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Reaction of [Fe{u-S(CHy,)sS}(CO)] (1) at room temperature with the N-heterocyclic carbengs |
(CHo)2-L (Ime = 1-methylimidazol-2-ylidene, L= NMe,, SMe) afforded the pentacarbonyl carbene
derivatives [Fe{u-S(CH,)sS}(COM{ Ime-(CHz)-NMez}] (28) and [Fefu-S(CHy)sS}(CO)s{ Ime-(CHy)2-
SMe}] (2b). Reaction ofl with Iye-CHa-1ye at room temperature provided the dimgF&(u-S(CH,)sS)-
(CO)} A u-(Ime-CHz-1ue)} 1 (3) together with the chelated bis-NHC complex ffe S(CH.)sS} (CO{ I ve-
CHa-lwe}] (4@) as the major product. The analogous reactioh with Iye-(CH,).-ve Yielded the chelated
bis-NHC complex [Fgu-S(CH.)sS)(CO){ Iwe-(CHz)2-Ime}] (4b). Addition of HBF, to compound4a
afforded the stable bridging hydride complexes;(keH){ u-S(CH.)3S} (COM{ Ime-CHa-1wie} [(BF4) (5a,b)
with NHC ligands in a basal/basal and basal/apical mode of coordinati&a,m respectively. The
molecular structures dfa, 3, 4a,b, and5awere confirmed by X-ray diffraction studies. Low-temperature
NMR studies on the protonation 4 showed spectroscopic evidence for the formation of a very unstable
terminal hydride and a bridging hydride species with a NHC ligand having a non classical mode of
coordination via a C-4(5) bond. Cyclic voltammetry revealed #ais a catalyst for proton reduction.

Introduction
a)
[FeFe] hydrogenases are metalloenzymes that catalyze the \]\'

reduction of protons to dihydrogen at very high rateEhe Cys

crystal structures of the active site, called H-cluster, have S{ S

revealed its organometallic nature with a diiron subsite consist- / \ /S\[Fe434]
ing of an asymmetrical complex bearing CO andQiands . Fe’. , Fe.,
(Figure l1a ¥ Extensive research has been devoted to studies oc"" / \ \""-CN
concerning synthetic models of the [FeFe] hydrogenasésst
of the model compounds, obtained from the well-known diiron N

*To whom correspondence should be addressed. E-mail:
jean-francois.capon@univ-brest.fr.

(1) (a) Vignais, P. M,; Billoud, B.; Meyer, .EMS Microbiol. Re. 2001, b)
25, 455. (b) Frey, M.ChemBioChen2002 3, 152. (c) Armstrong, F. A.
Curr. Opin. Chem. Biol2004 8, 133.

(2) (a) Peters, J. W.; Lanzilotta, W. N.; Lemon, B. J.; Seefeldt, L. C.

Sciencel 998 282, 1853. (b) Nicolet, Y. Piras, C.; Legrand. P.; Hatchikian, % S S c©
C. E.; Fontecilla-Camps, J. Gtructure1999 7, 13. (c) Nicolet, Y.; de \ /.--"\ /
Lacey, A. L.; Vernede, X.; Fernandez, V. M.; Hatchikian, C. E.; Fontecilla- =
Camps, J. CJ. Am. Chem. So@001, 123 1596. Fe———Fe.

(3) (a) Darensbourg, M. Y.; Lyon, E. J.; Smee, JCdord. Chem. Re o€ ! / \ R
2000 206-207 533. (b) King, R. B.; Bitterwolf, T. ECoord. Chem. Re

200Q 206-207 563. (c) Darensbourg, M. Y.; Lyon, E. J.; Zhao, X.; L

Georgakaki, 1. P.Proc. Natl. Acad. Sci. U.S.A2003 100, 3683. (d) o

Georgakaki, I. P.; Thomson, L. M.; Lyon, E. J.; Hall, M. B.; Darensbourg, Figure 1. Schematic representations of (a) the active site of [FeFe]
M.Y. Coord. Chem. Re 2003 238-239, 255. (e) Evans, D. J.; Picket, C. hydrogenase fronD. desulfuricangX = CH,, NR, O) and (b) a

J.Chem. Soc. Re 2003 32, 268. (f) Rauchfuss, T. Bnorg. Chem2004 . . . .
4314, (g) Liu, X. Ibrahim, S. K.; Tard, C.; Pickett, C. Goord. Chem. nonsymmetrically disubstituted model complex, with-Lo-donor

Rev. 2005 249 1641 (h) Tard, C.; Liu, X.; lbrahim, S. K.; Bruschi, M.; ligand.

De Gioia, L.; Davies, S. C.; Yang, X.; Wang, L.-S.; Sawers, G.; Pickett, C. - ot
J. Nature2005 433 610. (i) Sun, L.; Akermark, B.; Ott, Soord. Chem. complex [Fe{u-S(CH)sS}HCO)] (1) and related derivatives,

Rev. 2005 249, 1653. (j) Van der Vlugt, J. I.; Rauchfuss, T. B.; Wilson, 5. US€ phosphirfeor isoni'.[rilé ligands as surrogates of the cyanide
R. Chem. Eur. J2006 12, 90. ligand, whose reactivity is complicated by side reactions at the

10.1021/0m061173I CCC: $37.00 © 2007 American Chemical Society
Publication on Web 03/16/2007



Diiron Models of Hydrogenase Act Sites

nitrogen aton?sf Recent experimental and theoretical studies
on the reactivity of1® and its diruthenium analoglUéhave
provided new developments in the chemistry of these simple

models. We have been interested in the synthesis and electro-
chemical studies of models of the [FeFe] hydrogenase for some

time8 In this field, we® and other® have recently described
new diiron models with N-heterocyclic carbenes (NHCs). NHCs
derived from imidazolium ions have received considerable
attention as ligands in organometallic chemisfrgue to their
distinctive electronic properties compared to those of other
neutral two-electron donors: NHCs are strardonor ligands
having little or moderater-accepting ability and are tunable
both electronically and stericallf. Metal binding at the C(2)
position is usually observed for transition-metal NHC com-
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plexes, but abnormal C(4/5) binding has also been repétted.
In a previous work¢ we have obtained the symmetrically
"disubstituted complex [R8:-S(CH)sS}H(COM(IMe);] (A), where

IMe = 1,3-dimethylimidazol-2-ylidene (Chart 1), having car-
bonyl vibrations similar to those of the dicyano compound-{Fe
{u-S(CH,)3S} (CONU(CN),)2~.18 This result indicates that the
donor strength of the NHC ligand IMe is comparable to that of
the cyanide ligand. Nevertheless, our studies have also shown
that A is unstable in the presence of acids, probably because
the reductive elimination of the imidazolium salt obtained after
protonation of the iron center leads to catalyst deactivation. Such
a cleavage of the MCcamenebond has been reported in other
transition-metal catalysts.

