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Ab Initio Calculations of Spin —Spin Coupling Constants in Anhydrodeoxythymidines
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For relatively large organic molecules (containing 16 non-hydrogen atoms each), anhydrodeoxythymidines,
three- £Jun) and two-bond YJnp) H—H and one-bondH—3C (1Jcn) spin—spin coupling constants{
couplings) were determined both experimentally and theoretically using NMR spectroscopy and density
functional theory (DFT). A very good agreement between DFT-predicted and measured values was obtained
for 3Juy (rmsd= 0.4 Hz).2J4y andJcy were underestimated relative to the experiment. Fod-athuplings
investigated, noncontact contributions were negligible or canceled each other out. In general, the level of
agreement between DFT and experiment is very promising.

Introduction
High-level ab initio predictions of NMR parameters, i.e., of g CH;,
the nuclear magnetic shielding tensor (chemical shielding) and N 4\C/
5

the indirect nuclear spinaspin coupling constanti{coupling), I I
are becoming increasingly popufaiPost-Hartree Fock ap- > .
proache%were used to eyaluate chemical shielding in several / N \He
sizable systems (for review, see part VIIl. D of ref 1). Very HO o

recently, we have calculatédl and*3C chemical shieldings in

ree relatively large anhydrodeoxythymidine derivatives:-2,3 C..
anhydrodeoxythymidiné (2,3-anhydro-1-(2deoxy3-p-xylo- Hs"/ |i o Hy
furanosyl)-thymine, Figure 1), Zf&nhydrodeoxythymidin@ clL-|— C..
(2,5-anhydro-1-(2deoxy#-p-ribofuranosyl)-thymine, Figure 4|\C /|1
2), and 35-anhydrodeoxythymidine8 (3',5-anhydro-1-(2 P |3‘ |2' H,
deoxyf-p-xylofuranosyl)-thymine, Figure 3) with the inclusion Hg H,

of electron correlatiod.As an extension of our previous study,

the correlated calculations dfcouplings in these compounds  Figure 1. 2,3-Anhydro-1-(2-deoxy#-p-xylofuranosyl)thymine.
are described in this communication. To the best of our

knowledge, this is the first report where the above-mentioned 0]

methodology has been applied to molecular systems containing || CH

more than 15 non-hydrogen atoms. N/C4\ / 3
As repeatedly discussed and exemplified in the literature, I Cs

J-couplings obtained at the HartreEock level are in general

unreliable due to the triplet instability problehilighly accurate O/C’Z\N/CexH6

treatment of spifrspin coupling using methodologies based on,

e.g., MCSCP, CC87 or MPrf wave functions is extremely H5\|

demanding and hence not feasible except for the smallest Cq

molecules. A much more efficient approach is to use the finite Hs,./l Hy
(Fermi-contact)-field double perturbation theband combine c (O\‘\C
it with some correlated wave function. The most important 4|' /|1'
applications presented so far include the study dfcaupling H, Ci3_cl;2 Hy
occurring across the hydrogen bond in the model of nucleic Hy Hy-

acid base pairs (B3LYP wave function was appli€dand
numerous calculations on (models of) flexible carbohydrates Figure 2. 2,5-Anhydro-1-(2-deoxy-b-ribofuranosyl)thymine.
by Carmichael et al. (several wave functions were testethis
group, by using scaling of computed valtfeand specially  the structural/conformational interpretationJeoupling values
designed basis setéderived information which is useful in  in carbohydrate-containing systems.
" . However, the above-mentioned applications potentially suffer
Thcjl(;g:t‘srl)(oggllir\}grzil:thor' from the neglect of all noncontact contributionsX@oupling
1 |nstitut3é of Chemig& Technology. (vide infra); only the Fermi contact component of investigated
8 Charles University. coupling constants could be obtained. In an alternative approach,
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e TABLE 1: Contributions to Three-Bond H—'H Coupling
” Constants in 2,3-Anhydrodeoxythymidine (1),
C CHg 2,5-Anhydrodeoxythymidine (2), and

HN N4 3',5-Anhydrodeoxythymidine (3) Together with Total DFT

| Cs and Experimental Values [Hzp-°
” bond compound FC PSO DSO DFT experimental
Hy—Hy 030 0.37 —043 0.2 0.5

