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S K-edge XAS for a low-spin Ni'—thiolate complex shows a 0.2 eV shift to higher pre-edge energy but no change
in Ni—=S bond covalency upon H-bonding. This is different from the H-bonding effect we observed in high-spin
Fe''—thiolate complexes where there is a significant decrease in Fe—S bhond covalency but no change in energy
due to H-bonding (Dey, A.; Okamura, T.-A.; Ueyama, N.; Hedman, B.; Hodgson, K. O.; Solomon, E. I. J. Am.
Chem. Soc. 2005, 127, 12046—12053). These differences were analyzed using DFT calculations, and the results
indicate that two different types of H-bonding interactions are possible in metal—thiolate systems. In the high-spin
Fe'—thiolate case, the H-bonding involves a thiolate donor orhital which is also involved in bonding with the metal
(active), while in the low-spin Ni'thiolate, the orbital involved in H-bonding is nonbonding with respect to the M-S
bonding (passive). The contributions of active and passive H-bonds to the reduction potential and Lewis acid
properties of a metal center are evaluated.

Introduction sulfur ligands’® Metal—sulfur-based active sites are abun-
dant in nature, performing a wide variety of functions,
Hydrogen bonding plays an important role in tuning the ncluding redox catalysis (e.g. -@ctivation by cytochrome

reactivity of protein active sites by modulating active-site P450), small-molecule activation (e.g., superoxide reductase),
geometric and electronic structuré.The role of these  Lewis acid catalysis (e.g., nitrile hydratase), and electron
H-bonds has been evaluated using several different experi-transport (e.g., FeS and blue copper protein¥).1® Many
mental and computational techniqugsAlthough there are  of these sites have multiple H-bonding interactions between
some significant developments in understanding H-bonding the sulfur ligands (thiolates or bridging sulfides atoms) and
with second-row elements (N, O, etc.), only a few studies the peptide backbone. These active sites significantly differ
have evaluated the effects of H-bonding on the structure andin €electronic structure relative to geometrically similar

reactivity of inorganic complexes and active sites having
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inorganic model complexes. H-bonding interactions can
affect the M—S bond covalency and thus make a significant
contribution to the observed large differences in reactivity
between model complexes and protein active Sitétow-

ever, current knowledge about these relatively weak yet

crucial interactions is limited by the fact that conventional
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spectroscopic techniques are often not very sensitive t0 thegig e 1. schematic representation of Ni(DACO) and [NI(DAC®)]

small perturbation of H-bonding.

Ligand K-edge X-ray absorption spectroscopy (XAS) is
a powerful physical method that provides a direct experi-
mental estimate of the covalency of metlgjand bonds>16
The K-edge XAS spectrum of a ligand bound to a transition
metal can have an intenpee-edgdeature. This is assigned
to the ligand 1s-(ky)-to-metal-based 3d (M) transition. The
intensity of this transition is directly proportional to the
percent ligand np character (in this case, percggtriixed

into unoccupied or half-occupied metal-based 3d orbitals of

the ground-state wavefunctioW] of the transition-metal
complex.

¥ =(1-0)" Mg~ + alL > 1)
where o is the ligand coefficient in the half-occupied or
unoccupied orbital. The intensity)(of the Lis — Mgqy
transition is

I(Lls_> MSd) = azl (Lls_’ an) (2)

wherel(Lis— Lnp) is the intensity of a purely ligand-based
1s— np transition, which depends primarily on thg value
of the ligand!” The pre-edge intensity thus provides a direct
estimate of ligangrmetal bond covalencyof). Due to the
localization of the core hole on the ligand, this technique

involves minimal final state effects (e.g., core hole interaction
with the d"* final state) and electronic relaxatiéh.

This technique has previously been used to investigate the

effect of H-bonding in active sites of Gt and Fe-S
electron-transfer proteiri&!® XAS data on the proteins
showed significant reductions of 5 bond covalency,
which qualitatively correlated to the extent of H-bonding
interaction in the active sit€. 2! For a quantitative estimate
of this effect, S K-edge XAS on a series of heme thiolate

complexes used in this study.

the thiolate ligand was systematically increade@ihe data
showed dramatic reduction in pre-edge intensity with in-
creasing H-bonding, which indicated the weakening of e
dz—psr covalency. The increased H-bonding was calculated
to stabilize the reduced site more than the oxidized state,
which predicts a positive shift in the reduction potential, as
experimentally observed.

