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Post-Synthetic Modification of a Porous Hydrocarbon Cage
to Give a Discrete Co,, Organometallic Complex**

Chriso M. Thomas,” Weibin Liang,” Dan Preston,” Christian J. Doonan,™ and

Nicholas G. White*!

Abstract: A new alkyne-based hydrocarbon cage was synthe-
sized in high overall yield using alkyne-alkyne coupling in the
cage forming step. The cage is porous and displays a
moderately high BET surface area (546 m?g™"). The cage loses
crystallinity on activation and thus is porous in its amorphous

form, while very similar cages have been either non-porous,
or retained crystallinity on activation. Reaction of the cage
with Co,(CO)g results in exhaustive metalation of its 12 alkyne
groups to give the Co,(CO),, adduct of the cage in good
yield.

Introduction

The design, synthesis and application of cage molecules is of
considerable interest due to the unusual and beneficial proper-
ties conveyed by the rigid internal pore of these cages. Many
cages are assembled through metal-ligand coordination
bonds," while another large group of materials are assembled
using reversible covalent bond forming reactions such as imine
or boronate ester condensations.” A smaller group of cages
have been prepared using irreversible covalent bond forming
reactions such as oxidative coupling of alkynes;® while these
have relatively lower yields due to the lack of an error
correction mechanism, the resulting cages tend to be highly
robust.” Additionally, this irreversible chemistry offers potential
advantages when it comes to subsequent modification of the
cages and/or synthesizing cages with low symmetry.

Due to their large internal pores, cages are potentially
permanently porous materials, although in practice realizing
porous materials is difficult and often unpredictable. This is
because it relies on the cages packing such that voids are
aligned and crystal engineering the weak packing interactions
between cages is challenging. Several groups have attempted
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to gain more predictability by deliberately attempting to guide
the packing of cages,” although this is extremely challenging.
To illustrate these challenges: a few years ago one of us
reported the covalent cage 2°™¢ (Figure 1), this cage is non-
porous to nitrogen when slowly crystallized as the pores in the
crystal structure do not align. In contrast, the cage is highly
porous when rapidly precipitated from solution (which results
in a crystalline material).* Interestingly, replacing the methoxy
groups with bromines (i.e. 2%) resulted in a non-porous

Figure 1. Structure of new cage 1 and previously-reported cages 2°" and
25,
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material.”” Clearly, very small changes in cage structure can lead
to very different materials properties. @
As is the case with extended framework structures,” it is Si /j\
often convenient to synthesize organic cages and then post- /©/ ’ =
synthetically modify these to incorporate additional 7 3 N

functionality.” Most of the reported examples of post-synthetic

modification have described organic reactions to give new cage siisess 1 Biioaobenzens NEL, THE
properties,” or to network discrete cages into polymeric Pd(PPhg),, Cul 61%
structures. There have been a small number of reports of post-

synthetic metalation of cages, and many of these have been

used to form either nanoparticles inside the cage,"” or to link ©

=

organic cages into metal-organic frameworks."" There are a few Si..ig
reports of metalations of organic cages to give well-defined O @
transition metal complexes: these have involved coordination
of up to six metal centres to amine, imine or porphyrin donors O
. [ . .
|

O

of organic cages,'” but we are not aware of higher nuclearity
metal complexes prepared in this manner. |

Many porous organic cages contain numerous alkyne

3.4a,b] . . ! e TMS-acetylene, | NEty/THF

groups, which seem to be ripe for post-synthetic modifica- Pd(PPhs)s, Cul | 95%
tion. We hypothesized that they could be used to coordinate to
transition metals to provide well-defined polynuclear cluster
complexes, i.e. the cage could be used as a ligand to construct
large, well-defined architectures. These clusters may have
interesting materials properties due to their large bulk and
inability to pack efficiently, which would be expected to lead to
extrinsic porosity in addition to the intrinsic porosity provided
by the cage cavity. In this work, we report the efficient synthesis O
of the new cage 1, which contains twelve alkyne groups. We ™S
investigate its porosity, and demonstrate that it can be ™S 0
converted in one step and high yield into a Co,, complex ™S
through coordination of cobalt carbonyl to the alkyne groups.™
We believe that this represents the highest nuclearity discrete
complex prepared by metalation of an organic cage.

