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How 77Se NMR Chemical Shifts Originate from Pre-a, a, b, and g Effects:
Interpretation Based on Molecular Orbital Theory

Waro Nakanishi,*[a] Satoko Hayashi,[a] and Masahiko Hada[b]

Introduction

Nuclear magnetic resonance spectroscopy is one of most
powerful tools in chemistry:[1] NMR spectra are measured
and analyzed on a daily basis to determine structures with
the guidance of empirical rules.[2] 77Se NMR chemical shifts
d(Se) are also widely used to follow reactions, since they are
highly sensitive to structural changes in selenium com-
pounds.[2–5] Although empirical rules are useful for assigning

spectra, it is difficult to understand the origin of chemical
shifts on the basis of such rules. It is still difficult to predict
chemical shifts for a given structure with satisfactory accura-
cy by using empirical rules. Experimental chemists need
plain rules founded in theory which can be used to deter-
mine the structure of selenium compounds on the basis of
d(Se). With such rules, the relationship between chemical
shifts and electronic structures could be considered for un-
known compounds, and such considerations could create
new ideas. We investigated selenium compounds by 77Se
NMR spectroscopy and tried to understand d(Se) of organic
selenium compounds from a theoretical point of view. We
noted the importance of the orientational effect of the Ar
group on d(Se) in ArSeR, and proposed a mechanism for
understanding d(Se) of ArSeR in a uniform manner.[6,7]

The dependence of d(Se) of selenium compounds on re-
spective structure is elucidated here for various selenides on
the basis of MO theory, as a first step in establishing rules
founded on the theoretical principles. Our aim is to enable
experimental chemists to understand the origin of these
chemical shifts. To this end, a concept called the “pre-a
effect” is proposed for better understanding of d(Se). The
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pre-a effect is defined as the downfield shift due to addition
of a proton to a lone pair orbital of Se, as shown in
Scheme 1. For example, the d(Se) value of H2Se dACHTUNGTRENNUNG(Se: H2Se)
relative to Se2� corresponds to twice the pre-a effect. The a

and b effects[3b,8] are well known as the downfield shifts in
the respective processes leading, for instance, from H2Se to
MeSeH and then to EtSeH. The mechanisms of the pre-a,
a, and b effects are elucidated. The g effect of upfield shifts
is also discussed, together with its mechanism, which corre-
sponds to the process leading from EtSeH to nPrSeH, for
example.[3b,8] The d effect in nBuSeR relative to nPrSeR is
also mentioned, although its magnitude is negligible. The
effect of p(Se)–pACHTUNGTRENNUNG(C=C) conjugation[9] involving ethenyl and
phenyl groups is analyzed together with its mechanism, in
relation to the orientational effect.[7]

It is informative to employ the total absolute magnetic
shielding tensors st for the analysis of d(Se), since st can be
predicted with satisfactory accuracy. The st are decomposed
into diamagnetic (sd) and paramagnetic (sp) contributions
[Eq. (1)].[10–12] The magnetic shielding tensors consist of
three components, exemplified for sp in Equation (2). Since
sp is evaluated by the coupled Hartree–Fock (CPHF)
method, it can be decomposed into the contributions of the
occupied orbitals or orbital–orbital transitions[13] [Eq. (3)].
sd is expressed simply as the sum of contributions over the
occupied orbitals (yi), as shown in Equation (4).

st ¼ sd þ sp ð1Þ

sp ¼ ðspxx þ spyy þ spzzÞ=3 ð2Þ

sp ¼
X

occ
i

X
unocc
a sp

i!a ¼
X
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i sp

i ð3Þ

sd ¼
X
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i sd

i ð4Þ

While sp is evaluated accurately by the CPHF method
and decomposed by Equation (3),[14] we will mainly discuss
sp with an approximated image derived from Equa-
tion (5).[15] Since spzz,N contains the L̂z,N operator, spzz,N arises
from admixtures between atomic px and py orbitals of N in
various molecular orbitals when a magnetic field is applied.
Admixtures of unoccupied molecular orbitals (ya, yb,…)

into occupied molecular orbitals (yi, yj,…) mainly contrib-
ute to spzz,N,

[13] if yi and ya contain px(N) and py(N), for ex-
ample. spxx,N and spyy,N are understood similarly.
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A utility program derived from Gaussian03 (NMRA-
NAL-NH03G) was applied to evaluate the contributions
separately from each MO (yi) and each yi!ya transition.

[16]

The utility program visualizes the process by which d(Se)
arises, and this helps us to understand the origin of d(Se).[7]

Results and Discussion

Calculation method : Structures were optimized by employ-
ing the 6-311+GACHTUNGTRENNUNG(3df) basis set for Se and the 6-311+G-
ACHTUNGTRENNUNG(3d,2p) basis set for other nuclei in the Gaussian03 program
package.[17] Structural optimization was performed at the
DFT level of the Becke three-parameter hybrid functional
with Lee–Yang–Parr correlation functional (B3LYP).[18] The
gauge-independent atomic orbital (GIAO) method[19] was
applied to evaluate absolute magnetic shielding tensors of
Se [s(Se)] at the DFT (B3LYP) level on structures opti-
mized with the same basis sets (GIAO-DFT method). Here
s(Se) is used in place of sSe in Equation (5), in analogy to
d(Se).

The Mçller–Plesset second-order energy correlation (MP2)
method[20] was also applied to evaluate st(Se) with the same
basis sets as in the GIAO-DFT method, employing the opti-
mized structures at the DFT level, for convenience of com-
parison. This is called the GIAO-MP2 method here. The
sp(Se) are mainly employed to discuss d(Se) of selenium
compounds, since sp(Se) are sharply sensitive to structural
changes in selenium compounds.

Standard of s(Se) for analysis : To analyze and understand
the observed d(Se) on the basis of MO theory, a suitable
standard (the simpler the better) for s(Se) was searched for.
The electronic state of the selenium atom is 3P2, which is un-
suitable for a standard, since it is not the singlet state.
Therefore, sd(Se), sp(Se), and st(Se) of neutral and charged
Se in the singlet state were calculated with the GIAO-DFT
method. Table 1 lists the results, together with st(Se) evalu-
ated at the MP2 level for comparison.

Table 1 shows that 1) sd(Se) will not contribute so much to
the change in st(Se): the difference in sd(Se) from Se4+ to
Se2� is predicted to be 43 ppm and 2) sp(Se) contribute pre-
dominantly to st(Se). 3) The charge at Se is not main factor
controlling st(Se); instead, 4) the practically occupied 4p
electron distribution around Se strongly affects st(Se)
through sp(Se).

Scheme 1. Pre-a, a, b, and g effects, as well as the effect of p(Se)–p ACHTUNGTRENNUNG(C=
C) conjugation.
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Compilation of these results led us to choose s ACHTUNGTRENNUNG(Se: Se2�)
for the standard of s(Se), since sd ACHTUNGTRENNUNG(Se: Se2�) of 3006 ppm is
very close to those for usual selenium compounds (see also
Table 2) and sp ACHTUNGTRENNUNG(Se: Se2�)=0 ppm is most favorable for the
standard. The 1S0 electronic state of Se2� with eight valence
electrons according to the octet rule is also desirable, as is
its spherical electron distribution.

