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Pyrrolyl a nd indo lyl substituted allenylidene complexes of ruthenium have been prepared from the trappi ng of
cati o nic Irans-[Cl(dppmhRu = C= C = C = CH 2j+ with vari ous pyrroles or N- methylindole. T he react io n is rationalized
as involving regioselective attack of the organometallic electrophile on the electron-rich heterocycle followed by
proton mi gration to the terminal = CH 1 entity of the interm ediate butenynyl substituted a-complex. Pyrrolyl
substituted a llenylidene complexes have spectroscopic and electrochemical properties interm edi ate between those
of amino and aryl substituted congeners a nd ca n thus be regarded as vinylogous aminoallenylidene complexes.
We present spectroscopic evidence that the pyrrole It-system is efficiently incorporated into the meta llabu tatriene
chrom opho re includin g resonance Raman spectroscopy. According to our results, the respective fro ntier orbi tals are
delocalized across the entire ClRuC)(pyrrolyl) entity which defies a ny classification of the individual redox events
as metal or liga nd centered redox processes. This iss ue has been specifically addressed by spectroe lectrochemistry.
The structure of the l-methylindole-3-yl compl ex has bee n determined by X- ray crystallography. Bond parameters
along the ruth en ium- a ll eny lidene cha in a re intermed iate between those of amin o a nd aryl substituted co ngeners
and suppo rt our conclusions drawn from th e spectroscopic results. While still electron rich, pyrrolyl subst ituted
alknylid cnc complexes a re easily deprotonatcd to their conj ugate bases, which a re substituted butenynyl complexes.
This has been exempli lied with the tetrahydroindole derived complex 3f.

Introduction
Allenylidene (or propadienylidene) complexes are characterized by a cumul ated C,R 2 liga nd which is a ttached to a metal
atom via a formal metal-ca rbon double bond. These systems
have meanwhile evolved from mere labora tory curiosities into
valuable building blocks for advanced syntheses l - IJ and powerful cata lysts for olefin metat hesis. 14-11 This is especially tru e for
mo nocationic ruth enium derivatives. The now classical route to
such complexes res ts o n the activation of diverse propargy lic
alcohols in the presence of a coordi natively un saturated ,
electron rich l6-va lence electron precursor, typically of a late
tra nsi ti o n metal Y T his methodology, while highly reliable, is
restricted to all-ca rbon su bstituted allenylidene complexes.
Congeners with attached heteroatom moieties have been
known since 1976, when a first amino substi tuted derivative was
reported by Fischer a nd coworkers. " More genera l methods
were, howeve r, o nly reported during the past decade. Syn th eses
from preformed C., enti ties involve nucleophilic substituti o n of
the alkoxy group of alkynyl fun etionalized Fischer-carbene
complexes [(CO),M = C(OR )-C= CR'] by secondary ami nes l4-l(,
or th e Lewis-acid induced abst ractio n of a NMel substituent
from anion ic alkynyl complexes [(CO)sM-C = C-C(NMe1hl"
(M := Cr, W) l7 Th is latter methodology has recently been
ex tended to anionic complexes derived from th e lithium salts of
ethynylimines or propynoic acid amides to give monoamino or
amino(alkoxy) substituted allenylidene complexes of chrom ium
and tungsten. 18
In a para ll el development, cati o nic heteroatom substi tuted
all enylid ene complexes of ruthenium have been prepared
by the regioselec tive addi ti o n of protic nucleophil es to the
internal C y = C3 double bond of m ore exte nd ed cumul enylidene
liga nd s C"R l (n := 4, 5).29 Such reaction s were first repo rted for
pentatetraenylidene (/1 := 5),.'0-3.1 a nd late r for butatrienylidene
(11 := 4) species.'4-·'R In the case of the parent bu tat ri enylid ene
li gand , addition of ap rotic, a llyl or propa rgy l subst itut ed
nucleophiks to carbon atom C y followed by Hetero-Cope (or
I This paper is dedicated to Pro ressor t Icltll ut Fische r on th e occasion
of his 60t h birt hd ay.
t X-Ray structure analysis.

Claisen) type rearrangement of the ca ti on ic :I-hetero-hexa1,5-di ene subunit ha s provided an altern ative route to such
systems (Scheme I) ..17..19-41 These methods have give n access to
allenylidene complexes [{Ru} = C = C = C(ER,,)( R')I+ where the
E R" moiety varies from NR 2 to OR, SR , SeR , alkyl or a ryl.
Detailed spectroscopic and electrochcmical studi es on thc
Ira17.1'-Cl(dppmhRu series (dppm:= bis(diph enylphosphino)meth ane) revealed th e strong influence of the ER" substituent
on the properties of these systems. Ina si mplified manner,
substi tuen t effects can be unders tood by invoki ng the resonance
forms I- IV in C hart 1. Elec tron releasing substituen ts tend to
stabilize the alkynyl type reso na nce form s III and especia lly
IV , while less good do nors increase the contributi o n of the
cumulenic resonance forms I and II. We have es tablished,
that a n increasing contributi o n o f th e alkynyl resonance
forms III a nd IV ca uses a blue sh ift of the CCC stretch of th e
un saturated ligand in the IR and of the two c harge transfer
bands in th e visible regime of the op tical spectra as well as
a cathodic shift of the ox idatio n and reduction potentials.-'7 AJ
The predominance of th e iminium alkynyl resonance forms for
amino substituted allenylidene co mpl exes is also indi cated by
their solid state structures which revea l a planar coordination
o f the iminiumnitrogcn a tom and a short Cr N bond of about
1. 3 A. Aryl substituted allenylidene derivatives constitute
th e other ex treme with a hi gher con tributi on of the ge nuin e
cumulenic resonance forms.
Along thi s continuum, allenylidene complexes bearing
electro n rich heterocycles as substituen ts should occupy a
position intermediate between a min o a nd aryl substituted
sys tems. In this co ntext, one pyrrolyl derivative, [(11 C sH ;)(PPh.l)lRu = C = C = C( N-met hylpy rrol-2-yl)(CH J)J+, has
been reported·14 and, according to its spectrosco pic a nd structural
data , seems to conform to these expectatio ns. We wish to report
here our work o n pyrrolyl substituted allenylidene compl exes of
the Irans-Cl(dppm)2Ru moiety, detailing their spectroscopic and
electrochemica l properties. We also address the issue of how the
bonding in these systems changes upon electron tra nsfer. It will
be shown, that pyrrolyl subs tituents are effecti ve ly in corporated
into the hi ghly delocalized metallabutatriene chrom opho re.
This all ows for ex tensive sp in delocalization in the ox idi zed
and the reduced form s. In additio n, we have found that pyrrolyl
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substituted allenylidene complexes are rather acidic and have
isolated a deprotonated congener.

Results and discussion
Synthesis and spectroscopic properties
The reactions of the primary butatrienylidene intermediate
[Cl(dppm)2Ru = C = C = C = CH,]+ with pyrroles and l-methylindole proceed by formal addition of a heterocycle CH-unit
to the terminal C=CH, entity of' the cumulated ligand. 44
They provide thc C(mcthyl)(pyrrolyl) substituted allcnylidcnc
complexes 2a-2e (sec Schemc 2, Chart 2). In a mcchanistic
sense, these reactions are probably better described as the
attack of an organometallic electrophile to the electron-rich
heterocycle. Classical cr-complexes are the logical intermediates. It has already been shown, that substituted butenynyl
complexes are readily and reversibly protonated to give the
corresponding allenylidene derivatives and vice versa. 34 ,45-47
The butenynyl = CH, group of these putative cr-complexes is
thus expected to have a distinct basic character such that the
proton at the site of electrophilic attack is finally transferred to
this methylene group. As a consequence, these reactions follow
the well-established regioselectivity patterns for electrophilic
substitutions of pyrroles and indoles. For N-substituted pyrroles (2a,b) the position neighboring the pyrrole nitrogen atom
is attacked. As these sites are blocked in 2,5-dimethylpyrrole,
addition occurs to th e remote :I-position (2d). 2,4-Dimethylpyrrole offers two different possible addition sites. From steric reasons structure 2c seemed to be more plausible and was
finally established from HSQC (detection of IJnl couplings),
HMB C (detection of 3J Cl-1 couplings) and NOE experiments.
These led to a complete and unambiguous assignment of all
IH and lJC resonance signals of the unsaturated ligand. Of
special relevance to the structure assignment is the observation of HMBC cross peaks for the carbon atom of the singular
pyrrole CH moiety with two pyrrolylmethyl resonances at 1.64
and 2.17 ppm , showing that this proton is located in between

