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Two series of mononuclear Ni(ll) complexes of the formula (PNP)Ni(dithiolate) where PNP = R,PCH,N(CH3)CH,-
PR,, R = Et and Ph, have been synthesized containing dithiolate ligands that vary from five- to seven-membered
chelate rings. Two series of dinuclear Ni(ll) complexes of the formula {[(diphosphine)Ni(dithiolate)} (X). (X = BF,4
or PFe) have been synthesized in which the chelate ring size of the dithiolate and diphosphine ligands have been
systematically varied. The structures of the alkylated mononuclear complex, [(PNPEYNi(SC,H,SMe)]OTf, and the
dinuclear complex, [(dppeNi),(SCsHsS)](BF4),, have been determined by X-ray diffraction studies. The complexes
have been studied by cyclic voltammetry to determine how the half-wave potentials of the Ni(ll/l) couples vary with
chelate ring size of the ligands. For the mononuclear complexes, this potential becomes more positive as the
natural bite angle of the dithiolate ligand increases. However, the potentials of the Ni(ll/l) couples of the dinuclear
complexes do not show a dependence on the chelate ring size of the ligands. Other aspects of the reduction
chemistry of these complexes have been explored.

Introduction shown to exhibit a linear correlation with the potentials of
the Ni(ll/l) couples? Consequently, as the natural bite angles

nickel bis(diphosphine) complexes have focused on aofthe ligands increase, the hydride acceptor abilities of these

. . complexes increase, and large bite angles favor the heterolytic
fundamental understanding of the factors controlling the half- b ’ 9 9 4

. ._activation of hydrogen. These systematic changes are related
wave potentials of these complexes and the thermodynamic yerog y 9

. . . to a tetrahedral distortion of the square planar nickel(ll)
o el SO P complexes s igand bis ngls ncrease
stgdigs is that thz ote.ntial ofgthe Ni(l/1) coug le becomes We were interested in determining whether similar refa-
. P o pi€ D& tionships between ligand bite angles and half-wave potentials
more positive as the chelate bite size or natural bite angle

) . : . - hold for Ni(ll) complexes with other types of chelating
of the ligand increasé€sand this systematic variation can . X 4
. : I . F le, th I f hosph

therefore be used to control the potential of this couple. igands. For example, the replacement of one diphosphine

Similarly, the hydride-acceptor abilities of the [Ni(diphos- ligand with a dithiolate results in significant changes in both

phine}]?* complexes, as defined by the free energy of the the steric and electronic features of the nickel complexes.
: : ’ I, . Steric interactions of the phosphorus substituents will be
reaction Nil,>* + H~ — HNIL,* in solution, have been Posp

minimized, while ther interactions with the metal ion may
be significantly increased with thiolate coordinatfoAs a

Previous studies in our laboratories on simple synthetic
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of the sulfur donor ligands. In addition, new dinuclear nickel
complexes with bridging dithiolate ligands of the formulas
[(diphosphine)Ni}(u-dithiolatef™ have also been synthe-

(PNP)(S,CNEB)]BF4 (1a), Ni(PNF)(SCGH.S) (2a), Ni-
(PNPY(SGHeS) (3a), and Ni(PNPEY)(SCHy(CsH4)CH,S)
(44) in which the size of the metalsulfur chelate ring varies

sized. The chelate bite sizes of both the diphosphine andfrom four to seven atoms. A second analogous series of
dithiolate ligands in this series have been systematically complexes of the formula Ni(diphosphine)(dithiolat&p{

varied with the objective of determining if ligand bite angles

4b) was prepared using the phenyl-substituted PNP ligand,

can be used to control electrochemical and chemical reduc-Ph,PCHNMeCH,PPh, PNP". The syntheses of each of the

tion processes.

This fundamental study of nickel complexes with thiolate
donors is prompted in part by the composition of important

nickel enzymes. For example, a major class of the hydro-

genase enzymes contains a dinuclear e active site in
which the nickel ion is coordinated by terminal and bridging
cysteine ligand$.Both the A-cluster and C-cluster active

sites in bifunctional CO dehydrogenase/acetyl CoA synthase
enzymes contain dinuclear or cluster complexes in which

nickel is coordinated by cysteinyl sulfur donérsin the

enzymes, the coordination geometry about the nickel atom
in the active sites appears to be controlled by the steric
constraints imposed by the protein matrix of the enzymes.

dithiolate complexes followed a similar route in which [Ni-
(CH:CN)g](BF,), was reacted with an equivalent of PNP
or PNP"and an equivalent of the dithiol in the presence of
NEt, e.g. eq 1 for2.

[Ni(CH4CN)g** + PNP+ HSCH,SH + 2NEt, =
Ni(PNP)(SGH,S) + 2[HNEt] " (1)

Complexes were isolated as orange or red crystalline solids
and characterized by spectroscopic techniques, incluting
and®P NMR, and electrospray mass spectroscopy. Each of
the complexes shows a singlet in 8 NMR spectrum be-
tween 9 and 15 ppm, and in most cas#svalues that corres-
pond to the parent ions are observed in the mass spectra.

Distortions from planar or tetrahedral nickel geometries may Attempts were made to synthesize related nickel com-

influence the reduction potentials and reactivities of the active
sites. However, a clear relationship between structural dis-
tortions and redox potentials has not been established for,

nickel thiolate structures.

Results and Discussion

Syntheses of Mononuclear Ni Diphosphine/Dithiolate
Complexes.Many nickel complexes with mixed phosphine/
thiolate ligation have been synthesized previodSiyn this
work, a series of related (PN¥Ni(ll) complexes (where
PNP' = Et;PCHN(CHs)CH,PEL) have been synthesized
that incorporate anionic sulfur chelates. These include Ni-

