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Silica-supported phosphoric acid and metal phosphate catalyzed 1,3-butadiene (BDE) production from 2,3-buta-
nediol (2,3-BDO) was studied using experimental and computational techniques. The catalyst was initially tested
in a continuous flow reactor using commercially available 2,3-BDO, leading to maximum BDE yields of 63C%.
Quantum chemical mechanistic studies revealed 1,2-epoxybutane is a kinetically viable and thermodynamically
stable intermediate, supported by experimental demonstration that this epoxide can be converted to BDE under
standard reaction conditions. Newly proposed E2 and SN2’ elementary steps were studied to rationalize the
formation of BDE and all detected side-products. Additionally, using quantum mechanics/molecular mechanics
(QM/MM) calculations, we modeled silica-supported phosphate catalysts to study the effect of the alkali metal
center. Natural population analysis showed that phosphate oxygen atoms are more negatively charged in
CsHyPO4/8i02 than in H3PO4/Si0O,. In combination with temperature-programmed desorption experiments using
CO,, the results of this study suggest that the improved selectivity achieved when adding the metal center is
related to an increase in the basicity of the catalyst.

1. Introduction

1,3-Butadiene (BDE) is a prolific building block for the chemical
industry,[1,2] widely used in polymerization processes to produce
synthetic rubbers, elastomers, and polymer resins.[3-5] Polymers
derived from BDE are ubiquitous in manufacturing materials, such as
tires, which have a tremendous worldwide economic impact. Promoted
by the diminishing availability of fossil fuels and the adverse environ-
mental effects of non-renewable resources, new and efficient syntheses
of BDE from renewable feedstocks have attracted considerable attention
within the scientific community.[1] 2,3-butanediol (2,3-BDO) is one
such promising precursor since it can be obtained from sugars by mi-
crobial fermentation in over 90% yield[6-8] and, subsequently, can be
converted into BDE by catalytic dehydration using silica-supported
H3PO4 (H3PO4/Si03) derivatives.[9,10] Of the catalytic systems in

these studies, mono-metallic hydrogen phosphates (i.e., MH,PO4) give
the highest selectivities for the desired product, especially when using
CsHyP04/Si05 as the catalyst.

When comparing to other catalysts that use 2,3-BDO as the starting
material, the CsHoPOj4 system is amongst the optimal catalysts in terms
of reactivity and selectivity, showing > 85% BDE yield in flow reactors
at 400 °C and performing better than other metal phosphates.[9] Rare
earth phosphates (NdPO4) have also been employed at 280-330 °C,
showing inferior catalytic performances (47% BDE selectivity).[11]
Alternative types of catalysts, such as metal oxides, have also shown to
catalyze BDE production from 2,3-BDO, albeit with lower efficiency.
For example, Sc;03[12] led to 80% BDE yields at 400 °C, and Al;03[13]
to 55% BDE selectivity at 400 °C with low conversions. More elaborated
double-bed catalysts containing ScyOs and Al;Os have also been
employed to raise BDE yield to 94%.[14] Additionally, zeolites such as
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HZSM-5(280) and HY(60) have catalyzed these dehydrations, but the
resulting BDE yields (<20%) were significantly lower than those
observed for MH,PO4 derivatives.[15] The abundance of contributions
in this field serves as evidence for the importance of utilizing supported
catalysts to convert biomass-derived precursors, offering a promising
green approach for industrial BDE production that circumvents the need
for petroleum derivatives.

Greater mechanistic understanding of MHPQ4/SiO5-catalyzed pro-
duction of BDE from 2,3-BDO has the potential to address current
bottlenecks associated with conversion and selectivity for the desired
product. Detailed mechanistic and computational studies have not been
performed to date, although key intermediates have been proposed
(Fig. 1).[9,10] For example, the secondary carbocation B20L1 is
currently assumed to play a central role in the mechanism via an E1l
elimination; however, secondary aliphatic carbocations are notably
unstable (especially in the gas phase).[16,17] In this work, besides the
previously proposed pathways, alternative steps such as E2 reactions,
substitutions, and other related chemical transformations were consid-
ered in computational mechanistic studies, and ultimately found to be
more stable. Additionally, a leading hypothesis has suggested that the
size of the alkali metal (in metal phosphate catalysts) influences product
selectivity through steric effects.[9] However, electronic parameters
typically also affect catalytic properties (i.e., basicity or acidity) and,
therefore, we contrasted both possibilities in the theoretical study.

