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Abstract: The physical properties and structures of a series of six complexes of the type (NiN2S;)W(CO),
have been used to establish electronic and steric parameters for square planar NiN,S, complexes as
bidentate, S-donor ligands. According to the »(CO) stretching frequencies and associated computed Cotton—
Kraihanzel force constants of the tungsten carbonyl adducts, there is little difference in donor abilities of
the five neutral NiN,S, metallodithiolate ligands in the series. The dianionic Ni(ema)?>~ (ema = N,N'-
ethylenebis(2-mercaptoacetamide)) complex transfers more electron density onto the W(CO), moiety. A
ranking of donor abilities and a comparison with classical bidentate ligands is as follows: Ni(ema)~™ >
{INiIN2S2]%} > bipy ~ phen > Ph,PCH,CH,PPh, > Ph,PCH,PPh,. Electrochemical data from cyclic
voltammetry find that the reduction event in the (NiN.S2)W(CO), derivatives is shifted to more positive
potentials by ca. 0.5 V compared to the ca. —2 V Ni'' redox event in the free NiN,S; ligand, consistent with
the electron drain from the nickel—dithiolate ligands by the W(CO), acceptor. Differences in Ni'' AE;;,
values appear to have a ligand dependence which is related to a structural feature of the hinge angle
imposed by the (u-SR), bridges. Thus the angle formed by the intersection of NiN,S,/WS,C, planes has
been established by X-ray diffraction analyses as a unique orientational feature of the nickel—dithiolate
ligands in contrast to classical diphosphine or diimine ligands and ranges in value from 136 to 107°. Variable-
temperature 3C NMR studies show that the spatial orientations of the ligands remained fixed with respect
to the W(CO), moiety to temperatures of 100 °C.

Introduction Scheme 1
. . . e . (o)
The development of innovative ligands for specific catalytic FHa ACS I
S . . . . ) co - CH;CSCoA +
applications is of continuous interest in both academia and + 3

industry. Indeed the “art” of homogeneous catalysis typically

lies in the minor chemical modifications of steric or electronic F(F@ Fe
properties made to the ligands, such as phosphines, amines, and _ Iy \{
imines, N-heterocyclic carbenes, cyclopentadienides, and so ACS = "'Ks_'hl ,,,,,,
forth, that tune a metal’s ability to control differences in rates cys A N Cys
of catalysis and product specificityThe discovery of entirely
new classes of ligands with unique steric demands or long-term
stability toward oxidative damage motivates many synthetic o
efforts. co + / [cat]

Conceivably, a recent and dramatic discovery of a new ligand | =n
class is to be found in the natural assembly of a catalytic reactive
center within acetytCoA synthase (ACS).* This bimetallic -+
enzyme active site (see Scheme 1) has been deconvoluted into we - nCHg
a nickek-dithiolate moiety, that is, a square planar N8\ [cat] = CL M\"\

M=Ni, Pd

(1) (a) Van Leeuwen, P. W. N. Mdomogeneous Catalysis, Understanding
the Art Kluwer Academic Publishers: Dordrecht, The Netherlands_, 2004
g’)c\ﬁ‘e%esg"‘é%%qpi%- g‘? 4’\{'_-?2'%3‘9“ P.C.J.; Reek, J. N. H.; Dierkes, derived from a Cys-Gly-Cys tripeptide sequence within the

(2) Dokov, T. I.; Iverson, T. M.; Seravalli, J.; Ragsdale, S. W.; Drennan, C. protein, which binds a second, catalytically active nickel through
L. Science2002 298 567-572. i ; 7 ; B

(3) Darnault, C.. Volbeda, A.: Kim, E. J.: Legrand, P.: VadeeX.: Lindahl, bridging cysteinate sulfur donofs? The second nickel, des
P. A.; Fontecilla-Camps, J. Qlat. Struct. Bial 2003 10, 271-279.

(4) Svetlitchnyi, V.; Dobbek, H.; Meyer-Klaucke, W.; Meins, T.; Thiele, B.; (5) Lindahl, P. A.Biochemistry2002 41, 2097-2105.
Romer, P.; Huber, R.; Meyer, ®roc. Natl. Acad. Sci. U.S.R2004 101, (6) Seravalli, J.; Xiao, Y.; Gu, W.; Cramer, S. P.; Antholine, W. E.; Krymov,
446-451. V.; Gerfen, G. J.; Ragsdale, S. \Biochemistry2004 43, 3944-3955.
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ignated Nj in Scheme 1, mediates the assembly of the aeetyl
CoA thioester from CHI" (from the corronoid cobaltmethyl
donor), carbon monoxide, and the elaborate thiolate, EbA.
The role of the first nickel, Ni in NS, coordination appears
to be largely structural, that is, serving as a template for the
tripeptide. The bidentate Ni$, ligand thus derived has the
appropriate electronic (donor) features to support the&€@nd
C—S coupling chemistry of the second nickel,Ni

The chemistry performed by the ACS active site is related
to well-known organometallic chemistry which takes place at

daco)Ni complex derivative of Pd(G)3 as a stable precursor
to the NiN:S,Pd(CH)(solvent) complex which readily takes
up CO. The rapid CO/Ckimigratory insertion process which
followed is a prototype for the first and repeating steps in CO/
olefin copolymerization reactivity* The success of this test
reaction implied that mixed metal complexes that are capable
of catalytic activity might be similarly constructed from an
available library of NiNS, ligands. Hence, characterization of
the intrinsic properties of this class of ligands is of interest.
Historically, the use of metal carbonyls as spectroscopic
indicators of the electron-donating abilities of ancillary ligands
has been highly successful in the development of homogeneous
catalysts. Indeed, the vocabulary of organometallic chemistry
that describes electronic and steric characteristics of ligands has
its basis in the well-known Tolman parameté&$Vhile other
approaches and definitions have been put forth over the
years?3-25 those of Tolman, originally developed for mono-
dentate phosphorus donor ligands in combination with the 16-
electron N?(CO); as acceptor, remain the simplest and most
widely used. In fact, the validity of the use of CO stretching
frequencies as measures of ligand basicity or donor ability has
been challenged by results from photoelectron spectra of a series
of (P—P)W(CO), complexes in which Me and Ph substituents
on the P-donors of diphosphines were systematically vafied.
Nevertheless, as thgCO) frequency values continue to be a

16-electron square planar complexes, including a current reference point for comparisons for classical ligands, such as

industrial process which has a remarkably similar catalytic motif
involving nickel or palladium ligated with diphosphines, di-
imines, and mixed donor bidentate ligands. The CO/R migratory
insertion that follows olefin binding to an acetyNi" or —Pd'
moiety is a key step in the homogeneous catalysis of CO/olefin
copolymerization for production of polyketon¥s12 As shown
in Scheme 1, a metal-mediated-C coupling via migratory
insertion is the function of both the biological and the industrial
catalysts.

That NiN,S, complexes may be used as building blocks in

diphosphines, diamines, or diimines, we have prepared W{CO)
derivatives of bidentate Ni}$, complexes and recorded their
IR spectra in the/(CO) region. X-ray crystallographic analyses
detail the unique spatial characteristics of a series of,8iN
complexes as ligands to W(COTarbon-13 NMR spectroscopic
studies and electrochemical characterizations are also reported
for the series.

Several examples of (Ni#$;)M(CO), complexes have been
reported'®28-33 From the CO stretching frequencies of a 2,3-
pentanedionebiftmercaptoethylimino)nicketMo(CO), com-

the design of polymetallic complexes has been demonstratedplex, Kang and co-workers concluded that the pBNmetal-

for scores of compounds in numerous structural tyfe¥.The
important reaction chemistry observed in the ACS active site
pointed to the potential of the Ni#$, complex as a ligand in
classic organometallic chemist:1® Thus in preliminary

lodithiolate ligand was a better donor than phosphines and
thioethers and similar to bipyridiri§. Our own work with
various complexes of the N#$, metallothiolate ligand, (bme-
daco)Ni, Ni-1, including Ni-1]Fe’(CO), [Ni-1],F€'(CO)?T,

studies, summarized in Scheme 2, we synthesized the (bme-and Ni-1]Mo°(CO); complexes93! concurred with the Kang

(7) Gencic, S.; Grahame, D. A. Biol. Chem2003 278 6101-6110.

