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We report a method for catalytic phosphitylation utilizing phosphoramidites. Traditionally, this reaction
is inefficient unless an excess of catalyst is present due to catalyst deactivation by an amine by-product.
Isocyanate additives have been evaluated for scavenging the amine to facilitate catalyst turnover. A vari-
ety of alcohols and phosphoramidites were screened with 5 mol % catalyst. In the presence of additive,
83–97% conversion was achieved in contrast to 7–31% conversion without additive.

� 2008 Elsevier Ltd. All rights reserved.
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Scheme 1. Phosphitylation with phosphoramidites.
The derivatization of alcohols to diverse functional groups is a
vibrant field in synthetic organic chemistry. One such transforma-
tion is the synthesis of phosphates. Phosphates are ubiquitous in
nature, and are found in large biopolymers such as DNA, RNA,
and proteins as well as in small molecule messengers such as ino-
sitol phosphates. Phosphates have also been seen to increase the
aqueous solubility of drug candidates.1 Due to the unique oxida-
tion states of phosphorous (P), synthesis of phosphorylated com-
pounds can be completed with either P(V) reagents (such as
chlorophosphates2 or pyrophosphates3) or P(III) reagents (such as
phosphoramidites,4 phosphites,5 or phosphorochloridites6) fol-
lowed by oxidation.7

Catalytic methods for the phosphorylation [P(V)] or phosphity-
lation [P(III)] of alcohols are beneficial because they can potentially
reduce waste and open the possibility to enantioselective synthe-
ses. The P(V) reagent, diphenylchlorophosphate, has been used in
the phosphorylation of alcohols with catalytic Lewis acids2a and
nucleophiles.2b To date, other phosphorous-protecting groups have
been unsuccessful in catalytic reactions.8 In order to develop an
efficient catalytic reaction that is amenable with a wide array of
phosphorous-protecting groups, we explored phosphitylation with
phosphoramidites and subsequent oxidation.

Phosphoramidites have witnessed great success in oligonucleo-
tide synthesis.9 Advantages to using phosphoramidites include ro-
bust reagents that are commercially available with a variety of
orthogonal phosphorous-protecting groups. A current limitation
is the need for excess catalyst, commonly tetrazole.10 Conse-
quently, attempts to run this reaction with 5 mol % tetrazole lead
to poor conversions (vide infra). A possible explanation for low cat-
alyst turnover is the equivalent of diisopropylamine generated
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during the course of the reaction (Scheme 1). As the concentration
of amine increases, the concentration of tetrazole (pKa = 5)11

decreases. Scavenging the amine by-product should re-adjust the
equilibrium in favor of active catalyst.

This idea has been elegantly put into practice by Hayakawa
et al.12 They demonstrated that 5 mol % of the more reactive p-
nitrophenyltetrazole in the presence of 10 Å molecular sieves
(MS) was effective for the phosphoramidite coupling of oligonucle-
otides. The MS were present to sequester the amine by-product
over the larger oligonucleotide building blocks. While this work
demonstrated the ability of the catalyst to turnover, the method
is only amenable to substrates and catalysts that are larger than
diisopropylamine. We envisioned that an alternative method
would exploit the unique nucleophilic reactivity of amines. Isocy-
anates and isothiocyanates have been successfully employed as
amine scavengers as solid supported13 and fluorous tagged14 re-
agents. The resulting urea is no longer basic, allowing the active
protonated catalyst to circulate.

Our study began by examining the effect of additives in promot-
ing catalyst turnover (Table 1). Reactions were conducted with
5 mol % tetrazole and 1.2 equiv of phosphoramidite 1. When no



Table 1
Additives for promotion of catalytic phosphitylationa
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5 mol% tetrazole
P(OBn)2NiPr2 (1)
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Entry Additive Conversionb (%) Time (h)
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Ph

42 13

5 C ON 3 16

6
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a Reactions performed with 1.2 equiv of P(OBn)2NiPr2 and 1.1 equiv of additive
followed by an oxidative workup with 30% H2O2/H2O.

b Conversions obtained from integrations of 1H NMR of unpurified reactions. Data
reported are the average of two trials.

Table 2
Phosphitylation of primary and secondary alcoholsa
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a Reactions performed with 1.2 equiv of P(OBn)2NiPr2 and 1.1 equiv of additive
followed by an oxidative workup with 30% H2O2/H2O.

b Conversions obtained from integrations of 1H NMR of unpurified reactions.
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additive was introduced, the phosphitylation of 2-adamantanol
proceeded with only 18% conversion (entry 1). To our delight, the
addition of 1.1 equiv of phenylisocyanate (PIC) generated 96% con-
version (entry 2). The less reactive thioisocyanates (entries 3 and 4)
provided only 27% and 42% conversion, respectively. Unfortu-
nately, extremely low conversion (3%) was obtained with ethyliso-
cyanate (entry 5). In this case, the additive must be inhibiting the
reaction. Encouragingly, 4-nitrophenylisocyanate also provided
high conversions with no detectable starting material by 1H NMR
(entry 6).

