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Synthesis of three acyclic chiral phosphites is reported, in the form of dithymidine phosphite triesters.
These diastereomerically pure P-stereogenic phosphites undergo epimerization at a measurable rate at
150 �C. When the alcohols on the deoxyribose moieties are protected as acyls, decomposition is mini-
mized and by computer fitting, rate constants for epimerization can be extracted. These allow for the first
time calculation of the barrier to inversion of configuration in phosphite triesters, giving DG�(150 �C) =
33.0 ± 0.2 kcal mol�1, comparable to the inversion barrier seen for phosphines.
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1. Introduction

In a paper published 40 years ago, Mislow showed that the epi-
merization of chiral phosphines takes place at measurable rates at
130 �C with inversion barriers of 29–36 kcal mol�1 [1]. No similar
reports exist for acyclic chiral phosphites, and in fact we are aware
of only one report of isolation of P-epimers of acyclic P-stereogenic
phosphites [2]. Given the interest in chiral phosphites and related
species in asymmetric hydrogenation [3–5] and hydroformylation
[6–11] – albeit, not for P-stereogenic phosphites – we sought to
establish whether or not P-stereogenic phosphites would undergo
inversion at phosphorus.

Numerous hints may be found in the literature that acyclic
phosphites are configurationally stable at room temperature. For
instance, the Just [12,13], Agrawal [14–16], Beaucage [17], and
Wada [18–20] research groups have reported syntheses of P-stere-
ogenic dinucleoside phosphorothioates by routes that generate a
phosphite triester that was not isolated but instead was character-
ized only by 31P NMR [21] or in most cases immediately sulfurized
to give a phosphite sulfide [12–20]. A representative example, due
to Beaucage and coworkers [17], is shown in Scheme 1a, where
coupling of P-stereogenic phosphoramidite 1 with 30-protected
nucleoside 2 gave the intermediate phosphite triester 3; this was
immediately sulfurized to give the phosphite sulfide 4 as a single
diastereomer.

A similar example was reported by Hata (Scheme 1b), which
differs in that each of the reactions that generated and consumed
ll rights reserved.
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the intermediate phosphite triester took place over the course of
1 h. That is, alkoxycarbonyl phosphonate 5, which was separated
from its P-epimeric diastereomer by preparative HPLC [22,23],
was converted to phosphite triester 6 over a period of 1 h and
was then treated in situ with sulfur for another 1 h followed by
hydrolysis of the silyl group to give 7 in high diastereomeric purity.

The first clear-cut example of configurational stability of a
phosphite triester was Makino’s report (Scheme 1c) that selected
phosphite triesters could be chromatographically separated to give
�100 mg quantities of SP and RP-9 starting from phosphoramidite 8
[2,24]. Characterization consisted only of elemental analysis of the
mixture and 1H and 31P NMR spectra of the individual diastereo-
mers, and did not include any discussion of diastereomeric purity
of the �100 mg quantities. A 20 mg sample with a diastereomeric
purity of 97.1%, apparently determined by HPLC, underwent sub-
stitution by 2-methyl-1-propanol to give phosphite triester 10a
which was determined to be 94% diastereomerically pure on the
basis of 31P NMR, although it was not further characterized. Substi-
tution of the phenol moieties in SP and RP-9 by a 30-protected
nucleoside gave phosphite triester 10b in moderate to good yields
but with only moderate stereoselectivities (on the basis of 31P
NMR), but further characterization of this dinucleoside phosphite
triester was not reported. Nevertheless, this report is the only
one of which we are aware to describe isolation of acyclic P-stere-
ogenic phosphites, and certainly suggests them to have configura-
tional stability at room temperature.

There are a few examples in the literature of apparent inversion
of cyclic phosphites (Scheme 2). In the first example (Scheme 2a),
Bentrude reported that the 30, 50-cyclic thymidine phosphite triest-
er, initially formed as a 40:60 mixture of isomers 11-ax:11-eq,
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Scheme 1. Acyclic P-stereogenic phosphite triesters.
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isomerized to a 95:5 mixture by heating for 30 min at �60 �C in the
presence of pyridinium chloride [25]. Hayakawa reported that a
similar cyclic thymidine phosphite triester isomerized from a
50:50 mixture of isomers 12-ax:12-eq to give 12-ax exclusively
by heating at 55 �C for 36 h in the presence of 1H-tetrazole
(Scheme 2b) [26]. The thermodynamic preference for P-axial iso-
mers in six-membered rings (while maintaining the thermody-
namic preference for equatorial substituents on the carbon
atoms) is well-known [27], so both 11 and 12 provide further
examples of this. In the last example (Scheme 3c), Gordillo mea-
sured the rates of isomerization of cis-13 to trans-13 at tempera-
tures from 50 to 75 �C and calculated DG� = 26.9 ± 1.0 kcal mol�1

for the process [28]. In fact, the reaction is likely to be induced just
like the isomerizations of 11 and 12, since the cis-13 was not sep-
arated from the Et3NH+ Cl� formed during its synthesis, and the
isomerization proceeded at a reasonable rate at 60 �C, not unlike
that seen for 11 with pyridinium chloride and 12 with tetrazole.
While not strictly related to these examples, one of the best-
known examples of isomerization of a five-membered ring phos-
phorus heterocycle is that of ephedrine-derived 14 (Scheme 3).
When the reaction was carried out by mixing ephedrine with
PhP(NEt2)2 at 105 �C overnight, the pure trans-diastereomer was
obtained [29], but Brown showed that mixing ephedrine with
PhPCl2 at 0 �C gave a 1:1 mixture of cis:trans diastereomers. Like
the phosphite triesters 11–13, this mixture – in the presence of
the ammonium salt that formed during the reaction – isomerized
over 18 h at rt to give the pure trans-diastereomer [30].

The question these examples raise is whether or not the appar-
ent phosphite epimerization in 11–14 is due to phosphorus inver-
sion, or rather to a ring opening/ring closing type of inversion that
would not be available to an acyclic phosphite without scrambling
of alkoxy substituents. That exact scenario has in fact been
observed for H-phosphonate ‘‘epimerization’’ in the presence of
base, where the apparent inversion was accompanied by alkoxy



Scheme 3. Epimerization of an ephedrine-derived heterocycle.

Scheme 2. Epimerization in cyclic phosphite triesters.
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scrambling and so was clearly due to a bond-cleavage process
[31,32]. If isomerization of the cyclic phosphites were occurring
by inversion, we would expect the barrier to be raised due to angle
strain in the ring at the planar transition state, and so inversion of
an acyclic phosphite would be expected to occur more readily. On
the other hand, if isomerization of 11–14 were occurring by a
ring-opening/ring-closing mechanism, we would expect inversion
of an acyclic phosphite to perhaps be more comparable to that of
a chiral phosphine.

