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Abstract  Spatial ring current models for the phosp-
hole molecule and its arsenic parent have been con-
structed. Diatropism of these molecules is quite peculiar
and fundamentally different from that of benzene as
shown by stagnation graphs of current density field.
Maps of shielding density are helpful for interpreting the
effect of electronic currents on nuclear shielding. Con-
strained planarity increases the degree of diatropicity
quantitatively specified by magnetic descriptors, which
implies that ring currents go together with w-electron
distortivity.

1 Introduction

The meaning of expressions like “aromatic character” or
“aromatic behaviour” is quite vague despite their cur-
rent use in the chemical literature. On the one hand,
the word “aromaticity” seems to connote a commonly
accepted idea, or even an essential category of the chem-
ical thinking, on the other, no simple and indisputable
definition has so far been provided in rigorous quantum
mechanical terms.

“Aromaticity indicators” that should help understand
this elusive quality are frequently proposed [1]. There is
also a general consensus that aromaticity can be “mea-
sured” by geometric, energetic, and magnetic quanti-
fiers. However, extended analyses proved that widely
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employed descriptors “do not speak with the same
voice” and that “the phenomenon of aromaticity is
regarded as statistically multidimensional” [2]. None-
theless, several studies indicate that different aromaticity
measures may collide, providing divergent information.
For instance, the most stable fused heterobicycles are
not the most aromatic positional isomers [3].

Non disputable, agreed definitions of aromaticity
should be arrived at in terms of measurable molecu-
lar properties [4], therefore magnetic response appears
to offer most reliable criteria. Investigations on bis-
heteropentalenes C¢H4X, showed that the [3,4c] iso-
mer is the least stable, but most diatropic, compound for
X =NH, O, S, and PH [5-8]. Analogously, stronger dia-
tropicity is apparently compatible with smaller energetic
stabilisation in tetraazanaphthalenes [9]. We can possi-
bly claim that the word aromaticity does not convey a
generally accepted semantic value, despite its frequent
use. Therefore, throughout this paper, “aromaticity” will
be used as a colloquial term, whereas “magnetotropic-
ity” is assumed to stand on more firm ground, as it can
be related to experimentally accessible quantities, say,
magnetic susceptibility and nuclear magnetic shielding.

2 Aromaticity of heterocyclic pentatomics containing
phosphorous and arsenic

The aromaticity of planar phosphole and its arsenic ana-
logue — both saddle points of the inversion motion — is
significantly larger than that of the non planar structures
corresponding to the minimum on the energy hyper-
surface. This has early been established for phosphole
by Mislow and coworkers [10,11]. More recently, the
aromaticity of the planar structure was assessed by a
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initio calculations, adopting energetic, geometric and
magnetic indicators [12-14]. Spectroscopic and chemical
evidence has been reported for increased delocalisation
with partially planarized [15,16] and fully planarized
phosphole [17]. It is generally accepted now that the
aromatic stabilisation of the planar structure is insuffi-
cient to overcome the inherently high inversion barrier
at phosphorous and arsenic [18]. If planarization occurs,
strong delocalisation is achieved [19].

Allowing for criteria previously outlined [20], we have
chosen magnetic response properties (susceptibility,
hydrogen and carbon nuclear shielding), bond lengths,
and molecular energies as quantitative indicators that
can be related to experimentally available information
in the C4H4PH and C4H4AsH molecules. These quan-
tities were evaluated for the bent compounds, i.e., the
real molecules, denoted by I, for a partially flat geome-
try II (in which only the H-As and H-P bonds lie out
of the plane), and fully planar structures III (Fig. 1).
The magnitude of the magnetic properties for differ-
ent geometries is compared and discussed in connec-
tion with salient features of the electron current density
induced by a static magnetic field at right angles to the
plane containing four C atoms.

A survey of model cyclic systems Hg and Lig proved
that only the former shows enhanced diamagnetism,
possibly originating from instability of the six delocal-
ized o electrons [4]. Then the hypothesis that the onset
of ring currents in benzene and other planar conjugated
systems might be ascribed to some peculiar property of
delocalized m-electrons, i.e., their intrinsic distortivity
[21] and consequent instability, was advanced [4].

This is not completely unprecedented — aromatic tran-
sition states provide a clear example of the parallels
between maximization of ring currents and energy
increase [22,23]. However, no convincing evidence of
a link between energetic instability and diatropicity has
been given so far. A set of reasons in favour of this
connection, which would have major consequences on
our comprehension of aromaticity, is given in the pres-
ent investigation of C4H4PH and C4H4AsH molecules.
Some qualitative conclusions have recently been
reported, indicating that the diatropicity of these
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Fig. 1 Bent (I), partially flat (IT), and fully planar (III) posphole
molecule
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nonplanar systems increases, if a constrained planar
geometry is assumed [14].

