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The firstansanickelocenes, [Nif®,15-CsHs—CH,—CH=CH—CH,—CsH,)] (4) and [Ni@°1>-CsHs—
(CHy),—CH=CH—(CH,),—CsH,)] (5), and a bridged binickelocene, §°,77°>-CsHs—(CH,),—CH=CH—
(CHy)2—CsHa)2] (6), were prepared by alkene metathesis of-tljsubstituted nickelocenes. Compound
4 reacts with hydrogen to yieldnsanickelocene7, bearing the saturated bridge. The new compounds
were characterized by UWis, IR, MS, 'H NMR, magnetic susceptibility, and electrochemical
measurements. Crystal and molecular structured 6f and7 were determined by single-crystal X-ray
analysis. These measurements show that the stadigghickelocenes exhibit properties similar to those
of nickelocene.

Introduction bonding of nickelocene has received constant attention since

. its discovery’ To achieve a better understanding of its unique
o Tthn(:/e\fﬁL%Ft)i?neeTlt g:ovggg'(:g;n?:]jagztih’:tzlrsgeaﬁ;?;flzggsproperties,_we have decided to synthesiz_e briqlged nickelocenes
reaction a versatile tool for carbearbon bond formatioh to find out f they POSSEss any slip-fold d|stor_t|on frc_)m thie
In recent years metathesis was successfully applied iﬁ thetowqrd ;73-coord|nat|on mode of cyclopentadienyl ligands, as
transition metal coordination sphere, providing access to novel predicted on the .baSIS of the 18-electron rule. We report here
inorganic and organometallic comp'lexes (Schemé Rjng- alkene m(_atathe5|s of m(_)derately stable, 20-electroihisi

: 4 . s (alkenyl)nickelocenes using Grubbs’ catalysts.

closing metathesis between two ligands of a coordinately
saturated transition metal complex was investigated in most
cases (Scheme 1, a). Byproducts arising from intermolecular
metathesis reactions, believed to be dimers or oligomers, were  SynthesesThe 1,1-bis(alkenyl)nickelocenes were obtained
often detected in these experiments. In an example of particularin a straightforward procedure from an anhydrous Ni(ll) salt

interest to our research groupnsaferrocenes andansa and the corresponding alkali metal alkenylcyclopentadienide
ruthenocenes were prepared by ring-closing metathesis'ef 1,1 (eq 1).

bis(alkenyl)metallocenes in good yields (Scheme E Rgla-

tively few reports dealt with ROMP of ferrocene-based
monomer$or an intermolecular coupling of two monoalkenyl _ . [ THF @ ¢ )n
metallocenes (Scheme 1,%). [Ni(NHy)6ICL + 2M&S> )n

) ) . : . -2 MCl
Bis(cyclopentadienyl)nickel (nickelocene) is the only metal- -6 NH; @é\)n:

locene with 20 valence electro”h3he electronic structure and
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* University of Wroclaw. The 1,1-bis(alkenyl)nickelocene& and 2 were isolated by

8 University of Siena. column chromatography on alumina as green oils and character-
(1) (@) Connon, S. J.; Blechert, Bngew. Chem., Int. EQ003 42, 1900. ized by mass spectrometry.
(b) Trnka, T.; Grubbs, R. HAcc. Chem. Re2001, 34, 18. (c) Fustner, A. AL ; ; ;
Angew. Chem., Int. EQ200Q 39, 3012. (d) Ivin, K. J.J. Mol. Catal. A: Ring-closing m?tatheSIS dJ‘usmg [RUECHPh)Cb(PC).é).Z]
Chem.1998 133 1. (3) as a catalyst in a Ci€l, solution under dilute conditions

(2) (a) Mohr, B.; Weck, M.; Sauvage, J.-P.; Grubbs, RAHgew. Chem., (INi] = 0.026 mol/L) afforded the firsinsanickelocene4) in

Int. Ed. Engl.1997 36, 1308. (b) Dietrich-Buchecker, C.; Rapenne, G.; 0% Vi i i
Sauvage, J-PChem. Communto97 2053. (c) Martin-Alvare. J. M. 35% vyield (eq 2). The reaction was conveniently followed by

Hampel, F.: Arif, A. M.: Gladysz, J. AOrganometallicsL999 18, 955. EI-MS of the crude reaction mixture aliquots, where the
(d) Ruwwe, J.; Martin-Alwarez, J. M.; Horn, C. R.; Bauer, E. B.; Szafert,
S.; Lis, T.; Hampel, F.; Cagle, P. C.; Gladysz, J.Ghem. Eur. J2001, 7, (4) (a) Buretea, M. A,; Tilley. T. DOrganometallics1997, 16, 1507.

3931. (e) Chuchuryukin, A. V.; Dijkstra, H. P.; Suijkerbuijk, B. M. J. M.;  (b) Heo, R. W.; Somoza, F. B.; Lee, T. R. Am. Chem. S0d.998 120,
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(3) Ogasawara, M.; Nagano, T.; Hayashi, I. Am. Chem. Soc. (7) Jolly, P. W.Comprehensie Organometallic Chemistryergamon
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Scheme 1. Alkene Metathesis in Metal Coordination
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molecular peak ofl (at m/z = 268) and that o# (at m/z =

240) were clearly observed. Moreover, the molecular peak of a

product of cross-metathesis between two moleculds(atnm/z
= 480) was occasionally present in these mass spectra.
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established from its mass spectrum where a weak molecular
ion atm/z = 536 8Ni) was present and confirmed by X-ray
diffraction studies.

