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Aminoallenylidene complexes trans-[Cl(dppm),RuC,(NRR’)(CH;)]" are obtained from the regioselective addition
of secondary amines to trans-[Cl(dppm),Ru=C=C=C=CH,]*. Unsymmetrically substituted amines give rise to Z/E
isomeric mixtures. Dynamic *'P NMR spectroscopy gave an energy barrier of about 85 kJ mol ™! for rotation around
the CN-bond pointing to a large contribution of the iminium alkynyl resonance form trans-[Cl(dppm),Ru-C=C-
C(=NRR')(CHj;)]". This is also indicated by the pronounced bond length alternation within the RuC,;N-chain as

is revealed by X-ray structure analysis of the Z isomer of the (benzylmethyl)methylamine derivative 2d. The issue

of NR, rotation was also addressed by DFT calculations on the trans-[Cl(dhpm),RuC,{N(CHj;),}(CH,)]" model
complex (dhpm = H,PCH,PH,). Upon rotation around the iminium type CN bond, the nitrogen lone pair and the
n-system of the allenylidene ligand are decoupled, resulting in a significantly longer CN bond and a tetrahedrally

coordinated nitrogen atom.

Introduction

Allenylidene complexes continue to attract great attention as
reactive organometallic building blocks allowing for further
functionalization of the reactive cumulenylidene ligand.'™
Gratifyingly many of these transformations proceed in a highly
regioselective manner. This is due to the alternation of nucleo-
philic and electrophilic sites along the unsaturated ligand and
the directing electronic and steric influence of the transition
metal moiety. While reactions of coordinatively unsaturated,
yet electron rich transition metal complexes with suitably sub-
stituted propargylic alcohols according to Selegue’s protocol®
provide a highly useful access route to all-carbon substituted
allenylidene complexes, congeners with a heteroatom substit-
uent attached to the allenylidene ligand cannot be prepared in
this manner. Although a first aminoallenylidene complex was
published as early as 1976,° more general routes were only
developed during the past decade. Some involve the nucleo-
philic substitution of the alkoxy group of alkynyl substi-
tuted Fischer carbene complexes (CO);M=C(OR)(C=CR’) by
secondary amines”® or the Lewis-acid induced abstraction
of a NR, group from anionic complexes [(CO)sM-C=C-
C(NMe,);]” (M = Cr, W)."* Other methods employ complexes
having even more extended cumulenylidene ligands. Thus, cat-
ionic methyl or vinyl substituted aminoallenylidene complexes
are formed from the regioselective addition of secondary
amines to the remote C=CR, double bond of complexes [{Ru}=
C=C,=CR,]" (n = 2: {Ru} = CpRu(PPh,),,'"*"?> n = 3: {Ru} =
trans-Cl(dppe),Ru,” {Ru} = (n*-C¢Meg)Ru(PR;)CI™). Similar
reactions of neutral {(CO);Cr=C=C=C=C=C(NMe,),} have
also been reported.'® We have recently shown that the addition

T Electronic supplementary information (ESI) available: IR spectra
recorded during the reduction of complex 2b and the subsequent
reoxidation (Fig. S1), UV/Vis spectroelectrochemical investigation
of the reduction of compound 2b (Fig. S2) and the calculated energy
profile of rans-[Cl(dhpm),RuC;{N(CH;),}(CH;)]" with a planar
N(CHj;), group upon rotation around the C,N bond (Fig. S3).
See http://www.rsc.org/suppdata/dt/b2/b211774f/
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of allyl substituted tertiary amines to the carbon atom C, of the
elusive primary butatrienylidene intermediates trans-[Cl(L,),-
Ru=C=C=C=CH,]" (L, = dppm, dppe, depe) initially provides
ammoniobutenynyl complexes trans-[Cl(dppm),Ru-C=C-C-
(NMe,CH,CH=CRH)=CH,]* which readily undergo Cope-
type rearrangement to their aminoallenylidene isomers
trans-[Cl(L,),Ru=C=C=C(NMe),(CH,CRHCH=CH,)]*.*5:!6

As part of our ongoing investigations on the reactivity of the
primary butatrienylidene complex trans-[Cl(dppm),Ru=C=C=
C=CH,]" we have investigated its reactions with symmetrically
and unsymmetrically substituted secondary amines R,NH and
RR’NH. The results of these studies are reported herein and
include (i) the synthesis and characterization of aminoallenyl-
idene complexes trans-[Cl(dppm),Ru=C=C=C(NRR')(CH,)]",
(ii) the formation of Z/E isomeric mixtures when unsymmetric-
ally substituted secondary amines are employed, the latter
being due to restricted rotation around the C,N bond, (iii) the
determination of the rotational barriers for the Z—F and the
E—Z interconversions of the tert-butylmethylamine derivative
and (iv) the results of a theoretical study on trans-[Cl(dppm),-
Ru=C=C=C{N(CH,),}(CH;)]" and trans-[Cl(dhpm),Ru=C=C=
C{N(CH,),}(CH;)]* (dhpm = H,PCH,PH,). The latter
model complex was introduced in order to address the energy
barrier to rotation around the C,N bond. The Z-isomer of the
N-benzylmethylamine derived complex was also characterized
by X-ray analysis.

Results and discussion

Aminoallenylidene complexes: trans-[Cl(dppm),-
Ru=C=C=C(NR,)(CHy)I*

The trapping of the primary butatrienylidene complexes
trans-[Cl(dppm),Ru=C,=C;=C,=C;H,]" by secondary amines
follows the general pathway observed for the addition of protic
nucleophiles to like species.!"™'" In each case the amine
regioselectively adds to carbon atom C,, which has been attri-
buted to a favourable combination of electronic and steric

| This journal is © The Royal Society of Chemistry 2003
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effects.'®* This initial attack is followed by proton migration
from the ammonium site to the neighbouring methylene group
to afford aminoallenylidene complexes trans-[Cl(dppm),Ru=C=
C=C(NRR')(CH,)]* (2a-f) as greenish to orange yellow air
stable solids after appropriate workup (Scheme 1). In contrast
to the addition/Cope-type rearrangement sequence observed
with allyl substituted tertiary amines as trapping agents >!¢ we
have not been able to detect the primary addition products
trans-[Cl(dppm),Ru—C=C-C(NRR'H)=CH,]**' by either 'P
NMR or IR spectroscopies. Proton migration from the primary
addition product may occur via a deprotonation/reprotonation
sequence catalysed by the excess amine. This would account for
the lower lifetime of such an intermediate. Much to our sur-
prise, the diethylamino substituted complex 2a was also formed
in good yield from the trapping of the butatrienylidene inter-
mediate by 4-(diethylaminomethyl)-2,5-dimethylphenol. This
process requires desamination of the primary addition product
as is shown in Scheme 2. 4-Methylene-2,5-dimethylcyclo-
hexadienone or 2,5,2',5'-tetramethylstilbene-4,4’-diol may be
envisioned as the organic byproducts. All our attempts to verify
the formation of any of these have not led to unambiguous
results. Since 4-alkylidenecyclohexadienones are accessible
from 4-chloromethylphenols by base promoted HCI elimin-
ation,? a similar degradation of the primarily formed organo-
metallic ammonium salt with concomitant formation of the
reactive quinoidal ketone constitutes a likely pathway for this
degradation step.

