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Nuclear magnetic resonance line-widths data have been used to determine the rate of solvent exchange from the tirst 
coordination sphere of ferro-and ferriprotoporphytitt(IX) dimethylester (Fe-PPD) in pyridinclchhxoform. The average 
values of kinetic parameters for pyridine (PY) exchange indicate an SN2 mechanism for Fc(lII)-PCD (AH* = 36 kJ .rnoi-t ; 
AS” = -53 1 -moT1RL;q,~(298 K) = 0.07 msec) and an SN1 mechanism for F<(U)-PPD (AH== 67 kJ -moT’; AS== 
42 f -molT’R’; rM(298 K) = 0.06 msec). Paralld to the accelerated @and 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 observed. 
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(III)-PPD was estimated from line- 
widths changes (q-q&?98 K) = 20 msec) and the corresponding activation parameters have been obtained (aH&H(298 EC) 
= 26 kJ.moTt; &5~_+(298 K) = -125 J -moTtK-*). 

I. 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 [ I]. Nuclear mag- 
netic resonance (NMR) spectroscopy 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 [3-5 1. 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 his-pyridine 
complexes of ferro- and ferriprotoporphyrin (IX) di- 
methyIester (Fe(H) - Fe (HI) - PPD) in deutero- 
chloroform, for which NMR signal assignment and 
chemical-shift measurements aheady have been re- 
ported !6,7]. 

2. Experimental 

A Varian XL-100-I 5 high-resolution spectrometer 
operating at 100 MHz has been used for tH-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 Ifi 1 K. Re- 
producibility of linewidths (at half height) and 
chemical shifts was 5 2 Hz. Magnetic susceptibilities 
were measured as described elsewhere [8,9 ] _ Tetra- 
methylsilane (TMS) was chosen as an inert marker for 
1 H-NMR susceptibility and shift measurements. ti1 
chemical shifts reported here are taken against TMS 
as internal standard. 

The following materials have been used: pyridine 
and deutero-chtoroform (99.8 at% deuterium) of 
spectroscopic grade (Merck, Darmstadt). Fe(W)-, 
and Fe(H)-PPD were synthesized as described in the 

literature [ lOI_ 

3. Results and discussion 

The spin-spin relaxation rates l;Tz, derived from 
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Fig_ 1. Spin-spin relaxation r-ate of the a protons of bulk phase pyridine in SOIU~~OSIS of F~i~~-PP~ in C5~5~JC~~3 at V&WS 
temper;IturesfC~~~2~~10~m;C~=3.3XIO~m;C~~~~~=6~3XfO~~m~. 
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F&. 2. Spin-spin relaxation rate of the P protons of bulk ptie pyridine in solutions of Fe(III)-PPD in CsFfsN/CUCI~ at various 
temperatures (Cn,f = 2.7 X LO* m: CA = 6.2 X lo4 m; CCD~; = 5.5 X 1K3 ml- 

experimentai NMR line widths (A? = l/Tzn) of the Q sented in a semilogarithmic plot [log (TFl) versus 
protons in the bulk phase of pyridiie in solutions of reciprocal temperature) in fi@. 1 and 2, ln fig. 3 the 
Fe(H)-- or Fe<III)--PPD in CDCI3fC5 Hs N are pre- corresponding cbernicat shifts are ~&own.. The deli- 



Fig. 3. Chemical shift of the d protons OF bulk phze pyridine at various tempentures in soturions or Fe(II)-ppD in C~H~N/C-UQ~, 

TabIe 1 
Chemicai shifts 6 and spin-spin relaxation times Tz of Q and p protons for coordinated (M) and non-coordinated (A) pyridine lt 
253 K 

A 
6, 
(r-vm) 

4 
@pm) 

5,” 
&pm) 

Q’ 
(mm) 

=2A T-y 
(msec) (msec) 

Fe(H)-PPD -8.67 -7-32 - 1.27 - 4.7 = 30 = 25 

Fe(III)-PPD -8.67 -7.32 z+tlOS -17 = 34 < 5 

tions from linearity of log (Tc ‘) with a maximum at 
about 283 K immediately demonstrate the chemical 
exchange between coordinated and noncoordinated 
pyridine+ At temperatures T f 253 K sepamte NMR 
dgnals appear for the coordinated protons (qion I 
and I’ in figs. I-3). The chemical shifts and spin-spin 
relaxation times for the b( and fi protons of caordi- 
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 
abstirption signals with the intensity of, for example, 
the methyl protons from Fe-WI3 yielding a pyridine 
coordination number, rz = 2. 

