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The five-coordinate high-spin (S = 1) Ni#* complex [Ni(tmc)CHs]* (1) (tmc = 1,4,8,11-tetramethyl-1,4,8,11-
tetraazacyclotetradecane) serves as a model for a viable reaction intermediate of the A cluster of acetyl-CoA
synthase (ACS) in which the distal nickel center is methylated. Spectroscopic and density functional theory (DFT)
computational studies afford a quantitative bonding description for 1 that reveals a highly covalent Ni—-CHs bond.
From a normal coordinate analysis of resonance Raman data obtained for 1, a value of ky_c = 1.44 mdyn/A is
obtained for the Ni—C stretch force constant of this species. This value is smaller than kc,—c = 1.85 mdyn/A,
which is reported for the Co—C stretch in the methylcobinamide cofactor (5) that serves as the methyl donor to the
A cluster in the ACS catalytic cycle. Experimentally calibrated DFT computations on viable methylated A cluster
models reveal that the methyl group binds to the proximal (Niy) rather than the distal (Nig) nickel center and afford
a simple electronic argument for this preference. By correlating the experimental force constants with the computed
bond orders of the M—C bonds in 1 and 5, the Ni,**~CHs bond strength for an A cluster model with a square-
planar Ni, conformation, which is the most probable structure of the methylated A cluster on the basis of steric and
energetic considerations, is predicted to be similar to the Co®**—CHjz bond strength in CHs—CoFeSP. This similarity
could be a crucial thermodynamic prerequisite for the reversibility of the enzymatic transmethylation reaction.

Introduction of acetyl-CoA from coenzyme A, CO, and a methyl group

Acetyl-CoA synthase (ACS) is employed by acetogenic, provided by a methylated corrinoid iretsulfur protein
Y y (ACS) is employed by acetog CHy—Co*FeSPy4

methanogenic, and sulfate-reducing archaea and bacteria ag
part of the Wooe-Ljungdahl pathway to grow autotropically

- 3t
on H, and CQ.%2 In the acetogeiMoorella thermoacetica CO+ CoA” + CH;—Co " FeSP=

ACS is paired with CO dehydrogenase (CODH) to form a acetyl-CoA+ Co FeSP (1)
bifunctional enzyme (ACS/COD), whereas in the hydro- ) )
genogerCarboxythermus hydrogenoformaiisexists both Recent X-ray crystallographic studies revealed that the A

as a bifunctional ACS/CODH, and a monofunctional  cluster consists of a 8] unit linked via a cysteine bridge
ACSch3 The reaction catalyzed by ACS (eq 1), conducted t0 @ proximal metal that, in turn, is connected to a square-

at the so-called A cluster, comprises the reversible formation Planar, distal Ni site via two cysteine bridges (Figuré ).
The identity of the catalytically relevant metal ion in the

* Author to whom correspondence should be addressed. E-mail: brunold@ proximal site has been the subject of some debate. Whereas
Ch?'ﬂ'r\]'}'\';cr':}guc',f Wisconsin-Madison. in one structure this site contains either Cu or Zn in distorted
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s T, of the methylated A cluster intermediate. Although the
s s/ CVS\M” ,S/_“Q,.;o identity of the Ni center to which the methyl group binds
Cys\Fe-“‘\ls,'Fe A N has not yet been directly established, Barondeau and Lindahl
‘ \F'e 1o i '”\Nl have shown that the A cluster lacking the labile Ni center
sl H 0 cannot be methylated and methylation of the A cluster
e o inhibits the removal of the labile Niion by phen, presumably
Sors by blocking one of the cis coordination sit€sAlthough

Figure 1. Schematic representation of the ACS A cluster. The proximal these observations, along with recent computational evi-

metal site My can be occupied by Ni, Cu, or Z%° Exogenous ligands d el L di h h hv bind

coordinated to N are omitted. ence;- appear to indicate that the methyl group binds to
_ _ _ o _ the labile (i.e., proximal) Ni center, it has also been proposed

tetrahedral ligand environmerft§jn the other itis occupied  that the methyl transfer instead involves the distal Ni

by Ni ions adopting either approximate square-planar or centers16:17

tetrahedral coordination geometrigs.Subsequent enzy- Detailed spectroscopic and computational studies on

ic7.8 i i 11 i _ . . .
matic,"® spectroscopié,and computationél™! studies pro- gy npetic complexes offer an opportunity to probe-KiH;
vided compelling evidence that the catalytically active form bonding in a well-defined model system. Holm and co-

contains Ni at the proximal site, whereas Cu functions as a\workers have reported several-NCH; species possessing
potent in.hibitO.r in vitro7.:8 The struc;ture of the A clgstgr with partial sulfur ligation that are part of the reaction sequence
two configurationally distinct Ni sites and the intrinsic metal [Ni] — [Ni—CHy] — [Ni—C(O)CHj] — [Ni] + thioester

heterogeneity of the proximal site provide a logical explana- \yhich mimics key steps in the proposed ACS catalytic cycle.
tion f_or th_e earlier obgervatléﬁthat the A cluster possesses 1o trigonal-bipyramidal complex [Ri{N(C,Hs—SR)}-
a labile Ni center subject to_ rem_O\_/aI by 1,10-phenanthroline CH:?* (R = 'Pr,'Bu) binds CO to yield the acetyl derivative
(ph.en) as well as a non!ablle Ni sﬁe. Thgs.e centers can ”OW[Ni2+{ C(O)CHy} —{N(C:H:SR)}]"* that slowly reacts with
be identified as the prOX|ma_1I and distal Ni S|.tes., respectively. thiols to form the corresponding thioester,°Nand the
Among the key steps in ACS catalysis is the methyl protonated free ligand HN(E,SR)*.8 Tucci and Holm
transfer from CH-Co*"FeSP to the ACS A cluster. The  joscribed the reaction of the square-planar specie& {Ni
methyl group is trgnsferred as a ¢Hcation equalent N (bpy)(SR)CH] with 1 equiv of CO to afford a stable acetyl
an Si2-type reaction according to eq'2A particularly thiolato nickel complex that further reacts with CO to yield
remarkable aspect _o_f this reaction is the formation of an RSC(0)CH and [NP(bpy)(CO)] (bpy = 2,2-bipyridine)®
extremely nucleophilic Cocenter* A particularly productive synthetic route for the preparation
ACS™ 4 CH.—Co™FeSP= CH.—ACS™2* 1 Co'FesP of a methylated A cluster model was pursued by one of us,
8 8 involving the generation of the Rli—CHj; species [Ni*-
@ (tmc)CH] ™ (1) (tmc = 1,4,8,11-tetramethyl-1,4,8,11-tetra-
Methylation of the A cluster requires the presence of a azacyclotetradecane) by transferring the methyl group from
reducing agent such as dithion#feAlthough the identity of @ CO"—CHs; complex to the Ni precursor [Ni(tmc)],
the site in the A cluster undergoing reduction and the metal thereby mimicking a key step of the ACS catalytic cycle
ion oxidation states are still the subject of intense debdte, (note that a radical mechanism was shown to be operative
the products of the reaction have been established. In thein the synthetic system, involving a 1:2 stoichiometry in
absence of CO, methylation yields a stable, EPR silent (i.e., Which one [Ni(tmc)} complex reduces the Co-CH;
S=0or 1) A Cluster state that can Subsequent|y be reactedcomplex to generate a methyl radica.l that then reacts W|th a
with CO and CoA to yield acetyl-CoA An importantstep ~ second molecule of [Ni(tmc)).?° This crystallographically
toward the development of a detailed understanding of how characterized complex possesses a five-coordiratd Ni**
nature ensures the reversibility of the transmethylation center with the methyl group in the apical position, thus
reaction between the A cluster and EHCo**FeSP (eq 2) making it especially suitable for evaluating the likelihood
involves exploring the geometric and electronic properties Of @ Nis—CHs reaction intermediate.
In this study, absorption, magnetic circular dichroism
(7) Bramlett, M. R.; Tan, X.; Lindahl, P. AJ. Am. Chem. So2003 (MCD), and variable-temperature variable-field MCD (VTVH-

