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ABSTRACT 

'H NMR and EPR techniques were used to investigate the electron spin 

distribution and electronic ground state in several iron tetrapyrrolic macrocycles. The first 

macrocycle studied is conrole, including [(MegC)FeCl] (MegC = 2,3,7,8,12,13,17,18-

octamethylcorrole) and [(7,13-Me2Et6C)FeCl] (7,13-Me2Et6C = 7,13-dimethyl-

2,3,8,12,17,18-hexaethylcorrole) and four me^o-substituted corrolates-[(TPCorr)FeCl], 

[(4.N02TPCorr)FeCl], [(4-MeOTPCorr)FeCl] and [(TPCorr)FeC104] (TPCorr = 5,10,15-

triphenylcorrole). These chloroiron corrolates were all found to be S = 3/2 intermediate-

spin iron(in) 7C cation radical complexes, with the corrole radical strongly antiferro-

magnetically coupled to the spins of the iron, leading to an overall spin of 1 and large 

negative n spin densities on the meso positions. Upon addition of imidazole ligands, 

[(MegQFeCl] and [(7,13-Me2Et6C)FeCl] change to bis-imidazole low-spin iron(III) % 

cation radical species at low temperature. There is little or no ferromagnetic coupling 

between the radical and the iron center, resulting in large position tc spin densities on the 

meso positions. The binding of cyanide to [(7,13-Me2Et6C)FeCl] causes autoreduction of 

the complex. An excess of cyanide in the solution can reduce the bis-cyanide complex, a 

low-spin iron(in) n cation radical which is produced first upon addition of cyanide, to the 

mono-cyanide complex, which is a normal low-spin iron(III) five-coordinate complex. 

The redox reaction occurs on the corrole ring instead of at the iron center. 

Proton relaxation times (Ti and T2) of a pyrrole-CHa peak from the heme domain 

of the chicken liver sulfite oxidase were measured by NMR methods. From the relaxation 

times, it is found that the sulfite oxidase en^nne tumbles as the whole protein rather than 

the larger Mo domain and the smaller heme domain tumbling somewhat independently. 
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The last macrocycles investigated are chlorins and mono-oxochlorin. Both high-

spin tetraphenylchlorinatoiron(III) chloride (TPCFeCl) and octaethylchlorinatoiron(III) 

chloride (OECFeCl) and their low-spin complexes with different imidazole and pyridine 

ligands were studied by NMR and EPR. The fiUl peak assignments were made for all 

high-spin and low-spin species fit)m COSY, NOESY, NOE difference and saturation 

transfer experiments. The NMR results show that, like TPPFe(III) and TMPFe(III) 

ccomplexes, the low-spin TPCFe(III) complexes change their ground state from 

(d^)'(dxzdyz)' to (dxzdyz)\dxy)' with decrease in the donor strength of the axial ligands, 

while OECFeQII) complexes keep their ground state unchanged (always (dxy)^(dxzdyz)^) 

with different axial ligands in the temperature range of NMR experiments (+30 °C to -90 

°C)). However, EPR data show that both TPCFe(III) and OECFe(in) complexes have the 

trend of change to (dxzdyO^dxy)' ground state with weak donor ligands (such 4-

cyanopyridine). The electronic structure of [0ECFe(t-BuNC)2r is the (dxzdyz)'*(dxy)' 

ground state with a low-lying (dxy)^(dx2dj,z)^ excited state. The chlorin ring of [OECFe(t-

BuNC)2]^ is probably rufHed, as in [0EPFe(t-BuNC)2]'̂ . The NMR spectrum of 

[0ECFe(t-BuNC)2r is characterized by the large downfield shift of the pyrrolene protons, 

indicating the involvement of the A.i orbital in the spin distribution mechanism, [mono-

oxo-OECFe(Im-f/4)2]Cl (mono-oxo-OEC = 2-oxo-3,3',7,8,12,13,17,18-octaethyl-chlorin) 

is a low-spin Fe(ni) complex with (dxy)^(dx2dyz)^ ground state. The pattern of the 

chemical shifts of the pyrrole-CHi and meso protons is similar to diat of [OECFe(Im-

t4)2]Cl, except that more peaks were observed due to its lower symmetry. Finally, DFT 

calculation on high-spin iron (HI) chlorin was carried out to predict the Fermi contact 

shifts and spin distribution mechanism. 
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Chapter 1 

Introduction 

1.1 Porphyrins and Other Tetrapyrrole Macrocycle Complexes 

Heme proteins are a class of proteins that are essential in every cell of every 

living organism.' Their functions include the transport and storage of dioxygen in cells^ 

(hemoglobin, myoglobin), electron transfer^ (cytochromes) and metabolism of a variety 

of molecules^ (cytochromes P450, nitrite reductase, sulfite oxidase), etc. Heme proteins 

consist of a protein backbone and one or more prosthetic groups called iron porphyrins, 

also called hemes, which are the active cites of heme proteins. Porphyrins are a class of 

tetrapynole macrocycle complexes with four nitrogen atoms ligated to the metal center, 

leaving the fifth and sixth coordination sites for axial ligands. The properties of iron 

porphyrins depend on their substituents at the P-pyrrole and meso positions, the oxidation 

state of the metal center and the axial ligands. 

Heme proteins have been studied for many years by many physical and chemical 

techniques, such as X-ray crystallography, resonance Raman, NMR, EPR, MCD and 

Mdssbauer spectroscopies.^*^ However, these molecules with a typical molecular weight 

of ten thousand to one hundred thousand are too large for complete characterization, 

making the study of their heme centers very difficult. Fortunately, synthetic model 

complexes can overcome these difBculties. They have many advantages, including ease 

of obtaining a large amount of compound, ease of changing substituents and axial 

ligands, and simpler spectra. The porphyrin ring structure is shown in Figure l.l. 
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Synthetic porphyrins usually are made with various substituents on the meso or P-pyrrole 

positions, such as tetraphenylporphyrin (TPP, four phenyl substituents on the four meso 

positions) and octaethylporphyrin (OEP, eight ethyl substituents on the eight pynole 

positions). 

Some bacterial cytochromes contain iron chlorins (also known as dihydro-

porphyrins) or isobacteriochlorins (also called A,B-tetrahydorporphyrins) instead of iron 

porphyrins as the prosthetic groups.'®*" They are sometimes called "green hemes", since 

both of them are green in color. Compared with porphyrin, chlorin has one less double 

bond between two adjacent p-pyrrole carbon atoms (Figure 1.1). The protons at position 

2,3 are called pyrrolene protons. This macrocycle is still aromatic and has lower 

symmetry than porphyrin. In isobaceteriochlorin, there are two saturated bonds in two 

adjacent pyrrole rings (Figure 1.1). 

Another interesting tetrapyrrole macrocycle is corrole.'̂  This aromatic macro-

cycle, with one meso carbon atom missing and a direct link between two pyrrole rings, 

produces a trianion when fully deprotonated. Therefore, it may tend to stabilize transition 

metals in higher oxidation states than does the dinegative porphyrinate ligand. Unlike 

porphyrins and chlorins, corroles are not natural products, but they still have biological 

importance since the corrole ring is similar to that of corrins (Figure 1.2), the nucleus of 

vitamin Bn, although corroles have many more pi bonds and are aromatic, unlike the 

corrin ring. The corrole ring may be considered an intermediate in structure between the 

corrin and porphyrin. 



Porphyrin Ring 

Chlorin 

Isobaceteriochlorin 

Figure LI Structures of the porphyrin and chlorin rings 



Corrole 

.CONH, 

CHj 

CONH, 

RingofVeij 

H,NOC' 

/ 

ONH2 

Figure 1.2 Structure of the corrole ring and the core of vitamin B12 

1.2 Electronic Structure of the Metal Center 

The metalloporphyrins (and other macrocycles) have a rich variety of potential 

electron configurations. For the first-row transition metal complexes, whose five d-

orbitals are shown in Figure 1.3, the valence electrons are usually located in the 3d 

orbitals of the metal, except in the relative rare cases of tc cation or anion radicals. For 
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example, for the low-spin iron(III) porphyrin complexes, the ground state can be 

(dxy)^(dxzdyz)^ (thc pattcm on the right side in Figure 1.3) or (dxzdyz)\dxy)^ (the pattern on 

the left side in Figure 1.3), depending on the axial Iigands and the substituents on the 

porphyrin ring. 

if 

A 

T 

ix2-y2 

^x2-y2 

^yz ^xz 'xz 

d d, 
^xz 

Rhombic Tetragonal Octahedral Tetragonal Rhombic 

Figure 1.3. Possible lowing of symmetry of the d-orbitals firom octahedral symmetry 

(center) to either tetragonal or rhombic symmetry. 
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1J NMR Studies on Paramagnetic Compounds 

Although only a few NMR studies of metallochlorins and metallocorroles have 

been reported,'̂ *'̂  hundreds of papers have been published on NMR studies of heme 

protein and iron porphyrin model compounds. '̂̂  

In NMR studies of porphyrins, we usually have to deal with paramagnetic 

complexes, for example, low-spin Fe(III) porphyrins (S=l/2). The unpaired electrons 

make the NMR studies more difBcult for two reasons; fast relaxation and large chemical 

shifts. Short relaxation times may make peaks too broad to allow peak assignments using 

pulsed NMR techniques.'̂  Large chemical shifts lead to large spectral widths and poor 

base lines. On the other hand, the unpaired electrons can give useful information for 

understanding the fimctions of the metal center, such as the electronic structure of the 

metal center, properties of ligand-metal bonds, etc,'' NMR is a good method for 

obtaining this information. 

In paramagnetic molecules, the observed chemical shifts consist of two parts: 

diamagnetic and paramagnetic shifts. 

Sobs ~ Sjia •!" 5para (1*1) 

The diamagnetic contribution 5dia is what we would observe if the unpaired 

electrons were not present. It is directly evaluated by recording the NMR spectrum of an 

appropriate diamagnetic analog of the molecule of interest The paramagnetic shift Span, 

also called the hyperfine shift or the isotropic shift, also includes two contributions: the 

contact shift and the pseudocontact shift: 



21 

(1.2) 

(a) Contact Shift 

The unpaired spin in the paramagnetic molecule usually not only is located on the 

metal center, but is also distributed to the peripheral atoms via chemical bonds or through 

space. The contact shift, §con arises fiom scalar coupling (through bonds) between the 

nuclear spin and the electron spin delocalized to the nucleus.'̂  The contact shift is given 

where g,/ is the principal component of the electronic g tensor; xu is the magnetic 

susceptibility tensor; A is the Fermi hyperfine (contact) coupling constant; and yn is the 

magnetogyric ratio of the nucleus. If there is no zero field splitting and the Curie law is 

where <g> is the average g value, S is the total electron spin quantum number. For a 

system possessing m spins, A is given by 

by 

(1.3) 

valid, this equation simplifies to^° 

Scon='A<g>fiS(SH)/3n,hkT (1.4) 

A = (87Lf3)YshgP imf- (1-5) 
m 
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with summation over ail m spins. |T(0)p is the probability of finding the electron at the 

nucleus. Hence the Fermi contact coupling constant arises only firom spin in s orbitals. 

The observed coupling constant K, for the case where a whole unpaired spin resides in a 

ns orbital, may be defined by 

K=(8ji/3)rNhgfi\'F„(0)\' (1.6) 

where | is the density at the nucleus when the ns orbital is singly occupied. Thus 

the effective firaction of an unpaired spin, or spin density p, in the ns orbital can be 

expressed by 

P=i 1^)1^)^(0)1^ = 2SA/K (1.7) 
m 

or A = Kp/2S (1.8) 

The contact shift can be calculated fix)m Equation (1.4) and (1.8) if K and p are 

known. Usually this is very difficult for nuclei other than protons and a spin systems. 

Fortunately, in 'H NMR studies of porphyrins, a simple model can be used to overcome 

the difficulties. 

The porphyrin ring may approximately be regarded as a planar macrocycle, 

containing an aromatic molecular n orbital system. Since the ti and <s orbitals are 

orthogonal here, the tc system can be dealt with independently^^ This simple model 

works very well. Even HQckel calculations on the n system can give good results. In this 

case, the tc spin density p of atom i (carbon or nitrogen) on the ring is given by 
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Pi 5̂  (1.9) 
J 

where Cm is the coefficient for the /th orbital in the mth MO in the normalized wave 

functions. The summation is over all singly occupied MOs. 

Now let us consider the protons attached to the aromatic MO system. The proton 

is unique among the elements since it utilizes only the Is orbital in bonding. Because the 

wave function for a n orbital in an aromatic system is antisymmetric with respect to 

reflection in the aromatic plane, while the proton Is orbital is totally symmetric, direct 

delocalization of the unpaired spin from the 7t system to the proton is symmetry 

forbidden. However, the carbon (or other heteronucleus), which is part of the aromatic 

system and hence contains unpaired spins, can induce sizable spin density on the proton 

via correlation effects. The induced spin density is proportional to the amount of spin of 

the nucleus the proton attached to, but with opposite sign. Actually, it is not the spin 

density of the proton that is of interest but the spin density of the atom to which the 

proton is attached. The proton coupling constant is given by^ 

where pH-kpc, k» -0.05. The experimental value of Ar/f(for the Is orbital) is 1420 MHz. 

Thus QCH is in the range -60 MHz. Usually, QCH - -63.0 MHz or -22.5 gauss is the 

commonly accepted value.^ The negative sign of QCH means that if there is positive spin 

density distributed on the carbon, the attached proton gives negative contact shift. 

AH - KHP[^2S - KNKPC/LS - QCHPC/2S (1.10) 
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If the proton in the above C-H firagment is replaced by a methyl group, the Fermi 

contact coupling constant of the methyl protons is comparable in magnitude to the 

coupling constant of the C-H fragment proton, but with positive sign. In the case of 

methyl protons, since the linear combination of the proton Is orbitals above and below 

the plane is also antisynmietric with respect to the ti plane, the direct interaction between 

the proton Is orbitals and the aromatic n system is now allowed. Hence the spin density 

on the methyl protons and on the n system has the same sign, and Acm is also 

proportional to PC. The expression of ACH3 is similar to that of AH'. 

The magnitude of Ach3 depends on 6, the angle between the C-C-H plane and the 

P* axis of the aromatic system, with^*^^ 

Both 5o and Bi are positive, with Bo = 11 MHz and Bt = 140 MHz. Although Qccm is 

variable, it is always positive. 

(b) Pseudocontact Shift 

The other component of isotropic shift, pseudocontact shift Sps, arises &om 

through-space dipolar interaction of the nuclear spin with the electronic spin and the 

interaction between the nuclear magnetic moment and the electronic orbital momentum. 

This term can be approximately separated into two contributions, one firom unpaired spin 

centered on the ligand nucleus and the other fi»m unpaired spin centered on the metal 

Ach3 - QccmPcl2S (l . l l)  

QCCHS — BQ + BZCOS^Q (1.12) 
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ceater.^^*^ For proton NMR studies, the unpaired spin centered on the proton resides in 

an s orbital. Thus the ligand centered contribution is negligible. In this case, the 

pseudocontact shift Sps is dipolar in form and also called the dipolar shift Sdip. The metal 

centered contribution to the pseudocontact shift is^" 

where N is Avogadro's number, x// principal components of the magnetic 

susceptibility tensor (per mole), 0 is the angle between the proton-metal vector and the z 

molecular axis, r is the length of this vector, and is the angle between the x axis and 

the projection of this vector on the xy plane. If a single multiplet with effective spin is 

thermally populated and therefore the molecule follows the Curie law, the above equation 

reduces to 

For metal complexes with isotropic g tensors and zero>field splitting D (S >1/2), the 

dipolar shift is^° 

+ sin^0cos2Q(Xxx - Xyy)V2Nr^ (1.13) 

5dip = J3^S(S+l)[i3cos^B -WgJ - gj - gy/) 

+ 3sin^0cos2Q(gt*^-g>y^)]/18^rr^ (1-14) 

5dip = 



26 

Expressions for the dipolar shift in anisotropic molecules with electronic zero-field 

splitting are rather complex. 

1.4 Molecular Orbitals of the Porphyrin, Corrole and Chlorin 

The five d-orbitals of the metal center consist of three types: (1) dx2.y2 and dzi 

have a symmetry. dx2.y2 interacts with the o orbitals of the porphyrin nitrogens and dz2 

interacts with the a orbitals of the axial Ugands. (2) The d^ orbitals, dxz and dyz, can form 

7c-bonding with both filled and empty 7i-symmetry orbitals of the porphyrin (or other 

macrocycles) as well as the axial ligand. (3) The dxy orbital, which has no symmetry 

match to any suitable orbitals of porphyrin ring and axial Ugands as long as the porphyrin 

ring is planar, is nonbonding. 

Since the porphyrin ring is usually almost planar and aromatic, the a and n 

orbitals can be dealt with separately. The a orbitals of the four nitrogens interact with the 

dx2.y2 orbital of the metal center. If dx2.y2 is singly occupied, there is large cr spin 

delocalization to the P-pyrrole protons. This is characterized by their positive contact 

shifts and the rapid attenuation as aliphatic carbons are inserted between the porphyrin 

ring and the protons.® For Fe(III) porphyrins, half-occupation of the dx2-y2 orbtial occurs 

only for high-spin (S = 5/2) complexes. 

The 24 pz orbitals of carbons and nitrogens, which are perpendicular to the 

porphyrin ring, are combined to produce 24 Tc-symmetry molecular orbitals. The frontier 

molecular orbitals of the porphyrin ring, calculated using the program MPORPH,^^ are 

shown in Figure 1.4. They are labeled^^ as, in order of increasing energy, 3e(n) < laiu(7c) 
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- 3a2u(«) < 4e(7t*). The 3e(7c), laiu(7c) and 3a2uOt) orbitals are filled, while 4e(7c*), the 

LUMOs, are empty. Among these orbitals, only 3e(7c) and 4e(7C*) have the proper 

symmetry for overlap with the metal d, (dxz and dyz) orbitals. The ds-e(7t) combination 

orbitals are also included in the figure. They are mainly metal in character and the orbital 

coefficients depicted are very similar in ratio to those of the totally ligand-based 3e(7i) 

orbitals, except for non-zero coefficients for the meso-carbons of both dn-e(7i)orbitals. 

If there are unpaired electrons in d^z or dyz orbital of the metal center and the 

dominant n interaction involves the 3e(n) orbitals of the porphyrin (L-^M n donation), 

there is large n spin derealization to the pyrrole positions. This is indicated by the large 

negative contact shift of the pyrrole-P-H and positive shift of the pynole-P-CHs. If the 

dominant n interaction involves the 4e(7i*) orbitals of the porphyrin (M->L ti back-

donation), there is large n spin delocalization to the meso as well as the pyrrole positions. 

This is indicated by the large negative contact shift of the meso-H and positive shift of the 

meso-CU}, as typically seen for high-spin Fe(III) porphyrins. '̂̂  

Sometimes, the unpaired electron is located on the porphyrin ring instead of the 

metal ^/-orbital. In this case, the system is called a metalloporphyrin n cation or anion 

radical. For example, an Fe(III) porphyrin ti cation radical can be written as 

The unpaired electron is in the latu or 3a2u orbital, one of which is the HOMO of the 

porphyrin n system. Please note that "tc cation radical" is only a conventional name, 

indicating that one electron has been taken firom the porphyrin ring. For k anion radicals, 

the extra electron is typically localized in one of the 4e(7t*) orbitals. 
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Chlorins have similar fix}ntier orbital to those of porphyrins, except that the 

reduction of one pyrrole ring reduces the symmetry of the molecule, and thus removes 

the degeneracy of the 3e(7c) and 4e(ii*) orbitals (Figure 1.5). Unlike porphyrins, the 

laiu(7c) orbital (denoted A.i here) now has the proper symmetry at the nitrogens of rings 

n and IV to allow overlap with a d. orbital.^ This has important consequences for the 

pattern of spin delocalization observed for both high- and low-spin iron(III) complexes of 

chlorins. 

The frontier orbitals of corroles are shown in Figure 1.6. There are two interesting 

features for conoles: first, the energies of the S.| and d-S.2 and d-A.2 orbitals, as 

calculated from a Hackel treatment, are inverted; second, the relative orbital electron 

density coefficients at the meso positions of the dx-e(ic) orbital are quite large. These 

features perhaps help to explain the formation of the corrole n cation radical and the 

pattern of the proton NMR spectra discussed in Chapter 2. 
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4e(it*) 

dit-e(ic) 

3a3u(ic) 

laiu(T[) 

3e(ic) 

Figure 1.4 Frontier molecular orbitals of the porphyrin ring, including the mainly metal 

d,t-e(7c) combination orbitals, calculated using the program MPORPH.^^ The relative sizes 

of the circles at each atom represent the square of the relative orbital coefBcients, which 

are closely related to the spin densities. 
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Si 
Ai 

d-A-2 

"4e(ii*)" 

"dK-e(7i)" 

"3a2u(7c)" 

"laiu(7t)" 

"3e(iir 

Figure 1.5 Frontier molecular orbitals of the chiorin ring, including the mainly metal 

dR-e(7c) combination orbitals, calculated using the program MPORPH?^ The relative sizes 

of the circles at each atom represent the square of the relative orbital coefBcients, which 

are closely related to the spin densities. 
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"laiu(n)" 

A-i 

S-2 A-2 

Figure 1.6 Frontier molecular orbitals of the conole ring, including the mainly metal 

di(-e(7c) combination orbitals, calculated using the program MPORPH.^^ The relative sizes 

of the circles at each atom represent the square of the relative orbital coefBcients, which 

are closely related to the spin densities. 
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Chapter 2 

NMR and EPR Studies on Iron Corrolates 

2.1 Introduction 

In recent years the studies of some tetrapyrrolic macrocycies other than porphyrins have 

become of interest to chemists.^" One of the interesting tetrapyrroles is corrole, '̂" '̂* which has 

aromatic n system analogous to that of porphyrin, but with a direct link between two pyrrole 

rings. In this chapter, studies on several iron corrolates will be discussed. The chapter consists of 

three parts. In Section 2.2, the NMR and EPR studies chloroiron corrolates of 2,3,7,8,12,13, 

17,18-octamethyl- and 7,13-dimethyl-2,3,8,I2,17,l8-hexaethylcorrole ([(Me8C)FeCl] and [(7,13-

MeiEteQFeCl], respectively) and their imidazole complexes are reported. The electrom'c 

structure of these two compounds and their imidazole complexes are discussed mainly based on 

the NMR results. Section 2.3 is about the autoreductioa of the cyanide complexes of [(7,13-

MeiEtaQFeCl]. In Section 2.4, four/n^jo-substituted corrolates~(5,10,15-triphenyl-corrolato)-

iron chloride, (5,lO,15-tri(4-nitrophenylcorrolato))iron chloride, (5,I0,15-tri(4-methoxylphenyl-

corrolato))iron chloride and (5,10,15-triphenylcorrolato)iron perchlorate ([(TPCorr)FeCl], [(4-

N02TPCorr)FeCl], [(4-MeOTPCorr)FeCl] and [(TPCorr)FeCl04], respectively) are studied by 

NMR. 

2.2 NMR and EPR Studies of [(MegQFeCl] and [(7,13-Me2Et6C)FeCl] and Their 

Bisimidazole complexs 
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[(7,13-Me2EtejC)FeCll 

Et Me 

[(Me,C)FeCl] 

Figure 2.1 Structure of [(MegQFeCl] and [(7,13-Me2Et6C)FeCl]. 
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22.1 Experimental Section 

Materials and Sample Preparation. [(MegQFeCl] and [(7,l3-Me2Et6C)FeCl] (Figure 2.1) 

were provided by Prof. Silvia Licoccia '̂"^^ of Universita di Roma Tor Vergata. Imidazole and N-

methylimidazole were purchased firom Aldrich, and used as received. Deuterated imidazole, 

imidazole-d4 (D, 98%) was purchased from Cambridge Isotope Laboratories. Complexes with 

imidazole ligands were prepared in S mm NMR tubes in deuterated methylene chloride, CD2CI2 

(Cambridge Isotope Laboratories), by directly adding excess CD2CI2 solution of axial ligands 

(iron corrolate:axial ligand 1:6 in moles). All samples were prepared immediately prior to the 

recording of NMR data without degassing. 

NMR Spectroscopy. 'H NMR spectra were recorded on a Varian Unity-300 spectrometer 

operating at 299.955 MHz with a variable temperature unit. The spectra were taken in CD2CI2 

over temperature ranges from -85 "C to +30 "C, referenced by the resonance from residual 

solvent protons (5.32 ppm relative to TMS). The temperature was calibrated using the standard 

Wilmad methanol and ethylene glycol samples. ID spectra were collected by using the standard 

one-pulse experiment with a spectra width of 60-70 KHz, a 90° pulse and 256-1024 transients. 

In the case when the relative peak areas were needed to calculate the mmiber of protons for each 

resonance, a long acquisition time of 1 s and long relaxation delay of 5 s were used. If no 

integral was needed, the acquisition time of 50-100 ms and zero relaxation delay were used. 

DOF-COSY and NOESY spectra were acquired with a spectral window of 12-18 kHz 

using 512 tz data points, 128 ti increments and 512-1024 transients with relaxation delays ranged 

from 0.1 to 0.3 s and mixing time of20-40 ms. All data were processed on the workstation of the 

Unity-300, with a line broadening window function (lb=20) for ID data and a Gaussian function 
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for each dimensions of 2D data. For 2D spectra, zero-filling was used to give final matrices of 

I024f/ X 1024/^ data points before Fourier transformation. 

EPR Experiments. The samples were the same as the ones prepared for NMR experiments. 

After NMR spectra were collected, the samples were transferred &om NMR tubes directly to 

EPR tubes, and kept fi-ozen in liquid nitrogen for EPR studies the following day. For 

quantitation of EPR signals, samples were prepared immediately before data acquisition. 

Samples of O.OlO mmol (5.8 mg for [(7,l3-Me2Et6C)FeCl], 7.6 mg for [(TMP)FeCl]) were 

weighed out and dissolved in 10 mL CH2CI2. For each sample, a small amount of solution was 

transferred to an EPR tube and a large excess of imidazole was added. The samples were frozen 

in liquid nitrogen. The EPR spectra were obtained on a CW EPR spectrometer ESP-300E 

(Bruker) operating at X-band using 0.2 mW microwave power and 100 kHz modulation 

amplitude of 2 G. A Systron-Donner microwave counter was used for measuring the frequency. 

The EPR measurements were performed at 4.2 K using an Oxford continuous flow cryostat, ESR 

900. 

Magnetic Susceptibility Measurements. The magnetic susceptibility was measured by NMR 

methods on the Varian Unity-300 at the temperature ranged from -85 ®C to +30 ®C. This is a 

modification of the Evans method,^^ in which the equations have been modified for the geometry 

of a superconducting magnet.^^ A special coaxial tube (Wilmad) was used in this measurement. 

The solution of the paramagnetic complex was placed in the inner narrow-bore tube and the 

solvent was placed in the outer tube, which is a tegular NMR tube (Figure 2.2). The volume 

magnetic susceptibility (x) of the paramagnetic compound was calculated fix)m 

X = Xo + 750Av/(vopc) (2.1) 
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where xo is the volume magnetic susceptibili^ of the pure solvent, Av (in Hz) is the separation 

of the reference peaks (in this study, solvent was used as the reference) from the inner and outer 

tube, vo is the operating RF frequency of the spectrometer, p is the density of the solvent, and c 

is the concentration (in g/L) of the paramagnetic compound. The value of xm was calculated 

from X in the usual way, and xm was corrected for the diamagnetic susceptibility of the corrole 

ligand, calculated from the sum of the Pascal constants.^^ The efTective magnetic moment, |Je(r> 

was then calculated from XM(corr). 

.Solution of paramagnetic compound 

•Reference solvent 

Figure 2.2 Coaxial tube for magnetic susceptibility measurements. 



37 

2.2.2 Results 

Plfiwh3,l7 

p]nnw>7,13 
MHIOhltK 

pyinto-3.ll 
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1 
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Figure 2.3 ID spectra of (a) [(MesQFeCl] and (b) [(7,13-Me2Et6C)FeCl] in CD2CI2 at -1-30 °C, 

showing all methyl resonances and the strongly downfield-shifted meso-H resonances (inserts), 

the latter expanded vertically by a factor of 5 or 10. 
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[(MesQFeCl] and [(7,13-]VIe2Et6QFeCl). In Figure 2.3(a) and Figure 2.3(b) are shown the ID 

spectra of [(Me8C)FeCl] and [(7,13-Me2Et6C)FeCl] obtained at +30 ®C, respectively. The 

COSY spectrum of [(7,13-Me2Et6C)FeCl] obtained at +30 °C is shown in Figure 2.4. The ID 

and NOESY spectra of the latter complex obtained at -SO "C are shown in Figure 2.S. The 

chemical shifts of [(Me8C)FeCl] and [(7,13-Me2Et6C)FeCl] at +30 °C, together with the data for 

[(EtgC)FeCl] taken from the literature,'̂  are summarized in Table 2.1. The assignments are 

based on the COSY and NOESY spectra of [(7,l3-Me2Et6C)FeCl], and by comparison of 

chemical shifts of the three complexes. All resonances exhibit approximate Curie behavior, as 

shown in Figure 2.6 for the methyl and methylene resonances of the two complexes. 

Table 2.1. Chemical shifts and assignments of chloroiron alkylcorrolates at 300 K. 

[(Me8C)FeCl]» [(7,13- [(EtgOFeCl]'®" Assignment 
Me2Et6C)FeCl]" 

183 (IH) 187 (IH) 189 (IH) Meso-IQ 

172 (2H) 174 (2H) 177 (2H) Meso-5,\5 

43.7 (6H) 29.7 (2H) 29.2 (2H) Pyrrole-2,18-

17.3 (2H) 17.7 (2H) CH: or CHs" 

33.8 (6H) 27.3 (2H) 27.8 (2H) Pyrrole-8,12-

4.1 (2H) 3.7 (2H) CHj or CHs" 

18.2 (6H) 20.9 (2H) 21.3 (2H) Pyrrole-3,17-

-5.2 (2H) -5.7 (2H) CHj or CHs" 

18.0 (6H) 18.0 (6H) 15.8 (2H) Pyrrole-7,13-

0.0 (2H) CH2 or CHs" 

2.5 (6H) 2.5 (6H) CliiCH3-3,ir 

— 1.2 (6H) 1.3 (6H) CH2Cifj-8,12 

0.6 (6H) 0.6 (6H) 

-0.3 (6H) CH2C^j-7,13 

Compound\'H 
Chemical 
Shifts(ppm) 
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a) This work. 

b) Assignments not reported; assignments listed are based upon those for [(3,17-

MeiEteQFeCl]. 

C) Assigimients based upon comparison to the "Mn(in) corrolate" assignments'̂  (actually 

Mn(II) corrolate cation radical). 

The NMR data demonstrate that [(7,13-Me2Et6C)FeCl] and [(Me8C)FeCl] have the 

following properties: (a) both complexes have positive shifts for pyrrole CH2 or CH3 protons and 

very large positive shifts for the two types of meso protons, (b) In [(7,13-Me2Et6C)FeCl], the 

two protons of each pyrrole CH2 group are not magnetically equivalent because the mirror plane 

is lost due to chloride binding. One of these protons has a negative or very small positive 

chemical shift, indicating a negative dipolar shift, (c) Substitution of methyl groups by ethyl 

groups at pyrrole positions results in a decrease of the chemical shift of the pyrrole alkyl protons. 

In fact, the methyl shifts of [(MegQFeCl] are larger than the average methylene shifts of [(7,13-

Me2Et6C)FeCl] by 87-130% (Table 2.1). Similar differences in shifts are seen for methyls and 

methylenes in iron(III) porphyrins,^*^^ and are undoubtedly due to a combination of the 

difference in the number of protons to which spin is delocalized, as well as a preferred 

conformation for the methylene groups and thus a particular Karplus angle that affects the spin 

density at the methylene protons. 

From the NOESY spectrum of [(7,I3-Me2Et6C)FeCl] (Figure 2.5), resonances from 

pyrrole-8,12-CH2 and pynole-7,13-CH3 can be assigned. Although the 2D data do not lead to 

assignment of which methylenes are at the 2,18 and 3,17 positions, a ftiU assignment can be 

proposed by comparing the chemical shifts of this complex with those of [(MegQMn],'̂  whose 

pyrrole groups have been completely assigned by systematic substitution. Since [(MegC)Mn] 
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30 25 20 15 10 

F2 (ppm) 

Figure 2.4 DQF-COSY spectrum of [(T.lS-MeiEteQFeCl] at +30 ®C. The diagonal projection 

is shown above the 2D spectrum, and hence the peak mtensities are distorted with respect to 

those of Figure 2.3(b). The crosspeaks in the DQF-COSY spectrum come from correlation of 

protons within ethyl groups. For each ethyl group, there are three pairs of crosspeaks: one from 

the correlation of the two protons of the CH2 group and two from the correlation of the two CH2 

protons to the CH3 protons. 
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Figure 2.5 (a) ID spectrum of [(T.lS-MeiEteQFeCl] in CD2CI2 at -50 "C with a spectral width 

of 16 kHz. (b) NOESY spectrum of [(T.lS-MeaEteQFeCl] at -50 °C. Only one pair of 

crosspeaks, labeled (i), which are not shown in the COSY spectrum, are observed. This pair of 

crosspeaks arises &om an NOE between one proton each fi:om two different ethyl groups, which 

should be adjacent to each other. They are thus assigned to pyrrole-CHi protons at positions 

2,18 and 3,17. 
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Figure 2.6 Curie plot of the pyrrole substituent resonances of (a) [(Me8C)FeCl] and (b) [(7,13-

Me2Et6C)FeCl]. Solvent = CD2CI2. Symbols: (a) 0,2,18-CH3; A, 8,12-CH3; 0,3,17-CH3; x, 

7,13-CH3 (b) O, 2,18-CH2; •, 8,12.CH2; O, 3,17-CH2; A, 7,13-CH3; V, 2,18-CH2; +, 8,12-

CH2; •, 3,17-CH2; based upon the assignments given in Table 2.1 (see text). 
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has the same number of valence electrons as [(MegC)FeCl] and they show a similar 'H NMR 

pattern, it is reasonable to conclude that they have the same order of pyrrole-CHs shifts: pyrrole-

2,18 > pyrrole-8,12 > pyrroIe-3,17 > pyrrole-7,13 from the most downfield to the most upfield 

resonance. 

Both [(7,13-Me2Et6C)FeCl] and [(MegQFeCl] are EPR silent. [(7,13-Me2Et6C)FeCl] 

shows an almost constant magnetic moment of 3.0 |̂ b from 203 to 303 K, as shown in Figure 2.7 

(a), indicating two unpaired electrons (S = I) in this complex. The results are consistent with the 

magnetic moment of [(EtgQFeCl],'  ̂ which is 2.97 hb at 293 K, measured by the Gouy method. 

[(MegQFeCI] and [(7,13-Me2Et6C)FeCl] in the presence of axial imidazole ligands. If an 

excess of axial ligand (either imidazole or N-methylimidazole) is present in the solution of 

[(Me8C)FeCl] or [(7,13-Me2Et6C)FeCl], several tiny peaks can be seen in their proton NMR 

spectra at room temperature. Figure 2.8(a), which may arise from both mono- and bis-imidazole 

complexes. Low temperature favors the binding of imidazole, and below -50 "C, only bis-

imidazole complexes are present in the solution. Figure 2.8(b) and (c). In the spectrum of [(7,13-

Me2Et6C)FeCl] with axial ligands at -70 °C, only three pyrrole a-CHi resonances of relative 

area 4 are shown instead of six peaks of relative area 2, as shown in free [(7,13-Me2Et6C)FeCll. 

This, as well as the integrated intensities of the coordinated imidazole peaks, demonstrates that 

the iron centers have two imidazole ligands boimd, so that the two CH2 protons of each pyrrole 

ethyl group are now magnetically equivalent. Bis-inudazole complexes [(MegC)Fe(L)2rcr and 

[(7,13-Me2Et6C)Fe(L)2rcr (L = imidazole or N-methylimidazole) exist only at low 

temperatures. With increasing temperature, the complexes dissociate into [(7,13-Me2Et6C)-

Fe(L)Cl] or [(Me8C)Fe(L)Cl] (or their Cl'-dissociated forms), and finally, at room temperature, 

are nearly completely in the 5-coordinate [(7,13-Me2Et6C)FeCI] or [(MegQFeCl] forms. 
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Figure 2.7 Magnetic moment in CD2CI2 as a function of temperature for [(7,13-Me2Et6C)FeCl] 

(a) without imidazole ligands and (b) bis-N-methylimidazole complex. 
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Figure 2.8 ID spectra of (a) [(MesQFeCl] with imidazole-</4 in CD2CI2 at +20 °C with a 

spectral width of 16 kHz. (b) [(Me8C)Fe(Im-/i^)2]Cl at -70 °C. (c) [(7,13-Me2Et6C)Fe(Im-ct#)2]Cl 

at -70 °C. The assignments were made ftom 2D spectra (see text). N-mediyiimidazole 

complexes show ahnost the same spectra, except that the N-H is replaced by a methyl group and 

the binding of two axial Ugands requires lower temperatures. Peaks marked L are due to bound 

imidazole Ugands, and FL stands for free imidazole. The meso-H resonances, which are shifted 

strongly upfield, are shown in the insets of (b) and (c). 
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Table 2.2. Chemical shifts and assignments of the bis-imidazole complexes of the chloroiron 

aikylcorrolates, fonned in the presence of ~IS mM imidazole at 203 K. 

Compound\ [(MegC)Fe- [(7,l3-Me2Et6C)Fe- Assignment 

'H Chemical (ImH)dCI» 

Shifts (ppm) 

-95.1 (IH) -188.5 (IH) Meso-lO 

-82.8 (2H) -161.3 (2H) Meso'5,15 

38.2 (6H) 37.1 (4H) Pyrrole-3,17-C//2 
ot-CHs 

11.7(6H) ll.9(4H) Pyrrole-8,I2-CW2 
0X-CH3 

-5.0(6H) -9.7(6H) Pynole-7,13- CHj 

-9.1 (6H) -ll.l (4H) Pyrrole-2,18-C^r2 
or-CHj 

a) Concentration <1 mM. 

b) Concentration ~4 mM. 

In order to simplify the spectra of the bis-imidazole complexes, deuterated imidazole 

(Im-fi/) was used as axial ligand. In the ID spectrum of [(7,13-Me2Et6C)Fe(Im-<//)2rcr, there is 

one more peak in addition to pyrrole, meso-H and solvent signals, as shown in Figure 2.8(c). 

This resonance arises fiiom the ligand N-H. Since there may have been traces of H2O present in 

the solution, the N-D of Im-d^ probably exchanged with H2O to produce N-H. When a drop of 

D2O was added to the solution, the N-H peak of the coordinated imidazole disappeared. 

As in the cases of [(7,13-Me2Et6C)FeCl] and [(MegC)FeCl], partial assignments can be 

made from the 2D spectra of the imidazole complexes, as shown in Figure 2.9 and 2.10, and 

relative peak areas. Furthermore, if the number of equivalents of imidazole added to the 
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chloroiron corrolate is less than two, or the temperature is above -SO "C, then peaks &om both 

chloroiron starting material and the bis-imidazole complex, and even tiny peaks firom the mono-

imidazole complex can be observed in the ID spectra, as shown in Figure 2.8(a). To make fiill 

assignments of the bis-imidazole complexes, EXS Y spectra were recorded at 243 K. The spectra 

show the chemical exchange between the chloroiron starting material and the bis-imidazole 

complex, as shown in Figure 2.11. Below 243 K, EXSY spectra instead show chemical 

exchange between the mono- and bis-imidazole complexes, as shown in Figure 2.14 and Figure 

2.15 below. 

PI ' 
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Figure 2.9 NOESY spectrum of [(Me8C)Fe(Im-A4)2]Cl in CDaCb at -60 "C. All crosspeaks are 

from chemical exchange between free and bound imidazole. Partial assignments of the 

imidazole ligand protons have been made according to the spectrum. 
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Figure 2.10 NOESY spectrum of [(7,13-Me2Et6C)Fe(Im-t/^)2]Cl at-70 "C. Unlike the [(MesQ-

Fe(Im-</#)2]Cl complex, [(7,l3-Me2Et6C)Fe(Im-d/)2]Cl is soluble enough to allow detection of 

weak 1,0E crosspeaks. Two pairs of crosspeaks are shown here: (i) between pynole-2,18 CHi 

protons and pyrrole-3,17 CHi protons; and (ii) between pynole-7,13 CH3 protons and pyrrole-

8,12 CHi protons. 
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Figure 2.11 NOESY/EXSY spectrum of a mixture of [(T.n-MeiEteQFeCl] and [(7,13-

Me2Et6C)-Fe(ImH)2]^Cr, recorded at 243 K in CD2CI2. The resonances of the 3,17-CH2 protons 

at 26.5 and -8.5 ppm that are due to the chloroiron complex are in chemical exchange with the 

broad peak of the bis-imidazole complex at 39 ppm; the resonances of the 2,18-CH2 protons at 

36 and 21.5 ppm that are due to the chloroiron complex are in chemical exchange with a broad, 

unresolved peak of the bis-imidazole complex at -10 ppm; the resonances of the 8,12-CH2 

protons at 34 and 3.7 ppm that are due to the chloroiron form are in chemical exchange with the 

broad peak of the bis-imidazole complex at 13 ppm; and the resonance of the 7,13-CH3 protons 

at 23 ppm that is due to the chloroiron form is in chemical exchange with the peak of the bis-

imidazole complex at -9 ppm. The position of the cross peak below the diagonal between the 

2,18-CH2 resonance of the chloroiron complex at 36 ppm and the bis-imidazole complex at -10 

ppm diat is too weak to be observed at the contour level of this plot is shown by the diamond 

symbol. Strong chemical exchange cross peaks are also observed between the N-H resonance of 

the fi^e imidazole at 2 ppm and the bound imidazole of the bis-imidazole complex at 17.5 ppm. 
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In the EXSY spectrum of Figure 2.11, recorded at 243 K, there are cross peaks between 

the 5-coordinate chloroiron complex 2,18-CH2 resonances at 36 and 21 ppm and the broad peak 

at -12 ppm, between the chloroiron 8,12-CH2 resonances at 34 and 2 ppm and the broad peak at 

13 ppm, between the chloroiron 3,17-CH2 resonances at 26 and -8 ppm and the broad peak at 

39.5 ppm, and between the chloroiron 7,13-CH3 peak at 22 ppm and the broad peak at -9 ppm. 

Thus, based upon the assigiunent of the resonances of [(T.O-MeaEteQFeCI], Table 2.1, the 

chemical shift order for [(7,13-Me2Et6C)Fe(ImH)2]Cl is pynole-3,17 > pyrrole-8,12 > pynole-

7,13 > pyrrole-2,18 from the most downfield to the most upfield resonance. The chemical shifts 

and assignments for the bis-imidazole complexes at 203 K are listed in Table 2.2. 

In contrast to [(7,13-Me2Et6C)FeCl] and [(MegQFeCl], the bis-imidazole complexes 

have large upfield shifts for the meso-H resonances, Figure 2.8 (b, c). This implies that the five-

coordinate chloride compounds and their bis-imidazole complexes have different electronic 

structures. The Curie plots of these bis-imidazole complexes also show more complicated 

behavior, as shown in Figure 2.12. If the imidazole:five-coordinate chloride compound ratio is 

not very high (of the order of 5:1), both the meso-U. and pyrrole-CH2 or -CH3 resonances show 

anti-Curie behavior. These resonances shift with a change in concentration of imidazole or 

chloroiron corrolate, indicating the presence of a chemical equilibrium. Upon doubling the 

imidazole concentration, the temperature dependence of the resonances becomes less anti-Curie 

in nature (Figure 2.12 (b)). Upon diluting the chloroiron corrolate while keeping the 

concentration of imidazole constant, the temperature dependence of the meso-H changes from 

weakly anti-Curie to weakly Curie in nature (Figure 2.12 (c)); however, the intercepts of all of 

these plots are quite negative compared to the diamagnetic shifts of the corrole meso-K. The 

concentration dependence of both imidazole and chloroiron corrolate indicates that the bis-

imidazole complex is not very stable and is in reasonably fast chemical exchange with the mono-
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Figure 2.12 Curie plot of (a) [(Me8C)Fe(Iin-<//)]^Cr CH3 resonances, showing non-Curie 

behavior (solvent = CD2CI2); (b) [(7,l3-Me2Et6C)Fe(ImH)2rcr meso-B. resonances (solvent = 

CD2CI2). 0,0, 5,15-H; •, X, lO-H; O, •, |ImH] » 20 mM; O, x, pniH] w 40 mM; the 

concentration of [(Me2Et6C)FeCl] » 4 mM, constant for the two samples, (c) Curie plot of 

[(7,13-Me2Et6C)-Fe(ImH)2rcr meso-H resonances (solvent = CD2CI2). O, O, +, 5,15-H; •, 

X, A, 10-H; O, •, total concentration of [(Me2Et6C)FeCI]» 4 mM; O, x, total concentration 

of [(Me2Et6C)FeCl] « 2 mM; +, A, total concentration of [^e2Et6C)FeCl] « I mM. The 

concentration of imidazole is constant in all three samples. 



imidazole complex at higher temperatures, and it is not possible to increase the concentration of 

imidazole high enough to fully form the bis-imidazole complex at all but the very lowest 

temperatures investigated (down to 183 K). Thus, the chemical shifts listed in Table 2.2 must be 

considered only approximate. 

The calculated magnetic moment of the bis-imidazole complex of [(7,13-Me2Et6C)FeCl] 

was found to decrease with decreasing temperature, with pcff = 2.8 at 293 K, 2.3 at 253 K, 

1.95 |iB at 223 K, and 1.8 ^b at 203 K, as shown in Figure 2.7 (b). Above 250 K, the 

temperature dependence is probably due to the presence of the chloroiron complex as well as the 

mono- and bis-imidazole complexes, while a value of 2.6 ^b would suggest two unpaired 

electrons having uncoupled spins, '̂ and 1.8 ^b suggests one unpaired electron. Initially it was 

thought that these results indicated a low-spui Fe(III) center ferromagnetically coupled to a 

corrolate cation radical, which then formed a dimer at low temperatures in which the corrole 

cation radicals were coupled to cancel the spin on the macrocycle. However, this explanation is 

inconsistent with the NMR data discussed above and below. Instead, it must be pointed out that 

the magnetic moment, calculated firom the magnetic susceptibility measured by the Evans 

method,^^"^^ assumes that the concentration of the complex is known at each temperature. This is 

not the case for the bis-imidazole complexes, which are very insoluble and visibly precipitate at 

low temperatures. Hence, the decrease in magnetic moment as the temperature is lowered is 

probably due to formation of crystallites of the complex, because this precipitation of the 

complex would lower the concentration of the complex in solution, which would give rise to a 

smaller frequency shift of the signal used for measuring the magnetic susceptibility,^ '̂̂ ^ hence 

leading to a smaller calculated magnetic moment if the concentration of the complex in solution 

is assumed constant. Because of the low solubility of the complex, an accurate magnetic 

susceptibility would need to be measured at very low concentrations, but at these low 
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concentrations the frequency shifi^^*^^ is extremely small, leading to low accuracy of the 

calculated magnetic moment. Thus, the magnetic moment data are not very useful in 

determining the overall spin of the complex and the possible coupling mode of the unpaired 

electrons. 

400 
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•200 

•400 
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H (Gauss) 

Figure 2.13 EPR spectrum of [(MegC)Fe(ImH)2]Cl in CD2CI2 at 4.2 K. Microwave frequency 

9.341 GHz, microwave power = 0.2 mW, modulation frequency = 100 kHz, modulation 

amplitude = 2 G. 

The EPR spectrum of [(Me8C)Fe(ImH)2]^Cr is shown in Figure 2.13 and indicates a low-

spin Fe(III) center, with no evidence of the macrocycle unpaired electron. The g-values of 

[(7,l3-Me2Et6C)Fe(ImH)2rcr are essentially identical (gi = 2.56, gi = 2.21, g3 = 1.83) to those 

of the octamethylcorrolate complex. Quantitative comparison of the integrated intensity of the 

[(7,13-Me2Et6C)Fe(ImH)2rcr signal to that of a similar rhombic low-spin Fe(III) EPR 

spectrum, that of [(TMP)Fe(ImH)2rcr, both at 1 mM concentration, showed that the ratio of 
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intensities was about 0.6:1. Hence, the rhombic EPR signals of [(Me2Et6C)Fe(ImH)2rcr and its 

octamethylcorrole counterpart are certainly not those of small impurities, and in fact, the 

approximate factor of two difference in signal intensity is consistent with partial precipitation 

(formation of tiny crystallites whose EPR signals are sharply attenuated due to exchange 

between unpaired electrons that are separated by less than about 10-12 A) by [(MeiEteQFe-

(ImH)2rcr or its octamethyl counterpart as they are frozen. The intensity of the signal between 

4.2 and 25 K increases approximately according to Curie law, and it is not readily saturated over 

the microwave power attenuation range of50-20 dB. 

Table 2.3. Chemical shifts and assignments of the mono-imidazole complexes of the chloroiron 

alkylcorrolates, formed in the presence of ~15 mM imidazole. 

CompoundV [(Me8C)Fe(ImH)Cl]" [(7,13-Me2Et6C)Fe(ImH)Cl]'' 

'H Chemical or or 

Shifts (ppm) [(Me8C)Fe(ImH)fCr [(7j3.Me2Et6C)Fe(ImH)]^Cr 

68.0 (6H) 

63.6 (6H) 

21.7 (6H) 

76.9 (6H) 

45.1,28.6 (2H,2H) 

46.6,5.4 (2H,2H) 

23.4 (6H) 

53.1,17.0 (2H,2H) 

a) Recorded at 218 K; concentration <1 mM. 

b) Recorded at 213 K; concentration ~4 mM. 

Assignment 

MesoAO 

Meso'5,15 

Pyrrole-2,18-
CHz or CHJ 

PyrroIe-3,17-
CH2OTCH3 

Pyrrole-7,13-
CHs 

Pyrrole-8,12-
CH2OTCH3 
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Figure 2.14 EXSY spectrum of a mixture of [(7,l3-Me2Et6C)FeCl] and its mono- and bis-

imidazole complexes recorded at 213 K in CD2CI2. At this temperature, chemical exchange 

cross peaks are observed only between the mono- and bis-imidazole complexes. For clarity, the 

bis-imidazole resonances are marked with stars in the ID projection above the EXSY map. The 

3,17-CH2 resonance of the bis-imidazole complex at 36.5 ppm gives chemical exchange cross 

peaks to the tiny mono-imidazole complex peaks at 46.5 and buried at 5 ppm; the 8,12-CH2 

resonance of the bis-imidazole complex at 12 ppm gives chemical exchange cross peaks to the 

tiny mono-imidazole complex peaks at 52.5 and 16 ppm; the 7,13-CH3 resonance of the bis-

imidazole complex at -9.5 ppm gives chemical exchange cross peaks to the mono-imidazole 

complex shoulder at 24 ppm; the 2,18-CH2 resonance of the bis-imidazole complex at -10.7 ppm 

gives chemical exchange cross peaks to the tiny mono-imidazole complex peaks at 44.5 and 27 

ppm. 
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Figure 2.15 EXSY spectrum of a mixture of [(MegQFeCl] and its mono- and bis-imidazole 

complexes recorded at 218 K in CD2CI2. The 3,17-CH3 resonance of the bis-imidazole complex 

at 38 ppm gives chemical exchange cross peaks to the tiny mono-imidazole complex peak under 

the bound imidazole resonance at 63.5 ppm; the 8,12-CH3 resonance of the bis-imidazole 

complex at 12 ppm gives chemical exchange cross peaks to the tiny mono-imidazole complex 

peak at 76.6 ppm; the 7,13-CH3 resonance of the bis-imidazole complex at -5 ppm gives 

chemical exchange cross peaks to the tmy mono-imidazole complex peak under the resonance at 

21.5 ppm; the 2,18-CH3 resonance of the bis-imidazole complex at -9 ppm gives chemical 

exchange cross peaks to the tiny mono-imidazole complex peaks at 68 ppm. 
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Although the NMR resonances of the mono-imidazole complex of [(7,13-Me2Et6C)FeCl] 

are extremely small in the ID spectra (Figure 2.8 (a)), their chemical shifts can be measured and 

peak assignments can be made based on EXSY spectra that show the chemical exchange 

between the mono- and bis-imidazole complexes, as shown in Figure 2.14 and 2.15. Table 2.3 

lists the chemical shifts and assignments of the pyrrole-CHi and -CH3 resonances. Since no 

information was obtained on the positions of the meso-H resonances, and since the order of allgrl 

resonances (8>2>3»7) differs from that found for both the chloroiron (2>8»3>7) and bis-

imidazole (3»8>7>2) complexes, the electronic structure of the mono-imidazole complexes is 

still unknown. 

2.2.3 Discussion 

Electronic Structure of [(MegQFeCl] and [(7,13-Me2Et6C)FeCI]. The large downfield shifts 

of the mesO'H resonances of these complexes (Figure 2.3) are striking. Usually, dx2.y2 is the 

highest energy d orbital of the metal center in a metal tetrapyrrole complex,^ and for an 

intermediate spin (S = 3/2) complex, it is thus empty. Thus, there should be little a spin 

delocalization at the meso positions in [(MegC)FeCl], and even if there were an unpaired electron 

in the dx2-y2 orbital, it could not cause large downfield shifts (to nearly 200 ppm). Such large 

downfield shifts of meso-R resonances can only arise from very large negative 71 spin 

delocalization, and then only when there is an unpaired electron, which has an opposite spin to 

that in metal center, in the corrole ring. Even larger positive chemical shifts have been reported 

for Fe(in) octaethyloxophlorin it cation radicals. '̂ In this case, however, the electron 

configuration is high-spin Fe(in) (S = 5/2), rather than intermediate-spin Fe(III) (S = 3/2), 

coupled to a porphyrin it cation radical with a^u synmietry, and thus producing very large spin 
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density at the meso positions. Although the chloroiion corrolate complex of this study is S = 3/2, 

the same a^u-type symmetry of the HOMO of the corrole can certainly lead to antiferromagnetic 

coupling of the corrolate radical electron with the S = 3/2 Fe(III). Similar antiferromagnetic 

coupling of the porphyrinate radical electron with an S = 3/2,5/2 spin admixed Fe(III) was found 

to be consistent with the Mossbauer quadrupole splitting and temperature dependence of the 

magnetic susceptibility for [(0EP)Fe(C104)2],^^ for which the average Fe-N bond length is 

1.999(2) A. In contrast, the Fe-N bond lengths of the Fe(III) octaethyloxophlorin % cation 

radical are much longer (2.07 A) than those of the Fe-N bond lengths of the iron(III) 

octaethylporphyrin it cation"*^ radical or the chloroiron corrolate (1.91 A),'̂  consistent with a 

shiit to higher energy and thus the depopulation of the dxly2 orbital in the iron corrolate S = 3/2 

7C cation radical complex. 

