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The structural chemistry ehesearyl-substituted porhyrins has uncovered a bewildering variety of macrocycle
distortions. Saddling angles range up t6&,48hile the plane of the phenyl groups at the meso positions may

be anywhere between perpendicular to the porphyrin plérre 90°) and tilted to quite acute angle8 &

30° or even less). These two distortions appear to be correlated. This has naturally been explained by steric
hindrance: when the phenyls rotate toward the porphyrin plane, for instance, coerced by packing forces, the
pyrrole rings can alleviate the steric hindrance by tilting away to a saddled conformation. We demonstrate,
however, that the two motions are intrinsically coupled by electronic factors and are correlated even in the
absence of external forces. A saddling motion makes it sterically possible for the phenyl rings to rotate toward
the porphyrin plane, which will always happen because of increasingly favatatdmjugation interaction

with smaller angle®. The considerable energy lowering duettconjugation counteracts the energy cost of

the saddling, making the concerted saddling/rotation motion very soft. Unsubstih@sehryl porphyrins

just do not distort, but an additional driving force may tip the balance in favor of the combined distortion
motion. Internal forces having this effect are repulsion of the four hydrogens that occupy the central hole of
the ring in porphyrin diacids but also steric repulsion in peripherally crowded porphyrins. These findings
lead to a clarification and systematization of the observed structural variety, which indeed shows a remarkable
correlation between saddling and phenyl ring tilting.

Introduction

Conformationally distorted porphyrins have been extensively
studied in recent years. The great importance of the macrocycle
nonplanarity for biological functions motivated the initial
interestt which has been subsequently enlarged by their potential
in nonbiological applications, such as supramolecular chemis-
try23 and catalysis.

We will be focusing in this paper on the so-called saddling
distortion, which consists of the simultaneous tilting upward of
two opposite pyrrole rings and the tilting downward of the two
other opposite pyrrole rings (see Figure 1). The degree of
saddling projections can be defined by the saddling aggle
that a pyrrole ring makes with the porphyrin plane. The saddling
distortion may or may not be coupled with a rotatiomoése
phenyl rings (rotation around the£C; bond; see Figure 1).
This rotation is described by the andglebetween the phenyl
plane and the porphyrin plane.

There is by now a large body of detailed structural chemistry figyre 1. (a) Labeling of the various carbon atoms in tetraphenyl-
of saddlednesearyl-containing porphyrin8 This has revealed  porphyrin. (b) Definition of rotation anglé of the phenyl plane between
a bewildering variation in the extent to which distortions an upward-tilted pyrrole (to its right) and a downward-tilted pyrrole
occur: theg angles may vary over a wide range (frorhp (to its_ Ieft). The view is toward _the porphyrin center;_the plane of the
to 4C°), and® may go down from 99to angles below 30 It drawing is the plane perpendicular to the porphyrin plane and the
is not easy to see a pattern in these data because there args™ Cm XS, through .
important effects on the magnitude of these conformational
distortions coming from other structural features, such as the
orientation of axial ligands in metal derivatives, steric
crowding due to bulky peripheral substituents, as in the dodeca-
substituted porphyring,13 or two additional protons in the
porphyrin core, as in the diacidg4 ¢ The magnitude of the

Pyrrole

various steric repulsions is however unknown, as is the strain
caused by the distortions.

A careful inspection of the available structural data suggests
thatmesearyl substituents play a special role in the porphyrin
distortions. Just a tetraphenyl substitution at the meso carbons
does not induce a distortion; compare the essentially planar
* E-mail: rosa@unibas.it; rg010sci@unibas.it; baerends@few.vu.nl. H?TP.P (‘nesetetraphenylporphyrln?? N .However’ this sub- .

8 Universitadella Basilicata. stitution appears to enhance the distorting effect of other steric
*Vrije Universiteit. repulsions such as those coming from bulky peripheral substit-
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uents or the inner hydrogens in the diacids. As a matter of fact,
the deviation from planarity for diacids bearingesearyl
substituents, such as;FPP*+ (mesetetraphenylporphyrin) and
H,TPYyP* [mesetetrakis(4-pyridyl)porphyrin] is much more
pronounced* 16 than that for other diacids, such ag@®EP*
(octaethylporphyrin}®20 For instance, in HTPP" deriva-
tives, the average tilt of the pyrrole rings from the 24-atom
mean planeg, ranges between 28 and °33-16.21which is to

be compared to the ~ 14° value seen in HDEP" deriva-
tives16:20

Similarly, peripherally crowdecdhesetetraphenylporphyrins
such as HDDPP (2,3,7,8,10,12,13,15,17,18,20-dodecaphenyl-
porphyrin}® and HOETPP (2,3,7,8,12,13,17,18-octaethyl-
5,10,15,20-tetraphenylporphyrdshow deviations from planar-
ity that are even somewhat larger than those rf@searyl-
containing diacids. The diacids of these highly substituted
porphyrins exhibit even larger distortions (saddlifg)?

Saddledmesearylporphyrins usually display quite acute
aryl-porphyrin dihedral angle® (< 60°), with the magnitude
of 6 being directly related to the extent of tlsad distortion:
more acute aryl-porphyrin dihedral angles correlate with larger
degrees of saddling’1® As an example, in [ETPP](CIQy),,
where the average porphyrtaryl dihedral angleg, is 27(2y,
the absolute displacement of the pyrrglearbon atoms from
the porphyrin plane]ACs|, which can be considered as an
alternative measure of the deviation from planarity, amounts to
0.93(6) Alé whereas in [HTMP](CIO,), (TMP = tetra-
mesitylporphyrin), wherd is ca. 60, |ACs| is 0.67 Ali.e.,
only 0.20 A larger than that in [DEP](CIQy),'® a diacid which
lacks aryl groups.

The observed correlation between the saddling distortion of
the porphyrin core and the tilting of threesearyl substituents
has been explained so far in termseofironmental effect¢see
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Drawing definite conclusions on the interrelationship of these
two motions would be highly desirable also in view of the design
of macrocycles with predefined conformations.

It is the purpose of this work to clarify and quantify the
electronic factors governing thsy/nergicmechanism.

