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Structural Study of Aryl Selenides in Solution Based on’’Se NMR Chemical Shifts:
Application of the GIAO Magnetic Shielding Tensor of the 7’Se Nucleus
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The 7’Se NMR chemical shiftsdons{Se)) ofp-YCsHsSeMe (: Y = H (a), OMe (), Me (c), Cl (d), Br (e),
COOR (), and NQ (g)) andp-YCsHsSePh 2) were determined or redetermined in chlorofodmFhe dopss

(Se) values o2, p-YCgHsSeR (R= CN (3), Bz 4), H (5), Br (6), Et (7), CsH4Y-p (8), CH=CH, (9), CH=
CHCI+t (10), and CHCHCCl,-cyclo (11)), 1,2-[8-(p-YCsH4Se)GoHsSeL (12), and 1-(MeSe)-8g-Y CeHa-
Se)GoHs (13) were plotted against those df The plots were analyzed as two correlations. For example, the
points corresponding ta—c make a group (gf)), and those ofl—g belong to another one (g)). This must

be a reflection of the differences in the dihedral angles between the aryl rings and-tRel®ads, which
should result in the different contributions of the inductive and mesomeric effects of the substituents Y on
the donsd S€) Values. After reexamination of the applicability of the GIAO magnetic shielding tensor for the
selenium nucleuso(Se)) in selenium compounds of various structurgSe) was calculated for the model
compoundspb, with the B3LYP/6-31%#G(d,p) method, to explain th&yps{Se) values ofl—13 uniformly:

Ocalcd Se) was defined as(o(Se) — o(Selesemd. Each selenol was optimized to be the planar structidie (

or the perpendicular ond.%). New parameters were devised suchags{Seds) = (1 — Sin 0g)0caicd S€)4

=+ sin @)0cacdSe)s. The dopsdSe) values ofl—13 correlated well with the new parametetgac{Sebs),
which gave the best-fittefg values. The structures df~13 in solutions were explained uniformly by the
evaluateds values. The observed ratios of the slopes fon)g¢ersus those of @ were also correlated with

the 6 values.

Introduction The d(Se) values are reflected much by the structural change
of the selenium compounds. Therefore, it must be very useful
not only in the structural study of the selenium compounds,
but also in the preparation of new compounds, that the calculated
7Se NMR chemical shifts &acdSe)) explain thedgpsdSe)
values well. Recently, the magnetic shielding tensor is shown
to be reliable for some nuclei containing carbon, oxygen, and
hydrogen, calculated with the gauge-including atomic orbitals
(GIAO) theory# Efforts have also been made to calculate the

Organic selenium compounds are well-known to show
versatile reactivities, and they afford many structurally interest-
ing compounds.’’Se NMR spectroscopy, as well &d and
13C NMR spectroscopies, plays an important role in studying
organic selenium chemistdThe observed’Se NMR chemical
shifts OonsdS€)) of organic selenium compounds have been
interpreted based on the KarptiBople equation (eq £).

uouBZ magnetic shielding tensor for tHé&e nucleus on the theoretical
o= — ——[@3Q + ZQJ'] (1) background, and the reliability has been essentially established
27AE & so far>®

This encouraged us to interpret uniformly thgs{Se) values
of para-substituted phenyl selenidgs)YCeHsSeR (ArSeR:
1-13), in relation to their structures in solutions, based on the
OcalcdS€) values. Before discussion of tli€Se) values of
) . . . p-YCeH4SeR, the GIAO magnetic shielding tensor for thge
of the 4p orbitals is expected to be proportional to the atomic nucleus ¢(Se)) in selenium compountisf versatile structures

charge on the Se atom being observed. The_quanfuumd was calculated and/or recalculated using the Gaussian 94
Q represent the elements of the charge density and bond Orderprogran$ with some basis sets. The calculations showed us
matrices in the molecular orbital theory of the unperturbed '

molecule. TheAE factor, for example, is expected to play an which method (basis sets and the level) is practically suitable
important role in thedonsdSe) of diselenides, while thig >0 fSo(;Fc{)ur purpose to calculate thigacdSe) values op-YCeHa-
factor would be operating in hypervalent compounds or oxides _I_h' lculati Idb ; d variously. To | h
relative to the corresponding selenideldowever, thedopse h elcalcq atlonf] Collé b € per c()jrme fvarl%us y. Joeam how
(Se) values are not proportional to th& and/or-3factors the calculations should be carried out for a better interpretation

in some cases, since the values are governed by the complefgrthe 9obsdSe) values uniformly, the characters djbsd Se)

conjugation of the two factors, together with other factors. 1-13 were ree_xamined briefly by plotting thié"b*"f(se)
values of2—13 against those of. The results confirmed our

*Telephone: +81-734-57-8252. Fax=+81-734-57-8253 or-81-734- calculations of th@calcc(se) values for- pgra-substituted ben-
57-8272. E-mail: nakanisi@sys.wakayama-u.ac.jp. zeneselenolsh). Two structures are optimized for each selenol
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The AE factor, the average excitation energy, could be estimated
by the energy difference between the HOMO and the LUMO

of the compound if the 4p atomic orbitals of the selenium atom

substantially contribute to both of the orbitals. Tiie3factor
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1 (R =Me) 5(R=H) 9 (R = CH=CH,)
2(R=Ph) 6(R=Br 10 (R = CH=CHCl-trans)
3(R=CN) 7(R=EY 11 (R = CHCH,CCly-cyclo)
4(R=Bz) 8 (R = CgHaY-p)

Y—@—Se Se—Se SeOY Y Se Se-Me
12 13

a b c d e f g h i i k |

Y = H OR Me CI Br CO,R NO;, NH, F CF; CHO CN

if the calculations are performed assumiggsymmetry: one
is the planar structure of which the -SE bond is in the aryl
plane (4), and the other is the perpendicular one where the

e

6k
R
15 16

=gy
14

Se—H bond is perpendicular to the aryl plankh). The o(Se)
values were calculated f@4 and15based on the GIAO theory.
The electronic effect of Y and R and the steric effect of R in
p-YCsHsSeR affect the structure of ArSeR, especially around
the Se atom, namelyr in 16. New parametersdtacdSep))

are devised, of which thé values are expected to correlate
roughly to the anglér. Thedqpsd S€) values are well-explained
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To begin with, thedqns{Se) values are plotted against Qn-
(Se) andAe calculated with the B3LYP/6-31+G(3df,2pd)
method. The results are shown in Figures 1 and 2, respectively,
which show that those values cannot explain the wide range of
Jdobsd Se) values. However, they may be useful for the discussion
when applied to a small range of shift values and/or to the
selected structures. One must confirm that the p orbitals of the
Se atom contribute to both the HOMO and the LUMO of the
selenium compound in question whékr is applied to the
discussior?:”