MeQH/THF

KaLOs| g0

Results and Discussion @

Synthesis of 1: In order to allow a full study of the properties of =
cage 1 and related cages, we first optimized its synthesis. O 6 N
Scheme 1 shows the synthesis of the tris-alkyne “half-cage”

precursor: we opted to build our cages on tetraphenylsilane Il

scaffolds due to the ease of synthesizing these with appropriate i
substituents. We initially investigated several synthetic routes excess  |pyridine,
but in the end found that the best approach was to form the Cu(DA);CUCH 20-54%%
tetraphenylsilane group and subsequently derivatize this (see
Supporting Information for details of alternative synthetic
pathways investigated). We found that the known tris-alkyne 3
could be prepared efficiently in high yields (73% overall yield
from commercially available materials, see Supporting Informa-
tion). Reacting 3 with ten equivalents of diiodobenzene gave
tris-iodide 4 in 61% yields without the need for monoprotec-
tion. A final coupling/deprotection reaction with TMS-acetylene
gave the target tris-alkyne 6. Notably this synthesis gives ready
access to the half-cage 6 on large scales and in 40% overall
yield from inexpensive commercial reagents (1,4-dibromoben-
zene and tris-ethoxyphenylsilane), and compares favourably in

Scheme 1. Synthesis of cage 1.
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terms of yield and length of synthesis with other alkyne-based
cages.B<e!

Having access to 6, we next attempted to synthesize the
target cage 1 through oxidative alkyne coupling reactions
(Scheme 1). It was found that adding a solution 6 in pyridine
dropwise to heated solution containing a large excess of
anhydrous Cu(OAc), and CuCl in pyridine gave the cage in
relatively high yields after purification by preparative TLC. The
best yield we obtained was 649%, which is surprisingly high
given that three bonds are formed through irreversible
reactions and there is considerable scope for “wrong” steps
during this process. We note that this means the overall yield
for the multi-step synthesis of the cage is 25% from cheap
commercially-available starting materials. However, the cage
formation reaction suffers from poor reproducibility and poor
scalability, for example yields of ~20% obtained when
0.30 mmol scales (i.e. ~200 mg of 6) were used. Nevertheless,
significant quantities of pure cage could be obtained, which
were characterized by 'H and C NMR spectroscopy, high
resolution mass spectrometry and X-ray crystallography.

Solid state structure of 1: Small single crystals of 1 could be
obtained by slow evaporation of a dichloromethane/petroleum
spirits solution, and these were characterized by synchrotron X-
ray crystallography. The molecule crystallizes in the monoclinic
space group C2/c with two independent cage molecules in the
asymmetric unit. A well resolved n-hexane molecule is located
between the two cage molecules; the asymmetric unit also
contains large voids containing diffuse electron density, which
were included in the model using PLATON-SQUEEZE." Using
this programme, we were able to estimate that 44 % of the unit
cell is made up of solvent-filled voids (in addition to the space
occupied by the well-ordered hexane molecule), and these
voids form channels through the structure (Figure 2). The silicon
atoms have angles very close to ideal tetrahedra (i.e. 109.5°), as
is common for tetraphenylsilane groups.™ In contrast, the
phenyl/alkyne parts of the cages distort significantly resulting in
a structure that deviates substantially from idealized Ds,
symmetry (Figure 2).

