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The temperature dependence of longitudinal and transverse relaxation Tingesl{T,) has been studied for

the pyrrole protons of f[{-Cl)s(p-NEL) TPPFe(lI)(N-Melm),]ClI (1), [(p-Cl)(p-NEt)sTPPFe(ll)(N-Melm),]-

Cl (2), and [TMPFe(lll)(2-MelmH)]CI (3), where TMP= tetramesitylporphyrin and TPR tetraphenylpor-
phyrin, in the temperature range 19810 K. All three complexes are paramagnetic and have electron spin
S=1, Upto 273 K, all complexes exhibit four distinct pyrrole proton signals, with the asymmetry caused
by unsymmetrical substitution in complexgésand?2 and by axial ligands fixed in a definite orientation in
complex 3. Above 273 K the four-peak pattern in compl&xcollapses into a single peak due to fast
synchronous rotation of axial ligands. At low temperatufesandT,s in all complexes increase as temperature
increases. At higher temperatur@gs continue to increase and equalize in compBeut decrease in
complexesl and2. T,s in complexed and2 mimic theT;s at all temperatures. In compl8xT,s decrease

as the four-peak pyrrole proton pattern collapses and increase again when the collapse is complete. This
behavior has been attributed to chemical exchange induced by the rotation of 2-methylimidazole ligands. In
complexesl and2, the decrease in bofhs andT,s at high temperatures is attributed to equilibrium between
low-spin and high-spin complexes induced by dissociation of imidazole ligands in the TPP complexes. In all
complexesT.s are considerably shorter thégs. Relaxation times in the TMP complex are generally larger

than the corresponding values for the TPP complexes. The temperature dependence of the chemical shift
follows the Curie law in comple® and is close to Curie behavior in complexXeand?2, with slight deviations

at high temperatures in the two latter complexes attributed to the low-spyh spin equilibrium. The NOE

buildup curve for the pair of NOE-exhibiting pyrrole protons of compBkas been measured; the rate of

NOE buildup has been found to be consistent with theoretical prediction based on the Stokes-estimated rotational
correlation time and interproton distance measured from the MM2-minimized structure. A method has been
proposed to predict the detectability of the NOE between a pair of structurally rigid protons in similar
complexes, as well as to predict optimum detection conditions. Contrary to previous studies, no NOE is

detected between pyrrole protonslodnd?2, and this fact is justified and discussed in light of our findings
for complex3.

Introduction of ppm. Although paramagnetic shifting also carries with it a
sometimes significant increase in line width, resolution of
resonances of paramagnetic compounds is usually superior to
that of diamagnetic compounds due to less spectral crowding.
dAnother factor is the strong temperature dependence of both
chemical shifts and relaxation rates of paramagnetically shifted

by 1D and 2D NMRS-8 and the energy of low-lying electronic proton signals. Analysis of these dependences can potentially

levels which can be derived from the temperature dependenceyield information about the factors contributing to both observ-
of chemical shift$. Several factors contribute to the great utility ables.

of H NMR in such studies. One of them is that the metal N paramagnetic compounds, the specifically paramagnetic
paramagnetic center “illuminates” protons that are close to it, sources of nuclear spin relaxation and nuclear chemical shift
in that chemical shifts and relaxation times of such protons are are multiple and are described in a number of textbooks and
largely determined by their spatial proximity to the paramagnetic monographd®!2 Paramagnetic contributions to proton relax-
metal and by how much unpaired electron density they bear. ation include dipole-dipole!® and scalar (contact)relaxation
The second factor is the increased spectral resolution in areasf proton spin due to the unpaired electron and Curie relax-
containing paramagnetically shifted proton signals.Sks Y, ation!*> Even in low-spin § = /) complexes, paramagnetic
metalloporphyrin complexes, signals of protons that are closestcontributions to proton relaxation rates significantly exceed

to the metal atom can be spread over a region of several tensdiamagnetic contributions (such as dipolar relaxation due to
other nuclei and chemical shift anisotrédpyrelaxation) for

€ Abstract published irAdvance ACS Abstractdjovember 15, 1997. protons that are close to the paramagnetic metal céht&he

1D and 2DH NMR spectroscopy has proven an effective
method for studying paramagnetic model hemes. A wide variety
of structural and electronic information about metalloporphyrin
complexes can be obtained, including spectral assignment usin
2D spectroscopy,“ rotational behavior of axial ligands studied
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paramagnetic contributions to the chemical shift can also be of spectra. Degassed samples of Kis{elm)-iron(lll) tet-
separated, to a first approximatiéh. The magnitude of the  raphenylporphyrinates were prepared in 5 mm NMR tubes in
paramagnetic contributions to proton relaxation rate and chemi- CD,Cl, ([(p-Cl)3(p-NEt)) TPPFelN-Melm),] *Cl—, 1) or deuter-

cal shift is very sensitive to the molecular geometry and ated chloroform, CDGI([(p-Cl)(p-NEt)sTPPFelN-Melm),] *CI~,
electronic structure of the molecule. A change in either of these 2), immediately prior to the recording of spectra.

can lead to a significant change in relaxation rates and chemical 2. One-Dimensional NMR Spectra. All spectra were

