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The N-heterocyclic olefin (NHO) ImMes;=CH, (2) (ImMe,=CH, =
(MeCNMe),C=CH,) was employed for the synthesis of the titanium
complex 3 derived from an NHO ligand precursor. By reacting 2 with
the bis(n—n’:6-n'-pentafulvene)titanium complex 1a, the terminal
ylidic methylene unit of 2 is deprotonated by the quaternary exocyc-
lic carbon atom of one pentafulvene ligand of 1a yielding the tita-
nium complex 3 which bears an anionic NHO ligand (ImMe,=CH").
3 was characterized by NMR spectroscopy, single crystal X-ray diffr-
action and quantum chemical calculations. The latter highlight that
3 is best described as a titanium vinyl complex with significant con-
tribution of the titanium alkylidene resonance structure.

Introduction

N-Heterocyclic olefins (NHOs)" formally consist of a terminal
alkylidene unit bound to an N-heterocyclic carbene (NHC) back-
bone.? This molecular composition leads to remarkable nucleo-
philic character of the exocyclic methylene group, especially
when compared to more traditional olefins. The pendent
N-heterocycle causes significant polarization of the exocyclic
carbon-carbon double bond, leading to increased nucleophili-
city of the ylidic carbon atom. As a result, this ligand class has
been characterized as relatively strong o-donors without the
potential to act as m-acceptors. This can be illustrated by the
zwitterionic resonance structure B shown in Scheme 1a.

Early reports by Kuhn and coworkers in 1993/1994 demon-
strated the nucleophilicity of NHOs by employing ImMe,—CH,
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for the formation of stable 1:1 donor acceptor adducts with the
Lewis acidic metal pentacarbonyl species of molybdenum and
tungsten.® Despite these examples in the 1990s, it took nearly
twenty years for the renaissance of NHO chemistry when Beller
et al. synthesized the more sterically encumbered NHO IPr—CH,
(IPr=CH, = (HCNDipp),C=CH,; Dipp = 2,6-iPr,C¢H3) by an
in situ synthetic protocol and used it for subsequent transform-
ations to cationic phosphine ligand precursor compounds.* The
corresponding palladium complexes bearing these phosphine
ligands are active catalysts in C-E (E = C, N, O) bond formations.*

Since these preliminary studies by Kuhn and Beller, NHOs
have found their entry into the literature as stabilizing ligands
for reactive low-valent main group compounds.?*? As represen-
tative examples regarding this topic, NHOs have been employed
for the synthesis of group 14 EH, complexes by the Rivard
group (E = Si, Ge, Sn).” Further highly noteworthy applications
of NHOs are their use as organocatalysts, as well as their use as
ligands for transition metal complexes.> But in contrast to the
ubiquity of NHCs as ligands,?””® NHOs remain a fairly underre-
presented ligand class for transition metals, which is under-
lined by the small number of reported transition metal com-
plexes of Sc,” zr,® W,>° Mo,® Rh,*° Ir,"* Pd,** Pt"* and Au™
(Scheme 1c, selected examples I-II), in which the NHO
(subunit) adopts consistently an end-on coordination mode.

Given the shown underestimated advantages of NHOs in
main group chemistry, intensification of research in connection
with transition metals is desirable. In the first place, the reactive
site in NHOs is less shielded and easier to address for further
investigations compared to related NHCs. Secondly, the strong
NHC-element interaction causes diminished nucleophilicity of
the corresponding complexes which could be circumvented by
employing NHOs due to them being milder donors.

As can be seen from the above overview of transition metal
NHO complexes, NHOs have not yet been investigated in realm
of titanium chemistry. We questioned whether NHOs might be
potential ligands for the comprehensively studied bis
(n-n’:0-n"-pentafulvene)titanium complexes, whose reactivity
is mainly driven by the n-n’:0-n' bonding mode of both penta-
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Scheme 1 a) Neutral olefinic (A) and zwitterionic (B) resonance forms of an NHO; (b) coordination modes of NHOs to a metal centre (C and D) (R =
H, alkyl, aryl); (c) selected examples of literature known transition metal complexes with NHO ligands (I1-111).

fulvene ligands." In this context, the synthesis of a series of
1:1 titanium-NHC adducts has already been reported in
which the NHC simply coordinates end-on to the metal centre,
accompanied by a haptotropic shift of both pentafulvene
ligands in direction to a n—n* coordination mode."® Motivated
by these results, we were interested in the reactivity of an NHO
towards bis(r-n:0-n"-pentafulvene)titanium complexes.

