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Contributions from Atomic p(Se), d(Se), and f(Se) Orbitals to Absolute
Paramagnetic Shielding Tensors in Neutral and Charged SeH,, and Some
Oxides Including the Effect of Methyl and Halogen Substitutions on ¢”(Se)

Waro Nakanishi,*'*! Satoko Hayashi,™ Kenji Narahara,'”! and Masahiko Hada™

Abstract: Contributions from atomic
p(Se), d(Se), and f(Se) orbitals to
o°(Se) are evaluated for neutral and
charged Se*H,, (*=null, 4, or —) and
some oxides to build the image of the
contributions. The effect of methyl and
halogen substitutions is also examined
employing R,Se*X, 0, (*=null, +, or
—) where R=H or Me; X=F, Cl, or
Br. The p(Se) contributions are larger
than 96% for SeH™ (C.,), SeH, (C,,),
SeH;* (C5,), SeH;t (Ds,), and SeH,
(T,). Therefore, o”(Se) of these com-

75% for SeH, (TBP), SeHs;* (TBP),
SeH;* (SP), and SeHs™ (SP). Methyl
and halogen substitutions increase the
contributions by 1-2% (per Me) and
4-7% (per X), respectively. The contri-
butions are 92-79% for H,SeO (C,),
H,SeO, (C,,), and H,SeO (C,,). The
values are similarly increased by the
substitutions. Consequently, o”(Se) of
these compounds can be analyzed
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based on p(Se) with some corrections
by d(Se). The p(Se) contribution of
SeHg (0,) is 52%: o°(Se: SeHg (0,))
must be analyzed based on both p(Se)
and d(Se). The contributions for the
Me and X derivatives of SeH, amount
to 86-77%. Therefore, o°(Se) of the
derivatives can also be analyzed mainly
based on p(Se) with some corrections
by d(Se). Contributions from f(Se) are
negligible. Contributions from 4p(Se)
in vacant orbitals are also considered.
A utility program derived from the

pounds can be analyzed based on
p(Se). The p(Se) contributions are 79—

Introduction

Selenium-containing compounds show versatile reactivities
and afford many structurally interesting compounds.-?
Atomic 4p(Se) orbitals essentially control the reactivities
and the fine structures of the compounds, since selenium is
a member of the Group 16 elements. Atomic 4d(Se) orbitals
play an additional role in low-coordinated selenium com-
pounds but the importance becomes larger in higher coordi-
nated cases.*¥ 7Se NMR spectroscopy is widely used to
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Gaussian 03 (NMRANAL-NHO03G) is
applied to evaluate the contributions.

study selenium chemistry."® 77Se  NMR chemical shifts
(6(Se)) are utilized to determine the structures of selenium
compounds and follow the reactions on a daily basis, since
they are highly sensitive to structural changes.'™"” Atomic
4p(Se) orbitals predominantly determine d&(Se), however,
4d(Se) can play an important role as the oxidation or coor-
dination number at selenium increases.

More information could be derived from o(Se), which
would be useful to investigate physical, chemical, and bio-
logical sciences, if they can be analyzed separately by the
factors which control the chemical shifts. Plain rules from
theory are necessary to determine geometric and electronic
structures based on the chemical shifts.”'! The rules should
be familiar to the experimental chemists. It is informative to
employ the absolute paramagnetic shielding tensors (6°(Se))
for the analysis of chemical shifts, since the o”(Se) values
are much more sensitive to the structural changes of seleni-
um compounds and they can be predicted with satisfactory
accuracy.'""™™ While oP(N) is evaluated accurately by the
CPHF method,™! we will mainly discuss oP(N) with an ap-
proximated image derived from Equation (1).1'%)
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Very recently, we reported the behavior of electron-popu-
lation terms ((rg.),,) and demonstrated that the terms serve
as the charge factor to determine o°(Se).'’'® To establish
the desired rules by using (rg),, it is necessary to clarify
how the chemical shifts are controlled by atomic p(Se) orbi-
tals, together with d(Se) and f(Se). Contributions from
p(Se), d(Se), and f(Se) to o°(Se) are examined"! for various
neutral and charged selenium species (Se*H,: *=null, +
or —; n=1-6) and some oxides [H,SeO,: (n,0)=(2,1), (2,2),
and (4,1)] to build the image of the contributions. Figure 1
shows the structures of Se*H,, (*=null, 4+, or —; n=1-6)
and H,SeO,, examined in this work. They are classified by
the numbers of lone pairs (7,) and ligands (n;) in SeL,
drawn for the compounds. The contributions are also exam-
ined for the methyl and halogen derivatives of Se*H, and
H,SeO, [R,Se*X,O, (*=null, +, or —; R=H or Me and
X=H, F, Cl, or Br with r, x=0-6, and 0 =0-2)]. The differ-
ences in the contributions are discussed as the effect of
methyl and halogen substitutions on the contributions.