(8) Webster, C. E.; Darensbourg, M. Y.; Lindahl, P. A.; Hall, M. B.Am.
Chem. Soc2004 126, 3410-3411.

(9) Amara, P.; Volbeda, A.; Fontecilla-Camps, J. C.; Field, M. Am. Chem.
Soc 2005 127, 2776-2784.

(10) Sen, A.Catalytic Synthesis of Alkene-Carbon Monoxide Copolymers and
CooligomersKluwer Academic Publishers: Dordrecht, The Netherlands,
2003.

(11) Shultz, C.; DeSimone, J.; Brookhart, Nl. Am. Chem. SoQ001, 123
9172-9173.

(12) Rix, F. C.; Brookhart, M.; White, P. S. Am. Chem. S02996 118 4746—
4764

(13) Rao, P. V.; Bhaduri, S.; Jiang, J.; Holm, R. IHorg. Chem.2004 43,
5833-5849.

(14) Jicha, D. C.; Busch, D. Hnorg. Chem.1962 1, 872-877.

(15) Golden, M. L.; Jeffery, S. P.; Miller, M. L.; Reibenspies, J. H.; Darensbourg,
M. Y. Eur. J. Inorg. Chem2004 231-236.

(16) Miller, M. L.; Ibrahim, S. A.; Golden, M. L.; Darensbourg, M. Yhorg.
Chem.2003 42, 2999-3007.

(17) Jeffery, S. P.; Lee, J.; Darensbourg, MChem. Commur2005 9, 1122~
1124.

(18) Linck, R. C.; Spahn, C. W.; Rauchfuss, T. B.; Wilson, SJRAm. Chem.
Soc 2003 125 8700-8701.

(19) Hatlevik, O.; Blanksma, M. C.; Mathrubootham, V.; Arif, A. M.; Hegg, E.
L. J. Biol. Inorg. Chem?2004 9, 238-246.

(20) Harrop, T. C.; Olmstead, M. M.; Mascharak, P.@em. Commur2004
15, 1744-1745.

17324 J. AM. CHEM. SOC. = VOL. 127, NO. 49, 2005

et al. study and established that the nickel dithiolate was only
slightly poorer than the free, anionic thiolate as an electron
donor. In more recent efforts to synthesize model complexes

(21) Rampersad, M. V.; Jeffery, S. P.; Reibenspies, J. H.; Ortiz, C. G.;
Darensbourg, D. J.; Darensbourg, M. Ahgew. Chem., Int. EQ005 44,
1217-1220.

(22) Tolman, C. AChem. Re. 1977, 77, 313-348.

(23) Perrin, L.; Clot, E.; Eisenstein, O.; Loch, J.; Crabtree, Rindrg. Chem.
2001, 40, 5806-5811.

(24) (a) Koide, Y.; Bott, S. G.; Barron, A. Rorganometallicsl996 15, 2213—
2226. (b) Hirota, M.; Sakakibara, K.; Komatsuzaki, T.; AkaiComput.
Chem 1991, 15, 241—-248. (c) White, D.; Taverner, B. C.; Coville, N. J.;
Wade, P. W.J. Organomet. Chen1995 495, 41-51.

(25) Casey, C. P.; Whiteker, G. Tsr. J. Chem.199Q 30, 299-304.

(26) Bancroft, G. M.; Dignard-Bailey, L.; Puddephatt, RInbrg. Chem1986
25, 3675-3680.

(27) Lichtenberger, D. L.; Jatcko, M. B. Coord. Chem1994 32, 79-101.

(28) Kang, D.-X.; Poor, M.; Blinn, E. LInorg. Chim. Actal99Q 209-214.

(29) Yoo, J.; Ko, J.; Park, Bull. Korean Chem. Sod.994 15, 803-805.

(30) Chojnacki, S. S.; Hsiao, Y.-M.; Darensbourg, M. Y.; Reibenspies, J. H.
Inorg. Chem 1993 32, 3573-3576.

(31) Lai, C.-H.; Reibenspies, J. H.; Darensbourg, M.Ahgew. Chem., Int.
Ed. Engl 1996 35, 2390-2393.

(32) Reynolds, M. A.; Rauchfuss, T. B.; Wilson, S.(Rganometallics2003

22, 1619-1625.

(33) Krishnan, R.; Riordan, C. Gl. Am. Chem. So2004 126, 4484-4485.
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for the [NiFe] hydrogenase enzyme active site, Reynolds et al.  Syntheses of (NiNS;)W(CO),4 and (NiN»S;)W(CO)s Complexes:
concluded that the NipB, metallothiolate ligands in [Cp*Ru-  [N.N'-Bis-2-mercaptoethylN,N'-diazacycloheptane]nickel(ll) tung-
(NiN,S)(CO)]* are better electron donors to Rthan two ~ Sten tetracarbonyl, (Ni-1)W(CO)4, (5). The W(CO)(pip). (0.17 g,
monodentate PMgeligands in [Cp*Ru(PMg),(CO)[*™ or the 0.36 mmol) in 20 mL of _CbK:Iz was heated to_4EI: for 10 min under
bidentate diphosphine, FRCHCH,PPh, in [Cp*Ru(dppe)- a N2.atr’nosphere. To this was aglded dropwnse a yellow brown slurry
(CO)T*.%2 Other studies by Rauchfuss and co-workers and by of Ni-1' (0.10 g, 0.36 mmol) dissolved in 10 mL of GEl. The

. . o . resulting red-brown solution was heated for an additional 10 min at 40
Riordan and co-workers established that dianionic 9N °C. The solution was stirred for a few hours at@2 during which a

complexes containing carboxamido nitrogens within th&N 50 prown precipitate formed. The liquid was reduced to about 10 mL
donor environment formed dinickel complexes in which the ynder vacuum, and the tan-brown solid was washed twice with 25 mL
adjacent nickel was Rin mimicry of a possible redox level in  of benzene to remove excess piperidine and twice with 25 mL of
the ACS active sité®33While such isolated reports provide a ether. The product was dried under vacuum to yield 0.13 g, 61% of
guide for expectations and design of complexes based on the(Ni-1')W(CO. X-ray quality crystals were grown by diffusion of ether
metallo-ligands, the serial approach found herein broadly into a DMF solution of the product. Anal. Calcd (found) forsB1gN2-
establishes ligating properties, including both electronic and NitO:SWi: C, 27.3 (26.9); H, 3.17 (3.67); N, 4.89 (5.27). Vis/UV in
steric properties, so that they may be generally applicable. Our PMF solutionZmax (f): 308 (6728), 408 (1169), 450 (985), 512 (494)
study also points to the hemilability of such NiB$ ligands, a nm. IR (DMF, cn): v(CO) 1996(w), 1873(S), 1852(m), 1817(m).