1
HS'\C 2 191 116 —-122 19 1.9
~— 12 3 212 114 -120 21 2.0
Hg. o Hy—Ha: 1 389 —020 014 38 3.9
H 2 753 —127 124 75 8.1
o 2 3 8.06 —1.42 140 8.0 8.3
c. c Hx—Hz 1 1.39 0.39 —-046 13 15
N /|1' 2 569 —-120 116 57 6.9
| Cpy s 7, 3 0.11 093 -0.99 01 0.3
He | | He Hz—Hs 1 243 —0.04 —001 24 2.7
Hy Hy: 2 0.62 124 -131 0.6 1.2
_ _ 3 472 —-0.67 0.63 47 55
Figure 3. 3',5'-Anhydro-1-(2-deoxy#-p-xylofuranosyl)thymine. Hy—Hg 1 197 —-0.73 071 20 25
2 010 0.75 —0.50 0.4 0.3
the newly proposed DFT-based methodofdgpiso considers 3 296 —-0.06 0.04 29 4.2

the orbital contributions to spirspin coupling. Recentl.y’ this aLinear relationship between experimentally obtained vs calculated
theory 'has been shown tolb.e capable of reproducmg subtleajHH couplings: 3Juy (calcd)= 092133 (exptl) — 0.149 ¢2 = 0.979),
properties of stereoelectronic interactions in diheterocyclohex- rmsd= 0.382.> Calculated data has been obtained at the PP/IGLO
anes'® It has also been successfully applied in studies of flexible 111//RHF/6-31G** level of theory.

hydrocarbon® and the monosaccharid&sMost recently, this TABLE 2: Contributions to Two-Bond H—H Couplin

method h?S be_en employe(_j to explaln some tfgmko_gen Constants in 2,3-Anhydrodeoxythymidine (1), Ping

nuclear spir-spin couplings in proteins and nucleic acid base 3 5_anhydrodeoxythymidine (2), and

pairs!®In the present paper, we investigate selected-sgin 3 ,5-Anhydrodeoxythymidine (3) Together with Total DFT

scalar interactions in anhydrodeoxythymidines, both on the and Experimental Values [HzF®

theoretical and experimental level using DFT methodology. On pond  compound FC  PSO DSO DFT  experimental
the basis of the comparison of calculated and experimentally -~

. . . . . Hy—Hy: 1 —10.17 2.04 —1.86 —10.0 —13.5

measured values, the following three topics will be primarily > 1324 169 —152 —13.1 —15.8
addressed: (1) the overall agreement of theory and experiment; 3 ~13.44 181 —1.63 —13.3 ~16.5
(2) the problems specific t&lyn, 2Jqn, andJcy predictions; Hs—Hs- 1 —11.21 1.45 —1.42 —-11.2 -11.9
(3) relative importance of the respective contributions to the 2 —10.93 1.69 —-1.67 —-109  -13.1
3 —6.48 2.11 —2.08 —-6.5 —8.6

J-couplings studied.
Because of the strong geometrical dependence of coupling 2 Linear relationship between experimentally obtained vs calculated

magnituded? the population averaging over the calculated 2w couplings: 2y (calcd) = 0.819 * 23y (exptl) — 0.001 ¢2 =

valueg® can be indispensable for a fair comparison of ab initio 0.906), rmsd= 0.952.° Calculated data has been obtained at the PP/

data and measurelcouplings. As mentioned previoushgand IGLO—II//RHF/6-31G* level of theory.

will be detailed else_w_her@,the presence of oxygen b_ridges i TABLE 3: One-Bond *C—1H Coupling Constants in

anhydrodeoxythymidines makes them (partially) rigid. Hence, 2,3‘-Anhydrodeoxythymidine (1),

the conformational effects on the reportdetouplings are g”Sé:gnnhh)%%ddee%)%thh{/ﬂ%?n% ((23)) g%ctiained ot the PP/

believed to be negligible. Consequently, the presented data®.>"

allows us to verify the level of accuracy, which can be obtained glégrﬁgg/tF;Tﬁé?BlG** Level of Theory and from the

with the most progressive ab initio methodology available at

present. As with chemical shielding calculations, the limits of compoundl compound? compound3
J-coupling prediction for large, biologically important fragments calcd exptl caled exptl calced  exptl
are of interest not only to theoreticians, but to NMR spectros- ¢,—H,  160.0 181  151.1 173 1571 174
copists as well. Cr—Hy 1295 139 1272 135 128.0 136
Cy—Hyz 135.6 143 125.5 135 120.8 132
Experimental Section Cs—Hs 154.5 172 144.4 154 147.7 166

Cs—Hs 1339 154 137.6 153 143.5 154
Samples of 2,3anhydrodeoxythymidiné, 2,5-anhydrode- Al ) . . .

