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Pulsed ENDOR and ESEEM Study of [Bis(maleonitriledithiolato)nickel]™: An Investigation
into the Ligand Electronic Structure
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By a combination of Q-band pulsed ENDOR (electron nuclear double resonance) and X-band ESEEM (electron
stimulated echo envelope modulation) techniques, we have determined the hyperfine tensors for ethylene (C1)
and cyano (C2) carbons and N, of [Ni(myjt), along with the quadrupole tensor for nitrogen. These measurements
give xr electron spin densities gf(C1) ~ 0.03 in the C1 2porbital, p(C2) < 0.003,p(N) ~ 0.01, such that in

total, ~0.15 of the spin resides on the ligand atoms C and N, while the rest resides in thed&S giving
p(NiS;~) = 0.85. These results are compared with extendédkeluand density functional (BLYP) MO
calculations, as well as with & calculations reported earlier.

Introduction —‘ -1
Zg

Since the discovery in the mid-1970s that the hydrolytic XC\C —S ' /S\C/CX

enzyme urease contains a Nhe list of proteins and enzymes ; y
urease contai : I Ni—2 |

that specifically bind Ni has grown to include the group of redox C N C
enzymes comprising methyl coenzyme M reducfaseQ XC~ —S l S— 1 ~cX
dehydrogenasgand the majority of the hydrogenases. Because xS 2

these enzymes catalyze two-electron redox processes and Ni

coordinated by innocent ligands has only one common oxidation la X =N

state (Ni(ll)), the role of Ni as a redox center seemed 1o X ="F;

counterintuitive. However, in each enzyme where Ni appears

to be redox active, it is ligated by sulfur, which can participate ~ These compounds are of interest because they pass through
in a redox process or in charge delocalization, as shown by several oxidation states & 0, 1—, 2—) without change in the
studies on nickel dithiolates. In particular, in the case of CO- metal coordination sphere and have a long history of studies
dehydrogenases and hydrogenases, EXAFS (extended X-raydone to determine whether the oxidation takes place at the ligand
absorption fine structure) analysis and crystal structures showsulfurs ions or the metal ion. Specifically, EPR studies and
that the Ni is ligated by cysteine thiolattsnd X-ray absorp-  molecular orbital calculations on the monoani&n= Y/, state

tion spectroscopy (XAS) of the hydrogenase suggests that theof [Ni(mnt),]~ and [Ni(tfd),] ~ have tested whether the unpaired
redox changes are not localized on™NiTo better understand  spin is located primarily on the ligand sulfur or on the metal
the electronic structure of oxidized Ni thiolate complexes, we ion, as Ni(lll)~%L In a single-crystal EPR analysis, Maki et
have used electron nuclear double resonance (ENDOR) andal® assigned the rhombig tensor of [Ni(mnt)]~ to the
electron stimulated echo envelope modulation (ESEEM) spec- molecular axes as shown ira and interpreted it in terms of a
troscopies to reexamine the electronic structure of planar bis-d” compound with the unpaired electron residing inyalite
(maleonitriledithiolato)nickel(lll) ([Ni(mnt)]*) (1a) and of SOMO that has significant contributions from the sulfur
bis((trifluoromethyl)ethylenedithiolato)nickel(l11) ([Ni(tf@}*) orbitals of the ligands. Hyperfine couplings to thi@Ni were

(1b). interpreted as involving a spin density of-250% in a Ni g,
orbital 51213 Schmitt and Maki reported hyperfine satellites
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from natural-abundanc®S1* Depending on whether tH&8S

Huyett et al.

in the spectrum corresponds t8,31 = m> —| + 1). For comparison

parallel and perpendicular hyperfine coupling values were of spectra frontN (I = 1) and*N (I = */2) the coupling constants are
chosen to have the same or opposite signs, the results give 50 related by the ratio of their Larmor frequencies (nuclgdactor)

80% of the total spin density on the four ligand sulfur atoms.
In a separate study, Heuer et al., in 198%&ssumed that the
measured parallel and perpendicul&8e hyperfine coupling

constants for bis((trifluoromethyl)ethylenediselenolato)nickelate-

(1 ([Ni(tds)2]") had the opposite sign and concluded that
~70% unpaired spin resides on the four'Se.

