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9(a) Allyl iodide (1.2 equiv), Bu,NHSO, (1.2 equiv), LiOH (50
equiv), CH,Cl,/H,0 (19:1), ultrasound, =7 °C (bath), 6 min. (b) HCI
(0.5 N), THF/H,0 (1:1), room temperature, 4 h. (c) Mesitylenesul-
fonyl chloride (1.5 equiv), pyridine (3.5 equiv), CH,Cl,, reflux, 24 h.
(d) (Z)-1-Bromo-4-[(methoxycarbonyl)oxy]-2-butene (1.2 equiv),
NaH (1 equiv), DMF, 0 °C, 12 h. (e) Pd(dba), (0.1 equiv), PBu; (0.3
equiv), CO (1 atm), AcOH, 80 °C, 3 h. (f) Pd/C (0.1 equiv), H, (1
atm), EtOAc, room temperature, 18 h. (g) MCPBA (80%, 1.5 equiv),
NaHCO; (10 equiv), CH,Cl,, room temperature, 18 h. (h) p-Nitro-
benzyl alcohol (1.3 equiv), n-BuLi (1 equiv), THF/hexane (25:1), =30
°C, 0.5 h, then addition of 6, 30 °C — ~10 °C, 6 h. (i) Pyridine/70%
HF (excess), anisole (2 equiv), room temperature, 8 h. (j) Tryptophyl
bromide (1.2 equiv), NaHCO; (10 equiv), MeCN, 80 °C, 6 h; then
addition of further tryptophyl bromide (0.4 equiv), 80 °C, 5 h. (k)
Pd/C (0.05 equiv), H, (1 atm), EtOH, room temperature, 0.5 h. (1)
PhPOCI, (excess), 105 °C, 4 min, then addition of 1 N aqueous HCJ,
70 °C, 10 min. (m) NaHMDS (10 equiv), THF, =78 °C, 2 h, then
addition of methyl formate (40 equiv), =78 °C, | h, then —0 °C, 4 h.
(n) Saturated HC1/MeOH, CH,Cl, (1:9), 120 °C (sealed tube), 24 h,
then p-TsOH (5 equiv), CH,Cl,, reflux, 15 h.

In summary, (+)-3-isorauniticine has been synthesized via a
sequence of 14 steps, which highlights once more the preparative
utility of sultam-directed asymmetric alkylations®'3 and of
transition-metal-catalyzed carbometalation/carbonylation reac-
tions. 451016

(14) Lounasmaa, M.; Kan, S.-K. Tetrahedron 1980, 36, 1607-1611.
Morales-Rios, M. S.; Espineira, J.; Joseph-Nathan, P. Magn. Reson. Chem.
1987, 25, 377-395.

(15) Review: Oppolzer, W. Pure Appl. Chem. 1990, 62, 1241-1250.

(16) Reviews: Oppolzer, W. Pure Appl. Chem. 1990, 62, 1941-1948,
Oppolzer, W. Angew. Chem. 1989, 101, 39-53; Angew. Chem., Int. Ed. Engl.
1989, 28, 38-52.
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We report the development of a method for carbon—carbon bond
formation between the olefinic terminus of an allylic alcohol and
the carbonyl carbon of an aldehyde.! This coupling reaction forms
the basis of a highly convergent synthesis of tunicaminyluracil
(1),2 the undecose core of the tunicamycin antibiotics (tunicamycin
C, shown below, is exemplary),’ from simple carbohydrate-derived
precursors.

