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ABSTRACT: A fully stereocontrolled 1,3-diol orthoesterifi-
cation and a water-promoted intramolecular Henry addition,
combined with the previously reported formal (3 + 3)
annulation of a-nitro-a,f-enals and 2,2-dimethyl-1,3-dioxan-5-
one, provided for a short convergent pathway to the
dioxaadamantane core of (+)-tetrodotoxin.

B INTRODUCTION

With more than 32000 references since 1910 and a steady
increase of about 600 additional references per year for the past
decade, tetrodotoxin (TTX, Scheme 1, the poison of the fugu
fish) is a compound familiar to the scientific community, in
particular to organic chemists and neurobiologists.! Tetrodo-
toxin’s most significant property, its ability to block voltage-
gated sodium channels in a most efficient and selective manner,
was instrumental for the identification, isolation, and
purification of the main protein subunit of such channels®
and continues to be the focus of much interest.*The
pharmacological significance of tetrodotoxin, already put
forward by Mosher in 1986," is currently being studied in the
fields of analgesia (for severe cancer and neuropathic opioid-
refractive pain relief), drug-addiction withdrawal treatment, and
local anesthesia.®

For chemists, the toxin was initially a challenging structural
problern,6 and afterward a highly demanding synthetic goal,
which was realized first as a racemic mixture by Kishi and co-
workers”® and later in enantiopure form by the groups led by
Isobe, Du Bois, Noheda, and Sato.”™'! We recently achieved a
formal synthesis of racemic tetrodotoxin from furfural'?
through @-nitroenal 2, protected nitrocyclitol 3,">'* and
Sato’s intermediate 4 (Scheme 1).%°

We herein describe the successful implementation of a new
approach to the dioxaadamantane core of tetrodotoxin, which
combines the previously reported formal (3 + 3) annulation of
a-nitro-a,f-enals and 2,2-dimethyl-1,3-dioxan-S-one (2 — 3,
Scheme 1),"**" with a fully stereocontrolled 1,3-diol
orthoesterification (a process where the ortho-acid function
that tetrodotoxin has at C10 is built in the form of an
orthoester embracing the oxygens at C5 and C7 of 3, as shown
in 6) and a water-promoted intramolecular Henry addition (6c
— 7, Scheme 1; a transformation where the nitro group, a
critical element in the reported annulation process of 2 into 3,
was further used with advantage to promote the C8a—C9 bond
formation). We also report the transformation of 7 into
intermediates 13 and 6-epi-13 endowed with all the
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functionality and relative stereochemistry required by (+)-te-
trodotoxin and its 6-epi-analogue, respectively."> So far, our
attempts to fully deprotect 13 and 6-epi-13 have met with
failure; additional studies are required to tune the new synthetic
approach and make it apt to reach TTX.

B RESULTS AND DISCUSSION

Conversion of 3 into ortho esters of type 6 was initiated with
protection of its C8-hydroxyl group as a TBS ether, followed by
exomethylenation at C6 (Scheme 2). This last operation
removed the C6 keto group (thus preventing any epimerization
at positions S and 7 to take place when opening the acetal
bridge, step 6, Scheme 2) and replaced it with a carbon—carbon
double bond, hence leaving the system ready for the posterior
formation of the diol unit the toxin has at positions 6 and 11
(step 12, Scheme 3).

After acid hydrolysis of the isopropylidene acetal, a two-
carbon fragment, precursor of C9 and C10 of TTX, was
attached to the two free hydroxyl groups of the resulting diol §
in the form of a methyl ortho ester. Thus, heating of $ with
2,2,2-trimethoxyethyl benzoate (itself prepared from chloroa-
cetonitrile)'® and p-TsOH gave 6a (isolated in 67% yield as a
single stereoisomer), in which C10 was generated with the
stereochemistry appropriate to later address the closure of the
dioxaadamantane unit. This outcome was expected, since
orthoesters of type 6 should be substantially more stable than
their epimers at C10 (and hence the major reaction products
under thermodynamic conditions) because at their most stable
conformation'” they would enjoy a double anomeric effect'®
and display the sterically most demanding R'® substituent in a
less-crowded location."®

The hydrolysis of the benzoate group in 6a was most
effective using a 3% solution of NaOMe in MeOH, and the
oxidation of the resultant alcohol 6b to the desired aldehyde 6¢
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Scheme 1. Synthetic Studies from Furfural toward Tetrodotoxin through Protected Nitrocyclitol 3
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Scheme 2. Synthetic Sequence Used To Build the Dioxaadamantane Unit from Nitrocyclitol 3
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took place efficiently under Swern conditions. Both 6b and 6¢ Installation of tetrodotoxin’s full functionality in 7 required,
proved to be unstable and were used in crude form, as obtained. in addition to any protection/deprotection steps, the

