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Synthesis of the first tricyclic bis(carbenes) with facially opposed
imidazole-2-ylidenes and two linking phosphorus centres in different
oxidation states is presented using a modular, high-yield synthetic route.
The formation of homo bimetallic coinage metal complexes provides a
glimpse on their potential use.

N-Heterocyclic carbenes (NHCs) I were proposed as transient
species more than a half century ago,' but it was Arduengo®*
who achieved the breakthrough of synthesizing the first stable
cyclic carbene, following closely on the first isolable carbene
stabilized by P".?” This achievement initiated an impressive
development in imidazole-2-ylidene chemistry (Fig. 1), and
beyond.? More recently, NHC chemistry became sophisticated
enough to build ligands possessing structural diversities and
catalytic functionalities,* applicable in coordination chemistry,’
homogeneous catalysis,® and organocatalysis.” Modification of
electronic properties of NHCs, became a primary issue and
various concepts were followed, i.e., N-substituent design or
annellation with the imidazole ring,® but also to exert electronic
influence’ via NHC backbone substituents."’

In case of the latter, the initial focus was on mono-NHCs
bearing substituents derived from heteroatoms such as CI,"
0, N, si,"* B,"”® and P." In contrast, knowledge about
[a,d]benzannulated “ditopic” Janus bis(NHCs) HI, first reported
by Bielawski et al.'” remains scarce. Coordination properties were
investigated by Peris and used to build novel organometallic
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Fig.1 Mono NHCs | and Il, Bielawski bis(NHCs) Ill and E-bridged
bis(NHCs) IV=VI (E = main group element).

architectures.'® Hahn and co-workers created molecular squares
and quadrilaterals in supramolecular assemblies."® Mono-NHCs
I and flexible bis(NHCs) IV having phosphorus as heteroatom
bound to the backbone and possessing different oxidation states
were studied,"®*° but rigid, heteroatom-linked bis(NHCs) such as
V and VI (Fig. 1) are almost unknown.>* This is surprising as the
incorporation of hetero-atoms would not just enable unprece-
dented chemical diversity but also a functional entity that could
be redox active and/or possess further, different donor centres. The
recent report on tricyclic 1,4-dihydro-1,4-diphosphinines® bearing
dithione functionalities constituted an interesting conceptional
starting point for the synthesis of P-functional bis(NHCs).

Herein, synthesis of the first tricyclic PY"V- and P*""-bridged
bis(imidazole-2-ylidenes) and their use to form dinuclear coin-
age metal(1) complexes is reported. Structural and electronic
properties of the free ligands and their bimetallic complexes
are discussed using combined DFT and CV results.

As our initial studies of the oxidative desulfurization of
tricyclic 1,4-dihydro-1,4-diphosphinine dithiones failed, we consid-
ered synthesizing and employing the corresponding diselones. The
tricyclic P"™"™-bridged diselone 1 was obtained as cis/trans mixture
(1:0.7) in good yields after work-up using previously published
protocols.”** In this case we could also separate the cis and trans
isomers using low-temperature column chromatography, thus
being able to fully characterize 1°* and, hence, assigning the
*1p resonance signal at 0.91 ppm to the cis, and at 3.75 ppm to

This journal is © The Royal Society of Chemistry 2020
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the trans isomer. 1°® was also structurally confirmed (see ESIY).
Starting from 17" and using 10 eq. of H,0, in dichloromethane,
the isomeric PYV-bridged bis(imidazolium) salts (1:0.9) were
formed via oxidative deselenization,® and immediate treatment
with BaCl,-2H,0 led to the chloride salts 27 (Scheme 1). The
oxidation of the P"™™ to P¥"V centres was revealed by *'P resonances
of & = —6.2 (cis) and —5.6 (trans). Formation of the P*/Y bis(imid-
azolium) derivative 2/ was confirmed by various analytical
methods and an XRD structure (see ESIt).

Tricyclic PYV-bridged bis(imidazolium) salts were
converted into P¥"V-bis(NHCs) 3/ (1 : 0.2) in overall 88% yield
by deprotonation using two eq. of KHMDS in THF (Scheme 1).
The *'P{H} NMR spectrum of 3/ revealed resonances at —2.4
(cis) and —1.2 (¢trans) ppm, only slightly downfield shifted com-
pared to 27/ The absence of C>proton resonances in
the '"H NMR spectrum and the typical downfield shift of the
C?-carbon resonances at 225.0 ppm'” in the C{'"H} NMR
spectrum of 3™ provided firm NMR spectroscopic evidence
for the biscarbenes (for further details see ESIt).

The molecular structure of 37“" (Fig. 2) possesses an
N1-C3-N2 bond angle of 102.4(11)°, slightly more acute than
in (imidazole-2-ylidenes) I (R = Ad or ¢Bu, 104.4° or 104.8°).>*

2 cis/trans

Fig. 2 Molecular structure of compound 3™ (ellipsoids at the 50% prob-
ability level); hydrogen atoms are omitted for clarity. Selected bond lengths [A]
and angles [?]: C3-N1 1.368(17), C3-N2 1.367(17), N2-C1 1.397(16),
N1-C2 1.396(16), Cl1-C2 1.368(17), Cl-P 1.792(13), P-O 1.477(9),
P-N3 1.645(11); N1-C3-N2 102.4(11),C1-P-C2' 101.1(6).