Another purpose is to feature a diiron complex with well
differentiated environments around each metal center, as
observed in the active site of the [FeFe] hydrogenase. A recent
theoretical study has shown that an interesting approach would
consist of the synthesis of [{g-SRS)(CO)(L)2] models where
one iron center is bonded to two electron-donating ligands (L),
whereas the other iron is bonded to strongly electron-accepting
ligands (Figure 1b}®

In this report we have investigated the reactivity of complex
1 with the potentially bidentate NHC ligandge-(CH2)2-L (Ime
= l1-methylimidazol-2-ylidene, L= NMe,, SMe) and je-
(CH)n-Ime (n =1, 2), with the aim of chelating one iron center
and therefore stabilizing protonated forms. Chelated bis-NHC
complexes are presumably more stable than monodentate NHC
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Scheme 1
[\ .
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1 KBuO
Me

Mam et al.

Figure 2. ORTEP diagram of [F£u-S(CH,)3S} (COX{ Ime-(CHy)2-
L NMe}] (2a), depicted with 50% thermal ellipsoids.

C  2a(L=NMey) C ) .
0 Table 1. Comparative FTIR Data of Complexes 15 in the

2b (L = SMe) Carbonyl Stretching Frequency Region, Measured in
CH3CN Solution
complexes, 3§ﬁredlLtJ<:ttivebetlip;Lnation of the imidazolium precur- compd W(CO), et
sor is more difficult to obtaif! [Fex{ 1-S(CHb)aS} (CO) (1) 2073, 2033, 1999
[Fex{ 1-S(CHy)3S} (COM(IMe)2] (A) 1967, 1926, 1888
Results and Discussion [Fex{ u-S(CHy)sS}H(COX(IMe)] (B) 2036, 1971, 1912

[Fex{ u-S(CHy)3S} (COX{ Ime-(CH2)2-NMeg}] (28) 2037, 1970, 1911
Synthesis and Reactivity of the Neutral Complexedn an [Fex{ u-S(CH)sS} (COX{ Ime-(CHy)2-SMé}] (2b) 2038, 1970, 1911
earlier work, the disubstituted and monosubstituted complexes {'{: ;?Lﬂs?gl:-&)é}s% é%())‘l)(sl}z(lgac:ﬁz-)l]nn(ei]a?) iggg, }g;g, ig%g
H o 5 - 3 Me~ 2”1 Me, ) ,
A andB (Scheme 1) were .ob_talned fror_n the reactior @fith [Fer{ 1-S(CHb)sS} (COM Ine-(CHo) Iwe} ] (4b) 1094 1921 1869
an excess of 1,3-dimethylimidazol-2-ylideffeThe transmeta-

[Fex(u-H){ 1-S(CHp)3S} (COY(Ime-CHaIme)] 2092, 2032, 1946
lation of the NHC from a silver compléXwas unsuccessful
for this reaction. The free NHC ligand, generated by treatment
of the corresponding imidazolium salt with the strong base
KtBuO, was difficult to isolate and thus was kept in a THF

(BF)™ (5ab)

Table 2. Selected Bond Lengths (A) and Angles (deg) in 2a

and in the Dimer 3

solution prior to reacting with the metal complex. The free 2a 3
NHCs used in this report, bearing sterically small substituents ~ C(1)-Fe(1) 1.756(4) 1.757(4)
at the nitrogen atoms, were also not isolated and were prepared g(g):lie(i) i-ggg(i) i-gg‘s‘(‘s")
by following the same procedure as described previotfsly. C&é)_,gé()ﬂ) 980(4) 1.§66(%))
Addition of 3.5 equiv of le-(CHz)2-L (L = NMe;, SMe) to a S(1)y-Fe(2) 2.2595(10) 2.2604(10)
THF solution of1 at room temperature afforded the monosub- S(1)y-Fe(1) 2.2632(10) 2.2718(9)
stituted compounds [BEu-S(CH)3S} (CO)s{ Ime-(CH2)2-L} ] (L S(2)-Fe(2) 2.2631(10) 2.2640(10)
= NMe;, (2a), SMe b)), which were isolated after purification E(Z)_Fe(l) 2.2691(10) 2.2824(9)
. : e(1)-Fe(2) 2.5352(7) 2.5162(7)
by silica gel chromatography as orange powders in 67% and Fe(51)-Fe(52) 2.5228(6)
39% vyields, respectively (Scheme 1). S(51)-Fe(52)-Fe(51) 56.21(3)
The_IR_ spectra o2a,b display patterns in the carbonyl region S(52)-Fe(52)-Fe(51) 56:38(2)
very similar to that of8%¢ (Table 1); this suggests that the new S(1)-Fe(2)-Fe(1) 55.98(3) 56.49(3)
compound2a,b are both monosubstituted NHC metal com- S(2y-Fe(2)-Fe(1) 56.10(3) 56.75(3)

plexes. The'H NMR spectrum of2a displays two signals at
7.30 and 7.03 ppm for the imidazole protons and a singlet at
4.01 ppm for the N-Me protons, suggesting a fast rotation of
the NHC ligand around the FeC bond in solutiorf¢ The 13C-
{H} NMR spectrum of2a shows a signal due to &heneat

metalated carbon atom. The structure2af determined by an

of bonds havingr charactef?

Attempts to synthesize the chelated complexesy{jie
S(CH,)3S}H(CO){ Ime-(CHo)2-L}] by substitution of more car-
bonyls in2a,b with pendant thioether or dimethylamine failed,
even when these compounds were heated in refluxing toluene
184.75 ppm, in the typical high-frequency region for such a or in the presence of MBIO as a decarbonylation agent. The
thioether or dimethylamine groups are probably not nucleophilic

X-ray diffraction study, is in agreement with the spectroscopic enough to ensure directly the substitution of a second CO in
data. The ORTEP diagram &8s illustrated in Figure 2, with 2ab, due to the presence of the stromgdonor NHC ligand

the most representative bond distances and angles being givefthat enhances the F€O z-back-donation. Such a substitution
in Tablg 2. The study conﬂrmg the presence of one NHC IIga}nd, reaction with a thioether group was reported to occur in related
which lies in an apical position. The usual square-pyramidal hexacarbonyl complexes for which the CO ligands are more
geometry is observed for the iron centers, which are separatedabile than in2a,b.2° The failure of the fe-(CHo)2-L (L = NMey,

by a distance of 2.5352(7) A, close to that observed in related SMe) ligands to afford the desired chelated complexes led us
complexes® The Fe-Ceamenedistance (1.980(4) A) is typical  to use bis-NHC ligands that are thought to be more reactive.
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(18) Song, L-CAcc. Chem. Re005 38, 21.

(19) Buchgraber, P.; Toupet, L.; Guerchais, @tganometallics2003
22, 5144.

