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ABSTRACT: The coordination chemistry of the anionic NHC 1~ based on an imidazo[1,5-a]pyridin-3-ylidene (IPy) platform sub-
stituted at the C5 position by an anionic barbituric heterocycle was studied with d® (Ru(l1), Mn(1)) and d® (Pd(11), Rh(l), Ir(1), Au(l11))
transition metal centers. While the anionic barbituric heterocycle is planar in the zwitterionic NHC precursor 1-H, NMR spectroscopic
analyses supplemented by X-Ray diffraction studies evidenced the chelating behavior of ligand 1~ through the carbenic and the ma-
lonic carbon atoms in all complexes, resulting from a deformation of the lateral barbituric heterocycle. The complexes were obtained
by reaction of the free carbene with the appropriate metal precursor except for the Au(lll) complex 10, which was obtained by
oxidation of the antecedent gold(l) complex [AuCl(1)]~ with PhICI; as an external oxidant. During the course of the process, a kinetic
gold(l) intermediate 9 resulting from the oxidation of the malonic carbon of the barbituric moiety was isolated upon crystallization
from the reaction mixture. The vco stretching frequencies recorded for complex [Rh(1)(CO)] (5) demonstrated the strong donating
character of the malonate-C(sp%)-NHC ligand 1. The ruthenium complex [Ru(1)Cl(p-cymene)] (11) was implemented as a pre-cata-
lyst in the dehydrogenative synthesis of carboxylic acid derivatives from primary alcohols and exhibited high activities at low catalyst

loadings (25-250 ppm) and a large tolerance towards functional groups.

INTRODUCTION

In transition metal chemistry, N-Heterocyclic Carbenes
(NHCs) have established as one of the most prominent ligand
types.12 Their accessibility, synthetic flexibility,>* and the ben-
eficial impact on the stability and catalytic, photophysical, or
biological properties of their organometallic complexes are key
features that have stimulated research in NHC organometallic
chemistry.>67 Capitalizing on the strong and non-labile charac-
ter of the metal-carbene bond,® the NHC units have served in
particular as pivotal, “anchoring” functions in polydentate lig-
and architectures. The introduction of an additional coordinat-
ing function, such as amine, N-heterocycle, alcohol, phosphine,
or thioether on the N-side arm led to chelating or pincer-type
heteroelement-NHC ligands.® Alternatively, connecting two or
more NHC units led to the well-known poly-NHCs ligand
class.1®

Conversely, the development of anionic, LX-type C-NHC
ligands has been relatively less explored, especially with a
C(sp®) carbon atom as second coordinating unit. A first sub-
class is constituted by bidentate hydrocarbyl / NHC ligands, in
which a cyclometalation occurs on the NHC backbone at the
benzylic, or a (primary or secondary) alkyl position as in A-C
(Figure 1).14121314 Dye to the high reactivity of the non-stabi-
lized alkyl moiety, these cyclometalated complexes are usually
highly sensitive to reagents/substrates.’® A remarkable excep-
tion is shown by the Z-selective metathesis catalyst C, in which

the chelating nature of the NHC ligand is a key feature to
achieve the stereoselectivity observed during the reaction. The
second sub-class consists of the combination of an NHC unit
with a stabilized C(sp®) ligand such as phosphonium ylide (D),
n-fluorenyl (E),*” or a-cyanoalkyl (F) moieties (Figure 1).1

In the course of our ongoing research program on functional-
ized NHC ligands,*® we have previously reported the synthesis
of the stable anionic NHC 1~ consisting of an imidazo[1,5-
aJpyridin-3-ylidene (IPy)® substituted by a pending anionic
barbituric unit. We have shown that 1~ is able to coordinate a
gold(l) center through the carbene function only, the lateral an-
ionic heterocycle remaining untouched and eventually available
for further derivatization.?* Indeed, the anionic malonate moiety
could be further O-functionalized by reaction with electro-
philes, opening the way to diversity of ligand structures. As an
extension of this work, we report herein a complete study on the
coordination behavior of ligand 1~ toward a series of d® (Pd(ll),
Rh(1), Ir(1), Au(111)) and d® (Ru(I1), Mn(1)) transition metal cen-
ters, demonstrating that 1~ is also able to act as a stable, chelat-
ing and LX-type malonate-C(sp®) / NHC ligand. Such a malo-
nate-derived c-alkyl ligand is quite rare in the literature 2%
and, to the best of our knowledge, has been incorporated only
twice as constitutional unit in ancillary ligand.?*
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Figure 1. Representative examples of anionic, bidentate C(sp®) /
NHC complexes. The coordinating C(sp®) atom is highlighted with
a grey sphere. Dipp: 2,6-diisopropylphenyl, Mes: mesityl.

RESULTS AND DISCUSSION

The zwitterionic precursor 1-H was easily deprotonated at
room temperature in THF using a slight excess of lithium
bis(trimethylsilyl)amide (LIHMDS) as a strong base, to give the
stable free anionic carbene [1]Li in quantitative yield (Scheme
1). Its formulation was inferred in particular from its *C NMR
spectrum, the resonance of the N,C carbenic carbon atom being
observed at 8¢ 199.2 ppm.2 This value is slightly shielded com-
pared to the ones reported in the literature for classical free IPy-
type NHCs (206- 209 ppm)? and might be indicative of a coor-
dination of the carbene center to the lithium cation.®® Treatment
of [1]Li with 0.5 equivalent of [PdClI(allyl)]. cleanly led to the
formation of the corresponding air and moisture stable [Pd(al-
lyl)(1)] complex 2 as a white solid in 75% yield after purifica-
tion through a column chromatography (Scheme 1). Complex 2
was fully characterized by spectroscopic and analytical meth-
ods, which evidenced in particular the coordination of the car-
benic and central malonate carbon centers on the Pd(ll) center,
reflecting a bidentate and chelating coordination mode. This
could be deduced from the chemical shift of the NHC carbon
atom recorded at 8¢ 170.7 ppm in the *C NMR spectrum, sim-
ilar to related bidentate [Pd(allyl)(L"IPy)] complexes,*® 26 and
by the shielding of the central malonic carbon atom from &¢
88.2 ppm in [1]Li to ¢ 66.9 ppm suggesting a partial hybridi-
zation change from sp? in [1]Li to a more-pronounced sp® char-
acter. We had already observed the same behavior yet with a
higher magnitude in a fully-organic 4,6-dioxopyrimidine com-
pounds derived from the anionic maloNHC carbene (maloNHC
= anionic 6-0x0-6H-pyrimidin-2-ylidene-4-olate).?” The molec-
ular structure of complex 2 was then firmly established by a
single-crystal X-Ray diffraction (Figure 2 and Table 1) and con-
firmed the chelating nature of ligand 1-, with a Pd1-C1 distance
of 2.0191(19) A, in the typical range of Pd-Cnuc bond lengths,
and a Pd1-C8 distance of 2.2241(18) A. The latter bond length

appears significantly longer than other types of Pd-C(sp®) bonds
in chelating systems previously reported in the literature [2.10-
2.17 A].16 224,24, 28 Thjs rather long Pd-C distance associated
with the fairly acute bite angle C1-Pd1-C8 of 81.33(7)° and the
yaw angle?® @ of 13.94° reflect the constrained ligand structure
in 2. This significant yaw angle is quite similar to the yaw an-
gles measured in complexes of the related iminophosphorane-
IPy ligand, previously reported by us, and originates from the
rigidity of the bicyclic imidazopyridine scaffold.'% Finally, the
noticeable pyramidalization of the malonate carbon (2.C8 =
344.86°) confirms the formulation of ligand 1~ as an anionic bi-
dentate C(sp®) / NHC ligand.

Scheme 1. Generation and coordination chemistry of ani-

onic ligand 1~ with d® metallic centers. COD: 1,5-cycloocta-
diene, NBD: 2,5-norbornadiene.

