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ABSTRACT

A general synthetic strategy for the preparation of atomically dispersed, well-defined Lewis acidic
aluminum sites in silicate matrices is described and illustrated. These amorphous matrices are
composed of the spherosilicate cubes (Sis0,0) linked together by combinations of aluminum and siloxane
groups. The connectivity of the catalytically active aluminum centers to the surrounding silicate matrix
can be varied by choice of aluminum precursor. “Extraframework” 3-connected Al«Py and Al«THF sites
are obtained from the corresponding AICl;-L complexes and 4-connected “framework” sites from Y[AICl,]
(Y = Lutidinium, [BusN]*). The aluminum sites in these porous silicates are characterized by gravimetry,
IR and multinuclear SSNMR spectroscopies as well as ligand exchange reactions. Their catalytic activities
as Lewis acids are investigated for the aminolysis of styrene oxide by aniline. These single site
aluminosilicate catalysts exhibit activities that are comparable to or better than analogous, well-known

zeolite and amorphous aluminosilicate materials. Their activities are dependent on the connectivity of
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aluminum to the surrounding silicate matrix as well as the length and flexibility of secondary linkers in

the matrix.

Introduction

While homogeneous catalysts are generally better understood than heterogeneous analogues, the latter
are frequently preferred in large scale chemical industries due to ease of separation and recovery of the
catalyst and ready adaptation to continuous flow processes.[1, 2] Despite these advantages, a long-
standing challenge in heterogeneous catalysis has been the precise identification of the active sites
responsible for catalysis. This challenge is exacerbated by the fact that traditional methods of creating
surface active sites often lead to the formation of a number of different but similar sites, some of which
show reduced activity or selectivity for the desired reaction. In this context, the advantages of well
defined, single site catalysts are obvious.[3] Characterization is simplified when the spectral signatures
of multiple sites do not require deconvolution. As a result, counting sites and developing a fundamental
understanding of the mechanisms of catalysis are much easier. Single site catalysts are also expected to
be more specific for the substrates they accept and more selective for the products they produce.
Finally, a well-defined, single site catalyst is an ideal starting point for computational modeling which has

now become an integral part of catalysis science.[4-6]

The combination of these factors has led to increased interest in the targeted synthesis of single site
catalysts.[7, 8] The preparation of dense arrays of identical active sites on the surfaces of porous solids
remains challenging, however, as the inherent heterogeneity of surface functionalities or their uneven
distribution across oxide support surfaces makes it difficult to distinguish between rigorous single site
catalysts or materials exhibiting distributions of similar sites. Strategies to overcome these obstacles
include thermal conditioning of oxide supports[9, 10] and chemical modification of support surfaces to
tailor the number and distribution of surface hydroxy groups.[11] Direct grafting and tethering of
catalytically active complexes onto traditional support surfaces have led to a number of recent

advancements in this area.[7, 8]

Aluminosilicates, both zeolitic and amorphous, represent an important family of solid acid catalysts for
both academic study and industrial application.[12-14] This broad applicability has led to extensive

efforts to synthesize and characterize well defined aluminum sites within silicate networks.[15-23]
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“Framework” aluminum sites are isolated aluminum atoms embedded (4-connected to the surrounding
matrix) in the silicate scaffolding. They are generally believed to be the main Brgnsted site in
aluminosilicates when the counterion is a proton (1).[24] In most aluminosilicates other types of
aluminum sites also are present which are frequently described as “extraframework aluminum
species”.[14, 25-27] These range from isolated aluminum atoms that are not totally embedded in the
silicate framework to small domains of alumina that exist outside of the silica matrix, whether zeolitic or
amorphous. Much less is known about the roles this broad collection of potential active sites play in the
catalysis exhibited by aluminosilicates but they are known to be important in the reactions they
catalyze.[14] The frequent combination of both framework and extraframework active sites in
aluminosilicates is a good illustration of the challenges one faces when attempting to answer the

guestion of what the active site is in a heterogeneous catalyst.