In their IR spectra the CCC-valence band of the unsaturated
ligand often referred to as the “allenylidene stretch” is observed
as a highly intense band at 1992 cm™' for the diethylamino
substituted complex 2a but at considerably lower energies (1967
and 1941 cm™') for the iminostilbene and phenothiazine derived
complexes 2b,c. The same holds for another prominent feature
which appears at ca. 1550-1570 cm™! for alkylamino substi-
tuted allenylidene complexes but is shifted to ca. 1490 cm™! for
complexes 2b,c. Our previously reported calculations at the
DFT level of theory have shown that the band at higher energy
mainly involves the C,C, bond, reflecting the bond order at this

specific position.'® The band near 1550 cm ™' has been assigned
to a vibration involving the C N stretch as well as angular
distortions of the substituents attached to these atoms.'® Taken
together, a red shift of both these absorption signals a lower
contribution of the alkynyl type resonance forms II and III in
Chart 1 for aminoallenylidene complexes with less electron
donating amino moieties. Similar trends prevail in *C NMR
and UV/Vis spectroscopies. The higher cumulenylidene char-
acter of 2b,c results in a sizable downfield shift of the C, reson-
ance signal by ca. 25 ppm. Likewise, the optical absorption
bands due to the HOMO—LUMO and the HOMO —
1—LUMO transitions move to lower energies by ca. 1500 cm™'
as compared to other allenylidene complexes bearing alkyl
substituted amino groups.’® Similar, but even stronger effects
have been observed when NR, substituents are replaced by SR
and SeR moieties, which are even less potent n-donors. %

/\ f'\
R PR, _ Rp R
H NRR! ; _NRR'
Cl—Ru=C=C=C, -~ Cl—Ru c=Cc-Cx+
CH,R" "CH,R"
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Chart 1

In their ¥P NMR spectra the heterocyclically substituted
complexes 2b,c¢ display an AA’BB’ multiplet. This is in sharp
contrast to all other complexes within this series where the four
P atoms are equivalent and give rise to only a singlet resonance.
Signal patterns of this type point to the presence of a chiral
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element within the ligand backbone.?! In 2b,c this asymmetry
presumably arises from the relative orientations of the two
planes defined by the metal atom, the carbon atoms of the
unsaturated ligand and the atoms linked to C, on one hand and
the ring plane of the heterocycle on the other. This is schemat-
ically shown in Chart 2 where the solid bar represents the plane
of the organic heterocycle. Interconversion between the two
enantiomers requires rotation around the C,N bond. This pro-
cess is, however, slow on the NMR timescale.'® Upon warming
a solution of 2b in CD;NO, to 368 K no broadening of the
individual resonance lines of either the multiplet signal in the
3P NMR or the resonance signals in the '"H NMR spectra were
observed. Judging from the shift difference of 36.5 Hz between
the two olefinic protons attached to the vinyl group linking the
two arene rings, the rotational barrier must well exceed 78 kJ
mol ™.

thPtls’ Ph, thfﬁg’ Ph,
c1—/1§u+=c=c=c/:lfy c1—/1§u+=c=c=\a,l\ﬁe\
Ph,P PPh, Ph,P PPh

Chart 2

Hindered rotation around this bond is, however, not
restricted to derivatives with bulky substituents on the nitrogen
atom but may be attenuated by these. In several NMe, substi-
tuted derivatives and in the diethyl substituted complex 2a
the nitrogen bound substituents were always found to be non-
equivalent, even at elevated temperature. We note that the
room-temperature NMR spectra of neutral aminoallenylidene
complexes of the Cr(CO)s moiety also indicate the presence of
magnetically inequivalent amine substituents.”'® High barriers
to rotation around the C,~N bond thus seem to be an intrinsic
property of these systems. In this respect, complexes 2b,c do not
differ from their aliphatic counterparts.

Derivatives: trans-[Cl(dppm),Ru=C=C=C(NRR')(CH,)]*

Due to hindered rotation around the C,N bond, the addition of
unsymmetrically substituted secondary amines results in the
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formation of the corresponding aminoallenylidene complexes
as E/Z isomeric mixtures. Conjugation across the C;N ligand
requires that the NRR' group is nearly coplanar with the
RuG;N plane. In this conformation one of the substituents on
the nitrogen atom inevitably points toward the diphosphine
ligands, leading to unfavourable steric interactions. The E/Z
selectivity of the equilibrated isomeric mixtures therefore
depends on the difference in the steric demand of the amine
substituents and increases from 3 : 2 for the benzylmethyl deriv-
ative 2d to 2 : 1 for the (9-anthracenylmethyl)methyl derivative
2e and to 7 : 3 for the tert-butylmethyl amine derivative 2f. The
isomeric ratios were determined from the crude reaction prod-
ucts. Recrystallization or chromatographic workup resulted in a
partial separation of these isomers and the isolation of the pure
Z isomer of the benzylmethyl amine derivative as dark yellow
crystals. Spectroscopic studies on samples differing in their Z/E
ratios allowed us to assign all crucial resonance signals to the
individual isomers.

In each case the '"H NMR resonances of substituents point-
ing toward the dppm ligands appear at comparatively higher
field. This can be traced back to the aromatic ring current of the
nearby phenyl rings. The N-benzylmethylamine derivative 2d
illustrates this point: The Z isomer with the benzyl ring oriented
toward the transition metal moiety shows singlet signals at
0 2.68 ppm for the NCH; and at 6 3.93 ppm for the NCH,
protons whereas these resonances are located at 0 2.13 and 4.69
ppm for the E isomer. Similar trends are observed in their *C
NMR spectra. Furthermore, each isomer displays a separate
singlet signal in the 3'P NMR spectrum. These different reson-
ances are, however, very closely spaced. In dynamic NMR the
coalescence temperature increases with the shift difference
between the resonances of those groups that are directly
involved in the dynamic process. Their close proximity thus
provided another opportunity to experimentally determine the
activation energies associated with rotation around the C,N
bond. In the case of the terz-butylmethyl derivative 2f we finally
succeeded. Upon warming a solution of this complex in 1,2-
C,D,Cl, the two singlet resonance signals first broaden and
finally coalesce at 7" = 398 K. At even higher temperatures the
singlet resonance signal reversibly sharpens (Fig. 1).

In order to extract activation energies from these data one
has to rely on a model that accounts for the presence of two
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Fig. 1 Dynamic *'P NMR investigations on compound 2f.

energetically distinct and unequally populated states. This
requires determining the resonance frequencies for both
isomers over a wide temperature range. Within a regime
sufficiently below the coalescence temperature 7. the shift
difference between the individual isomers is a linear function of
temperature. Extrapolation to T, furnishes the theoretical shift
difference Avy, at T = T.. The rate constants for the mutual
interconversion between the two isomers are available from
eqns. (1) and (2), where Av represents the difference in reson-
ance frequencies and Ap is the difference in the population of
the energetically distinct states. The parameter X depends on Ap
and may be taken from tabulated values.”® The free energies of
activation AG” are then available from the rate constants as
given by eqns. (3) and (4).%* Here, k, is the Boltzmann constant,
h the Planck constant and « the transmission factor which is
usually set as equal to unity.

k, p=xAVX (1 — Ap) (1)
Ky, =xAVX (1 + Ap) ?)
ky =ik, T 'exp(-AG*, R'TY  (3)
ki, =rxkyT h 'exp(-AG”r—,R'T") 4)

According to this procedure, the barriers to rotation were
determined as 86.4 (E—Z) and 84.1 kJ mol™' (Z—E), giving
an energy difference of 2.3 kJ mol™! for the two isomers. For all
other compounds the spacing of the resonance signals for the
individual isomers was larger and did not allow us to access
the free rotation limit. We note that the energy barriers
obtained for 2f are somewhat lower as those observed for
organic imines.?® They agree, however, well with values reported
for donor substituted iminium salts like the N,N-dimethyl-
(methylthio) and N,N-dimethylamino(methoxy) derivatives
(Me,N)(EMe)C=NMe," (E = O, S).* Despite their distinct
NMR spectroscopic characteristics, only one CCC and C=N
band in their IR spectra and only one oxidation wave in cyclic

voltammetry (vide infra) were observed for the isomeric mix-
tures. Obviously the influence of the relative orientations of the
different substituents on the nitrogen atom on these properties
is too small to be resolved.

