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Vibrational properties of the five-coordinate porphyrin complexes [M(TPP)(CI)] (M = Fe, Mn, Co) are analyzed in
detail. For [Fe(TPP)(CI)] (1), a complete vibrational data set is obtained, including nonresonance (NR) Raman, and
resonance Raman (RR) spectra at multiple excitation wavelengths as well as IR spectra. These data are completely
assigned using density functional (DFT) calculations and polarization measurements. Compared to earlier works,
a number of bands are reassigned in this one. These include the important, structure-sensitive band at 390 cm™,
which is reassigned here to the totally symmetric vpeaming(Fe—N) vibration for complex 1. This is in agreement with
the assignments for [Ni(TPP)]. In general, the assignments are on the basis of an idealized [M(TPP)]* core with
Dy, symmetry. In this Work, small deviations from D,, are observed in the vibrational spectra and analyzed in
detail. On the basis of the assignments of the vibrational spectra of 1, [Mn(TPP)(CI)] (2), and diamagnetic [Co(TPP)(Cl)]
(3), eight metal-sensitive bands are identified. Two of them correspond to the »(M—N) stretching modes with By
and E, symmetries and are assigned here for the first time. The shifts of the metal sensitive modes are interpreted
on the basis of differences in the porphyrin C—C, C—N, and M—N distances. Besides the porphyrin core vibrations,
the M—ClI stretching modes also show strong metal sensitivity. The strength of the M—Cl bond in 1-3 is further
investigated. From normal coordinate analysis (NCA), force constants of 1.796 (Fe), 0.932 (Mn), and 1.717 (Co)
madyn/A are obtained for 1-3, respectively. The weakness of the Mn—Cl bond is attributed to the fact that it only
corresponds to half a o bond. Finally, RR spectroscopy is used to gain detailed insight into the nature of the
electronically excited states. This relates to the mechanism of resonance enhancement and the actual nature of
the enhanced vibrations. It is of importance that anomalous polarized bands (A, vibrations), which are diagnostic
for vibronic mixing, are especially useful for this purpose.

Introduction resonance Raman (RR) spectroscopy has always played a
Vibrational spectroscopy is a very valuable method that K€Y role. RR spectroscopy selectively enhances the vibra-

is used to gain insight into the electronic structures of tional modes of the absorbing chromophore, whereas the

remaining vibrational modes in the molecule (protein) are

metalloporphyrins. Especially, heme proteins that contain ,
suppressed.® In this way, RR spectra of a heme chro-

iron porphyrins as prosthetic groups have been studied in . ) K
detail, and information about the properties of their heme mophore can be obtained selectively even in a large molecule

cofactors have been obtained because of the sensitivity of(Protein) where many other vibrations are present. From the
the vibrational frequencies to the changes in oxidation state, Vibrational energies as well as the nature of the enhanced
coordination number, and spin stafeHemes occur as active  Mdes, information about the geometric and electronic
sites in many different proteins and have been characterized (3) Spiro, T. G.; Czemuszewicz, R. S.Ahysical Methods in Bioinorganic

by all types of spectroscopic methods. Among these, Chemistry;Que, L., Jr., Ed.; University Science Books: Sausalito,
CA, 2000; pp 59-120.
*To whom correspondence should be addressed. E-mail: nlehnert@ (4) Loehr, T. M. InSpectroscopic Methods in Bioinorganic Chemistry;

ac.uni-kiel.de. Solomon, E. I., Hodgson, K. O., Eds.; American Chemical Society:
(1) Spiro, T. G. Inlron Porphyrins;Lever, A. B. P., Gray, H. B., Eds.; Washington, DC, 1998; pp 136L.53.
Addison-Wesley: Reading, MA, 1983; Part 2, pp-8%59. (5) Czernuszewicz, R. S.; Spiro, T. G. limorganic Electronic Structure
(2) Spiro, T. G.; Li, X.-Y. InResonance Raman Spectra of Heme and and Spectroscopysolomon, E. I., Lever, A. B. P., Eds.; John Wiley
Metalloproteins;Spiro, T. G., Ed.; Wiley: New York, 1988; pp-137. & Sons: New York, 1999; Vol. 1, pp 353441.
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Scheme 1

properties of the heme as well as its environment can beas out-of-plane modes for general metalloporphines [M(P)]
obtained-® Besides the investigation of metalloporphyrins were calculated by Warshel and Lappiciréllasing a
in biological systems, synthetic porphyrin model complexes semiempirical force field (QCFF/PI). This study provides
have been studied widely to gain insight into the catalytic the first analysis of the out-of-plane vibrations of the
reactions or functions performed by heme protéirsmany porphyrin core. Spiro and co-workétdater developed a
cases, tetraphenylporphyrin (TPP) and octaethylporphyrin consistent empirical force field for nickel porphyrins with
(OEP) ligands have been used for such model systems.different substituents, including porphine, OEP, and TPP.
Scheme 1 shows the OEP and TPP ligands, which are based’he RR spectra of [Ni(TPP)] were completely assigned using
on simple porphine P, where the meso (X) gglibstituents  pyrrole+N,, pyrroleds, 3C;-meso and phenydyg isoto-
(Y) are hydrogen atoms. OEP has ethyl groups in fhe pomers, and NCA? Other simple [M(TPP)] complexes (M
position (Y = Et), whereas TPP has phenyl groups in the = Cu(ll), Zn(ll), and Co(ll)) were studied by other groui3d?
meso position (X= Ph). The RR spectra of such metallo- However, until now, no detailed vibrational assignments of
porphyrin model complexes have been intensely studied, andfive-coordinate complexes of type [M(P)(X)] existed.
spectral assignments have been obtairfeat. the vibrational In contrast to the RR spectra, the IR spectra of TPP
assignments, four-coordinate Nickel complexes have, in complexes remained unassigned for a long time because of
general, been used because they are stable and nonfluoresheir complexity. The first complete assignment of an infrared
cent. In addition, there are no complications due to axial spectrum of a TPP complex was performed by Rush IIl et
ligands when using the four-coordinate species. Correspond-al 13 in 2000 for [Ni(TPP)] using DFFSQM calculations.
ingly, much effort has been spent to investigate the RR and RR intensities were also calculated using the semiempirical
IR spectra of the Ni(ll) complexes [Ni(OEP)] and [Ni(TPP)].  INDO method, which led to the reassignment of several RR
On the basis of multiple isotope substitution, multiple- bands. Hence, these new assignments are on the basis of
wavelength RR spectroscopy, and IR measurements, thequantum chemical calculations, which only became available
spectra of [Ni(OEP)] and [Ni(TPP)] have been assigned by
different groups. Kitagawa and co-workers assigned most (9) Warshel, A.; Lappicirella, AJ. Am. Chem. Sod.981, 103 4664-
of the infrared and RR in-plane modes of [Ni(OEP)] using 4673. _ . .

. S . . (10) Li, X.-Y.; Czernuszewicz, R. S.; Kincaid, J. R.; Su, Y. O.; Spiro, T.
variable excitation RR spectr&®N and G,-D isotope shifts, G.J. Phys. Cheml99Q 94, 31-47. (b) Li, X.-Y.; Czernuszewicz, R.

and a normal-coordinate analysis (NC&)In-plane as well S.; Kincaid, J. R.; Stein, P.; Spiro, T. G. Phys. Chem199Q 94,
47—-61. (c) Li, X.-Y.; Czernuszewicz, R. S.; Kincaid, J. R.; Spiro, T.
G.J. Am. Chem. S0d.989 111, 7012-7023.

(6) Walker, F. A. InEncyclopedia of Inorganic Chemistriting, R. B., (11) Atamian, M.; Donohoe, R. J.; Lindsey, J. S.; Bocian, DJ.FPhys.
Ed.; John Wiley & Sons: New York, 1994; Vol. 4, pp 1785846. Chem.1989 93, 2236-2243.

(7) Kitagawa, T.; Abe, M.; Ogoshi, Hl. Chem. Physl978 69, 4516- (12) Kozuka, M.; Iwaizumi M.Bull. Chem. Soc. Jpril983 56, 3165
4525, 3166.

(8) Abe, M.; Kitagawa, T.; Kyogoku, YJ. Chem. Physl978 69, 4526— (13) Rush, T. S., lll; Kozlowski, P. M.; Piffat, C. A.; Kumble, R.; Zgierski,
4534. M. Z.; Spiro, T. G.J. Phys. Chem. B00Q 104 5020-5034.
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recently for the routine treatment of large molecules such these bands-tlll were found to decrease as the metal

as [Ni(TPP)]. These theoretical methods provide a new tool porphyrinato nitrogen distances increased (Ni¢l)Co(ll)

to researchers that enables them to analyze the missing puzzle Cu(ll) > Zn(ll)).

pieces of the vibrational assignments of porphyrin complexes, In this study, density functional theory (DFT) is used to

as will be further demonstrated in this study. calculate the IR and Raman spectra of the five-coordinate
Besides the detailed assignments of nickel porphyrin complexes [M(TPP)(CI)] with M= Fe (1), Mn (2), and Co

complexes including [Ni(TPP)YP1415the Spiro group has  (3). On the basis of these results, the experimental nonreso-

also analyzed the effects of oxidation- and spin-state changesiance Raman (NR Raman), resonance Raman, and IR spectra

on the RR spectra of heme proteiigdf4244 |t was of compoundl are assigned in detail for the first time. The

concluded that the oxidation-state sensitivity largely dependscalculated Raman spectra cannot be compared to resonance

on the back-bonding between the metal and the porphyrinRaman measurements because of the difference in the

ring. In the case of iron, back-bonding is greatly reduced
for Fe(lll) compared to Fe(ll) because of a lowering in
energy of the d orbitals, which induces shifts in certain
porphyrin vibrations. In agreement with this analysis, axial
ligands of increasingz-acceptor strength increase the
frequencies of the oxidation-state sensitive batfdby
competing with the porphyrin ring for the iron, @lectrons.
Correspondingly, using the stromgdonor ligand cysteine,

selection rules for resonance and nonresonance Raman
scattering® Therefore, using an excitation wavelength of
1064 nm, the nonresonance Raman spectrg afcluding
polarized measurements are presented for the first time.
Resonance Raman spectra at multiple excitation wavelengths
have also been obtained fbrwhich, together with polarized
measurements, allow for the assignments of additional bands.
Altogether, a complete assignment of all available experi-

these oxidation-state sensitive bands shift to energies belowmental data has been achieved for compdlrihese results

the typical range associated with nonacceptor ligadh8pin-
sensitivity, on the other hand, has been attributed to ring
conformationt>® Doming of the porphyrin ring occurs as a
consequence of out-of-plane displacement of #8myhich

is due to the fact that high-spin iron(ll) and iron(lll) are too
large to fit into the center of the porphyrin ring. In this way,

are then compared to an earlier assignrifenita few RR
bands ofl in the 1006-1600 cn1! range. Results of Burke

et al.}* who roughly classified the vibrations of compound

1 on the basis of RR isotope shifts and polarization
measurements, are also taken into consideration. The vibra-
tional assignments obtained farare then compared to the

the high-spin state of iron causes doming that then inducesassignments of the Raman and IR spectr&2 aind 3 to

band shifts. On the other hand, Spaulding éf aliggested

identify the metal-sensitive bands. Not surprisingly, one of

that the core size is the dominant parameter for spin-statethe most metal-sensitive bands in these complexes is the

sensitivity. Because of the out-of-plane displacement of the
iron atom, the pyrrole rings are expected to tilt to maintain
the overlap with the metal orbitals. This leads to a lowering
of certain vibrational frequencies because of the loss of

conjugation at the methine bridges of the porphyrin ring.

metal-chloride stretching vibration. These are identified in
the IR spectra o1—3, and the corresponding force constants
are determined using the quantum-chemistry centered normal
coordinate analysis (QCENCA).?! Finally, the correlation

of our results to the detailed assignments for [Ni(TPP)] is

Hence, both core expansion and pyrrole tilting are expectedalso included? Going from [Ni(TPP)] to [M(TPP)(CI)] type

to contribute to the lowering of vibrational frequencies, where
core expansion is dominant at moderate tilt angfes.

complexes adds the complexity of having (a) open shells,
(b) larger distortions of the porphyrin ring, and (c) axial

Altogether, five structure sensitive RR signals were described ligands. The influence of these electronic and structural

in the literature and designated as bandsEA These

differences on the vibrational spectra of metalloporphyrins

oxidation- and spin-state sensitive bands are also expecteds analyzed.

to be sensitive to the nature of the metal ion because of the

variable occupation and energies of the d orbitals of dif-
ferent metald® Oshio et al®® observed metal-sensitivity in
the IR spectra of [M(TPP)] complexes. The frequencies of

(14) Burke, J. M.; Kincaid, J. R.; Spiro, T. @. Am. Chem. Sod.978
100 60776083. (b) Burke, J. M.; Kincaid, J. R.; Peters, S.; Gagne,
R. R.; Collman, J. P.; Spiro, T. @. Am. Chem. So¢978 100, 6083
6088.

