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We studied vicinal and long-range coupling constants for 9-anthracene derivatives, e.g., Br, CN, CHO, NO
CH.CI, CH,OH, and OCH. We performed the accurate measurements using modifiédubling in the
frequency domain, even for the smallest couplings immersed within the line width. Density functional theory
allowed us to reproduce and exhaustively analyze the physical contributions to the values of these spectroscopic
parameters. The theory of atoms in molecules defines a delocalization index that correlates linearly with
vicinal and long-range coupling constants when they are grouped in terms of the number of bonds between
the coupled nuclei. An exception to this behavior is obtainedJigrni0 values, which have a negative Fermi
contact and the largest delocalization index for each molecule. This observation can be explained by a
characteristic “gable roof” arrangement formed by the five nuclei involved in the coupling.

Introduction of measuring coupling constants immersed in both the signal
and in complex multiplets have been developedne of the
most sensitive methods is the modifidddoubling in the
frequency domaif.This method uses a set of delta functions
(o, +1,—-1,+1,+1,-1,+1, ...) for in-phase multiplets. These
delta functions are defined in the given reference and must not
e confused with the chemical shift symbol or the delocalization

constants of this type of molecules with the best accurate index defined below. The convolution process, together with

experimental determinations, in order to compare with modern the coupling found for it, generates a simplified multiplet that

theoretical methods and also to provide a physical interpretation preserves the integral and _the position of_th_e _orlglnal one. If
of these parameters. the number of delta functions tends to infinity, the whole

NMR spectroscopy is an indispensable technique for the pperaﬂon behaves as a formal deconvolution of the signal, which

determination of molecular structure. The nuclear shielding IS a Ilnear”procesls. MOd'f'efid?Ub“gg S"O\Ned us_fto”:neasure
constants and scalar spispin coupling constants provide V€Y Small coupling constants~0.3 Hz) even if they are

invaluable information of the electronic structure. The vicinal Mmmersed in c:jmpl.ex multiples and within the line width at
and long-range proterproton coupling constants comprise a the same timé-* This method has the advantage of accurately

powerful tool for the structure elucidation and conformational Measuring the magnitude of coupling constants while decon-
analyses of molecules in solution. The size of the coupling VOIVing the signals at the same time for nonoverlapped first-
constant depends on both the number of bonds that separat@rder multiplets. At this moment, this is the only method
the interacting nuclei and the electronic configuration of the available for the measurement of several small coupling
molecule. Normally, the measurement of experimental coupling constants immersed in complex multiplets and within the line
constants in aromatic systems has been carried out by estimatiovidth.

or by simulation using higher order multiplets, although such  During the last decades, quantum chemistry has focused on
approaches increase the uncertainty in the comparison betweertthe calculation and spectral prediction of these parameters. Most
the experimental and theoretical results. The vertiginous devel- of the theoretical descriptions of spispin coupling constants
opment of new methods to predict theoretical coupling constantsfollow the Ramsey and Purcell interpretaffioand Ramsey
requires the most accurate experimental determinations, in whichformulation® All coupling constants in this work are calculated
several factors interfere, e.g., strongly coupled systems, COU-hy adding four different terms: (1) diamagnetic sporbit
pIings immersed in the signals, and_ overlapped and/or compIeX(DSO) and (2) the paramagnetic spiorbit (PSO), which
multiplets. Problems of overlapping and strongly coupled represent the interactions of the magnetic field of the nuclei
systems can be partially solved by increasing the magnetic field. e giated by the electron orbital motion; (3) the Fermi contact
Nowadays, a large number of experimental techniques capablgc) which is also a response property reflecting the interaction
between the electron spin magnetic moment close to the nucleus

The availability of highly precise experimental procedures
for the accurate determination of long-range coupling constants
and the existence of theoretical methods to predict their values
and contributions have oriented our efforts toward an exhaustive
analysis of these parameters for 9-anthracene derivatives. In thi
contribution, we studied the vicinal and long-range coupling
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X atoms defined by the quantum theory of atoms in molecidles.
8 1 Within the Hartree-Fock or KS approximations, a delocalization
7 2 index between the atoms H and &an be defined 8%
6 3 O(H.H) = 4% ;§(H)SH) 1)
5 10 4 . .

