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In summary, we have shown that in allylic radicals differences
in electronegativity between the central atom and the terminal
heavy atoms can greatly reduce the importance of allylic resonance.
The same electronegativity differences might also be expected to
reduce the importance of resonance in allylic systems containing
even numbers of = electrons, for instance in neutral O(CH,),.
However, as will be discussed in our full paper, electron repulsion
effects cause allylic resonance to remain important in O(CH,),
and related diradicals.
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The importance of methodology for a-alkenyl ketone (1a) and
carbinol (1b) synthesis is amply documented in reports of their
intermediacy in many synthetically significant transformations,
particularly ring-expansion reactions,? and their occurrence in
biologically active compounds such as the prostaglandins and
cytotoxic terpenes.’  Access to these systems has commonly
involved reactions of metallo alkenes with electrophiles such as
epoxides,* a-halo ketones, or the more recently introduced eno-
lonium ion equivalents® (Scheme I). Vinyl cation equivalents,
the polarity complement of the nucleophilic metallo alkene, have
also found service in this area.” Herein, we describe an approach
to a-alkenyl ketones and carbinols from alkynes and halo ketones
that involves a novel rearrangement and, in general, offers several
advantages over existing methodology. This process affords a more
cost-effective solution, which is based on readily available (fre-
quently bulk) substrates and reagents, can be conducted on a large
or small scale, and allows both for considerable variation in alkene
substitution and for control of alkene geometry. The method
additionally provides a practical route to hitherto difficult to
prepare a-alkadieny! ketones® and consequently a convenient route
to large-ring compounds based on recently introduced macroex-
pansion methodology,® as evidenced below by its application in
a strategically novel total synthesis of muscone (12).

Central to the success of this method is the finding that readily
available alkynyl chlorohydrins under aluminum hydride reduction
conditions'?® suffer an unusually facile rearrangement!! to provide

(1) A. P. Sloan Foundation Fellow; Camille and Henry Dreyfus Teach-
er—Scholar Award Recipient. Address correspondence to this author at
Stanford University.

(2) (a) Brown, E.; Leriverend, P.; Conia, J. M. Tetrahedron Lett. 1966,
6115. (b) Marvell, E. N.; Whalley, W. Ibid. 1970, 509. (c) Cookson, R. C.;
Singh, P. J. Chem. Soc. C 1971, 1477. (d) Still, W. C. J. Am. Chem. Soc.
1977, 99, 4186. (e) Still, W. C. Ibid. 1979, 101, 2493. (f) Levine, S. G;
McDaniel, R. L. J. Org. Chem. 1981, 46, 220. (g) Schreiber, S. L.; Santini,
C. Tetrahedron Letr. 1981, 22, 4651. (h) Bluthe, N.; Malacria, M.; Gore,
J. Ibid. 1982, 23, 4266.

(3) E.g., a-methylene-y-lactones represent a structural subset of 1b.

(4) Crandall, J. K.; Arrington, J. P.; Hen, J. J. Am, Chem. Soc. 1967, 89,
6208.

(5) (a) Marcou, A.; Normant, H. C. R. Hebd. Acad. Sci. 1960, 250, 359.
(b) Holt, D. A. Tetrahedron Let:. 1981, 22, 2243 and references cited therein.

(6) Wender, P. A.; Erhardt, J. M,; Letendre, L. J. J. Am. Chem. Soc. 1981,
103, 2114 and references cited therein.

(7) As a leading reference see: Hudrlik, P. F.; Kulkarni, A. K. J. Am.
Chem. Soc. 1981, 103, 6251.

(8) For a discussion see ref 9.