-
N-Di = .
SNy DPP 4/ N-Dipp
LiIHMDS o
O A0 —_— .
NP o
5 THF, rt., 15 min O L),
N _N
N_N
\( Y Y iPr W NiPr
0 o
1-H 1-Li
11, [RhCI(L
11/2[PdCI(aIIyI)]2 2 [RCI(L2)l "I, [IrCl(cod)],
~ N-Di
SN PP
0
Pr-N R\hiL
iPr- o
0L

(0]

1
iPr
3 (60%) (L, = nbd)

2 0,
(73%) 4(80 %) (Lp = 1,5-cod)
co
CH,Cl, 5 (80 %)

L=CO

The coordination abilities of ligand 1~ were further investigated
with other d® transition metals such as Ir(1) and Rh(l) metallic cen-
ters. Reaction of the free NHC 1-Li with [RhCI(nbd)]2,
[RhCl(cod)]2 and [Ir(cod)Cl]2 as metallic precursors afforded the
Rh(1) complexes 3 and 4, and the Ir(l) complex 6 in 60%, 82%, and
51% isolated yields, respectively. All three complexes were stable
and could be purified by column chromatography. However, com-
plex 6 appeared to be less stable in solution than its rhodium coun-
terparts as slow de-coordination of the cod ligand was observed
during the collection of NMR data. The *3C NMR spectra of Rh(l)
complexes 3 and 4 confirmed the chelating nature of ligand 1~ as
both malonic and carbenic carbons resonate as doublets at ¢ 69.8
ppm ({Jcrn = 14.3 Hz) and 68.8 ppm ({Jcrn = 14.4 Hz) for the ma-
lonic carbon, and at 6¢ 166.8 ppm (*Jc.rn = 60.8 Hz) ppm and 165.4
(Mern = 55.2 Hz) ppm for the carbenic carbon in complexes 3 and
4, respectively (Table 2). The same analysis could be achieved on
the Ir(l) complex 6 as the resonances of the carbenic and malonic
carbon centers fall into the same range (8¢ 165.8 and 70.6 ppm,
respectively).



Figure 2. Molecular structures of complexes 2, 3, 5, and 6. Ellipsoids are drawn at the 30% probability level. Hydrogen atoms have been

omitted for clarity. Selected bond lengths and angles are reported in Table 1.

Table 1. Selected bond lengths (A) and angles (°) for the complexes 2, 3, 5, and 6.

2 3 5
Pd1-C1 2.0191(19) Rhi-C1 2.014(2) Rh1-C1 2.0321(18) Ir1-C1 2.032(3)
Pd1-C8 2.2241(18) Rh1-C8 2.269(2) Rh1-C8 2.2281(19) Ir1-C8 2.232(3)
Pd1-C30 2.181(2) Rh1-C30 2.139(2) Rh1-C30 1.899(2) Ir1-C32 2.174(3)
Pd1-C31B 2.148(6) Rh1-C31 2.115(2) Rh1-C31 1.864(2) Ir1-C33 2.148(4)
Pd1-C32 2.138(2) Rh1-C33 2.182(2) C11-02 1.217(2) Ir1-C36 2.131(4)
C8-C9 1.463(3) Rh1-C34 2.209(2) C9-01 1.221(2) Ir1-C37 2.126(4)
cs-Cc11 1.467(3) C31-031 1.134(3) C32-C33 1.390(6)
C9-01 1.224(2) C30-030 1.134(3) C36-C37 1.400(6)
C11-02 1.221(2)

N1-C1-N2  103.52(16) | N1-C1-N2 102.79(19) N1-C1-N2 103.50(15) | N1-C1-N2 102.8(3)
C1-Pd1-C8 81.33(7) C1-Rh1-C8 79.41(9) C1-Rh1-C8 80.12(7) C1-Ir1-Cc8 79.02(13)

Yaw angle 0 13.94 Yaw angle 0 12.70 Yaw angle 0 13.22 Yaw angle 0 14.05

2C8 344.86 2.C8 344.80 >.C8 341.21 >.C8 340.3

0 = [(N1-C1-M)-(N2-C1-M)]/2




Table 2. 13C NMR chemical shifts for the carbenic and cen-
tral malonic atoms recorded in CDCls.

Compound 8(Cearbene) (ppm) 8(Crmato) (ppm)

1-H 1272 83.3
1-Lil@ 199.2 88.2
[AuCI(L)](PPN)! 166.9 86.7
2 170.7 66.9
3 166.8 69.8

(d, JrRnc=60.8 Hz) | (d, Jrh-c=14.3 H2)
4 165.4 68.8

(d, Jrnc=55.2 Hz) | (d, Jrnc = 14.4 Hz)
5 189.0 67.3

(d, Jrnc=57.9 Hz) | (d, Jrnc = 15.8 Hz)
6 165.8 70.6
9 163.9 64.2
10 141.8 675
11 1655 57.1
12 173.0 60.6

[a] In THF-d®. [b] In CD.CL.

The molecular structures of complexes 3 and 6 were con-
firmed by single-crystal X-ray diffraction and both displayed a
typical square planar geometry around the metal centers (Figure
2). While the ligand metrics (metal-Cnuc and M-Crajonate dis-
tances, bite and yaw angles) are similar to the ones previously
recorded in complex 2 (see Table 1), it is worth to note that the
Rh-Cnep and Ir-Ccop distances, which are trans to the carbene
carbon center are longer than the Rh-Cngp and Ir-Ccop bond
lengths trans to the malonate carbon atom, thus reflecting the
more pronounced trans influence of the carbenic center. In or-
der to evaluate the electronic properties of ligand 1~ by IR spec-
troscopy, the dicarbonyl complex [Rh(1)(CO),] complex 5 was
synthesized from complex 4 by bubbling CO gas into a solution
of complex 4 in dichloromethane. Complex 5 was isolated as an
air and moisture stable yellow powder in 80% yield. It was fully
characterized by analytical techniques supplemented by an X-
ray diffraction analysis (Figure 2). As expected, complex 5 dis-
plays a typical square planar geometry around the d® Rh(1)
metal center. The vco values of complex 5 in CHClI; solution

were recorded at 2010 and 2069 cm ~*. Comparison of its aver-

age value (veo® = 2039 cm 1) with that of the structurally re-

lated rhodium complex [7](OTf) supported by an IPy-based lig-
and substituted with an iminophosphorane group in position 5
previously reported by our group (vco® = 2046 cm ?) revealed
that replacing the neutral iminophosphorane moiety by the ani-
onic n!-barbituric moiety renders the corresponding ligand
more donating (Figure 3).1% Moreover, it appears that ligand 1~
induces about the same overall electronic density on Rh(l) cen-
ter as the strong electron-donating phosphonium ylide / NHC in
[8](OTH).*®°
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Figure 3. Comparison of the vco® stretching frequency values for
Rh(l) complexes bearing chelating IPy-iminophosphorane, IPy-
barbituric heterocycle, and NHC-phosphonium ylide ligands, re-
spectively.

These results obtained with d® metallic centers encouraged us
to explore the coordination chemistry of ligand 1~ with
gold(I1l). Our strategy rested on the oxidation of the gold(l)
complex [AuCI(1)]Li, previously reported by us, using an ex-
ternal oxidant. Accordingly, [AuCI(1)]Li was generated in situ
by reaction of free carbene 1-Li with [AuCI(tht)]. After evapo-
ration of the solvent and without further purification, the result-
ing gold(l) complex was suspended in dichloromethane and re-
acted with iodobenzene dichloride PhICI, (Scheme 2). The
color of the suspension changed rapidly from dark green to yel-
low-orange. The *H NMR analysis of the crude reaction mixture
after 20 min of reaction evidenced the formation of two differ-
ent products in a 3/1 ratio, whose mixture was separated from
impurities and by-products by column chromatography.

Scheme 2. Oxidation of complex [AuCI(1)]Li with PhIClI2.
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The crystallization of the residue led to dark-green and or-
ange crystals, which were separated manually. The X-ray dif-
fraction analysis of the orange crystals confirmed the formation
of the expected Au(lll) complex 10 while the analysis of the
green crystals evidenced the formation of the Au(l) complex 9,
in which a C-ClI bond has been formed on the central malonic
position of the barbituric heterocycle indicating a ligand oxida-
tion (Figure 4, Table 3). Moreover, we noted that successive
crystallizations of the mixture by slow evaporation of CH,Cl,
at room temperature led to the interconversion of the Au(l)
complex 9, initially the major one, into the Au(l11) complex 10,
which could finally be isolated in a pure form in 72% overall
yield.

