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The eigenvalues and eigenvectors of the MeR (R=F, OH, NH,, Me, H, CN, CHO
and NO,) series were presented by the CNDO/2 method. There values were applied to the
theoretical treatment of C-13 chemical shift under the three conditions, namely, (a) 4E=
10 eV, (b) AE=the ionization potential, () AE=e —e¢;, and compared with the experi-
mental data. Of the three conditions, the method (a) and (b) afford the perturbation
effect of the substituent group.

Introduction

With regard to H-1 and C-13 nuclear magnetic resonance chemical shifts of substituted
methyl derivatives, only the correlation of the shifts with the electronegativities of the sub-
stituents has so far been examined.>-® However, due to recent progress in quantum chemical
treatments of the o-framework, it is now possible to examine the electronic states of sub-
stituted aliphatic hydrocarbons. A few years ago, Pople, ¢t al.”~® presented an approximate
method for obtaining self-consistent molecular orbitals of all valence electrons of large mole-
cules. Moreover, in the molecular orbital theory of diamagnetism, they®s11 established a con-
nection between nuclear magnetic resonance chemical shifts and diamagnetic susceptibilities.
From the molecular orbital theory for the C-13 chemical shift, it seems that the local para-
magnetic term should be a dominant factor in several terms contributing to the chemical shifts.
They applied their idea to saturated and unsaturated hydrocarbon molecules!2—14 with suc-
cess, but they did not examine the effect of the substituent group on the electronic structure
of the molecule, until they developed ab initio molecular orbital calculations with limited
success.’® Recently, Yonezawa, ef al.l® applied the “Coupled Hartree-Fock perturbation
theory,}”” without the AE approximation, in calculating C-13 and N-14 chemical shifts,
and found that calculated values agreed well with experimental values. They examined the
contribution of each excited state to the C-13 chemical shift in detail and concluded that the
chemical shift is not governed by any particular excited state. In this paper, the C-13
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chemical shift of substituted methane derivatives is calculated by the CNDO/2 method with
special consideration of the following items,

1) whether the perturbation effect of the substituent group is appreciable in this calcu-
lation of the C-13 chemical shift,

2) how the excitation energy should be estimated.

Method of Calculation

1) CNDO/2 Method——In the CNDO/2 approximation, using the valence s and p functions, the LCAC
SCF Hartree-Fock matrix elements are given by the following equations:

Fup= Upp + (Paa—1/2Puy)yan +B§M(P BBY AB 0 AB)
Fpuy = B4sSuv — 1/2Puyyas (usv)

oce. A
PIJ-V =2 2:‘_, C'i,t.cc'iv Pas= %Pl“"”

All symbols are defined as in the literatures.®'® The calculations were carried out for the ground state
of the staggered conformation of MeR (R=NH,, OH, Me, CHO) and for the ground state of MeR (R=CN,
F, NO,). The inter-atomic distances and bond angles of Me-Me, MeOH and MeNH, were taken from the
literature!® and for MeNO,, MeCHO, MeCN and MeF, parameters were also adopted from the literature.!®)
The calculations were carried out on a FACOM-230-60 Type Electronic Computer at Kyoto University
Computer Center, using the QCPE 91 of Quantum Chemistry Program Exchange with minor modification.

2) Calculation of Chemical Shift The screening constant of the nucleus of an atom A may be written
as follows:19

A = 0'3A + G%A + Z gAB + gAsring
B(¥A)

Where 044 is the contribution to the diamagnetic circulation on an atom A. ¢pA4 is the contribution due
to the paramagnetic current on this atom induced from. the mixing of the ground and excited electronic
states in the magnetic field. >¢4B is the contribution from the other atoms. The last term, ghingjs the
contribution from the ring current delocalized in the frame work of the aromatic nucleus. ‘For the carbon
atom, it is suggested that the perturbation of the local paramagnetic term is the dominant factor for varia-
tion in the chemical shift.!®» The paramagnetic component opA4 is divided into three component as follows.

opt = {(0p)xx+ (03" vy +(05%)22} [3

The ZZ-component is given by equation (1).