As a result, it can be concluded that, at least for the chloroiron complexes, the so-called 

Fe(IV) corrolates'̂  are actually Fe(III) corrolate n cation radicals. The intermediate spin Fe(III) 

center (S = 3/2) and the corrole ring unpaired electron are antiferromagnetically coupled, giving 

a net spin S = 1, as measured. From the methods utilized In the present and previous work,'̂ "'* '̂'*^ 

it is not possible to determine whether there may be some S = 3/2,5/2 spin admixture. Although 

the 2,18 and 3,17 pyrrole substituent shifts cannot be unambiguously assigned based upon the 

two complexes studied, it is reasonable that the pyrrole-CHa shifts are in the same order as those 

of the Mn(II) corrolate cation radical complexes'®: pyrrole-2,18 > pyrrole-8,12 > pyrrole-3,17 > 

pyrrole-7,13 from the most downfield to the most upfield resonance. 

The unpaired electron of the corrole ring must be in the 76/ orbital'*^ (S.i orbital in Figure 

1.6), which has large density at the meso positions, similar to that of the a^u orbital of the related 

porphyrin macrocycle, and thus results in large negative n spin density on the meso carbons and 

large downfield shifts of the meso-H. resonances. Interestingly, simple Huckel calculations 
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suggest that the 76/ orbital is higher in energy than the metal dxz and dyz orbitais. The strong 

antiferromagnetic coupling of the corrolate unpaired electron with the S = 3/2 iron(III) probably 

causes fast electronic relaxation of the iron center, so that no signal can be observed in the EPR 

spectra. That the antiferromagnetic coupling is strong is confirmed by the near-Curie 

temperature dependence of the proton resonances. Figure 2.5. 

In fact, n cation radicals are common for both transition metal porphyrinates and 

corrolates. The manganese alkylcorrolates mentioned above, which have a similar 'H NMR 

pattern, were shown to be the valence tautomer in which the Mn(II) is in the S = 

3/2 state and the corrole unpaired electron is antiferromagnetically coupled to the metal 

electrons.'® The fact that substitution of pyrrole methyl groups by protons leads to reversal of 

sign of the chemical shifts indicates that contact shifts from n spin derealization dominate the 

chemical shifts at these positions. We expect the same case in the chloroiron corrolates. 

However, the shifts of the meso-H of [(MegC)Mn]'® are somewhat upfield as compared to those 

of [(MegQFeCl] (Table 2.1), while the shifts of pyrrole methyl protons are somewhat downfield 

as compared to those of [(MegQFeCl]. This can be tentatively attributed to stronger 

antiferromagnetic coupling in the iron case, which results in more positive spin density at the 

pyrrole positions and less negative spin density at the meso positions. 

The assignment of an iron(IV) center in the complex [(EtgC)FeCl] has previously been 

supported by the reported zero-field Mdssbauer parameters.'̂ ''̂  In Table 2.4 are listed 

Mossbauer parameters of some S = 3/2 Fe(III) and S = 1 Fe(IV) complexes from the literature. 

Fe(IV) centers are seen to have quite variable values of AEQ, which range fiom 1.26-1.56 mm/s 

for ferryl systems'*^* to 2.12 mm/s for [(TMP)Fe(OCH3)2],''' but a much larger value of 3.38 

mm/s for a 6-coordinate non-porphyrin ligand complex.^" The isomer shifts of these complexes 

range from 0.1 mm/s for the ferryl systems'*® to -0.03 mm/s for the bis-methoxy TMP complex'" 
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Table 2.4. Mdssbauer parameters of some Fe(III) and Fe(IV) complexes. 

Compound T(K) OS' s" 8(mm/s) AEQ 
(nWs) 

Referen 

[(TMP)Fe=0]̂ Cr 77 IV 1 0.06 1.62 47 

[(TMP)Fe=0] IV 1 0.04 2.3 48 

[(0EP)Fe=0(Py)] 77 IV 1 0.10 +1.56 46 

[(0EP)Fe=0(NMeIm)] 77 IV 1 0.11 +1.26 46 

[(TMP)Fe(OCH3)2] 77 IV 1 -0.025 2.10 47 

[(Tetra-amido-N)Fe(r-BuNC)2]'' 4.2 rv 1 -0.04 3.38 50 

[(EtsQFeCl] 77 in"' 3/2,-1/2'' 0.19 2.99 15 

[(EtgQFeCCfiHs)] 77 RVF 1?" -0.11 3.72 15 

[(EtgQFePy] 77 III'' 3/2d -0.09 3.88 15 

[(Et8C)FeCl]C104 77 IVf l,-l/2?' -0.10 3.66 44 

[(0EP)Fe(C104)2] 4.2 in 3/2,5/2,-1/2 0.43 3.00 42 

[(TPP)Fe(C104)] 4.2 in 3/2,5/2 0.38 3.43 55 

[(TPpivP)Fe(0S02CF3)(H20)l 4.2 in 3/2,5/2 0.43 2.2 54 

[(0EP)Fe(3-ClPy)]C104 4.2 ni 3/2,5/2 0.36 3.23 53 

[(TPP)Fe(Bi,CH,2)]-C7H8 4.2 ni 3/2,5/2 0.33 4.12 57 

[(0EP)Fe(Et0H)2]C104 295 ni 3/2,5/2 0.29 2.97 53 

115 0.36 3.32 

4.2 0.38 3.47 

[(0EP)Fe(THF)2]C104 298 m 3/2,5/2 0.31 3.04 52 

77 0.42 3.34 

[(TPP)Fe(FSbF5)] 4.2 ni 3/2,5/2 0.39 4.29 56 

[(Pc)FeCl]'' 4.2 ra 3/2,5/2 0.28 2.94 59 

t(Pc)FeI]' 4.2 ra 3/2,5/2 0.28 3.23 59 

[(OETAP)FeCl]® 80 m 3/2 0.37''(73.8%) 3.07" 60 

0.19''(26.2%) 3.00" 

[(Tetra-amido-N)FeCl]® 298 ra 3/2 0.14 3.68 61 

[(N4CTDT)FeI]' 120 ra 3/2 0.18 3.56 62 

a) Oxidation state of iron center. 

b) Spin of iron center. 
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c) Tetra-amido-N = 1,4,8,1 l-tetraaza-l3,l3-diethyl-2,2,5,5,7,7,10,10-OctamethyI-3,6,9,12,14-

pentaoxocyclotetradecanate(4-). 

c) Oxidation and spin state listed as found by NMR spectroscopy in this work. Ref 8 reports 

oxidation state IV and S = 1. 

d) Oxidation and spin state listed as reported in Ref 8, but with some uncertainty based upon the 

present work (see text). 

e) Pc = phthalocyanine. 

f) OETAP = octaethyltetraazaporphyrin. 

g) Two Mossbauer signals observed; the two species are believed to differ in solvation near the 

iron. 

i) N4CTDT = 6,13-bis(ethoxycarbonyl)-5,14-dimethyl-l,4,8,ll-tetraazacyclotetradeca- 4,6,12, 

14-tetranate(2-). 

to -0.04 mm/s for the 6-coordinate non-porphyrin ligand complex.^" In comparison, Fe(in) 

centers have AEQ of more than 3 mm/s and isomer shifts of 0.3 to 0.4 mm/s,'*^ '̂*^* although in all 

reported cases involving porphyrin ligands, the iron(III) center is a spin-admixed S = 3/2,5/2 

center, which may affect both parameters. A series of iron(III) phthalocyanines with halide or 

carboxylate anion as axial ligand have 8 = 0.28-0.29 mm/s and AEQ = 2.94-3.12 mm/s,®' and are 

considered to be largely S = 3/2 systems, while the octaethyltetraazaporphyrinatoiron(III) 

chloride complex has two sites in the solid state, with 5 = 0.37 and 0.19 mm/s and AEQ = 3.07 

and 3.00 mm/s,^° respectively. The two sites are believed to differ in solvation near the iron. Two 

5-coordinate Fe(III) complexes with non-porphyrin N^-donor macrocycles having pure S = 3/2 

spin states have isomer shifts of 0.14 '̂ and 0.18^^ mm/s and quadrupole splittings of 3.63 '̂ and 



3.56® min/s. Thus, the M5ssbauer parameters of [(EtgQFeCl] (AEQ = 2,99 mm/s, 5 = 0.19 

mm/s'̂ ) lie in the overlap region of those for Fe(III) and Fe(IV) complexes, and are likely more 

characteristic of a Fe(III) complex, based upon the isomer shift reported. In contrast, 

[(ETSQFECCEHS)] has a AEQ = 3.72 mm/s, 6 = -0.11 mm/s,'̂ '̂  and may, on the basis of the 

isomer shift, be a Fe(IV) complex. (The phenyl anion is a strong<field ligand and may be able to 

stabilize Fe(IV).) The 1-electron reduced complex [(EtgQFePy] has a AEQ = 3.88 nun/s, 5 = -

0.09 mm/s and is therefore undoubtedly of the same metal oxidation and spin state. It was 

assigned the electron configuration Fe(IV) corrole n anion radical on the basis of the similarity 

of the Mossbauer parameters to those of the chloroiron and phenyliron complexes.'̂  However, it 

seems highly unlikely that a highly oxidized metal (Fe(IV)) would be stabilized in the presence 

of a highly reduced macrocycle (corrole TI anion radical), as concluded by Vogel and 

coworkers,'® and the NMR data of [(Et8C)Fe(C6H5)]'® are thus consistent with either a simple S 

= 3/2 Fe(III) formulation or with a S = 2 Fe(II) corrolate % cation radical in which the single 

macrocycle electron is antiferromagnetically coupled to the metal electrons. However, since this 

should lead to negative spin density, and downfield shifts of the meso-H resonances, as in the 

case of the manganese and FeCl corrolates discussed above, and the Fe(III) oxophlorins of ref 

41, the upfield meso-H shifts (-95.1, -82.8 ppm for [(MegQFeL:]^ and -188.5 and -161.3 ppm 

for [(MeaEtfiQFeLa]^ rule out this possibility. Thus, the 1-electron-reduced chloroiron 

corrolates (such as [(Et8C)Fe(C6H5)]) are clearly S = 3/2 Fe(lII) complexes. 

Electronic Structure of [(]VIeaC)Fe([nudazole)2]Cl and [(7,13-lVIe2Et6QFe(ImidazoIe)2|CI. 

EPR data (Figure 2.13) show a low spin Fe(III) center for the bis-imidazole complexes at low 

temperature. Binding of imidazole ligands does not appear to change the oxidation state of the 

iron center, but does change its spin state. It is unlikely that the Fe(III) TC cation radical 



63 

complexes are reduced to FeOU) complexes upon the addition of axial ligands (/.£., there is no 

apparent redox reaction in the solution), since (a) the binding of imidazole ligands is reversible 

with temperature; (b) excess &ee Ugand in the solution exhibits no change in its NMR spectrum 

with temperature; (c) there is no other possible reductant in the solution. There is still an 

unpaired electron in the corrole ring, as evidenced by the large negative shifts of the meso-H 

resonances (Figures 2.8), although it is not detected in the EPR spectrum (Figure 2.13). A 

possible mechanism for absence of evidence of the conrolate radical in the EPR spectrum is that 

the complexes form dimers in frozen solution at 4.2 K, as does vanadyl octaethylporphyrin 

cation radical,^ '̂̂  and those of a number of other metal octaethylporphyrinate TI cation radicals 

including that of [(OEP)Zn(OH2)]2^V'®^ with the unpaired electrons in the two corrole rings 

antiferromagnetically coupled, resulting in a net spin of 1/2 (from low spin Fe(III)) for each 

monomer. However, the metal-macrocycle spin coupling pattern is quite different for the 

vanadyl OEP cation radical (strongly ferromagnetic)^^ and the low-spin Fe(in) corrolate n cation 

radicals of die present study (probably weakly antiferromagnetic). Furthermore, it would not be 

possible to have complete overlap of the macrocycle rings in the present case, as observed for the 

[(OEP)Zn(OH2]2^^ case,® '̂®^ because of steric interference from the axial imidazole ligands that 

are bound to the iron(III). Interestingly, the 6-coordinate [(OEP)VO(OH2)]2^* complex shows 

little if any overlap of the porphyrinate radical rings, yet strong antiferromagnetic coupling of the 

radical spins.®^ 

However, in the temperature range of the NMR experiments (from -^0 to -90 ®C), there 

is no evidence of formation of dimers. When [(7,l3-Me2Et6C)FeCl] and [(MegQFeCl] are 

mixed and dissolved together and excess imidazole added, no extra resonances are observed over 

the temperature range of the NMR measurements, indicating that no additional species (i.e., a 



mixed-corrolate dimer) are foimed. Thus, the iron cocrolates bound to two imidazole ligands are 

monomeric over the temperature range of the NMR measurements. 

The chemical shifts of the alkylcorrolatoiron chloride complexes bound to two imidazole 

ligands, obtained in CD2CI2 at -70 "C, are summarized in Table 2.2. The concentration of 

[(Me2Et6C)Fe(ImH)2]^ used to obtain these data was about 4 mM. The concentration of the 

[(MegC)Fe(ImH)2]^ sample was not measured, but was significantly lower than I mM because of 

the low and decreasing solubility of this complex with decreasing temperature; the imidazole 

concentration was about IS mM in both samples. Although the chemical shifts of the complexes 

depend upon the concentration of both the iron corrolate and imidazole (Figure 2.12), the upfield 

shifts of two of the pyrrole substituent protons are likely due in part to the effect of the dipolar 

shift, as expected from the rhombic EPR spectrum (Figure 2.13), if the largest g-value is gz, and 

indicate extremely small contact shifts at two ring positions, the 7,13-CH3 position and the 2,18-

CH3 or CH2 position. Further analysis of the shifts is not possible because of their concentration 

dependence. 

In contrast to the case of [(7,l3-Me2Et6C)FeCl] and [(MegQFeCl], [(Me8C)Fe(L)2]^Cr 

and [(7,13-Me2Et6C)Fe(L)2rcr show large upfield shifts for the meso-H resonances, as 

mentioned above. As we have indicated, these large shifts cannot arise ftom a spin 

delocalization. Instead, they must come from large positive n spin delocalization. Although 

HQckel calculations (see Figure 1.6) show that there is a significant amount of n spin 

delocalization from the d^ orbitals of the iron center to the meso positions of the corrole (as 

compared to the corresponding porphyrin, which has practically zero spin delocalization to the 

meso positions), this spin densi^ is not large enough to cause an upfield shift of -95, -82.5 ppm 

(octamethylcorrolate) or -188, -161ppm (dimethylhexaethylcorrolate). Thus, the other 

contribution to this large spin densi^ must be from the corrole ring unpaired electron. In this 



case there appears to be little coupling between the low-spin Fe(III) center electron and the it 

cation radical electron. Theory predicts a magnetic moment o^^ 

^ = [gA'SA(SA + I) + gB'SB(SB + 1)]"^ ^B, (2.2) 

for a system having two uncoupled magnetic centers, A and B, where gA^ = (l/3)(gz^ + gy^ + gx^) 

can be calculated from the g-values of the iron center (Figure 2.13), and gB^ ~ 4 for the corroiate 

radical. The calculated magnetic moment is thus 2.59 ^B> which should be unchanged over the 

temperature range of the NMR studies, once imidazole binding is complete (-50 to -90 °C). The 

magnetic susceptibility measurements discussed in the Results section gave rise to a magnetic 

moment of 2.0 at -50 °C that decreased with decreasing temperature, probably due to low 

solubility and partial precipitation of the bis-imidazole complex at low temperatures. The 

magnetic moment of 2.0 I^B at -50 °C suggests that approximately 20-25% of the complex had 

precipitated at that temperature. The NMR shiits of the bis-imidazole complexes are thus 

consistent with one unpaired electron each on the metal and the macrocycle, with uncoupled, or 

weakly coupled spins. The difference in the meso-H shifts of [(Me8C)Fe(ImH)2]^ and 

[(Me2Et6C)Fe(ImH)2]^ (Table 2.2) suggests weak antiferromagnetic (and different for the two 

complexes) coupling of the corrole spin to that of the metal, at least in the former case, where the 

shift is less negative, because large shifts of about -155 ppm at -50 are more consistent with 

a n cation radical, at least for porphyrins such as [(OEP)Mg]^ (calculated firom the EPR 

hyperfine coupling constant^^ and scaled to the temperature of the NMR measurement), and 

[(OEP)Co]Br2 has a meso-H chemical shift of -100 ppm at 275 K, which would be about -132 

ppm at -50 °C.^^ Although the spin densities at the meso positions of the corrole TC cation 

radicals are undoubtedly somewhat different firom those of the octaethylporphyrin TC cation 

radicals, the difference in meso-H chemical shifts of the two bis-imidazole iron corroiate 
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complexes suggests some difference in the degree of magnetic coupling between the metal and 

macrocycle unpaired electrons for the two complexes. 

The rhombic EPR spectrum of [(MegC)Fe(ImH)2]Cl shown in Figure 2.13 is typical of 

those for low-spin Fe(in) heme centers having (dxy)\dxz,dyz)^ electron configurations, and the g-

values are typical for the above-mentioned ground state.^ For this ground state, gz is expected to 

be the largest g-value, and the dipolar contribution to the isotropic shift of all corrolate 

resonances is thus expected to be negative,^ as mentioned above with respect to the negative 

shifts of the 3,17 and 7,13 substituent resonances. The rhombicity of the EPR signal arises either 

from the axial imidazole ligands being in parallel or near-parallel planes or from the asymmetry 

of the corrolate ring, or both. In fact, the dxz and dyz orbitals cannot be degenerate because 

conolates do not have C4v or D4h symmetry. From the g-values, using the theory of Griffith®' 

and the equations of Taylor,the difference in energy of the dxz and dyz orbitals, the rhombic 

splitting, is calculated to be 3.29X, where X is the spin-orbit coupling constant. As a result, we 

might expect anti-Curie behavior for the bis-imidazole complexes due to a low-lying excited 

state. However, the difference of energy calculated from the NMR shifts using the two-level 

temperature dependence fitting program^® (results not shown, for details of this program and the 

data fitting method, see Chapter 4) does not match the EPR results, indicating that this system 

has several different processes going on simultaneously in solution, including this non-

degeneracy of dxz and dyz, probably a weak antiferromagnetic coupling of metal and macrocycle 

unpaired electrons, and loss of imidazole ligands to produce the S = 3/2 Fe(III) n cation radical 

starting materials at higher temperatures, all of which contribute to the observed non-Curie 

behavior. Additional investigations of this complex utilizing low temperature magnetic 

Mossbauer spectroscopy and magnetic susceptibili^ measurements are planned in order to more 
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fully characterize the nature of the spin coupling between the low-spin Fe(II]) and corrolate n 

cation radical electrons. 

2.2.4 Conclusions 

The electron configuration of the chloroiron correlates is that of a S = 3/2 Fe(ni) center 

coupled to a corrolate n radical, where one electron has been removed from the n system of the 

corrolate. This n radical is antiferromagnetically coupled to the unpaired electrons of the iron to 

yield an overall S = I complex, as evidenced by the very large positive shifts of the meso-H 

resonances (+183, +172 ppm). That this antiferromagnetic coupling is very strong is supported 

by the near-Curie behavior of the 'H chemical shifts. For the chloroiron correlates in the 

presence of imidazole, imidazole-^//, and N-methylimidazole at temperatures of -50 °C and 

below, the mono- and bis-ligand complexes are formed. The NMR spectra can be assigned on 

the basis of chemical exchange between the chloroiron(lll) parent complex and the bis-ligand 

complex at -30 °C, and between the chloroiron(in) parent complex and the mono-ligand 

complex at -50 °C. The bis-imidazole complexes show pynole-CHi and -CH3 resonances 

characteristic of low-spin Fe(III) centers (S = 1/2), but with strongly upfield-shifted meso-H 

resonances (5 values of -95, -82.5 ppm for the octamethyl complex, and -188, -161 ppm for 

the dimethylhexaethyl complex at 203 K) characteristic of the presence of a macrocycle-centered 

unpaired electron. The magnetic moments of these bis-ligand complexes are somewhat lower 

than expected for overall S = 1 systems, and decrease as the temperature is lowered. The lower 

apparent magnetic moments (2.0-1.8 between —50 and -90 °C) are believed to be caused by a 

combination of weak or no magnetic coupling between metal and macrocycle electrons, and 

decreasing solubility of the complex as the temperature is lowered. The non-Curie behavior of 
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the 'H chemical shifts observed in the low temperature (-50 to -90 "C) NMR spectra likely 

arises from a combination of the effects of weak antiferromagnetic coupling of metal and 

macrocycle spins, a low-lying electronic excited state, and ligand binding/loss equilibria at the 

highest temperatures studied (-SO °C). 

2.3 Autoreduction of the Cyanide Complexes of [(7,13-Me2Et6C)FeCl] 

2.3.1 Experimental Section 

Materials and Sample Preparation. [(7,13-Me2Et6C)FeCl] and A/e^o-deuterated [(7,13-

Me2Et6C)FeCl] was provided by Prof. Silvia Licoccia '̂"^^ of Universita di Roma Tor Vergata. 

Complexes with cyanide ligands were prepared in S mm NMR tubes immediately prior to the 

recording of NMR spectra, by directly adding excess DiO solution of sodium cyanide. All 

samples were prepared without degassing. 

NMR and EPR Spectroscopy. NMR and EPR spectra were obtained as described in Section 

2.2. 'H NMR spectra were recorded on the Unity-300. The spectra were taken in DMF-c/? 

(Cambridge Isotope Laboratories) over temperature ranges from -50 °C to +60 °C, referenced by 

the resonance from residual solvent protons. spectra were recorded on the Bruker Avance 500 

(DRX 500) operating at 76.755 MHz. The sample was dissolved in anhydrous DMF (Aldrich), 

with about 1% DMF-d? added as reference, and then sodium cyanide in H2O was added. 

Magnetic Susceptibility Measurements. The magnetic susceptibili^ was measured by the 

modified Evans method as described previously in Section 2.2. Approximately 0.4 mL of a stock 
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solution of [(7,13-Me2Et6C)FeCl] (l.OOxlO"^ mol/L, in CH2CI2) was transferred to the Wihnad 

coaxial inner tube. The solution height, measured by a ruler, was 10.3 cm. This tube was kept in 

the hood for several days. After all CH2CI2 had evaporated, about 0.2 ml DMF-rf? stock solution 

(made by adding a molar excess (at least 3 equivalents, based upon the amount of iron corrolate) 

of a D2O solution of NaCN and 0.1% DMF-A7 as the reference to pure DMF-c/?) was added to the 

inner coaxial tube to a solution height of S.2 cm. Using the diameter of the inner tube and the 

solution height, the total concentration of corrolates is l.OOxlO'̂ x 10.3/52 = 1.98x10"^ mol/L, 

The Wihnad coaxial outer tube contained about 0.2 ml of the same DMF-t/? stock solution. The 

difference in reference resonance between the inner and outer tube was monitored on the Varian 

Unity300 at room temperature. 

2.3.2 Results and Discussion 

Figure 2.16(a) is the 'H spectrum acquired immediately after addition of an excess of 

NaCN. The spectrum shows that the sample is an unstable mixture of two species, Complexes I 

and n, whose ratio changes slowly with time (the concentration of Complex I increases and that 

of Complex II decreases). After several hours, Complex I dominates the mixture (Figure 

2.16(b)). The rate of change from Complex II to I depends on the concentration of NaCN in the 

solution, but the reaction rate has not been quantified beyond the general finding that more 

NaCN favors a faster change. If an oxidizing agent, such as H2C)2 or (NH3)2Ce(N03)2 is added to 

the mixture, the NMR spectrum shows ahnost pure Complex II present in the solution (see 

Figure 2.16(c)). Complex n changes back to Complex I upon addition of hydrazine. These 

results suggest that both I and II are cyanide complexes of [(7,l3-Me2Et6C)FeCI]. Complex I is 

more stable than II in the presence of excess cyanide. The conversion of Complex II to I is a 
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reduction reaction, and cyanide is the reducing agent. Both Complex I and II show approximate 

Curie behavior (Figure 2.17). 

DMF 
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Figure 2.16 'H NMR spectra of cyanide complexes of [(7,13-Me2Et6C)FeCl]) (a) immediately 

after the addition of NaCN (b) several hours later (c) after the addition of a small amount of 

ZnCli. The solvent is DMF-t/?. Marks and "m" stand for pyrrole CHz (or CH3) protons 

fi:om Complex I, II and meso protons from Complex I, respectively, (d) spectrum of [(7,13-

Me2Et6C-5,10,15-</3)Fe(CN)]~. The solvent is DMF. O.I ^1 DMF-e/? was added as reference. 

Spectra (a), (b) and (d) were collected at 30 °C while spectrum (c) was obtained at 2l°C. 
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The 'H spectrum of Complex II shows four pyrrole CH2 or CH3 groups. The fact that the 

methylene protons are not diastereotopic indicates that it is the bis-cyanide complex, [(7,13-

Me2Et6C)Fe(CN)2]~. The spectrum has a similar pattern to that of [(7,l3-Me2Et6C)Fe-

(Im)2]^Cr, which has been shown to be an iron(in) n cation radical. It is also reasonable to 

assign [(7,l3-Me2Et6C)Fe(CN)2]" to an iron(III) n cation radical, e.g. [(7,13-Me2Et6C)*^Fe"'-

(CN)2]~. The meso protons, which could not be found between +300 ppm and -300 ppm, may 

have very large isotropic shifts and resonances too broad to be seen (see also further discussion 

below). The fact that the meso protons could not be found within a reasonable spectral window 

argues strongly against the formulation of this complex as containing S = 1 Fe(rV) bound to a 

corrolate trianion, since the unpaired electrons would most likely be in the dxz and dyz orbitals of 

the iron, which would allow spin delocalization to the two ic-synunetry orbitals of the corrole 

ring that are the analogs of the 3e(7r) orbitals of the porphyrin.® '*^ By analogy, me5o-substituent 

resonances of Fe(IV) tetraarylporphyrins show very small shifts, '̂*'̂  indicative of spin 

delocalization to the 3e(7c) orbitals of the porphyrin, which has very small spin density at the 

meso positions. 

Complex I contains only one cyanide, since it has six pynole CH2 resonances. Its 'H 

spectrum is Qrpical of a low-spin iron(III) complex, with large shifts of the pyrrole substituents 

and small shifts of the meso-H. It seems that the redox reaction (firom Complex II to I or vice 

versa) occurs on the corrole ring, thus keeping the oxidation state of the iron center unchanged. 

Redox reactions on the macrocycle instead of the metal center have been observed for porphyrins 

aswell.̂ 2,73j4 

Full resonance assignments cannot be made for either Complex I or II due to their poor 

stability and short relaxation times. However, partial assignments can be made for Complex I 

based on its high quality COSY spectrum (Figure 2.18). The assignments of meso proton 
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resonances are made firom the spectrum (Figure 2.16(d)) of me^o-deuterated Complex I. The 

possible structures of Complex I could be [(7,l3-Me2Et6C)^~Fe'"(CN)]~ or [(7,13-

Me2Et6C)^~Fe"'(CN)Cl]^. The former seems to be more reasonable, since it has a lower 

negative charge. The stability of a monoanion in DMF-t/r is consistent with the loss of one axial 

anionic ligand upon reduction of Complex II to I. 
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Figure 2.18 COSY spectrum of Complex I at 303K. All cross-peaks come from correlation of 

protons within ethyl groups. There are three pairs of cross-peaks: one fix)m the correlation of the 

two protons of the CHi group and two from the correlation of the two CHi protons to the CH3 

protons. 
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Figure 2.19 Plot of magnetic susceptibility of the mixture of Complex I and II versus their 

portions. The intercepts on the left and right edges are the magnetic susceptibilities of pure 

Complex I and n, respectively. 

Magnetic moments have been measured for Complexes I and II. Since it is difficult to 

obtain either of these in pure form, especially Complex II, the measurement was made on the 

mixture. The magnetic susceptibility, which decreased slowly with time, was monitored by the 

NMR method. Immediately after the measurement, a normal ID NMR spectrum of the mixture 

was acquired and the percentage of Complex I and II was calculated firom the relative peak 

areas. Figiire 2.19 shows the linear fit of the experimental magnetic susceptibility of the mixture 

versus the percentage of Complexes I and II. The magnetic moments of pure Complexes II and 

I, calculated fi»m the intercepts, are 3.02 I^B (S=1) and 1.79 ^IB (S=1/2), respectively. These 

results show that Complex I is a normal low-spin Fe(III) complex, while Complex II is a low-

spin Fe(III) 71 cation radical with ferromagnetic coupling between the iron center and the corrole 
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ring. The unpaired electron in the 7b i orbital (S.t orbital in Figure 1.6) of the corrole ring is 

expected to lead to very large positive it spin density at the meso positions. Hence the meso 

proton resonances are probably shifted far upfieid and are too broad to be seen. The EPR 

spectrum at 4.2 K (Figure 2.20) also show that Complex I is a low-spin Fe(III) species, while the 

sample of Complex II is not pure, but contains two low-spin Fe(III) species (one the same as 

Complex I), some fi«e radical, and minor amounts of high- or intermediate-spin Fe(III) (g = 

5.83). A small resonance firom a non-heme iron impurity (g = 4.2) is also observed. 

1.84 

1.85 

1000 2000 3000 4000 5000 

B/GAUSS 

Figure 2.20 EPR spectra of (a) Complex I and (b) Complex II at 4.2 K. 
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Complex 1 could also be converted to Complex II when oxidizing agents such as HiCh 

were added, or even when some salts containing di- or tripositive metal cations such as FeCh, 

FeCb and ZnClz were added without known oxidizing agents. In the latter case, the only 

possible oxidizer is dicyanogen, (CN)2> which is the product of reduction of Complex II to 

Complex I. With the presence of Fe^^, Fe'̂  or Zt^*, all of which have high affinity for CN~, 

(CN)2 apparently becomes a strong enough oxidizing agent to be capable of oxidizing Complex I 

back to n. The possible redox reactions are: 

(1) Two cyanides bind to the iron center upon the addition of cyanide: 

[(Me2Et6Cy^Fe"'Cl] + 2CN- => [(Me2Et6C)*^Fe'"(CN)2]~ + Cl" 

(2) The Fe(in) n cation radical is reduced to a simple Fe(III) complex by cyanide: 

[(Me2Et6C)*^-Fe"'(CN)2]- + CN" => [(Me2Et6C)^-Fe'"(CN)2]^ + 1/2(CN)2 

(3) The simple Fe(in) complex cannot support two negative charges and loses one 

cyanide: 

[(Me2Et6C)^-Fe'"(CN)2]^ => [(Me2Et6C)^-Fe"'(CN)]- + CN" 

(4) The simple Fe(III) complex is oxidized back to the Fe(III) K cation radical in the 

presence of (CNh with Zn^^ or other divalent or trivalent metal cation present: 

[(Me2Et6C)^-Fe'"(CN)]- + SCN" + Zn^^+1/2(CN)2 => [(Me2Et6C)*^Fe™(CN)]- + 

Zn(CN)4^ 

[(Me2Et6C)*^Fe'"(CN)]- + CN- => [(Me2Et6C)*^Fe'"(CN)2]-
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While the finding that cyanide can act as a one-electron reductant of iron tetrapyrroles is 

not new,^ '̂̂ ^ to our icnowledge this is the first case in which cyanide acts to reduce not the metal, 

but rather the tetrapyrroie macrocycie. These findings stress the uniqueness of the corrole 

macrocycle in being able to undergo facile redox reactions. 

2.4 Chloroiron meso-Triphenylcorrolates 

2.4.1 Experimental Section 

All four mera-substituted corrolates—[(TPCorr)FeCl], [(4-N02TPCorr)FeCl], [(4-

MeOTPCorr)FeCl] and [(TPCorr)FeC104] were provided by Prof. Silvia Licoccia '̂ of Universita 

di Roma Tor Vergata. All samples were prepared in 5 ram NMR tubes in CD2CI2 without 

degassing. NMR spectra were obtained over temperature ranges from -90 °C to +30 °C on the 

Unity 300 as described in Section 2.2. 

2.4.2 Results and Discussion 

Figure 2.21 shows the ID spectrum of [(TPCorr)FeCl] and [(4-N02TPCorr)FeCl] at 30 

°C. These two compounds give similar NMR spectra, except that the two peaks at 19.4 and 17.1 

ppm in Figure 2.21a are missing in 2.21b. Hence these two peaks must be from the para protons 

of the three phenyl groups (the ratio = 2:1, total 3 protons). In the COSY spectrum (Figure 2.22) 

of [(TPCorr)FeCl], there are four pairs of cross peaks between these two resonances and the four 

resonances at the downfield region (from -1 to -7 ppm). We can assign these four peaks to the 

meta protons of the three phenyl groups (ratio = 2:2:1:1, total 6 protons). Note that the two meta 



78 

p-K 

m-H 
p-H 

pyrrole-H 

pyirole-H 

—A 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I T 

20 10 0 -10 -20 -30 ppm 

m-H 

pyrrole-H 

pyrrole-H 

| i i i i | i i i i | i i i i [ i i i i | i i i n i i i n i i n | i i i i | i i i n i n n i i i i | i i i i | i i i i  

25 20 15 10 5 0 -5 -15 -25 ppm 

Figure 2.21 'H NMR spectra of (a) [(TPCorr)FeCl] and (b) [(4-NC)2TPCorr)FeCl] at 303 K in 

CD2CI2. Those peaks marked with stars come firom impurity according to their small relative 

peak areas. 
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Figure 2.22 COSY spectrum of [(TPCorr)FeCl] at 303 K. Due to fast relaxation, not all coupled 

protons show cross peaks here. The cross peaks marked with "M" are between para and meta 

protons of phenyl groups. The cross peaks marked with "O" are between ortho and meta protons 

of the meso-X^ phenyl groups. The cross peaks with "1" are from impurity. 

protons in each phenyl group are not equivalent. The last pair of cross peaks shown is between 

the meso-lO-meta-R and a peak at 22.7 ppm, which can thus be assigned to the two ortho 

protons of the meso-\0 phenyl group. Although they are not equivalent, the expected two 

resonances are not resolved at 300 MHz. It is reasonable to assign the other two downfield 

resonances to the four meso-5,l5-ortho protons and the three upfield peaks to the pyrrole 

protons. The forth pyrrole-H resonance may be located imder the envelope of the large impurity 
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peaks in the region of 1~9 ppm. Only one pair of cross peaks, between the o-H and m-H of meso-

10 phenyl group, are shown in the COSY spectrum (Figure 2.23) of (4-N02TPCorr)FeCl. Since 

this complex has a similar spectral pattern and chemical shifts to those of (TPCorr)FeCl, the 

assignments are likely the same. 

10-

15-

5 •5 10 0 20 15 

F2 (ppm) 

Figure 2.23 COSY spectrum of [(4-N02TPCorr)FeCl] at 303 K. Due to fast relaxation, not all 

coupled protons show cross peaks here. The cross peaks marked with "0" are between ortho and 

meta protons of the mesoAO phenyl groups. 
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Figure 2.24 'H NMR spectra of (a) [(4-MeOTPCorr)FeCl] and (b) [(TPCorr)FeCl04] at 293 K 

in CD2CI2. The peak marked with a star may come from impurity. 
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[(4-MeOTPCorr)FeCl] and [(TPCorr)FeCl04] show similar ID spectra (Figure 2.24) at 

20 °C to those of [(TPCorr)FeCl] and [(4-N02TPCorr)FeCl], and thus they should have same 

peak assignments. For both [(4-MeOTPCorr)FeCl], four ortho (2:2:1:1) and four meta (2:2:1:1) 

proton peaks were observed. One of the pyrrole-H peaks happens to have same chemical shift (at 

-4.1 ppm) as one of the meta proton peaks (they are resolved with decrease of temperature). In 

[(TPCorr)FeC104], the perchlorate may exist as a counter-ion, thus the complex has a mirror 

synmietry (the corrole plane) and the two meta protons within each phenyl group are equivalent 

now. So are the two ortho protons. As the result, [(TPCorr)FeC104] only shows two peaks (2:1) 

for phenyl meta, para and ortho protons respectively. In the COSY spectra of [(4-

MeOTPCorr)FeCl] and [(TPCorr)FeC104] (Figure 2.25 and Figure 2.26), all cross peaks are 

between para and meta protons of phenyl groups. Not all coupled protons show cross peaks due 

to fast relaxation. 

Table 2.5 and 2.6 list the chemical shifts of all peaks and their assignments of these four 

compounds according to the COSY results and relative peak areas. An important feature 

concerning the isotropic shifts (see Table 2.5 and 2.6) of the meso phenyl protons of 

[(TPCorr)FeCl] and [(TPCorr)FeC104] is that they alternate signs around the phenyl ring (e.g. p-

H and o-H positive, m-H negative). This is solid evidence of large 7i spin density on the meso 

positions.®*'̂  ̂Furthermore, the signs of these shifts are opposite to those in [(TPP)Fe(t-BuCN)2]* 

(in this complex, p-H and o-H negative, m-H positive), which has been shown to have large 

positive 7C spin density on the meso carbons.^^ Hence, there must be large negative n spin 

distribution on the meso positions of [(TPCorr)FeCl] and [(TPConr)FeC104], indicating antiferro-

magnetic coupling of the corrolate unpaired electron to those of the metal. This is exactly the 

same as found previously for the octaalkyl-substituted corrolates [(7,13-Me2Et6C)FeCl] and 

[(Me8C)FeCl]. Thus, we can conclude that these four meso-substituted corrolatoiron chloride 
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complexes and the octaalkylcorrolatoiion chloride complexes have the same electronic structure: 

They all are Fe(III) n cation radical species, with the corrole unpaired electron antiferro-

magnetically coupled to the unpaired electrons on the metal center. 
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Figure 2.25 COSY spectrum of [(4-MeOTPCorr)FeCl] at 303 K. All cross peaks shown here are 

between ortho and meta protons of phenyl groups. Due to fast relaxation, not all coupled protons 

show cross peaks here. 
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Figure 2.26 COSY spectrum of [(TPCorr)FeC104] at 303 K. All cross peaks shown here are 

between para and meta protons of phenyl groups. Due to fast relaxation, not all coupled protons 

show cross peaks here. 

According to their similar NMR spectra, [(TPCorr)FeCl] and [(TPCorr)FeC104] should 

have the same electronic structure. This is quite different firom the results for the corresponding 

porphyrins. TPPFeCl is a high-spin (S = 5/2) complex. If the chloride is substituted by a 

perchlorate ion, the spin state of the porphyrin is lowered and changed to a spin admixed (S = 

3/2, 5/2) complex.^^ The reason why the corrolates do not change the electronic structure with 

the change of the axial ligand &om the chloride to perchlorate ion is probably that in 

[(TPCorr)FeCl] the iron center is already intermediate-spin (S = 3/2). Substitution of perchlorate 

ion can not lower the spin state any more. 
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Table 2.5. 'H Chemical shifts. Isotropic Shifts and Assignments of [(TPCorr)FeCl] and [(4-

N02TPCorr)FeCl] at 303 K. 

Compound [(TPCorr)FeCl] [(4-N02TPCorr)FeCl] Assignments 

24.7(2H), 23.6(2H) 23.2(2H), 22.2(2H) 5,15-o-H 

Chemical 22.7(2H) 21.4(2H) lO-o-H 

Shifts -2.3(2H). -2.5(2H) -0.9(2H), -1.2(2H) 5,15-w-H 
(ppm) -3.5(1H), -3.6(1H) .1.9(1H), -2.0(1H) 10-/W-H 

19.4(2H) 5,15-p-H 

17.1(1H) 10-p-H 

-4.9(2H), -6.5(2H), -39.1(211)" -5.4(2H), .6.6(2H), -37.3(2H)» Pynole-H 

16.3,15.2 14.6,13.6 5,l5-o-H 

Isotropic 14.5 12.8 10-o-H 

Shifts -10.1,-10.3 -9.5, -9.8 5,15-m-H 
(ppm)" 

-11.3,-11.4 -10.5, -10.6 10-o-H 

11.6 5,15-p-H 

9.3 10-p-H 

-13.6,-15.2, -47.8 -14.2,-15.4,-46.1 Pynole-H 

a) Only three pynole proton resonances were detected. The fourth one may be located under the 

envelope of large impurity peaks in the region of 1~9 ppm. 

b) The isotropic shifts were calculated by subtracting the corresponding diamagnetic shifts^ '̂̂ ° 

&om the chemical shifts. 
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Table 2.6. 'H Chemical shifts. Isotropic Shifts and Assignments of [(4-MeOTPCotr)FeCl] and 

[(TPCorr)FeCl04] at 293 K. 

Compound [(4-MeOTPCorr)FeCl] [(TPCorr)FeC104] Assignments 

27.2(2H), 26.0(2H) 26.7(4H) 5,15-o-H 

Chemical 25.3(1H), 25.1(1H) 25.0(2H) 10-o-H 

Shifts -2.4(2H), -2.6(2H) -4.5(4H) 5,15-ot-H 
(ppm) 

-3.7(1H), -4.1(1H) -5.8(2H) 10-wi-H 

22.1(2H) 5,l5-p-H 

19.5(1 H) lO-p-H 

-4.1(2H), -7.5(2H), -41.5(2H)'' -10.9(2H), -11.5(2H), -53.2(2H)'' Pyrrole-H 

18.9,17.7 18.3 5,l5.o-H 

Isotropic 17.0,16.8 17.8 10-o-H 

Shifts -11.3,-11.5 -12.3 5,15-m-H 
(ppm)" 

-12.6, -13.0 -13.6 10-o-H 

14.3 5,15-p-H 

11.7 lO-p-H 

-12.6, -16.0, -50.0 -19.6, -20.2, -61.9 Pynole-H 

a) Only three pyrrole proton resonances were detected. The fourth one may be located under the 

envelope of large impurity peaks in the region of 1-9 ppm. 

b) The isotropic shifts were calculated by subtracting the corresponding diamagnetic shifts^ '̂̂ ° 

from the chemical shifts. 
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Linear analysis of the temperature dependences of the proton resonances (Figure 2.27 and 

2.28) shows non-Curie behavior (the intercepts of the isotropic shifts at l/T = 0 are not zero) for 

all four complexes. This indicates a thermally accessible excited state also contributes to the 

isotropic shifts. Using the two-level data fitting program (for details, please refer to Chapter 4), 

the spin distribution for both the ground state and excited state were calculated (Table 2.7). The 

results (however, with some exceptions from [(4-MeOTPCorr)FeCl], whose phenyl meta 

positions show larger spin densities for the excited state than for the ground state) show that the 

ground state has sizable spin densities on the pynole positions and phenyl rings, while the 

excited state has comparable spin densities on the pyrrole positions but much smaller spin 

densities on the phenyl rings. The pattern of spin distribution for the ground state is consistent 

with that expected for a iron(III) n cation radical. Based on the small spin distribution on the 

meso positions, the excited state probably has an Fe(IV)-TPCorr(3~) electron configuration. 

However, the excited state still has large spin density on the pyrrole positions. Hence, the 

isotropic shifts of pynole protons cannot distinguish the Fe(rV) complex and the Fe(III) 7t cation 

radical, since both of them give large negative pyrrole proton shifts. To tell the difTerence 

between the Fe(rV) complex and the Fe(ni) n cation radical, one should check the spin 

distribution on the meso positions and the isotropic shifts of the meso substituents. 

In their recent paper. Gross et al, '̂ claimed that (S,10,lS-tri(pentafluotophenyl-

corrolato))iron chloride is an Fe(IV) complex, which show four negative pyrrole proton peaks 

(about -2.5, -3, -12 and -33.5 ppm in benzen-cfe at room temperature) in the NMR spectrum. We 

obtained similar chemical shifts (-2.7, -11.6, -35.4 ppm at 293 K, the fourth peak is unresolved in 

the region of 0 ~ 3 ppm) for this complex in CD2CI2. However, the attempts to fully assign the 

phenyl fluorine resonances failed due to the broad line width. Thus, no information on the 

isotropic shifts of the fluorine peaks and on the spin distribution mechanism is available now. 
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Whether the pentafluropheyl complex and the four compounds we have studied have same 

electronic structure or not is still unknown. 

NMR studies of the imidazole and cyanide complexes of these four comounds have also 

been attempted. Unfortunately, these complexes are quite unstable toward reduction, which has 

prevented obtaining even simple ID spectra. 
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Figure 2.28 Curie plot of (a) [(4-MeOTPCorr)FeCl] and (b) [(TPCorr)FeCl04]. Solid lines: 

Linear temperature dependence assumed. 
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Table 2.7 Spin densities calculated from the two-level data fitting program for the ground state 

(Ci) and the excited state (C2) of [(TPCorr)FeCI], [(4-N02TPCorr)FeCl], [(4-MeOTPCorr)FeCl] 

and [(TPCorr)FeC104]. AE is the energy gap between these two states. 

Compound [(TPCorr)FeCl] [(4-NO2- [(4-MeO- [(TPCorr). 
TPCorr)FeCl] TPCorr)FeCl] FeC104] 

AE (cm"') 232 271 213 317 

-0.014 -0.012 -0.015 -0.013 

o-H -0.0134 -O.Oll -0.014 -0.012 

-0.0124 -0.010 -0.014 

-0.013 

p-H -O.Oll -0.011 

-0.0087 -0.0091 
c, 0.0067 0.0064 0.0058" 0.0077 

m-H 0.0071 0.0068 0.0066® 0.0085 

0.0074 0.0068 0.0068" 

0.0077 0.0070 0.0075' 

0.0090 0.0083 0.0086 0.010 

Pyrrole-H 0.0090 0.010 0.0094 O.Oll 

0.031 0.030 0.033 0.036 

-0.0006 0.0005 -0.0003 0.0021 

o-H O.OOOl 0.0010 -0.00005 0.0034 

-0.0001 0.0004 0.0021 

0.0012 

p-H 0.0019 0.0038 

0.0022 0.0043 

Cz 0.0048 0.0041 0.0093' 0.0052 

m-H 0.0036 0.0034 0.0075® 0.0057 

0.0051 0.0046 0.0089' 

0.0043 0.0042 0.0080' 

0.006 0.0099 0.0047 0.017 

Pyrrole-H 0.010 0.0068 0.0097 0.017 

0.023 0.020 0.021 0.041 

a) Exceptions which are inconsistent with the spin distribution patterns on other positions of [(4-

MeOTPCorr)FeCl] or for other complexes. 
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Chapter 3 

Proton Relaxation Rate Measurements for Sulfite Oxidase 

3.1 Introduction 

Sulfite oxidase (SO) is an essential protein in the bodies of human beings and 

animals. It catalyzes the oxidation of sulfite to sulfate with the reduction of two 

equivalents of cytochrome c-P" 

SOs"^ + H2O + 2 cyt c^"" 804*^ + 21^ + 2 cyt c^* (3.1) 

Sulfite oxidase is a dimeric en^^e containing two identical subunits with a total 

molecular weight of about 110 kD/mol. Each subunit has two functionally distinct 

domains: a N-terminal heme domain (~ 10 kDa), which is typical of a small bs-type 

cytochrome and a C-terminal molybdenum domain (~ 42 kDa), which contains the Mo 

active center.®^ 

The purpose of this study was to try to determine if the oxidized SO (with Mo^ 

and Fe'" centers) tumbles as a whole protein in solution or the larger Mo domain and the 

smaller heme domain tumble somewhat independently. If they tumble somewhat 

independently, then the heme domain could more closely approach the Mo active site 

than observed in the crystal structure of the protein, and thus explain the very rapid rate 

of electron transfer between heme and Mo centers.^ This question can be probed by 

measuring the rotational correlation time Tr in solution.'̂  In this study, Tr is calculated 

firom the proton relaxation rates of a heme pyrrole CH3 group. For comparison, the water 
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soluble fragment of rat outer mitochondrical membrane cytochrome bs^^ (provided by Dr. 

Shokhireva in our group) was also studied by the same methods. 

3.2 Paramagnetic Contribution to Proton Relaxation 

Nuclear relaxation is determined by fluctuating magnetic fields. The larger the 

coupling between the nuclear magnetic moment and the fluctuating magnetic fields, the 

faster the relaxation.^^ In paramagnetic systems, the relaxation rate also contains the 

contributions from the fluctuating magnetic fields caused by the unpaired electrons, 

making the relaxation time very short compared with diamagnetic-only relaxation. 

Usually, the total paramagnetic relaxation rate consists of three contributions: dipolar 

relaxation, Fermi contact relaxation and Curie relaxation.'̂  If there is no interference 

between these components, the rates are additive, giving the total paramagnetic relaxation 

rate 

l/TjPara ^ ^ ^ ^3 2) 

l/T^para ̂  ^ ^ ^3 3^ 

(a) Dipolar Relaxation 

Dipolar relaxation arises from dipolar coupling between the resonating nucleus 

and the unpaired spin. By neglecting the ligand-centered contribution, the longitudinal 

and transverse dipolar relaxation rates are^ '̂̂ ^ 
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_L = 2S(S-H)Ytg'P^ ( K , K ' 

I5r« •tl+a>;-T '̂'l+a),^^^ 
(3.4) 

1 _ S(S-H)Ytg^p- ( 
4t,+ K , 13T, 

(3.5) 

f '= r '  + f '  + t'  "c (3.6) 

where S is the spin state of the unpaired electron-containing center; yi is the magnetogyric 

ratio of the nuclei; P is the Bohr magneton; r is the distance between the unpaired spin 

and the nuclei; oos and oi are the Larmor frequencies of electron and the resonating 

nucleus respectely; Tc is the total correlation time; Te (assuming it is approximately 

isotropic) is the electrom'c relaxation time of the metal center; Xm is the chemical 

exchange residence time, whose contribution is zero if there is no chemical exchange; 

and Tr is the rotational correlation time. For a spherical molecule, tr is apporximated by 

the Stokes-Einstein equation 

where r\ is the viscosity of the solvent; V, M, a and d are the volume, molecular weight, 

radius and density of the molecule respectively; k is die Boltzmann constant; T is the 

temperature; Na is the Avogadro constant Usually, the value of tr can be estimated &om 

the molecular weight Suppose the density is 1, then by inserting the values of t) 

T^= Vti/^T = 47ir|a^/3A:T (3.7) 

or T^=MTi/dNAn' (3.8) 
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(0.007975 Poise at 303 K for pure water), Na, k and T (303 K) to Equation 3.8, the 

rotational correlation time is 

T,« 0.32x10*'̂  M (3.9) 

Equation 3.9 shows that the magnitude of tr of a molecule in picoseconds is in the 

order of its molecular weight in Dalton. For example, for chicken liver SO, a protein with 

the molecular weight of 110,000, the tr is approximately 4 xlO'̂  s. 

(b) Fermi Contact Relaxation 

Fermi contact relaxation arises from the scalar coupling between the nucleus of 

interest and the unpaired spin. Like the contact shifts, the Fermi contact relaxation rate 

depends on the scalar coupling constant A. If chemical exchange is negligible, they are 

given by^ 

I _2S(S+l)/l' 
'pcon 3;i' l+(o;T; 

(3.10) 

1 _ S(S-Kl)yi^ 

3ft-"pcon 
'2 

T 
Te+ (3.11) 

(c) Curie Relaxation 

A paramagnetic molecule has a magnetic moment. Upon rotation, this magnetic 

moment causes a fluctuating magnetic field at the resonating frequency and causes 

relaxation. Its effect depends on the square of the magnetic moment and the square of the 
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89 applied magnetic field. If chemical exchange is negligible and the Curie Law is valid, 

the longitudinal and transverse Curie relaxation rates are given by'̂  

1 _ 6Yfg^P^S'(S-H)^^^ X, 

45(A:T)^r' l+aft; 
2 6 , . -.2_2 (3.12) 

.  1\2 J>2 / '  -J- ^ 1  _ 7 , g T S X S -Hrfl 
45(ifcT)'r' 

A 
^^r+7—i (3.13) 

It has been established that Curie relaxation usually dominates T2'' in 

paramagnetic proteins. Curie relaxation has two remarkable features. First, the 

electronic relaxation time has no effect on Curie relaxation. It depends on the rotational 

relaxation time Xr only. Hence, it is possible to calculate the Tr and estimate the molecular 

weight firom the above equations if the Curie relaxation rates are known. Second, it has a 

unique field-dependence. Unlike the dipolar and Fermi contact mechanisms, the Curie 

relaxation rates increase as the square of the magnetic field. This allows the easy 

identification of cases when Curie relaxation has a dominant or significant contribution to 

the total relaxation rates. If the Curie relaxation dominates I/T2, I/Ti is proportional to 

the square of the magnetic field B. 

3.3 Experimental Methods and Calculations 

The sulfite oxidase from chicken livers was provided by Dr. Enemark's group at 

the University of Arizona, and stored in liquid nitrogen. To minimize the protons in the 

water in the sample, befiire experiments, the sample was washed with 25 mM TRIZMA 
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bu£fer [deuterated tris(hydroxymethyl)aminoinethane with DCl in D2O, pH=8.0] three 

times. The wash work was done in the centrifuge tube: the sample was transferred to the 

centrifuge tube using a syringe and the buffer was added to dissolve the sample. The 

solution was centrifuged in a centricon (Amicon Bioseparations, 50,000 MWCO) on a 

Marathon 21K operated on 3000 rpm for 30 minutes to separate the protein and the 

buffer. Then more buffer was added to the protein and the sample was centrifuged again. 

After washing three times, the protein was transferred to a small (2 ml) plastic vial and an 

appropriate volume of buffer was added to dilute the sample to the wanted concentration. 

To change the ionic strength, an appropriate weighed amount of solid NaCl were added 

to the buffer directly. After experiments, the samples were concentrated using the 

centrifuge and stored in a vial in liquid nitrogen. The cytochrome bs was dissolved in 

potassium phosphate buffer (in D2O, pH=7.0) without any further purification. All 

samples were degassed before NMR experiments. 

Ti and T2 relaxation times were measured on a Varian Gemini 200, a Varian 

Unity 300 and a Brucker DRX 500 at 298 K. Usually, a spectral window of 40 ppm, an 

acquisition time of 50 ms and a relaxation delay of 200 ms were used. Ti values were 

measured using the standard inversion-recovery pulse sequence. T2 values were measured 

by the CPMG method.'" Then the peak areas were integrated using Felix on a SGI 

workstation. Finally, the data were fitted with the software Kgraph'̂  to calculate 

relaxation times and their enors. 

3.4 Results and Discussions 
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Figure 3.1a and Figure 3.1b show the ID NMR of chicken liver SO and 

cytochrome bs respectively. The proton relaxation time measurements were made on the 

two resonances with stars (for cytochrome bs, this peak assigned to pyrrole S-CHa;^ for 

SO, not assigned) in Figure 3.1a and 3.1b. Figure 3.2 and Figure 3.3 show the stacked 

spectra firom the Ti and T2 measurement experiments, respectively. The measured T| and 

T2 values on three instruments are listed in Table 3.1. 

