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The formation of benzynes derivatives from ortho-trimethylsilyl triflates using tetra-n-butylammonium fluoride
(TBAF) as the benzyne-forming trigger was achieved in a straightforward flow reactor at room temperature. These
benzynes were immediately trapped in Diels–Alder reactions to deliver the desired cycloadducts.
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1. Introduction

Continuous-flow organic synthesis is fast becoming a well-
established and accepted technology that is attracting increasing
interest, both in academia and in industry [1]. This relatively
new technology has many advantages over traditional batch-style
chemistry. Narrow channels in the flow reactor offer higher sur-
face to volume ratios compared to batch reactors that improves
mass and heat transfer leading to better control over the reaction.
This in turn leads to improved product quality by minimizing
side product formation. Operationally, flow techniques enable
chemists to streamline reaction handling, including the incorpora-
tion of in-line analysis, reaction process optimization, automa-
tion, etc. [1, 2]. Additionally, flow chemistry offers a convenient
means of preparing larger quantities of compounds by simply
running optimized conditions for a longer period of time, or in
parallel, a concept termed “scaling-out” [1], thus, avoiding the
challenge of “scaling up” batch reactions. Perhaps one of the
greatest advantages of flow chemistry is being able to work
with high-energy, reactive intermediates in a very controlled
fashion. The precise manipulation of reaction time in flow reac-
tors enables chemists to generate highly reactive intermediates
and react them in subsequent steps before they decompose. This
has been nicely demonstrated by Yoshida and coworkers where
they reacted o-halophenyllithium generated in situ in the pres-
ence of an aldehyde where electrophilic addition took place be-
fore benzyne formation could occur [3]. Such a transformation
would be near impossible to achieve in the batch.

Benzyne is a unique and highly reactive intermediate. Owing
to its low lying lowest unoccupied molecular orbital (LUMO)
and the high strain in its structure, benzyne is extremely reac-
tive even at low temperature and, therefore, must be generated
in situ. Benzyne derivatives can undergo different types of re-
actions including nucleophilic attack by neutral nucleophiles,
[4 + 2] and [2 + 2] cycloadditions, and sigma bond insertion,
as well as metal catalyzed reactions [4]. As a result of this
wide application scope, they are valued building blocks for
synthetic chemistry and can be used to introduce multiple ben-
zene ring(s) in the core structure of the target molecules. Owing
to these desirable traits, the number of articles involving them
in the last decade has increased significantly [5–9]. Conse-
quently, they have been incorporated into the natural product
synthesis of carbocycles and heterocycles, as well as pharma-
ceutically promising drug candidates. The former point is exem-
plified in the total synthesis of domesticine [6], thaliporphine
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[7], and xylopinine [8]. Given the rich chemistry that can be
accessed using benzyne intermediates and our experience in
continuous-flow organic chemistry processes, we envisioned
the possibility of generating various benzyne intermediates in
flow and trapping them in [4 + 2] cycloaddition reactions with
aromatic five-membered heterocycles under mild conditions to
produce compounds of biomedical interest [9].

2. Results and Discussion

Initial efforts focused on the preparation of suitable aryne
precursors for [4 + 2] cycloadditions. Generation of o-arynes
requires the presence of two eliminable functional groups that
are positioned ortho to each other. While several arynes pre-
cursors have been developed for the generation of benzynes,
some of which include diazonium carboxylate [10], iodonium
triflate [11], benzotriazole [12], halotriflates [13], fluorolithium,
and magnesium compounds [14], perhaps the most versatile
and easily activatable substrates are the ortho-trimethylsilyl
triflates developed by Kobayashi and coworkers that activate
with fluoride ion [15]. Three benzyne precursors were used in
this study (Figure 1), and while 1 is commercially available,
benzyne precursors 2 and 3 were prepared readily by a simple
two-step procedure [16].

Some of the dienes used in this study were commercially
available except for N-propyl pyrrole (10) and N-Boc pyrrole
(12), which were prepared using known procedures [17].