Different primary and secondary alcohols were then examined
in the presence and absence of PIC (Table 2). Aliphatic alcohols pro-
vided between 14% and 26% conversion without isocyanate and
83-96% conversion with PIC (entries 1–4).15 sec-Phenethyl alcohol
was also phosphitylated in 83% yield in the presence of PIC; how-
ever, purification of this substrate leads to decomposition16 (Table
2, entry 5). The higher reactivity of primary alcohols toward phos-
phitylation was witnessed by higher conversion (31%) in the ab-
sence of additive (Table 2, entry 6).17

To test the effectiveness of the methodology with multiple pro-
tecting groups, other phosphoramidites were examined (Table 3).
When ortho-xylyl phosphoramidite 2 was used in the presence of
1.1 equiv of 4-nitrophenylisocyanate, >97% conversion (79% iso-
lated yield) of 3 was obtained. The structurally defined ortho-xylyl
group may help to pre-organize the transition state for phospho-
rous transfer, which may be beneficial in future work involving
selectivity.18 Orthogonal-protecting groups were also examined
to facilitate the synthesis of complex phosphorylated products.
The isomerization-labile allyl phosphoramidite 4 was used to suc-
cessfully synthesize diallyl 519 in 80% yield. Lastly, the photo-labile
o-nitrobenzyl phosphoramidite 6 was synthesized in one step,20

and was screened in the phosphitylation of 2-dodecanol. Photo-la-
bile-protecting groups have been studied extensively in biological
settings for their spatial and temporal release of active phosphor-
ylated targets.21 While this phosphorylating agent did not provide
high conversions (w/o PIC: 10% of 7, with PIC: 38% of 7, Table 3), it
did demonstrate a preliminary result for future optimization.
To test the limitations of our method, tertiary alcohols were
examined. This substrate class is known to be problematic due to
lower reactivity and potential elimination of the products during
oxidation.22 The study began with n-butylcyclohexanol, which did
not generate any desired product under our standard conditions
(Table 4, entry 1). To minimize the congestion of the carbonol center,
2-methyl-3-butyn-2-ol was chosen. The reaction progressed to a
single product; however, allene 8 was formed instead of the ex-
pected phosphate (Table 4, entry 2). Rearrangements of alkynyl
phosphites to allenyl phosphonates have been observed before in
phosphitylation with phosphorochloridites, but have not yet been
reported with phosphoramidites.23 Allenyl phosphonates have been
successfully employed as versatile starting materials for cross cou-
pling reactions24 and selective hydrogenations.25 The synthesis of
this substrate class utilizing phosphoramidites will be examined.

To continue our pursuit of the synthesis of phosphates derived
from tertiary alcohols, a less sterically demanding phosphorami-
dite was examined. While N,N-diisopropylamidites are the most
common phosphitylating agents due to their higher stability,
N,N-diethylphosphoramidites are also commercially available and
offer reduced sterics around the phosphorous atom. When diben-
zyl N,N-diethylphosphoramidite was used in the phosphitylation
of n-butylcyclohexanol with 5 mol % tetrazole and 1.1 equiv of
PIC, the desired phosphate product 9 was isolated in 68% yield
(Table 4, entry 3). This result reinforced the hypothesis that sterics
control the lower reactivity of tertiary alcohols, which can be mit-
igated by managing the sterics of reagents.

In conclusion, we have demonstrated that the introduction of
additives to scavenge the amine by-product in the phosphitylation



Table 3
Phosphoramidite screena
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a Reactions performed with 1.2 equiv of phosphoramidite and 1.1 equiv of addi-
tive for 14 h followed by an oxidative workup with 30% H2O2/H2O.

b Conversions obtained from integrations of 1H NMR of unpurified reactions.
c 4-Nitrophenylisocyanate was used as the additive for ease of purification.
d Conversion could not be obtained due to overlap of NMR resonances.

Table 4
Phosphitylation of tertiary alcoholsa
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a Reactions performed with 1.2 equiv of phosphoramidite and 1.1 equiv of PIC for
14 h followed by an oxidative workup with 30% H2O2/H2O.
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of alcohols with phosphoramidites can successfully re-engage the
catalyst for further rounds in the catalytic cycle. We postulate that
the additive is reacting with the amine by-product, forming a urea
that is no longer basic and, therefore, does not deactivate the cat-
alyst. This methodology was validated by examining different alco-
hols, additives, and phosphoramidites to survey the generality of
this process. Encouraging results were found with primary, sec-
ondary, and tertiary alcohols, with PIC and 4-nitrophenylisocya-
nate as additives, and with a variety of phosphoramidites. Efforts
will now be focused on determining the mechanistic implications
of the additive and on generating chiral catalysts to facilitate a cat-
alytic enantioselective phosphitylation with phosphoramidites.
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