Analysis of d(Se) on the basis of MO theory : Axes of RSeR
and RSeR’ utilized in this work are shown in Scheme 2, to-
gether with some orbitals. The direction of the p-type lone
pair orbital np(Se) in H2Se is set to the z axis, which is per-
pendicular to the molecular plane, the bisected aHSeH di-
rection is set to the x axis, and that perpendicular to the two
is the y axis. Axes for symmetrical selenides (RSeR) are es-
sentially the same as those of H2Se. However, the directions
in unsymmetrical RSeR’ (R>R’) are usually different from
those of H2Se. In this case, the Se�CR and Se�CR’ directions
are set to the y and x axes, respectively, and that of np(Se) is
set to the z axis, if possible.

Table 2 lists sd(Se), sp(Se), and st(Se) of various selenides
calculated by the GIAO-DFT method, together with st(Se)
by the GIAO-DFT method.[21] The GIAO-DFT calculations
usually overestimate sp(Se), due to the underestimation of
orbital energy differences.[22] Therefore, it is instructive to
examine the relationship between st(Se) calculated with the
GIAO-DFT method and those computed with the GIAO-
MP2 method. The data given in Table 2, together with those
of ethenyl and phenyl derivatives (see Table 8 below), were
employed to plot st(Se) with the GIAO-DFT method versus
those with the GIAO-MP2 method.
Equation (6) shows the correlation, whereby the data for

Se2� are neglected[23,24] and n is the number of data used in
the correlation. The correlation is very good (r=0.996) with
a correlation constant (a in y=ax+b) of 1.08. The results
show that the GIAO-DFT method overestimates st(Se) due
to the structural change by about 8% more than the GIAO-

Table 1. Absolute shielding tensors of variously charged Se in the singlet
state, calculated at the DFT and MP2 levels.[a,b]

Configuration sd(Se)[c] sp(Se)[c] st(Se)[c] st(Se)[d]

Se6+ (4s)0(4p)0 2937.4 0.0 2937.4 2937.3
Se4+ (4s)2(4p)0 2962.6 0.0 2962.6 2962.3
Se2+ (4s)2(4p)2 2981.8 21439.4 24421.3 24867.1
Se0 (4s)2(4p)4 2996.9 18133.4 21130.3 21777.2
Se2� (4s)2(4p)6 3005.7 0.0 3005.7 3005.1

[a] Calculated with the 6-311+G ACHTUNGTRENNUNG(3df) basis set of Gaussian03. [b] In
ppm. [c] At the DFT (B3LYP) level. [d] At the MP2 level.

Scheme 2. Axes in RSeR and RSeR’, together with some orbitals. p-Type
orbitals are used for Se and s-type for R and R’.

Table 2. Calculated pre-a, a, and b effects of various selenides, together with the observed values.[a,b]

GIAO-DFT GIAO-MP2 Observed
Compound sd(Se) sp(Se) st(Se) effect[c,d] st(Se) effect[c,d] d(Se) effect[d,e] solvent

Se2� (Oh) 3005.7 0.0 3005.7 3005.1
HSe� (C1v) 3001.3 �501.2 2500.2 �505.5: pa 2628.6 �376.5: pa �447[f] DMF
MeSe� (C3v) 3000.9 �1135.8 1865.1 �635.1: a 2124.4 �504.2: a �332[g] 115: a H2O
EtSe� (Cs) 3004.3 �1343.3 1661.0 �204.1: b 1929.3 �195.1: b �150[g] 182: b H2O
iPrSe� (Cs) 3009.7 �1485.1 1524.6 �170.3: b 1778.6 �172.9: b 8.7[g] 170: b H2O
tBuSe� (Cs) 3016.2 �1586.7 1429.5 �145.2: b 1655.3 �156.4: b 129[g] 154: b H2O
H2Se (C2v) 2998.0 �931.3 2066.7 �469.5: pa 2252.7 �376.2: pa �331.7[h] 222: pa GP[i]

MeSeH (Cs) 2998.2 �1155.0 1843.2 �223.5: a 2072.7 �180.0: a �141.6[j] 111: a GP[i]

EtSeH (Cs) 3000.1 �1235.0 1765.1 �78.1: b 1995.5 �77.2: b 36[k] 151: b CDCl3
iPrSeH (Cs) 3004.5 �1469.7 1534.8 �154.2: b 1776.2 �148.3: b 161[k] 151: b CDCl3
tBuSeH (Cs) 3009.3 �1553.5 1455.8 �129.1: b 1696.2 �125.3: b 289[k] 144: b CDCl3
Me2Se (C2v) 2999.1 �1349.0 1650.1 �208.3: a 1907.4 �172.7: a 0.0[l] 115: a CDCl3
Et2Se (C2v) 3006.2 �1516.6 1489.6 �80.3: b 1747.6 �79.9: b 230[k] 115: b CDCl3
iPr2Se (C2) 3015.3 �1777.1 1238.2 �103.0: b 1476.1 �107.8: b 429[k] 107: b CDCl3
tBu2Se (C2) 3027.1 �1970.7 1056.4 �99.0: b –[m] –[m] 614[k] 102: b CDCl3
H3Se

+ (C3v) 2996.0 �1081.0 1915.0 �363.6: pa 2096.9 �302.7: pa
MeH2Se

+ (Cs) 2996.8 �1266.0 1730.8 �182.4: a 1945.5 �151.4: a
EtH2Se

+ (Cs) 2999.2 �1310.3 1688.9 �41.9: b 1903.3 �42.2: b
Me3Se

+ (C3) 2997.2 �1566.1 1431.1 �161.3: a 1678.1 �229.3[n] 253[g] 253[n] H2O
Et3Se

+ (C3) 3008.5 �1698.7 1309.8 �40.4: b 1528.0 �50.0: b 377[g] 41: b H2O

[a] The 6-311+G ACHTUNGTRENNUNG(3df) basis set was employed for Se and the 6-311+G ACHTUNGTRENNUNG(3d,2p) basis set for other nuclei with Gaussian03. [b] In ppm. [c] On the s(Se)
scale. [d] Values and the corresponding effects are shown. [e] On the d(Se) scale. [f] Ref. [38]. [g] Ref. [3a]. [h] Ref. [39] and d(Se)=�225.5 (neat).[40]

[i] In the gas phase. [j] Ref. [39] and d(Se)=�115 in CDCl3.
[40] [k] Ref. [40]. [l] d(Se)=13.1 in the gas phase.[39] [m] Not calculated due to large memory

requirements. [n] Relative to Me2Se, which corresponds to the pre-a and a effects.
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MP2 method. Equation (7) exhibits the correlation for
which the data for Se2�, HSe�, H2Se, and H3Se

+ [24,25] are ne-
glected, which corresponds to those for the derivatives of
selenide anions, hydrogen selenides, selenides, and selenoni-
um ions. The very good correlation (a=0.995 and r=0.994)
implies that the GIAO-DFT method is useful for analyzing
d(Se), as well as the GIAO-MP2 method, if calculated
values are carefully applied, especially for Se2�, HSe�, H2Se,
and H3Se

+ .

