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Abstract: Circular dichroism (CD) spectra and density functional theory (DFT) calculations are reported
for a series of conformationally bistable chiroporphyrins with 8-methylene bridles MBCP-8, which can display
either an aaoae or an oSS orientation of their meso substituents. From DFT geometry optimizations, the
most stable form of ZnNBCP-8 is found to be the ao.cca conformer. By passing to NiBCP-8, there is a strong
stabilization of the afof conformation with respect to the oo conformation, consistent with the X-ray
structures of acaa-ZnBCP-8 and ofaB-NiBCP-8. A correlation between the sign of the CD signal in the
Soret region and the conformation of the BCP-8 compounds is reported: the aocao conformers H,BCP-8
and ZnBCP-8 show a positive CD signal, whereas the ofaj conformers NiBCP-8 and CuBCP-8 exhibit a
negative signal. The possible contributions to the rotational strengths of afa5-NiBCP-8 and aoaa-ZnBCP-
8, calculated on the basis of their crystal structures, have been analyzed. The CD signals are found to
result from a combination of both the inherent chirality of the porphyrin and of extrinsic contributions due
to the chiral bridles. These results may have a broad significance for understanding the chiroptical properties
of chiral porphyrins and hemoproteins and for monitoring stimuli-responsive, conformationally bistable
chiroporphyrin compounds.

Introduction have shown that the length of the strap has a strong influence

Notable progress has been made recently in the design ofon the conformation of these molecufes.
molecular machines and of stimuli-responsive molectigsich
conceivably might be used as switch junctions in nanoelectronic
devices? Molecular bistability based on an electron- or photon-
induced conformation change has attracted considerable inter-
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est3 In a related area, we have described recently a new family 0 0
of “bridled” chiroporphyrins, HBCP, in which two straps \
connect adjacent meso substituents by ester linkages, and we (CHy (CHo)n
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I(_(iir)mcoln,d?. F.; Barr, L.; Onagi, HChﬁmrEur. J. (22004 10, 3120-3128. Although long straps witin = 9—16 methylene groups favor
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Stoddart, J. FAppl. Phys. A: Mater. Sci. Proces2005 80, 1197-1209. G.; Dujardin, G.Science2005 308 1000-1003.
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Scheme 1. Bridled Chiroporphyrin Complex as Molecular properties in the hope that circular dichroism (CD) would be a
Nanotweezers good reporter of their conformatioi§ We have also performed
_ theoretical calculations to gain a better understanding of the
® closa : conformations of these switchable complexes. In a first section,
== 2 —_—* ! density-functional theory (DFT) is used to examine the relative
X opon stability of the aoao and afap conformers for the two

ZnBCP-8 and NiBCP-8 complexes, and geometry optimizations
a(Left) Open Form (X-ray structure affa-NiBCP-8); (Right) Closed are carried out to evaluate the structural and energy differences
Form (X-ray structure ofiooa-ZnBCP-8) between the two conformers. In a second section, the CD spectra
of the HLBCP-8 free base and of its nickel(ll), copper(ll), and
stituents, the chiroporphyrin with two 8-methylene bridles H  zinc(ll) complexes are described; those gB@P-9 and of its
BCP-8 surprisingly exhibits anaoa conformation in which corresponding complexes are also shown for comparison. We
these substituents are oriented on the same face. Moreovershow that there is a simple correlation between the sign of the
complexation studies of #BCP-8 led to the unexpected Cotton effects in the Soret region and thewao or afafS
discovery that metal insertion can result in a conformation conformation of these molecules. This correlation allows a facile
change. Thus, the complex with the large zinc(ll) ion ZnBCP- determination of the solution conformation on the basis of the
8, like the free base, has aac. orientation of the substituents ~ CD signal. In a third section, we analyze the various possible
and a nearly planar macrocycle, and the straps on the same faceontributions to the rotational strengths of the nickel and zinc
of the porphyrin are folded together like a pair of tweezers complexes, with a view to understanding the origin of the
(Scheme 1, right}.In contrast, the low-spin nickel(ll) complex  observed Soret CD. Calculations performed on the basis of the
NiBCP-8 displays am o ruffled conformation of the macro-  crystal structures indicate that the CD signals result from a
cycle, and the straps wrap around the porphyrin and connectcombination of both the inherent chirality of the porphyrin and
cyclopropyl substituents which are oriented on opposite faces extrinsic contributions due to their chiral environment. These
(Scheme 1, leftj. results may have a broad significance toward the understanding
We are currently examining the possibility that some metal of the chiroptical properties of hemoproteins and porphyrin-
complexes of HBCP-8 could be switched between the two based compounds, especially in the context of the increasingly
conformations and, thus, behave as molecular nanotweezers. Fopopular use of porphyrins as CD reporter groups and structural
example, because high-spin nickel(ll) is a large ion, similar in probes’ 8
size to Zn(ll), it is reasonable to expect that high-spin NiBCP-8
could have aroaoe conformation similar to that of ZnBCP-
8.2 In other words, the addition (dissociation) of an axial ligand  Materials. The synthesis and characterization of the porphyrin free
such as piperidine could close (open) the NiBCP-8 nanotweezershases HBCPn (n = 8, 9) have been described in previous papers from
by populating (depopulating) theed,? orbital of the Ni center, our laboratoried>® Metal insertion was performed by standard
as shown in Scheme 1. A similar effect might be achieved by methods’ The metal complexes MBCR{n = 8, 9; M = Ni, Cu, Zn)
photoexcitation (via the Ni (d) state) or by one-electron Wwere characterized by UWisible and NMR spectroscopies and by

reduction of a suitable metal center (such as Mn(lll) in ES mass spectrometry.
MNnCIBCP-8, for example). Spectroscopic MethodsCD and U\+visible spectra were recorded

.. . . . with an Applied Photophysics Chirascan spectrometer, a Bio-Logic
Preliminary experiments have been carried out uS$h§IMR MQOS-450, or a Jasco J-600 using standard conditions (Supporting