In this paper, we report (1) the synthesis and characterization of
epimeric acyclic dinucleoside trialkoxy phosphite esters, (2)
protecting group conversions to give phosphite triesters that are
relatively stable at 150 �C, (3) rates of epimerization at 150 �C that
are due to phosphorus inversion and (4) attempts to raise the rate
of epimerization using acidic and radical reagents. These results
provide the first measure of the barrier to phosphite triester
inversion.
2. Results and discussion

2.1. Synthesis of epimeric phosphite triesters

While Makino had reported the synthesis of triesters 10a,b
(Scheme 1), we wanted a method that would be suitable for both
larger amounts of material and higher purity. The synthesis and
separation of the P-epimers of a dithymidine boranophosphate tri-
ester that had been reported by Just and coworkers appeared to be
just such a better option [33], and so this approach coupled with
deboronation was taken to isolate the two desired P-epimers.
The requisite mixture of diastereomeric phosphite triesters 15
(Scheme 4) was synthesized in high yield using minor modifica-
tions of literature methods [33–37], except that for the final
coupling step of the phosphoramidite and the 30-protected thymi-
dine, we found that use of a 2:1 mixture of pyridinium trifluoro-
acetate/N-methylimidazole (PTFA/NMI) as the activator [38] was
superior to other procedures such as using tetrazole [33]. Before
proceeding to the boronation step, we attempted to directly sepa-
rate the diastereomers of 15. However, no solvent system was
found to give any separation on TLC, and attempts to split the elut-
ing band in fractions by column chromatography also failed.

Just reported that the boronation of the phosphite triester 15
with Me2S�BH3 also resulted in removal of the DMTr group, which
had to be reinstalled before the separation of the diastereomers
could be accomplished [33]. Since the reaction of BH3 with the
phosphite was reported to occur ‘‘within 5–10 min,’’ we tried both
a short reaction time and rapid work-up. In fact, we found that car-
rying out the reaction at 0 �C for 15 min and then quickly passing
the reaction solution through a pad of silica gel with the aid of
THF, allowed for phosphite boronation without deprotection of
the DMTr group, in 95% yield (Scheme 4). The diastereomers of
boranophosphate 16 were then separated by silica gel column
chromatography as reported, to give a 25% yield of SP-16 and 23%
yield of RP-16, each on the basis of the total amount of 16.
Deprotection was accomplished by addition of 10 equivalents of
DABCO to SP-16 at rt for 37 h. TLC of the reaction solution showed
movement of the product with the solvent front (THF) and some
UV active material at the origin of the plate. After passing the crude
material through a pad of silica gel, a 60% yield of SP-15 was ob-
tained. This low yield might be due to the conversion of tetravalent
boranophosphate 16 to a pentavalent boranophosphate species
due to elimination of the b-cyanoethyl group by DABCO, but no
attempt was made to optimize this reaction.

As will be made clear below, SP-15 was not a suitable candidate
for the study of phosphite inversion, and the next compound to be
selected was the unprotected dithymidine triester. The DMTr
group was removed with 2% CHCl2COOH/CH2Cl2 over 20 min to
give compounds SP-17 and RP-17 from SP and RP-16, respectively,
in approximately 80% yields. For the deprotection of the TBDMS
group, Just and coworkers used TBAF (1 eq)/AcOH (24 eq) in THF,
but we found that this mixture resulted in a very slow deprotection
with decomposition of the compound over the reaction time. Using
TBAF without the acetic acid caused extensive decomposition to
unknown compounds as indicated by TLC; one possible side reac-
tion might be a b-cyanoethyl elimination. HF�Et3N and HF�pyridine
were tried next, and while HF�Et3N resulted in slow deprotection
with some decomposition of the compound (observed by TLC),
the latter reagent was found to be much more efficient in the
deprotection of the TBDMS group, giving yields of 87% and 85%
for SP-18 and RP-18, respectively. Removal of the BH3 group from
SP-18 and RP-18 was accomplished by reaction with a large excess
of pyridine (130 eq) which gave superior results to that from the
reaction of DABCO with 16: in this case, 90% yields of SP-19 and
80% of RP-19 were obtained after purification by silica gel
chromatography.

Once again, as will be seen below, 19 turned out not to be a suit-
able candidate for epimerization, and so the diacyl analogue was
synthesized by reaction of 18 with acetic anhydride in pyridine.
After 24 h of stirring at rt, complete acetylation of the two hydroxyl
groups together with the expected removal of the BH3 group was
achieved in one step to afford diacyldinucleosides SP-20 and RP-
20, which were purified by flash chromatography under nitrogen
to give >80% yield of each compound.

2.2. Attempted epimerization of 15 and 19

A sample of the phosphite triester SP-15 dissolved in approxi-
mately 0.5 mL toluene-d8 was sealed in an NMR tube under vac-
uum, and then heated at 150 �C in an oil bath. After �7 h of



Scheme 4. Separation of SP and RP-16 and conversion to P-stereogenic phosphite triesters.
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heating, the 31P NMR spectrum of the sample exhibited �2.7%
decomposition to an unknown species at �27 ppm, and two peaks
at 139.38 and 138.75 ppm corresponding to the two diastereomers
of compound 15. However, the extent of epimerization (4.7% calcu-
lated as [RP-15/(SP-15 + RP-15)]) was not much greater than the ex-
tent of decomposition, and longer periods of heating the sample
only resulted in extensive decomposition of the phosphite triester
without comparable epimerization.

Epimerization of the deprotected diol triester 19 was examined
next, on the basis of the hypothesis that the decomposition might
be due to the elimination of the DMTr and/or TBDMS groups at
150 �C. Samples of SP-19 and RP-19 were dissolved in CD3CN (the
diols gave sharper spectra in acetonitrile than in toluene), sealed
in NMR tubes, and placed in an oil bath maintained at
150 ± 0.2 �C. After heating the solution of SP-19 for 1 h, the 31P
NMR spectrum of the solution exhibited peaks at 140.78 and
140.31 ppm corresponding to SP-19 and RP-19, respectively, and
peaks at 140.67 and 140.13 ppm corresponding to�2.3% decompo-
sition. The extent of inversion calculated as above was found to be
24%. While this was a significant improvement and also suggested
faster epimerization in acetonitrile than in toluene, longer periods
of heating again resulted in decomposition of the phosphite triest-
er to unknown species with chemical shifts close to those of the
diol phosphite triesters, most likely due to cyclization of either
one of the thymidine residues with simultaneous elimination of
2-cyanoethanol. This side reaction made monitoring of the inver-
sion difficult because the 31P NMR peaks of the two diastereomers
of phosphite triester 19 and the unknown species were too close to
be integrated with accuracy.

2.3. Epimerization of diacyls SP-20 and RP-20

Since it was clear that heating the diol would not allow the rate
of epimerization to be measured, the alcohols were next reprotect-
ed to give the diacyl 20, which we hypothesized would have suffi-
cient thermal stability. This proved to be successful, since while
phosphite decomposition still occurred, it did not prevent epimer-
ization from proceeding to equilibrium from both P-epimers. A
total of six experiments were carried out (see Section 4 and
Supplementary material for details), each in pairs of two in order
to compare the inversions of SP-20 and RP-20. One pair (exp. 1–2)
was carried out with Ph3P as an internal standard, while two pairs
(exp. 3–6) were carried out with Ph3P as an external standard in
acetonitrile solution in a sealed capillary tube; for one of the
external standard pairs (exp. 5–6), all glassware contacted by the
phosphites was silanized with Me2SiCl2 [39]. All reactions were
run in a thermostatted oil bath at 150 ± 0.2 �C in sealed NMR tubes;
once again CD3CN was used as the solvent since it gave rise to
spectra with sharper peaks than when toluene-d8 was used.