Besides base (NaH in dry THF), the key intramolecular dihydroxylation at C6 and Cl1, the transformation of the
nitroaldol reaction of 6¢ required the addition of very small furan ring into a formyl group or equivalent, and the conversion
amounts of water to the reaction mixture until disappearance of of the nitro group into the guanidine functionality. In practice,
the starting aldehyde. Preliminary density functional theory we obtained better results when these three operations were
(DFT) calculations revealed a lowering of the energy barrier for carried out in the same order as listed above.
the nitroaldol addition when one molecule of water was Thus, after protection of the free hydroxyl group of 7 in the
incorporated in the calculation.”® The interaction of water with form of acetate, as shown in 8, the double bond was
the carbonyl and furyl groups (as illustrated in A, Scheme 2) dihydroxylated, and the resulting diols were protected in the
would facilitate the reaction while appropriately orienting the form of acetonides 9 and 6-epi-9 (steps 12 and 13, Scheme 3).
carbonyl oxygen away from the OTBS group. This would also With OsO,, the dihydroxylation preferentially took place from
explain the formation of the f-hydroxy nitro derivative 7 as the the less-hindered upper face of the alkene, giving double the
single (desired) stereoisomer shown, which was isolated with amount of 6-epi-9 compared with 9. Alternative use of KMnO,
an overall yield of 42% for the last three steps from 6a: reversed the facial selectivity in favor of 9 (9/6-epi-9 ~ 4/1),
benzoate hydrolysis, alcohol oxidation, and nitroaldol addi- presumably because of repulsive interactions of the MnO,~
tion.>! anion with the oxygens at CS and C7 in 8.

The straightforward preparation of 7 with complete stereo- The furan rings of 9 and 6-¢pi-9 were then transformed into
control from furfural, 2,2-dimethyl-1,3-dioxan-5-one, and 2,2,2- dimethyl acetal groups, as in 12 and 6-epi-12, through a four-
trimethoxyethyl benzoate in just 10 steps clearly showed the step sequence (steps 14—17, Scheme 3). Treatment of the
power of the new approach to assemble the dioxaadamantane mixture of 9 and 6-epi-9 with RuCl;/NalO, led to carboxylic
core of tetrodotoxin. acids 10 and 6-epi-10, which were separated by chromatog-
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Scheme 3. Final Functionalization at C4a, C6, C8a, and C11
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raphy and independently subjected to the successive action of
BH; THF (to primary alcohols 11 and 6-¢pi-11, respectively),
IBX (to the corresponding nonisolated aldehydes), and
MeOH/HC(MeO),.

Finally, after deprotection of the acetate at C9 of 12, the
nitro group was reduced with Raney nickel, and the
intermediate amine so formed was treated with N,N’-bis(tert-
butoxycarbonyl)thiourea, HgCl, and Et;N to give 13.
Following a similar path, 6-epi-12 was transformed into 6-epi-
13. Protected guanidines 13 and 6-epi-13 have every carbon
atom required for tetrodotoxin and 6-epi-tetrodotoxin,
respectively, with the correct relative configuration; the
functionality at every position is also adequate: it either
matches that of the toxin or its 6-epi-analogue or it is a
protected form of it.

The successful preparation of 13 and 6-epi-13 demonstrated
that the functional groups present in 7 were appropriate to
reach tetrodotoxin’s full functionality, thus strengthening 7 as a
promising advanced synthetic intermediate for TTX and
analogues. However, its final transformation into the toxin
itself and 6-epi-TTX through 13 and 6-epi-13, respectively, has
been precluded so far by our failure to remove the methyl
group from the orthoester function. The surprising stability of
the methyl orthoester functionality was further corroborated in
intermediate 7, which either remained unchanged or gave
complex mixtures when treated under a variety of acidic
conditions. Further work (e.g., exploring the use of more labile
protecting groups for the orthoester functionality) is then
needed prior to the successful application of the route to the
final target. In this respect, the convergent nature of the new
synthetic sequence should be of help to prepare new
dioxaadamantane intermediates similar to 7 but with improved
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functionality to facilitate their final conversion into tetrodotoxin
and derivatives.

B CONCLUSION

In summary, five commercially available fragments [furfural, 2-
nitroethanol, 2,2-dimethyl-1,3-dioxan-5-one, chloroacetonitrile,
and methyl(triphenyl)phosphonium bromide] and three main
key steps [the (previously reported) formal (3 + 3) annulation
of @-nitro-a,f-enals, a 1,3-diol orthoesterification, and an
intramolecular Henry addition] are all combined in a relatively
short (10 steps) and fully stereoselective pathway, to form
advanced intermediate 7, which displays the dioxaadamantane
core of tetrodotoxin with the correct stereochemistry in all its
newly formed seven stereogenic carbons and proved to be
capable of being transformed into protected forms of TTX and
6-epi-TTX (13 and 6-epi-13). Preliminary deprotection studies
unveiled the difficulty to remove the orthoester’s methyl group
and the need for further experimentation before the new
synthetic protocol could successfully render TTX.

