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Experimental

General methods. All reactions and sample analysis preparations were carried out in
an inert-atmosphere glovebox with recirculating nitrogen, using oven-dried glassware.
NMR spectra were recorded on 400 and 500 MHz Bruker spectrometers referenced to
CDCl; solvent peaks [1,2] and for *'P NMR to external PPh; at -5.25 ppm. Peak
assignments were made where possible using 2D COSY and HETCOR or HSQC
spectra, with **C-'H correlations shown in the spectral data where needed, as well as
by comparison to the thymidine starting materials. Reaction solvents were distilled
under nitrogen and then dried over activated 3 A molecular sieves [3]. Column
chromatography was carried out in the glovebox on 230-400 mesh silica gel that had
been dried several hours at 250 °C under vacuum. For the peak assignments in the *H
NMR spectra of 12 and 13, the 3j-phosphorylated thymidine and the 5j-phosphorylated
thymidine are labeled T1 and T2, respectively.

(iPraN)2,PC(O)CHs (7). The starting material (iProN),PH (4) was prepared via a
modification of the literature procedure [4]. In the glovebox, powdered LiAlH,4 (0.242 g,
6.37 mmol, 1.17 equiv) was added in one portion to 1.451 g (5.44 mmol) of (iPr,N),PCI
[5] in 10 mL of THF, and the suspension was stirred vigorously for two hours; while it
was stoppered, the stopper was removed periodically to release pressure. The grey
suspension was filtered through a layer of dry Celite (CAUTION: the grey solid smokes
and occasionally briefly ignites when removed from the glovebox), and the solvent was
then removed from the yellow solution using a vacuum pump. The resultant white solid
suspended in a yellow oil was extracted with 7 3 ~8 mL of hexanes, filtering each 8 mL

extract through dried Celite. Solvent removal using a vacuum pump gave 1.16 g (5.00



mmol, 92% vield) of 4 as a white solid suspended in a clear oil, which on the basis of *H
and *'P NMR was ~93% pure. This material could be stored cold in the glovebox at
1 35 °C but was typically used immediately.

A sample of 4 (0.311 g, 1.34 mmol) was suspended in 7 mL CH,ClI,, the flask
was fitted with a dropping funnel containing a solution of 0.119 g of CH3C(O)CI (1.52
mmol, 1.13 equiv) in 3 mL of CH,Cl,, and the dropping funnel was then attached to a
solenoid-controlled vacuum valve. The acetyl chloride solution was added dropwise
over ~1 min, while periodically opening the reaction to vacuum in order to keep the
reaction under partial vacuum. Gentle bubbling of the solution occurred, presumably
due to release of HCI gas, giving a yellow solution. Solvent removal gave a yellow solid
that was then extracted with 3 3 5 mL of hexanes (the last extract was clear), filtering
each extract through Celite. Final solvent removal gave 0.234 g (0.852 mmol, 64%
yield) of 7 as a yellow oil at room temperature; storage at i 35 °C gave a crystalline
mass but it quickly melted at room temperature. The material so produced was used as
is with no further purification; on the basis of **P NMR it was > 95% pure. *H NMR (400
MHz, CDCl3) d 3.29 (m, (CH3),CH, 4H), 2.27 (d, %Jpy = 8.8 Hz, CH3C(O) 3H), 1.23 (d, J
= 6.8 Hz, 12H), 1.18 (d, J = 6.4 Hz, 12H); **C NMR (100 MHz, CDCls) d 227.9 (d, *Jpc =
22.4 Hz), 49.8 (br d, (CH3),CH, 2Jpc = 9.1 Hz), 30.7 (d, CH3C(0), “Jpc = 49.7 Hz), 24.4
(d, J = 6.2 Hz), 24.3 (d, J = 6.4 Hz); *'P NMR (162 MHz, CDCl5) d 63.5; IR (CDCls) 2969,
1654 cm™. HRMS (ESI): Calcd for C14H32N,OP [M+H]" 275.2247, found 275.2247.

