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Alcohol protection and deprotection reactions, catalyzed by solid-supported sulfonic acid, have been investigated under
continuous-flow conditions. Primary, secondary, benzylic and phenolic alcohols can be protected under these conditions by
tetrahydropyranyl and several silyl ether moieties, generating synthetically useful amounts of material in short time.
Furthermore, the described setup can be used to deprotect protected alcohols and be used in selective protection reactions.
Because the solid-supported acid catalyst is continually reused in a packed-bed approach, workup is greatly simplified and
in most cases only solvent removal is necessary, while reaching high turn-over numbers.
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1. Introduction

Flow chemistry has been an emerging technology in the past
decade, allowing access to nonconventional process windows, in
turn enabling new reactions or improving existing methodologies
[1]. The combination of solid-supported catalysts and continuous
flow is a logical step and has been applied successfully in a number
of cases [2,3]. Purification of the crude reaction mixture is sim-
plified because removal of the catalyst is not necessary. The
catalyst remains in the packed bed of the microreactor and is
therefore continually recycled.

The field of solid-supported catalysis in continuous flow is
relatively new. Several solid supports have been used in continu-
ous flow, including silica, polymer beads, and polymer brushes
[4–6]. Examples of catalysts include solid-supported Lewis and
Brønsted acids in an electro-osmotic flow reactor and sulfonic acid
and 1,5,7-triazabicyclo[4.4.0]dec-5-ene grafted onto polymer
brushes anchored to microchannel walls [7–9]. Brønsted acids,
such as sulfonic acids, are especially versatile catalysts as they
catalyze a wide variety of reactions, such as esterifications, con-
densations, and hydrolyses. Verboom and coworkers employed
polymer brushes modified with sulfonic acid groups and demon-
strated a synergistic effect of neighboring hydroxyl groups on
several acid-catalyzed reactions, such as the deprotection of ben-
zaldehyde dimethyl acetal to form benzaldehyde and the depro-
tection of benzyl tetrahydropyranyl (THP) ether to benzyl alcohol
[8]. However, the reactions in that study were carried out at
relatively low concentrations (10 to 30 mM), complicating their
further development for production of relevant amounts.

Because of their frequent use in organic synthesis, it is of
significant interest to study acid-catalyzed alcohol protection reac-
tions [10]. To make this of practical interest for use in flow, a high
reaction efficacy needs to be obtained at relatively high concen-
trations (typically 1 M of alcohol). Common alcohol protection
groups are, for instance, tetrahydropyranyl and trimethylsilyl
groups. In batch chemistry, a wide variety of catalysts has been
successfully applied to alcohol trimethylsilyl ether protection reac-
tions. For instance, Atghia and coworkers used montmorillonite
clay to catalyze the trimethylsilylation of alcohols in good yields
and relatively short reactions times [11]. Fu et al. show both the
protection and deprotection of alcohols using 1,1,1,3,3,3-hexame-
thyldisilazane (HMDS) and montmorillonite clay [12]. Saidi and
Azizi demonstrate the use of solid LiClO4 for the same reaction

under solvent-free conditions [13]. The reaction is also known to
be catalyzed by silica-supported sulfonic acids [14]. We hypothe-
sized that it would be possible to conduct these reactions in
continuous flow using solid-supported sulfonic acids. Mesoporous
SBA-15 silica was chosen as a solid support because silica, unlike
polymeric materials, does not need to swell to expose a large
surface area, giving it a wider solvent compatibility.

In this work, we report alcohol protection reactions, carried out
in a commercially available continuous-flow system (Chemtrix
Labtrix Start) using a solid-supported sulfonic acid catalyst. We
investigated four alcohol protection and deprotection reactions
(tetrahydropyranylation and silylations) in this setup on a variety
of alcohols at high concentrations (1 M alcohol; see Scheme 1).
Additionally, we studied the role of the catalyst in more detail and
its use for selective alcohol protection and deprotection reactions.
The data presented in this work shows that, using this packed-bed
flow setup and catalyst, it is possible to access synthetically relevant
amounts of various types of protected alcohols in a short time.