(15) Spiro, T. G. Inlron Porphyrins Lever, A. B. P., Gray, H. B., Eds.;
Addison-Wesley: Reading, MA, 1983; Part 2, pp-8%9. (b) Spiro,
T. G.; Strekas, T. CJ. Am. Chem. S0d974 96, 338-345. (c) Spiro,
T. G.; Strekas, T. CProc. Natl. Acad. Sci. U.S.A972 69, 2622-
2626. (d) Burke, J. M.; Kincaid, J. R.; Peters, S.; Gagne, R.
Collman, J. P.; Spiro, T. GJ. Am. Chem. Sod 978 100, 6083
6088. (e) Spiro, T. G.; Burke, J. M. Am. Chem. So&976 98, 5482-
5489. (f) Spiro, T. G.; Stong, J. D.; Stein, R.Am. Chem. S0od979
101, 2648-2655.

(16) Champion, P. M.; Gunsalus, I. @.Am. Chem. So&977, 99, 2000~
2002. (b) Champion, P. M.; Gunsalus, I. C.; Wagner, GJCAm.
Chem. Soc1978 100, 3743-3751.

(17) Spaulding, L. D.; Chang, C. C.; Yu, N.-T.; Felton, R. HAm. Chem.
Soc.1975 97, 25172525.

Experimental and Computational Procedures

SynthesesThe complexes [Fe(TPP)(CI)1and [Mn(TPP)(Cl)]
(2) were synthesized using published procedtfrand isolated as
microcrystalline solids. Complex [Co(TPP)C8)(was synthesized
using the procedure by Mahmood e€&Single Crystals of were
obtained by slow diffusion of-hexane into a solution o2 in

(18) Kincaid, J.; Nakamoto, KJ. Inorg. Nucl. Chem1975 37, 85. (b)
Oshio, H.; Ama, T.; Watanabe, T.; Kincaid, J.; Nakamoto, K.
Spectrochim. Acta, Part A984 40, 863-870.

(19) Tang, J.; Albrecht, A. C. IRaman Spectroscop$zymanski, H. A.,
Ed.; Plenum Press: New York, 1970; Vol. 2. (b) Albrecht, A.XC.
Chem. Phys1961 34, 1476.

(20) Czernuszewicz, R. S.; Macor, K. A.; Li, X.-Y.; Kincaid, J. R.; Spiro,
T. G.J. Am. Chem. S0d.989 111, 3860-38609.

(21) Lehnert, N.; Tuczek, Flnorg. Chem.1999 38, 1659-1670. (b)
Praneeth, V. K. K.; Nther, C.; Peters, G.; Lehnert, forg. Chem,
in press.

(22) Adler, A. D.; Longo, F. R.; Kampas, F.; Kim,J.Inorg. Nucl. Chem.
197Q 32, 2443-2445.

(23) Mahmood, A.; Liu, H.-I.; Jones, J. G.; Edwards, J. O.; Sweigart, D.
A. Inorg. Chem.1988 27, 2149-2154.
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when the relative change in the density matrix between subsequent

NMR and UV-vis absorption spectroscopy and mass spectrometry iterations was less than £ 1078 The structures of the models

(for compound?2).

Crystal Structure Determination. The data were collected using
an STOE imaging plate diffraction system (IPDS). The structure

[Fe(P)(CI)] (P= porphine;1, S=5/), [Mn(P)(CI)] (2, S= 2), and
[Co(P)(CI] 3, S= 0) have also been fully optimized using B3LYP/
LanL2DZ. For these calculations, the TPP ligand has been

was solved with direct methods using SHELXS-97 and was refined simplified to porphine (Scheme 1). The illustrations of the local

against P using SHELXL-97. All non-H atoms were refined
anisotropically, except for some of the chlorine atoms of the
disordered chloroform molecule. The H atoms were positioned with
idealized geometry and refined using a riding model. The chloro-
form molecule is disordered and was refined using a split model.
Vibrational Spectroscopy.FT-Raman spectra were recorded on

a Bruker IFS 66 interferometer with a Bruker FRA 106 Raman
attachment using an Nd:YAG laser for excitatidh=t 1064 nm).

Measurements were performed on pure compounds. The polarize

FT-Raman spectra df were measured in Gi€l,. Resolution was

set to 2 cnit. Resonance Raman spectra were measured on a Dilor

XY Raman spectrograph with a triple monochromator and a CCD
detector. An Ar/Kr mixed-gas laser with a maximum power of 5

W was used for excitation. The spectra were measured on KBr

disks cooled to 10 K with a helium cryostat. The spectral band
pass was set to 2 crh Middle- and far-infrared spectra (MIR and
FIR) were recorded on a Bruker IFS 66v vacuum instrument at
room temperature. For the MIR region, KBr disks were used, and
the spectra were recorded at a resolution of kIR spectra
were obtained on PE pellets at a resolution of 2 tm

UV —Vis Spectroscopy.Absorption spectra were recorded in
chloroform forl, in a 1/1 mixture of butyronitrile and propionitrile
for 2, and in methanol solution fd8 at room temperature using a
Varian Cary 5 UV~ vis NIR spectrometer. The absorption data were
scaled using literature extinction coefficients as indicated in Figure
7.

Density Functional Calculations. DFT calculations using
Becke’s three parameter hybrid functional with the correlation
functional of Lee, Yang, and Parr (B3LY# were performed using
the program package Gaussian?®3he structures of the com-
pounds [Fe(TPP)(CI)] K = %5), [Mn(TPP)(CI)] (S = 2), and
[Co(TPP)(CI)] &= 0) were fully optimized without simplifications

using the LanL2DZ basis set. Calculated vibrational frequencies

coordinates of bromobenzene (cf. Figure 3) were obtained using
the program GaussView.

Normal Coordinate Analysis (NCA). Normal coordinate cal-
culations were performed using the QCPE computer program 576
by M. R. Peterson and D. F. MciIntosh. The calculations are on the
basis of a general valence force field and the force constants are
refined with a nonlinear simplex algorithm. The simplex optimiza-
tion was used to refine only selected force constants according to

4he quantum-chemistry centered normal coordinate analysis {QCC

NCA) schemeé! Here, a force field from DFT calculations is used

as a starting point to generate initial force constants, and a subset
of these is fitted to reproduce the known experimental frequencies.
Force constants were obtained from the Gaussian output using a
modified version of the program ReddidQCPE 628). For the
normal coordinate analysis, model complefes3 were modified

by using a mass of 77 corresponding to a phenyl group for the
hydrogens of the meso carbon atoms. This leads to models
[Fe(P*)CI] (1a), [Mn(P*)CI] (2a), and [Co(P*)CI] @a).

Results and Analysis

A. Crystal and DFT-optimized Structures of [Fe(TPP)-
(CNH] (1), [Mn(TPP)(CI)] (2), and [Co(TPP)CI] (3). To
calculate the vibrational spectra 43, their geometric
structures have to be fully optimized first. In this section,
the calculated structures are compared to the experimental
ones, and in addition, a new crystal structure of the
chloroform solvate of comple® is presented. Altogether,
satisfactory agreement between the DFT calculations and
experiment is obtained. Considering the porphyrin core bond
lengths, excellent agreement with experiment is achieved in
this study, as shown in Table S6.

A.1. Crystal and DFT Structures of Compound 1.The

for 1 show that the obtained geometry represents a true minimum Crystal structure of the tetragonal form of compounHtas

because no imaginary frequency is obtained. For compo2adsl
3, one imaginary frequency<Gi cm1) is calculated, which
corresponds to the out-of-plane deformation mode of the ruffling
type?® (By) at low energy. Infrared and Raman intensities were

been determined by Hoard et %4l.Later, Scheidt and
Finnega#f® obtained the structure of a monoclinic form of
this complex. The monoclinic form differs significantly from
the tetragonal form. It shows a smadll, doming and a

calculated as well. In all calculations, convergence was reacheddisplacement of the iron from the,Nplane byAFe—Ct =

(24) Becke, A. DPhys. Re. A: At., Mol., Opt. Phys1988 38, 3098. (b)
Becke, A. D.J. Chem. Physl993 98, 1372. (c) Becke, A. DJ. Chem.
Phys.1993 98, 5648.

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,
K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone,
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G.
A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B,;
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R.
E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J.
W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.;
Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.;
Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari,
K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.;
Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.
Gaussian 03revision C.02; Gaussian, Inc.: Wallingford, CT, 2004.

(25)
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0.49 A. In contrast, the tetragonal form has an almost planar
porphyrin core. Because of the conditions applied to the
preparation of the compound (solvent used for recrystalli-
zation), it can be assumed that our compound corresponded
to the tetragonal form. In this structure, the axiaH& bond

is 2.192 A, the averaged F&\ distance is 2.049 A, and the
out-of-plane displacement of the iron atomAse—Ct =
0.383 A. Figure 1A shows the DFT-optimized structure of
1, which shows an overall good agreement with the crystal
structure. In both cases, the porphyrin ring is almost planar

(26) Jentzen, W.; Song, X.-Z.; Shelnutt, A. Phys. Chem. B997 101,
1684-1699.

(27) Allouche, A.; Pourcin, JSpectrochim. Acta, Part A993 49, 571.

(28) Hoard, J. L.; Cohen, G. H.; Glick, M. 3. Am. Chem. S0d.967, 89,
1992-1996.

(29) Scheidt, W. R.; Finnegan, M. @cta Crystallogr., Sect. @989 45,
1214-1216.
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Figure 2. Crystal structure of compoun2 with labeling. Displacement
ellipsoids are drawn at the 50% probability level.

crystal structuré? which shows an almost planar porphyrin
core. The DFT-optimized and the crystal structures2of
(chloroform solvate) are shown in Figures 1B and 2. In
contrast to the crystal structure, the optimized structure shows
an almost planar porphyrin core with a small amount of
saddling present. The averaged manganese nitrogen distance
of 2.036 A and the Mr-Cl distance of 2.420 A, however,
are both in very good agreement with experiment. In addition,
the calculated displacement of the manganese atom from the
nitrogen N, plane of the porphyrin is 0.28 A and hence, close
to the experimental value. Therefore, in this case, the largest
deviation of the calculated structure is observed for the ring

Figure 1. DFT optimized structure of (A); DFT optimized structure of conformation of the TPP ligand.

2 (B.1); thefscr)(/:stal structure df in side view (B.2); and DFT optimized A.3. Crystal and DFT Structures of Compound 3.The

structure of3 (C). crystal structure of [Co(TPP)(CI)] shows a body-centered

and the phenyl rings are slightly tilted. The DFT structure tetragonal unit ceff* The coordination geometry of the
also shows a very small amount of saddling of the porphyrin CO(lll) ion corresponds to a pyramid, where the cobalt atom
ring, which is not observed experimentally. The calculated iS displaced from the porphyrin plane by only 0.05 A. The
Fe—N distance of 2.09 A and the obtained-F@t distance porphyrin ring itself is almost planar. Bond distances of 1.985
of 0.45 A are in very good agreement with experiment. qur Co—Nand 2.145qur Ce-Cl are observed. The DFT-
Therefore, a good theoretical description of the [Fe(TPP)] OPtimized structure of2 is shown in Figure 1C. The
core of 1 has been obtained. The largest deviation in the OPtimized structure shows an almost planar porphyrin core

calculated structure is observed for the-i bond distance I agreement with experiment, with a small amount of

of 2.32 A, which is too long. saddling present. The calculated-€M distance of 1.99 A
A.2. Crystal and DFT Structures of Compound 2.In is in excellent agreement with the crystal structure, whereas

the new crystal structure presented here, compognd the out-of-plane displacement @fCo-Ct = 0.17 Ais

crystallizes in the monoclinic space groBg:/n with four somewhat overestimated. As in the caselpthe largest

formula units in the unit cell and all atoms located in general deviation is observed for the €«Cl distance, which is
positions. The porphyrin moiety is saddled and shows a calculated to be 2.25 A. .
deviation of the atoms from the best least-squares plane of B Vibrational Spectra and Assignment of Compound
about 0.29 A. The manganese atom is located 0.258 A abovel: As mentioned in the Introduction, earlier vibrational
the plane formed by the four nitrogen atoms. The averaged(30) Armstrong, R. S.; Foran, G. J.; Hambley, T. Wtta Crystallogr.,
manganese nitrogen distance is 2.019 A, and hence it is, Sect C1993 49, 236-238.

o . 31) Tulinsky, A.; Chen, B. M. LJ. Am. Chem. Sod977, 99, 3647-
between the values fdr and 3 (vide infra). The obtained 1) 355,'25 Y en m- ~hem. =0
manganese chloride distance is 2.389 A. Note that the crystal(32) C6h3eng, B.; Scheidt, W. Rcta Crystallogr., Sect. @996 52, 361~
sFru.ctures of2 as t_olgené’ or aceton# solvate are very (33) Sakurai,T.; Yamamoto, K.; Naito, H.; Nakamoto,Bull. Chem. Soc.
similar. Larger deviations are observed for the solvate’s free Jpn. 1976 49, 3042-3046.
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analyses of [Fe(TPP)(CI)] were restricted to the RR spectrum Table 1. Crystal Data and Results of Structure Refinement for
obtained for the Soret excitatidh.Additionally, three IR Compound2

bands of1 were assigned, which are considered to be cmpd 2
structure-sensitivé®® Here, we report the nonresonance fflvhem'ca' formula 82@21"586'\'4'\"”(:"(:“0'3
Raman (NR Raman) spectrum &f including polarized T= 150 K
measurements for the first time. Complete assignments of A= 0.71073
these data are achieved using DFT calculations. In addition, g;)yasctg'gsg(’)sl}gm P?lf’n”c’c"”'c
RR data measured at variable wavelengths including new a= 12.157 (1) A
polarized data are presented and used to assign additional b= 21.899 (2) A
bands. Finally, the IR spectrum @fis assigned. ";; 13'24(7)2 EBA
B.1. Classification of the TPP Vibrations Using Group V= 3769.7 (4) B
Theory. To assign the vibrational spectra hfan effective z 4
D4, symmetry was applied. The analysis of the polarized Dealc= é'g‘;gmgnir}rg
data (cf. section B.5) shows that this approach is justified R [l > 20(1)] 0.0392
even for five-coordinate compounds such &s3. Ds, WR2" [all data] 0.1053

symmetry is obtained for a planar porphyrin core with the  aRr1 =13 ||Fo| — |Fc|//Z|Fol. P WR2 = [S[W(Fs2 — FAZ/S[W(Fe)?] V2
metal being located in the plane with no axial ligand present.