Table 3.1 Ti and T2 values of SO and cytochrome bs measured on DRX 500, Unity 300 

and Gemini 200 at 303 K. 

vh(MHz) SO Cytochrome bs vh(MHz) 

Ti(ms) T2(ms) Ti(ms) T2(ms) 

500 70.5±5.7 0.8±0.2 59.1±0.5 7.9±1.7 

300 62.5±4.8 2.5±0.1 53.9±0.8 15.4±1.0 

200 54.4±3.5 3.5±0.7 49.3±1.5 15.1±0.7 

The above data show that T2 relaxation times greatly depend on the magnetic field 

for both SO and cytochrome bs. This is an indication of domination of the Curie 

relaxation mechanism on T2 relaxation. The bigger the molecule (cytochrome bs has a 

molecular weight of about IS kDa) and the higher the magnetic field, the more important 

the Curie mechanism. For cytochrome bs, besides Curie relaxation, other mechanisms 

(dipolar and Fermi contact) also contribute to the total T2 relaxation rates-on Gemini 

200, Curie relaxation is not dominant on I/T2. It is difficult to separate these 

contributions and calculate the Tr value. For SO, on the DRX 500 and Uni^ 300, the I/T2 
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Figure 3.1 ID spectrum of (a) chicken liver sulfite oxidase and (b) rat outer 

mitochondrical membrane cytochrome bs. The peaks marked with stars are those whose 

relaxation rates were measured. 
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(b) 

240 480 

Figure 3.2 Stacked plots from the inversion recovery experiments (Ti measurements) of 

(a) chicken liver sulfite oxidase and (b) rat outer mitochondricai membrane cytochrome 

bs. The number given for each peak stands for the recovery delay (in ms). 
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Figiire 3.3 Stacked plots from the CPMG experiments (T2 measurements) of (a) chicken 

liver sulfite oxidase and (b) rat outer mitochondricai membrane cytochrome bs. The 

number given for each peak stands for the spin-echo delay (in ms). 
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value is approximately proportional to the square of the magnetic field B ( 2.5:0.8 = 

500^:300^), indicating that other contributions are negligible (e.g. I/T2=l/T2™') according 

to Equation 3.13. Hence, the Tr can be calculated directly firom Equation 3.13. 

For proteins, »1, thus Equation 3.13 reduces to 

45kW ^ 

The peak of interest in SO (e.g. the peak whose relaxation rate was measured in 

this chapter) has not been assigned. For the similarity of chemical shifts of this peak and 

the S-CH3 of cytochrome-bs, it is reasonable to also assign this peak to 5-CH3 protons. 

The average r value between the S-CH3 protons and the Fe center in SO, obtained from x-

ray crystallography,*^ is 6.09 A. The measured T2 value firom the Unity 300 is more 

accurate than the data firom the DRX SOO because the T2 on the Unity300 is longer and 

the peak is sharper. Thus the integration of the peak firom the Unity 300 gives more 

accurate peak area. (This is also shown by the standard deviation in Table 3.1.) Using the 

T2 value firom the Unity 300 (2.5 ms), firom Equation 3.14 we can obtain 

Tr=: 1.6 x 10"^ s 

This value is 40 times larger than what we estimated firom Equation 3.9 (4 x 10'*). 

There are several possible reasons for this deviation: (a) an inaccurate r value. Since the 

T2 value is proportional to the sixth power of r, small inaccuracy in r may result in large 

error in Tr. (b) high viscosity of the sample. SO samples are usually very viscous fluids. 
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According to Equation 3.7, larger Tr can be expected in this case, (c) aggregation of the 

protein. The latter two factors were checked experimentally. 

Effect of the viscosity. To study the effect of the viscosity, the sample was diluted with 

the TRIZMA buffer. Table 3.2 show the Ti and Ti values of the samples with different 

concentration. 

Both Ti and T2 are affected by the change of concentration. However, it is 

difGcult to separate the contributions to the Ti relaxation rate, thus only the change of T2 

is discussed here. The above data show that low concentration, which means low 

viscosity, leads to longer T2 (thus smaller Xr). This result is consistent to what we 

expected from Equation 3.7. 

Table 3.2 Effect of the concentration of SO 

Concentration (mM) Ti(ms) T2(ms) 

1.0 62.5±4.8 2.5±0.l 

0.3 49.2±6.3 3.1±0.3 

0.15 58.9±3.5 3.5±0.5 

0.1 37.9±6.0 3.5±0.6 

Effect of the ionic strength. The solubility of a protein in aqueous is sensitive to the 

ionic strength of the solution. To change the ionic strength, solid NaCl was added directly 

to the samples. According to Table 3.3, the samples with high ionic strength have shorter 
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Ti (thus larger Tr), probably due to the poor solubility and partial aggregation of the 

protein at high ionic strength. 

Table 3.3 Effect of ionic strength I of the samples (c=0.3mM) 

I(mM) Ti(ms) T2(ms) 

25 49.2±6.3 3.1±0.3 

125 60.7±6.5 2.6+0.4 

625 52.7±6.2 2.7±0.4 

3.5 Conclusions 

In this study, we prove that Curie relaxation dominates the T2 relaxation in sulfite 

oxidase. At high magnetic field (on Unity 300 and DRX 500), is approximately 

equal to the total transverse relaxation rate I/T2. For cytochrome bs. Curie relaxation is 

the major contribution to T2 relaxation at high magnetic field. 

Sulfite oxidase tumbles as a whole protein. However, the calculated rotational 

correlation time is about 10 times larger than what we expected. Although the viscosity 

and ionic strength of the sample seem to contribute to the increase of the Tr, the data are 

not convincing due to their large standard errors. The real reason of this deviation is still 

unknown. 
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Chapter 4 

NMR and EPR Studies of Fe(III) Tetraphenylchlorin 

Complexes 

4.1 Introduction 

5,10,15,20-tetraphenylchloriiiatoiron (HI) chloride (TPCFeCl, Figure 4.1) and 

trans-2,3,7,8,12,13,l7,18-octaethylchlorinatoiron (HI) chloride (OECFeCl) was first 

synthesized and studied by NMR more than 20 years ago.'̂ *^ However, due to the broad 

line widths, until now no one has given full peak assignments on either the high-spin 

chloride complex or low-spin complexes with axial ligands. In this and the next chapter, 

we report the detailed NMR studies of high-spin TPCFeCl (Chapter 4) and OECFeCl 

(Chapter 5) and their low-spin complexes with different axial ligands (imidazole, 2-

methylimidazole, 4-dimethylaminopyridine, pyridine, 4-cyanopyridine and t-butyl-

isocyanide). We have made the full assignments for both high-spin and low-spin 

complexes and studied the effect of axial ligands on the electronic structure of the iron 

center. EPR studies are also reported. 

4.2 Experimental 

5,10,15,20-tetraphenylchlorin (IPC) was purchased fix)m Porphyrin Products Inc. 

The tetraphenylchlorinatoiron(III) chloride (TPCFeCl) was synthesized by modified Dr. 

Ursula Simonis's method.^^ 20 mg of TPC was dissolved in a minimum amount of 
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chloroform (about 5 ml). Approximately an SO fold excess of ferrous chloride was 

dissolved in 30 ml of mixed solvent of 3:1 chloroform:methanol (VAO. The ferrous 

chloride solution was mixed with the chlorin solution in a round flask. The flask with the 

reactant was purged with nitrogen for S minutes and a little bit of sodium dithionite was 

added to get rid of traces of oxidizing agents in the solution. Then the mixture was 

refluxed under nitrogen for 2 hours. After reaction, the mixture was cooled down to room 

temperature and washed with water 3 times. The product was bubbled with HCl gas to 

convert any possible dimer to TPCFeCl. Finally, the solvent was evaporated to dryness 

on the rotary evaporator. The solid product was pumped under vacuum overnight and 

kept in a dry box for future use. 

Figure 4.1 Structure of high-spin TPCFeCl 
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All samples for NMR studies were prepared in 5 mm NMR tubes and deuterated 

methylene chloride in the dry box. Complexes with axial ligands were made by directly 

adding excess of axial ligands (iron chlorin:axial ligand 1:4 in moles). Axial ligands used 

in this chapter include deuterated imidazole (Im-(/4), 2-methylimidazole (2-MeIm), 4-

dimethylaminopyridine (4-Me2NPy), pyridine (Py) and 4-cyanopyridine (4-CNPy). For 

complexes with pyridine and 4-cyanopyridine as axial ligands, an excess of silver 

trifluoromethanesulfonate (AgOSOaCFs, 99%, Alfa /ESAR) was also added to help the 

binding of the axial ligands by removing chloride. All NMR tubes were sealed tightly and 

removed from the dry box. NMR and EPR spectra were obtained as described in Chapter 

2. ID saturation transfer experiments were carried out on the Unity 300 and DRX SOO 

NMR spectrometers using the normal NOE difference pulse sequence. On both 

instruments, a selective intermediate level pulse was irradiated on the specific peaks of 

the fast relaxing (e.g. high-spin) species with an irradiation time of SO ms. On the Unity 

300, the decoupler power dpwr was set to 3S~40 dB (63 dB is the maximum power 

level). On the DRX 500, the pulse level was 45~50 dB (-6 dB is the maximum power 

level). 

4 J Results 

4 NMR spectra and peak assignments of the low-spin Fe(III) TPC complex 

[TPCFe(Im-<F4)2]Cl. Upon the addition of axial ligands, the high-spin TPCFeCl changes 

to low-spin Fe(III). Figure 4.2 is the ID spectrum of low-spin [TPCFe(Im-d4)2]Cl in 
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CDiCh at 0 "C. It shows four paramagnetically-shiited resonances, one downfield and 

three upfield. The downfield peak must be from the pyrrolene protons (Here the contact 

shift is dominant See Discussion for details). In the COSY spectrum of |TPCFe(Im-

di)i]C\ (Figure 4.3), very weak cross peaks were observed between two pyrrole-H 

resonances. These two peaks can be assigned to the adjacent pyrrole-7,18 and pyrrole-

8,17 protons. Thus the third one is from pyrroie-12,13 protons. Although from the 2D 

NMR only we can not distinguish pyrrole-7,18 from pyrrole-8,17, a simple HUckel 

calculation (see Figure 4.4 and Discussion for details) shows that pyrrole-8,17 protons 

have much larger contact shifts than pyrrole-7,18 protons. So the peak around -38 ppm 

arises from pyrrole-8,17 protons. The chemical shifts of the phenyl protons are all located 

in the region of 5-7 ppm. They are broad and unresolved. 

12.13 

7. 
PL 

1 JL LJL 

8,17 

I 

I  I  I  I  I  I  I  I  I  I  I  I  I  I  t  I  I  T M  r  I  I  I  I  I  I  I  I  I  t  [  I  I  I  I  I  I  I  I  I  I  

40 30 20 10 0 -10 -20 -30 ppm 

Figure 4.2 spectrum of low-spin [TPCFe(Im-</4)2]CI in CD2CI2 at 0 "C. The labels 

"PL", '7,18", "12,13" and "8,17" stand for pyrrolene, pyirole-7,18, pyrrole-12,13 and 

pyrrole-8,17 protons respectively. 
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Figure 4.3 COSY spectrum of [TPCFe(Im-</4)2]Cl in CD2CI2 at 30 "C. The cross peaks 

mark with (i) come from the coupling between pyrrole-7,18 and pynole-8,17 protons. 

[TPCFe(2-lVIeIiii)2lCI. [TPCFe(2-MeIm)2]Cl shows a similar ID spectrum (Figure 4.5) 

to that of |TPCFe(Im-</4)2]Cl, except that the magnitude of the chemical shifts is smaller, 

indicating smaller spin distribution on the pyrrolene and pyrrole positions. In the COSY 

spectrum (Figure 4.6), like [TPCFe(Im-</4)2]Cl, there are also weak cross peaks between 

pyrrole-7,18 and pyTrole-8,17 protons. Similarly, peak assignments of the pyrrolene and 

all the pyrrole protons can be made. Although [TPCFe(2-Melm)2]Cl and [TPCFe(Im-

(ili)2]Cl show different chemical shifts, the order of the chemical shifts of the three 
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pynole-H peaks is same (from the most dovmfield to the most upfield: 7,18 > 12,13 > 

8,17). This suggests that these two complexes have same electronic stracture. 

The assigmnents of the bound axial ligand can be made firom chemical exchange 

information between the bound and free axial ligands in NOESY (Figure 4.7). Like 

[TPCFe(2-MeIm)2]Cl, the phenyl proton peaks are poorly resolved. No peak assignment 

can be made for them. 

17 

12 13 

Figure 4.4 Spin density on the chlorin ring for low-spin Fe(III) complexes with 

(dxy)^(dxzdyz)^ ground state. The size of the circles stands for the magnitude of the spin 

density, which is calculated using the program MPORPH.^^ 

[TPCFe(4-Me2NPy)2]CI. It has similar spectrum (Figure 4.8) to the former two 

complexes. Like the former two complexes, the assignments of [TPCFe(4-Me2NPy)2]Cl 
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were also made from the COSY (Figure 4.9) and NOESY (Figure 4.10) spectra. 

Interestingly, its chemical shifts of the pyrrolene and pyrrole-8,17 protons are 

intermediate between [TPCFe(2-MeIm)2]Cl and (TPCFe(Im-d|)2]Cl. 
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BL- ^e 

J 

7,18 

j^FL 

BL-4/5 

Ij 

12,13 

8,17 

I I I I [ I I I I I I I I I I I I I I I I I I I I I I I I I ( I I I I I I I I I I I I I [ I I I I [ 

20 15 10 0 -5 -10 -15 p p m  

Figure 4.5 'H spectrum of low-spin [TPCFe(2-MeIm)2]Cl in CD2CI2 at 0 °C. "FL" means 

free axial ligands in the solution. "BL" means bound axial ligands. The N-H's of the axial 

ligands were not observed, probably due to their fast proton exchange rate, which leads to 

very broad peaks. 

[TPCFe(Py)2|̂  Pyridine is a weak axial ligand. It can bind to the TPCFeCl only in the 

presence of Ag0S02CF3—it needs Ag^ to help remove chloride ion. Figure 4.1 la shows 
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the ID spectnun of [TPCFe(Py)2r- To simplify the spectnmi and make assignments, the 

complex with deutetated pyridine as the axial ligands, [TPCFe(Py-</s)2r (Figure 4.1 lb), 

was also studied by NMR. The peak assignments were made from COSY (Figure 4.12) 

and NOESY (Figure 4.13). The order of the chemical shifts of die pyrrolene and pyrrole 

protons is still the same as those of former three complexes, although the magnitude of 

the chemical shifts of the pyrrolene protons and pyrrole-8,17 protons is much smaller. 

20 15 10 5 0 -5 -15 -25 

F2 (ppm) 

Figure 4.6 COSY spectrum of [TPCFe(2-MeIm)2]Cl at 0 °C. The cross peaks mark with 

(i) come from the coupling between pyrrole-7,18 and pyrrole-8,17 protons. 

I • 
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Figure 4.7 NOESY spectrum of [TPCFe(2-MeIm)2]Cl at 0 ®C. All cross peaks arise from 

chemical exchange between free and bound axial ligands. The cross peak with mark (i) 

comes from the 2-Me group of the axial ligand, the cross peak with (ii) from 4/5-H. 

Unlike the former three complexes, for [TPCFe(Py)2r, the phenyl protons are 

well resolved and can be assigned from the COSY spectrum. Since there are two kinds of 

meso positions, totally six resonances were observed from phenyl protons. The COSY 

spectrum shows four pairs of cross peaks, two of which are between meta protons and 

ortho protons, the other two from meta protons and para protons. The two peaks with half 

intensity can be assigrmient to para protons. The two peaks which have cross peaks with 

both ortho and para protons should be from meta positions. The other two are form ortho 

protons. The peaks of the phenyl para and meta protons look smaller than should be. This 
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is because the phenyl para and meta protons are farther away from the iron center 

compared to the ortho protons, leading to longer relaxation tune (for para protons, Tis 

250 ms). Under the condition of the ID NMR experiments (total experiment time for one 

scan is 100 ms), the relaxation delay is not long enough for the magnetism to relax to the 

equilibrium. The relative peak intensity of phenyl ortho, meta and para protons is 2:2:1 

when a long delay time was used. 
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Figure 4.8 'H spectrum of low-spin [TPCFe(4-Me2NPy)2lCl in CD2CI2 at 0 "C. The peak 

labeled with * is fix)m impurity. 
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F2 (ppm) 

Figure 4,9 COSY spectrum of |TPCFe(4-Me2NPy)2]Cl at -20 ®C. The cross peaks mark 

with (i) come from the coupling between pyrrole-7,18 and pyrroIe-8,17 protons. 
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Figure 4.10 NOESY spectrum of [TPCFe(4-Me2NPy)2]Cl at 30 "C. There are there pairs 

of cross peaks from the chemical exchange between (i) N-Me (ii) meta (iii) ortho protons 

of the free and bound axial ligands. 
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Figure 4.11 'H spectrum of low-spin (a) (TPCFe(Py)2]CI and (b) [TPCFe(Py-</s)2]CI in 

CD2CI2 at 0 °C. "BL-m". "BL-p" and "BL-o" stand for meta, para and ortho protons of 

die bound axial ligands. "m". "p" and "o" mean meta, para and ortho protons of the meso 

phenyl groups. 
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Figure 4.12 (a) COSY spectrum of [TPCFe(Py)2]Cl at 30 °C. The cross peaks from the 

coupling between pyrroIe-7,18 and pyrrole-8,17 protons (mark with (i)) and the cross 

peaks from the meso phenyl groups were observed, (b) The same spectrum with a half 

vertical intensity. Only four pairs of cross peaks from the meso phenyl groups are shown. 
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Figure 4.13 NOESY spectrum of [TPCFe(Py)2]Cl at 30 °C. There are there pairs of cross 

peaks from the chemical exchange between (0 meta (ii) para (iii) ortho protons of the free 

and bound axial ligands. 
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[TPCFe(4-CNPy)2r* 4-CM>y is the weakest among these axial ligands studied in this 

Chapter. Even with the presence of Ag0S02CF3, it binds to the TPCFeCl well only 

below -20 "C. The ID spectrum (Figure 4.14) of [TPCFe(4-CNPy)2]^ is quite different 

firom those of other complexes reported above. Although the order of the chemical shifts 

of the three pyrrole-H peaks is still 7,18 > 12,13 > 8,17, the pyrrolene protons now have 

negative isotropic shifts and the pyrrole-7,18 protons move to the most downfleld 

position. The peak assignments were also from COSY (Figure 4.15) and NOESY (Figure 

4.16). Like [TPCFe(Py)2]^ the resonances from the phenyl protons are also well resolved 

to enable full peak assignments. 

FL 

oo BL-n 

FL 
PL 

12.13 

7,11 m 8.17 

_i 11 InLI u 

BL-o 

i i  i  'i pi 'pt'rf'i ' |t i  i rj i i it 'j i  i ri ji i i tj \ i  i 'fpi i i  rj t't'i 
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Figure 4.14 'H spectrum of low-spin |TPCFe(4-CNPy)2]Cl in CD2CI2 at -40 °C. Mark * 

means impurity. 
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Figure 4.15 (a) COSY spectrum of [TPCFe(4-CNPy)2]Cl at -30 °C. The cross peaks 

from the coupling between pyrrole-7,18 and pyrroIe-8,17 protons (mark with (i)) and the 

cross peaks from the meso phenyl groups were observed, (b) The expanded region 

showing the four pairs of cross peaks from the meso phenyl groups. 
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Figure 4.16 NOESY spectrum of [TPCFe(4-CNPy)2]CI at -20 °C. There are two pairs of 

cross peaks from the chemical exchange between (i) meta (ii) ortho protons of the free 

and bound axial ligands. 
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43.2 Temperature dependence of the chemical shifts of low-spin Fe(III) TPC 

complexes 

Figures 4.17 ~ 4.21 are the Curie plots of pynolene, pyrrole-8,17, pynole-12,13, 

pyrrole-7,18 and phenyl ortho protons with different axial ligands. In the Curie plots of 

pyrrole-12,13, pyrroie-7,18 and phenyl ortho protons, the complexes with different axial 

ligands differ from each other a little. Large difference was observed in the Curie plots of 

pyrrolene and pyrrole-8,17 protons, where contact shifts are dominant (see Discussion for 

details). In Figure 4.17 and 4.18, [TPCFe(Im-<it)2]Cl approximately shows Curie 

behavior, while [TPCFe(4-CNPy)2]^ ahnost shows anti-Curie behavior. Other complexes 

are in between. 
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Figure 4.17 Curie plot of the chemical shifts of pyrrolene protons with different axial 

ligands. 
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Figure 4.18 Curie plot of the chemical shifts of pyrrole-8,17 protons with different axial 

ligands. 
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Figure 4.19 Curie plot of the chemical shifts of pynole-12,13 protons with different axial 

ligands. 
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Figure 4.20 Curie plot of the chemical shifts of pyrrole-7,18 protons with different axial 

ligands. 
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Figure 4.21 Curie plot of the chemical shifts of ortho protons of different pyridine 

ligands. 
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4J3 NMR spectra and peak assignments of high-spin TPCFeCl 

Figiire 4.22 shows the ID spectnim of high-spin TPCFeCl in CD2CI2 at 303 K. 

The partial peak assignments of pyrrolene protons and phenyl protons come &om the 

literature.^ The assignments of the three pyrrole proton resonances have not been 

reported before. The average pyrrole proton chemical shifts are close to the shift of 

pyrrole-H's in TPPFeCl,'^ indicating that they have the same electronic structure. 
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Figure 4.22 'H spectrum of high-spin TPCFeCl in CD2CI2 at 303 K. The tiny peak 

marked with a star arises from the impurity TPPFeCl produced during iron inserting, "m" 

stands for the meta protons of the meso phenyl groups. 
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It is difficult to assign the three pyrrole proton peaks of high-spin TPCFeCl using 

normal 2D techniques because of their very short relaxation times (Ti » 1~2 ms). Since 

full peak assignments have been made on the low-spin species, we can make full 

assignments for the high-spin species from the information provided by chemical 

exchange between low-spin and high-spin species^ by saturation transfer experiments. 

The method is to make a mixture of low-spin and high-spin complexes by adding less 

axial ligands (less than necessary for full conversion of all high-spin complex to low-spin 

complex, e.g. 2 equivalent if the equilibrium constant for ligand binding is very large). As 

a result, only part of the TPCFeCl will be converted to low-spin species (TPCFeChaxial 

ligand » hi). Fortunately, there is no mono-axial ligand complexes detected in the 

solution. By irradiating the pyrrole-H peaks of TPCFeCl and observing the corresponding 

peaks of the low-spin species in the difference spectrum, which arise from chemical 

exchange, the peaks of TPCFeCl can be assigned. 

The axial ligands used here can not bind too strongly (like imidazole) or too 

weakly (like 4-CNPy). No chemical exchange signal will be observed if very strongly or 

very weakly binding axial ligands were used. We found that 4-M[e2NPy (pyridine also 

works) is an appropriate ligand for the saturation transfer experiments. Figure 4.23 show 

the control and ail difference spectra from saturation transfer experiments on the mixture 

of TPCFeCl and [TPCFe(4-Me2NPy)2lCl. The assignments of the three pyrrole-H peaks 

were given on the control spectrum. 

In Figure 4.23(b), besides the peak irradiated (pyrrole-7,18) and the 

corresponding pynole-7,18 proton peak of the low-spin complex, there is another 

negative peak observed, which is at the position of the ortho protons of the bound axial 
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Figure 4.23 Saturation transfer experiments on the mixture of high-spin TPCFeCl and 

low-spin of [TPCFe(4-Me2NPy)2]Cl at 303 K. (a) is the control spectrum, (b), (c) and (d) 

are difTerence spectra. 
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ligand 4-Me2NPy. Actually, if the ortho proton peak is irradiated, the difference spectrum 

will also contain a negative peak appearing at the position of pynole-7,18 protons of 

TPCFeCl. These signals cannot be from chemical exchange, nor firom NOE (the NOE 

signal usually has opposite sign for small molecules like TPCFeCl and its magnitude is 

much smaller). In fact, even if we used pure TPCFeCl and irradiate at the blank position 

of the ortho proton peak (-16 ppm), where there is now no peak, we still obtained a 

negative peak at 84 ppm (position of pynole-7,18 protons). This peak disappeared when 

we ran the same experiment on the DRX 500 (see Figure 4.24). So, the only possible 

explanation is that it is an instrumental artifact. Actually, we performed the same 

saturation transfer experiments on pure TPCFeCl by irradiating at the noise region 

downfield to 100 ppm and upfiled to -30 ppm (e.g. blank region without peaks shown). 

We found that whenever we irradiated at a position which is about 100 ppm (or lOO^n 

ppm, n is an integer) away from a specific peak, this peak showed a strong negative 

signal in the difference spectrum. For example, TPCFeCl has a pyrrole-H peak (pyrrole-

7,18) at 84 ppm. If we irradiate at 284 ppm, 184 ppm, -16 ppm (which happens to be the 

chemical shift of the ortho protons of the bound axial ligand 4-Me2NPy), -116 ppm or -

216 ppm, we obtain a negative peak at 84 ppm. Figure 4.2S show two examples. An 

intermediate level pulse was given every one ppm in the region of-110 ppm to -140 ppm 

and the region of -210 ppm and -240 ppm and the intensity of the negative peaks at the 

position of the three pynole-H peaks were monitored. Figure 4.25 are the plots of 

frequency inadiated (in ppm) versus the intensity of the negative peak appearing in the 

difference spectra. The largest intensities of the negative peaks occur when we irradiate at 

-114, -123 and -133 ppm in Figure 4.25(a) and -214, -224 and -235 ppm in Figure 4.25 
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(b), which are approximately 200 and 300 ppm away fivm the three pyrrole-H peaks 

respectively. Hence, these signals are no doubt artifacts. These artifacts are from the 

Unity 300 itself. No similar result was observed on the DRX 500. 

4.3.4 EPR results of low-spin Fe(III) TPC complexes 

The rhombic signals in the EPR spectra (Figure 4.26) of [TPCFe(Im)2]Cl are 

typical of low-spin FeGH) species with (dxy) (dxzdyz) ground state. However, for 

[TPCFe(Py)2]* and [TPCFe(4-CNPy)2]^ the EPR signals are broad and not well resolved. 

It seems that these two complexes do not have either pure (dxy)^(dxzdyz)^ or pure 

(dxy)'(dxzdyz/ ground state. They have an electronic structure in between. 

Figure 4.24 Blank saturation transfer experiments on the pure high-spin TPCFeCl on 

Unity 300 at 303 K. The spectrum shown is the difference spectrum by inadiating at the 

blank position of -16 ppm. 
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Figure 4.25 Plots of the frequencies irradiated (in ppm) versus the intensities of the 

negative peaks in the difference spectra of TPCFeCl on Unity 300 at 303 K. The same 

experiments as in Figure 4.24. 
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Figure 4.26 EPR spectra of low-spin TPCFe(in) complexes with different axial ligands. 

4.4 Discussion 

4.4.1 Electronic Structure of Low-spin Fe(III) Chlorin Complexes 

The sizable chemical shifts of the pyrrole-8,17 and the pyrrolene protons of 

[TPCFe(Im-</4)2]Cl indicate that there is an unpaired electron in the dxz or dyz orbital. Like 
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the pyrrole protons of low-spin |TPPFe(Im-d[»)2]Cl,'^ these two peaks are dominated by 

Fermi contact shifts. This is supported by the HOckel calculation on the chlorin ring with 

the (dxy)^(dxzdyz)^ ground state (Figure 4.4). The overlap interaction between the 3e(7i) 

(S.2 and A.2) orbitals of the chlorin ring and the d« orbitals of the iron center (see Figure 

1.6) via metal-ligand n bonding leads to large spin distribution on the pynole and 

pyrrolene positions. Because the chlorin ring has lower symmetry, the unpaired spins 

delocalized on the pyrrole and pyrrolene positions are not equivalent, with larger spins on 

the pyrrole-8,17 and pyrrolene positons and smaller spins on the pyrrole-7,18 and 

pyrrole-12,13 positions. The spin densities on the meso positons are also very small, 

consistent with the NMR results. However, the order of the spin density of the pynole-

7,18 and pyrrole-12,13 protons predicted from the HOckel calculation is not consistent 

with their chemical shifts, probably due to the contributions from the dipolar shifts or the 

inaccuracy of the HQckel calculation. 

The ground state and peak assignments of [TPCFe(Im-</4)2]Cl made here are also 

supported by the recently published work^^ on the imidazole complexes of TPCFeCl 

using ENDOR and ESEEM techniques. They found that like [TPPFe(Im)2lCl, 

[TPCFe(Im-</4)2]Cl also had a (dxy)\dxzdy2)^ ground state, which disagrees with Taylor's 

rule.^^*^ The spin distribution pattern they obtained is also consistent with the our NMR 

results. 

As we have known, for low-spin Fe(III) tetraphenylporphyrin (TPP) and 

tetramesitylporphyrin (TMP) complexes, if the axial ligands are weak a donors (such 

as 4-CNPy), the ground state of the complexes is (dxidyj)''(dxy)'. In this case, the spin 

distribution to the pyrrole position is very small. This is also true for TPCFe(III) 
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complexes. For [TPCFe(4-CNPy)2]^ the most negative peak (firom pyrrole-8,17 protons) 

at -20 ®C is at -5.9 ppm, while it is at -41.6 ppm for [TPCFe(Im-iii)2]Cl. The small spin 

density on the pynole-8,17 position indicates that the unpaired electron is in the dxy 

orbital instead of the dxz or dyz orbital. 

The spin density (and thus chemical shift) on the pynole-8,17 (as well as 

pynolene) position depends on the strength of the axial ligands. The chemical shifts of 

the other three complexes are intermediate between [TPCFe(Im-</4)2]Cl and [TPCFe(4-

CNPy)2]^. Based on the order of their pyrrole-8,17 shifts, we get the order of the strength 

of the axial ligands: Im > 4-Me2NPy > 2-MeIm> Py > 4-CNPy. 

It seems that the strength of the axial ligands depends on their basiciQ^. For 

pyridine ligands, the descendant order of the basicity is 4-Me2NPy > Py > 4-CNPy, 

which is the same as the order of their a donor strength. Strong axial ligands usually 

contain electron-donating group, such as NMei or Me groups. The electron-donating 

groups lead to high electron density on the pyridine nitrogen. As a result, the nitrogen 

atom becomes a better a electron donor (higher Lewis basicity) and a stronger <t donor to 

the empty orbital of the metal center (stronger axial ligand). In contrast, weak axial 

ligands usually contain electron-attracting group, such as CN or CI groups. The electron-

attracting groups lead to lower a electron density on the pyridine nitrogen. As a result, 

the nitrogen atom becomes a poorer a electron donor (low Lewis basicity) and a weaker 

(T donor to the empty orbital of the metal center (weaker axial ligand). For imidazole 

ligands, the five-membered ring is a six-electron aromatic system. Hence the ring atoms, 

including the nitrogen donor, are usually electron-rich, resultmg in a stronger a donor to 
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the empty orbital of the metal center. That is vihy imidazole ligands are usually good 

Ugands to porphyrins and other porphyrin-like macrocycles. 

According to the crystal field theory, strong axial ligands in the z direction have 

stronger repulsion with electrons along the z axis and thus will increase the energy of the 

dz2, dxz and dyz orbitals. In this case, the ground state is (dxy)^(dxzdyz)^. For the complexes 

with weaker axial ligands, the repulsion in the xy plane is relatively greater, resulting in 

the decrease of the energy of dxz and dyz orbitals and the (dxzdyz/ (dxy)' ground state. 

By studying carefully the temperature dependence of the chemical shifts of 

TPCFe(III) complexes with different axial ligands, more interesting information can be 

obtained. In the Curie plots of the pyrrolene protons (Figure 4.17) and pyrrole-8,17 

protons (Figure 4.18), [TPCFe(Im-</4)2]CI shows approximate Curie behavior. However, 

[TPCFe(4-CNPy)2]^ shows anti-Curie behavior. In Figure 4.18, the intercept at 1/T=0 is a 

large negative shift (-20 ppm), while in Figure 4.17, the intercept is a large positive shift 

(50 ppm). This can be explained by a thermally accessible excited state of (dxy)^(dx2dyz)^: 

with increase of temperature, the population of the excited state becomes larger, leading 

to larger spin density on the pyrrole-8,17 and pyrrolene position than expected for a Curie 

system. As the result, the pyrrole-8,17 proton peak shifts to more negative region and the 

pyrrolene proton peak shifts to more positive region when temperature is raised, 

increasing the depth of the slope of the data. 

The above explanation shows that the electronic structure of [TPCFe(4-CNPy)2]^ 

is neither a pure (dxy)^(dxzdyz)^ nor a pure (d*y)^(dxzdyz)''. It is somewhat "mixed-state". 

This is supported by the EPR results. In the EPR spectra, [TPCFe(Im-(^)2]Cl looks like a 

"pure" (dxy)^(dxzdyz)^ complex. [TPCFe(4-CNPy)2]^ looks like an intermediate between 
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(dxy)^(d«dyz)^ and (dxy)'(dxzdyz)'*. The other three complexes are in between. [TPCFe(4-

Me2Py)2]Cl and [TPCFe(2-MeIm2]Cl are closer to |TPCFe(Im-</4)2]Cl, while 

[TPCFe(Py)2r is closer to [TPCFe(4-CNPy)2r. 

The Curie plots of pynole-7,18 (Figure 4.20) and pyrrole-12,13 (Figure 4.19) 

protons show close to Curie behavior for all five complexes with different axial ligands. 

At l/T=0, unlike pytrole-8,17 and pynrolene protons, no intercept is far away from the 

diamagnetic shift. This is because contact shifts are not dominant on the chemical shifts 

of pyrrole-7,18 and pyrrole-12,13 protons. The isotropic shift will go to zero at l/T=0 if 

there is no change of spin distribution with the change of temperature. 

Both the contact shift and the dipolar shift play an important role on the chemical 

shift of the phenyl ortho protons."^ The p^ orbitals of the axial ligands have the right 

symmetry match to the dxz or dyz orbital of the metal center. For complexes with the 

(dxy)^(dxzdyz)^ ground state, sizable spin distribution and contact shifts can be observed at 

the ortho position. With the decrease of the strength of the axial ligands, the contact shifts 

become smaller (Figure 4.21). However, for TPCFe(III) complexes with three different 

pyridines, the order of the chemical shifts of the phenyl ortho protons is 4-Me2NPy > 4-

CNPy > Py instead of 4-CNPy > Py > 4-Me2NPy, because complex [TPCFe(4-

Me2NPy)2]Cl has a large positive dipolar shift contribution to the phenyl ortho protons, 

like [TMPFe(4-Me2NPy)2]Cl.'°° 

Although EPR results are available, calculation of the dipolar shift firom the g 

values is impossible since no x-ray structure of the low-spin TPCFe(ni) complex has 

been reported. However, the dipolar shift can be estimated &om the NMR data. For 

[TPCFe(Im-</4)2]Cl, the dipolar shifts of the three kinds of pyrrole protons should be 
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negative and small according to similarity of [TPCFe(Im-</4)2]Cl and [TMPFe(Im)2]Cl. 

As in the case of TMPFe(III) complexes,the dipolar shifts of the pynole protons shift 

to downfield with decrease of strength of the axial ligands. As a result, the dipolar shift 

of pyrrole-7,18 protons of [TPCFe(4-CNPy)2]^ is extremely positive. Another interesting 

behavior of [TPCFe(4-CNPy)2]^ is that the dipolar shift of its pynolene protons becomes 

very negative at low temperature. 

However, the pyrrole proton shifts of [(2,6-X2)4-TPPFe(L)2]C104 (X = F, CI and 

Br, L =4-CNPy, 3-CNPy, 3-ClPy, Py, 3-MePy, 4-MePy, 3,5-Me2Py, 3,4.Me2Py and 4-

Me2NPy) complexes'®" show a different pattern from that of TPCFe(III) and TMPFe(III) 

complexes. Although they also have the trend of changing the ground state from 

(dxyf(dxzdyz)^ and (dxy)'(dxzdyz)'' with decrease of the basicity of the axial ligands, the 

pyrrole proton shifts of [(2,6-X2)4-TPPFe(L)2]C104 complexes with axial ligand of low 

basicity show non-Curie behavior (e.g, close to Curie behavior but with non-zero 

intercepts of isotropic shifts at 1/T = 0) instead of anti-Curie behavior as showed in the 

TPCFe(III) complexes. They have much less (dxy)'(dx2dyz)'' character than the 

corresponding TPCFe(III) and TMPFe(III) complexes. In the temperature range of NMR 

experiments (+30°C to -90°C), it seems that they always have the (dxjr)^(d.xzdyz)^ state 

even with the axial ligands of lowest basicity (4-CNPy). Only at very low temperature, 

the change of ground state is clear. For example, at 4 K, [(2,6-X2)4-TPPFe(4-

CNPy)2]C104 has a (dxy)'(dxzdyz/ ground state according to the EPR results. 

Interestingly, [(2,6-X2)4-TPPFe(L)2]C104, TMPFe(III) and TPCFe(in) complexes 

IHA 
show similar pattem on the pyridine ortho proton shifts. The isotropic shifts are always 

negative, and shift to upfield with decreasing the ligand basicity (except for the case of 
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TPCFe(III) complexes, where |TPCFe(Py)2r has the most negative shift). This is due to 

the contribution from the dipolar shift. Although a decrease of the ligand basicity will 

decrease the spin density on the pyridine ortho positions, according to the calculation by 

Watson,"^ higher basicity pyridine complexes have positive dipolar shifts of the pyridine 

ortho protons, while lower basicity pyridine complexes have larger negative dipolar 

shifts. As the result, for example, in 4-Me2NPy complexes, the positive dipolar shift and 

the negative contact shift partially cancel each other, leading to a smaller negative 

isotropic shift than those in low basicity pyridine complexes. 

4.4.2 Two-level fitting of NMR data 

The anti-Curie behavior of [TPCFe(4-CNPy)2]^ and [TPCFe(Py)2]^ indicates 

existence of the low-lying excited state. For these two complexes, two electronic states 

will be considered, the ground state (dxy)'(dxzdyz)'* and the first excited state 

(dxy)^(dxzdyz)^. (Actually, more than one excited state is involved since dxz and dyz orbitals 

are not equivalent. Here, to simplify the calculation, the splitting between dxz and dyz 

orbitals is neglected.) With the change of temperature, the relative population on the 

ground state and the excited state changes according to the Boltzmann distribution, 

leading to the change of the spin densities and contact shifts (usually the ground state and 

excited state have different spin distribution mechanism). Dr. Nikolai Shoichirev in our 

research group developed a computer program TDF'°^ (Two-level Data Fitting) to 

calculate the energy gap between the ground state and excited state and their 

corresponding spin densities, based on the following equation: 
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^ _ F WiCi + WiCie-^'^'^ 
"CON ~ AF/TT ' ' 

where F is the Curie factor, a constant of-4.968 x 10^ ppm K for protons; C| and Ci are 

the spin densities for the ground state (level 1) and excited state (level 2); Wi and W2 

(usually both are 1 if the spin state is kept unchanged) are the statistical weights for each 

level; AE is the energy gap between the two levels. By entering the contact shift versus 

temperature data (Figure 4.27) into the two-level fitting program, Ci, C2 and AE were 

calculated (see Table 4.1). Because the dipolar shifts are unknown, the isotropic shifts 

instead of contact shifts are used here. For CH3 protons, same Curie factor was used, 

however, with a positive sign (e.g. +4.968 x 10^ ppm K). 

Table 4.1 Spin densities on position 8,17 and 1,4 of the ground state and excited state and 

the energy gap between these two states calculated from the two-level date fitting 

program. 

Ligand Py 4-CNPy 

AE (cm*') 613.1 423.5 

8,17 0.012 0.0002 
Ci 

1,4 0.004 -0.013 

8,17 0.092 0.088 
Ci 

1,4 0.074 0.112 
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Table 4.1 shows the data fitting results for [TPCFe(4-CNPy)2]^ and 

[TPCFeCPyhr. Th® two level fitting for [TPCFe(lm-</4)2r and [TPCFe(4-Me2NPy)2r 

was not done because the temperature dependence of all peaks of these two complexes is 

so close to Curie behavior that the 2-level data fitting results will be quite inaccurate. 

Both [TPCFe(4-CNPy)2r and [TPCFe(Py)2r show a ground state with small spin 

densities on the position-8,17 and position-1,4 and an excited state with very large spin 

densities on these two positions. Hence, the ground state should be (dxy)'(dxzdyz)'* and the 

excited state should be (dxy)^(dxzdyz)^. 

20 
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T Py-PL 
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Figure 4.27 Isotropic shifts of pyrrole-8,17 and pyrrolene protons of |TPCFe(4-CNPy)2r 

and [TPCFe(Py)2r and their data fitting curves. The solid labels are the experimental 

data. The solid lines are the fitting curves according Equation 4.1. 
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However, the calculated spin densities are much larger than the expected values, 

which should be around 0.01 at both positions for the excited state according to the NMR 

data and the Hiickel calculation result. Two reasons may be responsible for the error. 

First, the dipolar and contact shifts cannot be separated without the X-ray structure and 

thus the isotropic shifts instead of contact shifts were used in the data fitting. Second, 

more than one excited state may be involved in the temperature dependence of the 

chemical shifts. 

4.4.3 Electronic Structure of High-Spin TPCFeCl 

TPCFeCl and TPPFeCl are similar in electronic structure. In both compounds, the 

chemical shifts of the pyrrole protons are dominated by the contact shifts from a spin 

distributions, with the subtraction of a smaller contact shift (negative) arising firom n spin 

distributions. The average chemical shift of three pyrrole-H peaks of high-spin TPCFeCl 

is close to the chemical shift of the TPPFeCl pyrrole protons. This result suggests that the 

amount of spin density distributed from the iron center to the chlorin ring is nearly the 

same as that distributed to the porphyrin ring in TPPFeCl, but it is distributed quite 

asynmietrically among the various pyrrole positions of the chlorin ring.^ The order of the 

three pynole proton chemical shifts of TPCFeCl is 7,18 > 12,13 > 8,17, with the pyrrole-

7,18 the most positive one. This order is the same as the order of the three pyrrole proton 

chemical shifts of |TPCFe(Im-</4)2]Cl, with pyrrole-8,17 the most negative one. This 

indicates that the n spin distribution mechanism is the same for [TPCFe(Im-</4)2]Cl and 

TPCFeCl. High-spin TPCFeCl also has larger n spia density on pyrrole-8,17 positions. 
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leading to larger (in magnitude) negative contact shift and thus smaller observed 

chemical shift. For pyrrole-7,18 positions, n spin density and the contact shift (in 

magnitude) from this unpaired ti spin are the smallest so that the observed chemical shift 

is the biggest among the three pyrrole proton resonances. As in [TPCFe(Im-</4)2]Cl, it is 

also the 3e(n) orbitals (A.2 is more important) that are involved in the interaction with the 

d,t orbitals of the metal center and thus contribute to the TI spin distribution. 

The negative chemical shift of the pynolene protons is strange, since the contact 

shift here should be positive. Probably a large negative dipolar shift dominates the 

chemical shift of the pynolene protons. 

4.5 Conclusion 

TPCFeCl is a high-spin Fe(in) complex. The chemical shifts of the pyrrole 

protons are dominated by the contact shifts from a spin distribution. The tc spin 

distribution also plays an important role on the chemical shifts of the pynole protons. The 

a spin densities on the three pairs of pyrrole protons are aknost the same, while the 

different it spin densities on the pyrrole positions lead to the variation of the chemical 

shifts of the pyrrole protons. The 3e(7c) orbital of the chlorin ring is involved in the n 

interaction with the iron center. 

The electronic structure of the low-spin [TPCFe(L)2]Cl (L = axial ligand) 

complexes depends on the strength of the axial ligand. With the weakening of the axial 

ligands, the ground state of the metal center tends to change from (dxy)^(dxzdyz)^ to 

(dxzdyz)''(dxy)'. For complexes with strong axial ligands, the chemical shifts of the 
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pyirolene and pyrrole-8,17 proton resonances are dominated by the contact shifts firom 

the rc spin delocalization, which arises &om the interaction between the 3e(7c) orbital of 

the chlorin ring and the d, orbitals of the metal center. 
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Chapter 5 

NMR and EPR Studies of Iron(III) Octaethylchlorin and Mono-Oxo-

Octaethylchlorin Complexes 

5.1 Introduction 

In this chapter, high-spin OECFeCl (OEC = trans-2,3,7,8,12,13,17,18-

octaethylchlorin, see Figure 5.1) and low-spin [0ECFe(L)2]Cl (L= imidazole, 4-

dimethylaminopyridine, pyridine, 4-cyanopyridine and t-butylisocyanide) and [mono-

oxo-OECFe(Im-c/4)2]Cl (mono-oxo-OEC = 2-oxo-3,3',7,8,12,13,17,18-octaethylchIorin, 

Im = imidazole) complexes are studied by NMR and EPR spectroscopies. Their 

electronic structure and spin distribution mecham'sm are also discussed by comparing 

with the corresponding iron(III) tetraphenylchlorin and octaethylporphyrin complexes. 

The imidazole (ImH), 4-dimethyiaminopyridine (4-Me2NPy), pyridine (Py) and 4-

cyanopyridine (4-CNPy) complexes of OECFe(III) have similar NMR spectra, while the 

t-butylisocyanide (t-BuNC) complex shows quite different NMR spectrum and spin 

distribution mechanism. So, complex [OECFeCt-BuNC):]^ is discussed in a separate 

section. 

5.2 Experimental 

The octaethylchlorinatoiron(III) chloride (OECFeCl) was originally provided by 

Prof. Alan Stolzenberg'^ of West Virginia University and synthesized later by Dr. Elena 

Belikova in our group. The mono-oxo-octaethylchlorinatoiron(III) chloride (oxo-
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Figure 5.1 Structure of OECFeCl and oxo-OECFeCl 
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OECFeCI) was provided by Prof. Alan Stolzenberg. Octaethylporphyrinatoiron(III) 

perchlorate (OEPFeOClOa) was provided by Dr. Tatjana Shokhireva in our group. All 

samples for NMR studies were prepared in S mm NMR tubes and deuterated methylene 

chloride in air except [0ECFe(t-BuNC)2r- Complexes with axial ligands were made by 

directly adding an excess of axial ligands (iron chlorinraxial ligand « 1:4 in moles). For 

complexes with pyridine and 4-cyanopyridine as axial ligands, an excess of silver 

trifluoromethanesulfonate (AgOSOiCFs, 99%, Alfa /ESAR) was also added to remove 

the stronger-binding anion chloride and help the binding of the axial ligands. To prevent 

oxidation of chlorins to porphyrins, [0ECFe(t-BuNC)2]^ was made in an inert 

atmosphere bag. An excess of Ag0S02CF3 was added to the CD2CI2 solution of 

OECFeCI in an NMR tube and the tube was shaken for a while to remove the chloride 

ion as AgCl. Then the solution was filtered into another NMR tube through glass wool 

and an excess of t-BuNC was then added. The axial ligand t-BuNC cannot be added 

directly to the mixture of OECFeCI and Ag0S02CF3 because t-BuNC also can bind to 

Ag^ in the solution. All samples were degassed three times with nitrogen before putting 

caps on and sealing the NMR tubes. NMR and EPR experiments were carried out as 

described in Chapter 4. The NOE difference experiments were done on the Bruker DRX 

500 or DRX 600 at 30°C or 2S°C by using the automatic program called noemult, which 

uses the same pulse sequence as the saturation transfer experiments. A relaxation delay of 

50 - 100 ms and a pre-irradiation time of 30 ~ 50 ms was usually used with an 

intermediate power level. The number of scans for each spectrum was 8192 or 16384 in 

an interleaved manner. The total time for each experiment was 15 to 24 hours. 
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5 J Results 

5.3.1 NMR Spectra of Low-Spin Bis-Imidazole and Pyridine Complexes of 

OECFe(III) and Their Peak Assignments 

[OECFe(Im-</4)2|Cl This complex has two kinds of meso protons and four kinds of ethyl 

groups, since it has C2 symmetry along the axis that passes &om the center of pyrrolene-2 

and pyrrolene-3 positions to the center of the pyrrole-12 and pyrrole-l3 positions. For 

each ethyl group, the two CH2 protons are not equivalent due to the trans configuration of 

the two pyrrolene protons. So a total of eight resonances firom CH2 protons and two 

resonances from the meso protons should be observed in the NMR spectrum. Figure S.2 

shows the 'H spectrum of [OECFe(Im-</4)2]Cl in CD2CI2 at 30 °C. There are two peaks 

&om the meso protons, four peaks from CH3 protons of the four kinds of ethyl groups, 

and one pyrrolene proton peak. The four kinds of CH2 groups give three pairs of doublet 

and one singlet. Each doublet comes from the two different CH2 protons within an ethyl 

group. For the singlet, the two CH2 protons happen to have the same chemical shift. This 

singlet can be assigned to the pyrrolene-2,3>CH2 protons. The reason is that for pyrrole-

CH2 protons, the contact shift from the n (as well as a) spin distribution should be always 

positive. The negative sign of the peak at -5 ppm must be from the sum of a large 

negative dipolar shift (in magnitude) and small positive contact and diamagnetic shifts. 

Among the four kinds of ethyl groups, pynolene-2,3-CH2 protons have one more single 

bond between them and the tc system than other CH2 protons, leading to very small 
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Figure 5,2 H spectrum of [OECFe(Im-</4)2]Cl in CDaCii at 30 °C. I, impurity; Me, methyl of the pyrrole ethyl group; PL, pyrrolene 

protons; the numbers stand for the positions of the CH2 groups and meso protons. 
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contact shift firom either o or n spin distribution. If all CH2 protons have similar negative 

dipolar shifts, the pyTrolene-2,3-CH2 protons are the most likely to have negative 

chemical shift. Actually, this assignment is supported by our COSY and NOE difference 

experiments (see results below). 

Partial assignments of the ethyl groups were made from the COSY spectrum 

(Figure 53). For each ethyl group on the pyrrole positions, there are three pairs of cross 

peaks, one between the two different CH2 protons within the ethyl group and two 

between the two kinds of CH2 protons and the methyl group. For pyrrolene-2,3 ethyl 

group, two pairs of cross peaks were observed, one between the CH2 protons and the 

methyl group and the other one between the CH2 protons and the pyrrolene protons. 

The NOE between two adjacent CH2 groups and between the CH2 groups and the 

meso protons are too weak to be observed in NOESY experiments. The full assignments 

of the CH2 groups and the meso protons were made from NOE difference experiments 

(Figure 5.4). Compared to NOESY, NOE difference experiments have two advantages: 

(i) They are steady-state instead of transient (such as NOESY) experiments. If the pre-

inadiation time is long enough for the NOEs to fiilly build up, we can get NOEs as large 

as possible."'̂  In NOESY, however, the fast relaxation rate of the nuclei to which the 

magnetization is transferred will decrease the NOE greatly during the mixing time.'̂  So, 

NOEs in the steady-state experiments are always larger than in the NOESY experiments. 

Actually, even the NOEs obtained from NOE difference experiments are still very weak 

(about 0.1% between two adjacent CH2), as we will see below. That is why NOESY did 

not work in this study since the "detectable" cross-peaks in NOESY usually are those 

with relative intensity of 1% or larger, (ii) We can use much more scans (for example. 
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16384) in NOE difference experiments than in NOESY. Usually, an NOE difference 

experiment of 16384 scans costs almost the same time as a NOESY experiment of 1024 

scans. Hence, NOE difference experiments have higher signal/noise ratio. 

ppm 

0 
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10 
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20 

25 

2S 20 15 10 S 0 ppm 

Figure 5.3 COSY spectrum of [OECFe(Im-</4)2]CI. The crosspeaks come from correlation 

of protons within ethyl groups and between the pyrrolene protons and the 2,3-CH2 group. 
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Figure 5.4 NOE difference spectra of [OECFeCIm-iijhICI at 30 "C. I, impurity; Me, 

methyl of the pyrrole ethyl group; PL, pyrrolene protons, (a) is the control spectrum. 

Others are difference spectra. The arrows show the positions of irradiation. 
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In Figure 5.4 are the results of the NOE difference experiment on [OECFe(Ini-

</4)2]Cl at 30 °C. Please note that only those positive absorptive peaks with a line width 

larger than 30 Hz are really NOE signals. The sharp peaks, which may come from 

diamagnetic impurities, and those peaks with dispersive shape are artifacts. In Figure 

S.4(b), one peak of the doublet at 26 ppm (pyrrole-CHi) was irradiated, resulting in 

(irradiation of the other peak, which is not shown in this figure, gave the same result) two 

weak (about 0.1%) NOE signals, one between the peak irradiated and its adjacent CH2 

group and the other one between it and its adjacent meso protons. According to the 

structure of the chlorin ring, these twu adjacent CH2 should be on position pyrrole-7,18 

and pyrrole-8,17, although exact assignments are still unknown at present. In Figure 

5.4(c), by irradiating one of the meso peaks, NOE signals from pyrrolene-2,3-CH2 and 

pyrrolene protons are observed. Thus, this peak must be from meso-5,20 protons. The 

NOEs between meso-5,20 and pyrrole-7,l8-CH2 protons are covered by the large envelop 

of peak being irradiated and are thus invisible. When the other meso (meso-10,15) proton 

peak is irradiated (Figure 5.4(d)), two NOE signals were observed, one from pynole-

8,17-CH2 and the other one from pyrrole-l2,l3-CH2. According to the results shown in 

Figure 5.4(b), the doublet at 26 ppm should be assigned to pyrrole-8,17-CH2. Hence, 

pyrrole-12,13-CH2 and pyn:ole-7,18-CH2 were also assigned. 

[OECFe(4-lVIe2NPy)2lCI The ID spectrum of [OECFe(4-Me2NPy)2]Cl (Figure 5.5) has 

a similar pattern to that of [OECFe(Im-</4)2]Cl, except that the spectrum spreads out a bit 

more. The pyrrole-CH2 doublet at the most downfield region has a chemical shift of 

about 30 ppm, larger than the 26 ppm observed for [OECFe(Im-<4)2]CL The assigimients 
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Figure 5,5 'H spectruiri of [OECFe(4-Me2NPy)2]CI in CDaCia at 30 °C, Me, methyl of the pyrrole ethyl group; PL, pyrrolene protons; 

B, bound axial ligand; FL, iree axial ligand; m, mata proton of the ligand; o, ortho proton of the ligand; the numbers stand for the 

positions of the CH2 groups and meso protons. 
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of the axial ligands were made fiom NOES Y (Figure 5.6), where only chemical exchange 

cross-peaks are observed and NOEs are two weak to be visible. The assignments of the 

pyrrole-CH2, CH3 of the ethyl groups and meso protons were made from COSY (Figure 

5.7) and NOE difference experiments (Figure 5.8), as was done for [OECFe(Im-f/4)2]Cl. 

F1 
( p p m r  
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30 25 20 15 10 5 0 -5 

F2 (ppm) 

1 1 1 1  f  

Figure 5.6 NOESY spectrum of [OECFe(4-Me2NPy)2]Cl. All crosspeaks come from the 

chemical exchange between bound and free axial ligands. 

