7® ROYAL SOCIETY
P OF CHEMISTRY

Dalton
Transactions

View Article Online

View Journal | View Issue

Synthesis and structures of molecular beryllium
o Grignard analogues featuring terminal and

Cite this: Dalton Trans., 2024, 53, . u .

18296 bridging pseudohalides+

{ M) Check for updates ‘

@b Merle Arrowsmith, 2 2P Malte Jurgensen,®®
&P and Holger Braunschweig (2 *2°

Corinna Czernetzki,
Stephan Hagspiel

The carbene-stabilised beryllium Grignards [(CAAC)BeBrR] (R = CAACH 1a, Dur 1b; CAAC/H = 1-(2,6-di-
isopropylphenyl)-2,2,4,4-tetramethylpyrrolidin-2-yl/idene; Dur = 2,3,5,6-tetramethylphenyl) undergo salt
metathesis with various pseudohalide salt precursors. Whereas with [NaNCS] the thiocyanato Grignards
[(CAAC)Be(NCS)R] (R = CAACH 2a, Dur 2b) are obtained selectively, salt metatheses with [Na(OCP)
(dioxane), 3] and [K(OCN)] are fraught with side reactions, in particular scrambling of both neutral and
anionic ligands, leading to complex product mixtures, from which the first examples of beryllium phos-
phaethynolate Grignards [(thf),(CAACH)Be(OCP)] (3) and [(CAAC)Be(OCP)R] (R = CAACH 4a, Dur 4b), as
well as the isocyanate-bridged hexamer [(CAAC)BrBe(1,3-u-OCN)lg (7) were determined as the main pro-
ducts. The complexity of possible side reactions is seen in complex 5, a byproduct of the salt metathesis
of 1b with [Na(OCP)(dioxane), 3], which hints at radical redox processes, OCP homocoupling, OCP coup-
ling with CAAC, as well as OCP insertion into the Be—R bond. Finally, the unstable, tetrameric cyano-
bridged beryllium Grignard [(thf)(CAACH)Be(1,2-p-CN)] (8) was obtained by salt metathesis of 1a with [Na/
KSeCN] alongside one equiv. CAAC=Se. The new complexes were characterised by heteronuclear NMR
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Introduction

Named a century ago after their chemical resemblance with
the halides,' pseudohalides have since found applications
ranging from organic cross-coupling or carboxylation
reagents to ionic liquids and solar cell materials.>”” Linear
pseudohalogen anions, such as CN™, N3~ or NCO™, are
ambiphilic and thus capable of coordinating via both ends.
As a result, the homoleptic alkaline earth pseudohalides,
[AeY,], are oligomers featuring bridging
pseudohalides.®

Whereas the chemistry of classical and heavier Grignard
reagents, [RAeX] (R = organyl, X = halide), is one of the main-
stays of organic and inorganic chemistry,”™*? that of their pseu-
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and IR spectroscopy, as well X-ray crystallography.

dohalide derivatives is virtually unknown. The difficulties in
isolating well-defined molecular group 2 Grignard analogues
of the form [L,AeRY] (L = neutral donor), featuring a terminal
unsymmetrical pseudohalide ligand (e.g. CN™, NCO™, NCS~,
OCP") are threefold: (1) the ambidentate nature of unsymme-
trical pseudohalides, frequently resulting in the formation of
mixtures of linkage isomers or oligomers,'* (2) the tendency of
heteroleptic group 2 complexes to undergo Schlenk-type ligand
scrambling,'® which results in the often irreversible formation
of homoleptic compounds, and (3) the propensity of some
unsymmetrical pseudohalides, like CN or NCO, to undergo
unwanted nucleophilic addition reactions.*®

In 1974, Klopsch and Dehnicke were the first to synthesise
dianionic organomagnesium pseudohalides of the form
[{Me Mgl (1Y)~ and [{Me,Mg(n'-Y)},]*~ (Y = CN, N;, NCO),
as determined by IR spectroscopy.'” In 1998 Bohland reported
the first neutral thiocyanate and selenocyanate Grignards
[(thf),Mg(NCE)R] (I*E, R = Et, Ph, E = S, Se, Fig. 1A), which
undergo Schlenk equilibration to the homoleptic species in
solution.™ Much more recently, Gilliard isolated the first phos-
phaethynolate Grignard, II, stabilised against ligand redistri-
bution by two bulky N-heterocyclic carbenes (NHCs).'® To
date, complex II is the only structurally characterised pseudo-
halide Grignard analogue.

