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Synthesis and characterization of group 13
dichloride (M = Ga, In), dimethyl (M = Al) and
cationic methyl aluminum complexes supported

by monoanionic NNN-pincer ligandsf

Desmond T. Chisholm and Paul G. Hayes ‘= *

A series of group 13 dichloride species, supported by monoanionic NNN-pincer ligands, LMCl,
(L = 2,5-(PryP=NAr,N(C4H2); Ar = 4-PrCgH, (L7PP), 2,4,6-MesCgH, (LM*9), 2,6-Pro,CeHs (LPPP); M = Ga (1),
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were prepared via the reaction of NaL with MClz and characterized by multinuclear NMR
spectroscopy, elemental analysis and X-ray crystallography. Related organoaluminum complexes, LAlMe; (3),
were synthesized by addition of AlMez to L. Treatment with the Lewis acid B(CgFs)s afforded well-defined

cationic aluminum methyl species, [LAIMe]*[MeB(CgFs)sl~ (4), which were found to be thermally stable in
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Introduction

Over the last several decades pincer ligands have become an
increasingly popular scaffold for supporting metals across the
periodic table,"* with notable examples demonstrating superior
capacity for mediating an array of stoichiometric and catalytic
transformations, including asymmetric hydrophosphination, Frie-
del-Crafts alkylation and alkane dehydrogenation.'™ The vast
majority of these systems incorporate neutral PNP and mono-
anionic PCP motifs. By comparison, there is a paucity of NNN-
pincers, particularly those that bear a —1 charge, typically at the
central nitrogen donor.>® Nonetheless, this sub-group of pincer
ligands has found growing utility, especially with noble,>*”'8
rare-earth"®° and actinide®° metals. Notably, reports of main
group, particularly group 13, complexes containing monoanionic
NNN-pincer ligands remain sparse.>**'** The dearth of such
species is most marked for the heavier group 13 elements, gallium
and indium.>**'* By contrast, far more work encompasses
aluminum NNN-pincer complexes,**™° many of which have
demonstrated competence mediating an impressive array of
chemical transformations, including catalytic hydroboration,**
and the ring-opening polymerization of lactones,*"*%*"*° as well
as the dehydrogenative coupling of amines.*® Utility has also been
found for aluminum pincer complexes in electrocatalysis.>*>°
From a more fundamental perspective, NNN-pincer ligands have
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both solid and solution state for days.

led to the isolation of remarkable aluminum(m) complexes that
exhibit square planar geometry.’”

Recognizing the versatility of pincer ligands, and the suit-
ability of hard nitrogen donors for electron deficient metals, we
developed a family of pincer scaffolds constructed about a
pyrrole core. Substitution of the 2- and 5-positions of the
pyrrole ring with electron rich phosphinimine (R;P==NR’)**°!
functionalities provides access to monoanionic NNN-pincers
that can be readily fine-tuned at both the phosphorus and
nitrogen atoms of the flanking groups.®” These platforms have
proven particularly effective at stabilizing organometallic rare-
earth metal complexes,’®?® and have also been utilized to
access base-stabilized silylene and borylene
species.®"> Because of the success garnered with these ligands
and trivalent metals, we anticipated they would serve as ideal
candidates from which novel group 13 complexes could be
prepared. Herein we describe two new versions of our
bis(phosphinimine)pyrrole framework that feature sterically
demanding N-aryl groups, and detail the impact that such bulk
has upon the thermal stability and solution and solid-state
structures of dichloride complexes of gallium and indium, as
well as neutral and cationic organoaluminum species.

rhodium

Results & discussion

The NNN-pincer ligands 2,5-(‘'Pr,P—NAr),N(C,H,) (Ar = 2,4,
6-Me;CoH, (LM*%), 2,6-Pr,C¢H; (LPPP)), which feature bulky
N-aryl substituents, were prepared according to our previously
reported protocol for 2,5-"Pr,P—N(4-PrCsH,)],N(C,H,) (LFPP).3
Addition of two equivalents of the requisite azide to 2,
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Scheme 1 Synthesis of NaL.

5-('Pr,P)NH(C,H,)"® under standard Staudinger conditions™
afforded LM and LPPP in 93% and 95% yield, respectively
(Scheme 1).

Single crystals of L™ and LP'PP suitable for X-ray diffraction
studies were grown from concentrated solutions of pentane and
toluene (2: 1), at —35 °C. Both LM®® (Fig. 1, top) and L'PP (Fig. 1,
bottom) are isostructural with L¥PP and feature similar P-N
distances (L*PP: 1.564(1) A, LM®%: 1.563(2) A, L”PP: 1.548(3) A)."?

Fig. 1 Top: X-ray crystal structure of LM®S. Thermal ellipsoids are drawn at
50% probability. Hydrogen atoms have been omitted for clarity. Selected
bond distances (A) and angles (deg): P1-N1 = 1.550(3), P2-N2 = 1.548(3),
P1-C1 =1.806(4), C1-C2 = 1.378(5), N3-C1 = 1.365(5), C2-C3 = 1.400(5),
C1-P1-N1 = 111.7(2), C4-P2-N2 = 111.9(2), N3-C1-P1 = 123.0(3). Bot-
tom: X-ray crystal structure of LPPP. Thermal ellipsoids are drawn at 50%
probability. Hydrogen atoms have been omitted for clarity. Selected bond
distances (A) and angles (deg): P1-N1 = 1.563(2), P2-N2 = 1.559(2), P1—
C1=1797(2), C1-C2 = 1.386(2), N3-C1 = 1.365(5), C2-C3 = 1.413(3), C1-
P1-N1 = 105.85(8), C4-P2-N2 = 107.81(8), N3-C1-P1 = 116.7(1).
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The sodium salt of LM was prepared in 92% yield by the
straightforward reaction of one equivalent of NaH and L™** in
THF for two hours at ambient temperature. Formation of the
salt was confirmed by the simultaneous disappearance of the
pyrrole N-H resonance in the 'H NMR spectrum (5 10.50) and
the characteristic downfield shift of the *'P{"H} signal from
5 4.1 to § 19.2."> Much more forcing conditions (100 °C for 42
h), and a slight excess (1.3 equiv.) of NaH, were required to
deprotonate the more sterically demanding ligand L”"P.

With three ligands in hand, we aimed to generate a family of
group 13 complexes that vary systematically in steric protection
of the metal centre. Initial attempts targeted aluminum; how-
ever, when AICl; was treated with NaL, complex mixtures, from
which single products could not be isolated, were consistently
obtained. Notably, when the larger GaCl; and InCl; were
utilized, analytically pure samples of all six combinations
(L*GaCl, (Ar = Pipp (1¥PP), Mes (1M), Dipp (1”PP))) and
(L*InCl, (Ar = Pipp (2"'PP), Mes (2M°), Dipp (2"PP))) were
isolated after reaction times of between 18 and 24 hours in
benzene (Scheme 2).

Complexes 1 and 2 exhibit solution state structures, as
indicated by "H and *'P{'"H} NMR spectroscopy, consistent with
C,y symmetry. In each case only one aromatic resonance was
observed for the pyrrole H, and notably, a downfield trend in
chemical shift that correlates with N-aryl bulk, was observed
(17PP: § 6.60, 1™°%: § 6.77, 1°PP: § 6.78; 27PP: § 6.60, 2M°: § 6.76,
2PPP; 5 6.79). All complexes give rise to a single diagnostic
3'P NMR resonance (5 33.0-35.9) that is shifted substantially
downfield from both the corresponding sodiated (6 18.6-28.0)
and protio ligands (5 2.9-13.5). Converse to the pyrrole '"H NMR
chemical shifts, all species in a given series exhibit an upfield
pattern in their *'P NMR spectra that is inversely correlated
with N-aryl substituent size.

Dichloride complexes 1 and 2 readily crystallize; X-ray qual-
ity crystals of 17PP 1P'PP and 2 were obtained by slow evapora-
tion of concentrated benzene solutions of each compound at
ambient temperature. Representative solid-state structures of
gallium (1°PP) and indium (2”PP) are depicted in Fig. 2 (see
ESI,T for X-ray crystal structures of 17'PP, 2PPP and 2M°) and
reveal 5-coordinate mononuclear complexes. These species
feature a x>-bound pincer ligand and display distorted square
pyramidal geometry about the metal centre with the three
nitrogen donors and one chloride ligand comprising the base
of the pyramid. While structures supported by the most bulky
ligands (LM, L”PP) lie far closer to square pyramid on the
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Scheme 2 Preparation of group 13 metal chloride complexes, LMCl,
(M = Ga (1), In (2); L = LPPp_Mes | Dirp)
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Fig. 2 Top: X-ray crystal structure of 1°PP. Thermal ellipsoids are drawn
at 50% probability. Hydrogen atoms have been omitted for clarity. Selected
bond distances (A) and angles (deg): Gal-N1 = 2.160(1), Gal-N2 =
2.152(1), Gal-N3 = 1.948(1), Gal-Cll = 2.1936(4), G1-Cl2 = 2.2223(4),
P1-N1 = 1.626(1), P2-N2 = 1.634(1), N1-Gal-N2 = 154.85(4), N3-Gal-
Cll = 146.89(4), N1-Gal-Cll = 146.87(4), Cl1-Gal-Cl2 = 103.73(2).
Bottom: X-ray crystal structure of 2PPP. Thermal ellipsoids are drawn at
50% probability. Hydrogen atoms have been omitted for clarity. Selected
bond distances (A) and angles (deg): In1-N1 = 2.287(2), In1-N2 = 2.289(2),
In1-N3 = 2.131(2), In1-Cl1 = 2.3970(5), In1-Cl2 = 2.3590(5), P1-N1 =
1.629(2), P2-N2 = 1.625(2), N1-In1-N2 = 148.323(9), N3-In1-Cll =
146.779(8), N1-In1-Cl1 = 102.96(5), Cl1-In1-Cl2 = 102.875(10).

