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Abstract

This contribution deals with cationic ruthenium allenylidene complexes bearing a large variety of differently substituted allenylidene ligands
attached to the metal. We discuss their synthesis and how the identity of freERituent influences their spectroscopic and electrochemical
properties. It is shown, how data from different spectroscopies and electrochemical half-wave potentials relate to each others and provide a
consistent picture of the bonding within these systems. Experimental results are compared to those from quantum mechanical studies.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In 1970, E.O. Fischer published his seminal work on car-
bene complexes [(C@M=C(ER,)(R)] of the chromium

_ triad metalg[1]. In systematically varying the substituents
* Supplementary data associated with this article can be found, in the ER, (ERn = NR;, OR, SR, SeR, ary|, alkyl) and/l'\QR/ =

online version, at doi:10.1016/j.ccr.2004.05.005. aryl, alkyl) he and his co-workers were able to disclose, how
* Corresponding author. Tel#49 711 685 4097, bstituti t th b d infl th hvsical d

fax: +49 711 685 4165. supst U.|0n al e carbon ena influences the p ysical an
E-mail addresswinter@iac.uni-stuttgart.de (R.F. Winter). electronic properties of these systefhs4]. Substituent ef-
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ER, /ER“ ;ER“ 2. Synthesis of substituted allenylidene complexes from
{(COMY=C = (COM™CY ~— {(COM}—C primary butatrienylidene inter mediates
R' R R’
A B ¢ In studying longer chain pentatetraenylidene complexes
Plate 1. trans[CI(L 2),Ru=C=C=C=C=CAr,]™, Touchard et al.

[12,15] and Dixneuf and co-workerd 2—15] observed the

formation of stable, heteroatom substituted allenylidene
fects were investigated by NMR and UV-vis spectroscopy, complexes trans[CI(L 2)2Ru=C=C=C(ER,)(CH=CAry)]*
X-ray crystallography, dipole moment measurements andfrom the regioselective addition of protic nucleophiles
electrochemical techniques. During these studies the nowsuch as amines and alcohols to the interngF@; bond?
well established dipolar character of these compounds as itThese reports were soon followed by similar observa-

is expressed in the zwitterionic resonance foitnand C tions of the Fischer group in Constance in their studies
(seePlate ) and its variation with the nature of ERind R on bis(dimethylamino) substituted pentatetraenylidene or
became evident. heptahexaenylidene complexes of chromium and tung-

We are summarizing here similar studies on allenylidene sten [16—18] Given the high aptitude of coordinatively
complexes of ruthenium(ll). Allenylidene ligands are es- unsaturated, electron-rich, cationic 16 valence electron
sentially cumulogous, more extended versions of carbenescomplexes of ruthenium to isomerize terminal alkynes by
and consist of three cumulated carbon atoms. Just like car-formal 1,2-proton shift into vinylidene ligand49-24] it
benes, they attach to the metal via a format®1double was of interest to study their reactions with 1,3-diynes as
bond. The character of this bond, however, varies with the a possible route to less well documented butatrienylidene
electronic properties of the substituents at the terminal car- complexeg25]. Most of this work was done with diacety-
bon atom and those of the metal. The main focus of this lene (butadiyne) as the conceptually simplest and most
account will be on the work done in our own laboratory reactive representative, first by the Adelaide group of Bruce
on mostly thetrans-{Cl(L2)2Ru}* entity where L, denotes [26—29] and then by u$5,11,30-36] Despite considerable
a chelating diphosphine liganfb], but results obtained efforts there is still no direct proof for the existence of a
by others and with related Ru(ll) units will be discussed primary butatrienylidene complex Ru}=C=C=C=CH,]*
where appropriate. We wish to point out the intimate re- ({Ru} = CpRRu(PPh)2, trans-Cl(L2)2Ru). The outcome
lationship between the Ru(ll) units discussed here and theof all trapping reactions, however, support such a species
(CO)M moieties utilized in the work of E.O. Fischer and as the reactive intermediate. The very recent isolation of
the Constance group of H. Fischer. Both have a low-spin thermally labile primary butatrienylidene complexes ¥
d® electronic configuration. The ruthenium entities may be CsH4R)(dmpe)MrFC=C=C=CH,] (R = Me, H; dmpe=
considered as being more electron rich than the MEO) Me,PGH4PMe) and their much more robust SnPsub-
moieties but this is, at least in part, counterbalanced by thestituted congeners by Berke and co-work¢d3] lends
positive charge of the ruthenium complexes. Experimental further credibility to the existence of such species also
and theoretical studies show indeed a strong parallelismin the ruthenium systems. The phenyl stabilized buta-
between neutral [([C@M=C=C=CRR] and their cationic trienylidene complextrans[CI(P!Pr3)2lr=C=C=C=CPlp]
[{Ru}=C=C=CRR]™" counterpart§5-11]. has been isolated and studied by Illg and Wei{38}f. We

The subjects of this account are the following. (i) The syn- also note, that related butatrienylidene bridged diiron com-
thesis of novel allenylidene complexd&u}=C=C=C(ER,) plexes [CPLFe=C=C=C=C(E)}{Fe(CO}Cp*}]* (Cp* =
(R)]* with a broad range of heteroatom substituents, ER m®-CsMes, E = H, Me, L, = PhPGH4PPh (dppe) or
(i) Systematic studies on their spectroscopic, structural ‘Pr,PGH4PPr (dippe)) have been prepared by Lapinte
and electrochemical properties. Here it will be shown, how et al. by treating the corresponding diynediyl complex
closely all the different properties relate to each others. with HBF; or MeOTf [39]. Cluster-stabilized primary bu-
Thus, individual parameters from different spectroscopies tatrienylidene ligands are also knowd0,41] Our own
can be viewed as a manifestation of the subtle changes in theobservations led us to think that this species is just one
bonding within these complexes induced by the electronic component of a complex, equilibrating mixture of products
properties of the allenylidene substituents and the other lig- arising from the interaction of the respective ruthenium
ands at the metal atom. Some of the complexes have beerspecies with butadiyne, but the most reactive one. In the
constructed such that they bear electroactive substituents opresence of appropriate trapping agents it can be converted
ligands. These provide us with the opportunity to directly to a variety of products, often with good to excellent chemo-
monitor the effects of changing the electron density on ei- and regioselectivities.
ther the metal or the carbon end on the properties of these
highly delocalized organometallic chromophores by simple
'redox chem|§try. (iif) Results from quan_tum Cheml_cal stud- 1 The carbon atoms along the cumulated ligands are counted such that
ies that provide a sound basis for the interpretation of the the metal bonded carbon atom is denoted asa@d subsequent atoms
experimental findings. as Gy, Cy and so on.
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Scheme 1.

One principal reaction is their trapping with protic nu- organic chemistry. Thus, the positions neighbouring
cleophiles, which gives access to C-methylated, heteroatomthe pyrrole nitrogen atoms are generally more reac-
substituted allenylidene complexe§Ru}=C=C=C(ER,) tive than the remote 3 and 4 positions. The reaction of
(CH3)]™. A broad variety of secondary aminf26,27,34] the putative trans[Cl(dppmyRU=C=C=C=CH,]* with
ethanethiol and phenyselen@2] have been applied suc- 2,5-dimethylpyrrole resulted in the 3-substituted pyrrolyl
cessfully (seeScheme L The latter reactions gave ac- derivative rather than the NH-addition prod(4t]. A sim-
cess to allenylidene complexes with previously unknown ilar addition of pyrrol to the electron rich allenylidene com-
heteroatomic substitution. In contrast to similar pentate- plex [Cp*(dippe)RFEC=C=C(Ph)(H)]" afforded the func-
traenylidene derivativefl2—15] and a related iron com- tionalized chiral vinylidene complex [Cfdippe)R&FC=CH
plex [42], alcohols proved to be unreactive toward the —C(Ph)(H)(pyrrol-2-yl)i [45]. Pyrrolyl substituted allenyli-
butatrienylidene species, possibly due to their lower nu- dene complexes display properties intermediate between
cleophilicity. With water, however, the keto substituted those of amino and aryl substituted congeners and may thus
alkynyl complex [Cp(PP$)2Ru-C=C-CF0)(CHg)] was be regarded as vinylogous aminoallenylidene complexes.
obtained. Its formation was rationalized by a sequence in- The addition ofN,N-dimethylaminomethylferrocene fol-
volving regioselective water addition to carbon atom, C  lows a conceptually identical pathway. Primary addition of
deprotonation and tautomerization of the resulting enol the amine to G is followed by migration of the resonance
[26,27] In a like reaction, the acylvinylidene complex stabilized ferrocenylmethyl carbenium ion to the neighbour-
trans[Cl(dppe)RFC=C(H){C(=O)CH,Ph}]* is formed ing carbon atom € The FcCH™ unit thus behaves as a
by protonation otrans[Cl(dppepRu—C=C—-C=CPh] with proton equivalentcheme B[31].