(iPraN),PC(=CH,)OC(O)CHj3; (8). Reaction of 4 (0.876 g, 3.77 mmol), CH3C(O)CI
(0.319 g, 4.06 mmol, 1.08 equiv), and Et3N (0.392 g, 3.87 mmol, 1.03 equiv) in 13 mL of

CHCI; gave a mixture of 43% 8, 32% 7, and 25% unreacted 4, on the basis of



integration of the *H and *'P NMR spectra. *H NMR (400 MHz, CDCls) d 5.48 (t, Juy =
Jen = 1.1 Hz, 1H), 5.29 (dd, Jun = 1.1 Hz, Jpy = 7.3 Hz, 1H), 2.09 (s, 3H); *C NMR (100
MHz, CDCl5) d 168.8 (s), 161.5 (d, Jpc = 8.8 Hz), 111.4 (d, Jpc = 16.8 Hz), 48.0 (d, Jpc =
12.0 Hz, CH(CHs),); *'P NMR (162 MHz, CDCls) d 49.7. The iPr peaks could not be
identified except as noted, and it appeared that the presumed OC(O)CHj; carbon also
overlapped the iPr region on the basis of the DEPT NMR.

(iPraN)2,PC(O)CgsHs (9). A sample of 4 (0.852 g, 3.67 mmol) prepared as
described for the synthesis of 7 was suspended in 10 mL CH,CI, and Et;N (0.402 g,
3.97 mmol, 1.08 equiv). The flask was fitted with a dropping funnel containing a
solution of 0.563 g of CsHsC(O)CI (4.01 mmol, 1.09 equiv) in 4 mL of CH,Cl,, which was
then attached to a solenoid-controlled vacuum valve. The benzoyl chloride solution was
added dropwise over ~1 min, while periodically opening the reaction to vacuum in order
to keep the reaction under partial vacuum. Gentle bubbling of the solution occurred,
presumably due to release of some HCI gas, giving an orange solution. Solvent
removal gave an orange solid that was then extracted with 4 3 5 mL of hexanes (the last
extract was clear), filtering each extract through Celite. Final solvent removal gave 1.10
g (3.27 mmol, 89% vyield) of 9 as a yellow-orange solid. The material so produced was
used as is with no further purification; on the basis of P NMR it was > 99.6% pure. 'H
NMR (400 MHz, CDCl3) d 8.00 (M, Hortho, 2H), 7.46 (M, Hpara, 1H), 7.38 (t, J = 7.8 Hz,
Hmeta, 2H), 3.32 (m, 4H), 1.21 (d, J = 6.8 Hz, 12H), 1.08 (d, J = 6.8 Hz, 12H); *C NMR
(100 MHz, CDCl3) d 220.9 (d, Jpc = 23.7 Hz), 140.8 (d, 2Jpc = 39.7 Hz, Cipso), 132.3 (d,
*Joc = 1.5 HZ, Cpara), 128.2 (Crmeta), 127.9 (d, *Jpc = 11.8 Hz, Corno), 49.5 (br d, 2Jpc =

8.1 Hz), 24.3 (d, *Jpc = 5.7 Hz), 23.9 (d, *Jpc = 6.1 Hz); *'P NMR (162 MHz, CDCls) d



59.3; IR (CDCl3) 2969, 1631 cm™HRMS (ESI): Calcd for C19H3sN,OP [M+H]" 337.2403,
found 337.2402.

3j-(5j-DMTr-OT)P(N(iPr),;)C(O)CHj3 (10). Solid N-methylimidazolium triflate
(NMI'Tf, 0.399 g, 1.72 mmol, 0.74 equiv) [6] was added to a suspension of 7 (0.639 g,
2.33 mmol, ) and 5j-O-(4,4j-dimethoxytrityl)thymidine (5;-DMTr-OT) [7] (1.20 g, 2.21
mmol, 0.95 equiv) in 10 mL acetonitrile. After stirring for 1.25 h, only a small amount of
solid remained and the solution was filtered through Celite. Solvent removal using a
vacuum pump gave a foamy yellow solid that was taken up in 10 mL benzene, 20 mL
ether was added to precipitate salts, the mixture was filtered, and the solvent was again
removed using a vacuum pump to give a yellow solid. This was stirred with 10 mL
hexane to remove some of the starting acyl, giving 1.56 g of product as a yellow powder
(99% crude yield) that was 12% starting acyl and 85% product by **P NMR but also
contained impurities of DMTr-OT and iPr,NH," Tf . Significant purification was
achieved by taking up 1.32 g of this material in 8 mL benzene, filtering, and then
precipitating out the product by addition of 24 mL of hexane. After cooling for 1 hr at
1 35 °C, the solvent was poured off and the residue pumped under vacuum to give a
sticky orange solid; final solvent removal was achieved by addition of a small amount of
ether and pulling a vacuum again to give a yellow foam (1.26 g, 95% recovery) that was
89% pure by *'P NMR.