A v
N N —1.403
A14N VN

)

When the quadrupolar couplings are large in comparison with the
hyperfine coupling, second-order quadrupolar shifts are important and

None of these studies directly probed the spin density outsideit is necessary to use the exact solution of the Hamiltonian within each

the [NiX4]~ (X = S, Se) core. However, a discrete-variational
Xo molecular orbital calculation by Sano et’dhdicated that

the olefinic carbon atoms play a significant role in the electronic
ground state of the molecule by contributing between 13 and
20% of the unpaired electron spin density. We here use

ENDOR and ESEEN~20 of 13C and 1*!N isotopomers of
[Ni(mnt)z] ~ to experimentally determine the spin density on the

olefinic (C1) and cyano (C2) carbons and at the nitrogen (see

14). In a companion study, we examine the fluorine ENDOR
on [Ni(tfd);]~ (1b). These experiments, along with the earlier
results of Maki and co-workefd*and Heuer et at$ regarding
the [NiX4]~ core, lead to a complete description of thespin
densities on every atom of [Ni(ma}) and [Ni(tfd)] . These
are compared with extended ekeP! and density functional
(BLYP?272% MO?® calculations, as well as with molecular
orbital calculations reported earliér®

Experimental Section

ENDOR and ESEEM spectra were taken at either 2§ onfrozen
glasses, either DMSO/chloroform (1:1) or DMSO/dichloromethane (1:
1), in X- and Q-band pulsed spectrometers described previét&ly.
ENDOR frequencies are given to first order by

3P,
v (m) = v, + % + 2"(2m -1)

)

The peaks are centerediat(nuclear Larmor frequency) and split by
the hyperfine interactiord, whenA is small @&/2 < v,,) or centered at
A2 and split by 2,. Additional quadrupolar interactions B3 are
present for nuclei with spin greater th&lp, and the observed splitting
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V. G,; Ortiz, J. v.; Foreman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen,
W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.;
Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.;
Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, Gaussian
94; Gaussian, Inc.: Pittsburgh, PA, 1995.

(26) Fan, C.; Doan, P. E.; Davoust, C. E.; Hoffman, B.JMMagn. Reson.
1992 98, 62—72.

(27) Davoust, C. E.; Doan, P. E.; Hoffman, B. M.Magn. Reson1996
Al119 38-44.

ms manifold?® ENDOR simulations with this solution were done using
the program GENDOR run on a P& Pulsed ENDOR spectra were
collected by use of both the Davies sequence {—n/2—7—x)3! and

the Mims sequencet(2—7—a/2—T—n/2) 3233 The ENDOR response
for the Mims sequence is a function of the product of the time between
the first two pulses1) and the hyperfine couplingAj:

R=[1 — cos(2rA7)]/2 3)
The response factoR] can be optimized for a specifis, by settingr
(us) = 1/(2nA (MHz)); it can be nulled, suppressing the response and
creating a “hole” in the observed spectrum, when= 1/(nA).
Stimulated echos/2—1—n/2—T—x/2) ESEEM time-domain spectra
were Fourier-transformed into the frequency domain according to the
“dead time reconstruction” method described by Mithsrequency-
domain ESEEM spectra are simulated using a MatLab program created
by Dr. Hong-In Lee?®>36

Molecular Orbital Calculations. Extended Hokel molecular
orbital calculations (EHMO) were done using the program CACAO
and the BLYP MO calculation was performed with the Gaussiati 94
suite of programs running on a Silicon Graphics Indigo 2 extreme
computer. The LANL2DZ basis sétwas chosen for the latter
calculation because of its use of effective core potentials (ECP) to model
core electrons of transition metals such as Ni, and the dalbkesis
for the valence electrons represents a good compromise between
computational speed and accuracy. The coordinates for these calcula-
tions were generated using a symmetry-optimized moleddjg) (n
which bond lengths and angles calculated from the crystal strdgture
were averagetf

Syntheses of Ligands and ComplexesAll the isotopically labeled
and unlabeled samples of maleonitriledithiolate, " mmwere synthesized
by adapting the procedure of Davison et%o a small scale.N,N-
Dimethylformamide (Fisher Scientific) was dried oveA molecular
sieves, distilled under Nand subsequently used as the reaction solvent.
Commercially available anhydrous diethyl ether (Fisher Scientific) and
isobutanol (Aldrich) were used without further purification. &N
(90%13C), KC™N (98+%"°N) and'3CS; (99%C) were obtained from
Cambridge Isotope Laboratories. These isotopically labeled starting
materials were used as obtained in the syntheses of specifically labeled
samples of mit.
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A sample of Na(mnt) with labeled olefinic C atoms (C1) was  reported by Maki et dl. (the g axes and molecular axes are
prepared by using®CS; in the synthesis of the ligand.**C]Carbon shown in structurel). Labeling with 13C and 15N does not

disulfide (500 mg, 6.49 mmol) was added dropwise to a stirred proaden the EPR. Ni(tfe) (1b) has a similar frozen-solution
suspension of finely ground dry sodium cyanide (318 mg, 6.49 mmol) gpR signal and the sangevalues.

