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Torsional Angular Dependence of 'J(Se,Se) and Fermi Contact Control of
‘J(Se,Se): Analysis of "J(Se,Se) (n=1-4) Based on Molecular Orbital Theory

Waro Nakanishi* and Satoko Hayashi'®!

Abstract: "J(Se,Se) (n=1-4) nuclear
couplings between Se atoms were ana-
lyzed by using molecular orbital (MO)
theory as the first step to investigating
the nature of bonded and nonbonded
"J(Se,Se) interactions between Se
atoms. The values were calculated by
employing Slater-type triple & basis sets
at the DFT level, which were applied
to structures optimized with the Gaus-
sian 03 program. The contribution from
each occupied MO (y;) and ;—,
(,=unoccupied MO) transition was
evaluated separately. 'J(Se,Se) was cal-

1] 5sa(Se,Se) observed for RSeSeR’ and
large values (330-380 Hz) of Jypu-
(Se,Se) observed for 4-substituted
naphtho[1,8-c,d]-1,2-diselenoles, which
correspond to synperiplanar disele-
nides. The HOMO-—-LUMO and
HOMO-1—LUMO transitions con-
tribute the most to 'J(Se,Se) at ¢=0
and 180° to give large values of 'J-
(Se,Se), whereas various transitions
contribute and cancel each other out at
¢=90° to give small values of 'J-
(Se,Se). Large */,..4(Se,Se) values were
also observed in the nonbonded

Se---Se, Se--Se=0, and O=Se--:Se=0 in-
teractions at naphthalene 1,8-positions.
The Fermi contact (FC) term contrib-
utes significantly to */(Se,Se), whereas
the paramagnetic spin-orbit (PSO)
term contributes significantly to 'J-
(Se,Se). 2J(Se,Se) and *J(Se,Se) were
analyzed in a similar manner and a tor-
sional angular dependence was con-
firmed for *J(Se,Se). Depending on the
structure, the main contribution to "J-
(Se,Se) (n=2, 3) is from the FC term,
with a lesser contribution from the
PSO term. Analysis of each transition

culated for the MeSeSeMe model com-
pound, which showed a typical depend-
ence on the torsion angle
(¢(CyeSeSeCy)). This dependence ex-
plains the small values (<64 Hz) of

Introduction

NMR spectroscopy has been established as an extremely
powerful tool to study physical, chemical, and biological sci-
ences. ’Se NMR chemical shifts are used on a daily basis to
determine molecular structures. Indirect nuclear spin—spin
coupling constants (J) provide important information on
coupled nuclei that contain strongly bonded or weakly inter-
acting states because the values depend on the electron dis-
tribution between the nuclei.l'"® One-bond (1), two-bond
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enabled us to identify and clearly visu-
alize the origin and mechanism of the
couplings.

(geminal; %J), three-bond (vicinal; *J), and even longer (*J;
n>4) coupling constants are observed between selenium
atoms, which give important information about the coupled
nuclei. For '/, the coupling mechanism is through-bond only,
whereas the coupling mechanism for "J (n>2), and in par-
ticular "J (n>4), must contain through-space interactions.
Quantum chemical (QC) calculations are necessary for the
analysis and interpretation of the J values obtained experi-
mentally. Important molecular properties, such as electronic
structure, can be clarified by elucidating the mechanism of
spin—spin couplings with molecular orbital (MO) theory.
Scheme 1 shows the structures of the compounds used in
this study.

Various values of 'J,.,(Se,Se) have been reported for the
alkyl and aryl derivatives of 1a (Scheme 1). These values
are usually small, for example, J(Se,Se) for 1 is <64 Hz
(Table 1). However, we encountered large values of 'J -
(Se,Se)=330 to 380Hz for the derivatives of 2 (see
Scheme 1 and Table 1), which correspond to the synperipla-
nar diselenides.”® Values of 2/ ,.(Se,Se) are not reported
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Scheme 1. Structures of the compounds used in this study. Specific sub-
stituents: 1a: R=R’'=Me; 2a:" Y=H; 2b: Y=Me; 2¢c: Y=Cl;2d: Y=
NO,; 3a: R=R'=Me, R'=R*=H; 4a-gem: R=Me, R'=R,=Ph, R,=
H; 4a-cis: R=R'=Me, R,=Ph, R,=H; 4a-trans: R=R'=Me, R,=Ph,
R.=H; 4b: R=R'=Me, R.=R,=R,=H; 5a: R=R'=Me, R!=R’=
R3’=R*=H; 6 and 9: X=Y=null; 7 and 10: X=0, Y=null; 8 and 11:
X=Y=0.

for 3-gem,” but values for 4a-gem!™'* are given in Table 1,
together with values of *J,.(SeSe) for 4a-cis and 4a-
trans.*'% Values for 5-gauche and 5-anti must also be consid-
ered. The values of “/(Se,Se), such as in 6, 7, and 8, are
closely related to nonbonded Se--Se interactions. Large
values of */,,.(Se,Se) were detected for 7, 9,'Y1 10, and 11.

According to nonrelativistic theory, there are several
mechanisms that contribute to the spin-spin coupling con-
stants.'?! As expressed in Equation (1), the total value ("Jy;)
is composed of contributions from the diamagnetic spin-
orbit (DSO) term, the paramagnetic spin-orbit (PSO) term,

the spin-dipolar (SD) term, and the Fermi contact (FC)
term.

nJTL = "]Dso+nJPso+"JSD+"JFC (1)

Figure 1 summarizes the mechanism of the indirect nucle-
ar spin-spin couplings and illustrates the origin of the "Jpgo,
"Jpso» "Jsp, and "Jic terms and their contribution to "Jy;. The
singlet state (S,) of a molecule (M) is the ground state if the
nuclei (N) in M have no magnetic moments (uy=0), but the
ground state cannot be the absolute S if uy#0. The contri-
butions to the uy-perturbed ground state are as follows: The
DSO term arises from the reorganization of Sy, so it is usual-
ly very small. The PSO term arises from the mixing of upper
singlet states (S,, S,, S, etc.) and the FC and SD terms arise
from admixtures of upper triplet states (T, T,, T, etc.), in
which only s-type atomic orbitals contribute to FC.