In this study, we report S K-edge XAS and density
functional theory (DFT) calculations on square-plandrNi
thiolate complexes (Figure 1) as solids and in H-bonding
solvent solutions. The data obtained here show a very
different behavior than the experimental results we observed
in ref 22 for the heme thiolate system; there is no decrease
in Ni—S bond covalency but there is a shift in pre-edge
energy due to H-bonding. DFT calculations reproduce this
behavior and indicate that it is the result of the differences
in M—S bonding interactions between a thiolate and a high-
spin ¢ Fe" ion which involvesz ando bonds and a low-
spin & Ni" ion which involves onlyo bonds. This reflects
two very different types of H-bonding scenarios having
similar overall energy but rather different effects on electronic
structure.

Experimental Details

Materials and Methods. The complexes N[N,N'-bis(2-mer-
captoethyl)-1,5-diazacyclooctanato] (Ni(DACO)) and [Wis-Ni''-
[N,N'-bis(2-mercaptoethyl)-1,5-diazacyclooctanato]] ([Ni(DACH)]
were synthesized as described in ref 23. Dry acetonitrile (percent
H,0 < 0.01%) was obtained from Acros. For XAS experiments,
the samples were ground into a fine powder and dispersed as thinly
as possible on sulfur-free Mylar tape. This procedure has been
verified to minimize self-absorption effects. The sample was then
mounted across the window of an aluminum plate. Fresh solutions

model complexes was performed where the H-bonding to of Ni(DACO) and [Ni(DACO)Ni] were prepared before the
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experiments~10 mM in concentration. The solutions were loaded
via a syringe into a Pt-plated Al block sample holder sealed in
front using a 6.3xm polypropylene window and maintained at a
constant temperature of 4C during data collection using a
controlled flow of N> gas precooled by liquid Npassing through
an internal channel in the Al block.

Data Collection. XAS data were measured at the Stanford
Synchrotron Radiation Laboratory using the 54-pole wiggler beam
line 6-2. Details of the experimental configuration for low-energy
studies have been described previod&lyhe energy calibration,
data reduction, and error analysis follow the methods described in
ref 16.

(22) Dey, A.; Okamura, T.-A.; Ueyama, N.; Hedman, B.; Hodgson, K. O ;
Solomon, E. 1.J. Am. Chem. So005 127, 12046-12053.
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S K-edge XAS of Actie and Pasgie H-Bonds

Fitting Procedures. Pre-edge features were fit by pseudo-Voigt
line shapes (sums of Lorentzian and Gaussian functions) using the
EDG_FIT software?* This line shape is appropriate, as the
experimental features are expected to be a convolution of a
Lorentzian transition envelope and a Gaussian line shape imposed
by the beam line optic¥.26 A fixed 1:1 ratio of Lorentzian to
Gaussian contribution successfully reproduced the pre-edge features
and was kept fixed during the fitting procedure. The rising edges
were also fit with the same pseudo-Voigt line shapes. Fitting
requirements included reproducing the data and its second deriva-
tive, using the minimum number of peaks. The intensity of a pre-
edge feature (peak area) was calculated using the expression
intensity= 2x amplitudex full-width-at-half-maximum (fwhm).

The fwhm value is between 0.45 and 0.5 for each peak. The reported
intensity values for the model complexes are an average of all of
the accepted pre-edge fits, typically-6 (which differed from each
other by less than 3%). The fitted intensities were converted to
percent g, character using the pre-edge feature of plastocyanin as
a reference (where 1.01 units of intensity, obtained using this

program, corresponded to 38%,8haracter), as th&e; value on
the S atom of the thiolate ligand will not change significantly
between the CuS active site of plastocyanin and the N8
complexes studied here.