An approach to addressing these challenges begins with the premise that the active sites in solid phase
catalysts should be clearly identified and a rational synthetic scheme developed to produce only the
targeted site throughout the matrix, similar to targeting a molecular catalyst in homogeneous systems.
In extending this strategy to heterogeneous systems several new requirements must be met. In a solid
phase catalyst, the active sites reside on the surfaces of the solid and must be easily accessed by
reagents in fluid phases (gas or liquid). Furthermore, high densities of targeted surface sites must also
be achieved while keeping them isolated from one another to prevent interactions that might create
new sites which exhibit undesired catalytic activities. It is with these objectives in mind that we have
developed a general synthetic methodology for the preparation of porous solid matrices containing

arrays of identical active sites for catalysis.[28, 29]

Herein we describe the targeted synthesis of porous aluminosilicate catalysts that contain different types
of aluminum sites. The first contain only 3-connected “extraframework”, Lewis acidic sites and the
second, only 4-connected framework sites (I and Il). The sites in these porous materials are
characterized by a variety of spectroscopic and analytical techniques as well as ligand exchange

reactions. Their activities as catalysts in the aminolysis of styrene oxide with aniline are described.
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General experimental details, instrumentation and a complete summary of spectroscopic data are

found in the supporting material to the manuscript. These may be accessed at the journal website.
Catalyst Synthesis:

Synthesis of 3-connected aluminum sites in SigO,-based building block matrices with disiloxy ethane
bridges ((1) Figure 1): 1.999 g (1.077 mmol) dehydrated (Me3;Sn0)sSigO;, (trimethyltin cube) was loaded
in a Schlenk vessel in a glove box and sealed. 20 cm® THF was then delivered to the reaction vessel and
stirred until a homogeneous solution was obtained. In a separate Schlenk vessel, a THF solution of 0.141
g (1.06 mmol) AICI; was prepared and kept at =78 °C. 0.086 g (1.087 mmol) pyridine was then added to
the AICI; solution which was warmed and stirred at RT for 15 min. The solution of Py-AICl; was then
added via syringe to the solution of the trimethyltin cube with vigorous stirring. The reaction was heated

at 60 °C for 48 h forming a hazy solution of aluminosilicate oligomers.

Al-connectivity to silicate cubes was determined by collecting all volatiles under vacuum in an external
cold trap. The only byproduct observed in the volatiles was trimethyltin chloride (NMR, GCMS). The
mass change in the reaction then defined the number of chlorides lost by aluminum in this first cross-

linking step.

The oligomers formed at this stage were redissolved in solvent and further cross-linked together with a
silyl chloride reagent such as 1,2 bis(dimethylchlorosilyl) ethane (0.473 g; 2.217 mmol) (conditions: 60
°C; 48 h) producing a milky gel. After heating, the solvent and byproduct, Me;SnCl, were again removed

under vacuum (60 °C) for 24 h giving 1.176 g of a white xerogel product (1).

Gravimetric determination of the total number of chloride groups reacted for both cross-linking steps
(exp. MesSnCl/theo. Me;SnCl) gave 100.4 %. Gravimetric analysis for this material gave an aluminum

wt% of 2.43% while elemental analysis (ICP-OES) gave an aluminum content of 2.23 wt%.

At this point in the synthesis it is estimated that one Mes;Sn group remains unreacted per cube in the
matrix, making the Al:Sn ratio ~1.0. Although residual trimethyltin groups were found to have no effect

on the catalytic activities of these materials, they could be removed via reaction with HCl-free



chlorotrimethylsilane (TMSCI). Reaction of a 3:1 molar ratio (TMSCI : residual tin group) at 60 °C for 12 h

gave rise to Sn-free xerogels (Al : Sn ratio ~60, ICP-OES, Table 1).

3-connected aluminosilicate xerogels 2, 5 and 6 were synthesized in a similar manner to the pyridine
adduct of aluminum trichloride. In the reaction of THF-AICl; with the tin cube, it is necessary to keep the
reaction solution at =78 °C while adding AICl; in order to avoid side reactions (e.g. THF ring opening). The
initial reaction mixture was kept at -78 °C for 12 h whereupon the temperature was slowly raised to 60

°C to complete the condensation.

The effect of varying the size and rigidity of the secondary linker on catalysis activity was investigated.
The ethylene bridge disiloxane (Figure 1) was used to prepare xerogels 1 — 4, while dimethyl siloxane
linker was used in the case of xerogel 5 and 1,3-(dimethylsiloxy) propane in the case of xerogel 6. The

conditions used to perform all secondary cross-linking steps were identical to those described above.

