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Abstract: This study considers how the electronic relaxation rate enhancement effects of strong antiferromagnetic
coupling in the FeIII-X-CuII unit (X ) O2-, OH-) of complexes [(F8-TPP)FeIII-O-CuII(TMPA)]+ (1), and [(F8-
TPP)FeIII-OH-CuII(TMPA)]+ (2) (F8-TPP ) tetrakis(2,6-difluorophenyl)porphyrinate(2-); TMPA ) tris(2-
pyridylmethyl)amine) are manifested as observable upfield-shifted resonances of the TMPA moiety in the1H-NMR
spectra. The pyrrole resonances appear at 65 and 69 ppm, respectively, for1 and2, consistent with anS) 2 ground
state derived from antiferromagnetic coupling of high-spin FeIII (S) 5/2) and CuII (S) 1/2) through the bridging
ligand X. Paramagnetic mononuclear complexes [Co(TMPA)(CH3CN)]2+ (S) 3/2) (X-ray structure reported) and
[Cu(TMPA)(CH3CN)]2+ (S) 1/2) demonstrate downfield-shifted peaks consistent with aσ contact shift mechanism.
Assignments for all complexes were achieved via1H- and 2H-NMR spectroscopy of appropriately synthesized
methylated and deuteriated derivatives. In [Cu(TMPA)(CH3CN)]2+, the observed ligand peaks (298 K) are broad;
in 1, however, they are considerably sharper and upfield-shifted to-61,-7, 4.5,-21, and-104 ppm, corresponding
to pyridyl 6-H, 5-H, 4-H, and 3-H and aminomethyl-CH2-, respectively, of TMPA. The observance of these
upfield peaks is a consequence of enhancement of the electronic relaxation rate for CuII due to antiferromagnetic
coupling with the faster relaxing FeIII . This observation represents the prototype of a FeIII-X-CuII S) 2 spin state
hitherto only theoretically predicted. The attenuation ofδ for a particular hydrogen as its distance (through bonds)
from CuII increases correlates with aσ contact shift mechanism. Only one peak per type of pyridyl H is observed
(from 220 to 300 K for1 and from 220 to 270 K for2), indicating dynamic behavior of the Cu-TMPA moiety in
solution. Both1 and2 exhibit pseudo-Curie temperature dependence manifested as augmentation ofδ in both upfield
and downfield directions as temperature is lowered. Linear Curie and anti-Curie plots of the pyrrole and TMPA
chemical shifts (from 220 to 300 K for1 and from 220 to 270 K for2) imply a predominantly S) 2 spin state in
each case; i.e., the extent of antiferromagnetic coupling isstrong.

Introduction

Interest in the NMR spectroscopy of paramagnetic metal
complexes, either in metalloproteins or small molecules, has
expanded considerably in recent years, owing to an increasing
understanding of theory, and application of techniques, derived
from a variety of systems.1 For example, the chemical shift
for iron-porphyrinate complexes has been found to correlate
with the oxidation state and spin state of the metal,2 rendering
a potentially important basis for the interpretation of the NMR
properties of heme proteins.3 Although 1H-NMR spectra of
mononuclear Cu(II) complexes are typically precluded on

account of slow electronic relaxation and subsequent broad,
irresolvable lines, examples of magnetically-coupled Cu(II)‚‚‚
Cu(II) dimers and correlations of chemical shift, line width, and
nature of magnetic interactions are emerging.4

In paramagnetic complexes, the interaction of metal-centered
unpaired spin density with protons of the ligands gives rise to
the observed chemical shifts, as a sum of contact (through
bonds), dipolar (through space), and diamagnetic terms. In high-
spin iron(III) tetraphenylporphyrins and mononuclear Cu com-
plexes, the contact shift contribution dominates the overall
chemical shift.5,6 Dipolar shifts are dominant in metal com-
plexes such as square-planar cobalt(II) and iron(II) porphyrins,
which have unpaired electrons in orbitals lacking contact
delocalization pathways; these molecules generally have large
magnetic anisotropy.5
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We are investigating small-molecule analogues for the por-
phryin-iron/copper binuclear center in heme-copper oxidases.7
This center is directly involved in O2-binding and reduction (to
water), as well as mediating the membrane proton-translocation
process, the primary function of these enzymes. Via reaction
of O2 with reduced complexes or through acid-base self-assem-
bly chemistry, we have generated complex [(F8-TPP)FeIII-O-
CuII(TMPA)]+ (1) (F8-TPP) tetrakis(2,6-difluorophenyl)por-
phyrinate(2-); TMPA ) tris(2-pyridylmethyl)amine) (Scheme
1).8-10 This oxo-bridged compound1 has short Fe-O and
Cu-O bonds (1.740(5) Å and 1.856(5) Å, respectively) which
are essentially colinear (∠Fe-O-Cu ) 178.2(4)°). Detailed
Mössbauer and magnetic studies of1 led to the assignment of
a high-spin Fe(III) (S) 5/2) ion, which is antiferromagnetically-
coupled to Cu(II) to constitute an overallS) 2 electronic ground
state withJ ) -87 cm-1 (where H) -2JS1‚S2) for 1 in the
solid state.8 Complex1 is quite basic: theµ-oxo group can be
reversibly protonated to give [(F8-TPP)FeIII-OH-CuII(TM-
PA)]2+ (2) (Scheme 1), which possesses elongated Fe-O(H)
(1.87 ( 0.02 Å) and Cu-O(H) (1.89( 0.02 Å) bonds; the
hybridization change at the bridging oxygen atom results in a
substantial bending such that∠Fe-O(H)-Cu ) 157( 5°.10