This journal is © The Royal Society of Chemistry 2024


http://rsc.li/dalton
http://orcid.org/0009-0009-2696-8953
http://orcid.org/0000-0003-1449-5932
http://orcid.org/0000-0002-6049-6007
http://orcid.org/0000-0001-9264-1726
https://doi.org/10.1039/d4dt02457e
https://doi.org/10.1039/d4dt02457e
https://doi.org/10.1039/d4dt02457e
http://crossmark.crossref.org/dialog/?doi=10.1039/d4dt02457e&domain=pdf&date_stamp=2024-11-13
https://doi.org/10.1039/d4dt02457e
https://rsc.66557.net/en/journals/journal/DT
https://rsc.66557.net/en/journals/journal/DT?issueid=DT053045

Published on 25 Oktoba 2024. Downloaded on 27/07/2025 22:39:30.

Dalton Transactions

A) Pseudohalide Grignards

thf Schlenk thf.  thf —
¥ equilibrium N N<p
2 thf’Mg"””R — E=C=N-Mg-N=C=E iPr~ Y ey
iPr
N E=S, Se thf \thf : N Mg.,.,,,o,cép
% R=Me,Ph : TN
A + [(thf)aMgR;] N Me
Ry E : SiPr n

B) Molecular beryllium pseudohalides

Heteroleptic complexes : Homoleptic complexes

N
H '\\\l Be
N<p; CAAC=N N
Ao N0
Be mR BeBe
R \N Dur N/ A\
R = Dur, \ lN—CAAC v= CN,NC N,
N CAACH v r‘\‘j H
N N :
H H : =
FY| N N—ji
N, Cl : ipr iPr
Q ol CN “N) vill-y S 4
N=—DB¢ e iPr
N Y=CNINC, N~ By =N=N
Nane Na, NCO, NCS : TN\
Vil Be VN Ny
M ; SiPr =N

Fig. 1 Examples of pseudohalide Grignards and molecular beryllium
pseudohalides. Dip = 2,6-diisopropylphenyl, Dur = 2,3,5,6-tetramethyl-
phenyl (= duryl), CAAC = 1-(2,6-diisopropylphenyl)-2,2,4,4-tetramethyl-
pyrrolidin-5-ylidene.

Long neglected due to the high toxicity of its com-
pounds, the last decade has seen a revival of organoberyl-
lium chemistry,>®* not least because of the landmark
syntheses of the first Be(0) and Be(1) complexes.>**” As the
least polarisable and smallest of the group 2 dications, Be**
forms largely covalent bonds with carbon. As a result, beryl-
lium-based Grignard complexes tend to be more stable
than their magnesium analogues towards Schlenk
equilibration.*®* Qur group recently reported the first ber-
yllium-based pseudohalide Grignards, the cyclic alkyl
(amino)carbene (CAAC)-stabilised terminal azide complexes
II® and the imine-stabilised azide-bridged dimer IV
(Fig. 1B).*° Beyond this, only a handful of molecular beryl-
lium pseudohalides have been reported, including tetra-
hedral homoleptic terminal cyanide, azide and thiocyanate
complexes of the form [L,BeY,] (L = pyridine (V-Y), amine,
imine, NHC (VI)),>°? as well as a heteroleptic diamine-sup-
ported chloroberyllium azide (VII),*>* and the tris(pyrazolyl)
borate (Tp) complexes [(Tp)BeY] (VIIIY, Y = CN, Nj
NCS).34’35

In this study we report the synthesis, spectroscopic and
structural characterisation of a range of monomeric and oligo-
meric Lewis-base-stabilised beryllium pseudohalide Grignards,
including the first structurally characterised beryllium phos-
phaethynolates and isocyanates.