shifts. Electronic aspects are especially important in metal- recorded on a Bruker AM 500 spectrometer operating at 500.136
loporphyrin complexes, because unpaired electron density iSpMHz for 1 and 2 and 500.138 MHz for3. The variable
delocalized rather easily over thesystem of the porphyrin - temperature control unit was calibrated using MeOH in the
core and axial ligands. With that in mind, we have carried out temperature range 19295 K and using ethylene glycol in
a study of the temperature dependence of proton spin relaxationppmso-dg in the range 295310 K. All data relating t@ were
in several low-spin§= /) iron(Ill) porphyrin complexes. The  processed using Felix 2.30 for SGI workstafidas described
ultimate goal of such a study is to experimentally determine pejow, except for the purposes of chemical shift measurements.
the importance of each factor contributing to the relaxational a|| data relating to1 and 2 were processed using the
behavior of the pyrrole protons. Pyrrole protons were chosen gpectrometer's NMR software (DISNMR$1)as described
for study because the temperature dependence of their NMRpelow. Chemical shifts were measured using Felix or Bruker
parameters is particularly strong and because in all studied pjSNMR software. Referencing of spectra was done by using
complexes their signals are well-resolved from each other andhe same parameter SR in the Bruker software, or by identically
other signals in the spectrum. referencing the same spectral point in the Felix software, for
The other contributor to the motivation for this Study can be all series of each given Compound_ The appropriate value of
traced back to the work reported in ref 4. Two similar the spectral reference was found by referencing free 2-MelmH
unsymmetrically substituted (tetraphenylporphyrinato)iron(lll) - signals at 2.401 and 6.935 ppm or the fiédlelm signal at
complexes, [trig¢-chlorophenyl)p-(diethylamino)phenyl)por- 3,674 ppm at low temperatures (i.e., at the limit of no chemical
phyrinato]iron(lll) bisN-methylimidazole) chloride, f-Cl)s- exchange).
(p-NEt) TPPFelN-Melm),]*CI= (1), and [f-chlorophenyl)-
tris(p-(diethylamino)phenyl)porphyrinatoliron(lll) biskmethyl-
imidazole) chloride, j§-Cl)(p-NEt)sTPPFelN-Melm),]*CI~ (2),
were studied in that work by means of 2B NMR spectros-
copy (COSY and NOESY). Inthe NOESY spectra, one set of
cross-peaks between pyrrole protons has been observed for on
of the complexes, while two sets of cross-peaks have been
observed for the othér. The source of such a difference was
unclear at that time. In this work, we have attempted to
investigate relaxation and cross-relaxation processes in thes
and another similar complex in hopes of understanding the origin

of this phenomenon. The (tetramesitylporphyrinato)iron(lil) bis- transformation, and phasing, after which a region containing

(2-methylimidazole) chloride complex, [TMPFe(2-MelnHCI™, the pyrrole peaks was selected. The selected region was baseline

3, has been chosen as a benchmark for this study for a number : i ; ; et
of reasons. Comples is known to exhibit an NOE between corrected using Wirich’s baseline flattenirfg or fifth-order

one pair of pyrrole proton&? it has a size similar to those af polynomial correction when pyrrole peaks were very broad.
P Py Pr " - i . Peaks were integrated to the corrected baseline level and their
and2, and t.h? chem_lcal shifts of its p_aramagryehcally shifted integrals were used to obtain thig values using the least-
pI’O'[OI‘lS.eXthI'[ practlcall_y perfect Curie be_haV|or. squares fit utility of SigmaPlot 5.8. A three-parameter fitl(t)
In this paper, we discuss the expenmentally. ob;erved = ay + a;e~ YT, wheret is the variable inversion recovery time)
temperature dependence of chemical shifts and longitudinal and, 5’ ,seq for the least-squares fitting. Standard errors of the

'([jr_ansverse reIaxEtlon tim de_-s n:hthrle\lgEeSeYcomptlexe?. Welalsofitted T;s (typically less than 1%) and reasonable closeness of
'Sgltjﬁs.ourl results rtegt?]r "1% f lspec ra\‘,\? Cﬁnﬂ) ﬁx the absolute values of the initial and final magnetization derived
and their relevance 1o the other o COMpIEXes. We SNOW NOW ¢,y the fit were used as criteria of the fit quality. Fband

the temperature dependence of longitudinal relaxation times can, “oach temperature series also contained 20 spectra with

be used to p_redict the optimal conditions for _the detect_ion of inversion recovery time ranging from 0.0001 to 0.06 s. Spectra
NfO’\IlE.Oén [l))arttlcular, OUI’V\IIOI‘k dct)es no:c substelmfgte t(;‘g eX|sdtencewere recorded using typical spectral width of 3000 Hz to
0 S DeEtween pyrrole protons of complextandz, an . _accommodate only the pyrrole peaks. The transmitter offset
we have shovyn thgoret!cally that they cannot be observed N was adjusted as the peaks shifted downfield at lower temper-
the solvent utilized in this and the earfiestudy (CQCL). atures. The spectrum size was 1K, with 40 transients per
spectrum, 18Dpreparation pulse (166s), variable inversion
recovery time, 99 detecting pulse (8.%us), followed by

1. Materials. Synthesis of unsymmetrically substituted iron- ~acquisition (0.171 s) and relaxation delay of 0.3 s. Processing
(1) tetraphenylporphyrinates has been described elsewfere. Using the DISNMR software included Fourier transformation,
Synthesis of chloroiron(lll) tetramesitylporphyrinate utilized for Phasing, and automatic baseline correction. Peak heights were
this study has been described elsewHer&l-Methylimidazole =~ Measured by the peak peaking command, and the heights were
and 2-methylimidazole were purchased from Aldrich and used Used in the least-squares fit procedure to obtain the values of
as received. A degassed sample of the bis(2-MelmH)-iron(lll) T2. The fitting procedure was the same as the one described
tetramesitylporphyrinate chloride comple8) (with a slight for complex3.
excess of 2-MelmH was prepared & 5 mm NMRtube in 4. T, Relaxation Measurements. The standard Hahn spin-
deuterated methylene chloride, @), purchased from Cam-  echo pulse sequence was used in all cases for the determination
bridge Isotope Laboratories, immediately prior to the recording of T, relaxation time2> For complex3, each temperature series

3. T; Relaxation Measurements. All spectra used for the
measurement of;s were recorded using the standard inversion
recovery pulse sequené®. For 3, each temperature series
contained 20 spectra with inversion recovery time ranging from
0.0001 to 0.3 s. Spectra were acquired with a spectral width
Bf 20 000 Hz, 2K complex points, 80 transients per spectrum,
180 preparation pulse (13.2s), variable inversion recovery
time, 90 detecting pulse (6.6ts), followed by acquisition
(typically 0.102 s) and relaxation delay of 1 s. Processing using
Felix 2.30 included linear prediction of an additional 2K
complex points (only in case of truncated data), Bruker Fourier