L \ - Linear relationship between experimentally obtained vs calculated
oxythymidine 2, and 3,5-anhydrodeoxythymidine3 were 1en couplings: o (C‘;ch): 0.734%% (exptl)i 27.2 (2= 0.948),
dissolved in deuterium oxide (99.8% d, Merck) in concentrations sq= 2.96.
of 0.16, 0.11, and 0.10 mol dr respectively. Oxygen was
:;rg}g\sl)e d‘rtt?é tgaenf]ﬁggq\?v Lérpepﬁg'rﬁ\g_ggffcgz:jez(mlde;S'lfotvr\'/Eee couplings were determined from standdHiINMR spectra by
pressure argon atmosphere) in 5 mm NMR tubes. NMR spectraan interactive fitting procedure using PERCH softw&@nly

were measured on Bruker AM 400, AMX 400, and Avance 500 selected vicinaPJy (Table 1) and geminatlyy (Table 2)
MHz spectrometers at 303 K. coupling constants are presented. The values of reparted

The IH and 3C signals were assigned using standard two- constants are determined to an accuracy of 0.1 Hz. One-bond,
dimensionalH—1H 22 and'H—13C 23 correlation spectroscopy. ‘H—*°C coupling constants{cH) were measured for several
The measuredH and 1C chemical shifts were reported proton—carbon pairs from proton-coupledC NMR spectra
previously? The CH protons were identified using the proton (5000 scans, 64 000 data points) to an accuracy of 1.0 Hz (Table
one-dimensional differential NOE experiméatH—1H J- 3).
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Theory and Computations

The indirect nuclear spiaspin coupling interaction is a tiny

Czernek et al.

Results and Discussion

3Jun Couplings. Because of their sensitivity to variations of

effect. Its reliable description poses severe problems regardinginternal and dihedral angléthe vicinal'H—*H J-couplings

the quality and flexibility of a wave function used. As a result,
the J-coupling calculation presents one of the most demanding

have a widespread application in stereochemi8tience, it
is of prime importance to validate the ability of DFT methodol-

tasks of applied quantum chemistry. Nevertheless, the theory©gy to predict®Juy couplings.lTabIe 1 summarizes selected
needed for thé-coupling calculation has been known since the €xperimental and computédi—H J-couplings from the sugar

beginning of the 1950s. In the original quantum mechanical

parts of anhydrodeoxythymidines—3. The remaining®Juu

treatment of “electron coupled interactions between nuclear spinscould not be unambiguously extracted by the interactive fitting

in molecules” given by Ramse¥,two types of contributions

to the nuclear spiaspin coupling tensor were presented {see
for their detailed discussion): first, the terms originating from
the orbital motion of the electrons, i.e., the paramagnetic-spin
orbit (PSO) and the diamagnetic spiarbit (DSO) contribu-
tions; second, the terms arising from the spin of the electrons,
the Fermi-contact (FC), the spin-dipole (SD), and mixed+C

SD contributions. The DFT-based methodology of Malkin et

al.** which has been used in this work, treats the individual
terms as followg? The FC and FESD terms are evaluated by
the finite perturbation theor§® The PSO is calculated using

the sum-over-states density functional perturbation theory (SOS-

DFPT)272° while the DSO is easily obtained by numerical
integration®® The remaining term, the SD contribution, is
neglected (see ref 31 for justification). The cross term of the

FC and SD mechanisms does not contribute to the trace of the

coupling tensor but affects only the anisotropyJe¢oupling

(see ref 32 for important examples). Consequently, the computed

FC—SD values will not be discussed.