In this work, we combine experimental studies, quantum mechanics
(QM) and quantum mechanics/molecular mechanics (QM/MM)[18-20]
calculations to critically evaluate a wide range of possible reaction
pathways that can take place during the catalytic process. Multiple types
of elimination (E1 and E2) and substitution (Sy2 and SN2') elementary
steps were included to create a more complex mechanistic picture.
Additionally, the role of the Cs center was closely inspected by consid-
ering potential electronic and steric effects that can influence the
selectivity and reactivity of the process. Catalysts based upon H3PO4/
SiO5 functionalities were synthesized and characterized to determine
the distribution and activity of the active phase. Overall, this combi-
nation of theory and experiment enables tailored catalyst development
for improving selectivity and stability following logical approaches

Previous proposais

OH
)\/ Catalyst )EJ\H/ OH
— —_— —_—
X
oH Dehydration ¥ E1 SA
2,3-BDO B20L* 3B20L
0, O°Cs" [ - Steric hindrance! Dehydration
?1 \OH
[SI0;], AF -—— A
E1
Catalyst BDE B20L*
New experimental and compufational study
OH
Catalyst 0 OH
—— —
=
OH  Epoxide formation AN E2 S
2,3-BDO B2EPOX 3B20L
e Sp2'
0O, O Cs-{ i Acid/base tuner ;
-+
o oH . Q0 Cs
[Si0sl, AF -—— RO ~
E£2
Catalyst
il BDE 2B1P

Fig. 1. Previous and revised mechanistic proposals for CsH,PO,4/SiO,-cata-
lyzed BDE formation.
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rather than trial and error protocols.
2. Result and discussion
2.1. Validation of CsH2P0,4/SiO, for BDE production

To experimentally evaluate BDE production from 2,3-BDO, a sup-
ported CsHoPO4 catalyst was synthesized due to its reported high
selectivity for BDE. An H3PO,4 catalyst was prepared for comparison.[9]
The catalysts were synthesized using a conventional impregnation
method and commercial SiO with a high surface area. Catalyst samples
were stored under dry nitrogen after calcination to minimize water
adsorption, since previous reports have shown that conversion with
water occurs rapidly at room temperature.[21,22] The loading of
CsHyPO4 was designed to achieve 10 wt% of CsHyPO4 (5.13 wt% Cs
based upon precursor masses) on SiOg, which reduced the catalyst sur-
face area by ~ 30% without significant change of pore volume (Fig. 2,
bottom). A detailed study carried out by Filimonov and coworkers
suggests that there are different factors for this effect, including the
acidity and basicity of the catalytic units, the nature of the metal center,
and the weight proportion of the catalyst.[10].

Further characterization by STEM-EDS showed that both Cs and P
were uniformly distributed across the SiO support without forming
large agglomerates (Fig. 2, top). Additionally, 3'P MAS NMR spectros-
copy was performed on CsHoPO4/SiO» and H3PO4/SiO5 to determine the
distribution of phosphate moieties in each catalyst. >'P NMR analysis of
CsHyP04/Si02 revealed three spectroscopic features that could be
assigned to monophosphate (0.5 ppm), terminal/monophosphate (-8.9
ppm), and 2-coordinate phosphate species (-22.2 ppm) (Fig. S1).
[23-28] Peak fitting of these features suggests that most of the phos-
phate species deposited onto the surface exist as mono- or pyrophos-
phate groups. Similarly, 3'P NMR analysis of H3PO4/SiO, revealed the
same primary peaks, with the addition of a broad shoulder at -37 ppm
that could be attributed to 3-coordinate phosphate species. Additionally,
H3PO4/SiO, possessed a relatively higher abundance of polymeric
phosphate with 25.3% of the observed signal corresponding to multi-
coordinated internal phosphates. By comparison, only 4.9% of the
phosphorus in the CsHaPO4/SiOy catalyst was dually coordinated. A
further 23.8 % of the phosphorus appeared as pyrophosphate and
monophosphate groups with slight ppm shifts in CsHPO4/SiO», which
we attribute to Cs coordination.

