Inorg. Chem. 2002, 41, 2761-2768

Inorganic:Chemistry

* Article

Effects of Solvents on the Electron Configurations of the Low-Spin
Dicyano[meso-tetrakis(2,4,6-triethylphenyl)porphyrinato]iron(ill)
Complex: Importance of the C-H---N Weak Hydrogen Bonding

Akira Ikezakit and Mikio Nakamura*+

Department of Chemistry, Toho Umirsity School of Medicine, Ota-ku, Tokyo 143-8540, Japan,
and Division of Biomolecular Science, Graduate School of Science, Tohgelsity,
Funabashi 274-8510, Japan

Received August 6, 2001

There are two types of electron configurations, (dy)?(dy., dy;)® and (dy, dy;)*(dy)?, in low-spin iron(lll) porphyrin
complexes. To reveal the solvent effects on the ground-state electron configurations, we have examined the °C-
and *H-NMR spectra of low-spin dicyano[meso-tetrakis(2,4,6-triethylphenyl)porphyrinato]ferrate(lll) in a variety of
solvents, including protic, dipolar aprotic, and nonpolar solvents. On the basis of the NMR study, we have reached
the following conclusions: (i) the complex adopts the ground state with the (di, dy,)*(dy)* electron configura-
tion, the (dw, dy2)*(dy)! ground state, in methanol, because the d orbitals are stabilized due to the O—H---N
hydrogen bonding between the coordinated cyanide and methanoal; (ii) the complex also exhibits the (dy,, dy,)*(dxy)*
ground state in nonpolar solvents, such as chloroform and dichloromethane, which is ascribed to the stabilization
of the d,; orbitals due to the C—H--+N weak hydrogen bonding between the coordinated cyanide and the solvent
molecules; (iii) the complex favors the (dx, dyz)*(dxy)* ground state in dipolar aprotic solvents, such as DMF, DMSO,
and acetone, though the (dy;, dy;)*(dy)* character is less than that in chloroform and dichloromethane; (iv) the
complex adopts the (dy)(dy, dy;)® ground state in nonpolar solvents, such as toluene, benzene, and
tetrachloromethane, because of the lack of hydrogen bonding in these solvents; (v) acetonitrile behaves like nonpolar
solvents, such as toluene, benzene, and tetrachloromethane, though it is classified as a dipolar aprotic solvent.
Although the NMR results have been interpreted in terms of the solvent effects on the ordering of the dy, and d
orhitals, they could also be interpreted in terms of the solvent effects on the population ratios of two isomers with
different electron configurations. In fact, we have observed the unprecedented EPR spectra at 4.2 K which contain
both the axial- and large gmax-type signals in some solvents such as benzene, toluene, and acetonitrile. The
observation of the two types of signals has been ascribed to the slow interconversion on the EPR time scale at
4.2 K between the ruffled complex with the (dx, dy;)*(dx,)* ground state and, possibly, the planar (or nearly planar)
complex with the (dey)?(dxz, dyz)* ground state.
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Scheme 1. Extreme Electron Configurations of Low-Spin Iron(lll)
Porphyrin Complexes
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dy,)® configuration, the low-spin complexes that have axial
ligands with low-lyingz* orbitals*~1° and/or a highly $
ruffled porphyrin core exhibit the less common ground state
with the (d, dy,)*(dx,)* configurationt*~1® Some years ago,
La Mar and co-workers pointed out that the hydrogen
bonding between the coordinated cyanide and solvent
molecules decreases thalonating and increases theac-
cepting ability of the cyanide ligari®?* As a result, the
energy difference between the(d,, dy;) and d, orbitals
decreases, which leads to the decrease in the magneti
anisotropy of the iron. We have recently found that, in a
series of low-spin dicyanafesetetraalkylporphyrinato)-
ferrate(lll) complexes, the ground state with the,(d,,)*-
(dyy)* electron configuration is stabilized by the addition of
methanol into the CELI, solutions!® The results have been
explained in terms of the hydrogen bonding between the
coordinated cyanide and methanol; that is, theHd--N
hydrogen bonding stabilizes the cyanidg prbitals which,
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Scheme 2. Complex Examined in This Study Together with the
Labeling of Carbon Atoms

