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O () and G () Dependences in NapSe(O)Ar

Structures of 8-G-1g-YCgH1Se(O)]GoHs [1 (G = H), 2 (G =F),3(G =Cl), and4 (G=Br): Y =

H, OMe, OCHPh, t-Bu, Me, CI, and N@| and (1-G¢H,).SeO §) are investigated by the X-ray
crystallographic analysis. Structuresloére allA with regard to the naphthyl groug (A)), where the
Se—C,r and Se-O bonds are perpendicular to and parallel to the naphthyl plane, respectively. Those of
2—4 are alsoA. Since structures of 8-G-P{YCsH4Se)GoHs [7 (G = F), 8 (G = CI), and9 (G = Br)]

are allB, the results exhibit thaB of 7—9 change dramatically té of 2—4 with the introduction of O

atoms. The factor to determine thestructures ofl—4 by O is called O dependence. The origin of the

O dependence is the nonbondgfd)- - -w(Nap) interaction, which results in CT fromy(®) to z(Nap)

since O in1—4 is highly electron rich due to the polar SeO~ bond andr(Nap) acts as an acceptor.
There are two types ofy(0)’s, n,(O) and p,0), if the directions of the SeO bond and the p-orbitals

of m(Nap) are taken in the- andz-axes, respectively. Double but independg(®j - -z(Nap) interactions

in 5 lead to5 (AA). The conformation of thg-YCgH,Se group inl changes depending on Y (Y
dependence), although the effect is not strong. The Y dependence is explained on the basis of the magnitude
of CT of the n(O)—n(Ar) type in 1, in addition to the (O)- - -w(Nap) interaction. The structure around

the Se=0O group inlis close to that 06 (AA), if the accepting ability of th@-YCgsHsSe group is similar

to that of the naphthyl grouph of 2—4 are further stabilized by thg(G)- - -0*(Se—0) 3c—4e interactions,

which are called G dependence. QC calculations performed on the methyl analodue$ @1—14,
respectively) reproduced the observed structures, supported the above discussion, and revealed the energy
profiles. The energy-lowering effect of the O dependence would be close to the G dependence of the
nonbonded n(Br)- -¢*(Se—0) 3c—4e interaction inl4 if the steric repulsion between Br and Se is
contained in the G dependence. The value is roughly predicted as 20 k3 Wiwé structures of—5 are

well explained by O, G, and Y dependences.

Introduction since weak interactions are usually literally very weak. There-
) ) ) fore, our investigations are focused to the phenomena arising
Weak interactions are of current interéstThey can be used  fom the direct orbital overlaps containing lone pair orbitals of

to determine the fine structures of compounds. However, it is group 16 elementsNaphthalene 1,8-positions supply a good
sometimes difficult to detect the interactions and/or explain the

phenomena arising from them, under the physical necessity,

(1) (a) Molecular Interactions. Fromvan der Waals to Strongly Bound
ComplexesScheiner, S., Ed.; Wiley: New York, 1997. (b) Asmus, K. D.
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system to investigate such interactions, since the distancesCHART 1

between the nonbonded atoms at the 1,8-positions are close to

the sum of van der Waals radii minus 1.0#8¢-"h7

Selenoxides [RSe(OJRafford optically active enantiomers,
if R and R are not the same, since Se in each selenoxide is
three-coordinated containing a lone paiBome efforts have
been made to improve the utility of selenoxides as the starting
compounds to introduce optical activity in a target moleéife,
although the racemization of optically active selenoxides is
usually very fast. The chemistry of selenoxideas well as
sulfoxides!'12has been widely studied; however, the structures
of selenoxides are not well specifi€th* The factors that operate

(2) (a) Glass, R. S.; Andruski, S. W.; Broeker, J.Rev. Heteroatom
Chem.1988 1, 3. (b) Glass, R. S.; Andruski, S. W.; Broeker, J. L,;
Firouzabadi, H.; Steffen, L. K.; Wilson, G. S. Am. Chem. Sod 989
111, 4036-4045. (c) Glass, R. S.; Adamowicz, L.; Broeker, J.JLAm.
Chem. Soc1991 113 1065-1074.

(3) (a) Fujihara, H.; Ishitani, H.; Takaguchi, Y.; Furukawa, Ghem.
Lett. 1995 571-572. (b) Furukawa, NBull. Chem. Soc. Jprl997, 70,
2571-2591. (c) Furukawa, N.; Kobayashi, K.; SatoJSOrganomet. Chem.
200Q 611, 116-126.

(4) (a) Nakanishi, WChem. Lett1993 2121-2122. (b) Nakanishi, W.;
Hayashi, S.; Toyota, SChem. Communl996 371-372. (c) Nakanishi,
W.; Hayashi, S.; Yamaguchi, Kkhem. Lett1996 947—948. (d) Nakanishi,
W.; Hayashi, S.; Sakaue, A.; Ono, G.; KawadaJYAm. Chem. S0299§
120, 3635-3640. (e) Nakanishi, W.; Hayashi, S.; Toyota,JSOrg. Chem.
1998 63, 8790-8800. (f) Hayashi, S.; Nakanishi, W. Org. Chem1999
64, 6688-6696. (g) Nakanishi, W.; Hayashi, S.; UeharaJTPhys. Chem.
A 1999 103 9906-9912. (h) Nakanishi, W.; Hayashi, S. Org. Chem.
2002 67, 38-48.
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(6) (a) lwaoka, M.; Tomoda, SI. Am. Chem. Sod.994 116 4463~
4464. (b) lwaoka, M.; Tomoda, 9. Am. Chem. Sod996 118 8077
8084. (c) lwaoka, M.; Komatsu, H.; Tomoda, Shem. Lett1998 581—
582. (d) Komatsu, H.; lwaoka, M.; Tomoda,Ghem. Commuri999 205—
206.
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184. (c) Davydova, M. A.; Struchkow, Yu. Zh. Strukt. Kim.1968 9,
1968. (d) Bock, H.; Sievert, M.; Havlas, Zhem. Eur. J1998 4, 677—
685. (e) Jackson, R. D.; James, S.; Orpen, A. G.; Pringle, PJ.G.
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Gunther, W. H. H., Eds.; Wiley: New York, 1973. (@rganic Selenium
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to control the fine structures of selenoxides have been elucidated,
exemplified by 1-(arylseleninyl)naphthalenes and the derivatives
bearing G at the 8-positions (8-G-f-F CeHsSe(O)]GoHs
(8-G-1-[ArSe(O)]Nap): 1 (G = H), 2 (G = F), 3 (G = Cl),
and4 (G = Br); Y = H (a), OMe (), OCH,Ph ("), t-Bu (c),
Me (d), ClI (e), and NQ (f)) (Chart 1). Factors to control the
fine structures ofl—4 and 1,1-dinaphthyl selenoxide5} have
been clarified by examining the structures determined by the
X-ray crystallographic analysis and by analyzing them on the
basis of quantum chemical (QC) calculations.

The structures around the naphthyl group in 8-Gol-(
YCeH4Se)GoHe [6 (G = H), 7 (G = F), 8 (G = Cl), and9 (G
= Br)] are well explained by type#& (A), B (B), and C
(C).4cdh5b Similarly, those around the Ar group are classified
by planar pl), perpendiculargd), and nonplanar and nonper-
pendicular Gp) conformersic—e.g.n50.153ithough they might
change successively. Scheme 1 shows the structurés-#f
and 6—8; the notation is employed throughout the text. The
characters in the structures ®f8 are summarized as follows:
the structures o are A if Y are acceptors such as Cl, Br,
COOEt, and N@, whereas they arB when Y are donors such
as OMe (Y dependenceé) Structures oB and9 in Chart 1 are
all B, as is7b (G dependencé) While the origin of the Y
dependence i is the p-z conjugation of the g(Se)-z(Nap)
and n(Se)—n(Ar) types, the G dependencer-9is controlled
by the nonbonded(G)- - -0*(Se—C) 3c—4e interaction. The
interaction aligns the three G---S€ atoms linearly. The
factors to control the structures df-5 will be clarified similarly
to the cases of the Y and G dependence§-id.n50

Here, we report the fine structures df5 bearing various
substituents Y at the phengtpositions. The factors to control
the structures are also elucidated, which are called O, Y, and G
dependences it—5, after the Y and G dependencesin9.n5o
All structures regarding to the naphthyl groupln4 are A,
where the SeCar and Se-O bonds are perpendicular to and

(13) (a) Takahashi, T.; Kurose, N.; Kawanami, S.; Arai, Y.; Koizumi,
T. J. Org. Chem1994 59, 3262-3264. (b) Procter, D. J.; Rayner, C. M.
Tetrahedron Lett1994 35, 1449-1452.