SpeCtrOSCOPY to asse_ss the r(_:"a_lhty of th'_s suppoged COnform_at'orfnformation). Porphyrin solutions in dichloromethane were placed in
change of NiBCP-8 in piperidine solution. Partial conversion 3 ¢m path quartz cells, and their concentrations were adjusted to obtain
to a paramagnetic adduct was obtained by dissolution of 55 apsorbance of ca. 6-8.2 unit prior to running the CD spectra.
NiBCP-8 in neat deuterated piperidine, as judged from the-UV  Each spectrum was acquired three times, and the data were averaged.
visible spectrum. The 500 MHZH NMR of the resulting Raw data obtained with the Chirascan and the MOS-450 were smoothed
solution showed a broad peak near 40 ppm at room temperatureafter background subtraction using a Savitsky-Golay algorithm; in every
for the pyrrole protons of the high-spin Ni(ll) complex, which ~ case, the residual was randomly distributed around zero.

is typical of a @ de_2 configuration® This signal is likely a Computational Methods. Calculations of conformer structures and
superposition of several unresolved components that are too€nergetics were carried out with the Amsterdam Density Functional
broad to be detected as separate peaks, and therefore, it has ngfDF) Program package;™ using basis sets from the ADF basis set
been possible to determine the signal multiplicity, which could database. ADF uses Slater-type orbital (STO) functions, and to probe

disclose the symmetry of the complex and. hence. its conforma—the influence of the quality of the basis sets on the results, two sets of
tion y ry P ! ! STO basis functionSandS were used. In th&set, a triple polarized

Because NMR had proved of little utility, we have investi-  (7) (a) Ogoshi, H.; Mizutani, TAcc. Chem. Red.998 31, 81-89. (b) Ogoshi,
gated other spectroscopic techniques. Given that the bridled  H. Mizutani, T.; Hayashi, T.; Kuroda, Y. Iffhe Porphyrin Handbogk
. . . . . Kadish, K. M., Smith, K. M., Guilard, R., Eds.; Academic Press: San Diego,
chiroporphyrins have four chiral meso substituents derived from 2000; Vol. 6, pp 286-340.
-Ci i i i i (8) (a) Huang, X.; Nakanishi, K.; Berova, Chirality 2000 12, 237—255.
(1R)-cis-hemicaronaldehyde, we have explored their chiroptical (B Weres 33, Inclusion Phenom. Macrocyolic Che001. 40, 1-2>.
(9) Gazeau, S.; Raut, J.; Haddad, R.; Shelnutt, J. A.; Marchon, JEGr. J.

Experimental Section

(4) Gazeau, S.; Raut, J.; Marchon, J. @hem. Commur2001, 1644-1645. Inorg. Chem.2002 2956-2960.
(5) Haddad, R. E.; Gazeau, S.;det, J.; Marchon, J. C.; Medforth, C. J.; (10) Amsterdam Density Functional programnelease ADF2004.01; Theoretical
Shelnutt, J. AJ. Am. Chem. So2003 125 1253-1268. Chemistry, Vrije Universiteit: Amsterdam, The Netherlands, http://
(6) Song, Y.; Haddad, R. E.; Jia, S.-L.; Hok, S.; Olmstead, M. M.; Nurco, D. WWW.Scm.com.
J.; Shore, N. E.; Zhang, J.; Ma, J.-G.; Smith, K. M.; Gazeau, SaieJ.; (11) te Velde, G.; Bickelhaupt, F. M.; Baerends, E. J.; Fonseca Guerra, C.; van
Marchon, J. C.; Medforth, C. J.; Shelnutt, J. A.Am. Chem. So2005 Gisbergen, S. J. A,; Snijders, J. G.; Ziegler,JT.Comput. Chem2001,
127, 1179-1192. 22, 931-967.
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basis set TZP was used for the Ni and Zn atoms; a do@ipletarized description of exchange and correlation. The GGA improves
basis set DZP was employed for the N atoms; and for the O, C, and H the LDA description of equilibrium geometries and energetics,
atoms, a doublé-basis set DZ was used. Teset is similar to thes and most GGA functionals are likely to deliver satisfactory
set except that it includes additional polarization functions for the C results for the energetics and geometries of the conformers.
and O atoms, which are thus described by DZP basis sets. In theHowever the recent PBE GGA offers the avantage over other
calculations performed with both sets, the core shells were frozen up GGAs th;it it has been derived from first-principle arguments
to the 3p level for Ni and Zn and at the 1s level for C, O, N. The . .

general accuracy parameter “accint” was set to the high value of 4.5, anq, thus, obeys many phy_smal constraints that are not neces-
and the other program parameters were kept to their default values.Sarily obeyed by other functional3We therefore used the PBE
Calculations were run restricted for the zinc(ll) and nickel(ll) com- functional for the study of the ZnBCP-8 and NiBCP-8.

plexes. In all cases, the symmetry of the complexes was constrained The calculations led to the characterization of the closed-
to C,. Note that theC, symmetry operation interchanges opposite shell Zn(ll) and low-spin Ni(ll) chiroporphyrin complexes in
pyrrole rings and that one, therefore, verifies for the metérogen their electronic ground state 8A symmetry. For both com-
distances: M-Ni = M—Ni; with M = Zn, Ni andi = 1, 2. plexes, the optimized structures of theioao. and B0
fpeamenpica) (ZN00 lormuton) and e deperdert BT conformers respectively exicit a doming and a g of he
the excited states of porphyrin rings of ZnBCP-8 and NiBCP-8, both 2?1:5’2}/;:822?;0?:5% ﬂfﬁg\?ﬁ?’e@ﬁg Ightgvinx-irnaysitr::f;léref of

of C; (solid-state) and axially symmetricC{ and D,, respectively) .. .
structures. ZINDO and TDDFT calculations were run with Gaussian MPortant structural parameters for characterizing the geometries

03 (revision B.05)213 The two coupling mechanisms for znecp-g  Of the BCP-8 complexes in thexoa andaSa,8 conformations
and NiBCP-8 were estimated with egs 4 and 8, shown below (section are (i) the average metahitrogen bond length, which gives a
I11.C—D). Geometrical factors were taken from solid-state structures measure of the contraction of the porphinato céréi) the

and spectroscopic factors for the Soret band from experimental displacement of the metal atom out of the mean plane of the
absorption spectra. The frequency separation between the two SoreR4 atoms of the porphyrin core MCt (M = Zn, Ni; Ct = the
Components was pUt equal to that found by TDDFT calculations on projection Of the metal atom on the mean plane); (”') the root-
the porphyrin cores. Soret transitions were considered polarized alongmean-square (RMS) out-of-plane displacemAaiys, which

N—N directions,n—x* along C=0, andz—x* along the direction : - -
rovides a measure of the deviation of the porphyrin macrocycle
defined by carbonyl O and the middle of© single bond, in keeping ?rom planarity and which is given by: Porpny Y

with ZINDO calculations on methyl acetate.