2. Results and Discussion

2.1. Tetrahydropyranylation of Alcohols in Continuous
Flow. The protection of benzyl alcohol 1 to the tetrahydropyranyl
derivative 1a (see Scheme 1) was chosen as the first model
reaction to allow comparison of our setup with previously pub-
lished work [7]. The packed-bed microreactor (see Scheme 1) was
filled with silica-supported sulfonic acid. Using 1.5 equivalents of
3,4-dihydro-2H-pyran (DHP) and a total flow rate of 20 μL/min,
the conversion of benzyl alcohol was >98% at reaction temper-
atures ranging from 25 to 75 °C, and nearly pure 1a was formed.
Increasing the flow rate to 80 μL/min still gave good conversion of
benzyl alcohol (>98% as measured by gas chromatography [GC]).
Next, the amount of DHP was lowered to equimolar amounts at a
flow rate of 40 μL/min; this retained the same high conversion.
Encouraged by these results, a scale out was performed at a benzyl
alcohol concentration of 2 M, a flow rate of 60 μL/min, and a
temperature of 35 °C. The output of the microreactor was collected
for 20 min and after evaporation of solvent it gave 0.23 g nearly
pure THP-protected benzyl alcohol. Small amounts of byproduct
(~2%) were detected by GC, which are tentatively ascribed to DHP
oligomerization. These byproducts were easily removed by auto-
mated silica column chromatography (gradient from 0% to 10%
ethyl acetate in petroleum ether). This result can be extrapolated to
a productivity of 0.69 g product per hour, which is fourteen times
higher than previously reported by Wiles et al. for a comparable* Authors for correspondence: Tom.Wennekes@wur.nl and Han.Zuilhof@wur.nl
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setup (50 mg/h of 1a in an electro-osmotic flow reactor with four
parallel channels) [7].

We next investigated the scope of this tetrahydropyranylation
protection reaction with a selection of alcohols. The primary
alcohol 10-undecen-1-ol gave full conversion under similar con-
ditions as benzyl alcohol. For a sterically more demanding secon-
dary alcohol, endo-borneol 3, high conversions (85–90%) could
still be achieved, but required a slightly elevated temperature
(optimal temperature 75 °C; see Figure S1). This is in line with
the results reported previously by others [15].

During these experiments, the packed bed acquired a darker
color, which had no negative influence on the overall conversion
of the reaction, but hinted at DHP oligomerization. The packed bed
could be reused for at least five reactions over several days, with-
out need to replace the silica, and on average, turn-over numbers of
200 were obtained in the scaled-out reaction.
2.2. Trimethylsilylation of Alcohols in Continuous Flow.

For a second model reaction, the formation of trimethylsilyl ethers
was investigated as an example of another relevant common
alcohol protection group. We assessed that trimethylsilylation
through an acid-catalyzed reaction of alcohols with 1,1,1,3,3,3-
hexamethyldisilazane (HMDS) would be a good candidate for
evaluation in flow chemistry, as this method is atom efficient:
one molecule of HMDS is able to trimethylsilylate two hydroxyl
groups, generating only gaseous NH3 as a byproduct.

Benzyl alcohol 1 was reacted with HDMS in dichloromethane
under continuous-flow conditions (see Scheme 1) to give the trime-
thylsilyl ether derivative 1b. Using an excess of HMDS, the reaction
proceeded to approximately 75% conversion at room temperature with
a flow rate of 20 μL/min. Increasing the temperature to 50 °C gave
near-quantitative conversion of benzyl alcohol. Lowering the amount
of HMDS to 0.6 equivalents with respect to benzyl alcohol and using

more catalyst in the packed bed resulted again in near-quantitative
conversion (Table 1, entry 5). Doubling the flow rate to 40 μL/min
resulted in residual benzyl alcohol; however, this was solved by
increasing the temperature to 60 °C, to yield 1b at a rate of 210 mg/h.