Structural characterization of trans-Z-[Cl(dppm),Ru=C=C=C-
(NMeCH,Ph)(CH;)]*SbF,~

Dark yellow crystals of the Z isomer of the benzylmethylamine
derivative 2d were obtained upon slow concentration of a
solution in dichloromethane-diethyl ether and investigated by
X-ray crystallography. A plot of the complex cation is shown in
Fig. 2 while pertinent bond parameters are given as Table 1.
Common structural features of aminoallenylidene complexes
are a pronounced bond length alternation along the C, chain of
the unsaturated ligand, a rather long Ru-C, bond and, most
notably, a planar coordination of the nitrogen atom attached to
C,. These mirror the strongly dipolar character of neutral con-
geners**1%?7 and the dissipation of the positive charge over the
MG;N chain in cationic derivatives such as the aminoallenyl-
idene complexes discussed herein.'>'® The complex cation of
Z-2d fully adheres to these trends. Thus, the Ru-C(1) bond
length of 1.947(6) A is shorter than those typically observed in
alkynyl complexes of the same metal entity (1.994-2.078 A),?
but long with respect to related all-carbon substituted deriv-
atives [{Ru}=C=C=CRR']" (R, R’ = alkyl, aryl; 1.84-1.903 A).2
While the C(1)-C(2) bond of 1.217(9) A is only slightly long
with respect to a typical C=C triple bond (average value 1.189
A) the C(2)-C(3) distance of 1.398(9) A is significantly longer
than a C=C double bond (d(C=C) in allenes = 1.307 A) and
resembles a single bond between an sp and an sp* hybridized
carbon atom (1.431 A)* Moreover, the C(3)-N bond
(1.290(10) A) is much shorter than the N-C bonds to the methyl
and the benzylic methylene carbon atoms (C(5)-N 1.432(12)
and C(41)-N 1.512(9) A). Along with the strictly planar
coordination of the nitrogen atom this provides further compel-
ling evidence of a distinct iminium-like character of the NRR'
group. This latter entity is nearly, but not exactly, coplanar to
the plane containing the carbon atoms C(1) to C(3), and the
nitrogen and the ruthenium atoms, as follows from the torsional
angle C(2)-C(3)-N-C(5) of 7.2°. The distance C(3)-C(31) of
1.526(10) A lies in the range typical of a C(sp*)-C(sp’®) single
bond.”

Fig. 2 Structure of the cation of Z-trans-[Cl(dppm),RuCCC-
(NMeCH,Ph)(CH,)]* as determined by X-ray crystallography.

A closer inspection of the structure of compound 2d explains
the rather low E/Z selectivity of 3 : 2. In the solid state the
phenyl group is rotated away from the phenyl rings on the dppm
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Table 1 Comparison between selected bond lengths (A) and angles (°) for the cation in complex 4d and the values calculated for
trans-[Cl(dppm),RuC,;{N(CH,;),(CH;)]" by the ADF/BP method (square brackets)

Ru(1)-P(11) 2.3446(19) [2.373]
Ru(1)-P(12) 2.349(2) [2.366]
Ru(1)-P(21) 2.3474(19) [2.391]
Ru(1)-P(22) 2.3593(19) [2.393]
Ru(1)-Cl 2.4763(17) [2.483]
Ru(1)-C(1) 1.947(6) [1.943]
C(1)-C(2) 1.217(9) [1.255]
C(2)-C(3) 1.398(9) [1.379]
C(3)-N 1.290(10) [1.347]
C(3)-C(31) 1.526(12) [1.524]
N-C(5) 1.432(12) [1.469]

N-C(41) 1.512(10)  [1.510]
C(1)-Ru(1)-Cl 173.35(19) [174.9]
C(2)-C(1)-Ru(1) 175.6(6) [175.4]
C(1)-C(2)-C(3) 170.8(8) [175.5]
N-C(3)-C(2) 123.6(8) [121.2]
C(2)-C(3)-C(31) 117.4(7) [119.1]
N-C(3)-C(31) 118.9(7) [119.5]
C(3)-N-C(5) 123.0(7) [123.8]
C(3)-N-C(41) 120.5(8) [121.0]
C(5)-N-C(41) 116.0(8) [115.1]

Table 2 Electrochemical data for complexes 2a—f in CH,Cl, solution

ElIZ+/2+/V EI/2+/0/V Efollow/V
2a +0.41 -2.33¢ —2.63¢
2b +0.77 ~1.955¢ —1.34%,-0.025¢
2¢ +0.79" —1.625%¢ —0.04¢
2d +0.585 - -
+0.525 -2.17¢ -1.35¢
2e +0.520 ~2.19
2f +0.56" -

“ Partially reversible at 195 K. * Partially reversible at 298 K. ¢ Suffers
from slow electron transfer kinetics. ¢ Irreversible peak following reduc-

tion. “Wave of a (partially) reversible couple following reduction.
/In THF-NBu,PF,

ligands such that the benzyl group provides only little more
steric hindrance than a methyl substituent. For the related
anthracenylmethyl derivative 2e the orientation is likely the
same. The more extended fused ring system increases the
steric hindrance in the Z isomer such that the E/Z selectivity is
larger. In the Z isomer of the fert-butylmethyl derivative 2f one
of the methyl groups at the fert-butyl substituent inevitably
points toward the dppm ligand which further enhances steric
discrimination between the two isomers

Electrochemical and spectroelectrochemical investigations

In cyclic voltammetry, complexes 2a,d—f undergo a reversible
one-electron oxidation at potentials ranging from +0.41 to
+0.59 V vs. the ferrocene—ferrocenium couple (Table 2). With
reference to our earlier studies on closely related derivatives
trans-[Cl(dppm),Ru=C=C=C(NR,)(C,H,CH=CH,)]* (R = Me,
CsH,,) this process may be viewed as the Ru(u/m) couple.'®
Complexes 2d—f which exist as Z/E isomeric mixtures display
only one slightly broadened anodic wave in cyclic voltammetry,
square wave or differential pulse voltammetry experiments, the
individual isomers being indistinguishable by electrochemical
techniques.

The oxidation of complex 2a has been followed by simul-
taneous IR monitoring in an in situ spectroelectrochemical
experiment. Upon oxidation the “allenylidene band” shifts by
45 cm™' to lower energy (voee = 1948 cm™) along with a con-
siderable absorptivity loss. The iminium type C=N band shows
contrasting behaviour, moving to higher energy (from 1557
to 1597 cm™') and retaining its original absorptivity (see also
Table 3). Subsequent reduction regenerates the bands of the
starting material in ca. 85% optical yield. These results are best
accommodated by invoking the two mesomeric resonance
forms IV and V (Chart 3). Both agree with the results from

M /"
R PR + R IR +
] + . /,ER“
Cl—Ru=C=C-C_

% R' / R'

Chart 3
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theoretical calculations in placing the unpaired spin on either
the metal or the B-carbon atom and with the IR results in
retaining (or even strengthening) the C=N double bond. In UV/
Vis spectroelectrochemistry a blue shift of both absorption
bands in the visible regime is observed, the band at higher
energies now appearing as a shoulder superimposed on the
phosphine based transitions. The results are virtually identical
to those for the related piperidinyl substituted complex trans-
[Cl(dppm),Ru=C=C=C{N(CsH,,)}(C,H,CH=CH,)]* or similar
derivatives."

Complexes 2b,¢ in which the nitrogen atom is part of a less
basic unsaturated heterocycle are oxidized at considerably
higher potentials of +0.77 (2b) or +0.79 V (2¢) (Fig. 3). If one
assumes that the predominantly metal centred nature of the
anodic oxidation process is still retained in 2b,c, this finding
provides evidence for effective conjugation along the ruthen-
abutatriene chain. The electronic properties of the amine
(iminium) substituents are thus effectively transmitted from the
iminium to the {Cl(dppm),Ru} sites across the C; chain. Some
ambiguity as to the oxidation site, however, arises from the fact
that the parent heterocyclic amines are themselves electroactive,
being oxidized at even less anodic potentials than is typically
the case for the aminoallenylidene complexes under study.*®*!
In principle, 2b,c therefore might form mixed-valent species
exhibiting intramolecular electron transfer between an organic
and a (predominantly) inorganic redox site.*?

a)
T25pA
A
b)
o
c B % [25pA

1.0 05 00 05 -0 -5 20 25
E[V]

Fig. 3 Cyclic voltammogram of compound 2b: (a) v = 0.75 V s~ at
ambient temperature and (b) cathodic scan at v = 0.4 V s™' at ambient
temperature.

Evidence from spectroelectrochemical studies, however,
argues against any involvement of the heterocylic substituent in
the oxidation process. Spectroscopic changes upon oxidation
are qualitatively identical as for complexes with aliphatic substi-
tuents on the iminium nitrogen atom as is exemplified for com-
plex 2b. In IR spectroscopy (see Fig. 4) the allenylidene band



Table 3 Results from spectroelectrochemical studies on compounds 2a.b in 1,2-C,H,Cl,-NBu,PF, at 293 K

Veee lem™ Ve lem™! Jnax/ M. (Em/dm® mol ™' em ™) ¢
2a 1993 (vs) 1557 (m) 623 (400), 393 (14200), 266 (45000)
2a* 1948 (w) 1597 (m) 565 (2500), 333 (13500, 271 (38000)
2b 1962 (vs) 1494 (m) 655 (640), 506 (sh, 555, 426 (23800), 300 (sh, 18400), 269 (55000)
2b* 1901 (w) 1542 (m) 600 (2300). 350 (17500). 284 (49000)
2b~ 2055 (w), 2073 (w) None 433 (sh, 10000), 336 (sh, 12500), 264 (44000)

“ Note that the complexes 2a,b are monocations, such that the oxidized or reduced species are dicationic or neutral, respectively. > As KBr pellet.