Results and Discussion

I. Structures and Energetics of ZnBCP-8 and NiBCP-8. Arms = 2
The energy differencAE.ns between the two conformers reads
AE = Er (@BafB) — E,;, (c0a) (1) wheredy is the orthogonal displacement of tkeh atom of the

macrocycle from the mean plane; (iv) and the average torsional

where Emin(ccae) and Emin(f0,8) represent the minimized ~ angle G—N—N—C, between opposite pyrrole rings, which
energies of theraaa and afo conformers, respectively. It~ 9iVes & measure of the rl_Jffllng of the porphyrin and which is
follows from the convention used foAEy that the coao also known as the ruffling angke’ The values of these
conformation is the most stable one 8E., > 0. parameters are given in Table 1 for the optlm!zed and available
Quantum chemical methods are expected to give a quanti-€XPerimental geometries of ZnBCP-8 and NiBCP-8.
tatively accurate description of the geometry and energetics of ~Inspection of Table 1 shows that the quality of the basis sets
the BCP-8 complexes, which should help achieve a thorough used has a limited influence on the theoretical values found for
understanding of their stereochemistry. Although the use of the key structural parameters. Thus, passing fromStket to
computationally demanding high-level ab initio (i.e., wave the largerS set essentially translates into~®.01 A decrease
function-based) methods is precluded by the large number of of the optimized metatnitrogen distances for the conformers
atoms (145) present in these systems, DFT methods canof the two complexes. One also notes that there is a good
efficiently be applied to systems of such size. In particular, the agreement between the experimental and theoretical parameter
ability of most approximate exchangeorrelation density values found for thecaoa. conformer of ZnBCP-8 and for the
functionals that go beyond the local density approximation o5 conformer of NiBCP-8. For instance, the optimized
(LDA) to accurately describe the geometry and energetics of Structures of aaaa-ZnBCP-8 and afo3-NiBCP-8  exhibit
molecular systems is well establishédThe LDA tends to metal-nitrogen distances that are slightly longer than those
overestimate bond energies. The generalized gradient ap_experimentally observed. In fact, given that our calculations are
proximation (GGA) remedies this deficiency by adding correc- Performed for the two complexes in the gas phase and, thus,

tion terms that depend on the density gradient and allow a betterd® not take into account crystal packing forces, there is no reason
to expect that the experimental and optimized geometries should
(12) Frisch M. J.; et alGaussian O3revision B.05; Gaussian, Inc.: Pittsburgh,  strictly match. Crystal packing forces are indeed known to have

PA, 2003. For a description of calculations methods see program . . . .
documentation at http:/www.Gaussian.com/g_ur/gd3mantop.htm. considerable influences on the geometries and conformations

(13) For a few recent examples of semiempirical and TDDFT calculations on of porphyrin complexe$’ and they are responsible for the
distorted porphyrins see ref 5 and: (a) Ryeng, H.; Ghosld, Am. Chem.

So0c.2002 124, 8099-8103. (b) Prabhu, N. V.; Dalosto, S. D.; Sharp, K.

A.; Wright, W. W.; Vanderkooi, J. MJ. Phys. Chem. B002 106, 5561— (15) Perdew, J. P.; Burke, K.; Ernzerhof, Mhys. Re. Lett. 1996 77, 3865
5571. (c) Di Magno, S. G.; Wertsching, A. K.; Ross, C. R.,Jl.Am. 3868; ErratumPhys. Re. Lett. 1997, 78, 1396.
Chem. Soc1995 117, 8279-80. (16) Scheidt, W. R.; Reed, C. hem. Re. 1981, 81, 543-555.

(14) Koch, W.; Holthausen, M. CA Chemist's Guide to Density Functional (17) Jentzen, W.; Turowska-Tyrk, |.; Scheidt, W. R.; Shelnutt, Jnérg. Chem.
Theory Wiley-VCH: New York, 2000. 1996 35, 3559-3567.
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Table 1. Selected Structural Parameters in the Optimized Geometries of ZnBCP-8 and NiBCP-8

theoretical
porphyrin level M-N; (A) M-N, (A) M-N& (A) M-Ct (A) Arws (B) Co—N-N-C, (deg)
aooo-ZnBCP-8 PBE$ 2.091 2.077 2.084 0.246 0.155 3.1
PBES 2.081 2.067 2.074 0.238 0.153 3.2
of0-ZnBCP-8 PBES 2.063 2.073 2.068 0.000 0.179 17.7
PBES 2.052 2.062 2.057 0.003 0.188 18.7
0000-ZNBCP-& - 2.046, 2.027 2.045, 2.046 2.041 0.147 0.128 3.1
- 2.034,2.031 2.029, 2.025 2.030 0.111 0.117 4.3
aoao-NiBCP-8 PBES 2.004 1.981 1.993 0.185 0.129 5.4
PBES 1.994 1.972 1.983 0.175 0.126 5.7
ofap-NiBCP-8 PBES 1.944 1.953 1.949 0.027 0.351 36.0
PBES 1.934 1.945 1.940 0.022 0.353 36.3
ofB0B-NiBCP-& - 1.921, 1.925 1.901, 1.915 1.916 0.006 0.373 38.1
- 1.921, 1.921 1.909, 1.917 1.917 0.014 0.386 37.6

a Average M-N distance® Structural parameter values for the two independent (ZnBCP-8 or NiBCP-8) molecules present in thé Thestalo values
given for M—N; correspond to the MN; and M—N;- distances,i(= 1, 2), which are not necessarily equal because of the lack of symmetry of the molecules
in the crystal.

coexistence of two distinct, albeit similar, molecular structures ;ﬁg’gg'_g gﬁécﬂ%%dpfgalues of the Energy Difference AFey for
in the studied crystals akoao-ZnBCP-8 andoSos-NiBCP-

845 Therefore we consider that the agreement between the
theoretical and experimental parameter values reported for
oooa-ZnBCP-8 andnBa3-NiBCP-8 is very satisfactory, and PBES +2449 +453
that it is indicative of a close similarity between the optimized PBES +2769 +843
and the X-ray structures.