1 Caution! Beryllium and its compounds are regarded as toxic and carcinogenic.
Because the biochemical mechanisms that cause beryllium-associated diseases
are still unknown, special (safety) precautions are strongly advised.®*°°

This journal is © The Royal Society of Chemistry 2024
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Results and discussion

Synthesis of beryllium pseudohalides

The dropwise addition of 1 equiv. [NaNCS] in THF to 1a®® and
1b*° in THF at —78 °C, followed by stirring for 3 h at room
temperature yielded, after workup, the corresponding beryl-
lium thiocyanates 2a and 2b as yellow (75%) and colourless
(58%) solids, respectively (Scheme 1a). Their Be NMR spectra
show a broad resonance at 15.5 (w;, (full width at half
maximum) ~ 420 Hz) and 14.8 (v, ~ 210 Hz) ppm, respect-
ively, ca. 5 ppm upfield-shifted from that of their respective
precursors (dop = 20.0 (1a), 18.7 (1b) ppm). Their *C NMR
Cearbene T€SONances at 249.6 and 240.1 ppm, respectively, are
virtually identical to that of their respective precursors (6uc =
249.7 (1a), 240.1 (1b) ppm). The *C NMR resonance of the
NCS moiety could not be detected, presumably owing to exces-
sive broadening caused by strong coupling with the nearby
quadrupolar °Be and "N nuclei. Complexes 1a and 1b rep-
resent the first examples of tricoordinate beryllium thiocya-
nates, previous examples being limited to tetracoordinate
neutral®® or ionic complexes.®” The solid-state IR spectra of 2a
and 2b show a single, very intense and relatively broad N=C
stretching band at 2100 and 2089 cm™’, respectively, in the
same range as other molecular and ionic terminal beryllium
thiocyanates (v(N=C) = 2065-2117 cm ').***” Compounds
2a/b were stable in benzene up to 80 °C.

The °Be and *'P NMR spectra of the reaction mixture of 1a
with [Na(OCP)(dioxane), ;] showed the formation of two main
products in a 96:4 ratio. Workup revealed the major one of
these to be the colourless tetracoordinate complex
[(thf),(CAACH)Be(OCP)], present as a mixture of two isomers,
3 and 3/, in an 88:12 ratio, respectively (fope = 7.1 (S, w1/, &
150 Hz, 3'), 4.7 (s, w1/> ~ 145 Hz, 3) ppm; Sup = —342.6 (s) ppm,
Scheme 1b).§ Recrystallisation from pentane also yielded a few
crystals of the expected tricoordinate CAAC-stabilised species
4a (6u1p = —339.4 ppm) as determined by X-ray crystallography
(vide infra). The "H NMR spectrum of the major rotamer, 3,
confirms the presence of two THF ligands, with 8H multiplets
at 3.41 and 1.90 ppm, as well as the chiral CAACH ligand with
its characteristic 1H singlet at 2.68 ppm for the BeCH reso-
nance. The terminal nature and Be-O bonding of the OCP
ligand is attested by a broad “C{'H} NMR doublet at 156.6
(Yc_p = 13.3 Hz, OCP) and a *'P{'H} singlet at —342.6 (OCP)
ppm. These are upfield- and downfield-shifted, respectively,
from the range of ">C{"H} and *'P{'"H} NMR OCP resonances
observed for molecular terminal magnesium phospaethyno-
lates (8usc = 161-169 ppm, 8sp = —365—(—386) ppm).'***3° This
may be rationalised by the much higher charge density of the

§ The same reaction carried out in benzene instead of THF to avoid CAAC-THF
ligand scrambling proved much less selective. The low isolated yield of 3 of 33%
is due to the difficulty in separating 3 from the CAAC ligand released during the
reaction, as both have very similar solubility in pentane.

9 The calculated °BeNMR shift of 4a at the B3LYP-D3(BJ)-def2-SVP level of theory
using 2b (Ssge = 14.8 ppm) as a reference is 14.6 ppm, therefore 4a is unlikely to
be the minor product observed at dog. = 7.1 ppm.

Dalton Trans., 2024, 53,18296-18303 | 18297


https://doi.org/10.1039/d4dt02457e

Published on 25 Oktoba 2024. Downloaded on 27/07/2025 22:39:30.

Paper
a) 1 equiv. [NaNCS] N‘Dip
in THF, dropwise 2a (75%, R = CAACH)
0/ =
THE, 78 °C gy 2(58% R=Dun
then 3 h, rt \C\\S

N~
b) 1a + 1 equiv. Dip

ﬁoip [Na(diox), ][OCP] Be
Be . \\\
P THF, 2h, it é?N/Dlp \\\

1a (R = CAACH)
1b (R = Dur) 3/3' (96% selectivity, 4a (4%, :denhﬂed
33% isolated) by X-ray)
thf thf
c) 1b + 1.0 equiv. N-pi \Be/
[Na(diox), 3][OCP] P Dbp O 0O H
Be N I + "DurBe(OCP)" (6,
THF 2h, it py™ Q P~ P identified by NMR,
]
c Dur D'P + several unidentified
a P 5 diamagnetic and
(identified by (identified by X-ray) radical species