CRSOsH, most likely via a secondary butatrienylidene Secondary amines were the most frequently used protic
speciegrans[Cl(dppeyRu=C=C=C=CHPh]" [43]. nucleophiles. As will be discussed later, the properties of

With pyrroles, formal CH-addition to the terminal €C; the resulting aminoallenylidene complexes markedly depend
double bond is observed and results in pyrrolyl sub- on the electron richness (i.e. basicity) of the parent amine.
stituted allenylidene derivativesS¢heme P [26,27,44]

This reaction can also be viewed as an electrophilic at-
tack on the electron-rich five-membered heterocycle by . ’
a [{Ru}=C=C=C=CHp]* electrophile. The regioselec- |:{Ru}=C=C=C=CH2] SFCHNMe, p—cec-C
tivity patterns consequently follow those observed for (NMe, CHF.
the electrophilic substitution of pyrroles known from A
Pth PPh
{Ru} = }(u Cl @
Ph,P_ PPh,
{Ru}+=C:C=C=CH3 + @ v
1

R
,NMe, ~NMe,

.
{Ru}=C=C=C, {Ru}~C=C~ c
/CH3 CH, CH, CH,~CH,

{Ru}+=C=C=C {Ru} = CpRu(PPh;),, R = Me

C
\© {Ru} = Cl(dppm),Ru, R = NMe,, Me @ @
R

Scheme 2. Scheme 3.

@
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+ R(CH;)NH

php PPh Gl

Cl=Ru=C=C=C_

,N*R

which were obtained from the reaction of the puatatisas
[Cl(dppm)RU=C=C=C=CH,]* with aliphatic or benzylic
tertiary amines lacking an allyl functionalif30,33] In the

: CH,
thP\/P Phy

R =PhCH,: E:Z =3:2
R = NaphthylCH,: E:Z=7:3
R='Bu E:Z=2:1

case of the propargylic amine MECH,C=CH, the simple
adduct is thermally sufficiently stable to be isolated. This
allowed its conversion to the rearranged aminoallenylidene
isomer to be studied b3*P NMR and UV-vis spectroscopy
[33]. Following the reaction by!P NMR spectroscopy at
elevated temperatures in different solvents showed little or
no effect of the solvent polarity on the reaction rate.

We have recently shown, that electron rich aromatic
five-membered heterocycles bearing a 2-dimethylamino-
methyl substituent undergo essentially the same nucle-
ophilic addition/rearrangement sequence as open chain
aliphatic amines§cheme B Thus, aminoallenylidene com-

P112Pvi’Ph2

Scheme 4.

Unsymmetrically substituted secondary amines NRgive
rise toE/Z isomeric mixtures (se8cheme % Individual iso-
mers differ in which of the substituents points to the metal
and which one away from [84]. This requires a hindered plexes with a 2-methylene-2,3-dihydrofuranyl, -thiophenyl
rotation around the (N bond. The implications of this ob-  or -selenophenyl substituent bonded to carbon atomn C
servation will be discussed in more detail in a later section. were isolated36]. A dimethylaminomethyl substituted thi-

A second general method for converting reactive butatri- azole and an isocyclic fulvalene react in the same manner
enylidene species into stable heteroatom substituted allenyli-(Scheme B These reactions differ from the more conven-
dene complexes is their trapping by aprotic allyl substituted tional Claisen-rearrangement of allyl substituted anilines
nucleophiles. The overall reaction involves nucleophilic at- or phenolethers in that the intracyclic double bond con-
tack, again on carbon atom, Jollowed by Hetero-Cope (or  stitutes the allylic and not the vinylic component. Despite
-Claisen) rearrangement within the 3-hetero-1,5-diene sub-their comparative complexity and the concomitant loss of
unit to give heteroatom substituted allenylidene complexes the aromaticity within the heterocyclic rings, all of these
bearing a butenyl side chairs¢heme h These reactions reactions require only simple starting materials and occur
were first observed for aming41,30] and then for thio- under surprisingly mild conditions, i.e. upon combinirig
and selenoetherf32,35] and provide rare examples of a [RuCl(dppm}], HC=C-C=CH, NaSbk as a mild halide
sigmatropic rearrangement occurring within the coordina- abstracting agent and the respective amine in chloroben-
tion sphere of a transition metal complpt6]. In the case zene or 1,2-dichlorobenzene and stirring for three to four
of allyl substituted amines, the simple adducts proposed asdays at ambient temperature. Warming or — even faster —
intermediates along the reaction paths were identified by proton catalysis effect tautomerization of the heterocyclic
virtue of a characteristic IR band near 2035dn{ic=c) substituent to the 2-methyl substituted aromatic isomers
and a%'P NMR resonance close to6 ppm. These values as long as there is an additional proton attached to the
agree favourably with those for isolated ammoniobutenynyl carbon atom at the ring junctiorS¢heme Y. In the acid
complexes trans-[Cl(dppm)Ru-C=C-C(NR:R')=CH,] T, catalyzed case, we were able to characterize a protonated

A +
I\}']’Rq +HC,H RZP\ PR,
- NaEF
RZP ------ o C] g» Cl-Ru=C=C=C=CH
R,p~ R™~cl  -NacI iy ’
\_PR, R;P, PR,
+ AllylER,
cl R.sI’ bR,
we R R,P ?Rz —
Q]{P/ Cs + N\l SER,  GH,
2 C. kEDK [3,3] Hetero-Cope Cl _)§u=C:C:C\ /CH
i ((EHZ PR, CH,—CH,
cn, \CcH Rzpf
H,

L _ ER, = NMe,, SR, SeR

Scheme 5.
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A +
™ Ph, Ph:R PPh;
Ph,P. Cl _ _ + NaPF, - NaCl PP
“Cl, H-c:c-c2c- —Ru=C=C=C=
PhE ]i{u ¢+ B CEC-C=CH R LT al IRu C=C=C=CH,
PPh, thPvPth
CH,
. N-CH,
R “g
PR~
Cl PR
SuPR,
R,P PRz HiC CH, R
SN CHs RﬁPP Cs H,C + ,CH
&
R u CEC—C E 3-Amino-Claisen 2 3 N 3
: N NN
R, CHz ﬁ'\J H,
Rzpf CH, (
R E
E=0,S,S¢; R=H R
E=0;R=CH,0H
thP\ :!)th HSC

. CH, pth/\_rth HC,
—_— \ //N‘__ CH3
— ClI—Ru-C=C—C
CH, \CH
S , N—CH, thpfphz 2
CH, CH,
H,C, ph,p PPh, HLC
/ N-CH, —_— Y 11 CH,
— cl ru c=c—C
Ph, CHZ
thPf 0
Ph

Ph

Scheme 6.

dicationic iminiumvinylidene (or aminocarbyne) species in

the presence of stoichiometric amounts of a strong acid
(Plate 3. Similar protonations have also been reported for
aryl substituted allenylidene derivativEe0,45,47-49]

CH
HCN CH, CH H;C, HC CH )
s S A orH', cat ,N'CH; CH;
‘Ru}CCCCH ¢ EH—H’{RU}CCC : . C}/\J+
2 5D M~ T I~
" CH, [Ru]=C=C_ CH,
R R H
Scheme 7.

=

CH,

Ph
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Both principal methods of converting putative buta- Table 1
trienylidene species into heteroatom substituted allenyli- Comparison of the energies of the unsymmetrical CCC-stretch in_ com-
dene complexes allow for the introduction of justehet- ~ P'e*es rans[ClidppmpRIFC=C=C(ER)(R)]™ and the corresponding
. K . . allenes HC=C=C(ER,)(R
eroatomic substituent at the carbon terminus of the allenyli- ’ ( ~)( ) - - —
dene ligand. Neutral allenylidene complexes of chromium ER R Vas [{Ru}=C=C=C Vas H2C=C=C(ER,)

and tungsten with two such substituents were recently ob- (ER)R)]™ (em ) R (om™)
tained by Fischer and co-workef$6,50] and this elegant “PAZ 1133288 1132’?2?}
work will be detailed in another paper within this issue. To o Me 1964 197366]
the best of our knowledge, no equivalent bis-donor substi- NR, Alkyl 1990-2000 195(68,69]
tuted allenylidene complexes have been reported to date inSR Alkyl 1939-1943 195070]
ruthenium chemistry. Bis(alkyl), bis(aryl) or alkylaryl sub- SeR Alkyl 1930-1938 195070]

