


Synthesis of phosphoramiditegor oligonucleotide synthesis
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SchemeSl. Retrosynthetic analysis of NAfnodified oligonucleotides

For the automatedsolidphase synthesis of stereoisomerically pux&A-modified
oligonucleotidesphosphoramidite building block31 with either (69- or (6R)-configuration
were required $chemeSl). The synthesis of such building blocks is feasible by peptide

coupling d protected 3amino-3-deoxythymidineS2+>2

and nucleosyl amino acids @ or
(6R)-NAA) S3 followed by several protecting group manipulations. The precursors of key
intermediates$S3are accessiblga Wittig-Horner reaction of the phosphonoglycoterivative
S47*%% and protected thymiding-aldehydeS5. The didehydro amino acid resulting from this
reaction would then undergo stereoselective catalystrolled asymmetric hydrogenation as
previously reported by us for analogous uridine derivafivé8The stereoselective synthesis

of the required 'dimeric’ phosphoramidit&-£1and R)-S1was carried out according to this

convergent retrosynthetic scheme
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SchemeS2. Synthesis of phosphoramidite building blocks for the preparation of NAA
modified oligonucleotidesReagents andonditions.(a) BOMCI, NaH, DMF,-10°C to 0°C,

3 h, 96%;(b) AcCl, MeOH,-10°C to 0°C, 3h, 59%;(c) IBX, MeCN, reflux, 45min, 99%;
(d) S4, KOt-Bu, THF,-78°C to rt, 16h, 71%Z-S7, 3%E-S7, (e) H, (1 bar),cat., MeOH, rt,
2-7d, 94% ©-S8 (with cat.=(SS-Me-DUPHOSRh, d.r.>98:2), 99% R)-S8 (with
cat. = (R R)-Me-DuUPHOSRNh, d.r. > 98:2); (f) H> (1 bar), 10% Pd/Cn-BuNH,, MeOH, rt,
24h, 93% g-isomer, 92% R)-isomer; (g) FmocCl, NE§, THF, 0°C, 30min, 97%
(9-isomer, 95% R)-isomer;(h) SIO,, toluene, reflux, 2@, 94% §)-S3 90% R)-S3 (i) S2
EDC, HOBt, CHCly, rt, 16h, 79% ©)-S9, 78% R)-Sg (j) AcCl, MeOH, 0°C to rt, 24 h,
92% ©-isomer, 91% R)-isomer; (k) DMTrCI, pyridine, rt, 16h, 75% g)-isomer, 75%
(R)-isomer; (I) 2-cyanoethyl N,N,NNjiNjetraisopropyl phosphordiamidite, 4dtcyanc
imidazole, CHCIy, rt, 1h, 76% ©)-S1, 74% R)-S1 From intermediatesy-S8 and R)-S8
onwards, all reactions were carried out with diastereomerically pure compounds (with either
(6'S- or (6R)-configuration) and are just summagts in one scheme in the interest of

conciseness



The synthesis of the required NAA building blocf&chemeS2) started from thymidine
which was silylated at the-Zand 3*hydroxy groups in quantitative yield (not displayed). To
avoid side reactions in the subsequent steps, silyl 8&hers converted into the>-BOM-
protected derivative in 96% yiel@elective cleavagef the 5'O-silyl ether was attained using
catalytic amounts of acetyl chloride in methatioh 59% vyield. The esultant alcohol was
then oxidigd nearly quantitatively to the corresponding aldehy8esing IBX in refluxing
acetonitrie S'° Wittig-Horner reaction of aldehydg5with phosphonoglycine derivativ@®>>°
afforded didehydro amino acid7 with pronounced diastereoselectivity towards the desired
Z-isomer>'! Diastereomer<-S7 and E-S7 were separated by cohn chomatography an
characterisd (isolated yields: 7192-S7, 3% E-S7). The configurations o#Z-S7 and E-S7

were assigned based on typical patternHoNMR signals according to established criteria
for this specific class of compountf$. The correctness of this assignment was further
corroborated by NObased NMR experiments (see NMR spectr&@-&7). Only pure Z-S7

was then applied in an asymmetric hydrogenation in the presence of the chiral rhodium
catalysts® (+)-1,2-bis((2559)-2,5-dimethylphospholanebenzengcyclooctadiene)
rhodium(l) tetrafluoroborate §S)-Me-DuPHOSRh) or its enantiomeric counterpaR,R)-
Me-DUPHOSRh>%® |n poth cases, homogeneous hydrogenation proceeded smoothly
furnishing the fully protected B-NAA (S-S8 or (6R)-NAA (R)-S8 respectively, in very
good vyields (94 and 99%, respectively) and high diastereoselectivities> 98:2 each,
Scheme SR It is firmly established that asymmetric hydrogenations Zefonfigured
didehydro amino acids catabs by (S9-Me-DuPHOSRh give L-amino acids andhat
analogous reactions catagysby RR)-Me-DUPHOSRh affordp-amino acids**>5**Thus, it