(14) (a) Jovanovic, M. V.; de Meester, P.; Biehl, E. R.; Chu, S. Sl.C.
Heterocycl. Cheml986 23, 801-807. (b) Tokunoh, R.; Sodeoka, M.; Aoe,
K.-1.; Shibasaki, M.Tetrahedron Lett1995 36, 8035-8038. (c) Kimura,
T.; lzumi, Y.; Furukawa, N.; Minoshima, YHeteroat. Chem1996 7, 143—
147. (d) Bower, J. F.; Martin, C. J.; Rawson, D. J.; Slawin, A. M. Z,;
Williams, J. M. J.J. Chem. Soc., Perkin Trans1996 333—-342. (e) Nagy,
P.; Csampai, A.; Szabo, D.; Varga, J.; Harmat, V.; Ruff, F.; Kucsman, A.
J. Chem. Soc., Perkin Trans.2D01, 339-349. (f) Reichardt, C.; Erfurt,
H.-P.; Harms, K.; Schafer, Geur. J. Org. Chem2002 439-452.

J. Org. ChemVol. 71, No. 15, 2006 5575



]OCATtiCle Hayashi et al.
SCHEME 1. Structures around Naphthyl and Aryl Groups

in 8-G-1-[p-YCgH4Se(X)]CigHs, Where X = O for 1—4 and
X = Null for 6 —8

Y ¢ar Nap

g e
ap (G=6eH pd: ga ~90°
-:f@z X Y 9
)

'Ar
(A:pl): pnap = 90°  (B: pd): ¢nap ~ 180° 'Nap
X

Pl: ¢ar~ 0° or 180° FIGURE 1. Structure ofla (thermal ellipsoids are shown at 50%
probability levels).
%;Nap

(A:pd): ¢nap =90°  (C: np): dngp ~ 135° np: ¢, ~ 45°0r135°

parallel to the naphthyl plane, respectively. This means that the
B structure oféb (6b (B)) dramatically changes tab' (A)

with O introduced at Se, ari8lin 7—9 also change dramatically

to A in 2—4, with O for each. The structure dib' (A) (Y =
OCH,Ph), instead oflb (Y = OMe), is discussed here, since
crystals suitable for X-ray analysis are not obtained 1o/

The structural change by O at Se is called O dependence.
Torsional anglesg) around Se-Cy, in 1 also change depending

on Y, although not strongly, which is called Y dependence.
While A in 1 are stabilized only by the O dependenéejn

2—4 bearing G of halogens at the 8-positions are stabilized
through the g(G)- - -0*(Se—0) 3c—4e interaction, in addition

to the O dependence. We call it G dependence. QC calculations
are employed to analyze the observed structures and to clarify
the origin of the O and G dependences.

Itis clarified how fine structures are controlled by weak inter-
actions, exemplified by the selenoxides, which can be applied
to other compounds. It can provide basic information to con- FIGURE 2. Structure oflb’ (thermal ellipsoids are shown at 40%
trol the facile racemization of the optically active selenoxides probability levels).
by incorporating the gfSe)-n(Nap), n(Se)-m(Ar), and/or
np(G)- - -0*(Se—0) interactions suitably into the selenoxides.

Results and Discussion

Structures of 1-[p-YCgH4Se(O)]CoH7 (1). Single crystals
of 1a, 1b',16 1d, 1¢ and1f were obtained via slow evaporation
of hexane solutions containing dichloromethane, and one of the
suitable crystals was subjected to X-ray crystallographic analysis
for each compound. Only one type of structure corresponds to
each of them in the crystals fdm, 1b', 1d, and1le, and two
types correspond taf in the crystals. Figures-13 show the
structures ofla, 1b', andle respectively. Those dfd and 1f
are shown in the Supporting Informatiéh.The structures
around the Se atoms are essentially the same as those in Figuresigure 3. Structure ofle (thermal ellipsoids are shown at 40%
1-3, although there are some differences in the torsional anglesprobability levels).
of C(1)-Se-C(11)-C(12) & oar)-

Selected interatomic distances, angles, and torsional angles

(15) Nakanishi, W.; Hayashi, S.; Shimizu, D.; Hada, Ghem. Eur. J. of 1la, 1b', 1d, 1le and 1f necessary for the discussion are
2006 12, 3829-3846. collected in Table 1. The planarity of the naphthyl (Nap) and

(16) Single crystals oflb with Y = OMe were tried to prepare under ' P y phthyl (Nap)
various conditions. However, single crystalsldf, suitable for the X-ray
crystallographic analysis, were not obtained. The crystals look amorphous.  (17) The crystallographic data df, 1b', 1d, 1e 1f, 2b, 3c, 3¢ 4b, 5,
Instead, single crystals suitable for the X-ray analysis were obtained for and 10 are collected in the Supporting Information. The structure&df
1b' with Y = PhCHO. Therefore, the structure &b’ is employed in place 1f, and 3c are shown in Figures SiS3, respectively, in the Supporting
of 1b here. Information.
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TABLE 1. Selected Bond Lengths, Angles, and Torsional Angles around the Selenium Atom of 1a,’1lhd, 1e, and 1f

la 1B 1d le 1f(S—-A) 1f (S—-B)
bond lengths (A)
Se-C(1) 1.955(3) 1.950(5) 1.963(6) 1.953(3) 1.959(5) 1.960(5)
Se-C(11) 1.945(2) 1.935(4) 1.952(5) 1.959(3) 1.958(4) 1.958(4)
Se-0(1) 1.6630(18) 1.653(3) 1.660(4) 1.665(2) 1.651(4) 1.663(4)
angles (deg)
Se-C(1)-C(2) 116.2(2) 116.3(4) 115.3(5) 117.0(2) 116.4(4) 114.8(4)
Se-C(1)—C(10) 121.28(19) 121.3(4) 120.9(4) 120.3(2) 121.4(4) 122.8(4)
Se-C(11)-C(12) 120.51(19) 120.7(4) 119.4(4) 118.8(2) 119.1(4) 118.6(4)
C(1)-Se-C(11) 95.41(12) 95.6(2) 94.5(2) 95.9(1) 95.3(2) 94.8(2)
O(1)-Se-C(1) 102.20(10) 102.7(2) 103.2(2) 102.4(1) 101.8(2) 101.2(2)
O(1)-Se-C(11) 103.01(10) 103.3(2) 102.8(2) 101.6(1) 103.9(2) 103.0(2)
torsional angles (deg)
Se-C(1)-C(2)-C(3) 177.1(2) —176.6(4) —174.3(5) 178.0(3) 177.0(4) —179.1(4)
Se-C(1)—-C(10)-C(5) —174.83(18) 174.9(3) 173.0(4) —177.9(2) —175.6(3) 177.5(3)
Se-C(1)—C(10)-C(9) 4.8(4) —4.7(6) —6.5(8) 0.9(4) 4.5(7) 0.2(7)
C(1)-Se-C(11)-C(12) 54.6(2) —53.9(4) —55.5(5) —86.5(3) —71.0(4) 78.1(4)
C(1)-Se-C(11)-C(16) —131.6(2) 131.5(4) 129.3(5) 95.5(3) 109.5(4) —103.3(4)
C(2)-C(1)-Se-C(11) —102.5(2) 104.6(4) 103.8(5) 100.0(3) 97.1(4) —104.8(4)
C(10)-C(1)—Se—-C(11) 75.7(2) —74.0(4) —74.8(5) —82.4(2) —86.9(4) 76.9(4)
O(1)-Se-C(1)-C(2) 2.1(2) —0.4(4) —0.5(5) -3.3(3) —8.3(4) —0.5(4)
O(1)-Se-C(1)—C(10) —179.7(2) —179.0(4) —179.1(4) 174.3(2) 167.7(4) —178.8(4)
O(1)-Se-C(11)-C(12) —49.3(2) 50.6(4) 49.1(5) 17.5(3) 32.6(4) —24.6(4)
type of structure A: np) (A: np) (A: np) (A: pd) (A: pd) (A: pd)

aryl (Ar) planes is very good. The structuresloéxamined are
all A for the naphthyl plane. We call this O dependence. Since
the structure 06b is reported to beR: pd),5°the O dependence
in 1b' corresponds to the dramatic change in the structure from
6b (B: pd) to 1b' (A: np), for example.

It is worthwhile to comment on the torsional angles of
C(10)-C(1)—Se—C(11) & ¢nap and C(1)y-Se—C(11}-C(12)
(= ¢ar)- A successive change i is observed depending
on Y: (IX ¢nap ¢ar) are (la 75.7(2F, 54.6(2)), (1b"
—74.0(4y, —53.9(4y), (1d: —74.8(5¢, —55.5(5f), (le
—82.4(2), —86.5(3¥), (1f (S—A): —86.9(4%, —71.0(4Y), and
(1f (S—B): 76.9(4y, 78.1(4)) (Table 1). While the structure
around the Nap group it is all A, the conformation around
the Ar group changes almost successively depending on Y. We
call the structural change Y dependence. The observed results
are explained by assuming that the structurpdswhen Y is FIGURE 4. Structure of2b (thermal ellipsoids are shown at 40%
accepting and it change® if Y goes to donating. The strong ~ Probability levels).
accepting nitro group iif and the chloro group ide control
the structurepd. They are denoted byA( pd) (cf. Scheme
1). The structures olla, 1b', and 1d are @: np). Typical
(A: pl) is not observed.