Figure 3 exhibits the plot 0Bgps{Se) againstdcacdSe)
obtained with the B3LYP/6-3Ht+G(3df,2pd) method. Table
2 collects the correlations dbps{Se) againsbeacdSe) obtained
with the various methods shown in Table 1. The method with
the 6-311+G(3df,2pd) basis set at the B3LYP level is
excellent among the results shown in Tabler 2 0.998)12
The 6-31#-G(d,p) basis set is also recommended for the
calculations of ther(Se) values since the correlation coefficients
are also good when the 6-3t6G(d,p) basis set is employed at
both the B3LYP and the HF levels (Table 2). Those obtained
with the B3LYP/3-21G method could not explain the observed
values { = 0.971) well. Table 2 also contains the constants
and the coefficients for the correlations where the point
corresponding to MeSeSeMe is omitted from the correlations.
The r values were much improved for the B3LYP/3-21G
method. The poor accuracy for the optimized structure of
MeSeSeMe is mainly responsible for the discrepancy of the
calculated values with the 3-21G basis set at the B3LYP fgvel.

Correlations in the dops(Se) Values of Aryl Selenides.
Before we discuss thé,s{Se) values of aryl selenides based
on the calculated values, the correlations between the observed
values were examined first. Thigus{Se) values op-YCeHs-
SeMe (. la—g) and p-YC¢H4SePh 2) were determined or
redetermined in CDGlusing an FT NMR spectrometer. The

by the devised parameters, which consequently enables us tovalues are given in Table 3. Table 3 also collectsdhg{Se)

understand the electronic and/or steric effects of R odther
(Se) values.
Here we present the results of the calculations fordhag

values of various para-substituted phenyl selenidés'?
containing those reported fdr determined in neat liquid by
the INDORH—{""Sg technique (shown by').}* The dopse

(Se) values based on the GIAO theory, emphasizing how they (Se) values ofl' (dons{Se):) were plotted against those @f

are useful in explaining thé.ps{Se) values and understanding
the organic selenium chemistry based’d8e NMR spectros-

copy.

Results and Discussion

GIAO Magnetic Shielding Tensor for the 7’Se Nucleus of
Various Selenium Compounds.To know which method of
calculations is suitable for explaining theps{Se) values of
p-YCsHsSeR (—13), the GIAO magnetic shielding tensor for
the 7’Se nucleusd(Se)) of selenium compounds with various

Equation 2 shows the results. The correlation was good

OgpsdS€) =0.939 . (Se) +6.0 r=0.995 (2)
irrespective of the different conditions of the measurements.
The proportionality constant of 0.939 and the correlation
coefficient ¢) of 0.995 show that the solvent effect may not
work as much in the correlation of the two.

The dopsdSe) values oR2—13 were plotted against that of
Jdobsd S€e). Figure 4 shows the plot f@, for example. The plot
should be analyzed as two correlations. One of the groups

structures is calculated and/or recalculated using the Gaussiarcontains the points corresponding to=Y OMe, Me, and H

94 progran® The employed selenium compounds for the

(groupm (g(m)) and another group consists of those of=Y

calculations and the optimized symmetry of the compounds areCl, Br, COOR, and N@ (group n (g(n)). Since the points

shown in Table 1. The 6-31#1+G(3df,2pd), 6-313+G(d,p), and
3-21G basis sets were applied at the DFT (B3LYP) IévEte
HF level was also applied with the 6-3tG(d,p) basis set.
Table 1 exhibits the calculated chemical shiftkadSe))
relative to dimethyl selenidedfacd{Se) = —(0(Se) — o-
(SeMesemd), together with the parent(Se) values of dimethyl

corresponding to Y= H, Cl, and Br exist at the crossing area
of the two groups, there must be other classifications. Another
possibility of the classification is as follows. The points
corresponding to Y= OMe, Me, Cl, and Br make a group
(g(m")), and those with Y= H, COOR, and N@make another
(g(n)). The gfm) and ga) classifications explain thépsdSe)

selenide. Natural charges (Qn) calculated by natural populationvalues better than them() and g@’') groupings. The g(') and

analysig®!tand the energy differencedd) between the HOMO
and the LUMO of the selenium compounds are also given in
Table 1, calculated with the 6-3tHG(3df,2pd) basis sets at
the B3LYP level. Table 1 also contains thgs{Se) values of
the selenium compounds.

g(n") groupings may be rationalized based on the theoretical
background. The ClI and Br atoms donate electrons by the
mesomeric mechanism, but H is not an electron déhdhe
planar structurel4 is calculated to be less stable than the
perpendicular structuré5 for g(m'), whereas the former is
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TABLE 1: 0caicd(Se) anddops(Se) Values of Selenium Compounds of Various Structures, Together with the Qn(Se) akk

Valuest
écalctfse)

compd (no) structufe Qn(Sey Aecd c e f g Oobsd S€) solvent

MeSeMe (i) Co 0.2719 0.203 1656.4 1624.4 1942.5 1895.9
0.0 0.0 0.0 0.0 0.0 cDel

H.Se (i) Cy, —0.1695 0.232 —412.6 —412.1 —233.1 —207.1 —344.79% gas phase
MeSeH (iii) Cs 0.0543 0.208  —187.7 —189.9 —107.2 —93.3 —154.67 gas phade
MesSe' (iv) Cs 1.0229 0.309 220.9 190.0 186.5 140.1 253 20H
MeSeSeMe (v) C, 0.1269 0.179 341.2 375.5 217.8 558.5 281 CDCI
MeSeCiMe (vi) Co 1.0477 0.193 401.9 377.0 398.0 3224 448 2CH
Seks (vii) On 2.9570 0.295 632.7 718.9 555.7 533.9 610.3 neat
Me,SeO (viii) Cs 1.3485 0.221 768.0 757.9 679.9 608.9 812 2OH
F.SeQ (ix) Co 2.7655 0.247 914.6 961.7 1032.1 917.5 948 neat
Seh () Co 2.1805 0.257 1115.0 1244 .4 925.1 1029.4 1083 sfcH
F.SeO (xi) Cs 1.9940 0.252 1353.0 1438.6 1336.0 1270.8 1378.2 neat