Chromatography of 0.65 g of this material on 40 mL of silica gel on a 60 mL
fritted funnel, eluting with 9:1 CH,CI,:THF, gave a yellow band collected in three
fractions (60 mL 9:1 CH,CI;:THF, 20 mL 1:1 CH,CI,:THF and 40 mL THF); all three

fractions exhibited a spot with Rt = 0.5-0.55 on TLC (9:1 CH,ClI,:THF), with material at



the origin eluting at the end of the last fraction. Analysis by *P NMR showed that the
first two fractions (97.8 mg) were ~95% pur e

while the third fraction (429 mg; 81% total recovery)was ~81 % pure and ~33: |

il owo i somers at 117.6 and 116.8 ppm. The tw
chromatographed.
The fAifasto i somer was chromatographed on 1

CHCI,:THF, and gave in the first two UV-active fractions 57.1 mg of material that was
~95%pur e as a 93: 7 fmiowor ¢ HoNivMe fb&0avisiz, 6DCls) d 8.51
(brs, NH, 1H), 7.66 (~q, “J& 1. 2, H, 7.40Hm, Ph, 2H), 7.31 1 7.22 (m, Ph and
4H of MeOCgH4 AA{BB;, 3H), 6.83 (m, 4H of MeOCgH, AA{BB;), 6.40 (dd, 23 =7.7, 5.9
Hz, Hij, 1H), 4.65 (ddd, J 382 Hz, Hsj, 1H), 4.32 (~ddd, 3J 183 Hz, Hg, 1H), 3.79 (s,
MeOCgH,, 6H), 3.52 (dd, 2J = 10.7 Hz, 3J = 2.8 Hz, Hsj, 1H), 3.37 (dd, 2J = 10.7 Hz, 3J =
2.6 Hz, Hsj, 1H), 3.28 (m, CH(CHa)2, 2H), 2.51 (m, Haj, 1H), 2.33 (m, Haj, 1H), 2.24 (d,
3Jp1 = 5.4 Hz, CH3C(O)P, 3H), 1.44 (d, *J = 1.0 Hz, CH3C4, 3H), 1.19 (br d, 3J = 7.8 Hz,
CH(CHs),, 3H), 1.18 (br d, 3J = 7.3 Hz, CH(CHz),, 3H); *C NMR (125.8 MHz, CDCls) d
226.9 (d, *Jpc = 25.3 Hz), 163.8, 158.9, 150.3, 144.4, 135.7 (CH,), 135.5 (4°), 135.4 (4°),
130.27, 130.26 (Ar CH ~7.3; MeOC¢H, CH ~6.8), 128.3 (Ph CH ~7.4), 128.1, (Ar CH,
~7.3), 127.3 (Ar CH, ~7.25), 113.40, 113.38 (Ar CH, ~7.3; MeOCgH4 CH, ~6.8), 111.3
(4°), 87.1 (4°), 85.7 (d, *Jpcai = 5.4 Hz, Caj), 84.9 (CHyj, 6.40), 77.6 (d, *Jpcsi = 19.9 Hz,
CHs;j), 63.3 (CHsi), 55.4 (MeO, 3.79), 46 (iPr CH, from HSQC cross peak with *H at d
3.28), 40.5 (d, ®Jpcai = 3.9 Hz, CHyj), 30.8 (d, 2Jpc = 36.4 Hz, CH3C(O)P), ~25 (broad,

iPr Me at 1.19 and 1.18), 15.4 (iPr Me at 1.19 and 1.18), 11.9 (CHsCy); *'P NMR (162



