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The N-H stretching vibrations of the oxygenated 'hybrid' haemoprotein models with an axial hindered base indicate 
that there is no conventional hydrogen bond with the terminal oxygen of the Fe-02 moiety, contrary to the models with 
an axial unhindered base; however, the Fe-02 moiety is highly polarizable as indicated by 1 7 0  NMR spectroscopy. 

The steric bulk of certain axial ligands (e.g. 1,2-dimethylimid- 
azole) of iron(n) haemoprotein synthetic models, hinders the 
approach of the iron atom into the plane of the porphyrinl4 
and provides models of the lowered O2 affinity and the T 
(tensed)-state of haemoproteins.5-9 Numerous investigations 
of these model systems with a variety of physical and structural 
probes demonstrate that the effect of the 2-Meimf ligand 
compared to the 1-Meimt analogue is mainly in lengthening of 
the Fe-0 bond, thus providing a direct connection between 
bond length and O2 affinity."s-1"-12 In this communication, we 
introduce for the first time 1 7 0  NMR and Fourier transform 
infrared (FTIR) spectroscopies as tools of investigating 
electronic differences of the Fe-02 moiety of haemoprotein 
models with and without an axial hindered base.13t It is 
demonstrated that in the models with an axial hindered base, 
in addition to lengthened Fe-0 bond, there is no conventional 
hydrogen bond owing to the unfavourable position of the 
terminal oxygen relative to the NH of the distal moieties, 
though, the dioxygen moiety is highly polarized due to dipolar 
interactions at distances longer than conventional hydrogen 
bonds. 

The 0 2  off rates, k-02,  are generally markedly higher in the 
models with an axial hindered base than those with an 
unhindered axial base, therefore, a judicious choice of the 
appropriate compounds with relatively slow O2 off rates was 
necessary in order to avoid extensive broadening of the 1 7 0  

resonances. The so-called 'hybrid' haemoprotein models 
which have two pivalamido pickets and an amide handle of 
variable length linked in a cross-trans configuration13 could be 
considered as appropriate candidates since koz are relatively 
small. 14$ 

Fig. 1 shows the 1 7 0  NMR spectra of the 'hybrid com- 
pounds' l a  and b.$ The spectra exhibit two distinct resonances 
in agreement with the bent end-on geometry first proposed by 

$ Kinetic rate constants of l a  and b for the binding of O2 are: 

k-OZ lO-"s-' koz lO-7/dm3 mol-1 s-1 

l a  0.002 0.22 (Ref. 15) 
l b  0.0147 0.054 (unpublished results) 

t Abbreviations used: TivPP, rneso-tetra(a,a,a,a-o-pivalamido- 
pheny1)porphyrinato; 1-Meim, 1-methylimidazole; 1 ,2-Me2im, 1,2- 
dimethylimidazole; amide-BHP, basket handle porphyrin in amide 
series (M. Momenteau, J .  Mispelter, B.  Loock and J.-M. Lhoste, 
J .  Chem. Soc., Perkin Trans. I ,  1985,221); ether-BHP, basket handle 
porphyrin in ether series (M. Momenteau, J. Mispelter, B. Loock and 
J.-M. Lhoste, J .  Chem. Soc., Perkin Trans. I ,  1985, 61). 

Further, the ratio of oxygen affinities of l a  and b is -38 : 1, rather 
similar to the ratio of 100 : 1 observed for R and T haemoproteins.4 

8 l a  and b were synthesized following literature procedures (see ref. 
14). Gaseous oxygen containing -38% 170 (CEA, France) was added 
to the organic solutions and the tube (10 mm) was sealed under an O2 
pressure of 2-3 atm. 