Results and discussion

Accordingly, the less sterically demanding NHO Ime,~CH, (2)
was targeted and synthesized by employing a reported four step
procedure starting from acetaldehyde and butane-2,3-dione (*H
NMR spectrum of obtained 2 see Fig. $21)."” The bis(m—n>:c-n"-pen-
tafulvene)titanium complexes 1a (R = Ad) and 1b (R = p-tolyl) were
also prepared according to literature protocols.'® The stoichio-
metric combination of 1a and 2 in n-hexane at room temperature
is accompanied by a color change from blue to magenta within
15 minutes of vigorous stirring (Fig. S1f), and after workup a
magenta solid is obtained in a good isolated yield of 94%. Analysis
of the NMR data revealed that instead of forming the supposed
1:1 adduct comparable to all reported transition metal NHO com-
plexes so far (¢f Scheme 1), the product proved to be the result of
deprotonation at the terminal methylene group of 2. Hence, the
exocyclic quaternary carbon atom (Cg.y,) of one pentafulvene

This journal is © The Royal Society of Chemistry 2022

ligand is protonated and the corresponding anionic N-heterocyclic
vinyl unit (ImMe,—CH") is added to the metal center to cleanly
give complex 3 (Scheme 2).

Characteristic of the asymmetric environment at the central
titanium atom are the eight signals in the "H NMR spectrum
for the four remaining pentafulvene hydrogen atoms and the
four hydrogen atoms of the newly formed substituted cyclo-
pentadienyl ligand between 4.30 and 6.47 ppm. The protona-
tion of one Cg .y, of the former pentafulvene ligand is clearly
verified by the "H NMR signal localized at §'H = 3.02 ppm with
the corresponding "C resonance at §*C{'H} = 45.6 ppm,
which is in good agreement to other complexes bearing the
CpAdH ligand." The signals of the Cq ey, and Cg ipso atoms of
the remaining pentafulvene ligand are localized at §"*C{'H} =
111.1 and 124.7 ppm respectively, and consequently only mar-
ginally shifted compared to the starting material 1a (§"C{"H}
= 113.3 and 131.4 ppm).'® Most striking is the downfield
shifted singlet signal at 'H = 7.17 ppm correlating to the most
downfield shifted signal in the *C NMR at §“C{'H} =
166.7 ppm of the CH functionality in position « to the tita-
nium. The gated-decoupling *C NMR experiment (Fig. S5t)
reveals the corresponding “Jou coupling constant of Jou =
118.5 Hz, indicative for sp>-hybridization of the respective
carbon atom and that no Ti-C, agostic interactions are
present. The '"H/"”N HMBC NMR spectrum (Fig. S61) shows
one resonance at §"°N = 123.4 ppm with cross peaks to the

Dalton Trans., 2022, 51,10690-10696 | 10691
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Scheme 2 Synthesis of complex 3 by reaction of 1a with 2.

aforementioned CH unit and to both signals of the methyl
groups (6'H = 1.45 (2 x CqCHj;) and 2.81 (2 x NCH;) ppm) of
the N-heterocyclic backbone.

To the best of our knowledge, 3 is the first early transition
metal complex with a formal N-heterocyclic vinyl ligand whereas
this bonding motif is more commonly encountered in main
group chemistry. Generally, these anionic ligands are strongly
electron releasing. This has been exploited first by Rivard and co-
workers, and later by Ghadwal et al., and more recently again the
Rivard group reported stable and base-free divinylgermanes, divi-
nylgermylenes, and expanded this protocol to a series of homo-
leptic tetrylenes and a zinc complex.”® To date, all reported
examples of compounds bearing the anionic N-heterocyclic vinyl
ligand require either stoichiometric amounts of an external base
(e.g. a second equivalent of the NHO used), proceed via direct
halosilane elimination of a preformed silylated NHO or via salt
metathesis whereas in the herein reported example no bypro-
ducts are formed.*>**! Here we demonstrate the direct formation
of this ligand class in the coordination sphere of titanium by

View Article Online
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formal intramolecular proton transfer to one pentafulvene ligand.
Although in principal there is a second pentafulvene ligand to
potentially react with, no second C-H activation occurs regardless
of the stoichiometry used for this reaction. Even heating of a
toluene solution of 3 to 100 °C for several days only resulted in
the reisolation of 3.