Gas sorption properties of 1: While the crystal structure of
1 reveals that the cage has aligned pores, we found that the
compound loses crystallinity and becomes amorphous upon
drying (as indicated by PXRD). To examine whether this material
is porous, we studied its nitrogen sorption at 77 K. These
studies revealed a Type | isotherm with minor hysteresis in the
desorption process at low pressure, which is typical for these
kinds of amorphous porous organic materials (Figure 3)."® The
BET surface area of 1 is 546 m?>g~', which is relatively high for a
purely organic material, although less than was observed for
the porous polymorph of the related compound 2°"
(1153 ng—1).[3b]

Taken together, the cages 1, 2°® and 2% exemplify the
significant challenges that remain in predicting the porosity of
organic cages. The molecular structures of these three cages
feature only very minor differences as can be seen by the
overlay of the crystal structures of 1 and 2°"¢ (Figure 2¢), and
yet they display markedly different porosity properties. 2°™¢ has
a kinetically-favoured porous polymorph that retains its crystal-
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Figure 2. X-ray crystal structure of 1: a) lower-numbered cage molecule
(Z'=2), in each case the two silicon atoms sit horizontally to emphasize the
distortions from ideal D5, symmetry; b) solvent accessible voids in the
packing diagram of 1 (calculated using a probe radius of 1.82 A); c) overlay
of lower-numbered cage molecule in the structure of 1 (blue) with the X-ray
crystal structure of 2°M (maroon, CCDC: 913184).5

linity on drying,*®'” as well as a thermodynamically-favoured

crystalline polymorph that is non-porous, while 2% is non-
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Figure 3. Nitrogen sorption isotherms of 1 at 77 K (filled circles represent
adsorption, open circles represent desorption).

porous.” The new cage 1 is porous, but unlike 2°™¢ is porous in
an amorphous form.

Synthesis of 1-Co,,(CO),,: Having shown that 1 is porous,
we next sought to investigate whether it could be post-
synthetically modified by reaction with dicobalt octacarbonyl.
In general, this reaction proceeds in very high yields and mild
reaction conditions, and discrete compounds with up to 16
cobalt centres have been reported through the reaction of
Co,(CO); with a resorcinarene-based octa-alkyne."® Cage mole-
cule 1 contains twelve alkyne units, so theoretically could react
with 12 molecules of Co,(CO); to form 1-Co,,(CO),,. Reacting 1
with an excess (20 equivalents) of Co,(CO), in dry THF in the
dark at room temperature followed by work-up gave a single
species in good yield (67%, Scheme 2). This product was
characterized by 'H and *C NMR spectroscopy, IR spectroscopy
and high resolution ESI mass spectrometry.

'H NMR spectroscopy showed the disappearance of the
starting cage and broadening of some resonances, while "C
NMR spectroscopy showed the disappearance of the four
resonances corresponding to the alkyne groups of 1. Four new
downfield-shifted resonances appear at 91.5-99.3 ppm, which
we attribute to coordinated alkynes (Figure 4). Two peaks are
observed with an approximate 1:1 ratio at 199.0 and
199.5 ppm, consistent with six Co,(CO)s units in each of two
possible environments (coordinated to either diphenylacetylene
or butadiyne groups). Only one C resonance is observed for
each of these environments, as expected."

Strong carbonyl stretching frequencies are observed in the
IR spectrum at 2091, 2052 and 2022 cm™', while the absence of
a peak corresponding to a bridging carbonyl at ~1860 cm~"”
indicates complete removal of excess Co,(CO),. Further evi-
dence for exhaustive metalation to give 1.C0,,(CO);, was
provided by high resolution ESI mass spectrometry, which
showed peaks corresponding to the sodium adduct of
1:C0,,(CO),,.