3 Results and discussion

Molecular geometries have been optimised at the
B3LYP/6-31++G** level of accuracy, using the
GAUSSIANY98 code [24]. Magnetic properties have
been calculated via the numerical DZ2 and PZ2 vari-
ants [25] of a procedure using continuous transforma-
tion of the origin of the current density-diamagnetic zero
(CTOCD-DZ) and paramagnetic zero (CTOCD-PZ)
[4], implemented at the Hartree-Fock level in the
SYSMO package [26], employing the (13s8p/8s) sub-
strata from van Duijneveldt for C/H [27].

The s basis for C has been augmented by a diffuse
function with exponent 0.0399. The (s/p) basis set has
been contracted to [9s6p/6s]. Three 3d functions, with
exponents 2.1409, 0.64240, and 0.23613, and three 2p
functions, with exponents 2.0731, 0.49099, and 0.15182,
have been added on C and H, respectively. The (12s9p)
basis for P from Ref. [28] has been augmented with six
3d functions with exponents 14.4, 4.8, 1.6, 0.4, 0.133, and
0.0433. The uncontracted (21s14p10d2f) basis from Ref.
[29] was used for As. The corresponding GIAO (gauge-
including atomic orbital) basis sets were employed in
the DALTON [30] code to evaluate magnetic suscepti-
bilities and nuclear magnetic shieldings. The results of
the calculations are shown in Tables 1, 2 and 3.

The predictions from different approximations are
virtually identical in most cases, therefore only the PZ2
nuclear magnetic shieldings are shown in the Tables.
We expect that near Hartree—Fock accuracy has been
attained, as indicated by closeness of DZ2, PZ2, and
GIAO predictions.

According to the ring-current model (RCM) [4], the
delocalized currents induced in the mobile 7 electrons
by a magnetic field perpendicular to the four-carbon
plane exalt the out-of-plane component x| = xx, of the
magnetic susceptibility tensor x.s, and diminish
(enhance) the out-of-plane component o”H = o/l of the

nuclear magnetic shielding of ring protons (O'HC of ring
carbons) in diatropic unsaturated cyclic hydrocarbons
[31,32].

The in-plane components of tensor properties are not
affected by ring currents. In fact, the theoretical xy,
and x,, are approximately half the value of the out-
of-plane component, as can be observed in Tables 1
and 2. The ayfyl and og components are bigger than
og for the ring hydrogen atoms H; and Hz. The ring
currents enhance the out-of-plane component of the
shielding of distant nuclei via a mechanism described in
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Table 1 Magnetic susceptibility and magnetic shielding at the nuclei of C4HsAsH (in ppm)

Property XX yy 2z Av
x(DZ2) —919.14 —517.40 —524.72 —653.75
x(PZ2) —940.59 —539.91 —554.61 —678.37
x(GIAO) —960.90 —566.00 —569.04 —698.65
aC1(PZ2) 167.46 42.44 —80.01 43.30
a3 (PZ2) 148.14 33.96 -59.79 40.77
o5 (PZ2) 1396.45 154222 1673.25 1537.31
ot (PZ2) 23.69 2591 24.53 24.71
o3 (P72) 22.28 28.44 23.03 24.58
o5(P72) 33.41 25.03 22.99 27.14

In cgs au per molecule. The conversion factor to cgs emu per mole is aSNA = 8.9238878 x 10~2; for further conversion to SI units, 1 JT2
= 0.1 cgs emu. The origin of the coordinate system lies at the centre of mass. The x axis is perpendicular to the plane of four carbon
atoms, the heteroatom and the hydrogen bent to it lie on the xy plane bisecting the C-C bond in front of it