2The calculateds(Se) values are shown for MeSeMe, and those relative to MeSeMe are given for other compounds (Se®ptxtized
symmetry.c B3LYP/6-31H-+G(3df,2pd).9 In au. ¢ B3LYP/6-31H-G(d,p).  HF/6-31H-G(d,p).9 BALYP/3-21G." Value is—288 in D,O. ' Reference

5g.1 Value is—130 in CDC}.
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Figure 1. Plot of donsd S€) versus Qn(Se) calculated with the B3LYP/
6-311++G(3df,2pd) method. The numbers shown in the figure
correspond to those in Table 1.
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Figure 2. Plot of donsdSe) versusie calculated with the B3LYP/6-
311++G(3df,2pd) method. The numbers shown in the figure cor-
respond to those in Table 1.

evaluated to be more stable than the latter for)ggith the
B3LYP/6-311-G(d,p) method (see Table 6). Table 4 collects
the results for the g() and gf) classificationg° The parameters
of the correlations for g) and g) are given byay, by, and

r«, where x=m or n, as shown in eq 3. Table 4 also contains
correlations similarly treated fa¥onsd Se)l versusdopsd Sep.

OgpsdSe) of ArSeR= ad, . {Se) + b
r: correlation coeff (3)

Why can the correlations be well-analyzed by the two groups,
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Figure 3. Plot of dobsd S€) Versudcacd Se) calculated with the B3LYP/

6-311++G(3df,2pd) method. The numbers shown in the figure
correspond to those in Table 1.
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TABLE 2: Correlations of dgpsdS€) versusdcacq(Se) with
Various Methods?

method a b r
Versusdcaed Se)
B3LYP/6-31H-+G(3df,2pd) 0.981 24.3 0.998
B3LYP/6-31H-G(d,p) 0.914 29.2 0.993
HF/6-31H-G(d,p) 1.066 —0.6 0.990
B3LYP/3-21G 1.092 —-21.2 0.971

Versusdcacd Se) without the Point for MeSeSeMe

B3LYP/6-311+G(3df,2pd) 0.977 33.8 0.999
B3LYP/6-311-G(d,p) 0.911 40.1 0.994
HF/6-311-G(d,p) 1.071 -8.0 0.990

B3LYP/3-21G 1.106 3.2 0.989

3 Oobsd S€) = adcacdSe)+ b, with r (correlation coefficient).

the following factors, which contribute to the correlations. (1)
The aryl selenide$—13 exist asl6 with Or. (2) Since the p-type
lone pair of the Se atom in ArSeR is filled with electrons, the
interaction between the lone-pair orbital and the orbitals of the
Ar and/or R groups will stabilize the compound more effectively,
if the electron-withdrawing ability of Ar and/or R becomes
higher. (3) The electronic and the steric effects of R in ArSeR
mainly determinég, which affects the substituent effect of Y
on thedonsdSe) values. (4) Thég value would be larger if the
electron-withdrawing ability of R becomes larger. (5) The
value might depend on Y, but the change is usually not as large.
(6) The proportionality constanta, and a, would be the
reflection not only of the electronic effect of R but also/fir

g(m) and gf)? The phenomena can be explained by considering (=(6r of 2—13) — (6 of 1)), which determines the overlap
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TABLE 3: 00psd(S€e) Values of Some Aryl Selenides
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aryl selenide; solvent

Y 12CDCl; 1; neat 2;2CDCl; 3; CDCl; 4; CDCl; 5; neat 6; CDCl; 7; CH.Cl, 8,CDClz 9;b 10 b 11;b 12, CDClk 13, CDCls
H 207.8 202.0 4236 320.8 641.5 145 869.0 327 423.6 395.5 368.6 370.2 429.0 434.3
OMe 1974 189.5  408.1 308.8 628.9 122 887.7 318 395.6 386.7 361.8 356.8 416.2 424.5
Me 200.6 196.1  415.0 313.0 634.4 128 876.9 323 407.4 390.9 364.6 362.9 422.0 427.7
F 200.0 318.3 634.4 141 324 412.9
Cl 210.3 203.6 4219 321.0 637.0 142 4199 395.4 366.3 370.5 429.1 431.6
Br 210.6 422.3 321.7 637.4 416.5 396.0 366.5 371.5 429.6 432.4
COOR 227.9¢ 2181 4333 3294 6423 436.7 4429 442.8
NO; 241.2 2334 4463 338.8 645.7 823.0 4474  404.9 377.0 396.8 456.1 453.9
aThis work.? Not specified° Neat.? R = H. ¢ Reference 7'R = Me. YR = Et.
TABLE 4: Correlations in donsSe) of Aryl Selenided
correlation am Bm m n a bn In n an/an
2vsl 1.440 124.7 0.988 3 0.767 260.4 0.994 4 1.88
3vsl 1.142 83.6 0.999 3 0.553 204.8 0.994 4 2.07
4vsl 1.173 398.0 0.989 3 0.279 578.6 0.999 4 4.20
5vsl 2.237 320.0 0.999 3
6vsl —1.410 1162.8 0.996 b4
7vsl 0.813 158.5 0.960 3
8vsl 2.617 -119.7 0.992 3 0.964 215.6 0.993 4 2.71
9vsl 0.811 227.2 0.982 3 0.299 332.7 0.999 3 271
10vs1 0.637 236.3 0.993 3 0.345 293.9 1.000 3 1.85
11vs1 1.242 112.5 0.986 3 0.839 194.4 1.000 3 1.48
12vs1 1.187 182.7 0.987 3 0.854 249.4 0.997 4 1.39
13vs1 0.938 239.4 1.000 3 0.696 285.2 0.995 4 1.35
8vs2 1.810 —343.1 1.000 3 1.234 -101.7 0.979 3 1.47
2The constantsy, by, andry (x = m or n) are defined by eq 3 and applied forg(and g(), respectively” Containing6g.
TABLE 6: Energies and o(Se) for 14 and 15 Calculated
340 o with the B3LYP/6-311+G(d,p) Method
g E _OcacdS€)
L) - Y 142 15 AEP© 14 15
5 7 o
% t NH, (h) —2689.2290 —2689.2325 9.2 58.6 11.1
@ OH (b) —2709.1011 —2709.1027 4.2 69.9 16.9
g 3204 ° o9 Me (c) —2673.1825 —2673.1829 11 735 251
e F (@) —2733.1224 —2733.1232 21 81.4 28.2
c Cl (d) —3093.4771 —3093.4773 0.5 843 324
1 ° Br (e) —5207.3968 —5207.3969 0.3 845 333
31019 %o H (a) —2633.8550 —2633.8550 0.0 817 40.0
; . : . ; CR(j) —2971.0044 -—2971.0034 -—2.6 100.8 494
190 200 210 220 230 240 250 COOH ) —2822.4927 —2822.4909 —4.7 104.6 47.8
Svea(Se) of 1 CHO (k)  —2747.2138 —2747.2117 -55 109.5 53.0
] CN (1) —2726.1216 —2726.1200 —4.2 112.3 59.3
Figure 4. Plot of dopsd S€e) 0of 3 versus those of. NO: () —2838.4188 —2838.4165 —6.0 119.0 55.3