Why is the value of 'J,(Se,Se) for 2 much larger than
that of 1? Why are the values of %/ ,4(Se,Se) in 7 and 9-11
so large despite nonbonded Se--Se distances of about
3 A?20Y The values of "J(Se,Se) (n=1-4) were analyzed by
using MO theory to investigate the nature of the bonded
and nonbonded interactions between selenium atoms
through nuclear spin-spin coupling. How do Se nuclei inter-
act with each other to contribute to "J(Se,Se)? Mechanisms
for Se--Se interactions at bonded and nonbonded distances
have been elucidated. Calculated "Jy; values were evaluated
separately by using the four terms shown in Equation (1). A
precise description of the electron density at the coupled
nuclei is required to evaluate the FC contribution, however,
satisfactory accuracy would be difficult to achieve by using
Gauss-type atomic orbitals. Therefore, J values were evalu-
ated by using Slater-type atomic orbitals, which is possible
when using the ADF 2005 program.'>l Evaluation of the J
values was performed by using the ADF program after
structural optimization with the Gaussian 03 program.!"
Contributions from each occupied MO () and y,—y,
(3, =unoccupied MO) transition were evaluated separately.
The treatment enabled us to identify and clearly visualize

the origin of the indirect nucle-
ar spin—spin couplings.

The ground state is So when uy =0

DSO Reorganization
of S SD +FC
o Admixtures
from T, (n21)

PSO FC: Contributions

from atomic s-orbitals

Admixtures from
S,(nz1)

Results and Discussion

Observed "J,4(Se,Se) (n=1-
4) values: The magnitude of
the values of J(Se,Se) are
usually small, and values of
<64 Hz were observed for
compounds 1.M'1  However,
large values of J.(Se,Se)
were recorded for 2b-d (see
Table 1), which are synperipla-

The ground state contains S,and T, (n = 1)
characters when = 0.

Figure 1. The mechanisms of indirect nuclear spin-spin couplings and the origin of the "Jpgso, "Jpso, "Jsp, and
"Jec terms that contribute to "J1;. S=singlet state, T =triplet state, N=nuclei, and u =magnetic moment.

5646 ——

www.chemeurj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

nar diselenides, although not
for 2a.1 Tt was expected that
the values of 'J(Se,Se) would
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Table 1. Observed spin—spin coupling constants (/) between Se
atoms.

n "Jopsa(Se,Se) [Hz] Interaction

1 (R=rBu, R'=Me)® 1 2.7 Se—Se

1 (R=nBu, R'=Me)" 1 36.3 Se—Se

1 (R=Me, R'=Ph)® 1 22 Se—Se

1 (R=00,NC{H,, R’ =CN)" 1 64 Se—Se

2pt 1 3794 Se—Se

2cl 1 3759 Se—Se

24 1 3308 Se—Se
4a-gem!" 2 27 Se--Se
4a-cis¥ 3 96.5 Se--Se
4a-trans'¥ 3 12.0 Se--Se

9lcl 4 3324 Se--Se

7kl 4 1995 O=Se-Se
10 4 1885 O=Se~-Se
1 4 4558 0=Se--Se=0

[a] Refs. [4] and [16a]. [b] Refs. [4] and [16b]. [c] This work. [d] Refs. [4]
and [10a].

be controlled by the torsion angle (¢(CSeSeC)) because this
effect is well-known in three-bond (vicinal) couplings in
'HNMR spectra.l'! Values of J,,(Se,Se) and 3J,.(Se.Se)
have been reported for 4a-gem, 4a-cis, and 4a-trans;*'" the
magnitudes of which are not very large (Table 1).

A value of *J,;4(Se,Se)=199.5 Hz was recorded for 7 and
values of “/,,4(Se,Se)=332.4, 188.5, and 455.8 Hz were ob-
served for methyl phenyl derivatives 9, 10, and 11, respec-
tively. To the best of our knowledge, the */,..4(Se,Se) value
of 455.8 Hz obtained for 11 is largest value observed to
date. The values of */(Se,Se) observed for 7 and 10 were
very close (Table 1), which suggests that substituting a
methyl group with a phenyl group at the naphthalene 1,8-
positions does not affect */,,.4(Se,Se) much.

After briefly summarizing the "J,,q(Se,Se) (n=1-4)
values obtained, the next step is to elucidate the "J(Se,Se)
coupling mechanisms by using MO theory to investigate the
nature of chemically bonded and weakly interacting seleni-
um atoms.

Calculation method: The structures of 1a and 3-5 were opti-
mized by using the 6-311++ G(3df,2pd) basis sets of the
Gaussian 03 program!™>'" at the DFT (B3LYP) level.'*?! In
the fully optimized structure of 1a, ¢(Cy,.SeSeCy) was cal-
culated to be 88.38°. Calculations were also performed on
structures of 1a with fixed torsion angles altered in incre-
ments of 15 or 30° (see Table 2). Structural optimization was
also performed on 3a and some conformers of 4b®! and 5a.
Optimizations were also performed on 2a, 6-8, 1,8-
(HSe),C;oH, (12), and 1,8-(HSe =0),C,,H, (13) by using the
6-311+4 G(3df) basis sets!'”! for Se and the 6-311+G(3d,2p)
basis sets for other nuclei at the DFT (B3LYP) level.'® The
values of J(Se,Se) were calculated by using Slater-type triple
& basis sets with two sets of polarization functions (2 x 1s, 2 x
2s, 2x2p, 2x3s, 2x3p, 3x3d, 3x4s, 3x4p, 1x4d, and 1x4f
for Se) at the DFT (BLYP) level of the ADF 2005 pro-
gram™™ on the optimized structures obtained with the Gaus-
sian 03 program.'>?! Calculations were performed at the
nonrelativistic level. For ease of comparison, the scalar
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ZORA relativistic formulation® was also applied to 2a and
12(BB).”! The "J;; values were evaluated separately by
using the "Jpso, "Jpso, “Jsp, and "Jxc terms in Equation (1)].1%!
The mechanism was revealed by determining the contribu-
tion from each vp; and 1, —, transition.*

Analysis of 'J(Se,Se): Table 2 shows 'Jy; and the 'Jpso, Ypsor
"Jsp, and Jrc components calculated for 1J(Se,Se) in 1a. The

Table 2. Calculated values of '7(Se,Se) for 1a and 2a, together with the
torsional angular dependence in 1a.l!