In order to get a better understanding of this interconversion,
the evolution of a concentrated solution (0.5 M) of complexes
9 and 10 obtained in an initial ratio 9/10 = 3/1 in dichloro-
methane was monitored by *H NMR. Aliquots were taken and
analyzed in acetone-d6. The choice of the NMR solvent was
driven by the good separation of the signals at 8.35 ppm and
8.20 ppm assigned to the remote proton on the imidazole ring



in complexes 9 and 10, respectively. The monitoring evidenced
a full conversion of complex 9 into complex 10 after 7.7 days.
When performed in DCE (0.5 M) at 40°C, full conversion of
complex 9 into complex 10 was obtained in 4.6 days. However,
no reliable kinetic conversion could be measured despite nu-
merous attempts. The transformation of 9 into 10 is supposed to
occur through an intramolecular, SN-type oxidative addition of
the malonate-type C-Cl bond onto Au(l) center.®

The gold(l) complex 9 displays the typical linear geometry
coordination of gold(l) complexes with a C1-Aul-CI1 angle of
177.64(7)°. Due to the sp® hybridization character of the C8 car-
bon, the barbituric heterocycle is not entirely planar anymore,
and the C8 carbon deviates by 0.449 A from the mean plane
formed by the C9-N3-C10-N4-C11 atoms with the chloride
pointing in the opposite direction to the metal center. This spe-
cific geometry is consistent with an outer-sphere chlorination
reaction and forces the two carbon atoms C9 and C11 to be
closer to Aul (Au1-C9 = 3.069 A and Au1-C11 = 3.065 A) than
in complex [AuCI(1)]JPPN (3.317 A and 3.409 A respec-
tively). 2

The Au(lll) center in complex 10 displays the typical square
planar geometry of gold(l11) complexes with the ligand 1~ che-
lating the metal center through coordination of the sp® malonic
carbon C8 and the carbenic carbon C1.

Complexes 9 and 10 were fully characterized by 'H and *°C
NMR. The *H NMR spectrum of 10 displays a doublet at 6.73
(3Jc.n = 6.8 Hz) ppm which corresponds to the proton in position
6 of the IPy bicycle. This signal is significantly shielded com-
pared to its equivalent in the gold(l) complex [AuCI(1)]PPN
(7.21 ppm), which can be explained by the coordination of the
malonic carbon to the gold metallic center. This trend was al-
ready noticed in the previous complexes 2-6. Conversely, this
proton appears to be deshielded at 7.72 ppm in complex 9 due
to the presence of the chlorine atom on the malonic carbon. The
'H and 3C NMR spectra reflect the Cs-symmetry for both com-
plexes 9 and 10, in which the IPy bicycle defines the symmetry
plane in the molecule. In the *C NMR spectrum, the chemical
shift of the malonic carbon atom is recorded at 67.5 ppm for
gold(I1T) complex 10, which lies in the same range as the chem-
ical shifts recorded for complexes 2-6.

The bidentate coordination mode of ligand 1~ is not restricted
to d® transition metals and was also observed in d® metal com-
plexes. Indeed, the reaction between free NHC [1]Li with the
[RuCl,(p-cymene)], and [MnBr(CO)s] metal precursors led to
complexes 11 and 12 in 77% and 37% yields, respectively
(Scheme 3).

Scheme 3. Synthesis of d°-metal complexes 11 and 12
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Both complexes were fully characterized by spectroscopic
and analytical techniques. In particular, the Cs-symmetry of the
complex 12 is reflected by the presence of three signals in the
13C NMR spectrum corresponding to the four carbonyl ligands:
the two peaks at 215.3 ppm and 214.2 ppm are attributed to the
carbonyl ligands lying in the plane of the IPy core while the
signal at 210.7 ppm corresponds to the two carbonyl ligands on
each side of the mirror plane materialized by the IPy bicycle.
The molecular structures were firmly confirmed by X-Ray anal-
ysis (Figure 4). In both complexes 11 and 12, the ligand 1~ dis-
plays a «?-C,C bidentate coordination mode with quite acute
bite angles of 77.43(17)° and 79.61(6)°, respectively and the
highest degrees of sp-pyramidalization within the series [Z.C8
= 336.1° for 11 and 339.44° for 12]. The ruthenium complex 11
adopts an half sandwich distorted pseudo-octahedral geometry
around the Ru(I1) center with the n®-p-cymene occupying three
facial coordinating sites and the anionic ligands 1~ and CI~ com-
pleting the coordination sphere. While the Mn(l) complex 12
displays a distorted octahedral geometry, it is worth to note that
the Mn1-C31 and Mn1-C33 bonds [1.8278(16) A and
1.8230(17) A, respectively], which are in the coordination plane
of ligand 1~ are significantly shorter than the Mn1-C30 and
Mn1-C32 bonds [1.8632(18) A and 1.8715(17) A], perpendic-
ular to this plane, due to a stronger backdonation from the Mn
center into the n*(CO) orbitals, and evidencing the strong do-
nation of the ligand 1.

Reports in the literature showed that ruthenium complexes
supported by NHC ligands can promote the dehydrogenative
synthesis of carboxylic acids from primary alcohols.®> More
specifically, a highly active catalytic system supported by a cy-
clometalated x?-C,C bidentate NHC ligand was developed by
Verpoort and coworkers running at catalyst loading as low as
25 ppm.* Based on the typical reaction conditions established
by Verpoort, we implemented complex 11 in the aerobic Ru-
catalyzed oxidation of benzylic alcohol into benzoic acid start-
ing with 250 ppm of catalyst and 1.2 equiv of KOH in refluxing
o-xylene (Table 4).



Figure 4. Molecular structures of complexes 9, 10, 11, and 12. Ellipsoids are drawn at the 30% probability level. Hydrogen atoms have been
omitted for clarity. Selected bond lengths and angles are reported in Table 2.

Table 3. Selected bond lengths (A) and angles (°) for the complexes 9, 10, 11, and 12.

9 10 11 12
Aul-Cl 1.979(2) Aul-Cl 1.9932(19) Rul-C1 2.035(4) Mn1-C1 2.0200(15)
Aul-Cl1 2.2850(6) Aul-C8 2.1319(19) Ru1-C8 2.316(4) Mn1-C8 2.2907(15)
C8-Cl2 1.817(2) Aul-Cl1 2.3076(5) Rul-Cl1 2.3992(12) Mn1-C30 1.8632(18)
Aul-CI2 2.3336(5) Mn1-C31 1.8278(16)
Mn1-C32 1.8715(17)
Mn1-C33 1.8230(17)
N1-C1-N2  104.50(18) | N1-C1-N2 105.03(16) N1-C1-N2 103.2(4) N1-C1-N2 103.35(12)
C1-Aul-Cll  177.64(7) | C1-Aul-C8 82.55(7) C1-Rul-C8 77.43(17) | C1-Mni1-C8 79.61(6)
Yaw angle 6 - 6.56 Yaw angle 6 14.10 Yaw angle 6 10.80 Yaw angle 6 12.22
2qC8 341.46 2.C8 338.21 2.C8 336.1 2qC8 339.44

0 = [(N1-C1-M)-(N2-C1-M)]/2



Table 4. Ruthenium-catalyzed dehydrogenative oxidation
of benzyl alcohol. Optimization of the reaction conditions.?

O (o}
OH cat. (x ppm) 3N HCI
—_— —_—
KOH (1.2 equiv) oK OH
o-xylene, reflux

13a not isolated 14a
NMR
Entry Cat. (ppm) Time (h)  Yield TON
(%)"
1 11 (250) 2 88°¢ 3500
2 11 (250) 5 96° 3800
3 11 (250) 0.5 36 1400
4 11 (250) 1 61 2400
5 11 (250) 15 72 2900
6 11 (250) 2 87 3500
7 11 (250) 25 98 3900
8 11 (250) 3 >99 >4000
9 11 (25) 13 65 26000
10 11 (25) 24 76 30400
11 11 (10) 24 33 33000
12 11 (10) 48 73 73000
13 - 5 0.4
14 [RuClz(p-cym)]2 6 9 180
(250)

@ Typical conditions: benzyl alcohol (7.5 mmol), potassium hy-
droxide (1.2 equiv), o-xylene (1.4 mL ) under an open air atmos-
phere. ® NMR yields were measured using 1,3,5-trimethoxyben-
zene as an internal standard. © Reaction performed under open
argon atmosphere.

The dehydrogenative coupling of benzyl alcohol and potas-
sium hydroxide reaction was first performed under open argon
conditions leading to the formation of benzoic acid 14a in 96%
after 5 hours, confirming that molecular dioxygen is not in-
volved in the oxidation process (entry 2). Operating under an
open air atmosphere did not alter the activity of the catalyst, as
the product 14a was obtained in 99% yield in only 3 hours (en-
try 8), highlighting the robustness and the convenient handling
of the catalytic system. The subsequent experiments were con-
sequently conducted under aerobic conditions. Oxidation of the
benzylic alcohol was successfully performed at a low catalyst
loading of 25 and 10 ppm to give 14a in 76% and 73% vyields
respectively (entries 10 and 12), leading to a maximum TON of
73000 (entry 12), yet at the expense of longer reaction times. A
blank experiment was conducted in the absence of any ruthe-
nium catalyst and traces only of benzoic acid were detected,
showing the crucial role of the catalyst and ruling out a possible
oxidation of benzylic alcohol under basic aerobic conditions
(Entry 13).3* For the sake of comparison, a second catalytic re-
action was set up in the presence of [RuClx(p-cymene)], dimer
leading to very poor yield (9%, entry 14) demonstrating that the
activity of the catalytic system relies on the nature of the ligand.