In our early characterization of1,8-10 we noted its striking
1H-NMR spectroscopic properties (at 298 K): in addition to
the expected signals of the porphyrinate phenyl protons in the
7-12 ppm region, we observed an unusually placed pyrrole
resonance at 65 ppm, and dramatically upfield-shifted signals
(at-7,-21, and-104 ppm) which we attributed to the TMPA
ligand protons. This range of shifts is unprecedented at room
temperature in heterobinuclear coordination complexes; although
upfield shifts are reported for mixed-valent Fe4S4 (HiPiP)
cubanes (i.e., up to-35 ppm),11,12,13a,bmodel compounds for
iron-sulfur proteins,14 and Co(II)-substituted (for Zn(II)) Cu-

Zn superoxide-dismutase (SOD),12,15 they are not easily distin-

guishable due to the complexity of the systems and smaller
coupling/effective magnetic moment. In Co(II)-substituted
SOD, antiferromagnetic coupling promotes enhancement of the
electron-relaxation rate at the Cu(II) site; this results in line
narrowing such that the Cu(II)-ligand protons become observ-
able.13c-e,15 Furthermore, at lower temperatures, these Cu(II)-
ligand protons become upfield-shifted,13 owing to the increased
population of theS) 1 ground state, and the resulting increase
in the negative coefficient (discussed below) contribution to the
isotropic shift ensuing from the antiferromagnetic coupling of
two unlike paramagnetic metal ions.12,16 Complexes1 and2
offer the first examples of heterobinuclearS ) 2 copper-
containing synthetic or biological complexes, which, on account
of their inherent strong coupling, succinctly illustrate the upfield-
and downfield-shifted peak “signature”12 over an unprecedent-
edly large chemical shift range, and, in the case of1, at ambient
temperature.
Thus, we have undertaken a detailed evaluation of the1H-

NMR spectroscopic properties of [(F8-TPP)FeIII-O-CuII-
(TMPA)]+ (1) and [(F8-TPP)FeIII-OH-CuII(TMPA)]2+ (2).
This includes the complete chemical shift assignment for all
resonances observed or expected for1. To accomplish this,
the TMPA ligand was separately derivatized with a methyl group
at the pyridyl 3-, 4-, and 5-positions, and deuteriated at the
pyridyl 6-position, and the methylene of the tripod arm; ana-
logues of1 were then synthesized, and spectra determined. To
obtain further insights and supporting information, the temper-
ature dependence of the1H-NMR spectra of1 and2 have been
acquired, and a cobalt(II) complex, [CoII(TMPA)(CH3CN)]2+,
as a paramagnetic NMR spectroscopic analogue of the [CuII-
(TMPA)] portion of1, has been synthesized and characterized.

Experimental Section

Synthesis, Materials, and Methods.Reagents and solvents used
were of commercially available reagent quality unless otherwise stated.
Dichloromethane (CH2Cl2) was stirred with concentrated sulfuric acid
for several days and washed with water, sodium carbonate (10%)
solution, and water. It was then dried over anhydrous MgSO4 and CaH2
before a final reflux and distillation from CaH2. Acetonitrile (CH3-
CN) was distilled from CaH2. Anhydrous diethyl ether was prepared
by passing reagent-grade solvent through a column of activated alumina.
Preparation and handling of air-sensitive materials were carried out
under an argon atmosphere using standard Schlenk techniques. Solid
samples were stored and transferred, and samples for IR and NMR
spectra were prepared, in a Vacuum Atmospheres drybox filled with
nitrogen.
Elemental analyses were performed by National Chemical Consult-

ing, Tenafly, NJ, and Desert Analytics, Tucson, AZ. Infrared spectra
were recorded as Nujol mulls on a Mattson Galaxy FTIR spectrometer.
Electronic spectra were recorded on a Shimadzu UV 160U instrument.
All wavelengths are reported in nanometers, and the molar extinction
coefficients are listed in parentheses. Proton, deuterium, andT1 NMR
measurements were obtained using a Bruker 300 MHz instrument. The
T1 values were measured using an inversion recovery (180-τ-90)
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method. Chemical shifts are reported asδ values downfield from an
internal standard, Me4Si.
TMPA, 17 [Cu(TMPA)(CH 3CN)][ClO 4],17 (F8-TPP)Fe-OH,8 [(F8-

TPP)Fe-O-Cu(TMPA)][ClO 4],8 and [(F8-TPP)Fe-OH-Cu(TM-
PA)][ClO 4]210 were synthesized according to published procedures.
Full details of the synthesis of deuteriated or methylated tmpa ligands,

deuteriated porphyrins, and copper, porphyrinate-iron or Fe-O(H)-
Cu complexes are given in the Supporting Information.
In Situ 1H-NMR Spectra of (n-Me)3-TMPA Complexes of Co-

(II). In a small vial was prepared a solution of the respective (n-Me)3-
TMPA (n ) 3, 4, and 5) ligand (0.033 g, 0.1 mmol) (Supporting
Information) and Co(II)(ClO4)2‚6H2O (0.037 g, 0.1 mmol) in CD3CN
(0.5 mL). The brown solution was then transferred via pipet to an
NMR tube, and the spectra were recorded.
X-ray Structure of [(TMPA)Co(II)(CH 3CN)](ClO4)2. Full details

for the X-ray structure determination are given in the Supporting
Information; this includes experimental details, listing of atomic
coordinates, temperature factors, and anisotropic temperature factors,
and tables of bond lengths and bond angles.