Of particular note, the reaction of the aryl substituted bis
(n—n:0-n"-pentafulvene)titanium complex 1b with 2 does not lead
to a similar outcome. The increased propensity of the adamantyl-
substituted derivative 1a to exhibit C-H activation chemistry can be
attributed to the stronger basicity of an alkyl substituted Cgx,
atom when compared to a diaryl substitution pattern."?
Independent of the chosen stoichiometry, solvent, and reaction
temperature, the reaction of 1b with 2 is always accompanied by
release of the respective pentafulvene ligand (Fig. S77).

Crystals of 3 suitable for single crystal X-ray diffraction were
obtained from a saturated n-hexane/toluene (10: 1) solution of
3 at —26 °C and the molecular structure is shown in Fig. 1.
Complex 3 crystallizes in the orthorhombic space group Pccn

Fig. 1 Left: Molecular structure of 3 in the crystal. Thermal ellipsoids are drawn at the 50% probability level (hydrogen atoms except H21, H31 have
been omitted for clarity). Selected bond lengths (A) and angles (°): Til-C6 2.378(2), Til-C31 2.0371(13), C1-C6 1.454(3), C16—C21 1.5130(19), C31-
C32 1.415(3), N1-C32 1.375(2), N1-C34 1.404(2), N2-C32 1.376(3), N2-C33 1.394(2), C33-C34 1.352(3), Ti1-C31-C32 138.69(14), Ct1-Til-Ct2
136.0, > «C31 360.0, Y «C32 360.0 (Ctl = centroid of C1-C5; Ct2 = centroid of C16—C20); right: excerpt of the molecular structure of 3 in the
crystal. Red plane defined by N1, C32, N2; blue plane defined by C32, C31, H31; fold angle between both planes: 61°; fold angle between the planes

defined by Ct1, Til, Ct2 and H31, C31, Til: 26.9°.
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with the titanium atom being best described as trigonal pyra-
midal according to the z4/z4 values of 7, = 0.76 (74 = 0.65).>
The n-n’:0-n"' coordination mode of the remaining pentaful-
vene ligand is unambiguously verified by the established para-
meters,”® and, as expected, the values deviate only marginal
from the starting material 1 and other complexes of group
4 metals with n-n’:c-n" bonded pentafulvene ligands.'®** The
transition from the other former pentafulvene ligand to a sub-
stituted cyclopentadienyl ligand is proved by the C16-C21
bond lengths of 1.5130(19) A, being typical for C(sp®)-C(sp®)
single bonds.?® Both carbon atoms C31 and C32 are sp>-hybri-
dized (in agreement to the "Jo i coupling constant of C31) as
verified by the sum of angles around both atoms (360°; the
hydrogen atom H31 was located in the electron density map
and refined isotropically). The presence of Ti-C, agostic inter-
actions can be excluded as shown by the Ti1-C31-H31 angle
of 138.78(16)°. The respective C31-C32 bond length of 1.415(3)
A is significantly elongated in comparison to NHO 2 (1.357(3)
13) 3¢ and for the dichlorogermylene (IDipp—CH)ZGeCIZ
similar values are found (1.371(4) A and 1.359(4) A).>°” These
short C-C distances in are in good agreement to C(sp>)-C(sp®)
double bonds (1.32 A (ref. 25)). This is further supported by
the fact that the mentioned carbon atoms and the substituents
(hydrogen atom and both nitrogen atoms of the imidazoline
moiety) in (IDipp=CH),GeCl, are in-plane, which is not appli-
cable for 3 (Fig. 1, right).>°” In contrast, H31 in complex 3 is
significantly more coplanar to the plane defined by the tita-
nium atom and both centroids of the pentafulvene and cyclo-
pentadienyl ligands (fold angle between the planes defined by
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Ct1, Ti1, Ct2 and H31, C31, Til: 26.9°). This supports the for-
mulation of a titanium-carbon double bond. To classify
the Ti1-C31 bond length of 2.0371(13) A in 3, Table 1 summar-
izes selected titanium-carbon bond lengths of titanium
alkyl complexes (IV and V), titanium vinyl complexes (VI and
VII), and titanium alkylidene complexes (VII, IX, X, and
XI).26732