TABLE 5: Energies and d(Se) for 5a Calculated with the
B3LYP/6-311+G(d,p) Method

aln au.®E(14) — E(15). ¢In kJ molt. ¢ The Se-H bond being
assumed perpendicular to the phenyl plane.

0n,2 deg E, au AE° kJ mol? Ocaicd SEY
0.00' (149 —2633.855 03 0.18 81.66
15.0¢ —2633.855 05 0.13 74.43
30.00 —2633.855 07 0.08 59.15
37.30 —2633.855 10 0.00 51.68
45.00 —2633.855 06 0.11 45.46
60.0¢ —2633.855 05 0.13 38.28
75.0C¢ —2633.855 01 0.24 38.68
90.00' (159 —2633.854 99 0.29 39.99

2The torsional angle of &iSeH.? E(6n) — E(0y = 37.30). ¢ The
o(Se) value for MeSeMe being 1624.38-ull-optimized assumin@s
symmetry.© Partially optimized withdy fixed at a given value’. Fully
optimized assumingC; symmetry, starting the partially optimized
structure with6y fixed at 30.00.

integrals between the p-type lone pair and therbital of the
Ar group.

The ratioay/a, is expected to be the reflection 6k. The
torsional angle or “average torsional angle” in ArSeR must
change when R in ArSeR is replaced by Rhe change must

be the cause for théns{Se) values of ArSeR analyzed as the
two correlations, although it would additionally depend on Y,
since Y could affect the torsional angle to some extent. As the
average torsional angle becomes larger, the ratit, is
expected to increase, if the contributions of R ondkfa, ratios

are similar for the two selenides. Thg/a, values for2, 3, and

4 are 1.88, 2.07, and 4.20, respectively, which may show that
the torsional angles become larger in the ortler 2~ 3 < 4
among the four aryl selenides in solutichsAnd the an/a,
values in Table 4 are all larger than unity, which would be the
reflection of the largefr values of2—13 relative to that ofl

in solutions.

After brief examination of thedqps{Se) values of aryl
selenides, the next extension of our investigation is to explain
the dopsd Se) values ofl—13 using thedcacdSe) values based
on the GIAO theory, in relation to those suggested above.

Structure and d¢acq(Se) for 5a.Ab initio molecular orbital
calculations were performed &aas the model compound using
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Figure 5. Plots ofdcacdSe) of 5a versush: @ stands fordcac{Sep)
of 5a, together with the calibration curve given in eq@for a trial
function,dcaicd SePa), defined by eq 5, ané for a trial function,dcaice
(SeBg), defined by eq 6.

75 100

the Gaussian 94 progrd&mwith the 6-31H#G(d,p) basis set at
the B3LYP level. The structures @ftaand15awere optimized
for 5a when the calculations were performed assum@yg
symmetry, where the SeH bond is placed in the phenyl plane

Nakanishi and Hayashi

5calcd(se) of15

80
Scalcd(Se) of 14

100

120

Figure 6. Plots of dcaicd Se) 0f 15 versus those of4 calculated with
the B3LYP/6-31#G(d,p) method: O stands for gf’), ® for g(n'),
andO for Y = CN.

Interpretation of dons(Se) in ArSeR Based on th@caice-
(Se) of 5.Ab initio molecular orbital calculations were also
performed onb—I| using the Gaussian 94 progréamith the
B3LYP/6-31H-G(d,p) method. The structures b and15were
optimized for5 except forl5f and 15k, when Cs symmetry

and the bond is perpendicular to the phenyl plane as shown inywas assumed in the calculations (or the calculations were started
14and15, respectively. However, one imaginary frequency was from a similar geometry)dy, is fixed at 90 in the calculations
predicted for each of the optimized structures in the frequency for 15f and 15k in order to obtain thécacdSe) values for the

analysis £164.3 cnt! for 14aand—169.7 cnt! for 153). The
negative frequencies correspond to the motion of thetfe
protons around the SeC bonds ofl4a and 15a The results
show thatl4aand15aare not the energy minima but correspond
to the transition states. The optimized structure with all positive
frequencies is obtained At= 37.30.22 The results are shown
in Table 5.