125 9316-9317. . . .
(8) Seravalli, J.; Xiao, Y.; Gu, W.; Cramer, S. P.; Antholine, W. E.; MCD) spectroscopic techniques have been employed in

ggr)m_ogégls.; Gerfen, G. J.; Ragsdale, S. \Biochemistry2004 43, conjunction with density functional theory (DFT) electronic
(9) Chen, J.; Huang, S.; Seravalli, J.; Gutzman, H., Jr.; Swartz, D. J.;
Ragsdale, S. W.; Bagley, K. Biochemistry2003 42, 14822-14830. (16) Seravalli, J.; Gu, W.; Tam, A.; Strauss, E.; Begley, T. P.; Cramer, S.
(10) Schenker, R. P.; Brunold, T. @.Am. Chem. So003 125 13962~ P.; Ragsdale, S. WProc. Natl. Acad. Sci. U.S.£003 100, 3689~
13963. 3694.
(11) Webster, C. E.; Darensbourg, M. Y.; Lindahl, P. A.; Hall, M. B. (17) Grahame, D. ATrends Biochem. Sc2003 28, 221-224.
Am. Chem. SoQ004 126, 3410-3411. (18) (a) Stavropoulos, P.; Calribl.; Muetterties, M. C.; Holm, R. HJ.
(12) Russel, W. K.; Stalhandske, C. M. V.; Xia, J.; Scott, R. A.; Lindahl, Am. Chem. Sod.99Q 112 5385-5387. (b) Stavropoulos, P.; Cdrrie
P. A.J. Am. Chem. S0d.998 120, 7502-7510. M.; Muetterties, M. C.; Holm, R. HJ. Am. Chem. Sod.99], 113
(13) Menon, S.; Ragsdale, S. \A/.Biol. Chem1999 274, 11513-11518. 8485-8492.
(14) Kumar, M.; Qui, D.; Spiro, T. G.; Ragsdale, S. Btiencel995 270, (19) Tucci, G. C.; Holm, R. HJ. Am. Chem. Sod995 117, 6489-6496.
628-630. (20) Ram, M. S.; Riordan, C. G.; Yap, G. P. A, Liable-Sands, L.;
(15) Barondeau, D. P.; Lindahl, P. . Am. Chem. S04997, 119, 3959 Rheingold, A. L.; Marchaj, A.; Norton, J..R. Am. Chem. So&997,
3970. 119 1648-1655.
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structure calculations to generate an experimentally validatedChart 1. Positions of the C Atoms Represented @yWere Kept
description of Ni-C bonding inL. The corresponding NiC ~ F"0zen during DFT Geometry Optimization

bond strength has been determined from a normal coordinate °\ S CH,

analysis (NCA) of our resonance Raman (rR) spectroscopic ° e o
data. Additionally, DFT computations on the methylated /S\Nia"sﬁﬂfo /S\Nib"'s’m,,“ \NF:
corrinoid cofactor in CH-Co**FeSP and hypothetical \S N l —— \S/N'G\Nl
models of the methylated A cluster have been performed to AN ./N o D NI o
allow for a comparison of NiC and Ce-C bonding in an 22 (S =1 _

effort to assess the likelihood of methyl binding to the o ES= 0)) g; ((‘2; 8

proximal and distal Ni centers.
Chart 2. Positions of the C Atoms Represented @yWere Kept

Experimental Methods Frozen during DFT Geometry Optimization
Sample Preparation. Samples of [Ni(tmc)CEOTf (1) (OTf~ .\

= CRS0O;7)?! were obtained upon reaction of the?Niprecursor S,

(RR,S9-[Ni(tmc)](OTf), with (CHs),Mg. All preparations were o *~—o

performed in a drybox under an argon atmosphere. In a typical H3C'_Niﬁ"'ls”"~. N

reaction, 150 mg of the pink compleR R S S)-[Ni(tmc)](OTf), \S/N"’\Nl

were suspended in 30 mL of tetrahydrofuran (THF). A solution of N o

(CH3),Mg (0.03 M) in THF was added dropwise to the stirring
heterogeneous mixture, resulting in a bright green solution. The
addition was continued until almost all of the pink starting material
was consumed. Overshooting this end point resulted in a gray-brown
solution and lower isolated yields. The bright green solution was
filtered through a Celite plug to remove Mg salts and unreacted
starting material. The filtrate was concentrated, and pentane was
added to precipitate a bright green solid, which was collected,
washed with BXO, and dried in vacuo (yield~80%). This product
was characterized by NMR and W\Wis spectroscop$? For MCD
spectroscopy, the sample was ground in a mortar. Poly(dimethyl-
siloxane) was added to the light green powder and thoroughly mixed
to obtain a mull, which was then suspended between the two quartz
glass disks of an MCD sample cell. For rR spectroscopy, sample
material was mixed with K5O, in a ~1:1 ratio and thoroughly
ground in a mortar. The resulting fine powder was transferred into
an NMR tube that was sealed with a plastic cap and Parafilm. After
removal from the drybox, all samples were immediately frozen in
liquid Na.

SpectroscopyAbsorption and MCD spectra of a solid-state mull
of 1 in poly(dimethylsiloxane) were recorded at various tempera-
tures between 4 and 50 K using a spectropolarimeter (Jasco J-715
with a sample compartment modified to accommodate a supercon-
ducting magnetocryostat (Oxford Instruments SM-4000). VTVH-
MCD data were fit using the software developed by Dr. Frank Neese
(MPI Mulheim, Germany). rR spectra of isotopically pure samples
of 1 prepared with either (ChMg or (CDs),Mg were recorded
upon excitation with Ar (Coherent I1-305) or Kr (Coherent 1-302)
ion lasers with an incident laser power of-106 mW at the sample,
which was contained in an NMR tube at 77 K using a liquig-N
filled EPR Dewar. The scattered light was collected at a backscat-

4

optimized model ofL (vide infra). The analysis was based on the
Wilson FG matrix method using a UreyBradley force field as
implemented in a modified version of the Schachtschneider
program??

Electronic Structure Calculations. DFT computations were
performed on a cluster composed of 20 Intel Xeon 2.4 GHz
processors (Ace Computers) using the Amsterdam Density Func-
tional (ADF) 2003.01 software packagelhe computational model
comprised the complete molecular structurd ofising the atomic
coordinates of the crystallographically characterized compound
(RRS9)-[Ni(tmc)CHs](BAr'4)?° as starting values. Initial atomic
positions for the A cluster modeBs-4 (Charts 1 and 2) were taken
from the [FaSs)?t—Ni,"CO—Nig?" model employed in our previ-
ous calculation® but using a methyl group instead of the j5¢
unit. This truncation scheme was chosen over other viable schemes
for two primary reasons: (i) Modeling the diamagnetic f&4*"
cluster by a mononuclear high spi8 € 2) Fet center, as in ref
11, may drastically alter the electronic properties of thgdénter

s a result of exchange interactions between the two metals, and
i) a similar approach was used successfully in previous computa-
tions on the active-site cluster of Fe-only hydrogenases (the so-
called H clustery* Atomic coordinates for MeChi(model5, Chart
3), which weakly binds a water molecule in the lower axial position,
were taken from ref 25. For all models, refined atomic coordinates
were obtained through DFT energy minimizations using the
algorithm of Versluis and Ziegléf For the A cluster modeld—4,
the positions of the C atoms, represented@bin Charts 1 and 2,

(22) (a) Schachtschneider, J. H. Technical Report No. 57-65; Shell

tering angle O_fvl35°' dispersed by a triple monOCh_romator (Acton Development Company: Emeryville, CA, 1966. (b) Fuhrer, H.; Kartha,
Research) using 1200 and 2400 grooves/mm gratings, and detected V. B.; Kidd, K. G.; Krueger, P. J.; Mantsch, H. i@omputer Programs
by a back-illuminated CCD camera (Princeton Instruments, 1340 fofrénfrargd Sg‘;thOSC;’g%U”e“n No. 15; National Research Council
. . . . . . (o] anada: awa, .
x 100 plxels).lRaman shifts and |nten5|t|es were calibrated relative 23) (a) Baerends, E. J.. Ellis, D. E.; Ros,Ghem. Phys1973 2, 41-51.
to the 984 cm? peak of K;SQ,, which was added to the samples (b) te Velde, G.; Baerends, E.lait. J. Comput. Phys1992 99, 84—
as an internal standard. 24) 5(98)- i Chem. S0B001 123 38283829
: : 4) (a) Fan, H.-J.; Hall, M. BJ. Am. Chem. So 11 .
_NCA. A NCA of the wbrgﬂongl data of was per_formc_ad on the (bj Bruschi, M.: Fantucei, P.; De Gioia, lnorg. Chem.2002 41,
NiN,C core assuming an idealiz&ti, geometry with Ni-C and 1421-1429. (c) Liu, Z.-P.; Hu, PJ. Am. Chem. So2002 124, 5175~
Ni—N bond lengths of 2.065 and 2.196 A, respectively, and a 5182. (d) Georgakaki, I. P.; Thomson, L. M.; Lyon, E. J.; Hall, M.
C—Ni—N bond angle of 1009 as derived from the DFT geometry- Eé’eDare”Sbourg’ M. YCoord. Chem. Re 2003 238-239, 255~
(25) Stich, T. A.; Brooks, A. J.; Buan, N. R.; Brunold, T. £.Am. Chem.
(21) Abbreviations: tmc, tetramethylcyclam; OTftriflate, CRSO;; Soc.2003 125 5897-5914.
(BAI's), B{3, 5-(CR)2(CsHa3)a} . (26) Versluis, L.; Ziegler, TJ. Chem. Phys1988 88, 322-329.
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Chart 3 employing the same functionals and basis sets as described above
for the ground-state calculations. Convergence of the TD-DFT
calculations required the use of the resolution of the identity
approximation in calculating the Coulomb teffiNinety excited
states were calculated by including all one-electron excitations
within an energy window oft+3 Hartrees with respect to the
HOMO/LUMO energies. Isosurface plots of MOs, electron density
difference maps (EDDMs), and the total unpaired spin density
distribution obtained from the spin-unrestricted ORCA calculations
were generated with the gOpenMol software program developed
by Leif Laaksonen (using isodensity values of 0.05, 0.005, and 0.01
a.u., respectivelyy!

