Supporting information for

Catalytic formation of coordination based self-assemblies by
halide impurities
Eduard. O. Bobylev,† Bas de Bruin† and Joost N. H. Reek*†
van ’t Hoff Institute for Molecular Sciences, University of Amsterdam, Science Park 904,
1098 XH Amsterdam, the Netherlands.* email: j.n.h.reek@uva.nl
†

List of content:
SI1:

Synthesis of metal precursors

3

SI2:

Synthesis of building blocks

6

SI3:

Sphere synthesis

10

SI4:

MS calibration, Ligand exchange and Sphere quantification

25

S1

Materials and methods
General procedures: All synthetic procedures were carried out under an nitrogen
atmosphere using standard Schlenk techniques. All commercially available chemicals
were used as received without further purification. Solvents used for synthesis were
dried, distilled and degassed with the most suitable method. Column chromatography
was performed open to air using solvents as received.
Cryospray-ionization MS (CSI-MS): Mass spectra were collected on a HR-ToF Bruker
Daltonik GmbH (Bremen, Germany) Impact II, an ESI-ToF MS capable of resolution of at
least 40000 FWHM, which was coupled to a Bruker cryo-spray unit. Detection was in
positive-ion mode and the source voltage was between 4 and 6 kV. The sample was
introduced with a syringe pump at a flow rate of 18 ul/hr. The drying gas (N2) was held
at 40°C and the spray gas was held at 60°C. The machine was calibrated prior to every
experiment via direct infusion of a TFA-Na solution, which provided a m/z range of singly
charged peaks up to 3500 Da in both ion modes. Software acquisition Compass 2.0 for
Otof series. Software processing m- mass.

Self-assemblies: Full characterization of the previously reported self-assemblies can be
found for [Pt2(LPyPyPy)4][1] and [Ni4(L)6][2]. Analogous structures related to [Pd2(L4OMe)4],
[Pd6(L90)12] and [Pd12(LOMe)24] are described in [3], [4] and [5] respectively.
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Synthesis of metal precursors (SI1)
[Pd(BF4)2(MeCN)4 was purchased from Sigma Aldrich and Strem and was used without
prior purification.
General protocol for halide-free synthesis[6]
To a suspension of M(acac) (for M= Pd, Pt, Ni; 1.21 mmol) in 10 mL dry MeCN, 2.3 mL
freshly bought HBF4·Et2O was added. The mixture was stirred overnight until a clear
solution was obtained. The crude mixture was then precipitated in 500 mL dry Et2O. The
obtained solids were directly transferred into a Schleck flask, the solvent was removed
under reduced pressure. All obtained materials were stored under an atmosphere of N2.
A recrystallization of the obtained material can be performed in MeCN:Et2O to improve
the purity even further.
General protocol for silver route[7][8]
To a solution of MCl2(MeCN)2 (1 mmol, 1 eq.) in 10 mL dry MeCN, 390 mg (2 mmol, 2 eq.)
AgBF4 was added under the exclusion of light. The solution was stirred at 60°C overnight.
The crude material was filtered over a small pad of celite. The crude mixture was then
precipitated in 500 mL dry Et2O. All obtained materials were dried under reduced
pressure and stored under N2. A recrystallization of the obtained material was not
performed as it should mimic the in situ prepared precursors best.
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Figure S1. [Pd(BF4)2(MeCN)4] precursor, 1H NMR in MeNO2-d3. (bottom, Sigma-Aldrich;
second from bottom, silver route; second from top, halide free route; top, recrystalized).
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Figure S2. [Pd(BF4)2(MeCN)4] precursor, 1H NMR in MeNO2-d3.
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Figure S3. [Pd(BF4)2(MeCN)4] precursor, 13C NMR in MeNO2-d3.
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Figure S4. [Pt(BF4)2(MeCN)4] precursor, 1H NMR in MeNO2-d3.
Sigma Aldrich
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[PdMeCN4]2+
[PdMeCN2Cl]1+

Figure S5. Qualitative analysis of different [Pd(BF4)2(MeCN-d3)4] precursors. All samples
were measured by direct injection of equal amounts of transition metal precursor. The
intensity of [PdClMeCN2-d3]1+ is significantly higher for the Strem precursor. Due to a
typical linear correlation between signal intensity and the amount of a certain species in
solution, a higher quantity of chlorinated adducts is expected for PdS than for PdFree and
PdSA.