DFT Calculations. All calculations were performed on dual-

CPU Pentium Xeon 2.8 GHz work stations. Geometry optimizations

were performed using the BP868functional inthe Gaussian 03
progran?® employing a 6-311g* basis set on the Fe,Ni,S and N

atoms and a 6-31g* basis set on the C and H atoms. Single point

calculations were performed using 6-31-tg** basis set on all

atoms for wavefunction and population analysis. A polarizable
continuuni® solvation model (acetonitrile as solvent) was used for
energy calculations. For calculations of ionization energies (IE'’s),

the geometries were optimized for both oxidation states and the

energy of a free electron was accounted for (4.43 8Vjhe
molecular orbitals were plotted usiDOLDEN, and the Mullike2
population analyses were performed usingRi#Olyzé&3 program.

Results

The S K-edge XAS spectrum of Ni(DACO) is shown in

Figure 2A (black). The spectrum has a sharp feature a

2470.8 eV (Table 1, first row), which is assigned to thaRS
— Nigq pre-edgetransition. The intensity of the pre-edge
transition is directly proportional to thegsorbital mixing
in the acceptor Nj; lowest unoccupied molecular orbital
(LUMO) (eq 1) of this square-planar Ncomplex, i.e., Ni-S

(24) George, G. NEXAFSPAKand EDG_FIT, Stanford Synchrotron
Radiation Laboratory, Stanford Linear Accelerator Center, Stanford
University: Stanford, CA, 2000.

(25) Agarwal, B. K.X-ray Spectroscopyspringer-Verlag: Berlin, 1979;
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(30) Miertus, S.; Scrocco, E.; Tomasi,Ghem. Phys1981, 55, 117-129.

(31) Han, Wen-Ge; Lovell, T.; Noodleman, Inorg. Chem2002 41, 205—
218.

(32) Mulliken, R. S.J. Chem. Phys1955 23, 1833-1840.

(33) Tenderholt, A. L.PyMOlyze version 1.1; Stanford University:
Stanford, CA. http://pymolyze.sourceforge.net.

Figure 2. S K-edge XAS spectrum of (A) [Ni(DACO)] as a solid (black),
aqueous solution (dotted black), and acetonitrile solution (red); of (B) Fe-
(porp)SPh (blue) and Fe(porp)SL2 (dashed blue, SL2 refers to 2,6-bis-

t(triﬂuoroacetamide}thiophenol as shown in inset) adapted from ref 22;

and of (C) [Ni(DACO)}Ni as a solid (green) and in aqueous solution
(dashed green).

bond covalency. The pre-edge can be fit with a single peak,
and the intensity obtained is 1.25 units; that corresponds to
46% S, character (Table 1, first row) in the acceptordNi
orbital. Note that the pre-edge feature includes two degener-
ate transitions, one from each sulfur. Thus, 46§c8aracter
implies that each thiolate contributes 23%, Eharacter to

the wavefunction. Theising-edgeat ~2472.8 eV (Table 1,
first row) is assigned to the RS~ R&-s ,+ transition3*

The S K-edge spectrum of Ni(DACO) in B solution
(Figure 2A, black, dashed) shows that the pre-edge shifts to
2471.0 eV (Table 1, second row,~&.2 eV increase) but
shows no decrease in intensity. This energy shift could be a
result of solvent H-bonding or axial coordination of the
solvent molecules to the Ni center. The XAS data of Ni-
(DACO) dissolved in CHCN solution (Figure 2A, red),

(34) Dey, A.; Chow, M.; Taniguchi, K.; Lugo-Mas, P.; Davin, S.; Maeda,
M.; Kovacs, J. A.; Odaka, M.; Hodgson, K. O.; Hedman, B.; Solomon,
E. . J. Am. Chem. SoQ00§ 128 533—-541.
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Table 1. XAS Results

Dey et al.

complex pre-edge intensity 35(%) pre-edge energy rising-edge energy
Ni(DACO) 1.25+0.01 46+ 1 2470.8+ 0.1 2472.8+ 0.1
Ni(DACO) + H,O 1.25+0.01 46+ 1 2471.0+£0.1 2473.0+ 0.1
Table 2. DFT-Calculated Geometry and Wavefunction
geometric parameters wavefunction

