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Our explorations of the reactivity of Fe/Mo/S clusters of some relevance to the FeMoco nitrogenase have led to
new double-fused cubane clusters with the Mo,FesSs core as derivatives of the known (Cls-cat),Mo,FesSg(PPrs)s
(I fused double cubane. The new clusters have been obtained by substitution reactions of the PPr; ligands with
Cl~, BHy~, and N3~. By careful control of the conditions of these reactions, the clusters [(Cl,-cat)(PPrs)MoFesS,-
(BHa)2]2(BugN)4 (I1), [(Cls-cat)(PPrs)MoFesS4(PPrs)(BHa)]2(BusN), (I11), [(Cls-cat)(PPrs)MoFesSa(Ns)alo(BusN), (IV), [(Cls-
cat)(PPrs)MoFesS4(PPr3)(Ns)]2(BusN), (V), and [(Cls-cat)(PPrs)MoFesS,Cly]2(EtsN)4 (VI) have been obtained and
structurally characterized. A study of their electrochemistry shows that the reduction potentials for the derivatives
of | are shifted to more positive values than those of I, suggesting a stabilization of the reduced clusters by the
anionic ligands BH,~ and N3~. Using *H NMR spectroscopy, we have explored the lability of the BH,~ ligand in
Il in coordinating solvents and its hydridic character, which is apparent in its reactivity toward proton sources such
as MeOH or PhOH.

Introduction determination of theAzotobactervinelandii MoFe protein

at 1.16 A resolution revealed a previously undetected light
atom whose identity, being uncertain at present (C, N, or
0), has stimulated intense research, as evident by recent
theoretical and spectroscopic studiesThe encapsulated

us-X atom in the center of the keinit (Figure 1) is shared

Single-crystal X-ray structure determinations of the MoFe
protein component of nitrogenase from various sourtes
have determined the structure of the unique octanuclear
MoFe/S, catalytic center at various levels of resolution. This
center consists of two cuboidal subunits, Meflzeand FeS;,
bridged by threg:,-S*~ ligands. The most recent structure
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Fe/Mo/S Clusters

genase enzyme such ag NN,H,4, and derivatives of it}-14
The different reactivity properties of the ligands bound to
the Mo and Fe sites have allowed the development of an
extensive and site-specific cluster substitution chemistry. We
took advantage of these properties to synthesize novel
compounds where substitution of théPR phosphines by
different ligands involves only those bound to Fe atoms of
clusterl.
In this paper we provide detailed documentation on the
synthesis, molecular structures, and spectroscopic properties
Figure 1. Structure of the FeMoS center of Nitrogenase. of this first example of a MoF&, cluster that contains BH
ligands, as well examples of a MofSz cluster with azides
by four-coordinate trigonal-pyramidal Fe atoms. Previously bound to the Fe atoms. Moreover, we were able also to
these Fe atoms in the Fenit were thought to be three-  control the substitution of the phosphines bound to Fe atoms,
coordinate coordinatively unsaturated sites. thus allowing us to isolate unique clusters where both
The synthesis and structures of a multitude of high phosphines and azides or borohydrides complete the coor-

nuclearity Mo/Fe/S structures notwithstandfexact syn-  dination environment of these Fe atoms.
thetic a_nalogues for the nitrogenase FeMo cofactor are still experimental Section
not available. Predominant among the plethora of the known

Mo/Fe/S clusters are those that contain as a common_ ™ | : :
tructural feature one. two, or three MaBe“cubane™®® a dinitrogen atmosphere using standard Schlenk line techniques or
S ! ' in an inert atmosphere glovebox. All solvents were distilled under

and M_OF_@_&N cuboidal units. These clusters have_) contrib-  ginjtrogen and degassed using nitrogen. Acetonitrile was predried
uted Slgnlflcantly to fundamentally Important chemlstry. The over oven-dried molecular sieves and distilled over eeEthyl
mechanism of dinitrogen activation and reduction by the ether, THF, and toluene were predried over Na ribbon and further
FeMoS cofactor in nitrogenase has been the subject ofpurified by the sodium-benzoketyl method. Tetrachlorocatechol
numerous calculations and proposals. The variety of theoreti-(Cla-catH) (Lancaster) was dissolved in ethyl ether, and the
cal models available underscores the fact that the mechanisnﬁ:oncentrated solution was treated with activated charcoal (Aldrich).

L . After a few hours, the mixture was filtered by gravity filtration,
of N fixation is still an unresolved problem. The nitrogenases

. . . ) and the process repeated until the ether solution contained no dark
display hydrogenase activity, reducing kb H,; a process brown color. Once the color of the diethyl ether solution became

that acts as an inhibitor to NHformation** A proposed N lighter, the solvent was removed by nitrogen purging, and the
fixation mechanism that involves the possible formation of residue was dried under vacuum. AnhydrousNEtl, Bu;NBH,,
FeMoco-hydrogen or hydride intermediates has been de- and BuNN; were purchased from Fluka or Aldrich and used
scribed recently? In an attempt to explore the possible without further purification. Deuterated solvents, as well as
existence of these proposed metalhydrido or hydrogen met_hano_lel4, were purchased from Cambridge Isotope L_aboratories.
atom intermediate clusters, we investigated the reactions of20rC acidds and phenoti; were purchased from Aldrich. (€l

