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ABSTRACT: A Tf,0/DMSO-based system for the dehydrogen-
ative coupling of a wide range of alcohols, phenols, thiols, and
thiophenols with diverse phosphorus reagents has been developed.
This metal- and strong-oxidant-free strategy provides a facile
approach to a great variety of organophosphinates and
thiophosphates. The simple reaction system, good functional-
group tolerance, and broad substrate scope enable the application

of this method to the modification of natural products and
direct synthesis of bioactive molecules and flame retardants.

hemical structures possessing a P—O or P—S bond are

ubiquitous motifs that display remarkable chemical and
biological properties," which give them a broad utility in a range
of diverse fields from the pharmaceutical chemistry” to
agrochemistry,” organic synthesis,* and materials chemistry.’
Accordingly, synthetic chemists have devoted considerable
efforts to exploring efficient and convenient methods for the
formation of P—O and P—S bonds, and remarkable progress has
been made during recent years.””® Among them, phosphinoy-
lation of alcohols and thioalcohols continues to be a compelling
and straightforward strategy (Scheme 1a), as chemicals
containing an —OH or —SH group are abundant in nature
and readily available.

The traditional routes for the phosphinoylation of R—OH and
R—SH relies on their substitution with R,P(O)X reagents,
including nucleophilic substitution with the toxic and moisture-
sensitive phosphoryl halides’ (Scheme la, path I), and the
Atherton—Todd process'® with toxic polyhaloalkanes as both
the reagent and solvent (Scheme la, path II). The direct
dehydrogenation phosphinoylation of P(O)—H reagents with
R—OH and R—SH represents one of the most attractive
strategies for P—O and P—S bond formation as it is a comparably
etom-economical and efficient method for the synthesis of these
compounds. In recent years, a variety of dehydrogenative
methods, including CDC'""* (cross-dehydrogenative coupling)
and P-radical-involved phosphinoylation reactions, ~ have been
developed (Scheme 1a, path III). In 2017, Hirano and Miura
pioneered an elegant metal-free strategy for dehydrogenative
phosphinoylation'* in which a P(III) intermediate was first
generated. Following another oxidation step by H,0,, a P(V)
product was produced. In 2018, Lu’s group successfully applied
this new strategy to the phosphinoylation of phenols and
thiophenols (Scheme 1a, path IV) ;15 however, aliphatic alcohols
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Scheme 1. Strategies for the Phosphinoylation of RO—H and
RS—-H
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and thiols, as well as other phosphorus reagents, were not
compatible in this Tf,0/H,0, system.

Although tremendous progress has been made in the field of
the phosphinoylation of RO—H and RS—H, the existing
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approaches still suffer from a number of limitations, such as the
use of precious metal salts and strong oxidants, harsh conditions.
Additionally, the reactions of RO—H and RS—H with
arylphosphine oxide, phosphites, or other P(O)—H reagents
are often incompatible in the same reaction. Therefore,
developing new reaction systems that are more practical,
environmentally friendly, and display an enhanced substrate
compatibility would be highly desirable to the synthetic
community. Due to our continued interest in discovering new
organophosphorus transformations,' herein we describe a facile
metal- and strong-oxidant-free system for the dehydrogenative
coupling of a wide range of R—OH and R—SH compounds with
diverse P(O)—H reagents (Scheme 1b). This one-step protocol
exhibits a good functional-group tolerance and provides an
extremely versatile approach to organophosphinates and
thiophosphates.

