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Phase-sensitive NOESY/EXSY experiments have been utilized to measure the rates of axial ligand rotation
for (tetramesitylporphyrinato)iron(lll) and -cobalt(l1l) bis(2-methylimidazole), [(TMP)Fe(2-MelshH)lO,~

and [(TMP)Co(2-MelmH)|*BF,~, and several related complexes at various low temperatures. The derivations

of the expressions for EXSY cross-peak volumes (Ernst, R. R.; Bodenhausen, G.; Wok&uimciles of
Magnetic Resonance in One and Two Dimensi@liarendon Press: Oxford, U.K., 1992; chapters 6 and 9)

as a function of mixing time,, longitudinal relaxation timéj, and chemical exchange rate consténhave

been extended to the case of cyclic four-site chemical exchange having a single rate constant. Cross-peak
volumes were fit to the expressions, and the rate constants were calculated using a computer fitting program
developed in this laboratory. The dependence of the reliability of the rate constant on and other
experimental factors is discussed. The temperature dependence of the rate constants was used to calculate
the activation enthalpy and entropy for these complexes and two others, [tetrakis(2,6-dichlorophenyl)-
porphyrinato]iron bis(2-methylimidazole) perchlorate, [(2,6}%TPP)Fe(2-MelmHy)*CIlO,~, and its 2,6-
dibromophenyl analog, [(2,6-Bu(TPP)Fe(2-MelmH)]*CIlO,~, as well as the bis(1,2-dimethylimidazole)
complexes of (TMP)Cb. The values ofAH* are very similar for all Fe(lll) complexes (461 kJ/mol), and

AS values are close to zero. Nevertheless, the combined differences in these activation parameters led to
rate constants for ligand rotation at 26 ranging from 1.1x 1C° (2,6-Br) to 1 x 10* (TMP) s1. For the
[(TMP)Col,] "BF,~ complexes where k= 2-MelmH and 1,2-Mgm, the values oAH* are very similar but

slightly smaller than those for the low-spin Fe(lll) complexes, but the valuasSbare rather negative-63

and—84 J/(mol K), respectively), which lead to rate constants at@®f 14 and 5 s, respectively. The
difference inAS" and thus the Idifference in the rate constants for Fe(lll) and Co(lll) complexes probably
indicates either steric hindrance to rotation of the 2-methyl group of the “hindered” ligand in the Co(lll)
complexes, where the Cd\,« bond lengths are expected to be somewhat shorter than the corresponding
Fe—Nax bonds, or differences in solvation of the Co(lll) complexes {B&nion) that lead to a more highly
structured transition state than for those of the Fe(lll) complexes,(CGifion). The methods developed for
analysis of the EXSY data are general and could be used for any case of four-site chemical exchange with
a single rate constant.

Introduction qguestion of how rapid ligand rotation is on “hindered” low-

The metal binding sites of heme proteins are extremely well- spin Fe(ll) model hemes is the subject of this work.
defined and include not only the porphyrinate nitrogens but also ~ R€cently we have shown thétl NOESY/EXSY spectra of
the axial ligand(s) provided to the metal by the protein. These the bis(2-methylimidazole) (2-MelmH) complex of (tetramesi-

protein-provided axial ligands have been shown to include the Y!Prphyrinato)iron(lll) chloride ((TMP)PE) exhibit both NOE
side chains of histidine, methionine, cysteine, tyrosine, and, in @nd chemical exchange cross-pe&k@/e concluded that the
the case of cytochromg the N-terminal amino group of the ~ Multiple pyrrole-H, ortho-methyl, andmetaH mesityl reso-
polypeptide. Not only are these protein-provided side chains Nances (four of each) arise from the binding of two bulky,
covalently attached to the protein backbone, but they are alsoUnSymmetrical 2-methylimidazole ligands in perpendicular
held in precise orientations by protein structural constraints that caVities above and below the metal, respectives shown
include steric crowding of other protein side chains very near Schematically in Figure 1. We also showed that the chemical

the heme, and, in the case of histidine ligands, hydrogen-bonding€*change, or EXSY, cross-peaks result from rotation of the
of the NH group of the imidazole ring to either amide carbonyl PUlKy axial ligand$ at rates comparable to the 2D NMR time

groups of the protein backbone or, possibly, hydrogen bond scale. Our proposed structure of this complex in solution., based
acceptors provided as amino acid side chains. Thus, in the heme/POn the NOE cross-peaks observee @4 °C where chemical
proteins, there is essentially no possibility of rotation of the €xchange is suppressétias been corroborated recently by the
axial ligands about the metaligand bond. In contrast, it has report of the molecular structure of the correspondlng bis(1,2-
long been assumed that, in model hemes in which axial ligands dimethylimidazole) complex of (TMP)Fg determined by X-ray

are not covalently attached to the porphyrinate ligand, axial cryStallography. Since that time, Nakamura and co-workers

ligand rotation is generally rapid at ambient temperatures. The have published additional results that also corroborate our
NOESY results and conclusions.

€ Abstract published ilAdvance ACS Abstractddarch 15, 1997. In our earlier NOESY investigation of the [(TMP)Fe(2-
S1089-5639(96)03234-3 CCC: $14.00 © 1997 American Chemical Society
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Figure 1. (a) Schematic representation of the four unique pyrrole-H
created by the unsymmetrical 2-MelmH (or 1,2-lite) ligands and
how they interchange upon one step of axial ligand rotation. (b) Catalog
of the eight individual proton exchanges and their collapse to the four-
site exchange case.