MHz, CDCl3) d 117.6, 116.8 (93.2:6.8); IR (CDCls) 3396, 2969, 1688 cm™. HRMS (ESI):
Calcd for CzgH49N3OgP [M+H]" 718.3252, found 718.3252.
The 32: &8l divaasmioxt ure was chromatographed ¢
only with 9:1 CH,Cl,:THF, giving three fractions as white foams consisting of isomeric
mi xXtures odfl adwkme indamdros as foll ows: 46: 54 ( ~¢
(~91% pure, 40.0 mg), and 18:82 (~92% pure, 55.7 mg). Detailed spectra were
obtained for the 46:54 mixture (only speaks fo
noted): *H NMR (500 MHz, CDCl3) d 8.82, 8.77 (fast, slow, br s, NH), 7.60 (~q, *J& 3L .
Hz, H1), 7.39 (m, 2H, Ph), 7.30 7 7.26 (m, 3H, Ph and 4H of MeOCgH, AA{BB;), 6.83 (m,
4H of MeOCgH4 AA{BB)), 6.48 (dd, 3J = 8.2, 5.7 Hz, Haj), 4.64 (m, Hsj), 4.19 (~q, %) 286
Hz, Hai), 3.78 (s, 6H, MeOCgH,), 3.47 (dd, 2J = 10.6 Hz, 3J = 2.7 Hz, Hsj), 3.32 (dd, 2J =
10.6 Hz, 3J = 2.7 Hz, Hsj), 3.23 (m, CH(CHs),, 2H), 2.65 (m, Haj, 1H), 2.33 (m, Haj, 1H),
2.34 (d, *Jpn = 5.4 Hz, CH3C(O)P), 1.44 (br s (overlaps fast isomer), CHsC), 1.40 (d, 3J
= 6.7 Hz, part of CH(CHs),), 1.17 (br m, CH(CHs),), 1.04 (br d, 3J = 5.3 Hz, part of
CH(CHs),); *C NMR (125.8 MHz, CDCls) d 226.8 (d, *Jpc = 25.3 Hz), 163.9, 158.9,
150.4, 144.3, 135.7 (CHy), 135.5 (4°), 135.4 (4°), 130.25, 130.21 (Ar CH ~7.3;
MeOCgH, CH ~6.8), 128.3 (Ph CH ~7.4), 128.1, (Ar CH, ~7.3), 127.3 (Ar CH, ~7.25),
113.39, 113.37 (Ar CH, ~7.3; MeOCgH4 CH, ~6.8), 111.4 (4°), 87.1 (4°), 85.8 (d, *Jpcsi =
4.7 Hz), 84.9 (CHj, 6.48), 78.0 (d, 2Jpcsj = 19.0 Hz), 63.5 (Csj), 55.3 (MeO, 3.79), 46.7
(iPr CH, from HSQC cross peak with *H at d 3.3), 40.1 (d, *Jpcsj = 4.7 Hz), 30.83 (d,
2Jpc = 36.8 Hz, CH3C(O)P), ~25 (broad, iPr Me at 1.17, 1.04), 19.3 (iPr Me at 1.40),

11.9 (CHsC1); *'P NMR (162 MHz, CDCl5) d 117.6, 116.8 (46:54); IR (CDCls) 3396,
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2969, 1688 cm™. HRMS (ESI): Calcd for CsgH4gN3OgP [M+H]" 718.3252, found
718.3254.

3j-(5i-DMTr-OT)P(N(iPr),)C(O)CsHs (11). An orange suspension of 9 (0.502 g,
1.49 mmol, 1.07 equiv), DMTr-OT (0.758 g, 1.39 mmol), and NMI'Tf (0.326 g, 1.40
mmol, 1.01 equiv) in 10 mL acetonitrile was stirred for 2 h to give a clear orange
solution. Solvent removal using a vacuum pump gave an orange-yellow foam.
Chromatography on 30 mL of silica gel on a 60 mL fritted funnel, eluting with 9:1
CH,CIl,: THF gave a yellow band in 60 mL of solvent, discarding a pale yellow tail;
solvent removal gave 0.757 g (70% crude yield) of yellow foam consisting of product
and starting material. Final purification was achieved by taking up the material in 4 mL
ether, and precipitating out product by addition of 10 mL of hexane with swirling, cooling
briefly to 1 35 °C, and filtration to give the product as a yellow solid. Addition of CH,Cl,
followed by solvent removal was required to remove the hexane, giving 0.632 g of
yellow foam (58% yield). *H NMR (500 MHz, CDCls) d 8.70, 8.62 (minor, major, br s,
NH, 1H), 7.91 (m, 2H of Ph), 7.69, 7.62 (minor, major, ~q, “*J& 6l 1.3 Hz, Hy, 1H), 7.62
i 7.2 (m, 8H of Ph and 4H of MeOC¢H. AABB;), 6.80 (m, 4H of MeOC¢H, AABB;), 6.51,
6.40 (major, minor, dd, 3J = 7.8, 6.2, and 7.2, 6.2 Hz, Hyj, 1H), 4.70 (m, Haj, 1H), 4.43,
4.26 (minor, major, ~q, 33 380, 2.7 Hz, Haj, 1H), 3.781, 3.779 and 3.73, 3.71 (major,
minor, each two diastereotopic s, MeOCgHg4, 6H), 3.52, 3.43 (m, (Hsj)2, 2H), 3.27 (m,
CH(CHs),, 2H), 2.73 (major, ddd, 2J = 13.8 Hz, 3J = 6.1, 2.7 Hz, H,j, ~0.5 H), 2.58
(minor, ddd, 2J = 13.6 Hz, 3J = 5.9, 3.2 Hz, Hyj, ~0.5 H), 2.34 (m, Haj, 1H), 1.45 (br s,
CH3C4, 3H), 1.22, 1.09, 0.7 (br, CH(CHs),, 6H); **C NMR (125.8 MHz, CDCl5) d 217.2,

