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An isocyanide probe for heme electronic structure:
bis(zert-butylisocyanide) complex of diazaporphyrin showing a unique

(dxy)z(dxz, dyz)3 ground statet
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Isocyanide-bound model hemes always adopt the (d,,
dyz)"(dxy)1 ground state, however, we have found that the
replacement of porphyrin by diazaporphyrin leads to the
formation of an unprecedented low-spin bis(zerz-butylisocya-
nide) complex with the (d,,)’(d., d,,)°* ground state.

The alkyl and aryl isocyanides such as ‘BuNC and PhNC are quite
unique ligands for iron(Ill) porphyrinates because their coordina-
tion always leads to the formation of low-spin complexes adopting
the less common (d,., d))_.)“(dxy)l ground state.! In fact, no
exception has ever been reported since Simonneaux et al
discovered the unusual electronic state of [Fe(TPP)('BuNC),]" in
1989.3 Formation of the less common (d,., dyz)“(dx),)1 ground
state has been explained in terms of the stabilization of the d, (d,.
and d,.) orbitals caused by the strong interaction with the low-
lying py« orbital of isocyanide.! In this communication, we report
that the bis(BuNC) iron(ilI) complex adopts the common
(dxy)z(dx_., dy_.)3 ground state when porphyrin is replaced by
diazaporphyrin, and that the isocyanide ligand can be a unique
probe to elucidate the fine electronic structure of naturally
occurring ferric heme proteins.
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Fig. 1 shows the 'H NMR Curie plots of the a-CH, and meso-H
signals in low-spin [Fe(DAzP)L,]" where L’s are ‘BuNC(1) and
DMAP(2). The Curie plots of the corresponding signals in low-
spin [Fe(OEP)L,]" where L’s are ‘BuNC(3) and DMAP(4) are also
given. Fig. 1(a) shows that 1 exhibits the o-CH, signal much more
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Fig. 1 Curie plots of (a) o-CH, and (b) meso-H signals of
[Fe(DAZP)L,]* and [Fe(OEP)L,]" taken in CD-Cl, solution, where 1 =
O0;2=@;3=and4=N.

downfield than 2, 3, and 4, which indicates that 1 has a fairly large
positive spin at the pyrrole p-C.! Curie plots of the meso-H signals
shown in Fig. 1(b) reflect the spin densities at the meso-C. For
example, the meso-H signal of 3 appeared at extremely upfield
positions suggesting that the meso-C of 3 has a quite large
positive spin.

The result indicates that 3 adopts the (d.., d},z)“(d_xy)l ground
state; the unpaired electron in the d,, orbital delocalizes to the
meso-C by the d,,—a,, interaction, and induces the upfield shift of
the meso-H signal.l‘4 In contrast, the meso-H signals of the DMAP
complexes (2 and 4) appeared slightly more upfield than their
diamagnetic positions. The result indicates that the meso-C of these
complexes has a quite small spin density. This is one of the
common features of the low-spin complexes adopting the
(dxy)z(dxz, dyz)3 ground state.’ In the case of 1, the Curie plots
showed a peculiar behavior; the meso-H signal appeared rather
downfield and showed a positive slope. The result suggests that the
meso-C of 1 could have negative spin, which in turn indicates that
1 does not adopt the (d.., d),_,)“(dxy)1 ground state in spite of the
coordination of ‘BuNC.

For a more quantitative comparison of the spin distribution in
the macrocycles of 1-4, we have determined the spin densities of
the peripheral carbon atoms on the basis of the '"H NMR, "*C
NMR, and EPR parameters using the Karplus-Frankel equa-
tion.t%7 Structural data of 1-4, which are necessary for the spin
density analysis, were obtained directly from the X-ray molecular
structure in the case of 3 and 4,*% and from that of analogous
[Fe(DAzP)4-CNPy),]" in the case of 1 and 2.° The results are
given in Table 1. As expected, while 3 has a large spin density,
+0.028, at the meso-C because of the d,—a», interactions, other
three complexes, 1, 2, and 4, have more or less negative spin at
these carbon atoms. Thus, these three complexes adopt the
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Table 1 Chemical shifts (J) and spin densities (p) in 1-4

S/ppm (298 K, CD,Cl,)

ppyrrolc-B
N side C side

Complexes meso-H o-CH;  o-CH;  piueso-c

1 19.20 —59.45 —3540 -0.012 0.016  0.011
2 3,51 —45.80 —21.80 —0.0021 0.010 0.0094
3 -37.71 — 1.70 0.028  0.0047 —