For G(1) . For G(2) A
5
: "

& "é (3;1); G(17) (?A

For G(3)-G(6)

~—d

); G(3%) (1;3); G(8*pl)  (1;3):

y <

(1;4); G@A-TBP)  (0; 4); G(4-Ty) (0;4); G(4-Op)  (0; 5); G(5-0)
(0; 5); G(5*-TBP) (1; 5); G(5™-C4,(SP)) (0; 5); G(5"-C4,(SP))

Figure 1. Structures of selenium compounds, Se*H, (*=null, +, or —)
and H,SeO,, studied in this work. They are classified by the numbers of
the lone pairs (n;,) and ligands (n,) in SeL,. Optimized structures are em-
ployed for the presentation.

Here, we report the contributions from the atomic p(Se),
d(Se), and f(Se) orbitals to o?(Se) in Se*H,, and R,Se*X,0,
=null, +, or —), where R=H or Me and X=H, F, Cl, or
Br. The results will help to understand how p(Se), d(Se),
and f(Se) orbitals contribute to o”(Se). It is also aimed to
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develop the standard rules to determine geometric and elec-
tronic structures based on chemical shifts founded in theory
and familiar to the experimental chemists.

Results and Discussion

Calculation method: The 6-311+G(3df,3pd) basis sets®?!] in
the Gaussian 03 program package!® are employed for the
calculations. Structural optimizations are performed at the
density functional theory (DFT) level of the Becke three-
parameter hybrid functionals with the Lee—Yang—Parr corre-
lation functional (B3LYP).”*! The gauge-independent atomic
orbital method (GTAO)®* was applied to evaluate absolute
magnetic shielding tensors of Se (o(Se)) at the DFT
(B3LYP) level by using the structures optimized with the
same method (the GIAO-DFT method). The utility program
derived from the Gaussian 03 program are applied to evalu-
ate the contributions from each occupied molecular orbital
(), occupied MO to occupied or unoccupied MO (y;,—1;
or ;—1,) transition,™ and the atomic p(Se), d(Se), and
f(Se) orbitals (NMRANAL-NHO03G).

Contributions from each MO and p(Se), d(Se), and f(Se) in
Se*H,: The oP(Se) values are calculated for Se*H,, (* =null,
+, or —) with the DFT-GIAO method employing the 6-
3114+G(3df,3pd) basis sets. The contributions are evaluated
separately by the transitions between occupied MOs (Occ-
to-Occ: Occ) and by those from occupied MOs to unoccu-
pied MOs (Occ-to-Unocc). The contributions from Occ-to-
Unocc are evaluated further separated by each occupied
MO (). Table 1 collects the results. The total 6°(Se) values
are given separately by Occ (the y,—; transitions)*** and
by Occ-to-Unocc (the y,—, transitions). o®(Se) from the
P, —p, transitions are given by y;—¢, (inner MOs), and
each of y;s—yg, together with ;o and/or 1, if any. The
contributions from atomic p(Se), d(Se), and f(Se) orbitals to
o?(Se) are also shown, together with those at H (y(H)).

As shown in Table 1, vy and/or 1,, appear in Se*H,, for
n=4-6. Figure 2 draws o and/or \, in Se*H, (n=4-6).
Vo (HOMO) of SeH, (T,) is mainly constructed by 4s(Se).
The main character of \;, in SeH, (TBP) and SeH;* (TBP)
is 1, (3c—4e: three center—four electron bonds) of H,,-Se-
H,,, which contain some d character. 1y, of SeHs* (C,,) and
V9 and 1, of SeH;™ (C,,) and SeH; (O,) are substantially
constructed by 4d(Se).

The contributions from Occ-to-Occ transitions are posi-
tive for Se*H,,. All occupied MOs contribute to the Occ-to-
Occ transitions. The values will not discuss in more detail
herein.® The o°(Se) values contributed from inner MOs
(P,—yy4) are positive except for SeH™ (C,,) (—1.3 Hz) and
SeH, (7,) (—6.3 Hz), magnitudes of which are very small.
Contributions from y,,—5 in Se*H, are very large, since
they are mainly constructed by 4p(Se). Those from 1,5 are
small, which are mainly constructed by 4s(Se).

As shown in Table 1, the contributions from p(Se) and
d(Se) in SeH, (C,,) are —906 and —27 ppm, respectively,
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Table 1. Contributions from each MO and from atomic p(Se), d(Se), and f(Se) orbitals, together with x(H), to o?(Se) in Se*H, (*=null, +, or —).l"=!