The ORCA software was also used to calculate transition energies
were kept frozen to account for the constraints imposed by the and dipole moments as well as the ground-state spin Hamiltonian
protein backbone. All computations were carried out using an parameters for the DFT geometry-optimized model wfithin the
integration constant of 4.0, the Vosk@Vilk —Nusair local density framework of semiempirical INDO/S-CI calculations. ORCA
approximatiof’ (LDA) for the exchange and correlation energies, utilizes the INDO/S model of Zerner and co-workét¢he valence
and the nonlocal gradient corrections of Be@lkand Perdevi® A shell ionization potentials and Slate€ondon parameters listed by
triple-¢ Slater-type orbital (STO) basis set with a singl&TO Bacon and Zernef and the standard interaction factdgs,, =
polarization function (ADF basis set IV) was used for all of the 1.266 and.,. = 0.585. A restricted open-shell HartreEock self-
atoms. Core orbitals were frozen through 1s (C, N) and 2p (Ni). consistent field calculation was tightly converged on the spin-triplet
The atomic coordinates for all of the models described in the text ground state, which served as the reference state for configuration
are included in the Supporting Information (Tables-$B). interaction (CI) calculations. For the calculation of the ground state

Because of the large number of different density functionals properties, the largest achievable active space included all possible
implemented in the ORCA 2.2.73 software package developed by single excitations within 76 MOs [including all 61 doubly occupied
Dr. Frank Neese, this program was used for single point calculations MOs (DOMOs), the 2 singly occupied MOs (SOMOs), and the
on the optimized model4—5.3° Pure DFT computations were lowest 13 virtual MOs] as well as double excitations within 70
carried out using a PerdewVang parametrization of the LDA  MOs (including all 61 DOMOs, the SOMOs, and the lowest 7
(PW-LDA)3! with the nonlocal gradient corrections of Begkand virtual MOs). To calculate transition energies and oscillator
Perdew§® (BP). Alternatively, hybrid DFT calculations were strengths, all possible spin-allowed single excitations into the
performed employing Becke’s three-parameter hybrid functi8nal SOMOs and virtual MOs plus the spin-forbidden excitations
for exchange together with the Le¥ang—Parr correlation func- involving the two SOMOs were considered.
tional (B3LYP/G)32 whereby the HartreeFock exchange contribu-
tion was varied between 5 and 25%. In all computations, a tfiple- Results and Analysis
Gaussian-type orbital (Ahlrich’s TZVj basis set was chosen with
three, two, and one polarization functions for the Ni, methyl-C,  A. Spectroscopy. A.1. Absorption and rRThe 4 K solid-
and N atoms, respective®y.The remaining atoms were modeled State mull absorption spectrum @fis dominated by an
with the SV(P) (Ahlrich’s polarized split valence) basis ¥€the intense broad feature centered at 40 500 crthat is
SV/F¥8 and SV/C auxiliary basis sets were used for calculations accompanied by a less-intense band peaking at 28 500 cm
with pure DFT and hybrid functionals, respectively, and an with a weak shoulder at 24 000 cin(Figure 2). Additional,
integration grid of size 4 (Lebedev 302 points) was employed in \yeak bands can be discerned at 15 000 and 20 00¢.cm
ea\C/Zr(t:iizlle.excitation energies and transition dipole moments were To identify the nature of the corresponding transitions, IR
calculated by the time-dependent DFT (TD-DFT) mef§adthin _?_?]t:l rVI\QIesreeict’r”L?rit?gr l:r‘:':anio\/?az,l]ﬁjs(zixgggtg;ewxgi\:z,:;nngths'
the Tamm-Dancoff approximatiod? as implemented in ORCA, P . . .

of 1 prepared with (Ch).Mg (1-CHs) is dominated by two

(27) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200- intense peaks at 117 and 232 ¢nfFigure 3). Although the
1211. former peak downshifts slightly to 115 cthfor samples

(28) Becke, A. D.J. Chem. Physl986 84, 4524-4529.

(29) Perdew, J. FPhys. Re. B: Condens. Mattef986 33, 8822-8824.

(30) Neese, F., Max Planck Institute for Bioinorganic Chemistry, D-45470 (37) The Ahlrichs auxiliary basis sets were obtained from the TurboMole

Mulheim/Ruhr, Germany. E-mail: neese@mpi-muelheim.mpg.de. basis set library at ftp://ftp.chemie.uni-karlsruhe.de/pub/cbasen. Weigend,
(31) Perdew, J. P.; Wang, Yhys. Rv. B: Condens. Matted992 45, F.; Haser, M. Theor. Chem. Accl997 97, 331-340.
13244-13249. (38) (a) Bauernschmitt, R.; Ahlrichs, Rhem. Phys. Letf.996 256, 454—
(32) (a) Becke, A. DJ. Chem. Physl993 98, 1372-1377. (b) Becke, A. 464. (b) Casida, E. M.; Jamorski, C.; Casida, K. C.; Salahub, D. R.
D. J. Chem. Phys1993 98, 5648-5652. Chem. Phys1998 108 4439-4449. (c) Stratman, R. E.; Scuseria,
(33) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B: Condens. Mattet988 G. E.; Frisch, M. JJ. Chem. Phys1998 109 8218-8224.
37, 785-789. (39) (a) Hirata, S.; Head-Gordon, Mbhem. Phys. Lettl999 302, 375—
(34) Scher, A.; Horn, H.; Ahlrichs, RJ. Chem. Phys1992 97, 2571~ 382. (b) Hirata, S.; Head-Gordon, NChem. Phys. Lett1999 314
2577. 291-299.

(35) The Ahlrichs (2d, 2p, 2d2fg, and 3p2df) polarization functions were (40) Neese, F.; Olbrich, GChem. Phys. Let2002 362 170-178.
obtained from the TurboMole basis set library at ftp://ftp.chemie.uni- (41) (a) Laaksonen, LJ. Mol. Graphics1992 10, 33—34. (b) Bergman,

karlsruhe.de/pub/cbasen. D. L.; Laaksonen, L.; Laaksonen, A. Mol. Graphics Modell1997,
(36) The Ahlrichs auxiliary basis sets were obtained from the TurboMole 15, 301-306.

basis set library at ftp://ftp.chemie.uni-karlsruhe.de/pub/cbasen. (a) (42) (a) Ridley, J.; Zerner, M. CTheor. Chim. Actal973 32, 111. (b)

Eichkorn, K.; Treutler, O.; Ohm, H.; Haser, M.; Ahlrichs, Bhem. Zerner, M. C.; Loew, G. H.; Kirchner, R. F.; Mueller-Westerhof, U.

Phys. Lett.1995 240, 283-290. (b) Eichkorn, K.; Weigend, F.; T.J. Am. Chem. S0d98Q 102 589-599.

Treutler, O.; Ahlrichs, RTheor. Chem. Acc1997 97, 119-124. (43) Bacon, A. D.; Zerner, M. CTheor. Chim. Actdal979 53, 21—-54.
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il

30000 . 40000
Energy (cm )

20000

Figure 2. A 4 K solid-state mull absorption spectrum (solid line) bf
superimposed by the rR excitation profil)(of the collective intensities

of the dominant vibrational features observed at 117 and 232.chine
spectrum is divided into three regions labeled I, Il, and Ill that are associated
with LF, C — Ni CT, and N— Ni CT transitions, respectively.

Aex = 407 nm

Raman intensity

100 200 300 400 500 600
Raman shift (cm)

Figure 3. A 77 K IR spectra for the 407 nm (24 588 ch) excitation of
1 prepared with (Ch),Mg (1-CHg, top) and (CR).Mg (1-CDs, bottom).

prepared with (CE).Mg (1-CDs), the latter is insensitive to
this isotopic substitution. Two additional, weak features at
348 and 463 cmt are observed in the spectrum HiCHj,
of which only the latter is isotope-sensitive, downshifting
to 435 cm! in 1-CDs. This isotopic shift of 28 cmt
compares fairly well with the value of 32 crhcalculated
for a simple Ni-methyl harmonic oscillator, permitting the
assignment of the 463/435 cinfeature as the NiC
stretching mode. The frequency of the 117/115 tfeature
is too low for it to correspond to a stretching mode; instead,
we assign this feature to a-Mi—N bend. The isotope-
insensitive 232 and 348 crh bands cannot be readily
assigned. Their identities will be explored in Section C.1.
The rR excitation profile of the collective intensities of
the 117 and 232 cni features ofL-CHj traces the onset of
the 28 500 cm! absorption band [Figure 2; note that laser
excitation at wavelengths below 407 nm34 588 cn?)
led to photodecomposition of the sampi&€Because of the
low intensity of the 463 cm rR feature, its excitation profile

15000 20000 25000 30000 35000
energy (cm’)

Figure 4. Solid-state mull absorption (a) dry T MCD spectra (b) of.
at 4 K (solid lines). The dotted lines represent Gaussian band shape
simulations for transitions Al obtained using the fit parameters in Table
1. Their sums are shown by the dashed lines. The thin dashed line in the
absorption spectrum serves to model the onset to the 40 500 lcamd
(Figure 2).