(20) (a) Lawrence, J. D.; Li, H.; Rauchfuss, T.@iem. Commur2001,
1482. (b) Song, L.-C.; Yang, Z.-Y.; Bian, H.-Z.; Hu, Q.-rganometallics
2004 23, 3082. (c) Song, L.-C.; Yang, Z.-Y.; Bian, H.-Z,; Liu, Y.; Wang,
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Scheme 2 bis-carbene ligands having a methylene linkeFhe Fe-Cearbene
/N - bond distances (1.935(3), 1.921(3) A) compare well with those
[@N N@J ] of compound3. The six-membered metallacycle adopts a
NJ I\N 2l + KtBuO boatlike conformation. The FeFe distance irda (2.5774(6)
vl Me A) is longer than in3 (2.5162(7) A) and longer than in the
[Feo{t-S(CH2)sS}(CO) - reduced form of the [FeFe] hydrogenase enzymes (2.55 A).
A significantly shorter distance is found for the /€ bond
1 length of the carbonyl of thg Fe(lye-CHaz-Inme)CO} subunit

(1.737(3) A) relative to those of the carbonyls of {iee(COX}
subunit (1.762(4)1.789(4) A) and to those obtained in the

o s O starting compound [F£u-S(CH,)sS}(CO) (1), which are in
C\ S o / ‘L the range 1.793(3)1.801(3) A% This indicates an enhanced
e Fe«] Fe—CO z-back-donation afforded by the NHC ligands.
o® / Me /( N Low-temperature NMR experiments were performed, and no
c N \/ change appeared in tRel NMR spectrum of4a even at—90
°© a N °C, suggesting that only one isomer is present both in solution
and in the solid state. This result reveals that no basal/apical
+ site exchange operates in ffee(lye-CHz-1we) CO} subunit. By

comparison, the disubstituted compound JffeS(CH,)sS} -
(CON(CN-tBu)] exists in four isomeric forms, depending on

T co Me the mutual positions (basal or apical) of the substituting
Oc..,_,\ / o (\N” o ligands®® The v(CO) bands observed in the IR spectrunvaf
" Fel Fo- c /_N,J< S S. ¢ (1996, 1920, and 1872 crh are very close to those reported
c,/ \s/ »—‘N . Ve \F/ for the symmetrically disubstituted compléxée (1967, 1926,
o v /NC) Oc-""'"/e e\ """ Co and 1888 cm?), indicating the important electronic influence
RME é 3 Co of the ligand lje-CHa-lye 0N both iron centers. ThgCO) bands
¢

of 4a (averagev(CO) 1929 cml) are also close to those
observed for the reduced form of the enzy@esulfaibrio

The reaction ofl at room temperature with the bis-NHC ,ylgaris (1965, 1916, and 1894 criy averagey(CO) 1925
ligand Iye-CHz-lve Yielded a mixture of the dimeric species  ¢m1).2c.22

[{ Fex{ u-S(CHy)3S} (CO)s} o u-(Ime-CHz-Iwe)}] (3) and the tar- The ligand lse-CH,-Iye Was prepared by proton abstraction
geted chelated bis-NHC compound {fe-S(CH;)sS} (CO)- from the corresponding bis-imidazolium salt with KtBuO prior
{Ime-CHz-Ive}] (48) (Scheme 2). to metalation withl. IR spectroscopic measurements in the

Compounds3 and 4a were characterized by elemental carhonyl region established that ti#4a ratio depends on
analysis, IR and NMR spectroscopy, and X-ray diffraction. The regction conditions. Employing 1 or 2 equiv afietCHa-lye
IR spectrum of3 displays strong bands in the carbonyl region  afforded mainly the starting material and small amount$ of
at 2039, 1974, and 1913 cr very close to those reported for  ang4a The use of 3 equiv of ligand was necessary to ensure
the monosubstituted compléX which suggests tha& is also the complete consumption df When a THF solution of the
a monosubstituted complex. Crystals suitable for diffraction ligand Iye-CHo-lve was added to the THF solution df,
studies were grown from a hexane/dichloromethane mixture at compound3 was obtained as the major product (see method A
—10°C. The molecular structure &f(Figure 3) reveals thatit iy the Experimental Section), whereas a slow addition of a THF
contains twd| Fex{ u-S(CHy)sS}(CO)s} moieties bridged by the  goution of 1 to a THF solution of the ligand gave essentially
Ime-CHz-lve ligand. The iron centers display the expected 43 (method B) along with a small amount 8fwhich could be
square-based-pyramidal coordination environment. The NHC gjiminated by repeating washings with diethyl ether. Compound

groups are both in apical positions, and the-Bearenddistances, 43 js stable in the solid state as well as in dichloromethane
1.983(3) and 1.966 (3) A, are typical of bonds haviag  gojution.

charactef? The Fe-Fe distances (2.5162(7) and 2.5228(6) A) Similarly, slow addition of a THF solution of to an excess

are close to those found _in oth_er _doul_ale-diiro_n cpmplexes of Iye-(CH2)2-I v afforded the chelated bis-NHC complex jFe
(2.4938(11)-2.5383(11) A) with a bridging diphosphine liga#fd. { 1-S(CHb)3S}H (COM{ Ime-(CH2)2-we} ] (4b). The ¥(CO) bands
The »(CO) bands for4a (1996, 1920, and 1872 crf are for 4b are nearly similar to those efa, suggesting the same
shifted to lower wavenumbers with respect to those3pf  yn4e of coordination for the bis-NHC ligand in both com-
indicating the substitution of a sec;ond carbonyl Ilga_nd_. Te poundsH NMR resonances for the imidazole rings appear as
NMR spectrum of4a shows two signals due to the imidazole 4 doublets at 5.99 and 5.87 ppm in0% and at 6.95 and
protons at 7.04 and 6.88 ppm and one aniti_onaI signal attri_buted6_85 ppm in CBCl,. The protons of the ethylene bridge exhibit
to theN-methyl groups at 4.00 ppm, which is consistent with a vo AB quartets at 5.13 and 3.13 ppm. The structuretof
basal/basal coordination mode of a chelating bis-NHC ligand.
The protons of the methylene bridge exhibit an AB quartet at (21) See recent examples: (a) Quezada, C. A.; Garrison, J. C.; Tessier,
5.80 ppm tJas = 12 Hz). The*C{*H} NMR spectrum shows  C. A.; Youngs, W. JJ. Organomet. Chen2003 671, 183. (b) Poyatos,
the signal of the Grpeneatoms atd 197.79 ppm, in agreement M.; Mas-Marza, E.; Sanau, M.; Peris, Borg. Chem2004 43, 1793 (c)

- : 19 Jin, C.-M.; Twamley, B.; Shreeve, J. Mbrganometallic2005 24, 3020.
with those of other NHC iron(l) complexé&:19The molecular (d) Vogt, M.; Pons, V... Heinekey, D. MDrganometallics2005 24, 1832,

structure of4a (Figure 4, Table 3) determined by X-ray (e)viciano, M.; Poyatos, M.; Sanau, M.; Peris, E.; Rossin, A.; Ujaque, G.;
diffraction is in agreement with the spectroscopic assignments Lledos, A.Organometallic2006 25, 1120. (f) Kreisel, K. A.; Yap, G. P.

; ; el o .; Theopold, K. H.Organometallic2006 25, 4670. (g) Ahrens, S.; Zeller,
and_ (_:onflrms th_at the chelating bis-carbene is in a basa_lllbasalﬁ_; Taige. M : Strassner, TOrganometallici2006 25, 5409.
position. The bite angle C(59fFe(1)-C(9) of 87.39(12) is (22) Roseboom, W.; De Lacey, A. L.; Fernandez, V. M.; Hatchikian, E.

comparable with those reported for complexes bearing chelatingcC.; Albracht, S. P. 3J. Biol. Inorg. Chem2006 11, 102.
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Figure 3. ORTEP diagram of [(F£u-S(CH,)3S}(CO))o{ u-(Ime-CHa-1we)}] (3), depicted with 50% thermal ellipsoids.