217.1 (major, minor, d, *Jpc = 30.6, 29.9 Hz), 163.94, 163.90, 163.86, 163.84, 163.82,



158.83, 158.81, 158.77, 158.73, 150.34, 150.30, 144.58, 144.46, 139.08, 139.02,
138.81, 138.75 (all 4°), 135.92 (CH; (major) 7.62), 135.82 (CH; (minor) 7.69), 135.55,
135.52, 135.51 (4°), 133.16, 133.08 (Ar CH ~7.5), 130.25, 130.22 (MeOCg¢H4 CH ~7.3),
128.5, 128.4, 128.3, 128.09, 128.06, 127.89, 127.83, 127.24, 127.17 (Ar CH 7.9-7.2),
113.36, 113.34, 113.32 (MeOCgH4 CH ~6.8), 111.22, 111.14 (4°), 86.99, 86.98 (4°),
85.8, 85.6 (d, 3Jpcaj = 5.5, 4.3 Hz), 85.0, 84.8 (CH4j, major, minor), 77.32, 77.16, 76.96
(visible in DEPT45, CsjH 4.70), 63.5, 63.1, 55.4, 55.30, 55.28 (MeO, 3.78-3.71), 46.6,
40.2, ~24.5 (broad, iPr Me), 11.9 (CH3sC1); *'P NMR (162 MHz, CDCl3) d 119.8, 116.7
(42.5:57.5); IR (CDCls) 3396, 2970, 1688 cm™’. HRMS (ESI): Calcd for CasHs1N3OgP
[M+H]" 780.34083, found 780.33935.

3i-(5j-DMTr-OT)-5j-(3j-t-BuMe,Si-OT)PC(O)CHj; (12). To a stirred solution of
69.4 mg of 10 (0.097 mmol, 1.46 equiv) and 23.6 mg of 3j-O-(tert-
butyldimethylsilyl)thymidine [8,9] (3j-TBS-OT, 0.066 mmol, 1 equiv) in 1 mL of
acetonitrile was added 0.95 g (1.2 mL) of 0.20 M/0.10 M pyridinium trifluoroacetate/N-
methylimidazole (PTFA/NMI) in acetonitrile (0.24/0.12 mmol, 2.5/1.2 equiv relative to
10), in one portion. The clear solution was stirred for 25 min, the solution was
concentrated to about half its volume using a vacuum pump, and the solution was
applied to a column of 6 mL of silica gel packed in THF. A UV-active band was eluted
in about 10 mL of THF, the solvent was removed using a vacuum pump, and triturated
with ether to give 105.4 mg of pale yellow foam. *'P NMR indicated complete reaction
of 10 and the presence of ~12% of unidentified material in the dinucleoside acyl region,
and *H NMR indicated ~14% of unreacted 3;-TBS-OT. The mixture was applied in 2 mL

of CH,Cl, to a 15 mL column of silica packed in 5% THF in CH,Cl,. After elution with 20



mL of 5% THF in CH,CI, followed by 10 mL of 10% THF in CH,Cl,, unidentified weakly
UV-active material (6.6 mg total) eluted in 5 mL of 10% THF in CH,ClI, followed by 20
mL of 20% THF in CH,Cl,. The remaining UV-active material eluted in 30 mL of 20-30%
THF in CH,CI; followed by 20 mL of THF, giving 54.5 mg of 12 (~85% yield) that was
~84% pure by *'P NMR and contained ~14 mol% unreacted 3;-TBS-OT.
Rechromatography of this material combined with similar fractions from prior syntheses
(99 mg total) on a 15 mL column of silica packed in 10% THF in ethyl acetate gave after

