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Abstract: Oligodeoxyribonucleotides were synthesized udiiighosphonate monomers without amino protection.
TheH-phosphonate monomers of deoxyadenosine, deoxycytidine, and deoxyguanosine bearing the free amino groups
were synthesized in good yields IBselective phosphonylation of the pareft@ (dimethoxytrityl)deoxyribonu-
cleosides. It was found that the amino groups of the nucleosides were not modified during internucleotidic bond
formation where (benzotriazol-1-yloxy)carbonium and -phosphonium compounds were employed as condensing
reagents. The most effective condensing reagent for rapid internucleotidic bond formation was found to be
2-(benzotriazol-1-yloxy)-1,1-dimethyl-2-pyrrolidin-1-yl-1,3,2-diazaphospholidinium hexafluorophosphate (BOMP).

In the presenH-phosphonate method, 2-(phenylsulfonyl)-3-(3-nitrophenyl)oxaziridine (PNO) was employed as a
new oxidizing reagent for the oxidation of internucleotithiephosphonate linkages under anhydrous conditions in

the presence ofN,O-bis(trimethylsilyl)acetamide. The reaction mechanism for @eelective condensation was
investigated in detail by means 8P NMR spectroscopy. Unprecedented oxidation oHRghosphonate monomers

was observed during activation of the monomers with (benzotriazol-1-yloxy)phosphonium and -carbonium condensing
reagents in the absence of tHehdroxyl components. A mechanism for tBeselective condensation was proposed

on the basis o&b initio molecular orbital calculations for the model compounds at the HF/6-31G* level.

Introduction Scheme 1

From the chemical point of view, the amino groups of 1 . a
nucleosides have sufficient reactivities toward electrophiles. It RO—P—X RO—P—X RO—P—X
is well known that a pentavalent phosphorus(V)-type phospho- OR' OR' H
rylating reagent (type A)1° and a trivalent phosphorus(lll)- A B ¢

type phosphitylating reagent (type 8)13 will react with the
exocyclic amino groups of nucleosides (Scheme 1). In some
cases, reagents of both the types react with tle@sition of

the guanine and the @-position of the uracil and thymine
based#22 Therefore, in the current synthesis of DNA and
RNA as well as their analogs, the nucleobases are generally
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blocked by base-labile protecting groups during chain elonga-
tion.2® However, highly base-sensitive DNA analogs, which

readily decompose under the standard basic conditions pre-
scribed for removal of the protecting groups, could not be
synthesized with such protection modes. Several examples have
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been reported of using amino protecting groups which can be
deprotected under neutral or mild basic conditions for the
synthesis of methylphosphonafe?” phenylphosphonafé alkyl
phosphaté®-33 and phosphoramida®® analogs of oligode-
oxyribonucleotides. A more straightforward approach for
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Synthesis of Oligodeoxyribonucleotides

synthesizing such labile DNA analogs is a method utilizing
nucleotide building blocks having unprotected nucleobases.
Indeed, Letsingeet al. have described a pioneering study of
the phosphoramidite method which utilizes monomers with
unprotected basé12 They have reported that the free amino
groups of the nucleobases are phosphitylated with activated
phosphoramidite reagents, making an additional step fa¥ P
bond cleavage ultimately necessary for oligonucleotide synthe-
sis.

On the other hand\-protectedH-phosphonate oligonucle-
otides have been used as versatile intermediates for the synthes
of oligodeoxyribonucleotidés and their analogs bearing phos-
phorothioate’3® phosphoramidaté®® methyl phosphaté?
methylphosphonat®,alkylphosphonaté} S-aryl phosphorothio-
atef* acylphosphonat®, phosphorofluoridaté? phosphorodithio-
ate®® selenophosphat¥, (hydroxymethyl)phosphonaté,and
boranophosphatginternucleotidic linkages. Jones al. have
also described one variation of thephosphonate method which
uses monomers having unprotected bd$edowever, the free
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amino groups of the nucleobases are acylated to some extent

with the condensing reagents. These modifications are removedI
by treatment with aqueous ammonia, but such a treatment is

only possible for the sufficiently stable oligonucleotide deriva-
tives. In addition, it has been observed that in Hi@hos-
phonate approach, undesirable side reactions such as modifi
cations of the 5hydroxyl group by condensing reagefs°
overactivation oH-phosphonate monomet51-52acylation of

(28) Hayakawa, Y.; Hirose, M.; Hayakawa, M.; Noyori, ROrg. Chem.
1995 60, 925.

(29) Kuijpers, W. H. A.; Huskens, J, E.; van Boeckel, C. A. A.
Tetrahedron Lett199Q 31, 6729.

(30) Kuijpers, W. H. A.; Huskens, J, E.; Koole, L. H.; van Boeckel, C.
A. A. Nucleic Acids Resl99Q 18, 5197.

(31) lyer, R. P.; Devlin, T.; Habus, I.; Ho, N.-H.; Yu, D.; Agrawal, S.
Tetrahedron Lett1996 37, 1539.

(32) lyer, R. P.; Yu, D.; Ho, N.-H.; Agrawal, S.. Org. Chem1995
60, 8132.

(33) lyer, R. P.; Yu, D.; Jiang, Z.; Agrawal, Setrahedron1996 52,
14419.

(34) lyer, R. P.; Devlin, T.; Habus, I.; Yu, D.; Johnson, S.; Agrawal, S.
Tetrahedron Lett1996 37, 1543.

(35) lyer, R. P.; Yu, D.; Xie, J.; Zhou, W.; Agrawal, 8ioorg. Med.
Chem. Lett1997, 7, 1443.

(36) For comprehencive reviews ¢fiphosphonate chemistry see: (a)
Froehler, B. C. InProtocols for Oligonucleotide and Analogs, Synthesis
and Properties. Methods in Molecular Biologkgrawal, S., Ed.; Humana
Press: Totowa, 1993; Vol. 20, pp 680. (b) Stawinski, J. IrHandbook
of Organophosphorus Chemistifgngel, R., Ed.; Dekker: New York, 1992;
pp 377434. (c) Kers, A.; Kers, |.; Kraszewski, A.; Sobkowski, M.; Szabo,
T.; Thelin, M.; Zain, R.; Stawinski, Nucleosides Nucleotide996 15,
361.

(37) Kume, A. Fuijii, M.; Sekine, M.; Hata, 1. Org. Chem1984 49,
2139.

(38) Froehler, B. CTetrahedron Lett1986 27, 5575.

(39) Froehler, B. C.; Ng, P.; Matteucci, M. Dlucleic Acids Resl988
16, 4831.

(40) de Vroom, E.; Dreef, C. E.; van der Elst, H.; van der Marel, G. A,;
van Boom, J. HRecl. Tra. Chim. Pays-Bad4988 107, 592.

(41) de Vroom, E.; Spierenburg, M. L; Dreef, C. E.; van der Elst, H.;
van der Marel, G. A.; van Boom, J. HRecl. Tra. Chim. Pays-Ba4987,
106, 65.

(42) Bollmark, M.; Zain, R.; Stawinski, Jetrahedron Lett1996 37,
3537.

(43) Wada, T.; Hata, TTetrahedron Lett199Q 31, 7461.

(44) Stawinski, J.; Thelin, MTetrahedron Lett1992 33, 7255.

(45) Wada, T.; Sekine, MTetrahedron Lett1995 36, 8845.

(46) (a) Sergueev, D.; Hasan, A.; Ramaswamy, M.; Shaw, BLZ&
International Roundtable: Nucleosides, Nucleotides and Their Biological
Applications San Diego, 1996; p 246. (b) Zhang, J.; Terhorst, T.; Matteucci,
M. D. Tetrahedron Lett1997 38, 4957.

(47) Kung, P.-P.; Jones, R. Aetrahedron Lett1992 33, 5869.

(48) Froehler, B. C.; Matteucci, M. Dletrahedron Lett1986 27, 469.

(49) Strmberg, R.; Stawinski, Nucleic Acids Symp. Set987, 18, 185.

(50) Gaffney, B. L.; Jones. R. Aletrahedron Lett1988 29, 2619.

(51) Garegg, P. J.; Lindh, J.; Regberg, T.; Stawinski, J.:riherg, R.
Nucleosides Nucleotidekd87, 6, 655.

he internucleotidic linkage®;>354and hydrolysis of theH-
phosphonate backbone during the oxidation¥t&sometimes
occur. In order to exclude these troublesome reactions, a
completely different approach it-phosphonate chemistry
'should be explored.

In this paper, we report in detail our studies of a novel
H-phosphonate method which utilizBsunprotected monomers,
phosphonium and carbonium condensing reagents, and a new

type of oxidizing reagent.