Figure 4. ORTEP diagram of [F£u-S(CH,)3S} (CO{ I me-CHo-
Imet] (4@), depicted with 50% thermal ellipsoids.

Table 3. Selected Bond Lengths (&) and Angles (deg) for
Chelated Bis-NHC Complexes 4a,b and 5a

4a 4b 5a
C(01)-Fe(1) 1.737(3) 1.732(2) 1.748(3)
C(4)-Fe(2) 1.789(4) 1.800(2) 1.810(3)
C(9)-Fe(1) 1.935(3) 1.950(2) 1.952(3)
C(59)-Fe(1) 1.921(3) 1.985(2) 1.951(3)
S(1)y-Fe(1) 2.2452(9) 2.2437(6) 2.2565(8)
S(1)y-Fe(2) 2.2812(9) 2.2674(6) 2.2808(8)
S(2)-Fe(1) 2.2447(9) 2.2604(6) 2.2652(8)
S(2)-Fe(2) 2.2726(9) 2.2651(7) 2.2769(8)
Fe(1y-Fe(2) 2.5774(6) 2.6253(4) 2.6054(6)
C(59)-Fe(1)-C(9) 87.39(12) 95.26(9) 87.81(11)
S(2)-Fe(2)-Fe(1) 54.70(2) 54.458(17) 54.79(2)
S(1)-Fe(2)-Fe(1) 54.63(2) 53.991(17) 54.52(2)

(Figure 5) is in agreement with the spectroscopic data and
reveals that the chelating NHC ligand remains coordinated in a
basal/basal position. Complexds,b show close structural
parameters in terms of bond distances. The Egvenddistances

for the imidazole rings are 1.950(2) and 1.985(2) A. As
expected, the bite angle of the chelating bis-carbene ligand in
4b (95.26(9Y) is larger than iMa, because of the substitution
of the methylene by the ethylene bridge. Becatlse/as formed

Figure 5. ORTEP diagram of [F£u-S(CH,)3S}H (CO){ Ime-(CHy)2-
Ivet] (4b), depicted with 50% thermal ellipsoids.

in low yield (11%), we have limited the protonation reaction
and the electrochemistry studies4a.

Protonation Reaction of 4a An excess of HBFEt,O was
added at—25 °C to a solution of4a in CH.Cl,, which
immediately turned from red to brown. The reaction product
was precipitated by adding £ to the reaction mixture, which
led to a brown solid after filtration. The IR spectrum of this
compound displays thredCO) bands at 2092, 2032, and 1946
cm™L. This average shift of(CO) values of 110 cm' to higher
wavenumbers, in comparison to the values for the neutral
complex 4a, is typical of protonation at the metaietal
bond#2.d5123ThelH NMR spectrum of the brown solid dissolved
in CD,CI; reveals that it contains a mixture (90/10 ratio) of
two isomers, as indicated by signals-&t2.16 ppm %a, major)
and at—15.10 ppm %b) (Chart 2).

Crystallization of the above brown solid in GEl, at
—10°C afforded crystals oba. Indeed, théH NMR spectrum
of these crystals in CETl, revealed only the presence of the
hydride signal at-12.16 ppm, attributed t6a. These crystals

(23) Dong, W.; Wang, M.; Liu, X.; Jin, K.; Li, G.; Wang, F.; Sun, L.
Chem. Commurk00§ 305.



Diiron Models of Hydrogenase Act Sites Organometallics, Vol. 26, No. 8, 20047

Chart 2

5c 5d Me

were suitable for a X-ray diffraction study, and the structure of
5ain the solid-state could be described as a bridging hydride
with a chelating NHC ligand located on one iron in a basal/
basal position (Figure 6). The presence of a hydride betweenFigure 6. ORTEP diagram of [Fgu-H){ u-S(CH)3S} (CO){ lve-
the two iron atoms in5a was demonstrated by an X-ray CHz-luetl(BF4):CH:Cl> (53), depicted with 50% thermal ellipsoids.
diffraction study. Indeed, during the last steps of the anisotropic The counterion (BF) and CHCI, (cocrystallized solvent molecule)
refinement, only a few electron density peaks slightly greater are omitted for clarity.

than the background noise were observed. Most of them were
located around the counterion BFand the molecule of CH

Cl, (cocrystallized solvent molecule). The strong disorder
observed in both molecules explains perfectly the residual
electronic density. However, one electronic density peak lasts
within the structure of the coordination complex molecule. This
electronic density peak can be confidently attributed to one H
atom for the following reasons: this peak is the only one to be t

greater than the background noise around the molecule, and its J
replacement by H slightly improves the refinement. The position

of this peak, between the two iron atoms, agrees with the : : : :

expected position of H in such hydride compleXe%:23Finally, 6 -7 -8 _'9 10 _{1 _1'2 _1'3

the presence of this supplementary hydrogen atom, proved byFigure 7. 1H NMR (500 MHz, CDCl,) spectrum in the hydride

*H NMR measurements, agrees with the neutrality of charges regjon after addition of HBFto compoundta at low temperature,
within the crystal structure. Each iron center displays a distorted- recorded at-90 °C.

