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Abstract: The terminal step in methane generation by the arch&dethanobacterium thermoautotrophicums
catalyzed by the enzyn#@methyl coenzyme M reductase (methylreductase). This enzyme contains a Ni(ll) tetrapyrrole
cofactor, Baq, at the active site in the resting state. A Ni(l) state'fy) has been proposed as the active form of

the cofactor. Nickel isobacteriochlorins have been used to maggl FVe have investigated both 'Riso and
Ni'OEiBC using CW and pulsed EPR and ENDOR spectroscopy at X-band and Q-band microwave frequencies. In
agreement with a previous X-band EPR and ESEEM study, at Q-bang témsor of NiF,;30 appears axial ant’H

ENDOR of NiF43 in HO versus RO solvent shows no evidence for strongly coupled, solvent-exchangeable
hydrogens, and this indicates that there is no water axially coordinated to Ni(l) in contrast to the Ni(ll) resting state.
Both NilF430and NIOEIBC givel“N ENDOR signals arising from the four pyrrole nitrogen ligands to Ni(l). Previous
EXAFS studies of NOEIBC and NiFs;30Mes showed two sets of Ni()N distances differing by~8%, and in
agreement with this, th&N ENDOR signals for both NDEIBC and NiF43pcan be analyzed in terms of superimposed
signals from two distinct types of nitrogen ligand. The difference in bond lengths determined by EXAFS is reflected
in different hyperfine and quadrupole coupling constants as determined by ENDOR. Comparison of these magnetic
parameters for Ni(l) complexes with those for related species, such '8EP@y shows that one set of nitrogen
ligands resembles porphyrin pyrrole, while the other set is distinctively different.

Introduction tion of carbon dioxide to metharfe.The final step in this

Methanogens are a class of strictly anaerobic archaea, manycatalytlc G chemistry is the reductive cleavage $imethyl

of which are capable of living autotrophically on hydrogen and ocn=Y™Me M to coenzyme M and methéng. The reaction is
are cap /INg P y ydrog catalyzed bys-methyl coenzyme M reductase (methylreductase),
carbon dioxide. They derive energy from the stepwise reduc- ) . .
which has been isolated fromlethanobacterium thermoau-
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Figure 1. Structures of the native form of 4 as derived by
spectroscopic and crystallographic analys¥sand of thetct isomer
of Ni"OEIBC. The conventional ring labels are indicated fasF
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A model compound for the complexdp macrocycle is the
synthetically accessible octaethylisobacteriochlorin (OEBGY.
Synthesis yields a 1:1 mixture of two stereoisomers of the ligand,
trans—trans—trans (ttt) andtrans—cis—trans (tct), which can
be separated by liquid chromatograpfy The tct isomer of
Ni"OEIBC is shown in Figure 1. This stereoisomer is thermo-
dynamically more stable but has a smaller metal binding
constant’19

F430 contains Ni(ll) (pseudo-octahedrdl, 5= 1), but a Ni-
(1) (d®, 1,) oxidation state is the likely catalytic tran-
sient’.820 Reductive activation of methylreductase can be
achieved using Ti(lll) citrate in place of the physiological
reductant, and this electron donor will also reduce isolaiggl F
in alkaline aqueous solutio®. Ni'"OEIBC is readily reduced
to the Ni(l) anion by sodium amalgam in dry THE in
contrast to the behavior of Ni(ll) complexes of other tetrapyrrole
ligands, such as porphyrins and chlorins. The reduction of Ni-
(I) porphyrins is extremely sensitive to solvent, porphyrin
ligand, temperature, and coordination of axial ligands, so that
either Ni(ll) porphyrinz anion radicals or Ni(l) porphyrin anions

(11) Stolzenberg, A. M.; Stershic, M. Thorg. Chem1987, 26, 3082—
3083.

(12) Stolzenberg, A. M.; Stershic, M. 7. Am. Chem. S0d.988 110
6391-6402.

(13) Stolzenberg, A. M.; Stershic, M. 7. Am. Chem. S0d.988 110
5397-5403.

(14) Renner, M. W.; Furenlid, L. R.; Barkigia, K. M.; Forman, A.; Shim,
H. K.; Simpson, D. J.; Smith, K. M.; Fajer, J. Am. Chem. Sod 991,
113 6891-6896.

(15) Renner, M. W.; Furenlid, L. R.; Stolzenberg, A. .Am. Chem.
Soc.1995 117, 293-300.

(16) Sullivan, E. P., Jr.; Grantham, J. D.; Thomas, C. S.; Strauss, S. H.
J. Am. Chem. S0d.991, 113 5264-5270.

(17) Kratky, C.; Angst, C.; Johansen, J.Ahgew. ChemInt. Ed. Engl.
1981, 20, 211-212.

(18) Procyk, A. D.; Stolzenberg, A. M.; Bocian, D.llRorg. Chem1993
32, 627-633.

(19) Procyk, A. D.; Bocian, D. Alnorg. Chem.1993 32, 366—367.

(20) Rospert, S.; Voges, M.; Berkessel, A.; Albracht, S. P. J.; Thauer,
R. K. Eur. J. Biochem1992 210, 101-107.

(21) Holliger, C.; Pierik, A. J.; Reijerse, E. J.; Hagen, WJRAmM. Chem.
Soc.1993 115 5651-5656.
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are formed, or a mixture of these two specie€23 Another
notable point is that X-ray crystallographic and EXAFS studies
of both Fiz?* and NI'OEIBC showed that the four Ni(I)N
bond lengths are nearly identi¢al>17:2527 whereas EXAFS
studies of the corresponding Ni(l) forms,'@EiBC 1> Ni'F430,28

and NIFsoMes,?” indicated two inequivalent sets of Ni¢hN
bond lengths, differing by-0.15 A (~8%) for each complex.
This divergence of Ni(h-N bond lengths into two sets of
distances, as determined in solution by EXAFS, is also a solid-
state effect as demonstrated by several X-ray crystallographic
studies of Ni(l) complexes with tetraazamacrocyclic liga#ids
These studies show that, depending on the macrocyclic ligand’s
flexibility, reduction of Ni(ll) to Ni(l) is associated with either
expansion of the NiN distances, a distortion in the NiNore,

or both expansion and distortion.

Thus, nickel complexes ofgp and OEIBC are of interest
for reasons of coordination chemistry as well as biochemistry.
The paramagnetic Ni(l) complexes are amenable to investigation
by electron nuclear double resonance (ENDOR) spectroscopy,
which provides detailed information on electronic structure. We
have therefore undertaken parallel ENDOR studies &\,
generated by Ti(lll) citrate reduction in aqueous solution, and
of Ni'OEIBC, generated by Na reduction in 2-Me-THF solution.
These ENDOR studies indeed help unravel the electronic
structure of the complexes and provide evidence for inequiva-
lence among the nitrogen ligands to Ni(l).

Experimental Section

Preparation of Ni'F43. Both native and 12,13-diepimeric forms
of Fas0 were purified in the Ni(ll) oxidation state as previously
described* On the time scale used here for reduction and sample
preparation, there should be no conversion to the 12,13-diepimeric form
of Fazo.

Titanium(lll) chloride was obtained from Aldrich as a 1.9 M solution
in 2.0 M HCI. CAPS was obtained from Sigma. All chemicals were
purchased as reagent grade and used without further purification.
Titanium(lll) citrate was prepared in a Coy anaerobic chamber from
TiCl; and sodium citrate as follows: 2.6 mL of Tig)in HCI) was
mixed with 25 mL of a freshly prepared 0.4 M sodium citrate solution,
and the pH was adjusted to 10 using saturated aqueoi3®a The
solution was then diluted with water to 50 mL, making the final
concentrations 0.1 M Ti(lll) and 0.2 M citrate.

A 0.1 M CAPS buffer at pH 10.4 was prepared by dissolving 2.21
g of CAPS and 0.2 g of solid NaOH in 100 mL of water. Reduction
of native Rzowas carried out in the Coy anaerobic chamber by mixing
175ulL of CAPS buffer, 25uL of Fazo (5 mM), and 5QuL of titanium-

(22) Lexa, D.; Momenteau, M.; Mispelter, J.; Samg J. M.Inorg. Chem.
1989 28, 30-35.

(23) Kadish, K. M.; Franzen, M. M.; Han, B. C.; Araullo-McAdams,
C.; Sazou, DJ. Am. Chem. S0d.991, 113 512-517.

(24) The Rzocrystal structure reported was actually of the 12,13-diepimer
Fa3oMes bromide salt; EXAFS results for 12,13-diepimegdves and Rz
Mes are identical.

(25) Shiemke, A. K.; Shelnutt, J. A.; Scott, R. A.Biol. Chem1989
264, 11236-11245.

(26) Shiemke, A. K.; Kaplan, W. A.; Hamilton, C. L.; Shelnutt, J. A,;
Scott, R. A.J. Biol. Chem.1989 264, 7276-7284.

