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Nuclear magnetic resonance line-widths data have been used to determine the rate of solvent exchange trom the first
coordination sphere of ferro- and ferriprotoporphyrin(iX) dimethylester (Fe—PPD) in pyridine/ chloroform The average

values of kinetic parameters for pyridine (PY) exchange indicate an SN2 mechanism tor Fe(1Il)-PPD (AH™

=36 kJ -mal™!;

ASF = —53 Jemol 1K1 704(298 K) = 0.07 msec) and an SN1 mechanism for Fe(I)-PPD (AH T =67 kI -mol ; ST =

42 J-mol K™, vMm(298 K) = 0.06 msec). Parallel to the accelerated ligand exchange rate at rising temperatures a redistri-
bution of the electrons causing a transition of the metal porphyrin from the low-spin state to the high-spin state is ocbserved.
Enthalpy and entropy of the thermodynamic equilibrium between low- and high-spin Fe~PPD have been determined from
experimental values of the average magnetic moment. A mean lifetime of low-spin Fe(111)—-PPD was estimated from line-
widths changes (71 —.;1{298 K) =~ 20 msec) and the corresponding activation parameters have been obtained (A f{ (298 K)

=26 kJ -moT™}; AST—1(298 K) = —125 J-mol 1K),

1. Introduction

The biological function of metal porphyrins acting
as prosthetic groups in many proteins, rests largely
upon their ability to exchange ligands coordinated to
the metal ion in the axial positions [1]. Nuclear mag-
netic resonance (NMR) spectrascopy has proved most
useful in studying details of electronic and molecular
structure of paramagnetic metal complexes [2] and is
particularly suited for measuring the kinetic and ther-
modynamic parameters of the exchange reaction
between coordinated and non-coordinated ligands.
Although this method has been utilized most exten-
sively with other systems, only few results on metal
porphyrins have been reported [3—51. The resulting
data may serve t» understand the essential features of
iron—porphyrin complexes in biological systems in
more detail.

The work presented here, deals with the bis-pyridine
complexes of ferro- and ferriprotoporphyrin (1X) di-
methylester (Fe(II)—Fe({II)—PPD) in deutero-
chloroform, for which NMR signal assignment and
chemical-shift measurements already have been re-
ported [6,7].

2. Experimental

A Varian XL-100-15 high-resolution spectrometer
operating at 100 MHz has been used for IH-NMR
measurements. The temperature was controlled by a
stream of precooled nitrogen and was measured with
a calibrated thermocouple in the effluent gas stream.
Temperature accuracy was estimated to be £ | K. Re-
producibility of linewidths (at half height) and
chemical shifts was £ 2 Hz. Magnetic susceptibilities
were measured as described elsewhere [8,9]. Tetra-
methylsilane (TMS) was chosen as an inert marker for
IH-NMR susceptibility and shift measurements. All
chemical shifts reported here are taken against TMS
as internal standard.

The following materials have been used: pyridine
and deutero-chloroform (99.8 at% deuterium) of
spectroscopic grade (Merck, Darmstadt). Fe(1I1)—,
and Fe(II)~PPD were synthesized as described in the
literature J10].

3. Results and discussion

The spin—spin relaxation rates 1,75, derived from
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Fig. 1. Spin—spin relaxation rate of the & protons of bulk phase pyridine in solutions of Fe(Il)~PPD in CsHsN/CDCl3 at various
temperatures (Cag = 2.5 X107 m; Ca = 3.3 X107 m: Copei; = 6.3 X103 m).
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Fig. 2. Spin—spin relaxation rate of the & protons of bulk phase pyridine in solutions of Fe(IID)—PPD in CsHsN/CBCl at various
tempesatures (Cag = 2.7 X10™5 m: Ca = 6.2%X107%m; Copeyy =5-5 X103 m).

experimental NMR line widths (Av = 1/Tyn) of the sented in 2 semilogarithmic plot {log (T{‘) versus
protons in the bulk phase of pyridine in solutions of reciprocal temperature} in figs. 1 and 2. In fig. 3 the
Fe(l)— or Fe(IH)—PPD in CDCl3/CH N are pre- corresponding chemical shifts are shown. The devia-
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Fig. 3. Chemical shift of the « protons of bulk phase pyridine at various temperatures in solutions of Fe(I1)-PPD in CsHsN/CDCl3.