a 17 mL forerun an 8 mL UV-active fraction with virtually all the 12 recovered (55 mg),
containing 6% of an unidentified impurity (**P NMR: 142.9 ppm) and ~36 mol% of 3j-
TBS-OT. 'H NMR (500 MHz, CDCls) d 9.57-9.35 (5 s, NH, 2H), 7.59, 7.55 (q, “J & 21 .
1.1 Hz, He, 1H), 7.37 (m, 3H), 7.26 (m, 7H), 6.83 (d, J = 7.5 Hz, 4H of MeOCgH,4
AA{BB;), 6.42, 6.39 (dd, 3J = 8.5, 6.0 Hz and 7.5, 6.0 Hz, "*Haj, 1H), 6.29, 6.24 (t, %J =
6.5, 6.8 Hz, "?H1j, 1H), 4.80 (~q, 3J 4 6.8 Hz, "*Ha3j, 0.5 H), 4.38,4.21, 4.06 (m, ~2H),
3.93, 3.89 (m, 2H, overlapping with 3;-TBS-OT), 3.781, 3.778 (s, MeO, 6H), 3.52, 3.36
(m, ™Hsj, 1.5H), 2.91 (m,™Hsj, 0.5 H), 2.6-2.2 (M, H,j, 4H), 2.36, 2.28 (d, J = 4.0 and
4.0 Hz, CH3C(O), 3H, with overlapping 3j-TBS-OT), 1.87, 1.83 (s, '°CHsC-5, 3H), 1.46,
1.45 (d, *340.5 Hz, "*CH3C-5, 3H), 0.88 (s, t-Bu, 9H), 0.078, 0.054, 0.040 (s, Me,Si,
6H); *C NMR (125.8 MHz, CDCls) d 223.28, 223.25 (d, *Jpc = 38.6, 41.4 Hz), 164.11,
164.04, 158.9, 150.68, 150.63, 150.51, 144.20, 144.16 (all 4°), 137.15, 136.0, 135.24
(CHe 7.59, 7.55), 135.17 (CHe 7.59, 7.55), 130.2, 128.2, 127.4, 113.4, (MeOCgH, 6.83),
111. 7 (4°), 111.27 (4°), 111.20 (4°), 111.11 (4°), 87.7 (3j-TBS-OT, CHysj), 87.33, 87.28,
87.0, 86.0, 85.7, 85.4, 85.1, 84.75, 84.69, 71.7, 71.36, 71.32, 68.4, 66.7, 63.2, 63.1,

62.1, 55.4 (MeO), 40.75, 40.59, 39.9, 30.2 (CHsC(0)), 29.9 (CHsC(0)), 25.83 (t-Bu),

S1C



25.79 (t-Bu), 18.06, 18.04, 18.00 (t-Bu 4° C), 12.63, 12.54 (">CH3C-5), 11.99, 11.92
(""CH3C-5), -4.52, -4.58, -4.72, -4.74 (CH3Si); *'P NMR (202 MHz, CDCl3) d 148.2,
145.2 (49:51); IR (CDCls) 3395, 2957, 2932, 1690 cm™. HRMS (ESI): Calcd for
Ca9Hes2N4013PSi™ [M+H]" 973.38148, found 973.38100.
3i-(5i-DMTr-OT)-5j-(3j-t-BuMe,Si-OT)PC(O)CsHs (13). To a stirred solution of
118.0 mg of 11 (0.151 mmol, 1.34 equiv) and 40.0 mg of 3j-TBS-OT (0.112 mmol, 1
equiv) in 2 mL of acetonitrile was added 1.51 g (1.93 mL) of 0.20 M/0.10 M PTFA/NMI
in acetonitrile (0.385/0.193 mmol, 2.6/1.3 equiv relative to 11), in one portion. The
yellow solution was stirred for 30 min, the solution was concentrated to about half its
volume using a vacuum pump, and the solution was applied to a column of 7 mL of
silica gel packed in THF. The yellow band was eluted in about 10 mL of THF, the
solvent was removed using a vacuum pump, and triturated with ether to give 156.8 mg
of yellow foam. *'P NMR indicated the mixture contained 34 mol% of 11. The mixture
was applied in 3 mL of CH,ClI, to a 15 mL column of silica packed in 5% THF in CH,Cl..
After elution with 32 mL of 5% THF in CH,ClI; followed by 10 mL of 10% THF in CH.ClIy,
unreacted 11 eluted in 45 mL of 10% THF in CH,Cl,, towards the end of which ~6 mg of
13 was eluted. The main yellow band eluted in 30 mL of 1:1 THF:CH,ClI,, giving 88 mg
of 13 as a yellow solid, containing 7.5% of unidentified impurities (**P NMR: 150.1,
148.0 ppm, 5.5% and 2% respectively), a trace of 11, and ~12% of 3;-TBS-OT. 'H NMR
(500 MHz, CDCl3) d 9.19-9.05 (4 s, NH, 2H), 7.96-7.93 (m, Ar, 2H), 7.60-7.19 (m, Ar,
™He THg, 14H), 6.84-6.81 (m, 4H of MeOC¢H4 AA{BB;), 6.44, 6.40 (dd, 3J = 7.8, 6.3 Hz
and 8.5, 5.5 Hz, "™Haj, 1H), 6.30 (m, "*H4j, 1H), 4.86, 4.79 (~brdd,%J& 6. 9, ™B3, 9 Hz,