in 2 mL of N,N-dimethylformamide. When the addition was complete, 1 .
the reaction mixture was stirred vigorously for 30 min, during which C1 ENDOR. Mims pulsed 35 GHZC ENDOR spectra

a red-brown solid mass was produced. Isobutanol (5 mL) was added, t@ken across the EPR envelope¥1-labeled [Ni(mng)] ~ are

and the mixture was heated to dissolve the product. The dark brown Shown on the left in Figure 1. The interval, between the
solution was filtered hot, and then the filirate was cooled in ar-ice  first and second microwave pulses for the Mims pulse sequence,
salt bath; a tan crystalline solid was isolated and washed with anhydrouswas set to maximize the ENDOR responseAox 3 MHz (¢
diethyl ether until the washings were pale yellow. The solid was then = 144-184 ns). The top trace, taken at the high-field edge of
dissolved in distilled water (15 mL) and the dark brown solution rapidly the EPR spectrumg = 1.99 (Figure 1A), is associated with
lightened with the precipitation of sulfur. After 24 h, the mixture was  ,51ecules where the field3) lies along thez axis, normal to
filtered and the filtrate was evaporated to dryness under reduced pressurep o molecular planegf). It shows a doublet centered at the

by use of a rotary evaporator. The yellow-brown solid thus obtained ;. _
was dissolved in a minimum volume of ethanol, and the mixture was °C nuclear Larmor frequency(**C) = 12.9 MHz at 12 000

filtered to remove any undissolved material. Addition of anhydrous G) and $p|lt _by the hyperfine coupling 8{*°C1) ~ 3.0 MHz.
diethyl ether and subsequent cooling of the solution in a refrigerator AS the field is decreased from the edge of the EPR envelope,
yielded the ligand as a pale yellow microcrystalline solid, which was the breadth of the pattern decreasesC1)~ 1.5 MHz atg
then filtered off and dried over,P, under vacuum. Yield= 0.274 = 2.01 (Figure 1C) and then increases agaid\t5C1) ~ 4.6
g (45% based on NaCN). MHz as the field is decreaseddgp(Figure 1D-F). Continuing

Similarly, samples of Kimnt) with labeled cyano C atoms (C2) were  on to the other edge of the EPR envelogg,(the breadth of
prepared by using ®CN in the preparation. Carbon disulfide (667  the pattern remains constant. However, a shoulder appears for
mg, 7.577 mmol) was added dropwise to a stirred susper)sion of finely jntermediate fieldsg, < g < gx (Figure 1F,G). The spectrum
?J:’mugdm%g '4::%'”05351% Tr?e 7;;6683"[]?;')0&”%] e"&" :Sé':'/'ed';gltggg e 12Ken atl they, edge of the EPR envelope shows a sharp doublet
potassium salt of the ligand as a pale yellow microcrystalline solid, \IIEVII\tIrE) Sg Srﬁg;szre%inllﬂsgie(cl;lgo%ir %é)éoll?ﬁ;)bnaggt cg)\xii?nlthese
which was collected by filtration and dried ovesR, under vacuum.
Yield = 0.225 g (27%). pulsed ENDOR results (data not shown).

Labeling of the N atoms of the ligand was achieved by employing ~ The full 2-D pattern of frequency versgscan be simulated
KC™N in the synthesis. Carbon disulfide (667 mg, 7.577 mmol) was by an axial hyperfine coupling tensor that is coaxial with ghe
added dropwise to a stirred suspension of finely ground dry°KC tensor withA[x,y,z] = +[4.6, 4.6,—3.0]; this corresponds to
(500 mg, 7.576 mmol) in 2 mL df|,N-dimethylformamide. Following an isotropic couplingais, = —2.1 MHz and an anisotropic
the procedure outlined above yielded(K°N]mnt) as a pale yellow dipolar tensorT = [~2.5, —2.5, 5] MHz. The simulations,
microcrystalline solid which was collected by filtration and dried over which include the Mims response factor (eq 3), are shown below
P4Oso under vacuum. Yield= 0.233 g (28%). the experimental data and reproduce both the frequencies and