octahedral geometry, in agreement with previously reported
(Fe'(u-H)Fe") complexeg?5'23They are both displaced from  which is attributed to the formation of the hydri8e. After 7
their pyramidal base toward the apical direction, by 0.3224(4) days in the CRCI, solution compoundb became the major
A for Fe; from planel (S+S2—C9-C59), and by 0.2356(4)  product (60%). The most significant feature of thé NMR
A for Fe, from plane2 (S+S2-C3—C5). The H-planel and data of5b compared tdba is the nonequivalency of the two
H—plane2 distances (1.38(4) and 1.32(4) A, respectively) are imidazol-2-ylidene rings:5b exhibits two signals at 4.04 and
almost the same. The F&e distance (2.6054(6) A) is elongated 3.87 ppm for theN-methyl group and four signals for the
by approximately 0.03 A compared to the-Fee bond in the imidazole protons between 7.70 and 7.05 ppm. T&NMR
neutral complexXa. The chelate bite angle is 87.81(31nearly spectrum ofbb displays four signals of equal intensity for the
similar to that of4a. The Fe—H and Fe—H distances (1.710 carbonyl ligands and two signals for th@afgeneat 183.72 and
and 1.562 A, respectively) are comparable to those of othér (Fe 182.23 ppm. We propose thal is a bridging hydride complex
(u-H)Fe") complexeg 523 having a chelating NHC ligand in a basal/apical position, while
In the 'H NMR spectrum ofba the N-methyl groups appear  5ais the isomer having the chelating NHC ligand in a basal/
as a singlet at 3.80 ppm and the imidazole protons are at 7.59basal position (Chart 2). Different isomeric species have been
and 6.94 ppm. The protons of the methylene bridge exhibits an also reported for other diiron-hydride compounds in relation
AB quartet at 6.47 ppm. THEC NMR spectrum obadisplays to basal or apical orientations of isonitrile or phosphane ligands.
one carbene signal at 182.89 ppm and three signals at 217.83The mixture of isomer8a)b is stable at least for 7 days in GD
206.00, and 202.22 ppm (intensity 1/1/2, respectively) in the Cl,, even in the presence of strong acid (HERd CRCOH).
CO region. The low-field resonance at 217.83 ppm is assigned Reductive elimination of imidazolium salt from the chelated
to the carbonyl of th¢ Fe(lve-CHz-1me) CO} subunit. No change  NHC complex is more difficult than that from the corresponding
is observed in théH NMR spectrum in the range-80 to monodentate bis-NHC compourd which decomposes rapidly
+25 °C. These data show that this compound is rigid on the in the presence of acid.
NMR time scale. Similar behavior was observed for the bridging  Protonation Reaction of 4a in Situ The monitoring of the
hydride complex [Fgu-H){ u-S(CH)sS} (CO)(CN)(PMey)]. 5 protonation reaction of4a with HBF4;Et,O by H NMR
After 2 h in CD,Cl; solution,5a gave a newH NMR pattern, spectroscopy at low temperatures9Q °C) reveals, surprisingly,
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Figure 8. Partial contour plot of théH—13C HMBC spectrum, recorded at80 °C, in the hydride region, showing the correlations
between hydride and &henein 5d (Major) and5a. No correlation was observed f6c.
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Figure 9. Cyclic voltammogramsy(= 0.1 V s%) of complex4a Figure 10. Cyclic voltammogramsy(= 0.1 V s') of complex
(5,0 mg, 1.0x 1072 mmol) in Np-purged CHCN solution+ Bu,- 4a (5,0 mg, 1.0x 102 mmol) in Ny-purged CHCI, solution+
NPF; electrolyte (toward more negative potentials, red line; toward BuNPF; electrolyte (reversible oxidation, black line) and this
more positive potentials, green line) and this solution after addition g|tion after addition of HBFELO (3uL, 1.2 x 10-2mmol, red

of HBF4-EtO (1.5uL, 0.6 x 102 mmol, blue line; 3uL, 1.2 x line; 5uL, 2 x 102 mmol, blue line).

102 mmol, black line). ’ ' '

feature of thisH NMR spectrum is the hydride signal a6.26
the presence of two new hydride specibs,(42%, O nydride ppm 60), which is at much lower field than the other hydride

—6.26 ppm) andd (39%, On nydride —12.06 ppm), in addition signals (Figure 7). Unfortunately, the extreme instabilitypof
to 5a (19%, OH nydride —12.36 ppm, at-90 °C). An important even at—90 °C precluded its full characterization. Unlike all
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Figure 11. Dependence of current heights of electrocatalytic wavestéoin the presence of-210 equiv of CECO,H in N,-purged

CH,ClI, solution+ BusNPF; electrolyte and plot of the catalytic peak currelptl(s, wherely; is the intensity of the current after addition
of 1 equiv of CRCO,H) as a function of the acid concentration.

the other bridging hydride complexes reported in this paper, coordinationt?2 Two AX doublets due to methylene protons are
no correlation between the hydride and thgfensvas observed observed at 6.73 and 6.06 ppm. The carbon signals for C(4)
in the IH—13C HMBC 2D experiment. This could suggest that and C(5) and for C(2 and C(4) are observed at 123 and 122
5c is the intermediate [Fe(H)(C&u-S(CH,).S} Fe(COY Ive- ppm and at 134 and 127 ppm, respectively. The unusual C(4/
CHaz-lme} 1(BF4), having a terminal hydrido ligand localized on  5) binding mode was previously reported for bidentate func-
the Fe(COj) subunit (Chart 2). This hypothesis is also supported tionalized NHC ligand$2and more recently for a monodentate
by the protonation in situ of a bis-phosphine analogudaf NHC.22c-f Compound5d is unstable and gives rise between
[Fef{ u-S(CH,)2S} (CO){ PhP(CH,).PPh}], which showed spec-  —80 and—50 °C to the thermodynamically more stable hydride
troscopic evidence for the presence of a terminal hydride on 5a, with a normal binding at C(2).

this Fe(COj subunit?* The synthesis of the diferrous terminal Electrochemical Study The electrochemistry ofia was
hydride complex [Fe(H)(PMg)(u-COX u-S(CH,).S} Fe(CO)- studied by cyclic voltammetry (CV) in C4€N and CHCl, in
(PMe3);](PFs) has been recently reported; #$ NMR spectrum the presence of BiPFR; as supporting electrolyte (Figures 9
exhibits a signal at-4.6 ppm, which has been assigned to the and 10).4a exhibits a chemically irreversible two-electron
terminal hydrido ligand® The corresponding-hydride com- reduction at-2.42 V vs F¢0in CHzCN. A similar CV behavior
pound [Fe{u-S(CHy)2S} (u-H)(COR(PMe;)4l(PFes) displays a was observed for the symmetrically disubstituted comple®
signal atd —20.6 ppm, which has been attributed to the bridging The reversible diffusion-controlled, one-electron oxidation of
hydride. The structures of both of these compounds were 4a at E;.°* = —0.41 V in CHCN is attributed to the couple
determined crystallographicayMoreover, it has been reported  FeFe/FeFe!. Upon addition of HBE-Et,O to a CHCN solution
that the protonation of [FEu-(SCH)2N(CeHa-p-NO2} (CO)- of 4a, a new reduction peak appeared®®t? = —1.48 V, a
(PMe3);] 2 affords au-S protonated species with a signaldat potential about 1.0 V less negative than for the reduction of
3.05 ppm assigned to the proton at the bridging sulfur atom; 4a, which is consistent with protonation of the-Fge bondd-5e.f
therefore, we can exclude here fax the hypothesis of such a  The current of the reduction peak observed-dt54 V in a

protonation reaction at the bridging sulfur atom. A80 °C CH.CI; electrolyte increases linearly with increasing acid {CF
the hydride signal at-6.26 ppm bc) collapses, whereas the CO,H) concentration (Figure 11), which is a diagnostic for
signals for5a and5d increase. catalytic proton reductio?f

The NMR data suggested an unusual coordination mode for ~ Similar features were observed in the electrocatalytic proton
the NHC ligands irbd. 'H—13C HMBC 2D measurements for  reduction by [Fe&{u-S(CH)sS}(COu(PMes),]*d and [Fe{u-
5d recorded at-80 °C exhibit two signals attributable to the  S(CH,)3S}(CON(CN)(PMe)]~ %¢fin presence of strong acids
Cearbencatoms at 184 and 155 ppm, which we assigned to C(2) in the same range of potentials asfa i.e. at—1.5and-1.4
and C(5%), respectively (Figure 8). V, respectively. Detailed electrochemical studies of NHC

ThelH NMR spectrum obd displays two sets of signals for  propanedithiolatediiron complexes will be described else-
the imidazole protons: two singlets at 7.45 and 6.95 ppm, where.
corresponding as expected to H(5) and H(4), and the well-
separated signals at 6.36 and 8.63 ppm, assigned t9 &i{d Conclusions
H(2') (Chart 2). These observations are consistent with the _ ) ) o
presence of one NHC ligand having a normal metal binding at A chelating bis-NHC ligand {le-CHz-lue) was easily intro-
C(2) (0 184 ppm), whereas the second NHC ligand is'E(5 duced at one iron center in the diirohexacarbonytpro-

bound ¢ 155 ppm for C(5) via an abnormal binding mode of ~ Panedithiolate compound [Ke:-S(CH,)sS} (CO)] by facile
carbonyl displacement at room temperature. This reaction