stðB3LYPÞ ¼ 1:084 stðMP2Þ�390:8 ðn ¼ 28, r ¼ 0:996Þ ð6Þ

stðB3LYPÞ ¼ 0:995 stðMP2Þ�233:5 ðn ¼ 25, r ¼ 0:994Þ ð7Þ

The typical values of the pre-a and a effects, evaluated by
the GIAO-DFT method, are d=�470 and �208 ppm, re-
spectively, which correspond to half the values of st(Se) in
the processes leading from Se2� to H2Se and then to Me2Se,

respectively (Table 2). The effects are predicted to be �376
and �173 ppm, respectively, by the GIAO-MP2 method.
The magnitudes at the DFT level are 1.25 and 1.20 times
larger than those at the MP2 level, respectively, which corre-
spond to the particular cases in Equation (6).[26] The b ef-
fects for EtSeH and Et2Se are predicted to have almost the
same value of �77 to �80 ppm in st(Se) with both DFT and
MP2 methods (Table 2). The results are in accordance with
the predictions of Equation (7).
Table 3 shows the contributions from each yi of the va-

lence orbital to sp(Se) and the components sp(Se)xx, s
p(Se)yy,

and sp(Se)zz in H2Se, Me2Se, and Et2Se, together with the
energies (ei) and the characters of yi. Table 4 collects the
main contributions from each yi!ya transition to sp(Se)xx,
sp(Se)yy, and sp(Se)zz in H2Se, Me2Se, and Et2Se, together
with the energy differences and characters of ya. The data
will be discussed in relation to the origin of the pre-a, a,
and b effects. Tables 5 and 6 list the b and g effects, respec-

Table 3. Contributions to sp(Se) and components from yi in H2Se, Me2Se, and Et2Se, together with the energies and characters of yi.
[a–d]

i in yi e [eV] sp(Se)xx sp(Se)yy sp(Se)zz sp(Se) Symmetry Character

H2Se
yi!yj 317.9 314.8 318.7 317.1
1–14 �15.9 �5.8 �7.0 �9.6 inner orbitals
15 �19.58 �1.4 �17.0 �29.4 �15.9 A1 s ACHTUNGTRENNUNG[HSe2: 4s(Se)]
16 �11.53 �247.4 �9.6 �482.3 �246.4 B2 s[H2Se b2: 4py(Se)]
17 �9.86 �4.5 �215.4 �831.5 �350.5 A1 s[H2Se a1: 4px(Se)]
18 �6.91 �1312.4 �565.0 �0.3 �625.9 B1 4pz(Se)
1–18 �1581.7 �812.9 �1350.6 �1248.4
total �1263.8 �498.1 �1031.9 �931.3
Me2Se
yi!yj 437.1 410.1 328.3 391.8
1–16 10.5 30.9 53.8 31.7 inner orbitals
17–19 –[e] �17.5 �30.1 �81.5 �43.0 –[f] mainly 4s(Se) or s(Me)
20 �11.90 �4.1 �8.0 �113.2 �41.8 A1 s[MeSe2: 4px(Se)]
21 �11.88 �124.7 �79.8 �3.2 �69.3 B1 p[Me2Se: 4pz(Se)]
22 �11.48 �3.1 �0.0 �240.5 �81.2 B2 s[Me2Se: 4py(Se)]
23 �11.29 �3.3 �1.3 �1.9 �2.1 A2 pz* ACHTUNGTRENNUNG(Me–Me)
24 �9.54 �405.0 �5.2 36.7 �124.5 B2 s[Me2Se b2: 4py(Se)]
25 �8.40 �8.4 �405.9 �1530.1 �648.1 A1 s[Me2Se a1: 4px(Se)]
26 �5.84 �1470.1 �816.8 �0.7 �762.5 B1 4pz(Se)
1–26 �2025.7 �1316.2 �1880.5 �1740.8
total �1588.6 �906.2 �1552.2 �1349.0
Et2Se
yi!yj �11.3 304.7 232.9 175.4
1–18 19.1 26.2 45.5 30.3 inner orbitals
19–23 –[g] 12.2 �27.6 �69.1 �28.3 –[h] mainly 4s(Se) or s(Et)
24 �12.64 �53.0 �47.7 �1.7 �34.1 B1 pz[Et2Se: 4pz(Se)]
25 �12.33 �4.3 �0.5 �0.2 �1.7 A2 pz ACHTUNGTRENNUNG(Et–Et)
26 �12.12 �29.6 �0.4 �90.5 �40.2 B2 s[Et2Se: 4py(Se)]
27 �11.29 �5.2 �1.7 �1.1 �2.7 A1 s[Et2Se: 4s(Se)]
28 �10.79 �1.6 �33.8 �250.6 �95.4 A1 s[Et2Se: 4px(Se)]
29 �10.28 6.1 �0.3 �38.9 �11.0 B2 s ACHTUNGTRENNUNG(C�C)
30 �10.06 �91.4 �40.2 �3.0 �44.8 B1 pz*[Et2Se: 4pz(Se)]
31 �9.75 �3.1 �1.0 �4.2 �2.8 A2 pz* ACHTUNGTRENNUNG(Et–Et)
32 �8.69 �182.0 �3.1 �258.2 �147.8 B2 s(Et2Se b2: 4py(Se))
33 �8.06 �4.6 �300.3 �1314.5 �539.8 A1 s(Et2Se a1: 4px(Se))
34 �5.74 �1537.3 �783.8 �0.6 �773.9 B1 4pz(Se)
1–34 �1874.9 �1214.1 �1987.0 �1692.0
total �1886.3 �909.4 �1754.1 �1516.6

[a] Optimized with the 6-311+G ACHTUNGTRENNUNG(3df) basis set for Se and 6-311+G ACHTUNGTRENNUNG(3d,2p) basis set for other nuclei from Gaussian 03. [b] A utility program of Gaussi-
an 03 (NMRANAL-NH03G) was applied to separate the contributions from each molecular orbital. [c] The contribution from each molecular orbital
contains only that from the yi!ya transitions. [d] s(Se) and the components are given in ppm. [e] �20.95 to �16.30 eV. [f] Symmetries are A1, B2, and
A1 for i=17–19, respectively. [g] �21.61 to �15.77 eV. [h] Symmetries are A1, B2, A1, B2, and A1 for i=19–23, respectively.
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tively, separately for the yi!yj,
[27] yi!ya, and yi!yj+a

transitions for various selenides. In Tables 5 and 6 the con-
tributions to sp(Se) from the trans (Cs) and gauche (g) con-
formers of propyl derivatives are given separately. The
mechanisms of the pre-a, a, b, and g effects are elucidated
on the basis of MO theory.