Yields of the ligands labeled in the cyano group were lower{(27 . . . . .
28% based on KCN) than obtained for unlabeled or C1-labeled samples_Shap(':‘S quite well, with the proviso that the ENDOR line width

due to the use of KCN instead of NaCN in the synthesis, as noted in IS deliberately set low to accentuate the features. To clarify

the published proceduré. the 2-D behavior, the figure in the center of Figure 1 shows a
Syntheses of the Ni(ll) complexes, (BM)[Ni"(mnt)], were per- plot of peak positions versug values; the shaded region

formed as previously descrildby the addition of an aqueous solution  identifies responses suppressed by the choiee dhe relative

of NiCl»6H,0 (Fisher Scientific) to an ethanelater (1:1 v/v) solution signs of the hyperfine couplings are determined by the simula-

of Ky(mnt) or Na(mnt), followed by precipitation with BIN(Br) tion; the absolute signs are fixed by assuming that the dipolar
(Aldrich). _ _ _ contribution to the C1 hyperfine tensor comes from spin density
The formally trivalent nickel complexes, BM[Ni" (mnt)], were in the 2p orbital on C1 p(13C1),,) that arises from delocal-

. ST f HIl _ . 3 . .
synthesized by oxidizing the corresponding (BJ[Ni"(mnt)] com ization of the odd-electron orbital. Comparison of the measured
plexes with iodine as described in the literattfreSamples prepared

in this manner were purified by dissolving them in acetone and dlpm?r Componelm along, (T = 5 MHZ) tlo that for a single
reprecipitating them with dry diethyl ether. The samples were collected spin in 2p, Tp—q( °C) =184 MHz, givesp( 3C1)2Pz = TiMp=1-

by filtration and dried over ;o under vacuum. Sample purity was (*3C) = 0.025.

determined by elemental analysis performed by the University of  13C2 ENDOR. Pulsed and CWASC ENDOR spectra of
Massachusetts Microanalysis Laboratory. For unlabeledNpii" - [Ni(mnt)z]~ labeled with!3C at the cyano carbons (C2) agree
(mnt)], yield = 441.5 mg (62%). Anal. Calc for GHzeNsSuNi: C, in showing one doublet at all fields across the EPR envelope
49.57; H, 6.24; N, 12.04. Found: C, 49.23; H, 6.02; N, 11.88. For (qata not shown). The splitting decreases frany 3.4 MHz
[*C1]BUN[NI"(mnt)y], yield = 247 mg (58%). Anal. Calc for 5 yhe high-field edgedf) of the envelope, te ~ 2.6 atgy.

13C,Co0H2eNsSNi: C, 49.91; H, 6.20; N, 11.96. Found: C, 49.64; H, . . . . . .
6.11; N, 11.62. ForfC2]BuN[Ni" (mnt)], yield = 179.6 mg (60%). This is consistent with a hyperfine tensor that differs qualita-

Anal. Calc for 13C,CoHaNsSuNi: C, 49.91; H, 6.20; N, 11.96. tively from that of C1 in being_largely isotropid (13C2) =
Found: C, 49.57; H, 6.07; N, 11.59. FéFI‘{I]Bu4N[Ni”'(mnt)2], yield [2.6, 2.8, 3.4] MHZ, correspondlng b= [0.17, 0.27,—0.43]

= 192.2 mg (62%). Anal. Calc for GHze®™NsNSNi: C, 49.23; H, MHz and as, = —2.9 MHz. The small dipolar component
6.20; N, 12.64. Found: C, 49.08; H, 6.13; N, 12.46. correspondsr spin density of less than 0.5%.

[Ni(tfd),]~ was synthesized according to the procedure described 14N ENDOR. The CW (data not shown) and Mims pulsed
by Heuer et at® 14N ENDOR spectra taken at (Figure 2A) show a doublet of

doublets, as expected from eq 2. This pattern can be assigned
in either of two ways:A(**N) = 0.94 MHz with a quadrupole
The EPR spectrum of [Ni(mnf)~ *C1-labeled 82 K in a splitting of 3P = 2.4 MHz or A(**N) = 2.4 MHz with a
frozen solution (1:1 DMSO/CHGlglass) is shown to the far  quadrupole splitting of B = 0.94 MHz. The key to distin-
right in Figure 1. Theg values,gyx = 2.14  axis),gy = 2.04 guishing is to note that the spectrum is centered not exactly at
(y axis), andg, =1.99 @ axis), agree with those previously vy (v(**N) = 3.7 MHz at 12 000 G) but rather at a frequency

