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Spatial models of the current density field induced in the cyclopropane molecule by stationary, homogeneous
magnetic fields, parallel to either ti@ or theC, symmetry axis, have been constructed. A compact, abridged
representation of the models is given via stagnation graphs that convey essential information. Maps of
streamlines and moduli are also reported to complete current models that have proven useful to rationalize
magnetic tensor properties, that is, magnetizability,and *3C nuclear shieldings, and magnetic shielding
along theC; symmetry axis. Plots of BietSavart magnetic shielding density combined with current density
visualization yield an accurate, detailed account of the shielding mechanisms. The magnetropicity of the
system described by the current density model is fully consistent with the magnitude of magnetic tensors
calculated at near Hartre€ock level. In a field perpendicular to the molecular plane, cyclopropane sustains

a diatropico-ring current with the following peculiar features: (i) it follows the molecular periphery rather
than the CC framework; (i) it bifurcates in the proximity of the methylene moieties flowing along the CH
bonds, both above and below thgplane; (iii) it has an effect on the values of response properties, although

it is not as large as expected from naive arguments (e.g., the center-of-mass value of the magnetic shielding
constant is dominated by in-plane components rather than the out-of-plane component, which is in contrast
to m-aromatic systems such as benzene); (iv) it has a negligible effect on the strong anisotropy of carbon
magnetic shielding, which is shown to arise from local currents. No evidence for strong diatropism, and
thereforeg-aromaticity of the cyclopropane molecule, was found on the magnetic criterion.

1. Introduction The concept ob-ring currents has been accepted by many
authorst24-27 Jao et al. reported a magnetic exaltation as big
as one-third that of benzeR&which is thought to arise from
'the precession of mobile-conjugated electrons. Long range
IH shielding attributed to cyclopropane ring currents was
advocated to assign molecular configuratiéh®:3°Abnormally

high calculated values of nucleus independent chemical shift

(NICS)*! are considered to be consistent withdiatropic-
ity_9,18,27,30

The smallest cyclic molecule formed by three Lthits
(cyclopropane) is characterized by a peculiar electronic structure
described in qualitative terms by the Walsh mddelor
equivalently by bent bond orbitalsla Coulson and Moffitt:5
The theory predicts some amount@®lectron delocalization
related to resonance and to strained geontetifs a conse-
guence, GHspossesses unusual enerdetiand spectroscopidéi
properties that have been the object of much investigation. ) )
Chemists traditionally assumed that cyclopropane is endowed According to a model developed by Dewar, see Figure 4a of
with a special combination of qualities that is referred to as ef 6 ono-conjugation, the upfield proton resonance shift can
o-aromaticity?5-17 Dewar pointed out that benzene and cyclo- be understood in terms of an aromatic ring current in the
propane are isoconjugated, as both molecules are stabilized byeyclopropane ring, supposing that the hydrogen nuclei lie in
a sextet of strongly delocalized electrons. Whereas the formerthe shielded region of the anisotropy cone. However, a ring
is T-aromatic, the latter is-aromatic® Moran et al. even refer ~ current model does not explain the anomalous isotropic upfield
to C3Hg as the archetypal-aromatic systernt® chemical shift €20 ppm) of the'3C of methylenes reported by

Pascal was the first to underline the typical magnetic Zilm et al*? Nor does it justify the strong anisotropy of the
properties of this molecul¥:2® The experimental average experimental carbon chemical shift, which is due to only one
susceptibility!?? of C3Hg is considerably bigger than that component &53), whereas the other two components of the
obtained from additive schem@&sand its anomalous anisotropy,  shift tensor §7; andd5,) have typical aliphatic values, accord-
more recently measured with increasing accufdéy,was ing to Zilm et all?
attributed by Wiberg and Nistto the presence af-ring currents It is commonly accepted that the local effect on a benzenic
induced by a magnetic field perpendicular to the molecular ¢ pycleus, determined by the diamagnetic ring currents in which
plane, which falso causes upfiéld nuclear magnetic resonance it is immersed, vanishes as the induced BiSavart mag-
(NMR) chemical shift. netic field changes sign on crossing the current str&am.
. However, there is theoretical evidence for a sizable contribution
uni*mTooitWhom correspondence should be addressed. E-mail: lazzeret@ (%.1-0%) of 7-ring currents tQ carbon shielding in benzene,_

t Universitadegli Studi di Modena e Reggio Emilia. arising from electron circulation about remote carbon nuclei,

