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Summary: Asymmetric synthesis of syn 1,2-diols 3 has
been accomplished via the reaction of the chiral y-alk-
oxy-substituted allylstannane 1 with aldehydes in the
presence of AlCl; or AlCl;-OEt,, followed by a five-step
operation to remove the chiral auxiliary.

Asymmetric synthesis of syn and/or anti 1,2-diols via
the “a-alkoxyallylation”? of aldehydes with y-alkoxy-
allylmetal reagents has received considerable attention in
recent years.! Enantioselective synthesis of syn and anti
1,2-diols!? has been accomplished by using allylboranes
having chiral auxiliaries directly bonded to the boron atom
(BL,*). Allylboranes having a chiral auxiliary at the allyl
terminus have been used for the asymmetric synthesis of
syn 1,2-diols.! Although allylboranes are useful reagents
for allylation of electrophiles, they are less air- and
moisture-stable than allylstannanes. This characteristic
of the borane reagents becomes a significant drawback
when they are used for intramolecular reactions, since the
starting materials including the borane group are often
exposed to air and/or moisture before the cyclization. We
needed a stable y-alkoxy-substituted allylstannane having
a chiral alkoxy auxiliary. Syn 1,2-diols have been prepared
with high ee via the intermolecular reaction of allyl-
stannanes having an asymmetric center at the a-position.!?
We wish to report another approach to the enantioselective
synthesis of syn 1,2-diols: the reaction of the y-(tetra-
hydropyranyloxy)allylstannane 1 with aldehydes in the
presence of AlCl;JOEt, or AlCl;. The syn adducts 2 were
formed with high diasteroeselectivities and were converted
to syn diols 3 upon removal of the chiral alkoxy group (eq
1).
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Tri-O-acetyl-D-glucal (4), an easily available and cheap
chiral starting material, was converted to diol 5 according

(1) Synthesis of syn 1,2-diols via allylic organometals, nonchiral syn-
thesis: (a) Yamamoto, Y.; Yatagai, H.; Saito, Y.; Maruyama, K. J. Org.
Chem. 1984, 49, 1096. (b) Yamamoto, Y.; Saito, Y.; Maruyama, K. J.
Organomet. Chem. 1985, 292, 311. (c) Koreeda, M.; Tanaka, Y. Tetra-
hedron Lett. 1987, 28, 143. (d) Koreeda, M.; Tanaka, Y. J. Chem. Soc.,
Chem. Commun. 1982, 845. Yamaguchi, M.; Mukaiyama, T. Chem. Lett.
1982, 237. (e) Keck, G. E.; Abbot, D. E.; Wiley, M. R. Tetrahedron Lett.
1987, 28, 139. (f) Hoffmann, R. W.; Kemper, B. Tetrahedron Lett. 1982,
23, 845. (g) Roush, W. R.; Michaelides, M. R.; Tai, D. F.; Lesur, B. M;
Chong, W. K. M.; Harris, D. J. J. Am. Chem. Soc. 1989, 111, 2984
(asymmetric synthesis of diols was carried out by the reaction chiral
aldehydes with nonchiral allylic organometals). Chiral synthesis: (h)
Marshall, J. A.; Luke, G. P. J. Org. Chem. 1991, 56, 483. See also:
McNeill, A. H.; Thomas, E. J. Tetrahedron Lett. 1992, 33, 1369. (i) Wuts,
P. G. M,; Bigelow, S. 8. J. Chem. Soc., Chem. Commun. 1984, 736. (j)
Brown, H. C.; Jadhav, P. K.; Bhat, K. S. J. Am. Chem. Soc. 1988, 110,
1535. (k) Burgess, K.; Henderson, 1. Tetrahedron Lett. 1990, 31, 6949.
Synthesis of anti 1,2-diols, nonchiral synthesis: (1) Yamaguchi, M.; Mu-
kaiyama, T. Chem. Lett. 1979, 1279. (m) Takai, K.; Nitta, K.; Utimoto,
K. Tetrahedron Lett. 1988, 29, 5263. (n) Tamao, K.; Nakajo, E.; Ito, Y.
J. Org. Chem. 1987, 52, 957. (o) Hoffmann, R. W.; Kemper, B. Tetra-
hedron Lett. 1980, 21, 4883 (see also ref 1f). Chiral synthesis: (p) Roush,
W. R.; Grober, P. T. Tetrahedron 1992, 48, 1981. Roush, W. R.; Banfi,
L. J. Am. Chem. Soc. 1988, 110, 3979.
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¢Key: (a) (1) TrCl, DMAP, DMF; (2) allyl bromide, KH; (3)
HCl, MeOH; (4) TBDPSC], imidazole, DMF; (5) sec-BuLi, TME-
DA, Bu;SnCl; (b) (1) TrCl, DMAP, DMF; (2) TBDPSCI, imidaz-
ole; (3) TsOH, MeOH; (4) allyl bromide, KH; (5) sec-BuLi, TME-
DA, Bu;SnCl.
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sKey: (a) MOMC], i-Pr,NEt; (2) Bu,NF; (3) {(COCl),, DMSO,
Et,;N; (4) K,CO;; (5) HCIL; (b) Me,C(OMe),, PPTS, CH,Cly; (¢) (1)
0;/MeOH, Me,S, (2) LiAlH; (d) (1) MsCl, pyridine, (2) LiAlH,;
(e) (1) TsOH/MeOH, (2) Mel/NaH; (f) (1) MeOH, HCL; (2)
Me,C(OMe),, TsOH; (3) LAH; (4) KH, TsCl; (5) n-Pr,Culi; (6)
(COCl),, DMSO, Et;N; (7) PhPCHyBr, n-BuLi.

