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open 2-halo cations may be possible for chlorine and fluorine. 

Conclusions 

The two lowest minima of the five structures examined in this 
study are nearly degenerate, with the bromonium ion coming out 
lower in energy at all levels of theory. Given the insensitivity of 
this relative energy to basis set and correlation, we expect that 
these results, which are in excellent agreement with experiment, 
will not change substantially upon improving the theoretical 
treatment. The prediction that there is no bound 2-bromoethyl 
cation is confirmed conclusively. The rotation about the C-C bond 
in the 1-bromoethyl cation is nearly free. Since the 1-bromo form 
is 25 kcal/mol lower in energy than the 2-bromo isomer, pro-
tonation of bromoethene will occur only in a Markovnikov fashion. 
The interconversion of the two minima occurs through a tran-

Introduction 
Selenazofurin (Figure la, 2-|8-D-ribofuranosylselenazole-4-

carboxamide, NSC 340847) is a C-glycosyl selenazole nucleoside 
demonstrating a wide variety of antitumor1 and antiviral2 activities. 
The crystal structures of both selenazofurin (Figure lb) and its 
a anomer show an unusual conformational feature.3 In each 
structure, the distance between the selenium atom and the furanose 
oxygen 0 1 ' is significantly less than the sum of the Se and O van 
der Waals radii. Similar close intramolecular selenium-oxygen 
contacts have been noted in crystal structures of two selenophene 
derivatives,45 and a number of close intermolecular selenium-
nucleophile contacts have also been catalogued.6 

Selenazofurin is the selenium analogue of the antitumor agent 
tiazofurin. In tiazofurin, the selenium atom of selenazofurin is 
replaced by a sulfur, forming a C-glycosyl thiazole nucleoside. 
Crystal structures of tiazofurin and seven analogues also show 
close heteroatom-oxygen contacts.7"9 Preliminary computational 
studies in the thiazole nucleosides suggest that these close S-O 
contacts result from an electrostatic interaction between a posi
tively charged sulfur and negatively charged furanose oxygen.10 
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sition-state structure in which a H atom is bridging, with a barrier 
of 25 kcal/mol. The best description of the bridged ion is as a 
strong T-complex. It must be reiterated that alkyl substitution 
can have a great effect on the energetics,27'28 so the results from 
this study must be applied to other bromonium systems with great 
care. The ab initio study of halonium ions in larger alkenes would 
be highly desirable because of the possible role of these structures 
in the charge conduction mechanism of doped polyacetylene.29 
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However, the electronic structure of the selenazole heterocycle 
has not been widely studied. Crystallographic data on true sel-
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Abstract: Studies presented here examine the hypothesis that the close Se-Ol' contact observed in the chemotherapeutic agent 
selenazofurin is electrostatic in origin. The crystal structure and 77Se spectrum of selenazofurin are compared with those of 
the 5-amino derivative. The 77Se spectrum of selenazofurin shows a doublet of doublets at 774.2 (5) ppm downfield of dimethyl 
selenide. A two-bond J coupling of 44.3 Hz is observed between Se and the selenazole heterocycle proton H5. A three-bond 
J coupling of 3.2 Hz is observed between Se and the furanose proton Hl'. These observations are consistent with a positively 
charged selenium in a partially delocalized selenazole ring, in agreement with earlier X-ray studies. The 77Se signal for the 
5-amino derivative appears as a doublet at 687.5 (5) ppm relative to dimethyl selenide and 87 ppm upfield from that observed 
for the parent compound. A two-bond J coupling between Se and H1' of 4.2 Hz is observed in the 5-amino derivative. The 
crystal structure of 5-aminoselenazofurin shows an unusually high glycosidic torsion angle with an increase in the Se-Ol' 
distance relative to that found in the parent compound. These findings are consistent with a decrease in positive charge on 
the selenium in the 5-amino derivative, resulting in a decrease in the attractive component of the Se-Ol' interaction and a 
shift in conformation about the C-glycosidic bond. 
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Figure 1. Top. (a) The chemotherapeutic agent selenazofurin. Rotation about the C-glycosyl (CT-C2) bond is potentially constrained by an electrostatic 
Se-Ol' interaction, (b) The crystal structure of selenazofurin3 shows a close contact between Se and 0 1 ' . Shaded atoms and bonds define the C-glycosyl 
torsion angle. Bottom, (c) 5-Aminoselenazofurin. Alteration of the charge on the selenium by the 5-amino substituent may reduce the Se-Ol ' attraction 
and promote rotation about the C-glycosidic bond Cl ' -C2. (d) The crystal structure of 5-aminoselenazofurin shows a higher glycosidic torsion angle 
x(Se-C2-Cl ' -01 ' ) with an increased Se-Ol ' distance. 

enazole (vs selenazolidine) rings has been primarily limited to that 
obtained from the selenazole nucleosides." 

