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Transition metal complexes of chiroporphyrins, in which two adjacent meso substituents are linked by a strap of eight
methylene groups, [M(BCP8)], can exist as either an RRRR or RβRβ atropisomer depending on the nature of the
coordinated metal cation. This remarkable conformational versatility was investigated by density-functional theory
calculations for the d5 chloroiron(III) complex in the low-spin and high-spin states and for the d4 high-spin
chloromanganese(III) complex. The lowest-lying electronic state of all of the conformers of the chloroiron(III) bridled
chiroporphyrin is found to be the high-spin state. For the chloroiron(III) complex in the low-spin or the high-spin state
and for the high-spin chloromanganese(III) complex, the most stable form is predicted to be the RRRR conformer in
which the chloride axial ligand is located within the cavity provided by the bridles. The predicted stereochemistries are
compared with those similarly obtained (i) for the chloroiron(III) and chloromanganese(III) complexes of the
tetramethylchiroporphyrin, which is devoid of straps, and (ii) for the d10 zinc(II) and low-spin d8 nickel(II) BCP8
complexes, on the basis of the effects tied to the occupancy of the stereochemically active dx2-y2-type antibonding
orbital level, to the restraints imposed by the straps, and to the presence of the axial chloride ligand.

1. Introduction

Transition metal complexes of the bridled chiroporphyrin
H2BCP8 (BCP = bridled chiroporphyrin), in which meso
substituents derived from 1(R)-cis-hemicaronaldehyde (bio-
cartol) are connected by eight -CH2- groups (Figure 1),
exhibit two drastically different conformations depending on
the nature of the central metal cation.1,2

They can exist as an RRRR or RβRβ atropisomer, where R
and β refer to the location of the meso cyclopropyl substi-
tuents above (R) or below (β) the average plane of the
macrocycle. Thus, the zinc(II) and low-spin (LS) nickel(II)
complexes [Zn(BCP8)] (1̂) and [Ni(BCP8)] (2̂) are isolated as

the RRRR and RβRβ conformers, respectively.1 [The RRRR
and RβRβ stereoisomers of a species rigorously are atropi-
somers,3 but we will use as well the nearly equivalent term
conformers for convenience (see also ref 4).] The X-ray
structures of the RRRR-1̂ and RβRβ-2̂ complexes are shown
in Figure 2. In the open RβRβ conformation adopted by the
LS nickel(II) complex (Figure 2, bottom), the porphyrim
macrocycle is ruffled and the bridles connect opposite faces.
In contrast, the macrocycle is slighty domed in the RRRR
conformation of the zinc(II) complex (Figure 2, top), and the
bridles located on a same face are folded together like a pair
of tweezers. While the conformational discrimination appar-
ently is exclusive for BCP8 complexes, chiroporphyrins with
longer bridles seem to be more conformationally tolerant.
Thus, the chloromanganese(III) complex [MnCl(BCP10)] is
obtained and isolated as a mixture of the two RRRR and
RβRβ conformers.2 The possibility of achieving a fine control
of the RRRRT RβRβ change of conformations in complexes
of BCPs is really appealing, as this would provide a route to
the design of nanoscale devices such as molecular swiches or
nanotweezers. This is the reason why we are investigating the
conformational versatility of complexes of BCPs using both
experimental and theoretical approaches.
The ability to monitor the conformations of these BCP

complexes is essential to their study, especially with regard to
their proposed use as nanodevices. The determination of
solution conformations of organicmolecules anddiamagnetic
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complexes generally is obtained by NMR spectroscopic
methods. However, in the case of paramagnetic species such
as iron(III) or manganese(II/III) porphyrins, NMR spectro-
scopy is useless due to their broad resonances, which prevent
observation of signal multiplicities. This difficulty has been
overcome by using electronic circular dichroism (ECD)
spectroscopy as a conformational probe. In a preliminary
study, examination of the ECD spectra ofH2BCPn (n=8, 9)
and of their diamagnetic Ni(II) and Zn(II) complexes has
allowed correlations to be drawn between the conformation
(observed by NMR) and the sign of the Cotton effect in the
Soret region.5 Bridled chiroporphyrins that are in an RRRR
conformation (H2BCP8, 1̂) gave a positive ECD signal, while
those with a RβRβ conformation (2̂, H2BCP9, [Ni(BCP9)],

and [Zn(BCP9)]) gave a negative ECD signal. It has been
shown that this empirical correlation could be safely ex-
tended to the Mn(III) and Mn(II) complexes in this series,
allowing plausible assignments of their solution conforma-
tions.6 For the Mn(III) complexes, the conformation assign-
ment deduced from the composite ECD signal has been
corroborated by an X-ray structure determination of
[MnIIICl(BCP10)], which shows a mixture of RRRR and
RβRβ atropisomers.2 Accordingly, the square-planar
[MnII(BCP8)] complex,which exhibits a positive ECD signal,
has been assigned the C2-symmetric RRRR conformation,6

similar to that of the Zn(II) complex. These observations
suggest that a redox signal can trigger the RRRR T RβRβ
change of conformations in BCP complexes.
Predicting the stereochemistry of a given BCP complex

is a challenging theoretical issue in that the Gibbs free
energy G of each of its conformers must be accurately
determined for the conformational analysis to be complete.
Different factors affecting the free energies of the conformers
thus come into play, possibly strengthening or counterbalan-
cing the effects of one another in a subtle manner. We do not
intend to consider all of them simultaneously in the present
theoretical contribution. Consequently, we will in the follow-
ing delineate the scope of our study. G divides into a gas-
phase contribution G[L] and an environmental contribution
G[env.], for which we shall only consider solvation effects.
Given that the solvent-accessible surface area of the
open form RβRβ is larger than that of the closed form
RRRR, solvation is likely to have a large influence on the
RRRR T RβRβ conformational equilibrium. However, it is
not our purpose to investigate here solvation effects. These
will be addressed in subsequent studies using a continuum
solvation model.7-10 Besides the calculation of the electronic
energy, the determination of G[L] would necessitate that of
the vibration frequencies so as to be able to calculate the
entropy, the zero-point energy, and thermal corrections. The
BCP complexes are quite large systems for which vibrational
analyses are computationally demanding. In the present
study, we do not tackle the determination of these frequen-
cies, and therefore, we base our conformational analyses on
the determination of the electronic energy differences.That is,
for the time being, we are only concerned with the careful and
thorough exploration of the electronic and structural influences
of transition metals on the stereochemistry of a chiroporphyrin,
namely, BCP8.

Figure 1. Structure of the bridled chiroporphyrin BCPn complexes.
In the present study, n= 8. The atom labeling used is also indicated.

Figure 2. X-ray structures1 of the zinc(II)RRRR-1̂ (top) andLS nickel(II)
RβRβ-1̂ (bottom) BCP8 complexes.
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energies at reasonable computational costs. They also allow one to distin-
guish between the contributions arising from the electronic and structural
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the solute-solvent interactions. Actually, when using an implicit solvation
model for studyingmetalloporphyrins, attentionmust be paid to the fact that
the transition metal cation may exhibit a noticeable affinity for the solvent
molecules. In such a case, the chemical identity of the considered system
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Within this precise framework, we recently applied density
functional theory (DFT)11-14 to the study of the relative
stability of the RRRR and RβRβ conformers of 1̂ and 2̂.5

For either complex, the BCP8moietywas shown to exhibit in
the RRRR conformation a dome-shaped porphyrin which
slightly contracts and becomes strongly ruffled upon the
RRRR f RβRβ isomerization, so as to accommodate the
alternating up-down meso substituents. For a given con-
formation of the bridled chiroporphyrin, themetal-nitrogen
bonds were found to undergo upon Zn(II)fNi(II) substitu-
tion a shortening of∼0.1 Å, which is due to the fact that the
antibonding level of dx2-y2 type, which is filled in the d10 zinc
(II) complex 1̂, becomes unoccupied in the LS d8 nickel(II)
complex 2̂. For complex 1̂, theRRRR conformerwas found to
be the electronicallymost stable form.By passing to 2̂, there is
a strong stabilization of the RβRβ conformer, consistent with
the X-ray structures of RRRR-1̂ and RβRβ-2̂. These results
indicate that the extent to which the porphyrin macrocycle
contracts (respectively, expands) and stabilizes the RβRβ
(respectively, RRRR) conformation is largely determined
by the occupancy of the stereochemically active dx2-y2 orbital
level.5