Origin of the pre-a effect : The
pre-a effect is analyzed by em-
ploying sp(Se) and the compo-
nents of H2Se (Dsp(Se-pa :
H2Se)=sp(Se-pa : H2Se)=sp-
ACHTUNGTRENNUNG(Se: H2Se)/2). As shown in
Table 3, HOMO�2 (y16),
HOMO�1 (y17), and HOMO
(y18) of H2Se are mainly con-
structed by 4py(Se), 4px(Se),
and 4pz(Se), respectively.[28]

The contributions of y16, y17,
and y18 to sp(Se) are �246,
�351, and �626 ppm, respec-
tively. The sum of sp(Se) over
y16–y18 amounts to
�1223 ppm, which is 98% of
that summed over y1–y18

(�1248 ppm). The results show
that the pre-a effect in H2Se
substantially originates from
the three MOs. The contribu-
tions of the yi!yj and yi!ya

transitions to sp ACHTUNGTRENNUNG(Se: H2Se) are
317 and �1248 ppm, respec-
tively. Therefore, sp(Se-pa :
H2Se) of �466 ppm ((317–
1248)/2 ppm) must come from

the yi!ya transitions, especially from yi of y16, y17, and
y18.
Figure 1 depicts the yi!ya transitions in H2Se, which are

listed in Table 4. It explains well how the pre-a effect origi-
nates from the transitions under the control of the angular
momentum operator. Since Se2� was chosen as the standard,
sp(Se-pa : H2Se) is explained by the generation of double s-

Table 4. Contributions from yi!ya transitions to sp(Se)xx, s
p(Se)yy, and sp(Se)zz in H2Se, Me2Se, and Et2Se, to-

gether with the energy differences and characters of ya.
[a–c]

yi!ya De [eV] sp(Se)xx sp(Se)yy sp(Se)zz Character of ya

H2Se
[d]

16(B2)!24(A1) 13.31 0 0 �164 s*[H2Se a1: 4px(Se)]
17(A1)!20(B2) 9.62 0 0 �581 s*[H2Se b2: 4py(Se)]
17(A1)!32(B2) 18.74 0 0 �150 s*[H2Se b2: 5py(Se)]
18(B1)!19(A1) 6.28 0 �255 0 s*[H2Se a1: 4px(Se)]
18(B1)!20(B2) 6.67 �1251 0 0 s*[H2Se b2: 4py(Se)]
18(B1)!24(A1) 8.69 0 �257 0 s*[H2Se a1: 4px(Se)]
Me2Se
24(B2)!53(B1) 18.38 �151 0 0 –[e]

25(A1)!27(B2) 8.11 0 0 �622 s*[Me2Se b2; 4py(Se)]
25(A1)!32(B2) 9.82 0 0 �323 s*[Me2Se b2; 4py(Se)]
25(A1)!53(B1) 17.24 0 �159 0 s*[Me2Se a1; 4px(Se)]
26(B1)!27(B2) 5.55 �1161 0 0 s*[Me2Se b2; 4py(Se)]
26(B1)!28(A1) 5.66 0 �300 0 –[e]

26(B1)!32(B2) 7.26 �396 0 0 s*[Me2Se b2; 4py(Se)]
26(B1)!38(A1) 8.64 0 �213 0 s*[Me2Se a1; 4py(Se)]
Et2Se
32(B2)!36(A1) 8.56 0 0 �139 –[e]

33(A1)!35(B2) 7.76 0 0 �315 s*[Et2Se b2: 4py(Se)]
33(A1)!38(B2) 8.83 0 0 �313 s*[Et2Se b2: 4py(Se)]
34(B1)!35(B2) 5.43 �875 0 0 s*[Et2Se b2: 4py(Se)]
34(B1)!36(A1) 5.61 0 �179 0 –[e]

34(B1)!38(B2) 6.50 �530 0 0 s*[Et2Se b2: 4py(Se)]
34(B1)!42(A1) 7.06 0 �302 0 –[e]

[a] A utility program of Gaussian03 (NMRANAL-NH03G) was applied, similarly to the cases in Table 3.
[b] Values for sp(Se)xx, sp(Se)yy, and sp(Se)zz are given in ppm. [c] Contributions larger than 120 ppm to
jsp(Se)xx+sp(Se)yy+sp(Se)zzj are shown. [d] Contributions from 16(B2)!23(B1) and 17(A1)!23(B1) are �59
(=sp(Se)xx) and �52 ppm (=sp(Se)yy), respectively, where y23 could be called 5pz(Se). [e] Difficult to specify.

Table 5. Contributions from the yi!yj, yi!ya, and yi!yj+a transitions to sp(Se) and the b effect.[a–c]

yi!yj yi!ya yi!yj+a Total[d]

Compound sp(Se) Dsp
ACHTUNGTRENNUNG(Se-b) sp(Se) Dsp

ACHTUNGTRENNUNG(Se-b) sp(Se) Dsp
ACHTUNGTRENNUNG(Se-b) st(Se) Dst ACHTUNGTRENNUNG(Se-b)

MeSe� (C3v) 395.2 0.0 �1531.0 0.0 �1135.8 0.0 1865.1 0.0
EtSe� (Cs) 181.3 �213.9 �1524.7 6.3 �1343.3 �207.5 1661.0 �204.1
iPrSe� (Cs) �396.2 �395.7 �1088.9 221.1 �1485.1 �174.7 1524.6 �170.3
tBuSe� (Cs) �623.2 �339.5 �963.5 189.2 �1586.7 �150.3 1429.5 �145.2
MeSeH (Cs) 357.6 0.0 �1512.6 0.0 �1155.0 0.0 1843.2 0.0
EtSeH (Cs) 299.9 �57.7 �1534.8 �22.2 �1235.0 �80.0 1765.1 �78.1
iPrSeH (Cs) 195.9 �80.9 �1665.6 �76.5 �1469.7 �157.4 1534.8 �154.2
iPrSeH (C1: g) 209.3 �74.2 �1620.7 �54.1 �1411.4 �128.2 1592.6 �125.3
tBuSeH (Cs) 30.1 �109.2 �1583.6 �23.7 �1553.5 �132.8 1455.8 �129.1
MeSeMe (C2v) 391.8 0.0 �1740.8 0.0 �1349.0 0.0 1650.1 0.0
MeSeEt (Cs) 319.7 �72.1 �1742.2 �1.4 �1422.5 �73.5 1579.4 �70.7
MeSeEt (C1: g) 317.6 �74.2 1796.6 �55.8 �1479.0 �130.0 1523.0 �127.1
MeSeiPr (C1: g) 213.9 �89.0 �1765.9 �25.1 �1552.0 �101.5 1454.3 �97.9
MeSetBu (Cs) 84.7 �102.4 �1736.2 4.6 �1651.5 �100.8 1360.0 �96.7
EtSeEt (C2v) 175.4 �108.2 �1692.0 24.4 �1516.6 �83.8 1489.6 �80.3
EtSeEt (C2) 268.9 �61.5 �1882.7 �71.0 �1613.8 �132.4 1390.3 �129.9
iPr2Se (C2) �38.3 �107.5 �1738.8 0.5 �1777.1 �107.0 1238.2 �103.0
tBu2Se (C2) �277.7 �115.6 �1693.0 8.0 �1970.7 �103.6 1056.4 �99.0

