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(=)-Methyl shikimate has been prepared from tricarbonyliron complexes of methyl dihydrobenzoate. Reaction
of optically pure (+)-tricarbonyl(1-carbomethoxycyclohexa-1,3-dienyl)iron hexafluorophosphate with hydroxide
ion and then tert-butyldimethylsilyl chloride (TBDMSCI) followed by metal removal with Me;NO gave (+)-1-
carbomethoxy-5-hydroxycyclohexa-1,3-diene as its TBDMS ether. Osmium tetraoxide oxidation and then

desilylation gave optically pure (-)-methyl shikimate.

Also, fully resolved (-)-tricarbonyl(1-carbomethoxy-

cyclohexa-1,3-dienyl)iron hexafluorophosphate was hydroxylated and then treated with CrO; followed successively

by ZnBH, and TBDMS triflate.

Demetalation gave the same TBDMS-protected (+)-1-carbomethoxy-5-

hydroxycyclohexa-1,3-diene as that obtained above by direct reaction. Thus, although resolution is necessary,
both enantiomers of tricarbonyl(1-carbomethoxycyclohexa-1,3-dienyl)iron hexafluorophosphate are convertible
into natural (-)-methyl shikimate. Deuterium was incorporated enantiospecifically to give (6R)- or (6S)-methyl

6-deuterioshikimate.

The lateral control of synthesis exercised by a complexed
transition-metal atom can often mimic the control exer-
cised by enzymes but with a wider range of reaction
mechanisms and substrates."? In particular, optically
active complexes provide unique synthetic opportunities
for asymmetric bond formation® at new chiral centers of
known absolute configuration, if that of the complex is
known. This capability results from the normal complete
stereospecificity of the bond formations, and the resulting
asymmetry is equivalent to that of the complex. We have
provided one example! in the total enantiospecific syn-
thesis of the enzyme-inhibitor gabaculine and its derivative
containing also a chiral center of known absolute config-
uration in which asymmetry is due to 2H vs H.
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The key intermediate in that enantiospecific synthesis
was the resolved complex 2b (R = H or 2H) obtained! from
benzoic acid via 1,4-dihydrobenzoic acid. The derived
cation 3 (R = H or ?H) had previously been shown to react
with nucleophiles solely at the 5-exo position.* We have
now employed these complexes in the form of both anti-
podes to synthesize the one natural enantiomer (-)-shik-
imic acid as its Me ester (la).

Shikimic acid has been synthesized in racemic and op-
tically active forms.® The synthesis of Campbell et al.
attracted our attention because we envisaged enantios-
pecific synthesis of their key precursor 6 (R = R’ = H) by
a method analogous to the processes used for gabaculine.!
The related deuterio labeled derivatives 1b (R = 2H, R’
= H) and le (R = H, R’ = ?H) can be also prepared from
the resolved cation salts 3a (R = 2H) and 3b (R = 2H),
already described,! as shown for salt 3a (R = H or ?H) in

(4) Birch, A. J.; Wllhamson D. H. J. Chem. Soc., Perkin Trans. 1 1973,
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Facile Synthesis of (+)- and (-)-Shikimic Acid

CO,Me

(a) Methyl shikimate (R=R'=H})
(b) (R=D, R'=H)
(¢) (R=H, R'=D)

(a) (b}

Scheme I. Reaction of the unlabeled (+)-3a (R = H) in
acetonitrile solution with aqueous sodium hydrogen car-
bonate yielded the alcohol complex (+)-4 (R = H), after
chromatographic removal of a little bis ether also formed.*
Protection of its OH by reaction with tert-butyldi-
methylsilyl chloride (TBDMSC]) and diisopropylethyl-
amine followed by decomplexation with anhydrous
MegNO, provided the free diene (+)-6 (R = R’ = H) in
78% yield from (+)-3a (R = H). The conversion of this
diene into (-)-methyl shikimate (1a R = R’ = H) was
achieved in 67% yield by a slight modification to the
procedure of Campbell et al.? via the cis-diol 7 (R =R’ =
H) using osmium tetraoxide, followed by fluoride ion to
remove the silyl-protecting group. The product was
identical in properties with (-)-methyl shikimate.