(7) (a) Higuchi, Y.; Yagi, T.; Yasuoka, NStructure1997 167, 1671
1680. (b) Ogata, H.; Mizoguchi, Y.; Mizuno, N.; Miki, K.; Adachi,
S.; Yasuoka, N.; Yagi, T.; Yamauchi, O. Hirota, S.; Higuchi, .
Am. Chem. SoQ002 124, 11628-11635. (c) Volbeda, A.; Garcin,
E.; Piras, C.; de Lacey, A.; Fernandez, V. M.; Hatchikian, E. C.; Frey,
M.; Fontecilla-Camps, J. Am. Chem. S0¢996 118 12969-12996.
(8) (a) Doukov, T. L.; Iverson, T. M.; Seravalli, J.; Ragsdale, S. W.;
Drennan, C. L.Science2002 298 567. (b) Darnault, C.; Volbeda,
A.; Kim, E. J.; Legrand, P.; Vernede, X.; Lindahl, P. A. ; Fontecilla-
Camps, J. CNat. Struct. Biol.2003 10, 271-279.
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Science?2001, 293 1281-1285. (b) Dobbek, H.; Svetlitchnyi, V.; Liss,
J.; Meyer, 0J. Am. Chem. So2004 126, 5382-5387. (c) Doukov,
T. I; lverson, T. M.; Seravalli, J.; Ragsdale, S. W.; Drennan, C. L.
Science2002 298 567-572. (d) Volbeda, A.; Fontecilla-Camps, J.
C. Dalton Trans 2005 3443-3450.
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Henderson, R. A.; Harrington, R. W.; Clegg, W. Mprg. Chem
2004 43, 3106. (c) Lee, C. M.; Chen, C. H.; Ke, S. C.; Lee, G. H;
Liaw, W. F.J. Am. Chem. So2004 126, 8406. (d) Martins, M. A.
C.; Silva, R. M.; Huffman, J. CRolyhedron2002 21, 421. (e) Tenorio,
M. J.; Puerta, M. C.; Valerga, B. Chem. Soc., Dalton Tran$996
1935. (f) Hsiao, Y. M.; Chojnacki, S. S.; Hinton, P.; Reibenspies, J.
H.; Darensbourg, M. YOrganometallics1993 12, 870. (g) Bow-
maker, G. A.; Boyd, P. D. W.; Campbell, G. korg. Chem.1982
21, 2403. (h) Rauchfuss, T. B.; Roundhill, D. M. Am. Chem. Soc.
1975 97, 3386. (i) Darkwa, Jinorg. Chim Actal997, 257, 137. (j)
Pfeiffer, E.; Pasquier, M. L.; Marty, WHelv. Chim. Actal984 67,
654. (k) Schmidt, M.; Hoffmann, G. Gl. Organomet. Chenl977,
124 C5.
Curtis, C. J.; Miedaner, A.; Ciancanelli, R.; Ellis, W. W.; Noll, B. C;
DuBois, M. R.; DuBois, D. LInorg. Chem.2003 42, 216.
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(11)

plexes with thioether ligands for comparative purposes. A
thiolate/thioether complex, [(PNBNi(MeSCGH,S)]OTf (5),
was synthesized by the addition of methyl triflate to the
corresponding dithiolate complex. In this reaction, the
methylation of the nitrogen base is competitive an2i0%

of the N-methylated cation6] is observed in the NMR
spectrum, eq 2. The latter cation was found to react with

Et Et
s ¥
\Ni/ \\NMe + MeOTf —»
S/ ~p/
/\
Et Et
2a
Me Et Et +
AN Vi
N e s \Ni/PﬁN_“\Me (2)
s \/P——/ s \/p\J e
Et Et Et Et
5 6

tetramethylguanidine to reform the neutral starting material,
which could then be readily separated from the desired
cationic thiolate/thioether compleg)(by toluene extraction.
The 3P NMR spectrum of the cationic thioether complex,
isolated by this route, showed a single AB pattern at 4.7
and 17.2 ppm.

An X-ray diffraction study was carried out on a single
crystal of5. A perspective drawing of the cation structure is
shown in Figure 1, and selected bond distances and angles
are given in Table 1.

The structural parameters of the PNMgand, which
adopts a chair conformation, are similar to those observed
previously for [Ni(PNUP)]?" and [Ni(PNeP)(dmpm)f+
(where PNYP = Et,PCHN(BU)CH,PE%, PNYeP = Et,-
PCHN(Me)CH,PE% , and dmpm= Me,PCH,PMe&,).}! The
structure o shows relatively little distortion from a square
planar geometry. The bite angle of the diphosphine ligand
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Figure 1. Drawing of the cation of [Ni(PNP)(S£1,SCH;)]OTf, 5, L . .
showing the atom numbering scheme. Thermal ellipsoids are shown at SO%Where the backbone of the dithiolate ligand has been varied

probability level. from two to four carbons (dithiolate= 1,2-SGH,S, 1,3-

SGHeS, 0-SCH,CeH4CH,S), respectively.
Table 1. Selected Bond Distances (A), Bond Angles (deg), and CaHe HCeH,CH,S) P y

Dihedral Angles (deg) for [NI(PNE)Y(SGH.SCH)I(OT), 5 A slightly different proc_:eqlure was used_to prepare the
D series of related propanedithiolate-bridged nickel dimers with
Ni(1)—P(L) 2.182((’2") D'Stancgs(‘l_)c(l) 1.845(8) a variation in chelating diphosphine ligands. The reaction
Ni(1)—P(2) 2.179(2) S(2yC(2) 1.815(8) of 2 equiv of Ni(diphosphine)G¥14with 1,3-propanedithiol
m:g;:gg; g-%gggg g%‘é(é)) igg%gg and excess triethylamine in chloroform led to the formation
Ni(1)-+-N(1) 3.781(10) ' of [(u-SGHeS)Nix(diphosphinej?* complexes 10—12),-

which were isolated as the PBalts [diphosphine= dppp

Bond Angles _hi ; i : -bis-
P(1)-Ni(1)~P(2) 9193@)  Ni(1yS(1)-C(1) 106.55(33) (1',3 bls(d|pheny!phosph|no)prppanelo, dmp,p .(1,3 bis
S(1)-Ni(1)-S(2) 90.45(8)  Ni(1}S(2-C(2) 103.98(28)  (dimethylphosphino)propane)l; and dppx ¢,a’-bis(diphe-
P(1)-Ni(1)-S(2) 91.66(8)  Ni(1}S(2-C(3) 101.38(31) B 4
P(2)-Ni(1)—-S(1) 87.77(8) C(&¥S(2-C(3) 102.82(43) 2 Ni(diphosphine)Cl, +HSC3HgSH + 4 NEt; —
P(1)-Ni(1)—P(2}--S(1)-Ni(1)—S(2) 15.58(9)

b _| 2+

is slightly larger than that of the thiolate/thioether ligand, Lsﬂi\P @

—Ni
but both bite angles are near’9The dihedral angle between CP/ P)
the two planes defined by theNi—P and S-Ni—S atoms
is 15.6. In the structure of [Ni(PR'P)]?" a significantly