With these optimized reaction conditions in hand, we set out to
investigate the applicability of this protection reaction on various
alcohols. Under these optimized conditions in the flow setup, the
reaction quantitatively yields the trimethylsilyl ether derivative of
primary, secondary, and benzylic alcohols. Even sterically
demanding secondary alcohols such as endo-borneol and menthol
(Table 2, entries 3 and 4) were quantitatively converted. For the
trimethylsilylation of 3,4-dimethoxybenzyl alcohol, a total flow
rate of 80 μL/min still gave >99% conversion by GC. To assess
the practical applicability, a scale out of the process was next
investigated by collecting the output of each flow reaction for
30 min and isolating the product by evaporation of the solvent
(Table 2). Phenolic alcohols can also be converted to the trime-
thylsilyl ether derivative. Under the optimal conditions found for
benzyl alcohol, activated phenols 9 and 10 were quantitatively
converted to their trimethylsilyl ether derivative. Deactivated phe-
nols, on the other hand, are less reactive and require more forceful
conditions (see Table 2, entries 7 and 8). When using 0.75 equiv-
alents of HMDS, 4-cyanophenol was protected as its trimethylsilyl
ether in 90% conversion. The tertiary alcohol 13 proved to be
unreactive under the optimized reaction conditions, furnishing only
10% conversion as measured by proton nuclear magnetic reso-
nance (1H NMR). Salicylaldehyde proved to be a challenging case
as the optimized reaction conditions for benzyl alcohol only gave
approximately 50% conversion. Upon decreasing the concentra-
tion of salicylaldehyde to 0.5 M (using 1.0 equivalents of HMDS;
Table 2, entry 7), conversion was quantitative, but a small amount
(~2–3%) of byproduct was observed. On the other hand, at 1.0 M
salicylaldehyde concentration, conversion was improved consider-
ably by increasing the concentration of HMDS, but byproducts still
appeared. This result is comparable to the batch reaction which,
after 1 h, contained a similar amount of byproduct, yet also showed
significant degradation of product.

These results show that, for most alcohols, this operationally
simple reaction permits efficient trimethylsilylation of alcohols
under continuous-flow conditions. The output can be collected,
and the products can be isolated by simple evaporation of
solvent. The continuous-flow protocol delivers much shorter
reaction times, as the residence time is approximately 30 s at
40 μL/min. This compares very favorably to batch, where the
protection of these alcohols typically takes at least 60 min [14].
2.3. Dimethylphenylsilylation of Alcohols under Continuous-

Flow Conditions. In literature, there are only few reports

Scheme 1. Left: schematic setup of the flow reactor with mesoporous silica acid catalyst, showing the reactions that are performed in this microreactor.
The microreactor used in this work consists of a meandering channel (5 μL volume) and a packed bed (35 μL volume when empty). Right: Substrate
scope of the reactions

Table 1. Optimization of the model reaction: formation of trimethylsilyl ether
1b from benzyl alcohol and HMDS. Solvent in all cases was dichloromethane

Entry Temperature
(°C)

Flow rate
(μL/min)

HMDS
(eq.)

Conversion
(%)

1 25 20 1 75a,b

2 50 20 1 93a,b

3 75 20 1 99a,b

4 50 20 0.6 >99c,d

5 50 40 0.6 98c,d

6 60 40 0.6 >99c,d

aRelative peak area of product versus total peak area of product plus
starting material, as determined by GC–MS.

bAmount of catalyst in packed bed was 4.0 mg.
cAmount of catalyst in packed bed was 5.8 mg.
dConversion determined using internal standard.
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describing the use of disilazanes other than HMDS for alcohol
silylation, yet different silazanes would allow for a larger scope
of silyl protecting groups. Therefore, the possibility of introduc-
ing other silyl ethers using this sulfonic acid-catalyzed reaction
under continuous-flow conditions was investigated. Commer-
cially available 1,1,3,3-tetramethyl-1,3-diphenylsilazane
(TMDPS), upon reaction with an alcohol, protects the alcohol
as a dimethylphenyl silyl ether (DMPS) [16]. Like most silyl
ethers, DMPS ethers can be cleaved with a fluoride anion
source, but interestingly, it can also be selectively removed in
presence of a trimethylsilyl (TMS) ether with lithium–naphtha-
lene [17,18]. Benzyl alcohol 1 was reacted with TMDPS under
continuous-flow conditions to give the corresponding silyl ether
1c with approximately 73% conversion at 60 °C and 40 μL/min
flow rate (Table 3, entry 1). This decrease in conversion is most
likely due to the increased steric bulk of TMDPS versus
HDMS. Increasing the temperature to 110 °C gave full conver-
sion and an isolated yield of 94%.