Upon theaccao — ofo3 isomerization, the optimized MN
bonds undergo shortenings that average to 0.02 A for ZnBCP-8
and to 0.04 A for NiBCP-8. These decreases in the metal
nitrogen distances compare well with the decrease of thé\M
bond lengths of 0.020.03 A observed in porphyrin complexes
upon ruffling of the porphyrin macrocyclé. For the two
complexes, theraao. — afos change of conformations and
the concomitant ruffling of the macrocycle translate in Table 1
into the reduction of the out-of-plane metal atom displacement,
a large increase of the RMS out-of-plane displacement, and an
increase of the ruffling angle by a factor of about@ The e ) ) )
large ruffling of the porphyrin core actually allows the macro- ~ For the Zn(ll) complex, which is obtained and isolated in
cycle to accommodate the alternating up, down meso substit-the o conformatiort, our results are in agreement with
uents; it may also be influenced by the constraints imposed by xperiment. We note, however, that whereas for ZnBCP-8 the
the short straps that link the adjacent meso substituents that ar&nergy differenceAEqy takes a value of 2449 cm for the
located on opposite faces of the macrocydieterestingly, our calculations performed at the PEEEvel, it drastically drops
calculations predict for the isolated BCP-8 complexes that the On passing to NiBCP-8, taking a value of 453 ¢nirhis shows
shortening of the M-N distances upon theoo — o808 that theaaoae conformation is energetically strongly favored
change of conformations principally affects the-M; distances, ~ PY the long metatnitrogen bonds found in the Zn(ll) complex,
that is, the lengths of the bonds linking the metal center to the and that the large shortening undergone by these bonds when
pyrroles caught in the bridles. This supports the idea that the Passing to the LS Ni(ll) complex substantially stabilizes the
constraints imposed by the bridles may play a key role in the oS0 conformation, bringing the two conformations close in

AEcy (Cmil)

theoretical level ZnBCP-8 NiBCP-8

distortion of the macrocycle along the ruffling distortion méde.
This is more obvious when one considers the results obtained
for the complexes in thexfoS conformation because one
observes in this case that the RMS out-of-plane displacement
and the ruffling angle drastically increase.

The calculated values of the energy differerd®,,s between
the aoco and oo conformers of the BCP-8 complexes are
given in Table 2. These quantities are all positive, andxiec
conformation is therefore predicted to be the most stable
conformation for the two complexes.

ruffling of the porphyrin core of bridled chiroporphyrids. energy, consistent with the observed stereochemistry of the two
For a given conformation of the bridled chiroporphyrin, one Complexes.

notes in Table 1 that the metahitrogen bonds undergo upon Consequently, the discrepancy between the outcome of the

the Zn(I1)— Ni(ll) substitution a shortening o£0.1 A, which conformational analysis and the experiment can tentatively be

is due to the fact that the antibonding level of ¢ type® ascribed to the neglect of the environmental effects as this

which is filled in the d° Zn(ll) complex, becomes unoccupied constitutes the last major approximation in our study performed
in the low-spin & Ni(ll) complex. The noticeable increase of for the complexes in the gas phase. Noticing that dloc
the ruffling angle by~2 degrees shows that the contraction of and oo conformers of ZnBCP-8 and NiBCP-8 have very
the porphyrin core in thecaxao. conformation upon the Zn(ll)  different dipole moments (the dipole moment of each complex
— Ni(ll) substitution induces or enhances the out-of-plane is consistently found to be smaller in tlggo conformation
than in theaaoia conformation, see Table 3), and keeping in
(18) We refer to the metallic molecular orbitals using denominations such as mind that the synthesis of the complexes takes place in solution
“antibonding g-2- or d2-type orbital” for the antibonding-type orbitals ) !
involving the metallic 3d atomic orbitals of octahedrglparentage. The solvent effects turn out to be the environmental effects that
resulting simplified orbital picture provides a convenient, physically ghould be considered first. An implicit solvation model such as

meaningful tool for discussing the properties of the porphyrin complexes, N . . i .
in particular, their stereochemistt§. the conductorlike screening model is well suited for accounting

6350 J. AM. CHEM. SOC. = VOL. 128, NO. 19, 2006
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Table 3. Dipole Moments (debye) of acaa and oo Conformers of ZnBCP-8 and NiBCP-8

theoretical level oooa-ZnBCP-8 a503-ZnBCP-8 oooa-NiBCP-8 oa3-NiBCP-8
PBES 1.09 0.02 1.48 0.18
PBES 1.42 0.00 1.82 0.17
4 2
;]
2 H,BCP-8
11 .”{;
- lu'l e e el .
RN = T #
E -1 M\""“wm-,.ﬁ { E
g, S / g
\‘ul | i
34
N ‘“\ { H,BCP-9
; \
A @ \
o5 T T T kwl T T T -14 T T T T
ExD] 400 410 A 430 440 450 460 390 A0 410 410 A30 440 450 460
& (nm) A (nm)
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0 fm— R —— 8 Ial
—— T —— | { "-,
4 — / ¢ znBCP8 [ |
! 44 f \
a -2 ."'l a N ‘,-’I .\
2. \ / ] / AN —
5, \ [/ cuBcPs8 fo—m-vu /f ———
CuBCP-9 N\ [/ 2
N N \// ZnBCP-9
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Figure 1. CD spectra in CHCl, for the Soret transitions of (a) BCPn, (b) NiBCPn, (¢) CuBCPn, and (d) ZnBCPA. Red: n = 8; blue: n = 9.

for the solvent effects in an elaborated maniidihis, however,
is beyond the scope of the present study.