B EXPERIMENTAL SECTION
(1R*,3R*,45*,5R*,6R*)-4-((tert-Butyldimethylsilyl)oxy)-6-
(furan-2-yl)-2-methylene-5-nitrocyclohexane-1,3-diol (5). To a
solution of 3 (3 g 10.1 mmol) in CH,Cl, (20 mL) were added
imidazole (6.869 g, 100.9 mmol) and tert-butyldimethylsilyl chloride
(7.613 g, 50.5 mmol) at rt under argon. After being stirred for 24 h,
the reaction mixture was diluted with a saturated aqueous solution of
NH,Cl (40 mL) and extracted with CH,Cl, (3 X S0 mL).
Chromatography (EtOAc/hexane 2:98) afforded the TBS ether of 3
(3.76 g, 9.14 mmol), which was dissolved in dry THF (40 mL) and
added at —78 °C under argon to PhyP=CH, [itself prepared from
MePPh;Br (13.06 g, 36.56 mmol) and n-BuLi (1.6 M in hexane, 20
mlL, 32 mmol) in THF (40 mL)]. The reaction mixture was allowed to
reach rt, stirred for 17 h, diluted with water (40 mL), and extracted
with EtOAc (3 X 40 mL). After chromatography (EtOAc/hexane 3/
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7), the intermediate alkene (3.2 g, 7.81 mmol, 87%) in dry THF (156
mL) was treated with a mixture of TFA/AcOH/H,0O (1:2:2, 156 mL)
and stirred for 5 min. The pH of the mixture was adjusted to 8 with a
saturated aqueous solution of NaHCO; and the solvent partially
evaporated. Extraction (Et,0, 3 X 300 mL) and chromatography
(EtOAc/hexane 15/85) afforded (+)-S [1.71 g 46%, Ry = 0.31
(EtOAc/hexane 3:7)] as an oil; 'TH NMR (300 MHz, CDCL,) 6 7.35
(td, J = 1.8, 0.7 Hz, 1H), 6.36 (td, ] = 3.2, 0.7 Hz, 1H), 6.33 (dd, ] =
3.2, 1.8 Hz, 1H), 5.41 (s, 1H), 5.38 (s, 1H), 5.28 (dd, J = 12.2, 9.6 Hz,
1H), 4.51 (dd, J = 7.2, 2.6 Hz, 1H), 441 (d, ] = 3.1 Hz, 1H), 4.25 (dd,
J = 9.6, 3.1 Hz, 1H), 3.50 (dd, J = 12.2, 2.6 Hz, 1H), 3.36 (d, ] = 7.2
Hz, 1H), 3.18 (d, J = 1.3 Hz, 1H), 0.90 (s, 9H), 0.13 (s, 3H), 0.05 (s,
3H). *C NMR (75 MHz, CDCl;) § 149.5, 142.3, 141.4, 120.4, 110.5,
108.3, 86.8, 76.3, 75.2, 74.0, 46.0, 25.5 (3 C), 17.8, —4.8, —5.5. HRMS
(ESI-TOF) m/z: [M + Na]* Calcd for C;,H,,NNaOgSi 392.1505;
Found 392.1498.
((3R*,65*,7R*,8R*)-6-((tert-Butyldimethylsilyl)oxy)-8-(furan-
2-yl)-3-methoxy-9-methylene-7-nitro-2,4-dioxabicyclo[3.3.1]-
nonan-3-yl)methyl Benzoate (6a). A mixture of (+)-5 (0.615 g,
1.66 mmol), (MeO);CCH,0Bz (6.05 g, 25.19 mmol), and p-TsOH-
H,O (0.635 g, 3.33 mmol) was heated to 100 °C. After being stirred
for 4 h, the reaction mixture was diluted with a saturated aqueous
solution of NaHCO; (50 mL), partially evaporated, and extracted with
Et,0 (3 X 30 mL). Chromatography (EtOAc/hexane 15/85) afforded
(+)-6a (0.612 g 67%, R; = 0.67) as an oil; 'H NMR (300 MHz,
CDCly) 6 8.27—8.07 (m, 2H), 7.81-7.30 (m, 3H), 7.20 (dd, ] = 1.8,
0.7 Hz, 1H), 6.18 (dd, J = 3.3, 1.8 Hz, 1H), 6.15 (d, ] = 3.3 Hz, 1H),
5.51(dd, J = 11.7, 9.2 Hz, 1H), 5.32 (s, 1H), 5.27 (s, 1H), 4.68 (t, ] =
1.7 Hz, 1H), 4.59 (t, ] = 1.9 Hz, 1H), 445 (d, J = 11.7 Hz, 1H), 435
(d, J=11.7 Hz, 1H), 4.19 (dd, ] = 9.2, 1.9 Hz, 1H), 3.48 (dd, J = 11.7,
1.7 Hz, 1H), 3.27 (s, 3H), 0.83 (s, 9H), 0.10 (s, 3H), 0.00 (s, 3H). °C