Results and Discussion

Synthesis ofH-Phosphonate Monomers with Unprotected
Bases. Few examples of th®©-selective phosphorylation of
N-unprotected nucleosides have been reported in the literature.
Yoshikawaet al. have described the phosphorylation g
unprotected ribonucleosides with phosphorus oxychloride in the
presence of wateé€ Hayakawaet al. have recently described
a new method for theO-selective phosphorylation oN-
unprotected nucleosidés. In this case, th®-selective activa-
tion by the metalloorganic bases resulteddsselective phos-
phorylation. On the contrary, we have recently reported the
synthesis oN-phosphorylated ribonucleoside derivatiVésn
connection with this study, we have screened a wide range of
reactions ofO-protected deoxyadenosine, deoxycytidine, and
deoxyguanosine derivative$q, 1¢, 1g; Scheme 2) having free
amino groups with a number of types of active phosphorus
compounds. It was found that the commonly used trivalent
phosphorus reagents (Scheme 1, type B) prescribed for the
synthesis oH-phosphonate monoesters such as tris(1,2,4-triazol-
1-yl)phosphiné? tris(imidazol-1-yl)phosphiné® and 2-chloro-
4H-1,3,2-benzodioxaphosphorin-4-Sheeact with theN-un-
protected nucleosides under the standard conditions. In contrast,
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phosphonylating reagents containing theHPfunction (Scheme 100+ =
1, type C) such as pyrophosphon®bijs(1,1,1,3,3,3-hexafluoro-

2-propyl) phosphonat®, and diphenyl phosphon&feb* were

completely inert to the amino groups of any nucleosides. By

using these reagent®:selective phosphonylation &f-unpro- 1

tected nucleosides was examined. For instanc®-8imeth-

oxytritylated deoxyadenosine2g), deoxycytidine 2c), or k 1

deoxyguanosine 2g) was allowed to react with diphenyl

phosphonate in pyridine at room temperature (rt) for 20 fhin. 1

After the subsequent hydrolysis in the presence of triethylamine,

the triethylammonium salts of thid-phosphonate monomers o
having free amino groups were obtained in high yields. It was

found that when the deoxycytidine unit was rendered anhydrous

by repeated coevaporation with pyridine, triethylamine was Figure 1. Condensation o5t with 3t (2 equiv) in the presence of a
gradually lost from the monomer unit and marginally soluble carbonium type of condensing reagent (5 equiv) in,CR—pyridine
precipitates were formed. Therefore, at the final step of its (1:1, viv) at 25°C: Data in pareptheses refer to thg half-lifetimes of
preparation, the triethylammonium salt was converted to the St . 10b (<1 m'.n);,o’ 8d (2 min) W, 80 + 10 equiv of Melm (10
more stable DBU safé2%5 In this manner, the DBU salts of min); 4, 9b (60 min); 2, 8b (80 min).

the H-phosphonate monomes, 5¢, and5g were isolated in condensing reagent. It was found thgi\-bis(2-oxo-3-

88, 91, and 94% vyields, respectivéfy.When pyrophospho- - L . .
naté%6’was used ir{ place of dri)phenylpyphospho?;tepthe ?eaction oxazolidin-1-yl)phosphinic chloride (BOP'@%d'd not react
' with the free amino groups of the nucleosides, but a large excess

proceeded slowly, and several hours were required to complete . ) :
the reaction. In these cases, the yields of the monomers WereOf the rl%zphosphonate monomét activated by the condensing
74—87%. reagent’ reacted to some extent with the amino group4 af

O-Selective Formation ofH-Phosphonate Internucleotidic andlc .
Linkages. In order to synthesize thel-phosphonate oligo- A few examples have been reported of carbonid®i0)

nucleotide intermediates bearing unmodified bases, neither the2nd Phosphoniumi{ and12) condensing reagents, which were

activated monomers nor the condensing reagents must react wittpriginally developed for peptide synthesis, as activators for
the exocyclic amino groups. It has been reported that condens-phOSpgOrus compounds aSUCh as phospHatesithiophos-
ing reagents such as pivaloyl chloritfeadamantanecarbonyl  Phates? alkylphosphonate§2and phenylphosphonaté8 Takaku
chloride?” and diphenyl phosphorochloridsié, which are et al.have reported the use qf2-chlor0-1,3-d|methyllm|dazollum
commonly used in thél-phosphonate method, react with the chloride (L0i) as a condensing reagent in thephosphonate

74,75 i -
unprotected nucleobases. In #ephosphonate approach using Method:™ ™ However, we found that the activatetiphospho
N-unprotected monomers and acyl chloride as a condensingnate monomebt by this reagent reacted significantly with the

reagent, there is no evidence of tRephosphonylation during amino groups ofla 1¢ and 1g I_n6 a sim_ilz;lr mannef,
condensatiod’ Careful TLC monitoring of the reactions halophosphonium types of reagent2i(°® and 12j'") resulted

betweenO-protected adenosindd), cytidine (Lc), and gua- in modifications of the base moieties_ of nucleosides. C_o_nse-
nosine (g), which have free amino groups, with 10 equiv of guently, these reagents are only effective for the method utilizing
thymidine 3-H-phosphonatét in the presence of 50 equiv of ~ N-Protected monomers. .

pivaloyl chloride in pyridine indicated that, in the case laf After extensive screening, we ultimately found that a (ben-
and1g, only theN-acylated products were observed. In contrast, Zotriazol-1-yloxy)carbonium or a -phoshonium type of condens-
the deoxyadenosine derivatiia gave bothN-acylated and ~ iNg reagent and the activated monomers produced by these
N-phosphitylated product§. A detailed analysis of these réagents did not affect the amino groups of the. nucle03|.des.
reactions by means 6P NMR indicated that thymidine’3 ~ The H-phosphonate monomét was condensed with 2 equiv
bis(pivaloyl) phosphit& (125.05 ppm) is the major product in ~ ©f 3-O-(phenoxyacetyl)thymidinet in the presence of a

all cases. In the case of the deoxyadenosine derivative ~ condensing reagent (S equiv) in GEN—pyridine (1.1, v/v) at
additional signals were observed at 132.61 and 132.87%pm. 25°C, and the reaction was monitored #f NMR (Figures 1
These results strongly suggest that there is a base modificatior?nd 2). HBTU 8b)”and BOP {1b),”® widely used for peptide

of the adenine base by the monons&rwhich is activated by synthesis, gave relatively slow rates of internucleotidic bond

-]
(=3

2]
o

-3
(=

Yield of 6t (%)

N
o

Time {min)
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(66) Jones has originaly reported the synthesil-ofhprotected mono- 1989 8, 1033.
mers Ba, 5¢, and5g) via the N-protectedH-phosphonate derivatives by (75) Sakatsume, O.; Yamane, H.; Takaku, H.; Yamamotdegttahedron
using tris(1,2,4-triazol-1-yl)phosphine as a phosphonylating reagent in ref Lett. 1989 30, 6375.
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Scheme 3
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Figure 2. Condensation obt with 3t (2 equiv) in the presence of a
phosphonium type of condensing reagent (5 equiv) in@\D-pyridine
(2:1, viv) at 25°C. Data in parentheses refer to the half-lifetimes of
5t: @, 12eand BOMP (<1 min); O, 12b + 10 equiv of Melm (2
min); M, 12d (4 min); O, 12b (12 min); A, 11b (125 min); A, 12f (18
h).
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tion. When8b and9b were used, the half-lifetimes &t were
82 and 60 min, respectively. Consequently, a new phosphonium
condensing reagent, 2-(benzotriazol-1-yloxy)-1,3-dimethyl-2-
pyrrolidin-1-yl-1,3,2-diazaphospholidinium hexafluorophosphate
(BOMP), was found to be highly effective in the present method.
In spite of having an unsubstituted benzotriazolyloxy group in
this reagent, condensation was completed within 5 min. A
cyclic carbonium compound, BO10b),2* was found to have a
reactivity similar to that of BOMP. However, BOILQb) is
poorly soluble in pyridine, and the reagent is not suitable for a
solid-phase synthesis. In the condensation with carbonium- and
phosphonium-type condensing reagents, pyridine plays an
essential role in the activation of the condensing reagents. When
the reaction was carried out in GON in the absence of
pyridine, the condensation proceeded very slowly. It was also
found that the addition ofN-methylimidazole (Meln as a
nucleophilic catalyst accelerated the reaction.

Next, the H-phosphonate monomegs, 5c, and 5g were
condensed with 2 equiv of -®-(phenoxyacetyl)thymidin@t

formation. When these reagents were used, the reactions wergn the presence of BOMP (5 equiv) in pyridin€DsCN (1:1,

not complete even after 2 h. Therefore, we tested several

v/v). One of the best ways to confirm the side reactions caused

condensing reagents having various core structures and leavingy the activated monomers and the phosphonium condensing
groups to accelerate the condensation (Scheme 3). In generaleagents is through a direct observation of the reaction mixture

the introduction of an electron-withdrawing group to the
benzotriazolyl moiety resulted in an accelerated rate of con-
densation. By use of HATUSd)8° and PyAOP {2d)®! having

a 7-azabenzotriazol-1-yloxy group (OAt), the reactions were
completed in 18 and 28 min, respectively. The 6-(trifluorom-
ethyl)benzotriazol-1-yloxy group (OTfbt) was found to be a
highly effective leaving group for the phosphonium reagents.
The time required for completion of the condensation using
PyFOP (267 was less than 5 min. In the case using the
phosphonium reagent PyPOR2{)76 having the pentafluo-
rophenoxy group, no reaction took place after 30 min. The (4-
0x0-1,2,3-benzotriazin-3-yl)oxy group (Dhbt) was found to be
ineffective for rapid condensation in the case of PyDOE)("®

In comparison with BOP 1(1b) and PyBOP 12b),8? the
pyrrolidin-1-yl group is superior to the dimethylamino group

by 3P NMR spectroscopy because highly unstable intermediates
containing a phosphorus atom, which readily decompose during
TLC or HPLC analysis, can be detec#®d??25* 3P NMR
monitoring of the condensation mixtures indicated that the
reactions were completed within 5 min in all cases to give the
H-phosphonate dime&a, 6¢, and6g bearing the unprotected
bases without any side products (Tablé%)t was noteworthy
that no modification of the'shydroxyl group of3t by the excess
amount of condensing reagent was detected by*¥ReNMR

and TLC analysis.