The presence of the readily removable lateral control
group Fe(CO); permits in this series the use of both of the
enantiomeric complexes 2a (R = H) and 2b (R = H) to
produce either (-)- or (+)-shikimic acid. The former can
be derived not only directly as shown from 3a (R = H) but
also indirectly starting from 3b (R = H), which reacts with
hydroxide ion as described earlier to produce alcohol 8 (R
= H) with the “wrong” absolute configuration of the 5-OH.
This center could be inverted to the required absolute
configuration as shown in Scheme II. Therefore, although
resolution of the initial complex is necessary, both en-
antiomers can be made to give the same fully resolved
product of either absolute configuration.

Inversion of the 5-OH of 8 (R = H) was accomplished
first by abolishing the asymmetry at that center by oxi-
dation to carbonyl in 9 (R = H). The molecular asymmetry
due to complexation is still retained, and using the com-
plexing group to direct stereospecific (and therefore en-
antiospecific) reduction of the carbonyl led to the 5-OH
of the desired configuration in 10 (R = H). This complex
is a diastereomer of 4 (R = H), and formation of the sily!
ether with TBDMSCI proved difficult, presumably for
steric reasons. However, the more reactive triflate formed
the required 11 (R = H) in good yield. Removal of the
Fe(CO); with Me;NO gave 6 (R = R’ = H) identical in
properties, including optical rotation, with that obtained
directly from 2a (R = H).
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% (i) NaHCO;/aqueous CH,CN (95%); (i) TBDMSCI/DMF/ (i
Pr),NEt (98%); (iii) MegNO/CeHg (84%); (iv) 0sO,/acetone
(67%); (v) (n-Bu)NF/THF (86%).

Scheme II°

(iv)

11

R=H,D M=Fe(COxp

s (i) CrO,/pyridine/CH,Cl, (85%); (i) NaBH,/ZnCl,/Et,0
(98%); (iii) TBDMS triflate/DMF/(i-Pr),NEt (83%); (iv)
MesNO/CeHs (82%).

Completely stereospecific reduction of the carbonyl in
9 (R = H) proved more experimentally difficult than was
anticipated. As we have already noted,® complex-hydride
reductions of cations in this series are the only clearly
kinetically controlled processes so far observed to lead to
mixed steric results, and this was also found to be true of
reductions of 9 (R = H) by the standard procedures.
Possibly hydride is transferred to some extent via the
metal. Noting” that Zn(BH,), directs the stereospecific
reductions of keto esters, apparently by complexation with
a carbonyl, although the situation here is different, we
examined the reduction of 9 (R = H) with ZnCl,-NaBH,
and obtained only the one desired isomer 10 (R = H). The
Zn®* can be shown to form a complex with the nuclear
carbonyl, probably yielding the readily reducible derivative
of an hydroxycarbenium complex. Complexation of this
carbonyl is attested by the 200-MHz 'H NMR spectrum,
which shows significant chemical shifts of protons around
it on the addition of zinc chloride, the ester Me being
unchanged.

Shikimic acid is a very important biosynthetic inter-
mediate. The present approach seems to be uniquely

(6) Birch, A. J.; Stephenson, G. R. 8. J. Organomet. Chem. 1981, 218,
91,
(7) Oishi, T.; Nakata, T. Acc. Chem. Res. 1984, 17, 338.
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simple for the total synthesis of some analogues for bio-
chemical studies, starting from benzoic acids, including
homologues and derivatives incorporating isotopes of hy-
drogen which previously have been only available by bio-
chemical methods.? We report, as examples, the total
synthesis of several enantiospecifically labeled 6-2H de-
rivatives. :