Following the approach described by Hahn and 
Maxwell [I 11, and McConnell [12] t%e changes of 
line width and chtmical shift caused by jumps of 
nuclei from site A (bulk phase) to site M (coordination 
sphere) may be obttied by rigorous solution of the 
corresponding Blach equation. For a system, as the 
one under consideration, in which the metal ion is 

highly diluted, i.e., the concentration of non-coordi- 
nated species ch is much higher than the concentra- 

tion caX of coordinated molecules, CA * cxi, the re- 
laxation time is given [I3 ] by: 

l/Q - 1 fT2 A = (x&i /T&f ) (1) 

x rG f (%r TM) -I f A&II(~~~r+r~~‘)’ f A&] , 

where T2 is the observed relaxation time, TzA corre- 
sponds to the line width of the nuclei in environment 

A (bulk phase), Tznr describes the magnetic relaxation 
which the coordinated nuclei experience, A.wM stands 
for the difference of Larmor frequencies between the 
coordinated and non-coordinated nuclei and xst gives 
the molar ratio of coordinated species. Finally, ry 
symbolizes the mean lifetime of the considered species 
in the coordination sphere of the metal porphyrin. 

fn analogy to eq. (1) the frequency shift of solvent 
(A) due to chemical exchange is given [ 131 by: 



where AC+., is the experimental resonance Frequency 
minus that of the pure solvent (A). TA gives the mean 
lifetime of nuclei in the bulk phase. From XA * x&f 
follows TA % rhf. It is convenient to consider the im- 
plicat~ons of eqs_ Cl) and (2) for certain limiting cases 
depending cn the magnitude of r&f : 

Ca 1 A& s T$$, ~<f* ; 

IiTz -flT~~=-+.&~~; 04 

dWP = -x,tAu&’ TG* _ fW 

tlb) Z-F+ Aw;&~; 

IITZ - llT*A = +&&< ; (lb) 

Aa, = --xlLf Aah, & TG* ” WI 

In the present case rxI has to be co,aidered as a 
weighted average for PY in the coordination sphere of 
low- and high-spin Fe-PPD (cf. fig. 4) and nay be de- 

fined as 

l/T,* =x,llTy_ +x#fi 1 (41 

with the mole ratios xl_* xH of species in low- and 
hi&spin state and the corresponding exchange rates, 
T&T& Exchange of PY between low- and highspfn 
Fe-PPD is too Stow to contribute essentially to tsf, as 
will be seen below. 

The results obtained under (a) and (6) are valid for 
slow exchange. The regions for which eqs. (1 a, b) and 

(2a, b) hold, are indicated by II and 11’ in figs. l-3. 
K, an the other hand, the exchange rate is rapid, tlte 
line width and frequency changes with temperature 
as shown in figs. 1-3 (region 111, III’ and fV$ As 
before, there are two possibilities: 

CC) T$ % 5w$ * CT,,@-t , 
W2 - 11T2A =x;sI~~~~w;~; (lc) 

Amp = - xhr Awxr _ fW 

Cd) C&~t)-t p T&, Aw;t ; 

UT2 - UT2A =~~~irlT~~~; 04 

AW, = -xEczAwM. @d) 

?%e kinetic parameters, rbt, AEFs and AS* which are 
collected in table 2 were determined by fitting the 
data in Qs. l-3 to eqs- (la-d) and @a--d), using a 
non&near Icast squares computer program. The tem- 
perature dependence of 7&f was taken as: 

rh¶ = (&%T) exp ~&fi2/RT-- AFiR] . (3 

The transition of Fe-PPD form a law-spin towards 
a high-spin eIectron configuration with increasing 
temperature is demonstrated in fig. 4, The effective 
magnetic moment pCff lFe(II)--PPDJ = 0 PB and 
perf [F&III)-PPD] = 2.4 pg at temperatures beIow 
253 K indicates that the his-pyridine complexes of 
both species are in the low-spin electron state. The 
somewhat higher v&e for Fe(III)-PPD than those 
expected for a pure spin moment withh = !j &S = 
1.73 &I is attributed to the existence of spin-orbit 
coupting resulting in an a~~otro~icg tensor [i4f. 
Using the vaiues of gefr = 2.4 pg and &ff = 5.92 ~zg 
for Fe(III)-PPD in its low- and high-spin states ;rnd 
the corr~s~o~di~g values of &ff = 0 yg and &_; = 
4.9 fig for Fie(l@-PPD; tk eqo~ibri~m constant 
between both spin states can be calculated and from 
its temperature dependence the following values of 
AH and AS, the equi~b~um enth~py and entropy 
are obtained: 