continuum with trigonal bipyramidal geometry, complexes of
the larger indium more closely approach ideality (e.g. 2™
7 = 0.067;°* 1™"PP; ¢ = 0.133; 2"PP: 1 = 0.026). Meanwhile,
complexes 17'PP and 2P'PP, which lack ortho-substituents on
the N-aryl groups, are more trigonal-bipyramid-like (1P
7 = 0.643; 2P"PP: 7 = 0.459). In all cases the metal sits deep in
the ligand binding pocket, resulting in M—-Npyro1c distances that
are markedly shorter than M-Nphosphinimine lengths (e.g. For
1PPP; Ga1-N1 = 2.160(1) A, Gal-N2 = 2.152(1) A, Ga1-N3 =
1.948(1) A). The remaining metal contacts are similar to those
previously reported for five-coordinate gallium and indium
complexes supported by monoanionic tridentate ligands.**>’
Finally, it should be noted that while the P-N bond distances
are elongated relative to the free ligands (1.604(6)-1.630(6) A vs.
1.548(3)-1.564(1) A), and hence, exhibit significant single bond
character, they are comparable to lengths observed upon
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coordination to a variety of other metals, including rhodium
(range = 1.608(2)-1.632(2) A).**™**

In an attempt to isolate organometallic indium and gallium
complexes a plethora of reactions were undertaken wherein 1
or 2 were combined with the lithium reagents LiCH; and
LiCH,SiMe;. Unfortunately, exhaustive efforts involving sys-
tematic variation of stoichiometry, solvent, reaction time and
temperature afforded only complex mixtures from which pure
compounds could not be obtained. Thus, these efforts were
abandoned.

Given the difficulty encountered during efforts to functiona-
lize chloride complexes 1 and 2, we turned our attention to
aluminum. Aluminum-mediated stoichiometric and catalytic
chemical transformations are attractive because of the ready
availability and low cost of aluminum compared with 2nd and
3rd row transition metals, which are much more often
exploited for such purposes.>* Accordingly, fundamental
explorative investigations involving aluminum have recently
been undertaken with increased frequency, revealing remark-
able opportunities. For example, neutral and cationic alumi-
num alkyl species have demonstrated efficacy as catalysts for
hydroboration,****° ring-opening polymerization of cyclic
esters,*>*7*9%%% and the guanylation of amines.®® Hence,
despite our lack of success generating complexes of the form
LAICl,, our aspirations were buoyed by commercial access to
AlMejs; thus, we sought to prepare aluminum methyl species via
an alkane elimination protocol.

Upon reaction of protio ligands L with a 4.6 M hexanes
solution of AlMe; effervescence, caused from liberated CH,,
was immediately observed. After 18 hours of stirring, trace THF
was added, as it was discovered to effectively eliminate unde-
sired dinuclear species. Recrystallization of the crude products
from pentane at —35 °C provided analytically pure LAIMe, (3) as
pale coloured powders in 92-94% yield (Scheme 3).

Similar to complexes 1 and 2, dimethyl 3 exhibit single
resonances in the respective *'P NMR spectra (37PP: § 35.0,
3Mes; 5 28.5, 3P'PP: § 23.6). Diagnostic sharp peaks integrating
as 6H were observed slightly upfield of 0 in the '"H NMR
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Scheme 3 Synthesis of neutral (LAlMe, (3)) and cationic ([LAIMe]*
[MeB(CgFs)sl™ (4)) aluminum NNN-pincer complexes.
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Fig. 3 X-ray crystal structure of 3PPP. Thermal ellipsoids are drawn at 50%
probability. Hydrogen atoms have been omitted for clarity. Selected bond
distances (A) and angles (deg): All-N1 = 2.224(2), All-N2 = 2.199(2),
All-N3 = 1939(2), P1-N1 = 1.602(2), P2-N2 = 1.602(2), Al1l-C1 = 1.982(2),
All-C2 = 1.976(2), N1-All-N2 = 159.92(6), N1-All-N3 = 87.5(2), N1-All-
C35 = 117.8(2), N1-All-N3 = 79.57(6), C1-Al1l-C2 = 123.28(9).

spectra, and are attributed to the AlMe, moieties (SPiPP: 0 —0.05,
3Mes; 5 —0.35, 3PPP; 5 —0.33).

The solid-state structures of 3"PP and 3™ were elucidated
by X-ray crystallography; high quality crystals of both complexes
were grown from a 1:3 toluene:heptane mixture at —35 °C.
Complex 3"PP, like 1”'PP, exhibits distorted trigonal bipyrami-
dal geometry (t = 0.6107) with the pincer framework bound via
a ” coordination mode (Fig. 3). The metal centre also resides
deep within the NNN-binding pocket, though in this case the
difference between Al-Npyrole and Al-Npposphinimine lengths is
much more pronounced (Al1-N3 = 1.939(2) vs. Al1-N1 =
2.224(2), Al1-N2 = 2.199(2)). Although these lengths fall within
the normal range for AI-N bonds in pentacoordinate organoa-
luminum complexes, they lie on the longer and shorter ends
for distances to neutral and anionic nitrogen donors,
respectively.”™" These long Al-Nphosphinimine distances, in
combination with relatively short P-N bonds (P1-N1 =
1.601(1), P2-N2 = 1.608(1)),*>%>®* suggest that the phosphini-
mine donors may exhibit hemilability in solution, as has been
observed for the rhodium complex L**PPRh(CO), which demon-
strates metal-ligand cooperative activation of various small
molecules."* "

As the steric bulk of the phosphinimine N-aryl group increases,
the propensity for elongation of the Al-Nphosphinimine bonds
ultimately leads to x* bonding between the ligand and aluminum,
as observed in the solid-state structure of 3M** (Fig. 4). The
geometry about the metal centre is tetrahedral and both Al-N
bonds are similar in length (Al1-N1 = 1.991(4) A, Al1-N3 = 1.944(4)
A). Although N2 lies only 0.481(3) A out of the plane created by Al,
N1, N3, P1 and P2, the distance to aluminum (3.098(3) A) does not
suggest a meaningful interaction exists between the two atoms.
The P-N length (P2-N2 = 1.575(5) A vs. 1.563(2) A for LM*®) in the
free phosphinimine, which is significantly shorter than that
observed in the coordinated group (P1-N1 = 1.621(4) A), and
Pipp 13

’

closely matches systems that feature x*bound L is
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Fig. 4 X-ray crystal structure of 31, Thermal ellipsoids are drawn at 50%
probability. Hydrogen atoms have been omitted for clarity. Selected bond
distances (A) and angles (deg): AlL-N1 = 1.991(4), Al1-N3 = 1.944(4), P1—
N1 = 1.621(4), P2-N2 = 1.575(5), Al1-C1 = 1.968(5), Al1-C2 = 1.969(5),
N1-All-N3 = 87.5(2), N1-Al1l-C1 = 109.80(2), N3-Al1l-C1 = 117.9(2),
N3-Al1-C2 = 119.1(2), C1-Al1-C2 = 112.6(2).

consistent with this finding. An X-ray diffraction study on poorly
diffracting crystals of 3"'PP established atom connectivity, show-
ing that, as expected, the sterically demanding Dipp group also
enforces x*>-binding of the NNN-ligand. Since methyl complexes 3
exhibit apparent C,y symmetry in solution between —75 °C and
20 °C, a fluxional process akin to that observed by Huang et al. in
an aluminum methyl complex supported by a tridentate pyrrole-
morpholine,”” presumably exchanges the phosphinimine groups
faster than the NMR timescale.

In an endeavour to access sterically and electronically unsatu-
rated organoaluminum species complexes 3 were allowed to react
with one equivalent of B(CgFs); in pentane. Immediate formation
of orange oils, which converted into voluminous beige solids
upon prolonged exposure to reduced pressure, was observed.
Upfield singlets (ca. § —14) in the "B NMR spectra, broad
'H NMR resonances at § 1.28-1.29 (3H) and a narrow gap between
meta and para CeFs signals (Ady,, = 2.5 ppm)® in the "°F NMR
spectra are consistent with weakly coordinating MeB(CeFs); ™
anions generated via methide abstraction from LAIMe,
(Scheme 3). Analysis of ion pairs [LAIMe] [MeB(C¢Fs)s]~ (4) by
*Ip{'H} NMR spectroscopy revealed a sharp singlet for each
complex which resonates substantially further downfield
(0 46.4-61.9) than the neutral dimethyl precursors. Singlets
integrating as 3H between § —0.55 and § —0.96 in the 'H NMR
spectra were assigned as the remaining AlI-CH; groups. Despite
exhaustive efforts, we were unable to obtain crystalline samples of
complexes 4 suitable for analysis by X-ray diffraction. Nonetheless,
the fact that these species showed no sign of decomposition in
solution over 24 hours and contain weakly coordinating anions
indicative of highly Lewis acidic metal centres,*® bode well for
future reactivity studies.