. " w » o In '[.hIS expression, the sums run over all of t.he molecular
Br 847 755 146 705 830 orbitals; andS;(H) and S;j(H') are the overlap integrals of
- s o 7% o B molecul_ar orbitald andj over the basins of atoms H and ,_H
NO, 803 262 753 792 857 respectively.d(H,H') must not be confused with the chemical

on e i o s i shift symbol. Accordinglyo(H,H') provides a measure of the
OCH, 829 746 746 798 820 number of electrons shared between the atoms H dnédit

Figure 1. 9-Substituted anthracene derivatives used for this study (x €xa@mple, the values ai(H,H’) as a function of the HC—
= Br, CN, NO,, CH,Cl, CH,OH, CHO, OCH) and their experimental ~ C—H dihedral angle in ethane display the same behavior as that
chemical shift in CDQ referenced with respect to TMS. found by Karplus for the corresponding coupling constahts.

It has also been report&dthat for a number of organic
momenta. All mechanisms may be important and none can bemolecules, including polybenzenoid hydrocarbons, the Fermi
a priori neglected:12 contact produces a dominant contribution to gy values;

Since Karplu&*~15 described the relationships between three- hence, this property mainly results from the coupling of nuclear
bond coupling constant¥], and the H-C—C—H dihedral angle spins mediated by the electronic spins with this dominant term
in ethane, many papers have been published where structure oof the s-type orbitals at the nuclear positions. In addition,
conformation of complex systems are inferred from this satisfactory empirical correlations betwe&lyy and d(H,H')
property®17In addition,*J for H—C—C—C—H fragments with have been obtained, thus supporting the conclusion that proton
a planar W conformation are the most used long-range coupling proton vicinal coupling constants are a consequence of electron
constants for structural and conformational assignrietit. delocalization and exemplify how the Fermi exchange density
However, Karplus relation is not used to describe vicinal contains information related to nonbonded atGh¥s.
coupling constants for unsaturated compounds witlelec- Anthracene is a polybenzenoid compound that has been used
trons2° In the case of aromatic and double bonded molecules, in several theoretical studies because of its symmetry, aroma-
the coupling can be transmitted through both ¢hieamework ticity, and rigid geometry’—2° We present, in this work, a
andx system, which is assumed to be the main contribution to complete study of experimental and theoretical vicinal and long-
long-range couplings in this type of compourfés! range coupling constants for 9-anthracene derivatives that

Coupling constants between vicinal H atoms have been present weak coupling constants and none or few overlapped
interpreted in terms of electron delocalization defined from the signals. Multiplets with these restrictions can be used to
integration of the Fermi-hole density over the basins of the H determine the most possible accurate experimental results. We

TABLE 1: Experimental and Theoretical Values of Vicinal and Long-Range Coupling Constants of 9-Substituted Anthracenes
and Delocalization Indexe3

Br CN CHCI CHOH CHO NG OCHs

Jcal Jexp 6(H,H') Jcal Jexp 6(H,H’) Jcal Jexp 6(H,H’) -]cal Jexp 6(H,H’) Jcal Jexp 6(H,H’) Jcal Jexp 6(H,H’) Jcal Jexp 6(H,H’)

SJi1-H2 1 8.44 8.88 646 7.99 8.70 630 8.07 8.89 654 8.02 8.89 664 8.04 9.01 576 8.70 8.86 662 7.41 8.26 621
2 9.30 8.84 8.88 8.84 8.89 9.53 8.21
3 6.63 6.22 6.45 6.40 6.24 6.74 5.86

8Jh2-n3 1 5.88 6.49 526 5.92 6.58 528 5.75 6.45 518 5.70 6.43 519 5.65 6.53 509 5.64 6.55 517 5.63 523
2 654 6.57 6.41 6.35 6.30 6.27 6.25
3 4.25 4.27 4.18 4.15 4.13 3.98 4.00

SJhz-na 1 7.65 8.45 643 7.64 8.50 639 7.48 8.46 626 7.48 8.44 631 7.25 8.45 605 7.86 8.52 664 7.41 7.94 638
2 8.45 8.45 8.29 8.29 8.06 8.65 8.21
3 6.06 6.04 5.96 5.97 5.77 6.11 5.86