X-ray and NMR)

Scheme 1 Synthesis of beryllium isothiocyanates and phosphaethyno-
lates. Isolated yields in parentheses.

e’ dication, which draws electron density away from the
terminal phosphorus atom, thus favouring the O-C=P over
the O'=C=P~ resonance structure. Furthermore, magnesium
phospaethynolates display significantly larger "*C->'P coup-
ling constants (/¢ p = 25-60 Hz),"*%*° the smallest one being
observed for complex II (see Fig. 1A)."® Similarly small OCP
BC->'P coupling constants to that of 3 have been observed in
iPr;Si(OCP),*® a p-diketiminate-stabilised scandium OCP
complex (both ‘Jc_p = 10 Hz),*" and an OCP-substituted 1,3-
dihydrodiazaborole (‘Jo_p = 17 Hz).** Smaller *C->"P coupling
constants are associated with a higher degree of phosphaethy-
nolate O-C=P bonding, whereas larger ones are indicative of
increased phosphaketene O—C=P bonding,*’ thereby con-
firming that the Be-O-C=P resonance structure is highly
dominant in 3. This was also confirmed by IR spectroscopy of
3/3', which shows an intense and relatively broad asymmetric
OCP stretching band at 1728 cm™", in the lower range of those
observed for terminal magnesium phosphaethynolates
(U(OCP) gy = 1727-1770 em™)'****% and similar to that of
[(18-crown-6)K(OCP)] ((OCP)gm = 1730 em™').** Compound
3/3' was stable in benzene up to 60 °C but decomposed unse-
lectively upon UV irradiation.

The reaction of 1b with [Na(OCP)(dioxane), ;] proved much
less selective. The °Be NMR spectrum of the crude reaction
mixture after 30 min at room temperature evidenced the for-
mation of a least two tricoordinate (Soge = 17.4 (br), 14.1 (br)
ppm) and two tetracoordinate (6op. = 4.7 (s), 1.8 (s) ppm) beryl-
lium complexes.*> The two main products observed by *'P
NMR spectroscopy feature a sharp singlet at —328.6 (ca. 46%)
ppm, which fits a phosphaethynolate complex, and a very
broad resonance at —343.1 ppm (wi, = 320 Hz, ca. 36%),
suggesting Be-P bonding, respectively, alongside several other
minor unidentified products. Furthermore, the unexpected
intense colouration of the reaction mixture (first dark purple,
then dark brown), usually the hallmark of radical CAAC

complexes,”*?%?74¢ prompted us to measure a solution EPR

18298 | Dalton Trans., 2024, 53, 18296-18303
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spectrum. The latter indeed showed the presence of at least
three radical species, none of which could be identified
further, but which highlight that this seemingly simple salt
metathesis is accompanied by complex redox processes.

Recrystallisation of the crude product mixture by diffusion
of hexane into a saturated benzene solution yielded a few crys-
tals of the tricoordinate beryllium phosphaethynolate 4b,
which was identified as the major reaction product (. = 14.1
(br, w4/, =~ 470 Hz) ppm; Ss1p = —328.6 (s) ppm).|| 4b systemati-
cally cocrystallised with 30% of another tetracoordinate beryl-
lium complex (6, dop. = 1.4 (br, wy, ~ 280 Hz) ppm; Sup =
—339.6 (s) ppm), containing a 1:1 ratio of Dur and terminal
OCP substituents, as determined by 'H and *'P NMR spec-
troscopy. Unfortunately, the constitution of this complex could
not be elucidated further. Further crystallisation yielded a few
crystals suitable for X-ray diffraction analysis of an unexpected
side-product, complex 5 (see Fig. S30 in the ESI{), which evi-
dences the insertion of an OCP fragment into the Be-Dur
bond, coupling of two PCO ligands via P-C bond formation, as
well as Ccaac—Cpco and Cceaacu—Ppco bond formation, the
CAACH residue suggesting the involvement of a CAAC radical
and hydrogen atom abstraction.