Results and Discussion

Ligands. The methyl-substituted series (n-Me)3-TMPA (n
) 3, 4, and 5) was prepared, in gram quantities for each ligand;
the synthesis of (4-Me)3-TMPA, for example, and the numbering
protocol for TMPA are illustrated in Scheme 2. Further details
are given in the Experimental Section or Supporting Information.
Mononuclear Copper(II) and Cobalt(II) Complexes. The

Cu(II) complexes of the tetradentate (n-Me)3-TMPA (n) 3, 4,
and 5) ligands were isolated as perchlorate salts in good yield
(>70%), as blue crystalline solids from CH3CN/diethyl ether.
There are slight but distinct differences (vide infra) in the
electronic spectra (CH3CN) of the series [Cu(n-Me)3-TMPA]2+

(n ) 3, 4, and 5); their absorptions appear in the range 845-
870 nm as a low-intensity peak (ε ≈ 250), with a high-energy
shoulder around 550 nm, expected for the two d-d transitions
of trigonal-bipyramidal Cu(II).17,18 We assign the “fifth” ligand
in solution to coordinated CH3CN.
The [Co(TMPA)(CH3CN)]2+ complex was prepared in a

similar manner, with comparably good yield, as a brown
crystalline solid. The X-ray crystal structure of [Co(TMPA)-
(CH3CN)][ClO4]2 (Figure 1) indicates that the pyridyls are
arranged in a pseudo-3-fold symmetric manner (Co-N distances
2.04-2.05 Å). The relatively long Co-N(apical amine)
distance of 2.177 Å (3) forces the Co(II) out of the equatorial
plane, toward the nitrile ligand by 0.390 Å, slightly distorting

the molecule from ideal trigonal-bipyramidal geometry (TBP);
the empirical structure valueτ for this complex is 0.94 (1.00
for TBP, 0.00 for square-pyramidal).19 The solution magnetic
moment (Evans method) of [Co(TMPA)(CH3CN)][ClO4]2 at 298
K (µB ) 4.16) is consistent with anS ) 3/2 spin state, and
trigonal-bipyramidal high-spin Co(II).
Similarly, in the crystal structure of [Cu(TMPA)(CH3CN)]-

[ClO4]2,17 the Cu(II) is displaced toward the axial nitrile ligand
by 0.279 Å; again, the pyridyls are symmetrically coordinated,
(Cu-N distances 2.02-2.08 Å), with the planes of the pyridine
ring essentially perpendicular to thexy-plane. Theτ value for
this complex is 0.96.19

Synthesis of [(F8-TPP)Fe-O-Cu((n-Me)3-TMPA)] + Com-
plexes. The [(F8-TPP)Fe-O-Cu((3-Me)3-TMPA)]+ complex
precipitated as microcrystals directly from the acetone reaction
mixture in >70% yield, by the same acid-base strategy
previously reported for the synthesis of [(F8-TPP)Fe-O-Cu-
(TMPA)]+ (Scheme 3).10 Although electronic spectra of the
crude reaction mixtures demonstrated essentially quantitative
generation of [(F8-TPP)Fe-O-Cu((n-Me)3-TMPA)]+ (n ) 3,
4, and 5), the greater solubility of the 4-Me and 5-Me analogs
resulted in their somewhat lower isolated yields (20-40%), these
complexes ultimately being obtained as toluene solvates by
recrystallization from CH2Cl2/toluene.
Electronic spectra of theµ-oxo complexes [(F8-TPP)Fe-O-

Cu((n-Me)3-TMPA)]+ (n) 3, 4, and 5) are essentially invariant,
each displaying the characteristic red-shifted Soret band at 434
nm, andR-band at 554 nm, identical with the parent complex
[(F8-TPP)Fe-O-Cu(TMPA)]+ (1).8,10 Not surprisingly, the
slight electronic differences observed in the [Cu((n-Me)3-
TMPA)(CH3CN)]2+ (n ) 3, 4, and 5) complexes (vide supra)
do not appear to influence the porphyrin-dominated UV-vis
features of the correspondingµ-oxo complexes [(F8-TPP)Fe-
O-Cu((n-Me)3-TMPA)]+.
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Scheme 2

Figure 1. ORTEP view (20% ellipsoids) of [Co(TMPA)(CH3CN)]2+.

Scheme 3
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1H-NMR Spectra of Mononuclear Cobalt(II) Complexes.
If we consider the trigonal-bipyramidal structure of [Co(TMPA)-
(CH3CN)]2+ (Figure 2) to be retained in CD3CN solution, the
unpaired electrons (S) 3/2) reside in the equatorially-oriented
degenerate dxy and dx2-y2, and axially-oriented dz2 orbitals, all
of which can delocalize unpaired-spin viaσ bonds. Theπ
orbitals of the pyridyls are orthogonal to dz2, but can achieve
some overlap with dxy and dx2-y2 to afford additionalπ
delocalization. The origin of the considerably downfield-shifted
1H-NMR spectrum of [Co(TMPA)(CH3CN)]2+ (Figure 2),
therefore, is largely attributed to aσ contact shift mechanism,
which is precedented for Co(II)-pyridyl complexes.5

For high-spin Co(II) complexes, the short electronic relaxation
time (τs≈ 10-11 s) for Co(II) results in relatively sharp proton
NMR signals.13 Accordingly, the 1H NMR spectrum of
[Co(TMPA)(CH3CN)]2+ in CD3CN shows five distinct features
(Table 1), in the range 0-162 ppm, ascribable to the TMPA
pyridyl and methylene protons. The methylene protons were
assigned by deuteriation; they appear as a broad peak at 64 ppm.
The 5-H, 3-H, and 4-H pyridyls were assigned by methylation
to δ ) 71, 55, and 5 ppm, respectively; theirT1 measurements
were 71 ppm (T1 ) 17 ms), 55 ppm (T1 ) 15 ms) and 5 ppm
(T1 ) 36 ms). Assuming a dominant dipolar relaxation
mechanism (sinceT1 is dependent only on the distance between

Figure 2. Comparison of1H-NMR spectra of the [Co(TMPA)(CH3CN)](ClO4)2 complex and [Cu(TMPA)(CH3CN)](ClO4)2 in CD3CN.