Having in hand the firsansanickelocenes, we sought to test
their reactivity. Nickelocene reacted with hydrogen under a
variety of conditions to afford red, diamagnetic complgs-(
cyclopentenyl)g®-cyclopentadienyl)nickel in high yield (eq 9.

@

It seemed interesting to pursue this simplest addition reaction
for the ansaanalogue4. Thus, we found that4 reacted
regioselectively with hydrogen in the presence of Wilkinson’s
catalyst at ambient temperature to yield greesanickelocene
7 with the saturated bridge (eq 5).

RhCI(PPh3);
E—
PhMe

Ni ®

4 7

X-ray Crystallography. The molecular structures @, 6,
and7 with atom-numbering schemes are depicted in Figures 1,
2, and 3. Selected bond lengths and angles4fand 6 are
collected in Tables 1 and 2, respectively. Crystal data, data
collection, and refinement parameters fioand6 are given in
Table 3. Data foi7 are not given owing to a poor refinement of
the structure.

There are two independent moleculetaf the crystal unit

This synthesis is quite remarkable taking into account that With no major differences between them. The molecular
nickelocene reacts under mild conditions with phosphines in structure of4 reveals that both cyclopentadienyl rings are flat

chlorinated solventsand catalysB operates predominantly via

and not parallel (Figure 1). They are slightly inclined toward

a dissociative mechanism, thus liberating the free phosphine inthe bridge with the angle between the two Cp planes of 8.1-

solution? Use of toluene instead of GBI, gave similar results,
while reactions with the second-generation catalyst fRu(
CHPh)CL(PCys)(H2IMes)] (H2lMes = 1,3-dimesityl-4,5-dihy-
droimidazol-2-ylidene) were less effective than those V@ith

Metathesis of2 under conditions similar to those fak
provided the expectedinsanickelocene5 and a bridged
binickelocenes (eq 3).

The separation d from 5 was greatly facilitated by complete
insolubility of 6 in hexane. Therefore, rather simple workup
involving extractions and crystallizations provided compounds
5and6 as green, crystalline solids. The structuréatas first

(8) (a) Moberg, C.; Nilsson. MJ. Organomet. Chenl973 49, 243.
(b) Moberg, C.J. Organomet. Chenl976 108 125.

(9) (a) Dias, E. L.; Nguyen, S. T.; Grubbs, R. Bl. Am. Chem. Soc.
1997 119 3887. (b) Sanford, M. S.; Ulman, M.; Grubbs, R. H.Am.
Chem. Soc2001, 123 749. (c) Sanford, M. S.; Love, J. A,; Grubbs, R. H.
J. Am. Chem. So@001, 123 6543.

(2)°. This dihedral angle is somewhat larger tharf 4eported

for mesel,1-(hex-3-ene-2,5-diyl)ferrocerfayhich most likely
reflects the fact that MC bonds in nickelocene are longer than
those in ferrocen&:12 The average NiC (2.179 A) and
cyclopentadienyl €C (1.424 A) bond distances #hagree well
with those determined for nickelocene at 101 K (2.185 and 1.423
A, respectively}! Several quantitative measures of a cyclo-
pentadienyl or indenyl ring slippage have been introduced, e.g.,
the slip vector or the slip valuAM—C.*2 The AM—C value,

(10) (a) Barnett, K. W.; Mango, F. D.; Reilly, C. A. Am. Chem. Soc.
1969 91, 3387. (b) McClure, J. D.; Barnett, K. W. Organomet. Chem.
1974 80, 385.

(11) Seiler, P.; Dunitz, J. DActa Crystallogr., Sect. B98Q 36, 2255.

(12) Tilt angle of 8.3 was reported for 1;4(2-buten-1,4-diyl)ru-
thenocene; see ref 3.

(13) (a) Faller, J. W.; Crabtree, R. H.; Habib, Brganometallics1985
4, 929. (b) Westcott, S. A.; Kakkar, A. K.; Stringer, G.; Taylor, N. J,;
Marder, T. B.J. Organomet. Chenl99Q 394, 777.
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Table 1. Selected Bond Lengths (A) and Angles (deg) for metallocene with a rigictis/trans configurationt® Thus, we
Compound 4 attribute this bending to the steric repulsion of the bridging
Ni(1)—C(11) 2.160(3) Ni(1)-C(20) 2.162(3) hydrocarbon chains. Average NC (2.183 A) and GC
HIEB—CCISQ gigg% mlggggg gi?g% cyclopentadienyl (1.423 A) bond lengths are the same as in
L= : ! : nickelocene. Cyclopentadienyl rings are regular with the excep-
N()-C(13)  2190(3)  Ni(1}C(23) 2.189(3) fion of one short 0(2430(2{5) bond of 1 411(?;;2\ Interestingly.
Ni(1)—C(14) 2.196(3)  Ni(1)}C(22) 2.192(3) : . : - aly,
C(11)-C(12) 1.421(4) C(20¥C(24) 1.418(4) there are notable differences in the-Nd bond lengths for one
C(11)-C(15) 1.432(4)  C(20yC(21) 1.425(4) of the ligands from 2.149(4) to 2.227(4) A1—C = 0.04 A),
C(12)-C(13) ~ 1.428(4)  C(21yC(22) 1.419(4) suggesting partial electron localization.
C(13)-C(14) 1.422(4) C(22¥C(23) 1.420(4) The struct f th a Id not be full
C(14)-C(15)  1.422(4)  C(23)C(24) 1.429(4) € structure ol the compound could not be 1ully
C(11)-C(16) 1.511(4) C(11)C(16)-C(17) 112.2(2) determined owing to the poor crystal quality and the weak
C(16)-C(17) 1.512(4) C(18)C(17)-C(16) 125.0(3) diffracting power caused by a disorder of bridging carbon atoms.
C(17)-C(18) 1.328(4)  C(17yC(18)-C(19) 125.1(3) However, the atom connectivity is undoubtedly correct (Figure