stituted congeners are, of course, easily available by treating
the 16 valence electron precursors with the corresponding
propargylic alcohol following Selegue’s protodéil]. close parameters from different spectroscopies relate to each
According to calculations performed with the DFT ap- others and how they combine to provide a consistent picture
proach[11], the high level of regioselectivity observed in of the bonding within these systems.
all trapping reactions of the butatrienylidene species arises
from a favourable combination of electronic and steric ef- 3.1. IR spectroscopy
fects. Orbital coefficients at the LUMO, which is the orbital
which controls the reactivity toward nucleophilic reagents,  Cationic allenylidene complexes{Ru}=C=C=C(ER,)
are equally high for all carbon atoms at odd positions along (R)]* can be described as a hybrid of four different res-
the cumulated chain. Carbon atoms at even positions of theonance formsI¢lV in Plate 3: Two genuine cumulenic
C4Ro-ligands contribute considerably less. Based on the or- resonance forms with the positive charge on the méjal (
bital coefficients alone, rather unselective nucleophilic addi- or C, (I1) and two alkynyl type resonance forms where the
tion to either the carbon atoms, ©r C, would be expected.  positive charge either resides at the terminal carbon atom
The metal bonded carbon atorg &, however, shielded by  (111) or at the ER moiety (V). As the donor capacity of
the bulky phosphine co-ligands at the metal which direct in- the ER, group increases, resonance structudésand IV
coming nucleophiles to {[10,11] There are indeed cases should be more favoured, especially so, when the E atom
for competing or even dominating addition tq @ cationic can donate a lone pair to the metallabutatriernsystem.
allenylidene complexes containing sterically less demand- The position of the asymmetric CCC stretch of the al-
ing metal unit§52—64] A recent report by Rigaut et §65] lenylidene ligand may thus serve as an at least qualitative
on the unselective addition of hydride to both, the internal measure for the contributions of the alkynyl versus the
carbon atom Cand the terminal Cof a pentatetraenylidene  cumulenic resonance forms. This vibrational mode gives
complex emphasizes, that in longer chain cumulenylidenerise to a highly intense absorption for monocationic al-
complexes the steric demand of the entering nucleophile maylenylidene complexes in the IR spectrum. In allenes, the
also play a role. We note again, that the calculational resultscorresponding band is also very intense and found in es-
for the trans-{CI(PHz)sRu}* and the{Cr(CO)} derived sentially the same spectral regiofable 1 compares the
model complexes are nearly identi¢é)7,11] This empha- band energies of differently substituted allenylidene com-
sizes the electronic equivalence of these two metal entities,plexestrans-[Cl(dppmrRU=C=C=C(ER,)(R)]* and of the
even surpassing that expected from their isoelectronic rela-corresponding free allenes.
tionship. In heteroatom substituted allenes this band is invariably
observed at 1950cni, independent of the exact nature
of the heteroatom. In the corresponding allenylidene com-
3. Properties of ruthenium allenylidene complexes plexes, however, the position of this band varies between
ca. 2000 cmt in amino substituted to about 1930 Thin
As one may expect of an extended delocalized chro- selenium substituted complexes with a clear trend toward
mophore, the properties of the allenylidene complexes criti- lower energies for poorer donors. Within the series of amino
cally depend on the substituents bonded to carbon atpm C substituted systems, for example, this band is found near
and the other ligands at the metal. Here we will show, how 2000 cnT? for derivatives of aliphatic amines but is shifted

- = - +

ER, . LER, JER,

+ + /s =
{M}=C=C=C_ — {M}—C=C=C_ ~ (Mj—C=Cc-Ccy <~ {M}=C=C—C
CH,R' CH,R' CH,R' CHR'
1 1| 111 v

Plate 3.
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N N N
Ph,p, PPho Ph,p PPh; Ph,p PPhy
\/ _CH, \i |, oH CH;
CI—Ru=C=C=C -— Cl—}{_u—C=C=C -— Cl—}{u—CEC—C+
PPh, - PPh, - PPh, -
i T wdm T il )
Me,N Me,N Me,N
v I VI I vII I
ph,p PP Ph,p, PPhy Ph,p PPhy
\/ \; ,CHs \: ,CHs
cl }Ku c=c—c’ c1—}§u—c5c—c -— Cl—}gu—CEc—c .
Ph, P\f Ph 5 Ph,P f P, ) thpf e N )
MCZN Me,N + Me,N
VIII IX X
Plate 4.

to 1965 or 1941 wavenumbers for derivatives of the less ba- exhibit only minor perturbations~g. 1). The asymmetric
sic iminostilbene or phenothiazine heterocy¢g4. In 2- or CCC mode therefore resembles &C stretch of an alkyne
3-substituted pyrrolyl derivatives, the electron rich heterocy- (or, rather, an alkynyl complex) and its energy should thus
cle stabilizes the alkynyl type resonance fonti$—X (Plate reflect the order of the £z bond. A similar reasoning is
4). Here, the allenylidene band is found near 1955 tand applied for ketenes and diazo compounds, where a blue shift
thus at higher energies as is usually observed for aryl sub-of the corresponding IR band is interpreted as indicating an
stituted systemsT@able J). Essentially the same trends were increasing contribution of the zwitterionic resonance forms
observed in the related half-sandwich allenylidene com- RRC—-C=0" and RRC~-N=NT [74]. Within a series of
plexes [°-CsMeg)(L)CIRU=C=C=C(ER,)(-CH=CPh)] ™, alkynyl complexes of the same metal entity, the energy of
where ER denotes NPy OR (R= Et, ‘Pr) or phenyl and  the C=C stretch likewise decreases when the alkynyl ligand
L is a phosphine ligand like PMeor PMePh[12-14,53] becomes a stronger acceptor. This is commonly viewed as
Similar observations were also reported by Tamm et al. arising from a higher contribution of the dipolar vinylidene
for allenylidene complexes [Cp(PBaRU=C=C=C(chf))]+ resonance fordL,M}*t=C=CR~ [75-82]
with a substituted cycloheptatrienylidene moiety [oht A special position of aminoallenylidene complexes within
bonded to the terminal carbon atom. In these latter com- this series is already evident from IR spectroscopy. Accord-
plexes, the relative contributions of the alkynyl versus the ing to the comparatively high energy of the allenylidene
cumulenic resonance forms were systematically altered viaband, they are intermediate between acceptor substituted
successive benzanelation or the introduction of peripheric alkynyl complexes on one handdcc = 2045cnt? for
phenyl groupgd71]. Further examples can be found in the
work of Touchard, who investigated aryl substituted al-
lenylidene complexes [Cl(dppaRRu=C=C=C(PH),]* and
[CI(dppmRRU=C=C=C(PH})(H)]* with various para sub-
stituents attached to the phenyl rings. There is a notable
decrease in the energy of theC=C stretch as the acceptor
character of the aryl substituent increag&s. Recently the
group of H. Fischer has published several neutral allenyli-
dene complexes of pentacarbonyl chromium and tungsten
with a large variety of heteroatomic substituents bonded to
C, [50]. As will be detailed in another paper within this is-
sue, these complexes exhibit essentially the same behaviour
as our cationic ruthenium based systdi#3).

All experimental results point to a close relation be- yCN
tween the position of this band and the order of theCg
bond. Quantum chemical calculations on model complexes
trans[CI(PH3)4RUFC=C=C{(E(CHz), }(CHz)]" (E=N, n
= 2,E= 0, S, Sen=1) andtrans[CI(PH3)4Ru~C=C=C(R) (b)
(CHg)l™ (R = Ph, Me) have indeed shown, that during this Fig. 1. Calculated atomic displacements fotrans[CI(PHs)4

vibration carbon atoms Land G are strongly displaced g 2c=c=c(CHy)(NMey)]* for the vibrations at (a) 1995 cm and (b)
from their equilibrium positions while the metal atomand C 1524 cm? (energies calculated after scaling).
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trans[Cl(dppmpRu-C=C-CsH4—NO»-4] [82] and aryl substituted real complexes steric hindrance between the
substituted allenylidene complexes on the other, which bulky phosphine co-ligands and the NMe-group point-
generally have the highest cumulenic charactetcE ing toward the metal centre induce some torsion of the
=1921cm! for trans[Cl(dppmpRu=C=C=C(CsH4ClI- NMez substituent out of the CIRufl plane. Moreover,
41%) [72]. IR-spectroscopy provides further evidence for a rotation induces a pyramidalization of the nitrogen atom
significant contribution of the iminium alkynyl type reso- and a lengthening of the C—N bond by about 9pm as the
nance formV in Plate 3 All aminoallenylidene complexes  organometallic-system and the nitrogen lone pair are
display an additional band of medium intensity at about electronically decouple{B4].