Table 1. Comparison of Chemical Shifts (ppm) in1,2H-NMR Spectra of [Cu(TMPA)CH3CN]2+, [(F8-TPP)Fe-O-Cu(TMPA)]+, and Their
Methyl-Substituted and Deuteriated TMPA Derivatives at 298 K, in CD3CN Unless Noted

1H-NMR Spectra

peak positions (ppm)

[Cu((3-Me)3-TMPA)(CH3CN)]2+ 31.4 10.4 2.4
[Cu((4-Me)3-TMPA)(CH3CN)]2+ 29.0 -2.0
[Cu((5-Me)3-TMPA)(CH3CN)]2+ 31.7 10.2 6.4
[Cu(TMPA)(CH3CN)]2+ 30.0 10.6
assignment 3, 5-H 4-H Me
[Co(TMPA)(CH3CN)]2+ 162 73 64 57 6
[Co(TMPA)]2+(CD2Cl2) 170 71 119 52 19
assignment 6-H 5-H -CH2- 3-H 4-H
[(F8-TPP)Fe-O-Cu(TMPA)]+ 65 9.6, 9.2 7.6 4.5 -7 -21 -104
[(F8-TPP)Fe-O-Cu((3-Me)3-TMPA)]+ 65 9.6, 9.2 7.6 4.5 -7 -104 2
[(F8-TPP)Fe-O-Cu((4-Me)3-TMPA)]+ 65 9.6, 9.2 7.6 -7 -21 -104 7
[(F8-TPP)Fe-O-Cu((5-Me)3-TMPA)]+ 65 9.6, 9.2 7.6 4.5 -21 -104 0
[(F8-TPP)Fe-O-Cu(TMPA)]+ (250 K, CD2Cl2) 78 9.7, 9.5 7.7 -10 -28 -125
[(F8-TPP)Fe-OH-Cu(TMPA)]2+ (250 K, CD2Cl2) 81 12.5, 11.6 7.9 3.4 -14 -25 -132
assignment pyrr m-phenyl p 4-H 5-H 3-H -CH2- Me

2H-NMR Spectra

peak positions peak positions

[(F8-TPP-d8)Fe-O-Cu((-CH2-)-TMPA)]+ 65 [(F8-TPP-d8)Fe-O-Cu((-CD2-)-TMPA)]+ 65 -104
assignment pyrr assignment pyrr -CD2-
[(F8-TPP-d8)Fe-O-Cu((6-D)-TMPA)]+ 65 -61
assignment pyrr 6-D

1H-NMR Spectroscopy of a Heterobinuclear System J. Am. Chem. Soc., Vol. 119, No. 17, 19973901



the metal and proton), this attenuation ofT1 with distance from
the metal supports the notion of a dominantσ contact shift
mechanism.5 On these grounds, we assign the furthest shifted
peak at 162 ppm (T1 ) 1 ms) to the proton closest to the Co-
(II): the 6-pyridyl proton.
It is of interest that, in the1H-NMR spectrum of [Co(TMPA)-

(CH3CN)]2+ dissolved in CD2Cl2, the methylene peak moves
dramatically to 119 ppm (a shift of 55 ppm), whereas the other
peaks move correspondingly much less (Table 1). We attribute
this to the effective loss of axial nitrile ligation in CD2Cl2, which
forces moreσ contact spin density to be transmitted through
the dz2 lobes on to the methylene tripod arm, resulting in the
large downfield shift.

1H-NMR Spectra of Mononuclear Cu(II) Complexes. For
mononuclear copper(II) complexes,1H-NMR signals are gener-
ally not observed owing to the relatively long electronic
relaxation time (τs≈ 10-9 s) for Cu2+,4d,e,5,13c-e which leads to
line broadening. The1H-NMR spectrum of [Cu(TMPA)(CH3-
CN)]2+ in CD3CN, however (Figure 2), shows distinct features
which we now assign on the basis of comparisons within the
series of (n-Me)3-TMPA (n ) 3, 4, and 5) complexes (Table
1). All complexes except [Cu((4-Me)3-TMPA)(CH3CN)]2+

show a relatively sharp resonance at∼10.5 ppm (Figure S1,
Supporting Information); this absorption therefore originates
from the pyridyl 4-H, which is furthest removed from the
paramagnetic metal center. In addition, all complexes exhibit
a very broad “peak” around 30 ppm; since it appears to be
narrower for the individual 3-Me- and 5-Me-substituted deriva-
tives, we deduce that this feature originates from the pyridyl
3-H and 5-H atomstogether. This attenuation of chemical shift
with number of bonds distance from the metal is consistent with
a σ contact shift mechanism, as is expected for Cu(II)
complexes.6

We note that peaks ascribable to the methyl groups of the
substituted TMPA ligands do appear, as given in Table 1. The
relative upfield shift of the 4-Me (δ ≈ -2 ppm) vs the 3-Me
(δ ≈ 2.4 ppm) and 5-Me (δ ≈ 6.4 ppm) is accounted for by
the one bond further removal from the metal center in the case
of the 4-Me, which results in a diminishedσ contribution to
the contact shift, and perhaps allows aπ contribution to
predominate at this position (vide infra).20

The closest protons to the Cu center, the methylene and
6-pyridyl protons, were not detectable; in fact, even deuteriation
of these positions, and subsequent2H NMR, failed to distinguish
any signals. For reasons to be discussed, this approachwas
successful in the detection and assignment of the methylene
and 6-pyridyl TMPA protons in [(F8-TPP)Fe-O-Cu(TMPA)]+
(1).
In trigonal-bipyramidal [Cu(TMPA)(CH3CN)]2+ the only

unpaired spin formally resides in the dz2 orbital, which can
delocalize by aσ contact shift through the axial bonds. In
addition, we visualize theσ transmission of unpaired spin into
the xy-plane through the dz2 “torus”, and/or by mixing of s
character into the dz2 orbital. We observe the order of shift to
be 3-H≈ 5-H > 4-H (Table 1), which strongly suggests that
the contact shift must be operating principally in thexy-plane
via the the Cu-N(pyridyl) bonds. Since the dz2 lobes are
orthogonal to theπ orbitals of the pyridyls, we anticipate only
nominalπ delocalization, although this appears to be significant
whereσ contact shift has “decayed,” for instance, at the 4-Me
position (vide supra).