C(18)-C(19)  1.513(4)  C(20)C(19)-C(18)  113.3(2)

C(19)-C(20) 1.512(4) 3). The structural parameters of the nickelocene pait afe

well refined and reveal that cyclopentadienyl rings are parallel

Cp(c)-Ni(1)~Cp(c) 173.46(2) within experimental error. In contrast with compkxCp rings

Table 2. Selected Bond Lengths (A) and Angles (deg) for in 7 are twisted toward a staggered conformation by. e
Compound 6 assume that these structural features are caused by the increased

Ni(L)—C(14) 2.149(4) Ni(1)-C(24) 2.174(4) flexibility of the saturated bridge of in comparison to the
Ni(1)-C(13)  2.165(3)  Ni(1}C(23) 2.175(4) unsaturated one of. . . .
Ni(1)—C(15) 2.171(4) Ni(1)}-C(25) 2.178(4) Physical and Spectroscopic PropertiesCompound4 is a
Ni(1)—C(12) 2.205(4) Ni(1)-C(26) 2.187(3) dark green, paramagnetic solid (rp95—97 °C), stable under
2'((111);%((1112)) ii%ggg g'((zlgcé(é%)) iiggg an inert atmosphere, and soluble in common organic solvents.
C(11)-C(15) 1.425(5) C(22)C(26) 1.428(5) Magnetic susceptibility measurements in a toluene solution by
C(12)-C(13) 1.421(5) C(23)C(24) 1.424(5) the Evans’ method for 4 (u = 2.65up at 295 K) ands (u =
C(13y-C(14) 1.424(5) C(24¥C(25) 1.411(4) 2.95 ug at 291 K) are consistent with the presence of two
C(14-C(15)  1.427(5)  C(25)C(26) 1.420(5) unpaired electrons per molecule. Similarly to the reported mass
88?):28% ig;gg 8881;)88(75)):888 ﬂig% spectra of nickelocent the mass spectra df 5, and7 exhibit
C(17)-C(18) 1.506(5) C(19YC(18)-C(17) 124.6(4) intense molecular peaks at'’z = 240 (100% rel int),mz =
C(18)-C(19) 1.323(5) C(18)C(19)-C(20) 126.4(4) 268 (90% rel int), andn/z = 242 (100% rel int), respectively.
C(19)-C(20) 1.503(5) C(19yC(20)-C(21) 111.6(3) Besides the weak molecular ion, the mass spectrum of com-

C(20)-C(21) 1.531(5) C(22)C(21)-C(20) 114.7(3)

C21)-0(22) 1499(5) pound6 is virtually identical to that ob, proving that it breaks

into two molecules 05 under the El conditions. As anticipated,
Cp(c)-Ni(1)—Cp(c) 176.77(3) the IR spectra oft (Figure S1; see Supporting Information) and
5 are considerably more complex than the IR spectra of

i.e., the difference between the average-Ridistances to C(13)  nickelocené® owing to the presence of a noncoordinated@©
and C(14) and those to C(11), C(12), and C(15) (and the bond and departure from the cylindrical symmetry. Our tentative
corresponding carbon atoms for the second ligand), is ca. 0.02assignments are based on those for the parent compound. The
A for both rings and indicates thdtis a true;>—7,° complex. UV —vis spectra of all new compounds (Figures—5; see
The bond angles in the Cp ligands average at the expectedSupporting Information) exhibit three strong absorptions in the
108.0, with the smallest angle of 107.2(24nd 107.3(2) at range 208-800 nm similar to the spectra of nickelocefid.he
the bridging carbon atoms. Carbeocarbon bond distances in  1H NMR spectra o#, 5, and7 were recorded in §Ds solutions
the Cp ring are somewhat irregular and show minor allyl-ene (see Table 4). The nonequivalent cyclopentadienyl protons are
distortion# Cyclopentadienyl rings in nickelocene are staggered; resolved and appear as two signals at low frequency (below
however, complex is in an eclipsed conformation, which we  —250 ppm), which is in good agreement with data reported for
assume is caused by the rigid bridge. The stereochemistry ofnickelocene and its substituted analogifed. The olefinic
the double bond in crystallingis cis, analogously to the other  protons in4 and5 are detected as singlets at 12 ppm, while
ansametallocenes obtained by the metathesis réutes of signals at-5.0 ppm in5 and—1.15 ppm in7 were assigned to
interest to note that in the case of 'H2-buten-1,4-diyl)-  the bridging methylene groups. Themethylene protons, which
ferrocene that was prepared from the dianion of 1,4-bis- are expected to give signals at high frequency (above 200 ppm),
(cyclopentadienyl)but-2-ene, one isomer, presumed teige  are observed at 139 ppm only for compEiWVe did not detect
was obtained regardless of the configuration of the starting any 13C signals for the studied compounds.
hydrocarbort>

The centrosymmetric molecule 6fconsists of two nickel- (16) Herker, M.; Kdhler, F. H.; Schwaiger, M.; Weber, B. Organomet.

ocenes coupled by two 3-hexenylene bridges wighs stere- Ch?lrgjz(g?ZEsgﬁs?%é'FJ. Chem. Sacl959 2003. (b) Crawford, T. H.;
ochemistry at the double bonds (Figure 2). The Cp ligands and swanson, 3. Chem. Educl971, 48, 382. (c) Braun, S.; Kalinowski, H.-
the bridges are in an eclipsed conformation. The rings are flat O.; Berger, S.150 and More Basic NMR Experiment#/iley-VCH:
and slightly inclined with a dihedral angle of 5.4{2Jhe rings ~ \Weinheim, 1998. .