larger dihedral angle between the two chelating ligands was nylphosphinod-xylene), 12), eq 4. Together with the dppe
observed (34 as a result of steric interactions between complex 8, discussed above, this series of complexes
ethyl substituents on all four phosphorus donors. provides a comparison of diphosphine ligands with five-, six-,
Synthesis of Dinuclear Complexes L(—dithiolate)Nig— and seven-membered chelate rings_
(diphosphine)]**. Few examples of the bis(thiolate) bridged  Characterization of all of the new compounds byand
dinuclear nickel struc_:ture with phosphine Iigands have been 3lp NMR spectroscopy, mass spectroscopy, and elemental
reported previously™'# The neutral bis(sulfido) bridged  analyses support their formulation. For example, the ESI
dimer [(dippe)Nif-S)]. has been synthesized and structurally mass spectrum of £ SGH.S)Ni(dppe}][BF 4] showed a
characterized, and double alkylation with methyl triflate Strong pattern centered Atz = 1091 that Corresponds to
formed the bis(thiolate) derivative, [(dippe)NiSMe)}- the loss of one BFion from the dinuclear complex, and a
(OTf)2,*? where dippe= bis(diisopropylphosphino)ethane].  single resonance in tiéP NMR spectrum was observed at
However, electrochemical studies of this derivative were not 59.8 ppm in CDGJ. In the room-temperaturé? NMR
pursued. It is interesting that attempts to react the neutral spectrum of the product with the xylenedithiolate bridge,
sulfido-bridged dimer with 1,3-dichloropropane to form a two phosphorus singlets were observed, suggesting that the
dithiolate-bridged derivative were reported to be unsuccess-rate of inversion for the backbone of the dithiolate ligand is
ful, resulting instead in the formation of the mononuclear sjow on the NMR time scale. Variable-temperature NMR
complexes (dippe)Ni(sHe) and (dippe)NiCGi.12 studies indicated that coalescence of the two peaks occurred
In this work, a series of dithiolate-bridged dimers have at 38 °C, and the coalescence temperature was used to
been successfully synthesized by reaction of (dppe)Ni- estimate aAG* of 19 kcal/mol for this inversion process.
(dithiolate}%"*(where dppe= 1,2-bis(diphenylphosphino-  |n the spectra of [-SC:HsS)Ni((dppe)]2*, we were unable
ethane) with [Ni(CHCN)e](BF4)2 in the presence of 1 equiv o detect evidence for inequivalent diphosphine ligands that
of dppe, carried out at room temperature in acetonitrile
solution (e.g., eq 3 for compled). The resulting red products  (13) Van Hecke, G. R.; Horrocks, W. Dnorg. Chem1966 5, 1968. (b)
are formulated as j¢dithiolate)Ni(dppe)](BFJ). (7—9) Booth, G.; Chatt, L.J. Chem. Sacl965 3238

(14) (a) Brown, M. D.; Levason, W.; Reid, G.; Watts, Folyhedron2005
24, 75. (b) Camalli, M.; Caruso, F.; Chaloupka, S.; Leber, E. M;

diphosphine = dppp, dmpp, dppx

(12) (a) Vicic, D. A.; Jones, W. DJ. Am. Chem. Sod.999 121, 7606. Rimml, H.; Venanzi, L. M.Helv. Chim. Actal99Q 73, 2263.
(b) Oster, S. S.; Lachicotte, R. J.; Jones, W.librg. Chim. Acta (15) Williams, D. H.; Fleming, |.Spectroscopic Methods in Organic
2002 330, 118. Chemistry 5th ed.; McGraw-Hill: London, 1995; pp 16205.
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Figure 2. Perspective drawing of 4t SGHeS)Nix(dppe}]2™, 8. Thermal
ellipsoids are shown at the 50% probability level.

Table 2. Selected Bond Distances and Angles for
[(u-SCHeS)Niz(dppe}](BF4)2, 8

distances, A angles, deg
Ni(1)—P(1) 2.175(2) P(E)yNi(1)—P(2) 86.44(7)
Ni(1)—P(2) 2.164(2) P(ENi(1)—S(1) 91.11(7)
Ni(1)—S(1) 2.221(2) P(2yNi(1)—S(1) 169.89(8)
Ni(1)—S(2) 2.217 (2) P (1)-Ni(3yS(2) 176.86(8)
Ni(2)—P(3) 2.182 (2) P(2¥Ni(1)—S(2) 95.85(7)
Ni(2)—P(4) 2.181(2) Ni(1)S(1)—Ni(2) 80.37(6)
Ni(2)—S(1) 2.228(2) Ni(1)S(2)—Ni(2) 80.57(6)

would result from a rigid orientation of the propanedithiolate
bridge. A single®'P resonance was observed near 60 ppm
in the low-temperaturé’ NMR spectra at temperatures
down to —80 °C in CD,Cl,. These ligand differences are
similar to those reported for [(CeHeL(u-dithiolate) com-
plexes in which inversion of the ligand backbone of the
xylenedithiolate complex was not observed by NMR spec-
troscopy while fluxional behavior was seen for the analogous
propanedithiolate complée.

X-ray Diffraction Study of [( u-SCsHeS)Nix(dppe)]-
(BF4)2. Single crystals of -SGHeS)Nix(dppe}](BFa4)2, 8,
were obtained by slow ether diffusion into an acetonitrile
solution, and an X-ray diffraction study was carried out. The
structure confirms that the dication contains two square
planar nickel centers symmetrically bridged by af
propanedithiolate ligand. A perspective drawing of the

Table 3. Electrochemical Data for Nickel Diphosphine/Dithiolate
Complexes

Mononuclear Complexes

E1? (AEp, mV)P Ey? (AEp, mV)P

complex PNP, Ni(11/1) PNP, Ni(11/1)
[Ni(PNP)(SCNEL)]BF4 —1.64 (113) —1.4% (110)
Ni(PNP)(SGH.S) —2.34 (110) —2.02 (74)
Ni(PNP)(SGHsS) —2.26 (131) —1.94 (77)
Ni(PNP)(SCHCsH4CH,S) —2.02 (93) —1.75 (96)
[Ni(PNP)(MeSGH,S)]OTf —1.47(81)

Dinuclear Complexes

Ev? (AEp, mV)P  Ey? (AEp, mV)P

dithiolate bridge variation Ni(ll/1) Ni(1/0)
[Ni(dppe)L(SCH4SYH, 7 —1.02 (100) —2.10 (90)
—1.18 (100) —2.47 (105)
[Ni(dppe)L(SGHeS}, 8 —1.12 (90) —2.02 (75)
—1.26 (80) —2.16 (70)
[Ni(dppe)L(S-o-xylyl-S)?*, 9 —1.08 (irr) —2.04 (80)
—1.30 (irr) —2.44 (irr)
Diphosphine Variation
[Ni(dppe)L(SGHeS}, 8 —1.12 (90) —2.02 (75)
—1.26 (80) —2.16 (70)
[Ni(dppp)l(SGHeS)H, 10 —1.17 (95) —1.92 (115)
—1.29 (140) —2.35 (irr)
—2.54 (irr)
[Ni(dppx)]2(SGHeSF, 12 —1.13 (140) —1.75 (160)
—1.51 (irr) —1.99 (irr)
—2.14 (irr)

aE12 = (Epc + Epa)/2 reported vs the ferrocene/ferrocenium couple. All
experiments were performed at a glassy carbon electrode in 0.3;NBFW/
CH3CN at scan rates of 100 or 200 mV/s. Valuesigfipa = 1 unless
otherwise noted? Each value ofAE; is similar to that of the ferrocene/
ferrocenium couple in the same solutiGnpdipa ~ 3.

200

100 A

o
L

Clurrent (uA)

-
o
o

-200
-3.0

-2.0 -1.0 0.0
Potential versus FeCp,/FeCp,"
Figure 3. Cyclic voltammogram of Ni(PNP)(SGHeS) (3 x 1073 M)
recorded at 200 mV/s in GYJEN/BwNBF,. Initial scan is negative, starting
at —0.8 V. (The sample contains a small amount of decamethylferrocene
which shows a reversible wave a0.51 V.)

dication is shown in Figure 2, and selected bond distances Electrochemical Studies. a. Mononuclear Complexes.

and angles are included in Table 2. The two dithiolate sulfurs
lie above the plane of the NiNi vector. The Ni-S distances
are all very similar at 2.22 A and the NB—Ni angles, which
are identical within error, average 80.9he dihedral angle
between each nickel square plane is 128.45, (@hd the
Ni—Ni distance is 2.871(1) A.