To this end, we have studied theoretically, by a DFT
approach, the saddling motion of the porphyrin core, coupled
and uncoupled with the tilting motion of theesearyl groups.
Energetic information (magnitude of strain and of steric
repulsion) is obtained by computing, for, HPP and its diacid
derivative, HTPP*, the potential energy curves (PECs) along
the saddling angleg, the tilting anglef of the mesearyl
substituents, and combinations of the two coordinates. Insight
into the electronic factors is obtained by way of an energy
decomposition scheme (see the next section) combined with a
fragment-oriented approach. We take as building blocks of
H,TPP and HTPP™, on the one hand, a porphyrin core bearing
an unpaired electron on each bridging carbon ators(H#C:)4]
or [Hq(PyC:)4)2", and, on the other hand, a cage of four phenyl
groups, (PR, This allows us to analyze and quantify the
electronic factors governing the porphyrin-core saddling and
twisting of the phenyl groups and reveal any synergistic coupling
between the two.

Method

General Procedures All calculations have been performed
with the program package ADF (Amsterdam Density Func-
tional), version 2004527

The calculations made use of the local density approximation
functional of Voske-Wilk —Nusair (VWN)28 plus the general-
ized gradient approximation, employing Becké&'gradient
approximation for exchange and Perdei®’$or correlation
(BP86).

ref 16 and references cited therein). On the basis of detailed The ADF TZ2P basis set, which is an uncontracted triple-

structural analyses and molecular mechanics (MM) calculations,

STO basis set with two polarization functions (H, 2p, 3d; C

it was argued that the saddle distortion increases with a decreasand N, 3d, 4f), was used. The cores (C and N, 1s) were kept

in the porphyrir-aryl dihedral angle to minimize the repulsive

frozen.

steric interactions between the tilted aryl substituents and the The PECs along the coordinate were computed forPl (P

CH groups of the flanking pyrrole rings, the driving force for
the tipping over of themesearyl substituents coming from
ervironmental factorsuch as packing forces in the solid state.
It seemed plausible to assume that the tilting of itiesearyl

= porphine), HTPP, and their corresponding diacids,PA"
and HTPP*, in the range ofp = 0—40°. At eachg value, all
geometrical parameters were optimized witl@p, (H.P and
H,TPP) orDyg (H4P*" and HTPPT) symmetry constraints.

groups was primarily dictated by environmental factors because During the optimization, thenesephenyl groups were kept
the MM-calculated structures were not able to reproduce the perpendicular to the mean porphyrin plae=t 90°).

experimentally observed aryporphyrin dihedral angles, which
were in general considerably underestimat&dOn the other

The PECs along thé coordinate were computed fonLHPP
and H,TPP*, in the range o) = 0—90°, for the planar and

hand, there was little reason to trace the discrepancy betweerseveral saddle conformations. At eathalue, all geometrical

the experimental and calculatédralues to a failure of the MM

parameters (except for the saddling angle were optimized

calculations because these were able to reproduce the experiwithin Cy, (H,TPP) orDog (H4sTPP2) symmetry constraints.

mental degree of saddling when the aryl group orientations were

Interaction Energy Analysis. To analyze and quantify the

constrained at their X'ray VaIUeS, i.e., when packing forces were electronic factors governing the synergism of the porphyrin_

supposedly taken into accouft.

Our recent density functional theory (DFT) calculations of
the molecular structures of a serieswésetetraphenylporphyrin
diacids, [HTPP](X). (X = F, Cl, Br, 1)?® suggest, however,
that the environment plays only a very minor role, if any, in
determining the orientations of the aryl rings. Indeed, the
calculations correctly predict the degree of tilting of the phenyl
groups as well as the type and degree of distortion of the

core saddling and twisting of the phenyl groups isTRP and
H4TPP*, we have used the energy-partitioning scheme of
ADF,2731 which was originally developed for Hartre&ock
wave functions by Morokuntdand modified for the relaxation
energy (or orbital interaction term) by Ziegler and R&&Khe
decomposition is for the interaction energy between a porphyrin
core bearing an unpaired electron on each bridging carbon atom,
[Ho(PyC)4] or [H4(PyC)4)%", and a cage of four phenyl groups,

porphyrin core. The nice agreement between the calculated “gas{Ph),. According to the energy-partitioning scheme, the interac-
phase” conformations and the solid-state structures implies thattion energy AEin, between fragments A and B is decomposed
the saddling distortion of the porphyrin core and the tilting of into a number of terms. The first term\E®, which is usually
themesearyl groups are coupled through a synergic mechanism called the steric interaction energy, is obtained from the energy
that is entirely governed bintrinsic electronic factors of the wave functiony®, which is constructed as the antisym-
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metrized A) and renormalizedN) product of the wave functions 40.04 40.0
A andy® of the fragments A and B: 1 1
0 A B 0 0 0 § 30.0] HaP %E; * H,TPP
— — = = 1 A
Yy =NAy y} B =0 HyT S P g 200/
The AE° term, which is defined unambiguously A€ ° = E ° g ] & 1
— EA — EB, consists of two componentAVeistat and AEpayi g 1007 & %07
AE® = AVoiq+ ABpa @) T e e T E e =
AVeisiaican be conceived as the classical electrostatic interaction ¢(ce9) 909
of the nuclear charges and unperturbed electronic charge 2001 20.04
distribution of one fragment with those of the other fragment, _ ] = ]
with both fragments being at their final positioAVeistat iS g 150 HP* g 1504
usually negative, i.e., attractive. The second term in exEaui;, :2’2 10 0_' E ] H,TPP?**
. . . . X x 10.04
refers to the repulsive interactions between the fragments, whlchg | > |
are caused by the fact that two electrons with the same sping s, g 50-
cannot occupy the same region in spat&p,yiis calculated w u ]
by enforcing the Kohir Sham determinant on the superimposed 0.0} 0.0
fragments to obey the Pauli principle by antisymmetrization and o 10 2 30 40 o 10 2 30 4
renormalization. ThéEpayiterm comprises the three- and four- @ (deg) @ (deg)
electron destabilizing interactions between occupied orbitals andFigure 2. Potential energy variation along the saddling angl&he
corresponds to the intuitive concept of steric repul¥ioif that energies are given in units of kcal/mol with respect to the lowest-energy