1H- and 2H-NMR Spectroscopic Assignments for [(F8-
TPP)Fe-O-Cu(TMPA)](ClO 4). The complete assignments

for the 1H-NMR spectrum of [(F8-TPP)Fe-O-Cu(TMPA)]+
(1), discussed below, are summarized in Figure 3 and Table 1.
The downfield-shifted signals are due to the Fe(III)-porphy-
rinate protons (Figure 4a).8,10 The split-metapair of themeso-
phenyl substituents appears atδ 9.6 and 9.2 ppm, and the
p-phenyl proton atδ ≈ 7.8 ppm, as is typical for tetraaryl
porphyrinates. The broad pyrrole proton resonance is observed
at δ ≈ 65 ppm (confirmed by deuteriation);10 the downfield
shift occurs through aσ contact mechanism which delocalizes
unpaired spin in the dx2-y2 orbital on to the pyrroles, via the
Fe-N bonds.2 This pyrrole peak, however, occurs in an upfield
position (65 ppm) relative to other axially symmetric high-spin
S) 5/2 (TPP)Fe(III)X (X) axial ligand) complexes, which
typically appear at ca. 80 ppm.2 Since the magnitude of the
contact shift generally attenuates with lower net susceptibility,
a pyrrole resonance atδ ≈ 65 ppm is consistent with a reduced
total spin value ofS) 2. This observation is in line with our
earlier Mössbauer (solid state) and magnetic (solution and solid
state) studies.8

In the downfield region, the1H-NMR spectra of theµ-oxo
complexes [(F8-TPP)Fe-O-Cu((n-Me)3-TMPA)]+ (n ) 3, 4,
and 5), as well as [(F8-TPP)Fe-O-Cu(TMPA)]+ (1), are
essentially invariant with respect to the pyrrole (δ ≈ 65 ppm),
and them- andp-phenyl protons (Figure 4, Table 1). Methy-
lation of TMPA, therefore, does not significantly affect the
“electronics” of the [(F8-TPP)Fe-O-Cu(L)]+ system; com-
parison of the upfield regions (Figure 4) of [(F8-TPP)Fe-O-
Cu((n-Me)3-TMPA)]+ with 1, therefore, convincingly reveals
how a particular methyl substituent in [(F8-TPP)Fe-O-Cu((n-
Me)3-TMPA)]+ correlates with a peak due to a particular TMPA
hydrogen in1, while unsubstituted pyridyl positions remain

(20) Kluiber, R. W.; Horrocks, W. D.Inorg, Chem.1967, 6, 1427-
1429.

Figure 3. Summary of1H-NMR assignments for [(F8-TPP)Fe-O-
Cu(TMPA)]+ (1).

Figure 4. NMR spectrum of (a) [(F8-TPP)Fe-O-Cu(TMPA)](ClO4),
(b) [(F8-TPP)Fe-O-Cu((5-Me)3-TMPA)](ClO4), and (c) [(F8-TPP)Fe-
O-Cu((3-Me)3-TMPA)](ClO4) (CD3CN, 295 K).
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unaffected, and appear in the same place. The spectrum of1
displays four peaks accountable to the TMPA ligand; the three
assigned by methylation appear at 4.5 (4-H),-7 (5-H), and
-21 (3-H) (Table 1). New peaks expected for the methylated
complex derivatives do appear (Figure 4, Table 1), and they
correlate by integration to the anticipated “3-H” of a methyl
substituent versus the “1-H” of the analogous position in TMPA.
For the (n-Me)3-TMPA (n ) 3, 4, and 5) free ligands, the

Me protons appear at∼2.5 ppm in each case. Since the methyl
peaks in [(F8-TPP)Fe-O-Cu((n-Me)3-TMPA)]+ (n) 3, 5) are
upfield shifted (Table 1), this implies that any contribution from
π contact shift sources is minimal, because a reversal in the
sign and magnitude of the chemical shift of the methyl protons
is expected for a predominantlyπ contact shift mechanism.20

Furthermore, sign reversal of chemical shifts for the alternate
pyridyl proton resonances would be expected forπ contact spin
delocalization.
Attenuation of the chemical shift with distance (through

bonds) from the paramagnetic metal center is generally observed
for a σ contact shift mechanism.5 It is notable that the 4-Me
protons are actually downfield shifted (to 7 ppm) for [(F8-TPP)-
Fe-O-Cu((4-Me)3-TMPA)]+; here, as in the case of [Cu((4-
Me)3-TMPA)]2+ mentioned earlier, we invoke aπ effect that
has become significant only because of diminution of theσ
contact effect so far from the Cu(II) center. The pyridyl 4-H
signal, however, is upfield shifted, although much less so than
the 3-H and 5-H (Table 1), which are one bond closer to Cu-
(II). Thus, we conclude thatσ contact shift dominates the spin
delocalization mechanism in the TMPA moiety of [(F8-TPP)-
Fe-O-Cu(TMPA)]+.
The slight upfield shift of the pyridyl 3-H relative to the

pyridyl 5-H resonance may be due to some spin delocalization
through the methylene bridge on to the pyridyl 3-H position in
addition to spin density transmission via the Cu-N (pyridyl)
bond. The observed line widths andT1 (spin-lattice or
longitudinal relaxation time) values for the 5-pyridyl (FWHM
≈ 500 Hz,T1 ) 1 ms) and 3-pyridyl (FWHM≈ 150 Hz,T1 )
5 ms) (FWHM) full width at half-maximum) protons suggest
that the 5-pyridyl proton (also the 6-H(D), vide infra), due to
its closer proximity, is experiencing an enhanced effect of the
dipolar interaction (from the half-filled dxz,yzorbitals of the Fe-
(III)-porphyrinate moiety) as well as ring current effects from
the porphyrin moiety. The contribution from ring current effects
to the observed chemical shifts is generally small, however,
especially when compared with the magnitude of contact
chemical shifts.21