[Fe(Et-TPP)(CN),] Bu,N*

in turn, stabilize the iron gd,,, d,) orbitals through the g-
p.* interactions as La Mar and co-workers pointed 8t
Since the role of protic solvents on the electron configuration
has been clarified, our next purpose is to generalize the sol-
vent effects on the electron configurations by using a wide
range of solvents, including nonpolar solvents. We have
chosen tetrabutylammonium dicyanaésetetrakis(2,4,6-tri-
ethylphenyl)porphyrinato]ferrate(lll), [Fe(Et-TPP)(GIN)-
BusN* (Scheme 2), as a model to elucidate the solvent
effects, because our previous study has suggested that the
energy difference between the dnd d, orbitals is rather
small’® This means that the small perturbation to the
coordinated cyanide caused by solvents could change the
energy levels of the,dand dy orbitals of low-spin iron(lll)
and alter the physicochemical properties of the complex. In
this paper, we report on the ground-state electron configu-
ration of [Fe(Et-TPP)(CN) Bu;N*™ by means of thé3C-
NMR, H-NMR, and EPR spectra in a variety of solvents,
including protic, dipolar aprotic, and nonpolar solvents. We
also report that the €H--*N weak hydrogen bonding
between the coordinated cyanide and nonpolar solvents, such
as chloroform and dichloromethane, plays an important role
in determining the ground-state electron configuration.
Abbreviations: DMAP, 4-(N,N-dimethylamino)pyridine;
DMSO, dimethyl sulfoxide; DMFN,N-dimethylformamide;
t-BuNC, tert-butyl isocyanide; HIm, imidazole; BNTCN™,
tetrabutylammonium cyanide; Et-TPP, dianion miese
tetrakis(2,4,6-triethylphenyl)porphyrin; TMTMP, dianion of
3,8,13,18-tetramesityl-2,7,12,17-tetramethylporphyrin; [Fe-
(Et-TPP)CI], chloroesetetrakis(2,4,6-triethylphenyl)por-
phyrinatoliron(lll); [Fe(Et-TPP)(CNJ BusNT*, tetrabutyl-
ammonium dicyanahesetetrakis(2,4,6-triethylphenyl)por-
phyrinato]ferrate(lll); [Co(Et-TPP)], mesotetrakis(2,4,6-
trietylphenyl)porphyrinato]cobalt(ll); [Co(Et-TPP)CI], chlo-
ro[mesetetrakis(2,4,6-triethylphenyl)porphyrinato]cobalt-
(I); [Co(Et-TPP)(CN}] BusN™, tetrabutylammonium dicyano-
[mesetetrakis(2,4,6-triethylphenyl)porphyrinato]cobaltate(lll).

Experimental Section

Materials. BuyNTCN~ was purchased from Aldrich. Highly pure
tetrachloromethane>(99.9%) was purchased from Wako. All the
deuterated solvents were purchased from Merck. Deuterated
solvents used in this study were methadp(CDsOD), dimethyl
sulfoxideds (DMSO-ds), N,N-dimethylformamided; (DMF-dy),
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acetoneds ((CD3),CO), acetonitrileds (CDsCN), chloroformd
(CDCly), dichloromethana, (CD,Cl,), benzeneds (C¢De), and
toluenees (CsDsCDs3). Chloroformd was washed several times with
concentrated sulfuric acid and then with dilute sodium carbonate

equiv) into an NMR sample tube that contained 20 mg of
[Fe(Et-TPP)CI].

Solutions of [Fe(Et-TPP)(CNM) Bus;N* were similarly prepared
in other deuterated solvents. For the signal assignments 2D HMQC

solution and water. It was then dried over potassium carbonate andand HMBC techniques were used as well as the conventional 1D

distilled in an argon atmosphere shortly before #ather solvents
were dried over an activated molecular sieve (4.0 A) before use.

Synthesis.(Et-TPP)H, [Fe(Et-TPP)CI], [Fe(Et-TPP)OAc], and
[Co(Et-TPP)] were prepared according to the literature metfioés.
[Fe(Et-TPP)CI]: IH-NMR (CD,Cl,, 25°C, ¢) 0.56 (12H,0-CHg),
ca. 3.0 (12Hp-CHy), ca. 3.0 (8Hp-CHy), 5.91 (8H,0-CH,), 2.25
(12H, p-CHg), 4.27 (8H,p-CHy), 14.1 (4H,m-H), 15.7 (4H,m-H),
80.0 (8H, Py-H). [Fe(Et-TPP)OACc]*H-NMR (CD.Cl,, 25°C, 9)
0.36 (12H,0-CHjs), 1.94 (12H,0-CH;s), 1.94 (12H,p-CHg), 3.68
(8H, p-CHy), 12.69 (4Hm-H), 13.87 (4Hm-H), 78.9 (8H, Py-H),
41.0 (3H, OAc-CH). The o-methylene signals were too broad to
detect. [Co(Et-TPP)]: UWvis (CH,Cly) Amax (l0g €) 414 (5.41),
531 (4.17);H-NMR (CD.Cl,, 25°C, 6) 0.82 (24H,0-CHjy), 3.92
(16H, 0-CHy), 2.56 (t,J = 7.5 Hz, 12H,p-CHy), 4.22 (q,J = 7.5
Hz, 8H, p-CH,), 9.20 (8H,m-H), 15.0 (8H, Py-H).