In this paper, we extend our theoretical study of the
stereochemistry of BCP8 complexes to two axially coordi-
nated species, namely the d5 chloroiron(III) [FeCl(BCP8)] (3̂)
and the d4 chloromanganese(III) [MnCl(BCP8)] (4̂) com-
plexes. DFT is applied to the determination of the most
stable conformer of 3̂ in the sextet high-spin (HS) state
known to be the electronic ground state of chloroiron(III)
porphyrins,15,16 and also for the complex in the doublet LS
state, which is the alternative ground state for iron(III)
complexes. By characterizing 3̂ in these two spin states, we
aim at probing the influence of the occupation of the anti-
bonding dx2-y2 orbital level on the relative stability of the
atropisomers. This level is indeed singly occupied for 3̂ in the
HS state and becomes unoccupied in the LS state. The
conformational analysis is performed on 4̂ in the quintet
HS state, which is the electronic ground state of chloroman-
ganese(III) porphyrins,17 and wherein the dx2-y2 level re-
mains unoccupied. Note that, for [FeCl(BCP8)] and [MnCl
(BCP8)] in the RRRR conformation, and with regard to the
axial ligation by the Cl- anion, the conformational analysis
also accounts for the possibility of the location of theCl atom
within (conformers RRRR-3̂in and RRRR-4̂in) or outside
(conformers RRRR-3̂out and RRRR-4̂out) the cavity provided
by the bridles.
In our previous study,5 the conformational analyses

of 1̂ and 2̂ were carried out using the PBE generalized
gradient approximation (GGA).18,19 In the present study,
the situation is complicated by the fact that we are also
interested in calculating the relative energies of the confor-
mers of 3̂ in the HS and LS states. Indeed, the accurate

determination of the electronic energy differences bet-
ween states of different spin multiplicities is a challenging
theoretical task, especially in DFT, in that most density
functionals tend to fail. This difficulty met with the DFT
methods has been evidenced for iron porphyrin systems
(see, for instance, refs 20-22). It is receiving considerable
attention, as attested to by the many recent studies aimed at
assessing the performances of modern functionals with re-
gard to the energetics of the spin states of transition
metal complexes (see, e.g., refs 23-44). For all of the
considered complexes, most GGAs;the PBE functional
included;overestimate the stability of states of low-spin
multiplicity with regard to those of higher multiplicity.
The situation does not necessarily improve in passing
to the more sophisticated and computationally dem-
anding hybrid and meta-GGA functionals. Thus, hybrid
(respectively, meta-GGA) functionals tend to overstabilize
states of high (respectively, low) spin multiplicity with
respect to those of lower (respectively, higher) multiplicity.
Actually, the performance of the hybrid functionals was
shown to strongly depend on the amount of the exact
exchange which they include,24,32,36,40-45 and an exact-ex-
change contribution of about 10% seems to be appropriate
for the study of the spin-state energetics in transition metal
complexes.24,32,36,41,42,44 Unfortunately, the good perfor-
mance shown by a given functional for some complexes
does not necessarily extend to other complexes. Still, with
the continuous development of new functionals, it can be
expected that the situation will improve. In the meantime,

(11) Hohenberg, P.; Kohn, W. Phys. Rev. 1964, 136, B864–B871.
(12) Kohn, W.; Sham, L. J. Phys. Rev. 1965, 140, A1133–A1138.
(13) Gunnarsson, O.; Lundqvist, B. I. Phys. Rev. B 1976, 13, 4274–4298.
(14) Gunnarsson, O.; Lundqvist, B. I. Phys. Rev. B 1977, 15, 6006.
(15) Scheidt, W. R.; Reed, C. A. Chem. Rev. 1981, 81, 543–555.
(16) Mazzanti,M.;Marchon, J.-C.;Wojaczy�nski, J.;Woleowiec, S.; Latos-

Gra
:
zy�nski, L.; Shang, M.; Scheidt, W. R. Inorg. Chem. 1998, 37, 2476–2481.

(17) Scheidt, W. R. In The Porphyrin Handbook; Kadish, K. M., Smith,
K. M., Guilard, R., Eds.; Academic Press: San Diego, 2000; Vol. 3.

(18) Perdew, J. P.; Burke, K.; Ernzerhof, M. Phys. Rev. Lett. 1996, 77,
3865–3868.

(19) Perdew, J. P.; Burke, K.; Ernzerhof, M. Phys. Rev. Lett. 1997, 78,
1396.

(20) Smith, D.M. A.; Dupuis, M.; Straatsma, T. P.Mol. Phys. 2005, 103,
273–278.

(21) Liao, M.-S.; Watts, J. D.; Huang, M.-J. J. Phys. Chem. A 2007, 111,
5927–5935.

(22) Ghosh, A.; Taylor, P. R. Curr. Opin. Chem. Biol. 2003, 7, 113–124.
(23) Paulsen, H.; Duelund, L.; Winkler, H.; Toftlund, H.; Trautwein, A.

X. Inorg. Chem. 2001, 40, 2201–2204.
(24) Reiher, M.; Salomon, O.; Hess, B. A. Theor. Chem. Acc. 2001, 107,

48–55.
(25) Salomon, O.; Reiher, M.; Hess, B. A. J. Chem. Phys. 2002, 117,

4729–4737.
(26) Poli, R.; Harvey, J. N. Chem. Soc. Rev. 2003, 32, 1–8.
(27) Swart,M.; Groenhof, A. R.; Ehlers, A.W.; Lammertsma,K. J. Phys.

Chem. A 2004, 108, 5479–5483.
(28) Paulsen, H.; Trautwein, A. X. Top. Curr. Chem. 2004, 235, 197–219.
(29) Deeth, R. J.; Fey, N. J. Comput. Chem. 2004, 25, 1840–1848.
(30) Fouqueau, A.;Mer, S.; Casida,M. E.; LawsonDaku, L.M.; Hauser,

A.; Mineva, T. J. Chem. Phys. 2004, 120, 9473–9486.
(31) Fouqueau, A.; Casida, M. E.; Lawson Daku, L. M.; Hauser, A.;

Neese, F. J. Chem. Phys. 2005, 122, 044110.
(32) LawsonDaku, L.M.; Vargas, A.; Hauser, A.; Fouqueau, A.; Casida,

M. E. ChemPhysChem 2005, 6, 1393–1410.
(33) Ganzenm

::
uller, G.; Berkaı̈ne, N.; Fouqueau, A.; Casida, M. E.;

Reiher, M. J. Chem. Phys. 2005, 122, 234321.
(34) Vargas, A.; Zerara,M.; Krausz, E.; Hauser, A.; LawsonDaku, L.M.

J. Chem. Theory Comput. 2006, 2, 1342–1359.
(35) Pierloot, K.; Vancoillie, S. J. Chem. Phys. 2006, 125, 124303.
(36) Zein, S.; Borshch, S. A.; Fleurat-Lessard, P.; Casida, M. E.

Chermette, H. J. Chem. Phys. 2007, 126, 014105.
(37) Krivokapic, I.; Zerara, M.; Lawson Daku, M.; Vargas, A.

Enachescu, C.; Ambrus, C.; Tregenna-Piggott, P.; Amstutz, N.; Krausz,
E.; Hauser, A. Coord. Chem. Rev. 2007, 251, 364–378.

(38) Scherlis, D. A.; Cococcioni, M.; Sit, P.; Marzari, N. J. Phys. Chem. B
2007, 111, 7384–7391.

(39) Pierloot, K.; Vancoillie, S. J. Chem. Phys. 2008, 128, 034104.
(40) Jensen, K. P.; Roos, B. O.; Ryde, U. J. Chem. Phys. 2007, 126,

014103.
(41) Reiher, M. Inorg. Chem. 2002, 41, 6928–6935.
(42) Schenk, G.; Pau, M. Y. M.; Solomon, E. I. J. Am. Chem. Soc. 2004,

126, 505–515.
(43) Furche, F.; Perdew, J. P. J. Chem. Phys. 2006, 124, 044103.
(44) Jensen, K. P. Inorg. Chem. 2008, 47, 10357–10365.
(45) Neese, F. J. Biol. Inorg. Chem. 2006, 11, 702–711.



Article Inorganic Chemistry, Vol. 48, No. 12, 2009 5167

great care must be taken in the application of DFT
to the determination of the relative energies of different spin
states.
In this study, we have chosen to employ theRPBEGGA,46

which gave good results for the spin-state energetics of iron
complexes.29-32 For comparison purposes, we also studied 1̂
and 2̂ with the RPBE functional. We furthermore assessed
the performance of this functional by investigating the
stereochemistry of two experimentally well-characterized
complexes of tetramethylchiroporphyrin (TMCP), namely,
the chloroiron(III) complex [FeCl(TMCP)] (

::
3)16 and the

chloromanganese(III) complex [MnCl(TMCP)] (4.),47 which
are similar to 3̂ and 4̂ but are devoid of straps. Both are
HS species and have been isolated as RβRβ conformers.
A comparison of the results obtained for the chloroiron-
(III) and chloromanganese(III) complexes of TMCP with
those obtained for their BCP8 counterparts will help us
discuss the influence of the short bridles in detail.