Aluminosilicate 1a was prepared from xerogel 2 by the exchange of THF for pyridine at the Al sites in the
xerogel. 0.279 g of xerogel 2 (0.222 mmol Al) was reacted with pyridine (0.035 g, 0.445 mmol; 2 eq
pyridine per Al site) in 5 cm® toluene at 60 °C overnight. The solvent and excess pyridine were then

removed in vacuo and the xerogel was dried overnight at 60 °C providing a white solid 1a.

Synthesis of 4-connected “embedded” aluminum sites in SisO,.-based building block matrices: Xergels 3
and 4 containing different counterions to the [AI(OSi),]” site were synthesized in a manner similar to
xerogel 1 from [BusN][AICl,], and [LuH][AICI,], respectively. Gravimetric analyses after the first cross-

linking are consistent with 4-connected Al centers in these xerogels (Table 1).
Precursor loadings, yields, and metal contents for the resulting xerogels are summarized in Table 1.

Table 1 Synthesis and ICP-OES Analysis Data for Aluminosilicate Catalysts

Xerogel | Alsite (mr:r:lol) (r:::\bgl) (r:“r:::)rl) t::e:l/tz; S;Ztl?: Ar';fiﬂ AI-::::/ZC:L‘GW
1 3C-AlPy | 1.06 | 1.077 = 222 | 243/223 @ 12 57 3/2.78
2 | 3C-AlTHF | 0502 | 0537 | 111 | 2.25/2.07 | 13 92 3/2.73
3° | 4C-ABuN'| 0267 0406 | 0.815 | 1.40/1.43 | 18 | 0.32 4/-
4° | 4CAILUH' | 0343 | 0449 | 0881 | 2.11/1.74 @ 16 | 0.50 4/4.17




5% 3C-Al«<THF | 0.652 | 0.799 1.51 1.99/2.29 14 0.50 3/2.73

6 3C-Al«THF | 0.600 | 0.791 1.58 1.82/1.77 16 0.44 3/2.73

®Experimental values from ICP-OES analyses; ®hased on reagent stoichiometry; ‘MesSn groups not
removed; “Me,SiCl, used as second cross-linker; *gravimetric data based on CISnMe; formed in first

cross-linking step; '1,3 bis(dimethylchlorosilyl) propane used as second cross-linker.

Reactions of triethylphosphate (TEPO) with xerogels 4 and 6: Samples were exposed to the TEPO in
toluene at 60°C for 24 hours after which all volatiles were removed (50°C). Solid state NMRs were

prepared and data were collected under air free conditions.

Catalysis Protocol. The products of the aminolysis of styrene oxide with aniline are shown in equation 1.

NH,
H Hid Equation 1
v

N
HO

Catalysis reaction mixtures consisted of catalyst (aluminosilicate xerogel, ca. 25 mg, 0.02 mmol Al), dry
toluene (5 cm?), styrene oxide (0.587 cm?, 5.00 mmol), and aniline (0.456 cm? 5.00 mmol). The
substrate to aluminum ratio was ~250 in all cases. All reactions were heated at 50 °C and stirred
continuously at 400 rpm. Reaction products were quantified via proton NMR spectroscopy after 15 min
using tetramethylsilane as an internal standard. To investigate Al leaching, ~150 mg of either catalyst 1
or 5 was used in regular catalytic reaction mixture for 2 h. After centrifugation and filtering away the
catalyst powder, the filtrate was dried in vacuo, oxidized and digested with HNO; and tested for the
presence of Al by ICP-OES. The recyclability of the catalyst was studied by washing the used catalyst with
toluene and drying under vacuum at 60 °C. The material was then reused as a catalyst in the aminolysis

reaction. This procedure was repeated three times with xerogels 1 and 5.
Results and discussion

Single-Site Strategy and Characterization: The strategy described here for constructing aluminosilicate

catalysts with atomically dispersed aluminum atoms is similar to our previous work involving single-site
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metallosilicates[30, 31] and rests upon three basic tenets: (1) the availability of linking reagents and a
silicate building block; (2) the ability to cleanly link the two together; and (3) a simple sequential addition
strategy by which the specific connectivity of the aluminum centers between building blocks can be

targeted in the final matrix.