MelmH),]*CI~ complex over the temperature rang@9 to—74

°C,2 we noted that the chemical exchange cross-peaks observe

among both the set of four pyrrole-H and the set of fottho-
CHjz resonances at intermediate temperaturég}(°C) exhibited
variations in intensity, for which several cross-peaks that had
significant intensity at-29 °C were nearly unobservable-ab4

°C.2 More recent extensions of these investigations have made ;
g trecorded in CRCl; over temperature ranges frofB5 to+21

it clear that the cross-peak intensities contain information abou

both the rate of the chemical exchange process that produces

the cross-peaks (axial ligand rotation) and confirmation of the

assignment of the resonances of exchanging protons. In order’
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show that the rates of axial ligand rotation can be measured
from EXSY cross-peak intensities for both paramagnetic d
iron(lll) and diamagnetic tcobalt(lll) porphyrinates. Further-
more, the results allow interesting comparisons of rate constants
and activation parameters to be made for the complexes of these
two metals. The methods developed can be used for or extended
to any other case of multisite chemical exchange with a single
rate constant. In the accompanying stifdwe have used
saturation transfer techniques to estimate the rate of ligand
rotation for [(TMP)Fe(2-MelmHy)*CIO,~ and have also cal-
culated the barrier to rotation by molecular mechanics tech-
niques. In another studywe have extended our investigation

of axial ligand rotation to diamagnetic cobalt(lll) and iron(ll)
tetramesitylporphyrinates having other less hindered axial
ligands and have investigated the extremely fast rotation of
pyridine and unhindered imidazole ligands by dynamic NMR
line shape analysis in the fast exchange regime.

Experimental Section

Materials and Methods. Syntheses of the iron(Ify~17 and
cobalt(I11)1417.18 porphyrinates utilized for this study are de-
scribed elsewhere. The 2-methylimidazole and 1,2-dimeth-
ylimidazole were purchased from Aldrich and used as received.
Degassed samples of the bis-ligand iron(lll) and cobalt(lIl)
porphyrinate complexes {510 mM) with essentially no excess
ligand present were prepared in 5 mm NMR tubes in deuterated
methylene chloride, CELIl, (Cambridge Isotope Laboratories),
by dropwise addition of the axial base until the signals of the

éive-coordinate starting material had disappeared. Samples were

then checked at low temperatures-40 °C) to be sure that
very small signals from excess (uncoordinated) ligand were
present.

IH NMR spectra were recorded on a Varian Unity-300
spectrometer operating at 299.955 MHz. All spectra were

°C. The temperature was controlled by the Varian Unity-300
variable temperature accessory and was calibrated using the
tandard Wilmad methanol and ethylene glycol samples. The

to obtain this information we have extended the derivations of temperature remained stable to better thahs °C during the

expressions for EXSY cross-peak intensities of Ernst and co-

worker$ to the case of cyclic four-site chemical exchange with
a single rate constant.
exchange for which full expressions can be derived in the
manner of Ernst and co-worketsinlike the more general and

frequently-encountered cases in which there are unequal popula

: : 30° pulse, and 3264 transients.
tions of the four sites and unequal rate constants for each ' . .
or more complex mechanisms for cases of (EXSY) spectra were acquired over a bandwidth of 1@ kHz

transformation;-10
equal populations, including those having two two-site ex-
changes of the same nuclei with different rate constérits.

We have used the derived expression to calculate the rate

constants for rotation of the axial 2-MelmH ligands of [(TMP)-
Fe(2-MelmH}]CIO4~ as a function of temperature and derived
the activation enthalpy and entropy of rotation therefrom. We

have found that the activation parameters obtained agree wellfor eacht increment.

with those reported previously for this system from line
broadening analysis of the twp-CH3 resonances at higher
temperatures«{30 to 420 °C) using DNMR line shape fit&

We have also extended these studies to the bis(2-methylimi-

dazole) complexes of two other (perchlorato)iron(lll) porphy-
rinates having bulkyortho-substituents, tgtrakig2,6-dichlo-
rophenyl)porphyrinato]iron(lll), (2,6-GJ4TPP)F#', and fetra-
kis(2,6-dibromophenyl)porphyrinatoliron(lll), (2,6-B&(TPP)-
Fe', and to the (TMP)CH complexes of 2-MelmH and 1,2-
MezIm, for which the NMR spectra indicate that ligand rotation

(This is a special case of four-site

course of the NOESY (EXSY) experiments—2 h). The
spectra were referenced to residual solvent protons (5.32 ppm
relative to tetramethylsilane (TMS)). One-dimensional spectra
were collected by using the standard one-pulse experiment with
a spectral bandwidth of 2012 kHz for Fe(lll) complexes or 5
kHz for Co(lll) complexes, a block size of 16K data points, a
Phase-sensitive NOESY

(Fe(lln) or 4 kHz (Co(lll)) using the (90— t; — 90° — 71, —

90° — ty) pulse sequence with 518 data points and 128

t; increments. Recycle delays ranged from 600 to 800 ms
(Fe(l) or from 2 to 2.3 s (Co(lll)). The mixing times at each
temperature were varied from 30 to 70 ms for Fe(lll) and from
500 to 700 ms for Co(lll). Usually, 32 transients were obtained
Data were processed with a Gaussian
apodization function in both dimensions and zero-filled to give
final matrices of 1024; x 1024t, data points prior to Fourier
transformation. Only NOESY/EXSY spectra that exhibited no
cross-peaks between coordinated and residual free axial ligand
were used, in order to eliminate contributions to the rate
constants resulting from ligand exchange. Diagonal and cross-
peak data were analyzed as described below.