Please note that, in Figure 5.8(d), when mefo-10,15 protons were irradiated, besides the 

NOE signals from pyrrole-8,l7-CH2 and pyrrole-l2,13-CH2, there is a large negative 

peak from chemical exchange observed. This peak is from the N-Me protons of the 

bound axial ligands. In order to completely saturate the fast-relaxed peak being irradiated. 
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an intermediate power level (40~50 dB) was used in the NOE difference experiments. 

The frequency spread of the irradiation of this level is usually very broad, resulting in 

partial saturation of the neighbor peaks. When me5O-10,15 protons were irradiated, the N-

Me of the free axial ligands was also partially saturated, causing a chemical exchange 

signal in the difference spectrum. 

ppm 

Figure 5.7 COSY spectrum of [OECFe(4-Me2NPy)2]Cl. The crosspeaks come from 

correlation of protons within ethyl groups and between the pyrrolene protons and the 2,3-

CHz group. 
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Figure 5.8 NOE difference spectra of [OECFe(4-Me2NPy)2]Cl. (a) is the control 

spectrum. Others are difference spectra. The arrows stand for the positions where the 

irradiation is. The negative peak marked with "L" in (d) is N-Me group of the bound 

axial ligands arising firom the chemical exchange between the firee and bound axial 

ligands because the peak of N-Me group of the firee axial ligands is very close to the peak 

irradiated (me^o-10,15) and also partial saturated 
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Figure 5.9 'H spectrum of [OECFe(Py-t/5)2l'̂  in CD2CI2 at 30 ''C. I, impurity; Me, methyl of the pyrrole ethyl group; PL, pyrrolene 

protons; the numbers stand for the positions of the CH2 groups and meso protons. 
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[OECFe(Py-</5)2l* This complex shows similar ID spectrum (Figure 5.9) to the above 

two complexes, except that the spectrum spreads out further. The most downfield doublet 

moves to 40 ppm. Full peak assigmnents were made from COSY (Figure 5.10) and NOE 

difference experiments (Figure 5.11). 

ppm 

-5-

• t 

10-

15-

20-

25-

30-

35-

40- * 
I • 
• < 
• 

40 35 30 25 20 15 10 5 0 ppm 

Figure 5.10 COSY spectrum of [0ECFe(Py-</s)2]^. The crosspeaks come from correlation 

of protons within ethyl groups and between the pynolene protons and the 2,3-CH2 group. 



(d) ?•!' 

(c) 

S| n-

(b) 

onr 

(a) 

•.17 

JUL 

1 

1 

7,11 

«.I7-M8 7.IS-Me 

lais 

iillmj 

159 

/7,IS-Me 

4̂  J 

^12.13 

• • • • , • •  I  I  ,  I  I  I  I  I  ,  •  •  I  I  

4S 40 35 30 2S  ̂ IS 10 5 0 -5 ppm 

Figure 5.11 NOE difference spectra of [0ECFe(Py-c/s)2r. (a) is the control spectrum. 

Others are difference spectra. The arrows stand for the positions of irradiation. 

[OECFe(4-CNPy)2r Figure 5 .12 shows the ID spectrum of this complex in CDiCh at 

303 K. Partial assigmnents of the axial ligand and CH2, CH3 groups can be made from 

NOESY (Figure 5.13 ) and COSY (Figure 5.14). Since 4-CNPy is a weakly binding 
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Figure 5,12 'H spectrum of [OECFe(4-CNPy)2]^ in CD2CI2 at -20 °C. PL, pyrrolene protons; BL, the numbers stand for the positions 

of the CH2 groups and meso protons. 
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Figure 5.13 NOESY spectrum of [OECFe(4.CNPy)2r in CD2CI2 at -20 "C. The 

crosspeaks come the chemical exchange between bound and &ee axial ligands. However, 

some crosspeaks were not observed due to the very fast relaxation rate at -20 °C. Change 

of the temperature did not reveal additional information. Hence, full assignments for the 

axial ligand cannot be made. 
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Figure 5.14 COSY spectrum of [OECFe(4-CNPy)2]^. The crosspeaks come from 

correlation of protons within ethyl groups and between the pyrrolene protons and the 2,3-

CH2 group. 
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ligand, at room temperature the chemical exchange between bound and fi%e axial ligands 

broaden the line widths of the resonances of [OECFe(4-CNPy)2]^ and shorten the Ti of 

pyrrole CHi protons to about 30 ms (the corresponding Tt for [OECFe(Im-(/4)2]Cl is 

around 70 ms). Even at low temperature (below -30''C), the relaxation rates are still very 

fast. So, at any temperature, the NOEs are too weak to be observed even in the NOE 

difference experiments. In this case, the full peak assignments have to be made by guess. 

It is reasonable to assume that the pyrroIe-CHa groups and meso protons of [0ECFe(4-

CNPy)2r have the same order of the chemical shifts as those of former three complexes. 

The full assignments of the pyrrole-CHi groups and meso protons are shown in Figure 

5.12. 

5.3.2 NMR Spectra of High-spin OECFeCl and the Peak assignments 

Et H H Et 

Et 

Et 

Et Et Et Et 

Figure 5.15 Two enantiomers isomers of trans-OECFeCl 



164 

Actually, with two chital carbons, trans-OECFeCl has two enantiomers, which are 

mirror image to each other (Figure 5.IS). These two enantiomers have exactly the same 

NMR spectrum. Usually, it is not possible or necessary to try to distinguish them. The 'H 

spectrum of high-spin trans-OECFeCl has been reported and the assignments of meso 

protons have been made by selective deuteration.'̂  Figure 5.16 shows the 'H spectrum in 

CD2CI2 at 30°C and the meso proton assignments. Unlike its bis-ligand complexes, 

OECFeCl does not have C2 symmetry. Thus there are totally 16 different CH2 protons (12 

from pyrrole-CH2 groups and 4 ftom the pyrrolene-CH2 group) from the eight ethyl 

groups, two different pyrrolene protons and four different meso protons. 

meso 

-45 -55 -65 -75 -05 ppm 

I  1  I  I  I  I  I  I  I  I  I  1 1 1  I  I  I  r  T-r-Ti-r I  I  I  I  I  I  I  I  T  T-r-r-r-r M ' ' • M 
59 50 45 40 35 30 25 20 15 10 5 ppm 

Figure 5.16 'H spectrum of high-spin OECFeCl in CD2CI2 at 30 "C. Inserted is the 

region of the four meso protons. 
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Although the types of protons were assigned previously,''* no one has given the 

full assignments of the eight ethyl groups. In this section, we report the fiill peak 

assignments for high-spin OECFeCl using the chemical exchange technique, as we did in 

Chapter 4. A mixture of the OECFeCl and die low-spin [OECFe(4-Me2NPy)2]Cl was 

made by adding less axial ligands to the solution of OECFeCl than necessary to fiilly 

form the bis-ligand complex (4-Me2NPy:OECFeCl « 1:1). Then the saturation transfer 

experiments were carried out on this mixture. The control spectrum (Figure 5.17(a)) 

shows the assignments for all the CHz groups and pyrrolene protons except two peaks 

from the pyrrolene-2,3-CH2 protons, who are under the large envelope of the resonances 

of the low-spin [OECFe(4-Me2NPy)2]Cl. Figure 5.18 gives the assignments of the four 

meso protons, which are consistent with the assignments (see Figure 5.16) in the 

literature made from selective deuteration.''* 

There is an interesting result from the saturation transfer experiments. When any 

peak from the 12 pyrrole-CHi protons is irradiated, besides the chemical exchange signal 

from the corresponding low-spin species, there is another negative signal observed from 

the high-spin OECFeCl. This peak is from the chemical exchange between two CHi 

protons in two different (such as position 7 and 18) ethyl groups. These chemical 

exchanges arise from the binding, loss and re-binding of chloride ion on the opposite side 

of the chlorin ring in the presence of 4-Me2NPy. For example, for one of the two CHi 

protons at position 7, if the chloride ion leaves when 4-Me2NPy binds, a different CI' can 

bind to the metal center on the opposite side when 4-Me2NPy leaves, and this proton will 

thereby change its chemical environment to that of another CH2 proton at position 18. 

(Please note that, for an isomer of OECFeCl, after the loss and re-binding of chloride ion 
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Figure 5.17 Saturation transfer experiment of the mixture of [OECFe(4-Me2NPy)2]Cl and 

OECFeCl (pyrrole-CHi and pyrrolene protons) at 30 °C. (a) is the control spectrum. 

Others are difference spectra. The arrows stand for the positions of irradiation. 
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Figure 5.17 (Continued) 
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Figure 5.17 (Continued) 
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Figure 5.18 Saturation transfer experiment of the mixture of [OECFe(4-Me2NPy)2]Cl and 

OECFeCl (meso protons), (a) is the control spectrum. Others are difference spectra. The 

arrows stand for the positions of irradiation. 
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on the opposite side of the chlorin ring, it is still the same isomer. It will never change to 

the other isomer.) This process only occurs in the mixture of OECFeCl and [0ECFe(4-

Me2NPy)2]Cl. (NMelm and ImH bind too tightly and exchange too slowly to produce 

saturation transfer signals while pyridine and 4-CNPy do not bind tightly enough and 

exchange too rapidly to allow resolved high-spin resonances to be observed.) As a result, 

chemical exchange signals were observed between two CH2 groups. 

44 

48i 

54 

56 
it|iiii[iiiniiii[iiii|iiii[iiii|iiii|iiii|iiii|iiii|iiii|iiii|iiiniiii|iiii|iiii|iiii|iiii|iiiniiii|iiii|iiii|iiii|iiii|iiii 

56 54 52 50 48 46 44 42 40 38 36 34 

F2 (ppm) 

Figure 5.19 EXSY spectrum of the mixture of [OECFe(4-Me2NPy)2]Cl and OECFeCl in 

CD2CI2 at 30 "C. Mixing time = I ms. 



171 

This chemical exchange also was observed in the EXSY spectrum (Figure 5.19) 

of the mixture of OECFeCl and [OECFe(4-Me2NPy)2]Cl. Since there are a total of 12 

pyrroie-CH2 peaks, 6 pairs of cross peaks should be shown. Interestingly, in the EXSY 

spectrum, only the chemical exchanges between the CHi protons of the high-spin 

OECFeCl have been observed. The chemical exchanges between OECFeCl and 

[OECFe(4-Me2NPy)2lCl were not observed in the EXSY spectrum due to the large 

difference of the relaxation times between these two species. Thus it is clear that if one 

wants to observe the chemical exchange or NOE between a fast relaxing peak and a 

slowly relaxing peak, the steady-state experiment is a much better choice than NOES Y. 

By irradiating the fast relaxing peak and observing the change of the slowly relaxing 

peak, one can avoid the disadvantage of the NOESY experiment, the decrease of the 

signal during the tt increment and mixing time due to the fast relaxation rate. 

5.3.3 NMR Studies of [OECFeCt-BuNChr 

NMR studies of [0ECFe(t-BuNC)2]^ are not included in Section 5.3.1 because of 

its unique NMR spectrum. Figure 5.20 is the 'H spectrum of [0ECFe(t-BuNC)2]^ in 

CD2CI2 at 30°C. It is characterized by a strongly downfield peak at 132 ppm (pynolene-

H) and two upfield peaks at -15 (OTeso-lO,15-H) and -30 ppm (OTejo-5,20-H). The rest of 

the spectrum is similar to those of the pyridine and imidazole complexes of OECFe(in) 

in pattern. The chemical shift of the t-butyl group of the bound ligand is unknown 

because this peak is located somewhere in the diamagnetic region and not resolved. The 

full assignments of the ethyl groups and meso protons were made firom COSY (Figure 
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5.21) and NOE difference experiments (Figure 5.22). In the COSY spectrum, cross-peaks 

between the two inequivalent CH2 protons and between the CH2 protons and the CH3 

protons within each ethyl group were observed. However, the peak of pyrrolene-H is so 

broad that no cross-peak between the pyrrolene protons and the pynolene-2,3-CH2 group 

is detectable in the COSY spectrum. The pyrrolene protons were assigned from NOE 

difference experiments. Figure 5.22(b) shows that when the peak of the pynolene-H (at 

45 40 35 30 25 20 15 10 5 0 -5 -10 -15 -20 -25 ppm 

Figure 5.20 'H spectrum of [0ECFe(t-BuNC)2r in CD2CI2 at 30°C. I means impurity, 

which is the high-spin OEPFeCl oxidized from the OECFeCl. The numbers stand for the 

positions of the CH2 groups and meso protons. Inserted is the pyrrolene proton signal (the 

scale is ten fold). 
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Figure 5.21 (a) COSY spectrum of [0ECFe(t-BuNC)2]^. The crosspeaks come from 

correlation of protons within ethyl groups and between the pyrrolene protons and the 2,3-

CHi group, (b) Expend area from -6 ppm to 14 ppm for a better resolution. 
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Figure 5.22 NOE difference spectra of[OECFe(t-BuNC)2r (a) is the control spectrum. 

Others are difference spectra. The arrows stand for the positions where the irradiation is. 

In (b), the pynolene proton peak is irradiated (at 132 ppm). 
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132 ppm) was irradiated, the NOE finm the pytrolene-2,3-CH2 was detected. Other 

assignments were made in the same way as were those for the pyridine and imidazole 

complexes of OECFe(III). The Curie plots of these peaks are shown in Figure 5.23. The 

temperature dependence of ail peaks is far away &om Curie behavior except those with 

small isotropic shifts. 

150 

•g 100 
Q. 
a 

S 50 
£ 
0) 

0 o 
£ 0) 
o -50 

-100 

• • • • • •  •  

r  a t a f i d  
X ft K 

r t A A 

A 
• 

1 T .  •  .  

1000/T(K'') 

Figure 5.23 Curie plot of [0ECFe(t-BuNC)2]^. •: pyrrolene protons; meso protons; 

O, •, O, X, A: pyrrole-CHa protons. 

Full peak assignments were also sought by using chemical exchange techniques. 

Two samples were made for this purpose. One sample was a mixture of [OECFe(Py-

^5)2]^ and [0ECFe(t-BuNC)(Py-rf5)r (Figure 5.24) by adding an excess of pyridine-c/s 

(Py-rfsrOECFeCl > 2:1) and less t-BuNC (t-BuNC:OECFeCl « 1:1) to the solution of 
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OECFeCl. The other is a mixture of [0ECFe(t-BuNC)2r and [OECFe(t-BuNC)(Py-</s)]^ 

(Figure 5.25) by adding an excess of t-BuNC (t-BuNC:OECFeCl > 2:1) and less Vy-ds 

(Py-rfsrOECFeCl » 1:1) to the solution of OECFeCl. We expected to observe the 

chemical exchange between [OECFe(Py-</5)2]^ and the mixed-ligand complex [OECFe(t-

BuNC)(Py-(/5)]^ from the first sample and between [0ECFe(t-BuNC)2r and [OECFe(t-

BuNC)(Py-</s)r &oni the second sample. From the first sample, peak assignments of 

[OECFe(t-BuNC)(Py-rfs)]'̂  can be made based on the assignments of [OECFe(Py-i/5)2]^ 

and from the second sample, peak assignments of [0ECFe(t-BuNC)2]^ may be obtained 

according to the results (the assignments of [0ECFe(t-BuNC)(Py-</5)]'̂  from the first 

sample. Unfortunately, this attempt failed because both samples gave the same groups of 

cross peaks. As we expected, the mixture of [OECFe(Py-i/5)2]^ and [0ECFe(t-BuNC)(Py-

ds)]* give the chemical exchange cross peaks between [OECFe(Py-rf5)2]^ and [OECFe(t-

BuNC)(Py-c/5)]̂  in the EXSY spectrum (Figure 5.26). However, the mixture of 

[0ECFe(t-BuNC)2]^ and [OECFe(t-BuNC)(Py-rfs)]^ also shows chemical exchange 

between [OECFe(Py-c/5)2r and [0ECFe(t-BuNC)(Py-</5)]^ (Figure 5.27) even if there 

was only a trace of [0ECFe(Py-</s)2]^ present in the solution. Although [0ECFe(t-

BuNC)2r is one of the major components of the sample, there is no chemical exchange 

observed between [0ECFe(t-BuNC)2r and [OECFe(t-BuNC)(Py-</s)r or a trace of 

[OECFe(Py-</5)2r. This can not be ascribed to the argument that the binding constant of 

t-BuNC to the iron center is very small (the peaks of [0ECFe(t-BuNC)2r are quite sharp 

even at room temperature) or very large (the t-BuNC also need Ag0S02CF3 to help 

remove chloride ion to bind to the iron center). One possibility is that there is a 

conformation change of the chlorin ring (for example, ring ruffiing) upon the binding and 
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Figure 5.24 ID spectrum of the mixture of [OECFe(Py-</5)2]^ and [OECFe(t-BuNCXPy-</5)]^- Partial assignments were given 

according to the resuhs from the EXSY experiment (see Figure 5.26). Py, resonances of [OECFe(Py-J5)2]^; PL, pyrrolene protons of 

lOECFe(t-BuNC)(Py-</5)]^; the number stand from the assignments of [OECFe(t-BuNC)(Py-i/5)]^. Other peaks can not be given 

assignments because they are not resolved in the region from -2 ppm to 9 ppm or they have crosspeaks with these unresolved peaks in 

the EXSY spectrum. 
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Figure 5.25 ID spectrum of the mixture of [OECFe(Py-f/5)2]^ and [OECFe(t-BuNC)(Py-</5)]^. Partial assignments were given. NC, 

resonances of [OECFe(t-BuNC)2]^; PL, pyrrolene protons of [OECFe(t-BuNC)(Py-J5)]^; the number stand from the assignments of 

[OECFe(t-BuNC)(Py-</5)]'^. 
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Figure 5.26 EXSY spectrum of the mixture of [0ECFe(Py-(/s)2r ^nd [OECFe(t-

BuNC)(Py-rfs)]^ It gives the chemical exchange cross peaks between [OECFeOPy-t/s):]^ 

and [0ECFe(t-BuNC)(Py-</5)r. 
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Figure 5.27 EXSY spectrum of the mixture of [0ECFe(t-BuNC)2]^ and [OECFe(t-

BuNC)(Py-(/5)f. It also shows chemical exchange between trace of [OECFe(Py-</5)2r 

and [OECFe(t-BuNC)(Py-<fs)r-
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loss of the second t-BuNC ligand. If the rate of this conformation change is very slow, it 

would result in a small apparent ligand exchange rate. 

5.3.4 NMR studies of Low-spin [oxo-OECFe(Im-<f4)2]Cl 

3-Mc 

Me 

'"1 1 1 r I' I I I' I I I I I I'" I I'"""!' I r—'i I' I "I I 
20 19 18 17 16 15 14 13 12 II 10 9 8 7 fi 5 4 3 2 1 0 -I -2 -3 ppm 

Figure 5.28 'H spectrum of [oxo-OECFe(Im-</4)2]Cl in CD2CI2 at 30°C. *, impurity; Me, 

methyl of the pyrrole ethyl group; the numbers stand for the positions of the CH2 groups 

and meso protons. 
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The total amount of oxo-OECFeCl available was only enough to make one 

sample for NMR studies. The NMR spectra of the high-spin oxo-OECFeCl and the effect 

of different axial Ugands could not be studied as was done for OECFeCl. The only 

sample made was [oxo-OECFe(Im-(/t)2]Cl, the simplest one. The 'H spectrum of [oxo-

OECFe(Im-i/4)2]Cl (Figure 5.28) looks quite similar to the spectrum of [OECFe(Im-

</4)2lCl, except that there are seven kinds of ethyl groups and four kinds of meso protons 

in [oxo-OECFe(Im-t/4)2]Cl because of the loss of C2 symmetry. However, there is a 

mirror plane in the plane of the chlorin ring instead. Hence, for each pyrrole-CH2 group 

at position 7, 8, 12, 13,17 and 18, the two protons are now equivalent. For the two ethyl 

groups at position 3, although they are equivalent, the two CH2 protons in each ethyl 

group are not equivalent. Thus, there are a total of eight resonances from the eight ethyl 

CH2 groups and seven peaks firom the eight ethyl CH3 groups. 

In the COSY spectrum of [oxo-OECFe(Iin-rf4)2]Cl (Figure 5.29), for each ethyl 

group at position 7, 8, 12, 13, 17 and 18, only one pair of cross-peaks, between the CH2 

and CH3 groups within the ethyl group, is observed. The two ethyl groups at position 3, 

however, should give three pairs of cross-peaks, one between the two inequivalent CH2 

protons and two between the CH2 group and the CH3 group. Thus, the two peaks at -2.7 

and -4.3 ppm can be assigned to the pyrrole-3-CH2 protons. This assignment is consistent 

with the fact that the chemical shifts of pyrrole-3-CH2 protons have the smallest contact 

shift (compared to other pynole-CH2 protons) since pyrrole-3-CH2 groups are not 

directly attached to the chlorin ring and hence are dominated by the negative dipolar 

shift. 



183 

• • 

20 16 12 8 6 4 0 -4 

F2 (ppm) 

Figure 5.29 COSY spectrum of [oxo-OECFe(Im-c/4)2]Cl. All crosspeaks come frora 

correlation of protons within ethyl groups. 

Several pairs of cross peaks between two adjacent pyrrole-CHz groups and 

between CH2 groups and the meso protons were observed in the NOESY spectrum 

(Figure 5.30). There are more cross-peaks covered by the large envelop in the 

diamagnetic region or by the noise. Therefore, NOESY results only give partial 

assignments of the pyrrole-CHz groups and meso protons. Like the low-spin OECFe(III) 

complexes, full peak assignments were also made &om NOB difference experiments 

(Figure 5.31). In Figure 5.23(b), one of the meso protons was irradiated, giving two NOE 
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(iii) 
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Figure 5.30 NOESY spectrum of [oxo-OECFe(Im-^/4)2]Cl. Several weak crosspeaks 

shown here are NOEs between (i) T-CHi and 8-CH2; (ii) I7-CH2 and I8-CH2; (iii) 8-CH2 

and meso-lG-H; (iv) I7-CH2 and otmo-15-H; (v) I8-CH2 and tneso-lQ-W, (vi) 7-CH2 and 

mesO'5-H. Please note that some NOEs are invisible under the large envelope in the 

region of 4 ppm to -4 ppm. The very broad crosspeaks (vii) are due to chemical exchange 

(the sign of these is opposite to that of NOEs) probably firom traces of impurities, whose 

resonances were not observed in the ID spectrum. Other crosspeaks (these stronger ones) 

are firom the NOEs between CH2 and CH3 with the ethyl group, which were also observed 

in the COSY spectrum (see Figure 5.29). 
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Figure 5.31 NOE difference spectra of [Oxo-OECFe(Im-</4)2]Cl. (a) is the control 

spectrum. Others are difference spectra. The arrows stand for the positions of irradiation. 
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signals, one firom pyirole-3-CH2 and one from another pyrrole-CHi group at 12.S ppm. 

According to the structure of oxo-OECFeCl (Figure 5.1), only the meso-5 proton can 

have a NOE with the pynole-3-CH2 group. Thus, the peak irradiated should be fiom the 

meso-5 proton and the pyrrole-CHi group at 12.5 ppm must be pyrrole-T-CHa- From the 

NOESY spectrum, which shows the cross-peaks between pyrrole-7-CH2 and its adjacent 

CHi group (pyrrole-8-CH2), the peak at 19.7 ppm is assigned to pynole-8-CH2. In Figure 

5.31(c), the peak irradiated and causing NOE signal &om the pyrrole-8-CH2 group must 

be from the meso-\0 proton, and the other peak showing NOE signal can be assigned to 

pyrrole-12-CH2. Although the NOE between two pyrrole-CH2 groups is invisible in the 

NOESY spectrum, it is detectable in NOE difference spectra, when either of these two 

groups is irradiated (Figure 5.31(f) & (g)). Once the pyrrole-I3-CH2 group is assigned, 

the assignment of the meso-\5 proton can be made from the NOE between the pyrrole-

I3-CH2 group and the meso-\5 proton (Figure 5.31(d)). The other peak showing NOE 

with the meso-l5 proton in Figure 5.31(d) should be assigned to the pyrrole-17-CH2 

group. Since the pyrrole-I7-CH2 group shows cross-peaks with its adjacent CHz group 

(pyrrole-18-CH2 group) in the NOESY spectrum (Figure 5.30), all pyrrole-CH2 groups 

now have their assignments. Finally, the last meso proton, the meso-20 proton, which 

should have NOE with the pyrrole-18-CH2 group, can be assigned according to the NOE 

shown in the difference spectrum (Figure 5.31(e)). This long, tedious assigiunent 

procedure can be briefly described by the following scheme: 

pyrrole-3 
NOEdiffW 

> meso-5 
NOEdiffib) 

> pyrrole-7 
NO^Y 

> 

pyrrole-8 
l^OEdiffjc) 

> meso-lO 
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. _ NOEdiffid) , ,, NOEdiffid) , . NOESY , 
pyiTole-13 > meso'15 ^ > pyrrole-17 > 

, NOEdiffie) . 
pyrrole-18 — • meso-20 

In this scheme, the starting point is pynole-3-CH2, whose assignment is known. 

Then we begin our assignments clockwise around the pyrrole and meso positions of the 

chlorin ring. Each position is connected to the next position by NOEs firom NOE 

difference spectra (NOEdiffm the scheme) or the NOESY spectrum. 
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Figure 5.32 EPR spectra of [0ECFe(L)2r (L = Im-i/4,4-Me2NPy, Py and 4-CNPy) 
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Figure 5.33 EPR spectra of (a) [Oxo-OECFe(Im-(/4)2]Cl and (b) [0ECFe(t-BuNC)2]̂  

The signal with the g value of 6.02 in (b) comes from the high-spin impurity OEPFeCl. 

S.3.5 EPR Results 

EPR results (Figure 5.32 &5.33) show that all imidazole, pyridine and t-

butylcyanide complexes of OECFe(III) and [Oxo-OECFe(Im-</4)2]Cl are low-spin Fe(III) 

species at 4 K. The spectrum of [0ECFe(Im-<ii)2]Cl is typical of a rhombic Fe(III) signal 
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with (dxy)^(dxzdyz)^ ground state.^ With the decrease of the donor strength of the axial 

ligands, the spectra of OECFe(III) compexes become more axial, suggesting a trend of 

change to (dxzdyz)\dxy)' ground state. The rhombic signal in the spectrum of [oxo-

0ECFe(Im-d!»)2]Cl also shows that the ground state of this complex is (dxy)\dxj,dyi)^. 

Although the spectrum of [OECFe (t-BuNC)2]Cl looks like a rhombic one (three g values 

observed), the small difference between the g values ( g**^ + gyy^ + « 14) suggests 

that it is more likely to have a (dxardy2)'*(dxy)' ground state.® 

5.4 Discussion 

5.4.1 Electronic Structure of Low-spin Imidazole and Pyridine Complexes of 

OECFe(III) 

The NMR spectrum of [0ECFe(Im)2]Cl indicates that it is a low-spin FeGII) 

complex with (dxy)^(dxzdyz)^ ground state. Like [TPCFe(ImH)2]Cl, [0ECFe(lmH)2]Cl also 

shows larger spin density on the pyrrole-8,17 and pyrrolene positions and small spin 

density on the pyrrole-12,13 and pyrrole-7,18 positions. The order of the average 

chemical shifts of the three pyrrole-CH2 doublets is exactly the same as the order of the 

spin density predicted form the HOckel calculation (see Figure 4.4), unlike the case of 

low-spin TPCFe(III) complexes. 

The chemical shifts of the two kinds of meso protons fall in the diamagnetic 

region, indicating that there is little spin density on the meso positions (dipolar siiiits 

should be small and negative here). This is consistent with our Huckel calculations. 
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Hence only 3e(7i) (S.2 and A.2) orbitals are involved in the ligand-metal interaction. The 

two 4e(7c*) orbitals (Si and A2) have little contribution to the spin derealization on the 

chloria ring. 

The NMR spectra of imidazole and pyridine complexes of OECFe(in) show quite 

different behavior from those of TPCFe(III), TPPFe(III)'°^ and TMPFe(III)'°° complexes 

with different axial ligands. With a decrease of the donor strength of the axial ligands, we 

observed an increase instead of decrease of the chemical shift of the pyrrole-8,17-CH2 

protons. The behavior of the pyrrolene protons is similar, except that the order of the 

chemical shifts for different axial ligands is a bit different (the pyrrolene protons of 

|TPCFe(Im)2]Cl have a larger chemical shift than those of [TPCFe(4-Me2NPy)2]Cl). It 

seems that unlike low-spin TPPFe(III) and TPCFe(III) complexes, the low-spin 

complexes OECFe(in) do not change their ground state from (dxy)^(dxzdyz)^ to 

(dxzdyz)'*(dxy)' with decrease of the donor strength of the axial ligands. This conclusion is 

opposite to that reached, based on the results obtained from EPR. 

There are two possible explanations for this inconsistency. First, the temperature 

of the NMR experiments is not low enough for the complexes to attain a pure 

( d x z d y z A d x y ) '  g r o u n d  s t a t e .  L i k e  t h e  [ ( 2 , 6 - X 2 ) 4 - T P P F e ( L ) 2 ] C 1 0 4  c o m p l e x e s , t h e  

(dxzdyzAdxy)' ground state only exists at very low temperature, such as 4 K, the 

temperature of the EPR experiments used in this study. At the temperature of the NMR 

experiments (-90 °C ~ +30 "C), the ground state of [OECFe(4-CNPy)2r and 

[0ECFe(Py)2r is probably stiU largely (dxy)^(dxzdy2)\ For TMPFe(III) and [(2,6-X2)4-

TPPFe(L)2]C104 complexes,the dipolar shifts of the pyrrole protons are negative with 

high basicity ligands and shift to less negative values with decrease of the ligand basicity. 
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Thus, the dipolar shifts of bis-pyridine or bis-4-cyanopyridine complexes are postive. It 

seems that this is also true for [OECFe(4-CNPy)2]^ and [0ECFe(Py)2]^ The larger 

positive dipolar shifts lead to larger observed chemical shift of the pyrrole protons. 

Second, it is possible that for the weak axial ligands, the complex is not 100% in a pure 

low-spin state at ambient temperature. Thus, if over the temperature range of the NMR 

experiments, the complex has some high-spin or intermediate-spin character, this could 

lead to larger spin density on the macrocycle. The high or intermediate-spin character 

should depend on the donor strength of the axial ligands. The complexes with weaker 

donor axial ligands are more likely to be in the high-spin or intermediate-spin state, 

which has larger contact shifts. Actually, an intermediate spin ground state has been 

found in some p-pynole alkyl-substituted porphyrins with weakly-basic pyridine ligands 

(for example, [OEPFe(3-ClPy)2]Cl"^ and [OEPFe(3,5-Cl2Py)2]Cl.'°®"'® 

For comparison, low-spin OEFFeGH) complexes with different axial ligands were 

also studied by NMR. Figure S.34 show the temperature dependence of the chemical 

shifts of pyrroie-CHi protons of [0EPFe(L)2]0Cl03 (L=4-Me2NPy, Py & 4-CNPy). 

[0EPFe(4-Me2NPy)2]0Cl03 has the smallest chemical shift while [0EPFe(4-

CNPy)2]0CI03 has the largest one at the temperature range of NMR studies (303 K to 

183 K). For [0EPFe(4-CNPy)2]0C103 and [0EPFe(Py)2]0C103, the chemical shifts of 

the pyrrole-CH2 protons show anti-Curie behavior, indicating a change of the spin state 

with temperature. With an increase in temperature, the chemical shift has more 

contribution from the species with high-spin or intermediate spin state, especially for 

[0EPFe(4-CNPy)2]0Cl03, leading to larger chemical shifts. 



192 

£ A. 
B 

£ 
CO 

75 o 
E a> 
£ 
o 

O 4-CNPy 
D Py 
o Im 
X 4-Me2NPy 

lOOOmK')  

Figure 5.34 Curie plots of the pyrrole-CHi protons of the complexes [0EPFe(L)2]0Cl03 

(L=Im, 4-Me2NPy, Py & 4-CNPy). 
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Figxire 5.35 Curie plots of the pynole-8,17-CH2 protons of the complexes [0ECFe(L)2r 

(L = Im-c/4,4-Me2NPy, Py and 4-CNPy). 
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Figure 5.36 Curie plots of the pyrrolene protons of the complexes [0ECFe(L)2]^ (L = Im-

d4,4-Me2NPy, Py and 4-CNPy). 

The temperature dependence experiments for OECFe(III) complexes (Figures 

5.35 and 5.36) show similar behavior, although the pyrroIe-CHi shifts do not change as 

greatly with temperature as in the corresponding OEPFe(III) complexes, and thus are less 

anti-Curie-like. The Curie plots of [OECFe(4-Me2NPy)2]Cl and [0ECFe(Im)2]Cl are 

almost straight lines, with a intercept approximately equal to the diamagnetic shift at 1/T 

= 0. However, for [OECFe(4-CNPy)2r and [0ECFe(Py)2r, the Curie plots of both 

pyrrole-8,17-CH2 and pynolene protons are curves. With an increase in temperature, the 

curves bend upward, to more downfield shifts. In other words, at high temperature, the 

chemical shifis are larger than would expected fiom Curie behavior. This suggests that 

the observed pynole-CH2 shifts have contributions fi:om high-spin or intermediate-spin 

species, as in the case of OEPFe(III) complexes. However, it is not possible to tell 
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whether these species are actually in the high or intermediate-spin state, because no 

crystal or solid complex with a pure spin-state has been isolated fi:om the solution and 

thus further studies could not be done. The temperature dependence of the chemical shifts 

of the pyrrole-7,18 and pynole-12,13 protons (not shown) is not as informative as that of 

pyrrole-8,17-CH2 and pyrrolene protons due to their small isotropic shifts and the 

difficulty of peak assignments (sometimes these peaks are unresolved and overlap with 

other peaks in the diamagnetic region). 

5.4.2 Electronic Structure of High-spin OECFeCl 

Table 5.1 Average chemical shifts of the pyrrole-CHi protons of OECFeCl and OEPFeCl 

at 30 °C. 

Chemical shifts (ppm) 

Position OECFeCl OEPFeCl 

12,13 50.1 42 

8,17 49.0 42 

7,18 38.3 42 

Pawlik et al.^ have compared the isotropic shifts of high-spin OEPFeCI, 

OECFeCl, TPPFeCl and TPCFeCl and studied the spin delocaiization on the chlorin ring 

in detail, in spite of the fact that the pyrrole-H and pyrrole-CHi peaks were not assigned. 

They found that for TPCFeCl, two pyrrole-H resonances are at lower frequency and one 

is at higher frequency than the pyrroIe-H resonance for the TPPFeCl, while for OECFeCl 

the mirror image of this pattern is observed: Two sets of four pyrrole-CHj resonances are 
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at higher frequency and one set of four is at lower frequency than the average pyrrole-

CH2 resonances for the OEPFeCl (Figure 5.37). They concluded that in both TPCFeCl 

and OECFeCl, the a contributions to the contact shifts of the pyrrole-H or pyrrole-CH2 

portons are the same for the three kinds of positions. The difference of the isotropic shifts 

arises from the different n delocalization on the three kinds of positions. Our assignments 

also show that two average pyrrole-CHz resonances of OECFeCl are at higher frequency 

and one average pyrrole-CH2 resonance is at lower frequency than the average pynole-

CH2 resonances of the OEPFeCl (Table 5,1). However, the pattern of OECFeCl is not the 

mirror image of TPCFeCl; the average shift of pyrrole-7,18 protons is the smallest (and 

the shift of pyrrole-7,18-H is the largest), as expected, but the average shift of pynole-

8,17-CH2 is smaller than that of pynole-12,13-CH2, while the shift of pyrrole-8,17-H is 

also smaller than the shift of pyrrole-12,13-H in TPCFeCl. Two possible reasons may 

contribute to this; (i) each CH2 group has a different 0 angle (the angle between C-C-H 

plane and the P, axis of the chlorin ring), leading to the fact that the 71 contact shift of a 

pyrrole-CH2 group is not proportional to the spin density on this pynole position.'* (ii) 

The different dipolar shifts may play an important role on the chemical shifts of pyrrole-

CH2 protons. 

As in OEPFeCl, the contact shifts of the meso protons of OECFeCl have 

contributions from both a and n spin delocalization.^ The me5o-5,20 protons have a 

larger negative isotropic shifts, and hence a larger TC spin density (assuming the 

contributions from the dipolar shift and a spin distribution are the same for the two kinds 

of meso positions), than the m£5o-10,15 protons, suggesting that the Ai (one of the 

analogues of the 4e(7c*) orbitals of the porphyrin) orbital is not involved in this n spin 
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delocalization. Rather, the pattern of spin delocaiization to the meso positions is most 

consistent with that expected for the filled orbital A.|, or A.i combined with S.i. This is 

different from the high-spin OEPFeCl, where the 4e(7i*) orbitals are believed to 

contribute to the ic spin distribution. 
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Figure S.37 Diagram showing apportionment of a and TC spin contribution to the observed 

shifts of TPCFeCl and OECFeCl. Reprinted from Pawlik, M. J.; Miller, P. K.; Sullivan, 

E. P.; Levstik, M. A.; Ahnond, D. A. Strauss, S. H. J, Am. Chem. Soc. 1998, 110, 3007-

3012 

5.4.3 Electronic Structure of [0ECFe(t-BuNC)2r 

In the ID spectrum of [0ECFe(t-BuNC)2]^ the chemical shifts of the three 

doublets from the pynole-CHj groups are close to those of [0ECFe(Py)2r. However, 
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there are two unique featuers for [OECFeCt-BuNC)!]^: (i) the pyrrolene protons have very 

large chemical shift. This chemical shift cannot be firom cr spin distribution or dipolar 

contribution. It must be dominated by the large n contact shift of the pyrrolene protons, 

indicating very large TI spin density on position-1,4. This suggests that A.t is involved in 

the 7c spin delocalization. (ii) The peaks of the meso protons are shifted far upfield. In the 

low-spin [0EPFe(t-BuNC)2r complex'"^ with the (dwrdyz)'*(dxy)' ground state, the meso 

protons also show negative chemical shifts (about -37 ppm at 303 K). The large n spin 

density on the meso positions is contributed to the delocalization involving porphyrin => 

Fe 71 donation firom the 3a2u(n) orbital of the ruffled porphyrin ring to the singly occupied 

dxy orbital of the metal center (although the 3a2u(n) orbital in a planar porphyrin ring has 

no proper symmetry matched to any d orbital of the metal; it can only interact with the 

metal dxy orbital if the porphyrin ring is strongly ruffled^). These findings suggest that 

[0ECFe(t-BuNC)2]^ is also a low-spin Fe(III) complex with (dxzdyz)''(dxy)' ground state 

and the chlorin ring is ruffled. This ground state is supported by the EPR results. 

For [0ECFe(t-BuNC)2]^, interaction between metal dxy orbital and the ruffled 

chlorin ring is one possible contribution to the negative meso proton shifts. The other 

possible (probably more important) contribution is that the A.i orbital is involved in the 

spin delocalization, leading to large spin density on the meso-5,20 positions. This 

explains why the meso-S,20 protons are upfield compared to meso-10,lS protons in the 

NMR spectrum. The sizable isotropic shifts of the pyrrole-CHi protons, which are very 

small in [0EPFe(t-BuNC)2]^'°' may also partially arise from this contribution. Please 

note that this spin distribution mechanism needs partial occupation of the dxz or dyz orbital 

of the metal center. Hence, (dxy)^(dx2dyz)^ may be the low-lying excited state of 
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[0ECFe(t-BuNC)2]^ leading to its anti-Curie behavior. As in [0EPFe(t-BuNC)2]^ the At 

and S| (46(71'") for porphyrin) orbitals here are also not involved in the spin distribution to 

the meso positions in [0ECFe(t-BuNC)2]^ 

The spin distribution on the chlorin ring of [0ECFe(t-BuNC)2]^ in the ground 

state and the first excited state can be calculated using the two-level fitting program 

(TDF)."*' Dipolar shifts were neglected in the calculation and the same spin density 

factor was used for both protons and CH2 groups (but with opposite sign at the proton 

positions). The calculated splitting between the ground state and the first excited state is 

202 cm''. The spin densities on position-8,17, four meso positions and the position-1,4 

(where the pynolene saturated carbons and their attached methylene protons are attached) 

in the ground state (C|) and excited state (C2) are given in Table 5.2. 

Table 5.2 Spin densities on positions of interest in the ground state and the first excited 

state of [0ECFe(t-BuNC)2r 

Position c, C2 

8,17 0.003 0.076 

10,15 0.044 -0.063 

5,20 0.065 -0.086 

1,4 -0.015 0.320 

For the ground state, there are large spin densities on the four meso positions and 

small spin densities on pynole-8,17 and pynole positions. This ground state is consistent 

with the S.t orbital of a rufQed chlorin ring with the unpaired electron in dxy orbital. For 
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the excited state, there are very large spin densities on the pyrrolene positions, indicating 

that the unpaired electron is in the dxz or dyz orbital and thus the A.i orbital of the chlorin 

ring plays an important role. However, the two-level fitting program fails to predict the 

correct spin densities on the meso positions in the excited state. This is probably due to 

the neglect of the dipolar shifts or the involvement of other excited states (for example, 

since the dxz and dyz orbitals are not degenerate, two-level fitting is not enough to 

describe the change of the chemical shift with temperature). 

5.5 Conclusions 

Complexes [0ECFe(L)2]* (L = lm-<^, 4-Me2NPy, Py and 4-CNPy) are low-spin 

Fe(in) species. The EPR results at 4 K. show that with a decrease of the strength the axial 

ligands, the complexes change their ground state from (dxy)\dxzdyz)^ to (dxzdyz/Cdxy)'. 

However, these results disagree with the NMR data from 303 K to 183 K, which show 

that the chemical shifts of pyrrole-8,17 protons increase with the decrease of the strength 

of the axial ligands. The disagreement may come from the presence of partial high or 

intermediate-spin species in the solution when the axial ligands are not strong enough 

donors. Another possible reason is that the temperature of the NMR experiments is not 

low enough for the complexes with weak donor ligands to change to the (dxzdyz)\dxy)' 

ground state, as for [(2,6-X2)4-TPPFe(L)2]C104 complexes.'"" From 303 K to 183 K, the 

(dxy)^(dxzdyz)^ state still dominates the spin distribution mechanism to the chlorin ring. 

The fiill peak assignments of [0ECFe(L)2r complexes have been made from COSY and 

NOB difference experiments. The pyrrole-8,17-CH2 and pyrrolene protons show larger 



200 

isotropic shifts (hence large n spin density) while pytrole-12,13-CH2 and pyrrole-7,18-

CH2 protons show small isotropic shift. This order is consistent with the results from 

TPCFe(III) complexes and HQckel calculations. The small spin density on the meso 

positions indicates that the Si and A| orbitals are not involved in the spin delocalization. 

Peak assigiunents for the high-spin OECFeCl have been made from chemical 

exchange techniques. The contact shifts of the pyrrole-CHz protons depend on both a and 

n spin distribution. The contact shifts of the meso protons of OECFeCI also have two 

componets, one from o (positive shift) and one from TC (negative shift) spin 

delocalization. The meso-5,20 protons have a larger negative isotropic shift than the 

me5o-lO,lS protons, suggesting that At orbital is not involved in the n spin 

delocalization. Rather, the pattern of spin delocalization to the meso positions is most 

consistent with that expected for the filled orbital A.i, or A.| combined with S.i. 

For [0ECFe(t-BuNC)2]  ̂ the chemical shift pattern of the pyrrole-CH2 protons 

looks like the pattern of [0ECFe(Py)2]^ while the chemical shifts of the meso protons are 

similar to those of [0EPFe(t-BuNC)2r. The chlorin ring of [0ECFe(t-BuNC)2]^ is 

probably rufQed, as in [0EPFe(t-BuNC)2]^ although there are no X-ray data to prove this 

at present. The electronic structure of [0ECFe(t-BuNC)2r's the (dxzdyz)'*(dxy)' ground 

state with a low-lying (dxy)^(dxzdyz)^ excited state. Although the interaction between the 

S.| orbital of the ruffled ring and the partially occupied metal dxy orbital can explain the 

negative sign of the contact shifts of the meso protons, the key to understanding the spin 

distribution in [0ECFe(t-BuNC)2r is the A.i orbital. If the metal dxz or dyz orbital is 

partially occupied by thermal excitation, the interaction between the dxz or dyz orbital and 

the A.1 orbital can predict the negative sign of the chemical shifts of the meso protons, the 
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right order of the their shifts (meso-S,20 > mejo-10,lS in magnitude), the very large 

downfield shift of the pyrrolene protons and the sizable contact shifts of the pyrrole-CHi 

protons. 

Both EPR and NMR results show that [oxo-OECFe(Ini-rf4)2]Cl is a low-spin 

Fe(III) complex with (dxy)^(dxzdyz)^ ground state. Full peak assignments have been made 

from COSY, NOESY and NOE difference experiments. The pattern of the chemical 

shifts of the pyrrole-CHi and meso protons is similar to that of [OECFe(Im-t/4)2]Cl, 

except that more peaks were observed due to its lower symmetry. 
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Chapter 6 

DFT Calculations on High-Spin Chlorinatoiron(III) Chloride 

6.1 Introduction 

Non-semiempirical quantum-mechanical calculations on systems with unpaired 

electrons challenge many computational chemists. Among the published studies on the 

paramagnetic systems, most on them are on small organic radicals using ab initio or 

density functional theory (DFT) methods.""*"" The calculations of Fermi contact 

coupling constants on transition metal complexes are still rare in the literature.'" In this 

chapter, the studies of Fermi contact coupling constants and spin densities on the high-

spin chlorinatoiron(III) chloride using DFT methods are reported. The possible spin 

derealization mechanism is also discussed. 

The DFT method is a self-consistent-field (SCF) method with some similarity to 

the Hartree-Fock (HF) method. It requires about the same amount of computational time 

as the HF method, while it has the advantage of including conelation effects."^ For some 

systems, it is as accurate as HF with configuration-interaction (CI). However, the quality 

of the calculation depends on the specific systems. 

The DFT method was introduced by Hohenberg, Kohn and Sham"^'"'* in 1964 

and 1965. In dieir pioneering work,'" Hohenberg and Kohn proved diat for molecules 

with a nondegenerate ground state, the ground state molecular energy, wave flmction and 

all other molecular electronic properties are uniquely determined by the ground state 

electron probability density po(x,y,z). 
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The probability density^ is given by 

P(x,y,z) = ZnjN^ (6.1) 
J 

where (|>j is the molecular orbital (MO), nj is the number of electrons in the MO ijtj. The 

ground state energy Eo can be calculated fo)m^''* 

where Ts[p] is the sum of single-particle kinetic energies; v(r) is the external potential of 

interaction between the electrons and the nuclei; the third term is the classical repulsion 

energy between electrons; Exc[p] is the non-classical exchange-correlation energy related 

to the functional of the total density p(r). 

For an n-particle system whose wave function is a Slater determinant of the 

orbitals u;*^ = (6 and o are the spatial and spin parts of the orbitals respectively), 

the electron probability density is given by 

Eo = Ev[p] = Ts[p] + |p(r)v(r)dr + 1/2 Jjp(r,) p(r2)^dridr2 + Exc[p] (6.2) 

n 

(6.3) 

The Kohn-Sham orbitals satisfy the Kohn-Sham equation"'*: 

[.1/2V,2 - v(r) + f p(r2)—dn + v«(l)]ei'^(l) = 8i'"0i'^(l) J (6.4) 
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where Vxc = (6.5) 
Sp 

If the exchange-correlation energy functional Exc[p] and p(r) are known, the 

ground state energy can be calculated. One starts with an initial guess for p, an initial 

estimate of Vxc is found from Equation (6.S) and this initial Vxc is used in Equation (6.4), 

which is solved for the initial estimate of the Kohn-Sham orbitals. These orbitals 6i^ are 

used in Equation (6.3) to get an improved electron density, which is then used to find an 

improved Vxc, which is then used in the Equation (6.4) to find improved Kohn-Sham 

orbitals, and so on. The iterations continue until there is no further significant change in 

the density and the Kohn-Sham orbitals. In solving Equation (6.4), the 6;*^^ orbitals are 

usually expanded in terms of a set of basis functions (for example, Gaussian functions or 

STOs) to yield equations resembling Hartree-Fock-Roothaan equations. This procedure is 

quite similar to the procedure in HF calculations. 

There is one question remaining: how to calculate Exc[pl ? It is difficult to get the 

'true' Exc[p]. Usually, some approximation has to be made. To develop useful 

approximate functionals, the functional Exc is witten as the sum of an exchange functional 

Ex and a correlation fimctional Ec: 

Exc ~ Ex "I" Ec (6.6) 

Various approximate flmctionals have been developed based on different 

approximation of Ex and Ec. 
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Xa Method. Xa method was developed by Slater prior to the work of Hohenberg, Kohn 

and Sham. In this method (the X stands for exchange), the correlation contribution is 

totally neglected (Ec = 0). The exchange contribution is''^ 

Ekc « Ex*" = 7 a j (6.7) 

where a is an adjustable parameter (ususUy firom 2/3 to I). The Xa method is usually 

regarded as a special case of DFT. With the neglect of the correlation energy functional, 

it does not give good results for most systems. 

The Local-Density Approximation (LDA). If p varies extremely slowly with position, 

local-density approximation"^ can be made (for example, p(r) = k, k is a constant). The 

calculated Ex is 

J[p(r)r<ir (6.8) 

The correlation part Ec[p] has been calculated by Vosko, Wilk and Nusair"^ 

(VWN) and the results have been expressed as a very complicated function Ec^^. 

The Local-Spin-Density Approximation (LSDA). For open-shell molecules and 

molecular geometries near dissociation, the local-spin-density approximation"^ gives 

better results than LDA. Like unrestricted HF (UHF) method, LSDA uses different Kohn-

Sham orbitals and Gip*^ for electrons with opposite spins (a and P), so as to improve 

calculated properties of open-shell species and species with geometries near dissociation. 

LSDA works very well for calculation of molecular equilibrium geometries, vibrational 
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fi%quencies and dipole moments, even for transition-metal compounds, where HF 

calculations often give poor results. However, the calculated dissociation energies are not 

accurate. Accurate dissociation energies require fimctionals beyond LSDA. 

Generalized-Gradient Approximation (GGA). Generalized-gradient approximation 

(GGA, also known as gradient-corrected fimctional) goes beyond LSDA by correcting 

the LSDA for the variation of the electron density with position. To do this, the gradient-

conected fimctionals include the gradients of pa and pp in the integrand. 

Exc°°^[pa,pp] = J/(pa(r), pp(r), Vpa(r), Vpp(r))dr (6.9) 

where/is some function if densities and their gradients. 

Some commonly used gradient-corrected exchange fimctionals Ex have been 

developed, including PW86"^ (by Perdew and Wang in 1986), PW9l"® (by Perdew and 

Wang in 1991) and B88"' (also known as Becke88, Bx88 or B, by Becke in 1988). 

Commonly used gradient-corrected correlation fimctionals Ec include LYP'^'^ (by Lee, 

Yang and Parr), P86'^' (by Perdew in 1986) and PW9l"* (by Perdew and Wang in 

1991). 

Hybrid Functionak. A Hybrid Functional mixes together HF exchange energy 

fimctional Ex"^ with gradient-corrected E* and Ec. For example, the popular B3LYP (Or 

BeckeSLYP) hybrid functional (where 3 indicates a three-parameter fimctional) is 

defined by 
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MLYP ^ (J. + aoEx"^ + axEx®"' + (I- ac)Ec^ + acEc'*'"' (6.10) 

where the parameters ao - 0.20, a* - 0.72 and ac=0.81. 

Functionals Available in Gaussian 94. In the commercial program package Gaussian 

94,'^ the following functionals are available for DFT calculation: 

Name Keywords 

Slater HFS* S" 
Exchange 
Functionals 

Xa 

Becke 88 

Xalpha* 

HFB' 
XA" 
B" 

VMN VMN 
VMNV VMN5 

Correlation LYP LYP 

Functionals Perdew local PL 

Perdew 86 P86 

Perderw/Wang 91 PW91 

Becke's Three Parameter Hybrid 
Method with LYP correlation functional 

B3LYF 

Hybrid 
Methods 

Becke's Three Parameter Hybrid 
Method with P86 correlation functional 

B3P86 Hybrid 
Methods 

Becke's Three Parameter Hybrid 
Method with PW91 correlation 
functional 

B3PW91 

Note: (a) Keywords when they are used alone (correlation fimctionals are neglected) 

(b) Keywords when they are used in combination with correlation flmctionals 
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All keywords for correlation fimctionals must be combined with the keywords for 

the desired exchange fimctionals. For example, BLYP requests the Becke exchange 

functional and the LYP correlation functional. SVWN (synonym of LSDA) requests the 

Slater exchange and the VMN correlation functional. Any combination of S, XA or B 

with VWN, VWN5, PL, P86, PW91 or LYP is a vaUd keyword. 

6.2 Method of calculations 

Since X-ray structures of either high-spin or low-spin iron(III) chlorin complexes 

are unavailable now, a model was established here (see Appendix A), In this model, Fe 

and CI atoms are put on the z axis, while the planar chlorin ring is perpendicular to the z 

axis, with the Fe atom 0.48 A out of the chlorin plane. All the bond lengths and bond 

angles are based on the average values of the bond lengths and angles of high-spin 

TPPFeCI, whose X-ray structure is known.'" To minimize the computational time, all 

substituents on the pyrrole and meso positions are hydrogen atoms. The total number of 

atoms of this structure is 40, including 14 hydrogen, 20 carbon, 4 nitrogen, 1 iron and 1 

chlorine atoms. 

The calculation was run on the SGI Origin 2000 Computer of University of 

Arizona using Gaussian 94 package. The method used here is the unrestricted B3LYP 

with full geometry optimization and 6-311G'*' basic set. The total computational time is 

about 33 hours when using 4 (400 MHz R12K) processors. 

6.3 Results and Discussions 



209 

6.3.1 Geometry Optimization Results 

Figure 6.1 Displacements from ttie average plane of 24-member chlorin core, in 0.01 A. 

The CI and Fe atoms are out of the plane, toward outside of paper. Please note that the 

shown structure is one of the three resonance structures. 

Although all the carbon and nitrogen atoms are in a plane in the input file, the 

geometry optimization results show that the chlorin ring likes to be saddled slightly 

(Figure 6.1). All four pyrrole rings bend to the opposite side of the CI atom. Ring A (the 

ring with the saturated C-C bond) and D are on the same side of the average plane as the 

CI atom, while ring B and C are on the opposite (except the two N atoms). As expected, 

the saturated C-C bond in ring A has a bond length of 1.535 A, longer than the distances 
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between the two P-pyrrole carbons in the other three pyrrole rings (average bond length is 

1.365 A). Interestingly, the Fe-Cl bond is no longer perpendicular to the average plane of 

the chlorin ring, but it tilts slightly toward ring A, with an angle of 5.5° to the normal 

vector of the chlorin plane (Figure 6.2). 

Figure 6.2 Tilt of Fe-Cl bond to the average plane of the chlorin. At the left side, please 

note four protons (two overlapped) stretching out of the chlorin plane. These are the four 

pyrrolene protons. 