is widely used in chemistry. The stabilizing orbital interaction structures, i.e.Da, planar withg = 0° for HoP and HTPP andDzq
term, AEy, is calculated in the final step of the energy- Saddled withp = 15° for H,P*" and HTPP.
partitioning analysis when the KokiSham orbitals relax to the . . o . o
fully converged ground-state wave function of the total mol- Saddling being strongly diminished by simultaneous twisting
ecule. This term accounts for charge transfer (interaction Of the phenyls. Next we will look for an electronic structure
between occupied orbitals on one molecular fragment and explanation of this remarkable effect of phenyl twisting.
unoccupied orbitals on the other) and polarization (empty/ Porphyrin-Core Saddling. We first investigate the energetics
Occupied orbital mixing on one fragmeﬁf)[n the case of open- of the porphyrin-core Sadd”ng in cases where this motion does
shell fragmentsAEy;, in addition to the charge-transfer and not couple with the tilting motion of thenesearyl substituents.
polarization energies, also contains the energy lowering con- T0 this end, we have computed the PECs along the saddling
nected to the formation of the electron-pair bonds, i.e., the coordinatep, for H,TPP and its diacid derivative, AIPF*,
energy gained by pairing the open-shell electrons in the bondingkeeping themesearyl substituents orthogonal to the mean
combination of the orbitals. porphyrin plane. We compare to,Pl and its diacid derivative,
The AE,; term may be broken up into contributions from the H4P**, which lackmesearyl substituents. The computed PECs
orbital interactions within the various irreducible representations are displayed in Figure 2.

I' of the overall symmetry group of the systé: Our first observation is that the overall shape of the PECs of
tetraphenyl-substituted systems is remarkably similar to that of
AE,; = ZAE(F) (3) the unsubstituted systems. A careful inspection of the PECs in

Figure 2 reveals that fromp = 10° onward the HTPP PEC is

. N somewhat less stiff than the,Pl PEC, and the same holds for
This decomposition scheme of titeE,; term has been exten-  H, TP+ versus HP?*. A plausible explanation is that inAPP
sively used in this paper to analyze the attractive contributions and H, TPt the energy cost of the saddling is partially

to the interactions mentioned above. compensated for by the relief of steric repulsion betwegntC
Electron-pair bonds, which are formed when the porphyrin 5 bonds and ther system of the phenyl rings.

core, [F(PyC)4] or [Ha(PyC)4]**, interacts with the cage of The main conclusion, however, is that the phenyl rings, when

four phenyl groups, (Phu, are handled using an open-shell they are forced to be orthogonal to the mean porphyrin plane,

fragment proceduré. as is the case here, have very little effect on the saddling motion.

The interaction energy analysis has been performed in the \ye can therefore compare the free bases with the diacids,
range oft) = 0—14C" for two conformations of the porphyrin - regpective of the tetraphenyl substitution. As for the free bases,
core, i.e., planarg( = 0°) and saddled¢ = 30°). While 0 is H.P and HTPP, the PECs show that the porphyrin ring prefers
varied, the interacting fragments have been taken in the same,, stay planar, although small distortions from planarity <
geometry that they have in the planar and saddled structures ofy p) 51 energetically not very demanding, and slightly saddled
H2TPP and HTPF* optimized with the¢ = 90° constraint.  ¢,ntormations could be easily populated in the condensed phase.
The preference for the planar conformation is understandable
because the tilting motion of the pyrrole rings out of the porphy-
rin plane weakens the conjugation between the pyrrole rings

We first explore the energy changes related to two deforma- and the methine bridges. Indeed, as the plot of Figure 3 shows,
tion modes of unsubstituted antesearyl-substituted porphyrins  in H,P (and in HTPP, not shown), the overlap between thg C
as well as their diacids. In particular, the saddling and the and G, 2p, orbitals (kept orthogonal to the porphyrin plane,
rotation of the phenyl rings around the,€C; axis, and their defined by the four &'s, and to the pyrrole ring, respectively)
possible mutual influence, are studied. It will become clear that decreases ag increases. In the diacids, the trend is similar (see
these deformations are connected, with the energy cost of theFigure 3), although there the overlap is invariably smaller than

Saddling of the Porphyrin Core and Tilting of the
mesoAryl Groups: PECs
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Figure 3. Variation of the overlap between the @nd G, 2p, orbitals
along the saddling angle.

that in the parent free bases, particularlypat 0°. This is be-
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Figure 4. Potential energy variation along the tilting angléor planar
and several saddled conformations offRP. The energies are given

cause the repulsion of the inner hydrogens induces a significanti” units of kcal/mol with respect to the lowest-energy structure with

expansion of the porphyrin core, especiallygat= 0°.

When looking at the PECs for the diacids, we note im-
mediately that they are strikingly different from the free bases
arounde = 0°. The potential energy is high g = 0° but
drops rapidly as soon as the saddling motion is turned on. This
behavior is a direct consequence of the relief of repulsion of
the inner hydrogens when the pyrrole rings are tilted up and
down with respect to the mean porphyrin plane. In the range of
@ = 10—-15°, the relief of repulsion of the inner hydrogens is

countered by the energy cost of the saddling and the PECs show

a shallow minimum. At larger than 15, the repulsion of the
inner hydrogens has been totally relieved and the PECs of the
diacids curve upward, just as those of the corresponding free
bases do.

One may expect the PECs of peripherally crowded por-
phyrins, such as dodeca-substituted porphyrins, to show a
qualitatively similarg dependence as those of the diacids. Of
course, in the peripherally crowded porphyrins, the canting of
the pyrrole rings would serve to relieve the Pauli repulsion
between the substituents at thg&hd G, positions rather than
between the inner hydrogens.

Two important conclusions can be drawn from the analysis
of the saddling: (i) The energetics of the saddling is nearly
insensitive to the presence wfesearyl substituents, provided
they are kept orthogonal to the porphyrin plane. (ii) For both
diacids, HP>" and HTPP*, a value ofp ~ 15° is predicted
as the upper limit for the saddling angle. This value practically
coincides with that observed in porphyrin diacids lackimgse
phenyl substituents, such as®EP", and is only slightly
smaller than that found in AMPZ* (¢ ~ 20°), a diacid where
the observed porphyrinaryl dihedral anglé is smaller than
60°. These saddling angles are much smaller, however, than
thep ~ 30° value observed in )TPP" and H,TPyP" diacids,
where at the same time theesearyl groups are tilted quite
strongly.