(9) (a) Wender, P. A,; Sieburth, S, M. Tetrahedron Lett. 1981, 22, 2471,
(b) Wender, P. A. Sieburth, S. M.; Petraitis, J. J.; Singh, S. K. Tetrahedron
1981, 37, 3967.
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alkenyl carbinols directly. Thus, treatment of cis-1-propynyl-2-
chlorocyclohexanol (2, R = Me; Scheme II) with excess lithium
aluminum hydride and sodium methoxide!® for 2 h at ambient
temperature provided 2-E-propenylcyclohexanol (6a, R = Me)!?
as a 3:1 mixture of epimers in 97% yield as determined by GC
analysis (72% yield after isolation). Of the possible mechanistic
itineraries for this reaction it would appear that alkyne reduction
precedes rearrangement, since the magnesium salt of 2 (R = Me)
does not readily rearrange, even at 67 °C.'* Equally important,
exposure of the initial product expected from such an alkynyl
migration, 2-propynylcyclohexanone, to the above noted conditions
resulted only in carbonyl reduction, to provide 2-propynylcyclo-
hexanol. For the alternative sequence, initial reduction would lead
to an intermediate of the type 3, whose formation can be inferred
from the isolation (81% yield) of 2-(2-iodo-1-propenyl)cyclo-
hexanol (6b, R = Me) when the reaction was quenched with
iodine. However, attempts to detect 3 or its unrearranged de-
rivatives in reactions run to partial conversion or under hy-
dride-deficient conditions gave only starting material and rear-
ranged reduced product, suggesting that the formation of 3 is rate
determining. Even at temperatures as low as ~20 °C, reduction
rearrangement occurred. In contrast, the magnesium alkoxide
of 1-vinyl-2-chlorocyclohexanol must be heated to temperatures
in excess of 50 °C in order to induce its rearrangement.’ It would
appear, therefore, that this efficient and unusually facile process
proceeds with initial hydroalumination. Subsequent propenyl
migration is presumably facilitated by alanate stabilization of the
electron-deficient center that develops at C2 during migration,
involving initial w-electron participation (Scheme II).

In connection with the more synthetic features of this process,
several points are noteworthy. First, the alkyny! halohydrins used
in this method are readily prepared in high yield from either
commercially available or readily prepared halocarbonyls and
alkynes.''® As documented in extensive studies on nucleophilic

(10) (a) Pizey, S. S. “Synthetic Reagents”; Halstead Press: New York,
1974; Vol. I, Chapter 2. (b) Corey, E. J.; Katzenellenbogen, J. A.; Posner,
G. H. J. Am. Chem. Soc. 1967, 89, 4245. (c) Corey, E. J.; Kirst, H. A,;
Katzenellenbogen, J. A. Ibid. 1970, 92, 6314. (d) Molloy, B. B.; Hauser, K.
L. J. Chem. Soc., Chem. Comm. 1968, 1017.

(11) For other examples of pinacol-like rearrangements of halohydrins see:
(a) Sisti, A. J.; Rusch, G. M. J. Org. Chem. 1974, 39, 1182. (b) Marcou, A.;
Chodkiewicz, W.; Cadiot, P. Bull. Soc. Chim. Fr. 1967, 15, 2429. See also
ref 5,

(12) All new compounds gave satisfactory NMR, IR, and mass spectral
and exact mass or combustion analyses.

(13) See also ref 11b.
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@ Cis:trans as determined by GC. b Cis:trans for cyclic alcohols;
undefined erythro:threo in acyclic alcohols as determined by GC.
¢ Reaction conducted at ambient temperature instead of —=78 °C.
9 Yield determined by GC. € LiAlH,, NaOMe, THF, ambient tem-
perature. fn-BuLi, DIBAL, THF, reflux. # Alkyne addition and
reductive rearrangement carried out in a single operation. h Only
one isomer observed. ! 0.4 mole scale. / One mole scale. * Bro-
mocyclohexanone gave nearly identical yields.

addition to a-halocarbonyls'*!S and in our present study, the
halohydrin stereochemistry required for the rearrangement process
is strongly favored, with ratios of >30:1 found in most cases.
Moreover, when compared with alkenyl carbanions, the alkynyl
carbanions are less sterically encumbered and, as weaker bases,
less likely to enter into yield-reducing, base-mediated side reactions.
Second, several variations in substrate and nucleophile are possible.
Cyclic a-bromo or a-chloro ketones and a-chloro acid chlorides
have been used successfully (Table I, entries 4 and 9). Conjugated
and unconjugated alkynes are equally effective. The successful
use of the former reagents is a particularly significant finding since
it establishes a convenient route to dienes whose syntheses from
1-metallo alkadienes are complicated or precluded by the po-
lymerization that attends metalation of 1-haloalkadienes.'’6 While
l-metallo alkadienes can alternatively be prepared from the
corresponding tin reagents,!” a multistep sequence is required to
produce homogeneous material. Third, only E-disubstituted al-
kenes are produced in this method, with no detectable contami-
nation by the Z isomer. Furthermore, we have found that the

(14) For example: (a) Ref 11b. (b) Wender, P. A.; White, A. W. Tet-
rahedron Lerr. 1981, 22, 1475.