(27) Furenlid, L. R.; Renner, M. W.; Fajer, J. Am. Chem. S0d.990
112, 8987-8989.

(28) Wang, S.; Zhang, H.; Scott, R. A. Unpublished results.

(29) Suh, M. P.; Kim, H. K.; Kim, M. J.; Oh, K. Ylnorg. Chem1992
31, 3620-3625.

(30) Suh, M. P.; Lee, Y. J.; Jeong, J. \ll.Chem. Soc., Dalton Trans.
1995 1577-1581.

(31) Furenlid, L. R.; Renner, M. W.; Szalda, D. J.; Fujita, E.Am.
Chem. Soc1991, 113 883-892.

(32) Szalda, D. J.; Fujita, E.; Sanzenbacher, R.; Paulus, H.; Elias, H.
Inorg. Chem.1994 33, 5855-5863.

(33) Ram, M. S.; Riordan, C. G.; Ostrander, R.; Rheingold, Anbrg.
Chem.1995 34, 5884-5892.

(34) Hamilton, C. L.; Ma, L.; Renner, M. W.; Scott, R. Biochim.
Biophys. Actal991, 1074 312-319.



Investigation of the Ni(l) Form of Cofactor sk

(1) citrate (in this order). This solution was transferred to the EPR
tube and diluted with ethylene glycol as glassing ager§5% v/v),
yielding samples with a final 50 concentration 0~0.25 mM. The

J. Am. Chem. Soc., Vol. 119, No. 4, 199735

1)

where A’ is the orientation-dependent nuclear hyperfine coupling

v, = |v,+ A2

samples were removed from the anaerobic chamber and frozencgonstant and; is the nuclear Larmor frequency. ¥ > A2, as is
. )

immediately in liquid nitrogen.

Preparation of Ni'OEIBC. OEIBC and NYOEIBC were synthe-
sized as previously describ&d. The as-synthesized 1:1 mixture
of ttt and tct OEIBC isomers was separated by liquid chromatog-
raphy as described by Sulliveet al® Ni"OEIBC was converted to
the Ni(l) form by reduction with 0.1% NaHg amalgam in 2-Me-
THF that had been distilled under nitrogen from sodium benzophe-
none, as previously describ&d. EPR/ENDOR samples were0.5
mM. The Ni(l) forms of both thett/tct isomers and of puré&ct gave
identical EPR/ENDOR results; the spectra shown are for jcire
Ni'OEiBC.

EPR and ENDOR Studies. CW “Q"™-band (35 GHz) EPR/ENDOR

usually the case for protons in biological systems, then the ENDOR

spectrum consists of a hyperfine-split doublet centered about the Larmor

frequency. Fow; < A2, as is the case for nuclei with small nuclear

Larmor frequencies, then the ENDOR spectrum consists of a Larmor-

split doublet centered &%/2. For a quadrupolar nucleus, with | >

1 (e.g.,**N, | = 1) the ENDOR pattern is further split intd Znes

with the frequencies given to first order by e¢%2?
v (m) = |v;+ A2+ 3P (2m — 1)/2| 2)

where —I + 1 < m < I. This splitting is governed by, the

orientation-dependent quadrupole coupling constant. Computer simula-

spectra were recorded on a modified Varian E-109 spectrometer. Pulsedion and analysis of frozen-solution ENDOR spectra employed proce-

Q-band and X-band~9.5 GHz) spectra were recorded on locally-
built spectrometers that have been previously descAbédl. All CW

dures and a program (GENDOR) described elsewffefe® For the
analysis of*“N ENDOR spectra, the equations derived by Muha were

Q-band EPR/ENDOR spectra were recorded at 2 K and in dispersion used?® as incorporated into our simulation software. An ENDOR

mode, under “rapid-passage” conditicfig24° CW “N ENDOR signals
were enhanced by application of rf broadening as described previdusly.

simulation program, DDPOWHE, was also used that performs exact
calculation of transition energies and probabilities by matrix diagonal-

Pulsed ENDOR spectra were recorded at either 2 or 4.2 K using either ization:

the Mims* or Davie$® pulse sequences. The specific sequence and

In addition to the magnetic parameters, ENDOR spectral simulations

attendant pulse width/delay times were selected to optimize signal usingrequire line width parameters. Simulations of®&iBC X- and Q-band

the following criteria. The Mims sequence has “blind spots” for
hyperfine couplings whem\ (MHz) = n/ty, (us), n = 1, 2, ..%
However, for typical values ofi, ~ 200 ns,A < 5 MHz can be
detected without interference of blind spots. Such small hyperfine
couplings are commonly observed f&,*> and many types ofH.
Larger hyperfine couplingsA(> 8 MHz), such as those for ligartdN

and some types dH, require the Davies sequence. In this sequence,
the ENDOR response depends on the produét afd the preparation
pulse widtht,, with the maximum intensity ad (MHz) x t, (us) ~
0.787434546 Thust, = 0.04us was chosen so as to enhance tie
X-band Davies ENDOR signalsA(*N) = 25—-30 MHz; At, ~ 1)
while suppressing the overlappindgd pattern A(*H) < 5 MHz;

At, < 0.2).

As described by Doaet al.*> we employed the following procedure
to compare quantitatively pulsed ENDOR spectra. The absolute
ENDOR effect is the change in echo height (in mV) for a given applied
rf. This is converted to a relative ENDOR effect by dividing by the
echo height in the absence of rf for Mims ENDOR or in the absence
of the preparation pulse for Davies ENDOR. This relative ENDOR

effect allows comparison between spectra obtained under the same

conditions (pulse widthsg values, etc.) for different samples,g,
cofactor in HO versus RO buffer.

The single-crystal ENDOR transition frequencies for a nucléus,
of spinl = %, (e.g.,'H, 13C, N) are given to first order by eq 4:

(35) Stolzenberg, A. M.; Spreer, L. O.; Holm, R. H.Am. Chem. Soc.
198Q 102 364—370.

(36) Hoffman, B. M.; Gurbiel, R. J.; Werst, M. M.; Sivaraja, M. In
Advanced EPR. Applications in Biology and Biochemishipff, A. J., Ed.;
Elsevier: Amsterdam, 1989; pp 54591.

(37) Fan, C.; Doan, P. E.; Davoust, C. E.; Hoffman, B. M.Magn.
Reson1992 98, 62—72.

(38) Davoust, C. E.; Doan, P., E; Hoffman, B. NI. Mag. Reson., A
1996 119, 38—44.

(39) Hoffman, B. M.; DeRose, V. J.; Doan, P. E.; Gurbiel, R. J.;
Houseman, A. L. P.; Telser, J. IEMR of Paramagnetic Moleculgs
Biological Magnetic Resonance; Berliner, L. J., Reuben, J., Eds.; Plenum
Press: New York, 1993; Vol. 13, pp 15218.

(40) Hoffman, B. M.Acc. Chem. Red991], 24, 164-170.

(41) Hoffman, B. M.; DeRose, V. J.; Ong, J. L.; Davoust, CJBMagn.
Reson1994 110, 52—57.

(42) Mims, W. B.Proc. R. Soc. Londot965 283 452-457.

(43) Davies, E. RPhys. Lett1974 47A 1-2.

(44) Gemperle, C.; Schweiger, £hem. Re. 1991 91, 1481-1505.

(45) Doan, P. E.; Fan, C.; Hoffman, B. M. Am. Chem. Sod 994
116, 1033-1041.

(46) Doan, P. E.; Fan, C.; Davoust, C. E.; Hoffman, B. M.Magn.
Reson1991, 95, 196-200.

(47) Abragam, A.; Bleaney, BElectron Paramagnetic Resonance of
Transition lons 2nd ed.; Clarendon Press: Oxford, U.K., 1970.

N spectra employed a Gaussian ENDOR line width of 0.5 MHz
(hwhm), which exactly reproduces the line width observed;atA
Gaussian ENDOR line width of 0.8 MHz was employed for thé=iNj
spectra. EPR line width effects can lead to broadening and/or
observation of additional resonances due to contributions from neigh-
boring orientations dops Values)?? These effects were found to be
insignificant here, with the sole exception being théQdiBC “N
spectrum ags, wherein the orientation selection is hampered by the
small field separation frong,. Simulations using GENDOR incorpo-
rating a very small EPR line width (10 MHz) reproduced the observed
high-frequency shoulder. Computer simulation of EPR spectra em-
ployed the program QPOWZ.