In the previously reported neutral bis(sulfido) bridged
dimer [(dippe)Nig-S)],*?%, the dihedral angle between the
nickel square planes increases to 140aAd the N+Ni

The electrochemical data for the new nickel complexes are
summarized in Table 3. In the series of mononuclear
complexes, each of the dithiolate and dithiocarbamate
derivatives displays a reversible reduction wave and an
irreversible oxidation, as shown in the cyclic voltammogram
(CV) for Ni(PNPEY)(SGHeS) in Figure 3. (Additional poorly
defined waves are observed at more negative potentials.) A
coulometric experiment on Ni(PNIEE%H,S) carried out at

a potential negative of the first reduction wave2(7 V)

distance is 2.941(2) A. Rationales for the nonplanar nature resulted in the passage of 1.05 F per mole of complex,

of the My(u-S), core have been discuss&&?!’

(16) Lyon, E. J.; Georgakaki, I. O.; Reibenspies, J. H.; Darensbourg, M.
Y. J. Am. Chem. So@001, 123 3268-3278.

(17) Capdevila, M.; Clegg, W.; Gonhlez-Duarte, P.; Jarid, A.; LI€dp A.
Inorg. Chem.1996 35, 490.

confirming that the wave corresponds to a one-electron
process, and this is assigned to the Ni(ll/l) couple. In this
work we have focused our attention on the half-wave
potentials assigned to the Ni(ll/l) couples because these are
the potentials that have been shown previously to be most
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affected by chelate bite size in the [Ni(diphosphiif) 100
complexes. For the series of neutral Fiithiolate deriva-
tives theEy, values for the (l1/1) couples are all more negative
than —2.0 V vs FE@*. As expected, the anionic thiolate
donors make these values much more negative than the Ni-
(11 half-wave potential for the hydrogen-activating com- .50 |
plex, [Ni(PNF),]2", observed at-0.64 V vs Fc.

Comparison of the data for the PRIRlerivatives shows -100 T T v T v
the effect of the phosphine substituents on the half-wave 45 -10 05 00 05 1.0
potentials. Each of the waves assigned to the Ni(ll/l) couples Potential versus FeCp,/FeCp," (V)
is ca. 0.3 V more positive than that of the analogous PNP Figure 4. Cyclic voltammogram o8 (3 x 102 M) recorded at a glassy
complexes. As indicated in Table 3, the cationic dithiocar- carbon electrode at a scan rate of 1000 mV/s inCMELNBF.. Initial

. . L. scan direction is negative. The wave at 0.0 V corresponds to the ferrocene/

bamate and thiolate/thioether complexes are significantly ferrocenium couple used as an internal standard.
easier to reduce than the neutral derivatives. For example,
the Ey» value for the first reduction wave for [Ni(PN- the rapid decomposition of the reduced dimer. Further
(MeSGH,4S)]OTf was found to be-1.47 V vs F¢’°, more evidence for this decomposition is discussed below. Half-
than 0.5 V positive of the corresponding dithiolate complex. wave potentials for the other dinuclear complexes at scan

In both series of mononuclear dithiolate complexes, the rates of 100 mV/s are included in Table 3.
Ei1» values shift to more positive values by ca. 80 mV as  In the dinuclear complexes studied here, no systematic
the size of the dithiolate chelate ring increases from five- to trend has been observed for the Ni(ll/l) couples as the size
six-membered rings and by ca. 200 mV in going from six- of the dithiolate chelate is increased or as the chelate bite
to seven-membered rings. For the bis(diphosphine) com-angle of the diphosphine ligand is varied (Dinuclear Com-
plexes, a similar effect of increasing the chelate bite angle plexes, Table 3). One possibility for the failure to observe a
on the Ni(ll/l) couple was observed for the systematic positive shift in the Ni(ll/l) half-wave potential as the number
variation of a single chelate rirf. The effect was attributed,  of atoms bridging the dithiolate ligand increases is that the
through both theoretical and structural studies, to a tetrahedralpresence of the four-membered 84 ring controls the
distortion of these complexes that results from an increasingly S—Ni—S bond angles and minimizes steric interactions
large dihedral angle between the two planes defined by thebetween the bridging dithiolate ligand and the two diphos-
two phosphorus atoms of each diphosphine ligand and thephine ligands. As a result, changing the number of bridging
metal. This distortion reduces the antibonding overlap atoms in the dithiolate ligand has little effect on the geometry
between the orbitals of the phosphine ligands and the @ of the dimer and on the (Il/l) or (1/0) couples. A similar
orbital of the metal for the LUMO of the complexes. As a insensitivity (as determined by CO stretching frequencies)
result, the energy of the LUMO drops rapidly in energy as to the nature of the bridging dithiolate ligands has been
the natural bite angle of the ligand increases and the reductionreported previously for [(CQFFeL(u-dithiolate) complexe&
potential becomes less cathodic. Similar effects appear toThe Ni(ll/l) couples of the dinuclear complexes are also not
be in play for these mononuclear dithiolate complexes. The affected in a systematic way by an increase in the natural
trend in half-wave potentials for these derivatives is consis- bite angle of the diphosphine ligands. This is tentatively
tent with the greater accessibility of a tetrahedrally distorted attributed to a minimal steric interaction of the substituents
geometry for the reduced Ni product as the chelate ring sizeon the diphosphine ligand with the dithiolate bridge.
increases. Similar structural distortions imposed by the Reactions of Nickel Complexes with Hydrogen We
protein matrix in nickel-containing enzymes may also wished to determine if the correlation between the Ni(ll/I)
significantly affect the potentials of the Ni(ll/l) couples and couple and the hydride acceptor ability observed for [Ni-
provide a mechanism in addition to charge and substituent(diphosphine)]?" complexes extends to planar Ni(ll) com-
effects for controlling ease of reduction. plexes with one diphosphine and one dithiolate chelate. To

b. Dinuclear Complexes.Within the series of dinuclear  probe the ability of the (PNP)nickel(dithiolate) complexes
complexes, the CVs of all the complexes show similar to activate hydrogen by heterolytic cleavage, they were
features. For example, the CV f8rat a scan rate of 1.0 V/s  treated with hydrogen (0.82 atm) in the presence of tetram-
shows a pair of closely spaced reversible waves Atl2 ethylguanadine at room temperature. No reactions were
and —1.27 V vs F¢° that are attributed to the Ni(ll/l)  observed for the series of Ni(PRJdithiolate) or Ni(PNP")-
couples of electronically coupled metal ions, Figure 4. The (dithiolate) complexes, which show Ni(ll/l) half-wave po-
waves show slightly less reversible character at a scan ratetentials over the range of1.75 to—2.34 V. The dithiocar-
of 100 or 200 mV/s. Additional reductions neal V were bamate complex, [Ni(PNI)(S,CNEL)|BF4 (Eiyz = —1.43
also observed, and when the scan direction is reversed aV vs Fc), reacted in acetonitrile with,H0.82 atm) in the
—2.6 V, new anodic waves are observed wihat —0.68 presence of tetramethylguanidine over a period of several
and—0.86 V (see Figure S1 for CVs over an expanded range days (eq 5). No reaction was observed with this base in the
of potentials). The peak potentials for the new anodic waves absence of hydrogen or with hydrogen and the weaker base,
are very similar to the potentials reported for the oxidation triethylamine. Although the NMR spectrum of the reaction
of Ni(dppe),! suggesting that this monomer is formed in solution showed only resonances for the starting complex