In practice, we chose ethanol (S1a), phenol (S2a), and p-
methylthiophenol (S3a) as substrates to screen the reaction
parameters (see the Supporting Information for full optimiza-
tion details). The optimized reaction conditions for each model
substrate are shown in Table 1 (entries 1, S, and 8). We also

Table 1. Reaction Optimization”

o o
Tf,O, DMSO W
R-Y-H + Ph-B-Ph 2 R-Y—P-Ph
(Y=0,5) |l| Solvent, N,, T Ph
S1a-S3a 1a-3a
R-X-H Entry Tf,0 (eq.) DMSO (eq.) T(C) Yield (%)
2.0 2.0 RT 76
EtOH - 2.0 RT n.r
S1ab 3 2.0 - RT 10
4° 3.0 2.0 75 83
OH 5 3.0 2.0 90 77
@ - 2.0 90 n.r
S2a% 3.0 - 90 trace
: SH 2.0 2.0 RT 97
- 2.0 RT n.r
S3a® 10 2.0 - RT 33

“Stirred under N, overnight, isolated yield. ?S1a (0.2 mmol, 9.2 mg)/
P(O)—H/Tf,0/DMSO 1:2.5:2:2, DMF (2.0 mL), RT. “P(O)—H
(0.2 mmol, 40.4 mg)/Tf,0/DMSO 1:3:2, Sla (1.0 mL), 7S °C,
yields were calculated based on HP(O)Ph,. 982a/P(0)—H (0.2
mmol, 404 mg)/Tf,0/DMSO 5:1:3:2, MeCN (2.0 mL), 90 °C,
yields were calculated based on HP(O)Ph,. “S3a (0.2 mmol, 24.8
mg)/P(0)—H/Tf,0/DMSO 1:2:2:2, MeCN (2.0 mL), RT.

found that a higher yield was obtained when ethanol (S1a) was
employed as both a reactant and a solvent (Table 1, entry 4).
Control experiments revealed the requirement for Tf,0, as
when it was excluded from the system no product formation was
detected (Tablel, entries 2, 6, and 9). Additionally, the yield of
the reaction dropped significantly in the absence of DMSO
(Table 1, entries 3, 7, and 10).

With the optimized conditions in hand, we explored the scope
of the reaction (Table 2). We were excited to find that a very
broad range of RO—H and RS—H compounds efliciently
underwent phosphinoylation to yield the corresponding
products 1—S. First, a variety of alcohols were tested (Table 2,
first row). As shown, the yields of the primary alcohols (1a—1g)
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were higher than those of the secondary alcohols (1h—1i),
whereas the phosphinoylation did not take place with a tertiary
alcohol (1j). Moreover, alcohols with a variety of functional
groups (S1k—S1dd) were found to be well tolerated. In
addition, substrates containing N-heterocyclic moieties were
also tolerated (1ee—1ff).

We then investigated the scope of phenol derivatives (Table 2,
second row). It was shown that higher yields were obtained with
electron-withdrawing groups (2d—2k) than with electron-
donating groups (2b and 2c). Moreover, multisubstituted
substrates (S21 and S2m) and 2-naphthol (S2n) also reacted
smoothly.

Subsequently, the substrate-scope study with regard to the
RS—H compounds was explored (Table 2, third row). For
thiophenol derivatives, both electron-rich and electron-deficient
substrates gave the corresponding products 3a—3j in excellent
yields. It is interesting to note that the transformation occurred
with complete chemoselectivity when 4-mercaptophenol (S3k)
was used as a substrate, generating product 3k in a good yield.
For thiol derivatives, the phosphinoylation also proceeded well.
Substrates bearing alkyl (S31-S3n), ester (S30), cycloalkyl
(83p), benzyl (S3q), and dithiol (S3r) substituents afforded the
corresponding products 31-3r in moderate to good yields.

Furthermore, various natural products were directly used as
substrates to evaluate the potential of this method in the
modification of bioactive molecules (Table 2, fourth row).
Natural products, including L-(—)-menthol (S4a), vitamin D3
(84b), cholesterol (S4c), (—)-p-citronellol (S4d), and L-
(—)-borneol (S4e), performed well in the reaction conditions.

