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Magnetic susceptibility and nuclear magnetic shielding at the nuclei of bis-heteropentalenes formed
by two furan units [2,3-b], [ 3,2-b], [ 3,4-b], and[ 3,4-c] isomer$ have been computed by several
approximated techniques and a large Gaussian basis set to achieve near Hartree—Fock édiimates.
initio models of the ring currents induced by a magnetic field normal to the molecular plane were
obtained for the three isomeric systems of higher symmetry, showing that ¢fectrons give rise

to intense diamagnetic circulation. Thecurrents are responsible for enhanced magnetic anisotropy
and strong out-of-plane proton deshielding. The theoretical findings are used to build up a
“diatropicity matrix” for two fused five-membered heterocyclic systems. 28604 American
Institute of Physics.[DOI: 10.1063/1.1650326

I. INTRODUCTION Other bicyclic compounds formed by five-membered hetero-
cyclic molecules, referred to as bis-heteropentalenes, can be

Several benchmarks of aromaticity have been proposedrranged in successive rows, according to the same criterion
in the chemical literature. These topics constitute a matter off increasing diatropicity. We expect that the “columns” of
major debate within the community of theoretical organicsuch matrix will contain bicyclic rings with the same iso-
chemists, who ask if a quantitative assessment of aromaticityieric structure and with different heteroatom. They can be
is possible:™ ordered in a similar way, by diatropicity increasing from top

Magnetic indicators have been chosen as preferentiab bottom of each column.
measures for aromaticity of fused hetero-bicycles, with the  The ordering(1) corresponds to that éhcreasing abso-
conclusion that the most aromatic systems are characterizégte value of the out-of-plane component of the magnetic
by the least stable formsThe most stable positional iso- susceptibility tensorwhich was adopted to quantify relative
mers, for instance]3,2-b], need not have the largest aro- diatropicity, that is, “magnetic aromaticity® The different
matic or resonance stabilization energies. rows can therefore be ordered according to the same crite-

As a matter of fact, molecules which contain two fusedrion.
five-membered heterocyclic rings constitute an ideal “ma-  This matrix could give explicit quantitative information,
trix” of compounds for comparative studies of diatropicity, and possibly benchmarks of magnetotropicity/aromaticity to
that is, the ability of conjugated planar systems to sustaiompare with other measures proposed in the literdmire.
intense diamagnetic electronic currents in the presence of a The present paper is aimed at evaluating magnetic sus-
magnetic field perpendicular to the molecular plane. ceptibility and nuclear magnetic shieldings in the se(ids-

In the first paper of this seriésereafter referred to as |, (4) furo-furans via different procedures at the coupled
four isomers of the dihydro-pyrrolo-pyrrole bicyclic system Hartree—Fock level of accuracy. The theoretical results are
have been taken into account. They are placed in a “row” ofdiscussed in relation to the magnetic aromaticity of these
the matrix, with the convention that diatropicity increasessystems.
from left to right, according to the sequence

[3,4-b]—[2,3-b]—[3,2-b]—[3,4-C]. (1) !l COMPUTATIONAL DETAILS
The Gaussian basis sets adopted in this study are the
3Electronic mail: lazzeret@unimo.it fully noncontracted (18p4d) for carbon, (138p4dif)
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TABLE I. Bond lengths(A).

[3,4-b] Cg symmetry [3,2-b] C,, symmetry
0O1-C1 1.370 Cl-H1 1.078 C1-01 1.382 Cl-H1 1.079
C1-C2 1.368 C5-H3 1.081 01-C6 1.360 C3-H3 1.080
C2-C5 1.448 C6-H4 1.080 C6-C5 1.367
C5-C6 1.355 C4-H2 1.077 C5-C3 1.425
C6-02 1.387 C3-C1 1.370
02-C3 1.367
C3-C4 1.359
C4-01 1.373
C2-C3 1.428
[2,3-b] C,, symmetry [3,4c] Dy, symmetry
Cl-01 1.397 Cl-H1 1.078 01-C1 1.354 Cl-H1 1.077
01-C6 1.338 C3-H3 1.081 C1-C5 1.390
C6-C5 1.364 C5-C6 1.468
C5-C3 1.443
C3-C1 1.364