41—z 1 0.71 1.11 150 0.61 1.10 154 0.58 1.00 156 0.60 1.10 159 0.59 1.05 132 0.53 1.07 137 0.64 163
2 029 0.16 0.16 0.16 0.14 0.10 0.18
3 —0.78 —0.95 —0.90 —0.90 —-1.01 —0.91 —0.94

Jno-na 1 0.74 1.26 177 0.69 1.22 173 0.79 1.32 181 0.79 1.36 183 0.88 1.38 185 0.71 1.22 174 0.64 175
2 0.28 0.23 0.34 0.34 0.41 0.27 0.18
3 —0.82 —0.90 —0.81 —0.80 —0.80 —0.81 —0.94

4Jua-n10 1 —0.36 0.60 913 —0.41 0.61 865 —0.41 0.61 916 —0.41 0.61 936 —0.44 0.60 948 —0.28 0.60 919 —0.41 0.59 844
2 0.09 0.04 0.03 0.02 —0.01 0.21 0.03
3 074 0.66 0.66 0.65 0.53 0.96 0.59

5J1-Ha 1 0.87 0.76 340 082 0.82 353 0.85 081 353 0.830.79 365 0.83 081 287 070082 31.7 0.85 35.6
2 0.68 0.61 0.66 0.64 0.63 0.47 0.64
3 034 0.26 0.36 0.35 0.37 0.06 0.32

511101 0.85 095 539 0.82 098 563 088 11 579 085094 59.0 0.84 094 519 0.67 098 524 0.80 0.98 56.3
2 077 0.73 0.80 0.77 0.75 0.55 0.71
3 035 0.33 0.43 0.43 0.50 0.04 0.37

5hs-Hi01 044 038 151 041 038 144 043 039 148 043 038 151 043 036 143 0.35 0.38 16.2 0.41 0.36 14.4
2 0.40 0.37 0.40 0.39 0.40 0.29 0.38
3 0.20 0.19 0.24 0.24 0.32 0.06 0.19

a Experimental valueslfyy) are the averages between the measurements obtained by mddifiethling in the multiplets involved. Theoretical
values {.a) were obtained at three levels of theory: (1) B3LYP/6-83G(2d,p), (2) B3LYP/6-31G**, and (3) B3LYP/STO-3G. Delocalization
indicesd(H,H') x 10° were calculated only using B3LYP/6-31G(2d,p), which shows the better results.
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Figure 2. Correlation between experimental and theoretical coupling constants for all compounds shown in Figure 1 and for B3L¥8/6-311
(2d,p), B3LYP/6-31G**, and B3LYP/STO-3G levels of theory. (Inset) An expansion of the region at small coupling constahis/Alhere

plotted with their absolute experimental values vs their theoretical ones. This plot shows that the coupling constant can be grouped accordingly by
type and does not depend on the substituent, excepdifor..

discarded several derived compounds that do not comply with coupling constants and determine 39 signs, which are reported
these restrictions. The experimental analysis comprises thein Table 1.3z u3 “Ju1nz *JnzHa andSJyg pg of 9-methox-
determination of the magnitude and most of the coupling iantracene were not determined because of the lack of first-
constant signs. On the other hand, the theoretical study includesorder signals. Coupling constant signs were obtained by the
the calculation of the four contributions at several levels of double resonance methé8lSigns of “Ju1 nz and *Juzna are
theory and their relation with the experimental values. In positive for all systems, as described byrEherg® however,
addition, we tested the ability of the delocalization index to we were unable to determine those ‘OfisH10 because no
explain the trends of the Fermi contact term in the case of four- significant modification is observed on the H10 multiplet (an
and five-bond distance H;Hcouplings. In this manner, a  apparent singlet) when the appropriate region of the H4 signal
consistent picture of experimental coupling constants of small is irradiated. Theoretical calculations give uncertain signs for
magnitude, their theoretically obtained contributions, and the all 4344110 values; they depend on the level of theory used.
relationship with the electronic structure of the interacting atoms  The coupling constants were predicted within the density
is achieved, providing a physical meaning for long-range functional theory (DFT) approach with the gauge-including
coupling constants in 9-substituted anthracenes. It is known thatatomic orbital (GIAO) method including the four contributing
vicinal coupling constants do not vary significantly with the terms and the B3LYP density exchange-correlation potential
solvent}® and Katritzky'! has reported that theoretical calcula-  with Gaussian 034 The B3LYP density functional provides

