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Origin of **C NMR chemical shifts elucidated based
on molecular orbital theory: paramagnetic
contributions from orbital-to-orbital transitions for
the pre-a, a, B, a-X, B-X and ipso-X effects, along
with effects from characteristic bonds and groupst

Waro Nakanishi, (2 * Satoko Hayashi®* and Keigo Matsuzaki

13C NMR chemical shifts (6(C)) were analysed via MO theory, together with the origin, using ¢%(C), ¢°(C) and
a'(C), where C*~ was selected as the standard for the analysis since ¢°(C: C*7) = 0 ppm. An excellent
relationship was observed between ¢(C) and the charges on C for (C**, C2*, C° C2~ and C*7) and (C*,
CH,%~, CHs~ and CH,). However, such a relationship was not observed for the carbon species other
than those above. The occupied-to-unoccupied orbital (y;—y.) transitions were mainly employed for
the analysis. The origin was explained by the pre-a, a, B, a-X, B-X and ipso-X effects. The pre-a effect of
an approximately 20 ppm downfield shift is theoretically predicted, and the observed « and B effects of
approximately 10-15 ppm downfield shifts are well reproduced by the calculations, as are the variations
in the a-X, B-X and ipso-X effects. Large downfield shifts caused by the formation of ethene (~120 ppm),
ethyne (~60 ppm) and benzene (~126 ppm) from ethane and carbonyl (~146 ppm) and carboxyl (~110
ppm) groups from CHsOH are also reproduced well by the calculations. The analysis and illustration of
a(C) through the y;—y, transitions enables us to visualize the effects and to understand the 6(C) values
for the C atoms in the specific positions of the species. The occupied-to-occupied orbital (y;— )
transitions are also examined. The theoretical investigations reproduce the observed results of 6(C). The
origin for 6(C) and the mechanism are visualized, which allows us to image the process in principle. The
role of C in the specific position of a compound in question can be more easily understood, which will
aid in the development of highly functional compounds based on NMR.

the mechanisms are more complex.*® The relativistic effect
cannot be avoided when considering those in the 5th and

NMR spectroscopy is one of the most important tools in current
chemical and biological science research. 'H and *C NMR
spectra are commonly measured and analysed on a daily basis
to determine the structures and/or follow up the reactions.*™
Lots of 'H and >C NMR data have been reported thus far. The
shift values spread over 20 and 300 ppm, respectively. NMR
spectra, other than those above, are also measured on a daily
basis.>® The NMR chemical shifts of the atoms in the 3rd and
higher periods, such as *'P, 7’Se and **>Te, are predominantly
controlled by the paramagnetic terms, whereas those in the 1st
period of 'H are controlled by the diamagnetic terms. In the
case of the atoms of the 2nd period, such as '°N, 70O and '°F, the
chemical shifts are controlled both by the two terms; therefore,
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higher periods, whereas the effect can be treated as (much)
smaller for the atoms in the 4th and lower periods.

Our research interest lies in establishablishing the plain
rules founded in theory for the origin and mechanism of the
NMR chemical shifts of nuclei N [§(N)]. The mechanism of the
origin will help experimental chemists understand the role of N
at a specific position in the species over the empirical rules,>®
which are usually employed in assigning the spectra. The plain
rules, which are established based on the theory, must be
simple, easily imaged and easily understood for experimental
scientists who are not specialists in this field. In our work, this
purpose is given more importance than the usual NMR
parameter calculations, which accurately predict the shift
values of target compounds.

Scheme 1 illustrates the pre-a, a, B, v and d effects on 6(C),
which are often employed to understand ¢(C) uniformly. The
typically encountered o, B and y effects are 12-16 ppm (down-
field shifts), 5-9 ppm (downfield shifts) and —2 ppm (upfield
shifts), respectively, with the 3 effect being negligibly small. The
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(C@ - C-H (b)-C-H — —C—CH,
(d) -C-C-C-H — —C-C-C—CH, (e) ~C-C-C—~C~H — -C—C~C~C—-CH,

(f—-C-H » —C-X — —
(h)<\ /C—H - <\ /c—x

(g) -C-C-H - C-C-X
Schemel The pre-a (a), a(b), B (c), v (d), d (e), a-X (f), B-X (g) and ipso-
X (i-X) (h) effects, which are discussed in this paper.

(c) -C-C-H — —C-C—CH,

“pre-o. effect” has been proposed to establish plain rules and
understand the mechanisms for 6(Se) in a unified form.®
Scheme 1 contains the o-X, B-X and ipso-X (i-X) effects, where X
stands for atoms or groups other than H and Me. The pre-a, a,
and B effects are analysed based on the MO theory. The effects
are calculated per unit group (per Me or H) and are discussed
using the average values, if suitable. The effects of the charac-
teristic bonds and groups are also examined.

The chemical shifts of the respective structures can be
theoretically calculated with satisfactory accuracy. The total
absolute magnetic shielding tensor (¢%) is used for the analysis.
As shown in eqn (1), ¢' is decomposed into the contributions
from the diamagnetic shielding tensors (¢%) and the para-
magnetic shielding tensors (¢P) under the DFT levels.>*> The
magnetic shielding tensors consist of three components:
O3y 03y and a7, (m = d, p and t). Eqn (2) shows the relationship.
As shown in eqn (3), ¥ is simply expressed as the sum of the
contributions over the occupied orbitals (¥, so is y;), where the
contribution from each y; to ¢ (¢f) is proportional to the
average inverse distance of electrons from the nuclei in v;, (r; ")
(eqn (4)).** 6P is evaluated by the coupled Hartree-Fock (CPHF)
method. ¢P can be decomposed into contributions from the
occupied orbitals or the orbital-to-orbital transitions,** under
the DFT levels. ¢ is shown in eqn (5), although the contribu-
tions from the occupied-to-occupied orbital transitions are
neglected.>*® The process to evaluate ¢ is highly complex;
therefore, ¢ is discussed based on the approximate image
derived from eqn (6),** where (e, — ;)" is the reciprocal orbital
energy gap, Y is the k-th orbital function, and ZZ,N is the orbital
angular momentum around the resonance nucleus N, and 7 is
the distance of electrons from N. The origin for §(C) can be
elucidated based on MO theory.

o' =0+ qP (1)
0" = (0% *+ dy, + 0203 (m=d, pandt) (2)
g4 = xoce 4¢ 3)
of = (e 27em ) (r; ") 4)
oP = 39 gP = X9 x I x ob,, (5)
02, = ~(1o€’2m) BN e, — &)
X {<\l/i‘ALz|¢a><¢a‘Lz,Nr1\i73‘1l/i>
+ <\»Di‘L:,NrN73‘¢a> <\//a‘L:W/1>} (6)

The interpretation of NMR chemical shifts based on the
empirical rules has traditionally been achieved by considering
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the distribution of electrons of molecules through the inductive
and resonance effects, which has been developed in the theory
of reactivity, such as the Hammett plots.” Indeed, this treat-
ment has achieved a lot of success, but it does not eliminate the
gap arising from the differences in the mechanisms controlling
the energy and electromagnetic terms. The "H NMR chemical
shifts could be essentially explained based on the inductive and
resonance effects, if the magnetic anisotropic effect is suitably
evaluated. However, the effect on the *C NMR chemical shifts
would be complexly distributed in the ¢ and ¢® terms as shown
by eqn (3)-(6). Therefore, the effects will not discuss in this
paper.

Here, we report the analysis of ">*C NMR chemical shifts,
based on the molecular orbital (MO) theory. It is intended to
establish the plain rules founded in theory. The origin and
mechanisms for §(C) are discussed based on the MO theory for
the effects shown in Scheme 1, together with the effects of
ethene, ethyne, benzene and carbonyl and carboxyl groups.
Similar investigations on 6(O), reported very recently,'® with
early investigations on 6(Se),” will aid in an easier under-
standing of §(C).

Methodological details in the
calculations

The calculations were optimized for various carbon species via
the Gaussian 09 program package, including GaussView.” No
specific conditions, such as the long-range interactions, were
considered, unless otherwise noted. Optimizations were per-
formed with opt = tight. The threshold (cutoff) values are
0.000015 au, 0.000010 au, 0.000060 au and 0.000040 au for the
maximum force, the root mean square (RMS) force, the
maximum displacement and the RMS displacement, respec-
tively, where the predicted change in energy seems around
107" au. The structural optimizations were performed at the
various DFT levels of B3LYP,'*** CAM-B3LYP,** PBE,* PBEO,**
LC-wPBE* and wB97X-D** (L1) and MP2 (L2),”*° employing the
6-311++G(3df,3pd) (6D10F) basis set (BSS-A) (L/BSS-A where L =
L1 + L2). HOMO and LUMO of the species, together with other
MOs, were drawn using GaussView with an isovalue of 0.04 au.
The gauge-independent atomic orbital (GIAO) method®** was
applied to calculate the absolute magnetic shielding tensors of
C [0*(C: * = d, p and t)], employing the same method as that
used in the optimizations (L,/BSS-A//L,/BSS-A, where L, stands
for each level of L). The solvent effect was not considered in the
discussion. The charge on C (Q(C)) was obtained via natural
population analysis (NPA).** A utility program?®® was applied to
evaluate the contributions from each y; and/or y,;— y, transi-
tion. The procedure is explained in the Appendix of the ESL.{

Results and discussion

Selection of standard and suitable level for the analysis of *C
NMR chemical shifts based on ¢(C), 6”(C) and ¢*(C)

The ¢'(C) values of some carbon species (S) [¢'(C: S)] were
calculated with the GIAO method under B3LYP/BSS-A, for
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Table 1 Absolute shielding tensors for C* (* = 4+, 2+, 0, 2— and 4—) in the singlet state”

Nuclear Configoration 0851yp(C: 15) 0951vp(C: 25) 0331yp(C: 2p) 0952vp(C) (o) 0haLyp(C) app2(C)
ct (25)°(2p)° 201.71 0.00 0.00 201.71 0.00 201.71 201.77
c* (2s)*(2p)° 200.65 37.58 0.00 238.23 0.00 238.23 238.09
c® (2s)*(2p)® 200.40 32.63 27.19 (x1) 260.22 3986.91 4247.13 2980.47
c> (28)*(2p)* 200.42 31.40 18.74 (x2) 269.23 4542.23 4811.46 3316.42
ct (2s)*(2p)° 274.39 31.72 14.08 (x3) 274.39 0.00 274.39 276.12

“ Calculated by applying the GIAO method under B3LYP/BSS-A and MP2/BSS-A.

instance, as were the ¢%(C: S) and ¢P(C: S) values. The ¢'(C)
values were similarly calculated with MP2/MSS-A, where ¢%(C: S)
and ¢P(C: S) are not obtained at the MP2 level. Table 1 lists the
calculated ¢™(C: S) (m = d, p and/or t) values for S = C**, C**, C°,
C*> and C*". The ¢(C) values for C**, C*>" and C*~, calculated
with the two levels, were very close to each other. Among them,
C*” is taken as the standard for the analysis in this work. The
reason is as follows: ¢°(C: C*7) = 0.0 ppm, which is very
favourable for our purpose, although ¢P(C: C**) and ¢P(C: C*")
are also 0.0 ppm, as shown in Table 1. The electronic 'S, state of
C*” with eight valence electrons according to the octet rule and
its spherical electron distribution are also favourable for this
purpose.