Synthesis of building blocks (SI2)
Synthesis of L4OMe

Scheme S1. Synthetic route for the rigid building block L4OMe.
The precursor was synthesized according to modified literature procedures. Briefly, 3,5dibromophenol (3 g, 11.28 mmol, 1 eq.), K2CO3 (4.7 g, 33.8 mmol, 3 eq.) and MeI (1.76 g,
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12.4 mmol, 1.1 eq.) were suspended in 100 mL acetone. The mixture was refluxed
overnight. After removal of the volatiles under reduced pressure, the residue was
dissolved in 300 mL Et2O and washed with 3x1M NaOHaq. The organic phase was dried
with Na2SO4 and the volatiles were removed under reduced pressure to yield IMe (2.85
g, 95%). The 1H-NMR is consistent with the reported spectra.
L4OMe: I1 (0.43 g, 1.62 mmol, 1eq.), 3-boronic acid pyridine (0.5 g, 4.07 mmol, 2.5 eq.) and
K2CO3 (3 g, 35 mmol, 23. Eq.) were suspended in 40 mL dioxane and 8 mL water. Nitrogen
was bubbled into the solution for 20 min before Pd(dppf)Cl2 (120 mg, 0.16 mmol, 0.1 eq.)
was added. The mixture was heated to 95°C for 48h. After cooling the mixture to room
temperature, the volatiles were removed under reduced pressure. The product was
extracted into 300 mL EtOAc and the organic phase was washed with 3x1M NaOHaq. The
organic phase was dried with Na2SO4 and the volatiles were removed under reduced
pressure. The crude material was purified by column chromatography (SiO2, 3%MeOH:
DCM) to afford L4OMe (0.4 g, 95%) as an white solid. 1H NMR (300 MHz, DMSO-d6) δ 9.04
(d, J = 2.5 Hz, 2H), 8.62 (dd, J = 4.8, 1.6 Hz, 2H), 8.23 (dt, J = 8.0, 2.0 Hz, 2H), 7.64 (d, J = 1.6
Hz, 1H), 7.52 (dd, J = 8.0, 4.7 Hz, 2H), 7.34 (d, J = 1.6 Hz, 2H), 3.93 (s, 3H). 13C NMR (75
MHz, DMSO) δ 160.93, 149.26, 148.48, 139.80, 135.70, 134.98, 124.25, 118.42, 112.68,
55.97.

Figure S6. L4OMe building block, 1H NMR in dmso-d6.
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Figure S7. L4OMe building block, 13C NMR in dmso-d6.

Synthesis of L90

Scheme S2. Synthetic route for the rigid building block L90.

2,8-dibromodibenzofurrane (1 g, 3.06 mmol, 1eq.), 4-boronic acid pyridine (1.5 g, 12.22
mmol, 4 eq.) and K2CO3 (8.5 g, 61 mmol, 20. eq.) were suspended in 80 mL dioxane and
16 mL water. Nitrogen was bubbled into the solution for 20 min before Pd(dppf)Cl2 (224
mg, 0.3 mmol, 0.1 eq.) was added. The mixture was heated to 95°C for 48h. After cooling
the mixture to room temperature, the volatiles were removed under reduced pressure.
The product was extracted into 300 mL EtOAc and the organic phase was washed with
3x1M NaOHaq. The organic phase was dried with Na2SO4 and the volatiles were removed
under reduced pressure. The crude material was purified by column chromatography
(SiO2, 3%MeOH: DCM) to afford L90 (0.8 g, 81%) as a white solid. 1H NMR (300 MHz,
Chloroform-d) δ 8.80 – 8.65 (m, 4H), 8.28 (d, J = 1.8 Hz, 2H), 7.79 (dd, J = 8.6, 1.9 Hz, 2H),
7.71 (d, J = 8.6 Hz, 2H), 7.65 – 7.57 (m, 4H). 13C NMR (75 MHz, CDCl3) δ 162.53, 157.20,
150.33, 148.22, 133.57, 126.86, 124.78, 121.86, 119.42, 112.54.
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Figure S8. L90 building block, 1H NMR in dmso-d6.

