2)

In situ formation and solid-state oxidation of a triselenane

ChemComm

ChemComm

NSeN-pincer MOF

Journal:

ChemComm

Manuscript ID

CC-COM-10-2019-007851.R1

Article Type:

Communication

SCHOLARONE™
Manuscripts




Page 1 of 4

Chem@omm

In situ formation and solid-state oxidation of a triselenane NSeN-

pincer MOF"$

Received 00th July 2019,

Accepted 00th January 20xx Simon M. Humphrey*

DOI: 10.1039/x0xx00000x

Controlled partial decomposition of 2-selenonicotinic acid in the
presence of Co?* or Ni2* resulted in the in situ formation of an
unusual MOF based on triselenane ligands (RSeSeSeR) coordinated
to M2 centers as NSeN-pincers. Post-synthetic oxidation by
treatment with aqueous H,0, facilitates its solid-state conversion
into a RSeO; molecular coordination complex, which was tracked
via powder X-ray diffraction studies and by single-crystal structural
resolution of the final product.

The discovery of new metal-organic frameworks (MOFs) con-
tinues to rely predominantly on the use of organic components
with hard donor groups (e.g., carboxylates, azolates) via solu-
tion-phase assembly with high-valent metal ions.1 MOFs based
on softer, more covalent metal-ligand bonds between low-va-
lent metals and diffuse organic donors remain rare.2 Access to
such MOFs could improve intra-framework electronic conduc-
tivity,3 magnetic superexchange,? and would enable the incor-
poration of lower-valent metal ions of relevance to catalysis.>®

MOF assembly based exclusively on soft coordination bonds?
(e.g., Figueroa’s isocyanide MOFs72) is synthetically challenging.
One compromise involves the use of mixed-donor ligands,
whereby hard donor groups facilitate the formation of stable
MOF architectures, while also enabling the incorporation of
softer functionalities.8# We recently demonstrated the prepara-
tion of an organoarsine MOF using tris(p-carboxylato)tri-
phenylarsine ligands.?® Coordination to hard Co(ll) inorganic
clusters provided a porous MOF decorated with abundant R3As
sites that were able to coordinate Au(l)Cl in the solid state; re-
tention of crystallinity permitted full structural resolution.® In
terms of solid-state magnetism, MOFs containing magnetic net-
works bridged with more diffuse donor atoms (e.g., NCS—10, RS~
11) have been shown to engender stronger magnetic ordering,
leading to higher Tc values.1011 We previously employed n-mer-
captonicotinic acid (n-mna, C¢HsN-n-SH-3-CO,H; n = 2,6) to pre-
pare magnetic MOFs with S-bridged 3D magnetic lattices; an ex-
ample containing [-Co—S—Co-S—].. bridges had a T¢ = 68 K.112
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Examples of MOFs containing low-valent Se formally coordi-
nated to metal ions remain rare and are mostly limited to low-
dimensional coordination polymers based on neutral seleno-
ethers.12 Following our previous studies using n-mna, we pre-
pared 2-selenonicotinic acid (2-Sena; CsH3N-2-SeH-3-CO3H;
Scheme 1) with the intention of using this ligand to synthesize
isostructural materials containing more highly diffuse M—Se—M
linkages. Our initial work has instead generated a series of
unique and unexpected synthetic results due to the apparent
non-innocence of 2-Sena as a MOF precursor.

A convenient route for the gram-scale synthesis of 2-Sena is
summarized in Scheme 1. Treatment of 2-chloronicotinic acid
(1) with Se metal, Na metal and NaBH4 in ethanol (to generate
the putative species Se,27)13 gave the corresponding diselenide
(2),*4 which was dissolved in basic water and reductively cleaved
using hydrazine hydrate. The resulting sodium selenide salt was
directly treated with HCl to give 2-Sena (3) as a yellow powder.
Recrystallisation from hot water yielded 3 as mildly air-sensitive
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Scheme 1. Top: synthesis of 2-selenonicotinic acid; (i) Se metal, Na metal, NaBH,,
ethanol, 070 °C, 1.5 h; (ii) NaOHaq), N2Ha, 60 °C, 4 h; (iii) conc. HCl(gq), 25 °C; (iv)
Ni(BF4),, DMF/H,0 (1:2 v/v), 75 °C, 4 d.