Table 2 Magnetic

susceptibility and magnetic Property xx yy 2z Av
Slllllidﬁ‘fl:t(itse “r‘;f)le‘ of x(DZ2) —893.58 —450.18 —461.17 —601.64
phosp PP X (PZ2) —891.27 _457.57 —465.59 —604.81
x(GIAO) ~899.32 —464.97 —469.87 —611.39
oC1(PZ2) 169.73 45.43 —74.63 46.85
oG (PZ2) 153.60 30.44 ~58.63 41.80
oP(P22) 367.04 383.63 463.95 404.87
see the footnote o Tuble L for o 1y pz2) 23.62 25.84 248 24,58
zzs S;’S tsefns O‘f’fn‘l’l tz al‘: torthe  OR(PZD) 22.16 27.99 23.18 24.44
o5 (P22) 29.50 26.04 24.72 26.75

coordinate system

Table 3 Parallel component of hydrogen and carbon nuclear magnetic shielding (in ppm), and of magnetic susceptibility (in ppm cgs
au), C-C bond lengths (in A), and molecular DFT(B3LYP) energies (in hartree)

H1

H3

C1

C3

Molecule o] o o) o) —XI Ci-G3 C3-Cy —Energy
C4Hs5As 1 23.7 22.3 167.5 148.1 941 1.349 1.464 2388.633
C4Hs5As 1T 23.3 21.8 175.3 155.8 977 1.382 1.427 2388.610
C4Hs5As 11T 21.1 20.6 180.42 176.6 1230 1.382 1.427 2388.579
C4H5P 1 23.6 222 169.7 153.6 891 1.355 1.459 495.149
C4H5P 11 23.2 21.8 174.7 159.3 922 1.389 1.422 495.129
C4H;5P 111 21.5 20.7 179.8 178.0 1110 1.389 1.422 495.111

The field is normal to the the plane of four C atoms. See the footnote to Table 1 for conversion factors to SI and cgs systems of units and

for the coordinate system

Ref. [32]. In the benzene molecule, the positive contribu-
tion of ring currents to OIC amounts to ~10%. A similar
effect is expected for the carbon nuclei of C4H4PH and
CsH4AsH. However, the magnitude of axg of carbon
shielding is mainly determined by local flow [33].

The magnetic descriptors quantify the diatropicity
(i.e., “magnetic aromaticity”) increase caused by forcing
C4H4AsH and C4H4PH to be planar, as documented in
Table 3.

4 Ring current model for C4H4PH and C4H4AsH

The results obtained for magnetic properties are fully
explained by the RCM: the maps of the current density J

in Fig. 2 show continuously increasing delocalisation of
the electron flow from the real distorted structures I to
partially and fully planar structures II and III [34]. The
paramagnetic vortex about the centre of the pentatomic
ring is also characteristic of aromatics [4]. Its size dimin-
ishes on increasing the planarity of the molecules.
Another quite significant feature can be observed in
the maps. In the region of the formal double bonds
C1—C3 and Cy—Cy4, the current density has an out-of-
plane (paramagnetic) component, which makes it to
spiral outward. The portrait of a focus [4] is visible in
these domains. Such a flow, typical of isolated C-C dou-
ble bonds, was observed in ethylene [35] and in other
pentatomic heterocyclic molecules [36]. This point was
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Fig. 2 Representation of the
current density vector field in
C4H4AsH (left) and C4H4PH
(right) for geometries I, I,
and III (from top to bottom).
The length of the arrows is
proportional to the intensity
|J|. The yz plot plane is
parallel to that of four C
atoms, at the distance of

1 bohr above it, on the side of
the As-H and P-H bonds for
Iand II

not investigated by Johansson and Jusélius, compare for
Fig. 4 of Ref. [14].

Diatropic planar systems, e.g. benzene and other, elec-
trically neutral or charged, C,H,, cyclic compounds are
instead characterised by diamagnetic vortical regime
over the C—C bonds [33,37]. Thus, the magnetic response
of real C4H4PH and C4H4AsH molecules presents
superimposed features of conjugated and non conju-
gated compounds.

The diatropicity of the system is controlled by its pla-
narity: as the maps clearly show, the size of spiral flow
in the vicinity of the C-C double bonds, typical of eth-
ylene, diminishes from I to III. The maximum modulus
|J| (in au, for a magnetic field B having the intensity of
1au) increases from 7.88 x 1072 for I and 8.60 x 1072
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for I1, to 9.90 x 10~2 for III in phosphole. Correspond-
ing values for C4;H4AsH are 7.49 x 1072 for I, 8.13 x
1072 for II, and 9.82 x 10~2 for III. The contribution
to |J| from the localised o electron is expected to be
substantially the same for the three molecular geome-
tries. The stronger intensity |J| observed for flattened
geometries can only be imputed to higher mobility of
7 electrons, connected with their distortive propensity,
which is enhanced by constrained planarity [21]. More-
over, the streamline and |J|-modulus maps [34] show
clearly that, by flattening, the intensity of the current
field tends to increase, becoming fairly homogeneous
over the four carbon atoms of the pentatomic ring. This
is another proof of the presence of quasi-uniform ring
currents taking place in the flattened forms II and IIL.
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However, the current density maps reported in Ref.
[14] and in Fig. 2 are not sufficient to show the spa-
tial aspects of the electron flow all over the molecu-
lar domain, which may cause incorrect interpretation of
magnetic response properties, nuclear magnetic shield-
ing in particular. Confusion between vortices and foci
[4] often arises in the arrow representation of the cur-
rent field. Sometimes similar phase portraits correspond
to very different regimes.