Ab initio MO calculations were also performed &a with
the torsional angle §C;iSeH @) fixed at 15° (t = 1, 2, 3, 4,

and 5). The results of the calculations are collected in Table 5.

structures. Structure$4 and 15 must be recognized as the
standard points that giv@cac{Se) at 6y = 0° and 90,
respectively. Table 6 collects the energied4find15 bearing
various substituents at the para positions. Structleis
predicted to be more stable for=¢ NH; (h), OH (b), F (i), Me
(c), CI (d), and Br €) (g(m")), which donate electrons by the
mesomeric mechanism. Structutd is estimated to be more
stable for Y= CN (1), COOH ), CHO (), NO; (g), and Ck
() (g(n"), which accept electrons through theframework,
except for Y= CF; (j), an electron-withdrawing group mainly

The angular dependence of the energy is shown to be verythrough theo framework. The gf’) also contains Y= H (a),

small?? The GIAO magnetic shielding tensor for the Se nucleus
(0(Se)) was calculated with the B3LYP/6-3t6G(d,p) method
for the partially optimized structures 6a with 6y fixed at the
given values shown in Table 5, together with the optimized
structures oft4a and 15a The results, which are reduced to
the dcaicd S€e) values, are also collected in Table 5.

Before a discussion 0onsdSe) based omcacdSe), the
angular dependence 0fac{Seka in Table 5 was examined.
Figure 5 shows the plots dtac{Se}aagainst). The solid curve
in the figure is drawn according to eq 4: the correlation
coefficient for the calibration curve is excellent € 1.000).

The trial functions are devised for the angular dependence of

o(Se), which are defined by eqg®zand 6. Thef values are

OcaedSED) = —4.246x 10 °0" + 8.871x 10 *¢° —
5.193x 10 %6* + 0.1208 + 81.63 (4)

5calcc(SGHA) = (6calcclse)_[4 cosfO +
6calccﬁse)15 sin 6)/(C059 + sin 9) (5)

5calco(seﬁB) = 6calcc(se)l4(l —sin 0) + 6calco(se)15 sin (66)

shown byf, and g, respectively. Th@cacdSeba) anddcarce
(SeBg) curves given by egs 5 and 6 are also drawn in Figure
5. The coincidence of the curves with that of eq 4 is better for
OcaicdSeBg) than that fordcacdSeba). Equations 46 will be
applied to the&d.psd Se) in ArSeR based on thigyc{Se) of5in

the following section.

a nonelectron donor.

The o(Se) values were calculated using the optimized
structures ofl4 and 15 (partially optimized ones foll5f and
15k) with the B3LYP/6-31#G(d,p) method. Table 6 collects
the dcaicd Se) values folld and 15. Figure 6 shows the plot of
Ocalcd S€)s againstdcacdSe)s The plot should be analyzed as
the two correlations with gd') and g'), as mentioned above.
The correlations are shown in eqs 7 and 8, respectively. The

OcarcdSe)s = 0.86@ . {Se), — 40.2 for gMm’)

r=0.980 (7)
OcarcdSe)s = 0.416) . {Se), + 6.2 forgf’)
r=0.974 (8)

point corresponding to ¥= CN is omitted in the correlation in
eq 8 since the point deviates from the correlation. The point
behaves as if it were contained imgj. The cyano group might
interact with the p-type lone pair at the Se atom1&f The
omission of the cyano group in the correlation will not affect
the following discussion.

The proportionality constants are less than unity in egs 7 and
8, which shows that the interaction between the lone-pair orbital-
(s) at the Se atom and the orbital(s) at the substituent Y is
stronger in14 than that inl5. The proportionality constant for
g(m") in eq 7 is 2.1 times larger than that fomg)(in eq 8. The
results show that the susceptibility of Y on théSe) values is
larger in 14 than in 15, especially for gt'). It must be the
reflection of the more effective electron extension of the (p-
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TABLE 7: Correlations of dghsd(Se€) versuscacd(Sefa) and dcacd(Sedg), Together with 64 and O,

compd aa ba ra Oa O as bg s 0s O n
1 0.899 134.9 1.000 -1 (02 0.884 134.9 1.000 -1 (02 7
1 0.755 136.2 0.996 10 14 0.876 134.6 0.996 9 14 7
2 0.578 373.4 0.994 44 28 0.825 3745 0.994 32 29 7
3 0.458 281.3 0.991 43 28 0.644 281.1 0.991 28 27 8
4 0.633 629.6 0.996 104 90 0.422 623.0 0.984 90 90 8
5 1.144 40.5 0.989 23 20 1.512 38.1 0.988 16 20 5
6 —1.120 966.4 0.997 12 15 —-1.321 967.1 0.997 9 14 4
7 0.337 305.8 0.972 71 38 0.444 303.9 0.972 43 36 4
8 1.088 366.0 0.996 80 44 1.256 366.2 0.995 58 44 8
9 0.329 374.5 0.985 69 38 0.426 374.6 0.985 47 37 6
10 0.263 348.8 0.994 62 34 0.358 348.8 0.994 40 34 6
11 0.649 311.9 0.999 24 21 0.857 311.9 0.999 18 21 6
12 0.640 371.2 0.996 20 19 0.818 371.0 0.996 15 19 7
13 0.465 391.0 0.990 25 21 0.617 390.9 0.990 18 21 7
2 Assumed to be 0 ? Assumed to be 90
type) lone pair of the Se atom over Y of the electron- 40
withdrawing g(’) than those over electron-donatingrg). The 47
mesomeric mechanism must mainly contribute to the interaction
in 14, especially for gf'). 5
The new parameterdgaicdSeba) and dcacd Sevs) defined s % /%
by egs 5 and 6, are applied in the plots of thgs{Se) values E . 8
of 1-13in Table 3. The predicted values must serve as a 2 o]
measure folfg in 16. The results are shown in Table?¥the 11,7, oo
coefficients of the correlations and the predicted angles are . "2
represented by, bx, rx, andfx where X= A and B (cf. eq 1107 13
3). Therg values are very close to those f except for the : . : .
case of4. Ther values are larger than 0.99 exceptfor 5, 7, 0 30 60 90
and9 andrg for 4, 5, 7, and9. The insufficient accuracy of the 68 / deg

reported chemical shifts would be responsible for the poor
correlations for5 and 7.22 The Se-H group cannot be a good
model for the SeCHCH, group in9: the z-type interaction
must be important in the SeG+CH, group.

