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side reactions from the cation radical A (such as dimeri-
zation and nucleophilic attack on an aromatic ring) even
when deprotonation of A is slow due to the weak EWG’s
or electron-donating substituents on the benzene ring.

Since fluoride ions are much weaker nucleophiles com-
pared to methoxide, it is reasonable that the methoxylation
predominated in methanol. In support of this, more
strongly nucleophilic ethanol gave higher yields (Table II,
runs 4 and 13) compared to the results with methanol;
reduction of the amount of methanol to 10:1 equivalents
with a sulfide resulted in the formation of the fluorinated
sulfide in addition to the methoxylated one (formation
ratio, 33:67; Table II, run 3). Contrary to our cases, Shono
and Matsumura et al. reported that bromosulfonium ions
derived from sulfides and anodically generated positive
bromonium ions can be used as so-called mediators for
indirect anodic oxidation of alcohols.!® However, they
have never observed the formation of alkoxylated sulfides.
In fact, our experiments, chloride and bromide ions other

(19) Shono, T.; Matsumura, Y.; Hayashi, J.; Mizoguchi, M. Tetrahe-
dron Lett. 1980, 21, 1867.

than fluoride ions did not promote the methoxylation at
all (Table I, runs 5 and 6).

Thus, it was illustrated for the first time that fluoride
ions remarkably promoted anodic substitution of the
sulfides. This method has a wide applicability to various
sulfides. Utilization of this novel electrochemical method
for other synthetic applications is under investigation.
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Summary: The synthesis of the title compounds from
readily available oxazolines has been accomplished in one
step in high yield. These chiral reagents exhibit extraor-
dinary "Se chemical shift sensitivity and are useful for the
detection and quantitation of chirality at remotely dis-
posed chiral centers.

There has been considerable interest in the development
of new methods and reagents for the determination of
enantiomeric excesses? and, to a larger extent, the as-
signment of absolute configuration.® We have recently
disclosed the application of the extreme chemical shift
sensitivity of the 7"Se nucleus for the detection and
quantitation of chirality at chiral centers distant from the
observing nucleus.* To explore the scope and limitation
of this novel method, a more efficient general synthetic
route to a variety of chiral oxazolidine-2-selones is neces-
sary.® In this report, we describe significant improvements
in the synthesis of multigram quantities of selones (sele-
nocarbonyl compounds) and demonstrate the remarkable
chemical shift sensitivity of these chiral auxiliaries vis a
vis the diastereomers which result from the coupling of
these reagents to (R,S)-2-phenylpropanoyl chloride.

In recent reports, chiral and achiral selones can be
constructed via the reaction of commercially available
amino alcohols with carbon diselenide and mercury salts
in a one-pot process.® While the reported yields were
modest to fair (31-53% ), the major drawback was the use
of carbon diselenide, an expensive and hazardous reagent.”
We envisioned that “selenonylation” of chiral amino al-

*Los Alamos National Laboratory.
t University of South Carolina.
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cohols could be accomplished via the reasily accessible
intermediate oxazolines shown in Scheme 1.8

The chiral oxazolines can be constructed in excellent
yield and in enantiomerically pure form by the method of

(1) Adjunct Professor, Department of Chemistry and Biochemistry,
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NMR for the determination of enantiomeric purity of alcohols see:
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For 'H NMR see: Williams, R. M.; Sinclair, P. J.; Ahai, D.; Chen, D. J.
Am. Chem. Soc. 1988, 110, 1547. (d) Takeuchi, Y.; Itah, N.; Note, H.;
Koizumi, T. J. Am. Chem. Soc. 1991, 113, 6318.
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Table 1. Yields and "Se NMR Spectroscopy of Oxazolidine-2-selones
compd yield® (%) J 18C-T"Se
(2a-g) R* R’ method? of 2a-g 8 MSee/ (Hz); mp (°C)
a Me (R) Ph B 91 137 249; 119120
a’ Me Ph (R) B 98 137 240
Me Ph (R) C 71
b CMeg H A 90 119 237; 154-155
c CHMe, H A 92 118 233; 68-71
CHMe, H C 35-859
d CH,Ph H A 98 139 237; 94-96
CH,Ph H C 36, 37
f Ph Ph (R) B 83 156 229; 155-158
g Ph (R) H B 85 140 237; 134-137
Ph (R) H A 29

4 Unless otherwise noted the absolute configurations are S. ®All reactions were performed using 1-3 g of oxazoline. The reactions were
performed using 1.15 equiv of base (generated using 1.2 equiv of methyllithium) and 1.2 equiv of Se®. Method A: LDA. Method B:
LHMDS. Method C: n-butyllithium. °Isolated yields from silica gel column chromatography (using a step gradient of methylene chloride
to 2% diethyl ether/methylene chloride). ¢This reaction was repeated 10X giving the stated yield range. ®Reference against 60% solution
of dimethylselenide in CDCl;.!® /The selone 7Se chemical shifts are concentration, solvent, and temperature dependent.