(15) For studies on the conformation of cyclic haloketones see: (a) Abra-
ham, R. J.; Griffiths, L. Tetrahedron 1981, 37, 575 and references therein.
(L)) antacuzene, J.; Jantzen, R.; Ricard, D. Ibid. 1972, 28, 717 and references
therein.

(16) (a) Wakefield, B. J. “The Chemistry of Organolithium Compounds”;
Pergamon Press: New York, 1974; pp 96-105. (b) McGrath, J. E. Ed.
“Anionic Polymerization. Kinetics, Mechanisms and Synthesis”; 166; Am-
erican Chemical Society, Washington, D. C., 1981; ACS Symp Ser No. 166.

(17) Piers, E.; Morton, H. E. J. Org. Chem. 1980, 45, 4264,
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reduction rearrangement can be effected by diisobutylaluminum
hydride (DIBAL)'® as well as LiAlH, (Table I, entries 1 and 2).
Both reagents give essentially the same yields, although use of
the former generally requires higher temperatures in order to
achieve complete conversion. Importantly, in connection with the
issue of product alkene geometry and substitution, the use of
DIBAL in conjunction with an iodine quench!%< provides 2-(1-
iodo-1-propenyl)cyclohexanol (7b, R = Me), whereas as noted
above, the regioisomeric iodide 6b (R = Me) is obtained in the
case of LiAlH,.!° Therefore, through either further conversion
of these iodides!®® or their alane!® or alanate?® precursors,
complete regio- and stereocontrol can be exercised in the prepa-
ration of a-trisubstituted alkenyl carbonyls by this methodology.
Finally, a particularly important attribute of this method is that
it can be conducted easily on a mole scale (e.g., Table I, entry
2, 85% distilled). Moreover, we have found that the initial addition
and the reduction rearrangement can be achieved in a single
operation involving addition of the halo ketone to the metallo
alkyne at low temperature followed by addition of LiAlH, and
subsequent warming to room temperature (Table I, entries 2-4
and 8).%

Integration of this methodology with our work in macroex-
pansion has led to a unique approach to the 15-membered ring
carbocycle muscone® (Scheme I1I). Starting with chloro ketone
8,24 addition of vinyl acetylide followed by in situ reductive re-
arrangement gave a mixture of trienyl alcohols (91%), which when
subjected to Collins oxidation conditions,? cleanly produced ketone

(18) For examples and leading references see: (a) Stork, G.; Baine, N. H.
J. Am. Chem. Soc. 1982, 104, 2321. (b) Ziegler, F. E.; Chakraburty, U, R;
Weisenfeld, R. B. Tetrahedron 1981, 37, 4035,

(19) For examples and leading references see: (a) Okukado, N.; Negishi,
E. Tetrahedron Lett. 1978, 2357, (b) Negishi, E.; Okukado, N.; King, O. A ;
Van Horn, D. E,; Spiegel, B. J. Am. Chem. Soc. 1978, 100, 2254. See also
ref 20b.

(20) For examples and leading references see: (a) Eisch, J. J.; Damasevitz,
G. A.J. Org. Chem. 1976, 41, 2214. (b) Baba, S.; Van Horn, D. E,; Negishi,
E. Tetrahedron Lett. 1976, 1927.