Synthesis of [Co(Et-TPP)CI].The chloroform solution (30 mL)

of [Co(Et-TPP)] (150 mg) was added into an aqueous solution
containing saturated sodium chloride and 1.5 g of ge®lbbling
of this solution with air at ambient temperature for 10 h gave [Co-
(Et-TPP)CI]. The reaction mixture was washed three times with a
1 M HCI (30 mL) solution and once with water. The pure material
was obtained by the chromatography on alumina. [Co(Et-TPP)CI]:
yield, 124 mg (80%); UV-vis (CHxCl,) Amax (lOg €) 411 (4.55),
551 (4.10);*H-NMR (CD,Cl; 0) 0.63 (t,J = 7.5 Hz, 12H,0-CHj),
0.89 (t,J= 7.5 Hz, 12H,0-CHg), 1.48 (t,J = 7.6 Hz, 12H p-CHjy),
1.98 (g, = 7.5 Hz, 8H,0-CH,), 2.46 (q,J = 7.5 Hz, 8H,0-CH,),
2.92 (9,J = 7.6 Hz, 8H,p-CHy), 7.23 (s, 4Hm-H), 7.31 (s, 4H,
m-H), 8.49 (s, 8H, Py-H)3C-NMR (CD,Cl; 0) 15.3 (4C,0-CHg),
15.6 (4C,0-CHjg), 15.9 (4C,p-CHj3), 27.3 (4C,0-CHy), 27.7 (4C,
0-CHy), 29.4 (4C,p-CHy), 125.1 (4C,m), 125.5 (4C,m), 126.4
(4C,mes9, 133.5 (4C-Py), 138.1 (4Cipso), 142.4 (4Cp), 143.1
(4C, 0), 145.2 (4Cp), 150.9 (8C,a-Py).

Synthesis of [Co(Et-TPP)(CN)] BusN*. A CDClI; solution of
Bu;NTCN~ (4.0 equiv) was added to [Co(Et-TPP)CI] and placed
in an NMR sample tube with a microsyringe to give [Co(Et-TPP)-
(CN),]"BusN* quantitatively.'H-NMR (CD,Cl, d) 0.76 (t,J =
7.5 Hz, 24H,0-CHs), 1.46 (t,J = 7.5 Hz, 12H,p-CHs), 2.21 (q,J
= 7.5 Hz, 16H,0-CH,), 2.89 (q,J = 7.5 Hz, 8H,p-CH,), 7.24 (s,
8H, m-H), 8.47 (s, 8H, Py-H)13C-NMR (CDxCl,, 6) 15.5 (-CHs),

15.9 0-CHs), 27.8 p-CHy), 29.4 0-CH,), 115.1 es9, 124.3 (1),
132.5 3-Py), 137.8 ips0), 143.1 (-Py), 144.0 ), 145.6 0).

Spectral Measurement.'H- and13C-NMR spectra were mea-
sured on a JEOL LA300 spectrometer operating at 300.4 MHz for
IH. Chemical shifts were referenced to the residual peaks of
deuterated solventdH-NMR chemical shifts in CGlwere refer-
enced to the residual peak of CRQllaced in a capillary. EPR

spectra.’H- and 13C-NMR spectra were measured at various
temperatures. The temperature range examined in each solvent was
as follows: CROD (60 to —100 °C), CDCk (60 to —60 °C),
CD,Cl; (30 to—100°C), DMSO-s (70 to 25°C), DMF-d; (70 to
—60°C), (CD3),CO (70 to—70°C), CD;CN (70 to—40°C), CGsDs
(70 to 0°C), GDsCDj3 (70 to —80 °C), CCl, (60 to —20 °C).
Titration. A CD,Cl, solution of [Fe(Et-TPP)(CN) BusNT*,
which was prepared from [Fe(Et-TPP)CI] (20 mg) and/BtCN~
(4.0 equiv), was titrated with acetic acid. TH¢-NMR spectrum
was taken to monitor the change in the pyrrole chemical shift in
each case after the addition. Titration experiments with@QID,
CDCls, phenol, and trifluoroacetic acid were similarly done.

Results and Discussion

General Consideration. As shown in Scheme 1, there
are two types of electron configurations,jé(dy, d,,)* and
(dxz, dy2)*(dyy)?, in low-spin iron(lll) porphyrin complexes.?

If the d,y orbital is located above thgnd d, orbitals (d;
orbitals) in the energy diagram, then the complex has a
ground state with the (g d,;)*(dx,)* electron configuration.

In the following discussion, the electronic state whose
ground-state configuration is,gld,;)*(dxy)* or (0y)?(ds d2)°

is expressed as a . dy,)*(dyy)* or (dy)*(dy, dy,)* ground
state, respectively. Depending on the energy difference
between the g and d, orbitals, the excited-state electron
configurations contribute to the electronic state of the
complex. If the ¢, orbital is located far above the drbitals

in the energy diagram, then the complex has a pugedg*-
(dyy)* ground state. On the other hand, if the energy difference
is rather small, then the contribution of the excited-state
electron configurations increases. The physicochemical
properties of the complex, therefore, change depending on
the energy difference between thg dnd d, orbitals.

In principle, a low-spin complex should adopt either the
(Okz 0y2)*(dyy)* Or (dyy)?(dyz, dy2)° ground state depending on
the d orbital ordering determined by the ligand field strength
of axial ligands, deformation of porphyrin rings, electronic
effects of peripheral substituents, etc. It is possible, however,
that a complex exists as the equilibrium mixture of the two
isomers with the different electronic ground states; one has
the (d, dy,)*(dy)? ground state, while the other has thg){d
(dyz dy2)® ground state as shown in eq 1.