The phenyl rings are exactly perpendicular to the porphyrin core. Hence, for every local phenyl coordinate, there are four
plane. In thisD4, model system [M(TPP)] (idealized met- symmetry-adapted combinations in TPP. Because the inter-
alloporphyrin), the planar porphyrin core has 71 in-plane actions of the local vibrations of different phenyl rings are

modestoa small, the obtained splittings between the resulting four
combinations are also small (usually-50 cntt). Hence,
Lin pane= 9A14(R) + 8Ay (RR) + 9B, (R) + 9B,4(R) + the four resulting symmetry-adapted linear combinations are
18E,(IR) (1) also designated as a symmetry block because they are close

. o in energy. Because there are four different irreducible
In the NR Raman spectrum, 27 in-plane vibrations are representations i, (the point group of bromobenzene),
therefore expected, 9 of them polarizeddfand 18 of them  four different symmetry blocks exist:
depolarized (B; and Byg). The infrared spectrum shows a
maximum of 18 modes with Esymmetry. In addition, the  out-of-plane: B— B,,(R) + A, (RR) + E, (IR)
porphyrin core of thd4, model system has 34 out-of-plane (r, 7', andx'") (3)

vibrations0a
out-of-plane: A—A;,+ B,,+ E4(R) (0, o', ando”) (4)

I10th of plane= 3Alu + 6A2u (IR) + 4BZu + 5Blu + 8Eg (R) in_plane. % . Bl + p\2 (IR) +E (R) (1/) ,(/)I andl/)”)
@ | o AR
)
The eight § modes are Raman-active, and the six, A in-plane: A — A, (R) + B, (R) + E, (IR) (¢, ¢', and¢'")
modes are infrared-active. Therefore, on the basis of a purely g g (6)

statistical consideration, many more in-plane than out-of-
plane modes can be expected in the NR Raman and IRThe nomenclaturer, o, 1, ande) is taken from ref 10. To
spectra of metalloporphyrins. To classify the different classify the different porphyrin core and phenyl modes in
porphyrin core vibrations, the local coordinates defined by D,, symmetry, we used the idealized model [Zn(TPP)] and
Li et al.*? are used (cf. Figures S6 and S7) in the following calculated the vibrations of this model By, symmetry.
analysis of these spectra. [Zn(TPP)] has 169 normal modes (56 of them are degener-
Besides the porphyrin core modes, a large number of ate), where 44% are Raman- and 27% are IR-active.

phenyl vibrations are also present in TPP complexes. B.2. NR Raman Spectrum and Assignment of 1The
Different approaches can be taken in the classification of experimental and calculated NR Raman spectrd a@ire
these vibrations. For example, Stein et‘atlentified several shown in the top panel of Figure 4. Corresponding polarized
phenyl modes in [(FeTPEQ] using biphenyl as the model  data are included in the lower panel. The calculated spectrum
system®® To give an intuitive assignment of the phenyl s, in general, shifted to a somewhat higher energy (the
modes of TPP, we use bromobenzene as the model. Table wverage deviation in vibrational energies is about 2 to 3%)
provides a complete list of all normal modes of bromo- compared to experiment, which is further evaluated in the
benzene together with calculated energies and assignmentgiscussion. Besides the good agreement in vibrational
using local coordinates. Figure 3 shows the important phenyl frequencies, very good agreement with experiment is ob-
vibrations in bromobenzene that are also observed in thetained for the calculated NR Raman intensities, as shown in
spectra ofLl—3. The TPP ligand itself has four phenyl groups  Figure 4 (top). This allows for a detailed assignment of the
that are bound to the meso carbon atoms of the porphyrindata. Importantly, additional information to support the

. . Raman assignments is available from polarization measure-
(34) ??Ytil.n' P.; Ulman, A.; Spiro, T. Gl. Phys. Chem1984 88, 369— ments. The depolarization ratids defined a® = |perpendicuid:
(35) Zerbi, G.; Sandioni, SSpectrochim. Acta, Part A968 24, 511. Iparaiier 1N Dan Symmetry, one obtaifs
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Table 2. Calculated Vibrational Energies (crt) of Bromobenzene and Assignments Using Local Coordinates

frequencies frequencies
v(Ph) calcdt assignmerit sym¢e v(Ph) calcdt assignmerit sym¢e
1 167 y(Br) B 16 1082 r1(C—C) Ay
2 242 o(C—C—Br) B, 17 1098 Vasym{C—C) + 6(C—C—H) B,
3 301 »(C—Br) A1 18 1206 Oasyn{C—C—H) B,
4 419 7(ringtwist) A 19 1216 Osyr(C—C—H) A1
5 475 y1(C) By 20 1344 O(C—C—H) + vo(C—C) B>
6 627 01(C—C—-C) B, 21 1364 Vasym{C—C) B,
7 669 02(C—C-C) Ay 22 1468 Vasym{C—C) + 6(C—C—H) B>
8 712 y2(C) By 23 1499 0(C—C—H) + vasym{C—C) Ar
9 773 y1(H) B, 24 1621 Vsym(C—C) Aq
10 870 y2(H) Az 25 1629 v3(C—C) By
11 952 y3a(H) B 26 3198 v(C—H) A1
12 1009 Osym(C—C—C) Aq 27 3209 v(C—H) B,
13 1014 2 Az 28 3224 v(C—H) A1
14 1032 VbreathindC—C) Ay 29 3235 v(C—H) B>
15 1038 T2 B 30 3242 v(C—H) A1

a Calculated with B3LYP/LanL2DZ; see the Experimental sectfoAssignments using local coordinates; see FigureSimmetries in the point group
CZU-

(1) 0 < p < 0.75 for polarized bands ) vibrations), The NR Raman spectrum @&fin Figure 4 can be divided

(2) p = 0.75 for depolarized bands {Bor Byg vibrations), into four regions showing different kinds of vibrations. In
and the low-energy region between 200 and 500 &mtwo

(3) p > 0.75 for anomalous polarized bandsg#ibrations phenyl out-of-plane vibrations, one porphyrin out-of-plane
(only RR spectroscopy)). deformation, and three in-plane porphyrin vibrations are

Hence,the polarized measurements allow for the deter- observed (cf. Table 3). The mode at 199 értcalcd: 202
mination of the symmetry of a particular mo#feThe cm™) corresponds to the FeN stetching vibration of B,

complete assignments obtained in this manner are listed insymmetry {14 and is therefore depolarized. The mode at

Table 3. Additionally, theds isotope shifts available for a 390 cnr? (calcd: 388 cm?) is known to be oxidation-state-
number of bands from the RR measurem¥htre used for  gensitive (band E(p3?) and was assigned previously to a

comparison with calculated isotope shifts to further confirm porphyrin core deformation modé!®However, on the basis
our assignments. For a better comparison with the literature, of the calculations and the fact that this mode shows strong
the notation established by Spiro and co-workers for goret resonance enhancement, it is assigned to the totally
[Ni(TPP)] is used in Table 3. Correspondingly, the porphyrin symmetricvyeanndFe—N) vibration @s). This is in agreement
in-plane modes (both stretching and deformation modes) areiih the assignments for [Ni(TPP)213The calculatedls
labeledv; and the porphyrin out-of-plane modes are desig- isotope shift for this mode of 8 crh is in very good
nated asy;.'® The phenyl mode notation is on the basis of agreement with the experimental value of 10> The

the diffgrent symmet.r'y blocks (eqs-8). For the oxidaFion- weak band at 379 cm (calcd: 336 cm?) corresponds to
and _spln-sta'Fe _sensmve_ modes, the common notation fromthe Fe-ClI stretching vibration, which is strongly IR-active
the literature is included in Table 3, where bands A(p), B(dp), (vide infra). The very weak band at 257 ch(calcd: 251
C(ap), D(p), and E(pj"are observed in the RR spectra and cm™1) belongs to the Raman-forbidde(Pyr. tilting) vibra-

i 42
bands I, II, and Iil are found in the IR spectfa: tion of By, symmetry, which gains intensity through coupling

(36) Depolarization ratios for some of the weaker bands are difficult to with the Raman allowegr(Phenylrot.) phenyl vibration of

dhetermine fron; thg pollarized NR R_am?n Spsthrum in Figure 4. In By symmetry. Hence, the fact that this mode appears in the
these cases, the depolarization ratios from measurements were . T
used. For example, the band at 1364éris strongly enhanced in Raman spectra} is a true effect of the symmetry Iowerlng in
Soret resonance, where the depolarized band at 1372 @mot 1. Correspondingly, the very weak feature at 247 &m
observed. Hence, from the Soret resonance spectrum, the depolarizatio . 1y i i
ratio of this band can be determined. "(c_:alcq. 24; cm?) is assigned Fo tha(thenyl_rot.) phenyl
(37) For the two weak bands at 1275 and 1467 trdepolarization ratios ~ Vibration with B,g symmetry, which is mixed with thg(Pyr.
that are slightly larger than 0.75 have been obtained. However, these tj|tin rohvrin core vibration with mmetr
bands are enhanced in Q and f@sonance and are depolarized in tlt g) porphy core vibratio th A sy etry.
these spectra. In addition, anomalous polarized bang, herep In the energy range from 800 to 1050 cintwo weak
> 0.75, are forbidden in NR Raman. Hence, the bands at 1275 and bands are observed that are assigned to porphyrin core
1467 cm! are classified as dp. "
(38) Gouterman, M. InThe Porphyrins Dolphin, D., Ed.; Academic modes. The feature at 994 ci(calcd: 1008 cm?)

Press: New York, 1979; Vol. 3, Part A, pp-156. i i ; ;
(39) According to group theory, /4 vibrations could also induce vibronic CorreSpondS tcv(Pyr. breathlng) with phenyl contribution

mixing. However, Aq modes are ineffective because they do not (ve, cf. Table 3), and the band at 886 thfcalcd: 898 cm?)

induce a distortion of the molecule. , _ corresponds to a totally symmetric in-plane deformation
(40) Czernuszewicz, R. S.; Spiro, T. G.lmorganic Electronic Structure de. This | ibrati iginall . d
and SpectroscopySolomon, E. I., Lever, A. B. P., Eds.; John Wiley =~ Mode. This latter vibration was originally assigned to a

( )&Sons: New YErk, 1999k; \r/]ol. 1, pp 3&?3441% ] phenyl vibrationt* which, based on our calculations is
41) Egawa, T.; Suzuki, N.; Dokoh, T.; Higuchi, T.; Shimada, H.; Kitagawa, f ; :

T Ishimura, Y.J. Phys. Chem. /2004 108, 568-577. described as a mlxeﬂyrf‘(Pyr. defor.mgtlon) and phgny! mpde
(42) Spiro, T. G.Curr. Sci.1998 74, 304-307. (v7). The calculatedls isotope shift is 5 cmt, which is in
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Figure 3. lllustration of the local coordinates of bromobenzene used for
classification of in-plane and out-of plane phenyl modes in compl&x&s

(y(Br) = y(Phenylrot.)).

contrast to the experiment, where no shift was detetted.
This indicates that the calculations overestimateithgPyr.
deformation) contribution to this mode (Discussion). The

Paulat et al.

reassigned to a(Pyr. breathing) mod&. However, on the
basis of the calculated intensities, this band has to be assigned
to the mixed phenybs,(C—C—C) andv(Pyr. breathing)
porphyrin vibration (calcd: 1018 cm¥), which is more in
agreement with ref 20. The calculatdglisotope shift of 1
cmtis in the correct range compared to the experimental
value of 6 cn1.140 The observed discrepancies indicate that
in this case the calculations underestimate the admixture of
the porphyrin core vibration (Discussion). Finally, a weak
band is found at 1030 cm (calcd: 1054 cm?), which
corresponds to an in-plane phenyl vibrati@n)(

The region between 1050 and 1550 ¢énecontains only
in-plane porphyrin core vibrations with the exception of the
highly intense band at 1495 ¢ which is of the in-plane
phenyl type ¢5') but also has some porphyrin<C stretching
character {syn{C,—Cn)). With the exception of the totally
symmetric vibration at 1072 cm(calcd: 1124 cm?), which
is a G—H deformation mode), all of the other porphyrin
core vibrations are of the stretching type. The calculated
frequency ofvg is 52 cnt, 4.9% higher in energy compared
to the experimental value, which reflects the neglect of
anharmonicity in the calculation (Discussion). Two totally
symmetric vibrations in this region are known to be structure
sensitive. Thevs,(Pyr. half-ring) vibration at 1363 cm
(calcd: 1379 cm?) is both oxidation- and spin-state sensitive
(band A(p)*Y). The calculatedls isotope shift of 12 cmt
of this mode is in excellent agreement with experiment (13
cm 1).2P The polarized band at 1554 ctn(calcd: 1598
cm 1) is assigned to a combinedCs—Cs) + vsym(Ca—Cm)

+ dsym(Cs—H) spin-state-sensitive vibration (band D{).