These results clearly suggest that the tilting of itheseary!|

= 10° and 6 = 60°.
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Figure 5. Potential energy variation along the tilting angléor planar
and several saddled conformations @ffRP*. The energies are given

in units of kcal/mol with respect to the lowest-energy structure with
= 30° and@ = 30°.

When one considers tilting of thmesephenyls in saddled
porphyrins, the sense of rotation is important. In Figure 1b, the
displacement of the two pyrrole rings adjacent to a given meso
carbon is indicated by the raising and lowering of the projection
of the G—Cg bond on the plane of drawing, which is through
the plane through @and perpendicular to the porphyrin plane
and the G—C;, axis. The phenyl (indicated by its projection in
the plane of drawing) can be rotated counterclockwise, which
we indicate with decreasing angles (cf. the arrows), or
clockwise, i.e., to large values. Because of thHg,q symmetry,
counterclockwise rotation of one phenyl implies clockwise
rotation of the two neighboring phenyls. Evidently, clockwise
rotation will be sterically not favorable, so the acute phenyl
porphyrin plane angles will occur in the counterclockwise

substituents does play a role in determining the actual degreerotation, which we will be dealing with unless stated explicitly

of saddling observed imesearyl-containing diacids.
Coupling of the Saddling Distortion of the Porphyrin Core

to the Tilting of the mesoeAryl Groups. To assess the
relationship between the saddling distortion of the porphyrin
core and the tilting of themesearyl substituents, we have
computed the PECs along tiflecoordinate for the planar and
several saddled conformations o HPP and its diacid deriva-
tive. These are displayed in Figures 4 and 5, respectively.

otherwise.

Considering first HTPP (see Figure 4), we note that the PEC
at ¢ = 0° is nearly flat in the range of = 60—90° (a very
shallow minimum is predicted at around°JQOindicating that
the phenyl rings are nearly free to rotate about their bond to
the porphyrin in this range d.

What we find fits in with X-ray structural data concerning
mesepolyarylporphyrins, including bTPP, which show that in
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Figure 6. Potential energy variation along the saddling angléor
H,TPPT at 6 = 90° (upper curve) and at the optimélivalues (lower
curve). The energies are given in units of kcal/mol with respect to the
lowest-energy structure witlh = 30° andd = 30°.

Rosa et al.

The above results demonstrate unequivocally that there is
synergism between porphyrin-core saddling and tilting of the
mesearyl groups. This stands out when one compares (see
Figure 6) the PEC for saddling withconstrained to 90(upper
curve in Figure 6) to the PEC that is obtained when optimizing
at each saddling angle the phenyl rotation angle (lower curve
in Figure 6). Apparently, the phenyl rotation strongly assists in
the saddling, and the total PEC becomes rather shallow for large
saddling angles¢( in the range 1540°) when the phenyl
rotation is allowed to exert its energy-lowering effect. It is just
the synergism of saddling and phenyl rotation that accounts for
the remarkable flexibility (softness in the concerted saddling/
tilting motion) of mesearyl-containing porphyrins and for the
enhanced saddling distortion observedriasearyl-containing
porphyrin diacids.

These findings call for a reassessment of the accepted view
that the enhanced saddling distortion observednasearyl-
containing porphyrins is simply due to relief of steric repulsion
with the mesearyl groups when the latter are forced to tilt by
environmental effects.

Electronic Origins of the Synergism of Porphyrin-Core

these systems the dihedral angle between the plane of thesaddling and Tilting of the meseAryl Groups

porphyrin and the plane of the aryl is usually betweeh &@d
60°.18.19.38-41 The rapid rise of thep = 0° PEC from6 ~ 60°
onward indicates tha& can hardly become smaller than°Gd
the porphyrin core stays planar. At variance with the= 0°

To understand the electronic factors governing the mutual
influence of porphyrin-core saddling and twisting of the phenyl
groups, we have performed an energy decomposition analysis

PEC, the PECs calculated for the saddled conformations of Of the interaction between a porphyrin core bearing an unpaired

H,TPP show a well-pronounced minimum @t< 90°. The
optimal @ value varies with the degree of saddling. To a larger
degree of saddling correspond smalevalues.

Owing to the modest energy cost of the saddling, the
minimum até = 60° on thegp = 10° PEC turns out to be the
overall minimum. Saddling distortions larger tharf t@st more
energy to begin with, so the = 20° and 30 PECs are
destabilized with respect to thg = 10° PEC, and their
minimum is higher than the overall minimum by2 and~8
kcal/mol, respectively.

Coming now to the HTPPT PECs displayed in Figure 5,
their behavior as a function ¢f is qualitatively similar to that
of the HLTPP PECs, yielding energy lowering upon phenyl
rotation, but the effect is more pronounced. The 0° PEC is
again flat in the range df = 60—90° (a very shallow minimum
is computed afl ~ 70°) and rises rapidly fron® = 60° onward,
whereas thep > 0° PECs all have pronounced minimaéat
90°. Moreover, as inferred from the PECs in Figure 5 and more
clearly from theE(¢) curve of Figure 6, the optimal value
shifts to smaller values as the degree of saddling increases.

The crucial difference between,HPP™ and the parent free

electron on each bridging carbon atomy(PyC),] for H,TPP,
[Ha(PyC)4)2" for H,TPPT, and a cage of four phenyl groups,
(Phr)4. This analysis has been performed for different orienta-
tions of the phenyl groups and for two conformations of the
porphyrin core, i.e., planar(= 0°) and saddled¢ = 30°).

The orbital interaction energyAE,;, the steric interaction
energy,AE®, and the total interaction energ&Fin;, computed
for the planar and saddled conformations ofTRP and
H,TPP*, are plotted as a function of the tilting angle of the
mesephenyl groupsg, in Figure 7. The energy decomposition
analysis results for JTPP and HTPP* are given in Tables
S1, S2, and S3, S4, respectively, of the Supporting Information.

As can be inferred from the curves in Figure 7, the individual
energy terms for the interaction of the ¢(PHragment with the
porphyrin macrocycle show strikingly simil&dependence in
H,TPP and HTPP*. Therefore, to simplify the discussion, we
focus on the HTPP' results and only point out significant
differences with HTPP.

