than those reported in the literature for the synthesis
of O-aryl organophosphorus compounds without the use of
diaryliodonium salts and metal salts. Compared with P(O)-H or
P-Cl compounds, P(O)-OH compounds are more air- and/or
moisture-stable, and the use of them is more cost-saving and
effective.
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Scheme 1. Methods for the synthesis of P[O]-OAr compounds.
2. Results and Discussion

The reaction of diphenyl phosphinic acid with phenol at room
temperature with the assistance of N,N’-carbonyl diimidazole
(CDI) and EtzN in THF under N, atmosphere gives O-phenyl
diphenyl phosphinate 3a in 31% vyield (Table 1, entry 1). The
introduction of CDI is crucial for the reaction. Then we
concentrated on the optimization of reaction conditions. Different
solvents (THF, DCM, DCE, DMF, 1,4-dioxane, EtOAc, CH;CN)
were screened for the reaction, and CH;CN is found to be the
best, affording 3a in 43% yield (Table 1, entries 1-7). Among the
coupling reagents tested (CDI (N,N’-carbonyl diimidazole),
TBTU (N,N,N',N'-Tetramethyl-O-(benzotriazol-1-yl) uronium
tetrafluoroborate), HATU (1-[bis (dimethyl-lamino) methylene]-
1H-1,2,3-triazolo-[4,5-b]  pyridinium  3-oxid  hexafluoro



phosphate), CcoMuU ((1-cyano-2-ethoxy-2-
oxoethylidenaminooxy) dimethyl amino-morpholino-carbenium
hexafluorophosphate), BOP ((benzotriazollyloxy)-tris-
(dimethylmino)  phosphonium  hexafluophosphate)),  their
efficiency is in the order: CDI > COMU > TBTU > HATU >
BOP, and CDI gives the best result (Table 1, entries 8-11).*¥
Besides Et;N, we further tested other bases such as DBU, N,N-
dimethylaniline, N,N-diethylaniline, and diisopropyl ethyl amine.
It is apparent that N,N-dimethylaniline is the best, and 99% yield
of 3a is obtained at a “diphenyl phosphinic acid:PhNMe, molar
ratio” of 1:1.5 (Table 1, entries 12-16).

Table 1
Optimization of the esterification of 1a with 2a ?
I [Cat.], [Base] 9
Ph—P—OH + PhOH Ph—P—-0OPh

| Solvent, r.t., N, I

Ph 2a Ph

1a 3a

Entry  Coupling reagent Solvent Base (1.0 eq) Yield
(1.0eq)

1 CDI THF Et;N 31%
2 CDI DCE Et;N 11%
3 CDI DCM EtsN 13%
4 CDI DMF EtsN 5%
5 CDI Dioxane EtsN 2%
6 CDI EtOAc Et;N 13%
7 CDI CH3CN Et;N 43%
8 TBTU CHsCN EtsN 39%
9 HATU CHsCN EtsN 33%
10 COMU CH3CN EtsN 41%
11 BOP CH3CN EtsN 27%
12 CDI CH;CN DBU 31%
13 CDI CH3CN PhNMe, 71%
14 CDI CH3CN PhNEt, 57%
15 CDI CH;CN DIEA 49%
16 CDI CH;CN PhNMe, 99% °©
17 - CH3CN PhNMe, 0%
18 - CHCN PhNMe, 0% °

# Reactions were carried out with diphenyl phosphinic acid (0.5 mmol),
phenol (0.5 mmol) and base (0.5 mmol) in-solvent (1.0 mL), under N,
atmosphere stirred at room temperarure for 12 h. ® Yield was determined by
GC analysis, and decane was used as internal standard. © PhNMe, (1.5 eq).
100 °C, air.

It turned out that the present esterification reaction is generally
applicable for the transformation of P(O)-OH compounds to O-
aryl organophosphorus compounds. As shown in Table 2,
phenols such'as p-cresol, 4-tert-butyl phenol, 4-methoxy phenol,
4-bromo phenol, 4-fluoro phenol, 4-iodo phenol and 4-phenyl
phenol react efficiently with diphenyl phosphinic acid (1a) under
the optimized reaction conditions to afford the corresponding
products of O-aryl phosphoryl compounds 3a-h in moderate to
excellent yields. Ortho-substituted phenols such as 2-phenyl
phenol, 2-fluoro phenol and 2-methyl phenol are also well
tolerated in the reaction, yielding the desired esterification
products of 3i-k in 76-95% yields. In addition, the reactions of 1a
with 4-nitro phenol and 4-trifluoromethyl phenol also afford the
desired product in 81% and 89% yields, respectively. As stated
above, it is observed that specials phenols (.e.g., hydroquinone,
2-methyl-5-iso-propyl phenol, 1-(2-hydroxy-4-methoxyphenyl)
ethanone, 2,4,6,-triboromo phenol, 1-naphthol and 2-naphthol)
also exhibit high reactivity, generating the corresponding
products in 75-93% yields, respectively (Table 2, 30-3t). When
hydroquinone is used as the starting materials, there is not found
the generation of the di-esterification product. This result is also
consistent with the expectation that 30 bearing an electron-

withdrawing group on the aromatic ring should have a lower
redox potential than hydroquinone, suggesting that the another
hydroxyl of hydroquinone cannot be esterificated by diphenyl
phosphinic acid. For most cases, electron-donating groups (Table
2, 3b-3d, 3m-3q) or electron-withdrawing groups (Table 2, 3e-
39, 3j, 3I-3m, and 3r) of phenols do not change the yields
significantly.