(1) Examples of intramolecular reductive coupling reactions of ketones or
aldehydes with alkenes or alkynes: (a) Stork, G.; Malhotra, S.; Thompson,
H.; Uchibayashi, M. J. Am. Chem. Soc. 1965, 87, 1148. (b) Pradhan, S.K.;
Radhakrishnan, T. V.; Subramanian, R. J. Org. Chem. 1976, 41, 1943, (c)
Shono, T.; Nishiguchi, L.; Omizu, H. Chem. Letz. 1976, 1233. (d) Shono, T.;
Nishiguchi, I.; Ohmizu, H.; Mitani, M. J. Am. Chem. Soc. 1978, 100, 545.
(e) Pradhan, S. K.; Kadam, S. R.; Kolhe, J. N.; Radhakrishnan, T. V.; Sohani,
S. V,; Thaker, V. B. J. Org. Chem. 1981, 46, 2622. (f) Corey, E. J.; Pyne,
S. G. Tetrahedron Let:. 1988, 24, 2821. (g) Fox, D. P; Little, R. D.; Baizer,
M. M. J. Org. Chem. 19885, 50, 2202. (h) Pattenden, G.; Robertson, G. M.
Tetrahedron 1985, 41, 4001. (i) Belotti, D.; Cossy, J.; Pete, J. P.; Portella,
C. Tetrahedron Lett. 1985, 26, 4591. (j) Ikeda, T.; Yue, S.; Hutchinson, C.
R.J. Org. Chem. 1985, 50, 5193. (k) Kariv-Miller, E.; Mahachi, T. J. J. Org.
Chem. 1986, 51, 1041. (1) Crandall, J. K.; Mualla, M. Tetrahedron Let:.
1986, 27, 2243. (m) Fukuzawa, S,; lida, M.; Nakanishi, A.; Fujinami, T.;
Sakai, S. J. Chem. Soc., Chem. Commun. 1987, 920. (n) Molander, G. A,;
Kenny, C. Tetrahedron Lett. 1987, 28, 4367,

(2) Previous synthetic studies directed toward tunicaminyluracil: (a)
Suami, T.; Sasai, H.; Matsuno, K. Chem. Letz. 1983, 819. (b) Corey, E. J.;
Samuelsson, B.; Luzzio, F. A. J. Am. Chem. Soc. 1984, 106, 3682, (c) Corey,
E. J; Samuelsson, B. J. Org. Chem. 1984, 49, 4735. (d) Suami, T.; Sasai,
H.; Matsuno, K.; Suzuki, N,; Fukuda, Y.; Sakanaka, O. Tetrahedron Lett.
1984, 25,4533, (e) Danishefsky, S.; Barbachyn, M. J. Am. Chem. Soc. 1985,
107,7761. (f) Suami, T.; Sasai, H.; Matsuno, K.; Suzuki, N. Carbohydr. Res.
1985, 143, 85. (g) Danishefsky, S. J.; DeNinno, S. L.; Chen, S.; Boisvert, L.;
Barbachyn, M. J. Am. Chem. Soc. 1989, 111, 5810.

(3) The tunicamycins exhibit a spectrum of biological activity associated
with their ability to inhibit glycoprotein synthesis in bacterial, fungal, mam-
malian, and viral systems. Isolation: (a) Takatsuki, A.; Arima, K.; Tamura,
G. J. Antibiot. 1971, 24, 215. (b) Kenig, M.; Reading, C. J. Antibiot. 1979,
32, 549. (c) Hamill, R. L. U.S. Patents 4,237,225, 1980; 4,336,333, 1982.
Structure elucidation of tunicaminyluracil: (d) Ito, T.; Kodama, Y.; Ka-
wamura, K.; Suzuki, K.; Takatsuki, A.; Tamura, G. Agric. Biol. Chem. 1977,
41, 2303. Structure elucidation of tunicamycins: (e) Takatsuki, A.; Ka-
wamura, K,; Okina, M.; Kodama, Y ; Ito, T.; Tamura, G. Agric. Biol. Chem.
1977, 41, 2307. (f) Takatsuki, A.; Kawamura, K.; Kodama, Y.; Ito, T.;
Tamura, G. Agric. Biol. Chem. 1979, 43, 761. (g) Ito, T.; Takatsuki, A.;
Kawamura, K.; Sato, K.; Tamura, G. Agric. Biol. Chem. 1980, 44, 695.
Biological activity: (h) Takatsuki, A.; Tamura, G. J. Antibiot. 1971, 24, 224,
(i) Takatsuki, A.; Tamura, G. J. Antibiot. 1971, 24, 785. (j) Takatsuki, A.;
Kohno, K.; Tamura, G. Agric. Biol. Chem. 1975, 39, 2089. Reviews: (k)
Elbein, A. Trends Biochem. Sci. 1981, 219. (1) Tunicamycin; Tamura, G.,
Ed.; Japan Scientific Press: Tokyo, Japan, 1982. (m) Eckardt, K. J. Nat.
Prod. 1983, 46, 544.
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Preliminary experiments have established an efficient protocol
for the formation of O-(allyloxy)dimethylsilyl hemiselenoacetals
(e.g., 2) from equimolar quantities of an aldehyde and an allylic
alcohol. For example, addition of a mixture of hydrocinnam-
aldehyde and benzeneselenol (1 equiv) in pyridine to a solution
of dimethyldichlorosilane (5-10 equiv) in pyridine at 23 °C,
removal of excess dimethyldichlorosilane in vacuo, and addition
of allyl alcohol (1 equiv) affords, after filtration and concentration,
the coupling product 2 in 93% yield (>90% purity).* Dropwise
addition of tributyltin hydride (2.6 equiv) and azobisisobutyro-
nitrile to a solution of crude 2 (3 mM) in toluene at 60 °C leads
to the formation of cyclic siloxane 3 (60-70%), the product of
7-endo-trig radical closure, as well as minor amounts of non-
cyclized reduction product (~15%).57 Within the context of