2. Computational Details

Calculationswere carried outwith theAmsterdamDensity
Functional (ADF) program package,48,49 using basis sets
from the ADF basis set database. ADF uses Slater-type
orbital (STO) functions, and the set of STO functions used
corresponds the S0 set of ref 5. It consists of a triple-ζ
polarized basis set TZP for the Mn, Fe, Ni, and Zn atoms; a
double-ζ polarized basis set DZP for the N, Cl, C, and O
atoms; and a double-ζ basis setDZ for theH atoms. The core
shells were frozen up to the 3p level for Mn, Fe, Ni, and Zn,;
up to the 2p level forCl; and up to the 1s level forC,O, andN.
The general accuracy parameter “accint” was set to 4.5,
which is quite ahighvalue, and theotherprogramparameters
were kept to their default values. Calculations were run
restricted for the zinc(II) and LS nickel(II) complexes.
They were run unrestricted for the chloromanganese(III)
complexes with MS, the projection of the total electronic
spin along a reference axis, constrained to MS = +2. For
the chloroiron(III) complexes, they were also run unrest-
ricted, with MS constrained to MS = +1/2 and MS =
+5/2 for characterizing the complexes in the LS and HS
states, respectively.
In all cases, the symmetryof the complexeswas constrained

to C2. Note that the C2 symmetry operation interchanges
the pyrrole rings (1) and (10) and the (2) and (20) rings
(see Figure 1), and that one therefore verifies for the metal-
nitrogen distances: M-Ni =M-Ni

0, with M= Zn, Ni, Fe,
andMnand i=1and2.The important structural parameters
for characterizing the geometries of the BCP8 and TMCP
complexes in the RRRR and RβRβ conformations are
(i) theM-Cl bond length (in chloroiron(III) and chloroman-
ganese(III) complexes); (ii) the averagemetal-nitrogen bond
length, which gives a measure of the contraction of the
porphinato core;15 (iii) the displacement of the metal atom
out of the mean plane of the 24 atoms of the porphyrin
core M-Ct (Ct: the projection of the metal atom on the
mean plane); (iv) the root-mean-square (rms) out-of-plane
displacementΔrms, whichprovides ameasure of the deviation

of the porphyrin macrocycle from planarity and which is
given by50

ΔRMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

24

X24
k¼1

δ2k

vuut ð1Þ

where δk is the orthogonal displacement of the kth atom
of the macrocycle from the mean plane; and (v) the av-
erage torsional angle CR-N-N-CR between opposite
pyrrole rings, which gives a measure of the ruffling of the
porphyrinmacrocycle andwhich is also known as the ruffling
angle.50,51

In order to further characterize the out-of-plane distortion
of the porphyrin macrocycle in the investigated complexes,
their structures have been analyzed using the normal-coordi-
nate structural decomposition (NSD) scheme of Shelnutt et
al.52-54 In this scheme, the out-of-plane distortion of a given
macrocycle is described by displacements along the lowest-
frequency out-of-plane normal coordinates of the “ideal”
D4h-symmetric macrocycle. This thus gives the amounts of
the saddling (sad, b2u), ruffling (ruf, b1u), doming (dom, a2u),
waving ([wav (x), wav (y)], eg), and propellering (pro, a1u)
deformation types involved in the out-of-plane distortion
of the considered macrocycle. Note that, within C2, the
waving deformation types do not contribute to out-of-plane
distortion.

3. Results and Discussion

3.1. The Zinc(II) and Low-Spin Nickel(II) Complexes.
In order to be consistent within the series of investigated
BCP8 complexes, the conformational analysis of 1̂ and 2̂
has been reconducted at the RPBE/S0 level. In this sec-
tion, we compare the new results with those previously
obtained with the PBE functional using the same basis set
S0. The results thus obtained with the two functionals for
the geometries of the RRRR and RβRβ conformers of the
two complexes are summarized in Table 1.
Inspection of Table 1 indicates that the geometries

obtained with the two functionals tend to be very close.
Indeed, when one considers for a given conformer of 1̂ or
2̂ the RPBE and PBE parameter values, one notes that
these values typically differ by less than ∼0.03 Å for the
M-Nbond lengths (M=Zn,Ni), the out-of-planemetal
atom displacement M-Ct, and the rms out-of-plane
displacement Δrms, and by less than ∼2� for the ruffling
angle CR-N-N-CR. Still, for the RβRβ atropisomer of
1̂ and for the RβRβ atropisomer of 2̂ to a lesser extent,
noticeably larger differences exist between the RPBE and
PBE values of the Δrms and CR-N-N-CR parameters.
Figure 3 summarizes the NSD results for the calculated
and the available X-ray structures of the conformers of 1̂
and 2̂. For RβRβ-1̂, the analysis of these data shows that

(46) Hammer, B.; Hansen, L. B.; Noerskov, J. K. Phys. Rev. B 1999, 59,
7413–7421.
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Commun. 1999, 989–990.

(48) Amsterdam Density Functional Program; Theoretical Chemistry,
Vrije Universiteit: Amsterdam, The Netherlands. http://www.scm.com (ac-
cessed Nov. 2, 2008).
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C.; vanGisbergen, S. J. A.; Snijders, J. G.; Ziegler, T. J. Comput. Chem. 2001,
22, 931–967.
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2005, 127, 1179–1192.

(52) Jentzen, W.; Song, X.-Z.; Shelnutt, J. A. J. Phys. Chem. B 1997, 101,
1684–1699.

(53) Shelnutt, J. A.; Song, X.-Z.; Ma, J.-G.; Jia, S.-L.; Jentzen, W.;
Medforth, C. J. Chem. Soc. Rev. 1998, 27, 31–41.
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the out-of-plane distortion predicted at the PBE level for
the porphyrin core consists almost exclusively of a large
ruf deformation of 0.9 Å, the contributions from the other
deformations being comparatively vanishing. In passing
to the RPBE structure of RβRβ-1̂, there is a 0.4 Å increase
of the ruf deformation, which goes with the large increase
of 7.6� observed for the ruffling angle CR-N-N-CR
(Table 1). But there is also a second and large negative
displacement (- 1.0 Å) along the sad deformation, which,
along with the larger ruf deformation, explains the large
difference observed between the PBE and RPBE values
of Δrms.
For RβRβ-2̂, the use of the two functionals leads

to structures which exhibit similar ruf deformations of
≈1.7 Å. This agrees with the fact that similar values
are obtained for CR-N-N-CR at both levels (Table 1).
The PBE and RPBE structures present also sad deforma-
tions of -0.3 Å and -1.2 Å, respectively. The large
difference between the PBE and RPBE values of the
displacement along this last deformation coordinate
explains the large difference observed between the PBE
and RPBE values of Δrms (Table 1). Actually, for the
calculated structures of either conformer of 1̂ or 2̂, the
displacement along the sad deformation is predicted to
be more negative (or less positive) in the RPBE str-
ucture than in PBE structure, this trend being more
pronounced for the RβRβ conformers (Figure 3). Besides
these differences, there is an overall good agreement
between the theoretical values of the key structural
parameters of Table 1 and Figure 3. This shows that
the optimized geometries of a given conformer of the
Zn(II) or LS Ni(II) complex are all quite similar to one
another, irrespective of the theoretical level. In addition,
for RRRR-1̂ and RβRβ-2̂, the inspection of Table 1 and
Figure 3 shows that the calculated calculated geometries
compare quite well with the experimental ones. Finally, it
is worth noting that, although the porphyrin core is
predominantly domed in the RRRR conformation, it also
exhibits noticeable ruffling and saddling (Figure 3).
Table 2 gives the calculated PBE and RPBE values

of the energy difference between the two conformers,

ΔEcnf = Emin(RβRβ)- Emin(RRRR). The two functionals
give for 2̂ small ΔEcnf values in agreement with each
other, which corresponds to a best estimate of about
800-900 cm-1 for the isolated complex. For complex 1̂,
both functionals predict large but quite distinct energy
differences: ΔEcnf = 2769 cm-1 at the PBE level and
ΔEcnf = 4106 cm-1 at the RPBE level. Given that there
are no data with which these values could be compared, it
is difficult to tell a priori which functional performs
best. However, the superior performance shown by the
RPBE functional for the energetics of various phenomena
involving transition metal compounds (chemisorption
energetics of atoms and molecules on transition metal
surfaces,46 first CO dissociation energies of transition
metal carbonyls,55 and spin-state energetics of iron com-
plexes29-32) suggests that the PBE functional actually
underestimates the gas-phase value of ΔEcnf for 1̂ and,
consequently, that our best estimate of ΔEcnf for the
Zn(II) complex corresponds to the RPBE value of
4106 cm-1.
3.2. The Chloroiron(III) and Chloromanganese(III)

TMCP Complexes. In this section, we further assess
the reliability of the DFT method used by applying it
first to the study of the stereochemistry of the two TMCP
complexes. The calculations targeted at the conforma-
tional analysis of the chloroiron(III) and chloromanga-
nese(III) TMCP complexes led to the characterization of
the RRRR-

::
3in, RRRR-

::
3out, and RβRβ-

::
3 conformers of the

former complex in the LS 2B and the HS 6A states and to
that of the RRRR-4.in, RRRR-4.out, and RβRβ-4. conformers
of the latter complex in the HS 5A state (see Supporting
Information (SI)).