Ab Initio Calculations of Condensing Reagents.The
reactivity of the (benzotriazolyoxy)carbonium and -phosphonium
condensing reagents depends on their core structures as well as
the nature of their leaving groups. It is obvious that a bulky

as a substituent on the phosphonium center for rapid condensagroup neighboring a carbonium or phosphonium center may

tion.”® When11b and12b were used, the half-lifetimes &t
were 125 and 12 min, respectively. In the cases of the
carbonium reagents HBT8) and HBPyU 0b),83 no remark-

decrease the reactivity of the reagent, and an electron-withdraw-
ing substituent on a leaving group may increase the reactivity.
It was found that cyclic carbonium and phosphonium reagents

able differences were observed between the rates of condensasuch as BOI10b) and BOMP had unexpected high condensing

(80) Carpino, L. A.J. Am. Chem. S0d.993 115 4397.

(81) (a) Ehrlich, A.; Heyne, H.-U.; Winter, R.; Beyermann, M.; Haber,
H.; Carpino, L. A.; Bienert, MJ. Org. Chem1996 61, 8831. (b) Albericio,
F.; Cases, M.; Alsina, J.; Triolo, S. A.; Carpino, L. A.; Kates, S. A.
Tetrahedron Lett1997, 38, 4853.

(82) Coste, J.; Le-Nguyen, D.; Castro, Betrahedron Lett199Q 31,
205.

(83) Chen, S.; Xu, JTetrahedron Lett1992 33, 674.

abilities. In order to elucidate the structunesactivity relation-
ship of the condensing reagendd initio calculations of both
acyclic and cyclic reagents were carried out.

(84) Kiso, Y.; Kimura, T.; Fujiwara, Y. Sakikawa, H.; Akaji, KChem.
Pharm. Bull.199Q 38, 270.

(85) Effimov, V. A.; Reverdatto, S. V.; Chakhamakhcheva, O. G.
Tetrahedron Lett1982 23, 961.
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Recently, the crystal structure of HBT8K) was determined ~ Scheme 4

to have a guanidinium form by X-ray analy$fs. First, o BSA OEt PNO
molecular orbital calculations of the isomeric structuresinf EtO—P—OEt Et0-F,

a uronium form having a ©C* bond and a guanidinium form H otmMs
having a N-C* bond, were examined. Geometry optimization 13 14
was carried out at the HF/6-31G* level, and the single-point

energy of each structure was calculated at the MP2/6-31G* level. 2 MeOH 0

As seen in the total energies of the isomeric structures, the EtO—F—OEt Et0—P—OFt
guanidinium form was more stable by 4.92 kcal/mol than the oThs o
uronium form® In the case ofiOb, the energy difference 15 16
between the isomeric structures was calculated to be 5.10 kcal/ *]

mol %8 These results are consistent with the crystal structure g‘N\_dCHQ

of 8b. In the uronium form of8b and 10b, there is no large NO,

LUMO on the carbonium center, and the lowest unoccupied PNO

molecular orbital (UMO) having a large coefficient on the

carbonium center is the LUMG- 188 In the case of the  a catalyst for activation of trimethylsilyl peroxide by Hay-
guanidinium form of8b and 10b, the lowest UMO having a  akawa8® was not effective in accelerating the reaction rate in
large coefficient on the carbonium center is the LUKFO.  this case.

However, superiority oflOb over 8b cannot be explained by Consequently, 2-(phenylsulfonyl)-3-(3-nitrophenyl)oxaziri-
comparing the energy levels and coefficients of the UMOs of (ine (PNO¥°® was found to be effective for the oxidation of
these compounds. In contrast, the atomic charge on thesily| phosphites under neutral and anhydrous conditions. For
carbonium center of the guanidinium form 18b (0.901 e) is  instance, diethyl phosphonati3 was treated with 2 equiv of
appreciably greater than that& (0.758 e):® Therefore 10b PNO in the presence of 5 equiv of BSA in CREScheme 4).
is advantageous t8b in the charge-controlled reactions with  Monitoring of the reaction mixture b§P NMR indicated that
H-phosphonate anions. the oxidation was completed within 5 min quantitatively to give
Next, the molecular orbital calculations for the phosphonium diethyl trimethylsilyl phosphatel5 (—8.18 ppm,3Jpy = 8.5
compounds BOPI(1b) and BOMP were carried out. These Hz).88 The trimethylsilyl group ofL5 was readily removed by
compounds have similar atomic charges on the phosphoniumtreatment with MeOH in the presence of triethylamine to give
centers® In these compounds, the lowest UMO having a large diethyl phosphatél6 (—0.02 ppm,3Jpy = 7.3 Hz)%8 When
coefficient on the phosphonium center is the LUMO2 58 the O-protected nucleosiddsy, 1c, 1g, andit were treated with
Compared with the UMOs ofl1b and BOMP, the high a large excess amount of PNO in the presence or absence of
reactivity of BOMP can be attributed to the existence of the BSA, oxidation of the base moieties was not detected after 6 h
significantly large LUMO+ 2 on the phosphorus atof. by TLC analysis. In addition, PNO will be useful for the
Oxidation of H-Phosphonate Diesters under Anhydrous  oxidation of phosphite intermediates in the phosphoramidite
Conditions. In the currenH-phosphonate approach, the most approach under anhydrous conditid#?
troublesome step in the solid-phase synthesis is the oxidation Solid-Phase Synthesis of Oligodeoxyribonucleotidesln
of theH-phosphonate backboA® During the oxidation using  order to confirm theO-selective condensation and the new
aqueous 3, the internucleotidicH-phosphonate linkages are  oxidation method at the oligomer level, a solid-phase synthesis
partially hydrolyzed to decrease the yield of oligom®s. was examined. The condensation using tenprotected
Improved oxidation procedures have been reported by somemonomerss and BOMP was successfully applied to the solid-
groups®6a:5587 However, using the oxidation conditions with  phase method. The yields of dimétg 7c, 7g, and7t anchored
aqueousd a complete suppression of the competitive hydrolysis to a highly cross-linked polystyrene (HCP)sia an oxalyl
of theH-phosphonate backbone cannot be achieved. Therefore linker®! were estimated to be 9099% by DMTr assay with
a new method for the oxidation of thé-phosphonate diesters  use of the monomer units(0.05 M, 20 equiv tat) and BOMP
under anhydrous conditions should be explored. Van Boom (0.2 M, 4 equiv to5) in pyridine®? for 2 min. By use of these
has reported the oxidation of dinucleosidephosphonateia coupling conditions, a tetranucleosittephosphonate, d(Cp-
the corresponding trimethylsilyl phosphite usirBuOOH as (H)Ap(H)pGp(H)T), was synthesized on the polymer support
an oxidizing reagerft? In fact, the ' NMR monitoring  with an average coupling yield of 99%. THh&phosphonate
indicated that oxidation of diethyl trimethylsilyl phosphitb intermediate was successively treated with a 0.2 M solution of
with t-BuOOH in CD,CN proceeded very quickly and was PNO in dry CHCI, in the presence of BSA (0.5 M) for 10
completed within 5 min. However, the silyl phosphite is highly min. After being washed with Ci€l,, the tetramer was
moisture-sensitive and is readily converted toktfiphosphonate released from the support by treatment with PgNMeOH (1.:
diester which cannot be oxidized HyBuOOH. When the 4, v/v) for 30 min. The resulting crude d(CAGT) was analyzed
reaction was carried out in the presence of exdeg3 bis- by anion-exchange HPLC (Figure 3A). The purity of the
(trimethylsilyl)acetamide (BSA) to eliminate all traces of water, tetramer was estimated to be 87%. The tetramer was isolated
the oxidation was incomplete after several hours. In this reac- by anion-exchange HPLC in 58% yield from the anchored
tion, t-BuOOH was converted to a less reactive species of
t-BuOOTMS. When the silyl phosphite4 was treated with 5 (89) (a) Davis, F. A.; Lamendola, J., Jr.; Nadir, U.; Kluger, E. W.;
equiv oft-BUOOTMS, the time required for complete oxidation f?%g%;%ﬂ’ \TNCH; _Pgrr]‘grr]‘t%' TS Wki;de'J;"ek;lSAFr{ﬁ: éﬂﬂnns'sc?&gga Iégd"' I
was 24 h. The addition of TMSOTf, which was employed as 2000. (b) Davis, F. A.: Stringer, O. 0. Org. Chem1982 47, 1774.
(90) McCollum, C.; Andrus, ATetrahedron Lett1991, 32, 4069.