Structures of 8-G-1-[p-YCgH1Se(O)]CigHs (2—4). Similarly
to the case of, structures ofb, 3¢, 3e and4b were determined
by the X-ray crystallographic analysis. Only one type of
structure corresponds to each of them in the crystals. Figures
4—6 exhibit the structures &b, 3e and4b, respectively. The
structure of3cis shown in the Supporting Informatibhand is
essentially the same as that in Figurest4

Selected interatomic distances, angles, and torsional angles
of 2b, 3c, 3g and4b necessary for the discussion are shown in
Table 2. The planarity of the naphthyl and aryl plane&-im
is good. Each SeO bond is on the naphthyl plane as observed FIGURE 5. Structure of3e (thermal ellipsoids are shown at 40%
in 1. Consequently, three G- - -S© (G=F, Cl, and Br) atoms  Probability levels).
in 2—4 align linearly. We call this G dependence. The structures S ]
containing the linear alignment of the three G- --S®2atoms  ©f 2b, 3¢, 3¢ and4b are A: pd). It is difficult to recognize
in 2—4 must be stabilized by the hypervalent G- - -S& the Y dependence in the structures2ef4.
3c—4e interactions, in addition to the O dependence, which is  Structures of (1-CygH7)2Se=0 (5) and (1-CgH7).Se (10).
also operating inl. The O and G atoms i and 4 deviate The structures ob and 1,1-dinaphthyl selenide 10) were
from the Nap plane to some extent. The O, Y, and G determined similarly. Only one type of structure corresponds
dependences are summarized in Scheme 2. Torsional angles afo each of them in the crystals. Figures 7 and 8 show the
C(1)-Se-C(11)-C(12) in2—4 are close to 90 The structures structures ob and 10, respectively.
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SCHEME 2. O, Y, and G Dependence in
-YCsH4Se(0)]CoHs (Y and G Dependence in
-YCsH4Se)GoHe in Parentheses)

e
ST

FIGURE 6. Structure of4b (thermal ellipsoids are shown at 50%
probability levels).

TABLE 2. Selected Bond Lengths, Angles, and Torsional Angles
around the Selenium Atom of 2b, 3c, 3e, and 4b

2b 3c 3e 4b
bond lengths (A)
Se-C(1) 1.965(3) 1.985(4) 1.989(7)  1.986(3)
Se-C(11) 1.944(3) 1.966(4) 1.976(7) 1.961(3)
Se-G 2.807(2) 3.069(1) 3.067(2) 3.191(3)
Se-0(1) 1.664(2) 1.658(3) 1.658(6) 1.661(2)
angles (deg)
Se-C(1)-C(2) 115.3(2) 110.8(4) 111.6(6) 111.6(2)
Se-C(1)-C(10) 123.5(2) 127.1(3) 126.7(5) 127.2(2)
Se-C(11)-C(12) 118.9(2) 117.9(3) 115.9(6) 117.0(2)
C(1)-Se-C(11) 96.6(1) 95.9(2) 94.5(3) 94.16(11)
O(1)-Se-C(1) 100.7(1) 100.4(2) 101.1(3) 101.39(11)
O(1)y-Se-C(11) 102.0(1) 100.6(1) 101.2(3)  100.98(11)
C(1)-Se-G 71.28(9) 74.5(1) 75.4(2) 71.02
O(1)-Se-G 170.85(8) 171.2(1) 164.6(2) 163.58

torsional angles (deg)

Se-C(1)-C(2)-C(3) 177.8(2) —177.1(4) 178.3(6) 179.9(2)
Se-C(1)-C(10-C(5) —178.4(2) 175.4(3) —177.0(5) —179.86(19)
Se-C(1)-C(10)-C(9) 0.8(4) —5.3(6) 2(1) —0.5(4)
C(1)-Se-C(11-C(12) —72.6(2) —70.8(4) —90.3(6) 105.1(2)
C(1)-Se-C(11)-C(16) 110.2(3) 116.2(4) 93.1(7) -77.1(2)
C(2-C(1)-Se-C(11) 102.2(2) 99.7(3) 88.3(5) —85.5(2)
C(10-C(1)-Se-C(11) —81.3(2) —79.0(3) —94.8(6) 94.6(2)
O(1)-Se-C(1)-C(2) -1.3(2) —-223) —14.1(6) 16.5(2)
O(1)-Se-C(1)-C(10) 175.1(2) 179.1(3) 162.9(6) —163.3(2)
O(1)-Se-C(11)-C(12) 29.9(2) 30.9(4) 11.9(6) 2.7(2)
G—C(9)—C(10)-C(5) 178.3(2) 176.0(3) 178.6(5) —179.56(19)
type of structure A: pd) (A: pd) (A: pd) (A: pd)

such as the crystal packing effect in crystals and the solvent
effect in solutions, would be stronger than those predicted by
QC calculationd8 Selenoxidesl1—14 are mainly discussed,
instead ofl—4, to elucidate observed structures around the Nap
group, first. Those around the Ar group are also discussed on
the basis of the optimized structure bd.

Selected data 0% and 10 necessary for the discussion are
shown in Table 3. The structure &fis A for both naphthyl
groups b (AA)), and the planarity of the naphthyl planes is
very good. It constructs a roof structure. On the other hand, the
structure ofl0is AB (Figure 8).10 (AB) changes dramatically
to 5 (AA) by the O dependencB.(AA) provides a hint for the
mechanism of the Y dependenceln

Why are such structures observedlin5? The origin of
the O, Y, and G dependences is analyzed on the basis of the
guantum chemical (QC) calculations.

QC Calculations. QC calculations were performed on
1-(methylseleninyl)naphthalengl) and the derivatives bearing
G of halogens at the 8-positions4 (G = F), 13 (G = CI), and
14 (G = Br)] to elucidate the origin of the O and G dependences
(Chart 2). Indeed, the structures and the energies evaluated on
the basis of the QC calculations essentially correspond to those
in the gas phase, but the factors to control and/or stabilize the

structures in the gas phase must also operate in solid states angiGURE 7. Structure of5 (thermal ellipsoids are shown at 40%
in solutions. However, we must be careful since other factors, probability levels).
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the resultg! The relative energies for the structures do not
change so much by the thermal effects.

The B3LYP/6-31#G(2d,p) method is also applied to
optimize further the two stable structures and the two transition
states ofl1 and the three stable conformersief The results
are also collected in Table 4. The relative energies obtained
with the B3LYP/6-313#G(d) method are essentially the same
as those with the B3LYP/6-3#1G(2d,p) method. QC calcula-
tions are also performed dra and the protonated global mini-
mum of 11 (11AeH™) with the B3LYP/6-313-G(2d,p) method.

Energy Profile of 8-G-1-[MeSe(0)]GoHes (11-14). To
clarify the energy profile of naphthyl selenoxidek]l are
further optimized with variously fixed torsional anglége

FIGURE 8. Structure of10 (thermal ellipsoids are shown at 40%

probability levels). (= OCyC1SeGye) by the B3LYP/6-31%G(2d,p) method. The
energies ofl1l are plotted versugwe, together with those of
TABLE 3. Selected Bond Lengths, Angles, and Torsional Angles fully optimized energies in Table 4 calculated with the same
around the Selenium Atom of 5 and 10 method. Figure 9 shows the plot. The four (full) optimized
5 10 structures are on the energy surface: two must be minima and
bond lengths (&) two are the transition states, as expected. The nature of the
Se-C(1) 1.955(3) 1.911(4) optimized structures fot2 and 13 is also assumed to be that
29‘8(11) i-ggg(g) 1.910(4) expected, since the calculation method¥amnd13is the same
aﬁéleé ()deg) 653(3) as that forll and 14.
Se-C(1)-C(2) 117.3(3) 123.5(4) The global minima ofl1-14 are shown byllA—14A,
Se-C(1)-C(10) 120.0(3) 117.3(3) respectively, which reproduce the observed structures around
Se-C(11)-C(12) 117.7(3) 118.9(4) the naphthyl seleninyl moieties &4, respectively. The stable
gg)):g:gg)l) 5198'2(_)&)1) 99.9(2) structures ofl4 are called14A, 14B, and14C, of which ¢ye
O(1)-Se-C(11) 101.8(1) are 80.8, 192.6, and 303.4, respectively, where the B3LYP/
torsional angles (deg) 6-311+G(d) method is employed for the calculations. The
Se-C(1)-C(2)-C(3) —177.3(3) 177.8(4) transition states aré4 (TS, AB), 14 (TS, BC), and 14 (TS,
Se-C(1)-C(10y-C(5) 176.2(2) —177.6(3) CA), of which¢we are 178.8, 265.F, and 330.9, respectively,
Se-C(1)-C(10)-C(9) —-3.2(4) 2.5(6) h , y
C(1)-Se-C(11)-C(12) 64.0(3) ~102.1(4) wherel4 (TS, AB) is a transition state betweddA and14B,
C(1)-Se-C(11)-C(20) —117.2(3) 80.2(4) for example. Table 4 collects the relative energigg) of the
C(2-C(1)-se-C(11) —101.2(3) —0.1(5) optimized structures forll—14, where the energies of
g((ig)l‘s(é(_lézls)f‘c(fgl) 332?3()3) 178.4(3) 11A—14A are taken to be the standards, respectively. The
O(1)-Se-C(1)-C(10) “173102) optimized valu_es fome, together withpo (= 0CoC1Se0), are
O(1)-Se-C(11)-C(12) —39.6(3) also collected in Table 4. Scheme 3 shows the stable structures
type of structure AA AB and the transition states optimized b4, for example. If one

examinespye in Table 4, one will easily realize that the stable
conformers11B, 12B, and 13B are not optimized. Namely,

CHART 2 :
stable conformers other thadlA—13A in 11-13 are
‘|3| 11C—13C, respectively. While the structure of the transition
G Se—Me state betweefi1A and11C corresponds to that df4 (TS, AB),
those forl2 and 13 are similar to that ofi4 (TS, BC) (Table
OO 4). Therefore, the transition state bf betweenll1A and11C
is assigned td1 (TS, AB) and those fod2 and13arel2 (TS,

1 (G=H), 12 (G =F) BC) and13 (TS, BC), respectively.