Results

EPR of Ni'F430and Ni'OEIBC. We have prepared Nz
(strain AH) by aqueous Ti(lll) citrate reduction and recorded
its Q-band EPR spectrum at 2 K. As noted above, the spectrum
was obtained under adiabatic rapid passage conditions and so
appears as the absorption line shape (not shown). To aid in
comparison with traditional, absorption-mode EPR at X-band,
Figure 2A shows the numerical first derivative spectrum with
the abscissa plotted gs/alue. The spectrum still appears axial
at this higher microwave frequency, even in a numerical second
derivative (not shown). There is no resolv&tN hyperfine
splitting at Q-band and, as shown by Figure 2B, the spectrum
can be simulated using an axigltensor: g, = 2.244,gn =
2.063; axial single-crystal line widthgy, = 140,W; = 90 MHz.

This Q-band EPR result is in agreement with the previous
X-band study of NiF43 (strain Marburg) reduced by aqueous
Ti(lll) citrate which gaveg, = 2.224, andy; = 2.061, but also
exhibited*N hyperfine coupling withaiso(*N) = 1.0 mT (29
MHz atgn).2t The slight difference i, is likely the result of
the glassing agent (55% v/v ethylene glycol) used to obtain
relaxation properties suitable for ENDOR (Rizo in aqueous
buffer alone gave very weak and poorly resolved ENDOR
signals).

(48) Hoffman, B. M.; Martinsen, J.; Venters, R. A.Magn. Resorl1984
59, 110-123.
(49) Hoffman, B. M.; Venters, R. A.; Martinsen,Jl.Magn. Resorl985
62, 537-542.
(50) Muha, G. M.J. Magn. Reson1982 49, 431-443.
(51) Telser, J.; Smith, E. T.; Adams, M. W. W.; Conover, R. C.; Johnson,
M. K.; Hoffman, B. M. J. Am. Chem. S0d.995 117, 5133-5140.
(52) Brown, T. G.; Hoffman, B. MMol. Phys.198Q 39, 1073-1109.
(53) Belford, R. L.; Belford, G. GJ. Chem. Phys1973 59, 853—-854.
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Figure 2. Experimental (A, C) and simulated (B, D) Q-band EPR
spectra of (A) NiF430 generated by reduction ofifg using Ti(lll) citrate

and of (C) NIOEIBC generated by reduction of NDEIBC using Na
amalgam in 2-Me-THF. The spectra were recorded using the dispersion
mode under passage conditions; a numerical first derivative is shown.
The abscissa is ig value to facilitate comparison between spectra.
(A) Experimental conditions: sample concentratio.25 mMin 0.1

M, pH = 10.4 CAPS buffer with 55% (v/v) ethylene glycol; temper-
ature, 2 K; microwave frequency, 35.035 GHz; microwave power, 2
uW (50 dBm); 100 kHz field modulation amplitude, 0.1 mT; time
constant, 32 ms. (B) Simulation parametegs:= 2.244,g9-— 2.063;

W, = 90 MHz, Wy = 140 MHz. (C) Experimental conditions: sample
concentration;~0.5 mM in 2-Me-THF; temperature, 2 K; microwave
frequency, 35.422 GHz; microwave power, 2 mW (20 dBm); 100 kHz
field modulation amplitude, 0.03 mT; time constant, 32 ms. (D)
Simulation parametersgy = 2.063,9, = 2.080,9, = 2.204; W,y =

100 MHz, W, = 155 MHz.

The Q-band EPR spectrum of ®EIBC & 2 K is shown in
Figure 2C, together with a simulation, shown in Figure 2D,
generated using a rhombg tensor withg = [2.204, 2.080,
2.063];W; = 155 MHz,W, 3 = 100 MHz. As with NIF430, No
14N hyperfine splitting was observed nor included in the Q-band
simulation. Thegtensor is in agreement with the X-band EPR
spectrum reported for NDEIBC (see Table 1), but which
exhibited resolvedN hyperfine splitting withaiso(*4N) = 0.98
mT (28 MHz atgs).!®> As has been shown extensively for Cu-
(I1) complexes, lower microwave frequencies (lower magnetic
fields) can be preferable for resolving hyperfine coupling, while
higher microwave frequencies are desirable for resohgng
anisotropy?*

Theg tensors for NiF430and NIOEIBC are characteristic of
S=1/, d° “square-planar” (pseudbs,) complexes wherein the
direction ofg (g1) is normal to the macrocycle plane and that
of go (923 for rhombic systems) lies in the plafe. As

(54) Hyde, J. S.; Froncisz, WAnn. Re. Biophys. Bioengl982 11, 391—
417.
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Table 1. Electronic ¢ Tensor) Parameters fof #Macrocyclic
Complexes

complex 9=1[0u 02 g3]? ref
Ni'Fa30 2.244,2.063, 2.063  this work
2.224,2.061,2.061 ref2l
Ni'Fs3012,13-diepimer 2.238, 2.057, 2.057 ref 21
Ni'FssdMes 2.250, 2.074, 2.065 ref 66
Ni'Fs30(NH-n-Bu)s 2.244,2.076, 2.060 ref 34
Ni'OEIiBC 2.204, 2.080, 2.083  this work
2.2025, 2.083, 2.061 ref 15
Ni'Meqg[14]1,4,8,11-tetraeneN 2.195, 2.053, 2.053 ref 56
Ni'Meg[14]4,11-dienely 2.226, 2.055, 2.055 ref 56
CU'TPP 2.190, 2.045, 2.045 ref 52
CU'OEiBC 2.206, 2.048, 2.048 ref 86

@ The direction ofg; is normal to the macrocycle plane; the other
two components lie in-plané.Determined at Q-band; AdN hyperfine
coupling resolved: Determined at X-band*N hyperfine coupling
resolved.

summarized in Table 1, the magnitudes of thegsealues
correspond closely to those of tetraaza macrocyclic complexes
of Ni(l) and Cu(ll) with varying degrees of ligand unsatura-
tion 5256

1.2H ENDOR of Ni'F43pand *H ENDOR of Ni'OEIBC. The
Q-band CW'H ENDOR spectra of NF430 in H,O and BO
buffer recorded at magnetic field positions corresponding to
each show several resolvéd doublets (see eq 1) as seen in
Figure 3, parts A and B, respectively. None of the resolved
features is lost in BD buffer, demonstrating that there are no
solvent-exchangeable hydrogens with significant hyperfine
coupling. This is supported by spectra obtainedyatsing
both CW and pulsed (MimsH ENDOR techniques (data not
shown). Further support comes from pulsed (Min?$)
ENDOR of NiF43 in DO buffer (Figure S1, Supporting
Information), which allows direct investigation of the solvent-
exchangeable resonances. This shows only a very n&tdow
ENDOR signal at botly; andg (total breadth (hwhm) 0.3
MHz) associated with deuterons of outer-coordination sphere
solvent. This is in agreement with the earlier X-band ESEEM
study of NiF430in DO buffer by Holligeret al, which also
found no measurabfé hyperfine coupling; only a signal arising
from many, relatively distant (48 A) D,O molecules was
observed?!

Figure 3C shows the C\WH ENDOR spectrum for NDEIBC
in 2-Me-THF solution ag;. Signals from several magnetically
inequivalent protons are evident, although there appears to be
fewer types of proton resonances, as expected. Spectra at
multiple field positions (not shown) indicate that the sharp
signals atA(*H) = 1.6 MHz are relatively isotropic while the
broad shoulders, which maximize &§'H) ~ 7.5 MHz atg ~
2.15, are very anisotropic.

1“N ENDOR of Ni'F430 and Ni'OEIBC. Both Ni'OEIBC
and NiF430 exhibit strong'*N ENDOR signals over the rf
range 5-25 MHz at both X- and Q-band microwave frequen-
cies. Figure 4 displays the ENDOR spectra recorded at the
“single-crystal-like” field position corresponding tg (gi) for
Ni'OEIBC at Q-band (Figure 4A) and at X-band (Figure 4B),
and for NiF430 at X-band (4C). The corresponding spectrum
for Ni'F430 at Q-band is shown in Figure S2A. For each
complex, the Q-ban#N ENDOR spectrum is a four-line pattern
consisting of av. doublet of doublets. These doublets are
centered afA(**N)/2 ~ 14 MHz and separated by@*N) ~ 7
MHz as given by eq 1 (Figures 4A and S2A); the subdoublet

(55) Pilbrow, J. R.Transition lon Electron Paramagnetic Resonance
Clarendon Press: Oxford, U.K., 1990.