for oxygen, and (83p) for hydrogen. The ¢/p) substrata dures, CTOCD-DzZ1, CTOCD-DZ2, CTOCD-PzZ1, and

are from the van Duijneveldt tablésand the exponents of CTOCD-PZ2, relying oncontinuous transformation of the

the polarization functions have been chosen to maximizerigin of the current densityCTOCD), whereby either the

paramagnetic susceptibilities in smaller size molectiles. diamagnetic(DZ) or the paramagnetic(P2) contributions
The 3d exponents for carbon are 5.36, 1.44, 0.516, andyre formally set teera* =14

0.208, the 8 exponents for oxygen are 4.01, 1.22, 0.36, and

0.10, the 4 exponent for oxygen is 0.94. The@2xponents 4 pz5 variants, introducing damping factors to improve

for hydrogen are 4.02, 9'952’ and 0.294. - the accuracy of computed magnetic shielding, are based on
Molecular geometries have been optimized by thenumerical integration. Magnetic susceptibilities from DZ1
GAussiaN code? using the 6-31& basis set within the 9 . 9 P

B3LYP approach. All the molecules are predicted to be pla—and DZ2(PZ1 and PZpare the same to several significant

nar. The optimized bond lengths are shown in Table I. The)ﬂgures. The theory of CTOCD methods can be found

Whereas DZ1 and DZ2 schemes are analytical, the DZ2

,15-17
have been employed in the subsequent calculation of madSeWwhere: _ 181
netic properties and current density maps via #vsmo ~ 1he approach based aondon orbitals(LO), ™ some-
codel? times referred to agauge-including atomic orbital&G1A0),

Six different computational schemes were appliedimplemented in theoALTON packagé’ has also been used.
The first five retain the gaugeless basis setsThe basis sets are again §Bp4d) for carbon,
(13s8p4d1f/13s8p4d/8s3p) for O/C/H. They are the con- (13s8p4d1lf) for oxygen, and (83p) for hydrogen, but the
ventional common originCO) approach and four proce- Gaussian orbitals include gauge factark London

TABLE II. Magnetic susceptibility tensor of furo-furans icgs ppm a.l? (origin in the center of mags
. 1
Anisotropy Ay = x,,— E(Xxx"")(yy)-

XX vy 7z Xy av Ax

[3,4-b]

X4+ xP (LO) —511.69 —532.62 —1122.96 -9.32 —722.42 —600.80
[2,3-b]

XA+ xP —553.77 —482.81 —1176.42 0.00 —737.67 —658.12
X+t —561.42 —497.90 —1175.59 0.00 —744.97 —645.93
x4+ xP (LO) —561.83 —506.73 —1178.77 0.00 —749.11 —644.49
[3,2-b]

XA+ xP —538.38 —471.30 —1197.67 24.79 —735.78 —692.83
X0+ " —546.38 —484.57 —1196.46 19.38 —742.47 —680.99
X4+ xP (LO) —546.47 —492.86 —1199.64 17.75 —746.32 —679.97
[3.4-c]

X2+ P —362.99 —512.97 —1417.85 0.00 —764.60 —979.87
X4+ —379.10 —513.27 —1419.06 0.00 —770.48 —972.88
X4+ xP (LO) —390.52 —505.12 —1409.25 0.00 —768.29 —961.43

&The conversion factor from cgs a.u. per molecule to cgs emu per me@Ni,sz 8.923 887 & 10" ?; further
conversion to Sl units is obtained by 1 PF0.1 cgs emu.
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TABLE Ill. Nuclear magnetic shielding in fuf@,3-b]furan (in ppm). Hg Hy

Cs C

XX yy 7z Xy av C 3\C —0

01 1C1 Q O O O
aP?? 0.86 31.83 266.95 31.82 99.88
aP?? 1.15 32.19 266.93 31.81 100.09 aae!
a%+ P (LO) 1.19 32.11 266.81 32.14 100.04
c1 (1) [2,3-b] (2) [3,2-b]
aP?? —-30.15 56.23 103.67 30.34 43.25
a2 —30.38 56.22 103.33 29.97 43.06 H H
a%+ P (LO) —29.98 57.08 103.88 30.35 43.66 1 Ha 1