¢ [0] Erel[b] U PSO . SD 1 FC . SD+FC J TL
[kImol ] [Hz] [Hz] [Hz] [Hz] [Hz]

1a 0.0 36.9 4472 2178 186 2364 683.7
15.0 33.0 3992 200.6 152 2158 615.0

300 253 2885  163.1 27 1658 4543

60.0 6.1 761 1014 —433 581 134.2

750 09 20.0 878 —647 231 43.1

884 0.0 41 845 —76.7 7.8 11.9

90.0 0.0 42 846 —779 6.7 10.9

1050 23 29.9 915 —774 141 44.0
1200 7.4 947 1093 —60.5 488 1435
150.0 17.6 2915 1717 —82 1635 455.0
165.0 21.5 370.6  201.1 9.0 210.1 580.7
180.0 22.8 400.7 2134 143 2277 628.4

2a - - 3622 1952 541 1411 503.3
22 - - 390.7  206.4 2.6 209.0 599.7

[a] pso was less than 0.03 Hz. [b] E, is the energy value relative to the
optimized value of —5267.7384 a.u. obtained at ¢==88.38°. [c] Based on
scalar ZORA.

predicted value of 'Ji;(Se,Se) in 1a is very large at ¢=0°
(684 Hz) and 180° (628 Hz), whereas it is less than 44 Hz for
¢=(90+15)°. Therefore, the 'J,,,(Se,Se) value obtained for
1 can be substantially explained and modeled by using 1a at
¢=90°, although changes to R and R’ in 1 must also affect
the values. Figure 2 shows plots of Jpso, Yesor Jsps Jrcs
Yspire and Jpy versus ¢ in 1a. The results show that 'y is

'J[Hz]
700 -

Me

&(CyeSeSeCye)
\
Me

600 -
500 -
400 -
300 -
200 -

100 -

-100 -

1 1 1
0 30 60 90 120 150 180 ¢[°]

Figure 2. Torsional angular dependence of 'J(Se,Se) in la. A: Jpgo, A:
Tpsor 1 Usp, 008 Ve, m: 1JSD+FC5 and e: .
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dependent on ¢, which is also true for *J(H,H);"' and
changes to 'Jpgo Were also negligible (< 0.03 Hz).
Upso(Se,Se) and Jgp, pc(Se,Se) were plotted against 'Jyy -
(Se,Se) for 1a." The correlations are given in Equations (2)
and (3), respectively. The results showed that for 1a 'Jpso-
(Se,Se) and 'Jgp, pc(Se,Se) contribute 65 and 35%), respec-

tively, to 'Jp.(SeSe), irrespective of the values of
¢(CSeSeC).
Jpso(Se,Se) = 0.651 x 'y (Se,Se)—4.1 (r* = 0.999) (2)

Usnirc(Se.Se) = 0.349 x 1, (Se,Se)+4.2 (2 =0.998)  (3)

The value of 'J(Se,Se) for 1a was predicted to be very
large when ¢=0 or 180°. Consequently, for 2 a value of
T psa(Se,Se) =331 to 379 Hz could be predicted from the 'J-
(Se,Se) value for 1a when ¢=0° (Table 2). A value of 'Jy; -
(Se,Se) =503 Hz was calculated for 2a, of which the 'Jpso-
(Se,Se) value for 2a contributes 72 % (Table 2). The predict-
ed value of 'J;;(Se,Se) for 2a is about 120 Hz larger than
the 'J,,.q(Se.Se) value obtained for 2b. The DFT method
overestimates the reciprocal energy differences (1/(¢,—¢))!'?
that would be partly responsible for the larger value.

Why does the value of 'J(Se,Se) for 1a depend on the tor-
sion angle? Which orbitals and transitions contribute to this
dependence? To answer these questions, we examined 'Jpgo-
(Se,Se) for 1a because it contributes 65% to 'y (Se,Se).
The mechanism discussed herein is based on the contribu-
tions from each 1; and y;,—p, transition. Table 3 lists the
dependence of 'Jpso(Se,Se) on ¢ for 1a and contributions
from Y=z, Yi=Psg, Wao~Paz, W0s Paor War» Yaz, and Pz, The
contribution of P;—p,; to the Jpso(Se,Se) value of 1a is
large, whereas that of 1~ is small.” Figure 3a shows the
contributions from 9, Yu9, P41, Yar, and Py and Figure 3b
shows the contributions from {3;—Y4;, PYeo—P43, and Pze—Pys.
The contributions from v, and 1, exchange with each
other at ¢~90° and the contributions from 3, and ,, ex-
change at ¢~135° (Figure 3a). The contributions from ,—
1,3 and 30—, almost cancel each other out at ¢p~90° (Fig-
ure 3b).

Table 3. Torsional angular dependence of the contributions to Jpso(Se,Se) in 1a from ;.1

a)
"Jpsa [Hz]
800

600 -

400

200

-200

-400 |

0 30 60 90 180 ¢[°]

120 150

b)

"Upso [Hz]

400

Y4243
73

200

Y39—Y41

-200

1 L 1 1 L 1 L

0 30 60 90 120 150 180 ¢[]

Figure 3. Torsional angular dependence of 'Jp50(Se,Se) in 1a. a) Contribu-
tions from sq, Py, W41, Yap, and 3 and b) contributions from sy,

Par—Paz, and P39~=Py3.

The magnitudes of the con-
tributions from 1, and y,; to
the 'Jp50(Se.Se) value of 1a are

$[°] Contributions [Hz] very large at 0 and 180°

Vi-Was WPz Wi WPaz Yo Yao Y Y P Y= Pu™ P (Table 3), although the signs of
00 4472 27 4499  —1212 1812 —433 3597 7929 —3333 747.2 Py and s are negative and
150 3992 -39 4031  -117.6 1634 —483 3337 7394 —307.1 695.7 positive,  respectively.  The
300 2885 —64 2949  —1089 1187 —60.8 —266.1 6120 —240.9 574.7 | 360 and 353 H
600 761 -84 844 ~80.9 137 -87.9 -840 3237 —694 3124 values arc — and — z
75.0 199  —152 352 —-630 286 —943 96 2115 15.6 206.8 for vy, and 793 and 753 Hz for
88.4 41  -163 204 449 -394 -931 956 1222 93.3 125.9 P, at 0 and 180°, respectively.
1050 299 160 459 180 o8 09 21> 213 32w The contributions from .-
1200 947  —144  109.1 87 1143 540 —719 3407 544 320.7 V43 are 433, 218,0 and 400 Hz at
1500 2914  —10.8 3022  —1469 653 287 —2615 6166 —2356 5815 0, 90, and 180° respectively,
1650 3705 98 3803  —155.1 854 624 —3281 7157 —298.1 673.8 and those from 13—, are 17,
180.0  400.7 —97 4104  -1577 930 750 -3527 7528 —3210 708.6 ~198, and 10 Hz at 0, 90, and

[a] Upso was less than 0.03 Hz. [b] Contribution from the transition.
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P4 (LUMO): £ = -1.84 eV

Jro = - "o = "o = 0 . o
74?H2 117 Hz 103 Hz 709 Hz
- — b ‘_‘ WYaz a3 c
=—4.24
1043 (HOMOY): £ = —4.19 eV Waa (HOMO) e=—h24eV
Upo =
_ \ —321 Hz
~ YUpo = <
wag (LUMO): £ = 2118y 002 \ Was (LUMOY): &£ = —2.17 eV
Yaz (HOMO) e=-5.17¢ ‘
D c P42 = a3
gz (HOMO-1): £ = —5.98 eV Y42 (HOMO-1): ¢ f —5.96 eV
(0=0%) o (6= 180°)