these two methyl groups. Tn the other possible isomer with the
allenylidene chain attached to the 3-position of the pyrrole, only
one such peak would be expected. Likewise, in the NOE spectrum crosspeaks between this CH proton and the same methyl
groups are detected. The NH proton displays a cross peak with
the methyl group at 1.64 ppm while the one at 2.17 ppm gives a
positive NOE with the remaining methyl reso nance at 1.37 ppm .
This latter signal is assigned to the allenylidene-bound methyl
substituent by virtue of the HMBC crosspeak with the pyrrole
C2 atom at (j 1:19.1 and the CII at 0 150.9 ppm. The presence of
free NH functionalities in complexes 2c,d is inferred from the
observations of sharp, intense TR-absorptions near 3400 cm - l
and a broad resonance at 9.30 ppm lor 2d and at 6.40 ppm lor
compkx 2e. N-Methylindolc gives the 3-addition product in
accord with the usual behavior of this substrate toward ekctrophilcs. In this case, the regiochemistry was lirmly established by
an X-ray structure analysis (vide in/i'a). In the crude products
we frequently observed the formation of a byproduct, which
may account for up to 30% of the material and gives rise to a
singlet resonance signal at about -15 to -16 ppm in 3l p NMR
spectroscopy. This is at much higher field as the resonances
observed for the pyrrolyl complexes, which typically resonate
at -8 to -9 ppm. We found it rather hard to separate this byproduct since the complexes are only very sparingly soluble in
non-polar solvents such as ether and hexanes but highly soluble
in chlorinated solvents. Various attempts at fractional crystallization or chromatographic separation were frustrated by the
notoriously high tendency of these compounds to separate as
impure oils from mixtures of chlorinated and non-chlorinated
solvents and their often absorptive behavior on the stationary
phases used in chromatography. This led to lower yields in the
case of complex 2c and to slightly impure samples (ca. 90%) of
compound 2e. The as yet unidentified byproducts, showed, how-

'"

Ph P prh,
, \ i

<OJ
I

N

R

!

CI-Ru-C=C-C

CIi ,

-

H

/\ R-:0
X-"

Ph, rJPh]

2a,b
Scheme 2

~

Tablc I Compariso n of bond Icngths (A) in cationic amin o, pyrrolyl a nd aryl substituted a llenyli dcne complexes [{Ru} = C = C = C(alkyl)(RW
{Ru} Ilwls-{CI(L,), Ru} ' or {(~ '-C" H",Rp) RuL, }

=

{Ru}

R

ER'R"

Ru-C.

C.-C I)

ClrC,

C,- E

C,-R

Ref.

{CIRu(dppm),} +
{CIRu(dppe), }+
{CIRu(dppm), } ,
{CIRu(dppm),} +
{CpRu(PPh,), }+"

I-Butcnyl
I-Butcnyl
Mc
Me
Me

NM e,
NMe,
NBzMe d
CH,-2-Me-thienyl
NPh ,

C II = C M e-C Me = CPh,
C H,
CH ,
C H,

NEt,
I-M e-pyrrol-2-yl
I-Me-indol- 3-yl
Ph

{Cp* Ru(dippe)},'
{CIRu(dppm), }+"

C II,
H

Ph
Ph

H

Ph

1.41 8(8)
U93(13)
1.397(9)
1.405(12)
1.36(2)
1.41(2)
1.390(5)
1.37( 3)
1.378(7)
1.346(6)
1.364(8)
1.338(7)
1.34(2)
1.36{2)
1.320( 12)

1.244(8)
1.320( 12)
1. 290(1 0)
1.309(12)
1.33(2)
1.34(2)
1.319(5)
1.40(2)
1.42 1(7)
1.469(6)
1.470(8)
1.460(6)
1.42(2)
1.46(2)
1.452( 14)

1.499(7)
1.544 (1 8)
1.524(12)
1.508(14)
1. 50(2)
1. 50(2 )
1.500(5)
1.49(1 )
1.506(7)
1.508(6)
1.5 15(8)
1.510(7)

{Cp*Ru(d ippeW'

1.218(6)
1. 232(13)
1.22 3(9)
1.228(11 )
1.22(2)
1.1 8(2)
1.229(5)
1.24(2)
1. 245(7)
1. 257(6)
1.267(8)
1.257(6)
1.254(14)
1.239(14)
1. 249( 10)

39
41
38
42
34

{lndRu(PPh, ),}'"
{CpRu(PPh, ), }•
{CIRu(dppm),} +
{CIRu(dppm), }+

1.950(4)
1.934(8)
1.944(6)
1.942(9)
1.94( 1)
1.97( 1)
1.946(4)
1.92(1)
1.9 12 (5)
1.894(4)"
1.886(6)'
1.884(5)
1.886( 10)
1.874(11 )
1.865(8)

gO
34
This work
37
52
81
82

"Two indcpendent mol ecules in th e unit cell. bInd = ~ '- Inden y l , II ' -C.H , . ' dippe = 'Pr, PC, I-I,P'Pr, . dBz = Bcn zyl. ' Sbf',- salt meas ured at 298 K.
IpF,- salt m easured at 173 K.
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C hart 2

ever, no reso nances of pyrrolyl substitu ents nor of allenylidene
substructures such that the spectroscopic data of interes t for 2e
a re not comprom ised .
In a structural se nse, a stron ger co ntribution of alkynyl type
reso nance forms with respect to cumulenic ones should lead to a
longe r Ru- C. and Cil-C, a nd shorter C.- C II and C,-s ubstituent
bonds. This is well substa ntiated by th e body of difTerently
substituted all enylidene complexes that were investigated by
th is technique. ''!'" Even aryl substituted congeners, which a re
generally taken as representing the more cumulenic limit, revea l
distin ct bond length alternations alo ng the un saturated C.1
li ga nd . The abso lut e magnitud e of the difTerences in CC bond
lengt hs increases significa ntly when ll-donating substituent s
such as NR , are introduced. The structural characterization
of 2e provides us with th e opportunity to probe for th e positi on of the pyrrolyl substituted congeners within th e alkynyll
allenylidene continuum. F ig. I shows a plot of this comp lex
alo ng with the atom numbering and the most important bond
parameters. Information pertaining to the data coll ection a nd
structure solu tion are provided in the Expe rim ental sectio n.
Complex 2c crystallizes in the orthorhombic space group Pnl11a

with the ch loride, the ruthenium a tom, the carbon atoms 0(' the
methylene group bridging the dppm phosphorus a tom s a nd the
entire indolyl methyl allenylidene ligand residing on a crys tallographic mirror plane. As is required by the molecular symmetry,
the indolyl substituent is fully pla nar. With other 3-substituted
I-M e-indoles like 3-formyl-I-methylindole'9 or its oxime so a nd
1-(3-chloropropyl)-3-cyanoindole 51 it shares the common motif
of having a distinct short-long alternation for the CC bonds
within the heterocyclic portion of the indolyl ring (C5-C6 =
1.402(7) A, C6--C7 = 1.457(7) A) and more equal bond length s
within the anell ated six-membered ring (1.382(7)- 1.411 (7) A).
Bo th fl aps of the Ru- dppm chelate rings a re orie nted toward the
chloride and away from the bulky allenylidene ligand. This latter
ligand is close to linear with just a minor amount of b endin g at
carbon atom C(2) as is indicated by the C( I )-C(2)- C (3) bond
a ngle of 174.7(5)°. Most importantly, the bond length alternation along the carbon backbone of th e allenylide ne ligand of 2c
is slightly la rger th a n that in related aryl substituted congeners
such as lrans-[Cp*(dippe), Ru = C = C = C(Ph)(Me)j+ (Cp* = 11 5C 5Mes, dippe = rpr,PC,H 4Pipr,)5' or Irans-[C I(dppm) ,Ru = C=
C = C(Ph)(Me)j+,J7 but significant ly smaller th a n that observed
fo r analogous amin o substituted allenylidene complexes such
as Irans-[CI(dppmhRu = C = C = C{ N(Me)(C H ,Ph)} (CH ,)j+. J'
The Ru- C( I) bond length is likewi se in betwee n those of aryl
a nd amino substituted congeners. These data a re compared in
Table I. Indeed, all of the crucial bond parameters of 2c match
those of Bruce's pyrro lyl substituted half-sa ndwich complex
[(11-C sH 5)(PPh ) lRu = C = C = C(N-methylpyrro l-2-yl)( CH ) ]+. -' 4
From a structural viewpoint 2e, like its half-sa ndwich cou nterpart, thus closely resembles other aryl substituted allenylidene
complexes with a somewhat larger admixture of alkynyl resonance structures owing to the higher electron don ation from the
electron rich heterocycl e.
This is also horne out by the spectroscopic fingerprints of
th e pyrrolyl substituted allenylidene complexes in thi s study. In
our previous work on allenylidene complexes we have demonstrated, that the highly intense JR absorption band represe ntin g
the asymmetric CCC stretch of the cu mulated li ga nd involves
mainly th e meta l bo nd ed carbon atom C" and the internal
ca rbon a tom CII' Th e energy of this band can be take n as a measure of th e order of this specific bond and is thus ind icative of
the relative contribution s of the alkynyl V.I'. th e cumule nic resona nce forms (i. e. III a nd IV versus I a nd n, see C hart I )n .4\ ,')
A like reasoning is frequently invo ked when a nalyzing JR
trends for difTerently substituted ketcnes or diazo compOUl1ds 5J
Pyrrolyl substituted compl exes 2a-c show th eir CCC st retch
near 1960 ± 10 cm- I . This is approx im ate ly halfway betwee n th e
valu es typically observed for amino (1995 ± 10 cm - I ) and aryl
suhstituted congeners (1930 ± 10 cm- I), which constitute the