50 4
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(slightly broadened), over a period of about a week a mixture structure, and mixtures of mononuclear products, including
of yellow and red crystalline precipitates was observed. The dppeNi(SGHeS), dppeNi(CN),*° and (dppeNi, were ob-
reaction was found to involve metal ion reduction, as well served by*’P NMR spectroscopy.

as ligand exchange, and the yellow crystals were identified Comparison of Redox Properties for Several Nickel

by an X-ray diffraction study as Ni(PN®,, 13. Structural Dimers. A number of unsymmetrical nickel dimers with
data onl3 are included in the Supporting Information. The bridging thiolate ligands have been reported recently as
formation of a Ni(0) product may involve metal hydride models for a portion of the A-cluster active site in bifunc-
formation followed by deprotonation, but no hydride inter- tional CO dehydrogenase/acetyl CoA synthase enzgmes.

mediate was detected by NMR spectroscopy. These dimers involve a tetradentatgShnickel complex in
_ . o which the terminal thiolate ligands bridge to a second nickel-
[(EL,NCS)NI(PNP™)] " + H, + TMG — Ni°(PNP™), + (I1) or Ni(0) center?®-25 |n several cases, the second nickel-

other products (5)  (II) has been stabilized with the bidentate ligand bis-

H H 20-23
The thiolate/thioether derivative [Ni(PNP)(MegGS)BF, (G iPhenylphosphinojethane, dppe, .g., structidest 7.

(E1z = —1.45 V vs Fc) also reacted with hydrogen in the NH,

presence of tetramethylguanidine. However, a complex o P e o Oj/_\ on e
mixture of products was observed in th® NMR spectra, \N<_>S\ ol o N s o/
and this reaction was not pursued. < N /Ni< j T N /Ni< j
Reactions of the Dinuclear Nickel ComplexesThe AN /
complexes of the formulas [diphosphine)Ni}-dithiolate)p* ! o
have modest half-wave potentials and we were interested in NH(CO)CH,
determining whether this feature permitted reactivity with 12 15
hydrogen. However, the complexes were not stable in the
presence of the strong base tetramethylguanadine, and no o
reactions with hydrogen (0.8 atm) were observed in the SN PP y
presence of triethylamine. Other aspects of the reduction o N\N'/S\ P N\Ni /S\Ni/Pj
chemistry of these dimers have also been investigated. The TN/ I\S/N'\P @iN/ AN

reaction of8 with 2—4 equiv of PPNBH (PPN = bis- AN o e
(triphenylphosphine)iminium), LiAlk or sodium amalgam °© O)\©

in THF was monitored by?’P NMR spectroscopy. The

reaction proceeded rapidly to completion, and the formation 16 17

of a single new product was observed B{P NMR

spectroscopy with a resonance at 44.2 ppm. No evidence
for formation of a nickel hydride was observed in the

gzrf[f\zpﬁr?g\lfcgiglr’:]/lgei(ple\ﬁgjup%;g]; Egr)r?;;:ilv:r? Sﬁgtgﬁd at more cgthodic potentiat8.?! For the dicationic unsym-
independently prepared sample of the monomer and bymeér:?:lldlrgrerwlﬁggz\\:vsafse:?g:er:]eé(g fltggl?.f]? d\i;f;z/rseﬁgeEs
further protonation of the reduced product to form the . o ' ' 9 . .

previously reported hydride complex [HNi(dpgE)? Ni- in solvent and reference electrode make comparisons with
(dppe} was also the major product observed in the reduction previous work approximate, the Ni(ll/l) half-wave potential

X . . : is clearly less negative than those observed for the dicationic
reaction of [(dppeNp(u-SGH4S)|(PF)2, 7, with sodium . . .
amalgam, althougPtP NMR resonances for other unidenti- series of symmetrical dimers reported herd (2 vs Fc). A

fied products were also present in this case. These result similar trend is observed when the half-wave potential of

- N S he neutral unsymmetrical dimed5 is compared with the
indicate that the dimeric complexes undergo a decomposition : ; : o ; :
symmetrical dimers. With similar ligand environments, a

reaction under these reducing conditions, e.g., eq 6. AIthOUghneutral complex should be significantly more difficult to

Electrochemical studies af4 and 15 have revealed a
reversible one-electron reduction process attributed to the
nickel(dppe) portion of the dimer with additional reductions

b Bk (19) Rigo, P.; Corain, B.; Turco, Anorg. Chem.1968 7, 1623.
Ph\\/Ni/é\Ni\Pp/Ph reduction ] ! (20) Wang, Q.; Blake, A. J.; Davies, E. S.; Mclnnes, E. J. L.; Wilson, C;
P P Nidppe)p + [Ni(SCsHgS)  (6) Schroder, M.Chem. Commur2003 3012.
</7\ph — (21) Krishnan, R.; Riordan, C. Gl. Am. Chem. So2004 126, 4484.
Ph Ph (22) Rao, P. V.; Bhaduri, S.; Jiang, J.; Holm, R. IHorg. Chem.2004
8 43, 5833.

X . . . . (23) Harrop, T. C.; Olmstead, M. M.; Mascharak, P.JXAm. Chem. Soc.

nickel thiolate complexes were not identified in eqs 5 or 6, 2004 126, 14714.

polynuclear homoleptic nickel(I) complexes with ethane- (24) Linck. Féofz'bﬁgalhz”é C. .. Rauchfuss, T. B.; Wilson, SJRAM.
and propanedithiolate ligands have been characterized previ2s) Golden, M. L.; Rampersad, M. V.; Reibenspies, J. H.; Darensbourg,

ously!8 The reaction oB with tetrabutylammonium cyanide 26) l;/l t\r(1 Chem. Commugzoofs 13124} y _ o
. P . . . . n these comparisong;,, 1or the ferrocene/ierrocenium coupie Is
in acetonitrile also resulted in disruption of the dinuclear estimated to bet0.40 V vs SCE (Connelly, N. G.. Geiger, W. E.
Chem. Re. 1996 96, 879) and+0.54 V vs NHE (Faulkner, L. R.;
(18) Tremel, W.; Kriege, M.; Krebs, B.; Henkel, Gorg. Chem.1988 Bard, A. J.Electrochemical Methodslohn Wiley and Sons: New
27, 3886. York, 2001; p 811).
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Concluding Remarks. Our studies have shown that the
half-wave potentials of the Ni(ll/l) couples for mononuclear
complexes Ni(diphosphine)(dithiolate) shift to more positive
values as the chelate ring size of the dithiolate is increased.
This presumably occurs through structural distortions similar
to those observed previously for [Ni(diphosphi&) com-
plexes. In contrast, the dinuclear nickel complexes with

