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ABSTRACT: Three new families of compounds were obtained as pure phases, with - («’;:{‘,?/}
different lanthanide cations and the 3,5-disulfobenzoic acid (3,5-DSB). The oy 2 S toory o B ff/,)?//
hydrothermal synthesis conditions” influence on structural type obtained was studied. e "’vf; >
The structural type RPF-21 corresponds to the compound [Ln(3,5-DSB)(H,0);] a0 i
(Ln = La, Pr, Nd); RPF-22 to the compound [Ln(3,5-DSB)(H,0);] (Ln = La, Pr, $ i

Nd, Sm, and Eu), and RPF-23 to the compound [Ln,(3,5-DSB),(OH);(H,0);] (Ln £ “7 ’

= Pr, Nd, and Eu). The dimensionality and the topology of the compounds are § o i >
determined by the sulfonate group coordination modes; RPF-23 presents a new type

of topology. Computational studies have determined the relative energies for those 0] e
compounds that coexist under certain hydrothermal conditions, and they have g
brought some light to the thermodynamic or kinetic control that drives each reaction. 04

The new materials were tested as catalysts in cyanosilylation reaction (CSR) of
aldehydes under solvent-free conditions. The three of them catalyze the CSRs within
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4 h, and a remarkable difference in activity is found between RPF-21 and the other two materials. The catalytic activity mainly
depends on the network structure, with very little influence of the lanthanide cation. The mechanism includes, probably, a
displacement of the catalyst labile water molecules by aldehyde before catalyst’s activation and reaction.

B INTRODUCTION

The chemistry of metal organic frameworks (MOFs) has been
developed now sufficiently enough to arrive at a point where
the main variants and necessary components for MOFs
synthesis are more or less clearly established. The practice of
MOFs synthesis testifies that by selecting properly metal
cations and adequate ligand type we can control to a large
extent the connectivity of metal ions and ligand functional
groups, MOF topology, and, generally speaking, the design of
certain MOF structures. Still, the process of MOF crystals
formation during hydrothermal or solvothermal synthesis needs
special attention in order to understand and estimate the main
factors that influence the kinetic and thermodynamic
components of the MOFs crystallization process and, thus, to
advance the so much needed understanding of the
composition—structure—property relationships in MOFs.
Among the most studied MOFs properties are optical
properties,l magnetic behavior,” gas absortion,’ drug delivery,4
and catalytic behavior.” These properties are closely associated
with the structure, the topology, and the nature of the metallic
cation and ligand.® It is to be mentioned that lanthanide
compounds are among the most promising catalysts and are
being studied extensively in the past few years.>*” Previously,
we have reported the synthesis, structure, and studies of the
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catalytic properties of some lanthanide MOFs (most of them
RPFs rare earth polymeric frames) that have been
demonstrated to possess excellent catalytic activity.">®
Continuing our research, in this paper, we present a series of
lanthanide compounds (Ln = La, Pr, Nd, Sm, and Eu) with the
3,5-disulfobenzoic acid (3,5-DSB), which forms MOFs of three
different structures and topologies promoted by different
coordination modes of sulfonate and carboxylate groups of
the 3,5-DSB ligand. The dependence was studied of the type of
the structures obtained vs the synthetic approach utilized. The
catalytic activity toward solvent-free cyanosilylation reaction
was tested for the compounds produced; in addition, the
reactivity was studied as a function of the structure, the metallic
cation, and the type of the substrate.

B EXPERIMENTAL SECTION

General Information. All reagents and solvents employed were
commercially available and used as supplied without further
purification: 3,5-disulfobenzoic acid, disodium salt (98% Sigma-
Aldrich); Ln(NO,);6H,0 (Ln = La, Pr, Nd, and Sm; all 99%
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Strem Chemicals); Eu(NO,);-6H,0 (99% Acros Organics). The IR
spectra were recorded from KBr pellets in the range 4000—250 cm™
on a Bruker IFS 66 V/S. The thermogravimetric and differential
thermal analyses (TGA-DTA) were performed using Seiko TG/DTA
320U equipment in a temperature range between 25 and 1000 °C in
air (100 mL/min flow) with a heating rate of 10 °C/min. A Perkin-
Elmer CNHS Analyzer 2400 was employed for the elemental analysis.

Synthesis. Three RPF-21-Ln with formula [Ln(3,5-DSB)(H,0);]
(Ln La, Pr, Nd) were synthesized under the same reaction
conditions. For the Pr compound, 0.075 g (0.23 mmol) of 3,5-
DSBNa, was added to a solution of Pr(NO;);-6H,0 (0.1 g, 0.23
mmol) in water (6 mL); subsequently, an aqueous solution of sodium
hydroxide (1 mol/L) was dropwise added, adjusting the pH value of
the initial reaction mixture to ~6—7. The mixture was then
magnetically stirred at room temperature for S min and afterward
was transferred to a Teflon-lined stainless steel autoclave and heated at
170 °C for 24 h. After the mixture was cooled to room temperature,
the crystalline product was filtered and washed with water and acetone.
As mentioned above, using the same procedure, La and Nd
compounds were obtained. Elemental analysis: calculated for La
(C,H,;0.58,La): C, 16.54; H, 2.58; S, 12.61. Found: C, 16.68; H,
2.54; S, 11.81. Calculated for Pr (C,H;;0,35,Pr): C, 16.48; H, 2.57; S,
12.56. Found: C, 16.49; H, 2.43; S, 12.06. Calculated for Nd
(C;H;3045358,Nd): C, 16.37; H, 2.55; S, 12.49. Found: C, 16.24; H,
244; S, 11.34.