3eq.3 or 2eq.2

needles. Single crystal X-ray diffraction (SCXRD) revealed that
the product was isolated as the pyridinium selone (Fig. S1).
Next, we replicated a series of hydrothermal reactions in
which 3 was employed in place of 2-mna to obtain selenolate-
bridged analogues of previously reported thiolate-bridged mag-
netic MOFs.11 Under the relatively harsh hydrothermal condi-
tions employed in the original reactions (200 °C, pH >10), ligand
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3 decomposed to give crystalline (grey) Se, presumably because
the C(sp?)-Se bond is more labile than the C-S bond in 2-mna.
By necessity, we next tried to form coordination polymers
with 3 under more facile conditions, using mixed organic/aque-
ous solvent systems at lower temperatures. Reaction of 3 with
Ni(BF4)2 in a 1:2 N,N-dimethylformamide (DMF)/H,0 mixture at
75 °C resulted in the formation of green plate-like crystals in
good yields. SCXRD revealed an unexpected product: the new
material, hereafter referred to as SeCM-1 (SeCM = Selenium Co-
ordination Material), is a 2-D MOF that consists of unusual
triselenane organic moieties (4; Scheme 1). SeCM-1 has the for-
mula unit [Ni(4)(OH,)]- and crystallizes into the tetragonal
space group, P4,/ncm (Z = 8; Fig. 1). Twice the asymmetric unit
of SeCM-1 contains one complete Ni(4)(OH,) complex; Nil, Se2
and O3 lie on a mirror plane (Fig. 1A). The central Se2 atom is
formally coordinated to a Ni(ll) ion (Ni1l-Se2 = 2.455(2) A) and
the Sel-Se2-SelA backbone has an angular arrangement
(104.46(7)°) conforming to sp3 hybridization. The aryl groups
are arranged with the pyridyl-N donors (N1 & N1A; Fig. 1A)in a
cis orientation. The triselenane ligand 4 thus adopts a facial
NSeN-pincer embrace to Nil; the coordination sphere of Nil is
completed by two syn-coordinated carboxylates from neigh-
bouring ligands (0O2A & 02B) and a single terminal OH, ligand
trans to Se2. The extended structure of SeCM-1 takes the form
of a 2-D grid-like MOF with Ni(ll) sites at the corners (Fig. 1B).
Adjacent layers are closely packed in an eclipsed manner (Fig.
1C), providing 1-D channels parallel to the c-axis, with van der
Waals accessible openings of 10.2 A2 (corner-to-corner; Fig. 1B).
The formation of SeCM-1 was apparently facilitated by Se ex-
trusion, in which one equivalent of the selenol 3 was decom-
posed in situ to generate free Se and nicotinic acid. The Se was
then inserted between RSe- fragments of two further equiva-
lents of 3 to yield the triselenane, 4 ({CsH3N-2-Se-3-C0O,},Se), ac-
companied by coordination to Ni(ll). There is scarce literature
precedent for this type of reaction to form molecular
triselenane complexes: it is known that RSe- reacts in solution
with nSe to give the corresponding RSe,~ compounds.1415 A
R,C=Se-bearing N-heterocyclic carbene has also been used to
prepare an RSesR ligand,¢ but there are no previous examples
of the direct formation of triselenane-functionalised materials
by this method. Free organoselenanes are usually unstable due
to labile Se redistribution.®17 To the best of our knowledge,
there is only one other reported example of an isolable RSesR
complex, stabilized by direct coordination to Ru(ll).16 Here, in
situ triselenane formation embedded within a MOF scaffold led
to a crystalline material that is both air- and moisture-stable.
Further synthetic investigations revealed that an isostruc-
tural Co-based version of SeCM-1 could also be easily prepared
using CoCl, as the metal precursor from a 2:3:3 v/v DMF/diox-
ane/H,0 mixture (see ESI). SeCM-1 could also be prepared in
comparable yields using the diselenane intermediate 2 instead
of the selenolate 3 (ESI). In support of the premise that decom-
position of 3 was responsible for the formation of 4, heating of
3 in the absence of the M(Il) precursors produced a red suspen-
sion of Se but no crystalline products. Furthermore, reactions
using stoichiometric amounts of 3 in the presence of Se=PPhs as
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Figure 1. (A) Twice the asymmetric unit of SeCM-1, showing triselenane ligand 4
coordinated to a single octahedral Nil in a facial-NSeN arrangement. (B) Space-
filling rendering of the extended structure of SeCM-1 with superimposed ball-
and-stick model, viewed in the crystallographic ab-plane. (C) Side view showing
the close packing of 2D sheets; alternating sheets are drawn in yellow and blue.

an extraneous source of Se resulted in formation of SeCM-1
with modestly improved yields.