Experimental Section
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contained 12 or 15 spectra with defocusing/refocusing time
ranging from 0.0001 to 0.009 s or to 0.03 s, depending on the | an
expected value of; at a particular temperature. The same set

of acquisition parameters was used as forftheeries of spectra.
Processing using Felix 2.30 included linear prediction of
truncated data, Bruker Fourier transformation, and phasing, after
which the region containing pyrrole peaks was selected. The |y, = g~ (RatRe)2lrm
region of interest was baseline corrected usingtiWiah's

baseline flattening proceddfer fifth-order polynomial baseline

correction. Pyrrole proton signals were integrated to the

corrected baseline level, and the integrals were used to obtain

= e[‘(RA+RB)’2]’m( sinhAz,,, —

Ry

A sinhArm) 8]

Ry, + Ry —2A
Tm
e+ A

|

sinhAr,, —

% sinhArm) (2)

the values ofT, by a .three-parameter least-squares fit using lag = lgp = o~ (RatRe)/2Jm % sinhAr ©)
SigmaPlot 5.0. The fit used waf) = ap + aye= 2Tz, wheret A m

is the variable defocusing/refocusing time. Closenesa o6

zero and the magnitude of the standard erroff oftypically where

less than 1%) were used as criteria of the fit quality. Fand N ) 12

2, each temperature series contained 14 spectra with defocusing/ A="T[(Ry — Rg)” + 4Ryg"] 4)

refocusing time ranging from 0.0001 to 0.022 s. The same set

of spectral parameters and the same processing were used a@NdRa andRs are the relaxation rates of protons A andRzg

those for theT; spectra of the two compounds. The least- = Rea = Wo — W is the rate of cross-relaxation of the two

squares fitting procedure was identical with that described for Protons,W is the rate of an-quantum transition in the two-

T, spectra of3. spin system, and, is the mixing time in the NOESY pulse
5. NOESY Spectra. A total of 12 NOESY spectra with sequence. The .termféqAJrRB)/.z]Tm describes the general relax-

mixing times ranging from 10 to 70 ms were used in construct- ation of longitudinal magnetization and does not contain any

ing the NOE buildup curve of compour@l NOESY spectra NOE-specific inform.ation.. It can be eliminated by using the
were recorded using the standard phase-sensitive NOESY pulserelatlve cross-peak intensity,

sequenc® at 191 K. The temperature was chosen so that no
chemical exchange was observed between pyrrole protons and
temperature equilibration was achievable within a reasonable
length of time. The typical spectral parameters were as ) ) B
follows: spectral width 21 kHz, number of increments 512, In the above prresstAB/A Is a constant characterizing the
64 transients per increment, number of data points 2226. system and independent of mixing time. It represents the
Processing was performed using Felix 2.30 and included, in Maximum relative intensity of pross-peaks that can potentially
the direct dimension, FID drift correction using the last 10% of D€ achieved. When the NOE is between two protons that have
the FID, zero-filling to 2K complex points, Gauskorentzian the same Iongltl_Jdln_aI relgxanon time, the maximum potentlally
apodization (gb= —1, Ib = 0.018), Bruker Fourier transforma- achlevat_)le relative intensity of cross-peaksis 1. The hyperbohc
tion, phasing, cubic spline baseline correction, and discarding tangent in expression 5 starts at Ort= 0 and exponentially

the imaginary part of the spectrum. In the indirect dimension, approaches 1 at long mixing times, which are longer than the

prcessing included zeroiing Lo 2K real poits, Gauss 1 VSS9 1l S 1 actice, e asympione rensiy o,
Lorentzian apodization (g —1, Ib = 0.002), real Fourier ’ 9 9 9

transform, phasing, and discarding the imaginary part of the to achieve it the Io_ngitudlinal magnetizgtion relaxes almost
’ L . .completely, and the intensity of all peaks is below the level of
spectrum. When additional phase correction was necessary, 'tnoise At the other extreme, i.e., at “small’ mixing times, the
was done by performing a Hilbert transform, rephasing, and relati\}e cross-peak intensity’céri'be approximated as '
discarding the imaginary part of the spectrum again. The
apodization method was chosen based on our observation that (6)
this type of apodization with window parameters close to those
cited above does not significantly change the relative intensities That is, the initial buildup of NOE is linear with respect to the
of diagonal and cross peaks. Equality of integrals of the two ;i time, whether the two protons have the same rate of
cross peaks was used as a criterion of the overall quality of the |, indinal relaxation. This fact greatly facilitates the inter-
spectra. After suitable spectra were obtained, the intensities Ofpretation of NOE buildup curves, because the cross-relaxation

the two diagonal peaks from the pyrrole signals exhibiting the (ate can be obtained via linear least-squares fit of the initial
NOE and the two cross peaks between them were integrated ()1t of the NOE buildup curve. The term “initial” refers to

the level of the noise, and integrals were used to construct NOEghort mixing time, which shall be defined as
buildup curve as described in the Data Analysis section.

_ lag T lga _ Rae
R

=a tanh@z,,) (5)

AAJ’_IBB

[Rr(Tm) = TmRag = Tm(Wo — W)

1
<
1

Tm
1 2 2
— — | +4R
[(TlA TlB) "8 ]

Transverse and longitudinal proton relaxation rates were por the particular system studied (NOE between pyrrole protons
determined using a standard three-parameter fit as described ity gnd ¢ of complexd) the value of the square root in eq 7 is

T (7)

Data Analysis

the Experimental Section.

NOE Buildup Curve. For two protons interacting with each
other only as magnetic dipoles the peak intensities in the
NOESY spectrum are given By

approximately 1 s! at the temperature used to record the
NOESY spectra. This means that mixing times of 0.1 s and
smaller can be considered short for the purpose of approximating
the NOE buildup curve by a straight line. In the NOE buildup
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curve obtained in this work for compousdthe largest mixing X
time was 70 ms. #
Transition rates\p and W, are proportional to the spectral a a
densities of motion at their corresponding frequenéles: b N
1
Wo = 750a ) (@on — @op) Y -~ P
W, = 3dagd(@op + @gp) c c
2z, 1 4.0 6(/"0)2 ¢ g
- ¢ = — -6 = a)
\]((U) 1+ a)z‘[cz qAB 10')/ h I’AB A (8) Y
a b

wherer. can be thought of as the molecular reorientation time.