(average) (summed overall unoccupieddylorbitals)

model M-S M—N2 S-0O? S—H—-0P Mag (%( Ssp (77,0) (%) N2p (%)

Ni(DACO) 2.17 2.00 47 0, 38 11
(2.17) (1.98)

Ni(DACO) + 2H,0 2.18 1.99 3.33 165 47 0, 38 12

FePSMe 2.30 2.09 359 32,22 59

FePSMet H20 231 2.09 3.36 151 361 27,22 60

aUnits in A. P Units in degrees.

however, does not show the energy shift observed in ti& H

complex3” The optimized bond distances for Ni(DACO)

solution data. This eliminates the possibility of solvent (Table 2, first row) are in reasonable agreement with its

coordination as a cause for the observed pre-edge energyeported crystal structure (Table 2, first row, in parentheSes).
shift and indicates that this is, in fact, a result of solvent The calculations indicate that both without and with H-

H-bonding?®

The lack of intensity change on H-bonding is in contrast
to the results obtained for a series of ferric heme thiolate
complexes where the pre-edge intensity decreased from 1
to 1.01 units upon introducing two H-bonds to the thiolate

bonding the Ni 3¢y orbital is the LUMO and that it has
strongo antibonding interactions with the jNand the &,
orbitals (Figure 3; the complete MO diagram is provided in

§upp0rting Information Figure S1). The calculated wave-

function has a total 38% 3§ character (19% each) in the

(Figure 2B)?2 There was also a 0.5 eV shift in the pre-edge acceptor Ni 3Q‘Y2 orbital compared W.ith the 46% chare-\cter
energy which, however, was found to be a result of the observet_j exp_enmentally. One possible source of this dif-
lectron-withdrawi frect of th bstituent d not ference is a final state effect. We have thus calculated the
electron-withdrawing efiect ot the substituents and Not g 4...Ni3¢° excited final state. This shows that the valence-
H-bonding. electron density has been redistributed such that the Ni
The S K-edge XAS spectrum for the bridged complex character increased (by 4%) and the character of the S
[Ni(DACO)]2Ni (Figure 2C, green) shows a broad pre-edge without the 1s hole also increased (by 4%). The effect of
at 2471.6 eV The pre-edge in this case represents transi- this is to redistribute some of the Koopmans’ state into the
tions from four thiolate sulfurs to the three Ni centers. The relaxed final state. We have calculated this using the sudden
data do not allow individual resolution of these contributions. approximation, which is appropriate for this high-energy
The data for the aqueous solution of this complex (Figure region, and find that this has the effect of a small decrease
2C, dashed green) shows no resolvable effect on the energy <20%) of pre-edge intensity, which gets redistributed into
or the intensity relative to the solid. The lack of any effect shakeup peaks at energy greater than 4 eV, which will
of H-bonding in this complex contrasts with the behavior of overlap the edge. This electronically relaxed final state
Ni(DACO) (Figure 2A). This difference originates from the slightly increases the deviation of the experimental ground-

additional Ni-S bonding interactions in (NiDACOMi state covalency calculated with DFT.
considered below. The calculations on the H-bonded Ni(DACO) complex

A. Analysis. The S K-edge XAS data of the Ni(DACO) show that both the NiS bond Iength and the NiS
complex show different behavior from those of the high- covalency were not gltered upon H-bondlng (Table 2, second
spin Fé heme thiolate complex in ref 22. While the pre- row), thus reproducing the experimental data. The calcula-

. . o tions also indicate that as a result of the interaction with the
edge intensity was reduced upon H-bonding in th Ease, . .
there is no resolvable change in intensity in thd Nase yvalt\le_rgjo\ocl:e(z;:ules, thelﬁrblgals ogtge \I—/|-b0|no_led th|orl]atess,
. . ' n , are stabilize .2 eV relative to t
The only resolvable change is the shift of the pre-edge to in Ni( ) "z y v G

high DET caleulati ; q q orbitals of the non-H-bonded thiolates, while no such shift
Igher energy. calculations were performed to Under- iq ypqerved in the acceptorylorbital. This stabilization of
stand this difference.