Examination of plots of concentration versus time showed that
equilibration occurred within about 3 h, after which the concentra-
tions declined slowly or leveled off. Examination of the total phos-
phite concentration versus time made it clear that decomposition
was relatively rapid during the first �2 h and slowed down after
that. It was also clear that standard kinetic plots would not suffice
to separate the epimerization from decomposition. We had previ-
ously developed a computer program, CRK2005 (for Complex Reac-
tion Kinetics) [40], that allows one to fit rate constants to observed
data in multiple kinetic runs for any set of coupled differential
equations. A number of kinetic mechanisms of decomposition were
considered before one was found that allowed a good fit to the
observed kinetic data. These are described in detail now.

2.4. Rate of phosphite decomposition using computer modeling

We started by using the data from the silanized runs, which
gave the smoothest results, and were virtually superimposable
for the two runs starting from the same concentrations of SP-20
and RP-20, respectively. In order to model phosphite decomposi-
tion, we followed total concentration of the two epimers versus
time, before adding in the complication of epimerization. As shown
in Fig. 1a, the reaction of SP-20 was followed for 8 h (i.e., 28 800 s)
while RP-20was followed only for 4 h (14 400 s). Simple first order
decomposition of the phosphites gave a poor fit to the observed
data points, and second order decomposition (for which we had
no rational mechanism) gave only a marginally better fit, as seen;
the kinetic schemes considered are shown in Fig. 2, which includes
the epimerization steps. The numerical results are collected in
Table 1, which lists the reduced chi squared function v2

v and a more
intuitive % error per data point, both of which have been defined



Fig. 1. Plots of total phosphite concentration (a), [RP-20] + [SP-20], and phosphite epimerization (b), starting from SP-20 (exp. 5) and RP-20 (exp. 6), determined by 31P NMR
integration vs. an external standard (PPh3 in CH3CN solution in a sealed capillary tube) vs. time at 150 �C. The calculated best-fit lines for each of three mechanisms discussed
in the text (Fig. 2) are shown.
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previously [40], and both of which analytically bear out the above
visual conclusion that the second order mechanism is slightly
better. Clearly both sets of calculated data showed that any mech-
anism that required the phosphite concentrations to approach zero
in first or second order fashion would not fit the observed data, in
which the phosphite concentrations decay very slowly or level out.
One can imagine some adventitious species that might react with
the phosphites resulting in decomposition, but after that species
is consumed, the decomposition would end. In order to model this,
CRK2005 allows the concentration of any initial species to be
varied, within limits, to give the best fit, since the numerical inte-
gration method for calculating the outcomes of coupled rate
equations depends on the values of the initial starting points. This
was done by allowing the concentration of an initial ‘‘impurity’’ to
vary, along with the second order rate constant, and as seen this
gave an excellent fit to the data, both visually and (Table 1) analyt-
ically. Similarly, all six runs could be fit to this mechanism, and
while the overall fit is not as good (v2

v and % error of 2.4% and
9.4%, respectively, compared to 1.5% and 6.8% for experiments
5–6 alone; see Supplementary material for the six plots), the fact
that six runs can be fit to the same rate constant (and comparable
‘‘impurity’’ concentrations) lends confidence that the mechanism is
reasonable. It should be noted that, not surprisingly, multiple sets
of decomposition rate constant k3 and impurity concentrations
give comparable fits to individual runs (as seen for experiments
Fig. 2. Proposed kinetic scheme for equilibration and decomposition of SP-20 and
RP-20; only one of the three k3 mechanisms would be operative.
5 and 6), but when all runs are considered simultaneously it is less
likely that more than one set will fit. The required impurity con-
centrations in order for the silanized experiments to fit is actually
higher, a counterintuitive result, but while the data is smoother,
the extent of decomposition was also clearly greater in those two
experiments.
2.5. Rate of phosphite epimerization using computer modeling

As before, the two silanized runs were considered first. The ki-
netic pathways to be fit are shown above in Fig. 2; even though we
found that the ‘‘impurity’’ mechanism was best, it seemed reason-
able to check how much the best fit rate constants for epimeriza-
tion would vary with the decomposition pathway chosen. As
seen in Fig. 1b, the best-fit lines for the first and second-order
decomposition mechanisms are very similar (for simplicity only
the fit for run 5 is shown, but that for run 6 is nearly coincident).
However, once again the fit for the ‘‘impurity’’ mechanism is seen
to be significantly better, and as seen in Table 1, the analytical error
estimates (v2

v and % error) are much better.
Fitting the epimerization and decomposition rates to all six runs

yields rate constants that are only slightly different (Table 1;
graphs and data may be found in the Supplementary material).
The fact that all the data can be simultaneously fit provides strong
support for the calculated rate constants.

In closing this section, we note one final complication. In several
of the experiments, formation of the minor isomer started more
slowly than calculated by the ‘‘impurity’’ mechanism (or both of
the others), which might be accounted for by an imperfect match
of the decomposition mechanism. This can be seen for formation
of SP-20 in experiment 6 in Fig. 1b, and to a much lesser extent
for RP-20 in experiment 5. That is, the epimerization appears auto-
catalytic, as if some impurity was generated during the reaction
that sped up epimerization. It was in fact for this reason that we
silanized the glassware for experiments 5 and 6. While we could
not find a mechanism that fit the data better, even if there was
some autocatalytic component, our calculated epimerization rates
k1 and k2 still represent upper limits for the rate of phosphite
inversion. However, the epimerization of the major isomer for both
experiments 5 and 6 did not start out slowly, so we suggest the
apparent autocatalysis is most likely an artifact of experimental
error in measurement of the small concentrations of the minor
isomers.



Table 1
Calculated error estimates and best-fit rate constants for epimerization and decomposition of SP-20 and RP-20a for the fit for the three mechanisms and six experiments, using
CRK2005.

Experimentb v2
v % Error k1 (s�1) k2 (s�1) k3 (s�1 M�n, n = 0,1) [Impurity]

5, 6: 1st order decomposition 11.2 19.3 3.95 ± 0.19 E�5
5, 6: 2nd order decomposition 6.9 15.1 4.93 ± 0.21 E�3
5, 6: ‘‘impurity’’ decomposition 1.5 6.8 2.55 ± 0.13 E�2 0.00608 M

0.00642 M
5, 6: 1st order decomposition 3.3 20.7 8.36 ± 0.45 E�5 8.86 ± 0.48 E�5 3.95 ± 0.20 E�5
5, 6: 2nd order decomposition 2.2 16.9 7.92 ± 0.37 E�5 8.42 ± 0.39 E�5 4.36 ± 0.23 E�3
5, 6: ‘‘impurity’’ decomposition 1.1 11.8 7.16 ± 0.23 E�5 7.46 ± 0.26 E�5 1.95 ± 0.13 E�2 0.00637 M

0.00681 M
1–6: ‘‘impurity’’ decomposition 2.4 9.4 7.79 ± 0.50 E�3 *

1–6: ‘‘impurity’’ decomposition 1.5 16.9 6.73 ± 0.29 E�5 6.89 ± 0.31 E�5 1.29 ± 0.13 E�2 **