“In 1,2-C,H,Cl,.
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Fig.4 IR spectra recorded during the oxidation of complex 2b.

shifts by some 60 cm ™! to lower energy with, again, considerable
loss in intensity. The intensity loss probably arises from the fact
that the unsaturated ligand bridges fwo positively charged
centres (i.e. the Ru atom and the iminium moiety) in the oxid-
ized state, while only one positively charged entity is present
in the monocationic Ru(ir) species. This reduces the dipole
moment change during the C; valence stretch. Similarly, the
CCC-band is reportedly much weaker in neutral allenylidene
complexes than in monocationic ones.** The same holds for the
C=C stretch of apolar alkynyl complexes when compared to
polar ones.** As for 2a, oxidation is also accompanied by a
high-energy shift of the C=N band from 1494 to 1542 cm™".
This indicates a further enhancement of the iminium character
in the oxidized state and clearly argues against a ligand centred
oxidation process. Similarly to other alkylamino substituted
allenylidene complexes, the absorption bands in the visible
regime are shifted to higher energies upon oxidation as revealed
by UV/Vis spectroelectrochemistry. The lower energy band
(the HOMO—LUMO transition) gains in intensity while the
absorptivity of the second band (the HOMO — 1—LUMO
transition) decreases (Fig. 5). We note that the trend toward
red shifted absorption bands of derivatives with less electron

e

6.0 P
250 300 350 406 450 500 550

A [nm]

600 650 700 730

Fig.5 UV/Vis spectra recorded during the oxidation of complex 2b.

donating substituents is also retained in the Ru(mr) forms as
follows from the comparison between the oxidized forms of
complexes 2a and 2b (see Table 3). We therefore conclude that
for the heterocyclically substituted derivatives the oxidation
process still has predominant metal character. Conversion of
the heterocyclic amines to iminium type derivatives obviously
leads to a strong anodic shift of the oxidation potentials of the
heterocyclic moiety. In fact, we have not found any additional
anodic wave up to the discharge limit of the supporting
electrolyte solution.

The lesser electron donating character of the NR, moiety
in compounds 2b,c also leaves its mark on their cathodic
behaviour. While the reduction of complexes 2a and 2d-f
occurs close to the cathodic solvent limit and is followed by fast
chemical processes as was observed for similar derivatives
(Table 2),'® 2b,c are reduced at considerably less negative poten-
tials. More significantly, the reduction waves are partially
reversible even under ambient conditions and at low sweep rates
as is illustrated for compound 2b in Fig. 3. At higher sweep
rates or upon cooling the chemical follow reactions are
efficiently suppressed, rendering the reduction chemically
and electrochemically reversible. At lower sweep rates and
ambient temperature additional peaks/waves are observed
during the reverse scan following reduction (peaks B and C/C’
in Fig. 3(b)).

Since complexes 2b,c offer at least partial reversibility in their
electrochemical reduction it was of interest to investigate this
process under the same in situ IR-conditions. Upon reduction,
the IR band of the allenylidene ligand collapses with the con-
comitant formation of two considerably less intense absorp-
tions at 2057 and 2073 cm ™! (ESI, 7Fig. S1(a)). Both are typical
of neutral alkynyl species. These results agree nicely with our
observations on the reduction of sulfur?® and selenium substi-
tuted* allenylidene complexes and studies on the chemical
reduction of carbon substituted allenylidene complexes by the
Touchard group.®” Reoxidation was performed by slowly sweep-
ing the potential after exhaustive reduction and occurs in a
stepwise fashion: the species displaying the lower energy IR
band is consumed first with partial regeneration of the starting
material. Most interestingly, the second product with the IR
band at 2073 cm ™' is also converted back to 2b upon oxidation
at a more positive potential. This is indicated by the growth of
the original allenylidene IR band (ESI, Fig. S1(b)) with the
concomitant collapse of the alkynyl band at 2073 cm™'. For
solutions as concentrated as for the experiment shown in Fig. 6
the optical yield of the regenerated starting material was only
about 60% but better results (recovery of up to 80%) were
obtained, when less concentrated samples requiring shorter
electrolysis times were employed. In neither case IR bands
other than those of the starting material and its reduction
product(s) were present in the 2200 to 1500 cm™' range
throughout the experiment.

UV/Vis spectroelectrochemical investigations on the reduc-
tion of 2b (ESI, {Fig. S2) yields results that also compare well
to those obtained with the sulfur and selenium substituted
allenylidene complexes. The intense absorption band of
the ruthenabutatriene chromophore is shifted from the visible
to the near UV region of the spectrum and appears as a
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Fig. 6 EPR spectrum obtained upon electrochemical reduction of
complex 2b.

low-energy shoulder at ca. 336 nm superimposed on the intense
absorption of the n—n* transition of the aryl substituted
phosphine ligands (Table 3).3® We note that neutral alkynyl
complexes of ruthenium typically show absorptions at similar
energies as is exemplified by trans-[Cl(dppm),Ru—C=CPh] (4.«
= 308 nm),* [Cp(PPh;),Ru-C=CPh] (4., = 311 nm) and
[Cp(PPh;),Ru—C=C—C(H,Br-4] (/. = 325 nm).*

It is still not clear whether any of the newly formed bands
belongs to the reduced form of the parent allenylidene complex
or we are dealing with two different species arising from further
chemical reactions of the authentical reduced species. We have,
however, been able to characterize the primarily formed neutral
radical by EPR techniques. Upon electrolytic reduction at
reduced temperature (253 K) a resolved EPR signal at a g-value
of 1.9959 was detected which irreversibly decays with time
(Fig. 6). The splitting pattern could be reproduced by invoking
coupling to three S = 1/2 nuclei with 4 = 15.0 G (CHj;) and
two pairs of inequivalent S = 1/2 nuclei with coupling con-
stants of 10.1 and 14.0 G (P) but without any coupling to the
S = 1 nitrogen atom. The spin densities calculated for the
model complex trans-[Cl(PH;),Ru=C=C=C{N(CH,),}(CH,)]'
are 0.046 (Ru), 0.403 (C,), —0.142 (Cy), 0.505 (C,) and 0.140
{N(CH,),}." The absence of any coupling to the nitrogen atom
thus comes as a surprise. The presence of two different sets of
to two *'P nuclei each, however, clearly shows that the element
of asymmetry (ie. the sterically demanding organic ligand) is
still present in the reduced species and that rotation around the
C=N bond is still slow. Moreover, it argues against any fragmen-
tation as does the overall chemical reversibility of the reduc-
tion—reoxidation sequence.

Theoretical investigations of the rotational barrier in amino-
allenylidene complexes

Despite the distinct iminium alkynyl character of cationic
aminoallenylidene complexes electronic effects need not be
the only and not even the most important contributor to the
energy barrier associated with rotation around the C,N bond.
Unfavourable steric interactions between the phenyl substit-
uents on the diphosphine ligands and the substituents attached
to the nitrogen atom may also play an important role. In order
to disseminate between these two contributions we have
undertaken a computational study employing the hydrogen
substituted complex [Cl(dhpm),Ru=C=C=C{N(CH,),}(CH;)*
(dhpm = H,PCH,PH,) as a model of a sterically unhindered
derivative. Unlike the PH; substituted complex employed in our
previous studies'® this dhpm model includes the effect of the
angular distortion exerted by the rigid four-membered chelate.
It is, however, largely devoid of steric hindrance and may thus
be viewed to represent the electronic portion of the rotation
barrier.