Fig. I Plot of the complex cation of 2c (as the SbF6- salt) in the
crystalline slale. Thermal ellipsoids are drawn al a 50'X, probability
level. Most important bond parameters (bond lengths in A, bond angles
in 0): Ru-CI 2.4790( 12), Ru- P( I) 2.3682(9), Ru- P(2) 2.3942(9), Ru-C( I)
1.911(5), C(I}--C(2) 1.245(7), C(2}--C(3) U78(7), C(3}--C(4) 1.506(7),
C(3}--C(6) 1.421 (7), C(6)- C(5) 1.402(7), C(6}--C(7) 1.457(7), C(7}--C(8)
1.402(7), C(8}--C(9) 1.382(8), C(9}--C( 10) 1.394(8), C(IO}--C(II) 1.391 (8) ,
C(II}--C(12) 1.383(7), C(7}--C(12) 1.411(7), C(12}--N 1.401(7), C(5)- N
1.344(7), N- C( 13) 1.458(7); Cl- Ru- C(I) 177.95(15), Ru- C(I }--C(2)
179.5(4), C(I}--C(2}--C(3) 174.7(5), C(2}--C(3}--C(6) 120.7(5), C(2}-C(3}--C(4) 119.2(5), C(6}--C(3}--C(4) 120.1 (5), P(I }--Ru-P(2) 175.99(3).
P( I}--Ru- P(I') 69 .31 (4), P(2}--Ru- P(2 ') 70.08(4).

two extremes along the alkynyl/cumulenylidene continuum. The
position of this band compares well to that observed for amino
substituted derivatives of less basic, heterocyclic amines such as
phenothiazine (194 1 cm- I) or iminostilbene (1967 cm- I). ]8 Analysis of the IJC NMR shifts of the carbon atoms of the allenylidene
ligand leads to essentially the same overall conclusions. From the
large body of allenylidene complexes 48 it follows, that the resonance shifts of carbon atoms C" and CII are highly sensitive to
the nature of the allenylidene ligand. We have established close
relationships of these shift values to all other characteristic spectroscopic parameters such as the energies of the CCC IR stretch
and of the optical absorptions in electron spectroscopy (vide
in/i'a) for the trans-{C1(dppm)2Ru}+ series. HA ' For the pyrrolyl
substituted congeners the corresponding resonance signals are
found in the range of 241 to 270 ppm (Cu) and 151 to 170 ppm
(C II). These values are again rough ly intermediate between those
observed for Iran,l"-[CI(dppmhRu = C = C = C(CH,)(phenyl)]+
(">(C,,) = 311.4. ">(C 11 ) = 204.7 ppm) and Irctns-[CI(dppmhRu =C
=C= C(CH,)(NEt 2W«()(C,,) = 204.7, ">(C 11 ) = 119.5 ppm).
An eye-catching property of the pyrrolyl substituted
allenylidene complexes is their intense purple coloration arising
from a broad and intense (f: > 20000) absorption band in their
optical spectra. In analogy with results for other allenylidene
complexes, this band is as a transition from the HOMO - I
orbital to the LUMO. These two orbitals are best described
as antibonding combinations between the {CIRuP.} entity
and out-of-plane 11* orbitals of th e cumulenic ligand. For th e
HOMO-I orbital, the interaction of the ligand 112 orbital with
th e {CIRuP. } unit is of relevance while it is the high er lying
ligand 1IJ orbital for the LUMO.41.<4,'< Since both orbitals belong
to the same irreducible representation (a" in C, considering that
the energy barrier for rotation of the substituted allenylidene
ligand around the Ru = C bond is sufTiciently low) this transition
gives rise to a highly intense absorption band. The HOMO of
these systems involves the in-plane 112 orbital of the allenyli dene
liga nd , again in a n anti bonding interaction with an appropriate
combination of mainly a chloride p- and a ruthenium d-orbital.
The a' HOMO and the a" LUMO orbitals therefore belong to
different representations and, as a consequence, the HOMO --->
LUMO transition gives rise to only a weak absorption band .
In the pyrrolyl substituted complexes, the main absorption is

found at ca. 540 nm (18500 cm- I) for the pyrrol-2-yl s ubstituted
complexes 2a-c and at 523 nm (19100 cm- I) for 2d where the
pyrrolc is connected to the metallacumulene chromophore
via its 3-position. [n most of these complexes, the I-10MO --->
LUMO band gives rise to only a weak, broad feature ncar
ca. 650-700 nm and appears as a shoulder superimposed on
the main absorption band . Its position seems to be largely
independent of the identity of the pyrrolyl substituent. The
optical absorption profiles of 2a-e resemble those of aryl substituted congeners while amino substituted derivatives absorb at
considerably higher energies of ca. 400 nm (25000 cm- I) for the
HOMO-I --->LUMO and 620nm (16000cm- l ) for the HOMO --->
LUMO transitions. This marked bias of pyrrolyl substituted
complexes toward aryl substituted systems when considering
their optical data is likely related to the common motif of havin g a substituent with an extended 1I-system in resonance with
the metallabutatriene chromophore. The observed red-shift of
these absorption bands is then simply associated with the extension of the chromophoric system. This view finds support from
our quantum chemica l calculations on the complex trans-[CI(dppm)2Ru = C = C = C(C[-I,)(phenyl)I+. These show strong overlaps between the phenyl and metallabutatriene 1I-orbitals and
significant contributions of the phenyl substituent to all frontier
levels56 Similar findings have just been published by Che and
co-workers for Irans-[CI(NH])4Ru=C=C=CPh2]+ modelling
their
1,5,9, 13-tetramethyl-1 ,5,9, 13-tetraazacyc1ohexadecane
allenylidene complexes,57 Additional experimental support
comes from resonance Raman spectroscopy. In this technique,
only those vibrations that are directly involved into the electronic
transition are resonantly enhanced when irridiating into a specific absorption band. The resonance Raman spectrum of the
2,5-dimethylpyrrol-3-yl derivative 2d recorded in KNO] displays
distinct absorption bands at 1515 cm- I (Y,;ng; IR: 1516 cm- I),
1366 cm- I (v,;ng + VM,; IR: 1357 cm- I), 1010 cm- I (br, ">(,11, Vdng; IR:
1025, 988 cm- I ) and 750 cm- I (=CH, ">oop) in addition to those
at 1969 cm- I (vccc; IR : 1962 cm- I) .and at 306 cm- I (VRu n; IR:
304 cm- I)." These findings indicate, that the pyrrolyl substituent
constitutes an integral part of the organometallic chromophore.
We note here, that ferrocenyl substituted alleny lidene complexes
behave similarly as is evident from the observation of intense ferrocenyl-to-allenylidene charge-transfer bands at low energies. '~
Solid-state structures of numerous phenyl substituted
allenylidene complexes show a distinct preference for a more
or less cop lanar arrangement of at least one of the phenyl
substituents with the CIRuC] entity and the atoms attached
to Cy- The same holds for the indolyl derivative 2e and the
related half-sandwich pyrrolyl substituted complex [(11 C,H,)(PPh J)2Ru = C = C = C(N-methylpyrrol-2-yl)(CHJ)j+. J4 For
a coplanar arrangement, one expects that the energies of the
out-of-plane 1I-orbitals are much more affected by conjugation with such 1I-substituents than the corresponding in-plane
combinations. This may explain the pronounced red-shift of
the HOMO-I ---> LUMO but the only moderate shift of the
HOMO ---> LUMO transition upon attachment of a cyclic 11perimeter to carbon atom c.r . As will be discussed below, the
results of spectroelectrochemistry experiments provide us with
additional evidence fur the presence of a highly delocalized 11system extending over the entire CIRuC,(pyrrolyl) entity.
When chromatographic separation of the crude product
from the reaction of the butatrienylidene intermediate tran.\'[CI(dppmhRu=C = C = C = CH 2]+ wit h 4,5,6,7-tetrahydroI H-indole was attempted, immobilization of the deep purple
main fraction on the alumina stationary phase was observed.
Addition of small amounts of triethylamine to the CH 2C1 1CH)CN eluent mixture gave a deep orange- red fraction from
which the butenynyl complex 3f was obtained in a rath er
moderate yield. Its formation from the corresponding allenylidene precursor is easily rationa li zed by the weakly acidic
character of the latter. Thus, deprotonation of the closely
related
[Cp*(PPh ')2 Ru = C = C = C(N-methylpyrrol-2-yl)-

