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Abstract: The paramagnetic bis-2-methylimidazole complex of (tetramesitylporphinato)iron(III) chloride, with short Tx and 
T2 relaxation times, was investigated in CD2Cl2 by NOESY (nuclear Overhauser and exchange spectroscopy) experiments 
as a function of temperature (-29, -54, -74 0C). The two-dimensional (2-D) maps obtained at -29 and -54 0C revealed cross 
peaks due to both chemical exchange and the nuclear Overhauser effect (NOE), while the map obtained at -74 0C showed 
only NOE cross peaks. The NOE cross correlations are consistent with the 2-MeImH ligands being positioned over or near 
the meso carbon atoms, rather than over the porphyrin nitrogens, as previously suggested by Nakamura and Groves (Tetrahedron 
1988, 44, 3225). The nonbonded interactions between the methyl groups of the 2-methylimidazole (2-MeImH) ligands and 
the mesityl groups of the porphyrin phenyl rings for this orientation of the axial ligands produce a strongly ruffled porphyrin 
core having two oblong "cavities" at right angles to each other, one above and one below the plane of the porphyrin ring, which 
hold the "hindered" axial ligands in perpendicular planes over the meso positions. The chemical exchange cross peaks are 
indicative of interconversion of all resonances of a particular type, due to rotation of the axial ligands rather than axial ligand 
exchange. This interpretation is confirmed by the fact that there are no cross peaks observed between free and coordinated 
2-MeImH resonances at any of the temperatures investigated. Rotation of the 2-MeImH ligands requires that alternate phenyl 
rings "flap" up and down as the ligands rotate. The coupling pattern between the pyrrole-H protons is consistent with that 
expected on the basis of the extrapolated intercepts of the Curie plot. 

Introduction 
Metal complexes of tetrakis(2,6-disubstituted phenyl)porphyrins 

such as tetramesitylporphyrin (TMPH2) or tetrakis(2,6-di-
fluoro,-dichloro-, or dibromophenyl)porphyrins have found con
siderable utility in the investigation of hydroxylation reactions 
which attempt to model those of cytochrome P450.3""12 In addition 
to these uses as model compounds, Nakamura and Groves have 
recently shown for the bis-2-methylimidazole complex of (tet-
ramesitylporphinato)iron(III) chloride (TMPFe111Cl), that or-
tho-phenyl substituents hinder the rotation of the planar axial 
ligands about the metal-ligand bond13 on the NMR time scale, 
as evidenced by dynamic one-dimensional (1-D) proton NMR 
studies. They concluded that the pattern and number of 1H signals 
observed were consistent with the two axial ligand planes of 
2-methylimidazole lying over the porphyrin nitrogen N(1)-N(3) 
and N(2)-N(4) axes, in perpendicular planes, with the resulting 
structure having C2 symmetry. 

(I)A preliminary account of this work was reported at the 200th National 
Meeting of the American Chemical Society, Washington, DC, August 1990. 

(2) (a) University of Arizona, (b) San Francisco State University. 
(3) Traylor, P, S.; Dolphin, D.; Traylor, T. G. J. Chem. Soc, Chem. 

Commun. 1984, 279. Traylor, T. G.; Tsuchiya, S. Inorg. Chem. 1987, 26, 
1338. Traylor, T. G.; Tsuchiya, S. Inorg. Chem. 1988, 27, 4520. Traylor, 
T. G.; Xu, F. J. Am. Chem. Soc. 1988, 110, 1953. Traylor, T. G.; Nakano, 
T.; Miksztal, A. R.; Dunlap, B. E. J. Am. Chem. Soc. 1987, 108, 7861. 

(4) Artaud, I.; Devocelle, L.; Battioni, J. P.; Girault, J.-P.; Mansuy, D. J. 
Am. Chem. Soc. 1987, 109, 3782. 

(5) Traylor, T. G.; Miksztal, A. R. J. Am. Chem. Soc. 1987, 109, 2770. 
(6) Groves, J. T.; Stern, M. K. J. Am. Chem. Soc. 1988, 110, 8628. 
(7) Rodgers, K. R.: Goff, H. M. J. Am. Chem. Soc. 1988, 110, 7049. 
(8) Sugimoto, H.; Tung, H.-C; Sawyer, D. T. J. Am. Chem. Soc. 1988, 

110, 2465. 
(9) Gold, A.; Jayaraj, K.; Doppelt, P.; Weiss, R.; Chottard, G.; Bill, E.; 

Ding, X.; Trautwein, A. X. J. Am. Chem. Soc. 1988, 110, 5756. 
(10) Garrison, J. M.; Bruice, T. C. J. Am. Chem. Soc. 1989, /// , 191. 