RPF-22-Ln. [Ln(3,5-DSB)(H,0);] (Ln = La, Pr, Nd, Sm, and Eu).
For the Pr compound, 3,5-DSBNa, (0.075 g, 0.23 mmol) was added to
a solution of Pr(NO;);:6H,0 (0.1 g, 0.23 mmol) in water (6 mL); an
aqueous solution of sodium hydroxide (1 mol/L) was dropwise added,
adjusting the pH value to ~7, and magnetically stirred at room
temperature for S min. The resultant reaction mixture was transferred
to a Teflon-lined stainless steel autoclave and heated at 200 °C for 24
h. After the mixture was cooled to room temperature, the crystalline
product was filtered and washed with water and acetone. The same
procedure was used for the synthesis of the La, Nd, and Sm
compounds. Elemental analysis: calculated for La (C,H,04;S,La): C,
17.81; H, 1.92; S, 13.58. Found: C, 17.29; H, 1.63; S, 12.50. Calculated
for Pr (C,Hy0,;S,Pr): C, 17.73; H, 1.91; S, 13.52. Found: C, 17.74;
H, 1.77; S, 13.31. Calculated for Nd (C,H,0,,S,Nd): C, 17.61; H,
1.90; S, 13.43. Found: C, 17.60; H, 2.07; S, 12.58. Calculated for Sm
(C,H,0,,8,Sm): C, 17.38; H, 1.88; S, 13.26. Found: C, 15.56; H,
1.54; S, 12.23. Calculated for Eu (C,H,0,,S,Eu): C, 17.33; H, 1.87; S,
13.22. Found: C, 16.81; H, 1.73; S, 12.87.

Using the same reaction conditions as for RPF-22-Ln but
augmenting the time of the hydrothermal reaction up to 3 days,
RPF-23-Ln [Ln,(3,5-DSB),(OH),;(H,0),;] (Ln = Pr, Nd, and Eu)
were obtained. Elemental analysis: calculated for Pr (C,,H,;;0,,S,Pr3):
C, 15.48; H, 1.39; S, 11.80. Found: C, 15.61; H, 1.52; S, 11.09.
Calculated for Nd (C,,H;50,,S,Nd;): C, 15.34; H, 1.38; S, 11.70.
Found: C, 15.3; H, 1.51; S, 12.36. Calculated for Eu
(C14H50,,8,Eu;): C, 15.02; H, 1.35; S, 11.46. Found: C, 16.87; H,
1.63; S, 11.11.

Single-Crystal Structure Determination. Single-crystal X-ray
data for all compounds were obtained in a Bruker-Siemens Smart
CCD diffractometer equipped with a normal focus and with a 2.4 kW
sealed tube X-ray source (Mo Ka radiation = 0.71073 A) operating at
50 kV and 30 mA. Data were collected over a hemisphere of the
reciprocal space by a combination of three sets of exposure. Each
exposure of 20 s covered 0.3° in . The unit cell dimensions were
determined for least-squares fit of reflections with I > 200. The
structures were solved by direct methods. The final cycles of
refinement were carried out by full-matrix least-squares analyses with
anisotropic thermal parameters of all non-hydrogen atoms. The
hydrogen atoms were fixed at their calculated positions using distances
and angle constraints. All calculations were performed using SMART
software for data collection,” SAINT for data reduction,’® and
SHELXTL to resolve and refine the structure.'!

X-ray Powder Diffraction. Powder X-ray diffraction (PXRD)
patterns were measured with a Bruker D8 diffractometer, with step size
= 0.02° and exposure time = 0.5 s/step. X-ray powder diffraction
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measurements were used to check the purity of the obtained
microcrystalline products by comparison of the experimental results
with the simulated patterns obtained from single crystal X-ray
diffraction data. The residues of the compounds after TG analyses
were analyzed by X-ray powder diffraction and compared with the
ICSD patterns reported.

Computational Details. Ab-initio calculations were performed by
plane-wave density functional (PW-DF) calculations using the VASP
package.'> The energy is calculated by employing the generalized
gradient approximation, in particular, the exchange and correlation
functional of Perdew and Wang (PW91)."> The effect of the core
electrons on the valence electron density was described by the
projector augmented wave (PAW) method."* The cutoff for the
kinetic energy of the plane waves has been set to 415 eV throughout,
which after extensive test proved to ensure a total energy convergence
better than 107® eV. Geometry optimization on selected starting
geometries obtained from single-crystal X-ray diffraction (see
corresponding experimental details) was carried out using a
gradient-conjugate method. The apparent formation energy was
calculated as an energy difference between the corresponding reagents
and MOFs structures.