Taken together, 'H and ">C NMR, and IR spectroscopy as
well as high resolution mass spectrometry all provide strong

Chem. Eur. J. 2022, 28, €202200958 (4 of 7)
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Figure 4. Partial *C NMR spectra of 1 and 1-C0,,(C0),, (CD,Cl,, 298 K,
151 MHz).

evidence for the formation of the targeted Co,, complex.
Unfortunately, the stability of the material is limited with the
initially-formed red-brown powder turning black over time. Due
to these stability limitations, we were unable to evaluate the
gas uptake of 1-C0,,(CO),, and despite numerous attempts
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[21]

bis(diphenylphosphino)methane (dppm) ligands. Unfortu-
nately, either the direct reaction of 1 with Co,(CO),dppm or
reaction of 1-C0O,,(CO),, with dppm did not lead to the desired
product 1-Co,,(CO),s(dppm),,. Presumably the steric demands
of the rigid and bulky Co,(CO),dppm units are too great to
allow the reaction to go to completion. While unsuccessful in
this case, it is suggested that this approach may be viable for
other cages containing fewer, or more separated, alkyne motifs.

Computational modelling of 1.C0,,(CO),,: We used the
GFN2-xTB semi-empirical method®? implemented within xTB"**
to gain insight into the structure and dynamics of 1-CO,,(CO),,
in implicit dichloromethane solvent. After an initial energy
minimization, we conducted short molecular dynamics simu-
lations at a semi-empirical level of theory to generate potential
low energy geometries. The lowest energy structure identified
in the molecular dynamics simulations was then further
optimised (see Supporting Information for full details). Impor-
tantly the minimized structure (Figure 5) reproduces well the
key geometric features of crystallographically characterized
alkyne-Co,(CO)s complexes (Table S2). Additionally the calcu-
lated IR spectrum for the modelled complex is very similar to
the experimentally observed spectrum of 1-Co,,(CO),, (Fig-
ure S27).

All low energy structures identified had cis conformation of
all coordinated alkyne units, presumably to minimise steric
strain. Surveys of the Cambridge Structural Database®” indi-
cated that this is common, with all Co,(CO); complexes of
diphenylacetylene adopting a cis conformation and approx-
imately half of Co,(CO); complexed butadiyne structures taking
on the cis-cis-cis conformation observed in the modelled
structure of 1-Co,,(CO),,. Looking at the modelled structure, it
is perhaps unsurprising that attempts to coordinate dppm to
the Co,(CO), units were unsuccessful due to the steric demands
that this would place on an already congested structure.

a)

Conclusion

We have described the synthesis of the new cage 1. Incorporat-
ing a silicon atom into the “half-cage” building block 6 allowed
for an efficient synthesis, although the yields of the cage-
forming reaction were variable. The cage loses crystallinity
upon activation but the amorphous cage displays moderately
high porosity (BET surface area: 546 m?’g™"). Cage 1 contrasts
with the related cages 2° and 2¥, one of which is porous but

only when rapidly precipitated, and the other of which is non-

porous.
Reaction of 1 with Co,(CO); resulted in the exhaustive
Figure 5. Energy minimized structure of 1:C0,,(C0O),, (semi-empirical, GFN2- metalation of the twelve alkyne groups to cleanly give the

XTB2): a) full structure, b) and c) views of the carbon skeleton of the

structure. organometallic Co,, complex, thus demonstrating an effective

route to well-defined high nuclearity metal clusters. This

approach is complementary to the use of organometallic bond

formation to form metal-organic cages, i.e. those where the

were unable to obtain single crystals suitable for X-ray cage is formed through M-C bonds.* Unfortunately
crystallography experiments. 1:C0,,(CO),, has limited stability, but the high yielding and
Given the known instability of dicobalt adducts of alkynes,  clean post-synthetic modification of the cage suggests that a
we attempted to stabilize these motifs by addition of chelating  similar synthetic approach may be more successful for other
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related cages, particularly if subsequent chelating ligands such
as dppm could also be incorporated to enhance stability. Such
post-synthetically metallated cages may well be highly porous
as their large and bulky nature means that they are unlikely to
be able to pack efficiently.

Experimental Section

General remarks: Full details of synthesis and characterization are
provided as Supporting Information. This includes details of
instrumentation, NMR spectra of new compounds, details of
alternative synthetic pathways investigated, an optimized route to
3 and details of X-ray crystallography.