It is necessary to determine the suitable level in this work,
next. The ¢'(C: S) values were calculated for the 40 neutral
carbon species (54 plots) at the DFT levels of B3LYP,'**' CAM-
B3LYP,”? PBE,*® PBE(,** LC-wPBE* and wB97X-D*® (L1) with
BSS-A, together with ¢(C: S) and ¢P(C: S). The MP2 level (L2) is
also applied to obtain the ¢'(C: S) values. The basis set of
def2TZVP*** was also applied at the B3LYP level (B3LYP/
def2TZVP). The results are collected in Tables S1-S7 and S9 of
the ESLt

The calculated ¢(C: S) values are very close with each other.
The —A¢"(C: S) values calculated at the L (= L1 + L2) levels are
plotted versus the corresponding 6(C: S), respectively. The plot
for S of the 40 neutral carbon species (54 plots) at B3LYP is
drawn in Fig. S1 of the ESL.T The plot is analysed assuming the
linear relationship (y = ax + b: R.> (the square of the correlation
coefficient)), where (a, b, R.>) = (1.05, 1.90, 0.998). (The plot is
very similar to Fig. 3 for the neutral and charged 75 carbon
species). Similar treatments were performed at L = L1 + L2.
Table 2 collects the results. The correlations were very similar
with each other. The R.? values at the B3LYP, PBE and wB97X-D
levels (0.998) seem slightly better than others, therefore, the
B3LYP level is selected for the calculations. The B3LYP level is
most popularly accepted also by the experimental researchers,
which is significant for our purposes.

Conformational and solvent effects on *>C NMR chemical
shifts

It is an important issue to examine the conformational effect on
¢*(C) in the calculations. The effect is examined exemplified by n-
pentane. Five conformers of the different energies are optimized,
which are called tt, tg, gt, gg, and ggg, together with the topo-
logical isomers of tg, where t and g stand for the trans and

1926 | RSC Adv, 2025, 15, 1924-1940

Table 2 Correlations in the plots of calculated —Ad'(**C: S) versus
observed 6(*3C: S) for the species.“?

Entry Level (L) a b R’ N
1 B3LYP 1.049 1.90 0.998 54
2 CAM-B3LYP 1.075 0.00 0.997 54
3 PBE 1.037 2.18 0.997 54
4 PBEO 1.056 0.31 0.997 54
5 LC-wPBE 1.102 —-1.55 0.998 54
6 wB97X-D 1.058 0.46 0.998 54
7 MP2 1.017 1.89 0.995 54
8¢ B3LYP 1.053 2.44 0.997 54
9¢ B3LYP 1.036 1.37 0.997 54

“ Calculated with the GIAO method under L/BSS-A. ” Observed data are
used for the corresponding species in the plot. © Under the solvent effect
of CHCl,. ¢ Calculated with B3LYP/def2TZVP.

gauche conformations, respectively. Fig. 1 shows the structures
of tt, tg, gt, gg, and ggg. The calculated o'(C;: i = 1-5) values are
collected in Table S10 of the ESI,} together with the observed
values. The energies of tg, gt, gg, and ggg from tt are also given in
the Table, which are 3.7, 7.2, 6.8 and 14.3 k] mol ", respectively.
The ¢'(Ciz { = 1-5)carca values are plotted versus the 6(Ci: i = 1-
5)obsd Values for the five conformers. Fig. 2 shows the plots,
which are also analysed assuming the linear relationship. Table 3
collects the (a, b, R.”) values, which are also given in Fig. 2.

As shown in Table 3, the correlation seems excellent for gt
and gg,, good for tt, and moderate for ggg. The gt and/or gga
conformers seem most suitable for the purpose, at first glance,
however, they are less stable than tt by about 7 kJ mol .
Judging comprehensively, the tt conformer should also be rec-
ommended as the suitable one. The extended conformers
would be recommended as the nice ones for the long-chained
species in the calculations, since it is inferred that they would
be less three-dimensionally crowded than other conformers.
The selection of the extended conformers would not damage so
much on our discussion, judging from the above discussion.
However, other conformers must also be considered for the
better discussion since other conformers contribute depending
on their populations among the conformers.

The solvent effect of chloroform was also examined with the
polarizable continuum model (PCM).* The calculated results
are collected in Table S8 of the ESIT and the plot is contained in
Fig. S8 of the ESL.{ The correlation is shown in Table 2 (entry 8).
The correlation seems very similar to (but very slightly poorer

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05980h

Open Access Article. Published on 21 January 2025. Downloaded on 1/23/2026 7:58:13 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

9 9 99
gt ggB

Fig. 1 Optimized conformers for n-pentane with B3LYP/BSS-A.

C"(C)calcd
(ppm)
401
35
30
25}
20t
—@—tt: y= 1.18+1.22x Rc’=0.976
15 —&—tg: y= 069+ 1.14x Rc’=0.978
—&—gt y=-291+1.18x Rc?=0.9998
—8—gga y=-1.24 + 1.03x Rc?=0.9997
10 —8—ggs: y= 7.23+0.90x Rc?=0.882
15 20 25 30 35

8(C)obsd:Tms (PPM)

Flg 2 Plots of 7A0't(C,’: i= 1_5)calcd:TMS versus 6(C, i= 1_5)obsd:TMS for
five conformers in n-pentane.

Table 3 Correlations in the plots of —Ac"(C)caicaTms Versus 6(Copsq for

the optimized conformers of n-pentane.“?

Entry Conformer a b R’ N
1 tt 1.22 1.18 0.976 5
2 tg 1.14 0.69 0.978 5
3 gt 1.18 —2.91 0.9998 5
4 22a 1.03 —-1.24 0.9997 5
5 feyee 0.90 7.23 0.882 5
% Calculated with the GIAO method wunder B3LYP/BSS-A.

b 7A0-t(c)calcd:TMS = 7[Ut(C: pentane)calcd - [Ut(C: TMS)calcd]-

than) that without the solvent effect (entry 1). Therefore, the
solvent effect is not considered in this work.

Calculated ¢'(C) and observed (C) values

Table 4 lists the ¢™(C: S), A¢™(C: S) [ =¢™(C: S) — ¢™(C: C*7):
AdP(C) (=aP(C)) since oP(C: C*) = 0 ppm] and Ac™(C: S). (m =
d, p and t) values, calculated with B3LYP/BSS-A for various
carbon species of 1-56, together with the Q(C) values. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Ac™(C: S). values are explained later. The values are similar
calculated for the carbon species of S1-S20 and S21-570. The
calculated values are provided in Tables S11 and S12, respec-
tively, of the ESL.f

The Ac™(C: S). values are defined by A¢™(C: S). = (1/n)
[Ad™(C: S) — Ad™(C: S.)], for the pre-a, a, B, v and d effects,
together with the o-X, B-X and i-X effects, where S. are the
starting species for the effects and # is the factor used to make
A¢™(C: S). per unit group. Scheme 2 explains the method used
to calculate the effects, exemplified by the pre-a, o and B effects.
The effects are calculated according to the definition. In the
case of the B effect from CH;CH,CH; to (CHj;),CHCH,CHj,
(CH3),CHCH,CHj3, CH3CH,CHj; and 2 correspond to S, S and 1,
respectively. The difference in Ac‘(C: S) between S. = CHj-
CH,CH; (¢'(C) = 160 ppm) and S = (CH;),CHCH,CHj; (145
ppm) is —15 ppm, which corresponds to the 2B effect. The
Ac'(C: S) values are abbreviated as 4 in Scheme 2. Therefore, the
B effect in this process is evaluated as —8 ppm (=4/2), for
example. The Ag¥(C: S). and AgP(C: S). values for the effect are
calculated similarly. Scheme 3 summarizes the pre-a, a, B, v and
d effects, together with the a-X, B-X and i-X effects and the
effects of the characteristic bonds and groups. The Ac¥(C).,
AdP(C). and Ac*(C). values are also shown in Scheme 3.

Fig. 3 shows the plots of 6(C: S)opsasrms versus —Ac'(C:
S)caled:Tms for the various species of 1-56 shown in Table 4 and
$21-S70 in Table S12 of the ESI,i although the species are
limited for those of the available 6(C: S)opsa:rms values. The
—Ad*(C: S)calearrms values are used in Fig. 3 for the convenience
of the direct comparison between the observed and calculated
values. The plot shows an excellent correlation (y = —1.52 +
0.942x: R = 0.998), with some systematic deviations. The
excellent correlation confirms the high reliability of the calcu-
lations. While the data for (CH;F, CH,F,, CHF; and CF,) are on
the correlation line, those for (CH;Cl, CH,Cl,, CHCl; and CCl,)
and (CH3Br, CH,Br,, CHBr; and CBr,) deviate systematically
from the line.

While the data point for CH;Cl is on the line, that from
CH;Br seems to deviate slightly downside from the correlation.
Data for the chlorine and bromine species are analysed using
the quadratic functions. The correlations are described by y =
—1.09 + 0.862x — 0.0014x”: R.> = 0.9999 and y = —1.59 + 0.712x
— 0.0055x*: R.> = 0.990, respectively. The relativistic effect must
be responsible for the deviations, which will not be discussed
here.10,11,40—42

Behaviour of ¢%(C)

Fig. 4 shows the plot of ¢(C) versus Q(C) for (C**, C**, C°, C*~
and C*7). The correlation is excellent if analysed using the cubic
function (y = 0.1113x*> — 1.352x*> — 7.305x + 259.57: R> =
0.9998). The behaviour of the ¢%(C) values can essentially be
understood by considering the two factors shown by eqn (3) and
(4). If the number of occupied MOs (¥;) on C increases, the ¢%(C)
values increase, although the magnitude of each ¢¥(C) will
decrease, especially for the outer y; (as shown by o531 vp(C: AO)).
The average distance of the electrons from C(r;) in question in y;
becomes longer because of the increase in the electron-electron

RSC Adv, 2025, 15, 1924-1940 | 1927
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Table4 Theo™(C:S), Ac™'(C: S) and Ac”'(C: S)e (M =d, p and t) for various species of 1-56, along with the pre-a, a, B, v, 3, a-X, B-X and ipso-X (i-
X) effects and the effects from the characteristic bonds and groups,®? together with the Q(C) values