Catalytic Study. The detailed reaction conditions are shown in the
captions of Tables 2 and 3 and Scheme 2. The cyanosilylation reaction
of aldehydes was carried out at 40 °C. Into a Pyrex-glass screw cap vial
(volume: ca. 10 mL) were successively placed catalyst (S mg, 1 mol %)
and aldehyde (1 mmol), in the absence of solvent. A Teflon-coated
magnetic stir bar was added, and the reaction was initiated by addition
of trimethylsilyl cyanide, TMSCN (1.5 mmol). The reaction mixture
was vigorously stirred (800 rpm) at 40 °C under N, atmosphere. The
progress of the reaction was monitored by GC analysis. After the
reaction was completed, the solid was removed by centrifugation of the
reaction mixture. All products (cyanohydrin trimethylsilyl ethers) were
identified by comparison of their GC retention times, GC-MS spectra,
and/or 'H and BC NMR spectra with those of authentic data. GC
analysis was performed using Konik HRGC 4000B GCMS with a
cross-linked (95%)-dimethyl-(5%)-diphenylpolysiloxane (Teknokro-
ma TRB-SMS) column of 30 m.

Recycling Experiment. The reuse experiment was carried out for
the cyanosilylation of benzaldehyde. The reaction was carried out
under the standard conditions. After the reaction was completed
(more than 90% conversion, 240 min), the catalyst was recovered by
filtration (4.3 mg, 86% recovery), washed with acetone, and air-dried
prior to being used for the reuse experiment. The PXRD pattern of the
retrieved catalyst was identical to that of the fresh (Supporting
Information Figure SS). In addition, the recovered catalyst can be
reused for cyanosilylation of benzaldehyde without an appreciable loss
of its high catalytic performance. When the cyanosilylation of
benzaldehyde was carried out with the recovered catalyst under the
standard conditions, cyanohydrin trimethylsilyl ether was obtained in
91% yield (in 240 min).

B RESULTS AND DISCUSSION

Effect of Synthesis Conditions. In order to obtain pure
phases in the system Ln®*—3,5-DSB, several synthetic experi-
ments were carried out. Different compounds were obtained by
hydrothermal reaction of a stoichiometric (1:1) mixture of
reactants. The reaction variables were the temperature and
time. First, it was found that at temperatures lower than 170 °C
no product was formed. When performing the synthesis at 170
°C during 24 h, RPF-21-Ln structural type (ST) with formula
[Ln(3,5-DSB)(H,0);] (Ln = La, Pr and Nd) is obtained as a
pure phase. By increasing the reaction temperature up to 200
°C, [Ln(3,5-DSB)(H,0);](Ln = La, Pr, Nd, Sm, and Eu) with
RPF-22-Ln ST comes up as a unique phase in 24 h. However,
when performing the synthesis at these last conditions during 3
days, a new more condensed phase is obtained as the only
reaction product: [Ln;(3,5-DSB),(OH);(H,0);] (Ln = Pr,
Nd, Eu), RPF-23-Ln, with Ln/DSB ratio = 3/,. To understand
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Figure 1. ORTEP drawing of the asymmetric units for (1) RPF-21-Nd, (2) RPF-22-Nd, and (3) RPF-23-Nd; ellipsoids are displayed at the 50%

probability level.

better the process, more experiments were performed, and the
results are shown in Figure 10, right, and in Supporting
Information Figure S2. The increase of the reaction time
provokes a decrease in the coordinated water molecules
number and augments coordination of the ligand sulfonate
groups to the metallic center (RPF-21 and RPF-22 are 2D
structures). When increasing the temperature, the more
condensed (RPF-23) 3D structure is obtained in a shorter
period of time.

Structural Analysis. Figure 1 shows the asymmetric units
(AU) for the three structural types. The main crystallographic
and refinement data are given in Table 1.

RPF-21-Ln is a series of isostructural compounds with
formula [Ln(3,5-DSB)(H,0)s] (Ln = La, Pr, and Nd) that
crystallizes in the triclinic space group P1. In this structural
type, the metallic centers are nine-coordinated to five water
molecules, two carboxylate groups, and two sulfonate groups,
forming LnQO, trigonal prism square-face tricapped polyhedra
(TPRS-9)."® The (3,5-DSB) linker joints the PBUs through the
carboxylate, and one of the sulfonate groups along the [010]
and [001] directions, respectively, acting thus, in a 7%, mode
for both connections (Scheme 1, Figure 2). This arrangement
gives rise to layers in the plane (011).

The layer can be topologically described as a uninodal 4-
connected net type sql/Shubnikov tetragonal plan'® with point
(Schlifli) symbol (4*6%), where the nodal point is sited either
at the metallic center position or at the ligand middle point of
the C—S line (Figure 3).