Deposition Number(s) 2157097 contain(s) the supplementary
crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service.

Synthesis of tris-iodo compound 4: A mixture of 1,3-diiodoben-
zene (3.1 g, 9.3 mmol), Pd(PPh;), (0.23 g, 0.20 mmol), Cul (0.038 g,
0.20 mmol) in NEt; (18 mL) was cooled to 0°C. Tris-alkyne 3 (0.38 g,
0.93 mmol) was dissolved in THF (8 mL) and was added dropwise to
the reaction mixture, which was then stirred overnight at room
temperature under a nitrogen atmosphere. The solvent was
removed under reduced pressure, and the resulting solid was
dissolved in dichloromethane (120 mL) and washed with water
(50 mL) and brine (50 mL). The organic extract was dried over
MgSO, and taken to dryness under reduced pressure. Purification
by column chromatography (1:5 DCM:pet. spirits) gave 4 as white
flakes. Yield: 0.58 g (0.57 mmol, 61%). 'H NMR (CDCl;, 400 MHz):
7.90 (t, J=1.7 Hz, 3H), 7.66-7.69 (m, 3H), 7.39-7.56 (m, 20H), 7.09 (t,
J=7.9 Hz, 3H) ppm.”*C NMR (CDCl;, 101 MHz): 140.3, 137.6, 136.5,
136.4, 134.5, 132.9, 131.2, 130.9, 130.0, 128.3, 128.2, 125.3, 124.5,
93.8, 90.7, 89.1 pm. HRESI-MS (pos.): 1013.9186, calc. for
[CueHy0Sils] ™, i.e. [M]T=1013.9173 Da.

Synthesis of tris-TMS alkyne 5: Compound 4 (0.60 g, 0.59 mmol),
Pd(PPh,), (0.017 g, 0.010 mmol), and Cul (0.0019 g, 0.010 mmol)
were stirred in NEt; (12 mL). Trimethylsilylacetylene (0.40 mL,
2.3 mmol) was added, and the mixture was stirred overnight at
room temperature under a nitrogen atmosphere. The solvent was
removed under reduced pressure, and the resulting solid was
dissolved in dichloromethane (70 mL) and washed with water
(30 mL) and brine (30 mL). The organic extract was dried over
MgSO, and taken to dryness under reduced pressure. Purification
by column chromatography (1:8 DCM:pet. spirits) gave 5 as white
flakes. Yield: 0.52 g (0.56 mmol, 95%). 'H NMR (CDCl;, 400 MHz):
7.66 (s, 3H), 7.39-7.56 (m, 23H), 7.29 (t, J=7.8 Hz, 3 H), 0.25 (s, 27H)
ppm. *C NMR (CDCl;, 101 MHz): 136.5, 136.4, 135.2, 134.3, 133.1,
131.9, 131.7, 131.1, 130.2, 128.5, 128.3, 124.7, 123.7, 123.5, 104.2,
95.2, 89.9, 0.1 ppm (one alkyne peak not observed due to peak
overlap). HRESI-MS (pos.): 924.3458, calculated for [CgHseSisl ™, i.e.
[M]* =924.3459 Da.

Synthesis of tris-alkyne 6: K,CO; (0.35 g, 2.6 mmol) was added to a
solution of 5 (0.60 g, 0.65 mmol) in 1:1 THF:MeOH (20 mL) and the
mixture was stirred for 5 h at room temperature under a nitrogen
atmosphere. The solvent was removed under reduced pressure and
the resulting solid was dissolved in dichloromethane (70 mL), and
washed with water (230 mL) and brine (30 mL).The organic phase
was dried over MgSO, and the solvent removed under reduced
pressure to give 6 as fine yellow powder. Yield: 0.43 g (0.61 mmol,
94%). 'H NMR (CDCl;, 400 MHz): 7.68 (t, J=1.4 Hz, 3H), 7.40-7.57
(m, 23H), 7.32 (t, J=7.8Hz, 3H), 3.10 (s, 3H) ppm. C NMR
(CDCl5,101 MHz): 136.5, 136.4, 135.3, 134.4, 133.0, 132.10, 132.06,