Species (nos: sym) 0(Q) *(C) Ac(C)  oP(C) a"(C) Ac'(C) Acd(C)?  AP(C)?  Aci(C)?  Effect
Cc' (1: Op) —4.000  274.39 0.00 0.00 274.39 0.00  0.00 0.00 0.00 —
HC*™ (2: Cuy) —1.815  264.04 —10.35 1807.41 2071.45 1797.06  —10.35 1807.41 1797.06 Pre-o.
H,C* (3: Cay) -2.156  261.96  —12.43 137.46 399.42 125.03  —6.22 68.73 62.51 Pre-o.
H;C™ (4: C3,) —1.400  249.53  —24.87 —2.26 247.26 —27.13  —8.29 —0.75 —9.04 Pre-o.
CH, (5: Ty) —0.805  238.98  —35.42 —49.66 189.32 —85.08  —8.85 —12.42 —21.27 Pre-a.
CH;H,C (6: Cy) —1.000 250.87  —23.53 —98.55 152.32  —122.08  1.34 —96.29 —94.95 o
EtH,C™ (7: Cy) —0.915  248.89  —25.51 —82.29 166.59  —107.80  —1.98 16.26 14.28 B
i-PrH,C™ (8: Cy) —0.923  236.54  —37.85 —94.11 142.43  —131.96 —7.16 2.22 —4.94 B
t-BuH,C™ (9: Cy) —0.985  236.18  —38.22 —62.01 17416  —100.23  —4.90 12.18 7.28 B
n-PrH,C™ (10: Cy) —0.990 260.85 —13.54 —87.90 172.96  —101.44  11.97 —5.61 —5.61 Y
n-BuH,C~ (11: Cy) -0.938  262.85 —11.55 —88.82 174.03  —100.37  1.99 —0.92 1.07 €
CH;CH; (12: D3) —0.571  238.60  —35.80 —65.21 173.39  —101.00 —0.38 —15.55 —15.92 o
CH;CH,CHj; (13a: Cy,) —0.568  232.81  —41.58 —68.71 164.10  —110.30  —5.79 —3.51 —9.29 B
CH;CH,CH; (13b: C,,) -0.382  251.23  —23.17 —91.12 160.10  —114.29  6.12 —20.73 —14.61 o
Me,CHCH; (14a: C3,) —0.565  230.20  —44.20 —73.87 156.33  —118.06  —4.20 —4.33 —8.53 B
Me;CH (14b: C,) —0.232  267.54 —6.85  —114.35 153.19  —121.21  9.52 —21.56 —12.04 o
t-BuCH; (15: T4) —0.563  229.82  —44.58 —78.63 151.19  —123.20  —2.93 —4.47 —7.40 B
CH;CH,CH,CHj; (16a: Cyp,) -0.565  236.01 —38.38 —70.67 165.34  —109.05  3.20 -1.96 1.24 Y
CH;CH,CH,CH; (16b: Cp)  —0.377  244.34  —30.06 —93.60 150.74  —123.66  —6.89 —2.48 -9.37 B
n-BuCHj; (17a: Cy) —0.375 233.25 —41.15 —67.69 165.55 —108.84 —2.77 2.98 0.21 1)
n-PrMeCH, (17b: C,,) —0.564 25213  —22.27 —99.81 152.32 —122.08  7.79 —6.21 —6.21 Y
i-PrMeCH, (18a: C;) —0.372  247.55 —26.84  —102.18 145.37  —129.02 —1.84 —5.53 —7.37 B
EtMe,CH (18b: C,) —0.225  265.39 -9.01  -118.76 146.63  —127.77  —2.15 —4.41 —6.56 B
-BuMeCH, (19: Cy) -0.371  251.79  —22.60  —112.21 139.58  —134.81  0.19 —7.03 —6.84 B
n-BuMeCH,(20: Cy,) —0.374  243.63  —30.77  —101.29 142.33  —132.06  —8.50 —1.48 —9.98 0
i-PrMe,CH (21: Cyy,) —0.219  259.35  —15.04 —118.14 141.21  —133.18  —4.10 —1.89 —5.99 B
t-BuMe,CH (22: Cy) —0.215  265.19 -9.20  —127.39 137.80  —136.60  —0.78 —4.35 —5.13 B
n-PrMe,CH (23: C;) —0.224  274.83 0.43  —128.33 146.50  —127.90  9.44 —9.57 —9.57 Y
n-BuMe,CH (24: C,) —0.223  276.20 1.80  —128.65 147.55  —126.84  1.37 —0.31 1.06 €
H,;C" (25: C3,) 0.362  240.45  —33.94  —467.68 —227.23 —501.62 ‘e ‘e ‘e ‘e
MeH,C" (26: Cy) —0.215 242,18  —32.21  —219.86 22.32  —252.08 1.73 247.82 249.55 o
EtH,C" (27: Cy) —0.256  242.53  —31.87  —140.46 102.07  —172.33  0.35 79.40 79.75 B
i-PrH,C" (28: C,) —0.472  256.69 —17.70  —139.73 116.96  —157.44  7.26 40.07 47.32 B
+-BuH,C" (29: C,) —0.489  270.61 -3.79  —149.75 120.85  —153.54  9.48 23.37 32.84 B
Me,HC" (30: C,) 0.396  247.98  —26.42  —400.37 —152.39  —426.79  3.76 33.66 37.42 o
EtMeHC" (31: Cy) 0.366  256.56 —17.84  —396.76  —140.20  —414.59  256.56 —396.76  —140.20 B
i-PrMeHC" (32: C;) 0.174  268.19 —-6.21  —284.57 —-16.39  —290.78  134.09 —142.29 —8.19 B
t-BuMeHC" (33: Cy) —0.327  293.49 19.10  —182.60 110.89  —163.50  97.83 —60.87 36.96 B
Me;C* (34: Cy) 0.536  242.28  —32.12  —411.12  —168.84  —443.23  0.61 18.86 19.46 o
EtMe,C" (35: C,) 0.540  242.21  —32.19 —414.36 —172.15  —446.55 —0.07 —3.24 —3.31 B
i-PrMe,C" (36: C,) 0.544  242.44  —31.95 —404.51 —162.07 —436.46  0.08 3.30 3.39 B
t-BuMe,C" (37: Cy) 0.537  242.76  —31.63  —402.64 —159.88  —434.27  0.16 2.83 2.99 B
CH;O0H (38: Cy) —0.191 23216  —42.24  —104.67 127.49  —146.90 —6.82 —55.01 —61.82 a-X
CHS,SH (39: Cy) —0.692  243.86 —30.54 —73.63 170.23  —104.16  4.88 —23.97 —19.09 a-X
CH;SeH (40: Cy) —0.737  240.42  —33.97 —66.34 174.08  —100.31  1.45 —16.68 —15.23 a-X
CH,;SSMe (41: C,) —0.709  241.38  —33.02 —85.75 155.63  —118.77  2.40 —36.09 —33.69 a-X
CH,F (42: C3,) —0.066  232.99 —41.40 —126.01 106.99 —167.41  —5.98 —76.35 —82.33 a-X
CH,Cl (43: Cs,) —0.529  243.61  —30.79 —93.19 150.42  —123.98  4.63 —43.53 —38.90 a-X
CH,Br (44: C3,) —0.601  241.70  —32.69 —83.06 158.65  —115.75  2.73 —33.40 —30.67 a-X
CH3l (45: C3,) -0.719  236.32  —38.08 —56.17 180.15 -94.24  —2.66 —6.51 -9.17 a-X
CH;CO,Me (46: Cy) —0.666  248.04  —26.36 —87.22 160.82  —113.58  9.06 —37.56 —28.50 a-X
CH;CN (47: Cs,) —0.677  220.25 —54.14 —38.56 181.70 -92.70  —18.72 11.10 —7.62 a-X
CH;NH, (48: Cs) —0.360  229.80  —44.60 —79.79 150.01  —124.39  —9.18 —30.13 —39.31 a-X
CH;NO, (49: Cy) —0.410  231.58  —42.82  —114.08 117.50  —156.90  —7.40 —64.42 —71.82 a-X
CH;CH,OH (50a: Cy) —0.016  225.96  —48.44  —108.36 117.60  —156.80  —12.64 —43.15 —55.79 a-X
CH;CH,O0H (50b: Cy) —0.587  245.33  —29.07 —81.19 164.14  —110.26  6.73 —15.98 —9.25 B-X
H,C=CH, (51: D,y) —0.365 246,91  —27.49  —194.83 52.08  —222.31  8.31 —129.62 —121.31 C,H/
HC=CH (52: Do) —0.225  255.62  —18.77  —145.56 110.06  —164.34  17.03 —80.35 —63.33 C,H,
Ce¢Hg (53: Dgp) —0.106  239.66  —34.73  —192.70 46,96  —227.43  1.07 —127.49 —126.43  CgH¢
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Table 4 (Contd.)

Species (nos: sym) Q(C) a(C) Ac?(C)  oP(C) a'(C) Ad'(C) AcYC)?  AP(C)Y  AdY(C)?  Effect
C¢H;s0H (54: Cy) 0.449 258.53 —15.87 —243.01 15.52 —258.88 18.86 —50.31 —31.45 i-X
H,C=0 (55: Cy,) 0.307 245.20 —29.19 —263.64 —18.44 —292.83 13.05 —158.97 —145.93 C=0
H(HO)C=0 (56: C;) 0.675 24549  —28.90  —228.53 16,97  —257.43  13.34 ~123.86 —110.53 OC=0

“ Calculated with the GIAO-DFT method under B3LYP/BSS-A. » A¢™(C: S) = ¢™(C: S) — ¢™(C: C*7) (m = d, p and t). © A¢P(C) = ¢P(C), since ¢P(C: C*")
= 0 ppm. ¢ Ac™(C: S). = (1/n)(Ac™(C: S) — Ad™(C: S.)); see the text for n, S and S.. © The effect not being defined.” From C,H.

& > H,CCH; ——L——>  CH;CH,CH,
a=A=-16 B=A=-9
4 x Pre-a 173 164
C% ———> CH, — 5
274 AS,;_:fgl 189 T CHsCH;CH,CH;
/4=- L 2% o H4,CCH,CH; — 151
a=Af2=-15 160 2
B:A/_Z=TB (CH3),CHCH,CH;

145

Scheme 2 Evaluation of the pre-a, o and B effects. The ¢'(C: S) values
in ppm are given in red bold, and the differences between the two
values are 4.

repulsion if the number of occupied MOs increases. In this case,
each (r, %) and ¢{ in eqn (4) decreases. The ¢¢ values collected
in Table 4 are well understood as the total effect of the two.
Fig. 2 also shows the plot of ¢%(C) versus Q(C) for (C*~, CH,*",
CH;™, and CH,). The correlation is also excellent if analysed
using the quadratic function (y = —3.112x> — 26.145x + 219.66:
R = 0.9998).

Fig. 4 contains similar plots for (0%, 0**, 0", 0° and O*7)*®
and (Se®*, Se*", se**, Se” and Se®”),° whose correlations are
excellent (y = —0.006x> — 1.639x> — 10.218x + 394.40: R.> =
1.0000 for O and y = 0.003x> — 0.678x* — 5.914x + 2996.70: R.> =
0.9999 for Se). The correlations become less sharp in the order
of N =0 > C > Se. The A¢¥(N*~*") (=(¢?(v*") — ¢%(v*")) value
was divided by the overall chemical shift width for each N. The
values were compared with each other to estimate roughly the
contributions of ¢*(N) to ¢"(N). The ratio is 0.103 (=31.0/300) for
C, 0.016 (=41.1/2500) for O and 0.003 (=23.9/8000) for Se. The
results show that the contributions of ¢%(N) to the overall
chemical shifts decreased in the order of N = C >> O >> Se. As
a result, the ¢(C) term should be considered carefully for N = C
relative to the cases of O and Se.

Fig. 5 shows the plot of ¢%(C: S) versus Q(C) for 1-56 in Table
4, except for those plotted in Fig. 4 (1-5). The ¢%(C: S) values are
analysed separately by the types of S: RH,C™ (6-11), RCH; (12-
16), RMeCH, (17-20), RMe,CH (21-25), RH,C" (26-30), RMeHC"
(31-34), RMe,C" (35 and 36) and CH;X (37-50), together with
C,H, (51), C,H, (52), C¢H, (53), H,C=O0 (54) and H(HO)C=0
(55). The range of ¢%(C) in each plot is less than approximately
15 ppm, except for that of RMeCH, (17-20), which ranges from
30 ppm. The ¢¥(C: S) values increase in the order of R = Me < Et
< [-Pr < ¢-Bu for RH,C™ and RCHj;. However, the behaviour
seems complex for others.