The supramolecular 3D structure is formed mainly through
hydrogen bonds, that link the covalent layers forming a three-
dimensional supramolecular net. This net can be topologically
explained by the connection of the uncoordinated sulfonate
group with a coordinated water molecule of the adjacent layer,
at a distance O9—H9B--07 of 2.77(1), 2.75(2), and 2.760
(6)A for La, Pr, and Nd, respectively. Only the strongest
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hydrogen bond, which gives dimensionality to the net along the
[100] direction, was considered in the topological study. With
these new connections, the nodes extend their connectivity to
five, and the resultant network is a uninodal S-connected net
with the point (Schlifli) symbol (4%6*) for the net and
topological type bnn hexagonal BN (5/4/hS; sqc12)"™ (Figure
4).

RPF-22 structural type, with formula [Ln(3,5-DSB)(H,0);]
(Ln = La, Pr, Nd, Sm, and Eu). The lanthanide cation is
octacoordinated to three water molecules and five ligand
oxygen atoms in a LnOg dodecahedron. As it happens in RPF-
21, the carboxylate and one sulfonate group of the 3,5-DSB are
both 7%, coordinated; however, the remaining sulfonate group
that was free in the latter acts in a 7' mode in RPE-22. This
connectivity gives rise to a bidimensional array in the (110)
plane. The anti—anti disposition of the sulfonate groups and the
*u, mode of the carboxylate group allow the formation of
LnOg—C,—LnOg paddle wheel SBUs, which grow along [100]
thanks to the sulfonate group SBU—S,—SBU connections.
Along the [010] direction, the whole ligands link these chains
developing the layer. This arrangement forces the superposition
of the aromatic rings and stacking interactions (Figure S) with
distances between centroids of 3.4778(3), 3.5087(5S),
3.5339(4), and 3.6036(3) for Eu, Nd, La, and Pr, respectively.

The layers can be topologically explained as a uninodal 5-
connected net (the ligand also links five metallic centers, S-
coordinated nodes) of the type SP 2-periodic net (6,3)Ila with
point (Schlifli) symbol (4%-6*) (Figure 6).

In this structural type the 3D supramolecular arrangement
between layers is driven, as in RPF-21, by hydrogen bonds. The
strongest hydrogen interaction is between a water molecule and
a sulfonate oxygen with O9—H9A--O7 distances 2.739(7),
2.781(9), and 2.725(5)A for La, Pr, and Nd, respectively. This
interaction increases the net dimensionality by connecting the
layers along the [001] direction. As a result of these