1550-1580 cm® which is absent in similar complexes

having other ER substituents. The position of this band 3.2. X-ray crystallography

correlates with the basicity of the parent amine and, like the

allenylidene band itself, shifts to lower energy as the donor From a structural viewpoint, a higher contribution
capacity of the NR unit decreases. It is thus found at ca. of alkynyl type resonance formsll and IV implies
1490 cn1! for the phenothiazine and iminostilbene deriva- longer Ru-G and G-C, as well as shorter &-Cy and
tives[34]. This is highly reminiscent of the related aminocar- C,—heteroatom bonds. Unfortunately, knowledge of the
bene complex [Cp(CO)(Pr3)Ru=C(NRR)-CH=CPh]™, structures of ruthenium allenylidene complexes is largely re-
which according to experimental and theoretical work is stricted to amino and aryl substituted derivatives. Only one
more adequately described in the azoniabutadienyl res-example of an alkoxy vinyl substituted congener has been
onance form [Cp(CO)({Pr3)RUCENRR)T—CH=CPhp] crystallized to date, while no experimental studies of SR or
[56]. This complex also has an IR absorption at 1550tm  SeR substituted complexes are knoWable 2provides an
which is ascribed to the €N double bond vibration. Sim-  overview of those ruthenium allenylidene complexes that
ilar observations have been reported for neutral aminocar-have been studied by X-ray crystallography to date. Only

bene complexes of chromium and tungsté83-85] complexes with coordinatively saturated ruthenium centers
DFT-calculations on the simplified BHmodel of our real are considered.
complexes fully agree with this viejt1]. As is depicted in A closer inspection of the data Fable 2reveals, that the

Fig. 1, the underlying vibration is not a simple=@ stretch, Ru—C bond of aminoallenylidene complexes (1.93-1.97 A)
but also involves a fair amount of angular distortions. The is consistently longer than that in aryl substituted deriva-
calculated energy of 1524 cth matches the experimental tives (1.83-1.92 A). There is also a tendency toward shorter
values well. C,—Cs and longer G—C, bonds with average values of
The presence of a partial=8l multiple bond also gives  1.225(5) and 1.403(9) A for the amino substituted systems
rise to a sizable energy barrier for CN rotation. ThE&, as compared to 1.254(8) and 1.349(13) A in the aryl substi-
isomeric mixtures ofrans[Cl(dppmpRu=C=C=C(NRR) tuted ones (only those data, where the standard deviations
(CH3)]™ are formed when secondary amines with two are equal or less to 1% of the bond lengths were consid-
different substituents are employed in the trapping of bu- ered, values in brackets represent the variance of the average
tatrienylidene intermediatesS¢heme % In the case of  value). Partial or total substitution of aryl versus alkyl sub-
trans-E/Z-[Cl(dppmpRU=C=C=C(N!BuMe)(CHs)] ", the stituents seems to have only a small effect, although there are
separate singlets for tieand theZ isomer in the’lP NMR only relatively few data available for alkyl substituted con-
spectrum were seen to coalescd at 398 K. This allowed geners. The X-ray structures of amino substituted allenyli-
us to derive energy barriers of 86.4 for tke— Z and of dene complexes provide further evidence for a significant, or
84.1kJ/mol for theZ — E isomerizationg34]. These en- even dominating, contribution of the iminium alkynyl type
ergy barriers compare well to those observed for donor sub-resonance form, as has already been discussed in previous
stituted iminium salts like MgN(EMe)C=NMe,* (E = O, sections. Most notable are the invariably planar coordination
S) [86]. Quantum chemical calculations on the issue of the of the nitrogen atom in all of the structures and a signifi-
C=NRR rotation were performed on the modified model cant shortening of the &N bond by some 14—-16 pm when
complex  trans[Cl(dhpm)Ru=C=C=C(NMey)(CHz3)]* compared to the NR and the NBonds.
(dhpm = H2PCH,PHy). This model retains the angular Amino substituted derivatives on one hand and aryl or
distortions of the coordination environment of the metal alkyl substituted ones on the other represent the extremes
imposed by the four membered diphosphine chelate while within the series of allenylidene complexes, while deriva-
lacking the steric repulsion due to the phenyl substituents. tives with different heteroatomic substituents like OR, SR
They revealed that the observed barrier is electronic ratheror SeR are at an intermediate position along a contin-
than steric in origin. The energy difference between the uum between the more alkynyl and the more cumulenic
optimized structures for a parallel and an orthogonal ori- C3R(ER,) ligands. One should, however, bear in mind
entation of the NR entity with respect to the allenylidene that significant contributions of the alkynyl type resonance
w-system amounts to 109 kJ/mol. This is in good qualitative forms are to be discussed even for all carbon substituted
agreement with the experimental value for the 1BNMe derivatives[101]. In lieu of structural data for allenylidene
derivative, especially when considering that in the dppm complexes trans[CI(L2),Ru=C=C=C(ER,)(R)]" with



Table 2

X-ray structure data for ruthenium allenylidene complexes: bond lengths

{Ru} R ERR’ RUCy CaCp CpCy CyE R ER ER’ Ref.
{CIRu(dppmj}* 1-Butenyl NMe 1.950(4) 1.218(6) 1.418(8) 1.244(8) 1.499(7) 1.505(7) 1.495(6) [30]
{CIRu(dppe}}* 1-Butenyl NMe 1.934(8) 1.232(13)  1.393(13) 1.320(12) 1.544(18)  1.460(11)  1.466(13)0]
{CIRu(dppmj}* Me NBzM¢€ 1.944(6) 1.223(9) 1.397(9) 1.290(10)  1.524(12) 1.430(12)  1.510(9)[34]
{CIRu(dppm}}+ CHy-2-Me-thienyl NMe 1.942(9) 1.228(11)  1.405(12) 1.309(12) 1.508(14)  1.456(13)  1.477(11B6]
{CpRu(PPh),}*2 Me NPh 1.94(1) 1.22(2) 1.36(2) 1.33(2) 1.50(2) - - [27]
1.97(1) 1.18(2) 1.41(2) 1.34(2) 1.50(2) - -
{IndRu(PPg),}*P CH=CMe-CMe=CPh NEt, 1.946(4) 1.229(5) 1.390(5) 1.319(5) 1.500(5) - - [87]
cis-RuChnps® CH=CPh, OMe 1.921(5) 1.257(4) 1.369(7) 1.332(8) 1.443(8) 1.435(11) - [88]
{CpRu(PPB)2}* Me 1-Methyl-pyrrol-2-yl ~ 1.92(1) 1.24(2) 1.37(2) 1.40(2) 1.49(1) - - [27]
{CpRu(PMe),}* Ph Ph 1.884(5) 1.255(8) 1.329(9) 1.462(9) 1.511(8) - - [51]
{Cp*Ru(PEg)2} " Ph Ph 1.876(5) 1.245(7) 1.352(8) 1.463(7) 1.493(8) - - [89]
{MesIndRu(CO)-(PPg)}*d Ph Ph 1.92(1) 1.26(1) 1.35(2) 1.47(2) 1.48(2) - - [90]
{IndRu(PPR),} P Ph Ph 1.878(5) 1.260(7) 1.353(7) 1.469(9) 1.475(8) - - [8]
{tripodRRu}*® Ph Ph 1.892 1.270(8) 1.358(8) - - - - [91]
{(p-Cymen)Ru-(PPHCI}* Ph Ph 1.894(3) 1.253(5) 1.361(5) - - - - [92]
{(CeH5C2H4-PPR)RUCI} Ph Ph 1.903(4) 1.244(5) 1.364(5) - - - - [92]
{TpRu(PPh),} Ph Ph 1.889(3) 1.248(4) 1.357(4) 1.477(3) 1.481(3) - - [93]
{TpRu(dppfy*f-9 Ph Ph 1.88(4) 1.26(5) 1.32(5) 1.46(5) 1.52(5) - - [34]
{cis-RuCI-(FProMe)}*+" Ph Ph 1.829(6) 1.259(9) 1.352(9) 1.484(8) 1.466(8) - - [94]
RUCh(k!-P~0)-(k2-P~O) Ph Ph 1.84(1) 1.27(2) 1.34(2) 1.45(2) 1.47(2) - - [58]
{RUCh(k?-P'~O)-(k%-P~0)]}*]  Ph Ph 1.840(3) 1.273(4) 1.357(4) - - [95]
Cl,Ru(CO)(SbPr3), Ph Ph 1.88(2) 1.24(2) 1.34(2) - - - - [96]
{CIRu(dppm}}*+ 3-Phenylinden-1-yliden 1.85(2) 1.29(3) 1.39(3) 1.43(4) 1.41(3) - - [15]
{CIRu(dppm}}+ Me Ph 1.894(4y  1.257(6) 1.346(6) 1.469(6) 1.508(6) [5]
1.886(6Y 1.267(8) 1.364(8) 1.470(8) 1.515(8)
{Cp*Ru(dippe}* Me Ph 1.884(5) 1.257(6) 1.338(7) 1.460(6) 1.510(7) - - [97]
{CIRu(dppm)}+2 H Ph 1.886(10)  1.254(14)  1.34(2) 1.42(2) - - - [98]
1.874(11)  1.239(14)  1.36(2) 1.46(2) - - -
{Cp*Ru(dippe} ¥ H Ph 1.865(8) 1.249(10)  1.320(12)  1.452(14) - - - [99]
{IndRu(PPh)2}* 4-Spirocyclohexan-bicyclo- 1.889(5) 1.256(7) 1.339(7) - - - - [100]

[3.3.1]-non-2-en-9-yliden

a Two independent molecules in the unit cell.

b Ind = m>-Indenyl, n°-CgH>.
¢ npz = N(CH,CH,PPh)s.

d MesInd = °-1,2,3-Trimethylindenylm3-CoHsMes.
€ tripodP, = H3CC>-CsHa)(CHa-n1-PPh)s.

f Tp = Hydridotris(pyrazolyl)borate.

9 dppf = 1,7-bis(diphenylphosphino)ferrocene.

" PPrOMe = 'Pr,PGH,0Me.
I P~O = Pr,PGH4C(O)OMe.

I P~0 = Cy,PGH40Me.
k dippe = ‘Pr,PGH4P Pr,.
! Bz = Benzyl.

M ShRs~ salt measured at 298 K.

" PR~ salt measured at 173K.