The predictedds values are smaller thafiln, which must be
due to the difference in the function of egs 5 and 6. #halues,
which satisfy eq 4, are also calculated from the and 6g
values: the values are determined so thatthg(Se?) values
defined by eq 4dcaicd Seb(a)) anddcacd Sebg))) give the same
values a®cacd Seba) anddcacd Seds) for 5a, respectively. The
0) values are substantially the same as@hg values, which
are also collected in Table 7. Thia) (and 0(g)) values are
almost linearly correlated witha and 0s.

While the 64 values were calculated in the desired range of
—1° < O < 90°, except 104 for 4, the range fofg examined
was—1° < fg < 90°. The @4, 0g) values for5 are estimated
to be (23, 16°), which are smaller than the calculat@gvalue
of 37.30. The insufficient accuracy of the reported chemical
shifts in5,22together with the very shallow energy minimd,
must be responsible for the difference. Thevalues of—1°
for 1 and 90 for 4 strongly suggest that the structures in the
solution are nearly planar and perpendicular, respectively,
although the perturbation in the substituent effecban.dSe)
by R is not considered. Thég value of la is reported to be
40°.252 The observed value fota is much larger than the
calculateddg value, but ab initio MO calculations oba itself
predicted the planar structure with the B3LYP/6-313(2d,p)
method, even if the calculations are started assuntiag
symmetry, although not shown. Th&z value of 1,4-bis-
(selenocyanato)benzene is reported to be ca2ghe predicted
(0a, Og) for 3are (43, 28°). The observed value in the crystal
is close tofa. The crystal packing effect containing the
intermolecular interaction and the electronic effect of the cyano

Figure 7. Plot of an/a, versustg.

bis(selenocyanato)benzene in crystals. The @g) for 2 and8
were predicted to be (4432°) and (80, 58), respectively.
The Ok value of dip-tolyl selenide §c)262is reported to be 55
which is very close to thég value for8. Ther value of6a2%®
is reported to be 68 which is much larger than th#, and g
values predicted fo6. The real angular dependence @fs«
(Se) must determine th@gr values of ArSeR. Therefore, the
predictedd values will be close to the observed ones when the
calibration curve reproduces the real one for ArSeR in solutions.
The above results may show that the real curves for ArSeR in
solutions are sometimes different from those calculatedéor
by egs 5 and 6, although th# values are not measured in
solutions.

The 64 values correlated well with thég values. Equation
9 shows the correlation. Therefore, we empl@y for the
following discussion, although three types 6fvalues are

©)

tabulated. Thefg values explain the,/a, values estimated
based ordqps{Se) of1—13in solutions, which are expected to
correlate with thefr values, although they are not directly
measured. The ratios @/a, for 1-4 and 8—13 are plotted
againstdg. Figure 7 shows the plot, and the correlation is given
in eq 10. It is demonstrated that tlag/a, ratio is correlated
with 0, which suggests thaflg can be a measure @y in
solutions.

0,=1.2%,+4.72 r=0.978

a/a,=0.035%,+085 r=0975  (10)

There are mainly three cases in the Y dependenck d&)

group at the other para position in 1,4-bis(selenocyanato)benzenél'he 6 value is substantially equal for all Y examined. (b) The

must play an important role in determining the structure of the

value changes from Y to'Ybut the substantial change is limited
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only for strong electron-withdrawing Y, such as COOR and/or

NO; groups. (c) The value explicitly changes from Y to ¥h
case a, ther values in Table 7 must be very good. The

Nakanishi and Hayashi

p,p-Disubstituted diphenyl diselenid&swhich were prepared
according to the method in the literature or the improved
method, were reduced by NaBhh aqueous THF and then

coefficients are not as good, but they will be much improved if allowed to react with methyl iodide, which gave para-substituted

the points corresponding to the COOR and/or,Nf@ups are
omitted in the plots in case b. In case c, the coefficients will

selenoanisoleslé—g).2216The NMR spectra of these materials
were in good agreement with the literature d&tdsing a

not be improved without the points corresponding to the COOR similar method forla, compoundlf gave 84% yield as a

and NQ groups in the plots.
The correlations were reexamined )9, and13, of which

colorless oil.123C NMR (CDCk, 100 MHz) 6 6.43 {J(C,Se)=
64.3 Hz), 126.47, 128.61, 130.47, 141.08, 171785e NMR

ther values were less than 0.992. The points corresponding to (CDCl;, 76 MHz) 6 227.9. Anal. Calcd for gHgO.Se: C,

Y = OMe, Me, H, Cl, and Br were plotted againkti{Sebs)
with a singlefg value. The @g, rg) values for3, 9, and 13
become (13 0.999), (18, 0.991), and (48 0.999), respec-
tively.?” The g values for the two omitted points are evaluated
based on the correlations. The (@) values are (COOR, 23
and (NQ, 24°) for 3, (NO;, ca. 32) for 9, and (COOR, 49)
and (NQ, 26°) for 13. The correlations are much improved for
3 and 13, which shows tha8 and13 belong to case ® must
be case c, since it did not improve. The plobgfs{Se) against
Ocacd SePs = 47°) gives an inversely proportional curve. The
point for the methoxyl group actually deviates from the line
even when the COOR and N@roups are omitted in the plot.
We would like to discuss the structuresi#and13in more
detail. Structureq7,282.218,28> and 19%8¢ are demonstrated in
crystals for Y= H. The structure ol2 can be described d%

s

17

“CeHaY-p

Me

19 Y

with some twisting around the S€(CsH4Y) bond£? judging
from the @g, rg) value of (13, 0.996). How can the structure
of 13 in the solution be explained by the treatment? Its
correlation is much improved. Our explanation is as follows:
13is in equilibrium with two conformers18 and 19, in the
solution. The molar ratio i13 is not substantially changed for
Y = OMe, Me, H, CI, and Br, while the ratio af9 would
increase for Y= COOR and NQ. The contribution ofL9 must
decrease thég value, which is in accordance with the increased
0g value when the two points are omitted.

44.67; H, 3.75. Found: C, 44.64; H, 3.77.