Settingwoa = wos = wo, We have a ‘ ‘ .
— 1 40 —g[Ho)?

Rag = Wo — Wo)7,, = 10 AT g (E) Te ™

61

C
G, s b
1+ 4“’02%2) ® o ? d
b) )

From eq 9c was found by equating the right-hand side of eq o
9 to the experimentally measured valueRag (0.57 s1) and Figure 1. Four distinct pyrrole positions in (a) unsymmet'rically
numerically solving the resulting equation fog. The error substituted complexe4 and 2 and (b) symmetrically substituted

. . - complex3 with frozen axial ligands. In the former, the axial ligands
margin forz, was determined by repeating the procedure for are not shown because their fast rotation does not affect the asymmetry

Ras — 0(Rag) andRag + o(Rag) and taking half of the absolute o the complex. Note that the symmetry and the labels of the pyrrole
value of the difference between the two resulting/alues as  positions are different in the two case$i NMR spectra of the

o(ze). complexes and their assignment can be found in the literafre.

Results and Discussion °C, where the exchange rate can be estimated between 580 and
General Comments. (Tetramesitylporphyrinato)iron(lll) bis- 1400 S*. This is consistent with the smaller (on the frequency

(2-methylimidazole) chloride, [TMPFe(lI1)(2-MelmHC! (3), scale) distance between the signals at the latter field strength.

has a symmetric porphyrin core with mesityl groups in all four ~ Another evidence that the collapse of the four-peak pattern
mesopositions of the porphyrin ring. Nevertheless, its eight in complex3 is caused by rotation of axial ligands and not by
pyrrole protons exhibit four distinct NMR signals in the other phenomena, such as equilibrium between different spin
temperature range 19@73 K (at 500 MHz field). It has been states due to ligand exchange, is the observation that the
showr? that the cause of this asymmetry is that the unsym- collapsed peak is found in the same area as the peaks of the
metrical 2-methylimidazole axial ligands induce asymmetry, and four-peak pattern, whereas a collapse due to low-spigh spin

they do not rotate sufficiently fast for the pyrrole protons to equilibrium would significantly shift the peak (as happens for
become equivalent on the NMR time scale. In the related crystal complexesl and2).

structure, the 1,2-dimethylimidazole axial ligands of the complex  [Tris(p-chlorophenyl)g-(diethylamino)phenyl)porphyrinato]-

are orientated perpendicularly with respect to each other, iron(lll) bis(N-methylimidazole), [§-Cl)s(p-NEt)TPPFel-
bisecting the porphyrin nitroger. At low temperatures, the ~ Melm),]* (1), and [f-chlorophenyl)-trig-diethylamino)phenyl)-
axial ligands slowly rotate, inducing chemical exchange between porphyrinato]iron(lll) bisN-methylimidazole), [§-Cl)(p-NEt,)s-

the different pyrrole positions but no averaging!id NMR TPPFelN-Melm),]* (2), are structurally different fror8 in two
spectra. The rate of the rotation has been measured by variousvays. First, both complexesand2 contain unsymmetrically
method&7-2°%in the temperature range 20@45 K. Above 273 substituted porphyrin cores with three of theesopositions

K at 500 MHz, the four-peak pattern collapses into one broad carrying substituents of one type and the fourtsoposition
peak around-10 ppm. The collapse is attributed to the fact carrying a substituent of a different type. Second, the axial
that the rotation at that temperature is sufficiently fast to cause ligands N-methylimidazole) and peripheral substituents in these
the complete exchange averaging of the signals from different complexes are not as bulky as those in comgleand the axial
types of pyrrole protons. The following estimate illustrates that ligands rotate freely throughout the temperature range that
the collapse is indeed due to the exchange. At 270 K, the extends down to at least 185 K. Because compléxand 2
average distance between different pyrrole proton signals is 2 contain a unique substituent on their porphyrin ring, four distinct
ppm, which at 500 MHz field corresponds to 1000 Hz. Hence, pyrrole positions are also present in these complexes, as in the
the collapse of the pattern should begin when the exchange ratecase of comple® at low temperatures. However, the cause of
reaches 200073 (Kealesc= Aw/2+/2 for two peaks with no  the asymmetry is different in these two cases, and the asymmetry
intrinsic relaxation). Thermodynamic parameters of rotation patterns are different for the two types of complexes. Figure 1
obtained in the previous studies (summary is given in ref 29) shows the unique pyrrole positions in the TMP complex and
give the exchange rate constant at 273 K between 1400 andthe two TPP complexes.

4000 s (which is sufficiently large to consider the exchange Because the axial ligands in complexieand2 rotate very

as intermediate) and between 12 000 and 46 00Gs300 K fast at all temperatures that have been studied by us by means
(fast exchange). Indeed, the pattern collapses just above 273f IH NMR,30 they do not introduce any additional asymmetry

K at 500 MHz field strength. At the 300 MHz field strength, in these complexes, beyond that caused by the unsymmetrical
the collapse occurs at a lower temperature, approximat&ly substitution. Therefore, one can expect to observe four distinct
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NMR signals from the pyrrole protons df and 2 at all 10
temperatures. Indeed, in the presence of excess of free &, ppm \
N-methylimidazole both complexes exhibit four distinct pyrrole 0
signals in the range of at least from 191 to 313 K. However,
without an excess dfi-methylimidazole being present, the four
peaks collapse and reappear as one very broad (several ppm
line width) peak around 80 ppm. This behavior has been
attributed to equilibrium between the bis-ligatdeMelm form,
which hasS = Y/, (low spin) electronic state, and the mono-
ligated form, which has = 5/, (high spin) electronic ground @ 30
state3! This will be further discussed below in connection with
proton chemical shifts and relaxation times in complekasd

2

0. 0.002 0.003 0.004 0.005 0.006

T, K*
-10

-20

10

Chemical Shifts. Chemical shifts in many paramagnetic % ppm N
compounds obey the Curie laW,where the value of the S 0By 0-002 0.003 0.004 0.005 0.006
“paramagnetic” part of the chemical shift is inversely propor-
tional to the temperature:

0

T, K*

para— F/T (10)
whereF is a factor unique to a particular proton (Curie facfar).