NMR (300 MHz, CDCL,) § 165.9, 148.9, 142.1, 138.2, 133.1, 129.8 (2
x C), 129.4, 128.4 (2xC), 111.6, 110.4, 110.1, 108.0, 89.2, 76.7, 75.7,
734, 63.3, 512, 46.3, 253 (3 X C), 17.7, —4.6, —5.5. HRMS (ESI-
TOF) m/z: [M + Na]" Calcd for C,,;H3;sNNaO,Si 568.1979; Found
568.1979.
(1R*,35*,5R*,65%,75*,8R*,105*)-6-((tert-Butyldimethylsilyl)-
oxy)-8-(furan-2-yl)-3-methoxy-9-methylene-7-nitro-2,4-diox-
aadamantan-10-ol (7). Benzoate 6a (0.472 g, 0.86 mmol) was
stirred for 40 min in a solution of NaOMe in MeOH (6.3 mL, 3% w/
v). After dilution with H,O (50 mL) and extraction (CH,Cl, 3 X S0
mL), the crude alcohol in dry CH,Cl, (8 mL) was cooled to —78 °C
and added to a mixture of oxalyl chloride (0.238 mL, 2.81 mmol) and
DMSO (0.400 mL, 5.62 mmol) in dry CH,Cl, (8 mL) at —78 °C
under argon. The mixture was stirred for 30 min, treated with Et;N
(1.57 mL, 11.24 mmol), allowed to reach rt, diluted with H,O (50
mL), and extracted with CH,Cl, (3 X 40 mL). To a solution of the
crude nitroaldehyde in dry THF (7 mL) were added NaH (0.043 g,
1.07 mmol) and small quantities of H,O (~500 yL) until the
complete consumption of the starting material. Dilution with a
saturated aqueous solution of NH,Cl (50 mL), extraction (Et,O, 2 X
30 mL), and chromatography (silica gel, EtOAc/hexane 2:8) afforded
(£)-7 (0.160 g, 42%, R; = 0.51) as an oil. '"H NMR (500 MHz,
CDCl;) 6 7.35 (s, 1H), 6.33 (d, ] = 3.4 Hz, 1H), 6.32 (d, ] = 3.4 Hz,
1H), 5.25 (s, 1H), 5.20 (s, 1H), 5.08 (s, 1H), 4.81 (dd, J = 6.2, 0.6 Hz,
1H), 447 (t, ] = 1.8 Hz, 1H), 440 (d, ] = 1.8 Hz, 1H), 3.77 (s, 1H),
3.56 (s, 3H), 2.36 (d, ] = 6.2 Hz, 1H), 0.91 (s, 9H), 0.13 (s, 1H), 0.07
(s, 3H). 3C NMR and DEPT (125 MHz, CDCl;) 6 149.3, 142.1,
1384, 111.7, 110.6, 108.5, 92.1, 79.2, 77.2, 77.0, 76.9, 76.7, 75.7, 66.9,
50.1,42.7, 254 (3 X C), 17.8, —4.7, —5.6. HRMS (ESLI-TOF) m/z: [M
+ Na]* Calcd for C,;H,yNNaO¢Si 462.1560; Found 462.1563.
Acetate (+)-8. To a solution of compound 7 (1.46 g, 3.32 mmol)
in CH,Cl, (111 mL) were subsequently added Et;N (3.7 mL, 26,6
mmol), Ac,0O (1.3 mL, 13,3 mmol), and DMAP (325 mg, 2.66 mmol)
at rt under argon. After the mixture was stirred for 12 h, dilution with a
saturated aqueous solution of NH,Cl (50 mL), extraction (CH,Cl,, 3
X 50 mL), and chromatography (20% EtOAc/hexane) afforded
acetate ()-8 (1.524 mg, 95%) as an oil. '"H NMR (400 MHz, CDCI;)
5732 (d, J = 1.8 Hz, 1H), 6.30 (dd, J = 3.3, 1.8 Hz, 1H), 622 (td, ] =
3.3, 1.0 Hz, 1H), 6.00 (d, ] = 1.0 Hz, 1H), 5.22 (s, 1H), 5.17 (s, 1H),
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5.08 (t,J = 1.2 Hz, 1H), 445 (t, ] = 1.8 Hz, 1H), 442 (d, ] = 1.8 Hz,
1H), 3.77 (bs, 1H), 3.44 (s, 3H), 1.67 (s, 3H), 0.87 (s, 9H), 0.09 (s,
3H), 0.02 (s, 3H). *C NMR (100 MHz, CDCl,) & 168.6, 149.4,
141.6, 138.1, 111.9, 1103, 109.4, 107.9, 90.7, 79.1, 76.8, 75.4, 65.3,
50.2,42.8,25.3 (3 X C), 20.3, 17.8, —4.7, —5.6. HRMS (ESL-TOF) m/
z: [M + Na]* Calcd for Cp,H;;NNaO,Si 504.1666; Found 504.1661.