(dy)(d, d,)° = (d, d,)*(d,)* (1)

spectra were recorded on a Bruker E500 spectrometer operating at

X band and equipped with an Oxford helium cryostat.
Sample Preparation for NMR Measurements. A CDCl3
solution of [Fe(Et-TPP)(CN) Bus;N* (35 mM) was obtained by
the addition of a 55QuL CDCI; solution of BuN*CN~ (4.0

(22) Riddick, J. A.; Bunger, W. BOrganic Solent, Techniques of
Chemistry Wiley-Interscience: New York, 1970; Vol. Il.

(23) Lindsey, J. S.; Wagner, R. W. Org. Chem1989 54, 828-836.

(24) Nakamura, M.; Tajima, K.; Tada, K.; Ishizu, K.; Nakamura|marg.
Chim Acta 1994 224,113-124.

(25) Nakamura, MBull. Chem. Soc. Jpri995 68, 197-203.

We have already reported that th&-NMR chemical
shifts ofmesocarbons are a powerful probe for determining
the electronic ground staté? For example, thenesosignal
shows a large downfield shift when axially coordinated Him
is replaced by much weaker 4-CNPy in [F&TP)Ly]*; the
chemical shifts are 332 and 918 ppm-ab0 °C for [Fe-
(T'PrP)(HIm)]* and [Fe(TPrP)(4-CNPyj T, respectively?
The result indicates that tifgy,, d,;)*(d,)* characterincreases
on going from [Fe(TPrP)(HIm}] ™ to [Fe(TPrP)(4-CNPyj| T,

Inorganic Chemistry, Vol. 41, No. 10, 2002 2763
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Table 1. *3C-NMR Chemical Shifts of [Fe(Et-TPP)(CB)BusN" (@)
Determined in Various Solvents at20 °C

8

solvent meso o-Py [-Py ipso 0 m p
CDsOD 2754 -17.0 76.6 68.8 236.5 130.0 1465 ]
CDCl; 1914 93 76.2 91.8 202.0 125.6 1425

CD.Cl> 172.3 104 785 97.0 1932 1253 1431
DMF-d; 134.9 18.6 78.0 1069 1784 125.0 143.1
DMSO-de¢ 130.8 16.2 785 107.0 176.4 1245 1424
(CD3),CO  123.3 20.7 77.2 1099 1742 1244 1426
CDsCN 100.3 204 81.1 1134 1651 1234 1426
CeDsCD3 96.1 252 80.3 116.7 164.9 123.9 1422
CeDs? 95.5 238 79.6 116.1 1645 1237 1421
CCly 79.6 256 822 119.1 158.2 1226 1408

5 8

8

Chemical Shifts(d, ppm)
(83
=

aThe value is extrapolated from high temperature.

2

which could be explained by either one or both of the
following two ways on the basis of the discussion given 09003 0.004 0.005 0.006
above. (a) The energy gap between theahd d, orbitals, UT(1/K)

AE = E(dy) — E(d,), increases on going from [FEFrP)- (b)

(HIm)2]* to [Fe(TPrP)(4-CNPyj*. (b) The population of

the isomer with the (g d,;)*(dy,)* ground state is much larger

in [Fe(TPrP)(4-CNPyj* than in [Fe(TPrP)(HIm}]*. In this
case, the chemical shifts of timesocarbon signal should

be given by the weighted average, as shown in eq 2, under
the assumption that the interconversion is very fast on the
13C-NMR time scale.

6obs: X(S(dxy) + y(S(dﬂ) (2)

8

Here,dons means the observed chemical shift of theso
signal,d(dyy) andd(d,) are the chemical shifts of thmeso
signals in the isomers with the 4dd,,)*(dy)* and (dy)?(0xz,
dy)® ground states, respectively, andand y are the 0 . -
population ratios. While a single species exists in the case 0.003 0-00{",1.(1 /12')005 0.006
of (a), two species are present in the case of (b). As

; ; Figure 1. Temperature dependence of tHE€-NMR chemical shifts of
mentl(.)ned later, we could _aCtua”y observe two |somers at themesacarbon of [Fe(Et-TPP)(CN) BusN™ (a) in all the solvents exam-
4.2 K'in frozen CHCI; solution by EPR spectroscopy; 0ne ined, and (b) in nonpolar solvents, such as £CDs, and GDsCDs, as

has the (d, d),z)“(dxy)1 ground state, and the other has the well as in a dipolar aprotic solvent such as £IN. Solvents: CROD
2 3 L ; (®), CDCk (a), CD,Cl, (v), DMF-d; (), DMSO-ds (2), (CD3),CO (),

(qu) (de 0o) g:ounld state. Even in this case, the isomer CDsCN (@), CsDsCDs (O), CsDs (x), and CC) (m). Chemical shifts of

with the (de, dy)*(dy)* ground state must have a large energy  the mesocarbon of [Co(Et-TPP)(CN) BusN* taken in CRCI, solution

gap between the,gdand d, orbitals in order to explain the  (crossed box).
presence of a fairly large downfield shifteglesosignal in
[Fe(TPrP)(4-CNPyj*. In other words, even if the isomer CCl, = CeDg) CDCDs, CDLN <

with the (do, dy;)*(dx)* ground state exists exclusively, the (CD,),CO, DMSOd,, DMF-d; <
mesocarbon signal does not appear at this downfield region CD,Cl, < CDCl; < CD0D (3)
unless the energy gap between theatid d; orbitals is large.