The calculatedls isotope shift of 21 cm! is identical to the
experimental valué® These assignments are in agreement
with the literaturé®® One additional polarized (totally
symmetric) band is found at 1233 ch(calcd: 1260 cm?),
which is assigned to(Pyr. breathing} v(C,—Ph) (1) with

a calculatedds isotope shift of 3 cm?, which is again in
excellent agreement with experiment (3 d*® This
assignment is partially in agreement with the literature, where
this band was assigned to a pw(E,,—Ph)2° Finally, four
depolarized bands are observed in this region. Only the
vsyrPyr. half-ring) /1) vibration at 1275 cmt (calcd: 1274
cmY) has By symmetry®” whereas the others at 1495, 1371,
and 1467 cm! have By symmetry. Detailed assignments
of these features are given in Table 3.

Finally, the two bands at the highest energy are both
assigned to purely symmetric€C stretching modes of the
phenyl rings. From the polarized measurements, these have
different symmetries: the band at 1597 ¢nfcalcd: 1650
cm™?) is polarized (Ag) and the feature at 1574 cfn(calcd
1649 cm?) is depolarized (B). The larger deviations
observed between the calculated and experimental frequen-
cies for these modes-@%) are partly due to an intrinsic
inaccuracy in the calculations (Discussion). The assignment
of the band at 1597 cm s in agreement with earlier wofk.

most intense band in this spectral region is located at 1006No dg isotope shift is calculated for these features. In

cm! (caled: 1018 cm?'). This feature is assigned to a
polarized (totally symmetric) phenyl in-plane vibratiag);
It was originally assigned to&(C,—Cry) vibrationt* and later

2842 Inorganic Chemistry, Vol. 45, No. 7, 2006
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porphyrin core modes.



Five-Coordinate Metalloporphyrins [M(TPP)CI]

Figure 4. Comparison of the calculated and measured NR Raman spectréayf) and the polarization measurement in dichloromethane (bottom). The
low energy part (566180 cnt?) of the calculated spectrum (top right) is enlarged in the Figure.

B.3. Infared Spectrum and Assignment of 1Figure 5 cmt of this feature is in excellent agreement with the
shows the experimental and calculated IR spectra @&s observed shifts for [Co(TPP)] anfife(TPP).0] of 16 and
in the NR Raman case, the calculated vibrational energies17 cnt.18b
are in good agreement and the IR intensities are in very good The second region between 500 and 810 tmmostly
agreement with the experimental data, reproducing the overallcomprises out-of-plane vibrations. The two features at 528
appearance of the experimental spectrum very well. The (calcd: 537) and 703 cm (calcd: 730 cm?) correspond
calculated frequencies for a number of modes are too highto out-of-plane phenyl modes with,Eymmetry (5" and
in energy, as analyzed below. The assignments of the infraredr,"’), whereas the phenyl mode at 661 énfcalcd: 675
spectrum ofl are on the basis of the calculated energies cm™) is of the in-plane deformation type. Besides these
and intensities, and the results are summarized in Table 3.highly intense bands, a very weak feature is observed at 570
In addition, calculatedls isotope shifts for the structure- cm™ (calcd: 582 cm?) and assigned as shown in Table 3.
sensitive bands I, II, and 1ll can be compared to the experi- The four bands between 710 and 810 ¢érare all of the
mental dat&#® reported for [Co(TPP)] and{ Fe(TPP)0]. out-of-plane type. The intense feature at 750 tifralcd:

The IR spectrum can be divided into five regions of different 790 cnr?) corresponds to a phenyl moders() of E,
types of vibrational modes. symmetry. Two out-of-plane porphyrin modes of,/Aym-

In the far-IR region between 350 and 450 &myonly in- metry are found at 720 (calcd: 750 ciys) and 806 cm*
plane porphyrin core vibrations are observed. The only (calcd: 847 cm?; vs), the latter one being the oxidation-
exception is the strong band at 378 ¢rfcalcd: 336 cm?), state-sensitive band 1#® It was originally assigned to an
which corresponds to theg(Fe—ClI) stretching mode. More  in-plane deformation mode with(Cs—H) charactet® on
importantly, the totally symmetric FeN breathing vibration the basis of an observed pyrradgisotope shift. However,
(ve) at 390 cm? (calcd: 388 cm?; vide supra) is also  from the calculations, this band is associated with the intense
observed in the IR spectrum as a weak band. This is anotherband calculated at 847 crhthat corresponds to a(Hz) +
indication of the lowered symmetry ih because this band  ys(Pyr. folding) vibration. This mode shows a calculated-
is IR forbidden inDg4,. Two E, symmetric vibrations are  dg isotope shift of 40 cmt, which is in excellent agreement
observed in this region: the feature at 402 éigcalcd: 407 with the observed shift of 35 cm for [Co(TPP)]8 On the
cm 1) corresponds to a mixedFe—N) + o(Pyr. translation) basis of these results, band Il is reassigned. Finally, the very
(vso) mode, whereas the band at 434 ¢érftalcd: 444 cm?) weak band at 727 cm (calcd: 758 cm?) is assigned to an
is assigned to a Pyrrol rotatiah(Pyr. rotation) {49). This Eg vibration (yo0; cf. Table 3), which gains in IR intensity
latter feature corresponds to the spin-state sensitive band Ill,via coupling with a phenyl vibration with symmetry. This
as defined by Oshio et &P and was identified as a low- is another indication of the lowered symmetrylithecause
energy porphyrin core deformation moéf# in agreement  these two vibrations cannot mix iD4,. The deviations in
with our assignment. The calculatéglisotopic shift of 16 energy of about 4 to 5% between calculated and experimental
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Table 3. Assignment of the Infrared (IR), NR Ramaixf{. = 1064 nm), and Resonance Raman (Sofef: = 454.5 nm; Q: Aexe = 514.5 nm; Q:

Aexc = 568.2 nm) Spectra of [Fe(TPP)(CI)1)¢

mode experimentéfcm1)
yih assignmerit symmetry IR NR Re RRe caled' (cm™1)
o vsym(C—C) Aqg 1597 m (p) 1597 (Soret: 1598 w,p; 1650 s
Qv: 1595 vw,p;
Q: shoulder)
4" Vsym(C—C) E, 1597 m 1649 m
oy Vsym(C—C) Bog 1574 w (dp) ~1572/1577 (Soret: -; 1649 m
Qv: 1571 m,dp/1576 s,dp;
Q: 1573 s,dp/1578 vs,dp)
Y3 v3(C—C) + Aoy + Big 1574 vw 1618 vw
Vasym(cu_cm)
V2 v(Cp—Cp) + Axg 1554 vs (p) ~1556 (Soret: 1557 vs,p; 1598 vs
Vsym(ca_cm) + Qv: 1555 5s,p;
Osym(Cp—H) Q: 1557 s,p)
V19 Vasym(Coa—Cm) + Azg ~1522/1516 (Soret: 1560
Vasym(Coa—Cp) + 1523/1517 vw;
Oasym(Cp—H) Q. 1523/1517 w,ap;
Q: 1521/1515 m,ap)
¢s' 0(C—C—H) + Baog 1495 m (dp) ~1495 (Soret: 1494 vw,-; 1533 m
Vasym{C—C) + Qv: 1494 s,dp;
Vsym(Ca—Cm) Q: 1496 vs,dp)
@5’ O0(C—C—H) + Ey 1486 w 1521s
Vasymt(c_c) +
v(Cp—Cp) +
Vasyn'(Cu_Cm) +
Vsym(confcm)
V28 Vsym(Coa—Cm) + Baog 1467 vw (dp) 1467 (Soret: -; 1508 w
Vasym(PYr. half-ring) Q.: 1467 vw,dp;
Q: 1467 vw,dp)
V3 Vsym(Co—Cm) + Ag 1452 (Soret: 1452 m,p; 1489
v(Cs—Cp) Qv: 1450 vw,p; Q: -)
Ly Vasym{C—C) + Aoy 1440 m 1470 m
0(C—C—H)
V29 v(Pyr. quarter-ring) + B2g 1371 m (dp) ~1371 (Soret: -; 1398 m
v(Cm—Ph) Q.: 1370 s,dp;
Q: 1372 m,dp)
Va vsym(Pyr. half-ring) Axg 1363 w ~1363 (Soret: 1364 s,p; 1379 vw
Q.: 1361 m,p;
Q: 1365 m,p)
V20 v(Pyr. quarter-ring) + Axg ~1335 (Soret: -; 1373
Osym(Cp—H) + Qv: 1334 m,ap;
O(C—C—H) + v,(C—-C) Q: 1336 m,ap)
Va1 0asym(Cp—H) + v(Cnn—Ph) + Ey 1340 m 1369 s
vsym(Pyr. half-ring) 1334 m
Vasym(Ca—Cp)
V12 vsym(Pyr. half-ring) Big 1275 w (dp) 1278 (Soret: 1278 vw,-; 1274 vw
Q.: 1278 w,dp;
Q: 1278 m,dp)
Vo7 v(Pyr. quarter-ring) + Bog ~1266 (Soret: 1266 vw,dp; 1286 vww
v(Cn—Ph) + Q.: 1265 w,dp;
11(C—-C) Q: 1266 m,dp)
1 v(Pyr. breathing) + Aig 1233 m (p) ~1233 (Soret: 1235 m,p; 1260 m
v(Cm—Ph) Qv 1230 w,p;
Q: 1232 w,p)
V26 dasy(Cp—H) + Agg ~1225 (Soret: -; 1248
vsym(Pyr. quarter-ring) Q: 1225 w,ap;
Q: 1226 vw,ap)
V36 vsym(Pyr. half-ring) + Ey 1200 w 1250 w
v(Pyr. quarter-ring) +
v(Cm—Ph)
Vas Oasyr(Cp—H) + Bog 1182 (Soret: -; 1226
Vasym(Coa—Cp) Q.: 1181 w,dp;
Q: 1182 w,dp)
2844 Inorganic Chemistry, Vol. 45, No. 7, 2006
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Table 3 (Continued)

mode experimentafcm1)
Vi assignmerit symmetry IR NR Re RRe caled'f (cm™1)
V51 v(Pyr. quarter-ring) + E, 1175m 1236 m
v(Pyr. breathing)
o6’ Osym(C—C—H) Eu 1158 w 1223w
V17 Osym(Cp—H) Big 1080 (Soret: -; 1125
Q.: 1081 w,dp;
Q: 1080 m,dp)
Vg dsym(Cp—H) Axg 1072 vw ~1072 (Soret: 1073 m,p; 1124 vw
Qv: 1070 m,p;
Q: 1073 m,p)
s Vasym{C—C) + Az 1106 m
O(C—C—H) 1070 m
V52 6s¥m(C@_H) Ey 1117 w
b7 11(C—C) Agg 1030 vw ~1029 (Soret: -; 1054 w
Q: 1028 vw,p;
Q: 1030 vw,p)
V30 Vasym( Pyr. half-ring) Bag ~1017 (Soret: -; 1035
Q.:1015 w,dp;
V15 v(Pyr. breathing) Big Q:1018 s,dp) 1030
¢8 Osym(C—C—C) + Axg 1006 m (p) 1006 (Soret: 1006 w,p; 1018 w
v(Pyr. breathing) Qy: 1006 w,p;
Q: 1006 m,p)
¢g" Osym(C—C—C) + = 1002 vs 1017 s
v(Pyr. breathing) +
Vasym(PYr. half-ring)
Va7 v(Pyr. breathing) + Ey 995 vs 1005 s
Oasym(Pyr. deformation) +
Vbreathin&C_C)
V6 v(Pyr. breathing) + Axg 994 vw (p) 994 (Soret: -; 1008 w
Vbreathinﬁc_c) Qv 993 w,p;
Q: 994 m,p)
v7 Jdsym(Pyr. deformation) + y2(H) Axg 886 vw (p) 887 (Soret: 887 w,p; 898 w
Qu: 887 vw,p;
Q: 887 vw,p)
V32 dasym(Pyr. deformation) Baog 851 (Soret: -; 890
Qv: 850 vw,dp;
V16 Jdsym(Pyr. deformation) + y1(H) Big Q: 851 w,dp) 874
Vs Y(Hp) + ysym(Pyr. folding) Aoy 806 s 847 s
core overtone 390 cm Axg 779 (Soret: -
Qv 779 m,p;
Q: 778 vw,p)
a3’ y1(H) Ey 750 s 790 vs
T3 y1(H) Big 744 (Soret: -; 781
Qv -; Q: 744 w,dp)
Axg 723 (Soret: 723 vw,p;
Qv 723 vw,p; Q: -)
720 Ysym(Pyr. folding) + Eg+ Eu 727 vw 758
Yasyn(Pyr. folding) +
v(Hp) + y1(H)
V8 Ysym(Pyr. folding) + Aoy 720 m 750
v(Hp) + ya(H)
s’ j/z(C) Eu 703 s 730s
9"’ 02(C—C—-C)+ Ey 661 m 675 m
o(Pyr. rotation)
[or) 02(C—C-C) Agg 639 (Soret: 639 vw,p; R -; Q: -) 652
combination band Axg 572 (Soret: 572 vw,p;
(184+ 391 cnm}) Qv 570 w,p; Q: -)
V7 Y(Ca—Cn) + Ay 570 vw 582 vw