4 182 — —23.50 —0.00083 0.0082 —

(dxy)z(dx:, dyz)3 ground state. It should be noted that 1 shows a
quite unique spin distribution on the macrocycle. Namely, the
meso-C’s have large negative spin, —0.012, while the pyrrole-p-C’s
have large positive spin, +0.016 and +0.011. The anomalous spin
distribution in the macrocycle of 1 should be ascribed to the
presence of low-lying py« orbitals of ‘BuNC and DAzP.'® The
larger positive spin at the -C in 1 as compared with those of
the DMAP complexes (2 and 4) suggests that the singly occupied
d,. orbital can more effectively interact with the 3e,-like orbital of
DAZP due to the smaller energy gap between the two interacting
orbitals. This is because the d,; orbital of 1 is stabilized by the low-
lying py+ orbital of ‘BuNC, which is absent in the DMAP
complexes such as 2 and 4. Presence of a fairly large negative spin
at the meso-C’s in 1 is more difficult to explain. Cheng and co-
workers recently reported on the basis of the DFT calculation that
the interaction between doubly occupied a,, orbital with a vacant
dyy. orbital in  saddle  shaped  intermediate-spin
[Fe(OETPP)(THF),]" polarizes the paired electrons to leave
negative spin in the a,, orbital'! In the present case, the
interaction of a doubly occupied d, orbital with a vacant 4e,-
like orbital could polarize the paired electrons to induce negative
spin at the meso-C, because the 4e,-like orbital has a relatively
large coefficient at the meso-C. This interaction must be much
stronger in 1 than in the corresponding porphyrin complexes with
the (dxy)z(dx__, dyz)3 ground state because of the short Fe—N bond
lengths,” nearly planar DAZP structure,” and the presence of low-
lying 4e,-like orbital.'® It is quite interesting that the replacement
of OEP ring by DAzP ring in [Fe(Por)('BuNC),]" switches the
large positive spin at the meso-C to the large negative one.

Meso >C chemical shift in low-spin iron(111) porphyrinates is a
quite good probe to determine the electronic structure.™'*™'* The
(d.., dyz)“(dxy)1 type complexes exhibit the meso-C signals
extremely downfield by the reasons already mentioned. In contrast,
the (dxy)z(dx_., d },2)3 type complexes exhibit them more upfield than
the corresponding diamagnetic complexes because of the interac-
tion of the singly occupied iron d, orbital with the porphyrin 3e,
orbitals; the meso carbons are nodes in the 3e, orbitals. Table 2
shows the meso '*C chemical shifts of 1 and 3 together with a wide
variety of [Fe(Por)(BuNC),]" reported previously. All the
complexes except 1 exhibit the meso-C signals at extremely
downfield positions, 416-997 ppm at 223 K. Although the meso-
C signals of highly ruffled T'PrP and T"PrP complexes were too
broad to observe probably due to the short relaxation time, they
should appear much lower than 1000 ppm.” In sharp contrast, the
meso-C signal of 1 was observed at 21 ppm, which convinces us that
the complex adopts the (dxy)z(dxz, dy;)3 ground state.

As is well known, the dipolar shift (d4;p) of the 'H signal is given
by eqn (1), where A is a positive constant, g, and g, are EPR g
values, and (3cos’0 — 1)/ is a geometric factor.+'® The sign of
(g"2 — g, ?) is different between two types of low-spin complexes;

Table 2 '>*C NMRY, EPR?, and IR¢ data of some [Fe(Por)("BuNC),|"

13C NMR Ground
Por Omeso EPR g values venlem ™Yy state?
DAzP(1)  21¢ 301 205 1.5 2213 dy
OETPP 416" 229 225 192 2195° dy,
OEP(3) 49V 229 229 1.8¢ 2193¢ d,,
OMTPP 979 220 217 195 2193 dy,
TPP 997 218 218 1.93  2200¢ d,,
T'PrP too broad’ 2.16 2.16 1.95  2190° d,,
T'PrP too broad” 2.16 2.16 196 2193¢ dy,

@ § ppm, CD,Cl,, 223 K. ® CH,Cl,, 4-12 K. ¢ CH,Cl,, 298 K. ¥ d,
and d,, indicate (dx},)z(dxz, dyz)3 and (d.., d),z)4(dxy)l, respectively.
¢ This work. / Ref. 5. ¢ Ref. 4.

the (dxy)z(dx:, d},z)"’ complexes should give positive values while the
(d., dyz)“(dxy)1 complexes should give negative ones.!
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Thus, the slope of the Curie plots could differentiate the two types
of low-spin complexes if the contribution of the dipolar shift to the
isotropic shift is not negligibly small. Fig. 2 shows the Curie plots
of the tert-butyl signal of 1 together with those of a wide variety of
[Fe(Por)('BuNC),]" adopting the (d.., d},z)“(dxy)1 ground state.
While the Curie plots of 1 showed a large positive slope, all the
other complexes exhibited small negative slopes. Since the
geometric factor for the fert-butyl protons is positive, the positive
slope observed in the Curie plots of 1 suggests that the complex
adopts the (dx},)z(dx_., dy_,)3 ground state.