* Universitadegli Studi di Salerno. as shown by magnetic shielding density m&ps® At any rate,
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a similar mechanism is not expected to be responsible for the TABLE 1: Magnetizability of Cyclopropane in 102° JT 2

surprising high-field value obg, in benzene and cyclopro- cale expP expF
pane. . — —

A model for the current density induced by a stationary de\ 2438 2442
magnetic field perpendicular to the ring plane, according to o —-1833  —184+2
which GsHs does not sustain London-type ring currents, was A% —60.5 —61.3
reported in 1983% However, the reliability of this model is 2 161.2 168t 2
questionable, as it is affected by at least three unsatisfactory 119.1 125£2
features. (1) It is not invariant to a change of coordinate frame,  Ax® 42.1 42.0
because it was obtained within the coupled Hartieeck (CHF) il :2421'8 :ggi g :;;-?i ig
approximation, which allows for the common origin (CO) 0 _701 651+ 1.3 —66.4 51t 13
approach that is now superseded by translationally invariant A, -18.3 —15+2,—17+ 2 ~192+ 1.9

methods based on continuous transformation of the origin of
the current density (CTOCD); 42 formally annihilating either
the diamagnetic or paramagnetic contributions to the quantum

including atomic orbital (GIAO) basis set$#4(2) It does not
accurately represent the electron circulation about the carbon
nuclei, which does not allow inference on the origin of the

aDiamagnetic and paramagnetic contributions are from the CO
approach (origin in the center of mass), and average contributions are
| | ) _ ) from the CTOCD-DZ approach; see text and Supporting Information.
mechanical current density, that is, diamagnetic-zero (DZ) or || andO denote out-of-plane and in-plane components= y, — .
paramagnetic-zero (PZ), and by methods employing gauge-®From Aldrich et al'® ¢From Lukins et al* ¢ From Barter et at!
€ From Flygare®? fCalculated via different methods.

TABLE 2: Magnetic Shielding and Chemical Shift Tensors
of C and H for CH, and for the Center of Mass in

abnormally higho§3. (3) It yields insufficient information on Cyclopropane
current density in space. X vy 77 av
Therefore, an improved model is needed to provide a realistic —

description of the current density induced by an external 9. 1;:’1,'9 1877 '43 _ﬁ%o _%gf'l

magnetic field. Such a model is required to rationalize the e gy 20 2 —36 _38

magnitude of in-plane and out-of-plane components, the average g+ 33.26 26.05 36.97 32.09

value of tensor properties that are experimentally available, that " —-1.08 6.13 —4.79 0.09

is, magnetizability and chemical shifts of hydrogen and carbon 9" exp 0.22,0.222
oM 50.93 50.93 32.69 44.85

nuclei (via absolute theoretical values of magnetic shieldings

of a reference compound, see Table 2), as well as the central

shielding along thé&C; axis. The construction of such a model,
which should also assess the wider implication ondfdiat-
ropicity of CsHg, constitutes the essential motivation of the
present paper.

2. Results and Discussion

Magnetic Properties of Cyclopropane.An extended, non-
contracted (13s10p5d2f/8s4pld) Gaussian basis*8etith 435
primitives was used to optimize molecular structural parameters
at the HartreeFock level, rec = 1.495(5) A andrcy =
1.072 (5) A bond distances, and HCH angfel 14.2(8}. The
same gaugeless basis set was used to evaluate near Hartree
Fock magnetizabilities, magnetic shielding of H and C nuclei,
and magnetic shielding at a number of points on @e= z

symmetry axis. CO, with origin in the center of mass, and a System in whichy

Fock level of accuracy, that is, analytical B%3°46numerical
DZ137 and PZ3°4546damped DZ2"4” and PZ2%4647variants.

previously reported® They are identical to at least three

accuracy of the numerical integration procedtifesnployed.
Experimental values for the magnetizability anisotropyX

have been obtained by Aldrich et'dby observing the rotational

Zeeman effect with the cyclopropanklCl and cyclopropane

aValues in ppm. Thé3C tensor is given in the principal axes system

specified in the text. Coordinates: C(1.631 66, 0.0, 0.0), H(2.731 32,
0.0,—1.702 43). All shifts from tetramethylsilane. Calculated absolute
values for!H and 2*C in TMS: o}, = 32.18 ppm andg, = 194.7
ppm.° From Zilm et al*? ©From Wiberg and Nist® 9 From Burke
and Lauterbut!