[a] Calculated with the 6-311+G ACHTUNGTRENNUNG(3df) basis set for Se and the 6-311+G ACHTUNGTRENNUNG(3d,2p) basis set for other nuclei of Gaussian03 by using the GIAO-DFT
method. [b] In ppm. [c] Given for a methyl group. [d] st(Se)=sp(Se)+sd(Se).
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ACHTUNGTRENNUNG(Se�H) and s* ACHTUNGTRENNUNG(Se�H) through protonation at the spherical
Se2� ion. The four orbitals practically act as s ACHTUNGTRENNUNG(H2Se: a1), s-
ACHTUNGTRENNUNG(H2Se: b2), s* ACHTUNGTRENNUNG(H2Se: a1), and s* ACHTUNGTRENNUNG(H2Se: b2). They lead to ef-
fective yi!ya transitions, together with np(Se) of 4pz(Se),
from which the pre-a effect in H2Se mainly arises.

a effect : The analysis of the a effect is exemplified for
Me2Se by employing sp(Se) and the components listed in
Table 3 (Dsp(Se-a : Me2Se)= [sp(Se: Me2Se)�sp

ACHTUNGTRENNUNG(Se: H2Se)]/
2). Since atomic 4px(Se), 4py(Se), and 4pz(Se) orbitals inter-
act with the local orbitals of the two Me groups in Me2Se,
the 4p(Se) character spreads over the whole molecule. The
interactions result in the formation of HOMO�2 (y24),
HOMO�1 (y25), and HOMO (y26), which are mainly con-
structed by 4py(Se), 4px(Se), and 4pz(Se), respectively, to-
gether with y20, y21, and y22 with smaller contributions of

4px(Se), 4pz(Se), and 4py(Se), respectively.[29] The 4p(Se)
character is also distributed to the unoccupied MOs, to a
greater or lesser extent. Consequently, many yi!ya transi-
tions contribute to sp(Se: Me2Se).
The sums of sp(Se: Me2Se) over y24–y26 and y20–y22 are

�1535 and �192 ppm, respectively, which are 88 and 11%
of the sum over y1–y26 (�1741 ppm). On the other hand,
the contribution from the yi!yj transitions to sp(Se:
Me2Se) is 392 ppm, which is larger than spACHTUNGTRENNUNG(Se: H2Se) by
75 ppm. Therefore, the yi!ya transitions must contribute to
Dsp(Se-a : Me2Se). Figure 2 depicts the main yi!ya transi-
tions, contributing to sp(Se)xx, sp(Se)yy, and sp(Se)zz in
Me2Se (see also Table 4). It explains how the a effect in
Me2Se originates from the transitions.

Table 6. Contributions from the yi!yj, yi!ya, and yi!yj+a transitions to sp(Se) and the g effect.[a-c]

yi!yj yi!ya yi!yj+a Total[d]

Compound sp(Se) Dsp
ACHTUNGTRENNUNG(Se-g) sp(Se) Dsp ACHTUNGTRENNUNG(Se-g) sp(Se) Dsp

ACHTUNGTRENNUNG(Se-g) st(Se) Dst ACHTUNGTRENNUNG(Se-g)

EtSe� (Cs) 181.3 0.0 �1524.7 0.0 �1343.3 0.0 1661.0 0.0
nPrSe� (Cs) 248.9 67.6 �1546.7 �22.0 �1297.8 45.5 1706.2 45.2
nPrSe� (C1: g) 282.3 101.0 �1514.8 9.9 �1232.5 110.8 1771.4 110.4
EtSeH (Cs) 299.9 0.0 �1534.8 0.0 �1235.0 0.0 1765.1 0.0
nPrSeH (Cs) 257.2 �42.7 �1478.0 56.8 �1220.8 14.2 1780.5 15.4
nPrSeH (C1: g) 293.4 �6.5 �1507.4 27.4 �1214.0 21.0 1786.4 21.3
EtSeMe (Cs) 319.7 0.0 �1742.2 0.0 �1422.4 0.0 1579.4 0.0
nPrSeMe (Cs) 298.5 �21.2 �1706.7 35.5 �1408.2 14.2 1594.9 15.2
nPrSeMe (C1: g) 352.1 32.4 �1746.5 �4.3 �1394.4 28.0 1607.9 28.5
nPrSeMe (C1: gg) 332.8 13.1 �1724.8 17.4 �1392.0 30.4 1610.4 31.0
Et2Se (C2v) 175.4 0.0 �1692.0 0.0 �1516.6 0.0 1489.6 0.0
nPr2Se (C2v) 172.9 �1.3 �1662.2 14.9 �1489.3 13.7 1519.7 15.1
nPr2Se (C2: gg) 291.6 58.1 �1754.0 �31.0 �1462.4 27.1 1543.7 27.1
nBuSe� (Cs)

[e] 209.5 �39.4 �1496.0 50.7 �1286.5 11.3 1718.0 11.8
nBuSeH (Cs)

[e] 234.3 �22.9 �1454.4 23.6 �1220.1 0.7 1781.8 1.3
nBu2Se (C2v)

[e] 186.7 6.9 �1678.9 �8.4 �1492.2 �1.5 1519.8 0.1

[a] Calculated with the 6-311+G ACHTUNGTRENNUNG(3df) basis set for Se and the 6-311+G ACHTUNGTRENNUNG(3d,2p) basis set for other nuclei of Gaussian03 by using the GIAO-DFT
method. [b] In ppm. [c] Given for a methyl group. [d] st(Se)=sp(Se)+sd(Se). [e] Evaluated for Ds ACHTUNGTRENNUNG(Se-d).

Figure 1. Contributions from each yi!ya transition to the components of
sp(Se) in H2Se. y16 and y23 are depicted for convenience of discussion, al-
though their contributions are small. y18 and y23 are drawn from another
direction.

Figure 2. Contributions from each yi!ya transition to the components of
sp(Se) in Me2Se. y24 and y30 are depicted for convenience of discussion,
although their contributions are small. y26 and y30 are drawn from anoth-
er direction.

Chem. Eur. J. 2007, 13, 5282 – 5293 E 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5287

FULL PAPEROrigin of 77Se NMR Chemical Shifts

www.chemeurj.org


The a effect is the downfield shift caused by the replace-
ment of Se�H by Se�Me. This replacement makes the elec-
tronic distribution around Se more unsymmetrical by chang-
ing the nature of the bond from 4p(Se)–1s(H) to 4p(Se)–
2p(C), which must result in the larger downfield shift for
Me2Se relative to H2Se. The replacement also affects the or-
bital energies. The increased values of the reciprocal orbital
energy gaps (ea�ei)

�1 in Me2Se relative to H2Se must con-
tribute to the downfield shift of Me2Se.