. . thMo,F PP thesi ing to th lish
the (Cl-cathMo Fe:Ss(PRs)s | clusters with a hydride source ﬁ?e%ho?ﬁs%sa( 6)s Was synthesized according to the published

such as the Bk anion. Preliminary findings of this study FT-IR spectra were collected on a Nicolet DX V. 4.56 FT-IR
have been communicated earfiémhere the first example  spectrometer in KBr pellets, and the spectra were corrected for
of a MoFe$S, cluster containing Byt was presented. The  background!H NMR spectra were recorded on a Urity300 MHz
synthetic utility ofl has been well documented. In attempts superconducting NMR instrument operating at 299.9 MHB.

to further explore the reactivity of, we reacted with a NMR spectra were recorded on an Innova 500 MHz superconduct-

variety of ligands including known substrates of the nitro- "9 NMR instrument operating at 160.38 MHz {81BF; was used
as external standard and referenced to 0 ppm). Elemental analyses

linak - - N were performed by the Microanalytical Laboratory at the University
© gﬂniil?gférghc’\gé tChglrJgicr)]uvanls, [Rrog. Inorg. Chem2001, 49, 599 of Michigan. The data were corrected using acetanilide as a
(7) Lee, S. C.; Holm, R. HChem. Re. 2004 104, 1135 and references  Standard. Electronic spectra were recorded on a Varian CARY 1E

General. All experiments and reactions were carried out under

therein. UV —Vis spectrometer. The magnetic susceptibility measurements
® gﬁeﬁ?lgbgig%a igVZ\,IeAI'f’GQPé'l.P('t;))FIBaerKZgiSF\,).KB..BTOCIZZr‘nE'ar?;,A(T'F.; were carried out on a MPMS SQUID magnetometer, and the data
Coucouvanis, DJ. Am. Chem. Sod995 117, 7832. (c) Zhang, Y. were corrected for diamagnetic contributions. All the cyclic
G.; Holm, R. H.J. Am. Chem. SoQ003 125, 3910-3920. voltammetry experiments were carried out using an EG&G Prin-
(9) Koutmos, M.; Coucouvanis, DAngew. Chem., Int. EcR004 43, ceton potensiostat/galvanostat Model 263A and an Ag/AgCI refer-
(10) %g)zg;i%ﬁmnis, D.: Han, J.: Moon, N.Am. Chem. So€002 124, ence electrode with 0.1 M BNPF; as the electrolyte. Ferrocene
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Soc.1999 121, 10448. Interscience: New York, 1985; p 161. (b) Burgess, B. K. In
(11) Burgess, B. K.; Lowe, D. hem. Re. 1996,96, 2983-3011 and Molybdenum Enzymes, Cofactors, and Model Syst8irefel, E. I.,

references therein. Coucouvanis, D., Newton, W. E., Eds.; American Chemical Society:
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peak potentials were found at 406 and 486 mV (446mV). The redox

potentials were reported versus SCE: (rev) reversible, (qr) qua-

sireversible, (irr) irreversible.
The compounds of primary interest are designated as follows:

(Cl-cathMo,Fe,Sy(PRs)g
(Cl,-caty,Mo,Fe;Sy(P'Pry)s
(Cl-catpMo,Fe;Sg(PEL)s

(Cl,-catpMo,Fe,Sy(P'Bu,),

0]
(1a)
(Ib)
(Ic)
(In

(1

[(Cl-cat)(PPry)MoFe,S,(BH,) ] (Bu,N),

[(Cl -cat)(PPr)MoFe,S,(P"Pry)(BH,)],(Bu,N),

[(CI4-cat)(F9Pr3)MoFe3S4(N3)2] 2(BuyN), (Iv)
[(Cl-cat)(PPr)MoFe;S,(P"Pr)(Ny)] (BuN), V)
[(Cl,-cat)(PPr;)MoFe;S,Cl,],(Et,N), (VI)

[(Cl4-Cat)(P1Pr3)MOF63S4(BH4)2]2(BU4N)4 (”) (C|4-Cath02-
FesSs(PPB)s (1) (0.5 g, 0.22 mmol) was dissolved in 20 mL of
tetrahydrofuran (THF), followed by the addition of 0.255 g (0.99
mmol) of BwuN(BH,) in 5 mL of THF dropwise under vigorous

Koutmos et al.

100 mL of THF, 74 mg (0.26 mmol) of BW(N3) in 50 mL of
THF was added dropwise over a period of 15 min with rigorous
stirring. The reaction mixture was stirred for 3 h, followed by
filtration. The volume of the THF filtrate ws reduced to 50 mL
under a N stream, and it was subsequently layered with 150 mL
of ether; 180 mg (58% yield) of a microcrystalline black product
was obtained after filtration and thorough washing with copious
amounts of toluene and ether. Anal. Calcd Y61CgoH15¢ClgFes-
Mo,NgO4P>Ss: C, 38.66; H, 6.33; N, 4.51. Found: C, 38.93; H,
6.47; N, 4.57. EPR (solid): silent.

[(Cl4-cat)(PPrs)MoFesS,Clo)o(EtaN)s (VI). One gram (0.45
mmol) of (Cl-catpMo,FesSs(PPg)s (I) was dissolved in 50 mL of
THF, followed by the addition of 0.300 g (1.81 mmol) of,ECI
in 25 mL of acetonitrile dropwise with vigorous stirring. The
reaction mixture was stirred overnight and subsequently filtered.
A fine black powder (0.45 g) was obtained after washing thoroughly
with THF and ether, and in addition, 0.35 g of product was isolated
after the acetonitrile/THF filtrate is taken to dryness under,a N
stream and the resulting black material was washed with copious
amounts of THF and ether. Both black solids have been identified
as the same desired product (79% yield). Anal. Calcd G Ciio-
FesMooN,O4P,Ss: C, 32.97; H, 5.44; N, 2.48. Found: C, 33.59;
H, 6.01; N, 2.26. IR (KBr pellet, cm'): Cls-cat 1439(vs). EPR
(solid): silent.