J .  C H E M .  soc., C H E M .  C O M M U N . ,  1992 

54 PPm 

599 

Me' 

Paulingl7 for haemoglobin and revealed by the X-ray crystal 
structures of oxygenated FeII picket fence porphyrin3 and 
oxyhaemoglobin. 18 The resonance of the oxygen atom coordi- 
nated to irony is shifted by 30-39 ppm and that of the terminal 
oxygen by 50-60 ppm to a low frequency in model l b  relative 
to that in model la. It has been established that in a variety of 
transition-metal compounds there is a poor but real correla- 
tion between 1 7 0  chemical shifts and metal-oxygen x-bond 
character. 19 Similar correlation was also suggested for haem 
models with an unhindered axial base.16 Therefore, the low 
frequency shift of the resonance of the oxygen coordinated to 
iron in model l b  could reflect an increase in the Fe-0 length 
(decrease in the Fe-0 x-bond orderll). This point is firmly 
established from X-ray structural studies of the picket fence 
porphyrin models in the ligated and unligated state.3 The 
bulky 2-methyl substituent on the 2-Meim ligand results in 
lengthened axial bonds relative to the sterically less demand- 
ing 1-Meim ligand.2" The sum of the Fe-0 and Fe-Ni, bond 
lengths is 4.005 8, for 2-Meim, but only 3.813 A for Fe(02) 
(TpivPP) (1-Meirn1.t Of this 0.192 8, difference, most 
(0.15 A) arises from a lengthening of the Fe-0 bond. 

The shift of the terminal oxygen atom to low frequency in 
the model l b  relative to that in l a  is in the same direction and 
larger in magnitude to those observed in 'hybrid' or 'basket 
handle' porphyrins (amide-BHP j bearing NH groups in the 
handles relative to the ether-BHP in which no hydrogen 
bonding interactions are expected.16 This significant low 
frequency shift appears surprising and demonstrates that the x 
effect which weakens the Fe-02 bond but strengthens the 
0-0 bond is not operative in this particular case? We suggest 
that this low frequency shift is due to a significant polarization 
of the 0-0 bond. In terms of the spin-pairing mode122 the 
iron-oxygen bond is a double bond with the 3-bond polarized 
as Fe--O+=O. A weakening of the iron-oxygen bond will 
weaken the x-bond more than the o-bond and make the bound 
O2 more negative. The N-H stretching vibrations, however, 
indicate the absence of conventional hydrogen bonding 
interactions in the 'hybrid' porphyrin models with an axial 
hindered base, Fig. 2, contrary to the 'hybrid' models with an 

7 Assignment of the resonances has been achieved on the basis of 
extended Huckel calculations and compared to the 1 7 0  resonances of 
ozone. 1.5 

1 1  Similarly, resonance Raman studies of picket-fence model dioxygen 
complexes in the solid state have shown a decrease of Y ~ ~ - ~  of the 
model (1 ,2-Me2im)Fe(TpivPP)(02) (vFe-O 561-558 cm- l ,  depend- 
ing on temperature) relative to that for (1-Meim)Fe(TPivPP)(Oz) 
( Y ~ ~ - ~  570-567 cm-1). These results are also consistent with a 
longer Fe-0 bond in the 1,2-Me2im complex, although it should be 
emphasized that the steric influence of the 2-methyl group on V F ~ - O  

seems to be relaxed somewhat in solution.l*J1 
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Fig. 1 1 7 0  NMR spectra (54.2 MHz) of the oxygenated compounds l b  
(-) and l a  (- - -) from use of the normal 90" pulse with a 
preacquisition delay time At - SO ps in order to eliminate acoustic 
ringing problemsl-53lh and recorded in two steps with the carrier 
frequency on the absorption resonances. Concentration 
10-2 mol dm-? in toluene solution. [1,2-Me2im] 2 5 X 
10-1 mol dm-3, T = 297 K, number of scans 1 080 000 (line-broaden- 
ing filtering LB = 1 kHz) and 350 000 (LB = 500 Hz) for the high- and 
low-frequency resonances, respectively. Chemical shifts were 
measured relative to 1,4 dioxane (+0.2 ppm relative to H20 at 303 K) 
determined in a separate replacement technique. 