(24) Unpublished results.
(25) Van Der Vlugt, J. |.; Rauchfuss, T. B.; Whaley, C. M.; Wilson, S. (26) Bhugun, |.; Lexa, D.; Saveant, J.-M.Am. Chem. Sod.996 118
R.J. Am. Chem. So005 127, 16012. 3982.
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afforded an asymmetrically disubstituted model complex of the IR (CHsCN): vco 2037, 1970, 1911 cnt. 'H NMR (CD.Cl,,
subsite of [FeFe] hydrogenase enzymes. Only one isomer was400 MHz, 298 K): 6 7.30, 7.03 (2s, 2H, NB=CHN), 4.50 (s
observed in solution and in the solid state for the neutral chelatedbroad, 2H, NGi,—), 4.01 (s, 3H, N€l3), 2.70 (t, Jun = 8.0 Hz,
complex. The protonation reaction of this compound affords 2H, NCH:CH:N(CHz),), 2.31 (s, 6H, N(€l3)2), 2.2-1.4 (m broad,
two bridging hydride isomers in relation to the basal/basal or 6H, (S(CH)sS))**C{*H} NMR (CD:CN, 400 MHz, 298 K): 9
basal/apical mode of coordination of the chelating bis-NHC 216.98, 212.43Q0), 184.75 Cearbend, 125.07 (NHC=CHNCH),
ligand. Crystallization afforded only the basal/basal isomer. 123.07 (\CH=CHNCH,), 60.36 (NCH,—), 50.57 CH2N(CHa)),
These compounds are stable in solution, unlike the correspond-45'82 (NCHs)2), 40'201 (NCH=CHNCHy), 30.87, 30.44, 24.19
ing monodentate NHC complex, which allowed their electro- (SCH2)sS). Mp: 112°C. Anal. Calcd for GeHiFeN:OsS,: C,
chemical study in the presence of acids. The neutral chelated37'60' H, 4‘14’ N, 8.22. Found: C, 37.30; H, 4.26; N, 8.15.
complex catalyzes proton reduction-a.5 V vs F¢'°. This Preparation of [Fe u-S(CH)3S} (CO)s{ ve-(CH2)2-SMe} ] (2b).
complex is a potentially interesting starting compound for further Potassiumert-butoxide (2,53 g, 22,5 mmol) and THF (60 mL)
catalyst tuning through the substitution of the remaining carbony! Ygﬁnﬁggeifgg tzhre] é':‘&?gﬁ%'&i”;tﬁz% (Ct:hZZ)rzigig:giitzu'?e %\}as
ligands. The protonation reaction was studied by NMR spec- filtered through Celite 545 and eluted with THF. The combined
troscopy at low temperature and reveals the existence of new,. .
hydride intermediates: a very unstable terminal hydride speciesm.trates were con_centrated (o 50 mL in & round-bottom ﬂa.Sk 0
and a bridging hydride compound with the bis-NHC ligand in o & THF solution of the free carbena,{l(CH)z SMe). This
normal C(2) and abnormal C(5) binding modes. We have shown solution was transferred into a THF solution of compodnd.16

\ . g, 3 mmol), and this mixture was stirred at room temperature for
that the bis-NHC ligandye-CH,- e afforded a stable chelated 'y The solvent was then removed under vacuum to give a brown-

complex even in the presence of strong acids and, therefore,req oil, which was filtered through silica gel. A red fraction was
this ligand can be considered as a credible alternative to cyanide cojlected by elution with a CyCl,/hexane (60/40) mixture. Slow
phosphine, and isonitrile ligands in the synthesis of models of evaporation of the solvent gave an orange powder of compound

the all-iron hydrogenase active site. 2b (600 mg, yield 39%).
E . | Secti IR (CH3CN): vco 2038, 1970, 1911 cnt. 'H NMR (CD.Cly,
Xperimental Section 400 MHz, 298 K): 6 7.19, 7.06 (2s, 2H, NB=CHN), 4.70 (s

Reactions were carried out under an atmosphere of argon usingbroad, 2H, N&1,—), 4.02 (s, 3H, NEl3), 2.97 (t,Jun = 8.0 Hz,
standard Schlenk techniques. All reagents were used as purchase@H, NCH,CH>SCH;), 2.32 (s, 3H, SE3), 2.2-1.4 (m broad, 6H,
(Sigma-Aldrich). The solvents were predried using conventional (S(CH5)sS)). Mp: 120°C. Anal. Calcd for GsHigF&:N20sSs: C,
methods and were distilled prior to use. Deuterated dichloromethane35.04; H, 3.53; N, 5.45. Found: C, 34.80; H, 3.68; N, 5.24.
was stored under argon over molecular sieves before use. NMR  Preparation of [{ Fex{ 1-S(CHy)3S} (CO)s} of tu-(Ime-CH 21 vie)} ]
spectra were recorded on a Bruker AMX 3-400 or a Bruker DRX (3) and [Fe{ u-S(CH2)3S} (CO)4{ I me-CH2-1vie} ] (4@). Method A.

500 spectrometer with chemical shifts reported walues relative Potassiuntert-butoxide (3.10 g, 27.6 mmol) and THF (100 mL)
to residual protonated solvents féif NMR spectra and to the were added to methylenelismethylimidazolium) iodide,je-CH,-
solvent for3C NMR spectra. Infrared spectra were recorded in |.-2HI (3.40 g, 7.89 mmol). Afte3 h of vigorous stirring at room
the range 23061600 cnt* in CH;CN solution with a FT-IR temperature, the reaction mixture was filtered through Celite 545
NEXUS Nicolet spectrometer. Elemental analyses were performed and eluted with THF. The combined filtrates were concentrated to
by the Service Central d’Analyses du CNRS. The imidazolium salts 80 mL in a round-bottom flask to give a THF solution of the free
Ive-(CHz)2-NMez*HCl, Ive-(CHz)2-SMeHCl, Iye-CHz-lves2HI, and carbene @he-(CHy)-Iwe). This solution was transferred to a THF
Ime-(CHy)2-Ime'2HBr were prepared according to literature meth-  solution of the complex [F€u-S(CHy)sS}H(CO)] (1.00 g, 2.59
ods?” The starting material [R€u-S(CH)3S}H(CO)] (1) was mmol) at room temperature. The resulting mixture was stirred at
prepared by minor variations of the procedure of Seyferth and co- room temperature for 1 h. The solution was evaporated to dryness
workers?8 Electrochemical experiments, including cyclic voltam- in vacuo. The resulting red solid was dissolved in a minimum
metry and bulk electrolysis, were carried out as described previgusly. amount of CHCI, and applied to a silica gel column. The first red

Preparation of [Fex{u-S(CH,)sS}H(CO)s{ | me-(CH2)-NMes} ] band was eluted with a dichloromethane/hexane (50/50) mixture.
(2a). Potassiuntert-butoxide (2.25 g, 20.0 mmol) and THF (100  Slow evaporation of the solvent gave an orange powder of
mL) were added to the imidazolium chloride sai-{CHz)>-NMe;: compound3 (195 mg, yield 15%). A second red band eluted with

HCI (2.53 g, 13.4 mmol) to give a light yellow solution. After 3 h,  dichloromethane/hexane (90/10) gave comg@laxX160 mg, yield
the reaction mixture was filtered through Celite 545 and eluted with 79%) as a red powder after slow evaporation of the solvents.