3.2.1. Structures. The optimized LS and HS struc-
tures of a given conformer of

::
3 are very alike and also

resemble the structure obtained for this same conformer
in the case of the HS 4. complex. These structures are
illustrated in Figure 4, which shows the optimized HS
geometries of RβRβ-

::
3, RRRR-

::
3in, and RRRR-

::
3out. As can

Table 1. Metal-Ligand Bond Lengths, Out-of-Plane Displacement (M-Ct) of the Metal Atom from the 24-Atom Mean Plane (Å), Root-Mean-Square Out-of-Plane
Displacement (ΔRMS, in Å), and Ruffling Angle (CR-N-N-CR) in the Optimized Geometries of the Conformers of the BCP8 Complexes 1̂ and 2̂a

M-N1 M-N2 M-Nb M-Ct Δrms CR-N-N-CR

Optimized Geometries

RRRR-1̂ RPBE 2.101 2.076 2.089 0.222 0.152 3.4
PBE 2.081 2.067 2.074 0.238 0.153 3.2

RβRβ-1̂ RPBE 2.034 2.071 2.054 0.000 0.333 26.3
PBE 2.052 2.062 2.057 0.003 0.188 18.7

RRRR-2̂ RPBE 2.012 1.985 1.999 0.163 0.116 4.1
PBE 1.994 1.972 1.983 0.175 0.126 5.7

RβRβ-2̂ RPBE 1.933 1.958 1.946 0.000 0.427 35.5
PBE 1.934 1.945 1.940 0.022 0.353 36.3

X-Ray Structures

RRRR-1̂c (Zn1) 2.046, 2.027 2.045, 2.046 2.041 0.147 0.128 3.1
(Zn2) 2.034, 2.031 2.029, 2.025 2.030 0.111 0.117 4.3

RβRβ-2̂c (Ni1) 1.921, 1.925 1.901, 1.915 1.916 0.006 0.373 38.1
(Ni2) 1.921, 1.921 1.909, 1.917 1.917 0.014 0.386 37.6

aResults of calculations at the RPBE/S0 level (this work) and at the PBE/S0 level (taken from ref 5). The values found for these parameters in the
X-ray structure of the complex are also given. bAverage metal-nitrogen distance. cThe crystal of [Zn(BCP8)] (1̂) or [Ni(BCP8)] (2̂) contains two
independent molecules: (Zn1, Zn2) or (Ni1, Ni2), which have no symmetry. The distinct M-Ni andM-Ni 0 distances (i=1, 2) found for each molecule
are reported (from ref 1).

(55) Matveev, A.; Staufer, M.; Mayer, M.; R
::
osch, N. Int. J. Quantum

Chem. 1999, 75, 863–873.
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be inferred fromFigure 4, the optimized geometries of the
RβRβ conformers of

::
3 and 4. exhibit a ruffling of the

porphyrin macrocycle and inwardly directed carbonyl
groups. These two features are also present in the X-ray
structures of RβRβ-

::
316 and RβRβ-4..47 As for the two

RRRR conformers of the TMCP complexes, their pre-
dicted structures exhibit a doming of the porphyrin
core and ester moieties which have their carbonyl group
outwardly directed.
Table 3 gives the values of the key structural parameters

that help characterize the optimized geometries of the
RRRR and RβRβ conformers of

::
3 and 4.. The values found

for these parameters in the experimental geometries of

their RβRβ conformers are also given. There is good
agreement between them and their theoretical counter-
parts. Actually, the porphyrin macrocycle is predicted
to be sligthly more expanded and less ruffled than
experimentally observed. Indeed, the optimized metal-
nitrogen bonds (respectively, the calculated values of
CR-N-N-CR) are about 3% longer (respectively, 10%
smaller) than the experimental ones. Such a discrepancy is
very likely due to the neglect of the crystal packing forces
in our calculations performed for the complexes in the gas
phase.
Upon the RRRR-

::
3in f RRRR-

::
3out change of conforma-

tions for
::
3 in the LS or HS state, or similarly upon

the RRRR-4.in f RRRR-4.out change of conformations for
HS 4., the largest change is observed for the metal atom
out-of-plane displacement M-Ct, which decreases in all
cases by ≈0.4 Å (Table 3). The strong influence of the
location of the chloride above or below the porphyrin
macrocycle on the M-Ct parameter follows from the
fact that the bonding interaction between the transition
metal and Cl atoms shifts the metal atom toward the
Cl atom. For the two TMCP complexes, one also ob-
serves upon theRRRRfRβRβ atropisomerisation a large
increase ofΔrms and ofCR-N-N-CR, which is indicative
of the strong ruffling of the porphyrin core.
As expected upon ruffling,15 there is a concomitant
contraction of the porphyrin core, which tra-
nslates into a decrease of the metal-nitrogen distances
by about 0.05 Å. Figure 5 summarizes the NSD results

Table 2. Calculated Values (cm-1) of the Electronic Difference ΔEcnf =
Emin(RβRβ) - Emin(RRRR) in the BCP8 Complexes 1̂ and 2̂

a

theoretical level 1̂ 2̂

PBE +2769 +843
RPBE +4106 +872

aResults of calculations at the RPBE/S0 level (this work) and at the
PBE/S0 level (taken from ref 5).

Figure 3. NSD results for the calculated geometries of the RRRR
and RβRβ conformers of 1̂ and 2̂. The NSD results obtained for the
X-ray structures of RRRR-1̂ and RβRβ-2̂ are also reported (the crystal of
RRRR-1̂ or RβRβ-2̂ contains two independent molecules: (Zn1, Zn2) or
(Ni1, Ni2); from ref 1).

Figure 4. OptimizedHSgeometries ofRβRβ-
::
3 (top),RRRR-

::
3in (middle),

and RβRβ-
::
3out (bottom).
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for the calculated and available X-ray structures of
::
3

and 4..
There is a very satisfactory agreement between

the NSD data obtained for the calculated and X-ray

structures of HS RβRβ-
::
3 or HS RβRβ-4.. For

::
3 and 4. in

their different spin-states, the out-of-plane distortion of
the macrocycle proves to be remarkably conserved
among the RRRR conformers and among the RβRβ con-
formers (Figure 5). The conservation of the conformation
of the macrocycle among the RRRR or RβRβ conformers
of both species is also reflected by the similar values found
for Δrms and for CR-N-N-CR (Table 3). These con-
served characteristic distortions can be considered as
optimal in that they probably help maximize the bonding
interactions between the M-Cl (M = Fe, Mn) and
TCMP moieties of the complexes in the RRRR or RβRβ
forms. In the RRRR conformation, the porphyrin core is
predominantly domed with noticeable ruf and sad defor-
mations. Furthermore, the amounts of the displacements
along these deformation coordinates are rather weakly
influenced by the R or β location of the chloride ligand. In
passing to the RβRβ conformation, the core becomes
predominantly ruffled with significant sad and dom
deformations.
For the three conformers of

::
3, the Fe-N and Fe-Cl

bonds lengthen by about 0.12 Å and 0.04 Å, respectively,
when passing from the LS to the HS state. This is due to
the population of the antibonding dx2-y2 and dz2 metallic
levels. The optimized Fe-N bond lengths are slightly
larger than the nominal equatorial Fe-Nbond lengths of
1.990 and 2.069 Å reported for iron(III) porphyrins in the
LS and HS spin states, respectively.15 In fact, there is no
reason as to why they should strictlymatch.Nevertheless,
the HS-LSFe-Nbond length difference of∼0.12 Å is in
relatively good agreement with the ∼0.08 Å difference
between the nominal HS and LSFe-Nbond lengths, and
also with the average Fe-N bond length variation of
about 0.15 Å observed in iron(III) spin-crossover com-
plexes with ligating N atoms.56,57 The LSfHS change of
spin states is accompanied for all conformers of

::
3 by a

strong increase of the Fe-Ct distance of ca. 0.4-0.5 Å. This
large enhancement of the iron out-of-plane displacement
may be the result of the combined effects of the weakening