Attractive Interactions: s Conjugation. As has been
pointed out in the previous section, when the saddling is coupled
with tilting of the phenyls, a considerable stabilization is

base is that in the former the saddling is energetically favorable achieved. This suggests that the rotation of the phenyl groups

to begin with (see Figure 2), so tle= 10° PEC is strongly
stabilized with respect to the one for the planar € 0°)

is energetically a favorable process. According to the energy
decomposition displayed in Figure 7, this is fully caused by

H4TPP'. For larger saddling angles, the energy goes up again more favorable orbital interaction; compare the more negative

(at@ = 90°), although even ap = 40° the energy is still lower
than that for the planar conformation. The energy cost of
stronger saddling thapp = 10° is overcompensated for by more
pronounced energy lowering upon phenyl rotation, and the
minimum atf® = 30° on thegp = 30° PEC now becomes the
overall minimum. We note, in passing, that thend6 values
corresponding to the overall minimum in the explored range of
6 andg compare very well with those experimentally observed
in HyTPP diacids¢ = 27.9-33°; 0 = 21—-27°)14"1623and are
nearly coincident with those theoretically predicted for the
lowest-energyDyq structure of HTPP*T (¢ = 30.6°; 6 =
28.8).%5

AE,i energies upon phenyl rotation.

The steric repulsion embodied in tid=® energy term only
becomes more repulsive upon phenyl rotation. We will discuss
the AE° term fully in the next section but first address the
guestion of the electronic driving force for the rotation. What
are the stabilizing orbital interactions that account for the
behavior of theAE,; term along the) coordinate? To answer
this question, we first sort out the relevant orbital interactions
between the [{{PyC)4]?" and (Ph), fragments. These frag-
ments set up fous-electron-pair bonds that involve the singly
occupied splike hybrids on the ¢atoms of the phenyl radicals
and theo hybrids on the G atoms of the [H(PyC)4%"
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Figure 7. Variation of the energy terms along the tilting angléor H,TPP and HTPP* in the planar ¢ = 0°) and saddle¢ = 30°) conformations.

fragment. These-electron-pair bonds, which occur in thg,A
B1, and E symmetries irD,y, are expected to provide a
contribution to theAEy term that is large but substantially
0-independent. This fits in with the large absolute values of
the AE,; energies in Figure 7. As for the-type interactions,
they involve the [H(PyC)4]?" orbitals with large amplitude
on the meso carbons and the (Rhr orbitals with large
amplitude on the € atoms. The pertinent [MPyC)4]%"
molecular orbitals are the occupied,@md unoccupied 15e and
6&. As inferred from the plots of these orbitals in Figure 8,
they closely resemble the GG = Gouterman), G+, and

b1y porphyrin Oap) orbitals, respectively. The character of these
orbitals has been discussed in detail elsewhete.

The shape of these frontier obitals follows directly from
elementary orbital interaction considerations, taking the meso
carbon atoms and the pyrrole rings as building blocks.

The large amplitude of the 9§G-&,) at the meso carbons,
which was a distinguishing feature of the orbital interaction
schemé?43is relevant in the present context. Also, the well-
understoot?*3 higher energy (ca. 2 eV) of the LUMOL 6a
(cf. by in the D4y porphyrin) compared to the LUMO 15e
(G-g4*) will turn out to be important here.
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LUMO+1 “b4y”

Py X9
HOMO ‘a2 €, P 9b2

Figure 8. Frontier orbitals of [H(PyC:)4]?".

The pertinent (Pt)4 7t orbitals are those generated from the
HOMO 2b, orbital of the phenyl radical (originating from one
of the degenerate gHOMO orbitals of benzene) and its LUMO
3b; orbital (one of the LUMO g, orbitals of benzene). As
schematically depicted in Figure 9, the 2trbital generates
the occupied 7h 1l4e, and 7aorbitals, and the 3borbital
generates the unoccupied,8ti7e, and 8aorbitals. The latter
get, however, very little involved because of energy mismatch.
The occupied orbitals of the positively charged,(PlyC)4]2"
fragment are indeed too low in energy to interact with the virtual
(Ph)4 orbitals. This is different in HTPP, as will be discussed
later.

Of the occupiedr levels of the (PRH4 cage, the 7porbital
interacts with the G-g-derived 9 orbital of the [Hy(PyC)4]%"
fragment. This is, however, a repulsive four-electron, two-orbital

Rosa et al.

Ph-

(Ph-)4
“Den” Cov Dag

Figure 9. (Ph), levels generated from the 2land 3k molecular
orbitals of the phenyl radical, Ph

not occurring a® = 90° but at ca.f = 70°, when the phenyl
plane is more nearly orthogonal to the locaHZ,,—C, plane.

That the energy lowering due toconjugation can counteract
the energy cost of the saddling onlyét< 60° offers a natural
explanation for the observed preponderance of the simultaneous
occurrence in [M(TPP) (M = transition metal) complexes
of both asadcore geometry and phenyl dihedral angles smaller
than 60.6

The interaction with the Gaorbital of the porphyrin is weaker
than that with the 15e orbital because of the higher energy of
the 6a orbital. As a matter of fact, the charge transferred from
the 7a and 14e molecular orbitals of the phenyl cage into the
6& and 15e orbitals of the porphyrin core, respectively, amounts
to 0.07 and 0.26 electrons @t= 50° for the saddledg = 30°)

interaction and contributes to the Pauli repulsion to be discussedPorphyrin, and they become 0.11 and 0.40 electrois=aB0°

in the next section.

The other two occupied (Ph molecular orbitals, 7Zaand
14e, have the right symmetry to interact with the unoccupied
62 and 15e orbitals of the [lPyC:)4]?+ fragment. This is the
mains-conjugation interaction between theesephenyl groups
and the porphyrin core. As can be inferred from Figure 10,
where the plots of these fragment orbitals are displayed for the
case where the interacting fragments are in the geometry tha
they assume in the fIPP" structure withp = 30° and 6 =
30°, the 7a and 14e orbitals of the phenyl cage setuput-
of-plane interactions with the gaand 15e orbitals of the
[Ha(PyC)4)?" fragment, respectively.

Taking the rightmost phenyl in Figure 10, we note that it is
rotated counterclockwise to smallértoward the bottom right
pyrrole group, which has £(and G) lowered below the
porphyrin plane; compare Figure 1 (the two neighboring phenyls
are rotated clockwise).