Species Occ =y, Yy Y16 Y17 Pig Y9 VP20 o"(Se) p(Se) d(Se) f(Se) x(H) % p(Se)
SeH™ (C..,) 2640 13 —145 2720 -2388 2388 —501.5 —4960 —11.0 02 53 989
SeH, (C,,) 324.6 0.6 —193 2544 3654 —615.0 —9288  —906.1 —27.5 —04 52 976
SeH,* (C;,)  250.0 9.5 —213 3632 —3632 —391.8 —1079.9 —1039.0 —481 04 68 962
SeH;* (D) 2246 43 —13 -3444 3445 —6133 —1074.6 —1029.9 —487 -06 46 958
SeH, (T,) 2825 —63 0.1 —6473 —647.3 —6473 —1.11 —1666.8 —1629.5 —404 05 26 978
SeH, (G, 3219 132 —16.4 3161 —359.3 —447.7 —161.9™M —966.3 —7658 —203.7 —0.1 33 793
SeHs* (Dy,)e 1869 294 00 —3954 —3954 —417.0 -216.01 —12074  -9114 -2948 -01 —11 755
SeH;* (C,)1 2188 232 -1.6 4207 4207 -3423 —216.61 —1159.9 8679 —291.3 00 —08 748
SeHs™ (C,)/' 4106 110 —16.5 —3789 —390.7 —390.7 —92.00 586l 9059 —6745 2356 —02 43 745
SeH; (0,) 3267 279 01 -3275 -3275 -—327.5 —17799 17798  _9836 5141 —4674 02 -23 523

[a] Calculated with the DFT-GIAO method employing the 6-311+G(3df,3pd) basis sets. [b] A utility program (NMRANAL-NHO03G) being employed.
[c] In ppm. [d] Contribution from the occupied MOs to occupied MOs transitions. [e] Contribution from AOs at H. [f] Mainly constructed by 4s(Se).
[g] Trigonal bipyramidal (TBP). [h] Corresponding to v, of H,,-Se-H,,. [i] Mainly constructed by 4d(Se). [j] Square pyramidal (SP).

e B

P19 Vg Y20 Y20

SeHy (Ty) SeHy (Coy: TBP) SeHs™ (Cy4y: SP) SeHg (Op)
P19 P19 P19 Y19
SeHs" (D TBP)  SeHs' (Cyy: SP) SeHs™ (Cyy: SP) SeHg (Op)

Figure 2. ¢,y and/or 1, in Se*H,, (*=null, +, or —) for n=4-6.

while those from f(Se) and y(H) are negligible. The contri-
bution from p(Se) amount to 98% in SeH, (C,,). Similarly,
the p(Se) contributions are larger than 96 % for SeH™ (C,,),
(SeH, (G,))), SeHs*™ (Cs,), SeHs™ (Dy,), and SeH, (T,).
These compounds have at least one lone-pair orbital at Se
(mp, > 1), except for SeH, (7). The magnitudes of the con-
tributions from d(Se) are less than —50 ppm (<4%) in
these compounds and the contributions from f(Se) and x(H)
are negligible. The small magnitude of the d(Se) contribu-
tions in SeH™ (C.,), SeH, (C,,), SeH;* (C;,), and SeH;*
(Dj;,) with iy, > 1 can be well explained through the polari-
zation effect of d(Se) in these compounds. 13 of each com-
pound is HOMO. v,, (HOMO) of SeH, (T,) is constructed
mainly by 4s(Se). Therefore, the contribution from v, is
negligible, which must be responsible for its large p(Se) con-
tribution, although it has no lone-pair orbitals. The results
demonstrate that o°(Se) can be analyzed based on p(Se) for
SeH™ (C.,), SeH, (C,,), SeH;* (Cs,), SeH;* (Ds,), and
SeH, (T,).

On the other hand, the p(Se) contributions are 79% for
SeH, (C,,; TBP: n,=1) and 75% for SeHs* (D;,; TBP:
n,=0), SeHs* (C,,; SP: n,,=0), and SeH;™ (C,,; SP: n;,=
15%. Contributions from d(Se) amount to about —200 to
—300 ppm in these compounds. Such large d(Se) contribu-
tions can not be explained by the polarization effect of
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d(Se). ¢ of SeHs* (SP) and v,y and ,, of SeH;~ (SP) are
substantially constructed by 4d(Se). Nevertheless, o?(Se) for
SeH, (TBP), SeH;™ (TBP), SeHs* (SP), and SeH; (SP)
could be approximately analyzed based on p(Se) with some
corrections by d(Se), since the p(Se) contributions are 75—
79%. In the case of SeH; (O,: n,,=0), the p(Se) contribu-
tion is 52 % and its y;, and 1,, are substantially constructed
by 4d(Se). Consequently, 0°(Se) must be analyzed as the
contributions from both p(Se) and d(Se) for SeH; (O,,).
How do alkyl and halogen substitutions affect on o”(Se)
in Se*H,, and the oxides? After elucidation of the contribu-
tions from p(Se) in Se*H,, the next task is to clarify the con-
tributions in R,Se*X,0, (R=H or Me: X=F, Cl, or Br).

Effect of Me and halogen substitutions on the contributions
in R,Se*X,0,: Contributions from p(Se), d(Se), and f(Se) to
o?(Se), together with AOs other than those of Se, are also
evaluated for R,Se*X, O, (*=null, +, or —). Table 2 collects
the results for R,Se*X, (*=null, 4+, or —), where R=H or
Me, X=F, Cl, or Br. Table 3 shows the contributions from
p(Se), d(Se), and f(Se) to o”(Se) in R,Se*X . O, (*=null, +,
or —), where R=H or Me, X=F and o=1 or 2. The differ-
ences in o°(Se) between R,Se*X,0, (0=0-2) and Se*H,, are
discussed as the effect of Me and halogens.

