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H/D Isotope Effect on 77Se NMR Chemical Shifts in
8-Methyl-1-(arylselanyl)naphthalenes and Related
Selenides: Nonbonded C H—Se Through-Space Versus
Through-Bond Mechanisms

Satoko Hayashi, Kentaro Yamane, and Waro Nakanishi
Department of Material Science and Chemistry, Faculty of Systems
Engineering, Wakayama University, Wakayama, Japan

77Se NMR chemical shifts of methyl-d3 derivatives of 8-methyl-1-(phenylselanyl)
naphthalene (1) and 8-methyl-1-(p-anisylselanyl)naphthalene (2) are observed 0.25
and 0.20 ppm upfield from 1 and 2, respectively. The observations must be the re-
flection of the nonbonded interactions of the C H—Se 3c–4e type in 1 and 2. The
mechanism is elucidated by means of crystallographic and theoretical investiga-
tions. The nonbonded distance between Se and CMe (2.989 Å) is observed to be
shorter than the sum of the van der Waals radii of the two by 0.91 Å in 2. 1 and
2 may be in equilibrium between conformers A and B in solution, where Se Ci
is perpendicular to the naphthyl plane in A and it is on the plane in B. Natural
bond orbital (NBO) analysis on 1 revealed that the nonbonded np(Se)—σ ∗(C H)
interaction contributes in A, whereas nonbonded ns(Se)—σ ∗(C H) and double σ

(C H)—σ ∗(Se–C) interactions operate in B.

Keywords Ab initio calculations; H/D isotopic effect; natural bond orbital analysis;
NMR; nonbonded C H—Se interaction; structures

INTRODUCTION

Nonbonded interactions containing group 16 elements are of current
interest.1−3 Naphthalene 1,8-positions serve as a good system to study
the interactions. Lone pair orbitals of heteroatoms play an important
role in the nonbonded interactions. They have much effect on the energy
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1482 S. Hayashi et al.

FIGURE 1 Compounds I and the np(G)—σ ∗(Se C) interaction.

of the system and the NMR parameters, such as chemical shifts and
the nuclear spin–spin couplings containing the atoms.1d,g,2,3 We have
demonstrated the attractive nonbonded linear G—Se C interactions in
8-G-1-(arylselanyl)naphthalenes (I), where G are Br and Cl and even
F.2a,e p-Type lone pair orbitals of halogens [np(G)] and the anti-bonding
orbitals of the Se C bonds (σ ∗(Se C)) play an important role in the
attractive interactions of the np(G)—σ ∗(Se C) form (IA) (Figure 1).

We have also been interested in the nonbonded C H—Se
and/or H—Se C interactions in relation to the nonbonded lin-
ear G—Se C interactions in I. Although the G—Se C inter-
actions for G of halogens are well explained by hypervalent
np(G)—σ ∗(Se C) 3c–4e type interactions, such contribution would
be small for G = Me. Nevertheless, large downfield shifts
in δ (Se) are detected for 8-methyl-1-(phenylselanyl)-naphthalene
(1) and 8-methyl-1-(p-anisylselanyl)naphthalene (2), relative to 1-
(phenylselanyl)naphthalene (3)4 and 1-(p-anisylselanyl)naphthalene
(4),4 respectively (Figure 2). The values amounted to 81–92 ppm. What
happens in 77Se NMR chemical shifts [δ (Se)], when selanyl and methyl
groups are placed proximity in space? The results must come from the
large steric effect of the methyl group on the neighboring selenium
atom by the through-space interaction in 1 and 2.

The nonbonded interactions between the methyl and selanyl groups
are investigated by means of the H/D isotope effect on δ (Se), employing
naphthalene 1,8-positions in 1–4 and benzene 1,2-positions in o-tolyl
phenyl selenide (5) and diphenyl selenide (6) (Figure 2). The mechanism
of the H/D isotope effect is demonstrated to be pure through-space for
1 and 2, whereas that of 6 is through-bond. The difference between
the through-space and the through-bond mechanisms must supply the
information on the nonbonded C H—Se and/or H—Se C interactions.