Utilizing 2H-NMR spectroscopy, the unambiguous assignment
of the -CD2- protons of the tripod “arms”, and the pyridyl
6-D, was achieved (Figures 5 and 6, Table 1). By comparison
of [(F8-TPP)Fe-O-Cu(TMPA)]+ (Figure 5a) and [(F8-TPP-
d8)Fe-O-Cu((-CD2-)3-TMPA)]+ (Figure 5b), we deduce that
it is the peak at-104 ppm which originates from the-CD2-;
the close proximity of the Cu(II) metal center accounts for its
relative broadness.4c The chemical shift of the methylene proton
resonance is also sensitive to solvent (-100 ppm in dichlo-
romethane,-104 ppm in CD3CN, -95 ppm in (CD3)2CO),
perhaps because unpaired spin can be delocalized through
hydrogen bonding interactions with solvent.
Theµ-oxo complex [(F8-TPP-d8)Fe-O-Cu((6-D)2-TMPA)]+

was synthesized, this possessing two of three pyridyl 6-positions
of TMPA and all of the pyrroleâ-positions deuteriated. The
1H- and2H-NMR spectra of this compound are shown (Figure
6) at two different temperatures (295 and 310 K); it is apparent

that a small, but detectable, amount of deuterium is also incorpo-
rated at the methylene (104 ppm) and 3-pyridyl (-21 ppm) posi-
tions of the TMPA moiety during the synthetic procedure. The
single pyrrole D resonance at 65 ppm (295 K) and the hitherto
unseen broad signal at-61 ppm, originating from the pyridyl
6-D, constitute the only appreciable signals for [(F8-TPP-d8)-
Fe-O-Cu((6-D)2-TMPA)]+ (Figure 6b). This latter signal is
quite broad (∼1000 Hz), and moves to-57 ppm upon warming
to 310 K (Figure 6c), thus confirming that it is part of the
paramagnetic complex, and not there as an instrumental artifact.
The close proximity to the Cu(II) metal center, as well as to
the quadrupolar pyridyl14N atom, probably accounts for the
considerable broadening of the pyridyl 6-D, and explains why
the corresponding peak is not seen in the1H-NMR spectrum.
Dynamic Behavior. The solution1H-NMR spectra of1

(CDCl2/CD3CN) display dynamic behavior. From the crystal
structure,8 the mirror plane containing the Fe-O-Cu bond and
one of the pyridyl groups of TMPA generates four unique
pyrrole hydrogens, and renders the other two pyridyls equivalent.
If this structure were retained in solution, we would expect four
pyrrole signals of equal intensity, and two signals for each
hydrogen of TMPA, in the ratio of 2:1. We see no such
differentiation for any TMPA or porphryin pyrrole resonance,
however, and attribute the loss of mirror symmetry to rapid
rotation of the Cu(TMPA) moiety around the Cu-O bond, in
addition to fluxionality of the Cu(II) center rapidly intercon-

(21) Scheer, H.; Katz, J. J. InPorphyrins and Metalloporphyrins; Smith,
K. M., Ed.; Elsevier: New York, 1975; Chapter 10, pp 399-524.

Figure 5. (a) 1H-NMR spectrum of [(F8-TPP)Fe-O-Cu(TMPA)]-
(ClO4), CD3CN. (b) 2H-NMR spectrum of [(pyrr-d8)(F8-TPP)Fe-O-
Cu((-CD2)3-TMPA)](ClO)4, CH3CN, 295 K.

Figure 6. NMR spectra of [(pyrr-d8)(F8-TPP)Fe-O-Cu((6-D)2-
TMPA)](ClO)4: (a) 1H-NMR spectrum at 295 K, CD3CN, (b)2H-NMR
spectrum at 295 K, CH3CN, (c) 2H-NMR spectrum at 310 K, CH3CN.
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verting the Cu-N bonds, which forces all three pyridyls to
become equivalent on the NMR time scale.
Effects of Antiferromagnetic Coupling in S ) 5/2, S )

1/2 Fe-O(H)-Cu. In principle, theS) 5/2 andS) 1/2 spins
couple to yieldS ) 3 (ferromagnetic) andS ) 2 (antiferro-
magnetic) electronic states; the energy separation of these states
(2J) is a measure of the coupling strength. As we describe
below, it is the presence of strong antiferromagnetic coupling
between high-spin Fe(III) and Cu(II) in1 and 2 which is
responsible for their very unusual1H-NMR spectroscopic
behavior.

The hyperfine shift experienced by a nucleus in an exchange
coupled system of the type M1‚‚‚X‚‚‚M2 (e.g., M1) Cu, M2
) Fe, X is the bridging oxo ligand), such as those studied by
Bertini, Luchinat, and co-workers, is given by the following
general relationship:5,12,15

whereSiZ is the expectation value evaluated over all theSi states
(S) 2 andS) 3) and averaged according to multiplicity (2Si
+ 1) and Boltzmann population; the other symbols have their
usual meaning.12 Ai is the isotropic hyperfine coupling constant
between a ligand hydrogen nucleus and spin stateSi (S) 2 or
S) 3) for both metals. If we assume the hydrogen nucleus to
interact with only one metal (e.g., Cu), the hyperfine coupling
constantACu can be related toAi as follows:

whereC is a coefficient which factors the coupling constant in
the absence of coupling (ACu) to eachSi state. For anS) 5/2
(Fe) andS ) 1/2 (Cu) antiferromagnetically coupled system
the coefficients associated with theS) 2 (ground state) andS
) 3 (excited state) have been determined to be-1/6 and 1/6,
respectively, for interaction of a ligand hydrogen nucleus with
the Cu ion.12 The corresponding values for interaction of the
porphyrin hydrogen nucleus with Fe are 7/6 and 5/6, respec-
tively. Hence, the only negative coefficientC is that for protons
sensing Cu(II) and theS ) 2 ground state. If the antiferro-

magnetic coupling is strong (i.e., separation between theS) 2
and S ) 3 states is large), the contribution from the higher
excited state (S) 3) would be minimal and a reversal in the
sign ofAi (isotropic shift) for protons sensing Cu(II) is expected.
This will be manifested as upfield-shifted peaks, as observed
for 1.
Accordingly, for the antiferromagnetically coupled heterodi-

nuclear Fe(III)-O-Cu(II) unit of 1, the dramatically upfield-
shifted profile of the TMPA protons indicates strong coupling.12