With the optimized conditions in hand (250 ppm of pre-catalyst
11 and 1.2 equiv of KOH in refluxing o-xylene for 6 hours), a
series of primary alcohols was subjected to the dehydrogenative
coupling reaction (Scheme 4). Benzylic alcohols displaying
electron-donating groups in meta or para position 13b-e were
successfully oxidized with good to excellent yields ranging
from 83% to 97%, the substitution of the aromatic ring did not
alter to a great extent the reaction yields. On the other hand,
electron-poor substrates 13g-j were more reluctant to oxidation
and lower yields (46 to 77%) were recorded despite an increase
of the catalyst loading (500 ppm for substrates 13g-i) or longer
reaction times (16 h for substrate 13j). It is worth noting that the
oxidation of the halogenated substrates 13g and 13h afforded
the corresponding acids 14g and 14h along with a non-negligi-
ble amount of dehalogenated benzoic acid 14a, this dehalogen-
ation side-reaction being also observed by Verpoort and
coworkers.®® The catalytic system was tolerant to the presence
of an acidic function on the aromatic ring, as 4-hydroxybenzyl
alcohol 13f was oxidized to the corresponding carboxylic acid
in 49% vyield in the presence of 3.3 equiv of KOH. The catalytic
system is also compatible with polyaromatic alcohols (13k).
Next, we investigated the dehydrogenative coupling of aliphatic
alcohols 13I-p with potassium hydroxide. Aliphatic alcohols
were successfully oxidized but were less reactive and longer re-
action times (16 h) were required to obtain moderate to good
yields (46-92%). It is worth noting that the presence of hetero-
cycles did not inhibit the reaction. In particular, 3-pyridylpropi-
onic acid 14m was isolated in 91% yield, proving the compati-
bility of the catalytic system with highly coordinating moieties.
Introduction of a bulky adamantyl substituent resulted in a dras-
tic decrease of the reaction yield, 14p being obtained in 31%
yield only, to be compared to 92% yield for 14n. Eventually,
the oxidation of hexanol led to hexanoic acid 140 in a moderate
68% vyield. Overall, the efficiency of the present catalytic sys-
tem based on complex 11 appears quite similar to the reference
Verpoort’s catalytic system.

CONCLUSION

Through a detailed coordination study, we have shown that
the anionic ligand 17, composed of an imidazo[1,5-a]pyridin-3-
ylidene laterally substituted by an anionic barbituric moiety,
acts as a chelating, bidentate Cgs / Cnwic ligand on square-planar
d® metallic centers [Pd(11), Rh(l), Ir(1), Au(lll)] as well as on
(pseudo)octahedral d® metallic centers [Ru(ll), Mn(l)]. Through
the deformation of the barbituric heterocycle and pyramidaliza-
tion of the central carbon atom of its malonic unit from sp? in
free 1-Li to sp®, the ligand 1-afforded stable 5-membered
metallacycles, displaying quite acute bite angles [77-82°] and
noticeable tilting coordination of the carbenic center [yaw an-
gles: 10-14°] due to the rigidity of its bicyclic scaffold. Most
importantly, the ruthenium complex 11 proved to be highly ef-
ficient in the dehydrogenative oxidation of benzylic and pri-
mary alcohols, evidencing the potential of ligand 1~ as a power-
ful supporting ligand in organometallic catalysis. This work
constitutes the first report of such a coordination mode for an
anionic barbituric heterocycle and we are currently working on
further implementations of this novel ligand structure in other
metal/NHC-catalyzed reactions.



Scheme 4. Scope of the Ru-catalyzed dehydrogenative oxi-
dation of primary alcohols by using pre-catalyst 11.2
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a8 Typical conditions: primary alcohol (3.75 mmol), potassium hy-
droxide (1.2 equiv), o-xylene (0.75 mL) and complex 11 (250 ppm)
under air atmosphere; isolated yields. ® 500 ppm catalyst used. ¢ Yield
of benzoic acid 14a.

EXPERIMENTAL SECTION

General information

All manipulations were performed under an inert atmosphere of dry
nitrogen for the syntheses or of dry argon for the catalytic tests by using
standard vacuum line and Schlenk tube techniques. Dry and oxygen-
free organic solvents (THF, Et2O, CH.Cl., toluene, pentane) were ob-
tained using LabSolv (Innovative Technology) solvent purification sys-
tem. [AuCI(tht)],® [PdCI(CsHs)2]2*® and [RhCI(1,5-cod)]2* and
[RhCI(nbd)]2% were synthesized according to literature procedures. All
other reagent-grade chemicals were purchased from commercial
sources and used as received. Chromatographic purification of the com-
pounds was performed on silica gel (SiOz, 40-63 pm or 60-200 um) or
deactivated aluminium oxide (neutral Al20s, Brockmann type 111 (4.7%
water), 50-200 um). *H, 3P, and 3C NMR spectra were obtained on
Bruker Avance 400, Avance |11 HD 400, or Avance 500 spectrometers
and were referenced relative to the residual signals of the deuterated
solvents (*H and *3C).3® Chemical shifts were reported in ppm. *H and
13C NMR signals were assigned by means of additional *C{*H,3'P},
13C-DEPT135, 'H-*C HMQC and/or HMBC experiments. Mass spec-
tra (ESI mode) were obtained using a Xevo G2 QTof (Waters) spec-
trometer and were performed by the mass spectrometry service of the
“Institut de chimie de Toulouse”. Elemental analyses were carried out

by the elemental analysis service of the LCC (Toulouse, France) using
a Perkin Elmer 2400 series 1l analyzer.

[(77%-allyl)[2-(2,6-diisopropylphenyl)-5-(1,3-diisopropyl-2,4,6-
trioxo-hexahydropyrimidin-5-yl-xC®)imidazo[1,5-a]pyridin-3-yli-
dene-xC®]palladium(ll)] (2)

n-BuLi (1.6 M in hexane, 268 pL, 0.43 mmol, 2.15 equiv) was added
to a solution of HMDS (102 pL, 0.49 mmol, 2.45 equiv) in THF (3 mL)
at room temperature. After 20 min, 1-H (200 mg, 0.41 mmol, 2.05
equiv) was added. The mixture was stirred at room temperature for 20
min and solid [PdCl(allyl)]2 (73 mg, 0.20 mmol, 1.0 equiv) was added
at once. The solution was stirred overnight at room temperature and all
volatiles were removed in vacuo. The residue was purified by flash
chromatography (neutral Al.Os, Brockmann type 111, CH2Cl), washed
with ether (5 mL) and dried to give a white solid (192 mg, 75%). Crys-
tals suitable for an X-Ray diffraction experiment were grown by layer-
ing a solution of 2 in CH2Clz with pentane. 'H NMR (400 MHz,
CDCls): §=7.48 (t, J = 7.8 Hz, 1H, CH p.pipp), 7.30-7.19 (m, 3H, CH
py +*CH m-pipp), 7.15 (s, 1H, CH m), 7.08 (dd, J = 9.2, 6.7 Hz, 1H, CH
py), 6.64 (dd, J = 6.6, 0.9 Hz, 1H, CH »y), 5.20 (hept, J = 6.9 Hz, 1H,
NCH(CHs)z2), 5.03 (hept, J = 6.9 Hz, 1H, NCH(CHs)2), 5.01-4.87 (m,
1H, CH any), 3.53 (dd, J = 7.4, 2.2 Hz, 1H, CH2 ay), 2.85 (d, J =13.4
Hz, 1H, CH2 auy), 2.43 (hept, J = 6.8 Hz, 1H, CH(CHs3)2), 2.43 (d, J =
6.9 Hz, 1H, CH2 auy), 2.11 (hept, J = 6.8 Hz, 1H, CH(CHz3)z2), 2.09-2.04
(m, 1H, CH2 any), 1.48 (d, J = 6.9 Hz, 3H, NCH(CHs3)2), 1.45 (d, J =
6.9 Hz, 3H, NCH(CHs)2), 1.38 (d, J = 6.9 Hz, 3H, NCH(CHz3)2)), 1.35
(d, J = 6.9 Hz, 3H, NCH(CHs)2)), 1.13 (d, J = 6.9 Hz, 3H,
CCH(CHz3)2)), 1.10 (d, J = 6.18 Hz, 3H, CCH(CHz)z2)), 1.06 (d, J =6.9
Hz, 3H, CCH(CHz)2)), 1.01 (d, J = 6.8 Hz, 3H, CCH(CH?)2)); *C{*H}
NMR (101 MHz, CDCls): 6 =170.7 (N2C-Pd), 168.7 (CO), 165.8
(CO), 152.1 (CO), 146.2 (Car), 145.5 (Car), 141.4 (Cry), 136.6 (Car),
131.3 (CPy), 130.3 (CHQ-Dipp), 126.9 (CH Py), 123.8 (CH m»Dipp), 123.6
(CH m-pipp), 116.9 (CH any1), 114.3 (CHpy), 114.2 (CHpy), 110.9 (CH m),
68.6 (CH2any), 66.9 (Pd-C(CO)z2), 53.0 (CHz anyr), 45.6 (NCH(CHs3)2),
45.4 (NCH(CHs)2), 28.2 (CCH(CHs)2), 28.1 (CCH(CHsa)2), 25.3
(CCH(CHs)2), 244 (CCH(CHs)2), 24.2 (CCH(CHs)2), 236
(CCH(CHs)2), 20.8 (NCH(CHs)2), 20.6 (NCH(CHs)2), 19.8
(NCH(CHa)2), 19.5 (NCH(CHz3)2); MS (ESI*): m/z (%): 635.2 (49) [M
+ H]* (calcd 635.2), 489.3 (100) [M — Pd — allyl +2H]* (calcd 489.3);
Elemental analysis calcd (%) for Ca2HaoNsOsPd (Mw = 635.11): C,
60.52; H, 6.35; N, 8.82; found: C, 60.52; H, 6.29; N, 8.71.