(86) Abdelmoty, I.; Albericio, F.; Carpino, L. A.; Foxman, B.; Kates, S. (91) Alul, R. H.; Singman, C. N.; Zhang, G.; Letsinger, R.Nucleic
A. Lett. Pept. Scil994 1, 57. Acids Res1991 19, 1527.
(87) Garegg, P. J.; Regberg, T.; Stawinski, J.;'®tverg, R.J. Chem. (92) The reactions dbc and4t in the presence of BOMP in GEN—
Soc., Perkin Trans. 1987 1269. pyridine (1:1, v/v) resulted in the formation of hardly soluble precipitates.
(88) Hayakawa, Y. Uchiyama, M.; Noyori, Rietrahedron Lett1986 The use of pyridine in place of GN—pyridine (1:1, v/v) gave a clear

27, 4191. solution.
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Figure 3. Anion-exchange HPLC profiles: (A) crude d(CAGT); (B) a '110' o |5 6 5 -1|0 ppm

d(CAGT) purified by anion-exchange HPLC.
( )P y g Figure 5. 3P NMR spectra of the reaction mixture obtained by the

reaction of5t and 3t (2 equiv) in the presence df2b (5 equiv) in
A B CDsCN—pyridine (1:1, v/v) at 25°C: (A) after 15 min; (B) after 30
min; (C) after 60 min; (D) after 80 min.
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Figure 4. Anion-exchange HPLC profiles: (A) crude d(CAGTB) J .

d(CAGT); purified by anion-exchange HPLC.

nucleoside. The purified tetramer (Figure 3B) was treated with 10 5 0 s 1o pem

snake venom phosphodiesterase followed by calf intestinal Figure 6. 3'P NMR spectra of the reaction mixture obtained by the
alkaline phosphatase to give dC, dG, T, and dA in the ratio of reaction of5t with 12b (5 equiv) in CRCN—pyridine (1:1, v/v) at 25
0.99:1.09:0.91:1.00. No base modifications were detected by ‘C: (A) after 10 min; (B) after 15 min; (C) after 30 min; (D) after 60
the enzymatic characterization. In a similar manner, a 12-mer min.
d(CAGT); was synthesized with an average coupling yield of
99%, and the crude product was analyzed by anion-exchangewith a Jp value of 8.5 Hz. This signal was gradually converted
HPLC (Figure 4A). In this case, the purity of the 12-mer was to a new signal at-0.15 ppm with alpy value of 6.1 Hz. These
estimated to be 7498 The 12-mer was further purified by  signals were found to be essentially unchanged by the addition
anion-exchange HPLC (Figure 4B) and digested with the of water after a few minutes. These results indicate that these
enzymes as described for the tetramer to give dC, dG, T, andproducts have no residues derived from the condensing reagent.
dA in the ratio of 0.97:1.08:0.89:1.06. These results indicate With the use of the carbonium reagedi in place of 12b,
that the present new condensation and oxidation methods argormation of the same products was observed. In addition, the
effective for the synthesis of oligodeoxyribonucleotides without reaction ofH-phosphonate monoméit was allowed to react
N-protection. with 5 equiv of a carbonium- or phosphonium-type condensing
3lp NMR Studies of the Reaction Mechanism. In the reagent in the presence Wfunprotected nucleosidds, 1c, or
general H-phosphonate method in solutioiki-phosphonate 1g, resulting in the formation of the same oxidation products,
monoesters react with excess amounts of condensing reagentgnd the amino groups of the nucleosides proved to be un-
in the absence of thehydroxyl component to form trivalent ~ changed® The chemical shift of the initial product is quite
species such as diacyl phosphtfé8 and trimetaphosphite3. similar to those of pyrophosphate or phosphorazolide deriva-
This overactivation was not observed in the presence of antives®* Identification of the oxidation products was successfully
equimolar or an excess amount of tHeh§droxyl component. performed as follows. Thél-phosphonate monomé&t was
In a similar manner, theH-phosphonate monomest was treated with 1-(trimethylsilyl)-1,2,3-benzotriazolfiein the
allowed to react with 2 equiv of the Hiydroxyl componen8t presence of CGland triethylamine in CBCN for 30 min to
in the presence of 5 equiv of the phosphonium condensing give the corresponding trimethylsilyl ester of phosphorobenzo-
reagent12b, resulting in the quantitative formation of the triazolide 26t (—10.22 ppm2Jpy = 8.5 Hz) (Scheme 6%
dinucleosideH-phosphonatét (Figure 5). In contrast, when  This product might be generateda the corresponding bis-
the reaction of thed-phosphonate monomét with 12b was (trimethylsilyl) phosphite24t and phosphorochloridabt. After
carried out in the absence of thelydroxyl componen8t, an the addition of methanol, the signal 24t was readily converted
unprecedented oxidation of the monomer unit was observedto the signal o22t at —9.62 ppm with alp value of 8.5 Hz,
(Figure 6). In this reaction, no signals corresponding to triva_lent (94) Mark, V.. Dungan, C. H.. Crutchfield, M. M.. van Wazer, J. R. In
phosphorus compounds over 100 ppm were detected. A signalpst Nuclear Magnetic Resonance, Topics in Phosphorus Chemistry;

corresponding to the initial product was observed @153 ppm Grayson, M., Griffin, E. J., Eds.; John Wiley & Sons Press: New York,
1967; Vol. 5, pp 227457.

(93) During the chain elongation, partial decomposition of the (95) Walter, W.; Radke, MLiebigs Ann. Chem1973 636.
phosphonate backbone occurred to a degree-@P4 per cycle. A detailed (96) Kadokura, M.; Wada, T.; Urashima, C.; Sekine, Metrahedron
analysis of this reaction will be reported elsewhere. Lett.,in press.
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Scheme 5
Regular condensation
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H,0 9
R‘O—FI’—OH 28 29 30
o
27t ‘R=
ROH ﬁ b: R =Bt
) . . o L EtO—P—OEt e:R = Tibt
which was identical to that of the initial oxidation prod@et. OR k: R = Su
The addition of excess HOBt to the reaction mixture resulted
in the formation of the corresponding benzotriazolyloxy ester 3
23t°8 Further,23twas hydrolyzed by addition of water to give  g.heme 9
the phosphate monoestert (1.50 ppm,Jpy = 7.3 Hz). The
time required for the complete hydrolysis28t was more than pivel opi HOBt /(;\Bt
. . . .o iv . —
20 h. In the solid-phase synthesis using large excess amounts 5t R'0—P/ R'0—P~/
of monomer units and condensing regents, the excess monomers OPiv OPiv
may have been converted @2 and 23. However, these 32t 33t
compounds have no phosphorylation activity with the 5
hydroxyl group. _ _ o 9 HOBt HOBt
Next, the reaction mechanism for the unique oxidation of the -0 . R'0—P—Bt 22t 23t
H-phosphonate monomers was investigated with model reac- OPiv

tions. We found that this type of oxidation generally occurred
in the reaction of the active phosphite derivatives with
hydroxyl compounds. For example, diethyl phosphorochloridite
28 was allowed to react with 4 equiv of HOBt insBsN—
pyridine (1:9, viv)®8 After 2 min, the signal 028 (167.31 ppm)
disappeared and the new signal&b was observed at 145.38
ppm, along with the formation of the oxidized products36b
(—8.27 ppm) an®@1b (—1.03 ppm) (Scheme 8). After 30 min,
the signal oR29b disappeared and the signal3db was almost
converted to that 081b. When the more acidic 6-(trifluoro-
methyl)-1-hydroxybenzotriazole (HOTfbt) was used in place of
HOBL, the reaction proceeded very quickly and the signal of
31le(—1.22 ppm) was observed directly after 2 rffnin the
case using the less acidi¢hydroxysuccinimide (HOSu), the
trivalent intermediate29k (144.37 ppm) remained even after
several hours, and the formation of the oxidized prod@6is
and 31k proceeded slowl§® A similar oxidation was also
observed for phosphite derivatives of the nucleosides. The
nucleoside 3bis(pivaloyl) phosphit&2t,51-53obtained from the

34t

reaction ofst with 10 equiv of pivaloyl chloride, was allowed
to react with 20 equiv of HOBt in €DsN—pyridine (1:9, v/v)e8
After 5 min, the formation of the nucleosidé@hosphoroben-
zotriazolide 22t was observed. The signal was completely
converted to that o3t after 15 min. The oxidation of the
phosphite32t may have proceededa the intermediate33t
(Scheme 9). Thé'P NMR data of these compounds are listed
in Table 4.