(21) A typical single-operation procedure is as follows: 2-Methyl-1-bu-
ten-3-yne was deprotonated with MeLi in THF at ~78 °C. Addition of
2-chlorocyclohexanone was followed after 2 h by addition of 1.25 equiv. of
LiAlH,. The reaction mixture was allowed to warm to room temperature
(with careful monitoring as the temperature approached 0 °C, since gas
evolution became rapid at this point), and after 8 h, diluted with hexanes and
quenched with water, 15% NaOH, and water.?> The aluminum salts were
digested with three portions of hot THF and the combined organic solutions
concentrated. Chromatography of the resulting oil yielded cis- and trans-
2-(3-methyl-1,3-butadienyl)cyclohexanol (76%, Table I, entry 5). Cis: NMR
(CDCl;) 66.24(d, 1 H,J =16 Hz),5.75 (dd, 1 H, J = 6.9, 16 Hz), 4.9 (brs,
2 H), 3.87 (m, 1 H), 2.3 (m, 2 H), 1.85 (t, 3 H, J = 1 Hz), 2.0-1.1 (m, 8
H); IR (CCl,) 3490, 1645, 1605, 1445, 1430, 1380, 1075, 1060, 1050, 970,
885 cm™. Trans: NMR (CDCly) 6 6.28 (d, 1 H, J = 15.6 Hz), 5.48 (dd,
1 H,J=28.6,156Hz), 49 (brs,2 H), 3.3 (m, 1 H), 1.85(t,3H, J =1 Hz),
2.2-1.0 (m, 10 H); IR (CCl,) 3540, 3480, 1605, 1450, 1115, 1060, 1040, 1035,
975, 890, 870 cm™,

(22) Fieser, L. F,; Fieser, M. “Reagents for Organic Synthesis”; Wiley:
New York, 1967; Vol. I, p 595.

(23) For examples of previous synthesis see: (a) Trost, B. M.; Vincent, J.
E. J. Am. Chem. Soc. 1980, 102, 5680 and references cited therein. (b)
Paquette, L. A.; Fristad, W. E.; Dime, D. S.; Bailey, T. R. J. Org. Chem. 1980,
45, 3017 and references cited therein.

(24) Sieburth, S. M., Ph.D. Thesis, Harvard, University, 1982.
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9 in 75% yield. Addition of a second equivalent of vinyl acetylide
gave in 61% yield (95% based on unconsumed starting material)
a 45:55 mixture of trans and cis alcohols, which were separately
reduced (100%) to alcohols 10. When treated with KH in THF
at room temperature,’ both trans- and cis-10 gave a mixture of
two E/Z isomers of the 15-membered tetraeneone 11 (61% and
40%, respectively). Catalytic hydrogenation of this mixture gave
a 97% yield of muscone (12).
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(26) As leading references to the anion-accelerated oxy-Cope see: (a)
Evans, D. A,; Golob, A. M. J. Am. Chem. Soc. 1975, 97, 4765. (b) Bail-
largeon, D. J, Ph.D. Thesis, California Institute of Technology, 1970. (¢)
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We report surface-enhanced Raman scattering (SERS) for
pentaamminepyridineosmium(IIT) and -(II) adsorbed on a silver
electrode. This appears to be the first employment of SERS for
following electron transfer with a simple adsorbed redox couple.
We have been examining SERS of structurally simple adsorbates
under electrochemically characterized conditions.!® One objective
is to relate SERS measurements to electrochemical phenomena;
despite the recent proliferation of SERS studies,* few investigations
of this type have been reported. Pentaammineosmium compounds®
are particularly suitable for the present work since they are
substitutionally inert in both III and II oxidation states and have
formal potentials compatible with the potential range (ca. 0 to
—1.0 V vs. the saturated calomel electrode, SCE) available at silver
electrodes. Adsorbed redox couples having nitrogen heterocycle
bridging groups constitute direct heterogeneous analogues of the
much studied intramolecular redox systems in homogeneous so-
lution.

Conventional conditions for the optimal appearance of SERS
were employed,®* involving roughening the silver electrode by
means of oxidation-reduction cycles using 0.1 M NaCl or NaBr
supporting electrolytes, also containing 0.1-1.0 mM [Os-
(NH3)spy]Cly+H,0° (py = pyridine) and 0.1 M HCL® Raman
excitation employed either 647- or 514-nm laser irradiation. All
potentials quoted are vs. the SCE; other experimental details are
given elsewhere.’’

(1) Weaver, M. J.; Barz, F.; Gordon, J. G., II; Philpott, M. R.. Surf. Sci.
1983, 125, 409.
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(3) Farquharson, S.; Guyer, K. L.; Lay, P. A.; Magnuson, R. H,; Taube,
H.; Weaver, M. J., to be sumitted for publication.