The structure of 2 is determined by the X-ray crystallographic anal-
ysis to clarify the structural environments in the H/D isotope effect.
Structures of 1 and 2 are optimized employing the 6-311+G(2d,p) basis
sets of the Gaussian 03 program5 at the density functional theory (DFT:
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H/D Isotope Effect on 77Se NMR 1483

FIGURE 2 Compounds with which the H/D isotope effect examined.

B3LYP).6,7 Natural bond orbital (NBO) analysis8,9 is carried out for the
plausible structures of 1, A, and B (see Scheme 1). The observations
are explained based on the observed and the calculated structures.

Here, we report the nature of the C H—Se and/or H—Se C inter-
actions based on the H/D isotope effect, together with the results of QC
calculations, employing 1–6.

SCHEME 1 Plausible structures of 1 and 2.
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1484 S. Hayashi et al.

FIGURE 3 Structure of 2, showing the numbering scheme (thermal ellipsoids
are shown at 30% probability levels).

RESULTS AND DISCUSSION

Structure of 1-Methyl-8-(p-anisylselanyl)naphthalene (2)

The structure of 2 was determined by the X-ray crystallographic anal-
ysis, whereas that of 1 was not due to its oily nature. Single crystals
of 2 were obtained via slow evaporation of a hexane solution and one
of suitable crystals was subjected to the analysis. Table I shows the
crystallographic data. Figure 3 shows the structure of 210 and Table II
collects the selected interatomic distances, angles, and torsional angles,
necessary for the discussion.

The planarity of the naphthyl and anisyl planes is very good. The ani-
syl plane is almost perpendicular to the naphthyl plane, the torsional
angle of C1-Se-C11-C12 being 86.7(4) degrees. The methyl carbon and
the Se C11 bond lay on the naphthyl plane: the torsional angles of

TABLE I Crystallographic Data for 2

Formula C18H16OSe Z 8

Mol wt 327.28 Dcalcd (g cm−3) 1.455
T (K) 292(1) F(000) 1328
Cryst. syst. monoclinic no. of rflns collected 4313
Space group C2/c (#15) no. of ind rflns 3591
a (Å) 14.033(4) no. of data/restraints/params 1829/0/181
b (Å) 11.903(5) goodness of fit, F2 1.45
c (Å) 17.970(4) R1, wR2 0.043, 0.051
β (◦) 95.54(2) [I > 1.5σ (I)]
V (Å−3) 2987(1) largest diff peak (e Å−3) 0.38 to –0.29
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H/D Isotope Effect on 77Se NMR 1485

TABLE II Selected Interatomic Distances, Angles, and Torsional
Angles of 2a

Interatomic distances (Å)

Se-C1 1.933 (4) Se-C11 1.914 (5)
Se-C18 2.989 (5) C9-C18 1.504 (7)
Angles (◦)
Se-C1-C2 117.6 (3) Se-C1-C10 122.1 (3)
Se-C11-C12 120.8 (4) Se-C11-C16 120.1 (4)
C1-Se-C11 101.8 (2) C11-Se-C18 175.1 (2)
C10-C9-C18 125.0 (4)
Torsional angles (◦)
C10-C1-Se-C11 173.7 (4) C1-Se-C11-C12 86.7 (4)
Se-C1-C10-C9 0.8 (6) C1-C10-C9-C18 2.3 (7)

aThe atomic numbering scheme for 2 is defined in Figure 1.

C1-C10-C9-C18, Se-C1-C10-C9, and C10-C1-Se-C11 are 2.3(7), 0.8(6),
and 173.7(4) degrees, respectively. The nonbonded distance between Se
and C18 atoms [r(Se, CMe)] is 2.989(5) Å, which is shorter than the sum
of the van der Waals radii11 of Me group and Se atom by 0.91 Å [�rv(Se,
CMe) = 0.91 Å]. Since the methyl group is not spherical, the interpreta-
tion of the van der Waals radii must be considered carefully in this case
(the gear effect).12 The methyl carbon (CMe), selenium, and ipso carbon
(Ci) of the p-anisyl group in 2 align linearly: the C11-Se-C18 angle is
175.1(2) degrees. The linear alignment in 2 would be mainly controlled
by the np(Se)–π (Nap) conjugation.