13 (G=Cl), 14 (G =Bp)

(19) Gaussian 98(Revision A.11): Frisch, M. J.; Trucks, G. W.;
. Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Zakrzewski,
The .B3LYP/6'31.3="G(d) methoq of the Gaussian 98 pro- v, G.; Montgomery, J. A.; Stratmann, Jr., R. E.; Burant, J. C.; Dapprich,
gram® is employed in the calculations @fl—14.2° Two stable S.; Millam, J. M.; Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.;

it L Tomasi, J.; Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.;
structures and two transition states are optimizedifbr 13 Adamo. C.- Clifford. S.. Ochterski, J.: Petersson, G. A.: Ayala, P. Y. Cui

and three minim_a _and three transitior_l Sta_tes_ are Hr Q.; Morokuma, K.; Salvador, P.; Dannenberg, J. J.; Malick, D. K.; Rabuck,
Frequency analysis is performed on the six optimized structuresA. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.;

of 14 with the B3LYP/6-313G(d)//B3LYP/6-311-G(d) method. Egrt;]oaurlé nﬁ-l% Osrﬁefear?sové -BMaIBrifn LgJ,LG-F; O;iashgnlﬁ)éitﬁ\-% ?Erfgﬁaﬁ{;
All frequencies are predicted to be positive for the three minima, A Peng, C. Y_‘? Nanayakkara, A.. Challacombe, M. Gill, P. M. W..

and only one negative (imaginary) frequency is for each of the johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-
transition state. Consequently, the nature of the optimized Gordon, M.; Replogle, E. S.; Pople, J. A. Gaussian, Inc., Pittsburgh, PA,

i 001.
structures is demonstrated to be as expected. Table 4 show$ (20) In our experience, the 6-315(d) basis sets or higher ones are

recommended, when usual organic selenium compounds are calculated. See,
(18) The structures ot in chloroform solutions are also determined  for example, refs 4h, 5b, and: Nakanishi, W.; Hayashi).S2hys. Chem.

employingd(H) at the 2- and 8-positions. The results are the same as those A 1999 103 6074-6081.

obtained from the X-ray crystallographic analysis. The structurez-af (21) The carbons are numbered equal to those in the names, which are

are determined similarly in solutions. The results will be reported elsewhere. not the same as those in the structures determined by the X-ray analysis.
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TABLE 4. Calculated Energies and Torsional Anglesdue and ¢o) for 11—14, Together with the Results of Frequency Analysis for 14

A TS: AB B TS: BC C TS: CA
With the B3LYP/6-311G(d) Method
E(11) (au) —2902.0304 —2902.0221 a a —2902.0277 —2902.0137
AEP(kJ molY) 0.0 21.8 7.1 438
duet (deg) 80.7 166.4 284.6 360.4
#o? (deg) 185.5 273.1 30.7 108.0
E(12) (au) —3001.3000 a a —3001.2786 —3001.2872 —3001.2766
AEP(kJ mol?) 0.0 56.1 33.6 61.4
Pt (deg) 79.5 2425 291.2 366.7
$o° (deg) 183.5 344.9 41.3 1014
E(13) (au) —3361.6478 a a —3361.6250 —3361.6320 —3361.6183
AEP(kJ mol?) 0.0 59.9 41.5 77.5
Pt (deg) 80.5 254.7 298.4 327.6
#o° (deg) 183.5 356.4 49.1 74.3
E(14) (au) —5475.5651 —5475.5502 —5475.5503 —5475.5423 —5475.5484 —5475.5331
AEP(kJ mol?) 0.0 39.1 38.9 59.9 43.8 84.0
dwme® (deg) 80.5 178.8 192.6 265.1 303.4 330.9
¢oY (deg) 183.3 283.2 296.2 352.9 54.3 141.0
vi&f(em™?) 31.7 —24.8 21.2 —42.1 25.2 —65.6
e (] 87.8 37.2 52.7 35.3 73.6 39.9
ZPCh(au) 0.1667 0.1662 0.1664 0.1659 0.1663 0.1662
TCPi (au) 0.1252 0.1262 0.1245 0.1254 0.1244 0.1261
Erel (au) —5475.4399 —5475.4240 ~5475.4259 ~5475.4169 —5475.4240 —5475.4070
AEF£K(kJ mot?) 0.0 41.7 36.8 60.4 41.7 86.4
meaning minimum saddle point minimum saddle point minimum saddle point
With the B3LYP/6-31%G(2d,p) Method

E(11) (au) —2902.0639 —2902.0558 a a —2902.0614 —2902.0474
AEP(kJ mol?) 0.0 21.3 6.6 43.3
dme® (deg) 80.8 165.8 284.5 359.9
dmed (deg) 185.6 272.5 30.7 108.0
E(14) (au) —5475.5935 | —5475.5790 —5475.5767 |
AEP(kJ mot2) 0.0 38.1 44.1
¢one (deg) —80.8 192.8 301.8
¢of (deg) 183.5 296.5 52.9

aNot optimized.P AE = E(X) — E(A), where X= A, B, C, AB, BC, and/or CA for eaclf. ¢me = 0CoC1SeGre.2t 4o = OCyC1Se0?! € Frequency
analysis carried out with the B3LYP/6-31G(d)//B3LYP/6-311G(d) method! Lowest frequency obtained by the frequency analys&econd lowest
frequency obtained by the frequency analy8i&ero-point correction' Thermal correction to Gibbs free energy at 298.13 um of electronic and thermal
Gibbs free energies at 298.15 K.AEF = Ex(X) — Er(A), where X= A, B, C, AB, BC, and CA. Not calculated.

Elau AE/kJ mol-! SCHEME 3. Optimized Structures in 14: 14A, 14B, 14C,
-2902.045 [T T T 14 (TS: AB), 14 (TS: BC), and 14 (TS: CA)
I 11 (TS: CA) 11 (TS: CA)
433
-2902.050 |- #L m ;
[ 14B
-2902.055} 1 01s % 305° e =192.6° _303 4°
-2902.060 [
i --- 6.6
-2902.065 [ A 10
L 1 1 L L 1 1 1 1 1 1 1 L L 1 1 14 (Ts AB 14(1-5 BC) 14[1.8 CA)
0 60 120 180 240 300 360 ¢ye/° e = 178.8° fme =265.1° fwe =3309°

The relative energies df1A, 11C, 11 (TS: AB), and11

FIGURE 9. Energy profile of11 .
(TS: CA) are 0.0, 6.6, 21.3, and 43.3 kJ mylrespectively.

11 (TS: CA) is most unstable, where the Me group is just
passing through H-8. It is puzzling whil (TS: BC) is not
optimized, where the O atom is passing through H-8. We
propose a mechanism that consists of two factors. One is the

The Se-O bond is on the naphthyl plane in the global
minimum of 11A, where¢ye = 80.8 and¢o = 185.6. The
H-8 atom in11C is surrounded by the O, Se, angatoms,
which can be derived fronl4C in Scheme 3. The steric

repulsion between H-8 and the<Se-Cye energy wall must
be responsible forl1C being less stable thadlA. The
optimized transition state betwe&hCand11Ais 11(TS: CA).
The other local minimum,11B, corresponding tol4B, is
searched for. HoweverllB is not optimized. Instead, a

steric repulsion between H-8 and O, which must genetate
(TS: BC) (and 11B). Another factor is an attractive one,
which lays the SeO bond on the naphthyl plane. The latter
factor must also operate ihlA. The origin of the factor will
be discussed later. The contribution of the attractive factor

somewhat complex energy surface was observed in this regionmay be stronger than the repulsive one in the region slice
as shown in Figure 9, which exhibit a complex energy profile (TS: BC) (and 11B) does not appear in the energy surface

near the region.

5580 J. Org. Chem.Vol. 71, No. 15, 2006

of 11



Structures of 1-(Arylseleninyl)naphthalenes

HOMO (isosurface of 0.015) (dme =B80.8°, ¢p = 185.67)

FIGURE 10. HOMO of 11A, together with the optimized structure.