[(77*-norbornadiene)[2-(2,6-diisopropylphenyl)-5-(1,3-diisopro-
pyl-2,4,6-trioxo-hexahydropyrimidin-5-yl-xC®)imidazo[1,5-a]pyri-
din-3-ylidene-xC?®rhodium(1)] (3)

n-BuLi (1.6 M in hexane, 230 pL, 0.37 mmol, 1.2 equiv) was added
to a solution of HMDS (90 pL, 0.37 mmol, 1.2 equiv) in THF (3 mL)
at room temperature. After 20 min, 1-H (150 mg, 0.31 mmol, 1.0 equiv)
was added, and the mixture was stirred at room temperature for 20 min.
Then [RhCI(nbd)]2 (85 mg, 0.18 mmol, 0.6 equiv) was added all at once
and the reaction mixture was stirred for 30 min. All volatiles were evap-
orated and the crude residue was washed with pentane (2x5 mL) to give
an intense-orange solid (126 mg, 60%). Single crystals suitable for an
X-Ray diffraction experiment were obtained by slow evaporation of a
solution of 3 in pentane at room temperature. *H NMR (400 MHz,
CDCls): §=7.42 (t,J =7.8 Hz, 1H, CH p-pipp), 7.21 (d, J = 7.8 Hz, 2H,
CH m-pipp), 7.11 (dd, J =9.2, 0.9 Hz, 1H, CH py), 6.99 (dd, J =9.2, 6.7
Hz, 1H, CH ¢y), 6.89 (s, 1H, CH im), 6.54 (dd, J = 6.7, 0.9 Hz, 1H, CH
py), 5.16 (hept, J =6.9 Hz, 2H, NCH(CHs)2), 4.06-4.04 (m, 2H, CH nba),
3.58-3.55 (m, 2H, CH nbd), 3.49-3.47 (m, 2H, CH nba), 2.40 (hept, J =
6.8Hz, 2H, CCH(CHs3)2), 1.54 (d, J = 6.9 Hz, 6H, NCH(CHa)2), 1.48
(d, J=6.9 Hz, 6H, NCH(CHs)2), 1.38 (d, J = 6.8 Hz, 6H, CCH(CHa)2)),
1.18-1.16 (m, 2H, CHz nba) 1.06 (d, J = 6.8 Hz, 6H, CCH(CHs3)2));
BC{*H} NMR (101 MHz, CDCls): 5= 166.8 (d, XJc-rh = 60.8 Hz, N>C-
Rh), 165.9 (N-CO), 152.0 (N2CO), 145.8 (Coipp), 142.2 (d, 2Jcrn = 1.7
Hz, Cry), 134.6 (Cipso-Dipp), 130.3 (CHp-Dipp), 130.2 (d, 3Jc-rn =1.6 Hz,
Cry), 126.6 (CHpy), 123.6 (CHm-Dipp), 113.8 (CHpy), 112.8 (CHpy), 111.3
(CHim), 76.4 (d, Ycrn = 6.8 Hz, CHnba), 69.8 (d, YJc-rn =14.3 Hz, Rh-
C(CO)2), 64.6 (d, YJc-rh = 5.1 Hz, CH2 nbd), 59.0 (d, WJcrn = 10.4 Hz,
CHnbd), 52.1 (d, Ycrn = 2.4 Hz, CHnpd), 45.6 (NCH(CH3)2), 28.2



(CCH(CHs)2), 264 (CCH(CHs)2), 233 (CCH(CHa)2), 21.2
(NCH(CHBa)2), 20.2 (NCH(CHea)2); MS (ESI*): m/z (%): 715.2 (25) [M
+ H + MeOH]* (calcd 715.2), 682 (100) [M]* (calcd 682.2); Elemental
analysis calcd (%) for CssHasN4O3Rh (Mw = 682.67) + 0.3 CHCl.: C,
61.57.; H, 6.21; N, 7.91; found: C, 61.41; H, 6.38; N, 7.73 (despite con-
siderable drying under high vacuum, CH.Cl. could not be removed in
totality from the sample).

[(77*-1,5-cyclooctadiene)[2-(2,6-diisopropylphenyl)-5-(1,3-diiso-
propyl-2,4,6-trioxo-hexahydropyrimidin-5-yl-xC®)imidazo[1,5-
a]pyridin-3-ylidene-xC%]rhodium(l)] (4)

n-BuLi (1.6 M in hexane, 153 pL, 0.24 mmol, 1.2 equiv) was added
to a solution of HMDS (60 pL, 0.29 mmol, 1.45 equiv) in THF (3 mL)
at room temperature. The mixture was stirred for 20 min, and 1-H (100
mg, 0.20 mmol, 1.0 equiv) was added as a solid. The solution was
stirred at room temperature for 20 min, then [RhCI(COD)]2 (50 mg,
0.10 mmol, 0.5 equiv) was added. After 1 hour, all volatiles were evap-
orated and the crude residue was purified by column chromatography
(neutral Al203 Brockmann type 111, CH2Cl2) and washed with pentane
(5 mL) to give complex 4 as an orange powder (115 mg, 82 %). H
NMR (400 MHz, CDCls): 6=7.45 (t, J = 7.8 Hz, 1H, CH p-pipp), 7.23
(d, J=7.8 Hz, 2H, CH m-pipp), 7.10 (d J = 9.1 Hz, 1H, CH ry), 6.96 (dd,
J =9.1, 6.7 Hz, 1H, CH py), 6.87 (s, 1H, CH ), 6.50 (d, J = 6.7 Hz,
1H, CH py), 5.16 (hept, J = 6.9 Hz, 2H, NCH(CH)2), 4.13-4.07 (m, 2H,
CH cop), 3.81-3.75 (m, 2H, CH cop), 2.48 (hept, J = 6.8Hz, 2H,
CCH(CHg)2), 2.20-2.12 (m, 2H, CHzcop), 2.02-1.93 (m, 2H, CHzcop),
1.79-1.72 (m, 2H, CH2z cop), 1.64-1.57 (m, 2H, CH2 cop), 1.49 (d, J =
6.9 Hz, 6H, NCH(CHs)2), 1.47 (d, J = 6.9 Hz, 6H, NCH(CHa)2), 1.31
(d, J = 6.8 Hz, 6H, CCH(CHs)2)), 1.09 (d, J = 6.7 Hz, 6H,
CCH(CHs)2)); BC{H} NMR (101 MHz, CDCl3): 6=167.8 (N-
CO), 165.4 (d, Ycrn = 55.2 Hz, N2C-Rh), 151.8 (N2CO), 145.7 (Co-
Dipp), 143.3 (CPy), 135.0 (CDipp), 130.6 (CHQ-Dipp), 130.5 (CPy), 126.4
(CHpy), 124.0 (CHm-bipp), 113.6 (CHpy), 112.2 (CHpy), 112.1 (CHim),
93.7 (d, YJc-rn = 8.3 Hz, CHcop), 75.5 (d, YJc-rn =11.9 Hz, CHcop), 68.8
(d, Ycrh =14.4 Hz, Rh-C(CO)z2), 45.5 (NCH(CHs)2), 31.4 (CHz2cop) ,
29.6 (CH2 cop), 28.3 (CCH(CHs)2), 26.4 (CCH(CHa)2), 23.0
(CCH(CHs)2), 20.8 (NCH(CHs)2), 20.1 (NCH(CHs)2); MS (ESI*): m/z
(%): 1419.6 (100) [2M + Na]* (calcd 1419.5), 721.7 (54) [M + Na]*
(calcd 723.3); Elemental analysis calcd (%) for Cs7Ha7NsOsRh (Mw =
698.71) + 0.5 H20: C, 62.79; H, 6.84; N, 7.92; found: C, 63.05; H, 6.61;
N, 7.90 (water content in agreement with the integration of the *H NMR
spectrum).