. . . . . . (18) (a) Friedman, L.; Irsa, A. P.; Wilkinson, @. Am. Chem. Soc.
are tilted in the direction opposite thosedinthat is, the longest 1955 77, 3689. (b) Flesh, G. D.; Junk, G. A.; Svec, H.1J.Chem. Soc.,

Ni—C distances are those to C(11) and C(22). A similar Dalton Trans.1972 1102.
distortion was observed in a trimetallic NFe—Ni bridged (19) (a) Wilkinson, G.; Pauson, P. L.; Cotton, F. A.Am. Chem. Soc.
1954 76, 1970. (b) Lippincott, E. R.; Nelson, R. 3. Am. Chem. Soc.
1955 77, 4990. (c) Fritz, H. PChem. Ber1959 92, 780.
(14) Fitzpatrick, P. J.; Le Page, Y.; Sedman, J.; Butler, In8rg. Chem. (20) (a) Pavlik, I.; Cerny, V.; Maxova, Eollect. Czech. Chem. Commun
1981, 20, 2852. 197Q 35, 3045. (b) Gordon, K. R.; Warren, K. Dlnorg. Chem
(15) Katz, T. J.; Acton, N.; Martin, Gl. Am. Chem. So0&973 95, 2934. 1978 17, 987.
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Table 3. Crystal Data and Structure Refinement for 4 and 6

4 6
empirical formula G4H1aNi CazHaeNiz
cryst size (mm) 0.4 0.15x 0.15 0.324x 0.207x 0.098
cryst syst monoclinic monoclinic

space group
unit cell dimens

P2i/c (no. 14)

P2i/c (no. 14)

a(h) 11.041(4) 16.487(5)
b (A) 14.857(5) 7.617(4)
c(R) 13.732(5) 10.600(4)
p (deg) 110.50(5) 108.05(3)
volume (£9) 2109.9(13) 1265.7(9)
z 4 2
fw 240.96 538.03
Dearc (g cnl) 1.517 1.412
temperature (K) 100(2) 100(2)
absorp coeff (mmt) 1.797 1.506
F(000) 1008 568
radiation Mo Ko (A = 0.71073 A, graphite monochromator
0 range (deg) 3.0928.09 3.35-26.98
scan type ) )
absorp coriTmin, Tmax 0.5784,0.8721 0.658, 0.832
index ranges —1l4<h=<14 —21<h=<21
—16=< k=19 —9=<k=<9
-18=<1 =17 -10=<1=13
no. of refins collected 15685 7704

no. of unique data

492% = 0.0306

2761Rn = 0.0394

refinement method full-matrix least-squaresrén
no. of data/restraints/params 4925/0/271 2761/0/154
goodness-of-fit orfF2a 0.956 1.222

final Rindices | > 20(1)]° Ry = 0.0352 R; = 0.0400
wR, = 0.0833 wR, = 0.1005
Rindices (all data) R; = 0.0844 R; = 0.0507
WR, = 0.0958 wR, = 0.1026
largest resid (e A3) 0.798/0.279 0.613£0.463
weightsa; b° 0.0459; 0.0 0.0085; 4.0339

2GooF= S= {J[W(F? — FAF/(n — p)}Y2 PRy = 3 ||Fo| — |Fell/3|Fol, WR = {J[W(F? — FAA/T[W(FRA}Y2 cw = 1/[o¥Fo?) + (aP)? + bP],
whereP = [2F2 + max(F.?0)]/3.

partially chemically reversible Ni(Il)/Ni(l) reduction has also
been observe#<Figure 4 compares the cyclic voltammetric
behavior of nickelocene antlin THF solutions. In view of the
high sensitivity of nonaqueous solutionséfo traces of water

or dioxygen, preliminary measurements were carried out at low
temperature (253 K) in order to slow the eventual decomposition
of the complex.

From a qualitative viewpoint, the two voltammetric profiles
are substantially similar, and analy®isf the cyclic voltam-
metric responses pertinent to the Ni(ll)/Ni(lll) oxidation &f
with scan rates varying from 0.02 to 0.2 Vlsconfirms the
occurrence of a simple diffusion-controlled process (the current
ratio ipdipa is constantly equal to 1 and the current function
ipaXv~Y2 remains constant). The very large peak-to-peak separa-
Figure 1. ORTEP drawing of the molecular structure 4fThe tions suggest a quasi-reversible process (which would imply
thermal displacement ellipsoids are drawn at the 50% probability significant structural reorganizations accompanying the one-
level. electron removal§* however, under the same experimental