H/D Isotope Effect on δ (Se)

The 77Se NMR spectrum was measured for 1 in chloroform-d at an
ambient NMR probe temperature of 25◦C. The resolution of 77Se NMR
spectra was 0.7 Hz (0.01 ppm) measured at 76 MHz. The signal was
observed at δ (Se) = 452.57. A new signal appeared at the 0.25 ppm
upfield from that of 1 when the CD3 derivative of 1 [1 (Me-d3)] was
added to the solution. The new signal grew up as the addition of 1
(Me-d3). The half value widths (ν 1/2) of the 77Se NMR signals in 1 and
1 (Me-d3) are 2.8 and 5.7 Hz, respectively. The H/D isotope effect of 1
was –0.25 ppm [= δ (Se: 1 (Me-d3)) – δ (Se: 1)]. The H/D isotope effect of
2 was also measured. The effect was –0.20 ppm. The ν 1/2 values for 2
and 2 (Me-d3) are 2.8 and 6.2 Hz, respectively. Figure 4 shows the 77Se
NMR spectra recorded at a 1:1 mixture of 2 and 2 (Me-d3). The H/D
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1486 S. Hayashi et al.

FIGURE 4 77Se NMR spectra recorded at a 1:1 mixture of 2 and 2 (Me-d3).

isotope effect was similarly measured for 3, 5, and 6. Table III collects
the results, together with the ν 1/2 values.

Before discussion of the H/D isotope effect on δ (Se) in the naphtha-
lene system, that of the benzene system is discussed, first.

As shown in Table III, the H/D isotope effect on δ (Se) of 6 is 0.93
ppm. The ν 1/2 values of 6 and 6 (H(2)–d) are both 3.8 Hz. The same
ν 1/2 values show that the nuclear spin–spin coupling between Se and
D(2) in 6 (H(2)–d) is very small, so is that between Se and D(2) in 6.
The H/D isotope effects were reported to be –7.0 and –14.0 ppm for
HDSe and D2Se relative to H2Se, respectively.13 It is –7.0 ppm per
D. The effect is large since D is joined directly to Se in place of the
Se–H bond in these cases. The effect of –1.68 ppm was reported for
2-deuterioselenophene relative to selenophene14 and the –3.78 ppm for

TABLE III H/D Isotope Effects on 77Se NMR Chemical Shifts and the
Half-Value Widths of 1–3, 5, and 6

δ (Se: d) δ (Se) �δ (Se)a ν 1/2(Se: d) (Hz) ν 1/2(Se) (Hz) �ν b
1/2 (Hz)

1 452.32 452.57 –0.25 5.7 2.8 2.9
2 435.07 435.27 –0.20 6.2 2.8 3.4
3 361.10 361.02 0.08 3.6 3.2 0.4
5 382.55 382.66 –0.11 3.4 3.4 0.0
6 422.36 423.29 –0.93 3.8 3.8 0.0

aδ (Se: with d) – δ (Se).
bν 1/2(Se: with d) – ν 1/2(Se).
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H/D Isotope Effect on 77Se NMR 1487

PhSeCD2Ph from PhSeCH2Ph (–1.89 ppm per D).15,16 The effect in
benzyl phenyl selenide is close to that in selenophene. The H/D isotope
effect of –0.93 ppm in 6 is about a half of those in selenophene and
benzyl phenyl selenide. The smaller effect in 6 must be the reflection
of one bond longer between Se and H(D) in 6 relative to selenophene
and benzyl phenyl selenide. The mechanism of the H/D isotope effect
in hydrogen selenide is through-bond and those in selenophene and
benzyl phenyl selenide must be mainly through-bond.17 Consequently,
the mechanism in 6 should also be through-bond in the analogy with
above cases.

The H/D isotope effect of –0.11 ppm is observed for 5, which is much
smaller than that in 6. The value observed for 3 is 0.08 ppm. The mag-
nitudes of the effect in 3 and 5 are very close to each other, although the
signs are different. The ν 1/2 values for δ (Se) of 3, 5, and the deuterated
compounds were almost the same (3.2–3.8 Hz). The magnitude of the
H/D isotope effect decreases as the bond number between Se and H(D)
in question increases.18 Therefore, the H/D isotope effect in 3–6 can be
explained by the through-bond mechanism. Indeed, the through-space
mechanism could operate in 3 and 5, but the contributions seem small.