Dicarbonyl-[2-(2,6-diisopropylphenyl)-5-(1,3-diisopropyl-2,4,6-
trioxo-hexahydropyrimidin-5-yl-xC%)imidazo[1,5-a]pyridin-3-yli-
dene-kC®]rhodium(l) (5)

To a solution of 4 (57 mg, 0.08 mmol) in CH2Cl2 (2 mL) was bub-
bled gaseous carbon monoxide during 20 min, a color change from or-
ange to yellow was observed. All volatiles were evaporated and the
crude residue was washed with pentane (5 mL) to give complex 5 as a
yellow powder (42 mg, 80 %). Single crystals suitable for an X-Ray
diffraction experiment were obtained by crystallization from
CH2Cl2/Et2O/hexane at room temperature. 'H NMR (400 MHz,
CDClz): 6=7.52 (t, J =7.8 Hz, 1H, CH p-pipp), 7.31-7.29 (m, 3H, CHm-
pipp + CHpy), 7.18-7.14 (m, 2H, CHpy + CHim), 6.65 (d, J = 6.8 Hz, 1H,
CH py), 5.13 (hept, J = 7.1 Hz, 2H, NCH(CHs)2), 2.26 (hept, J = 7.0 Hz,
2H, CCH(CHa)2), 1.49 (d, J = 6.7 Hz, 6H, NCH(CHs)2), 1.48 (d, J =
6.6 Hz, 6H, NCH(CHa)2), 1.23 (d, J = 6.7 Hz, 6H, CCH(CHs)2)), 1.13
(d, J = 6.8 Hz, 6H, CCH(CHa)2)); “C{*H} NMR (101 MHz,
CDCls): 5=189.0 (d, YJc-rn = 57.9 Hz, Rh-CO), 183.5 (d, “Jc.rn = 68.2
Hz, Rh-CO), 170.2 (d, WJcrn = 49.0 Hz, N2C-Rh), 168.3 (d, 2Jc.rn=1.8
Hz, N-CO), 151.4 (N2CO), 146.1 (Cpipp), 141.6 (Cry), 135.3 (Cipso-Dipp),
131.7 (Cry), 131.1 (CHpobipp), 127.5 (CHpy), 124.3 (CHm-pipp), 114.5
(CHpy), 114.4 (CHpy), 111.8 (CHm), 67.3 (d, Ycrn =15.8 Hz, Rh-
C(CO)2), 46.6 (NCH(CHz)2), 28.4 (CCH(CHs)z2), 25.0 (CCH(CHs3)2),
24.2 (CCH(CHz)2), 20.5 (NCH(CHa)2), 19.6 (NCH(CHa)2); IR
(CHzCl2): v = 2069, 2010 cm™ (C=0); MS (ESI*): m/z (%): 673.2 (53)
[M—-2CO+2CHsCN+H*T* (calcd 673.2), 660.2 (100)
[M-CO+CH3CN+H*]* (calcd 660.2), 619.2 (24) [M—CO+H*T* (calcd

619.2); Elemental analysis calcd (%) for Cs1HssN4OsRh (Mw = 646.55)
:C,57.59; H, 5.46; N, 8.67; found: C, 57.62; H, 5.45; N, 8.30.

[(n*-1,5-cyclooctadiene)[2-(2,6-diisopropylphenyl)-5-(1,3-diiso-
propyl-2,4,6-trioxo-hexahydropyrimidin-5-yl-xC®)imidazo[1,5-
a]pyridin-3-ylidene-xC3iridium(1)] (6)

n-BuLi (1.6 M in hexane, 153 pL, 0.24 mmol, 1.2 equiv) was added
to a solution of HMDS (60 pL, 0.29 mmol, 1.45 equiv) in THF (3 mL)
at room temperature. After 20 min, 1-H (100 mg, 0.20 mmol, 1.0 equiv)
was added. The mixture was stirred at room temperature for 20 min,
and [IrCI(COD)]2 (68 mg, 0.10 mmol, 0.5 equiv) was added. All vola-
tiles were evaporated and the crude residue was purified by column
chromatography (neutral Al.Os Brockmann type Ill, CH2Cl2) and
washed with pentane (5 mL) to give complex 6 as a red powder (81 mg,
51 %). *H NMR (400 MHz, CDCl2): 6=7.50 (t, J = 7.8 Hz, 1H, CH .
pipp), 7.28 (d, J = 7.8 Hz, 2H, CH m-oipp), 7.19 (dd, J =9.1, 0.9 Hz, 1H,
CH py), 7.05 (dd, J = 9.1, 6.7 Hz, 1H, CH »y), 6.98 (s, 1H, CH im), 6.50
(dd, J = 6.7, 0.9 Hz, 1H, CH »y), 5.08 (hept, J = 6.9 Hz, 2H,
NCH(CHs)2), 3.81-3.79 (m, 2H, CH cop), 3.41-3.39 (m, 2H, CH cop),
2.51 (hept, J = 6.8 Hz, 2H, CCH(CHs)2), 2.03-1.93 (m, 2H, CH2 cop),
1.82-1.73 (m, 2H, CH2 cop), 1.62-1.57 (m, 2H, CH2cop), 1.44 (d, J =
6.9 Hz, 6H, NCH(CHs3)2), 1.43 (d, J = 6.9 Hz, 6H, NCH(CHz)2), 1.34-
1.26 (m, 2H, CH2cop), 1.29 (d, J = 6.8 Hz, 6H, CCH(CHs)2)), 1.10 (d,
J = 6.8 Hz, 6H, CCH(CHa)2)); “C{'H} NMR (101 MHz,
CD2Clz): 5=168.2 (N-CO), 165.8 (N2C-Ir), 152.0 (N2CO), 146.2 (Co-
Dipp), 145.2 (CPy), 135.5 (Cipso-Dipp), 131.1 (CHp-Dipp), 131.0 (CPy). 126.9
(CHey), 124.5 (CHm-ipp), 114.5 (CHey), 114.0 (CHim), 112.4 (CHey),
80.1 (CHcop), 70.6 (Ir-C(CO)2), 61.5 (CHcop), 46.2 (NCH(CHz3)2),
32.5 (CHzcop) , 30.9 (CH2zcop), 28.8 (CCH(CHs)2), 26.5 (CCH(CHs)2),
23.1 (CCH(CHa)z2), 21.1 (NCH(CHs)z2), 20.1 (NCH(CHs)2); MS (ESI*):
m/z (%): 789.3 (100) [M + H]* (calcd 789.3); HRMS (ESI*): m/z calcd.
for Cs7H4sN4Oslr: 789.3356; found: 789.3338, & = 2.3 ppm. Complex
6 was assessed to be >98% pure by *H and **C NMR spectroscopy with
main impurity being residual CH2Cl: (see the Supporting Information).