Yasym(Pyr. folding) +
ysym(Pyr. folding)
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Table 3 (Continued)

mode experimentafcm1)
yih assignmerit symmetry IR NR Re RRe calcd (cm™1)
s’ y1(C) + Ey 528 m 537 m
O(Pyr. translation)
Vag o(Pyr. rotation) Ey 434 s 444 m
013" 7(ring twist) By 407 vw 408 (Soret: -; 419w
Qv -; Q: 408 vw,-)
20 v(Fe—N) + E, 402 m 407 m
O(Pyr. translation)
vg Vbreathing(FE—N) Axg 390 m 390 m (p) 391 (Soret: 392 s,p; 388w
Quv: 390 vs,p;
Q: 390 w,p)
Fe-Cl v(Fe—Cl) 378s 379w 336
Axg 257 (Soret: 258 vw,p;
Qv 257 w,p;
Q: 258 vw,p)
Y16 y(Pyr. tilting) + Boy+ Big 257 vw 258 (Soret: -; Q -; 251 vw
y(Phenylrot.y Q: - dexc= 647.1 nm:
258 vw,dp)
Ph y(Phenylrot.y + Big+ A2y 247 vw 247 (Soret: -; Q -; 241 vw
y(Pyr. tilting) Q: 247 vw, dp;
647.1 nm: 247 vw,dp)
porphyrin 203 (Soret: 204 vw,p; 200 vw
breathing Qv: 202 w,p; Q: 202 vw,p)
V18 v(Fe—N) Big 199 w (dp) 199 (Soret: -; @ -; 202 vw

Q: -;647.1 nm: 199 vw,dp)

aFor notations of in-plane and out-of-plane core modes see Li¢##cand Figures S6 and S7Assignment in local coordinates: see Table 2 and
Figure 3 for the phenyl coordinates and ref 10a and c (Figures S6 and S7) for the in-plane and out-of-plane porphyrin coordinates. Porphyi@s coordinat
are printed in bold. Assignments for [Ni(TPP)] by Rush IIl et&re underlinedS Effective D4, symmetry: see the Results and Analysis sectid@alculated
(DFT) and experimental intensity (s very strong, s= strong, m= middle, w= weak, and vw= very weak).® Depolarization ratio: p= polarized, dp
= depolarized and ag anomalous polarized bandCalculated with B3LYP/LanL2DZ: see Experimental sectiop(Phenylrot.) corresponds t¢Ph), =
y(Br) in bromobenzeng! Labeling used by Spiro and co-workers (cf. ref 13).
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Figure 5. IR spectrum ofl: the measured spectrum (top) and the calculated spectrum (bottom).

wavenumbers (cm™)

frequencies observed for the phenyt B deformation ", are due to the neglect of anharmonicity in the calculations
7z andzs”") and they(Hg) porphyrin vibrations in this region  (cf. Discussion).
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The third region between 990 and 1160 dnmostly man?® They are dominated by the two — z* transitions
comprises in-plane vibrations. The strong band at 995'cm from the a, and a, HOMOs to the g LUMO of the
(calcd: 1005 cm?) is assigned to a(Pyr. breathing)+ porphyrin dianion. Both resulting excited states haye E
Oasyn{Pyr. deformation) porphyrin core vibration with symmetry and show a strong configuration interaction (Cl).
vpreathind C—C) phenyl contributionifs7), whereas the intense  This leads to two well-separated bands in the absorption
feature at 1002 crt (calc.: 1017 cm?) corresponds to the  spectra, the intense Soret band (where the individual transi-
mixed dsym(C—C—C) + v(Pyr. breathing} vasy«(Pyr. half- tion moments are additive), and the weak Q band (where
ring) mode with mostly phenyl characteps('). Both have they nearly cancel). In addition, a third band is observed on
E. symmetry. The assignment of the strong band at 1070 the higher energy side of Q. This band,, @ a result of
cm ! is not entirely clear. One possibility isdym(Cs—H) vibronic mixing between the Soret and the Q band. Because
core mode with Esymmetry, which is calculated at 1117 both excited states are of, Bymmetry, vibronic mixing is
cm ! (vsy). Alternatively, this feature could be identified as enabled by the vibrations of# Big, and By symmetries?®
the vasym{C—C) + 6(C—C—H) phenyl vibration {g') with For the resonance Raman spectra of metalloporphyrins, A-,
A,, symmetry, calculated at 1106 cfa A dg isotope B-, and C-term enhancement mechanisms are impoftant.
substitution would be necessary to distinguish between theseA-term enhancement is caused by a displacement of the
possibilities. Finally, the band at 1158 chis assignedto a  excited state relative to the ground state and is in general

phenyl vibration as shown in Table 3. only relevant for totally symmetric modes. Because A-term

The following region between 1160 and 1350 ¢émostly intensity is proportional to the square of the electric dipole
consists of Esymmetric in-plane porphyrin vibrations. The transition moment of the excited electronic state, this
two bands at 1175 (calcd: 1236 cip and 1200 cm! mechanism is dominant in the region of the Soret transition.

(calcd: 1250 cm?) are both in-plane porphyrin stretching B-term enhancement is caused by the vibronic coupling
modes, which show deviations in energy of 4 to 5% between between the excited statelJand another excited state’)
calculation and experiment (cf. Discussion) and are assignedwhich leads to the resonance enhancement of the vibrations
as shown in Table 3. The band at 1340 ¢ér(calcd: 1369 that are effective in coupling these states. Hence, this
cm™Y) is assigned to a mixedasyn(Cs—H) + v(Cn—Ph) + mechanism applies to the Q band, where vibrations gf A
Vsym(PYr. half-ring)+ vasyn(Coa—Cp) vibration and is known By, and By symmetries are enhanced. Additional A-term
to be spin-state-sensitive (band?®). It appears split into ~ enhancement of 4 modes in the Q region is also expected.
two components irl, where a shoulder at 1334 ctis Thus, resonance enhancement of nontotally symmetric modes
present. Previously, this band was assigned #¢Ga—C,) is therefore indicative of the presence of vibronic bands in
+ »(Cn—Ph) by Oshio et al® The calculatedds isotope the absorption spectra. HowevergBnd By enhancements
shift for this band of 19 cm' shows some deviation from could theoretically also be induced by a Jafireller
the experimental value (8 crY obtained for [Co(TPP)}&° distortion of the excited states with, Bymmetry*! Hence,
However, this is most probably due to the highly mixed the enhancement of;fAmodes is the most diagnostic for
nature of this mode, where, depending on the actual complex,the presence otibronic coupling. A,y modes are easily
changes in the contributions of individual local coordinates identified in the Raman spectra because of their anomalous
can be expected to occur. polarization (ap;0 > %), which relates to the scattering
The region at the highest energy between 1400 and 1600tensor being antisymmetri€-** Finally, C-term enhancement
cm™! consists only of phenyl-type vibrations, which are is observed upon the excitation to a vibronic sideband of a
assigned as shown in Table 3. Ry, the frequency is  forbidden or weakly allowed-60 electronic transitiof{ that
obtained 52 cm! higher in energy compared to experiment. leads to the enhancement of overtones and combination
The reason for this is discussed in section B.2 for the modes. This applies to the ,Qegion of the absorption
corresponding modeg, andg,', which are combinations of ~ spectra. These different types of resonance enhancement are
the same local coordinate but with different symmetries (cf. indeed observed for complek as shown in Figure S2.
Table 3). The weak band at 1574 ch{calcd: 1618 cm?) Figures 8-10 present the RR spectra @fincluding the
corresponds to thes(C—C) phenyl vibration of A, sym- polarized data in Qlgxc = 568.2 Nm), Q (Aexc= 514.5 nm),
metry, which is mixed with the IR forbidderksyn{Co—Cnm) and Soretexc = 454.5 nm) resonance. Figure 7 shows the
porphyrin vibration with By symmetry. Hence, this is another ~absorption spectrum df indicating the different excitation
indication of the symmetry lowering ih. The band at 1486  wavelengths. The RR data in the Soret region are dominated
cm ! (calcd: 1521 cmb) is assigned to a strongly mixed by polarized (Ag bands, which can therefore easily be
in-plane vibration ¢s") of the (C—C—H) + v35ym{C—C) identified from the Soret spectrum. The Q angddpectra of
phenyl andv(Cs—Cps) + vasy{(Ca—Cm) + vsym(Ca—Cm) 1 contain depolarized, polarized, and anomalous polarized
porphyrin type. From the calculations, we have classified bands. The presence of4Vvibrations in the Q and {spectra
this band as a phenyl type mode, but the individual confirms well the presence of vibronic coupling as already
contributions might vary experimentally depending on the discussed. The QRR spectra also show overtones and
actual complex investigated.
B.4. Resonance Raman Spectra of 1 and Assignment, (43) Placzek, G. Irh-landbuch‘de_r Radiologie¥larx, E., Ed.; Akademische
The electronic spectra of metalloporphyrins have been \é?)rilr%?STg.eé(.e;llSs‘ipeifgslﬁ?zagr’o%.err\nrgﬁ%cﬁ?ﬁzls;c\i/.otlj.g', gg;tzzég 205.
explained on the basis of the four-orbital model of Gouter- 2622-2626.
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combination bands above 1600 chcorresponding to  symmetry. The split, anomalous polarized bdhdt 1522/
C-term enhancement, which confirms thatiQthe vibronic 1516 cm? (calcd: 1560 cm?) is assigned to the mixed
sideband of Q. Vasy{Coa—Cm) + Vasyr{Co—Cp) + Oasy(Cs—H) in-plane