Figure 4. Contributions to 'Jpso(Se,Se) in 1a from the v, —4, and y,;—1,, transitions at ¢=0, 90, and 180°, together with the interconversion between

Yy and 5 at ¢a90°.

the mechanism of 'Jpgo(Se,Se) in 1a can be clarified by ana-
lyzing the contributions from 14, and y,; at 0 and 180°. The
mechanism would be complex at 90°, since the small magni-
tude is a result of the total contributions from 35— 3.
Figure 4 shows the y,—y, and {gz—1)y transitions at
¢=0 and 180°, the values of which are shown in Table 3.
The characters at ¢=0 and 180° of y,(HOMO-1), ;-
(HOMO), and ,4(LUMO) are n(Se-Se), m*(Se-Se), and
o*(Se-Se), respectively. The character of v, is essentially
the same as y,; at ¢=90°. To
demonstrate how they inter-

Figure 4). The MO description in Figure 4 visualizes the
origin of 'Jpso(Se,Se) in 1a and helps us to understand the
mechanism, especially at ¢=0 and 180°.

The origin of 'J(Se,Se) in 2 was similarly elucidated by an-
alyzing 'Jpso(Se,Se) in 2a, of which contributions from each
y; and ,—, transition were evaluated separately. The cal-
culated 'J(Se,Se) value obtained for 2a is also given in
Table 2.%°! The contribution of Jpso(Se,Se) to J(Se,Se)
amounts to 72 % for 2a. Figure 5 shows the contributions to

convert with each other at ¢p= a)

90°, {4, and 1,5 are also shown "Jeso [Hz]

in Figure 4. At ¢~90° all of 9001

Y-y contribute to Jpso- oo |-

(Se,Se) in 1a, contrary to the

situation at ¢~0 or 180°. At 2001 79 26 20

90°, contributions from the 0 51 H _2_4IIII

Yp—Pyy and Yy —y, transi- 8 3 23

tions to 'Jpso(Se,Se) in 1a are -200 - 8 2527

almost cancelled by those from b)

the Yi—YPu, YPi—Ps, and "Jpso [Hz]

Yuq—\y transitions. In addi- 600+ 68

tion, both Jsp(Se,Se) and Jgc-

(Se,Se) in 1a substantially con- 400 |

tribute at ¢~90°. Consequent-

ly, it is difficult to specify a few 2

orbitals and transitions that 0 H o _ 128
control J(Se,Se) in la at ¢ - - b ainy,
~90°. The character of 1y,- c)

(LUMO: o*(Se-Se)) does not "eso [Hz] 74 18
depend as much on ¢, so there- ° - = i
fore, the behavior of Yy, o |_| :

must be mainly responsible for 68
the dependence of '/(Se,Se) on

¢ for la (see Figure3 and
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Figure 5. Contributions to 'Jps0(Se,Se) in 2a from a) each v;, b) each ys;—1p, transition, and c) each g —,
transition. ;= HOMO, 4 =HOMO—1, and g =LUMO.
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Upso(Se,Se) in 2a from each 1; and the Pg;—, and YPge—P,
transitions. In Figure 5a, contributions from s, Yo3—»s,
and 53—, originate mainly from atomic 2p(Se), 3p(Se),
and 4p(Se) orbitals, respectively. The contributions that
result from 2p(Se) and 3p(Se) are almost cancelled out by
summing the contributions from Ys—,, and {;3—,g, TE-
spectively, therefore 4p(Se) substantially contributes to
Upso(Se,Se) in 2a. In particular, {y(HOMO) and -
(HOMO-1) control 'Jpso(Se,Se) in 2a. As shown in Fig-
ure 5b and c, the value of 'Jpso(Se,Se) in 2a is determined
by Y,=vy when P;=1g oOr Y in many YP;—Y,
transitions.!

Figure 6 shows the g —Ys and YPg—1Pgg transitions in
Jpso(Se,Se) for 2a. The large value of 'Jpgo(Se,Se) for 2a
arises from mixing YPe(LUMO: o*(Se-Se)) with -

co

v

be.

—205 Hz

es (HOMO—‘1). e=-6.11eV

Figure 6. The Ys;,—s and g —gs transitions in Jpso(Se,Se) in 2a. The
characters of g, Ve, and Py are w*(Se-Se), w(Se-Se), and o*(Se-Se),
respectively.

(HOMO: n*(Se-Se)) and (e(HOMO—1: nt(Se-Se)) in the
singlet state. The MO shown in Figure 6 is essentially the
same as the ), —4 and 13—, transitions in Jpso(Se,Se)
for 1a at ¢p=0° (Figure 4), although ¢, (2a) and 1 (2a)
also have m(Nap) (Nap=naphthyl) character. The large
Upso(Se,Se) in 2 and small 'J,4(Se,Se) in 1 are explained by
the dependence of the calculated 'J(Se,Se) values in 1a on
¢.

After elucidation of the mechanisms of '/(Se,Se), the next
step is to clarify those for 2/(Se,Se) in geminal bis-selenides,
3J(Se,Se) in vicinal bis-selenides, and “/(Se,Se) in 1,8-bis-
(selanyl)naphthalenes.””?*! Depending on the structure, 2J-
(Se,Se) and *J(Se,Se) are mainly controlled by the FC term,
with the PSO term being less important. However, the FC
term definitely determines *J/(Se,Se), so it is instructive to
discuss the mechanisms of *“/(Se,Se) before discussing those
of %J(Se,Se) and *J(Se,Se).

Analysis of “J(Se,Se): Figure 7 shows the optimized struc-
tures for 6, which are denoted by 6(AA), 6(AB), 6(BB),
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6 (AA) 6 (AB) 6 (BB) 6 (CC)
q—f T
A .
7 (AA) 8 (AA)

Figure 7. Optimized structures of 6-8.

and 6(CC). Table 4 gives the energies of 6(AA), 6(AB),
and 6 (CC) relative to 6(BB). Structure 6 (CC) is the global
minimum and has been detected in crystal structures,® but

Table 4. Calculated values of “/(Se,Se) for 6-8, 12, and 13.1"!