Systematic investigation of basis sets requirements and

performance of various DFT functionals would be very expen-
sive for anhydrodeoxythymidines. Thus, the previously tested
and successful methodolody,'® which we will now shortly
describe, was employed to study spspin coupling networks

in moleculesl—3. Calculations were performed with the deMon-
NMR code!43031The Perdew and Wa#gsemilocal exchange
functional and the correlation functional of Perdéwere used.
The PSO contributions were obtained with the Loc. 1 ap-
proximation of SOS-DFPZ2° and using a grid of 32 radial
points. In the FC calculations, a grid with 64 radial points was

applied. In each case, the center of the perturbation of 0.001

was at the position of the selected hydrogen atom. As discusse
in detail in refs 27 and 35, due to numerical errors in the FC

calculations, the choice of the perturbing center can make a

small difference in the computeHcoupling. The asymmetries
of a few hundredths of hertz have actually been observed in
this work. Because of this, the total DFT-predicted values in
Tables -4 are rounded off to 0.1 Hz. The IGLO-Ill basis set
of Kutzelnigg et aP® was employed. IGLO-Ill is a relatively
large basis set, roughly of “quadrugl&gquality (the contraction
pattern (6)/[3,3*1] with two sets of polarization functions for
hydrogen and (11;7)/[5,6*1;2,5*1] with two d sets for first-
row atoms). Its use resulted in the application of 712 basis
functions for each structure.

Full ab initio optimizations of geometry were carried out on
the RHF/6-31G** level with GAUSSIAN94? As the combina-
tion of functionals employed in th&couplings calculations (see

procedure. Consequently, their calculated counterparts are not
reported. Below Table 1, the results of the linear correlation of
experimental vs theoreticdlyy values are shown. The value

of rmsd (less than 0.4 Hz) shows that the overall agreement of
measured and calculated coupling constants is very good.
Generally, the latter are underestimated relative to the experi-
ment. This tendency, which is visible already from the illustra-
tive examples of the DFT appro&étand which was discussed

in ref 17 is more pronounced in the case of smalll(Hz)
couplings.

Table 1 also shows the individual contributions to the
calculated 3J4y. Interestingly, because of (partial) mutual
cancellation of orbital terms, the FC component lies within 0.1
Hz of the total DFT value with just one exceptiofd (Hy—

Hyz) in 2 with the difference of 0.3 Hz). However, the magnitude
of PSO and DSO exceeds that of FC in many cases. It is clearly
seen in the case 8fz-_pa found in 2,3-anhydrodeoxythymi-
dine 2 and 3J42_pz in 3',5-anhydrodeoxythymidines. The
difference in the sugar moiety of compourlgribofuranosyl
derivative) andl and3 (xylofuranosyl) derivatives is reflected

in the sign of PSO and DSO (see Table 1). These orbital terms
for J-couplings of all protons with kl have opposite signs.

2Jun Couplings. In comparison with3Jyy couplings, the
geminalPJyy coupling constants are structurally less imporfént.
We would like to point out the problems connected with their
prediction when the PP/IGLO-III//RHF/6-31G** approach is
adopted. Only two types of vicinal interactions are present in
the anhydrodeoxythymidines investigated. The calculated and
experimental data are reported in Table 2.

In contrary to the smaller systems studied by Malkin et’&’,
all calculated values are systematically underestimated by ca.

0%. The relative order of geminal couplings is correct with
he exception 0fJys—ns' in 2,3-anhydrodeoxythymidinég and
2J4s—ns in 2,5-anhydrodeoxythymiding. The atypically low
2Jun coupling between K and Hy protons in the vicinity of
the four-membered ring in'3%-anhydrodeoxythymidine3
observed experimentally has been successfully reproduced. This
J-coupling is also interesting from the point of view of the
respective contributions &y values (Table 2). In that case,
PSO and DSO values are the largest, both in absolute and
relative terms. It is noted, however, that discrepancies between
FC term and the total DFJuy couplings are 0.2 Hz at the
most. This is due to the compensation of spambit contribu-
tions, similarly as in the case of ti8yy coupling constants.
As for the sign of noncontact terms, PSO is positive and DSO
negative in each case.

cn Couplings. Important structural information can also
be gained from the one-bor’dC—'H coupling interactiori!

above) is often denoted as PP, the level of theory used in this Selecteddcy coupling constants of the studied compounds are

work can be referred to as PP/IGLO-III//RHF/6-31G**,

The geometry of 35-anhydrodeoxythymidin® was also
fully optimized on the MP2/6-31G** and B3LYP/6-31G**
levels using GAUSSIAN94 (see the discussiontdfy cou-
plings). RHF, MP2, and B3LYP optimizations started with the
same structure preoptimized with Discover.

shown in Table 3.