Experimental values of proton chemical shift éfeé= 0.22
and 0.222 ppm?®1! The carbon chemical shift is 196.3 ppm,
referred to external G, andd¢ = —3.8 ppm with respect to
external (CH);Si*2 The experimental components of the
chemical shift tensor reported by Zilm et'8lared$, = 22,65,
=2, andé§3 = —36 ppm, respectively.

Because the principal axes of tHéC nuclear magnetic
shielding are specified by the lodap, symmetry, a coordinate
Oy O3 = 0y, ando, = oy, is used in
series of CTOCD procedures were employed at the Hartree Table 2. Discrepancies found between theoretical and experi-
mental values for the components of carbon shielding (in the
liquid phase) may depend on a number of reasons that are
The results from different computational schemes (reported in difficult to understand. However, the average shifts of hydrogen

Supporting Information) are much more accurate than those @nd carbon are quite close.
The big average virtual shielding (44.9 ppm) evaluated at

significant figures. Higher agreement among analytical and the center of mass (CM) corresponds to a NICS index44.9,

numerical methods would be obtained by increasing the according to the definition proposed by Schleyer et'4Lf.
with the GIAO NICS RHF/6-311G(d,p) value of—43.0 as

reported by Sauet$ and with similar values by otherf’
Remarkably enough, it is mainly determined by the exception-
ally large in-plane componemﬁ“" = 50.9 ppm. The out-of-

C

1=

HCN complexes. A definitive estimate afy was determined ~ planeos,” = UﬁM component isv18 ppm smaller.

by Lukins et al** A value for the average magnetizability was Because the shielding along the centzalxis is essentially
given by Barter et al., and a slightly higher (absolute) value is biased by the electron flow in planes normal to it (see the
quoted by Flygar@? The agreement between measured and discussion in Current Density Model in Cyclopropane), these
theoretical properties in Table 1 is more than satisfactory in findings are hard to reconcile with a model that assigns a
view of the fact that electron correlation effects and rotovibra- dominant role too-ring currents. The mobiler-electrons in
tional corrections should be evaluated for the latter. However, benzene cause an enhancm%ﬁ{' > oM 48 This is also the case
this lies beyond the scope of the present investigation. of the cyclopropenyl cation, for which the components of
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the central shielding at CM calculated via the same basis set
and DZ procedure, areg" = 27.70 ppm ands[V = 32.47
ppm. Therefore, if the- electrons sustained a strong ring current
on the plane of the molecule, a similar pattern should be
expected for cyclopropane. In fact, the Imi@" component for
CsHg is due to diamagnetic flow about th€, axis, as
documented by the SG reported in Figure 4 of the Supporting
Information.

Current Density Model in Cyclopropane. The orbital
magnetic dipole moment induced in the electrons of a
molecule by an external magnetic field with flux dendgyis
evaluated by eq 1.

Alin,[= XaﬁBﬁ 1)

The magnetizability tensogs) is determined by Ampre’s law.

1
Has = Seapy [T 7 (0) AT &)

The above equation introduces the current density tensor,

By — 0 B \
<:7(/(1ﬂ(r) ﬁ‘]a(r) (3) i
which is defined via the derivative of the magnetic field-induced Figure 1. Perspective view of the stagnation graph of the current
electronic current density af J3(r). Current tensor notation is  density vector field in cyclopropane. The uniform external magnetic
used, that is, the implicit summation rule for repeated suffixes field (B = Bes) is parallel to thezaxis. Green (red) lines denote
is in force, andeyg, is the Levi-Civita unit tensof? diamagnetic (paramagnetic) vortices, and saddle lines are blue.
1 opy .
The magnetic field induced at an observation poR} {s