(4) This coupling reaction can be regarded as a modification of existing
methods for the synthesis of O-trimethylsilyl hemithio- and hemiselenoacetals:
(a) Chan, T. H,; Ong, B. S. Tetrahedron Lett. 1976, 319. (b) Dumont, W.;
Krief, A. Angew. Chem., Int. Ed. Engl. 1977, 16, 540. For alternative
methods, see: (¢) Glass, R. S. Synth. Commun. 1976, 6, 47. (d) Evans, D.
A.; Truesdale, L. K.; Grimm, K. G.; Nesbitt, S. L. J. Am. Chem. Soc. 1977,
99, 5009. (e) Liotta, D.; Paty, P. B.; Johnston, J.; Zima, G. Tetrahedron Lett.
1978, 5091, (f) Sassaman, M. B.; Surya Prakash, G. K.; Olah, G. A. Syn-
thesis 1990, 104,

(5) For the use of unsaturated alkyl and silyl ethers in radical cyclizations,
see. (a) Stork, G. A.; Mook, R,, Jr.; Biller, S. A.; Rychnovsky, S. D. J. Am.
Chem. Soc. 1983, 105, 3741, (b) Stork, G.; Sher, P. M. J. Am. Chem. Soc.
1983, 105, 6765. (c¢) Nishiyama, H.; Kitajima, T.; Matsumoto, M; Itoh, K.
J. Org. Chem. 1984, 49, 2298. (d) Stork, G.; Kahn, M. J. Am. Chem. Soc.
1985, 107, 500. (e) Kurek-Tyrlik, A.; Wicha, J. Tetrahedron Lett. 1988, 29,
4001. (f) Curran, D. P.; Kim, D.; Liu, H. T.; Shen, W. J. Am. Chem. Soc.
1988, 110, 5900. (g) Stork, G.; Mah, R. Tetrahedron Let:. 1989, 30, 3609.
(h) Tamao, K.; Maeda, K.; Yamaguchi, T.; Ito, Y. J. Am. Chem. Soc. 1989,
111, 4984, (i) Journet, M.; Smadja, W.; Malacria, M., Synlett 1990, 320. (j)
Walkup, R. D.; Obeyesekere, N. U.; Kane, R. R. Chem. Lett. 1990, 1055. (k)
Walkup, R. D.; Kane, R. R.; Obeyesekere, N. U. Tetrahedron Lett. 1990, 31,
1531. (1) Agnel, G.; Malacria, M. Tetrahedron Lett. 1990, 31, 3555. (m)
Journet, M.; Magnol, E.; Agnel, G.; Malacria, M. Tetrahedron Lett. 1990,
31, 4445. (n) Curran, D. P.; Schwartz, C. E. J. Am. Chem. Soc. 1990, 112,
9272. (o) Hutchinson, J. H.; Daynard, T. S.; Gillard, J. W. Tetrahedron Lett.
1991, 32, 573 and references therein.

(6) Other examples of 7-endo cyclization of silicon-substituted radicals:
refs Sc.ek,0. Also see: (a) Wilt, J. W. Tetrahedron 1985, 41, 3979. (b)
Koreeda, M.; George, 1. A. J. Am. Chem. Soc. 1986, 108, 8098. (c) Wilt,
J. W.; Lusztyk, J.; Peeran, M.; Ingold, K. U. J. Am. Chem. Soc. 1988, 110,
281. (d) Koreeda, M.; Hamann, L. G. J. Am. Chem. Soc. 1990, 112, 8175.