Table 2

Voltammetry data for complexes 2a-e
Complex
2a
2b
2c
2d
2c

+0.66 (73)
+0.665 (77)
+0.615 (69)
+0 .57 (73)
+0.645 (69)"

- 1.375 (67)"
-1.390 (71)"
-1.485 (65)"
- 1. 585 (83)
-1.460 (59)"

- 0.86"
-0.40'
-0.0 I ," -0.565
-0.68," -0.26,' -0.055'

-0.63 ,' -1.22'

=

" Values in parentheses give the peak potential sepa rations (in mY) as calibrated against ferrocene- ferrocenium ("'£" 59 mY). · Potentials of redox
active species fonned after oxidation. ' Potentials of redox active species formed after reduction. "Only partially reversible redox couple. ' Potential of
an irreversible peak at I' 0.1 V s- '.

=
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(CH .lW with BuLi has been previously reported by Bruce el al.
to proceed in the same manner.·1' Our observation shows, that
a less potent base such as triethylamine suffices to effect the
same transformation. The identification of 3f as a butenynyl
complex follows from its distinl.:t sp~ctroscopic prop~rties.
Most characteristic arc the IR stretch of the modified alkynyl
ligand at 2056 cm- I and the resonances of the carbon atoms of
the unsaturated ligand at 0 123.0 (C n ), II 0.1 (C~), 127.0 (C,)
and 106.3 ( =C 6 H 2) in LlC NMR spectroscopy. The olefinic
methylene protons give rise to two doublet resonances at 6
3.81 and 5.68 ppm with a characteristic geminal HH-coupling
of 2.3 Hz. Noteworthy is the high sensitivity of this complex
towards moisture and acidic contaminants. It was therefore
imposs ible to record IR spectra of this complex as KBr pellets
without inducing substantial protonation as is revealed by the
appearance of a strong allenylidene band at 1971 cm - I in the
K I'll' spectra .
Electrochemistry and spectroelectrochemistry
A llenylidene complexes of ruthenium can be oxidized and
reduced by one electron each. Only in aryl substituted congeners where the reduction occurs at significantly more anodic
potentials a second ligand-centered reduction eve nt is frequently
observed ..17.59.6o Complexes 2a-e fully comply to these previous
observations. All these complexes display well-separated oneelectron oxidation (peaks 010') and one-electron reduction
events (peaks R/R' , see Fig. 2). In most complexes, the oxidation process is characterized by complete chemical reversibility
as ascertained from reverse-to-forward peak current ratios of
equal to unity even at low swcep rates. Peak- to-peak separations
or hall~peak widths increase with sweep rates and become progressively larger than those for the internalferrocene standard.
This points to somewhat sluggish electron transfer kinetics as is
often observed with this kind of ruthenium complexes. Characteristic parameters are coll ected in Table 2. The reduced forms ,
however, are chem ica lly reactive even on the time sca le of cyclic
voltammetry experiments. Thus, peak current ratios are usually
lower than unity at ambient temperature and at moderate sweep
rates. In addition, some small but distinct anodic peaks (denoted
as A and B in Fig. 2) are observed on the reverse scans following
reduction. Their peak potentials are also listed in Table 2. When ,
after passing through the more anodic of these follow peaks, the
sweep direction is reversed, an associated anodic counter peak
B' can be observed at higher sweep rates. All other additional
features are irreversibly oxidized (see top trace of Fig. 2). Obviously the resulting species are themselves reactive upon electron
transfer. The chemical step(s) following reduction are suppressed when the ana lyte so lution is coo led to 195 K or, at room
temperature, when sweep rates higher than 2 V S-I are appli ed.
We are presently investigat ing the fate of the parent radicals
form ed upon the reduction of complexes 2 a nd wi ll report our
findin gs in due course.
The half-wave potentials of complexes 2a- e demonstrate once
more, that the pyrrolyl substituted a ll enylidene complexes are
intermediate between amino and aryl substituted conge ners.
Both redox processes occur anodically from those for amino
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Fig. 2 Cycl ic voltammograms of complex 2c (CH,C1 ,fNBu,PF"
298 K). Bottom: anodic scan first , I' 0.1 V s- '; middle: cathodic sca n
first, I' 0.1 V s- '; top: cathodic scan lirst and scan reversa l aller passing
throu gh peak B, v 0.5 V s- '.
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substituted systems (E I12°' ca. 0.55 V, E I12 ccd ca. -2.2 V) l H,<I but
are cathodically shifted with respect to the phenyl substituted
analog
lrans-[Cl(dppmhRu = C = C = C(Ph)(MeW
(E II 2'"
0.99 V, E I12ccd -1.035 V). Owing to the rather electron releasing
character of the pyrrolyl compared to aryl substituents, no
second reduction could be observed within the potential window
of the CH 2CliNBu,PFCo ana lyte.
Combining bulk electrolysis and spectroscopy under in situ
conditions often allows for the detection of even sensitive
or rather reactive spec ies that are not so easily accessible by
other mea ns."1 From such investigations highly useful information concerning the id entity of individual redox sites and the
changes in th~ bondin g brought about by a redox event can be
obtained. This is und~r the premise, thaI the compound under
study offers indicative and convenient spectroscopic labels as
are, for example, the shift of characteristic IR or UV/Vis bands
or the coupling pattern of the unpaired electron(s) with other
ESR active nuclei. In polyynediyl chemistry, for example, such
techniques have been utilized for th e characterization of C.
bridged diruthenium complexes in up to four different oxidation
states.Co2 In our studies on amino or thio and selenoether substituted allenylidene complexes we have shown that oxidation may
be thought of as being a dominantly metal centered process.
Reduction , on the contrary, mainly occurs at the allenylidene

=

=

acceptor ligand. I n the latter event the bonding along the former
cumulenic chain changes to essentially an alkynyl type linkage.
The corrcsponding radicals Irlll/s-[CI(L2h Ru- C = C-CRR' 'I arc
characterized by well resolved ESR spectra with readily discernible couplings to the phosphorus nuclei of the diphosphin e
ligands and the protons bonded to the carbon atoms neighboring C.,.J7.J~.4U.4I .5',.u.1 In aryl substituted complexes. couplings to all
of the phenyl protons are observed 37 .60 The systematic changes
of the oxidation and reduction potentials upon replacement of
the substituents at C y or the other ligands at ruthenium and the
results from quantum chemical calculations completely agree
with this view.41.54.55
Spectroelectrochemical studies of the I-dimethylaminopyrrol2-yl derivative 2b were performed in dichloroethane (DCE)I
NBu4PF6 in an optically transparent thin layer electrolysis
(OTTL E) cell for IR or UVlVis,64 or with a two-electrode
arrangement inside an ESR tube. Upon oxidation, the band
pattern in the optical spectrum consisting of a weak absorption
at low energy and a much more intense one at higher energy
is obviously maintained (Fig. 3). The principal HOMO-I ->
LUMO transition shifts by 2060 cm- I to higher energies along
with some decrease in overall band width. This blue shift can
be explained by a preferential lowering of the occupied energy
levels upon the removal of an electron. We note that tbis shift is
much smaller as th at observed for amino substituted congeners,
where it amounts to more than 4000 cm- I. Interestingly, it is
further reduced to 1050 cm- I in the phenyl substituted analog
trans-[CI(dppm),Ru =C=C=C(Ph)(MeW· J7
3.0
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Fig, 4 Spectroscopic changes upon oxidation of complex 2b in IR
spectroscopy (DCEINBu,PF" 293 K) .