Table 3. Metal-Ligand Bond Lengths, Out-of-Plane Displacement (M-Ct) of the Metal Atom from the 24-Atom Mean Plane (Å), Root-Mean-Square
Out-of-Plane Displacement (ΔRMS, in Å), and Ruffling Angle (CR-N-N-CR) in the Optimized Geometries of the Conformers of the Complexes [FeCl(TMCP)] (

::
3)

and [MnCl(TMCP)] (4.)a

spin state M-N1
b M-N2

b M-Nc M-Cl M-Ct Δrms CR-N-N-CR

Optimized Geometries

RRRR-
::
3in HS 2.146 2.149 2.148 2.268 0.830 0.157 3.3

LS 2.023 2.024 2.024 2.225 0.395 0.124 2.7
RRRR-

::
3out HS 2.126 2.133 2.130 2.248 0.442 0.115 3.7

LS 2.019 2.020 2.020 2.211 0.017 0.123 3.7
RβRβ-

::
3 HS 2.102 2.109 2.106 2.242 0.710 0.366 35.8

LS 1.976 1.976 1.976 2.205 0.215 0.374 37.3
RRRR-4.in HS 2.077 2.078 2.078 2.363 0.572 0.145 3.3
RRRR-4.out HS 2.061 2.067 2.064 2.341 0.165 0.115 3.6
RβRβ-4. HS 2.025 2.032 2.029 2.339 0.413 0.377 37.3

X-Ray Structures

RβRβ-
::
3
d HS 2.027 2.040 2.034 2.207 0.640 0.395 40.3

RβRβ-4.d HS 1.968 1.981 1.975 2.347 0.437 0.420 43.1

aValues found for these parameters in the X-ray structures of RβRβ-
::
3 and RβRβ-4. are given for comparison purposes. bThe labeling of the nitrogen

atoms is arbitrary. cAverage metal-nitrogen distance. dThe experimental structures of RβRβ-
::
316 and RβRβ-4.47 are of C2 symmetry.

Figure 5. NSDresults for the calculated geometries of the conformers of::
3 and 4.. The NSD results obtained for the X-ray structures of RβRβ-

::
3
16

and RβRβ-4.47 are also reported.

(56) Milne, A. M.; Maslen, E. N. Acta Crystallogr. 1988, B44, 254–259.
(57) Oshio, H.; Toriumi, K.; Maeda, Y.; Takashima, Y. Inorg. Chem.

1991, 30, 4252–4260.
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of the Fe-N bonds and of the repulsion between the axial
ligand and the porphyrinmacrocycle, as has been evidenced
for axially ligated iron(II) porphyrins.58

3.2.2. Energetics.We first consider the results obtained
for the spin-state energetics of

::
3. Table 4 gives the values

of the LS-HS electronic energy difference, ΔELH = Emin
LS

- Emin
HS , found for its three conformers.

These values are all positive. That is, the HS state is
predicted to be the most stable spin state for the three
conformers of

::
3. This result is in agreement with the fact

that, as effectively observed for
::
3,16 the chloroiron(III)

porphyrins are experimentally found to be HS species.15,16

The ΔELH values found for the RRRR-
::
3in and RRRR-

::
3out

conformers are large (+2044 and +1408 cm-1, respec-
tively), and they are far greater than the value of
+351 cm-1 obtained for the RβRβ-

::
3 atropisomer. This

noticeable stabilization of the LS state with regard to the
HS state upon the RRRR f RβRβ atropisomeriszation
will be discussed below.
Table 5 gives the electronic energies of the different

conformers of
::
3 in the LS andHS states as well as those of

the conformers of HS 4.. For both complexes, the energies
are given relative to the energy of their respective electro-
nically most stable forms, namely, the HS RRRR-

::
3in and

RRRR-4.in conformers. Actually, the two HS complexes
are experimentally isolated as RβRβ conformers. Inspec-
tion of Table 5 shows that theHSRβRβ atroposisomers of::
3 and 4. are predicted to be close in energy to the HS
RRRR-

::
3in and RRRR-4.in conformers, lying above them by

only+372 and+282 cm-1, respectively. This situation is
similar to that found for the LS nickel(II) BCP8 complex
2̂. Indeed, although 2̂ is experimentally isolated as the
RβRβ conformer, its electronically most stable form is
predicted to be the RRRR conformer, with a small energy
difference of+872 cm-1 (RPBE results of Table 2). Such
discrepancies can be ascribed to the noninclusion in the
analysis of the influences of factors other than those that
are electronic, namely, environmental effects, zero-point
energy, and entropy contributions to the free energies of
the isolated conformers. These factors must indeed be
taken into account in order to have the whole picture
regarding the stereochemistry of the studied chiropor-
phyrins. Still, as emphasized in the Introduction, we
remain focused for the time being on the study of the
electronic and structural influences of the metals.
For

::
3 in the HS state, the electronically most stable

conformer is RRRR-
::
3in, with RβRβ-

::
3 and RRRR-

::
3out

respectively +372 and +2017 cm-1 higher in energy:

HSRRRR-33 3in < HSRβRβ-33 3 < HSRRRa-33 3out ð2Þ
and the electronically most stable conformer is RβRβ-

::
3 in

the LS state, with RRRR-
::
3in and RRRR-

::
3out respectively

+1321 and +2702 cm-1 higher in energy:

LSRβRβ-33 3 < LSRRRR-33 3 in < LSRRRR-33 3out ð3Þ
The large stabilization of the RβRβ conformation with
regard to the RRRR conformations upon the HS f LS

change of spin states is due to the fact that the LS Fe-N
bonds are ≈0.1 Å shorter than the HS Fe-N bonds,
and that the contraction of the porphyrin macrocycle
stabilizes the RβRβ conformation with regard to
the RRRR conformation. Such a stabilization of the
RβRβ conformation with regard to the RRRR conforma-
tion is observed for BCP8 complexes upon the Zn(II) f
Ni(II) substitution, which, similarly, gives rise to a short-
ening of the metal-nitrogen bonds of ∼0.1 Å (Tables 1
and 2). As in the case of the BCP8 complexes 1̂ and 2̂,
the results obtained for the chloroiron(III) TMCP com-
plex show that the control of the expansion of the
porphyrin core achieved by varying the occupancy of
the dx2-y2 antibonding level provides an effectivemeans of
tuning the stereochemistry of complexes of such
chiroporphyrins.
For

::
3 in the LS or HS state and for HS 4., the electro-

nically most stable RRRR conformers are predicted to be
RRRR-

::
3in and RRRR-4.in. As put forth byMazzanti et al.59

in discussing the preferences of axial ligands for RRRR
or RβRβ conformers of Zn(II) complexes of sub-
stituted chiroporphyrins, the preferential location of
the chloride anion on the R side of the macrocycle
involves the combined effect of (i) a minimization of the
steric repulsion between the substituents and the anion
and (ii) a maximization of their attractive van der Waals
interactions. One must also consider (iii) the repulsion
between the chloride anion and the negatively charged
macrocycle,58,60 which is governed by the distance of
the chloride to the macrocycle mean plane: Cl-Ct =
M-Ct + M-Cl. Thus, for the RRRR conformers of

::
3

in either spin state and for those of HS 4., the large energy
increase observed in moving Cl- from the R to the
β location is correlated with the increase of repulsion
which goes with the decrease of the Cl-Ct distance of as
much as ≈0.4 Å.
The ordering of the energies of the three conformers of::

3 in theHS state (eq 2) turns out to be the reverse ordering
of their Cl-Ct distances: 3.098, 2.952, and 2.690 Å for

Table 4. Calculated Values of the LS-HS Electronic Energy Difference ΔELH

(cm-1) for the Three Conformers of the Chloroiron(III) TMCP Complex
::
3

RRRR-
::
3in RRRR-

::
3out RβRβ-

::
3

+2044 +1408 +351

Table 5. Calculated Electronic Energies of the Three Conformers of
::
3 in the LS

and HS States and of the Three Conformers of the HS 4. Speciesa

RRRR-
::
3in RRRR-

::
3out RβRβ-

::
3

HS LS HS LS HS LS

0 +2044 +2017 +3425 +372 +723

HS RRRR-4.in HS RRRR-4.out HS RβRβ-4.

0 +2522 +282

aFor both complexes, the energy of the most stable form is taken as
the zero of the energy scale.

(58) Ugalde, J.; Dunietz, B.; Dreuw, A.; Head-Gordon,M.; Boyd, R. J. J.
Phys. Chem. A 2004, 108, 4653–4657.

(59) Mazzanti, M.; Marchon, J.-C.; Shang, M.; Scheidt, W. R.; Jia, S.;
Shelnutt, J. A. J. Am. Chem. Soc. 1997, 119, 12400–12401.