. L Ay N1
.F or this reason, we will discuss thedl,.)(dy) chargcter Close examination of the data in Table 1 has revealed the
in terms of the energy gap between thg ahd d, orbitals

below following relationships between thmesocarbon chemical

Ground-State Electron Configuration of [Fe(Et-TPP)- shifts (=20 Q_C) and the solvents_: (i) thergsosignal appears
(CN),]"BusN*. (A) 13C-NMR Spectroscopy. We have fairly downfield, 6 = 275 ppm, in a protic solvent, such as
established that the electronic ground state of iron(lll) Mmethanol; (i) large differences in chemical shifts are
porphyrin complexes particularly affects tneesocarbon ~ observed even among the nonpolar solvents; for example,
chemical shifts:18192621n general, the more the (g d,,)* the chemical shifts in CDGland CDCl, ared = 191 and
(dy)* ground state is stabilized, the more the spin densities 172 ppm, respectively, as compared with= 80—100 ppm
at themesocarbon increase. Consequently, thesocarbon in CeDsCDs, CsDs, and CCJ; (iii) the mesosignals appear
signal appears downfield. Table 1 lists the chemical shifts jn a quite narrow range of = 129 + 6 ppm, in dipolar
of the complex obtained in various solvents -a20 °C. aprotic solvents, such as DMf; DMSO-ds, and (CR)»-

Figure 1 _shows_the tempt_ara_ture dependence of.mbeo. CO, which are located between those in the two types of
carbon shifts, which clearly indicates that the downfield shifts nonpolar solvents mentioned above; (iv) thesosignal in

increase in the order given in eq 3.

Chemical Shifts(d, ppm)

8
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CDsCN appears rather close to that igDigCD; or CgDe,
ca. 100 ppm, though GICN is classified as a dipolar aprotic
solvent.

To obtain valuable information on the electronic ground
state of low-spin iron(lll) porphyrin complexes, it is neces-
sary to extract the contact shifé, from the observed
chemical shift ong.221%2831 The observed shift is repre-
sented a®)obs = Odia T Jiso, Wheredgia and diso indicate a
diamagnetic and isotropic shift, respectively. Our previous
work has revealed that the signs of the values ofmeso
carbons are different depending upon the electronic ground
states; the isotropic shifts are positive (downfield shift) in
the complexes with the ¢d d,;)*(dx)* ground state, while
they are negative (upfield shift) in those complexes with the
(dxy)?(dxs 0y)° ground staté® Thus, the electronic ground
state of the complexes could be determined by the signs of
the mesocarbon isotropic shifts. In fact, thé&s, value of
[Fe(T'PrP)(4-CNPyjClO,, a typical complex with the (d
dy,)%(dyy)* ground state, was determined to 884 ppm?°
while that of [Fe(TPP)(1-Melm)Cl, a typical complex with
the (dy)?(dk» d,)® ground state, was reported to ber3
ppm32 We have calculated the isotropic shift by using the
mesocarbon shift of [Co(Et-TPP)(CN) BusN* in CD,Cl,
solution asdgi;; the chemical shift of thenesocarbon is
maintained almost constant at 26 at 115.5+ 0.6 ppm in
various solvents ranging from methanol to benzene. Thus,
the linear line drawn from the temperature dependence of
the meso carbon shift of [Co(Et-TPP)(CN) BusN™ in
CD,ClI; solution separates the solvents where the complex
adopts the (g)%(dy, d,)® ground state from those where it
has the (g, dy,)*dx)* ground state, as shown in Figure 1.

To summarize the effects of solvents on the electronic
ground states from the viewpoint 5C-NMR spectroscopy,
it might be convenient to classify the solvents into four
types: type A, protic solvents such as {ID; type B,
nonpolar solvents such as CR@hd COQCly; type C, dipolar
aprotic solvents such as DMii; DMSO-ds, and (CD3),-

CO; type D, nonpolar solvents such agbaCDs;, CsDg, and
CCl,. While the complex adopts thedd,,)*(dyx)* ground
state in the solvents classified as types@, it shows the
(dyy)?(dys, dy;)® ground state in the solvents classified as type
D. Figure 1 also indicates that the4dd,;)*(dx)* character

is the largest in type A solvents, followed by types B and C.
It should be noted that CICN is an exceptional case; the

(26) Ikezaki, A.; Nakamura, MChem. Lett200Q 994—-995.