Conclusions

Synthesis of an array of group 13 complexes of monoanionic
NNN-pincer ligands establishes these frameworks are effective
at stabilizing a variety of main group species. Ligand denticity
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is dependent upon the size of both the metal and the sub-
stituent bound to the phosphinimine nitrogen atom, which
may provide the opportunity to leverage hemilability for metal-
ligand cooperative processes. Ongoing efforts aim to garner a
deep understanding of the capacity of these organoaluminum
cations to participate in known and new chemical pathways.

Experimental
General procedures

All manipulations of air-sensitive materials and reagents were
conducted using high-vacuum techniques under a purified
argon atmosphere or in a glove box (MBraun Labmaster 130).
Solvents (THF, toluene, benzene, pentane) were purified using
an MBraun solvent purification system (MB-SPS), stored in
PTFE-sealed glass vessels over sodium benzophenone ketyl,
and vacuum transferred directly into reaction vessels. Deuter-
ated solvents were purchased from Cambridge Isotopes, dried
over sodium benzophenone ketyl (d¢-benzene) or CaH, (ds-
bromobenzene), degassed via at least three freeze-pump-thaw
cycles, distilled under reduced pressure and stored under argon
and over 4 A molecular sieves in PTFE-sealed glass vessels.
NMR spectra ("H (300.13 MHz), "*C{"H} (75.47 MHz), *'P{'H}
(121.48 MHz), "°F (282.42 MHz), and "'B (96.29 MHz)) were
collected using a Bruker Avance II NMR spectrometer equipped
with a variable-temperature unit, at ambient temperature.
Chemical shifts are reported in parts per million (ppm) relative
to SiMe, (*H and °C), 85% H,;PO, (*'P), BF;-Et,0 (*'B, '°F).
Residual H and C containing species were used as internal
standards (de-benzene (6 7.16; 128.1) and ds-bromobenzene
(6 7.28, 7.00, 6.92; 130.9, 129.3, 126.1, 122.3)). *"H NMR data
are reported as follows: chemical shift, multiplicity (s = singlet,
d = doublet, t = triplet, q = quartet, quint = quintet, sp = septet,
br = broad, m = multiplet, ov = overlapping), coupling constants
(Hz), integration, assignment. *C NMR data are reported as
follows: chemical shift, assignment. Assignment of resonances
were supplemented by 'H-'"H COSY, *C{'H} APT, DEPT-135,
DEPT-90, and "H-"*C{"H} HSQC and HMBC experiments.

Elemental analyses (%CHN) were conducted at the
University of Lethbridge on an Elementar Americas Vario
MicroCube Analyzer (C, H, N, O, S capabilities) using bulk
recrystallized compounds. Organoaluminum compounds
produced elemental analysis data with consistently low
carbon values, owing to the formation of aluminum
carbides.®®*”"7° Compounds L*"PP, NaL”'PP and 2,5-bis(diiso-
propylphosphino)-N-H-pyrrole were prepared according to
previously reported literature methods, and analysis of these
products agreed with reported spectral data.® B(C¢Fs); was
purchased from Boulder Scientific and dried by stirring a
dichloromethane solution with Me,SiHCI for no more than
20 minutes. The crude product was sublimed under dynamic
vacuum at 80 °C.”" All other materials were obtained in high
purity (Sigma-Aldrich or Strem Chemicals) and used without
further purification.
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Synthesis and characterization

Mes
L™,

Synthesis  of Diphosphine  2,5-bis(diisopro-
pylphosphino)-N-H-pyrrole (620.9 mg, 2.074 mmol) was added
to a 50 mL round-bottomed flask equipped with a stir bar. Dry,
degassed toluene (5 mL) was added forming an orange-brown
solution. Under argon, mesityl azide (744.9 mg, 4.621 mmol)
was added to this solution dropwise over 30 seconds resulting
in vigorous bubbling. The reaction mixture was left to stir
under argon for 16 h. Solvent was thereafter removed under
reduced pressure yielding a beige solid. The solid was extracted
with 8 mL of pentane and the solution cooled to —35 °C for 16
hours, whereupon the product was isolated as a beige solid.
Yield: 1.0865 g (92.67%). Anal. Caled (%) for C34Hs53N3P,: C,
72.18; H, 9.44; N, 7.43. Found: C, 72.47; H, 9.05; N, 7.21.
'"H NMR (dg-benzene): § 10.48 (br s, 1H, NH), 6.92 (s, 4H, m-
ArH), 6.27 (s, 2H, 3,4-pyrrole), 2.35 (s, 12H, o-Mes CH3), 2.26 (s,
6H, p-Mes), 2.05 (dsp, *Jup = 18.6 Hz, *Juy = 7.2 Hz, 4H,
CH(CH3),), 1.03 (dd, *Jyp = 16.5 Hz, *Juy = 7.2 Hz, 12H,
CH(CH3),), 0.85 (dd, *Jup = 16.5 Hz, *Juyg = 7.2 Hz, 12H,
CH(CH3),). *C{"H} NMR (de-benzene): 6 145.7 (s, 2C, Mes
ipso-C), 131.2 (d, *Jcp = 6.2 Hz, 2C, Mes ipso-C), 129.0 (s, 2C,
Mes ipso-C), 126.9 (s, 4C, Mes Ar-C), 125.2 (dd, “Jcp = 111.0 Hz,
3Jep = 4.9 Hz, 2C, 2,5-pyrrole), 114.8 (dd, *Jcp = 23.5 Hz,
3Jep = 11.8 Hz, 2C, 3,4-pyrrole), 28.4 (d, Jcp = 64.9 Hz, 4C,
P-CH(CHz;),), 21.3 (s, 4C, Mes 0-CHj3), 20.7 (s, 2C, Mes p-CHj3),
16.2 (s, 4C, CH(CH,),), 15.4 (d, *Jcp = 2.7 Hz, 4C, CH(CHj3),).
3'p{'H} NMR (d¢-benzene): § 4.1 (s).

Synthesis of LPPP, Diphosphine 2,5-bis(diisopropyl-
phosphino)-N-H-pyrrole (363.3 mg, 1.214 mmol) was added to
a 50 mL round-bottomed flask equipped with a stir bar. Dry,
degassed toluene (8 mL) was added forming an orange-brown
solution. Under argon, 2,6-Pr,C¢H;N; (493.4 mg, 2.427 mmol)
was added to this solution dropwise over 30 seconds resulting
in vigorous bubbling. The reaction mixture was left to stir
under argon for 20 h. Solvent was thereafter removed under
reduced pressure yielding a light brown solid. The solid was
extracted with 5 mL of pentane and the solution cooled to
—35 °C for 16 hours. The desired product was isolated as a light
brown solid. Yield: 701.7 mg (94.79%). Anal. Calcd (%) for for
C4oHgsN3P,: C, 73.92; H, 10.08; N, 6.47. Found: C, 73.62; H,
10.06; N, 6.48. 'H NMR (dg-benzene):  10.32 (br s, 1H, N-H),
7.19 (m, 2H, p-ArH), 7.03 (t, *Jyy = 7.8 Hz, 4H, m-ArH), 6.28 (s,
2H, 3,4-pyrrole), 3.60 (sp, *J/uy = 6.7 Hz, 4H, CH(CH,),), 2.18
(dsp, *Jup = 23.4 Hz, *Jyy; = 6.9 Hz, 4H, P-CH), 1.36 (d, *Jy = 6.7
Hz, 24H, CH(CH,),), 1.12 (dd, *Jyp = 15.4 Hz, *Jyy; = 6.9 Hz, 12H,
P-CH(CH3),), 0.88 (dd, *Jip = 16.6 Hz, *Jgy = 6.9 Hz, 12H,
P-CH(CHj,),). C{"H} NMR (d¢-benzene): § 145.2 (s, 2C, Dipp
ipso-C), 142.2 (d, *Jcp = 6.0 Hz, 2C, Dipp ipso-C), 125.1 (d, YJcp =
6.0 Hz, 2C, 2,5-pyrrole), 122.6 (s, 4C, Dipp Ar-C), 119.6 (s, 2C,
3,4-pyrrole), 115.2 (d, *Jcp = 12.0 Hz, 2C, Dipp Ar-C), 29.0 (s, 4C,
CH(CH,),), 28.9 (d, Ycp = 63.4 Hz, 4C, P-CH(CHj),), 23.6 (s, 4C,
CH(CHj,),), 16.4 (s, 4C, CH(CH,),), 15.4 (d, *Jcp = 1.5 Hz, 8C,
P-CH(CH,),). *'P{'"H} NMR (ds-benzene): § 2.9 (s).