Considering of the above results, the oxidation of trivalent
phosphorus compounds with HOBt can be explained in terms
of the intramolecular rearrangement of the benzotriazolyl group
in the phosphite intermediates along with the oxidation of the
phosphorus atom and the reduction of the nitrogen atom, as
shown in Scheme 7. The intramolecular rearrangements are
exothermic and irreversible reactions. Tdiginitio single-point
energy calculations a29b and 30b at the MP2/6-31G* level
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LUMO+1

LUMO

HOMO-1

Figure 7. Optimized geometries and MOs of the model compounds calculated at the HF/6-31G* levdl7rfA}B) 18m; (C) 19m. The MOs
are visualized on the threshold of 0.030.

indicate thaB0bis 68.86 kcal/mol more stable th28b.%” The 18 to give the doubly-activated speci&8. In the next step,
oxidation of theH-phosphonate monomers with a carbonium the benzotriazolyloxy anion attacks the phosphorus atom of the
or a phosphonium reagent might oceia trivalent phosphorus  phosphite 19 to give the key intermediat®20. Once the
intermediate0 in a similar mechanism. In addition, the rate phosphite intermediat20 having a benzotriazolyloxy group is

of condensation is much faster than that of the oxidation of the formed, the intramolecular rearrangement proceeds instanta-
H-phosphonate monomer under regular condensation conditionsneously to give the phosphorobenzotriazol2le The benzo-
Interestingly, it was found that both condensation and oxidation triazolyloxy anion existing in the reaction mixture attacks at
of the monomer unit did not proceed in the presence of 10 equiv the onium center 021, giving the initially observable oxidation

of HOBt. These results suggest that the formation of the inter- product22 as well as regenerating one equimolar condensing
mediatel7 is reversible and that the benzotriazolyloxy anion reagent.

attacks at the onium center @7 (Scheme 5). In the absence
of the B-hydroxyl component, the intermediat& was further
activated with a condensing reageiat the tautomeric phosphite

Ab Initio Calculations for the Reaction Intermediates. In
order to elucidate the mechanism for Beselective condensa-
tion using theN-unprotectedd-phosphonate monomers and the

(97) A transition state search for the reactione26b to 30b and 18m Carbonil;'m and phospho.niur.n Conde':'smg reagelbsinlitio
with nucleophiles is now in progress. calculations for the reaction intermediates were examined. A
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Table 1. Total Energies, Orbital Energies (au), and Mulliken
Charges (e) of the Model Compounds Calculated at the MP2/
6-31G* Level

17m 18m 19m
total energy ~ —912.30963 —912.30267 —1217.61243
LUMO +1 0.06568 0.02366 —0.09445
LUMO —0.00394 0.00738 —0.10868
HOMO —0.53393 —0.52013 —0.61985
HOMO -1 —0.60582 —0.52879 —0.62162
charge on P 1.160 1.012 1.072
chargeon € 0.827 0.841 0.816, 0.802

general question in the reaction mechanism elucidate#y
NMR is why the benzotriazolyloxy anion attacks at the onium
center of 17t and the trivalent phosphorus center b®t.
Therefore, calculations for the model compoutdm, its
tautomeric structur&8m, and19mwere carried out at the HF/
6-31G* level. Inthese calculations, the nucleoside residue was
substituted for the methyl group and tNeN,NN'-tetramethyl-
uronium group was adopted as a leaving group. The optimized
geometries and molecular orbitals of these compounds are
shown in Figure 7. The single-point energy calculations of the
total energies fol7m and its tautomeric structurEBm at the
MP2/6-31G* level suggest that thé-phsophonaté7mis 4.36
kcal/mol more stable than the phospHi@m. In the structure

of the predominanH-phosphonate formi7m, a large LUMO

is located on the carbonium center, but no large orbitals exist
on the back side of the leaving group of the phosphorus atom
(Figure 7A). This is why the benzotriazolyloxy anion attacks
the carbonium center df7. In contrast, the phosphite inter-
mediatel8m has a large LUMO on the back side of the leaving
group of the phosphorus atom (Figure 7B). An alcohol may
attack at this orbital to give thl-phosphonate diesté The
H-phosphonate intermediaferm has a large LUMO+ 1 on

the back side of the leaving group of the phosphorus atom
(Figure 7A). However, the energy difference between the
LUMO and the LUMO+ 1 is relatively large compared with
those ofl8mand19m (Table 1). Therefore, the interaction of
the HOMO of the nucleophile and the LUM® 1 of 17m seems

to be unfavorable. In the overactivated spedi@m, there is a
significantly large LUMO on the phosphorus atom (Figure 7C).
In addition, the energy level of the LUMO df9m is much
lower than that ofl7mand18m (Table 1). On the other hand,
the energy level of the HOMO of benzotriazolyoxy anion is
calculated to be-0.130 58 au (Table 3), which is very close to
the energy level of the LUMO ofl9m (—0.108 68 au).
Therefore,19 readily reacts with the benzotriazoyloxy anion
existing in the reaction mixture, which results in the formation
of 20. When compared with the MOs of the benzotriazoyloxy
anion and protonated HOBt, the benzotriazoyloxy anion is a
plausible nucleophile in the reaction because of the large
coefficient and the high-energy level of its HOMO (Tablée8).

In the solid-phase synthesis using excess amounts of the

Wada et al.

R = purine or pyrimidine

Figure 8. Interaction of frontier molecular orbitals between the
phosphite intermediat&8 and nucleophiles: (A) the hydroxyl group

of nucleoside as a nucleophile; (B) the amino group of nucleoside as
a nucleophile.

Table 2. MO Energies (au) and Mulliken Charges (e) on the
Amino Group of the Nucleobases Calculated at the MP2/6-31G*
Level

9-MeAd 1-MeCy 9-MeGu
LUMO +1 0.16945 0.19595 0.17280
LUMO 0.13926 0.12543 0.16118
HOMO —0.30391 —0.32853 —0.29001
HOMO -1 —0.35871 —0.36928 —0.38082
charge on N —0.840 —0.833 —0.868

oxygen atom of an alcoh® and the large LUMO on the
phosphorus atom of8m results in the fast formation of the
H-phosphonate diest& without further activation ofL8m.

The third question is why this condensation proce€ds
selectively without base modifications. In the phosphite
intermediatel8m, there is a large HOMO on the phosphorus
atom which corresponds to the lone-pair electrons (Figure 7B).
On the other hand, a primary alcohol such as methanol has a
large LUMO located on the hydrogen atom of the hydroxyl
group®® In the initial phase of the reaction df8m with an
alcohol, remarkable interactions between the frontier molecular
orbitals (FMOs) of these molecules can be expected, as shown
in Figure 8A%” This FMO interaction raises the HOMO energy
of the alcohol and decreases the LUMO energit&fn. As a
result, the formation of thé&l-phosphonate diest& via the
phosphite intermediat&8m proceeds smoothly. On the other
hand, severahb initio calculations for the monomeric nucleo-
bases have been reported at various theoretical [&éfsorder
to elucidate the reactivity of nucleobases toward phosphorylating
reagents, calculations for the model compounds 9-methylad-
enine, 1-methylcytosine, and 9-methylguanine were carried out
at the HF/6-31G* level (Table 25:%p |t was found that
9-methyladenine and 9-methylguanine had relatively large
HOMOs on the nitrogen atom of the exocyclic amino grotfps.

In the case of 1-methylcytosine, the highest OMO existing on
the exocyclic amino group is the HOMO 188 In contrast to
alcohols, there are no LUMOs located on the hydrogen atom
of the amino groups of nucleobas8sin the case of 9-methyl-
adenine, 1-methylcytosine, and 9-methylguanine, the relatively

monomer units and a condensing reagent, the phosphite

intermediatesl9 and 20, which are potentially reactive with
the amino groups of the nucleosides, might be formed in the
solution above a solid support. However, these intermediates
are immediately oxidized to an inert species by an intramolecular
reaction which does not affect the unprotected amino groups
during condensation.

The second question is why condensation proceeds without
oxidation of the monomer units in the presence of the excess
5'-hydroxyl component. The HOMO on the oxygen atom of
P—OH in the phosphitd8mis relatively small and is therefore
at a disadvantage when reacting with a condensing reagent. |
comparison, the interaction between the large HOMO on the

(98) Ab initio calculations of nucleobases: (a) Scanlan, M. J.; Hillier, I.
H. J. Chem. Soc., Chem. CommaA84 1904. (b) Scanlan, M. J.; Hillier,
I. H. J. Am. Chem. S04984106, 3737. (c) Aida, M.; Yamane, K.; Nagata,
C. Mutat. Res1986 173 49. (d) Latajka, Z.; Person, W. B.; Morokuma,
K. THEOCHEM1986 135 253. (e) Kwiatkowski, J. S.; Person, W. B.;
Szczepaniak, K.; Szczesniak, Mcta Biochim. Pol.1987 34, 165. (f)
Cieplak, P.; Bash, P.; Singh, U. H.; Kollman, P. A. Am. Chem. Soc.
1987 109 6283. (g) Gould, I. R.; Hillier, . HChem. Phys. Lett1989
161, 185. (h) Leszczynski, Lhem. Phys. Let199Q 94, 1366. (i) Sabio,
M.; Topiol, S.; Lumma, W. C., JrJ. Phys. Chem199Q 94, 1366. (j)
Kwiatkowski, J. S.; Leszczynski, THEOCHEM199Q 208, 35. (k) Colson,
A.-O.; Besler, B.; Colse, D. M.; Sevilla, M. Ol. Phys. Chem1992 96,
661. (I) Colson, A.-O.; Besler, B.; Sevilla, M. D. Phys. Cheml993 97,
13852. (m) Oyler, N.; Adamowicz, LChem. Phys. Lettl994 219, 223.
(0) Sponer, J.; Hobza, B. Am. Chem. S0d.994 116, 709. (p) Gould, I.