[Chloro-[2-(2,6-diisopropylphenyl)-5-((1,3-diisopropyl-5-
chloro-2,4,6-trioxo-hexahydropyrimidin-5-yl)imidazo[1,5-a]pyri-
din-3-ylidene]gold(1)] (9)

To a solution of HMDS (81 pL, 0.39 mmol, 1.4 equiv) in THF (5
mL) was added n-BuLi (1.6 M in hexane, 210 pL, 0.34 mmol, 1.2
equiv). The mixture was stirred at room temperature about 20 min. 1-H
(135 mg, 0.28 mmol) was added as a solid and the solution was stirred
for 20 minutes at room temperature. After cooling to -50°C, [AuClI(tht)]
(90 mg, 0.28 mmol, 1 equiv), was added all at once and the reaction
mixture was allowed to warm up to room temperature over 5 hours in
the cooling bath. All volatiles were evaporated and the crude mixture
was taken up in CH2Cl2 (5 mL) and iodobenzene dichloride (152 mg,
0.55 mmol, 2.0 equiv) was added. After 20 min, the orange solution
was evaporated and purified by column chromatography (neutral
Al20s, Brockmann’s type 3, CH2Cl2). All volatiles were removed in
vacuo and crystallization by slow evaporation of CH2Cl. (2 mL) over-
night at room temperature led to two types of crystals with two different
colors, dark-green and orange crystals. After manual separation and X-
Ray analysis, green crystals were attributed to compound 9;*° *H NMR
(400 MHz,CDCl3): 6 =7.72 (dd, J= 7.1, 1.2 Hz, 1H, CH py), 7.62 (dd,
J=9.2,1.1Hz, 1H, CHpy), 7.49 (t, J = 7.8 Hz, 1H, CH ppipp), 7.47 (5,
1H, CH im), 7.25-7.23 (m, 2H, CH m-pipp), 7.14 (dd, J=9.2, 7.2 Hz, 1H,
CHy), 5.04 (hept, J = 6.8 Hz, 2H, NCH(CHs3)2), 2.10 (hept, J = 6.9 Hz,
2H, CCH(CHBa)2), 1.59 (d, J = 6.9 Hz, 6H, NCH(CHs)2), 1.43 (d, J =
6.9 Hz, 6H, NCH(CHs)2), 1.24 (d, J = 6.8 Hz, 6H, CCH(CHa)z2), 1.10
(d, J = 6.8 Hz, 6H, CCH(CHz3)2); *C{*H} NMR (101 MHz, CDCls): 6
=163.9 (N2C), 162.6 (N-CO), 150.0 (N2CO), 145.4 (C o-pipp), 135.0 (C
ipso-Dipp), 132.6 (C py), 131.2 (CH p-.pipp), 129.7 (C ry), 124.4 (CH m-
Dipp),122.9 (CH py), 122.1 (CH py), 120.1 (CH py), 114.3 (CH m), 64.2
(CI-C(CO)2), 50.0 (NCH(CHs)2), 28.6 (CCH(CHs)), 24.6
(CCH(CHs)2), 241 (CCH(CHs)2), 199 (NCH(CHs)2), 185
(NCH(CHBa)2).



[Dichloro-[[2-(2,6-diisopropylphenyl)-5(1,3-diisopropyl-2,4,6-
trioxo-hexahydropyrimidin-5-yl-xC®)imidazo[1,5-a]pyridin-3-yli-
dene-kC%]gold(I11)] (10)

To a solution of HMDS (81 pL, 0.39 mmol, 1.4 equiv) in THF (5
mL) was added n-BuLi (1.6 M in hexane, 210 pL, 0.34 mmol, 1.2
equiv). The mixture was stirred at room temperature for 20 min. 1-H
(135 mg, 0.28 mmol, 1 equiv) was added as a solid and the solution
was stirred for 20 minutes at room temperature. After cooling to -50°C,
[AuClI(tht)] (90 mg, 0.28 mmol, 1 equiv), was added all at once and the
reaction mixture was allowed to warm up to room temperature over 5
hours in the cooling bath. All volatiles were evaporated and the crude
mixture was taken up in CH2Cl2 (5 mL) and iodobenzene dichloride
(152 mg, 0.55 mmol, 2.0 equiv) was added. After 20 min, dichloro-
methane was evaporated and the residue was purified by column chro-
matography (neutral Al2Os, Brockmann’s type 3, CH2Cl) to afford a
mixture of complexes 9 and 10. In acetone-d6, based on the two singlets
at o4 8.20 ppm and o4 8.35 ppm attributed respectively to the CHim of
the gold(I11) complex 10 and CHim of the gold(l) complex 9 protons,
we were able to determine the ratio of the two gold complexes in the
crude reaction mixture. The conversion of 9 to the thermodynamically
more stable 10 occurred through successive crystallizations performed
by slow evaporation of CH2Cl2 (2 mL) overnight at room temperature.
The conversion was followed by *H NMR (CDCls) after each crystal-
lization. The gold(l1l) complex 10 was obtained as an orange powder
(151 mg, 72 %); *H NMR (400 MHz, CDCl3): 6 = 7.55 (t, J = 7.8 Hz,
1H, CH poipp), 7.47 (d, J = 9.2 Hz, 1H, CH sy), 7.36 (s, 1H, CH m),
7.30-7.27 (m, 3H, CH m-pipp + CH py), 6.73 (d, J = 6.8 Hz, 1H, CH ¢y),
5.09 (hept, J = 6.7 Hz, 2H, NCH(CHs)2), 2.19 (hept, J = 6.9 Hz, 2H,
CCH(CHBa)2), 1.51 (d, J = 6.9 Hz, 6H, NCH(CHz)2), 1.48 (d, J = 6.9 Hz,
6H, NCH(CHs3)2), 1.27 (d, J = 6.8 Hz, 6H, CCH(CHs3)2), 1.13 (d, J =
6.8 Hz, 6H, CCH(CHs3)2); 1*C NMR (101 MHz, CDCls): § = 166.6 (N-
CO-C), 150.5 (N2CO), 145.0 (C o-pipp), 141.8 (N2C), 138.6 (Cry), 133.4
(C ipso-Dipp), 1315 (CH p-Dipp), 130.5 (C Py), 128.5 (CH Py), 124.1 (CH m-
pipp), 116.1 (CH py), 114.9 (CH py), 114.5 (CH im), 67.5 (Au-C(CO)z),
48.3 (NCH(CHs)2), 28.9 (CCH(CHz)2), 25.1 (CCH(CHsa)2), 23.6
(CCH(CHs)2), 20.4 (NCH(CHs)2), 19.3 (NCH(CHs)2); MS (ESI*): m/z
(%): 809.2 (100) [M + MeOH + Na]* (calcd 809.2), 772 (62) [M + H
+ NHz]* (caled 772.2), 760.2 (58) [M — Cl + CH3CN]* (calcd 760.2),
719.2 (28) [M — CI]* (calcd 719.2); HRMS (ESI*): m/z calcd. for
C29H39AUCI2N5s03:772.2095; found: 772.2104, & = 1.2 ppm; Elemental
analysis calcd (%) for C2aHssAuCl2N4Os (MW = 755.49) + 0.3 CH2Clz:
C 45.06, H 4.59, N 7.17; found: C 45.15, H 4.48, N 7.27 (despite con-
siderable drying under high vacuum, CH2Cl2 could not be removed in
totality from the sample).

[Chloro-(n®-p-cymene)-[2-(2,6-diisopropylphenyl)-5-(1,3-diiso-
propyl-2,4,6-trioxo-hexahydropyrimidin-5-yl-xC®)imidazo[1,5-
a]pyridin-3-ylidene-xC3]ruthenium(I1)] (11)

n-BuLi (2.5 M in hexane, 373 pL, 0.933 mmol, 1.25 equiv) was
added to a solution of HMDS (218 pL, 1.05 mmol, 1.4 equiv) in THF
(25 mL) at room temperature and the reaction mixture was stirred for
20 minutes. 1-H (438 mg, 0.896 mmol, 1.2 equiv) was then added. The
reaction mixture was stirred for another 20 minutes before the addition
of [RuClz(p-cymene)]2 (228 mg, 0.373 mmol, 0.5 equiv). The solution
was stirred at room temperature overnight. The volatiles were removed
under vacuum and the crude residue was purified by column chroma-
tography (SiO2, eluent DCM/MeOH: 95/5) to give complex 11 as a
deep orange powder (435 mg, 77%). ‘H NMR (400 MHz,
CDCls): 5=7.59 (t, J = 7.7 Hz, 1H, CH p.pipp), 7.41 (dd, J = 11.4,7.8
Hz, 2H, CH m-pipp), 7.13 (s, 1H, CH im), 7.03 (d, J = 9.1 Hz, 1H, CH py),
6.90 (dd, J = 9.2, 6.6 Hz, 1H, CH py), 6.31 (d, J = 6.6 Hz, 1H, CH py),
5.23 (hept, J =6.9 Hz, 1H, NCH(CHs3)2), 5.14 (br, 1H, CsHa p-cym), 5.06
(d, J=5.9Hz, 2H, CéHa p-cym), 4.85 (hept, J = 6.9 Hz, 1H, NCH(CHz3)z2),
4.43-4.87 (br, 1H, CeHa p-cym), 3.11 (hept, J = 6.6 Hz, 1H, CCH(CHa)2),
2.61-2.49 (m, 2H, CCH(CHg)2 + CéHs-CH(CHs)2), 1.75 (s, 3H, CHs p-
oym), 1.69 (d, J = 6.9 Hz, 3H, NCH(CHs)2), 1.55 (d, J = 6.9 Hz, 3H,
NCH(CHa)2), 1.47 — 1.42 (m, 9H, NCH(CHs)2 + CCH(CHa)2), 1.23 (d,
J = 6.6 Hz, 6H, CCH(CHs3)2), 1.03 (d, J = 7.1 Hz, 6H, CCH(CHa)2),
0.88 (d, J = 7.1 Hz, 3H, CCH(CHa)2)); *C{*H} NMR (101 MHz,
CDCl3): §= 176.2 (NCO), 172.4 (NCO), 1655 (N.C-Ru), 152.3