Synthesis of NaLM**. LM (360.1 mg, 0.6369 mmol) and NaH
(15.2 mg, 0.661 mmol) were added to a 50 mL round-bottomed
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flask equipped with a stir bar. The flask was cooled to —78 °C
and THF (15 mL) was added under reduced pressure, forming a
pale orange solution. The reaction mixture was gradually
allowed to warm to ambient temperature, whereupon bubbling
was observed. The reaction was stirred under argon for 2 h after
which the solvent was removed to afford a light brown solid.
Yield: 332.8 mg (91.53%). Anal. Caled (%) for C3,H5,N3NaP,: C,
69.48; H, 8.92; N, 7.15. Found: C, 69.11; H, 8.89; N, 7.26.
'H NMR (dgbenzene): & 6.94 (s, 4H, m-ArH), 6.66 (d,
*Iup = 15.0 Hz, 2H, 3,4-pyrrole), 2.29 (ov s, 18H, o, p-Mes),
2.19 (dsp, *Jup = 18.6 Hz, *Jyy = 7.2 Hz, 4H, CH(CH3),), 1.04 (dd,
*Jup = 16.5 Hz, *Juy = 7.2 Hz, 24H, CH(CH,),). “C{'H} NMR
(de-benzene): 6 147.9 (s, 2C, Mes ipso-C), 132.5 (s, 4C, Mes ipso-
C), 130.6 (s, 2C, Mes Ar-C), 128.8 (s, 4C, Mes Ar-C), 114.2 (dd,
*Jep = 27.2 Hz, *Jcp = 10.6 Hz, 2C, 3,4-pyrrole), 27.2 (d, YJep = 61.1
Hz, 4C, P-CH(CH3;),), 20.6 (s, 4C, Mes 0-CH3), 20.5 (s, 2C, Mes
p-CH3), 16.6 (s, 4C, CH(CH,),), 15.5 (s, 4C, CH(CH,),). One
aromatic carbon (2,5-pyrrole) was not observed. *'P{"H} NMR
(de-benzene): d 19.2 (s).

Synthesis of NaL”'PP, L"PP (115.6 mg, 0.1779 mmol) and
NaH (5.2 mg, 0.23 mmol) were combined in a 25 mL Teflon-
sealed glass vessel equipped with a stir bar. The flask was
cooled to —78 °C and THF (5 mL) was added under reduced
pressure, forming a yellow-brown solution. The vessel was then
sealed and heated to 100 °C for 42 h. Volatiles were removed
under reduced pressure, after which the residue was reconsti-
tuted in 3 mL of toluene and filtered through a pad of Celite®
pad. Removal of solvent gave the targeted compound as a tan
solid. Yield: 0.1161 g (97.15%). Anal. Caled (%) for
CaoHesNsNaP,: C, 71.50; H, 9.60; N, 6.25. Found: C, 71.83; H,
9.60; N, 6.63. "H NMR (ds-benzene): § 7.04 (d, *Jyy = 7.2 Hz, 4H,
m-ArH), 6.80 (t, *Juy = 7.2 Hz, 2H, p-ArH), 6.73 (br s, 2H, 3,4-
pyrrole), 3.79 (sp, *Juu = 6.8 Hz, 4H, CH(CH3),), 2.29 (dsp, Jup =
21.1 Hz, *Jyy = 7.0 Hz, 4H, P-CH), 1.27-1.06 (ov m, 48H,
CH(CH;),). *C{"H} NMR (dg-benzene): § 148.4 (d, *Jcp = 3.8
Hz, 2C, Dipp ipso-C), 143.5 (d, *Jcp = 6.0 Hz, 4C, Dipp ipso-C),
129.5 (dd, YJcp = 124.5 Hz, *Jcp = 18.8 Hz, 2C, 2,5-pyrrole), 122.5
(s, 4C, Dipp Ar-C), 118.3 (s, 2C, Dipp Ar-C), 115.8 (dd, *Jcp = 25.7
Hz, *Jcp = 12.0 Hz, 2C, 3,4-pyrrole), 28.5 (d, Jcp = 64.1 Hz, 4C,
P-CH(CH3),), 28.0 (s, 4C, CH(CH;),), 23.8 (s, 4C, CH(CH,),),
17.2 (s, 4C, CH(CH3),), 16.7 (d, *Jcp= 3.0 Hz, 8C, P-CH(CH3),).
3'p{'"H} NMR (d¢-benzene): § 18.6 (s).

Synthesis of L*"PPGaCl, (1"'PP). In a glove box NaL"PP (99.6
mg, 0.170 mmol) and GaCl; (30.1 mg, 0.171 mmol) were
combined in a 20 mL scintillation vial equipped with a stir
bar. Benzene (4 mL) was added to the vial, forming a yellow
solution. The solution was stirred for 24 h, during which a large
quantity of precipitate formed. The solution was filtered
through a pad of Celite® and solvent removed under reduced
pressure to afford an off-white solid. Yield: 97.6 mg (81.3%).
Anal. Caled (%) for C3,H;5,GaCl,N3P,: C, 57.89; H, 7.43; N, 5.96.
Found: C, 57.57; H, 7.72; N, 6.08. "H NMR (d¢-benzene): § 7.62
(dd, *Jizs = 8.4 Hz, *Juy = 1.8 Hz, 4H, 0-ArH), 7.07 (d, */yy = 8.4 Hz,
4H, m-ArH), 6.60 (dd, *Jup = 2.4 Hz, *Juy = 1.5 Hz, 2H, 3,4-pyr-
role), 2.73 (sp, *Jun = 7.2 Hz, 2H, CH(CHj;),), 2.00 (dd,
*Jup = 23.1 Hz, *Juy = 7.2 Hz, 4H, P-CH), 1.16 (d, *Juy = 7.2 Hz,
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12H, P-CH(CHj),), 0.97 (d, *Juy = 7.2 Hz, 6H, CH(CH),), 0.92 (dd,
*Jup = 3.3 Hz, *Juy = 7.2 Hz, 12H, P-CH(CH,;),), 0.87 (d, ¥y = 7.2
Hz, 6H, CH(CH,),). °C{"H} NMR (d¢-benzene): 5 143.3 (s, 2C, Pipp
ipso-C), 143.0 (s, 2C, Pipp ipso-C), 130.0 (d, *Jcp = 6.0 Hz, 4C, Pipp
Ar-C), 126.2 (s, 4C, Pipp Ar-C), 121.7 (dd, YJep = 125.3 Hz, *Jcp = 9.8
Hz, 2C, 2,5-pyrrole), 116.6 (dd, *Jcp = 10.6 Hz, *Jcp = 8.3 Hz, 2C, 3,
4-pyrrole), 33.6 (s, 2C, CH(CHj3),), 26.6 (d, “Jcp = 55.1 Hz, 4C,
P-CH(CHj),), 24.1 (s, 2C, CH(CH,)y), 15.7 (s, 2C, CH(CH3),), 15.2
(s, 8C, P-CH(CHj),). *'P{'"H} NMR (d¢-benzene): § 35.1 (s).

Synthesis of L*GaCl, (1™). In a glove box NaL“**
(66.9 mg, 0.114 mmol) and GaCl; (20.2 mg, 0.115 mmol) were
combined in a 20 mL scintillation vial equipped with a stir bar.
Benzene (3 mL) was added to the vial, forming a yellow
solution. The solution was stirred for 20 h, during which a
large quantity of precipitate formed. The solution was filtered
through a pad of Celite® and solvent removed under reduced
pressure to afford a pale-yellow solid. Yield: 61.6 mg (76.6%).
Anal. Caled (%) for C3,H;5,GaCl,N3P,: C, 57.89; H, 7.43; N, 5.96.
Found: C, 57.92; H, 7.79; N, 6.02. "H NMR (d¢-benzene): J 6.85
(s, 4H, m-ArH), 6.77 (d, *Jgp = 15.0 Hz, 2H, 3,4-pyrrole), 2.60 (s,
12H, 0-Mes CH3), 2.29-2.10 (ov m, 10H, p-Mes CH; and P-CH),
1.16 (dd, *Jyp = 16.5 Hz, *Jyy = 7.2 Hz, 12H, CH(CH;),), 0.70 (dd,
Jup = 16.5 Hz, *Jyy = 7.2 Hz, 12H, P-CH(CH3),). *C{"H} NMR
(de-benzene): § 141.2 (d, *Jcp = 1.5 Hz, 2C, Mes ipso-C), 137.1 (d,
3Jcp = 2.3 Hz, 4C, Mes ipso-C), 132.3 (d, *Jcp = 1.5 Hz, 2C, Mes
ipso-C), 128.4 (s, 4C, Mes Ar-C), 121.7 (dd, Yep = 119.2 Hz,
3Jep = 9.8 Hz, 2C, 2,5-pyrrole), 119.0 (dd, *Jcp = 9.8 Hz, *Jcp = 3.0
Hz, 2C, 3,4-pyrrole), 27.6 (d, “Jcp = 55.1 Hz, 4C, P-CH(CH3),),
21.4 (s, 4C, Mes 0-CH3), 20.8 (s, 2C, Mes p-CH3;), 17.8 (s, 4C,
CH(CH3),), 16.6 (s, 4C), CH(CHj3),. *'P{"H} NMR (dq-benzene):
0 33.6 (s).