As shown in Table 2, the methyl substitution on Se*H,

=null, +, or —) leads to a slight increase in the p(Se)
contributions (1-2% per Me).®!! Consequently, o°(Se) can
be analyzed based on p(Se) for the methyl derivatives of
SeH™ (C.,), SeH, (C,,), SeH;* (Cs,), SeH;* (Ds,), and
SeH, (7,). In the case of the fluorine derivatives, the substi-
tution increases considerably the p(Se) contribution (5-7 %
per F): The p(Se) contribution increases from 79 % in SeH,
(TBP) to 92% in H,SeF, (TBP) then to 94% in Me,SeF,
(TBP). Contributions from p(Se) in Me,SeCl, (TBP) and
Me,SeBr, (TBP) are slightly larger than that in Me,SeF,
(TBP). The p(Se) contributions of about 95% in Me,SeX,
(TBP) (X=F, Cl, and Br) imply that o”(Se) of R,SeX,
(TBP) can be analyzed based on p(Se).

How are the p(Se) contributions of about 75 % for SeHs*
(TBP: ny,=0), SeHs™ (SP: n,,=0), and SeHs™ (SP: n;,=15")
improved by the methyl and fluorine substitutions? The
methyl and fluorine substitutions on SeHs* (TBP), SeHs*
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Table 2. Effect of methyl and halogen substitutions on the contributions of atomic p(Se), d(Se), and f(Se) or-
bitals, together with AOs of atoms other than Se, to 0°(Se) in R,Se*X, (*=null, +, or —).[*

Contributions from p(Se) in

H,SeF, and SeF,: The recipro-

Species o°(Se) p(Se) d(Se) £(Se) Others % p(Se) cal orbital energy  gaps
SeMe™ (C,) ~1129.1 ~1127.4 ~138 3.0 9.1 99.9 [(e,—&) '=Ae'] shown in
SeMe, +(czv) —1338.7 ~1309.3 —40.8 0.5 10.9 97.8 Equation (1) would be a candi-
SeMe;* (Cs)) ~1552.0 —1491.4 —743 06 14.3 96.1 .
SeMey* (Cyy) ~12267 ~1163.9 ~65.0 ~39 6.1 94.9 date for the reason of the in-
SeMe, (T,) _2174.4 _2133.1 -33.8 35 ~109 98.1 creased p(Se) contributions by
H,SeF, (C,,) ~1706.9 —1574.9 —137.0 22 7.1 923 the fluorine substitution. The
Me,SeF, (C,,) —2006.1 —-1879.2 -132.1 -1.6 6.8 93.7 relative values of Ae! (Ag’lrel)
Me,SeCl, (C,,)1! ~1730.3 ~1629.4 ~115.7 0.6 154 942 are examined for SeH, (O,)
Me,SeBr, (C,,)19 ~1656.1 —1565.7 ~1032 02 13.1 945 .

MesSeF,*(Cy,) ~2001.5 ~1790.4 2027 62 22 89.5 and SeFq (On), first. _
SeFg* (Cy) ~2133.9 ~1879.8 ~273.6 79 273 88.1 Figure 3 depicts the main
SeMe;* (C) —1469.5 —1294.2 —269.3 34 97.4 88.1 transitions arising from p(Se)
SeFs* (C,,) —2154.2 —1891.1 —-261.5 -73 5.7 87.8 and d(Se) in SeH, (O,) and
SeMe;™ (C) 12233 ~1100.5 ~209.2 22 88.5 90.0 .

SeFs™ (C,)¢! —2261.7 —-2079.7 —181.4 -35 2.9 92.0 Se]ff (On). tf)lgether Wlt,h the
SeMe; (C) ~1069.9 —822.8 —378.7 1.0 130.6 76.9 Ae™" and Ae ' values in the
HSeFs (C,,) —1894.3 —~1599.9 2827 -35 -82 845 transitions. Y;s—y;3 of SeHs
MeSeF; (C,) —1973.5 —1692.6 2711 -55 —4.3 85.8 (Oh) are mainly constructed by
SeF (0,) ~1921.5 ~1630.0 ~274.0 —47 ~129 84.8

4p(Se), whereas o and ,, are

[a] Calculated with the DFT-GIAO method employing the 6-311+G(3df,3pd) basis sets. [b] A utility program
(NMRANAL-NHO03G) being employed. [c] In ppm. [d] Trigonal bipyramidal (TBP). [e] Square pyramidal

(SP).