Balasubramanian, P. N.; Lindsay Smith, J. R.; Davies, M. J.; Kaaret, T. W.; 
Bruice, T. C. J. Am. Chem. Soc. 1989, /// , 1477. Balasubramanian, P. N.; 
Lee, R. W.; Bruice, T. C. J. Am. Chem. Soc. 1989, /// , 8714. Panicucci, 
R.; Bruice, T. C. J. Am. Chem. Soc. 1990, 112, 6063. Murata, K.; Panicucci, 
R.; Gopinath, E.; Bruice, T. C. J. Am. Chem. Soc. 1990, 112, 6072. 

(11) Collman, J. P.; Hampton, P. D.; Brauman, J. I. J. Am. Chem. Soc. 
1990, 112, 2977, 2986. 

(12) Cheng, R.-T.; Latos-Grazynski, L.; Balch, A. L. Inorg. Chem. 1982, 
21, 2412. 

(13) Nakamura, M.; Groves, J. T. Tetrahedron 1988, 44, 3225. 

On the basis of two-dimensional (2-D) NOESY (nuclear Ov
erhauser and exchange spectroscopy) experiments performed at 
-29, -54, and -74 0C for the 2-methylimidazole (2-MeImH) 
complex of TMPFeCl, which has short spin-lattice (Tx) and 
spin-spin (T2) relaxation times, we offer a novel alternative in
terpretation of the results obtained by Nakamura and Groves13 

and illustrate the utility of NOESY spectra collected at several 
temperatures in separating the contributions from through-space 
correlations due to the nuclear Overhauser effect and those due 
to chemical exchange. We will further show that variable-tem
perature NOESY experiments can successfully be used to dem
onstrate the dynamic flexibility of the porphyrin ring for the 
complex investigated. Due to the extreme mobility ("flapping") 
of the phenyl rings and the meso carbon atoms as the axial 2-
MeImH ligands rotate, chemical exchange is the predominant 
contribution to the NOESY map at -29 0C. At low temperatures 
the rotation and flapping motion is reduced, chemical exchange 
is somewhat (-54 0C) or completely (-74 0C) suppressed, and 
only nuclear Overhauser effects contribute to the cross correlation 
pattern observed at -74 0C.14 This pattern and the number of 
resonances obtained is only explicable if the 2-MeImH ligands 
are positioned over the meso carbon atoms in perpendicular planes. 
This viewpoint, which is supported by results of X-ray crystal 
structure determinations of similar low-spin TMPFe"' complex
es,15'16 is discussed below. 

Experimental Section 
TMPH2 was synthesized by the BF3-ethano! cocatalysis method de

scribed by Lindsey17 and purified as described.17 Iron was inserted and 

(14) (a) Benn, R.; Giinther, H. Angew. Chem., Int. Ed. Engl. 1983, 22, 
350-380. (b) Although the phase-sensitive NOESY experiment might be a 
better means of separating chemical exchange and NOE correlations for 
diamagnetic compounds, the line widths of the signals of paramagnetic com
pounds such as those of this study, together with the presence of unresolved 
J couplings, lead to serious cancellation of phase and antiphase components 
which may lead to loss of expected cross peaks. 

(15) X-ray crystal structures of five bispyridine complexes of TMPFe1", 
including those of 3-ethyl- and 3-chloropyridine,16 have shown that in each 
case the axial ligands are in approximately perpendicular planes lying over 
the meso positions. 

(16) Safo, M. Ph.D. Thesis, University of Notre Dame, 1991. 
(17) Lindsey, J. S.; Schreiman, I. C; Hsu, H. C; Kearney, P. C; Mar-

guerettaz, A. M. J. Org. Chem. 1987, 52, 827-836. 
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the complex converted to the high-spin chloroiron(III) form by methods 
described previously.18 The (2,6-Cl2)4TPPFeCl was prepared by shaking 
a methylene chloride solution of (2,6-Cl2)JTPFeClO4 twice with 0.5 M 
HCl, followed once with distilled water. The methylene chloride layer 
was dried over Na2SO4 and evaporated to dryness. The solid was re-
dissolved in methylene chloride, and gaseous HCI was bubbled through 
the solution for 30 s; it was then evaporated to dryness. Proton NMR 
studies were performed on IO mM solutions of the Fe(III) porphyrin in 
CD2Cl2 (99.8%, Cambridge Isotopes); 2-MeImH (Aldrich, 1 M stock 
solution in CD2Cl2) was titrated into the solution until the 1-D NMR 
spectrum at 0 0C showed no evidence of high-spin Fe(III) porphyrin, as 
evidenced by the disappearance of the pyrrole-H resonance at +86 ppm. 
For optimal NOESY spectral acquisition, with the longest possible J1S, 
samples were degassed by bubbling with argon for 10 min prior to NMR 
spectroscopic investigation. 