S . . 13C NMR (DMF): 6 211.7, 208.4, 203.8 ppm.
characteristic computed to be of note in the mechanism of the [N.N"Bis-2-methylmercaptopropylN,N'-dimethylethylenediamine]-

ACS enzymé. nickel(ll) tungsten tetracarbonyl, (Ni(bmmp-dmed))W(CQO)4, (6).
In an identical manner fob above, a purple solution of Ni(bmmp-
dmed) was added to W(C&hpip), (0.15 g, 0.31 mmol). Isolation
General Methods and Materials. All solvents used were reagent  yielded 0.10 g, 53% of (Ni(bmmp-dmed))W(CQ)X-ray quality
grade and were purified according to published procedures under ancrystals were grown by vapor diffusion of hexane into aChkisolution
N, atmospheré* The NiN,S, complexes>° cis-W(CO)(pip)2 (pip of the product. Anal. Calcd (found) fori@H,6N2Ni1OsS;W1: C, 31.1
= piperidine)* and complexed—4 were synthesized according to  (32.0); H, 4.25 (4.75); N, 4.54 (5.01). Vis/UV in DMF solutiofinax
previously published procedur&sAll other chemicals were purchased  (¢) 312 (5725), 388 (609), 440 (565) nm. IR (DMF, cht »(CO)
from Aldrich Chemical Co. and used as received. Typically, anaerobic 1998(w), 1878(S), 1854(m), 1821(myC NMR (DMF): o 213.5,
techniques were required, and an argon-filled glovebox and standard211.7, 210.1, 202.8 ppm.
Schlenk-line techniques gNatmosphere) were employed. [N,N'-Bis-2-mercaptoethyliN,N'-diazacyclooctane]nickel(ll) tung-
Physical MeasurementsCanadian Microanalytical Services, Ltd.,  sten pentacarbonyl, (Ni-1)W(CO}, (7). A sample of W(COy (0.1 g,
Delta, British Columbia, Canada, performed elemental analyses. Vis/ 0.28 mmol) in 40 mL of THF under Nwas photolyzed fo2 h to
UV spectra were recorded in DMF on a Hewlett-Packard HP8452A vyield a yellow solution of the W(CQJTHF) adduct ¢(CO) = 1975,
diode array spectrometer. Infrared spectra were recorded on a Mattson1931, 1892 cm?). Addition of a purple slurry oNi-1 (0.08 g, 0.28
Galaxy Series 6021 FTIR spectrometer in gablution cells of 0.1 mmol) in 20 mL of THF resulted in a red-brown solution that was
mm path length. Photolysis experiments were performed using a stirred overnight at 22C. The volume was reduced in vacuo to about
mercury arc vapor, 450W UV immersion lamp purchased from Ace 10 mL; addition of ca. 40 mL of hexane produced a brown solid, which
Glass Co3C NMR analysis was carried out with an INOVA 400 mHz ~ was washed with hexane 2 40 mL) to remove excess W(C®)The
Varian spectrometer. solid was further purified by silica gel column chromatography with
Electrochemistry. Cyclic voltammograms were recorded on a CH.Cl; as the eluent to remove excésisl. The solid was dried under
BAS-100A electrochemical analyzer using platinum wire as counter vacuum to yield 0.12 g, 72% ofN{-1)W(CO). Anal. Calcd (found)
electrode, and Ag/Ag prepared by anodizing a silver wire in a  for CiaHzeN2Ni1OsS;Wa: C, 29.3 (28.9); H, 3.28 (2.92); N, 4.56 (4.25).
CHzCN solution of 0.01 M AgN@0.1 M n-Bu;NBF,, was the reference IR (THF, cnTY): »(CO) 2062 (w), 1974 (m), 1922 (s), 1884 (m). IR
electrode. The glassy carbon disk (0.071%cworking electrode was (DMF, cm1): »(CO) 2062 (w), 1972 (w), 1922 (vs), 1874 (m).
polished with 15, 3, and Am diamond pastes, successively, and then 3CO Enrichment. Carbon-13-enriched W(C@)vas prepared by
sonicated in ultrapure (Millipore) water for 10 min. The solutions were addition of *CO gas to a CkLCl, solution of [PPN][W(COJCI].4344
purged with argon for 510 min, and a blanket of argon was maintained From tungsten hexacarbonyl, the isotopically labetess\W(CO),-p-
over the solution during the electrochemical measurements. All (*3CO)(pip). was prepared by the reported metdddReplacement
experiments were performed in @EN solutions containing 0.1 M of the piperidine with the Nibd5, ligand yielded the (NiNS)-
n-BusNBF, analyte at room temperature. Since the oxidation peaks for W(CO) (*3CO), complexes. Samples containing approximately 6.05
samples were overlapped with the £p/CpFe" redox wave, CpsFe 0.07 mmol of the [(NINS;)W(COu-n(*3CO),] complexes in 0.7 mL
served as the internal reference. The measured potential differenceof DMF were prepared under Ar and used in the VT NMR studies.

Experimental Section

between Cg-e/CpFe" and Cp*Fe/Cp%Fe" was 505 mV. Thus, all X-ray Crystal Structure Determinations. Crystal data and details
potentials are reported relative to the normal hydrogen electrode (NHE) for data collection and refinement are given in Table 1. The crystals
using CpFe/CpFe* as standardH, = 0.40 V vs NHE in CHCN).#2 were mounted on a glass fiber at room temperature for the experiment.
X-ray data were obtained on a Bruker P4 diffractometer. The space
(34) Gordon, A. J.; Ford, R. AThe Chemist's Companioiwiley and Sons: groups were determined on the basis of systematic absences and
(35) ﬁﬁ‘j‘é;‘y”ﬁi %]975923 ‘g?ﬁoem R. Hhorg. Chem 1991, 30, 734-742, intensity statisticé? Structures were solved by direct methods. Aniso-
(36) Darensbourg, M. Y_; Font, |.; Pala, M.; Reibenspies, JI.kCoord. Chem. tropic displacement parameters were determined for all non-hydrogen
1994 32, 39-49. atoms. Programs used for data collection and cell refinement: Bruker

(37) Mills, D. K.; Reibenspies, J. H.; Darensbourg, M.IMorg. Chem.199Q
29, 4364-4366.
(38) Smee, J. J.; Miller, M. L.; Grapperhaus, C. A.; Reibenspies, J. H.; (42) Gagne, R. R.; Koval, C. A;; Lisensky, G. lBorg. Chem198Q 19, 2854~

Darensbourg, M. YInorg. Chem 2001, 40, 3601-3605. 2855.

(39) Colpas, G. J.; Kumar, M.; Day, R. O.; Maroney, Minbrg. Chem199Q (43) Cotton, F. A,; Darensbourg, D. J.; Kolthammer, B. WJSAm. Chem.
29, 4779-4788. Soc.1981, 103 398-405.

(40) Grapperhaus, C. A.; Mullins, C. S.; Kozlowski, P. M.; Mashuta, M. S.  (44) Darensbourg, D. J.; Gray, R. lnorg. Chem 1984 23, 2993-2996.
Inorg. Chem.2004 43, 2859-2866. (45) Sheldrick, G.SHELXTL-PLUS revision 4.11V;SHELXTL-PLUSusers

(41) Darensbourg, D. J.; Kump, R. Inorg. Chem 1978 17, 2680-2682. manual; Siemens Analytical X-ray Inst. Inc., Madison, WI, 1990.
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Table 1.