We also examined the scope of the P(O)—H reagents (Table
2, last row). Pleasingly, a broad range of phosphorus reagents are
compatible with this T,0/DMSO system (Sa—S5z). As shown,
various diarylphosphine oxides performed well with thiophenol
(5a—5d). Gratifyingly, phosphites and other P(O)—H reagents
could be successfully reacted with thiophenols to generate the
corresponding products Se—5m in good yields. In addition, such
P(O)—H reagents were also reactive with different thiols (Sn—
5v). When using alcohols and phenols, DOPO (9,10-dihydro-9-
oxa-10-phosphaphenanthrene 10-oxide) still exhibited a high
reactivity (5w and S5x, respectively), while butyl phenyl-
phosphine oxide or ethyl phenylphosphinate performed
relatively poorly (Sy or Sz, respectively). No reaction was
observed when using diethyl phosphites with alcohols or
phenols (Saa or Sbb, respectively).

To demonstrate the practicality of this method, large-scale
(4.0 mmol) reactions were carried out with a representative
range of coupling partners (Scheme 2). Under the relevant
standard conditions for each, compounds le, 2d, 3a, and S5x
were synthesized in excellent yields.

Moreover, we also applied our method to the efficient
synthesis of various bioactive molecules, flame retardants, and
phosphorus-containing ligands (Scheme 3). A variety of
bioactive molecules, including pesticide 6, anticholinesterase
7, antistatic agent 8, curing accelerator 9, and inezin 10 were
synthesized with Tf,0/DMSO conditions (Scheme 3A).°°
The DOPO-type flame retardants 11—14,°° which have
excellent performance as flame retardants, were also smoothly
synthesized (Scheme 3B). In addition, commonly used chiral
auxiliaries diacetone-D-glucose 15 and (S)-BINOL 17 were
successfully modified via our phosphinoylation process to
produce the P—O ligand scaffolds 16 and 18, respectively
(Scheme 3C).4d

https://dx.doi.org/10.1021/acs.orglett.0c04127
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Table 2. Substrate Scope
o o
u Tf,0, DMSO
—_Y — —pP-R2 2% "
R—Y—H + H-P-R R—Y—P-R?
Y=0,8 R' N,, Solvent, 7' "}1
R = alkyl, aryl R!, R?=aryl, alkyl, alkoxy
S1-S4 P(0O)-H 1-5
Alcohols*
o
o o, o P(O)Ph F,C O ~ o A/o
R”" pO)Ph, MeO” PO)Ph, HO N"“poypen, PR N"No7 2 N~ Spoypn, a 1 POPh, Br” " p0)ph, ~ PO)Ph,
o 11, 73%" 1m, 67% 1n, 90%"”
1a, R=Et, 83% o s o o o 1o, 43% 1p, 38% 1q,61%
f
1b, R=Me, 85% o o
~ < o, Ph _~ o
Le, R= nPr, 829 O/ P(O)Ph, POPR, = P }(ﬁ A2~ voppn, O opmn, o
1d, R=nBu, 82%" zv:hf f‘ -
B, 82 ) 1t. 69% 1u,31% PO)Ph,
le, R=n-amyl, 85% 1r, 64% 1s, 65% 1v, 33%
= n- 50 CCDC: 2015154 ’
1f, R=n-hexyl, 80%' O~ P(0)Ph,
_ b 1z, R=H,53%
1g, R=n-octyl, 86%' 4 X
. . P(O)Ph, o = 1aa, R=4-Me, 52%
1h, R=iPr, 70% YN
b, R=Pr, 70% //\o DL PP, R 1bb, R=4-F, 52% \ l z ~
1i, R=sBu, 73% z S o N N P(O)Ph
1j, R=7Bu,N.R 1w, 35% P(O)Ph, 1y, 55% > P(O)Ph. lee, R=4-Cl, 62% )
s , N. w,35% , ¥, 5% 2 1dd, R= 1-naphthyl, 41% H  lee,54% 111, 23%
1x, 88%
-------------------------------------------- Phenols® m— - - --- - - - - - - - ----—-—---—-------
2a,R=H, 75% _ P(O)Ph, _ P(O)Ph,
2b,R=Me, 64% o o NC ° o o_ o
o, PO)Ph 2¢, R=OMe, 43% p. > P(O)Ph, ~ P(O)Ph, P(O)Ph, P(O)Ph,
2 2d,R=F, 94%
R 2¢,R=Cl, 95% Br
2f, R=Br, 95%
2g, R=NO,, 75% 2i, 96% 2j, 68% 2K, 63% 21,67% 2m, 55% 2n, 45%
2h,R=CN, 88%
-------------------------------------------- Thiols&Thiophenolsd e e
s 3a,R=Me, 97% s s s s
. - - R c s ~ N P(O)Ph.
P(O)Ph, 3b,R=1Bu, 96% P(O)Ph. P(O)Ph -~ P(O)Ph, P(O)Ph, /\H/\ I 2
O 3o, Re OMe, 93% 2 (O)Ph, P(O)Ph, n
R 3d,R=F, 87% HO 31, n=1, 82%
3e,R=Cl, 88% ! : 3m,n=2, 76%
M.R-Br. 76% 3g,96% 3h, 84% 3i,91% 3§, 92% 3k, 80% m, n=2, 76%
s P(O)Ph, CoT T )
S o S ~ - 2 | s 1
/Y “ror - \ﬂ/\/ “rore, O/ o ©/\ i A VS PhyOp” NN FOP :
o ! 3, 15% 3r',60% !
3n,71% 30,73% 3p, 0% 3q, 57% [ B
-------------------------------------------- Natural Compounds® = == = == = == === == - == - = - == - —-— -
~,
P(O)Ph. **\O\P Ph
_ P(O)Ph, K% 2 (O)Ph,
Yo N o PO,
/\
42, 68% 4b,55% Pha(OP 4c,56% 4d,64% H ge, 43%¢