Studies presented here examine the hypothesis that Se-Ol ' 
contacts observed in the selenazole nucleosides are also electrostatic 
in origin. This interaction potentially constrains rotation about 
the C-glycosyl (C2-CT) bond in the selenazole nucleosides (Figure 
la). It thus has important implications in drug binding and 
activity312 as well as providing information about the electronic 
structure of the selenazole ring itself. This study compares 
structural and spectroscopic properties of selenazofurin with those 
of the derivative 5-aminoselenazofurin (Figure Ic).13 This de
rivative is of interest, as the 5-amino substituent is expected to 
serve as an electron donor to the selenazole ring, altering the charge 
on the selenium heteroatom. The crystal structure of the 5-amino 
derivative of selenazofurin has been determined, and heteronuclear 
NMR studies of both selenazofurin and the 5-amino derivative 
have been carried out. 

Experimental Section 

X-ray Diffraction. Crystal data for SeC9H13NjO5-H2O: orthorhom-
bic, /»2,2,2,, a = 15.082 (1) A, b = 15.944 (1) A, c = 5.185 (1) A, Z 
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= 4, M, = 340.19, V= 1246.8 A3, and D(calc) = 1.812 gm/cm3. Dif-
fractometer data were collected at -115 0 C on a crystal of approximate 
dimensions 0.2 X 0.1 X 0.05 mm3 by using monochromated Cu Ka 
radiation. Lattice constants were obtained by least-squares refinement 
of the angular settings of 25 reflections in the range 78.5° < 29 < 79.8°. 
The 1110 unique reflections were obtained via w-20 scan (20 < 120°) of 
which 1085 had F0 > Ia(F^ and were used in the subsequent refinement. 
Monitoring of standard reflections showed no decay. LP and empirical 
absorption corrections were applied. Direct methods were employed, and 
all non-hydrogen atoms were located from E maps and refined aniso-
tropically. All hydrogens were located from AF maps and refined iso-
tropically. Values of thermal parameters of hydrogens H2' and H4' were 
consistently nonpositive definite. These were fixed at the B value of the 
equivalent isotropic temperature factor of the attached carbon, plus 0.5. 
Full-matrix least-squares refinement minimized the function 'E.w(AF)1. 
Weights were w = l/<r'2 where a11 = [a* + 0.5/<f|Fo|

2 + 0.5fl[(sin B)/ 
X]2]'/2 where a = a(F0

2)/2\Fa\, and A and B were obtained by mini
mization of the function |AF|2 - a'1. Refinements converged to R = 
2.02%, Rw = 2.67% with discrepancy factor S = 1.35 for 231 variables. 
Atomic scattering factors and anomalous dispersion corrections for Se 
were obtained from ref 14. Non-hydrogen atoms in Figure Id are drawn 
at the 75% probability level. 

77Se NMR. Selenium-77 NMR spectra were obtained on an IBM 
WP-270SY spectrometer at 22 0 C in a 10 mm 'H/77Se (51.55 mHz) 
dual tuned probe with deuterium field lock circuit. Spectra are refer
enced to the 17Se signal of dimethyl selenide15 contained in a 5-mm insert 
tube. Approximately 175 mM selenazofurin and 20 mM 5-amino
selenazofurin solutions in D2O were used to record the spectra in Figure 
2 (parts c and d) by averaging 1000 and 8000 scans, respectively. A 
recycle time of 1.6 s and 70° flip angle were used. Lorentzian line 
broadening of 0.3 Hz was applied in post-processing. Selective proton 
decoupling in CW mode was used to identify the protons causing the 
observed J splittings. 
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Figure 2. Top. Views down the C-glycosidic bonds in seienazofurin (a) and 5-aminoselenazofurin (b). An increase in the C-glycosyl torsion angle 
X in S-aminoselenazofurin is reflected by an increase in the Se -C2-Cl ' -Hl ' torsion angle. Bottom. The 270 MHz undecoupled 77Se spectra of 
seienazofurin (c) and 5-aminoselenazofurin (d). The upfield shift in the 5-aminoselenazofurin spectrum is consistent with a decrease in positive charge 
on the selenium. The increase in three-bond J coupling between Se and H l ' is consistent with an increase in the Se-C2-Cl ' -Hl ' torsion angle (hence 
an increase in x) in solution. 