A spatial RCM is actually needed to visualise a cur-
rent density field. A stagnation graph (SG) showing the
set of stagnation points (SP) and stagnation lines (SL)
at which the modulus |J| vanishes, i.e., the electrons stop
moving [38-40], provides fundamental information on
the third dimension of the vector field [4,33,36]. An
SG is usually a complicated topological object, and its
interpretation is much facilitated by using a graphic soft-
ware developed in our laboratory to obtain 3-dimen-
sional representations that can be magnified and rotated
by three Eulerian angles [34].

The SGs for C4H4AsH and C4H4PH, in a magnetic
field perpendicular to the plane containing four ring car-
bon atoms, are shown in Figs. 3 and 4. There is a strong
difference between the graphs in Figs. 3 and 4, and
those reported for benzene and other C,H,, aromatic
cyclic molecules [33], which show a primary diamag-
netic vortex, flowing in the tail regions of the molecular
domain and splitting up into n diamagnetic vortices at
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Fig. 3 Perspective view of the stagnation graph of the current
density vector field in C4H4AsH. The uniform external magnetic
field B is parallel to the x axis through the centre of the ring, per-
pendicular to the plane of the C atoms. Green (red) lines denote
diamagnetic (paramagnetic) vortices, saddle lines are blue

S,

R
s ""lu«««n.«
e
o

&
& %,
S )
4 <
& “
s 2
s )
S )
<o), & %
& SO, g 1)
G g g s )
e & ®, N ) °
& s 2% s 2
& S ) S ° )
& ) g * 3
g (o' % g @9
S ° U@y, 3 M %)
5 s S s !
§ ¢ s o 8 e £ A S .
¢ s g 3!
T @ s ] g . &
s g s g °
& (0 a‘s‘ ] ° 9
3 13
3% g
S v ¥
>

o,
)
“®

«
e
(&8
G
o

&

\.}

Fig. 4 Perspective view of the stagnation graph of the current
density vector field in phosphole. Graphical conventions are the

same as in Fig. 3

two branching points, at a distance of 2.5 bohr above
and below the molecular plane for C¢Hg and CsHg [33].
In C, H,, diatropic cyclic systems, branching of the pri-
mary vortical SL gives rise to n diamagnetic vortices that
terminate in the region of the C—C bonds [33].
Instead, the common signature of the five-membered
heterocycles is given by a closed stagnation loop, sepa-
rated from the rest of the SG, passing through the mid-
point of the pentagon side opposite to the heteroatom
[36]. The (green) diamagnetic vortex line crossing the
C-C bond and the (red) paramagnetic vortex line, flow-
ing in the vicinity of its centre of mass, are connected by
segments of (blue) saddle lines.

The SG of C4H4 AsH and C4H4PH is strongly affected
by constrained planarity. The closed loop is observed
also in the fully planar form III. In the partially plana-
rized form II the closed loop is replaced by an open line,
with paramagnetic vortical character near the centre of
mass of the molecule. Graphs for structures II and 11
are available [34].

The trend of streamlines and moduli is consistent
with that of calculated magnetic tensor components. The
diamagnetic shift of o”C, ~29 (*24) ppm from I to III
in C4H4AsH (C4H4PH), and the paramagnetic shift of
o, 1.7 (*1.5) ppm for H; in C4H4AsH (C4H4PH),
are explained by the differential Biot-Savart law (BSL),
which gives magnitude and sign of the element of mag-
netic field dB;,g induced on a probe [31,32,41]. Figs. 5

and 6, reporting maps of shielding density [31,32,41],
help rationalise magnetic shielding at the nuclei by
neatly showing molecular domains that provide negative
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Fig. 5 The out-of-plane
shielding density at hydrogen

and carbon nuclei of
C4H4AsH induced by a
magnetic field in the x
direction. The plot planes are
the same as in Fig. 2. The
contours are associated with
constant magnitude and are
drawn in steps of 2 x 1073
and 1 x 103 au for C and H,
respectively

H2

HS +HS

(positive) contributions. Dotted (continuous) lines
denote deshielding (shielding).