dx.doi.org/10.1021/cg301096d | Cryst. Growth Des. 2012, 12, 5535—5545



Article

Crystal Growth & Design

SY8'1— pue ¢I¢'e

0STT'0 ‘62S0°0

0L60°0 ‘00+0°0
9LTT
88¢/0/89TY

8'96

[8920°0]
89TH/¥S16

€0°ST—S6'T
9501

968°L
86'C
[4

(8)8S°9tT1
(1)S¥9'sL
(1)€L'T8
(1)086°LL

(9)s8LeLT

(¥)7996°01
(€£)8826'9

1d

SrurpPLy

SYO1TI

fngrgCoSIHYD
ng-€C-Add

€T8C— PUe 9T S61°'9— PUe €9¢°S

€061°0 ‘€SL0'0

€€8T°0 ‘SS90°0
99T T
TTe/0/9LEY

696

[99¢€0°0]
9LEY/LTT6

0ST—6T'T
8¢0T

SS9
€58C
[4

(v)6'SLer
(e)ogsse
(e)1eees
(e)6v8LL
(e)¥Ss L1
(81)8¥€0°TT
(T1)1586'9

1d

orurpPLy

979601

PN'SEOSTHD
PN-€C-Add

88€0 ‘96170

LISTO ‘6L80°0
€8T
6T€/0/¥L6€

186

[vosT0
] vL6g/STEPT

TI'79—8SC
(4301

89891
S08'C
C

(L)eg98tl
(1)¥09°SL
(1)€L1°28
(1)€T8°LL

(9)s819°L1

(¥)S€SOTT
(T)L£00°L

Id

oTurpLYy

LT9801

17"STOSTH D
II-€T-Ad

98S'T—
pue LS80

70L0°0 ‘80£0°0

6890°0 08200
980'T
861/0/1LYT

€86

[s6z070]
1L¥T/6€TS

LEIT—86'T
89

80S°S
S99t
[4

(6)88°€19
(1)S8€+01
(1)e9L€6
(1)88T°CTT
(6)190t'11
(8)L960°6
(9)965L°9

1d

JrurpILY

STS8Y

ng'S""OCHD
ng-77-4d4

168°0—
pue $96°0

£0S0°0 ¥€20°0

€6¥0°0 ‘L0200
+90°'T
S1T/0/v6¥C

L'86

[zezo0
] v6tC/66TS

LEIT—LY'T
99%

SST'S
€09'C
(4

(st)erLio
(D11Y01
(D)Loc6
(D¥eTETT
(on)TrTH 11
(eT)TETT6
(6)9SLL9

Id

orurpI

Y9'€8t

wss"OHD
wS-7Z-1dd

TLOT—
pue 6€T'T

9590°0 ‘09€0°0

S€90°0 ‘26200
10T
061/0/¥L¥T

+'96

[6870°0]
YLYT/6€T1S

LEIT—LE6'T
w9

SYSv
LEST
(4

(ST)17°S°9
(2)99t+01
(D)¥8¢c6
(0)89¢°€T1T
(91)EP9F 11
(€1)¥991°6
(6)81089

1d

JrurpILI

S'LLY

PN’S"'O°HD
PN-7T-ddd

1S6C—
PUu® 0960

08L0°0 ‘89€0°0

1LLO0 ‘S¥E0°0
99T'T
061/0/0t0€

I'L6

[9sz00]
0t0€/ST€9

8T'8CT—96'T
09%

6YTH
Setv't
(4

(91189
(8)9€S+01
(6)8TT°€6
(8)soveTT
(9)se6r'11
(S)ziee
(¥)S18°9

1d

JrurpILY

6TvLY
13S0 HD
13-70-Add

Ty 1—
pue 1950

STLO0 ‘TEF00

€690°0 ‘1SE0°0
011’1
+17/0/7TTT

$'86

[cec00]
TTTT/1S8%

€0°ST—S6'T
9St

YILe
a4
C

(TDIT1H9
(1)219%01
(2)618°76
(1)S6S°€TT
$1)T9ES'TT
(6)90LT°6
(£)S098°9

Id

JrurpLg

61°TLY
eTS M OSHD
eT-7C-Add

£€€6'0—
PU® $.6°0

£+80°0 ‘S8¥0°0

6080°0 ‘08€0°0
501
01¢/0/€T6¢

86

[81¥00
] €c6T/6L19

LE9T—TET
(N

688°¢
€CeT
[4

(6)Tr¥EL
(1)09¢°s01
(T)vLrg6
(1)166'STT
(8)tLeo01
(L)eLotor
(9)6816'L

1d

OIuIpPLy

SSETS

PN’S'Of'HD
PN-TZ-d0d

S6LT—
pue SeT°¢

€50T°0 ‘96900

81600 ‘9¥¥0°0
10T
702/0/T9¢

6'86

[ost00]
TH9E/L8IL

6T 8T—¢€CT
00S

S¥9e
°6TT
(4

(6)or'6<L
(1)89¢°s01
(1)€0€°€6
(1)696'ST1
(L)695901
(L)126T01
9)rLE6L

Id

orurL)

TTo1S
135S O D
Id-1T-ddd

970"C—
pue 609'T

0LTT°0 ‘LLSO'0

9STI'0 ‘8€S0°0
SITT
°0¢C/0/¥THT

$°06

[86£0°0]
YTrT/8LTY

€0°ST —ST'C
0L

6LT'E
ee
(4

(9)resL
(8)¥S¢so1
(6)L¥97€6
(8)L£6°STT
(S)¥rLo1
(s)oseot
(v)s86'L

Id

oTurpLy

TT80S

TS OTHLD
TT-IT-ddd

[0y pue
yead gip 3s98re[

(erep &) TIm
(erep [IE) T

[(1)ot
<] TYm
[(Dot <1] 1M

o uo

J1j-Jo-ssaupood
surered

/syurensal/eyep
%)

$S9UR9[AUWI0D

((uy)

anbrun
/P399[]02
SUOTO3[JaI

(3p)

uond3[[0d
ejep 105 aSuer g
(000)4

()
320 sqe

(g /3ur) Prg
VA
(¢Y)

ouINjoA
(32p) 4
(3p) ¢
(8op) »
V)2
(V) q
(y)»

SUOISUSWIP
[[92 run

dnoi8 aoeds
wa)sAs [e3sA1o
MA

ﬁH—AEH D.w
[eotdwo

pduroo

uT-€7-dAd PUe ‘UT-TT-dAd ‘WI-1T-ddd 10§ eye( uswauyay pue [e3sd1) ‘T dqeL,

dx.doi.org/10.1021/cg301096d | Cryst. Growth Des. 2012, 12, 5535—5545

5538



Crystal Growth & Design

Scheme 1. Representation of Coordination Modes for the
3,5-DSB Ligand in RPF-21, RPF-22, and RPF-23
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Figure 2. RPF-21 (left) view of the layers along the [100] direction;
(right) view of the hydrogen bonds between layers along [001].
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Figure 3. RPF-21: Topological representation as a 4-connected
Shubnikov tetragonal plane.
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Figure 4. RPF-21: Topological representation of the supramolecular
net as a S-connected bnn hexagonal net.
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Figure S. RPF-22: (left) view of the layer along the [001] and [100]
directions; (right) polyhedral representation of the metal environment.
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Figure 6. RPF-22: Topological representation of the S-connected SP
2-periodic net (6,3)1Ia.

connections, the supramolecular net can be topologically
explained as a 6-connected uninodal net of type 6/4/
t7(sqc885), with point (Schlifli) symbol (4''-6*) (Figure 7).
RPF-23-Ln compounds possess the formula [Ln;(3,5-
DSB),(OH);(H,0);] (Ln = Pr, Nd, Eu). The asymmetric
unit is formed by three different metallic centers. Two of them,
Ln2 and Ln3, octacoordinated, form trigonal prism square-face
bicapped polyhedra, while the third one (Lnl), nine-
coordinated, is at the center of a trigonal prism square-face
tricapped polyhedron.'® The asymmetric unit also comprises
two crystallographically independent ligands, three hydroxyl
groups, and three coordinated water molecules. The Ln3
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6-connected
node