(27) Ikeue, T.; Ohgo, Y.; Yamaguchi, T.; Takahashi, M.; Takeda, M.;
Nakamura, MAAngew. Chem., Int. EQ®001, 40, 2617-2620.

(28) Goff, H. Inlron Porphyrin, Part I;Lever, A. B. P., Gray, H. B., Eds.;
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MA, 1983; pp 237281.
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Biological Systemslever, A. B. P., Gray, H. B., Eds.; Physical
Bioinorganic Chemistry Series 3; Benjamin/Cummings: Menlo Park,
CA, 1986; pp 165229.
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Table 2. H-NMR Chemical Shifts of [Fe(Et-TPP)(Ch) BusN™
Determined in Various Solvents at 25 an@0 °C

25°C —20°C

solvent Py-H m-H Py-H m-H
CD;0D —6.89 8.44 —4.75 9.69
CDClz —9.59 7.54 —9.97 8.13
CD.Cl; —12.10 7.09 —12.28 7.74
DMF-d —13.10 6.81 —15.28 7.05
DMSO-ds —12.50 7.24 —15.69 7.3%
(CD3).CO —13.57 6.67 —16.11 6.91
CDsCN —15.07 6.52 —19.76 6.20
CsDsCD3 —15.23 6.49 —18.66 6.63
CeDs —15.06 6.50 —18.98 6.41
CCly —15.53 6.77 —20.43 6.58

a2The value is extrapolated from high temperature.

complex exhibits the (g)%(dx, dy)® ground state in this
solvent, though the solvent is classified as a type C solvent.
(B) *H-NMR Spectroscopy. Table 2 lists the chemical
shifts of the complex taken in various solvents at 25 and
—20 °C. Figure 2a,b shows the temperature dependence of
the pyrrole andmetaproton chemical shifts, respectively.
In the complexes with the {g?(d,,, d,,)® ground state, the
unpaired electron is transferred to Bwgyrrole carbon atoms
via 3g(porphyrin)-d,(iron) interactions. Thus, the protons
directly bonded to these carbons show significantly upfield
shifted signals compared to those of the corresponding
diamagnetic complex. The metal-centered dipolar shift
(04ipM€) also contributes, to some extent, to the upfield shift
of the pyrrole signal. In the complexes with the,(di,)*
(dy)! ground state, however, the upfield shift of the pyrrole
signal is reduced to a great extent due to the weakening of
the 3g—d, interactions. In the complexes with a purg,(d
dy)%(dy)* ground state, the pyrrole signal is expected to
appear close to the diamagnetic positiah € ca. 8.5)
because of the nearly zero-spin density at fhpyrrole
carbong?® Since thedgpV® term is positive in these com-
plexes, the pyrrole signal could appear even more downfield
than that of the corresponding diamagnetic complex. In fact,
[Fe(TPrP)(CN}] BusN™, which has a quite pure {g d,,)*
(dy)! ground state, exhibits the pyrrole signaldat= 12.8
ppm at—25 °C.13 The electronic ground state can also be
determined from thenetaproton chemical shifts in the case
of mesetetraarylporphyrin complexes. While the complexes
with the (d dy)*dy)* ground state show the downfield
shifted metasignal!® those with the (g)?(dx, dy;)* ground
state exhibit the upfield shifteshetasignal. Figure 3 shows
the correlation of the chemical shifts between the pyrrole
andmetasignals in various solvents. Good linearity suggests
that the chemical shifts of these signals are determined
mainly by the electronic ground state of the iron(lll) ion.
The following are some characteristics extracted from the
data in Table 2 and Figure 2 on the relationship between
the chemical shifts of the pyrrole signals-a20 °C and the
solvents examined: (i) the pyrrole signal is observed at a
relatively downfield regiond = —4.5 ppm) in methanol
(type A) and moves further downfield as the temperature is
lowered; (ii) the pyrrole signals appeard@at= —10 to—12
ppm in nonpolar solvents such as C@hd CDCI; (type
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Figure 2. Temperature dependence of tH&-NMR chemical shifts of
[Fe(Et-TPP)(CNy]"BusN™ in various solvents: (a) pyrrole-H and (imeta
H. Solvents measured are gDD (®), CDCk (a), CD.Cl, (V), DMF-d;
(#), DMSO-ds (4), (CD3)2CO (0), CDsCN (d), CsDsCDs (O), CsDs (x),
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Figure 3. Correlation of the chemical shifts between the pyrrole areda
protons in various solvents at25 °C (correlation coefficient, 0.956).

B), while they appear more upfield at= —19 to—20 ppm
in nonpolar solvents such ag@CDs, CsDs, and CCJ (type
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D) (thus, the difference in chemical shifts between type B
and type D solvents reaches as much as 10 ppm); (iii) the
pyrrole signals are observed at= —15 to —16 ppm in
type C solvents, which are located between those signals
observed in type B and type D solvents. In contrast, the
pyrrole signal in CQCN appears at = —19.8 ppm, which

is again different from the chemical shifts in other type C
solvents and close to the values in the type D solvents.