63.2 Spin Delocalization Mechanism on the Chlorin Ring 

For a planar it system like porphyrin and chlorin ring, it is the ^pin density on the 

ring member that is of interest The spin distribution to the protons or CH3 groups 

attached to the ring can be estimated by studying the spin distribution on the carbons to 

which they are attached.'^ Although we put the Fe-Cl bond on the z axis in the input 

structure, the program rotated the Cartesian coordinates during the calculation. In the 

final structure, the y axis is approximately perpendicular to the chlorin ring. Hence, the py 
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orbital of the ring members can be regarded as the orbital. It is reasonable assume that 

the py orbital is involved in the it spin delocalization only and the px, Pz and s orbitals are 

involved in the o spin delocalization only. 

Table 6.1 Calculated spin density and proton Fermi contact coupling constants on 

different positions. The spin density for each kind of orbital (px, py, pz and s) is the sum of 

the spin density in all orbitals of the same type. 

Spin Density 
A'(MHz) Position A'(MHz) 2 b 

Ocon 5exp'= 

Px Py(Pit) Pz s (ppm) (ppm) 

7,18 0.00068 0.00201 0.00282 0.00103 0.270 82.1 83 

12,13 0.00324 0.00437 0.00039 0.00124 0.263 80.0 72 

8,17 0.00050 0.00363 0.00284 0.00118 0.229 69.6 60.5 

1,4 0.00035 -0.00761 0.00165 -0.00081 -o.ni'' -39.8'* 10-20 

5,20 0.00383 0.0234 0.00086 0.00268 -0.395 -120.1 -82, -72 

10,15 0.0012 0.0161 0.00036 0.00157 -0.239 -72.7 -46, -36 

Note: (a) Fermi contact constant calculated from Fermi contact analysis by the program 

(b) Fermi contact shift calculated from the contact coupling constant in the left 

column using Equation 1.4. 

(c) Experimental chemical shifts from TPCFeCl (pyrrole protons) and OECFeCl 

(pyrrolene and meso protons) measured in CD2CI2 at room temperature 

(c) Calculated as the average of two values, because there are two kinds of 

pyrrolene protons although there is only one kind of 1,4 position. 
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Table 6.1 gives the calculated spin densi^ of the three kinds of p-pyrrole 

positions, the two kinds of meso positions and position-1,4, where the pyrrolene-CH2 

groups are attached. The calculated Fermi contact coupling constants of the protons and 

the contact shifts are also shown. 

The calculated Fermi contact coupling constants of pyrrole protons are in very 

good agreement with the experimental results. The calculated contact shifts are close to 

the chemical shifts (66, 77 and 86 ppm for pyrrole-7,18, pyrrole-12,13 and pyrrole-8,17 

protons respectively) reported in Chapter 4 in magnitude. The order of the contact shifts 

(7,18 > 12,13 > 8,17) is also consistent with the order obtained from the NMR 

experiments (see Chapter 4). In Chapter 4, we concluded that both a and TI spin 

distribution have significant contributions to the chemical shifts of the pyrrole protons. 

The contributions from the o spin delocalization are ahnost the same and the difference 

in the chemical shifts of the three kinds of pyrrole protons depends on the difference in 

the n spin distribution. Our calculation results also agree with that. Let's begin with the 

comparison of position-7,18 and position-8,17. The spin densities in the a-type orbitals 

(px, pz and s) are almost the same for the two kinds of positions. Although the a spin 

density on the attached protons is unknown, it is reasonable to assume that the cr spin on 

the carbons is a good estimate of the a spin density on the attached protons because these 

C-H fragments are similar in structure. Hence, it is likely that the a spin densities on the 

attached protons are also almost the same. However, the tc (py) spin density on position-

8,17 is about 80% larger than that on position-7,18, resiilting in a larger isotropic shift of 

position-7,18 protons than that of position-8,17, although they have almost the same 

contact shifts from (T spin. (However, the difference of spin density on these two 
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positions only leads to a difference of isotropic shift of about 3 ppm. Other factors may 

also contribute.) For pyrrole-12,13, both the a (px) and tc (py) spin densities ate much 

larger. Since they cause isotropic shifts with opposite sign, the resulting isotropic shift is 

between the isotropic shifts of pyrrole-7,18 and pyrrole-8,17 protons. According to the 

calculated n (py) spin density, it seems that the S.2 orbital of the chlorin ring plays a more 

important role in the interaction with the metal center than the A.2 orbital (see Figure 

1.6). 

The order of the calculated contact shifts of the two meso resonances is also the 

same as the order obtained &om NMR on OECFeCl (see Chapter 5), however, in much 

larger magnitude. The calculation results show that the TC spin densities on the meso 

positions are very large and TC spin distribution dominates the contact shifts. Although the 

position-S,20 has bigger a spin densities, the large n spin densities on this position lead 

to much more negative contact shift than on position-10,lS. However, &om the 

magnitude of the contact shifts of meso protons, it seems that the program overestimates 

the TC spin distribution on the meso positions. 

It is strange that the pyrrolene protons show a large negative contact shift ftom the 

calculation. The reason is that the program predicts the wrong sign of n spin density on 

position-1,4. The calculated n (py) spin density on this position is negative, which is 

unlikely for the high-spin Fe(III) chlorin, leading to the negative sign of the pyrrolene 

proton shift. 

6.4 Conclusions 
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The geometry optimization of the high-spin Fe(III) chlorin shows that the chlorin 

ring is slightly saddled and the Fe-Cl bond tilts toward the saturated pyrrole ring at 5.5°. 

The DFT calculation predicts the order and magnitude of the contact shifts of die pyrrole-

protons, and also the order of the contact shifts of the meso protons correctly, but the 

program fails to predict the sign of the pyrrolene proton shift. The calculation also shows 

that contact shifts of the pyrrole protons depend on both A and TC spin densities, while the 

7c spin distribution dominates the contact shift of the meso protons. 

6.5 Future work and Problems 

There are two goals in doing DFT calculations on iron chlorins: (i) to predict the 

contact shifts and spin delocalization mechanism on the chlorin ring. Since the Hiickel 

method can only deal with TC spin distribution, more advanced methods are needed to 

extend our studies to, for example, high-spin Fe(ni) systems. By comparison of the 

calculation results and experimental data, more information can be obtained, (ii) to 

predict the structure of the chlorin complexes. Till now, there is no X-ray structure of 

Fe(III) chlorins available. Hence, calculation is the only way to obtain the structural 

information, such as the non-planar distortion of the chlorin ring, orientation of the axial 

ligands, etc. 

Two kinds of interesting work can be done usmg the DFT method in the future: 

(i) to predict the ground state electronic structure of Fe(IV) corroles. Is it Fe(rV) or 

Fe(III) 7C cation radical, as we showed experimentally in Chapter 2? (ii) to predict the 

structure of iron porphyrins and chlorins with different axial ligands using geometry 



215 

optiinizatioQ. For example, bow are the porphyrin and chlorin rings ruffled with different 

axial ligands? 

Unfortunately, ab initio and DFT calculations on the iron porphyrin or porphyrin-

like complexes are very difQcult. (Actually, all attempts failed when we tried to work on 

high-spin Fe(IU) porphyrin using DFT methods.) The main reason is not because of the 

very large size of the systems (usually about 40 atoms), but because of the unpaired 

electrons in the systems. For SCF methods like ab initio and DFT, some orbitals may 

switch if these orbitals are very close in energy during the SCF procedure. In the open-

shell systems, the unpaired electrons will jump among these orbitals if their relative 

energy changes, leading to dramatic changes in the total energy of the system. Thus, SCF 

convergence failure frequently occurs for these systems. To solve the problem, some 

constraints have to be used to prevent the jumping of the unpaired electrons. Probably, a 

program package other than Gaussian will be required (Gaussian does not offer such a 

utility). 
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APPENDIX A 

Input file for DFT calculation 

%Nproc=4 

%mem=528MB 

#UB3LYP/6-31 IG* 5D Pop=Regular OPT=redundant 

Chlorin 

0,6 

FEl 0. 0. 0.48 

CL2 0. 0. 2.68963 

N3 2.01 0. 0. 

N4 -2.01 0. 0. 

N5 0. 2.01 0. 

N6 0. -2.01 0. 

C7 0.6715 4.2111 0. 

C8 1.1028 2.8446 0. 

C9 2.4364 2.4364 0. 

CIO 2.8446 1.1028 0. 

C l l  4.314 0.755 0. 

C12 4.314 -0.755 0. 

C13 2.8446 -1.1028 0. 

C14 2.4364 -2.4364 0. 

C15 1.1028 -2.8446 0. 

C16 0.6715 -4.2111 0. 

C17 -0.6715 -4.2111 0. 

C18 1 o
 

to
 

oo
 

-2.8446 0. 

C19 -2.4364 -2.4364 0. 

C20 -2.8446 -1.1028 0. 



C21 -4.2111 -0.6715 0. 

C22 -4.2111 0.6715 0. 

C23 -2.8446 1.1028 0. 

C24 -2.4364 2.4364 0. 

C25 -1.1028 2.8446 0. 

C26 -0.6715 4.2111 0. 

H27 1.2313 4.9751 0. 

H28 4.8185 1.1495 0.8818 

H29 4.8185 1.1495 -0.8818 

H30 4.8185 -1.1495 0.8818 

H3l 4.8185 -1.1495 -0.8818 

H32 1.2313 -4.9751 0. 

H33 -1.2313 -4.9751 0. 

H34 -4.9751 -1.2313 0. 

H35 -4.9751 1.2313 0. 

H36 -1.2313 4.9751 0. 

H37 3.1061 3.1061 0. 

H38 3.1061 -3.1061 0. 

H39 -3.1061 -3.1061 0. 

H40 -3.1061 3.1061 0. 
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APPENDIX B 

Output file for DFT calculation 

•it*-****-*****************-*************-* 

Gaussian 94: SGI-G94RevE.2 3-Mar-1997 
12-Dec-2000 

%Nproc=4 
This run will use up to 4 processors. 
%mem=528MB 

#UB3LYP/6-311G* 5D Pop=Regular OPT=redundant 

1/14=-1,18=20,26=3,38=1/1, 3; 
2/9=110,12=2,17=6,18=5/2; 
3/5=4,6=6,7=1,8=1,11=2,25=1, 30=1/1,2,3; 
4/7=2/1; 
5/5=2,38=4,42=-5/2; 
6/28=1/1; 
7//l,2,3,16; 
1/14=-1/3(1); 
99//99; 
2/9=110/2; 
3/5=4,6=6,7=1,8=1,11=2,25=1,30=1/1,2,3; 
4/5=5,7=2,16=2/1; 
5/5=2,38=4,42=-5/2; 
7//l,2,3,16; 
l/14=-l/3(-5); 
2/9=110/2; 
3/5=4,6=6,7=1,8=1,11=2,25=1,30=1, 39=1/1,3; 
6/28=1/1; 
99/9=1/99; 

Chlorin 

Symbolic Z-matrix: 
Charge = 0 Multiplicity = 6 

FEl 0. 0. 0.48 
CL2 0. 0. 2.68963 
N3 2.01 0. 0. 
N4 -2.01 0. 0. 
N5 0. 2.01 0 .  
N6 0. -2.01 0. 
C7 0.6715 4.2111 0. 
C8 1.1028 2.8446 0. 
C9 2.4364 2.4364 0. 
CIO 2.8446 1.1028 0. 
Cll 4.314 0.755 0. 
C12 4.314 -0.755 0 .  
C13 2.8446 -1.1028 0. 
C14 2.4364 -2.4364 0. 
C15 1.1028 -2.8446 0. 
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C16 0.6715 -4.2111 0. 
C17 -0.6715 -4.2111 0. 
C18 -1.1028 -2.8446 0. 
C19 -2.4364 -2.4364 0. 
C20 -2.8446 -1.1028 0. 
C21 -4.2111 -0.6715 0. 
C22 -4.2111 0.6715 0. 
C23 -2.8446 1.1028 0. 
C24 -2.4364 2.4364 0. 
C25 -1.1028 2.8446 0. 
C26 -0.6715 4.2111 0. 
H27 1.2313 4.9751 0. 
H28 4.8185 1.1495 0.8818 
H29 4.8185 1.1495 -0.8818 
H30 4.8185 -1.1495 0.8818 
H31 4.8185 -1.1495 -0.8818 
H32 1.2313 -4.9751 0. 
H33 -1.2313 -4.9751 0. 
H34 -4.9751 -1.2313 0. 
H35 -4.9751 1.2313 0. 
H36 -1.2313 4.9751 0. 
H37 3.1061 3.1061 0. 
H38 3.1061 -3.1061 0. 
H39 -3.1061 -3.1061 0. 
H40 -3.1061 3.1061 0. 

GradGradGradGradGradGradGradGradGradGradGradGradGradGradGradGradGradGrad 
Berny optimization. 
Initialization pass. 

I Initial Parameters ! 
1 (Angstroms and Degrees) 1 

I Name Definition Value Derivative Info. 

I R1 R(2,l) 2.2096 estimate D2E/DX2 
I R2 R(3,l) 2.0665 estimate D2E/DX2 
I R3 R{4,1) 2.0665 estimate D2E/DX2 
i R4 R(5,l) 2.0665 estimate D2E/DX2 
1 R5 R(6,l) 2.0665 estimate D2E/DX2 
! R6 R(8,5) 1.383 estimate D2E/DX2 
1 R7 R{8,7) 1.4329 estimate D2E/DX2 
1 R8 R(9,8) 1.3947 estimate D2E/DX2 
1 R9 R(10,3) 1.383 estimate D2E/DX2 
1 RIO R(10,9) 1.3947 estimate D2E/DX2 
• Rll R(ll,10) 1.51 estimate D2E/DX2 
I R12 R(12,ll) 1.51 estimate D2E/DX2 
I R13 R(13,3) 1.383 estimate D2E/DX2 
1 R14 R(13,12) 1.51 estimate D2E/DX2 
1 R15 R(14,13) 1.3947 estimate D2E/DX2 
L R16 R(15,6) 1.383 estimate D2E/DX2 
! R17 R(15,14) 1.3947 estimate D2E/DX2 
[ Ria R(16,15) 1.4329 estimate D2E/DX2 
[ R19 R(17,16) 1.343 estimate D2E/DX2 
1 R20 R(18,6) 1.383 estimate D2E/DX2 
I R21 R{18,17) 1.4329 estimate D2E/DX2 
1 R22 R(19,18) 1.3947 estimate D2E/DX2 
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R23 R 20,4) 1. 383 estimate D2E/DX2 
R24 R 20,19) 1. 3947 estimate D2E/DX2 
R25 R 21,20) 1. 4329 estimate D2E/DX2 
R26 R 22,21) 1. 343 estimate D2E/DX2 
R27 R 23,4) 1. 383 estimate D2E/DX2 
R28 R 23,22) 1. 4329 estimate D2E/DX2 
R29 R 24,23) 1. 3947 estimate D2E/DX2 
R30 R 25,5) 1. 383 estimate D2E/DX2 
R31 R 25,24) 1. 3947 estimate D2E/DX2 
R32 R 26,7) 1. 343 estimate D2E/DX2 
R33 R 26,25) 1. 4329 estimate D2E/DX2 
R34 R 27,7) 0. 9471 estimate D2E/DX2 
R35 R 28,11) 1. 0898 estimate D2E/DX2 
R36 R 29,11) 1. 0898 estimate D2E/DX2 
R37 R 30,12) 1. 0898 estimate D2E/DX2 
R38 R 31,12) 1. 0898 estimate D2E/DX2 
R39 R 32,16) 0. 9471 estimate D2E/DX2 
R40 R 33,17) 0. 9471 estimate D2E/DX2 
R41 R 34,21) 0. 9471 estimate D2E/DX2 
R42 R 35,22) 0. 9471 estimate D2E/DX2 
R43 R 36,26) 0. 9471 estimate D2E/DX2 
R44 R 37,9) 0. 9471 estimate D2E/DX2 
R45 R 38,14) 0, 9471 estimate D2E/DX2 
R46 R 39,19) 0. 9471 estimate D2E/DX2 
R47 R 40,24) 0. 9471 estimate D2E/DX2 
A1 A 2,1,3) 103. 431 estimate D2E/DX2 
A2 A 2,1,4) 103. 431 estimate D2E/DX2 
A3 A 3,1,4) 153. 1379 estimate D2E/DX2 
A4 A 2,1,5) 103. 431 estimate D2E/DX2 
A5 A 3,1,5) 86. 9073 estimate D2E/DX2 
A6 A 4,1,5) 86. 9073 estimate D2E/DX2 
A7 A 2,1,6) 103. 431 estimate D2E/DX2 
A8 A 3,1,6) 86. 9073 estimate D2E/DX2 
A9 A 4,1,6) 86. 9073 estimate D2E/DX2 
AlO A 5,1,6) 153. 1379 estimate D2E/DX2 
All A 1,5,8) 125. 9416 estimate D2E/DX2 
A12 A 5,8,7) 109. 6015 estimate D2E/DX2 
A13 A 5,8,9) 125. 8628 estimate D2E/DX2 
A14 A 7,8,9) 124. 5357 estimate D2E/DX2 
A15 A 1,3,10) 125. 9416 estimate D2E/DX2 
A16 A 8,9,10) 124. 0375 estimate D2E/DX2 
A17 A 3,10,9) 125. 8628 estimate D2E/DX2 
A18 A 3,10,11) 113. 8019 estimate D2E/DX2 
A19 A 9,10,11) 120. 3353 estimate D2E/DX2 
A20 A 10,11,12) 103. 3166 estimate D2E/DX2 
A21 A 1,3,13) 125. 9416 estimate D2E/DX2 
A22 A 10,3,13) 105. 7631 estimate D2E/DX2 
A23 A 11,12,13) 103. 3166 estimate D2E/DX2 
A24 A 3,13,12) 113. 8019 estimate D2E/DX2 
A25 A 3,13,14) 125. 8628 estimate D2E/DX2 
A26 A 12,13,14) 120. 3353 estimate D2E/DX2 
A27 A 1,6,15) 125. 9416 estimate D2E/'DX2 
A28 A 13,14,15) 124. 0375 estimate D2E/DX2 
A29 A 6,15,14) 125. 8628 estimate D2E/DX2 
A30 A 6,15,16) 109. 6015 estimate D2E/DX2 
A31 A 14,15,16) 124. 5357 estimate D2E/DX2 
A32 A 15,16,17) 107. 5169 estimate D2E/DX2 
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125 .9416 estimate D2E/DX2 
A3 4 A 15,6,18) 105 .7631 estimate D2E/DX2 
A3 5 A 16,17,18) 107 .5169 estimate D2E/DX2 
A3 6 A 6,18,17) 109 .6015 estimate D2E/DX2 
A3 7 A 6,18,19) 125 .8628 estimate D2E/DX2 
A38 A 17,18,19) 124 .5357 estimate D2E/DX2 
A3 9 A 1,4,20) 125 .9416 estimate D2E/DX2 
A40 A 18,19,20) 124 .0375 estimate D2E/DX2 
A41 A 4,20,19) 125 .8628 estimate D2E/DX2 
A42 A 4,20,21) 109 .6015 estimate D2E/DX2 
A43 A 19,20,21) 124 .5357 estimate D2E/DX2 
A44 A 20,21,22) 107 .5169 estimate D2E/DX2 
A45 A 1,4,23) 125 .9416 estimate D2E/DX2 
A46 A 20,4,23) 105 .7631 estimate D2E/DX2 
A47 A 21,22,23) 107 .5169 estimate D2E/DX2 
A48 A 4,23,22) 109 .6015 estimate D2E/DX2 
A49 A 4,23,24) 125 .8628 estimate D2E/DX2 
A50 A 22,23,24) 124 .5357 estimate D2E/DX2 
A51 A 1,5,25) 125 .9416 estimate D2E/DX2 
A52 A 8,5,25) 105 .7631 estimate D2E/DX2 
A53 A 23,24,25) 124 .0375 estimate D2E/DX2 
A54 A 5,25,24) 125 .8628 estimate D2E/DX2 
A55 A 8,7,26) 107 .5169 estimate D2E/DX2 
A56 A 5,25,26) 109 .6015 estimate D2E/DX2 
A57 A 24,25,26) 124 .5357 estimate D2E/DX2 
A58 A 7,26,25) 107 .5169 estimate D2E/DX2 
A59 A 8,7,27) 126 .252 estimate D2E/DX2 
A60 A 26,7,27) 126 .2311 estimate D2E/DX2 
A61 A 10,11,28) 111 .5366 estimate D2E/DX2 
A62 A 12,11,28) 111 .2221 estimate D2E/DX2 
A63 A 10,11,29) 111 .5366 estimate D2E/DX2 
A64 A 12,11,29) 111 .2221 estimate D2E/DX2 
A65 A 28,11,29) 108 .02 estimate D2E/DX2 
A66 A 11,12,30) 111 .2221 estimate D2E/DX2 
A67 A 13,12,30) 111 .5366 estimate D2E/DX2 
A68 A 11,12,31) 111 .2221 estimate D2E/DX2 
A69 A 13,12,31) 111 .5366 estimate D2E/DX2 
A70 A 30,12,31) 108 .02 estimate D2E/DX2 
A71 A 15,16,32) 126 .252 estimate D2E/DX2 
All  A 17,16,32) 126 .2311 estimate D2E/DX2 
K13 A 16,17,33) 126 .2311 estimate D2E/DX2 
A74 A 18,17,33) 126 .252 estimate D2E/DX2 
A75 A 20,21,34) 126 .252 estimate D2E/DX2 
A76 A 22,21,34) 126 .2311 estimate D2E/DX2 
A77 A 21,22,35) 126 .2311 estimate D2E/DX2 
A78 A 23,22,35) 126 .252 estimate D2E/DX2 
A79 A 7,26,36) 126 .2311 estimate D2E/DX2 
A80 A 25,26,36) 126 .252 estimate D2E/DX2 
A81 A 8,9,37) 117 .9812 estimate D2E/DX2 
AS 2 A 10,9,37) 117 .9812 estimate D2E/DX2 
A83 A 13,14,38) 117 .9812 estimate D2E/DX2 
A84 A 15,14,38) 117 .9812 estimate D2E/DX2 
A85 A 18,19,39) 117 .9812 estimate D2E/DX2 
A86 A 20,19,39) 117 .9812 estimate D2E/DX2 
A87 A 23,24,40) 117 .9812 estimate D2E/DX2 
ASS A 25,24,40) 117 .9812 estimate D2E/DX2 
D1 D 10,3,1,2) -80 .0301 estimate D2E/DX2 



D2 D 10,3,1,4) 99. 9699 estimate D2E/DX2 
D3 D 10,3,1,5) 23. 0464 estimate D2E/DX2 
D4 D 10,3,1,6) 176. 8934 estimate D2E/DX2 
D5 D 13,3,1,2) 80. 0301 estimate D2E/DX2 
D6 D 13,3,1,4) -99. 9699 estimate D2E/DX2 
D7 D 13,3,1,5) -176. 8934 estimate D2E/DX2 
D8 D 13,3,1,6) -23. 0464 estimate D2E/DX2 
D9 D 20,4,1,2) -80. 0301 estimate D2E/DX2 
DIO D 20,4,1,3) 99. 9699 estimate D2E/DX2 
Dll D 20,4,1,5) 176. 8934 estimate D2E/DX2 
D12 D 20,4,1,6) 23. 0464 estimate D2E/DX2 
D13 D 23,4,1,2) 80. 0301 estimate D2E/DX2 
D14 D 23,4,1,3) -99. 9699 estimate D2E/DX2 
D15 D 23,4,1,5) -23. 0464 estimate D2E/DX2 
D16 D 23,4,1,6) -176. 8934 estimate D2E/DX2 
D17 D 8,5,1,2) 80. 0301 estimate D2E/DX2 
D18 D 8,5,1,3) -23. 0464 estimate D2E/DX2 
D19 D 8,5,1,4) -176. 8934 estimate D2E/DX2 
D20 D 8,5,1,6) -99. 9699 estimate D2E/DX2 
D21 D 25,5,1,2) -80. 0301 estimate D2E/DX2 
D22 D 25,5,1,3) 176. 8934 estimate D2E/DX2 
D23 D 25,5,1,4) 23. 0464 estimate D2E/DX2 
D24 D 25,5,1,6) 99. 9699 estimate D2E/DX2 
D25 D 15,6,1,2) -80. 0301 estimate D2E/DX2 
D26 D 15,6,1,3) 23. 0464 estimate D2E/DX2 
D27 D 15,6,1,4) 176. 8934 estimate D2E/DX2 
D28 D 15,6,1,5) 99. 9699 estimate D2E/DX2 
D29 D 18,6,1,2) 80. 0301 estimate D2E/DX2 
D30 D 18,6,1,3) -176. 8934 estimate D2E/DX2 
D31 D 18,6,1,4) -23. 0464 estimate D2E/DX2 
D32 D 18,6,1,5) -99. 9699 estimate D2E/DX2 
D33 0 7,8,5,1) -163. 3278 estimate D2E/DX2 
D34 D 7,8,5,25) 0. estimate D2E/DX2 
D35 0 9,8,5,1) 16. 6722 estimate D2E/DX2 
D36 D 9,8,5,25) 180. estimate D2E/DX2 
D37 D 5,8,7,26) 0. estimate D2E/DX2 
D38 D 5,8,7,27) 180, estimate D2E/DX2 
D39 D 9,8,7,26) 180. estimate D2E/DX2 
D40 D 9,8,7,27) 0. estimate D2E/DX2 
D41 D 10,9,8,5) 0. estimate D2E/DX2 
D42 D 10,9,8,7) 180. estimate D2E/DX2 
D43 D 37,9,8,5) 180. estimate D2E/DX2 
D44 D 37,9,8,7) 0. estimate D2E/DX2 
D45 D 9,10,3,1) -16. 6722 estimate D2E/DX2 
D46 D 9,10,3,13) 180. estimate D2E/DX2 
D47 D 11,10,3,1) 163. 3278 estimate D2E/DX2 
D48 D 11,10,3,13) 0. estimate D2E/DX2 
D49 D 3,10,9,8) 0. estimate D2E/DX2 
D50 D 3,10,9,37) 180. estimate D2E/DX2 
D51 D 11,10,9,8) 180. estimate D2E/DX2 
D52 D 11,10,9,37) 0. estimate D2E/DX2 
D53 D 12,11,10,3) 0. estimate D2E/DX2 
D54 D 12,11,10,9) 180. estimate D2E/DX2 
D55 D 28,11,10,3) -119. 5589 estimate D2E/DX2 
056 D 28,11,10,9) 60. 4411 estimate D2E/DX2 
D57 D 29,11,10,3) 119. 5589 estimate D2E/DX2 
D58 D 29,11,10,9) -60. 4411 estimate D2E/DX2 



D59 D 13,12,11,10) 0. estimate D2E/DX2 
D60 D 13,12,11,281 119. 775 estimate D2E/DX2 
D61 D 13,12,11,291 -119. 775 estimate D2E/DX2 
D62 D 30,12,11,101 -119. 775 estimate D2E/DX2 
D63 D 30,12,11,28) 0. estimate D2E/DX2 
D64 D 30,12,11,291 120. 4501 estimate D2E/DX2 
D65 D 31,12,11,101 119. 775 estimate D2E/DX2 
D66 D 31,12,11,28) -120. 4501 estimate D2E/DX2 
D67 D 31,12,11,29) 0. estimate D2E/DX2 
D68 D 12,13,3,1) -163. 3278 estimate D2E/DX2 
D69 D 12,13,3,10) 0. estimate D2E/DX2 
D70 D 14,13,3,1) 16. 6722 estimate D2E/DX2 
D71 D 14,13,3,10) 180. estimate D2E/DX2 
D72 D 3,13,12,11) 0. estimate D2E/DX2 
D73 D 3,13,12,30) 119. 5589 estimate D2E/DX2 
D74 D 3,13,12,31) -119. 5589 estimate D2E/DX2 
D75 D 14,13,12,11) 180. estimate D2E/DX2 
D76 D 14,13,12,30) -60. 4411 estimate D2E/DX2 
D77 D 14,13,12,31) 60. 4411 estimate D2E/DX2 
D78 D 15,14,13,3) 0. estimate D2E/DX2 
D79 D 15,14,13,12) 180. estimate D2E/DX2 
D80 D 38,14,13,3) 180. estimate D2E/DX2 
D81 D 38,14,13,12) 0. estimate D2E/DX2 
D82 D 14,15,6,1) -16. 6722 estimate D2E/DX2 
D83 D 14,15,6,18) 180. estimate D2E/DX2 
D84 D 16,15,6,1) 163. 3278 estimate D2E/DX2 
D85 D 16,15,6,18) 0. estimate D2E/DX2 
D86 D 6,15,14,13) 0. estimate D2E/DX2 
D87 D 6,15,14,38) 180. estimate D2E/DX2 
D88 D 16,15,14,13) 180. estimate D2E/DX2 
D89 D 16,15,14,38) 0. estimate D2E/DX2 
D90 D 17,16,15,6) 0. estimate D2E/DX2 
D91 D 17,16,15,14) 180. estimate D2E/DX2 
D92 D 32,16,15,6) 180. estimate D2E/DX2 
D93 D 32,16,15,14) 0. estimate D2E/DX2 
D94 D 18,17,16,15) 0. estimate D2E/DX2 
D95 D 18,17,16,32) 180. estimate D2E/DX2 
D96 D 33,17,16,15) 180. estimate D2E/DX2 
D97 D 33,17,16,32) 0. estimate D2E/DX2 
D98 D 17,18,6,1) -163. 3278 estimate D2E/DX2 
D99 D 17,18,6,15) 0. estimate D2E/DX2 
DlOO D 19,18,6,1) 16. 6722 estimate D2E/DX2 
DlOl D 19,18,6,15) 180. estimate D2E/DX2 
D102 D 6,18,17,16) 0. estimate D2E/DX2 
D103 D 6,18,17,33) 180. estimate D2E/DX2 
D104 D 19,18,17,16) 180. estimate D2E/DX2 
DIGS D 19,18,17,33) 0. estimate D2E/DX2 
D106 D 20,19,18,6) 0. estimate D2E/DX2 
D107 D 20,19,18,17) 180. estimate D2E/DX2 
D108 D 39,19,18,6) 180. estimate D2E/DX2 
D1G9 D 39,19,18,17) 0. estimate D2E/DX2 
DUO D 19,20,4,1) -16. 6722 estimate D2E/DX2 
Dill D 19,20,4,23) 180. estimate D2E/DX2 
D112 D 21,20,4,1) 163. 3278 estimate D2E/DX2 
D113 D 21,20,4,23) 0. estimate D2E/DX2 
D114 D 4,20,19,18) 0. estimate D2E/DX2 
D115 D 4,20,19,39) 180. estimate D2E/DX2 
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D116 0(21,20,19,18) 180. estimate D2E/DX2 
D117 0(21,20,19,39) 0. estimate D2E/DX2 
D118 0(22,21,20,4) 0. estimate D2E/DX2 
D119 0(22,21,20,19) 180. estimate 02E/DX2 
D120 0(34,21,20,4) 180. estimate D2E/DX2 
D121 0(34,21,20,19) 0. estimate D2E/DX2 
D122 0(23,22,21,20) 0. estimate D2E/DX2 
D123 0(23,22,21,34) 180. estimate 02E/DX2 
D124 0(35,22,21,20) 180. estimate D2E/DX2 
D125 0(35,22,21,34) 0. estimate D2E/DX2 
D126 0(22,23,4,1) -163. 3278 estimate 02E/DX2 
D127 0(22,23,4,20) 0. estimate D2E/DX2 
D128 0(24,23,4,1) 16. 6722 estimate D2E/DX2 
D129 0(24,23,4,20) 180. estimate D2E/DX2 
D130 0(4,23,22,21) 0. estimate D2E/DX2 
D131 0(4,23,22,35) 180. estimate 02E/DX2 
D132 0(24,23,22,21) 180. estimate D2E/DX2 
D133 0(24,23,22,35) 0. estimate D2E/DX2 
D134 0(25,24,23,4) 0. estimate 02E/DX2 
D135 0(25,24,23,22) 180. estimate D2E/DX2 
D136 0(40,24,23,4) 180. estimate D2E/DX2 
D137 0(40,24,23,22) 0. estimate 02E/DX2 
D138 0(24,25,5,1) -16. 6722 estimate D2E/DX2 
D139 0(24,25,5,8) 180. estimate D2E/DX2 
D140 0(26,25,5,1) 163. 3278 estimate D2E/DX2 
D141 0(26,25,5,8) 0. estimate D2E/DX2 
D142 0(5,25,24,23) 0. estimate 02E/DX2 
D143 0(5,25,24,40) 180. estimate 02E/DX2 
D144 0(26,25,24,23) 180. estimate D2E/DX2 
D145 0(26,25,24,40) 0. estimate 02E/DX2 
D146 0(25,26,7,8) 0. estimate D2E/DX2 
D147 0(25,26,7,27) 180. estimate D2E/DX2 
D148 0(36,26,7,8) 180. estimate 02E/DX2 
D149 0(36,26,7,27) 0. estimate D2E/0X2 
D150 0(7,26,25,5) 0. estimate D2E/DX2 
DI51 0(7,26,25,24) 180. estimate D2E/DX2 
D152 0(36,26,25,5) 180. estimate D2E/DX2 
DI53 0(36,26,25,24) 0. estimate D2E/DX2 

Trust Radius=3.00D-01 FncErr=1.00D-07 GrdErr=1.00D-06 
Number of steps in this run= 240 maximum allowed number of steps= 240. 
GradGradGradGradGradGradGradGradGradGradGradGradGradGradGradGradGradGrad 

Input orientation: 

Center 
Number 

Atomic 
Number 

Coordinates (Angstroms) 
X Y Z 

1 26 0.000000 0.000000 0.480000 
2 17 0.000000 0.000000 2.689630 
3 7 2.010000 0.000000 0.000000 
4 7 -2.010000 0.000000 0.000000 
5 7 0.000000 2.010000 0.000000 
6 7 0.000000 -2.010000 0.000000 
7 6 0.671500 4.211100 0.000000 
8 6 1.102800 2.844600 0.000000 
9 6 2.436400 2.436400 0.000000 
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6 2.844600 1.102800 0.000000 
6 4.314000 0.755000 0.000000 
6 4.314000 -0.755000 0.000000 
6 2.844600 -1.102800 0.000000 
6 2.436400 -2.436400 0.000000 
6 1.102800 -2.844600 0.000000 
6 0.671500 -4.211100 0.000000 
6 -0.671500 -4.211100 0.000000 
6 -1.102800 -2.844600 0.000000 
6 -2.436400 -2.436400 0.000000 
6 -2.844600 -1.102800 0.000000 
6 -4.211100 -0.671500 0.000000 
6 -4.211100 0.671500 0.000000 
6 -2.844600 1.102800 0.000000 
6 -2.436400 2.436400 0.000000 
6 -1.102800 2.844600 0.000000 
6 -0.671500 4.211100 0.000000 

1.231300 4.975100 0.000000 
4.818500 1.149500 0.881800 
4.818500 1.149500 -0.881800 
4.818500 -1.149500 0.881800 
4.818500 -1.149500 -0.881800 
1.231300 -4.975100 0.000000 

-1.231300 -4.975100 0.000000 
-4.975100 -1.231300 0.000000 
-4.975100 1.231300 0.000000 
-1.231300 4.975100 0.000000 
3.106100 3.106100 0.000000 
3.106100 -3.106100 0.000000 

-3.106100 -3.106100 0.000000 
-3.106100 3.106100 0.000000 

Distance matrix (angstroms): 
2 3 4 5 1 

0.000000 
2.209630 
2.066519 
2.066519 
2.066519 
2.066519 
4.291232 
3.088417 
3.478863 
3.088417 
4.405794 
4.405794 
3.088417 
3.478863 
3.088417 
4.291232 
4.291232 
3.088417 
3.478863 
3.088417 
4.291232 
4.291232 
3.088417 

0.000000 
3.357709 
3.357709 
3.357709 
3.357709 
5.041665 
4.067189 
4.371064 
4.067189 
5.139526 
5.139526 
4.067189 
4.371064 
4.067189 
5.041665 
5.041665 
4.067189 
4.371064 
4.067189 
5.041665 
5.041665 
4.067189 

0.000000 
4.020000 
2.842569 
2.842569 
4.418704 
2.985760 
2.473431 
1.383013 
2.424550 
2.424550 
1.383013 
2.473431 
2.985760 
4.418704 
4.992375 
4.216785 
5.070160 
4.978284 
6.257236 
6.257236 
4.978284 

0.000000 
2.842569 
2.842569 
4.992375 
4.216785 
5.070160 
4.978284 
6.368909 
6.368909 
4.978284 
5.070160 
4.216785 
4.992375 
4.418704 
2.985760 
2.473431 
1.383013 
2.301250 
2.301250 
1.383013 

0.000000 
4.020000 
2.301250 
1.383013 
2.473431 
2.985760 
4.492841 
5.124043 
4.216785 
5.070160 
4.978284 
6.257236 
6.257236 
4.978284 
5.070160 
4.216785 
4.992375 
4.418704 
2.985760 
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24 C 3 .478863 4. 371064 5 .070160 2. 473431 2. 473431 
25 C 3 .088417 4. 067189 4 .216785 2. 985760 1. 383013 
26 C 4 .291232 5. 041665 4 .992375 4. 418704 2. 301250 
27 H 5 .147632 5. 788076 5 .035672 5. 937815 3. 210595 
28 H 4 .969983 5. 273286 3 .160157 6. 980497 4. 973527 
29 H 5 .137489 6. 106915 3 .160157 6. 980497 4. 973527 
30 H 4 .969983 5. 273286 3 .160157 6. 980497 5. 829061 
31 H 5 .137489 6. 106915 3 .160157 6. 980497 5. 829061 
32 H 5 .147632 5. 788076 5 .035672 5. 937815 7. 092794 
33 H 5 .147632 5. 788076 5 .937815 5. 035672 7. 092794 
34 H 5 .147632 5. 788076 7 .092794 3. 210595 5. 937815 
35 H 5 .147632 5. 788076 7 .092794 3. 210595 5. 035672 
36 H 5 .147632 5. 788076 5 .937815 5. 035672 3. 210595 
37 H 4 .418836 5. 150711 3 .293826 5. 985176 3. 293826 
38 H 4 .418836 5. 150711 3 .293826 5. 985176 5. 985176 
39 H 4 .418836 5. 150711 5 .985176 3. 293826 5. 985176 
40 H 4 .418836 5. 150711 5 .985176 3. 293826 3. 293826 

6 7 8 9 10 
6 N 0 .000000 
7 C 6 .257236 0. 000000 
8 C 4 .978284 1. 432949 0 .000000 
9 C 5 .070160 2. 502885 1 .394674 0. 000000 
10 C 4 .216785 3. 792610 2 .463277 1. 394674 0. 000000 
11 C 5 .124043 5. 021198 3 .831218 2. 520414 1. 510000 
12 C 4 .492841 6. 158730 4 .823787 3. 702758 2. 368661 
13 C 2 .985760 5. 741071 4 .314607 3. 562662 2. 205600 
14 C 2 .473431 6. 877800 5 .446783 4. 872800 3. 562662 
15 C 1 .383013 7. 068870 5 .689200 5. 446783 4. 314607 
16 C 2 .301250 8. 422200 7 .068870 6. 877800 5. 741071 
17 C 2 .301250 8. 528605 7 .275372 7. 338140 6. 371852 
18 C 1 .383013 7. 275372 6 .101776 6. 357271 5. 582467 
19 C 2 .473431 7. 338140 6 .357271 6. 891180 6. 357271 
20 C 2 .985760 6. 371852 5 .582467 6. 357271 6. 101776 
21 C 4 .418704 6. 905039 6 .371852 7. 338140 7. 275372 
22 C 4 .992375 6. 030634 5 .741071 6. 877800 7. 068870 
23 C 4 .216785 4. 693025 4 .314607 5. 446783 5. 689200 
24 C 5 .070160 3. 578911 3 .562662 4. 872800 5. 446783 
25 C 4 .978284 2. 239523 2 .205600 3. 562662 4. 314607 
26 C 6 .257236 1. 343000 2 .239523 3. 578911 4. 693025 
27 H 7 .092794 0. 947139 2 .134372 2. 810207 4. 194931 
28 H 5 .829061 5. 229586 4 .178201 2. 847470 2. 162414 
29 H 5 .829061 5. 229586 4 .178201 2. 847470 2. 162414 
30 H 4 .973527 6. 834560 5 .526014 4. 394389 3. 121972 
31 H 4 .973527 6. 834560 5 .526014 4. 394389 3. 121972 
32 H 3 .210595 9. 203241 7 .820756 7. 508835 6. 288371 
33 H 3 .210595 9. 381200 8 .160621 8. 269362 7. 318048 
34 H 5 .035672 7. 842436 7 .318048 8. 269362 8. 160621 
35 H 5 .937815 6. 384614 6 .288371 7. 508835 7. 820756 
36 H 7 .092794 2. 050450 3 .160230 4. 460608 5. 622070 
37 K 5 .985176 2. 673631 2 .020295 0. 947099 2. 020295 
38 H 3 .293826 7. 711595 6 .278857 5. 582813 4. 217016 
39 H 3 .293826 8. 234785 7 .288736 7. 838279 7. 288736 
40 H 5 .985176 3. 935897 4 .217016 5. 582813 6. 278857 

11 12 13 14 15 
11 C 0 .000000 
12 C 1 .510000 0. 000000 
13 c 2 .368661 1. 510000 0 .000000 
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14 C 3. 702758 2. 520414 1 .394674 0 .000000 
15 C 4. 823787 3. 831218 2 .463277 1 .394674 0 .000000 
16 C 6. 158730 5. 021198 3 .792610 2 .502885 1 .432949 
17 C 7. 036857 6. 066287 4 .693025 3 .578911 2 .239523 
18 C 6. 503756 5. 805872 4 .314607 3 .562662 2 .205600 
19 C 7. 466789 6. 956652 5 .446783 4 .872800 3 .562662 
20 C 7. 395740 7. 167044 5 .689200 5 .446783 4 .314607 
21 C 8. 643624 8. 525509 7 .068870 6 .877800 5 .741071 
22 C 8. 525509 8. 643624 7 .275372 7 .338140 6 .371852 
23 C 7. 167044 7. 395740 6 .101776 6 .357271 5 .582467 
24 C 6. 956652 7. 466789 6 .357271 6 .891180 6 ,357271 
25 C 5. 805872 6. 503756 5 .582467 6 .357271 6 .101776 
26 C 6. 066287 7. 036857 6 .371852 7 .338140 7 .275372 
27 H 5. 226116 6. 506695 6 .288371 7 .508835 7 .820756 
28 H 1. 089826 2. 158521 3 .121972 4 .394389 5 .526014 
29 H 1. 089826 2. 158521 3 .121972 4 .394389 5 .526014 
30 H 2. 158521 1, 089826 2 .162414 2 .847470 4 .178201 
31 H 2. 158521 1. 089826 2 .162414 2 .847470 4 .178201 
32 H 6. 506695 5. 226116 4 .194931 2 .810207 2 .134372 
33 H 7. 973983 6. 968472 5 .622070 4 .460608 3 .160230 
34 H 9. 499093 9. 301303 7 .820756 7 .508835 6 .288371 
35 H 9. 301303 9. 499093 8 .160621 8 .269362 7 .318048 
36 H 6. 968472 7. 973983 7 .318048 8 .269362 8 .160621 
37 H 2. 643235 4. 045629 4 .217016 5 .582813 6 .278857 
38 H 4. 045629 2. 643235 2 .020295 0 .947099 2 .020295 
39 H 8. 364567 7. 783672 6 .278857 5 .582813 4 .217016 
40 H 7. 783672 8. 364567 7 .288736 7 .838279 7 .288736 

16 17 18 19 20 
16 C 0. 000000 
17 c 1. 343000 0. 000000 
18 c 2. 239523 1. 432949 0 .000000 
19 c 3. 578911 2. 502885 1 .394674 0 .000000 
20 c 4. 693025 3. 792610 2 .463277 1 .394674 0 .000000 
21 c 6. 030634 5. 005750 3 .792610 2 .502885 1 .432949 
22 c 6. 905039 6. 030634 4 .693025 3 .578911 2 .239523 
23 c 6. 371852 5. 741071 4 .314607 3 .562662 2 .205600 
24 c 7. 338140 6. 877800 5 .446783 4 .872800 3 .562662 
25 c 7. 275372 7. 068870 5 .689200 5 .446783 4 .314607 
26 c 8. 528605 8. 422200 7 .068870 6 .877800 5 .741071 
27 H 9. 203241 9. 381200 8 .160621 8 .269362 7 .318048 
28 H 6. 834560 7. 723581 7 .196680 8 .140628 8 .035766 
29 H 6. 834560 7. 723581 7 .196680 8 .140628 8 .035766 
30 H 5. 229586 6. 347524 6 .221955 7 .420732 7 .713809 
31 H 5. 229586 6. 347524 6 .221955 7 .420732 7 .713809 
32 H 0. 947139 2. 050450 3 .160230 4 .460608 5 .622070 
33 H 2. 050450 0. 947139 2 .134372 2 .810207 4 .194931 
34 H 6. 384614 5. 234518 4 .194931 2 .810207 2 .134372 
35 H 7. 842436 6. 938349 5 .622070 4 .460608 3 .160230 
36 H 9. 381200 9. 203241 7 .820756 7 .508835 6 .288371 
37 H 7. 711595 8. 234785 7 .288736 7 .838279 7 .288736 
38 H 2. 673631 3. 935897 4 .217016 5 .582813 6 .278857 
39 H 3. 935897 2. 673631 2 .020295 0 .947099 2 .020295 
40 H 8. 234785 7. 711595 6 .278857 5 .582813 4 .217016 

21 22 23 24 25 
21 C 0. .000000 
22 C 1. .343000 0. .000000 
23 C 2. .239523 1. .432949 0 .000000 
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24 C 3 .578911 2 .502885 1 .394674 0 .000000 
25 C 4 .693025 3 .792610 2 .463277 1 .394674 0 .000000 
26 C 6 .030634 5 .005750 3 .792610 2 .502885 1 .432949 
27 H 7 .842436 6 .938349 5 .622070 4 .460608 3 .160230 
28 H 9 .253501 9 .085138 7 .713809 7 .420732 6 .221955 
29 H 9 .253501 9 .085138 7 .713809 7 .420732 6 .221955 
30 H 9 .085138 9 .253501 8 .035766 8 .140628 7 .196680 
31 H 9 .085138 9 .253501 8 .035766 8 .140628 7 .196680 
32 H 6 .938349 7 .842436 7 .318048 8 .269362 8 .160621 
33 H 5 .234518 6 .384614 6 .288371 7 .508835 7 .820756 
34 H 0 .947139 2 .050450 3 .160230 4 .460608 5 .622070 
35 H 2 .050450 0 .947139 2 .134372 2 .810207 4 .194931 
36 H 6 .384614 5 .234518 4 .194931 2 .810207 2 .134372 
37 H 8 .234785 7 .711595 6 .278857 5 .582813 4 .217016 
38 H 7 .711595 8 .234785 7 .288736 7 .838279 7 .288736 
39 H 2 .673631 3 .935897 4 .217016 5 .582813 6 .278857 
40 H 3 .935897 2 .673631 2 .020295 0 .947099 2 .020295 

26 27 28 29 30 
26 C 0 .000000 
27 H 2 .050450 0 .000000 
28 H 6 .347524 5 .317969 0 .000000 
29 H 6 .347524 5 .317969 1 .763600 0 .000000 
30 H 7 .723581 7 .152363 2 .299000 2 .897531 0 .000000 
31 H 7 .723581 7 .152363 2 .897531 2 .299000 1 .763600 
32 H 9 .381200 9 .950200 7 .152363 7 .152363 5 .317969 
33 H 9 .203241 10 .250409 8 .653807 8 .653807 7 .211995 
34 H 6 .938349 8 .777175 10 .117331 10 .117331 9 .833558 
35 H 5 .234518 7 .248134 9 .833558 9 .833558 10 .117331 
36 H 0 .947139 2 .462600 7 .211995 7 .211995 8 .653807 
37 H 3 .935897 2 .647270 2 .745573 2 .745573 4 .671190 
38 H 8 .234785 8 .295822 4 .671190 4 .671190 2 .745573 
39 H 7 .711595 9 .171632 9 .038085 9 .038085 8 .210063 
40 H 2 .673631 4 .722944 8 .210063 8 .210063 9 .038085 

31 32 33 34 35 
31 H 0 .000000 
32 H 5 .317969 0 .000000 
33 H 7 .211995 2 .462600 0 .000000 
34 H 9 .833558 7 .248134 5 .294533 0 .000000 
35 H 10 .117331 8 .777175 7 .248134 2 .462600 0 .000000 
36 H 8 .653807 10 .250409 9 .950200 7 .248134 5 .294533 
37 H 4 .671190 8 .295822 9 .171632 9 .171632 8 .295822 
38 H 2 .745573 2 .647270 4 .722944 8 .295822 9 .171632 
39 H 8 .210063 4 .722944 2 .647270 2 .647270 4 .722944 
40 H 9 .038085 9 .171632 8 .295822 4 .722944 2 .647270 

36 37 38 39 40 
36 H 0 .000000 
37 H 4 .722944 0 .000000 
38 H 9 .171632 6 .212200 0 .000000 
39 H 8 .295822 8 .785377 6 .212200 0 .000000 
40 H 2 .647270 6 .212200 8 .785377 6 .212200 0 .000000 
Stoichiometry C20H14ClFeN4(6) 
Framework group CS[SG(ClFeN2),X{C20H14N2) I 
Deg. of freedom 59 
Full point group CS NOp 2 
Largest Abelian subgroup CS NOp 2 
Largest concise Abelian subgroup CS NOp 2 

Standard orientation: 
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Center Atomic Coordinates (Angstroms) 
Number Number X Y Z 

1 26 0.196079 -0.051505 0.000000 
2 17 2.405709 -0.051505 0.000000 
3 7 -0.283921 1.958495 0.000000 
4 7 -0.283921 -2.061505 0.000000 
5 7 -0.283921 -0.051505 2.010000 
6 7 -0.283921 -0.051505 -2.010000 
7 6 -0.283921 0.619995 4.211100 
8 6 -0.283921 1.051295 2.844600 
9 6 -0.283921 2.384895 2.436400 
10 6 -0.283921 2.793095 1.102800 
11 6 -0.283921 4.262495 0.755000 
12 6 -0.283921 4.262495 -0.755000 
13 6 -0.283921 2.793095 -1.102800 
14 6 -0.283921 2.384895 -2.436400 
15 6 -0.283921 1.051295 -2.844600 
16 6 -0.283921 0.619995 -4.211100 
17 6 -0.283921 -0.723005 -4.211100 
18 6 -0.283921 -1.154305 -2.844600 
19 6 -0.283921 -2.487905 -2.436400 
20 6 -0.283921 -2.896105 -1.102800 
21 6 -0.283921 -4.262605 -0.671500 
22 6 -0.283921 -4.262605 0.671500 
23 6 -0.283921 -2.896105 1.102800 
24 6 -0.283921 -2.487905 2.436400 
25 6 -0.283921 -1.154305 2.844600 
26 6 -0.283921 -0.723005 4.211100 
27 1 -0.283921 1.179795 4.975100 
28 1 0.597879 4.766995 1.149500 
29 1 -1.165721 4.766995 1.149500 
30 1 0.597879 4.766995 -1.149500 
31 1 -1.165721 4.766995 -1.149500 
32 1 -0.283921 1.179795 -4.975100 
33 1 -0.283921 -1.282805 -4.975100 
34 1 -0.283921 -5.026605 -1.231300 
35 1 -0.283921 -5.026605 1.231300 
36 1 -0.283921 -1.282805 4.975100 
37 1 -0.283921 3.054595 3.106100 
38 1 -0.283921 3.054595 -3.106100 
39 1 -0.283921 -3.157605 -3.106100 
40 1 -0.283921 -3.157605 3.106100 

Rotational constants (GHZ): 0.2406393 0.2340324 0.1331863 
Isotopes: Fe-56,Cl-35,N-14,N-14,N-14,N-14,C-12,C-12,C-12,C-12,C-12,C-12,C-12,C-
1 
2,C-12,C-12,C-12,C-12,C-12,C-12,C-12,C-12,C-12,C-12,C-12,C-12,H-1,H-1,H-1,H-

l,tt-
1,H-1,H-1,H-1,tt-1,H-1,H-1,H-1,H-1,H-1 
Standard basis: 6-311G(d) (5D, 7F) 
There are 296 symmetry adapted basis functions of A' symmetry. 
There are 250 symmetry adapted basis functions of A" symmetry. 
Crude estimate of integral set expansion from redundant integrals=1.002. 
Integral buffers will be 262144 words long. 
Raffenetti 2 integral format. 



Two-electron integral symmetry is turned on. 
546 basis functions 935 primitive gaussians 
105 alpha electrons 100 beta electrons 

nuclear repulsion energy 2984.2464920670 
One-electron integrals computed using PRISM. 
The smallest eigenvalue of the overlap matrix is 1 
Projected Huckel Guess. 

Hartrees. 