Crystalline SeCM-1 is thermally stable up to 260 °C (thermo-
gravimetric analysis, TGA; Fig. S2). Both the Co and Ni ana-
logues showed a defined 3.5% mass loss between 110-160 °C
corresponding to the loss of a single coordinated H,O molecule
per metal centre, in addition to 6.5% solvent loss from unbound
solvates in the pores. The BET surface area of SeCM-1 was as-
sessed using both N, and CO; (77 and 196 K, respectively), yield-
ing values of 286 m2 g1 (Vpore = 0.16 cm3 g1) and 392 m2 g1
(Vpore = 0.20 cm3 g1). Studies using other probe gases revealed
highly reversible Type-l adsorption-desorption behaviour for N,
CO,, 03 (77 K), H2 (77 K) and CH4 (196 K), with capacities of 4.46,
4.87, 6.29, 7.81 and 2.77 mmol g1, respectively (Fig. 2). Nota-
bly, SeCM-1 showed the highest selectivity and capacity for O,
sorption under standard cryogenic conditions, which is com-
monly not the case for MOFs because O; is less polarizable than

175 V o,
150 A H,

125

100

~
wn

w
o

Adsorbed Volume (cm?® g 1)

N
[

0.0 0.3 0.5 038 1.0

P (atm)
Figure 2. Comparison of cryogenic adsorption-desorption isotherms obtained for
various probe gases in Ni-SeCM-1.
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gases such as CO,.18 The steep sorption of O, below p/p, = 0.05
(Figure 2; red data) is indicative of an appreciable affinity to-
wards O; physisorption and may be due to the abundant Se lone
pairs that line the pore walls. Similarly, the H; sorption capacity
in Ni-SeCM-1 is also unusually higher than either CO, or N..

Next, we attempted to exploit the immobilization of the elu-
sive triselenane motif in SeCM-1 by controlled post-synthetic
oxidation of the Se(ll) centers. Gabbai showed that a PTeP-pin-
cer complexed to Au(l) could be partially oxidized using H,0,.1°
In our initial crude experiments, immersion of Ni-SeCM-1 crys-
tals in aqueous H,0, (3% w/w) resulted in the formation of a
brick-red powder in addition to the crystals, which were un-
changed (Fig. S3). Upon standing, the red by-product slowly be-
came bleached to a white amorphous powder (Fig. S4). Decant-
ing of the solution and amorphous solids resulted in the isola-
tion of crystals that appeared to be morphologically unchanged.

SCXRD of a suitable single crystal revealed a new unit cell in
a lower symmetry setting compared with SeCM-1. Full struc-
tural resolution revealed conversion to a new molecular com-
plex that was solved in the triclinic space group P1 (Z = 1) with
formula [Ni(5)2(OH,)2] (Fig. 3). The new ligand 5 is a seleninic
acid version of the original ligand, (CsH3N-2-Se0,-3-CO,H)-.
was formed in the solid state by the re-extrusion of the central
Se atom of the triselenane moiety in 4, along with oxidation of
the RSe, groups to give two R(SeO;)~ ligands.2% The molecular
complex consists of a central octahedral Ni(ll) centre that is co-
ordinated by two chelating equivalents of 5 in a trans arrange-
ment, with axially-coordinated OH; molecules.

Figure 3. Crystal structure of the molecular complex [Ni(5),(OH,),] formed by

solid-state oxidation of Ni-SeCM-1.

This result is an unusual example of a solid-state transfor-
mation, induced by relatively harsh chemical oxidation, since
the bulk transformation results in loss of the porous structure
of the initial material; the estimated density change obtained
from the SCXRD data is from 1.7 to 2.2 g cm=3. The transfor-
mation could be achieved in as little as 10 min by treatment of
SeCM-1 with 10% H,0; (600 eq.), again resulting in highly crys-
talline product.