C1 C C1

~C ! ~C

ca /NN
Pz 1499  39.11 170.09 53.82 74.73 Oy , Ce Hy
"2 1486 3919  169.95 5384  74.67 \—lCs
%+ P (LO) 15.19 39.52 170.31 54.15 75.01 04/ \02

Ha
C5
o022 1791 7618  164.97 0.00 86.35 (8) [3,4-b] (4) [3,4-c]
oF?? 17.90 76.21 164.89 0.00 86.33 . . . .
o9+ o® (LO) 1806 7652  165.13 0.00 86.57 The dipole velocity Thomas—Reiche—Kuhn sum rule is a

condition for origin independence and charge conservation.

C6 :
o072 6552 3213 78.96 0.00 1519 For systems{_l), (2), and(4), the average computed value is
o+ oP (LO) -65.20 32.98 79.13 0.00 15.64 confirming the excellent quality of the calculation.
The Pascal’'s rules indicate that, for a given X, the

H1 . .
#0722 2611 26.04 2060 —018 24,25 four possible fused bicycles should have the same average
P22 2628  26.21 20.65 —0.29 2438  Mmagnetic susceptibility. Nonetheless, forX0, the average
¥+ aP (LO) 26.39  26.41 2081 -0.38 24.54 in-plane LO susceptibility of 4 is ~-—4.5x10°

ppm (cgs) a.u., whereas the value f&r3 is ~—5.2
H3 - o
P22 2561 26.40 2204 0.07 24.68 X 10? ppm (cgs) a.u. A similar trend was observed in dihy-
oP22 25.67 26.63 22.13 0.04 2481 dro pyrrolo-pyrroless, in which the average in-plane LO sus-
a9+ aP (LO) 2592  26.78 22.34 0.19 25.01 ceptibility of 4 is ~—5.7x10° ppm (cg9 a.u., whereas the

value for1-3is ~—6.1x 10° ppm (cg9 a.u.

TABLE IV. Nuclear magnetic shielding in fuf8,2-b]furan (in ppm).

XX yy 7z Xy av

A. Magnetic susceptibilities 01

Theoretical predictions for magnetic susceptibility, m‘f —17.51 4475 30277 -12.04  110.00
ppm (cg9 atomic units, are displayed in Table 1. The com- d+ P (LO) :gﬁ jgé; ggg:;g :ﬂ:gg ﬁg:gg
paratively less accurate CO results from the gaugeless
(13s8p4d1f/13s8p4d/8s3p) basis set are not shown. The Stl,zz

i ' , ) ) - —-34.65 3255  105.91 43.74 34.60
gauge invariant results obtained via the London orbitals, in¢rz2 -3498 3255  105.56 43.72 34.38
dicated by LO in Table II, are partitioned into diamagnetic, 0%+ ¢® (LO) —3445 3331  105.95 43.96 34.94
x¢, and paramagneti®, contributions, evaluated with re- 3
spect to the center of mass. Pz 36.93  40.31  171.57 50.68 82.94

The notation adopted for the various CTOCD 36.82 4040 17145 5083 82.89
. 17.21-24; d+ap (LO) 37.24 4054  171.65 50.90 83.14
estimate$ ™ is the same as in paper | of this seffes.

The least symmetric molecule, f(i®4-b]furan, has been C5
tudied only via the GIAO approach of theALTON - —4002 3345 11088 —4.57 sa.17
stuai y Vi Pp P2 ~40.15 3314 11060 -4.40 3453

packag€e? o9+ 0P (LO) —-39.90 3405 11085 —4.67 35.00
The CTOCD-DZ and CTOCD-PZ values for the mag- 1

netic susceptibility of the[3,2-b] and [3,4-c] isomers, bz 2551 25.88 2041 -0.74 23.03

which have vanishing electric dipole moment, do not chang@rPZ2 25.67  26.06 2046  —0.69 24.07

in a gauge translation, whereas those of [8e4-b] and "o (LO) 2579 2625 2059 -065 2421