Electrochemical MeasurementsThe present series of new - -
nickelocenes offers the opportuniy o bridge the gap between (22 Fe ekeocence see: (9 wisen, 7. 2 Warer, L F,
the very extensive electrochemical information on the most Reilley, C. N.Anal. Chem1972 44, 158. (c) Holloway, J. D. L.; Geiger,
common first-row transition meta_l metall_ocenes (_i.e., ferro_cenes Xv. E., Jr(.:JH éAnr?. (I:nrtmergdl%gcégfga é% 2(%?% é%)b:ﬁgej UL -Kg?jlélzsatgh FN _
and cotz)azllstocenes_) and more limited information on nickel- sggﬁ\évér, B.. Smart, J. 0. Am. Chem. S0d982 104 1882. (f) Klali,
oceneg*?3As an introduction to the forthcoming description - 'Ramacher, LAngew. Chem., Int. Ed. Endl9g6 25, 97. () Castellani,
of the redox properties of all nickelocenes described herein, we M. P.; Geib, S. J.; Rheingold, A. L.; Trogler, W. Organometallics1987,

investigated the electrochemical behavior afsanickelo- 6, 1703. (h) Bard, A. J.; Garcia, E.; Kukharenko, S.; Strelets, Vingrg.
cened Chem.1993 32, 3528. (i) Ohrenberg, C.; Geiger, W. Borg. Chem200Q )
) . . . . 39, 2948. (j) Vos, D.; Salmon, A.; Stammler, H.-G.; Neumann, B.; Jutzi,
In most organic solvents nickelocene displays the reversible p. organometallics200q 19, 3874.
sequence Ni(I)/Ni(ll1)/Ni(IV)2?ad and in a few cases the (23) For dinickelocenes see: (a) Smart, J. C.; Pinsky, B. Am. Chem.
Soc.198Q 102 1009. (b) Hudeczek, P.; Kxer, F. H. Organometallics
(21) (a) Rettig, M. F.; Drago, Russell 3. Am. Chem. Sod.969 91,

1992 11, 1773. (c) Schottenberger, H.; Ingram, G.; Obendorf, D.
1361. (b) Kdnler, F. H.J. OrganometChem 1976 110, 235. (c) Atzkern, Organomet. Cheni992 426, 109.
H.; Bergerat, P.; Fritz, M.; Hiermeier, J.; Hudeczek, P.; Kahn, O,;

(24) Zanello, P.Inorganic Electrochemistry. Theory, Practice and
Kanellakopulos, B.; Kbler, F. H.; Ryhs, MChem. Ber1994 127, 277. Applicationt Royal Society of Chemistry: United Kingdom, 2003.
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Figure 3. ORTEP drawing of the molecular structure af The
thermal displacement ellipsoids are drawn at the 50% probability
level. Bridging atoms are shown without ellipsoid representation
owing to poor refinement of the structure.

Table 4. 'H NMR Data for Compounds 4, 5, and 7 in GDs

at 296 K2
position of nuclei 4 5 7
CsHs—CHo— —252 (636) —278 (775) —253 (736)
—266 (7569 —296 (876Y —258 (739}
CsHs—CHo— c c 139 (259)
—CH= 12.0 (23) 11.9 (47)
CsHs—CH,—CHo— —5.0(38) —1.15(62)

a Experimental chemical shifts in ppm relative to the residual signal of
CsDs (at 7.15 ppm). Signal half-width in Hz in parenthesemtegration
ratio 1:1.°Not observed.

conditions, ferrocene displays a quite similar trend (see Table

5). This suggests that the shape of the waves is due to the high®

resistivity of the THF solution, which is further increased by
the low-temperature experiment (as a matter of fact, this

10 pA

E (V. vs. Ag/AQCI)

15 05 w5 15

Figure 4. Cyclic voltammograms recorded at a gold electrode in
THF solutions of (a@ (1.1 x 1073 mol/L) and (b) [Ni5-CsHs)4]

(0.9 x 103 mol/L). [NBug][PFs] (0.2 mol/L) supporting electrolyte.
T = 253 K. Scan rate 0.2 V8.

T T
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gives rise to some electrode poisoning effects) with respect to
that of nickelocene. From a speculative viewpoint, it seems
reasonable to argue that while the structural constraints of the
2-buten-1,4-diyl bridge can withstand the decrease of the ionic
radius upon Ni(Il)/Ni(lll) oxidation, they cannot withstand the
increase of the ionic radius upon Ni(Il)/Ni(l) reduction.

As discussed above, the cyclic voltammetric measurements
were cautiously performed at low temperature. Nevertheless, a
fast examination oft was also carried out at room temperature.
Deaerated THF solutions of the compou#édas well as the
mono- and dications are sufficiently stable at room temperature
on the cyclic voltammetric time scale, even if the need for
lectrode cleaning prevented further measurements (Figure S6,
which also shows calibration with respect to the ferrocene/
ferrocenium couple; see Supporting Information).

prevented the possibility of accurate measurements at higher

scan rates).

Such findings, together with the fact that the Ni(ll)/Ni(lll)
oxidation of 4 is easier by about 0.15 V with respect to
nickelocene (Table 5), are strongly reminiscent of the redox
behavior of theansaferrocenes [Fe,15-CsHi(CHy)3CsHa)]
and [Feg®,;75-CsHa(CH,)4CsHa)], which oxidize at less positive
potentials than ferrocene by 0.07 and 0.08 V, respecti?el,
while maintaining the;®>—5-coordinatior?®27

A further observation is concerned with the markedly lower
chemical reversibility of the Ni(ll)/Ni(I) couple of (which also

(25) Hillman, M.; Austin, J. D.Organometallics1987, 6, 1737.
(26) Toma, S Soléniova E.; Nagy, A. G.J. Organomet. Chem.
1985 288 331.