This journal is © The Royal Society of Chemistry 2020

MO06-2X/6-31+G* DFT calculations on 3/““/7"$25 indijcate a
0.5 kcal mol " preference for the trans isomer. For both isomers
(3/¢is/trans) * the m-type LUMO (Fig. 4) is delocalized over the
central ring and the HOMO (¢ = —6.17 eV) for the trans isomer
and ¢ = —6.19 eV for the cis isomer are antibonding combinations of
the two weakly coupled (Fig. S55 of the ESIt) in-plane carbene lone
pairs (Fig. 4). In accordance with the acute bond angle, they have
strong s-character (51.7% at B3LYP/6-31+G**//M06-2X/6-31+G*,
comparable to 53.0% in PHj, see Fig. 4). To assess the stability of
the tricyclic carbenes, we investigated the isodesmic reaction:
RR'C: + CH, —» R'R'CH, + CH, for 32 gor (N-methyl)-
imidazole-2-ylidene, 111.5 kecal mol ™!, for 3/ 113.3, and for 3/
111.7 keal mol * stabilization was obtained.

The NICS(0) values of the imidazole units are —10.5 for the
cis and —10.9 for the trans isomer, indicating slightly reduced
aromaticity compared to the parent imidazole-2-ylidene (NICS(0) =
—11.3) middle ring is about nonaromatic as indicated by the small
positive NICS(0) values (0.5 for 3’ and 0.1 for 3™). Also the
89.9(cis) / 94.1(trans) measured “’Se chemical shift of derivative
geisitrans — ge ig somewhat more negative than for 1,3-diiso-
propyl-imidazole-2-selone (—3 ppm), and comparable to 1,3-dipp-
imidazole-2-selone (87.0 ppm).””

The PYV-bridged bis(imidazolium) salts 2/ reacted in
dichloromethane with one eq. of M,O (M = Cu, Ag) led to P¥V-
bridged bis(NHC complexes) 4a-b“/" while 4¢/"™ was
synthesized by metal exchange reaction with complex 4b“/"s,
All complexes 4a—c“*/ ™ were obtained as white powders and
were fully characterized (see ESIT and Table 1). The molecular
structure of 4¢”™* from XRD (Fig. 3) shows an almost perfect
colinear arrangement of the two C’>-Aul bonds of different
molecules. The C*-Au1-Cl1 axis seem to deviate only slightly
from linearity (¢f ref. 11) and the trans-parallel orientation of two
molecules of complex 4¢”™* molecules indicate intermolecular
aurophilic interactions in the solid state. Similar to the parent
system, the trans isomer of the Cu complex 4a’ is calculated (at
MO06-2X/6-31+G*) to be more stable by 0.4 kcal mol *, which holds
true for all the metal complexes (Cu, Ag and Au).

Chem. Commun., 2020, 56, 2646-2649 | 2647
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Table1 S'P{*H}and 3C{*H} NMR data as well as isomer ratios for 2%/trans,
6cis/trans 3cis/trans and 7cis/trans

5(*'P)/ppm (CD,CL,) 5(**C)/ppm (CD,CL,)* Ratio?
peisitrans g 5 (cis), —5.9 (trans) 146.5 (d, ¥Jpc = 12.8 Hz) 1:0.9
6s/rans 5 4 (cis), 5.8 (trans) 141.0 (s) 1:0.3
geisltransa o 4 (cis), —1.2 (trans)  225.0 (t, °Jpc = 2.7 Hz) 1:0.7
eisitransb 6 7(cis), 7.0 (trans) 220.2 (t, Jpc = 2.4 Hz)  1:0.2

“In case of 3%/ CcDg. ? 7°/ramS  THF-dg. © C? carbon. ¢ (cis/trans)
ratios.

Fig. 3 Molecular structure of compound 4c¢'@™ (ellipsoids at the 50%
probability level) and hydrogen atoms are omitted for clarity (see ESIt).

It was obvious that the same protocol could not be used to
access free P"™/"™-bridged bis(NHCs). Therefore, an initial two-
fold Se-methylation of 1°/“" was considered.?*® The salt
5es/trans \yas easily obtained (84%, ratio 1:0.33) if 2 eq. of
trifluoromethyl sulfonate (MeOTf) were used; for further details
see ESLt Subsequent use of 57" and 5 eq. of Na[BH,4] in
methanol resulted in the formation of P*"™-bridged bis(imid-
azolium) salts 6/ which could be isolated as an orange
liquid (61%, 1:0.3) and were fully characterized; for selected
NMR data, see Table 1.