Next, the reaction was optimized with respect to reactant
stoichiometry. Because of the relatively high pressures in the
flow setup at this elevated temperature and to improve solubility
of starting materials, the solvent was also switched from
dichloromethane to acetonitrile. The concentration of TMDPS
was lowered to 0.52 M, and the reaction was performed at 110 °C
and 125 °C (Table 3, entries 4 and 5). Gratifyingly, both conditions
yielded full conversion of benzyl alcohol, with no detectable
amounts of starting materials. Finally, this model DMPS silylation
reaction was scaled out under these optimized conditions for
30 min, giving 135 mg (94%) of dimethylphenylsilyl ether 1c in
good purity after evaporation of solvent.

The reaction with TMDPS was also evaluated on other alcohols
(Table 4). The silylation of menthol proved more challenging, but a
conversion of ~98% could still be reached at an elevated reaction
temperature of 150 °C. A quantitative conversion could not be
reached, but this may be due to small impurities in the menthol,
corresponding to an unreactive isomer. A scale out of this reaction
still afforded 125 mg of product in 72% yield and >95% purity
after 30 min collection, evaporation, and removal of the small
amount of unreacted material over a small plug of silica.

Table 2. Investigation of substrate scope for the trimethylsilylation of
alcohols in continuous flow under optimized reaction conditions (60 °C,
flow rate 40 μL/min, 1 M alcohol, 0.6 eq. HMDS, solvent: dichloromethane)

Entry Product [HMDS] (M) Yield (mg)a

1 1b 0.6 102 (94%)b

2 2b 0.6 140 (93%)b

3 3b 0.6 124 (93%)b

4 4b 0.6 128 (93%)b

5 5b 0.6 132 (98%)b

6 6b 0.51 45 (94%)b,c

7 7b 0.6 n.i. (99%)d

8 8b 0.75 n.i. (90%)e

9 9b 0.51 110 (95%)b

10 10b 0.51 108 (95%)b

11 11b 0.50 35 (96%)c,e

12 12b 0.50 46 (96%)c,e

Table 3. Optimization of the model reaction, performed using 1 M benzyl
alcohol and 40 μL/min total flow rate

Entry Temperature
(°C)

[Benzyl alcohol]
(M)

[TMDPS]
(M)

Conversion
(%)a

1 60 0.99 0.60 73b

2 100 0.99 0.60 97b

3 110 0.99 0.60 >99b

4 110 1.01 0.52 >99c

5 125 1.01 0.52 >99c

aRelative peak area of product versus total peak area of product plus starting
material, as determined by GC–MS.

bAmount of catalyst in packed bed was 7.4 mg; solvent is dichloromethane.
cAmount of catalyst in packed bed was 7.6 mg; solvent is acetonitrile.

Table 2. (continued)
Entry Product [HMDS] (M) Yield (mg)a

13 13b 0.50 n.i. (10%)e

n.i. = Not isolated.
a Isolated yield in parentheses.
bNo starting material was observed by GC–MS.
c Scale out performed for 10 min.
dConcentration of salicylaldehyde was 0.5 M, conversion by GC–MS

was 99%.
eConversion as determined by 1H NMR.
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When employing the same reaction conditions for the protection
of 4-methoxyphenol 9 (see Table 4, entry 5), an activated phenol, a
conversion of 86% was measured by 1H NMR. We attribute this
moderate conversion to both the lower reactivity of the bulky
disilazane and the lower nucleophilicity of phenols.

In these experiments, the silica-supported sulfonic acid in the
packed bed could be reused for at least four successive reactions,
simplifying the procedure by not having to reload the packed bed.