Results and Discussion 
The crystal structure of 5-aminoselenazofurin is shown in Figure 

Id. The feature of particular interest is the C-glycosyl torsion 
angle, x(Se-C2-Cl ' -01 ' ) , which is 65.1 (4)°. This is over 34° 
higher than the value of x for seienazofurin (30.5 (5)°),3 as 
illustrated in views down the C-glycosyl bonds in the two com
pounds (Figure 2a,b). The value of x found in 5-amino
selenazofurin is significantly higher than that observed in any 
thiazole7"9 or selenazole3 nucleoside. The resultant Se-Ol' contact 
is 3.314 (4) A, marginally less than the sum of the Se and O van 
der Waals radii (3.4 A) and significantly greater than the 3.012 
(3) A contact observed in seienazofurin.3 

Replacement of H5 in seienazofurin with the electron-donating 
5-amino group in 5-aminoselenazofurin may be expected to in
crease the electron density on Se. This would decrease the net 
positive charge on the heteroatom, with a resultant decrease in 
the electrostatic component of the Se-Ol' interaction (Figure Ic). 
Thus, the difference in C-glycosyl bond conformation between 
seienazofurin and its 5-amino derivative is consistent with the 
proposal that the close S e - 0 1 ' contact in the parent compound 
is electrostatic in origin. Evidence that the Se atom in the 5-amino 

derivative is in fact more electron dense (less positively charged) 
than the parent compound is provided by comparison of the 77Se 
spectra of the two molecules (Figure 2c,d). 

The 77Se NMR signal from seienazofurin appears at +774.2 
(5) ppm downfield of dimethyl selenide. This chemical shift is 
deshielded relative to that reported for selenophene (605 ppm16), 
itself a partially conjugated system with a positively charged 
heteroatom.17,18 In the absence of 1H decoupling, the 77Se res
onance displays coupling to two protons (Figure 2c), which se
lective decoupling experiments show to be H5 and Hl ' . The 
two-bond coupling to H5 in seienazofurin is 44.3 (2) Hz, similar 
to the 48 Hz two-bond proton-selenium coupling observed in 
selenophene.18 These observations are consistent with X-ray 
findings, which indicate contributions from a C5=Se+—C2 
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resonance form.3 They suggest participation of Se in delocalized 
bonding, with a subsequent decrease in net charge density on the 
heterocyclic atom.""24 

The 77Se signal from 5-aminoselenazofurin appears at +687.5 
(5) ppm relative to dimethyl selenide. This represents an 87-ppm 
shift upfield from the signal observed from selenazofurin, indi
cating significantly greater electron shielding for the 5-amino 
selenium.16 77Se shifts have been correlated with changes in 
calculated selenium charges in several series of selenophene de
rivatives.21"23 If these estimates are applied here, the observed 
77Se shift in 5-NH2 selenazofurin corresponds to a decrease in 
selenium positive charge of between 0.02 and 0.1 electrons.22"24 

These values are approximate, given the lack of calibration for 
the selenazole system, the low level of theory employed and the 
ambiguity in the definition of net atomic charge.25 However, 
the spectroscopic data do provide direct evidence of a qualitative 
increase in electron density on the selenium atom in the 5-amino 
derivative. This is consistent with the X-ray findings. The C2-Se 
bond length in the 5-NH2 derivative (1.904 (4) A) is significantly 
longer than that observed in selenazofurin (1.878 (5) A) or its 
a-anomer (1.869 (3) A),3 suggesting less participation of Se in 
delocalized bonding. 

An additional feature of interest in the 77Se spectra of the two 
compounds is the value of the three-bond coupling constant be
tween Se and Hl ' , V(77Se1Hl') (Figure 2c,d). The value of 
V(77Se, H1') is likely related to the Se-C2-C 1'-Hl' dihedral angle 
via a Karplus-type expression.I6J6'27 This dihedral angle in turn 
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defines the conformation about the C-glycosyl bond (Figure 2a,b). 
V(77Se1Hl') for 5-aminoselenazofurin is 4.2 (2) Hz, 31% greater 
than the 3.2 (2) Hz splitting observed in selenazofurin (Figure 
2c,d). In the absence of calibrated Karplus constants, these 
couplings cannot provide a direct measure of x- However, the 
relative values of V are consistent with the conformations observed 
in the crystal structures. In these structures, the Se-C2-Cl ' -Hl ' 
torsion angle increases from 150° in selenazofurin to 185° in the 
5-amino derivative (Figure 2a,b). This increase would be expected 
to produce a larger value of V(77Se1HI').16'26,27 Observation of 
a larger value of V in 5-aminoselenazofurin is thus consistent with 
a population of conformers having higher glycosidic torsion angles 
in solution. 

In summary, results suggest that close Se-Ol ' contacts in the 
selenazole nucleosides are a function of the charge on the selenium. 
When compared with the parent compound, the crystal structure 
of 5-aminoselenazofurin shows an increase in Se-Ol' distance with 
a corresponding increase in glycosidic torsion angle. 77Se proton 
coupling constants are consistent with this conformational change, 
and 77Se shifts indicate that this change is accompanied by a 
decrease in positive charge on the selenium. Computational studies 
are in progress. These will help quantify the relationship between 
C-glycosyl bond conformation and the electronic structure of the 
selenazole heterocycle. 
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