X-ray Crystallography. Black block-shaped crystals of [(£]

stirring. The reaction mixture was stirred overnight and subsequently cat)(PPs)MoFe;Sy(BH4)2]2 (BusN)4 (II) and [(Cl-cat)(PPs)-

filtered. Hexanes were allowed to diffuse slowly into the resulting
THF filtrate to yield a crystalline product that was washed with

MoFe&Sy(PPg)(BH,)]2(BusN), (IIl') were obtained from the slow
diffusion of hexanes into a THF solution of the corresponding

copious amounts of ether; 450 mg of product was obtained after compounds in room temperature. Black block-shaped crystals of

the thorough washings (78% yield). Anal. Calcd oy CoqH20B4-
ClgFesMo,N,O4P,Ss: C, 43.01; H, 7.76; N, 2.13. Found: C, 43.12;
H, 7.67; N, 2.06. IR (KBr pellet, cm'): B—H 2363(m), 2291(m),
2224(m), 2085(m); Gicat 1439(vs). Magnetic susceptibility
(solid): ueff (2 K) 5.583uB, ueft (5 K) 6.78uB, uerr (300K) 7.315
uB. EPR (solid): silent. Cyclic voltammetry (THF, mV}:-689
@n.

[(Cl4-cat)(PPrs)MoFesSy(PPr3)(BH4)]2(BusN), (1ll). To a stirred
solution of 0.3 g (0.13 mmol) of (GlcatpMoFe;Ss(PPE)s (1) in
100 mL of THF, 67 mg (0.26 mmol) of BN(BH,) in 50 mL of
THF was added dropwise over a period of 15 min with rigorous
stirring. The reaction mixture ws stirred for 3 h, followed by
filtration. The volume of the THF filtrate was reduced to 50 mL
under a N stream, and it was subsequently layered with 150 mL
of ether; 180 mg (58% yield) of a microcrystalline black product
was obtained after filtration and thorough washing with copious
amounts of toluene and ether. Anal Calcd for CggH164B2Clg-
FesMooN,O4P,Ss: C, 39.53; H, 6.80; N, 1.15. Found: C, 39.86;
H, 6.98; N, 1.19. EPR (solid): silent.

[(CI4-cat)(PPr3)MoFe384(N3)2]2(Bu4N)4 (lV) (C|4-CatkM02-
Fe;sSg(PPB)s (1) (0.6 g, 0.27 mmol) was dissolved in 20 mL of
THF, followed by the addition of 0.341 g (1.2 mmol) of BiIN;
in 15 mL of THF dropwise with vigorous stirring. The reaction

[(Cls-cat)(PPgMoFesSy(N3)2]2(BusN)4 (IV) and [(Cl-cat)(PPs)-
MoFe&Sy(PPE)(N3)]2(BusN), (V) were also acquired: the former
from the slow diffusion of hexanes into a toluene solutior\of

and the latter from the slow diffusion of hexanes to a 4:1 THF/
toluene solution ofV. Black plate-shaped crystals of [(&iat)-
(PPB)MOFe;S,Cly)(EuN)4 (V1) were obtained from the slow
diffusion of ether into an acetonitrile solution, and they were isolated
by filtration. All diffraction data were collected at the University
of Michigan X-ray facility at 150(2) K (except fovl which was
collected at 158(2) K) using a Bruker SMART CCD-based X-ray
diffractometer equipped with an LT-2 low-temperature device and
normal focus Mo-target X-ray tubé. (& 0.71073 A). The crystal
data and structural parameters are shown in Tables 1 and 2. The
positions of heavy atoms were found by direct methods in E-maps
using the software solution program in SHELXTL, version 8.1.
Subsequent cycles of least-squares refinement followed by differ-
ence Fourier synthesis produced the positions of the remaining
nonhydrogen atoms; they were refined anisotropically (except for
a highly distorted ByN™, a toluene solvent molecule, and a propyl-
chain of the PRrphosphine in compounty which were refined
isotropically). Positions of the hydrogen atoms of the borohydride
ligands in compoundl were found and located from the final
difference Fourier map. These hydrogen atoms, which are essential

mixture was stirred overnight and subsequently filtered. Hexanes in defining the structure, were included and refined isotropically.

were allowed to diffuse slowly into the resulting THF filtrate to

The remaining hydrogen atoms fiir, as well all hydrogen atoms

yield a crystalline product that as washed with copious amounts of for Il , IV, V, andVI, were placed in ideal positions and refined

ether (until the washings were clear); 550 mg of product was
obtained after the thorough washings (74% yield). Anal. Calcd for
IV CosH1geClsFesM02N1604PSs:  C, 41.30; H, 6.86; N, 8.23.
Found: C, 41.52; H, 6.93; N, 8.18. Magnetic susceptibility
(solid): ueft (2 K) 5.93ug, tefr (5 K) ug 7.17 up, pesr (300K) 7.13
us. EPR (solid): silent.
[(Cl4~cat)(PPrs)MoFesS4(PPrs)(Ns)]2(BusN)2 (V). To a stirred
solution of 0.3 g (0.13 mmol) of (GlcatpMo,FesSs(PPE)s (1) in

3650 Inorganic Chemistry, Vol. 45, No. 9, 2006

as riding atoms with individual isotropic thermal displacement
parameters. Compoundss, 1V, andVI crystallized in the space
group P2;/c, whereaslll andV crystallized in the space group
P2,/n; this was confirmed by the program XPREP of the SHELXTL
package®

(16) SHELXTL, version 6.10; Siemens Industrial Automation, Inc.: Madi-
son, WI, 2000.