tions underestimate vicinal and long-range coupling constants; accurate coupling constant values in many systén@ur
considering these facts, we did not consider the solvent effectsdiscussion will focus on the STO, 6-31G**, and 6-31G&(2d,p)

in this work. basis sets. The overlap integrals over the topological atoms in
] ) the molecules were computed with the progrAlVALL9736
Results and Discussion and the delocalization indexes were obtained according to eq

The 9-anthracene derivatives displayed in Figure 1 were 1. We analyzed our results accordingly with the number of bonds
selected for the Study on the basis of their ava||ab|||ty and involved in the COUp“ng and discuss the contribution from the
stability. We only worked with typical first-order and nonover- theoretical calculation and correlate the Fermi contact term with
lapped multiplets. All signals were extracted and their coupling the delocalization index.
constants determined by the modifi#dloubling method. The Vicinal Coupling Constants GJy ). The experimental values
reported values are the average between the determinationsor 3Ju n2, 3Juz,ns and3Jusng Of all 9-anthracene derivatives
measured in both multiplets. In the worst cases, the accuracy islie within the ranges 849.01, 6.43-6.58, and 8.448.48 Hz,
better than+0.04 Hz. No experimental results have been respectively. An excellent correlation with the experimental
reported before at this level of accuracy for anthracene deriva- values is obtained using the B3LYP/6-31G** level of theory.
tives. In total, we could measure 20 vicinal and 39 long-range For example, for 9-bromineanthraceiigs 44 has the same value
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(8.45 Hz), and seven theoretical calculations have less than 1%TABLE 2: Four Coupling Constant Terms for

error. We observed that whereas B3LYP/STO-3G underesti- 9-Cyanoanthracené

mates all of the vicinal coupling constants, B3LYP/6-313- CN FC SD PSO DSO  Ja  Jexp
(2d,p) overestimates them. In agreement with the results S 8186 0022 —0.047 —0.167 799 8.70
shown in Table 13Jy; 12 is the most sensitive constant to the 0.002 0.028 —0.013 —-0.177 8.84
electronic modifications caused by the substituent. The com- 6.687 0.026 —0.35 —0.138 6.22
parison between experimental and theoretical coupling *Je-ns 5968 0.089 0.184 -0.321  5.92 6.58
constants is plotted in Figure 2. In keeping with previous 222&13 8'8% _001'(25%7 :8-253 23;
report® on 3y of polybenzenmd hydrqcarbons, these coupling 7877 0013 0085-0332 7.64 850
constants are dominated by the Fermi contact term, the sum of

! ! 8.686 0.021 0.080 —0.341 8.45
SD, PSO, and DSO being close to zero; see the Supporting 6.637  0.016 —0.312 —0.305 6.04
Information. AJh1-H3