determined by the Biot-Savart law At a distance, the electron flow of any diamagnetic system

would look like a whirlpool, also referred to as vortex, rotating
n _ anticlockwise about a nortrsouth (NS) axis, defined by the
AB(R)E= O‘Xﬂ(R)Bﬂ () direction ofB. Because the electrons are negatively charged, a
diamagnetic current density rotates the other way around, that
is, clockwise. It vanishes along the central axis, at which the
Lo —R, electrons stop moving\ Therefore, the NS axis is referred to
0(R) = €afy f ik ] 743"( ) dr (5) as the primary vortical stagnation line (SL) of theslectron
Rz R| “fluid”, according to a hydrodynamical analogy. An SL is a
continuous manifold of stagnation points (SP).

In the proximity of the nuclear skeleton, the external whirlpool
unfolds at a branching point (BP), splitting into secondary
whirlpools. Each of them is associated with a vortical stagnation
axis. In the boundary regions separating secondary vortices,
saddle SLs are found. The branching process is regulated by

in which the shielding tensor & is obtained by eq 5.

If the observation point coincides with the positi&n of the

Ith nucleus, carrying an intrinsic magnetic dipatg,, then the
quantity os(R|) = aLﬂ defines the magnetic shielding tensor
of that nucleus. The integrand function is interpreted as a
shielding density second-rank teng&po

R the Gomes theoref?,according to which the number of saddle
Z ! (ry=- @Ezﬁ —ﬂyﬁz( r) (6) SLs emerging at a BP ism — 1. Phase portraits of vortical and
# Ar V| R |3( saddle regimes are found in Figure 3 of the Gomes jfdpad

in Figure 2 of ref 39.
for example, eq 6 is thezcomponent of the shielding density The set of all SLs and isolated SPs of the current density
for nucleusl. This function can be plotted over a plane to vector field constitutes its stagnation graph (S&ypnveying
analyze shielding/deshielding effects from different domains of fundamental information via a compact and economical spatial
the current density field. Because all planes perpendicular to amodel that is the embodiment of a theory of electron flow
given direction (e.gz) provide “slices” to the integral property  induced by magnetic fields (i.e., a simple and practical tool for
(eq 5), one should, in principle, examine the function (eq 6) assessing the magnetotropicity of a molecule). Previous inves-
over several plot planes. In practice, only a few (from which tigations proved the utility of SGs for understanding the
main contributions are expected, e.g., planes of nearly maximummagnetic response of,8, conjugated cyclic moleculgsand
charge distribution) need to be sampled. Accordingtoegs, 1 heterocyclic pentatomic$:55In general, an SG is a complicated
the electronic magnetic momentinCand the magnetic field  topological object difficult to represent in two dimensions.
AB)(R)Oinduced at positiorR by an external fieldB,, the Graphic software is available in the Supporting Information to
magnetizability componeny,, and the nuclear shielding observe its spatial features by rotating and magnifying the
componenbzz(R) are basically determined by the components object®¢ This software is useful to understand the following
N andJ of the current density flowing in thgy plane. The discussion.
paramagnetlc componedf has no effect ory,; and o:(R). The SG in a magnetic field normal to the carbon plane of
These statements hold for cyclic permutationx,of, z cyclopropane is shown in Figure 1. It is very different from
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0.0

1.0

1.702
Figure 2. Streamlines and moduli of the current density vector field induced by a magneticBiglof (Unit magnitude normal to thvey molecular
plane of cyclopropane and directed outward. The distance (in bohr) from the origin is specified by the number on the down-left corner. Atom
positions are marked by crosses. The maximum moduli (step between two consecutive contours) are, in au: 2.22 (0.02) at 0.0 bohr, 0.0872 (0.009)
at 1.0 bohr, and 0.0916 (0.009) at 1.702 bohr. They vary between 0.6 and 1.2 times the maximum value of therbengengrent computed
at the same level of theory.