Results
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Figure 1. 3C1 Mims ENDOR of [Ni(mnt})]~ is shown at left of the figure with simulations shown below. To the right is a scheme which maps

out the hyperfine tensor. Between the two figures are dashed lines which connect the spectra and simulations to the position on the peaks in the
scheme. At the far right is &h2 K dispersion mode CW EPR spectrumt#t1-labeled [Ni(mn)]~ with the g values marked. The shaded area on

the scheme shows the peaks that are suppressed due to the choi€lsle conditions: microwave frequency 34.702 GHz: 2 K; tre = 60

us; /2 pulse width 32 ns; repetition rate 71 Hz; number of scans (A, C, I) 1 scan, (B, D, G, H) 4 scans, (E, F) 7 scard) (A=C44 ns, (B)

7 = 164 ns; field (A) 12 440 G, (B) 12 380 G, (C) 12 350 G, (D) 12 230 G, (E) 12180 G, (F) 12 136 G, (G) 12 000 G, (H) 11 800 G, (I) 11 858

G. Pulse simulation conditions: Simulations were done using GENDOR using the parameters discussed in the text. The simulations were then
multiplied by the response factor for the appropriate choice @he scheme was generated using a Matlab program. EPR conditions: microwave
frequency 35.25 GHz, modulation amplitude 0.67 G, time constant 32 ms, modulation frequency 100 kHz, power 0.2 mW.

0.3 MHz greater tham(**N). Such an offset arises from the
“second-order” effects of a quadrupole coupling that is large
compared to the hyperfine coupling, and thus the offset indicates
the former assignment. To confirm this, simulations were done
with both sets of hyperfine and quadrupole parameters: only
the simulation that uses the parameters with the large quadrupole
(3P = 2.4 MHz) (Figure 2B) matches the experimental
spectrum’s frequencies and relative intensities. Furthermore,
the valuer = 380 ns in the Mims pulsed spectrum was chosen
to optimize the response fér~ 1 MHz (eq 3) and would have
suppressed signals wheke= 2.6 MHz, contrary to observation.
15N ENDOR and “N ESEEM. Becausé“N ENDOR was
not easily obtained aj values other thag,, the molecule was v-v(!N) MHz
isotopically enriched witB®N to determine the ful“N hyperfine
tensor. N ESEEM of natural-abundance [Ni(mgt) was then
used to obtain thé*N quadrupole tensor. Figure 2. N Mims ENDOR of [Ni(mnt}]~ with simulation atg,.
Figure 3 shows the field dependence of ¢ Mims pulsed Pulse conditions: microwave frequency 34.76 GHz 2 K, /2 pulse
ENDOR spectra. The spectrum taken gﬁtcorresponds to width 60 I"ISIRF.: 60/118,‘[ =380 ns, repetition rate 50 Hz, field 12 450
A(®N) = 1.3 MHz, as predicted by eq 2 from the measured G, 6 scans. Simulation was done using GEND®Rs ¢ = 0°, oo =

14Ny — L 60°, B = 90°, andy = 0°, ENDOR line width 0.2 MHZzA,,,, = [0.13,
value, A(**N) 0.94 MHz, thus confirming the abovéN 0.10, 0.94] MHz, andPy,; = [0.85, 1.1,—1.95 MHz]. Horizontal

assignment. The field dependence of %EN Mims ENDOR brackets represent the quadrupole couplings; the breadth of the zigzag
spectra is characteristic of an approximately axial dipolar |ine is the hyperfine coupling. The dotted line ist“N), and the
hyperfine splitting with the largest component alongghaxis. dashed line throug® shows the offset discussed in the text.

pulsed

sim.

T
-2 -1 0 1 2 3
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Figure 3. >N Mims pulsed ENDOR (left) and simulations (right). Conditions (left): microwave frequency 34.83 GHZ K; n/2 pulse width

60 ns;tre = 60 us; repetition rate 25 Hz; (Ay = 1.152us, (B—H) = = 800 ns; field (A) 12 450 G, (B) 12 330 G, (C) 12 230 G, (D) 12 190 G,

(E) 12110 G, (F) 11 960 G, (G) 11 860 G, (H) 11 660 G; number of scans (A, C) 4, (B) 2, (D, G, H) 1, (E) 6, (F) 3. Conditions (right): simulations
using GENDOR, withh = ¢ = 0°, ENDOR line width 0.02 MHzA,,,, = [0.20, 0.15, 1.3] MHzg,, g,, andg; are in bold in both the experimental
spectra and the simulations. Brackets in spectra represent measured hyperfine couplimgieaighates (*°N).