[30]

b effect : The b effect is predicted to be �84 ppm for Et2Se
(Dsp(Se-b : Et2Se)= [sp(Se: Et2Se)�sp(Se: Me2Se)]/2)
(Table 5). It is more difficult to understand the b effect in-
tuitively on the basis of MO theory than is the case for the
pre-a and a effects. The yi!ya transitions do not contribute
to the b effect in Et2Se, since the contributions to sp(Se:
Et2Se) and sp(Se: Me2Se) from the yi!ya transitions are
�1692 and �1741 ppm, respectively (Table 5). sp(Se: Et2Se)
is larger than sp(Se: Me2Se) by 49 ppm, which is exactly the
opposite trend to the b effect if the yi!ya transitions are
considered. Instead, the contributions from the yi!yj tran-
sitions to sp(Se: Et2Se) and sp(Se: Me2Se) are 175 and
392 ppm, respectively. The former is smaller than the latter
by 217 ppm, and this contributes to the b effect of
�109 ppm, although they are both positive, that is, the b

effect in Et2Se is controlled by the yi!yj transitions. The
positive value of sp(Se: Me2Se) becomes smaller on substitu-
tion of the methyl proton(s) in Me2Se by the Me group(s).
Is the b effect in usual selenides really controlled by the

yi!yj transitions? As shown in Table 5, the yi!yj and
yi!ya transitions contribute to the b effect by �116 to
�58 ppm and �77 to 24 ppm, respectively, on the sp scale,
for the nonionic species. The yi!yj+a transitions contribute
�157 to �74 ppm, although the values depend on the struc-
tures. The main factor controlling the b effect is demonstrat-
ed to be the yi!yj transitions. The dependence of the b

effect on conformation is also elucidated. The b effect is
larger for iPrSeH of Cs symmetry [iPrSeH (Cs)] (�157 ppm)
than that for EtSeH (Cs) (�80 ppm), which implies that the
effect is much larger for the Me (g) group. The additivity
rule seems to hold in the b effect. The value for tBuSeH
(�133 ppm) is very close to the weighted average between
EtSeH and iPrSeH (�131 ppm).
What happens when H of Me2Se is replaced by Me?

Figure 3 shows y32–y34 in Et2Se (C2v). While y34 is mainly lo-
calized on the CH2SeCH2 framework of Et2Se, y33 and y32

extend over the whole molecule of Et2Se, with y32 delocal-
ized more completely (Table 3).
What orbitals and transitions control the b effect? Their

analysis is exemplified by Et2Se (C2v). The characters of y32

(HOMO�2), y33 (HOMO�1), and y34 (HOMO) in Et2Se
(C2v) are sACHTUNGTRENNUNG[b2: 4py(Se)], s ACHTUNGTRENNUNG[a1: 4px(Se)], and npACHTUNGTRENNUNG[4pz(Se)], re-
spectively. Table 7 lists the contributions to sp(Se)xx, s

p(Se)yy,
and sp(Se)zz from the yi!yj transitions for yi of HOMO,
HOMO�1, and HOMO�2 and yj of HOMO, HOMO�1,
and HOMO�2, together with some important orbitals, in
Me2Se and Et2Se. The contribution to the downfield shifts in

Et2Se relative to Me2Se is largest in HOMO�2. The differ-
ence of �605 ppm corresponds to the b effect of �101 ppm
[�605/ ACHTUNGTRENNUNG(3Q2)]. The most important transition in the b effect
is that from HOMO�2 to HOMO. The y24 (HOMO�2)!
y26 (HOMO) transition contributes to the components of
sp(Se) by 730 ppm in Me2Se, whereas the corresponding y32

(HOMO�2)!y34ACHTUNGTRENNUNG(HOMO) transition does so by 84 ppm in
Et2Se. The difference is �646 ppm, which generates the b

effect of �108 ppm (�646/ ACHTUNGTRENNUNG(3Q2) ppm). The extension of y32

[b2: 4py(Se)] in Et2Se over the whole molecule would be re-
sponsible for the smaller upfield shift in the transition to the
HOMO (see Figure 3).

g effect : Upfield shifts of 14 and 27 ppm are predicted from
the yi!yj+a transitions for nPr2Se (C2v) and nPr2Se (C2 :
gg), respectively, relative to Et2Se (C2v) (Table 6), which cor-
respond to the g effect (Dsp(Se-g : nPr2Se)= [sp(Se:
nPr2Se)�sp(Se: Et2Se)]/2). Although the upfield nature of
Dsp ACHTUNGTRENNUNG(Se-g) is suggested in both Cs (trans) and g conformers
in nPrSeR, the mechanism seems complex. The yi!ya tran-
sition mainly contributes to the g effect in nPr2Se (C2v),
whereas the yi!yj transition is responsible in nPr2Se (C2 :
gg). A similar trend is observed in nPrSeMe. These results

Figure 3. y32 (HOMO�2) of s ACHTUNGTRENNUNG[b2: 4py(Se)], y33 (HOMO�1) of s ACHTUNGTRENNUNG[a1:
4px(Se)], and y34 (HOMO) of np ACHTUNGTRENNUNG[4pz(Se)] in Et2Se of C2v symmetry. y34 is
drawn from another direction.

Table 7. Contributions to sp(Se)xx+sp(Se)yy+sp(Se)zz from some yi!yj

transitions in Me2Se and Et2Se.
[a,b]

yi yj= y20 y21 y22 y24 y25 y26 Sub-
total

D[c]

Me2Se (C2v)
y26 (HOMO) 2 0 �5 �33 �33 0 �69 0
y25 (HOMO�1) 0 �16 183 856 0 721 1744 0
y24 (HOMO�2) 0 �74 0 0 �38 730 618 0

yi yj= y26 y28 y30 y32 y33 y34 Sub-
total

D[c]

Et2Se (C2v)
y34 (HOMO) �19 �3 0 �4 �24 0 �50 19
y33 (HOMO�1) 695 0 �58 370 0 521 1528 �216
y32 (HOMO�2) 0 2 �57 0 �16 84 13 �605

[a] By applying the utility program NMRANAL-NH98G. [b] In ppm.
[c] sp

ACHTUNGTRENNUNG(Se: R2Se)�sp(Se: Me2Se) for HOMO, HOMO�1, and HOMO�2,
where R=Me or Et.
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imply that the yi!ya and yi!yj transitions mainly contrib-
ute to Dsp

ACHTUNGTRENNUNG(Se-g) in nPrSeR (Cs) and nPrSeR (g), respective-
ly.
The relation between the contributions of yi!ya and

yi!yj transitions was examined. Figure 4 shows a plot of

the contributions to DspACHTUNGTRENNUNG(Se-g) from the yi!yj transitions
[Dsp(Se-g : yi!yj)] versus Dsp(Se-g : yi!ya) for nPrSeR
(R=H, Me, and nPr). Equation (8) gives the correlation,
which is fairly good (r=0.986). The y intercept of the corre-
lation (b in y=ax+b) is 24 ppm, which corresponds to the g

effect of the upfield shift for negligibly small Dsp(Se-g : yi!
ya). The correlation constant of a=�1.17 is close to minus

one. The results show that Dsp(Se-g : yi!yj) and Dsp(Se-g :
yi!ya) will mostly cancel out, even if Dsp(Se-g : yi!ya) is
not negligible. In this case, the g effect will be more and less
upfield than 24 ppm for Dsp(Se-g : yi!ya)<0 and Dsp(Se-g :
yi!ya)>0, respectively. Such subtle balance between the
contributions from the yi!yj and yi!ya transitions ex-
plains the small upfield shifts of the g effect.[31]

DspðSe-g : yi!yjÞ ¼ �1:17DspðSe-g : yi!yaÞ
þ24:1 ðn ¼ 7, r ¼ 0:986Þ

ð8Þ

The d effect is negligibly small for nBuSeH and nBu2Se
(Table 6). However, the contributions from the yi!yj and
yi!ya transitions in nBuSeH (Cs) are �23 and 24 ppm rela-
tive to those in nPrSeH (Cs), respectively. The subtle bal-
ance between the two transitions also makes the effect very
small.
The effect of p(Se)–p ACHTUNGTRENNUNG(C=C) conjugation is also important

in d(Se). The effect caused by ethenyl and phenyl groups
was analyzed, together with the mechanism, in relation to
the orientational effect.