The s orbital on G, has been tilted also to a small@than
90°, so the phenyl has to rotate considerably to bring sthe
orbital on G into reasonable overlap with the,Gr orbital. An
analysis of the orbital interactions at differehtvalues shows
that these phenylporphyrin doreacceptor interactions are
already significant a# = 60° in the planar structure, while they
switch on at somewhat smallérvalues in the saddledp(=
30°) structure. This fits in with the fact that the saddling already
tilts the G,  orbital, as mentioned above. We also note that
the AE,; curves in Figure 7 are displaced for the saddled struc-
ture to lowerd values, with the maximum (least favorald&,;)

t

and 0.14 and 0.50 electrons &= 10°.

It is worthwhile to mention that in FTPP an additional
contribution to ther conjugation comes from the reverse charge-
transfer interactions, i.e., porphyrin to phenyl. These mainly
involve the G-a,-derived HOMO orbital of the porphyrin core,
whose large amplitude at,Cwas already noted. It has; a
symmetry in the pertinenC,, point group of the [H(PyC:)4]
fragment, as is the case for one of the unoccupied){Bhbitals
generated from the 3lorbital of the phenyl radical, the 8b
orbital (in D2g symmetry) of Figure 9. This interaction is not
important with the [H(PyC:)4]?* fragment because the positive
charge stabilizes the occupied orbitals too much, causing a too
large energy mismatch with the virtuals of ¢(Ph

A quantitative assessment of the role that these occupied/
virtual interactions play in theAE, becoming increasingly
stabilizing as the phenyl rings move toward the porphyrin plane
is provided by the orbital interaction energy analysis that we
have performed in the whole range @f The results for the
planar porphyrin are gathered in Table 1.

As inferred from this table, thAEa, andAEg, terms, which
only account foro-pair bonds, change very little with, as
expected. We therefore expect that thieonding that is present
in the AEg term will also vary little with6. The variation that
is visible in theAEg term is therefore ascribed to the increase
of «r conjugation from effectively 0 kcal/mol & = 90° to ca.

40 kcal/mol atd = 30°. There is a much smaller effect in the
A, symmetry due to the much higher energy of the Gdital
(porphyrin “by") than the 15e orbital (G£). Apart from
conjugation, there will also be some stabilizing polarization
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Figure 11. Variation of theAEa, andAEg terms along the tilting angle
0 for H,TPPT in the planar ¢ = 0°) and saddle ¢ = 30°)
conformations.

TABLE 2: Orbital Interaction Energy Analysis for the
Interaction between [Hy(PyC-)4]?" in the Saddle
Conformation (¢ = 30°) and the (Ph), Cage, at Different
Tilting Angles of the Phenyl Rings, 0 (Energy Values in

Figure 10. Plots of the [H(PyC:)4]?" 6& and 15e (left side) and (Ph
7a and 14e (right side) fragment orbitals. The fragments are taken in
exactly the geometry they have in thgTH?P** structure withp = 30°

kcal/mol
andg = 30°. )
AEr
TABLE 1: Orbital Interaction Energy Analysis for the _
Interaction between [Hy(PyC-)4]2* in the Planar O(deg) AEn AEn, ABs, ARs, AEe  ARi(GrAEn)
Conformation (¢ = 0°) and the (Ph), Cage, at Different 140 -201.4 —-389 —238.0 —37.8 —510.2 —1026.3
Tilting Angles of the Phenyl Rings, 6 (Energy Values in 130 —196.2 —31.7 —232.7 —30.4 —4815 —9725
kcal/mol) 120 —193.2 —27.1 —2295 —25.6 —462.9 —938.3
AE 110 —191.9 —24.4 —228.0 —23.4 —452.2 —919.9
T 100 —191.3 —22.6 —227.0 —22.4 —445.2 —908.5
0(deg) AEan, AEa, AEs, AEs, AEe AE,(SrAEp) 90 —190.9 —-21.6 —226.1 —22.0 —440.2  —900.8
140 —186.2 —27.6 —191.6 —24.4 —4451 —8745 80 —1906 —21.2 2253 —21.9 —4375  —896.5
70 —190.2 —21.4 —2245 —22.0 —437.4  —895.5
130 —185.1 —25.0 —189.6 —22.8 —4355 —858.0
120 —1844 —230 —189.1 —-21.9 —4286 —847.0 60 —189.9 —22.3 —223.8 —22.1 —4395 —897.6
: : ' : : : 50 —189.6 —23.7 —223.1 —22.4 —443.4  —902.2
110 —184.2 —21.6 —188.5 —21.5 —4234 —839.2
40 —189.3 —25.4 —222.7 —22.9 —448.2 —908.5
100 —184.0 —20.7 —188.4 —21.3 —420.0 —834.4
30 —189.2 —27.3 —222.4 —23.6 —453.6 —916.1
90 —184.0 —20.4 —188.3 —21.2 —4188 —832.7
20 —189.2 —29.3 —2225 —24.4 —-459.7 —925.1
80 —184.0 —20.7 —188.4 —21.3 —420.0 —834.4
B B B B B B 10 —189.7 —31.5 —2232 —259 —467.0  —937.3
70 184.2 —21.6 —188.5 —21.5 —423.4 839.2 0 —1914 —342 —2954 —28.4 —477.4 _056.8
60 —184.4 —23.0 —189.1 —21.9 —428.6 —847.0 . : . : . :
50 —185.1 —25.0 —189.6 —22.8 —435.5 —858.0 . . .
40 —186.2 —27.6 —191.6 —24.4 —4451 —8745 is lowered from 90 is even smaller than the phenyl-porphyrin
30 —189.0 —31.5 —194.8 —28.4 —461.2 —904.9 st conjugation in the A symmetry.
20 —196.1 —39.5 —202.7 —-37.6 —4951 —971.0 It is interesting to compare to the saddled structure, for which

the energy analysis is given in Table 2. In Figure 11,Altg,
andAEg terms are plotted as a function @for both the saddled
and planar structures.