Fe/Mo/S Clusters

Table 1. Crystal Data and Structure Refinements for [(Cht)(PP§)MoFesSa(BHa4)2]2(BuaN)a, 11, [(Cls-cat)(PPs)MoFesSa(N3)2]2(BusN)4, 1V, and

[(Cls-cat)(PPg)MoFesSsClo]o(EtN)4, VI

Il IV -tolune VI
empirical formula GaHzozB4C|gFQgM02N404P2$3 C54H107C|4F€3MON302PS1 CezH]_zzCllgFQ;MOZN4P254
fw 2624.84 1464.98 2258.44
cryst syst monoclinic monoclinic monoclinic
space group P2:/c P2i/c P2i/c
a(h) 17.142(2) 18.688(2) 18.789(9)

b (A) 22.604(3) 27.301(3) 18.670(9)

c(A) 17.295(2) 15.226(2) 13.060(6)

o (deg) 90.00 90.00 90.00

f (deg) 110.387(2) 111.696(2) 91.088(8)

y (deg) 90.00 90.00 90.00

V (A3) 6282.0(12) 7218.3(15) 4581(4)

Z, calcd density (mg/m#) 2,1.388 4,1.348 2,1.637

temp (K) 150(2) 150(2) 158(2)

abs coeff (mm?) 1.388 1.088 1.797

F(000) 2760 3080 2312

cryst size (mm) 0.46 0.36x 0.34 0.38x 0.22x 0.16 0.22x 0.18x 0.04

6 range (deg) 2.8828.44 2.66-22.06 1.96-23.31

limiting indices —22<h<22 —19<h<19 —20<h<20
—30<k<29 —28<k<28 —20<k<20
—23<1<23 —-16<1<16 —-14<1<14

R(int) 0.0401 0.1023 0.0887

reflns collected 83965 40644 29527

data/restraints/params 15651/0/638 8860/0/614 6609/0/446

final R indices [ >20(1)] R1, wR2
R indices (all data) R1, wR2
GOF onF?

0.0330, 0.0820
0.0483, 0.0892
1.026

Table 2. Crystal Data and Structure Refinements for

0.0889, 0.2293
0.1531, 0.2914
1.093

0.0433, 0.0937
0.0872, 0.1094
1.044

[(Cls-cat)(PPs)MoFe;Ss(PPE)(BH4)]2(BuaN)2, 1II , and
[[(Cl s-cat)(PPgMoFesSu(PPE)(N3)]2(BuaN)z, V

Il -hexane V-1/2toluene
empirical formula GeHoeBClaFes- Ca7HgeClaFesMON4-
MON02P284 02P284
fw 1301.52 1334.67
cryst syst monoclinic monoclinic
space group P2:/n P2i/n
a(h) 13.525(3) 13.946(2)
b (A) 17.705(5) 17.381(2)
c(A) 25.930(7) 25.858(3)
o (deg) 90.00 90.00
p (deg) 96.793(4) 95.866(2)
y (deg) 90.00 90.00
V (A3) 6166(3) 6235.2(13)
Z, calcd density (mg/mf) 4, 1.402 4,1.422
temp (K) 150(2) 150(2)
abs coeff (mm?) 1.285 1.275
F(000) 2728 2776
cryst size (mm) 0.4& 0.32x 0.32 0.48x 0.32x 0.20
0 range (deg) 2.8226.50 2.7726.43
limiting indices —16<h <16 —17<h<17
—22<k<22 —21<k<21
—32<1<32 —-32<1<32
R(int) 0.0648 0.0564
reflns collected 55189 51727
data/restraints/params 12632/0/533 12770/0/615

final R indices
[I > 20(1)] R1, wR2

0.0811, 0.2119

R indices (all data) R1, wR2 0.1409, 0.2569

GOFon B

1.072

Results and Discussion

Synthesis.The reaction of (GtcatpMoFe;Sg(PPE)s (1)
with 4 equiv of a ligand such as BH N3, or CI~ in THF

0.0417,0.0938

0.0755, 0.1073
1.025

(N3) in toluene rather than in THF solution, two different
products could be isolated. The precipitate of the reaction
after recrystallization from THF/ether yields the [(&hat)-
(PPg)MoFe;S4(PPE)(N3)]2(BusN), (V) cluster, whereas clus-
ter [(Cls-cat)(PPs)MoFe;Sy(N3)2]2 (BusN)4 (IV) can be
isolated from the filtrate of the reaction mixture, following
diffusion of diethyl ether. The same behavior was observed
also for the reaction dfwith 4 equiv of BuNBH, in toluene.
The problem in both cases is the isolation of analytically
pure compounds. We were able to isolate pure matdfial (
andV) after the reaction of with 2 equiv of BuNBH, or

2 equiv of BuN(Ns3), respectively, in THF in high dilution
and after recrystallization and careful washing (eq 2). In this

(Cl,-cat),(PPr),Mo,Fe,Sy(PPy), + 2X™ —
[(Cl -cat),(PPr),Mo,Fe.Sy(PPr),X,]*" + 2PPy, (2)

way we were successful in producing site differentiated
compounds where both ligand phosphines and thamons
are bound to the Fe atoms.