The diselenide®® were reduced by NaBHn aqueous THF
and the corresponding para-substituted benzene diazonium
chlorides were added at a low temperature. After the usual
workup, the crude products were chromatographed on silica gel
containing acidic and basic alumina. Then the para-substituted
diphenyl selenides2@—g)3! were obtained. Using a similar
method for2a, compound2f gave 74% yield as a colorless oil.
7'Se NMR (CDC4, 76 MHz) 6 433.3. Anal. Calcd for GH140--

Se: C, 59.03; H, 4.62. Found: C, 59.07; H, 4.65. Compound
2g gave 81% vyield as yellow crystals, mp 5888.5°C. 13C
NMR (CDCls, 100 MHz) 6 123.85, 127.12, 129.29, 129.60,
129.94, 135.77, 143.86, 146.17Se NMR (CDC}, 76 MHz)

0 446.3. Anal. Calcd for GHgN,0,Se;: C, 51.82; H, 3.26; N,
5.04. Found: C, 51.79; H, 3.29; N, 5.07.

The details for the preparation and the propertieg,pf-
disubstituted bis[8-(phenylselanyl)naphthyl]idiselenide {2a—

0) and p-substituted 1-(methylselanyl)-8-(phenylselanyl)naph-
thalenes 13a—g) will be reported elsewhere.

MO Calculations. Ab initio molecular orbital calculations
were performed on Origin and/or Power Challenge L computers
using the Gaussian 94 progréfwith 6-3114-+G(3df,2pd),
6-311+G(d,p), 3-21G, and the LANL2DZ basis sets at the DFT
(B3LYP level). The calculations at the HF level were also
carried out with the 6-31£G(d,p) basis set. The calculations
of the o(Se) values based on the GIAO theory were performed
by the NMR keyword of the Gaussian 94 program. The natural
populations were calculated by the natural population anafysis
of the program.

Acknowledgment. This work was partly supported by a
Grant-in-Aid for Scientific Research and that on Priority Areas
from Ministry of Education, Science, Sports and Culture, Japan.

References and Notes

(1) (a) Baenziger, M. C.; Buckles, R. E.; Maner, R. J.; Simpson, T. D.
J. Am. Chem. So&969 91, 5749. (b)Organic Selenium Compounds: Their
Chemistry and BiologyKlayman, D. L., Guther, W. H. H., Eds.; Wiley,
New York, 1973; Chapter XV. (c) Hayes, R. A.; Martin, J. C. Sulfurane

These results exhibit that the GIAO method can be a powerful Chemistry. InOrganic Sulfur Chemistry: Theoretical and Experimental

tool to investigate the selenium chemistry containing the

structural dependence of tli€Se) values if one employs the
method supporting’'Se NMR spectroscopy. A study containing
nonbonded interactions with the method is in progress.
Experimental Section

Chemicals were used without further purification unless

Advances Bernardi, F., Csizmadia, |. G., Mangini, A., Eds.; Elsevier:
Amsterdam, 1985. See also refs cited therein.

(2) (a) McFarlane, W.; Wood, R. J. Chem. Soc., Dalton Tran972
1397. (b) Iwamura, H.; Nakanishi, W. Synth. Org. Chem. Jpt©981, 39,
795. Patai, S., Rappoport, Z., Edhe Chemistry of Organic Selenium and
Tellurium CompoundsWiley: New York, 1986; Vol. 1, Chapter 6.
Klapatke, T. M.; Broschag, MCompilation of Reporte’'Se NMR Chemical
Shifts Wiley: New York, 1996.

(3) Karplus, M.; Pople, J. AJ. Chem. Phys1963 38, 2803.

(4) Cheeseman, J. R.; Trucks, G. W.; Keith, T. A.; Frisch, MJ.J.

otherwise noted. Solvents were purified by standard methods.Chem. Phys1996 104, 5497. Pulay, P.; Hinton, J. F. IBncyclopedia of

Melting points were uncorrectetH, 13C, and’’Se NMR spectra
were measured at 400, 100, and 76 MHz, respectively fhe

Nuclear Magnetic ResonancE&rant, D. M., Harris, R. K., Eds.; Wiley:
New York, 1996; Vol. 7, p 4434. See also: Forsyth, D. A.; Sebag, A. B.
J. Am. Chem. S0d 997, 119 9483. Olah, G. A.; Shamma, T.; Burrichter,

13C, and’’Se chemical shifts are given in ppm relative to those A Rasul, G.; Prakash, G. K. 3. Am. Chem. So&997, 119, 12923, 12929.

of internal CHC} slightly contaminated in the solution, CDLCI

as the solvent, and external MeSeMe, respectively. Column
chromatography was performed on silica gel (Fujidebison BW-

300), acidic alumina, and basic alumina (E. Merck).

(5) (a) Nakatsuiji, H.; Higashioji, T.; Sugimoto, MBull. Chem. Soc.
Jpn.1993 66, 3235. (b) Magyarfalvi, G.; Pulay, Ehem. Phys. Letl994
225, 280. (c) Binl, M.; Gauss, J.; Stanton, J. Ehem. Phys. Lettl995
241, 248. (d) Binl, M.; Thiel, W.; Fleischer, U.; Kutzelnigg, WI. Phys.
Chem.1995 99, 4000. (e) Malkin, V. G.; Malkina, O. L.; Casida, M. E.;



Structural Study of Aryl Selenides in Solution

Salahub, D. RJ. Am. Chem. S0d994 116, 5898. (f) Schreckenbach, G.;
Ruiz-Morales, Y.; Ziegler, TJ. Chem. Physl996 104, 8605. (g) Ellis, P.

D.; Odom, J. D.; Lipton, A. S.; Chen, Q.; Gulick, J. M. Nuclear Magnetic
Shieldings and Molecular StructurBlATO ASI Series; Tossel, J. A., Ed;
Kluwer Academic Publishers: Dordrecht, 1993; p 539. See also refs cited
therein.

(6) Although the contribution of relativistic terms has been pointed
out for heavier atoms, the perturbation is expected to be small for the
selenium nucleus. Tanaka, S.; Sugimoto, M.; Takashima, H.; Hada, M.;
Nakatsuji, H.Bull. Chem. Soc. Jprl996 69, 953. Ballard, C. C.; Hada,
M.; Kaneko, H.; Nakatsuji, HChem. Phys. Letl.996 254, 170. Nakatsuiji,

H.; Hada, M.; Kaneko, H.; Ballard, C. GCChem. Phys. Lettl996 255
195. Hada, M.; Kaneko, H.; Nakatsuji, i©@hem. Phys. Letl996 261, 7.
See also refs cited therein.