Eo Jpso [Hz]  “Jsp [Hz] Ve [Hz] Yy [Hz]

[kImol ]
6(AA) -5.3 10.2 -1.4 10.7 19.5
6(AB) —20.7 1.1 —0.7 148.4 148.8
6(BB) 0.0 -0.5 -0.9 566.2 564.8
6(CC) —23.4 2.6 0.2 399.2 402.0
7(AA) - 0.8 -1.1 80.6 80.3
8(AA) - 1.0 0.3 363.1 364.4
8(AA)* - 1.2 0.4 468.4 470.1
12(AB) -5.0 3.9 0.0 127.8 131.8
12(BB) 0.0 0.7 -0.3 432.5 4332
12(BB){ 0.0 -0.3 -0.8 4151 414.0
12(CC) -5.1 16.7 0.2 399.2 401.8
13(AA) - 0.7 0.2 364.9 365.6

[a] pso was less than 0.06 Hz. [b] E,, is the energy value relative to
6(BB) (—5267.7358 a.u.), which contains the thermal effect at 273.15 K.
[c] Calculated from the optimized structures with r(Se,Se) fixed at the ob-
served value of 3.151 A. [d] Based on scalar ZORA.

6 (AB) must be in equilibrium with 6 (CC) in solution. Struc-
ture 6(BB) was shown to be the transition state with two
negative (imaginary) frequencies.’” Structures 7(AA) and
8(AA) were optimized as the global minima and correspond
to the observed crystal structures. The other conformers op-
timized for 7 and 8 were higher energy species.

Table 4 shows values of “J(Se,Se) that were calculated for
the optimized structures shown in Figure 7. “Jz(Se,Se) plays
a definitive role (contribution of >99 %, except in 6 (AA))
in determining */;;(Se,Se) in 6, 7 and 8, which arises from
nonbonded Se---Se, Se--Se=0, and O=Se---Se=0 interactions,
respectively. Values of “J1; (Se,Se) =402 and 149 Hz were de-
termined for 6(CC) and 6(AB), respectively, and the ob-
served value of 332 Hz for 9 is intermediate between the
two. The results are consistent with an equilibrium between
6(CC) and 6(AB) in solution, even though a methyl group
in 6 is replaced by a phenyl group in 9. A very small value
of “J1.(Se,Se) =20 Hz was predicted for 6(AA), which is in
striking contrast to the large 'J;(Se,Se) value of 503 Hz pre-
dicted for 2a.
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Values of *“/J1;(Se,Se)=80 and 364 Hz were predicted for
7(AA) and 8(AA), respectively. These values are smaller
than those observed for 7, 10, and 11 by about 90 to 120 Hz
(Tables 1 and 4). Why do these differences arise? The non-
bonded Se--Se distances were reexamined because they
were optimized to be longer than the observed values by
0.095 and 0.134 A for 7(AA) and 8(AA), respectively, and
these longer distances could be responsible for the discrep-
ancy. Structure 8 (AA) was optimized with r(Se,Se) fixed at
the observed value of 3.151 A and by assuming C, symme-
try. Under these conditions, this optimized structure was
designated 8(AA)*, and has a *J(Se,Se) value of 470 Hz.
This value is very close to that observed for 11(AA)
(456 Hz). From this, it can be seen that, in some cases,
optimized r(Se,Se) distances must be carefully examined
when discussing values of */(Se,Se) based on the calculated
values.

Values of “/nc(Se,Se) were examined by breaking down
and examining the contributions from each 1; and \,—,
transition for 6-8 to clarify the mechanism for */(Se,Se) that
arises from nonbonded Se---Se, Se-:Se=0, and O=Se--Se=0
interactions. The MO presentations explain the mecha-
nisms,”'! but they are too complex for the mechanisms to be
easily understood because the MOs in 6-8 extend over
whole molecules that contain two MeSe or MeSe=0 groups
and m(Nap) systems. To avoid this complexity, frontier mo-
lecular orbitals (FMOs) were drawn for 12 and 13; the cal-
culated values are shown in Table 4.

The value of “J;(Se,Se)=433 Hz in 12(BB) has a large
(556 Hz) contribution from 1. Contributions from the
Ye—Wy (138 Hz), Yeu—ys, (—485Hz), and Ygu—oy
(799 Hz) transitions amount to 452 Hz, which explains the
value of “Jr(Se,Se) in 12(BB). Namely, */.c(Se,Se) origi-
nates mainly from admixtures of 1, {5, and 1, into Pg,.
Figure 8a shows the g —,, and g —,, transitions in
12(BB). The character of v, is a symmetrically combined
double 0*(Cy,,—Se—H) of a-type (0%(Cy,,—Se—H)-a), Py, is
the antisymmetrically combined double o0*(Cy,,~Se), and
g4 is the antisymmetrically combined double o(Cy,,—Se—
H)-a. Through interaction with t(Nap) e, in 12 (BB) sepa-
rates into g, and e, in 12 (CC). Figure 8b shows the FMOs
of 12(CC), which are exemplified by the {5, —-, and gy —
14 transitions. The FMOs of 6 (BB) and 6(CC) are essen-
tially the same as those of 12 (BB) and 12 (CC), respectively.
The MOs of 6 (BB) and 6 (CC) were split further through in-
teractions with the methyl groups, however, they are not
shown here because of their high complexity.

Figure 9 shows the FMOs for 12(AB), in which the main
contribution is from the s, —15, transition. The transition
in 12(AB) seems to be more complex than that of 12 (BB)
or 12(CC). The smaller J value in 12 (AB) could come from
the perpendicular conformations of two Se—H groups and
two s-type lone-pair orbitals.*”)

Figure 10 shows the ;;—1y, transition in 13(AA). This
transition is reminiscent of the admixture of m orbitals along
the linear O=Se--Se=0 arrangement. However, the s-type
atomic orbitals of Se found in ;; and g, must play an im-
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Figure 8. Selected transitions for “/pc(se,Se) in a) 12(BB) and b) 12(CC).

“re = s(

LR

P74 (LUMO+5): & = -0.27 eV

1pg2 (HOMO-8): ¢ = —8.00 &V
Figure 9. The g, —15, transition for “Jpc(Se,Se) in 12(AB).

portant role in the admixture because the transition contrib-
utes to “/rc(Se,Se) in 13(AA).

"J(Se,Se) have been elucidated as through-bond (n=1)
and through-space mechanisms (n=4). MO descriptions of
the contributions from each 1; and y,—, transition ena-
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] l ]
W73 (HOMO-1): £ = -5.92 eV go (LUMO+5): ¢ = —0.89 eV

4, _
Jrc =

586 Hz
—

Figure 10. The ;3 —g, transition for “Jz<(Se,Se) in 13(AA).

bled us to identify and clearly visualize the origin and mech-
anisms of these nuclear couplings.

Analysis of 2J(Se,Se) and *J(Se,Se): Figure 11 shows the op-
timized structures for 3a-gem, 4b-gem, 4b-cis, 4b-trans, 5a-
gauche, and 5a-anti. >J(Se,Se) and *J(Se,Se) values were cal-
culated by using these structures, and the results are shown
in Table 5.

AAN YALY

3Ja-gem AD g 4b-cis
4b-trans 5a-gauche 5a-anti

Figure 11. Optimized structures of 3a, 4b, and 5a.