(56) Lovecchio, F. V.; Gore, E. S.; Busch, D. B.. Am. Chem. Soc.
1974 96, 3109-3118.
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A NiF,5, H,O Ni'OEiBC [Q]
B NiF,q, D,O
B NiOEiBC [X]
C Ni'OE{BC
T C NiFq, [X]
-5 0 5
v - v('H) T LT TT T T T T
(MHz) 7 10 15 20 22
Figure 3. Q-band CW!H ENDOR spectra of Nir430in H2O (A) and Frequency (MHz)

D0 buffer (B) and of NIOEIBC in 2-Me-THF (C). The spectra have
been centered at thel Larmor frequencyify ~ 55 MHz) to facilitate

B} - IRian i
comparison between spectra. Experimental conditions: (A) temperature,I(HbF acti chaEn d (A) and ?t X kc’f.”d (I_?’)an Of'Rizo in D220 Kpuff_er at
2 K; microwave frequency, 35.035 GHz; microwave powez\é (45 -band (C). Experimental conditions: (A) temperature, 2 K; microwave

. I _ . ) frequency, 35.255 GHz; microwave power, 2 mW (20 dBm); magnetic
dBm); magnetic field, 1.1160 Tg(= 2.243, gy); 100 kHz field . - ) - . .
modulation amplitude, 0.03 mT; time constant, 32 ms; rf scan rate, f'e_:_(_j' .1'143 T tg - 2'220)’ 10fO KHz f'fld :[nsoc'j\;ltatl/oh amplltud?, 0.3
0.25 MHz/s; average rf power, 5 W, applied in a 20% duty cycle square mT; time cons ant, 5 ms, 1t scan rate, 1. ZIs, average rt power,
wave at a 10 kHz repetition rate; 50 scans. (B) as in A except: micro- 5 W, applied in a 20% duty cycle sgquare wave at a 10 kHz repetition
wave frequency, 35.004 GHz; magnetic field, 1.1150gT= 2.243, rate; 10 scans; (B) temperature, 4.2 K; microwave frequency, 9.58 GHz;

ai); 60 scans. (C) as in A except: microwave frequency, 35.255 GHz; magnetl_c field, 0'311.-&1: 2'20‘91); Dawes_sequenca mlcrowave
microwave power, 20QW (30 dBm); 100 kHz field modulation ampli- pulse width ), 49 NS;v2s, .166 ns; rf pulse W.'dtht'@’ 20us; rf power, )
tude, 0.07 mT; rf scan rate, 0.5 MHz/s; eight scans; magnetic field, 400 W (3-0 dB); repetition rate,. 12.5 Hz; (C) temperature, 4.2 K;
1.1430 T ¢ = 2.204,0,). The relative spectral intensities are arbitrary. microwave frequency, 9.'41 GHz; magneFlc field, 0.302gT( 2.22,
g); Davies sequencer, microwave pulse widtht), 40 ns;z23, 262 ns;
e ; . , rf pulse width €+), 20 us; rf power, 400 W (3-0 dB); repetition rate,
splitting is~1.5 MHz for NIOEIBC and~2.1 MHz for NiFazo 20 Hz.A(*N)/2 is indicated by®. The crossbars passing n@eindicate
At X-band, the pattern again is centered~at4 MHz but twice the N Larmor frequency (2(%N) ~ 7 MHz at Q-band; 2 MHz

has collapsed to a triplet because of the 4-fold decrease inat X-band). The “goal posts” indicate the quadrupole splittirR~3

Figure 4. Experimental“N ENDOR spectra of NDEIBC in 2-Me-

v(14N). 1.5-2 MHz in all cases.

There are two alternate interpretations of.g“N) doublet
of doublets aig;. One is that the signal is from a singléN To explore fully the properties of the pyrroléN ligands,
hyperfine coupling, withvx. branches further split into doublets ENDOR patterns were recorded at numerous field positions
by the quadrupole interaction as given by eq 24t (I = 1). across the EPR envelope so as to determiné“kédyperfine

The second is that the pattern is the sum of offset doublets with and quadrupole coupling tensors and distinguish between the
slightly differing hyperfine couplings, neither associated with two alternative interpretations of the spectrg;at The resulting

an observable quadrupole splitting. This second case would“2-D” data set for NIOEIBC at Q-band is shown in Figure 5
require that the unresolved quadrupole splitting algngthe and at X-band in Figure S3; data for'Rizpat Q-band is given
normal to the macrocycle plane, B&;| < 0.2 MHz for both in Figure S2 and at X-band in Figure S4. The data set for
of the two types of nitrogen ligand. This value is low in Ni'OEIBC at Q-band (Figure 5) is the most informative in large
comparison with analogous macrocyclic complexes such aspart because of the enhanced orientation selection conferred by
CU'TPP2and high-spin aqguometmyoglobih. ENDOR studies rhombic splitting in its EPR spectrum (Figure 2C) but also
of all of these showed quadrupole couplings$kfi| ~ 0.3 MHz because the ENDOR resolution is higher than that foF/NG

(see Table 2). Thus, on the basis of prior studies, it seems — -

. . . . (58) Furthermore, preliminary Q-band CW ENDOR data fol GHIBC
u_nl'kely th"?‘t the pattern in Figure 4A ar's_e$ from two types of in 2-Me-THF solution show a similal*N pattern atg, consisting ofv..
nitrogen with unresolved quadrupole splittitfg. branches each further split by2 MHz88 In contrast to NIOEiBC, the
Cu(ll) complex shows no evidence for inequivalence among the pyrrole

(57) Scholes, C. P.; Lapidot, A.; Mascarenhas, R.; Inubushi, T.; Isaacson, nitrogen ligand$? so that only an assignment of the subdoublet splitting
R. A.; Feher, GJ. Am. Chem. Sod.982 104, 2724-2735. to quadrupole coupling is reasonable.
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Table 2. Magnetic Parameters for Pyrrole Nitrogen Ligands in Paramagnetic Macrocyclic Complexes

complex A = [Au Ao, Ad (MH2Z)? P = [Py, P2, Py] (MH2)?
Ni'OEIBC NP 33.0(5), 29.0(5), 28.0(0.2) ~1.50(10), 0.95(10), 0.55(5)
Na. 35.0(5). 27.0(5). 28.0(0.2) ~1.00(10). 0.45(10). 0.55(5)
Ni'Fazo Nps 31(1), 22(1), 26.5(0.5) ~1.85(20). 1.10(20). 0.75(5)
No. 34(1). 27(1). 26.5(0.5) ~1.35(20). 0.60(20). 0.75(5)
CU'TPP! 54.213, 42.778, 44.065 0619, 0.926-0.307
Fe'Heme (MbY 49,30, 34.45, 35.55 ~077,1.04-0.27

aThe single-crystal metalloporphyrin studies show thé&t'N) andP(}*N) are collinear, withA; andP; along the metatnitrogen bondA,; and
P, in-plane, normal to the metal-nitrogen bond, akgdand P; normal to the macrocycle plangln 2-Me-THF solution; this work® In aqueous
ethylene glycol £55% v/v) solution; this workd Doped into ZHTPP single crystal? ¢ Aquometmyoglobin (high-spin ferric) single-crystal.
fObtained by multiplying the reported values by five, so that the values determin&d=f&f, aquometmyoglobin are converted to a hypothetical
S =1, system.

. M/L j
A 220 1 2.20
(g)
AN J 2.18
2.18
K
C M\' 2.16 /\J/sz
L 2.14
M 2.12
E \%——ﬂ\ - M
N
F \/JR o MZ.IO
o} 2.08
G 2.08
@) P 2.06
H 2.06 '

5 7 15
Frequency (MHz)

[ ]
15

Frequency (MHz)

Figure 5. Experimental Q-band CW (AH) and simulated (+P)!*N ENDOR spectra of NDEIBC in 2-Me-THF. Experimental conditions as in
Figure 4A, except the magnetic field was (A) 1.143gr=<¢ 2.20); (B) 1.1555 T¢ = 2.18); (C) 1.166 T¢ = 2.16); (D) 1.177 T § = 2.14); (E)
1.188 T g = 2.12); (F) 1.1995 Td = 2.10); (G) 1.211 T¢ = 2.08); (H) 1.223 T ¢ = 2.058).A(**N)/2 is indicated by®. The crossbar passing
through®@ indicates twice thé*N Larmor frequency (2(**N) = 7.0 MHz atg,). The “goal posts” indicate the quadrupole splitting, Simulation
parametersg = [2.204, 2.080, 2.063], and equal contribution of two types“df as follows: A(**N13) = [33.0, 29.0, 28.0] MHzP(**N13) =
[—1.50, 0.95, 0.55] MHzA andP tensors rotated with respectdgaensor by Euler anglesx = 0, f15= 90°, y15= 45°; A(**N24) = [35.0, 27.0,
28.0] MHz, P(**N2,4) = [—1.00, 0.45, 0.55] MHzgz 4 = 0°, B24 = 90°, y24 = 135; ENDOR line width, 0.5 MHz (Gaussian, hwhm); EPR line
width, 10 MHz (Gaussian, hwhm).