Based on the Ti-C, bond lengths shown in Table 1, the
Ti1-C31 bond is best described as an elongated double bond.
The elongation compared to classic titanium alkylidene com-
plexes (VIII-XI) is attributed to the different chemical environ-
ment at the C, atom and the formal negative charge in 3,

Table 1 Selected Ti—-C, bond lengths of titanium alkyl complexes (IV
and V), titanium vinyl complexes (VI and VII), and titanium alkylidene
complexes (VIII, IX, and X)

Ti-C, Ti-Cq
bond bond
Compound length Compound length
Cp.Ti(CH3), (IVY*®  2.170(2) A [(NacnacTi=C 1.840(8) A
2.181(2) A (H)Bu][OTf]* (VIII)*°
Cp.Ti(CH,Ph), (V)*"  2.239(6) A [(Nacnac)Tl—C 1.830(3) A
2.210(5) A (H)Bu][CI]* (1X)*!
Cp,Ti(CH=CH,)F  2.098(6) A [(PNP)Ti=C(H)Bu 1.883(7) A
(vp* (oTf)” (X)**
Cp*,Ti(CH=CH,)OC 2.141(2)A (PN),Ti—CH,° (XI)**  1.939(3) A
(Ph)=CH, (VI)**
“Nacnac = ArNC(Me)—C-C(Me)NAr, Ar = 2,6-'Pr,C¢H;. ” PNP = N[2-P

(*Pr,),-4-MeCgH3],. © PN = N[2-P('Pr,)-4- MeCng] -2,4,6-MeCgH,.

43%

28% 10%

Fig. 2 Top left: HOMO of 3; top right: optimized geometry of 3 computed at the M06-2X-D3/def2-TZVP level of theory with selected natural
charges (red) and Wiberg bond indices (black); bottom: natural resonance theory computed leading resonance structures of 3 with their %

weighting.

This journal is © The Royal Society of Chemistry 2022
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whose impact is also critical for the significant downfield
shifted *C NMR signal compared to VIII-XL

To further probe the nature of the vinylic ligand to metal
interaction in 3, gas phase computations were carried out at
the M06-2X-D3/def2-TZVP level of theory.**® Notably, the
HOMO contains a polarized titanium-carbon n-bond, deloca-
lized about the C32-C31-Til motif (¢f. Fig. 1 and 2 top left).
The polarity of this interaction is also manifest in the natural
atomic charges, with the titanium-bound carbon carrying a
significant negative charge (—0.77) along with a highly charged
titanium center (+0.70) (Fig. 2 top right). Selected NBOs of the
Ti1l-C31-C32 unit of 3 are shown in Table S2.t Natural reso-
nance theory (NRT) analysis further supports a delocalized
C32-C31-Til n-bonding description, as can be seen by the six
leading resonance structures (Fig. 2 bottom). Resonance struc-
tures containing either a C32=C31 bond (A, 43%) or a
Ti1=C31 bond (B, E, F, 38%) account for a majority of the
overall structure. Similarly, both C32-C31 and Ti1-C31 Wiberg
bond indices indicate partial =-bond character (1.49 and 1.02,
respectively; Fig. 2 top right).

Conclusion

In conclusion, the reaction of the NHO 2 with the bis
(n-n*:0-n'pentafulvene)titanium complex 1a selectively pro-
ceeds via formal deprotonation of the terminal ylidic methyl-
ene group by the Cg .y, atom of one pentafulvene ligand and
addition of the formal ImMe,—~CH~ unit to the titanium
center to give complex 3, which has been characterized by
means of multinuclear NMR spectroscopy, single crystal X-ray
diffraction and quantum chemical analyses. These data
suggest that the bonding situation in 3 is best described by the
resonance structures shown in Scheme 2 with delocalized ©
bonding along the Ti-C-C axis (¢f. Fig. 1).
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