Conclusions

This work demonstrates that moderately stable, 20-electron
ansanickelocened and5 could be synthesized in synthetically
useful yields by ring-closing metathesis in the metal coordination
sphere. The bridged binickeloceB#as also obtained as a result
of an intermolecular metathesis reaction. Hydrogenation of the
double bond it provides a synthetic route emsanickelocene
with a saturated bridge. The new compounds show only minor
distortions from the sandwich structure in the solid state and
aren®—n° complexes. Spectroscopic and electrochemical mea-

(27) willi, C.; Reis, A. H., Jr.; Gebert, E.; Miller, J. $norg. Chem.
1981, 20, 313.
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Table 5. Formal Electrode Potentials (V, vs Ag/AgCl) and Peak-to-Peak Separations (mV) for the Redox Changes Exhibited by
4 and Related Species in THF Solution at Various Temperatures (K)

complex E°" Mmavymqy AER? E*' Mamymqry AER? E°" manmqy AER? T ref
4 +1.18 500 +0.07 540 —2.50¢ 253 this work
+0.90 200 0.00 23d - - 298 this work
[Ni(CsHs)7] +1.21 435 +0.22 430 —-1.9%° 411 253 this work
+0.92 148 +0.12 160 -1.7F 190 298 this work
-0.1 -1.7 298 22c
+0.85 0.01 —-1.8C¢ 298 22h
[Fe(GHs)2] +0.56 538 253 this work
+0.59 210 298 this work

aMeasured at 0.1 V3. b Peak-potential value for irreversible processddeasured at 0.1 V¥. 4 Measured at 0.02 V3. € Partially chemically reversible
(see text)

surements reported herein indicate that properties of all studiedafter the solvent removal. Crystallization from hexane-&@8 °C

ansanickelocenes are analogous to those of nickelocene. afforded 4.056 g (15.09 mmol, 72% yield) bfas a green oil. Mp:
ca. 0-5 °C (bath int). MS (El, 70 eV)n/z (rel int, %) ©Ni): 268
Experimental Section (M*, 100), 227 ([M— CgHs]*, 17), 164 ([NiGH1q]*, 55), 162

(INiCgHg] T, 29), 136 ([NiGHg] *, 38), 124 ([NiGHg] ", 31), 58 (N,
General Considerations.All manipulations were carried out  26). HRMS for GgH1¢>®Ni: calc 268.07620; found 268.07656. A

under an atmosphere of purified argon using standard Schlenksimilar procedure employing [Ni(N&]Cl, as a substrate provided
techniques. Solvents were dried and distilled under argon employing 1 in 55% yield.

standard drying agent. Allylcyclopentadiené? (but-3-enyl)- 1,1-Bis(but-3-enyl)nickelocene (2)Freshly cut potassium (ca.
cyclopentadien, [Ni(NH 3)]Cl,*! [NiBr»2DME], 3 [Ru(=CHPh)- 2.0 g, excess) was added to a solution of (but-3-enyl)cyclopenta-
Cl(PCys)a] (3),% and [RuEECHPh)CL(PCys)(H2IMes)* were diene (1.861 g, 15.51 mmol) in THF (40 mL) at30 °C 3 The
prepared according to the published procedure®. fdr hydrolysis  resulting mixture was gradually warmed to°G over a period of
and deactivation of AD; was distilled under Ar. AO; (Aldrich, 6 h, during which time a bright yellow solution was obtained. This

neutral) was heated at 25800 °C for 5 h, cooled to ambient  sojution was added to a suspension of [Ni@Cl (1.805 g, 7.78
temperature under a stream of Ar, repeatedly evacuated and backmmol) in THF (40 mL). The reaction mixture was heated to reflux
filled with Ar, and deactivated with 5 wt % of 4. All other  for 2 h and stirred overnight at room temperature. Volatiles were
reagents were commercial and used as received. Electrochemicatemoved under vacuum, and the resulting oily residue was extracted
measurements were performed in freshly dls“”ed (from Sodium with hexane (20 r‘nL)7 f”tered‘ and reduced in volume to ca. 10
benzophenone) THF containing [NBIPFe] (Fluka, electrochemi-  m Column chromatography on ADs, eluting with hexane,
cal grade) as a supporting electrolyte. Mass spectra (El, 70 eV) afforded 0.852 g (2.88 mmol, 37% yield) @fas a green oil. MS
were measured on an AMD-604 mass spectrométérNMR (El, 70 eV) miz (rel int, %) E&Ni): 296 (M*, 72), 255 (M —
spectra and magnetic susceptibility measurements were taken on &3He*, 20), 240 (M — CuHg]*, 4.8), 177 ([NiGH4(CH,),CH=
Mercury-400BB spectrometer. Melting points were determined in cH,]+, 100), 137 ([NiGH-]*, 46), 124 ([NiGHg]*, 8.8), 58 (N,
sealed capillaries. IR spectra were recorded on a Perkin-EImer4) HRMS for GgH,,*Ni: calc 296.10750; found 296.10649.
System 2000 FT-IR spectrometer. YVis spectra were measured 1,1-(2-Buten-1,4-diylnickelocene (4)A solution of 1,1-bis-

on a Varian Cary 5000 spectrometer. Elemental analyses Were 5|lyl\nickelocenel (1.539 g, 5.74 mmol) in 120 mL of Ci&l,

performed on a Vario EL instrument from Elementar. Satisfactory a5 added to a solution of [ReCHPh)CH(PCys),] 3 (0.2802 g
elemental analyses could not be obtained for compodratsd 2 0.340 mmol, 5.9 mol %) in 100 mL of Ci€l,. The resultiné

because they are oils. _ mixture was stirred at room temperature for 4 days and at reflux
1,1-Bis(allynickelocene (1).Allylcyclopentadiene (4.448 g, 41 31 Because the reaction was incomplete as judged by EI-MS
41.96 mmol) was added dropwise to a suspension of_ NaH (1.007 ot the crude reaction mixture samples, solid [R@HPh)Ch-
9, 41.96 mmol) in 35 mL of THF at 8C. When the addition was  (pcy,)1 (0.0302 g, 0.0377 mmol) was added and the reaction
complete, the cooling bath was removed and the reaction mixture iy re stirred for another 5 days at room temperature with
was stirred at room temperature until gas evolution stopped. This 4egassing under a stream of Ar. Volatiles were removed under
red solution of sodium allylcyclopentadienide was added t0 & \4cyum to yield a red-brown, solid residue, which was treated with
solution of [NiBr,»2DME] (8.337 g, 20.91 mmol) in THF (30 mL).  peyane (2x 30 mL). The green supernatant was filtered through