- & cvlc vl o the reduction & und terminal diphosphines and a bridging dithiolate do not show
atlgwu(;rsphére o)flcr:ﬁr(;/goetr? nzrne”lggsrggr:]s) a?]rd tuﬁd: el;r?tlgtnmosplrj:;r:ro?rlarbona systematic change m_ halffwave p_Ot_entlals of t_he NI(”_/I)
monoxide (blue scan) at a scan rate of 1.0 V/s ingCN/EtNBF;. couple as the chelate ring size of dithiolate or diphosphine
is varied. This does not imply that the tetrahedral distortions
reduce than a dication (e.g., see Table 3). However, in thisimposed by the protein structure on the dinuclear clusters in
case thek,), for the neutral complex—-0.53 V vs NHE in enzymes do not result in changes in the Ni(ll/l) couple.
CH3CN2tor ~ —1.1 vs ferrocené§ is in fact similar to the However, attempts to mimic this effect by extending concepts
values for the symmetrical dications{.2 V vs ferrocene).  regarding ligand bite angles observed for synthetic mono-
The potential forl5 occurs at a much less negative value nuclear complexes to synthetic dinuclear complexes will
than expected relative & The overall effect of the pE;Ni likely not be productive.
“ligand” in 14 and15appears to be a withdrawal of electron
density from the Ni(dppe) center and a stabilization of the
reduced products. Instrumentation. H, 13C, and3'P NMR spectra were recorded
In the study ofl5, the Ni(dppe) center in the presence of on a Varian Inova 400 MHz spectrometér and3C chemical
CO was proposed to undergo an ECE electrochemical shifts are reported in ppm and are referenced to residual solvent
process in which reduction to Ni(l) is followed by CO prqtoqs.SlP NMR spectra were proton-decoupled,. and. chemical
coordination and further reduction to Ni(®).The one- shifts in ppm are referenced to external phosphorlc_ acid. He_tero-
. . . nuclear multiple quantum coherence (HMQC), field gradient
electron reduction product 47, formed from reaction with "~ oo Tl ¢ h Ll
. gle quantum coherence (gHSQC), H
NaBH,, also reacted with CO_ to form a (dppeNO adduct correlation spectroscopy (COSY) NMR experiments were carried
(Voo = 1997 cn1).2® We wished to determine whether a ot on the Inova instrument in order to assige andH shifts.
symmetrical{ (u-dithiolate)[Ni(dppe)}} ** showed similar  Ejectrospray ionization (ESI) mass spectra were collected using
reactivity with carbon monoxide. No reaction ®with CO an HP 59987A electrospray with an HP 5989B mass spectrometer.
(1 atm) was detected by'P NMR spectroscopy, but Electronic spectra were recorded on an Agilent 8453-uig
electrochemical studies indicate that the reduced fori® of spectrometer. CVs were obtained at 212 °C using a Cypress
does react under these conditions. When the cathodic scarfystems model CS-1200 computer-aided electrolysis system with
of the CV of the complex is repeated under an atmosphereathree-electrode arrangement. The working electrode was a glassy
of CO, a new irreversible reduction wave with increased carbon disk wih a 2 mr_’ndiameter_, and the counter electrode was
current intensity occurs witlE, at —1.08 V, and upon a glassy carbon rod wita 3 mmdiameter. The pseudo-reference

. . . . . - electrode was a silver chloride-coated silver wire. Either ferrocene
reversing the scan direction, irreversible oxidation waves are (CpoFe) or decamethyiferrocene (GFE) Exp = 0.51 vs [CpFeP*)
observed near 0 V, Figure 5. The change in the CV under v

. O . . . was added to the solution as an internal standard after recording

CO is characterlsth of an ECE mechanism mvolymg the CV of each nickel complex, and all reported potentials are

formation and reduction of a CO addd&tThe changes in  referenced to the [GFeP"* couple. CVs were recorded at a scan

the CV of8 are readily reversed when the solution is purged rate of 100 or 200 mV/s, unless otherwise indicated, under a

with nitrogen. nitrogen atmosphere in 0.3 M f&BFj/acetonitrile solutions.
Unfortunately, the CO adduct does not appear to be stableElemental analyses were performed by Desert Analytics Laboratory,

on the time scale of a chemical reduction. When the reaction Tucson, AZ.

of 8 with LiAIH 4 in THF was carried out in the presence of Methods and Materials. All reactions were carried out u§ing

1 atm of CO over a period o1 h, we observed the standard Schlenk or glove box techniques under a nitrogen

. . . . atmosphere. Solvents were dried by conventional methods and
formation of a new product with a singlet at 46.9 ppm in disti . . ) )
31 . distilled prior to use. Dithiol and most diphosphine reagents were
the 31P NMR spectrum. However, the same product is

. . X > purchased from commercial suppliers and used without purification.
observed when CO is bubble(_j into a THF solution of Ni-  pnpEt 11 [Ni(CHCN)gJ (BF 2),28 (dppp)NiCh,2 (dppe)NiCh, 3 (dp-
(dppe) and when [Ni(dppe)?* is reduced in the presence pX)NICl,,2! (dppe)Ni(SGHsS) 1% (dppe)Ni(SGH.S) %" and (dppe)-

of CO. The new resonance is therefore assigned to aNi(SCH,CsH,CH,S).%were synthesized by published procedures.
mononuclear product, tentatively identified as (dppe)Ni(£O) Controlled-Potential Coulometry. A cell containing two com-
which has been previously report&dlhus, under reducing  partments separated by a Nafion membrane was used for this
conditions, both the mononuclear complexes and the di-
nuclear complexes studied in this work tend to form the (28) Hathaway, 8. J.; Holah, D. G.; Underhil, A. & Chem. Sacl962
thermodynamically stable Ni(0) complexes with either CO (29) van ih-lecke, ﬁ R.; Horrr]ocks, W. Dnorg. Chem.1966 5, 1968.
or phosphine ligands. 82; ?ac)ngrc‘)v%: l\(/:I Stt Ifavgso?]r?qv?.?%;g?é?s\;\?étts,R)thedronZOOS

24, 75. (b) Camalli, M.; Caruso, F.; Chaloupka, S.; Leber, E. M;
(27) Sacco, A.; Mastrorilli, PJ. Chem. Soc., Dalton. Tran$994 2761. Rimml, H.; Venanzi, L. M.Helv. Chim. Actal99Q 73, 2264.
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experiment. Reticulated vitreous carbon (1 cm diamet&.5 cm vacuum. Yield: 0.12 g, 0.20 mmol, 20%4 NMR (CDsCN): 7.79
length) was used as the working electrode. A glass tube fitted with (m, metaaromatics); 7.44 (apparent tpara-aromatics); 7.37

a Vycor frit at the bottom, containing 0.3 M BNBF, solution (apparent trortho-aromatics); 3.22 (apparent trCPI;N); 2.32 (m,

and a silver wire was also inserted into the working half of the NCHj3); 2.19 (m, £H,). 3P NMR (CD;CN): 9.53 (s). Anal. Calcd
cell. In the other half of the cell a platinum wire in a solution of for C3H33NNIP,S,: C, 60.83; H, 5.62; N, 2.36. Found: C, 60.59;
ferrocene/ferrocenium was used as the counter electrode. TheH, 5.86; N, 2.20. CV (CHCN): Ei;, V vs ferrocene AE, mV):
working half of the cell was typically filled with 10 mL of 0.3 M —1.94 (77). Oxidationf,, —0.11 (irrev).