Finally, the reaction between primary alcohol 10-undecen-1-ol 2
and commercially available 1,1,3,3-tetraphenyl-1,3-dimethyldisila-
zane was performed to give the diphenylmethylsilyl (DPMS) ether
product 2d (Table 4, entry 6). Due to the low solubility of this
bulky disilazane in acetonitrile, the reaction solvent was switched
to dry butyronitrile and the concentration of the disilazane was
lowered to 0.125 M to prevent issues with precipitation of the
tetraphenyldimethyldisilazane. Near-quantitative conversion of
alcohol 2 (94%, 1H NMR) to the desired diphenylmethylsilyl
protected alcohol 3d was obtained at a flow rate of 20 μL/min, a
concentration of 0.25 M alcohol, and a reaction temperature of
180 °C. This result shows that it is possible to react a primary
alcohol with a very bulky disilazane under acid-catalyzed contin-
uous-flow conditions to allow for its protection as a bulky silyl
ether with a stability that is intermediate between TMS and
TBDMS [16].

2.4. Influence of Catalyst. During a control experiment with-
out catalyst in a glass microreactor, partial conversion of benzyl
alcohol to the trimethylsilyl ether product was observed. This
prompted the further investigation into the influence of the catalyst
by performing the reaction without catalyst, with unfunctionalized
silica as potential catalyst and with the silica-supported sulfonic
acid as catalyst. Somewhat surprisingly, the trimethylsilylation of
benzyl alcohol with an excess of HMDS (0.75 equivalents; and
temperature and residence time the same as in silica-catalyzed
reaction, 60 °C and 30 s, respectively), without any added catalyst,
showed that benzyl alcohol was converted to the corresponding
TMS ether with >98% conversion. Surface silanols are known to
be acidic [19] and might therefore also catalyze this reaction.
However, they themselves may also be protected by silylation;
therefore, it was hypothesized that repetition of the reaction using
the same glass microreactor should yield a progressively lower
conversion, due to the decreased availability of silanols on the
microchannel wall. This was indeed found to be the case. During
the course of the reaction, the number of silanols diminishes as the
silanols on the microchannel wall are silylated by reaction with
HMDS. These silanols are not regenerated, and therefore, the
conversion continues to decline. This “wall-catalyzed” reaction
was only observed for the most reactive substrate and disilazane
species. For example, for the analogous uncatalyzed reaction of
3,4-dimethoxybenzyl alcohol 6 and 0.5 M HMDS, a conversion of
only 10% (GC–MS) was observed, which was only slightly
increased by using more HMDS or the use of elevated temper-
atures (17% conversion at 100 °C). When the solid-supported
sulfonic acid was employed, the conversion of 3,4-dimethoxyben-
zyl alcohol to the TMS ether was still >99% at a flow rate of even
80 μL/min (reaction temperature of 60 °C and 0.5 equivalents
HMDS with respect to the alcohol). This indicated that the sulfonic
acid catalyst was indeed necessary to guarantee high conversions
for all substrates.

These results prompted us to look more closely at the role of
the silica support itself. The influence of the catalyst support
on the reaction of 4-methoxyphenol with HMDS under acid-
catalyzed flow conditions was examined. This activated phenol
converted smoothly to its trimethylsilyl ether derivative when
using the silica-supported sulfonic acid. When using regular flash
silica (sieved to >75 micrometer, typical loading in packed bed:
25 mg), however, a conversion of only 64% was obtained under
otherwise identical conditions. Furthermore, from the GC–MS
spectra of samples taken over at 10, 15, and 20 min, it can be
seen that the conversion steadily decreases when regular silica is
used, which is attributed to the decrease of free surface silanols by
silylation (see Figure S2). Under these conditions, the acidic
silanols on the silica surface become trimethylsilylated and are
no longer available for acid catalysis [20, 21]. To investigate if
this also affected the silica-supported sulfonic acid catalyst, we ran
the trimethylsilylation of 4-(tert-butyl)benzyl alcohol 12 for 4 h
at 30 °C. At this lower temperature, we did not expect full con-
version and thus were able to more sensitively detect a decrease
in conversion. Indeed, after 4 h on-stream, a small decrease in
conversion to the product is observed, indicating partial deactiva-
tion of the sulfonic acid population (see Figure S39). Nevertheless,
scale outs performed with the same packed bed after this period
reached good conversion (>95% as measured by 1H NMR).