Data Analysis
The processing of the EXSY experimental data is based on

is slow on the NMR time scale at room temperature. The results the modified Bloch equatiorfs. The rotation of axial ligands
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a b and the spatial relationship of the protons of each group may
differ for one group of nuclei as compared to another, but yet
have the same rate constdat This is the situation for the

® systems described below.

PY The relaxation matrixR is diagonal with the following
elements:

1.2—_!

1.0 — 1

0.8 —
- 2
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1 T T T T whereT; is the spin-lattice relaxation time for each site The
1 4 3 2 1 kinetic and relaxation matrices form the dynamic matrix=
1 1
-R + K.

4<> 2 204 The matrix of intensities of the diagonal and all cross-peaks
was calculated as an exponent of the dynamics matfx
‘ a | =explr,) (@)

oo - 0 ment. The above equation is valid up to some normalization
o - (scaling) factor.
Hereafter the diagonal peaks are referred to as zero-order
- @ o o peaks. The off-diagonal peaks corresponding to tdeimshe
e o 4 @ - o o dynamic matrix are referred to as first-order peaks and,
- . corresponding to zero terms, second-order peaks. This nomen-
N L B [ L L I clature originates from the series expansion of the matrix
4 3 2 1 4 3 2 1 exponent

1 1 1 1
1 1
3<>2 203 4<>3 3<>4 | =1+ Lo+ L) +5(len)’+ o (5)
2 2
4 4

) ) ) ) ) The first-order peaks appear if the first power of the maltrix
Figure 2. Computer simulation of the four-site chemical exchange s taken into account. The intensities of the second-order peaks

process for four equally-separated exchanging pealédbserved in if at | t th d is taken int t
the 1D NMR spectrum, together with the three different possible 2D &€ NONZEro IT at [east the second power IS taken Into accoun

EXSY patterns that result from the possible spatial locations of the (O beginning Wi_th the Second_ power of the matti}. The
protons that give rise to the four resonances. Note that in each casenth order terms in the expansion (5) represent the effeat of
there are four relatively weak cross-peaks and eight much stronger crosssuccessive rotations (jumps). The schematic pictures of the 2D
peaks. These patterns result from “first-order” and “second-order” cross- maps for all possible cases are presented in Figure 2. (As will
peaks that depend upon the spatial relationship between the exchangingya geen below, for all iron(lll) porphyrinate complexes studied,
?Sr)o t;nshaerrlgig;?sé)\:\éwgggpéotons can exchange upon one (or more) ste the pyrrole-H resonances exhibit the pattern shown in Figure

’ 2b; the 0-CH3; resonances of [(TMP)Fe(2-MelmpyClO4~
corresponds to the case of multiple-site exchange with equal €xhibit the fatte_rn SEOW” in Figure 2c, while those of
rate constants. In particular, this is a four-site exchange with a [(TMP)CoL "BF4™ (L = 2-MelmH and 1,2-Mgim) exhibit

rotation jump rate constakt If the resonance lines are situated that shown in Figure 2d. Thus, the present study includes
in increasing order and labeled with numbers4l as shown examples of all three patterns of weak and strong EXSY cross-

e } wheretr, is the mixing (exchange) time of the EXSY experi-

n
@ o o

in Figure 2, the three possible exchange schemes are peaks.) _ ) _ N
Keeping the first three terms in eq 5 the intensities of the
L -2 1 -3 1 -3 zero-, first-, and second-order peaks are obtained:

1 1 1 1 1 1 1)
1% = exp7, T (L — 7, k(2 + 6) + (7,03 + 20, +

6%/2))

I, = exp(— 1, LT, 0Tk + (1,006, + 6)/2 — 2])

-2k k 0 k -2k O k k
k -2k k 0 0 -2k k k 5 )
0 k -2 k |k k -2k 0 I = expC7 LT 0(Tnk) (6)
k 0 k ~2k[k k 0 —2k where[1/TCis the average of the inverse relaxation time over
-2k k k 0 all four peaks, and
k -2k 0 k
2) _ 1( 1 &U
k 0 -2k Kk 0=+ — (7)
K\Ty; 1

0 k k —2k

Note that in a given molecule, different groups of nuclei (e.g., are the deviations of the reduced inverse relaxation times.
pyrrole-H, ortho-CHs, and metaH in metal porphyrinate The above equations are valid for small exchange fatgs
complexes) may have different kinetic matrices (different < 1. For the general case, the matrix exponent should be
“cases” in Figure 2) because the order of the proton resonancesalculated numerically, not necessarily by series expansion.
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In the case of equal relaxation tim&g the matrix exponent  Here S, are the sums of theth order peak intensities. In
can be calculated analytically, and the intensities are particular, for Case 1,

i =V + Vpp+ Vgg + V.
I = %1 exp(— ?m)(l + 2 exp(2kr,,) + exp(—4kz,,)) =Vt Vot Vst Vi
1
SJ. = VlZ + VZl + V23 + V32 + V34 + V43 + Vl4 + V4l

1 T
Iil,J' = A ex;(— ?n;)(l — exp(—4kr,)) S,=Vigt Vy + Vo +Vy,

For perfect experiment¥(= 1) with different relaxation times

1 Tm for each peak, estimation 12 differs from the actual value b
12 == exp — =7|(1 — 2 exp2ke.) + exp(—4k 8 peak, y
W4 F{ Tl)( pC2kty) pCakry) (8) the second-order deviations in inverse relaxation times, at least

for the case of smakr,. Using expressions 6 and 7, it can be

Note that in this case, for any finiteandzy, 1 > 11 > 12and shown that estimation 12 should be corrected by multiplying
1911 = 1112, by the factor 1+ «, where