Effect of p(Se)–pACHTUNGTRENNUNG(C=C) conjugation : The replacement of
Se�H by Se�CH=CH2 induces p(Se)–p ACHTUNGTRENNUNG(C=C) conjugation,
which causes a large downfield shift in d(Se). The effect
amounts to 300–500 ppm in ethenyl and phenyl selenides.[9]

It is analyzed here for the examples of CH2=CHSeR and
PhSeR (R=H and Me).[22] Three conformers are considered
for each of CH2=CHSeR (R=H and Me), CH2=CHSeR (pl-
A), CH2=CHSeR (pl-B), and CH2=CHSeR (pd).[32] The pl-
A conformer is predicted to be the global minimum for
each.[33,34] Table 8 shows the effect of p(Se)–pACHTUNGTRENNUNG(C=C) conju-
gation [DsACHTUNGTRENNUNG(Se-p)] in ethenyl and phenyl selenides.

Figure 4. Plots of Dsp(Se-g : yi!yj) versus Ds
p(Se-g : yi!ya) for nPrSeR

(R=H, Me, and nPr) and nPrSe�, in various conformers.

Table 8. Effect of p(Se)–p ACHTUNGTRENNUNG(C=C) conjugation, calculated and observed in ethenyl and phenyl selenides.[a–c]

Compound sp(Se) Dsp
ACHTUNGTRENNUNG(Se-p) st(Se) Dst ACHTUNGTRENNUNG(Se-p) st(Se)[d] Dst

ACHTUNGTRENNUNG(Se-p)[d] d(Se)[e] DdACHTUNGTRENNUNG(Se-p)[e]

Ethenyl effect
HSeH �931.3 0.0 2066.7 0.0 2252.7 0.0 �331.7 0.0
CH2=CHSeH (pl-A) �1426.7 �495.4 1574.3 �492.4 1824.3 �428.4
CH2=CHSeH (pl-B) �1378.5 �447.2 1621.4 �445.3 1869.0 �383.7
CH2=CHSeH (pd) �1315.7 �384.4 1685.1 �381.6 1917.8 �334.9
D ACHTUNGTRENNUNG(pl-A�pd)[f] �111.0 �110.6 �93.5
D ACHTUNGTRENNUNG(pl-B�pd)[f] �62.8 �63.7 �48.8
HSeMe �1155.0 0.0 1843.2 0.0 2072.7 0.0 �141.6 0.0
CH2=CHSeMe (pl-A) �1524.8 �369.8 1476.8 �366.4 1738.9 �333.8 186[g] 328[g]

CH2=CHSeMe (pl-B) �1525.3 �370.3 1476.7 �366.5 1744.6 �328.1
CH2=CHSeMe (pd) �497.7 �342.7 1504.6 �338.6 1759.4 �313.3
D ACHTUNGTRENNUNG(pd�pl-A)[f] �27.1 �27.8 �20.5
D ACHTUNGTRENNUNG(pd�pl-B)[f] �27.6 �27.9 �14.8
Phenyl effect
HSeH �931.3 0.0 2066.7 0.0 2251.3[h] 0.0 �331.7 0.0
PhSeH (pl) �1436.1 �504.8 1563.4 �503.3 1801.5[h] 449.8 145 476.7
PhSeH (pd) �1392.8 �461.5 1609.1 �457.6 1830.5[h] 420.8
D ACHTUNGTRENNUNG(pl�pd)[f] �43.3 �45.7 �29.0
HSeMe �1155.0 0.0 1843.2 0.0 2067.3[h] 0.0 �141.6 0.0
PhSeMe (pl) �1525.8 �370.9 1480.7 �362.5 1727.5[h] �339.8 202 343.6
PhSeMe (pd) �1566.7 �411.7 1431.3 �411.9 1668.7[h] �398.6
D ACHTUNGTRENNUNG(pl�pd)[f] 40.9 49.4 58.8

[a] Calculated with the 6-311+G ACHTUNGTRENNUNG(3df) basis set for Se and the 6-311+G ACHTUNGTRENNUNG(3d,2p) basis set for other nuclei of Gaussian03. [b] In ppm. [c] By the GIAO-
DFT method. [d] By the GIAO-MP2 method. [e] Observed values. [f] Corresponding to Ds ACHTUNGTRENNUNG(Se-or). [g] Observed for cis-PhCH=CHSeMe. [h] Ref. [3d].
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The ethenyl effect on sp(Se) is predicted to be �495,
�447, and �384 ppm for CH2=CHSeH (pl-A), CH2=CHSeH
(pl-B), and CH2=CHSeH (pd), respectively, and �370,
�370, and �343 ppm for CH2=CHSeMe (pl-A), CH2=

CHSeMe (pl-B), and CH2=CHSeMe (pd), respectively,
when calculated with the GIAO-DFT method (Table 8).
Similarly, the effect for the former is �428, �384, and
�335 ppm, respectively, and that for the latter is �334,
�328, and �313 ppm, respectively, with the GIAO-MP2
method. The observed Dd ACHTUNGTRENNUNG(Se-p) value of cis-PhCH=
CHSeMe (328 ppm) is very close to that calculated for
CH2=CHSeMe (pl) with the GIAO-MP2 method, although
Ph is attached at the cis position in the observed compound.
The differences in s(Se) between pl and pd conformers

correspond to the orientational effects [Ds ACHTUNGTRENNUNG(Se-or)=s ACHTUNGTRENNUNG(Se:
pl)�s ACHTUNGTRENNUNG(Se: pd)]. The DspACHTUNGTRENNUNG(Se-or) values predicted by the
GIAO-DFT method increase in the order CH2=CHSeH (A)
(�111)<CH2=CHSeH (B) (�63)<PhSeH (�43)<CH2=

CHSeMe (B) (�28)%CH2=CHSeMe (A) (�27)<PhSeMe
(41 ppm). While Dsp

ACHTUNGTRENNUNG(Se-or) are negative for both CH2=

CHSeH and CH2=CHSeMe, those for PhSeH and PhSeMe
are negative and positive, respectively. The replacement of
Se�H by Se�Me increases DspACHTUNGTRENNUNG(Se-or) for these compounds.
How is Dsp

ACHTUNGTRENNUNG(Se-p) explained? We try to explain the effect
with the formation of CH2=CHSeH (pl-B) from
CH3CH2SeH (Cs), where CH2=CHSeH (pl-B) is related to
CH3CH2SeH (Cs) by the elimination of H2. While the yi!yj

and yi!ya transitions make contributions to sp(Se) of
CH3CH2SeH (Cs) of 300 and �1535 ppm, respectively, they
contribute 217 and �1595 ppm, respectively, for CH2=

CHSeH (pl-B).[35] Scheme 3 summarizes the effect. The
Dsp(Se-p : yi!yj) and Dsp(Se-p : yi!ya) values are �60

and �83 ppm, respectively (�143 ppm in yi!yj+a). Both
yi!yj and yi!ya transitions contribute to Dsp ACHTUNGTRENNUNG(Se-p) in
almost equal magnitudes.
The importance of the yi!yj transitions, as well as the

yi!ya transitions, is realized through the application of the
utility program. The role of the yi!yj transitions and the
behavior of atomic p orbitals are examined next.

