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a halide anion in the solid state

Michio Iwaoka, Hiroto Komatsu, Shuji Tomoda *

Department of Life Sciences, Graduate School of Arts and Sciences, The University of Tokyo, Komaba, Meguro-ku, Tokyo 153-8902, Japan
Received 28 February 2000; accepted 30 March 2000

Abstract

Solid-state molecular structures of 2-[(N-cyclohexyl-N-methylamino)methyl]benzeneselenenyl bromide (ArSeBr) and chloride
(ArSeCl), stabilized by hypervalent coordination with a halide anion (Br— or CI—, respectively), were determined by X-ray
diffraction method. By comparing bond parameters of the observed hypervalent Br-Se--Br fragment with those reported
previously for other organoselenium compounds, which have a similar T-shaped selenium fragment, it was revealed that there is
decent hyperbolic relationship between the two linear Se-Br atomic distances in the solid state, reflecting the possibility of a
pathway for the addition reaction of benzeneselenenyl bromide (PhSeBr) in solution. In addition, the existence of significant
bond-shortening (~ 0.1 A) due to intermolecular weak packing interactions was strongly suggested by comparison of the
extrapolated Se-Br covalent bond length (2.220 A) in the solid state with that reported for PhSeBr (2.325 A) in the gas phase.
AbD initio molecular orbital calculations at the RHF/6-31G(d,p) level using Ahlrichs pVDZ basis sets for Se and Br estimated the
perturbation energy in the solid state to be roughly 1.5 kcal mol ~! independent of the packing structure. © 2000 Elsevier Science
S.A. All rights reserved.
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1. Introduction

Determination of molecular structures in the solid
state is a valuable experimental strategy to understand
chemical properties of organic compounds as well as to
deduce structural transformation along the reaction
pathways [1]. Recently, Landrum and Hoffmann [2]
reported comprehensive search of the Cambridge Struc-
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tural Database (CSD) [3] for linear X—Q-X fragments,
where X is a halogen and Q is a chalcogen (Group 16)
or pnicogen (Group 15) element. They found two types
of structural correlations between the two Q-X atomic
distances, one of which (the hyperbolic correlation)
appears to represent the addition reaction pathway of
X to a Q-X bond. Similar structural correlations have
been discussed frequently in the literature [1,4].
Benzeneselenenyl halides (PhSeX, X = Br and Cl) are
useful electrophilic selenium reagents in organic synthe-
sis [5]. However, the structural information is limited
because they are usually highly reactive. Most of sele-
nenyl bromides, the molecular structures of which have
been determined in the gas phase or in the solid state,
were significantly stabilized by hypervalent coordina-
tion with an intra- or intermolecular nucleophile [6]. To
obtain the structure free from such coordination, the
molecular structure of benzeneselenenyl bromide (Ph-
SeBr) has been determined by electron diffraction
method: the reported Se-Br covalent bond length in the
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Fig. 2. orTEP plot for 2 at the 50% probability level.

isolated state was 2.325(2) A [7]. On the other hand,
rather rare structural data are available for selenenyl
chlorides [8]. Consequently, pathways for the elec-
trophilic addition reactions of PhSeBr and PhSeCl have
not been thoroughly understood due to the lack of
sufficient structural data.

In the course of our recent research on nonbonded
weak inter-element interactions involving a divalent
organic selenium [9], we obtained single crystals of
areneselenenyl bromide 1 and chloride 2, which are
significantly stabilized by hypervalent coordination
with the corresponding halide anions (Br— and Cl—,
respectively). In this paper, molecular structures of
these unique T-shaped selenium compounds have been
determined by X-ray analysis, and bond parameters of

the linear Br—Se'Br and CI-Se---Cl fragments observed
for 1 and 2, respectively, have been compared with
those reported previously in the literature [10—16]. Re-
markable hyperbolic relationship was found for the
Br-Se--Br fragment, whereas for the Cl-Se---Cl frag-
ment the structural data were too few to deduce such
relationship. It is proposed herein that the observed
hyperbolic relationship is useful for understanding
pathways for the addition reactions of PhSeX in solu-
tion as well as for estimating the perturbation energy in
the solid state arising from weak intermolecular
interactions.