(SP), and SeH;™ (SP) similarly increase the p(Se) contribu-
tions. The p(Se) contribution of 76 % in SeH;* (TBP) in-
creases to 90% in Me;SeF,* (TBP) and to 88% in SeFs*
(TBP). Similarly, the p(Se) contributions of 75% in SeH;™*
(SP) and SeH;~ (SP) increase to 88 % in SeMes™ (SP), 90 %
in SeMe;s~ (SP), and 92% in SeFs~ (SP) (Table 2). The re-
sults show that oP(Se) of these compounds can be substan-
tially analyzed based on p(Se), with some corrections by
d(Se). Is the low p(Se) contribution of 52% in SeHg (O,:
ny,=0) really improved by the methyl and/or fluorine substi-
tutions? The p(Se) contribution increases to 77 % in SeMe,
(C). The 25% increment in SeMe; (C) corresponds to the
4% per Me.P?l The p(Se) contributions are about 85% for
HSeFs (C,,), MeSeFs (C,), and SeF, (O,). The 33% incre-
ment is achieved in total, which correspond to the 5-6 % im-
provement per F in these cases. As a result, o®(Se) of these
compounds can also be analyzed approximately based on
p(Se) with some corrections by d(Se).

As shown in Table 3, the p(Se) contributions are 92, 86,
and 79% for H,SeO (C;: n,,=1), H,SeO, (C,,: m,=0), and
H,S8¢0 (GC,,: n,=0), respectively. The contributions are in-
creased to 93, 87, and 87 % in Me,SeO (C,), Me,SeO, (C,,),
and Me,SeF,O (C,,), respectively. The effect of the methyl
and fluorine substitutions in these compounds is essentially
the same as that predicted for Se*H,, although it is difficult
to correlate the selenium compounds containing the Se=0O
group(s) directly to Se*H,, It is demonstrated that ¢°(Se) of
R,SeX,0, (0=1 or 2) can be analyzed based on p(Se) with
some corrections by d(Se).

Why does the halogen substitution increase the p(Se) con-
tribution that much? The reason is considered employing
H,SeF, (TBP) and SeF, (O,,).

9650 ——

www.chemeurj.org

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

constructed by 4d(Se) (see also
Figure 2). 1,4—;5 are degener-

Table 3. Effect of methyl and halogen substitutions on the contribution
of atomic p(Se), d(Se), and f(Se) orbitals, together with AOs of atoms
other than Se, to 6°(Se) in H,SeO, and R,SeX,0,.[*

Species ao’(Se)  p(Se) d(Se) f(Se) Others % p(Se)
H,SeO (C)) -19052 -1749.1 -1553 -2.1 1.2 91.8
Me,SeO (Cy) —2098.9 —1946.8 —-154.1 -2.1 4.1 92.8
H,Se0, (C,,)  —2074.6 —1783.8 -2854 —47 —08  86.0
Me,SeO, (C,,)  —2203.9 —19242 2769 —54 2.6 87.3
H,SeO (C,,) —1454.8 —11483 -3074 -1.6 2.5 78.9
H,SeF,0 (Cy) —1933.0 —16653 -2637 —64 23 861
Me,SeF,0 (C,) —2097.1 —1832.0 -2471 -94 -87 874
[a] Calculated with the DFT-GIAO method employing the 6-311+G-

(3df,;3pd) basis sets. [b] A utility program (NMRANAL-NHO03G) being
employed. [c] In ppm.

ated with each other and so are 1,y and ,, in SeHg (O,).
V5 and ;4 contribute to 6°(Se) by —328 and —178 ppm, re-
spectively (Table 1). Most important transitions in 4 are
Pis— P and YPyg—3; (—183 ppm for each). Four other
transitions from 1, and 1;; are degenerated to the transi-
tions in SeHg (O,). Consequently, six transitions are degen-
erated (Table 4). The 1,y—1, transition (—167 ppm) is the
main one in 1y, which is mainly contributed from 4d(Se).
The energy difference between ;3 and {, is 0.585 au and
that between ), and ,, is 0.339 au. Consequently, Ae~! in
the y9—1, transition (1/0.339=2.95) is 1.72 times larger
than that in the ;3—5, transition (1/0.585=1.71). This
must be responsible for the large d(Se) contribution to
o”(Se) in SeH, (O,,).

In the case of SeFy (O,), the {,s—5, transition is most
important for the p(Se) contribution to o”(Se) and the ;35—
g, transition is for the d(Se) contribution. Contrary to SeHg
(0,), Ae™! for the former (1/0.708=1.41) is 1.60 times larger
than that in the latter (1/1.14=0.88). The results demon-
strate that the fluorine substitution in SeF, (O,) increases

Chem. Eur. J. 2008, 14, 9647 —9655
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contributing from p(Se) and d(Se) to o”(Se) in SeH, (O,), SeF, (0,), SeH, (TBP), and H,SeF, (TBP).[*"]
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1 1

«) for the typical transitions However, the Ae™! or Ae’!,

values do not explain the effect.

Species Y=, of_(Se)'” Degeneracy p(Se)/d(Se) Ae 1 Ae'y  Other factor(s) must be impor-
SeH (0,) Pis—Pag —183.4 6 1.71 1.00 tant. Natural bond orbital
SeH; (0,) Pro—Pog —167.110 1 d(Se) 2.94 1.72 (NBO) analysis™* is carried
SZ? Eg"; :4;28%11;51 7? gg'f[g] ? 5223 (1);; 823 out for SeH, (TBP) and H,SeF,
6 (Un 35—~ W7 —196. - - .