Table 1. Fit Parameters from an lterative Gaussian Deconvolution of
the Absorption and MCD Spectra @fin Figure 4

band Vmax fwhm oD q |6//OD  assigrh
A 14 560 2625 0.020 -—110 5500 LF
B 16 000 830 0.003 +43 14333 LF
C 19 980 1665 0.018 +16 888 LF
D 21325 1665 0.015 —-17 1133 LF
E 23900 2625 0.028 —-271 9678 CT
F 26 700 4000 0.075 +9 120 CT
G 29100 4000 0.094 —82 872 CT
H 31550 4000 0.031 +33 1065 CT
| 33740 2625 0.013 -70 5385 CT

aBand positionsimay and bandwidth at half-maximum (fwhm) are given
in cm™L. The absorption intensity and magnetic elliptici§}) @re given in
units of optical density (OD) and mdeg, respectivélgand assignments
(see text for details)®

Hamiltonian parameters characterizing 8w 1 ground state

of 1, MCD spectra were measured at various fixed temper-
atures between 4 and 50 K. The MCD intensity was found
to be strongly temperature-dependent, consistent with the
expected MCD C-term behavior for this paramagnetic species
(vide infra). Tre 4 K MCD spectrum shown in Figure 4b
exhibits several intense, predominantly negatively signed
features. To determine the number and intensities of the
transitions contributing to the spectrum in the 126388 000

could not be determined accurately; however, it appears tocm range, iterative fits of the absorption and MCD spectra

mirror that of the two dominant rR bands shown in Figure
2. The fact that the Ni C stretch is enhanced upon excitation
into the 28 500 cm* absorption band indicates that the
corresponding transition contains substantiat-®li charge-
transfer (CT) character.

A.2. MCD and VTVH-MCD. To aid in the resolution of

were performed using Gaussians with fixed bandwidths. In
this fitting procedure, the lowest number of bands was sought
that yielded reasonable agreement between the simulated and
experimental spectra. Acceptable fits required a minimum
of nine Gaussian bands (i.e., although fits with fewer bands
failed to reproduce all of the features in the experimental

overlapping absorption bands and to determine the spinabsorption and MCD spectra, the inclusion of additional

(44) This conclusion is supported by the observation of a color change of
the sample from light green to brown at the spot irradiated by the
laser beam.

bands did not notably improve the quality of the fits),
corresponding to transitions-Al in Figure 4 and Table 1.
This Gaussian deconvolution reveals that the absorption
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Figure 5. Experimental VTVH-MCD data at 420 nm (21 810 cinband
E) for 1 (solid lines). Simulated data] were obtained with the parameters
D = —8.75 cnt?, E/D = 0.25, andg = 2.20 and the fitted molecular
polarizations % = 0.5, %y = 4.5, and % = 95.0.

feature at 28 500 cnt actually consists of three components
(transitions FH) that are relatively weak in the MCD

spectrum but intense in absorption. This behavior is char-

acteristic of CT transitions, which typically give rise to small
|6)/OD ratios (wher& and OD denote the MCD ellipticity

Schenker et al.

respectively’® The MCD theory forS > 1/, systems describ-
ing the relationship between the spin Hamiltonian parameters,
the MCD C-term saturation behavior, and the transition
polarizations was recently developed by Neese and So-
lomon®° According to this theory, the VTVH-MCD satura-
tion behavior depends on eight parametdsE/D, the three
principal g values, and the polarization of the transition,
expressed by % %y, and % contributions. To fit the data,

a fixed isotropiog value of 2.20 was used, which is a typical
value for N?* complexe? (also note that varying thg
values within reasonable limits was found to have negligible
effects on the quality of the fits]p andE/D were then varied
systematically in increments of 2.5 cfand 0.05, respec-
tively, covering the parameter space defined830 < D

< 430 cmtand 0< E/D =< Y3, and for each pair db and
E/D values, the polarization was fit to achieve the closest
agreement with the experimental VTVH-MCD curves. The
quality of each fit was judged from th@ parameter provided
by the Simplex least-squares routine. The resulingnd
E/D dependence of? is shown as a contour plot in Figure
S1 (Supporting Information). The global minimum was found

and the absorption optical density, respectively, used heretg be located along a narrow channel extending frém=

instead ofAe and ¢ values because the latter cannot be
obtained from mull spectrdy.In comparison, thed|/OD
ratios for bands A-E and | are roughly 1 order of magnitude
larger, allowing for their assignment as ligand-field (LF)
transitions. Band B at 16 000 crhis particularly sharp and
has virtually no absorption intensity, indicating that it
corresponds to a spin-forbidden intraconfigurational (spin-
flip) transition. Bands C and D at 19 980 and 21 325 &m

—15 cnT!, E/D = 0.15) to O = —7.5 cn1t, E/D = 0.3);
thus, althougtD cannot be determined with high precision,
the rhombic parameté = —2.25 cn1? is well-defined. The
best fit was obtained witl = —8.75 cm?, E/D = 0.25,
and transition moment components 0x% 0.5, %y = 4.5,
and % = 95.0, affording excellent agreement between the
experimental and simulated VTVH-MCD curves (Figure 5).
Nearly identical results were obtained from simultaneous fits

respectively, have almost equal intensities but opposite signsof the 420 and 700 nm VTVH-MCD data sets, indicating

in the MCD spectrum. This behavior is characteristic of a
pseudo-A term involving two perpendicularly polarized
transitions?’

that both bands A and E are predominartlyolarized.

B. Computations. To obtain quantitative insight into the
electronic structure of, spin-unrestricted DFT calculations

Information regarding the molecular polarization of a given ,qre performed on th8= 1 (Mg = 1) ground state of this
transition can be obtained from an analysis of the field and species. In the published crystal structure RIRS,S)-[Ni-
temperature dependencies of the corresponding MCD Sig”al(tmc)Cl-lg](BAr'4), one carbon atom of the tmc macrocycle

intensity. Such VTVH-MCD data were collected at 700 nm
(14 286 cm?, band A) and 420 nm (21 810 cry band E)
by sweeping the magnetic field between Odan T at
numerous fixed temperatures between 2 and 30 Kgure

5 shows normalized VTVH-MCD curves acquired at 420
nm plotted agains{gH/2kT; nearly identical data were

is disordered over two positiod$Furthermore, the (BAy")
counterion differs from the triflate anion presentlinthus
possibly affecting the molecular structure of the [Ni(tmc)-
CH;]* complex by alterations in the crystal packing.
Therefore, the molecular structure bfsee Figure 6a, left)
was determined by an unconstrained DFT geometry opti-

obtained at 700 nm. Curves measured at different temper-i-ation of the entireRR,SS-[Ni(tmc)CHg]* cation. For

atures do not superimpose, indicating that$®ve 1 ground
state ofl is subject to a sizable zero-field splitting (ZFS).
The appropriate spin Hamiltonian including the Zeeman
splitting is then given by eq 3:

H=D[S?— IS+ 13+ ES?— ) +SPBH (3)

whereD andE are the axial and rhombic ZFS parameters,

comparison, a single-point DFT calculation using ADF was
performed on the crystal structure geometry. Table S9
(Supporting Information) compares key geometric parameters
as well as the DFT computed total energies for the two
geometries. Importantly, for the optimized model, the total
energy is 7.0 eV lower than for the crystal structure model,
which predominantly reflects the disorder prior to optimiza-

(45) The ellipticity is defined as the rotation angle associated with the
differential absorption of left and right circularly polarized light.
(46) The MCD peak intensity and, hence, {#¢/OD ratio for band F are

somewhat inaccurate because of a sizable contribution from a

paramagnetic impurity to this region of the MCD spectrum.

(47) Johnson, M. K. InPhysical Methods in Bioinorganic Chemistry:
Spectroscopy and MagnetisnQue, L., Ed.; University Science
Books: Sausalito, CA, 2000; pp 23285.
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(48) The presence of a paramagnetic impurity precluded the analysis of
VTVH data collected below 370 nm.

(49) Bencini, A.; Gatteschi, DElectron Paramagnetic Resonance of
Exchange Coupled Systenspringer-Verlag: Heidelberg, Germany,
1990.

(50) Neese, F.; Solomon, E.lhorg. Chem.1999 38, 1847-1865.

(51) Carlin, R. L.MagnetochemistpySpringer: Heidelberg, Germany, 1986;

p 67.