Simulations of the data using an essentially axial hyperfine
tensor ofAyy, = [0.2, 0.16, 1.30] MHz, corresponding Tq,,

= [-0.35,-0.39, 0.75] MHz andhs, = 0.55 MHz, agree with
the data well (see figure at right).

Figure 4 shows the time domain and frequency domain Mims

X-band ESEEM spectra N natural-abundance [Ni(mni)
taken withr = 140 ns to suppress modulation from protons in
either the solvent or counterion. A, the 1N modulation is

. *

deep (Figure 4A), and frequency domain, Figure 4D, shows

three distinct peaks between 2.8 and 4.5 MHz, along with weak
low-frequency peaks. Moving away from thgs value, the
modulation depth decreases dramatically as seen in Figure 4B,C. b

The transform of they, time wave (Figure 4E) shows a splitting
of the higher frequency peaks, while that @f (Figure 4F)

shows only two peaks. The frequency domain spectra were

simulated using d@*N hyperfine coupling tensor obtained by
scaling that determined by tH&N ENDOR. A cyano group

nitrogen is expected to have a nearly axial quadrupolar coupling

tensor,P123=[—Py/2, —Py/2, Py, with P, along the bond B

is the measured quadrupole coupling), which lies in the molecule

at an angle of 60with gy; the other components are perpen-
dicular to the CN bond, one in the plane of the molecule and
the other perpendicular to the plane (alagy In this case,
the quadrupole splitting measured in #48 ENDOR spectrum

at g, (Figure 2A) corresponds tB,/2, and this gave an initial
estimate o£2qQ = 2P, ~ 4 MHz. The final simulations, shown
below the experimental figures, used the paramet&Qs =

3.9 MHz and a slight rhombicityp; 3= [2.4, 2.6, 5.0] MHz,
with the out-of-plane componenk;, as the smallest. The

c. & M/LMNWL

I_I_T Y_I T ' 1T ' TTT ]' [ T I T "l
0 2 4 6 8 0 2 4 6 8 10
Us MHz

Figure 4. “N ESEEM of [Ni(mnt}]~ shown in the time domain (A

C) and in the frequency domain with simulations<B). ESEEM
conditions: microwave frequency 9.70 GHE= 4 K; repetition rate

33 Hz;7 = 140 ns;t, = 16 ns; field (A) 3480, (B) 3430, (C) 3240 G;
number of scans (A) 3, (B) 12, (C) 10. Fourier transforms-¢) of

the time domain were obtained by dead time reconstruction patterned
after Mims3* Simulations of the frequency domain were done using a
MatLab program and are shown below the experimental spectra.
Conditions: 6 = ¢ = 0°, o = 60°, f = 90°, andy = 0°, Ay, = [0.13,

0.10, 0.94] MHz,£2qQ = 3.9 MHz, andy = 0.15.
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Table 1. Spin Densities

nuclei p(exp) o(Xa)© p(BLYP)® p(EH)°
61N 0.2% 0.179 0.175 0.16
333 0.13 0.161 0.144 0.13
[NiS4] 0.85 0.82 0.75 0.68
BCc1 0.025 0.029 0.047 0.06
13C2 0.003 0.002 0.00 0.01
9F 0.000

1IN 0.01 0.013 0.014 0.02

ab Spin density reported as a range by Maki €t détermined from
the 8INi hyperfine and spin density for S depends on the sigrfie
hyperfine coupling constant (0.13 vs 0.203s discussed in textXa
spin densities are from Sano et’&H?! and BLYP?® are calculated as
described in the text.

the maximum and minimum hyperfine coupling of the broad
peaks A(*°F) = 11 and 2 MHz, respectively, givds= 9 MHz

T T T T T T T T T anda= 2 MHz. The isotropic hyperfine coupling corresponds
-6 -4 -2 0 2 4 6 to a minuscule spin density on the fluorireg{p =1) = 47 910
v-v(%F) MHz MHz; p(F) ~ alaso~ 4 x 1079). The sharp doublet presumably

Figure 5. 1% Davies ENDOR ag, g, andg, Conditions: microwave corresponds to one specific, well-populated orientation.

frequency 34.68 GHZT = 2 K; x/2 pulse width 132 nstre = 60 us; MO Calculations of [Ni(mnt) ] ~. The results of the X,’