2. Results and discussion
2.1. Synthesis of 1 and 2

Compounds 1 and 2 were synthesized according to
Scheme 1. Treatment of diselenide 3 (ArSeSeAr) [9a],
which has intramolecular tertiary amino groups, with
an excess amount of bromine in carbon tetrachloride
gave the crude product [17]. This was then recrystal-
lized from chloroform to obtain 1 in 63% yield as fine
red—brown crystals. Similarly, 2 was obtained in 28%
yield as fine yellow crystals by using sulfuryl chloride
(SO,Cl,) instead of bromine. The mechanisms of these
reactions are not yet clear, but it is plausible that the
corresponding selenenyl trihalides (ArSeX;) [18] might
intervene in the formation of 1 and 2. Molecular struc-
tures of these complexes were determined by X-ray
analysis and were confirmed by elemental analysis.

2.2. X-ray analysis of 1 and 2

Molecular structures of 1 and 2 determined by X-ray
analysis are shown in Figs. 1 and 2, respectively. It is
seen clearly that both compounds possess almost identi-
cal molecular structure with each other in the solid
state, except that two bromine atoms (Brl and Br2) of
1 are substituted with two chlorine atoms (Cl1 and CI2)
for 2.

The structure of each compound consists of three
segments. The largest segment is areneselenenyl bro-
mide (ArSeBr) or chloride (ArSeCl). This has a proto-
nated intramolecular tertiary amino group, carrying a
unit positive charge. The ammonium protons were
found by Fourier synthesis after the least-squares fitting
of the locations and anisotropic parameters for all
non-hydrogen atoms. The second segment is the coun-
ter anion (Br~ or Cl™) located at the backside of the
Se-Br or Se-Cl bond of the first segment. There is
significant close contact between the counter halide
anion and the divalent selenium atom (Sel:Br2=
2.769 for 1, Sel---Cl2=2.676 A for 2), forming a
T-shaped coordinate structure around the selenium.
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Detailed structural characteristics of the T-shaped sele-
nium are discussed in the subsequent sections. There is
another inter-segment interaction, i.e. an N-H---Br~ or
N-H--Cl~ hydrogen bond, between the ammonium
nitrogen of the first segment and the halide anion
(N8-Br2 = 3.279 for 1, N8--CI2 = 3.105 A for 2). The
third segment is a chloroform molecule, which has a
weak interaction with the halide anion through
C-H-Br~ or C-H--Cl~ hydrogen bond (C16--Br2 =
3.72 for 1, C16-+CI2 =3.577 A for 2). Selected intra-
and inter-segment bond parameters for 1 and 2 are
listed in Tables 1 and 2, respectively. It should be noted

Table 1
Selected bond parameters (atomic distances (A), angles (°), torsion
angles (°)) for 1 in the solid state

Sel-Brl 2.474(2)
Sel-Cl 1.944(9)
Sel-Br2 2.769(2)
N8--Br2 3.279(8)
C16-Br2 3.72(1)
H(NS)-Br2 2.34
H(C16)~Br2 2.84
Brl-Sel-Cl 91.5(3)
Brl-Sel-Br2 177.43(6)
Cl1-Sel-Br2 88.7(3)
Sel--Br2--N8 74.0(1)
Sel--Br2--C16 138.9(2)
N8§--Br2--C16 95.5(2)
N8-H-Br2 173
Cl6-H-Br2 154
Brl-Sel-C1-C2 83.6(7)
Brl-Sel-C1-C6 —95.0(7)
Br2--Sel-C1-C2 —99.0(7)
Br2--Sel-C1-C6 82.4(7)

Table 2 .
Selected bond parameters (atomic distances (A), angles (°), torsion
angles (°)) for 2 in the solid state

Sel-Cll 2.307(2)
Sel-Cl 1.919(5)
Sel-CI2 2.676(2)
N§--CI2 3.105(5)
Cl6-CI2 3.577(6)
H(NS)--CI2 2.12
H(C16)--CI2 2.63
Cl1-Sel-Cl 91.6(1)
Cl1-Sel-CI2 177.30(5)
Cl-Sel--CI2 86.9(1)
Sel--CI2--N8 78.07(8)
Sel-~CI2--C16 139.5(1)
N8§--CI2--C16 94.5(1)
N8§-H--CI2 174
Cl16-H--CI2 156
Cl1-Sel-C1-C2 79.6(4)
Cl1-Sel-C1-C6 ~99.6(4)
CI2--Sel-C1-C2 —102.6(4)
C12--Sel-C1-C6 78.2(4)

that these bond parameters could be significantly differ-
ent from those expected for similar compounds in the
gas phase (or in the solution) due to the presence of
intermolecular weak packing interactions in the solid
state.