SeH, (TBP) Prs—Pay —6733 1 2.75 100  (TBP), together with SeH, (0,)
SeH, (TBP) Pro— e ~209.2 1 d(Se) 3.56 129  and SeF; (O,), to clarify the
H,SeF, (TBP) Py — P30 —694.5 1 p(Se) 2.28 0.83 nature of the Se—F and Se—H
H,SeF, (TBP) Py ~609.4 1 d(Se)t™ 332 121 ponds.

[a] Calculated with the DFT-GIAO method with the 6-3114G(3df3pd) basis sets. [b] A utility program
(NMRANAL-NHO03G) being employed. [c] Transition. [d] In ppm. [e] In au'. [f] The contribution from the
Py —Pyg transition being —154.9 ppm, where &, =¢,,=¢. [g] The contribution from the 3, —gs transition
being —131.1 ppm, where &4 = &4; = £g;. [h] The contribution from p(Se) is also large.

As =171 au”!
(Ac™" g1 = 1.00)

aPyy(Se) = -183 ppm

o oke

oP1a(Se) = 328 ppm £29=0.113 au
£1g=-0.473 au
b)
A1 =294 au™
(A =1.72)
—_—
a'yy(Se) = =167 ppm
oP19(Se) = =178 ppm 55 = 0.091 au

£1g=-0.249 au

$

oPog(Se) = —439 ppm
£2g =-0.649 au

A =141 au™
(A 1= 0.82)

oPy,(Se) = —380 ppm

e51 = 0.060 au

d)
Ac' =088 au”"
(As g =0.51)
uPW(Se) =-138 ppm \ dp

oP35(Se) = -59 ppm

£35 = -0.523 au eg7 = 0.609 au

Figure 3. Main transitions in SeH; (O,) and SeF, (O,): a) Arising from
p(Se) in SeHg (0,): Y1615 being degenerated and ,y—1;; also degener-
ated, b) from d(Se) in SeHy (O},): o and 1,, being degenerated and -
P,5 also degenerated, c) from p(Se) in SeFy (O,): -3 being degener-
ated and ys,—s, also degenerated, and (d) from d(Se) in SeFy (O)): |4
and 35 being degenerated and g-gs also degenerated. Some MOs are
drawn from different directions for convenience of understanding.

Ae™',, for the p(Se) contribution but decreases that for the
d(Se) contribution. The results are summarized in Table 4.
The results give a good explanation how the fluorine substi-
tution in SeFy (O,) increases the p(Se) contributions to
o°(Se). Indeed, there are many other transitions, but they
are less important than those discussed herein.

Similar treatment is carried out in the case of SeH, (TBP)
and H,SeF, (TBP). The results are summarized in Table 4.
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Equation (2) shows the MO
description of the Se—X (X=H
and F) bonds estimated by the
NBO analysis. Table 5 collects
the coefficients (c¢(Se) and
¢(X)) and the hybrid states at
Se, H, and F for the bonds in SeH, (TBP), H,SeF, (TBP),
SeH; (0,), and SeFs (0,). x(Se: s'p’d‘f’) stands for the
atomic orbitals of Se and y(X: s'p’d*f) for those of H and F
at the hybrid states (f=0 for H). The hybrid states are de-
scribed by the p, d, and f values in Equation (2), assuming
s=1 (see Table 5). The contributions from yx(Se) and y(X)
to Pnpo(Se—X) are given by ¢*(Se) and ¢*(X), respectively,
where ¢*(Se) + A(X)=1.00 in the treatment.

: s'prd?f)
(2)

The hybrid state at Se of Se—H, in H,SeF, (TBP) (p=
6.08 and d=0.63) is close to that of Se—H,, in SeH, (TBP)
(p=5.05 and d=0.52). However, the state at Se of Se—F,, in
H,SeF, (TBP) (p=4.63 and d=2.51) is very different from
that of Se—H,, in SeH, (TBP) (p=9.38 and d=5.12). The p
and d values for Se of Se—F,, in H,SeF, (TBP) decrease rel-
ative to those in SeH, (TBP). This should result in the de-
crease of the d(Se) contribution to o”(Se) in H,SeF, (TBP)
relative to the case of SeH, (TBP), since the p and d values
for Se of Se—H,, in H,SeF, (TBP) remain unchanged." The
c*(Se) values also support the discussion. While c*(Se)=
0.528-0.544 for Se—H, in both SeH, (TBP) and H,SeF,
(TBP), ¢*(Se)=0.135 for Se—F,, in H,SeF, (TBP), which is
much smaller than that for Se—H,, in SeH, (TBP) (0.324).
The Se—F,, bonds in H,SeF, (TBP) are substantially con-
structed by 1,9, which is contributed from 4d(Se). The re-
sults demonstrate that the d(Se) contribution to o”(Se) in
H,SeF, (TBP) decrease relative to the case of SeH, (TBP)
in total.*®!

Table 5 contains the results of the NBO analysis for SeF;
(0,) and SeH, (O,). The hybrid state at Se of Se—F in SeF,
(0)) (p=2.99 and d=2.00) is very close to that at Se of Se—
H in (p=3.00 and d=2.00). The results would not change
the relative contributions from p(Se) and d(Se) to o”(Se) by
this mechanism, since both compounds have only one type
of bond.