Isopropylidene Acetals (+)-9 and (+)-6-epi-9. a. Using
KMnO,. To a solution of alkene (+)-8 (1.288 g, 2.67 mmol) in
CH,Cl, (14.5 mL) at 0 °C were added n-Bu,NBr (0.603 g, 1.87
mmol), H,0 (14,5 mL), and KMnO, (1.268 g, 8.02 mmol). The
mixture was stirred for 45 min, allowed to warm until rt, concentrated,
and filtered through silica gel (40% EtOAc/hexane). The crude diol in
acetone (23 mL) was treated with 2,2-dimethoxypropane (DMP, 11
mL, 95.2 mmol) and p-TsOH-H,O (0.406 g, 2.136 mmol). After the
mixture was stirred for 15 min, Et;N was added until basic pH, and the
volatiles were removed in vacuo. Chromatography (silica gel, EtOAc/
hexane 1:9) afforded a 4.3:1 mixture of 9 and 6-epi-9 (0.468 g, 32% for
the two steps) as an oil. Pure, small samples of each component could
be obtained by careful column chromatography.

b. Using OsO,. A 1:2 (36 mg, 28%) mixture of 9 and 6-epi-9 was
obtained by treating a solution of 8 (0.11 g, 0.23 mmol) in THF/H,0O
(1:1, 3 mL) with NMO (475 mg, 4.06 mmol) and OsO, (1 M in H,0,
54 mL, 0.054 mmol) for 18 h at rt, followed by workup (washing with
saturated aqueous Na,S,0; (2 mL), evaporation of TFH, and
extraction with EtOAc) and final protection of the crude diol as the
acetonide as indicated in procedure a above.

9 + 6-¢pi-9: *C NMR (75 MHz, CDCl,)168.5, 149.7, 141.7, 141.5,
111.5, 111.0, 110.3, 109.1, 108.8, 108.2, 107.8, 89.5, 89.4, 79.9, 78.8,
764, 76.3, 76.0, 75.1, 74.5, 73.2, 71.2, 67.8, 65.1, 53.3, 50.5, 49.9, 39.2,
37.8, 26.8, 26.6, 26.5, 25.3, 24.8, 20.2, 17.7, —4.7, —4.8, —5.6. HRMS
(ESI-TOF) m/z: [M + Na]* Calcd for CysH;,NNaO;;Si 578.2034;
Found 578.2036.

(£)-9: '"H NMR (300 MHz, CDCl;) § 7.35 (d, ] = 1.8 Hz, 1H),
633 (dd, J = 3.3, 1.8 Hz, 1H), 620 (td, J = 3.3, 0.8 Hz, 1H), 5.94 (d, |
= 0.8 Hz, 1H), 4.76 (d, J = 1.8 Hz, 1H), 4.58—4.46 (m, 1H), 4.39 (s,
2H), 4.21 (s, 1H), 3.95 (t, ] = 1.8 Hz, 1H), 3.45 (s, 3H), 1.69 (s, 3H),
1.45 (s, 3H), 1.42 (s, 3H), 0.88 (s, 9H), 0.09 (s, 3H), 0.04 (s, 3H).

(£)-6-epi-9: 'H MNR (400 MHz, CDCl;) § 7.34 (d, ] = 1.8 Hg,
1H), 6.33 (dd, J = 3.4, 1.8 Hz, 1H), 6.26 (td, ] = 3.4, 0.8 Hz, 1H), 5.94
(s, 1H), 4.62 (dd, J = 2.2, 0.8 Hz, 1H), 4.26 (d, ] = 1.5 Hz, 1H), 4.02
(t, J= 1.9 Hz, 1H), 3.96 (d, ] = 9.5 Hz, 1H), 3.88 (d, ] = 9.5 Hz, 1H),
3.60 (s, 1H), 3.55 (s, 3H), 1.69 (s, 3H), 1.52 (s, 3H), 1.50 (s, 3H),
0.88 (s, 9H), 0.11 (s, 3H), 0.07 (s, 3H).

Acids (+)-10 and (+)-6-epi-10. A solution of a mixture of (+)-9
and (+)-6-epi-9 (4.3:1, 285 mg, 0.51 mmol) in CH;CN/CCl,/H,0
(3/3/4 mL) was treated with NalO, (0.872 mg, 4.08 mmol) and
RuCl; (0.034 mg, 0.15 mmol). After the mixture was stirred for 2 h,
silica gel (5 g) was added and the mixture concentrated.
Chromatography (silica gel, 1% AcOH, 40% EtOAc/hexane) afforded
10 (164 mg, 60%) and 6-epi-10 (38 mg, 14%) as oils.