Crystallographic Data for Complexes 4—7

4

5

6

7

formula
formula weight
temperature (K)
wavelength (A)
z

Dcalcd (mg/CrT?)

u (mm-?)

crystal system
space group

a(A)

b (A)

c(A

B

volume (49
goodness-of-fit

Ri2, WR:? (%) [I > 20(1)]
Ri2, WR (%) all data

GiaH20N2NIOsS,W
587.00
110(2)
0.71073

4

2.135

7.573
orthorhombic

Pnma

13.397(4)

12.386(4)

11.005(3)

90

1826.2(10)
1.144

0.0279, 0.0603
0.0271, 0.0598

C13H 18N zN |OASZW C17H 28C|2N2Ni0452W C15H 20N2N IOsSzW
572.97 701.99 615.05
110(2) 110(2) 110(2)
0.71073 0.71073 0.71073

4 8 4

2.247 1.940 2.067

8.162 5.987 7.007
orthorhombic orthorhombic monoclinic

Pnma Pbca A/n

12.721(5) 18.325(11) 7.2847(12)
12.151(5) 12.748(7) 13.392(2)
10.959(4) 20.575(12) 20.266(3)

90 90 92
1693.8(11) 4806.5(5) 1976.3(6)
1.164 0.992 0.929

0.0719, 0.1781
0.0800, 0.1842

0.0490, 0.1078
0.0701, 0.1151

0.0626, 0.1403
0.1004, 0.1558

ARy = X IFol—IFelIZFo. ®WRe = [Z[W(Fo*~F)F/ T W(Fo)F M2

Scheme 3 Chart 1. NiN2S; Ligand Series (abbreviations, 0S—Ni—S angles,
’/( and designations for W(CO), derivatives)
E-N__ 0o H 3 0 -
i\ — N‘N’iu\ms (|3 H 7\
NS 4 (Pip)W(CO), w42 AN NogizS  ANoayeS
K88 2.RT S™ | ~~co <N<7‘(S ng_;s INZTNiSs
§ y o
Purple Yellow Dark Brown Ni-1* [Ni(ema)(Et,N), (bme-Me,PDA)Ni
XSCANS; data reduction, SHELXTL,; structure solution, SHELXS- £8-NiS 88.8° 97.4° 85.4°
9746 (Sheldrick); structure refinement, SHELXL-97Sheldrick), and [NiN,S,JW(CO), Complexes 1 2 3
molecular graphics and preparation of material for publication,
SHELXTL-Plus, version 5.1 or later (Brukef.
versi Wos (W pl
Results and Discussion %N@s % —N~g /N—'N"\S
The NiN,S, metallothiolate ligands selected for this study _ _ 7
. . Ly Ni-1 Ni-1" Ni(bmmp-dmed)
are comprised of a square planar nickel within gsNdonor 2 SNi-S 89.5 95.40 95.20
set; variations in structures arise from several features. The
[NiN,S,]W(CO), Complexes 4 5 6

diazacyclooctane derivativedi-1 and Ni-1* have S-Ni—S
ligand angles that are ca. 90rheNi-1', based on diazacyclo-

Abbreviations:

heptane framework' and the open_chain I|gand derivative Ni-1* = (N,N'-bis-2-mercapto-2-methylpropane-N,N'-diazacyclooctane) nickel(II)

Ni(bmmp-dmed) have greater SNi—S ligand angles of 95
resulting from a pinched NNi—N angle in both. TheNi-1*

Ni(ema) = (N,N'-ethylenebis-2-mercaptoacetamide) nickel(II)

Ni(bme-Me,PDA) = (N,N'-dimethyl-N,N'- bis-2-mercaptoethyl-1,3-propanediamine) nickel(II)
Ni-1 = (N,N'-bis-2-mercaptoethyl-N,N'-diazacyclooctane) nickel(II)

Ni-1' = (N,N'-bis-2-mercaptoethyl-N,N'-diazacycloheptane) nickel(II)

andNI(bmmp-dmed) CompoundS pOSSGSS gem dlmethyl grOUpS Ni(bmmp-dmed) = (N,N'-bis-2-methyl-mercaptopropyl-N, N'-dimethylethylenediamine) nickel(II)

on the carbona to the sulfur donor that should provide

were measured in DMF. Although this solvent broadens the

differences in steric and electron-donating properties of the ghsorptions, peak maxima selectedd® or 4 wavenumbers

thiolate sulfur. TheNi(bme-Me,PDA) is a neutral ligand that
has a SNi—S angle less than 90 Finally, the dianionic
Ni(ema)y~ has the largest-SNi—S ligand angle of 97and,

produced little differences in the computed Cottdfraihanzel
(C—K) force constanté? The v(CO) values and the respective
C—K force constants are reported in Table 2; for comparison,

obviously, the chief capability for donation due to its charge. other cis-L,M(CO), (L = diphosphine, bipyridine; M= Mo)
This last metallodithiolate ligand also bears the closest resem-yyqre prepared and their(CO) stretching frequencies also

blance to the NiNS, moiety in the ACS active site.
The NiNoS;W(CO), derivatives were synthesized according

recorded in DMF.
Representative infrared spectra in t{€0O) region (Figure

to the labile ligand or ligand displacement approach (Scheme 1) display the four absorption bands that are expecteditor

3);2! simple addition of the NibS, complex to the W(CQy
(pip)2 produced the NiMS,W(CO), products which were
isolated as crystalline materials, typically ®m60% yields

(Chart 1).
Due to poor solubility in preferred nonpolar solvents, the deriving from the hinge of the Nip§, ligand reduces the

v(CO) stretching frequencies for thés-L,M(CO), complexes

Lo,M(CO), complexes of idealize€,, symmetry, assigned to
the two A, By, and B vibrational modes. It should be noted
that theC,, symmetry designation only holds for the immediate
S,(CO), donor environment about W; the significant asymmetry

symmetry toCs. AssumingC,, symmetry, the CO stretching

(46) Sheldrick, GSHELXS-97 Program for Crystal Structure Solutidsni-
(47) Sheldrick, G.SHELXL-97 Program for Crystal Structure Refinement

(48) SHELXTL version 5.1 or later; Bruker Analytical X-ray Systems: Madison,

versita Gottingen, Germany, 1997.

Universita Gottingen, Germany, 1997.

WI, 1998.

17326 J. AM. CHEM. SOC. = VOL. 127, NO. 49, 2005

vibrational mode assignments are according to that of Cotton
and Kraihanzel: A' corresponds to the band with the highest
stretching frequency; Bhas the greatest intensity with a

(49) Cotton, F. A.; Kraihanzel, C. 8. Am. Chem. S0d 962 84, 4432-4438.
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Table 2. CO Stretching Frequencies (cm~1)2 and Calculated Force Constants (mdyn/A)?
i
compound V(ALY v(By) (A2 v(By) k k ki

Ni(bmmp-dmed)W(CO)s 6 1998 1878 1854 1821 13.77 15.00 0.38
(Ni-1*)W(CO) 1 1996 1871 1857 1816 13.74 14.99 0.43
(Ni-1")W(CO) 5 1996 1873 1852 1817 13.74 14.98 0.41
(Ni-1)W(CO), 4 1995 1871 1853 1819 13.77 14.95 0.41
Ni(bme-Me,PDA)W(CO) 3 1993 1876 1843 1826 13.81 14.91 0.35
[(Ni(ema)W(CO]2 (EtN)2 2 1986 1853 1837 1791 13.41 14.77 0.46
(Ni-1*) Mo(CO) 8 2002 1885 1863 1821 13.80 15.17 0.41
(Ni-1")Mo(CO) 9 2002 1886 1851 1824 13.81 15.10 0.37
(Ni-1)Mo(CO), 10 2002 1884 1861 1824 13.84 15.13 0.40
(dppm)W(CO)¢ 11 2016 1906 1906 1870 14.50 15.43 0.38
(dppe)W(CO) 12 2015 1900 1900 1870 14.50 15.34 0.38
(dmpm)W(CO)® 13 2007 1885 1885 1863 14.39 15.10 0.38
(Pip)2W(CO)e 14 2000 1863 1852 1809 13.68 14.94 0.46
(bipy)W(CO)® 15 2006 1886 1870 1830 13.94 15.19 0.41

2R spectra were recorded in DMFEThe convention of modes and the calculated force constants follow that of réfd®reviations: dppm=
bis(diphenylphosphino)methane; dppebis(diphenylphosphino)ethane; dmpmbis(dimethylphosphino)methane; pip piperidine; bipy= bipyridine.

L L
L L: L L
A B4 AP Bz

— 1863
1852

809

996 F— 2000
—1871

" A

HZIIJIiU.”'