MR Kollman, P. AJ. Am. Chem. S0d994 116, 2495. (q) Sevilla, M. D;

Besler, B.; Colson, A.-OJ. Phys. Chem1995 99, 1060.
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Table 3. MO Energies (au) and Mulliken Charges (e) of the BOMP is useful for internucleotidic bond formation without
Nucleophiles Calculated at the MP2/6-31G* Level modification of the base moieties, thet§/droxyl group, or the
MeOH ~OBt HOBt internucleotidic bonds. In addition, BOMP will also be available
LUMO + 1 0.28033 0.31894 0.16017 as a highly efficient condensing reagent in other fields such as
LUMO 0.22681 0.16871 0.09716 peptide chemistry. The new oxidation procedure using PNO
HOMO —0.44324 —0.13058 —0.32171 under anhydrous conditions excludes the hydrolysis of the
HOMO — 1 —0.49730 —0.16828 —0.34008 H-phosphonate backbone. When the present approach is used,
charge on O —0.660 —0671 —0.524 N-protecting groups are unnecessary for the synthesis of
oligodeoxyribonucleotides as well as their analogs. The present
Table 4. *P NMR Data O-selective phosphonylation and condensation will be useful
compound 3 (ppm) Upn(Hz)  ¥pu(Hz)  solvent for the directO-phosphorylation of natural products containing
5a 374 612.8 85 a the N-unprotected nucleoside residues.
5c 3.83 612.8 8.6 a
59 3.07 618.9 8.5 a Experimental Section
5t 3.78 611.6 8.5 a ) _
6a 9.34,10.44 717.8,7141 8.1,88 b General Information. H NMR spectra were obtained at 270 MHz
6C 9.45,10.56 719.0,716.5 82,83 b on a JEOL-EX-270 spectrometer with tetramethylsilane as an internal
69 9.50,10.54 717.8,7153 82,86 b standard in CDGl *3C NMR spectra were obtained at 67.8 MHz on
6t 9.44,10.58 719.0,716.6 77,86 b a JEOL-EX-270 spectrometer with tetramethylsilane as an internal
15 —8.18 8.5 a standard. 3P NMR spectra were obtained at 109.25 MHz on a JEOL-
16 —0.02 7.3 a EX-270 spectrometer using 85%P0, as an external standard. UV
22t —9.53 8.5 a spectra were recorded on a Hitachi 220A spectrophotometer. Thin-
23t —0.15 6.1 b layer chromatography (TLC) was performed on precoated glass plates
26t —10.22 8.5 b of Kieselgel 60 ks, (Merck, No. 5715) in CHCI,—MeOH (6:1, v/v).
%L 14%53% 73 b Silica gel column chromatography was carried out using Wakogel
. C .
20K 144.37 c C-ZQO. Reversed phase HPLC was carried out on a Waters LC module
30b —8.27 85 c 1 with a column ofuBondasphere &m C18,100 A, 3.9 mmx 150
30k —7.84 8.5 c mm (Waters), with a linear gradient of-80% acetonitrile in 0.1 M
31b —-1.03 73 c ammonium acetate buffer (pH 7.0) at 50 for 30 min at a rate of 1.0
3le —-1.12 7.3 c mL/min. Anion-exchange HPLC was carried out on a Waters LC
31k -0.11 7.3 c module 1 with a column of Gen-Pak Fax, 4.6 mn100 mm (Waters),

A : . -
“CDCh  CD:CN-pyridine (L:L, viv)< CDN-pyridine (L8, V). by ?p"FT %‘?‘gf’[sdz'g”;ﬁ\; 13:;;’01'&'\,1 g%?';ogéfg 119 25 mM Nart
rate of 1.0 mL/min. 35'-O-Bis(tert-butyldimethylsilyl)adenosinelg),

. . . 3,5-O-bis(tert-butyldimethylsilyl)cytidine (c), and 3,5-O-bis(tert-
large UMOs which can interact with the HOMO dle_ are butyldimethylsilyl)guanosine 1) were prepared according to the
LUMO + 3, LUMO + 2, and LUMO + 2, respectively.  procedure described by Ogilvié. 5'-O-(Dimethoxytrityl)adenosine
Because of the absence of an appreciable interaction betweerj2a), 5-0O-(dimethoxytrityl)cytidine £c), and 3-O-(dimethoxytrityl)-
the LUMO of the nucleobases and the HOMO 18m, the guanosineZg) were prepared according to the procedure described by
amino groups of nucleosides are unreactive to the phosphiteMichelson’® Condensing reagengb, 9b,8210i,'* 11h,"® and12b’”
intermediate 18m (Figure 8B)®” In the doubly-activated ~ Were purchased from Tokyo Kasei Cb2i"® and12j"’ were purchased
phosphite 19m, there is no large HOMO on the trivalent from Fluka Che_mle AG, anfid® was purchased from Peptide Institute
phosphorus because of the electron-withdrawing effect of the N Condensing reagenti2d, 12¢ 12f, and 12h were prepared
two leaving groups (Figure 7C)O-Selective condensation is according to the procedure described by Hgeg-Jeffsam 10b was

. . - . prepared according to the procedure described by Ris@-(Phenyl-
no longer expectedia the_ QveraCt'Vated intermediate9m . sulfonyl)-3-(3-nitrophenyl)oxaziridine (PNO) was prepared according
because of the large coefficient and the low energy level of its {4 the procedure described by Da#8.Other reagents were purchased
LUMO. from Tokyo Kasei Co. or Aldrich Chemical Co. unless noted. Organic
Consequently, a mechanism for tBeselective condensation  solvents were purified and dried by the appropriate procedure. Ami-
of theH-phosphonate monomer and tHehfydroxyl component nomethylated highly closs-linked polystyrene (Perkin-Elmer Applied
with the (benzotriazolyloxy)carbonium and -phosphonium con- Biosystems¥ was functionalized with '5O-(dimethoxytrityl)thymidine
densing reagents can be explained in terms of the interactions3-O-oxalate according to the procedure described by Letsfg8olid-

of the FMOs of the phosphite intermedidt8 and the nucleo- phase synthesis was performed on an Applied Biosystems 380A
synthesizer or manually by using a glass filter (10 mrB0 mm) with

philes. a stopper at the top and a stopcock at the bottom as a reaction vessel.
Conclusion Snake venom phosphodiest_erase and calf_intestinal alkaline phosphatase
were purchased from Boeringer Mannheim GmbH.
The present newH-phosphonate approach usihgunpro- Ab Initio Calculations. All ab initio molecular orbital calculations
tected monomers and carbonium- and phosphonium-type con-were carried out using the Gaussian 94 progféwn a Cray C-916/
densing reagent has enabled us to synthelizemodified 12256 supercomputer. The results were analyzed using UniChem

oligonucleotides bearingi-phosphonate internucleotidic link- (version 4.0, Oxford Molecular Ltd.) software on a Silicon Graphics

ages. These intermediates will be useful for the synthesis of 2™ (gg) Ogilvie, K. K. Can. J. Chem1973 51, 3799.
wide variety of backbone-modified DNA analogs which cannot  (100) Michelson, A. M.; Todd, A. RJ. Chem. Soc1954 34.
be achieved by the conventional method utilizing base-labile 883 ékalh K. gliﬂ)sga, NB; };ISFO‘ Yﬁet'\fﬂafhed;on %(etﬂéﬁ\;lv 355', 3a15- |
_ : : aussian , on B. rscn, M. J.; 1rucks, G. VW.; scnlegel,
N-protecting groups. It is well known that tié-unprotected H.B. Gill. P. M. W.- Johnson, B. G.: Robb, M. A.: Cheeseman, J. R.:
deoxyadenosine derivatives are more stable under the acidickeith, T.: Petersson, G. A.; Montgomery, J. A.; Raghavachari, K.;
conditions than the correspondiNgacylated ones currently used  Al-Laham, M. A.; Zakrewski, V. G.; Ortiz, J. V.; Foresman, J. B.; Peng,
in oligonucleotide synthesis. Therefore, the present method isC: Y:: Avala, P. Y.; Chen, W.;Wong, M. W.; Andres, J. L.; Replogle, E.
. L . S.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.;
suitable to suppress the depurination of deoxyadenosine. Weggker. J: Stewart, J. P.- Head-Gordon, M.: Gonzales, C.: Pople, J. A.,

should emphasize that the newly synthesized condensing reagentaussian, Inc., Pittsburgh, PA, 1995,
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Inc. Indigo2 IMPACT workstation. Geometry optimizations were
carried out at the HF/6-31G* level, and single-point energy calculations
were carried out at the MP2/6-31G* level involving electronic
correlation to obtain accurate energies and atomic charges.
Monitoring of the Reactions by 3P NMR Spectroscopy. A
reaction was carried out in an NMR sample tube (5 mm80 mm)

Wada et al.

mixture was added'80-(dimethoxytrityl)deoxyadenosirza (0.554 g,

1 mmol). After the mixture was stirred for 6 ho@ (1 mL) was added

to the mixture. It was diluted with CHgt+MeOH (2:1, v/v, 10 mL)

and washed three times Wil M triethylammonium hydrogen carbonate
(10 mL x 3), and the aqueous layer was back-extracted several times
with CHCl;—MeOH (2:1, v/v). The organic layer and washings were

at 25°C. In each measurement, data accumulation was carried out 10combined and dried over MO, filtered, and concentrated to dryness.

times with a pulse width of 6.8s, an acquisition time of 0.189 s, and

The crude product (triethylammonium salt) was purified by silica gel

a pulse delay of 5.0 s. A spectrum was acquired with 65 536 data column chromatography and converted to the DBU salt as described

points for a spectral width of 40 000 Hz.