(648)zz = — [2h2[2m*c*(AE)](r~2)2p{(Qaa)zz+ %(QAB)ZZ} (1)
(Qana)zz = 2 — 2(Paxax—1)(Pavay—1) + 2Pixay
(QaB)zz = — 2PaxsxPavpy + 2PaxsyPaysx

Where ) is the sum of the contribution from all the atoms other than atom A, (r~3)sp is the mean inverse
B#A

cubic radius of the carbon 2p orbitals and AE is the average excitation energy. Pausv is the element of
the charge density and bond order matrix in the molecular orbital treatment of the unperturbed molecule.
The suffix AX, BX, AY, BY, AZ and BZ correspond to the various 2p atomic orbitals of the atoms A and B.

The next equation is obtained using the net charge —qae on atom A and the Slater atomic orbitals.
(r%),p=34.33 a0~ (1—0.323qa)/24 a, being the Bohr radius. If B is a neighboring atom and the Y-axis
is chosen along the bond in the Qas term, the cross term PaxsyPaysx is usually small and the mean value of
Qas can be represented as

QB = — 2[3[Piysy(Pjxex +Pizsz) + PixexPLzszl

Paysy is the bond-order between two 2p atomic orbitals of the o-bond and Paxsx & Pazpz are the m-bond orders,.
respectively. First, equation (1) was calculated using 4E=10 eV for all compounds. Next, the ionization
potentials were used. Aliphatic compounds with lone pairs generally have two ultraviolet (UV) -absorp-
tion bands. The wavelengths affording to the absorption maxima migrate to the same direction as the

18) G.W. Wheland, “Resonance in Organic Chemistry,” John Wiley and Sonms, Inc., 1955.
19) J.A. Pople, Disc. Faraday Soc., 34, 7 (1962).
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ionization potentials of the compounds.2? Accordingly, the ionization potentials seem to show the excita-
tion energy values which are affected by the substituent. Finally, as a theoretically higher approximation,
the energy value of each excited state was used in the following equation (2).

(04822 = — 232}52/'}%202(1’—3)21)2 nZ ‘(8j—€i)—1(CiAXCjAY'—Cz'AYCjAX)
J
X g(CiBXCjBY'—CiBYCjBX) ()
Result and Discussion

The results obtained from the CNDO/2 calculation are summarized in Table I.

TasLe I.  Bond Orders and Charge Densities of the CH R Series

R ' Pcury Pcucy R Pcury Pcycu
NH, X= 0.1522 X =0.9744 CN X= 0.2141 X =0.9943
Y =—0.7474 Y =0.9495 Y =—0.5967 Y =1.0299
Z= 0.1710 Z =0.9698 . Z= 02141 Z =0.9943
OH X= 0.1562 X =0.9745 F X= 0.1421 X =0.9861
Y =-—0.7737 Y =0.8816 Y =-—0.7722 Y =0.7986
Z= 0.1534 Z =0.9790 Z= 0.1421 Z =0.9861
CH, X= 0.1698 X =0.9750 CHO X = 0.2402 X =0.9912
Y=-0.7198 Y =1.0360 Y =—0.6501 Y =1.0565
Z= 10.1698 Z =0.9750 Z= 0.1580 Z =0.9987
H X NO, X = 0.1908 X =1.0325
Y} 0.9971 Y =—0.6969 Y =0.9047
Z Z= 0.1907 Z =1.0327

X,Y,Z indicate 2px, 2py, 2pz orbitals.

Next, a.p (A4E=10eV) was calculated using equation (1) (cf. Table II).

TasLE II. Correlation between Observed and Calculated
13C Chemical Shifts of CH,R

R (r=3),p Qcc+Qcr —op(caled.) dc(caled.) dc(obsd.)
(a.u.) (ppm) (ppm) (ppm)
F 1.536 2.1289 236.7 —29.1 —77.5
OH 1.506 2.1398 233.2 —25.7 —49.8%
NH, 1.480 2.1413 229.4 —21.8 —14.8%
CH, 1.436 2.1445 222.9 —15.3 — 8.0
H 1.434 2.0000 207.6 0.0 0.0
CN 1.422 2.1400 220.3 —12.7 — 6.8
CHO 1.409 2.1478 219.0 —11.5 —31.7
NO, 1.444 2.1290 222.5 —14.9 —26.8

a) C.H. Holm, J. Chem. Phys., 26, 707 (1957)
others: H. Spiesecke and W.G. Schneider, J. Chem. Phys., 85, 722 (1961)