The lack of selectivity of the reaction between 1b and
[Na(OCP)(dioxane), ;] reflects the multitude of possible side-
reactions when attempting to synthesise main group phos-
phaethynolates, including ether cleavage of the dioxane
ligands of [Na(OCP)(dioxane), ;],"> OCP coupling,***” CAAC-
PCO coupling,*®*° aryl transfer to the phosphorus atom from
an s-block aryl reagent,”**° photoinduced CO extrusion with
radical P-P coupling,***"** or photoinduced [PCO] extru-
sion.?® Similar light-induced redox processes might be at play
here and responsible for the radical species observed by EPR
spectroscopy.

Attempts to obtain an isocyanate derivative of 1a by salt
metathesis with [KOCN] at 60 °C yielded a mixture of four tet-
racoordinate beryllium complexes (Sope = 8.8, 7.0, 4.0, 2.0 ppm)
in various ratios depending on the reaction time. Multiple
attempts to improve the selectivity of the reaction by changing
equivalents, solvent, temperature and reaction time failed.
Recrystallisation of the crude product mixture from benzene
yielded a few colourless single crystals of the hexameric
complex 7, which is comprised of six [(CAAC)BeBr(OCN)] units,
the OCN ligands bridging between two adjacent beryllium
centres, thus forming a 24-membered (BeOCN)s ring
(Scheme 2a). It is noteworthy that 7 has lost the CAACH substi-
tuent but still contains an unreacted bromide substituent,
suggesting the involvement of temperature- and/or sterics-
induced Schlenk-type equilibria, which have been observed in
beryllium Grignard analogues, albeit to a lesser degree than
their magnesium counterparts.”®*® Attempts to obtain 7 more
selectively by salt metathesis with (CAAC)BeBr,, however,
proved unsuccessful. Taking into account potential ligand

|| Compound 4b slowly decomposed within the reaction mixture upon exposure
to light.

This journal is © The Royal Society of Chemistry 2024
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Scheme 2 Synthesis of beryllium isocyanate and cyanoberyllium
oligomers.

exchange processes and steric effects, the other products
observed by °Be NMR spectroscopy are likely to be either simi-
larly OCN-bridged hexamers of the form [LBeY(1,3-u-OCN)]s
(L = CAAC, Y = n'-OCN; L = THF, Y = CAACH), or dimeric
[(THF)Be(OCN)],, by analogy to Buchner’s [(Me,S)Be(n'-OCN)
(-OCN)], (8se = 7.0 ppm),*®> or mononuclear terminal beryl-
lium isocyanates of the form [(THF),BeY(n'-OCN)] (Y = CAACH,
n'-OCN), akin to complex 3 and VIII-OCN (see Fig. 1B).*®
Finally, the salt metathesis of 1a with the heavier isocyanate
analogues [NaSeCN] and [KSeCN] proceeded selectively at
room temperature in THF under elimination of CAAC=Se,” to
yield a single beryllium-containing product with a broad °Be
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NMR resonance at 3.4 ppm (o, ~ 440 Hz). Recrystallisation
from pentane at —30 °C yielded light brown crystals of the tet-
ramer 8, which is comprised of four [(THF)Be(CAACH)(CN)]
units, the CN ligands bridging between two adjacent beryllium
centres, thus forming a 12-membered (BeCN), ring
(Scheme 2b). The °Be NMR shift of 8 is slightly downfield-
shifted from those observed for the coordination isomers
VIII-CN and VII-NC at 1.9 and 1.6 ppm, respectively.*
Complex 8 proved extremely sensitive, even decomposing on
the diffractometer at —173 °C. A full in-situ NMR-spectroscopic
characterisation of the reaction mixture was marred by the fact
that all four CN linkers of the (BeCN), ring are flip-disordered,
yielding a complex mixture of isomers. Attempts to obtain a
cyanoberyllium complex more directly by salt metathesis of 1a
with [NaCN] or [KCN] required higher reaction temperatures
(60-80 °C) and led to intractable product mixtures.

