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In contrast to conventional methods that rely on stoichiometric activation of phosphonylating reagents, we
have developed a highly efficient catalytic method for the synthesis of phosphite diesters using a readily
available phosphonylation reagent and alcohols with environmentally benign Zn(i) catalysts. Two
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alcohols such as carbohydrates and nucleosides, can be applied in this reaction.

Introduction

Organophosphates are a fundamental class of compounds that
are required for all life." They are also useful as biologically
active molecules and functional materials. While phosphate
monoesters and triesters are used as drugs,'>'" pesticides,"
flame-retardants,”® and plasticizers," their most important
applications are as the fundamental units of biomolecules such
as DNA, RNA, and oligonucleotides.”™ In general, organo-
phosphates are synthesized by condensation reactions between
alcohols and phosphorus reagents. Although there are several
reports on the use of phosphoryl chloride and its derivatives,
limited functional group tolerance and decreased selectivity are
common problems.”**” On the other hand, P(u1) reagents have
been developed as reactive and selective phosphorous
reagents®*** and products could be converted into various P(v)
compounds by consecutive reactions.*>*® The phosphoramidite
method, which has been the most reliable approach, has been
applied for the synthesis of complex molecules such as oligo-
nucleotides, mainly by using solid-phase techniques (Scheme
1).#*> Meanwhile, Baran and co-workers have undertaken
extensive studies on the use of P(v) reagents and demonstrated
a series of elegant syntheses of oligonucleotides (Scheme 1).7*-°
The above methods always require super-stoichiometric
amounts of additives and activating reagents. Although cata-
lytic phosphorylation reactions using P(v) compounds have
recently been reported,®* these reactions are only applicable
to phosphate monoesters; catalytic selective syntheses of
phosphate di- and triesters have remained unexplored.
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Our group reported zinc-catalyzed phosphonylation of alco-
hols using dimethyl phosphite 2’ as a P(un) reagent.®* The reac-
tion proceeded under mild conditions to afford various
monophosphonylated alcohols 3 with high functional group
tolerance in high yields. We envisioned that the products of this
reaction could react further with other alcohols under catalytic
conditions for the selective synthesis of phosphite diesters 4. A
combination of these two-step catalytic transformations and
conventional oxidation with I, or TBHP would offer a facile,
efficient, and selective synthesis of phosphate di- and triesters
(Scheme 1).°*¢ Based on this hypothesis, we started the inves-
tigation; however, after extensive study, it was found that
control of the selectivity was difficult because of an overreaction
of product 4a (Tables S1 and S2t). To address this issue, we
decided to change the leaving group to the trifluoroethoxy
group. We hypothesized that the electron-deficient nature and
better leaving ability of the group would improve both the
reactivity and selectivity of the transesterification, and the low
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Scheme 1 Synthesis of phosphate di- and triesters.
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Table 1 Optimization of the first phosphonylation

OH 9 cat. Zn(acac), (2.5 mol%) (”)
O/ + RO” R\OR MS 5A (200 mg) or none o F\’\OR
H Solv.0°C, 1h H
1a (xeq.) 3a": R=Me
(0-3mmol) 2 R = Me 3a: R = CH,CF,
2: R = CH,CF;
Entry P (x eq.) MS Solv. Yield” (%)
1 2' (2 eq.) + BTF 44
2 2 (2 eq.) + BTF 92
3 2(1eq.) + BTF 58
4 2 (1 eq.) - BTF 46
5 2 (1eq.) - Toluene 15
6 2 (1 eq.) - THF 36
7 2 (1 eq.) - DCM 42
8’ 2 (1eq.) - DCM 90
9° 2(1eq.) - DCM 97
107 2 (1eq.) - DCM Trace

?Yield was determined by 'H NMR analysis using 1,3,5-
trimethylbenzene as an internal standard. ” The reaction was
performed for 3 h at rt. ¢ Zn(TMHD), was used as a catalyst. ¢ The
reaction was performed in the absence of the catalyst.

nucleophilicity of the resulting alcohol would suppress the side
reactions.®”””° Herein, we describe a catalytic and additive-free
selective synthesis of phosphite diesters that proceeds in one-
pot using readily available P(ur) reagents.