Il. Experimental CD Spectra. The CD spectra obtained in
the Soret region are illustrated in Figure 1 for the free-base
porphyrins HBCP-n (n = 8—9) and their square-planar nickel-
(I1), copper(ll), and zinc(ll) complexes MBCR{M = Ni, Cu,

Zn; n = 8—9). The CD spectrum of the porphyrin free-base
H,BCP-8, which has amoao conformatior?t displays a
positive Cotton effect in the Soret band region. In contrast, the
CD spectrum of HBCP-9, which has afa/3 conformatiort5°
shows a negative Cotton effect in this region (Figure 1a), with
a small positive long-wavelength lobe. Similarly for the zinc
complexes, a positive Cotton effect is observed daro.o-
ZnBCP-87 and a negative Cotton effect (unsymmetrical, with
a weak long-wavelength positive component) is seewftar-
ZnBCP-9 (Figure 1d}5°TheaSo nickel complexes NiBCP-8
and NiBCP-9 both display an intense negative Cotton effect
in the Soret region (Figure 1b). Thus, the main feature of the

CD spectrum seems to be correlated to the molecular conforma-

tion in this series: thenfSaj conformation gives rise to a

negative Cotton effect, independent of the central metal and of

the bridle length, while theca.coe conformation gives rise to a

positive Cotton effect. This observation also leads to the safe

conclusion that the copper(ll) complexes CuB& R = 8—9),
which display an intense negative Cotton effect (Figure 1c),
both have arSoS conformation.

IIl. Contributions to the Soret CD of ZnBCP-8 and
NiBCP-8. A. Analysis. Electronic CD is observed in cor-

(19) Pye, C. C.; Ziegler, TTheor. Chem. Accl999 101, 396-408.

respondence with electronic transitions endowed with nonneg-
ligible rotational strengti®

R = Im(ugi-myp) ©))

where uog and mjo (respectively, the electric and magnetic
transition dipoles associated to the-0 transition) are measures
of the linear and circular displacements of charge upon
excitation. In the context of electronic spectroscopies, a common
approach consists of identifying chromophoric groups to which
observed transitions are mostly confined. If the chromophore
is chiral, the combination ofisi and mjg results in a helical
displacement of charge, which interacts differently with left-
and right-circularly polarized light, generating an intrinsic
rotational strength. Because most chromophores, like planar
porphyrins and carboxyl groups, are inherently achiral, their
electronic transitions have pure electric dipole-allowed or
magnetic dipole-allowed character, or h@andm dipoles are
orthogonal. In such cases, optical activity may be thought to
arise from various mechanisms allowing for different transitions
to mix and gain nonorthogonal and nonvanishing electric and
magnetic transition dipoles. The resulting rotational strength can
be approximated! as the sum of three contributions:

(1) the coupled-dipole, an-u coupling, or exciton mecha-
nism: the chromophore undergoes an electric dipole-allowed

(20) (a) Mason, S. RViolecular Optical Actiity and the Chiral Discrimination
Cambridge University Press: Cambridge, 1982. (b) Rodger, A.; Norde
B. Circular Dichroism & Linear Dichroism Oxford University Press:
Oxford, 1997. (c)Circular Dichroism: Principles and Application®nd
ed.; Berova, N., Nakanishi, K., Woody, R. W., Eds.; Wiley-VCH: New
York, 2000.

(21) Tinoco, I., JrAdv. Chem. Phys1962 4, 113-160.
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Scheme 2. Calculated Deviations of the Heavy Atoms upon C. The u-u Mechanism. Other possible mechanisms of
Symmetrization of the Porphyrin Cores optical activity arising from the coupling of Soret transitions
. M» D QOIA D,y (monoclinic) with extrachromophoric groups were also considered. The four
NiBCP-8: 0.09A 0.003A , ester groups in ZnBCP-8 and NiBCP-8 may provide effective
(oA > D, > D,y (orthorhombic) . L .
coupling terms of both electric dipole-allowed-(z* transition,
0.058A 0.034A oo . .
ZnBCP-8: C;, =—> (C, =—> (C,, around 170 nm) and magnetic dipole-allowed-{* transition,
solid state chiral achiral around 210 nm) types. The coupled dipoles or exciton mech-

anism of optical activity is the most investigated 8RéIt arises
transition that couples with other electric dipole-allowed transi- whenever two electric dipole allowed transitions are sufficiently
tions elsewhere in the molecule, thus generating magnetic close in energy and their transition dipoles are arranged in a
dipoles too; dissymmetric way (not collinear or coplanar or related by roto-
(2) the dynamic oru-m coupling mechanism: the chro- reflection elements of symmetry). The rotational strengths allied
mophore undergoes an electric dipole-allowed transition that 1 gch transitions are opposite in sign and of the same intensity

couples with a magnetic dipole-allowed transition elsewhere in (the so-called CD couplet) and may be quantitatively predicted
the molecule (or vice-versa); . . through the equatiopPab25a
(3) the static coupling or one-electron mechanism: different

electric and magnetic dipole-allowed transitions on the chro- 27V,
mophore are allowed to mix due to perturbation exerted by the Ry, = ViR x uy 4)
chiral environment. Vo ™"
Inspection of the structures of the bridled metalloporphyrins
suggests that all four mechanisms (intrinsic chirality plasS}1 wherev; andv; are the transition frequencies (or wavenumbers),

may contribute to the observed chiroptical properties. The first 4; andu, are the transition dipole vectorR;. is their distance
three have been evaluated quantitatively, and in the following, vector (with modulusR;2), andVi. is their coupling potential,

we examine them in detail with reference to the CompOUndS which is usua”y approximated as the d|pe['d;po|e term:
ZnBCP-8 and NiBCP-8, whose solid-state structures are avail-

able, taken as paradigms of the twoooe andafof classes. Uty 3y Ry)(U,R
B. The Inherent Chirality. The only way of estimating the Vi, = ! 32 - 12 s R (5)
contribution of inherent chirality lies in quantum mechanical Ri, R;,

calculationg? The porphyrin cores in both solid-state structtires

are devoid of any symmetry element; they present nonplanar The popularity of the exciton mechanism lies in the fact that
distortions of the ruffling ¢30,3-NiBCP-8) and domingdoa.a- eq 4 leads to a simple and immediate correlation between the
ZnBCP-8) typex** In solution, NMR demonstrates that Zn-  molecular structure and the sign of the CD spectrum: when
BCP-8 and NiBCP-8 display averag® and D> symmetry,  the two dipoles define a positive chirality, i.e., the dipole in the
respectively, suggesting that the porphyrin rings themselves arefront must be rotated clockwise to be superimposed to that in
at leastC, and D, symmetric for spectra averaged over a he phack, the resulting CD couplet is positive, that is, its long-
sufficiently long tlme. Startmg from the published X-ray wavelength component is positive, and vice-véfsBecause
structures, symmetric porphyrin cores were generated by Soret transitions have a strong transition dipole, the exciton

removing th_e bridles, e_tddlng meso hydrogel_ns, a_nd op_tlmlzmg method has been extensively applied to porphyrin-containing
the porphyrin cores with the minimal restraints imposing the 6 . g . .