N

\]_
N
[9)]

at Q-band. The increased resolution likely is a consequence ofcoupling and/or in the quadrupole coupling; the latter is traceless
the better glass formed by the organic versus aqueous solventand thushecessarilyanisotropic. A similar situation, albeit with
which reduces spin diffusion and increases relaxation times for poorer resolution, is obtained for 'Riso (Figure S2).
solute paramagnets. We begin our analysis with the assumption that the low-field
The v, and v branches of thé“N pattern observed for (91 = 2.20) signal arises from the. branches of &N ENDOR
Ni'OEiBC atg; (Figure 5A) can be followed across the EPR signal in which the four pyrrole nitrogens of 'EIBC and
envelope withv;. being more intense at most fields, as is often Ni'Fsz0 are indistinguishablé? This assignment leads to the
the casé® The overall center of the pattern, the effective Values for couplings normal to the macrocycle plakg*N;-4)
A(**N)/2, changes little. However, the nature of the pattern andPs(**Ni-4) (see Chart 2), listed in Table 2. The labeling of
changes markedly with field. For example, focusingian a the tensor component directiorise(, As, P3(**N) alonggs) is
shoulder appears to higher frequency as the field is increasedchosen to correspond with the studies of porphyrin and other
from g; towardgs,, becomes a resolved peaket(2.08), then ~ Systems?

retreats to lower frequency at the high field edge of the spectrum. ™ (59) we use the term pyrrole here, although in these reduced porphyrins,
This is the result of significant anisotropy in the hyperfine the term pyrrole/pyrroline is more appropriate.
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Chart 2
A,
9s A, 9,
\%Nz /
A,
o
N,——Ni——N,
A,
N,

To understand the field dependence, first consider the high-

field (gz = 2.06) single-crystal-like spectrum of '"EIBC
(Figure 5H). Comparing this spectrum with that at low-field
(o1 = 2.20) (Figure 5) reveals that these two “edge” spectra
exhibit quite similar subdoublet splittings of the. branch;
likewise, the X-band spectrum gg is a triplet (Figure S3F),
just as seen af); (Figures 4B and S3A). Once again, the
spectrum aigs can be described as resulting either from two
overlapping“N patterns, both without quadrupole splitting, or
from one type of“N with quadrupole splitting. To distinguish

J. Am. Chem. Soc., Vol. 119, No. 4, 199739

For ag tensor rotation ofy = 45°, the hyperfine coupling
observed ats is Ag(**Ni) = [{Ad(*Ni)? + Ax(Ni)Z/2]Y2 ~
31 MHz. Determining the individual in-plane hyperfine com-
ponents requires consideration of spectra taken whetieare
independently contributing to the observed pattern, namely when
the magnetic field is directed along a NiIN bond vector,
(see Chart 2). Foy = 45°, this occurs ay = {(g? + g9/
2}Y2=2.072. In fact, although EPR line width effects make
spectra taken ag = 2.080 @), 2.075, and 2.070 almost
identical, resolution is slightly better gt= 2.075, as predicted.
Again focusing on the; branch, ay = 2.08 (Figure 5G), one
sees four resolved features; an almost identical, albeit less
intense, pattern is seen for the branch. General consideration
of the expected patterns indicates that these peaks should be
assigned as two doublets, one from each pairaofs nitrogens
(*“Ny 3 and Ny 4), one pair with subdoublet splittingP3, and
the other with ®,. There are, however, several independent
ways in which the foun. peaks can be paired to yield two
doublets, two of which{ac, bd} and{ab, cd}, correspond to
permissible quadrupole couplinffs.Combining this with the

between these alternatives, consider the diagram in Chart 2 forcondition fory = 45° thatAg(**N;) = [{ A(**N;)2 + Ax(2Ni)Z}/

a NiNg unit viewed down they; (As, P3) axis. The in-planey
tensor axes are related to the molecular frame by the angle
for y = 0°, theg and molecular (nuclear) coordinate systems
are collinear; foyy = 45°, g 3 bisect the N-Ni—N bond angles.
Studies on porphyrinic systems have shown that ifi¢
hyperfine tensor is expected to be roughly axial with the
direction of maximum hyperfine coupling\{) lying along the
metal-nitrogen bond. The hyperfine and quadrupole coupling
tensors are collinear with one in-plane principal quadrupole
direction along the metalnitrogen bond vectorR;) and the
other, the largest magnitude coupling, normal to the metal
nitrogen bond B,) so thatP(**N) ~ [-0.7, 1, —0.3] MHz
(relevant coupling constants are summarized in Tabfé%).
However, as shown in metal-coordinated imidazole and pyridine,
the largest quadrupole coupling{—1.6 MHz) often lies along
the metat-nitrogen bond1-63

If the P;(**N) magnitudes for NDEIBC are close to those
for porphyrins and other complexes with nitrogen heterocycles,
as is shown below to be the case, then the spectrug &t
strong evidence fop ~ 45°. First, there iso value ofy that
can give negligible quadrupole coupling for both pairdrahs
nitrogen ligandsi(e. |Pond < 0.2 for both N 3 and N4, see
Chart 2), so an interpretation in terms of two different nitrogens
with Pops~ 0O is ruled out. For example, if the in-plageaensor
directions were collinear with the NiN bonds ¢ = 0°), then
atgs, one set of nitrogens would haBg parallel to Ni-N and
Pobs = P»; the other would haveéP,,s = P;. The resulting
ENDOR pattern would contaitwo superimposed four-linev¢

2]¥2 ~ 31 MHz gives two trial solutions for th&(*“N) and
P(*N) tensors. Computer simulation shows that the entire field-
dependent’N ENDOR pattern can be reproduced using refined
values ofboth sets of coupling tensors, as given in Tabl&® 2.
We note thaty may not vary more thar2° from 45 in order
to preserve the observed resolution.

Given that the fulMN ENDOR data set can be described by
a single type of pyrrolé*N with eitherset of coupling tensors
given in Table 2, then it is of course possible to describe the
data set by the superposition of spectra from equal contributions
from the two types of“N. In fact, the EXAFS data indicate
that there are two types of nitrogen ligand in equal abundance.
We therefore present in Figure-5P simulations generated by
summing equally these two types of nitrogen, which match the
overall patterns and resonant frequencies quite well across the
entire EPR envelope; note that the details of experimental CW
ENDOR intensities are quite difficult to reproduce since they
are dependent on complex relaxation eff@éfg:40

To test the analysis, the X-band spectra also were examined.
In this case, thé*N ENDOR pattern consists of overlapping
resonances from the, andv_ branches, making it impractical
to analyze the field-dependent data set independently. However,
X-band spectra are indeed well matched by simulations calcu-
lated as superimposed spectra from the two sets of magnetic
parameters determined by analysis of the Q-band spectra
(Figures S3G-L).55 This correspondence of tHéN ENDOR
spectra taken at two microwave frequencies confirms the
essential validity of the pyrrol&N coupling tensors in Table

doublet of doublet) patterns. The pattern must then reflect a 2 with the in-planeg; s axes bisecting the NNi—N bond angles

symmetry equivalence amormdl nitrogens for this orientation.
The only way to obtain ainglequadrupole splitting wheBg
lies alonggs (a singlevy quartet) is to have ~ 45°.

(60) PositiveAi(1“N) values are expected on the basis of numerous studies
as summarized in Brown and Hoffm&hlIn their doped single-crystal
ENDOR study of CUTPP, second-order quadrupole splitting effects were
observed that allowed assignment of the sign®0&nd P, relative toA;
and Ay, respectively, so tha®; was negative an&, was positive P; was
negative, but was determined from the constraint thatt P, + P; =
0).52 These effects are not observable in this frozen-solution ENDOR study,

(y = 45°).

The 1“N ENDOR data for NFs30 in particular pulsed
(Davies) 35 GHz ENDOR at 2 and 4.2 K, clearly exhibit the
same characteristics as'8EiBC, despite the poorer resolution
of the Q-band signals (Figures S2 and S5). However, because
theg tensor for NiF430is axial, no in-plane orientation selection
occurs, which severely reduces the ability to detect differences
among the pyrrole nitrogen ligands. Nevertheless, the peak

so there is no independent basis for the assignment of an absolute sign to (64) At g = 2.075, thev+ branch exhibits resolved peaks at 172, (

P(**N)q. However, the quadrupole analysis (see below) allows absolute
signs ofP; to be assigned.

(61) Hsieh, Y. N.; Rubenacker, G. V.; Cheng, C. P.; Brown, TJL.
Am. Chem. Sod 977, 99, 1384-1389.

(62) Ashby, C. I. H.; Cheng, C. P.; Brown, T. l. Am. Chem. Soc.
1978 100, 60576063.

(63) Ashby, C. I. H.; Cheng, C. P.; Duesler, E. N.; Brown, TJLAm.
Chem. Soc1978 100, 6063-6067.

18.5 @), 19.6 €), and 22.3 §) MHz. The pairingad, bcgives|P| ~ 1.7
and 0.3 MHz, respectively, which when combined wifa| = 0.55 MHz
cannot give a tracele$3tensor. However, the pairingc, bdgives|P| ~
0.8 and 1.3 MHz, respectively, and the pairiag, cdgives|P| ~ 0.4 and
0.9 MHz, respectively, both of which satisfy this requirement.