The H/D isotope effects of –0.25 ppm in 1 and –0.20 ppm in 2 are
substantially larger than those observed in 3 and 5, respectively, in
magnitude. The ν 1/2 values of 5.7 Hz in 1 (Me-d3) and 6.2 Hz in 2 (Me-
d3) are also substantially larger than those of 2.8 Hz in 1 and 2. It is
difficult to explain such a large H/D isotope effect by the through-bond
mechanism. The effect in 1 and 2 must be smaller than that in 3 and 5,
if only through-bond mechanism operates: The numbers of the bonds
between the atoms in 1 and 2 are five, whereas they are three in 3 and
5. Namely, the through-space mechanism is demonstrated to operate
in the H/D isotope effect in 1 and 2. The nonbonded nuclear spin–spin
couplings in 1 and 2 can be similarly explained by the through-space
mechanism.

Why is the H/D isotope effect in 1 and 2 negative? The effect would
arise from the very slight difference between the r(Se, DMe) and r(Se,
HMe) in 1 and 2. The potential surfaces around the atoms must be
essentially the same with each other in 1 and 2. The mass of deu-
terium is twice of that of hydrogen. Therefore, the zero-point energy
for a C–D bond is about 0.71 (≈ 2−1/2) times larger than that of the
C H bond, which results in a slightly shorter bond distance for C–D
relative to C H, in the average.19 Namely, the C–D bonds in 1 (Me-
d3) and 2 (Me-d3) would be slightly shorter than the C H bonds in 1
and 2, respectively, which will decrease slightly the steric conjunction20

around Se in 1 (Me-d3) and 2 (Me-d3), relative to 1 and 2, respectively.
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1488 S. Hayashi et al.

This consideration supports the conclusion that the negative H/D iso-
tope effect in 1 and 2 arises from the through-space mechanism, where
the steric compression between Me-d3 and Se in 1 (Me-d3) and 2 (Me-
d3) is slightly released, relative to 1 and 2, respectively. Although the
H/D isotope effect in 1 and 2 is small, the intrinsic steric compression
between Se and Me must be very large judging from the �r(Se, CMe)
value of 0.91 Å in 2. The �r(Se, CMe) values affect on of δ (Se) in 1 and
2 from 3 and 4, respectively. The conclusion in the H/D isotope effect is
in accordance with �δ (Se) in 1 and 2.

The through-space mechanism is well demonstrated for the negative
H/D isotope effect in 1 and 2. How does the effect originate through
the C H—Se and/or H—Se C interactions? Quantum chemical (QC)
calculations are performed on 1 and 2, containing the NBO analysis, to
elucidate the nature of the nonbonded interaction.

QC Calculations on 1 and 2

QC calculations were performed on 1 and 2 by the B3LYP/6-
311+G(2d,p) method. Scheme 1 shows plausible structures, A, B, and
B’ for 1 and 2, where Se Ci is perpendicular to the naphthyl plane in A
and it is on the plane in B. A and B are stable, whereas B’ is expected
to be a transition state.10

Calculations are performed on 1 (A), 1 (B), 1 (B’), 2 (A), and 2 (B).
Table IV shows the results, containing the relative energies.21 While
the energies of 1 (A) and 1 (B) are very close with each other, 1 (B’)
is less stable than 1 (B) by 15.2 kJ mol−1. On the other hand, 2 (B)
is predicted to be substantially stable than 2 (A) (E(2 (B)) – E(2 (A))
= –7.1 kJ mol−1). The global minimum of 2 (B) well reproduced the
structure of 2 determined by the X-ray crystallographic analysis. 2 (B)
is expected to contribute much in the solution.

TABLE IV Results of QC Calculations on 1 and 2 with
the B3LYP/6-311+G(2d,p) Method

E (au) �E (kJ mol−1)

1 (A) –3057.9673 0.0
1 (B) –3057.9683 –2.6
1 (B’) –3057.9625 15.2
2 (A) –3172.5261 0.0
2 (B)a –3172.5288 –7.1

a2 (B) is optimized even if starting from 2 (B’).
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H/D Isotope Effect on 77Se NMR 1489

SCHEME 2 Nonbonded interactions in 1, contributing to A and B.