1H),4.43,434(~ddandm,3J& 9. 0, "Hsj, DH)H2-4.00 (m, 1H, "*Haj, 2H,
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T2Hsi), 3.93 (m, 1H overlapping with 3j-TBS-OT, "Hyj), 3.786, 3.785, 3.77 (s, MeO, 6H),
3.44-3.34 (m, "Hsj, 1.5 H), 3.11 (dd, 3J = 2.3 Hz, 2J = 10.8 Hz,*Hsj, 0.5 H), 2.50, 2.42
(br dd, 33 = 12.3, 5.3 Hz and 13.1, 5.8 Hz, ™H,;j, 1H), 2.38-2.23 (m, "'H,;j, 1H), 2.22-2.11
(m, "®Haj, 2H), 1.85, 1.79 (d, *J40.7 Hz, "°CH3C-5, 3H), 1.45, 1.38 (d, *J50.7 Hz,
T'CH5C-5, 3H), 0.86 (s, t-Bu, 9H), 0.032, 0.028, 0.014, 0.003 (s, Me,Si, 6H); *C NMR
(125.8 MHz, CDCl3) d 211.6, 211.1 (minor, major, d, "Jpc = 44.3, 42.4 Hz), 163.9, 158.9,
150.6, 150.4, 144.28, 144.22, 137.4 (all 4°), 137.17, 136.9 (4°), 136.3, 135.9, 135.4,
135.3, 135.22 (4°), 135.19 (4°), 135.18 (4°), 134.49, 134.41, 130.20, 130.13, 129.19,
129.16, 128.44, 128.37, 128.31, 128.19, 128.13, 127.38, 113.47 (MeOC¢H, 6.84-6.81),
113.42 (MeOCgH, 6.84-6.81), 113.41 (MeOCgH, 6.84-6.81), 111.67 (4°), 111.62 (4°),
111.4 (4°), 111.20 (4°), 111.16 (4°), 87.7, 87.3, 86.1, 85.8, 85.5, 85.4, 84.9 (Cp1j), 84.7
(Cuij), 84.6 (Cai), 71.8, 71.6, 68.6, 68.5, 66.95, 66.91, 63.29 ("*CHsj), 63.17 ("*CHsj),
62.2 (CHsj of 3j-TBS-OT), 55.39 (MeO), 55.37 (MeO), 40.67 (CH,j), 40.58 (CH,j), 39.94,
25.8 (t-Bu), 18.0 (t-Bu 4° C), 12.59, 12.56 ("2CH3C-5), 11.9, 11.8 ("*CH5C-5), -4.52, -
4,59, -4.71, -4.76 (CHsSi); *'P NMR (202 MHz, CDCls) d 151.5, 150.2 (46:54); IR
(CDCls) 3395, 2955, 2932, 1690 cm™. HRMS (ESI): Calcd for CssHezsN4sNaO13PSi*
[M+Na]* 1057.37907, found 1057.37949.

Conversion of 12 and 13 to 17. Sulfurization of 13 occurred by reaction in
CD3CN with excess phenylacetyl disulfide (PADS) [10] or DDTT [11] and gave new
peaks at 66.4 and 66.0 ppm in the 3P NMR spectrum consistent with formation of the
tetravalent sulfides. Reaction with 2 M triethylammonium bicarbonate (TEAB) or with
bis(trimethylsilyl)acetamide (BSA) [12] followed by TEAB gave material with only one

major peak in the **P NMR spectrum at 113.3 ppm, and it could not be identified.
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Oxidation of 13 in acetonitrile with anhydrous 3.3 M tert-butyl hydroperoxide [13]
gave two peaks in the **P NMR spectrum for the diastereomeric oxides at -0.9 and -1.1
ppm. Treatment with TEAB gave the H-phosphonate (*!P NMR (CDCls): 8.8, 7.5 ppm
[12]), and treatment with PADS gave the diastereomeric phosphorothioates (**P NMR
(CDCl3): 58.0, 57.9 ppm [12]).

Oxidation of 12 in the same manner gave the diastereomeric oxides (*:P NMR
(CDCl3): -2.5, -2.7 ppm), and TEAB and PADS gave the same H-phosphonate and
phosphorothioate spectra as for 13.