(60) Chanda, A.; Popescu, D.-L.; de Oliveira, F. T.; Bominaar, E. L.;
Ryabov, A. D.; M

::
unck, E.; Collins, T. J. J. Inorg. Biochem. 2006, 100,

606–619.
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RRRR-
::
3in, RβRβ-

::
3, and RRRR-

::
3out, respectively. This is

also the case for HS 4. since the ordering of the energies of
its conformers is

HSRRRR-43 3in < HSRβRβ-43 3 < HSRRRR-43 3out ð4Þ

and the Cl-Ct distances are 2.935, 2.752, and 2.506 Å for
RRRR-4.in, RβRβ-4., and RRRR-4.out, respectively. Such a
correlation emphasizes the influence of the repulsion
between the chloride anion and the macrocycle on
the stereochemistry of the axially coordinated TMCP
complexes.

For both HS species, the Cl-Ct distance also signifi-
cantly decreases by ≈0.1 Å on going from the RRRR-

::
3in

orRRRR-4.in conformer to theRβRβ conformer.However,
the change in the electronic energy is found to be vanish-
ingly small in both cases, thus suggesting that the gain
in energy due to the RRRR f RβRβ atropisomerization
tends to compensate for the destabilization due to the
increased repulsion between Cl- and the macrocycle.
This view is actually supported by the results obtained
for

::
3 in the LS state. Indeed, upon the HSfLS change of

spin states, the Cl-Ct distance decreases by ≈0.4 Å for
the two RRRR conformers of

::
3 and by ≈0.5 Å for its

RβRβ conformers (Table 3). However, while RRRR-
::
3in

and RRRR-
::
3out are destabilized by 2044 and 1408 cm-1,

respectively, RβRβ-
::
3 is destabilized by 351 cm-1 only

and becomes the electronically most stable con-
former of

::
3 in the LS manifold. That is, the large

contraction of the macrocycle upon the HSf LS change
of spin states stabilizes the RβRβ conformation with
regard to the RRRR conformation, and this does more
than compensate for the destabilization brought
about by the increased repulsion in the RβRβ con-
formation.

In summary, the RPBE/S0 method could be success-
fully applied to the conformational analysis of the TMCP
complexes

::
3 and 4.. Complex

::
3 is correctly described as a

HS species, and good agreement is observed between the
optimized and X-ray geometries of the RβRβ conformers
of the two HS complexes. The out-of-plane distortion of
the porphyrin core proves to be remarkably conserved
among the RRRR and the RβRβ conformers. The experi-
mentally observed RβRβ conformation is found to be
slightly higher in energy than the electronically most
stable RRRR conformation with the axial Cl- ligand
located on the R side of the macrocycle. This discrepancy
can be ascribed to the neglect in our gas-phase conforma-
tional analysis of the environmental effects and also to
that of the zero-point energy and entropy contributions
to the free energies of the isolated conformers. None-
theless, as demonstrated for 1̂, 2̂,

::
3, and 4., deep insight

into the stereochemistry of transition metal complexes of
such chiroporphyrins can be obtained through such gas-
phase studies.
3.3. The Chloroiron(III) and Chloromanganese(III)

BCP8Complexes.As in the case of the TMCP complexes,
the calculations led to the characterization of the con-
formers of the chloroiron(III) BCP8 complex 3̂ in the LS
2B and the HS 6A states and to that of the conformers of
the chloromanganese(III) BCP8 complex 4̂ in the HS 5A
state (see SI).

3.3.1. Structures. Figure 6 shows the optimized HS
geometries of the RRRR-3̂in, RRRR-3̂out, and RβRβ-3̂
conformers.
These geometries resemble their LS counterparts and

those ofHS 4̂ a lot (not shown). For theRRRR (respectively,
RβRβ) conformers of 3̂ and 4̂, the predicted structures
of the bridled chiroporphyrin exhibit a doming (res-
pectively, ruffling) of the porphyrin macrocycle and ester
moieties which have their carbonyl group outwardly (re-
spectively, inwardly) directed. These features are also pre-
sent in the calculated and the available X-ray structures of
the RRRR (respectively, RβRβ) conformers of 1̂, 2̂,

::
3, and 4.

1,16,47 as well as in the X-ray geometries of the RRRR
(respectively, RβRβ) conformer of [MnCl(BCP10)].2 They
are thus predicted to be intrinsic structural features of the
RRRR (respectively, RβRβ) atropisomers of TMCP and
BCPn complexes.
Table 6 gives the values of the key structural parameters

which help characterize the optimized geometries of the
conformers of 3̂ and 4̂. It also gives the values found for
these parameters in the X-ray structures of the RRRR and
RβRβ conformers of the relevant HS chloromanganese-
(III) complex of BCP10 [MnCl(BCP10)] (5̂).2 For the
RRRR structures of 3̂ in either spin state or HS 4̂, an
inspection shows that, with the exception of the metal
atom out-of-plane displacementM-Ct, these parameters
which govern the interactions between the MCl fragment
(M = Fe, Mn) and the chiroporphyrin tend to adopt
in both structures a common set of optimal values.
As previously pointed out, the strong sensitivity of the
M-Ct parameter to the R or β position of the axial ligand

Figure 6. Optimized HS structures of RβRβ-3̂ (top), RRRR-3̂in (middle),
and RRRR-3̂out (bottom).
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is due to the bonding interaction between the transition
metal and Cl atoms, which shifts the metal atom toward
the Cl atom. One also notes for 3̂ and 4̂ in the RβRβ
conformation that the metal atom lies out of the macro-
cycle mean plane (Table 6), in contrast to the in-plane
position of the metal atom observed for the RβRβ
conformers of 1̂ and 2̂. The metal atom exhibits a similar
out-of-plane displacement for

::
3 and 4. in the RβRβ

conformation (Table 3). This most probably helps reduce
the repulsion between the porphyrin ring and the
Cl- ligand.58,60

For discussing the out-of-plane deformations of the
macrocycles, we now consider the NSD results summar-
ized in Figure 7 for the optimized geometries of the
conformers of 3̂ and 4̂ in their different spin states,
as well as for the experimental geometries of the con-
formers of HS 5̂. For the RRRR conformers of 3̂ and 4̂,
there is a striking conservation of the deformations of the
macrocycle, which is predominantly domed with notice-
able ruf and sad deformations (Figure 7). These deforma-
tions are similar to those found in the RRRR conformers
(i) of the BCP8 complexes 1̂ and 2̂ (Figure 3) but also
(ii) those of the TMCP complexes

::
3 and 4. (Figure 5) and

(iii) those of the BCP10 complex 5̂ (Figure 7). This
remarkable conservation of the deformations of
the macrocycle is consistent with the observed similarities
between the values of Δrms and CR-N-N-CR for
the RRRR conformers of all of the considered chiropor-
phyrin complexes (Tables 1, 3, and 6). It thus follows
that the structure of the macrocycle in the RRRR
conformation is weakly affected by the presence of the
bridles and by their lengths. Remarkably, however, for
the chloroiron and chloromanganese complexes in the
RRRR conformation characterized by the location of
the Cl atom on the R side of the macrocycle, passing
from the TMCP to the BCP8 complexes gives rise
to a large decrease of the M-Ct distance of about
0.06-0.10 Å and to a shortening of the M-Cl bond
of ∼0.02 Å (M = Fe, Mn). Such structural changes are
not observed when the Cl atom lies on the β side of the
macrocycle (Tables 3 and 6). Therefore, when the Cl

atoms and the meso subtituents are in position R, the
large shift of the M-Cl fragment toward the macrocycle
in passing from the TMCP to the bridled complexes can
be ascribed to the steric repulsion between the bridles and
the Cl atom.
For the RβRβ conformers of 3̂ and 4̂, the macrocycle is

predominantly ruffled with noticeable displacements
along the sad and dom deformations (Figure 7). These
deformations of the macrocycle are well-conserved
among these RβRβ conformers. Still, on passing from
the iron or manganese TMCP complexes to their BCP8
analogues, there is a drastic decrease of the ruf deforma-
tion of 0.5 Å at least. This decrease of the ruf deformation
goes with an increase of the average metal-nitrogen
distances of ∼0.02 Å and a decrease of Δrms and CR-
N-N-CR by a factor of about two-thirds. This shows
that the short bridles are responsible for the porphyrin
core being less contracted and less ruffled in complexes of
RβRβ-BCP8 than in their RβRβ-TMCP counterparts.
This view is supported by the fact that there is, for
RβRβ-4. and RβRβ-5̂, a better agreement between their
structural data than for RβRβ-4̂ and RβRβ-4.. That is, the
ruffling of the macrocycle and its concomitant contrac-
tion in the RβRβ conformers of the chloromanganese(III)
complexes increase in passing from BCP8 to BCP10. This
is in line with previous findings on the free base chiro-
porphyrins RβRβ-H2BCPn and on their LS nickel(II)
complexes that the restraints imposed on the ruffling of
the macrocycle monotonically decrease as the length of
the bridles increases from n = 8 to n = 12.2