2-(Benzotriazol-1-yloxy)-1,3-dimethyl-2-pyrrolidin-1-yl-1,3,2-di-
azaphospholidinium Hexafluorophosphate (BOMP). 1,3-Dimethyl-
2-pyrrolidin-1-yl-1,3,2-diazaphospholidif€ (18.7 g, 0.1 mol) was
added dropwise over 10 min to a vigorously stirred suspension of
1-hydroxybenzotriazole (13.5 g, 0.1 mol) and €Q19.2 mL, 50 mol)
in dry CHClI; (200 mL) at—78 °C under argon. After being stirred
for 2 h at thesame temperature, the mixture was gradually warmed to
rt and washed with water (300 mL) containing KXE8.4 g, 0.1 mol).
The organic layer was dried over p&O,, filtered, and concentrated
to half-volume. Ethyl acetate (100 mL) was added to the above mixture,
and it was cooled to 0C. The white crystals were collected by
filtration, washed with cold ethyl acetate, and dried ovgddunder
reduced pressure to give BOMP (21.1 g) in 45% yield: mp-1239
°C dec;*'P NMR (CDC}) 4 41.52 (s, P), —142.90 (septet] = 711.6
Hz, PRk7); *H NMR (CDCl) 6 2.14 (4H, dddJ = 7.7, 5.3, 1.3 Hz,
3,4-CH; of pyrroiydinyl), 2.87 (6H, dJ = 11.2 Hz, N-CH), 2.91 (2H,
ddd,J = 8.9, 7.3, 5.6 Hz, 2- or 5-Cf pyrrolidinyl), 3.50 (2H, ddd,
J=12.9, 9.1, 5.8 Hz, 2- or 5-C}bf pyrrolidinyl), 3.64 (4H, ddd) =
8.9, 4.3, 2.3 Hz, 4,5-Ciof diazaphospholidine), 7.52 (1H, dddi=
8.3, 6.8, 1.3 Hz, 6-H of benzotriazolyl), 7.72 (1H, dds 8.6, 6.8 Hz,
5-H of benzotriazolyl), 7.78 (1H, dl = 8.6 Hz, 4-H of benzotriazolyl),
8.07 (1H, d,J = 8.3 Hz, 7-H of benzotriazolyl}**C NMR (CDCk) 6
26.45 (d,J = 9.8 Hz, N-CH), 30.95 (d,J = 6.1 Hz, 3,4-C of
pyrrolidinyl), 45.78 (d,J = 15.8 Hz, 4,5-C of diazaphospholidine),
48.68 (d,J = 4.9 Hz, 2,5-C of pyrrolidinyl), 108.19, 120.63, 126.15,
127.58, 130.60, 142.89 (benzotriazolyl); FAB/zcalcd for G4H2oNe-
OP [M — PR]* 321.159, found 321.158. Anal. Calcd fors82:FsNe-
OP;: C, 36.06; H, 4.76; N, 18.02. Found: C, 35.88; H, 4.59; N,
18.15.

1,8-Diazabicyclo[5.4.0Jundec-7-enium '8O-(Dimethoxytrityl)-
deoxyadenosin-3yl Phosphonate (5a). Method A. 5'-O-(Dimeth-
oxytrityl)Jdeoxyadenosin@a (0.554 g, 1 mmol) was dried by repeated
coevaporation with dry pyridine and finally dissolved in dry pyridine
(5 mL). To the solution was added diphenyl phosphonate (1.64 g,
mmol). After being stirred for 20 min, the mixture was treated with
HO—EtN (1:1, v/v, 2 mL) and stirred at rt for an additional 20 min.
The mixture was diluted with MeOH (5 mL), dril. M triethylammo-

7

for method A to givesa (0.600 g, 78%) as a colorless foafiP NMR
(CDCly) 6 3.74 (dd,J = 612.8, 8.5 Hz)!H NMR (CDCly) 6 1.66 (2H,
m, CH, of DBU), 1.73 (4H, m, CH of DBU), 1.97 (2H, quintet]) =
5.6 Hz, CH of DBU), 2.42-2.80 (2H, m, 22'-H), 2.83 (2H, m, CH
of DBU), 3.36-3.44 (8H, m, 55"'-H, CH, of DBU), 3.77 (6H, s, OCHl
of DMTTr), 4.22 (1H, m, 4H), 4.91 (1H, m, 3H), 5.96 (2H, br s,
6-NH,), 6.52 (1H, t,J = 6.8 Hz, 1-H), 6.78 (4H, d,J = 8.9 Hz,
3,3,5,5-H of DMTr), 6.96 (1H, d,J = 612.3 Hz, P-H), 7.157.42
(9H, m, ArH of DMTr except 3,35,5-H), 7.99 (1H, s, 2-H), 8.26 (1H,
s, 8-H);1%C NMR (CDCk) ¢ 19.50, 23.99, 26.85, 28.99, 32.11, 37.90,
39.86 (2-C), 48.56, 54.22, 55.15, 63.65'{6), 73.67 (dJ = 3.7 Hz,
3-C), 84.17 (1-C), 85.61 (dJ = 7.3 Hz, 4-C), 86.38, 113.08, 119.84
(5-C), 126.76, 127.75, 128.18, 130.06, 135.67, 135.74, 138.78 (8-C),
14455, 149.72 (2-C), 152.81 (4-C), 155.40 (6-C), 158.40, 166.11;'FAB
m/zcalcd for GiHs3sNsO;P [M — DBU + H]* 618.212, found 618.212.
Anal. Calcd for GoHsgN;O,P-5H,0: C, 55.87; H, 6.80; N, 11.40.
Found: C, 55.83; H, 6.72; N, 11.28.
1,8-Diazabicyclo[5.4.0]undec-7-enium '80-(Dimethoxytrityl)-
deoxycytidin-3-yl Phosphonate (5c). With use of methods A and B
as described in the case 5, compoundsc was obtained from '5O-
(dimethoxytrityl)deoxycytidin€c (0.530 g, 1 mmol) as a colorless foam
in 91% (0.679 g) and 74% (0.552 @) yields, respectivei? NMR
(CDCls) 6 3.83 (dd,J = 612.8, 8.6 Hz)!H NMR (CDCl3) 6 1.66 (2H,
m, CH, of DBU), 1.71 (4H, m, CH of DBU), 1.97 (2H, quintet]) =
5.6 Hz, CH of DBU), 2.22 (1H, m, 2H), 2.66 (1H, m, 2-H), 2.81
(2H, m, CH of DBU), 3.35-3.51 (8H, m, 55"-H, CH, of DBU),
3.78 (6H, s, OCHof DMTY), 4.40 (1H, m, 4H), 5.05 (1H, m, 3H),
5.51 (2H, d,J = 7.3 Hz, 5-H), 6.30 (1H, tJ = 6.1 Hz, 1-H), 6.32
(2H, br s, 4-NH), 6.82 (4H, dJ = 8.9 Hz, 3,35,5-H of DMTTr), 6.92
(1H, d,J = 613.3 Hz, P-H), 7.177.41 (9H, m, ArH of DMTr except
3,3,5,8-H), 7.80 (1H, dJ = 7.3 Hz, 6-H);**C NMR (CDCk) § 19.32,
23.87, 26.62, 30.44, 32.04, 37.83, 40.42@, 48.41, 54.11, 55.13,
62.97 (3-C), 72.60 (3-C), 84.82 (1-C), 85.59 (4C), 86.47, 94.74 (5-
C), 113.08, 126.77, 127.76, 128.01, 129.97, 135.38, 135.47, 140.56
(6-C), 144.46, 155.89 (2-C), 158.38, 165.48 (4-C), 165.89; FABz
calcd for GoHagNsOsP [M — DBU + H]* 594.201, found 594.203.
Anal. Calcd for GgH4gNsOgP-4H,O: C, 57.27; H, 6.90; N, 8.56.
Found: C, 57.38; H, 7.06; N, 8.82.