The main reason for the decreased d(Se) contribution to
o”(Se) in H,SeF, (TBP)/SeH, (TBP) is demonstrated to be
the lesser contribution of d(Se) to the hybrid state at Se in

Yapo(Se—X) = c(Se)x(Se : s'p”df ) +-c(X)x(X
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Table 5. Results of NBO analysis for the Se—X (X=H and F) bonds in SeH, (TBP), H,SeF, (TBP), SeH,

(0,), and SeF; (0,).1!

tions, other than y,,—. They
must originate from the higher

Species Bond c(Se) p:dif at Sel” e(X) pid;fat X state AOs of Se and H.
SeH, (TBP) Se—H,, 0.7376!! 5.05:0.52:0.00 0.6752 0.00:0.00:0.00 In the case of SeH™ (C,,),
Se—H,, 0.569414 9.38:5.12;0.09 0.8221 0.000.00:0.00  five valence AOs are supplied,
H,SeF, (TBP) Se—H,, 0.7268! 6.08:0.63;0.03 0.6868 0.0050.00:0.00 p oo
at is, 4s(Se), 4 e), 4 e
Se—F,, 0.36771 4.63;2.15;0.07 0.9299 6.43;0.01;0.00 4 » 4s(S d),l P:(S )’, hpy(s }3
SeH, (0,) Se—H 0.65771! 3.00:2.00;0.00 0.7532 0.00:0.00000 4P:(Se), and 1s(H) with eight
SeF; (0,) Se-F 0.42740 2.99:2.00:0.01 0.9040 6.52:0.02;0.00 €lectrons. Therefore, four va-

[a] Evaluated employing the 6-3114G(3df,3pd) basis sets, see Equation (2) for the definitions. [b] s=1.00.
[c] *(Se)=0.5441. [d] *(Se)=0.3242. [e] c*(Se)=0.5282. [f] c*(Se)=0.1352.

0.1827.

Se—F,, relative to that in Se—H,,. The increased p(Se) con-
tributions to o”(Se) in SeF, (0O,)/SeH, (O,) is determined to
be the decreased Ae™' (or Ae!,) values for d(Se) in the
main transitions.

After clarification of the contributions from p(Se) to
0”(Se), the behavior of the vacant MOs is examined next.

Behavior of 4p(Se) in vacant MOs: The question to be ad-
dressed is how the energies of vacant orbitals are deter-
mined in the selenium compounds? Figures 4 and 5 show
some MOs of SeH, (C,,) and SeH™ (C,,), respectively.

] ‘"' <o 9

Y20 Y21 Y22 Y23
(e=0.24 eV) (e=0.88eV) (¢=0.88eV) (e=1.16eV)
P15 V16 V7 18 (HOMO) Y19 (LUMO)

(e=-19.58¢eV) (¢=-11.53eV) (¢=-9.85eV) (¢=-6.91eV) (£=-0.63¢eV)

Figure 4. ¢;5; (HOMO-3) to ¢,; (LUMO+4) in SeH, (C,,), together
with the energies: ;3 and 1,; are drawn from another direction.

SeH, (C,,) supplies six valence AOs of 4s(Se), 4p.(Se),
4p,(Se), 4p.(Se), 1s(H), and 1s(H) with eight electrons. Con-
sequently, four valence MOs are occupied and two valence
MOs must be vacant. As shown in Figure 4, 1;5—154 corre-
spond to the occupied valence MOs of o [SeH,: 4s(Se)], o
[SeH, b,: 4p,(Se)], o [SeH, a;: 4p.(Se)], and n,(Se) [4p.(Se);
HOMOJ], respectively: \,;—y, are inner MOs. How are the
vacant orbitals in SeH, constructed? ¢,y (LUMO) and 1,
(LUMO+1) correspond to o* [SeH, a;: 4p,(Se)] and o*
[SeH, b,: 4p,(Se)], respectively. The 5s(Se) and 4d(Se) char-
acters contribute to {9 to some extent whereas such contri-
butions are very low in . ), —\»; are mainly constructed
by p(Se) of higher energies. There must be many vacant
MOs depending on the basis sets employed in the calcula-

9652

www.chemeurj.org

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

lence MOs are occupied where-
as one must be vacant. As
shown in Figure 5, {5 and 4
correspond to o [Se—H: 4s(Se)]
and o [Se—H: 4p.(Se)]. ¢,; of
n,(Se) [4p,(Se)] and ;5 of n,(Se) [4p,(Se)] are degenerate
with each other and they are both HOMO. 1, —,, are inner
MOs. The energies of the vacant orbitals in SeH™ are some-
what complex. The character of \,y (LUMO) is o* [Se—H:
4s(Se)] with some contributions from the 4d(Se) and 5s(Se)
characters (cf: {9 of SeH,). Indeed, y,, is o* [Se—H:
p«(Se)], but it is constructed by the higher state of p,(Se)
(cf: ¢, and 1,, in SeH,). Similarly, the characters of ,; and
P, are py(Se) and p.(Se), respectively, but they are con-
structed by the higher states of p,(Se) and p,(Se), respec-
tively (cf: ¢ in SeH,). V3 (LUMO+4) is assigned to o*
[Se—H: 4p.(Se)] (cf: ¢, in SeH,). We must be careful when
vacant orbitals are discussed, since the energy sequence is
not always that expected from the AO energies.