Figure lillustrates the steps of the strategy for xerogel 1. In the first cross-linking step, trialkyl tin groups
on the terminal oxygens of the Sis0,, core cleanly react with the chloride ligands of Py-AlCl; to produce
Si—O—Al linkages (Dose 1, Figure 1).[31, 32] Based on gravimetric analysis of the trimethyltin chloride by-
product, all chlorides on aluminum are found to be reactive leading exclusively to a 3-connected

aluminum center linking three cube together.

The highest ratio of chloride to MesSn groups in this first cross-linking step that can be used and still
achieve reaction of all chloride ligands on aluminum is 3:8 (i.e. 1 Py-AlCl5: 1 cube). The connectivity
drops off at higher ratios presumably due to the increasing oligomer size and rigidity as more cross-links
are formed. It is important to note that reaching the limiting connectivity for aluminum in this first

cross-linking step is critical to achieving identical catalytic sites throughout these matrices.

Dose 1 _ . Dose 2
= Sig042(0SnMe;)s ~Z ™\
| | Me,Si  SiMe,
SN XN & 4
! J (ﬂ %.
g —Si
,Al\_c| o’AI\;’ i
Cl Cl Me,SnCl ] \ Me,SnCl
Si, :@

oligomeric mixture containing
only 3C-Al linking groups

- o~ -
; W/

Final amorphous matrix with
silane and aluminum linkers

Figure 1 Synthetic scheme for preparing aluminum sites targeting connectivity to the surrounding matrix
of SigO,, cubes.



The second step involves further cross-linking with a reagent that will produce chemically and thermally
robust bonds to hold the matrix together while not affecting the active sites. Chlorosilanes are ideal for
this purpose (Dose 2, Figure 1).[30] Three different linking groups were used in the preparation of these
catalysts to probe the influence of size and rigidity on the surface area, porosity and catalytic activity.
Dichlorodimethylsilane was the shortest and most rigid secondary cross-linker investigated (xerogel 5).
The ethylene bridged linker —OSiMe,-CH,CH,-SiMe,0— was used in the preparation of xerogels 1 —4. The
longest and most flexible linker had a 1,3 disiloxane propyl group bridging different cubes in the matrix

(6).

The last step in the synthesis of these nanostructured catalysts involves removing the remaining tri-
methyltin groups from the matrix by reaction with TMSCI to produce a robust, hydrophobic surface of
TMS groups grafted onto the aluminosilicate catalysts. During synthesis, all of the steps described above

were followed by gravimetric and ICP-OES analyses.

In the manner just described, a series of matrices containing atomically dispersed 3C- and 4C-aluminum
sites within a framework of cross-linked silicate building blocks were prepared (Table 1, Figure 2). Under
the synthesis conditions (reaction temperatures <60 °C) and assuming cube corners react independently
of each other, the formation of cross-links will be both random and irreversible, thus leading to

amorphous glasses. The lack of long range order was verified by PXRD scans on several samples.

3C-Al<L [X][4C-Al]
L=py (1), THF (2) X = NBu,* (3), LuH* (4)

Figure 2 3-connected (3C) and 4-connected (4C) aluminum(lll) sites in the xerogels 1 —4
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Figure 3 IR spectra of dried aluminosilicate catalysts

Infrared spectra of the dried xerogels are shown in Figure 3. Of note is the lack of vibrational bands for
OH groups, around 3400 cm™ and 950 cm™. This is consistent with the rigorous non-aqueous synthesis
conditions.[33] Strong CH; symmetric bending and rocking vibrations at 1261 and 839/754 cm™ are
assigned to Si—CH; groups.[34] Similarly, IR spectra of xerogels 3 and 4 show absorption bands
characteristic for tetrabutylammonium[35] (1466 and 1485 cm™) and lutidinium[36] (1628 and 1651

cm™?) cations.
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Figure 4 IR spectra of the pyridine ring vibration region of xerogels 1, 2, 1a



A prominent feature in all IR spectra is the strong band at 1082 cm™ which we assign to Si-O-Si/Al
bridges forming the aluminosilicate structure.[37-39] Finally, in the case of 1 prepared from Py-AlCl;,
distinct bands at 1456, 1495, and 1625 cm™ are observed which may be assigned to Lewis acid bound
pyridine[40, 41] and serve as clear evidence for the retention of pyridine coordinated to aluminum
throughout the synthesis (Figure 4). No bands for Brgnsted (pyridinium [HPy]’) or silanols bound
pyridine are observed for any of the catalysts described above.[37] Xerogel 1a, prepared from the THF-
containing xerogel 2 by the exchange with pyridine, gives rise to an IR spectrum that is virtually identical

to 1 containing purely Lewis bound pyridine (Figure 4).