Meyers et al.° Metalation of the oxazolines can be ac-
complished using n-butyllithium, but consistently better
yields are obtained with the use of lithium diisopropyl-
amine (LDA) or lithium bis(trimethylsilyl)amide
(LHMDS). After examining a variety of reagents and
conditions for deprotonation (Table I), we found that when
there was an aromatic substituent on or near the oxazoline
ring, the use of LHMDS frequently brought about a re-
markable increase in the yield of the product. For exam-
ple, treatment of 1g with LHMDS gave rise to a pale
yellow solution and an isolated yield of 85% of selenated
product. In contrast, treatment with LDA resulted in the
formation of a deep emerald solution. Addition of sele-
nium, followed by acidification with citric acid and reaction
workup, afforded only 29% isolated yield of the product.
In general, the use of n-butyllithium gave inconsistent
results; the optimized yields for this series of oxazoli-
dine-2-selones ranged from 83-98%.° Evidence for the

(9) For the construction of the valinol-derived oxazoline: Meyers, A.
L; Collington, E. W. J. Am. Chem. Soc. 1970, 92, 6676. All other oxa-
zolines were constructed by the method of: Meyers, A. L; Leonard, W.
R.; Romine, J. L. J. Org. Chem. 1991, 56, 1961.

(10) All new compounds reported herein have been fully characterized
by mp, spectral means (*H, 13C, and "Se NMR, UV, optical rotations, and
high-resolution mass spec) and elemental analyses. A typical procedure:
In a 500-mL three-neck, round-bottom flask fitted with a septum,
ground-glass stopper, and gas (N,) inlet was placed 15.01 mL (71.32
mmol) of HMDS in 250 mL of THF. The solution was chilled to 0 °C,
and 53 mL of methyllithium in Et,0 (74.4 mmol) was added. After gas
evolution ceased, the reaction mixture was chilled to -78 °C, and 10.00
g of (4R,5S)-4-methyl-5-phenyl-2-oxazoline (62 mmol) was added neat.
The resulting pale yellow solution was stirred for 30 min, and then 5.6
g of solid Se? (70.92 mmol, 100 mesh) was added. The mixture was then
allowed to warm to ambient temperature and stirring was continued for
1 h. The reaction was quenched with degassed citric acid (sat) until the
pH of the aqueous layer remained acidic (pH~4-5). The reaction was
filtered through a pad of Celite, and the organic layer was isolated and
dried over Na,SO,. Filtration, followed by removal of the volatiles in
vacuo, afforded the crude material. The residue was then taken up in
CH,Cl, and filtered though a pad of SiO,. The pad was then washed with
2-5% ﬁt,,o (distilled from benzophenone ketyl)/CH,Cl; until the pad was
free of selone (by TLC analysis). The solvents were removed in vacuo.
The material was then purified by flash silica gel chromatography (C-
chl_%) to give 13.56 g of 2a (91%): mp 119-120 °C; [a]p = +166 (¢ = 1
X107, CHCly); Ay (CHCly) 278 nm (¢ = 19 254); IR (CDCl;) 3400, 3100,
2900, 1630, 1450, 1330, 1260, 1130 cm™; 'H (CDCl,) 4 0.87 (d, J = 6.7 Hz,
3 H), 441 (m, 1 H), 5,96 (d, J = 9.1 Hz, 1 H), 7.23-7.41 (m, 5 H), ’C §
16.4, 57.0, 88.2, 126.3, 128.7, 129.0, 133.2, 187.56; 7Se & = 137; mass
spectrum m/e caled C;oH,;;NO™Se 237.0033; found 237.0025. Anal. Caled
for C,oH,;NOSe: C, 50.01; H, 4.62; N, 5.83. Found: C, 49.78; H, 4.76;
N, 5.96. We have found that long-term storage (6 months) of selones is
best accomplished using CHCl, solutions at 20 °C in the absence of light.
A small quantity of a red precipitate (red selenium) formed during long
term storage of chloroform selone solutions in capped brown bottles (1-4
months) on the benchtop at ambient temperature. See ref 5 for a detailed
stability study for 2a.