Table 5. Calculated values of 2/(Se,Se) for 3a-gem and 4b-gem and °J-
(Se,Se) for 4b-cis, 4b-trans, Sa-gauche, and 5a-anti.”!

n "Jeso [Hz] "Isp [Hz] "Jec [Hz] "Iz [Hz]
3a-gem 2 -1.7 0.4 110.5 109.1
4b-gem 2 -1.8 -0.5 126.9 125.6
4b-cis 3 —4.6 1.1 494 4580
4b-trans 3 -31.0 2.1 —33.1 —62.00
Sa-gauche 3 -1.2 6.5 36.9 422
Sa-anti 3 —6.6 22 —349 —39.3

[a] Upso was less than 0.02 Hz. [b] Values for 4a-gem, 4a-cis, and 4a-
trans (structures given in Scheme 1), see ref. [21].

Values of %/(Se,Se)=109 and 126 Hz were calculated for
3a-gem and 4b-gem, respectively. The %/z-(Se,Se) term pre-
dominantly contributes to */(Se,Se) in these compounds.
Positive values of *J3; (Se,Se) =46 and 42 Hz were predicted
for 4b-cis and 5a-gauche, respectively. In this case, the *Jpc-
(Se,Se) term predominantly contributes to /1 (Se,Se). /-
(Se,Se) in 3a-gem and 4b-gem and J(Se,Se) in 4b-cis and
Sa-gauche originated from ny(Se)-n(Se) interactions,*
which all have positive values. They are controlled by the
FC term and the mechanisms should be closely related to
those of */(Se,Se). However, negative values of >/, (Se,Se) =
—62 and —39 Hz were predicted for 4b-trans and Sa-anti, re-
spectively. The */z<(Se,Se) term contributes significantly to
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Sa-anti, whereas both the */rc(Se,Se) and */ps0(Se,Se) terms
contribute to *J1;(Se,Se) in 4b-trans. These results, in rela-
tion to the ny(Se)ny(Se) distances, are of interest because
the Se--Se distances in 4b-trans and Sa-anti are larger than
those in 3a-gem, 4b-gem, 4b-cis, and 5a-gauche.

Torsional angular dependence was detected in */(Se,Se) of
5a that contained both conformers. Figure 12 shows the re-
sults of torsional angular dependence calculations for Sa

3J[Hz]
150 |- MeSe ¢(SeCCSe)
H \_SeMe
H H
100 -
50
O -
_50 C 1 1 1 1

1 1 |
0 30 60 90 120 150 180 ¢[°]

Figure 12. Torsional angular dependence of */(Se,Se) in Sa. A: *Jpgo, A:
3Tpsor 01 s, 02 “Jpc, and @: 3Ty

that contained the structures of Sa-gauche and Sa-anti
(Figure 11). The value of *J(Se,Se) in 5a appears to depend
on ¢(SeCCSe) and its behavior must be more complex than
that plotted in Figure 12 because */(Se,Se) must also depend
on the value of ¢'(Cy,SeCC) for each half of the molecule.

It is interesting to compare the calculated and observed
values of "J(Se,Se) (n=2 and 3).”"! The magnitudes of the
calculated values of "Jy (Se,Se) for 4b and 4a increase in
the order cis < trans < gem ("J1.(Se,Se)=46, 62, and 126 Hz
for 4b and "J;(Se,Se)=15, 42, and 89 Hz for 4a; see
Scheme 1 and Figure 11 for structures), and these values
seem to be reasonable. However, there are still some dis-
crepancies between the observed and calculated values for
4b and 4a, and the reasons for these discrepancies must be
clarified so that "J(Se,Se) can be utilitized in the study of se-
lenium chemistry. In calculations of "J(Se,Se), the structures
of 4b and 4a must be carefully examined to explain the nu-
merical accuracy of the values observed.!]

Conclusion

Nuclear spin—spin coupling constants (/) provide highly im-
portant information about coupled nuclei that have strongly
bonded and weakly interacting states. Values of "J(Se,Se)
(n=1-4) were analyzed as the first step to investigating the
nature of bonded and nonbonded interactions between Se
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atoms through "J(Se,Se). QC calculations were necessary for
the analysis and interpretation of the J values obtained ex-
perimentally. "J(Se,Se) (n=1-4) were analyzed by using MO
theory. Structures were optimized at the DFT level by using
the Gaussian 03 program and values of "J(Se,Se) were calcu-
lated by employing Slater-type triple & basis sets at the DFT
level and applying them to the optimized structures. The
method employed in this work has been shown to reliably
predict the values and analyze the mechanisms involved.
Calculated "Jy values were composed of contributions from
the "Jpso, "Jpso, “Jsp, and "Jgc terms. Study of the separate
terms helped us to predict the mechanisms of the spin-spin
couplings, which are closely related to the electronic struc-
tures of the compounds. The main contributions from each
; and ), —, transition were evaluated separately.

Compound 1a was used as a model to calculate *J(Se,Se),
which shows a typical dependence on ¢(CySeSeC,y). This
dependence explains the small values of J.(Se,Se) for 1
and the large values of 'J,,4(Se,Se) for 2, which correspond
to synperiplanar diselenides. Large *J,,4(Se,Se) values were
also recorded for nonbonded Se--Se, Se--Se=0, and O=
Se--Se=0O interactions at naphthalene 1,8-positions. The
main contribution to */(Se,Se) is from the FC term, whereas
the main contribution to 'J(Se,Se) is from the PSO term. /-
(Se,Se) and */(Se,Se) were analyzed in a similar way, and °/J-
(Se,Se) in 5a was also found to be dependent on the torsion
angle. Depending on the structure, the main contribution to
%J(Se,Se) and *J(Se,Se) is from FC terms, with a smaller con-
tribution from the PSO terms. Each transition enables us to
identify and clearly visualize the origin and the mechanisms
of indirect nuclear spin-spin couplings. Important molecular
properties, such as electronic structures, can be clarified by
elucidating the mechanisms of spin-spin coupling by using
MO theory.

Similar investigations for "J(P,X) are in progress and will
be reported elsewhere.