7 = 510 ns; repetition rate 42 Hz; fieldy) 11 550 G, ¢,) 12 130 G, EH,2t and BLYP MO calculations are shown in Table 1; the
(97 12 440 G; number of scangq 8, (g,) 3. () 4. Brackets in they, SOMO, as calculated by the BLYP MO method, is superposed
spectrum represent measured hyperfine couplingsvadesignates- on the molecular framework of [Ni(mni)™ in Figure 6. All

1o . ; :
(*°F). The shaded area is dominatedfyH) as stated in the text. agree in giving a large majority of spin to the [N]S core,

with the Xa. MO calculation, for whichp(NiS;~) = 0.82 (Table

1), being closest to the experimental resyb@iS,~) = 0.85.
Looking at the individual atom spin densities, the differences
between the calculated and experimental C1 and N spin densities
do not appear appreciable because the individual spin densities
themselves are small. However, it may be worth noting that
the aggregate results for the two high-level calculations give a

ESEEM frequency domain spectra (Figure 4D,E,F) are repro-
duced quite nicely with these parameters. The agreement
between thé>N ENDOR and ESEEM spectra confirms the
analysis of both the hyperfine and quadrupole tensors. Con-
sideration of thesé*!N tensors shows that the difficulty in
obtaining thelN ENDOR spectra agjx and gy arose because

of the combination of extremely small hyperfine values and large i . i X
quadrupolar couplings. The spin density in #& 2p, orbital good representation of the total spin density on the;Ni8e,

is calculated using the scaled dipolar contribution component but the EH qalczulatlon appreciably undere;stlmates thelspln on
14 1NN — [ _ .14 — the core,p(NiS,~) = 0.68, and correspondingly overestimates

of A(**N), T(¥*N) = [—0.26,—0.29, 0.55] MHz: p(**N)2,, = that on th inder of th lecul

To/T,—(1N) = 0.01 (T,—y(*¥N) = 96 MHz). at on the remainder of the molecule.

19 ENDOR of [Ni(tfd) 5] ~. Figure 5 shows fluorine ENDOR . )
spectra of [Ni(tfd)]~, where CF has replaced the CN group ~ Discussion
(structurelb). H ENDOR signals from solvent or an ion-paired
tetran-butylammonium cation, centered at the proton Larmor N
frequency ¢(*H) = 51.1 MHz at 12 000 G), are shaded in the T
figure; overlap from théH signal alters the intensity of the.
branch of thé®F signal at all fields. Thé% signal atg, shows
a sharp doublet centered at the fluorine Larmor frequeney (
(*F) = 48.3 MHz at 12 000 G) with a hyperfine coupling of
A(*F) = 3 MHz. This rides on an unresolved, brod8 doublet
with hyperfine couplings in the rang&°F) ~ 3—7 MHz, with
the most probable value &(*°F) ~ 6 MHz. The coupling of
the sharp doublet decrease\&F) = 2 MHz atg, and changes
little at still lower fields A(*°F) =2.2 MHz atg,). The broad
coupling extends over a wider range at the higberalues,
A(*F) ~ 2—11 MHz atgy,, with A(*F) ~ 7—8 MHz being the
most probable. Thé®F hyperfine couplings are expected to
arise from hyperconjugation with spin density in a C1 @jbital
and to have a roughly isotropic coupling that depends on the
angled between the C1 Zprbital and the CF bond according
to the following equatiort!

We have determined the hyperfine tensors for C1, C2, and
of [Ni(mnt),] ~, along with the quadrupole tensor for nitrogen.
he large difference between tHéN quadrupole coupling
constants and the hyperfine coupling constants, which causes
second-order effects in tHéN splitting pattern resulting in a
shift to slightly higher frequenciesH0.3 MHz) of [Ni(mnt),] -

at g, made it necessary to use bottN ESEEEM and!>N
ENDOR to determine complete hyperfine and quadrupole
tensors. However, we note that the upshift, which is accounted
for in the exact solution of the Hamiltonian given by Mui#¥a,
can be used in other studies to assign an ENDOR pattern with
large quadrupole splittings and weak hyperfine interactions. The
excellent agreement of the frequency domain ESEEM spectra
and ESEEM simulations based on ENDOR determinations of
the quadrupolar and hyperfine coupling tensors confirms those
tensors. These measurements gi(@1) ~ 0.03 in the C1 2p
orbital, as shown in Table 1, apdC2) < 0.003. The calculated

7t spin density is small for nitrogen as shown in Table 1.