€8ST-G9GT (£002) 8772 smalnay AnsiwayD uoreulpiood /SIE *S Y8IU 4
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Table 3 20000 NMe, SePh
Structural parameters of allenylidene complexesns[CI(PH3)sRuG ¢ [mol™cm™] A
{E(CHs)n}(CH3)]* as calculated by DFT methods

E(CHs)./bond N(CHy), OCH;  SCHy  SeCH  CHs 15000

Ru—Cl 2.470 2.460 2.512 2.513 2.461

Ru-P 2.349 2.357 2.422 2.425 2.370 10000

Ru-Gy 1.957 1.936 1.937 1.929 1.921 f |
Ca—Cg 1.256 1.261 1.263 1.269 1.268 | \
Cg—Cy 1.379 1.360 1.359 1.356 1.348 il \ ‘
Cy—-C(Chp) 1.504 1.499 1.503 1.507 1.498 \/
Cy-E 1.347 (N) 1.338 (O) 1.738 (S) 1.904 (Se) 1.498 (C)
E-C 1.468 1.450 1.887 1.996 -

350 400 450 500 550 600 650 700 750 800 850
other heteroatom substituents, we have undertaken quan- o

tum mechanical studies on permethylated model complexes’'9: 2 Optical absorption spectra of the allenylidene complaass

(R = R’ = Me) with four PH instead of two diphosphine [Lﬂf\ipop?fnzi;iﬁiga)(C“H7)] in CHoCl (insert: HOMO —
ligands. Relevant bond lengths for the optimized structures '

are provided inTable 3 Calculated parameters for the

amino and methyl substituted congeners agree favourablyconcentrated on thfCIRu} entity, which contributes about
to the experimental ones with a slightly long-42; and 80% of the total electron density. The LUMO, on the other
short G—C, bond. Substitution of the NRby the OR, hand, is delocalized over the allenylidene ligand with only
SR or SeR moiety leads to a successive lengthening of theminor contributions of the metal and the chloride ligand.
C.—Cg and shortening of the RuzCand the G—C, bond, A graphical display of the crucial frontier orbitals of the
which indicates an increasing cumulenic character of the trans[CI(PHz)4RUFC=C=C{(N(CH3)2}(CHz)]"  model
allenylidene ligand. This systematic trend retraces the shift complex is given aig. 3 and may serve to illustrate this
of the allenylidene band observed in IR spectroscopy. One point. Both transitions thus involve a fair amount of charge
notes, however, that the changes in C—C bond lengths upon
substitution are quite small. They may well be outside the
accuracy that can be achieved with X-ray crystallography,
especially when considering, that the bond lengths within
the unsaturated carbon chain usually suffer from rather
large standard deviations. Experimentally determined struc-
tural parameters, albeit highly desirable, may thus be less
useful than the spectroscopic fingerprints for a meaningful
discussion of the bonding in these allenylidene complexes.

LUMO

3.3. Optical spectroscopy

An immediately apparent property of the allenylidene
complexes is their highly intense coloration ranging from
yellow green for amino and alkyl to intense green for thio,
orange brown for seleno and violet to purple for aryl sub-
stituted derivativesFig. 2 displays the typical absorption
spectra for a prototypical amino and a seleno substituted
derivative. Nonwithstanding the shift of the respective ab-
sorption bands, all spectra exhibit an identical pattern of
a highly intense absorption band near 400-480nm and a
much weaker, lower energy band near 600-700 nm. These
bands have been assigned as arising from the HOM®-1
LUMO and the HOMO — LUMO transitions. The
HOMO — LUMO transition is symmetry forbidden, which
explains the low intensity of the corresponding absorption
band, while the excitation from the lower lying HOMO-1
level is symmetry allowed11]. Independent of the re-
spective ER substituent (ER = CHz, NMe,, OMe, SMe, Fig. 3. Graphical representations of the frontier orbitaltafs[CI(PHz)4
SeMe) [5], both occupied frontier levels are very much Ru=C=C=C{N(CHz).}(CHs)]*.

HOMO
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Table 4

Experimentally determined absorption energies for allenylidene comptexes[Cl(dppm)Ru=C=C=C(ER,)(R)]™

Band ER/R ER,/R ER,/R ER,/R ER,/R
N(CHjz)2/CHs SMe/GH7 SeGHs5/C4H7 Me/Me Ph/Ph

HOMO — LUMO (eV) 1.93 1.78 1.82 1.71 1.50

HOMO-1 — LUMO (eV) 3.17 2.61 2.53 2.99 2.43

B a” m, *+Ru (d)

LUMO ——
—————— —— 3 Ru@)+Cl+n
oo — e a,} u(d) L
HOMO-1 ——"
R CH; SeCH, SCH; OCH! N(CH‘)I

Fig. 4. Relative energies of the DFT calculated frontier levels for differently substituted allenylidene comesd€I(PHs)4RU=C=C=C(ER,)(CHz)] .

transfer from the{CIRu} entity to the organic acceptor lig-  systematic trend to a preferential lowering of the LUMO or-
and despite an only small negative solvatochromism of ca bital within the series N(Ck)2 > OCH; > SCH; ~ SeCh
600cnt! for the HOMO-1— LUMO and 75-200 cm? > Me > Ph.Fig. 4displays the relative energies of the crucial
for the HOMO — LUMO bands for solutions in C§Cl, frontier orbitals as a function of the ERubstituent while the
and CHCN. Experimental evidence for the character of energies and compositions of these orbitals are provided in
these bands comes from Resonance Raman spectroscopy ofable 5 It is worth noting that the calculated energies repro-
alkylthio and aryl substituted complexes. In this technique, duce the peculiar optical properties of the dimethyl substi-
only those vibrational modes that are directly influenced tuted complexrans[Cl(dppmpRU=C=C=C(CHgz)2]*. This
by the corresponding electronic transition are resonantly species exhibits a red-shift of the HOMG LUMO band
enhanced102]. In every instance there are prominent Ra- when compared to the SeR and SR substituted congeners
man bands arising from the=C=C stretch and the Ru-Cl but a HOMO-1— LUMO band in the same energy range
stretch near 320 cmt [103]. as is observed for amino substituted derivatives. This points
Absorption energies for complexéns[Cl(dppm)Ru to a rather large energy gap between the HOMO and the
=C=C=C(ER,)(R)]™ are collected irmable 4 A decreasing HOMO-1 levels in good agreement with the calculated or-
donor ability of the ER group induces a bathochromic shift  bital energies.
of both absorption bands. Our DFT calculations and electro- A property which is unique for the amino substituted com-
chemical measurements (vide infa) agree in attributing this plexes is the presence of another weak band appearing as a

Table 5
Calculated electron energies and compositions of the frontier orbitals for model compémeCI(PH3)sRUG {E(CHs), }(CHs)] ™ (per cent contributions
according to Mulliken population analysis)

E(CHz), MO E (eV) Dominating charactér Ru (o} Cy C3 E Cl
N(CHj3)2 LUMO -5.90 7™ (ER,) + dru 10(d) 27 2 34 18 1
HOMO —-7.85 Ru+ Cl + w* (ER,) 35(d) 1 14 1 0 44
HOMO-1 —8.06 Ru+ ClI + (PHg)a 23(d) 0 6 2 5 57
O(CHs) LUMO —6.38 7 (ER,) + dru 12(d) 29 2 37 14 2
HOMO -8.15 Ru+ Cl + 7* (ER,) 36(d) 2 16 1 1 41
HOMO-1 —8.46 Ru+ ClI + (PHg)s 19(d) 0 5 4 5 62
S(CHg) LUMO —-6.57 7 (ER,) + dru 12(d) 25 3 36 18 2
HOMO -8.12 Ru+ Cl + 7* (ER,) 37(d) 2 16 1 1 37
HOMO-1 —8.40 Ru+ ClI + (PHg)s 21(d) 0 6 3 12 54
Se(CH) LUMO —6.59 7™ (ER,) + dru 13(d) 26 3 35 17 2
HOMO -8.13 Ru+ Cl + 7* (ER,) 38(d) 3 17 - 2 35
HOMO-1 —-8.41 Ru+ ClI + (PHg)a 20(d) 0 7 2 20 46
CHs LUMO —6.85 7 (ER,) + dru 15(d) 31 2 36 7 2
HOMO —8.26 Ru+ Cl + 7* (ER,) 37(d) 5 19 1 2 32
HOMO-1 —8.80 Ru+ ClI + (PHg)s 15(d) 2 2 5 1 69

a8 * (ER,) denotes an antibonding orbital of the GC=C(ER,)(R’) ligand.
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shoulder on the low energy side of the intense HOMGS-1 Table 6

LUMO absorption. Based on the results of time-dependent Experimental and calculatédC NMR shifts for the carbon atoms of the
. . . — = /\1+