The origin and mechanisms of the effects are discussed next,
using an approximated image derived from eqn (6).

© 2025 The Author(s). Published by the Royal Society of Chemistry

Origin of the pre-a effect

The analysis of the ">*C NMR chemical shifts starts from the pre-
a effect,” this is the important starting point of our NMR analysis.
The pre-o. effect is evaluated by the (Ad%(C)e, Ad®(C)e, Ad'(C)e)
values. The average values from C*~ to H,C are (—8.9, —12.4,
—21.3 ppm) (see Table 4), which are calculated per unit group
(per H in this case). The pre-a. effect is theoretically predicted to
be a downfield shift of 21 ppm based on the average value of
Ad'(C) from C*~ to H,C. The solvent effect is not considered for
the pre-a. effect on each process from C*~ to CH,, although the
negative charge would also be of importance (see Scheme 3).

Table 5 lists the ¢%(C), ¢P(C) and ¢*(C) values of C*~, H,C*",
H;C™ and H,C, separately by each MO. The inner MO of ¥, is
formed by the 1s(C) AO; therefore, it greatly contributes to ¢(C)
but not ¢°(C). The second inner ¥, is constructed mainly by the
2s(C) AO; therefore, it contributes substantially to ¢(C) but
slightly to ¢P(C). The outer MOs of y5, ¥, and 5 are constructed
mainly by the 2p,(C), 2p,(C) and 2p,(C) AOs with 1s(H) AO(s), if
any. Therefore, they contribute greatly to ¢P(C) but slightly to
a(C), although ¢P(C) = 0 ppm for all the MOs in C*~. The MOs
of Y3, ¥, and s in C*~ are equivalent; therefore, the total values
of the three are given in the Table, as are y; and v, in H;C™.

The protonation of C*~ introduces ¢(C-H) and ¢*(C-H)
orbitals in the resulting species, resulting in the asymmetrical
distribution of electrons. The symmetrical and unsymmetrical
components of the electron distribution produce ¢%(C) and
aP(C), respectively, as mentioned above. The ¢P(C) terms are
caused through orbital-to-orbital transitions, such as the ;—
¥, transition, where o(C-H) and ¢*(C-H) are expected to operate
as the typical y; and v, respectively, in the transitions. Table 6
lists the y;—y, transitions that contributed mainly to
0%, 4:xx(C: k = x, y and/or z) for H,C>~ and H,C. The magnitudes
of ¥, ,(C), which are greater than 10 ppm in magnitude, are
provided in Table 6. In the case of H,C>~, the Y3;— o
(05— 022(C) = —113.8 ppm) and Yy~ Yo (05-0,)(C) = —87.6
ppm) transitions largely contribute to o}, ,(C), with large posi-
tive contributions from the y,— Y5, Y5 =V, ¥s— V¥~ and Y5 —
Vg transitions. The Y3 — Y15, Y3 Y16, Y4 V14, Ya— V16, Y5
V14 and ys— Yy transitions contribute greatly to ¢P(C)
(6%~ ¢:2(C) = —33.3 ppm) in H,C.

Fig. 6a and b illustrate the selected y;— 1y, transitions for
H,C>™ and H,C, respectively, along with the characteristics of y;
and ¥, and the orbital energies. Fig. 6a shows the Y3 — g, ¥, —
Y7, Ya— Yo, ¥s— Vs, ¥s— Y7 and Y5 — Y, transitions in H,C*™,

whereas the Y3 — Y15, Y3 Y16, Ya— VY14, Ya— Va6 ¥s— V14 and
Y5 — /45 transitions in H,C are shown in Fig. 6b.

RSC Adv, 2025, 15, 1924-1940 | 1929
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(a) '3C NMR Chemical Shifts: The Pre-a, o, B, v and  Effects Effect:?
- 1797 He? -1672 ) -152.2 HeC Pre-o.
L L _ H,C2- - -
(~10.4; 1807) (-2.1;-1670) 2 (-12.4;-139.7)  °
-58.0
HiC™2 H4C H;C* Pre-a
(-10.6; —47.4)
_95.0 -15.9 (-0.4; -15.6) 249.6 (1.7; 247.8) o
(1.3, -96.3) -13.3 (12.6; -25.9) 6.9 (16.3; —23.2) —174.7 (5.8, -180.5) —16.5 (-5.7; —10.8) a
MeH,C~ MeCH; —— Me,CH, ——  Me3CH MeC*H, — Me,C*H ——  MesC*
14.3 -9.3 -9.4 —-6.6 79.8 -12.2 -3.3 B
(-2.0; 16.3) (-5.8; -3.5) (-6.9; —2.5) (-2.2; -4.4) (0.4;79.4) (8.6; 3.6) (-0.1;-3.2)
EtH,C~ EtCHj EtMeCH, EtMe,CH EtC*H, EtMeC*H EtMe,C*
-24.2 -7.8 -5.4 -5.4 14.9 123.8 10.1
(-12.4; -11.8) (-2.6;-5.2) (3.2, -8.6) (-6.0; -0.6) (14.2; -0.7) (11.6; 112.2) (0.2;9.9) B
iPrH,C~ iPrCH3 -PrMeCH, i-PrMe,CH iPrC*H, -PrMeC*H -PrMe,C*
31.7 -5.1 -5.8 -3.4 3.9 127.3 22
(-0.4; 32.1) (-0.4;-4.8) (4.2; -10.0) (5.8;-9.3) (13.9; -10.0) (25.3; 102.0) (0.3; 1.9) B
t-BuH,C~ +BuCH, t+-BuMeCH, t-BuMe,CH +BuC*H, t-BuMeC*H tBuMe,C*
E— 1.2 1.6 -0.1 y
(3.2;-2.0) (7.8, -6.2) (9.4; -9.6) o
d(CY AP
n-PrCHj; n-PrMeCH, n-PrMe,CH (4%(C); AaP(C))
0.2 -10.0 1.0 5
(-2.8; 3.0) (-8.5;-1.5) (1.4,-0.3) a Averaged values of (Ac%(C); Ac9(C); AcP(C))
= (-9.0; -8.3; —0.8) in ppm for H;C~ from C*-.
n-BuCHj; n-BuMeCH, n-BuMe,CH
(b) "3C NMR Chemical Shifts: The a-X, B-X, and i-X Effects and the Effects from the Characteristic Bonds and Groups Effect:?
CH, HaCX
X= OH F cl Br NH, NO, SH SeH CO,Me
-61.8 -82.3 -38.9 -30.7 -39.3 -71.8 -19.1 -15.2 -28.5 o-X
(-6.8;-55.0) (-6.0; —76.4) (4.6;-43.5) (2.7;-33.4) (-9.2; -30.1) (~7.4;-64.4) (4.9;-24.0) (1.5;-16.7) (9.1;-37.6)
CH3CHj BCH3*CH,X
X= OH F Cl Br NH, NO, SH SeH CO,Me
-55.8 -8.9 -40.8 -35.9 -35.3 -65.2 -18.0 -16.4 -21.7 a-X
(-12.6; -43.2) (3.7, -12.6) (15.4;-56.2) (9.4;-45.2) (-1.2;-34.1) (0.7;-65.9) (11.8;-29.8) (5.0;—21.4) (40.3;-61.9)
-9.3 -77.2 -12.2 -12.7 -16.2 -3.2 -6.9 -6.6 -1.3 BX
(6.7; -16.0) (~10.3;-66.9) (-6.9; -5.3) (-3.1;-9.6) (-1.9; -14.3) (0.1;-3.3) (-2.5;-4.3) (0.9;-7.6) (-15.4;14.1)
CeHe CgHsX
X= OH F Cl Br NH, NO, SH SeH CO,Me
-31.5 -39.7 -15.2 -14.7 -21.2 -22.4 -12.0 -15.6 -2.8 X
(-18.9; =50.3) (35.2; —74.9) (=26.3; 11.1) (=0.5; —14.2)(17.6; —38.7) (31.3; -53.7) (~82.5; 70.5) (11.4; —27.0) (-38.8; 36.1)
-63.3 Effect:? Effect:?
17.0; -80.3
; CH=CH CyH, -145.9
(13.1; =159.0)
58.0 —_— H,C=0 c=0
J1213 (8.7 49.3)
(8.3; -129.6) SRS 35.4
HsCCH, H,C=CH, C,H, HsCOH ——— 105 (0.2; 35.1)
51 (13.3: ~123.9)
-126.4 ’ -
(1.1: 127.5) (=7.2;2.1) H(HO)C=0 co,
— CeHs CeHe

Origin of the a effect

A downfield shift of approximately 10-15 ppm is usually
observed for the a effect, which is well supported by the

1930 | RSC Adv, 2025, 15, 1924-1940

calculated (Ac%(C)e, AdP(C)e, Ad*(C).) values of

Table 7 lists the ¢%(C), ¢P(C) and ¢'(C) values
rately for each MO. Similar to the case of H,C

Scheme 3 Pre-a, o, B, v and 3 effects calculated in alkanes and the related species (a) and the a-X, B-X and i-X effects and the effects from the
characteristic bonds and groups (b) calculated with the GIAO method under B3LYP/BSS-A.

(—0.4, —15.6,

—15.9 ppm) for CH3CHj; from CH, (see Table 4 and Scheme 3).

of C,Hs, sepa-

, the first and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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—@— y=-152+0.942x Rc?=0.998
O  CHaF, CH2F2, CHF3, CF4
----@--- y =-1,09 + 0.862x - 0.0014x> Rc? = 0.9999
150}  -—--@---y=-159+0.712x - 0.0055x*> Rc? = 0.990 o
°
CFa
CHF3 e
100k o CH2F2 '_,/"
P cCla
CH3F o
.+" CHCls
50} A
e CH2Cl2
CHaCl
- O CHBr3
& .“ CH2Br2 N
ok CH3Br ‘\\
/ "\ cBre
L 1 L 1 %
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~A!(C)calcd:Tms (PPM)

Fig. 3 Plots of 6(C: S)opsatms versus —Ad(C: S)eaca-tms for 1-56 and
§21-S70, CHzX, CH,X,, CHX3 and CX4 (X = F, Cl and Br).

o%(C/0) o4(Se)
m m
PP g y =2996.70 - 5.914x - 0.678x% - 0.003x> Rc? = 0.9999 ppm)
450
43000
400+
42950
3501
42900
3001
42850
250
42800
—#&— y = 394.40 -10.218x - 1.639x>
200 -0.006x> Rc? = 1.0000
—@— y = 259,57 - 7.305x - 1.352x°
y _
-0.1113x° Rc?=0.9998 2750
150 —e—y =219.66 - 26.145x - 3.112¢ Rc* = 0.9991

-4 -2 0 2 4 6
Q(N: N=C, O and Se)

Fig. 4 Plots of ¢%(N: N = C, O and Se) versus Q(N) for N®*, N**, N3+,
N°, N2~ and/or N*, drawn from the red (C), blue (O) and black (Se)
curves. The plot of a9(C) versus Q(C) for C*~, CH,>", CHz™ and CHy is
also shown by the red hollow circles.

second inner MOs of ; and ¥, are constructed by the 1s(C) AOs;
therefore, they greatly contribute to ¢%(C) but not ¢P(C). The
third and fourth inner MOs of y; and v, are formed mainly by
the 2s(C) AOs; therefore, they contribute to ¢(C) and ¢P(C),
more or less. The outer MOs of y/s— are constructed mainly by
the 2p(C) AOs with the 1s (H) AOs; therefore, they contribute
largely to ¢P(C) (—36.6 to —42.3 ppm), with very small contri-
butions to ¢%(C) (—4.1 to 8.0 ppm). Table 8 lists the y;—y,
transitions contributing to ¥, ,.14(C: k = x, y and/or z), where

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Plots of ¢°(C) versus Q(C) for various species, 1-56, except for
H,C*¥~ (1-4), collected in Table 4.