In order to obtain additional pieces of evidence supporting the
(dxy)z(dxz, dyz)3 ground state of 1, we have measured the EPR
spectra in frozen CH,Cl, solution at 4-12 K. The EPR spectra
shown in Fig. 3 indicate that 1 adopts the (dxy)z(dxz, dyz)3 ground
state; the low-spin complexes with the (d,., dyz)“(dxy)1 ground state
should exhibit the axial type spectra.! The g values of 1 were
estimated to be 3.01, 2.05, and 1.5 on the basis of the computer
simulation of the observed broad signals. In contrast, the EPR
spectrum of 2 exhibited clearly resolved signals at g = 2.82, 2.22,
and 1.62. Table 2 lists the g values of 1 and 3 together with those of
various [Fe(Por)('BuNC),]" reported previously.* All the com-
plexes except 1 showed the axial type spectra with g, signals
at 2.22 + 0.07. These data again indicate that 1 adopts the
(dxy)z(dx:, dy:)3 ground state.
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Fig. 2 Curie plots of the zert-butyl signals in various [Fe(Por)('BuNC),]"
taken in CD,Cl, solutions. The porphyrinoids (Por) examined are TPP,
T"PrP, T'PrP, OMTPP, OETPP, OEP(3) and DAzP(1, O). The Curie line
for the OETPP complex ([J) is omitted because of the large curvature.
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Fig. 3 EPR spectra of (a) 1 and (b) 2 taken in CH,Cl, at 4-12 K.

The difference in electronic ground state should be reflected in
the C—N stretching frequencies of the coordinated ‘BuNC ligand in
the IR spectra. These data are listed in the third column of Table 2.
While the complexes with the (d.., d},z)“(dxy)1 ground state
exhibited the stretching bands at 2195 + 5 cm !, 1 showed the
corresponding band at much higher frequency, 2213 cm™; the
stretching frequency of free ‘BuNC is 2139 cm™'. In general,
the stretching frequency of isocyanide increases as the o-bonding is
strengthened or m-back-bonding is weakened."” Thus, the lower
frequencies in the (d,., dy_.)4(dxy)1 type complexes can be explained
either by the weaker o-bonding or by the stronger mn-back-
bonding. Clearly, the latter is the case because the (d.., dyz)“(dxy)1
ground state is caused by the interaction between iron d, and
ligand p,« orbitals. The higher frequency of 1 can then be
explained in terms of the weaker n-back-bonding, which should be
ascribed to the DAzP ring having two electron withdrawing
nitrogen atoms in the macrocycle; the iron d, orbital could be
involved in the interaction with the 4e,-like orbital of DAzP rather
than with the p orbital of ‘BuNC as mentioned in the previous
section.

Isocyanide-bound heme proteins have been used as models for
the heme proteins carrying simple diatomic molecules such as O,,
CO, NO, etc.'® The CN stretching frequencies can tell the nature
of the heme-ligand o-bonding as well as n-back-bonding.
Surprisingly, 1 showed the CN stretching band at an almost
identical position as isocyanide-bound ferric cytochrome P450,,,,
and cytochrome P450..,; they are 2214 and 2212 cm !,
respectively.!” The results indicate that the m-back-bonding in
these proteins is rather weak, and that the ferric ions certainly
adopt the (dxy)z(dxz, dyz)3 ground state. Formation of the
(dxy)z(dxz, dyz)3 ground state in these isocyanide-bound ferric
cytochromes P450 could be explained in terms of the strong
o-donation of the thiolate ligand to the vacant iron d.. orbital,
which results in lengthening the Fe—C bond of the frans isocyanide
ligand and increasing the C-N stretching frequencies.'®

In conclusion, we have found for the first time that the low-spin
bis(‘BuNC) complex (1) adopts the (dxy)z(dxz, dyz)3 ground state in
spite of the presence of axially coordinated ‘BuNC ligands on the
basis of the '"H NMR, "*C NMR, EPR, and IR spectroscopy, and
that 1 exhibits a quite unique spin distribution on the macrocycle
as compared with other low-spin complexes with the same
electronic ground state. In addition, our finding on the novel
(dxy)z(dxz, dy:)3 ground state in 1 convinces us that the isocyanide
ligand is a quite unique probe to look into the fine electronic
structure of heme irons in various heme proteins.
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