The 1 denotes the region of the resonance position of the terminal 
oxygen of the picket-fence porphyrin model, with an excess of 
1-Meim, and ether-BHP in which no hydrogen bonding interactions 
are expected."3.13 
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Fig. 2 FTIR spectrum of the oxygenated compound l b  of the N-H 
amide stretching region in toluene solution 

axial unhindered base which exhibit an absorption band at 
3370-3350 cm-1 due to the hydrogen bonded N-H group.*4 
The high polarizability of the dioxygen moiety in the models 
with an axial hindered base can be interpreted by assuming 
dipolar interactions at distances longer than conventional 
hydrogen bonds. ** Our results therefore present compelling 
experimental evidence in support of recent approximate CFF 
calculations of Jameson and Drago .23 These authors suggested 
that even with small amounts of charge transfer into the 0 2  

** The remarkable sensitivity of the Fe-02 moiety to long range 
dipole-dipole interactions has already been noticed by Chang and 
Traylor (C. K. Chang andT.  G. Traylor, Proc. Nutl. Acud. Sci. U S A ,  
1975, 72, 1166). These authors observed that oxygenation of several 
model haem compounds is enhanced by aprotic polar solvents such as 
dimethylacetamide. The increased oxygen affinity with increased 
solvent polarity was found to be almost entirely due to the off rates. 
Preliminary 1 7 0  NMR spectroscopy results indicate significant and 
systematic changes of the 1 7 0  chemical shifts of the F e 0 2  moiety of the 
picket fence model (l-Meim)Fe(TpivPP)(O*) in CH2C12 upon 
increasing the amount of dimethylformamide, although, no classical 
hydrogen bond is expected with the added cosolvent. 
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ligand, a substantial attraction exists at distances 0.a-H-N - 
4 A, i.e. much longer than conventionally taken as indicative 
of hydrogen bonds and despite the non-linear arrangement of 
the N-H.e-0 atoms. 

Our results are important for several reasons. They 
represent the first direct evidence that in the 'hybrid' models 
with an axial hindered base the dioxygen moiety does not form 
a conventional hydrogen bond with the N-H of the distal 
handles contrary to the models with an axial unhindered base. 
Further, it is demonstrated that the 1,2-Me2im ligand results 
not only in lengthening of the Fe-02 bond, as it is widely 
adopted in the literature, but in a strong polarization of the 
0-0 bond. Lengthening of the Fe-0 bond results in higher 
dissociation rates and the strong polarization of the dioxygen 
bond in higher autoxidation rates in excellent agreement with 
experimental data. 1.1 

It should be emphasized that recent X-ray structural studies 
in oxyhaemoglobins revealed almost identical stereochemical 
features of the 0-0 bond in the T (tensed) and R (relaxed) 
~ t a t e 7 - ~  while in the case of 'picket fence' porphyrin oxygen- 
ated derivatives only a lower band for the 0-0 separation 
(1.21 A) and an upper band for the Fe-0-0 angle (129") was 
defined due to statistical disorder.3 Our results, therefore, 
clearly demonstrate that 1 7 0  NMR and FTIR spectroscopy 
might become a unique structural probe in studying structural 
differences of the Fe-02 moiety of haemoprotein models with 
and without an axial hindered base. 

Financial support from NATO (Collaborative Research 
Grant No. 0536/88), the Secretariat General pour la Recher- 
che et la Technologie (Cooperation Scientifique Franco-Hel- 
lenique), the Research Committee of the University of 
Ioannina, Greece, and the Centre National de la Recherche 
Scientifique, France, is gratefully acknowledged. We appre- 
ciated useful comments and suggestions from the referees. 

Received, 2nd December 1991; Cum. 1/06IOOC 

References 
1 J. P. Collman, J.  I .  Brauman, E. Rose and K. S. Suslick. Proc. 