have, however, fundamentally different characteristics. As is
shown in Fig. 5 (top trace) , the spectrum of 2b' + is isotropic in
nature and gives rise to a broad resonance at a g-value of about
2.0060, slightly larger as is expected of a purely organic radica l.
Upon thawing, this signal reversibly collapses and reappears
upon freezing. Room temperature spectra of 2c' + displayed a
weak, broad signal without any resolvable hyperfine splitting at
a g-value of 2.0006. Cooling to 110 K increased the signal intensity but did not induce any rhombic splitting of the g-tensor. The
ES R results thus are best explained by a highly delocalized structure of this radical and a significantly lower metal contribution
as for the amino substituted systems. Still , the metal character
of this radical is high enough as to render this signal broad and
weak or even non -observable in Ouid solution. Thus, the pyrrolyl substituent obviously aids in accommodating the unpaired
spin onto the unsaturated ligand. We note in this context, that
related vinylidene or alkynyl complexes frequently undergo carbon centered coupling reactions after oxidation, although the
corresponding radicals are primarily metal centered speciesY-74
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Fig, 3 Spectroscopic changes upon oxidation of complex 2b in UV/Vis
spectroscopy (DCE/NBu,PF" 293 K) .

In IR spectroscopy, the intense allenylidene band at 1958 cm- I
loses much of its initial intensity while being shifted to 1954 cm- I
(see F ig. 4). The absorptivity loss of the allenylidene band upon
oxidation has been explained by the reduction in dipole mom ent
change during this vibration for the oxidized dicationic compared to the monocationic lorm. It has also been observed in
amino substituted congeners.''" One notable difference of the
present pyrrolyl substituted system is, however, tbe small magnitude of this shift. H ere it amounts to only 4 cm- I whereas in
related amino allenylidene complexes the band positions of the
mono- and the oxidized dications differ by more than 60 cm- I.3M
In essence, the rather small displacement of the allenylidene ba nd
indicates, that the bond sequence along the metallabutatriene
syste m is maintained. We also observe a more pronounced shift
of the pyrrole C=C stretch from 1517 to 1544 cm- I. Similar
shifts are known to result from protonation of I-methylpyrrol e,
its adsorption to Bmnsted- or Lewis-acidic sites 6' or its oxidation as was shown by rapid scan IR spectroelectrochemistry.66
We thus conclude that in th e oxidized form a significant amount
of the extra positive charge res ides o n the pyrrole ring.
ES R spectroscopy constitutes an ideal probe for spin as
opposed to charge localiza tion (or delocalization). The oxidized
forms of amino substituted allenylidene complexes are characterized by large g-anisotropics and average g-valucs that are
signilicantly larger than that of the free electron (g = 2. 00232).
Such katures are typica l of a RU(IIl) system . which points to a
metal centered oxidation. The radical cations derived from 2b,c
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3530G

Fig. 5 ESR spectra of the radicals generated by electrochemical
oxidation (top trace) and reduction (b ottom trace) of complex 2b
(DCE-CI-I,Ct,INBu4PF,).

The results obtained for the reduction of 2b closely resembl e
th ose of our previous investigations on other allenylidene complexes.·17 ·.1S.4o.41.S9.6.l In IR-spectroelectrochemistry the allenylidene
band is replaced by a much weaker absorption at 2065 cm- I. The
position and intensity of this band are typical of alkynyl complexes of RU(II) . The pyrrole C=C band also bleaches out and is
shined outside the accessible spectral range (Fig. G). The latter
is limited by strong absorplions from the supporting electrolyte
below 1500 cm- I. Tn optical spectroscopy, the highly intense
HOMO - I-> LUMO and th e wea k HOMO ->LUMO charge
transfer bands both bleach out completely. The only absorption
band remaining in th e optical range is a shoulder at ca. 330 nm,
which again is in the ran ge typical of RU(Il}-alkynyl species

(Fig. 7).1< The only partially reversible nature of the reduction
process as was observed in cyclic volt amm etry for most of th e
pyrro lyl substituted com plexes under study aro used our concerns, whether the spectral profile observed after bulk red uction
of' 2b are due to the a uthentic radical or to some product arising
from fo llow reactions. Bulk reoxidation inside the OTTLE cell
reproduced the starting material in more tha n 80% spectroscopic
yield a nd no additional ba nds were observed within the solvent
ra nge. T hi s lets us believe th at the observed spectra correspond
to the genuine reduced form.

attached to the carbon atom C, of the allenylidene ligand to give
pyrrolyl substituted butenynyl complexes. T hi s ca n be brought
about even by moderately strong bases such as triethylamine.

Experimental
Instrumcntation
IR. Perkin-Elmer Parago n 1000 PC FT-TR . NMR : Bruker
AC 250. Spectra were recorded using solu tio ns in 5 m m sample
tubes.

2.0

UV/"is. Shimadzu UV-160 or Omega 10 fro m Bruins Instrumen ts. Meas urements were performed in qu artz glass cuvelles
of' 1 em optical path len gth.

A
1.5

Elcctrochcmistry. Potenti os tat EG&G 273 A dri ven by th e
EG&G 250 software package. The cell construction and data
analysis was as detailed elsewhere. 76 Workin g electro des: BAS
pla tinum microelectrode 1 mm diameter or glassy ca rbon
microelectrode 1.6 mm diameter. All potentials are g iven relative to the intern al ferrocene-ferrocenium couple.
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Fig. 6 Spectroscopic changes upon reduction of complex 2b in IR
spectroscopy (DCEINBu, PF., 29~ K).
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Spcetroclcctrochcmistry. OTTLE cell as described by Hartl
el a/.64
EPR-spcctroscopy. Bruker ESP 3000 spectrom eter, HP
frequency counter 5350 B, Bruker NMR gaussmeter E R 035 M
and continuous flow cryostat ESR 900 from Oxford Instrum ents
for low-temperature work.
Gencral rcaction conditions
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Fig. 7 Spectroscopic changes upon reduction of complex 2b in UVNis
spectroscopy (DCEINBu,PF., 293 K) .

In co ntrast to observations on the reduced forms of other
allenylidene complexes,37..1H.40.4 U9.6o.6J the neutral radicals derived
from complexes 2b,c gave o nly a weak, un structured signal
observable only at low temperature (see F ig. 5) or no signal at
all. T hi s may be either due to a notable metal co ntributio n to the
SOMO resulting in rapid spin relaxation o r a chemical follow
step that a nnihila tes th e unpaired spin. In th e latter eve nt o ne
would have to invoke an eq uilibrium which at low temperatures
may re lease sma ll quantiti es of the free rad ica l.
In co nclusio n, pyrrolyl substituents attached to the ca rb o n
atom C, of allenylidene complexes a re efficient ly in co rpo rated
into the meta llabutatriene system and co nstitute an integral part
of th e resulting ch romop hore. We have fo und mu ltiple pieces of
evidence that suppo rt thi s view from various spectroscopies a nd
from X-ray crys tall ograp hy on the indolyl derivative 2e. As was
expected on the basis o f' thei r rather basic character, pyrro lyl
substitue nt s rend er the a ll enylidene complexes mo re electron
rich (or alkynyl-like) than their aryl substituted counterparts.
On the o th er hand , they are stillm o re cumuleni c in c haracter as
is the case for amin o substituted congeners. An enhanced electron de localization ove r the unsaturated chromophore becomes
appa rent in th ei r ox idi zed or reduced states. Efficie nt delocalization of a ll frontier orbitals across the entire {Ru CJR(a ryl) }
entity defies any classification of the individual redox eve nts as
metal or liga nd cen tered redox processes.
Despite their rel ative electron richness, pyrrolyl substituted
all enylidene compl exes are still acidic enoug h to all ow for
the easy and reversible deprotonation of a methyl substituent