(65) Despite the use of pulsed techniques to suppress the overlapping
1H resonances (see the Experimental Section), some residual contribution
to the*N ENDOR pattern likely remains aty ~ 13—14 MHz.
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positions and pattern breadthgatcan be analyzed in a manner 3B,C) is not possible. Nevertheless, we can make some
similar to that for NIOEIBC at g3 and the spectra can be comparisons between thd ENDOR seen for these complexes
interpreted equally well in terms of two types of nitrogen with results for other tetrapyrrole systems, such a$TEWP,
(parameters given in Table 2). Computer simulations employing also noting that the EPR spectrum of 'G®iBC is nearly
equal sums of spectra calculated with these two parameter setsdentical to that of CUTPP73 The single-crystal ENDOR study
are successful at reproducing the field-dependent pattern, asof Cu'TPP doped into ZHTPP determined thé(*H) tensors
shown in Figure S2. Equally important, as shown in Figure for four types of magnetically equivalent pyrrole prot§Aghe

S4, the X-band“N pattern is well reproduced using the magnetic average tensor corresponded to roughiH) = [3.5, 1.7, 1.2],

parameters determined from the Q-band analysis. aso = 2.13 MHz. Thus the magnitude of the largest proton
couplings seen in CTPP for the pyrrole 3,4-hydrogens (3.5
Discussion MHz) is somewhat smaller than those seen fdOBC (3.5~

. ) ) 7.5 MHz) and NiF430 (4.0-4.5 MHz). This suggests that these

EPR.Spectra of N.'(I) Macrocyclic Complexes. Both axial .. strongestH couplings may correspond to the pyrroline hydro-
and slightly rhombic EPR spectra are observed for Ni(l) gens in NIOEIBC and NiFsz CU'TPP lacks meso hydrogens:
macrocyclic complexes, and no generalizations based on ligand,, ¢omparison, ENDOR studies have been reported on several
or _solvent can be made. For example, aqueOl'j§4§\¢|l_1as an Fe(lll) porphyrins that do contain meso hydrogé&hs.in
axial EPR spectrum, but MissMes, prepared using Na  oonicyiar, for low-spin Fe(lll) systems, the meso protons gave
amalgam in THF as reductant, exhibits a slightly rhombic EPR very sharp signals withA,4 = 1.4-1.2 MHz (cyano) and 1.0
spectrunf® as do NiFs3 pentabutylamidé NI'OEIBC, and  \iz (azido)” It is thus reasonable to assign the sharp
other Ni(l) hydroporphryin models for Nissg' (see Table 1 oconances seen gt having ACH) = 2 MHz in Ni'Faso and
for g tensor values). However, Wie[14]4,11-dieneM, pre- 1 6 Mz in NIOEIBC to meso protons, realizing that spin
pared by electrochemical reduction in acetonitrile solution, yesities on metalloporphyrins are quite sensitive to the metal
exhibits an axial EPR spectruthaithough Its qr_ystal structure —joy'5 glectronic propertie¥. Finally, the large number of more
(6‘.8 the perchlqrate sallt) shows two significantly different distant, side chain hydrogens presumably contribute to the large
Ni(1) =N bond distances: signal intensity at\((H) < 1 MHz for both Ni(l) systems, in

The relation between thgtensor and the molecular frame-  roygh analogy with the various sidechains of other tetrapyrrole

work for square-planardcomplexes, chiefly those of Cu(ll),  |igands. For example, Godziela and Goff performed solution
was studied theoretically a number of years &gé? and is NMR studies on CYOEP74 and from their data estimates can
summarized by Pilbro#? Crystal-field terms of rhombid.g., be made ofa, for the ethyl side chain methylene and methyl
mixing of d2—,2 and gz orbitals) and/or monoclinid.e., mixing protons of 0.4 and 0.07 MHz, respectively.

of dand g orbitals) symmetry acting via spiorbit coupling Finally, we note that there are solvent-exchangeable hydro-

can lead to a rhom_b|g Fensor, as WeI_I as to rotation of the gens on the side chain groups afi:E five carboxylates, an
in-plane g tensor directions ¢, 3) relative to the molecular amide, and a lactam (see Figure 1). At pH 10.4, the
crc])ordlljpate system. IS the gast?@%f qéﬁ'g’gR fgr Wh'ICh ? carboxylates are extensively ionized and thus are unlikely to
L ombic g tenior 'f] observe I’ I't d field ata dC eg\ry contribute to thé-2H resonances; however, the amide and lactam
emonstrate that the nonaxial ligand field terms indeed rotate ;14 remain unionized. The lactam in particular has the

“r‘legtensor by 45 r.ﬁ";“"e to lthe ?}“O'ecu'ar framfet-) Hho":le"eg_ solvent-exchangeable hydrogen likely closest to Ni(l), and it
t eg tensor can sti e axial in the presence o oth rhrombic may be Contributing to theH ENDOR Signal.

and monoclinic terms if their effects are equal and oppdsite. 14 ENDOR. The N ENDOR data have been interpreted

This is likely the case for NiF430, Which exhibits an axial - ) ) .
tensor despite the ligand’s nonplanar geometry (see Chart 1).:in g%ztsog;hﬁl gégzs:#éd;\iiso :: ;glﬁﬁsciz?: ttvk\]/?) f;)el{[;nl&ogen
Apparently these macrocyclic Ni(l) complexes represent a a?]d N 4, with each set contair?isr? tV\tcans?witro ens (see bﬁart
situation in which the several crystal-field effects are in close 2) Th’g resulting spin Hamilton%n parametergs for the two types
competition so that slight changes in ligand, solvent, etc., can of ligand can be used to describe bonding in théNicore

altf; the electronlc-structure.obs.er\{ables. ., and to compare this bonding to that in'QWP>? and other
“H ENDOR. These studies indicate the absence of axial complexes (see Table 2)

coordination by water in the active, Ni(l) form. In contrast, . 5 . 1
numerous spectroscopic studies including EXAFSresonance By following Brown and Ho_ffmari we consider each( 4N.')
tensor within the local coordinate system defined at the ligands

Ramart>#57and MCD'™ have indicated that the isolated (see Chart 2). In this coordinate system, {)i{p out-of-plane
cofactor contains predominantly axially coordinated bis-aquo and N(p) lies along the M-N bond. with N(g) also in-plane.

S=1 Ni(ll). Thus reduction of k3o leads to the opening up of . / . N
. I : . : . . In idealized Dy symmetry, the unpaired electron is in a
axial coordination site(s), potentially allowing reaction with o-bonding MO defined as follows:

substrate.
Without deuterated samples, specific assignment of the 13 1 3 o4 2 4
constitutive'H resonances for the two Ni(l) complexes (Figure Vs, = ®idq — b o+ ¢%d + 07 6%+ ¢%d +

1,3 ,1 3 24 ,2 4
(66) Jaun, B.; Pfaltz, AJ. Chem. Soc., Chem. Commas8§ 1327 0" 'y, — D] — g (% — D) (3)
1329.
(67) Hitchman, M. A,; Olson, C. D.; Belford, R. LI. Chem. Physl969 o . .
50, 1195-1203. We have left out any contributions from terms involving
(68) Hitchman, M. A.J. Chem. Soc. A97Q 197Q 4-9. Ni(l) =N in-plane and out-of-plang-bonding and from other

28(3%)3?2';%”' R.L.; Harrowfield, B.; Pilorow, J. R. Magn. Resorl977 atoms of the macrocycle. The former simplification is justified

(70) Shiemke, A. K.; Scott, R. A.; Shelnutt, J. &. Am. Chem. Soc. ~ because thé(*N) tensors described here are nearly axial.
1988 110, 1645-1646.

(71) Cheesman, M. R.; Ankel-Fuchs, D.; Thauer, R. K.; Thomson, A. J. (73) Richardson, P. F.; Chang, C. K.; Hanson, L. R.; Spaulding, L. D.;
Biochem. J1989 260, 613-616. Fajer, J.J. Phys. Cheml1979 83, 3420.

(72) Hamilton, C. L.; Scott, R. A.; Johnson, M. K. Biol. Chem1989 (74) Godziela, G. M.; Goff, H. MJ. Am. Chem. Sod986 108 2237
264, 11605-11613. 2243.
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Chart 3
Py

|
0
=

We may further simplify the picture by treating the pyrrole
nitrogens as being 8phydridized as shown in Chart 3. The
hybridization is defined in terms of the covalency param-
eters and, in an idealized situation, is related to the ligand
geometryt?

Z=(1-coff)/cofO=tarf O —1 (4)
where @ is the CG-N—C bond angle and crystallographically
determined values for@are used to determine.’® In this
study we shall use experimentally determined bonding coef-
ficients determined from the measur&® hyperfine tensors

to calculaten and todefine” ey’ from eq 4.