Chem. Eur. J. 2022, 28, €202200958 (6 of 7)

131.2, 130.2, 128.6, 1283, 124.6, 123.6, 122.7, 90.1, 89.8, 82.9,
78.0 ppm. HRESI-MS (pos.): 708.2271, calculated for [Cs,H3,Sil™, i.e.
[M]* =708.2273 Da.

Synthesis of cage 1: A Schlenk flask was charged with Cu(OAc),-H,0
(0.46 g, 2.3 mmol) and this was dried at 70°C for two hours under
vacuum. CuCl (0.16 g, 1.6 mmol) and dry pyridine (30 mL) were
added. Then a solution of 6 (0.025 g, 0.035 mmol) dissolved in dry
pyridine (30 mL) was added dropwise to this mixture at 80°C and
stirred at this temperature for 2 h. The reaction mixture was stirred
overnight at room temperature under a nitrogen atmosphere and
the solvent was then removed under vacuum. The residue was
extracted with dichloromethane (200 mL) and washed with 1.0 M
HCl,q) (50 mL) and water (2x50 mL). The organic extract was dried
over MgSO, and concentrated under reduced pressure. It was then
purified by preparative TLC (1:2 DCM:pet. spirits) to give 1 as a pale
yellow powder. Yield: 0.016 g (0.011 mmol, 64%). 'H NMR (CDCl,,
400 MHz): 7.77 (br. s, 6H), 7.69 (dd, J=7.8, 1.3 Hz, 4H), 7.44-7.56 (m,
42H), 7.33 (t, J=7.8 Hz, 6H) ppm. >C NMR (CDCl;,101 MHz): 136.9,
136.6, 136.3, 134.7, 132.3, 131.9, 131.6, 131.2, 1304, 128.8, 1284,
124.5, 123.9, 122.3, 90.3, 89.5, 81.1, 74.6 ppm. HRESI-MS (pos.):
1433.3948, calculated for  [CigHseSibNal™, i.e. [1:Na]* =
1433.3975 Da.

Synthesis of 1:Co,,(CO),,: A Schlenk flask charged with 1 (0.010 g,
0.0070 mmol) was transferred to a glove box and Co,(CO); (0.048 g,
0.14 mmol) was added. The reaction flask was sealed and dry THF
(3 mL) was added outside the glove box. The reaction mixture was
stirred in the dark for 5h under a nitrogen atmosphere. The
reaction was quenched with cold EtOH (1 mL) and the solvent was
evaporated under a stream nitrogen. The resulting black residue
was dissolved in DCM (5 mL) and filtered through a cotton plug.
The solvent was removed under reduced pressure to give
1-C0,,(CO),, as a dark brown powder. Yield: 0.023 g (0.0047 mmol,
67%). 'H NMR (CD,Cl,, 400 MHz): 7.74 (s, 6H), 7.38-7.70 (m, 46H),
7.28 (t, J=7.8 Hz, 6H) ppm. *C NMR (CD,Cl,, 151 MHz): 199.5, 199.0,
140.4, 140.1, 139.9, 137.2, 136.8, 134.2, 133.7, 131.5, 1304, 129.1,
129.0, 128.7, 128.5, 128.4, 99.7, 93.6, 91.9, 91.5 ppm. IR (CH,Cl,, inter
alia): 2091, 2052, 2022cm™" (C=O0 stretch). HRESI-MS (pos.):
4863.4312, calc. for [C;40Hs50,,5i,C0,,-Nal?, i.e. [1:C0,,(CO),:Nal* =
4863.4281 Da.
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