Proton NMR spectra were recorded at San Francisco State University 
on a General Electric GN-300WB spectrometer operating at 300.10 
MHz. Typically, 1-D spectra were acquired with 128 free induction 
decays of I6K data points over a spectral bandwidth of about 18 kHz, 
using a 30° pulse (3.2 ^s). Due to very short spin-lattice relaxation times 
T1 (3 ms < T, < 360 ms) a short relaxation delay of 600 ms was used. 
Data were typically processed with 10-Hz exponential apodization prior 
to Fourier transformation. Chemical shifts were referenced to residual 
CHDCl2 (5.32 ppm). NOESY spectra were collected on the same in
strument using 128 /1 blocks of 32 scans each over a spectral bandwidth 
of about 18 kHz and using 256 complex t2 points to give a total exper
iment time of 1.37 h. The typical 90-/,-90-Tm-90-f2 pulse sequence with 
a composite 180° pulse applied during the mixing period to suppress 
unwanted cross peaks arising from scalar interactions was used to obtain 
the data sets. The mixing times at individual temperatures were optim
ized by trial and error to give maximum intensity of cross peaks, in
cluding those between protons of 7",s differing by as much as a factor of 
5. Typically, mixing times which produced optimal intensities of all cross 
peaks were those which were 15-30% longer than the shortest 7",s of 
protons which were correlated. This is in contrast to the widely accepted 
practice for diamagnetic compounds of using mixing times of the order 
of the longest T1.

15 Data were processed with a 30°-phase shifted 
sine-bell-window function in both dimensions, zero-filled once to 256 tx 
X 256 I2 points prior to Fourier transformation, magnitude calculation, 
and symmetrization. 

Results and Discussion 

Two-dimensional NMR experiments, including NOESY and 
COSY (homonuclear correlation spectroscopy) experiments have 
been utilized to determine structural and dynamic properties of 
diamagnetic molecules, both relatively small organic molecules20 

and macromolecules including proteins,2' oligosaccharides,22 DNA 
fragments,23 and RNAs.24 Relatively few successful applications 
of these experiments to paramagnetic molecules have been re
ported25,26 because (1) hyperfine shifts (contact and/or dipolar) 
broaden the resonances, thus obscuring the scalar couplings be
tween protons, (2) the paramagnetically induced relaxations 
shorten both spin-spin (T2) and spin-lattice (T1) relaxation times, 

(18) Simonis, U.; Walker, F. A.; Lee, P. L.; Hanquet, B. J.; Meyerhoff, 
D. J.; Scheidt, W. R. J. Am. Chem. Soc. 1987, 109, 2659-2668. 

(19) Sanders, J. K. M.; Hunter, B. K. Modern NMR Spectroscopy; Oxford 
University Press: Oxford, 1987. 

(20) (a) Summers, M. F.; Marzilli, L. G.; Bax, A. J. Am. Chem. Soc. 
1986, 108, 4285-4294. (b) Simonis, U.; Zhang, H.; Kipp, C; Norvell, C. J.; 
Walker, F. A.; manuscript in preparation. 

(21) (a) Live, D. H.; Kojiro, C. L.; Cowburn, D.; Markley, J. L. J. Am. 
Che. Soc. 1985, 107, 3043-3045. (b) Neuhaus, D.; Wagner, G.; Vasak, M.; 
Kagi, J. H. R.; Wflthrich, K. Eur. J. Biochem. 1985, 151, 257-273. (c) 
Englander, S. W.; Wand, A. J. Biochemistry 1987, 26, 5953-5962. (d) Fejzo, 
J.; Westler, W. M.; Macura, S.; Markley, J. L. J. Am. Chem. Soc. 1990, 112, 
2574-2577. (e) Clore, G. M.; Omichinski, J. G.; Gronenborn, A. M. J. Am. 
Chem. Soc. 1991, 113, 4350-4351. 

(22) Poppe, L.; von der Lieth, C-W.; Dabrowski, J. J. Am. Chem. Soc. 
1990,112, 7762-7771. Acquotti, D.; Poppe, L.; Dabrowski, J.; von der Lieth, 
C-W.; Sonnino, S.; Tettamanti, G. J. Am. Chem. Soc. 1990, 112, 7772-7778. 

(23) Cohen, J. S. TIBS 1987, 12, 133-135, and references therein. 
(24) Hare, D. R.; Ribeiro, N. S.; Wemmer, D. E.; Reid, B. R. Biochem

istry 1985, 24, 4300-4306. 
(25) (a) Jenkins, B. G.; Lauffer, R. B. J. Magn. Reson. 1988, 80, 328-336. 

(b) Jenkens, B. C; Lauffer, R. B. Inorg. Chem. 1988, 27, 4730-4738. (c) 
Luchinat, C; Steuernagel, S.; Turano, P. Inorg. Chem. 1990, 29, 4351-4353. 