In total, ~0.15 of the unpaired electron resides on the ligand

_ atoms (C and N), while the rest resides in the NiSre, giving
A=a+bcos 0 ) Pp(NiSs7) = 0.85. This result confirms certain assumptions made
in the earlier reports of Ni and S spin densities. The spin
densities reported by Maki and co-workers hinged on the relative

(41) Gordy, W.Theory and Applications of Electron Spin Resonadoén signs of the pfirallel and per_pendicular hyperfine coupling
Wiley & Sons: New York, 1980; Vol. XV. constants ofINi and 33S hyperfine tensor componertts! as

The broad peak is assigned to a distribution of rotamers. Taking
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Figure 6. Diagram of the [Ni(mng]~ SOMO drawn from the BLYP wave function at a value 0.03. Black and gray represent opposite signs of the
wave functions. Top: view nearly along tlzeaxis. Bottom: view along tha& axis.

discussed above. An assumption of opposite signs for the experiments showed small amountssafelocalization through
dipolar hyperfine couplings of the nickel gapéNi) ~ 0.25— bond polarization.

0.50 for the unpaired electron residing on the Ni, and our  The results obtained support the notion that S-donor atoms
measurements support the lower end of this range (0.32). Thegre intimately involved in the oxidative chemistry associated
tensor components of the natural-abundaf®® hyperfine  with Nj sites in hydrogenases and other enzymes with cysteine
satellites fo andA) were chosen to have the same sign, which |igation of Ni. This provides one possible explanation for the
giVeS a total of 0.560.60 of the unpail’ed electron on the four lack of Changes in electron density on Ni or in thed$i bond
Sl.JlfUl"SEI'4 The total [le] Spin density of~0.85 is consistent |ength observed for the Ni site in hydrogenase by )@AS
with our results, confirming the earlier sign choices. The weak Recently, it was shown the Ni site of hydrogenase forms part
19F coupling pattern seen for [Ni(tfgl) shows that the electronic  of 5 heterodinuclear, [Ni, Fe] centef3-45 Although the subject
structure of the compound must be similar to that of [Ni(rjnt) of the redox chemistry of this center is controversial, IR studies

and this supports the analysis of Heuer et‘aihich putp- indicate that the Fe ion is not redox actit#4:4647
[NiSes] ~ 0.85.
For comparison with experiment, we performed extended
Huckel (EH) calculation® and BLYP MO calculatior® to Acknowledgment. We thank Mr. Clark E. Davoust for

obtain predicted spin densities on C1, C2, and N, as well as SeXxpert technical assistance. This work was supported by grants
and Ni, and give these results along with those from te X from the NIH (GM-38829 (M.J.M.); HL 13531(B.M.H.);
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BLYP MO calculation is given in Figure 6. All the MO  (J.E.H.).

calculations, EH, X, and BLYP, agree with experiment in 9703639

having the majorityr spin density on the [Nig core, with most

of that spin located on the four sulfurs. In absolute terms, the

(42) Reijerse, E. J.; Thiers, A. H.; Kanters, R.; Gribnau, M. C. M.; Keijzers,

spin densities predicted for C and N by the three MO C. P.Inorg. Chem.1987, 26, 2764-2769.

calculations differ little, because thés are small, but the ¥ (43) Volbeda, A.; Charon, M.-H.; Piras, C.; Hatchikian, E. C.; Frey, M.;
agrees best with experiment. If we focus on phef individual Fontecilla-Camps, J. QNature 1995 373 580-587.

atoms, not groups, the ratip(C1)/p(S) ~ 0.025/0.16~ 0.16, (44) Happe, R. P.; Roseboom, W.; Bagley, K. A.; Pierik, A. J.; Albracht,

N ) o L S. P. JNature 1997, 385, 126.
indicates a rather substantial ability to suppodelocalization (45) Huyett, J. E.; Carepo, M.; Pamplona, A.; Franco, R.; Moura, I.; Moura,
from the 3px orbital on S to the 2pr orbital on C. This can J. J. G.; Hoffman, B. MJ. Am. Chem. S0d.997, 119, 9291-9292.

be contrasted to an analogous study by Keijzers and co-(46) Dole, F.; Fournel, A.; Magro, V., Hatchikian, E. C.; Bertrand, P.;
42 Guigliarelli, B. Biochemistryl997, 36, 7847-7854.
workers;*where ENDOR and ESEEM were used to probe the (47) Bagley, K. A.: Duin, E. C.; Roseboom, W.; Albracht, S. P. J.:

electronic structure of [Cu(mn{f-, and the results of those Woodruff, W. H. Biochemistryl995 34, 5527-5535.