R PR P PUMMAI Pl b
Wavenumber (cm-1)

Figure 1. Comparison of(CO) infrared spectra of (a) W(C&pip). and
(b) (Ni-1*) W(CO), in DMF solution.

shoulder or tail corresponding to;A and the band of lowest
frequency corresponds taB In the alternate approach, based
on Cs symmetry, the W(CQ)unit would similarly exhibit four
vibrational frequencies of symmetry 34 A". In the absence
of stereoselectively3CO-labeled species, it is not possible to
unequivocally calculate individual force constants for the two
different axial CO ligands. Hence, in treating the W(G®piety
asC,,, an average axial CO force constat, was calculated.
The differentiation of axial CO groups will be addressed in a
discussion of the temperature-dependé@tNMR data observed
for these complexes (vide infra).

Among the neutral NibS, ligands studied, only minor
differences inv(CO) stretching frequencies of the NiSW-
(CO), were observed. The calculated Cottdfraihanzel force
constants found that the values (stretching force constant of

CO ligands cis to the Nip§; sulfur donors) for all the complexes
are greater than thle values (force constant of CO ligands
trans to NiNS, sulfur donors), consistent with the trans
influence exerted by the auxiliary better donor ligands (L) in
the pseudo-octahedral complex. The rangk ar k; values is
small for the neutral metallothiolate ligands and indicates little
differences in donor abilities. As expected, the dianionic
Ni(ema)~ derivative transfers the most electron density to the
W(CO), moiety, resulting irk; andk, values of 13.41 and 14.77
mdyn/A, respectively. These are the lowest values of any
compounds listed in Table 2. The neutral N8 sulfur donors
result in CO stretching frequencies and force constants of
W(CO), units that are most like the dipiperidine-substituted
analogues; they are much better donors than diphosphines.

On the basis of electrochemical results '{Nireduction
couples), the compleXi-1* with gem dimethyl groups on the
carbona to the sulfur is more electron rich than hgi-1.5°
Nevertheless, using thg€CO) IR data in Table 2 as a criterion
for donor ability, the two metallodithiolate ligands are indis-
tinguishable. A reasonable conclusion is that the steric hindrance
at sulfur prevents optimal close contact of the S-donor site of
Ni-1* to the tungsten. Such arguments have been made for
sterically bulky phosphine ligands in which the spatial require-
ments of the phosphines impinge on the innate electron-donating
ability of the P-donor site, hence obviating a separation of steric
and electronic parametet%.

X-ray Crystallography. As determined by X-ray diffraction
analysis, the molecular structures of compleke$ are shown
in Figure 2, adding to the analogous (NB)W(CO), com-
plexesl—3, which were previously reported.Selected metric
data for complexe$—6 are listed in Table 3 along with that of
the free metallodithiolate ligands for comparison. The molecular
structure of the monodentate (NiS)W(CO) complex7 is

(50) Buonomo, R. M.; Font, I.; Maguire, M. J.; Reibenspies, J. H.; Tuntulani,
C.; Darensbourg, M. YJ. Am. Chem. S0d 995 117, 963-973.
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The Ni--W distance range, 2.923.39 A, is beyond bonding;
individual values largely correlate with the dihedral angle (d.a.)
made by the intersecting N§#S, and WGS,; planes which cover
arange of 107136°. Inspection of the crystal packing diagrams
(see Supporting Information) and metric analysis finds that, in
general, the closest intermolecular nonbonding contacts, in the
range of 3.08-3.2 A, are related to carbonyl oxygen orientations
toward each other between layers of the neutral complexes. In
the [EuN]2[Ni(ema)W(CO),] salt, tetraethylammonium cations
intersperse between rows comprised of pairings of interdigitated
anions. We conclude that the values of the dihedral angles in
the series of complexes are only influenced by intramolecular
electronic and steric interactions.

Analysis of the differences in dihedral plane values benefits
from comparisons of pairs of complexes in the series of six
compounds. While the complexes with gem dimethyl groups
on the carbon to sulfur are expected to have the greatest spatial
requirement within the W(CQ%, coordination sphere, in fact
complex 1 with d.a. = 135.6 realizes this prediction and
Figure 2. Thermal ellipsoid plots (50% probability) of the molecular  complex6 does not (d.a= 114°). Inspection of the structures
fﬁgg‘é_es for complexes-6 with select atoms labeled and hydrogen atoms ¢ complexesl and6 finds a distinct difference in the orientation

of the gem dimethyl groups in the two complexes (Figure 4).

given in Figure 5, and a selection of distances and angles areVVhereas in complet, two of the G—CHs vectors from each

given in the figure caption. A full list of bond lengths, bond of the a-carbons are parallel and pointed in the vicinity of the
W-—C(1) bond vector, the open chain framework of compex

allows the analogous methyl groups to be splayed and oriented
outwardly from the Nig-SR)W unit, offering little steric hin-
drance toward the W(CQnit. Thus in the solid state at least,
the steric encumbrance of the diazacycle-containing comiplex

angles, and anisotropic displacement coefficients for complexes
4—7 are in the Supporting Information.

A common characteristic of the (N§S,)W(CO), structures
is that the square planar Nif, complexes bind as bidentate,
S-donor ligands to W largely maintaining the structural features . ;
of the parent NiNS, complex with only minor deviations in is much greater than that of the oper.l-chaln comyfiex
metric parameters. In the case Mi(ema@~, however, the Complexedt and5 also have large dihedral angles compared

substantially planar structure changes into one with a Td twist [0 those of other members of the series. In both cases, #@ C
of 8.6 on binding to W(CO), while the Ni-1' distorts even unit that. links S. to N is eclipsed across the Wplane. The
more from planar (Td twist of only 2°1to a Td twist of 11.1 pucker in the five-membered NiSR rings displaces the C

in the (Ni-1")W(CO), complex. Interestingly, the Ni}$, parent fchat is_a to S_ in _each case toward theC(1) bond vector,
(free) ligand of comples has a Td twist of 14 %and has only imposing steric hindrance from the H atoms of th€H, groups
a minor distortion to 16 50n binding to W(CO). in 4 and5 that is nearly as great as the methyl substituent of

A second notable feature of the (NiB)W(CO), structures complex1. ]
is that the NiNS, plane in each case connects into th&Vs Complexe2 and3 have the smallest d|he_dral angles, _107
(CO), plane of the pseudo-octahedral tungsten complex with a The nearly flat character of the ce_arboxamldo N to S linkers
hinge at the sulfurs. This hinge, a consequence of the direc-accounts for the small steric requirement of compexThe
tionality of the sulfur lone pairs, is the hallmark of a majority ©P€n-chain SNNS ligand o8 finds the CH—CH, units
of thiolate-bridged dinuclear compounds typically referred to connecting N to S eclipsed across the bplane; however,
as butterfly complexes. Rotation of the structural representation Unlike complexest and5, both carbonsi to S in the NiSGN
used that focuses on the octahedral geometry of {é(SO), flve-member_ed rings are onen_ted down_ and away from the
coordination sphere into a form that better displays the butterfly W—C(1) region. Hence, there is no obvious steric hindrance
character of the complexes (Figure 3) illustrates the difference from the hydrogen atoms on that carbon.
in the chemical environment of the two CO groups that are  There is no apparent correlation of dihedral or hinge angle
mutually cis to the S-donors and trans to each other. In fact, with other metric data of the complexes such as the\&-S
the CO that is under the NtW vector is ideally situated to be  bite angle or W-S distances. The former ranges from 69 to
in a semibridging position. That it is strictly terminal is evident 75° deriving from S-Ni—S angles of 83 to 981n all members
by the Ni-C(1) distances in the series of six complexes, which Of this series, the SNi—S angle decreases (by 1 t&)4ipon
range from 2.85 to 3.72 A and are beyond bonding. The shorter binding of the NiNS; ligand to tungsten, forming the W(C®)
of these actually are within the sum of Ni C van der Waals  derivatives (Table 3).
radii (1.63+ 1.77= 3.33 A), suggesting the possibility of at Minor differences in metric data exist in the-Né distances
least some orbital overlap. While there is no indication from in members of the series of NW bimetallics as compared to
v(CO) infrared data of a low frequency CO that might indi- the free NiINS; ligands (see Table 3). Taken individually, these
cate bridging character, NMR spectroscopic studies describeddifferences would not be statistically significant. From the series,
below find two distinct resonances for the mutually trans CO however, the consistent observation of a slight increase-#8Ni
carbons. bond length upon complexation to W, along with a concomitant
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Figure 6. 13C NMR spectrum of i-1)W(CO), in DMF at 22°C in the
low-field CO region. Asterisks#) indicate83W satellites and¢ indicate
13C—-13C coupling. Assignments refer to the structure shown in Table 4.

plane deviation of Ni, N, and S 0.0698 A), and the thiolate
pendant arms are in the eclipsed position. The monodentate
binding of theNi-1 unit to W produces a long NiW metal
distance of 3.89 A, resulting from a ¥A8—Ni angle of 109.8.