to the literature procedure.? As shown in Scheme I, se-
lective protection of the primary OH of 5 by tritylation,
conversion of the secondary OH to allyl ether, removal of
the trityl group, protection of the primary OH as the
tert-butyldiphenylsilyl (TBDPS) ether, and subsequent
lithiation and trapping with Bu,SnCI® gave 1 in 54%
overall yield from 4. y-Alkoxyallylstannane 6 was also
prepared from 5 via procedures similar to those used for
the synthesis of 1 (see Scheme I, b). The reaction of 1 with
aldehydes proceeded smoothly in the presence of BF;:OEt,,
AlCIL;, or AICl;-OEt, in CH,Cl,. The results are summa-
rized in Table L

Both aromatic and aliphatic aldehydes afforded the syn
adducts 2 with very high diastereoselectivities upon
treatment with BF;OEt,, AlCl;, or AICl;:OEt,. The ratio
of 2 to its anti isomer was greater than 97:3; the use of
TiCl, and SnCl, gave unsatisfactory results (entries 4 and
5). Reactive aldehydes such as benzaldehyde and p-
nitrobenzaldehyde gave 2 in high to good chemical yields
(entries 1-3, 6), but the reaction of p-tolualdehyde and

(2) Nicolaou, K. C.; Hwang, C. K.; Marron, B. E.; DeFrees, S. A.;
Couladouros, E. A.; Abe, Y.; Carroll, P. J.; Synder, J. P. J. Am. Chem.
Soc. 1990, 112, 3040.

(3) Yamamoto, Y.; Yamada, J.; Kadota,l. Tetrahedron Lett. 1991, 32,
7069. Kadota, I.; Gevorgyan, V.; Yamada, J.; Yamamoto, Y. Synlett 1991,
823.
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Table I. Asymmetric Synthesis of 1,2-Diol Derivatives®
de of 2, %
aldehyde reaction time product 2 isomer ratio (abs confign at
entry (RCHO) R Lewis acid at-78°C, h yield, % syn(2):anti C-1, C-2)
1 C¢H, BF..OEt, 1 82 97:3 67 (R,R)
2 C.H; AlCl;-OEt, 1 68 97:3 88 (R,R)
3 CeH, AlCI, 0.17 52 97:3 92 (R,R)
4 CeH; TiCl, 1 48 73:27 73 (R,R)
5 CeH; SnCl, 1 no reaction
6 p-NO,CH, AICI-OEt, 3 80 100:3 76
7 p-MeCsH, AlCl;-OEt, 3 47 98:2 90
8 n-C;H,, BF-OEt, 3 17 100:0 63
9 n-C;Hy5 AIC1,OEt, 2 26 937 63
10 n-C,H,; AIC, 0.25 47 98:2 85
11 n-C,Hy AlCl,-OEt, 2 21 96:4 65 (R,R)
12 n-CHy AlCl, 0.67 53 98:2 89 (R,R)
13 CH, AlCl, 0.17 47 100:0 94