Charge-transfer interactions from donor NBO(i) to acceptor NBO(j )
can be evaluated through the second order perturbation theory analysis
in the NBO basis. They are evaluated by Equation 1, where E(2) is the
second order perturbation energy, qi is the donor orbital occupancy,
F(i, j ) is the off-diagonal NBO Fock matrix element, and (εi – εj ) is the
energy difference between donor NBO(i) and acceptor NBO(j ).

E(2) = �Ei j = qiF(i, j )2/(E(j ) − E(i)) (1)

Natural bond orbital (NBO) analysis is carried out on 1 (A) and1 (B).
Table V shows the results of NBO analysis, and Scheme 2 illustrates the
results.21 The np(Se)—σ ∗(C H) interaction contributes 4.5 kJ mol−1 for
1 (A). In the case of 1 (B), the ns(Se)—σ ∗(C H) interaction contributes
3.8 kJ mol−1, together with the double σ(C H)—σ ∗(Se C) type inter-
actions by 8.4 kJ mol−1 (4.2 kJ mol−1 for each). Why is the contribution
of the nonbonded ns(Se)—σ ∗(C H) interaction (3.8 kJ mol−1) in 1 (B)
close to that of the np(Se)—σ ∗(C H) type (4.5 kJ mol−1) in 1 (A)? The
nonbonded distance between Se and CMe must be an important factor
to control the values. The r(Se, CMe) values optimized for 1 (A) and 1
(B) are 3.211 and 3.025 Å, respectively. The former is longer than the
latter by 0.186 Å, which makes the contributions almost equal.

Are there some differences between the nonbonded interactions de-
scribed by C H—Se and H—Se C? The image of the nonbonded C H—
Se interaction may be close to the np(Se)—σ ∗(C H) and ns(Se)—
σ ∗(C H) interactions, whereas the H—Se C interaction would be
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1490 S. Hayashi et al.

TABLE V Results of NBO Analysis for 1 with the
B3LYP/6-311+G(2d,p) Methoda

Acceptor E(2)d E(j )–E(i)e F(i, j )f

Donor NBO(i)b NBO(j )c (kJ mol−1) (au) (au)

1 (A): r(Se, CMe) = 3.211 Åg

np(Se) σ∗ (CMe–Hc) 4.5 0.63 0.024
1 (B): r(Se, CMe) = 3.025 Åg

σ (CMe–Ha) σ∗ (Se Ci) 4.2 0.63 0.023
σ (CMe–Hb) σ∗ (Se Ci) 4.2 0.63 0.023
ns(Se) σ∗ (CMe–Hc) 3.8 1.12 0.029

aSecond order perturbation of Fock matrix (threshold being 2.1 kJ mol−1).21

bDonor orbitals. cAcceptor orbitals.
dThe values are the estimated strengths of the donor–acceptor interactions. The

stabilization energy associated with these interactions is evaluated by Equation 1 in
the text.

eEnergy difference between donor NBO(i) and acceptor NBO(j ).
f The element of the Fock (or Kohn-Sham) matrix describing the donor–acceptor

interaction.
gCalculated values.

understood by the σ (C H)—σ ∗(Se C) type. The results of the NBO
analysis show that the nonbonded n(Se)—σ ∗(C H) interaction operates
in both A and B, whereas the nonbonded σ(C H)—σ ∗(Se C) type inter-
action contributes only in B. The contribution of σ ∗(C H)—σ (Se C)
would be negligible, which is less than the threshold value of 2.1 kJ
mol−1.

CONCLUSION

It is elucidated how the C H bonds, with very stable σ (C H) and high
energy σ ∗(C H) orbitals, interact with neighboring groups, such as
n(Se) and/or σ ∗(Se C) orbitals of the ArSe group, employing the naph-
thalene 1,8-positions of 1 and 2. The structure of 2 is determined by
the X-ray crystallographic analysis. The nonbonded distance between
Se and CMe in 2 is 2.989 Å, which is shorter than the sum of the van
der Waals radii of the atoms by 0.91 Å. The δ (Se) values of methyl-d3
derivatives of 1 and 2 are observed 0.25 and 0.20 ppm upfield from 1
and 2, respectively, in chloroform-d. The H/D isotope effect must occur
through the C H—Se and/or H—Se C interactions. The mechanism
for the nonbonded interactions is elucidated based on the NOB analysis
of 1. While the nonbonded np(Se)—σ ∗(C H) interaction contributes in
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H/D Isotope Effect on 77Se NMR 1491

A, both nonbonded ns(Se)—σ ∗(C H) and double σ (C H)—σ ∗(Se C)
interactions operate in B.