(26) (a) Emerson, S. D.; La Mar, G. N. Biochemistry 1990, 29, 
1545-1556. (b) deRopp, J. S.; La Mar, G. N. J. Am. Chem. Soc. 1991, 113, 
4348-4350. 
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Figure 1. (A) The 300-MHz 1H NMR spectrum of a 10 mM sample 
of [TMPFe(2-MeImH)2]Cl in CD2Cl2 at -29 0C with assignments of all 
resonances. (B) NOESY map collected with optimized 80-ms mixing 
time showing chemical exchange (EXSY) cross peaks and 2-D NOE 
cross peaks. The latter are observed between the NH and 5-H resonances 
of coordinated 2-MeImH, while a combination of NOESY and EXSY 
correlations are observed between para CH3 and meta H resonances and 
between ortho CH3 and meta H signals. The expected location of EXSY 
cross peaks between the methyl resonances of free and coordinated 2-
MeImH if chemical exchange of the axial ligand were involved would 
be 2.85, 5.29 ppm and 5.29, 2.85 ppm. 

sometimes so dramatically that the detection of significant 
NOESY cross peak intensity is prevented, and (3) for the COSY 
experiment, short T2S decrease the time available for buildup of 
coherence as well as obliterate cross peaks due to overlap, and 
hence cancellation of the antiphase components often occurs,26'27 

precluding the observation of any COSY cross correlations at all. 
Such is the case for the present system, where the r2*s of the 
proton signals of interest are as short as 1.5 ms. Thus all attempts 
to observe COSY cross peaks at any temperature failed. 

For the NOESY experiment, where cross peak detection is less 
sensitive to the short T2S of paramagnetic samples than is the 
COSY experiment, the choice of the values for the parameters 
(mixing time, rm, block size, 2./V, and spectral bandwidth, F), 
utilized for successful acquisition of the NOESY maps, is crucial. 
In order to observe NOESY cross peaks for the iron complex it 
was necessary to set the acquisition time (r2) to some value not 
significantly greater than T1, such that there would still be de
tectable coherence following the third 90° pulse, even for later 
T1 data increments. Since the acquisition time A1 = N/2F, where 
N is the total number of real data points in the t2 dimension, an 
acquisition time of the order of magnitude of T2 (<2 ms) leads 
to severe limitations in block size and spectral bandwidth. For 
the current experiment, NOESY spectra could be obtained with 
N = 256 and F = 18 kHz, for which the acquisition time was thus 
7 ms. This fixes the digital resolution (1//I1) at 141 Hz. Using 
a larger block size simply lengthens the acquisition time, which, 
in comparison to the T2 < 2 ms, leaves no signal to be acquired 
during time period t2 for many of the later r, data sets. 

(27) Ernst, R. R.; Bodenhausen, G.; Wokaun, A. Principles of Nuclear 
Magnetic Resonance in One and Two Dimensions; Clarendon Press: Oxford, 
England, 1987. 
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In addition to the constraints imposed on achievable digital 
resolution by the short T2S of the protons of [TMPFe(2-
MeImH)2]Cl, the wide range of T1S (3-360 ms) among the 
protons of the molecule required optimization of the mixing time 
rm to observe cross peaks. Since the T1S of the correlated protons 
were very different, and decreased with decreasing temperature,28 

changes in rm had dramatic effects on cross peak intensity (or 
absence). As a rule, the optimum mixing times required to detect 
NOESY or chemical exchange cross correlations were found to 
be 1.15-1.3 times the shorter T1 of the two protons for which 
couplings were sought. 

Figure IA shows the 1-D proton NMR spectrum of 
[TMPFe(2-MeImH)2]Cl at -29 0C in CD2Cl2. All peak as
signments agree with those of Nakamura and Groves.13'29 (A 
similar peak pattern is observed for the [(2,6-Cl2)4TPPFe(2-
MeImH)2]Cl complex in CD2Cl2 at -29 0C, except for the absence 
of the ortho CH3 resonances and the replacement of the two para 
CH3 peaks by two para H resonances.30'31) The 2-D NOESY 
map at -29 0C, collected with optimized 80 ms mixing time, is 
shown in Figure IB. Very strong cross peaks are observed 
between all four pyrrole H resonances, all four ortho CH3 reso
nances, all four meta H signals, and the two para CH3 resonances. 
Clearly, this suggests that these sets of cross peaks arise from 
chemical exchange, and hence all protons of a particular type are 
in chemical exchange with each other. A combination of chemical 
exchange (EXSY) and NOE cross correlations are apparent 
between the two para CH3 resonances and both meta H resonances 
at 9.03 and 6.26 ppm and between the two most upfield-shifted 
ortho CH3 signals and the meta H signals at 6.26 ppm. The cross 
peaks observed between the NH and the 5 H resonance of co
ordinated 2-MeImH cannot arise from chemical exchange (be
cause the scalar coupled protons should also be dipolar (through 
space) coupled), and therefore must result from nuclear Over-
hauser effect interactions. Notably absent in this NOESY map 
are cross peaks between the methyl groups of free and coordinated 
2-MeImH, even though ligand exchange at this temperature is 
expected to be more rapid than at the lower temperatures studied. 
The chemical shift positions of the expected cross peaks would 
be at 2.85, 5.29 and 5.29, 2.85 ppm in Figure IB. The absence 
of these EXSY cross peaks suggests that the chemical exchange 
process is not the dissociation of 2-MeImH, but rather hindered 
rotation of the axially coordinated ligands, consistent with ob
servations made by Nakamura and Groves.13 