X-ray crystallographic analyses

X-ray diffraction analyses provided the solid-state structures of
2a, 2b, 3, 4a, 4b, 5, 7 and 8. Due to excessive twinning, poor
diffraction and rapid crystal decomposition the data for 8 is of
insufficient quality to be discussed but provide conclusive
proof of connectivity (Fig. S32 in the ESIT). Selected structural
data for 2a, 2b, 3, 4a, 4b and 7 are provided in Table 1,
together with relevant NMR- and IR-spectroscopic data.
Complexes 2a, 2b, 4a and 4b (Fig. 2) are trigonal-planar
(Z£Be ca. 360°) and display a terminal pseudohalide ligand.
The Be-C1 bond length to the neutral CAAC ligand (1.810(2)-
1.823(2) A) is similar to that in the precursors 1a and 1b (1.798
(2), 1.829(2) A).2*¢ The CAAC and CAACH ligands in 2a and 4a
adopt an anti conformation relative to each other so as to

Table 1 °Be NMR shifts (5sge, ppm) with their full widths at half-maximum (1>, Hz), pseudohalide IR stretching frequencies (Vps. cm™), as well as

selected bond lengths (A), bond angles (°) and absolute values of torsion angles (°) for the beryllium complexes presented herein

laa,b 1b%* 3b,d,e 4ab,d,f 4bc,f 7g,h
Sope 15.5 14.8 4.7 n.d. 17.0 n.d.
o172 420 210 150 n.d. 340 n.d.
Ups 2100 2089 1727 n.d. 1691 n.d.
N1-C1 1.3011(15) 1.2967(16) — 1.302(2) 1.2998(18) 1.292(4)-1.296(4)
N2-C3 1.4833(15) — 1.5151(17) 1.486(2) — —
Be-C1 1.811(2) 1.823(2) — 1.813(3) 1.810(2) 1.827(5)-1.836(5)
Be-C3 1.7655(19) 1.743(2) 1.776(2) 1.763(3) 1.745(2) —
Be-Y 1.6186(19) 1.6197(19) 1.626(2) 1.534(3) 1.557(2) 1.665(4)-1.667(4)
Y-C2 1.1674(17) 1.1740(17) 1.224(2) 1.273(5) 1.2626(19) 1.231(3)-1.234(3)
C2-E 1.6080(14) 1.6100(14) 1.5841(17) 1.531(5) 1.5575(16) 1.102(4)-1.138(4)
E-Be — — — — — 1.693(4)-1.712(5)
max. (YCE)--Bepjane ca. 0.28 ca. 0.40 — ca. 0.38 ca. 0.41
Be-Y-C2 170.42(12) 169.84(12) 144.73(13) 159.8(4) 132.99(13) 130.1(2)-131.6(2)
Y-C2-E 179.29(12) 178.73(13) 179.45(18) 177.5(6) 177.45(14) 177.3(3)-178.0(3)
C2-E-Be — — — — — 167.1(3)-168.2(3)
X/Be 359.99(11) 359.90(11) — 359.94(16) 359.98(13) —
|N1-C1-Be-Y]| 110.1(1) 15.40(18) — 113.43(19) 28.9(2) 16.9(4)-20.1(4)
|Z-C3-Be-Y| 63.8(2) 78.2(2) 51.3(2) 62.1(2) 114.3(2) —
|N-C-Be-E| — — — — — 96.7(3)-99.8(3)

“YCE = NCS. ”Z = N3. °Z = C4. ?YCE = OCP. ° Data for the only molecule of 3 in the asymmetric unit (out of 3), which does not display a disorder
in the BeOCP moiety./ 4a cocrystallised with 4% of leftover starting material 1a, both molecules overlapping fully in the asymmetric unit, except
for their Br/OCP ligands, which were freely refined, leading to relatively high esds. £ YCE = OCN. " Structural data ranges provided for all three
(CAAC)BBr(OCN) units present in the asymmetric unit. ‘ n.d. = not determined.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Crystallographically determined solid-state structures of 1a, 1b, 3, 4a and 4b. Atomic displacement ellipsoids at 50% probability. Minor dis-
ordered parts, lattice solvent molecules, ellipsoids of ligand periphery, and hydrogen atoms omitted for clarity, except for CAACH protons.

minimise steric repulsion. The duryl substituent in 2b is near-
orthogonal to the beryllium plane (|C4-C3-Bel-N2| 78.2(2)°),
but less so in 4b (|C4-C3-Be1-01| 62.1(2)°), perhaps to mini-
mise repulsion between the x systems of the duryl ring and the
C=P moiety. The NCS and OCP moieties in 2a/b and 4a/b,
respectively, approach linearity (N-C-S/O-C-P 177.45(14)-
179.45(18)°) and are quasi-coplanar with the beryllium plane
(S1/P1--Bepiane < 0.41 A).