from vitamin D3

from L(-)-menthol

from cholesterol from (- )- B ~citronellol from L(-)-borneol

[
o_i_s
s o A 5a, Ar=4-MePh, 80%7 5.2 or Se, R=Me, 62%/ s © Ot 'IZI» ';') P
5 r ~p- _ d ~p-
P 5b, Ar=4-OMePh,  88%¢ N 5f, R=Et, 77% Bl P P.
SAr " OR 50 R=iPr, 55% OEt pn”| s SN
Sc, Ar=4-fBuPh,  98% g > g OEt Ph
5d, Ar= 3,5-diMcPh, 86%¢ 3, R ulu, 74%
5 r=3,5-diMePh, o C po d
) 5i, R=Ph, 83% 55, 78%¢ 5Kk, 80%¢ 51, 83%¢ Sm, 929%¢
o o
o [ W p
' OR o o S_n_.OR
s o RIETG L BOR e Rk o SRIL snReEg ssud SN AN I
S 50, R=Ph, 83% o $” TOR  5q,R=Ph,92% 55, R= Ph, 43%¢ Ph Ph
5t, 52%" Su, 41%
o o o
n
o RN O o o o 0~9,0E‘
§.Ph b~ . Ph O OFt L
/\/\S, ~OEt O F O /\or:’h /\O' ~OEt ~OEt
" d
5v, 31% 5y, 38%" 52,22%" 5aa, N. D 5bb, N. D¢
5w, 91%° 5%, 96%"”

“Conditions A: alcohols $1(0.2 mmol)/P(0)—H/Tf,0/DMSO 1:2.5:2:2, DMF (2.0 mL), RT. *Conditions B: P(O)—H (0.2 mmol, 40.4 mg)/
T£,0/DMSO 1:3:2, alcohols S1 (1.0 mL), 75 °C, yields were calculated based on HP(O)Ph,. “Conditions C: phenols $2/P(O)—H (0.2 mmol,
40.4 mg)/Tf,0/DMSO 5:1:3:2, MeCN (2.0 mL), 90 °C, yields were calculated based on HP(O)Ph,. 9Conditions D: thiols or thiophenols S3 (0.2
mmol)/P(0)—H/T£,0/DMSO 1:2:2:2, MeCN (2.0 mL), RT. “Performed under conditions A with P(O)—H (0.6 mmol) instead. "Performed

under conditions D with P(O)—H (0.6 mmol) instead.