Fitting Procedure. The usual approach to the development
of a fitting procedure, the least squares method, has been utilized k=04 0,2+ 0,7+ 0,98 (13)

in this work. For the case of 2D NMR spectra, it is necessary

to minimize the sum of the squares of the deviations of  For ideal experiments, including correct calculation of peak
experimental and theoretical intensities: intensities, the value of the deviatidn(eq 11) at optimal rate
constantky must be equal to zeroA(kg) = 0. Thus, in real
experiments, the value df(ko) can be considered as a measure
of relative accuracy. As another measure of accuracy, the
“flexibility” ok was calculated. It is defined as follows:

peaks

th 2 -
> o= el ("W, = min 9)
nm

Here,cis a scaling factor, ant/, , are weights that reflect the

accuracy of the measurements of intensities. Usually, such Alko £ 0k) _

detailed information about the accuracy is not available. In Aky)

particular, the peaks of different groups of nuclei have different

magnitudes of intensities and different associated degrees offor the level of flexibility ¢, the value 0.25 was chosen. In

accuracy, and there is no obvious way to estimate the relative other words, all values dfin the intervaky & ok are considered

weights of the group contribution in the sum (9). Thus, the as equally reproducing experimental intensities within the

assumption of approximately equal accuracy was used, anddeviation of discrepancy A(ko).

weights in (9) were omitted. Also, different groups were fitted It is also necessary to check to which case the mafjxof

separately, and the results for each group were used for theinput experimental volumes matches better. According to egs

additional estimation of the accuracy. 6—8, for accurate data the following set of inequalities should
Experimentally integrated intensities are called “peak vol- be observed:

umes”, and from here o is used instead of®xP® For

(14)

calculated quantities, the symhglomitting the superscript, is $>Si2>S (15)
used. The linear parametercan be easy obtained. Using
matrix notation,c can be expressed as If the assignment to the cases 3 is incorrect for an individual
experiment (one with a particular mixing time and temperaure),
Tr(V-l then
= ( > ) (10)
() $>S>S/p2 (16)
For this optimized value df, the reduced mean square deviation

instead of (15). If this check gives an assignment different from

'S the well-established case (that deduced for other temperatures
Tr(V-I)2 or mixing times), then these data should be considered noisy
AK)=1— > T (11) and unreliable.
Tr(19Tr(vV-V’) Calculation of 2D Intensities. For accurate comparison of

experimental peak volumes, the 2D intensities inxlyeplane

and must be minimized with respectkq(in general, numeri- of the EXSY maps were calculated according to the expression

cally).

For the different compounds studied and the different 1(Xy) =
temperatures employed, the experimental rate constants may ~ = 2 211 ox 21
differ by several orders of magnitude. For the trial value of Z InmTanTon{1 + (X = 05) Ty {1+ (Y = 05) T
the rate constark, the assumption of equal relaxation times nm=L 17
was used. (However, in the later analysis the actual individual a7)

relaxation times were used.) Using expressions 8 withV, Herel,n are the elements of the matrix (4), and the reduced
the minimization ofA(k) can be done analytically: transverse relaxation time is introduced

1 ~ _
k==—1In(f+ [+ 1]%3 (12) T,= 10T, 0, (18)
m
S, wherewy is the frequency of the NMR spectrometer in angular
f=—-— frequency units. The theoretical volumes of the peaks were

S-S calculated by integration over appropriate rectangular areas.
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TABLE 1: Numerical Experiments Involving Different 40 —
Methods of Integration. (Model Parameters: r,= 40.0 ms; .
T,, T1 = 50.0 ms; “Noise” Levele = 0.001(Max Amplitude); 3.5 —
Distance between Peaks, Set at 3 ppm) .
rate constant, integrated intensities 30 ]
k(s 10 12 12 Ktm 25
100.0 0.112408 0.112332 0.11225% 4.0 20 j
10.0 0.236 0.0897 0.0341 0.4 w2 ]
1.0 0.415 0.0166 0.000664 0.04 15
0.1 0.446 0.00178 0.000007 0.004 7]
input rate output rate constant (calculated efjor 10
constant case 1 case 2 case 3 0.5 |
First Method of Integration (Rectangular Area to
Nearest Saddle POintS) 0.0 IR BRI U R T
100.0  100.03 (0.034%) 100.02 (0.02496) 100.06 (0.00696) 1.0E-3 1.0E-2 1.0E-1 1.0E+0
10.0 10.02 (0.216%)  10.03 (0.27%) 10.03 (0.027%)
1.0 1.016 (1.65%) 1.016 (1.57%) 1.013 (1.29%) n

0, 0, 0,
01 0.111(10.8%) 0.110 (9.78%) 0.108 (7.61%) Figure 3. Dependence of the lower and upper limits for the optimal

Second Method of Integration (Within Boundaries at the & = kum Upon the accuracy = 2¢/1% where 1.0E-3, for example,
“Noise Level” Near a Saddle Point) represents 1.6 1073.
100.0  100.01 (0.013%) 100.02 (0.01696) 100.02 (0.018%)
10.0 9.70€2.95%)  9.70{2.95%)  9.71{(2.95%) TABLE 2: Boundaries for & (Equation 21)
1.0 0.842(15.8%) 0.842{15.8%) 0.841{15.9%)
0.1 0.0464{46.4%) 0.0462{53.9%) 0.0459454.1%) " Sin Smax ’7 Emin Smax
0.01 0.10 2.64 0.05 0.23 1.80

a Calculations done without rounding off what would be insignificant
figures in experimental worle Deviation between input and output
values.