Figure S9. L90 building block, 13C NMR in dmso-d6.
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Synthesis of LPyPyPy
The required ligand was synthesized according to literature.[9]

Synthesis of LOMe
The building block LOMe was synthesized according to literature procedure.[1]

Synthesis of LOBn
The intermediate LOBn was synthesized according to literature procedure.[1]

Sphere Synthesis (SI3)
[Pd2(L4OMe)4]4+(BF4-)4

Scheme S3. Synthetic route for the preparation of [Pd2(L4OMe)4]4+(BF4-)4.
To a solution of L4OMe (2.66 mg, 10 μmol, 1 eq.) in 0.5 mL dmso-d6, different
[Pd(BF4)2(MeCN)4] precursors (2.44 mg, 5.5 μmol. 0.55 eq.) in 0.5 mL dmso-d6 was added.
The solution was then stirred at room temperature for 1d. 1H NMR (300 MHz, DMSO-d6)
δ 10.81 (s, 1H), 9.45 (d, J = 5.5 Hz, 2H), 8.60 (d, J = 7.9 Hz, 2H), 7.90 (dd, J = 8.2, 5.6 Hz,
2H), 7.43 (d, J = 1.4 Hz, 2H), 7.37 (s, 1H).
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Figure S10. L4OMe assembly prepared with Pdfree + ClPd, 1H NMR in dmso-d6.

Figure S11. L4OMe assembly prepared with Pdfree + ClPd (bottom) and free building
block (top), 1H NMR in dmso-d6.
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Figure S12. L4OMe assembly prepared with Pdfree (sample 1), PdS (sample 2), PdA (sample
3), PdHalide (sample 4) and Pdfree + ClPd (sample 5) at room temperature, 1H NMR in dmsod6.
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Figure S13. Full ESI-MS spectra of [Pd2(L4OMe)4]4+(BF4-)4 prepared at room temperature
with PdS. Below the simulated spectra of different sphere types, above obtained spectra.

Figure S14. Zoom in ESI-MS spectra of [Pd2(L4OMe)4]3+(BF4-)1 (below the simulated
spectra of different sphere types, above obtained spectra).
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Figure S15. L4OMe assembly prepared with PdA (sample 3, bottom) at room temperature
and at 100°C (top), 1H NMR in dmso-d6.

[Pd6(L90)12]12+(BF4-)12

Scheme S4. Synthetic route for the preparation of [Pd6(L90)12]12+(BF4-)12.
To a solution of L90 (3.22 mg, 10 μmol, 1 eq.) in 0.5 mL dmso-d6, different
[Pd(BF4)2(MeCN)4] precursors (2.44 mg, 5.5 μmol. 0.55 eq.) in 0.5 mL dmso-d6 were
added. The solution was then stirred at 100°C for 1d. 1H NMR (300 MHz, DMSO-d6) δ 9.35
(d, J = 6.0 Hz, 4H), 9.04 (s, 2H), 8.35 (d, J = 6.1 Hz, 4H), 8.22 (d, J = 8.6 Hz, 2H), 7.92 (d, J =
8.6 Hz, 2H).
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Figure S16. [Pd6(L90)12] assembly, 1H NMR in dmso-d6.

Figure S17. [Pd6(L90)12] assembly (top) and free building block (bottom), 1H NMR in
dmso-d6.
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Figure S18. Full ESI-MS spectra of [Pd6(L90)12]12+(BF4-)12 prepared with PdHalide. Below
the simulated spectra, above obtained spectra.