Table 5 The ¢%(C), ¢”(C) and 4'(C) values for C*, H,C*", HsC™ and
H4C, given separately by each MO*

MO (i in ¥ PR oP(C) o)
C4— (Oh)b

1 (A1g) 200.45 0.00 200.45
2 (A1g) 31.72 0.00 31.72
3 (T1u)-5 (T1u) 42.04 0.00 42.04
Total 274.39 0.00 274.39
H,C?™ (Cy)

1 (A1) 200.37 0.00 200.37
2 (A1) 23.73 —8.06 15.68
3 (B2) 1.27 —93.29 —92.02
4 (A1) 20.18 —16.17 4.01

5 (B1) 16.41 197.59 214.00
Kl/occ to ‘//occ 57.39

Total 261.96 137.46 399.42
H;C™ (Ca)

1 (A1) 200.32 0.00 200.32
2 (A1) 24.93 —3.19 21.74
3 (E)-4 (E) 3.28 —148.47 —~145.19
5 (A1) 21.00 24.22 45.22
l//occ to ll/occ 125.17

Total 249.52 —2.26 247.26
H,C (Tq)

1 (A1) 200.28 0.00 200.28
2 (A1) 26.97 0.33 27.30
3 (T2)-5 (T2) 11.73 —175.52 —163.83
1l/occ to ‘pocc 125.55

Total 238.98 —49.66 189.32

“ Calculated with the GIAO-DFT method under B3LYP/BSS-A. ” MOs of
V1, Vo, ¥, ¥4 and y5 of C*~ are constructed mainly by 1s(C), 2s(C),
2p,(C), 2py(C) and 2p,(C) AOs, respectively.
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Table 6 Main contributions from the occupied-to-unoccupied orbital
transitions on ¢P(C), exemplified by H,C?~ and H,C.¢

View Article Online

Paper

Table7 The ¢%(C), °(C) and ¢*(C) values contributed from each MO of

CHgCHg (D3d)a

i»a 2 (o) A (o) A (o) af-q(C) MO (iiny) () (o) ai(C)

H,C> (Ca) 1 (A1g); 2 (A2u) 200.29 0.00 200.29

3-9 0.00 0.00 ~113.76 -37.92 3 (Alg) 15.73 ~3.49 12.24

4-7 72.46 0.00 0.00 2415 4 (A2u) 17.28 5.92 23.20

1-9 0.00 ~87.63 0.00 —2921 5 (Eu) 2.78 ~36.60 ~33.81

56 0.00 216.63 0.00 7221 6 (Eu) 2.78 ~36.74 ~33.95

57 0.00 0.00 225.75 7525 7 (Alg) 7.97 ~42.31 ~34.34

58 0.00 143.42 0.00 47.81 8 (Bg) —4.12 ~36.94 —41.06
9 (Eg) —4.12 ~36.94 ~41.06

CH, (Ty) Yoce 10 Yoce 121.88

3-15 —33.27 0.00 0.00 ~11.09  Total 238.60 —65.21 173.39

se 099 3827 000 “M9% « Galeulated with the GIAO-DFT method under B3LYP/BSS-A

1-14 ~33.27 0.00 0.00 ~11.09 :

4-16 0.00 0.00 —33.27 ~11.09

514 0.00 —33.27 0.00 ~11.09

515 0.00 0.00 —33.27 ~11.09

@ Calculated with the GIAO method under B3LYP/BSS-A. ” The

magnitudes of ¢}_, ,(C) larger than 10 ppm are shown. In y;— y,.

(@)

g (LUMO) y; (LUMO+1) g (LUMO+2) Yo (LUMO+3)
8.42 eV 9.39 eV 10.14 eV 11.14 eV
216.6 (yy) 72.5 (xx) 225.8 (zz) 1434 (yy) -87.6 (yy) —113.8 (z2)

| .
3 x[l)—‘ y

y; (HOMO-2) y, (HOMO-1) s (HOMO)
1.74 eV 5.91 eV 7.29eV
)
Wi (LUMO+8) W15 (LUMO+8) Wis (LUMO+8)
5.06 eV 5.06 eV 5.0

-33.3 (xx) =33.3 (yy) -33.3 (xx) —=33.3 (zz) -33.3 (yy) —33.3 (z2)

' 8 y “
z g— X

s (HOMO) y, (HOMO) s (HOMO)
-10.77 eV -10.77 eV -10.77 eV

Fig. 6 Contributions from each y;—y, transition to the components
of ¢°(C) in H,C?™ (a) and H4C (b) with an isovalue of 0.04 au.

a larger than ca. 20 ppm in magnitude. The y;—y, tran-
sitions of Ys—Ya (05-20(C) = —21.0 ppm), Y—
V20 (08— 20:x(C) = —20.5 ppm), Y7 > ¥4 (05— 26:x(C) = —25.5

1932 | RSC Adv, 2025, 15, 1924-1940

Table 8 Main contributions from the y;— y, transitions on ¢, .. (C: k
=Xy and/or z) of CH3CH3 (ng)a'b

i—»ad 7P 4:x(C) P ayy(C) (o) af-.dC)
5—29 0.00 —20.97 0.00 —6.99
6—29 —20.53 0.00 0.00 —6.84
7—26 —25.48 0.00 0.00 —8.49
7—27 0.00 —25.47 0.00 —8.49
8—27 0.00 —0.54 —21.14 —7.23
9—26 0.00 —0.54 —21.16 —7.23

¢ Calculated with the GIAO method under B3LYP/BSS-A. Magnitudes

of aP_, ,(C) larger than 6 ppm are shown. ? In y;— ¥,
ppm), Yr—y,, bl 27p(C) = —255 ppm), Yz—
2% (Ugﬂn 22(C) = —21.1 ppm) and Yo — Y6 (UgHZG:ZZ(C) =-21.2

ppm) contribute a lot to 67, ,.14(C: k = x, y and/or z).
Fig. 7 shows the selected transitions of CH;CHj; (D3q), as

shown in Table 8. The occupied-to-unoccupied MO transitions
play an important role in the o effect in CH;CH;. While the
HOMO of vy acts as a good donor, the LUMOs of y, and
Y11-¥,5 do not seem to contribute substantially to the
transitions.

Wy (LUMO+16)
543 eV

3 % e

—-25.5 (xx) —21.2 (zz) —25.5 (yy) -21.1 (zz) —20.5 (xx) —21.0 (yy)

s
@ 2 ed 38 %o

s (HOMO-3) g (HOMO-3) y, (HOMO-2) g (HOMO) o (HOMO)
~11.90 eV —11.90eV  -10.09eV  -9.42eV —9.42eV

WY,; (LUMO+16)
543 eV

Wyo (LUMO+19)
7.33eV

Fig. 7 Contributions from each y;— y, transition to the o/, ;. (C: k =
X, y and/or z) in CHzCHs with an isovalue of 0.04 au.
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Table9 The ¢%(C), ¢°(C) and ¢'(C) values contributed from each MO of

CH3CH,CH3 (Cy,)¢

O (i in y,) (o) a”(C) a'(C)

1 (A1)-3 (A1) 200.29 0.00 200.29
4 (A1) 16.20 —2.72 13.48
5 (B2) 6.36 -1.23 5.13
6 (A1) 16.89 4.51 21.39

7 (B1) 4.00 —33.20 —29.20
8 (A1) 7.27 —21.55 —14.28
9 (B2) 11.57 2.10 13.68
10 (AZ) —0.60 —2.62 —3.22
11 (BZ) 0.28 —29.63 —29.35
12 (A1) —5.18 —48.71 —53.89
13 (B1) —5.87 —41.71 —47.58
WOCC tO ‘//OCC 83'64
Total 251.23 —91.12 160.10

% Calculated with the GIAO-DFT method under B3LYP/BSS-A.

Table 10 Main contributions from the y;—y, transitions on

0P 2alC: k = x, y and/or z) in CHsCH,CHz (Ca,)*?

i—a 07— axx(C) 07— ay(C) 07— aizz(C) (o)

8—41
11—36

—15.15
0.00

0.00
0.00

0.00
—20.07

—5.05
—6.69

@ Calculated with the GIAO method under B3LYP/BSS-A. ° The

magnitudes of F_, ,(C) larger than 5 ppm are shown. ‘ In y;— y,.

Origin of the B effect

A downfield shift of approximately 10 ppm is often observed for
the B effect. The B effect is evaluated for CH3;CH,CH; (Cy,),
(CH3),CHCHj; (C3y) and (CH3);CCH; from the corresponding
species. The calculated (A¢g“(C)., AdP(C)., Ac*(C).) values for the
species are (—5.8, —3.5, —9.3 ppm), (—4.2, —4.3, —8.5 ppm) and
(—2.9, —4.5, —7.4 ppm), respectively, which reproduce the
observed B effect well (see Table 4 and Scheme 3).

Table 9 lists the ¢(C), ¢P(C) and ¢*(C) values for CH;CH,CH;
(Coy) separately by y;. The contributions from ¥, ¥s, Y11, V12
and Y43 to oF(C) are large (—21.6 to —48.7 ppm), although the
contributions seem to be widely distributed to ;. Table 10
shows the main y;— y, transitions contributing to o?-, ,.x(C: k
= x, y and/or 2). The contributions are relatively large for yg—

Was (LUMO+22)  y,, (LUMO+27)
5.26 eV 7.49 eV
C X)) ":’
-20.1 (z2) 152 (xx) =

>
a9 o

s

g (HOMO-5) Wy, (HOMO-2)
-11.94 eV -9.27 eV
Fig. 8 Contributions from each ;—y, transition to the

0P 2.4(C: k = x, y and/or z) of CHzCH,CH3z with an isovalue of 0.04 au.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Va1 (08— 41(C) = —15.2 ppm) and 11— V36 (041 -36:22(C) =
—20.1 ppm).

Fig. 8 shows the yg— 4, and ¥4, — Y36 transitions, together
with the orbital energies and the axes of CH;CH,CHj;. The
transitions are well visualized. However, it is curious that y,,
(LUMO) and those near it seem not to operate effectively as
acceptors in the transitions. Similar results are obtained for
EtMeCH,, i-PrMeCH, and ¢-BuMeCH, from the corresponding
species. The calculated (Ac%(C), AdP(C)e, Ad'(C).) values are
(—6.9, —2.5, —9.4 ppm), (—1.8, —5.5, —7.4 ppm) and (0.2, —7.0,
—6.8 ppm), respectively, for the species. For ionic EtH,C™, t-
BuH,C~ and EtH,C", the calculated (Ag%(C)., AcP(C)e, Ad'(C)e)
values are predicted to be (—2.0, 16.3, 14.3 ppm), (—4.9, 12.2, 7.3
ppm) and (0.4, 79.4, 79.8 ppm) respectively, from the corre-
sponding species. The (large) upfield shifts are again predicted
for the B effect for the ionic species. A large positive Ag'(C).
value of 79.8 ppm is predicted for EtH,C' from the corre-
sponding species. The vacant 2p(C) orbital in EtH,C' is
responsible for these results.