All manipulations were performed under argon atmosphere.
All compounds in this study are, however, robust against atm ospheric oxygen as solids and, over the course of seve ral hours,
also in solution . Common solvents were appropriately dried ,
distilled under argon and stored over molecular sieves under
an argon atmosphere. Butadiyne was prepared as detail ed in a
previous publicatio n 76 and cis-[RuCl 2(dppm)2) accordin g to the
literature.77 Column chromatography was performed in waterjacketed columns (4 cm x 20 cm).
Synthcscs
A rep resentative proced ure for th e synth es is of complexes
2a- c is as fo ll ows: (:is-[RuCI2(dppmhl and 4 cq. of NaSbF 6
were dissolved/suspended in SO ml of chlorobenzene and excess
butadiyne was added via a precooled pipette. CAUTION:
Butadiyne should be handled and sto red und er rigorous
exclusion of air and a t temperatures below 230 K. The mixture
was stirred for ca. 30 min until the soluti o n phase colour
had changed to intense green . The appropriate pyrrole was
th en added (ca. 4 eq.) a nd stirring was continu ed at amb ient
temperature until occasional IR control indica ted consta nt
intensity of the stro ng "all enylidene" band (typically 2- 3 days) .
The mix ture was filtered over a paper-tipped ca nnul a a nd th e
solvent removed in vacuo, leaving an intensely purple colo red,
somewhat oily o r tarry residue. This was washed wi th cop ious
amounts of ether and then hexa nes in o rder to remove th e
excess pyrrole and then dried und er reduced pressure. Further
purification was achieved as is detailed below. Assignment of the
I.1C NMR peaks of compound 2c was perform ed according to
the litera ture data lo r 1,3-dimethylindole. 7S
tl'alls-( CI( dpplll) ,R u = C = C = C {I-Illcthyla lllinop yrro l-2yl)(CH3W B{C6H 3(CF 3),-3,S}.- (2a·BArF) and thc SbF.salt 2a·SbF 6 • The crude product ob tained fro 111 235 111g of
ci.\·-[RuCI 2(dppm) 2) (0.25 11111101), 222 I11g of Na-tetrakis(3,5trifluoromethyl)tetraphenylborate (NaBAr", 0.25 11111101) a nd
44 ~t1 of N-l11e thylpyrro le (0.500 111111 01) in THF as solve nt was
dissolved in 3 1111 of CH 2Cl 2 and layered with I 1111 of n-hexa ne.

After storing for 5 d at 8 °C black- viol et crystals has deposited
as thin platelets that did not diffract. The mother-liquor was
ca refully rem oved by a very thin pipette an d the solid dried
in VllCUV. Yield: 98 mg, 0.052 mmol, 2 1'y" of an purple, microcrystalline solid . Spectroscopic data: IH NMR (250.13 MHz.
CD , Cl 2): <5 1.33 (s. 3H, = C- CI-I ,) , 2.55 (s, 3H, N CH , ). 5.05
(dqnt, J III1 = 15.4 Hz. 2J PII ='JI'II = 4.0 Hz, 2H. CH 2 (dppm» .
5.36 (dqnt. J ilil = 15.4 Hz, 2J pH = ' J plI = 5.1 Hz, 2 H, CH 2
(dppm», 6.10 (dd, .1J IIII = 4.0, 2.85 Hz, I H, H 4 (pyrrole» , 6.92
(m . 2H, H ' ,S (pyrrole» , 7.21 (t, JJ IIII = 7.8 Hz, 8 H, CH (dppm» ,
7.32 (m, 16 H , CH (dppm)), 7.4 1 (t, JJ IIII = 7.1 H Z, 4 H, CH
(dppm», 7.42 (t, ' J IIII = 7.2 Hz, 4 H, CH (dppm», 7.52 (m , 8 H,
CH (dppm», 7.62 (s, 4 H, CH ' (BArF-), 7.8 1 (m , 8H, CI·F ;
(BArln, IlC NMR (62.896 MHz, CD 2CI2) 15 30.7 (s, = C- CH J ) ,
35 .6 (s, NCH J), 46.9 (vqnt, J pe = 11.3 Hz, CH 2 (dppm» , 111. 9,
(s, CH (pyrrole)), 11 7.6 (hept, -'leI' = 1.54 Hz, C' (BArF- )), 124.8
(q, J CF =272 Hz, CF., (BArF-», 125.3 (s, CH (pyrrole» , 128.3
(vqnt, J pe = 2.6 Hz, C H",,,,, (dppm», 128.8 (vqnt, J pe = 2.6 Hz,
C H,,,,,,, (dppm» , 129.1 (q of non-binomial q, 2lcF = 31.7 Hz.
2J ne = 3.05 Hz, C(CF, ) (BAr r -» , 130.6 and 13 1.1 (s. C lI p"",
(dppm», 13 1. 89 (vqnt, J pc = 12.5 Hz, CI-I,p,. (dppm». 132.9
and 133.2 (vqnt, J pc = 3.05 Hz, CHo,,'w (dppm», 133.0 (vqnt ,
J pe = 11.3 Hz, CHiP'" (dppm», 135.0 (m , C2.6 (BArF-)), 138.0 (s,
CH (pyrrol e», 139.8 (s, C2 (pyrrole» , 149.2 (qnt. ' JI'C = 1.22 Hz.
162.9 (non-binomial q. J oc = 50.1 Hz, CI (BArF- )). 169 .7
(qnt,'J pc = 2. 14 H z, CII), 270.8 (qnt, 2J pC = 13. 1 Hz, C,.). Jlp
NMR (101.256 MHz, CD 2C1 2) 15 -10. 15 (s, dppm). IR (KBr,
ii/cm- I) 1964 (CCC). UV/vis }'n,", (lOgE", ,,) CH 2C1 2: 327 (3.72),
373 (3.68), 489 (sh , 4,18), 537 (4.56), 700 (3 .28); CH1CN: 326
(3.66), 370 (3.69), 483 (sh, 4.04), 533 (4.44), 700 (3.20). Anal.
C9IH6sBF2,C1NP,Ru (1899.7): calc.: C 57.53, H 3.44, N 0.74;
found : C 57.38, H 3.37, N 0.72%.
The SbF6- salt was obtained in 76% yield from a like reaction
in v-dichlorobenzene as the solvent. Purification was ach ieved
by repeated precipitation from a concentrated dichl oromethane
solutio n by add ition of ether and washin g with hexa ne. Spectroscopic data of th e complex cation were very similar to th ose of
the BArF- salt.

Cr>.