Experimental Section

Chemicals were used without further purification unless otherwise stated
and solvents were purified by using standard methods. Melting points
were determined on a Yanako MP-S3 melting point apparatus and are
uncorrected. NMR spectra were recorded at 23°C on a JEOL AL-300
spectrometer (‘H, 300 MHz; '*C, 75.5 MHz) and on a JEOL Lambda-400
spectrometer (”’Se, 76.2 MHz). The 'H, "*C, and "’Se NMR spectra were
recorded in CDCl; and [Dg]DMSO. Chemical shifts are given in ppm rel-
ative to TMS for 'H and '*C NMR spectra, and relative to reference com-
pound MeSeMe for 7’Se NMR spectra. Column chromatography was per-
formed by using silica gel and basic alumina.
4-Methylnaphtho[1,8-c,d]-1,2-diselenole (2b): Compound 2b was pre-
pared from 1,8-dichloro-4-methylnaphthalene by using a method similar
to that previously reported for 2a”'"*! and was obtained as purple nee-
dles (5.10g, 68%). M.p. 127.0-128.0°C; 'HNMR (300 MHz, CDCl,,
TMS): 0=2.50 (s, 3H), 7.09 (dd, /=0.9, 7.6 Hz, 1H), 7.25 (d, J=7.3 Hz,
1H), 7.36 (dd, J=0.6, 6.9 Hz, 1H), 7.55 ppm (dd, /=0.7, 8.4 Hz, 1H);
BCNMR (75.5 MHz, CDCl;, TMS): 6=18.6, 120.4, 120.7, 121.0, 127.4,
128.2, 130.4, 137.0, 137.3, 138.0, 141.1 ppm; "Se NMR (76.2 MHz, CDCl,,
MeSeMe): 0=411.8, 420.6 ppm; elemental analysis calcd (%) for
C,HgSe,: C 44.32, H 2.70; found: C 44.21, H 2.63.
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4-Chloronaphtho[1,8-¢,d]-1,2-diselenole (2¢): Compound 2¢ was pre-
pared from 1,8-dichloro-4-methylnaphthalene by using a method similar
to that previously reported for 2a"* and was obtained as brown nee-
dles (3.68g, 58%). M.p. 155.0-156.0°C; 'H NMR (300 MHz, CDCl,,
TMS): 6=7.24 (d, J=8.1Hz, 1H), 7.30 (d, J=79Hz, 1H), 7.34 (t, J=
7.7Hz, 1H), 7.39 (dd, /=12, 7.4 Hz, 1H), 7.81 ppm (dd, J=1.3, 7.9 Hz,
1H); ®CNMR (75.5 MHz, CDCl;, TMS): §=120.5, 120.6, 121.9, 127.3,
127.4, 128.6, 135.0, 138.5, 140.0, 141.2 ppm; "Se NMR (76.2 MHz, CDCl,,
MeSeMe): 0=422.6, 444.6 ppm; elemental analysis caled (%) for
C,HsSe,Cl: C 37.71, H 1.58; found: C 37.83, H 1.60.

4-Nitronaphtho[1,8-c,d]-1,2-diselenole (2d): Compound 2d was prepared
from 1,8-dibromo-4-nitronaphthalene by using a method similar to that
previously reported for 2a”'¥) and was obtained as dark purple needles
(2.17 g, 28%). M.p. 196.0-197.0°C; 'H NMR (300 MHz, CDCl;, TMS):
0=740 (d, J=83Hz, 1H), 7.52 (dd, /=4.1 and 7.6 Hz, 1H), 7.53 (s,
1H), 8.18 (d, /=83 Hz, 1H), 851 ppm (dd, J=2.7 and 4.1 Hz, 1H);
'H NMR (300 MHz, [D{]DMSO, TMS): 6=7.57 (dd, J=7.5, 8.5 Hz, 1H),
7.77 (d, J=8.5Hz, 1H), 7.84 (dd, /=0.7, 7.5 Hz, 1H), 8.20 (d, /=8.5 Hz,
1H), 829ppm (dd, J=0.7, 85Hz, 1H); “CNMR (75.5MHz,
[Dg]DMSO, TMS): 0=118.2, 120.0, 123.4, 127.1, 129.4, 131.1, 139.0,
140.8, 144.2, 155.5 ppm; ”Se NMR (76.2 MHz, CDCl; MeSeMe): 6=
448.8, 474.4 ppm; elemental analysis calcd (%) for C,HsSe,NO,: C
36.50, H 1.53, N 4.26; found: C 36.41, H 1.40, N 4.19.

1,8-Bis(methylselanyl)naphthalene (6): Methyl iodide (1.29 g, 9.06 mmol)
was added at room temperature to a solution of the dianion of 2a, which
was prepared by reducing 2a"* (1.03 g, 3.63 mmol) with NaBH, in
aqueous THF. Water (50 mL) and dichloromethane (50 mL) were added
to the solution. The organic layer was separated and washed with 5% aq.
HCI, three times with water, with saturated NaHCO;(aq) and again with
water. After drying over Na,SO,, filtration, evaporation, and drying in
vacuo, the crude product was purified by using column chromatography
(SiO,, hexane), then recrystallized from hexane to give 6 as colorless
prisms (1.12 g, 98%). M.p. 85.0-85.5°C; 'HNMR (300 MHz, CDCl,
TMS): 0=2.33 (s, 6H), 7.32 (t, J=7.7Hz, 2H), 7.70 (dd, J=1.2, 8.2 Hz,
2H), 7.73 ppm (dd, J=1.2, 7.5 Hz, 2H); "CNMR (75.5 MHz, CDCl,,
TMS): 6=13.3, 125.7, 128.3, 131.9, 132.3, 135.3, 135.6 ppm; "Se NMR
(76.2 MHz, CDCl;, MeSeMe): 6=231.4 ppm; elemental analysis calcd
(%) for C,H,,Se,: C 45.88, H 3.85; found: C 45.73, H 3.77.

1-(Methylselanyl)-8-(methylseleninyl)naphthalene (7): Compound 6
(980 mg, 3.12 mmol) was dissolved in CH,Cl, (20 mL) and then bubbled
with ozone for 5 min. Then the solvent was removed and the product was
dried in vacuo. The crude product was purified by column chromatogra-
phy (ALO;, CH,Cl,) to give 7 as a colorless powder (875 mg, 85% ). M.p.
129.8-130.1°C; 'H NMR (300 MHz, CDCl;, TMS): 6=2.29 (s, 3H), 2.78
(s, 3H), 7.48 (t, J=7.6 Hz, 2H), 7.76 (t, J=17.7Hz, 2H), 7.98-8.05 (m,
2H), 8.10 (dd, J=1.1, 7.2 Hz, 1H), 8.88 ppm (dd, /=12, 7.4 Hz, 1H);
BCNMR (75.5 MHz, CDCl;, TMS): 6=13.9, 41.1, 125.7, 1263, 1264,
126.6, 131.0, 132.4, 133.1, 136.1, 138.9, 141.3 ppm; ”Se NMR (76.2 MHz,
CDCl;, MeSeMe): 6 =210.8, 833.0 ppm; elemental analysis caled (%) for
C,H,08e,: C 43.66, H 3.66; found: C 43.61, H 3.60.