Optimization yielded a ground state geometry with essen-
tially identical features as observed for the experimental ones
such as short C,C; and C,N bonds and a planar coordinated
iminium type nitrogen atom (see Table 4). Unlike in the real
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Table 4 Calculated bond lengths (A) and angles (°) for the optimized
structures of trans-[Cl(dhpm),RuC;(CH;){N(CHj;),}]* in the in-plane
and orthogonal orientations of the NR, moiety

G98/B3LYP ADF/BP
0 0 90 0 90
Ru-Cl 2.541 2.529 2492 2.476
Ru-P 2422 2.436 2347 2.360
Ru-C, 1.922 1.882 1.938 1.904
C,Cy 1.253 1.268 1.255 1.270
—C, 1377 1.344 1.374 1.346
C~C(CHy 1511 1.506 1.509 1505
- 1342 1.434 1.347 1.439
N-C(CH;) 1.469 1.471 1.472 1.481
Cl-Ru-C, 179.7 179.4 179.2 178.8
Ru-C,—C; 179.8 178.4 178.1 177.6
C,~CyC, 175.4 177.8 176.3 177.5
Cy-C/N 121.0 118.1 121.0 117.7

structure, however, the RuC;R and the NR, moieties are strictly
coplanar in the dhpm model complex. Starting from this geom-
etry the N(CHj;), group was rotated around the C,N bond, the
rotation being measured by the torsional angle C;C,NC(CH,).
The energy change associated with CN rotation was calculated
for every 10° change under the premise that the C,N(CH,),
entity retains its planarity during rotation. An energy maxi-
mum was obtained for a torsional angle of 90°, i.e. an ortho-
gonal orientation of the N(CH,), moiety with respect to the
RuC,(CH;)N plane. Our results indicate an energy barrier of
148.8 kJ mol ™', which is substantially larger than the experi-
mental value.

Geometry optimization of the orthogonal rotameric form
revealed, however, a lower energy structure 109.3 (G98/B3LYP)
or 108.8 (ADF/BP) kJ mol ! above the global minimum. As
shown in Fig. 7, it differs from the restricted geometry one in
that the nitrogen atom is nearly tetrahedrally coordinated
and the C,N bond length is increased from 1.342 to 1.434 A
(Table 4). The tetrahedral environment around the nitrogen

Fig. 7 Optimized structures for trans-[Cl(dhpm),RuC;{N(CHs),}-
(CH;)]* in the planar and orthogonal orientations.



atom indicates that in the orthogonal orientation the nitrogen
lone pair and the m-system of the RuC; entity are electronically
decoupled. Qualitatively speaking, one might then expect the
orthogonal rotameric form to more closely resemble a genuine
cumulenic structure than is the case for the ground state struc-
ture, where the nitrogen lone pair is delocalized into the
unsaturated m-system. Interatomic distances of both optimized
forms as calculated by the ADF/BP and the G98/B3LYP levels
of theory are compared in Table 4. Upon rotation of the NR,
moiety to the orthogonal orientation the RuC, bond contracts
by 4 pm. The C,C, bond is somewhat elongated and the C,C,
bond is compressed with respect to the planar iminium alkynyl
structure. These structure changes, albeit small, are in quali-
tative agreement with a higher allenylidene character of the
orthogonal form.

We have also calculated the structure of trans-[Cl(dppm),-
RuC;{N(CH;),}(CH,)]*, a model that is even closer to com-
plex 2d studied by X-ray crystallography. The calculated bond
parameters are provided in Table 1 and compared to the
experimental values. The overall agreement between these data
sets is remarkable. Replacement of the hydrogen atoms on the
phosphine ligands by phenyl rings reproduces two important
features of the experimental structure that were not seen in the
dhpm model complex. Firstly, it induces a lowering of the
symmetry such that all RuP bond lengths are now different.
Moreover, the N(CH,), entity is now rotated out of the
CIRuC;NC-plane. The calculated torsional angle C(2)-C(3)—
N-C(5) is —11.0° and slightly exceeds the experimental value
of —7.3°. We note, that the degree of out-of-plane rotation
strongly depends on the orientation of the phenyl rings which is
slightly different in the calculated and the experimental struc-
tures. This latter observation shows that steric repulsion
between the NRR' group and the phenyl substituents on
the phosphine ligands is responsible for this out-of-plane
distortion.

Conclusions

Aminoallenylidene complexes trans-[Cl(dppm),RuC;(NRR")-
(CH,)]* are obtained from the regioselective addition of
secondary amines to trans-[Cl(dppm),Ru=C=C=C=CH,]". Un-
symmetrically substituted amines give rise to Z/E isomeric
mixtures, where the E isomer with the sterically more demand-
ing amine substituent pointing away from the metal dominates.
The E/Z isomeric ratio increases with a larger size difference
between the unlike substituents R and R’. Rotation around the
CN bond is slow due to a high energy barrier separating the two
rotamers, which points to a prevalence of the iminium alkynyl
resonance form. This finds support from the X-ray structure
analysis of the Z isomer of the (benzylmethyl)methylamine
derivative 2d. Dynamic *'P NMR spectroscopy gave a barrier
of about 85 kJ mol™' in good agreement with the values
observed for donor substituted organic iminium salts. The issue
of NR, rotation was also addressed by DFT calculations on
the trans-[Cl(dhpm),RuC,;{N(CH,),}(CH;)]" model complex
(dhpm = H,PCH,PH,). Our results indicate that rotation
around the iminium type CN bond decouples the nitrogen lone
pair and the m-system of the allenylidene ligand resulting in a
significantly longer CN bond and a tetrahedrally coordinated
nitrogen atom.

Experimental
General reaction conditions

All reactions were performed under argon atmosphere but no
special precautions as to exclude air or moisture were required
during work-up. Common solvents were appropriately dried,
distilled under argon and stored over molecular sieves under an
argon atmosphere. Butadiyne was prepared as detailed in a
previous publication® and cis-RuCl,(dppm), according to the

literature.** Column chromatography was performed in water-
jacketed columns (4 X 20 cm) on silica gel (Merck 60) as the
stationary phase.

Instrumentation

IR: Perkin-Elmer Paragon 1000 PC FT-IR. NMR: Bruker AC
250. Spectra were recorded using solutions in 5 mm sample
tubes. UV/Vis: Shimadzu UV-160 or Omega 10 from Bruins
Instruments. Measurements were performed in Quartz glass
cuvettes of 1 cm optical path length. Electrochemistry: Poten-
tiostat EG&G 273 A driven by the EG&G 250 software pack-
age. The cell construction and data analysis was as detailed
elsewhere.?! Working electrodes: BAS platinum microelectrode
1 mm diameter or glassy carbon microelectrode 1.6 mm diam-
eter. All potentials are given relative to the internal ferrocene/
ferrocenium couple. Spectroelectrochemistry: OTTLE cell as
described by Hartl and coworkers.* EPR-spectroscopy: Bruker
ESP 3000 spectrometer, HP frequency counter 5350 B, Bruker
NMR gaussmeter ER 035 M and continuous flow cryostat ESR
900 from Oxford Instruments for low temperature work.

Calculations

Ground-state electronic structure calculations have been per-
formed by density-functional theory (DFT) methods using the
Amsterdam Density Functional (ADF2000.2)** and Gaus-
sian 98* program packages. Within Gaussian-98 Dunning’s
valence double-¢ functions*® with polarization functions were
used for C, N and H atoms and quasirelativistic effective core
pseudo-potentials and corresponding optimized basis functions
for P, C1*” and Ru*® atoms. Hybrid Becke’s three-parameter
functional with Lee, Yang and Parr correlation functional
(B3LYP)* was used in Gaussian 98 calculations (G98/B3LYP).
Within the ADF program Slater type orbital (STO) basis sets
were used. Within phenyl substituents basis sets of single-¢
quality for C and H atoms were used while triple-¢ quality basis
sets with polarization functions for H, C, N, P, Cl and Ru were
employed for the remaining part of the system. Inner shells
were treated within the frozen-core approximation (1s for C and
N, 1s-2p for P and Cl, 1s-3d for Ru). Local density approx-
imation (LDA) with VWN parametrization of electron gas data
including Becke’s gradient correction® to the local exchange
expression in conjunction with Perdew’s gradient correction ™'
to the LDA correlation was used (ADF/BP). The scalar
relativistic (SR) zero-order regular approximation (ZORA) was
used within this study. For the calculation of the rotational
barrier the real complex was approximated by a model system
where the PPh, entities were replaced by PH, groups. The calcu-
lations on this model have been performed by both ADF/BP
and G98/B3LYP methods. ADF/BP was utilized for geometry
optimization of [Cl(dppm),RuCCC{N(CH,),}(CH,)]".