0.830 0.036 1.437 —1.694 0.61 1.10
Long-Range Coupling Constants {Jy 1, 23Ju n). Whereas a 0726 0035 1.098 :1'701 _ 0.16
. - 0.411 0.087 0.229 —1.675 —0.95
cglcplatlon of the Fermi contact term can p_red’iMH' values 0923 0.040 1.491 —1.760 0.69 1.22
within an error less than 2%, the prediction of long-range 0.825 0.039 1.135-1.767 0.23
coupling constants requires the four terms; all mechanisms are 0.508 0.091  0.244 —1.742 —0.90
important and none can be neglected. The experimental coupling *JHs-+10 _8'24612 8-88‘75 _i?gg i-ggg _064(%4 0.61
constantdyi 1, “Juz,Ha, @ANd*Jng pioare within the range 1:0 :0'659 —0.097 :0'451 1864 066
1.1,1.22-1.38, and 0.580.60 Hz, respe(_:tively. Unexpectedly, 02902 6.172 i.449 _1'-705 0..82 0.82
the absolute values of four-bond coupling constants are better 1.040 0.173 1.110-1.711 0.61
reproduced with the BSLYP/STO-3G level of theory; although 1376 0281  0.287 —1.688  0.26
this could be a fortuitous result. Six coupling constants were “JHi-+o 0979 0039 1.119-1318 0.82 0.98
obtained with an error of less than 10% with respect to the 1155 0.039 0859 -1322  0.73
i t. We obtained the best result 4ay (absolute 1.299 0.114 0.221 —1.306 0.33
experiment. Ve Bia H10 0.509 —0.033 0.640 —0.703  0.41 0.38
values: experimental, 0.61 Hz; theoretical, 0.65 Hz) for 0.607 —0.034 0507 —0.706 0.37
9-(methylchloro)anthracene. Thirteen four-bond coupling con- 0.820 —0.064 0.126 —0.697  0.19
SIantS_ have an error lower than 30% with re_SpeCt to the a Experimental valueslg,,) are the averages between the measure-
experimental value; these results could be considered a goodments obtained by modified doubling in the multiplets involved.
approximation for this kind of coupling-37 The analysis of Theoretical valuesJ() were obtained at three levels of theory: (1)
the contributions fofJy 1 through different basis sets indicates B3LYP/6-311-G(2d,p), (2) B3LYP/6-31G**, and (3) B3LYP/STO-
that the PSO term is substantially modified with the STO-3G 3G. FC, Fermi contact; SD, spin-dipole; PSO, paramagnetic spin-dipole;
basis set; see Table 2 for 9-cyanoanthracene. This behavior j@nd DSO. diamagnetic spin-dipole.
observed for all systems under study. The modification of the
PSO value may be the term responsible for the magnitude of
the four-bond coupling constants. Experimental signals for
4Jna,n10 Were impossible to measure.

The experimental coupling constart®; pa, 5Jn1H10 and
5 ;
Jrz raoare in the range 0.790.82, 0.94-1.10, 0.36-0.39 Hz, the delocalization index, despite the small values of the latter,
respectively. Five-bond distance coupling constant values are

dominated by the Fermi tact: althouah. th lculated val as shown in Figure 3a, following the same tendencies as that
ominated by the -ermi contact, although, the calculated value ¢ e tyree-pond couplings. In this figure, the presence of three

accutra}cy depends 0? all c?)n'g[lbunons. dln g((janerlal, E[Ee E);ﬁ’ir:: roups related to the three different types of five-bond couplings
mental measurements are better reproduced using the measured is clear. We observed that the delocalization in-

6-311+G(2d,p) level of theory. There is an excellent agreement dices increase in the same manner as %hey values, in
with the experimental result f6tun4 Of 9-cyanoanthracene; agreement with the dominant role of the Fermi contact term
both values give 0.82 Hz (see Table 2). The analysis of all long- and the delocalization index (Figure 3b) and is very similar to

range coupling constants indicates Fhat the_ _magnltude of thethe one involving all the contributions to the coupling constant
coupling does not undergo substantial modification when the (Figure 3a)

substituent in the anthracene derivatives is changed. Even though, the Fermi-hole denstinvolved in the defini-
Our results show that each type of coupling constant is better tion of the delocalization indexis not a monotonous function

reproduced with a specific level of theory. However, the of the distance between particksin the case of long-range

6-311+G(2d,p) basis set reproduces all experimental values with couplings, the values of(H,H’) decrease quickly with the

3Ha-Ha

4JHZ— H4

8JH1-Ha

5\JH37 H10

WNFRPWNRFPWONPFPWONPFPWONPFPWONPFPFWONRFONREFEONPRE

0(H1,H2) andd(H3,H4). This behavior is also observed for the
Fermi contact term, which follows the same trend as the
corresponding experimental coupling constants.