Table 2
Scope of phenols *
9 CDI (1.0 eq), PhNMe, (1.5 eq) Q
Ph—P-OH + ArOH Ph—P-OAr
b CH,CN (1.0 mL), r.t., Ny, 12h N
1a 2a-t 3a-t?
iy Q Q 0
Ph—ﬁ'—OF’h Ph—P—O@— thﬁ'fo'@:—au Ph—P—D@OMe
Ph P Ph P

3a, 97% (99% °) 3b, 92% 3d, 91%

o] o]
i)
Ph—ﬁ'-c@Br Ph—l%—o F Ph—T—OQI Fh—B—OOPh
I
Ph Ph Ph Ph
3e, 95% 3f, 92% 39, 85% 3h, 88%
Ph F
2 2 3
thﬁuo Ph—P-0O Ph—ﬁ’—o Ph—ﬁ—OQNOz
Ph Ph Ph Fh
3i, 76% 3j, 95% 3k, 93% 31, 81%
o) o 0 a
; 2
Ph—Fﬁ—OOCH Pr-F-0 Ph—l"—o—@OH Ph-P-0
Ph Ph Ph Ph
3m, 89% 3n, 90% 30, 75% 3p. 88%
OCH; Br
; g (D
ﬂ .‘ BIIENEe
Ph—P-0 B
| Ph—B-0 Br Ph—H—O Ph—H—O
Ph Ph | |

3q.84% ©

# Reaction conditions: diphenyl phosphinic acid (0.5 mmol), phenols (0.5
mmol), CDI (0.5 mmol), PhNMe; (0.75 mmol), CHsCN (1.0 mL), N,, room
temperature, 12 h. ° Isolated yields. ¢ Yield was determined by GC analysis,
and dodecane was used as internal standard.

Table 3
Scope of P(0)-OH compounds *
9 CDI (1.0 eq), PhNMe; (1.5 eq)

R'-P-OH + PhOH R'-P-OPh
e CHaCN (1.0 mL), rt., Ny, 12h s
1b-i 2a 4a-h?
g 9
—@—P—OF‘h F3C—©—P-0Ph Q 9
-8u—F-0Pn Ph—P-OPh
n-Bu OEt
4a, 97% 4b,92% Gp 4c, 87% 4d, 78%
3
O (0] 1 (\:? ]
0.0 PhO-F-OPh BuO~F-OPh Ph—P-OPh
O ~OPh OPh OBu OH
de, 94% 4, 1% 49, 13% 4h.N.D.°

# Reaction conditions: P(O)-OH compounds (0.5 mmol), phenol (0.5 mmol),
CDI (0.5 mmol), PhNMe; (0.75 mmol), CH;CN (1.0 mL), N, room
temperature, 12 h. ° Isolated yields. © N.D. = Not detected.

As depicted in Table 3, we investigated a variety of substituted
P(0)-OH compounds (1b-1i) with phenol under the optimized
conditions. It is clear that aryl substituted diphenyl phosphinic
acids such as di-(4-methyl phenyl) phosphinic acid and di-(4-
trifluoromethyl phenyl) phosphinic acid are also good substrates



for the reaction, and the expected esterification products of 4a
and 4b are generated in 97% and 92% vyields, respectively. In
addition,  dibutyl  phosphinic  acid, ethyl  hydrogen
phenylphosphonate, and 6-hydroxy-6H-dibenzo[c,e][1,2]
oxaphosphinine 6-oxide also react with phenol (2a) efficiently to
give the corresponding O-aryl phosphoryl products 4c-4e in 78-
94% yields. However, phenyl diphenyl phosphate (4f) and phenyl
dibutyl phosphonate (4g) were generated only in 11% and 13%
yields when diphenyl hydrogen phosphate and dibutyl hydrogen
phosphate employed. In addition, when phenylphosphonic acid
(1i) is adopted, there is no detection of the corresponding
esterification product. It is maybe ascribe to the great acidity of
this type compounds (1g-i). So, as described above, the
efficiency of P(O)-OH compounds is in the order: R,P(O)-OH >
(R)(RO)P(0O)-OH >> (RO),P(0)-OH.