The steric constraints imposed by the anionic CAACH/Dur
substituents have a significant impact on the orientation of
the pseudohalide substituent relative to the CAAC ligand. In
the duryl derivatives the NCS/OCP ligand tends towards copla-
narity with the trigonal-planar CAAC carbene centre (2b |[N1-
C1-Be1-N2| 15.40(18); 4b |[N1-C1-Be1-01| 28.9(2)°) in order
to maximise overlap between the pseudohalide and CAAC =
systems. In the CAACH derivatives, however, the NCS/OCP
ligand tends more towards orthogonality with the C1 plane as
the much higher steric constraints override electronic effects
(2a |[N1-C1-Be1-N2| 110.1(1); 4a |[N1-C1-Be1-01| 113.43(19)°).

Complexes 2a/b are the first solid-state structures of tricoor-
dinate beryllium thiocyanates. Accordingly, their Bel-N1
bonds (1.3011(15), 1.2967(16) A) are necessarily shorter than
those in the known tetracoordinate complexes (ca.
1.65-1.69 A).**””7 The Be-N2-C2 angle in 2a/b deviates only
slightly from linearity (ca. 170°), the NCS residue bending
away from the CAAC and towards the CAACH/Dur ligand. The
N2-C2 (1.1674(17), 1.1740(17) A) and C2-S1 (1.6080(14), 1.6100
(14) A) bond lengths are typical for terminal beryllium thiocya-
nates (N-C ca. 1.14-1.17; C-S ca. 1.59-1.62 A).*>>*’

Complexes 3, 4a and 4b are the first examples of beryllium
phosphaethynolates. The Be1l-O1 bond lengths range from
1.534(3) to 1.626(2) A, being longer in the tetrahedral complex
3 than in the trigonal-planar complexes 4a/b. Furthermore, as
Be1-01 lengthens, 01-C2 shortens from 1.273(5) to 1.224(2) A,
while C2-P1 lengthens from 1.531(5) to 1.5841(17) A, indicat-
ing small fluctuation in the degree of O=C=P character in

18300 | Dalton Trans., 2024, 53,18296-18303

the predominantly O-C=P resonance form. In the only four
structurally characterised terminal s-block phosphaethynolates
the O-C bonds (1.196(3)-1.207(4) A) are significantly shorter,
while the C-P bonds (1.555(4)-1.582(3) A) fall within the same
range as those in 3 and 4a/b.*”***> Whereas in 4a/b the OCP
substituent bends away from the CAAC ligand, the asymmetric
unit of 3 contains two distinct topoisomers, one in which the
OCP ligand points away from the CAAC ligand, the other
towards. This is in agreement with the NMR data, which
shows the presence of two rotamers, 3 and 3’, in solution. The
Be-01-C2 angle in 3 and 4a/b is much larger and varies more
(132.99(13)-159.8(4)°) than the corresponding Be-N2-C2 angle
in 2a/b. In the literature-known s-block phosphaethynolates
the M-O-C angle varies even more, from highly bent in [Na
(OCP)(dibenzo-18-crown-6)] (138.1(2)°)*’ to nearly linear in [Na
(OCP)(dme),] (107.7(3)°, dme = dimethyoxyethane),> but
without apparent correlation with the O-C and C-P bond
lengths and thereby the degree of O-C=P character.

The centrosymmetric hexameric complex 7 crystallises in
the chiral monoclinic space group I2/a (Fig. 3). The OCN
ligands bridge between the six beryllium centres, forming a
central 24-membered (BeOCN), ring, within which the beryl-
lium stereocentres alternate between the R and S configur-
ations. Complex 7 is the first structurally characterised beryl-
lium isocyanate and, to our knowledge, the largest known
molecular (MOCN),, ring structure. The magnesium aluminate
trimer [Me,A{p-O(SiMe;)},Mg(u-OCN)]; presents a central
12-membered (MgOCN); ring,**** while [(Cp'*")U(u-OCN)], fea-
tures a 16-membered (UOCN), ring.”” The Be-O (ca. 1.67 A)
and Be-N (ca. 1.70 A) bond lengths are slightly longer than
those in the tetrahedral phosphaethynolate 3 (1.626(2) A) and
known terminal beryllium thiocyanates (1.65-1.69 A)*'7°

**The structural data for [Me,Al{y-O(SiMe3)},Mg(p-OCN)]; are of insufficient
quality to allow comparison with 7.

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4dt02457e

Published on 25 Oktoba 2024. Downloaded on 27/07/2025 22:39:30.