In calculation of the Qe and Qer, 2Piyev and 2Pgypv+Poyry Were neglected, because
the former was almost zero and the latter was only <0.0001. The paramagentic contribu-
tion to the carbon atom expressed in equation (1) contains both an intra-atomic term Qoo,
depending primary on the carbon atom and an inter-atomic term Qgp, depending on the bond
order between the atoms in the substituent groups. The latter is more sensitive to the chemi-
cal environment than the former. At this low approximation with the mean electronic excita-

20) C.N. Rao, “Ultra-Violet and Visible Spectroscopy, Chemical Applications,” Butterworth & Co., Ltd.,
London, 1961, p. 22.
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tion energy, equation (1) can be expressed in terms of the atomic charge density and the bond
order. Table II shows that the calculated and observed shifts are in qualitative agreement
and a correlation between these shifts and the electronegativities of the substituents was
observed.®

In the above treatment, the eigenvalues were not regarded as variables and as a result
the effect of the substituent on the excitation energy was neglected. Expecting a better
agreement with the observed data, the ionization potential for each compound was used in
equation (1), instead of the mean electronic excitation energy (¢f. Table III).

TasrLe I1I. Correlation between Observed and Calculated
13C Chemical Shifts of CH ;R

R AE (r=%)gp Qcc+Qer  —ap(caled.) dc(caled.) dc(obsd.)

(a.u.) (a.u.) (ppm) (ppm) (ppm)
F 0.474% 1.536 2.1289 183.3 —20.0 —77.5
OH 0.3979 1.506 2.1398 215.8 —52.8 —49.8
NH, 0.3389 1.480 2.1413 248.9 —85.9 —14.8
CH, 0.426% 1.436 2.1445 191.6 —28.6 — 8.0
H 0.467% 1.434 2.0000 163.0 0.0 0.0
CN 0.4489 1.422 2.1400 180.0 —17.0 — 6.8
CHO 0.375® 1.409 2.1478 214.1 —51.1 —31.7
NO, 0.4121 1.444 2.1290 197.8 —34.8 —26.8

a) D.C. Frost and C.A. McDowell, Proc. Roy. Soc. (London), A241, 194 (1957)

b) M.]J.S. Dewar and S.D. Worley, J. Chem. Phys., 50, 654 (1969),

¢) M.I.Joboury and D.W. Turne, J. Chem. Soc., 1964, 4434

d) A.D. Baker, C. Baker, C.R. Brundle, and D.W. Turne, Inf. J. Mass. Spectrom. ITon Phys., 1, 285 (1968)
e) Watanabe, T. Nakayama, and J. Mottl, J. Quant, Spectry. Radiat. Trvansfer, 2, 369 (1963)

f) M.J.S. Dewar, M. Shanshal, and S.D. Worley, J. Amer. Chem. Soc., 91, 3590 (1969)

The result gives improvement in the calculated values except for CH F and CH NH,,
but rather overestimates the effect of the substituent. This is probably because only one
Rydberg state was considered. It is necessary to obtain the contribution to the chemical
shift of each transition state.

Finally, the paramagnetic shifts were calculated by equation (2) using each excitation

~energy (cf. Table IV).

TasLe IV. Correlation between Observed and Calculated
13C Chemical Shifts of CH;R

R —ap(caled.) dc(caled.) dc(obsd.)
(ppm) (ppm) (ppm)
F 73.5 +2.8 —177.5
OH 73.9 +2.4 —49.8
NH, 71.9 +4.4 —14.8
CH, 73.9 +2.4 — 8.0
H 76.3 0.0 0.0
CN 71.2 +5.1 — 6.8
CHO 73.3 +3.0 —31.7
NO, 80.4 —4.1 —26.8