that reported for aromatic {8, cyclic systems, characterized Information reveals two planar diamagnetic vortices rotating at
by axial diamagnetic vortices originating at a BP+2.5 bohr the sides of each saddle SL, close to the midpoint of-aCC
from theoy, plane and ending up on the<C bonds> It shows bond. However, they correspond to isolated SPs, as is clearly
that the primary vortical SL branches out into four vortical and shown by the SG in Figure 1. They do not extend in space as
three saddle SLs. The BP lies on @igaxis, distant more than  was found for GH,, conjugated cyclic moleculé8.This pattern
10 bohr from the CM. Such splitting complies with the Gomes js entirely contained within a planar diamagnetic vortex about
topological theoren? the center of a €C bond. Moreover, the modulus of the local
Three diamagnetic vortical SLs, each lying om,gymmetry  cyrrent density is<0.02 au, as indicated in Figure 2 by the
plane of GHe, pass through the carbon nuclei, then they bend qnour showing a trough between the crosses that mark the
outward at some distance above and belowdfiplane. They — qqiion of carbon nuclei. (This can neatly be observed by
demte the onset of diamagnetic cwculamon in the Isgbrid superimposing the streamline and contour maps.) Such a trough
orblta_ls fo_rmmg G-H bof‘ds (ct. the streamlme_ map at 1.702 feature indicates that delocalized ring currents about the
bohr in Figure 2), showing that the H nuclei lie inside these triangular carbon framework are weak or nearly absent.

diamagnetic vortices. The fourth paramagnetic vortex rotates i )
about an SL that coincides with ti@ axis. The streamlines in On the other hand, the 3D perspective modulus map contains

Figure 2 show the extension of the paramagnetic vortex about2 ridge, situated over the projection of an-H direction on
the center of the molecule. The corresponding contour level andthe on plane, indicating an intensity increase in this peripheral
three-dimensional (3D) perspective view for the intensity of the region. Delocalized circulation takes place in the domain of the
current field indicate that the central paratropic whirlpool is as ridge just beyond the molecular perimeter. Figure 3 gives a
weak as the diamagnetic flow in the tail regions. spatial representation of the annular current density around the
The three saddle SLs, also lying ansymmetry planes, cross  forked CH moieties, which can be interpreted as a bona fide
the molecular plane slightly outside of the midpoint of the@© ring current flowing through €C bent bonds. It is diatropic in
bonds. The blow-up reported in Figure 7 of Supporting the domains forwarding a side of the carbon triangle, but,
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Figure 3. The ring current density flowing around the methylene
groups of cyclopropane in a magnetic field normal to the molecular
plane. The size of the arrows is proportional to the local modifjs

which varies between 0.05 and 0.1 au. Red (blue) denote ascending
(descending) currents. The 3D map can be rotated and magnified via
the graphic code delivered in the Supporting Information. H,

remarkably enough, it moves up and down in the region in front
of the C nuclei, which lie inside the circuit.

In the vicinity of a—CH, moiety, the diatropic mainstream
bifurcates into two separate parts that go up and down. This
feature can be compared with the “leapfrog” effect observed
for -ring currents in benzerfé.The modulus in the ridge basin
(=0.1 au) is close to values estimated foring currents in
benzené? A break appears in the ridge near the C nuclei (a
continuous ridge is instead found for the cyclopropenyl cation;
see Figure 5, Supporting Information). The regime illustrated “
in Figure 3 is better understood via the 3D graphic code reported ” 13‘ 'M |
in the Supporting Information by rotating and magnifying the Wu‘{
annular electron stream In space. . Figure 4. Magnetic shielding density (eq 6) for carbon, hydrogen,

Three truncated spikes of maximum modulus, orders of and CM on the molecular plane of cyclopropane, in au. Minimsam
magnitude higher than anywhere else, are visible in the region maximum = step: for G, —0.10 = 0.10 =~ 0.01; for H, —0.05 ~
of the carbon nuclei (see Figure 2). The enhanced valyg of ~ 0.05= 0.005; for CM,—0.1+ 0.1+ 0.01.
could be biased by these localized circulations to a significant
extent. In fact, the local regime results from the interplay of diamagnetic shift tcor;'Z as the proton lies just inside, as shown
two effects; (i) strong currents induced in the inner shell in Figure 2 (see also Figure 3, Supporting Information).
(quasiatomic 1s), which provide an isotropic contribution to the Therefore, only a (minor) part of the upfield value @f, =
Xop tensor; and (ii) currents flowing in the $prbital along the  1/3(5} + off, + o) should be attributed to-ring currents (see
C—H bonds (see Figures 1 and 2) above and below the the Shielding Density Maps section).
molecular plane, which instead increase the magnitudg, of Other isolated vortex- and saddle-points are observed in the