was possible to direct the stereochemical outcome of the hydrogenation by the choice of
either the §9- or the R R)-catalyst. The high diastereoselectivities represent a clear proof of

these reactions being catalgsintrolled, with full conversion af-S7to (S-S8being reached



after 2 days when theS§-Me-DuPHOSRhI catalyst was employed (apparent 'matched'
case).In contrast, the hydrogenation was completed after 7 days in the presenceRyRthe (
Me-DUPHOSRh catalyst (apparent 'mismatched’ case). Similar reactions using uridine
analogues as substrates gave comparable r&stftand in case of the uridirdeived
congeners, the stereochemical assignment was further confirmeerdoy cXystal structure
analysis>®

After the construction of the elongated carbon scaffold of the NAA, manipulation of the
protecting groups was performed. First, the BQid the CbZroups ofS8 were cleaved
concomitantly by heterogeneous hydrodgsis in high yields (Scheme $2n this reaction,

the presence of an excessmbutylamine was essential in order to prevent the undesired
methylation of the primary amino group at theésition by formaldehyde, which is formed
upon reductive BOMleavage.To finally obtain building blocks applicable to DNA
synthesis, the introduction of a bdabile protecting group at the-&mino moety was
required. Therefore, the Fmoc group vea®sen, which could easily be removed during the
basemediated cleavage of the oligonucleotides from the solid support. Treatment of the
6-amines with Fmochloride afforded the corresponding carbamates in very good yields of
95 to 97%. The selective clage of thaert-butyl ester in the presence of an alatile silyl

ether was performed using silica in refluxing toluene affording the desired NB}*S3(94%
yield) and R)-S3 (90% yield). These building blocks were then reacted with protected
3-deoxy3-aminothymidineSZ*>? under usual peptide coupling conditions. The resultant
dinucleoside derivativesS[-S9 (79% vyield) and R)-S9 (78% yield) were then treated with
acetyl chloride in methanol, resulting in the cleavage of both silyl &fred thus furnishing

the corresponding diols in yields of 91 to 92%. Reactions dfethigol intermediates with
4,4-dimethoxytrityl (DMTr) chloride afforded the -®-DMTr derivatives in yields of 75%

for both isomers. Finally, phosphitylation of theh§droxy goup gave the target compounds



(9-S1 and R)-S1 (76% and 740 vyield, respectively, Scheme )S2For this reaction,
2-cyanoethyIN,N,N Njtgtraisopropyl phosphordiamidite was employed under slightly acidic
conditions,i.e., in the presence of the activatéss>-dicyanoimidazole. In comparison, the
standard method for the introduction of this functionality using the respective chlorophosphite
and a base resulted in unwanted concomitant cleavage of the Fmoc Bxpepimental
details of this synthetic route eagiven below including synthetic intermediate310-S15

(which are not explicitly displayed in Scheme) &&d compoundS)-S16(vide infra).

General methods.CompoundsSZ**? and S4~°° were prepared according to established
procedures. All othechemicals were purchased from standard supplR&actions involving
oxygen and/or moisture sensitive reagents were carried out under an atmosphere of argon
using anhydrous solvents. Anhydrous solvents wetairdd in the following mannefHF

was driedover sodium/benzophenone and distilled ,CkHwas dried over Cajhnd distilled,
MeOH was dried over activated molecular sieve8)@&nd degassed/eCN was dried over
P,Os and distilled pyridine was dried over CaHand distilled toluene was dried over
sodium/benzophenone and distillethe thus obtained solvents were stored over molecular
sieves 4 A, in case of MeOH and MeCRA). All other solvents were of technical quality
and distilled prior to their use, and deioed water was used throughoutolumn
chromatography was carried toon silica gel 60 (0.040.063mm, 230400 mesh ASTM,
VWR) under flash conditiongxcept where indicatedlLC was performed on alumum
plates precoated with silica gel 6@sF(VWR). Visualisation of the spots wasaried out
using UV light (254nm) and/or staining under heating,8®0; staining solution: 4 vanillin,
25mL conc. HSQO,, 80mL AcOH and 680nL MeOH; KMnQ, staining solution: 1g
KMnO4, 6g K,CO; and 1.5mL 1.25M NaOH solution, all dissolved in 10GL H,O;

ninhydrin staining solution: 0.8 ninhydrin, 3mL AcOH and 100nL 1-butanol). 30MHz-,