(4) For reviews, see: (a) Van Duyne, R. P. In “Chemical and Biochemical
Applications of Lasers™; Moore, C. B., Ed.; Academic Press: New York, 1979;
Vol. 4, Chapter 5. (b) Furtak, T. E; Reyes, J. Surf. Sci. 1980, 93, 382. (c)
Burke, R. L.; Lombardi, J. R.; Sanchez, L. A. Adv. Chem. Ser., in press.

(5) Lay, P. A.; Magnuson, R. H.; Sen, J.; Taube, H. J. Am. Chem. Soc.
1982, 104, 7658. Sen, J.; Taube, H. Acta Chem. Scand. Ser. A 1979 A33,
125.

(6) The acid is necessary for suppression of base-catalyzed disproportion-
ation of Os(NHj3)spy** (Lay, P. A.,; Magnuson, R. H.; Taube, H., to be
submitted for publication. Cf.: Rudd, D. P.; Taube, H. Inorg. Chem. 1971,
10, 1543).
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Figure 1. Potential-dependent SERS of Os(NH,)spy III/II at roughened
silver; 514.5-nm excitation, 100-mW incident power, scan speed 1 cm™!
s71, time constant 1 s, resolution 4 cm™. Solution contained 0.1 mM
Os(NH,)spy** in 0.1 M NaBr and 0.1 M HCI (291-cm™ peak seen more
clearly in X5 top spectrum in C).

SERS spectra were recorded over the frequency range 140-3500
cm™ in 100-mV potential increments from ~150 to -850 mV. A
summary of some representative vibrational bands is given in Table
I; typical spectra as a function of potential are shown in Figure
1.5 Assignments are based on comparisons with spectra for
structurally similar pyridine and ammine complexes® and from
selective deuteration of the pyridine or ammonia ligands.? Aside
from the appearance of the halide surface modes at 235 and 180
cm™ for chloride and bromide electrolytes, respectively, the spectral
frequencies were essentially identical in both media. (This supports
the assignment of the 291- and 267-cm™ vibrations to osmium-—
pyridine stretching rather than to surface-ligand modes.) At
potentials positive of -500 mV, the SERS vibrational frequencies
for adsorbed Os'(NH,);py are closely similar to those seen for
the bulk Raman and infrared spectra (Table I). However, notable
spectral changes occurred as the potential was made more negative.
In particular, the intensities of the Os—py stretching (291 cm™),
Os-NH, stretching (494 cm™), and symmetric ring breathing
(1020 cm™) modes decreased sharply between —~500 and ~700 mV,
being replaced by corresponding peaks having frequencies 20-30
cm™ lower. These changes could be entirely reversed by returning
the potential to less negative values. In contrast, adsorbed pyridine
shows little change (2 cm™) in SERS vibrational frequencies
and only mild intensity changes over this potential region!® (Table
I).

These spectral changes are consistent with a one-electron re-
duction of the adsorbed Os(IIT) complex to the corresponding
Os(IT) species. Metal-ligand stretching modes commonly exhibit
such a dependence upon oxidation state.” Of the various pyridine
vibrations, the symmetric ring breathing mode is known to be
sensitive to the coordinating environment, exhibiting decreasing
frequencies as the electron density on the pyridine ring increases.!!
This latter effect is expected to be especially important for
Os!!(NH;)spy on account of the high degree of =-bonding.>!?

(8) Essentially identical vibrationa] frequencies were obtained with sup-
porting electrolytes containing 0.1 M chloride or bromide. However, the latter
electrolyte was preferred for most measurements as it yielded markedly more
intense SERS spectra at the more negative potentials (~-600 mV) of par-
ticular interest here.?

(9) For example, see: (a) Nakamoto, K. “Infrared and Raman Spectra
of Inorganic and Coordination Compounds”, 3rd ed.; Wiley: New York, 1978;
pp 197-204. (b) Clark, R. J. H,; Williams, C. S. Inorg. Chem. 1965, 4, 350.
(c) Akyuz, S.; Dempster, A. B.; Morehouse, R. L.; Suzuki, S. J. Mol. Struct.
1973, 17, 105. (d) Flint, C. D.; Matthews, A. P. Inorg. Chem. 1975, 14, 1008.

(10) Jeanmaire, D. L.; Van Duyne, R. P. J. Electroanal. Chem. 1977, 81,
1.

11) Hendra, P. J.; Horder, J. R.; Loader, E. J. J. Chem. Soc. A 1971,
1766.
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