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a b s t r a c t

An efficient and rapid protocol for the synthesis of chlorophosphoramidate-activated morpholino sub-
units has been developed. A unique combination of lithium bromide–DBU has been found to activate
the 70-hydroxyl toward the reaction. All the four morpholino units of adenosine, guanosine, cytosine,
and thymine responded smoothly to the developed protocol.

� 2012 Elsevier Ltd. All rights reserved.
O

N
O

BasePg

CPh3

O

N
H

OBasePg

N

O
BasePgO

CPh3

P
N

O

coupling

detritylation

Cl

O

N
OBasePg

O
BasePgOP

N
O

activated subunit

activated subunit

2'

3'5'

6'

7'
Advancement of molecular genetics in recent years has recog-
nized antisense compounds as potential therapeutic agents and
powerful reagents for the exploration of gene functions.1,2 Devel-
oped by Summerton, phosphorodiamidate morpholino oligonucle-
otides (PMOs) are one of the highly favorable third-generation
antisense compounds, owing to its predictable in vivo activity in
blocking mRNA translation.3–9

Morpholinos are synthetic DNA analogues (�25 bases long)
having morpholine ring in lieu of the ribose sugar moiety and con-
tain neutral phosphorodiamidate backbone.6 PMOs are prepared
on a solid support using an iterative two-step process, which com-
prises detritylation and subsequent assembling of the chloro-
phosphoramidate-activated subunits (Fig. 1). These activated
subunits were initially synthesized by reacting the corresponding
70-hydroxy morpholino units of adenosine (A), 5-methyl uridine
(T), guanosine (G), and cytidine (C) with N,N-dimethylphosphor-
amidodichloride in the presence of N-ethylmorpholine as a base
and N-methylimidazole as an additive.10 The conversion was later
improved by changing the base to 2,6-lutidine, and around 50%
yields were reported in the case of A, C, and T.11 However, longer
reaction time (6–16 h) often poses a problem as decomposition
of the product starts, and for G-morpholino, double base-protec-
tion is required to circumvent the very poor (5%) yield.12 An alter-
nate synthetic procedure was reported by Chen and co-workers
using a strong base such as LiHMDS which gave moderate to good
yields.13 In both of the above cases, a considerable amount of the
ll rights reserved.
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starting materials remains unreacted, and with LiHMDS, longer
reaction time often leads to the formation of the phosphoric acid
as the major product. Notably, synthesis of the chlorophosphoram-
idate intermediates for medicinally-important prodrugs also re-
quires strong bases like t-BuOK14 and LiHMDS.15 These extremely
moisture-sensitive strong bases often need hazardous preparation
steps and additional precautionary measures. Because only a lim-
ited number of methods have been developed for synthesizing
these base-sensitive chlorophosphoramidate-activated morpho-
lino subunits, there is a further need for new mild and efficient
synthetic procedures. In connection with our studies on modified
morpholinos,16,17 herein, we report lithium bromide-diazabicyclo-
N
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final removal from resin

Figure 1. General structure and oligomerization of activated subunits.
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undecene (DBU) as an effective combination to synthesize the acti-
vated subunits.

The 70-hydroxy morpholino units of A, T, G, and C were first syn-
thesized following our established protocol.17 To find an efficient
way to carry out the transformation, we screened a number of con-
ditions using morpholino-T unit 1 as a model substrate (Table 1).

In the absence of any additive only a trace conversion was ob-
served when DIPEA, DBU, and DABCO (Table 1, entries 1–3) were
used as bases. Use of tetrabutyl ammonium hydroxide (n-Bu4NOH)
failed to effect any conversion (Table 1, entry 4). A powerful com-
bination of potassium carbonate-18-crown-6 was also proven to be
ineffective (Table 1, entry 5). When sodium hydride was employed,
at room temperature the products got decomposed (Table 1, entry
6). Careful optimization of the reaction temperature led to a pleas-
ing 50% yield of the activated morpholino-T unit (Table 1, entry 7)
but the purine morpholinos did not respond well to the NaH con-
dition. Expectedly, another strong base t-BuOK was quite effective
to promote the conversion (Table 1, entry 8), but was avoided be-
cause of its marked sensitivity to moisture to generate KOH which
hydrolyzed the product partially to give phosphoric acid. While DI-
PEA and DBU were ineffective alone, in combination with N-methyl
imidazole (30 mol %) as an additive, 19% and 26% yields of the
products were obtained, respectively (Table 1, entries 9 and 10).
Longer reaction time did not help the reactions to go to comple-
tion. In the presence of a catalytic amount of DMAP, DBU yielded
31% product (Table 1, entry 11) whereas N-methyl morpholine
(NMM) failed to promote any transformation (Table 1, entry 12).
Recently, the use of inorganic salts has been demonstrated to
accelerate the rate of phosphorodiamidate bond formation during
Table 1
Screening of reaction conditionsa for the preparation of activated subunit 1a