The substitution of phoshines by Cand Ny~ ligands in
[(Tp)2V2FesSe(PER)4] and [(TprMozFesSs(PEE)4] (Tp = tris-
(pyrazolyl)hydroborate) already has been documented. In
these cases, the Mo site is protected from the nucleophilic
attack by the tridentate Tp ligartdin our experiment, there
is a phosphine and a bidentate,€at bound to the Mo
instead of the Tp ligand, so replacement of this phosphine
seems possible. However, even in the presence of excess of
a nucleophilic ligand no products where the Mo-bound

proceeds with the substitution of the 4 phosphines bound tophosphine had been replaced could be observed or isolated.

the Fe atoms (eq 1). Whénis treated with 4 equiv of BiN-

(Cl-caty(PPg),Mo,Fe;Sy(PPy), + 4X~ —

[(Cl -cat)(PPr),Mo,Fe.SeX ] + 4PPg (1)

Attempts to synthesize one or three phosphine-substituted
clusters by carefully controlling the stoichiometry and the

(17) (a) Zhang, Y.; Holm, R. Hinorg. Chem.2004 43, 674-682. (b)
Hauser, C.; Bill, E.; Holm, R. Hinorg. Chem2002,41, 1615-1624.
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Figure 3. ORTEP diagrams of clusters [(Etat)(PP5)MoFesSy(PPE)-
(BH4)]2(BuaN)2, 11, and [(Cl-cat)(PP§MoFesSy(PPE)(N3)]2(BusN)2, V,
showing thermal ellipsoids at 50% probability. For clarity the carbon and
hydrogen atoms of the propyl groups of the phosphine ligands and the
borohydride atoms, as well as the BU counterions have been omitted.

Figure 2. ORTEP diagrams of clusters [(©¢tat)(PPg)MoFe;Sa(BHa)2]--

(BusN)a, I, and [(Ch-cat)(PPg)MoFesSa(N3)2]2(BusN)4, 1V, showing
thermal ellipsoids at 50% probability. For clarity the 8Bl counterions
have been omitted.

reaction conditions have been unsuccessful thus far, IeadingOy sulfur atoms, twqus-S?~ and twous-S? ligands with
to mixtures of two- and four-substituted phosphine clusters. average Feﬂg-S'Z‘ intracubane distances at 2.237(2,3)
Structural Description. All the clusters that are obtained 2 2352 4), 2.232(2,4), 2.240(2,8), and 2.244(2,9) Alfor

from the reaction of with the ligands BH", N5~, and CI -, 1V, V, andVl, respectively. The two Feu,S*~ bonds
(I=VI) exhibit the same two edge-sharing [MeB§  can pe distinguished into a short intercubane one and a long
“cubane” units that define an octanuclear cluster as seen injntracubane one. Characteristically for the clustérsiil
clusterl. The bridge between the two [Mo§®]* units in IV, V, and VI, the Fe-u,S* intercubane distances are

Il =VI defines a [F&5] rhomb which has short FeFe 5 5351(6), 2.253(2), 2.231(4), 2.2690(11), and 2.2312(19)
distances of 2.6692(6), 2.650(3), 2.630(3), 2.6898(10), andA  respectively, whereas the Fe usS intracubane

2.703(2) A for Il, Ill, IV, V, and VI, respectively,  gistances are 2.3279(6), 2.356(2), 2.333(3), 2.3756(10), and
comparable to those of clustdis andlc (at 2.659(15) and 2.3006(19) A, respectively. (i) The remaining four iron
2.6512(17) A, respectivelyilf, (Cli-cathMo FesSs(PEG)s; atoms, Fg also have a distorted tetrahedral coordination with

Ic, (Cl-catpMo,FesSs(P'Bus)s).'® The distances in the B8 two u4-S?~ ligands, ones-S2~ ligand, and an anionic ligand
bridging unit in all clusters are comparable and show only gych as K-, CI-, a"Pr; group, in the cases of clustel,
small differences that do not follow any particular trend v/ andvi, a 5-coordinate group, as in the case of cluliter
suggesting that the substitution of the phosphine ligands with gng a 4- and 5-coordinate group, in the case of cluster
anionic ones does not perturb this unit. _ with two us-S*~ ligands, ongu-S*~ ligand, and a bidentate

The iron atoms can be distinguished in two types. (i) The BH,- or"Pr; ligand. The average keS distances are 2.305-
two atoms (Fg) that compose the B8, bridging unit. These  (,14), 2.283(6,24), 2.285(6,16), 2.273(6,24), and 2.292(6,14)
are distorted tetrahedral atomS, and they are coordinated Onlﬁ, respective'y_ It is of interest to compare these distances

to the corresponding ones d§ andlc at 2.258(6,19) and

(18) Because of the lack of good structural data for compdand(Cl.-

catpMosFesSs(PEL)e], Ib, and [(Ch-catyMosFesSs(PBus)g), Ic, have 2.247(6,12)' A,_respectively, sinpe it indicates the influence
been used for the comparison of the two structures of the substitution of the phosphine by a bettedtonor, such
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Figure 5. Partial view of clusters andll —VI demonstrating the difference

in arrangement around the Mo atom. Only half of the clusters is depicted
in these drawings; the carbon atoms of the phosphines and the counterions
have been omitted for clarity.