.768D-04 

1 guess orbital symmetries: 
a Orbitals: 
Occupied (A') (A-) (A-) {A') (A") (AM (AM (AM (A") (A' 

(A-) (A") (A-) (A') (A') (A") (A") (AM (A") (A-
(A") (A') (A") (A-) {A") (AM (A") (AM (AM (A" 
(A") (A') (A') {A") (A-) (AM (A") (AM (AM (A-
(A") (A-) (A") (A') (A") (AM (AM (AM (A") (A-
(A") (A-) (A') (A") (A') (AM (A") (A") (AM (A" 
(A") (A') (A") (A") (A-) (AM (A") (AM (AM (A" 
(A') (A') (A') (A') (A") (AM (A") (AM (AM (A" 
(A") (A') (A') (A") (A') (A") (A") (AM (A") (A* 
(A") (A') (A') (A") (A') (A") (AM (AM (A") (A' 
(A") (A") (A') (A') (A") 

Virtual (A') (A") (A") (A') (A') (A") (A") (AM (AM (A" 
(A") (A') (A") (A") (A') (AM (AM (A") (A") (A-
(A") (A*) (A") (A") (A-) (A") (AM (A") (AM (A* 
(A') {A") (A') (A") (A") (A") (AM (AM (A") (A-
(A") (A') (A') (A") (A') (AM (A") (AM (A") (A" 
(A-) (A") (A-) (A") {A') (A") (AM (AM (AM (A-
(A') (A') (A-) (A') (A*) (A") (AM (AM (A") (A-
(A') (A") (A') (A") (A") (AM (AM (AM (A") (A" 
(A') (A') (A") (A') (A-) (A") (A") (AM (AM (A' 
(A-) (A') (A-) (A') (A") (AM (AM (A") (AM (A-
(A") (A') (A") (A") (AM (AM (AM (AM (AM (A" 
(A') (A-) {A') (A") (AM (AM (AM (A") (AM (A" 
(A") (A') (A') (A') (AM (AM (A") (AM (AM (A-
(A") (A-) (A-) (A-) (A") (AM (A") (A") (AM (A-
{A') (A') (A-) (A-) (AM (AM (AM (AM (AM (A-
(A') (A-) (A') (A') (AM (AM (AM (A") (A") (A" 
(A") (A") (A") (A") (A") (A") (A") (A") (A") (A" 
(A") (A") (A") (A") (AM (AM (AM (AM (AM (A-
(A-) (A-) (A') (AM (AM (AM (AM (AM (AM (A' 
(A') (A') (A') (A') (AM (AM (AM (AM (AM (A' 
(A') (A') (A') (A') (AM (AM (AM (AM (AM (A-
(A') (A-) (A') (A*) (AM (AM (AM (AM (AM (A-
(A') (A') (A') (A') (AM (AM (AM (AM (AM (A-
(A-) (A') (A') (A') (AM (AM (AM (AM (AM (A-
(A') (A') (A') (A*) (AM (AM (AM (AM (AM (A-
(A') (A-) (A") {A") (AM (AM (A") (A") (A") (A" 
CA") (A") (A") (A") (A") (A") (A") (A") (A") (A" 
(A") (A") (A*) (A") (A") (A") (A") (A") (A") (A" 
(A") (A") (A") (A") (AM (AM (A") (A") (A") (A" 
(A") (A") (A") (A") (A") (A") (A") (A") (A") (A" 
(A") (A") (A") (A") (A") (A") (A") (A") (A") (A" 
(A") (A") (A") (A') (A") (A") (A") (A") (A") (A" 
(A") (A") CA") (A") (A") (A") (A") (A") (A") (A" 
(A") (A") (A") (A") (A") (AM (AM (AM (AM (A-
(A') (A-) {A') (A') (AM (AM (AM (AM (AM (A-
(A') (A-) (A'l (A') (AM (AM (AM (AM (AM (A' 
(A') (A*) (A'l (A-) (AM (AM (AM (AM (AM (A-
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(A*) (AM (AM (AM (AM (AM (AM (A") (A") (AM 
(AM (A") (A") (AM (A") (A") (A") (A") (A") (A") 
(A') (A") (A") (A") (A") (A") (A") (A") (A") (A") 
(A") (A") (A") (A") (A") (A") (A") (A") (A") (A") 
(A") (A") (A") (A") (A") (A") (A") (A") (A") (A") 
(A") (A") (A") (A") (A") (A") (A") (A") (A") (A") 
(A") (A") (A") (A") (A") (A") (A") (A") (A") (A") 
(A") 

Beta Orbitals: 
Occupied (A') (AM (AM (AM (A") (AM (AM (AM (A") (AM 

(A') (A") (AM (AM (AM (A") (A") (AM (A") (AM 
(A") (AM (A") (AM (A") (AM (A") (AM (AM (A") 
{A") (AM (AM (A") (AM (AM (A") (AM (AM (AM 
(A") (AM (A") (AM (A") (AM (AM (AM (A") (AM 
(A") (AM (AM (A") (AM (AM (A") (A") (AM (A") 
(A") (AM (A") (A") (AM (AM (A") (AM (AM (A") 
(A') (AM (AM (AM (A") (AM (A") (AM (AM (A") 
(A") (AM (AM (A") (AM (A") (A") (AM (A") (AM 
(A") (AM (AM (A") (AM (A") (AM (AM (A") (AM 

Virtual {A") (A") (AM (AM (A") (AM (A") (A") (AM (AM 
(A") (A") (AM (AM (A") (A") (AM (A") (A") (AM 
(A') (AM (A") (A") (AM (A") (AM (A") (A") (AM 
(A") (AM (A") (AM (AM (AM (A") (AM (A") (A") 
(A") (AM (AM (A") (AM (A") (AM (AM (A") (AM 
(A') (A") (AM (A") (A") (AM (A") (AM (A") (AM 
(A") (AM (AM (AM (AM (AM (AM (AM (AM (AM 
(A") (AM (AM (A") (AM (AM (A") (AM (A") (A") 
(A') (AM (AM (A") (A") (AM (AM (A") (AM (AM 
(A") (A") (AM (AM (AM (AM (AM (AM (AM (A") 
(A') (AM (A") (AM (AM (A") (AM (A") (A") (AM 
(A-) (AM (AM (AM (A") (AM (AM (AM (A") (AM 
(A*) (AM (A") (AM (A") (A")  (AM (AM (AM (AM 
(A') (A") (AM (AM (AM (A") (AM (AM (AM (A") 
(A') (A") (A") (AM (AM (AM (AM (AM (AM (AM 
(A') (AM (AM (AM (AM (AM (AM (AM (AM (AM 
(A-) (AM (A") (A") (A") (A") (A") (A") (A") (A") 
(A") (A") (A") (A") (A") (A") (A") (A") (A") (AM 
(A') (AM (AM (AM (AM (AM (AM (AM (AM (AM 
(A-) (AM (AM (AM (AM (AM (AM (AM (AM (AM 
(A') (AM (AM (AM (AM (AM (AM (AM (AM (AM 
(A') (AM (AM (AM (AM (AM (A') (AM (AM (AM 
(A-) (AM (AM (AM (AM (AM (AM (AM (AM (AM 
(A') (AM (AM (AM (AM (AM (AM (AM (AM (AM 
(A') (AM (AM (AM (AM (AM (AM (AM (AM (AM 
(A-) (AM (AM (AM (AM (AM (AM (A") (A") (AM 
(A*) (A") (A"l (A") (A") (A") (A") (A") (A") (A") 
(A") (A") (A"l (A") (A") (A") (A") (AM (A") (A") 
(A") (A") (A"l (A") (A") (A") (A") (A") (A") (AM 
(A-) (A") (A") (A") (A") (A'M (A") (A") (A") (A") 
(A") (A") (A") (A") (A") (A") (A") (A") (A") (A") 
(A") (A") (A") (A") (A") (A") (A") (A") (AM (A") 
{A") (A") (A") (A") (A") (A") (A") (A") (A") (A") 
(A") (A") (A") (A") (A") (A") (A") (A") (A") (A") 
(A*) (AM (AM (AM (AM (AM (AM (AM (AM (AM 
(A') (AM (AM (AM (AM (AM (AM (AM (AM (AM 
(AM (AM (AM (AM (AM (AM (AM (AM (AM (AM 
(AM (AM (AM (AM (AM (AM (AM (AM (AM (AM 
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(AM (A-) (A") (A") (A') (A') (A") (A") (AM (A") 
(A") (A") (A") (A") (A") (A-) (A") (A") (A") (A") 
(A") (A") (A") (A") (A") (A") (A") (A") (A") (A") 
(A") (A") (A") (A") (A") (A") (A") (A") (A") (A") 
(A") (A") (A") (A") (A") (A") (A") (A") (A") (A") 
(A") (A") (A") (A") (A") (A") (A") (A") (A") (A") 
(A") (A") (A") (A") (A") (A") 

initial guess= 8 .7500 
Requested convergence on ElMS density matrix=1.00D-08 within 64 cycles. 
Requested convergence on MAX density matrix=1.00D-06. 
Integral accuracy reduced to l.OD-05 until final iterations. 
Problem detected with inexpensive integrals. 
Switching to full accuracy and repeating last cycle. 
Restarting both DIIS and incremental Fock formation. 
Restarting both DIIS and incremental Fock formation. 
SCF Done: E(UB+HF-LYP) = -2713.65750822 A.U, after 61 cycles 

Convg = 0.80330-08 -V/T = 2.0013 
S**2 = 8.7588 

Annihilation of the first spin contaminant: 
S**2 before annihilation 8.7588, after 8.7500 

Population analysis using the SCF density. 

Fermi contact analysis (atomic units). 
1 

1 Fe -0 .649175 
2 CI 0 .073067 
3 N 0 .151245 
4 N 0 .162101 
5 N 0 .156229 
6 N 0 .156229 
7 C 0 .004776 
8 C 0 .005191 
9 C 0 .000870 
10 C 0 .005354 
11 C 0 .004895 
12 C 0 .004895 
13 C 0 .005354 
14 C 0 .000870 
15 C 0 .005191 
16 C 0 .004776 
17 C 0 .005265 
18 C 0 .004764 
19 N..* 0 .000763 
20 C 0 .005173 
21 C 0 .005230 
22 c 0 .005230 
23 c 0 .005173 
24 c 0 .000763 
25 c 0 .004764 
26 c 0 .005265 
27 H 0 .000272 
28 H -0 .000101 
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29 H -0 .000109 
30 H -0 .000101 
31 H -0 .000109 
32 H 0 .000272 
33 H 0 .000208 
34 H 0 .000238 
35 H 0 .000238 
36 H 0 .000208 
37 H -0 .000344 
38 H -0 .000344 
39 H -0 .000323 
40 H -0 .000323 
Electronic spatial extent (au): <R**2>= 8112.1442 
Charge= 0.0000 electrons 
Dipole moment (Debye): 

X= -3.4932 Y= 2.0904 Z= 0.0000 Tot= 4.0709 
Quadrupole moment (Debye-Ang): 
XX= -182.4077 YY= -129.6843 ZZ= -139.6043 
XY= -0.3849 XZ= 0.0000 YZ= 0.0000 

Octapole moment (Debye-Ang**2): 
XXX= -15.8437 YYY= 21.1420 ZZZ= 0.0000 XYY= -5.0720 
XXY= 12.5906 XXZ= 0.0000 XZZ= -2.7795 YZZ= -11.4868 
YYZ= 0.0000 XYZ= 0.0000 
Hexadecapole moment {Debye-Ang**3) : 
XXXX= -827.9297 YYYY= -4696.4721 ZZZZ= -4509.0130 XXXY= -2.1002 
XXXZ= 0.0000 YYYX= 3,3650 YYYZ= 0.0000 ZZZX= 0.0000 
ZZZY= 0.0000 XXYY= -1055.2426 XXZZ= -1068.6811 YYZZ= -1532.6045 
XXYZ= 0.0000 YYXZ= 0.0000 ZZXY= 5.6871 
N-N= 2.984246492067D+03 E-N=-1.237308350096D+04 ECE= 2.710265027322D+03 
Symmetry A' KE= 1.043950062106D+03 
Symmetry A" KE= 3.293908672163D+02 

Axes restored to original set 

Center Atomic Forces (Hartrees/Bohr) 
Number Number X Y 

1 26 
2 17 
3 7 
4 7 
5 7 
6 7 
7 6 
8 6 
9 6 
10 6 
11 6 
12 6 
13 6 
14 6 
15 6 
16 6 
17 6 
18 6 
19 6 
20 6 

0.000052331 
0.000004980 
0.000019118 
-0.000017568 
-0.000026780 
-0.000026780 
0.000027708 
-0.000022134 
0.000021053 

-0.000004570 
-0.000005977 
-0.000005977 
-0.000004570 
0.000021053 

-0.000022134 
0.000027708 
-0.000024651 
0.000013926 
-0.000018073 
0.000020340 

0.000000000 
0.000000000 
0.000000000 
0.000000000 
0.000000806 

-0.000000806 
0.000010593 
-0.000028073 
0.000021271 

-0.000000718 
0.000020148 
-0.000020148 
0.000000718 
-0.000021271 
0.000028073 
-0.000010593 
0.000005669 
-0.000009855 
-0.000014049 
0.000029312 

0.000019928 
-0.000014602 
0.000135465 
-0.000114672 

0.000002000 
0.000002000 

-0.000013861 
0.000022541 

-0.000034846 
-0.000030260 
-0.000019338 
-0.000019338 
-0.000030260 
-0.000034846 
0.000022541 
-0.000013861 
-0.000028943 
0.000051173 
-0.000015946 
0.000012960 
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21 6 -0.000009368 -0.000024590 0.000020835 
22 6 -0.000009368 0.000024590 0.000020835 
23 6 0.000020340 -0.000029312 0.000012960 
24 6 -0.000018073 0.000014049 -0.000015946 
25 6 0.000013926 0.000009855 0.000051173 
26 6 -0.000024651 -0.000005669 -0.000028943 
27 1 -0.000001778 -0.000002458 0.000010768 
28 1 -0.000000979 -0.000005423 -0.000000086 
29 1 0.000002081 0.000006361 -0.000000407 
30 1 -0.000000979 0.000005423 -0.000000086 
31 1 0.000002081 -0.000006361 -0.000000407 
32 1 -0.000001778 0.000002458 0.000010768 
33 1 0.000001722 0.000001964 0.000008754 
34 1 0.000001903 0.000004095 -0.000002395 
35 1 0.000001903 -0.000004095 -0.000002395 
36 1 0.000001722 -0.000001964 0.000008754 
37 1 -0.000008735 -0.000009722 0.000000988 
38 1 -0.000008735 0.000009722 0.000000988 
39 1 0.000004881 0.000003330 0.000003005 
40 1 0.000004881 -0.000003330 0.000003005 

Cartesian Forces: Max 0.000135465 RMS 0.000023620 
Internal Forces: Max 0.000018280 RMS 0.000006844 

GradGradGradGradGradGradGradGradGradGradGradGradGradGradGradGradGradGrad 
Berny optimization. 
Search for a local minimum. 
Step number 15 out of a maximum of 240 
All quantities printed in internal units (Hartrees-Bohrs-Radians) 
Update second derivatives using information from points 3 4 5 6 7 

8 9 10 11 12 

13 14 15 
Trust test= 8.81D-02 RLast= 1.14D-02 DXMaxT set to 5.00D-02 

Eigenvalues 0, .00673 0 .00707 0, .00960 0 .01148 0 .01417 
Eigenvalues 0. .01554 0 .01598 0, .01645 0 .01667 0 .01793 
Eigenvalues 0 .01827 0 .01865 0 .01952 0 .01974 0 .01996 
Eigenvalues 0 .02012 0 .02016 0 .02085 0 .02111 0 .02113 
Eigenvalues 0, .02131 0 .02139 0 .02154 0 .02159 0 .02160 
Eigenvalues 0 .02180 0 .02411 0 .02418 0 .02420 0 .02541 
Eigenvalues 0 .02968 0 .03327 0 .03689 0 .04129 0 .04918 
Eigenvalues 0 .05108 0 .05721 0 .06098 0 .08069 0 .08258 
Eigenvalues 0 .08651 0 .08987 0 .09405 0 .10518 0 .13902 
Eigenvalues 0 .15743 0 .15997 0 .15998 0 .15999 0 .15999 
Eigenvalues 0 .16000 0 .16000 0 .16000 0 .16020 0 .16074 
Eigenvalues 0 .16307 0 .17020 0 .17557 0 .18131 0 .22320 
Eigenvalues 0 .22625 0 .22684 0 .22740 0 .22801 0 .23382 
Eigenvalues 0 .23420 0 .23702 0 .23771 0 .24015 0 .24119 
Eigenvalues 0 .24297 0 .25146 0 .29887 0 .30432 0 .32894 
Eigenvalues 0 .34829 0 .34833 0 .34833 0 .34848 0 .36128 
Eigenvalues 0 .36193 0 .36742 0 .36864 0 .37696 0 .38632 
Eigenvalues 0 .40286 0 .40857 0 .40906 0 .41200 0 .42103 
Eigenvalues 0 .42846 0 .43868 0 .44389 0 .44838 0 .45300 
Eigenvalues 0 .46052 0 .46199 0 .46390 0 .46659 0 .46822 
Eigenvalues 0 .47269 0 .47464 0 .54317 0 .54389 0 .56620 
Eigenvalues 0 .58013 0 .58334 0 .58334 0 .58334 0 .58334 
Eigenvalues 0 .58335 0 .58343 0 .58343 0 .586151000 .00000 
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Eigenvalues 1000.000001000.000001000.000001000.000001000.00000 
Eigenvalues 1000.000001000.000001000.000001000.000001000.00000 
Eigenvalues 1000.000001000.000001000.000001000.000001000.00000 
Eigenvalues 1000.000001000.000001000.000001000.000001000.00000 
Eigenvalues 1000.000001000.000001000.000001000.000001000.00000 
Eigenvalues 1000.000001000.000001000.000001000.000001000.00000 
Eigenvalues 1000.000001000.000001000.000001000.000001000.00000 
Eigenvalues 1000.000001000.000001000,000001000.000001000.00000 
Eigenvalues 1000.000001000.000001000.000001000.000001000.00000 
Eigenvalues 1000.000001000.000001000.000001000.000001000.00000 
Eigenvalues 1000.000001000.000001000.000001000.000001000.00000 
Eigenvalues 1000.000001000.000001000.000001000.000001000.00000 
Eigenvalues 1000.000001000.000001000.000001000.000001000.00000 
Eigenvalues 1000.000001000.000001000.000001000.000001000.00000 
Eigenvalues 1000.000001000.000001000.000001000.000001000.00000 
Eigenvalues 1000.000001000.000001000.000001000.000001000.00000 
Eigenvalues 1000.000001000.000001000.000001000.000001000.00000 
Eigenvalues 1000.000001000.000001000.000001000,000001000.00000 
Eigenvalues 1000.000001000.000001000.000001000.000001000.00000 
Eigenvalues 1000.000001000.000001000.000001000.000001000.00000 
Eigenvalues 1000.000001000.000001000.000001000.000001000.00000 
Eigenvalues 1000.000001000.000001000.000001000.000001000.00000 
Eigenvalues 1000.000001000.000001000.000001000.000001000.00000 
Eigenvalues 1000.000001000.000001000.000001000.000001000.00000 
Eigenvalues 1000.000001000.000001000.000001000.000001000.00000 
Eigenvalues 1000.000001000.000001000.000001000.000001000.00000 
Eigenvalues 1000.000001000.000001000.000001000.000001000.00000 
Eigenvalues 1000.000001000.000001000.000001000.000001000.00000 
Eigenvalues 1000,000001000.000001000.000001000.000001000.00000 
Eigenvalues 1000.000001000.000001000.000001000.000001000.00000 
Eigenvalues 1000.000001000,000001000.000001000.000001000.00000 
Eigenvalues 1000,000001000.000001000,000001000.000001000.00000 
Eigenvalues 1000.000001000.000001000.000001000.000001000.00000 
Eigenvalues 1000,000001000,000001000,000001000,000001000.00000 
Eigenvalues 1000.000001000.000001000.00000 

RFO step: Lambda=-6.08850954D-08. 
Quartic linear search produced a step of -0.31197, 
Iteration 1 RMS(Cart)= 0,00033107 RMS(Int)= 0,00000008 
Iteration 2 RMS(Cart)= 0.00000009 RMS{Int)= 0.00000006 
TrRot= 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 
Variable Old X -DE/DX Delta X Delta X Delta X New X 

(Linear) (Quad) (Total) 
R1 4. 21554 -0 ,00001 0.00001 -0 .00011 -0.00010 4 .21544 
R2 4. 09773 0 ,00000 -0.00016 -0 .00019 -0.00035 4 .09738 
R3 3. 93601 0 .00002 0.00014 0 .00020 0.00033 3 .93634 
R4 3, 92044 -0 .00001 0.00002 0 .00006 0.00008 3 .92052 
R5 3, 92044 -0 .00001 0.00002 0 .00006 0.00008 3 .92052 
Re 2. 57976 -0 .00001 0.00000 -0 .00001 -0.00001 2 .57974 
R7 2, 71885 0 .00000 -0.00001 0 .00001 0.00001 2 ,71886 
R8 2. 64982 0 .00000 0.00000 0 .00001 0.00001 2 .64983 
R9 2. 57367 0 .00000 0.00001 0 .00001 0.00001 2 ,57369 

RIO 2. 59471 0 .00000 0.00000 0 .00000 -0.00001 2 .59470 
Rll 2. 86852 -0 .00001 0.00000 0 .00000 0,00000 2 .86852 
R12 2. 90049 0 .00002 0.00001 -0 .00001 0.00000 2 .90049 
R13 2. 57367 0 .00000 0.00001 0 .00001 0,00001 2 ,57369 
R14 2. 86852 -0 .00001 0.00000 0 .00000 0.00000 2 .86852 
R15 2. 59471 0 .00000 0.00000 0 .00000 -0.00001 2 ,59470 
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R16 2. 57976 -0 .00001 0 .00000 -0 .00001 -0 .00001 2. 57974 
R17 2. 64982 0 .00000 0 .00000 0 .00001 0 .00001 2. 64983 
R18 2. 71885 0 .00000 -0 .00001 0 .00001 0 .00001 2. 71886 
R19 2. 57292 0 .00002 0 .00001 0 .00001 0 .00001 2. 57293 
R20 2. 62600 0 .00000 -0 .00002 -0 .00001 -0 .00003 2. 62596 
R21 2. 71444 -0 .00001 0 .00000 0 .00000 0 .00000 2. 71444 
R22 2. 60752 0 .00000 0 .00000 -0 .00001 -0 .00001 2. 60751 
R23 2. 59902 -0 .00001 0 .00001 0 .00000 0 .00001 2. 59903 
R24 2. 64022 0 .00001 0 .00000 0 .00000 0 .00000 2. 64023 
R25 2. 70269 0 .00000 0 .00000 0 .00000 0 .00000 2. 70269 
R26 2. 58562 0 .00001 0 .00000 0 .00000 0 .00000 2. 58562 
R27 2. 59902 -0 .00001 0 .00001 0 .00000 0 .00001 2. 59903 
R28 2, 70269 0 .00000 0 .00000 0 .00000 0 .00000 2. 70269 
R29 2. 64022 0 .00001 0 .00000 0 .00000 0 .00000 2. 64023 
R30 2. 62600 0 .00000 -0 .00002 -0 .00001 -0 .00003 2. 62596 
R31 2. 60752 0 .00000 0 .00000 -0 .00001 -0 .00001 2. 60751 
R32 2. 57292 0 .00002 0 .00001 0 .00001 0 .00001 2. 57293 
R33 2. 71444 -0 .00001 0 .00000 0 .00000 0 .00000 2. 71444 
R34 2. 04317 0 .00000 0 .00000 -0 .00002 -0 .00002 2. 04316 
R35 2. 06588 0 .00000 0 .00000 0 .00000 0 .00000 2. 06589 
R36 2. 06587 0 .00000 0 .00000 0 .00000 0 .00000 2. 06587 
R37 2. 06588 0 .00000 0 .00000 0 .00000 0 .00000 2. 06589 
R38 2. 06587 0 .00000 0 .00000 0 .00000 0 .00000 2. 06587 
R39 2. 04317 0 .00000 0 .00000 -0 .00002 -0 .00002 2. 04316 
R40 2. 04347 0 .00000 0 .00000 -0 .00002 -0 .00002 2. 04346 
R41 2. 04331 0 .00000 0 .00000 -0 .00002 -0 .00002 2. 04329 
R42 2. 04331 0 .00000 0 .00000 -0 .00002 -0 .00002 2. 04329 
R43 2. 04347 0 .00000 0 .00000 -0 .00002 -0 .00002 2. 04346 
R44 2. 05007 -0 .00001 -0 .00001 -0 .00001 -0 .00002 2. 05005 
R45 2. 05007 -0 .00001 -0 .00001 -0 .00001 -0 .00002 2. 05005 
R46 2. 05010 -0 .00001 -0 .00001 -0 .00001 -0 .00002 2. 05008 
R47 2. 05010 -0 .00001 -0 .00001 -0 .00001 -0 .00002 2. 05008 
A1 1. 74087 0 .00000 0 .00024 -0 .00023 0 .00001 1. 74088 
A2 1. 84015 0 .00001 -0 ,00012 0 .00049 0 .00037 1. 84052 
A3 2. 70217 -0 .00001 -0 .00012 -0 .00026 -0 .00038 2. 70179 
A4 1. 81463 0 .00000 -0 .00005 0 .00001 -0 .00004 1. 81459 
A5 1. 51204 0 .00000 0 .00006 0 .00003 0 .00010 1. 51214 
A6 1. 52400 -0 .00001 -0 .00007 -0 .00010 -0 .00017 1. 52384 
A7 1. 81463 0 .00000 -0 .00005 0 .00001 -0 .00004 1. 81459 
AS 1. 51204 0 .00000 0 .00006 0 .00003 0 .00010 1. 51214 
A9 1. 52400 -0 .00001 -0 .00007 -0 .00010 -0 .00017 1. 52384 
AlO 2. 65252 0 .00000 0 .00012 -0 .00002 0 .00010 2. 65263 
All 2. 20805 -0 .00001 -0 .00001 -0 .00008 -0 .00008 2. 20797 
A12 1. 92308 0 .00000 0 .00000 0 .00001 0 .00001 1. 92309 
A13 2. 19280 0 .00001 -0 .00001 0 .00002 0 .00001 2. 19281 
A14 2. 16729 -0 .00002 0 .00000 -0 ,00003 -0 .00003 2. 16726 
A15 2. 16955 0 .00000 0 .00010 -0 .00001 0 .00009 2. 16964 
A16 2. 21275 -0 .00001 0 .00001 -0 .00002 0 .00000 2. 21275 
A17 2. 19426 0 .00000 0 .00002 0 .00001 0 .00003 2. 19429 
Aia 1. ,94927 0 .00000 -0 .00001 0 .00001 0 .00000 1. 94926 
A19 2. ,13957 0 .00000 -0 .00001 -0 .00001 -0 .00003 2. 13954 
A20 1. 80249 0 .00000 0 .00000 0 .00000 0 .00000 1. 80249 
A21 2. 16955 0 .00000 0 .00010 -0 .00001 0 .00009 2. 16964 
A22 1. .92080 0 .00000 0 .00001 -0 .00001 0 .00000 1. 92079 
A23 1. ,80249 0 .00000 0 .00000 0 .00000 0 .00000 1. 80249 
A24 1. ,94927 0 .00000 -0 .00001 0 .00001 0 .00000 1. 94926 
A25 2. .19426 0 .00000 0 .00002 0 .00001 0 .00003 2. 19429 
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A26 2. 13957 0 .00000 -0 .00001 -0 .00001 -0 .00003 2. 13954 
R21 2. 20805 -0 .00001 -0 .00001 -0 .00008 -0 .00008 2. 20797 
A28 2. 21275 -0 .00001 0 .00001 -0 .00002 0 .00000 2. 21275 
A29 2. 19280 0 .00001 -0 .00001 0 .00002 0 .00001 2. 19281 
A30 1. 92308 0 .00000 0 .00000 0 .00001 0 .00001 1. 92309 
A31 2. 16729 -0 .00002 0 .00000 -0 .00003 -0 .00003 2. 16726 
A32 1. 86710 -0 .00001 0 .00000 -0 .00001 -0 .00001 1. 86708 
A3 3 2. 19321 0 .00001 0 .00001 0 .00012 0 .00013 2. 19334 
A3 4 1. 85485 0 .00000 0 .00000 0 .00000 0 .00000 1. 85485 
A3 5 1. 86931 0 .00000 0 .00000 0 .00000 -0 .00001 1. 86930 
A3 6 1. 91042 0 .00000 0 .00001 0 .00001 0 .00002 1. 91044 
A37 2. 18967 0 .00000 -0 .00002 -0 .00003 -0 .00005 2. 18962 
A38 2. 18305 0 .00000 0 .00001 0 .00002 0 .00003 2. 18308 
A3 9 2. 20323 0 .00000 -0 .00006 0 .00001 -0 .00004 2. 20319 
A40 2. 20291 -0 .00001 -0 .00002 -0 .00003 -0 .00005 2. 20287 
A41 2. 17592 0 .00001 0 .00001 0 .00004 0 .00005 2. 17597 
A42 1. 91929 0 .00000 0 .00002 0 .00002 0 .00004 1. 91933 
A43 2. 18739 -0 .00001 -0 .00002 -0 .00006 -0 .00008 2. 18731 
A44 1. 86593 -0 .00001 0 .00000 -0 .00001 -0 .00001 1. 86592 
A45 2. 20323 0 .00000 -0 .00006 0 .00001 -0 .00004 2. 20319 
A46 1. 85425 0 .00000 -0 .00002 -0 .00003 -0 .00005 1. 85420 
A47 1. 86593 -0 .00001 0 .00000 -0 .00001 -0 .00001 1. 86592 
A48 1. 91929 0 .00000 0 .00002 0 .00002 0 .00004 1. 91933 
A49 2. 17592 0 .00001 0 .00001 0 .00004 0 .00005 2. 17597 
A50 2. 18739 -0 .00001 -0 .00002 -0 .00006 -0 .00008 2. 18731 
A51 2. 19321 0 .00001 0 .00001 0 .00012 0 .00013 2. 19334 
A52 1. 85485 0 .00000 0 .00000 0 .00000 0 .00000 1. 85485 
A53 2. 20291 -0 .00001 -0 .00002 -0 .00003 -0 .00005 2. 20287 
A54 2. 18967 0 .00000 -0 .00002 -0 .00003 -0 .00005 2. 18962 
A55 1. 86710 -0 .00001 0 .00000 -0 .00001 -0 .00001 1. 86708 
A56 1. 91042 0 .00000 0 .00001 0 .00001 0 .00002 1. 91044 
A57 2. 18305 0 .00000 0 .00001 0 .00002 0 .00003 2. 18308 
A58 1. 86931 0 .00000 0 .00000 0 .00000 -0 .00001 1. 86930 
A59 2. 17962 0 .00000 0 .00001 -0 .00001 0 .00001 2. 17963 
A60 2. 23646 0 .00000 -0 .00001 0 .00002 0 .00001 2. 23647 
A61 1. 92756 0 .00000 -0 .00001 -0 .00001 -0 .00002 1. 92754 
A62 1. 96639 0 .00000 -0 .00005 -0 .00001 -0 .00006 1. 96633 
A63 1. 93398 0 .00000 0 .00002 0 .00000 0 .00002 1. 93400 
A64 1. 96862 0 .00000 0 .00004 0 .00002 0 .00006 1. 96867 
A65 1. 86591 0 .00000 0 .00000 0 .00000 0 .00000 1. 86591 
A66 1. 96639 0 .00000 -0 .00005 -0 .00001 -0 .00006 1. 96633 
A67 1. 92756 0 .00000 -0 .00001 -0 .00001 -0 .00002 1. 92754 
A68 1. 96862 0 .00000 0 .00004 0 .00002 0 .00006 1. 96867 
A69 1. 93398 0 .00000 0 .00002 0 .00000 0 .00002 1. 93400 
A70 1. 86591 0 .00000 0 .00000 0 .00000 0 .00000 1. 86591 
A71 2. 17962 0 .00000 0 .00001 -0 .00001 0 .00001 2. 17963 
A72 2. 23646 0 .00000 -0 .00001 0 .00002 0 .00001 2. 23647 
A73 2. 23545 0 .00000 -0 .00001 0 .00001 0 .00000 2. 23546 
A74 2. 17841 0 .00000 0 .00001 -0 .00001 0 .00001 2. 17842 
A75 2. 18314 0 .00000 0 .00000 -0 .00001 0 .00000 2. 18314 
A76 2. 23405 0 .00000 0 .00000 0 .00002 0 .00002 2. 23407 
A77 2. 23405 0 .00000 0 .00000 0 .00002 0 .00002 2. 23407 
A78 2. 18314 0 .00000 0 .00000 -0 .00001 0 .00000 2. 18314 
A79 2. 23545 0 .00000 -0 .00001 0 .00001 0 .00000 2. 23546 
A80 2. 17841 0 .00000 0 .00001 -0 .00001 0 .00001 2. 17842 
A81 2. 02984 0 .00000 0 .00000 0 .00001 0 .00001 2. 02985 
A82 2. 04053 0 .00000 -0 .00001 0 .00000 -0 .00001 2. 04052 
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A83 2 .04053 0 .00000 -0 .00001 0 .00000 -0 .00001 2 .04052 
AS 4 2 .02984 0 .00000 0 .00000 0 .00001 0 .00001 2 .02985 
AS 5 2 .04140 0 .00000 0 .00001 0 .00002 0 .00003 2 .04143 
AO 6 2 .03870 0 .00000 0 .00001 0 .00001 0 .00002 2 .03872 
AS 7 2 .03870 0 .00000 0 .00001 0 .00001 0 .00002 2 .03872 
ABB 2 .04140 0 .00000 0 .00001 0 .00002 0 .00003 2 .04143 

D1 -1 .44413 -0 .00001 -0 .00058 0 .00011 -0 .00046 -1 .44459 
D2 1 .69746 -0 .00001 -0 .00058 0 .00011 -0 .00046 1 .69700 
D3 0 ,36418 -0 .00001 -0 .00062 0 .00013 -0 .00049 0 .36368 
D4 3 .03075 -0 .00001 -0 .00053 0 .00010 -0 .00043 3 .03032 
D5 1 .44413 0 .00001 0 .00058 -0 .00011 0 .00046 1 .44459 
D6 -1 .69746 0 .00001 0 .00058 -0 .00011 0 .00046 -1 .69700 
D7 -3 .03075 0 .00001 0 .00053 -0 .00010 0 .00043 -3 .03032 
DB -0 .36418 0 .00001 0 .00062 -0 .00013 0 .00049 -0 .36368 
D9 -1 .44189 0 .00001 0 .00039 0 .00000 0 .00039 -1 .44150 

DIO 1 .69970 0 .00001 0 .00039 0 .00000 0 .00039 1 .70009 
Dll 3 .03039 0 .00001 0 .00046 0 .00001 0 .00047 3 .03086 
D12 0 .36901 0 .00001 0 .00032 -0 .00001 0 .00030 0 .36931 
D13 1 .44189 -0 .00001 -0 .00039 0 .00000 -0 .00039 1 .44150 
D14 -1 .69970 -0 .00001 -0 .00039 0 .00000 -0 .00039 -1 .70009 
D15 -0 .36901 -0 .00001 -0 .00032 0 .00001 -0 .00030 -0 .36931 
D16 -3 .03039 -0 .00001 -0 .00046 -0 .00001 -0 .00047 -3 .03086 
D17 1 .37855 0 .00000 0 .00048 -0 .00031 0 .00017 1 .37871 
DIB -0 .35302 0 .00001 0 .00021 -0 .00008 0 .00013 -0 .35289 
D19 -3 .06785 0 .00001 0 .00033 0 .00017 0 .00051 -3 .06734 
D20 -1 .68583 -0 .00001 0 .00001 -0 .00023 -0 .00022 -1 .68605 
D21 -1 .48058 0 .00000 0 .00045 -0 .00049 -0 .00004 -1 .48061 
D22 3 .07104 0 .00000 0 .00019 -0 .00026 -0 .00007 3 .07097 
D23 0 .35621 0 .00001 0 .00031 -0 .00001 0 .00030 0 .35651 
D24 1 .73823 -0 .00001 -0 .00001 -0 .00041 -0 .00042 1 .73781 
D25 -1 .37855 0 .00000 -0 .00048 0 .00031 -0 .00017 -1 .37871 
D26 0 .35302 -0 .00001 -0 .00021 0 .00008 -0 .00013 0 .35289 
D27 3 .06785 -0 .00001 -0 .00033 -0 .00017 -0 .00051 3 .06734 
D2B 1 .68583 0 .00001 -0 .00001 0 .00023 0 .00022 1 .68605 
D29 1 .48058 0 .00000 -0 .00045 0 .00049 0 .00004 1 .48061 
D30 -3 .07104 0 .00000 -0 .00019 0 .00026 0 .00007 -3 .07097 
D31 -0 .35621 -0 .00001 -0 .00031 0 .00001 -0 .00030 -0 .35651 
D32 -1 .73823 0 .00001 0 .00001 0 .00041 0 .00042 -1 .73781 
D33 -2 .90699 0 .00000 0 .00000 -0 .00013 -0 .00013 -2 .90712 
034 -0 .00356 0 .00000 0 .00003 0 .00004 0 .00007 -0 .00349 
D35 0 .24098 0 .00000 0 .00018 0 .00003 0 .00020 0 .24119 
D36 3 .14442 0 .00001 0 .00020 0 .00020 0 .00040 3 .14482 
037 0 .00312 0 .00000 -0 .00004 -0 .00002 -0 .00006 0 .00306 
038 3 .14785 0 .00000 -0 .00012 -0 .00003 -0 .00015 3 .14770 
039 3 .13844 -0 .00001 -0 .00021 -0 .00018 -0 .00039 3 .13805 
D40 -0 .00002 -0 .00001 -0 .00029 -0 .00018 -0 .00047 -0 .00049 
041 0 .02967 -0 .00001 -0 .00033 0 .00002 -0 .00032 0 .02936 
042 3 .17851 0 .00000 -0 .00014 0 .00020 0 .00006 3 .17857 
043 3 .15868 -0 .00001 -0 .00032 0 .00003 -0 .00029 3 .15838 
044 0 .02433 0 .00000 -0 .00012 0 .00020 0 .00008 0 .02441 
045 -0 .26585 0 .00002 0 .00072 -0 .00012 0 .00060 -0 .26526 
046 3 .09796 -0 .00001 -0 .00031 0 .00008 -0 .00023 3 .09773 
047 2 .88989 0 .00002 0 .00073 -0 .00011 0 .00062 2 .89051 
048 -0 .02948 -0 .00001 -0 .00030 0 .00009 -0 .00021 -0 .02968 
049 -0 .00574 0 .00000 -0 .00018 0 .00002 -0 .00016 -0 .00590 
050 3 .14851 -0 .00001 -0 .00020 0 .00001 -0 .00018 3 .14832 
D51 3 .12024 0 .00000 -0 .00020 0 .00001 -0 .00018 3 .12005 



D52 -0 .00870 -0 .00001 -0 .00021 0 .00000 -0 .00021 -0 .00890 
D53 0 .01736 0 .00000 0 .00017 -0 .00005 0 .00012 0 .01748 
D54 3 .17259 0 .00000 0 .00019 -0 .00005 0 .00014 3 .17273 
D55 -2 .08918 0 .00001 0 .00024 -0 .00004 0 .00020 -2 .08898 
D56 1 .06606 0 .00001 0 .00025 -0 .00003 0 .00022 1 .06628 
D57 2 .12972 0 .00001 0 .00023 -0 .00003 0 .00020 2 .12993 
D58 -0 .99823 0 .00001 0 .00024 -0 .00002 0 .00022 -0 .99801 
D59 0 .00000 0 .00000 0 .00000 0 .00000 0 .00000 0 .00000 
D60 2 .07990 0 .00000 -0 .00004 -0 .00002 -0 .00006 2 .07984 
D61 -2 .08870 0 .00000 -0 .00005 -0 .00001 -0 .00006 -2 .08876 
D62 -2 .07990 0 .00000 0 .00004 0 .00002 0 .00006 -2 .07984 
D63 0 .00000 0 .00000 0 .00000 0 .00000 0 .00000 0 .00000 
D64 2 .11459 0 .00000 -0 .00001 0 .00001 0 .00000 2 .11458 
D65 2 .08870 0 .00000 0 .00005 0 .00001 0 .00006 2 .08876 
D66 -2 .11459 0 .00000 0 .00001 -0 .00001 0 .00000 -2 .11458 
D67 0 .00000 0 .00000 0 .00000 0 .00000 0 .00000 0 .00000 
D68 -2 .88989 -0 .00002 -0 .00073 0 .00011 -0 .00062 -2 .89051 
D69 0 .02948 0 .00001 0 .00030 -0 .00009 0 .00021 0 .02968 
D70 0 .26585 -0 .00002 -0 .00072 0 .00012 -0 .00060 0 .26526 
D71 3 .18523 0 .00001 0 .00031 -0 .00008 0 .00023 3 .18545 
D72 -0 .01736 0 .00000 -0 .00017 0 .00005 -0 .00012 -0 .01748 
D73 2 .08918 -0 .00001 -0 .00024 0 .00004 -0 .00020 2 .08898 
D74 -2 .12972 -0 .00001 -0 .00023 0 .00003 -0 .00020 -2 .12993 
D75 3 .11059 0 .00000 -0 .00019 0 .00005 -0 .00014 3 .11045 
D76 -1 .06606 -0 .00001 -0 .00025 0 .00003 -0 .00022 -1 .06628 
D77 0 .99823 -0 .00001 -0 .00024 0 .00002 -0 .00022 0 .99801 
D78 0 .00574 0 .00000 0 .00018 -0 .00002 0 .00016 0 .00590 
D79 3 .16295 0 .00000 0 .00020 -0 .00001 0 .00018 3 .16313 
D80 3 .13468 0 .00001 0 .00020 -0 .00001 0 .00018 3 .13486 
D81 0 .00870 0 .00001 0 .00021 0 .00000 0 .00021 0 .00890 
D82 -0 .24098 0 .00000 -0 .00018 -0 .00003 -0 .00020 -0 .24119 
D83 3 .13876 -0 .00001 -0 .00020 -0 .00020 -0 .00040 3 .13837 
D84 2 .90699 0 .00000 0 .00000 0 .00013 0 .00013 2 .90712 
D85 0 .00356 0 .00000 -0 .00003 -0 .00004 -0 .00007 0 .00349 
D86 -0 .02967 0 .00001 0 .00033 -0 .00002 0 .00032 -0 .02936 
D87 3 .12451 0 .00001 0 .00032 -0 .00003 0 .00029 3 .12480 
D88 3 .10467 0 .00000 0 .00014 -0 .00020 -0 .00006 3 .10461 
D89 -0 .02433 0 .00000 0 .00012 -0 .00020 -0 .00008 -0 .02441 
D90 -0 .00312 0 .00000 0 .00004 0 .00002 0 .00006 -0 .00306 
D91 3 .14475 0 .00001 0 .00021 0 .00018 0 .00039 3 .14513 
D92 3 .13534 0 .00000 0 .00012 0 .00003 0 .00015 3 .13549 
D93 0 .00002 0 .00001 0 .00029 0 .00018 0 .00047 0 .00049 
D94 0 .00133 0 .00000 -0 .00004 0 .00001 -0 .00003 0 .00130 
D95 3 .14619 0 .00000 -0 .00012 0 .00000 -0 .00012 3 .14607 
D96 3 .13866 0 .00000 0 .00005 0 .00001 0 .00006 3 .13873 
D97 0 .00034 0 .00000 -0 .00003 0 .00001 -0 .00003 0 .00031 
D98 -2 .90875 0 .00000 -0 .00002 -0 .00009 -0 .00011 -2 .90886 
D99 -0 .00271 0 .00000 0 .00000 0 .00004 0 .00005 -0 .00266 
DlOO 0 .24185 0 .00001 0 .00027 -0 .00002 0 .00025 0 .24210 
DlOl 3 .14790 0 .00001 0 .00029 0 .00011 0 .00041 3 .14831 
D102 0 .00082 0 .00000 0 .00002 -0 .00003 -0 .00001 0 .00080 
D103 3 .14649 0 .00000 -0 .00006 -0 .00004 -0 .00010 3 .14639 
D104 3 .13344 -0 .00001 -0 .00027 -0 .00010 -0 .00037 3 .13307 
D105 -0 .00407 -0 .00001 -0 .00035 -0 .00011 -0 .00046 -0 .00453 
D106 0 .02749 0 .00000 -0 .00012 0 .00005 -0 .00007 0 .02742 
D107 3 .17947 0 .00001 0 .00021 0 .00012 0 .00034 3 .17981 
D108 3 .14833 0 .00000 -0 .00004 0 .00005 0 .00000 3 .14834 
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0109 0 .01712 0 .00001 0 .00029 0 .00013 0 .00042 0 .01754 
DUO -0 .26228 -0 .00001 -0 .00031 0 .00000 -0 .00031 -0 .26259 
Dill 3 .09518 0 .00001 0 .00035 -0 .00001 0 .00034 3 .09552 
D112 2 .91447 -0 .00001 -0 .00046 -0 .00001 -0 .00047 2 .91400 
D113 -0 .01126 0 .00001 0 .00020 -0 .00001 0 .00018 -0 .01108 
D114 -0 .01706 0 .00000 0 .00015 -0 .00002 0 .00013 -0 .01693 
D115 3 .14526 0 .00000 0 .00007 -0 .00002 0 .00005 3 .14531 
D116 3 .08403 0 .00001 0 ,00033 -0 .00001 0 .00032 3 .08435 
D117 -0 .03683 0 .00001 0 .00025 -0 .00001 0 .00024 -0 .03659 
D118 0 .00706 0 .00000 -0 .00012 0 .00001 -0 .00011 0 .00695 
D119 3 .18409 -0 .00001 -0 .00028 0 .00000 -0 .00028 3 .18381 
D120 3 .13819 0 .00000 -0 .00012 -0 .00001 -0 .00012 3 .13807 
D121 0 .03203 -0 .00001 -0 .00027 -0 .00002 -0 .00029 0 .03175 
D122 0 .00000 0 .00000 0 .00000 0 .00000 0 .00000 0 .00000 
D123 3 .15246 0 ,00000 -0 .00001 0 .00002 0 .00001 3 .15247 
D124 3 .13073 0 .00000 0 .00001 -0 .00002 -0 .00001 3 .13072 
D125 0 .00000 0 .00000 0 .00000 0 .00000 0 .00000 0 .00000 
D126 -2 .91447 0 .00001 0 .00046 0 .00001 0 .00047 -2 .91400 
D127 0 .01126 -0 .00001 -0 .00020 0 .00001 -0 .00018 0 .01108 
D128 0 .26228 0 .00001 0 .00031 0 .00000 0 .00031 0 .26259 
D129 3 .18800 -0 .00001 -0 .00035 0 .00001 -0 .00034 3 .18766 
D130 -0 .00706 0 .00000 0 .00012 -0 .00001 0 .00011 -0 ,00695 
D131 3 .14499 0 .00000 0 .00012 0 .00001 0 .00012 3 .14512 
D132 3 .09910 0 .00001 0 .00028 0 .00000 0 .00028 3 .09937 
D133 -0 .03203 0 .00001 0 .00027 0 .00002 0 .00029 -0 .03175 
D134 0 .01706 0 .00000 -0 .00015 0 .00002 -0 .00013 0 .01693 
D135 3 .19915 -0 .00001 -0 .00033 0 .00001 -0 .00032 3 .19884 
D136 3 .13792 0 .00000 -0 .00007 0 .00002 -0 .00005 3 .13787 
D137 0 .03683 -0 .00001 -0 .00025 0 .00001 -0 .00024 0 .03659 
D138 -0 ,24185 -0 .00001 -0 .00027 0 .00002 -0 .00025 -0 .24210 
D139 3 .13529 -0 .00001 -0 .00029 -0 .00011 -0 .00041 3 .13488 
D140 2 .90875 0 .00000 0 .00002 0 .00009 0 .00011 2 .90886 
D141 0 .00271 0 ,00000 0 .00000 -0 .00004 -0 .00005 0 .00266 
D142 -0 .02749 0 .00000 0 .00012 -0 .00005 0 .00007 -0 .02742 
0143 3 .13485 0 .00000 0 .00004 -0 .00005 0 .00000 3 .13485 
0144 3 .10371 -0 ,00001 -0 .00021 -0 ,00012 -0 .00034 3 .10337 
D145 -0 .01712 -0 .00001 -0 .00029 -0 ,00013 -0 .00042 -0 .01754 
0146 -0 .00133 0 .00000 0 .00004 -0 .00001 0 .00003 -0 ,00130 
0147 3 .13699 0 .00000 0 .00012 0 .00000 0 .00012 3 ,13711 
0148 3 .14452 0 .00000 -0 .00005 -0 .00001 -0 .00006 3 .14446 
0149 -0 .00034 0 .00000 0 .00003 -0 .00001 0 .00003 -0 .00031 
D150 -0 .00082 0 .00000 -0 .00002 0 .00003 0 .00001 -0 .00080 
0151 3 .14975 0 .00001 0 .00027 0 .00010 0 .00037 3 .15012 
0152 3 .13669 0 .00000 0 .00006 0 .00004 0 .00010 3 .13679 
0153 0 .00407 0 .00001 0 .00035 0 .00011 0 .00046 0 .00453 

Item Value Threshold Converged? 
Maximvim Force 0.000018 0.000450 YES 
RMS Force 0.000007 0.000300 YES 
Maximum Displacement 0.001293 0.001800 YES 
RMS Displacement 0.000331 0.001200 YES 
Predicted change in Energy=-7.819088D-08 
Optimization completed. 

— Stationary point found. 