Syntheses and characterization

A representative procedure for the synthesis of complexes 2a—e
is as follows: cis-[RuCly(dppm),] (180 mg, 0.181 mmol) and
NaSbFg (191 mg, 0.74 mmol) were dissolved/suspended in
50 ml of dichloromethane and excess butadiyne was added via a
precooled pipette. CAUTION: Butadiyne should be handled
and stored under rigorous exclusion of air and at temperatures
below 230 K. The mixture was stirred for ca. 30 min until the
solution phase colour had changed to intense green. The
appropriate amine was then added (ca. 6 eq.) and stirring was
continued at ambient temperature until occasional IR control
indicated constant intensity of the strong “allenylidene” band
(typically 2-3 days). The mixture was filtered over a paper-
tipped cannula and the solvent removed in vacuo, leaving an
intense coloured, somewhat oily or tarry residue. This was
washed with copious amounts of ether and then hexanes in
order to remove the excess amine and then dried under reduced
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pressure. This crude product was employed for the deter-
mination of the E/Z isomer distribution by 'H and *'P NMR
spectroscopy. Further purification was achieved by column
chromatography employing CH,Cl,-CH;CN 25 : 1—10 : 1
(v/v) as the mobile phase. Collecting the intense orange-red or
greenish-yellow band in two or three portions mostly resulted in
partial enrichment of one of the isomers with respect to the
original isomer distribution. The solvents were removed and the
powdery residues further purified by reprecipitation/recrystal-
lization from CH,Cl,—Et,O. In the case of the iminostilbene
complex 2b several reprecipitation steps were required in order
to remove the last traces of the amine while in the case of
the phenothiazine derived complex 2¢ the excess amine was
removed by vacuum sublimation.

trans-[Cl(dppm),Ru=C=C=C(NEt,)(CH;)]*SbF,~ (2a).
(a) Procedure as detailed above. Yield: 174 mg (72%) Anal.
Found: C, 55.62; H, 4.46; N, 1.18. Calc. for CsHs,CIF¢N-
P,RuSb: C, 55.10; H, 4.54; N, 1.11%. IR (KBr)/cm': ¥(CCC)
1984 (vs), W(C=N) 1556 (s), v(SbF ") 694 (s), 657 (vs). "H NMR
(CDCLy): 6 0.54 [t, *J(H,H) 7.20 Hz, 3H, CH; (2)], 0.95 [t,
3J(H,H) 7.25 Hz, 3H, CH, (E)], 1.15 [s, 3H, CH,], 2.61 [quart,
3J(H,H) 7.20 Hz, 2H, CH, (Z)], 3.18 [quart, *J(H,H) 7.25 Hz,
2H, CH, (E)], 4.80 [dquint, 2J(H,H) 14.9, 2J(P,H) = *J(P',H)
4.15 Hz, 2H, CH, (dppm)], 5.15 [dquint, 2J(H,H) 14.9 Hz,
2J(P,H) = “J(P',H) 4.5 Hz, 2H, CH, (dppm)], 7.14 [t, *J(H,H)
7.1 Hz, 8H, aryl-H (dppm)], 7.31 [m, 20H, aryl-H (dppm)], 7.41
(t, *J(H,H) 7.1 Hz, 4H, aryl-H (dppm)], 7.53 [m, 8H, aryl-H
(dppm)]. B*C{'H} NMR (CD;CN): § 12.53, 12.61 [s, CH, (Et)],
24.2 [s, CH;], 44.4 [s, NCH, (E)], 47.8 [s, NCH, (Z)], 48.7
[quint, J(P,C) 11.1 Hz, CH, (dppm)], 119.1 (quint, 3J(P,C) 1.7
Hz, C;], 127.8, 128.4 [quint, J(P,C) 2.4 Hz, m-C.H;], 129.9,
130.5 [s, p-C¢Hs), 132.4 [quint, J(P,C) 11.7 Hz, ipso-C¢Hs] 132.9
[quint, J(P,C) 3.1 Hz, 0-C¢Hs], 133.0 [quint, J(P,C) 2.9 Hz,
0-C¢Hs), 134.0 [quint, J(P,C) 11.3 Hz, ipso-C¢Hs] 154.2 [quint,
*J(P,C) 0.8 Hz, C,], 204.3 [quint, *J(P,C) 13.9 Hz, C ). *'P{'H}
NMR (CDCly): 6 —8.7 [s, P (dppm)]. UV/Vis (/,,/nm, (log ¢))
(CH;CN): 208 (4.80), 230 (sh, 4.70), 260 (4.49), 387 (4.33), 460
(sh, 3.11), 620 (2.55); (CH,Cl,): 266 (4.65), 396 (4.15), 467 (sh,
3.23), 623 (2.59).

(b) From 4-diethylaminomethyl-2,5-dimethylphenol. A sus-
pension of 1 (175 mg, 0.186 mmol) and NaSbFy (192 mg,
0.744 mmol) in 45 ml of chlorobenzene was treated with excess
butadiyne. After the solution phase had taken on a green color-
ation, 154 mg (0.744 mmol) of the amine was added. The solu-
tion was stirred under ambient conditions for 4 days until the
developing IR band at 1994 cm ™' had reached constant inten-
sity. Excess NaSbF, and NaCl were removed by filtration and
the solvent was distilled off under reduced pressure. The oily
residue was washed with ether and hexanes, dried in vacuo and
the crude, powdery product purified by column chromato-
graphy. The yield of pure product was 60%.

trans-[Cl(dppm),Ru=C=C=C{N(C,H,CH=),}(CH,)]*SbF,~
(2b). Yield: 140 mg (53%). Anal. Found: C, 58.79; H, 4.08; N,
0.99. Calc. for CgHs,CIFNP,RuSb: C, 59.00; H, 4.15; N,
1.01%. IR (KBr)em™": W(CCC) 1953 (vs), w(C=N) 1493 (m),
V(SbF") 694 (s), 657 (vs). '"H NMR (CD,Cl,): J 0.89 [s, 3H,
CH,], 4.86 [dquint, 2/(H,H) 14.9 Hz, 2J(P,H) = *J(P',H) 4.6 Hz,
2H, CH, (dppm)], 5.11 [dquint, 2J(H,H) 14.7 Hz, 2J(P,H) =
4J(P',H) 4.6 Hz, 2H, CH, (dppm)], 5.60 [d, *J(H,H) 7.6 Hz, 1H,
=CH], 6.85 [d, *J(H,H) 11.6 Hz, 1H, =CH], 6.94 [d, *J(H,H)
7.6 Hz, 1H, =CH], 7.04 [d, *J(H,H) 11.6 Hz, 1H, =CH], 7.18 [m,
8H, aryl-H (dppm)], 7.24-7.40 [m, 23H, aryl-H], 7.45-7.52 [m,
9H, aryl-H], 7.64 [t, *J(H,H) 7.4 Hz, 2H, aryl-H], 7.74 [m, 4H,
aryl-H]. BC{'H} NMR (CD,Cl,): 6 27.7 [s, CHj], 46.6 [quint,
J(P,C) 11.3 Hz, CH, (dppm)], 124.8, 125.2 [s, C4,4’ (iminostil-
bene)], 127.9 [t, J(P,C) 4.7 Hz, m-C¢Hs], 128.0 [t, J(P,C) =
5.3 Hz, m-C,H], 128.60, 128.64 [t, J(P.C) 4.7 Hz, m-C,H],
128.65, 129.29, 129.44, 129.56, 129.82, 130.10. 130.13, 130.23,
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130.25, 130.43, 130.52 [s, p-C¢Hs, CH (iminostilbene)], 131.4 [tt,
J(P,C) 20.0, 4.2 Hz, ipso-C¢Hs], 131.5 [s, C (iminostilbene)],
131.7 [s, CH (iminostilbene)], 132.00 [t, J(P,C) = 6.1 Hz, o-
CgHs], 132.04 [C (iminostilbene)], 132.50 (tt, J(P,C) 19.0, 4.7
Hz, ipso-C¢Hs], 132.60 [tt, J(P,C) 19.5, 3.7 Hz, ipso-C¢H4],
133.0(t, J(P,C) 5.8 Hz, 0-C¢Hs), 133.6 [t, J(P,C) 6.3 Hz, 0-C¢Hs],
134.6 [t, J(P,C) 6.8 Hz, 0-C¢H4], 134.8 (tt, J(P,C) 19.3, 3.7 Hz,,
ipso-C¢Hs], 138.1, 140.8 [s, C (iminostilbene)], 155.6 [br, C,],
229.1 [quint, *J(P,C) 13.2 Hz, C,] (C; was not observed).
SIP{'"H} NMR (CD,Cl,,): 6 —6.7 [AA’ part of an AA’BB’ spin
system], —8.0 [BB’ part of an AA'BB’ spin system, all P
(dppm)]. UV/Vis (/pa/nm (log ¢)) (CH;CN): 207 (4.95), 230 (sh,
4.83), 266 (4.71), 300 (sh, 4.11), 423 (4.38), 505 (sh, 2.98);
(CH,Cl,): 268 (4.71), 304 (sh, 4.08), 427 (4.38), 506 (sh, 2.96),
695 (2.08).