To deduce key information about the reaction mechanism
and examine the actual role of Tf,0O and DMSO in this reaction,
a series of control experiments were conducted (see the
Supporting Information for more details). Some key results
are listed in Scheme 4. First, when DMSO was replaced by
DMSO'®, both 3a and the O'® isotope-labeled product 3a’ were
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isolated as a mixture with a ratio of 3.8:1 (Scheme 4a). This
indicates that some oxygen atom incorporation into the product
come from DMSO. Moreover, the replacement of DMSO with
butylsulfoxide led to the generation of dibutyl sulfide 19
(Scheme 4b). The alkanethiols, which were incompatible with
the Tf,0/H,0, system," could successfully react with HP(O)-

https://dx.doi.org/10.1021/acs.orglett.0c04127
Org. Lett. 2021, 23, 1541-1547
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Scheme 2. Large-Scale Preparation

o Tf,0, DMSO 9
R-Y-H + H-P-R? R-Y-P-R?
R! relevant conditions R’

o. s.
e 20 Tty O/ P(O)Ph, /©/ P(O)Ph,
F

1e,80%,0.92 g

2d, 85%?, 1.06 ¢ 3a, 93%¢,1.21 ¢

5%, 92%,0.96 g

“Conditions A. ’Conditions C. “Conditions D. Conditions B.

Scheme 3. Applications

A. Synthesis of bioactive molecules
o
n
R-S-P-R?
R1
6-10

R-SH + P(O)-H Source Tf,0, DMSO

relevant conditions

bioactive molecules:
OMe

sf;,owle sf-;,mza sf;,or\le
~OMe /©/ ~OEt /©/ ~OMe
a Bu
a
6,62%"
pesticides

S Q M 2
S.p OMe - B-Ph
OMe OEt
a

9,52%¢

curing accelerator

o
0.1.0.
‘

11-14

7, 58%¢
anticholinesterase

8, 61%"
antistatic agent

10, 58%"

inezin

B. Synthesis of DOPO-type flame retardants:

0. H
P
R-OH +

DOPO

Tf,0, DMSO
—_—
relevant conditions

DOPO-type flame retardants:

SSESaNSEHeRIes oo @

11, 96%" 12, 68%" 13,55% 14, 52%

C. Synthesis of P-O ligand scaffolds

o o P(O)Ph,
,
X Jom o X 1o,
07l o Tf,0, DMSO o o
+  HP(O)Ph,
H (o) Conditions A H (o)
H 0A< H O
15, diacetone-D-glucose 16,50%
CC CCL, vom
on 11,0, DMSO o-POFh:
+  HP(O)Ph,
OH, Conditions C OH

18, 63%

17, (S)-BINOL

“Performed under conditions D with P(O)—H (0.6 mmol) instead.
bPerformed under conditions A with P(O)—H (0.6 mmol), T£,0 (0.6
mmol), and DMSO (0.6 mmol) instead. “Conditions B. “Conditions
C.

Ph, to generate the corresponding products 31—3r. It is possible
that DMSO may also act as a base to enhance the nucleophilicity
of the R—SH substrates.'*! Next, to verify our hypothesis that
the P(V) product is formed by the oxidation of a P(III)
intermediate, compound 20 was employed as a substrate
(Scheme 4c). Indeed, the P(III) compound 20 could be
smoothly converted to the desired P(V) product 2a under the
standard conditions (Scheme 4c, eq 1). Notably, the P(V)
product was not detected in the absence of Tf,0 (Scheme 4c, eq
2). In contrast, product 2a could be obtained in a 50% yield with
only Tf,0 in the system (Scheme 4c, eq 3). By combining this
with the above result in Scheme 4a, we believed that some
oxygen atom incorporation into the product may come from
T£,0. In the competition experiment between primary alcohol
S1d and the secondary alcohol Sli with HP(O)Ph,, the
products 1d and 1i, respectively, were obtained with a ratio of
1.4:1, suggesting that an Sy2-type process might be involved in
this reaction (Scheme 4d). Moreover, when a chiral phosphorus
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Scheme 4. Control Experiments