* For exp. 1–6, [impurity] = 0.00484, 0.00390, 0.00442, 0.00433, 0.00844, and 0.0113 M.
** For epimerization exp. 1–6, [impurity] = 0.00390, 0.00422, 0.00400, 0.00348, 0.00711, and 0.00833 M.

a See Ref. [40] for definitions of v2
v and % error, and text for the mechanisms and definitions of rate constants k1–k3.

b Data were fit to the decomposition rate alone using the sum [RP-20] + [SP-20] (only k3) or to the epimerization and decomposition rate constants k1–k3 together.
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2.6. Calculated inversion barrier

The critical result of the above fitting procedures is not the pre-
cise value of the epimerization or decomposition rate constants,
but rather the derived value of the activation barrier for phosphite
inversion. The best estimates for the epimerization rates, those ob-
tained from all six runs in Table 1, gave the lowest rate constants,
while the calculated results for the two silanized runs assuming
first-order phosphite decomposition gave the highest values. Using
these values and their deviations as the extremes gives an inver-
sion barrier DG� = 33.0 ± 0.2 kcal mol�1. The modest deviations in
the individual rate constants have virtually no effect on DG�, giving
deviations of ±0.05 kcal mol�1. We conclude, somewhat surpris-
ingly, that the details of the decomposition pathways in fact really
have no impact on the calculated inversion barrier.

2.7. Attempts to induce low temperature epimerization

Given the role posited for impurities in phosphite decomposi-
tion in the above kinetic scheme, it seemed reasonable to look at
the role of potential impurities on epimerization. That is, there is
a report in the literature of phosphine epimerization induced by
I2 [41], there are many reports of phosphite epimerization by
ammonium salts and tetrazole as noted in Schemes 2 and 3, similar
epimerization of chlorophosphines by acids and chlorides is known
[18,42,43], and epimerization of phosphoramidites by tetrazole is
well-documented [21,44]. Oxidation (as suggested by I2) might
be induced by a single-electron oxidizing reagent, for instance as
seen in cation radical induced Diels–Alder reactions [45]; such a
reagent might remove one of the lone pair electrons from the phos-
phorus atom and lower the inversion barrier, because this is the
orbital that is likely to rise in energy during inversion. For these
reasons, a variety of reagents were examined for induction of epi-
merization. Iodine immediately reacted with the model compound
(EtO)3P, apparently to give EtI via an Arbuzov reaction, and so the
chiral phosphites were not tested. Radical reagents [45] galvinoxyl
and (BrC6H4)3N+ SbCl6

� when combined with SP-15 gave decompo-
sition but no inversion, and 1H-tetrazole, Et3NH+ Cl�, Me2(NCCH2)
NH+ Cl� [18], MePh2PH+ Cl�, pyridinium chloride, and N-methyl-
imidazolium chloride [46] similarly gave no inversion and in many
cases also led to decomposition; details may be found in Supple-
mentary material.

3. Conclusions

Unlike Mislow0s study of phosphine inversion, where first order
phosphine racemization was observed without detectable decom-
position, the dinucleoside phosphite triesters used in the present
study did undergo decomposition. However, the use of acyl pro-
tecting groups on the deoxyribose ring minimized the decomposi-
tion pathways, and allowed epimerization to be observed from
both P-epimers. The rates of epimerization were similar from both
diastereomers, and good fits of the data to first order epimerization
coupled with an ‘‘impurity’’ induced decomposition pathway were
found. Rate constants for epimerization, regardless of the decom-
position pathway, yielded an activation barrier DG� = 33.0 ± 0.2
kcal mol�1 at 150 �C, comparable to that seen for phosphines [1].
A variety of acidic and radical reagents failed to induce any epimer-
ization, although decomposition did occur. Even if one were to
worry that such a reagent might nevertheless exist and be respon-
sible for our observed epimerization, the results obtained here
clearly establish a lower limit for phosphite inversion. In fact, we
would argue that the simplest mechanism is indeed inversion,
and that all previous reports of epimerization of cyclic phosphites
and related species at low temperature are not due to inversion.
While the use of such cyclic phosphites as ligands for catalytic
asymmetric reactions is therefore problematic, the use of acyclic
P-stereogenic phosphites, which we have shown here to be compa-
rable to phosphines in configurational stability, should now be
considered.

4. Experimental

4.1. Materials and methods

NMR spectra were recorded on a 400 MHz Bruker spectrometer
with tetramethylsilane and 85% H3PO4 in CD3CN and CDCl3 as
external standards. High-resolution mass spectrometry was per-
formed on an Agilent G6520A Q-TOF instrument. Air and water-
sensitive compounds were handled in an inert-atmosphere glove
box under nitrogen. Amines (except DABCO and dimethyl(cyanom-
ethyl)amine), acetonitrile, and DMF were distilled from calcium
hydride under nitrogen, and diethyl ether and THF were distilled
from sodium-benzophenone under nitrogen. All other reagents
and solvents (including 1,4-diazabicyclo[2.2.2]octane (DABCO)
and dimethyl(cyanomethyl)amine) were used as received. Flash
column chromatography was carried out on 230–400 mesh silica
gel, and TLC was carried out on aluminum-backed silica gel F
(200 lm). Starting materials for the synthesis of 15 [33,38] were
synthesized according to literature procedures, including
NCCH2CH2OPCl2 [47], 50-O-(4,40-dimethoxytrityl)thymidine [34],
2-cyanoethyl 50-O-(4,40-dimethoxytrityl)-thymidin-30-yl N,N-dii-
sopropylphosphoramidite (8, Scheme 1) [37,47], and 30-O-(tert-
butyldimethylsilyl)thymidine [35,36].

For the peak assignments in the 1H NMR spectra of 15–18
and 20 that follow, the 30-phosphorylated thymidine and the
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50-phosphorylated thymidine are labeled T1 and T2, respectively.
Peak assignments for 17 and SP-18 were determined by 2D COSY,
as was differentiation of T1 and T2, which was made possible by
coupling of the 50-hydroxyl hydrogen to the neighboring CH2 to
give a triplet for the hydroxyl hydrogen, with the resulting assign-
ment along with the rest of the coupled hydrogen atoms in that
fragment to T1. Peak assignments for SP-15, 16, RP-18, and 20 were
determined by 2D COSY, and differentiation of T1 and T2 was
accomplished by comparison of chemical shifts of the two thymi-
dine moieties to those of 50-O-(4,40-dimethoxytrityl)thymidine
and 30-O-(tert-butyldimethylsilyl)thymidine.

4.2. Synthesis of pyridinum trifluoroacetate (PTFA)

Trifluoroacetic acid (7.10 g, 62.3 mmol) was added slowly to a
vigorously stirred solution of pyridine (4.90 g, 61.9 mmol) in
75 mL of ether. After �10 min the precipitate was filtered and
dried on a vacuum line to give PTFA (10.6 g, 88% yield) as white
crystals. 1H NMR (400 MHz, CD3CN): d 8.86–7.91 (m, 5H), NH+ not
observed. 13C NMR (100 MHz, CD3CN): d 162.1 (q, J = 35.0 Hz),
145.7, 143.8, 127.8, 117.9 (q, J = 292.0 Hz).