Figure 4. Ball-and-stick representations of alternate views for (a) At2.176 A, the Ni-S(1) distance for the tungsten-bound thio-
(Ni-1*)W(CO)4 and (b) (Ni(ommp-dmed))W(CO)s, complexesl and 6, ;

with focus on the orientation of the gem dimethyl groups of the carloons late of 7 is 0.01 A larger than that of the unbound-h8(2),
to the S-donor atomsthe origin of the steric difference in the two molecules 2.164 A.

as displayed in the Nip8/WS,C; dihedral or hinge angles: 13&or the Within theNi-1 unit of complex7, both Ni-S bond distances
former and 112 for the latter. . . .

are increased as compared to those for the RKeé& ligand
(2.159 A). Both are shorter than the NB,g = 2.189 A
observed in theNi-1)W(CO), complex. The W-S,,q distance
of (Ni-1)W(CO), 2.579 A, is the same as that ilNi¢1)-
W(COY), 2.577 A. Only one W-C—O linkage deviates signifi-
cantly from linearity (172.8), and it is that closest to the
unbound thiolate. Nevertheless, the S{2)5) and S(2)-O(5)
distances of 3.485 and 3.331 A, respectively, are beyond
bonding interactions.

13CO NMR Spectroscopy.The 13C NMR spectra of com-
plexes1-5, recorded at room temperature (2€) in DMF
¢ solvent on both natural abundance and randomly enriched C-13
Figure 5. Two views of the molecular structures of compléx(Ni-1)- samples, display three signals in the—K2O region of the
W(CO)s: (a) thermal ellipsoid plot (50% probability) with atom labels and ~ spectrum in approximately 2:1:1 intensity ratio; as an example,

hydrogen atoms omitted, and (b) ball-and-stick drawing. Selected averaged ; o ; ;
distances (A) and angles (deg): -NB(1), 2.176(3); NKS(2), 2.164(3). the spectrum of complekis shown in Figure 6. Chemical shifts

W—S(1), 2.577(3); Ni-Nayg 1.984(8); Ni--W, 3.894; S-Ni—S, 88.5(11); for all complexes are listed in Table 4. The most intense
N—Ni—N, 89.5(3); W-C(1)-O(1), 178.3(9); W-C(2)—-O(2), 177.5(12); resonance is assigned to the equivalent CO groups mutually
gl_)c(“)_o("')’ 176.5(11); W-C(5)-O(5), 172.6(11); Ni-S(1)-W, 109.8- trans to the S-donors of the Ni&; ligands and mutually cis to

each other, labeled anda’ in Table 4. Note that only for the
decrease in NiN bond length from that of the precursor highly unsymmetrical comple are botha anda’ distinct; in
NiN,S,, is Convincing evidence of Change, presumab|y a all others,a = a', consistent with the mirror plane in the solid-
decrease, in Ni'S bond character in the heterobimetallics. A state structures of all except compléxThe nonequivalence
different result is observed for tidi(ema@~ metallodithiolate ~ Of the carbonyls labeled andb’ is imposed by the orientation
ligand. The Ni-S as well as the NiN distances slightly ~ ©of the NiN;S; ligand. The assignment df andb’ to specific
decrease (or remain the same) on binding to W. The greaterfesonances is not straightforward. From the dependence of C-13
Ni(d.,)—S(p,) antibonding interaction in the dianionic complex chemical shifts of metal-bound carbonyls on electron density
and its partial relief on binding to tungsten could account for displaced onto the carbons, that carbon responsible for the
enhanced bonding in the NW complex. The W-S bond resonance nearest to the position of & carbonyl carbon is
distance in theNli(ema)W(CO)]2~ complex2 of 2.616 A is, the more electron rich. Whether this CO is closest in proximity
however, within the range of that of the neutral compounds, t0 the NiN:S; plane, or opposite, in closer proximity to the
258 to0 2.62 A. remaining lone pairs on S, is, at this time, not known.

Crystals of complex? were obtained inadvertently during The CO carbon resonances in the carbon-13-enriched samples
crystallization attempts for complex Complex7 was subse-  have satellites that derive froffdW—13C and'3C—*3C coupling
quently prepared by the labile ligand approach from the WECO) (see Figure 6 and Table 4). The coupling constants for the CO
(THF) adduct. Views of its molecular structure are given in ligands trans to the thiolate dono&*®3W—13C)yans-coa are
Figure 5. The square planar NiS complex is again largely  on the order of 170 Hz; they are larger than the coupling
unchanged from that of the parent free ligand (least-squaresconstants for the nonequivalent CO ligands cis to the thiolate
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Table 4. 13C NMR Data, 22 °C in DMF Solution (except where noted) for the Carbonyl Carbons in [(NiN2S2)W(CO)4] Complexes with the
CO Designations

S
cistoS
CO (trans to S) CO(cisto S)
ligand complex a a' b b’
Ni-1* 12 212.2 212.0 202.8
183 —13C, (172.0) 183 —13C;, (129.7) 183 —13Cyy (127.7)
13C,—13Cy (15.1) 13C,—13Cy (15.1)
Ni(ema)~ 20 216.7 209.1 207.1
Ni(bme-Me,PDA) 3 213.4 210.1 204.2
Ni-1 4 213.3 209.3 203.3
183 —13C, (173.4) 183y —13C;, (123.2) 183y —13Cy; (127.5)
13C,—13Cy (15.3) 13C,—13Cy (15.3)
Ni-1' 5a 211.7 208.4 203.8
Ni(bmmp-dmed) 6 2135 211.7 210.1 202.8
a 183\ —13C and!3C—13C coupling measured offC-enriched compound8.CDsCN.
L2 r( limit of our experiment, 120C, there is evidence within the
gls EN;N;\( %b . significant noise of the background at higher temperatures of
b o \Eg a g the appearance of the site-averaget b’ signal at 208.4 ppm.
/ éb. a b, On cooling the sample, the resonancedbaind b’ reappear.
M - ° % %/; 2200 Hence, we conclude that the observed CO site equilibration is
A . 300C a reversible phenomenon and is limited in this temperature range
A . a0ec to the CO groups that are trans to one another.
[ N 50°¢ A coalescence of resonances for carbofytndb’ as seen
u e Nt 60°C for complex1 did not occur at 90C or even above 108C for
" v s 10°C the neutral (NINS;)W(CO), complexest and5. Likewise, the
N 1N W— go°c four resonances of compléxretained their integrity up to 110
\ L [ e L - s0°c °C; higher temperatures were not experimentally accessible.
PP M v i e W Wiy W et Analogous VT NMR studies of the dianionic compl&xvere
Figure 7. Variable-temperaturé’C NMR spectra of Igi-1*)W(CO), in compromised by the ring-opening of tiNé(ema)~ followed