Figure 2A shows the 1-D proton NMR spectrum of 
[TMPFe(2-MeImH)2]Cl in CD2Cl2 at -54 0C, and Figure 2B 
shows the corresponding NOESY map at -54 0C obtained with 
an optimized mixing time of 76 ms. Again, the 2-D contour plot 
shows cross correlations among all four ortho CH3 resonances, 
all meta resonances, and the two para CH3 resonances, and all 
of the pyrrole H resonances (at a deeper contour level than that 
shown). At -54 0C (Figure 2B), in comparison to the contour 
plot at -29 0C (Figure IB), the chemical exchange (EXSY) cross 
peaks are somewhat suppressed; the cross correlations between 
the two para CH3 signals and each of the meta H resonances, each 
of the four ortho CH3 resonances and the afore-mentioned meta 
H, and between the coordinated 2-MeImH N-H and 5-H signals 

(28) Approximate T1S at -29 0C of the protons of Figure IA and 3 ms 
(4-H(COOnI)). 48 ms (N-H(ooord)), 87 ms (2-CH3(coonl)), 60-70 ms (meta H), 70 
ms (ortho CH3), 360 ms (para CH3), ca. 40 ms (pyrrole H). At -54 0C the 
T,s of the N-H(cooni) had shortened to 33 ms, both the meta H and ortho CH3 
had shortened to ca. 58 ms, the para CH3 to 290 ms, and the pyrrole H to 
36-29 ms. At -74 0C the 7",s of the N-H(coonl) had shortened to 27 ms, the 
meta H to ca. 28 ms, the ortho CH3 to 21-36 ms, the para CH3 to 200 ms, 
and the pyrrole H to 24-20 ms. 

(29) The broad resonance of the 4-H protons of coordinated 2-MeImH 
(26.61 ppm) is not included in Figure IA. 

(30) Simonis, U.; Walker, F. A., unpublished data. 
(31) The [(2,6-Cl2)4TPPFe(2-MeImH)2]Cl complex shows four pyrrole H, 

four meta H, and two para H signals, but preliminary studies suggest that in 
this case the spin-lattice relaxation times, 7",, are too different to allow the 
buildup of NOESY cross peaks, as has been discussed by others.2627'32 

(32) Neuhaus, D.; Williamson, M. The Nuclear Overhauser Effect in 
Structural and Conformational Analysis; VCH Publishers: New York, NY, 
1989. 
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Figure 2. (A) The 300-MHz 1H NMR spectrum of a 10 mM sample 
of [TMPFe(2-MeImH)2]Cl in CD2CI2 at -54 0C with assignments of all 
resonances. (B) NOESY map collected with optimized 76 ms mixing 
time showing chemical exchange (EXSY) cross peaks and 2-D NOE 
cross peaks. The latter are observed between the NH and 5-H resonances 
of coordinated 2-MeImH, while a combination of NOESY and EXSY 
correlations are observed between para CH3 and meta H resonances and 
ortho CH3 and meta H signals. The NOE cross peaks between ortho 
CH3(I) and the methyl group of coordinated 2-MeImH are marked by 
arrows. 

are relatively more pronounced. Some cross peaks among the 
phenyl substituents arise from chemical exchange; a number of 
them disappear at -74 0C, as will be discussed below. In addition 
to these cross peaks observed at both -29 and -54 0C, the NOESY 
spectrum at -54 0C also exhibits NOE cross correlations between 
ortho CH3(2) and pyrrole H(4) and ortho CH3(3) and pyrrole 
H(2) and -(3) signals (Figure 2B). However, there is only one 
set of cross peaks observed between an ortho CH3 signal, that of 
ortho CH3(I), at -6.07 ppm, and the methyl resonances of co
ordinated 2-MeImH at 4.99 ppm (marked by arrows in Figure 
2B). Thus, ortho CH3(I) must be spatially near the methyl group 
of the coordinated ligand. 

Upon lowering the temperature in increments of 5° from -54 
to -74 0C, some cross peaks disappear; they are therefore assigned 
as EXSY cross peaks. At -74 0C EXSY cross peaks are entirely 
suppressed, and all cross peaks still detected are NOE correlations. 
All resonances exhibit extreme broadening, as shown in the 1-D 
NMR spectrum of the complex in Figure 3 A. The following NOE 
cross correlations among the phenyl substituents are observed, 
as shown in the expanded region of the spectrum in Figure 3B: 
meta H(I) to para CH3(I) and ortho CH3(I); meta H(2) to para 
CH3(2) and ortho CH3(2); meta H(3) to para CH3(I) and ortho 
CH3(3); and meta H(4) to para CH3(2) and ortho CH3(4). 
Complete suppression of the EXSY cross peaks allows the ob
servation of only one set of 2-D NOE cross peaks between the 
pyrrole H resonances, as shown at a deep contour level in Figure 
4A, indicating that signals (4) and (2) are derived from protons 
within the same pyrrole ring. No cross peaks were detected 
between pyrrole signals (1) and (3) under any experimental 
condition. 