4.3. Synthesis of 2-cyanoethyl 50-O-(4,40-dimethoxytrityl)thymidin-30-
yl 30-O-(tert-butyldimethylsilyl)thymidin-50-yl phosphite (SP-15 and
RP-15)

In the glove box, a solution of SP-16 (0.31 g, 0.31 mmol) and
DABCO (0.35 g, 3.10 mmol) in 15 mL of CH2Cl2 was stirred for
37 h at rt. The solvent was evaporated on a vacuum line to give
crude SP-15 as a gum. The gum was applied to a short column of
silica gel (�30 g in a coarse frit), and then eluted with THF. All
UV-active material moving with the solvent front was collected
and the solvent evaporated on a vacuum line to afford SP-15 as a
white foam (0.184 g, 60% yield). 1H NMR (400 MHz, CDCl3, peaks
assigned by 2D COSY): d 8.42 (br s, NH, 2H), 7.57 (d, J = 1.2 Hz,
H-6, 1H), 7.39–6.83 (m, 14H), 6.38 (dd, J = 5.6 Hz, 8.0 Hz, T1H-10,
1H), 6.20 (t, J = 6.6 Hz, T2H-10, 1H), 4.92 (m, T1H-30, 1H), 4.37 (m,
T2H-30, 1H), 4.15 (m, T1H-40, 1H), 4.06–3.88 (m, T2H-40, T2H-50,
T2H-500, NCCH2CH2OP, 5H), 3.79 (s, 2 � CH3O, 6H), 3.45 (m, T1H-50,
T1H-500, 2H), 2.55 (t, J = 6.0 Hz, CH2CN, 2H), 2.51–2.12 (m, T1H-20,
T1H-200, T2H-20, T2H-200, 4H), 1.89 (d, J = 1.2 Hz, CH3C-5, 3H), 1.45
(d, J = 1.2 Hz, CH3C-5, 3H), 0.89 (s, (CH3)3CSi, 9H), 0.083 (s, CH3Si,
3H), 0.079 (s, CH3Si, 3H). 31P NMR (161 Mz, CDCl3): d 140.06.

RP-15 (0.17 g, 65% yield from RP-16): 1H NMR (400 MHz, CDCl3):
d 8.78 (br s, NH, 1H), 8.72 (br s, NH, 1H), 7.57 (d, J = 1.2 Hz, H-6,
1H), 7.39–6.83 (m, 14H), 6.41 (dd, J = 5.6 Hz, 8.1 Hz, T1H-10, 1H),
6.19 (t, J = 6.6 Hz, T2H-10, 1H), 4.99 (m, T1H-30, 1H), 4.33 (m, T2H-
30, 1H), 4.15 (m, T1H-40, 1H), 4.05–3.92 (m, T2H-40, T2H-50, T2H-500,
NCCH2CH2OP, 5H), 3.79 (s, 2 � CH3O, 6H), 3.41 (m, T1H-50, T1H-500,
2H), 2.60 (t, J = 6.0 Hz, CH2CN, 2H), 2.54–2.11 (m, T1H-20, T1H-200,
T2H-20, T2H-200, 4H), 1.89 (d, J = 1.2 Hz, CH3C-5, 3H), 1.45 (d,
J = 1.2 Hz, CH3C-5, 3H), 0.87 (s, (CH3)3CSi, 9H), 0.062 (s, CH3Si,
3H), 0.057 (s, CH3Si, 3H). 31P NMR (161 Mz, CDCl3): d 139.87.

4.4. Synthesis and separation of 2-cyanoethyl 50-O-(4,40-
dimethoxytrityl)thymidin-30-yl 30-O-(tert-
butyldimethylsilyl)thymidin-50-yl boranophosphate (SP-16 and RP-16)

Details of the synthesis of 16 and NMR spectra have not been
reported [33,38]. Under nitrogen, PTFA (0.8524 g, 4.414 mmol)
and N-methylimidazole (NMI) (0.1919 g, 2.337 mmol) were dis-
solved in 8 mL CH3CN and then added dropwise over �5 min to a
magnetically stirred solution of 8 (1.6514 g, 2.2172 mmol) and
30-O-(tert-butyldimethylsilyl)thymidine (0.7191 g, 2.017 mmol)
dissolved in 20 mL CH3CN. After 1 h, the reaction solution was
evaporated on a vacuum line to give a gum. The gum was dissolved
in 60 mL CH2Cl2 and then washed with 20 mL saturated Na2CO3

solution. The organic layer was dried with anhydrous MgSO4, and
the solvent evaporated on a vacuum line to give a foam. The foam
was dissolved in 25 mL dry THF and the solution placed under N2

in an ice-water bath. To the stirred solution, Me2S.BH3 (3.4 mL of
a 2.0 M solution in THF, 6.8 mmol) was added dropwise over �3–
4 min. The ice-water bath was removed after addition of the
Me2S�BH3 solution and the solution was allowed to stir for an addi-
tional 10 min, after which it was immediately eluted through a pad
of silica gel (�100 g in a 150 mL coarse frit) with THF. All the UV
active material moving with the solvent front was collected and
the solvent was evaporated on a vacuum line to give crude 16 as
a white foam (1.94 g, 95%). The two diastereomers of 16 were sep-
arated by silica gel chromatography using 4:1 EtOAc/hexanes
(120 g silica gel in a 30 mm diameter column). The fractions corre-
sponding to Rf = 0.56 and 0.44 were combined separately and evap-
orated on a vacuum line to give white foams. The 1H NMR spectra
of both samples showed that N-methylimidazole was present, so
each sample was dissolved in 50 mL EtOAc/hexanes (2/1) and then
washed with 25 mL of 0.5 M citric acid. The organic layer was dried
with MgSO4 and then evaporated on a vacuum line to afford SP-16
(0.49 g, 25% yield) and RP-16 (0.44 g, 23% yield) as white foams. SP-
16 (Rf = 0.56, in 4:1 EtOAc/hexanes): 1H NMR (400 MHz, CD3CN,
peaks assigned by 2D COSY): d 9.36 (br s, NH, 2H), 7.44–7.24 (m,
ArH, 2 � H-6, 11H), 6.88–6.86 (m, ArH, 4H), 6.28 (dd, J = 5.9,
8.3 Hz, T1H-10, 1H), 6.14 (t, J = 6.8 Hz, T2H-10, 1H), 5.20 (m, T1H-30,
1H), 4.41 (m, T2H-30, 1H), 4.26–4.13 (m, T1H-40, T2H-50, T2H-500,
NCCH2CH2OP, 5H), 3.94 (m, T2H-40, 1H), 3.76 (s, CH3O, 6H), 3.33
(m, T1H-50, T1H-500, 2H), 2.72 (t, J = 5.9 Hz, CH2CN, 2H), 2.48 (m,
T1H-20, T1H-200, 2H), 2.18 (m, T2H-20, T2H-200, 2H), 1.82 (s, CH3C-5,
3H), 1.45 (s, CH3C-5, 3H), 0.89 (s, (CH3)3CSi, 9H), 0.45 (br, BH3,
3H), 0.099 (s, CH3Si, 3H), 0.096 (s, CH3Si, 3H). 13C NMR (100 MHz,
CD3CN): d 164.7, 159.9, 151.5, 151.4, 145.7, 137.0, 136.6, 136.39,
136.37, 131.1, 131.0, 129.03, 128.98, 128.1, 114.2, 111.8, 111.6,
87.8, 85.7, 85.5 (d, J = 6.5 Hz), 85.31 (d, J = 5.1 Hz), 85.28, 79.4 (d,
J = 1.7 Hz), 72.4, 67.0 (d, J = 5.0 Hz), 64.2, 62.9 (d, J = 3.0 Hz), 56.0,
40.4, 39.6 (d, J = 3.0 Hz), 26.1, 20.3 (d, J = 6.5 Hz), 18.6, 12.7, 12.2,
�4.5,�4.6; the peak for the CN group is presumed to be hidden un-
der the solvent peak of CD3CN at 118.3 ppm. 31P NMR (161 Mz,
CD3CN): d 116.89. HRMS (ESI): Calcd for C50H64BN5O13PSi [M�H]�:
1012.4101, found 1012.4100.