This calculation gave the worst results and values did not show an obvious difference
corresponding to the effect of the substituent and were also of opposite signs. At this higher
approximation, the results obtained are not neccessarily good. But it is evident that the
excitation energy has a dominant effect on the chemical shift. Moreover the effect of the
substituent on the excitation energy in the MeR series should not be averaged to 10 eV, which
was chosen by Pople.” This work on substituted compounds provides no theoretical proofs
for this value of 10 eV. As shown in the foregoing discussion, the ionization potential does
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not seem to be a most suitable approximation of the excitation energy either. A satisfactory
value for chemical shift was not obtained, probably due to the inaccuracy of the calculation
of excitation energy inherent to the CNDO/2 method, but theoretically the third method
seems the most reasonable. So, equation (2) was used to evaluate of which excited states

the contribution to the chemical shift is largest and to see whether the mean excitation energy
is nearly 10 eV.11

TaBLe V. Contribution to 13C Chemical Shifts of
CH,CH; at Each Excited State

i—j (op)xx (op)vy (0)pzz
(ppm) (ppm) (ppm)

3— 8 — 8.8

4— 8 — 7.5

3—» 9 — 7.5

4— 9 — 8.8

5—12 —35.3

6—12 —14.0

7—12 — 5.0

5—13 —35.3

6—13 — 5.0

7—13 —14.0

3—14 —29.2

414 —29.2

As shown in Table V, rather high excited states, including the transition to the highest
vacant orbital, give large contribution to the chemical shift and in several states the con-
tribution is of the same order as the largest one. These results exclude the possibility that
in general a particular transition, especially the transition to the lowest excited state, governs
the magnitude of the chemical shift. For discussion of chemical shifts of the MeR series, the
excited states which give the largest contributions to (¢,)xx, (9,)yy and (¢,);; and their excita-
tion energies were collected.

Tasre VI. Largest Contribution to ¥C Chemical Shifts of
CH;R at Certain Excited States ’

X Y VA

R Vi T e ————

.. AE .. AE .. AE

17] (a.u.) 1= (a.u.) =] (au.)
F 4—11 1.219 3—10 1.173 3—11 1.219
OH 3—12 1.219 3—10 1.17 4—12 1.194
NH, 4-513 1.21 4—> 9 1.117 313 1.266
CH, 5—12 1.036 7->13 0.97 5->13 1.036
H 2— 8 1.054 2— 6 1.054 2— 6 1.054
CN 4-—>12 1.183 4—13 1.197 3—12 1.183
CHO 6—15 1.163 5—>13 1.152 515 1.239
NO, 415 1.256 9—17 0.98 417 1.27

As shown in Table VI, their excitation energies are much greater than 0.37 a.u. (10 eV).
The excitation energy of all substituted compounds are about 209, larger than those of meth-
ane and ethane (about 1 a.u.), but there are no clear difference in the effect of different sub-
stituents. These results may explain the small and nearly constant values of the eight chemi-
cal shifts shown in Table IV.

NII-Electronic Library Service



No, 12 | | 2527

Conclusion

Values of C-13 chemical shifts were calculated under three conditions.

(a) AE=10eV. It seems that this method is not suitable for substituted compounds,
but the obtained values showed the perturbation effect of the substituent group.

(b) AE=ionization potential. As the energy values are treated as variables, the effect
of the substituent on the excitation energy may be estimated. The result gave improvement
in the calculated values, but rather overestimated the perturbation effect of the substituent.

(c) &—e;. Each excitation energy was considered. Theoretically this is the most
precise method, but the calculated values showed no obvious difference corresponding to the
effect of the substituent and had opposite signs to the observed values. It is well known that
the CNDO/2 method is not good for calculation of excitation energy. So Lipscomb’s
method,’» which may be higher than Pople’s method with respect to the energy calculation
in the approximate theory of the chemical shift, was not used in method (c) in the present
work. In our laboratory the more precise treatment of C-13 chemical shifts, using Lipscomb’s
method and the M-CNDO/2 method modified for use in calculation of the excitation energy,?
is now in progress.

21) A. Tajiri, N. Ohmichi, and T. Nakajima, Bull. Chem. Soc. Japan, 44, 2347 (1971).
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