0.02 0.14 2.29 0.10 0.33 1.41
0.03 0.17 2.08 0.25 0.5493

of & = kr, depends on the accuracy of the measurements. The

In the numerical experiments and in the processing of optimum condition for the extraction of the rate constant should
experimental data the following variants of the calculations of pe

Inm used in eq 11, were employed: (i) net integral intensities

(4) (perfect integration); (ii) integration over a rectangular area Vs Vs V2> ¢ (19)
with the center at a peak and boundaries at the nearest saddle

point of the intensity map (first method); (iii) integration within ~ wheree is the experimental error. The sign indicates that
boundaries at a “noise” level that is near the saddle point (secondintensities differ more than experimental errors. The simple
method) (in most cases, this will be a smaller integration area conditions

than that for the first method, which will thus result in cutting

off the wings of the (broad) peaks). 1°—e>1"+e
Numerical Experiments. For comparison of the two
: ; : T—e>1?+e (20)
methods of calculation of peak volumes, the following numerical
experiments were performed: For several relaxation and mixing 2

times (for simplicityT;s were assumed to be equal) and different Te€ze€

values ofkz, the integrated intensities were calculated accord-
ing to eq 8. These intensities were used for the calculation of
two-dimensional amplitudes (eq 14). Then the integrated peak
volumes were inserted into eqs 12. We will refer to rate 14+ 22 24+
constants calculated in such a way as “output” rates. A typical In(—’%z <28<In 1 9 (21)
example of such numerical experiments is presented in Table n 1-n—-[1-4

1, and the main results can be summarized as follows. where the reduced errar = 2¢/1°. The boundaries fof are

~ Forkzm > 0.1 and typical experimental values of relaxation pjotted in Figure 3 and tabulated in Table 2 for selected values
times and distances between peaks, the first method of integra-f ). Conditions 21 for the mixing time implicitly depend on

tion reproduces the input rate constants with errors of about rgjaxation timessia 1° Roughly, the optimal mixing time is

1%. For more closely spaced peaks the error may be large. of the order of the inverse rate constant, and the larger the error,
The accuracy of the second method depends on the choserhe more rigid these conditions are. The maximum valug of
noise levele. For well resolved peaks, the errors in determi- is 1/, and at this poinEmin = Emax = 0.5493. Note that if the
nation of the volumes aith order peaks are estimated according other confidence intervaik is chosen in (20) instead o€ 2+¢),
to the relationshipVv" = (4/7)[el%1"2. The levele = 0.001 then 2 should be substituted bye in the definition ofy.
gives an error of 4% of the zero-order peak volumes. Note For the first method of integration, the output rates are
that for more rapidly decaying line shapes than those in (14), overestimated. This reflects the overlap of peaks, and the
the same accuracy of integration corresponds to a higher noiseweaker the cross-peaks, the more contribution from larger peaks
level. For example, for a Gaussian like= 0.06 should be  (mainly from zero-order peaks), and, consequently, the more
chosen instead of 0.001 for a Lorentzian line. The second the overestimation of the rate constant. In other words, this
method forkry, > 0.1 and the chosen accuracy of integration method underestimates the input rate constant for the case of
reproduces rate constants with errors less than 10%. perfect integration of the volumes.
In ideal experiments (exact determination of intensities) there  The second method of integration underestimates the output
are no upper limits for the valuer,. But the upper boundary rate constants because of underestimation of cross-peaks.

instead of inequalities 17 together with expressions 8 for the
intensities give the following limits fok:
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Figure 4. (a) 1D*H NMR spectrum of [(TMP)Fe(2-MelmH)*CIO,~

at —55 °C. (b) Magnitude NOESY/EXSY spectrum at the same
temperature. Experimental conditions: spectral bandwidth, 11467.9 Hz
number of transients, 32; data point2in512; number of; increments,
128; mixing time ¢m), 70 ms; final 2D matrix size, 1024 1024. In
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—55°C, recorded with a mixing time of 70 ms (chosen to show
the differences in chemical exchange cross-peak intensities
within each group). The & 4 patterns of chemical exchange
cross-peaks for the pyrrole-H-(3 to —21 ppm) and mesityl
0-CHj3 (+9 to —7 ppm) are clearly evident in this spectrum,
whereas the 4« 4 pattern of mesityin-H resonances#9.5 to

+ 6 ppm), for which two resonances overlap at 6 ppm, is less
evident, though present. For the patterrogfH; cross-peaks

it can be seen that those between resonances 1 and 4 and
between 2 and 3 are weaker than the other eight cross-peaks.
This identifies the methyl resonances as belonging to the pattern
shown in Figure 2c. In comparison, within the pattern of
pyrrole-H cross-peaks it can be seen that the 1,3 and 3,1 cross-
peaks are weaker than the others, suggesting that the exchange
pattern shown in Figure 2b is observed. However, cross-peaks
2,4 and 4,2 are not as weak as the 1,3 and 3,1 cross-peaks, as
would be expected by the pattern shown in Figure 2b. This is
because the pyrrole protons that give rise to resonances 2 and
4 also exhibit NOE cross-peaks due to their spatial proximity,
as reported previousky. At higher temperatures and shorter
mixing times, the NOE contribution is significantly diminished
relative to the chemical exchange contribution, and all four
cross-peaks, 1,3; 2,4; 3,1; and 4,2, can be used for calculation
of rate constants. Both of the EXSY patterns observed are in
complete accord with our earlier assignment of the spectrum
of this complex@ which was based upon the pattern of NOE
cross-peaks observed a4 °C, where chemical exchange is
suppressed: On the basis of the observed NOE cross-peaks,
pyrrole-H resonances 2 and 4 were assigned to inequivalent
protons within a single pyrrole ring (protons b and c of Figure
1), of which there are two equivalent rings opposite each other;
these protons cannot interchange magnetic environments upon
one step of ligand rotation. Likewise, resonances 1 and 3 were
assigned to pairs of equivalent protons in each of two opposite
pyrrole rings, and again, these protons cannot interchange
_magnetic environments upon one step of ligand rotation. For
'the 0-CHjz resonances, we had assigretl ando-3 to the same
mesityl ring on the basis of the NOE conectivity teetaH