[2,3-b] systems, formally dependent on the coordinate SySH3

tem adopted in the calculation, are practically mvanant‘f 2565 2642 21.90 059  24.66

thanks to the high quality of the basis set used in the calcu- .75 2664 22.00 0-59 24.80
gh quality d+ap (LO) 2602 2676 2219 064 2499

lation of magnetic propertie$See Diagran).
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TABLE V. Nuclear magnetic shielding in fuf8,4-b]furan (in ppm via The diatropicity scale of the furo-furan isomers, based

GIAQ basis set. on increasing absolute value of,,, is the same as that
X vy 27 Xy av predicted for dihydro-pyrrolo-pyrroles,corresponding to

o1 Eq. (1). _ _ _

ot o? (LO) 1661 047 22096 2387 7427 The absolute value qf th.e theoretiogl, of a given iso-

c1 mer of the furo-furan series is smaller than that of the corre-

a9+ 0P (LO) 4417 —-11.05 12526 —12.42  52.79 sponding dihydro-pyrrolo-pyrrol&,compare, for instance,

c2 the LO predictions for thg3,4-c] isomer, —1409.25 in

g‘:f o’ (LO) 4221 —-632  149.88 36.20 6192 Taple Il of this paper with-1623.69 ppm a.u. in Table Il of

o9+ aP (LO) 16.12  —20.34 99.82 -50.96  31.87 Ref. 6. . -

ca If, according to the prescription of Sec. I, we convene to

o9+ o® (LO) 50.17 12.85  130.02 18.88 6435 place the corresponding isomers of the serigsl&X, for

c5 X=NH, O, S, P,..., along the columns of the matrix, in in-

g‘;* o’ (LO) 24.99 5551  169.13 57.75 8321 creasing absolute value gf,,, then the row for X=O pre-

o+ oP (LO) ~46.46 3365  96.04 7583 2774 CeUCS that for XNH.

H1 Magnetic anisotropied y = x,,— (1/2) (xxx+ xyy) have

o+ oP (LO) 25.83 26.99 2045 —037 24.42 been proposed by Flygare and co-workers as fundamental

H2 quantitative descriptors of aromaticfy?® Theoretical Ay

o'+0P (LO) 25.88 26.45 20.61 0.44 2431 results of Table Il are enhanced and increase in absolute

(':;;: # (LO) o5 8 27 39 9271 035 2531 value in the same direction &g,,/, evidencing diatropicity

Ha of the furo-furans.

o9+ o® (LO) 25.58 26.55 21.18 172  24.44 However, |Ax| of a given furo-furan isomer is smaller

than that of the corresponding pyrrolo-pyrrole. Moreover,
only Ay of the[3,4-c] isomer is bigger in absolute value
than the experimental value of benzene669.1+ 1 (cgs)
pma.u?’

A tentative explanation for these results may be atP
tempted in terms of C—C bond lengths in different isomers.
Sequences of approximately single and double peripherdd. Nuclear magnetic shieldings
bonds are observed fdr-3 molecules, whereas bond length  rgqretical predictions of nuclear magnetic shieldings
equalization~1.40 A, consistent wittD, symmetry, char- o1 cTOCD and LO methods are reported in Tables llI—VI.
acterizes thel system, in whichm-electron delocalization is Slowly converging CO predictions are not displayed. DZ2
higher. Further investigations on other bis-heteropentaleng, 5nq Lo magnetic shieldings of hydrogen, carbon an'd
compounds are however necessary to understand this poigtyqen nuclei in(1), (2), and(4) are very close to each other,
in relation to magnetic aromaticity, which is usually ascribed, virtually the same in most cases. We conclude thatear
only to the special behavior af-electron clouds in the pres- y5ree_Fock accuracy has been achieved in the calculation,

ence of magnetic field perpendicular to the molecular plan%i) gaugeless DZ2 and PZ2 schemes are competitive with

s d—4
of aromatics. o ) those based on London orbitals for the calculation of nuclear
In fact the largest deviations from the systematic Ofmagnetic shieldings.