The influence of the spin state on the structures of
the conformers of 3̂ proves to be the same as that observed
for

::
3. Thus (Table 6), for the three conformers of 3̂, the

LS f HS change of spin states entails a lengthening of
the Fe-N and Fe-Cl bonds of about 0.12 Å and 0.04Å,
respectively, which is due to the population of the anti-
bonding dx2-y2 and dz2 metallic levels. There is also a large
increase of the Fe-Ct distance of ∼0.4-0.5 Å, which
follows from the interplay between the weakening of the
Fe-N bonds and the repulsion between the axial ligand
and the macrocycle.58,60

Table 6. Metal-Ligand Bond Lengths, out-of-Plane Displacement (M-Ct) of the Metal Atom from the 24-Atom Mean Plane (Å), Root-Mean-Square out-of-Plane
Displacement (ΔRMS, in Å) and Ruffling Angle (CR-N-N-CR) in the Optimized Geometries of the Conformers of the Complexes [FeCl(BCP8)] (3̂) and [MnCl(BCP8)] (4̂)a

spin state M-N1 M-N2 M-Nb M-Cl M-Ct Δrms CR-N-N-CR

Optimized Geometries

RRRR-3̂in HS 2.146 2.125 2.136 2.247 0.727 0.145 3.3
LS 2.035 2.011 2.023 2.210 0.336 0.115 4.5

RRRR-3̂out HS 2.146 2.126 2.136 2.245 0.438 0.115 3.9
LS 2.036 2.010 2.023 2.206 0.011 0.127 5.4

RβRβ-3̂ HS 2.112 2.142 2.127 2.241 0.652 0.224 22.1
LS 1.986 2.016 2.001 2.202 0.183 0.243 24.4

RRRR-4̂in HS 2.085 2.057 2.071 2.345 0.492 0.137 3.6
RRRR-4̂out HS 2.083 2.054 2.069 2.343 0.181 0.111 4.5
RβRβ-4̂ HS 2.033 2.073 2.053 2.335 0.369 0.235 23.5

X-Ray Structures

HS RRRR-5̂inc (Mn2) 2.053, 2.059 2.025, 2.034 2.043 2.365 0.417 0.139 3.9
(Mn3) 2.015, 2.036 2.019, 2.019 2.022 2.361 0.428 0.128 5.1

HS RβRβ-5̂c (Mn1) 1.987, 1.994 1.969, 1.983 1.983 2.370 0.363 0.359 35.9

aValues found for these parameters in the X-ray structures of the conformers of the relevant complex [MnCl(BCP10)] (5̂) are given for comparison
purposes. bAverage metal-nitrogen distance. cThe crystal of [MnCl(BCP10)] (5̂; ref 2; Mn3) and one RβRβ conformer (Mn1). The molecules have no
symmetry, and the distinct M-Ni and M-Ni 0 distances found for each molecule are given.
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As compared to 1̂ and LS 2̂, the porphyrin macrocycle
distortion in 3̂ and 4̂ is actually controlled not only by the
occupancy of the stereochemically active dx2-y2 level but
also by the repulsion between the chloride and the por-
phyrinmacrocycle. Thus, on the basis of the occupancy of
the antibonding dx2-y2 level, one would expect that, for
any conformation of the BCP8, the metal-nitrogen dis-
tances evolve with the nature of the cation and the spin
state as follows:

NiII-N ≈ FeIII-NjLS ≈
MnIII-NjHS < FeIII-NjHS < ZnII-N ð5Þ

the rationale behind eq 5 being the fact that the dx2-y2 level
is empty in LS complexes 2̂ and 3̂ and inHS complex 4̂ and
that it is singly and doubly occupied in HS 3̂ and the 1̂
complexes, respectively. However, when one compares the
results obtained for the three complexes at the same

theoretical levels (Tables 1 and 6), the actual trend proves
to be

NiII-N < FeIII-NjLS < MnIII-NjHS ≈
ZnII-N < FeIII-NjHS ð6Þ

with

FeIII-NjLS-NiII-N ≈ 0:02,

MnIII-NjHS-NiII-N ≈ 0:07,

FeIII-NjHS-ZnIII-N ≈ 0:05

for the complexes in the RRRR conformation and

FeIII-NjLS-NiII-N ≈ 0:06,

MnIII-NjHS-NiII-N ≈ 0:11,

FeIII-NjHS-ZnII-N ≈ 0:08

for the complexes in the RβRβ conformation. If the
porphyrin core expansion was mainly controlled by the
occupancy of the dx2-y2 level, we would have FeIII-N|LS-
NiII-N ≈ 0 ≈ MnIII-N|HS - NiII-N and FeIII-N|HS-
ZnII-N < 0 (eq 5). Hence, these bond length differences
give for 3̂ and 4̂ a measure of the influence of the axial Cl-

ligand on the porphyrin macrocycle expansion, which it
actually favors. Their large increase by passing from the
RRRR to the RβRβ conformation indicates that the pre-
sence of the axial ligand penalizes the contraction of the
macrocycle that goes with the RRRRf RβRβ atropisome-
rization. The ruffling which accompanies the atropisome-
risation is thus also restrained in 3̂ and 4̂ by the presence of
the axial ligand, the values of Δrms and CR-N-N-CR as
well as the ruf deformations found for LS and HS RβRβ-3̂
and for HS RβRβ-4̂ remaining significantly lower than
those found for RβRβ-1̂ and RβRβ-2̂ (see Tables 1 and 6
and Figures 3 and 7). Inspection of Figures 3 and 7 also
shows that there is a large decrease of the sad deformations
in passing from the RPBE and available X-ray structures
of the RβRβ conformers of 1̂ and 2̂ to those predicted for
RβRβ conformers of 3̂ and 4̂. This suggests that the
presence of the axial ligand tends also to prevent the sad
deformation of the porphyrin core from taking place.

3.3.2. Energetics. The conformational analysis per-
formed for 3̂ in the LS and HS states gives the complex as
a HS species, as can be inferred from the positive ΔELH

values reported in Table 7. This result is consistent with
the one obtained for 3̂ and with the fact that the chlor-
oiron(III) porphyrins are HS species.15,16

An inspection of Tables 4 and 7 shows that the value of
ΔELH is nearly the same in RRRR-3̂out and RRRR-

::
3out,

+1426 cm-1 versus +1408 cm, whereas it significantly
decreases from+2044 cm-1 in RRRR-

::
3in to +1307 cm-1

in RRRR-3̂in. This is evidence that the Cl atom and the
bridles directly interact when they are located on the same
face of the porphyrin macrocycle, and that these interac-
tions vanish when they are on opposite faces. Further-
more, the decrease of ΔELH in passing from RRRR-

::
3in to

RRRR-3̂in indicates that these interactions destabilize the
HS state with regard to the LS state. Given that the

Figure 7. NSDresults for the calculated geometries of the conformers of
3̂ and 4̂. The NSD results obtained for the X-ray structures of the RRRR-
5̂in and RRRR-5̂in conformers of [MnCl(BCP10)]2 are also reported.
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Cl atom lies closer to the apex of the cupola made by the
bridles in the HS state than in that in the LS state
(the Cl-Ct distances in the two spin states differ by about
0.4 Å), the interactions between the Cl atom and the
bridles can be identified with the steric repulsion, which
was put forth above to explain the systematic∼0.1 Å shift
of the Fe-Cl fragment toward the macrocycle observed
upon the adjunction of the bridles, on going from RRRR-::
3in to RRRR-3̂in.
One also notes in Table 7 that ΔELH noticeably de-

creases to +859 cm-1 upon the RRRR f RβRβ atropi-
somerization. This reflects the fact that the large
contraction of the macrocycle triggered by the HS f LS
change of spin states in 3̂ stabilizes the RβRβ conforma-
tion. However, theΔELH value found forRβRβ-3̂ is larger
than the value of +351 cm-1 found for RβRβ-

::
3. For

RβRβ-
::
3, the vanishing ΔELH value could be explained by

the fact that, upon the HSf LS change of spin states, the
stabilization of the RβRβ conformation entailed by the
shortening of ∼0.1 Å of the Fe-N bonds compensates
for the increased repulsion between the chloride ligand
and the macrocycle due to the concomitant decrease
of the Cl-Ct distance, ∼0.5 Å. In RβRβ-3̂, the Fe-N
bond lengths and the Cl-Ct distances vary to the same
extents as in RβRβ-