Implications for Ni—Methyl Bonding in Acetyl-CoA Synthase

C. Ground-State Properties. C.1. NCA.To determine
the Ni—C bond strength irl, a NCA of the corresponding
rR data was performed. The fact that thesCHCDs isotopic
shift of 28 cn* for the 463 cm* mode only slightly deviates
from the value of 32 cmt predicted for an isolated Ni
methyl harmonic oscillator indicates that this mode predomi-
nantly involves Ni-C(Hs) stretching motion. Thus, to obtain
a reasonable value for the NC stretch force constant, it
was necessary to consider only the six atoms of the,®iN
core in our NCA. For thesbl = 6 atoms, there existN8—

6 = 12 vibrational degrees of freedom. To limit the number

of force constants and to avoid any redundancy-induced
Figure 6. (a) Computational model of (left) and BP DFT-computed ~ COrrelations between them@Ga, symmetrized core geometry
total unpaired spin density distribution (right). Unpaired spin densities was used and the NNi—N bending modes were omitted,

(isodensity value of 0.01 a.u.) on individual atoms are indicated. (b) ; e iretifi ; i
Isosurface plots (isodensity value of 0.05 a.u.) of the two Ni 3d-based IowestWhICh IS jUStIerd by the relative ”gldlty of the tmc

unoccupied spin-down MOs obtained from a spin-unrestricted BP DFT Macrocycle. The remaining three symmetry-inequivalent
computation. internal coordinates are the NC and Ni-N stretching and
tion. Concomitant with the energetic stabilization, the the C-Ni—N bending coordinates with the corresponding
complex became more symmetric upon optimization, nearly force constant&yi—c, kni-n, andke-ni-n, respectively. The
adoptingCs symmetry with the pseudo-mirror plane bisecting Urey—Bradley force field requires an additional force
the Ni, methyl-C, and central methylene C atoms of the six- constantkys for the nonbonded interaction between the N
membered rings located on opposite sides of the macrocyclicand C atoms. In th€,, point group, the internal coordinates
ligand (note that for the sake of consistency, we chose to chosen combine to seven normal modes, namely thyee a
keep the standard orientation of the coordinate system in the[vai(Ni—C), vai(Ni—N), anddai(C—Ni—N)], two e [ve(Ni—
parentC,, point group, as shown in Figure 6). However, the N) and d((C—Ni—N)], and two B [vs(Ni—N) and dps-
average Ni-C and Ni-N bond lengths only increased by (C—Ni—N)], see Figure S3 in the Supporting Information.
0.025 and 0.04 A upon optimization, respectively, whereas The mass of the carbon atom was set to the value for the
the average value fotl(C—Ni—N) decreased marginally —entire methyl grouff and was varied accordingly to account
from 101.7 to 100.0 (Table S9, Supporting Information).  for the isotopes Ckland CL.

Overall, the differences between the experimental and Because only the totally symmetric modes can directly
calculated values for all key bond distances and angles arecouple to electronic transitions and are, thus, expected to be
insignificant; therefore, all subsequent computations were strongly rR enhanced, the 463/435 Tnand 117/115 cmt
performed on the optimized model dfshown in Figure 6a  isotope-sensitive modes were assigned to ith¢Ni—C)
(left). stretching and.1(C—Ni—N) bending modes, respectively.

In an effort to generate an experimentally calibrated Because either the 232 cfor the 348 cm* feature could
electronic structure description af the TD-DFT method  be assigned to the remaining totally symmetric mode [i.e.,
was used to compute a series of absorption spectra for thisthe Ni=N breathing modea:(Ni—N)], both possibilities were
complex, whereby the amount of Hartre€ock (HF) considered in two independent NCAs. Initial estimates of
exchange added was systematically varied between 0 andwi-c = 1.0 mdyn/A kyi-n = 0.5 mdyn/A, andke ni-n =
25%. To facilitate comparison with our experimental data, 0.25 mdyn A/rad were used, whereas the value for the
the TD-DFT-predicted transition energies and intensities were Urey—Bradley nonbonding interaction was sekig = 0.05
used to simulate an absorption spectrum for any given mdyn/A. The force constants—c, kni-n, andkc-ni-n Were
percentage of HF exchange, assuming that each transitiorthen fitted to achieve the best agreement between the
gives rise to a Gaussian band with a uniform width of 2600 experimental and calculated vibrational frequencies.
cm1, corresponding to the average width of bandslA The calculated frequencies obtained with the fitted force
(Table 1). Although all TD-DFT computations yielded constants agree very well with the experimental values for
qualitatively similar results (Figure S2, Supporting Informa- both assignments of the,(Ni—N) mode to either the 232
tion), the overall best agreement between the experimentalcm™ (Table 2) or the 348 cni R feature (Table S10,
and predicted absorption spectra was achieved with the pureSupporting Information). On the other hand, fits with the
BP DFT functional (0% HF exchange). In particular, this 232 and 348 cm' features assigned to different NN
latter computation most closely reproduces the experimentalstretches yielded poor agreement between predicted and
observation that three major transitions contribute to the observed frequencies (not shown), suggesting that one of
28 500 cn1! absorption feature (bands+H, Figure 4 and  them does not correspond to a fundamental but rather to a
Table 1). Therefore, the pure BP DFT functional was used combination or overtone mode. Indeed, the value of 348'cm
in all subsequent analyses and to assign the dominantis consistent with it being the sum of the frequencies of the
transitions (Section D). Note, however, that irrespective of — - -
the DFT functional chosen, the same general conclusions'®?) 71 Fviaionsocur at uch hgher e bcause i e
would be drawn from our computational results. the vibrations of the NibC framework.
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Table 2. Experimental and Calculated Vibrational Frequencieslfor
with the 232 cmi! Mode Assigned tazai(Ni—N)?2

exptl freqs NCA
normalmode sym Cg CDs CHz CDs force constants
vai(Ni—C) a 463 435 463 431 kni-c=1.44
ve(Ni—N) e 272 272
va1(Ni—N) a 232 232 232 232 kni-n=0.40
vpa(Ni—N) by 227 227
0(C—Ni—=N) e 172 164
0af(C—Ni—N) & 117 115 117 116 ke-ni-n=0.22 (0.05)
0p1(C—Ni—N) by 90 90

aCalculated values were obtained from a NCA of the NiQMhit.
Frequencies are given in crh) and stretching and bending force constants
k are given in mdyn/A and mdyn A/rddrespectively? Urey—Bradley
nonbonding interaction constant in mdyn/A.

117/115 cmt and 232 cm?® modes; therefore, the 348 cfn

Schenker et al.

MOs, as obtained from BP DFT computations on the
geometry-optimized model ol (note that although the
physical relevance of MOs obtained from DFT computations
is a matter of dispute, the computed electron density is
directly related to the experimentally observable spin den-
sity). In the S = 1 ground state ofl, the two unpaired
electrons occupy the N#- andx? — y?>-based MOs 9@ and
89, respectively* As a result of spin polarization, these
MOs are strongly stabilized by 1.342 and 1.913 eV relative
to their unoccupied spin-down counterparts3&nhd 9(5,
respectively (Table 4). This spin polarization also leads to a
stabilization of the other Ni 3d-based spin-up MOs relative
to their spin-down counterparts, albeit to a lesser extent.

The Ni—ligand bonding interactions are best inferred from
the Ni 3d-based unoccupied MOs that arentibonding with

mode is assigned as the combination band associated withrespect to the methyl C-based and tmc N-based frontier

the totally symmetric Ni-N stretching and €Ni—N bending
modes>® This assignment is corroborated by the low rR
intensity of the 348 cmt mode compared to those of both
the 117/115 and 232 cthmodes. Note that the alternative
assignment of the 348 crh mode to v, (Ni—N) would
require the 232 crit mode to correspond to the first overtone
of the 117/115 cm! bend, 2.(C—Ni—N), which can be

orbitals (Figure 6b). Consequently, the dominant-Ri
bonding interaction involves the N# and C p orbitals
forming the Ni-C ¢ antibonding MO 88 (Table 4). The
large methyl C porbital contribution to MO 88, which is
particularly evident from the corresponding isosurface plot
(Figure 8), indicates that the NIC bond is highly covalent

in nature. Because MO $9is unoccupied, its large C,p

ruled out on the basis of the relative rR intensities of these orbital character reflects a substantial degree of~(Ni
two modes (Figure 3) and the lack of any discernible isotope electron delocalization in the occupied NC ¢ bonding

shift of the 232 cm! mode.
Our NCA reveals that the fitted force constant for the
Ni—C stretchkyi—c = 1.44 mdyn/A, is virtually independent

counterpart (MO 8B). This bonding description implies that
the Ni—C bond has considerable MCHz* biradical char-
acter, which is consistent with the substantial delocalization

from the assignments of the other modes. This result is aof the computed total unpaired spin density over the ©li

direct consequence of the fact that thg(Ni—C) mode
involves predominantly (95%) NiC stretching motions and
negligible (0.1%) Ni-N stretching motions, as revealed by
the potential energy distribution (PED) contributions listed
in Table 3 and Table S11 in the Supporting Information.
On the other hand, the,(Ni—N) andda,(C—Ni—N) normal
modes both possess substantial contributions from the-trey

bond (Figure 6a). The dominant NN bonding interactions
involve the Nix? — y? orbital and the N p p,-based lone
pairs that are the main contributors to thantibonding MO
905 (Table 4). As evidenced by the isosurface plots of this
MO and the total unpaired spin density in Figure 6, the-Ni
bonds are substantially less covalent than the Glibond.
C.3. Spin Hamiltonian Parameters.To corroborate the

Bradley nonbonding interaction of 9% and 26%, respectively, spin Hamiltonian parameters (eq 3) for tBe= 1 ground

and the latter mode also involves about 5%-Ni stretching
motion (Table 3). These results reveal that theNG—N
bending and Ni-N stretching motions are strongly coupled,
which likely accounts for the large intensity of tidg(C—
Ni—N) mode in the rR spectra df in Figure 3. The fact

state of1 obtained from the VTVH-MCD data analysis
(Section A.2), semiempirical INDO/S-CI calculations were
performed on the DFT optimized model dfas described

in the Experimental Methods section. However, even on
approaching the maximum number of configurations man-

that theva(Ni—N) mode gives rise to the most intense feature ageable by ORCA, no stable values for the ZFS parameters

in rR spectra obtained with 407 nm (24 588 Gjrexcitation

and g values were obtained (i.e., small variations in the

indicates that the corresponding transition also carries number of excited configurations included consistently led

substantial N— Ni CT character (see Section D for band
assignments).
C.2. Nature of Ni—Ligand Bonding. One of the main

to substantial changes in the computed spin Hamiltonian
parameters). This instability possibly reflects the presence
of low-lying LF excited states, predicted by INDO/S-CI

objectives of this study was to obtain quantitative insight computations at~4500 cn1?, which may preclude the use

into the nature of the NiC bond in1. To accomplish this

of perturbation theory to compute accurate spin Hamiltonian

goal, the DFT method was used in conjunction with the BP parameters. However, approximate valueBef —5 to —8
functional that was chosen for reasons outlined in Sectioncm™ andE/D ~ 0.1 and an essentially isotropgctensor