The reaction mixture was stirred at 40 for 8 h and then at room 5 ghort column of alumina and reduced in volume. Crystallization
temperature for 3 days. A green solution and a white precipitate 5; _7g oc gave 0.481 g (2.00 mmol, 35% yield) éfas green

were formed. Hexane (15 mL) and water (15 mL) were added. The oaqles. Mp: 9597 °C (dec). MS (EI, 70 eVynz (rel int, %)
orgg_nic layer was separated, reduced in vqu_me to ca. 10 mL, and(ssNi): 240 (M*, 100), 174 (INi(GHs—CaHa)]*, 91), 162 (NiGHg]*,
purified by column chromatography on&; using hexane as the 12), 136 (INiGH¢]*, 16), 58 (Nit, 25). HRMS for G4H128Ni: calc
mobile phase. A green band was collected, which yielded an oil 544 04490: found 240.04508. FT-IR (GEV (cmrY): 3096 (w
C—H stretch), 3024 (s, €H stretch), 2910 (vs, €H stretch), 2845

(28) Perrin, D. D.; Armarego, W. L. FPurification of Laboratory

Chemicals Pergamon Press: New York, 1988. (s, C—H stretch), 1629 (w, &C stretch) 1448 (vs, asymm.~«C
(29) (a) Yur'ev, V. P.; Gajlunas, G. A.; Tolstikow, G. A.; Spiruhin, L. stretch), 1039 (s, €H bend), 1027 (vs, €H bend), 944 (s, €H
V. Zh. Org. Khim 1973 9, 2514. (b) Erker, G.; Aul, RChem. Ber1991, bend), 617 (wy =C—H), 590 (s). U\V*-vis (2,2,4-trimethylpentane)
124, 1301. _ _ Amax (NM): 199, 304, 675. Anal. Calcd for;@H14Ni: C, 69.79; H,
82%?0) You-Feng, X.; Yan, S.; Zhen, B. Organomet. Chen2004 689 5.86. Found: C, 69.50; H, 6.02. Crystals suitable for X-ray
(31) Barnett, K. W.J. Chem. Educl974 51, 422. diffraction were grown from a solution in hexane-a80 °C.
(32) King, R. B.Organomet. Synthi965 1, 72. 1,1-(3-Hexen-1,6-diyl)nickelocene (5) and Binickelocene (6).
11£(i3%§chwab, P.; Grubbs, R. H.; Ziller, J. W. Am. Chem. S0d.994 A solution of 1,1-bis(but-3-enyl)nickelocene?) (0.852 g, 2.88
(34) Trnka, T. M.; Morgan, J. P.; Sanford, M. S.; Wilhelm, T. E.; Scholl,
M.; Choi, T.-L.; Ding, S.; Day, M. W.; Grubbs, R. H. Am. Chem. Soc. (35) Bala, M. D.; Huang, J.; Zhang, H.; Qian, Y.; Sun, J.; LiangJC.

2003 125, 2546. Organomet. ChenR002 647, 105.
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mmol) in CH.Cl, (40 mL) was added to a solution of [RaCHPh)-
Clx(PCys),] (3) (0.1320 g, 0.160 mmol, 5.6 mol %) in GHl, (40
mL). The reaction was stirred at room temperature for 6 days while
ethene was removed by degassing and saturating with Ar=Ru(
CHPh)CL(PCys),] (0.0417 g, 0.051 mmol, 1.6 mol %) dissolved
in 10 mL of CH,Cl, was added and the mixture stirred for another
2 days. The volatiles were removed under vacuum. Hexane (3
40 mL) was added to the resulting brown, solid residue, and the
supernatant was filtered through a short bed gA| concentrated,
and placed at-78 °C. Green crystals d were collected, washed
with hexane, and dried under vacuum. Yield: 0.234 g (0.873 mmaol),
30%. Decomposition was observed at-& °C. MS (El, 70 eV)

mvz (rel int, %) @8Ni): 268 (M*, 90), 214 ([M— C4H¢] ™, 19), 190

(IM — CeHg] ™, 51), 188 ([NiGoH1g] ", 32), 186 ([NiGoHg]*, 18),

174 ([NiCgHg] ™, 12), 136 ([NiGHs] ™, 100), 124 ([NiGH¢] ™, 10),

58 (Nit, 50). HRMS for GgH1g*®Ni: calc 268.07620; found
268.07709. FT-IR (CG) v (cm™1): 3099 (w, C-H stretch), 2987

(w, C—H stretch), 2944 (s, €H stretch), 2916 (vs, €H stretch),
2855 (s, C-H stretch), 1447 (s, asymm.—C stretch), 1436 (vs,
asymm. C-C stretch), 1045 (m, €H bend), 1027 (s, €H bend),
970 (vs, C-H bend), 933 (wy =C—H), 882 (w,y =C—H), 516

(w). UV—vis (2,2,4-trimethylpentan&)max (hm): 198, 319, 720.
Anal. Calcd for GegHigNi: C, 71.44; H, 6.74. Found: C, 70.91; H,
6.89.