A number of new bands are observed in the RR spectraPorphyrin core vibration and is known to be spin-state
compared to the NR Raman spectra. The assignments of théensitive (band C(af)'®). It was originally assigned to only
RR data included in Table 3 are on the basis of the energies?(Ca—Cm).*** The predictedds isotope shift of this feature
of the bands in correlation to the DFT results as well as the is 6 cnT*. All of these assignments are listed in Table 3.
symmetries determined from the polarized experiments. In  B.5. Effects of Symmetry Lowering. There are three
some cases, calculateglisotope shifts forl in comparison major effects resulting from the symmetry lowering from
to experimental shifts obtained for [Ni(TPPhre used to  idealized D4y to the actual symmetry of [Fe(TPP)(CI)].
further confirm the assignments. Th€Fe—N) breathing Because of the fact that the phenyl rings are no longer
mode at 390 cmt' is strongly enhanced in the,@egion of perpendicular to the porphyrin core, the coupling between
compoundl, which is surprising because this band hag A the core and the phenyl vibrations becomes stronger. The
symmetry; therefore, one would anticipate its maximum second effect is that modes with different symmetrieBn
enhancement in the Soret region (Figure $3Jhe band at  appear mixed inl. Several examples are observed in the
639 cn1! (calcd: 652 cm?) in Soret resonance is assigned NR Raman and IR spectra as discussed above, where even
to an in-planed,(C—C—C) phenyl vibration ¢g) with A4 (g) and odd (u) vibrations are combined. This applies, for
symmetry. This feature shows rdy isotope shift in the example, to the NR Raman bands at 247 and 257 @nd
calculations and is in agreement with results for [Ni(TP®)].  the IR bands at 390, 727, and 1574 €mOf importance
The depolarized band at 744 cin(calcd: 781 cmb?) though is the fact that all of these symmetry-breaking modes
observed in Q resonance corresponds to an out-of-planeobtain only very small intensities because of this intensity-
y1(H) phenyl vibration fr3) with B;y symmetry. The calcu-  stealing mechanism. This together with the observation of
lated dg isotope shift of 10 cmt for this mode is in good ~ polarized, depolarized, and anomalous polarized bands
agreement with the value of 7 chobserved for [Ni(TPP)}3 clearly shows that the [Fe(TPP)tore of1 still behaves as
Two new depolarized bands are observed at 851 and 1017f it has D4, symmetry. The third effect of symmetry lowering
cmtin Q and Q resonances, respectively. In both cases, beyondCy, in 1 is that degenerate Eibrations appear to
two possible features with;Band By symmetries are present  be split in the IR spectra. However, the observed splittings
in the calculations as well as in the RR spectra of [Ni(TPP)]. are very small (about 5 cm). Hence, this again indicates
Hence, no assignments of these bands are possible. Théhat an effectiveDs, symmetry is present id.
depolarized band at 1080 ctfnobserved in Q and Q C. Vibrational Spectra and Assignments of Compounds
resonances is assigned as shown in Table 3. The depolarize@& and 3 in Comparison with Those of 1.The crystal as
band observed at 1182 cimin Q, and Q resonances well as the DFT optimized structures of completes3 are
corresponds to either the calculated vibration at 1226'cm very similar overall, as discussed in section A. Correspond-
(8 Oasyr(Cp—H) + vasyn{Co—Cp) core mode) or the feature ingly, the averaged metahitrogen distances are similar and
predicted at 1222 cn (a phenyl vibration); both have.B increase in the order of Co (1.985 A)Mn (2.019 A) < Fe
symmetry. In [Ni(TPP)}.® a band at 1190 cnt with a small (2.049 A). The most pronounced difference amang, and
phenyldy, shift is observed and assigned to th;—H) 3 occurs for the metatchloride bond distances, which
vibration calculated at 1226 crh Because a larged,, increase in the order of Co (2.145 A)Fe (2.192 A)< Mn
isotope shift is expected for the phenyl vibration, the band (2.389 A). Another important difference is observed for the
at 1182 cm? is tentatively assigned to this feature. The out-of-plane displacement of the metal atom from the N
modes at 744 cnt (phenyl vibration),v,7, and vs4 (both plane of the porphyrin, which increases in the order of Co
Cs—H in-plane porphyrin vibrations) show larger deviations (0.05 A) < Mn (0.258 A) < Fe (0.383 A). On the basis of
in energy between calculation and experiment compared tothe large structural similarities of complexgs3, it can be
those of the other porphyrin modes, which are due to the expected that the overall vibrational properties of the
neglect of anharmonicity (Discussion). The weak, anomalous corresponding [M(TPP)] units are quite similar. The only
polarized bands at 1225 and 1335 ¢nin Q and Q exception is the metaichloride stretching vibration, where
resonances are assigned as shown in Table 3. The depolarizeldrger differences should be observed.

band at 1266 cmt (calcd: 1286 cm?) is observed in all Figure 6 shows the NR Raman data 2fogether with

RR spectra. It is assigned to a mixe@Pyr. quarter-ringi- the calculated spectrum. In this case, exceptional agreement
v(Cm—Ph) porphyrin core vibration with phenyl contribu- is obtained between theory and experiment. The correspond-
tion (v4(C—C)) with Byg symmetry ¢.7). The calculatedls ing spectra of3 are presented in Figure S1. The agreement

isotope shift of 2 cm! is in very good agreement with between the calculated and experimental data is also very
experiment (1 cmt for [Ni(TPP)['®). The band at 1452 cm good in this case. As already discussedfosmall shifts of

in Soret and Qresonances is assigned to the mixed in-plane certain bands to higher energy (average deviation in energy
Vsym(Coa—Cnm) + v(Cs—Cp) porphyrin vibration ¢3) with Ayg of about 2 to 3%) are also observed in the calculations for

(45) The excitation profile is a plot of the Raman intensity versus the Raman (46) The origin of the splitting is not known. It might relate to the fact
excitation energy. that the spectrum was recorded in a KBr disk.
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Figure 6. IR spectrum of2 (top) and the NR Raman spectrum »f(bottom). The corresponding calculated spectra are included in the two panels as
indicated. The low energy part (56A80 cnr?) of the calculated spectra is enlarged.

Table 4. Comparison of MetatChloride Stretching Frequencies (cHand QCC-NCA as well as Calculated (DFT) Force ConstéiMs-Cl)
(mdyn/A) for [M(TPP)CI] (1, 2, and3) and Model Systems [M(P*)Cl]1a, 2a, and3a)

»(M—CI) »(M—Cl) f(M—Cl)

compound calcf exptF lit. model PED calcd QCC-NCA
1 263836 378 360 3647 ¢ ia 225 (9%)B39(86%) 1.419 1.796
2 263819 296 2997¢e 2a 235 (39%)B18(74%) 1.160 0.932
3 2860398 397 3a 262 (40%)B96 (82%) 1.704 1.717

apPED = potential energy distribution; the numbers in parentheses correspond to the % contribution of @eddrdinate to this modé.Calculated
with B3LYP/LanL2DZ; see Experimental sectiochExperimental infrared frequenciesDetermined from Raman data of [Fe(OEP)(CfHPetermined from
Raman datal. The »(M—ClI) vibration is mixed with a porphyrin mode, and hence there are two vibrations thati¢aryCl) contributions. As shown in
the PED, the mode at higher energy has more®ll stretching character.

2 and 3 (Discussion). Because of the structural similarities corresponding spectra & are presented in Figure S1. A
of 1-3, it is not surprising that the NR Raman spectra of good agreement between theory and experiment is also
these compounds show large similarities as evidenced by aachieved in this case. The IR spectra of all three compounds
comparison of Figures 4, 6, and S1. Hence, the assignmentd —3 basically show the same normal modes. Correspond-
of the NR Raman spectra @fand3 listed in Tables S1 and  ingly, the appearances of the MIR spectra are very similar.
S2, respectively, largely parallel the assignmentdf@nly However, the far-IR spectra look clearly different because
a few differences are observed. The band at 1574¢m the metat-chloride and the metalnitrogen stretching vibra-
the experimental NR Raman spectrumlaf not observed  tions are located in this region, which show the strongest
in the spectra of compoun@&sand3. This band corresponds  metal sensitivity (cf. section E).
to the phenyl in-plane vibrations,(C—C) (¢4') with Byg D. Metal—Chloride Bonding. For compoundd and 3,
symmetry. However, comple3 shows an additional small  the experimental frequency of the metahloride stretching
band at 1540 cnt that could not be unambiguously assigned. vibration is similar withv(Fe—CI) = 378 cnt* andv(Co—
The metat-chloride stretching vibration only appears inthe Cl) = 397 cm! (cf. Table 4). In contrast, the MnCl
NR Raman spectrum df. Otherwise, the same vibrations stretching vibration of 296 cnt is located at a significantly
are observed in the NR Raman spectralefd. Some of lower energy. This trend is in agreement with the metal
them show small characteristic shifts, which are discussedchloride distances witB (2.145 A)< 1 (2.192 A)< 2 (2.389
in section E. A). As mentioned in section A, the metathloride bond
Figure 6 shows the IR data d@ together with the lengths are overestimated in the calculations, especially for
calculated spectrum. Again, in this case, the most exceptionalcompound1. Correspondingly, the calculated frequency
agreement is obtained between theory and experiment. Theobtained forl of 336 cn! is significantly lower than the

Inorganic Chemistry, Vol. 45, No. 7, 2006 2849



Paulat et al.

experimental value, whereas f@r(319 cntt) and 3 (398 26% iron dz and 60% chloro porbital contributions, which
cm ) a very good agreement is observed. To compare thecorresponds to a strongbond. Additionalr bonds between
M—CI bond strengths in these compounds rigorously, the d, and d, orbitals of iron and the jpand g orbitals of
accurate M-CI force constants are necessary and require athe chloro ligand, respectively, are also present. The corre-
normal coordinate analysis (NCA). For this purpose, simple sponding bonding combinations have about 10% metal and
model systems [Fe(P)(CN]1), [Mn(P)(CD)] (2), and about 45% chloride character indicative of a medium-strength
[Co(P)(CI)] (3; P = porphine) were fully optimized, and the  interaction. Therefore, complek formally has one-half of
force constants were calculated as listed in Table 4. In thea ¢ bond and oner bond. Compared t&, the o bond is
next step, a mass of 77 was used for the meso hydrogens ofeduced by 50%, whereas an additionabond is present.
these models corresponding to the phenyl groups. This leadsThese effects seem to cancel, giving almost identicaldV
to modelsia, 2a, and3a, which accurately reproduce the force constants in these complexes.
M—Cl frequencies of full model systenis-3 applying TPP Compouna is a high-spin icomplex withS= 2 ground
(cf. Table 4). This is an important result because it shows state and a [d,d,,d,d2]* electron configuration. Compared
that the simple porphine ligand is a good approximation for to complexl, thea-de_2 orbital is unoccupied and therefore,
TPP when only the properties of the centrat-Kl unitare  similar M—Cl interactions would be expected ihand 2.
considered. Finally, using the QCC-NCA procedtiréhe However, the force constants show that this is not the case.
M—CI force constants were fitted to reproduce the experi- The Mn—Cl o bond betweengand the porbital of chloride
mental M-CI stretching frequencies. In this way, experi- is somewhat weaker compared to thailias evidenced by
mental force constants for compouriy®2, and3 of 1.796, the 16% metal g and 57% chloro pcharacter of the
0.932, and 1.717 mdyn/A, respectively, were obtained. The corresponding bonding combination. The largest difference
NCA force constants show that the-=€l and Co-Cl bonds occurs for the M-Cl & bond. The corresponding bonding
are twice as strong as the MiCl bond. The reason for this  combinations between,gdand g. of Mn(lll) and p; and g
rather surprising result is evidenced by an analysis of the of chloride only have about 2% metal and 75% chloro
MO diagrams of these complexes. For this purpose, modelscharacter, respectively, which corresponds to a very weak
1-3 were used because porphine has proven to be a goodnteraction. Therefore, the MCI bond in complex2 corre-
model for TPP, considering the presence of the®Glbond.  sponds only to half & bond. This is the reason for the much
The coordinate system is chosen such that Ztexis is smaller M—ClI force constant of only 0.932 mdyn/A ia
aligned with the M-Cl bond, whereas the andy axes are compared to 1.796 mdyn/A fdt.
oriented along the MN bonds of the porphyrin ligand. E. Metal-Sensitive Bands in the Raman and IR Spectra
Hence, the d 2 orbital of the metal undergoes a stromg  of 1-3. Boucher and Kat® measured the IR spectra of
bond with the pyrrole nitrogens of the porphyrin, whereas several divalent metal complexes of protoporphyrin 1X and
dy is partially nonbonding. However, the metadhlorideo hematoporphyrin IX dimethyl ester and identified three
bond is mediated by the orbitadwhereas d and g, are  metal-sensitive bands at 92080, 506-525, and 356-365
potentially involved int bonds with the chloride ligand. Note  ¢cmy2 put no definitive assignments could be made. The
that the principal bonding scheme of [Fe(TPP)(CI)] has been gieletal stretching and breathing modes were found to only
analyzed before; however, the main focus was the metal have small shifts within the experimental uncertainty. Na-
porphyrin interactiort? kamoto and co-workers assigned the metafrogen stretch-
[Co(TPP)(CI)] @) has the simplest electronic structure due ing bands of a series of OEP and TPP complexes on an
to the low-spin @ configuration of Co(lll) § = 0), which empirical basi§®8aThe observed shifts were attributed to
corresponds to a fgd,,0,]° = [t2]° configuration of the  the variable occupation of the-antibonding ¢-, orbital
metal. Hence, the unoccupieg drbital undergoes a strong  in these complexes. Hence, vibrations that contain a direct
o bond with the filled p orbital of the chloro ligand, where  contribution of the M-N stretching coordinate should be
the corresponding bonding combination has 29%id 58%  the most affected. However, the oxidation- and spin-state
chloro p character. Because the,@nd g orbitals of the  sensitive IR bands—1Il and Raman bands A, C, D, and E
metal are fully occupied, n@ bond with the pand g orbitals (band B is characteristic for penta coordination) as described
of chloride is possible. In summary, the metéll bond in in the Introduction should also be sensitive to the metatfon.
3 can be described as a strong (puréjond. In comparison,  The frequency shifts of bands | and Il were correlated to
compoundl is a high-spin & complex withS= °, ground  the metatporphyrinato nitrogen distandésin agreement
state. In the spin-unrestricted scheme, this means thatdll  with Nakamoto’s analysis.
orbitals are fully occupied and hence, do not contribute to | the |R and NR Raman spectra hf50 and 36% of the
the bonding witho- or z-donor ligands. Therefore, all metal observed modes, respectively, are of the phenyl type, which
ligand bonding comprises unoccupiédi orbitals. The Fe show no shifts or show only small frequency shfftdn

Cl o bond is mediated by the interaction of dnd pofthe  contrast, frequency shifts are observed for most porphyrin
chloro ligand. The corresponding bonding combination has

(49) Boucher, L. J.; Katz, J. J. Am. Chem. Sod.967, 89, 1340-1345.