Al MAS NMR spectra (Figure 5) of all xerogels reveal only a single resonance at ~49 ppm. Its
assignment to 4-coordinate Al species in a silicate network is well documented in the literature.[42-44]
Of note is the fact that THF exchange by pyridine (2-fold excess) does not give rise to AI-SSNMR signals

for higher coordination Al centers in xerogel 1a.[45]

4
4C-Al-LuH"
3

.
4C-Al-Bu N
4
1a
3C-Al«Py

2
3C-Al«-THF
1
3C-Al<Py

T T T T T T T T T T T
150 100 50 0 -50 -100 -150
Chemical shift (ppm)

Relative intensity (a.u.)

Figure 5 Al MAS NMR spectra of aluminosilicate catalysts 1-4,.
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3C NMR resonances (7, -1, and -3 ppm) for the disilyl ethane linking and trimethylsilyl (after removal of
trimethyltin) groups present in xerogels 1, 1a, and 2 were assigned to OSiMe,CH,, OSiMe,CH, and
OSiMe; groups, respectively (Figure 6). Signals for pyridine aromatic ring carbons and THF ligands
coordinated to 3C-Al sites were observed for xerogels 1 and 2, respectively. Similarly, signals
characteristic for tetrabutylammonium, and lutidinium were observed in the spectra of xerogels 3, and 4,

respectively (Figure 7).

Pyridine
1a
3 | 3C-Ak-Py H l
!ﬁ. S e N
2
Z, THF
o
£ 2 /s
o |3CAlTHF
2
ki -
&9 Pyridine
1 ol
3C-Al«Py ~ A
T T T T T
250 200 150 100 50 0 -50

Chemical shift (ppm)
Figure 6 °C CPMAS NMR spectra of Aluminosilicate Catalysts 1, 2, and 1a

The C CPMAS NMR spectrum of xerogel 1a after exchange of THF for pyridine (2 mole eq pyridine for
each Al«THF site; 12 hrs; 60 °C) showed signals of coordinated pyridine, and no signals for residual THF
(eq 2). The desired reaction was further confirmed by proton NMR analyses of volatiles, which showed
resonances assigned to THF and pyridine in the expected ratio after the reaction. Similar results were

observed for xerogel 6 where full exchange took only 2 hr at 60 °C.

(= Si0);Al « THF + 2Py — (=Si0);Al—Py +1THF + 1Py (2)
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Figure 7: °C CPMAS NMR spectra for samples of aluminosilicate catalysts 3 and 4. (* denotes spinning
sidebands; + denotes residual THF after drying)

2%5i CPMAS NMR spectra displayed only two resonances at ~11 and ~-111 ppm (Figure 8). The signal at
lower field can be assigned to OSiMe; and OSiMe,CH, groups in these matrices. The upfield peak (-111
ppm) originates from the silicate cube and can be assigned to (Si0),Si moieties. A shoulder observed at
-104 ppm is assigned to (Si0);SiOAl groups and is consistent with the presence of Si-O-Al bridges. No
signals for Si—Cl or Si-OH groups (from exposure to water) were observed. Furthermore, no resonances

suggesting attack and disruption of the SigO,, cage were observed.
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Figure 8: *°Si CPMAS NMR spectrum of xerogel 1; *denotes silicon grease.

From the data presented above (IR spectroscopy, ‘H NMR, ’Al MAS NMR, and “*C, *°Si CPMAS NMR), we
can conclude that the sequential cross-linking synthesis strategy leads to the formation of targeted,
atomically dispersed, isolated tetrahedral aluminum sites linked to either three (1, 1a, 2, 5, 6) or four (3,
4) silicate cubes. Furthermore, THF is relatively weakly bound to the Al sites in 2 and 6 and can be
cleanly exchanged for pyridine to produce the corresponding Al«py sites which are spectroscopically
identical to xerogel 1. Thus, the 3-connected THF sites in these xerogels are ideal starting points for

studying the ligand exchange mechanisms that are central to their activities as catalysts.