The effect of nonbonded Se—CMe interactions on the NMR parame-
ters of 1 and 2 are also of interest. Investigations to clarify the origin
of the downfield shifts by the methyl group at the 8-position in 1-
(arylselanyl)naphthalenes are in progress. The results will be reported
elsewhere.

EXPERIMENTAL

Chemicals were used without further purification unless otherwise
noted. Solvents were purified by standard methods. Melting points
were uncorrected. Column chromatography was performed on silica
gel and basic alumina for the purification of compounds. 1H, 13C, and
77Se NMR spectra were measured at 400, 100, and 76 MHz, respec-
tively. The 1H, 13C, and 77Se chemical shifts are given in ppm relative
to those of internal CHCl3 slightly contaminated in CDCl3 solutions,
CDCl3 as the solvent, and external MeSeMe, respectively. The resolu-
tion is 0.7 Hz (0.01 ppm) for 77Se NMR spectra under the conditions of
measurements.

8-(Methyl)-1-(phenylselanyl)naphthalene (1)

To an ether solution of a Grignard reagent prepared from 1-bromo-
8-metylnaphthalene and magnesium, an ether solution of diphenyl
diselenide22 was added under argon atmosphere. After the usual
workup, the crude product was chromatographed on silica gel contain-
ing basic alumina and gave 1 as pale yellow oil in 88% yield; 1H NMR
(CDCl3, 400 MHz) δ : 3.14 (s, 3H), 7.20 (t, 1H, J = 7.8 Hz), 7.31–7.39
(m, 5H), 7.45–7.50 (m, 2H), 7.52 (dd, 1H, J = 7.3 and 1.2 Hz), 7.70–7.75
(m, 2H); 13C NMR (CDCl3, 100 MHz) δ : 25.6, 125.3, 125.5, 127.5, 128.0,
129.1, 129.6, 129.8, 130.2, 131.6, 132.9, 133.5, 133.6, 133.8, 135.8; 77Se
NMR (CDCl3, 76 MHz) δ : 452.57. Anal. Calcd. For C17H14Se1: C, 68.69;
H, 4.75. Found: C, 68.53; H, 4.77.

8-(Methyl)-1-(p-anisylselanyl)naphthalene (2)

Following a method similar to that for 1, 2 gave 88% yield as colorless
prisms: mp 67–68◦C. 1H NMR (CDCl3, 400 MHz) δ : 3.02 (s, 3H), 3.66
(s, 3H), 6.76 (dd, 2H, J = 8.7 and 2.5 Hz), 6.97 (t, 1H, J = 7.7 Hz), 7.09
(dd, 1H, J = 7.4 and 1.3 Hz), 7.15 (dd, 1H, J = 7.3 and 1.9 Hz), 7.18 (t,
1H, J = 7.3 Hz), 7.39 (dd, 2H, J = 8.7 and 2.9 Hz), 7.47 (dd, 1H, J =
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8.0 and 1.2 Hz), 7.52 (dd, 1H, J = 7.7 and 1.8 Hz); 13C NMR (CDCl3,
100 MHz) δ : 25.5 (J = 35.8 Hz) , 55.2, 115.5, 121.2, 125.3, 125.4, 127.7,
127.8, 128.3, 129.7, 132.8, 133.0, 135.7, 135.9, 137.5 (J = 12.0 Hz); 77Se
NMR (CDCl3, 76 MHz) δ : 435.27. Anal. Calcd. For C18H16O1Se1: C,
66.06; H, 4.93. Found: C, 65.81; H, 4.83.