Origin of the y and 3 effects

An upfield shift of ~2 ppm is often encountered for the vy effect.
The conformational effect cannot be avoided in the y and
d effects,” contrary to the o and B effects in the cases of CHy,
CH;CH; and CH3;CH,CHj;, as discussed above. The y and
d effects are not discussed further here since they are negligibly
small.

Origin of the a-X and B-X effects

The a-X effect is examined for CH;-X from CH, and CH3;CH,-X
from CH,;CH;, (X = OH, SH, SeH, SSCH3, F, Cl, Br, I, CO,Me, CN,
NH, and/or NO,) (see Scheme 3, Table 4 and Table S11 of the
ESIf). The (Ac%(C)e, AcP(C)e, Ac(C).) values of (—18.7-40.3,
—76.4-—11.1, —82.3-—4.4 ppm) are predicted for the species.
The B-X effect is similarly examined for CH;CH,-X from
CH,CH, (X = OH, SH, SeH, SSCH;, F, Cl, Br, I, CO,Me, CN, NH,
and NO,) (see Scheme 3, Table 4 and Table S11 of the ESI{). The
(Ac?(C)e, AGP(C)e, Ac'(C).) values of (—16.8-0.9, —66.9-14.1,
—77.2-—1.3 ppm) are calculated for the species. It seems diffi-
cult to find a good relation between the a-X and B-X effects in
the same species, as a whole. However, such relation could be
found is the species are divided to some groups, as shown in
Fig. S10 of the ESI. The B-X effect of —77.2 ppm for X = F is
notable.

Table 11 lists the ¢%(C), ¢P(C) and ¢*(C) values for CH;CH,OH
and CH;CH,OH, separately for each MO. The outer MOs of
HOMO (¥43), HOMO-1 (5,), HOMO-4 () and HOMO-5 ()
contribute greatly to ¢P(C) in CH3;CH,OH. On the other hand,
the outer MOs of HOMO-2 (y1;) and HOMO-3 (y41,) contribute
greatly to ¢P(C) in CH3;CH,OH. Table 12 lists the y;— v, tran-
sitions contributing to o}, ,..(C: k = x, y and/or z), which are
greater than 5 ppm in magnitude. The contributions from the
¥;—y, transitions seem greater for Yg—¥ss (05— 33.0¢(C) =
—13.1 ppm and o§_,33,,(C) = —3.2 ppm) in CH;CH,OH. The
contributions are greater for Yio—¥s1 (0fo—319y(C) =

RSC Adv, 2025, 15, 1924-1940 | 1933
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Table 11 The ¢%(C), ¢°(C) and ¢'(C) values of CH3zCH,OH, given
separately by each y;*

MO (i in ) af(0) a?(C) ai(C)
CH;CH,0H (Cy)

1(A)-3 &) 200.33 0.00 200.32
4 (A)-6 (A) 30.44 —6.12 24.33
7 (&) 4.08 —28.13 —24.05
8 (A" 4.62 —50.64 —46.02
9 (A) —4.90 —48.07 —52.97
10 (A)) —2.22 -9.91 —12.13
11 (A") -1.61 -16.19 —17.80
12 (A) 1.21 —47.21 —46.00
13 (A) —6.00 —27.71 —33.70
‘//occ to l//occ 125.61

Total 225.95 —108.36 117.60
CH;CH,OH (C)

1(A)-3 @A) 200.27 —0.03 200.24
4 (A)-6 (A) 30.09 0.84 31.14
7 (&) 2.12 —5.52 —3.41
8 (A") 3.12 —18.92 —15.80
9 (A 15.42 —6.30 9.12
10 (A') —-3.19 —72.62 —75.82
11 (A) —2.25 —50.07 —52.31
12 (A) 0.94 —20.25 -19.32
13 (A) -1.18 —2.31 —3.50
\pocc to ‘//occ 93.77

Total 245.33 —81.19 164.14

% Calculated with the GIAO method under B3LYP/BSS-A.

Table 12 Main contributions from the transitions on

0P 21(C: k = x, y and/or z) in CHsCH,OH®*?

\0:'—’ \[/a

l'_> ac ‘T?ﬂa:xx(c] a?ﬂayy(c) U?ﬁa:zz(c) ‘T?ﬁa(c)
CH;CH,OH (C,)

8—33 ~13.09 —3.24 0.00 —5.44
CH;CH,0H (Cy)

10—31 —3.47 —28.67 0.00 -10.71
10—35 0.00 0.00 -17.07 —5.69
10— 59 0.00 0.00 —15.29 —5.10

“ Calculated with the GIAO method under B3LYP/BSS-A. ” The
magnitudes of o}, ,(C) larger than 5 ppm are shown.  In y;— .

—28.7 ppm), Y10 ¥35 (050 35.22(C) = —17.1 ppm) and 10— Y50
(080 — 50:22(C) = —15.36 ppm) in CH3;CH,OH.

Fig. 9a shows the yg— /35 transition in CH;CH,OH and the
V10— V31, Y10 — V35 and Y19 — ¥se transitions in CH;CH,OH are
illustrated in Fig. 9b. The a-X and B-X effects are well visualized,
employing the y;— 1, transitions.

The o-X effect is also typical detected in CH3;NH, and
CH;NO,. The ¢%(C), ¢P(C) and ¢(C) values for CH;NH, and
CH;NO, are listed in Table S13 of the ESI,t separately for each
MO. In the case of CH;NH,, which has a very strong electron
donating X of NH,, the outer MOs of the HOMO-1 (yg) ~
HOMO-3 () contribute greatly to ¢°(C). In the case of CH;NO,,
with the very strong electron accepting group X of NO,, the
somewhat more inner HOMO-3 (;3) and HOMO-4 (y4,) also

1934 | RSC Adv, 2025, 15, 1924-1940
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(a)
-13.1 (xx) 3
—_—
9,
s V9
s (HOMO-5) wss (LUMO+19)
Z12.80 eV 5.77 eV
(b)
War (LUMO+17)  ys (LUMO+21) g (LUMO=45)
5.42 eV 6.90 eV 16.86 eV
é .00,
—28.7 (yy) -17.1 (zz) -15.3 (z2)

\T/

y
Qo |
Yo (HOMO-3)

-10.56 eV

Fig. 9 Contributions from each y,;— y, transition to the components
of ¢P(C) for CH3sCH,OH (a) and CH3CH,OH (b), together with the axes
with an isovalue of 0.04 au.

strongly affect ¢P(C). The y;— v, transitions contributing to
¥, 4(C: k = x, y and/or z) from the species are collected in
Table S14 of the ESI.T The contributions to CH;NH, are large for
the y;—y, transitions of Y7 —¥s6 (05 16..:(C) = —19.9 ppm),
Y7o ¥ar (05— 1122(C) = —18.8 ppm), Y53 (Ugﬂz\%:yy(c) =
—31.4 ppm) and Yg— V6 (05— 26:x(C) = —22.9 ppm). Those in
CH;NO, are large for ¥, = Y5 (052 - 28.0x(C) = —28.7 ppm) and
Viz—=¥a9  (0120209(C) = —29.2 ppm) and yq3— Vg
(0835 28.2:(C) = —31.6 ppm). The y;— y, transitions of y; — Y,
V7 Va1, Ys— Vo3 and Y5 — 56 for CH3NH, and those of 4, —
Vas, Y12 = Va0, Y13 = Yag and Y13 — Y30 for CH3NO, are shown in
Fig. S11a and b of ESIL,t respectively. The a-X effect is well
visualized both for X of a very good donor and a very good
acceptor, employing y;— y, transitions.

Effect from ethene and ethyne and the origin

Large downfield shifts in 6(C) are reported for ethene
(~120 ppm) and ethyne (~60 ppm) from ethane."* The calcu-
lated (Ac%(C)., AcP(C). and Ac'(C).) values for H,C=CH, and
HC=CH from CH;CHj; are (8.3, —129.6, —121.3 ppm) and (17.0,
—80.4, —63.3 ppm), respectively, which reproduce the observed
results well.

Table 13 lists the ¢%(C), ¢P(C) and ¢*(C) values of H,C=CH,
(Don) and HC=CH (D), separately for each MO, whereas
HOMO-1 (y;) ~ HOMO-3 (y5) contribute a lot to ¢”(C) in
H,C=CH, (D,1), HOMO-2 (y5) and HOMO-3 (y,) strongly affect
HC=CH (D). Table 14 shows that the y;—, transitions
largely contribute to ¢”(C) in H,C=CH, (D,1,) and HC=CH (D },)-.
The ¥;—, transitions of Ys— ¥y (08_0,,(C) = —175.0 ppm),
V6= V17 (Jgﬂlﬁyy(c) = —47.7 ppm), Y5 — V37 (G'gasmyy(c) =-319
ppm), ¥;—¥s (09-02(C) = —126.0 ppm) and y;—yi;

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 13 The ¢%(C), ¢°(C) and ¢'(C) values of H,C=CH, (D) and
HC=CH (D)., given separately by each y*

O (i in ¥,) a{(C) a?(C) a{(C)
H,C=CH, (D,)
1 (Ag); 2 (B1lu) 200.30 0.02 200.32
3 (Ag) 16.54 —10.56 5.98
4 (B1u) 13.95 —-0.39 13.56
5 (B2u) 1.14 —33.89 —32.75
6 (Ag) 5.18 -112.14 —106.96
7 (B3g) —7.49 —87.51 —94.99
8 (B3u) 17.28 —19.65 —2.37
‘//occ to l//oacc 69.30
Total 246.91 —194.83 52.08
HC=CH (D..1,)
1(Zg); 2 (Su) 200.21 —0.46 199.74
3 (Zg) 17.82 —22.76 —4.95
4 (Zu) 2.99 —34.63 —31.64
5(=g) —2.03 —131.94 —133.97
6 (ITu) 18.32 —10.20 8.12
7 (Hu) 18.32 0.04 18.36
Yoce tO Yoce 54.39
Total 255.62 —145.56 110.06

% Calculated with the GIAO method under B3LYP/BSS-A.

Table 14 Main contributions from the y,;— y, transitions in the ¢(C) of
H,C=CH, (Dp) and HC=CH (D, ,)**

i—a* 0‘?4» a:xx(c) 0‘?4» a:yy(c) 0’?4, a:zz(C) 0‘})4» a(C)
H,C=CH, (D)
6—9 0.00 —174.98 0.00 —58.33
6—17 0.00 —47.66 0.00 —15.89
6—37 0.00 —31.93 0.00 —10.64
7—9 0.00 0.00 —126.04 —42.01
7—17 0.00 0.00 —32.05 —10.68
7—19 —21.82 0.00 0.00 —7.27
7—37 0.00 0.00 —16.43 —5.48
HC=CH (Dooh)
5—10 0.00 —84.16 0.00 —28.05
5—11 —84.16 0.00 0.00 —28.05
5—17 —48.66 0.00 0.00 —16.22
5—18 0.00 —48.66 0.00 —16.22
5—30 —22.78 0.00 0.00 —7.59
5—31 0.00 —22.78 0.00 —7.59
5—37 —23.40 0.00 0.00 —7.80
5—38 0.00 —23.40 0.00 —7.80
@ Calculated with the GIAO method under B3LYP/BSS-A. ° The

magnitudes of o}, ,(C) larger than 5 ppm are shown. “ In y;— .