(TD) DFT calculations, this feature has been attributed to 2'en!idene ligand irtrans{Cl(dppmpR=C=C=C(ER,)R)]

the spin-forbidden singlet-to-triplet (S> T) HOMO-1 — ER, 8(Ca) (ppm)  8(Cg) (PPm)  3(Cy) (ppm)
LUMO transition. Population of the excited triplet state iS gyperimental  NR 202-213 119-125 152-157
thus quite efficient for these systems. Since thermal deac- OR? 253 150 156
tivation to the lowest triplet state is slow, this leads to the SR 283-286 170-172 168-171
rather unusual observation of a long-lived emission from an SeR 297-305 180-185 169-181
excited triplet state with a half-life of up to 175 at 77K. AllkyUAryl - 310-325  200-205  163-173
Irradiation into the HOMO— LUMO band gives rise to ~ Calculate  N(CHz), 224 111 138
another emission at considerably lower energies, this time (S)S:E ;‘7‘; iig igg
from the lowest triplet statf103]. SeChH 289 150 183
Optical spectra of the aryl substituted allenylidene deriva- CHs 318 172 179

EZT;Z Itrsg:gglgpsgrf)ﬁfgz 0Cn n?(;hl\)ﬂ(g)gr ?ig!aégd;r:d re:[fg]r. trans{Cl(dppm)RUFC=C=C(OMe)(CHFCPI)] " according to

339 nm (R= Ph). Similar, but significantly more intense ab- b Calculated values for R= Me.

sorptions are also observed for aryl substituted carbocations

as is exemplified by PAME' (Amax = 390 and 326nm) the identity of the ER moiety. Thus, the chemical shifts
and PhMeCt (Amax = 422 and 312 nm})104]. This close for the metal bonded LCcover a range of about 100 ppm
correspondence may be another indication for the retainingwhen comparing amino and aryl or alkyl substituted con-
of some alkynyl character within the allenylidene ligand. geners, which again occupy diametral positions within this
Some fraction of the positive charge would then remain on series. The shift range for the internal carbon atogni€

the terminal G(Ph)(R) moiety as is expressed by the reso- somewhat smaller (about 80 ppm), whereas the resonance

nance fromdl1l andlV in Plate 1 signals for G are within a range of just 30 ppm. The same
observations hold for Touchard’s arene half-sandwich com-
3.4. 13C NMR spectroscopy plexes [6-CsMes)(L)CIRU=C=C=C(ER,)(CH=CPh)]*

(L = PMe3, PMePh, ER, = NRy, OR, aryl)[12-15] and

Besides the IR and optical properties, the substituents Tamm’s allenylidene complexes [Cp(P#Ru=C=C=C
attached to carbon atom,Calso have a strong bearing (chf®)]* having substituted cycloheptatrienyl substituents
on the 13C NMR spectra of the allenylidene complexes. [71]. This is in sharp contrast to organic allenes, where
Assignment of the resonance signals to individual posi- substitution mainly effects th&3C resonance shift at the
tions along the carbon chain rests on the P-C coupling actual substitution sitf67,105]
constants which are thought to continuously diminish with  The in part extreme low-field shifts of these signals are
increasing spatial separatioRJp—c ~ 14Hz, 3Jpc ~ dominated by the paramagnetic shift term which in turn de-
1.9Hz, 4Jpc ~ 1.1Hz) [27]. In the case of complexes pends on the wave functions of the ground and the excited
trans[Cl(dppm)Ru=C=C=C(Aryl)(H)]* containing sec- states, such that spatially remote atoms may significantly
ondary allenylidene ligands, the sequeid(€,) > §(Cg) > contribute to the shift of an individual nucleus. Moreover,
5(C,) was unambiguously established by virtue of the the paramagnetic shift contribution is inversely proportional
"Jc-n1 coupling constants and was found to match that to the energy gap between the occupied and empty frontier
derived from the" Jp— pattern[72]. Moreover, the order  levels[106]. There isindeed a close correspondence between
8(Cy) > 8(C,) > 8(Cp) derived for amino substituted al-  the shift of the allenylidene carbon atoms and the energies
lenylidene ruthenium complexes based on P-C coupling of the HOMO— LUMO and the HOMO-1— LUMO tran-
constantg§11,27,34]fully agrees with that derived for sim-  sition energies derived from optical spectroscopy, and we
ilar neutral complexes of pentacarbonyl tungsten based onwill come back to this point in a later section.
the " Jw—c couplings[16,17] Table 6lists the character- All carbon substituted allenylidene complexes may well
istic shift ranges for individual carbon atoms along the be compared to related carbocations CRC-CtR?R3
unsaturated ligand for differently substituted derivatives (R, R2, R® = Ph, Me). In these latter systems, a shift of
trans[Cl(dppm)pRUI=C=C=C(ER,)(R)]T and compares the resonance signals for the outer carbon atoms to lower
them to calculated values for the PKubstituted models.  field is taken as evidence for a higher contribution of the
We note a good overall agreement between the experimen-cumulenic resonance form !BRt=C=CR’R3 [107-110]
tal and calculated values. Even though individual values A comparison of the data for allenylidene complexes
may be off by some 10-30 ppm, the trends are correctly trans[Cl(dppm)»RU=C=C=C(R)(R)]* (R = Ph, R = Me,
reproduced. Ph or R=R = Me) to their fully organic counterparts

The experimental data reveal a somewhat paradoxicalindicates a drastic deshielding for carbon atoms a@d
behaviour: the closer the carbon atom is to the actual sub-Cg and a concomitant shielding of,CThis indicates a
stitution site, the lesser its chemical shift is influenced by dominant contribution of the cumulenic resonance form for
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Table 7
. ER, = Ph Redox potentials for differently substituted allenylidene complexes
trans-[Cl(dppm)RWC=C=C(ER,)(R)]" (data in CHCl,/NBusPFs)
ER, R E9S, (V) EES (V)
ER, = SMe NMe; Alky! +0.57 to+0.64  —2.09 to—2.18
= SR Alkyl +0.85 t0+0.89 —1.36 to—1.38

SeR Alkyl +0.89 t040.93 —1.34 t0—-1.36

ER, = NMe, 1-Methylpyrrol-2-yl Ch +0.66 —-1.33

— Ph Me +0.96 -1.13
Ph Ph +0.99 —1.035,-2.14

is immediately apparent, that the ERoiety influences the

Lo 0500 05 -0 S 20 reduction potential much stronger than that of the oxidation.
EV These alterations mirror the energy changes of the frontier
Fig. 5. Cyclic voltammograms of complexesans[Cl(dppmyRu= orbitals upon substitution (sd€g. 4) and fully agree with
C=C=C(ER,)(alkyl)] T in CHyClo/NBusPF;; ER, =Ph, SMe: v = the above reasoning.

0.1V/s, T=298K, ER, = NMez: v =1.0V/s, T=195K.

3.6. Spectroscopic and electrochemical data in correlation
aryl substituted allenylidene complexes whereas the corre-

sponding carbocations are much better represented by their Knowing the oxidation and the reduction potentials gives

propargylic resonance forms. direct access to the energy differenc&el = E9%,— EFS as
an approximate measure for the energy difference between
3.5. Electrochemical investigations the frontier orbitals. Since similar information is available

from optical spectroscopy, one would expect to see a close

Electrochemically determined half-wave potentials pro- correspondence between the optically and the electrochem-
vide an alternative source of information on the energies of ically derived energy gapgsWe indeed observe a good lin-
the frontier orbitals. Here, one assumes that reduction po-ear correlation between the two data sets. TiRdsyalues
tentials reflect the LUMO energies and oxidation potentials of 0.95 are obtained, when the HOMO-4 LUMO or the
those of the HOMO orbitals. Such reasoning, however, re- HOMO — LUMO transition energies are plotted against
quires that the sequence of the frontier orbitals remains un- AEg (see Supplementary Materials of the supporting infor-
altered upon the electron transfer process and assumes thmation). As has been mentioned before, the energy differ-
validity of Koopmann’s theorem. This is not always jus- ence of the frontier orbitals and tA8C NMR shifts of the
tified and there is a growing number of instances, where carbon atoms of the unsaturated ligand should be directly
Koopmann’s theorem has been recognized to be a ratherrelated via the paramagnetic shift term, assuming that other
poor approximation in transition metal chemisfiyl1,112] influences like the p-character of the relevant orbitals and
Any meaningful discussion requires thermodynamically de- their symmetry properties remain constant within this series
fined half-wave potentials and this in turn necessitates, thatof complexes. In fact, close linear relations are obtained for
the electrochemical processes under study are chemicallyC, and G (R? ca. 0.96), when thé3C NMR parameters
and electrochemically reversible, at least on the time-scaleare plotted againskEe or the energies of the optical transi-

of the electrochemical experiment. tions. Owing to the small sensitivity of the chemical shift of
With the exception of the dimethyl substituted derivative the carbon atom £to the nature of the attached substituent,
trans[Cl(dppm),RU=C=C=C(CHz),]™, all of our allenyli- poorer correlations are observed for this carbon atom. The

dene complexes comply to these requirements, even thougltorrelation to the absorption energies of the HOMG>1

it was sometimes necessary to resort to low temperaturesLUMO transition, as is exemplified big. 6, illustrates this

down to —78°C and higher sweep rates in order to slow point. Plots for the other parameters are provided as Sup-

chemical follow steps to a degree that allowed us to observeplementary Materials.

an associated counter peak in cyclic voltammetry experi- We have already discussed that a bathochromic shift of the

ments[11,32,34] The voltammetric traces of some repre- optical absorption bands, and, likewise, a lower splitting of

sentative complexes that differ in just the EBubstituent  the redox potentials, parallels an increasing cumulenic char-

are compared ifrig. 5 while typical ranges of redox poten-  acter of the allenylidene ligand. One would therefore also

tials for each ER group are given imable 7 expect to see a correlation between any of these parameters
All of the complexes under study display two more or

less reversible features: An anodic oxidation and a cathodic™, _ , . .