The CsHP04/Si04 catalyst was first tested for 2,3-BDO dehydration
to validate its ability for BDE production in a packed-bed reactor. The
mass of 2,3-BDO fed to the reactor and gas-phase production of BDE
were monitored to calculate the BDE yield. At 400 °C, which was the
optimal temperature reported previously for high 2,3-BDO conversion
(>99.9%) and BDE selectivity (>85%) in a previous study,[9] BDE yield

Loading (Wt%)*  BET surface Pore V
Catalyst 2ol 3 il

Cs P area(m?g?)  (cm’g?)
SiO, - - 480 0.75
CsH,P0,/SiO, 5.13 1.07 337 0.76
H3P0,/SiO, - 118 480 0.91

Fig. 2. Top: STEM image and EDS elemental maps (Si, Cs and P) of CsH,PO4/
SiO,. Bottom: Cs and P loadings, surface area, and pore volume of supported
phosphate catalysts. ® Determined by ICP.
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achieved a maximum value of 59 carbon % (C%) and slowly decreased
with time-on-stream afterward (Fig. 3). The recovery of condensable
products is shown in Fig. S2. The initial BDE yield was slightly increased
to 63C% by increasing the temperature from 400 °C to 425 °C, however,
higher temperatures were not employed since the proportion of side-
products becomes significant as seen previously.[9] These values are
more closely aligned with the BDE yields reported recently by Kim et al.
[10].

Quantification of 2,3-BDO conversion was hindered by incomplete
mass recovery (75% from both tests). Similar incomplete carbon bal-
ances have been observed previously when using CsHyPO4/SiO5 cata-
lysts.[10] Considering that this study utilized a combination of gas-
phase analytical and gravimetric measurements similar to that re-
ported in the literature,[9] the lower mass recovery and BDE yield
observed here may suggest that dehydration of pure 2,3-BDO is sensi-
tive to the reactor design and operation. Specifically, the separation
system requires careful design to separate the condensable effluents (e.
g., unreacted 2,3-BDO, H,0, oxygenate products) for gravimetric
measurements from the hydrocarbon products for online analysis. As an
illustration, a dehydration test of n-butanol was performed with the
CsHyP04/Si04 catalyst to assess the impact of product portfolio on mass
recovery. Under the same reaction conditions as 2,3-BDO dehydration,
the n-butanol dehydration test achieved 98% mass recovery, which can
be attributed to the efficient separation between the hydrocarbon
product (butene, boiling point of —4.4 °C) and the condensable effluents
(predominantly unreacted n-butanol and H»O, boiling points of 117.7 °C
and 100 °C, respectively) (Fig. S3). Most studies that achieved high
carbon balance for 2,3-BDO dehydration employed online gas chro-
matography to quantify all organic compounds.[15,29-32] However,
procedures that only measure gas-phase products may not effectively
quantify the HpO side-product. Oligomerization of BDE and different
side-products downstream of the reactor has also been proposed as
problematic to mass recovery and long-term operation.[10,31,33]
Possible solutions include co-feeding water [13,33] or varying partial
pressure and residence time with diluent gasses.[10,33] Nonetheless,
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Fig. 3. BDE production from 2,3-BDO at different conditions using 2.0 g

catalyst, 0.017 g/min 2,3-BDO and 1 atm He (containing 10% v/v Ar as an
internal standard) at 60 cm® (STP) min~".
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BDE was verified to be the major product from 2,3-BDO dehydration
with the CsHyPO4/SiO4 catalyst, consistent with literature reports.