In an effort to better understand the nature of this transfor-
mation, we used PXRD, FT-IR and in situ optical microscopy to
track the process in bulk as a function of the relative H,0, con-
centration; Figs. 4A-D & S5-7 show the results of this study. The
initial SeCM-1 crystallites are pale green blocks whose powder
pattern is well-matched to the pattern simulated from the
SCRXD data between 5-40° 26 (Figs. 4A & 4B, green data). Upon
addition of one equivalent of H,0; relative to 4 (i.e., 1 eq. ‘O’ per
Ses moiety) and allowing the crystals to stand overnight, the re-
sulting PXRD pattern was unchanged (Fig. 4B, blue data). But,
upon treatment with a further 9 eq. of H,0; (i.e., 10 eq. ‘O’ per

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. (A) Comparison of PXRD patterns, bottom to top: SeCM-1 simulated data

(black); as-synthesized Ni-SeCM-1 (green); 1 eq. H,0; (blue); 10 eq. H,0, (red); 20

eq. H,0, (yellow); [Ni(5),(OH,),] simulated data (black). (B) Light microscope pho-

tograph of SeCM-1. (C) Photograph of intermediate with 10 eq. H,0,. (D) Photo-
graph of the oxidized product. (E & F) extended structures of SeCM-1 and

[Ni(5),(OH,).], respectively, showing a comparative 3x3 arrangement of Ni centres.
Ses), the PXRD pattern was markedly changed (Fig. 4A, red
data). The sample still showed all of the reflections associated
with SeCM-1 along with a significant number of new reflections.
At this stage, the solid appeared to become red in colour. This
visual effect was, in fact, caused by reflection of light from
evolved particles of red Se. Gentle swirling released the Se,
which subsequently floated on top of the H,0, solution.

Finally, upon addition of a further 10 eq. of H,0O,, the PXRD
pattern matched with the simulated pattern expected for the
molecular complex (Fig. 4A, yellow data) and no longer con-
tained reflections that could be exclusively indexed to the orig-
inal SeCM-1 material. The resulting crystallites had the same
size and morphology as the precursor SeCM-1, but were pale
yellow in colour. Upon addition of excess H,0; to drive the oxi-
dation reaction to completion, the red Se was also gradually ox-
idized to white Se0,.21 Comparison of FT-IR spectra taken be-
fore and after oxidation (Figs. S6 & S7) reveal new strong bands
at 415 and 814 cm™, due to O-Se-0 bending and Se=0 stretch-
ing modes, respectively. A new broad band at 3262 cm~1 for the
H-bonded carboxylic acid was also observed.

The formation of the Ni(ll) complex is in-line with the known
reactivity of organoselenide-functionalized organic molecules
with H,0,.29 However, this result also provides a rare example
of a deprotonated organoseleninic acid coordinated to a 3d
metal ion. Consideration of the crystal structures of SeCM-1
(Fig. 4E) and the molecular product (Fig. 4F) offer some insights
into the solid-state mechanism responsible for this unusual
transformation. The distances between Ni centres and their
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spatial distribution do not alter to a significant degree in transi-
tion from one structure to the other. However, the ligand coor-
dination geometry at each Ni(ll) centre is markedly changed
from cis-N donors in SeCM-1 (Fig. 4E) to trans-N donors in
[Ni(5)2(OH).] (Fig. 4F). When viewed in the crystallographic ori-
entations depicted, it can be understood how release of the
central Se in SeCM-1 and cleavage of the Ni-OCO bonds would
allow one ligand per Ni to ‘hinge’ up or down by 90°, resulting
in the final trans orientation of ligands observed in
[Ni(5)2(0OHz);]. This process is accompanied by protonation of
the carboxylate groups; since the reaction was conducted using
aqueous H;0,, proton transfer would be favourable.

The initial results presented here using 2-Sena has revealed
the potential to uncover new and unusual solid-state structures
and behaviours, owing to the introduction of esoteric and
chemically labile organic moieties into MOFs. Studies to further
modify the triselenane pincer species in the solid-state for po-
tential applications in catalysis are already under way.
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