2.3. Structural characteristics of the X—Se--X
fragments of 1 and 2

The Br-Se-Br fragment of 1 was approximately
linear (Br1-Sel-*Br2 177.43°) and perpendicular to the
Se-C bond (Brl-Sel-C1 91.5, Cl1-Sel---Br2 88.7°).
Thus, the selenium center formed an almost complete
T-shaped trivalent coordinate in the solid state. How-
ever, the two Se—Br atomic distances were significantly
different from each other (Se-Br =2.474 and 2.769 A,
Ag. 5, = 0.295 A). The bond length discrepancy may be
mainly due to the two hydrogen bonds to the bromide
anion (Br2), which should significantly reduce the nu-
cleophilicity of Br2. The dihedral angle between the
linear Br—Se--*Br fragment and the benzene plane was
83° on the average, allowing an efficient orbital overlap
between the weak Se-Br bonds and the aromatic w
orbitals.

Comparison of the above structural features with
those reported for PhSeBr in the gas phase [7] may be
useful for understanding the reaction pathway of Ph-
SeBr. The bond parameters of PhSeBr in the gas phase
are 2.325(2) A for the Se-Br covalent bond length,
1.899(6) A for the Se-C bond length, 99.8(1.2)° for the
Br—Se—C bond angle, and 68.4(2.4)° for the dihedral
angle between the Se-Br bond and the benzene plane
[7]. The significant bond elongation (0.149 A) for the
Sel-Brl bond of 1 compared to PhSeBr is reasonably
explained by the presence of strong coordination of the
bromide anion (Br2) to the selenium atom (Sel), sug-
gesting that the observed T-shaped structure can be a
good model for the transient structure on the reaction
pathway for PhSeBr + Br— — PhSeBr; . The approxi-
mately perpendicular dihedral angle between the
Br—Se--Br fragment and the benzene plane observed for
1 also supports the resemblance to the transient struc-
ture along the addition reaction pathway, which is
deducible from the gas-phase molecular structure of
PhSeBr.

A similar T-shaped structure involving a linear
Cl-Se-Cl fragment was observed for 2. The angles
around the trivalent selenium center were 177.30°
(Cl1-Sel---CI2), 91.6° (Cl1-Sel-Cl), and 86.9°
(C1-Sel--+Cl2), which are almost identical with those
observed for 1. However, distortion of the two Se-Cl
atomic distances for 2 (Se-Cl=2.307 and 2.676 A,
Age o1 =0.369 A) seemed to be more pronounced than
that observed for 1 (Ag, g, =0.295 A), suggesting that
the electrophilicity of PhSeBr is slightly higher than
that of PhSeCl. The dihedral angle between the linear
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Results of CSD and literature surveys for linear Br—Se'Br and Cl-Se---Cl fragments of T-shaped trivalent organic selenium compounds

Compound d, (A) d, (A) CSD refcode Reference
dy d>
Br—Se--Br
[(CH5)C5N,H,(SeBr,)-CH,—], 2.521 2.662 [10]
2.531 2.650

p-C¢H,(SeBr), 2.311 3.684 RAGROG [11]
[4-(BrSe)C4H,],SeBr, 2.337 3.184 RAGRUM [11]
(CsHsN)CH,CH,SeBr, 2.499 2.687 YERHUY [12]
(CoH,N)CH,CH,SeBr, 2.541 2.641 ZADNOH [12]
3-Br(CsH,N)CH,CH,SeBr, 2.463 2.767 ZADNEX [12]
4-(CN)(CsH,N)CH,CH,SeBr, 2.480 2.718 ZADNIB [12]
[CcHs(CH;);N]SeBr,CN 2.530 2.624 PEBPOB [13]
[(CH3)4N]SeBr,CN 2.575 2.575 [14]
[(BEDT-TTF),]SeBr,CN 2.564 2.586 YEMCUO001 [15]
(Se;C)SeBr, 2.508 2.619 CIFZUM [16]

1 2.474 2.769 This work

di  d>

Cl-Se---Cl

[(CH;),N]SeCL,CN 2.425 2.425 [14]

2 2.307 2.676 This work

Cl-Se---Cl fragment and the benzene plane was 79° on
the average, which is slightly smaller than that observed
for 1. These structural characteristics of the Cl-Se---Cl
fragment observed for 2 could not be compared with
the molecular structure of PhSeCl in the absence of
experimental data.