Figure S19. Zoom into ESI-MS spectra of [Pd6(L90)12]6+(BF4-)6 prepared with PdHalide
(below the simulated spectra, above obtained spectra).
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Figure S20. Full ESI-MS spectra of [Pd6(L90)12]12+(BF4-)12 prepared with PdA. Below the
simulated spectra of different sphere types, above obtained spectra.

Figure S21. Zoom in ESI-MS spectra of [Pd5(L90)10]4+(BF4-)6 prepared with PdA. Below the
simulated spectra, above obtained spectra.
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[Pd12(LOMe)24]24+(BF4-)24

Scheme S5. Synthetic route for the preparation of [Pd12(LOMe)24]24+(BF4-)24.
To a solution of LOMe (3.1 mg, 10 μmol, 1 eq.) in 0.5 mL MeCN-d3, different
[Pd(BF4)2(MeCN)4] precursors (2.44 mg, 5.5 μmol. 0.55 eq.) in 0.5 mL MeCN-d3 were
added. The solution was then stirred at 50°C for 1d. 1H NMR (300 MHz, Acetonitrile-d3) δ
8.96 (d, J = 6.0 Hz, 4H), 7.73 – 7.59 (m, 6H), 7.23 (t, J = 7.8 Hz, 1H), 4.14 (s, 3H).

Figure S22. [Pd12(LOMe)24] assemblies prepared with different type of palladium
precursors, 1H NMR in MeCN-d3.
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Figure S23. Full ESI-MS spectra of [Pd12(LOMe)24]24+(BF4-)24 prepared with different type
of Palladium precursors. The obtained assemblies show similar mass analytical features.
Quantification of the assemblies using different type of precursors:
1H-NMR with 10 µmol mesitylene as internal standard (and 10 µmol of the building block

LOMe) shows 75% of formed assembly for PdFree and quantitative formation for PdS.

Figure S24. 1H-NMR of an self-assembly of LOMe prepared with PdFree (left) and PdS
(right).
The quantity of formed assemblies was furthermore obtained by quantitative MS analysis
of the signal at 993 (Details SI4).
Table 1: Obtained intensity and calculated quantity of [Pd12(LOMe)24] assemblies
prepared with different type of palladium precursors.
Precursor
PdFree
PdHalide
PdSA
PdS
PdFree+PdCl

Counts 993 [a.u.]
221490
282345
259055
315164
292477

Quantity of assembly [%]
72
92
85
>95
95
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[Pd12(LOBn)24]24+(BF4-)24

Scheme S6. Synthetic route for the preparation of [Pd12(LOBn)24]24+(BF4-)24.
To a solution of LOBn (3.86 mg, 10 μmol, 1 eq.) in 0.5 mL MeCN-d3, different
[Pd(BF4)2(MeCN)4] precursors (2.44 mg, 5.5 μmol. 0.55 eq.) in 0.5 mL MeCN-d3 were
added. The solution was then stirred at 50°C for 1d. 1H NMR (300 MHz, Acetonitrile-d3) δ
8.91 (d, J = 6.2 Hz, 4H), 7.68 (d, J = 7.8 Hz, 2H), 7.51 (d, J = 5.9 Hz, 6H), 7.45 – 7.32 (m, 2H),
7.25 (t, J = 7.8 Hz, 1H), 5.38 (s, 2H).

Figure S25. [Pd12(LOBn)24] assemblies prepared with different type of palladium
precursors, 1H NMR in MeCN-d3.
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[Pt2(LPyPyPy)4]4+(BF4-)4

Scheme S7. Synthetic route for the preparation of [Pt2(LPyPyPy)4]4+(BF4-)4.
To a solution of LPyPyPy (2.81 mg, 10 μmol, 1 eq.) in 0.5 mL MeCN-d3, different
[Pt(BF4)2(MeCN)4] precursors (2.93 mg, 5.5 μmol. 0.55 eq.) in 0.5 mL MeCN-d3 were
added. The solution was then stirred at 150°C for 1d in a high-pressure microwave tube.
1H NMR (300 MHz, Acetonitrile-d ) δ 9.30 (d, J = 1.8 Hz, 4H), 9.06 (dt, J = 5.7, 1.2 Hz, 4H),
3
8.18 (dt, J = 8.1, 1.6 Hz, 6H), 7.90 (dd, J = 8.4, 7.3 Hz, 2H), 7.75 – 7.69 (m, 6H), 7.69 – 7.64
(m, 4H).