RP-16 (Rf = 0.44, in 4:1 EtOAc/hexanes): 1H NMR (400 MHz,
CD3CN, peaks assigned by 2D COSY): d 9.31 (br s, NH, 1H), 9.28
(br s, NH, 1H), 7.44–7.21 (m, ArH, 2 � H-6, 11H), 6.88–6.85 (m,
ArH, 4H), 6.28 (dd, J = 6.1, 8.1 Hz, T1H-10, 1H), 6.12 (t, J = 6.8 Hz,
T2H-10, 1H), 5.21 (m, T1H-30, 1H), 4.38 (m, T2H-30, 1H), 4.20–4.16
(m, T1H-40, T2H-50, T2H-500, NCCH2CH2OP, 5H), 3.93 (m, T2H-40, 1H),
3.75 (s, CH3O, 6H), 3.32 (m, T1H-50, T1H-500, 2H), 2.74 (t, J = 5.8 Hz,
CH2CN, 2H), 2.50 (m, T1H-20, T1H-200, 2H), 2.18 (m, T2H-20, T2H-200,
2H), 1.80 (s, CH3C-5, 3H), 1.45 (s, CH3C-5, 3H), 0.88 (s, (CH3)3CSi,
9H), 0.44 (br, BH3, 3H), 0.077 (s, (CH3)2Si, 6H). 13C NMR
(100 MHz, CD3CN): d 164.71, 164.66, 159.8, 151.5, 151.4, 145.7,
137.0, 136.6, 136.41, 136.36, 131.07, 131.03, 129.02, 128.97,
128.0, 114.2, 111.7, 111.5, 87.8, 86.0, 85.6 (d, J = 6.6 Hz), 85.30 (d,
J = 5.1 Hz), 85.33, 79.3 (d, J = 1.7 Hz), 72.6, 67.3 (d, J = 5.0 Hz),
64.2, 63.0 (d, J = 2.8 Hz), 56.0, 40.4, 39.6 (d, J = 3.3 Hz), 26.1, 20.4
(d, J = 6.5 Hz), 18.5, 12.6, 12.2, �4.5, �4.6; the peak for the CN
group is presumed to be under the solvent peak of CD3CN at
118.3 ppm. 31P NMR (161 Mz, CD3CN): d 116.83. HRMS (ESI): Calcd
for C50H64BN5O13PSi [M�H]�: 1012.4101, found 1012.4104.

4.5. Synthesis of 2-cyanoethyl thymidin-30-yl 30-O-(tert-
butyldimethylsilyl)thymidin-50-yl boranophosphate (SP-17 and RP-17)

A cooled solution of 2% CHCl2COOH/CH2Cl2 (15 mL) was added
to SP-16 (0.32 g, 0.32 mmol) and stirred for 20 min at rt. The
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reaction solution was then diluted further with 15 mL CH2Cl2 and
washed with 5% NaHCO3 (10 mL). The organic layer was removed
and the aqueous layer washed with 3 � 10 mL CH2Cl2. The com-
bined organic layers were dried with anhydrous MgSO4, filtered,
and evaporated on a vacuum line to give a gum. The crude material
was dissolved in EtOAc/hexanes (2:1) and applied to a short col-
umn of silica gel (�30 g in a 20 mm diameter column). The mate-
rial was first eluted with 2:1 EtOAc/hexanes, then 4:1 EtOAc/
hexanes, and finally with EtOAc. The appropriate fractions with
Rf = 0.5 (EtOAc) were pooled, and the solvent was evaporated on
a vacuum line to afford SP-17 as a white foam (0.18 g, 82% yield).
1H NMR (400 MHz, CD3CN, peaks assigned by 2D COSY): d 9.23
(br s, NH, 2H), 7.53 (d, J = 1.2 Hz, H-6, 1H), 7.27 (d, J = 1.2 Hz, H-
6, 1H), 6.20 (m, T1H-10, T2H-10, 2H), 5.06 (m, T1H-30, 1H), 4.44 (m,
T2H-30, 1H), 4.29–4.18 (m, T2H-50, T2H-500, NCCH2CH2OP, 4H), 4.14
(m, T1H-40, 1H), 3.98 (m, T2H-40, 1H), 3.71 (m, T1H-50, T1H-500, 2H),
3.33 (br t, J = 5.1 Hz, T1OH), 2.79 (t, J = 5.9 Hz, CH2CN, 2H), 2.38
(m, T1H-20, T1H-200, 2H), 2.21 (m, T2H-20, T2H-200, 2H), 1.85 (d,
J = 1.2 Hz, CH3C-5, 3H), 1.82 (d, J = 1.2 Hz, CH3C-5, 3H), 0.90 (s,
(CH3)3CSi, 9H), 0.46 (br, BH3, 3H), 0.110 (s, CH3Si, 3H), 0.105 (s,
CH3Si, 3H). 13C NMR (100 MHz, CD3CN): d 164.7, 151.54, 151.46,
137.0, 136.9, 118.5, 111.6, 111.5, 86.5 (d, J = 4.4 Hz), 85.8, 85.7,
85.5 (d, J = 6.6 Hz), 79.4 (d, J = 2.2 Hz), 72.4, 67.0 (d, J = 4.8 Hz),
62.9 (d, J = 3.3 Hz), 62.3, 40.3, 39.3 (d, J = 3.0 Hz), 26.1, 20.4 (d,
J = 6.5 Hz), 18.6, 12.7, 12.6, �4.5, �4.7. 31P NMR (161 Mz, CD3CN):
d 116.47. HRMS (ESI): Calcd for C29H48BN5O11PSi [M+H]+:
712.2950, found 712.2962.