For less strongly coupled systems, where mixing of theS) 3
state would be significant at room temperature, lowering of the
temperature would be required to observe the reversal in
chemical shifts.
For scalar coupling (through bonds), the gain or enhancement

of the rate of electronic relaxation (τs) for Cu due to an
antiferromagnetic coupling interaction with Fe is related to the
square of the coupling constant,J.12 A limit will be reached
when theτs values for both metals become equal. In general,
a small coupling (J ≈ -10 cm-1) is sufficient to reach this
limit in the electronic relaxation rate for the slower relaxing
metal (τs≈ 10-9 s).12 Through scalar coupling (J) -87 cm-1

from solid state measurements8) with the faster relaxing metal
(high-spin Fe(III) (τs ≈ 10-11 s)), the enhanced electronic
relaxation of Cu2+ results in much sharper proton NMR signals
for the TMPA moiety of complex1, relative to the mononuclear
Cu(II)TMPA species, and allows the observation of all signals
except the pyridyl 6-H protons. As mentioned in the Introduc-
tion, there are examples of paramagnetic metal complexes
having other thanS) 2 ground states (homo- or heterobinuclear,
and polynuclear species originating from nature or chemical
synthesis), which also exhibit enhanced ligand peaks in their
1H-NMR spectra due to magnetic coupling.
Variable Temperature (VT) NMR Studies. Figure 7b

shows the effect of lowering the temperature on the NMR
spectra of µ-oxo-bridged complex [(F8-TPP)Fe-O-Cu(T-
MPA)]+ (1). As shown, the upfield-shifted signals move further
upfield while the downfield-shifted signals move further down-
field, with broadening. The plots of chemical shift vs 1/T

∆ν/νo ) -(geµB/3hγNκT)∑Ai〈SiZ〉 (1)

Ai ) ACuCiCu (2)

Figure 7. (a) Variable temperature1H-NMR spectra and (b) Curie
plot (chemical shifts vs 1/T) for [(F8-TPP)Fe-O-Cu(TMPA)](ClO4)
in CD2Cl2.
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(Figure 7a) show linear Curie and anti-Curie (or pseudo-Curie)
behavior (in the temperature range 210-310 K) for the iron-
porphyrinate and Cu(TMPA) protons, respectively, of1, con-
sistent with strong antiferromagnetic coupling.12 Note that the
TMPA proton upfield-shifted signals all have associated positive
(i.e., downfield) extrapolated intercepts, consistent with the
breaking of the strong antiferromagnetic coupling asT ap-
proaches infinity: theoretically, the system uncouples12 to
behave as a Cu(II) mononuclear complex, such as [Cu-
(TMPA)(CH3CN)]2+ or here formally [Cu(TMPA)(O2-)]. Large
extrapolated intercepts for Curie plots of pyrroline protons in
iron(III) chlorin π-cation radical complexes have been reported
where high-spin iron(III) (S ) 5/2) is antiferromagnetically
coupled with theS) 1/2 radical spin.22

As mentioned previously, theµ-oxo complex [(F8-TPP)Fe-
O-Cu(TMPA)]+ (1) is quite basic and is readily protonated to
yield µ-hydroxo complex [(F8-TPP)Fe-OH-Cu(TMPA)]2+

(2).9,10 In its own right,2 displays unusual1H-NMR spectra;
for example, the position of the pyrrole peak is quite sensitive
to solvent and counterion,10 suggesting that potential hydrogen
bonding interactions with theµ-OH species influence the extent
of antiferromagnetic coupling, and hence the pyrrole peak
position.
Figure 8a,b shows the effect of changing the temperature on

the NMR spectra of theµ-hydroxo-bridged complex [(F8-TPP)-
Fe-OH-Cu(TMPA)]2+ (2). At lower temperatures (below 270
K) the NMR spectra of theµ-oxo- and µ-hydroxo-bridged
complexes1 and2 exhibit similar chemical shift profiles (i.e.,
peak positions and line widths). We can therefore assign
resonances in2 to the same as those assigned for1 (Table 1).
The pyrrole assignment was confirmed by2H-NMR spectros-
copy, and the position of this peak and magnetic properties of

210 also argue for aS) 2 electronic ground state.23 Figure 8a
provides plots of chemical shift vs 1/T for the temperature range
295-210 K for the proton NMR resonances associated with2.
The upfield-shifted signals all have positive extrapolated
intercepts, in fact greater than those seen in [(F8-TPP)Fe-O-
Cu(TMPA)]+ (1). The methylene proton resonance shows the
largest variation with temperature for2, with a greater slope
and intercept (220 ppm for2 vs 40 ppm for1). The latter may
be attributed to the different electronic environments around
the Cu(II) center (i.e., in the hypothetically uncoupled mono-
nuclear [Cu(TMPA)(X)]n+), due to coordination of the monoan-
ionic hydroxo versus dinegative oxo fifth ligand. For both
complexes, the large chemical shift changes upon variation of
temperature are consistent with aσ contact shift mechanism.4c