1-(Phenylselanyl)naphthalene (3)

Following a method similar to that for 1, 3 gave 82% yield as pale
yellow oil; 1H NMR (CDCl3, 400 MHz) δ : 6.82 (dd, 2H, J = 8.9 and
2.1 Hz), 7.15–7.22 (m, 3H), 7.32–7.37 (m, 2H), 7.37 (t, 1H, J = 8.3 Hz),
7.48–7.53 (m, 2H), 7.76 (dd, 1H, J = 7.1 and 1.2 Hz), 7.82–7.87 (m,
2H), 8.32–8.35 (m, 1H); 13C NMR (CDCl3, 100 MHz) δ : 125.9, 126.2,
126.7, 126.8, 127.5 (J = 10.8 Hz), 128.5, 129.5, 129.2, 129.3, 131.6 (J =
12.4 Hz), 131.6, 133.7 (J = 9.1 Hz), 134.0, 134.0; 77Se NMR (CDCl3, 76
MHz) δ : 361.02. Anal. Calcd. For C16H12Se1: C, 67.85; H, 4.27. Found:
C, 67.93; H, 4.25.

1-(p-Anisylselanyl)naphthalene (4) was prepared by the same
method in the literature.2a Colorless prisms: 82% yield, mp 100–101◦C.

2-Tolyl Phenyl Selenide (5)

Following a method similar to that for 1, 5 gave 84% yield as colorless
oil; 1H NMR (CDCl3, 400 MHz) δ : 2.40 (s, 3H), 7.06 (br.t, 1H, J = 7.4
and 1.4 Hz), 7.19 (t, 1H, J = 7.5 and 1.2 Hz), 7.21–7.29 (m, 4H), 7.33 (dd,
1H, J = 7.6 and 1.2 Hz), 7.38–7.42 (m, 2H); 13C NMR (CDCl3, 100 MHz)
δ : 22.3 (J = 10.5 Hz), 126.7, 127.1, 127.7, 129.3, 130.2, 130.7, 131.7,
132.7 (J = 10.9 Hz), 133.6, 139.8 (J = 11.4 Hz); 77Se NMR (CDCl3, 76
MHz) δ : 382.66. Anal. Calcd. For C13H12Se1: C, 63.17; H, 4.89. Found:
C, 63.02; H, 4.92.

Diphenyl selenide (6) was prepared according to the literature.23

The deuterium compounds, 1 (Me-d3), 2 (Me-d3), and 5 (Me-d3) were
prepared in the reaction of the corresponding aryl magnesium bro-
mides with dimethyl sulfate-d6, and 3 (H(8)–d) and 6 (H(2)–d) were
prepared similarly in the reaction of the magnesium bromides with
D2O.

X-Ray Structural Determination

The colorless single crystals of 2 were grown by slow evaporation of
a hexane solution at room temperature. A crystal of dimensions 0.30
× 0.30 × 0.30 mm3 was measured on a Rigaku AFC5R diffractometer
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H/D Isotope Effect on 77Se NMR 1493

with graphite monochromated Mo-Kα radiation (λ = 0.71069 Å) and a
rotating anode generator. The structure was solved by direct methods
using SAPI9124 and expanded using Fourier techniques, DIRDIF94.25

The non-hydrogen atoms were refined anisotropically. Hydrogen atoms
were included but not refined. The final cycle of full-matrix least-
squares refinement was based on 1829 observed reflections (I > 1.50σ

(I)) and 181. Variable parameters and converged with unweighted and
weighted agreement factors of R = (
||Fo| –|Fc||)/
| Fo| and ω R = {
ω

(|Fo| –|Fc|)2/
ω F2
o}1/2 were used to give R = 0.043 and ω R = 0.051 for

independent observed reflections. For least squares, the function mini-
mized was 
ω (|Fo| –|Fc|)2, where ω = (σ2

c | Fo| + p2| Fo|2/4)−1. Additional
crystal and analysis data are listed in Table I.

CCDC-627281 contains the supplementary crystallographic data
for this article. This data can be obtained free of charge form
The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data request/cif.

COMPUTATIONAL

QC calculations were performed on 1 and 2 with 6-311+G(2d,p) ba-
sis sets of the Gaussian 03 program.5 Calculations are performed at
the density functional theory (DFT) level of the Becke three parameter
hybrid functional combined with the Lee–Yang–Parr correlation func-
tional (B3LYP).6,7 NBO analysis8,9 is also carried out for the plausible
structures of 1, which are type A and type B and type B’ (see Scheme 1).
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