To substantiate essential role of the sulfonic acid on silica
as a catalyst, we compared the reaction of menthol with TMDPS
using flash silica and our silica-supported sulfonic acid. At
temperatures of 60–100 °C, silica-supported sulfonic acid
indeed gave higher conversions of menthol than the regular
flash silica (see Figure S3 for the remaining% of menthol).
Only at high reaction temperatures (135 °C), was the conver-
sion of menthol to menthol DMPS ether nearly equal in both
cases.

Table 4. Investigation of the scope of the flow-through alcohol-protection
reaction with 1,1,3,3-tetramethyl-1,3-diphenylsilazane (TMDPS). Solvent
was acetonitrile unless noted otherwise

Entry Product Yield (mg)a

1 1c 135 (94%)

2 2c 181 (99%)

3 6c 143 (83%)b

4 4c 125 (72%)b

5
9c

n.i. (86%)c

6 2d n.i. (94%)c,d

n.i. = Not isolated.
a Isolated yield in parentheses.
bAfter scale out and evaporation of solvent, product was dissolved and

filtered over a short silica plug.
cConversion as determined by 1H NMR.
d Solvent was butyronitrile.
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Nevertheless, these results do show that regular flash silica can act
as an acid catalyst in flow chemistry. Its potential contribution to
acid-catalyzed reactions with silica-based solid-supported catalysts,
although hard to characterize, should always be taken into account.
2.5. Selective Protection of Hydroxyl Groups. To investi-

gate the potential of the acid-catalyzed reaction of disilazanes
for the selective protection of alcohols, we performed several
competition experiments. The first competition experiment was
performed between a primary alcohol (10-undecen-1-ol) and a
secondary alcohol (menthol). The dimethylphenyl silylation reaction
was performed using a solution of equimolar amounts of starting
alcohols (both 0.5 M) and 0.25 equivalents of TMDPS (0.5 equiv-
alents of silyl groups). The reaction was performed at several
temperatures, and full conversion of TMDPS was found at 90 °C
using a flow rate of 40 μL/min. The reaction was selective for the
protection of the primary alcohol, giving the silyl ether products in a
9:1 ratio (GC–MS). The primary alcohol reacts approximately six-
teen times faster under these conditions (see Supporting Information
for the calculation). The selectivity for the primary alcohol decreased
slightly at higher reaction temperatures (7:1 at 135 °C).

Encouraged by these results, the attention was turned to com-
pounds that contain two types of alcohols. Vanillyl alcohol con-
tains both a benzylic and an activated phenolic alcohol. It was
subjected to reactions using HMDS and TMDPS. For the pro-
tection of vanillyl alcohol with HMDS, preferentially, the ben-
zylic alcohol reacted (see Figure S4), giving the monoprotected
trimethylsilyl ether of the benzylic alcohol with 76% selectivity
(1H NMR). The reaction with TMDPS conducted at 120 °C again
favored the benzylic position: the monoprotected trimethylsilyl
ether of the benzylic alcohol was formed with 80% selectivity
(1H NMR) (see Figure S5).

Finally, the selective trimethylsilyl ether protection of 3-(tert-
butoxy)propane-1,2-diol, containing a primary and a secondary
alcohol, was investigated. At a reaction temperature of 60 °C, the
conversion was 81% and the monoprotected trimethylsilyl ether of
the primary alcohol was obtained with 90% selectivity (as meas-
ured by 1H NMR, see Figure S6). A higher conversion could not
be reached due to the hygroscopic nature of the starting compound:
adventitious water will react with HMDS to give the hydroxy- or
siloxane derivative.

These experiments show the possibility to protect one alcohol
over another alcohol in flow. This would allow subsequent
reactions to take place on the unprotected alcohol.
2.6. Deprotection of Trimethylsilyl Ether. Finally, the depro-

tection of these silyl ethers under continuous-flow conditions
was examined. Trimethylsilyl ethers are known to be acid-labile
in protic solvents such as methanol. Trimethylsilyl borneol
ether 3b was dissolved in methanol and passed over the packed
bed containing silica-supported sulfonic acid. Several reaction
conditions were tested (see Table 5), starting with a high con-
centration with a relatively fast flow speed. Surprisingly, this
already gave >97% conversion to the deprotected alcohol.
Increasing the reaction temperature had a negative influence
on the conversion. This could be due to a backward reaction

occurring between trimethylsilyl methanol ether and the liber-
ated alcohol. Lowering the concentration to 0.25 M and setting
the reaction temperature to 30 °C gave the highest conversion
(Table 5, entry 6 and 7).