Figure 7. RPF-22: Topological representation of the supramolecular
net as a 6-connected type sqc88S network.

coordination environment consists of four sulfonate oxygen
atoms, two chelate carboxylate oxygen atoms, one hydroxyl
group, and one water molecule. Ln2 is coordinated to three
sulfonate oxygen atoms, three hydroxyl groups, one carboxylate
oxygen atom, and one water molecule. Finally, the Ln1 cation is
coordinated to three sulfonate oxygen atoms, three hydroxyl
groups, two chelate carboxylate oxygen atoms, and one water
molecule. Six-polyhedra secondary building units (SBUs) are
formed by junction of one central sharing edge [Ln,(ys-
OH),(4-OH),4(H,0)4(04)4(O)12] (cb = carboxylate, sf =
sulfonate) tetranuclear cluster, which is formed thanks to the
presence of two p3-OH™, two u,-OH™, two U, oxo-
carboxylates, and two more terminal polyhedra (Ln3) in such
a way that the SBU formula is [Lng(p3-OH),(u-
OH),4(H;0)6(0)s(Oy1)20] (Figure 8).

The two anions of the multitopic 3,5-DSB ligands, whose
sulfonate groups act in both 7*u; and 1’4, modes, differ in the
carboxylate coordination mode, since they act as #* in one of
them and as 1°u, in the other (Scheme 1). The SBUs are linked

Figure 8. RPF-23: (top) polyhedral representation of the SBU;
(bottom) view of the network along the [100] direction.
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along the [100] and [001] directions through the 77°u; and 17y,
sulfonate groups, respectively, giving rise to infinite inorganic
layers in the plane (101) junctions among layers made via the
whole ligand.

The topological simplification of this complex 3D net is quite
complicated, and it has been done as follows: the central cluster
[Ln,(OH),]*" and the [Ln,(SO,),], chains along the [010]
direction have been taken separately. The central cluster can be
simplified as a 12-connected node, while the Ln atoms involved
in the chains are considered as 6-connected nodes, with the two
ligand centroids being depicted as 6- and 4-connected nodes
(Figure 9). With this simplification the network is a new four

Four nodal:
4,6,6,12-connected
net with new
topology

chain

ihain cluster

Figure 9. Polyhedral and topological representations of RPF-23 along
the [010] and [100] directions.

nodal net, with the point (Schlifli) symbol (3*47-5*6%)2-
(3%4%53-67)2(3%420.5".62°-8%)(4)2. 1t is worth pointing out
that the topology the RPF-23 net exhibits is a new topology
and, thus, is not registered in any database yet.

Two or more structural types appear along the studied
lanthanide series: the La compound adopts the RPF-21 and
RPF-22 STs; the Pr compound comes up with RPF-21, RPF-
22, and RPF-23 STs; the Sm compound only accepts the RPF-
22 ST; Eu can appear with RPF-22 or RPF-23 STs so that the
bridge lanthanide between two structural types can exhibit,
besides its own structural type, those of the two adjacent
lanthanides. The only found exception in this series is the Sm
compound, which should adopt the RPF-23 ST too, but until
now there is no evidence or trace of its presence in any of the
performed reactions. It has to be noticed that when the
synthesis temperature is lowered to 170 °C for Sm and Eu,
another phase appears (under study now).

IR Spectra. The RPF-21-Ln compounds present the same
IR profile. Symmetric and antisymmetric OH stretching bands
appears as a broad band at 3550 cm™". The C—H vibrations
belonging to the aromatic rings of the 3,5-DSB ligand are found
around ~3050—3100 cm™'. The bands present at ~1570 and
1610 cm™ are assigned to v,,(OCO) vibrations, and the bands
at ~1390 and ~1440 cm™ are associated with the symmetric
v,(0OCO) mode. S=0 and S—O vibrations are observed in the
region of ~1040—1130 cm™ and are related with the
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Figure 10. (left) Calculated formation energies. (right) Summary of the hydrothermal conditions for compounds RPF-21, RPF-22, and RPF-23.

coordinated sulfonate group.'” In this region we can also find
four bands characteristic of the bridged bidentate sulfonate
group (7°u,). The band around ~435 cm™ is assigned to M—
O vibrations (Supporting Information Figure S2). Although
compounds RPF-21, RPF-22, and RPF-23 are different
structurally, they have similar vibrational spectra, and the
same spectral profile inside compounds’ families. OH stretching
bands are present in the region 3200—3600 cm™" for both RPF-
22 and RPF-23 compounds. The C—H ring vibrations are
observed at ~3060—3100 cm™'. For S$=O and S—O, four
bands in the region of 1050—1130 cm™ in the spectra of RPF-
22 are broader than in the case of RPF-21, due to the presence
of *u, and n* coordination modes in the RPF-22-Ln; in RPF-
23-Ln, only three bands are present in the same region for the
combination of 5%, and 7’3 modes."”