RP-17 (0.12 g, 87% yield from RP-16): 1H NMR (400 MHz, CD3CN,
peaks assigned by 2D COSY): d 9.27 (br s, NH, 1H), 9.26 (br s, NH,
1H), 7.54 (d, J = 1.2 Hz, H-6, 1H), 7.27 (d, J = 1.2 Hz, H-6, 1H), 6.20
(m, T1H-10, T2H-10, 2H), 5.08 (m, T1H-30, 1H), 4.43 (m, T2H-30, 1H),
4.27–4.17 (m, T2H-50, T2H-500, NCCH2CH2OP, 4H), 4.13 (m, T1H-40,
1H), 3.98 (m, T2H-40, 1H), 3.71 (m, T1H-50, T1H-500, 2H), 3.35 (br t,
J = 5.1 Hz, T1OH), 2.79 (t, J = 5.9 Hz, CH2CN, 2H), 2.38 (m, T1H-20,
T1H-200, 2H), 2.20 (m, T2H-20, T2H-200, 2H), 1.85 (d, J = 1.2 Hz, CH3C-
5, 3H), 1.82 (d, J = 1.2 Hz, CH3C-5, 3H), 0.90 (s, (CH3)3CSi, 9H),
0.49 (br, BH3, 3H), 0.111 (s, CH3Si, 3H), 0.104 (s, CH3Si, 3H). 13C
NMR (100 MHz, CD3CN): d 164.74, 164.71, 151.6, 151.5, 137.1,
137.0, 118.5, 111.6, 111.5, 86.5 (d, J = 4.4 Hz), 85.8, 85.7, 85.5 (d,
J = 6.3 Hz), 79.2 (d, J = 3.6 Hz), 72.5, 67.1 (d, J = 4.4 Hz), 63.1 (d,
J = 2.9 Hz), 62.3, 40.4, 39.3 (d, J = 3.0 Hz), 26.1, 20.4 (d, J = 6.5 Hz),
18.6, 12.64, 12.62, �4.5, �4.7. 31P NMR (161 Mz, CD3CN): d 116.25.
HRMS (ESI): Calcd for C29H48BN5O11PSi [M+H]+: 712.2950, found
712.2957.

4.6. Synthesis of 2-cyanoethyl thymidin-30-yl thymidin-50-yl
boranophosphate (SP-18 and RP-18)

Compound SP-17 (0.17 g, 0.24 mmol) was dissolved in 8 mL THF
and HF pyridine (0.54 mL, 5.99 mmol) was added to the magneti-
cally stirred solution. After �20 h at rt, TLC indicated complete
conversion to the product. The reaction solution was evaporated
on a vacuum line to dryness, then redissolved in 10 mL MeOH
and evaporated on 1 g silica gel. The material was applied to a silica
gel column (�20 g in a 20 mm diameter column) and eluted with
10% MeOH/EtOAc. The appropriate fractions with Rf = 0.42 (10%
MeOH/EtOAc) were combined and the solvent evaporated on a vac-
uum line to afford SP-18 as a white foam (0.123 g, 87% yield). 1H
NMR (400 MHz, CD3CN, peaks assigned by 2D COSY): d 9.27 (br s,
NH, 2H), 7.54 (d, J = 1.2 Hz, H-6, 1H), 7.28 (d, J = 1.2 Hz, H-6, 1H),
6.21 (m, T1H-10, T2H-10, 2H), 5.07 (m, T1H-30, 1H), 4.36 (m, T2H-30,
1H), 4.31–4.20 (m, T2H-50, T2H-500, NCCH2CH2OP, 4H), 4.14 (m,
T1H-40, 1H), 3.99 (m, T2H-40, 1H), 3.71 (m, T1H-50, T1H-500, 2H), 3.60
(br s, T2OH), 3.36 (br t, J = 4.7 Hz, T1OH), 2.79 (t, J = 6.0 Hz, CH2CN,
2H), 2.37 (m, T1H-20, T1H-200, 2H), 2.18 (m, T2H-20, T2H-200, 2H),
1.85 (d, J = 1.2 Hz, CH3C-5, 3H), 1.82 (d, J = 1.2 Hz, CH3C-5, 3H),
0.46 (br, BH3, 3H). 13C NMR (100 MHz, CD3CN): d 164.73, 164.71,
151.6, 151.5, 137.1, 136.8, 118.6, 111.64, 111.55, 86.5 (d,
J = 4.6 Hz), 85.8, 85.5, 85.2 (d, J = 6.6 Hz), 79.4 (d, J = 2.6 Hz), 71.3,
67.3 (d, J = 4.8 Hz), 62.9 (d, J = 3.0 Hz), 62.3, 39.9, 39.3 (d,
J = 3.0 Hz), 20.4 (d, J = 6.7 Hz), 12.7, 12.6. 31P NMR (161 Mz,
CD3CN): d 116.21. HRMS (ESI): Calcd for C23H34BN5O11P [M+H]+:
598.2086, found 598.2095.

RP-18 (78 mg, 85% yield from RP-17): 1H NMR (400 MHz,
CD3CN, peaks assigned by 2D COSY): d 9.19 (br s, NH, 2H),
7.53 (d, J = 1.2 Hz, H-6, 1H), 7.28 (d, J = 1.2 Hz, H-6, 1H), 6.20
(m, T1H-10, T2H-10, 2H), 5.08 (m, T1H-30, 1H), 4.35 (m, T2H-30,
1H), 4.30–420 (m, T2H-50, T2H-500, NCCH2CH2OP, 4H), 4.14 (m,
T1H-40, 1H), 3.99 (m, T2H-40, 1H), 3.72 (m, T1H-50, T1H-500, 2H),
3.56 (br s, T2OH), 3.36 (br s, T1OH), 2.79 (t, J = 6.0 Hz, CH2CN,
2H), 2.39 (m, T1H-20, T1H-200, 2H), 2.20 (m, T2H-20, T2H-200, 2H),
1.85 (d, J = 1.2 Hz, CH3C-5, 3H), 1.83 (d, J = 1.2 Hz, CH3C-5, 3H),
0.46 (br, BH3, 3H). 13C NMR (100 MHz, CD3CN): d 164.70,
164.67, 151.6, 151.5, 137.1, 136.8, 118.5, 111.6, 111.5, 86.50 (d,
J = 4.5 Hz), 85.9, 85.6, 85.3 (d, J = 6.6 Hz), 79.3 (d, J = 3.2 Hz),
71.4, 67.4 (d, J = 4.8 Hz), 63.0 (d, J = 3.0 Hz), 62.3, 39.9, 39.2 (d,
J = 2.9 Hz), 20.4 (d, J = 6.7 Hz), 12.65, 12.60. 31P NMR (161 Mz,
CD3CN): d 115.90. HRMS (ESI): Calcd for C23H34BN5O11P
[M+H]+: 598.2086, found 598.2099.

4.7. Synthesis of 2-cyanoethyl thymidin-30-yl thymidin-50-yl phosphite
(SP-19 and RP-19)

In the glove box, a solution of SP-18 (0.115 g, 0.192 mmol) in
2 mL of pyridine was stirred for 36 h at rt. The solution was then
evaporated over 1 g of silica gel on a vacuum line. The material
was applied to a short column of silica gel (�10 g in a coarse frit)
and then eluted with 5% MeOH/EtOAc followed by 5% MeOH/
THF. All fractions with Rf = 0.54 (5% MeOH/THF) were combined
and the solvent evaporated on a vacuum line to afford SP-19 as a
white foam (0.10 g, 90% yield). 1H NMR (400 MHz, CD3CN): d
9.04 (br s, NH, 2H), 7.53 (d, J = 1.2 Hz, H-6, 1H), 7.40 (d,
J = 1.2 Hz, H-6, 1H), 6.22–6.16 (m, H-10, 2H), 4.87 (m, H-30, 1H),
4.35 (m, H-30, 1H), 4.09–4.00 (m, H-50 (2H), H-40 (1H),
NCCH2CH2OP, 5H), 3.95 (m, H-40, 1H), 3.70 (m, H-50, 2H), 3.50 (br
s, OH, 1H), 3.27 (br s, OH, 1H), 2.70 (t, J = 5.9 Hz, CH2CN, 2H),
2.37–2.23 (m, H-20, 2H), 2.20–2.14 (m, H-20, 2H), 1.84 (d,
J = 1.2 Hz, CH3-C-5, 3H), 1.82 (d, J = 1.2 Hz, CH3-C-5, 3H). 31P NMR
(161 Mz, CD3CN): d 140.78.