¢ The reaction was carried out, in general, with the following molar ratios: Lewis acid:aldehyde:1 = 1.2:1:1. However, in entries 3, 10, 12,
and 13, 2 equiv of the aldehydes was used. The isomer ratios and de in entries 1-7 were determined by 'H NMR; the coupling constants of
the syn-isomers were 7.5 Hz whereas those of the anti-isomers were 4.0 Hz. The aldehydes were recovered when the addition resulted in low
yields. The ratios and de in entries 8-13 were determined by HPLC. (Shimazu LC-6A); 2b (R = n-Bu), column Merck Hibar RT 250-4,
hexane:EtOAc = 5:1, flow rate 1.5 mL/min, tg/min 6.80 (RR), 9.50 (SS), 9.75 (anti), 10.47 (anti); 2¢ (R = n-C;H,;), column YMC R-SIL 8-5
60A, hexane:EtOAc = 10:1, flow rate 1.5 mL/min, tg/min 8.03 (RR), 11.13 (SS + anti), 12.11 (anti); 2d (R = Me), column YMC R-SIL-5-06
S-5 60A, hexane:EtOAc = 5:1, flow rate 1.5 mL/min, tg/min 9.62 (RR), 12.57 (SS).

some aliphatic aldehydes resulted in moderate to low yields
(entries 7-13). The diastereomeric excess of 2 (the ratio
of 2:(2 + its (S,S) isomer)) was high when AICl;-OEt, or
AlCl; was used as Lewis acid (entries 2, 3, 7, 10, 12, and
13), while BF;OEt, led to decreased de ratios. For ali-
phatic aldehydes the use of AICl; gave higher stereose-
lectivity than AlCl;-OEt,, whereas both Lewis acids pro-
duced high de ratios with aromatic aldehydes. Aluminum
chloride—etherate complex is soluble in CH,Cl,, but AlCl;
itself is insoluble. The aldehydes and AlCl, (solid) were
first combined in a 2:1.2 ratio, and the resulting mixture,
upon stirring, became homogeneous and finally soluble in
CH,Cl,.

The absolute configurations of 2a and 2b were deter-
mined in the following manner (Scheme II). The hydroxyl
groups of 2a (obtained in entry 1, 67% de) and 2b (ob-
tained in entry 12, 89% de) were protected as MOM
ethers, and the TBDPS group was removed by treatment
with Bu,NF. The resulting primary OH was oxidized to
give the corresponding aldehyde. Retro-Michael reaction
in the presence of base, followed by removal of the MOM
protecting group, afforded 3a in 64% overall yield. Diol
3a was converted to acetonide 7 in 80% yield. NOE en-
hancement was observed between the Ha and He protons
of 7, but not between the Ha and Hb protons, indicating
the syn stereochemistry of 3a. Ozonolysis of 7 (O;/
MeOH/Me,S) followed by LiAlH, reduction gave alcohol
8a in 87% yield. The conversion of the alcohol to meth-
anesulfonate followed by reduction gave 8b in 83% yield.
Hydrolysis of the acetonide followed by methylation af-
forded 9 in 56% yield; [a]?p = —62.5° (¢ 0.23, EtOH). This
rotation was compared with that of authentic R,R enan-
tiomer; [a]?p = -83.8° (¢ 0.370, EtOH).* -Similarly, 2b
was converted to 3b, which was transformed to 10 by
standard procedures; [a]®’p = +11.3° (¢ 1.23, EtOH).
Authentic 11 was obtained in 6% overall yield; [a]?%p =
-12.0° (¢ 1.25, EtOH).> Accordingly, it is clear that the

(4) Yamada, J.; Abe, H.; Yamamoto, Y. J. Am. Chem. Soc. 1990, 112,
6118. This number of rotations corresponds to 74.5% ee of 9.