Thermal Study. The thermogravimetric analysis for the
RPF-21, RPF-22, and RPF-23 compounds shows them to be
stable thermally up to 500 °C. Compound RPF-21-Ln presents
a mass loss of the coordinated water molecules in three stages:
at ~70, ~130, and ~160 °C. The total decomposition of the
structure begins at ~540 °C, and the final product found was
(Ln0),S0, [ICSD 66823]."®

Compound RPF-22-Ln presents a mass loss of three
coordinated water molecules around ~110—150 °C depending
on the metallic cation. For all compounds, the decomposition
begins at ~530 °C with the final formation of (Ln0),S0,."®

The thermal decomposition of compounds RPF-23-Ln
begins with the gradual mass loss corresponding to coordinated
water molecules at ~140 °C, followed by the decomposition of
the ligand at ~460 °C approximately, with the same
decomposition product as in the above cases.

Theoretical Stability Studies. Previous works have shown
that theoretical calculations are a powerful tool to determine
the factors that govern the mechanisms of MOFs formation."”

This work also confirmed the important role that the
synthesis conditions play in the structural properties of the
obtained organo—inorganic frameworks. With the aim to
determine and understand the factors that have influence in
this experimental behavior, a series of theoretical PW-DF
calculations were carried out. As the new praseodymium
materials exhibit three structural types, these element
compounds were chosen to perform the structural stability
study and carry out comparisons. In all cases, the geometry
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optimization converged to a stable structure with the same
topology as that determined experimentally, even though no
symmetry constraints were imposed.

Taking into account the results coming from formation
energies (Figure 10), several conclusions can be drawn. First,
the RPF-23 phase presents the lowest formation energy (Ep,,),
while, for RPF-21 and RPF-22, the energetic stability is almost
the same. This fact and the experimental results indicate that at
shorter reaction times and low temperature the reaction is
kinetically controlled, obtaining for short periods of time RPF-
21 and RPF-22, while at longer reaction times RPF-22 is
obtained, along with traces of the most stable phase.

With the temperature increasing (200 °C), the reaction
obeys a kinetic control, but the obtained phase is RPF-22, with
slightly higher energy than RPF-21. This behavior is due to the
fact that, by increasing the reaction temperature, a reduction in
the number of coordinate water molecules and a higher
coordination of the ligand sulfonate groups to the metallic
center is provoked. This water lost leads to the formation of the
RPF-22 phase at the beginning of the reaction and to the most
stable phase RPF-23, with 3D structure, at longer periods of
time.

Catalytic Study. Cyanosilylation reactions (CSRs) are
important C—C bond-forming reactions that are catalyzed by
Lewis acids and Lewis acids/bases.?’ In coordination polymers,
vacant coordination site(s) on the metal and/or functional
organic sites for possible interactions with reactants have been
reported to be involved in catalysis of these reactions.”" In the
cyanosilylation reaction, methodologies which involve the
utilization of homogeneous, heterogeneous, or enzymatic
catalysts have been widely studied.*” Many of them involve
high cost or high difficulty to separate the final product.
Therefore, this paper is addressed to the creation of new
metal—organic framework catalysts for cyanosilylation reactions
under soft conditions, low catalyst charge, and solvent-free
conditions.

First of all, the reaction conditions were established as
follows: T = 40 °C, 1 mol % of catalyst, in the absence of
solvent and using the benzaldehyde as model substrate. Second,
the three praseodymium compounds belonging to the RPF-21,
RPF-22, and RPF-23 frameworks were tested on it as catalysts
with the following results: The three of them catalyze the CSRs
within 4 h (Scheme 2 and Table 2); however, a remarkable
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Scheme 2. Catalytic Cyanosilylation of Various Aldehydes

_Si(CH
O cat.(1mol%) O (CHals

Ar"H (CHJSICN ooy

Table 2. RPF Compounds as Catalysts for Cyanosilylation of
Benzaldehyde

time yield TOF coord
(h)  (%)* (hY)® dimensionality topology no.
RPF- 4 90.7 78.8 2D sql/Shubnikov 9
21-Pr tetragonal plane
RPF- 6 54 10.2 2D SP 2-periodic net 8
22.Pr (6,3)IIa
RPF- 6 90.3 13.8 3D new topology 89
23-Pr
RPF- 4 93.2 712 2D sql/Shubnikov 9
21-La tetragonal plane
RPF- 4 89.2 73 2D sql/Shubnikov 9
21- tetragonal plane
Nd

“Yield determined by GC-MS. TOF: %Conv (mmol of substrate/
mmol cat.).

difference in activity was found between RPF-21 and the other
two structural types (Figure 11). Once the kinetic profiles and
the reactivity ratio of the three different compounds were
known, the influence of the metal center in the reactivity was
also studied in RPF-21-Ln (La, Pr, and Nd). As can be seen in
Figure 12 and Table 2, the metal center does not have a
significant influence on the reactivity.