THF. After evaporation of the solvent, the free carbene was  compounds: IR (CH:CN) veo 2039, 1974, 1913 cm; 'H NMR
extracted in toluene (3x 40 mL) at room temperature. The (400 MHz, acetoned 7.55 (s, 2H, 2 NBI=CHN), 7.27 (s, 2H, 2
combined filtrates were concentrated to 70 mL in a 250 mL round- NCH=CHN), 7.16 (s broad, 2H, NB.N), 4.14 (s, 6H, 2 E),
bottom flask. The complex [REu-S(CH,)sS}H(CO)] (1; 1.02 g, 2.64 2.30-1.70 (m, 12 H, 2 (S(€l2)3S)); mp 200°C. Anal. Calcd for
mmol) was dissolved in this solution, and the resulting mixture CosHosFeN,O:1Ss: C, 33.66; H, 2.71: N, 6.28. Found: C, 33.90;
was stirred at room temperature until the starting material disap- H, 2.92: N, 6.00.

peared, as indicated by IR. The resulting deep red solution was . 1
filtered through Celite 545 under argon. The solvent was removed Nl\fgn(jgggr&/?:g cl:Bg?Sg;l)oZC?dlg?ﬁ] 1910’2 1|_|82722C:ﬁc’]_|2
under vacuum. The crude solid was then chromatographed on siIicaCHN) 6.88 (d éH,J i o Hz 2 NC’:H=Cl:I-F|“)) = 87 '(d H. 3
gel. A red band was eluted with a dichloromethane/acetonitrile (50/ v r e ' P 1R oAB

50) mixture. Evaporation of the solution gave 900 mg (yield 67%, 6=H122Hé|,_bl;l(3;z‘|1\13?,(2.t7;(_|d:]|'k, Jre zg ;ZF,'ZNJG'izN:), 2'20H(ZS‘
based on diiron complex) dfa ’ ' £ » £H Jgem-HaHe . s JHH . ,

S—CHHLCH,CHH.S), 2.02 (m, 1H, SCKCHHCH,S), 1.97 (m,
(27) (a) Herrmann, W. A.; Koecher, C.; Goossen, L. J.; Artus, G. R. J. 1H, SCHCHHCH,S), 1.76 (dt, 2HJgem-H . = 13 HZ, Iy = 4.5

Chem. Eur. J1996 12, 1627. (b) Visser, A. E.; Swatloski, R. P.; Reichert, ~Hz, S-CHHCH,CH-HcS); 1*C{*H} NMR (400 MHz, CD,Cl,) 0

W. M.; Davis, J. H., Jr.; Rogers, R. D.; Mayton, R.; Sheff, S.; Wierzbicki, 223 88 CO), 215.99 broad GO), 197.79 Ceaen), 123.49 and

A. Chem. Commur2001 135. (c) Leadbeater, N. E.; Torenius, H. B. _
Org. Chem 2002 67, 3145, 119.89 (N\CH=CHN), 62.65 (NCH,N), 38.35 CH3), 31.30, 25.77

(28) Seyferth, D.; Womack, G. B.; Gallagher, M. K.; Cowie, M.; Hames, (S(CH2)sS); mp 190°C. Anal. Calcd for GeHisF&NsOsS,: C,
B. W.; Fackler, J. P.; Mazany, A. MDrganometallics1987, 6, 283—-294. 37.98; H, 3.58; N, 11.06. Found: C, 37.82; H, 3.68; N, 10.87.
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Table 4. Crystallographic Data
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2a 4a 4b 5aCH,Cl, 3
empirical formula G/HasFeNs- CieH1gFeNs- CiH2oFeNs- Ci7H21BCloF4Fe- CosHoaFesNs-
Os5.255 0sS, 0sS, N4O4S, 01034
formula wt 539.20 506.16 520.19 678.91 892.12
temp (K) 150(2) 170(2) 170(2) 170(2) 170(2)
wavelength (A) 0.71073 0.71073 0.71073 0.71073 0.71073
cryst syst triclinic monoclinic monoclinic monoclinic monoclinic
space group P1 P2i/c P2:/c P2:/c P2:/c
a(A) 8.4095(5) 12.5398(7) 12.8669(5) 13.9259(6) 12.5655(7)
b (A) 11.8025(8) 10.9309(7) 10.3183(4) 13.7185(5) 16.9556(10)
c(A) 12.8638(10) 14.5834(6) 15.4042(5) 16.7211(6) 15.7778(9)
o (deg) 114.724(7) 90.00 90.00 90.00 90.00
p (deg) 92.134(5) 91.601(5) 91.751(3) 124.231(4) 92.214(5)
y (deg) 96.054(5) 90.00 90.00 90.00 90.00
V (R3) 1148.58(14) 1998.19(19) 2044.18(13) 2641.1(2) 3359.0(3)
z 2 4 4
calcd density (Mg/r¥) 1.530 1.683 1.690 1.707 1.764
abs coeff (mm?) 1.477 1.691 1.656 1.519 2.000
F(000) 544 1032 1064 1368 1800
cryst size (mm) 0.1% 0.15x 0.35 0.24x 0.13x 0.05 0.30x 0.17x 0.07 0.48x 0.30x 0.16 0.50x 0.18x 0.11
Omin—0Omax(deq) 3.4723.26 3.76-26.37 3.36-26.37 3.46-24.71 2.73-26.37
no. of rflns collected 14 497 15813 25717 30889 25536
no. of unique dataR(int) 3190, 0.0306 4082, 0.0469 4166, 0.0313 4481, 0.0289 6857, 0.0401
transmissn (maxmin) 0.8086-0.6255 0.92020.6870 0.89290.6365 0.793%0.5292 0.81060.4346
no. of data/restraints/params 3190/0/290 4082/0/255 4166/0/264 4481/0/357 6857/0/424
GOF onF? 1.046 1.018 1.095 1.053 0.923
final Rindices ( > 20(1)) R1=0.0421 R1=0.0393 R1=0.0328 R1=0.0403 R1=0.0377
wR2=0.1110 wR2= 0.0800 wR2=0.0798 WR2= 0.1042 wR2=0.0782
Rindices (all data) R* 0.0491 R1= 0.0594 R1=0.0418 R1=0.0432 R1=0.0582
wR2=0.1169 wR2=0.0875 wR2=0.0841 wR2=0.1068 wR2=0.0851
largest diff peak, hole (e 23) 0.959,—0.302 0.451-0.274 0.860;-0.276 0.898;-0.603 0.583;-0.365

refinement method

Preparation of [Fex{u-S(CH,)3S}(CO)a{lme-CH2-1me}] (4a).
Method B. The free bis-carbeneud-CH,-lye was prepared as
described above (method A) from KEBu (2.02 g, 18 mmol) and
Ime-CH2-Imer2HI (1.30 g, 6.00 mmol) in THF. Then, the complex
[Fex{u-S(CH)sS}(CO) (1; 0.772 g, 2.00 mmol) was dissolved
in 80 mL of THF and then cautiously added dropwise over 45 min
to the THF solution of the free bis-carbene at room temperature.
After evaporation of the solvent under vacuum, the residue was
filtered through a Florisil pad and eluted with THF. The solvent
was then removed, and the residue was washed with etherl2
mL) until the small amount of compourgdisappeared, as indicated
by IR spectroscopy. The produta was obtained as a red powder.
The powder was dissolved in a THF/hexane (50/50) mixture, and
slow evaporation of the solvents led to the deposition of a red
crystalline material o#la (259 mg, yield 26%).