Table 1

Chemical shifts § and spin—spin relaxation times 73 of aand g protons for coordinated (M) and non-coordinated (A) pyridine t
253K

s& sh &M s}t ™ ™

(ppm) (ppm) (ppm) (ppm) (msec) (msec)
Fe(1II)—PPD —8.67 —-7.322 - 1.27 - 4.7 = 30 =25
Fe(I11)-PPD —8.67 -7.32 +10.5 -17 =~ 34 < 5

tions from lineazity of log (75 1y with a maximum at
about 283 K immediately demonsirate the chemical
exchange between coordinated and non-coordinated
pyridine. At temperatures 7<< 253 K separate NMR
signals appear for the coordinated protons (region I
and 1" in figs. 1 —3). The chemical shifts and spin—spin
relaxation times for the & and 8 protons of coordi-
nated and non-coordinated PY at 253 K are listed in
table 1. To derive the concentration of coordinated
species their coordination number is needed. It was
obtained by a comparison of the area under the PY
absorption signals with the intensity of, for example,
the methyl protons from Fe—PPD yielding a pyridine
coordination number, = 2.

Following the approach described by Hahn and
Maxwell [11], and McConnell [12] the changes of
line width and chemical shift caused by jumps of
nuclei from site A (bulk phase) to site M (coordination
sphere) may be obtained by rigorous selution of the
corresponding Bloch equation. For a system, as the
one under consideration, in which the matal ion is

highly diluted, i.e., the concentration of non-coordi-
nated species ¢, is much higher than the concentra-
tion ¢y of coordinated molecules, ¢y 3 ¢y, the re-
laxatior: time is given [13] by:

UTy — 1Ty 5 = (xyy/7yg) 1)
X [T334 +{Tonma) "+ AR Tyt i) + Awgyl

where T is the observed relaxation time, T, 4 corre-
sponds to the line width of the nuclei in environment
A (bulk phase), Ty describes the magnetic relaxation
which the coordinated nuclei experience, Acwyg stands
for the difference of Larmor frequencies between the
coordinated and non-coordinated nuclei and xyy gives
the molar ratio of coordinated species. Finally, 74
symbolizes the mean lifetime of the considered species
in the coordination sphere of the metal porphyrin.

In analogy to eq. (1) the frequency shift of solvent
(A) due to chemical exchange is given [13] by:

Acoy = (Aot [Tyt 1 0], (2)
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where Acw,, is the experimental resonance frequency
minus that of the pure solvent (A). 7, gives the mean
lifetime of nuclei in the bulk phase. From x > xy
follows 74 2 7. It is convenient to consider the im-
plications of egs. (1) and {2) for certain limiting cases
depending cn the magnitude of 7y:
(a) A>T,

i/Tzw]szA:le’T&(Q (!a)

- -1~
A(:Jp =X AC‘JM Thviz - (23.)

-3 -
®) T3> a7’

Awp = ""I&( Aw&! Tg&‘ T;iz . (Zb)
The results obtained under (2) and (b) are valid for
slow exchange. The regions for which egs. (1a,b) and
{2a,b) hold, are indicated by Il and Il in figs. 1-3.
If, on the other hand, the exchange rate is rapid, the

line width and frequency changes with temperature
as shown in figs. 13 (region HI, III' and IV). As

before, there are two possibilities:

«©) rgz > Aw%, > (TZMTM)‘I ,
1Ty — 1Ty s = xy oy Awlys )
Awy = — XpAwyy. (2¢)

() (Tayrw) ™ > T, Awiys
Ty — 1Ty =xp{Tops 19
Awp = _”xxlA&J‘\I . (2d)
The Kinetic parameters, 7y, AH™, and AS¥ which are
collected in table 2 were determined by fitting the
data in figs. I—3 to egs. (1a—d) and (2a—d), using a

non-inear least squares computer program. The tem-
perature dependence of 7yy was taken as:

v = (BIKT) exp [AH*/RT — AS®R]. 3)

Table 2

In the present case Ty has to be cousidered as a
weighted average for PY in the coordination sphere of
low- and high-spin Fe—PPD (cf. fig. 4) and rmay be de-
fined as
I!Tx\i =xLIITL +XH1,,7'H, (4)
with the mole ratios xy , Xy of species in low- and
mbh-spxn state and the corresponding exchange rates,
TH Exchange of PY between low- and high-spin

Pe—PPD is too slow to contribute essentially to 7y, as
will be seen below.

The transition of Fe—PPD form a low-spin towards
a high-spin electron configuration with increasing
temperature is demonstrated in fig. 4. The effective
magnetic moment 4, ¢r [Fe(ID)—PPD] = 0 up and
¢¢ [Fe(1ID)—PPD] = 2.4 gy at temperatures below
253 K indicates that the bis-pyridine complexes of
both species are in the low-spin electron state. The
somewhat higher value for Fe(Il[)—-PPD than those
expected for a pure spin moment withS =3 (F‘S
1.73 pg) is attributed to the existence of spin—orbit
coupling resulting in an anisotropic g tensor [14].
Using the values of g e = 2.4 pg and epr = 592 ug
for Fe(1II)—PPD in its low- and high-spin states and
the corresponding values of g ¢ =0 pg and g o =
4.9 pg for Fe(I)—PPD; the equilibrium constant
between both spin states can be calculated and from
its temperature dependence the following values of
AH and AS, the equilibrium enthalpy and entropy
are obtained:

[Fe(Il[)-PPD], = [Fe(1I)—PPDIy:
AH (298 K) =(80%15) kJ ~mol ™},

AS (298 K) = (280+60)J * mol 1 K1,
and

[Fe(Il)~PPD]; = [Fe(I)~PPD],;:
AH=(25%5)kI-mol1,

AS =(67£15)J-mol-1K-1.