this case, the spectrum was symmetrized, though for the measuremen@indpara-CHs resonances, and likewise2 ando-4 to another

of rate constants the spectra were not symmetrized. Note the44
matrix of chemical exchange cross-peaks for pyrrol@itho-CHs, and
metaH resonances.

Consequently, this method overestimates the input rate ConStanE\djacent ring

for the case of perfect integration of the volumes.
Fitting Program. The above described procedures were
accomplished by creating a program for an IBM-type PC. The

mesityl group? In each caseprtho-methyls within a given
mesityl ring cannot exchange magnetic environments upon one
step of ligand rotation, but methyls on adjacent rings can. Thus,
the o-1 of one mesityl ring can exchange with tbe8 of the

and the same fo2 ando-4. The signals that
cannotexchange upon one step of rotation aré (top) and

0-4 (bottom), and likewise-2 (top) ando-3 (bottom). In each
case, these are methyl groups on adjacent rings that cannot

inp_ut pafametgrs can be introduced either in a program menUinterchange. However, two-step rotation brings (top) too-4
or in an input file. The calculated values are displayed on the (top) ando-2 (top) to 0-3 (top), thus achieving the chemical

screen and may be written to an output file. In addition, the
program provides a visual control of fitting by plotting an
intensity contour map.

NMR Experimental Results

The computer simulation of the four-site chemical exchange

exchange in two steps. The intensities of the chemical exchange
cross-peaks in Figure 4 thus completely support the earlier
assignments.

To measure the rates of ligand rotation from EXSY cross-
peak volumes, we have utilized phase-sensitive NOESY/EXSY
experiments. The complexes of this study are of a size that

process shown in Figure 2 for four equally-separated exchangingputs them very close to th& minimum at a 300 MHz proton

peaks 4 observed in the 1D NMR spectrum demonstrates
the three different possible 2D EXSY patterns that result from

frequency. Interestingly, we found the NOE cross-peaks to have
the same phase as the diagonal for all iron(lll) perchlorate

the possible exchange relationships of the protons that give risecomplexes (negative NOESs), for which spectra were recorded
to the four resonances. In each case, four of the twelve EXSY at low temperatures, but the opposite phase to the diagonal peaks
cross-peaks are predicted to be weaker than the other eight, sincéor both cobalt(ll) tetrafluoroborate complexes (positive NOES),
protons opposite each other can only exchange after more tharfor which spectra were recorded aboveé@®. In both cases,

one step of ligand rotation or other cyclic chemical exchange

chemical exchange cross-peaks have the same phase as the

process. In Figure 4 are shown the 1D and magnitude NOESY/diagonal peaks. In principle, ROESY cross-peak intensities

EXSY spectra of [(TMP)Fe(2-MelmH)™ClO,~ in CD.Cl; at

could also have been used for measurement of chemical
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Figure 5. Measurement of diagonal and cross-peak intensities of EXSY 7 E e .o
spectra of [(TMP)Fe(2-MelmH)*CIO,~ at —36 °C from a phase- 84
sensitive experiment for (a) the pyrrole-H and (b) th€H; resonances, gq ° °
allowing calculation of a rate constant in each case. From this data set, B e et e b
k =29 s for a and 23 st for b.
9 8 7 6 5 43 2 1 -1 -3
exchange rate constants, but for the paramagnetic complexes Fi1 (ppm)

with chemical shift ranges of up to 40 ppm, we have found Figure 6. Phase-sensitive NOESY/EXSY spectrum of [(TMP)Co(1,2-
that ROESY spectra are difficult to phase across the entire Me,im);]*BF,~ at 10°C, showing EXSY cross-peaks with the same
spectrum, and thus it is difficult to measure cross-peak volumes phase (multiple contour circles) as the diagonal and NOE cross-peaks
reliably. Such spectral phasing problems were not encounteredWwith the opposite phase (single contour circles). At lower temperatures
in the phase-sensitive NOESY/EXSY experiments. th_e cross-peaks between the te#€H; resonances near O ppm weaken
. . - with respect to the cross-peaks between each of them and the two very