According to Ampee’s law (egs +2), the magnetic dipole  SG. Those lying on they, plane match phase portraits easily
induced by a current loop is proportional to its area. Therefore, recognized in the streamline maps.
large contributions arise from the wide region delimited by the  shjelding Density Maps.Plots of the shielding function (eq
annular circulation shown in Figure 3. However, the three 6) are given in Figure 4 for = C, H, and CM. They account
diamagnetic vortices localized in the region of thel&bonds,  for the molecular domains where shielding/deshielding mech-

despite their much smaller area, are more intense than the ringanisms come into operation. The effect of a current circuit on
current of Figure 3 near the C nuclei. From a Pascalian point 3 probe is well understodd:>° Simple rules outlined in de-

of view, they account for an additive-€4 bond contribution tail elsewher®35 are used to ease interpretation of the
toy. An assessment of relative weighs would be premature at maps. According to eq 6: (1) The sign of the shielding density
the present time. (=,4r)) at pointr, contributing to shielding at positioR of the

On the other hand, the model rationalizes the exceptionally probe, depends on the sine of the anglegtietween the vectors
high value ofoﬁ. It is caused by the intense diamagnetic JB(r) andr — R, as their cross product appears in the Biot-
vortex with small a radius sustained by a 1s inner shell and an Savart law. (2,4r) vanishes in the vicinity of points at which
sp® hybrid orbital. These vortices also provide a sizable sin6 — 0 (cf. the zero contribution from ortho C atoms to the

1
Ui
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perpendicular component of proton shielding in benzene noted could naively be explained via a model allowing for intense

by other authors}33558(3) The out-of-plane component of the

o-ring currents, the large value 0ﬁ eludes a description in

shielding of a probe inside a diamagnetic (paramagnetic) currentanalogous terms. The magnitude of the average shielding at the

loop goes upfield-diamagnetic shift (downfield-paramagnetic
shift). (4) The shielding density diverges 4o for r — R. If

molecular CM ¢S ~ 45ppm), which is interpreted by some
authors as an indicator of exceptiomatliatropicity, is instead

R coincides with the center of a current loop, the current density getermined by a dominant in-plane componefit! ~ 51ppm.

JB(R) vanishes. Therefore, a spike-up (spike-down) is observed Tha out-of-

planec (the only component that would be

about the center of a diamagnetic (paramagnetic) vortex, atpizsed byo-ring currents) is~18 ppm smaller, which is also

which both the numerator and the denominator of eq 6 vafish.
(5) Contributions of opposite sign to the out-of-plane component

difficult to explain via the idea of enhancegtring currents
unless one admits that the molecule is even naedéatropic if

of an external probe arise from the opposite senses of closesty,o magnetic field is parallel top,.

and furthest portions of a current loop. The typical signatures
of diatropic and paratropic flow have been recogni¥d®

The spatial model for the current density field arrived at in

the present investigation, consisting of stagnation graphs,

The maps of Figure 4 show sharp spikes-up (spikes-down) gyeamiine and modulus maps, and BiSavart shielding
that denote shielding (deshielding), corresponding to contlnuousdensity maps, provides a plausible rationalization for all the

(dotted) contour levels localized in the region of the strong o mnonents of calculated tensor properties. The anomalous

diamagnetic vortices about the remote carbon nuclei. These

patterns provide nearly canceling contributions'G. Weak
net shielding from remote carbon atoms remains'férafter

the negative contributions have been taken away, (cf. the

different number of contours of equal step abalC nucleus).

On the other hand, net deshielding arises from the nearest C
Two distinct, peripheral continuous ridges, one passing over

remote carbon atoms and the other over the cross marking th
projection of the reference H nucleus on theplane, provide
a hallmark of the ring current$ 3% observed in Figure 3.