To evaluate the impact of Cs on product selectivity, the H3PO4/SiO,
catalyst was tested for 2,3-BDO dehydration (Fig. 3). Under the same
reaction conditions, BDE yield remained relatively constant and signif-
icantly lower than the BDE yield observed with the CsHyPO4/SiO9
catalyst (maximum yield of 26 vs 63C% and turnover frequency after 20
min of 0.06 vs 0.17 min 1), confirming the role of Cs in promoting BDE
formation.

2.2. Mechanistic studies of BDE production

QM][34-38] calculations were used to interrogate the mechanism,
based on experience studying related extended catalytic systems, such as
silica and zeolites.[39-44] A reduced QM model using H3PO4 as the
catalyst was initially employed to consider multiple elementary steps
and many substrate ground (GS) and transition state (TS) conformers,
which would be challenging with electronic structure calculations
employing periodic boundary conditions.[45-48] Dehydration of
hydrogen phosphates to form metaphosphates, (MPO3),, may occur
under the reaction conditions employed, and for this reason, alternative
catalyst models of the active site were studied computationally. The
conclusions obtained when using these derivatives are analogous to
those obtained with the H3PO4 model (Fig. S17).

In these studies, two O-H bonds were oriented away from the sub-
strate to mimic plausible catalyst:substrate interaction modes for a
surface-bound hydrogen phosphate group. Since most of the systems
contain rotatable bonds, conformational sampling at every step in the
mechanism was necessary.[38] Additionally, we explicitly considered
the different energetics of diastereomeric species: commercially avail-
able 2,3-BDO is obtained as a mixture of diastereomers, and several
putative reaction intermediates can also exist as diastereomers. Only the
energy values for the (R,R)-2,3-BDO stereoisomer are displayed since
the (R,S) analogous presents similar energy profiles (Fig. S16), which is
in high agreement with previous experimental work.[9].

Our calculations revealed a complex network of possible reaction
pathways (Figs. S8-11), from which a high number of pathways have
been overlooked in previous literature.[9,10] The most favorable
pathway leading from 2,3-BDO to BDE is shown in Fig. 4. The overall
mechanism consists of an epoxide-mediated dehydration reaction
accompanied by a second dehydration involving the nucleophilic addi-
tion of the catalyst. In the three TSs, the catalyst molecule promotes
reactivity by enabling a concerted bifunctional proton transfer,[64]
whereby a proton is transferred to the substrate from the acidic P-O-H
group while another proton is accepted from the substrate by the P = O
group. Initially, the mechanism starts with an epoxide-forming intra-
molecular nucleophilic substitution (from 2,3-BDO to BDO_EPOX_TS,
with an activation barrier (AGI) of 54.5 kcalmol’l), followed by an E2
reaction involving epoxide opening (from B2EPOX to EPOX _E2 TS, AG!
of 49.7 kcal-mol ™) (Fig. 4). Then, intermediate 3-butene-2-ol (3B20L)
undergoes an SN2’ process (from 3B20L to 3B20L_Sy2'_TS, AG! 0f 56.8
kcal-mol_l) with a subsequent E2 elimination to produce the final BDE
product (from 2B1P to 2B1P_E2 TS, AG' of 43.9 kcal-mol ™). The Sy2'
reaction (3B20L_Sy2'_TS) involves O-C bond formation between the
substrate and phosphate catalyst. Due to the proximity of the SiOq
support and the reacting substrate, 3B20L_Sn2’_TS might be less stable
in the heterogeneous catalyst than in the H3PO4 model employed for the
computational analysis. Therefore, alternative pathways from 3B20L to
BDE might become more relevant than the Sy2' process in the real
catalytic system, such as the direct E2 elimination (from 3B20L to
3B20L_E2_TS, AG' of 60.2 kcal-mol ™}, Fig. $8).