(6%-172:(C) = —32.1 ppm) provide great contributions to
H,C=CH, (D,n). Similarly, the transitions of 5=y,
(Ugﬂw:yy(c) = —84.2 ppm), VsV (Ugﬂllzxx(c) = —84.2 ppm),

Vs Y17 (Uganzxx(c) = —48.7 ppm) and Y5 — Y4 (O'gals:yy(c) =
—48.7 ppm) greatly contribute to HC=CH (D).

Fig. 10a shows the Y6 =9, V6= V17, V6= Va7, Y7o and
V7 — Y3, transitions in H,C=CH, (D), and Fig. 10b shows the
Vs — Y10, ¥s = Y11, ¥s = Y17 and 5 — 45 transitions in HC=CH
(Dwn)- The MO energies and axes are also shown in the figure.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Yo (LUMO) Y47 (LUMO+8) Wi (LUMO+28)
-0.30 eV 3.37 eV 14.26 eV
—175.0 (yy) -126.0 (zz) —47.7 (yy) -32.1 (z2) -31.9 (yy)
Ys (HOMO-2) y; (HOMO-1)
-11.66 eV -9.82eV
(b)
Wio (LUMO+2) gy (LUMO+2)  yy, (LUMO+9) Wyg (LUMO+9)
0.31eV 0.31 eV 3.62eV
—84.2 (yy) —84.2 (xx) —48 7 (xx) —48.7 (yy)

w5 (HOMO-2) é@

-13.76 eV

Fig. 10 Contributions from each y;— y, transition to the components
of ¢P(C) in HyC=CH> (D}, (@) and HC=CH (D .., (b), together with the
axes with an isovalue of 0.04 au.

The main characteristics of ¥, V5, Yo, Y17 and 3, with
H,C=CH, are occupied o(C=C), ¢(C-H), vacant w*(C=C),
6*(C-C) and o*(C-H), respectively. The LUMO of y, acts as
a great acceptor in the transition, whereas the HOMO of yg does
not seem to do so. The main characteristic of s in HC=CH is
the occupied o(C-C), whereas those of y;, and ;, are the
vacant w*(C=C), and those of ¥, and y;5 seem to be higher
vacant *(C=C). The HOMO and LUMO in HC=CH seem not
to act as good donors and acceptors, respectively.

Effect of benzene and its origin

Large downfield shifts in §(C) (~127 ppm) are reported for
benzene."* The calculated (Ac%(C)e, AcP(C)e, Ac'(C).) values
from CH3CH; are (1.1, —127.5, —126.4 ppm). The calculations
reproduced the observed results well.

Table 15 lists the ¢%(C), ¢P(C) and ¢%(C) values of C¢Hg,
separately, by y;. The contributions from HOMO-2 (y;9),
HOMO-5 (y46) and HOMO-7 (y,4) are very large, together with
HOMO-3 (y45). Table 16 lists the y;— 1, transitions that greatly
contribute to o¢P(C). The transitions of Y3,—¥5 (%4
22:yy(C) = —95.9 ppm), V16— V22 (Ulfsazz:xx(c) = —95.3 ppm),
Vie— ¥7s (U§)6a78:xx(c) = —40.1 ppm) and V19— Vi
(689— 40:xx(C) = —38.3 ppm) contribute greatly, together with
V18— Yao (0'11)8—>40yy(c) = —43.9 ppm) and Y13 V¥s0
(%8 —5045(C) = —31.2 ppm).

Fig. 11 shows the y;— y,, transitions in C¢Hg, shown in Table
16, although they are limited to those discussed above, together
with the MO energies and axes. The main characteristics of ¥4,

RSC Adv, 2025, 15, 1924-1940 | 1935
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Table 15 The ¢°(C), P(C) and ¢'(C) values of CgHg (Dep), given sepa-
rately by each y;*

MO (i in y;) #(©) a?() a{(C)

1 (A1g) 33.37 —0.01 33.37
2 (E1u)-6 (B1u) 167.08 0.17 167.23
7 (Alg) 5.82 —5.41 0.42
8 (E1u) 2.95 —4.84 —1.89
9 (E1u) 11.07 —3.02 8.05
10 (E2g) 0.88 —15.67 —14.78
11 (E2g) 7.07 2.34 9.41
12 (A1g) 1.95 -11.67 —9.72
13 (BZu) 3.33 —10.46 —7.13
14 (Blu) 2.84 —48.38 —45.54
15 (Elu) 6.87 —0.43 6.44
16 (E1u) -19.97 -107.31 —127.28
17 (A2u) 8.37 —9.28 —0.91
18 (E2g) 1.65 —30.56 —28.91
19 (E2g) —5.76 —48.14 —53.90
20 (E1g) 11.06 —11.58 —0.51
21 (E1g) 2.08 -1.36 0.72
‘pocc to ‘//occ 111.93

Total 240.68 —193.67 47.00

% Calculated with the GIAO method under B3LYP/BSS-A.

Table 16 Main contributions from the y;— y, transitions in the ¢°(C) of
CeHs (Den)™”

i—a N () B S (<) IR SN (<) IR S (o)
3—22 —36.14 0.00 0.00 —12.05
14—22 0.00 —95.93 0.00 —31.98
15—22 0.00 —27.30 0.00 —9.10
16—22 —95.30 0.00 0.00 —31.77
16— 68 0.00 0.00 —26.05 —8.68
16—78 —40.08 0.00 0.00 —13.36
16—93 0.00 0.00 —25.58 —8.53
16—117 0.00 0.00 —28.12 —9.37
18—40 0.00 —43.94 0.00 —14.65
18—50 0.00 —31.15 0.00 —10.38
19—40 —38.27 0.00 0.00 —12.76
19—50 —26.96 0.00 0.00 —8.99
19—59 0.00 0.00 —26.04 —8.68

“ Calculated with the GIAO method under B3LYP/BSS-A. ” The
magnitudes of ¢¥_, ,(C) larger than 8 ppm are shown. ¢ In ;= .

V16 and Y44 are the occupied o(C-C), o(C-C) with o(C-H) and
o(C-C) with o(C-H), respectively, whereas those of ¥,,, 40 and
Vg are vacant w*(C=C), 7w*(C¢Hs), and much higher 7w*(C¢Hs),
respectively. The LUMO of ,, acts as a great acceptor in the
transition, whereas the HOMO does not seem to do so.

Origin of the i-X effect

The i-X effect is examined for CcHs-X from CgHg (X = OH, SH,
SeH, F, Cl, Br, I, NH,, CO,Me, CN and NO,) (see Scheme 3, Table
4 and Table S11 of the ESIt). The calculated (Ac%(C)e, AGP(C)e,
Ac'(C).) values are (—82.5-35.2, —74.9-70.5, —39.7-14.0 ppm)
for the species.

The ¢%(C), ¢P(C) and ¢*(C) values of CcH;OH, are listed in
Table S15 of the ESI,T separately for each MO. The outer MOs of
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Wy, (LUMO) Wy (LUMO+18) W5 (LUMO+56)
-0.48 eV 3.40eV 14.39 eV
9
J 9 . . 5 9
® ¢ ’
—-95.3 (xx) —95.9 (yy) —38.3 (xx) —40.1 (xx)

\f\><y ZLAX
8 3
W14 (HOMO-7)

Wis (HOMO-5) ;4 (HOMO-2)
-12.33 eV -11.63 eV -9.53 eV

Fig. 11 Contributions from each y,;— 1y, transition to the components
of ¢P(C) in Ce¢Hg (Dgp), together with their axes by the isovalue of
0.04 au.

HOMO-3 (y,,), HOMO-8 (y17) and HOMO-9 (y6) contribute
greatly to o¢P(C). The y;—y, transitions contributing to
6P, 2.x(C: k = x, y and/or z), greater than 18 ppm, are listed in
Table S16 of the ESLf The y,;,—y, transitions of ¥y ¢—Vsg
(0-11)6—>28:yy(c) = —53.5 ppm), Y17~ ¥as (0175 28:(C) = —25.5
ppm), 17— Y7 (o§)7~>87:xx(c) = —24.9 ppm) and YV
(052 4445(C) = —28.1 ppm) contribute a lot to o7, ¢.(C: k=, y
and/or z). The y;— y, transitions of Y16 Y2, Y17 = Vg, Y17
Vg7 and Y., — 44 are drawn in Fig. S15 of the ESI,T where the
transitions of large contributions are omitted if the contribu-
tions from y; are small in CgH;OH. The i-X effect is well visu-
alized through the occupied-to-unoccupied orbital transitions.

Effect of the carbonyl group and its origin

Very large downfield shifts of 6(*’C) (~200 ppm) are usually
observed for the carbonyl group.** The calculated (Ac%(C).,
AcP(C)e, AcY(C).) values for H,C=0 from MeOH are (13.1,
—159.0, —145.9 ppm), which explains the observed results well.

Table 17 lists the ¢%(C), ¢P(C) and ¢*(C) values of H,C=0,
separately, by ;. The outer MOs of HOMO (y/g), HOMO-2 ()
and HOMO-3 (y5) contribute a lot to ¢P(C), whose values
amount to —95.7, —118.8 and —64.5 ppm, respectively. The ;—
Va transitions of Ys—yo (08 0dC) = —62.6 ppm), Yo— o

Table 17 The ¢%(C), ¢°(C) and ¢%(C) values of H,C=0 (C,,), given
separately by each y*

MO (i in ;) a‘(C) a"(C) a'(C)

1 (A1); 2 (A1) 200.29 —0.02 200.27
3 (Al) 7.42 —21.88 —14.46
4 (A1) 22.01 —2.20 19.82
5 (B2) 6.81 —64.47 —57.66
6 (A1) 1.98 —118.84 —~116.86
7 (B1) 14.00 —13.21 0.79
8 (B2) ~7.32 —95.73 —103.05
‘//occ to l//occ 52.70

Total 245.20 —263.64 —18.44

% Calculated with the GIAO method under B3LYP/BSS-A.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05980h

Open Access Article. Published on 21 January 2025. Downloaded on 1/23/2026 7:58:13 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 18 Main contributions from the y,— v, transitions on the ¢°(C)
of H,C=0 (C5,)**
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Table 20 Main contributions from the y,—y, transitions on ¢°(C) of
H(HO)C=0 (C,)**

i—a Poia ) Pown(©) 0PaulC) Q) imd PN (<) B SO (o) BRSO (o . 301 (o)
5—9 0.00 0.00 —62.57 —20.86 5—13 —0.10 —30.55 0.00 —10.22
6—9 0.00 —195.32 0.00 —65.11 7—13 —83.72 —12.66 0.00 —32.13
6—13 0.00 —30.34 0.00 —10.11 8—13 —0.90 —38.10 0.00 —13.00
8—9 0.00 0.00 —185.66 —61.89 10—13 —29.23 —108.63 0.00 —45.95

12—13 —45.55 2.78 0.00 —14.25

“ Calculated with the GIAO method under B3LYP/BSS-A. ”The
magnitudes of a}_, ,(C) larger than 10 ppm are shown.  In y;—y,.