10 + 6-¢pi-10: HRMS (ESI-TOF) m/z: (M + Na)* Caled for
C,,H;NNaO ,,Si 556.1826; Found 556.1821. (+)-10: 'H NMR (400
MHz, CDCl;) § 5.97 (s, 1H), 4.63 (s, 1H), 4.63 (s, 1H), 4.31 (s, 2H),
3.88 (t, ] = 1.6 Hz, 1H), 3.74 (s, 1H), 3.38 (s, 3H), 1.97 (s, 3H), 1.41
(s, 6H), 0.85 (s, 9H), 0.05 (s, 3H), 0.00 (s, 3H); *C NMR (100 MHz,
CDCLy) 6 172.3, 1682, 111.7, 108.9, 86.9, 78.4, 74.4, 74.4, 73.2, 71.0,
654, 49.9, 43.0, 26.6, 26.5, 25.3 (3 X C), 20.5, 17.8, —4.8, —5.6.

(£)-6-epi-10: '"H NMR (400 MHz, CDCl;) § 5.98 (s, 1H), 4.72 (s,
1H), 4.14 (s, 1H), 3.96 (s, 1H), 3.90 (d, J = 9.5 Hz, 1H), 3.81 (d,] =
9.5 Hz, 1H), 3.50 (s, 3H), 3.16 (s, 1H), 2.01 (s, 3H), 1.51 (s, 3H),
1.48 (s, 3H), 0.87 (s, 9H), 0.09 (s, 3H), 0.02 (s, 3H); *C NMR (100
MHz, CDC13) 6 171.0, 168.3, 111.2, 108.7, 87.1, 79.7, 75.7, 74.6, 74.5,
67.6,65.4, 50 0.5, 44.0, 26.8, 26.8, 25.3 (3 X C), 20.6, 17.8, —4.7, —5.6.

(1R*,35%,4'S*,55%,65*,75%,85%,105%)-6-((tert-Butyldimethyl-
silyl)oxy)-8-(hydroxymethyl)-3-methoxy-2’,2’'-dimethyl-7-
nitro-2,4-dioxaspiro[adamantane-9,4'-[1,3]dioxolan]-10-yl Ac-
etate (11). To a solution of (+)-10 (106 mg, 0.199 mmol) in dry
THF (2 mL) at rt under argon were added BH; THF (1 M in THF,
0.795 mL, 0.795 mmol) and NaBH, (8 mg, 0.199 mmol). After being
stirred for 14 h at rt, the reaction mixture was diluted with a saturated
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aqueous solution of NH,Cl (50 mL) until pH 7 and extracted with
CH,Cl, (3 X 10 mL). The combined organic layers were dried and
concentrated in vacuo. Chromatography (40% EtOAc/hexane)
afforded 11 (63 mg, 61%) as an oil. 'H NMR (300 MHz, CDCl,) §
595 (d, J = 0.8 Hz, 1H), 4.57 (d, ] = 1.7 Hz, 1H), 4.32 (s, 2H), 4.27
(bs, 1H), 4.10 (dd, J = 10.7, 9.8 Hz, 1H), 3.88 (t, ] = 1.8 Hz, 1H), 3.53
(dd, J = 11.1, 3.2 Hz, 1H), 3.43 (s, 1H), 3.40 (s, 3H), 2.94 (dd, ] = 9.3,
3.0 Hz, 1H), 2.05 (s, 3H), 1.42 (s, 3H), 1.41 (s, 3H), 0.85 (s, 9H),
0.04 (s, 3H), —0.02 (s, 3H). *C NMR (75 MHz, CDCl;) & 168.4,
111.4, 109.0, 98.8, 88.9, 79.3, 74.9, 73.7, 71.1, 65.6, 58.8, 49.9, 42.7,
26.7, 26.5, 25.4(3 x C), 20.8, 17.8, —4.9, —5.7. Calcd for
Cy,H;NNaO,,Si 542.2034; Found 542.2036.

(1R*,35*,4'R*,55%,65%,75%,85%,105%)-6-((tert-Butyldimethyl-
silyl)oxy)-8-(hydroxymethyl)-3-methoxy-2’,2’-dimethyl-7-
nitro-2,4-dioxaspiro[adamantane-9,4’-[1,3]dioxolan]-10-yl Ac-
etate (6-epi-11). 6-epi-11 was obtained (chromatography (40%
EtOAc/hexane), oil, 67 mg, 65%) from (+)-6-¢pi-10 (106 mg, 0,199
mmol), BH;-THF (1 M in THF, 0.795 mL, 0.795 mmol) and NaBH,
(8 mg, 0.199 mmol), as described for (+)-11. '"H NMR (500 MHz
CDCl,) 6 6.00 (s, 1H), 4.36 (d, ] = 1.7 Hz, 1H), 4.21 (dd, ] = 10.5, 9.5
Hz, 1H), 4.15 (bs, 1H), 4.00 (t, J = 2.0 Hz, 1H), 3.93 (d, J = 9.5 Hz,
1H), 3.87 (d, ] = 9.4 Hz, 1H), 3.61—-3.50 (m, 4H), 2.35 (dd, ] = 9.1,
2.6 Hz, 1H), 2.10 (s, 3H), 1.52 (s, 6H), 0.90 (s, 9H), 0.11 (s, 3H),
0.03 (s, 3H). 3C NMR (125 MHz, CDCl;) § 168.3, 110.8, 108.7,
88.8, 80.4, 76.4, 75.4, 75.0, 67.8, 65.5, 58.6, 50.5, 44.3, 26.9, 26.6, 25.3,
20.8, 17.8, —4.7, —5.6. HRMS (ESI-TOF) m/z: (M + Na)* Calcd for
C,,Hy,NNaO,,Si 542.2034; Found $542.2036.