The computational results reveal significant differences from previ-
ous proposals. To the best of our knowledge, the epoxide intermediate
B2EPOX was never considered as a part of the primary catalytic cycle.
Instead, it was considered a side-product.[10,65] Furthermore, previous
mechanistic proposals have suggested that the dehydration processes
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Fig. 4. Most favorable computed pathway to generate BDE from 2,3-BDO. Ensemble-averaged relative Gibbs energies in kcal-mol~'. Forming and breaking bonds (in
A) are represented with thin yellow lines. C atoms in grey, H atoms in white, O atoms in red, and P atoms in orange. H3PO4 was used as the model catalyst. All QM
results discussed below were obtained with the DLPNO-CCSD(T)/cc-pV(TQ)Z//M06-2X-D3/6-31 + G(d,p)[49-63] method at T = 623.15 K; quantitatively similar

reaction profiles were obtained at other levels of theory (Fig. S4-7 vs. S8-11).

occur in two separate steps, involving carbocations (through OH elim-
ination followed by deprotonation) [65-68], carbanions (through
deprotonation followed by OH elimination) [12], or through step-wise
bifunctional activation.[69] In contrast, the proposal presented in this
work introduces a novel concept of dehydration mechanisms that pro-
ceed via concerted dehydration activated by bifunctional acid-base
catalysis.

2.3. Analysis of key intermediates and competitive pathways

In line with our theoretical results, epoxide intermediate B2ZEPOX
was previously observed and isolated experimentally; however, it was
instead considered an off-cycle side-product that does not lie en route to
BDE formation.[10] In contrast, our theoretical results suggest that
B2EPOX is an on-cycle intermediate. We therefore set out to test this
prediction experimentally: when B2EPOX was used as starting material
BDE was the major product formed (Fig. 5A). For this, 5.24 wt%
B2EPOX in Hy0 flowed over both catalysts with varied liquid and he-
lium gas flow rates. A maximum yield of 70C% BDE was produced from
CsHyP04/SiO4 at the lower partial pressure of B2ZEPOX and higher
residence time.

Importantly, the yields obtained ranged from 56 to 70C%, which is
similar to the yields observed when 2,3-BDO was used as the starting
material, further strengthening that the epoxide is a short-lived species
that forms during the main reaction pathway. Demonstration that
B2EPOX is a catalytically-competent intermediate under standard re-
action conditions, along with our computed energy profile, suggests that
previously proposed unstable carbocations[9] can be bypassed. As seen
in previous studies, no stable carbocations were found after 2,3-BDO
dehydration in any of the calculations due to spontaneous H and Me
shifts that irreversibly lead to methyl ethyl ketone (MEK) and iso-
butyraldehyde (IBA).[66] Additionally, several compounds were
collected from the liquid condenser, including 3B20L, MEK and 2-
butene-1-ol (2B10L) over the CsHyPO4/SiOy catalyst (Fig. 5B).
Fig. 6A shows that all these side-products were also observed when using
2,3-BDO as the starting material. The proportions of the side-products
exhibit similar trends from B2EPOX to 2,3-BDO, with MEK (44% C)
being the major side-product, followed by 3B20L (34% C), 2B10OL (19%
C), and IBA (2% C). These results demonstrate that the same set of side-
products is generated when switching the starting reagents, suggesting
that B2EPOX is part of the proposed catalytic pathway.

Concurrently, B2EPOX was observed in the condensable products

from 2,3-BDO dehydration reactions (Fig. 6B), further suggesting that
this epoxide is part of the main reaction pathway. Additional organic
side products and intermediates were also detected experimentally,
including acetoin, MEK, IBA, and 3B20L (Fig. 6). Varying the residence
time in the flow reactor shifts the composition of the condensable
products. To demonstrate this effect, an experiment was performed with
increased weight hourly space velocity values and residence times
compared to the experiments shown in Fig. 3. For this, 2,3-BDO flowed
over the CsHyPO4/SiOycatalyst at flow rates of 0.017 or 0.034 g/min,
and the diluent gas (N2) flowed over the catalyst bed at 110 or 220 em®
(STP) min~! at 400 °C and 1 atm. At a residence time of 0.95 s, a trace
amount of IBA is seen in addition to 22C% 3B20OL and 36C% MEK
(Fig. 6A). However, at a residence time of 0.48 s, 2 C% B2EPOX is
present, MEK concentration is reduced to 29C%, and 3B20L concen-
tration increases to 41C% (Fig. 6B). The presence of B2EPOX and the
increased concentration of 3B20L at a lower residence time is consistent
with these species being key intermediates for BDE formation.