(7) For examples of intramolecular additions of radicals generated from
O-alkyl hemithio- or hemisclenoacetals, see: (a) Yadav, V. K,; Fallis, A. G.
Tetrahedron Lett. 1988, 29, 897. (b) Yadav, V.; Fallis, A. G. Tetrahedron
Lett. 1989, 30, 3283. (c) De Mesmaeker, A.; Hoffmann, P.; Ernst, B.; Hug,
P.; Winkler, T. Tetrahedron Let:. 1989, 30, 6307, 6311, (d) De Mesmaeker,
A.; Waldner, A.; Hoffmann, P.; Mindt, T.; Hug, P.; Winkler, T. Synlett 1990,
687.
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retrosynthetic analysis of the tunicamycins, this coupling reaction
provides an exceptionally powerful solution to synthetic simpli-
fication, i.e., 1 = 4 = 5 + 6 (Scheme I).!  Analysis of the
hypothetical cyclization of 4 as compared with, e.g., 2 suggests
that this substrate may be near optimally disposed for cyclization,
This interpretation rests on the presumed greater exothermicity
of the closure reaction (as manifested in the transition state), as
well as the entropic advantage gained from cyclization of a
conformationally constrained substrate. Two stereochemical
concerns in this sequence are the sense of attack on the alde-
hyde-derived radical (C5’ stereochemistry) and the outcome of
hydrogen atom abstraction at C7’ (see structure 12). The latter
is predicted to result in the required 7’R stereochemistry, given
the strain associated with equatorial C—H bond formation in this
ring system and the well-established preference for anomeric
radicals to react to form axial bonds.” The stereochemistry at
C5’, by contrast, proves to be a much more subtle issue, as de-
scribed below.

Alcohol 5 and aldehyde 6 are available in gram quantities from
simple, commercially available carbohydrate precursors. The
crystalline benzylidene-protected a-methyl glycoside 7 is prepared
in one step (55% yield, mp 165-166.5 °C) from N-acetyl-D-
galactosamine and serves as the starting material for synthesis

(8) Abbreviations used in structural drawings: MEM = CH;0OCH,C-
H,O0CH,, PMB = p-CH,0C¢H,CH,, TBS = {-Bu(CHj;),Si.