B. Figure 6a (right) shows the distribution of the total

with g« ~ gy ~ g, &~ 2.20 can be derived from our INDO/

unpaired spin density, whereas Table 4 lists the energies and5-Cl computations. These values are consistent with the
compositions of the relevant Ni 3d- and C and N 2p-based results from the analysis of our VTVH-MCD data, in

(53) The isotopic shift of the 348 crh mode of -2 cn! that would be

particular, with respect to the sign &f (see Section A.2)

expected on the basis of this assignment lies within the experimental (54) Throughout the manuscript, Ni 3d orbitals are labeled using an

error of the frequencies determined from our rR data.
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Implications for Ni—Methyl Bonding in Acetyl-CoA Synthase

Table 3. Normal Mode Descriptions for the NiCNUnit of 1-CHz with the 232 cmi* Mode Assigned tazai(Ni—N)

eigenvectors PED

normal mode sym NtC Ni—N C—Ni—N Ni—C Ni—N C—Ni—N UBe®

va1(Ni—C) a +0.289 —-0.007 —-0.025 94.9 0.1 0.5 4.6
ve(Ni—N) e 0.000 +0.18540.134 F0.038/0.027 0.0 94.6 2.2 3.2
va1(Ni—N) a —0.006 +0.134 +0.018 0.2 89.8 0.9 9.1
vp1(Ni—N) by 0.000 +0.133 +0.003 0.0 92.6 0.0 7.4
0¢(C—Ni—N) e 0.000 4+0.005A4-0.006 F0.103/0.125 0.0 0.2 66.5 33.3
0a1(C—Ni—N) a +0.003 +0.016 —0.078 0.1 5.4 68.3 26.2
Op1(C—Ni—N) by 0.000 +0.008 F0.061 0.0 2.3 68.6 29.1

aMass-weighted eigenvectoks,. ® PED in %.¢ Urey—Bradley nonbonded interaction.

Table 4. Energies (in eV) and Compositions of the Ni 3d-Based and
Relevant Ligand-Based Molecular Orbitals Obtained from a
Spin-Unrestricted Pure DFT Calculation &
Spin-Up MOs
Ni CHs) N C,H
#  MO® E(eV) océ xy xz yz % x2—y2 p, tot tot
900 72 —-6963 1 0 0 0 29 0 41 6 6
8% x*—y?> —-7370 1 0 O O O 48 0 34 14
88a yz —-8.258 1 13453 0 0 0 5 4
87a xz -8284 1 05232 0 1 0 6 6
86o. xy —-8532 1 % 0 0 O 1 0 1 2
85t Npgy —9733 1 0 6 5 0 0 0 44 37
84a Cp, -9964 1 0 0 0 54 0 26 6 7
83 Npy —10032 1 0 3 4 5 0 4 46 29
82 Npy —10613 1 0 0O O O 46 0 20 32
Spin-Down MOs
Ni C(Hs) N C,H \ / /
# MO° E(eV) océ xy xz yz z xX*—y2 p, tot tot 0 X | | | |, I

908 x2—y? -5457 0 1 0 O 1 73 0 15 6 20000 30000 40000
89 2 -5.621 0 0 0 0 49 1 23 4 6 energy (cm“)
883 yz —-7519 1 0 37 54 0 0 0 5 3
878 xz —r561 1 053 36 0 0 o 4 4 Figure 7. Experimenth4 K (a) and BP TD-DFT calculated (b) absorption
865 xy 783 1 % 0 0 O 1 0 1 2 spectra ofl. The labeling scheme for the experimental transitions relates
858 ﬁ P —8.677 i 0 0 042 0 44 4 2 74 to Figure 4 and Table 1. Transitions producing the dominant contributions
843 Npgy —9.563 0 3 3 0 0 0 8 3 to the calculated spectrum are indicated by vertical lines. The numbering
g% “ %5 :ggég i 8 g 2 8 2(?)’ 8 gz gg scheme used to label excited states relates to Table 5.

aOnly Ni 3d, N 2p, and methyl-C 2prbital contributions are shown.
b MOs are labeled according to the atomic orbitals that produce the dominant

contribution® © Occupation number, and Figure 8). The €& Ni CT character of this transition is

particularly evident from the corresponding EDDM (Figure

D. Excited States. D.1. TD-DFT Calculations.The 9), which shows that, upon excitation, substantial electron
spectral analysis presented in Section A.2 reveals that at leasglensity is transferred from C to Ni, giving rise to a transition
nine electronic transitions contribute to the spectral region moment that is oriented along the NC bond vector (i.e.,
between 12 000 and 35 000 ch{labeled A-I in Figures 4 parallel to the moleculaz axis). Transitions 14 and 18
and 7a and Table 1). Bands— and | are assigned to LF  essentially correspond to the one-electron excitations from
transitions on the basis of their low absorption intensities the N g, p,-based MOs 84 and 83, respectively, to the
and large|0|/OD ratios (Table 1), whereas bands i, as  Ni x¥* — y*>based MO 98. The N— Ni CT character of
well as the dominant absorption feature at 40 500%Gmre  these transitions is also apparent from the corresponding
attributed to CT transitions. To identify the donor and EDDMs (Figure 9) and is consistent with the fact that their
acceptor orbitals involved in these transitions, the results from transition moments are oriented perpendicular to the molec-
the BP TD-DFT calculation o (Section B) will be used  ularz axis (Table 5).
in the following. D.2. Spectral Assignments.Figure 7 reveals that the

The computed absorption spectrum fobrexhibits 18 prominent bands at 28 500 and 40 500 érim the experi-
transitions below 37 000 cm (Figure 7b); the energies, mental absorption spectrum df are reasonably well-
oscillator strengths, molecular polarizations, and principal reproduced by the TD-DFT computation, which predicts two
donor and acceptor MOs of the relevant transitions are listedsimilar features associated with transitions 9 and 14/18,
in Table 5. Three dominant transitions can be identified at respectively. On the basis of the results presented in the
30 920, 34 640, and 36 690 cithat are labeled 9, 14, and  preceding section, we may, thus, conclude that the bulk of
18, respectively, in Figure 7. Transition 9 primarily involves the intensity of the 28 500 and 40 500 chband systems
C p, (853) — Ni 22 (893) one-electron excitation (Table 5 arises from C p— Ni Z2and N g, p, — Ni X* — y2 CT
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Table 5. TD-DFT Calculated Energiegeai (in cm™1), Oscillator Strength$, Molecular Polarizations (in %), and Percent Contributions from Dominant
One-electron Excitations of Relevant Transitiths

band Vmad state Veale f %X Y%y %z one-electron excitation %

A 14 560 2 13 240 0.000 01 20.1 79.0 0.9 Ai(878) — Ni 22 (898) 66
B 16 000 spin flip

C 19980 4 17 200 0.002 43 11.3 88.7 0.0 YR(883) — Ni x> — y?(905) 64

D 21325 5 17 544 0.003 25 80.7 19.3 0.0 XHi(878) — Ni x2 — y?(908) 76

E 23900 7 25917 0.000 10 275 33.6 38.9 A853) — Ni x2 — y?(908) 97

C p. (856) — Ni 2(89) 2

F 26 700 8 29106 0.021 56 0.1 0.2 99.7 A(900) — Ni pA91a) 89

C p(858) — Ni 22(89) 9

G 29100 9 30920 0.052 78 0.2 0.1 99.7 4803) — Ni 2(89) 63

N px, py (838) — Ni x?— y*(90B) 19

H 31550 10 31861 0.012 64 70.1 29.9 0.0 N (848) — Ni 22(895) 98

| 33740 12 33554 0.000 63 98.1 0.3 1.6 N (833) — Ni 22(893) 97

13 33778 0.026 35 38.6 61.1 0.3 N py (848) — Ni X2 —y?(905) 68

N px, py (828) — Ni 22 (89) 28

~40 500 14 34 640 0.061 76 53.4 46.0 0.6 Nm® (828) — Ni 22(893) 68

N px, py (846) — Ni x2 —y?(90p) 23

~40 500 18 36 690 0.102 21 48.9 51.1 0.0 Nm® (828) — Ni x2 — y?(905) 91

a Experimental band positions (in ¢ from the Gaussian deconvolution of the absorption and MCD specttaéiyure 4 and Table 1).