the donor 1s orbital relative to the acceptor Niz3d orbital
Al. DFT Calculations on Ni'—Thiolate. The DFT

calculations of the Ni(DACO) complex were performed
without and with H-bonding. The H-bonding was simulated
by adding HO molecules in the vicinity of the Ni(DACO)

(37) Both the two and four O water molecules were added near the
complex and gave the same electronic structure description. Also, two
different starting structures were used for these optimizations, one
where the water molecules were above thé\N&-S plane and another
where they were in the plane. Both starting structures optimized to
the same final geometry presented in the text. Restricting the water
molecules to stay in the-SNi—S plane resulted in a structure that
was 2.5 kcal/mol higher in energy.

(38) Darensbourg, M. Y.; Font, I.; Mills, D. K.; Pala, M.; Reibenspies, J.
H. Inorg. Chem.1992 31, 4965-4971.

(35) This is also supported By NMR (data not shown) on this complex
in CDsCN and DO solvents.

(36) Note that this pre-edge has contributions from threedeinters and
four thiolates.

9658 Inorganic Chemistry, Vol. 46, No. 23, 2007



S K-edge XAS of Actie and Pasgie H-Bonds

Table 3. Calculated lonization Energies and Binding Energies

model I2(V) QuP(NPA)  ABEy_¢ (kcal/mol)
Ni (DACO) —2.050 0.50 0
Ni(DACO) + 2H,0 —2.035 0.51 -2
FePSMe —0.936 1.33 0
FePSMet+ H,O —0.773 1.35 —-10

a|E refers to ionization energy.Qu refers to the natural charge on metal.
¢ ABEwy-r refers to the metaifluoride bonding energy

Figure 3. Contour of the Ni 3g—, acceptor LUMO in Ni(DACO). equal stabilization of the Bgorbitals (due to an increased
Zet value due to decreased covalency), and thus there is no
effect on the pre-edge energy upon H-bonding in this case.
The calculated behavior of the high-spin"Fethiolate
complex is different from the results obtained for the low-
spin Ni—thiolate complex, where upon H-bonding there is
no change in Ni-S bond covalency but a shift to higher
energy.

Figure 4. Optimized geometries of the H-bonded Ni(DACO) (left) and ~Discussion
FePSMe (right). . .
H-bonding effects on M'S bond covalency are different

is consistent with the 0.2 eV upshift of the pre-edge N high-spin F& relative to those of square-planar'Ni
transition. Note that there is a 0.01 A decrease in the averagdhiolate systems. Although in both cases the H-bonds are
Ni—N bond length upon H-bonding. However, this decrease Oriented along ther donor orbitals, in the case of Fethis
does not significantly affect the ground-state wavefunction Orbital is involved in bonding to the half-occupied sfre
of the Ni complex (Table 2, rows 1 and 2). orbitals, while in the case of Nj the thiolatesr orbital is
The optimized geometry of the H-bonded Ni(DACO) nonbonding, as the d-orbitals are filled. Therefore, H-
complex (Figure 4, left) indicates that the water molecules Eong!ng to It:h;rbd?r;or orb'tilf ofta th;ﬁla:)e Wgake_ns’\fﬁle
align to interact with the nonbonding donor orbitals o_lr_lhlng n i u ?fhno € ecl onl @ bon mtgtr:ntth;e
(perpendicular to the-SNi—S plane) in preference to the € onentations of the ¥0 molecules suggest tha
donor orbitals (in the SNi—S plane)© This model of don_or orb|tal_s are better_H—bond ac_ceptors thamtlden_or
H-bonding is supported by the lack of a solvent H-bond effect orbitals?® This preferential H-bonding reflects the higher
on the S K-edge XAS spectrum of the bridged complex [Ni- electron density in the donor orbitals. The orbital of the
(DACO)JNi (Figure 2C) where the two available,S donor thiolate has better overlap due to its orientation and co-

orbitals in Ni(DACO) are coordinated to the bridgingNi valently donates more charge to the metal orbitals. Fhe
ion (Figure 1) forming as bond3 Thus, there is no lone orbital thus retains more residual electron density for
pair available for H-bonding to iﬂ) ' H-bonding?! This predominantlyz-based H-bonding inter-