The ligand exchange reaction observed for xerogel 5 is, however, quite different. Incomplete exchange
(~50%) was observed after heating for several days. The only difference between xerogels 5 and 2/6 are
the peripheral organosilane cross-linkers installed in the second cross-linking step. The smaller, single
atom bridges between cubes (0-SiMe,—0) in 5 appears to create a barrier to ligand exchange reactions
at the aluminum sites in the matrix. This conclusion is in agreement with the lower catalytic activity of 5

compared with 2 and 6 (vide infra).

In order to characterize the relative strengths of 3C-Al and 4C-Al acid sites, reactions between xerogels 4
and 6, and triethylphosphine oxide (TEPO) were investigated.[46] After exposure of each xerogel to 1.2
equivalents of TEPO (based on calculated number of Al sites in each sample) a multinuclear NMR study
was conducted. 'H NMR of volatiles and the *C CPMAS spectrum (Figure S1) of catalyst 6 indicate that
all pyridine was lost from the aluminum sites and replaced by TEPO. This observation indicates that all

aluminum sites in 6 are accessible to ligand exchange. The *P MAS spectrum (Figure 9) shows two
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signals at 71.7 and 51.5 ppm in the ratio of 1: 0.17. The signal at 71.7 ppm is assigned to TEPO groups
bound to the 3C-Al sites in the matrix while the signal at ~51 ppm represents physisorbed TEPO
groups.[47] We interpret the signal at ~71 ppm to TEPO bound to medium strength, 3C-Al Lewis acid
sites. For comparison, 31p shifts for TEPO bound to various Lewis and Brgnsted acids are: silica gel-AlCl;
(102 ppm), Al,.Cls (86.6), H-Mordenite (75.6), and silica gel (61 ppm).[47, 48] The Al MAS spectrum

(Figure S2) for this xerogel indicates that some 5- and 6-coordinate aluminum species are also formed in

31P TEPO—3C-Al
6 exposed to 1.2 eq. of TEPO

Crenew s Ry

physisorbed TEPO

—~
3
<

N—r
>

=
c

o}

2

£
)
>

S

s
0]

o

150 100 50 0 -50 -100
Chemical shift (ppm)

Figure 9 >'P MAS spectrum of 6 exposed to 1.2 eq of TEPO. Two signals (71.8 and ~51
ppm) are observed. Features with (*) above them are spinning sidebands. Relative
peak integrations are 1 : 0.17, resp.

the exchange reaction.

In contrast to these observations, xerogel 4 displays much lower ability to bind TEPO molecules as
evidenced by the ”’Al MAS NMR where the signal for the original 4C-Al site dominates the spectrum even
after reaction with 3 eq of TEPO (Figure S3). The 3P MAS spectrum for xerogel 4 + TEPO (Figure $4)
again shows two signals at roughly 71 and 50 ppm with a shoulder at ~58 ppm. These signals are
tentatively assigned to TEPO interacting with medium strength Brgnsted acid sites (lutidinium cation, 71
ppm), physisorbed TEPO (50 ppm), and TEPO bound to a weak Lewis acid (58 ppm). The 4C-Al sites in
xerogel 4 are expected to be significantly more sterically congested and less flexible in creating

coordination sites for substrates. Therefore, the aluminum sites bind TEPO more weakly and show less

14



propensity to form higher coordination geometries even in the presence of excess TEPO. Further work

is underway to confirm these assignments and observations.

Nitrogen adsorption—desorption isotherms of 1, 2, and 5 (Figure S5) are typical for the xerogels with 3-
connected Al sites described herein.[49] According to IUPAC classifications, the isotherms can be
described as a mixture of type | and Il isotherms indicative of the presence of both micro and mesopores.
Most of the isotherms show hysteresis that does not close in the low p/py range indicating that the
adsorption is partially irreversible under the experimental conditions. Similar isotherms have been
reported[50, 51] for xerogels based on cubic SigO1, units cross-linked with alkane and alkyl silane bridges
where this behavior was attributed either to micropores with the same width at the pore entrance as
that of the adsorbate molecules resulting in irreversible uptake, or to flexibility in the networks
associated with swelling of a non-rigid porous structure. Both explanations are possible for the xerogels

described here.