Whereas for the planar structure theE terms exhibit
monotonic decreases (more stabilization) wifeis decreased
from 90, the AEg term more strongly than th&Ea, term, for

(occupied/virtual mixing on one fragment) contributingh&a,,.
We finally have theAEg, term, which incorporates the smail
conjugation occurring in that symmetry in the form of porphyrin
(9y) to phenyl (8k) charge transfer and, of course, includes
some polarization. The increase of thisconjugation wherf
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SCHEME 1
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the saddled structure, the stabilization first diminishes. This is F;/9ure 12. Variation of the k--H, distancesh (drawn lines) and,
(broken lines) along the tilting angle, for the planar ¢ = 0°, red

in accordance with the observation above that the phenyl planecurves) and saddledy(= 3C°, blue) conformations of FTPFE.
first will rotate to a more orthogonal position with respect to ’

the local G—Crn—Cq plane, so that the-conjugation stabiliza-  ¢ore is planar and the phenyls are orthogonal to the porphyrin
tion will decrease. The energy values reported in Tables 1 and plane, the two distanced; and d, are equal and the two
2 clearly indicate that the behavior of thee,; term alongf is interactions for one §&-H, o-bond orbital (there are 16 such
dominated by theAE,, and AEe terms, in both the planar and  jnteractions in total) will equally contribute to the Pauli repulsion
saddled conformations. Th&E,,, AEg, andAE,; curves show  term. This is not so, however, wheh < 90° or when the
indeed a similar shape. porphyrin core is saddled. For a saddled porphyriéi at 90°,
Repulsive Interactions. Because as we have seen the  each G—H, o-bond orbital will have a short distance (indicated
conjugation tries to pull the phenyl planefic= 0° (i.e., in the asd,, drawn line in Scheme 1 for the,€H, bond above the
plane of the porphyrin macrocycle), the fact that smahgles porphyrin plane) to the pyrrole to the right with the-€Hg
are not found must be caused by a counteracting force. Ashonds tilted upward and a long distande(dashed line) for
expected, theAE® term, incorporating the steric repulsion, the downward-tilted pyrrole to the left. Of course, the-El,
increases when the phenyl rings are rotated toward the porphyring-bond orbital at the down side will have a short distard) (
plane. In the planar system, th®E° curve is, of course, and a long distanced(') to just the reverse pyrroles; see the
symmetric around? = 90° (see Figure 7). For the saddled thin red lines in Scheme 1.
system, the repulsion increases more rapidly when the phenyls |n Figure 12, thed; andd, Hg-++H, distances are plotted as
are rotated toward the upward-tilted pyrrole, which with our a function of@, for the planar ¢ = 0°, red lines) and saddled
convention for6 corresponds t@ > 90° (see Figure 1), and (¢ = 30°, blue lines) conformations of APP*. When the
increases later (i.e., after rotation over a larger angle) when theporphyrin core is planad; andd, coincide and are quite long
phenyls are rotated toward the downward-tilted pyrrole rihg ( at & = 90°. Upon tilting of the phenyl ringsg, elongates and
< 90°). Equivalently, the wholeAE°® curve in Figure 7 is dy shortens, becoming & = 50° ~2.3 A, only 0.3 A longer
somewhat shifted for the saddled system toward |cfvealues. than the sum of the hydrogen van der Waals rédiihis fits in
We note that the minimum in th&E° curves is rather shallow.  with the rapid rise of the\E® curve fromé = 50° downward.
This implies that the phenyls can rotate without much energy In the saddled structuré, is at® = 90° much shorter thad;
penalty around the preferred orientation by so#r@0°, with and considerably shorter indeed than that in the planar structure
the steric repulsion from “hitting” the pyrrole rings only (2.70 vs 3.40 A). This explains why &= 90° the AE® term
providing a repulsive “wall” at larger rotation angles. The is in the saddled structure significantly more repulsive than that
behavior of theAE® curves in Figure 7 is dominated by the in the planar one (see Figure 7).
Pauli repulsion term. ThAE.siatvalues gathered in Tables S3 From® = 90° downward d, elongates and; shortens. Still,
and S4 in the Supporting Information indicate that this term d, is at all angles~1 A longer than that in the planar structure,
provides a nearly constant stabilizing contribution to Xt&° and atf = 10°, it is still longer than the sum of the hydrogen
term over a wide range @. From6 = 20° (40° in the case of  van der Waals radii. This fully explains the much weaker steric
@ = 0°) onward, its contribution becomes increasingly stabiliz- repulsion for the saddled structure, which allows the phenyl ring
ing, but such small values @f are not reached because of the to rotate to much smalle? angles before hitting the repulsive
concomitantly large increase of the destabilizif\Bpay;i term wall.
that prevails oveAEesiatat all angles. An additional, minor contribution to the Pauli repulsion comes
To rationalize the behavior of th&E® curves in Figure 7, from the four-electron, two-orbital interaction between the
we note that the main contribution to the Pauli repulsion comes occupied (P)s-7b, and [Hy(PyC:)4]2"-9b; orbitals, mentioned
from the interactions between the ortho carbbgdrogen bonds in the previous section. This is quantitatively less important than
of the phenyls, G-H,, and the G—Hg o bonds of the two the repulsion with the pyrrole rings, but it has important
neighboring pyrrole rings (see Scheme 1). When the porphyrin spectroscopic effects because the considerable overlap between
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these orbitals, which have significant amplitude at theatd
C, atoms, leads to destabilization of the antibonding combina-
tion.2®

Total Interaction Energy. We finally consider the effect of
steric repulsion and orbital interactiam ¢onjugation) together.
The resultingAE;y; curves in the bottom panel of Figure 7
demonstrate quite strikingly how shallow the minimum of the
total energy becomes. Concentrating on the lowering ¢
small values, we see that the saddled structure alléwts
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angle than ca. 75 The fact that the saddling is typically much
stronger and thé angle much sharper is entirely due to the
electronic synergic effects we have pointed out.