A detailed reaction mechanism including the major side products
and potential catalyst inhibition pathways is presented in Fig. 7 and
Figs. S8-11. Reaction selectivity is kinetically controlled since we found
the competitive processes to be irreversible, based on successively lower
TS stabilities along the reaction coordinate. Even though quantitative
selectivity is not attainable due to different mass recovery in the gas and
liquid phases and the use of a model catalytic system, the predicted
amounts of each product agree qualitatively with experimental results:
BDE and MEK are the major products (AG* of 56.8 and 57.8 kcal-mol ™
for BDE and MEK, respectively, Fig. 7, right). Notably, the concentration
of 3B20L was high in the experimental outcomes, which agrees with the
calculated energy profile that shows 3B20L as a stable intermediate
(-10.5 keal-mol 1) and supports that the Sy2' reaction taking place from
3B20L to 2B1P is the rate-limiting step (RLS) of the main pathway for
BDE production (AG! of 56.8 kcal-mol™!). Furthermore, the concen-
tration of B2EPOX was very low in the experimental measurements,
confirming that this species is a short-lived intermediate (AG' from
B2EPOX to 3B20L is only 49.7 kcal-mol™b).

Ketonic species such as MEK and IBA are common side products
obtained (Fig. 6). Our calculations suggest that these species are formed
through hydrogen and methyl shifts (Fig. 8). As observed for the main
pathway, the most favorable TSs leading to side-products involve
bifunctional activation (i.e., P-O-H acidity and P = O Brgnsted or Lewis
basicity) from the HsPOy4 catalyst. In line with the experimental results
in Fig. 6, MEK is predicted to be the main side-product over IBA (AG' of
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Fig. 5. (A) BDE production using the CsHyPO4/SiO2 and HzPO,4/SiO, catalysts
from B2EPOX feed. Conditions: 0.02-0.04 mL min " feed containing 5.24 wt%
B2EPOX in H,0, 1 atm with 110-220 cm® (STP) min~! of helium flow at
400 °C. (B) Condensable products recovered from B2EPOX conver-
sion reactions.

57.8 and 60.1 kcal-mol ™! for MEK and IBA, respectively, Fig. 8). As with
the main product-forming pathway, these side products are able to form
without the intervention of carbocation intermediates.

2.4. QM/MM study of the catalytic center

With the information gathered using the HsPO4 model, hybrid QM/
MM calculations were then used to computationally model key steps in
the reaction mechanism with a larger silica slab, with the ONIOM
method for a more realistic catalytic system. We focused on the most
stable pathways located with the smaller model system. After optimizing
the structure using QM/MM, we obtained a silica-supported phosphate
catalyst with Cs that resembles the experimental catalytic site more than
the previous H3PO4 model. We then reinvestigated the RLSs that lead to
the two main products of the reaction, the SN2’ reaction taking place
from 3B20L to 2B1P (producing BDE) and the H shift from (R,R)-2,3-
BDO to MEK (generating MEK) (Fig. 7). The activation barrier of 48.5
kecal-mol ! for BDE formation obtained with this more realistic system
(Fig. 9A) corresponds to a reaction half-life of 4.7 min at 400 °C.[70]
This result is reasonably close to the experimental rates, which
employed residence times in the scale of seconds.

To compare CsHyPO4- and H3POg4-supported catalysts, similar
structures were employed in both cases. The selectivity differences of
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Fig. 6. Organic component distribution in condensable products from 2,3-BDO
dehydration with CsH,PO4/SiO, catalyst at two different residence times and
equivalent partial pressures of 2,3-BDO. (A) 2.0 g catalyst, 0.017 g/min 2,3-
BDO, 1 atm N, at 110 cm® (STP) min ™}, 400 °C. (B) 2.0 g catalyst, 0.034 g/min
2,3-BDO, 1 atm N, at 220 cm® (STP) min~?, 400 °C. 2,3-BdiCO = 2,3-buta-
nedione. 2M1P = 2-methyl-1-propanol.