Figure 9. Electron density difference maps (EDDMs; isodensity value of
0.005 a.u.) for selected transitions (see Table 5 for numbering scheme used).
Grey and blue indicate a loss and gain of electron density, respectively.

the experimental finding that both the NC and NN
stretching modes.;(Ni—C) andvai(Ni—N), respectively, are
enhanced in rR spectra obtained upon excitation in resonance
with this feature (Figure 3). The mixed character transition
9 presumably stems from CI mixing of the G ¢~ Ni 2
and N p, py — Ni X2 — y2 CT excited states, because TD-
DFT computations employing the B3LYP hybrid functional,
which overestimate the energy separation between the C
Ni and N— Ni CT excited states (Figure S2, Supporting
Information), predict that the corresponding transition has
negligible N— Ni CT character.
Our Gaussian deconvolution reveals that the experimental
absorption band at 28 500 cfrpossesses contributions from
o - evel d howing the k - al the three transitions-HH (Figure 7a; Section A.2). Similarly,
e e e e o conon®® the TD-DFT-computed spectrum also exhibits three transi-
plots (isodensity value of 0.05 a.u.) of the MOs are shown on the right. tions in this region, including transitions 8 and 10 at 29 106
{he dominant one.-electron excitaions invaived i key CT ranstions based - oL C1TF, respectively, along with the G p- Ni 2
Lnethg TD-DFT computation oh(see Table 5 for numbyering scheme used). g;nzznlzsg(:lg ngigusigdai?i%\ﬁe(g?ou ;?aﬁg?m;osnzegﬁgn;g’
transitions, rgspgctively. Because transition 9.also Containsrespectivelﬁﬁ Transi)t/ion 8 primarily involves one-electron ’
a 19% contribution from the N.pp (833) — Ni x* — y? excitation from the Nz2-based MO 9@. to a Ni-based orbital

(9Q8)_ one-electron excitation (Table 5 pour computations (MO 910) reminiscent of a 4gchybrid. The large (47%) C
predict that the 28 500 cr band possesses both-€ Ni

and N— Ni CT character. This prediction is consistent with

(56) An alternative assignment of bands-3o vibrational sidebands of
the electronic transition F can be ruled out because the energy spacing

(55) This contribution to transition 9 is not evident from the EDDM in between bands-F of ~2000 cn1! far exceeds the frequency of any
Figure 9, but it becomes obvious if a lower isodensity value (0.002 resonance enhanced vibrational mode in the rR spectra obtained with
a.u.) is employed. laser excitation in this spectral region (Figure 3).
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p; orbital contribution to the donor MO (Table 4) along with 1 A cluster
the 9% contribution from the C,p853) — Ni 2 (895) . TNy |
excitation (Table 5) orient the corresponding transition dipole N"N! /' \\
moment along the NiC bond vector (Table 5; also see J NECH, | i NI“CH,

EDDM in Figure 9). Transition 10 corresponds to the )\ p Ni3d ! 1, ~CHs (2p2) Nig3d / § "CHa (2p,)
p, (848) — Ni 22 (898) CT excitation (Table 5). — P |\ fone pair’
Band E at 23900 cmt, which dominates the MCD “:\\ Ni2CHs //‘:\ \\\ NI®CH ,7' bea
spectrum, is assigned to the TD-DFT calculated transition 7 | \ /’
at 25 917 cmt. Although this transition formally corresponds \ / Lea(N2P) VNl
to the C p(856) — Ni x? — y2 (908) CT excitation, it carries LONEN ‘ =

substantial LF character because of the large (44%) contribu- —
tion from the NiZ? orbital to the donor MO (Table 5), BO(Ni-C)=0.5 BO(Ni-C) =0

consistent with the high9|/OD ratio observed experimen-  Figure 10. Schematic illustration of the Niligand bonding interactions
tally The corresponding EDDM plot (Figure 9) indicates .1 the methyatec Mosnter o « hyparetca & chter mocel.
that electron density is predominantly transferred along the equatorial ligand atoms.
Ni—C bond vector, in excellent agreement with the results
from our VTVH-MCD data analysi?’ the semiempirical INDO/S-CI calculation predicts this transi-
Bands C, at 19 980 cm, and D, at 21 325 cni, are tion at 12 460 cm?, in fair agreement with the experimental
assigned to the Niz (883) — Ni 22 (893) transition 4 results.
predicted at 17 200 cm and the Nixz (875) — Ni 22 (898) In summary, our TD-DFT-assisted spectral analysis reveals
transition 5 at 17 544 cm, respectively’® Support for this that the electronic absorption spectrumlofan be divided
assignment is provided by the MCD spectra in Figure 4b, into three major regions, as indicated in Figure 2: region |
where these two LF transitions give rise to a derivative- contains mainly LF transitions, whereas regions Il and Il
shaped pseudo-A term feature. MCD intensity requires the are dominated by C~ Ni and N — Ni CT transitions,
presence of two perpendicularly polarized transition dipole respectively. Importantly, the good agreement between the
moments. Although. does not possess orbitally degenerate experimental and calculated absorption spectra lends cre-
states because of its low symmetry, this requirement can bedence to our computed bonding description fbrand
fulfilled through mixing between the ground state and excited Warrants the use of the BP DFT method to explore Gz
states or among excited states via spinbit coupling. In bonding in hypothetical A cluster models, as discussed
situations where spinorbit coupling between a pair of below.
energetically proximate excited states becomes dominant, theDiscussion
corresponding MCD transitions will be equally intense but
oppositely signed, leading to the appearance of a derivative- Ni—Methyl Bonding in [Ni(tmc)CH 3]* (1). Our experi-
shaped pseudo-A term feature. Consequently, observationmentally calibrated DFT computations allow for substantial
of a pseudo-A term associated with bands C and D (Figure insight into the nature of NtCHs bonding in complexl.
4b) requires the corresponding transition moments to be As illustrated in Figure 10 (left), the close energetic proximity
mutually orthogonal, which is indeed the case for transitions of the C p-based frontier orbital of the methyl group and
4 and 5, which are polarized mainly along and x, the Ni 3d orbitals gives rise to an extremely covalentRi
respectively (Table 5; also see EDDMs in Figure 9). bond and, consequently, to a large splitting between the C
TD-DFT-assisted tentative assignments of the remaining P~basedo bonding MO and its Nz*-basedo antibonding
features in the absorption and MCD spectrd ¢Figure 4) counterpart. Therefore, the latter MO is energetically close
are also included in Table %.Note that band B at 16 000 to the Nix* — y*based Ni-N o antibonding MO, despite
cm?, assigned in Section A.2 to a spin-flip transition on the fact thatl is only five-coordinate, possessing a single
the basis of its narrow width, is not predicted by the TD- axial ligand. The resulting energy separation-¢d.5 eV
DFT calculation because this method only considers elec- between these two MOs is considerably smaller than the spin
tronic excitations within the same spin manifold. However, Pairing energy of-2.0 eV estimated from the energy of the
spin-flip transition B in Figure 4, andl, thus, adopts a high-
(57) The computecky polarization of transition 7 (Table 5) reflects the  SPin (S= 1) ground state. As a result, theantibonding Ni
high N p,, py orbital character of the principal acceptor MO (0 Z-based MO is only singly occupied, leading to a formal

(58) Because of the coordinate system chosen, theBindyz orbitals in . . N
1 are strongly mixed; the designatioxsandyzare, thus, used solely ~ Ni—C bond order of 0.5. To evaluate the impact of thé*Ni

) for Ieébeling purpos%s. | g sicted spin state on NiC bonding, a spin-restricted (i.65,= 0)
59) Band A at 14 560 crit is tentatively assigned to transition 2, predicte : ; eni
at 13 240 cm. which is mainly due to the Nz (878) — 2 (896) DFT calculation on a hypothetical low-spin modellofvas

excitation on the basis of its EDDM (not shown). This EDDM also  attempted. However, convergence of the wave function

suggests the presence of a substantial transition dipole moment along i
the Ni—C bond, in agreement with thepolarization of band A as required complete removal of the methyl group (malie),

deduced from the VTVH-MCD data analysis (Section A.2). Band 1 at d€monstrating that the stromgdonor ability of the methyl

t33 74? erlz istae)S;gzgfdr%o thﬁ, lr\]lx_ppy (%382 g’tNi z (89ﬁ|) ﬂl ligand and the consequent stabilization of a high-spi#t Ni
ransition 12 a cm, which is predicted to carry only little : - :
absorption intensity because of the vastly different compositions of ground state are essential prerequisites for-@libond

the donor and acceptor MOs, in agreement with our experimental data. formation in the preparation df.
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Methyl-Binding Site of the ACS A Cluster. As demon- Table 6. Comparison of M-CH; Bond Orders and Stretch Force
strated in this study, the BP DFT method provides an Constantw—c (in mdyn/A) for 1, 3a 4, and5
accurate Ni-C bonding description fot and, thus, appears 1 3a 4 5
well-suited to evaluate hypothetical models of the methylated  BO? 0.848 0.944 1.038 1.136
A cluster. Although circumstanti#l and computation& ku-c L4 1.60 176 185
evidence suggest that Nis the site of methyl binding, it aLswdin bond orders as obtained from single-point DFT computations

has also been proposed that the methyl transfer from thegggt?mgtig‘f\r-zgf%’]‘; tc'z; Nuct: dot:o?]Lérorere?:tEnzl (:S‘eleﬁriﬁi?:/‘};:f-olr)-
CH;—CoFeSP protein to the ACS A cluster involves the 1 drrom ref 62. P o= Haamey

distal Ni center (Nj) while CO binds to the proximal center

(Nip),>**!"thereby invoking a binuclear mechanism for ACS |eads to the inability of N?* to adopt the high-spin ground-
catalysis. To evaluate the likelihood of methyl binding to state necessary for the formation of a stable-®ibond.