DMF in the low-field CO region. Asterisks] indicate!83W satellites and by a CO redistribution process that produced a pentacarbonyl
¢ indicate **C—*%C coupling shown in the 22C spectrum. Assignments  species analogous to compl@x

of b and b are unconfirmed. Activation barriers for the (C@)(CO)y site permutations in

donors: J(*8W—13C)gs_cop= 130 Hz andJ(*83W—13C)gs_cop' complex1 were estimated from the following equationks:=
= 128 Hz, respectivel?% 1/7; Tcoalesence™ ((\/Z)JTAV)_l; and AG* = RT [In(R/Nh) —
Variable-Temperature (VT) 13C NMR Studies of [(NiN,S)- In(k/T)]). For complexl, the exchange rate constant was calcu-

W(CO)4_n(13CO),]. To determine the extent of CO site lated atthe coalescence temperature of@{363 K), and the

exchange in the W(CQ)unit, particularly whether the CO’s  error indicated for the activation barrier is from computations
labeledb andb’ might undergo rapid interconversion of sites, Made for coalescence temperaturestdfO on either side of

the temperature dependence of C-13 NMR spectra of selected363 K.
complexes in the (NiB5)W(CO), series was recorded on

randomly?3CO enriched samples dissolved in DMF. Displayed 7=245x 10"s (at 363 K)
in Figure 7 are the spectra oN{-1*)W(CO);—n(}3CO),] mea-

sured over the range of 22 to 9C. The three characteristic k=4.08x 10°s™* (at 363 K)
resonances described above for compleare seen in the 22 N

°C spectrum. The more intense resonance, which is assigned to AG" = 64.44 2.0 kd/mol

the equivalent CO ligands trans to the thiolate dorarsstains

a narrow peak width over the temperature range. The resonances | € Process which equilibrates the (G@nd (CO} sites in
assigned to the nonequivalent CO liganbsgndb’, are sharp complex1 is expected to be a mutual buckling of the N8y

at 22°C, they broaden as the temperature is raised, and theya”d W(CO) units at the sulfur hinges; alternatively, this may

coalesce into the baseline at 90. At the high-temperature be described as a double inversion at the sulfurs. Notably, the
molecular mobility is greatest for the complex of greatest steric

(51) Buchner, W.; Schenk, W. Anorg. Chem.1984 23, 132-137. encumbrance and largest hinge angle.
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Electrochemical Studies.Cyclic voltammograms (CVs) of
the (NiN;S;)W(CO), complexes were recorded at room tem-
perature in CHCN solutions containing 0.1 M-BusNBF, as
supporting electrolyte. For direct comparison, CVs of the JSiN
metallothiolate ligands were examined under identical con-
ditions; these are overlaid with their respective W(¢@griva-
tives in Figure 8. The electrochemical data are summarized in
Table 5.

In general, all of the neutral (Ni#$,)W(CO), complexes
undergo one reversible reduction and one quasi-reversible oxi-
dation within the acetonitrile solvent window. As the (pip)
W(CO) complex shows no reductions, the reversible reductions,
found in the range of-1.36 to —1.64 V for complexed, 3,
andeé, are assigned as the'Niredox couple. The shift to more
positive potentials by ca. 0.50 V, as compared to the-@V
Ni'" redox event in the free Nij$;, ligand, is compatible with
formation of a Lewis baseLewis acid adduct with the W(CQ)
acceptor which withdraws electron density from the metallo-
ligand via the bridging thiolate sulfurs. In contrast, the oxidation
event seen in the neutral Ni&; ligands in the 0.260.40 V
range is barely changed in the (Ni8)W(CO), complexes;
these were proposed to be sulfur-based in the,NiNree
ligands®® A second oxidative process, proposed to be nickel-
based, is observed for thei-1* and Ni(lbmmp-dmed) free
ligands, but is shifted out of the GBN solvent window in the
(NiN2S)W(CO), complexesl and6. Thus, if indeed the more
accessible oxidation process is sulfur-based, it would appear to
be less dependent on the formation of the W(£&)mplex

a) (Ni-1*)W(CO), & Ni-1*

E,=115V

b) (Ni(bmmp-dmed))W(CO), & Ni(bmmp-dmed)

Vvs NHE

than are the Ni-based redox events. It should be mentioned thatrigure 8. Cyclic voltammograms of Nib&;, (dashed line) and [Nip8]W-

there is an irreversible oxidation in the CV of the (pip)
W(CO), complex at ca+0.5 V. Hence, the assignment of the
oxidation events displayed in Figure 8 is not definite.

Table 5. Half-Wave and Anodic Potentials for Reductions and
Oxidations of NiN2S; and [NiN2S2]W(CO), Complexes?

Eip(V) Epa (V)
compound reduction 1st oxidation 2nd oxidation
Ni-1 —-2.02 0.17
Ni-1' —2.03 0.21
Ni-1* =211 0.30 1.15
Ni(bmmp-dmed) —-1.97 0.38 1.04
Ni(bme-Me,PDA) —2.00 0.34
[Ni(ema)](EtaN)2 —0.30
(Ni-1)W(CO) —1.56 0.25
(Ni-1")W(CO) —1.51 0.30
(Ni-1*)W(CO)u —1.64 0.36
Ni(bmmp-dmed)W(CO), —-1.42 0.35
Ni(bme-Me;PDA)W(COu —1.36 0.36
[Ni(ema)W(CO)](EtsN)2 —2.34 —-0.12

a All potentials scaled to NHE referenced to a;Ep/CpFe" standard
(Ex2NHE = 0.40 V; see Experimental Section). In @EN solutions, 0.1 M
n-BusNBF, electrolyte, glassy carbon working electrode, measured vs
Ag/AgNO; reference electrodé.This oxidation peak is coupled to a return
peakEp: at —0.38 V. ¢ This reduction peak is coupled to a return p&gk
at 0.28 V.4 This value is for an irreversible reduction peak.
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(CO) (solid line) complexes in CKCN solutions, 0.1 Mh-BusNBF, at a
scan rate of 200 mV/s.

As shown in Figure 8d, the only redox event in the CV of
CHsCN solutions of (EfN)2[Ni(ema)] is a reversible oxidation
at —0.30, which earlier was assigned by Holm and co-workers
to Ni'"'; the assignment was supported by EPR spectros€opy.
In contrast, the CV of the tungsten derivative Mi{lema),
[Ni(ema)W(CO)]?2-, also as its BENT salt, reveals both an
irreversible oxidation at-0.12 V and an irreversible reduction
at—2.34 V under the same experimental conditions as used for
study ofNi(ema)?~. Making the assumption that the complex-
ation of the NiNS,2~ by W(CO), shifts the Ni"' reduction
potential at minimum by the same amount as in the neutral
compounds, we estimate the "Nireduction in the free
Ni(ema)y~ to be —2.8 V or even more negative.

As the shifts in Ni"" reduction potentials reflect the drain of
electron density from the Ni#$, coordination environment upon
formation of the W(CQ)adduct, one might expect a correlation
of the differences in reduction potential with thgCO) IR data.
That is, the greater shift in the vallig, for the Ni"' couple in
the Ni(bme-Me,PDA) versus complex3 as contrasted to
analogous features in compléxvould appear to indicate better
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donor properties for théNi(lome-Me,PDA) ligand over the
Ni-1* ligand. Unfortunately, the infrared and force constant data
are fairly indistinguishable within the series of neutraH\V
compounds. It is not known whether the lack of correlation of
v(CO) and the N¥' couple Ey, values is due to an inherent
insensitivity of the former to small differences in donor property,
or whether there should be such a correlation at all.