. . ) compound2? and especially bis-porphyri#éIn particular, the
desired symmetry. In the case of NiBCP-8, four independent . . o .

; . coupling with esterr—x* transition has been considered t#o.
structures are availabfeand calculations were run both for the In this studv. th tational st th arising f ¢
most distorted (monoclinic, molecule A; total nonplanar distor- n IIS sfu é ngrgalzns_;éﬁerég arising rodm Pq‘ 4
tion?4 dior = 1.962 A, ruffling deformation ¢ = 1.893 A) and coupling for ZnbLF-6 and NI -8 was estimated using eq
the least distorted structure (orthorhombic, molecule ;= (see Computational M.ethOdS above)_. . _
1.827 A, dys= 1.778 A). We also noticed that calculated chiral ~ D. The u-m Mechanism.The electric-magnetic coupling or
cores are not far from achiral structures sucEador ZnBCP-8 u-m mechanisi has been treated with special reference to the
and D,y for NiBCP-8, as shown by the calculated RMS carbonyl chromophor®. The rotational strength allied to a
deviations for the porphyrin heavy atoms (C, N, metal) shown magnetic dipole allowed transition (at eneiy, directed along
in Scheme 2. zaxis) coupled to an electric dipole-allowed one (at endtgy
Semiempirical and time-dependent DFT calculations were with nonnegligiblez-component) is:

thus performed on the excited states of porphyrin rings of
ZnBCP-8 and NiBCP-8, both of; (solid-state) and axially (25) (a) Harada, N.; Nakanishi, KCircular Dichroic SpectroscopyExciton

i i ,23 Coupling in Organic Stereochemistriniversity Science Books: Mill
Symmetric CZ andD;, respectlvely) structures: Valley, CA, 1983. (b) Berova, N.; Nakanishi, K. @ircular Dichroism:

Principles and Applications2nd ed.; Berova, N., Nakanishi, K., Woody,

(22) Cramer, J. CEssentials of Computational Chemistiiley: Chichester, R. W., Eds.; Wiley-VCH: New York, 2000; pp 337382.
2002. (26) For example: (a) Mizutani, T.; Ema, T.; Yoshida, T.; Kuroda, Y.; Ogoshi,
(23) In the case of,-symmetric Zn porphyrin, Soret transition dipole directions H. Inorg. Chem.1993 32, 2072-2077. (b) Di Bari, L.; Pescitelli, G.;
are not symmetry determined; in fact, ZINDO and TDDFT results predict Reginato, G.; Salvadori, Rhirality 2001, 13, 548—555.

transition dipoles along th€mess—Cmeso direction. Calculations in Figure (27) (a) Matile, S.; Berova, N.; Nakanishi, K.; Fleischhauer, J.; Woody, R. W.
2d,f, bottom, repeated with such orientation led to equivalent results (same J. Am. Chem. S0d.996 118 5198-5206. (b) Pescitelli, G.; Gabriel, S.;

signs and discrepancies in intensity within 10%). See Computational Wang, Y.; Fleischhauer, J.; Woody, R. W.; Berova,JNAmM. Chem. Soc.
Methods. 2003 125 7613-7628.

(24) Shelnutt, J. A.; Song, X.-Z.; Ma, J.-G.; Jia, S.-L.; Jentzen, W.; Medforth, (28) Mizutani, T.; Ema, T.; Yoshida, T.; Renne, T.; Ogoshi,librg. Chem.
C. J.Chem. Soc. Re 1998 27, 31-41. 1994 33, 3558-3566.
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2E Table 4. Computed Soret Transition Wavelengths and Rotational
R, = i,uZmZ—MV (6) Strengths? of NiBCP-8 and ZnBCP-8 for X-ray Derived and Axially
Eﬁ — Eﬁ1 Symmetric DFT-Optimized Structures
NiBCP-&
whereV, the coupling potential, is approximated by that between ZINDO ToDFT
the electric dipole and the electric quadrupole associated with ” 5 2 5
the magnetic dipole: el : il :
A (nm) R A (nm) R A (nm) R A (nm) R
Ri»Qu 5(RQR)R 1) Bl 3995 —125 3762 —123 337.7 —622 3360 —571
Vo= - - (7) B2 3933 +160 3757 +130 3356 -+615 3358 +589
ﬁlz R12
ZnBCP-8
The rotational strength allied to the electric dipole-allowed ZINDO TDDFT
transition is, of courseR, = —Ry. For a carbonyl chromophore X-ray G X-ray G
ijng in the yz plane with C-O centered in the qrigin and Aom R A(m) R A(m) R A(m) R
d!rected along, the quadrupole tens@ reduces to itxy off- Bl 3845 -22 3686 167 3329 124 3343 184
diagonal term£Q¥, and eq 6 takes the forAs: B2 3840 +18 3685 +1.7 3329 -12 3341 +6.6

6E, imQY e x aRin 10740 cgs units.” Data shown for NiBCP-8 obtained for the most
Rnv=S—= = [( Riz —5X9)Yu" + distorted monoclinic A moleculeR values obtained for the least distorted
Eﬂ - Em 12 orthorhombic A molecufeare slightly smaller: ZINDO: X-ray—107/