. . . Of course, standard potentials derived from electroanalytical solution
reduction. As the NBmc_)IEty IS replaged b_y SR, SeRor aryl experiments give energy differences between oxidized and reduced forms,
groups, there is a continuous anodic shift of the half-wave sych that other effects like changes in solvation energies or electrostatic
potentials of both these processes. From the dakalife 7it effects from ion pairing also play an important role.
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Fig. 7. Plot of optical transition energies versus the frequency of the CCC stretch of the allenylidene ligand. Upper trace: HOMIMD transition,
lower trace: HOMO— LUMO transition.

and the energy of the CCC valence stretch. This is indeedcomplexes with a wider spectrum of different substituents

the case. Thus, plots afEej, Eogp (HOMO-1 — LUMO), attached to the allenylidene ligand and different metal/ligand

Eop (HOMO — LUMO), and of §(*3C) parameters against ~combinations are investigated.

the energy of the CCC stretch give good linear correlations

in most casegkig. 7 provides one such example while other 3.7. The influence of the metal entity

correlations are provided in the Supporting Material (Sup-

plementary Materials). As is expected of a highly delocalized organometal-
The important implication of such correlations is, that lic w-system, the metal entity should also imprint its

each of the electrochemical or spectroscopic parametersmark on the properties of the allenylidene complexes. For

may be taken by itself as a manifestation of the bonding monocationic complexes, a higher electron density at the

within these systems, i.e. for the assessment of the alkynylmetal should lead to a higher contribution of the cumu-

versus the cumulenic character. We are therefore able tolenic resonance form, where the positive charge resides

give reliable estimates for any of these parameters for anyat the metal. An experimental verification is provided by

{Cl(dppm}Ru} derived allenylidene complex, if only one the series of the dimethylallylamine derived complexes

of them has been experimentally determined. This is an trans[Cl(L2),RUFC=C=C(NMey)(C4H7)]" where Ly is

essential for a rational fine-tuning of any property of such 1,2-PhPGH4PPh (dppe), PBPCHPPh (dppm) or

allenylidene complexes, e.g. generating a complex with an Et,PGH4PEb (depe)[113].2 The systematic trends within

optical absorption in a specific energy range. It is quite

evident, that similar correlations should exist for any other

families of differently subsituted allenylidene complexes differ by enforcing substantially different PRuP angles at the metal. This

P'e”Ved from a certain metal ent't{/{-"M} _and we ant|g— renders the dppm ligand seemingly more electron rich than the dppe
ipate to see more of those, as other series of allenylidenejigand.

3 Despite having identical substituents, the dppm and dppe ligands
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this series of complexes fully adhere to these assumptions.(n>-CsHs)), which was formed upon trappingans[ClI
We thus find a pronounced bathochromic shift of flec (dppmpRUFC=C=C=CHy]* with (dimethylaminomethyl)
and HOMO-1— LUMO band as well as a low-field shift ferrocene $cheme B Oxidation of the ferrocenyl moiety
of §(C,) as the electron density at the metal increases in caused a slight red-shift of the intense charge transfer band
the order dppe< dppm < depe[11]. A notable exception  inthe visible region. A shift of the allenylidene IR band was,
is the insensitivity of the shift of carbon atomz Go the however, not observed and thus amounts to no more than
diphosphine co-ligands. This probably arises from the fact some 2—-3 wavenumbe[31]. Given the large spatial sepa-
that carbon atom g has only negligible contributions to  ration between the terminal carbon atom of the allenylidene
the metal dominated occupied frontier levels. Another inter- ligand and the ferrocenyl entity and the insulating charac-
esting observation is, that the oxidation potentials of these ter of the ethylene spacer, this result was not unexpected.
complexes strongly depend on the identity of the ligand In trans[Cl(dppm)Ru=C=C=C(SeFc)(GH4CH=CH>)]™",
L, while the reduction potentials remain identical across the redox active ferrocenyl substituent is directly attached
this series. We view this as another indication of the small to the allenylidene ligand. Oxidation of the ferrocenylse-
contribution of the metal to the LUMO orbital. lenyl group causes a red shift of the allenylidene IR band
Substitution of the{CIRu(Ly),} entity by another, more by 10cnt?! [35]. This is in full agreement with what one
electron rich one therefore has the same overall effect as ex-would expect of the replacement of a substituent, BRR a
changing the substituent at carbon atopb§ a weaker elec-  weaker donor.
tron donor. This further underlines the pronounced push—pull  The next step was then to link a ferrocenyl substituent
characteristics of these complexes and highlights the aspectirectly to the terminal carbon atom of the allenylidene

of electronic interactions across the unsaturated ligand. ligand. Our efforts along these lines have so far not been
successful within thetrans{Cl(L2)2Ru} series. It was,

3.8. Allenylidene complexes having electroactive however, easily accomplished fdTpL,Ru} based com-

substituents and ligands plexes containing the hydridotris(pyrazolyl)borate (Tp)

ligand [61,93] following the now-classical Selegue route

The attachment of electroactive substituents or ligands to[51]. These complexes offer the additional advantage of
the metallabutatriene chromophore provides an alternativeallowing for the introduction of a redox active dppf (dppf
to influencing the bonding in allenylidene complexes other = 1,1'-bis(diphenylphosphino)ferrocene) ligand and thus
than substituting the ERmoiety at carbon atom Cor re- to probe for the effect of decreasing the electron density at
placing the diphosphine ligands. Such modification allows the metal. We have prepared and studied all of the three
to probe for the effect of varying the electron density at possible combinations of ferrocene containing complexes
each of these sites within the same basic system without[TpL,Ru=C=C=C(Ph)(R)I" (R = Fc, L, = 2 PPh, dppf;
the need for further substitution. The construction of such R = Ph, Lo = dppf) with either a ferrocenyl substituent
systems requires that these secondary electroactive groupattached to the terminal carbon atom of the allenylidene
are reversibly oxidized (reduced) at less anodic (cathodic) ligand or the redox active dppf-chelate bonded to the metal
potentials than the parent allenylidene complexes them-or both[115].
selves. Given their essentially Nernstian redox-behaviour, As the ferrocenyl substituent in [Tp(PPHBRU~C=C=C
ferrocene derivatives ideally suit that purpose. Moreover, (Ph)(Fc)I™ is oxidized, the allenylidene band shifts by
the rich chemistry of ferrocenes offers many opportunities 20 cni! to lower energy Fig. 89. This shift is twice that
to attach them to any specific position within the metal- observed for the ferrocenylselenyl substituted complex dis-
labutatriene chromophore and thus to probe, how electroniccussed above and shows, how the magnitude of this effect
ligand or substituent effects are propagated across the enincreases with conjugation within the chromophore. In
tire system. Ferrocenyl containing allenylidene complexes [Tp(dppf)RUFC=C=CPh]™*, oxidation of the dppf ligand
such as [°-CsMeg)Cl(PMe3)Ru=C=C=C(Ph)(Fc)}" [53] has the opposite effect of inducing an average shift of the
and [Tp(dppf)R&EC=C=CPtp]* [93] had been reported allenylidene ligand by 15cm to higher energyRig. 8b).
before, but none of these studies utilized their potential as The most likely explanation for the splitting of the orig-
to visualizing the spectroscopic changes brought about byinal single band into two neighbouring absorptions is a
ferrocene oxidation. In order to monitor the spectroscopic Fermi-type coupling, possibly with aC-C(Ph) mode. IR
changes concomitant with oxidation of these secondary spectroelectrochemistry provided us also with a means to
redox tags, we have utilized spectroelectrochemical tech-assign the two closely spaced redox waves observed in the
nigues. In this approach, the species of interest is generategotential range typical of ferrocene based redox processes
inside a thin-layer electrolysis cell as was described by for [Tp(dppf)RUFC=C=C(Ph)(Fc)f" to the individual redox
Hartl and co-workerg114]. Spectra are recorded while events. Upon the first oxidation, there is a red shift of the al-
the potential is held at an appropriate value or while very lenylidene band by 20 cmt accompanied by some distinct
slowly scanning the respective voltammetric wave. loss of molar absorptivity as is only compatible with the

A first complex with this general design isans[Cl oxidation of the allenylidene bound ferrocenyl substituent.
(dppmpRUFC=C=C(NMey)(CoH4Fc)]t (Fc= (n°-CsH4)Fe The second oxidation, now at the dppf site, has exactly the
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a highly intense ferrocenyl-to-allenylidene charge trans-
fer band peaking at 710-720nm. This band bleaches
out when the ferrocenyl substituent is oxidized. It was
found, that this happens during the first oxidation of
[Tp(dppf)RIEC=C=C(Ph)(Fc)I" in complete agreement
with the results from IR-spectroelectrochemistry.