Synthesis of L°PPGaCl, (1°'PP). In a glove box a mixture of
NaL®PP (241.7 mg, 0.3597 mmol) and GaCl; (63.3 mg,
0.359 mmol) were combined with benzene (8 mL) in a 20 mL
scintillation vial equipped with a stir bar. The yellow solution
was allowed to stir for 24 h, during which a substantial amount
of solid precipitated. The solution was filtered through a pad of
Celite®™, after which solvent was removed under reduced pres-
sure to yield an off-white solid (284.0 mg, 87.32%). Anal. Calcd
(%) for C4oHg,GaCl,N,P,: C, 60.85; H, 8.17; N, 5.32. Found: C,
60.58; H, 7.99; N, 5.01. '"H NMR (dq-benzene): 6 7.14 (ov m, 6H,
m-ArH), 6.78 (d, *Jup = 3.3 Hz, 2H, 3,4-pyrrole), 3.74 (sp,
Jug = 6.9 Hz, 4H, CH(CH3),), 2.69 (dsp, *Jup = 25.5 Hz,
un = 7.2 Hz, 4H, P-CH), 1.59 (br s, 12H, CH(CH3),), 1.23 (ov
m, 12H, CH(CH,),), 1.15 (dd, *Jyp = 16.8 Hz, *Jyy = 7.2 Hz, 12H,
P-CH(CH,),), 0.87 (dd, *Jup = 16.1 Hz, *Jyy = 7.2 Hz, 12H,
P-CH(CH,),). "*C{'"H} NMR (dq-benzene): & 147.3 (d, *Jcp = 5.4
Hz, 2C, Dipp ipso-C), 140.9 (d, *Jcp = 5.3 Hz, 4C, Dipp ipso-C),
128.1 (s, 4C, Dipp Ar-C), 124.7 (s, 2C, Dipp Ar-C), 123.9 (dd, Jcp
=118.5 Hz, *Jcp = 10.6 Hz, 2C, 2,5-pyrrole), 122.1 (dd, *Jcp = 16.6
Hz, *Jcp = 9.8 Hz, 2C, 3,4-pyrrole), 29.0 (d, Jcp = 55.8 Hz, 4C,
P-CH(CH3),), 28.0 (s, 4C, CH(CH,),), 24.8 (br s, 8C, P-
CH(CH,),), 18.7 (s, 4C, CH(CH,),), 17.0 (s, 4C, CH(CH,),).
3'p{'H} NMR (d¢-benzene): § 33.0 (s).

Synthesis of L¥PPInCl, (2"PP). In a glove box 100.0 mg
(0.1703 mmol) of NaL”PP and 37.7 mg (0.1704 mmol) of InCl,
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were added to a 20 mL scintillation vial equipped with a stir
bar. The reagents were dissolved in benzene (4 mL), generating
a yellow solution. The solution was allowed to stir for 24 h, over
which period a large quantity of precipitate formed. The
solution was filtered through a Celite™ pad and then dried
under vacuum to afford a colourless solid. Yield: 105.8 mg
(82.1%). Anal. Caled (%) for Cs,Hs,InCL,N;P,: C, 54.42; H, 6.98;
N, 5.60. Found: C, 54.35; H, 7.29; N, 5.99. 'H NMR (dé-benzene):
0 7.55(d, *Ju = 7.0 Hz, 4H, 0-ArH), 7.05 (d, *Jyy = 7.0 Hz, 4H, m-
ArH), 6.60 (d, *Jyp = 2.1 Hz, 2H, 3,4-pyrrole), 2.67 (sp, *Juu = 7.2
Hz, 2H, CH(CH3),), 2.02 (dd, YJyp = 23.1 Hz, *Jyy = 7.2 Hz, 4H,
P-CH), 1.11 (d, *Juy = 7.2 Hz, 12H, CH(CH3),), 0.95 (d, *Jiy = 7.2
Hz, 6H, P-CH(CH};),), 0.90 (dd, *Jp = 4.4 Hz, *Jyy = 7.2 Hz, 12H,
P-CH(CHj),), 0.85 (d, *Jyu = 7.2 Hz, 6H, P-CH(CH,),). *C{'H}
NMR (dg-benzene): § 143.4 (d, *Jcp = 3.0 Hz, 2C, Pipp ipso-C),
143.3 (s, 2C, Pipp ipso-C), 128.8 (d, *Jcp = 6.0 Hz, 4C, Pipp Ar-C),
126.7 (s, 4C, Pipp Ar-C), 122.2 (dd, Jcp = 126.8 Hz, *Jcp = 10.6
Hz, 2C, 2,5-pyrrole), 117.4 (dd, */cp = 10.6 Hz, *Jcp = 9.1 Hz, 2C,
3,4-pyrrole), 33.5 (s, 2C, CH(CHj3),), 25.9 (d, YJep = 55.8 Hz, 4C,
P-CH(CH3),), 24.0 (s, 4C, CH(CH3),), 15.6 (s, 4C, P~CH(CH3),),
15.2 (d, *Jcp = 3.0 Hz, 4C, P-CH(CH,),). *'P{'"H} NMR
(de-benzene): 6 35.9 (s).

Synthesis of LM*InCl, (2M*). In a glovebox NaLM® (67.1 mg,
0.114 mmol) and InCl; (25.3 mg. 0.114 mmol) were combined
in a 20 mL scintillation vial equipped with a stir bar. Benzene
(3 mL) was added to the vial, forming a yellow solution. The
solution was stirred for 24 h, during which a large quantity of
precipitate formed. The solution was filtered through a pad of
Celite™. Removal of solvent under vacuum gave the desired
indium complex as an off-white solid in 75.2% yield (64.3 mg).
Anal. Caled (%) for C34Hs,InCl,N3P,: C, 54.42; H, 6.98; N, 5.60.
Found: C, 54.61; H, 7.25; N,: 5.94. 'H NMR (dg-benzene): § 6.84
(s, 4H, m-H), 6.76 (d, *Jup = 15.0 Hz, 2H, 3,4-pyrrole), 2.56 (s,
12H, o-Mes CH3;), 2.26-2.10 (ov m, 10H, p-Mes CH; and P-CH),
1.14 (dd, *Jyp = 16.5 Hz, *Jyy = 7.2 Hz, 12H, CH(CH,;),), 0.66
(dd, *Jyp = 16.5 Hz, *Jyyy; = 7.2 Hz, 12H, CH(CH,;),). "*C{"H} NMR
(dg-benzene): 6 140.4 (d, *Jcp = 6.0 Hz, 2C, Mes ipso-C), 136.4
(d, *Jcp = 5.3 Hz, 4C, Mes ipso-C), 132.5 (d, *Jcp = 3.8 Hz, 4C, Mes
Ar-C), 129.5 (s, 2C, Mes Ar-C), 121.9 (dd, Ycp = 117.0 Hz,
}Jep = 10.6 Hz, 2C, 2,5-pyrrole), 119.4 (dd, *cp = 9.8 Hz,
3cp = 8.3 Hz, 2C, 3,4-pyrrole), 27.2 (d, Yep = 56.6 Hz, 4C, P-
CH(CHj;),), 21.1 (s, 4C, Mes 0-CH3), 20.8 (s, 2C, Mes p-CH3), 17.2
(s, 4C, CH(CHj),), 16.3 (s, 4C, CH(CHj),). *'P{'H} NMR
(de-benzene): 6 34.1 (s).

Synthesis of L®PPInCl, (2"PP). In a glove box NaLP®P
(154.9 mg, 0.2305 mmol) and InCl; (51.3 mg, 0.232 mmol) were
combined with 10 mL of benzene in a 20 mL scintillation vial
equipped with a stir bar. The yellow solution was stirred for
24 h and then filtered through a pad of Celite®. The solvent was
removed under vacuum giving 0.1637 g (85.12%) of a colourless
solid. Anal. Caled (%) for C,oHe InCL,N;P,: C, 57.56; H, 7.73; N,
5.03. Found: C, 57.83; H, 7.77; N, 4.89. 'H NMR (des-benzene):
0 7.17 (br s, 4H, m-ArH), 7.11 (br s, 2H, p-ArH), 6.79 (d, *Jyp = 3.1
Hz, 2H, 3,4-pyrrole), 3.84 (sp, *Juu = 6.6 Hz, 4H, CH(CH3),), 2.41
(dsp, *Jup = 24.6 Hz, *Jyy = 7.2 Hz, 4H, P-CH), 1.59 (d, *Jiy = 6.6
Hz, 12H, CH(CH,),), 1.25 (br d, *Juy = 6.6 Hz, 12H, CH(CHS),),

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021

Paper

1.20 (dd, *Jup = 16.5 Hz, *Juy = 7.2 Hz, 12H, P-CH(CHj3),), 0.66
(dd, *Jun = 7.2 Hz, *Jup = 12.6 Hz, 12H, P-CH(CH;),). “*C{'H}
NMR (dg-benzene): § 147.4 (d, *Jcp = 5.3 Hz, 2C, Dipp ipso-C),
139.5 (s, 4C, Dipp ipso-C), 127.9 (s, 4C, Dipp Ar-C), 124.4 (s, 2C,
Dipp Ar-C), 122.1 (dd, Yep = 125.1 Hz, *Jcp = 10.6 Hz, 2C, 2,5-
pyrrole), 119.9 (dd, *Jcp = 17.4 Hz, *Jcp = 9.8 Hz, 2C, 3,4-pyrrole),
28.2 (d, 2C, CH(CHj),), 27.6 (d, 2C, CH(CH,),), 27.2 (d,
Yep = 55.1 Hz, 4C, P-CH(CH,),), 24.8 (s, 8C, P-CH(CH,),),
17.9 (s, 4C, CH(CH,3),), 16.4 (s, 4C, CH(CH,3),). *'P{"H} NMR
(de-benzene): 6 33.3 (s).