Contributions of yi!yj and atomic p orbitals : Table 9 lists
the contributions of px, py, and pz to sp(Se) from the yi!yj,
yi!ya and yi!yj+a transitions in R2Se (C2v : R=H, Me, Et,
nPr, nBu, and CH=CH2)

[36,37] and Se2�, evaluated by using
the utility program. Figure 5 depicts the contributions to
sp(Se) from the yi!yj, yi!ya, and yi!yj+a transitions for
the selenium species.
Atomic p orbitals contributing predominantly to sp(Se)

are exhibited in Figure 5. The pre-a and a effects of the
large downfield shifts are generated by the p ACHTUNGTRENNUNG(y!ya) contri-
butions, the b effect of the downfield shifts originates
mainly through pACHTUNGTRENNUNG(yi!yj), and the subtle balance between
the yi!yj and yi!ya transitions controls the g effect. The
contributions from pxACHTUNGTRENNUNG(yi!yj), pyACHTUNGTRENNUNG(yi!yj), and pzACHTUNGTRENNUNG(yi!yj)
are also depicted in Figure 5. The contributions from pACHTUNGTRENNUNG(yi!
yj) in the processes leading from Se2� to H2Se, Me2Se,
Et2Se, and finally nPr2Se are mainly controlled by pxACHTUNGTRENNUNG(yi!
yj), pxACHTUNGTRENNUNG(yi!yj), py ACHTUNGTRENNUNG(yi!yj), and pzACHTUNGTRENNUNG(yi!yj), respectively. The
b effect is mainly controlled by pyACHTUNGTRENNUNG(yi!yj). The transitions
contributing to the pre-a, a, b, and g effects are well visual-
ized in Figure 5.
How do the atomic p orbitals px, py, and pz contribute to

the effects? The total contributions of px, py, and pz were
plotted versus those of p (=px+py+pz). The (a, r) values in

Scheme 3. Contributions of the yi!ya and yi!yj transitions in the for-
mation of CH2CHSeH (pl-B) from CH3CH2SeH (Cs).

Table 9. Contributions of px, py, and pz to sp(Se) in R2Se (C2v), evaluated separately for yi!yj, yi!ya, and yi!yj+a transitions.
[a]

R px py pz px+py+pz
yi!yj yi!ya yi!yj+a yi!yj yi!ya yi!yj+a yi!yj yi!ya yi!yj+a yi!yj yi!ya yi!yj+a

Se2�[b] 0 0 0 0 0 0 0 0 0 0 0 0
H 128 �373 �245 �121 �254 �375 343 �632 �289 350 �1259 �909
Me 319 �718 �397 �277 �235 �512 433 �839 �406 475 �1790 �1315
Et 257 �690 �433 �389 �209 �598 406 �861 �455 274 �1760 �1486
nPr 313 �741 �428 �452 �128 �580 407 �854 �447 268 �1723 �1455
nBu 287 �715 �428 �412 �168 �580 404 �856 �447 284 �1739 �1455
CH2=CH

[c] 389 �875 �486 �385 �222 �607 175 �752 �581 179 �1853 �1674

[a] Values are given in ppm. [b] R2Se (C2v)=Se2� (Oh). [c] s
p(Se)=�1720.7 ppm.
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the correlations (y=ax+b, r) were (0.297, 0.998), (0.397,
0.999), and (0.306, 1.000) for px, py, and pz, respectively (not
shown). The correlation constants are in the order of a(py)>
a(pz)^a(px). Atomic 4px(Se), 4py(Se), and 4pz(Se) orbitals
construct s ACHTUNGTRENNUNG(R2Se: a1) of ns(Se), sACHTUNGTRENNUNG(R2Se: b2), and np(Se) in
R2Se (C2v), respectively. s ACHTUNGTRENNUNG(R2Se: b2) of 4py(Se) tends to
extend over the whole molecule, and would thus be respon-
sible for the largest contribution. The results are consistent
with the large contribution from the HOMO�2 (py)!
HOMO (pz) transition in the b effect in Et2Se.
These considerations are supported by the highly extend-

ed molecular p orbitals in CH2=CHSeCH=CH2 (C2v) con-
structed by pz. The contributions from px, py, and pz to
sp(Se) are �486, �607, and �581 ppm, respectively, the
ratio of which is 0.290:0.363:0.347. The increased contribu-
tion from pz must be the result of the extended pz character
over the whole molecule in p(C=C�Se�C=C).
By means of the proposed pre-a effect, d(Se) are ana-

lyzed and well understood in a unified style. The importance
of the yi!yj transitions is realized through the application
of the utility program.

Conclusion

How do d(Se) originate in dependence on the structures of
selenium compounds? The origin has been clarified on the
basis of MO theory, as a first step to establishing plain rules
founded in the theoretical background, which are necessary
to understand the origin of d(Se) in the structures. A utility
program derived from Gaussian03 (NMRANAL-NH03G)
was applied for the analysis. The concept of pre-a effect is
proposed, which is defined as the downfield shift due to at-
tachment of a proton to a lone-pair orbital of Se. The pre-a
effect in H2Se is explained by the generation of double s-
ACHTUNGTRENNUNG(Se�H) and s* ACHTUNGTRENNUNG(Se�H) by the addition of protons at spheri-
cal Se2�, since Se2� was chosen as standard. The double s-

ACHTUNGTRENNUNG(Se�H) and s* ACHTUNGTRENNUNG(Se�H) orbitals practically act as sACHTUNGTRENNUNG(H2Se: a1),
sACHTUNGTRENNUNG(H2Se: b2), s* ACHTUNGTRENNUNG(H2Se: a1), and s* ACHTUNGTRENNUNG(H2Se: b2) in H2Se, which
leads to effective yi!ya transitions, together with np(Se).
The a effect is the downfield shift caused by the replace-
ment of Se�H with Se�Me. The yi!ya transitions in y24

[HOMO�2: 4py(Se)], y25 [HOMO�1: 4px(Se)], and y26

[HOMO: 4pz(Se)] of Me2Se must be responsible for the
effect. The b effect seems more complex to understand in-
tuitively based on MO theory than is the case for the pre-a
and a effects. The yi!ya transitions do not contribute to
the b effect, but the yi!yj transitions do. Although the
yi!yj transitions are usually positive, the positive value in
Me2Se becomes smaller and then negative when the methyl
protons in Me2Se are successively substituted by Me groups.
The g effect is more complex. The upfield shift is derived
from the well-balanced contributions from the yi!yj and
yi!ya transitions. A similar subtle balance makes the d

effect very small. The effect of the p(Se)–pACHTUNGTRENNUNG(C=C) conjuga-
tion is also derived from a subtle balance. The results pre-
sented here will help understand the origin of d(Se), even
for experimental chemists.
Investigations to evaluate the electron population factor

< r�3> are in progress. The results, as well as applications,
will be reported elsewhere.
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