tra1/s-1 C I( dppmhRu = C = C = C {( I-dimcthylaminu} pyrrul2-yl)(CH3W SbF 6 - (2b). T he crude product obtained from
175 mg of ci.I'-[RuCllCdppmh l (0.186 mmol). 192 mg NaSbF6
(0.744 mm ol) and 90 III of N-(di methylamin o)pyrrole (110.2 mg,
0.744 mmol) was purified by column chroma tograp hy o n silica
with CH 2CI2-CH JCN (10 : I, v/v) as the eluent. T he deep purple
main fractio n was co llected and th e solvents removed in VlICUV.
The solid residue was di ssolved in the minimum amoun t
of CH 2C1 2 and the product precipitated by addin g 60 ml of
n-hexanes. Yield: 196 mg, 0.149 mmol, 80% of an intense
purple, microcrystalline solid . Spectroscopic data: IH NMR
(250.13 MHz, CD 2C1 2): <5 1.33 (s, 3H, = C- CH J), 2.74 (s, 6H,
N(CH )2), 5.03 (dd, ' J IIII =4.59 H z, JJ IIII = 1.84 Hz, IH , I·I-'
(pyrrole», 5.05 (dqnt, J IIII = 15. 14 H z, 2J PII = ' J plI = 4.7 Hz. 2H ,
CH 2 (dppm», 5.1 8 (dqnt, J IlII = 15. 14 Hz, 2J pII = 4J pII = 4.6 Hz,
2 H, CH 2(dppm» , 5.9 1 (dd, 4.T1lI1 = 4.59 H z, .1.T1I1I = 2.54 Hz, I H ,
H' (pyrrole» , 7. 16 (m , 12 H, CH (dppm» , 7.25- 7.40 (m . 28 H,
C H (dppm» , 7.52 (dd. ' .hlll = 2.54, 1. 84 Hz, I H. H' (pyrrole» .
"C NMR (62.896 MH z, C D 2C1 2) 15 14.25 (s, = C- CH J), 47.78 (s,
C H,(NMc2» , 47.80 (vqnt, J pe = 11.26 Hz, C H 2(dppm», 11 2.60,
121.66 and 126.93 (s, CH (py rro le» , 128 .51 and 128 .98 (vqnt,
J pc = 2.54 Hz, C H"".,,, (dppm», 129.50 (s. C 2 (pyrrole), 130.90
and 131.07 (s. CHI'''''' (dppm» , 131.89 (vqnt , JI'C = 12. 17 Hz.
CHiP'" (dppm)), 133.03 (vq nt, J1,c = 11. 54 Hz, CHiPS" (dppm)),
134.56 and 134.6 1 (vq nt, .Tre = 3. 1 Hz, C H"",w (dppm», 15 1.39
(qnt, lIre = 1.45 H z, CII), 174.00 (qnt, ' .Tre = 1.05 Hz, C,), 268.86
(q nt, 2.Tpe = 12.72 H z, Cu ). l ip NMR ( 101.256 MHz, CD 2C I2)
15 - 11.79 (s, dppm). IR (KBr, ii/cm- I) 1950 (CCC), 657, 289
(Sb F 6-). UV/vis A",,, (lOgE",,, ) C H 2C I]: 546 (4.40), 700 (3.34);
CHJCN: 543 (4.40), 700 (3.33). Anal. C6oH j6CIN 2P4RuSbF6
(1301.27): calc.: C 55.38, H 4.34, N 2. 15; found : C 55.58, H
4.47, N 2.08%.
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t Ya1/s-1 C I( d ppm hR u = C = C = C {(3 ,S-d i m ct hy 1 pyrro 1-2yl)(CH3W (2c). The crude product obtained from 250 mg of ci.l'[RuCIz(dppm)21 (0. 266 mmol), 275 mg o f N aS bF 6 (1.0 mmol)
and 4 1 III (37 mg, 0.389 mm ol) of 2,4-dimethylpyrrolc was
crystalli zed by layeri ng a concen trated solution in ca. 4 ml
of CH 2C1 1 with 7 ml of n-hexane and stori ng in a f rid ge ove r
two days. 296 mg (86%) of reddish purple crys tall ine plates
were obtained which failed to diffract. Spectroscopic data:
IH NMR (250.13 MH z, C D l Cl 2): 15 1.37 (s, = C-CH j ), 1.64 (s,
3H, OCH ,(pyrrole» , 2.17 (s, 3H , C 'CH, (pyrrole» , 5. 19 (m,
4 H, C H 2 (dppm» , 5.90 (d, IH , 4JIIII = 2.06 Hz, C'H (pyrrole),
7. 17 (t, 8H, lJ 1lI1 = 7.55 Hz, CH",,,,, (dppm» , 7.25 (t, 8 H, )J 1II1 =
7. 10 Hz, CH"",o (dppm», 7.28-7.43 (m , 16 H , CH,,,,,,, a nd CH.",w
(dppm» , 7.49 (m, 8H, CH.",w (dppm» . "C NMR (62 .896 MHz,
CD 2C12)6 15.0 (s, OCH,), 16.5 (s, ClCH), 26.6 (s, =C Cl-I), 45 .5
(vqnt, I pc = 11.8 Hz, CH 2(dppm» , 11 8.8 (C'H (pyrro le)). 128.4
(vqnt, J re = 2,6 Hz, CH""", (dppm», 128 .9 (vqnt, JpC' = 2.3 Hz,
C H""", (dppm», 130.5 an d 130.9 (s, C HI'''''' (dppm». 132.5 (vqnt,
.Tpe = 10.8 Hz, C HiPS. (dppm», 133.1 (vqnt, J pe = 2.7 Hz, C Hoo"'w
(dppm» , 133.2 (vqnl, J pe = 2.8 Hz, CI-Io"'w (dppm)) , 139. 1
(s, = CC2 (pyrrole)), 139.3 (C'CH, (pyrrolc» , 144.7 (br, C y ) ,
147.4 (eCH, (pyrro le», 150.9 (C~) , 240.9 (qnt, 2J pC = 14.0 H z,
C,,). lip NMR (101.256 MHz, CD 2Ci 2) <5 - 8.7 (s, dppm). TR
(KBr. ii/cm- I) 3388 (NH), 1963 (CCC). 1558. 15 11 1096 (v, and
v,,, C=C (pyrrole). C = N). 657. 289 (SbF(,-). UV/vis Am", (Ioge;m,,,)
CH l CI2: 269 (4.550), 324 (3.756),360 (3 .658 ), 549 (4.417), 646
(sh); C H1CN: 268 (4.568), 322 (3.763), 357 (3.699), 544 (4.462),
649 (s h). Anal. Cuu H ss CINP. RuSbF6 (1286.26): calc.: C 56.03, H
4.31, N 1.09; found C 55 .72, H 4.23, N 1.05%.
tralls-ICI(dppmhRu = C = C = C{(2,S-dimcthylpyrrol-3yl)(CH)W (2d). The crude product obtained from 175 mg of cis[RuCh(dppm)21 (0.186 mm ol), 192 mg of N aS bF 6 (0.744 mmol)
and 76 III (71 mg, 0.744 mmol) of 2,5-dimethylpyrrole was
purified by repeated precipitation fro m CH 2C lr n-hexane and
washing of the soli d residue with copious am ounts of et her.
Yield: 187 mg, 0.145 mm ol, 78°/., of a purple-red powder.
Spectroscopic data: IH NMR (250. 13 MH z, CD 2Cl 2): (5 1.33
(s, = C- C1-I,), 1.97 and 2. 13 (each s, 3H , C H.1 (pyrrole)), 5.05
(dqnt, J IIII = 15.3 H z, 2J pII = 4J pII = 4.2 Hz, 2H , CH 2 (dppm» ,
5.2 1 (dqnt, J III1 = 15.3 Hz, 2J rll =4J pII = 4.7 Hz, 2 H, C H l
(dppm», 7.20 (m , 16 H. CH (dppm» , 7.28- 7.42 (m. 25 H.
C H (dppm) + H4 (pyrrole)), 9.30 (br, I H , NH). IlC NMR
(62.896 MHz, CD 2C1 2) (5 12.0, 15.9, 30.0 (s, = C- CI-I J and
pyrrole 2,5CH 1), 47.9 (vqnt , J re = 11.4 Hz, CH 2 (dppm» , 130.1
and 142.5 (s, C(CH J), pyrro le 2.5), 128.4 (vqnt, J re = 2.5 Hz,
CH""", (dppm» , 128 .9 (vqnt, I pc = 2. 1 H z, C H",,,,, (dppm)),
129.50 (s, C2(pyrrole), 130.4 and 130.6 (s, C H""", (dppm» , 132,0
(vqnt, I pc = 12.0 Hz, CHi".", (dppm» , 132.9 (vqnt, I pe = 3. 1 Hz,
CH o,",o (dppm» , 133. 1 (vqnt, I pc = 11 .8 H z, CHi'''" (d ppm»,
133.3 (vqnt, J pc = 2.9 H z, C H.",w (dppm» , 159.2 a nd 161.3
(each br, Clio CI)' 256.5 (qnt, lJ pe = 14.0 H z, Cu). li p NMR
(101.256 MH z, CD 2CI2) <5 -8.7 (s, dppm). TR (KBr, ii/cm- I)
337 1 (NH), 196 1 (CCC) , 658. 289 (SbF 6-). UV/vis Am", (logl;m,,)
C H 1 Cl 2: 523 (4.41), 677 (3 .32); C H1C N: 520 (4.42), 677 (3.34).
Anal. C6uHssCINP, RuSbF6 (1286.26): calc.: C 56.03 , H 4.3 1, N
1.09; found: C 55 .57, H 4. 19, N 1.02.
t/'ill/s-IC I(dppm),Ru= C = C = C{(1-met hylindul-3-y l)(C H ) I+
(2c). T he crude product obtained from 235 mg of cis[RuC l2(dppmhl (0.25 mmol), 258 mg of NaSbF(, (1.0 mm ol)
and 125 III (122 mg. 1.0 mmol) of l-methylind ole was purified
by precipitation from C H 2C1 2- n-hexan e and washing of the solid
residue with copious amounts of ether. The so li d ob tained after
drying was dissolved in 10 ml of CH ,Ci 2 and 5 ml of n-hexa ne
was added. The solid that has formed after 3 days was removed
by filtration. T he remaining solutio n was eva porated to dryness and washed with hexa ne to give sli ghtly impure 2c Yield :
138 m g, 0. 145 mmol, 42% of a da rk purple powder. A small
crop of crystals of this complex were obtained by slowly cooling a co nce ntraled solu tion in a I : 1 mixture of C H 2C I1- n-hex-