(7) Nakanishi, W.; Hayashi, SChem. Lett1998 523. The reported
dobsd Se) value of 222.3 folf should read 227.9.

(8) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94, Résion D.4 Gaussian,
Inc.: Pittsburgh, PA, 1995.

(9) The basis sets including effective core potentials such as LANL2DZ
were not suitable for the calculations. The correlation was very poor.

(10) NBO Ver. 3.1, Glendening, E. D.; Reed, A. E.; Carpenter, J. E.;
Weinhold, F.; Gaussian Link 607.

(11) Reed, A. E,; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88,

899.

(12) TheodcacdSe) value for a MeSeion obtained with the B3LYP/
6-311++G(3df,2pd) method and thisd Se) value for MeSeNa in water
were—207.9 and—330, respectively. The interaction with the counterion,
as well as the solvation, must affect the,s{Se) value for MeSeNa. A
similar discrepancy for b6e (and MeSeH) became smaller whendhg«

(Se) value for the gas phase was emplosfed.

(13) Although the correlation coefficient was not improved in the
calculations with the B3LYP/6-31G(d,p) method on the structures
obtained with the B3LYP/3-21G method € 0.976), the results of the
calculations on thes(Se) values with the 3-21G basis set at the B3LYP
level on the structures obtained with the B3LYP/6-3Q(d,p) method gave
a betterr value of 0.980.

(14) Kalabin, G. A.; Kushnarev, D. F.; Bzesovsky, V. M.; Tschmutova,
G. A. J. Org. Magn. Resorl979 12, 598.

(15) Mullen, G. P.; Luthra, N. P.; Dunlap, R. B.; Odom, J.D.Org.
Chem.1985 50, 811.

(16) Gronowitz, S.; Konar, A.; Hofeldt, A.-B. Org. Magn. Resorl977,

9, 213.

(17) Kalabin, G. A.; Kushnarev, D. F.; Mannafov, T. Zh. Org. Khim.
198Q 16, 505.

(18) Nakanishi, W.; Hayashi, S.; Yamaguchi,Ehem. Lett1996 947.

(19) Topson, R. D. The Nature and Analysis of Substituent Electronic
Effects. InProgress in Physical Organic Chemistfjaft, R. W., Ed.; Wiley:
New York, 1976; Vol. 12. See also refs cited therein.

J. Phys. Chem. A, Vol. 103, No. 31, 1998081

(20) The substituent effect @ on the dopsdSe) values was inversely
correlated with those dff. Therefore, we must be careful to discuss in detail
those for6.

(21) Theam, a,, anday/a, values were 1.81, 1.23, and 1.47, respectively,
for the plot of donsd Se} againstoonsd Sep. Since8 bears two substituents
at both para positions, wheredshas only one, the substituent effect on
dobsd Se} is expected to be twice that dfps{Se). Indeed thean, value of
1.81 is close to that expected, but #hevalue of 1.23 would be too small
from the expectation, which may be explained by the saturating effect of
the second substituents dg»s{Se) operating especially for .

(22) Indeed, structurg6 with 6y = 37.30 is optimized for5awith the
B3LYP/6-31H-G(d,p) method when the calculations are started at the
partially optimized structure, witt9y being fixed at 30.00 but the
calculations are stopped @t = 18.48 when they are started at the partially
optimized structure, witl#y being fixed at 15.00

(23) The parameters are devised on the basis that the atomic overlap
integral S between carbon 2p, and 2pz, orbitals of the ethylene-type
orbital, where the two atomic orbitals are crossing withs proportional
to cos 6, S = [yl = [Rpricos@)2pr, + sin@)2pr,' 0 =
cos)2pra 2prpl= cosP)S (2pm, being orthogonal to 2m).

(24) The best-fitted correlations were obtained by the following steps.
The dcacdSep') values were calculated for every-30°. A ¢' value was
looked for that gives the largestvalue among the)cacdSep') values.
Then the best-fitted value was determined, as it gave the largestlues
among thedcacdSep) calculated every °Lnear thef' value.

(25) (a) Zaripov, N. M.; Golubinskii, A. V.; Chmutova, G. A.; Vilkov,

L. V. Zh. Strukt. Khim1978 19, 894. (b) McDonald, W. S.; Pettit, L. D.
J. Chem. Soc. A97Q 2044.

(26) (a) Blackmore, W. R.; Abrahams, S. &cta Crystallogr.1955 8,

323. (b) Zaripov, N. M.; Golubinskii, A. V.; Popic, M. V.; Vilkov, L. V.;
Mannafov, T. G.Zh. Strukt. Khim198Q 21 (2), 37.

(27) The @, bs, rs, 08, n) values for3, 9, and13 are (0.835, 260.5,
0.999, 13, 6), (0.563, 357.1, 0.991, 18, 5), and (0.488, 409.5, 0.999, 48, 5),
respectively.

(28) (a) Nakanishi, W.; Hayashi, S.; Toyota, 5.Chem. Soc., Chem.
Commun.1996 371. (b) Nakanishi, W.; Hayashi, S.; Toyota, B5.0rg.
Chem.1998 63, 8790. (c) Nakanishi, W.; Hayashi, S. Unpublished results.

(29) The correlations were similarly reexamined 819, and 13 with
0a. The evaluateda, ba, ra, 0a, n) values for3, 9, and 13 are (0.666,
261.0, 0.999, 17, 6), (0.426, 357.1, 0.991, 24, 5), and (0.384, 409.5, 0.999,
71, 5), respectively. The (¥a) values for the omitted points were estimated
to be (COOR, 53 and (NQ, 52°) for 3, (NO,, ca. 57) for 9, and (COOR,
66°) and (NQ, 54°) for 13.

(30) Kalabin, G. A.; Kushnarev, D. F.; Kataeva, L. M.; Kashurnikova,
L. V,; Vinokurova, R. I.Zh. Org. Khim 1978 14, 2478.

(31) Greenberg, B.; Gould, E. S.; Burlant, W. M. Am. Chem. Soc.
1956 78, 4028.