P
N

O
Cl Cl

N

O
ThyHO

CPh3
1

Entry Base (equiv) Additive (equiv) So

1 DIPEA (2.2) None DC
2 DBU (2.2) None DC
3 DABCO (2.2) None DC
4 n-Bu4NOH (2.2) None TH
5 K2CO3 (2.2) 18-Crown-6 (0.1) TH
6 NaH (2.2)c None TH
7 NaH (2.5)d None TH
8 t-BuOK (2.2) None TH
9 DIPEA (2.2) NMI (0.3) DC

10 DBU (2.5) NMI (0.3) DC
11 DBU (2.5) DMAP (0.1) DC
12 NMM (2.2) DMAP (0.1) CH
13 NMM (2.2) LiBr (1.1) CH
14 2,6-Lutidine (2.2) LiBr (1.1) CH
15 DBU (2.2) LiBr (1.1) CH
16 DBU (3.2) LiBr (2.2) CH
17 DBU (3.2) LiBr (3.2) CH
18 DBU (3.2) LiBr (3.2) CH
19 DBU (3.2) LiBr (3.2) TH
20 DBU (3.2)e LiBr (3.2) CH
21 DBU (3.2) LiF (3.2) CH
22 DBU (3.2) LiCI (3.2) CH
23 DBU (3.2) LiI (3.2) CH
24 DBU (3.2) LiCIO4 (3.2) CH
25 DBU (3.2) NaBr (3.2) CH
26 DBU (3.2) KBr (3.2) CH
27 DBU (3.2) MgBr2 (3.2) CH

a 0.05 mmol scale.
b Isolated yields.
c NMe2POCl2 added at 0 �C.
d NMe2POCl2 added at �30 �C.
e Best conditions.
morpholino oligomerization.18 However, the effect of lithium salts
on the synthesis of chlorophosphoramidate-activated subunits has
never been studied. The high electropositive character and small
size of lithium cation make it a preferred additive in numerous
organic reactions. The LiBr–DBU combination is also known to
promote many organic transformations, for example, transesterifi-
cation,19 Michael addition,20 Baylis–Hillman reaction,21 cycloaddi-
tion reactions22,23 etc. In our model reaction, stoichiometric
amounts of LiBr in combination with 2.2 equiv of NMM, or 2,6-lu-
tidine or DBU in acetonitrile resulted in unsatisfactory conversions
(Table 1, entries 13–15). Among the non-nucleophilic bases
screened, DBU has the highest pKa value24 in non-aqueous solvents
and seemed promising from the initial results. To our delight,
when the amount of DBU and LiBr was increased to 3.2 equiv, at
room temperature, the reaction was completed within 20 min
and 46% yield was achieved (Table 1, entry 17). To minimize the
suspected decomposition of the product, the reaction was repeated
at 0 �C and better yield was obtained (Table 1, entry 18). Use of THF
as solvent was also found to yield comparative result (Table 1, en-
try 19). The nucleoside was soluble in DCM, whereas LiBr was sol-
uble in CH3CN. Thus a 50:50 mixture of DCM and CH3CN was used
as solvent and a satisfactory 61% yield for 1a was obtained (Table 1,
entry 20; best condition). To find out a better additive, other lith-
ium halides were also screened. Interestingly, none of LiF, LiCl,
and LiI exhibited satisfactory results (Table 1, entries 21–23). Lith-
ium perchlorate (LiClO4) afforded comparable yields, with a
slightly lower reaction rate (Table 1, entry 24). Bromides of other
representative alkali and alkaline earth metals could not promote
any conversion (Table 1, entries 25–27). The unique behavior of
Base

Additive
solvent

N

O
ThyO

CPh3

P
O

N
Cl

1a

lvent Temp (�C) Time Yieldb (%)

M rt 12 h Trace
M rt 12 h Trace
M rt 12 h Trace
F rt 12 h Trace
F rt 12 h Trace
F rt/0 30 min Decomp
F �10 3.5 h 50
F 0 1 h 63
M rt 3 h 19
M rt 4 h 26
M rt 4 h 31
3CN rt 12 h Trace
3CN rt 12 h Trace
3CN rt 12 h 11
3CN rt 12 h 16
3CN rt 12 h 21
3CN rt 20 min 46
3CN 0 30 min 55
F 0 30 min 47
3CN–DCM 0 30 min 61
3CN–DCM 0 30 min 6
3CN–DCM 0 30 min 5
3CN–DCM 0 30 min 11
3CN–DCM 0 30 min 54
3CN–DCM 0 30 min Trace
3CN–DCM 0 30 min Trace
3CN–DCM 0 30 min Trace
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Scheme 1. Plausible mechanism for the LiBr–DBU mediated activation.
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LiBr can be explained by assuming an optimum balance between
lattice energy and covalent character, so that it dissociates effi-
ciently while maintaining the coordination property of Li+ in or-
ganic solvents. Effectiveness of LiClO4 further proves the
assumption as it also has a loosely bound Li+ and low lattice
energy.