2.4. Database analysis of linear X—Se--X fragments

In order to elucidate more clearly the structural
characteristics of the linear X-Se-*X (X = Br and Cl)
fragments observed for 1 and 2, similar X-Se---X frag-
ments were surveyed in the literature. Since our interest
focused on the reaction pathways of PhSeBr and Ph-
SeCl in solution, we carried out database search under
restricted conditions, i.e. only for linear Br—Se'-Br and
Cl-Se-Cl fragments of T-shaped organic selenium
compounds. The results are summarized in Table 3.
Comprehensive search for the same fragments in CSD
without the restrictions has been reported recently by
Landrum and Hoffmann [2].

Nine linear Br—Se---Br fragments were hit in CSD [3]
and three more analogous fragments were found inde-
pendently by the literature survey under our criteria
noted above. Among these 12 fragments, four possessed
an aromatic substituent at the central Se atom like
compound 1, four possessed an alkyl substituent, and
three possessed a cyano substituent. The other one was
a miscellaneous case.

Structural correlation between the two Se—Br atomic
distances (d, and d,) of the 12 Br-Se--Br fragments
obtained (open circles) and that observed for 1 (filled
circles) is shown in Fig. 3. The plots are symmetrically
expanded to show excellent hyperbolic correlation be-
tween d; and d, [19]. It may be reasonable to assume

that this correlation should reflect the pathway for the
addition reaction between PhSeBr and Br~ in solution,
even although intermolecular packing forces do not
exist in the solution. Clustering of the structural data in
the range of 2.46 A< d, (and d,) <2.77 A is consistent
with the anticipation that the stable reaction adduct
should have symmetrical structure (d; = d,). It is worth
noting that only marginal substitution effect on the
magnitude of d; and d, was observed in the hyperbolic
relationship in spite of the substituent variation at the
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Fig. 3. Correlation plots between the two Se-Br atomic distances (d,
and d,) of a linear Br-Se—Br fragment involving a T-shaped organic
selenium. Open circles represent the structures of 12 Br-Se-Br frag-
ments found in the literature, and filled circles represent the structure
of 1. Dots represent the calculated structures along the optimal
pathway for PhSeBr+ Br— —PhSeBr; in vacuo at the RHF/6-
31G(d,p) level using Ahlrichs pVDZ basis sets for Se and Br. The
solid and dashed curves are depicted by using the parameters ob-
tained from the hyperbolic data fitting (see text for details).
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Fig. 4. Correlation plots between the two Se—Cl atomic distances (d,
and d,) of a linear Cl-Se—Cl fragment involving a T-shaped organic
selenium. An open circle represents the structure of a symmetrical
Cl-Se—Cl fragment found in the literature, and filled circles represent
the structure of 2. Dots represent the calculated structures along the
optimal pathway for PhSeCl + Cl~ — PhSeCl; in vacuo at the RHF/
6-31G(d,p) level using Ahlrichs pVDZ basis sets for Se. The dashed
curves is depicted by using the parameters obtained from the hyper-
bolic data fitting (see text for details).

selenium atom for a total of 13 Br—Se--Br fragments
including 1.

Fitting the data to the hyperbolic equation,
(d, — Dy))(d, — D,) = C, where D, represents the extrapo-
lated Se-Br covalent bond length for PhSeBr in the
solid state and C is a constant, yielded the values of
2.220 4+ 0.005 (A) and 0.127 + 0.006 (A% for D, and C,
respectively, with a high correlation coefficient (r*>=
0.984). The fitting curve is drawn with solid line in Fig.
3. The converged ultimate value of the Se-Br bond
length (D,) was found to be shorter by 0.103 A than the
experimental Se-Br bond length of PhSeBr in the gas
phase (D, =2.325 A) [7].