Synthesis of L"PPAIMe, (3"'PP). In a glove box LFPP
(294.8 mg, 0.5214 mmol) was dissolved in 4 mL of pentane in
a 20 mL scintillation vial equipped with a stir bar. AlMe;
(115 pL, 4.6 M in hexanes, 0.53 mmol) was added dropwise to
the yellow solution, immediately causing a change in colour to
dark orange-red, along with vigorous bubbling. The solution
was stirred for 18 h, when a large quantity of beige precipitate
was observed. THF (~0.2 mL) was added to the mixture which was
then stirred for 15 min. The volatiles were removed under
reduced pressure leaving a light brown solid. Yield: 306.4 mg
(94.51%). Anal. Calcd (%) for C3sHssAIN3P,: C, 69.54; H, 9.40;
N, 6.76. Found: C, 65.72; H, 9.26; N, 6.29. "H NMR (ds-benzene):
6 7.35 (d, *Juu = 6.6 Hz, 4H, 0-ArH), 7.10 (d, *Juy = 6.6 Hz, 4H, m-
ArH), 6.58 (d, *Jup = 2.1 Hz, 2H, 3,4-pyrrole), 2.76 (sp, *Juu = 6.9
Hz, 2H, CH(CH,),), 2.12 (dsp, Yup = 20.1 Hz, *Jyy = 6.0 Hz, 4H,
P-CH), 1.21 (d, *Jyy = 6.9 Hz, 12H, P-CH(CH,),), 0.99 (d,
*Jug = 6.9 Hz, 6H, Pipp CH(CHs),), 0.93 (d, *Juy = 6.0 Hz,
12H, P-CH(CHj),), 0.90 (d, *Jy; = 6.9 Hz, 6H, Pipp CH(CH,),),
—0.07 (s, 6H, AI-CH;). "*C{"H} NMR (d¢-benzene): 6 146.4 (s, 2C,
Pipp ipso-C), 141.1 (s, 2C, Pipp ipso-C), 127.5 (d, 4C, Pipp Ar-C),
126.4 (s, 4C, Pipp Ar-C), 124.5 (dd, Ycp = 133.6 Hz, 3Jcp = 11.3
Hz, 2C, 2,5-pyrrole), 115.7 (d, *Jcp = 20.4 Hz, *Jcp = 11.3 Hz, 2C,
3,4-pyrrole), 33.6 (s, 2C, CH(CHj),), 26.0 (d, YJcp = 53.6 Hz, 4C,
P-CH(CHj),), 24.2 (s, 4C, CH(CHj),), 16.1 (s, 4C, P-CH(CHj),),
15.6 (s, 4C, P-CH(CH3),), —5.9 (s, 2C, Al-CH,). *'P{'"H} NMR
(de-benzene): 6 35.0 (s).

Synthesis of LM**AlMe, (3"*°). In a glove box LM*® (91.1 mg,
0.161 mmol) was suspended in 4 mL of pentane in a 20 mL
scintillation vial equipped with a stir bar. AlMe; (40 pL, 4.6 M in
hexanes, 0.18 mmol) was added dropwise causing all solid to
dissolve and immediately changing the colour to dark orange-
red. Vigorous bubbling was observed. The solution was stirred
for 18 h during which a beige precipitate formed. THF
(~0.2 mL) was added and the mixture stirred for 15 min.
Solvent was removed under reduced pressure leaving an off-
white solid. Yield: 93.6 mg (93.4%). Anal. Caled (%) for
C;36HsgAIN;P,: C, 69.54; H, 9.40; N, 6.76. Found: C, 66.24; H,
9.25; N, 6.57. 'H NMR (dg-benzene): § 6.88 (s, 4H, m-ArH),
6.76 (br s, 2H, 3,4-pyrrole), 2.45 (s, 12H, 0-Mes CH3), 2.20-2.08
(ov m, 10H, p-Mes CH; and P-CH), 1.05 (dd, *Jyp = 15.9 Hz, *Juy
= 7.2 Hz, 12H, P-CH(CH5;),), 0.86 (dd, *Jyp = 15.9 Hz, *Jyy; = 7.2
Hz, 12H, P-CH(CHj3),), —0.35 (s, 6H, Al-CH;). *C{'H} NMR
(ds-benzene): 5 142.8 (d, *Jcp = 3.8 Hz, 4C, Mes ipso-C), 134.6 (d,
%Jep = 5.3 Hz, 2C, Mes ipso-C), 130.2 (d, >Jcp = 3.0 Hz, 2C, Mes
ipso-C), 129.4 (d, YJcp = 2.2 Hz, 4C, Mes Ar-C), 128.2 (dd,
Yep = 120.0 Hz, *Jep = 10.9 Hz, 2C, 2,5-pyrrole), 118.5
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(dd, >Jcp = 19.2 Hz, *Jcp = 10.4 Hz, 2C, 3,4-pyrrole), 28.2 (d, YJep =
57.3 Hz, 4C, P-CH(CH,),), 21.2 (s, 4C, Mes 0-CHj), 20.7 (s, 2C,
Mes p-CHj3), 17.9 (s, 4C, CH(CHj3),), 16.9 (s, 4C, CH(CHa),), —4.2
(s, 2C, AI-CH,). *"P{'"H} NMR (dg-benzene): 5 28.5 ().

Synthesis of LP'PPAIMe, (3"PP). In a glove box LP'PP
(166.8 mg, 0.2566 mmol) was suspended in 4 mL of pentane
in a 20 mL scintillation vial equipped with a stir bar. To this
mixture AlMe; (60 puL, 4.6 M in hexanes, 0.28 mmol) was added
dropwise resulting in complete dissolution of all solid, a
change in colour to dark orange and vigorous bubbling. The
solution was stirred for 18 h whereupon ~ 0.2 mL of THF was
added. After 15 min of stirring the solvent was removed under
vacuum providing a golden brown solid. Yield: 163.7 mg
(92.5%). Anal. Caled (%) for C,4,H;AIN;P,: C, 71.46; H, 9.99;
N: 5.95. Found: C, 68.03; H, 10.10; N: 6.39. 'H NMR
(ds-benzene): 6 7.17 (d, *Jun = 6.6 Hz, 4H, m-ArH), 7.08 (d,
3Juu = 6.6 Hz, 2H, p-ArH), 6.96 (d, *Jip = 2.1 Hz, 2H, 3,4-pyrrole),
3.63 (Sp, *Jun = 6.9 Hz, 4H, CH(CHj,),), 2.49 (dsp, */up = 11.6 Hz,
*Jn = 6.6 Hz, 4H, P-CH), 1.27 (d, *Jyi = 6.9 Hz, 24H, CH(CH3),),
1.25 (d, *Juap = 6.9 Hz, 12H, CH(CHS),), 0.91 (dd, ¥/ = 6.9 Hz,
Jup = 3.0 Hz, 12H, CH(CH,),), —0.33 (s, 6H, Al-CH;). *C{'H}
NMR (de-benzene): § 144.5 (s, 2C, Dipp Ar-C) 141.0 (d, *Jcp = 2.3
Hz, 2C, Dipp ipso-C), 129.8 (dd, “Jcp = 109.4 Hz, *Jcp = 10.6 Hz,
2C, 2,5-pyrrole), 123.8 (d, Jcp = 1.5 Hz, 4C, Dipp Ar-C), 122.2 (d,
}Jcp = 2.3 Hz, 4C, Dipp ipso-C), 121.7 (dd, *Jcp = 17.4 Hz,
%Jcp = 10.6 Hz, 2C, 3,4-pyrrole), 28.9 (br s, 4C, P-CH(CH,),),
28.1 (s, 4C, Dipp CH(CH,),), 24.9 (s, 8C, Dipp CH(CH,),),
16.9 (s, 8C, P-CH(CHj),), —4.9 (s, 2C, Al-CH;). *'P{"H} NMR
(de-benzene): 6 23.6 (s).