Dalton Transactions

O1a @G22 N2a

e,
Belb fleb @

C2b q
Bela @\Q%\gb @ K@\
-
@ W)
X &

2 ‘: .
c2 ’a

o1

Fig. 3 Top: crystallographically determined solid-state structures of 7
(centrosymmetric hexamer). Atomic displacement ellipsoids at 50%
probability. Ellipsoids of ligand periphery and hydrogen atoms omitted
for clarity. Bottom: structure of the central (BeOCN)g ring of 7 (side view).

respectively. Each O-C-N-Be fragment is nearly linear (O-C-N
ca. 178, C-N-Be ca. 168°), whereas the Be-O-C moieties are
strongly bent (ca. 131°). The O-C (ca. 1.23 A) and C-N (ca.
1.12 A) bond lengths indicate a predominance of the O-C=N
resonance form. The only other structurally characterised
s-block complex with an OCN unit bridging between two metal
centres is an anionic magnesium porphyrin complex featuring
an Mg-O-C-N-K linkage to the K" countercation, which shows
significantly more pronounced O=C=N character (O-C
1.175(5), C-N 1.195(5) A), resulting in much larger Mg-O-C
(157.2(3)°) and much smaller C-N-K (123.1(3)°) angles.>®

Finally, the tetrameric complex 8 also crystallises in the chiral
monoclinic space group I2/a (Fig. S32 in the ESIf). The CN
ligands bridge between the four beryllium centres, forming a
central 16-membered (BeCN), ring. This structural motif is rela-
tively common, in particular in group 13 cyanide complexes,”®**
but has never been reported for s-block complexes. Due to poor
diffraction data quality and extensive structural disorders, struc-
tural parameters may not be discussed, but the data show that
all four bridging cyano ligands are flip-disordered, as was
already apparent from the solution NMR data (vide supra). This
coordinative CN/NC isomerism is also observed in other structu-
rally characterised cyanoberyllium complexes.***

Conclusions

The synthesis of well-defined beryllium-based pseudohalide
Grignards from the CAAC-stabilised beryllium Grignards

This journal is © The Royal Society of Chemistry 2024
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[(CAAC)(CAACH)BeBr| (1a) and [(CAAC)DurBeBr| (1b) has
proven less straightforward than expected. With the exception
of the first tricoordinate thiocyanate derivatives, [(CAAC)
(CAACH)Be(n'-NCS)] (2a) and [(CAAC)DurBe(n'-NCS)] (2b),
which are readily accessible by salt metathesis with [NaNCS],
the syntheses of phosphaethynolate, isocyanate and cyanide
derivatives are complicated by Schlenk-type ligand exchange
and other undesirable side reactions. The syntheses of the
OCP derivatives, in particular, are fraught with numerous side
reactions, including scrambling of both the neutral and
anionic ligands, OCP homocoupling, OCP coupling with the
CAAC ligand, insertion of OCP into the Be-organyl bond, and
ill-defined radical-generating redox processes. Nonetheless,
the first examples of beryllium phosphaethynolates, tetracoor-
dinate [(thf),(CAACH)Be(n'-OCP)] (3) and tricoordinate [(CAAC)
RBe(n'-OCP)] (R = CAACH 4a, Dur 4b) were obtained and
characterised by NMR and IR spectroscopy, as well as single-
crystal X-ray crystallography. While attempts to obtain OCN
derivatives also proved very unselective, fractional crystallisa-
tion yielded the first solid-state structure of a beryllium isocya-
nate, a hexameric complex featuring a unique (BeOCN) ring,
[(CAAC)BrBe(1,3-p-OCN)]e. Finally, attempts to synthesise a
beryllium selenocyanate Grignard by salt metathesis with [Na/
KSeCN] resulted instead in selenium abstraction by the CAAC
ligand and the relatively selective generation of the tetrameric,
self-stabilising mixed cyano/isocyanoberyllium Grignard [(thf)
(CAACH)Be(1,3-p-CN/NC)],.  Overall, this study shows that
CAAC ligands, which have enabled the isolation of numerous,
otherwise group
complexes, are ill suited to the stabilisation of pseudo-
haloberyllium Grignards as they are easily displaced by THF,
which is often required to solubilise the pseudohalide salt pre-
cursor, and may undergo side reactions with the pseudohalide
substituents.

inaccessible low-valent main
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