The facile access to 6“7 prompted us to target the
bridged bis(NHC) 7" ysing 2 eq. of KHMDS in THF. The
3'p{'"H} NMR spectrum of the reaction mixture shows a slight
downfield shift for the resonances of the new product 7/,

As for 3'“*/"s the energy difference between the two iso-
mers of 7'/ is small (0.8 kcal mol "), however, in case of 7/
the cis isomer is the more stable one. The inversion barrier of
the phosphorus is high (44.2 kcal mol "), thus isomerization
cannot be expected at room temperature. The stabilization
energy of 7' (111.1 kcal mol " for cis and 109.2 kcal mol " for
trans) is also close to those of the parent imidazole-2-ylidene
and 3'.%° The aromaticity of the imidazole ring decreased some-
what according to the NICS(0) values (—9.2 for cis and —9.5 for
trans) compared to 3'““* (see NICS(1) values in the ESIt). On the
other hand the aromatic character of the middle ring increased
slightly, which was indicated by the negative (although small)
NICS(0) values (—0.5 for 7' and —0.9 for 7/7“®). Oxidation of P™
centers was shown to increase antiaromaticity in phospholes,*® due
to the increased involvement of o* orbitals, which are significantly
lower in energy for the PV system.?® Though the shape and the
localization of HOMO and the LUMO of 7'“*/7®" are similar to

II1/111
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Fig. 4 Kohn-Sham frontier orbitals of 3’ and 7’ and their energies at
B3LYP/6-31+G*//M06-2X/6-31+G* level of theory.

3reisitrans their energy levels are somewhat stabilized (see Fig. 4).

Interestingly, the stabilization of the LUMO of 3'“*/™" with
respect to 7'°®/" has little effect on the electron acceptor
property of the NHC since the carbene atoms are not involved in
the LUMO.

Indeed, the 35.9 (cis)/37.9 (trans) "’Se chemical shift of
7¢/rans s closer to that of 1,3-diisopropyl-imidazole-2-selone
(=3 ppm), than in case of 3%/" (89.9/94.1 ppm - see above)
showing that the P(v) substitution increases somewhat the
electron acceptor ability of the carbene; however, still within
the known range of imidazole-2-ylidenes.?”

To examine the different coordination sites of bis(NHC)
7¢is/trans | yeactions with coinage metals were undertaken. Thus,
salts 6/ were treated with M,O (M = Cu, Ag) which resulted
in the clean formation of P"/"-bridged bis(NHC) complexes
8a-b®/r"s (Table S2, ESIT). 8¢ was obtained by metal exchange
reaction using dimethyl sulfide gold(I) chloride. From the
3'p{'"H} NMR spectra of the reaction solutions it became
immediately apparent that the strategy was successful and no
binding had occurred to the P*"™ centers as their resonance
signals just slightly changed compared to 6/, The formation of
the M-C? bond is in good agreement with the calculated Kohn-
Sham orbitals as the lone pairs of the phosphorus do not have any
contribution to the HOMO of 7™ (Fig, 4). The highfield shift of
the C> carbon resonances in the “C{'H} NMR spectra indicate
clearly the C* binding of the metal(1) centers and, hence, formation
of complexes 8a—c“™"; the latter were also confirmed via pos. and
neg. ESI-MS experiments (see also ESIT).

The donor properties of dicarbenes
were investigated by voltammetry. All undergo facile oxidation
processes that are strongly solvent-dependent as noted previously in
other cases of mono-NHCs.*® Cyclic voltammograms (CVs)
measured on gold ceramic screen printed electrodes display
for 3°/74" g3 = —0.16 V vs. Fc'’° (Fc = ferrocene) in CH,Cl, and
—0.45 V in THF and for 7°/"*™ E3, = —0.30; E5; = —0.42 V;
AE =120 mV; E,, = —0.36 V. The return peak is not observed
when scanning further positive and all species display multiple

3cis/trans and 7cis/trans

This journal is © The Royal Society of Chemistry 2020
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oxidations up to the solvent limits. For 77" g3, = —0.61V in
THF. There is no evidence of differentiation of the CV peaks
between the cis and ¢rans isomers. Cobaltocenium (Cc) in the
form of [Cc][PFs] was a suitable internal standard in CH,Cl,.
Both the low first and multiple further oxidations are supported
by the DFT calculations (high-energy HOMOs with carbene-C ¢
character and several other occupied orbitals close to the
HOMOs). Moreover, the more facile oxidation of 77/ is in
good agreement with the ~0.4 eV higher computed energy of
the HOMOs of 7'/ yergys 3/¢s/trans,

The first examples of Janus heteroatom-bridged bis-(NHCs)
with variable oxidation states of the bridging atoms are
reported. The (P™), bridge induces a more basic carbene center
and moreover opens the possibility of exploiting a tetratopic
ligand; the latter may also hold for the (PV), bridged bis(NHC).
This multigram synthetic approach may allow for the introduction
of other p-block bridging elements to further expand the potential
for Janus-type bis(NHC) ligands in coordination chemistry. But it
may also stimulate the rapidly developing field of NHC main
group element adduct chemistry.>*
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