(5) L-(+)-Tartaric acid was treated with MeOH/HCI to give the cor-
responding methyl ester and the two hydroxyl groups were protected with
acetonide. LiAlH, reduction of the ester groups afforded the corre-
sponding diol, which was converted to monotosylate upon treatment with
KH/TsCl. Substitution of the tosylate with n-Pr,CuLi gave the car-
bon-chain elongated product. The remaining primary OH was oxidized
to the corresponding aldehyde, which was converted to 11 by a Wittig
reaction.
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absolute configurations of 2a and 2b are 1R,2R and 3R 4R,
respectively.

Reaction of 6 with benzaldehyde in the presence of
BF;OEt, gave the corresponding syn adducts exclusively
in high yield, but the diastereomer excess was only 24%.
This lower de is presumably attributable to the fact that
the asymmetric center of 6 is three bond lengths away from
the v-carbon at which the carbon-carbon bond formation
takes place, whereas alkylation of 1 occurs only two bond
lengths from the nearest chiral center. The BF;OEt,-
mediated reaction of benzaldehyde with 12, in which the
asymmetric center is separated by two bond lengths from
the y-carbon, produced the corresponding syn adducts with
28% de. Although the chiral center of 12 is close to the
reactive carbon, efficient blocking of one face of the double
bond is not accomplished with this chiral auxiliary.

The enantioselective formation of the R,R isomer via 1
may be accounted for by transition state 13 shown in
Scheme III. The front side of the plane, consisting of the
y-oxygen and the three carbon atoms at the «, 8, and
v-positions, is blocked by the sterically bulky TBDPS
groups, forcing the aldehyde to approach the y-carbon
from the back side of the plane. Although antiperiplanar
approach of the aldehyde is shown in both 13 and 14,
synclinal orientdtion of the aldehyde is also conceivable;
both approaches lead to the same result. An important
question is why 13 is favored over 14. It is well accepted
that the Lewis acid-mediated allylstannane—aldehyde
condensation proceeds in an anti Sz’ manner;¢ the tri-
butylstannyl group has to be located on the front side of
the allyl plane. A molecular model of 14 clearly indicates

(6) Young, D.; Kitching, W. J. Org. Chem. 1985, 50, 4098. Wickham,
G.; Kitching, W. J. Org. Chem. 1983, 48, 612. For allylsilanes: Hayashi,
T.; Konishi, M.; Ito, H.; Kumada, M. J. Am. Chem. Soc. 1982, 104, 4962.
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severe steric repulsion between Bu,Sn and TBDPS groups,
whereas such steric hindrance is significantly diminished
in 13.

It was seemed likely that the steric size of the 2-(hy-
droxymethyl) substituent on the tetrahydropyran ring
would play an important role in the asymmetric induction
of these allylstannane-aldehyde condensations. To test
this hypothesis, we prepared the corresponding OCH; (15,
2-[(methoxymethyl)oxy] THP) and CH; (16, 2-methyl
THP) derivatives of the y-alkoxyallylstannane. The Lewis
acid-mediated reaction of 15 and 16 with benzaldehyde
gave the syn adducts in good yields, but the diastereomer
ratios of RR:RS were 2.5:1 and 1:1, respectively. Therefore,
it is now clear that steric bulk of the alkoxy group is im-
portant to obtain high enantio- and diastereoselection.

Synthesis of 2a is representative (entry 3 of Table I).
In a 50-mL two-necked flask under Ar were placed dry
CH.Cl, (1 mL) and anhyd AICl; (35 mg, 0.26 mmol), pu-
rified by sublimation of commercially available material.

Benzaldehyde (45 uL, 0.44 mmol) was slowly added at -78
°C, and the resulting mixture was stirred for 30 min. To
the resulting homogeneous solution was added slowly a dry
CH,Cl, (1 mL) solution of 1 (158 mg, 0.22 mmol), cooled
at =78 °C. The reaction was continued for 10 min and
quenched with MeOH. The mixture was allowed to warm
to rt. Extraction with ether, concentration in vacuo,
treatment with aqueous KF solution at rt for 1 h, ex-
traction with ether, washing with brine, drying (MgSO,),
concentration in vacuo, and purification by flash column
chromatography 15 cm X 17 mm; hexane, 50 mL and then
hexane:AcOEt = 10:1) gave 2a (58.9 mg, 0.114 mmol) in
52% yield.