Results and discussion

We first investigated the selective mono-phosphonylation of
cyclohexanol (1a) with readily available phosphites under Zn
catalysis (Table 1). The reaction with dimethyl phosphite 2’
proceeded slowly in the presence of Zn(acac), catalyst at 0 °C for
1 h to afford the corresponding phosphonylated compound 3a’
in 44% yield (entry 1). On the other hand, phosphite 2, bearing
a trifluoroethoxy group, showed higher reactivity to afford the
target compound 3a in 92% yield under the same conditions;
moreover, the target compound was formed in 58% yield
without any side product when only 1 eq. of 2 was used (entries
2 and 3). This result is in sharp contrast to the previous report in
which 2 eq. of 2’ was necessary to suppress the overreaction of
3'. Moreover, the reaction even proceeded with 46% yield in the
absence of 5 A molecular sieves (MS) (entry 4). The effect of
solvents was then examined. Halogenated solvents such as
benzotrifluoride (BTF) and dichloromethane (DCM) were found
to be effective (entries 5-7), and the yield could be improved to
90% by extending the reaction time to 3 h and increasing the
reaction temperature to room temperature (rt) (entry 8). Inter-
estingly, the use of sterically hindered bis(2,2,6,6-tetramethyl-
3,5-heptanedionato) zinc(u) (Zn(TMHD),) further improved
the yield to 97% without the formation of side products (entry 9)
and the reaction hardly proceeded in the absence of the catalyst
(entry 10).
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Under the optimized reaction conditions (Conditions A), the
substrate scope of alcohols was investigated (Scheme 2). First,
a series of secondary alcohols was examined. Simple cyclic
alcohols with different ring sizes, including cyclopentanol and
cycloheptanol, gave the desired products 3a-c in high yields.
The same holds for menthol (1d), indicating that alkyl substit-
uents on the ring did not perturb the reaction bicyclic alcohol 1e
also reacted smoothly to afford the corresponding phosphite 3e
in high yield. Notably, sterically demanding alcohol 1f gave the
target product 3f in excellent yield. Not only cyclic alcohols but
also acyclic alcohols reacted smoothly and delivered the target
products 3g-i in high to quantitative yields, irrespective of the
nature of the substituents. Furthermore, a sterically demanding
tertiary alcohol gave the desired compound 3j in good yield with
excellent selectivity by elevating the temperature of the reaction
temperature to rt.

Primary alcohols were then reacted under a completely
different set of conditions because of their higher reactivity. The
highly selective Zn(u) pivalate (Zn(OPiv),) was identified as the
best catalyst, and the reaction was performed at —20 °C for 12 h
to give the target mono-phosphonylated compounds in excel-
lent yields (Table S3,T Conditions B). In addition to allowing the
desired phosphites to be generated with simple alkyl alcohols
(1K, 11), alkyl groups with halogen (1m), (poly)ethers (1n, 10),
and internal and terminal alkenes moieties (1p, 1q) could also
be introduced to form the desired phosphites in good to
excellent yields.

The phosphonylation could also be applied to a range of
more complex biomolecules, starting with carbohydrates, by
increasing the amount of 2 to 1.5 eq. and increasing the reac-
tion temperature to rt to improve the reactivity (Conditions C).
The use of protected ribose (1r), as well as 2’-deoxyriboses (1s-
v), produced the intended phosphites in high to excellent yields
irrespective of the configuration of the 1’-stereogenic center.
The secondary alcohol on the 3’-position (1s, 1t) tended to be
less reactive than on the primary 5'-position (3u, 3v). A protected
analogue of glucose (1w) was likewise phosphonylated in high
yields. The reaction system could also be applied to protected
amino acids, as demonstrated by the efficient phosphonylation
of a serine derivative (1x). Finally, cholesterol (1y) and estradiol
(1z) gave the desired compounds in high yields. Interestingly,
protection of a phenol group was not necessary and the alcohol
group was selectively phosphonylated, albeit with a relatively
low yield of the target compound. Most importantly, our reac-
tion was applied to a series of nucleoside molecules simply by
using a small excess of 2 at 0 °C for 19 h (Conditions D). N-
Protected cytidine (1aa), adenosine (1ab), and guanosine (1ac)
gave the corresponding phosphonylated compounds in excel-
lent yields with excellent selectivity using Zn(OPiv), as a catalyst.
Although nucleoside molecules have various Lewis basic groups
on their base units, the Zn catalyst retained its activity and
provided the target products selectively.