(1R*,35%,4'S*,55%,65%,75%,8R*,105*)-6-((tert-Butyldimethyl-
silyl)oxy)-8-(dimethoxymethyl)-3-methoxy-2’,2’-dimethyl-7-
nitro-2,4-dioxaspiro[adamantane-9,4'-[1,3]dioxolan]-10-yl Ac-
etate (12). To a solution of nitroalcohol 11 (0.120 g, 0.23 mmol) in
EtOAc was added IBX (0.192 g, 0.69 mmol). After being stirred for 8
h at 80 °C, the reaction mixture was cooled to 0 °C and filtered.
Rotary evaporation rendered the crude aldehyde, which was dissolved
in a mixture of dry THF:MeOH (1:1, 6 mL) and stirred with p-TsOH
(0.001 g, 0.0023 mmol) and trimethoxymethane (0.049 g, 0.46 mmol)
for 24 h under argon. The pH was adjusted to 7 with Et;N. Adsorption
on SiO, (0.1 g) followed by chromatography (EtOAc/hexane, 2:8)
gave (£)-12 (0.03 g, 23%) as an oil. '"H NMR (300 MHz, CDCl,) §
6.03 (s, 1H), 5.14 (d, ] = 9.0 Hz, 1H), 4.65 (d, ] = 1.6 Hz, 1H), 4.33
(d, J = 9.5 Hz, 1H), 4.28 (d, ] = 9.5 Hz, 1H), 4.18 (s, 1H), 3.87 (t, ] =
1.6 Hz, 1H), 3.42 (s, 3H), 3.31 (s, 3H), 3.30 (s, 3H), 3.09 (d, ] = 9.0
Hz, 1H), 2.15 (s, 3H), 1.44 (s, 3H), 1.43 (s, 3H), 0.87 (s, 9H), 0.07 (s,
3H), 0.02 (s, 3H). *C NMR (75 MHz, CDCl;) § 168.6, 111.4, 109.0,
101.0, 86.7, 79.0, 75.4, 74.9, 74.1, 712, 66.1, 55.8, 50.4, 50.0, 41.3,
26.7,26.6,25.4 (3 x C), 21.2,17.8, —4.8, —5.7. HRMS (ESI-TOF) m/
z: (M + Na)* Calcd for C,,H,;NNaO,,Si 586.2296; Found 586.2297.

(1R*,35*%,4'R*,55%,65%,75%,8R*,105%)-6-((tert-Butyldimethyl-
silyl)oxy)-8-(dimethoxymethyl)-3-methoxy-2’,2’-dimethyl-7-
nitro-2,4-dioxaspiro[adamantane-9,4’-[1,3]dioxolan]-10-yl Ac-
etate (6-epi-12). 6-epi-12 was obtained (chromatography (EtOAc/
hexane 2/8), oil, 70 mg, 54%) from 6-epi-11 (0.120 g, 0.23 mmol),
IBX (0.192 g, 0.69 mmol), p-TsOH (0.001 g, 0.0023 mmol), and
trimethoxymethane (0.049 g, 0.46 mmol), as described for (+)-12. 'H
NMR (300 MHz, CDCL,) & 6.03 (d, J = 1.1 Hz, 1H), 5.11 (d, ] = 8.5
Hz, 1H), 4.22 (dd, ] = 2.2, 0.8 Hz, 1H), 4.14 (d, J = 1.6 Hz, 1H), 3.94
(dd, J = 2.2, 1.6 Hz, 1H), 3.87—3.80 (m, 2H), 3.52 (s, 3H), 3.42 (s,
3H), 3.32 (s, 3H), 2.38 (td, ] = 8.5, 1.0, 1.0 Hz, 1H), 2.16 (s, 3H), 1.58
(s, 3H), 1.48 (s, 3H), 1.48 (s, 3H), 0.86 (s, 9H), 0.08 (s, 3H), 0.01 (s,
3H). C NMR (75 MHz, CDCl,) § 168.5, 110.9, 108.7, 102.2, 86.7,
79.9, 76.1, 76.0, 75.2, 67.9, 66.0, 56.4, 54.0, 50.6, 44.1, 26.9, 267, 25.3
(3 x C), 212, 17.8, —4.6, =5.7. HRMS (ESI-TOF) m/z: (M + Na)*
Caled for C,,H,;NNaO,,Si 586.2296; Found 586.2297.