In many compounds, the factérhas positive value for some
peaks and negative value for other pe#ks’ In other
compounds, including many metalloporphyrin complexes, NMR
chemical shifts exhibit deviations from eq 10 in that the Curie
plots may not be lined#3° or they are linear but show an
unexpectedly large value of the intercept at zero inverse 0-001°4 Q02 0-003 0.004 0.005 0.006
temperature (“anti-Curie” behavio#j:3536:4041 |t has been T, K+
shown that both nonideal Curie and anti-Curie behavior can be
explained by the second-order Zeeman effect and-smibit

coupling>*3or by the presence of low-lying excited electronic -20
state394446 [For the first-row transition-metal complexes,
Curie behavior of chemical shifts is most likely an indicator of ¢) 30

only one electronic state being populafed.
The temperature dependence of chemical shifts of pyrrole rigyre 2. Temperature dependence of the chemical shifts of the four

protons has been studied in the range-1300 K for complexes distinct pyrrole protons for (a) Cl)a(p-NEt) TPPFe(lll)(N-Melm),] +-

1-3. The results are shown in Figure 2. When chemical shifts CI= (1), (b) [(p-Cl)(p-NEt)sTPPFe(Il)(N-Melm),]*CI~ (2), and (c)

of pyrrole protons follow ideal Curie behavior, the infinite- [TMPFe(lll)(2-MelmH]*CI~ (3). Note the deviation from Curie

temperature intercepts of their Curie plots should fall in the behavior at high temperatures for complesesnd2.

region 79 ppm. Complex3 shows nearly perfect Curie low-spin form are observed betweenlO and —30 ppm,

behavior of the pyrrole signals at least as long as the four-peakdepending on the temperature. As the temperature is increased,

pyrrole proton pattern is retained. All peaks have a linear the fraction of the high-spin form also increases, thereby shifting

dependence of their chemical shifts versus inverse temperaturethe observed chemical shift toward that of tBe= 5, form.

and infinite-temperature intercepts are between 7 and 8 ppmThis is the result of the proximity of the ligand exchange to the

for three of the peaks and 5 ppm for the fourth peak. This is intermediate mode, and it causes the chemical shifts to have

consistent with the results of previous studiedNo definite greater values at high temperatures than would have been
deviations from the Curie behavior can be observed in this expected without the chemical equilibrium. In compl&xa
complex even after the four-peak pattern collapses. similar chemical equilibrium exists, but there are no indications

Complexesl and 2 appear to follow the Curie law at low  of it in our chemical shift data or, as will be seen below, in our
temperatures, although not as well&s Their chemical shift relaxation times data. This observation is consistent with the
intercepts are closer to 0 ppm when only the lowest temperaturefact that in complex3 the binding constant of axial ligands;,
data are considered. At higher temperatures (250 K and above)is greater than those in complexésand2: 10° M~1 in the
the pyrrole proton signals of both complexes start to deviate former and 18-10* M~ in the latter. The low spirthigh spin
from Curie behavior. As a result, the Curie plots for all pyrrole equilibrium probably would be observed at a higher temperature
protons in complexe$ and2 are concave curves with the high-  or under lower concentrations of free 2-methylimidazole (axial
temperature ends having greater slope than the low-temperaturdigand).
ends. Relaxation Times. Longitudinal (T;) and transverseTg)

These observations are consistent with the earlier concfision relaxation times of pyrrole proton signals have been studied
that an equilibrium between low-spin and high-spin forms is for all three complexes in the same temperature ranges as
present in complexe& and 2 at high temperatures. Indeed, described for the chemical shifts. The results are shown in
the two forms possess different distributions of electron spin Figures 3 Tis) and 4 T.s). For complex3, longitudinal
density and have very different chemical shifts for the para- relaxation times uniformly increase with temperature throughout
magnetically shifted protons. As was mentioned above, when the temperature range studied. At low temperatufes,for
the monoligated high-spin form is the dominant one, the pyrrole protons a, b, and c differ from each other by no more than 7%
proton signal is observed in the vicinity of 80 ppm (room and can be considered almost equal. Thdor proton d is
temperature), while the four pyrrole signals of the bis-ligated shorter than the other thrdgs by as much as 22%. However,
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at higher temperatures tfgs of the four signals equalize, until
they eventually collapse into one exchange-averaged signal. Tt
At low temperatures, transverse relaxation times are generally ! 125
65—90% shorter than the corresponding longitudinal relaxation 100
times. Transverse relaxation times for all four protons increase
with temperature in the range 19@30 K. The decrease of 75
the Tys, occurring in the temperature range 2395 K, “
coincides with the collapse of the four-peak pattern.
The behavior of proton relaxation rates in compl@xs a) »
consistent with the presence of the following two trends that 0 VT, K
govern the change of transvetsand longitudina® relaxation e-0035  o-00d  0o00ds - 0.008
rates with temperature: (i) intrinsic relaxation times of all four 150
pyrrole protons increase with temperature, which is manifested T, st
by the fact that the average and individudls increase 125
throughout the studied temperature range; (ii) at the higher 100
temperatures, the observed relaxation times are modified by
chemical exchange. Transverse relaxation times in this range s
significantly differ from the intrinsic values. Unlike in com- o
plexesl and 2, chemical shifts are not modified by chemical b)
exchange in comple8. The exchange in the latter involves 2
peaks with similar chemical shifts, and exchange shifting of 0 T, K™
signals is apparently marginal in the slow exchange limit. oms o oaeh o oans 0008
In a separate study,we demonstrate that the behavior of 150
the Tos in complex3 is not only qualitatively consistent with T s
these conclusion but can also be interpreted quantitatively in 128
order to determine the rate constant of the four-site cyclic 100
exchange. s
The shortening off;s at high temperature in complexés
and 2 therefore suggests that an equilibrium is present with a 50
form that has significantly shorter intrinslgs and that at higher © 25 "
temperatures the rate constant of the forward reaction of such -
equilibrium is large enough to cause the shortening of the ° oo o e owes— VDK