trans-[Cl(dppm),Ru=C=C=C{N(CH,),S}(CH;)]*SbF,~ (2¢).
Yield: 132 mg, 53%. Anal. Found: C, 56.99; H, 4.15, N, 0.87.
Calc. for C¢HssCIF(NP,RuSSb: C, 57.01; H, 3.99; N: 1.01%.
IR (KBr)/em™": w(CCC) 1941 (vs), W(C=N) 1492 (m), v(SbF")
694 (s), 658 (vs). 'H NMR (CD,CL,): § 1.02 [s, 3H, CHj],
4.73 [dquint, 2J(H,H) 14.9 Hz, 2J(PH) = *“J(P',H) 4.6 Hz,
2H, CH, (dppm)], 5.10 [dquint, 2J(H,H) 14.9 Hz, *J(PH) =
*J(P",H) 4.6 Hz, 2H, CH, (dppm)], 5.91 [d, *J(H,H) 7.8 Hz,
1H, phenothiazine), 6.97 (vt, *J(H,H) 7.8 Hz, 1H, pheno-
thiazine), 7.10-7.60 [m, 46 H, phenyl (dppm, phenothiazine)].
BC{'H} NMR (CD,CL): 6§ 29.4 [s, CH;], 46.6 [quint, J(P,C)
11.3 Hz, CH, (dppm)], 126.8 [s, br, Cy], 126.0-134.1 [several
m, phenyl (dppm) and CH (phenothiazine)], 137.0, 139.9 s,
C',C® (phenothiazine)], 152.7 [s, br, C,], 235.3 [quint, *J(P,C)
13.1 Hz, C,]. *'P{'H} NMR (CD,Cl,,): § —6.3 [AA’ part of
an AA'BB’ spin system], —9.7 [BB' part of an AA’BB’ spin
system, all P (dppm)]. UV/Vis (4,,/nm (log ¢)) (CH;CN): 210
(4.83), 226 (sh, 4.81), 258 (4.67), 320 (sh, 3.90), 445 (4.21), 733
(3.64); (CH,Cl,): 260 (4.68), 320 (sh, 3.85), 452 (4.22), 740
(3.63).

Z| E-trans-[Cl(dppm),Ru=C=C=C(NMeCH,Ph)(CH,)]*SbF,~
(2d). Yield: 145 mg (0.110 mmol, 58%) Anal. Found: C, 56.38;
H, 4.28; N, 1.05. Calc. for Cs,Hs,CIF{NP,RuSb: C, 56.75; H,
4.38; N: 1.07%. IR (KBr)/cm™": w(CCC) 1991 (vs), v(C=N) 1565
(m), v(SbFg™) 695 (s), 657 (vs). Z-2d: 'H NMR (CDCl;): 6 1.20
[s, 3H, CH;], 2.68 [s, 3H, NCH;], 3.93 [s, 2H, NCH,], 4.79
[dquint, 2J(H,H) 14.9 Hz, 2J(P,H) = “*J(P',H) 4.3 Hz, 2H, CH,
(dppm)], 5.06-5.15 [m, 2H, CH, (dppm)], 6.67 [m, 2H, CH
(Bz)]. BC{'H} NMR (CD,Cl,): 6 24.9 [s, CH;], 37.2 [s, NCH,],
48.7 [quint, J(P,C) 11.1 Hz, CH, (dppm)], 58.6 [s, NCH,], 119.1
[quint, *J(P,C) = 1.8 Hz, Cg], 127.8 [quint, J(P,C) 2.6 Hz,
m-Cg¢Hs], 128.5 [quint, J(P,C) 2.3 Hz, m-C4Hs], 130.00, 130.4, [s,
p-C¢Hs], 132.25 [quint, J(P,C) 11.6 Hz, ipso-C¢Hs), 132.7 [quint,
J(P,C) 3.2 Hz, 0-C¢H,], 133.4 [m, 0-C¢Hj], 133.6 (quint, J(P,C)
11.1 Hz, ipso-C4Hs), 154.3 [br, C,], 206.2 [quint, >J(P,C) 13.7 Hz,
C,.). *'P{"H} NMR (CD,CL,): 5 —8.0 [s, P (dppm)]. E-2d: 'H
NMR (CDCl,): 6 1.28 [s, 3H, CHj,], 2.13 [s, 3H, NCHj], 4.46 [s,
2H, NCH,], 4.96 [dquint, 2J(H,H) 15.1 Hz, *J(P,H) = “J(P',H)
4.1 Hz, 2H, CH, (dppm)], 5.06-5.15 [m, 2H, CH, (dppm)], 6.81
[m, 2H, CH (Bz)]. *C{'H} NMR (CD,Cl,): 6 24.3 [s, CH;], 41.2
[s, NCHj;], 48.1 [quint, J(P,C) 10.9 Hz, CH, (dppm)], 55.9 [s,
NCH,], 120.9 [quint, *J(P,C) = 1.6 Hz, C;], 127.9 [quint, J(P,C)
2.6 Hz, m-C¢Hs), 128.4 [quint, J(P,C) 2.4 Hz, m-C¢H,], 130.01,
130.5, [s, p-C¢Hs], 132.34 [quint, J(P,C) 11.6 Hz, ipso-C¢Hs],
132.8 [quint, J(P,C) 3.2 Hz, 0-C¢Hj], 133.4 [m, 0-C¢Hs], 133.9
[quint, J(P,C) 11.3 Hz, ipso-C¢Hs], 156.3 [br, C,], 209.8 [quint,
2J(P,C) 13.7 Hz, C,. *'P{'H} NMR (CD,Cl,): 6 —8.7 [s, P
(dppm)]. The following resonance signals could not be attri-
buted to the individual isomers: '"H NMR 6 7.18 [m, 10 H],
7.25-7.38 [m, 27 H], 7.52 [m, 8H] all aryl-H (dppm, benzyl). *C
NMR: § 126.5, 127.8, 128.9, 129.0, 133.0 aryl-C of the benzyl
substituent. UV/Vis (4,,/nm (log ¢)) (CH,CL,): 267 (4.61), 400
(4.18), 464 (sh, 3.59), 500 (sh, 3.52), 627 (2.76).