Origin of O and Y Dependences in 1What is the origin of
the O dependence it? The Se-O bonds are on the naphthyl
planes in the observed structures Iof{¢o(O(1)—Se-C(1)—
C(10)) ~ 180]. It is instructive to examine the orbital inter-
actions betweemn(Nap) and the orbitals of the ArSe(O) group.

Two types of interactions must be of importance if the
structures ofl are considered. One is the interactionwNap)
with 0*(Se—C) and #*(Nap) with o(Se-C). Since both
7(Se=0) andx*(Se=0) are filled with electrons, the other one
must be that ofr*(Nap) with 7(Se=0) andz*(Se=0). The
Se—Cyr bond becomes perpendicular to the naphthyl plane if
ther(Nap)—o*(Se—Car) andr*(Nap)—a(Se—Cy) interactions
are predominant. On the other hand, the-8&ebond will be on
the naphthyl plane when the&(Nap)—z(Se=0) andx*(Nap)—
m*(Se=0) interactions substantially contribute ToObserved
torsional angles of C(10)C(1)SeC(11) 1=, 1b', and 1d are
74.0-75.7, whereas the corresponding angles of G(3g-—
C(1)—C(10) are 179.6179.7 (Table 1). The former de-
viate ca. 158 from 9C° but the latter are very close to 180
The observations support the mechanism of #iéNap)—
7(Se=0) andx*(Nap)—=*(Se=0) interactiong?

Let us consider the mechanism with th§Nap)—(Se=0)
andsz*(Nap)—xz*(Se=0) interactions in more detail. Since both
7(Se=0) and 7*(Se=0) are filled with electrons as men-
tioned above and Se is three coordinated, bdiBe=0) and
7*(Se=0) must localize on O. They are reduced to a(0),
in this case. Consequently, there are tw@Q)'s, since O has
the original one. To clarify the discussion, twg(@)'s are used
in the discussion here. The twg(@)'s are fpy(O) and RO),
perpendicular with each other, if the direction of the-8ebond
is fixed at thex-axis and that of the p orbitals of(Nap) in
1-4 is fixed at thez-axis (r(Nap)). Since O in Se=0" is
highly negatively charged ang*(Nap) must act as a good
acceptor, CT will occur mainly directly fromy(O) to z*(Nap).

JOC Article

FIGURE 11. and

Proposed
Npy(O)- - -7(Ar) interactions inl (A: pd), together with the direction
of CT. Optimized structure ofla (A: pd) is employed as the
framework.

nonbonded ,A0)- - 7(Nap)

in 5 (AA). The structure 06 (AA) is well explained by the O
dependence of the two nonbondeg(d)- - -(Nap) interactions.
Namely, the double but independen{®)- - -z(Nap) interac-
tions occur in5, which determine théA structure. This idea
leads to the mechanism of the Y dependenci.in

If the accepting ability ofr(Ar) in NapSe(O)Ar is not less
than that ofz(Nap), the conformation around the Ar group in
1 must be very close to that of a Nap grougbi(AA). It requires
Y of accepting groups, which explains well the structureg of
(A: pd) with Y Cl and NQ.?>26 The discussion is
summarized in Figure 11. The structure will be no longer
(A: pd) if the accepting ability ofz(Ar) becomes less than
that of #(Nap). Thel (A: pd) structure changes tb(A: np)
as observed id with Y = H, Me, and OCHPh. Thel (A: pl)
structure is not observed since thg(@)- - -(Ar) interaction
must be repulsive for Ar with Y of donating groups.

QC calculations were performed dra with the B3LYP/
6-311+G(2d,p) method. Théa (A: pd) structure is optimized
with ¢nap = 89.5 and¢ar = 103.7 (and —79.4). The same
structure was optimized even if the calculations started from
la (A: pl) andla (B: pd). The optimized structure ofa
(A: pd) with ¢ar = —79.£ did not reproduce the observéd
(A: np) of par = 54.6(2}. Instead, the calculations demonstrates
the importance of the nonbondeg(@)- - -(Ph) interaction (O
dependence for Ph) since the torsional angle of QGeG
predicted to be-0.7° (and 176.2). The optimized structure is
employed as the framework df (A: pd) in Figure 11.

Why does the nonbondeg(®)- - -=(Nap) interaction control
the structure ofl so effectively? The observadO, C(1)) and

The mechanism must be essentially the same as the through+(O, C(2)) values irl are collected in Table 5. They are 2.806

space one.
Figure 10 shows HOMO o0f1A,23 which demonstrates the
overlap between the nonbondeg®) andz*(Nap) orbitals in
11A.2*The O dependence ihis well understood and explained
by the nonbonded,{O)- - -z(Nap) interaction. The mechanism
must also be operating i2—4.
In the case 05 (AA), it contains twar(Nap)'s, perpendicular
with each other. If the directions of theNap)’s are set to the
y- and z-axes {ry(Naps) and(Nap), respectively) with the
Se-0 bond to thex-axis, two n(O)’s are called p(O) and
npy(O), which are perpendicular with each other. Consequently,
NpAO) interacts withr,(Nap.) and nyy(O) does withry(Naps)

(22) The values fofleand1f (averaged olf (S—A) and 1f (S—B)) are
different from those shown above, of which deviations ar&/% It may
be due to the pureA; pd) structures forleand1f. Similar deviations are
observed irb (AA), where bothz(Nap) interact withr(Se=0), identically.

(23) MolStudio R3.2Rev 1.0), NEC Corp., 19772003.

2.845 and 2.8802.960 A, respectively, which are 0.38.41

(24) Natural chargesQn) are calculated for a naphthalene adduct
of NapH---M. For M of G=SeMe, the O-Se-AC atoms in
NapH- - -C=Se*MeMe are placed in the NapH plane wittO, C;) and
r(O, G) being fixed at 2.822 and 2.936 A, respectively (cf: Table 5).
Qn(OSeMe) in NapH- - -OSeMgis calculated to be 0.0075, which means
that CT from OSeMgto NapH in the adduct is-0.0075. CT of ca. 1%
from Me;SeO to NapH in NapH- - -OSeMeseems reasonable in such
adduct. Since Nap ifi—4 are substituted with the highly positively charged
ArSe"(=0") group, CT from O to Nap irl—4 must be larger than that
calculated for NapH- - -OSeMeln the case of NapH- - -M with M= 02",
MeO~, and MeSeO, CT from M to NapH are evaluated to be0.750,
—0.046, and—0.030, respectively.

(25) A good correlation between EA ar(LUMO) at the DFT level is
suggested:Chemical HardnessPearson, R. G., Ed.; Wiley-VCH: New
York, 1997; p 38.

(26) EA of anisole, benzene, chlorobenzene, nitrobenzene are reported
to be—1.11,—-1.15,—0.75, and 1.01 eV, respectivélyEA of naphthalene
is estimated to be-0.185 eV, based on its (LUMO) calculated by the
B3LYP/6-31H-G(d,p) method3:5p
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TABLE 5. Observed Nonbonded O(1)- -C(1) and O(1)- -C(2) Distances of-#
compd la 1b 1d le 1f(S—A) 1f (S—B) 2b 3c 3e 4b
O(1)---C(1) (A)  2.822(2) 2.820(6) 2.845(7)  2.826(4)  2.809(6) 2.806(6)  2.801(3) 2.809(5)  2.823(9)  2.829(3)
O(1)---C(2) (A)  2.936(2) 2.942(7) 2.951(9) 2.960(4)  2.938(6) 2.880(8)  2.884(4) 2.796(6)  2.851(10)  2.870(2)

(e =126.5°, g = 221.8°)

FIGURE 12. Optimized structure ol 1AsH* (¢pvme = 126.5 and¢po
= 221.8) with the B3LYP/6-313G(2d,p) method.

AE/kJ mol~!
- @
3 =
T T

£
=
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=}
T

0 60 120 180 240 300 360 Pmel°

FIGURE 13. Energy profiles forll (@), 12 (»), 13 (Od), and14 (O)
calculated with the B3LYP/6-31G(d) method, together with that of
11 (@) with the B3LYP/6-31#G(2d,p) method.

and 0.26-0.34 A shorter than the sum of van der Waals radii
of O and C atoms, respectively,gw(C) = 1.70 A andryqw(O)
=1.52 A: Sryqw =3.22 A)27 The orbital interaction must work
more effective to control the structures bthan that expected
based omyaw(O), since R(O) in 1 extends further in space than
that estimated fronrygw(O), with O of highly negatively
charged.

The contribution of the §(O)- - -z(Nap) interaction i1 is
also demonstrated by comparing the optimized structutd Af
with that of 11A" where the p(O) is removed11A' is actualized
by protonating11A at the RAO) (11AsHT). 11AeH* is
optimized with the B3LYP/6-311G(2d,p) method. Figure 12
shows the optimized structure @flAsH™. If the calculations
are started with an initial structure around the=&e moiety
close to that ofL1A, it is optimized to be that shown in Figure
12. The optimized 1AsH™ is essentially the same as the initial
one, except for the torsional angles#fe and¢o. The Se-O
bond in11A«H" rotates around SeCnap, relative to that ifL1A,
to givegme = 126.5 andgpo = 221.8. This must be the results
of the disappearance of£0) in 11AeH". The results supports
the importance of the g{O)- - -w(Nap) interaction in11A,
together with that irt.

