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Through density functional calculation and NMR spectro-

scopy, an unusual intermediate-spin electronic structure

(dxzdyz)
3(dxy)

1(dz2)1 has been assigned to the six-coordinate

saddled [Fe(OETPP)(THF)2]
+ complex instead of the corres-

ponding ruffled [Fe(TiPrP)(THF)2]
+ complex.

Ring deformation of porphyrin macrocycle has been noticed to

be a novel mechanism to control the electronic structure of

iron(III) porphyrins. While saddled deformation increases the

stability of intermediate-spin state relative to the high-spin state

for five-coordinate complexes,1,2 ruffled deformation changes the

electronic structure of six-coordinate low-spin complexes from

(dxy)
2(dxzdyz)

3 to (dxzdyz)
4(dxy)

1.3,4 All these electronic structure

consequences could be rationalized through bonding character-

istics mediated by porphyrin deformations.5,6 Generally, deforma-

tion of porphyrin decreases the symmetry of the coordination

sphere but increases the probabilities of bonding interactions

between metal and macrocycle. The complementary nature of

theoretical calculations and NMR spectroscopy of paramagnetic

molecules makes possible a modern implementation for the

bonding analyses of five- and six-coordinate high-spin iron(III)

porphyrin complexes.7 Bonding interaction between dz2 and

a2u-type porphyrin molecular orbitals is symmetry-allowed for

five-coordinate complexes with symmetry lower than C4v but

forbidden for six-coordinate complexes with symmetry higher

than D2d.

For low-spin six-coordinate ruffled metalloporphyrins, the well

recognized symmetry-allowed bonding interaction between dxy

and a2u
3 has been further confirmed by DFT-related theoretical

calculation.6 Another symmetry-controlled bonding interaction

between dx22y2 and a2u, proposed to explain the antiferromagnetic

coupling for the saddled [CuII(OETPP)+?]+ complex,8 has also

been observed in the ZINDO-based molecular orbitals for

Fe(OETPP)Cl.5 So far, all these macrocycle deformation induced

bonding interactions are related to a2u-type porphyrin molecular

orbital. For the a1u-type porphyrin molecular orbital, similar

symmetry consideration indicates the possibility of dxy–a1u and

dx22y2–a1u orbital interactions in saddle- and ruffle-shaped

complexes with D2d symmetry (Table 1). However, to the best of

our knowledge, none of these orbital interactions has been

reported either experimentally or theoretically. It is our goal in

this research to explore the possible existence of these

novel interactions and the consequences of their corresponding

electronic structures.

Saddled [Fe(OETPP)(THF)2]
+ and ruffled [Fe(TiPrP)(THF)2]

+

complexes have been characterized to be of nearly pure

intermediate-spin (S 5 3/2).9 Furthermore, on the basis of the

chemical shift of meso-carbon (Table 2) and the well known

bonding interaction between dxy and a2u in ruffled complex,

[Fe(OETPP)(THF)2]
+ and [Fe(TiPrP)(THF)2]

+ have been suggested

to be of two different electronic structures (dxy)
2(dxzdyz)

2(dz2)1 and

(dxzdyz)
3(dxy)

1(dz2)1, respectively.10 It is our expectation that

bonding capabilities of dxy and dx22y2 are crucial factors in

tuning the stability of these two electronic structures.

[Fe(OETPP)(THF)2]
+ and [Fe(TiPrP)(THF)2]

+ complexes with

two different types of D2d symmetry offer a good chance to check

all a1u related bonding interactions (Table 1).

Fig. 1 shows the molecular orbitals involving dxy and dx22y2

of saddle- and ruffle-shaped [FeP(THF)2]
+ complexes resulted

from spin-restricted ADF11 calculations and displayed by

MOLEKEL.12 As expected, bonding interaction between dxy

and a2u orbitals is clearly visible for the ruffled complex with

orbital contributions of 64.2% dxy and 31.8% a2u. It’s quite

unexpected that, dxy and a1u can actually interact even more with

orbital contributions of 62.6% dxy and 34.5% a1u for the saddled

complex. On the other hand, while a2u has bonding interaction

with the metal dx22y2 orbital in the saddled complex, the

symmetry-allowed bonding interaction between dx22y2 and a1u

orbitals is not visible at all in the ruffled complex. It is important to

note that the percent contribution related mainly to the energy

match of the fragment orbitals does not always parallel the

strength of the bonding interaction. Other than the symmetry and

the relative energy considerations, the effective orbital overlaps in

space that are also shown in Fig. 1 have to be taken into account.7

Contrary to previous expectation, both orbital contributions and
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Table 1 Correlation table for the molecular orbitals of
metalloporphyrina