BuNBF, in acetonitrile. [Ni(PNP)(S@H4S)] (0.093 mmol) was Syntheses of Dinuclear ComplexesThe syntheses of the
added to the solution. Controlled-potential coulometry was per- dinuclear nickel complexes follow two routes, and the procedures
formed at—2.70 V versus the ferrocene/ferrocenium reference and characterization data are given for two representative examples.
electrode. A total of 9.48 C of charge was passed before the currentThe characterization data for the remaining complexes are given

decayed to background levels. This corresponds to 1.05 F per molein the Supporting Information.

of catalyst, and it supports a one-electron process for the first
reduction wave.

Synthesis of (PNP"). A round-bottom flask was charged with

Synthesis of [(-SCHeS)Ni(dppe)](BF4),. Solid 1,2-bis-
(diphenylphosphino)ethane (0.092 g, 0.23 mmol) was added to a
solution of [Ni(CH;CN)e 5](BF4) (0.115 g, 0.230 mmol) in aceto-

diphenylphosphine (10.40 g, 56.4 mmol) and degassed aqueousitrile (10 mL). Solid Ni(dppe)(S&HsS) (0.13 g, 0.23 mmol) was

formaldehyde (37 wt %, 4.40 mL, 58.7 mmol) in ethanol (20 mL).
After the solution was stirred for 30 min, GNH3Cl (1.80 g, 26.6
mmol) in ethanol /water (8 mL/4 mL) was added. The mixture was

then added to the resulting yellow solution. The dark red solution
was stirred at room temperature h and then dried in vacuum.
An acetonitrile solution of the resulting red oil yielded red crystals

stirred at room temperature for 3 h, and the solvent was removedby ether diffusion. Yield: 0.214 g, 78%. Anal. Calcd for

in vacuo. The product was extracted with diethyl etherx(25
mL). Removal of the solvent from the combined extracts produced
a viscous oil. Yield: 10.66 g, 24.9 mmol, 94%. The product (10.66
g, 24.9 mmol) was dissolved in GDN (3.55 g) to form a standard
solution of 75 wt %.1H NMR (CDsCN): 7.32 and 7.40 (two m,
aromatics); 3.43 (RJpy = 4.0 Hz, RCH,N); 2.58 (s, NCH3). 8P
NMR (CDsCN): —26.66 (s).

Syntheses of Mononuclear ComplexesThe syntheses of the
mononuclear nickel complexes are all very similar, and the
procedures and characterization data are given for only two

CssHs4PsS:B2FsNi,: C, 55.32; H, 4.56. Found: C, 55.12; H, 4.38.
IH and®3C resonances are assigned on the basis of gCOSY, gHSQC,
and gHMQC experimentsH NMR (20 °C, CDCk): 7.62-7.42
(40H, m, PGHs); 2.76 (8H, broad m, PE,CH,); 2.23 (2H, broad

s, SCHCH,CH,); 2.14 (4H, broad s, S&,CH,CH,). 3P NMR
(CDCly): 60.01 (s)*3C NMR (CDCh): 133.5-126.7 ppm (BgHs);

36.0 (s, SCHCH,CH,); 32.3 (s, £H,CH,CH,); 27.7 (M, ZH,CH,).

ESI" (CH3OH): mVz 1107 {[(u-SGHeS)Nix(dppe}](BF4)} 75 m/iz

509 [(u-SGHeS)Nix(dppe}]?t. CV at 1000 mV/s (CHCN): Eip

or E, if irreversible, V vs ferroceneXE, mV): —1.12 (74);,—1.27

representative examples. Spectroscopic characterization data for th€80); —2.20 (80); —2.51 (irrev); —2.66 (irrev). Oxidations: 0.73

remaining complexes are given in the Supporting Information.
[Ni(PNPE)(S,CNEt,)](BF4). Solid [Ni(CH3;CN)s 5](BF4)2 (0.67
g, 1.34 mmol) was added to a solution of FIN@.31 g, 1.33 mmol)
and NaSCNEf, (0.30 g, 1.34 mmol) in 40 mL of C¥CN. The
reaction mixture was stirred overnight at room temperature. The
solution was filtered, and the solvent was removed from the filtrate
under vacuo. The resulting solid was dissolved in 3 mL ofCN
and precipitated with 20 mL of ED. The dark yellow microcrys-
talline solid was collected by filtration and washed withx220
mL of Et,O. Yield: 0.69 g, 1.08 mmol, 81%. Anal. Cacld for
Ci16H3BFNoNIP,S; + 1 NaBF;: C, 30.08; H, 5.84; N, 4.38. Found
C, 30.52; H, 5.55; N, 4.3"H NMR (CDsCN): 3.73 (9,334n =
7.2 Hz, NCH,CHy); 2.77 (m, FCH,N); 2.44 (m, NCH3); 1.81 (m,
PCH,CHy); 1.27 (dt,3Jpy = 17.4 Hz;3Jyy = 7.9 Hz, PCHCHy);
1.26 (tr,3Jyn = 7.2 Hz, NCHCH3). 13C NMR (CDsCN): (As-
signments are supported by dept and HSQC data.) 200.&88);N
50.8 (tr,"Jpc = 21.8 Hz, EH,N); 50.1 (tr,3Jpc = 12.5 Hz, NCHy);
44.7 (s, NCH,CHy); 17.6 (tr,%3Jpc = 14.2 Hz, CH,CHjy); 11.9 (s,
NCH,CHy3); 8.5 (s, PCHCH3). 3P NMR (CD;CN): 15.5 (s). MS
[Ni(PNP)(SCNER)]* — H, simulated maxmn/z 439; found max
m/z 439 with matching isotope pattern. CV (@EN): Eyp, V vs
ferrocene AE, mV): —1.64 (113). OxidationE,, 0.08 (irrev).
(PNPPMNIi(SC3HeS). Solid [Ni(CH3CN)e 5](BF4)2 (0.50 g, 1.0
mmol) was added to a solution of PRIF0.43 g, 1.00 mmol) and
HSGHeSH (0.11 g, 1.0 mmol) in 30 mL of C4#CN, upon which
a deep red color was observed. After the solution was stirred for
20 min, NEg (0.25 g, 2.47 mmol) was added. The solution, which

(270). UV—vis, (CHCN) Amax NM (€, M~ cm™1): 281 (46 900);
351 (23 400).