(47) Chottard, G.; Battioni, P.; Battioni, J.-P.; Lange, M.; Mansuyiriorg. (50) Ogoshi, H.; Masai, N.; Yoshida, Z.; Takemoto, J.; Nakamotdudl.
Chem.1981, 20, 1718-1722. Chem. Soc. Jprll971, 44, 49.

(48) Cheng, R.-J.; Chen, P.-Y.; Lovell, T.; Liu, T.; Noodleman, L.; Case, (51) Very small shifts of some of these bands that were observed can be
D. A. J. Am. Chem. So2003 125 6774-6783. traced back to small admixtures of porphyrin core vibrations.
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Table 5. Metal-Sensitive Bands (Also Oxidation- and Spin-State-Sensitive) in the Infrared, NR Raman, and RR Spke8a of

FeTPPCI 1) MnTPPCI @) CoTPPCI 8)
experimental calcd experimental calcd experimental calcd
M—N (A), averaged 2.049 2.09 2.019 1.99 1.985 1.99
|R18b band I, spin (cm?) 1340/1334 1369 1342 1377 1351 1387
band 11, ox. (cn?) 806 847 804 849 795 848
band 11, spin (cm?) 434 444 451 462 465 475
R18b band A, ox., and spin (cm) 1363 1379 1365 1390 1359 1393
band B (cm™1) 1371 1398 1373 1406 1372 1408
band C, spin (cm?) 1522/1516 1560 1538/1532 1588 1588
band D, spin (cm?) 1554 1598 1557 1612 1563 1626
band E, ox. (cm?) 390 388 393 392 403 390
IR v(M—CI) 378 336 296 319 397 399
vso (cm™1) 402 407 410/405 411 ? 411
R vig(cm™Y) 199 202 223 218 2557 238

aFrequencies are given in crh P Calculated with B3LYP/LanL2DZ¢ Band B is a marker band for five-coordinate porphyrin compléxé%

Table 6. Selected Crystallographic Distances (A) for Compoun@f. Ref 28),2 (This Article), and3 (cf. Ref 33) that are Important for the
Structure-Sensitive Bantls

compound d(M—N) d(Cn—Ph) d(Cs—Cp) d(C.—Cp) d(Co-N) d(M—Ct) d(Ca—Chm)
[Fe(TPP)(CN] Q) 2.04(9) 1.50(8) 1.38(0) 1.44(6) 1.38(4) 0.383 1.39(9)
[Mn(TPP)(CI)] ) 2.019 1.496 1.357 1.440 1.385 0.258 1.399
[Co(TPP)(CI)] @) 1.985 1.518 1.360 1.446 1.372 0.05 1.391

aDistances are averaged over chemically equivalent bonds.

core vibrations in the [M(TPP)(CI)] complexes, but only a the totally symmetria/yreatnindM —N) vibration (band Eys),
few of them are of considerable size as already correctly which increases in the order of 390 chiFe) < 393 cn?
stated by Boucher and Katz. The bands with large shifts are(Mn) < 403 cnm? (Co) in agreement with this trend. The
mostly vibrations with a large MN stretching contribution ~ v(M—N) vibrations with By symmetry ¢1g) observed in the
as proposed befofé>° Hence, frequency shifts are mostly NR Raman spectra df—3 also strongly follows this trend
expected for bands below 500 cin Table 5 lists the as shown in Table 5. Finally, thgM—N) vibrations with
experimental and calculated frequencies of the eight spin- E, symmetry {s0) observed in the IR spectra tdfand2 are
and oxidation-state-sensitive bands known from the literature mixed with thed(Pyr. translation) porphyrin deformation
for complexesl—3. In the IR spectra, the three porphyrin mode. Nevertheless, the correlation also applies here where
vibrations FI1II show metal sensitivity. In the NR Raman this feature appears at 402 chin 1 and at 410/405 cnt
spectra, three modes show significant shifts for complexesin 2. The fact that this band is split i@ reflects a small
1-3 (band A, D, and E). Hence, only six of the eight degree of symmetry lowering from ideBly, symmetry (cf.
structurally sensitive bands from the literature are metal- section B.5).
sensitive in the [M(TPP)(CI)] series studied here. Three Bands A, C, and D in the Raman and band I in the IR
additional metal sensitive bands are identified here. Thesespectra ofl—3 correspond to in-plane porphyrin stretching
arevig (from NR Raman)ysg (IR), and the M-Cl stretching vibrations (cf. Table 3); therefore, their frequencies can be
vibration as discussed in section D (cf. Table 4). Corre- correlated with G-C, C—N, and M—N distances as observed
sponding to the relatively small frequency shifts observed in the crystal structures oi—3 (cf. Table 6). Band A
for 1—-3 as shown in Table 5, the underlying differences in corresponds to the in-planey(Pyr. half-ring) porphyrin
complex geometries must be small. Therefore, to analyzevibration. Hence, the frequency of this mode relates to
the reasons for the appearance of the shifts, detailedchanges in the metahitrogen, the G—Cs and the G—N
assignments of the corresponding vibrations as obtained indistances. However, because the observed frequency shifts
this study are necessary. For the stretching vibrations, theare very small, a quantitative interpretation of the observed
differences in the vibrational frequencies can be correlated behavior of this mode is not possible. For band C, the
with the differences in bond lengths. However, the interpre- observed frequency is larger for the Mn than for the Fe
tation of the metal sensitivity of the deformation modes is complex. This mode has considerablg,{C,—Cm) char-
not straightforward. acter; however, the &-C, distance is comparable in the
Vibrations with a considerable MN contribution are two complexes, as shown in Table 6. However, this mode
observed in the low-energy region of the spectra. The metal also has some &-Cg contribution, and the corresponding
nitrogen distances decrease in the order of Fe (2.048 A) C,—C; distance is slightly larger fat compared to that for
Mn (2.019 A) > Co (1.985 A), and hence the frequencies 2, which is consistent with the observed trend in frequencies
of vibrations withv(M—N) character are expected to increase (cf. Table 5). The totally symmetric metal-sensitive band D,
in the order of Fe< Mn < Co. There are three vibrations which is assigned to &(Cs—Cp) + vsym(Co—Cnm) porphyrin
with a pure or mostly M-N stretching contribution observed  vibration with a small amount afasyr{Cs—H) contribution,
in complexesl—3. The most intense band corresponds to is observed in both the NR Raman and RR spectra—-.
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The frequency of this mode increases in the ordet ef 2

< 3, as shown in Table 5. This can be traced back to
differences in the €C bond lengths of the porphyrin core.
First, the G—C; distances are almost identical drand3,
whereas they are elongatedlinHowever, complexe$ and

2 have almost identical £&-C, distances, whereas this bond
is shorter in comple8. These trends are consistent, leading

Paulat et al.

IR spectra ofl were identified and classified, but no further
analysis was performed:8 The assignments obtained in
this study are in general consistent with recent work by Rush
Il et al., who assigned the RR and IR spectra of [Ni(TPP)]
based on a DFT-SQM analysis.In some cases, large
deviations in vibrational frequencies (for example, is
located at 1554 cnt in 1 and at 1572 cmt in [Ni(TPP)])

to the observed frequency shifts of this band. Finally, band are observed. In addition, because of very good agreement

| corresponds to the mixedasyn{Cs—H) + v(Cn—Ph) +
Vsym(Pyr. half-ring) + vasyn(Ca—Cpg) in-plane porphyrin

between the calculated and experimental NR Raman and IR
spectra obtained here, more sophisticated assignments of the

vibration. The frequency shift of this band cannot be analyzed observed vibrations were possible in this study, as indicated

because of a large number of different contributions. For
example, the G—Ph distances behave inversely to the-NI

in Table 3. The complete analysis of the vibrational spectra
of 1 performed here also leads to the reassignment of a

distances. Besides these stretching vibrations, two deforma-number of bands. These include features at 1233, 1006, and

tion modes (bands Il and lll; cf. Table 5) are also found to

886 cn1! in the Raman spectra df (cf. Table 3). The

be metal-sensitive. Band Il corresponds to the out-of-plane prominent band at 390 criy, which is one of the structure-

y(Hgp) + ysyn(Pyr. folding) porphyrin deformation mode and
hence, the frequency shift of this vibration is difficult to
interpret. The energy increases in the order of<€dn <

Fe. The frequency shift of band Ill, which is an in-plane
O(Pyr. rotation) porphyrin deformation mode, seems to be

correlated to the out-of-plane displacement of the metal,

which increases in the order of GoMn < Fe. Correspond-
ingly, the observed trend in the vibrational energies is>Co
Mn > Fe.

Discussion

In this study, the vibrational properties of the five-
coordinate porphyrin complexes [M(TPP)(CI)] @¢¥Fe, Mn,
and Co) are analyzed in detail. For complex [Fe(TPP)(CI)]

sensitive bands identified by Burke et P js reassigned to

the totally symmetria/peamindFe—N) vibration on the basis

of the calculated NR Raman spectra and the excellent
agreement between its calculated and experimental pyrrole-
ds isotope shift. This is in agreement with the assignments
for [Ni(TPP)].2213The IR spectra of complekare assigned
here for the first time with the exception of structure-sensitive
bands +IIl. However, band Il at 806 crt is reassigned in
this work to the out-of-plane/(Hg) + ysym(Pyr. folding)
porphyrin core vibration on the basis of the calculated IR
spectra and the excellent agreement between its calculated
and experimental pyrrolds isotope shift. In addition, a
number of new bands are assigned in this study. These
include the important bands at 402 chin the IR (s0) and

(1), nonresonance Raman (NR Raman) spectra including199 cnt! in the Raman spectrunv{g) of 1, which cor-
polarized data are presented for the first time. Resonancerespond to the FeN stretching vibrations with Fand By
Raman (RR) spectra of this compound are also reported,Symmetries. These modes have not been assigned yet. Similar

including Soret, Q, and Qresonance data together with

to the corresponding 4 mode at 390 cmt, these are also

polarized measurements. In addition, MIR and FIR spectra Strongly metal-sensitive and probably oxidation- and spin-
of 1 are presented. Hence, a complete vibrational data setstate-sensitive.

for complex1 is obtained in this study. These data are then

A general shift of the vibrational frequencies bf3 to

assigned in detail using calculated vibrational energies assomewhat higher energy (average deviation: about 2 to 3%)
well as calculated NR Raman and IR intensities, which show is observed in the calculations compared to experiment.
very good agreement with experiment overall (vide infra). However, in some cases, larger deviations (up to 5%) are
Additional information that assists in assigning the spectra observed. These can be traced back to different effects
is available from (a) the polarized measurements that allow depending on the nature of the respective modes. First, large
for the determination of the symmetries of the different shifts (about 5%) are observed for the three combinations
vibrations and (b)s isotope data reported in the literature of the vs,,(C—C) stretching mode of the phenyl ringg.(

for a number of complexég14185The assignments are based ¢4, ¢4 in Table 3), which occur just below 1600 cfa In

on an idealized model system [M(TPP)] with, symmetry. this case, the deviations are partly due to an intrinsic
For the phenyl mode assignment, local internal coordinatesinaccuracy of the B3LYP/LanL2DZ method. This is evident
derived from bromobenzene are used. On the basis of allfrom frequency calculations on benzene. As shown in Table
this information, a complete and consistent assignment of S7, vs,(C—C) is calculated at 1641 and observed at 1594
all of the spectroscopic data obtained fdras been achieved. cm™ (average), which corresponds to a deviation of 2.9%.
So far, no detailed vibrational assignments for five-coordinate Interestingly, using the much more time consuming B3LYP/
porphyrin complexes such as [Fe(TPP)(CI)] are available TZVP method does not lead to an improvement for this
from the literature, where most of the research has beenmode. The second class of vibrations in which larger
focused on four-coordinate complexes. For compdyruhly deviations of the frequencies are observed correspond to in-
a small number of totally symmetric modes from the Soret plane and out-of-plane €H deformation modes. This
RR spectrumAex. = 457.9 nm) have been assigned befSre, especially includes thé(Cs—H) andy(Hg) core vibrations

on the basis of a simple comparison of the obtained spectraand thed(C—C—H) bends of the phenyl rings. (See, for
with those of [Ni(TPP)]. Additional bands in the Raman and example ¢(Cs—H) at about 1100 cm, y(Hg) at about 800
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cm 1, andd(C—C—H) at about 1100 c, as listed in Table
3.) These deviations are due to the neglect of anharmonicity
effects in the theoretical treatment. Calculations on benzene
show that G-H vibrations usually show significant degrees
of anharmonicity (cf. Table S7). These calculations indicate
that vsy(C—C) is also affected by deviations due to
anharmonicity. Finally, differences are observed for the
amount of mixing between phenyl and porphyrin core
vibrations, which applies to a small humber of modes
(Results and Analysis). This is evident from a comparison
of calculated and experimentdy isotope shifts, which reflect
the porphyrin core mode contribution. In the caselothe
calculated structure shows smaller dihedral angles between
the phenyl substituents and the porphyrin core compared to
the crystal structure. Hence, this rotation of the phenyl rings
toward the porphyrin plane introduces changes in mode _Figure 7. Solution absorption specFra of com'pouh(brown) m(_aa_sured
. . . - . in chloroform, of compoun@ (green) in a 1/1 mixture of butyronitrile and
mixing of phenyl and porphyrln core vibrations. This most propionitrile, and of compound (red) in methanol. The spectra are scaled
probably explains the observed deviations. with absorption coefficients taken from the literat$&9.33
. Three major effects of symmetry Iowermg from the Table 7. Absorption Bands Observed in the UWis Absorption
idealizedD.n symmetry of the [M(TPP)] core are observed  spectra of Complexes—3 (in nm)
for complexesl—3. Compared to four-coordinate [Ni(TPP)]
and corresponding systems, the chloro complexes studied
here show the additional complexity of having open shells,
a larger distortion of the porphyrin core, and axial ligands.