This ground state MO leads to the following expressions for
the A(**N) tensor components for a given nitrog&m®

n=a,7o,

A = (5)

40,"Ag + 0" T5) + Apy

Ay = 4((122A0 - O“SZTO/ 10) + Ap,

= 4(0,"Ag — 05" T¢/10) + Apg

where the isotropic term for one electron id“dl 2s orbital is

= (9eOnBeON/N)(27/3)| 02 = 388.9 MHz and the dipolar
term for an electron in &N 2p orbital isTo = (gegnSBeOn/N)-
M, — 30= 116.5 MHz, using the values fofyo?> and
[, — 3Ctabulated by Goodman and Rayri6ias was done in
the CUTPP study? Through-space dipolar coupling between

3(y)
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Table 3. Molecular Orbital Parameters for Pyrrole Nitrogen
Ligands in d Porphyrinic Complexés

complex oy O3 Nexpf c a b Nrd
Ni'OEiBC
N3 0.139 0.139 1.00 1961 1.295 1.235 5.73
N2.4 0.139 0.202 211 1940 1609 1.623 6.80
Ni'Fsz0
Ni3 0.130 0.188 2.09 1948 1.354 1.302 5.90
N2.4 0.137 0.196 2.05 1.943 1.490 1513 6.46
CU'TPP  0.174 0.252 2106 1.906 1.751 1568 6.79

2 See text for explanation of parametet€alculated fromn = a%/
o2? ¢ Calculated fromc = 2 — (0> + o3?) = 2 for free ligand.
d Calculated fromNt = ¢ + a + 2b = 5 for neutral nitrogen atom.
¢ These values do not include the nitrogen 1s contribuiofhey are
scaled to correspond with the MO definition given in eq 3.

combination with the above values fBranda;, we obtain an
estimate for the direct dipolar contributidky; ~ 1.2 MHz in
all of these Ni(l) complexes. Solving eq 5 then yields the values
for oz listed in Table 3° The hybridization of each type of
nitrogen,n, calculated from eq 4, is also given in Table 3.
The quadrupole interaction provides information on the
overall distribution of charge in the nitrogen orbitals, rather than
just the unpaired electron distribution. A modified version of
the Townes-Dailey model can be used to interprétN
guadrupole tensof:51.63 This model uses a coordinate system
identical to that described above for the hyperfine coupling (see
Chart 3) and gives the following expressions for the diagonal
components of the quadrupole coupling tensor:

Polc(1 — cof 6) — a/2 + b(—"/, + cot’ 6)] (6)

Pigy =

Py = Pl —(c/2)(1 — cof 6) — a/2 + (b/2)(2 — cof 6)]

209
Payy = Pol—(c/2)(1 — cot6) + a — (b/2)(1+ cof 6)]

wherec is the population of the nitrogen lone pair orbital=
2 for the free ligand)a is the Npzr orbital population, and is
the population of each NC bonding orbital. A quadrupole
coupling for a single 2p electron in atomic N &goQ/h = 2P
—9.0 MHz is commonly use51.62which givesP = [—3.0,
1.5, 1.5] MHz for an idealized 3mitrogen (& = 12¢°). As

a N nucleus and electron spin on the Ni is represented by described above, we use an experimental value fodefined

Ap; (i = 1,3)78 Thus the isotropic hyperfine couplingsss-
(*N) = 40,2Ag = 47.02 MHz for CUTPP and 30.0 MHz for
Ni'OEiBC, provide the values af, given in Table 3. Use of

a point-dipole approximation and an average value FRor=

2.0 A, based on EXAFS data (see below)A® givesoy =
0.9, as compared to 0.82 for TPP. The relatively short
distance of the Ni(h-N bond makes use of the pointlipole
approximation questionable; however, Snetsingeal., in a
recent study of a low-spin Fe(lll) system, provided equations
for calculation of dipolar coupling between a ligand nucleus
and spin density in a metal 3d orbifdl.Using their method in

(75) For CUTPP, & = 108, which givesn = 0.8952 Similar values
for n result using the @ values for the structurally characterized Ni(ll)
analogues. For NDEIBC}” the average 2= 107.0(5}, givingn = 0.83;
for Ni'"Fy3dMes,® ring A has @ = 112.0 giving n = 1.20; and rings B, C,
and D have averagef2= 108.5(5¥, giving n = 0.93.

(76) Rist, G. H.; Hyde, J. S1. Chem. Phys1969 50, 4532-4542.

(77) Goodman, B. A.; Raynor, J. B. ldvances in Inorganic Chemistry
and RadiochemistryEmeleus, H. J., Sharpe, A. G., Eds.; Academic Press:
New York, 1970; Vol. 13, pp 135362.

(78) These terms are given by the followindp1)= 2gn(gnSedn/h)oa?
[R3 + (6/7)R a2’ Apzrg= —gn(OnBeBy/h)ar{R™3 + ¥7R3q 21,
Apzy)= g”(gNﬁeﬂN/h)al?[FF + 9%R5Mg, 2], whereR is the metat
nitrogen distance andg, 2Cis the expectatlon value for the metgj drbital,
and terms irR 7 are left out5276

(79) Snetsinger, P. A.; Chasteen, N. D.; van WilligenJHAmM. Chem.
Soc.1990 112 8155-8160.

through eq 4. This leaves the three orbital population param-
eters,a, b, andc, to be determined. BecauBss traceless, the
threeP; components provide only two independent experimental
parameters; moreover the relative signs of these components
are determined by experiment, but the absolute signs a® not.
However, these difficulties are easily overcome. The covalency
parameters determined from tH# hyperfine tensor give: c
=2 — (0% + 039).52 This then allows eq 6 to be solved using
either of the two choices of absolute sign for By@omponents,
which are found to have the formt[—|P4|, + |P2|, + |P3]].
Choice of the negative sign givesb > 2, which is physically
meaningless; whereas the positive sign in all cases gives or-
bital occupancy values comparable to those seen fdiTER
and other systems. The final results for the two types of N for
both Ni(l) complexes, as well as those for CuTPP, are
summarized in Table 3. The sum of the individual orbital
occupancies then gives the overall orbital population of nitrogen,
Nr=c+ a+ 2b.

Examination of the orbital coefficients determined from the
14N hyperfine and quadrupole coupling allows comparison of
bonding in these Ni(l) complexes to €TPP and other species.

(80) We note that even use A1 = 1.6 MHz, an extreme upper bound
derived fromR = 1.9 A anda; = 1, only changess slightly, from 0.20
to 0.19 in the case of NDEIBC Ny 4.
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The experimentally determined hybridization at nitrogen is quite
close to spin all cases, except for  of Ni'OEIBC, wheren

is only 1, close to the crystallographic val(fe.The net
o-electron donation from a single coordinated nitrogen to the
metal ion is given by the sum of bonding coefficienis? +

0z2. The charge donation values so obtained far, Nf
Ni'OEiBC and for both types of N in Nf430 are roughly 60%

of that in CUTPP; N, 3 of Ni'OEIBC has ao-donation only
40% that of CHTPP. The lesser covalency, corresponding to
lesser N— M donation, is not surprising given the poorer energy
match between the nitrogen 2sgnd metal 3d orbitals of Ni(l)

Telser et al.

several OEIBC and fzp specied;1>1727as well as on numerous
Ni(ll) porphyrins8® Both Ni'OEIBC and CHOEIBC in THF
showed four equivalent MN distances (1.94 A for Ni(IB-N;
2.00 for Cu(lly-N),'5 and the crystal structure &ft-Ni" OEIBC
likewise gave a single average NiHN bond length of 1.942
A.17 EXAFS studies of NDEIBC in THF, however, showed
inequivalent nitrogen ligands in that pairs of nitrogen atoms
with two Ni(l)—N distances were required to fit the data: 1.91
and 2.07 At

EXAFS studies showed a similar difference between the
Ni(ll) and Ni(l) forms of Fy3p As-isolated bz (i.e, S= 1,

compared to Cu(ll), as indicated by considering valence-shell pseudo-octahedral with axially coordinated bis aquo ligands)

ionization energie8!

was analyzed using equivalent NitHN distances of 2.10 2826

The quadrupole couplings manifest the lesser covalence forand RsoMes (i.e., S= 0, square-planar) had equivalent NiH)

Ni(l) in an interesting fashion. As pointed out by Brown and
Hoffman?2 for M—N complexes the largestN quadrupole
coupling is either negative and along the-™ bond (lone pair)
direction or positive and normal to the-MN bond (in-plane).
Using a series of Zn(ll) and Cd(ll) pyridine complexes, Hsieh

distances of 1.90(2) A7 in agreement with the average
Ni(ll) distance determined from its crystal structure: 1.86(2).
However, this contrasts with the EXAFS results for both
Ni'Fa3Mes in THF and aqueous Mis3g two sets of Ni(I»-N

distances were required: 1.88(3) and 2.03(3) A for the fofher,

et al. showed that a switch from the first to the second case and 1.90(3) and 2.04(3) A for the lat®r.As mentioned above,

occurs as the nitrogen lone pair-to-metal donation increases (
decreases) and the switch has indeed occurred for'TBP

the presence of two Ni(hN distances in several tetraaza
macrocyclic complexes has been confirmed by x-ray crystal-

and aquometmyogblobin (see Table 2). In contrast, for theselography?®30323356|n particular, for NiMeg[14]4,11-dienely

Ni(l) complexes, the N— M donation is too small to induce

both a crystal structure and EXAFS studies have been per-

this shift, so that the direction and sign of largest quadrupole formed and are in excellent agreement: the crystal structure

coupling corresponds to that of the free ligand.