(R, — 5Y9x — 5XY 2L (8) +112; Dy: —118+120. TDDFT: X-ray:—380AH-382; D,: —563/570.
ruffled Ni—porphyrin is expected to exhibit stronger intrinsic

where KY,2) is the dipole position in the above framework effects than the moderately domed-Zporphyrin.
andu*, 1Y, andu? are its components. In eq 8, the factorQ Results for ZINDO and TDDFT calculations of Soret
is not easily accessible, so it is assessed in an empirical way;transitions are shown in Table 4. The ruffled-Ntorphyrin
for carbonyln—z* transition, it amounts to 1.8% 10%¢ cgs exhibits strong rotational strengths of opposite sign for the two
units#2 In this study, we have approximated the ester group Soret components; absolute ZINDO values are in keeping with
by a carbonyl, on the basis of the observation thatrther* those calculated for myoglobin with a similar semiempirical
transition is very similar for the two groups (located on and method3! while TDDFT values are about five times larger.
with magnetic dipole directed along=€, from ZINDO When a bandwidth (Gaussian shape with 750 tthalf-
calculations on methyl acetate). Equation 8 was applied to height width) is assigned to the computed transitions (Figure
estimate the rotational strength arising from then coupling 2a), it becomes apparent that mutual cancellation between the
for ZnBCP-8 and NiBCP-8 (see Computational Methods above). two opposite CD bands is extensive and the resulting CD is of

E. Intrinsic Rotational Strength. Inherently chiral porphy-  moderate intensity. Absolute rotational strengths for the two B
rins are of high interest, because many heme-containing proteingransitions of the domed Zrporphyrin are 2 orders of
present distorted porphyrin rings where the distortion plays a magnitude smaller, but of the same sign for Gesymmetric
crucial biological rolé®*3° Recently, the inherent chirality  structure, which gives rise to overall positive CD only two times
mechanism has been examined in the case of carbonmonoxyyeaker than for the Niporphyrin (Figure 2b). The overestima-
myoglobin3! for which deviations from planarity introduce  tion of all the computed transition frequencies with respect to
chirality in the heme. It has been demonstrated that the rOtatiOﬂalexperimenta| spectra (especially evident for TDDFT) is a
strengths for the two Soret transitions are opposite in sign and common fault of electronic excited-state calculatidhshich
their absolute intensities are similar and direCtIy proportional does not invalidate other Computed quantities such as the Sign
to the degree of ruffling of the heme and may reach very large and relative intensity of rotational strengths.
values (up to 2 DBM, i.e., Z 10738 cgs). However, because F. Extrinsic Rotational Strength. A case quite similar to
the two Soret components are very close in energy, the two the present one has been discussed by Mizutani € al.,
CD bands cancel each other to a large extent and moderate negoncerning the coupling between the Soret transitions of-a Zn
effects resulg! porphyrin andz—zx* and n—x* transitions of an amino acid

In the present case, the aXIa.”y Symmetric distribution of chiral bound to Zn via the amino group; in that case, the Carbony|
meso substituents in NiBCP-8 and ZnBCP-8 generates nonplanarmane lies above the porphyrin plane and is almost parallel to
distortions which make their porphyrin cores inherently chiral. it Explicit semiempirical quantum mechanical calculations led
The two Soret or B transitiof%of each porphyrin are usually  tg rotational strengths up to & 10740 cgs for the coupled
very close in energy but generally not degenerate, and they maydipoles Soret/&0,_.- coupling and up to five times weaker
be associated with moderate to strong rotational strengths. Thefor the-m Soret/G=0,,,+ coupling?8 The sign and magnitude
depended on the relative orientation between the carbonyl and
porphyrin, and the contributions for the two nondegenerate Soret
components were opposite for many (but not all) of the
orientations considered. The results of our calculations for
NiBCP-8 and ZnBCP-8 are summarized in Figure-2avhich
show overall rotational strengths (sum over four carbonyl
groups) and CD spectra computed after application of a Gaussian
bandwidth. For both compounds, the coupled dipole mechanism

(29) (a) Hdhn, E. G.; Weigang, O. E., Jd. Chem. Phys1968 48, 1127
1137. (b) Schellman, J. Mcc. Chem. Re4.968 1, 144-151. (c) Woody,
R. W.; Tinoco, I., JrJ. Chem. Physl967, 46, 4927-4945.

(30) Ravikanth, M.; Chandrasekhar, T. 8truct. Bondindl995 82, 105-188.

(31) Kiefl, C.; Sreerama, N.; Haddad, R.; Sun, L.; Jentzen, W.; Lu, Y.; Qiu,
Y.; Shelnutt, J. A.; Woody, R. WJ. Am. Chem. So@002 124, 3385~
3394,

(32) (a) Ghosh, A. InThe Porphyrin Handbogkadish, K. M., Smith, K. M.,
Guilard, R., Eds.; Academic Press: San Diego, 2000; Vol. 7, pp8L
(b) Gouterman, M. InThe PorphyrinsDolphin, D., Ed.; Academic Press:
New York, 1978; Vol. Ill, pp +165.
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Figure 2. Computed rotational strengths (vertical bars) and CD spectra (as sum of Gaussians) of Soret transitions for NiBCP-8 and ZnBCP-8 for the three
mechanisms: (a,b) intrinsic (from TDDFT and ZINDO calculations on axially symmetric DFT-optimized structures); (c,d) exciton coupling véth ester
(from X-ray structures and eq 4); (e/£ym coupling with esters (from X-ray structures and eq 8).

generates an overall Soret CD band of opposite sign to-tme 2c). By contrast, thei-m mechanism is rather dominated by
one; in the case of NiBCP-8, the magnetic coupling overcomes the position of the porphyrin, well confined within tlgzsector,

the electric one, while the opposite is true for ZnBCP-8. Given with respect to the carbonyl planes (Figure 3b), whereas the
the roughly symmetric properties of the two complexes, the four relative orientation between the twoandm dipoles plays a
carbonyls are related by a qud3i-symmetry in NiBCP-8 and minor role.

a quasic, symmetry in ZnBCP-8. For ZnBCP-8, the four €O bonds are almost parallel/
For NiBCP-8, the four couplings between each Soret com- perpendicular to NN directions. Thus, for each carbonyl, the
ponent (lying along oneC, axis) and the carbonyls are couplings with one Soret component will be negligible, and the

equivalent. Because the torsion angles between each* ones surviving are of the same sigjn.