Pascal are observed for the out-of-plane susceptibility, which

is significantly biased by ring currents. Actually, the in-plane

components are predictehy all CTOCD and by GIAO  TABLE VI. Nuclear magnetic shielding in fuf8,4-c] furan (in ppm.
method$ from two to three times smaller, in absolute value,

than the out-of-plane component. This suggests that, relying X e i i av
on magnetic criteria as proposed in Ref. 5, furo-furans can be1
considered aromatic molecules. o> —220.77 21883 23272 0.00 —68.96
Nonetheless, the theoretical results for the in-plane com?,” -22021  -21857 23268 0.00 ~68.70
q9+0P (LO)  —219.76 —218.96 232.93 0.00 —68.60

ponents have not fully converged. The highest discrepancies

are observed in Table Il for thex component of th¢3,4-c] Cl

isomer, withx the longitudinal axis of the molecule. The "EZ 20.27 12.18  127.09 —27.96 53.18

CTOCD and LO predictions fog,, lie in the quite large gdﬂrp (LO) 2(1)'(2)2 E'gg 12%3 :;3'% 22'2‘21

interval —~363—-391 (cg9 ppm a.u. Despite its big size, ' ' ' ' '

the basis set does not seem to have sufficient flexibility t@gzz

describe charge rotation about thexis. - 4897 -21.54 15240 000 57.94
On the other hand, very good agreement was founciuap (LO) jg:gg :g;:gg Egig 3:88 2;:22

among LO, DZ, and PZ predictions for the out-of-plane com-

ponent,y,,, of the susceptibility, for all four isomers. The ngz

differences are~ 0.3%-0.7%, which means that the esti- 7, gi'gé gg';g 12'2? :8'22 gg'gg

mates are of near Hartree—Fock quality and can be used fo, (LO) 24.36 2640  19.09 -056  23.29

measuring relative magnetic aromaticities.
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FIG. 1. The ring-current model for fur@,3-b]furan(1). From top to bottom, representations of the streamlines of the current density vectdrifidisced

in the region of maximumr electron density by a magnetic field of unit magnitude along the positilieection at right angles to the molecular plane, of its
modulus, |[J|, and of p, the unperturbed electron charge dendity a.u). Diamagnetic circulation is clockwise. The plots display a three-dimensional
perspective view at points in planes parallel to the plane of the molecule, displaced from it by 0.8 bohr. Corresponding contour maps are shaves with val
0.0, n=0,1,2,... for}J], and 0.0%, n=0,1,2,... for the charge density. The maps on the left are relative to the total electronic distribution, those on the right
are for themr-electron contribution.

It has long been known that proton magnetic shieldingsTables 11I-VI for (1), (2), and(3) are as large as-20—-22
in aromatic systems show a typical down-fidijdaramag- ppm (the theoretical value for benzene is 20.65 ppm, see
netic) shift of the out-of-plane component. Such shifts areTable VI of Ref. 29, compared with~=24-26 ppm for the
usually explained within the framework of the ring-current in-plane components.
model (RCM) in terms of enforced magnetic field at right It can be observed that a “diatropicity matrix” fully con-
angles to the molecular plane in the vicinity of hydrogensistent with that built up in terms of out-of-plane susceptibil-
nucleil?® Hydrogen magnetic shieldings are used fioea- ity, see Sec. Il A, is obtained adopting as a measure the out-
suring aromaticityof planar unsaturated systems, see, forof-plane shielding of the proton in position 3 with respect to
instance, a recent review article by Mitch&ll. the heteroatom in the same ring. The same trend is found
The theoretical out-of-plane components reported inwithin each of DZ2, PZ2, and LO sets of data {d), (2),
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FIG. 2. The ring-current model for fuf8,2-b]furan (2). The conventions are the same as in Fig. 1.