The 1-carbomethoxy isomer 2 (R = H) was deuteriated
in the 6-endo position by heating in *H,SO,~MeO?H so-
lution.! Theory indicates®* that such 6-deuteriation should
be preceded by equilibration of this isomer with our initial
experimental precursor,! the 2-carbomethoxy isomer, which
was found conveniently to incorporate deuterium directly,
by this process, to yield the 6-endo-2H ester already re-
ported. Prolonged heating of the deuteriomethanol solu-
tion (5 days) causes some incorporation into the 5-endo
position of 2 (about 20%), but under the described con-
ditions' the major product is the ()-6-endo-monodeuterio
derivative, which on resolution! yields the asymmetric
esters 2a (R = 2H) and 2b (R = 2H), convertible by reaction
with trityl cation? into 3a (R = ?H) and 8b (R = 2H). By
means of the sequences detailed (Schemes I and II), the
cations 3a (R = ?H) and 3b (R = 2H) were converted into
the methyl esters of shikimic-d, acid: the 6S enantiomer
(1b) and the 6R isomer (lc), respectively.

Experimental Section

Details are mostly included in the previous paper® and in the
references cited.
(1R,5R)-Tricarbonyl(l-carbomethoxy-5-hydroxycyclo-
hexa-1,3-diene)iron (4, R = H). The 1-CO,Me salt 3a (R = H)
(2 g, 4.7 mmol) was dissolved in acid-free acetonitrile (25 mL)
and a saturated aqueous solution of KHCOj; (25 mL) added. The
resulting mixture was stirred for 30 min and the product extracted
into diethyl ether (2 X 25 mL). The combined extracts were
washed with water, dried, and evaporated under reduced pressure.
The resulting yellow oil was chromatographed (Kieselgel 60,
70-230 mesh, 30% ethyl acetate in hexane) to remove a trace of
the bis ether. The pure oil upon standing crystallized as yellow
needles; mp 78 °C; 1.32 g (95%). Anal. Caled for C;;H,oFeOg:
C, 44.9; H, 3.4. Found: C, 45.1; H, 3.4. 'H NMR (CDCl,) § 6.28
(d,J =5 Hz, 1 H), 5.50 (t,J = 5 Hz, 1 H), 4.45 (br m, 1 H), 3.70
(s, 3 H), 3.20 (m, 4 H), 2.80 (dd, J = 19, 12 Hz, 1 H), 2.03 (br s,
OH), 1.35 (dd, J = 19, 3 Hz, 1 H); IR (CHCly) 3440, 2070, 2000,
1990, 1710 cm™'; MS, m /e (relative intensity) 294 (M*) (0.2), 266
0.2), 238 (0.3), 210 (0.3), 136 (36), 105 (100); [a]p +94° (c 0.8,
CHCl,). Enantiomeric 8 (R = H) was prepared from 3b (R = H)
by a procedure similar to above: [a]p -94° (¢ 0.7, CHCl;). The
spectra of this compound were identical with those of its enan-
tiomorph.
(18)-Tricarbonyl(l-carbomethoxycyclohexa-1,3-dien-5-
one)iron (9, R = H). The alcohol 8 (R = H) (2.5 g, 8.5 mmol)
was dissolved in dry dichloromethane (100 mL) and reacted with
CrO; (5.1 g, 51 mmol) in pyridine (4.0 g, 51 mmol) at room tem-
perature for 48 h. The resulting black solution was filtered through
Celite, diluted with diethyl ether, washed successively with water,
dilute aqueous acid, and water. The dried organic extract upon
concentration gave a yellow solid, which was purified by chro-
matography under the same conditions as for the previous com-
pound, to yield yellow needles: mp 126 °C, 2.11 g (85%). Anal.
Caled for C,;HgFeOg: C, 45.2; H, 2.8. Found: C, 45.1; H, 2.9. 'H
NMR (CDCl,) 4 6.35 (d, J = 6 Hz, 1 H), 6.00 (t,J = 6 Hz, 1 H),
3.76 (s, 3 H), 3.40 (d, J = 6 Hz, 1 H), 2.95 (d, J = 21 Hz, 1 H),
2.10 (d, J = 21 Hz, 1 H); IR (CHCl;) 2090, 2025, 2015 cm™; MS,
m/ e (relative intensity) 292 (M*) (15), 264 (6), 236 (30), 208 (26),
152 (50), 121 (100); [a]p +382° (c 0.3, CHCIy).
(18,5R)-Tricarbonyl(l-carbomethoxy-5-hydroxycyclo-
hexa-1,3-diene)iron (10, R = H). To a well-stirred suspension
of NaBH, (0.38 g, 10 mmol) and anhydrous ZnCl, (1.36 g, 10
mmol) in diethyl ether (50 mL) was added the keto complex 9