observedT;s of the pyrrole protons in the low-spin form. As  Figure 3. Temperature dependence of the longitudinal relaxation times
chemical shift data suggest, the equilibrium in question is (T,) of the four distinct pyrrole proton signals for (a)piCl)s(p-
between bis-ligated (low-spin) and mono-ligated (high-spin) NEt)TPPFe(ll)N-Melm);]*CI~ (1), (b) [(p-Cl)(p-NEty)sTPPFe(lll)-
forms of complexed and2. The relaxation rates of the pyrrole  (N-Melm),]*CI~ (2), and (c) [TMPFe(lll)(2-MelmHj] *CI" (3). Note
protons in the high-spin form have not been measured, but theirthat Tis decrease at high temperatures for compléxasdz, but not
. . . for complex3.

T,s should be assumed to be-2 ms, judging from the line
width of the pyrrole signal in the high-spin forf. Since parameters of high-temperature electronic relaxation in low-
chemical exchange equalizes longitudinal relaxation times eVeNgpin iron(l11).1251 This will be the subject of a separate study.
before the exchanging peaks start collapsing, slow chemical " nOE Buildup Curve for Complex 3. NOESY spectra for
exchange with a high-spin state significantly shortdns. complex3 were reported several years dg@t —74°C, a 300
Numerical simulations of complexek and 2 do not appear MHz NOESY spectrum exhibits only cross-peaks between
promising in the quantitative sense, because they would involve spatially close protons. At that temperature, pyrrole protons a
too many degrees of freedom (forward and reverse rate constant$,nq p exhibit NOE cross-peaks with protonsoatho-methyl 3
and concentration of the free ligand). However, the shortening (see Figure 4, ref 6), while pyrrole protons ¢ and d show cross-
in T;s in these complt_e?<e§ is qualitatively consistent with the peaks with protons obrtho-methyl 2. Also, a set of cross-
presence of such equilibrium. peaks between pyrrole protons b and ¢ is observed. The data

The conclusion of this section that is of an immediate practical were used to make signal assignments in'thepectra of the
importance to this paper is that only relaxation rates at the lower complex. At higher temperatures-$4 and —29 °C), an
temperatures (196230 K for 3, 215-270 K for 1 and?2) are exchange pattern appears between the four pyrrole peaks and
representative of the intrinsic relaxation rates, while at higher petween the fouortho-CHs peaks (see Figures 1 and 2, ref 6).
temperatures all observed relaxation rates are modified by This, as well as the temperature dependence of cross-peak
chemical exchange. For this reason, only the lower temperatureintensities, has been interpreted as the presence at the higher
relaxation data are meaningful for interpretation in the context temperatures of a four-site exchange induced by slow collective
of the complexes’ electronic structure. The same is true for rotation of the two 2-methylimidazole ligands. Similar results
the chemical shifts, although the effect of chemical exchange have been recently obtained from NOESY and ROESY experi-
on chemical shift at 270 K is more pronounced in complekes ments’8 In the latter, slow-rotation-limit NOE and exchange
and2 than it is in complex3. cross-peaks have different sididghus providing an independent

The other important conclusion of this section is that, since confirmation of the cross-peak origins. The rate of rotation of
proton relaxation times in paramagnetic complexes are largely the 2-methylimidazole ligands has also been determined from
determined by the relaxation times of the unpaired elecffan (  the intensities of the diagonal and cross-peaks at a number of
and T,e),'? their temperature dependence in the temperature temperatures.
range 196-250 K can potentially yield valuable and otherwise In the current work, we used the phase-sensitive NOESY
unattainable information about the mechanisms and the relevanttechnique with comple8 at a temperature (191 K) where the
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2000 TABLE 1: Dynamic Data Obtained from the Measurements
- of NOE Buildup between Pyrrole Protons b and c in
2’ [TMPFe(ll)(2-MelmH) ,]*CI~ (3) at —82°C

1500
Rag, st o(Rag),2s* T S er’s
0.57 0.10 3.3 10°° 0.5x 10°°

a Standard error of the linear regression procedt@alculated as
half the absolute value of the difference between the twwalues
a) 500 found fromRag + 0(Ras) andRag — o(Ras).

—— . probably reflects the residual baseline imperfections and

° 0.0035 0.004  0.0045 poos -~ VDK contributions front; noise, while the slope is the absolute value
2000 of the rate of NOE cross-peak buildup.
T, 57! The plot in supporting Figure S1 definitively shows an
1500 increase of cross-peak relative intensity with the mixing time,
although the deviation of some of the experimental points from
the fitting line is significant. Therefore, error analysis should
be given proper attention in attempts to quantitatively interpret
the data. First of all, although the error is significant, its nature
b) 500 is random rather than systematic, in that the deviating data points
. do not suggest curvature but are symmetrically distributed
Mo —— 1 around a straight line throughout the mixing time range.
0-0035  0.004  0.0045 0-00% Therefore, the error is not associated with a possible violation
of the short mixing time approximation. Second, no four-site
2 s chemical exchange pattern between pyrrole ootho-CHs
1500 protons is present in the NOESY spectra even at large mixing
times, as can be seen from supporting Figure S2. Lowering
the contour levels to the level of noise does not reveal any cross-
peaks that are not seen in that Figure. Further, the previous
measurements of exchange activation parantetétyield the
upper estimate for the exchange rate-&2 °C between 0.04
and 0.06 st, which is an order of magnitude smaller than the
o T, K measured rate of NOE buildup (shown in Table 1). Therefore,