The spectral characteristics given above indicate that the
complex adopts the ¢ d,;)*(dy,)* ground state in the solvents
classified as types AC. Figure 2 also indicates that the4d
dy)*(dw)? character is the largest in type A solvents, followed
by type B and type C. In contrast, in type D solvents, the
complex has the (9)*(dx, d,,)® ground state. Acetonitrile has
exhibited unique character; the complex shows thg%d
(dks dy)® ground state in this solvent, though it is classified
as a dipolar aprotic solvent (type C). Thus, the results
obtained by théH-NMR spectroscopy are totally consistent
with those obtained by thBC-NMR spectroscopy.

(C) EPR Spectroscopy.Low-spin iron(lll) porphyrin
complexes show different EPR spectra depending on the
electronic ground state®® In the case of dicyano complexes,
largegmaxtype spectra are observed if the complexes adopt
the (dy)%(dx» d,)® ground state. In contrast, axial-type spectra
are observed if they form the ¢ d,,)*(dx)* ground state.
Figure 4a-f shows the EPR spectra of the complex taken in
various frozen solvents at 4.2 K. While the complex shows
only the axial-type signals centeredgat 2.5 in types A-C
solvents, it exhibits both the axialg & 2.5) and larg@max
type @ = 3.7) signals in type D solvents. Thus, the EPR
results indicate that, while the complex adopts the ¢t),)*

(dy)! ground state in types AC solvents, it exists as a
mixture of two isomers with different ground states in type
D solvents. Again, acetonitrile behaves like type D solvents,
though it is classified as a type C solvent.

Equilibrium between the Complexes with the (dy)(dx,
dy,)® and (dy, dy,)*dy)? Ground States. In the previous
paper, we have reported that [Fe(TMTMP)(DMAPEIO,shows
two kinds of EPR signals, the larggaxtype and rhombic-
type signals, in frozen dichloromethane solution at 4.2 K.
The result has been explained in terms of the presence of
two conformers in which only the orientation of the planar
axial ligand is different; one conformer has two axial ligands
oriented in a parallel fashion, while the other has two
perpendicularly oriented ligands. Thus, the observation of
the two types of EPR spectra has been ascribed to the slow
rotation of the axial ligand on the EPR time scale at 4.2 K.

In the present study, we have observed the spectra
containing both the larggmaxtype and axial-type signals in
type D solvents as well as in acetonitrile, as shown in Figure
4. The result strongly indicates that two isomers with the
different ground states actually exist in frozen solution at

(33) Palmer, G. Electron Paramagnetic Resonance of Hemoproteirs In
Porphyrins, Part II; Lever, A. B. P., Gray, H. B., Eds.; Physical
Bioinorganic Chemistry Series 2; Addison-Wesley: Reading, MA,
1983; pp 43-88.

(34) lkeue, T.; Yamaguchi, T.; Ohgo, Y.; Nakamura, Ghem. Lett200Q
342-343.
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Figure 5. Change in'H-NMR pyrrole shift against the amount of the
acid added. Each acid was added to a solution containing [Fe(Et-TPP)-
(CN);] BugN* and CN in 1:2 molar ratios at 25C: CHCOOH (@),
CsHsOH (a), CDsOD (O), and CDC4 (O0).
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Figure 4. EPR spectra of [Fe(Et-TPP)(CHIJBusN™ taken in frozen + -
solutions at 4.2 K: (a) CEDD, (b) CDCE, (c) CD:Cla, (d) DMF-d7, (€) (@) | R—N=C
DMSO-ds, (f) (CD3)2CO, (g) CIXCN, (h) GDsCD3z, and (i) GDe.
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e After the addition of more than 40 equiv of the acid, [Fe-
éN (Et-TPP)(CN)] BusN™ is completely converted to [Fe-
2 3 4 . (Et-TPP)CI] and [Fe(Et-TPP)OACc], as is revealed by'tHe
() (drz,dy2) (dxz,dy2)"(dxy) NMR spectra.

4.2 K, and that the mutual exchange between these two Similar changes in the pyrrole shift are observed by the
isomers is slow on the EPR time scale at this temperature.addition of much weaker acids such as phenol and methanol,
Since the complexes with the,{dd,,)*(dx,)* ground state though the downfield shift is not as large as in the case of
always exhibit the ruffled porphyrin ringthe observation  acetic acid. These results indicate that the hydrogen bonding
of the two isomers should be ascribed to the high barrier to to the coordinated cyanide weakens thalonating and
interconversion between the ruffled complex with thg,(d  strengthens the-accepting ability of the coordinated cyanide
dy)*(dxy)* ground state and, possibly, the planar (or nearly ligand as La Mar and co-workers pointed out. Thus, the (d
planar) complex with the (9)%(dy, dy,)3 ground state, as  dy)*(dx)* ground state is stabilized in the presence of phenol
shown in Scheme 3. and methanol®2%21Scheme 4 shows the resonance structures