Guanidine (+)-13. A solution of (+)-12 (25 mg, 0.044 mmol) in
K,COj-saturated MeOH (1 mL) was stirred for 4 h at rt. The mixture
was diluted with a saturated aqueous solution of NH,CI until pH 6,
partially evaporated, and extracted (CH,Cl,, 3 X § mL). Chromatog-
raphy (30% EtOAc/hexane) afforded the corresponding alcohol
intermediate (11 mg), a portion of which (4 mg) together with
Raney nickel (77 mL) in MeOH (1 mL) was stirred at rt under H,
until complete reduction (as monitored by TLC). The catalyst was
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filtered and washed with MeOH (S mL) and EtOAc (S mL). The
crude amine obtained by solvent removal was dissolved in dry DMF (1
mL) and stirred with (NHBoc),CS (2.4 mg, 0.008 mmol), HgCl, (2.3
mg, 0.008 mmol), and Et;N (2 uL, 0.012 mmol) for 1 h. Filtration
over Celite, washing with CHCI;, solvent removal, and chromatog-
raphy (EtOAc/hexane, 2:8) afforded (+)-13 (3 mg, 39%) as an oil. 'H
NMR (400 MHz, CDCl,) 6 8.15 (s, 1H), 6.63 (s, 1H), 4.80 (d, ] = 1.8
Hz, 1H), 4.65 (d, J = 3.8 Hz, 1H), 4.33 (d, ] = 9.2 Hz, 1H), 426 (d, ]
=22 Hz, 1H), 422 (d, ] = 9.2 Hz, 1H), 4.14 (d, ] = 9.8 Hz, 1H), 3.93
(d, ] = 9.8 Hz, 1H), 3.76 (dd, J = 2.2, 1.8 Hz, 1H), 3.42 (s, 3H), 3.39
(s, 3H), 3.33 (s, 3H), 3.15 (d, J = 3.8 Hz, 1H), 1.48 (s, 9H), 1.36 (s,
6H), 0.86 (s, 9H), 0.04 (s, 3H), 0.01 (s, 3H); *C NMR (100 MHz,
CDCl,) § 152.0, 151.4, 110.8, 109.0, 103.9, 82.9, 79.9, 76.0, 74.1, 71.4,
70.0, 67.4, 59.9, 55.8, 54.6, 49.2, 38.2,27.9 (3 X C), 26.7, 26.7,25.6 (3
x C), 179, —4.7, —=52. HRMS (ESLTOF) m/z: (M + Na —
CH,0H)* Calcd for Cy;H,sN3;NaO,,Si 625.3007; Found 625.3012.

Guanidine (+)-6-epi-13. 6-epi-13 was obtained (chromatography
(EtOAc/hexane 2/8), oil, 8 mg, 24%) from 6-¢pi-12 (30 mg, 0.053
mmol) as described for (+)-13. "H NMR (300 MHz, CDCl;) & 8.00
(s, 1H), 6.53 (s, 1H), 5.14 (s, 1H), 4.95 (d, J = 2.0 Hz, 1H), 429 (d, ]
=9.1 Hz, 1H), 421 (d, ] = 9.1 Hz, 1H), 4.15 (s, 1H), 3.84 (t, J = 2.0
Hz, 1H), 3.50 (d, ] = 3.7 Hz, 1H), 3.43 (s, 3H), 3.35 (s, 3H), 2.97 (s,
1H), 149 (s, 9H), 141 (s, 3H), 1.37 (s, 3H), 0.89 (s, 9H), 0.05 (s,
3H), 0.04 (s, 3H). HRMS (ESI-TOF) m/z: (M + Na + 1)* Calcd for
CosHo,N;NaO,Si* 657.3269; Found 657.3272.

DFT Calculations. DFT calculations were carried out using the
Gaussian 09 software package’” and the model chemistry M06-L/6-
31G(d,p) (i, the combination of the local version of the Minnesota
2006 meta GGA density functional, M06-L,>* developed by Truhlar
and co-workers, with Pople’s double-{ basis set, 6—31G(d,p),24 which
includes polarization functions on all atoms). All stationary points, i..,
stable structures and transitions states, were optimized, and normal-
mode analyses were performed to verify that the stable structures have
all positive frequencies and that the transition states have only one
imaginary frequency each with the corresponding eigenvector pointing
toward the reactant or product. All transition structures were located
using the Berny algorithm; calculations of the minimum energy path
(MEP)*® confirmed that the located transition structures connected
reactants and products. Thermodynamic functions were computed
using the rigid-rotor and harmonic oscillator approximation.
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