Supplementary Material Available: Synthetic methods,
characterization data, and NMR spectra (16 pages). This material
is contained in many libraries on microfiche, immediately follows
this article in the microfilm version of the journal, and can be
ordered from the ACS; see any current masthead page for ordering
information.
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Summary: We describe the first model for a proton pump,
H*-ATPase. This model uses the energy from an indirect
transfer of two protons from a solution at pH 0.3 to a
solution at pH 10 to drive the synthesis of a high-energy
phosphate, citraconyl phosphate.

H*-ATPases link proton transfer across cell membranes
to the synthesis or hydrolysis of ATP. Some H*-ATPases
synthesize ATP using a proton gradient as the driving force
(e.g., F F;-ATPase in mitochondria); others create a proton
gradient using the hydrolysis of ATP as the driving force
(e.g., H*/K*-ATPase in the mucosa of the stomach).!
While some mechanistic features of these enzymes are
known,? the molecular-level mechanism of coupling is not.
Other models of active trangport have shown how proton
transport can drive the transport of other cations;® this is
the first model that shows how proton transport can drive
the synthesis of a high-energy phosphate, citraconyl
phosphate.

To model a proton gradient across a lipid bilayer, we
separated solutions of pH 0.3 and pH 10 with a layer of
chloroform in a concentric ring cell, Figure 1a. When the
acidic compartment contained citraconic acid (1.0 M),
protons (detected by pH stat) and citraconate dianion
(detected by TH-NMR) were transferred to the basic com-
partment.

Citraconic acid did not pass directly from the acidic to
the basic compartment. Instead, citraconic acid dehy-
drated to the anhydride, which then diffused to the basic
compartment, hydrolyzed, and generated two protons,
Figure 1b. We call this mechanism of proton transfer
indirect because the protons that appeared in the basic

(1) Cramer, W. A.; Knaff, D. B. Energy Transduction in Biological
Membranes; Springer-Verlag: New York, 1989. Review: Pederson, P.
L.; Carafoli, E. TIBS 1987, 17, 146, 186.

(2) Jencks, W. P. Adv. Enzymol. 1980, 51, 75.

(3) Liquid Membranes: Chemical Applications; Araki, T., Tsukube,
H., Eds.; CRC Press: Boca Raton, FL, 1990.

compartment upon hydrolysis of anhydride came from
water, not from the acidic compartment. It is a true proton
transfer since a molecule of citraconic acid has been re-
moved from the acidic compartment and the citraconate
dianion and two protons generated in the basic compart-
ment. In support of this mechanism, citraconic anhydride
(0.6 mol %) was detected in an acidic aqueous solution of
citraconic acid by 'H-NMR. This facile formation of an-
hydride is due to the high effective molarity of the
neighboring carboxylic acid group.* The equilibrium
constant for dehydration of citraconic acid is larger than
that for maleic acid (<0.2 mol %) and succinic acid (10~
mol %) but smaller than that for dimethylmaleic acid (84
mol %).> In a parallel experiment involving only two
phases, a 'H-NMR of a CDCl; phase, equilibrated with
acidic aqueous citraconic acid (1.0 M, 0.5 M HCl), showed
only citraconic anhydride (65 * 10 mM, <2 mM citraconic
acid). More anhydride formed in the chloroform phase
because there was less water in the chloroform (50 mM
H,0) and because the anhydride was more soluble in the
chloroform than the acid. Thus, protons were indirectly
transferred across the chloroform layer via citraconic an-
hydride.

Transfer of two protons from pH 0.3 to pH 10 released
26.5 keal, while formation of citraconic anhydride at pH
10 (-AG °yyq) required 18.8 kcal/mol, based on Kj,q = 167
for uncharged citraconic acid and pK; = 2.29 and pK, =
6.15.° Thus, indirect proton transfer provided a ther-
modynamic driving force of 7.7 keal/mol for the formation
of citraconic anhydride.

The high free energy of hydrolysis of citraconic anhy-
dride indicates that it is thermodynamically capable of
making high-energy phosphates such as acyl phosphates.

(4) Kirby, A. J. Adv. Phys. Org. Chem. 1980, 17, 183.

(5) Eberson, L. Acta Chem. Scand. 1964, 18, 1276.

(8) Jencks, W. P. In Handbook of Biochemistry, 2nd ed.; Sober, H. A,
Ed.; CRC Press: Boca Raton, FL, 1970; pp J-181, J-193.
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