T CDI (1.0 eq), PhNMe;, (1.5 eq) o
[11 Ph—P-OH + Ar-SH Ph—P-S-Ar
I CH5CN (1.0 mL), r.t., Ny, 12h |
Ph Ph
1a 5a-b  Ar = naphthalen-2-yl (6a), 86%; Ar = p-CI-Ph (6b), N.D.;
o) S-R
CDI (1.0 eq), PhNMe, (1.5 & N=Y
2] Ph—P-OH + R-SH (1.0eq) 2 (1.5 0q) N
b CH4ZCN (1.0 mL), r.t.,, N3, 12h = o)
1a 5c-d R = propyl (7a), 72%; R = CH,Ph (7b), 91%;
o] o
CDI (1.0 eq), PhNMe; (1.5 e
B8] Ph—P-OH + R-OH (1.0 ea) 20509 o B o
\ CH4CN (1.0 mL), r.t.,, Ny, 12h I
Ph Ph

1a Se-f R = methyl (7¢), 51%; R = iso-propyl (7d), 86%;

Scheme 2. Scope of nucleophiles.

We further expanded the practical application of this method,
and S-naphthalen-2-yl diphenyl phosphinothioate (6a) can be
obtained in 86% yield in the reaction of diphenyl phosphinic acid
with naphthalene-2-thiol (5a) at the . optimized reaction
conditions. When 4-chloro benzenethiol (5b) was adopted, there
was not found the desired esterification product (Scheme 2, path
1). Furthermore, aliphatic thiols such as propane-1-thiol (5c) and
phenylmethanethiol (5d) were also tested for the reaction. To our
surprise, these compounds.were also not tolerated in this
reaction, while yielded ~the  corresponding 1H-imidazole-1-
carbothioates after the reaction. It was obviously that these 1H-
imidazole-1-carbothioates lack of the driving force to activate the
P(0)-OH compounds to afford the esterification products.
Interestingly, when methanol and iso-propanol were treated to
the reaction, the corresponding products were gained in 51% and
86% yields, respectively.

Q PhNMe; (1.5 eq), CH5CN (1.0 mL) o
Ph—P-OH + PhOH - Ph—P-OAr
| r.t. or 100 °C, air, 12h |
Ph Ph

1a 2a 3a,N.D.

Scheme 3. Control experiment.

Control experiments for the reaction of diphenyl phosphinic
acid with phenol were performed under the standard reaction
conditions without the addition of CDI. As depicted in Scheme 3,
no matter the reaction conducted in room temperature or heated
to 100 °C, there was not found the generation of the desired
product after the reaction. So, we deduced that CDI is crucial for
the present esterification reaction.

A plausible mechanism for the present esterification of P(O)-
OH compounds with phenols is proposed as illustrated in Scheme
3. P(0)-OH compound (A) first attacks N,N’-carbonyl
diimidazole to afford the 1H-imidazole-1-carboxylic phosphoryl
anhydride (B) and one molecular of 1H-imidazole (C).
Intermediate B could also be attacked directly by phenol to give
the esterification product. In the presence of a base, the 1H-
imidazole attacks the phosphorus center of intermediate B to give
the activated intermediate D, with the release of H-imidazole and
carbon dioxide via the cleavage of P-O bond. Finally, the
esterification path is completed via the reaction of activated
inermediate D with nucleophiles (phenol) with the elimination of
one molecular of 1H-imidazole.

2
R'-P-OH /Dl
! - T

RZ
N
(A)
\
[0 J—
0 1 1 ~
R
R'-P-OAr PhOH Rz’p‘O HN
i {" fNTTo S
() oo | N (©
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N - ) .
N = | Paossible transition state
SUARN (F)
/
)\ R |c‘=') NN /
P >
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ArOH R o \ HN—,
(D) co, + L_:JN
Activated intermediate
Scheme 4. Proposed mechanism.
3. Conclusion

In summary, we developed an highly efficient and convenient
method for the direct esterification of P(O)-OH compounds with
phenols. The approach avoids the use of metals and air-sensitive
reagents, and the reaction can be performed under ambient
conditions, making the experimental procedure simple. The
synthetic method has high potential for the synthesis of
biologically active molecules, catalytic ligands, and
organophosphorus compounds.

4. Experimental section

4.1 General information and materials.

All solvents used in reactions were freshly distilled. All other
reagents were recrystallized or distilled as necessary. All
reactions were performed under an atmosphere of dry nitrogen.
'H (400 MHz), *C (100 MHz), and *'P (162 MHz) spectra were
recorded on a 400MHz spectrometer in CDCl;. ‘H NMR
chemical shifts are reported using TMS as internal standard; *C
NMR chemical shifts are reported relative to CDCl; as internal
standard.

4.2 General procedure.

A mixture of P(O)-OH compounds (0.5 mmol), phenols (0.5
mmol), CDI (0.5 mmol) and PhNMe, (0.75 mmol) in CH;CN
(1.0 mL) was stirred at room temperature under N, atmosphere
for 12 h. Removal of the solvent under reduced pressure gave the
crude product; pure product was obtained by passing the crude
product through a short silica gel column using Hexane/EtOAc
(1:1to 5:1) as eluent .
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Highlights

* Direct esterification reaction of P(O)-OH
compounds with phenols-is achieved.

* Avoids the use of metals and air-sensitive
reagents.

* Reactions can be performed under ambient
conditions.