0T . i action in M—S systems is “active” in the Fe-thiolate
Ah2 r?FT OE@Fé r‘:’hl_ola}[te.t:r?vtloushs K gdgg re.?ultst system as it weakens the +8 = bond. However, in the
on high-spin F&(porp yrina 0). Iofates showed a significant - -ase of the low-spin Ni-thiolate, the H-bonding is “pas-
decrease of pre-edge intensity, i.e.;./&bond covalency.

. ) sive”, as this interaction with the nonbondinglonor orbitals
There was, however, a 0.5 eV increase in pre-edge eNergY,oes not affect the NiS bond covalency

ontth-bondlng. Calcé'\ll?/t(';nbs ?n ? m?_?%l W('jt_h an Eletg[tron; In the active system, H-bonding lowers the thiolate
Wi ¢ rawrllng g:jotjhp S[ thi )h'fl: no antc-l ont 'ansu 3_' uek? ‘ donation to the metal. This shifts the reduction potential to
(ester) showed that this shift was not due to H-bonding bu a more positive value and increases its Lewis acidity. The

LO a _aniuctlvti eféeg:t %f tr:;‘;ZEWGl Wh'dl]t sh|ftedbtcr_1arge calculated ionization energies (solvent corrected and free
henS|.y trr?mDF?I' la lot’.‘ ' |m||’?r res% s.ar(ta N a'?ﬁ energy of electron subtracted) for the"®#ePSMe complex
ere In the calculations on Fporphyrinato)(meth- indicate that one active H-bond shifts the'"fepotential in

i’)lth'OIlat%) é?&PSMg)tﬁoT:]EISexes ' T(I;e%ﬁ ?Ond %Iongates FePSMe byt+163 mV (Table 3). This effect can be expected
y only ©. » and the 7t bond covalency decreases i, pe smaller in a passive system. Similar calculations on

byl 5"|/ofup0n lH—bohndlnt?] (;I't?]bletzb'lr.OV\/: 3 "ﬂg 4. .tTr|1ese Ni(DACO) indicate that even two passive H-bonds shift the
Cg cuta |((j)_ns Ia S0 f OWt. a 'ti]s aotiization o ‘ ﬁﬂ)t'ha Ni'" potential by only+15 mV (Table 3). The Lewis acidity
(due to dipolar interaction with #0) is associated with an is estimated from the natural population analysis (NPA)

39 G vontimized DET  caloulat P—— charge on the metal center without and with H-bonding. In
eometry-optimize Calculations were periorme on . . . .
Ni[Ni(DACO)] -Ni with and without H-bonding from bD. The results e case of passive H-bonding, there is a 0.01 e change in

show that the average-® distance is 3.5 A and the averagel$—0
angle is 100 in Ni[Ni(DACO)]:Ni + 4H,0O relative to 3.3 A and (41) The total donation from the thiolatedonor orbital into the Fg and

17% in Ni(DACO) + 2H,0. This indicates that the H-bonding in Fess orbitals in FePSMe is calculated to be 13% in addition to the
Ni[Ni(DACO)] 2Ni is weak, consistent with experimental results. 22% donation to the kg orbital. Thesr donor orbital only donates

(40) This is also indicated in the calculated H-bonding energy, which is 20% to the Fgy orbital. Thus, the total donation from the donor
—2.6 kcal/mol and-1.9 kcal/mol forr ando orientations, respectively. orbital is higher.
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H-bond acceptor orbital in thiolatemetal bonding (Figure
5). In the active case, the H-bond (Figure 5, left) acceptor
orbital is involved in M-S & bonding and H-bonding
significantly alters the electronic structure and reactivity of
the metal center. However, if the H-bond acceptor orbital is
not a thiolate donor orbital (i.e., there in ndbonding), then

it is passive in nature (Figure 5, right) and does not affect
M—S covalency or tune reactivity.
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