2.681(1) A), respectively. The average-fiee intracubane
distance is 2.735(1) A (range of 2.704(D.794(1) A) in
Figure 4. ORTEP diagram of cluster [(Gkat)(PP§MoFesSyClo]2(EtN)2, I, 2.684(3) A (range of 2.657(32.727(3) A) inlil,
th , shov:c/i?hg thermall eIIipsoids% ?r: SOOﬁJ prohb_abilli_ty. Fgr clarity Itlhe h%/hit(JEgten 2.685(2) A (range of 2.668(2)2.696(2) A) inlV, 2.652(1)
counterions have peen omited. A (range of 2.610(12.700(1) A) inV, and 2.684(1) A
(range of 2.648(1H2.723(2) A) inVI, whereas those in
as the anions mentioned above. Closer examination of theclustersib andic are found at 2.634(5) (range of 2.6315)
Fe, coordination environment of [(Glcat)(PPs)MoFe&S;- 2.639(5) A) and 2.622(1) A (range of 2.612¢1.630(1) A),
(PPE)(BH4)]2(BwN), lll and [[(Cl-cat)(PP5MoFeSy(PPg)- respectively. There is a considerable increase in theHee
(N3)]2(BusN)2 V, where both phosphines and borohydrides bond distances upon substitution of the phosphines bound
or azides are present, shows that thg &®ms that are  to the Fe atoms with better electron donors, such as the Cl
coordinated by the former (BH) have an average F& N3-, and BH~ anions, and the increase is more pronounced
distance of 2.252 and 2.248 A ftit andV, respectively,  for [(Cls-cat)(PPyMoFe;Ss(BHa)2]2(BusN)a (I1) , about 0.1
whereas for the Featoms that are coordinated the latter A, compared to clusterth andlIc. This increase in bond
(N3, the corresponding distances are at 2.314 and 2.299 Adistance is also evident from the comparison of the-Mo
for Il andV, respectively. The better electron donors result Mo distances of 7.931(1) A il , 7.901(3) A inlll , 7.881-
in the slight elongation and weakening of thef®bonds.  (2) Ain IV, 7.919(2) A inV, and 8.017(1) A invI, while
The Mo atoms in all these clusters retain their original those of clustersib andlic are 7.864(2) and 7.849(2) A,
distorted MoQPS; octahedral environment. This environ- €SPectively.
ment consists of 8°PPg group, threqus-S* ligands, and a Closer examination of the Mo coordination environment
bidentate Clcaf~ ligand. The average MeS distance can  in clustersll —VI reveals that the arrangement of the ligands
be found at 2.365(1) A (range of M is 2.351(1}2.392(1) around it is different in these clusters than it is clustérs
A) for 11, 2.376(2) A (range of Mo- S is 2.356(2)-2.407(3) andlc. In clusterdb andlc, the Cl-catecholate ligands are
A) for Il , 2.376(3) A (range of Me'S is 2.363(3)-2.401(3) parallel to the plane defined by the Maq[Sgrhombic unit,
A) for IV, 2.382(1) A (range of Me- S is 2.359(1)-2.416- whereas in cluster$ —VI it is almost perpendicular (Figure
(1) A) for v, and 2.373(2) A (range of MeS is 2.356(2)- 5). This difference indicates that the exchange of the
2.397(2) A)forVI . All five clusters exhibit a long Me'S phosphine ligands of the Fe atoms with the borohydride ones
bond (~0.05 A), compared to the other two, that corresponds is not a simple substitution reaction. It affects the coordina-

to the one trans to the MeP bond. The average Md® tion around the Mo atom since bond breaking and formation
distances are 2.598(1), 2.600(3), 2.583(4), 2.583(1), andis required to accommodate the new orientation of the Cl
2.627(2) A forll, Il , IV, V, and VI, respectively. The  catecholate ligands. The mechanism of this rearrangement

differences in the Me'S and Mo-P bond lengths between is still somewhat unclear. _
all five clusters are insignificant. Furthermore these bond  In clustersll andlll, as already mentioned, we have the
lengths are comparable to the corresponding ones of clustersubstitution of phosphine ligands with borohydride ones. The
Ib andlc. Thus, it is evident that phosphine substitution of IR spectra at the BH stretching region for both compounds
the Fe atoms does not appear to affect the environmentare almost identical (only small differences in the relative
around the Mo atom. intensity of the peaks) and indicative of a bidentate binding
The average MeFe distance is 2.719(1) A (range of Mode:® with a 139 cm® separation between theB—H
2.703(1)-2.732(1) A) inll , 2.695(3) A (range of 2.661(3)  (términal) anc-B—H (bridging) modes. That is suggestive
2.719(3) A) inlll , 2.695(2) A (range of 2.685(22.703(2) of a rather weak M-BH, interaction. This is confirmed by
R)in IV, 2.696(1) A (range of 2.689(2)2.708(1) A) inV, the X-ray crystal structure df where the average Fe,
and 2.723(1) A (range of 2.708(p.741(2) A) in VI, o e T 3 Ko S K 3 R S L
whereas those in clustei® andlic are 2.677(5) (range of 19 éagemé{9§é 11, 3540, (b) Marks. T. . Kolb, J. Rohem. Re. 1977
2.658(5)-2.695(5) A) and 2.665(1) A (range of 2.6481) 77, 263.
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Table 3. Selected Bond distances (A)