ZIE-trans-[Cl(dppm),Ru=C=C=C(NMeCH,anthracenyl)-
(CH3)]*SbF,~ (2¢). Yield: 59%. Anal. Found: C, 57.86; H, 4.22;
N, 1.01. Calc. for C,yH¢,CIF,NP,RuSb: C, 59.53; H, 4.35; N:
0.99%. IR (KBr)/cm™": w(CCC) 1993 (vs), 1561 »(C=N) (m),
V(SbF™) 696 (s), 657 (vs). Z-2e: '"H NMR (CDCL): 6 1.27 [s,
3H, CH,], 2.27 [s, 3H, NCHj;], 5.19 [s, 2H, NCH,]. *C{'H}
NMR (CD,Cl,): 6 24.8 [s, CH;], 37.6 [s, NCHj;], 47.5 [s, NCH,],
47.6 [quint, J(P,C) 11.6 Hz, CH, (dppm)], 120.1 [br, C;], 130.4,
130.8, [s, p-C¢Hs], 132.4 [quint, J(P,C) 11.6 Hz, ipso-C¢Hs],
132.6 [m, 0-C¢Hs], 133.3 [quint, J(P,C) 3.2 Hz, 0-C¢Hs], 154.3
[br, C], 206.2 (quint, 2J(P,C) 13.7 Hz, CJ. *'P{'H} NMR
(CDCI,): 6 —8.6 [s, P (dppm)]. E-2e: '"H NMR (CDCl;): 6 1.10
[s, 3H, CH,], 2.44 [s, 3H, NCHy,], 4.69 [s, 2H, NCH,,]. *C{'H}
NMR (CD,Cl,): ¢ 25.0 [s, CH,], 35.4 [s, NCHj;], 48.4 [quint,
J(P,C) 12.1 Hz, CH, (dppm)], 51.0 [s, NCH,], 119.8 [br, C;],
130.5, 130.9 [s, p-C¢Hs], 132.2 (quint, J(P,C) 11.6 Hz, ipso-
Ce¢Hs), 132.6 [m, 0-C¢Hs], 133.4 [quint, J(P,C) 3.2 Hz, 0-C¢H4],
133.8 (quint, J(P,C) 11.6 Hz, ipso-C¢Hs], 156.2 [br, C,], 210.2
[quint, 2J(P,C) 13.7 Hz, C,]. *'P{"H} NMR (CDCl,): § —8.1
[s, P (dppm)]. The following resonance signals could not un-
ambiguously assigned to the individual isomers: 'H NMR:
04.80,4.95 each [m, 2H CH, (dppm)], 7.00 [m, 12 H], 7.10-7.28
[m, 18H], 7.37 [m, SH], 7.42 [m, 5H], 7.80-7-88 [m, 4H],
8.15 [m, 3H], all aryl-H (dppm, anthracenyl); *C{'H} NMR:
0 127.8, 128.4 [m, m-C¢H,], 123.3, 124.0, 124.3, 125.2, 125.5,
126.9, 127.1, 127.9, 129.0, 129.5, 130.1, 130.4, 130.5, 130.88,
130.91, 130.98, 131.03, 131.4, 131.6, 131.7 all aryl-C (anthrace-
nyl). UV/Vis (An/nm (log ¢)) (CH,Cl,): 259 (4.57), 274 (sh,
4.55), 335 (4.07), 352 (4.22), 368 (4.38), 388 (4.38), 399 (4.36),
477 (sh, 3.29), 557 (sh, 2.92), 742 (2.23).

ZIE-trans-[Cl(dppm),Ru=C=C=C(NMe'Bu)(CH,)]*SbF~
(2f). This compound was purified by recrystallization from
CHCIl;-Et,0; yield 75%. Anal. Found: C, 54.75; H, 4.86; N,
1.05. Calc. for CsHg,CIF,NP,RuSb: C, 55.09; H, 5.25; N,
1.09%. IR (KBr)/cm™': w(CCC) 1996 (unsymmetrical band with
low energy shoulder, vs), W(C=N) 1586 (m). Z-2f: 'H NMR
(CDCly): 6 0.87 [s, 3H, CH,), 1.27 [s, 9H, CH,], 2.77 [s, 3H,
NCH;], 4.76 [dquint, 2J(H,H) = 14.9, 2J(P,H) = “J(P’,H) 4.5 Hz,
2H, CH, (dppm)], 4.89-4.97 [m, 2H, CH, (dppm)]. *C{'H}
NMR (CD,Cl,): § 27.5 [s, C(CH,);], 29.7 [s, CHj], 36.6 [s,
NCH;], 48.7 [quint, J(P,C) 11.1 Hz, CH, (dppm)], 63.7 [s,
C(CHy,),], 124.5 [br, Cy], 128.3 [quint, J(P,C) = 2.6 Hz, m-C4Hs],
129.1 [quint, J(P,C) = 2.4 Hz), 130.4, 131.2 [s, p-C¢H;], 132.5
[quint, J(P,C) 11.6 Hz, ipso-C¢Hs), 133.4, 133.5 [quint, J(P,C)
3.2 Hz, 0-C¢Hs), 134.2 [quint, J(P,C) 11.1 Hz, ipso-C¢Hs), 158.2
[br, C,], 213.7 [quint, 2J(P,C) = 13.3 Hz, C,]. *'P{'"H} NMR
(CD,Cl,,): 6 —=9.1[s, P (dppm)]. E-2f: '"H NMR (CDCl,): 6 0.97
[s, 3H, CH;], 1.36 [s, 9H, CH;], 2.18 [s, 3H, NCHj], 4.89-4.97
[m, 2H, CH, (dppm)], 5.11 [dquint, 2J(H,H) 14.9 Hz, >J(P,H) =
“J(P"H) 4.6 Hz, 2H). “C{'H} NMR (CD,Cl,): § 25.4 [s,
C(CH,;)s), 28.0 [s, CHj,], 40.2 [s, NCHj,], 48.5 [quint, J(P,C) 11.1
Hz, CH, (dppm)], 63.0 [s, C(CHj);], 123.3 [br, Cg], 128.3 [quint,
J(P,C) 2.6 Hz, m-C¢Hs], 128.8 [quint, J(P,C) = 2.4 Hz, m-C¢Hs),
130.5, 130.9 [s, p-C¢Hs], 132.9 [quint, J(P,C) 10.3 Hz, ipso-
Ce¢Hs), 133.2 [quint, J(P,C) 3.2 Hz, 0-C¢Hs), 133.6 [quint, J(P,C)
2.9 Hz, 0-C¢Hs), 134.2 (quint, J(P,C) 11.3 Hz,, ipso-C¢Hs], 156.8
[br, C,], 206.8 [quint, *J(P,C) 13.4 Hz, C,). *P{'H} NMR
(CD,Cl,): 6 —9.5[s, P (dppm)]. The following resonance signals
could not be assigned to the individual isomers: 'H NMR:
0 7.22 [m, 8H], 7.30-7.45 [m, 24H], 7.52, 7.65 each [m, 8H], all
aryl-H (dppm). “C NMR: ¢ 123.0, 124.5 [each br, Cy]. The
resonance signal of one of the ipso-C-atoms of a dppm ligand
for the Z-isomer could not be located. UV/Vis (4, /nm (log ¢))
(CH,Cl,): 265 (4.40), 322 (3.87), 338 (3.87), 395 (3.97), 468 (sh,
3.76).

X-Ray analysis of Z-trans-[Cl(dppm),Ru=C=C=C(NMe-
CH,Ph)(CH,;)]*SbFs~ (2d). Dark yellow blocky crystals were
obtained by slow concentration of a solution in CH,Cl,-Et,0

Table 5 Crystallographic data for trans, Z-2d

Formula Cq,Hs,CIF(NP,RuSb

M 1312.24

TIK 173(2)

A 0.71073

Crystal system Monoclinic

Space group P2,/c

alA 12.8677(9)

blA 24.811(3)

clA 21.3714(16)

pr 106.557(4)

VIA3 6540.3(10)

V4 4

D/Mgm™? 1.333

amm™! 0.835

F(000) 2648

Crystal size/mm 0.3%0.3x0.2

6 Range for data collection/® 2.15 to 24.00

Index ranges for data collection —1<h<14, 28 <k <28,
—24</<23

No. of reflns. measured 12324

No. of indep. reflns. (R;,) 10209 (0.0422)

Refinement method Full-matrix least-squares on F?

Data/restraints/parameters 10209/979/790

Goodness-of-fit on F* 1.030

Final R indices [I > 4a(1)]
R indices (all data) .
Largest diff. peak and hole/e A3

R, =0.0693, wR, = 0.1587
R, =0.1212, wR, = 0.1785
0.995 and —0.995

(5 : 1) at ambient temperature. Data collection was performed
on a Siemens P4 diffractometer at 173 K. The structure was
solved by direct methods employing the SHELX-97 and
SHELXS-97 program packages.”® Non-hydrogen atoms were
refined with anisotropic thermal parameters. The SbF,~ anion
is disordered over two positions. Hydrogen atoms were added at
calculated positions and assigned isotropic displacement
parameters equal to 1.2 (CH, CH,) or 1.5 times (CHj;) of the
U, value of their respective parent carbon atoms and treated
with appropriate riding models during the refinement. Other
data pertinent to the data collection and structure solution are
collected in Table 5.

CCDC reference number 175409.

See http://www.rsc.org/suppdata/dt/b2/b211774f/ for crystal-
lographic data in CIF or other electronic format.
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