In a standard operating procedure using the flow setup illus-
trated in Figure 2, syringe 1 was filled with a tetrahydrofuran
(THF) solution containing the benzyne precursor and diene,
while the second syringe was filled with a THF solution of
tetra-n-butylammonium fluoride (TBAF). The contents of
these syringes were flowed into a tee (T1) where they first
mix and then move into reactor R1 before flowing into a col-
lection vial where they are quenched in a solution of water
and ether (Figure 2). The residence time in the reactor was op-
timized by adjusting the flow rates of syringes 1 and 2.

The reaction between benzyne precursor 1 and furan (4)
was first investigated. Using a flow rate of 20 μL/min and
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5 equivalents of 4, the reaction was first performed at room
temperature resulting in 43% conversion to produce 5 (Table 1,
entry 1). Increasing the residence time in R1 from 6 seconds to
1 minute by decreasing the flow rate led to 100% conversion
and the product (5) was isolated in 51% (Table 1, entry 4). In
an attempt to improve the yield of product 5, assuming that
losses were due to benzyne decomposition, the temperature
was lowered to 0 °C by placing the reactor (R1) in an ice
bath. However, this change had little impact on the reaction
outcome (Table 1, entry 5). Keeping the temperature at 0 °C
while doubling the equivalents of diene 4 led to a slight im-
provement in yield (Table 1, entry 6). Optimal results were
achieved when 10 equivalents of 4 were used and the reac-
tion was performed at room temperature (Table 1, entry 7).

With optimized conditions in hand, we set out to explore
the substrate scope of this protocol with different dienes with
benzyne precursor 1 (Table 2). Product was obtained in all
cases in isolated yields up to 60 percent.

The expected cycloadducts were obtained for entries 1, 2
and 5 (Table 2), however, an unexpected diarylamine product
was observed with pyrroles 8 and 10 (entries 3 and 4). In
these particular cases, the product from the Diels–Alder reac-
tion reacts nucleophilically with another molecule of benzyne
giving rise to the products shown [18].

The dienes used in this study possess varying degrees of aro-
maticity, which will impact their ability to undergo cycloaddition.
Horner and Karadakov illustrated that furans and their substituted
derivatives were found to be less aromatic than pyrroles [19].
Therefore, it was expected that furan (4) and 2-methyl furan (6)
will react more readily with benzyne in a Diels–Alder fashion
compared to pyrroles, and the results obtained in this study are
consistent with this hypothesis. We attributed the improved yield

with N-Boc pyrrole 12, compared to pyrroles 8 and 10, to its re-
duced aromaticity owing to the electron-withdrawing Boc moiety,
thus, allowing it to behave as a better diene.

With 1 demonstrating good reactivity, attention was then
focused on benzyne precursor 2 (Table 3). Cycloadduct 14

Figure 2. Flow reactor set up for the Diels–Alder reactions of ben-
zyne intermediates

Table 1. Effect of residence time, diene equivalents and reaction
temperature on the cycloaddition of benzyne and furan

Entry T (°C) Residence time (s) Equiv. of 9 Conv. (%)a (yield of 5)

1 24 6 5 43 (−)
2 24 12 5 77 (−)
3 24 30 5 91 (−)
4 4 60 5 100 (51)
5 0 60 5 100 (53)
6 0 60 10 100 (57)
7 24 60 10 100 (60)

aPercent conversion was determined by analysis of the crude 1H-NMR
spectrum. The reactants were infused at 44.5 μL/min, and the reactor
volume was 88 μL.

Table 2. Reaction between benzyne precursor 1 and different dienesa

Entry Diene Product % Isolated yield

1 60

2 59

3 19

4 21

5 59

aReactions were performed using the flow setup illustrated in Figure 2
and the procedure outlined in Table 1, entry 7 (flow rate = 44.48 μL/min,
residence time = 1 min, and the reactor volume was 77 μL).