ane. Spectroscopic data : IH NMR (250.13 MHz, CD 2C1 2): 6
1.62 (s, =C-CH,), 3.43 (s, 3H, N CH , (ind ole)), 5.22 (m , 4H,
C H 2 (dppm», 6.46 (dd , I H, Jnll = 3- 1. 0.8 Hz) 7. 16-7.42 (m ,
34 H. CH (dppm , indole)), 7.48 (m , 8H , C H (dppm). uC NMR
(62 .896 MH z, CD 2C1 2) (j 30. 1 (s, =C-CH 3), 34.9 (N C H,), 45 .9
(m , CH 2 (dppm» , 111.9 (s, CH), 109.5 (s, C3(ind ole» , 111. 9 (s,
C H , C7(ind ole», 122.5, 124.8, 125.0 (s, CH (indole), 125.7 (s,
Ca (indole» , 128.5, 129. 1 (vqnt, J pc = 2.6 Hz, CH""", (dppm»,
130.77, 130.8 1 (each s, CH,,,,,,, (dppm», 131.9 (s, CH (indole),
132.2 (vqnt, J pc = 12.5 Hz, CH;",,, (dppm)), 132.6 (vqnt,
J pc = 11 .3 Hz, CH;"... (dppm», 133.1, 133.4 (each vqnt, J pc =
3.0 Hz, CH"",.. (dppm», 138.7 (s, CJa(indole», 141.2 and 157.0
(each br, C lh C1 ), C u was not observed . .lIp NMR (101. 256 MHz,
C D 2C1 2) (5 -8.86 (s, dppm). TR (KBr, vlcm- I ) 196 1 (CCC), 1516,
1089 (C=C (pyrrole», 658, 289 (SbF(,-). UV/vis A",a, (Iog/:",a,)
C H 2CI2: 272 (4.587), 373 (3 .854), 360 (3 .658), 555 (4.401),
670 (3 .754), 709 (3 .748); CH,C N: 269 (4.580), 361 (3 .5 19),
549 (4.373), 647 (3.565), 688 (3.521) . C63H;;CINP4RuSbF6
(1 322.23): calc.: C 57.22, H 4.19, N 1.06; found: C 57.63, H
4.46, N 1.08%.
Il'lllls-ICI(dppm)2Ru-C = C-C{(4,S,6,7-tctrahydroindolinc-Zyl)( = CH2W (31). T he black-purplish residue obtained from
235 mg of cis-[RuCl 2(dppm)2) (0.25 mm ol), 258 mg of N aSbFr.
(1 .0 mm ol) and 48 mg of 4,5,6,7-tetra hydroindole (0.375 mmol)
was subjected to column chromat ograp hy o n neutral alumina
with CH 2CI,CH,CN (5: I, v/v) as the eluent. The deep purple
main fraction got stuck to the stati onary phase after it had
passed through about half the column . Upon further elutio n
with CH 2CI2-CH,CN- N E t3 (50: 10 : I, v/v) an orange- red zone
was mobilized and washed off the column . The solvents were
removed in vacuo and remaining NEt3 by washing with 3 x
7 ml of eth er. The orange-red residue was dissolved in 5 ml of
CH 2Ch, filtered and dried in vacuo to give an ora nge-red solid.
Yield: 58 mg, 0.054 mm ol, 22%. Spectroscopic data: IH NMR
(250.13 MHz, CD 2Ch): (j 1.66 (m, 4H, CH 2 (indole», 2.09 and
2.37 (each t, 2H, '.hlll = 5.74 Hz, C H 2 (indole», 3.81 and 5.68
(each d , 2J nH = 2.3 Hz, I H, =C H 2), 4.79 (d,'.hm = 2.5 Hz,
IV(indolc», 4.95 (m, 4H , C H 2 (dppm» , 6.33 (br, I H, NH),
7.08- 7.39 (m, 24 H, CH (dppm» , 7.53 (m , 16 H, CH (dppm)).
I.lC NMR (62.896 MHz, CD 2CI2) (j 23 .5,24.0,24.2,24.7 (each
s, C H 2(indole», 49.5 (vqnt, Jpc = 10.7 Hz, CH 2(dppm» , 102.5,
(s, C IH (indole)), 106.3 (s, =CH 2), 110.1 (qnt, 3J pc = 1.5 Hz, C II),
11 7.5, 125.3 and 128.5 (O""' (indole)), 123 .0 (qnt, 2J pC = 14.8 Hz,
Co), 127.0 (br, CI)' 127.9 (vqnt, J pc = 2.03 Hz, C H",er" (dppm)),
128.2 (vqnt, J pc = 2.54 H z, CH"... ", (dppm» , 129.6 and 129.7 (s,
C HI""" (dppm» , 133.4 (vqnt, J pc = 3.05 Hz, CH"'f/'" (dppm»,
133.8 (vqnt, J pc = 2.55 Hz, CH.,f'W (dppm)), 135.2 (vqnt,
J pc = 10.2 Hz, CH;"so (dppm», 135.6 (vqnt, J pc = 11 .9 Hz, CH;",..
(dppm». 31p NMR (101.256 MHz, CD 2CI2) 6 -4.0 (s, dppm).
lR (KBr, vlcm- I ) 3420 (NH), 2056 (C=C), 1584 (C = C). An al.
C62H.l6CINP4Ru (1075.55): calc.: C 69.24, H 5.24, N 1.30; found:
C 69.08, H 5.06, N 1.28%.
Crystallography
Sin gle crystals of Zc were grown by layering a saturated solution in
CH 2CI2 wi th n-hexane for six days. A we ll-shaped dark purplishred sin gle crys tal was collected, mounted inside a glass capillary
on a NONIUS Kappa CCD diffractometer and cooled to 100 K.
ZeSbFu crys tallizes in the orthorh ombic space group Pnma with
(/ = 18.089 1(1), b = 17.0595( 1) and c = 17.9992(1) A with fou r
molecules in the unit cell (V = 5554.39(5) A'). A tot al of 71359 refl ections was collected, 6556 of them bei ng unique (R;nt =0.0950)
and being used in the structure refinement. The structure was
solved for C63H5;CIF6N P4RuSb (M = 1322.23) using direct methods wit h refinement by full -matrix least squares o n P, empl oyin g
the program system SHELXL97. 79 All non -hydroge n atom s were
refi ned <l ni sotropically, hydroge n atom s were introduced at th e
calcul ated positions. T he final RI va lue lo r rellections with I >
2a(!) was 0.0519 (0.0638 lo r all rellcctions) while the wR 2 values

Table 3

Crystallographic data for complex 2e

Formu la
M,
11K

).IA
Crystal system
Space group
a/A

h/A

ciA
ViA'

z

DjMg m - J

Absorption coefficient/mm- '
F(OOO)
Crystal size/mm
0 ",,, lor data collection/o
[ndex ranges for data collection, Mel
No. of reflns. msd.
No. of indep. reflns. (R;",)
Refinement method
Datalrestraints/parameters
Goodness-of-fi t on P
Fi nal R indices [/ > 4a(l)]
R I ndices (all data)
Largest dilT. peak/hole (e A-J)

C.,H" CIF.NP4 RuSb
1322.23
100(2)
0. 71073
Orthorhombic
PIlIIUI

18.089 1(1 )
17.0595( 1)
17.9992( I)
5554.39(5)
4
1.581
0.984
2664
0.3 x 0.3 x 0.2
27.48
-23 to 21, -22 to 2 1, -23 to 23
73642
6556 (0.095)
Full-matri x least-squares on F'
6556/0/399
1.098
R\ =0.0519, wR, = 0.1105
R, =0.0638 , IvR, = 0. 11 64
2.44/2.23 (near Sb)

were 0.1105 and 0.1164, respectively (GooF = 1.097). Crys tall ographic data are summ arised in Table 3.
CCD C reference number 238007.
See http://www.rsc.org/sup pdata/dt/b4/b406940d/ for crystall ographic data in Cl F or other electronic format.
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