All theoretical values are significantly (up to 21.9 Hz) smaller
than the measured data. As noncontact contributionSJde
couplings were found to be negligible (less than 1% of the total
value; data not given), the error is thus caused by an under-
estimation of the FC term. This is due to the fact that many
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TABLE 4: Calculated2< C—H Bond Lengths (in A, Upper
Values) and Corresponding One-Bond Coupling Constants
(in Hertz, Lower Values) in 3',5-Anhydrodeoxythymidine (3)
with Experimental 1Jcy Also Given

discussed. It can be concluded that forzdouplings investi-
gated, orbital contributions are negligible or canceling each other
out. This finding is of utmost interest, as it justifies the
comparison of the experimental data in solution solely with the

caled caled caled exptl computed FC term, which is the approach adopted in a number
Cr—Hy 1.075 1.086 1.089 174 of studiest!
157.1 159.6 160.9
Cz—Hz 1.082 1.089 1.094 56 Acknowledgment. This work was supported by the Grant
CoH 12?'884 12?'0391 12?'394 Agency of the Czech Republic, Grant 203/96/1513 and by the
2 120.8 1217 1927 132 Grant Agency of the Ministry of Education of the Czech
Cs—Hs 1.083 1.091 1.095 Republic, Grants 96095 and 97115. We are indebted to Dr.

154 Rosenberg, Institute of Organic Chemistry and Biochemistry
of the Czech Academy of Science, Prague, Czech Republic for
samples of anhydrodeoxythymidines and to Dr. Serianni for
providing the text of ref 11 prior to publication. Time allocation
in the Czech Academic Supercomputer Centre is gratefully
acknowledged.

147.7 151.1 151.3

2 PP/IGLO-III//RHF/6-31G**.> PP/IGLO-III//MP2/6-31G**.c PP/
IGLO-III//B3LYP/6-31G**.

factors may influence the FC value, mainly: (1) the type of
exchange-correlation functional employed; (2) the quality of the
grid; (3) the basis set incompleteness; (4) the neglect of solvation
effects; (5) inaccuracies in the geometry. To (partially) account
for the geometrical effects aktcoupling values, selectédcy (1) Helgaker, T.; Jaszunski, M.; Ruud, Rhem. Re. 1999 99, 293.
couplings in 35-anhydrodeoxythymiding were also calculated _ (2) Szabo, A.; Ostlund, N. S/odern Quantum ChemistrcGraw-
using correlated (B3LYP/6-31G** and MP2/6-31G**) geom- HI"I(?[\)leévzzgfle(kl??zs'klémav_ 3. Phys. Chem. 4999 103 4089,
etries (Table 4).

(4) Helgaker, T.; Jaszunski, M.; Ruud, Klol. Phys.1997, 91, 881.
As expected? these alternative approaches produced more (5) Vahtras, O.; Agren, H.; Jorgensen, P.; Jensen, H. J. Aa; Padkjaer,
relaxed structures, e.g., longer bond lengths. Although the S. B.; Helgaker, TJ. Chem. Phys1992 96, 6120.
structures with elongated bonds provided results closer to the ,, (6) Perera, S. A Sekino, H.; Bartlett, R.JJ.Chem. Physl994 101,
experimental values, the remaining discrepancy is still around

10% with respect to the measurédey couplings. Similar

inadequacies, of an unidentified origin, in DFT-predictdgl .
couplings have been described receftl$17To quantify the (9) Laaksonen, A.; Kowalewski, J. Am. Chem. Sod981, 103 5277.
- f the basi ti let the basi t (10) Dingley, A. J.; Masse, J. E.; Peterson, R. D.; Barfield, M.; Feigon,
error arising from the as!s Se |ncomp e'eness, € DasiIs seJ.; Grzesiek, SJ. Am. Chem. Sod999 121, 6019.
convergence of DFJ-coupling calculations in smaller systems (11) See the following: Cloran, F.; Carmichael, I.; Serianni, AJS.
is under investigatioft! Despite the observed discrepancies, Phys. Chem. A999 103 3783 and references therein.
Table 3 shows that the computed patterdJaf; magnitudes is (12) Church, T. J.; Carmichael, I.; Serianni, A. 5.Am. Chem. Soc.

correct for all anhydrodeoxythymidines 1997 119, 8946.
y ythy : (13) Carmichael, 1J. Phys. Chem1993 97, 1789.