In Figure 5 is shown an example of a phase-sensitive NOESY/ ¢josely spaced-CHj cross-peaks near 3 ppm, indicating that the cross-
EXSY spectrum for [(TMP)Fe(2-MelmH)*"ClO,~ at—36 °C, peak pattern shown in Figure 3d (case 3) is observed in this case. The
recorded with a mixing time of 30 ms. At this temperature, same pattern is observed for the related [(TMP)Co(2-MekjiH)
the NOESY/EXSY cross-peak intensities are dominated by complex.
chemical exchange, so that contributions from the NOE between
pyrrole-H resonances 2 and 4 are negligible. Diagonal and are shown in Figure 7 below; rate constants and activation
cross-peak volumes were obtained using the Unity-300 softwareparameters are provided in Table 4 below, and are discussed in
and were used in eq 5 to calculate the rate conskafrom the Discussion.)
pyrrole-H set and also from tleeCHjz set of chemical exchange In Figure 6 is shown an example of a phase-sensitive NOESY/
cross-peaks. For the example shown in Figurk 5, 29 and EXSY spectrum for [(TMP)Co(1,2-Mémy)]*BF,~ at 10°C,
23 571, respectively. For each temperature, several EXSY mapsrecorded with a mixing time of 700 ms. The pyrrole-H
were obtained, each with a different mixing time. In some cases resonances, all very close together near 8.8 ppm, could not be
it was found that better EXSY maps could be obtained if the used to measure the rate constant for ligand rotation. Although
mixing times were optimized for either one or the other type of two of theo-CHz resonances are nearly overlapping at 2.8 ppm,
protons, since the pyrrole-H resonances have much shorterit was still possible to estimate the chemical exchange rate
relaxation timesT; and T, than do theo-CHs resonances. All  constant from the observed cross-peak intensities. From the
values ofk and the resultant averagevalues for each type of  0-CHj; cross-peak intensities of the example spectrum shown
proton at each temperature were used to construct an Eyringin Figure 6,k = 1.5 s1.

plot. In general, the pyrrole-H matrix of cross-peaks gave  Fitting Results. Primary Fitting. For the determination of
slightly larger rate constants than did ta€CH; matrix. rate constants the above described procedure was used. Unreli-
Similar EXSY studies were also carried out on [(2,6- able points were dropped)(vrong case;i() deviation of more
Cl)4(TPP)Fe(2-MelmH)"CIOs~ and [(2,6-Bp)4(TPP)Fe(2-  than 30% from the initial guessiii( large flexibility).
MelmH)]"CIO,~, also in in CDCl,. In these cases, only the Secondary Fitting. The rate constants obtained were used
pyrrole-H resonances were available for calculation of the rate ¢, the determination oAH* and ASE. The dependencies of
constants. The pyrrole-H chemical shifts and cross-peak |, iy, T) on inverse temperature were plotted, and ordinary
intensity patterns are very similar to those shown in Figures 4 |iqaar regression (least squar@ditting was applied. The slope
and 5, and the rate constants measured from the phase-sensitivg, 4 intercept of the linear fit were assignedAsl* and AS,
NOESY/EXSY maps at the temperatures and mixing times respectively, according to the equation
chosen are similar in magnitude to those for [(TMP)Fe(2-

MelmH);]*ClO4~, though in general the rate constants at a given Kh + ¢
temperature are approximately a factor of 10 larger than those In(—) _ _AH + AS (22)
for the corresponding TMP complex. (Comparative Eyring plots keT, RT R
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TABLE 3: Eyring Activation Enthalpies, Entropies, Free underestimates the calculated rate constants because of under-
Energies, and Rate Constants at 298 K for estimation of cross-peak intensities. The results obtained from
[(TMP)Fe(2-MelmH) " Obtained from Fitting Methods 14 methods +3, Table 3, compare favorably with those obtained
fitting AH? AS (JI(K AG¥g from saturation transfer measurements on the same complex
method (kJ/mol) mol)) (kJ/mol) koosS! presented in the accompanying pdpand with those obtained
1 51.5 3.0 50.6 8.6 10° previously from line broadening measurements of the two
2 51.0 2.0 50.6 9.k 10° mesityl p-CHs signals using the DNMR line shape fitting
P odder 5% " 02 9%10 program,AH* = 54.0+ 1.7 kJ/mol andASF = 15.5+ 6.7 J
4 481 —96 51.0 7.3 10° mol~t K~1,22 even though the extrapolated rate constaggis
5 61.8 51.9 46.3 4.8 10¢ somewhat larger. However, this is not surprising because the
6 54.0 155 49.4 1410 temperature for tabulation of the rate constants is fairly far out
“flexibility” 16 —43% of the range of temperatures used for the measurements by either
max T correction 14% DNMR, saturation transfer, or EXSY cross-peak intensities, and
range of InkivksT) 2.8 thus extrapolation magnifies small differences in the Eyring

aMethods 1, simple estimation (eq 12); 2, fitting of intensities (eq activation quantities. We have chosen 298 K as_the reference
4); 3, first integration method (integration to the nearest saddle point; temperature for comparing the rate constants mainly to empha-
this method is felt to give the most reliable rate constants (see text); 4, size the rapid rate of ligand rotation at room temperature, a
second integration method (integration to the “noise” level 0.1%); S, finding in contradiction to earlier results that suggested that less-

saturation transfer measuremet; reference 12. hindered pyridine ligands bound to (TPP)Co(lll) do not rotate
240 — at room temperatur.,
4 Numerical rate and activation data for all complexes studied
260 | X . are summarized in Table 4. For the two [(2,6}XTPP)Fe(2-
v MelmH);]*ClO4~ complexes (X= Cl, Br), the average values
- i X of AH* are slightly smaller than that for the TMP complex,
5 20 although the values for all three iron(lll) porphyrinate complexes
= 7 v with 2-methylimidazole are within experimental error of each
E <300 — other. This suggests that all three complexes are similarly
] ruffled, such that thertho-substituents do not actually contact
320 : the rotating 2-methylimidazole ligand in each case, and hence
the AH¥ is not influenced by the actual size of thetho-
i substituent; as we have shown elsewhérde energy barrier
340 L L L LR to ruffling of the porphyrin ring is extremely small. In all cases
30 35 40 45 50 the calculated values afSF are smaller than the experimental
1000/ T error in measuring the activation entropy, and thus we can
Figure 7. Eyring plots for all systems studiedy, [(TMP)Fe(2- conclude thatAS' is nearly zero for these low-spin Fe(lll)
MeImH)2]+CIO4’; <>, [(2,6-+CI2)4(TPP)Fe(2-MeImHZ]JrCIO(; +J,r [(2,6- Comp|exes_
EL%AQF[)(FT)),\'A:SSZC}':A(??_ I,\_,lb)]@ril)aié,:: i.[(TMP)CO(Z_MeImH)’] B In contrast, for the [(TMP)Cof]*BF,~ complexes, while the