::
3. Hence, the lesser stabilization of the

RβRβ conformation in 3̂ can be ascribed to the presence
of the short straps, which restrain the ruffling of the
macrocycle.
The HS RRRR-3̂in and RRRR-4̂in conformers are pre-

dicted to be the electronically most stable conformers of 3̂
and 4̂. Table 8 gives the electronic energies of the different
conformers of 3̂ and 4̂ in their different spin states relative
to their most stable conformers. For 3̂ in either spin state,
a same ordering of the energies of the different confor-
mers is observed:

RRRR-3̂in < RRRR-3̂out < RβRβ-3̂ ð7Þ
The same inequalities also describe the relative stability of
the three conformers of HS 4̂:

RRRR-4̂in < RRRR-4̂out < RβRβ-4̂ ð8Þ
The comparison of these results with those obtained for
the energetics of the conformers of the TMCP complexes
(Table 5, eqs 2-4) shows that in all cases the RβRβ form
gets strongly destabilized with regard to the RRRR forms
upon linking the short bridles, which restrict the ruffling
of the porphyrin.
The electronic energy differences between the RβRβ

conformers and the electronically most stable RRRR
conformer are +2746 and +2298 cm-1 for 3̂ in the HS
and LS states, respectively, and +3476 cm-1 for HS 4̂.
These energy differences are quite larger than the RβRβ-
RRRR energy difference of +872 cm-1 found for 2̂ and
compare better with that of +4106 cm-1 found for 1̂.
These observations reflect the fact that the conformers of

3̂ and 4̂ exhibit unexpectedly long metal-nitrogen bonds
and that, as found for 1̂, an expanded porphyrin core
favors theRRRR conformation. The axial ligation in 3̂ and
4̂ is indeed responsible for the metal-nitrogen bonds
being relatively long as compared to the Ni-N bonds
(even for LS 3̂ and HS 4̂ with vacant antibonding dx2-y2

levels), and this in turn limits the extent to which the
macrocycle shall ruffle in the RβRβ conformation (see
eq 6, and the discussion that follows). Actually, theM-N
bonds in 3̂ and 4̂ are as long as in the TMCP counterparts::
3 and 4.. But, although the expanded cores of

::
3 and 4. give

RRRR-
::
3in andRRRR-4.in as their electronically most stable

forms, the calculated RβRβ-RRRR energy differences are
not as large as in 3̂ and 4̂. This shows that both the long
metal-nitrogen bonds induced by the axial ligation and
the restraints imposed by the short bridles are actually
responsible for the RRRR conformation being largely
more stable than the RβRβ conformation in 3̂ and 4̂.
For 3̂ and 4̂, the destabilization of the RRRR conforma-

tion onmoving the Cl atom from the R to the β face of the
macrocycle can be ascribed to the decrease of the Cl-Ct
distance by∼0.3 Å and the accompanying increase of the
repulsion between the axial ligand and the macrocycle.
However, the energy differences between the two RRRR
conformers are smaller than those found for their TMCP
analogues (cf. Tables 5 and 8). Their decrease on going
from the TMCP to the BCP8 complexes follows from the
steric repulsion between the bridles and the chloride
ligand, which destabilizes the RRRR conformation with
the Cl atom in the R position with regard to the RRRR
conformation with the Cl atom in the β position.
The results obtained for 3̂ in the HS and LS states or

for the HS 4̂ complex are readily extended to 3̂ in the
excited intermediate S = 3/2 spin state. Indeed, the
stereochemistry of 3̂ in this spin state and in the LS state
should be very similar given that the stereochemically
active dx2-y2 level remains unoccupied in these two spin
states and that the lengtheningof theFe-Clbondongoing
from the LS to the intermediate spin state should not
exceed the ∼0.04 Å observed upon the LS f HS change
of spin states (for a recent study of the stereochemistry of
intermediate-spin iron(III) chiroporphyrins, see ref 61).
Consequently, if the intermediate spin state gets admixed
into the HS ground state, this will not affect the ground-
state stereochemistry of 3̂, for which RRRR-3̂in is predicted
to be the electronically most stable conformer.

Table 7. Calculated Values of the LS-HS Electronic Energy Difference ΔELH

(cm-1) for the Three Conformers of the Chloroiron(III) BCP8 Complex 3̂

RRRR-3̂in RRRR-3̂out RβRβ-3̂

+1307 +1426 +859

Table 8. Calculated Electronic Energies of the Three Conformers of 3̂ in the LS
and HS States and of the Three Conformers of the HS 4̂ Speciesa

RRRR-3̂in RRRR-3̂out RβRβ-3̂

HS LS HS LS HS LS

0 +1307 +649 +2075 +2746 +3605

HS RRRR-4̂in HS RRRR-4̂out HS RβRβ-4̂

0 +1719 +3475

aFor both complexes, the energy of the most stable form is taken as
the zero of the energy scale.

(61) Simonato, J.-P.; P�ecaut, J.; Le Pape, L.; Oddou, J.-L.; Jeandey, C.;
Shang, M.; Scheidt, W. R.; Wojaczy�nski, J.; Wozwiec, S.; Latos-Gra

:
zy�nski,

L.; Marchon, J.-C. Inorg. Chem. 2000, 39, 3978–3987.
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4. Concluding Remarks

We have carried out a detailed density-functional theory
investigation of the stereochemistry of two transition metal
complexes of the bridled chiroporphyrin BCP8 and of their
bridle-free TMCP analogues, namely, the chloroiron(III)
complexes 3̂ and

::
3 in the LS and HS states and the HS

chloromanganese(III) complexes 4̂ and
::
3, thus extending our

previousDFT studyof the zinc(II) 1̂ andLSnickel(II) 2̂BCP8
complexes. The results obtained for the whole set of TMCP
and BCP8 complexes allowed us to significantly improve our
understanding of the stereochemistry of BCP8 complexes.
Specifically, from the exploration of the electronic and
structural influences of the transition metal centers on the
stereochemistry of the TMCP and BCP8 chiroporphyrins,
the following points have been clearly established: (i) The
complexes in theRRRR conformation exhibit a doming of the
porphyrin macrocycle which slightly contracts and becomes
strongly ruffled upon theRRRRfRβRβ atropisomeriszation
so as to accommodate the alternating up-down meso sub-
stituents. Actually, for the complexes in either conformation,
irrespective of the metal center, the BCP8 adopts geometries
very similar to one another. (ii) The stability of the RRRR
conformation with respect to the RβRβ conformation mark-
edly increases with the expansion of the porphyrin core for
which the metal-nitrogen bond lengths provide a measure.
(iii) The extent to which the porphyrin macrocycle expands
or contracts is determined by the occupancy or vacancy of the
stereochemically active dx2-y2 orbital level but also, in the
presence of an axial ligand, by the repulsion between
the porphyrin ring and the axial ligand, which tends to favor
the expansion of the porphyrin core, hence, the RRRR
conformation. (iv) In the RRRR conformation, the repulsion
between the axial ligand and the macrocycle favors the
location of the axial ligand within the cavity provided by
the bridles. (v) Due to the restraints this puts on the contrac-
tion and ruffling of the macrocycle in the RβRβ conforma-
tion, the shortness of the bridles inBCP8 complexes proves to
give the right conditions to enable one to strongly discrimi-
nate between theRRRR andRβRβ conformations on the basis
of the expansion of the porphyrin core.
We believe that the stereochemistry of the transition metal

complexes of bridled chiroporphyrins can be rationalized on
the basis of the above statements, which have been derived
from the results of rigorous DFT calculations performed on
the BCP8 complexes 1̂-4̂ and the TMCP complexes

::
3 and 4..

The PBE and RPBE results obtained for 1̂ and to a much
lesser extent for 2̂ (Table 2) indicate that the use of different

functionals and different basis sets is likely to alter the fig-
ures describing the relative electronic stability of the con-
formers of the investigated complexes. However, the results
obtained with the two functionals actually lead to the
same conclusions regarding the electronic and structural
influences of the Zn(II) and Ni(II) cations on the stereo-
chemistry of the BCP8. We thus believe that the main
conlusions (i-v) drawn from the present study are not
sensitive to the choice of the theoretical level used. It is
noteworthy that our results show that the use of DFT for
investigating the conformational versatility of BCP8 com-
plexes provides a route for the accurate design of molecular
switches or nanotweezers wherein the RRRRT RβRβ atropi-
somerization constitutes the primary mechanism. As pointed
out in the Introduction, the influences of the zero-point
energy, the entropy, and the environment must be taken into
account in the DFT calculations for improving their pre-
dictive power. Accordingly, we have undertaken a DFT
study of the solvated TMCP and BCP8 complexes through
the determination of the total free energies of their confor-
mers, while probing further the influence of the choice of the
functional and basis set. Preliminary results obtained for

::
3

and 4. give the RβRβ conformation as the most stable
conformation of the solvated TMCP complexes, in complete
agreement with experimental results. These results will be
reported soon. Similar work is under way for the BCP8
complexes.
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