b, Ic Il 1] \Y \Y \
Fe,—Fe, 2.659(15), 2.6692(6) 2.650(3) 2.630(3) 2.6898(10) 2.703(2)
2.651(2)
Fey—us-S 2.237(2,3 2.235(2,43% 2.232(2,43 2.240(2,8} 2.244(2,%
Fé,—ua-Sitercubane 2.2351(6) 2.253(2) 2.231(4) 2.2690(11) 2.2312(19)
Fé,—ua-Sitracubane 2.3279(6) 2.356(2) 2.333(3) 2.3756(10) 2.3006(19)
Fe,—S 2.258(6,193, 2.305(6,148 2.283(6,24) 2.285(6,16) 2.273(6,28 2.292(6,18
2.247(6,19
Mo—S 2.36% 2.376 2.376 2.382 2.373
Mo—P 2.598(1) 2.600(3) 2.583(4) 2.583(1) 2.627(2)
Mo—Fe 2.634%, 2,719 2.695 2.695 2.696 2,723
2.622¢
Fe,—N 1.955(2,9) 1.942
Fe—B 2.304(2,219 2.302
Fe—Cl 2.248(2,13
aThe first number in parentheses indicates the number of distances that are averaged, while the second number indicates the stand&r@ateyeation.
of Mo—S distances: 2.351(32.392(1), 2.356(2)2.407(3), 2.363(3)2.401(3), 2.359(12.416(1), and 2.356(2)2.397(2) A forll, Il , IV, V, andVI,
respectively ¢ Range of Mo-Fe distances: 2.658(5R.695(5), 2.648(12.681(1), 2.703(%y2.732(1), 2.661(3)2.719(3), 2.685(2)2.703(2), 2.689(%)
2.708(1), and 2.708(1)2.741(2) forlb, Ic, I, Il , IV, V, andVI, respectively.
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Figure 6. Representative cyclic voltammograms of clusters-@@tpMoFesSg(PPg)s, 1a, [(Cls-cat)(PPs)MoFe;Sa(BHa)2]2(BusN)4, 11, and [(Ch-cat)-
(PPB)MoFe;Sa(N3)2]2(BusN)4, IV . Peak potentials are indicated.

distances are rather long at 1.903 A (range of 1-82977 The cyclic voltammetry of clustet exhibits only a single

A). The B—H distances and HB—H angles reveal an almost ~ quasireversible reduction at689 mV compared to those of
ideal tetrahedral arrangement around the boron atom. Theclusterla at —840 and—1069 mV. The electrochemistry
BH,~ unit occupies, through two bridging hydrogens, two hints at the possible formation of a different product after
coordination sites around the iron atoms, but it is thereby the one-electron reduction. The electrochemical behavior of
forced to a very small average-Hre—H bite angle of 51.55 IV is rather different than that ¢f and similar to that of,

The Fe-B distances are 2.289(3) and 2.319(3) A for cluster gisplaying two reversible reduction waves that are occurring
Il and 2.302(6) A for clustetil . In [(Clscat)(PrsP)Mo;- at —611 and—861 mV. Clearly, the azide substitution of

F&;Su(BHa)2]2(BuN)s (IT), the four Fe atoms are five-  the phoshine ligands leads to a decrease in the reduction
coordinated, whereas in clustér, two Fe atoms are five-  potentials. On the other hand, clusttir shows a quasire-

coordinated (the ones coordinated by the;Blroups) and g rsiple single reduction at763 mV (slightly shifted to a

the other two four-coordinated. This renders clusdtera more negative value than that b), whereas/ shows two

'rather'umque' cluster wherg the Fe atoms' of t.he clus'ger a€reductions at-752 and—1006 mV (significantly higher than
in various different chemical and coordination environ- that of IV)

ments. . -
The Fe-Nqq. distances are 1.962(11) and 1.949(12) A _The magnetic susceptibility ofl was measured over
for IV and 1.942(4) A fol. The coordinated azide ions in ~ Varous temperatures, and it shows a maximum effective
clusterlV andV are almost linear with two inequivalent Magnetic moment of 7.5 at 145 K (Figure 7). The
N—N distances. This difference is not unusual and reflects Magnetic moment decreases gradually to #ig&vhen the

the different resonance forms of bound azides. TheNFeN temperature increases from 145 to 300 K. Below 115 K, the
angles inlV are 138.78 and 132.89while in V, the angle ~ Magnetic moment decreases gradually, and below 20 K, it
is 133.99 Both complexes exhibit the same strong asym- decreases steeply to 5.58 at 2 K. The magnetic moment of

metric azide stretch (different relative intensities) at 2056 1V shows a steep increase from 583at 2 K, to 7.55 at
cm! in the IR spectra indicating the same chemical 17 K, its maximum value, and subsequently, it decreases