Table 3. Reaction between benzyne precursor 2 and different dienesa

Entry Diene Product Percent yield

1 68

2 59b

3 28

4 49

aReactions were performed using the flow setup illustrated in Figure 2
and the procedure outlined in Table 1, entry 7 (flow rate = 44.48 μL/min,
residence time = 1 min, and the reactor volume was 76 μL).
bResidence time = 1.2 min.
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was formed by the reaction of 2 and furan (4) in a good yield
(Table 3, entry 1). The reaction between 2 and 2-methyl fu-
ran (6) proceeded with no regioselectivity giving rise to 15
and 16 in equal amounts (Table 3, entry 2). Similar regio-
chemistry issues were seen in the reaction of 2 with N-
methyl pyrrole (8) resulting in the formation of four isomers
(Table 3, entry 3) in nearly equal quantitates. 2D COSY,
TOCSY, and NOSEY NMR experiments were used to estab-
lish the ratio of the two pairs of products (i.e., pair 1: 17–18
and pair 2: 19–20).

Very good results were obtained when benzyne precursor 3
was employed (Table 4). Cycloaddition between 4 and the
benzyne intermediate derived from 3 led to the formation of
22 in good yield (Table 4, entry 1). Similar to Table 3, entry
2, the reaction of 2-methyl furan (6) with the benzyne inter-
mediate derived from 3 resulted in the formation of two insep-
arable isomers (Table 4, entry 2).

Despite the formation of the desired cycloadduct products
in Tables 2–4, in some instances, the yields of these reactions
were lower than anticipated, which we attribute to the short
half-life of the benzyne intermediate. To examine this, a con-
trol reaction was conducted at room temperature using the
setup shown in Figure 3. A THF solution of benzyne precursor
1 from syringe 1 was met at the first tee (T1) by a TBAF solu-
tion from syringe 2, and the resultant mixture flowed through
R2 for 1 min, which was the residence time necessary to pro-
duce the optimal level of cycloadduct. A solution of furan in
THF (5 equiv.) was then introduced from syringe 3 into the
flow stream at the end of R2, and the mixture was quenched
in collection vial V1. Analysis of the crude reaction mixture
showed no cycloadduct formation, indicating that benzyne de-
composition had taken place before the Diels–Alder reaction
had a chance to occur.

A second control reaction between 1 and furan (4) was per-
formed in batch where cesium fluorid (CsF) was used as the
fluoride source and compared against TBAF. The former reac-
tion proceeded very nicely, providing cycloadduct 5 in 97%
yield, whereas the same reaction performed using TBAF pro-
duced almost half the level of product (55% yield). The TBAF
result compares very well to the results obtained when this re-
action is run in flow (Table 1, entry 4, 51% yield). We attri-
bute this to the difference in the benzyne concentration in
each case (i.e., CsF versus TBAF). Due to the low solubility
of CsF, the concentration of the highly reactive benzyne inter-
mediate will be relatively low, and as a result, decreases the
rate of side reactions of benzyne with itself. However, in the
case of TBAF, which is completely soluble in THF, the con-
sumption of starting material to generate benzyne is much
faster. The higher relative concentration of benzyne in the
case of TBAF facilitates the formation of side products, espe-
cially at the beginning of the reaction when benzyne concen-
tration will be highest.

3. Conclusion

We have developed a protocol for generating benzyne de-
rivatives using a flow protocol. These highly reactive intermediates

Table 4. Reaction between benzyne precursor 3 and different dienesa

Entry Diene Product Percent yield

1 71

2 76b

3 66

aReactions were performed using the flow setup illustrated in Figure 2
and the procedure outlined in Table 1, entry 7 (flow rate = 44.48 μL/min,
residence time = 1.72 min.
bRatio was determined by 2D 1H NMR spectroscopic experiments.

Figure 3. Reactor design used for control experiments to examine benzyne lifetime
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were trapped in Diels–Alder reactions to generate. cycloadducts
derived from furan- and pyrrole-based dienes in good yields. The
yield of cycloadduct is highly dependent on the rate of the reaction
between the highly reactive benzyne intermediate and the diene.
Benzyne can react with itself to give by-products competitively
with the desired cycloaddition. This reaction may be a good candi-
date for the slow introduction of one of the reactants, TBAF in this
case, by adding it into the flow stream in multiple entry points
along the reactor's length, thus, providing the equivalent of “drop-
wise addition” for flow.
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