[Fe(III)-PPD j L + [Fe{Xfi)-PFD J 8 : 

AH(298 K) =(SOl+ IS) W -moP, 

AS (298 K) = (280 t 6Cl))1 l mol-* K-t, 

and 

Table 2 _ 
Kinetic and thermodynamic pawmetexs for the excfian~e of pyridine from bi?pyridine-Fe-PPD into the hulk: solution 

fWll&-PPD 

Fe(IlI)-PPD 

TM(t% K) a-&273 K) 
[=I l=I 

(6+21x10* (1 + 0.3) x 10-3 

(7r2)X1Ws (0.6 r 0.2) x 10-s 

z&+273 K) a&273 K) 
[W *mob-“1 [ 3 - rni_C1 K-’ 1 

67 2 7 +42-4 

35.6 = 4 -53 +- 5 



I?!& 4. Molar susceptibility xgr and effective mqnctic moment ct,rrof iron in Fe-PPD-C~HsN/CDC13 at vttrious tempcr;lturrs. 
For d~~~~~~~ti~ cont~bot~ons to x the values &en in 117 1 have been usrrd. 

+ x&f of FeWI)-PPD in C~HSWCDCI~ Wft sukb. e gefc d Fe(fIl)-PPD in C5 HS N/CDCla (right scale), 
0 geff of Fe(X)-PPD in C~H~N/CDCI~ (riaht sale). 

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

In fig. 5 the spin-spin relaxation rate of a methy 
group fixed on the porphyrin ring of Fe(IIf)-PPD is 
represented in a semi-Iogarithmic plot versus T-I. 
Again, the deviation from Iinearity indicates an ex- 
change reaction with an overall relaxation rate (in the 
limit of slow exchange) [15 ] of: 

(tfT2)’ = l/T2 f l/rL I% 

where l/T2 is the relaxation rate of nuclei not ex- 
periencing an exchange reaction and rL gives the mean 
lifetime of nuclei in a particuIar state, i.e., the low-spin 
electron configuration of the metal porphyrin. Anal- 

30 3.t 3.8 L.2 66 

Fig. 5. Spin-spin relaxation n?e of a methyt group of 
Fe(lII)-PPD. 

ysis of measured values ( llTzf’ yields a mean Iifetirne 
~~ for the methyl protons of Fe(W)-PPD in the 
Iow-spin configuration: 

rL (298 K) =(20+ IS) msczc _ 

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

AS?,, (29% K) =(- 125 f: 25) J -mol-‘K-l . 

Comparison between the negativevalue of AS-f_ H 
and the total entropy change for the lotv/high spin 
transition implies that the transition from the activated 
state into the &h-spin configuration is accompanied 
by a very large increase of entropy. 

Parallel to the spin transition in Fe-PI’3 the ex- 
change rate of PY from the first coordination sphere 
into the bulk phase increases with rising temperatures. 
The negative value of AT= and the relative small value 
of OH= (cf. table 2) indicate that an SN2 mechanism 
predominates for the exchange rates of PY from the 
his-pyridine Fe(lII)-PPD complex. The formation of 
a hepta-coordinated activated complex is connected 
with negative vrilues for the entropy of activation [ 16iJ- 
Couversely, the higher value of AH= and the positive 
entropy of activation AS= for the FY exchange from 
his-pyridine Fe(H)-FPD into the bulk solvent phase 
seems to indicate an SNI mechanism with 3 penta- 
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coordinated activated species- An estimate, using a 
simpXed electrostatic model, shows that far a d6 
{(low-spin) electron configuration, as it prevai!s for 
Fe(II)-PPD at low temperatures, a penta-coordinated 
activation complex should be more favourable erter- 
getically than its heptacoordinated analogue [ 161. 
With a crystal fia(d parameter &J of about 0.2 eV, a 
value which is typical of the ligand field strength, an 
activation energy .E’;L of about 75’kJ l mol-t for an 
SNL mechanism is expected (cf. table Z), whereas for 
an SN2 mechanism the activation energy wou(d be 
about twice as high- Although the values for 7hi re- 
pot ted 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/h&h spin transition 
of bis-pyridine Fe-PPD in both oxidation states occurs 
clcse to room temperature. Parallel to this transition 
the rate of ligand exchange from the fifth and sixth 
positiors of bis-pyridine Fe-PPD is acceIerated, The 
thermodynamic equilibrium between the two spin 
states of Fe(III)-PPD is shifted towards the high-spin 
component (AC < 0) for temperatures TX 280 K, 
whereas for Fe@)-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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