[(u-SC3HeS)Nix(dppx)2](PFs)2 Solutions of 1,3-propanedithiol
(22 uL, 0.12 mmol) in chloroform (5 mL) and triethylamine (0.26
mL, 1.8 mmol) in chloroform (5 mL) were added to a solution of
Ni(dppx)Ck (0.150 g, 0.248 mmol) in chloroform (15 mL). The
resulting brown solution was stirred at room temperature for 1 h,
and the volume was reduced to 10 mL. A solution of Naf@FL3
g, 0.25 mmol) in 1:1 ethanol/water (15 mL) was added, and the
resulting orange precipitate was filtered. Yield: 0.073 g, 40%. Anal.
Calcd for G7HgPsSF1oNio: C, 55.02; H, 4.27. Found: C, 54.84;
H, 4.48.1H and®*C resonances are assigned on the basis of gHMQC
experimentstH NMR (CD;CN): 7.93-7.46 (40H, m, PGHs); 6.64
(4H, m, PCHCCH); 6.08 (4H, m, PCHCCHCH); 4.53 (4H, pseudo
d, PH,); 3.45 (4H, broad m, Pd,); 1.71 (2H, broad m, SC}&CH -
CHy); 0.04 (4H, broad m, SB,CH,CH,). 3P NMR (CD;CN):
11.01 (s).13C NMR (CD;CN): 136.3-127.2 (RCgHs); 131.7 (s,
PCH,CCHCH); 128.3 (s, PCHCCH); 37.4 (s, £H,CH,CH,); 35.4
(S, SCHCH2CH2), 34.22 (S, BH2C6H4CH2). ESI (CH3CN) m'z
1318{[(u-SCHeS)Nix(dppxp](PFe)} 5 Mz 584 [(u-SCsHeS)Ni-
(dppx)]?t. CV (CH:CN): Eyor Ey if irreversible, V vs ferrocene
(AE,, mV): —1.13 (140);—1.51 (irrev);—1.75 (160);—1.99 (irrev);
—2.14 (irrev). Oxidations: 0.75 (irrev); 0.92 (irrev); 1.4 (irrev).
UV—vis (CHsCN), Amax, NM (€, M~1 cm™Y): 304 (67 000); 395
(40 000).

Reduction of [(u-SC3HeS)Ni(dppe)](BF4)2 5. In a typical
procedure monitored by NMR spectroscopy, solid LiAl{@.002

turned a darker red, was stirred for 2 h. The solvent was removed g, 0.05 mmol) was added to a solution®§0.020 g, 0.017 mmol)

under vacuo untit-2 mL of solution remained, and the resulting

in THF in an NMR tube. The resulting dark greenish brown solution

precipitate was filtered and dried under vacuum. The product was was shaken for 10 min. A single product was observe##®\NMR-

recrystallized fron~2 mL of CH;CN. Resulting red crystals were
filtered, washed with 3 25 mL hexanes, and dried overnight under

(THF): 44.2 ppm (Ni(dppe). On a larger scale, a flask was charged
with solid [(u-SGHeS)Nix(dppe}](BF4), (0.050 g, 0.042 mmol)
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Table 4. Details of Data Collection and Structure Refinement for [Ni(PINBCH,SMe)]OTf, 6, and [(«-SCGHsS)Nix(dppe}](BF4)2CHsCN, 8

empirical formula G7H57BngNNi2P4Sz, 8 C15H34F3NNi03P233, 6
fw 1235.06 550.26

T, K 143(2) 143(2)

cryst syst monoclinic triclinic

space group P2i/c P1

a(h) 12.1836(5) 8.781(3)

b (A) 47.750(2) 10.217(3)

c(A) 10.3067(4) 14.543(4)

a (deg) 90 71.276(7)

S (deg) 107.914 (1) 82.684(7)

y (deg) 90 81.593(7)

V (A3) 5705.4(4) 1218.0(6)

z 4 2

density (calcd) (mg m?) 1.435 1.500

abs coeff (mm?) 0.910 1.224

reflns measd/indep 45 702/13 090 9693/5580
GOF 0.951 1.045

R1[l > 20(1)] (all data) 0.0808 (0.1783) 0.0978 (0.1526)
wR2 [I > 20(1)] (all data) 0.1621 (0.1885) 0.2568 (0.3083)
largest diff. peak and hole (e 0.679 and-0.605 1.943 ane-1.131

and 1% sodium/mercury amalgam (1.87 g Na/Hg, 0.084 mmol Na). tions and were included in structure factor calculations but were
Acetonitrile (10 mL) was added, and the reaction mixture was stirred not refined. Details of the data collection, structure solution, and
overnight. The cloudy reddish-brown solution was removed from refinement are given in Table 4.
the mercury and then dried in vacuu#? NMR (THF): 44.2 ppm
(Ni(dppe)). The sodium/amalgam reduction was also carried out ~Acknowledgment. This work was supported by a grant
in THF, and the same product was observed. Addition of fIBF from the National Science Foundation (CHE-0240106). NMR
Et,0 to the reduced product resulted in the formation of [HNi- instrumentation used in this work was supported in part by
(dppe}]BF,. 3P NMR (THF): 45.48 (CRCN): 45.72.'H NMR the National Science Foundation CRIF program (CHE-
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X-ray Diffraction Studies. For each structure, a crystal of = ¢ pepartment of Energy. The Pacific Northwest National
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oil, transferred to a Siemens SMART diffractometer/CCD area . .
detector, centered in the beam (Mauki = 0.71073 A; graphite of Energy. We thank Dr. Michael McNevin (U. of Colorado)

monochromator), and cooled t6120 4 10 °C by a nitrogen low- for help with the X-ray diffraction data.
temperature apparatus. Preliminary orientation matrix and cell
constants were determined by collection of 60 frames, followed
by spot integration and least-squares refinement. A minimum of a
hemisphere of data was collected using@3scans. The raw data
were integrated and the unit cell parameters refined using SAIN
Data analysis was performed using XPREP. Absorption correction
was applied using SADABS. The data were corrected for Lorentz
and polarization effects, but no correction for crystal decay was 1C061740X
applied. Structure solutions and refinements were performed

(SHELXTL_'P'US _V5-0) onF232 All non-hydroget_'l atoms were (32 sheldrick, G. MSHELXTL-Plus: A Program for Crystal Structure
refined anisotropically. Hydrogens were placed in idealized posi- Determination version 5.1; Bruker AXS: Madison, WI, 1998.

Supporting Information Available: Characterization data for
additional complexes, Figure S1 and X-ray structural data including
tables of crystal and refinement data, atomic positional and thermal
T parameters and interatomic distances and angles, f@rand13.
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