transition dipole and the two mutually orthogonal Soret com-  G. Comparison of Calculated and Observed CDInspec-
ponents are of opposite sign (Figure 3a), rotational strengths oftion of the calculated contributions to the rotational strength
opposite signs are generated by the exciton mechanism (Figurdor NiBCP-8 and ZnBCP-8 (Figure 2) obviously indicates that
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(a)
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Figure 3. Geometric arrangement between an ester group and the porphyrin ring in the X-ray structure of NiBCP-8. (a) Chiralities defined by the ester
m—m* transition dipole (orange) and the two Soret transition dipoles. (b) Position of the porphyrin ring in the framework useful for the calculat®n in eq
then—s* magnetic transition dipole is oriented alongand the carboxylate lies in thygplane. The situation for the other ester groups is roughly equivalent.

an interpretation of the observed CD spectra based on a singles possible that for NiBCP-8, the actual intrinsic CD appears as
mechanism would be erroneous. In the following, individual a positive couplet (i.e., opposite to that shown in Figure 2a).
contributions for each compound are examined, and their Second, given the close similarity between the chidaland
respective magnitudes, as reflected in the experimental spectranonchiral Doy core structures of NiBCP-8 noted above, the
are discussed. calculated intrinsic chirality contributions are probably overes-
The situation is rather clear-cut faroao-ZnBCP-8, for timated. In addition, more or less allowed porphyrin ring
which a positive Cotton effect is observed. Here, the contribu- fluctuations may further reduce the intrinsic contribution, which
tions from inherent chirality (Figure 2b) and them with practically may be vanishingly small. Thus, we conclude that
carbonyln—sa* (Figure 2f) are of the same positive sign and the negative Cotton effect offa3-NiBCP-8 is mainly associ-
seem to overcome, by a small amount, the negative signal dueated with the magnetic-electric coupling between the Soret bands
to the exciton coupling with the estar—x* (Figure 2d). The and then—s* carbonyl transitions; the small long-wavelength
one-electron mechanism should be of minor importance, becausegositive component, visible for dCP-9 and ZnBCP-9 (Figure
for the Co-symmetric complex, the perturbations of the two 1), is instead possibly due to an intrinsic chirality contribution.
straps (or, better, of the two half-moieties of each strap) tend Finally, it is worth noting that in the current situation where
to cancel each other. Therefore, the observed and calculatedhe three discussed mechanisms tend to balance each other, the
CD are in good agreement, and we conclude that the positivefourth possible source of optical activity, nhamely the one-
Cotton effect ofaoao-ZNBCP-8 is mainly associated with the  electron, could in principle play a significant role. For the
chiral conformation of the porphyrin chromophore. Similar symmetric NiBCP-8, the static perturbation exerted by the
considerations should hold for the free-basero-H,BCP-8. aliphatic skeleton on the porphyrin transitions is of the same
The situation is more complex foaSoS-NiBCP-8. The sign for two symmetric half-moieties of each strap, as well as
magnetic-electric coupling between the Soret bands and thefor the two straps themselves. Therefore, the dipole fields
n—s* carbonyl transitions brings about a moderately intense exerted by the substituents of the meso groups, in particular
negative CD (Figure 2e) that is similar to the observed signal, the four ester moieties, will provide an overall nonnegligible
suggesting that it is the main contribution to the CD of NiBCP- perturbation potential to one-electron teffhimvolving Soret
8. In contrast, the calculated rotational strength due to intrinsic transitions, the most significant of which likely arises from their
chirality is a strong bisignate contribution with a prevailing mixing with magnetic dipole-allowed low-lying-ed transitions
positive lobe (Figure 2a), and the weak contribution from the of Ni. Evaluation of this term would require, among others,
coupled dipoles mechanism is positive (Figure 2c); both are parameters describing transitions between excited states (namely,
opposite to the observed Cotton effect, which is negative. Thesetransition charge monopolé8)hat are not available from the
observations suggest that possible inaccuracies in the computed¢omputational package employed and whose accuracy would
intrinsic contribution should be considered. First, given the be hard to check anyway. Moreover, the mixing between
proximity between the two Soret transitions, and the uncertainty porphyrin Soret and Ni €d transitions is directly allowed in
associated with calculated transition frequencies, the computedthe inherently chiraD, group; therefore, it is evaluated de facto
energy sequence for the two Soret bands may easily bein the computation of the intrinsic rotational strength. Among
inaccurate. For example, in the case of semiempirical calcula- the various configurations contributing to the Soret-type transi-
tions on carbonmonoxy myoglobin, fluctuations in the relative tions, porphyrinz and 7* Kohn—Sham orbitals (from HO-
energy of the two B components were observed for the MO—1 to LUMO+1) display apparent contributions from Ni
molecular dynamics-generated heme conformatiius, it d orbitals, which give rise to Ni-localized magnetic transition
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dipoles collinear to the electric transition dipoles localized on ~ CD spectroscopy is a good reporter of conformation for the
the porphyrin. Their combination will therefore generate non- bridled chiroporphyrins and their metal complexes. The cor-
vanishing rotational strengths, which are already included in relation found between the sign of the CD signal in the Soret
the values shown in Table 4. It is unlikely that this direct mixing region and the conformation of the BCP-8 compounds is a
would be significantly altered by the external perturbation due significant result that may have important operational value:
to the substituents. simple inspection of CD spectra might allow a facile determi-
nation of the solution conformation of a paramagnetic MBCP-8
compound, for which NMR spectroscopy is uninformative. The
New insights into the stereochemistry of the BCP-8 com- conformations of a wide range of MBCP-8 complexes have been
plexes have been obtained by DFT calculations. The BCP-8 examined recently by CD spectroscopy in our laboratories, and
moiety in the aaao conformation exhibits a dome-shaped the redox-dependent switching of MnCIBCP-8 has been ob-

porphyrin that slightly contracts and becomes strongly ruffled served. Detailed results will be reported in a forthcoming
upon theaaaor — afay3 isomerization so as to accommodate manuscript.

the alternating up, down meso substituents. The extent to which
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