1 Optimized Parameters ! 
I (Angstroms and Degrees) ! 
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I Name Definition Value Derivative Info. I 

L R1 R(2,l) 2.2308 -DE/DX = 0. 1 
I R2 R{3,1) 2.1684 -DE/DX = 0. 1 
! R3 R(4,l) 2.0828 -DE/DX = 0. ! 
1 R4 R(5,l) 2.0746 -DE/DX = 0. 1 
I R5 R(6,l) 2.0746 -DE/DX = 0. I 
I R6 R(8,5) 1.3651 -DE/DX = 0. ! 
I R7 R(8,7) 1.4388 -DE/DX = 0. 1 
1 R8 R{9,8) 1.4022 -DE/DX = 0. I 
I R9 R(10,3) 1.3619 -DE/DX = 0. ! 
! RIO R(10,9) 1.3731 -DE/DX = 0. 1 
1 Rll R(ll,10) 1.518 -DE/DX = 0. 1 
! R12 R(12,ll) 1.5349 -DE/DX = 0. ! 
! R13 R(13,3) 1.3619 -DE/DX = 0. 1 
I R14 R(13,12) 1.518 -DE/DX = 0. 1 
I R15 R(14,13) 1.3731 -DE/DX = 0. ! 
1 R16 R(15,6) 1.3651 -DE/DX = 0. ! 
1 R17 R{15,14) 1.4022 -DE/DX = 0. I 
! R18 R(16,15) 1.4388 -DE/DX = 0. ! 
[ R19 R{17,16) 1.3615 -DE/DX = 0. 1 
! R20 R(18,6) 1.3896 -DE/DX = 0. ! 
! R21 R(18,17) 1.4364 -DE/DX = 0. ! 
I R22 R(19,18) 1.3798 -DE/DX = 0. 1 
I R23 R(20,4) 1.3753 -DE/DX = 0. ! 
! R24 R(20,19) 1.3971 -DE/DX = 0. ! 
1 R25 R(21,20) 1.4302 -DE/DX = 0. ! 
1 R26 R(22,21) 1.3683 -DE/DX = 0. 1 
1 R27 R(23,4) 1.3753 -DE/DX = 0. ! 
! R28 R(23,22) 1.4302 -DE/DX = 0. 1 
1 R29 R(24,23) 1.3971 -DE/DX = 0. [ 
! R30 R(25,5) 1.3896 -DE/DX = 0. ! 
I R31 R(25,24) 1.3798 -DE/DX = 0. I 
! R32 R(26,7) 1.3615 -DE/DX = 0. 1 
! R33 R(26,25) 1.4364 -DE/DX = 0. ! 
1 R34 R(27,7) 1.0812 -DE/DX = 0. ! 
I R35 R{28,11) 1.0932 -DE/DX = 0. 1 
! R36 R(29,ll) 1.0932 -DE/DX = 0. ! 
I R37 R(30,12) 1.0932 -DE/DX = 0. ! 
1 R38 R(31,12) 1.0932 -DE/DX = 0. [ 
I R39 R(32,16) 1.0812 -DE/DX = 0. ! 
1 R40 R(33,17) 1.0814 -DE/DX = 0. 1 
1 R41 R(34,21) 1.0813 -DE/DX = 0. ! 
1 R42 R(35,22) 1.0813 -DE/DX = 0. ! 
1 R43 R(36,26) 1.0814 -DE/DX = 0. 1 
1 R44 R{37,9) 1.0849 -DE/DX = 0. 1 
I R45 R(38,14) 1.0849 -DE/DX = 0. ! 
1 R46 R(39,19) 1.0849 -DE/DX = 0. 1 
I R47 R(40,24) 1.0849 -DE/DX = 0. 1 
! A1 A(2,l,3) 99.7443 -DE/DX = 0. ! 
! A2 A(2,l,4) 105.4326 -DE/DX = 0. L 
1 A3 A(3,l,4) 154.8231 -DE/DX = 0. ! 
! A4 A(2,l,5) 103.9707 -DE/DX = 0. ! 
I A5 A(3,l,5) 86.6335 -DE/DX = 0. I 
I A6 A(4,l,5) 87.319 -DE/DX = 0. I 
! A7 A(2,l,6) 103.9707 -DE/DX = 0. i 
I A8 A{3,1,6) 86.6335 -DE/DX = 0. 1 



A9 A 4,1,6) 87.319 -DE/DX = 

AlO A 5,1,6) 151.9784 -DE/DX = 

All A 1,5,8) 126.5119 -DE/DX = 

A12 A 5,8,7) 110.1846 -DE/DX = 

A13 A 5,8,9) 125.6379 -DE/DX = 

A14 A 7,8,9} 124.1765 -DE/DX = 

A15 A 1,3,10) 124.3061 -DE/DX = 

A16 A 8,9,10) 126.7814 -DE/DX = 

A17 A 3,10,9) 125.7218 -DE/DX = 

A18 A 3,10,11) 111.6847 -DE/DX = 

A19 A 9,10,11) 122.5883 -DE/DX = 

A20 A 10,11,12) 103.2748 -DE/DX = 

A21 A 1,3,13) 124.3061 -DE/DX = 

A22 A 10,3,13) 110.0537 -DE/DX = 

A23 A 11,12,13) 103.2748 -DE/DX = 

A24 A 3,13,12) 111.6847 -DE/DX = 

A25 A 3,13,14) 125.7218 -DE/DX = 

A26 A 12,13,14) 122.5883 -DE/DX = 

A27 A 1,6,15) 126.5119 -DE/DX = 

A28 A 13,14,15) 126.7814 -DE/DX = 

A29 A 6,15,14) 125.6379 -DE/DX = 

A30 A 6,15,16) 110.1846 -DE/DX = 

A31 A 14,15,16) 124.1765 -DE/DX = 

A32 A 15,16,17) 106.9769 -DE/DX = 

A3 3 A 1,6,18) 125.6618 -DE/DX = 

A3 4 A 15,6,18) 106.2753 -DE/DX = 

A35 A 16,17,18) 107.1036 -DE/DX = 

A3 6 A 6,18,17) 109.4593 -DE/DX = 

A3 7 A 6,18,19) 125.459 -DE/DX = 

A3 8 A 17,18,19) 125.0796 -DE/DX = 

A3 9 A 1,4,20) 126.2359 -DE/DX = 

A40 A 18,19,20) 126.2176 -DE/DX = 

A41 A 4,20,19) 124.6709 -DE/DX = 

A42 A 4,20,21) 109.9673 -DE/DX = 

A43 A 19,20,21) 125.3282 -DE/DX = 

A44 A 20,21,22) 106.9102 -DE/DX = 

A45 A 1,4,23) 126.2359 -DE/DX = 

A46 A 20,4,23) 106.2407 -DE/DX = 

A47 A 21,22,23) 106.9102 -DE/DX = 

A48 A 4,23,22) 109.9673 -DE/DX = 

A49 A 4,23,24) 124.6709 -DE/DX = 

A50 A 22,23,24) 125.3282 -DE/DX = 

A51 A 1,5,25) 125.6618 -DE/DX = 

A52 A 8,5,25) 106.2753 -DE/DX = 

A53 A 23,24,25) 126.2176 -DE/DX = 

A54 A 5,25,24) 125.459 -DE/DX = 

A55 A 8,7,26) 106.9769 -DE/DX = 

A56 A 5,25,26) 109.4593 -DE/DX = 

A57 A 24,25,26) 125.0796 -DE/DX = 

A58 A 7,26,25) 107.1036 -DE/DX = 

A59 A 8,7,27) 124.8832 -DE/DX = 

A60 A 26,7,27) 128.1396 -DE/DX = 

A61 A 10,11,28) 110.4413 -DE/DX = 

A62 A 12,11,28) 112.6658 -DE/DX = 

A63 A 10,11,29) 110.8086 -DE/DX = 

A64 A 12,11,29) 112.7934 -DE/DX = 

A65 A 28,11,29) 106.9089 -DE/DX = 

0 
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0 
0 
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0 
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0 
0 
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0 
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0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 



A66 A(ll,12,30) 112.6658 -DE/DX = 

A67 A(13,12,30) 110.4413 -DE/OX = 

A68 A(ll,12,31) 112.7934 -DE/DX = 

A69 A{13,12,31) 110.8086 -DE/DX = 

A70 A(30,12,31) 106.9089 -DE/OX = 

A71 A(15,16,32) 124.8832 -DE/DX = 

A72 A(17,16,32) 128.1396 -DE/DX = 

A73 A{16,17,33) 128.0821 -DE/DX = 

A74 A(18,17,33) 124.8139 -OE/DX = 

A75 A(20,21,34) 125.0849 -DE/DX = 

A76 A(22,21,34) 128.0018 -DE/DX = 

All A(21,22,35) 128.0018 -DE/DX = 

A78 A{23,22,35) 125.0849 -DE/DX = 

A79 A{7,26,36) 128.0821 -OE/DX = 

A80 A(25,26,36) 124.8139 -DE/DX = 

A81 A(8,9,37) 116.3012 -DE/DX = 

AS 2 A(10.9.37) 116.9137 -DE/DX = 

A83 A(13,14,38) 116.9137 -DE/DX = 

AS 4 A(15,14,38) 116.3012 -DE/DX = 

A85 A(1B,19,39) 116.9635 -DE/DX = 

A86 A(20,19,39) 116.809 -DE/DX = 

AS 7 A(23,24,40) 116.809 -DE/DX = 

A88 A(25,24,40) 116.9635 -DE/OX = 

D1 0(10,3,1,2) -82.7424 -DE/OX = 

D2 0(10,3,1,4) 97.2576 -OE/DX = 

D3 0(10,3,1,5) 20.8658 -DE/DX = 

D4 0(10,3,1,6) 173.6494 -DE/OX = 

D5 0(13,3,1,2) 82.7424 -OE/DX = 

D6 0(13,3,1,4) -97.2576 -DE/DX = 

D7 0(13,3,1,5) -173.6494 -DE/DX = 

D8 0(13,3,1,6) -20.8658 -DE/DX = 

D9 0(20,4,1,2) -82.6143 -DE/DX = 

DIO 0(20,4,1,3) 97.3857 -DE/OX = 

Dll 0(20,4,1,5) 173.6287 -OE/OX = 

D12 0(20,4,1,6) 21.1426 -DE/DX = 

D13 0(23,4,1,2) 82.6143 -DE/DX = 

D14 0(23,4,1,3) -97.3857 -OE/OX = 

D15 0(23,4,1,5) -21.1426 -OE/OX 
D16 0(23,4,1,6) -173.6287 -DE/DX = 

017 0(8,5,1,2) 78.985 -OE/OX = 

D18 0(8,5,1,3) -20.2264 -OE/DX = 

D19 0(8,5,1,4) -175.7748 -DE/DX = 

D20 0(8,5,1,6) -96.5909 -DE/DX = 

D21 0(25,5,1,2) -84.8308 -DE/OX = 

D22 0(25,5,1,3) 175.9578 -OE/DX = 

D23 0(25,5,1,4) 20.4094 -OE/DX = 

D24 0(25,5,1,6) 99.5933 -DE/DX = 

D25 0(15,6,1,2) -78.985 -DE/DX = 

D26 0(15,6,1,3) 20.2264 -DE/DX = 

027 0(15,6,1,4) 175.7748 -OE/OX = 

023 0(15,6,1,5) 96.5909 -DE/DX = 

029 0(18,6,1,2) 84.8308 -DE/DX = 

030 0(18,6,1,3) -175.9578 -DE/DX 
031 0(18,6,1,4) -20.4094 -OE/OX = 

032 0(18,6,1,5) -99.5933 -DE/DX = 

033 0(7,8,5,1) -166.5585 -OE/OX = 

034 0(7,8,5,25) -0.2038 -DE/DX = 
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D35 D 9,8,5,1) 13.8074 -DE/DX = 

D36 D 9,8,5,25) 180.162 -DE/DX = 

D37 D 5,8,7,26) 0.1787 -DE/DX = 

D38 D 5,8,7,27) 180.3583 -DE/DX = 

D39 D 9,8,7,26) 179.8193 -DE/DX = 

D40 D 9,8,7,27) -0.0011 -DE/DX = 

D41 D 10,9,8,5) 1.7002 -DE/DX = 

D42 D 10,9,8,7) 182.1153 -DE/DX = 

D43 D 37,9,8,5) 180.9788 -DE/DX = 

D44 D 37,9,8,7) 1.3938 -DE/DX = 

D45 D 9,10,3,1) -15.2324 -DE/DX 
D46 D 9,10,3,13) 177.5 -DE/DX = 

D47 D 11,10,3,1) 165.5787 -DE/DX = 

D48 D 11,10,3,13) -1.689 -DE/DX = 

D49 D 3,10,9,8) -0.3291 -DE/DX = 

D50 D 3,10,9,37) 180.3962 -DE/DX = 

D51 D 11,10,9,8) 178.7764 -DE/DX = 

D52 D 11,10,9,37) -0.4982 -DE/DX = 

D53 D 12,11,10,3) 0.9946 -DE/DX = 

D54 D 12,11,10,9) 181.7761 -DE/DX = 

D55 D 28,11,10,3) -119.701 -DE/DX = 

D56 D 28,11,10,9) 61.0805 -DE/DX = 

D57 D 29,11,10,3) 122.0242 -DE/DX = 

D58 D 29,11,10,9) -57.1943 -DE/DX = 

D59 D 13,12,11,10) 0. -DE/DX = 

D60 D 13,12,11,28) 119.1694 -DE/DX = 

D61 D 13,12,11,29) -119.6738 -DE/DX = 

D62 D 30,12,11,10) -119.1694 -DE/DX = 

D63 D 30,12,11,28) 0. -DE/DX 
D64 D 30,12,11,29) 121.1568 -DE/DX = 

D65 D 31,12,11,10) 119.6738 -DE/DX = 

D66 D 31,12,11,28) -121.1568 -DE/DX 
D67 D 31,12,11,29) 0. -DE/DX = 

D68 D 12,13,3,1) -165.5787 -DE/DX = 

D69 D 12,13,3,10) 1.689 -DE/DX = 

D70 D 14,13,3,1) 15.2324 -DE/DX 
D71 D 14,13,3,10) 182.5 -DE/DX = 

D72 D 3,13,12,11) -0.9946 -DE/DX = 

D73 D 3,13,12,30) 119.701 -DE/DX = 

D74 D 3,13,12,31) -122.0242 -DE/DX = 

D75 D 14,13,12,11) 178.2239 -DE/DX = 

D76 D 14,13,12,30) -61.0805 -DE/DX = 

D77 D 14,13,12,31) 57.1943 -DE/DX = 

D78 D 15,14,13,3) 0.3291 -DE/DX = 

D79 D 15,14,13,12) 181.2236 -DE/DX 
D80 D 38,14,13,3) 179.6038 -DE/DX = 

D81 D 38,14,13,12) 0.4982 -DE/DX = 

D82 D 14,15,6,1) -13.8074 -DE/DX = 

D83 D 14,15,6,18) 179.838 -DE/DX = 

D84 D 16,15,6,1) 166.5585 -DE/DX = 

D85 D 16,15,6,18) 0.2038 -DE/DX = 

D86 D 6,15,14,13) -1.7002 -DE/DX = 

D87 D 6,15,14,38) 179.0212 -DE/DX = 

D88 D 16,15,14,13) 177.8847 -DE/DX = 

D89 D 16,15,14,38) -1.3938 -DE/DX = 

D90 D 17,16,15,6) -0.1787 -DE/DX = 

D91 D 17,16,15,14) 180.1807 -DE/DX = 
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D92 D 32,16,15,6) 179.6417 -DE/DX = 

D93 D 32,16,15,14) 0.0011 -DE/DX 
D94 D 18,17,16,15) 0.0762 -DE/DX = 

D95 D 18,17,16,32) 180.2636 -DE/DX % 

D96 D 33,17,16,15) 179.8322 -DE/DX =-

D97 D 33,17,16,32) 0.0195 -DE/DX z: 
D98 D 17,18,6,1) -166.6594 -DE/DX ss 
D99 D 17,18,6,15) -0.1552 -DE/DX = 

DlOO D 19,18,6,1) 13.8571 -DE/DX =r 

DlOl D 19,18,6,15) 180.3613 -DE/DX s 
D102 D 6,18,17,16) 0.0467 -DE/DX = 

D103 D 6,18,17,33) 180.2807 -DE/DX 
D104 D 19,18,17,16) 179.5326 -DE/DX 
D105 D 19,18,17,33) -0.2333 -DE/DX ss 
D106 D 20,19,18,6) 1.5753 -DE/DX s 
D107 D 20,19,18,17) 182.1704 -DE/DX s 
D108 D 39,19,18,6) 180.3861 -DE/DX = 

D109 D 39,19,18,17) 0.9811 -DE/DX s 
DUO D 19,20,4,1) -15.0275 -DE/DX s 
Dill D 19,20,4,23) 177.341 -DE/DX s 
D112 D 21,20,4,1) 166.9866 -DE/DX % 

D113 D 21,20,4,23) -0.645 -DE/DX 
D114 D 4,20,19,18) -0.9774 -DE/DX s 
D115 D 4,20,19,39) 180.2103 -DE/DX s 
D116 D 21,20,19,18) 176.7022 -DE/DX 8 
D117 D 21,20,19,39) -2.1102 -DE/DX 
D118 D 22,21,20,4) 0.4045 -DE/DX s 
D119 D 22,21,20,19) 182.4349 -DE/DX s 
D120 D 34,21,20,4) 179.8051 -DE/DX = 

D121 D 34,21,20,19) 1.8354 -DE/DX s 
D122 D 23,22,21,20) 0. -DE/DX s 
0123 D 23,22,21,34) 180.6225 -DE/DX s 
D124 D 35,22,21,20) 179.3775 -DE/DX s 
D125 D 35,22,21,34) 0. -DE/DX s 
D126 D 22,23,4,1) -166.9866 -DE/DX s 
D127 D 22,23,4,20) 0.645 -DE/DX s 
D128 D 24,23,4, 1) 15.0275 -DE/DX = 

D129 D 24,23,4,20) 182.659 -DE/DX s 
D130 D 4,23,22,21) -0.4045 -DE/DX = 

D131 D 4,23,22,35) 180.1949 -DE/DX = 

D132 D 24,23,22,21) 177.5651 -DE/DX = 

D133 D 24,23,22,35) -1.8354 -DE/DX = 
D134 D 25,24,23,4) 0.9774 -DE/DX s 
D135 D 25,24,23,22) 183.2978 -DE/DX = 

D136 D 40,24,23,4) 179.7897 -DE/DX s 
D137 D 40,24,23,22) 2.1102 -DE/DX ss 
D138 D 24,25,5,1) -13.8571 -DE/DX s 
D139 D 24,25,5,8) 179.6387 -DE/DX s 
D140 D 26,25,5,1) 166.6594 -DE/DX = 

D141 D 26,25,5,8) 0.1552 -DE/DX 3S 
D142 D 5,25,24,23) -1.5753 -DE/DX ss 
D143 D 5,25,24,40) 179.6139 -DE/DX = 

D144 D 26,25,24,23) 177.8296 -DE/DX S 
D145 D 26,25,24,40) -0.9811 -DE/DX = 

D146 D 25,26,7,8) -0.0762 -DE/DX 
D147 D 25,26,7,27) 179.7364 -DE/DX = 

D148 D 36,26,7,8) 180.1678 -DE/DX 
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D149 0(36,26,7,27) -0.0195 -OE/OX = 0. 
D150 0(7,26,25,5) -0.0467 -OE/DX = 0. 
D151 0(7,26,25,24) 180.4674 -OE/DX = 0. 
D152 0(36,26,25,5) 179.7193 -OE/OX = 0. 
D153 0(36,26,25,24) 0.2333 -OE/DX = 0. 

GradGradGradGradGradGradGradGradGradGradGradGradGradGradGradGradGradGrad 

Input orientation: 

Center Atomic Coordinates (Angstroms) 
Number Number X Y Z 

1 26 -0.072271 0.000000 0.239920 
2 17 0.043041 0.000000 2.467707 
3 7 2.043040 0.000000 -0.237069 
4 7 -2.105983 0.000000 -0.209811 
5 7 -0.060613 2.012889 -0.262218 
6 7 -0.060613 -2.012889 -0.262218 
7 6 0.616493 4.207140 -0.388118 
8 6 1.030785 2.831465 -0.311357 
9 6 2.368501 2.411243 -0.298334 

10 6 2.823103 1.115993 -0.267278 
11 6 4.300417 0.767436 -0.282883 
12 6 4.300417 -0.767436 -0.282883 
13 6 2.823103 -1.115993 -0.267278 
14 6 2.368501 -2.411243 -0.298334 
15 6 1.030785 -2.831465 -0.311357 
16 6 0.616493 -4.207140 -0.388118 
17 6 -0.745005 -4.213298 -0.380873 
18 6 -1.173235 -2.844488 -0.301634 
19 6 -2.487497 -2.424727 -0.279965 
20 6 -2.930576 -1.100132 -0.246112 
21 6 -4.298195 -0.684126 -0.291173 
22 6 -4.298195 0.684126 -0.291173 
23 6 -2.930576 1.100132 -0.246112 
24 6 -2.487497 2.424727 -0.279965 
25 6 -1.173235 2.844488 -0.301634 
26 6 -0.745005 4.213298 -0.380873 
27 1 1.287768 5.052919 -0.443264 
28 1 4.801369 1.188715 0.592730 
29 1 4.790083 1.190957 -1.163776 
30 1 4.801369 -1.188715 0.592730 
31 1 4.790083 -1.190957 -1.163776 
32 1 1.287768 -5.052919 -0.443264 
33 1 -1.408390 -5.065925 -0.428676 
34 1 -5.149411 -1.349851 -0.328481 
35 1 -5.149411 1.349851 -0.328481 
36 1 -1.408390 5.065925 -0.428676 
37 1 3.118663 3.194406 -0.326822 
38 1 3.118663 -3.194406 -0.326822 
39 1 -3.250551 -3.195288 -0.310219 
40 1 -3.250551 3.195288 -0.310219 

Distance matrix (angstroms): 
12 3 4 

1 Fe 0.000000 
5 
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2 CI 2 .230770 0. 000000 
3 N 2 .168423 3. 363898 0. 000000 
4 N 2 .082845 3. 433279 4. 149113 0. 000000 
5 N 2 .074609 3. 393370 2. 911651 2. 870193 0 .000000 
6 N 2 .074609 3. 393370 2. 911651 2. 870193 4 .025779 
7 C 4 .309159 5. 117090 4. 444983 5. 014349 2 .299795 
8 C 3 .088338 4. 088524 3. 007885 4. 226916 1 .365149 
9 C 3 .472920 4. 344288 2. 433879 5. 083595 2 .461825 

10 C 3 .144182 4. 056394 1. 361929 5. 054170 3 .019979 
11 C 4 .470199 5. 126398 2. 384703 6. 452616 4 .535434 
12 C 4 .470199 5. 126398 2. 384703 6. 452616 5 .171965 
13 C 3 .144182 4. 056394 1. 361929 5. 054170 4 .255085 
14 C 3 .472920 4. 344288 2. 433879 5. 083595 5 .047261 
15 C 3 .088338 4. 088524 3. 007885 4. 226916 4 .966018 
16 C 4 .309159 5. 117090 4. 444983 5. 014349 6 .258042 
17 C 4 .311593 5. 146582 5. 054281 4. 430960 6 .264813 
18 C 3 .097824 4. 152071 4. 294148 2. 994923 4 .983332 
19 C 3 .461632 4. 453383 5. 138765 2. 455560 5 .057916 
20 C 3 .101036 4. 173428 5. 093842 1. 375340 4 .234129 
21 C 4 .313759 5. 189005 6. 378261 2. 297921 5 .023130 
22 C 4 .313759 5. 189005 6. 378261 2. 297921 4 .441120 
23 C 3 .101036 4. 173428 5. 093842 1. 375340 3 .011656 
24 C 3 .461632 4. 453383 5. 138765 2. 455560 2 .461644 
25 C 3 .097824 4. 152071 4. 294148 2. 994923 1 .389618 
26 C 4 .311593 5. 146582 5. 054281 4. 430960 2 .307438 
27 H 5 .277162 5. 962809 5. 113212 6. 091308 3 .330569 
28 H 5 .028906 5. 250740 3. 116086 7. 054689 5 .004905 
29 H 5 .199156 6. 094297 3. 134232 7. 062872 5 .001763 
30 H 5 .028906 5. 250740 3. 116086 7. 054689 5 .883883 
31 H 5 .199156 6. 094297 3. 134232 7. 062872 5 .882745 
32 H 5 .277162 5. 962809 5. 113212 6. 091308 7 .195593 
33 H 5 .281650 6. 013259 6. 132918 5. 118411 7 .207900 
34 H 5 .284177 6. 049985 7. 318593 3. 331461 6 .099859 
35 H 5 .284177 6. 049985 7. 318593 3. 331461 5 .132239 
36 H 5 .281650 6. 013259 6. 132918 5. 118411 3 .341442 
37 H 4 .550548 5. 241476 3. 371832 6. 124937 3 .392338 
38 H 4 .550548 5. 241476 3. 371832 6. 124937 6 .101467 
39 H 4 .540262 5. 364185 6. 183633 3. 395583 6 .107628 
40 H 4 .540262 5. 364185 6. 183633 3. 395583 3 .402363 

6 7 8 9 10 
6 N 0 .000000 
7 C 6 .258042 0. 000000 
8 C 4 .966018 1. 438754 0. 000000 
9 C 5 .047261 2. 510546 1. 402227 0. 000000 

10 C 4 .255085 3. 799858 2. 481369 1. 373062 0 .000000 
11 C 5 .171965 5. 041223 3. 866719 2. 536659 1 .517956 
12 C 4 .535434 6. 191024 4. 862447 3. 719750 2 .393743 
13 C 3 .019979 5. 763634 4. 335524 3. 556546 2 .231986 
14 C 2 .461825 6. 846939 5. 410696 4. 822485 3 .556546 
15 C 1 .365149 7. 051204 5. 662930 5. 410696 4 .335524 
16 c 2 .299795 8. 414279 7. 051204 6. 846939 5 .763634 
17 c 2 .307438 8. 529801 7. 265462 7. 320196 6 .414487 
18 c 1 .389618 7. 275717 6. .088862 6. 337713 5 .626483 
19 c 2 .461644 7. .323121 6. .325096 6. .853295 6 .382737 
20 c 3 .011656 6. 385060 5. .581585 5. .357098 6 .165751 
21 c 4 .441120 6. .934554 6. .384185 7. .350251 7 .345331 
22 c 5 .023130 6. .047741 5. .745389 6. .886785 7 .134421 
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23 C 4. 234129 4 .717559 4. 323673 5 .459116 5. 753740 
24 C 5. 057916 3 .580984 3. 541854 4 .856051 5. 469499 
25 c 4. 983332 2 .251094 2. 204080 3 .568137 4. 354262 
26 c 6. 264813 1 .361531 2. 251161 3 .598351 4. 726267 
27 H 7. 195593 1 .081200 2. 240156 2 .857873 4. 229375 
28 H 5. 883883 5 .252252 4. 211094 2 .864860 2. 158342 
29 H 5. 882745 5 .207481 4. 189296 2 .846427 2. 162946 
30 H 5. 004905 6 .898587 5. 585385 4 .435373 3. 156711 
31 H 5. 001763 6 .867310 5. 571249 4 .425934 3. 161445 
32 H 3. 330569 9 .284521 7. 889673 7 .543387 6. 359536 
33 H 3. 341442 9 .491655 8. 266324 8 .377943 7. 493177 
34 H 5. 132239 8 .008081 7. 461804 8 .406291 8. 345365 
35 H 6. 099859 6 .435317 6. 355336 7 .592527 7. 976179 
36 H 7. 207900 2 .199843 3. 310008 4 .618358 5. 790816 
37 H 6. 101467 2 .700046 2. 119246 1 .084850 2. 100167 
38 H 3. 392338 7 .813289 6. 377350 5 .655692 4. 320930 
39 H 3. 402363 8 .352007 7. 392671 7 .937699 7. 448373 
40 H 6. 107628 3 .997992 4. 296767 5 .673500 6. 419859 

11 12 13 14 15 
11 C 0. 000000 
12 C 1. 534873 0 .000000 
13 C 2. 393743 1 .517956 0. 000000 
14 C 3. 719750 2 .536659 1. 373062 0 .000000 
15 C 4. 862447 3 .866719 2. 481369 1 .402227 0. 000000 
16 C 6. 191024 5 .041223 3. 799858 2 .510546 1. 438754 
17 C 7. 090387 6 .110633 4. 726267 3 .598351 2. 251161 
18 C 6. 557989 5 .854516 4. 354262 3 .568137 2. 204080 
19 C 7. 501046 6 .987302 5. 469499 4 .856051 3. 541854 
20 C 7. 468361 7 .238735 5. 753740 5 .459116 4. 323673 
21 C 8. 720277 8 .599019 7. 134421 6 .886785 5. 745389 
22 C 8. 599019 8 .720277 7. 345331 7 .350251 6. 384185 
23 C 7. 238735 7 .468361 6. 165751 6 .357098 5. 581585 
24 C 6. 987302 7 .501046 6. 382737 6 .853295 6. 325096 
25 C 5. 854516 6 .557989 5. 626483 6 .337713 6. 088862 
26 C 6. 110633 7 .090387 6. 414487 7 .320196 7. 265462 
27 H 5. 240909 6 .555784 6. 359536 7 .543387 7. 889673 
28 H 1. 093219 2 .200949 3. 156711 4 .435373 5. 585385 
29 H 1. 093214 2 .202510 3. 161445 4 .425934 5. 571249 
30 H 2. 200949 1 .093219 2. 158342 2 .864860 4. 211094 
31 H 2. 202510 1 .093214 2. 162946 2 .846427 4. 189296 
32 H 6. 555784 5 .240909 4. 229375 2 .857873 2. 240156 
33 H 8. 163323 7 .147639 5. 790816 4 .618358 3. 310008 
34 H 9. 684226 9 .467869 7. 976179 7 .592527 6. 355336 
35 H 9. 467869 9 .684226 8. 345365 8 .406291 7. 461804 
36 H 7. 147639 8 .163323 7. 493177 8 .377943 8. 266324 
37 H 2. 699750 4 .134569 4. 320930 5 .655692 6. 377350 
38 H 4. 134569 2 .699750 2. 100167 1 .084850 2. 119246 
39 H 8. 527663 7 .931729 6. 419859 5 .673500 4. 296767 
40 H 7. 931729 8 .527663 7. 448373 7 .937699 7. 392671 

16 17 18 19 20 
16 C 0. 000000 
17 C 1. 361531 0 .000000 
18 C 2. 251094 1 .436419 0. 000000 
19 C 3. 580984 2 .499090 1. 379838 0 .000000 
20 C 4. 717559 3 .806138 2. 476713 1 .397146 0. 000000 
21 C 6. .047741 5 .008818 3. 799032 2 .511661 1. 430200 
22 C 6. 934554 6 .051279 4. 713449 3 .597738 2. 248553 
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23 C 6 .385060 5 .746949 4 .318722 3 .552759 2 .200264 
24 c 7 .323121 6 .863660 5 .430689 4 .849454 3 .552759 
25 c 7 .275717 7 .071210 5 .688976 5 .430689 4 .318722 
26 c 8 .529801 8 .426596 7 .071210 6 .863660 5 .746949 
27 H 9 .284521 9 .486771 8 .273188 8 .378214 7 .462796 
28 H 6 .898587 7 .803327 7 .263781 8 .182061 8 .107124 
29 H 6 .867310 7 .775353 7 .251846 8 .174195 8 .105539 
30 H 5 .252252 6 .392048 6 .263974 7 .444253 7 .777820 
31 H 5 .207481 6 .354894 6 .248089 7 .434143 7 .775534 
32 H 1 .081200 2 .200232 3 .309647 4 .602900 5 .784274 
33 H 2 .199843 1 .081360 2 .237458 2 .857011 4 .251811 
34 H 6 .435317 5 .253653 4 .247898 2 .871149 2 .234362 
35 H 8 .008081 7 .095786 5 .779549 4 .619045 3 .306423 
36 H 9 .491655 9 .303029 7 .914927 7 .569442 6 .353789 
37 H 7 .813289 8 .354934 7 .408729 7 .937624 7 .419088 
38 H 2 .700046 3 .996122 4 .306213 5 .658943 6 .402015 
39 H 3 .997992 2 .705383 2 .106745 1 .084865 2 .120418 
40 H 8 .352007 7 .821119 6 .387035 5 .671661 4 .307798 

21 22 23 24 25 
21 C 0 .000000 
22 C 1 .368253 0 .000000 
23 c 2 .248553 1 .430200 0 .000000 
24 c 3 .597738 2 .511661 1 .397146 0 .000000 
25 c 4 .713449 3 .799032 2 .476713 1 .379838 0 .000000 
26 c 6 .051279 5 .008818 3 .806138 2 .499090 1 .436419 
27 H 8 .008733 7 .093128 5 .784274 4 .602900 3 .309647 
28 H 9 .332250 9 .156307 7 .777820 7 .444253 6 .263974 
29 H 9 .320631 9 .144130 7 .775534 7 .434143 6 .248089 
30 H 9 .156307 9 .332250 8 .107124 8 .182061 7 .263781 
31 H 9 .144130 9 .320631 8 .105539 8 .174195 7 .251846 
32 H 7 .093128 8 .008733 7 .462796 8 .378214 8 .273188 
33 H 5 .250718 6 .436845 6 .353789 7 .569442 7 .914927 
34 H 1 .081273 2 .205227 3 .306423 4 .619045 5 .779549 
35 H 2 .205227 1 .081273 2 .234362 2 .871149 4 .247898 
36 H 6 .436845 5 .250718 4 .251811 2 .857011 2 .237458 
37 H 8 .369831 7 .830234 6 .402015 5 .658943 4 .306213 
38 H 7 .830234 8 .369831 7 .419088 7 .937624 7 .408729 
39 H 2 .721002 4 .018430 4 .307798 5 .671661 6 .387035 
40 H 4 .018430 2 .721002 2 .120418 1 .084865 2 .106745 

26 27 28 29 30 
26 C 0 .000000 
27 H 2 .200232 0 .000000 
28 H 6 .392048 5 .324542 0 .000000 
29 H 6 .354894 5 .263087 1 .756544 0 .000000 
30 H 7 .803327 7 .237172 2 .377429 2 .957749 0 .000000 
31 H 7 .775353 7 .195230 2 .957749 2 .381915 1 .756544 
32 H 9 .486771 10 .105837 7 .237172 7 .195230 5 .324542 
33 H 9 .303029 10 .471890 8 .872706 8 .837987 7 .391695 
34 H 7 .095786 9 .079974 10 .310722 10 .293054 9 .994630 
35 H 5 .253653 7 .427191 9 .994630 9 .975796 10 .310722 
36 H 1 .081360 2 .696230 7 .391695 7 .346892 8 .872706 
37 H 3 .996122 2 .611476 2 .774864 2 .740062 4 .784226 
38 H 8 .354934 8 .448911 4 .784226 4 .767132 2 .774864 
39 H 7 .821119 9 .415251 9 .212395 9 .198886 8 .347160 
40 H 2 .705383 4 .905592 8 .347160 8 .330528 9 .212395 

31 32 33 34 35 
31 H 0 .000000 
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32 H 5 .263087 0. 000000 
33 H 7 .346892 2. 696230 0 .000000 
34 H 9 .975796 7. 427191 5 .273943 0. 000000 
35 H 10 .293054 9. 079974 7 .427480 2. 699703 0 .000000 
36 H 8 .837987 10. 471890 10 .131850 7. 427480 5 .273943 
37 H 4 .767132 8. 448911 9 .420067 9. 434582 8 .471331 
38 H 2 .740062 2. 611476 4 .899712 8. 471331 9 .434582 
39 H 8 .330528 4. 905592 2 .628092 2. 647951 4 .925880 
40 H 9 .198886 9. 415251 8 .464941 4. 925880 2 .647951 

36 37 38 39 40 
36 H 0 .000000 
37 H 4 .899712 0. 000000 
38 H 9 .420067 6. 388811 0 .000000 
39 H 8 .464941 9. 021937 6 .369236 0. 000000 
40 H 2 .628092 6. 369236 9 .021937 6. 390576 0 .000000 
Stoichiometry C20H14ClFeN4(6) 
Framework group CS[SG{ClFeN2),X(C20H14N2)] 
Deg. of freedom 59 
Full point group CS NOp 2 
Largest Abelian subgroup CS NOp 2 
Largest concise Abelian subgroup CS NOp 2 

Standard orientation: 

Center Atomic Coordinates (Angstroms) 
Number Number X Y Z 

1 26 0.000000 0.250568 0.000000 
2 17 -0.752970 2.350419 0.000000 
3 7 -1.887836 -0.816266 0.000000 
4 7 2.076997 0.406533 0.000000 
5 7 0.133669 -0.233591 2.012889 
6 7 0.133669 -0.233591 -2.012889 
7 6 -0.478348 -0.549438 4.207140 
8 6 -0.897174 -0.595433 2.831465 
9 6 -2.181794 -0.968799 2.411243 

10 6 -2.626034 -1.070184 1.115993 
11 6 -4.036063 -1.511225 0.767436 
12 6 -4.036063 -1.511225 -0.767436 
13 6 -2.626034 -1.070184 -1.115993 
14 6 -2.181794 -0.968799 -2.411243 
15 6 -0.897174 -0.595433 -2.831465 
16 6 -0.478348 -0.549438 -4.207140 
17 6 0.823198 -0.149805 -4.213298 
18 6 1.210374 0.049580 -2.844488 
19 6 2.462532 0.449399 -2.424727 
20 6 2.877016 0.609611 -1.100132 
21 6 4.199510 0.960926 -0.684126 
22 6 4.199510 0.960926 0.684126 
23 6 2.877016 0.609611 1.100132 
24 6 2.462532 0.449399 2.424727 
25 6 1.210374 0.049580 2.844488 
26 6 0.823198 -0.149805 4.213298 
27 1 -1.105190 -0.795856 5.052919 
28 1 -4.768278 -0.817314 1.188715 
29 1 -4.250844 -2.495916 1.190957 
30 1 -4.768278 -0.817314 -1.188715 
31 1 -4.250844 -2.495916 -1.190957 



251 

32 -1.105190 -0.795856 -5.052919 
33 1.472178 -0.004238 -5.065925 
34 5.025311 1.170718 -1.349851 
35 5.025311 1.170718 1.349851 
36 1.472178 -0.004238 5.065925 
37 -2.891859 -1.212445 3.194406 
38 -2.891859 -1.212445 -3.194406 
39 3.201883 0.640518 -3.195288 
40 3.201883 0.640518 3.195288 

Rotational constants (GHZ): 0.2387816 0.2285858 0.1318298 
Isotopes: Fe-56,C1-35,N-14,N-14,N-14,N-14,C-12,C-12,C-12,C-12,C-12,C-12,C-12,C-

1 
2, C-12, C-12,C-12,C-12,C-12,C-12,C-12,C-12,C-12, C-12, C-12, C-12, H-1, H-1, H-1, H-

1,H-
1, H-1, H-1, H-1, H-1, H-1, H-1, H-1, H-1, H-1 
Standard basis: 6-311G(d) (5D, 7F) 
There are 296 symmetry adapted basis functions of A' symmetry. 
There are 250 symmetry adapted basis functions of A" symmetry. 
Crude estimate of integral set expansion from redundant integrals=l.002. 
Integral buffers will be 262144 words long. 
Raffenetti 2 integral format. 
Two-electron integral symmetry is turned on. 

546 basis functions 935 primitive gaussians 
105 alpha electrons 100 beta electrons 

nuclear repulsion energy 2960.4163224410 Hartrees. 

Population analysis using the SCF density. 

Orbital Symmetries: 
Alpha Orbitals: 

(A') (A') (A') (AM (A") (AM (AM (AM (A") (AM 
(A") (A-) (A') (A") (AM (A") (A") (AM (AM (A") 
(A") (A') (A-) (A") (A") (AM (A") (AM (AM (A") 
(A') (A') (A-) (A") (AM (AM (A") (AM (AM (AM 
(A") (A-) (A") (A") (AM (AM (AM (A") (AM (AM 
(A-) (A") (A") (AM (A") (A") (AM (A") (AM (A") 
(A') (A") (A*) (AM (A") (AM (AM (AM (AM (A") 
(A") (A') (A') (A") (A") (AM (AM (AM (A") (A") 
(A') (A") (A') (AM (A") (AM (A") (A") (AM (AM 
(A") (A") (A*) (A") (AM (AM (A") (AM (A") (AM 
(A") (A*) (A') (AM (A") 
(A-) (A") (A") (AM (AM (AM (AM (A") (A") (A") 
(A') (A') (AM (AM (A") (A") (A") (AM (A") (AM 
(A') (A") (AM (A") (A") (A") (AM (AM (AM (A") 
{A') (A") (AM (A") (AM (A") (AM (A") (AM (A") 
(A*) (A-) (AM (A") (AM (A") (AM (AM (AM (A") 
(A') (A") (AM (A") (AM (AM (A") (A") (AM (A") 
(A') (A") (A") (A") (A") (AM (AM (A") (AM (A") 
(A") {A') (A") (AM (AM (A") (AM (A") (AM (A") 
(AM (A') (A") (A") (AM (AM (AM (A") (AM (A") 
(A") (A') (A") (AM (AM (AM (A") (AM (A") (AM 
(A") (A-) (A") (AM (A") (AM (AM (A") (AM (A") 



252 

(A") (A") (AM (A") (AM (A") (A") (AM (A") (AM 
(A") (A') (A") (A") (AM (A") (AM (A") (AM (AM 
(A') (A") (AM (A") (AM (AM (A") (A") (AM (AM 
{A") (A") (AM (AM (A") (AM (A") (A") (AM (AM 
(A") (A') (A") (AM (A") (AM (A") (AM (AM (A") 
(A-) (A') (A") (AM (A") (AM (A") (AM (A") (AM 
(A") (A") (AM (AM (A") (AM (A") (A") (AM (A") 
(A') (A') (A") (AM (A") (AM (A") (A") (AM (AM 
(A') (A") (AM (A") (A") (AM (AM (A") (AM (AM 
(A") (A') (A") (AM (AM (AM (AM (A") (AM (A") 
(A') (A") (AM (A") (A") (A") (AM (AM (AM (AM 
(A") (A") (A") (A") (AM (AM (AM (AM (A") (AM 
(A") (A") (AM (A") (AM (A") (AM (A") (A") (AM 
(A") (A') (AM (AM (A") (A") (AM (AM (A") (A") 
(A") (A') (AM (AM (A") (A") (A") (AM (A") (A") 
(A') (A") (A") (AM (AM (A") (AM (A") (AM ( A " )  
(A-) (A") (AM (AM (A") (A") (AM (AM (A") (A") 
(A') (A') (A") (AM (AM (A") (A") (AM (A") (AM 
(A') (A") (AM (A") (A") (AM (A") (A") (AM (AM 
(A-) (A") (AM (A") (A") (AM (A") (A") (AM (AM 
(A") (A*) (A") (AM (AM (A") (A") (AM (AM (A") 
(A-) (A-) (A") (AM (A") (AM (AM (A") (AM (A") 
(A") (AM (A") (AM (A") (AM (A") (AM (AM (A") 
(A") (AM (A") (AM (AM (A") (A") (AM (A") (A") 
(A') (A") (AM (AM (AM (AM (A") (A") (AM (AM 
(A") (AM (A") (AM (A") (A") (A") (AM (A") (A") 
(A') (A") (AM (AM (AM (A") (AM (AM (A") (AM 
(A') (A") (AM (A") (A") (A") (AM (A") (AM (AM 
(A") (AM (A") (AM (A") (AM (A") (A") (AM (A") 
(A") (AM (AM (AM (AM (A") (AM (AM (A") (AM 
(A') (A") (AM (A") (AM (A") (A") (AM (A") (AM 
(A") (AM (A") (AM (A") (AM (A") (A") (AM (AM 
(A') (AM (AM (A") (AM (AM (A") (AM (AM (AM 
(A-) 

Beta Orbitals: 
Occupied (A') (AM (AM (AM (A") (AM (AM (AM (A") (AM 

(A") (AM (AM (A") (AM (A") (A") (AM (AM (A") 
(A") (AM (AM (A") (A") (AM (A") (AM (AM (A") 
(A-) (AM (AM (A") (AM (AM (AM (A") (AM (AM 
(A") (AM (A") (A") (AM (AM (AM (A") (AM (AM 
(A') (A") (A") (AM (A") (A") (AM (A") (AM (A") 
(A-) (A") (AM (AM (A") (AM (AM (AM (A") (A") 
(A-) (AM (A") (AM (A") (AM (A") (AM (A") (AM 
(A') (A") (A") (AM (AM (A") (AM (A") (AM (AM 
(A") (AM (A") (AM (A") (AM (A") (AM (AM (A") 

Virtual (A") (AM (A") (AM (AM (A") (AM (A") (AM (AM 
(A') (AM (A") (A") (AM (A") (AM (AM (A") (AM 
(A") (A") (AM (A") (AM (A") (AM (AM (A") (A") 
(A"l (AM (AM (AM (A") (AM (A") (AM (A") (AM 
(A") (AM (A") (AM (A") (AM (AM (A") (AM (AM 
(A") (AM (AM (AM (A") (AM (A") (AM (A") (AM 
(AM (A") (A") (AM (A") (AM (A") (A") (A") (A") 
(A') (AM (A") (AM (A") (A") (AM (A") (AM (AM 
(A") (AM (A") (AM (A") (AM (A") (AM (A") (AM 
(A-) (A") (AM (AM (A") (A") (AM (A") (AM (AM 
(A-) (A") (AM (A") (AM (A'M (AM (A") (AM (AM 
(A") (A") (AM (AM (A") (A») (A") (AM (A") (AM 
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(A") (A") (A') (A") (AM (A") (AM (A") (A") (A-
(A") (A') (A") (A*) (AM (A") (AM (AM (A") (A-
(A-) (A") (A") (A*) (AM (A") (A") (AM (AM (A" 
(A") (A*) (A") (A*) (AM (A") (AM (A") (AM (A" 
(A') (A") (A') (AM (A") (AM (AM (A") (A") (A-
(A") (A*) (A') (A") (A") (AM (AM (A") (AM (A" 
(A-) (A") (A") (AM (A") (AM (AM (AM (A") (A" 
(A-) (A") (A") (AM (AM (AM (A") (A") (AM (A" 
(A') (A*) {A') (A") (AM (A") (AM (A") (AM (A-
(A') (A') {A") (AM (A") (AM (AM (A") (A") (A" 
(A") {A') {A') (AM (AM (A") (A") (A") (A") (A* 
(A-) {A') {A") (AM (AM (A") (A") (AM (A") (A-
(A") (A") {AM (A") (AM (AM (AM (A") (AM (A" 
(A") (A') (A-) (A") (A") (AM (A") (AM (AM (A" 
(A") (A") (A") (AM (A") (AM (A") (A") (AM (A-
(A") (A") (A') (A") (AM (AM (A") (AM (AM (A" 
(A") (A') (A') (A") (A") (AM (A") (AM (AM (A* 
(A") (A") (A') (A") (AM (AM (A") (AM (A") (A" 
(A") (A') (A") (AM (AM (AM (A") (AM (A") (A" 
(A') (A") (A") (AM (AM (A") (AM (A") (AM (A-
(A") (A') (A") (AM (A") (AM (AM (A") (AM (A" 
(A') (A") (A') (A") (AM (A") (AM (A") (AM (A" 
(A") (A') (A*) (AM (A") (AM (A") (A") (AM (A' 
(A") (A") (A') (A") (A") (AM (A") (AM (AM (A-
(A") (A") (A-) (AM (A") (AM (A") (AM (AM (A" 
(A") (A") (A') (A") (A") (AM (A") (AM (AM (A-
(A") (A') (A' ) (A") (AM (AM (A") (AM (A") (A" 
(A") (A') (A") (AM (AM (A") (AM (A") (AM (A" 
(A') (A") (A") (AM (A") (A") (AM (AM (AM (A' 
(A") (A') (A') (A") (AM (AM (A") (AM (A") (A' 
(A") (A") (A') (A") (AM (A") (AM (A") (AM (A" 
(A*) (A") (A") (AM (AM (AM (AM (AM (A") (A' 
(A') (A") (A') (AM (AM (AM 

The electronic state is 6-A'. 
Alpha occ. eigenvalues — -256 .15362-•101 .49152 -30 .14568 -26 .01274 -26 .01179 
Alpha occ. eigenvalues — -26 .00942 -14 .34419 -14 .32300 -14 .32300 -14 .32253 
Alpha occ. eigenvalues — -10 .22867 -10 .22867 -10 .21969 -10 .21969 -10 .21223 
Alpha occ. eigenvalues — -10 .21223 -10 .21123 -10 .21123 -10 .19288 -10 .19269 
Alpha occ. eigenvalues — -10 .19096 -10 .19096 -10 .18131 -10 .18131 -10 .17885 
Alpha occ. eigenvalues — -10 .17885 -10 .17735 -10 .17735 -10 .17636 -10 .17573 
Alpha occ. eigenvalues — -9 .40557 -7 .16693 -7 .16303 -7 .16283 -3 .64905 
Alpha occ. eigenvalues — -2 .42789 -2 .42627 -2 .42150 -0 .97991 -0 .97020 
Alpha occ. eigenvalues — -0 .96745 -0 .95895 -0 .82898 -0 .80359 -0 .79990 
Alpha occ. eigenvalues — -0 .79232 -0 .78118 -0 .77840 -0 .77367 -0 .76436 
Alpha occ. eigenvalues — -0 .75113 -0 .73001 -0 .67244 -0 .66592 -0 .62694 
Alpha occ. eigenvalues — -0 .59468 -0 .58823 -0 .58566 -0 .58364 -0 .56419 
Alpha occ. eigenvalues — -0 .55671 -0 .53822 -0 .53472 -0 .53060 -0 .51405 
Alpha occ. eigenvalues — -0 .50578 -0 .49399 -0 .46312 -0 .45940 -0 .45370 
Alpha occ. eigenvalues — -0 .45260 -0 .45175 -0 .45016 -0 .44369 -0 .43575 
Alpha occ. eigenvalues — -0 .43145 -0 .42906 -0 .42176 -0 .42173 -0 .42081 
Alpha occ. eigenvalues — -0 .40818 -0 .40323 -0 .40061 -0 .39605 -0 .39547 
Alpha occ. eigenvalues — -0 .38647 -0 .38395 -0 .38091 -0 .37846 -0 .37645 
Alpha occ. eigenvalues — -0 .37337 -0 .33678 -0 .33573 -0 .32784 -0 .29672 
Alpha occ. eigenvalues — -0 .28863 -0 .28097 -0 .27762 -0 .27565 -0 .26124 
Alpha occ. eigenvalues — -0 .25865 -0 .25703 -0 .25246 -0 .20688 -0 .19479 
Alpha virt. eigenvalues — -0 .09924 -0 .07755 -0 .00975 0 .01161 0 .02751 
Alpha virt. eigenvalues — 0 .04371 0 .04604 0 .05059 0 .06155 0 .06216 
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Alpha virt. eigenvalues — 0. 06226 0. 06611 0. 07320 0 .07768 0 .07814 
Alpha virt. eigenvalues — 0. 09094 0. 09602 0. 09717 0 .11345 0 .11923 
Alpha virt. eigenvalues — 0. 12103 0. 12196 0. 12354 0 .13860 0 .15712 
Alpha virt. eigenvalues — 0. 16393 0. 16673 0. 17295 0 .18490 0 .19609 
Alpha virt. eigenvalues — 0. 20157 0. 21784 0. 21970 0 .22302 0 .23552 
Alpha virt. eigenvalues — 0. 24750 0. 25273 0. 27064 0 .27778 0 .28330 
Alpha virt. eigenvalues — 0. 28849 0. 29880 0. 30803 0 .30856 0 .31707 
Alpha virt. eigenvalues — 0. 31920 0. 32333 0. 32758 0 .34484 0 .34882 
Alpha virt. eigenvalues — 0. 35202 0. 35896 0. 36047 0 .36397 0 .36744 
Alpha virt. eigenvalues — 0. 37028 0. 37561 0. 38072 0 .38962 0 .39518 
Alpha virt. eigenvalues — 0. 39762 0. 39838 0. 40009 0 .40470 0 .40590 
Alpha virt. eigenvalues — 0. 40743 0. 40932 0. 41268 0 .41731 0 .41902 
Alpha virt. eigenvalues — 0. 43492 0. 44136 0. 44364 0 .45625 0 .46515 
Alpha virt. eigenvalues — 0. 46880 0. 47420 0. 47753 0 .48806 0 .49468 
Alpha virt. eigenvalues — 0. 49840 0. 50054 0. 50361 0 .50519 0 .51359 
Alpha virt. eigenvalues — 0. 51804 0. 52307 0. 52384 0 .53830 0 .54168 
Alpha virt. eigenvalues — 0. 55017 0. 55244 0. 55839 0 .55930 0 .56236 
Alpha virt. eigenvalues — 0. 57989 0. 58399 0. 58540 0 .59627 0 .60496 
Alpha virt. eigenvalues — 0. 60624 0. 61131 0. 61155 0 .61711 0 .62199 
Alpha virt. eigenvalues — 0. 62608 0. 62793 0. 62808 0 .64061 0 .64305 
Alpha virt. eigenvalues — 0. 64621 0. 66070 0. 66972 0 .67379 0 .67628 
Alpha virt. eigenvalues — 0. 69025 0. 70045 0. 70084 0 .71478 0 .71928 
Alpha virt. eigenvalues — 0. 72915 0. 74356 0. 74918 0 .75306 0 .75342 
Alpha virt. eigenvalues — 0. 76424 0. 76501 0. 77154 0 .77298 0 .78363 
Alpha virt. eigenvalues — 0. 78841 0. 79427 0. 80314 0 .80634 0 .81522 
Alpha virt. eigenvalues — 0. 82403 0. 82503 0. 83239 0 .85327 0 .87415 
Alpha virt. eigenvalues — 0. 87451 0. 89002 0. 89527 0 .89965 0 .90112 
Alpha virt. eigenvalues — 0. 91595 0. 91677 0. 93633 0 .94088 0 .96704 
Alpha virt. eigenvalues — 0. 96831 0. 97940 0. 98741 1 .00285 1 .00511 
Alpha virt. eigenvalues — 1. 02159 1. 03428 1. 03693 1 .04910 1 .05817 
Alpha virt. eigenvalues — 1. 06442 1. 07445 1. 08150 1 .08899 1 .10007 
Alpha virt. eigenvalues — 1. 10036 1. 11605 1. 11828 1 .13150 1 .13566 
Alpha virt. eigenvalues — 1. 13589 1. 14727 1. 14803 1 .15122 1 .16548 
Alpha virt. eigenvalues — 1. 17054 1. 18006 1. 19576 1 .22421 1 .23344 
Alpha virt. eigenvalues — 1. 24467 1. 25075 1. 26255 1 .26368 1 .28268 
Alpha virt. eigenvalues — 1. 28354 1. 29407 1. 30700 1 .30920 1 .31195 
Alpha virt. eigenvalues — 1. 36059 1. 36980 1. 37264 1 .38848 1 .39904 
Alpha virt. eigenvalues — 1. 40055 1. 40539 1. 41083 1 .41424 1 .41654 
Alpha virt. eigenvalues — 1. 43261 1. 45367 1. 47987 1 .48310 1 .50392 
Alpha virt. eigenvalues — 1. 50954 1. 54823 1. 55164 1 .55623 1 .55832 
Alpha virt. eigenvalues — 1. 55991 1. 57387 1. 58032 1 .60343 1 .60769 
Alpha virt. eigenvalues — 1. 61631 1. 62326 1 . 64908 1 .66285 1 .66851 
Alpha virt. eigenvalues — 1. 69294 1. 69825 1. 71015 1 .71432 1 .71891 
Alpha virt. eigenvalues — 1. 72845 1. 73086 1. 73612 1 .73926 1 .76308 
Alpha virt. eigenvalues — 1. 77398 1. 78012 1. 78149 1 .79261 1 .80268 
Alpha virt. eigenvalues — 1. 80883 1. 83756 1. 84892 1 .86528 1 .87066 
Alpha virt. eigenvalues — 1. 87325 1. 87509 1. 88255 1 .89359 1 .89716 
Alpha virt. eigenvalues — 1. 90197 1. 91005 1. 91810 1 .93567 1 .94001 
Alpha virt. eigenvalues — 1. 94452 1. 94456 1. 95997 I .96838 1 .97873 
Alpha virt. eigenvalues — 1. 99587 1. 99933 2. 05143 2 .06391 2 .06676 
Alpha virt. eigenvalues — 2. 07867 2. 11138 2. .12298 2 .14507 2 .17972 
Alpha virt. eigenvalues — 2. 18065 2. 18266 2. 18413 2 .23194 2 .23666 
Alpha virt. eigenvalues — 2. 24575 2. 26170 2. 27410 2 .29815 2 .30920 
Alpha virt. eigenvalues — 2. 32073 2. 32749 2. 33762 2 .34572 2 .34862 
Alpha virt. eigenvalues — 2. 35845 2. 36902 2. .36964 2 .37403 2 .38904 
Alpha virt. eigenvalues — 2. ,39094 2. .43160 2. .43231 2 .44932 2 .45116 
Alpha virt. eigenvalues — 2. .45319 2. .47834 2. .50096 2 .50604 2 .51102 
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Alpha virt. eigenvalues — 2 .52107 2. 52194 2 .53225 2 .53794 2 .55119 
Alpha virt. eigenvalues — 2 .56985 2. 57341 2 .57678 2 .58824 2 .59237 
Alpha virt. eigenvalues — 2 .63169 2. 64252 2 .65674 2 .65681 2 .68067 
Alpha virt. eigenvalues — 2 .69965 2. 71619 2 .71709 2 .72968 2 .74330 
Alpha virt. eigenvalues — 2 .74822 2. 75604 2 .77373 2 .78459 2 .78869 
Alpha virt. eigenvalues — 2 .79856 2. 80372 2 .80404 2 .84413 2 .84707 
Alpha virt. eigenvalues — 2 .86477 2. 89460 2 .89749 2 .91695 2 .92597 
Alpha virt. eigenvalues — 2 .95616 2. 96774 2 .96983 2 .97726 2 .98107 
Alpha virt. eigenvalues — 2 .99108 3. 00249 3 .03610 3 .08562 3 .08877 
Alpha virt. eigenvalues — 3 .11124 3. 11146 3 .14579 3 .14724 3 .18637 
Alpha virt. eigenvalues — 3 .19953 3. 21448 3 .21597 3 .22892 3 .23232 
Alpha virt. eigenvalues — 3 .23642 3. 24446 3 .25417 3 .25927 3 .29588 
Alpha virt. eigenvalues — 3 .31159 3. 31222 3 .32318 3 .34866 3 .35352 
Alpha virt. eigenvalues — 3 .35580 3. 35986 3 .37687 3 .42028 3 .42430 
Alpha virt. eigenvalues — 3 .43992 3. 53465 3 .54004 3 .55275 3 .65249 
Alpha virt. eigenvalues — 3 .67882 3. 69689 3 .70818 3 .77466 3 .80020 
Alpha virt. eigenvalues — 3 .80844 3. 83296 3 .84173 3 .84815 3 .85735 
Alpha virt. eigenvalues — 3 .85905 3. 91694 3 .99305 4 .00560 4 .01044 
Alpha virt. eigenvalues — 4 .18399 4. 29856 4 .37871 4 .39633 4 .45553 
Alpha virt. eigenvalues — 4 .53332 4. 58739 4 .60656 4 .61754 5 .03497 
Alpha virt. eigenvalues — 5 .12198 5. 12302 5 .23467 5 .54747 5 .56216 
Alpha virt. eigenvalues — 5 .65735 5. 71367 5 .99009 7 .69910 7 .94567 
Alpha virt. eigenvalues — 7 .97450 9. 54860 23 .39766 23 .45474 23 .49335 
Alpha virt. eigenvalues — 23 .57209 23. 63005 23 .66612 23 .71237 23 .76470 
Alpha virt. eigenvalues — 23 .78135 23. 92656 23 .93018 23 .94255 23 .98071 
Alpha virt. eigenvalues — 24 .10235 24. 11042 24 .11651 24 .12460 24 .12811 
Alpha virt. eigenvalues — 24 .13744 24. 13857 25 .53527 25 .53865 25 .83930 
Alpha virt. eigenvalues — 25 .98506 33. 62498 33 .80476 33 .82677 35 .58541 
Alpha virt. eigenvalues — 35 .59864 35. 60065 35 .62528 146 .96255 215 .49297 
Alpha virt. eigenvalues — 776 .80543 