activation enthalpies are not very different from those of the
The ranges of the variations of ki{ksT) are 1.9-3.1 for the Fe(lll) complexes, the values afS" are negative and fairly
systems studied (see Tables 3 and 4). Standard deviations fotarge in magnitude 62 (2-MelmH) and—84 (1,2-Melm)

AH* and AS" were calculated® All data and linear fitting, J/(mol K), respectively). The relatively large, negative values
corresponding to the first integration method, are summarized of AS' for the Co(lll) complexes may either be a result of the
in Figure 7 and Table 4. slightly (~0.05 A) shorter M-L o bond lengths for this meta#,

_ ) which may lead to hindered rotation of the 2-methyl group of
Discussion the imidazole ligands during the process of axial ligand rotation,

The Eyring plots for all systems studied are shown in Figure Or they may result from differences in solvation of the Co(lll)
7. From the Eyring plot for [(TMP)Fe(2-Melmkl)tClO;~ a complexes in the transition state from those of the Fe(lll)
value of AH* = 51.0+ 3.3 kJ/mol andASF = 3 + 15 J mof? complexes. It should be noted that all of the Fe(lll) complexes
K~1 were obtained from the first integration method (fitting utilized perchlorate as counterion, while the Co(lll) complexes
method 3 of Table 3), which is the one that is considered to be utilized tetrafluoroborate. Although both of these ions are
most reliable. In comparison, the simple estimation method (eq tetrahedral and of similar size, the BFon is slightly smaller,

12, fitting method 1 of Table 3) gives excellent agreement, as which may lead to stronger solvation, a larger rotating unit in
does fitting of intensities (eq 4, fitting method 2). The values solution, and the necessity of more structural reorganization in
obtained from the second integration method (method 4, Table the transition state; in support of this explanation, the value of
3), however, differ somewhat from those obtained using methodsAS’ for rotation of 4-(dimethylamino)pyridine ligands in
1-3. As mentioned above, the second integration method [(TMP)Co(4-NMePy)]"BF,~ (measured by DNMR methods

TABLE 4: Comparison of Activation Enthalpies, Entropies, Room Temperature Free Energies, and Rate Constants Obtained
from Fitting Method 3 for All Complexes Studied

complex AH¥ (kdJ/mol)  AS (J/(Kmol))  AGFeg(kJ/mol) Kagg St range of InkkgT) studied
[(TMP)Fe(2-MelmH)]*ClO,~ 51.0+ 3.3 3+15 50+ 8 1x 10 2.8
[(2,6-Ch)4(TPP)Fe(2-MelmHj *ClO,~ 46.4+ 3.8 4+18 45+ 9 7 x 10 2.2
[(2,6-Br)(TPP)Fe(2-MelmH) +ClO,~ 49.0+ 1.8 15+ 8 44+ 3 10x 10 1.9
[(TMP)Co(2-MelmH)]*BF,~ 48.1+ 2.6 —62+11 67+5 14 2.3

[(TMP)Co(1,2-Melm),]*BF;~ 43.9+ 4.6 ~844+ 16 69+ 10 5 3.1
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in the fast exchange regirfffgis of very similar magnitude{60 “acceptable” 7, (see eq 21 and Figure 3). The standard
J moit K1), deviations inAH* and AS' are the final measure of accuracy.
As a result of the difference i, the rates of ligand rotation The initial guess (estimation 12) is very close to the final

for the Fe(lll) complexes are between 3 and 4 orders of fitting (within a few percent). Itis especially close to the fitting
magnitude faster khog ~10°—10F s1) than those of the  tointensities (method 2), because itis also based on intensities.
corresponding Co(lll) complexe&dfg ~5—14 s1). The fast The reason for this is that the real dispersiopft is relatively

rate of ligand rotation for the low-spin®dre(lll) complexes small and correction 13 is only of the second order. Note that
has prevented us from using 2-MelmH complexes of tetrakis- €stimation 12 is very stable: even for noisy data it gives values
(2,6-disubstituted phenyl)porphyrinates to estimate the reduction©f k close to those based on reliable data points, while detailed
potentials of iron(lIl) porphyrinates having perpendicular axial fittings converge to the noise. Thus, estimation 12 provides a
ligands, a long-range goal of this research. Furthermore, in arapid, simple means of estimating the rate constant with
study of the rate of rotation of pyridine andonhindered  relatively high accuracy.

imidazole ligands about the ligandobalt bonds of [(TMP)- As was mentioned above, the first method of integration
Col,]™ we have found that, contrary to earlier repéfshe underestimates the rate constants and, consequently, overesti-
rates areextremelyfast, remain in the fast exchange regime of matesAH* and AS". The second method gives the opposite
the NMR time scale even at very low temperature§@ °C), situation. This is in accordance with the results (compare lines

and are even faster for low-spin Fe(ll) porphyrinatesThese 3 and 4 of Table 3).

results preclude the use of simple model hemes to investigate
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