Table II. 7Se Aé (ppm) of 2-Phenylpropanoyl Acylated
Selones

(o]
Se P hw/mc ! O Se
Hoy o P h\g)j\NJL
—_ (o]
)—_—( Triethylamine H

R R R R

2ag dag
compd Ad (CDClg)® Ab (CgDg)

3a 40.9 38.2
3b 43.3 45.6°
3c 32,0 29.3
3d 25.1 24.1
3e 38.6 41.3
3f 3.5 4.8
3¢ 35.0 27.0

4The ""Se NMR spectra were obtained on a Bruker 300 or AM-
200. Measurements were made at, or near, ambient probe tem-
perature in 5-mm NMR tubes. All spectra were acquired in the
proton-decoupled mode: generally, 0.15-0.30 M solutions were
used and 128-1024 scans were acquired using a pulse angle of 30°
and a recycle time of 2.2 5. A resolution of 0.1 ppm was obtained
using a 32K data table and a spectral width of 100 ppm. ®{?Hg}-
toluene.

presence of the selenium~-carbon double bond is firmly
established by comparison of the 13C-717Se coupling con-
stants (230-240 Hz) with those previously reported.!2

Selenium reagents have enjoyed widespread use in
synthetic organic chemistry for selective transformations
such as selenoxide eliminations,!* selenium dioxide oxi-
dations,!® and radical-initiated carbocyclizations that em-
ploy selenoesters.’® However, the selenium atom has only
recently been exploited as a novel spectroscopic reporter
group in the study of various inorganic, organic, and bio-
chemical systems.!” The sensitivity of the 7Se nucleus

(11) (a) Cullen, E. R.; Guziec, F. S., Jr.; Murphy, C. J.; Wong, T. C.;
Andersen, K. K. J. Am. Chem. Soc. 1981, 103, 7055. (b) Cullen, E. R.;
Guziec, F. 8., Jr.; Murphy, C. J.; Wong, T. C.; Andersen, K. K. J. Chem.
Soc., Perkin Trans. 1 1982, 473.

(12) We have observed a remarkably large coupling constant of 290 Hz
for an isoselenocyanate system; see ref 5.

(13) Luthra, N. P.; Dunlap, R. B,; Odom, J. D. J. Magn. Reson. 1983,
52, 318.

(14) Warpehoski, M. A.; Chabaud, B.; Sharpless, K. B. J. Org. Chem.
1982, 47, 2897.

(15) Reich, H. J. Acc. Chem. Res. 1979, 12, 22.

(16) Boger, D. L.; Mathvink, R. J. J. Am. Chem. Soc. 1990, 112, 4008,
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Table III. R and S Acid Chlorides Coupled to Selones 2a—g:

NMR Quantitation
(o]
Ph
O R U
H. N o Ph o
Triethylamine H
R R’ R R
2a 4a
adduct adduct
acid chloride  ratio by ratio by adduct
compd composition 'HNMR "Se NMR yield

3a 1:1 49.9:50.1 49.6:50.4 96
3b 11 49.8:50.2 49.8:50.2 97
3c 1:1 49.6:50.4 49.9:50.1 86
3d 11 50.0:50.0  49.9:50.1 98
3e 1:1 49.8:50.2 49.6:50.4 92
3f 11 49.9:50.1  49.9:50.1 98
3g 11 49.8:50.2 49.8:50.2 99
4a° 96.8:3.2° 97.0:3.0 97.4:2.6 98
da° 92.2:7.8 92.476 91585 98
4a° 55.5:44.5 54.1:45.9  55.9:44.1 99
4a° 50.0:500  50.4:49.6  50.3:49.7 98
4a°4 60.2:39.8 63.3:36.7  62.2:37.8 98

¢Ratios (by weight) were calculated using 93.6% ee for the acid
chloride. ®[a]p = -86.11 (¢ = 5.8 X 1078, 1,2-dichloroethane).2
“The racemate was used. ¢An excess of acid chloride was used.