As an interesting observation at the side, we have
found, that the unsymmetrically substituted complexes
[TpL2RU=C=C=C(Ph)(Fc)i~ provide the first examples
of allenylidene complexes that display a hindered rota-
tion of the allenylidene ligand around the Ru bond.
[Tp(PPh),RUI=C=C=C(Ph)(Fc)i" exists as a mixture of
two isomers in a 4:1 ratio. Each isomer gives rise to a
sharp singlet in thé'P NMR spectrum which is indicative
of a vertical alignment of the allenylidene plane where the
CRR unit is parallel to the complex cation’s molecular
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Fig. 8. (a). IR-Spectroscopic changes upon oxidation of the ferrocenyl sub-
stituent in [Tp(PPh)2Ru=C=C=C(Fc)(Ph)I" (Tp = tris(pyrazolyl)borate,
Fc = ferrocenyl). (b) IR-Spectroscopic changes upon oxidation of the
dppf-ligand in [Tp(dppf)REC=C=CPh]* (Tp = tris(pyrazolyl)borate,

mirror plane. These isomers differ in which substituent,
phenyl or ferrocenyl, points towards the Tp and the £Ph
ligands Plate 5. Up to 388 K where the compound started
to decompose, no signs of coalescence were observed such
that the energy barrier to rotation of the allenylidene lig-
and around the ReC bond must be quite substantial. The

dppf substituted congener displays just one singlet in its
room temperaturé’P NMR spectrum. Upon cooling, this
signal splits into a well-resolved AB quartet. This points

opposite effect and shifts the allenylidene band back to its t0 @ horizontal alignment of the allenylidene ligand in the
original position in the starting monocation. The relative ground state, possibly because of a steric hindrance be-
intensity changes, i.e. an intensity decrease upon decreastween the allenylidene substituents and the dppf backbone
ing the electron density at the allenylidene ligand but an (Plate §. At the coalescence temperature of 238K, the en-
intensity increase upon reducing the electron density at the€rgy barrier amounts to 47 kJ/mol and is thus significantly
metal has been interpreted as arising from the differenceslower as in the PPhsubstituted congener. A possible ex-
in dipole moment change during the underlying@=C planation takes into account the different orientations of the
vibration. In the monocationic starting compounds, the pos- allenylidene ligand in these two complexes. As it has been
itive charge largely resides on tH&p(L2)Ru} entity. As noted before, the vertical orientation is the lower energy
the electron density at this site further diminishes, the CCC Minimum with respect to the horizontal oif€16,117] In
stretch leads to an even larger charge separation and hencEP(dpp)RWFC=C=C(Ph)(Fc)I this orientation can not be
a more intense IR absorption_ The opposite is true, when achieved such that a.”eny”dene rotation involves an ener-
ferrocenyl oxidation at the C terminus of the allenylidene getically less favourable ground state structure and hence a
complex generates another positive charge at the oppositdOWer energy barrier.
end of the metallabutatriene chromophore.

The sequence of redox events in [Tp(dppfReC=C
(Ph)(Fc)I" was also confirmed by a combination of elec- 4. Summary and conclusions
trolysis and optical spectroscopy. In contrast to their all
phenyl substituted counterparts, the ferrocenyl phenyl sub-
stituted complexes [Tp@)RU=C=C=C(Ph)(Fc)i" exhibit

dppf = 1,1'-bis(diphenylphosphino)ferrocene).

Cumulenylidene complexes{Ru}=C,=CRR]™ having
an extended unsaturated ligand are easily transformed into
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a wide variety of allenylidene complexe$Ru}=C=C=C firmed the experimental findings but also added considerably
(ER,)(R)] {Ru} = CpRu(PPBh)2, trans-{Cl(dppm}Ru}, to our understanding of the bonding within these systems.
{(n%-arene)RuCI(PR)}). The two principle synthetical  Of special relevance is, that the CCC stretch has been identi-
pathways are the regioselective nucleophilic addition of fied as to almost exclusively involve thg G bond, and this
protic nucleophiles to the &C; bond 6 =3, 4) and a provides a rational for correlating its energy to the character
reaction sequence involving the nucleophilic addition of of this specific bond. They have also shown, that the energy
aprotic, allyl or propargyl substituted nucleophiles to car- barrier to rotation around the,€NR> bond in amino sub-
bon atom G followed by Cope-type rearrangement within stituted allenylidene complexes represents a genuine elec-
the 3-heteroatom substituted hexa-1,5-diene subunit of thetronic and not a steric effect. In addition, they revealed the
primary addition product. These methods add to the power- strong metal-to-ligand charge transfer character of the op-
ful, now classical Selegue route. Taken together, they allow tical transitions despite their only weak solvatochromism
the ER, moiety to be varied from NR OR, SR, SeR to  and helped to rationalize their grossly different intensities.
alkyl, aryl or pyrrolyl groups. In depth spectroscopic and Based on calculations, the red shift of these transitions upon
electrochemical investigations were carried out on a seriesreplacement of an NRby a SR, SeR, alkyl or aryl sub-
of complexes of thérans-{CI(L2)>Ru} entity. They reveal,  stituent has been traced to a preferential lowering of the
how the electronic properties of the ERnoiety alter the LUMO orbital. This matches the observed trends in redox
bonding in these complexes along a continuum spanning thepotentials.
genuine cumulenic and alkynyl type structures. The alkynyl Close correlations between any pair of electrochemical
character becomes more and more prevalent as the donopr spectroscopic parameters demonstrate, that every single
capacity of the ER group increases. This is accompanied one of them provides a measure of the bonding within these
by a blue shift of the CCC stretch in the IR and the optical complexes and may now be used independently in its assess-
absorption bands in the visible regime.fC NMR spec- ment. Similar correlations should exist for any other series
troscopy, the resonances of the allenylidene carbon atomsof differently substituted allenylidene complexes compris-
are progressively shifted to higher field. Carbon atorgs C ing different metal/ligand combinations.
and G provide the most sensitive probe. Curiously enough,
the effect on the shift of carbon atom, Gvhich constitutes
the actual substitution site, is only small. Comparison with 5. DFT calculations
purely organic cumulenes shows that substituent effects
are strongly attenuated upon metal binding. Specifically, Ground state electronic structure calculations have been
aryl substituted allenylidene ligands are much more cumu- performed by density-functional theory (DFT) methods us-
lenic and amino substituted ones much more “propargylic” ing Amsterdam Density Functional (ADF2002[3)18,119]
than their purely organic counterparts. The data presentedand Gaussian 98.20] program packages. Within Gaussian
herein make clear, that the different spectroscopies provide98 Dunning’s valence double-functions[121] with po-
a much more detailed picture of the bonding in allenylidene larization functions were used for H, C, N and Cl atoms
complexes than is available from X-ray crystallography. In- and the effective quasirelativistic effective core pseudopo-
dividual CC bonds within the allenylidene ligand are rather tentials and corresponding optimized set of basis functions
insensitive to the ER substituent such that subtle changes for P [122] and Ru[123] atoms. Hybrid Becke's three
are mostly disguised by the inherently low experimental parameter functional with Lee, Yang and Parr correlation
precision of the diffraction experiment. functional (B3LYP)[124] was used in Gaussian 98 calcu-
Electrochemical investigations have shown that these lations (G98/B3LYP). Within the ADF program Slater type
allenylidene complexes may be oxidized and reduced by orbital (STO) the following basis sets were used: double-
one electron each. Substitution at the terminal carbon quality for H atoms, triplet quality with polarization func-
atom alters the oxidation and the reduction potentials with tions for H, C, N, P, Cl and Ru. Inner shells were treated
much larger effects on the latter. In contrast substitution of within the frozen-core approximation (1s for C and N,
the diphosphine ligands affects only the oxidation poten- 1s—2p for P and Cl, 1s-3d for Ru). Local density approx-
tial while leaving the reduction potential unchanged. This imation (LDA) with VWN parametrization of electron gas
points to a largely metal-based oxidation and a dominantly data including Becke’s gradient correctidfh25] to the
ligand-centered reduction, and there is growing experimentallocal exchange expression in conjunction with Perdew’s
evidence to support this viel,11,32,34,65]Allenylidene gradient correctiorj126] to the LDA correlation was used
complexes having electroactive ligands or substituents have(ADF/BP). The scalar relativistic (SR) zero order regu-
also been studied. They serve as single molecule probes fotar approximation (ZORA) was used. Tabulated structural
the conclusions derived from the body of differently sub- parameters, molecular orbital diagrams and the orbital anal-
stituted allenylidene complexes and demonstrate the strongysis were based on the ADF/BP calculations. Frequencies
push-pull characteristics of these organometallic cumulenes.and NMR isotropic shifts were calculated by G98/B3LYP
Quantum mechanical investigations on model complexes at structures optimised using the same functional and basis
with PHs or HoPCHPH, as co-ligands have not only con-  set.
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