Nig, DFT computations were performed on hypothetical Comparison of N#*—C and Co*—C Bonding. To
models of the oxidized A cluster possessing an axially bound fyther our understanding of the fascinating methy! transfer
methyl group on Nj and lacking the [F&] unit, reaction from the Ckt-CoFeSP protein to the A cluster (eq
[{ S(CH)2} Nip?"Nig** —CHg] (Chart 1) Both S= 1 (model 2 it s instructive to compare the NiC and Co-C stretch

2a) and spin-restricte® = 0 (model2b) A cluster states  force constants and bond orders, as both provide a measure
were investigated with initial NtC bond lengths of 2.0 and  of the corresponding bond strengths. The corrinoid cofactor
2.5 A, respectively! The total energies and unpaired spin jp CHs—CoFeSP is methylcobinamid (MeChj for which
densities of these and all other models discussed in the texty Co-C stretch force constant &f, ¢ = 1.85 mdyn/A has
are listed in Table S12 in the Supporting Information. peen reporte@ This value is considerably larger than the
Interestingly, mode2a converged to a$= "/ Nig> —CHs Ni—C stretch force constant ofni_c = 1.44 mdyn/A
species ferromagnetically coupled to@r /> Nig" center,  determined forl, indicating a stronger metahmethyl bond
[{S(CHy)2} Nip"Nig* —CHg]. Upon subsequent geometry in the MeChbi cofactor. To estimate the NiC bond strength
optimization of this mixed-valence species, the methyl group in the methylated A cluster, the NiC bond orders for viable
spontaneously transferred from the distal to the proximal Ni A cluster models possessing a methylated proximatNi
center (which, therefore, adopted a tetrahedral geometry tocenter were calculated using the DFT method. The two
ensure a high-spin ground state as required byShe 1 structures considered include moda featuring a tetra-
total spin imposed on this model), yieldingS(CH)2} - hedrally coordinateds = 1 Ni?* center (vide supra) and
Nip?*—CHsNig?*] (model3a, Chart 1), with the unpaired spin  model4 possessing a square-plasa 0 Ni>" center (Chart
density now mainly residing on N{Table S12, Supporting  2).8°

Information). Similarly, the diamagnetic A cluster mo@él The calculated Ni-C bond orders irBa and4 are 11%
underwent spontaneous methy! transfer fromtbliNi, upon and 22% higher than ih, respectively (Table 6). An analysis
geometry optimization, yieldingb (Chart 1). of the key MOs of these models indicates that3m the

These results strongly suggest that methylation of the A Ni—C ¢ antibonding MO s singly occupied, asInwhereas
cluster occurs at Nirather than Ni. This preference can be in 4, it is empty (Figure S4). Because the-NZ o bonding
understood by comparing metdigand bonding in2a and MO is doubly occupied in all cases, this leads to an increase
1, because both species possess similar square-pyramidah the formal bond order from 0.5 fdr and3ato 1.0 for
Ni—CHjs core structures. As shown in the previous section, 4.°3To validate our assumption that calculated metairbon
the formation of a stable axial NiC bond in such square- bond orders (Table 6) provide a reasonable measure of the
pyramidal complexes can only occur if the?Niadopts a corresponding bond strengths, we also computed the@o
high-spin electron configuration, which requires the Ni 3d- bond order for MeCbi (model5, Chart 3). Indeed, the ratio
based Ni-C and Ni-Leq o antibonding MOs (where {q of computed bond orders fdr and 5, BO(Ni—C, 1)/BO-
denotes the equatorial ligands) to be in close energetic(Co—C, 5) = 0.75, agrees nicely with the ratio of experi-
proximity (Figure 10). Consequently, the axial-NC bond mental force constant$yi-c/kco-c = 0.78, as well as the
strength critically depends on the electronic properties of the ratio of experimentally determined MC(benzyl) bond
equatorial ligands. As illustrated in Figure 10, the equatorial dissociation energi€$ BDE(Ni—C, 1)/BDE(Co-C, MeCbl)

LF experienced by Niin the A cluster is much stronger = 0.83. When the ratio BO(NiC, 3a)/BO(Ni—C, 1) =1.11
than that associated with the tmc ligandliras a result of

the presence of two deprotonated amides. This difference(62) (a) Dong, S.; Padmakumar, R.; Banerjee, R.; Spird, Rm. Chem.
leads t id blv | destabilizati ft . Soc.1996 118 9182-9183. (b) Dong, S.; Padmakumar, R.; Banerjee,
eads to a considerably larger destabilization of the-liyq R.; Spiro, T.Inorg. Chim. Actal998 270, 392-398.

o antibonding MO in the protein than it doesirand, thus, (63) The discrepancies between formal and DFT-computed bond orders
mainly arise from the fact that the former neglect contributions from
the Ni 4s and 4p orbitals to bonding.

(60) See Experimental Methods for details. ThesfzE*+ unit had to be (64) Although the Ni-CHs bond dissociation energy (BDE) fdris not

omitted to allow for spin-restricted calculations. For consistency, available, it is useful to compare the-NC BDEs for the benzyl (Bn)

truncated A cluster models were used throughout this study. This derivative of1 and benzylcobalamin (BnCbl). In BnCbl, the €6

truncation is not problematic because the 4 unit is in the BDE is 23(1) kcal/mol (Brown, K. L.; Brooks, H. Bnorg. Chem.

diamagnetict-2 oxidation state before and after methylation of the A 1991, 30, 3420-3430), whereas in [Ni(tmc)Bri] the Ni-C BDE is

cluster. 19(1) kcal/mol (Schofield, M. H.; Halpern, thorg. Chim. Acte2003
(61) With Ni—C bond lengths below 2.5 A, modab failed to converge. 345 353-358).
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and our experimentally determined valuel@f-c = 1.44 to bind equatorially, thus allowing for the formation of a
mdyn/A for 1 are used, a value déyi—c = 1.60 mdyn/A stable, square-planar (low-spin) fli—CH; adduct. Col-
may, therefore, be estimated for the-NG bond in3a. When lectively, these results provide an intuitively appealing

the same approach is followed, a valuekpf-c = 1.76 electronic argument in strong support of Barondeau and
mdyn/A is predicted fos. A comparison of the total energies Lindahl’'s hypothesi¥ that the methyl group binds to the
of the tetrahedral3a) and square-plana#d) models (Table proximal rather than the distal Ni center of the A cluster.
S12, Supporting Information) indicates that the latter is Additional computational evidence in support of methyl
energetically favored by 0.34 eV (7.8 kcal/mol) over the binding to Nj, has recently been provided by Webster et'al.,
former. Additionally, an analysis of the crystal structure of although in their study, the electronic origin of this preference
the “open” ACS conformation in which the GHCoFeSP was not explored in detail. Notably, our computations reveal
protein can access the A cluster reveals that a square-planafurther that the Ni-C bond of the sterically and energetically
Nij, site is also favored on the basis of steric considerafiéns. most favorable N?#*—CH; adduct considered (mod4) is
Collectively, these results suggest that the methyl-bound similar in strength to the CeC bond of the MeCbi cofactor
Ni,?" center in the A cluster adopts a square-plasz= () of CH;—CoFeSP. Although an evaluation of the energetics
rather than a tetrahedra® & 1) conformation, consistent of the methyl transfer from CH-CoFeSP to ACS (eq 2)
with the fact that the latter structure is unprecedented in thewould also require a consideration of the demethylated,
extensive organonickel literatufelmportantly, the value of ~ reduced corrinoid and A cluster forms, the similar strengths
kni—c = 1.76 mdyn/A for4 is very close to the value é¢o-c of the Ni—C and Co-C bonds may constitute an important
= 1.85 mdyn/A reported for MeChj®2 suggesting that the  prerequisite for the reversibility of this transfer reaction.
organometallic bonds in the methylated A cluster and in Thus, for the electronic reasons discussed above, the con-
CHz;—CoFeSP are similarly strong. Although this similarity formational flexibility of the A cluster that permits the
alone does not ensure reversible methyl transfer frolg-CH  proximal Ni center to adopt a square-planar conformation
CoFeSP to Nj it may play a key role in balancing the upon methylation may be crucial for the formation of a stable

thermodynamics of this reactiéh. Ni—C bond, thereby allowing io compete effectively with
. the Co™ nucleophile for the methyl group used in ACS
Conclusions catalysis.
The spectroscopic and computational studies on the
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methyl binding to the distal Ni center is precluded for

electronic reasons, because the strong equatorial LF generate%odelsl_5 (Tables StS8), key bond lengths and angles for

b}' the (?ieprotonated amlde§ prevents_ZNfrlom adopting a (Table S9), results from a NCA using different band assignments
high-spin electron configuration, resulting in a formalNC (Tables S10 and S11), contour plotgffrom fits of the VTVH
bond order of zero. On the other hand, the lower coordination cyrves as a function ob and E/D (Figure S1), comparison of
number of Nj relative to that of Nj permits the methyl group  computed TD-DFT absorption spectra (Figure S2), depiction of the
normal modes ofl (Figure S3), total energies and spin densities
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