(8) Floss, H. G.; Onderka, D. K.; Carrol, M. J. Biol. Chem. 1972, 247,
736.
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(R = H) (2 g, 6.85 mmol) in small portions. The resulting mixture
was stirred at room temperature overnight, water (2 mL) was
added, and stirring was continued until the gas evolution stopped.
Anhydrous MgSO, was added, the solution decanted, and the
residue washed with diethyl ether (2 X 10 mL). The combined
ether extract was dried (MgSO,) once more and filtered and the
filtrate evaporated to dryness under reduced pressure to obtain
a viscous yellow oil. This oil upon standing in vacuo solidified
and was recrystallized from ethyl acetate—hexane as yellow needles:
mp 80-81 °C; 1.97 g (98%). Anal. Caled for C;;H,FeOg: C, 44.9;
3.4. Found: C, 45.0; H, 3.3. 'H NMR (CDCl;) §6.05 (d,J =4
Hz, 1 H), 5.34 (t, J = 4 Hz, 1 H), 3.97 (br m, 1 H), 3.72 (s, 3 H),
3.36 (m, 1 H), 1.92 (m, 2 H), 1.75 (br s, OH); IR (CHCl;) 3500,
2060, 2000, 1980, 1710 cm™; MS, m/e (relative intensity) 266 (M*
-CO0) (2), 238 (13), 210 (10), 192 (25), 105 (100); [a]p —45° (c 0.5,
CHCl).
(1R,5R)-Tricarbonyl(l-carbomethoxy-5-[[(1,1-dimethyl-
ethyl)dimethylsilyl]Joxy]lcyclohexa-1,3-diene)iron (5, R = H).
To a mixture of the alcohol 4 (R = H) (1.55 g, 5.27 mmol) and
diisopropylethylamine (6.81 g, 52 mmol) was added tert-butyl-
dimethylsilyl chloride (0.95 g, 6.33 mmol) with stirring for 5 min.
Dry dimethylformamide was added to this mixture until a clear
solution resulted and stirring was continued for a further 30 min.
Water (50 mL) and KHCO; (5 g) were added and the product
extracted into light petroleum. The extract was washed with
water, dried (MgSO0,), filtered, and evaporated. The crude product
was purified by chromatography (Kieselgel 60, 70-230 mesh, 25%
ethyl acetate in n-hexane) as a yellow oil (2.1 g, 98%). Anal. Calcd
for CysHy,FeOgSi: C, 50.0; H, 5.9. Found: C, 49.8; H, 5.8. 'H
NMR (CDCl;) 6 6.22 (d, J = 4 Hz, 1 H), 5.47 (t,J = 6 Hz, 1 H),
4.38 (m, 1 H), 3.69 (s, 3 H), 3.10 (m, 1 H), 2.69 (dd, J = 19, 12
Hz, 1 H), 1.30 (dd, J = 19, 3 Hz, 1 H), 0.85 (s, 9 H), 0.05 (s, 3 H),
0.02 (s, 3 H); IR (CDCl,) 2060, 2000, 1990, 1710 cm™!; MS, m/e
(relative intensity) 352 (M* — CMe;) (2), 324 (7), 268 (8), 209 (100);
[alp +37° (¢ 0.5, CHCly).
(1S,5R)-Tricarbonyl(l-carbomethoxy-5-[[(1,1-dimethyl-
ethyl)dimethylsilylloxyleyclohexa-1,3-diene)iron (11, R =
H). This compound was obtained as an oil in 83% yield from