o 013
SH Q T£,0, DMSO'® S s
a. * HPPh, ———————» P~pn * P~pn
MeCN, Ny, RT Ph Ph
3a 3a’
S3a 80% (3a+3a')
3a/3a'=3.8:1
s H s f
H 0 .
O IO, S ~p
b. 0 +  HPPh, nBu” "By pi TPh o+ nBu S<rBu
MeCN, Ny, RT
S3a 3a, 94% GC/MS analysis
0. ©
Tf,0, DMSO ~p-Ph a
MeCN, N,, 90°C Ph
o__.Ph 2a,78%
SP° DMSO
C. *h _— N.D (2)
MeCN, Ny, 90°C

° [o}

TH,O ~p-Ph

: © e ®
Ph

2a, 50%

MeCN, N, 90°C

OH

o o-POPh:
9 Tf,0, DMSO
d. on v (L * wbeh,

— e A" POPh
DMF, Ny, RT o \)\

s1d S1i terminated at 6 h 1d 1i
(02mmol) (0.2 mmol) 23% (1d+1i), 1d/1i=1.4:1

o
-)MenO, «
o :.Pl' s tBu
SH o Ph
e /©/ , (Meno,i , _ TO.DMSO Ro22
PhY o
tBu MeCN, N, RT (IMen0
S3b Rp-21 . B-s By
Ph
Sp23
51% (Rp-22 + Sp-23)
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reagent (Rp-21) was used in the phosphinoylation with
thiophenol S3b, a mixture of the R-configuration product 22
and the S-configuration product 23 was obtained with a total
yield of 51% and a ratio of 1:3.3 (Scheme 4e). It should be noted
that in an Sy2-type Atherton—Todd reaction only the complete
stereo-inversion product Rp-22 was obtained.'*"" When
compared with our experimental results, this suggests that the
products were partially racemized during the reaction.

On the basis of the above mechanistic studies and previous
literature,''>'” a tentative mechanism was proposed (Scheme
S). First, the P(O)—H reagent undergoes tautomerization to the
less-stable P(I1I) form, which then reacts with Tf,0O to generate
an electrophilic phosphorus species I. Subsequently, the R—YH
compound adds to species I via a nucleophilic pathway,
generating the P(III) intermediates A. As shown by the control
experiments, there are two sources of the oxygen atoms in the
product. Accordingly, we propose two possible pathways to
deliver the final P(V) products from A (Scheme $, paths a and
b). In path a, following the steps of a nucleophilic attack of the
P(III) intermediate on Tf,0O, an intramolecular rearrangement
of B,'”? and further electron transfer, the P(III) intermediate
captures an oxygen atom from Tf,0O to afford the desired P(V)
product. In path b, an Albright—Goldman type process17i is
involved. Tf,O first reacts with DMSO to produce complex D
and the triflate exchange complex D’, followed by the
nucleophilic attack of A and the intermolecular attack by
TfO™ at the phosphonium to generate E and E’, which undergo
the intramolecular rearrangement to release dimethyl sulfi-
de.'”*78 The subsequent electron transfer of F and F’ produces
the desired P(V) products.

In summary, we have developed a mild and efficient Tf,0/
DMSO-based system for the dehydrogenative phosphinoylation
of a wide range of R—OH or R—SH compounds with diverse
phosphorus reagents to provide a simple and practical approach
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Scheme S. Plausible Mechanistic Pathway
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to various organophosphinates and thiophosphates. The broad
substrate scope and the good functional-group tolerance enable
the application of this method in the direct synthesis of bioactive
molecules and phosphorus flame retardants. This one-step
approach does not require strong oxidants, and a broad range of
phosphorus reagents and R—YH (Y = O, S) compounds are
compatible. Further investigations into the mechanism and
more applications of this strategy are ongoing in our laboratory.
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