Using these conditions, the deprotection of 10-undecen-1-ol tri-
methylsilyl ether 2b, 10-undecen-1-ol dimethylphenylsilyl ether 2c,
and menthol dimethylphenylsilyl ether 4c was tested. The deprotec-
tion of all these silyl ethers to the corresponding alcohols proceeded
smoothly at 30 °C and a flow rate of 40 μL/min. Furthermore, for
compounds 2c and 4c, the temperature could be lowered to 0 °C
with no noticeable loss of conversion (see Figure S7). This, how-
ever, precludes the selective deprotection of these silyl ethers, due to
the lack of difference in reactivity under the tested conditions.
Nevertheless, the ability to catalyze both protection and deprotection
reactions increases the versatility of this setup. Alcohols can be
protected in flow, followed by deprotection to regain the original
hydroxyl functionality, all using the same silica-supported sulfonic
acid catalyst.

3. Conclusion

The protection of alcohols by tetrahydropyranyl or a range of
silyl moieties can be performed highly effectively using continuous-
flow reactions and silica-supported sulfonic acids, outperforming
both catalyzed batch reactions and previously reported catalyzed
flow reactions.

Synthetically relevant amounts of tetrahydropyranyl-,
trimethylsilyl-, and dimethylphenylsilyl-protected alcohols can
be generated using a laboratory-scale flow reactor and silica-
supported sulfonic acid. Upwards of 200 mg protected alcohol
per hour can be produced using this flow setup. The protection
reaction can be used on a broad scope of alcohols and for
selective protection reactions, showing a selectivity for primary
alcohols over secondary alcohols, and for benzylic alcohols
over phenolic alcohols. The same silica-supported sulfonic acid
can be used for deprotection reactions of silyl ethers, using
methanol as the solvent. When employing relatively mild reac-
tion conditions (30 °C and 0.25 M concentration), the reaction
proceeded with >98% conversion for the tested substrates. The
silica-supported sulfonic acid catalyst could be reused for at
least five reactions over several days, without the need to
remove it from the crude reaction mixture.

4. Experimental

4.1. Chemicals. Dichloromethane (CH2Cl2, Sigma-Aldrich,
>99.8%) and tetrahydrofuran (THF, Sigma-Aldrich, >99.8%)
were purified using a Pure Solv 400 solvent purification system
(Innovative Technology, Amesbury, USA). Acetonitrile (HPLC
grade) and butyronitrile were dried over 3 Å molsieves. All
other starting materials were obtained from commercial sources
and used as received.
4.2. Synthesis of Silica-Supported Acid Catalyst (SBA–SO3H).

This synthesis was based on the syntheses described by Stucky
and coworkers [22]. In a 500-mL round-bottomed flask was
100 mL deionized water, 20 mL conc. HCl (37%), and P123
(triblock copolymer, average Mw 5800 g/mol; 4.05 g; 0.7 mmol)
under argon atmosphere. After complete dissolution of the
template, tetraethylorthosilicate (TEOS; 8.4 g; 40.4 mmol) was
added. A white precipitate formed. After another 45 min,
(3-mercaptopropyl)trimethoxysilane (MPTMS; 0.64 g; 3.2 mmol)
was added, together with 1 mL 50% (w/w) H2O2. This suspen-
sion was stirred at 35 °C for 20 h. After this time, the stirring bar
was removed and the mixture was heated to 90 °C and kept at
this temperature for 48 h. The suspension was filtered and rinsed
with copious amounts of water and acetone. In order to extract

Table 5. Results of deprotection of borneol trimethylsilyl ether in methanol
under continuous-flow conditions

Entry Concentration
(M)

Flow rate
(μL/min)

T
(°C)