D4h D2h D2d
b C4v C2v

Metal
dx22y2 b1g ag b2(b1) b1 a1(a2)
dz2 a1g ag a1 a1 a1

dxz, dyz eg b2g, b3g e e b1, b2

dxy b2g b1g b1(b2) b2 a2(a1)
Porphyrin
LUMO eg b2g, b3g e e b1, b2

HOMO a1u au b1 a2 a2

a2u b1u b2 a1 a1

HOMO-1 eg b2g, b3g e e b1, b2

a Defining x and y axes as lying in the porphyrin plane along trans
pyrrole nitrogens. b Symmetry representations for ruffle-shaped
deformation are given in the parentheses.
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orbital overlaps suggest that the bonding interaction between dxy

and a1u orbitals in the saddled complex is stronger than bonding

interaction between dxy and a2u orbitals in the ruffled complex.10

While dp-related bonding characteristics remain almost the same in

these two complexes, the stronger bonding interaction and

destabilization of dxy in the saddled complex facilitate the

formation of the unusual electronic structure (dxzdyz)
3(dxy)

1(dz2)1.

Detailed analysis of the spin distribution on the macrocycle

may disclose specific bonding interactions between iron and

porphyrin,7 and further confirm the electronic structure of the

complex. The net spin populations and the nuclear spin

populations on each symmetry-distinct atom type for

[Fe(OETPP)(THF)2]
+ and [Fe(TiPrP)(THF)2]

+ with high-spin

and two different intermediate-spin states from spin-unrestricted

ADF calculations are summarized in Table 3. It is noteworthy that

the spin populations are always more negative on meso-carbons

but more positive on a,b-carbons for [Fe(OETPP)(THF)2]
+. The

most distinct feature is the spin populations for the unusual

intermediate-spin state 4E, which show opposite signs on meso-

and a-carbons for [Fe(OETPP)(THF)2]
+ and [Fe(TiPrP)(THF)2]

+.

This can be ascribed to the unpaired electron in dxy. With the

dxy–a1u bonding interaction in [Fe(OETPP)(THF)2]
+, the unpaired

electron from dxy will delocalize to and result in positive spin

densities at the a,b-carbons. Since a1u orbital has nodes at the meso

positions, spin polarization from neighboring a-carbons induces

negative spin densities at the meso-carbons. The complementary

nature of the orbital composition in a1u and a2u and the bonding

interaction between dxy–a2u orbitals in [Fe(TiPrP)(THF)2]
+ cause

positive spin densities at the meso-carbons but negative spin

densities at the a-carbons.

Qualitative comparison between the NMR data (Table 2)13 and

the spin populations (Table 3) might help to identify the major

contribution from different electronic states. In the case of the

[Fe(TiPrP)(THF)2]
+ complex, the upfield shifts of a-, b-, meso-C

and b-H are totally inconsistent with the spin populations of high-

spin state 6A2. Also the experimental isotropic shift –8 ppm of

meso-C is not consistent with the very large positive spin

population of 4E, which in fact might be more close to the

negative spin population of 4A1 state. Accordingly, the correlation

between the NMR data and the spin distributions of the

[Fe(TiPrP)(THF)2]
+ complex suggests the electronic structure of

4A1 state with some minor contribution from 4E. As to the

[Fe(OETPP)(THF)2]
+ complex, the unusually upfield isotropic

shift –389 ppm of meso-C rules out the high-spin state but favors

the intermediate-spin 4E. And the facts that a-C is more downfield

shifted than b-C and the q-C is also significantly downfield

shifted further confirm the leading contribution of this unusual

intermediate-spin state 4E to the saddled [Fe(OETPP)(THF)2]
+

complex.

In summary, both the bonding analyses and the spin

distributions based on theoretical calculations and the NMR data

from experiments strongly support our novel assignment of the

unusual electronic structure (dxzdyz)
3(dxy)

1(dz2)1 to the saddled

[Fe(OETPP)(THF)2]
+ complex. The unexpected symmetry-

controlled bonding interaction of dxy2a1u vs. dxy2a2u makes the

same electronic structure 4E of saddled and ruffled complexes

totally different in the spin distributions and the NMR

consequences. Contrary to previous suggestions,10 our conclusions

Table 2 1H and 13C NMR chemical shifts and [isotropic shifts]a of bis-THF complexes taken in CD2Cl2 at 298 K13

Complexes a-C b-C meso-C q-C (meso-CH) b-H (b-CH2)

OETPP 394 [244] 215 [67] 2269 [2389] 354 [214] (11.1, 38.7) [9.0, 36.6]
TiPrP 2122 [2262] 22 [2111] 115 [28] (51) [17] 235.5 [244.8]
a diso 5 dobs – ddia, diamagnetic shifts were taken from the reference complexes [Co(OETPP)(Im)2]+ and [Co(TiPrP)(Im)2]+.

Fig. 1 Molecular orbitals based on spin-restricted calculations depict the

bonding interactions between (a) dxy–a1u and (b) dx22y2–a2u for saddled

[FeP(THF)2]
+, and the bonding interactions between (c) dxy–a2u and (d)

dx22y2–a1u for ruffled [FeP(THF)2]
+. The corresponding orbital contribu-

tions and the effective orbital overlap in space are also shown under each

molecular orbital.