The NOESY cross peak pattern observed at -74 0C (Figures 
3 and 4A) is consistent with the structure proposed in Figure 4B, 
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10 5 0 - 5 PPM 
Figure 3. Proton 1-D spectrum and NOESY map collected at -74 0C 
with optimized mixing time of 50 ms showing 2-D NOE cross peaks (A) 
at a level deep enough to show the cross peaks between ortho CH3 and 
pyrrole H resonances, and (B) on an expanded scale at a higher level 
which shows the cross peaks between particular ortho CH3 and meta H 
and meta H and para CH3 resonances. 

in which the ortho and para CH3 and meta H resonances of the 
two types of phenyl rings should show NOE cross correlations 
within each ring, e.g., meta H(I) should exhibit through-space 
couplings to para CH3(I) and ortho CH3(I) etc. The inequiva
lence of the pyrrole H signals must be caused by the off-axis 
binding of the 2-MeImH ligands due to the 2-methyl substituent 
and not simply by the lower symmetry of the 2-MeImH ligand, 
since the binding of unsymmetrical pyridines such as 3-methyl-
pyridine to TMPFeCl does not cause splitting of the pyrrole H 
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resonances.30 From consideration of the NOESY cross peaks 
observed in the 2-D spectrum at -74 °C (Figures 3 and 4A) and 
that observed between ortho CH3(I) and the 2-CH3 signal of 
coordinated 2-MeImH in the NOESY map at both -54 and -74 
0C (Figure 2B)33 it is possible to make a unique assignment of 
all resonances. In terms of the pyrrole H resonances, Ha gives 
rise to peak (3), Hb to (2), Hc to (4), and Hd to (1). The 
assignments of the ortho and para CH3 and meta H resonances 
of the phenyl rings are given in Figure 4B. The 2-CH3 group of 
the axial ligand is close to ortho CH3(I), as shown. The ortho 
CH3(3) group is in close proximity to both pyrrole Ha and Hb, 
and the ortho CH3(2) group is spatially close to pyrrole Hc 

(Figures 3A and 4B). 
While the assignments of the pyrrole H resonances given in 

Figure 4B may at first consideration seem unexpected, we must 
consider not the pyrrole H pattern observed at -74 0 C but rather 
the temperature dependence of these proton resonances extrap
olated to 1/7 = O, where the pattern of unpaired electron density 
is indicative of the "in-plane" or "rhombic magnetic anisotropy" 
due to the second-order Zeeman interaction.34 Since pyrrole H(4) 
has a much weaker temperature dependence than the other three, 
as shown in Figure 5, its extrapolated intercept is the least positive, 
making the order of the intercepts 4 < 1 ~ 2 < 3. Hence the 
assignments of the pyrrole H resonances are totally consistent with 
the pattern of unpaired electron derealization expected for a 
low-spin Fe(III) porphyrin in which the symmetry plane of the 
orbital of the unpaired electron passes through the porphyrin 
nitrogens of the rings that contain Hb and Hc.

34 If we assume 
that the off-axis binding of the 2-MeImH ligands increases the 
unpaired electron derealization to the pyrrole positions to which 
Ha and Hb are bound and decreases the derealization to the 
positions to which Hc and Hd are bound, as shown diagram-
matically in the insert of Figure 5, then we can account for the 
pyrrole H coupling pattern observed. 

As mentioned above, the interpretation of the number of proton 
NMR signals observed for [TMPFe(2-MeImH)2]Cl in terms of 
off-axis binding of the 2-MeImH ligand is strengthened by the 
fact that the binding of 3-methylpyridine to TMPFeCl does not 
cause splitting of the pyrrole H resonances,30 although the mo
lecular structure of five bispyridine complexes of TMPFe111ClO4 

all show that the pyridine ligands are oriented with their axial 
ligand planes lying over opposite meso positions,16 as shown in 
Figure 9a of ref 35. Thus, the paramagnetic Fe(III) center 
apparently does not sense lowered axial ligand symmetry unless 
that lowered symmetry causes the Fe-Nix bond axis to be dis
torted from the heme normal. Such a distortion (as is expected 
in the 2-MeImH case) creates four different types of pyrrole H, 
four ortho CH3, two para CH3, and four meta H environments, 
each of which experiences a different contact and dipolar shift. 
Only two of the four different types of pyrrole H should show 2-D 
NOE cross peaks. This viewpoint is in accord with results of 
previous X-ray crystallographic investigations of the bis-2-
methylimidazole complex of TPPFe1", which showed36'37 that 
"hindered" ligands such as 2-MeImH must lie over the meso 
positions if a low-spin complex is to result. (The X-ray structure 
of single crystals of the related bisbenzimidazole complex of 
TPPFe111 demonstrates that when the ligands lie over the porphyrin 
nitrogens, the complex is high-spin.38) For other low-spin Fe(III) 

(33) Unfortunately, at -74 0C, the 2-CH3 signal is superimposed on the 
ortho CH3(3) signal. 