nium hydrogen carbonate (10 mL) was added. The mixture was washed ~1.8-Diazabicyclo[5.4.0]undec-7-enium '8O-(Dimethoxytrityl)-

three times with BEO (10 mL x 3), and the organic layer was back-
extracted wih 1 M triethylammonium hydrogen carbonate. The

deoxyguanosin-3yl Phosphonate (5g). With use of methods A and
B as described in the case 6& compound5g was obtained from

aqueous layer and washings were combined and extracted three time§'-O-(dimethoxytrityl)deoxyguanosin@g (0.570 g, 1 mmol) as a

with CHClL—MeOH (2:1, v/v, 10 mLx 3), and the aqueous layer was
back-extracted several times with CHEMeOH (2:1, v/v). The
organic layer and washings were combined and dried oveEQa

colorless foam in 94% (0.739 g) and 87% (0.684 Q) yields, respec-
tively: 3P NMR (CDCB) ¢ 3.07 (dd,J = 618.9, 8.5 Hz)!H NMR
(CDCls) 6 1.58-1.78 (6H, m, CH of DBU), 1.95 (2H, quintet] =

filtered, and concentrated to dryness under reduced pressure. Thed.6 Hz, Ch of DBU), 2.31-2.54 (2H, m, 22"-H), 2.62-2.78 (2H,

residue was applied to a column of silica gel (30 g of silica gel).
Chromatography was performed with CH@bntaining 0.5% trieth-
ylamine, applying a gradient of methanol<{05%). The fractions

m, CH, of DBU), 3.28-3.48 (8H, m, 55'-H, CH, of DBU), 3.78
(6H, s, OCH of DMTT), 4.37 (1H, m, 4H), 4.99 (1H, m, 3H), 6.17
(1H, dd,J = 9.6 Hz, 4.3 Hz, tH), 6.48 (2H, br s, 2-Nh), 6.82 (4H,

containingsawere combined and concentrated to dryness. The product d, J = 8.6 Hz, 3,35,5-H of DMTr), 7.02 (1H, d,J = 619.3 Hz, P-H),

was dissolved in CHG+MeOH (2:1, v/v, 10 mL) and washed with
0.2 M 1,8-diazabicyclo[5.4.0Jundec-7-enium hydrogen carbonate (10
mL). The aqueous layer was back-extracted several times with4&£HCI

7.16-7.44 (9H, m, ArH of DMTr except for 3,3%,5-H), 7.65 (1H, s,
8-H); 3C NMR (CDCk) 6 19.89, 24.17, 26.97, 29.09, 33.26, 39.01,
41.33 (2-C), 48.55, 54.13, 55.20, 63.906), 74.90 (3-C), 83.70 (-

MeOH (2:1), and the organic layer and washings were combined and C), 85.16 (4-C), 86.43, 113.19, 117.29 (5-C), 126.82, 127.81, 128.12,

dried over NaSQ,, filtered, and concentrated to dryness under reduced
pressure to givéa (0.631 g, 82%) as a colorless foam.

Method B. To a solution of phosphonic acid (0.082 g, 10 mmol,
dried by repeated coevaporation with dry pyridine) in dry pyridine (10
mL) was added bis(2-oxo-3-oxazolidinyl)phosphinic chloride (1.40 g,
5.5 mmol). The reaction mixture was stirred at rt for 20 min. To the

(103) Ramirez, F.; Patwardham, A. V.; Kugler, H. J.; Smith, CJP.
Am. Chem. Sod967, 89, 6276.

130.03, 130.06, 133.69, 135.67 (8-C), 135.70, 144.56, 150.71 (4-C),
155.58 (2-C), 158.49 (6-C), 165.57; FABn/zcalcd for GiH33NsOsP
[M — DBU + H]* 634.207, found 634.208. Anal. Calcd for
CaoHagN7OgP-6H,0: C, 53.74; H, 6.76; N, 10.97. Found: C, 53.58;
H, 6.54; N, 10.87.

Analysis of Base Modifications by Condensing ReagentsAn
appropriate 35'-O-bis(tert-butyldimethylsilyl)nucleosidel, 1c, or 1g;
10 umol) was dried by repeated coevaporation with dry pyridine and
dissolved in GDsN—pyridine (1:9, v/v, 60QuL). The mixture was
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transferred into an NMR sample tube, and a condensing reagent (100removed by filtration and washed with MeOH. The filtrate was

umol) was added. The reaction was monitored#yNMR and TLC.

Analysis of Base Modifications by Condensing Reagents and
H-Phosphonate Monomers. An appropriate 35'-O-bis(tert-butyldi-
methylsilyl)nucleosideXa, 1c, or 1g; 10 umol) and arH-phosphonate
monomerpt (15.2 mg, 2Qumol), were dried by repeated coevaporation
with dry pyridine and dissolved ingDsN—pyridine (1:9, v/v, 60Q.L).
The mixture was transferred into an NMR sample tube, and a
condensing reagent (1@®nol) was added. The reaction was monitored
by 3P NMR and TLC.

3P NMR Study of Internucleotidic Bond Formation. An H-
phosphonate monomer5q, 5c, 5g, or 5t; 20 umol) and 3-O-
(phenoxyacetyl)thymidine (15.1 mg, 4@nol) were dried by repeated
coevaporation with dry pyridine and dissolved in £IN—pyridine (1:

1, viv, 400uL). The mixture was transferred into an NMR sample
tube, and a condensing reagent (1000l) was added. The reaction
was monitored by'P NMR, and the yield of the dim&was estimated
on the basis of the integration of the signalséadind 5t.

Oxidation of Diethyl Phosphonate (13) with PNO. A mixture of
diethyl phosphonatel 3, 13 uL, 0.1 mmol) andN,O-bis(trimethylsilyl)-
acetamide (BSA, 13bL, 0.5 mmol) in CDC} (250uL) was transferred
into an NMR sample tube. 2-(Phenylsulfonyl)-3-(3-nitrophenyl)-
oxaziridine (PNO; 0.067 g, 0.2 mmol) was added to the above mixture.
After 5 min, quantitative formation df5was observed. To the above
mixture was added MeOHEN (200uL). After 5 min, quantitative
formation of 16 was observed.

Reactions of H-Phosphonate Monomers with Condensing Re-
agents. An H-phosphonate monomésit (15.2 mg, 2Q«mol), was dried
by repeated coevaporation with dry pyridine and dissolved in-CD
CN—pyridine (1:1, v/v, 40Q:L). The mixture was transferred into an
NMR sample tube, and a condensing reagent (2®@l) was added.
The reaction was monitored P NMR.

Identification of the Oxidation Products by 3P NMR Spectros-
copy. An H-phosphonate monoméit (15.2 mg, 2Qumol), in an NMR
sample tube (5 mmx 180 mm) was dissolved in a mixture of
1-(trimethylsilyl)-1,2,3-benzotriazole (38 mg, 0.2 mmol) ang\e¢28
ul, 0.2 mmol) in CCi—CDsCN (1:1, v/v, 400uL). After 30 min, a
complete conversion 05t to 26t was observed. The mixture was
transferred into a round-bottomed flask and coevaporated with MeOH
under reduced pressure. The residue was dissolved i€:Bpyridine
(1:1, v/v, 400uL) and transferred into an NMR sample tube. To the
mixture was added HOBt (27 mg, 0.2 mmol). After 1 h, complete
conversion of22t to 23t was observed.

Typical Procedure for Solid-Phase SynthesisEach cycle of chain
elongation consisted of detritylation (1% TFA in @El;; 15 s), washing
(CH.CI, followed by 1% quinoline in CELCI;), coupling (0.05 M
monomer5 and 0.2 M BOMP in pyridine; 2 min), washing (pyridine),
capping (0.05 M triethylammonium isopropyl phosphonate, 0.2 M
BOMP in pyridine; 2 min), and washing (pyridine followed by &H
Cly). Generally, the average yield per cycle was estimated to be 97
99% by DMTr assay. After chain elongation, the DMTr group was
removed by treatment with 1% TFA in G8I, for 15 s and washed
with CH,Cl,. The H-phosphonate oligomer on the HCP resin was
oxidized by treatment with a mixture of PNO (0.2 M) and BSA (0.5
M) in CH.ClI, (400uL) for 10 min. After being washed with Ci€l,,
the oligomer was released from the HCP resin by treatment with
PrNH,—MeOH (1:4, v/v, 500uL) for 30 min. The HCP resin was

concentrated to dryness. The resulting crude product was dissolved in
distilled water (1 mL) and purified by anion-exchange HPLC followed
by reversed-phase HPLC.

Enzymatic Studies. The isolated oligomer (1.0 Ao unit) was
dissolved in 50 mM Tris HCI buffer (pH 8.0, 8QuL). Snake venom
phosphodiesterase (10 units) was added, and the reaction mixture was
incubated at 37C for 3 h. After the enzyme was inactivated by heat
treatment (100C, 1 min), calf intestinal alkaline phosphatase (20 units)
was added. After the reaction mixture was incubated &C3for 3 h,
the enzyme was inactivated by heat treatment (X001 min). The
reaction mixture was analyzed by reversed-phase HPLC at 260 nm.

Tetranucleotide d(CAGT). With use of the typical procedure
described above,®-(dimethoxytrityl)thymidine oxalate bound to HCP
(66 mg, 0.5umol) gave d(CAGT) (9.9 Aso units, 53% based on the
assumption of 15% hypochromicity): UV B) Amax 257.4 nM Amin
228.0 nm. Enzymatic digestion of the product gave a mixture of dC,
dG, T, and dA in the ratio of 0.99:1.09:0.91:1.00.

Dodecanucleotide d(CAGT). 5'-O-(Dimethoxytrityl)thymidine
oxalate bound to HCP (66 mg, O8nol) gave d(CAGT3 (14.6 Ao
units, 30% based on the assumption of 25% hypochromicity): UV
(H20) Amax 256.8 nm,Amin 229.0 nm. Enzymatic digestion of the
product gave a mixture of dC, dG, T, and dA in the ratio of 0.97:1.08:
0.89:1.06.
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