[Ni4(L)6]8+(BF4-)8

Scheme S8. Synthetic route for LOMe.
To a solution of benzidine (1.84 mg, 10 μmol) and different [Ni(BF4)2(MeCN)4] precursors
(2.63 mg, 6.66 μmol) in 1 mL MeCN-d3, 2-pyridinecarboxyaldehyde (2.14 mg, 20 μmol)
was added. The solution was then stirred at room temperature for 1d in a closed tube.
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Figure S26. [Ni4(L)6] assemblies prepared with different type of nickel precursors
(bottom=NiFree, middle=NiHalide, top=crystalized material), 1H NMR in MeCN-d3.
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Figure S27. Full ESI-MS spectra of [Ni4(L)6]8+(BF4-)8. Below the simulated spectra, above
obtained spectra.

Figure S28. Zoom in ESI-MS spectra of [Ni4(L)6]5+(BF4-)3. Below the simulated spectra,
above obtained spectra.
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Figure S29. Full ESI-MS spectra of [Ni4(L)6]8+(BF4-)8 assemblies prepared by different
type of nickel precursors at room temperature overnight. Top spectra = NiFree shows least
formation of the desired assembly as it can be seen by the intensity of 533.
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MS calibration, Ligand exchange and Sphere quantification (SI4)
Ligand exchange studies
The correlation between the concentration of pure Pd12LOMe24 assembly in solution and
the counts obtained by MS measurements was obtained by a dilution calibration. In
detail: A sample containing Pd12LOMe24 was measured in different dilutions (keeping the
MS parameters constant). The dilution of the sample was performed by diluting the
sample with a solution containing Pd12LOBn24. This way, the ion concentration of the
solution remains constant, allowing to obtain a linear correlation between the amount of
counts and the concentration of a certain assembly. For our calibration, we focused on
the signal 994 (any other signal can also be used by choice).

Figure S30. Calibration curve for the quantification of Pd12LOMe24 assembly for the signal
at 994.
The ligand exchange experiment was performed by mixing 0.5 mL of Pd12LOMe24 and 0.5
mL Pd12LOBn24. The resulting solutions were stirred at room temperature and the decay
of the assigned signal at 994 was monitored (see main text).
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Figure S31. Zoom in ESI-MS spectra of a mixture of LOMe and LOBn assemblies prepared
for the calibration of the signals. By dilution of the pure LOMe sphere, the signal at 994 is
decreasing linear with respect to the concentration.

Figure S32. Zoom in ESI-MS spectra of a mixture of LOMe and LOBn assemblies with time.
The decrease of 994 signal was used to obtain the exchange rate.
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Figure S33. Full ESI-MS spectra of a mixture of LOMe and LOBn assemblies with time. The
decrease of 994 signal was used to obtain the exchange rate.
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Figure S34. Full ESI-MS spectra of a mixture of LOMe and LOBn assemblies prepared from
PdFree with time. The decrease of 994 signal was used to obtain the exchange rate.
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Quantification of Ni4L6 in solution
For the calibration of the counts of Ni4L6 versus the concentration, pure Ni4L6 was
obtained by slow vapor diffusion of di-isopropyl-ether into a solution of Ni4L6 in MeCN.
The crystalline material was collected, dried and re-dissolved in MeCN (1.66 mM). This
solution was used for calibration. The calibration was performed by dilution of the pure
sample with a ice cold solution containing all sphere formation ingredients in MeCN (6.66
mmol Ni(BF4)2(MeCN)4, 10 mmol benzidine and 20 mmol 2-pyridinecarboxyaldehyde).
In order to prevent undesired formation of more spherical components in solution, every
solution was kept cold in a ice bath for the term of the calibration.

Figure S35. Calibration curve for the quantification of Ni4L6 assembly for the signal at
533.
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