(N2CO), 148.7 (Coipp), 145.8 (Coipp), 143.5 (Cry), 136.4 (Coipp), 131.0
(Cry), 130.9 (CH p-pipp), 126.8 (CHery), 124.6 (CH m-pipp), 123.4 (CH m-
pipp), 114.6 (CHry), 114.5 (CHim), 113.5 (CHpy), 85.5 (CeHa), 80.1
(CeHa), 57.1 (Ru-C(CO)2), 47.2 (NCH(CHs3)2), 45.5 (NCH(CHa)2), 30.1
(CH(CHs)2), 28.6 (CCH(CHza)2), 28.0 ((CCH(CHas)2 + CCH(CHs3)2),
26.9 (CCH(CHz)2), 23.0 (br, CCH(CHs)2), 22.0 (CCH(CHs)2), 22.5
(CCH(CHs)2), 219 (NCH(CHs)2), 215 (NCH(CHs)2), 21.2
(NCH(CHBa)z2), 20.6 (NCH(CHz)z2), 19.9 (CCH(CHs)2), 16.7 (br, CHs p-
oym); MS (ESI*): m/z (%): 781.2 (63) [M + Na]* (calcd 781.2); 759.3
(10) [M +H]* (caled 759.3), 723.3 (100) [M - CI]* (calcd 723.3);
HRMS (ESI*): m/z calcd. for CssHsoCIN4OsRu ([M + H]*): 759.2623,;
found: 759.2609, & = 1.8 ppm. Complex 11 was assessed to be >99%
pure by *H and *C NMR spectroscopy (see the Supporting Infor-
mation).

[Tetracarbonyl-[2-(2,6-diisopropylphenyl)-5-(1,3-diisopropyl-
2,4,6-trioxo-hexahydropyrimidin-5-yl-xC%)imidazo[1,5-a]pyridin-
3-ylidene-xC¥lmanganese(l)] (12)

n-BuLi (2.5 M in hexane, 196 pL, 0.49 mmol, 1.2 equiv) was added
to a solution of HMDS (120 uL, 0.58 mmol, 1.4 equiv) in THF (3 mL)
at room temperature. After 20 min, 1-H (200 mg, 0.41 mmol, 1.0 equiv)
was added. The mixture was stirred at room temperature for 20 min,
and [MnBr(CO)s] (114 mg, 0.41 mmol, 1.0 equiv) was added. After
stirring overnight at 60°C, all volatiles were removed under vacuum.
The crude mixture was purified by column chromatography (neutral
Al20z Brockmann type Ill, toluene) under a nitrogen atmosphere,
washed with pentane (5 mL) and dried to give complex 10 as a greenish
powder (100 mg, 37 %). Single crystals suitable for X-Ray diffraction
experiment were obtained by slow evaporation of a solution of complex
10 in CHCls. *H NMR (400 MHz, CDCl3): 6=7.51 (t, J = 7.7 Hz, 1H,
CH p-pipp), 7.31 (d, J = 7.8 Hz, 2H, CH m-pipp), 7.33-7.22 (m, 2H, CH py
+ CH im), 7.10-7.04 (m, 1H, CH py), 6.48 (d, J = 6.7 Hz, 1H, CH py),
5.16 (hept, J = 6.8 Hz, 2H, NCH(CHs)2), 2.36-2.31 (m, 2H,
CCH(CHz)2), 1.51 (d, J = 6.8 Hz, 6H, NCH(CHz3)2), 1.50 (d, J = 6.8 Hz,
6H, NCH(CHza)2), 1.26 (d, J = 6.8 Hz, 6H, CCH(CHz3)2)), 1.09 (d, J =
6.8 Hz, 6H, CCH(CHs))); BC{*H} NMR (101 MHz,
CDCls): §=215.3 (Mn-CO), 214.2 (Mn-CO), 210.7 (Mn-CO), 173.7
(N-CO), 173.0 (N2C-Mn), 151.0 (N2CO), 146.1 (Coipp), 141.7 (Cry),
135.0 (Coipp), 133.1 (Cry), 131.2 (CH p-pipp), 126.8 (CH py), 124.2 (CH
m-Dipp), 116.0 (CH 1m), 115.1 (CH »y), 114.6 (CH py), 60.6 (Mn-C(CO)2)
46.4 (NCH(CHs)2), 28.4 (CCH(CHs)2), 26.8 (CCH(CHs)2), 22.5
(CCH(CHs3)2), 20.4 (NCH(CHs3)2), 19.6 (NCH(CHs3)2); IR (CH2Cl2): v
= 2083, 2004, 1992, 1954, 1714, 1653 cm™ (C=0); MS (ESI*): m/z
(%): 655.2 (18) [M + H]* (calcd 655.2), 649.2 (24) [M — CO + Na]*
(calcd 649.2), 627.2 (100) [M — CO + H]* (calcd 627.2), 584.2 (90) [M
—4CO + CH;CN + H]* (calcd 584.2), 575.2 (85) [M — 4 CO + MeOH
+ H]* (calcd 575.2), 543.2 (79) [M — 4 CO + H]* (calcd 543.2), 489.3
(48) [M — Mn(CO)4 + H]* (calcd 489.3); HRMS (ESI*): m/z calcd. for
Cs3H3sN4O7Mn: 655.1964; found: 655.1957, & = 1.1 ppm. Complex 12
was assessed to be >98% pure by H and **C NMR spectroscopy with
main purity being residual CH2Cl (see the Supporting Information).

General screening procedure Ru-catalyzed dehydrogenative ox-
idation of primary alcohols

A stock solution of 11 (100 uL of a 9.3 mmol.L* solution in meth-
ylene chloride) was added to a Schlenk flask and methylene chloride
was evaporated under high vacuum. Potassium hydroxide (1.2 equiv,
4.5 mmol, 252 mg), o-xylene (0.75 mL) and corresponding alcohol
(3.75 mmol) were added, and a reflux condenser was set on top of the
Schlenk flask. This latter was subsequently placed in a preheated oil
bath at 150 °C. The mixture was stirred under reflux for 6 or 16 hours.
The reaction mixture was cooled down to room temperature, water (4
mL) was added and the reaction mixture was stirred for additional 10
min. and sonicated if required to dissolve the carboxylate salt. The
aqueous layer was then extracted with diethyl ether (3 x 20 mL) to re-
move unreacted alcohol. The water layer was acidified to pH = 2 using
a 3N HClI solution and the carboxylic acid product was extracted with
ethyl acetate (3 x 20 mL). The combined organic layers were dried over
sodium sulfate, concentrated and dried under vacuum. Carboxylic acid



14f-i were purified Flash column chromatography (CombiFlash, SiO,
n-hexane/ethyl acetate gradient from 10 to 40 % as eluent).

Crystal Structure Determination

The crystals were kept in their mother liquor until they were dipped
in perfluoropolyether oil and their structure determined. The chosen
crystals were mounted on a MiTeGen MicroMount and quickly cooled
down to either 100 K. The selected crystals were mounted on a Bruker
Kappa APEX Il using a micro-focus molybdenum Ko radiation (A=
0.71073 A) with a graphite monochromator and equipped with an Ox-
ford Cryosystems Cooler Device. The unit cell determination and data
integration were carried out using APEXI14, The structures have been
solved by Direct Methods using SHELXS,*> and refined by least-
squares procedures with SHELXL*® included in the software packages
WinGX version 1.63.%2 Atomic Scattering Factors were taken from the
International Tables for X-Ray Crystallography.** Absorption correc-
tion was done using multi-scan DENZO/SCALEPACK (Otwinowski
& Minor, 1997) method.* All hydrogen atoms were geometrically
placed and refined using a riding model.

All non-hydrogen atoms were anisotropically refined. Details of the
structure solution and refinements are given in the Supporting Infor-
mation (CIF file).
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