1,8-Bis(methylseleninyl)naphthalene (8): A solution of 6 (580 mg,
7.85 mmol) in CH,Cl, (20 mL) was bubbled with ozone for 15 min. The
workup was the same as that for 7, and gave 8 as a colorless powder
(377 mg, 59%). M.p. 154.8-155.2°C; '"H NMR (300 MHz, CDCl,, TMS):
0=2.71 (s, 6H), 7.84 (t, J=7.7Hz, 2H), 8.18 (dd, /=12, 6.9 Hz, 2H),
871ppm (dd, J=14, 69Hz, 2H); "Se NMR (76.2 MHz, CDCl,,
MeSeMe): 6 =821.3 ppm; elemental analysis calcd (%) for C;,H;,0,Se,:
C 41.64, H 3.49; found: C 41.55, H 3.45.

1-(Methylseleninyl)-8-(phenylselanyl)naphthalene (10): Compound 10
was prepared from 9!""* by using a method similar to that reported above
for 7 and was obtained as colorless needles (970 mg, 80%). M.p. 129.8-
130.2°C; '"H NMR (300 MHz, CDCl;, TMS): 6=2.72 (s, 3H), 6.98-7.02
(m, 2H), 7.11-7.16 (m, 3H), 7.56 (t, J=7.6 Hz, 1H), 7.76 (t, J=7.7 Hz,
1H), 8.05 (dd, J=1.2, 8.0 Hz, 1H), 8.10 (dd, J=1.3, 8.1 Hz, 1H), 8.15
(dd, J=1.3, 72 Hz, 1H), 8.82 ppm (dd, /=13, 7.3 Hz, 1H); "C NMR
(75.5 MHz, CDCl;, TMS): 6 =40.6, 123.2, 126.5, 126.6, 126.8, 126.9, 128.4,
129.6, 132.0, 132.4, 133.0, 133.5, 136.29, 140.9, 141.4 ppm; ""Se NMR
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(76.2 MHz, CDCl;, MeSeMe): 6=398.2, 831.4 ppm; elemental analysis
caled (%) for C;H,,OSe,: C 52.06, H 3.60; found: C 52.11, H 3.66.

1-(Methylseleninyl)-8-(phenylseleninyl)naphthalene (11): Compound 11
was prepared from 9!""* by using a method similar to that reported above
for 8 and was obtained as colorless needles (720 mg, 63 %). M.p. 148.0—
148.8°C; '"H NMR (300 MHz, CDCl;, TMS): 6=2.74 (s, 3H), 7.33-7.50
(m, 3H), 7.51-7.58 (m, 2H), 7.78 (t, J=7.7 Hz, 1H), 7.81 (t, J=7.7 Hz,
1H), 8.13 (dd, J=1.1, 8.1 Hz, 1H), 8.14 (dd, J=1.1, 8.1 Hz, 1H), 8.63
(dd, J=1.4, 7.4 Hz, 1H), 8.72 ppm (dd, /J=1.3, 7.3 Hz, 1H); *C NMR
(75.5 MHz, CDCl;, TMS): 6=38.3, 126.7, 126.8, 126.9, 127.0, 127.6, 127.9,
130.0, 131.7, 133.3, 133.7, 135.6, 138.9, 139.2, 141.7 ppm; ""Se NMR
(76.2 MHz, CDCl;, MeSeMe): 6=820.0, 832.5 ppm; elemental analysis
caled (%) for C;H,,0,Se,: C 50.02, H 3.46; found: C 50.07, H 3.57.
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Analysis of J(Se,Se)
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spectively, although these optimized structures might not be the
global minima. Details of this will be discussed elsewhere.
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99, 4597-4610; b) E. van Lenthe, E.J. Baerends, J. G. Snijders, J.
Chem. Phys. 1994, 101, 9783-9792; ¢) E. van Lenthe, A. Ehlers, E. J.
Baerends, J. Chem. Phys. 1999, 110, 8943 -8953.

The value of 'J(Se,Se) that was calculated for 2a at the nonrelativis-
tic level was smaller than that obtained with the scalar ZORA rela-
tivistic formulation, whereas the value of */(Se,Se) for 12(AA) that
was calculated at the nonrelativistic level was several magnitudes
larger than that obtained with the scalar ZORA relativistic formula-
tion. The values calculated at the nonrelativistic level seem to be
closer to the observed values than those obtained with the scalar
ZORA relativistic formulation in our calculation system. Therefore,
it would be reasonable in this case to discuss the values of "J(Se,Se)
calculated at the nonrelativistic level.

a) J. Autschbach, T. Ziegler, J. Chem. Phys. 2000, 113, 936-947; b) J.
Autschbach, T. Ziegler, J. Chem. Phys. 2000, 113, 9410-9418.

A plot of the contributions from s~ (v axis) versus those from
Y~ (x axis) shows an excellent correlation (y=0.976x437.3: r*=
0.9999).

Some vacant MOs (,), such as those at Ysos, Y305, Yu3s5, and Py3g,
also contribute to *Jps0(Se,Se) in 2a. However, the contributions
from these vacant MOs are cancelled out by the addition of contri-
butions from other nearby orbitals. For example, the magnitude of
the contributions from ;-5 t0 “Jps0(Se,Se) amounts to less than
0.3 Hz, of which 1,35 has the highest energy.
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1,8-Bis(selanyl)naphthalenes have some conformers, mainly CC and
AB.®! Nonbonded interactions will contribute significantly to *J-
(Se,Se) because ny(Se) plays an important role in *“/(Se,Se).
Although 1,8-bis(methylselanyl)naphthalene and 1-(methylselanyl)-
8-(phenylselanyl)naphthalene were observed as the CC conformer
in the solid state, AB conformers must also be present and contrib-
ute in solution, which has an effect on “/(Se,Se).

W. Nakanishi, S. Hayashi, unpublished results.

The motion of the lowest frequency in the BB conformer leads to
the CC conformer. The second lowest frequency corresponds to the
rotation around the C,, axis in the BB conformer, which maintains
the plane of the Cy, Se, Se, and Cy,, atoms with the naphthyl plane
moving in the opposite direction.

Although not shown, v, (HOMO) and the 1,,—y, transition
mainly contribute to */z<(Se,Se) in 6(CC) and 6 (AB). Similarly, the
contributions from g, (HOMO) and the g —1s, transition explain
the values of “Jp(Se,Se) in 8 (AA).

The importance of the direction of the s-type lone-pair orbital of Se
in 2J(Se,C) is well established; see: a) W. Nakanishi, Y. Tkeda, Bull.
Chem. Soc. Jpn. 1983, 56, 1661-1664; b) H. J. Reich, J. E. Trend, J.
Chem. Soc. Chem. Commun. 1976, 310-311.
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