The highest apparent specific surface areas were obtained for xerogels 1la and 2 before and after
exchange of THF for pyridine (400 m” g™; (Table 2). The corresponding total pore volume was Vg =
0.288 cm® g™ (at p/po = 0.98). According to t-plot analyses the pore volume of the xerogel (1a) consisted
of 38% micropores with meso and larger pores accounting for the rest. The fraction of microporous pore
volume was similar in other samples ranging from 32 to 52%. The aluminosilicate catalysts 3 and 4 with

4-connected Al sites displayed much lower surface areas.
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Table 2 Surface area and pose size distribution Data for Aluminosilicate Catalysts

Xerogel Al Site Secondary Cross-linking agent [msz':l] [c\nl':gtg'l] [r?;] N[I;)\]Ib

1 3C-Al<py ClMe,Si-CH,CH,-SiMe,Cl 279 0.184 2.6 32
2 3C-Al«THF CIMe,Si-CH,CH,-SiMe,Cl 397 0.242 24 47
1a S(Er:r::zp;/ CIMe,Si-CH,CH,-SiMe,Cl 398 0288 | 29 | 38
3 4C-Al-BugN* CIMe,Si-CH,CH,-SiMe,ClI <10 - - -

4 4C-Al-LuH’ CIMe,Si-CH,CH,-SiMe,Cl 15 0.036 - -

5 3C-Al«THF Me,SiCl, 153 0.110 2.8 32
6 3C-Al«THF CIMe,Si-CH,CH,CH,-SiMe,Cl 255 0.139 2.2 52

®Average pore diameter (4Vio/SA); "MPV: Micropore Volume = Vyicro/Viotay Vimicro determined by t-plot
analysis; Vot €stimated at p/p, = 0.98.

Catalysis: The catalytic performance of the synthesized xerogels was tested in the aminolysis of styrene
oxide with aniline (eq 1) which has been reported to be catalyzed by Lewis acids.[52-56] Proton NMR
and GC-MS analyses of the reaction mixtures were used to identify two products formed (2-phenyl-2-
(phenylamino)ethanol (lll) and 1-phenyl-2-(phenylamino)ethanol) (IV)) which accounted for 95 — 100% of
the styrene oxide consumed. All catalysts remain active while the epoxide substrate is present in the

reaction mixture (Figure S6) achieving conversions in excess of 80% when run in excess of aniline.

Conversions for turnover frequency calculations were measured after 15 minutes. In blank reactions
without catalyst and with Al-free silicate platforms, only negligible amounts of products were obtained
after 1 h confirming that the presence of Al centers is necessary for catalytic activity. The heterogeneous
nature of the catalytic reactivity displayed by these aluminosilicate catalysts was confirmed by two
experiments. First, the catalyst (1 and 5) was filtered off the reaction mixture and the filtrate was heated
for an additional 4 hours. No additional styrene oxide was converted consistent with the cessation of all
catalytic activity. The filtrate was also examined by ICP-OES and less than 1 % of starting Al was

observed. Second, recycling the catalysts was investigated. The aminolysis activity with reused xerogels
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1 and 5 was unaffected in four consecutive 15 min. runs (26 + 2%; 14 + 2%, resp.). The performance of

all catalysts in the aminolysis reaction is summarized in Table 3 (See also Table S1 for details).

All of the aluminosilicate xerogels prepared here exhibited catalytic activities comparable, and in most
cases significantly superior to commercially available catalysts used for benchmarking (zeolite B and
SiO,-Al,O5 catalysts). The highest activities were observed for the materials containing 3-connected
aluminum sites (1, 2 and 6) (TOF = 248, 304 and 643 h™", respectively). The xerogel 1a exhibited activity
identical to that observed for xerogel 1 (TOF = 250 h™) consistent with our earlier conclusions based on
spectroscopic data that they contained identical aluminum sites. Aluminosilicate 5, containing 3C-
Al<THF sites and the smaller cross-linking silane (Me,SiCl,) displayed much lower activity (TOF = 129 h™)
than the corresponding catalysts (2, 6) with the longer bridges. These data are consistent with our
earlier observations of exchange reactions suggesting that xerogel 5 contains a significant number of

inaccessible Al sites within its pore cavities.