) e oot hoons 0008 . we conclude that it is not possible at that temperature for
Figure 4. Temperature dependence of the transverse relaxation times - e S .
(T>) of the four distinct pyrrole proton signals for (2)piCl)s(p- _cheml_c_al exchange contributions to significantly dls_tort the
NEt) TPPFe(lll)(\N-Melm)] “CI- (1), (b) [(p-Cl)(p-NEt)sTPPFe(lll)- intensities of NOE cross-peaks. This leads us to believe that
(N-Melm),]*CI~ (2), and (c) [TMPFe(lll)(2-MelmH)*CI~ (3). the error originates in two factors, namely, poor baseline and
strongt; noise. Although our best efforts have been made to
characteristic four-peak chemical exchange pattern was notadequately correct the baseline in each spectrum, the large
present. The goal was to measure the NOE cross-peak intensitydynamic range of the spectra makes it almost impossible to
without contribution from chemical exchange and to construct perform the correction so that the baseline deviations would be
the buildup curve for the NOE between pyrrole protons b and low enough as to not distort the intensity of the NOE cross-
c. These protons were chosen because they exhibit the onlypeaks (which have the lowest intensity among all peaks in the
set of NOE cross-peaks where the participating protons arespectrum). One evidence of baseline imperfections was obtained
structurally rigid. Protons from at least one methyl group when we tried to vary the integration area from “the baseline
participate in all other NOEs present in this complex, meaning level” to integrating to half-distance between neighboring peaks.
that the rapid rotation of the methyl group and possibly libration Increasing the integration area led to serious changes in the
of the mesityl ring have to be taken into account in order to measured peak volumes, sometimes yielding negative intensities
correctly interpret the peak intensities in a quantitative way. for positive cross-peaks (as a result of negative baseline
This complication is not present when the NOE in question is deviation) and other times yielding a positive intensity signifi-
between two pyrrole protons. cantly larger than integration to the baseline level (as a result
NOESY spectra were recorded at a number of different of positive baseline deviations). Thus, integration “to the
mixing times, ranging from 10 to 70 ms. The number of baseline level” was chosen as a compromise so as to exclude
transients anti increments in the spectra varied, but the external the baseline deviations outside of the cross-peak from the
experimental conditions were the same (500 MAz 191 K measured intensity. However, it is clear that some baseline
(—82 °C), no spinning of the sample). The intensity of the deviations within the peak area remain and affect the measured
cross-peaks in each case was expressed in terms of the relativentensity.
cross-peak intensity as described in the Data Analysis section. Another evidence of; noise and poor baseline being the
The use of unitless relative intensities not only simplifies the primary sources of error is the sometimes significantly unequal
quantitative interpretation (at short mixing times, there is a linear relative intensity of the two individual cross-peaks$agZ(laa
relationship betweeir andty, that is invariant to the proton  + Igg) and 2ga/(Iaa + Igg). As can be seen from supporting
relaxation times) but also allows comparison of the results from Table Sl, such spectra are those recorded at mixing times of
two different experiments with different sample concentrations, 10, 15, 17.5, and 22.5 ms. Because the studied NOE involves
different number ot; increments ot, transients, etc. A plot  two single protons, the intensity of individual cross-peaks ideally
of the relative cross-peak intensity against mixing time is shown should always be equal even if chemical exchange or scalar
in supporting Figure S1, along with the linear best fit to the correlation is presef. We interpret the differences between
data. The best fit line has a small nonzero intercept, which the intensities of individual cross-peaks as a measure of error
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in the intensity measurements which is caused by baselineof twisted-phase line shapes, which is removed by the magnitude
imperfections and; noise. The predominantly negative sign calculation. This, and the shifted sinebell apodization used,
of A may signify the presence of a small systematic error broaden the diagonal peaks significantly, and overlapping tails
associated with; noise. from the diagonal peaks can be easily mistaken for a cross-
The slope of the NOE buildup curve, taken with the negative peak.
sign, corresponds to the rate of NOE buildup. The negative It was also unexplained how such spatially distant protons
sign has to be taken because in phase-sensitive NOESYas (a) and (d) in complek (>7 A) should exhibit an NOE.
experiments positive (same sign as the diagonal) cross-peakslhe cross-peaks observed between these protons could poten-
correspond to the negative NGE.The linear least-squares fit  tially originate from a phenomenon different from the nuclear
to the data shown in supporting Figure S1 yields the rate of Overhauser effect, and therefore it seemed important that the
NOE buildup of —0.57 £ 0.10 s! and corresponds to a system be analyzed theoretically and the theoretical predictions

rotational correlation time. = 3.3 x 1024+ 0.5x 10 %s at compared to the previoti®xperimental results.
the temperature of the measuremen82 °C. Predicting the Sign, the Absolute Value, and the Detect-
The latter parameter can also be estimated from the Stokesability of an NOE. The above comparison of the experimental
model as and the theoretically estimated rotational correlation time
demonstrates that it is possible to estimate the rotational
— nVv _ mabc (11) correlation time with a reasonable accuracy from the Stokes
¢ kT 3KkT model and to subsequently estimate the rate of interproton cross-

relaxation if information such as the solvent visco$itythe

where a, b, care the axes of the ellipsoid representing the molecular size, and the interproton distance is available.
molecule. This estimate yieldg = 1.7 x 1079 s™%, which is It also shows a way to estimate in what temperature range
in fair agreement with the experimental value. The difference one can expect to find cross-peaks between pyrrole protons.
can be attributed to polarity of the solvent, the presence of the Let us assume that “detectable” cross-peaks are those with
CI~ anion, solvation of both ions, and the fact that the molecule relative intensity of 0.01 or larger (by the absolute value) when
of interest neither is extremely large as compared to the solventdetected at mixing times smaller than twice thecalled here
molecules nor has the shape of a sphere. In fact, TMP complexthe critical mixing time). Such an assumption is justified by
3 has “cavities” that may accommodate solvent molecules and the following two experimental observations: (i) cross-peaks
potentially increase the molecular reorientation time. of a lower intensity are likely to be covered bynoise from