The corresponding contours extend toward the inner part
which accounts for contributions of the same magnitude from

upfield chemical shift of thé=C nucleus is due to a strong
diamagnetic vortex localized about each carbon atom and

winding, to a large extent, above and below the molecular plane.

Our findings are hardly compatible with the ideafing
currents of exceptional strength. In summary, the points that

would seem to invalidate such hypothesis are as follows: (1)

The vortices localized about the C nuclei are more intense than

&he currents in any other region. (2) An annular delocalized

electron flow, which can be described as-eng current through
C—C bent bonds, was observed beyond the methylene groups.

' It skips the carbon nuclei, where strongly localized diamagnetic

vortices are observed, and it moves up and down along the C

the central paratropic vortex (cf. the hill near the center of |, 4< The modulus of the current density field over the

perspective map). The shielding density of eq 6 vanishes at two

intermediate points, at which the vectar®(r) andr — Ry

become parallel and antiparallel, respectively. Analogous fea-
tures are found for a number of plot planes at various distances

from oy, (e.g., for the proton shielding density on the plane of
the three H nuclei in Figure 3, Supporting Information).
The map on the bottom of Figure 4 shows canceling

contributions from the C-centered vortices and intense deshield-

perimeter of the €C—C triangle is very weak. (3) However,
the intensity of the delocalized current in cyclopropane is
virtually the same as that of thering currents flowing in the

on plane around the perimeter of conjugateg@Hg cyclic
molecule&® and heterocyclic pentatomieé$° If C3Hg is o-ar-
omatic on the magnetic criterion, then alaromatic GH,, are
also g-aromatic, which is another way of saying that none is
og-aromatic. (4) The anisotropy of the magnetizability tensor is

ing from the central paramagnetic flow. It explains why the §etermined by the enhanced out-of-plane compogenhich

out-of-plane component of the central shielding is much smaller

than the in-plane component. Howevef;" = 32.7 ppm is

almost the same as the 32.5 ppm calculated for the cyclopro-
penyl cation via the same basis set; see the discussion in

Supporting Information. The shielding that arises from the region

surrounding the molecular perimeter is weak, as compared to

the valuex~0.05 au for the ridge on a-€C bond. As shown in
the maps of Figures 1 and 2 of the Supporting Information, the
positive value ofoﬁ“" depends on prevailing positive contribu-
tions from higher planes along tl& axis.

This conclusion was checked quantitatively by calculating
contributions tooﬁ'v' from various integration domains in eq 5,
defined by Az intervals along theC; axis. The bulk of the
integral is obtained in the regia~ £2.0 bohr. Table 6 in the
Supporting Information shows that the contribution from the
Azregion of higho-electron density between 0.0 and 0.2 bohr
is ~2 ppm, whereas that from 0-®.4 bohr is~2.6 ppm. The
whole interval of 0.6-0.4 bohr provides=8.1 ppm, and that
from 0.4 to 0.8 bohr yields<9.4 ppm.

3. Concluding Remarks

Near Hartree-Fock calculations confirm that magnetic
properties of cyclopropane, for example, magnetizability and

could, to a significant extent, be attributed to the three intense
vortices about the €H bonds. (5) Theaﬂ1 out-of-plane
component of the hydrogen-shielding tensor is bigger than the
in-plane components and dominates the average chemical shift
measured in the isotropic phase. Shielding density maps show
that substantial contributions toﬁ arise from a localized
diamagnetic whirlpool about the-€H bond. Less important
contributions toaﬁ arise from delocalized diamagnetic ring
currents and from the central paramagnetic whirlpool; see Table
8, Supporting Information. (6) Shielding density maps for the
out-of-plane component of the virtual shielding at the CM of
cyclopropane evidence paramagnetic shift caused by central
paratropic flow. The effect of the nearby portion of localized
current flowing about the C nuclei is virtually cancelled by the
return current on the opposite side.

The maps show small shielding contributions from the
external regions in front of €C bonds.

Therefore, the fairly normalo-ring current induced in
cyclopropane by a magnetic field perpendicular to the molecular
plane determines its peculiar magnetic properties to a minor
extent. The out-of-plane components of proton and central
shielding are only partially affected.
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