(6.93 X 1072 with respect to 'H and 2.98 compared to *C),
its natural abundance (7.5%) and spin (I = 1/;) make it
an excellent candidate for a nuclear magnetic resonance
(NMR) reporter nucleus. Selenium has the special feature
of possessing a large chemical shift range (~3400 ppm),
and the selenium nucleus is extremely sensitive to its
electronic environment.!® For example, comparison of 7Se
and 3!P chemical shifts reveals that the sensitivity of the
selenium shielding to changes in electronic structure is
several times greater than that of phosphorus.’®* In an
effort to gain insight into the electronic and structural
features which affect the chemical shift sensitivity of these
systems, reagents 2a-g were coupled with (R,S)-2-
phenylpropanoyl chloride. The results presented in Table

(17) (a) McFarlane, H. C. E.; McFarlane, W. NMR of Newly Acces-
sible Nuclei; Laszlo, P., Ed.; Academic Press: New York, 1983; Vol. 2,
p 275. (b) Iwamura, J.; Nakanishi, W. Yuki Gosei Kayaku Kyokaishi
1981, 39, 795. (c) Stadtman, T. C. FASEB J. 1983, 1, 375. Odom, J. D.
Struct. Bonding (Berlin) 1983, 54, 1. (d) Luthra, N. P.; Dunlap, R. B.;
QOdom, J. D. Anal. Biochem. 1981, 117, 94. (e) Luthra, N. P.; Dunlap, R.
B.; Odom, J. D. J. Magn. Reson. 1982, 46, 152. (f) Luthra, N. P.; Costello,
R. B,; Dunlap, R. B.; Odom, J. D. J. Biol. Chem. 1982, 257, 1142. (g)
Mullen, G. P.; Dunlap, R. B.; Odom, J. D. J. Am. Chem. Soc. 1988, 107,
7187. (h) Mullen, G. P.; Dunlap, R. B.; Odom, J. D. Biochemistry 1986,
25, 5625. (i) Boccanfuso, A. M.; Griffin, D. W.; Dunlap, R. B.; Odom, J.
D. Bioorg. Chemistry 1989, 17, 231. (j) Gettins, P.; Dowd, D. Magn.
Reson. Chem. 1988, 26, 1. (k) Gettins, P.; Wardlaw, S. A. J. Biol. Chem.
1991, 266, 3422. (1) Gettins, P.; Crews, B. C. J. Biol. Chem. 1991, 266,
4804-4809. (m) Reich, H. J.; Jasperse, C. P. J. Am. Chem. Soc. 1987, 109,
5649. (n) Krief, A.; Dumont, W.; Clarembeau, M.; Berard, G.; Badaoui,
E. Tetrahedron 1989, 45, 2005. (o) Laitinen, R. S.; Pakkanen, T. A. Inorg.
Chem. 1987, 26, 2598. (p) Duddeck, H.; Wagner, P.; Gegner, S. Tetra-
hedron Lett. 1985, 26, 1205. (q) Poleschner, H.; Radeglia, R.; Meyer, H.
Org. Magn. Reson. 1984, 22, 480.

(18) (a) Rabenstein, D. L.; Tan, K.-S. J. Magn. Reson. 1988, 26, 1079.
(b) Dunlap, R. B.; Odom, J. Phosphorus Sulfur Relat. Elem. 1988, 38,
217. (c¢) Gombler, W. Naturforsch 1981, 36b, 1561. (d) Gombler, W.
Phosphorus Sulfur Relat. Elem. 1988, 38, 231. (e) Luthra, N. P.; Boc-
canfuso, A. M.,; Dunlap, R. B,; Odom, J. D. J. Magn. Reson. 1988, 354,
51. (f) Silks, L. A.; Dunlap, R. B.; Odom, J. D. 199th National Meeting,
of the American Chemical Society, Boston, April 26, 1990; Abstr. No. 283,
Organic Division.

(19) McFarlane, H. C. E.; McFarlane, W. In NMR and the Periodic
Ta4!(’)l2e; }-izarris, R. K., Mann, B. E, Eds.; Academic Press: New York, 1978;
p 402-12.
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IT suggest that the greatest chemical shift sensitivity is
observed with 3b, which exhibited a remarkably large 45.6
ppm ([*H;]toluene) chemical shift difference for the dia-
stereomers. Interestingly, the smallest Aé occurred for 3f,
which possessed a A8 of 3.5 ppm. This Aé could be in-
creased 37% (4.8 ppm) by using [?H;]benzene as the NMR
solvent. Similar solvent dependency on Aé has previously
been observed.?