Effects of G in 8-G-1-[MeSe(0)]GoHs (11—14). Effects of
G of halogens at the 8-positions 112—14 are examined next.
Figure 13 shows the plots of energies 114 versusgwme
shown in Table 4, together with those f shown in Figure 9,
for convenience of comparison. The repulsive and attractive
interactions caused by G of halogensli—14, relative to G
= H in 11, are clarified and visualized in Figure 13.

14, as discussed in the previous sections (Table 4). The global
minima of 11—14 are 11A—14A, respectively. AlthoughilA

is stabilized only by the O dependence (th£€Q)- - -z(Nap)
interaction), 12A—14A are stabilized both by the O and G
dependences (thep(®)- - -z(Nap) and p(G)- - -0*(Se—0)
3c—4e interactions, respectively). The contribution of the O
dependence il could be roughly estimated by the energy
difference betweeti1 (TS, AB) and11A, which is 22 kJ mol?,

if calculated with the B3LYP/6-31tG(d) method. The differ-
ence betweei4 (TS, AB) and14A is 39 kJ mot?. The value
contains the O dependence, the G dependence, and the steric
repulsion between Br and Se. If the O dependencédiis
assumed to be equal to thatlid, the sum of the G dependence
and the steric repulsion between Br and Sédns estimated

to be 17 kJ moi! (= 39—22 kJ mot?). The results show that
contributions of the O and G dependences are close with each
other in 14, if the steric repulsion is contained in the G
dependence. Both values are around 20 kJ #ol

The ny(Br)- - -0*(Se—C) interaction must play an important
role in 14B.4" However, it is difficult to estimate the contribution
of the ny(Br)- - -0*(Se—C) interaction since it works behind
other factors of larger contributions. Althoudt2B and 13B
are not optimized as local minima, thg(@)- - -0*(Se—C) (G
= F and Cl) interactions must also operatd Band13.28 They
would be too small to give the local minima &2 and 13.

The AE values ofn (TS: CA) (n= 11—-14) are 44°61, 78,
and 84 kJ motl, respectively, which correspond to the steric
repulsive energies between Me and G of H, F, Cl, and Br,
respectively (Table 4). The contribution of the steric factor in
the naphthalene 1,8-positions is confirmed to be an order of G
= H < F < Cl < Br based on the values. A similar trend is
also predicted im (C) (n = 11-14). TheAE values are 7, 33,
42, and 44 kJ mott, respectively, which exhibit the magnitudes
of the steric repulsion between the-Se-Cye energy wall and
G of H, F, Cl, and Br, respectively.

On the other hand, almost equAE values are obtained
for n (TS: BC) (n = 12—14). They are 56, 60, and 60 kJ
mol~1, respectively, which correspond to the steric repulsion
between the O atom and G of F, Cl, and Br, respectively. Some
energy-lowering mechanisms, other than the steric repulsion,
would operate for the heavier atoms, especially for Br, in the
transition states. The energy-lowering mechanisms would
contain the attractive interactions between the nonbonded atoms
and/or the relief of the severe steric repulsion by the easier
deformation of the bond angles in the heavier atoms. In the
case 0fl1, the steric repulsion between O and G of H does not
give a transition state of thel (TS: BC) type. The O de-
pendence must play an important role in the disappearance of
11 (TS: BC).

(28) Contributions of the g{G)- - -0*(Se—C) interactions are evaluated
to be approximately 11 kJ mol for 7a—9a.4"

(29) While the energy difference betweéf (TS: CA) and11A (AE
(11) = E(11(TS: CA))—E (11A)) is 43 kJ mot?, that in15 (1-MeSeNap)

Two stable structures and two transition states are optimized (AE (19)) is 26 kJ mot*, if calculated with the B3LYP/6-31tG(2d,p)

for 11—13 and three minima and three transition states are for

(27) Bondi, A.J. Phys. Cheml1964 68, 441—451.
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method?’ Since the difference il5 does not contain the O dependence,
the AAE value = AE(11) — AE(15)] of 17 kJ mol ! should corresponds
to the contribution of the O dependencelih The value is close to that
estimated in the text.
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Factors to determine the structures of naphthyl selenoxides= 7.7 Hz, 1H), 7.96-7.95 (m, 1H), 7.97 (d) = 8.2 Hz, 1H), 7.99

are well established by the experimental investigation$-o5
and based on theoretical calculations mainlyldn-14.

Conclusion

Factors to determine the structures of 8-Gpa¥[CsHsSe-
(O)]C1H6 [1 (G=H), 2 (G =F),3(G = Cl), and4 (G = Br)]
and (1-GgH7).Se=0 (5) are clarified, which are called O, G,
and Y dependences. The structuresle#4 are allA and that
of 5is AA, with regard to the Nap group. The factor is the O
dependence. The origin is the nonbondggOn- - -w(Nap)
interaction operating inl—5. The n(O)- - -z(Nap) interac-
tion lays the Se O bond on the naphthyl plane, which ex-
plains the observed structures. (A) is stabilyzed by the
np(O)- - -r(Nap) interaction and (AA) is the results of the
double pAO)- - -t(Nap) and ry(O)- - -ry(Naps) interactions,

8.05 (m, 1H), 8.33 (dJ = 7.2 Hz, 1H);3C NMR (75 MHz, CDC}Y/
TMS) 6 70.2, 116.0, 122.8, 124.7)(Se,C)= 8.1 Hz), 126.0, 126.7,
127.4,127.4,128.2,128.7,128.7,129.1, 130.7, 131.6, 134.0, 136.1,
161.2;7Se NMR (76.20 MHz, CDGIMeSeMe)d 839.7 Avy, =
7.6 Hz). Anal. Calcd for gH;50,Se: C, 68.15; H, 4.48. Found:
C, 68.27; H, 4.63.

1-(p-Tolylseleninyl)naphthalene (1d).Following the method
used for the preparation dfa, 1d was isolated in 65% yield as
colorless prisms: mp 149:1152.1°C (top 150.6°C, DSC);H
NMR (400 MHz, CDCHTMS) 6 2.31 (s, 3H), 7.19 (dJ = 8.0
Hz, 2H), 7.52-7.61 (m, 2H), 7.58 (dJ = 8.4 Hz, 2H), 7.67 (i,
=7.7Hz, 1H), 7.96-7.94 (m, 1H), 7.96 (d) = 8.2 Hz, 1H), 8.03
8.10 (m, 1H), 8.31 (ddJ = 0.9 and 7.3 Hz, 1H)}*C NMR (75
MHz, CDCL/TMS) 6 21.4, 122.9, 124.7, 126.0, 126.7, 126.7
(2)(Se,C)= 14.9 Hz), 127.4, 129.1, 130.3, 130.8, 131.5, 134.0,
139.3, 139.5, 141.77Se NMR (76.20 MHz, CDGIMeSeMe)d
839.2 Avy, = 47.9 Hz). Anal. Calcd for €H300:Se: C, 63.36;

which are independent and perpendicular with each other. If H, 4.69. Found: C, 63.58; H, 4.49.

the accepting ability ofr(Ar) is not less than that af(Nap),
the structures ol around the SeO bonds are very close to
that in5 (AA), namely, they ard (A: pd). In this case, Y
of the accepting groups, such as Cl or N@ required. If
w(Ar) in 1 is rather donating, the structure changesito
(A:
bonded p(G)- - -0*(Se—0) 3c—4e interaction. The interaction
aligns the three G- - -SeO atoms linearly. The G dependence,
as well as the O dependence, operatea-d. The nonbonded
np(G)- - -0*(Se—C) 3c—4e interaction is expected to operate

np) (Y dependence). The G dependence is the non-

1-(p-Chlorophenylseleninyl)naphthalene (1e)Following the
method used for the preparation b, le was isolated in 69%
yield as colorless prisms: mp 142:044.3°C; 'H NMR (400
MHz, CDCIL/TMS) ¢ 7.37 (d,J = 8.4 Hz, 2H), 7.53-7.63 (m,
2H), 7.65 (d,J = 8.5 Hz 2H),7.67 (tJ = 8.4 Hz, 1H), 7.84
(dd,J = 2.2 and 7.0 Hz, 1H), 7.98 (d] = 8.2 Hz, 1H), 8.09
(dd, J = 1.0 and 7.1 Hz, 1H), 8.28 (dd]l = 1.0 and 7.3 Hz,
1H); 13C NMR (75 MHz, CDCYTMS) d 122.6, 124.73)(Se,C)
= 8.7 Hz), 126.0, 126.9, 127.7, 1273(Se,C)= 14.9 Hz), 129.3,
129.9, 130.6, 131.8, 134.0, 137.6, 139.0, 141.(Be NMR
(76.20 MHz, CDC¥YMeSeMe)o6 840.5 Avy, = 9.8 Hz). Anal.