10 (R = H) and tert-butyldimethylsilyl triflate by a method similar
to that above. Anal. Caled for C;HyFeOgSi: C, 50.0; H, 5.9.
Found: C, 50.1; H, 5.8. 'H NMR (CDCls) 6 6.00 (d, J = 4 Hz,
1 H), 1.86 (m, 2 H), 0.90 (s, 9 H), 0.06 (s, 3 H), 0.03 (s, 3 H); IR
(CDCly) 2080, 2020, 1980, 1710 em™; MS, m/e (relative intensity)
408 (M™) (1), 380 (45), 352 (24), 324 (100), 105 (93); [a]p —2°, [ct]ass
+97° (¢ 0.5, CHCly).
(5R)-Carbomethoxy-5-[[(1,1-dimethylethyl)dimethyl-
silyljoxy]cyclohexa-1,3-diene (6, R = R’ = H). Me;NO-2H,0
(10 g, 90 mmol) was heated at reflux for 40 h in benzene (50 mL)
with azeotropic removal of water. To this mixture at room tem-
perature was added a solution of 5 (R =H) (2 g, 4.9 mmo)) in
benzene (15 mL), After being stirred for 3 h, the solution was
filtered through a pad of Celite and the filtrate washed with water
(3 X 100 mL). The dried (MgSO,) filtrate was evaporated and
the residue further purified by chromatography on Kieselgel 60
(70-230 mesh) in 25% ethyl acetate in n-hexane to yield 6 (R =
R’ = H) as a colorless oil (1.10 g, 84%): [a]p +177° (¢ 0.9, CHCly).
Alternatively, treatment of the other diastereomer, 11 (R = H),
with Me;NO-2H,0 in benzene in a similar manner also gave 6 (R
=R’ = H) in 82% yield: [a]p +177° (c 0.9, CHCl;). The spectral
data were identical with those previously reported by Campbell
et al. for the racemic material.?
(5R)-5-[[(1,1-Dimethylethyl)dimethylsilyl Joxy Jmethyl
Shikimate (7, R = R’ = H). Osmium tetraoxide oxidation was
performed on 6 (R = R’ = H) as previously described but by using
a stoichiometric quantity of oxidant.> The resulting black residue
was dissolved in dichloromethane and washed with 10% NaOH
followed by water. The dried organic extract was evaporated to
dryness, and the residue was purified by chromatography
(Kieselgel 60, 70-230 mesh, 75% ethyl acetate in n-hexane). The
spectral data were identical with literature values reported® for
6 (R = R’ = H) except for the 'H NMR resonances of the tert-
butyldimethylsilyl group; we found & 0.88 (s, 9 H) and 0.2 (s, 6
H) [lit. 6 1.88 and 0.4, respectively]: [a]p —76° (¢ 0.5, CHCl,).
(-)-Methyl Shikimate (la, R = R’ = H). Deprotection of
the hydroxy group of 7 (R = R’ = H) following the published
procedure® yielded (-)-methyl shikimate: {alp -128° (¢ 0.5,
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ethanol) [lit. [a]p —128° (c 1.79, ethanol)].