Conversion
(%)a

1 0.5 40 60 98
2 0.5 20 60 98
3 0.25 20 60 >99b

4 0.25 20 80 >99b

5 0.25 20 100 >99b

6 0.25 20 30 >99b

7 0.25 40 30 99
aAs measured by GC–MS.
bNo starting material was detected by GC–MS.
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the template, 2.0 g of the white powder was stirred under argon in
a mixture of 900 mL ethanol and 25 mL conc. HCl at 75 °C.
Using X-ray diffraction, a hexagonal ordering was confirmed for
this material (see Figure S8). The material was sieved (200–
400 mesh, 45–75 μm) and suspended in 10% (w/w) H2SO4.
After 8 h, the powder was isolated by filtration, rinsed with water
and THF, and dried under vacuum.
4.3. General Experimental Methods. Flow experiments

were performed in a Chemtrix Labtrix Start system, using a
3026 catalyst chip (Chemtrix BV, Geleen, The Netherlands).
The catalyst chip was filled with a small amount of flash silica
(SiliCycle, P60, sieved to >75 μm) and 5–9 mg of SBA-15–
SO3H (solid-supported sulfonic acid on mesoporous silica,
sieved to 45–75 μm), and finally, another small plug of flash
silica. The plugs of regular flash silica serve as an additional
frit to prevent small particles (which may dislodge from the
SBA-15–SO3H) from clogging the microchannels downstream.
The outside of the chip was cleaned, and the packed bed was
flushed with DCM or MeCN.

The residence time was calculated by taking a typical pore
volume of mesoporous silica and multiplying by the loading,
giving approximately 15 μL pore volume. Assuming that the
remainder of the packed bed is taken up by silica, the total volume
of the microreactor is 5 μL (volume of meandering channel, see
Scheme 1) + 15 μL (pore volume of silica) = 20 μL. Combined
with a flow rate of 40 μL/min and a visual estimation during the
flushing of the microreactor with solvent, the residence time is
approximately 30 s.
4.3.1. Typical Syntheses
4.3.1.1. Tetrahydropyranylation. A solution of benzyl alcohol

(1 M) and DHP (1 M) were placed in 1 mL syringes on a syringe
pump. These solutions were introduced at a flow rate of 20 μL/min
(total flow rate 40 μL/min) into the microreactor (temperature
typically 30 °C) where the packed bed contained solid-supported
sulfonic acid. After equilibration (at least 5 min), the output was
collected for 30 min. Solvent was removed in vacuo to give the
tetrahydropyranyl-protected benzyl alcohol in 98% yield.
4.3.1.2. Trimethylsilylation. A solution of benzyl alcohol (1 M)

and 1,1,1,3,3,3-hexamethyldisilazane (0.5 M) in dichlorome-
thane were placed in 1 mL syringes on a syringe pump. These
solutions were introduced at a flow rate of 20 μL/min (total flow
rate 40 μL/min) into the microreactor (temperature 60 °C) where
the packed bed contained solid-supported sulfonic acid. After
equilibration (at least 10 min), the output was collected for
30 min. Solvent was removed in vacuo to give the trimethylsilyl
ether derivative of benzyl alcohol in 94% yield.
4.3.1.3. Dimethylphenylsilylation. A solution of 10-undecen-

1-ol (1 M) and 1,1,3,3-tetramethyl-1,3-diphenylsilazane (0.5 M)

in acetonitrile were placed in 1 mL syringes on a syringe pump.
These solutions were introduced at a flow rate of 20 μL/min
(total flow rate 40 μL/min) into the microreactor (temperature
135 °C) where the packed bed contained solid-supported sulfonic
acid. After equilibration (at least 10 min), the output was collected
for 30 min. Solvent was removed in vacuo to give the dimethyl-
phenyl ether derivative of 10-undecen-1-ol in 99% yield. Uncata-
lyzed flow reactions were performed on the same Labtrix Start
system using the 3023 microreactor chip (internal volume 10 μL).

Supporting Information

Electronic Supplementary Material (ESM) with supplementary
data, including characterization spectra of compounds, Python
scripts, and 1H NMR data of competition experiments, associated
with this article can be found in the online version at doi: 10.1556/
1846.2015.00006.
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