Having found the optimal conditions,25 the methodology was
then extended to the other 70-hydroxy morpholino subunits in a
similar manner (Table 2). The exocyclic amine protected cyti-
dine-morpholino subunit 2 was converted into the chlorophosph-
oramidate activated subunit 2a26 in 74% yield (Table 2, entry 2).
The 70-activated subunits of adenosine 3a and guanosine 4a were
also obtained in high yield within a short period of time (Table 2,
entries 3 and 4). It is worth mentioning here that such a clean
and high yielding method has not been reported earlier. After hav-
ing achieved a satisfactory way to synthesize regular activated
morpholino units, we were interested to see how efficiently this
methodology can be applied to other morpholino and nucleoside
derivatives. A novel morpholino derivative 5,17b integrating an
amino acid segment in the morpholine ring responded well to
furnish the corresponding product in 51% yield (entry 5). Interest-
ingly, when we proceeded to apply the method on acetonide-
protected 5-methyl uridine 6, a large amount of starting material
remained unreacted, and with 5 equiv of LiBr, only 21% yields of
6a were obtained. The reaction also remained unsuccessful on
20,30-dideoxythymidine.
Table 2
Scope of the LiBr–DBU mediated activated subunit synthesis

Entry Starting material Product Time
(min)

Yielda

(%)

1 N

O
ThyHO

CPh3
1 N

O
ThyO

CPh3

P
O

N
Cl

1a
30 61

2 N

O
CytBzHO

CPh3

2
N

O
CytBzO

CPh3

P
O

N
Cl

2a
25 74

3 N

O
AdeBzHO

CPh3
3

N

O
AdeBzO

CPh3

P
O

N
Cl

3a
30 69

4 N

O
Guai-BuHO

CPh3

4
N

O
Guai-BuO

CPh3

P
O

N
Cl

4a
20 56

5
N

O
ThyHO

O

OPh

5

N

O
ThyOP

O

N
Cl

O

OPh

5a

40 51

6

O
Thy

O O

HO

6

O
Thy

O O

OP
O

N
Cl

6a

60 21

a Isolated yields.
The exact mechanism of the reaction needs to be further
investigated; however, a plausible mechanism (Scheme 1) can be
suggested from the clues obtained. In the examples of 6 and
20,30-dideoxythymidine the reactions were unsatisfactory. Notably,
in these, there are no ring nitrogen atoms like morpholinos which
clearly indicate the role of morpholine ring-N in coordination with
Li+. When the ring-N was protected with electron withdrawing
benzoyl group, only 9% yield of the activated unit was obtained
which further proves the involvement of the ring-N. The role of
Li+ was unambiguously established by repeating the model reac-
tion of 1 in the presence of lithium-coordinating solvent like
HMPA, as only a marginal conversion was observed. It seems that
3.2 equiv of the lithium salt is required to get the optimum results.
This can be explained as Li+ also interacts with the amide function-
ality of acylated nucleobases and NMe2POCl2. In the presence of
lithium cation, evidence for amide–imidic acid tautomerism was
found in FTIR spectrum (suppression of peak at 1690 cm�1 and
emergence of sharp peak at 3566 cm�1), when the model reaction
of 1 was performed without the addition of NMe2POCl2. In another
test reaction of NMe2POCl2, DBU, and LiBr, without the addition of
1, the 31P NMR signal shifts to downfield (from d 19.85 to 20.00),
possibly due to the coordination of Li+ with NMe2POCl2. Thus
mechanistically (Scheme 1), on intramolecular chelation with 70-
OH and morpholine ring-N,27 the lithium cation forms a six-mem-
bered ring through ring and nitrogen inversion. This chelation in
turn increases the acidity of the 70-OH proton, making it easier
for the base to abstract it. The alkoxide thus generated then reacts
with dimethylphosphoramidodichloride to form the desired chlo-
rophosphoramidate-activated subunit. The Li+ chelation step is be-
lieved to be the rate determining step as a thermodynamically
unfavorable inversion28,29 equilibrium proceeds to the forward
direction slowly.

It is noteworthy to mention here that, the chlorophosphorami-
date products are not stable in solution at room temperature for
longer time, especially, in the presence of any base. In all the prep-
aration methods (including previously reported) for activated sub-
units, the isolated yields were often less than the conversion
observed (TLC). It is therefore advisable to purify the products
immediately after the reaction to obtain good yields.

In conclusion, we have developed a mild and high yielding
method for the preparation of chlorophosphoramidate-activated
morpholino subunits. An unprecedented application of the LiBr–
DBU reagent combination has also been uncovered. Owing to the
utilities of chlorophosphoramidate intermediates in the synthesis
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of morpholino oligomers and medicinally important prodrugs, the
present method may find potential applications.
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