Deuteriated Compounds. The 'H NMR of some of the
deuteriated intermediates have already been discussed.! Key
differences in 'TH NMR signals from the undeuteriated to the
deuteriated compounds are as follows: 1b (R = 2H, R’ = H), §
2.20 (dd, J = 16, 7 Hz) has disappeared, and 4§ 2.80 (dd J = 16,
8 Hz) is a broad doublet ( = 8 Hz); 1¢ (R = H, R’ = 2H), § 2.80
(dd, J = 16, 8 Hz) has disappeared, and § 2.20 (dd, J = 16, 7 Hz)
is a broad singlet; 4 (R = 2H), § 2.80 (dd J = 19, 12 Hz) has
disappeared, and 6 1.35 (dd J = 19, 3 Hz) has become a broad

singlet; 5 (R = 2H), 6 2.69 (dd, J = 19, 12 Hz) has disappeared
and é 1.30 (dd, J = 19, 3 Hz) is a broad singlet; 6 (R = 2H, R’ =
H) and 6 (R = H, R’ = 2H), 6 2.62 (m) has reduced intensity and
is a broad singlet; 7 (R =2H, R’ = H) and 7 (R = H, R’ = 2H),
8 2.15 (dd J = 9, 3 Hz) has disappeared, and 6 2.75 (dd, J = 9,
3 Hz) is a broad singlet; 11 (R = 2H), & 1.86 (m) has become
reduced and converted into a broad doublet (J = 8 Hz).
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The naturally occurring nucleoside octosyl acid A (1) has been synthesized as its dimethyl ester, 2. Nitrooctose
5, prepared by a Henry reaction of the 5-nitro-D-ribose 3 with 2,3-O-isopropylidene-D-glyceraldehyde (4), has
been converted to octosyl acid A dimethyl ester (2) by the following sequence: deoxygenation at C-8, interconversion
of the 5-nitro group into an oxygen function, glycosylation with a uracil base, intramolecular cyclization to a
bicyclic 3',7-anhydride, oxidation to obtain a carboxyl function at C-8', and epimerization to the natural configuration
at C-7". Since 2 has already appeared in a total synthesis of octosyl acid A by the Danishefsky group, a formal

total synthesis of the acid has been accomplished.

The octosyl acids were isolated from the culture filtrates
of Streptomyces cacaoi var. asoensis. Although octosyl
acid A itself does not possess any biological activity, its
adenine analogue, readily obtained by transglycosylation,
was shown to be an inhibitor of cyclic-:AMP phosphodi-
esterase.! The structures were clarified as shown in Chart
I by Isono et al.2 A 3,7-anhydrooctofuranose skelton, a
furanose to which a pyrane ring is trans-fused, is also found
in the antifungal ezomycins.? Because of their unique
structures, various synthetic approaches have been carried
out and total synthesis of octosyl acid A has been reported
by two groups.*?

In our laboratory, a general synthesis of higher carbon
carbohydrates has been developed by use of a fluoride
anion catalyzed Henry reaction between a nitro sugar and
a sugar aldehyde. We have reported syntheses of tunica-
mycins® and ezomycines’ using this methodology. The
present article describes a synthesis of octosyl acid A.

Results and Discussion

Octose construction was carried out by condensation of
a Cs-nitrosugar and a Cjs-aldehyde. A Henry reaction
between 5-deoxy-1,2-O-isopropylidene-3-O-[{methylthio)-
methyl]-5-nitro-e-D-ribofuranose (3)’% and 2,3-O-iso-
propylidene-D-glyceraldehyde (4) gave a diastereoisomeric
mixture of 5-deoxy-5-nitrooctofuranose 5 in the presence
of potassium fluoride-tetrabutylammonium iodide in
toluene (Scheme I). Acetylation of 5 with acetic anhydride
and pyridine, in the presence of 4-(dimethylamino)-
pyridine, and successive treatment with sodium boro-
hydride resulted in elimination of acetic acid to afford 45%
(based on 3) of the 6-deoxygenated compounds 6a and 6b
as a diastereomeric mixture. The nitro group of the

*Present address: Department of Chemistry, Faculty of Science
and Technology, Meisei University, Hodokubo, Hino, Tokyo, 191
Japan.

Chart I
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mixture was hydrogenated with Raney nickel to give a
single amino sugar 7 in 70% yield. Conversion of the
amino group to a keto function was performed by Corey’s
method.? Thus, condensation of 7 with 3,5-di-tert-bu-
tyl-1,2-benzoquinone and subsequent hydrolysis of the
resultant imine with oxalic acid afforded the ketone 8 in
65% yield. Other methods' for transforming 7 to 8 failed.
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