Beta occ. eigenvalues — -256 .15376-•101. 48916 -30 .05543 -25 .93786 -25 .93722 
Beta occ. eigenvalues — -25 .93714 -14. 34099 -14 .31947 -14 .31947 -14 .31887 
Beta occ. eigenvalues — -10 .22876 -10. 22876 -10 .21966 -10 .21966 -10 .21221 
Beta occ. eigenvalues — -10 .21221 -10. 21117 -10 .21117 -10 .19275 -10 .19256 
Beta occ. eigenvalues — -10 .19071 -10. 19070 -10 .18116 -10 .18116 -10 .17845 
Beta occ. eigenvalues — -10 .17845 -10. 17721 -10 .17721 -10 .17619 -10 .17555 
Beta occ. eigenvalues — -9 .40331 -7. 16269 -7 ,16003 -7 .15993 -3 .43892 
Beta occ. eigenvalues — -2 .20589 -2. 20279 -2 .20173 -0 .97636 -0 .96646 
Beta occ. eigenvalues — -0 .96367 -0. 95499 -0 ,82825 -0 .80285 -0 .79907 
Beta occ. eigenvalues — -0 .79054 -0. 77845 -0 .77576 -0 .77069 -0 .75009 
Beta occ. eigenvalues — -0 .74877 -0. 72946 -0 .67177 -0 .66521 -0 .62617 
Beta occ. eigenvalues — -0 .59360 -0. 58673 -0 .58262 -0 .58212 -0 .56276 
Beta occ. eigenvalues — -0 .55012 -0. 53405 -0 .52867 -0 .51899 -0 .51286 
Beta occ. eigenvalues — -0 .50428 -0. 49323 -0 .45914 -0 .45183 -0 .43534 
Beta occ. eigenvalues — -0 .43253 -0. 43074 -0 .42292 -0 .42241 -0 .42092 
Beta occ. eigenvalues — -0 .40973 -0. 40508 -0 .40185 -0 .39552 -0 .39132 
Beta occ. eigenvalues — -0 .38841 -0. 38705 -0 .38292 -0 .38058 -0 .37719 
Beta occ. eigenvalues — -0 .37314 -0. 34214 -0 .33575 -0 .33176 -0 .32923 
Beta occ. eigenvalues — -0 .32709 -0. 28897 -0 .28793 -0 .28296 -0 .27808 
Beta occ. eigenvalues — -0 .26606 -0. 25313 -0 .25210 -0 .21182 -0 .19512 
Beta virt. eigenvalues — -0 .12108 -0. 11802 -0 .11162 -0 .10455 -0 .08989 
Beta virt. eigenvalues — -0 .07195 -0. 06826 -0 .00833 0 .01681 0 .02830 
Beta virt. eigenvalues — 0 .04654 0. 04729 0 .05082 0 .06195 0 .06286 
Beta virt. eigenvalues — 0 .06328 0. 06704 0 .07609 0 .07832 0 .07900 
Beta virt. eigenvalues — 0 .09234 0. 09609 0 .09779 0 .11574 0 .12144 
Beta virt. eigenvalues — 0 .12225 0. 12282 0 .12729 0 .13959 0 .15766 
Beta virt. eigenvalues — 0 .16483 0. .17349 0 .18498 0 .19169 0 .19810 
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Beta virt. eigenvalues — 0. 20271 0. .21894 0 .22583 0. 22887 0. 23732 
Beta virt. eigenvalues — 0. 25051 0. 25620 0 .27374 0. 28107 0. 28721 
Beta virt. eigenvalues — 0. 29108 0. 30004 0 .31010 0. 31293 0. 31982 
Beta virt. eigenvalues — 0. 32246 0. 32547 0 .33046 0. 34768 0. 35125 
Beta virt. eigenvalues — 0. 35363 0. 35963 0 .36123 0. 36634 0. 36999 
Beta virt. eigenvalues — 0. 37154 0. 37626 0 .38163 0. 39089 0. 39714 
Beta virt. eigenvalues — 0. 39894 0. 40003 0 .40134 0. 40641 0. 40733 
Beta virt. eigenvalues — 0. 40826 0. 41192 0 .41433 0. 41909 0. 42015 
Beta virt. eigenvalues — 0. 43792 0. 44240 0 .44405 0. 45818 0. 46574 
Beta virt. eigenvalues — 0. 47137 0. 47672 0 .47829 0. 49108 0. 49532 
Beta virt. eigenvalues — 0. 49993 0. 50426 0 .50700 0. 50710 0. 51463 
Beta virt. eigenvalues — 0. 51990 0. 52533 0 .52765 0. 54020 0. 54277 
Beta virt. eigenvalues — 0. 55456 0. 55582 0 .55960 0. 56148 0. 56325 
Beta virt. eigenvalues — 0. 58095 0. 58634 0 .59114 0. 59922 0. 60686 
Beta virt. eigenvalues — 0. 60712 0. 61195 0 .61219 0. 61926 0. 62823 
Beta virt. eigenvalues — 0. 62872 0. 62983 0 .63679 0. 64265 0. 64665 
Beta virt. eigenvalues — 0. 64858 0. 66135 0 .67274 0. 67498 0. 67748 
Beta virt. eigenvalues — 0. 69100 0. 70890 0 .71099 0. 72006 0. 72395 
Beta virt. eigenvalues — 0. 73206 0. 74784 0 .75226 0. 75440 0. 75507 
Beta virt. eigenvalues — 0. 76577 0. 76769 0 .77443 0. 78037 0. 79001 
Beta virt. eigenvalues — 0. 79695 0. 79977 0 .80842 0. 80863 0. 81628 
Beta virt. eigenvalues — 0. 82696 0. 82861 0 .83353 0. 85575 0. 88289 
Beta virt. eigenvalues — 0. 88360 0. 89764 0 .90201 0. 90483 0. 90609 
Beta virt. eigenvalues — 0. 92204 0. 92621 0 .94023 0. 94192 0. 96808 
Beta virt. eigenvalues — 0. 96954 0. 98119 0 .99019 1. 00410 1. 00601 
Beta virt. eigenvalues — 1. 02275 1. 03804 1 .04643 1. 05339 1. 06011 
Beta virt. eigenvalues — 1. 06926 1. 08620 1 .09164 1. 10111 1. 10682 
Beta virt. eigenvalues — 1. 11851 1. 11859 1 .12184 1. 13202 1. 13748 
Beta virt. eigenvalues — 1. 13750 1. 14899 1 .14935 1. 15517 1. 16589 
Beta virt. eigenvalues — 1. 18078 1. 18419 1 .20679 1. 22726 1. 23516 
Beta virt. eigenvalues — 1. 25391 1. 26086 1 .26759 1. 27501 1. 29186 
Beta virt. eigenvalues — 1. 29253 1. 29544 1 .31145 1. 31345 1. 32928 
Beta virt. eigenvalues — 1. 37556 1. 38097 1 .38958 1. 39790 1. 41092 
Beta virt. eigenvalues — 1. 41127 1. 41595 1 .41956 1. 43396 1. 43657 
Beta virt. eigenvalues — 1. 44318 1. 45490 1 .48193 1. 48683 1. 50714 
Beta virt. eigenvalues — 1. 51252 1. 54958 1 .55312 1. 55794 1. 55957 
Beta virt. eigenvalues — 1. 56160 1. 58373 1 .59284 1. 60434 1. 61564 
Beta virt. eigenvalues — 1. 62328 1. 62562 1 .65449 1. 66728 1. 67422 
Beta virt. eigenvalues — 1. 69478 1. 70042 1 .71124 1. 71631 1. 72925 
Beta virt. eigenvalues — 1. 73131 1. 73485 1 .74105 1. 74280 1. 77019 
Beta virt. eigenvalues — 1. 77528 1. 78307 1 .78345 1. 79432 1. 80822 
Beta virt. eigenvalues — 1. 81090 1. 85503 1 .86733 1. 86923 1. 87368 
Beta virt. eigenvalues — 1. 88513 1. 88954 1 .89529 1. 90202 1. 90250 
Beta virt. eigenvalues — 1. 91013 1, 91817 1 .92134 1. 93645 1. 94269 
Beta virt. eigenvalues — 1. 94589 1. 94621 1 .96174 1. 97745 1. 98119 
Beta virt. eigenvalues — 1. 99814 2. 00503 2 .06474 2. 06519 2. 06811 
Beta virt. eigenvalues — 2. 08089 2. 11243 2 .12355 2. 14630 2. 18153 
Beta virt. eigenvalues — 2. 18487 2. .18756 2 .18916 2. 23774 2. 24577 
Beta virt. eigenvalues — 2. 25582 2. 26306 2 .27890 2. 30041 2. .31093 
Beta virt. eigenvalues — 2. 32124 2. 33401 2 .33897 2. 34668 2. 35432 
Beta virt. eigenvalues — 2. 36004 2. .37138 2 .37152 2. .37730 2. .39232 
Beta virt. eigenvalues — 2. .39311 2. .43471 2 .43623 2. .45242 2. .45522 
Beta virt. eigenvalues — 2. ,45975 2. .48410 2 .51000 2. .51033 2. .51247 
Beta virt. eigenvalues — 2. 52757 2. .53063 2 .54315 2. .54477 2. 56856 
Beta virt. eigenvalues — 2, .57118 2. .57514 2 .57764 2. .59033 2. .59827 
Beta virt. eigenvalues — 2. .63700 2. .64425 2 .65978 2. .66059 2. .68642 
Beta virt. eigenvalues — 2. .70300 2. .71918 2 .72627 2. .73598 2. ,77660 
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Beta virt. eigenvalues — 2 .78443 2 .79306 2. 80837 2. 82833 2 .84791 
Beta virt. eigenvalues — 2 .84986 2 .86432 2. 86719 2. 87372 2 .87810 
Beta virt. eigenvalues — 2 .88835 2 .90155 2. 91525 2. 92729 2 .94546 
Beta virt. eigenvalues — 2 .95813 2 .97341 2. 98223 2. 99364 3 .00124 
Beta virt. eigenvalues — 3 .00547 3 .01053 3. 05154 3. 09377 3 .09566 
Beta virt. eigenvalues — 3 .11162 3 .11794 3. 14848 3. 15527 3 .19514 
Beta virt. eigenvalues — 3 .20632 3 .21596 3. 21959 3. 22938 3 .23595 
Beta virt. eigenvalues — 3 .23931 3 .24479 3. 25728 3. 28980 3 .30092 
Beta virt. eigenvalues — 3 .31257 3 .32618 3. 33040 3. 35132 3 .35679 
Beta virt. eigenvalues — 3 .35956 3 .37776 3. 38679 3. 42144 3 .42494 
Beta virt. eigenvalues — 3 .44053 3 .53551 3. 54121 3. 55359 3 .65413 
Beta virt. eigenvalues — 3 .68159 3 .69854 3. 71006 3. 77546 3 .80160 
Beta virt. eigenvalues — 3 .81016 3 .83844 3. 84738 3. 85445 3 .86024 
Beta virt. eigenvalues — 3 .86375 3 .91718 3. 99521 4. 00710 4 .01223 
Beta virt. eigenvalues — 4 .18495 4 .30217 4. 38295 4. 40195 4 .46350 
Beta virt. eigenvalues — 4 .53657 4 .59106 4. 60828 4. 62465 5 .03755 
Beta virt. eigenvalues — 5 .12455 5 .12548 5. 23706 5. 69150 5 .70474 
Beta virt. eigenvalues — 5 .80597 5 .84224 6. 11482 7. 83223 8 .08279 
Beta virt. eigenvalues — 8 .11111 9 .55295 23. 39786 23. 45492 23 .49354 
Beta virt. eigenvalues — 23 .57225 23 .63021 23. 66628 23. 71254 23 .76489 
Beta virt. eigenvalues — 23 .78150 23 .92661 23. 93023 23. 94262 23 .98080 
Beta virt. eigenvalues — 24 .10256 24 .11062 24. 11676 24. 12486 24 .12830 
Beta virt. eigenvalues — 24 .13760 24 .13873 25. 53900 25. 54252 25 .87271 
Beta virt. eigenvalues — 26.08205 33 .72485 33. 90819 33. 93008 35 .58896 
Beta virt. eigenvalues — 35 .60259 35 .60464 35. 62914 147. 00899 215 .49514 
Beta virt. eigenvalues — 776 .81452 

Gross orbital populations: 
TOTAL ALPHA BETA SPIN 

1 1 Fe IS 0.91371 0.45684 0.45688 -0.00004 
2 2S 0.77832 0.38916 0.38916 0.00001 
3 3S 0.27153 0.13587 0.13566 0.00021 
4 4S 0.89939 0.44825 0.45114 -0.00289 
5 5S 1.08813 0.54504 0.54309 0.00195 
6 6S 1.03122 0.52260 0.50862 0.01398 
7 I S  1.00621 0.49820 0.50801 -0.00981 
8 8S 0.51483 0.27113 0.24370 0.02742 
9 9S -0.04539 -0.02593 -0.01946 -0.00647 

10 10 PX 1.46734 0.73319 0.73415 -0.00097 
11 lOPY 1.46690 0.73301 0.73389 -0.00088 
12 lOPZ 1.46757 0.73331 0.73426 -0.00095 
13 IIPX 0.50091 0.25056 0.25035 0.00021 
14 IIPY 0.50124 0.25072 0.25051 0.00021 
15 IIPZ 0.50076 0.25047 0.25029 0.00019 
16 12PX 0.56282 0.28472 0.27810 0.00663 
17 12PY 0.56061 0.28351 0.27709 0.00642 
18 12PZ 0.56385 0.28534 0.27852 0.00682 
19 13PX 1.05633 0.53295 0.52337 0.00958 
20 13PY 1.05233 0.53129 0.52104 0.01025 
21 13PZ 1.05746 0.53354 0.52392 0.00961 
22 14 PX 0.43413 0.21117 0.22295 -0.01178 
23 14 PY 0.44313 0.21552 0.22761 -0.01209 
24 14 PZ 0.43297 0.21058 0.22239 -0.01181 
25 15D 0 0.44126 0.37393 0.06733 0.30660 
26 15D+1 0.35987 0.35537 0.00450 0.35086 
27 15D-1 0.39054 0.36044 0.03009 0.33035 
28 15D+2 0.42288 0.36428 0.05861 0.30567 
29 15D-2 0.40600 0.36239 0.04361 0.31879 
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16D 0 0 .51463 0 .42287 0 .09176 0 .33111 
16D+1 0 .41748 0 .41123 0 .00625 0 .40498 
16D-1 0 .45399 0 .41401 0 .03999 0 .37402 
16D+2 0 .49349 0 .41589 0 .07760 0 .33830 
16D-2 0 .47295 0 .41542 0 .05753 0 .35788 
17D 0 0 .33391 0 .20819 0 .12572 0 .08247 
17D+1 0 .23271 0 .22152 0 .01120 0 .21032 
17D-1 0 .28050 0 .22209 0 .05841 0 .16368 
17D+2 0 .32008 0 .21892 0 .10116 0 .11776 
17D-2 0 .29981 0 .22057 0 .07924 0 .14133 
18F 0 0 .00107 0 .00053 0 .00054 -0 .00002 
18F+1 0 .00052 0 .00026 0 .00026 0 .00000 
18F-1 0 .00078 0 .00041 0 .00037 0 .00004 
18F+2 0 .00016 0 .00008 0 .00008 0 .00000 
18F-2 0 .00009 0 .00005 0 .00005 0 .00000 
18F+3 0 .00074 0 .00038 0 .00036 0 .00001 
18F-3 0 .00065 0 .00033 0 .00032 0 .00000 

CI IS 0 .77725 0 .38863 0 .38862 0 .00001 
2S 1 .18777 0 .59388 0 .59390 -0 .00002 
3S 0 .89103 0 .44570 0 .44534 0 .00036 
4S 1 .09407 0 .54670 0 .54738 -0 .00068 
5S 1 .00933 0 .50781 0 .50152 0 .00629 
6S 1 .02948 0 .51208 0 .51740 -0 .00532 
7PX 2 .47795 1 .24124 1 .23671 0 .00453 
7PY 2 .47265 1 .23971 1 .23294 0 .00677 
7PZ 2 .47921 1 .24154 1 .23767 0 .00388 
8PX -0 .50746 -0 .25534 -0 .25212 -0 .00322 
8PY -0 .50377 -0 .25428 -0 .24949 -0 .00479 
8PZ -0 .50831 -0 .25554 -0 .25277 -0 .00276 
9PX 0 .36517 0 .19231 0 .17286 0 .01945 
9PY 0 .33990 0 .18441 0 .15549 0 .02892 
9PZ 0 .37076 0 .19373 0 .17703 0 .01670 

lOPX 1 .00749 0 .53013 0 .47736 0 .05277 
lOPY 0 .97135 0 .52227 0 .44907 0 .07320 
lOPZ 1 .01875 0 .53229 0 .48646 0 .04583 
IIPX 0 .55539 0 .28069 0 .27470 0 .00600 
IIPY 0 .44974 0 .24342 0 .20631 0 .03711 
IIPZ 0 .56891 0 .28463 0 .28428 0 .00035 
12D 0 0 .00150 0 .00066 0 .00083 -0 .00017 
12D+1 0 .00020 0 .00012 0 .00009 0 .00003 
12D-1 0 .00153 0 .00084 0 .00069 0 .00015 
12D+2 0 .00327 0 .00152 0 .00175 -0 .00022 
12D-2 0 .00278 0 .00133 0 .00145 -0 .00012 

N IS 1 .09470 0 .54738 0 .54731 0 .00007 
2S 0 .89627 0 .44807 0 .44821 -0 .00014 
2PX 0 .29058 0 .15293 0 .13765 0 .01527 
2PY 0 .25179 0 .13067 0 .12112 0 .00955 
2PZ 0 .24515 0 .12318 0 .12198 0 .00120 
3S 0 .87543 0 .44538 0 .43005 0 .01533 
3PX 0 .61710 0 .32223 0 .29486 0 .02737 
3PY 0 .55596 0 .28750 0 .26847 0 .01903 
3PZ 0 .55509 0 .27886 0 .27623 0 .00263 
4S 0 .78408 0 .39384 0 .39025 0 .00359 
4PX 0 .58939 0 .29292 0 .29647 -0 .00356 
4PY 0 .53786 0 .26856 0 .26930 -0 .00074 
4PZ 0 .33769 0 .16810 0 .16959 -0 .00148 
5D 0 0 .00560 0 .00276 0 .00283 -0 .00007 



87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 

100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 

129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 

259 

5D+1 0 .01287 0 .00643 0 .00644 0 .00000 
5D-1 0 .00659 0 .00329 0 .00330 -0 .00001 
5D+2 0 .00346 0 .00182 0 .00163 0 .00019 
5D-2 0 .00359 0 .00193 0 .00166 0 .00026 
IS 1 .09466 0 .54737 0 .54729 0 .00008 
2S 0 .89631 0 .44808 0 .44823 -0 .00015 
2PX 0 .28246 0 .15076 0 .13171 0 .01905 
2PY 0 .26736 0 .13829 0 .12907 0 .00922 
2PZ 0 .24080 0 .12110 0 .11970 0 .00140 
3S 0 .86837 0 .44287 0 .42550 0 .01737 
3PX 0 .60840 0 .32064 0 .28776 0 .03289 
3PY 0 .58128 0 .30060 0 .28067 0 .01993 
3PZ 0 .54743 0 ,27520 0 .27224 0 .00296 
4S 0 .79577 0 .39971 0 .39606 0 .00365 
4PX 0 .59676 0 .30162 0 .29514 0 .00648 
4PY 0 .57791 0 .28696 0 .29095 -0 .00399 
4PZ 0 .36112 0 .17942 0 .18170 -0 .00229 
5D 0 0 .00522 0 .00257 0 .00265 -0 .00008 
5D+1 0 .01246 0 .00630 0 .00616 0 .00014 
5D-1 0 .00622 0 .00311 0 .00311 0 .00001 
5D+2 0 .00345 0 .00189 0 .00156 0 .00032 
5D-2 0 .00349 0 .00188 0 .00161 0 .00027 
IS 1 .09466 0 .54736 0 .54729 0 .00007 
2S 0 .89632 0 .44809 0 .44823 -0 .00014 
2PX 0 .24189 0 .12201 0 .11988 0 .00214 
2PY 0 .26546 0 .13760 0 .12786 0 .00974 
2PZ 0 .28399 0 .15057 0 .13342 0 .01715 
3S 0 .86668 0 .44151 0 .42516 0 .01635 
3PX 0 .54869 0 .27663 0 .27206 0 .00457 
3PY 0 .58046 0 .30057 0 .27990 0 .02067 
3PZ 0 .61053 0 .32008 0 .29046 0 .02962 
4S 0 .79760 0 .40029 0 .39731 0 .00297 
4PX 0 .38025 0 .18910 0 .19115 -0 .00204 
4PY 0 .56017 0 .27879 0 .28138 -0 .00259 
4PZ 0 .60209 0 .30409 0 .29801 0 .00608 
5D 0 0 .00466 0 .00244 0 .00221 0 .00023 
5D+1 0 .01218 0 .00617 0 .00601 0 .00015 
5D-1 0 .00433 0 .00231 0 .00202 0 .00029 
5D+2 0 .00437 0 .00219 0 .00218 0 .00001 
5D-2 0 .00490 0 .00245 0 .00245 0 .00001 
IS 1 .09466 0 .54736 0 .54729 0 .00007 
2S 0 .89632 0 .44809 0 .44823 -0 .00014 
2PX 0 .24189 0 .12201 0 .11988 0 .00214 
2PY 0 .26546 0 .13760 0 .12786 0 .00974 
2PZ 0 .28399 0 .15057 0 .13342 0 .01715 
3S 0 .86668 0 .44151 0 .42516 0 .01635 
3PX 0 .54869 0 .27663 0 .27206 0 .00457 
3PY 0 .58046 0 .30057 0 .27990 0 .02067 
3PZ 0 .61053 0 .32008 0 .29046 0 .02962 
4S 0 .79760 0 .40029 0 .39731 0 .00297 
4PX 0 .38025 0 .18910 0 .19115 -0 .00204 
4PY 0 .56017 0 .27879 0 .28138 -0 .00259 
4PZ 0 .60209 0 .30409 0 .29801 0 .00608 
5D 0 0 .00466 0 .00244 0 .00221 0 .00023 
5D+1 0 .01218 0 .00617 0 .00601 0 .00015 
5D-1 0 .00433 0 .00231 0 .00202 0 .00029 
5D-I-2 0 .00437 0 .00219 0 .00218 0 .00001 
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183 
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194 
195 
196 
197 
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199 
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5D-2 0 .00490 0 .00245 0 .00245 0 .00001 
IS 1 .10323 0 .55162 0 .55161 0 .00001 
2S 0 .88560 0 .44280 0 .44281 -0 .00001 
2PX 0 .23693 0 .11851 0 .11842 0 .00009 
2PY 0 .18703 0 .09372 0 .09331 0 .00041 
2PZ 0 .22620 0 .11349 0 .11271 0 .00078 
3S 0 .77972 0 .39031 0 .38941 0 .00090 
3 FX 0 .53359 0 .26693 0 .26666 0 .00027 
3PY 0 .44887 0 .22494 0 .22393 0 .00101 
3PZ 0 .53361 0 .26746 0 .26616 0 .00130 
4S 0 .42373 0 .21193 0 .21180 0 .00013 
4PX 0 .23127 0 .11580 0 .11548 0 .00032 
4PY 0 .39652 0 .19856 0 .19797 0 .00059 
4PZ 0 .19571 0 .09823 0 .09749 0 .00074 
5D 0 0 .01365 0 .00686 0 .00679 0 .00007 
5D+1 0 .02177 0 .01090 0 .01087 0 .00003 
5D-1 0 .00706 0 .00351 0 .00354 -0 .00003 
5D+2 0 .00743 0 .00371 0 ,00372 -0 .00001 
5D-2 0 .00859 0 .00429 0 .00429 0 .00000 
IS 1 .10336 0 .55169 0 .55168 0 .00001 
2S 0 .88544 0 .44271 0 .44272 -0 .00001 
2PX 0 .23182 0 .11597 0 .11584 0 .00013 
2PY 0 .17723 0 .08818 0 .08905 -0 .00087 
2PZ 0 .22804 0 .11430 0 .11374 0 .00056 
3S 0 .78926 0 .39482 0 .39444 0 .00039 
3PX 0 .51602 0 .25800 0 .25802 -0 .00002 
3PY 0 .43720 0 .21772 0 .21948 -0 .00176 
3PZ 0 .52087 0 .26075 0 .26012 0 .00063 
4S 0 .25319 0 .12613 0 .12706 -0 .00093 
4 FX 0 .04742 0 .02319 0 .02423 -0 .00104 
4 FY 0 .28211 0 .14006 0 .14205 -0 .00198 
4PZ 0 .06019 0 .03050 0 .02969 0 .00081 
5D 0 0 .02308 0 .01193 0 .01116 0 .00077 
5D+1 0 .02964 0 .01486 0 .01478 0 .00008 
5D-1 0 .01513 0 .00765 0 .00747 0 .00018 
5D+2 0 .01605 0 .00833 0 .00772 0 .00061 
5D-2 0 .01796 0 .00931 0 .00865 0 .00066 
IS 1 .10314 0 .55157 0 .55158 -0 .00001 
2S 0 .88555 0 .44277 0 .44277 0 .00000 
2 FX 0 .22829 0 .11447 0 .11382 0 .00065 
2 FY 0 .19612 0 .10027 0 .09585 0 .00443 
2PZ 0 .23512 0 .11770 0 .11743 0 .00027 
38 0 .76942 0 .38510 0 .38432 0 .00078 
3 FX 0 .52591 0 .26373 0 .26218 0 .00156 
3 FY 0 .46892 0 .23896 0 .22995 0 .00901 
3FZ 0 .53458 0 .26767 0 .26690 0 .00077 
4S 0 .48885 0 .24538 0 .24347 0 .00191 
4 FX 0 .23892 0 .12027 0 .11865 0 .00162 
4 FY 0 .42157 0 .21574 0 .20583 0 .00990 
4PZ 0 .23808 0 .11895 0 .11913 -0 .00018 
5D 0 0 .01185 0 .00593 0 .00593 0 .00000 
5D+1 0 .02285 0 .01143 0 .01143 0 .00000 
5D-1 0 .00855 0 .00425 0 .00431 -0 .00006 
5D+2 0 .00703 0 .00349 0 .00354 -0 .00005 
5D-2 0 .00697 0 .00347 0 .00351 -0 .00004 
IS 1 .10339 0 .55170 0 .55169 0 .00001 
2S 0 .88543 0 .44271 0 .44272 -0 .00001 



201 
202 
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2PX 0 .21677 0 .10837 0 .10840 -0. 00003 
2PY 0 .17662 0 .08750 0 .08912 -0. 00162 
2PZ 0 .24104 0 .12054 0 .12050 0. 00005 
3S 0 .79143 0 .39574 0 .39569 0. 00005 
3PX 0 .50158 0 .25055 0 .25103 -0. 00048 
3PY 0 .42984 0 .21323 0 .21661 -0. 00338 
3PZ 0 .52237 0 .26113 0 .26124 -0. 00011 
4S 0 .24699 0 .12307 0 .12393 -0. 00086 
4PX 0 .09295 0 .04691 0 .04605 0. 00086 
4PY 0 .28840 0 .14290 0 .14551 -0. 00261 
4PZ 0 .05930 0 .02886 0 .03044 -0. 00159 
5D 0 0 .02740 0 .01406 0 .01334 0. 00072 
5D+1 0 .02969 0 ,01490 0 .01479 0. 00011 
5D-1 0 .02144 0 .01115 0 .01028 0. 00087 
5D+2 0 .00951 0 .00486 0 .00465 0. 00021 
5D-2 0 .00934 0 .00473 0 .00460 0. 00013 
IS 1 .10313 0 .55157 0 .55156 0. 00001 
2S 0 .88610 0 .44304 0 .44306 -0. 00001 
2PX 0 .21272 0 .10685 0 .10587 0. 00098 
2PY 0 .22152 0 .11085 0 .11067 0. 00018 
2PZ 0 .21131 0 .10567 0 .10564 0. 00003 
3S 0 .76439 0 .38262 0 .38177 0. 00085 
3PX 0 .52795 0 .26494 0 .26301 0. 00193 
3PY 0 .54985 0 .27514 0 .27472 0. 00042 
3PZ 0 .51924 0 .25969 0 .25955 0. 00013 
4S 0 .54196 0 .27101 0 .27095 0. 00006 
4PX 0 .25412 0 .12788 0 .12624 0. 00165 
4PY 0 .36874 0 .18450 0 .18423 0. 00027 
4PZ 0 .25311 0 .12655 0 .12656 0. 00000 
5D 0 0 .01378 0 .00690 0 .00688 0. 00002 
5D+1 0 .01173 0 .00587 0 .00586 0. 00001 
5D-1 0 .01268 0 .00635 0 .00633 0. 00001 
5D+2 0 .01123 0 .00561 0 .00563 -0. 00002 
5D-2 0 .01247 0 .00620 0 .00627 -0. 00008 
IS 1 .10313 0 .55157 0 .55156 0. 00001 
2S 0 .88610 0 .44304 0 .44306 -0. 00001 
2PX 0 .21272 0 .10685 0 .10587 0. 00098 
2PY 0 .22152 0 .11085 0 .11067 0. 00018 
2PZ 0 .21131 0 .10567 0 .10564 0. 00003 
3S 0 .76439 0 .38262 0 .38177 0. 00085 
3PX 0 .52795 0 .26494 0 .26301 0. 00193 
3PY 0 .54985 0 .27514 0 .27472 0. 00042 
3PZ 0 .51924 0 .25969 0 .25955 0. 00013 
4S 0 .54196 0 .27101 0 .27095 0. 00006 
4PX 0 .25412 0 .12788 0 .12624 0. 00165 
4PY 0 .36874 0 .18450 0 .18423 0. 00027 
4PZ 0 .25311 0 .12655 0 .12656 0. 00000 
5D 0 0 .01378 0 .00690 0 .00688 0. 00002 
5D+1 0 .01173 0 .00587 0 .00586 0. 00001 
5D-1 0 .01268 0 .00635 0 .00633 0. 00001 
5D+2 0 .01123 0 .00561 0 .00563 -0. 00002 
5D-2 0 .01247 0 .00620 0 .00627 -0. 00008 
IS 1 .10339 0 .55170 0 .55169 0. 00001 
2S 0 .88543 0 .44271 0 .44272 -0. 00001 
2PX 0 .21677 0 .10837 0 .10840 -0. 00003 
2PY 0 .17662 0 .08750 0 .08912 -0. 00162 
2PZ 0 .24104 0 .12054 0 .12050 0. 00005 
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314 

262 

3S 0 .79143 0 .39574 0 .39569 0 .00005 
3PX 0 .50158 0 .25055 0 .25103 -0 .00048 
3PY 0 .42984 0 .21323 0 .21661 -0 .00338 
3PZ 0 .52237 0 .26113 0 .26124 -0 .00011 
4S 0 .24699 0 .12307 0 .12393 -0 .00086 
4PX 0 .09295 0 .04691 0 .04605 0 .00086 
4PY 0 .28840 0 .14290 0 .14551 -0 .00261 
4PZ 0 .05930 0 .02886 0 .03044 -0 .00159 
5D 0 0 .02740 0 .01406 0 .01334 0 .00072 
5D+1 0 .02969 0 .01490 0 .01479 0 .00011 
5D-1 0 .02144 0 .01115 0 .01028 0 .00087 
5D+2 0 .00951 0 .00486 0 .00465 0 .00021 
5D-2 0 .00934 0 .00473 0 .00460 0 .00013 
IS 1 .10314 0 .55157 0 .55158 -0 .00001 
2S 0 .88555 0 .44277 0 .44277 0 .00000 
2PX 0 .22829 0 .11447 0 .11382 0 .00065 
2PY 0 .19612 0 .10027 0 .09585 0 .00443 
2PZ 0 .23512 0 .11770 0 .11743 0 .00027 
3S 0 .76942 0 .38510 0 .38432 0 .00078 
3PX 0 .52591 0 .26373 0 .26218 0 .00156 
3PY 0 .46892 0 .23896 0 .22995 0 .00901 
3PZ 0 .53458 0 .26767 0 .26690 0 .00077 
4S 0 .48885 0 .24538 0 .24347 0 .00191 
4PX 0 .23892 0 .12027 0 .11865 0 .00162 
4PY 0 .42157 0 .21574 0 .20583 0 .00990 
4PZ 0 .23808 0 .11895 0 .11913 -0 .00018 
5D 0 0 .01185 0 .00593 0 .00593 0 .00000 
5D+1 0 .02285 0 .01143 0 .01143 0 .00000 
5D-1 0 .00855 0 .00425 0 .00431 -0 .00006 
5D+2 0 .00703 0 .00349 0 .00354 -0 .00005 
5D-2 0 .00697 0 .00347 0 .00351 -0 .00004 
IS 1 .10336 0 .55169 0 .55168 0 .00001 
2S 0 .88544 0 .44271 0 .44272 -0 .00001 
2PX 0 .23182 0 .11597 0 .11584 0 .00013 
2PY 0 .17723 0 .08818 0 .08905 -0 .00087 
2PZ 0 .22804 0 .11430 0 .11374 0 .00056 
3S 0 .78926 0 .39482 0 .39444 0 .00039 
3PX 0 .51602 0 .25800 0 .25802 -0 .00002 
3PY 0 .43720 0 .21772 0 .21948 -0 .00176 
3PZ 0 .52087 0 .26075 0 .26012 0 .00063 
4S 0 .25319 0 .12613 0 .12706 -0 .00093 
4PX 0 .04742 0 .02319 0 .02423 -0 .00104 
4PY 0 .28211 0 .14006 0 .14205 -0 .00198 
4PZ 0 .06019 0 .03050 0 .02969 0 .00081 
5D 0 0 .02308 0 .01193 0 .01116 0 .00077 
5D+1 0 .02964 0 .01486 0 .01478 0 .00008 
5D-1 0 .01513 0 .00765 0 .00747 0 .00018 
5D+2 0 .01605 0 .00833 0 .00772 0 .00061 
5D-2 0 .01796 0 .00931 0 .00865 0 .00066 
IS 1 .10323 0 .55162 0 .55161 0 .00001 
2S 0 .88560 0 .44280 0 .44281 -0 .00001 
2PX 0 .23693 0 .11851 0 .11842 0 .00009 
2PY 0 .18703 0 .09372 0 .09331 0 .00041 
2PZ 0 .22620 0 .11349 0 .11271 0 .00078 
3S 0 .77972 0 .39031 0 .38941 0 .00090 
3PX 0 .53359 0 .26693 0 .26666 0 .00027 
3PY 0 .44887 0 .22494 0 .22393 0 .00101 
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3PZ 0 .53361 0 .26746 0 .26616 0 .00130 
4S 0 .42373 0 .21193 0 .21180 0 .00013 
4PX 0 .23127 0 .11580 0 .11548 0 .00032 
4PY 0 .39652 0 .19856 0 .19797 0 .00059 
4PZ 0 .19571 0 .09823 0 .09749 0 .00074 
5D 0 0 .01365 0 .00686 0 .00679 0 .00007 
5D+1 0 .02177 0 .01090 0 .01087 0 .00003 
5D-1 0 .00706 0 .00351 0 .00354 -0 .00003 
5D+2 0 .00743 0 .00371 0 .00372 -0 .00001 
5D-2 0 .00859 0 .00429 0 .00429 0 .00000 
IS 1 .10325 0 .55163 0 .55162 0 .00001 
2S 0 .88558 0 .44278 0 .44279 -0 .00001 
2PX 0 .23796 0 .11903 0 .11892 0 .00011 
2PY 0 .18188 0 .09127 0 .09062 0 .00065 
2PZ 0 .22794 0 .11434 0 .11360 0 .00074 
3S 0 .78319 0 .39204 0 .39115 0 .00089 
3PX 0 .53599 0 .26816 0 .26784 0 .00032 
3PY 0 .43699 0 .21928 0 .21771 0 .00157 
3PZ 0 .53724 0 .26925 0 .26800 0 .00125 
4S 0 .42086 0 .21057 0 .21028 0 .00029 
4PX 0 .23146 0 .11577 0 .11569 0 .00007 
4PY 0 .38082 0 .19111 0 .18970 0 .00141 
4PZ 0 .19529 0 .09807 0 .09722 0 .00085 
5D 0 0 .01372 0 .00690 0 .00683 0 .00007 
5D+1 0 .02234 0 .01118 0 .01116 0 .00002 
5D-1 0 .00681 0 .00339 0 .00342 -0 .00003 
5D+2 0 .00832 0 .00416 0 .00416 0 .00000 
5D-2 0 .00871 0 .00435 0 .00435 0 .00000 
IS 1 .10331 0 .55166 0 .55165 0 .00001 
2S 0 .88545 0 .44272 0 .44273 -0 .00001 
2PX 0 .23069 0 .11541 0 .11528 0 .00012 
2PY 0 .18713 0 .09312 0 .09401 -0 .00089 
2PZ 0 .22417 0 .11237 0 .11180 0 .00057 
3S 0 .78353 0 .39196 0 .39157 0 .00039 
3PX 0 .51167 0 .25591 0 .25575 0 .00016 
3PY 0 .45853 0 .22829 0 .23024 -0 .00195 
3PZ 0 .51428 0 .25748 0 .25681 0 .00067 
4S 0 .25652 0 .12792 0 .12861 -0 .00069 
4PX 0 .04802 0 .02357 0 .02444 -0 .00087 
4PY 0 .30902 0 .15349 0 .15554 -0 .00205 
4PZ 0 .05796 0 .02945 0 .02851 0 .00094 
5D 0 0 .02226 0 .01148 0 .01078 0 .00070 
5D+1 0 .02999 0 .01503 0 .01496 0 .00008 
5D-1 0 .01483 0 .00752 0 .00731 0 .00020 
5D+2 0 .01544 0 .00788 0 .00756 0 .00032 
5D-2 0 .01637 0 .00855 0 .00782 0 .00073 
IS 1 .10324 0 .55162 0 .55163 -0 .00001 
2S 0 .88545 0 .44273 0 .44273 0 .00000 
2PX 0 .23363 0 .11704 0 .11659 0 .00044 
2PY 0 .18035 0 .09157 0 .08878 0 .00278 
2PZ 0 .23643 0 .11833 0 .11811 0 .00022 
3S 0 .78230 0 .39138 0 .39092 0 .00047 
3PX 0 .53419 0 .26755 0 .26664 0 .00092 
3PY 0 .43372 0 .21971 0 .21402 0 .00569 
3PZ 0 .54237 0 .27145 0 .27092 0 .00052 
4S 0 .47836 0 .23973 0 .23862 0 .00111 
4PX 0 .25684 0 .12834 0 .12850 -0 .00016 
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4PY 0 .38944 0 .19852 0 .19092 0 .00760 
4PZ 0 .24567 0 .12264 0 .12303 -0 .00038 
5D 0 0 .01196 0 .00598 0 .00598 0 .00001 
5D+1 0 .02347 0 .01173 0 .01173 0 .00000 
5D-1 0 .00923 0 .00461 0 .00462 -0 .00001 
5D+2 0 .00777 0 .00387 0 .00390 -0 .00004 
5D-2 0 .00778 0 .00388 0 .00391 -0 .00003 
IS 1 .10331 0 .55166 0 .55165 0 .00001 
2S 0 .88547 0 .44273 0 .44274 -0 .00001 
2PX 0 .22400 0 .11228 0 .11172 0 .00056 
2PY 0 .18449 0 .09194 0 .09255 -0 .00061 
2PZ 0 .23380 0 .11706 0 .11674 0 .00032 
3S 0 .78369 0 .39210 0 .39159 0 .00051 
3PX 0 .51268 0 .25672 0 .25597 0 .00075 
3PY 0 .45529 0 .22697 0 .22833 -0 .00136 
3PZ 0 .51737 0 .25893 0 .25843 0 .00050 
4S 0 .25345 0 .12633 0 .12712 -0 .00080 
4PX 0 .07547 0 .03806 0 .03741 0 .00065 
4PY 0 .31188 0 .15537 0 .15650 -0 .00113 
4PZ 0 .02566 0 .01238 0 .01328 -0 .00089 
5D 0 0 .02738 0 .01409 0 .01329 0 .00080 
5D+1 0 .03053 0 .01533 0 .01519 0 .00014 
5D-1 0 .01781 0 .00923 0 .00858 0 .00065 
5D+2 0 .01056 0 .00540 0 .00516 0 .00025 
5D-2 0 .01298 0 .00661 0 .00637 0 .00024 
IS 1 .10324 0 .55162 0 .55161 0 .00001 
2S 0 .88560 0 .44280 0 .44281 -0 .00001 
2PX 0 .22517 0 .11299 0 .11218 0 .00082 
2PY 0 .18244 0 .09165 0 .09079 0 .00086 
2PZ 0 .24139 0 .12072 0 .12067 0 .00005 
3S 0 .78077 0 .39087 0 .38990 0 .00096 
3PX 0 .52997 0 .26571 0 .26426 0 .00145 
3PY 0 .44042 0 .22119 0 .21923 0 .00196 
3PZ 0 .54301 0 .27161 0 .27140 0 .00020 
4S 0 .42162 0 .21095 0 .21067 0 .00028 
4PX 0 .20748 0 .10422 0 .10326 0 .00097 
4PY 0 .39506 0 .19830 0 .19676 0 .00155 
4PZ 0 .21575 0 .10795 0 .10781 0 .00014 
5D 0 0 .01267 0 .00635 0 .00633 0 .00002 
5D+1 0 .02257 0 .01130 0 .01127 0 .00003 
5D-1 0 .01012 0 .00507 0 .00504 0 .00003 
5D+2 0 .00768 0 .00385 0 .00383 0 .00003 
5D-2 0 .00614 0 .00307 0 .00307 -0 .00001 
IS 1 .10324 0 .55162 0 .55161 0 .00001 
2S 0 .88560 0 .44280 0 .44281 -0 .00001 
2PX 0 .22517 0 .11299 0 .11218 0 .00082 
2PY 0 .18244 0 .09165 0 .09079 0 .00086 
2PZ 0 .24139 0 .12072 0 .12067 0 .00005 
3S 0 .78077 0 .39087 0 .38990 0 .00096 
3PX 0 .52997 0 .26571 0 .26426 0 .00145 
3PY 0 .44042 0 .22119 0 .21923 0 .00196 
3PZ 0 .54301 0 .27161 0 .27140 0 .00020 
4S 0 .42162 0 .21095 0 .21067 0 .00028 
4PX 0 .20748 0 .10422 0 .10326 0 .00097 
4PY 0 .39506 0 .19830 0 .19676 0 .00155 
4PZ 0 .21575 0 .10795 0 .10781 0 .00014 
5D 0 0 .01267 0 .00635 0 .00633 0 .00002 
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5D+1 0 .02257 0 .01130 0 .01127 0 .00003 
5D-1 0 .01012 0 .00507 0 .00504 0 .00003 
5D+2 0 .00768 0 .00385 0 .00383 0 .00003 
5D-2 0 .00614 0 .00307 0 .00307 -0 .00001 
IS 1 .10331 0 .55166 0 .55165 0 .00001 
2S 0 .88547 0 .44273 0 .44274 -0 .00001 
2PX 0 .22400 0 .11228 0 .11172 0 .00056 
2PY 0 .18449 0 .09194 0 .09255 -0 .00061 
2PZ 0 .23380 0 .11706 0 .11674 0 .00032 
3S 0 .78369 0 .39210 0 .39159 0 .00051 
3PX 0 .51268 0 .25672 0 .25597 0 .00075 
3PY 0 .45529 0 .22697 0 .22833 -0 .00136 
3PZ 0 .51737 0 .25893 0 .25843 0 .00050 
4S 0 .25345 0 ,12633 0 .12712 -0 .00080 
4PX 0 .07547 0 .03806 0 .03741 0 .00065 
4PY 0 .31188 0 .15537 0 .15650 -0 .00113 
4PZ 0 .02566 0 .01238 0 .01328 -0 .00089 
5D 0 0 .02738 0 .01409 0 .01329 0 .00080 
5D+1 0 .03053 0 .01533 0 .01519 0 .00014 
5D-1 0 .01781 0 .00923 0 .00858 0 .00065 
5D+2 0 .01056 0 .00540 0 .00516 0 .00025 
5D-2 0 .01298 0 .00661 0 .00637 0 ,00024 
IS 1 .10324 0 .55162 0 .55163 -0 .00001 
2S 0 .88545 0 .44273 0 .44273 0 .00000 
2PX 0 .23363 0 .11704 0 .11659 0 .00044 
2PY 0 .18035 0 .09157 0 .08878 0 .00278 
2PZ 0 .23643 0 .11833 0 .11811 0 .00022 
3S 0 .78230 0 .39138 0 .39092 0 .00047 
3PX 0 .53419 0 .26755 0 .26664 0 .00092 
3PY 0 .43372 0 .21971 0 .21402 0 .00569 
3PZ 0 .54237 0 .27145 0 .27092 0 .00052 
4S 0 .47836 0 .23973 0 .23862 0 .00111 
4PX 0 .25684 0 .12834 0 .12850 -0 .00016 
4PY 0 .38944 0 .19852 0 .19092 0 .00760 
4PZ 0 .24567 0 .12264 0 .12303 -0 .00038 
5D 0 0 .01196 0 .00598 0 .00598 0 .00001 
5D+1 0 .02347 0 .01173 0 .01173 0 .00000 
5D-1 0 .00923 0 .00461 0 .00462 -0 .00001 
5D+2 0 .00777 0 .00387 0 .00390 -0 .00004 
5D-2 0 .00778 0 .00388 0 .00391 -0 .00003 
IS 1 .10331 0 .55166 0 .55165 0 ,00001 
2S 0 .88545 0 .44272 0 .44273 -0 .00001 
2PX 0 .23069 0 .11541 0 .11528 0 .00012 
2PY 0 .18713 0 .09312 0 .09401 -0 .00089 
2PZ 0 .22417 0 .11237 0 .11180 0 .00057 
3S 0 .78353 0 .39196 0 .39157 0 .00039 
3PX 0 .51167 0 .25591 0 .25575 0 .00016 
3PY 0 .45853 0 .22829 0 .23024 -0 .00195 
3PZ 0 .51428 0 .25748 0 .25681 0 .00067 
4S 0 .25652 0 .12792 0 .12861 -0 .00069 
4PX 0 .04802 0 .02357 0 .02444 -0 .00087 
4PY 0 .30902 0 .15349 0 .15554 -0 .00205 
4PZ 0 .05796 0 .02945 0 .02851 0 .00094 
5D 0 0 .02226 0 .01148 0 .01078 0 .00070 
5D+1 0 .02999 0 .01503 0 .01496 0 .00008 
5D-1 0 .01483 0 .00752 0 .00731 0 .00020 
5D+2 0 .01544 0 .00788 0 .00756 0 .00032 
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5D-2 0 .01637 0 .00855 0 .00782 0 .00073 
IS 1 .10325 0 .55163 0 .55162 0 .00001 
2S 0 .88558 0 .44278 0 .44279 -0 .00001 
2PX 0 .23796 0 .11903 0 .11892 0 ,00011 
2PY 0 .18188 0 .09127 0 .09062 0 .00065 
2PZ 0 .22794 0 .11434 0 .11360 0 .00074 
3S 0 .78319 0 .39204 0 .39115 0 .00089 
3PX 0 .53599 0 .26816 0 .26784 0 .00032 
3PY 0 .43699 0 .21928 0 .21771 0 .00157 
3PZ 0 .53724 0 .26925 0 .26800 0 ,00125 
4S 0 .42086 0 .21057 0 .21028 0 .00029 
4PX 0 .23146 0 .11577 0 .11569 0 .00007 
4PY 0 .38082 0 .19111 0 .18970 0 .00141 
4PZ 0 .19529 0 .09807 0 .09722 0 .00085 
5D 0 0 .01372 0 .00690 0 ,00683 0 ,00007 
5D+1 0 .02234 0 .01118 0 .01116 0 ,00002 
5D-1 0 .00681 0 .00339 0 .00342 -0 .00003 
5D+2 0 .00832 0 .00416 0 .00416 0 .00000 
5D-2 0 .00871 0 .00435 0 .00435 0 .00000 
IS 0 .27800 0 .13909 0 .13891 0 .00017 
2S 0 .41515 0 .20780 0 .20735 0 .00045 
33 0 .10777 0 .05403 0 .05374 0 .00030 
IS 0 .28023 0 .14007 0 .14016 -0 .00009 
2S 0 .38759 0 .19369 0 .19390 -0 .00021 
3S 0 .09119 0 .04566 0 .04552 0 .00014 
IS 0 .28057 0 .14024 0 .14032 -0 .00008 
2S 0 .38958 0 .19472 0 .19487 -0 .00015 
3S 0 .09534 0 .04769 0 .04764 0 .00005 
IS 0 .28023 0 .14007 0 .14016 -0 .00009 
2S 0 .38759 0 .19369 0 .19390 -0 .00021 
3S 0 .09119 0 .04566 0 .04552 0 .00014 
IS 0 .28057 0 .14024 0 .14032 -0 .00008 
2S 0 .38958 0 .19472 0 ,19487 -0 .00015 
3S 0 .09534 0 .04769 0 .04764 0 .00005 
IS 0 .27800 0 .13909 0 .13891 0 .00017 
2S 0 .41515 0 .20780 0 .20735 0 .00045 
3S 0 .10777 0 .05403 0 .05374 0 .00030 
IS 0 .27788 0 .13901 0 .13886 0 .00015 
2S 0 .41484 0 .20759 0 .20725 0 .00033 
3S 0 .10603 0 .05313 0 .05290 0 .00023 
IS 0 .27798 0 .13907 0 .13890 0 .00017 
2S 0 .41537 0 .20788 0 .20749 0 .00039 
3S 0 .10805 0 .05416 0 .05390 0 .00026 
IS 0 .27798 0 .13907 0 .13890 0 .00017 
2S 0 .41537 0 .20788 0 .20749 0 .00039 
3S 0 .10805 0 .05416 0 .05390 0 .00026 
IS 0 .27788 0 .13901 0 .13886 0 .00015 
2S 0 .41484 0 .20759 0 .20725 0 ,00033 
3S 0 .10603 0 .05313 0 .05290 0 .00023 
IS 0 .27905 0 .13939 0 .13965 -0 .00026 
2S 0 .41983 0 .20942 0 .21041 -0 .00099 
3S 0 .10755 0 .05358 0 .05397 -0 .00038 
IS 0 .27905 0 .13939 0 .13965 -0 .00026 
2S 0 .41983 0 .20942 0 .21041 -0 .00099 
3S 0 .10755 0 .05358 0 .05397 -0 .00038 
IS 0 .27864 0 .13924 0 .13940 -0 .00016 
2S 0 .41786 0 .20865 0 .20921 -0 .00056 
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543 3S 0.10035 0.05007 1 0.05027 -0 .00020 
544 40 H IS 0.27864 0.13924 0.13940 -0 .00016 
545 2S 0.41786 0.20865 I 0.20921 -0 ,00056 
546 3S 0.10035 0.05007 1 0.05027 -0 .00020 

Condensed to atoms (all electrons) : 
1 2 3 4 5 6 

1 Fe 24 .006344 0 .121293 0 .072468 0 .076959 0 .082519 0 .082519 
2 CI 0 .121293 17 .488027 -0 .014069 -0 .012499 -0 .014963 -0 .014963 
3 N 0 .072468 -0 .014069 6 .993642 -0 .002551 -0 .000817 -0 .000817 
4 N 0 .076959 -0 .012499 -0 .002551 7 .112976 -0 .002768 -0 .002768 
5 N 0 .082519 -0 .014963 -0 .000817 -0 .002768 7 .123531 -0 .003306 
6 N 0 .082519 -0 .014963 -0 .000817 -0 .002768 -0 .003306 7 .123531 
7 C 0 .000370 -0 .000018 -0 .000029 -0 .000038 -0 .067423 0 ,000000 
8 C -0 .010053 0 .001022 -0 .018345 0 .000190 0 .415202 -0 ,000052 
9 C 0 .000773 -0 .001456 -0 .026106 0 .000094 -0 .036765 0 ,000126 

10 C -0 .009387 0 .001216 0 .405867 -0 .000001 -0 .019819 0 ,000119 
11 C 0 .000565 -0 .000076 -0 .063832 0 .000000 -0 .000071 -0 .000056 
12 C 0 .000565 -0 .000076 -0 .063832 0 .000000 -0 ,000056 -0 .000071 
13 C -0 .009387 0 .001216 0 .405867 -0 .000001 0 .000119 -0 .019819 
14 C 0 .000773 -0 .001456 -0 .026106 0 .000094 0 .000126 -0 .036765 
15 C -0 .010053 0 .001022 -0 .018345 0 .000190 -0 .000052 0 .415202 
15 C 0 .000370 -0 .000018 -0 .000029 -0 .000038 0 .000000 -0 .067423 
17 C -0 .000098 -0 .000029 -0 .000052 -0 .000165 0 .000000 -0 .071738 
18 C -0 .010474 0 .000972 0 .000215 -0 ,021393 -0 .000034 0 .386835 
19 C 0 .002347 -0 .001083 0 .000076 -0 ,030387 0 .000093 -0 .033069 
20 C -0 .009907 0 .000953 -0 .000019 0 ,402094 -0 .000009 -0 .020249 
21 C 0 .000055 -0 .000030 0 .000000 -0 ,071418 -0 .000032 -0 .000148 
22 C 0 .000055 -0 .000030 0 .000000 -0 ,071418 -0 .000148 -0 ,000032 
23 C -0 .009907 0 .000953 -0 .000019 0 .402094 -0 .020249 -0 ,000009 
24 C 0 .002347 -0 .001083 0 .000076 -0 .030387 -0 .033069 0 .000093 
25 C -0 .010474 0 .000972 0 .000215 -0 .021393 0 .386835 -0 .000034 
26 C -0 .000098 -0 .000029 -0 .000052 -0 .000165 -0 .071738 0 .000000 
27 H -0 .000130 0 .000004 -0 .000006 0 .000001 0 ,006246 0 .000000 
28 H -0 .000074 0 .000103 0 .002151 0 ,000000 0 .000008 -0 .000001 
29 H -0 .000132 -0 .000001 0 .002729 0 ,000000 0 .000006 -0 .000001 
30 H -0 .000074 0 .000103 0 .002151 0 .000000 -0 .000001 0 .000008 
31 H -0 .000132 -0 .000001 0 .002729 0 .000000 -0 .000001 0 ,000006 
32 H -0 .000130 0 .000004 -0 .000006 0 .000001 0 .000000 0 .006246 
33 H -0 .000138 0 .000003 0 .000000 -0 .000008 0 .000000 0 .006157 
34 H -0 .000126 0 .000002 0 .000000 0 .006308 0 .000001 -0 .000009 
35 H -0 .000126 0 .000002 0 .000000 0 .006308 -0 .000009 0 .000001 
36 H -0 .000138 0 .000003 0 .000000 -0 .000008 0 .006157 0 .000000 
37 H 0 .000279 -0 .000029 0 .005023 0 .000001 0 .004835 0 .000002 
38 H 0 .000279 -0 .000029 0 .005023 0 .000001 0 .000002 0 ,004835 
39 H 0 .000282 0 .000001 0 .000001 0 .004789 0 ,000002 0 .004863 
40 H 0 .000282 0 .000001 0 .000001 0 .004789 0 .004863 0 .000002 

7 8 9 10 11 12 
1 Fe 0 .000370 -0 .010053 0 .000773 -0 .009387 0 .000565 0 .000565 
2 CI -0 .000018 0 .001022 -0 .001456 0 .001216 -0 .000076 -0 ,000076 
3 N -0 .000029 -0 .018345 -0 .026106 0 .405867 -0 .063832 -0 .063832 
4 N -0 .000038 0 .000190 0 .000094 -0 .000001 0 ,000000 0 .000000 
5 N -0 .067423 0 .415202 -0 .036765 -0 .019819 -0 .000071 -0 .000056 
6 N 0 .000000 -0 .000052 G .000126 0 .000119 -0 .000056 -0 .000071 
7 C 5 .041602 0 .453169 -0 .066405 0 .005383 -0 .000246 0 .000006 
8 C 0 .453169 4 .646506 0 .442595 -0 .029079 0 .004614 -0 .000155 
9 C -0 .066405 0 .442595 5 .224122 0 .525459 -0 .084781 0 .009656 

10 C 0 .005383 -0 .029079 0 .525459 4 .698311 0 .365347 -0 .079661 