In order for chiral oxazolidine-2-selones to be useful
reagents for determining enantiomeric purities of chiral
carboxylic acids, the acylation of the selone must proceed
without disturbing the integrity of the chiral center in the
acid. 2-Phenylbutanoyl and 2-phenylpropanoyl chlorides
are ideal candidates for the investigation of retention of
chiral integrity for the following reasons: (1) The chiral
center is adjacent to the carbonyl coupling center, thereby
maximizing its influence on the coupling reaction. (2) The
groups attached to the asymmetric carbon are bulky. (3)
The side-chain chiral center is easily epimerized. Fur-
thermore, triethylamine, a base known in solution-phase
peptide synthesis to promote racemization, was employed.
The data obtained from the coupling of mixtures of (R)-
and (S)-2-phenylbutanoy! chloride of known enantiomeric
composition and racemic 2-phenylpropanoyl chloride to
2a-g are shown in Table II1.2! The diastereomeric ratios
were determined from the integration of the 'H and ""Se
NMR resonances.?? However, erroneous results can be
obtained (entry 12, Table ITI) when using an excess of acid
chloride, thus suggesting that one enantiomer is reacting
at a faster rate. Taken collectively, these data suggest that
the coupling reaction proceeds easily without detectable
racemization or epimerization and that the integrated "Se
NMR resonances accurately represent the enantiomeric
purities of the acids.

An examination of the scope and limitation of the use
of selones® for the quantitation and absolute configura-
tional assignment of remotely disposed chiral centers as
well as their potential use in stereoselective syntheses is
in progress in our laboratories.
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Summary: Electrochemical oxidation potentials of a
number of N-alkylpyridinyl radicals (measured using
photomodulation voltammetry) were combined in a ther-
mochemical cycle with hydride transfer equilibrium data
to provide an estimate of the relative C~H bond dissoci-
ation enthalpies of the NADH model compounds.

Recently, Bordwell and his co-workers? have shown that
reliable relative bond dissociation energies (BDE) can be
obtained by combining relative pK, and redox data in a
thermochemical cycle (eqs 1-3). This acidity oxidation

R-+RH—RH+R- AG°®° =2303RTApK, (1)
R*+R-—R +R" AG® = 23.06AE°  (2)
R*"+RH—RH+R"* AG°~ ABDE 3

potential approach (AAQP) has provided bond energy
estimates for a number of R-H bonds that are not amen-
able to direct measurement. The efficacy of this approach
is based essentially on two assumptions. It is assumed that
the differences in the irreversible potentials are the same
as the differences in the standard potentials, E° (the vast
majority of oxidation potentials of the anions are irre-
versible electron processes). This assumption will be
justified provided that the electrode mechanisms for the
reactions being compared are the same and the rates of
the homogenous follow-up reactions do not vary by more
than a factor of ten.® It also is assumed that the entropy
contributions cancel since the pK, and E° values are free
energies while the BDE'’s are enthalpies. This assumption
has been shown to be justified for most simple hydro-
carbons.*

The utility of the Bordwell method can be attributed
to the large number of pK, values for weak carbon acids
that are available in the literature.® However, this ap-
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proach is not restricted to proton-transfer equilibria. In
this work, we have used hydride-transfer equilibrium data
that are available for a number of NADH model com-
pounds (1H-3H, eq 4)%7 along with the reduction poten-

R*+RH—RH+R* AG° = 2303RTApKy- (4)
R*+R*—-R*+R" AG°® = 23.06AE°  (5)
R*+R'RH—RH+ R* AG° =~ ABDE

tials of the corresponding pyridinium salts (1*-3*) in
acetonitrile (eq 5) in order to determine the relative C-H
BDE'’s for these species. To our knowledge, this is the first
time that this approach has been used. Furthermore, we
have addressed the issue of the use of irreversible electrode
potentials in the thermochemical cycles. Thus, we have
determined the reduction potentials of the pyridinium salts
(by cyclic volammetry) and, under the same conditions
(i.e., solvent, electrolyte, electrode material) determined
the oxidation potential of the corresponding pyridinyl
radical (by photomodulation voltammetry®). Under these
conditions, E° must be bracketed by the two measure-
ments.? Both of the electrochemical techniques have been
described in detail elsewhere.310
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