and (3) systems. The out-of-plane shielding decreases alongssentially over them. However, the most shieldezbmpo-
the rows and the columns of the matrix, in the direction ofnent is invariably that out-of-plane.
increasing diatropicity.
The largest paramagnetic shift was predicted for proton
shielding in thg 3,4-c] isomer. Its perpendicular component
is =19 ppm, that is~1 ppm smaller than that of benzene || viSUALIZATION OF DIATROPICITY
protons. An analogous result was found for the correspondsy CURRENT DENSITY MAPS
ing nitrogen-containing bis-heteropentalene, in which part of
deshielding was attributed to the neighbor nitrogen atom. Maps obtained via the CTOCD-DZ CHF procedure, de-
An analogous mechanism may be at work in {l#&4-] scribing the current density induced in the electron cloud of
furo-furan. furol 2,3-b]furan, furd 3,2-b]furan, and furp3,4-c]furan by
The 7r ring currents could not play any special role in the a spatially uniform magnetic fiel& directed perpendicular
magnetic shielding of carbon and oxygen nuclei in the mo+to the molecular plane, along the positizaxis, are shown
lecular skeleton of furo-furans, since the ring currents pass Figs. 1-4. The molecular domain investigated here is that
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FIG. 3. The ring-current model for fuf8,4-c]furan (4). The conventions are the same as in Fig. 1.

of maximum density at about 0.8 bohr above the plane oftical set of# electron orbits, completely delocalized and sur-
the nuclei. Diamagneti¢paramagneticcurrents are clock- rounding the entire molecule, is observed. These figures
wise (counterclockwisg provide the ring-current model for furo-furans and visualize
A limited number of streamlines accounting for the sa-the diatropicity of these compounds.
lient features of electron circulation is displayed for each  Three internal diamagnetic vortices can be observed in
molecule on top of Figs. 1-3. They provide fundamentalthe = current density of th¢2,3-b] and[3,4-c] isomers in
information on the diatropic character of these compoundsiig. 4. In the latter they are aligned along the longitudinal
They also document the oscillatofieap-frog effect®of the  axis. In the former two vortices rotate in the proximity of the
7 ring currents, which are characterized by a considerablexygen atoms, and two foci are found on the opposite sides
paramagnetic component in the domain investigated. A moref the central vortex. The streamlines spiral(@ut) about the
refined representation for the streamlines on the plane at 0:&ght (left) focus.
bohr is displayed in Fig. 4. The orbits for the total current density field, shown on
The similarities with the maps reported for nitrogen- the top left of Figs. 1-3, and on the left of Fig. 4, reveal the
containing bis-heteropentalefiese evident. An almost iden- complicated topology of the field. The maps show that the

Downloaded 29 Jan 2010 to 147.156.182.23. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 120, No. 14, 8 April 2004 Current density 6549

FIG. 4. Streamlines of the current den-
sity vector field in a plane parallel to
that of the molecule, at the distance of
0.8 bohr, induced by a magnetic field
directed perpendicular and pointing
outwards. The plots on the tofbot-
tom are for furg2,3-b]furan
(furq[3,4-c]furan). The trajectories
for the total (r-electron contribution
are represented on the léfight) hand
side.

outermost diamagnetic vortex branches out in the proximityfor the electron charge densify of the unperturbed mol-
of the molecular ring, originating internal vortices separatedecules give additional information on the magnetic aromatic-
by saddle-type stagnation lines. ity of furo-furans. A uniform magnetic field, normal to the
The current regime found for the fyr®,4-c]furan is vir-  molecular plane of a diatropic system, induces a stationary
tually identical to that observed in the correspondingmotion of the electronic chargea(r) is a function whose
pyrrolo-pyrrole isomef.Five vortices, centered on the longi- value remains the same at all poimtin the presence of the
tudinal axis of the molecule, and four saddles, can be seen anagnetic perturbation. It shows sharp localized maxima
the bottom left of Fig. 4. The innermost diamagnetic vortexclose to carbon and oxygen nuclei. T|3r)| modulus is a
rotating about the center of mass, over the C—C bond cormuch smoother function presenting smaller oscillations
necting two fused rings, is separated from the couple of diaamong minima and maxima.
magnetic vortices at the opposite sides of xrexis, by two For the 7 electrons in particular, which are commonly
intermediate paramagnetic vortices, each rotating about theéescribed as delocalized, the maps indicate that the intensity
center of a furan ring. of the current in contiguous domains is more uniform than
Vortices, saddles, and foci are also observed in the plotharge distribution. This might be related to the fact that the
for the[2,3-b] isomer on the top of Fig. 4. local Madelung—Landau—London average veloacityover
A comparison of the plots for the intensity|=p|v| and  the bonds is higher than over the nuctei.
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