The ligand-only orbital occupancies @nd b) of Nz, of
Ni'OEIBC (and to a lesser extentp Nof Ni'F430) resemble those
of the pyrrole ligands in CUTPP, while N 3 of Ni'OEIBC do
not, nor does Nz of Ni'Fs30 Interestingly, these nitrogen
ligands have similarities with the imine nitrogen of metal-
coordinated imidazole. Analysis of NQR data for a series of
Zn(Il) imidazole complexéd.53gives orbital occupancy param-
eters that resemble those for Nof both Ni(l) complexes?
Consistent with this, the maximum hyperfine anisotropy (defined
as (Amad — |Aminl)/aiso) of Cu(ll)-coordinated imidazole in
Ag'>,Cu', bovine SOD is~15%83 the same as that for,N of
Ni'OEIBC, while for CUTPP and N4 of Ni'OEIBC and N 4
of Ni'F430, there is~25% anisotropy.

The choice of the wave function in eq 3 expressly ignores
contribution to the“N hyperfine coupling byz-bonding with

gave a Ni(l)-Ngmine distance of 2.066(6) A and NiHNimine
distance of 1.984(7) A, and EXAFS in acetonitrile solution gave
2.06(2) and 1.97(2) A, respectively. This expansion and
distortion of the NiN core has been rationalized by the ability
of these relatively flexible macrocyclic ligands to accommodate
the larger Ni(l) ion, with radius > 2.1 A compared to square-
planar Ni(ll) withr = 1.9 A12-14

The EXAFS results for NiF430 and NIOEIBC give two sets
of Ni(l)—N bonds lengths differing by-8% (~0.15 A), well
outside the experimental errer{%). The X-band EPR spectra
of both NiF43 and NIOEIBC exhibited resolved hyperfine
coupling from the four nitrogen ligands gt but did not indicate
any magnetic inequivalence among th&#A! The present
ENDOR studies at X- and Q-bands give averéehyperfine
coupling constants in good agreement with the EPR-determined
values (NiF430, aiso = 28 MHz; NI'OEIBC, aiso = 30 MHz),

the metal, and this is a good approximation. However, one may Put they also support a model employing two types of nitrogen

qualitatively note that sucke-bonding is manifested by the

slightly rhombicA(¥*N) tensor Az = Ay).84 For CU'TPP, @3

— Ay) = 1.3 MHz, which is similar to that for B in Ni'OEIBC

(1 MHz), suggesting common characteristics forthigonding.

However, for N 3 and both types of nitrogen in Nz, (As —

Ay) differs significantly from~1 MHz, suggesting differences

in 7 bonding, which might be caused by deviations from

planarity in the macrocyclic ligand (see Chart 1).
Comparison of EPR/ENDOR and EXAFS Results.

EXAFS and crystallographic studies have been performed on

(81) Ballhausen, C. J.; Gray, H. B. Molecular Orbital TheoryW. A.
Benjamin, Inc.: New York, 1965; Chapter 8.

(82) Typical values for a series of bis and tetrakis imidazole complexes
of Zn(ll) (calculated using Figures-24, Table 4, and text material in the
study by Ashbyet al%?) are as follows:c = 1.70,a = 1.15,b = 1.05, and
Nr = 4.95. These workers determinedby a linear correlation between
h/€qQ andy. Ny 3 of Ni'OEIBC fits this correlation reasonably well giving
c~ 1.87(3), as does N\ of Ni'F430, which givesc ~ 1.93(5), while N 4 of
both complexes does not, nor does'TRP.

(83) Gurbiel, R. J.; Peoples, R.; Doan, P. E.; Cline, J. F.; McCracken,
J.; Peisach, J.; Hoffman, B. M.; Valentine, J.I8org. Chem.1993 32,
1813-1819.

(84) There is also a slight rhombic contribution&¢**N) from the direct
dipolar coupling, which arises from anisotropygmnd inltig 2[{see Brown
and Hoffmaf? and Snetsingegt al.”®); however, this contribution is small
in these systems|Ap; — Aps| < 0.1 MHz.

ligand. The in-plane hyperfine coupling for these two types of
ligand differs by~2 MHz out of ~30 MHz, or roughly 7%.
Interpretation of the hyperfine and quadrupole coupling tensors
for these two types of nitrogen shows quite noticeable electronic
differences between them (see Table 3) wherein one set of
nitrogen ligands in these Ni(l) complexes is similar to the pyrrole
nitrogen ligands in CUrPP and the other is not, but with
parameters resembling the imine nitrogen of metal-coordinated
imidazole.

Conclusions

We have performed EPR and ENDOR studies using pulsed
and CW techniques at X- and Q-band microwave frequencies
on Ni'F430 the putative active state of the methylreductase
enzyme’,82%and parallel studies on NDEIBC, which has been
used extensively as a model for'Rjzp11° The EPR results
reported here at Q-band agree with those reported earlier at
X-band?! The Q-band EPR spectrum of'Ris is rigorously
axial in aqueous solutiong, = 2.244,g5 = 2.063. In contrast,
Ni'OEiBC in 2-Me-THF exhibits a slight rhombicityg = 2.204,

(85) Barkigia, K. M.; Renner, M. W.; Furenlid, L. R.; Medforth, C. J.;
Smith, K. M.; Fajer, JJ. Am. Chem. S0d.993 115 3627-3635.
(86) Telser, J.; Renner, M. W.; Hoffman, B. M. Unpublished results.
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2.080, 2.063. Previous work has shown that both tHE type of nitrogen ligand resembles the pyrrole nitrogen of
pentamethyl ester and the pentabutyl amide also show rhombicCu'TPP, while the other has some similarities with the imine
EPR spectrd*%¢ However, other tetraazamacrocyclic Ni(l) nitrogen of Zn(ll) imidazole complexes.

species show axial EPR spectra in organic sol¥enéppar- One can anticipate that theoretical studies of spin distribution,
ently, the electronic structure of Ni(l) species is quite sensitive making use of the EXAFS and ENDOR data and comparison
to ligand conformational and solvation effects. Fol®&iBC, with the better understood porphyrin systems, might be able to

N ENDOR shows that the in-plargtensor components are  correlate the effects of not only the small differences in
directed exactly between the bonds < 45°) resulting from Ni() =N bond distances, but also the spatial alignment of the
strong in-plane ligand field effects at the metal. This result pitrogen ligands with respect to the macrocycle plane. ENDOR
has been often found for Cu(ll) chelate complexes and is now stydies of other macrocyclic Ni(l) complexes will be undertaken

shown to be the case for a Ni(l) complex. o as well to provide a larger data base on this interesting class of
In the resting state, th8 = 1 Ni(ll) ion has axial bis-aquo  ¢oordination complexes.

coordination as shown by Raman and MCD stud?e8.’1.79n
contrast, the Ni(l) active state shows no evidence of coordination

by water, as shown by this ENDOR study and in earlier ¢ NSF (DMB-8907559 to B.M.H., MCB-9013276 to R.A.S.
ESEEM Work?.l ThF'S’ reductive act?vatipn ofsboin vivo may a Research Opportunity Award to J T., and Research Traini,ng
open the axial site(s) . to_coordlnat|on by the substrate, Group Award DIR-9014281 to the Center for Metalloenzyme
CH5SCoM, as found herin uitro. . Studies) and from the Department of Energy, Chemical Sciences
EXAFS studies of NF02® Ni'FagdMes,?” and NIOEIBC'S Division (Contract DE-AC0276CH00016). We thank Dr.

SE(.)W two sets (E)fl NEI')’N bond ?irs]talr'lcesa(:.ifﬁzrinf? by%%' d Peter E. Doan for assistance with the pulsed ENDOR measure-
This is presumably the source of the ligand field effects detected |, o \ts and helpful comments.

by EPR/ENDOR. For both NDEIBC and NiF,3, the 14N
ENDOR data can be interpreted as resulting from the superposi-
tion of two types of nitrogen ligand in equal abundance,
consistent with the EXAFS results. Analysis of the hyperfine
and quadrupole coupling parameters for these two types of
nitrogen shows substantial differences in bonding to Ni(l): one JA9625337
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