in 2—4, however, the interaction seems very weak in these casesCalcd for GeH1:ClOSe: C, 57.59; H, 3.32. Found: C, 57.31; H,

except for G= Br.
QC calculations are performed ohl—14, the methyl

3.32.
1-(p-Nitrophenylseleninyl)naphthalene (1f). Following the

analogues ofl—4. They reproduced the observed structures method used for the preparationis, 1f was isolated in 76% yield

of 1—4, respectively, and revealed the energy profiles. The
energy-lowering effect of the O dependence is estimated to be
ca. 20 kJ mot! and the G dependence of the nonbonded

n(Br)- - -0*(Se—0) 3c—4e interaction irl4is close to the value,

as light yellow prisms: mp 162-0164.1°C (top 163.1°C, DCS);
IH NMR (400 MHz, CDCYTMS) 6 7.57—7.70 (m, 3H), 7.9%
7.99 (m, 3H), 8.01 (dJ = 8.3 Hz, 1H) 8.16 (d,J = 7.5 Hz, 1H),
8.24 (d, 3H);13C NMR (75 MHz, CDCHTMS) 6 122.3, 124.5,
124.8, 126.1, 127.1, 127.4)(Se,C)= 13.1 Hz), 128.0, 129.4,

if the steric repulsion between Br and Se is contained in the G 130.6, 132.2, 134.1, 138.7, 149.6, 1508e NMR (76.20 MHz,
dependence. The G dependence must be larger in an order o€CDCly/MeSeMe)d 842.9 Avy, = 15.3 Hz). Anal. Calcd for
F < Cl < Br. On the other hand, the steric repulsion of G also CieH11NOsSe: C, 55.83; H, 3.22; N, 4.07. Found: C, 55.90; H,

increases in an order of K F < Cl < Br. The structures of
1-5 are explained by above factors.

Studies on the sulfur and tellurium analoguedeflOare in
progress. The results will be reported elsewhere.

Experimental Section

1-(Phenylseleninyl)naphthalene (1a)l-(Phenylselanyl)naph-
thalene 6a) (100 mg, 0.35 mmol) was dissolved in 20 mL of

CH,ClI,, and the solution was bubbled through ozone for 15 min.

3.22; N, 4.16.

8-Fluoro-1-(p-anisylseleninyl)naphthalene (2b)Following the
method used for the preparation &, 2b was isolated in 50%
yield as colorless prisms: mp 146:042.5°C; 'H NMR (400 MHz,
CDCIy/TMS) ¢ 3.74 (s, 3H), 6.85 (d) = 8.6 Hz, 2H), 7.24 (t) =
6.2 Hz, 1H), 7.45 (ddJ = 7.9 and 13.6 Hz, 1H), 7.60 (d,= 8.8
Hz, 2H), 7.72 (dJ = 8.2 Hz, 1H), 7.77 (t) = 7.7 Hz, 1H), 7.96
(d,J=8.1Hz, 1H), 8.69 (dJ = 7.3 Hz, 1H);}3C NMR (75 MHz,
CDCl/TMS) 6 55.4, 111.7 3(F,C) = 20.6 Hz), 114.9, 115.2,
124.2, 125.1%)(F,C) = 3.7 Hz), 126.43)(F,C) = 8.7 Hz), 127.0

The solution was evaporated and dried in vacuo. The crude prod- (*J(F,C) = 1.9 Hz), 128.5 Q(F,C) = 2.5 Hz,2J)(Se,C)= 11.2

uct was purified by column chromatography {85, CH,Cl,). 1a
was isolated in 65% yield as colorless powder: mp 127189.2
°C (top 128.2C, DSC);*H NMR (400 MHz, CDCY/TMS) 6 7.35—
7.43 (m, 3H), 7.53-7.61 (m, 2H), 7.67 (t) = 7.7 Hz, 1H), 7.69-
7.74 (m, 2H), 7.93 (ddJ = 2.0 and 6.1 Hz, 1H), 7.98 (d,= 8.2
Hz, 1H), 8.11 (dd,J) = 2.3 and 7.1 Hz, 1H), 8.31 (dd,= 1.0 and
7.3 Hz, 1H);13C NMR (75 MHz, CDCH/TMS) 6 122.8, 124.8
(3(Se,C)= 8.7 Hz), 126.0, 126.7%)(Se,C)= 14.9 Hz), 126.7,
127.5,129.1,129.7, 130.8, 131.2, 131.6, 134.0, 139.2, 1#4&&,
NMR (76.20 MHz, CDC¥{MeSeMe)o6 840.7. Anal. Calcd for
CiH120Se: C, 64.22; H, 4.04. Found: C, 64.01; H, 4.00.
1-(p-Benzyloxyphenylseleninyl)naphthalene (1. Following
the method used for the preparationlaef 1b' was isolated in 54%
yield as colorless prisms: mp 194-697.3°C; 'H NMR (400 MHz,
CDCI/TMS) 6 5.01 (s, 2H), 6.96 (d) = 8.8 Hz, 2H), 7.28-7.40
(m, 5H), 7.52-7.57 (m, 2H), 7.60 (dJ = 7.0 Hz, 2H), 7.68 (tJ]

Hz), 128.6, 130.8%(F,C) = 2.8 Hz), 135.3, 135.%J(F,C)= 5.9
Hz), 158.2 YJ(F,C) = 250.1 Hz), 162.17’Se NMR (76.20 MHz,
CDCly/MeSeMe)o 862.1 ¢J(Se,F)= 218.5 Hz). Anal. Calcd for
CiH1sFOsSe: C, 58.80; H, 3.77. Found: C, 58.95; H, 3.94.
8-Chloro-1-(p-tert-butylphenylseleninyl)naphthalene (3c)Fol-
lowing the method used for the preparationlaf 3c was isolated
in 58% yield as colorless prisms: mp 178579.8°C (top 179.4
°C, DSC);'H NMR (400 MHz, CDCYTMS) 6 1.23 (s, 9H), 7.34
(d,J=8.3 Hz, 2H), 7.45 (tJ = 8.0 Hz, 1H), 7.51 (dJ = 8.0 Hz,
2H), 7.62 (d,J = 7.8 Hz, 1H), 7.80 (tJ = 7.8 Hz, 1H), 7.89 (d,
J = 8.3 Hz, 1H), 8.01 (dJ = 8.3 Hz, 1H), 8.95 (dJ = 7.8 Hz,
1H); 13C NMR (75 MHz, CDCYTMS) 6 31.1, 34.8, 126.3, 126.5,
126.7, 126.7, 127.12](Se,C)= 13.1 Hz), 128.7, 128.8, 129.1,
129.7, 132.2, 136.4, 139.4, 142.3, 1547I1Se NMR (76.20
MHz, CDCl/MeSeMe)d 867.4 (Av1, = 4.9 Hz). Anal. Calcd for
CyoH1ClOSe: C, 61.63; H, 4.91. Found: C, 61.36; H, 4.81.
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8-Chloro-1-(p-chlorophenylseleninyl)naphthalene (3e)Fol-
lowing the method used for the preparationlaf 3e was isolated
in 69% vyield as colorless prisms: mp 17%+.873.4°C (top 172.8
°C, DSC);™H NMR (400 MHz, CDCYTMS) 6 7.30 (d,J = 8.5
Hz, 2H), 7.47 (tJ = 7.8 Hz, 1H), 7.58 (d) = 8.5 Hz, 2H), 7.64
(dd,J=1.1and 7.5 Hz, 1H), 7.79 (§, = 7.8 Hz,1H), 7.90 (ddJ
= 0.9 and 8.2 Hz, 1H), 8.02 (dd,= 0.9 and 8.2 Hz, 1H), 8.91
(dd,J = 1.2 and 7.4 Hz, 1H}3C NMR (75 MHz, CDCY/TMS) o
126.3, 126.5, 126.7, 128.4, 128.8)(Se,C)= 13.7 Hz), 128.9,
129.2, 129.3, 129.5, 132.5, 136.4, 136.9, 139.3, 143SE NMR
(76.20 MHz, CDC}{/MeSeMe)o 866.2 (A\vy, = 5.6 Hz). Anal.
Calced for GgH10C20Se: C, 52.20; H, 2.74. Found: C, 52.03; H,
2.74.

8-Bromo-1-(p-anisylseleninyl)naphthalene (4b)Following the
method used for the preparation b& 4b was isolated in 77%
yield as colorless prisms: mp 132:134.4°C (top 133.5°C, DSC);
IH NMR (400 MHz, CDCHTMS) 6 3.74 (s, 3H), 6.81 (dJ = 8.6
Hz, 2H), 7.37 (t,J = 7.8 Hz, 1H), 7.49 (dJ = 8.5 Hz, 2H),
7.79 (t,J = 7.7 Hz, 1H), 7.84 (dJ = 7.5 Hz, 1H), 7.94 (dJ =
8.1 Hz,,1H), 8.00 (dJ = 8.1 Hz, 1H), 8.99 (dJ = 7.4 Hz,
1H); 13C NMR (75 MHz, CDCHTMS) ¢ 55.4, 114.8, 118.7,
126.6, 126.7, 127.1, 129.3)(Se,C)= 14.3 Hz), 129.5, 130.2,
132.5, 133.4, 136.6, 136.9, 140.3, 16173S5e NMR (76.20
MHz, CDClL/MeSeMe)d 863.6 Avy, = 5.5 Hz). Anal. Calcd for
Ci7/H1sBrOsSe: C, 47.91; H, 3.55. Found: C, 48.15; H, 3.61.