On the other hand, only one fragment was found in
the literature as for the Cl-Se:--Cl fragment. The frag-
ment possessed a cyano substituent at the Se atom, and
the structure was crystallographically C,, symmetric.
Fig. 4 shows the structural correlation between the two
Se—Cl atomic distances observed for the symmetrical
compound (an open circle) and 2 (filled circles). Since
the number of the structural data was too few at
present, hyperbolic structural correlation could not be
assumed for the Cl-Se--Cl fragment in the solid state.

2.5. Bond-shortening effect in the solid state

Comparison of the Se—Br covalent bond length in the
solid state (D, =2.220 A), which was extrapolated by
the data fitting, with the one in the gas phase (PhSeBr;
D, =2.325 A) [7], revealed the existence of significant
bond shortening (0.103 A) in the solid state. The origin
of this bond-shortening effect is most probably ascribed

to intermolecular packing forces in the solid state.
Therefore, the observed remarkable hyperbolic relation-
ship may imply that the net perturbation energies due
to solid-state weak packing interactions remain con-
stant within the series of the totally 13 Br—Se--Br
fragments including 1, although each fragment may
exhibit different packing pattern in the solid state.

In order to estimate the net perturbation energy in
the solid state, ab initio molecular orbital calculations
[20] of the nucleophilic addition reaction pathway (Ph-
SeBr + Br~ — PhSeBr; ) in vacuo were performed at
the RHF/6-31G(d,p) level using Ahlrichs pVDZ basis
sets [21] for Se and Br. The optimized structures with
one of the Se-Br atomic distances frozen at 2.7-3.8 A
with 0.1 A interval are shown in Fig. 3 with dots, and
the hyperbolic fitting curve [(d, — Dg)(d, — Dg) = C,
Dg, =2.31040.001 A, C=0.1434+0.002 A?] is drawn
with dashed line. The fitting result was excellent (r*> =
0.999). Furthermore, the extrapolated Se-Br covalent
bond length in vacuo (2.310 A) was in good agreement
with that of PhSeBr determined experimentally in the
gas phase (2.325 A) [7] as well as that calculated
directly for PhSeBr in vacuo (2.349 A) at the same
level, suggesting structural accuracy of the calculations.

It is seen clearly in Fig. 3 that the structure of the
Br-Se--Br fragment shrinks to a significant extent in
the solid state compared to the isolated state in vacuo.
This shrinking may not be due to calculation errors at
the RHF level not only because the experimentally
determined Se-Br bond length of PhSeBr was well
reproduced by the calculations as described above but
also because including electron correlation in the calcu-
lations tended to exaggerate the structural discrepancy
between in the solid state and in vacuo. For example,
the density functional calculations (B3LYP) [22] en-
larged the discrepancy by 0.012 A for the symmetrical
stable adduct.

Provided that the observed discrepancy between the
solid-state structural correlation for the Br—Se--Br frag-
ment and the reaction pathway calculated for Ph-
SeBr + Br~ — PhSeBr; in vacuo can be ascribed to the
presence of intermolecular weak packing forces in the
solid state, the perturbation energy due to the packing
interactions can be roughly estimated by energy calcu-
lations along both hyperbolic curves in Fig. 3. The
potential energy profiles are shown in Fig. 5. The
minimum energy for the structural correlation in the
solid state (d, = d, =2.575 A) was found to be 1.52 kcal
mol ! less stable than that for the calculated optimal
reaction pathway (d, =d, =2.669 A). Thus, the solid-
state perturbation energy was roughly estimated to be
about 1.5 kcal mol~! for the Br-Se-Br fragment.
Parallelism of the two energetic curves in Fig. 5
strongly suggested that the perturbation energy may be
approximately constant for all Br-Se'-‘Br fragments in
the solid state, although each fragment is involved in
different packing pattern.
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For the Cl-Se---Cl fragment, the reaction pathway
for PhSeCl 4+ Cl~ - PhSeCl; calculated in vacuo is
shown in Fig. 4 with dots, and the fitting curve [(d; —
Dy )(dy — Dy) = C, Dy =2.164+£0.002 A, C=0.132+
0.003 A2 r2=0.999] is drawn with dashed line.
Comparing the calculated pathway with the structures
determined in the solid state, it may be possible to
assume the presence of a bond-shortening effect in the
solid state similarly to the case of the Br—Se-Br
fragment.