NOE buildup measurements have also been attempted at theheir respective diagonal peaks to an extent preventing their
300 MHz magnetic field strength (GBI, —80 °C), but the  accurate integration; (i) a spectrum recorded at longer mixing
low intensity of the cross-peaks under these conditions makestimes is likely to have such a small absolute signal intensity
a quantitative interpretation unreliable. Indeed, at 300 MHz that spectral noise would significantly distort the measured peak
complex3is even closer to the crossover from the positive NOE volumes.
to the negative NOE than it is at 500 MHz; therefore, the  Let us also assume that the Stokes formula can yield a
intensity of NOE cross-peaks is intrinsically lower at 300 MHz.  rotational correlation time that is within a factor of 2 of the
While this improves the accuracy of exchange rate measure-actual correlation time. That is,
ments! it greatly increases the error of NOE buildup rate
measurements. However, our observation was that the NOE r P = gp Sk 05<E<2 (12)
between the two pyrrole protons is also negative at the 300 MHz
field at —80 °C. This is consistent with the value of the If functional approximations for the solvent viscosity and the
rotational correlation time obtained at 500 MHz. T;s as functions of temperature are available, one can evaluate

NOEs in Complexes 1 and 2. A number of NOESY the maximum achievable relative intensity of NOE cross-peaks
experiments have been performed in this study in attempts toas a function of temperature and the random parangetdrich

detect NOEs between pyrrole protons in complekeand 2. is used to account for the random error in correlation time
The probed conditions included 300 and 500 MHz field estimates.
strengths, various temperatures (2@5, —60 °C), and various An example of such a plot is shown in Figure 5. The relative

mixing times (usually ranging from 0.5 to 2 times the pyrrole intensity of cross-peaks between the pyrrole protons at the
protonsT; at the respective temperature). Steady-state experi- mixing time equal to the shorter of the tWas is plotted there
ments have also been performed at the 500 MHz field strengthas a function of temperatur€, and the random parametgrit

at —60 °C. is important to realize that functional approximations for the
None of these experiments have indicated the existence ofviscosity andT;s have been used to create the plot, rather than
NOEs between any pair of pyrrole protons in complekesid their fixed values. The functional approximations do not have

2. Such an outcome was not expected by us and is contrary toto conform to any particular physical model, but they need to
the results reported in ref 4 from this research group, where anreflect, with reasonable accuracy, the values of the corresponding
NOE between protons b and ¢ was reported for both complexes,parameters at a given temperature.
as well as an NOE between protons a and d in comglex If, for a given temperature, the relative intensity of a cross-
300 MHz, at—35°C in CD,Cl,. ThelH spectral assignments  peak is larger than an arbitrary 1% threshold for all values of
based on the apparent connectivities observed in the NOESYE, then such cross-peak should be considered potentially
spectra appear to be consistent with the chemical shift patterndetectable at that temperature. The detectability is questionable
predicted from the shape of the calculated frontier molecular if only some values of give satisfactory relative cross-peak
orbitals. In particular, good agreement was observed betweenintensities. Finally, if no values of or & give a satisfactory
the chemical shift values of pyrrole protons and the spin intensity of the cross-peaks, then the NOE should be considered
densities on the adjacent carbon atdms. undetectable.

On the other hand, serious consideration has to be given to Such plots have been constructed for all pairs of protons in
the fact that the original NOESY speciraere recorded and  complexesl—3 that can potentially exhibit NOEs. A summary
processed in the magnitude mode, which introduces the problemis presented in Table 2. Our conclusion regarding the matter
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Figure 5. A contour map predicting the detectability of NOE between
protons b and ¢ of comple® in CD,Cl,. The horizontal axis shows
the temperature; the vertical axis is an arbitrary faétexplained in

the text accompanying eq 12. The map shows the relative intensity of
NOE cross-peaks at the mixing time equal to the shortest of the two
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detect them under any of our experimental conditions. In either

case, they cannot originate from the actual nuclear Overhauser
effect, a conclusion supported by the experimental and theoreti-
cal findings of this work.

Concluding Remarks. In this work, we have investigated
the temperature dependence of NMR parameters (chemical
shifts, T1s andT,s) in three different paramagnetic metallopor-
phyrin complexes and utilized their behavior to explain the
experimentally observed NOESY spectra of each complex. We
have demonstrated that chemical shifts as well as relaxation
times in all three compounds represent the intrinsic values of
these parameters only at low temperatures, while at high
temperatures they are modified by chemical exchange. From
the NOE buildup curve constructed for one of the complexes,
we determined the value of its molecular rotational correlation
time and found it to be in fair agreement with the theoretical
prediction obtained from the Stokes model. We also show how
to use the obtained relaxation and NOE buildup data to find
the optimal temperature for recording NOESY spectra that
involve an NOE between two structurally rigid protons and to
predict whether the NOE between a particular pair of structurally
rigid protons is observable in NOESY spectra. The latter
method was developed here for paramagnetic metalloporphyrin

T.s at a given temperature. The optimum detection temperature on thiscomplexes but is general enough to be extended to any

map is approximately 200 K. It is assumed that the axial ligands are

compound in which the temperature dependence of thdor

frozen, and therefore chemical exchange does not make it impossiblethe protons in question is known.

to detect the NOE at the higher temperatures. Similar plots can be
constructed for any system with known molecular geometry and
temperature dependences of ths and the solvent viscosity.

TABLE 2: Estimated Minimum T, Needed for NOE To Be
Detectable in CD,CI, at —77 °C, 500 MHz2

min  actual
complex protons r,A Ty,s Tis detectable? detectéd?
TMP  b——c 2.61 0.008 0.044 yes yes
TMP  ab,c-d 528 0.6 0.035 no no
TPP b-c 541 0.9 0.009 no no
TPP ab,c-d 2.62 0.009 0.009 perhaps no

2 Rotational correlation time 3.2 107° s, detectability limit of 1%
of the diagonal peak intensity, and critical mixing time @f 2re used.
b Under the experimental conditions of this study (solvensClR 500
MHz, temperature-82 °C).

is that the only detectable NOEs in compleXeand?2 can be
those between protons a, b andicalthough even those NOEs
are on the threshold of detectability. These NOEs have not
been detected by the authors of this work, although it is possible

that they may be detectable on a gradient instrument with low 346

t1 noise or in a more viscous solvent.

Regarding the proton pairs b, ¢ and a, d in complexaead
2, it is the authors’ confident conclusion that these NOEs are
undetectable. Qualitatively, during the mixing time required
for these NOEs to build up the pyrrole protons completely relax,
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