both types of catalysis were qualitatively studied using the corre-
sponding RLSs for BDE and MEK generation. When using CsHyPQ4/SiO4
as the catalyst (Fig. 9A, C), the generation of BDE is favored over the
formation of MEK (enthalpy activation barriers, AHi, of 48.5 vs. 49.8
keal-mol ™%, AAH' of 1.3 keal-mol~!, BDE:MEK selectivity of 2.6:1 at
400 °C), which is in line with the experimental results. However, when
the system studied switches to H3PO4/SiO5 (Fig. 9B, D), the selectivity
profile changes notably, and MEK is marginally preferred (AH* of 47.4
vs. 47.0 keal-mol ™!, AAH* of —0.4 keal-mol ™!, BDE:MEK selectivity of
0.7:1 at 400 °C). This switch in reactivity is in high agreement with
previously reported results,[9] which show a sharp drop in BDE:MEK
selectivity when using the H3PO,4/SiO5 catalyst with no Cs centers (10 %
CsHyP04/Si02 shows BDE:MEK selectivity of 6.3:1 and 10 %H3PO4/
SiO5 leads to BDE:MEK selectivity of 1.1:1). Importantly, H3PO4/SiO4
showed higher conversion and, therefore, faster experimental reactivity
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than CsHyPO4/Si02.[9] This observation agrees with the increase in the
TS barriers calculated after Cs inclusion (from 47.4 to 48.5 kcal~mol’1,
Fig. 9A, B, and from 47.0 to 49.8 keal-mol ™}, Fig. 9C, D).

To understand the differences in product preference, we examined
multiple structural and electronic properties of the catalytic sites of
CsH3P04/Si04 and H3PO4/SiO,. Previous proposals have suggested that
the size of the metal cation influences reactivity and selectivity through
steric interactions with the substrate. However, as seen in Fig. 9A, C, the
Cs cation is oriented away from the approach of the substrate, such that
its steric influence upon key intermediates and transition structures is
minimal. In contrast, we observe electronic differences in the reactive
phosphate groups: Natural population analysis (NPA)[71] charges of O
atoms of the phosphate in CsHyPQ4/SiO5 are more negative than those
found in the H3PO4/SiO2 system (-1.23/-1.23/-1.01 vs. —1.15/-1.05/-
0.99 for CsHyP04/SiOy and H3PO4/SiO, respectively) (Fig. 9E, F).
Greater negative charge on the phosphate oxygen atoms in the Cs-
exchanged catalyst results in greater Brgnsted basicity and nucleophi-
licity. Consistent with this hypothesis, in the Sy2’ process representing
the RLS during BDE formation, an earlier TS structure is obtained for
CsH3P04/Si0; vs. H3PO4/SiO; (forming C-O distance of 1.55 vs 1.20 A
indicative of a more nucleophilic oxygen. The importance of a larger
cationic radius is in reducing the covalency (and weakening) of O-M
bonding, creating more electron-rich phosphate groups. The larger
variation in AH* when the Cs center is included is found in the H shift TS
that leads to MEK (from 47.0 to 49.8 kcal-mol’l, Fig. 9C, D). The main
difference between the H shift and Sy2' TSs rely on the roles of the
catalytic O atoms: while the H shift involves a basic O atom (Fig. 9C, D),
the analogous O atom in the SN2’ process acts as a nucleophile (Fig. 9A,

B). Therefore, the sharper energy change found for the H shift after
adding Cs might be caused by a more significant increase in the basicity
of the catalyst compared to its increment in nucleophilicity.