environment. gradually to 7.12 at 300 K. On the other hand, clustér
Electrochemistry and Magnetic Properties.The substi- exhibits a steep increase in its effective magnetic moment
tution of the phosphine ligands with anionic BK Nz~ or from 6.97 ug at 5 K to 7.21 ug at 28 K, remains almost
Cl~ ligands affects the reduction potential of the final constant until 135 K, and then increases to 741at 300
products; this is evident in their electrochemical behaviors. K. The magnetic behaviors of all the clusters mentioned
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above suggest rather complicated antiferromagnetic coupling. To further investigate the BH dissociation process, a
These magnetic behaviors are comparable to those of clustergariable-temperature (VIPH NMR experiment was run in
la, Ib, andlc and, in addition to the silent EPR spectra of CDsCN in the temperature range of 230 °C. From this
clustersll —VI, indicate that the oxidation states of the metal study it became obvious that the dissociation of ,8H
centers are not affected by the substitution reactions. increases with temperature, and it is an irreversible process
NMR Studies. Solution Structure of [(Clscat)(PrsP)- as indicated by théH NMR spectrum of the _sample when
Mo2FesS«(BH4)2](BuaN)a (II). NMR studies reveal the BH cooled to room temperature after the high-temperature
ligand lability of Il in coordinating solvents. Th#d NMR experiment. Attempts to characterize the product of,BH
spectrum of compoundd in the borohydride region in CP dlssoua_tlon thus far have bgen unsuccessful, however it
CN or THF-dg shows a quartet centered-a0.25 ppm with ~ SS€MS likely that Bit™ is substituted by CECN.
an averages_y of 82.5 Hz. Free Bl of BusNBH, in the Reactivity of [(Clscat)(PrsP)MooFe;Sy(BH.)]o(BuaN)a
same solvents gives a quartet at the same chemical shift withtoward MeOH and Phenol. The . reaCt'On ofll with
Jg-1 = 81 Hz. This similarity of the chemical shift and the deuterat(_ad MeOD and PhOD carried outin an NMR FUbe
coupling constant of Bit anion inll with those of the free was studied usingH NMR spectroscopy, the results of which

anion indicates dissociation of BHin a solution ofll in are discussed below. THel NMR spectrum ofl was taken

coordinating solvents. The absence of any;Bresonance before and after the addition of small amounts of the above
. 4 . .

. . . reagents. In all cases, the formation ofahd HD in the'H

in the'H NMR spectrum ofll in tolueneels indicated that g of

. . : : . NMR spectrum was shown by the appearance of two peaks,
the coordinated Bl ligand does not dissociate but hints - ;
a singlet at~4.57 ppm and a triplet centered-a4.53 ppm
that the metal-bound BH cannot be observed in thgl g PP P PP

X ) (Jn—p = 42.9 Hz)?° It should be mentioned that even before
NMR spectrum ofll using the same experimental param- q aqition of any deuterated proton source there was a small

eters, probably because it is coordinated to a paramagnetic, ,,qunt of H formed in a solution ofl in CDsCN but not

11 1 I I . . . .
Fe center™B NMR experiments were also carried out in -, (5jyeneds. A possible explanation could be the formation
acetonitrile and toluene to obtain additional information on ¢ the adduct CBCN-BH; and a metal-bound hydride that
the lability of the system. Th&#B NMR chemical shifts of s ynstable and undergoes-lizansfer to the metal cluster
I, as compared to BMBH,4, were not conclusive as to if
free BH,~ was present in the acetonitrile solution Ibf a
fact that was only indicated b{H NMR.

(20) (a) Sellmann, D.; Asattel, A, Angew. Chenil999 38, 2023. (b) Zhao,
X.; Georgakaki, I. P.; Miller, M. L.; Mejia-Rodriguez, R.; Chiang,
C.-Y.; Darensbourg, M. Ylnorg. Chem2002 41, 3917.
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Figure 8. H, and HD evolution as evident in the section of & NMR spectra after addition of GJOD in a solution ofll in tolueneds.

and releases HAlternatively, H and HD could be formed
from BH,~ in the presence of the acidic GON given that

it is not 100% deuterated. When PhOD was added tg-CD
CN solution ofll , the formation of Hwas greater than that
of HD. When MeOD was added, however, in the same
solvent, the formation of Hand HD were of about the same

above). After they stood overnight, the amount iH all
solutions is greater that HD; this is consistent with the
statistical mixture predicted from the above equation. No
NMR evidence was found for coordinated Has a result of
BH3 addition to the Lewis-basic solvent molecules.

Summary

amount. The opposite happened when MeOD was added to Phosphine/L substitution reactions in {€atpMo2Fe;Ss-

tolueneds solutions ofll where HD was more thanHn

the firg 7 h (Figure 8). After the mixture stood overnight,
the intensity of the resonance corresponding tdbkelcame
greater than HD. Since the dissociation of BHh coordi-
nating solvents has been established, in the cases where CD
CN was used, the formation of HD and as attributed to
the reactivity of both the free and the metal-bound,BH
toward these proton sources (MeOD and PhOD). In toluene-
ds, the formation of HD and kwas the result of the metal-
bound BH~ in II. The absence of any resonance in the
region of BH,™ in the'H NMR spectrum ofll excludes the
presence of free BH in solution either before or after the
addition of the deuterated reagent. The formation p&hrid

HD from Il in the presence of MeOD or PhOD is in
agreement with the reactivity of the hydridic BHtoward

a proton source according to the following equation

BH,” + MeOD— — HD + BH OMe or H, + BDH,0OMe

In CDsCN solution, initially, after the addition of the
proton source, there is more; lthat HD, while in toluene-
ds the opposite happens; this is explained by the fact that
there is a parallel process of formation ofiH CD;CN (see

3656 Inorganic Chemistry, Vol. 45, No. 9, 2006

(PPg)s (1) yielded a number of new clusters ¢&at)-
Mo2(PPE)Fe;Ss(PPE)s—xLx(R4N)« based on the double-fused
cubane MeFe;S; core, where L= N3~, BH,~ or CI~ andx
=2 or 4. Compoundd andlll have BH~ coordinated to
Fe atoms and could provide starting materials for biologically
relevant metallo-sulfur-hydrido clusters. Thus far we have
been unable to detect the latter in solution. Compoukds
andV with N3~ bound to Fe may prove to be reagents for
the incorporation of nitrides into the MoFeS clusters given
that Fe-N3 has been reported to undergo transformation via
photolysis or other chemical means ta=¢ nitrides?* Work

in this area is in progress.
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