The difference in the chemical shift between the 3- and
5-pyridyl proton NMR resonances is less for [(F8-TPP)Fe-OH-
Cu(TMPA)]2+ (2) relative to [(F8-TPP)Fe-O-Cu(TMPA)]+ (1)
throughout the temperature range studied (Figures 7b and 8b
and Table 1). In1, the relative downfield shift of the 5-pyridyl
proton resonance vs the 3-pyridyl proton resonance was at least
partially attributed to dipolar interaction with the iron porphyrin
center (see earlier discussion). For theµ-hydroxo complex2
with elongated Fe-(OH)- bond, the 5-pyridyl proton is
expected to be further from the porphyrin plane, thus rendering
it less susceptible to ring current effects and iron-centered dipolar
interactions.
At 298 K, the pyrrole signal for [(F8-TPP)Fe-OH-Cu-

(TMPA)][ClO4]2 (2-(ClO4)2) appears at 68.5 ppm, but the
upfield signals associated with TMPA disappear. We propose
that the relatively weak M-(OH) bonds result in partial
dissociation of [(F8-TPP)Fe-OH-Cu(TMPA)]2+, in equilibrium
with [(F8-TPP)]Fe(III)OH and [Cu(TMPA)(ClO4)2]. It is plau-
sible, however, that some [(F8-TPP)Fe(III)ClO4] is formed since,
in a separate experiment, the addition of [(F8-TPP)]Fe(III)OH
to 2 results in the immediate appearance of some [(F8-TPP)-
Fe-O-Fe(F8-TPP)].25 The rate of formation of [(F8-TPP)Fe-
O-Fe(F8-TPP)] is very slow in the absence of added [F8-
TPP)Fe(III)OH], or moisture. There is precedent for NMR line
widths being influenced by exchange with Cu(II)-ligand sites.26,27

The lability of2 undoubtedly diminishes considerably at lower
temperatures, stabilizing the OH- bridge, and allowing the
electronic relaxation enhancement rate term to dominate the
correlation time, and determine the nuclear relaxation rate and
line widths.5,12,15 Thus, as explained for complex1, the upfield-
shifted peaks become detectable.

Conclusion

Proton NMR spectra of mononuclear [Cu(TMPA)(CH3CN)]2+

complexes showed the presence of a broad unresolved signal
due to the 3- and 5-pyridyl resonances at∼30 ppm and a

(22) Ozowa, S.; Watanabe, Y.; Morishima, I.J. Am. Chem. Soc. 1994,
116, 5832-5838.

(23) Direct comparisons of the room temperature magnetic moments of
1 and2 provideµB ) 5.1( 0.1 andµB ) 5.5( 0.1, respectively, indicating
a weaker magnetic interaction between bent FeIII-OH-CuII (2, with longer
M-O(H) bonds) compared to linear FeIII-O-CuII in 1.10 A value of 6.2
µB is expected for an uncoupled FeIII-CuII system. The observation of
greater chemical shifts for comparable porphyrinate resonances in2 vs 1
(Table 1) is also consistent with greater paramagnetism and weaker coupling
in 2. Weaker coupling compared to a relatedµ-oxo complex has been
established by Holm and co-workers forµ-OH- S) 2 complex [(OEP)Fe-
OH-Cu(Me5dien)(OClO3)]+ (J ) -80 cm-1) (OEP) octaethylporphy-
rinate(2-); Me5dien) 1,1,4,5,5-pentamethyldiethylenetriamine).24

(24) Scott, M. J.; Zhang, H. H.; Lee, S. C.; Hedman, B.; Hodgson, K.
O.; Holm, R. H.J. Am. Chem. Soc. 1995, 117, 568-569.

(25) Nanthakumar, A. Ph.D. Dissertation, University of Iowa, Iowa City,
IA, 1990.

(26) Espersen, W. G.; Hutton, W. C.; Chow, S. T.; Martin, R. B.J. Am.
Chem. Soc.1974, 96, 8111-8112.

(27) Esperson, W. G.; Martin, R. B.J. Am. Chem. Soc.1976, 98, 40-
44.

Figure 8. (a) Variable temperature1H-NMR spectra and (b) Curie
plot (chemical shifts vs 1/T) for [(F8-TPP)Fe-OH-Cu(TMPA)](ClO4)2
in CD2Cl2.
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relatively sharp signal at 10.5 ppm due to the 4-pyridyl proton.
In contrast, the structurally similar mononuclear [Co(TMPA)-
(CH3CN)]2+ complex exhibits well-separated and sharp NMR
signals, in accord with known electronic relaxation properties
of high-spin cobalt(II) complexes, compared to copper(II). The
chemical shift profiles of mononuclear Co and Cu-TMPA
complexes are each in agreement with a predominantσ contact
shift mechanism.
The observed room temperature and variable temperature

chemical shifts of [(F8-TPP)Fe-O-Cu(TMPA)]+ (1) and [(F8-
TPP)Fe-OH-Cu(TMPA)]2+ (2) are also consistent with a
predominantσ contact shift mechanism. Linear Curie plots of
the respective pyrrole and TMPA chemical shifts (from 220 to
300 K for 1 and from 220 to 270 K for2) are consistent with
a pure spin state, in each caseS ) 2, which derives from
antiferromagnetic coupling of Cu(II) to high-spin Fe(III). The
observance of this single spin state at room temperature for1
indicates that the coupling is strong. In both1 and 2, this
coupling is responsible for (a) enhancement of the electronic
relaxation rate for Cu(II) and the consequent sharp proton NMR
signals of the Cu(TMPA) moiety and (b) the upfield shift of
the TMPA protons. The strikingly large magnitude of these
upfield shifts further illustrates the strength of the coupling
interaction in the heterobinuclear complex, and serves to define
the prototypical1H-NMR spectroscopic signature of heme-

copper complexes with anS ) 2 ground state. The TMPA
protons of1were assigned by specific methylation/deuteriation.
A logical development of this work is to probe further the

relationship among magnetic coupling, NMR spectroscopic
signatures, and the structural and other spectroscopic properties
of the heterobinuclear moiety, FeIII-X-CuII, through the
synthesis and study of analogous complexes where X includes
other ligands of possible biological relevance.
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