3. Conclusions

It was revealed that the molecular structures of 1 and
2 in the solid state possess T-shaped coordination struc-
ture around the selenium with a linear X-Se-X (X =
Br or Cl, respectively) fragment. By comparing bond
parameters of the observed X-Se---X fragments with
those reported previously for other organoselenium
compounds, which have a similar T-shaped selenium, in
the solid state and PhSeBr in the gas phase, four
structural characteristics of the X-Se--X fragments in
the solid state are noteworthy: (1) decent hyperbolic
relationship between the two linear Se-Br atomic dis-
tances exists for the Br-Se-'Br fragment in the solid
state, reflecting the addition reaction pathway for Ph-
SeBr + Br— — PhSeBr; in solution; (2) the Br—Se'-Br
fragment in the solid state may possibly shrink by
~0.1 A, compared to that expected in the gas phase,
due probably to the presence of intermolecular weak
packing interactions in the solid state; (3) magnitude of
the solid-state perturbation energy ( ~ 1.5 kcal mol —!)
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Fig. 5. Potential profiles calculated at the RHF/6-31G(d,p) level using
Ahlrichs pVDZ basis sets for Se and Br. Relative energies are with
respect to the separated state (PhSeBr+ Br~). The solid curve is
drawn along the structural correlation observed for the linear
Br-Se--Br fragments in the solid state. The dashed curve is drawn
along the reaction pathway calculated for PhSeBr + Br— — PhSeBr;
in vacuo.

around the Br—Se'-'Br fragment would be independent
of the packing structure; and (4) similar considerations
may be applied for the Cl-Se---Cl fragment. Although
the mechanism of the bond-shortening effect in the
solid state is not clear at present, it should be pointed
out that the relatively weak inter-element hypervalent
bonding can be a useful probe to estimate intermolecu-
lar packing forces in the solid state.

4. Experimental

4.1. Synthesis of N-cyclohexyl-N-methyl-o-
(bromoseleno )benzylammonium bromide (1)

Under a continuous flow of dry gaseous nitrogen,
diselenide 3 [9a] (56.3 mg, 0.1 mmol) was dissolved in 5
ml of dry carbon tetrachloride (CCl,), and the solution
was added with 5 ml (0.15 mmol) of 0.03 M bromine
solution in CCl,. The resulting red—yellow suspension
was stirred for 30 min at room temperature. After
removal of the solvent in vacuo, red—brown viscous
material was obtained, which was then recrystallized
from chloroform. Compound 1 was obtained as fine
red—brown crystals in 64% yield (45.8 mg). Anal. Calc.
for C,sH,,Br,C;NSe: C, 32.09; H, 3.95; N, 2.49.
Found: C, 31.97; H, 3.90; N, 2.63%.

4.2. X-ray crystal structure analysis of 1

A Rigaku AFC6S diffractometer was employed with
the Mo-K, (41=0.71073 A) radiation monochroma-
tized by graphite. Intensity data were collected using an
w—20 scan technique to a maximum 26 value of 50.0°.
A total of 3898 reflections was collected. The structure
was solved by the direct method (SIR-92) [23]. The final
full-matrix least-squares refinement of F? against all
unique 3860 reflections (R;,, = 0.054) was performed by
using the SHELXL-97 program [24]. The crystal data
obtained are as follows: formula, C,,H,;BrNSe-Br-
CHCl;; M, 561.47; space group, monoclinic P2,/a (no.
14); a, 10.467(1); b, 16.164Q2); ¢, 12.412(1) A; B,
96.50(1)°; V, 2086.5(4) A3; Z, 4; u, 6.0 mm~"; D,
1.787 g ml—1!; T, 296 K; size, 0.20 x 0.20 x 0.20 mm;
number of variables, 220; R(F?), 0.061; wR(F?), 0.148.
The graphical molecular structure of 1 (Fig. 1) was
drawn using the ORTEP-3 program for Windows [25].