RP-19 (90 mg, 80% yield from RP-18): 1H NMR (400 MHz,
CD3CN): d 9.03 (br s, NH, 2H), 7.53 (s, H-6, 1H), 7.39 (s, H-6, 1H),
6.21–6.17 (m, H-10, 2H), 4.91 (m, H-30, 1H), 4.34 (m, H-30, 1H),
4.04–4.01 (m, H-50 (2H), H-40 (1H), NCCH2CH2OP, 5H), 3.94 (m,
H-40, 1H), 3.71 (m, H-50, 2H), 3.48 (br s, OH, 1H), 3.26 (br s, OH,
1H), 2.70 (t, J = 5.9 Hz, CH2CN, 2H), 2.37–2.26 (m, H-20, 2H), 2.19–
2.14 (m, H-20, 2H), 1.84 (s, CH3-C-5, 3H), 1.82 (s, CH3-C-5, 3H).
31P NMR (161 Mz, CD3CN): d 140.37.

4.8. Synthesis of 2-cyanoethyl 50-O-(acetyl)thymidin-30-yl 30-O-
(acetyl)thymidin-50-yl phosphite (SP-20 and RP-20)

In the glove box, a solution of SP-18 (80.3 mg, 0.138 mmol) and
acetic anhydride (2.089 mg, 0.2133 mmol) in 4 mL of pyridine, was
stirred for 24 h at rt. Approximately 0.5 g silica gel was then added
to the flask and then the excess pyridine was evaporated on a vac-
uum line. The silica gel containing the crude product was applied
to a short column of silica gel (�10 g in a 15 mL coarse frit), then
eluted with EtOAc followed by 2:1 EtOAc/THF and then THF. The
fractions with Rf = 0.41 (2:1 EtOAc/THF) were combined and the
solvent evaporated on a vacuum line to afford SP-20 as a white
foam (76.3 mg, 83% yield). 1H NMR (400 MHz, CD3CN, peaks as-
signed by 2D COSY): d 9.30 (br s, NH, 2H), 7.42 (d, J = 1.2 Hz, H-6,
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1H), 7.30 (d, J = 1.2 Hz, H-6, 1H), 6.20 (m, T1H-10, T2H-10, 2H), 5.23
(m, T1H-30, 1H), 4.84 (m, T2H-30, 1H), 4.25–4.02 (m, T2H-50, T2H-500,
T1H-50, T1H-500, T1H-40, T2H-40, NCCH2CH2OP, 8H), 2.71 (t, J = 5.9 Hz,
CH2CN, 2H), 2.42–2.25 (m, T1H-20, T1H-200, T2H-20, T2H-200, 4H),
2.043 (s, CH3), 2.040 (s, CH3), 1.84 (d, J = 1.2 Hz, CH3C-5, 3H), 1.83
(d, J = 1.2 Hz, CH3C-5, 3H). 13C NMR (100 MHz, CD3CN): d 171.41,
171.36, 164.7 (br s), 151.5, 151.4, 136.65, 135.61, 119.3, 111.7,
111.5, 85.7, 85.5, 84.1 (d, J = 5.5 Hz), 84.0 (d, J = 3.9 Hz), 74.9, 73.9
(d, J = 13.9 Hz), 64.2, 63.5 (d, J = 9.1 Hz), 58.7 (d, J = 9.8 Hz), 39.5
(br s), 37.4, 21.2, 21.1, 20.9 (d, J = 4.5 Hz), 12.7, 12.6. 31P NMR
(161 Mz, CD3CN): d 140.78. HRMS (ESI): Calcd for C27H33N5O13P
[M�H]�: 666.1813, found 666.1828.

RP-20 (67 mg, 84% yield from RP-18): 1H NMR (400 MHz, CD3CN,
peaks assigned by 2D COSY): d 9.21 (br s, NH, 2H), 7.40 (d,
J = 1.2 Hz, H-6, 1H), 7.31 (d, J = 1.2 Hz, H-6, 1H), 6.20 (m, T1H-10,
T2H-10, 2H), 5.23 (m, T1H-30, 1H), 4.89 (m, T2H-30, 1H), 4.25–4.00
(m, T2H-50, T2H-500, T1H-50, T1H-500, T1H-40, T2H-40, NCCH2CH2OP,
8H), 2.70 (t, J = 5.9 Hz, CH2CN, 2H), 2.42–2.25 (m, T1H-20, T1H-200,
T2H-20, T2H-200, 4H), 2.044 (s, CH3), 2.040 (s, CH3), 1.843 (d,
J = 1.2 Hz, CH3C-5, 3H), 1.836 (d, J = 1.2 Hz, CH3C-5, 3H). 13C NMR
(100 MHz, CD3CN): d 171.39, 171.37, 164.7 (br s), 151.5, 151.4,
136.63, 136.57, 119.2, 111.6, 111.5, 85.6 (br s), 84.11 (d,
J = 5.6 Hz), 84.06 (d, J = 3.5 Hz), 75.0, 73.5 (d, J = 9.9 Hz), 64.2,
63.5 (d, J = 9.1 Hz), 59.1 (d, J = 13.6 Hz), 39.5 (br s), 37.5, 21.2,
21.1, 20.9 (d, J = 4.9 Hz), 12.7, 12.6. 31P NMR (161 Mz, CD3CN): d
140.32. HRMS (ESI): Calcd for C27H33N5O13P [M�H]�: 666.1813,
found 666.1831.

4.9. NMR experiments

In the glove box, samples of SP-15, SP-19, and SP- and RP-20 were
weighed and dissolved in �0.5 mL of toluene-d8 (for 15) or CD3CN
(for 19 and 20), and placed in an NMR tube sealed to a 14/20 joint.
For 15 and 19, no reference standards were used. For 20, PPh3 was
added to two samples (internal standards) while for the other sam-
ples, a solution of PPh3 in CH3CN was prepared and added to melt-
ing point capillaries that were then sealed with a microburner, and
the sealed capillaries were added to the NMR tubes (external stan-
dards). For two of the experiments, both the NMR tubes and capil-
lary tubes were silanized [39]. Following sample preparation in the
glove box, a vacuum stopcock was attached to each NMR tube,
which was then removed from the glove box. The tubes were each
attached to a vacuum line, nitrogen was removed by three freeze–
pump–thaw cycles, and they were then sealed with a torch. For
kinetics experiments, the tubes were heated in a thermostatted
oil bath at 150.0 ± 0.2 �C with approximately 1 in. of the inverted
tube above the level of the oil. The tubes were taken out every
30 min and immediately submerged in a water bath kept at
�20 �C for �5 min, and then the 31P NMR spectra were recorded.
All sample data for 20 (including concentrations at each time point
for the six experiments) may be found in Supplementary material.
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