1,2-Dinaphthyl Selenoxide (5).Following the method used for
the preparation ofla, 5 was isolated in 87% yield as colorless
prisms: mp 181.2183.2°C (top 182.2°C, DSC);'H NMR (400
MHz, CDCL/TMS) 6 7.49-7.62 (m, 4H), 7.58 (tJ = 7.7 Hz,
2H), 7.90 (ddJ = 2.1 and 7.0 Hz, 2H), 7.94 (d,= 8.1 Hz, 2H),
8.15 (d,J = 7.3 Hz, 2H), 8.24 (ddJ = 1.6 and 7.4 Hz, 2H)!3C
NMR (75 MHz, CDCKTMS) 6 123.2 gJ(Se,C)= 14.9 Hz), 126.0,
126.4, 126.7, 127.7, 129.1, 131.1, 131.8, 133.9, 139 NMR
(76.20 MHz, CDC}{/MeSeMe)d 826.9 Avy, = 10.5 Hz). Anal.
Calcd for GgH140Se: C, 68.77; H, 4.04. Found: C, 68.53; H, 4.05.

1-(p-Benzyloxyphenylselanyl)naphthalene (6). Under an

Hayashi et al.

8-Bromo-1-(p-tert-butylphenylselanyl)naphthalene (9c)Fol-
lowing the method used for the preparatior6bf, 9c was isolated
in 64% vyield as colorless prisms: mp 127.828.4°C (top 128.0
°C, DSC);'H NMR (400 MHz, CDCHTMS) 6 1.48 (s, 9H), 7.24
(t, J= 7.5 Hz, 1H), 7.35 (ddJ = 1.3 and 8.8 Hz, 1H), 7.37 (8
= 5.1 Hz, 1H), 7.53 (dt) = 2.1 and 8.6 Hz, 2H), 7.69 (di,= 1.6
Hz and 8.2 Hz, 2H), 7.72 (dd}, 1.3 and 8.4 Hz, 1H), 7.89 (dd,
= 1.2 and 8.2 Hz, 1H), 7.96 (dd,= 1.3 and 7.5 Hz, 1H)C
NMR (75 MHz, CDCKTMS) ¢ 31.3, 34.7, 120.4, 126.0, 126.3,
127.0, 127.2, 128.2, 129.2, 130.4, 131.5, 133.2, 133.7, 136.6
(3)(Se,C)=11.2 Hz), 137.0, 152.7/Se NMR (76.20 MHz, CDGI
MeSeMe)o 442.9. Anal. Calcd for gH BrSe: C, 57.44; H, 4.58.
Found: C, 57.22; H, 4.50.

1,1-Dinaphthyl Selenide (10).Following the method used
for the preparation 06b’, 10 was isolated in 71% yield as color-
less prisms, mp 99:8103.2 °C (top 101.1°C, DSC); H
NMR (300 MHz, CDCHTMS) 6 7.27 (t,J = 7.1 Hz, 2H), 7.48
(dd, J = 1.0 and 7.2 Hz, 2H), 7.567.55 (m, 4H), 7.79 (d,
J = 8.0, 2H), 7.83-7.88 (m, 2H), 8.36-8.36 (m, 2H); 1°C
NMR (75 MHz, CDCKTMS) 6 126.1, 126.3, 126.8, 127.1
(3)(Se,C)= 14.3 Hz), 128.4, 128.6, 129.8, 1323(Se,C)= 6.2
Hz), 133.6, 134.17"Se NMR (76.20 MHz, CDGIMeSeMe)d
310.7. Anal. Calcd for gH,Se: C, 72.07; H, 4.23. Found: C,
72.11; H, 4.27.

X-ray Structural Determination of 1a, 1b’, 1d, 1e, 1f, 2b, 3c,
3e, 4b, 5, and 10The colorless crystals dfa, 1b', 1d, 1e 1f, 2b,
3c, 3¢ 4b, 5, and 10 were grown by slow evaporation of
dichloromethane-hexane solutions at room temperature. The inten-
sity data were collected on a CCD diffractometer equipped with
graphite-monochromed Mo K irradiation ¢ = 0.71070 A) at
103(2) K for1a and4b and on a four-circle diffractometer with
graphite-monochromated ModKradiation ¢ = 0.71069 A) for
1b', 1d, 1e 1f, 2b, 3¢, 3¢ 5, and10at 298(1) K. The structures of
laand4b were solved by direct methods (SIR%7and DIRDIF99
(PATTY),3! respectively, and refined by full-matrix least-squares
methods orfF2 for all reflections (SHELXL-97F2 The structures

argon atmosphere, 1-bromonaphthalene (1.52 g, 7.34 mmol) wasof 1b', 1d, 1f, 2b, 3¢, 3¢ 5, and 10 were solved by heavy-atom

dissolved in 25 mL of dry THF, and the solution was added to
n-BuLi (4.7 mL, 7.61 mmol, 1.5 N) at-78 °C. After 50 min, a
THF solution ofp- benzyloxyphenylselenobromide was added to
the above solution at 78 °C. The reaction mixture was stirred for
2 h and warmed until a cloudy mixture resulted. Then, 20 mL of

Patterson methods, PATT3,and SAPI9%# for 1e and expanded
using Fourier techniques, DIRDIF92 All of the non-hydrogen
atoms were refined anisotropically. Crystallographic details are
given in the Supporting Information.

MO Calculations. Quantum chemical (QC) calculations were

5% acetone hydrochloric acid and 100 mL of benzene were added.performed with the 6-31£G(2d, p) and/or 6-31£G(d) basis sets

The organic layer was separated and washed with brine, 10%of the Gaussian 98 prograth Calculations are performed at the
aqueous solution of sodium hydroxide, saturated agueous solutiongensity functional theory (DFT) level of the Becke three parameter

of sodium bicarbonate, and brine. The solution was dried over hyprig functional combined with the Leerang—Parr correlation
sodium sulfate, evaporated, and dried in vacuo. The crude product

was purified by column chromatography ($i®@exane). Compound
6b" was isolated in 67% vyield as colorless prisms: mp 169.9
111.7°C (top 110.6°C, DSC);H NMR (400 MHz, CDCHTMS)

5 5.04 (s, 2H), 6.89 (dJ = 8.5 Hz, 2H), 7.23-7.58 (m, 11H),
7.76 (d,J = 8.2 Hz, 1H), 7.83 (dJ = 7.4 Hz, 1H), 8.28 (d) =
8.5 Hz, 1H);13C NMR (75 MHz, CDCYTMS) ¢ 70.1, 116.1, 120.6,

(30) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G.; Giacovazo,
C.; Gualgliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna, R.Appl.
Crystallogr.1999 32, 115-119.

(31) Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.; de
Gelder, R.; Israel, R.; Smits, J. M. NThe DIRDIF-99 Program System,
Technical Report of the Crystallography Laboratdgniversity of Nijmegen,

126.0, 126.2, 126.6, 126.9, 127.5, 128.0, 128.1, 128.5, 128.6, 131.1,The Netherlands, 1999.

131.5, 133.3, 134.0, 135.5, 136.7, 158'Be NMR (76.20 MHz,
CDCly/MeSeMe)d 354.6. Anal. Calcd for gH,g0Se: C, 70.95;
H, 4.66. Found: C, 71.06; H, 4.58.
8-Chloro-1-(p-tert-butylphenylselanyl)naphthalene (8c)Fol-
lowing the method used for the preparatiorébf, 8c was isolated
in 67% yield as colorless prisms: mp 128.029.0°C (top 128.7
°C, DSC);H NMR (400 MHz, CDCHTMS) 6 1.36 (s, 9H), 7.12
(t, J=7.7 Hz, 1H), 7.23 (ddJ = 0.5 and 8.4 Hz, 1H), 7.32 (§
= 7.8 Hz, 1H), 7.43 (ddJ = 2.0 and 8.4 Hz, 2H), 7.567.62 (m,
4H), 7.72 (ddJ = 1.3 and 8.2 Hz, 1H®3C NMR (75 MHz, CDCl
TMS) 6 31.3, 34.8, 125.6, 126.4, 126.7, 127.0, 127.1, 128.5, 128.8,
129.3, 130.0, 131.7, 133.2, 136.9)(Se,C)= 11.2 Hz), 136.9,
152.3;7’Se NMR (76.20 MHz, CDGIMeSeMe)o 448.9. Anal.
Calcd for GoH1ClSe: C, 64.27; H, 5.12. Found: C, 64.05; H,
5.17.
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functional (B3LYP). Optimized structures and the molecular orbitals ~ Supporting Information Available: General experimental
are drawn using MolStudio R3.2 (Rev 13). details; X-ray crystallographic data fae, 1b', 1d, 1e 1f, 2b, 3c,
o ] 3e 4b, 5, and 10 (CIF); ORTEP structures ofd, 1f, and 3c;
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