Synthesis of [L"PPAIMe] [MeB(C4Fs);]~ (4”"PP). In a glove box
L"PPAIMe, (113.6 mg, 0.1827 mmol) and 93.5 mg (0.1823 mmol)
of B(C¢Fs); were added to a 20 mL scintillation vial equipped
with a stir bar. Pentane (5 mL) was added which dissolved the
B(C¢Fs); creating a colourless solution. The mixture was stirred
for 24 h during which period an orange-brown oil formed.
Removal of volatiles under reduced pressure gave a voluminous
beige solid. Yield: 188.9 mg (91.3%). Anal. Caled (%) for
Cs,HsgAIBF, 5N, P,: C, 57.21; H, 5.16; N, 3.71. Found: C, 50.86;
H, 5.39; N, 3.29. '"H NMR (ds-bromobenzene): § 7.10 (d,
Ju = 8.0 Hz, 4H, 0-ArH), 6.85 (d, *Juy = 8.0 Hz, 4H, m-ArH),
6.77 (br s, 2H, 3,4-pyrrole), 2.67 (sp, *Juu = 6.9 Hz, 2H,
CH(CHj,),), 2.21 (m, 4H, P-CH(CHj3),), 1.29 (br s, 3H, B-CH),
1.07 (d, *Juu = 6.9 Hz, 6H, CH(CHs),), 1.06 (d, >/ = 6.9 Hz, 6H,
CH(CH3),), 0.88-0.79 (ov m, 24H, P-CH(CH3),), —0.66 (s, 3H,
Al-CH;). ""B{'H} NMR (ds-bromobenzene): § —14.0 (br s).
BC{"H} NMR (ds-bromobenzene): § 146.7 (s, 2C, Pipp ipso-C),
138.9 (s, 2C, Pipp ipso-C), 128.6 (s, 4C, Pipp Ar-C), 128.3 (dd,
Yep = 46.0 Hz, *Jcp = 22.6 Hz, 2C, 2,5-pyrrole), 125.7 (d, *Jcp =
5.3 Hz, 4C, Pipp Ar-C), 115.7 (dd, *Jcp = 17.0 Hz, *Jcp = 8.7 Hz, 2C,
3,4-pyrrole), 33.7 (s, 2C, CH(CHj),), 25.9 (d, Jop= 52.8 Hz, 4C,
P-CH(CHj,),), 24.1 (s, 4C, CH(CH,),), 15.4 (s, 8C, P-CH(CHs,),),
—12.6 (br s, AI-CH3). MeB(CFs);~ resonances are not reported.
F{'H} NMR (ds-bromobenzene): § —130.4 (d, *Jyr = 19.8 Hz,
6F, 0-F), —162.6 (t, *Jgr = 19.8 Hz, 3F, p-F), —165.1 (t, *Jpp = 19.8
Hz, 6F, m-F). *'P{'"H} NMR (ds-bromobenzene) § 61.9 (s).
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Synthesis of [LM**AlMe] [MeB(CcF5);] (4V°). In a glove box
LM**AlMe, (102.9 mg, 0.1655 mmol) and B(C¢Fs); (84.8 mg)
(0.1653 mmol) were combined with 5 mL of pentane in a 20 mL
scintillation vial equipped with a stir bar. The mixture was
stirred for 24 h during which an orange oil formed. The solvent
was removed under vacuum yielding 175.2 mg (94.9%) of 4M**
as a light orange solid. Anal. Caled (%) for C5,H55AlIBF,5N3P,: C,
57.21; H, 5.16; N, 3.71. Found: C, 54.76; H, 4.99; N, 3.80.
'"H NMR (ds-bromobenzene): § 6.83 (d, *Jup = 12.6 Hz, 2H,
3,4-pyrrole), 6.71 (s, 4H, m-H), 2.26 (sp, 4H, *Juyy = 6.9 Hz,
P-CH(CH3),), 2.10 (s, 12H, Mes 0-CHj3), 2.08 (s, 6H, Mes p-CHj),
1.28 (br s, 3H, B-CHj), 0.86 (dd, *Jyp = 17.4 Hz, *Jyy = 6.9 Hz,
12H, P-CH(CH,),), 0.72 (dd, *Jup = 17.7 Hz, *Juy = 6.9 Hz,
12H, P-CH(CHj;),), —0.86 (s, 3H, Al-CH;). "'B{'"H} NMR
(ds-bromobenzene): § —14.0 (br s). "*C{'"H} NMR (de-benzene):
0 140.7 (s, 4C, Mes ipso-C), 136.7 (s, 2C, Mes ipso-C), 134.6 (d,
3Jcp = 3.0 Hz, 2C, Mes ipso-C), 127.8 (s, 4C, Mes Ar-C), 124.4 (dd,
Yep = 109.6 Hz, *Jcp = 9.8 Hz, 2C, 2,5-pyrrole), 115.1 (dd,
*Jop = 22.8 Hz, *Jcp = 9.8 Hz, 2C, 3,4-pyrrole) 25.4 (d,
Yep = 58.0 Hz, 4C, P-CH(CHj;),), 20.7 (s, 4C, Mes 0-CH;), 19.5
(s, 2C, Mes p-CH3), 16.1 (s, 4C, P-CH(CHj),), 15.2 (d, %Jcp = 9.0
Hz, 4C, P-CH(CHj3;),), —10.7 (br s, AI-CH3;). MeB(CgF5); ™~ reso-
nances are not reported. ’F{'"H} NMR (ds-bromobenzene):
3 —130.9 (d, *Jgr = 19.8 Hz, 6F, 0-F), —162.3 (t, *Jps = 19.8 Hz,
3F, p-F), —164.8 (t, *Jsr = 19.8 Hz, 6F, m-F). *'P{'"H} NMR
(ds-bromobenzene): 6 53.2 (s).

Synthesis of [LP'PPAIMe]'[MeB(CeF5);]” (4""PP). In a glove
box LPPPAIMe, (41.2 mg, 0.0584 mmol), B(C¢Fs); (29.9 mg,
0.0583 mmol) and 5 mL of pentane were combined in a 20 mL
scintillation vial equipped with a stir bar. After 24 h of stirring
an orange-brown oil had formed. The solvent was removed
under reduced pressure to afford a beige solid. Yield: 68.2 mg
(94.7%). Anal. Caled (%) for CeoH70AIBF5N3P,: C, 59.17; H,
5.79; N, 3.45. Found: C, 55.18; H, 5.85; N: 3.76. 'H NMR
(ds-bromobenzene): ¢ 7.01 (ov m, 6H, Dipp-H), 6.94 (br s, 2H,
3,4-pyrrole), 2.86 (sp, *Jun = 6.8 Hz, 4H, CH(CHj),), 2.20 (br sp,
4H, 3Jyyy = 7.2 Hz, P-CH(CHj,),), 1.29 (br s, 3H, B-CH;), 1.11 (d,
3Juu = 6.8 Hz, 12H, CH(CH;),), 1.02 (d, *Juy = 6.8 Hz, 12H,
CH(CH3),), 0.94 (dd, *Jgp = 17.0 Hz, *Jyg = 7.2 Hgz,
12H, P-CH(CH,),), 0.73 (dd, *Jup = 18.6 Hz, *Juy = 7.2 Hz,
12H, CH(CH;),), —0.96 (s, 3H, Al-CH;). “'B{'H} NMR
(ds-bromobenzene): § —13.9 (br s). "*C{'"H} NMR (de-benzene):
5 145.8 (d, *Jcp = 4.8 Hz, 2C, Dipp ipso-C), 137.7 (d, *Jcp = 3.0 Hz,
4C, Dipp ipso-C), 128.2 (s, 2C, Dipp Ar-C), 125.4 (s, 4C, Dipp Ar-
C), 122.8 (d, Jcp = 9.8 Hz, 2C, 2,5-pyrrole), 114.5 (br s, 2C, 3,
4-pyrrole), 29.7 (s, 2C, CH(CH3),), 25.8 (s, 2C, CH(CH3),), 25.5
(d, Yeu = 66.4, 4C, P-CH(CH,),), 24.5 (s, 8C, CH(CH,),), 16.3 (br
s, 4C, P-CH(CH,),), 15.5 (br s, 4C, P-CH(CHj,),), —12.9 (br s,
Al-CH;). MeB(CcFs);  resonances are not reported. '°F{'H}
NMR (ds-bromobenzene): § —130.3 (d, */ys = 19.8 Hz, 6F, 0-F),
—162.6 (t, *Jpp = 19.8 Hz, 3F, p-F), —165.1 (t, *Jsp = 19.8 Hz, 6F,
m-F). *'P{'H} NMR (ds-bromobenzene): § 46.4 (s).

Conflicts of interest

The authors declare no competing financial interests.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021



NJC

Acknowledgements

Financial support was provided in the form of a Discovery
Grant by the NSERC of Canada to P. G. H. Mr Tony Montina
and Mr Michael Opyr are acknowledged for expert technical
assistance with NMR experiments. Mr Jackson P. Knott and Mr
Dylan J. Webb are acknowledged for collection of combustion
analysis data. P. G. H. thanks the University of Lethbridge for a
Tier I Board of Governors Research Chair in Organometallic
Chemistry.

Notes and references

1

10

11

12

13

14

15

16

17

18

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021

The Chemistry of Pincer Compounds, ed. D. Morales-Morales
and C. M. Jensen, Elsevier, Amsterdam, 1st edn, 2007.
Organometallic Pincer Chemistry, ed. G. van Koten and
D. Milstein, Springer, Berlin Heidelberg, 2013.

The Privileged Pincer-Metal Platform: Coordination Chemistry
and Applications, In Topics in Organometallic Chemistry, ed.
G. van Koten and R. A. Gossage, Springer-Verlag, Berlin,
2016, vol. 54.

Pincer Compounds: Chemistry and Applications,
D. Morales-Morales, Elsevier, Amsterdam, 2018.

R. Melen and L. H. Gade, The Privileged Pincer-Metal Plat-
form: Coordination Chemistry and Applications, in Topics in
Organometallic Chemistry, vol. 54, ed. G. van Koten and
R. A. Gossage, Springer-Verlag, Berlin, 2016, pp. 179-208.
C. V. Thompson and Z. J. Tonzetichin, Advances in Organo-
metallic Chemistry, Vol. 74, ed. P. ]J. Perez, Academic Press,
Cambridge, 2020, pp. 153-240.

M. E. O'Reilly and A. S. Veige, Chem. Soc. Rev., 2014, 43,
6325-6369.

C. K. Blasius, H. Wadepohl and L. H. Gade, Eur. J. Inorg.
Chem., 2020, 2335-2342.

S. Kuyuldar, C. Burda and W. B. Connick, RSC Adv., 2019, 9,
25703-25711.

J. C. DeMott, J. R. Dekarske, B. J. McCulloch and
O. V. Ozerov, Inorg. Chem. Front., 2015, 2, 912-916.

C. Gunanathan, B. Gnanaprakasam, M. A. Iron,
L. J. W. Shimon and D. Milstein, J. Am. Chem. Soc., 2010,
42, 14763-14765.

M. M. Héanninen, M. T. Zamora, C. S. MacNeil, J. P. Knott
and P. G. Hayes, Chem. Commun., 2016, 52, 586-590.

C. S. MacNeil, K. E. Glynn and P. G. Hayes, Organometallics,
2018, 37, 3248-3252.

C. S. MacNeil and P. G. Hayes, Chem. — Eur. J., 2019, 25,
8203-8207.

C. S. MacNeil, S.-J. Hsiang and P. G. Hayes, Chem. Commun.,
2020, 56, 12323-12326.

K.-N. T. Tseng, J. W. Kampf and N. K. Szymczak, Organome-
tallics, 2013, 32, 2046-2049.