Peripheral Congestion.It is well-known that neutrainese
arylporphyrins can undergo significant saddling distortion upon
the introduction off5 substituents. A considerable body of
information has now been accumulated for such sterically
overloaded porphyring!® The most prominent examples are
the dodeca-substituted porphyrins@ETPP?22H,DDPP1°and

become much smaller than the planar structure, and because oH,BrsTPP8 which show highly saddled conformationg ¢

the increase in stabilizing conjugation at those small angles,
there occurs a clear minimum iAE, at & ~ 30°. If one

30°). The driving force to activate the synergic mechanism we
have pointed out comes in these systems from the repulsion

considers the combined motion of saddling and phenyl ring between the peripheral substituents. On the basis of our
tilting, it is clear that when we would forget about the energy theoretical data, we cannot quantify the degree of saddling
cost of the saddling, the system would distort to the saddled distortion necessary to relieve the peripheral steric congestion
and tilted configuration. When we add to the total energy in for the various types of substituents g, ®ut when the steric
Figure 7, the energy cost of the saddling, whiclpat 30° is requirements allow the phenyl rings to rotate to sufficiently small
slightly less than 20 kcal/mol for /PP, the distortion will  angles, the electronic stabilization upon phenyl ring rotation will
just not be favorable for ;TPP. However, evidently the system  pe effective and make the system very soft toward the concerted
has become very soft toward this deformation, and a small saddling/rotation motion. This is apparently the case; the average
additional effect, such as that provided by the inner hydrogen phenyt-porphyrin dihedral angle in these systems is hardly

repulsion in HTPP*, where the saddling is favorable frorfi O
to 4¢°, will firmly send the system into the combined saddled
and tilted distortion.

The Synergic Mechanism at Work

We have quantified the energetic effects of the saddling
distortion and themesephenyl ring twisting, and we have

larger than 45,

The saddling ofp = 30° in the dodeca-substitutethese
phenylporphyrins is actually comparable to that seen in the
mesearyl-containing diacids. Understandably, the diacids of
these overloaded porphyrins show even larger saddle distortions
((P ~ 400).23'24

meseAlkyl Substitution. We comment on the saddle distor-

elucidated the electronic structure origin of these energetic tions observed inmesealkyl-substituted porphyrin diacids.
effects. The conclusion is that the variety of observed structuresDespite the absence ofesearyl substituents, these diacids show

of mesoaryl-substituted porphyrins can be rationalized from
the point of view that the system is soft toward deformation
along a coupled distortion mode. Systems with justsearyl
substitution, like HTPP and HTPyP, will not yet distort, but
a slight additional driving force will tip the balance. It is
interesting to review some of the structural data from this angle.
Diacids. Nonplanar distortion is realized by the addition
of two protons to the pyrrolic nitrogens of the porphyrin
core to form the diacid. As revealed by X-ray crystal-
lography!4-16.20.21.24.454horphyrin diacids typically have non-
planar structures with mainly saddle-type distortions, with a
small to negligible sideways tilt (ruffling) of the pyrrole rings
superimposedn the large vertical tilt. The deviation from
planarity for diacids bearingnesearyl substituents, such as
HsTPPT and HTPyP*+ 1416 is much more pronounced than
that for other diacids, such asq®IEP*+.1620 For instance, in
H,TPP* derivatives!*1621 the observed average tilt of the
pyrrole rings, ¢, ranges between 28 and °33This is to be
compared top ~ 14° seen in HOEP* derivativest®?° The
larger “flexibility” of H,TPP" with respect to HOEP"

saddling distortions comparable to or even larger than those
observed irmesearyl-containing diacids, with the actual degree
of saddling increasing with the size of the alkyl grodp©f
course, the synergic mechanism we have pointed out does not
apply in this case. However, the large saddling of these diacids
can still be rationalized without invoking external forces. In fact,
the energy cost of the saddling is compensated for, in part, by
the relief of the Pauli repulsion of the inner hydrogens (which
we have seen would lead to cal5® of saddling). That the
saddling also in this case becomes much larger must be due to
the relief of steric hindrance between thesealkyl substituents
and the flanking pyrrole rings, a totally different cause than
that in the case ofmesearyl substitution.

Correlation of the Phenyl Tilt Angle and Saddling Angle.
We have noted in the Introduction that a number of structural
studies omrmesearyl-containing diacids”16have clearly dem-
onstrated that there is a correlation between the magnitude of
the saddle distortion and decreasing porphygryl dihedral
anglesg. It is interesting to compare the strongly saddled/rotated
[H4TPP](CIQy), where the average porphyriryl dihedral

derivatives has been explained so far in terms of the former angle, 0, is 27(2} and [ACs| amounts to 0.93(6) A® with

being more susceptible than the latter to packing-induced
conformational distortions, in particular rotation of the phenyl
groups, which would induce stronger saddling for steric
reasong® Our theoretical analysis clearly shows that the
relatively large distortion ofmesearyl-substituted porphyrins
has, instead, intrinsic electronic reasons. ThgP?H and
H,TPP™ PECs in Figure 2 show that, in order to relieve the
steric repulsion of the inner hydrogens, a saddling of 18

is sufficient. This accounts perfectly for the low saddling angle
of ¢ ~ 14° seen in HOEP*" derivatives. TheAE® curves in
Figure 7 show, by interpolation between the= 0° andg =

30° cases, that imesephenyl-substituted systems @t= 15°
there is no energy gain for steric reasons to go to a sméller

[H4TMP](CIOg4)2 where the steric bulk of the mesityl substituents
prevents the porphyrinaryl dihedral angle from becoming
smaller than~60°. In that case, the synergic mechanism cannot
become very effective, and the saddling remains limitadC|

= 0.67 A)16 The observedACg| value is only 0.20 A larger
than that in [HOEP](CIQy),,1 a diacid which lacks aryl groups.

In fact, in ref 16 a series of 2,6-disubstituted phenyls are
considered, and it has been noticed that the flexibility of the
tetraarylporphyrin diacids decreases as the steric bulk of the
2,6 subsituents increases. At the same time, it has been noted
that thef angle remains large, which must have steric reasons.
When 6 is large, the synergic mechanism cannot become
operative, so the lack of flexibility is fully consistent with and
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explained by our results. Interestingly, an argument based purely (19) Kano, K.; Fukuda, K.; Wakami, H.; Nishiyabu, R.; Pasternack, R.

on steric hindrance would indicate the reverse to happen:
the saddling is driven by relief of steric hindrance with these
aryl groups, larger steric bulk of the 2,6 substituents would be
expected to lead testronger saddling to avoid the steric
repulsion.

Supporting Information Available: Energy decomposition
analysis results for JTPP (Tables S1 and S2) and,HPP"

(Tables S3 and S4). This material is available free of charge

via the Internet at http://pubs.acs.org.
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