4.3. Synthesis of N-cyclohexyl-N-methyl-o-
(chloroseleno )benzylammonium chloride (2)

Under a continuous flow of dry gaseous nitrogen,
diselenide 3 [9a] (56.3 mg, 0.1 mmol) was dissolved in 5
ml of dry CCl,, and the solution was added with 5 ml
(0.15 mmol) of 0.03 M sulfuryl chloride (SO,Cl,) solu-
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tion in CCl,. The resulting yellow suspension was
stirred for 30 min at room temperature. After removal
of the solvent in vacuo, yellow crystals were obtained,
which were then recrystallized from chloroform. Com-
pound 2 was obtained as fine yellow crystals in 28%
yield (17.5 mg). Anal. Calc. for C,sH,,CIsNSe: C,
38.12; H, 4.69; N, 2.96. Found: C, 38.03; H, 4.61; N,
2.98%.

4.4. X-ray crystal structure analysis of 2

A Rigaku AFC6S diffractometer was employed with
the Cu-K, (1=1.54184 A) radiation monochroma-
tized by graphite. Intensity data were collected using an
w—280 scan technique to a maximum 26 value of 120.0°.
A total of 3052 reflections was collected. The structure
was solved by the direct method (S1rR-92) [23]. The final
full-matrix least-squares refinement of F? against all
unique 2877 reflections (R;,, = 0.099) was performed by
using the SHELXL-97 program [24]. The crystal data
obtained are as follows: formula, C,,H,,CINSe:
CI-CHCl;; M, 472.55; space group, monoclinic P2,/a
(no. 14); a, 10.426(2); b, 16.010(3); ¢, 12.005(1) A; f,
95.37(1)% V, 1995.1(6) A% Z, 4; u, 8.7 mm~"; D,
1.573 g ml—'; T, 296 K; size, 0.30 x 0.20 x 0.20 mm;
number of variables, 287; R(F?), 0.063; wR(F?), 0.148.
The graphical molecular structure of 2 (Fig. 2) was
drawn using the ORTEP-3 program for Windows [25].

4.5. Data analysis

Cambridge Structural Database (CSD) [3] system
version 5.16 (released in 1999) was used for the search
of Br-Se-Br and Cl-Se-Cl fragments in the solid
state. The restricted conditions, i.e., only for linear
Br-Se-'Br and Cl-Se---Cl fragments of T-shaped or-
ganic selenium compounds, were applied. The results
are given in Table 3.

For fitting the structural data to a hyperbolic equa-
tion, KaleidaGraph version 3.08 (Synergy Software,
Reading, PA) was used, in which the Levenberg-Mar-
quardt algorithm [26] was employed for the non-linear
least-squares method.

4.6. Molecular orbital calculations

All ab initio molecular orbital calculations were car-
ried out by using GAUSSIAN-94 program [20]. For calcu-
lating the nucleophilic addition reaction pathway for
PhSeBr + Br— —PhSeBr; in vacuo, the structure was
optimized fully at the RHF/6-31G(d,p) level using
Ahlrichs pVDZ basis sets [21] for Se and Br with one of
the Se-Br atomic distances (for example, d,) frozen at
2.7-3.8 A with an interval of 0.1 A. Similarly, the
reaction pathway for PhSeCl+ Cl~ —PhSeCl; in
vacuo was calculated by fully optimizing the structure

at the same level with one of the Se—Cl atomic distances
frozen at 2.5-3.5 with 0.1 A interval.

The energetic profile along the reaction pathway for
PhSeBr + Br~ — PhSeBr; (a dashed curve in Fig. 5)
was directly obtained from the above calculations. On
the other hand, the energetic profile along the structural
correlation observed in the solid state (a solid curve in
Fig. 5) was obtained by fixing both Se-Br atomic
distances (d; and d,) at the calculated distances from
the hyperbolic equation, (d; —2.220)(d, — 2.220) =
0.127. The other structural parameters were optimized
fully at the RHF/6-31G(d,p) level using Ahlrichs pVDZ
basis sets [21] for Se and Br. The obtained relative
energies with respect to the separated state (PhSeBr +
Br—) were not corrected with the basis set superposition
errors (BSSE).

5. Supplementary material

Crystallographic data for the structural analysis has
been deposited with the Cambridge Crystallographic
Data Centre, CCDC nos. 140830 and 140831. Copies of
this information may be obtained free of charge from:
The Director, CCDC, 12 Union Road, Cambridge,
CB2 1EZ, UK (fax: +44-1223-336033; e-mail: de-
posit@ccdc.cam.ac.uk  or www: http://www.ccdc.
cam.ac.uk).
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