Thermal decomposition of 12 and 13. Samples of 12 or 13 were dissolved in
acetonitrile and added to a one-piece teflon vacuum stopcock-sealed heavy-walled
glass vessel. The vessel was evacuated using a vacuum pump and then heated in a
thermostatted oil bath. Periodically the solvent was removed under vacuum and the
contents analyzed by NMR after extraction into CDClI3 solution; after adding the NMR
sample back to the vessel, the solvent was once again removed under vacuum and
replaced with acetonitrile. Two samples of 12 were examined. A 1:1 mixture of
diastereomers was heated for 12 h at 50 °C followed by 4 h at 75 °C, with no change in
diastereomer ratio but extensive decomposition to unidentified materials that exhibited
very broad bands in the *H and particularly the *'P NMR spectra. A 42:58 sample of
diastereomers was heated sequentially for 1.5 h at 100 °C, 1.5 h at 130°C, and 1.5 h at
150 °C. No change in diastereomer ratio occurred, but decomposition was nearly
complete at the end. One sample of 13 was heated, for 2.5 h at 75 °C and 6 h at
100 °C, with no change in the 1:1 diastereomer ratio, and again with nearly complete

decomposition.
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X-ray structure of 9. A yellow fragment of 9 with approximate dimensions 0.31
mm x 0.37 mm x 0.41 mm, cleaved from a large crystal obtained by slow cooling of a
saturated hexanes solution at 1 35 °C, was used for the X-ray crystallographic analysis.
The X-ray intensity data were measured on a Bruker Smart Breeze CCD system
equipped with a graphite monochromator at 100(2) K, cooled by an Oxford Cryosystems
700 Series Cryostream. A total of 1464 frames were collected. The total exposure time
was 12.20 hours. The frames were integrated with the Bruker SAINT software package
using a narrow-frame algorithm. The integration of the data using a monoclinic unit cell
yielded a total of 21786 reflections to a max
of which 4311 were independent (average redundancy 5.054, completeness = 100.0%,
Rint=2.00%,Rsg= 1. 47%) and 3921 (90. 95)%hefivatacele gr eat
constants of a = 15.8768(8) A, b=9.2589(5)A,c= 14.0614(7) i, b = 108
volume = 1955.87(17) A3, were based upon the refinement of the XYZ-centroids of 9998
reflections above 20 G(Il) with 5.168A < 2d <
effects using the numerical method (SADABS). The ratio of minimum to maximum
apparent transmission was 0.927. The calculated minimum and maximum transmission
coefficients (based on crystal size) were 0.9430 and 0.9550.

The structure was solved and refined using the Bruker SHELXTL Software
Package, using the space group P2i/c, with Z = 4 for the formula unit, C;9H33N,OP. The
final anisotropic full-matrix least-squares refinement on F? with 249 variables converged
at R; = 3.11%, for the observed data and wR, = 8.21% for all data. The goodness-of-fit

was 1.048. The largest peak in the final difference electron density synthesis was 0.412
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e/A® and the largest hole was -0.202 e/A® with an RMS deviation of 0.041 e/A3. On the
basis of the final model, the calculated density was 1.143 g/cm® and F(000), 736 €.

Cambridge Crystallographic Data Centre deposition number for 9: CCDC
1030743. The data can be obtained free from Cambridge Crystallographic Data Centre
via http://www.ccdc.cam.ac.uk/data_request/cif.

Calculations. All geometry and NMR calculations were carried out using
Gaussian 09 Revision A.02 and D.01 [14] by first carrying out a geometry optimization
(DFT, 6-31G(d), B3LYP) with modeling of solvation in chloroform using the polarization
continuum model (IEFPCM), with calculation of vibrational frequencies to insure the
finding of an energy minimum; NMR calculations (GIAO) were then carried out on the
optimized structures using the 6-311+G(2d,p) basis set and the same IEFPCM solvation
method.

Each of the inversion barrier calculations was carried out by optimizing using the
6-31+G(d) basis set, but without solvation modeling, with the exception of the phosphite
triester where acetonitrile modeling was used. Following optimization, one of the
groups was rotated to give the inverted structure, which was then reoptimized; 18 and
19 gave back the same structures but in the opposite configuration at phosphorus. For
the transition state calculations, one enantiomer of each optimized structure was
converted to a trigonal planar structure, and then used as the starting point for the
transition state search. Both the QST3 option in Gaussian as well as the simpler Berny
TS option ts=(opt,estmfc,noeigentest) described by the Collum group [15] were
successfully used. The reported barriers are the smaller barrier from each ground state,

as the sum of the electronic and thermal free energies at 298.15 K.
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