(93 (a) Giese, B.; Dupuis, J. Angew. Chem., Int. Ed. Engl. 1983, 22, 622.
(b) Adlington, R. M.; Baldwin, J. E,; Basak, A.; Kozyrod, R. P. J. Chem. Soc.,
Chem. Commun, 1983, 944. (c) Baumberger, F.; Vasella, A. Helv. Chim.
Acta 1983, 66, 2210. (d) Dupuis, J.; Giese, B.; Riiegge, D.; Fischer, H.; Korth,
H.-G.; Sustmann, R. Angew. Chem., Int. Ed. Engl. 1984, 23, 896. (e) Korth,
H.-G.; Sustmann, R.; Dupuis, J.; Giese, B. J. Chem. Soc., Perkin Trans. 2
1986, 1453 and references therein.
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of 5.191!  Use of the benzylidene protecting group is essential,
as it serves as a masked form of the sensitive enol ether func-
tionality present in 5. Protection of 7 as its (2-methoxyeth-
oxy)methyl (MEM) ether (8, 75%, mp 53.5-54.0 °C) and reaction
of 8 with N-bromosuccinimide in carbon tetrachloride at reflux'?
affords the bromide 9 (87%, mp 57.0-57.5 °C), which undergoes
smooth displacement with benzeneselenol and triethylamine to
form the phenyl selenide 10 (96%, mp 44.0 °C). Oxidation/
elimination of selenide 10 affords the benzoyl ester of § (99%,
mp 44.0-44.5 °C),!3 which upon mild transesterification with
potassium carbonate in methanol at 23 °C provides § (92%, mp
102.5 °C). The coupling partner 6 (mp 73-74 °C) is prepared
by Swern oxidation of 11,4 available in high yield from uridine
by a series of standard protection—deprotection steps.!” As efforts
to purify the labile aldehyde 6 lead to its deterioration, coupling
reactions are performed directly on the crude material employing,
in this case, a 2-fold excess of the aldehyde. Thus, crude 6 and
alcohol 5 are transformed, as described above, to the crystalline
coupling product 4 in 92% yield after purification by flash
chromatography (1:1 mixture of diastereomers). For purposes
of characterization, the diastereomers can be separated by careful
column chromatography (mp 57-59 °C and 59.5-61 °C, re-
spectively). Free-radical cyclization of diastereomers 4 under a
variety of conditions proceeds smoothly to provide, after siloxane
hydrolysis with potassium fluoride in methanol, the diols 12 and
13. Cyclization of 4 in toluene at reflux leads predominantly to
the undesired diol 13 (12:13 = 1:3). At lower reaction temper-
atures, made possible with triethylborane initiation,!¢ the selectivity
toward formation of 13 increases (12:13 = 1:6 at 0 °C, 74%
combined yield). A variety of modified silicon linkers are similarly
found to favor formation of 13 [(CH;0),Si, 1:3; (CH,),Si, 1:5;
(CH,;),SiOSi(CH,),, <5:95]. Though various C5'-epimerization
schemes can be imagined, further experimentation reveals a
striking solvent effect in the cyclization of 4, leading to an inversion
in selectivity. Reactions conducted in methanol, ethanol, 2-
propanol, or acetonitrile preferentially form the diol 12 (12:13
~ 3-4:1).}7 As reactions in alcoholic media produce unacceptable
levels of reduction product, acetonitrile has proven to be the
optimum solvent. In a typical experiment (Bu;SnH, Et;B initi-
ation, CH,CN, -10 to 23 °C), 12 (mp 98.5-101 °C) is obtained
in 62% yield after siloxane hydrolysis and radial chromatography.
Diastereomer 13 (18%) and alcohol 5 (13%) are isolated in sep-
arate fractions. The identity of synthetic 12 is confirmed upon
deprotection (ceric ammonium nitrate; 3 N HCI) and HPLC
comparison with authentic tunicaminyluracil. In addition, syn-
thetic and natural tunicaminyluracil'? are separately transformed
to the a-peracetate derivatives, shown to be identical in all respects,
including optical rotation.

In conclusion, an efficient method for carbon—carbon bond
formation between an aldehyde and an allylic alcohol is described,
forming the basis for a synthesis of the protected tunicaminyluracil
derivative 12 or its C7’-epimer 13. With regard to the latter
application, a notable feature of this methodology is its almost
certain compatibility with the problematic N-acetylglucosamine
glycosidic linkage, thus allowing for a highly convergent synthesis
of the tunicamycin antibiotics by late-stage carbon—carbon bond
formation.
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In the last few years, NMR investigations have revealed that
many proteins display discrete conformers under native conditions.
Little is known about the occurrence of conformational equilibria
when a structural component such as a prosthetic group or a
cofactor is removed. In what follows, we demonstrate that the
deletion of heme—protein interactions in cytochrome b increases
the population of a nonnative conformer in the C-terminal region
of the protein. The partial destabilization allows us to study one
of the factors responsible for the formation of a helix and conclude
that a single main chain/side chain hydrogen bond plays a key
role in attaining the holoprotein secondary structure. The hy-
drogen bond involves a neutral imidazole group at the helix
N-terminal boundary (N-cap position)? and satisfies the backbone
amide H-bond requirement of the third residue in the helix.

The water-soluble fragment of cytochrome bs is a 98-residue
protein containing a single heme group® which confers some
rigidity and stability to the protein® and influences its fold.* We
use the apoprotein of rat liver cytochrome bs% as a model molecule
for probing precursor states of the holoprotein and the relationship
between sequence and structure. We have shown by NMR
spectroscopy that the structural effects of heme removal are
localized; apocytochrome bs retains native holoprotein features
in the region remote from the heme binding site (8-sheet and
helices I and VI).”® Here we describe unique dynamic properties
involving His 80, a residue located 20 A from the heme site at
the start of helix VI.

* To whom correspondence should be addressed at The Pennsylvania State
University, Chemistry Department, 152 Davey Laboratory, University Park,
PA 16802.
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