Preparation of [Fex{u-S(CH,)3S} (CO)4{ I me-(CH2)2-1 me} ] (4b).
Compounddb was prepared by a procedure similar to tha#af
(method B) from fe-(CHo)2-lmer2HBr (2.80 g, 7.95 mmol), KO-
t-Bu (2.70 g, 23.9 mmol), and the complex fe S(CH,)sS)(CO)]
(0.990 g, 2.56 mmol). The product was obtained as orange
crystals: yield 150 mg, 11%.

IR (CH3sCN): vc0 1994, 1921, 1869 cnt. 1H NMR (400 MHz,
CsDg): 0 5.99 (d, 2H,Jyn = 2 Hz, 2 NAH=CHN), 5.87 (d, 2H,

Jun = 2 Hz, 2 NCH=CHN), 5.15 (d, H\, Jag = 8.0 Hz, NCH,-
CHzN)), 5.12 (d, s, Jag = 8.0 Hz, NCH2CH2N), 3.84 (S, 6H, 2
NCHs), 3.16 (d, H, Jag = 8 Hz, NCH,CH;N), 3.12 (d, K, Jas’
= 8.0 Hz, NCHCH:N), 2.40-1.80 (m, 6H, S(El,)3sS). °3C{H}
NMR (400 MHz, CBCl,): 6 227.43 CO), 222.99 broadGO),
192.39 Cearbend, 124.68 and 121.75 (BH=CHN), 49.60 (NCH_-
CHzN; one CH not observed), 39.820H3), 30.73, 29.70, 26,00
(S(CH)3S). Mp: 215°C. Anal. Calcd for G/HoFeN4O,S,: C,
39.25; H, 3.88; N, 10.77. Found: C, 38.62; H, 3.61; N, 10.57.

Preparation of [Fey(u-H){u-S(CHy)3S} (CO) o | me-CH 2l e} ] -
(BF4)~ (5a,b). HBF4-Et,O (M, = 161.9 g mot?, 54%,d = 1.19,
30uL, 1.19 x 10°1 mmol) was added at25 °C to a solution of
4a(0.048 g, 9.56x 1072 mmol) in 40 mL of CHCl,. The reaction
mixture turned immediately from red to brown and after 15 min of
stirring was then concentrated to 10 mL. Addition of&{80 mL)

full-matrix least squaresrn

led to the precipitation of a brown solid. The precipitate was washed
with EtO (3 x 20 mL), and a brown solid was obtained after
filtration (40 mg, yield 70%). It contains two isomefszg,b (90/10
ratio), as indicated byH NMR analyses (CBCl,). IR (CH;CN):

veo 2092, 2032, 1946 cni.

Compoundsa: 'H NMR (500 MHz, CDCly) 6 7.59 (s, 2H, 2
NCH=CHN), 6.94 (s, 2H, 2 NCHCHN), 6.70 (d, H,, Jag = 13
Hz, NCH2N), 6.23 (d, Hs, Jas = 13 Hz, NCH,N), 3.80 (s, 6H, 2
CHjy),2.84(m, 2H, SEI;H.CH,CH-H.S), 2.60 (m, 1H, SCKCHHCH,S),
2.30 (m, 1H, SCHCHHCH,S), 2.28 (m, 2H, SCHHLCH,CH:H.S),
—12.16 (s, 1H, FeH—Fe);13C{H} NMR (400 MHz, CDCl,) 6
217.83 CO), 206.00 CO), 202.22 (2C0), 182.89 Ccarbend, 124.81
and 123.21 (KH=CHN), 63.05 (NCH;N), 38.18 (CHs), 30.16,
22.93 (SCH2)3S).

Compoundbb: H NMR (500 MHz, CQ,Cl,) 6 7.70, 7.55, 7.15,
7.05 (4 s, 4H, 2 NEI=CHN), 6.48 (d, 1HJyy = 13 Hz, NCH,N),
5.90 (d, 1H,Jyy = 13 Hz, NCH;N), 4.04 (s, 3H, CH), 3.87 (s,
3H, CHs), 2.55-2.10 (m, 6H, SCHCH,CH,S), —15.10 (s, 1H, Fe
H—Fe); 3C{*H} NMR (400 MHz, CQCl,) 6 215.22, 205.66,
203.18, 202.71 (4 CO), 183.72 and 182.23(fend, 124.29, 123.74
(2 NCH=CHN), 124.29 (2 NCH=CHN), 62.79 (NCH2N), 38.68,
38.33 (2CH3), 28.33, 23.76, 23.29 (SGBH,CH,S). Anal. Calcd
for CieH19FE&N404S,*CH,Cly: C, 30.08; H, 3.12; N, 8.25. Found:
C, 30.26; H, 3.03; N, 8.27.

Protonation of 4a in Situ. A Solution of4a (5.0 mg, 1.0x
1072 mmol) in CD,CI, (0.7 mL) was transferred to an NMR tube
and was cooled te-95 °C. A slight excess of HBFELO (3 uL,

1.2 x 102 mmol) was added to the NMR tube and the spectrum
recorded at—90 °C. The low solubility of 4a precluded the
collection of all of the NMR dataH NMR (500 MHz, CDB,Cl,):

58, OH hydride —12.36 ppm, 19%5C, Oy hydride —6.26 ppm, 42%;

5d, (SH hydride_12-06 ppm, 39%!H NMR at —80 °C: 5a, 6H hydride
—-12.36 ppm, 20%5c, (SH hydride —6.30 ppm, 4%;5d, (SH hydride
—12.05 ppm, 76%. See the Results and Discussion for the chemical
shift of the NHC ligand forsd.

X-ray Crystallography. Single-crystal X-ray diffraction data
were collected at 170 K on an X-CALIBUR-2 CCD four-circle
diffractometer (Oxford Diffraction) with graphite-monochromated
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Mo Ko radiation ¢ = 0.710 73 A). The structures @&, 3, 4ab, prograni?was used for crystal-structure drawings. Crystallographic
and 5a were solved by direct methods and successive Fourier data for2a, 3, 4ab, and5a are given in Table 4.

difference syntheses with the Sir97 progf@rand refined orF?

by weighted anisotropic full-matrix least-squares methods using the Acknowledgment. We are grateful to Prof. Fraois Y.
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