(14) Malkin, V. G.; Malkina, O. L.; Salahub, D. REhem. Phys. Lett.
1994 221, 91.
. " . . . . (15) Cuevas, G.; Juaristi, E.; Vela, A.Phys. Chem. A999 103 932.
A reliable description of spirspin coupling constants in (16) Stahl, M.: Scopfer, U.: Frenking, G.; Hoffmann, R. . Org.
larger molecules is a very delicate problem. This is especially Chem 1997, 62, 3702.
true for the quantitative prediction of-coupling values. v (é73 ""Df@)sv'ghgﬂn-qi '\ggg‘;nib?g'%e&z'kv F.; Turi Nagy, L.; Malkin,
Nonethe;less, considering the results obtalqed, some important (18) Scheurer, C.. Bachweilerd. Am. Chem. S04999 121, 8661.
conclusions can be drawn from the calculations on the systems (1) karplus, M.J. Chem. Phys1959 30, 11.
presented above. (20) Stahl, M.; Schopfer, U.; Frenking, G.; Hoffmann, R. Mbl. Phys
(i) The IGLO-IIl basis set used in the present study is far 1997 92, 569.

; ; o (21) Lang, J.; Czernek, J.; Skland/. Manuscript in preparation.
from being saturated. However, the calculation of a sigipin (22) Richarz. R.: Wuthrich, KJ. Magn. Resoni978 30 147.

coupling_ network using a larger basis set would be extremely (23) Aue, W. P.. Bartholdi, E.; Ernst, R. R. Chem. Phys1976 64,
demanding. For example, JMN-2 (uncontracted IGLO-III with 2229,
two additional sets of polarization functions) has been shown (24) Freeman, R.; Morris, G. Al. Chem. Soc., Chem. Comma878
to significantly improve the agreement between theory and 684 . o , o :
experiment in certain casésBut its use would result in the J_.(\z,gz)sljgtr']keﬂn\enr_"hféém'%n;géﬁ‘l’gggbl% Jl'_’ sundelin, T.; Hassinen,
application of 1121 basis function for each anhydrodeoxythy- ' (26) Ramsey, N. FPhys. Re. 1953 91, 303.
midine. In this context, the results f83,y couplings can be (27) Malkin, V. G.; Malkina, O. L; Eriksson, L. A.; Salahub, D. R. In
considered as very good. The DFT method is robust and well Eggsrggg\'ﬂgnd Acrggggr“dtggg”f‘é%‘f/“g‘lﬁt?egnz'gg'o: J. M., Politzer, P.,
suited to, Tor exgmple, a,b 'mt_lo parametrizations of the Karplus- (28) Beveridge, D. L. IlSemiempirical Methods of Electronic Structure
type relationships for biological systerfss. Calculation Segal, G. A., Ed.; Plenum Press: New York, 1977; p 163.
(i) Contrary to3Jyy, the computedJyy and ey couplings (29) Malkin, V. G.; Malkina, O. L.; Casida, M. E.; Salahub, D. R.
are systematically underestimated. Calculafdgy spin- Améghesrgllaﬁgghggﬁ'\’lEL?:osuEizi%r R.; Mlynarski, P.; Papai, A.; St-Amant
spir_1 COUpI_ing constants are in qualitative agreement with A.;(Us)kio, J. InDéns.ity'I’:unctionai Mé’tho)és in Cﬁer}%istt)%bén(')’wski, J., ’
their experimental counterparts. Hence, these data can also b@ndzelm, J. W., Eds.; Springer: New York, 1991; p 77
useful in gaining insight into the structuré-coupling relation- 10(3;)7ggalkina, O. L.; Salahub, D. R.; Malkin, V. @. Chem. Phys1996
Shlp_. - . ?32) Kaski, J.; Vaara, J.; JokisaariJJAm. Chem. So2996 118 8879.
(i) Both the rela_tlve_lmportance and the respective v_alues (33) Perdew, J. P.; Wang, ¥Phys Re. B 1986 33, 8300.
of noncontact contributions to selectd#d—1H (13C) spin—spin (34) Perdew, J. PPhys. Re. B 1986 33, 8822;1986 34, 7406.
coupling constants in medium-sized organic molecules are (35) Dickson, R. M.; Ziegler, TJ. Phys. Chem1996 100, 5286.
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