The contribution from a portion of ring current closer
to a probe, e.g. a proton H outside of it, with coordi-
nates Ry, reinforces the external field By by providing a
positive dBing x(Rp), so that the ag component dimin-
ishes (paramagnetic shift). On the other hand, remote
portions of the circuit will induce negative contribu-
tions dBiyq(Rpy), enhancing ol (diamagnetic shift).
Net overall deshielding, weakly cancelled by distant
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shielding contributions, takes place in a small domain in
the proximity of the proton. A similar analysis applies
to carbon shielding [31,32,41]. The maps in Figs. 5 and
6 show that the effects of ring currents increase by
flattening.

Analogous indications are given by the out-of-plane
component of the magnetic susceptibility. Compared to
I, the increase of the diatropicity measure |x;| in III is
enormous, ~30 and ~25%, respectively in C4H4AsH
and C4H4PH.
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Fig. 6 The out-of-plane
shielding density at hydrogen

and carbon nuclei of
phosphole induced by a
magnetic field in the x
direction. The plot planes are
the same as in Fig. 2. The
contours are associated with
constant magnitude and are
drawn in steps of 2 x 1073
and 1 x 1073 au for C and H,
respectively

H2

N
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PN
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it
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5 & distortivity and ring currents

Itis generally held that the geometry of aromatics results
from a balance between two contrasting mechanisms,
the former, governed by o electrons, tends to produce
stiff planar structures with equal, or nearly equal, bond
lengths, the latter, promoted by 7 electrons, favours
bond alternation and deviation from planarity [21].

In benzene, the archetypal aromatic system, the =
distortivity that would lead to a D3, geometry with

more localized C=C bonds, corresponding to the Kekulé
structure, is overcome by the opposite tendency of o
electrons, driving planarization of the molecular frame-
work. This is also the case of C4H4X five-membered ring
heterocycles, with X=CHj,, NH, O, and S, in which the
o electrons win the energy-geometry competition deter-
mining planar ring structures and diatropicity sustained
by n-electrons [36].

On the other hand, the real C4H4PH and C4H4AsH
molecules prefer a distorted geometry [10-16,18,19]. As
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shown in Table 3, the difference between C—C bond
lengths tends to diminish by imposing an artificial
planarity: the C;-Cz (C3-C4) distance increases
(decreases) by ~0.03 (0.04) A passing from relaxed I to
planar II and IIT geometries. Bond equalisation, typical
of aromatics, is accompanied by energetic destabiliza-
tion in these five-membered ring heterocycles.

In fact, the SCF and the B3LYP-DFT energies W of
the molecules in the absence of perturbation reported
in Table 3 show that stability decreases by increasing
planarity of the molecular structure. The aromatic sta-
bilisation provided by = delocalisation, rationalised by
various measures [42], is overcome in C4H4AsH and
C4H4PH by the larger stabilisation achieved via ring
distortion. Moreover, the results in Table 3 indicate that
higher energetic instability is accompanied by increased
mobility of the 7 electrons in a magnetic field and onset
of more intense ring currents in C4H4 AsH and C4H4PH.
A smaller degree of electronic stability comes together
with higher diatropicity, documented in the series I-111
by the increase of |J| and by the magnetic quantifiers x|,
J”H ,and oC.

These results for C4H4AsH and C4H4PH document
inconsistencies among different aromaticity criteria
[2,43], providing further evidence of strong discrepan-
cies between energetic and magnetic descriptors, pre-
viously observed in bis-heteropentalenes [3,5] and in
tetraazanaphthalenes [9].

6 Conclusions

Magnetic criteria yield quantitative descriptors of rela-
tive diatropicity in bent, partially, and fully planarized
C4H4AsH and C4H4PH. The out-of-plane component
of magnetic tensors, susceptibility and shielding at
hydrogen and carbon nuclei, can be used to obtain a
scale of magnetic aromaticity. The intensity of the ring
currents induced in C4H4AsH and C4H4PH by a mag-
netic field normal to the plane of four C atoms increases
by flattening the molecules. The stronger diatropicity
of planar structures, shown by current density maps,
shielding density maps, and magnetic indicators, is
accompanied by higher energetic instability related to
the distortivity of the  electrons. Therefore, the special
mobility of the 7 electrons and the onset of ring currents
in a magnetic field are related to molecular energetic
instability.
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