[Fe(TPP)CI1 Q) [Mn(TPP)(CI)] (2) [Co(TPP)(CI)] B)
position  assignment  position assignment position assignment
379 Cl—MCT 390 Soret

. . L 417 Soret 476 P-MCT 426 Soret
From vibrational spectra, these deviations frd, are 510 Q 530 2 540 Q
manifested in (i) enhanced coupling between porphyrin core 578 2 583 Q 574 Q

654 P—MCT 620 Q

and phenyl vibrations, (ii) the combination of even (g) and 690  P—MGCT?

odd (u) vibrations, and (iii) small splittings of the degenerate

E, vibrations. However, these effects are very small and Scheme 2

therefore, together with the observation of polarized, de- [M(TPP)(CD)]
polarized, and anomalous polarized bands in the Raman 4 (M= Fe(lih, MndlIh)
spectra, this clearly shows that the [M(TPPgpres of1—3

still behave as if they hav®,, symmetry. As discussed
above, the assignments of the vibrational spectra of com-
plexes 1-3 are therefore carried out in an effective == ¢,(d,)
D4 symmetry. The overall vibrational properties of the - d,
[M(TPP)T" units in complexed—3 are quite similar, which °
relates to the large structural similarities of the metallo- =5 3ug, (P)
porphyrin cores of these systems. The largest differences are N
observed in the low-energy region of the spectra, where the Ltcl (m)
M—Cl and the M-N stretching vibrations are observed. On
the basis of our analysis, it is possible to give more precise
assignments of the metal-sensitive modes than before, asvhich applies to bands B, andvis. These occur in the
inferred by Oshio et af®in 1984: “In order to understand  low-energy region of the spectra. Bands I, A, C, and D
the structure-sensitivity of these bands on a quantitative basiscorrespond to porphyrin core stretching modes. In this
it is necessary to carry out theoretical calculations [...].” Not Article, we have developed a model where the shifts of these
surprisingly, it is found that modes with mostly phenyl bands are interpreted on the basis of differences in the
character do not show noticeable shifts. In the case of porphyrin C-C and C-N and the metatN distances. The
porphyrin core vibrations, frequency shifts are in general interpretation of the frequency shifts of remaining vibrations
observed for most vibrations; however, only a few of them | and Il is not straightforward because of the fact that these
are of considerable size. Of the eight oxidation and spin- are deformation modes.

energy

LUMO eg (P)

=,
O,

Soret ; Q

CT

------- forbidden transition

state-sensitive bands known from the literattfréive are Besides the analysis of the metal-sensitive modes, we have
found to be metal-sensitive in the [M(TPP)(CI)] series studied investigated the strength of the metahloride interaction
here. These are bands A, D, and E (RR) and bandg | in complexes1—3. To this end, the M-CI stretching

(IR). In addition, two more metal-sensitive porphyrin core vibrations have been assigned, and from normal coordinate
vibrations are identified heredp andvyg, vide supra). Bands  analysis (NCA), M-CI force constants of 1.796 (F&l),

with large M—N stretching contributions are sensitive 0.932 (Mn-Cl), and 1.717 mdyn/A (CeCl) have been
because of the differences in the- bond lengths il—3, determined. These large differences in-Rl bond strengths
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Figure 8. Resonance Raman spectralgfexcited at 568.2 nm (Q resonance). The RR spectra were measured with potassium sulfate as the internal
standard (top). The polarized measurement is shown on the bottom.

are reflected by the MCI bond distances of 2.192 A ih tion spectrum of compound$—3, investigated here (cf.
2.389 Ain2 and 2.145 A in3. For 2, this value is obtained  Figure 7). In this case, the Soret transition is located at 426
from a new crystal structure presented here. An analysis ofnm (cf. Table 7). At lower energy, the band at 540 nm is
the MO diagrams ofl—3 allows for a determination of the  assigned to Qand the shoulder at 574 nm to the Q band,
electronic structural reasons for these differences. In the casavhich is in agreement with the assignments for [Co(TPP)]
of compoundi, the Fe-Cl bond can roughly be classified from the literatureé® These assignments are further confirmed
as one-half of @ bond and oner bond. In comparison, the  using RR spectroscopy. Excitation at 514.5 and 568.2 nm
Co—Cl bond in3 corresponds to one bond. The similar leads to the enhancement of the anomalous polarized
M—CI force constants obtained férand3 indicate that the  vibrationv,g at 1335 cm? (cf. Table S2). This indicates that
enhanced and the reduced interaction in3 compared to the band at 540 nm is the,@and and the shoulder at about
those inl seem to compensate and lead to comparable bond574 nm must then correspond to Q. The separation of these
strengths. The strongly reduced-N| bond strength ir2 features of about 1100 crhsupports this assignmef#The
compared to that id (and 3) is mostly due to a lack of the  fact that no other bands are observed in the absorption
M—CI & bond in this complex. Correspondingly, the Mn spectrum of3 relates to the low-spinfalectron configuration
Cl bond only corresponds to halisebond in agreement with  of the metal, which prohibits low-energy porphyriametal
the observed reduction of the force constant by hal2in  or chloride— metal charge-transfer transitions.
(0.932 mdyn/A) compared to that ih(1.796 mdyn/A). The absorption spectrum of compouhis more compli-
Besides its use for the determination of vibrational cated and shows at least six bands at 379, 417, 510, 578,
energies, RR spectroscopy offers detailed insight into the 654, and 690 nm (cf. Table 7). Because of the high-spin d
nature of electronically excited states. This relates to the configuration of iron in this complex, porphyrin to metal
mechanism of resonance enhancement and the actual natureharge-transfer (P~ M CT) transitions can now occur (cf.
of enhanced vibrations. For metalloporphyrins, A-, B- and Scheme 2). Thesa§r), ax(r) — gy(d,) CT transitions have
C-term enhancements are import#ras described in section  been assigned to bands near 600 nm for high-spith Fe
B.4. The A-term mechanism is dominant in the region of porphyrin complexe&?Because the corresponding excited
the intense Soret transition and leads to the enhancement oftates have Esymmetry in idealizedD4, symmetry, strong
totally symmetric modes. B-term enhancement is found in CI mixing with the nearby Q excited state might also occur.
the region of Q and (bands and relates to vibronic coupling, In addition, chloro to iron charge-transfer transitions (€l
which is manifested in the enhancement of anomalous M CT) might also be present in the spectra. The Soret band
polarized Ay modes. Comple8 shows the simplest absorp- in complex1 appears split with its components located at
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Figure 9. Resonance Raman spectralpfexcited at 514.5 nm (Qresonance). The RR spectra were measured with potassium sulfate as the internal
standard (top). The polarized measurement is shown on the bottom. In the perpendicular measurement, thé [g8@dds cut off because of its large
intensity.

about 379 and 417 nm (cf. Figure 7). Further insight into excited at 647.1 nm (cf. Figure S5), shows not only the
these band assignments can be gained from RR measuredsually observed porphyrin f modes at 1335 and 1522
ments. The RR spectrum df excited at 454.5 nm shows cm™ but also the low-energy anomalous polarized bands
mostly totally symmetric vibrations (cf. Figure 10); therefore, (Figure S5) that are not observed at any other excitation
the absorption band at 417 nm is assigned to the Soret bandwavelength. These low-energy bands correspond to in-plane
From the literature, the 379 nm band has been assigned to gorphyrin deformation modes with some phenyl out-of-plane
chloride— Fe" charge-transfer transitic®:>*However, the mode contribution. Hence, the band at 654 nm shows a
large intensity of this band indicates that the corresponding completely different excitation behavior than the usual Q
excited state might steal some intensity from the Soret band.and Q band enhancements. This indicates that the band at
The remaining four absorption bands are located in the Q 654 nm might correspond to the-P Fe CT transition in
region of1. The RR spectrum df, excited at 568.2 nm (cf.  agreement with the prediction from the literatdi®ecause
Figure 8) shows a weak band, and the data obtained at 514.5his transition leads to two excited states withsgmmetries

nm (cf. Figure 9) show medium-intensity anomalous polar- (cf. Scheme 2), the second component could correspond to
ized bands, indicating vibronic coupling (anomalous polar- the band at 690 nm, but this is only speculative.

ized bands that are typically observed are located at about |n the case o2, the absorption spectrum shows two strong
1520 and 1335 cnt). In addition, overtones are enhanced bands in the Soret region at 476 (ban&)vand 390 nm
with excitation into the absorption band at 510 nm (cf. Figure (band VIf® (cf. Table 7). This has been attributed to a Cl
S2), which indicates that this band is actually thel@nd mixing of the Soret excited state with the porphyrin to metal
(see Section B.4). Hence, a possible assignment might beg, (), a(1) — e,(d-) charge-transfer states with, Bym-

that Q and Qcorrespond to the bands at about 578 and 510 metry?® (cf. Scheme 2). Note that this requires a shift of the
nm, respectively. However, the separation of these absorptionP — M CT states from the visible to the UV region compared
bands of about 2350 crhis too large. It should only be  to that in 1. Because of the stronger RR enhancement of
about 1250 cm?, as determined by GoutermétiHence, the  |ow-energy vibrations observed, including MX (X =

Q band is probably weak ih and masked by the feature at halide) and Ma-N stretching modes in the region of band
578 nm, the nature of which is not known. The RR spectrum, V in [Mn(ETP)(CI)] (ETP = etioporphyrin I), this feature

(52) Spiro, T. G.; Li, X.-Y. InResonance Raman Spectra of Heme and (54) Boucher, L. JCoord. Chem. Re 1972 7, 289-329.

Metalloproteins;Spiro, T. G., Ed.; Wiley: New York, 1988; pp-137. (55) Parthasarathi, N.; Hansen, C.; Yamaguchi, S.; Spiro, TJ.Gm.
(53) Hendrickson, D. N.; Kinnaird, M. G.; Suslick, K. 3. Am. Chem. Chem. Soc1987, 109, 3865-3871. (b) Gaughan, R. R.; Shriver, D.
S0c.1987 109, 1243-1244. F.; Boucher, L. JProc. Natl. Acad. Sci. U.S.A975 72, 433.
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Figure 10. Resonance Raman spectralpfexcited at 454.5 nm (Soret resonance). The RR spectra were measured with potassium sulfate as the internal
standard (top). The polarized measurement is shown on the bottom.

has been assigned to the predominant CT transifibiate anomalous polarized bands that indicate vibronic coupling.
that Soret excitation in general leads to the enhancement ofTherefore, the band at about 583 nm is assigned to the
higher-energy porphyrin core vibrations. A stronger enhance- vibronic band, @ and the band at 620 nm to Q (cf. Table
ment of the low-energy bands in the RR spectrum upon 7). The separation of these bands of about 1020'dmin
excitation at 488 nm is also found for compouthdompared  agreement with this assignment. In addition, corresponding
to that in the Soret RR spectra dfand 3, indicating that bands at 560 and 592 nm in [Mn(ETP)(CI)] have also been
this analysis is correct. It is important to note that the most attributed to these featuré&Finally, the nature of the band
intense band in this spectrum is the feature at 393 cm, at about 530 nm is not clear. Anomalous polarized bands
which corresponds to the totally symmetbigeatnindMn— are present in the RR spectra but only with low intensity
N) vibration. The RR excitation profiles of this mode differ upon excitation at 514.5 nm.

significantly for compound® and 1, as shown in Figures
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