2 J.  P. Collman. J .  I .  Brauman and K. M. Boxsee, Proc. Natl. Acad.  
Natl. Acad. Sci. U S A ,  1978, 75, 1052. 

Sci. USA, 1979, 76, 6035. 

3 G.  B. Jameson, F. S .  Molinaro, J. A .  her s ,  J .  P. Collman, J .  1. 
Brauman, E. Rose and K.  S.  Suslick, 1. A m .  Chern. Soc., 1980, 
102, 3224. 

4 J .  P. Collman, T. R. Halbert and K.  S.  Suslick, in Metal lon 
Activation of Dioxygen, ed. T. G .  Spiro, John Wiley, New York. 
1980, p. 1. 

5 M. F. Perutz, Nature (London) ,  1978, 228, 726. 
6 A. Warshel and R. M. Weiss, J .  Am. Chem. SOC., 1981, 103, 446. 
7 A. Brzozowski, Z. Derewenda, E. Dodson, G. Dodson, M. 

Grabowski, R.  Liddington, T.  Skarzynski and D. Vallely, Natzire 
(London) ,  1984, 307, 74. 

8 M. F. Perutz, G. Fermi. B. Luisi, B. Shaanan and R. C. 
Liddington, Acc. Chem. Res., 1987. 20, 309. 

9 R. Liddington, Z. Derewenda, G. Dodson and D. Harris, Nature 
(London) ,  1988,331, 725. 

10 M. A. Walters, T. G. Spiro, K.  S .  Suslick and J.  P. Collman. 
J .  Am. Chem. SOC., 1980, 102, 6857. 

11 D.  V. Stynes, Can. J .  Spectr.. 1981, 26, 109. 
12 G. L. Woolery, M. A. Walters, K. S.  Suslick, L. S.  Powers and 

T. G.  Spiro. J .  Am. Chem. Soc., 1985, 107, 2370. 
13 M. Momenteau, Pure Appl .  Chem.,  1986, 58, 1493. 
14 M. Momenteau, B. Loock, C. Tetreau, D. Lavalette, A. Croisy, 

C. Schaeffer, C. Hue1 and J.-M. Lhoste, J .  Chem. SOC. ,  Perkrn 
Trans. 2 ,  1987, 249. 

15 I .  P. Gerothanassis and M. Momenteau. J .  Am. Chem. Soc., 1987, 
109, 6944. 

16 I. P. Gerothanassis, M. Momenteau and B. Loock. J .  Am. Chern. 
SOC., 1989, 111, 7006. 

17 L. Pauling, Nature (London) ,  1964, 203, 182. 
18 B. Shaanan, Nature (London) ,  1982, 296, 683. 
19 W. G.  Klemperer, Multinuclear Approach to N M R  Spectroscopy, 

ed. J .  B. Lambert and F. G. Riddell, Reidel, Dordrecht , 1983, pp. 

20 EXAFS measurements confirmed that the Fe-02 bond is substan- 
tially longer, 1.90 A, than in the unhindered adduct (l-Meim)- 
Fe(TPivPP)(O?) on a low-temperature sample but showed 
evidence of Fe-O;! bond shortening on loss of ethanol at room 
temperature and gave a short Fe-02 bond length, 1.77 A, for the 
1,2-Me2im adduct, T. G .  Spiro, Adv.  Protein Chem.,  1985. 37, 
111. 

21 A reciprocal relationship between v(Co-02) and v ( 0 - 0 )  and thus 
evidence of the operation of the n effect was found in RR studies 
of a number of cobalt substituted haemoproteins and synthetic 
analogues, N.-T. Yu and E. A. Kerr, Biological Application3 of 
Raman Spectroscopy, ed. T. G .  Spiro, John Wiley, New York, 

22 R. S. Drago and B. B. Corden, Acc. Chern. Rey., 1980, 13, 353. 
23 G .  B. Jameson and R. S. Drago, J .  A m .  Chem. SOC., 1985, 107, 

245-260. 

1988; Vol. 3; pp. 39-95. 

3017. 