@)
J9

wg (HOMO)
~7.66 eV

-195.3 (yy) ‘ -185.7 (zz)
R ———— -—
| @
Ye (HOMO-2) . ,  We (LUMO)
-12.64 eV ;

-1.72 eV
Fig. 12 Contributions from each y;— ¥, transition to the components
of ¢”(C) in H,C=O0 (C,,), together with the axes with an isovalue of
0.04 au.

(Jg—>9:yy(c) = —195.3 ppm), Y6 — V13 (”g—>13:yy(c) = —30,3 ppm)
and Ys— Y (68 6.,(C) = —185.7 ppm) contribute predomi-
nantly to o;_,,P, as shown in Table 18.

Fig. 12 shows the Y — s and yg— s transitions of H,C=0,
along with the MO energies and the molecular axes. The main
characteristics of ¥, ¥ and 4 are the occupied o(C=0), n,(C)
and vacant t¥*(C=0), respectively. HOMO (5) and LUMO (y,) act
as excellent donors and acceptors, respectively, to produce very
large oP(C) values in H,C=0. HOMO-1 () (7(C=0)) in H,C=0
does not seem to act as a good donor, contrary to the excellent
donors of HOMO (i) (n,(C)) and HOMO-2 () (o(C=0)).

Effect of the carboxyl group and its origin

The carboxyl effect is closely related to the carbonyl effect. Very
large downfield shifts of §(**C) (~180 ppm) are usually recorded
for the carboxyl group.* The calculated (Ac%(C)., AcP(C)e,

Table 19 The ¢%(C), ¢®(C) and ¢'(C) values of HHO)C=0 (C,), given
separately by each y;*

MO (i in ;) () a”(C) a"(C)

1 (A)-3 (A) 200.31 —0.03 200.28
4 (A) 8.56 —8.27 0.29
5(A) 3.00 —23.65 —20.65
6 (A) 13.84 —~11.59 2.25
7 () 6.02 —68.76 —62.74
8 (A) 5.29 —30.62 —25.34
9 (A”) 14.46 —20.58 —6.13
10 (&) —4.35 —86.16 —90.51
11 (A") 1.96 —0.95 1.01
12 (&) —3.59 —24.60 —28.19
‘//occ to l//occ 46.69

Total 245.49 —228.53 16.97

% Calculated with the GIAO method under B3LYP/BSS-A.

© 2025 The Author(s). Published by the Royal Society of Chemistry

@ Calculated with the GIAO method under B3LYP/BSS-A. ° The
magnitudes of ¢}, ,(C) larger than 10 ppm are shown. ¢ In y;— .

—83.7 (xx)
w; (HOMO-5) Mg

-14.61eV

~108.6 (yy)
-~

W13 (LUMO)
-0.65eV

Yy (HOMO-2)
—11.54 eV

Fig. 13 Contributions from each y;— y transition to the components
of ¢(C) in HHO)C=0 (C,), together with the axes with an isovalue of
0.04 au.

Ac'(C).) values are (13.3, —123.9, —111.5 ppm) for H(OH)C=0
from MeOH, which explains the observed results well.

Table 19 lists the ¢%(C), ¢P(C) and ¢'(C) values of H(HO)C=O0,
separately, by ;. The contributions from HOMO-2 (;,) and
HOMO-5 () to ¢,°(C) are very large, with values of —86.2 and
—68.8 ppm, respectively. Table 20 lists the y;— 1, transition in
H(HO)C=0, which mainly contributes to o}, ,.x(C: k = x, y and/
or z), larger than approximately 10 ppm. The y;— y, transitions of
V7= Y13 (05— 13.(C) = —83.7 ppm with o5 _, ;3,,(C) = —12.7 ppm),
Vs— Vi3 (0'54»13:3)_);(0) = —38.1 ppm) and Y10 Y13 (171130%13:331(0) =
—108.6 ppm with 6% _13,,(C) = —29.2 ppm) contribute
predominantly to o}, ,(C), together with ys— 15 (65— 13,,(C) =
—30.6 ppm) and Y1, =13 (012 - 13:{C) = —45.6 ppm).

Fig. 13 shows the ¥, —y;3 and 40— Y43 transitions in
H(HO)C=0, along with the MO energies and the molecular
axes. The characters of ¥, and y;, are the occupied 6(O-C=0)
of A’ spread over the whole molecule, whereas that of y,3 is the
vacant mw*(O-C=0). While y, and y;, operate as excellent
donors, ;3 (LUMO) is an excellent acceptor in H(HO)C=O0.

The (Ac¥(C)., AcP(C)e, Ac(C).) values are (13.3, —123.9,
—111.5 ppm) for H(HO)C=O from CH3;OH, as mentioned
above. However, the values for the conversion of H(HO)C=0
from H,C=O0 are also of interest. The values are (0.3, 35.1, 35.4
ppm). Specifically, the NMR signal of HHO)C=0 is predicted
to appear at a higher field of approximately 35 ppm than that of
H,C=O0. The specific m-allyl type O-C=O interaction is
responsible for these results. The charge on C of HHO)C=O0 is
less positive than that of H,C=0 because of the donation from
HO to C=O0 in H(HO)C=O0, which should lead to an upfield
shift.

It is necessary to consider the effect of the wider extension of
the MOs over the entire molecule in HHO)C=O0. One expla-
nation is as follows: It does not directly increase the ¢P(C) value
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when the occupancy of electrons becomes higher at the carbon
atom in question in an important orbital of HHO)C=0 relative
to the case of H,C=O0. The energy differences between the two
orbitals that make up the transitions also affect oP(C). Never-
theless, a more upfield shift in ¢°(C) is expected to be predicted
when the charge on C becomes less positive. However, more
complex mechanisms control the real shift values.

The analysis of H,C=0 and H(HO)C=O will help to
understand the ¢(C) values of similar structures. The upfield
shifts in RC(=0)NHR' and ROC(=0)OR relative to R,C=O0 can
also be understood based on the structural similarities to
R(R’0)C=O0. However, further investigations are necessary to
understand the much greater downfield shifts of the species
containing low-lying vacant orbitals, such as some cationic
species, carbenes and radicals.

Illustration of the terms used to control A¢'(C)

The Ac?(C), AdP(C), Ad'(C) (=Ac%(C) + AcP(C)) values and the
components are plotted for CH;CH;, CH,=—CH,, CH=CH,
CeHe and H,C=O. Fig. 14 shows the plot. The Ac?(C) and
AcP(C) values are all negative for the species, where C*” is taken
as the standard. However, the contributions from the occupied-
to-occupied (occ-to-occ) orbital (¥;—;) transitions are all
positive for the species shown in Fig. 14. The magnitudes of
AcY(C) seem almost constant for the species, whereas those of
AcP(C) change widely depending on the structure of the species,
which increases the variety of the Ac'(C) values. The magni-
tudes of Ac'(C) (=Ac%(C) + AcP(C)) increase in the order of S=
CH;CH; < CH=CH < CH,=CH, < C¢H¢ < H,C=0, as expected.
The ¢P(C) values originate from the unsymmetric component of
the electron distribution derived from the unsymmetric MOs on
the unsymmetric structure of the species.

The unsymmetric MOs are constructed mainly by the 2p,(C),
2p,(C) and 2p,(C) AOs. These MOs are expected to exist near the

Ac™(C)
(ppm) | 9Sc-to- [ Ac!(C) = Ac(C) + Acy(C) }
100 occ-to- .

occ-to- occ

occ-
to-occ

-100

-200

-300

CH3CH3

CH,=CH, CH=CH  CgHg H,C=0

Fig. 14 Plots of A¢%(C), AcP(C), Ac%(C) and the components for
CH3CHs, CHy—CH,, CH=CH, CgHg and H,C—0. Each MO contrib-
uting to ¢(C) is shown by n in HOMO-n.
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HOMO; however, they sometimes reside in (much) deeper
areas. The magnitudes of the terms, such as Ac%(C), Ac"(C),
Ac*(C) and the components, are well visualized in Fig. 14, which
helps us to understand the plain rules founded in theory, sup-
ported by the origin and mechanism, for *C NMR chemical
shifts.

The occupied-to-occupied orbital (¥;—1;) transitions arise
through the redistribution of electrons in a species under an
applied magnetic field. They are usually not considered to be
important; therefore, they are often neglected in analyses and
discussions. However, they contribute to ¢P(C) more than those
expected in some cases, as shown in Fig. 14. Specifically, the
occupied-to-occupied orbital transitions may play an important
role in the (observed) ">C NMR chemical shifts, which are
hidden in the unconscious realm of the measurers.

Conclusions

The plain rules associated with the origin and mechanism for
6(C) are intended to be established, without compromising
theoretical requirements, in this work. The rules should be
simple, easily imaged and easily understood for experimental
scientists, who are not specialists. The rules should help
experimental scientists image the role of C at a specific position
in a species over the empirical rules usually employed in
assigning the spectra. The §(C) values are analysed by employ-
ing the calculated ¢¢, o” and ¢ terms. The contributions from
7%(C) to ¢"(C) are approximately one tenth of those from o?(C),
although the ratio changes depending on the species. The plot
of 64(C) versus Q(C) for C**, C**, C°, C*~ and C*~ gave excellent
correlations if analysed via a cubic regression curve, as did the
plots for C*~, CH,*>, CH;~ and CH, with a quadratic curve. The
¢%(C) values can be understood based on Q(C) for the species;
however, ¢%(C) of those other than those above do not correlate
with Q(C). The relationship between ¢P(C) and Q(C) was not
examined further, which would be hidden in the complex
combinations of the y;— y, transitions, as shown in eqn (6).
The pre-o effect of an approximately 20 ppm downfield shift
is theoretically predicted based on the average value of Ac'(C),
from C* to H,C. The o and B effects of approximately 10 ppm
downfield shifts are reproduced well by the calculated Ac'(C).
values. The variety of the a-X, B-X and i-X effects are clarified by
the calculations. Large downfield shifts by ethene (~120 ppm),
benzene (~127 ppm) and ethyne (~60 ppm) and very large
downfield shifts by the carbonyl group (~200 ppm) and carboxyl
group (~180 ppm) are also well reproduced by the calculations.
The orbital-to-orbital transitions in o¢P(C) are widely
employed to clarify the origin and the mechanism for §(C) in
this work. The occupied-to-unoccupied orbital (y;— y,) transi-
tions in ¢P(C) enable us to visualize the origin and the mecha-
nism. The occupied-to-occupied orbital (;—;) transitions,
which are usually neglected, are also examined: The contribu-
tions from the ¥;—y; transitions are greater than those ex-
pected in some cases. The examination provided useful
information for ¢P(C). As a result, the plain rules with the origin
and the mechanism are formulated for 6(C). The origin and the
mechanism for 6(C) can be imaged and understood more easily

© 2025 The Author(s). Published by the Royal Society of Chemistry
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based on the treatments also by experimental scientists. The
results will help in understanding the role of C in question in
the specific position of a compound. By expanding the image of
the orbital-to-orbital transitions, it would be possible to envi-
sion the molecular orbitals around the carbon in question in
the compound and their interactions. The expansion will
hopefully lead to the development of the highly functionality
based on the inherent properties of the compound. Namely,
this work also has the potential to provide an understanding
6(C) of unknown species and facilitate new concepts for strat-
egies to create highly functional materials on the basis of the
6(C) values.
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