A. M. Hollas, W. Gu, N. Bhuvanesh and O. V. Ozerov, Inorg.
Chem., 2011, 50, 3673-3679.

J. Wenz, A. Kochan, H. Wadepohl and L. H. Gade, Inorg.
Chem., 2017, 56, 3631-3643.

ed.

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

Paper

M. M. Hinninen, M. T. Zamora and P. G. Hayes, in The
Privileged Pincer-Metal Platform: Coordination Chemistry
and Applications, in Topics in Organometallic Chemistry, vol.
54, ed. G. van Koten and R. A. Gossage, Springer-Verlag,
Berlin, 2016, pp. 93-178.

M. T. Zamora, K. R. D. Johnson, M. M. Hinninen and
P. G. Hayes, Dalton Trans., 2014, 43, 10739-10750.

K. R. D. Johnson, B. L. Kamenz and P. G. Hayes, Organome-
tallics, 2014, 33, 3005-3011.

K. R. D. Johnson and P. G. Hayes, Inorg. Chim. Acta, 2014,
422, 209-217.

J. P. Knott, M. M. Hinninen, J. M. Rautiainen,
H. M. Tuononen and P. G. Hayes, J. Organomet. Chem.,
2017, 845, 135-143.

L. Wang, D. Liu and D. Cui, Organometallics, 2012, 31,
6014-6021.

G. Du, Y. Wei, W. Zhang, Y. Dong, Z. Lin, H. He, S. Zhang
and X. Li, Dalton Trans., 2013, 42, 1278-1286.

H. Liu, J. He, Z. Liu, Z. Lin, G. Du, S. Zhang and X. Li,
Macromolecules, 2013, 46, 3257-3265.

C. S. MacNeil, T. K. K. Dickie and P. G. Hayes, in Pincer
Compounds: Chemistry and Applications, ed. D. Morales-
Morales, Elsevier, Amsterdam, 2018, pp. 133-172.

N. R. Andreychuk, T. K. K. Dickie, D. J. H. Emslie and
H. A. Jenkins, Dalton Trans., 2018, 47, 4866-4876.

N. R. Andreychuk, D. J. H. Emslie, H. A. Jenkins and
J. F. Britten, J. Organomet. Chem., 2018, 857, 16-24.

N. R. Andreychuk, S. Ilango, B. Vidjayacoumar,
D. J. H. Emslie and H. A. Jenkins, Organometallics, 2013,
32, 1466-1474.

P.-C. Kuo, J.-H. Huang, C.-H. Hung, G.-H. Lee and
S.-M. Peng, Eur. J. Inorg. Chem., 2003, 1440-1444.

Y.-T. Wang, Y.-C. Lin, S.-Y. Hsu, R.-Y. Chen, P.-H. Liu,
A. Datta, C.-H. Lin and J.-H. Huang, J. Organomet. Chem.,
2013, 745, 12-17.

L. Dostal and R. Jambor, in Pincer Compounds: Chemistry
and Applications, ed. D. Morales-Morales, Elsevier, Amster-
dam, 2018, pp. 47-65.

S.-Y. Hsu, C.-H. Hu, C.-Y. Tu, C.-H. Lin, R.-Y. Chen,
A. Datta and J.-H. Huang, Eur. J. Inorg. Chem., 2014,
1965-1973.

T. W. Myers and L. A. Berben, J. Am. Chem. Soc., 2013, 135,
9988-9990.

E. ]J. Thompson and L. A. Berben, Angew. Chem., Int. Ed.,
2015, 54, 11642-11646.

E. J. Thompson, T. W. Myers and L. A. Berben, Angew.
Chem., Int. Ed., 2014, 53, 14132-14134.

T. W. Myers and L. A. Berben, Organometallics, 2013, 32,
6647-6649.

T. J. Sherbow, J. C. Fettinger and L. A. Berben, Inorg. Chem.,
2017, 56, 8651-8660.

T. J. Sherbow, C. R. Carr, T. Saisu, J. C. Fettinger and
L. A. Berben, Organometallics, 2016, 35, 9-14.

Y.-L. Lien, Y.-C. Chang, N.-T. Chuang, A. Datta, S.-J. Chen,
C.-H. Hu, W.-Y. Huang, C.-H. Lin and ]J.-H. Huang, Inorg.
Chem., 2010, 49, 136-143.

New J. Chem., 2021, 45,15043-15052 | 15051



Paper

42

43

44

45

46

47

48

49

50

51

52

53

54

55

15052 | New J. Chem., 2021, 45,15043-15052

J.-C. Chang, C.-H. Hung and J.-H. Huang, Organometallics,
2001, 20, 4445-4447.

P.-H. Liu, F.-J. Chuang, C.-Y. Tu, C.-H. Hu, T.-W. Lin,
Y.-T. Wang, C.-H. Lin, A. Datta and ].-H. Huang, Dalton
Trans., 2013, 42, 13754-13764.

G. Zhang, J. Wu, H. Zeng, M. C. Neary, M. Devany, S. Zheng
and P. A. Dub, ACS Catal., 2019, 9, 874-884.

W.-A. Ma and Z.-X. Wang, Organometallics, 2011, 30,
4364-4373.

Q. Knijnenburg, J. M. M. Smits and P. H. M. Budzelaar,
Organometallics, 2006, 25, 1036-1046.

K.-M. Chien, T.-C. Hu, C.-H. Lin, Y.-C. Lo, T.-Y. Lee and
J.-H. Huang, J. Organomet. Chem., 2015, 779, 39-44.

Y. Wei, S. Wang and S. Zhou, Dalton Trans., 2016, 45,
4471-4485.

W. Zhang, Y. Wang, J. Cao, L. Wang, Y. Pan, C. Redshaw and
W.-H. Sun, Organometallics, 2011, 30, 6253-6261.

S. S. Hanson, E. Doni, K. T. Traboulsee, G. Coulthard,
J. A. Murphy and C. A. Dyker, Angew. Chem., Int. Ed., 2015,
54, 11236-11239.

S. S. Hanson, N. A. Richard and C. A. Dyker, Chem. - Eur. J.,
2015, 21, 8052-8055.

D. J. Webb and P. G. Hayes, in Comprehensive Coordination
Chemistry III, ed. E. Constable, G. Parkin and L. Que, Else-
vier, Amsterdam, 2021, DOI: 10.1016/B978-0-08-102688-
5.00090-8.

J. Meyer and H. Staudinger, Helv. Chim. Acta, 1919, 2,
635-646.

A. W. Addison, T. N. Rao, ]J. Reedijk, J. van Rijn and
G. C. Verschoor, J. Chem. Soc., Dalton Trans., 1984,
1349-1356.

A. B. Kremer, R. ]J. Andrews, M. ]J. Milner, X. R. Zhang,
T. Ebrahimi, B. O. Patrick, P. L. Diaconescu and
P. Mehrkhodavandi, Inorg. Chem., 2017, 56, 1375-1385.

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70
71

NJC

Y. Lebedev, 1. Polishchuk, B. Maity, M. D. V. Guerreiro,
L. Cavallo and M. Rueping, J. Am. Chem. Soc., 2019, 141,
19415-19423.

Q. Shen, X. Ma, W. Li, W. Liu, Y. Ding, Z. Yang and
H. W. Roesky, Chem. — Eur. J., 2019, 25, 11918-11923.

V. A. Pollard, M. A. Fuentes, A. R. Kennedy, R. McLellan and
R. E. Mulvey, Angew. Chem., Int. Ed., 2018, 57, 10651-10655.
Y. Ding, X. Ma, Y. Liu, W. Liu, Z. Yang and H. W. Roesky,
Organometallics, 2019, 38, 3092-3097.

G. Li, M. Lamberti, D. Pappalardo and C. Pellecchia, Macro-
molecules, 2012, 45, 8614-8620.

Y. Wei, S. Wang, S. Zhou, Z. Feng, L. Guo, X. Zhu, X. Mu and
F. Yao, Organometallics, 2015, 34, 1882-1889.

W.-A. Ma, L. Wang and Z.-X. Wang, Dalton Trans., 2011, 40,
4669-4677.

G. C. Welch, W. E. Piers, M. Parvez and R. McDonald,
Organometallics, 2004, 23, 1811-1818.

L.-C. Liang, F.-Y. Chen, M.-H. Huang, L.-C. Cheng, C.-W. Li
and H. M. Lee, Dalton Trans., 2010, 39, 9941-9951.

A. D. Horton, J. de With, A. J. van der Linden and H. van de
Weg, Organometallics, 1996, 15, 2672-2674.

J. A. Johnson, B. M. Petersen, A. Kormos, E. Echeverria,
Y.-S. Chen and ]. Zhang, J. Am. Chem. Soc., 2016, 138,
10293-10298.

R. R. Maar, A. R. Kenaree, R. Zhang, Y. Tao, B. D. Katzman,
V. N. Staroverov, Z. Ding and J. B. Gilroy, Inorg. Chem., 2017,
56, 12436-12447.

P. E. Romero, W. E. Piers, S. A. Decker, D. Chau, T. K. Woo
and M. Parvez, Organometallics, 2003, 22, 1266-1274.

A.D. K. Todd, W. L. McClennan and J. D. Masuda, RSC Adv.,
2016, 6, 69270-69276.

R. Mondol and E. Otten, Inorg. Chem., 2019, 58, 6344-6355.
J. M. Blackwell, K. L. Foster, V. H. Beck and W. E. Piers,
J. Org. Chem., 1999, 64, 4887-4892.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021