During the hexane extraction of this reaction mixture a green
solid, remaining in the Schlenk tube, was noticed. This solid was
recovered by extraction with THF (40 mL). The resulting solution
was filtered through a short bed of &3, concentrated to a small
volume, layered with hexane (40 mL), and placed &Q0for 1

week. A solid that precipitated was separated (0.060 g, 0.111 mmol),

then redissolved in toluene and further purified by column chro-
matography on AlO; using toluene as the mobile phase. Repeated
crystallizations from toluene/THF provided small, light green
crystals of6. Decomposition was observed at 6070 °C. MS
(El, 70 eV) m/z (rel int, %) (8Ni): 536 (M*, 1.7), 268 ([Ni-
(CsHa(CHz)2CH)] *, 100), 190 ([NiGoH12] ", 47), 188 ([NiGH1q] ¥,
31), 186 ([NiGgHg]*, 18), 174 ([NiGHg]*, 10), 136 ([NiGH¢] ™,
82), 124 (INiGHg]™, 8.9), 58 (Ni", 25). HRMS for GaHze*&Niy:
calc 536.15240; found 536.15426. WVis (THF) Amax (nm): 207,
312, 681. Anal. Calcd for £HseNio: C, 71.44; H, 6.74. Found:
C, 71.12; H, 6.65. Crystals suitable for X-ray diffraction were grown
from a toluene/THF solution at30 °C.
1,1-(Butan-1,4-diyl)nickelocene (7)ansaNickelocene 4) (0.224
g, 0.929 mmol) and [RhCI(PRR] (0.102 g, 0.110 mmol) were
dissolved in toluene (50 mL). The resulting solution was stirred
under an atmosphere of,Hbvernight at room temperature. The

volatiles were removed under reduced pressure, and the solid residu%

was extracted with hexane (2 40 mL). The combined extracts
were filtered through a short bed (3 cm) of8k and reduced in
volume. Crystallization at-20 °C afforded green crystals of
(0.127 g, 56% vyield). Mp: 8590 °C (dec). MS (El, 70 eV)/z
(rel int, %) @8Ni): 242 (M*, 100), 214 ([M— CyH4"*, 7.0), 174

(36) Oxford Diffraction. CrysAlis CCDand CrysAlis RED Versions
1.171; Oxford Diffraction Ltd: Abingdon, Oxfordshire, England, 2004.

(37) Sheldrick, G. M.SHELXTL, Version 5.1; Bruker AXS Inc.:
Madison, WI, 1998.
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(INi(CsHa—C4H4)]™, 9.9), 162 ([NiGHg] ™, 38), 136 ([NiGHg]™,

43), 124 ([NiGHg] T, 17), 58 (NI, 26). HRMS for G4H1¢*Ni: calc

242.06055; found 242.05959. UWis (2,2,4-trimethylpentané)nax
(nm): 199, 310, 673. Anal. Calcd for@HeNi: C, 69.21; H, 6.64.
Found: C, 68.87; H, 6.84.

Electrochemical MeasurementsCyclic voltammetric measure-
ments were carried out in a three-electrodenisothermiccell,
which, when necessary, was refrigerated at 253 K (cooled ethanol
was forced to flow through a thermostatic jacket surrounding the
working electrode and the counterelectrotfdjhe saturated calomel
electrode (SCE) was used as a reference electrode. Platinum or gold
electrodes were used as working electrodes. A platinum spiral
encircling the working electrode was used as a counterelectrode.
The THF/[NBu][PF] (0.2 mol/L) solution was deaerated and
maintained under argon.

Crystal Structure Determination of 4 and 6. Crystals of4 and
6 were mounted onto a glass fiber and then flash-frozen to 100 K
(Oxford Cryosystem cryostream cooler). Preliminary examination
and intensity data collections were carried out on a Kuma KM4CCD
k-axis diffractometer with graphite-monochromated Ma Kadia-
tion. Crystals were positioned 65 mm from the KM4CCD camera.
The data were corrected for Lorentz, polarization, and absorption
effects. Data reduction and analysis were carried out with the Kuma
Diffraction (Wroctaw) programg® The structures were solved by
direct methods and refined by the full-matrix least-squares method
on all F2 data using the SHELXTL prograni$in all compounds
non-hydrogen atoms were refined with anisotropic displacement
parameters for molecules. The carbon-bonded hydrogen atoms were
included in calculated positions and refined using a riding model.

Crystal Structure Determination of 7. The crystal was mounted
onto a glass fiber and then flash-frozen to 100 K (Oxford
Cryosystem cryostream cooler). Preliminary examination and
intensity data collections were carried out on a Kuma KM4CCD
k-axis diffractometer with graphite-monochromated Ma Kadia-
tion. The structure was solved by direct methods and refined by
the full-matrix least-squares method on &% data using the
SHELXTL programs’’ The poor crystal quality and the weak
diffracting power of compound allowed only for partial structure
determination. Compoundcrystallized in the orthorhombic crystal
system, space groupbca a = 7.8230(7) Ab = 11.1250(12) A,
¢ =25.423(2) A. The high-temperature factors of C1, C2, C3, and
C4 carbon atoms suggest their disorder, which, unfortunately, could
not be resolved. However, the connectivity and other broad
structural features of the main complex are well refined and
undoubtedly correct.
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