(34) Walker, F. A.; Benson, M. J. Phys. Chem. 1982, 86, 3495-3499. 
(35) Safo, M. K.; Gupta, G. P.; Walker, F. A.; Scheldt, W. R. J. Am. 

Chem. Soc. 1991, 113, 5497-5510. 
(36) Kirner, J. F.; Hoard, J. L.; Reed, C. A. Abstracts of Papers; 175th 

National Meeting of the American Chemical Society, Anaheim, CA, March 
13-16, 1978; American Chemical Society: Washington, D.C., 1978; INOR 
14. 

(37) Walker, F. A.; Huynh, B. H.; Scheidt, W. R.; Osvath, S. R. J. Am. 
Chem. Soc. 1986, 108, 5288-5297. 

(38) Levan, K. R.; Strouse, C. E. Abstracts of Papers; American Crys
tallographic Association Summer Meeting, Snowmass, CO, American Crys
tallographic Association; New York, 1983, Abstract III. Levan, K. R. Ph.D. 
Thesis, University of California at Los Angeles, 1984. 
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Figure 4. (A) The pyrrole H region of the NOESY map of [TMPFe(2-MeImH)2]Cl at -74 0C at a low contour level, showing only one set of cross 
peaks, between pyrrole signals 4 and 2. (B) Proposed model of the structure of [TMPFe(2-MeImH)2]Cl, showing the schematic representation of the 
ruffling of the porphyrin ring which bends the mesityl groups to move the ortho CH3 out of the way of the upper axial ligand. The opposite bend of 
the other two mesityl groups provides an oblong binding cavity for the lower axial ligand, at right angles to that shown. The unique pyrrole H protons 
are labeled a-d in accord with the symmetry of the molecule. From information discussed in the text, Ha gives rise to peak (3), Hb to (2), Hc to (4), 
and Hd to (1). Assignments of phenyl resonances are given in parentheses in Figure 4B. Solid circles and lines represent ortho CH3 groups and ligands 
above the plane, while dotted symbols represent those below the plane. 

1 2 3 4 5 
( 1 / T ) x 1 0 3 , 0 K" 

Figure 5. Curie plot of the pyrrole H and ortho CH3 peaks of [TMPFe(2-MeImH)2]Cl. Note that the line for pyrrole H(4) crosses those of the other 
three and has the least positive intercept. Pyrrole H(I) and ortho CH3(2) and -(4) exhibit changes in slope at 1/7" = 0.00480 K"1 or -65 0C. The 
temperature dependence of these three resonances above -65 0C is represented by the dashed line in each case. Insert: Diagram of the electron density 
distribution in the orbital of the unpaired electron, based on the relative intercepts of the pyrrole protons.34 The (+) and (-) notation on the left and 
right side of the structure indicate the regions on either side of the nodal plane bisecting the porphyrin ring where electron density appears to be increased 
and decreased, respectively, over that expected for simply the average effect of the two planar ligands. This increased and decreased electron density 
is believed to be the result of the off-axis binding of 2-MeImH to iron, which is caused by the steric effect of the 2-methyl substituent. 

complexes of TMP16-35 and (2,6-Cl2)4TPP16-39 it has been shown 
that planar axial ligands are able to bind to Fe(III) porphyrins 
with their ligand planes lying over the meso positions even though 
steric repulsions are expected between the mesityl ortho CH3 and 
the methyl groups of 2-MeImH. These nonbonded interactions 
between the methyl groups of the 2-MeImH ligands and the 
mesityl groups for this orientation of the axial ligand are minimized 
by tipping the ortho mesityl groups away from the 2-methyl-
imidazole ring, producing a strongly ruffled porphyrin core having 
two oblong "cavities" at right angles to each other, which hold 

"hindered" 
16,35 

axial ligands in perpendicular planes over the meso the' 
positions.' 

The slope of the Curie plot of the proton signal of ortho CH3(4) 
changes sharply at 208 K or -65 0C (Figure 5, dashed line). Since 
the isotropic shifts of phenyl substituents in low-spin Fe(III) 
complexes have been shown to be overwhelmingly dipolar in 
nature,40 the sharp change in slope of ortho CH3(4) is indicative 
of a change in the relative importance of the axial and rhombic 
contributions to the dipolar shift at -65 0C. In particular, the 
in-plane, or rhombic anisotropy term, whose angular dependence 

(39) Hatano, K.; Safo, M. K.; Walker, F. A.; Scheidt, W. R. Inorg. Chem. 
1991, 30, 1643-1650. 

(40) La Mar, G. 
1782-1790. 