Table 3 Net spin populations and [the nuclear spin populations] in
the order of 1024 on each symmetry-distinct atom type for bis-THF
complexes from unrestricted DFT calculations

[Fe(OETPP)(THF)2]+ 6A2
a 4A1

a 4Ea

meso-C 76 [3.8] 2232 [226.6] 2384 [252.2]
a-C 195 [46.5] 129 [3.3] 207 [42.6]
b-C 325 [75.2] 295 [31.7] 171 [17.8]
q-C 0 [9.6] 22 [7.7] 49 [25.4]
b-CH2 11 [5.5] 11 [4.7] 0 [20.1]

8 [2.5] 5 [1.1] 7 [3.1]

[Fe(TiPrP)(THF)2]+ 6A2
a 4A1

a 4Ea

meso-C 387 [52.3] 2109 [211.7] 583 [90.0]
a-C 28 [52.5] 125 [213.7] 2120 [238.6]
b-C 207 [73.7] 216 [8.7] 40 [25.7]
meso-CH 228 [211.7] 5 [1.0] 236 [214.9]
b-H 22 [1.8] 220 [24.2] 23 [20.7]
a 6A2 (dxy)1(dxzdyz)

2(dz2)1(dx22y2)1; 4A1 (dxy)2(dxzdyz)
2(dz2)1; 4E

(dxzdyz)
3(dxy)1(dz2)1.
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totally reverse the electronic structure assignments to the six-

coordinate intermediate-spin [FeIIIP(THF)2]
+ complexes with

saddled and ruffled macrocycle deformation. As we all would

expect, formation of the unusual electronic structure (dxzdyz)
3-

(dxy)
1(dz2)1 vs. (dxy)

2(dxzdyz)
2(dz2)1 depends mainly on the bonding

nature of dxy orbital. Stronger bonding interaction will destabilize

dxy relative to dp orbitals and stabilize (dxzdyz)
3(dxy)

1(dz2)1

electronic structure. On the basis of our bonding analyses, while

ruffled deformation could facilitate bonding interaction between

dxy–a2u, saddled distortion would induce even stronger bonding

interaction between dxy–a1u. Therefore, it is reasonable for the

saddled [Fe(OETPP)(THF)2]
+ complex to have more contribution

from (dxzdyz)
3(dxy)

1(dz2)1 electronic structure. Ultimately, this is

the only electronic structure that can explain the remarkable

upfield shift of meso-C for [Fe(OETPP)(THF)2]
+ complex. On the

other hand, the significant upfield shift of meso-C for the ruffled

[Fe(TiPrP)(THF)2]
+ complex will never match the large positive

spin population at meso-C of the (dxzdyz)
3(dxy)

1(dz2)1 electronic

structure. It is worth to mention at this point that meso-C chemical

shift could be used as a powerful probe to determine the electronic

configuration of the iron(III) porphyrin complexes14 only if we

know the bonding characteristics of the specific system. This report

illustrates that lacking the knowledge of some crucial bonding

interactions may result in quite different interpretation of the

NMR data and the consequent electronic structures of para-

magnetic complexes. And most of all, as the major part of our

continuing research interest; once again we demonstrate that

the symmetry-controlled bonding interaction may be a novel

mechanism to fine-tune the versatile electronic structures of

hemoproteins in nature.{
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Notes and references

{ Computational Methods: Density functional calculations have been
carried out for [FeIIIP(THF)2]

+ (P 5 dianion of porphine with saddle- or
ruffle-shaped deformation) complexes. Full geometry optimizations were

done within D2d and C2 symmetry constraints for [Fe(OETPP)(THF)2]
+

and [Fe(TiPrP)(THF)2]
+ respectively with two planar THF rings perpendi-

cular to each other along the concaves following trans pyrrole-nitrogens or
meso-carbons. The optimized geometries with hydrogens replacing all
substituents at meso- and pyrrole-b positions were used for the calculations
for bonding analyses. Without the substituents both systems are of D2d

symmetry but of two different types of D2d symmetry as shown in the
correlation table (Table 1). All calculations reported in this paper are based
on the Amsterdam density functional (ADF) program package character-
ized by the use of a density fitting procedure to obtain accurate Coulomb
and exchange potentials in each SCF cycle, by accurate and efficient
numerical integration of the effective one-electron Hamiltonian matrix
elements, and by the possibility to freeze core orbitals.15 The molecular
orbitals were expanded in an uncontracted triple-j STO basis set,
augmented with one 2p polarization function for hydrogen, one 3d
function for carbon, nitrogen, and oxygen, and one 4p function for iron.
The cores (Fe:1s–2p; C, N, O: 1s) have been kept frozen. The LSD
exchange-correlation potential of Vosko-Wilk-Nusair (VWN) was used in
all cases, along with the nonlocal Becke exchange correction16 and nonlocal
Perdew correlation correction.17 Both spin-restricted and spin-unrestricted
formalisms were used as specified for each calculation.
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