Having established the selective mono-phosphonylation of
alcohols using the same molar amount of phosphonylation
reagent, we next focused on the consecutive introduction of
a second alcohol to phosphites 3 to synthesize phosphites
diesters 4. The reaction between phosphite 3a and benzyl
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21.5 eq. of 2 were used.

(Conditions A: 1.0 eq. of 2, Zn(TMHD), 2.5 mol%, DCM solvent, 0 °C, 3h | b Reaction was performed at room temperature
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[Conditions B: 1.1 eq. of 2, Zn(OPiv), 2.5 mol%, Toluene solvent, -20 °C, 12 h]
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Scheme 2 Substrate scope of mono-phosphonylation.

alcohol (1k) was selected as a model reaction, and the effects of
solvents and Zn catalysts were investigated (Table 2). To our
delight, the reaction proceeded smoothly with 1.1 eq. of 3a in
1 h to give the target product 4a in 71% yield with excellent
selectivity (entry 1). Moreover, >95% selectivity could be ach-
ieved, whereas our previous method gave only 80% selectivity
(Tables S1 and S27). The high selectivity can be ascribed to the

8192 | Chem. Sci, 2024, 15, 8190-8196

suppression of overreaction, which was confirmed by control
experiments (see ESIt). Solvent screening revealed that
aromatic solvents such as BTF and toluene were effective
(entries 2-4). Several Zn catalysts were evaluated, and it was
found that sterically hindered Zn(TMHD), showed the highest
activity (entries 5-7). Finally, the desired compound was ob-
tained in 87% yield, with trace amounts of side products, by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Optimization of the second phosphonylation
Zn cat. (2.5 mol%)

O QW

oy + P

Ph™ “OH R RaA~
010" "CFs ™ Som.1t,05h 00" "Ph

1k
(1.1eq.) 4a
3a

Entry Zn cat. Solv. Yield” (%) Selec.” (%)
1 Zn(acac), BTF 71 97

2 Zn(acac), THF 35 95

3 Zn(acac), DCM 37 93

4 Zn(acac), Toluene 73 95

5 Zn(TMHD), Toluene 76 95

6 Zn(OAc), Toluene 21 >99

7 Zn(OPiv), Toluene 31 94

8’ Zn(THHD), Toluene 87 92

9° None Toluene N.R. —

?Yield was determined by 'H NMR analy51s using 1,2,4,5-

tetramethylbenzene as an internal standard. ” The reaction was
performed for 1.5 h. © The reaction was performed in the absence of
the catalyst.

Q R'-OH (1.5 eq.) Q R2OH (1.0eq) 0
FiC N0 F 0GR ZNTMHD): (75 MOI%)| . P~ [Zn(TMHD), (25 mol%) | P,
3 H 3 H 3 R
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(1.5eq.)
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0
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88% 61% 0% [

Scope of Secondary Alcohol:
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ko LA
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Scheme 3 Substrate scope of one-pot phosphonylation.