Stability of the (NiN>S;)W(CO)4 Complexes.The neutral a)
complexes of this type have considerable thermal stability, even
insolution, as eVIden(,:ed b,y the VT NMR Stuodles WhICh Figure 9. Structural overlay of (NiNS;)W(CO), complexes in order of
demonstrated complex integrity at temperaturé®0°C. With decreasing dihedral angle with hydrogen atoms omitted: pubfild{)-
the exception of the (&) [Ni(ema)W(CO)], all of the W(CO), blue (Ni-1)W(CO), green Ni-1')W(CO), orangeNi(bmmp-
i ; i dmed)W(CO), yellow [EuN][Ni(ema)W(CO)], red [Ni(bme-Me,PDA)-
NINZSZW(C.O)“ are, for practlcgl pur_poses, air stable. W(CO),]. (a) Bond representations as cylinders using 28\V(CO), only;
As described above in the isolation of compléxthermal (b) hydrocarbons added.

decomposition of comple# over a 1 week period in a sealed
vial, where any liberated CO could be taken up by another the (Ni-1)PdMeCl complex could represent the natural dihedral
molecule of 4, resulted in the pentacarbonyl species and angle limit for NiN,S, derivatives. We have noted that such a
conversion of the bidentate into a monodentate ligand. Subse-steric effect as defined for the NjS, ligands may become a
quent studies of this hemilabile property with the deliberate benefit for substrate orientation in palladium-promoted coupling
addition of exogenous CO have shown that the pentacarbonylreactions! Importantly, the VT NMR studies establish that this
complexes do not easily undergo complete CO displacementorientation is fixed, even to relatively high temperatures.

of the NiN,S; ligand. Furthermore, preliminary studies find in
all cases the ring closing, reformation of the tetracarbonyl, is
in equilibrium with the opening/CO capture process (eq 1). The
ring-opening characteristic of the NKSR)W core that produces

an open site on the W(CQjmoiety, yet persists as a nickel
thiolato ligand, is an attractive feature for catalyst design. A
related scenario is prominent in the computed mechanism for
the ACS enzyme activit§ A kinetic study of the ring-opening
process in (NINS;)W(CO), complexes as they take up CO and
convert to (NINS)W(COJs, as defined in eq 1, is the subject
of a separate report.

The electron-donating ability of the N§S, ligands, related
to each other and to other neutral donors to a first approximation

rf = E(_/N( < through they(CO) stretching frequencies of W(C£adducts,
Eﬂm Q AN 1) finds close analogies to N-donor ligands, such as piperidine or
co + S ””v'v \\“‘CO —_— N S \CO bipyridine; the ranking is as follows:
S"l YT o ~co
§ §

PPh, _-PPh,

Summary and Comments < < <
PPh, “PPh;

This detailed inspection of a series of NiB{ derivatives of

W(CO), has identified a unique steric property of these (\N_ —~ (\ /
metallodithiolate ligands to lie in the hinge angle imposed by ;r&—’""ii (N" *m """ ~ (N"N"s} ""'f-s
the bridging thiolate sulfurs and their remaining quiescent lone { \—Q \7§

pairs. There is no obvious correlation of the hinge angle with

other metric data of the complexes such as th&\&-S bite While the vibrational spectroscopy data do not distinguish
angle or W-S distances. A detailed molecular mechanics between the neutral Ni$, ligands, the dianionidNi(ema)y~
analysis is necessary in order to assess all of the torsion anglesigand significantly enriches the W(C@inoiety with electron
within the polydentate ligand framework that influence the density as contrasted to the neutral analogues. Interestingly, the
S-donor site and the dihedral or hinge angle. Nevertheless, fromaveragev(CO) for [Ni(ema)W(CO)]%~ (1867 cnT?) is only

the crystallography data produced for this set of six complexes, 18 cnt! lower than the average(CO) values of the neutral

we can conclude that substituents and orientations at {ite C ~ complexes (1885 cm). In contrast, the averaggCO) value

S produce the principal steric deviation from the inherent of a dianionic dithiolate, $S-CeHs)W(CO)2™, is 1850 cnt!
dihedral angle of the Nib&/S,W(CO), planes as set by the  and that for a dithioether, (B8(CH,).SBU)W(CQO),, is 1920
S-lone pair/W-acceptor orbital interactions. The overlay of cm, a 70 cnrt difference>253In summary, the electron density
structures in Figure 9 shows an impressive range of the transferred to the W(CQ)unit from the various bidentate
steric effect seen for the W(C@}peries of complexes. The  S-donors is ranked as follows and denotes the buffer effect of
smallest of these is only’@arger than the 101°3lihedral angle
observed for theNji-1)PdMeCl complex shown belo®.With (52) Dobson, G. Rinorg. Chem.1969 8, 90-95.

C. . ) _ . (53) Darensbourg, D. J.; Draper, J. D.; Frost, B. J.; Reibenspies, lhiok).
no steric interactions possible in the two hinged square planes, ~ Chem.1999 38, 4705-4714.
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Ni(ll) on the anionic S-donor. with Ni(ema)?~ that mirrored the S-based reactivity of neutral
NiN,S, complexes? Consistent with these similarities is the
RS-R'—=SR< Ni(SR), < Ni(SR)Zz_ < SRS small change in/(CO) stretching frequencies of the W(CO)

derivatives of the dianionic as compared to the neutral nickel
Electrochemical studies find significant differences in acces- dithiolato complexes described above. Thus, in addition to
sibility of the Ni'"' redox couple in the NibB, metallothiolate moderation of charge by the nickel ion, it appears to buffer the
ligands upon coordination of the thiolate sulfur’s lone pairs to donor ability.
an exogenous metal. The differences in reduction potential For the purposes of synthetic design and for analysis of donor
appear to be more ligand dependent than arev{fx©) and properties, we have treated the Ny complexes as “innocent”
force constant values. Hence, while the IR spectroscopic analysisigands>* This very useful assumption is arguably correct for

finds no differences in donor ability of the neutral NB{ the firm binding site for nickel in the tetradentate, square planar
metallothiolate ligands, the Ni redox couples, specifically the ~ N2S; coordination environment in combination with soft and
difference between thy, of the Ni" couple in the free NibS, low-valent metals, such as WPd*, and NI"9). It provides a
ligand versus that bound to W(CQ)suggest the order of rationale for the assembly of the ACS active site, a rationale
electron withdrawal from the Nip§; ligands by W(CO) to be that can possibly be extended to other binuclear active sites in
biology and presumably in organometallic applications. How-
Ni(bme-Me,PDA) > Ni(bmmp-dmed) > ever, whether this innocence will be maintained in combination
Ni-1' > Ni-1 ~ Nij-1* with all metals is not known. The full potential of these ligands

should be addressed through systems designed to take advantage
Interestingly, there is a significant, and as of now ill-defined, of their unique properties, some of which we have identified,
correlation of the hinge angles with the differenced\if, of and some of which await further studies.
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and opening up a site on the W(CQnoiety for the uptake of ) . . .

CO, producing a W(CQ@)complex in which the NibS,2" ligand Supporting Information Available: Additional syntheses of

is monodentate. This observation is consistent with thglico (NiN2S)W(CO) complexes; X-ray crystallographic files in CIF
mechanism for the ACS enzyme active site in which the format for the structure determination of complexesr. This
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the resting state of the enzyri& Another interesting feature  JA055051G

,Of the dlamonld\"(ema)z cpmplex “ga,nq is how eaSIIy it fits (54) The term “innocent” in this case refers to the stability of thé &fid RS

into the overall spectroscopic and reactivity pattern of the neutral redox levels throughout the reactions explored. However, the combination
NiN,S, Iigands. This result is compatible with the work of Hegg of a redox-active metal and thiolate sulfurs lends caution to this assumption.

; - A Ray, K.; Weyherniller, T.; Neese, F.; Wieghardt, Knorg. Chem2005
et al., which demonstrated an array of electrophile reactivity 44,"5345-5360.
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