The acidity and basicity of the CsHyPO4/SiO2 and H3PO4/SiO- cat-
alysts were measured using temperature-programmed desorption (TPD)
of ammonia and carbon dioxide. Following the protocol reported by
Filimonov and coworkers,[10] helium was used to create an inert at-
mosphere in the TPD experiments. In line with the previously reported
data, our results show that the basicity of the catalyst increases upon Cs
incorporation (total basicity of 26 and 12 pmolcogg*1 for CsHoPOy4/
SiOy andH3PO4/SiOg, respectively, Fig. 9G) while acidity decreases
(total acidity of 28 and 95 pmolcogg’1 for CsHyPQ4/SiO, and H3PO4/
SiOq, respectively). Previously, Filimonov and coworkers performed an
extensive study regarding TPD of MH,PO,4/SiO, derivatives,[10]
showing temperature-programmed desorption curves of multiple cata-
lysts during consecutive heating and cooling cycles. In this work, the
authors also found that an increase in Cs concentration led to higher CO4
absorption. The theoretical and experimental results suggests that the
metal center acts as an electronic modulator that changes the basic/acid
properties of the active catalytic centers, affecting reactivity and selec-
tivity of the process.

3. Conclusion

The CsHyPOy4-catalyzed BDE production from 2,3-BDO was studied
using experimental and computational techniques. The synthesized
catalysts contained a 10 wt% loading of CsHyPO4 on SiO,, which
reduced the catalyst surface area by ~ 30% without significant pore
volume change. STEM-EDS analysis revealed that both Cs and P were
widely distributed across the SiOy support without forming large ag-
glomerates. 3lp NMR experiments suggest that most of the phosphate
species deposited onto the surface of CsHoPO4/SiO2 exist as mono- or
pyrophosphate groups. The catalyst was initially tested in a continuous
flow reaction using commercially available 2,3-BDO, leading to a
maximum BDE yield of 63C%.

An intensive computational mechanistic study using HsPOj4 as the
model catalyst revealed that the reaction mainly proceeds through an
epoxide-forming nucleophilic substitution leading to B2EPOX followed
by an E2 reaction involving epoxide opening. Then, the resulting in-
termediate 3B20L undergoes an Sy2' process (rate-limiting step) with a
subsequent E2 elimination to produce the final BDE product. These
findings were supported experimentally since BDE was the major
product obtained when B2EPOX was used as the starting material.
Additionally, using QM/MM, we modeled a more realistic reactive sys-
tem that included the SiO; support to study the effect of the metal center
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Fig. 9. (A-D) Comparison of TSs modeled with QM/MM for BDE (A, B) and MEK (C, D) production using CsH,P0,4/SiO5 (A, C) and H3PO,4/SiO (B, D) as the catalyst.
AH* in keal-mol 2. QM layer: M06-2X/def2-QZVPP//M06-2X/6-31 + G(d,p), def2-SVP for Cs only for geometry optimization; MM layer: UFF. The QM layer is
represented with colored balls (H = white; C = grey; O = red; P = orange; Si = light brown; Cs = purple) and black sticks, while the MM layer is represented as
colored sticks. Bonds involved in the TSs and hydrogen bonds are represented as yellow and dotted black lines, respectively. Distances are shown in A. (E-F) Natural
charges for relevant atoms in CsHyP0O4/SiO5 (E) and H3PO,4/SiO; (F). Green and red numbers represent positive and negative charges, respectively. (G) Acid and base
site densities for the CsHyPO4/SiO5 and H3PO,4/SiO, catalysts measured through temperature-programmed desorption of NH3 (acid sites) and CO, (base sites).

on the catalysis. An NPA study showed that the O atoms of the phosphate
are more negatively charged in CsHoPO4/SiO5 than in H3PO4/SiO». This
result suggests that the improved selectivity achieved when adding the
metal center is related to an increase in the basicity of the catalyst.
Temperature-programmed desorption experiments using CO also show
that the basicity of the catalyst increases upon Cs incorporation,
strengthening the computational hypothesis.

This work presents novel concerted bifunctional catalytic mecha-
nisms that from previous approaches based on carbocations and carb-
anions. This mechanism involves H transfers from the phosphate units,
and the acidity and basicity of the catalyst play a crucial role in deter-
mining BDE yields. This parameter can be modulated with metal cen-
ters, which is important for designing catalysts that are basic enough to
deprotonate OH groups while protonating leaving water molecules
during dehydration processes. Additionally, on-cycle intermediate
epoxide B2EPOX has been identified, which will aid in designing cata-
lytic systems as this product was previously considered to be an innoc-
uous side-product.
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