3
<

[g] ¢*(Se)=0.4326. [h] *(Se)=

W20 Y21 Y22 Y23
(e=4.57 &V) (¢ =4.83 eV) (e=4.83 eV) (¢=6.49 V)
P15 Y16 Y17 15 (HOMO) Y1g (LUMO)

(e=-11.43eV) (e=-361eV) (¢=0.02eV) (¢=0.02eV) (¢=3.758V)

Figure 5. ¢;5 (HOMO-3) to y,; (LUMO+4) in SeH™ (C,,), together
with the energies: {3 and 1, are drawn from another direction.

We must further be careful when the behavior of 4p(Se)
in vacant orbitals are discussed. The inner AOs, valence
AOs, and AOs of higher energy states are constructed by a
set of Gaussian functions, which are commonly used to con-
struct the AOs in the Gaussian program. Therefore, it is dif-
ficult to separate the valence AOs completely from AOs of
higher energy states. The evaluation of the 4p(Se) contribu-
tions would be more difficult as the compounds become
more complex due to the high complexity of MOs. Howev-
er, it is strongly suggested that p(Se) of higher energy levels
would not contribute to ¢°(Se) as much whereas 4p(Se)
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should contribute substantially for usual selenium com-
pounds.”

How do 4p(Se) in vacant MOs contribute to o(Se)? The
contributions of the transitions from the occupied valence
MOs to the unoccupied valence MOs are examined next.
The evaluated values must correspond to the contributions
from the valence 4p(Se) AOs.*™ The contributions of the
transitions from occupied MOs of ,5— ;5 to vacant MOs of
P19, YPag, and Y, are added for SeH, (C,,) and those from
P, =Y5—Pg to P,=1y; transitions are added for SeH~
(C.o),B for example. Table 6 shows the results for SeH,
(C,,) and SeH™ (C,,), together with SeH;" (C;,) and SeH,
(T,) which have been evaluated similarly. The evaluated
4p(Se) contributions to o”(Se) are around 90 % or larger for
the compounds. The large 4p(Se) contribution strongly sug-
gests that 4p(Se) in vacant orbitals mainly controls 6°(Se) of
usual selenium compounds.

Table 6. Contributions from atomic 4p(Se) orbitals to 0°(Se) in some se-
lenium compounds.*"!

Species iiny, ainvy, 4p(Se)t  oP(Se) % 4p(Se)
SeH™ (C.,) 15-18 23 —481.2 —501.5 96.0
SeH, (C,,) 15-18 19, 20, 24 —866.2 —928.8 93.3
SeH;* (Cs,) 15-18 19-21 —-947.1 —1079.9 87.7
SeH, (T,) 15-18 20-22 —1528.2 —1666.8 91.7

[a] Calculated with the DFT-GIAO method employing the 6-311+4+G-
(3df,3pd) basis sets. [b] A utility program (NMRANAL-NHO03G) being
employed. [c] In ppm.

Conclusions

Atomic 4p(Se) orbitals are expected predominantly to deter-
mine O(Se), however, 4d(Se) must also play an important
role when the Se atoms are highly coordinated. It is necessa-
ry to clarify the contributions from p(Se) and d(Se) to
o”(Se) in various selenium compounds to establish standard
rules that are useful to determine geometric and electronic
structures based on J(Se). Contributions from p(Se) and
d(Se) to o°(Se) are evaluated for Se*H,, (* =null, +, or —)
and some oxides to build the image for the contributions.
Effects of methyl and halogen substitutions are also exam-
ined.

The p(Se) contributions are higher than 96% for SeH~
(C), SeH, (Gy,), SeHy* (Gs,), SeH;* (Dyy), and SeH, (T,).
The contributions are 75-80% for SeH, (TBP), SeH;*
(TBP), SeHs* (SP), and SeH;™ (SP) and 79-92 % for H,SeO
(Cy), H,SeO (C,,), and H,SeO, (C,,). The Me and X substi-
tutions increase the p(Se) contributions by 1-2 (per Me)
and 4-6% (per X). Therefore, 0°(Se) of usual selenium
compounds can be analyzed based on p(Se). In the case of
SeH; (O,), the p(Se) contribution is 52%. However, the
contribution is also increased to about 85% in HSeFs;,
MeSeFs, and SeF, by the Me and X substitutions. Conse-
quently, the o?(Se) values of these compounds can also be
analyzed mainly based on p(Se) with some corrections by
d(Se). The contributions from f(Se) are negligible and those
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from AOs at other nuclei are small. The results will help to
establish a new method to analyze the chemical shifts sepa-
rately by the factors, which contribute to the chemical shifts.
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