extending the reaction time to 1.5 h (entry 8) and the reaction
hardly proceeded in the absence of the catalyst (entry 9). A
preliminary mechanistic study revealed an interaction between
P=0 and Lewis acid, suggesting that the phosphonylating
reagents are activated for the nucleophilic addition of alcohols
(Fig. S2-S5 and Table S57). It should be noted that less Lewis
basic 2 preferentially interacts with Zn(TMHD),, which may
suggest the existence of additional interaction of the CF; moiety
with the catalyst. Control experiments also revealed complete
supress of the over reaction of product 3a, which is in accor-
dance with the improved selectivity by using 2 (Scheme S1+).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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With the optimized reaction conditions for both mono-
selective phosphonylation and consecutive second phosphony-
lation in hand, one-pot reactions to synthesize various phos-
phate diesters were examined (Scheme 3, see ESIT for detailed
optimization). The scope of the reaction with respect to primary
alcohols was examined first. The carbon chain length of primary
alcohols did not affect the reactivity or selectivity significantly,
and the target products 4b and 4c¢ were obtained in good yields.
Several functional groups, including alkene, ether, and alkyl
chloride, were tolerated, and the corresponding phosphate
diesters 4d-f were obtained in good yields. More interestingly,
a protected carbohydrate could also be employed as a substrate
to afford 4g in good yield. The scope of the reaction with
secondary alcohols was also examined. Substituted cyclo-
hexanol such as 1d as well as bicyclic alcohols 1e and 1f gave the
target products 4h-j in high yields with excellent selectivity
using benzyl alcohol 1k as the primary alcohol in the second
step. Acyclic alcohol 1h also reacted smoothly to give 4Kk,
whereas 1j gave the corresponding 4l in moderate yield.
Cholesterol could also be employed in the second step of this
one-pot reaction to give 4m, which was obtained in good yield.
Unfortunately, tertiary alcohols were unreactive for the second
step to give the corresponding phosphites in low yields.

We further challenged the catalytic synthesis of more
complex phosphite diesters and phosphate triesters (Scheme 4).
We first examined the synthesis of sugar phosphates using
protected carbohydrates as substrates. The two-step phospho-
nylation of 1’,5'-protected deoxyribose with 2 and 1,2,3-pro-
tected ribose 1t gave the target product 4n in 77% yield.
Subsequent oxidations with I, in ethanol solvent gave the stable
phosphate triester 5a in 63% yield over three steps (Scheme
4(a)). Similarly, two-step catalytic phosphonylation of alcohols
1ad and 1ae afforded phosphite 40 in good yield. Subsequent
oxidation and deprotection gave the key intermediate of the
serum albumin binder 5d (Scheme 4(b)).”* Moreover, phos-
phorthioate 4a-S could be synthesized with the model substrate
by modifying the final oxidation step (Scheme 4(c)).”

We also investigated the catalytic synthesis of phosphate
triesters 7, having two nucleoside units on the P center, which
can be viewed as the smallest oligonucleotide unit (Scheme
4(d)). In the first step, a 5'-protected thymidine was reacted with
2 in the presence of 5 mol% of Zn(acac), to afford mono-
phosphonylated compound 3af in 94% yield. The latter was
then reacted with 3’-protected thymidine in the presence of
10 mol% of Zn(TMHD), to give phosphite diester 6a in 42%
yield. The diester was oxidized to give the target compound 7a
in 44% yield over three steps. This protocol was also applied to
another nucleotide with a different base unit. The intermediate
3af was reacted with 2/,3'-protected cytidine under the same
conditions as thymidine, and phosphite 6b was obtained in
45% yield. Again, 6b was oxidized to give phosphate triester 7b
in 37% yield. These results represent the first catalytic and
additive-free synthesis of phosphite diesters and its successful
application to the synthesis of the smallest oligonucleotide
unit.

Chem. Sci., 2024, 15, 8190-8196 | 8193
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Scheme 4 Synthesis of sugar phosphate triesters and value-added chemicals.

Conclusions

In conclusion, we have developed the catalytic and additive-free
synthesis of phosphite diesters. Two different alcohols were
introduced on readily available phosphorylating reagent 2 in

Data availability

Detailed synthetic procedures, supporting experimental results,
and complete characterization data for all new compounds can
be found in the ESL{

the presence of a catalytic amount of Zn complexes to afford

various kinds of phosphite diesters in high selectivity. This
reaction possesses high functional group tolerance including
alkyne, phenol, amide, and carbamates and the products could
be oxidized to phosphate triesters. Using this protocol, catalytic
synthesis of nucleotides was achieved. Further investigation to
reveal a detailed reaction mechanism and application to
oligonucleotide synthesis is ongoing in our laboratory.
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