Table 3 Catalytic Activities of Aluminosilicate Materials®

sample Conversi?n [%] Selectivity [%] TOFb
(15 min) la lla

3C-Al<THF / —SiMeZ— (5) 9 90 10 129
3C-Al<THF / _CHzCHz_ (2) 36 94 6 304
3C-Al«THF / ~CH,CH.CH - (6) 27 93 7 643
3C-Al«-Py / -CH.CH - (1) 28 93 7 248
3C-Al«-Py / -CH.CH_- (1a) 26 90 10 250
4C-Al-[NBu,] / -CH,CH_- (3) 11 87 13 159
4C-Al- [HLut] / ~CH CH - (4) 15 99 6 198

Blank — no catalyst <1 - - -

Blank — Al-free silicate platform <1 - - -

Blank — Al-free silicate platform 3 (60 min) - - -
Zeolite B (H) 12 92 8 120
SiOZ-AI203 cat. supportC 11 91 9 116
SIAIF1-500" 50 97 3 100
SIAIP1-500 46 9 4 86
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®Conditions: 5 mL toluene, 50°C, 25 mg catalyst; substrate: Al = 250, stir rate: 400 rpm; *TOF: apparent
turnover frequency [h™'] based on conversion of starting material at 15 minutes, assuming all aluminum
sites in each catalyst are equivalent and functioning active sites; “Sigma-Aldrich grade 135

The turnover frequencies observed for xerogels 3 and 4 are lower than those observed for xerogels with
3-connected sites. We believe three factors must be considered in understanding these differences: the
steric accessibility of the site, the charge on the aluminum center and the possible participation of the
counterion. 4C-Al sites are expected to be significantly more sterically congested and less flexible in
opening up coordination sites for substrates, presumably lowering both binding strength and rate or
reaction. The charge on the aluminum center is also expected to be significantly different between 3C-Al
(formally neutral) and 4C-Al (formally anionic) sites. This difference in charge would also affect each
center’s ability to function as a Lewis acid catalyst. Finally, in the case of 4C-sites, the counterions
present may also contribute to their observed catalytic activities; [NnBuN]* as a weak Lewis base and

lutidinium as a weak Brgnsted acid. Experiments to probe all of these factors are in progress.

Conclusions

In the work presented here we have demonstrated a targeted synthetic strategy for preparing specific
types of aluminum sites active in catalysis within a silicate matrix. The central principles of this strategy
are by no means limited to aluminum or the silicate cube described here. All that is needed are
precursors to the desired active sites, a building block that will eventually become the surrounding
matrix and a second set of linking groups that knit the final matrix together. In the case of the
aluminosilicate catalysts described here, we have characterized the three- and four-connected aluminum
centers via a broad range of spectroscopies and simple ligand exchange reactions, all of which lead to
their description as porous, aluminosilicate matrices containing homogeneously dispersed, well defined
active sites. By one measure of relative acidity (**P NMR shift of TEPO), 3-connected "extraframework"
aluminum sites in these xerogels are stronger Lewis acid sites than 4-connected "framework" aluminum
sites. At the same time, ligand exchange studies show clear differences between "identical" sites which
depend on the secondary linkers used to construct these matrices. Smaller, more rigid linkers (-SiMe,-,

xerogel 5) appear to restrict access to the aluminum sites making some virtually inaccessible.
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All of these xerogels function as catalysts in opening styrene oxide and exhibit activities that rival or are
significantly higher than those previously reported for other aluminosilicate materials. 3-connected
extraframework aluminum sites are more active than embedded 4-connected sites as Lewis acids in
transforming styrene oxide into the corresponding amino alcohol. Finally, in parallel with ligand
exchange behavior, the use of larger, more flexible secondary linkers in the synthesis of these matrices
make all sites accessible leading to significantly higher catalytic activities. The accessibility of active sites
has been an active topic of investigation in zeolite catalysis.[57, 58] In most case investigations have
focussed on identifying different sites based on their chemical makeup as well as their accessibility. Here
we describe how the accessibility of otherwise identical active sites can be rationally tuned at the time of

synthesis.

This synthetic strategy for preparing single site catalysts opens the door to a number of interesting
systems. Methods for transforming the 3- or 4-connected Lewis sites into Brgnsted acids are easily
imagined. Investigations into making boron and gallium analogues as well as replacing the counterions

of the 4C-sites with other metal cations are in progress.
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