All three different types oty 4 follow a linear behavior with

a good approximation. We used the B3LYP/6-313(2d,p) number of bonds that separate the nuclei involved. For example,
level of theory for subsequent studies. for 9-bromoanthracene, the delocalization index{si1,H3)
Coupling Constants and Electron DelocalizationFor the = 149 x 107° andd(H1,H4) = 34 x 1073, corresponding to

following discussion, we used the results corresponding to the atoms separated by four and five bonds, respectively. However,
B3LYP/6-311H-G(2d,p) level of theory. We analyze the rela- both the experimental coupling constants and their Fermi contact
tionship between experimental coupling constants and the Fermicontribution decrease in parallel form and do not depend on
contact term with the delocalization indices defined in eq 1, the number of bonds involved.

according with the number of bonds involved (Table 1). 4Jyw values do not behave as the previous ones. Delocal-
Generally speaking, there is a linear correlation betwe€eid,all ization indices)(H1,H3) andd(H2,H4) and Fermi contact term
and the delocalization indices. The same result can be observedehave linearly with*Jy; ys and 4Juz, s values. The*Jyg nio

for 43y 4 and®Jy 4 except for*Jys nio All couplings should be deserves a separate analysis. All calculated Fermi contact terms
grouped for their analysis. In the case of three-bond couplings, for this coupling are negative. The corresponding delocalization
the value of the delocalization indéXH2,H3) is smaller than indices are the largest for all couplings, e.900 x 1075.
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Figure 3. Behavior of the delocalization indices using the B3LYP/6-8BGK2d,p) level of theory vs (a) experimental coupling constant and (b)

Fermi contact term. Coupling constants are grouped according with the number of bonds. The Fermi contact term and delocalization indices have

a linear correlation, except for those coming from 48 110, Which have a negative sign. In addition, in these couplings the delocalization indices

have the highest values of all the indexes studied.
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Figure 4. Geometrical arrangement ftiy 1. (@) “Ju,nz and (b)*Jus pa
show the M or W conformation. (¢)Jusni0 Showing a gable roof
conformation.

Conclusion

Accurate experimental determinations of coupling constants
of 9-anthracene derivatives allowed us to exhaustively analyze
theoretical predictions for vicinal and long-range scalar coupling
constants. Experimental reported data were obtained with an
error of+0.04 Hz. Our comparison shows that one specific basis
set cannot predict all coupling constants accurately. The B3LYP/
6-31G** level of theory can be used for three-bond coupling
constants2Jy; 12 is the only coupling constants that shows

These results could be characteristic of the different geometric important changes due to modification by the substituent. The

arrangements thdfy i+ values have; see Figure @y 43 and
4J2,14 present a known W or M shape (Figure 4ad)is n1o

B3LYP/6-31H-G(2d,p) calculations better reproduce g
For4Jy w, surprisingly, STO-3G basis set predicts the absolute

shows what we have called a “gable roof” arrangement formed value; the PSO terms undergo the largest changes for these
by five nuclei involved in the coupling (Figure 4c). It seems couplings. We consider that the B3LYP/6-31G(2d,p) level

that the geometry between the nucleus to four-bond H4 and of theory reasonably reproduces all coupling constants, though.
H10 is an extension of the geminal arrangement, which causesVicinal coupling constants can be estimated by their contact

a similarity in coupling signs and negative Fermi contact terms. Fermi term only. However, all other couplings depend on all
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terms. DFT theoretical models can predict, in several cases, the(see the Supporting Information). The overlap integrals over

exact value of spirrspin coupling constants, allowing us to the topological atoms in the molecules were computed with the

extract the physical meaning of these parameters. program AIMALL97.236 Delocalization indices were obtained
Delocalization indices for 9-anthracene derivatives linearly according to eq 1.

correlate with vicinal and long-range coupling constants.

However, the analysis of these correlations should be separated Acknowledgment. This work was partially supported by

by the coupling typestJua nio values do not correlate linearly CONACYT project 38616 (F.R.P.) ESM wants to thank
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geometry of the nuclei involved in the coupling modifies its Antonio Vera for technical support.

value. Geometric parameters may be playing a major role on

the Fermi contact term and delocalization indices. The four- ~ Supporting Information Available:  Two tables for all\Jy

bond gable roof arrangement generates the largest delocalizatio®btained by different levels of theory. This material is available

indices and negative Fermi contact terms. free of charge via the Internet at http://pubs.acs.org.
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