Kinetic and thermodynamic parameteys for the exchange of pyridine from bisv-pyridine—Fe~PPD into the bulk solution

(298 K) (273 K) AHF(273K) AS¥(273 K)

fsec] [sec] [KJ ~mol™] {F-mol™K™}
Fe(f1)-PPD 6=2)x10™5 (1:0.3)x1073 67:7 +42 4
Fe(1i)-PPD (7£2)%10°8 (06+02)x1073 3564 —53+5
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Fig. 4. Molur susceptibility xpg and effective magnetic moment gegp of iron in Fe—PPD-CsHg N/CDCl3 at various temperatures.
For diamagnetic contributions to x the values given in [17] have been used.
+  xpt of Fe(H)—PPD in C3HsN/CDBCl3 (eft scale), @ poge of Fe(IID—PPD in CsHg NJCDCly (right scale),

O  stefg OFf Fe(:I)—PPD in Cs HsN/CDClj (right scale).

The transition from low- to high-spin electron configu-
ration for both species is accompanied by an increase
of AS, which iz higher for Fe(II1)-PPD.

In fig. 5 the spin—spin relaxation rate of a methyl
group fixed on the porphyrin ring of Fe(IID—PPD is
represented in a semi-logarithmic plot versus T-1.
Again, the deviation from linearity indicates an ex-
change reaciion with an overall relaxation rate (in the
limit of slow exchange) [15] of:

(U/Ty) = 1Ty + 7y

where 1/T, is the relaxation rate of nuclei not ex-
periencing an exchange reaction and 7 gives the mean
lifetime of nuclei in a particular state, i.¢., the low-spin
electron configuration of the metal porphyrin. Anal-
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Fig. 5. Spin—spin relaxation mte of 1 methyl group of
Fe(II)-PPD.

ysis of measured values (1/T,)’ yields a mean lifetime
7, for the methyl protons of Fe(II[)—-PPD in the
low-spin configuration:

7 (298 K) =(20 = 15) msec .

From the temperature dependence the following acti-
vation parameters result:

AHY .4 (298 K)=(2625) kI *mal~!,

AST .y (298 K)=(—125%25)J-mol~ 1K1,

Comparison between the negative value of ASy
and the toial entropy change for the low/high spin
transition implies that the transition from the activated
state into the high-spin configuration is accompanicd
by a very large increase of entropy.

Parallel to the spin transition in Fe—PPD the ex-
change rate of PY from the first coordination sphere
into the bulk phase increases with rising temperatures.
The negative value of AS™ and the relative small value
of AH= (cf. table 2) indicate that an SN2 mechanizm
predominates for the exchange rates of PY from the
bis-pyridine Fe({[I}—PPD complex. The formation of
a hepta-coordinated activated complex is connected
with negative values for the entropy of activation [16].
Conversely, the higher value of AH= and the positive
entropy of activation AS~ for the PY exchange from
bis-pyridine Fe(IlI)—PPD into the bulk solvent phase
seems to indicate an SN1 mechanism with a penta-
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coordinated activated species. An estimate, using a
simpiified electrostatic model, shows that for a d%
(low-spin) electron configuration, as it prevails for
Fe(I1)—PPD at low temperatures, a penta-coordinated
activation complex should be more favourable enes-
getically than its hepta-coordinated analogue [16].
With a crystal field parameter Dg of about 0.2 eV, a
value which is typical of the ligand field strength, an
activation energy £, of about 75 'kJ *mol~! for an
SN mechanism is expected (cf. table 2), whereas for
an SN2 mechanism the activation energy would be
about twice as high. Although the values for 7y re-
ported here give an average mean lifetime of PY in the
coordination sphere of low- and high-spin Fe—PPD,
the different experimental results for PY exchange
rates depending on the oxidation state of Fe, may be
rationalized on this very simplified electrostatic model.

4. Conclusions

The cross-over point for the low/high spin transition
of bis-pyridine Fe—PPD in both oxidation states occurs
¢lcse to room temperature. Parallel to this transition
the rate of ligand exchange from the fifth and sixth
positions of bis-pyridine Fe—PPD is accelerated. The
thermodynamic equilibrium between the two spin
states of Fe(I{I)—PPD is shifted towards the high-spin
component (AG < 0) for temperatures T2 280 K,
whereas for Fe(II)—PPD the values of AG are still
positive at 333 K, indicating that the low-spin configu-
ration of reduced Fe—PPD is the more stable species at
room temperature.
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