Hydrogen Bonding between Coordinated Cyanide and  of the hydrogen-bonded cyanide ligand. In the presence of
Acids. As shown in Figure 5, the pyrrole proton signal moves a strong acid, the resonance structuirg lfecomes the major
downfield if compounds such as acetic acid, phenol, metha- contributor. Sincel is supposed to be quite similar to alkyl
nol, and chloroform are added to a [Fe(Et-TPP)(£B)sN*- or aryl isocyanide (RNC) in its electronic structure, the
solution. The result suggests that thg,(d,)*(dx)* character (ks dy)*(dxy)* ground state is greatly stabilized, as in the
increases as the acid is added due to the stabilization of thecase of bis(R-NC) complexes; all the bis(RNC) complexes
d, orbitals caused by the hydrogen bonding between the acidreported previously show a very purgAdi)*(d,)* ground
and the coordinated cyanide. In the case of acetic acid, thestate due to the weakdonating and fairly strong-accept-
signal intensity of [Fe(Et-TPP)(CH)y BusN* decreases when  ing ability 3483536
more than 5.0 equiv of the acid is added. Instead, the signals Weak Hydrogen Bonding between Coordinated Cya-
ascribed to [Fe(Et-TPP)CI] and [Fe(Et-TPP)OAC] increase. nide and CDCI; or CD,Cl,. We have mentioned that the
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chemical shifts of the pyrrole proton antesocarbon signals ~ reasonable assumption to ascribe the stabilization of the
are greatly affected by the nature of the solvents; the signals(dy, d,)*(dy)* ground state in CDGland CDCI, to the
appear more downfield in GJOD than in GDs and CCl. C—D---N weak hydrogen bonding between the coordinated
Surprisingly, the chemical shifts are very much different even cyanide and solvent molecules.

among the nonpolar solvents. That is, while thesocarbon Effects of Dipolar Aprotic Solvents on the Electronic
signals appear at 17190 ppm at-20°C in type B solvents,  Ground State. In dipolar aprotic solvents (type C solvents),
such as CBCl, and CDCY, they appear at 80100 ppm in the chemical shifts of thenesocarbon and pyrrole proton
type D solvents, such as¢0sCD;, CsDs, and CCi. signals are located between those obtained in the two types
Furthermore, the temperature dependence is very muchof nonpolar solvents, types B and D. On the basis of the
different between these two types of nonpolar solvents asNMR results, it is concluded that the energy gap between
shown in Figure 1a,b. Thus, the chemical shift in LD the dy and d, orbitals in type C solvents is less than that in
differs from that in GDsCDs; by as much as 170 ppm at type B solvents, which should be ascribed to the difference
—70°C! The difference in chemical shifts is also observed in proton donor ability among these solvents. As mentioned

in the pyrrole protons; the pyrrole signal appears-at5 in a previous section (General Consideration), it should be
ppm at—70°C in CDCl; in contrast to the signal at23.2 noted here that the results could be explained differently;
ppm in GDsCDs. that is, the populations of the isomer with the,(d,,)*(dy)*

In the previous section, we pointed out that the addition ground state are much larger in type B solvents as compared
of acids, such as acetic acid, phenol, and even methanolwith those in type C solvents due to the hydrogen bonding.
into a CD,Cl, solution of [Fe(Et-TPP)(CN) Bus;N™" stabi- The proton donor ability is estimated by the-8---X
lizes the (¢, dy,)*(dy)* ground state via the ©H--:N (X =N, O, or CI) bond distances in the cryst&:*3 In
hydrogen bonding with the coordinated cyanide lig&tid:2 fact, the X-ray crystallographic studies have revealed that
As shown in Figure 5, the addition of CD{lio a CD.Cl, the C-H---X bond distances of acetonitrile, DMSO, and
solution of the complex also induces a downfield shift. The acetone are longer than those of chloroform and dichlo-
result suggests that the-E1---N weak hydrogen bonding  romethane, supporting the hypothesis mentioned affove.
exists even between the coordinated cyanide and chloroformAmong the type C solvents examined in this study ;CR
molecules’” The smaller amount of the downfield shift in  differs from the others and resembles the type D solvents.
chloroform as compared with methanol indicates that chlo- In fact, the chemical shifts of thmesocarbons are 96.5 and
roform is much weaker than methanol in proton donor ability. 99.0 ppm in CRCN and GDsCDs, respectively, at-40 °C.
Many examples have been reported on theHz:-X type Similarly, the EPR spectrum in frozen GON shows both
hydrogen bonding in the cryst&l:3® Chloroform is known the axial- and larg@maxtype signals, as in the case offi;
to be a much stronger proton donor than other compoundssolutions. Thus, CECN behaves like type D solvents, which
having C-H bonds on the basis of the-&---X distances could be ascribed to the weak proton donor ability.
in the crystal®“® Formation of the GH---X hydrogen
bonding is also reported for dichloromethane in the crystal.
The presence of the-€H---X hydrogen bonding has been
reported even in solution between chloroform and pyridin
or between chloroform and DMS®.Thus, it must be a
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