500MHz- and 600MHz-'H and 75MHz-, 76 MHz- and 126MHz-"°C as well as 121 MHz

3P NMR spectra were recorded on Varian MERCURY 300, UNITY 300, INOVA 500 and
INOVA 600 spectrometers. A'C NMR spectra are decoupled. All spectra were recorded
at room temperature except where indicated otherwise and were referenced internally to
solventreference fequenciesFor the calibration of*P NMR signals 85% phosphoric acid
was used as an external standattiemical shifts {f) are quoted in ppm, and coupling
constants J) are reported in Hz. Assignment of signals was carrigdusing H,HCOSY,
HSQC and TOCSpectra obtained on tlepectrometers mentioned aboass spectra of
small molecules were measured on a Finnigan LCQtragm mass spectrometer or on a
Bruker microTOF spectrometer. For B8easurements in the negative mast#utions ofthe
compounds in pure MeOlvere used whereas for measurements in the positive ,mode
solutions withthe additionof 0.1% formic acid were used. High resolution spectra were
measured on a Bruker Tésla fourier transform ion cyclotron resonance (FTICR) mass
spectrometer.Melting points (mp) were measured on a Bichi instrument and are not
corrected. Optical rotations were recorded on a Pdfkimer polarimeter 241 with a Na
source using a 10 cm €ebolutions of the compounds (L0 mg) in CHCI; or pyridine  mL)

were used and concentrations are given gil00mL. Infrared specbscopy (IR) was
performed on &ruker Vector 2ZTIR spectrometeusinga thin film on @ NaCl plate oa

KBr pellet For each compound theavenumberss] of the nine mosintense asorption
bandsare givenin cmit. UV spectroscopyf small moleculesvas carried out on a Ben-
Elmer Lambda ZpectrometerMeasurements were performed with solutions- 6f1 mg of

the compound iNnlOmML MeCN and in the range of 1HD0nm. Wavelengthof maximum
absorption §mnay) are reported in nm with the corresponding logarithmic molar extinction

coefficient given in parenthesis (IagUdm®mol* cm™).

S7



3',5'- Bis-O-(tert-butyldimethylsilyl) -3-N-(benzyloxymethyl}thymidine S10

To a suspension of NaH461mg, 19.2mmol, 60% suspensiom imineral oil) in DMF
(30mL), a solution of 3',5bis-O-(tert-butyldimethylsilyl}thymidine S6 (5.00g, 10.6mmol)

in DMF (17 mL) was slowly addeat -10 °C. The resultansolution was stirreét -5 °C for
20min and then treated dropwise Wit benzylchloromethylether (1.58L, 1.99q,
12.8mmol). The solution was stirred at°@ for another 3. The reaction washendiluted

with EtOAc (200mL), andwater (60mL) was slowlyadded. The organic lay&ras washed
with sat. NaHCG; solution (2x 150mL) and brine (1 x 80mL), dried overNaSQO, and
evaporated under reduced pressuree resultant crude product was purified by column
chromatography (4:1 petroleum etf&1OAC) to give S10as a coldess 0il(6.00g, 96%) 'H
NMR (300MHz, CDCL): (0.05 (s, B, SiCHs), 0.06 (s, 81, SiCH), 0.09 (s, 61, SiCH),

0.87 (s, #, SiC(CH)z), 0.91 (s, 8, SiC(CH)s), 1.89 (d,J=0.9Hz, 3, 7-H), 1.96 (ddd,
J=13.1, 7.8, 6.Hz, 1H, 2:Hy), 2.24 (ddd,J=13.1, 5.8, 2.64z, 1H, 2H,), 3.74 (dd,
J=11.4, 2.6Hz, 1H, 5'H,), 3.85 (ddJ=11.4,2.6 Hz, 1H, 5-Hy), 3.91 (dd,J = 4.5, 2.6Hz,

1H, 4'H) 4.354.39 (m, 1H, 3H), 4.68 (s, 2H, 2H), 5.47 (s, 2H, 1H), 6.33 (dd,J=7.8,
5.8Hz, 1H, 1:H), 7.237.43 (m, 5H, aryH), 7.28 (d,J=0.9Hz, 1H, 6H); **C NMR
(75MHz, CDCkL): G5.5,-5.4,-4.9,-4.7, 13.2, 18.0, 18.4, 25.7, 25.9, 41.4, 63.0, 70.5, 72.2,
72.2, 855, 87.8, 110.1, 127.827.7, 128.2, 134.2, 138.0, 151.0, 163RMS (ESI') m/z
calod for CagHsgNoNaOgSi, 613.3105(M + Na'), found 613.3109(M + Na’); IR (KBr) 3
2929, 1712, 1670, 1464, 1361, 1255, 1106, 836, BY5MeCN) amax(logl) 205 (4. 30)
(3.94); TLC R; 0.48 (4:1 petroleum ethdttOAc); [Jp*° +17.7(c 1.0, CHCH).
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