N.; Walker, F. A. J. Am. Chem. Soc. 1973, 95, 
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(sin2 9 cos 2ft)34'40'41 is expected to be averaged to zero by ligand 
rotation, must be of opposite sign, but smaller in magnitude than 
the axial term, whose angular dependence (3 cos2 6 - l)34'40'41 

does not average to zero as the ligands rotate. Less pronounced 
changes in slope were also observed for ortho CH3(2) and pyrrole 
H(I), which we have assigned as Hd (Figure 5, dashed lines). All 
three of these groups are nearest the 5-H of the two 2-MeImH 
ligands. This region of the complex is relatively less sterically 
encumbered than is the opposite end, near Ha and ortho CH3(I) 
and -(3). The change in slopes of the Curie plots for protons Hd 

and ortho CH3(2) and -(4) at -65 0C may indicate the temper
ature at which rotation ceases as the structure of the molecule 
is locked into the strongly ruffled form. This form may not only 
have a different rhombic but also a different axial contribution 
to the dipolar shift to the three protons whose slopes change at 
-65 0C than does the freely rotating form, since the value of 3 
cos2 9 - 1 will be different for the locked ruffled form than for 
the average of the forms which are subjected to rotation of the 
axial ligands. 

The EPR spectra of the 2-MeImH complexes of TMPFe111 and 
(2,6-Cl2)4TPPFein in frozen glasses of CH2Cl2 have only one 
resolved feature, with g > 3.O.35 This "large gma," type of EPR 
signal has previously been shown to occur for bispyridine or 
hindered imidazole complexes of low-spin Fe(III) porphyrins in 
which the axial ligands are in perpendicular planes.16'35'37 

The presence of all possible EXSY cross peaks between 
chemically equivalent protons (Figure 1B and 2B), together with 
the absence of cross peaks between free and bound 2-MeImH (as 
evidenced most clearly in the NOESY map at -29 0C, Figure 
1B, in which resonances overlap less than at lower temperatures), 
indicates that the mechanism of the chemical exchange process 

(41) Horrocks, W. D.; Greenberg, E. S. Biochim. Biophys. Acta 1973, 322, 
38-44. Horrocks, W. D.; Greenberg, E. S. MoI. Phys. 1974, 27, 993-999. 

Photoinduced energy or electron transfer between porphyrins, 
which is of interest both for understanding natural photosynthesis 
and for the design of molecular electronic devices, has been 
demonstrated for various supramolecular systems.1"7 Singlet 
energy transfer, occurring by the Forster mechanism, has been 
described for a range of covalently linked zinc(II)/free-base 

f University of Texas. 
' UniversitS Louis Pasteur. 

is rotation of the bound ligands, as originally suggested by Na-
kamura and Groves.13 Such rotation would cause sequential 
switching of the up/down ruffling distortion of individual meso-
phenyl groups and indicates that there must be large amplitude 
motions of the phenyl groups in homogeneous solution, even at 
relatively low temperatures, if such rotation is to take place. Such 
fluxionality is seldom detectable, since in the absence of ortho 
phenyl substituents and/or sterically hindered ligands, preliminary 
NMR data suggest that axial ligands appear to rotate rapidly, 
even at -95 0C.30 In light of the difference in structural model 
proposed here, the activation parameters measured by Nakamura 
and Groves13 for the rotation of the axial 2-MeImH ligands, AH1 

= 12.9 Kcal/mol, AS1 = 3.7 eu,13 represent the combination of 
those for ligand rotation and fluxional distortion of the TMP ligand 
necessary to allow that rotation. Despite the large amplitude 
motions necessary, these activation barriers are much lower than 
those due to ligand exchange (AH1 = 20.1 Kcal/mol, AS* = 40 
eu42), and clearly represent those of a totally different chemical 
exchange process. Further investigations of axial ligand rotation 
in these "cavity" type porphyrins are currently underway. 
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bisporphyrins possessing different types of spacer group.5 These 
studies have been extended to larger arrays in an effort to mimic 

(1) Harriman, A. In Energy Resources Through Photochemistry and 
Catalysis; Gratzel, M., Ed.; Academic Press: London, 1983; p 163. 

(2) Wasielewski, M. R. Photochem. Photobiol. 1988, 47, 35. 
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Abstract: A bisporphyrin, comprising gold(III) and zinc(II) porphyrins held in an oblique orientation via a 1,10-phenanthroline 
spacer, undergoes intramolecular electron transfer with almost unit quantum efficiency on excitation with visible light. The 
reaction pathway and kinetics vary according to which porphyrin absorbs the incident photon, but the net reaction involves 
intramolecular electron transfer from zinc porphyrin (ZnP) to gold porphyrin (AuP+). Thus, the ZnP excited singlet state 
transfers an electron to the appended AuP+. Excitation of the AuP+ generates the triplet excited state which abstracts an 
electron from the ZnP (77%) or transfers electronic energy to it (15%). The ZnP triplet state also transfers an electron to 
the appended AuP+. Similar processes are observed with the corresponding gold/free-base bisporphyrin. 
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