As a result of these tests, and taking into account the net
topologies, the coordination number of the metals, and the
dimensionality of the nets (Table 2), some conclusions can be
extracted: (i) The activity depends mainly on the network
structure. (ii) For RPF-21, which bears the Ln cation with the
highest coordination number, and thus less vacant positions,
with five of the nine positions occupied by water molecules, it
seems quite plausible that the reaction proceeds via displace-
ment of the labile water by aldehyde before its activation and
reaction (Scheme 3). (iii) In the case of RPF-22 and -23 the

possible mechanism follows the same water displacement, but
the lability of the molecule depends on the metallic center
saturation, following the order of coordination number RPF-21
(CN =9) > —23 (CN = 8, 9) > —22 (CN = 8).

In a next step, the relation of the substrate nature and the
catalyst reactivity was also studied for RPF-21-Pr, with the
results showed in Figure 13. The conversion decreases in the
order 4-methylbenzaldehyde (99%) > benzaldehyde (90%) > 4-
fluorobenzaldehyde (70%), in line with their corresponding
electronic effects. Some tests were also performed with aliphatic
aldehydes, showing higher reactivity for the heptanal than for
the citral (Table 3); these latter results could indicate some
steric effect, too (Figure 13).

Recycling Test. To probe the heterogeneity of the catalysts,
after the catalytic reactions, all the compounds were recovered
from their reaction media. The solids were isolated, washed,
and analyzed to confirm the maintenance of the structure by
powder X-ray diffraction (Supporting Information Figure S6).
Specifically for compound RPF-21-Pr, this procedure was
realized at least four times, without loss of catalytic activity and
keeping the structure and the crystallinity after the last
experiment, as can be seen in Figure 14. These series of new
compounds are applicable heterogeneous active catalysts.

B CONCLUSIONS

Eleven new compounds, belonging to three new structural
types, have been obtained as pure phases, with different
lanthanide cations and the 3,5-DSB ligand. From the explored
hydrothermal synthesis conditions it can be established that the
increase of the reaction time leads to higher coordination of the
ligand sulfonate groups to the metallic center, and to a
reduction in the coordinated water molecules number.

Two or more structural types appear along the studied
lanthanide element series: the La compound adopts the RPF-21
and RPF-22 STs; the Pr compound comes up with RPF-21,
RPF-22, and RPF-23 STs; the Sm compound only accepts the
RPF-22 ST; Eu can appear with RPF-22 or RPF-23 ST's so that
the bridge lanthanide between two structural types can even
exhibit, besides its own structural type, those of the two

100 -

% Conversion

—=—RPF-21-Pr
- m- RPF-22-Pr
— =— RPF-23-Pr

T
180

T
0 60 120

T T T T T 1
240 300 360

t(min)

Figure 11. Kinetic profile for the cyanosilylation of benzaldehyde with the RPF-21-Pr, RPF-22-Pr, and RPF-23-Pr as catalysts.
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Figure 12. Kinetic profile for the benzaldehyde cyanosilylation reaction catalyzed by the isostructural compounds RPF-21-Ln (Ln = La, Pr, and Nd).

Scheme 3. Proposed Mechanism for the Cyanosilylation
Reaction in the Case of RPF-21

Ar

Main product

% Conversion
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Figure 13. Kinetic profiles for the RPF-21-Pr-catalyzed cyanosilylation
of aldehydes.
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Table 3. Scope of RPF-Pr-21-Catalyzed Cyanosilylation of
Aldehydes

Substrate Time (h) Yield (%)
F@J 7 80.3
o
H3c©J 05 99
/o)
04©J 24 86.1
/
P 2 96.7
Sy x No 24 82.8
cis/ trans

adjacent lanthanides. The only found exception in this series is
the Sm compound, which should adopt the RPF-23 ST too, but
until now there is no evidence of its presence in any of the
performed reactions.

The topological analysis of the compounds shows three
different networks, which directly depend on the ligand
coordination modes. It is remarkable that one of the three
topological nets (that of RPF-23) is a new four nodal net, with
(3%:47.5%6%)2(3%45.5%.6)2(3*4%°.5'*.67°.8%) (4°)2 point
(Schlifli) symbol; it has not been reported in any database yet.

Computational studies have determined the relative energies
for the three structural types that coexist under certain
hydrothermal conditions, and they have brought some light
to the thermodynamic or kinetic control that drives each
reaction

The new materials were tested as catalysts in cyanosilylation
reaction of aldehydes under solvent-free conditions. The three
of them catalyze the CSRs within 4 h, and a remarkable
difference in activity was found between RPF-21 and the other
two structural types. The activity mainly depends on the
network structure, with very little influence of the lanthanide
cation, and very probably, the reaction goes via displacement of
the labile water molecules by aldehyde before catalyst activation
and reaction.
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Figure 14. (left) Recyclability of compound RPF-21-Pr. (right) X-ray pattern comparison before and after four catalytic cycles.
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Experimental and simulated powder X-ray diffraction patterns
for RPF-21, RPF-22, and RPF-23. Powder X-ray diffraction
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